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FOREWORD

T his i s  a f i n a l  r e p o r t  on U n ited  A i r c r a f t  R e se a rch  L a b o ra to r ie s  P r o j e c t  No. 
9T 0802 e n t i t l e d  "H e a t-A s s is te d  Tunnel B o rin g  M a ch in e s ,"  co v e rin g  work d u rin g  th e  
p e r io d  F e b ru a ry  1969 t o  A p ril  1 9 7 0 - This program  was perform ed under C o n tra c t  
No. F R -9 -0 0 3 5  w ith  th e  U n ited  S ta te s  D epartm ent o f  T r a n s p o r ta t io n , O ff ic e  o f  
High Speed Ground T ra n s p o r ta tio n  and Urban Mass T ra n s p o r ta tio n  A d m in is tra tio n , 
under th e  t e c h n i c a l  d i r e c t i o n  of Mr. W. N. Lucke.

The work perform ed under t h i s  c o n t r a c t  was managed by th e  U n ited  A i r c r a f t  
R e se a rch  L a b o r a to r ie s  (UARL). S u b c o n tra c to rs  t o  UARL were th e  M a te r ia ls  D iv is io n  
o f  th e  D epartm ent o f  C i v i l  E n g in e e rin g  a t  th e  M a ssa ch u se tts  I n s t i t u t e  o f  Technology  
(M IT ), who perform ed  a  r o c k -c u t t in g  t e s t  program on l a s e r -h e a te d  r o c k , and F e n ix  
& S c is s o n , I n c .  (F& S ), who p ro v id ed  d a ta  on p e n e tr a t io n  r a t e s ,  c u t t e r  c o s t s ,  and 
o v e r a l l  e x c a v a tio n  c o s ts  o f  p re s e n t-d a y  m ech an ical b o rin g  m ach in es. The H am ilton  
S tan d ard  D iv is io n  (HSD) o f U n ited  A i r c r a f t  a ls o  p ro v id ed  in fo rm a tio n  on e l e c t r o n  
beam m achine d esign  and perform ed ro c k -k e r f in g  exp erim en ts w ith  t h e i r  25-kw non­
vacuum e l e c t r o n  beam m achine.

C o n trib u tio n s  t o  th e  stu d y  w ere made as fo llo w s :

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 

MIT

Layout of Laser Tunneler, Electron Beam 
Machine Design

Frederick J. McGarry Rock-Cutting Test Program

P. F. Rad Rock-Cutting Test Program

R . W .'Pratt 

F&S

Rock-Cutting Test Program

Alan R. Smith Costs of Nonheat-Assisted Mechanical Boring

• Ronald B. Stone Determination of Cutter Costs

i n

Ronald B . Stone
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INTRODUCTION

Background

R ock tu n n e lin g  m ach in es h av e  b een  d ev elo p ed  in  t h e  l a s t  d ecad e  t o  th e  p o in t  
w here th e y  a r e  b e in g  e x t e n s i v e l y  u se d  in  b o th  s o f t  and m edium -hard r o c k  c o n d it io n s  
w ith  p e rfo rm a n ce  and c o s t  a d v a n ta g e s  o v e r  t r a d i t i o n a l  d r i l l - a n d - b l a s t  m ethods 
( e . g . ,  R e f . l ) . .  A lth ou gh  t h e s e  m ach in es have c l e a r l y  d e m o n s tra te d  th e  a d v a n ta g e s  
o f  c o n tin u o u s  o p e r a t io n  and sm o o th -w a ll tu n n e l in g , th e y  h a v e  n o t y e t  b een  found  
c a p a b le  o f  econom ic o p e r a t io n  i n  t h e  r e l a t i v e l y  h a rd  r o c k  t y p e s . T h is  l i m i t a t i o n  
i s  due m a in ly  t o  t h e  i n a b i l i t y  t o  p e n e t r a te  th e s e  r o c k s  e c o n o m ic a lly  w ith  p r e s e n t -  
day m e c h a n ic a l  c u t t e r s .

To p rom ote th e  d evelop m en t o f  r o c k -b o r in g  m ach in es w h ich  w i l l  e x te n d  th e  
ra n g e  o f  ro c k  ty p e s  w hich ca n  b e  e c o n o m ic a lly  b o re d  i n t o  t h e  ra n g e  o f  v e ry  h a rd  
r o c k s ,  s e v e r a l  new ty p e s  o f  r o c k - d e s t r u c t i o n  m echanism s h a v e  b ee n  c o n s id e r e d .  
B a s i c a l l y  t h r e e  modes o f  u s in g  h e a t  f o r  ro c k  d e s t r u c t i o n  h ave b een  u n der i n v e s t i ­
g a t i o n .  H eat can  b e u sed  t o :  ( a )  w eaken, (b )  s p a l l ,  and ( c )  m e lt  a n d /o r  v a p o r iz e
r o c k .  The l a s t  m ethod h as b een  shown t o  in v o lv e  trem en d ou s q u a n t i t i e s  o f  e n e rg y  
and h a s  n o t  s e r i o u s l y  b een  c o n s id e r e d  as a p rim a ry  m ethod f o r  ro,ck e x c a v a t i o n .
The se c o n d  m ethod, t h a t  o f  th e r m a l  s p a l l i n g ,  h as b een  th e  s u b j e c t  o f  a  p r i o r  s tu d y  
by U n ite d  A i r c r a f t  (R e f . 2 )  and does ap p ear t o  o f f e r  p ro m ise  f o r  v e r y  h a rd  ro c k  
s i t u a t i o n s  w here th e  ro c k  d e m o n s tra te s  good s p a l l a b i l i t y . H ow ever, th e  d e v e lo p ­
ment o f  sy stem s r e q u ir e d  t o  e x p l o i t  th e  s p a l l i n g  m ethod in v o lv e s  th e  a p p l i c a t i o n  
o f  new te c h n o lo g y  in  m ach in e d e s ig n  and methods o f  l i f e  s u p p o rt .f o r  crew  p r o t e c ­
t i o n  and o p e r a t io n  in  a  h o t  and t o x i c  e n v iro n m e n t.

The f i r s t  m ethod o f  u s in g  h e a t  t o  weaken ro c k  in  c o n ju n c tio n  w ith  m e c h a n ic a l  
tu n n e l in g  m ach in es i s  th e  s u b j e c t  o f  t h i s  s tu d y .'

Basic Concept of Heat Weakening

The basic phenomenon of weakening a rock mass by the application of heat has 
been under study at the Massachusetts Institute of Technology since 19 6 5 (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- 
point 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.
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R e f e r r i n g  t o  F ig . .  1 ,  a n  i n c r e a s e  i n  t h e  e n e r g y  s u p p l i e d  t o  t h e  r o c k  "beam r e s u l t s  
i n  a  s i g n i f i c a n t  d e c r e a s e  i n  t h e  m od u lu s o f  r u p t u r e ,  t o  t h e  p o i n t  w h e r e ,  w it h  a  
l a r g e  am ou n t o f  h e a t  a d d e d , t h e  r o c k  h a s  l o s t  o v e r  90% o f  i t s  o r i g i n a l  s t r e n g t h .

The b a s ic  o b je c t iv e  o f  th e  p resen t study i s  to  determ ine w hether th e  phenomenon 
which i s  q u a n t i ta t iv e ly  d escrib ed  by th e  t e s t s  r e s u lt in g  in  th e  d a ta  shown in  
F ig .  1 can be s u c c e s s fu l ly  ( i . e . , both  te c h n ic a l ly  and e co n o m ica lly ) ap p lied  to  
th e  d esig n  and o p e ra tio n  o f a f p l i^ s c u le  tu n n el b orin g  m achine. T h is  machine 
would in c o rp o ra te  a  h e a tin g  System t o  prayeaken th e  rock by h e a tin g  i t  in  advance 
o f  th e  o th erw ise  normal m echanical, c u t te r s  mounted on th e  tu n n e lin g  machine f a c e .
T h e  a t t a i n m e n t  o f  t h i s  o b j e c t i v e  i n v o l v e s  ( a )  a  t e s t  p ro g ra m  t o  e v a l u a t e  t h e  
e f f e c t s  o f  h e a t  i n  te r m s  o f  i n c r e a s e d  b o r a b i l i t y ,  b y  b o r i n g  t h e  r o c k  i n  t h e  sam e 
m a n n e r  i t  w o u ld  b e  b o r e d  b y  a  m e c h a n ic a l  t u n n e l i n g  m a c h in e  ( r a t h e r  t h a n  f a i l i n g  
t h e  r o c k  i n  a  b e n d in g  t e s t )  ,  ( b )  t h e  g a t h e r i n g  o f  i n f o r m a t i o n  on  p r e s e n t - d a y  
m e c h a n i c a l  t u n n e l  b o r i n g  m a c h in e s  an d  d e t e r m in in g  t h e  e c o n o m ic  l i m i t a t i o n s  t h e r e o n  
a s  a  f u n c t i o n  o f  t h e  s t r e n g t h  an d  b o r a h i l i t y  o f  r o c k ,  ( c )  t h e  d e s i g n  ,and .a n a l y s i s  
o f  v a r i o u s  t y p e s  o f  p o t e n t i a l  h e a t i n g  s y s te m s  t h a t  c o u ld  b e  ad d ed  t o  a  t u n n e l  
b o r i n g  m a c h in e  t o  m ake i t  a  h e a t - a s s i s t e d  t u n n e l  b o r i n g  m a c h in e , a n d  ( d )  t h e  
p e r f o r m a n c e  an d  e c o n o m ic  a n a l y s i s  o f  s u c h  a  h e a t - a s s i s t e d  t u n n e l  b o r i n g  m a c h in e . 
T h e s e  f o u r  t a s k s  c o m p r is e  t h e  a p p r o a c h  t o  t h i s  p r o g r a m .

O r g a n i z a t i o n  o f  T h i s  R e p o r t

T h e .m a in  b o d y  o f  t h i s  r e p o r t  c o n s i s t s  o f  s i x  c h a p t e r s . C h a p te r  I  c o n t a i n s  
a  c o m p le t e  d i s c u s s i o n  o f  t h e  t e s t  p ro g ra m  w h e r e in  r o c k s  w e re  i r r a d i a t e d  w it h  a  
l a s e r  b eam  an d  b o r e d  i n  a  m an n er s i m i l a r  t o  t h e  b o r i n g  a c t i o n  o f ' a  f u l l - s c a l e  
t u n n e l i n g  m a c h in e  t o  d e t e r m in e  t h e  e f f e c t s  o f  h e a t  w e a k e n in g  r o c k s  i n  a  q u a n t i ­
t a t i v e  m an n ei*. T h i s  t e s t ,  p ro g ra m  w as c o n d u c te d  b y  t h e  M a s s a c h u s e t t s  I n s t i t u t e  o f  
T e c h n o lo g y ,  C i v i l  E n g i n e e r in g  D e p a r tm e n t , u n d e r  t h e  g e n e r a l  d i r e c t i o n  o f  P r o f e s s o r
F .  J .  M e G a r r y . I n  C h a p te r  I I  i s  p r e s e n t e d  a  p r e l i m i n a r y  a n a l y s i s  o f  h e a t i n g  
p o w er r e q u i r e m e n t s  f o r  f u l l - s c a l e  t u n n e l  b o r i n g  m a c h in e s  i n  t h e  d ia m e t e r  r a n g e  o f  
1 0  t o  2 0  f t ,  an d  a  p r e l i m i n a r y  a n a l y s i s  o f  t h e  v a r i o u s  p o s s i b l e  s y s te m s  a n d  
p r o b le m s  o f  h e a t i n g  r o c k  i n  a d v a n c e  o f  a  t u n n e l  b o r in g - m a c h i n e .  I n  C h a p te r  I I I  
p a r t i c u l a r  a t t e n t i o n  i s  g iv e n  t o  t h e  d e t a i l e d  d e s ig n  o f - s e v e r a l  s p e c i f i c  h e a t e r  
t y p e s ,  w i t h  t h e  g r e a t e s t  e m p h a s is  g iv e n  t o  a  l a s e r - a s s i s t e d  t u n n e l  b o r i n g ,m a c h i n e .  
T h e  e c o n o m ic s  o f  p r e s e n t - d a y  tu n n e l ,  h o r i n g  m a c h in e s  w it h o u t  h e a t - a s s i s t  i s  c o n ­
s i d e r e d  i n  C h a p te r  I V .  T h is  m a t e r i a l  w as d e v e lo p e d  b y  F e n i x  & S c i s s o n ,  I n c .  ,

-u n d e r  t h e  g e n e r a l  d i r e c t i o n  o f  M e s s r s . A . S m ith  an d  R . B .  S t o n e .  -Work d o n e on  t h e  
h e a t - a s s i s t e d  m ode o f  h a r d  -ro ck  t u n n e l i n g ,  l e d ,  d u r in g  th e . c o u r s e  o f  t h e  s t u d y , 
t o  t h e  f o r m u l a t i o n  o f  a  b a s i c a l l y  d i f f e r e n t  m e th o d  o f  .a p p ly in g  h e a t  i n  a d v a n c e  o f  
m e c h a n i c a l  c u t t e r s  . T h is  m o d e, i n  w h ic h  a  p h y s i c a l  k e r f  i s  m ade b y  t h e  m e l t i n g  
an d  v a p o r i z a t i o n  o f  r o c k ,  i s  a n a ly z e d  i n  C h a p te r  V . F i n a l l y ,  i n  C h a p te r  V I  t h e  
e c o n o m ic s  o f  h e a t - r a s s i s t e d  t u n n e l  b o r i n g  ,m a c h in e s  a r e  e x p l o r e d  b a s e d  on  t h e  d a t a  
d e v e lo p e d  i n  C h a p te r s  I  th r o u g h  V .
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HEAT INPUT OVER 7.1 CM2 

SOURCE: REF. 5

GRANITE 
2.5 X 2.5 X 15 CM

1 0 2  1 0 3  1 0 4

INPUT ENERGY, JOULES

FIGURE 1 REDUCTION IN STRENGTH OF HEATED ROCK
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CHAPTER I - LASER-ASSISTED ROCK-CUTTING TESTS

This chapter presents the results of a rock-cutting test program 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).

MATERIALS, APPARATUS, AMD 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:

Cutter Thrust:

Work Table Velocity: 

Disk Cutter Diameters:

0 to 3000 lb, held constant by hydraulic cylinder 
0 to 10,000 lb, held cons'tant by hydraulic cylinder 
Variable, under fixed cutter displacement conditions

0.10 to 5*0 in./sec

3, U, 5, and ll-§ in. nominal 
60 deg included angle

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

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

The rock 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 U by 13 by lU 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. For testing with the ll§-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 Rock of Ages Quarry, 
Graniteville, Vermont

Color Blue-gray

Rock Type Quartz monzonite

Density 165.5 lb/ft3

Specific Gravity 2.6k

•Grain Texture Fine grained 3 mm

Compressive Strength 32,000 psi

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

3.5 to 1+.0 x 106 psi
5.0 x 106 psi
7.0 x 106 psi

Modulus of Rupture 2000 psi

Hardness
Scleroscope 
Rockwell C scale 
Moh's Scale

102
72
Quartz - 7 
Feldspar - 6 
Mica - 3

Thermal coefficient of expansion 
inch/inch/degree F 
inch/inch/degree C

k x 10-6 
6.2 x 10-6

Water Absorption 
% by weight 0.23

Petrographicianalys is 
% by volume 6 5 Feldspar 

27 Quartz 
8 Mica
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TABLE 1 (Continued.) 

PROPERTIES OF BARRE GRANITE

Dominating. Mineralogical Constituents Chemical Composition.

Mineral Formula Weight %

Quartz SiOg 23.2 Si02 68.1

Orthoclase KAlSi308 . 2..T Ti02 . 0.3

Microline KAlSi308 2 6 . 1 ; Al203 l6.5

Plagio.clase 8EaAlSi308 Fe20 3 0.3,

(Oligpclaae 2CaAl2Sl2®8 31,7 ; FeO . 1.3
AD8 0 - 20/ > MgO 0.8

Mus cowite k a i2 (oh)

Y Aiscys,- r̂v,V

G . k

!: . CaO ' 2 . U

Biotite Kp (Mg-,F e) p (OH) 2 U.5
Bag.0. * 3.6

CT O;:

(AlSi3010)
3X£s) > p .o

0 6-

Chlorite Mg^Al, Fe) (OH) Q 2.1
(Penninite) (Al, Si.) h) ̂-g C02 . 0,7

Calcite CaC03 1,6. ZhOp ■ 0.1 (-)

Sphene CaTiSiO^ 0,7 ' ?2°5 trace

Magnetite Fe30i,. 0,1+ F trace

Leucoxene TiOp-HpO trace Th02 trace

Zircon • ZrSi •Ot 0,1 : 1102. trace

Apatite 3Ca3(P0lj.) 2 • CaFg trace. ! S trace

Pyrite FeSp trace
99 .9

100.0
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The laser used for the heating was a C02-N2-He continuous laser with a rated 
output of 1 kw. The laser team 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. k ); 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 bn the specimen surface.

The operating mode of the cutting device was modified to one of constant 
vertical 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 
gathered by a hand-held vacuum cleaner and then weighed to the nearest 0.10 gram 
on a laboratory scale. Two channels of a strip chart recorder made continuous 
records of horizontal and vertical loads on the cutter for each pass; a disk 
integrator 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 
the 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 11-g-in. cutter, splitting of the blocks was encountered 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 ahead 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 
shown schematically 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 r e s u l t s  o f  t h e  e x p e rim e n ts  a r e  r e p o r t e d  b y  mean v a lu e  and s t a n d a r d
d e v ia t io n  f o r  e a ch  s e t  o f  d a ta  p o i n t s .  Where p Q .s s ib le  and a p p r o p r ia t e ,  a  l i n e a r
r e g r e s s io n  c u r v e  h a s  b e e n  c a l c u l a t e d  u s in g  t h e  l e a s t  s q u a re s  t e c h n iq u e .  The

9



FIGURE 3. OUTPUT END OF THE GAS LASER, PROTECTIVE PIPE,

AND TESTING DEVICE
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FIGURE 5. HOLDER FOR SECOND MIRROR TOGETHER WITH TESTING DEVICE
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FIGURE 6. CUTTING PATTERNS AND SCHEMATIC OF HEATING 
AN.D CUTTING ARRANGEMENT

'k
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scatter of the data points about the curve was also calculated, indicating the 
reliability of each fit,. In 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 following three sections, the results of the test program are presented 
in detail. The first section contains the results of ail the tests done on rock 
that had not been las ed. All tests involving rock heating with the laser are 
presented in the second section, 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

Eor a fixed cutter force and diameter, there exists a "critical spacing" for 
parallel cuts; at larger spacings the cuts are independent, and at smaller, there 
is chipping between adjacent grooves. The chips formed in this manner are con­
siderably larger than the powdery debris produced by independent cuts; the amount 
of muck produced per cut is greater, and the specific energy is generally lower, 
than for the wider spacings. This reflects the fact that the- specific energy is 
related to the fracture surface energy required to produce the debris, ana the 
amount of surface area per unit volume is lower for large chips.

As the groove spacing is decreased below the critical value, the average chip 
size increases and then diminishes again since the maximum chip width is seldom 
larger than the groove spacing. Thus there also exists an "optimum, spacing" with 
regard to specific energy and muck. Figures 7 and 8 show the variation of these 
quantities as the groove spacing increases through the optimum value, 3/8 in., 
and the critical value, 1 in. For values larger than 1 in., the cuts do not inter­
sect, and the test results become independent of spacing. The samples with 
spacings of •§• and f in. were turned 90 deg after cutting and another series of 
cuts was made in the perpendicular direction. The greatly reduced specific energy 
so obtained is in keeping with the concept of fracture surface energy; pSrpendi-. 
pular cutting forms large chips, as the muck values indicate. The critical and 
optimum spacings vary with cutter diameter, cutter thrust, and cutter speed.

Cutter Diameter

W ith  t h r u s t  h e ld  c o n s t a n t ,'  c r i t i c a l  and optimum s p a c in g s  d e c r e a s e  a s  th e
c u t t e r  d ia m e te r  in c r e a s e s  i n  th e  ra n g e  t e s t e d  ( 3 ,  1 ,  and 5 i n . ) b e c a u s e  a  s m a ll
c u t t e r  h a s a s m a l le r  c o n t a c t  a r e a  on th e  sp e cim e n  and h e n ce  a h ig h e r  l o c a l  s t r e s s

I k



FIGURE 7. SPECIFIC ENERGY VERSUS GROOVE SPACING
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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 he 
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, Ug-in.-diameter, 
tunneling machine cutter at a thrust of 12,500 lb. The critical spacing, approxi­
mately 2^  in., is much larger than for the 3000-lb thrust results of Fig. 7, 
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 H-in. tool. Muck values increase smoothly, in a nonlinear manner, up to 
about 6000 lb. The results for higher thrust values are not reliable since the 
horizontal forces encountered were sufficient to stop the specimen11 table completely 
several times during each cut; it could be freed only by lifting the cutter tempo­
rarily, resulting in greatly reduced values of muck. Data for thrusts greater 
than 6 0 0 0 lb with a h -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 lb 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. Figure lU 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



FIGURE 9. SPECIFIC ENERGY VERSUS CUTTER DIAM
ETER
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FIGURE 10. MUCK VERSUS CUTTER DIAM
ETER
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FIGURE 11. EFFECT OF GROOVE SPACING ON M
Uilt REMOVED 

FROM A SMOOTH SURFACE AT HIGH CUTTER THRUST
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FIGURE 12. MUCK VERSUS CUTTER THRUST
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FIGURE 15. MUCK VERSUS CUTTER SPEED
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M u l t i p l i c i t y  o f  C u ts

A ll of the above data are based on cutting an in it ia lly  smooth surface. 
However, tunneling machine cutters usually travel on circu lar paths continuously, 
and therefore work on a roughened tunnel face. There are two f a c to r s  w h ic h  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 o f 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 ’’c r it ic a l” 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 lb , 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 jjr-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 sp lit the specimen completely in 
two i f  a fourth pass was attempted. Block sp litting was avoided i f  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 f ie ld  conditions the cutters traverse the same path repeatedly and 
continuously 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 in it ia lly  smooth surface, the values of specific energy and muck 
removed w il l  reach "steady-state" conditions. The groove, or cutter path, spacing 
is of prime importance, and i f  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 J in. A series of para lle l 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,
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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. 1&; these values reach a steady state 
also. The grooves apparently behave independently for the f ir s t  and second passes. 
When the third pass is made, the depth of the grooves is such that la tera l forces 
are created which chip out fragments between two neighboring grooves. Since not 
a l l  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 successive 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 f ir s t  pass should be high enough to form chips between neighboring 
grooves. I f  passes are repeated in the same groove, the optimum spacing w i l l  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 optimum groove spacing 
Is  |  in.

Multiple Guts at Low Thrust

At the standard condition of 3000 lb thrust on a four-inch cutter, i t  was 
seldom possible to obtain results beyond the fifth  or sixth pass on any single 
block because of the likelihood of splitting.. For this reason one test was run 
.at a thrust of 1500 lb and a groove spacing of 3/8 inch; these conditions permitted 
at least a dozen passes. The results are shown in F igs. 21 and 22- It  is quite 
obvious that a steady state has been reached for these test conditions after the 
f ifth  pass.

Effect of Cutter Speed for Multiple Cuts

The rate sensitivity of granite breakage causes an increase in the value of 
specific energy and a decrease in the amount of muck produced as the cutter speed 
is  increased. These effects are not as pronounced for multiple passes as for 
single ones on a smooth surface. Figures 23 and 2b 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, helping 
to account for the trend in specific energy shown.

A lth o u g h  t h e  amount o f  muck rem oved p e r  u n i t  le n g t h  o f  g ro o ve  i s  s m a l le r  i f  th e
c u t t i n g  i s  done a t  h ig h e r  s p e e d s , t h e  p a s s  t a k e s  l e s s  t im e  s o  t h e  amount o f  m a t e r i a l

re m o ve d  p e r  u n i t  t im e  may b e  h ig h e r .  F ig u r e  25  shows t h a t  t h i s  i s  t h e  c a s e ,  w it h in ,
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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.

Unfocused Laser - Rock Allowed to Cool
t

The extent of residual damage can be determined by exposing the rock to lasing 
and testing it when the rock has cooled to room temperature. 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 2 k  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 required threshold 
heat energy is on the order of 1000 to 2000 joules per square inch.

Figure' 27 shows the amount of muck removed for these specimens. An increase 
in muck removal seems indicated for heat inputs higher than about U500 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 U--500 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 rock was cut while 
still hot. The 650-watt unfocused beam was aimed 5 inches ahead of the cutter, on
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. Figure 29 shows the amount of muck removed from these specimens.- The muck 
values for all heat Inputs are higher than those from the cool specimens:, and for 
the higher heat inputs they are significantly higher than those 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 these1 specimens:; the regression line indicates muck removal has: 
decreased for all the heat input values used. For an input, of 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 cutter 
thrust of 5000 lb and a cutter diameter of V in. These tests are compared, in 
Fig. 32, to the unheated rock results at 5000 lb thrust , shown in Fig. 13.

Based on 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. l). 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: 
case 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 same travel; 
path. At very high energy input values, partial melting and beading of the heated 
area occurred. Figure 3^ 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 increasing offset, the amount of muck removed also shows a maximum but at about 
■| in. The optimum offset varies slightly with cutter speed and total heat input;, 
since the values of these parameters were approximately midrange, one-half-inch 
offset was used for the heat inputs shown -in Figs. 37 through U0. Figure 37 shows 
the variation of specific energy with cutter speed (and hence energy deposited per 
inch of cutter path) when the focused laser beam is aimed 5 in. ahead of the cutter 
and; offset ■§■ in. from its path. Figure 38 shows the muck removal for these 
specimens. These results display the best improvements in the values of specific, 
energy and muck removal of all cases so far considered. For 3000 joules/inch heat 
input, there is a 70% 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. Ho with those for the 325-watt unfocused beam tests in 
Fig. 31 indicates that the timing and geometry of heat application 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 U5% decrease in. 
specific energy are obtained due to these geometry and focusing effects alone.
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FIGURE 34. EFFECT OF FOCUSED LASER ON MUCK
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FIGURE 36. EFFECT OF BEAM OFFSET ON 
MUCK
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FIGURE 38. MUCK FOR 650-WATT FOCUSED MAM
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FIGURE 39 SPECIFIC ENERGY FOR 325 W
ATT FOCUSED BEAM
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FIGURE 40. MUCK FOR 325-W
ATT FOCUSED BEAM
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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 4l 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 lb.

Multiplicity of Cuts

Groove Spacing for Multiple Cuts with Heating

In the previous section, results were presented for multiple cuts with a 4-in. 
cutter operating with a thrust of 3000 lb. 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, 6 0 0-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 
'44. 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 ^ 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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FIGURE 42. MUCK REM
OVAL FOR A 600-W

ATT FOCUSED BEAM
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FIGURE 45. SPECIFIC ENERGY VERSUS HEAT INPUT
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FIGURE 46. MUCK VERSUS HEAT INPUT
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SUMMARY OP 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 specific test cas*es 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 lb 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 be 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 
representative of a tunneling situation than the independent, single-cut situation. 
This test series was the only series of data taken showing the .effect of various 
heat input levels on the multiple-cut situation.

Besides simulating the multiple-cut situation, the other major test parameter 
that was substantially 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 lb with the U-in.-diameter cutter, and are referred to in Table 2 as tests.
3 and l*. .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 lb 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 may 
be exaggerated in this case..

1
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TABLE 2

ROCK CUTTING CONDITIONS

Test Conditions Test 1 Test 2 Test 3 Test U Full-Scale

Mechanical
Cutter Thrust, lb 3000 3000 5000 5000 -20,000
Cutter Diameter, in. h k k k 11
Cutter Speed, in./sec 
Cutter Path

0.1-2.0 

l . O ^

0.1-2.0 0.1-2.0 0.1-2.0 ~ 1*0-50

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

Single (S) Cuts^^

Thermal

S M S S M

Beam Focused (F) or
Unfocused ( u ) F F U F -

Beam Power, watts , .(3)Heated Path Location
6 5 0 650 60 0 60 0 -

offset offset on cutter 
path

offset —
t

(1) Spacing set so that cuts are independent

(2) Single cuts are on initially smooth surface, multiple cuts are against rough 
surface

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

:£K1.

63



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 demonstration 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 1+, at a thrust of 5000 lb, 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-lb 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 muck 
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 where 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 the 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. 1+7 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 lb 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. 1+8. 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. 1+7, 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 lb of cutter thrust. For very high heat energy inputs, the amount of muck 
removed was increased by more than a factor of three. However, at least 1000 
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 b 0 %  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 
•increases, and the heat-stressed zone becomes smaller by comparison.

With the unfocused laser, the increase in muck removed is further reduced7 tfor the 5000-lb-thrust case (Test 3), as was observed previously with 3000 lb of 
thrust (compare Figs. 28 and 37)-

Thus it 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.
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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 requirements. 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 
systems are presented, and reasons are given for the selection of three system 
types for more detailed analysis.

tThe analyses in this chapter form a necessary prelude to the detailed 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 
on the heater type under consideration; this subject is discussed in the next 
section. In general, the power going into the rock is only slightly less than 
the power output for radiant type heaters, but is substantially less than the 
total output for gas jet type heaters.
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Power R e q u ir e d

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 heating system power output relative to the cutters, as 
developed in the test program and design studies, is show schematically in Fig. ^ 9 • 
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,. 9̂-

Wow, 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,

a  60
^ ~ 360 rpm ’

time of exposure of any given area of 
heater system, seconds, 
tunnel borer rate of rotation, and 
total central angle of heater output,,

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,, J0, in 
joules/cm2, is required prior to cutting the rock, then the power density flowing 
into the rock, P0, in watts/cm2, required to give that energy density is

where T =

rpm = 
a  =

(1)

rock face to the

degrees

P0 = _£= 6 J0 T
rpm

(2)

wattswhere P0 = power density of. heat input m  ’ and-
J 0 = energy density of heat input in -f—  .

c n r

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

a . T rpm -rrD̂
p t “ p o 360 A face ~ J o g0 ^ (3):
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a

S E C T IO N  OF H E A T E R  O U T P U T

a = TOTAL C E N T R A L  ANGLE OF H E A T E R  A RRAY  
N = NUMBER OF HEATER SECTORS

FIGURE 49  GEOMETRY OF HEAT-ASSISTED TUNNELER FACE



T h u s, t h e  t o t a l  power l e v e l  o f  h e a t  in p u t t o  th e  r o c k  f a c e  depends o n ly  on  
th e  e n e rg y  d e n s i t y  r e q u ir e d  i n t o  th e  ro c k  f a c e ,  t h e  m ach in e rpm , and tu n n e l  
d ia m e te r .  The t o t a l  h e a t e r  sy s te m  power o u tp u t ca n  now h e d e f in e d  as

PHS ~
n D

J o rpm ttD2 

n D 60 b
(b)

w here n D =  e f f i c i e n c y  o f  h e a t  t r a n s f e r  from  th e  h e a t e r  t o  th e  r o c k .

Figure 5.0 shows total heating power level, PT, for 10- and 20-ft-dia tunnels 
as a function of J 0 and rpm.

■ As ca n  h e se e n  from  th e  above e q u a t io n s , th e  h e a t e r  sy s te m  power l e v e l ,  P Ms, 
i s  n o t a  d i r e c t  f u n c t i o n  o f  th e  h e a t e r  pow er d e n s i t y .  H ow ever, one o f  t h e  l i m i t s  
on t o t a l  h e a t in g  pow er h as t o  do w ith  power d e n s i ty  e f f e c t s  ( r o c k  m e lt in g )  as  i s  
d is c u s s e d  h e lo w . I t  i s  t h e r e f o r e  u s e f u l  t o  e x p r e s s  th e  pow er d e n s i t y  e x p l i c i t l y  
f o r  t h e  c o n f i g u r a t i o n  shown in  F i g .  1+9, in  o r d e r  t o  r e l a t e  l i m i t a t i o n s  i n  pow er 
d e n s i t y  t o  o t h e r  sy ste m  p a r a m e te r s .

I f  P 0 i s  t h e  pow er d e n s i ty  b a se d  on th e  e n t i r e  f a c e  a r e a ,  th e n  t h i s  pow er 
d e n s i t y  may h e r e l a t e d  t o  th e  power d e n s i ty  b a s e d  on th e  h e a te d  s t r i p  a r e a s  a lo n e  
( i . e . ,  th e  a c t u a l  power d e n s i t y ) ,  by r e l a t i n g  t h e  h e a te d  a r e a  t o  t h e  t o t a l  f a c e  
a r e a .  The r a t i o  o f  h e a te d  a r e a  r e l a t i v e  t o  th e  t o t a l  f a c e  a r e a  i s  a  f u n c t i o n  o f  
th e  number o f  c u t t e r  p a th s  on th e  f a c e  and th e  r a t i o  h /H , as  shown i n  F i g .  5 1 .
For values of R/H (R = tunnel radius) greater than1 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 1 0 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

P o 6 J o rpm (5 '
P° = Ah/Af = a (h/H) ‘

Limits on Power Required

Total heater power obviously is a key parameter in determining the feasibility 
of heat-assisted tunneling. As discussed above, the requirements for weakening 
rock are expressed in terms o'f an energy density, J0. Equation (1) indicates 
that the installed power (ignoring system inefficiencies) is directly 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 possible. 
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.

Machine RPM

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

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. 
't/Thrust and rpm are, of course, also related to basic machine design and cutter 
type in other more subtle ways.

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

machine design, examination was made of existing rpm trends with present-day 
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. 10), and various machine and bit manu­
facturers use different values. A value for (rpm x diameter) of 70 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.

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 
C the steeper the resulting thermal gradient. This effect is shown quantitatively
L. in Fig. 53. The rock properties assumed for this figure correspond roughly to 
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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surface temperature will be sufficiently high to induce rock melting. Rock 
melting temperatures are on the order of 9 6 0 to ll60 deg C ( 1 7 6 0  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 between heat energy absorbed and heating power density are shown by the 
shaded.areas in Fig. 5^5 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, a, as defined in 
Fig. 1*9- Assuming a heat-assisted boring machine rpm of between 2 and U, and an 
a of between 90 and 1 8 0 degrees, the heating time is in the range of k to 15 see. 
Limitations on a 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 
,-the onset of melting. Also, lower temperatures are shown to allow estimation 
of rock surface temperature increase for specific design cases..

The result of these limitations, as shown in Fig. 5̂-, is that the heater 
power 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/cm2.

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. 9̂. 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
of heaters, which would be controlled independently. An existing mechanical
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TABLE 3

MELTING POINTS OF VARIOUS MINERALS

Mineral Temperat'ure - °C

Anorthite, natural 1165 - 1520
Anorthite, artificial 1 5 UU - 1562
An̂ -AB̂  , artificial 1516
An2Ab1 , artificial 1^77
Labradorite 1 0 U0 - 1370
Andesine 1155 - 1280
AniAb^, artificial 1U30
An1Ab2j artificial 1375
An1Ab3, artificial 131+0
Oligoclase 1135 - 1 2 6 0
Alb it e 1115 - 1259
Arthoclase 1 1 8 5  - 1220
Leucite 1275 - 1U30
Nepheline, artificial 1059 - 1526 i

Enstatite 1375 - 1 U00
MgSi03, artificial 1557
Wollastonite 1203 - 1366
CaSiOg, artificial 1515 - 1 5 U0
Diopside, natural 1135 - 1 2 7 0
Diopside, artificial 1391
Augite 1085 - 1230
Tremolite 1 2 0 0 - 1 2 7 0
Hornblende 1 0 6 0 - 1 2 0 0
Olivine 1265 - 1750
Quart z 1U25 - 1 7 8 0
Magnetite 1 1 9 0 - 1225
Hematite 1300 - lllOO
Fluorite 1 2 7 0 - 1 3 8 7
Sillimanite 1 8 1 6
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tunneler which could be adapted to this type of an operation is the Greenside- 
McAlpin (GM) tunneling machine shown in Pig. 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 concept was not investigated in detail, since the advance rate with the 
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.

i.
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 input conditions 
below the hatched limit 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 penetration 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 match each other for. low heating 
times (rpm greater than one) —  is still valid.

HEAT TRANSFER ANALYSIS

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: U 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 , 
so any increase in the size of the heater due to heat losses; can' seriously affect 
the economy of the system. Of course, reduced heat transfer efficiencies- also; 
mean a higher power cost. However, the power cost can- be small, relative, 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 1-96.2 (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 little- 
loss of accuracy, to larger jet-type devices.

The derivation of the heat transfer equations' which were developed to analyze 
jet-type heat flow in a heat-assisted tunneling operation are discussed below.



TABLE k

HEATER SYSTEMS CONSIDERED

1. Laser-

2. Electron beam

3- Radiant Heater

4. Plasma Jet

5* Flame Jet

6. Steam Jet

8 5



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. 5T • A flame jet 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 
jet 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 analysis is given in many standard reference works , 
such as Ref. 1^, 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.



FIGURE 57 SCHEMATIC DIAGRAM OF HEAT COUPLING BETWEEN GAS JET AND ROCK WALL



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 given 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 quite 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 . For 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 velocities, the energy input is never above about 300 
watt-sec (joules) per square inch,-which is inadequate for producing significant 
damage. Consequently, the results suggest an interesting conclusion: single flame
(and steam) 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. (2*0 in Appendix' 
A, it can be seen that the only parameters which can be controlled for a particular- 
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-

8 8
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c ie n t  would d e cre a se  w ith in c re a s in g  ta r g e t  ra d iu s . However, th e  combined e f f e c t  
o f  v e lo c i t y  and rad iu s seems to  in d ic a te  th a t  h eat t r a n s f e r  c o e f f i c i e n t  i s  n e a r ly  
in s e n s i t iv e  to  ta r g e t  ra d iu s . T his means th a t th e  h ea t absorbed by th e  ro ck  i s  
p r im a r ily  dependent upon exhaust gas tem perature and v e lo c i t y  ( i . e . ,  p ressu re  r a t i o ) .

Sample p ara m e tric  c a lc u la t io n s  p resen ted  in  F ig .6 o  in d ic a te  th a t  th e  power 
d e n s ity  fo r  a f la m e - je t  h e a te r  peaks a t  a chamber p re ssu re  o f  approxim ately  50 p s ia  
(an expansion  r a t i o  o f  approxim ately  3 .3 3 ) .  Above t h i s  p re ssu re  th e  Reynolds 
number appears to  in c re a s e  ra p id ly  w ith  p ressu re  r a t i o ,  and th e r e fo r e  th e  h eat 
t r a n s f e r  c o e f f i c i e n t  (which i s  in v e r s e ly  p ro p o rtio n a l to  Reynolds number; see  
Appendix A, Eq. (2i+)) d e c re a se s . .Below t h is  p ressu re  th e  gas v e lo c i ty  
appears to  be to o  low ( i . e . ,  a low expansion r a t io )  to  promote good tu rb u le n t h e a t 
t r a n s f e r .  S im ila r  flow  c h a r a c t e r i s t i c s ,  h eat t r a n s f e r  c o e f f i c i e n t s ,  and power 
d e n s it ie s  a re  noted  in  F ig s .  6 l  and 62 fo r  steam j e t  and plasm a j e t  h e a te r s ,  
r e s p e c t iv e ly .

. There appears to  be l i t t l e  th a t  can be done to  improve th e  h e a t input and 
tem p eratu re g ra d ie n ts  a t  th e  ro ck  s u rfa c e  fo r  a given type o f  h e a te r  system . A 
second q u estio n  th en  a r i s e s : I s  th e  ta r g e t  s e le c te d  fo r  th e  thermodynamic model
r e p r e s e n ta t iv e  o f  th e  tr u e  o p e ra tio n a l s itu a tio n ?  An in c re a s e  in  ta r g e t  rad iu s 
only means th a t  more h ea t from a s in g le  burner w i l l  e n te r  th e  r o c k . .  I t  does not 
imply a h ig h e r  g r a d ie n t , only a la r g e r  a re a . As a r e s u l t  i t  i s  b e lie v e d  th a t  th e  
ta r g e t  a re a  s e le c te d  may be s l ig h t ly  c o n se rv a tiv e . However, in  th e  a c tu a l o p era tio n  
o f je t - t y p e  h e a te r s ,  th e  exhaust gas w i l l  flow  in  th e  r a d ia l  d i r e c t io n ,  scrubbing 
th e  w a ll as i t  p a s s e s , bu t only fo r  a sh o rt d is ta n ce  b e fo re  i t  tu rn s  to  flow  away 
from th e  ro ck  f a c e .  This i s  due to  a com bination o f  c irc u m sta n c e s , th e  prim ary o f  
which a re  th e  c o l l i s i o n  o f th e  exhaust gas w ith th a t  from a d ja c e n t b u rn e rs , and 
th e  in tro d u c tio n  o f  co o lin g  a i r  in  th e  v ic in i t y  o f  th e  rock  f a c e l  An in c re a s e  in  
e f f e c t iv e  ta r g e t  rad iu s l ik e ly  w i l l  be sm all and w i l l  a f f e c t  only th e  t o t a l  number 
o f j e t  d ev ices re q u ire d , not th e  h e a t flow  per u n it a re a .

Having d e scrib e d  th e  h ea t t r a n s f e r  c h a r a c te r is t ic s  o f  gas je t - t y p e  h e a tin g  
d e v ic e s , i t  i s  w orthw hile to  co n sid er th e  percentage o f  h e a t in  th e  j e t  a c tu a lly  
absorbed by th e  ro c k . S e v e ra l i l l u s t r a t i v e  cases are p re se n te d  in  T able 5 fo r  
a l l  th r e e  typ es o f  h e a te rs  and v ary in g  ( l in e a r )  tra v e rs e  v e l o c i t i e s .  I t  can be 
observed from th e s e  r e s u lt s  th a t  th e  h ea t tra n s fe r re d  to  th e  ro ck  su rfa c e  i s  
p ro p o rtio n a l to  th e  tem perature o f  th e  gas in  th e  j e t  h e a te r  ( o r ,  in  o th e r  words, 
th e  tem p eratu re d if fe r e n c e  between th e  gas and th e  r o c k ) .  As a r e s u l t ,  i t  i s  p o s s ib le  

" t o  o b ta in  n e a r ly  a 30% coupling (h e a t absorbed in  th e  rock  d iv id ed  by th e  energy in  
. the j e t  stream ) w ith  a 10-kw plasma j e t ,  but only 3% and 8% co u p lin g , r e s p e c t iv e ly , 

with a steam  j e t  and a flam e j e t .  I t  a ls o  can be seen th a t  fo r  a given  energy in  
-the gas j e t ,  th e  cou p lin g  in c re a s e s  w ith  in cre a s in g  t r a v e r s e  sp eed , a f a c t  which 
can be ex p la in e d  q u ite  sim ply. The ro ck  su rfa ce  tem perature in c re a s e s  w ith 
in cre a se d  tim e o f  exposure to  th e  hot gas j e t  ( i . e . ,  d ecreased  t r a v e r s e  v e l o c i t i e s ) ,  
and th e r e fo r e  th e  tem perature d if fe r e n c e  between the (co n s ta n t tem p eratu re) gas 
j e t  and th e  ro ck  su r fa c e  d e c re a se s . An in te g ra te d  curve o f  tem p eratu re d if fe r e n c e
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TABLE 5

HEAT COUPLING BETWEEN JET-TYPE HEATERS AND HEATED ROCK SURFACE 

I n i t i a l  Rock E q u ilib riu m  Tem perature -  TO F

Heater Type

iso

Energy in  
J e t  (kw)

H eater T rav erse  
V e lo c ity  ( in . / s e c ]

Spot Exposure 
Time ( s e c )__

Heat in to  Rock Coupling (Heat Absorbed. 
Rock (B tu ) in  Rock to  Heat in  J e t )  {%)

Flame J e t 10 5 0 .5 5 0 .3 6 3 7 .0
10 10 0 .3 0 0 .2 2 2 7 .8
10 30 0 .0 9 0 .0 7 1 8 .3
50 30 0 .1 1 0 .0 9 9 9 -5

100 30 0 .1 2 0 .1 2 2 1 0 .7

Steam J e t 10 5 0 .0 9 0 .1 6 8 3 .2
10 30 0 .5 5 0 .0 3 2 3 .7

Plasma J e t 10 0 .5 5 .3 1 2 .0 2 3 .7
«• 10 5 0 .5 3 1 .3 2 2 6 .3

10 10 0 .2 7 0 .6 8 2 6 .5
10 20 0 .1 3 0 .3 7 2 9 .0
10 30 0 .0 9 v 0 .2 5 2 9 .5
l+o 30 0 .0 9 0 .2 9 31+.2



vs exposure time then would reveal that the net average heat flow rate (proportions 
to the temperature difference) is less, the longer a jet of a given power is expose 
to the rock. Since total heat flow is proportional to the heat flow rate and the 
exposure time, a greater fraction of the heat in the jet will pass into a given 
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 
Table 5-

Heating Efficiency of Radiant Devices

Two of the proposed heating system types depend on the absorption of radiant 
heat energy 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, 
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 
is defined as one minus the reflectivity. Data on both of these quantities can be 
found in the literature..

The p r in c ip a l  sou rce o f  ra d ia t io n  d ata  o f  t h is  n atu re  was found in- th e  a re a  of 
astronom y. The s p e c t r a l  r a d ia t io n  c h a r a c t e r i s t i c s  o f a number o f  n a tu r a lly  
o ccu rrin g  m a te r ia ls  were determ ined a t  th e  Goddard Space F l ig h t  C enter to  a id  in  
id e n t ify in g  th e  s u r fa c e  com position o f  c e l e s t i a l  b o d ie s . Such an in v e s t ig a t io n  in t  
th e  in fr a r e d  r e f le c t a n c e  o f  igneous, rocks i s  re p o rte d  in  R e f . 15. The r e f l e c t a n c e  
s p e c tra  in  R e f . 15 were reduced to  s t r a i g h t - l i n e  segments fo r  c a lc u la t io n  purposes 
and are  shown in  F i g . 63.

Absorptivity of Laser Radiation

It is interesting to note that in Fig. 63 there is1 a local peak in the 
reflectivity at a wavelength of approximately 10 microns for all the materials 
investigated. This region also coincides with the wavelength of the energy emitted 
from the C02 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 CO^ laser radiation by rocks of 8 5% 
appears to be a valid assumption.

Absorptivity of Noncoherent Radiation

A mean absorptivity of black body thermal radiation by rock can be obtained bj 
averaging the absorptivity shown in Fig. 63 over all wavelengths with Planck's 
distributive law (which gives radiant energy as a function of wavelength for given 
black body radiating temperatures) as a weighting function. An approximation to
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such an average may "be obtained 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 radiatei 
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 exception 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. 6k. In general, these absorptivities are all near 0.90, with an extreme 
range of 0.96 6 to 0.833. An average absorptivity of about 0.85 appears justified 
In the temperature range of interest (l600 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 he as high as or higher than the 
absorptivity of these rocks in the 10.6-micron radiation of a CO2 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 importance. Because of these reasons, electron beams generally are 
used in a vacuum, where the probabilities of collisions are considerably lessened. 
Some' success has been achieved in recent years with machines emitting beams of 
electrons out of vacuum, primarily into lightweight gases (e.g., helium) where 
collisions do not disperse the beam as much as in air. However, in a tunneling 
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.



AB
SO

RB
TI

VI
TY

1.0
OREGON BASALT

0.9

0.8

0.7

0.6

0.5

GRANITE

400 800 1200 1600 2000 

RADIATING BLACK BODY TEMPERATURE, T -  R

2400 2800

FIGURE 64 THERMAL ABSORBTIVITY OF IGNEOUS ROCKS



Information presented in Ref. 16 indicates that the practical range of an 
electron is related to the initial electron voltage by the equation:

S = 0.001*57
P

E3 - 7 5 .0 (6)

for (5  < E0 < 120 k v ) , 
where S = practical range (cm),

Eq = initial charge voltage (kv), and
p = density of gas into which electron passes (gm/cm3)

(= 0.001178 gm/cm3 for air).

Information presented in Ref. 16 indicates that the normalized fraction of 
energy which can he 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, 9 0 , and 120 kv are presented in Pig. 6 5 and in Table 6 to depict the 
penetration of electrons into air. Extending the use of the basic graphic relation­
ships in Ref. l6 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 1* cm with an initial charge 
of 60 kv. On the other hand, beam intensity drops to the same level after a distane 
of approximately lU cm when the initial 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
ments and from a practical design standpoint, and consequently, the initial electroi 
voltage must be increased as standoff distance is increased.

TUNNEL ENVIRONMENTAL TEMPERATURE CONTROL

A m ajor problem  expected  w ith th e  use o f  heat-w eakening system s fo r  h a rd -ro ck  
tu n n elin g  i s  th e  c o n tro l o f th e  ambient tem p eratu re in  th e  tu n n e l. P a s t s tu d ie s  
have shown th a t  ex ce ss  h e a t in  a tu n n el i s  d i f f i c u l t  to  handle and exp en siv e  to  
e lim in a te . However, i t  was b e lie v e d  th a t  t h i s  problem would be le s s  w ith  th e  h e a t­
weakening mode than  w ith  o th er modes o f  th erm al rock  f r a c tu r e  due to  th e  low er 
t o t a l  h e a t flow  r a t e  p er u n it o f  a f fe c te d  fa c e  a re a  than w ith more in te n s e  h e a tin g  
modes, such as m e ltin g .
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TABLE 6

DEVICE-ROCK COUPLING EFFICIENCY FOR 
ELECTRON BEAM MACHINES IN AIR

I n i t i a l  V o ltage  (kv)

6 0

90

120

D ista n ce  in to  A ir (cm) 

1 

3

5 .0 1 *

1

3

5

7

9

1 0 .2 *

1

3

5

7

9

11

13

15

1 6 . 8 8 *

Coupling E f f ic ie n c y  { %)  

8 1 . 

b2  

~  0 

89 

72 

53 

33 

12 

~  0 

93 

83 

72 

6 i  

^9 

37 

25 

12 

~  0

*  Denotes Maximum P r a c t i c a l  Range
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R e s u l ts  p r e s e n te d  in  F i g .  66 show th e  r e l a t i o n s h i p  b etw een  t h e  t o t a l  h e a t  
r e l e a s e d  n e a r  th e  tu n n e l  f a c e  and th e  h e a t  e n e rg y  i n t e n s i t y  w h ich  a c t u a l l y  im p in g es  
upon th e  r o c k  s u r f a c e  in  a  2 0 - f t - d i a m e t e r  t u n n e l .  F o r  r e f e r e n c e ,  i f  a  t h r e e - i n c h  
c u t t e r  s p a c in g  i s  assu m ed , th e n  a  v a lu e  o f  1000 j o u l e s / i n c h  o f  h e a t e r  p a th  (w h ich  
i s  u s u a l l y  ab o u t t h e  minimum r e q u ir e d  t o  show any s i g n i f i c a n t  ro ck -w e a k e n in g  e f f e c t ,  
a s  d is c u s s e d  in  C h a p te r  i )  co rre s p o n d s  t o  an o v e r a l l  h e a t  in p u t  o f  ab o u t 52 j /c m 2 
in  F i g .  66. The f la m e  j e t  ( o r  f u e l  o i l  and co m p ressed  a i r  b u r n e r )  i s  a  s im p le ,  
b u t i n e f f i c i e n t ,  d e v i c e  f o r  t h i s  a p p l i c a t i o n  s i n c e  o n ly  a p p r o x im a te ly  8% o f  i t s  
h e a t  e n e rg y  a c t u a l l y  i s  a b so rb e d  by th e  r o c k .( T a b l e  5 ) .  T h is  i s  due p r i m a r i l y  t o  
th e  p o o r h e a t  t r a n s f e r  c o e f f i c i e n t s  a t  t h e  r o c k  s u r f a c e  and th e  h ig h  g as v e l o c i t i e s  . 
As a  r e s u l t ,  m ost o f  t h e  h e a t  in  a  flam e j e t  g as  s tre a m  p a s s e s  i n t o  th e  a i r  arou n d  
t h e  w ork s u r f a c e .  T h e r e f o r e ,  t o  a c h ie v e  a  p a r t i c u l a r  s u r f a c e  h e a t  i n t e n s i t y ,  th e  
t o t a l  h e a t  r e l e a s e d  i n  th e  f a c e  a r e a  i s  p r o h i b i t i v e l y  h ig h .

O b je c tio n s  t o  a  p lasm a j e t  h e a t e r  c l o s e l y  p a r a l l e l  th o s e  f o r  fla m e  j e t s ,  even  
th ou gh  th e  ro c k  c o u p lin g  e f f i c i e n c y  o f  th e  p lasm a j e t  a p p ro a ch e s  30%. T h is h ig h e r  
e f f i c i e n c y  i s  due p r i m a r i l y  t o  th e  j e t  te m p e ra tu re  w hich may a p p ro a ch  1 0 ,0 0 0  F f o r  
many o p e r a t in g  c o n d i t i o n s .  R e g a rd le s s  o f  t h i s  f a c t ,  th e  c o u p lin g  e f f i c i e n c y  o f  

..and t o t a l  h e a t  r e l e a s e  i n t o  th e  tu n n e l  from  th e  p lasm a j e t  a r e  s t i l l  p o o r r e l a t i v e  
t o  th e  l a s e r  and n o t s i g n i f i c a n t l y  d i f f e r e n t  from  th o s e  o f  th e  flam e j e t .  The 
h e a t  r e l e a s e d  t o  t h e  tu n n e l  by a  ste a m  j e t  h e a t e r  i s  g r e a t e r  t h a n 1even  t h a t  o f  a  
flam e j e t ,  and t h e r e f o r e  i t s  p e rfo rm a n ce  was n o t  even in c lu d e d  in  F i g .  66 .

The r o c k  c o u p lin g  e f f i c i e n c y  o f  b o th  th e  l a s e r  and r a d i a n t  h e a t e r  d e v ic e s  h as  
been e s tim a te d , t o  be a p p ro x im a te ly  85%, i n d i c a t i n g  t h a t  n e a r l y  a l l  o f  th e  en e rg y  
e m itte d  by th e s e  d e v ic e s  i s  ab so rb ed  by th e  r o c k  a t  th e  tu n n e l  f a c e .  C o n s e q u e n tly , 
o n ly  a  s m a ll  amount o f  h e a t  i s  d e p o s ite d  in  t h e  a i r  a d ja c e n t  t o  th e  work s u r f a c e ,  
and c o n t r o l  o f  th e  te m p e r a tu r e  in  th e  v i c i n i t y  o f  th e  tu n n e lin g  m ach in e becom es a  
r e l a t i v e l y  s im p le  p r o c e s s .  F o r  co m p a ra tiv e  p u r p o s e s , th e  h e a t  r e l e a s e d  by a 1 0 0 0 -h p  
c o n v e n tio n a l  m e c h a n ic a l  tu n n e le r  a l s o  i s  shown in  F i g .  66* In  g e n e r a l ,  few e n v ir o n ­
m e n ta l c o n t r o l s  o t h e r  th a n  th o s e  n e c e s s a r y  t o  su p p ly  s u f f i c i e n t  a i r  t o  th e  workmen 
and t o  rem ove d u st a r e  needed in  c o n v e n tio n a l ly  b o re d  t u n n e l s .  H ow ever, r e s u l t s  
p r e s e n te d  i n  t h i s  f i g u r e  i n d i c a t e  t h a t  some a d d i t i o n a l  ty p e  o f  e n v iro n m e n ta l c o n t r o l s  
w i l l  b e  r e q u ir e d  even  i n  th e  m ost e f f i c i e n t  h e a t - a s s i s t e d  sy ste m s t o  e n s u re  t h a t  a  
w o rk ab le  a tm o sp h ere  w i l l  b e  p ro v id e d  f o r  th e  tu n n e l  crew  m em bers. G rap h ic  p r e s e n t a ­
t i o n s  o f  th e  h e a t  r e l e a s e  f o r  th e  same ty p e s  o f  h e a t e r s  in  10 -  and 15 - f t - d i a m e t e r  
tu n n e ls  would show t h a t  f o r  any s u r f a c e  h e a t  i n t e n s i t y ,  t h e  t o t a l  h e a t  r e l e a s e d  w ould  
b e o n e -h a l f  and t h r e e - q u a r t e r s  o f  th e  v a lu e s  shown in  F i g .  66 , r e s p e c t i v e l y .

E s t im a te s  o f  t h e  a v e r a g e 'te m p e r a tu r e  o f  th e  ro c k  c h ip s  c u t  from  th e  work s u r f a c e  
o f  a  tu n n e l  w hich h as b een  h e a t  w eakened a r e  shown in  F i g s . 67 and 68 f o r  tu n n e l  
d ia m e te rs  o f  1 0  and 20  f t ,  r e s p e c t i v e l y .  As would be e x p e c te d , t h e  a v e ra g e  ro c k  
ch ip  te m p e ra tu re s  d e c r e a s e  w ith  an in c r e a s e  in  ad v an ce r a t e  a t  a  c o n s ta n t  power 

r o u tp u t ( t o  th e  r o c k ) .  T h is  o c c u rs  b e c a u s e , a t  a  f i x e d  power in p u t l e v e l ,  a  g iv e n  
volum e o f  ro c k  rem oved w i l l  ab so rb  l e s s  en ergy  p e r  u n i t  tim e  as  ad v an ce  r a t e
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FIGURE 66 TOTAL POWER RELEASED BY VARIOUS TUNNEL HEATER DEVICES
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FIGURE 67 ROCK CHIP TEMPERATURES FOR LASER HEAT 
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i n c r e a s e s , " I t  i s  a l s o  t r u e  t h a t  o f  a  g iv e n  power in p u t l e v e l  and ad v an ce  r a t e , 
a unit volum e o f  ro c k  w i l l  ab so rb  m ore en erg y  p e r  u n i t  tim e  i n  s m a l le r  t u n n e l s .
4s a  r e s u l t ,  th e  a v e ra g e  ro c k  c h ip  te m p e ra tu re s  in  a  1 0 - f t  tu n n e l  w i l l  b e  h ig h e r  
f o r  a g iv e n  s e t  o f  o p e r a t in g  c o n d it io n s  th a n  ch ip  te m p e ra tu re s  f o r  th e  same c o n d i­
tio n s  in  a  l a r g e r  t u n n e l .  The t r e n d s  shown b o th  in  F i g .  6j and i n  F i g .  6 8  a r e  
n ot in  th e m s e lv e s  s t a r t l i n g ,  b u t th e  m agnitude o f  th e  te m p e r a tu r e s  may be c a u se  
f o r  some c o n c e r n , p a r t i c u l a r l y  when low v a lu e s  o f  ad van ce r a t e  a r e  e n c o u n te re d .
Even higher local values of muck temperature than those noted here may be 
encountered if heating in small discrete circumferential paths, rather than over 
the entire face as assumed in these figures, is employed for greater cutting effi­
ciency. Regardless of the heating method selected, these results emphasize a 
potentially difficult muck-handling problem which may be encountered in the absence 
of special precautions (such as muck cooling) prior to removing the muck from the 
work area.

'* 'High, r o c k  muck te m p e ra tu re s  co u p le d  w ith  th e  h e a t  r e l e a s e d  i n t o  th e  a i r  
a d ja c e n t  t o  t h e  work f a c e  d i c t a t e  t h a t  s p e c i a l  p r e c a u t io n s  be ta k e n  t o  p r o t e c t  th e  
grew m em bers, n o t o n ly  from  h o t muck b u t a l s o  from  a  p o t e n t i a l l y  f a t i g u i n g  w ork  
en v iro n m en t. I t  t h e r e f o r e  i s  n e c e s s a r y  t o  p ro v id e  a  b a s i c  e n v iro n m e n ta l c o n t r o l  
s y s te m -f o r  t h e  h e a t - a s s i s t e d  tu n n e lin g  sy s te m . I t  i s  assum ed f o r  t h i s  w ork t h a t  
th e  h e a t in g  s y s te m  w i l l  n o t be a  gas j e t  ty p e . B e ca u se  o f  th e  lo w e r h e a t  i n t e n s i -  

' t i e s  and th e  a n t i c i p a t e d  la c k  o f  t o x i c  g a se s  w ith  e i t h e r  th e  l a s e r  o f  th e  r a d i a n t  
h e a t e r ,  i t  i s  b e l i e v e d  t h i s  e n v iro n m e n ta l c o n t r o l  sy ste m  can  b e s i m p l i f i e d  co n ­
s id e r a b ly  r e l a t i v e ,  t o  t h a t  sy stem  d e s c r ib e d  f o r  th e  flam e j e t  t u n n e le r  in  R e f . 2 .

E n v iro n m e n ta l C o n tro l  System  Model

> , A s i m p l i f i e d  s c h e m a tic  d iag ram  o f  th e  v e n t i l a t i o n / c o o l i n g  sy ste m  s e l e c t e d  f o r  
e n v iro n m e n ta l c o n t r o l  in  a  h e a t - a s s i s t e d  tu n n e l sy ste m  i s  shown in  F i g .  6 9 .  In  
t h i s  s y s te m , a i r  from  a  t r a n s p o r t a b l e ,  g a s - t u r b i n e - d r i v e n  co m p re sso r  i s  blown  
th ro u g h  an a i r  d u c t  e x te n d in g  from  th e  s u r f a c e ,  down th e  s h a f t ,  and a lo n g  th e  
c e i l i n g  o f  t h e  t u n n e l .  T h is a i r  s e r v e s  n o t o n ly  t o  ab so rb  h e a t  from  th e  tu n n e l  
work a r e a  b u t a l s o  t o  r e p l e n i s h  th e  b r e a th in g  su p p ly  f o r  t h e  w ork c re w . S t a l e ,  

•heated  a i r  i s  e x h a u s te d  n a t u r a l l y  down t h e  tu n n e l and o u t th e  a c c e s s  s h a f t .
C oolin g  w a te r  i s  b ro u g h t by a  s e p a r a t e  p ip e  down th e  same a c c e s s  s h a f t  and th e n  to  
th e  tu n n e l  w ork f a c e  w here i t  i s  s p ra y e d  o n to  th e  m uck. W ater w hich i s  n o t v a p o r iz e d  
from th e  muck s u r f a c e  i s  c o l l e c t e d  in  a  sump b e n e a th  th e  t u n n e le r  and d i r e c t e d  b ack  
to  th e  s u r f a c e  i n  a  se co n d  p ip e  (n o t  shown in  t h i s  f i g u r e ) .  The r e t u r n  w a te r  i s  
e i t h e r  d i s c a r d e d ,  o r  i f  a  s u f f i c i e n t  su p p ly  o f  m ake-up w a te r  i s  n o t a v a i l a b l e ,  i t  
i s  f i l t e r e d  and th e n  c o o le d  in  c o o l in g  to w e rs  p r i o r  t o  r e t u r n i n g  i t  t o  th e  tu n n e l .

A s c h e m a tic  d iag ram  o f  th e  m odel w hich was u sed  t o  d e s c r i b e  th e  therm odynam ic  
and h e a t  t r a n s f e r  p r o c e s s e s  o c c u r r in g  a d ja c e n t  t o  th e  tu n n e l  w ork f a c e  i s  shown in  

.g r e a t e r  d e t a i l  i n  F i g .  7 0 .  F o r  th e  therm odynam ic a n a l y s i s ,  t h i s  m odel i s  d iv id e d  
in to  t h r e e  d i s t i n c t  zones , a lth o u g h  in  a c t u a l i t y  a l l  m ix in g  and h e a t  t r a n s f e r
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HEAT-ASSISTED TUNNELING

FIGURE 70 SCHEMATIC DIAGRAM OF THERMAL COOLING-VENTILATION MODEL



processes would take place simultaneously through the entire work area. In Zone- I 
cooling air enters the work area, to absorb the heat which, does not pass directly 
into the rock from the heaters, and an energy balance equation adequately, describes 
this process for any amount of air brought into the zone. Reradiation of heat from: 
the rock working face was ignored in the analysis since the rock will be heated to 
a high temperature for only a short time before it is cut, and further, all of the 
heat energy absorbed by the rock is taken into account in Zone II.

In Zone II it. is assumed that sufficient quantities of water are pumped into 
the work zone to cool the muck to some desired temperature. It. is also assumed 
that this water will be sprayed Onto the muck both as it falls to the tunnel floor 
and as it is transferred from scoops, on the cutter head to the conveyor- Such, 
an arrangement ensures thorough mixing between the water spray and the rock, chips.
As the liquid water cools the rock, a portion of this water spray will vaporize 
and mix with the heated cooling air . . The amount of vaporization which occurs: is 
dependent upon: the volume flow of air and* the temperature of the air after absorbing 
the excess heater energy. When the desired final exhaust, air temperature and cooled 
muck temperature are prescribed, the energy equation, combined with equations, 
defining relative humidity, can be used to determine the exact amount of water 
which vaporizes. These equations then define the processes which are assumed to 
occur in Zone III of the model.

Temperature- equilibrium is assumed to exist in each zone at all times.
Although this is: a. conservative assumption, it is reasonably realistic considering 
the actual volume in which each- of the processes occurs, the turbulence created 
by the cutter head, rotation,, and the* further turbulence created by the* air exiting: 
from the air pipe. Homogeneous, moisture-laden air is assumed to exit from Zone III 
and then pass over and around the muck cars as it flows out of the tunnel. Depen­
ding upon the local relative- humidity,, water also' will be drawn fhom this zone via. 
a sump and pipe located on the tunnel floor. For any advance rate, net heat input 
to the rock, and heat-coupling efficiency (a characteristic, of each heater device),, 
several combinations of airflow rate and water flow, rate can be selected to main­
tain the temperature of the existing exhaust air and muck at their prescribed 
levels. For example, air and water flow rates for an environmental control system 
in a typical heat-assisted tunnel are presented in Fig. 7 1 for an advance rate 
of 5 ft/hr and, a. 3-Mw-heat input to the rock. These-results present a clear picture;- 
Of the trade-off between airflow and water flow which also are representative for 
other operating conditions when muck and tunnel face air temperature are held- 
constant. It should be noted, however, that for certain combinations of rock power 
input, advance rate, and airflow rate, there may be no water- flow required since 
the heat absorbed by the rock may be- insufficient even to increase temperature of 
the muck to the prescribed level.

The c r i t e r i a  t h a t  d e te rm in e  th e  p ro p e r c o m b in a tio n  o f  w a te r  and a i r f l o w  r a t e s
a r e :  ( l )  t h a t  a i r f l o w  r a t e  n e c e s s a r y  t o  s u p p ly  f r e s h  oxygen t o  th e  workmen i n
t h e  t u n n e l ;  and ( 2 )  t h a t  sy ste m  w it h  t h e  lo w e s t n e t  e n v ir o n m e n ta l c o n t r o l  s y s te m  •
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cost. That system which satisfies the first criterion at minimum cost obviously is 
the best selection. The system of computer equations- which were used to determine 
the exhaust temperature, rock mixing,, and -water flow rates is presented in 
Fig. 72 prior to step 39.

Effect of Mucking System Conditions on Tunnel Temperature

As the water-air exhaust gas mixture passes from the work zone, it flows over 
the muck train which is being filled with the cut rock from the working face. 
Depending on the cooled muck temperature as it comes from the work zone, heat will 
be transferred from the muck to the exhaust gas mixture. Simultaneous.ly, a portion 
of this heat energy will be transferred from the exhaust gas mixture to the tunnel 
walls and into the rock beyond. Standard convective heat transfer equations 
adequately describe both of these heat exchange processes., while heat transfer 
coefficients for the muck-to.-exhaust gas energy exchange process and for the exhaust, 
gas-to-tunnel wall can be found in Refs. 2 and 17, respectively. One factor 
which complicates the definition of this heat exchange process is that the exhaust 
gases pass over a progressively greater number of filled muck cars with the passage 
of time. The heat lost to the exhaust gas from the first car as it is filled will 
be reflected in a net decrease in the temperature of the muck in that car, so when 
the second car is being filled the muck in the first car will be slightly cooler.
As a result, each progressively filled car behind the tunnel machine contains muck 
at a slightly higher temperature as the exhaust gas absorbs heat and carries it 
out of the tunnel. The equations describing the analytical procedure which calcu­
lates the exhaust gas temperature at the end of the last filled car in the .muck 
train are presented in Fig. 72 beyond step 39•

Use of the digital computer program shown in Fig. 72 makes it possible to 
determine for any prescribed airflow rate, heat absorbed in the rock, and exhaust 
gas temperature: (l) the water flow rate necessary to attain a given muck tempera­
ture ; (2) the.realtive humidity of the exhaust gas in the vicinity of the 
tunneling machine; (3) the temperature of the exhaust gas leaving the rear of the 
tunneling machine; and (U) the temperature of the exhaust gas leaving the location 
of the last muck car. Muck car volume (and therefore fill-t.ime for a given advance 
rate) and muck train length can be varied for any set of tunnel operating parameters..

Illustrative exhaust gas temperatures leaving the vicinity of the muck train 
are shown in Fig. 73 as a function of the cooled muck temperature leaving the 
tunnel face area. These data are -for an advance rate of 5 ft'/hr and a rock heat 
input of 3 Mw using a laser heater. The results show the large effect on tunnel 
temperature of increases in muck train length and/or muck temperature. If far some 
reason high muck temperatures cannot be avoided (e.g., possible restriction in 
water flow rate), some additional covering over the muck cars may be necessary to 
protect the work crew. A possible alternative solution would be to pump additional 
cooling air into the tunnel and.to direct this air into the exhaust gas flow at a



DI MENS I ON T I T L E (12),EMAI(7),X (7 )., JTAO (in ), TM ( 1 0  ) / NM (in) / I U K (8) 
DATA MN/1,2,3,4,5,6,7,8,9,10/
NAMEI. I ST/ INPUT / RHOR, D, CS I ,TR I ,TA ! ,TW I , CPR, PT/TM I X,

1 TROC K,VC,AR,MCARS , I PR IN
READ(5,104) NX,(X(I),1=1,NX)
READ(5,104 ) NMA,(EMAI ( I ) , I=1,MMA)

3 READ( 5, I NPIJT)
READ( 5/100) (TITI.E( I), 1-1,12)
READ(5,104) K

C K = 0, MORE CASES FOLLOW K>0, LAST CASE 
C I P R ! N = 1, DETAILED PRINTOUT IPRIN=2, SHORT PRINTOUT 

P I-3.14159 
TAII=TAI 
TROCKI=TROCK
WRITECO/lOl) (TITL-Fd )/1-1/12)
W R I T E (6/102) RHOR/D/AR/CSI/TRI/TAI/TWI/CPR/PT/TMIX/

1 TROCK, VC 
DO 50 J-l/NX 
IU K ( U) =0
IF(IPRIN.EQ.2) WRIT E(n,100) X(U)
IF(I PR IN.HQ.2) 00 TO 2
IF(U.EQ.l) WRITE(fi/10f>) X(J)
I F ((J . O T . 1). AMD .(lUK(J).LT. IJK(J-l))) WR I TE ( 6, 10 0 ) X(J)

2 DO 50 L-l/NMA 
KON = 0
TRI-TRI +460.
TAI-TAI+460.
TMIX-TMIX+460.
TV/l-TWI+460.
EMA-EMAI(L)/13.1
EMR - ( P I * Rl IOR*D*D*AR) / 2 40 .
TEXH=TAI+((l.-CSI)*X(J)*56920.)/(.24*CSI*EMA)
T O - (56920.*X(J))/(EMR*CPR)+TRI 
PP1 = PP(TMI X )
ELl-ELMDA(TMIX)
E MW E V — (,622*PP1*EMA)/(PT-PP1)
TROCK=TROCK+460.
IF(TROCK-TC) 8,7,7

7 TROCK=TC 
KON-1
IJ K (J ) = 1

8 EMWL = ( EMR + CPR*(TC-TROCK) + ,24*EMA*(TEXH-TMI X )-EMWEV*ELI)
1 /(TMIX-TWI)
RU =1 00.
I F ( F.MWL-EMWEV) 10,12,12

10 EMWL = ( EMR*CPR* (TC-TROCK) + EMA* . 2 4* (TEXII-TM I X ))
1 / (TM I X + EL1-TVJI )
RH=(EMWL*(PT-PP1)*100. )/(. 622 *PP1*EMA)

FIGURE 72a COMPUTER PROGRAM TO DETERMINE TUNNEL 

ENVIRONMENTAL CONDITIONS
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12 W T R - ( E M W I . * 7 . W ) / R 2 . i *
I F ( ! J K ( J ) . EQ. 1 )  GO TO 33 
T F C ( J K ( J ) . L T . I J K ( J - l ) )  GO TO 39 
I F ( I  PR I N . H Q . 2)  GO TO 3 9 
GO TO 6fi

3 9 DO 3 8 1=1,  NCAP.S
38 T M ( ! )=TROCK

TA I = T M I  X 
T A O = T M I X + 1 0 .
EMA=EMA+EMWEV
h w = ( . i n  9 / n ) * (  f.m a-7 n ) * * n . 8
VEX!  1=.  288 * ( EMA/ 0 > 2 5 * n * * 2 )  )
HM=(  . 5 3 5 / 3 0 .  ) * ( A B S ( 8 . - VEXTI ) ) *  * 0 . 8  
n i .OG = AL OG ( ( n +2 .  ) / n )
O E N O M ^ O .  *F.MA*.24 + . 5 *HW*P  ! * 0 * 3 0  . +

1 , 5 * H M * 4 5 .
TERM=TA I * (  GO . *EMA*  . 24 -  ( 3 0 . * P * H W * P I  ) / 2 .  -  

1 - ( 3 0 .  * HM * 1 . 5  ) / 2 .  ) + MM* 85 . *TROCK
N 1* 0

25 T W = ( H W * n * n L O G * ( T A I + T A O ) + 3 3 . 7 ) / ( 2 . * H W * 0 * n L O G + . 0 6 5 ) 
T AOM= (TERM+HW*30 . * 0 * T W *  P I  ) / OENOM 
I F ( ABS  ( ( TA O -T AO M ) /  T A O ) .  LF.. 0 . 0 1 )  GO TO 29 
TAO=TAOM  
N1=N1+1
I F C N 1 . G T . 2 0 0 )  GO TO 201  
GO TO 25

29 V E X M = ( .28 8 * E M A ) / ( . 7 5  * 0 * * 2 )
HM=(  . 5 3 5 / 2 0  . ) * ( A B S (  8 . - VF.XH) ) * * 0 . 8  
T A ! =TAOM 
T A O = T A I +5 .
D EN OM=1 8.4 *EMA + 1 0 . * H W * n * P  I + 15 . *HM 
T E R M = T A ! *  ( 1 8 , 8*F.MA-10 . * n * P  I * H W - 1 5 . *I !M) +

1 30.  *! IM*TROCK
M 2 = 0

33 TW= ( H \ l * n * D L O G * ( T A  I +TAO)  + 3 3 .7 ) /  ( 2 . * I I W* 0* nL 0 G+  . 0 B5 )
TAOS = (TERM + 20 . * n * P  I *  TW* HI /) /  D EfIOM 
I F ( A B S ( ( T A O - T A O S ) / T A O ) . L E . 0 . 0 1 )  GO TO 37 
TAO=TAOS  
M2=N2+1
! F ( N 2 . G T . 2 0 0 )  GO TO 203  
GO TO 33

37 7. = ( V C / 2  . ) * * . 3 3 3 3 3 3
Z 2 = Z * * 2
A W = P! * n * ( 2 . *Z + 2 . ) 
no 80 M = l , MC A R S  
no 80 N=1,M
I F ( N . G T . l )  T A I = T T A O ( N - l )
I F ( N . E O . l )  T A I = T AO S

FIGURE 7213 ENVIRONMENTAL COMPUTER PROGRAM (Cont.)
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TAO-TAI+5.
N3=0

itl HT=.35*((TM(N)-(TAI+TAO)/2.)/(2.*Z))**.25
H S =.13*((TM(N)-(TAI+TAO)/2.)/(2.*Z))**.333333 
TW=(HW*n*nLOG*(TAI+TAO)+33.7)/(2.*HW*0*DLOG+.005 ) 
DENOM«.2it*EMA + .5*AW*HW + HT*Z2 + 2.* Z 2 * M S 
T1=TA I *( EMA*. 2 4-2 . *Z2*HS-Z2*HT- . 5*HW*AW)
T2 = 2 . *Z 2 *TM (N ) * ( 2 . *HS + H T ) + HW*AW*TW 
T T A O (N )=(T1+T2)/DEMOM
IF(ABS((TAO-TTAO(N))/TAO).LE.O.OD GO TO h2 
TAO=TTAO(N)
N3=N3+1
IF(M3.G T .20 0 ) GO TO 205 
GO TO Itl

it 2 TIMEPC=VC/(1.0it39*r)**2*AR)
nrilJC K=2 . *Z2 * (TM( N ) - (TTAO ( M ) +TAI)/2.)*(2.*HS + H T )*TI ME PC 
T M ( N ) =TM( N ) - OMIJCK/ (VO* . 75*RHOR*CPR)

80 CONTINUE
00 81 1=1,NCARS 

'81 TTAO( I )=TTAO( I ) - ̂  6 0 .
VIR !TE(6/107) EMAI(L)
IF(KON.EQ.l) WR ITE(6,10 5 ) t
GO TO (82,83 ), I PR IN 

82 W R I T E (0,111)
W R I T E (G,10 8) N N (1),TTAO(1),TAOS,WTR 
W R I T E (G,10 9 ) N N (2),TTAO(2),TAOM,RH 
V/R ITE( 0,110) (.NN ( I ), TTAO( I ), I =3, NCARS )
GO TO Iff

8 3 WR I TF. ( G, 120 ) TROCK I , WTR, RH, NN (NCARS ) , TAOS, TAOM, TTAO( NCARS )
GO TO 1U

201 W R I T E (G, 202 ) X (J ) ,EMAI(L ),TW,TAO,TAOM 
GO TO 14

203 WRITE(B,20U) X (J ),EMAI(L ),TW,TAO,TAOS 
GO TO lU

205 W R I T E (G, 206 ) X (J ),EMAI(L ),TW,TAO,TTAO(N ),N,M 
GO TO 1A

G6 IF(L.EQ.l) W R I T E (6,112)
IF(L.GT.l) GO TO 67 
IF(KON.EQ.l) WRITE(G,105)
W R IT E(G,113) X (J ),EMAI(L ),WTR,RH 
GO TO lit

G7 IF(KON.EQ.l) W R I T E (6,105)
W RIT E (6,114) E M A I (L) , WTR,RH  

l it TR I =TR I  -  460 .
TAI=TAI I
TM I X=TM I X — l* 6 0 •
TW I =TW I - It 60 .
TROCK=TROCKI

FIGURE 72c ENVIRONMENTAL COMPUTER PROGRAM (Cont.)
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50 CO NT I NUE
I F ( K . F . Q . O )  GO TO 3

100 FOR MAT( 2X,  12A3 )
101 F O R M A T ( / / 2 X , 1 2 A 3 / )
102 F O R M A T ( 2 X , 1 2 H R O C K  OEMS I T Y , 2 6 X , F 6 . 2 , 9H L R / F T * * 3 /

1 2 X , 15 ! !T UN NEL  0 IAMETER, 2 A X , F 5 .2 ,31! FT/
2 2 X/ 1 2HADVANCE RATE,  2 7X,  F 5 . 2 , 6H FT/ I1R/
3 2 X , 3 9 H F R A C T I O N  OF TOTAL HF.AT ABSORBED  BY .ROCK, I X ,  F A . 2 /
A 2. X , 2 A HI  N I T I A  L ROCK T E M P E R A T U R E , 1 3 X , F 7 . 2 , 2H F /
5 2 X , 2 3 H I N  I T  IA L A I R  TEMPER ATU RE ,  1 AX,  F 7 .2,211 F/
H 2.X, 2511 I N I T I A L  WATER T EM PE R AT UR E ,  12X,  F 7 . 2 , 2K F/
7 2X ,  2 I M S  PEC I F I C HEAT OF ROCK,  1 9 X ,  FA . 2,911 R T I J / L R - R /
8 2 X , 1 5 H T U N N E L  PRESSURE,  2 3 X , F G . 2 , 5H PS I A/
9 2 X , 3 3 H D E S I  RED F I N A L  M I X T U R E  T E M P E R A T U R E , A X , F 7 . 2 , 2H F/
1 2 X , 1 G H R 0 C K  TE M PE R AT UR E , 2 I X , F 7 . 2 , 2H F/
2 2X ,  21HV0LUMF. OF MUCK C A R ( S ) , 1 7 X , F G . 2 , 8H GU. F T . )

1 0 A FORMAT( I A , 7 F 1 0 . 0 )
105 FORMAT( AX,A6MROCK TEMPERATURE S E T  EQUAL TO C H I P  T E M P E R A T U R E / )  
lOfi  FOR MAT( / / 2 X , 2 6WHEAT ABSORBED BY ROCK ( M W ) , 3 X , F 5 . 2 )
107 F 0 RMAT ( / A X ,  1811A I R F L OV7 RATE ( CF M)  , 2 X , F 8 . 1)
108 FO R M A T (8 X , I 2,E15.5,5 X ,AMTA OS, E 12.5,5 X ,3 HWTR,E12.5)
10 9 F 0 R M A T ( 8 X , I 2 , E 1 5 . 5 , 5 X , A H T A O M , E 1 2 . 5 , 6  X ,2  M RH, E 1 2 . 5 )
110 FORMAT( 8 X , 1 2 , E 1 5 . 5 )
111 FORMAT( / BX,  7! ICAR NO. ,  6 X , 3 H T A O )
112 FORMAT ( / / A X ,  13 WHEAT A B S O R B E D , 5 X ,  7I1ALRFLOW, AX,

1 1AHRF.Q WATER FLOW, 5 X, 8HRE LAT I V E /
2 A X , 1 3 HBY ROCK ( M W ) , A X , 1 0 H R A T E  ( C F M ) , A X ,
3 10HRATE  (ft-PM) , 5 X, 12HHUM I D I TY  { % ) )

113 FO RM A T( / 8  X , F A . 1 , 9  X , F 8 . 1 , 2  E 1fi . 5 )
11A F O R M A T ( 2 1 X , F 8 , 1 , 2 E 1 6 . 5 )
120 F O R M A T ( A X , 2 AHMAXIMUM MUCK T E M P E R A T U R E , 2 X , F E . 1 , 2H F / /

1 7X,  3 HWTR, E 1 3 . 5 , 6 X, 2HRH, F. 1 3 . 5  , A X , 7HCAR NO. , 2 X, I 2/
2 6 X , AI !T A OS , E 13.5  , A X , A HT A-OM E 1 3 . 5 , 8  X , 3 HT A 0 , E 1 3 . 5  /  )

202 F OR MAT( / / 2 X, 23HN1  I T R . ,  NO CONVERRENCF./
1 6H X , E 1 2 . 5 , A X , f i ! l  EMA,  E 1 2 . 5  „AX,  6H T W , E 1 2 . 5 /
2 fiH T A O , E 1 2 . 5 , A X , 6 H  T A O M , E 1 2 . 5 / / )

2 0 A F0 R M A T ( / / 2 X , 2 3 HN2 I T R . ,  MO CONVERGENCE/
1 6H X , E 1 2 . 5 , A X , 6 H  EMA E 1 2 . 5 , A X , 6 H  T W , E 1 2 . 5 /
2 fill J A O , E 1 2 . 5 , A X , 6 H  TA OS ,  F.12.5 / / )

2 0F> F0 R M A T ( /  / 2 X , 2 3 H N 3  I T R . ,  NO CONVERGENCE/
1 BH X,  F.12.5, AX, 6H EMA, E 1 2 .5 , AX, RH T W , E 1 2 . 5 /
2 6H TAO , F. 1 2 .5  , A X, 6 HT AO ( N ) ,  E 1 2 . 5  , A X , 2 HN = I 2 , AX , 2 HU= 1 2 / / )

END
FUNCT I ON  P P ( X )
Y = X - A 6 0 .
I F ( Y - 1 0 0  . ) 1 , 2 , 2

1 PP= - . - 0B 76 5 50 8 A  + . 0 0 7 0 2 9 A A A * Y  -  . 0 0 0 1 1 5 3 A 9 2 8 * Y * * 2
1 + . 0 0 0 0 0 1 A 6 6 1 6 7 A * Y * * 3

FIGURE 72d EWIRORMEKTAL GOMFUTER ,PRQGBAM (Cont.)
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RETURN
PP = 2.1707002 - .00 0i;3420*Y + .0n002135103*v**2 

i - .onnnn52ni8MR*Y**3 + .o o o o o o o i 7oij50o i *y **.': 
RETURN 
END
FUNCTION ELriDA(X)
Y=X-UGO.
!F(Y-100.) 1/2,2
EI.MDA= 1003.0123 - . 5 G R U 2 2 0 U * Y
RETURN
F.l.fIOA= 1000.3757 - .50m0GS*Y - . 000303U105O*Y**2
RETURN
END

FIGURE T2e ENVIRONMENTAL COMPUTER PROGRAM (Cont.)
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point just ahead of the first muck car. The resulting mixture temperature then 
could be lowered at the expense of an increased air system cost, a situation which 
may outweigh the increase in cost of a water system capable of accomplishing the 
same effect.

S e v e ra l p o in ts  should be mentioned r e la t iv e  to  th e  d ata shown in  F ig . 73.
First, these temperatures are the maximum values which the exhaust gases would be 
expected to reach in the tunnel. At many operating conditions (i.e., lower heat 
input to the rock and/or higher advance rates) the muck temperature will never 
reach the highest values shown in this figure, and therefore, the exhaust gas 
temperature wi.ll be less than that shown. However, input heating power levels of 
interest seldom are expected to exceed.3 Mw. Second, the exhaust gas temperatures 
shown are those which are attained after the last car is filled. The exhaust gas 
temperatures adjacent to the cars preceding the tenth car at the same point in time, 
or the temperatures opposite these cars at earlier points in time will be less than 
the maximum values noted in this figure. The exhaust gas temperature opposite the 
first and third cars of a ten-car train should be slightly less than those shown in 
this figure for a one- or three-car total train length, at any muck temperature. 
Similar temperature profiles exist for other airflow rates although the absolute 
magnitude of the exhaust gas temperature will be different. As airflow increases 
at a fixed muck temperature, the exhaust gas temperature will decrease slightly 
because more heat is being absorbed per unit time by the exhaust gstses (due to a 
greater air mass flow and heat transfer coefficient). Similarly, an opposite trend 
occurs at lower cooling airflow rates. Again, the final selection of the system 
configuration will depend upon many factors, the primary of which will be the 
overall environmental control system cost. It appears desirable, however, that 
an attempt should be made to attain a muck temperature as low as practicable in 
order to reduce the necessity of providing the workers with additional protection 
(e.g., shields or muck car insulation) from the muck car heat.

Environmental Control System Cost

The cost of the entire environmental control system comprises four major 
^.subsystem capital costs and an operating cost. The capital costs are for the 
/shafts, the air ducts, the gas turbine-air compressor package, and the water system, 
i/while the operating cost is for the gas turbine engine fuel and maintenance allowance. 
In this program, unit costs were allocated to the tunnel in a manner similar to 
that described in Ref. 2. A breakdown of the air ventilation system for a typical. 
20-ft-diameter tunnel with a 1.8-ft-diameter air duct, a 10,000-scfm airflow rate, 
a 2-mi shaft spacing, a 1000-ft shaft depth, and a 5-ft/hr advance rate is shown 

Fig* 7U. It can be seen that for the selected shaft spacing, the shaft 
costs constitute by far the largest portion of the cost. As shaft spacing increases, 
the shaft drilling cost is allocated over a greater distance, and therefore the 
portion of the air ventilation cost attributable to this component decreases signifi­
cantly. However, investigations (Ref. 2) have revealed that a 2-mi shaft spacing
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2-M ILE SHAFT SPACING 
DUCT D IAM ETER-1.8 FT 

VENTILATION AIRFLOW 10,000 SCFM 
ADVANCE RATE-5 FT/HR 
TUNNEL DIAMETER-20 FT

FIGURE 74 BREAKDOWN OF COMPONENT COSTS FOR AIR VENTILATION SYSTEM 
IN HEAT-ASSISTED TUNNELING CONCEPT



is highly desirable from the standpoint of ventilation, and therefore, the cost 
allocation shown in this figure is typical of what would he expected in a real 
situation. The other air ventilation system costs are not dependent on shaft 
spacing'and will remain approximately the same for all shaft spacings. However, 
these remaining system costs are quite dependent upon the advance rate which can 
be achieved with heat assistance. The results indicate that a decrease of 50% 
in the air system costs (exclusive of shaft costs) is quite typical of that which 
can he attained as advance rate is increased from 1 ft/hr to 10 ft/hr.

Curves of the total environmental control system costs for a typical heat- 
assisted tunnel arepresented in Fig. 75 for an advance rate of'5 ft/hr and a 3-Mw 
heat input to the rock. These results show that the lowest-cost system is the one 
which requires the lowest possible airflow rate. This phenomenon occurs because 
the cost contribution of the water flow system to the overall system cost is so 
small that the air system cost predominates.

A composite plot- of total air ventilation system cost for two typical advance 
r^tes, differing air duct diameters, and airflow rates from 2500 cfm to 100,000 cfm 
in a tunnel with a 2-mi shaft spacing is presented in Fig. 76 . These curves, 
which include all of the cost components shown in Fig. 7̂ , were used' as working 
data in the selection of the optimum (lowest cost) air ventilation system for any 
airflow rate. It can be seen that the system cost for any particular airflow 
rate varies considerably with air duct diameter. This variation is caused by the 
combined effect of air duct (capital) cost and duct Wall friction (which, in turn, 
affects the pumping power and therefore operating cost). For each airflow rate 
there is a particular duct size which minimizes the net,system cost. Similar 
working curves were prepared for the analysis of other advance rates and shaft 
spacings.

The costs for the water system required in the tunnel also are based on data 
presented in Ref, 2. These data are presented for reference in Fig. 77 to show 
the relationship between the pipe cost and the cost of peripheral equipment (which 
includes a cooling tower and appropriate pumps on the surface). A limit of 
2000 gpm was imposed primarily because higher water flow rates would be rather 
difficult to handle adequately in the tunnel. In nearly every case examined, 
however, it was unnecessary to specify a water flow rate above 2000 gpm, primarily 
because the larger water systems forced the total environmental system cost beyond 
their minimum values.

Detailed analys.es of the tunnel environmental temperature indicate that an 
airflow rate of 5000 cfm may be adequate to cool the tunnel work face while pro­
viding a sufficient oxygen supply to the crew in the tunnel. However, results 
similar to those presented in Fig. 73 indicate that the air temperature in the 
vicinity of the muck cars may reach uncomfortable levels at an airflow rate of 
5000 cfm. Therefore, a comparison of total ventilation system cost for airflow 
rates of 5000 and 10,000 cfm was made, and this comparison is presented in
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SHAFT SPACING-2 MILES

FIGURE 76 TUNNEL AIR VENTILATION SYSTEM COST
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F ig . 78 . These r e s u l t s  in d ic a te  th a t  th e  minimum t o t a l  environm ental c o n tr o l 
system  c o s t  ( f o r  any s e t  o f  o p era tin g  h eat input and advance r a te )  in c r e a s e s  on ly 
s l ig h t ly  w ith  th e  s e le c t io n  o f  th e h ig h er a ir f lo w  r a t e .  From th e se  r e s u l t s ,  i t  
was concluded th a t  s e le c t io n  o f a 10 ,0 0 0  cfm co o lin g  a ir f lo w  r a te  f o r  a l l  subsequent 
an alyses would ensu re adequate work fa c e  co o lin g  and v e n t i la t io n  and m ain ta in  a 
reaso n ab le  tem p eratu re  in  th e  v i c in i t y  o f  th e  muck ca rs  w ithout s e v e re ly  p e n a liz in g  
th e  c o s t o f  th e  o v e r a l l  o p e ra tio n .

A com parison o f  the minimum environm ental c o n tr o l system  c o s ts  fo r  tu n n els  
w ith  v ario u s d ia m e te rs , advance r a t e s ,  and h eat power absorbed by th e  ro ck  i s  
p resen ted  in  F ig .  7 9 . I t  can be seen th a t  th e re  i s  a s l ig h t  d ecrease  in  t o t a l  
system  c o s t  w ith  an in c re a s e  in  tu n n el -diam eter fo r  any advance r a te  and power 
l e v e l .  This d ecrease  occurs because le s s  w ater i s  re q u ired  to  c o o l th e  lo w er- 
tem perature ro ck  ch ip s in  la rg e  tu n n els  a t  a f ix e d  power r a te  and advance r a t e .
In  o th e r  w ords, as muck flow  in c r e a s e s , th e  average tem perature r i s e  p er u n it  mass 
removed d ecreases ,- and le s s  h eat i s  absorbed by th e  c o o lin g  w a te r. The o v e r a l l  
tre n d  ( o f  d esign  p o in ts )  shown in  t h is  f ig u re  must not be confused  w ith  th e  c o s ts  
fo r  a p a r t ic u la r  tu n n e lin g  o p e ra tio n , however. Based on th e  r e s u l t s  shown in  F ig .

,7 9 5 i t  seems re a so n a b le  to  conclude th a t  fo r  purposes o f  e s tim a tin g  system  c o s t s ,  
th e  v a r ia t io n  in  t o t a l  environm ental system  c o s ts  w ith  tu n n el diam eter is  i n s i g n i f i ­
can t in  th e  d iam eter range o f in t e r e s t .  \

R e su lts  p re se n te d  in  F ig . 80 show th e  v a r ia t io n  in  t o t a l  environm ental c o n tr o l 
system  c o s t  w ith  an in c re a s e  in  muck tem perature a t  an a ir f lo w  r a te  o f 10 ,0 0 0  scfm . 
The s l ig h t  d ecrease  in  t o t a l  system  c o s t w ith  an in c re a s e  in  muck tem perature i s  an 
in d ic a t io n  o f  th e  e f f i c i e n t  co o lin g  c h a r a c t e r is t ic s  o f  th e  w ater which i s  sprayed 
onto the-m uck. T h is in d ic a te s  th a t  as th e  f i n a l  muck tem perature d e c re a s e s , only 
a s l ig h t  in c re a s e  in  w ater flow  r a te  i s  re q u ired  to  a t t a i n  th e  d e s ire d  f i n a l  muck 
tem p eratu re. T his w ater flow  r a te  in c re a s e  i s  in te r p r e te d  as an in c re a s e  in  w ater 
system  c o s t ,  b u t becau se th e  w ater flow  system  c o n s t i tu te s  a very sm all p o rtio n  o f  
th e  t o t a l  environm ental c o n tro l system  c o s t ,  th e  o v e r a ll  e f f e c t  o f  muck tem p eratu re 
on c o s t  i s  e s s e n t ia l ly  n e g l ig ib le  as i s  in d ic a te d  in  t h i s  f ig u r e .

I t  should  be noted  th a t  fo r  c e r ta in  com binations o f  low power absorbed by 
th e  ro c k , and /or h ig h  advance r a t e s ,  th e  average muck tem perature le a v in g  th e  work 
s u rfa c e  may never re a ch  tem perature le v e ls  in  th e  range o f  150 to  180 F (se e  
F ig s . 67 and 6 8 ) .  As a r e s u l t ,  le s s  w ater w i l l  be re q u ired  to  c o o l th e  muck to  
th e  90 to  120 F l e v e l s , and no w ater w i l l  be re q u ired  to  c o o l th e  muck to  h ig h e r 
le v e ls  (a ls o  se e  F ig .  7 l ) -  However, as noted in  th e  p rev iou s p aragrap h , th e  w ater 
system c o s t i s  such a sm all p o rtio n  o f  th e  t o t a l  environm ental c o n tro l system  c o s t  

5th a t  th e  o v e r a l l  system  c o s ts  w i l l  not vary s ig n i f i c a n t ly  from th o se  c o s ts  a lread y  
p resen ted .

Upon review  o f  th e  combined e f f e c t s  on o v e r a ll  
tu n n el d iam eter, h e a t absorbed by th e  ro c k , advance 
and co o lin g  a ir f lo w  r a t e ,  i t  can .b e  seen th a t  fo r  a

system  c o s t o f  v a r ia t io n s  in  
r a t e ,  f i n a l  muck tem p eratu re , 
f ix e d  a ir f lo w  r a t e ,  only advance

1 2 5
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r a t e  and h e a t absorbed by th e  rock s ig n i f i c a n t ly  a f f e c t  th e  t o t a l  environm ental 
c o n tr o l  system  c o s ts  f o r  a l l  tu n n el systems b ein g  co n sid e re d . T h e re fo re , a g e n e ra l 
s e t  o f cu rv es, shown in  F ig .  8 l ,  can be e s ta b lis h e d  to  provide re a so n a b le  e stim a te s  
o f  th e  minimum o v e r a l l  environm ental c o n tro l system  c o s ts  f o r  th e  h e a te r  system s 
con sid ered  in  d e t a i l  fo r  t h is  tu n n elin g  concept ( i . e . ,  th e  la s e r  and ra d ia n t h e a t e r ) .

Tem perature a t th e  Face w ith Wo C ooling Water

In  s tu d ie s  o f  w ater ab so rp tio n  by la s e r  r a d ia t io n ,  which are  d iscu sse d  in  
Chapter I I I ,  i t  was found th a t  excess w ater between th e  beam and th e  rock  (which 
would mean anything w orse than  a "wet ro ck " s i tu a t io n  where th e  w ater f i lm  i s  
s ta t io n a r y )  must be avoided a t  a l l  c o s t s .  I t  may th e r e fo r e  be d e s ir a b le  to  add 
th e  co o lin g  w ater to  th e  muck stream  once th e  muck has been scooped out o f  th e  
fa c e  area  p ro p er, and to  p revent w ater b u ild -u p  on th e  fa c e  (from  n a tu r a lly  p re se n t 
w ater) by in je c t in g  th e  c o o lin g  a ir  as co n cen tra ted  j e t s  spread over th e  tu n n e le r  
f a c e .  In  t h is  c a s e ,  th e  w aste h eat from th e  h e a te r  system  would be handled only 
by th e  co o lin g  a i r ,  in  th e  immediate v ic in i t y  o f  th e  fa c e  and th e  c u t t e r s .  I t  i s  

•'■ of in t e r e s t  to  determ ine th e  r e s u lt in g  ambient a i r  tem perature in  which th e  
'c u t te r s  a re  w orking.

F ig u re  82 shows th e  a i r  tem perature fo r  t h is  "d ry " c a s e . Fon. th e  e f f ic ie n c y  
range o f in t e r e s t  f o r  la s e r  and ra d ia n t h e a te r  system s (70 to  85% o f h e a te r  output 
absorbed in  th e  ro ck ) th e  tem perature w i l l  be in  th e  range o f  100 to  500 F fo r  
power le v e ls  absorbed by th e  rock o f up to  3 Mw. The r e s u lt s  shown h e re  n e g le c t  
h ea t t r a n s f e r  from th e  h o t rock to  th e  a i r ,  which probably does not in cu r g re a t 
in a c c u r a c ie s ,  s i n c e  f r e s h  (co ld ) rock is  c o n tin u a lly  b e in g  exposed, and th e  
re s id e n c e  tim e o f  th e  h o t rock  in  th e  fa ce  area  i s  sm a ll. Al s o ,  p lay in g  th e  
co o lin g  a i r  j e t s  d i r e c t ly  on c r i t i c a l  areas may be s u f f i c i e n t  to  p revent lo c a l  
o v erh ea tin g . However, f o r  h e a tin g  power le v e ls  g r e a te r  th an  one o r two m egaw atts, 
c o n s id e ra tio n  may have to  be given to  s p e c ia l  c o o lin g  system s fo r  th e  c u t te r  
b e a r in g s .

PRELIMINARY CONSIDERATIONS OF HEATER TYPES

Based on th e  in fo rm a tio n .p re se n te d  above on h e a tin g  power requirem ents and 
l im it a t io n s ,  h e a t t r a n s f e r  e f f i c i e n c y ,  and environm ental tem perature c o n t r o l ,  some 
p re lim in ary  com parisons among th e  variou s types o f  h e a te rs  con sid ered  (T ab le  H)- 
can be drawn. These com parisons are  a prelude to  th e  more d e ta ile d  a n a ly s is  o f  
ra d ia n t h e a te r  system s p resen ted  in  th e  next ch a p te r . This s e c t io n  co n ta in s  a 

f d iscu ss io n  o f  th e  f a c t o r s  which were evalu ated  in  th e  p re lim in ary  com parisons and 
summarizes th e  reason s fo r  th e  s e le c t io n  o f  c e r ta in  system s fo r  more d e ta ile d  
a n a ly s is . A c h a rt p re se n tin g  th e  o v e r a ll  r e s u lt s  o f  th e  com parison i s  shown in  

'T ab le  7- 4
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HEATER SYSTEM COMPARISONS

ROCK

^  : 1 '  :
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SYSTEM
DEVICE

EFFICIENCY

- % %

ROCK
HEATING

EFFICIENCY

i V

OVERALL
EFFICIENCY

=

CAPITAL
COST
S/KW

; ENVIRON­
MENTAL 

PROBLEMS

MAXIMUM  
POWER 
DENSITY 

INTO ROCK0’ 
- WATTS/CM2

FOCUSABILITY 
OF SYSTEM*41

LASER \ 3 -6m 85 3-6 104
PROTECTION

FROM
LASER BEAM

>103 GOOD

ELECTRON BEAM
«*>

25-30 10-20<2> 3-6 6 103
X-RAYS
HIGH

VOLTAGE
>103 SOME

RADIANT HEATER 2 5 (1> 85 20 102 - 2 0 SOME

FLAME JET 95 8 • 8 10-20 HEAT, NOISE, 
TOXIC GAS - 2 0 POOR

PLASMA JET __ (l) 20 28 6 2 102
HEAT, NOISE, 
TOXIC GAS -100 POOR

STEAM JET —1-- 4 — —■ HEAT .... - 5 POOR

m  INCLUDES EFFICIENCY OF CONVERTING FUEL TO ELECTRICITY, TAKEN AS 30%
(2) FOR STAND-OFF DISTANCE ~ 0.5 FT. FOR CLOSER DISTANCES AND VERY HIGH VOLTAGE, CAN BE 90%
(3) MOST DESIRABLE POWER DENSITY FOR HEAT WEAKENING = 60-120 W / C M 2
(4) FOCUSING DESIRABLE FOR EFFICIENT USE OF HEAT



The o v e r a l l  h e a tin g  e f f i c ie n c y ,  as shown in  T able 7 , i s  th e  product o f  th e  
e f f i c ie n c y  o f  th e  h e a tin g  d evice and th e  e f f ic ie n c y  o f  h e a t t r a n s f e r  in to  th e  ro c k . 
Energy i s  assumed to  he su p p lied  in  th e  form o f  f u e l ,  and th e  o v e r a l l  e f f i c ie n c y  
in d ic a te s  what f r a c t io n  o f  th e  energy in  th a t  fu e l  w i l l  a c tu a lly  he d ep o sited  as 
h ea t in  th e  ro ck  f a c e .

D evice e f f i c i e n c i e s  a re  shown in  th e  f i r s t  column o f  T able 7 . For th e  
l a s e r ,  e le c tr o n  beam, ra d ia n t h e a te r , and plasma j e t ,  th e s e  e f f i c i e n c i e s  a l l  in c lu d e  
th e  e f f i c ie n c y  o f  co n v ertin g  fu e l  in to  e l e c t r i c a l  en erg y , and th e r e s p e c t iv e  d ev ice  
e f f i c i e n c ie s  a re  thus bounded below a maximum o f  3 0 $ . The la s e r  has th e  low est 
e f f ic ie n c y  in  co n v e rtin g  e l e c t r i c a l  energy in to  o u tp u t, -which i s  assumed h ere  to  be 
10 to- 2 0 $ , g iv in g  a d ev ice  e f f ic ie n c y  o f only 3 to  6 $ . The o th er h e a te r  sou rces 
re q u ir in g  e l e c t r i c a l  energy a l l  have reaso n ab ly  high e l e c t r i c a l  input to  h e a t output 
e f f i c i e n c i e s .  The flam e j e t ,  which i s  assumed to  be a compressed a i r - f u e l  o i l  
b u rn er, has a h ig h  d ev ice  e f f i c ie n c y ,  s in c e  th e  f u e l  i s  burned d ir e c t ly  to  produce 
a hot j  e t .

The ro ck  h e a tin g  e f f ic ie n c y  o f each mode o f  h ea t o u tp u t, as l i s t e d  in  th e  
second column, i s  o f  p a r t ic u la r  s ig n if ic a n c e  s in c e  th e  h e a t from ttie  h e a te r  which 
does not go in to  th e  ro ck  a c ts  to  in c re a s e  th e  tu n n el tem p era tu re ; T his i s  not tru e  
o f th e  d ev ice  w asted h e a t ,  s in c e  much o f  t h is  can be g e n e ra te d , and th e r e fo r e  can 

•be d is s ip a te d  e a s i l y ,  o u tsid e  o f  th e  tu n n el ( e . g . ,  e l e c t r i c i t y  g e n e ra t io n ) . The 
•absorption o f  th e  r a d ia t io n  by th e  rock  o f  both  la s e r  and noncoherent r a d ia t io n  i s  
-ind icated  to  be q u ite  h ig h . This in d ic a te s  a minimum o f  environm ental tem perature 
problems w ith  th e s e  two h e a te r  ty p e s .

f j  H eating e f f i c ie n c y  w ith an e le c tr o n  beam machine i s  low due to  sp read in g  and 
d is s ip a t io n  o f  th e  beam in  a i r .  As d iscu ssed  in  a p reviou s s e c t io n ,  th e  amount o f 
energy so l o s t  i s  a fu n ctio n  o f  th e  d is ta n c e  between th e  beam o u tle t  and th e  ro ck  
and o f  th e  beam a c c e le r a t in g  v o lta g e . W hile t h is  lo s s  can be overcome somewhat by 
flo o d in g  th e  fa c e  a re a  w ith helium  to  reduce beam s c a t t e r in g ,  i t  probably always 
p i l l  re p re s e n t a s ig n i f i c a n t  power drop due to  th e  r e la t iv e ly  la rg e  s ta n d o ff  
d istan ces  re q u ire d . Due to  th e  expected  s u rfa c e  i r r e g u l a r i t i e s  o f  th e  rock  fa c e  
and th e  rock  ch ip s f ly in g  ab ou t, th e  d is ta n ce  between beam o u tle t  and ro ck  

ffllobably w i l l  be a minimum o f s e v e ra l in c h e s . Thus, a r e la t iv e ly  low e f f i c ie n c y  
is  assumed h e re  fo r  comparison purposes.

H eating e f f i c i e n c i e s  w ith gas j e t s  are  g e n e ra lly  low , as d iscu ssed  in  d e t a i l  
e a r l ie r  in  t h is  c h a p te r . These a re  g r e a t ly  a f fe c te d  by th e  tem perature o f  th e  j e t .  
The 28$ e f f i c ie n c y  o f  th e  plasma j e t  i s  th e re fo re  th e  h ig h e s t o f  a l l  the- gas j e t  
system s, w h ile  th e  ch em ica lly  heated  flam e j e t  has only an 8$ e f f i c ie n c y .  At an 
e f f ic ie n c y  o f  28$ ,  roughly 2 .5  k ilo w a tts  o f  h e a t are  re le a s e d  d ir e c t ly  in to  th e  
tunnel fo r  every k ilo w a tt  d ep osited  in  th e  tu n n el f a c e .  T his low e f f ic ie n c y  
renders gas j e t  h e a te r s  u n a t t r a c t iv e ; th e  problem o f d is s ip a t in g  th e  h e a t gen erated

O v e r a l l  H e a t in g  E f f i c i e n c y



in  th e  tu n n e l by a f la m e - je t  system  has a lre a d y  been  shown to  be form id able  (s e e  
R e f . 2 ) .  The  ̂ in d ic a te d ' e f f ic ie n c y  o f  a steam  je t .  o f  on ly  k% i s  low enough to  
e lim in a te  any fu r th e r  c o n s id e ra tio n  o f th a t  type o f system .

O v e ra ll e f f i c ie n c y  o f  h e a tin g  (shown in  column th r e e )  i s  o f  in t e r e s t  b oth  as a 
g e n e ra l e f f i c ie n c y  param eter and as an in d ic a t io n  o f  exp ected  power c o s ts  and h e a te r  
system  c o s ts  w ith  th e  v a rio u s  h e a te r  ty p e s . Although in s t a l l e d  power c o s ts  and 
energy u se charges a re  not la rg e  components on p re se n t-d a y  b o rin g  m ach in es, t h i s  
s i t u a t io n  cannot b e  assumed' f b r  h e a t -a s s is te d  tu n n el b orin g , m ach ines, s in c e  the: 
neb power1 requirem ents; fo r  th e  l a t t e r  systems" may be s ig n i f i c a n t ly  g r e a te r .  E xcep t 
f o r  the., rad ian t: h e a te r  system ,, th is  o v e r a l l  e f f i c i e n c y  i s  under 10$ fOr a l l  h e a te r : 
ty p e s . The ra d ia n t heater- system  appears to  be cap ab le  o f  o v e r a l l  e f f i c i e n c i e s  in  
th e  re g io n  o f  2 0 $ , which d is tin g u ish : th is  h e a te r  ty p e  fo r  fu r th e r  a n a ly s is .

C a p ita l Cost

The c a p i t a l  c o s ts  o f  the- h e a te r  systems vary  over a  tremendous range; from the: 
$ 1 0 ,000/kw  e s tim a te d  fo r  la r g e  la s e r  system s to  th e  $ 2 0 /kw exp ected  fo r  a f la m e - j e t . 
T his f a c t o r  alone- in d ic a te s , th a t  th e  c a p ita l  c o s t  o f  th e  d ev ice  l i k e l y  w i l l  b e  a- 
s ig n i f i c a n t  c r i t e r io n . .

The- $ l0 ,0 0 0 /k w  la s e r  c o s t  is : based on a 10$ l a s e r  e f f ic ie n c y  ih  co n v ertin g  
e l e c t r i c i t y  in to- l a s e r  en erg y . Although a  d e ta i le d  d is c u ss io n  o f p resen t-d ay  
l a s e r 1 co sts , i s ;  p resen ted ; i n  C hapter I I I ,  fu tu re  l a s e r  c o s ts  are  expected  to  
decrease:,:,, perhaps as; much, as an order o f  m agnitude.

Although p rod u ctio n  ex p erien ce  has been fa c to re d  in to  th e  $6000/kw e s tim a te  o f  
p resen t-d ay- e le c tr o n  beam- equipment,, t h i s  c o s t i s  not s i g n i f i c a n t l y  le s s  th an  th a t . 
fOr la s e r  sy stem s. A daptation o f  e le c tr o n  beams f o r  u se  in  tu n n elin g  would r e q u ir e  
some new developm ents, as d iscu ssed  in  Chapter I I I ,  and th e  e f f e c t s  o f  th e s e  on. 
c o s ts  i s  unknown.

Even w ith  th e  u n c e r ta in t ie s  surrounding th e  c o s ts  o f  th e se  two h e a te r  typ es 
( la s e r s  and e le c tr o n  b eam s), i t  is  c le a r  th a t, th ey  a re  both-much more expensive 
th an  plasm a j e t s  and. ra d ia n t h e a te r s . E xp erien ce a t  th e  U nited A ir c r a f t  R ese a rch 1 
L a b o ra to r ie s  in d ic a te s -  th a t  the- power- c o n d itio n in g , a i r  su p p ly , and j e t  equipment 
f b r  a plasm a j e t  in  th e  s e v e r a l  hundred k ilo w a tt s iz e  w i l l  run about $80/kw. . 
A llow ing $120 /kw f o r  power g e n e ra tio n , a  t o t a l  c o s t  o f  $200 /kw was developed.
R ad iant h e a t e r s , on th e  o th e r  hand, are  very in e x p e n s iv e ; th e  h e a tin g  elem ent 
i t s e l f  c o s ts  l e s s  th an  $30/kw . I t  was assumed, t h e r e f o r e ,  th a t  th e  c o s t o f  
g e n e ra tin g  e l e c t r i c i t y  would dominate th e  c o s t o f  a ra d ia n t h e a te r  system , and 
th e  t o t a l  c o s t  was assumed a t  $15 0 /kw.

13H



The gap in  th e  c o s t  per k ilo w a tt  between the plasma j e t  and ra d ia n t h e a te r  
sy s te m s , on th e  one hand, and flam e j e t  h e a te r s ,  on th e  o th e r  hand, i s  again 
la r g e r  th an  th e  u n c e r ta in t ie s  in  th e  c o s ts  o f th e  in d iv id u a l sy ste m s. The flam e 
j e t  system  c o n s is ts  o f  a b u rn er , f u e l  pump, a i r  com pressor system , and th e  n e ce ssa ry  
plum bing and c o n t r o ls .  Based on system  c o s t data p resen ted  in  R e f . 2 ,  th e  
l a r g e s t  p a r t  o f th e  system  c o s t i s  th e  a i r  com pressor, and th e  e n t i r e  system  c o s t 
w i l l  v ary  from about $10/kw fo r  a very  la rg e  system  to  $20/kw fo r  sm a lle r  systems 
(<  1 5 ,0 0 0  kw ). These numbers r e f l e c t  p rim a rily  th e  c o s t  v a r ia t io n s  in  th e  re q u ired  
com p ressor. For any reaso n ab le  s i z e ,  th e  flame j e t  system  w i l l  be th e  lo w e s t-p r ic e  
com plete system  o f any h e a te r  u n its  con sid ered , ( i f ,  how ever, th e r e  i s  no need to  
p u rch ase  e l e c t r i c  power g e n e ra tin g  equipment, then  th e  p r ic e  o f  th e  ra d ia n t h e a te r  
system  may be th e  lo w e s t . )

Environm ental Problems

A g e n e ra l environm ental problem  w ith h e a t -a s s is te d  b o rin g  m achines i s  th e  
■ resu ltan t tu n n el ambient tem p eratu re . This problem was d iscu sse d  a t  le n g th  in  a 
^preceding s e c t io n  o f th is  c h a p te r . One o th er g en era l problem  which w i l l  e x is t  fo r  
any k in d  o f h e a t - a s s is te d  b o rin g  o p eratio n  is  th e  ig n it io n  o f  methane g a s . Other 
environm ental problems a re  m entioned below f o r  each h e a te r  ty p e .

'§  ‘ t

Sk eth an e  F lam m ability

#*;, A s e r io u s  f a c t o r  in  th e  e v a lu a tio n  o f h e a t -a s s is te d  b o rin g  machine concepts 
i s  th e  p o s s ib i l i t y  o f  leakage o f  underground methane o r n a tu ra l gas in to  th e  tu n n e l ' 
c a v ity  and an exp lo sio n  r e s u lt in g  from th e  exposure o f  a g a s - a ir  m ixtu re  to  a h ig h - 
'tem perature rock  fa c e  or open flam e. In  order to  d efin e  th e  co n d itio n s  under which 
'such a s e r ie s  o f  events may o c c u r , a b r i e f  survey was made o f  methane flam m ab ility  
and ig n i t io n  tem perature d a ta .

g-|>- A p lo t  o f th e flam m ab ility  l im it s  and the ig n it io n  tem perature fo r  methane 
as:ja  fu n c tio n  o f  tem perature i s  shown in  F ig . 8 3 . Ig n it io n  tem p eratu res o f  a t y p i ­
c a l  n a tu r a l  gas in  a i r  are  a ls o  shown in  th is  f ig u r e . These d ata should be 
con stru ed  as a g e n e ra l in d ic a t io n  o f th e  dangerous tem perature and c o n c e n tra tio n  
regim es s in c e  th e  p r e c is io n  o f  th e s e  values is  somewhat q u e s tio n a b le .

fIS 'J v The flam m ab ility  l im its  o f  a f u e l  gas or vapor are  th o se  c o n c e n tra tio n s  o f  
th e  f u e l  below w hich, once ig n ite d ,  a flam e w i l l  not proceed w ithout th e  c o n tin u a l 
a d d itio n  o f energy. For in s ta n c e , w ith  re fe re n c e  to  F ig .  8 3 , a t  TO F a flam e w i l l  
not prop agate through a CH^-air m ixtu re which co n ta in s 6% CHl,. by volum e, but w i l l  
propagate through such a m ixture i f  th e  methane, c o n c e n tra tio n  i s  in cre a se d  to  6.5% . 
E ith e r  m ixtu re w i l l  be dangerous i f  th e  tem perature i s  r a is e d  to  200 F-.
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The ig n it io n  tem p eratu re is  th a t  tem perature a t  which spontaneous ig n it io n  o f  
a q u ie sce n t m ixtu re i s  p o s s ib le .. Thus, any s u r fa c e  a t a tem perature g r e a te r  than 
th e  1100 to  1200 deg F shown in  F ig . 83 w i l l  cause ig n it io n  o f  g a s - a ir  m ixtu res 
w ith in  th e  l im it s  shown.

S in ce  rock  s u r fa c e  tem peratures o f  t h is  ord er or g re a te r  a re  re q u ire d  fo r  th e  
use o f  th e  heat-w eakening te ch n iq u e , i t  appears th a t  methane ex p lo sio n s a t  th e  
tu n n elin g  fa c e  a re  a p o s s i b i l i t y  w ith any form o f  h e a tin g  system . Of c o u rs e , an 
open flam e w i l l ,  in  g e n e ra l, provide a g r e a te r  chance o f  d eto n atio n  th a n , s a y , a 
la s e r  system  (w herein  no component o f th e  la s e r  m irro r  system  is  a t  a h ig h e r  tem pera­
tu re  than  th e  ro ck  f a c e ) ,  bu t i f  th e  rock  tem perature goes over 1100 F , an ex p lo sio n  
can occur in  e i th e r  c a s e .

Although t h is  problem  deserves c a r e fu l  c o n s id e ra t io n , i t  i s  not l i k e l y  th a t  
i t  w i l l  prevent (by i t s e l f )  th e  g en era l a p p lic a t io n  o f  h e a tin g  system s to  b o rin g  • 
m achines. For one th in g , th e  r e a l  danger l i e s  in  ig n i t io n  o f  a la r g e  r e s e r v o ir  
o f  a s u i ta b le  g a s - a ir  m ix tu re . I t  i s  assumed th a t  gas d e te c tio n  system s o p e ra tin g  
near th e  fa c e  and fu r th e r  back in  the tu n n el w i l l  prevent th e  buildup o f  la r g e  
q u a n tit ie s  o f  e x p lo s iv e  gas in  th e  tu n n e l. A lso , many h ard -ro ck  form ations a re  
not expected  to  y ie ld  n a tu ra l gas or methane in  s ig n i f i c a n t  amounts. For exam ple, 
on some h ard -ro ck  b o rin g  jo b s  now, i t  i s  common p r a c t ic e  to  use w elding to r c h e s , 
or fo r  m iners to  smoke, w ithout e x ce ss iv e  p re ca u tio n s  in  d eterm ini’ng th e  a i r  q u a l i ty .  
For tu n n elin g  jo b s  which are  expected to  encounter la rg e  p ockets o f  methane g a s , 
however, i t  i s  u n lik e ly  th a t  rock h eatin g  sy stem s, as d iscu ssed  h e r e , w i l l  be 
u t i l i z e d .

Other Environm ental Problems

Other problems caused in  th e  tu nn el environment are  l i s t e d  fo r  each typ e o f  
h e a te r  in  T able 7- A m ajor problem w ith th e  la s e r  h e a tin g  system  i s  th e  d e liv e ry  
o f  th e  la s e r  energy to  th e  tu n n e le r . As d iscu ssed  in  Chapter I I I ,  th e  s a fe ty  
a sp e cts  o f  p rev en tin g  beam impingement on th e  tu n n el p erson n el w i l l  in v o lv e  
e n c lo s in g  th e  beam in  a s p e c ia l  tu b e . S a fe ty  hazards w ith th e  e le c tr o n  beam d ev ice  
are  a ls o  t r e a te d  in  d e t a i l  in  Chapter I I I .

A prim ary problem  o f  a l l  gas j e t  h e a te rs  is  t h e i r  exhaust h e a t ,  n o is e ,  and 
( fo r  flam e and plasm a j e t s )  fumes. The heat problem  i s  con sid ered  a t  le n g th  in  
th e  previous s e c t io n  and i s  s u f f i c ie n t  to  e lim in a te  th e  steam j e t  from fu r th e r  
c o n s id e ra t io n . The n o ise  le v e ls  to  be expected  w ith  flam e j e t s  are  a ls o  c r i t i c a l ,  
as d e ta ile d  in  R e f . 2, although h earin g  p r o te c t io n  and proper s h ie ld in g  should 
so lv e  th a t  problem . U ltim a te ly , th e  most d i f f i c u l t  problem a s s o c ia te d  w ith  th e  flam e 
j e t  i s  th e  em ission  o f  to x ic  g a s e s , which are in  to o  g re a t q u a n tit ie s  to  be t r e a te d  
by d i lu t io n , and w i l l  re q u ire  a v e ry -h ig h -c a p a c ity , t o t a l l y  e f f e c t iv e  exhaust 
system . Due to  th e  form ation  o f oxides o f n itro g e n  in  a heated  a i r  stream , t h is  
problem w i l l  a ls o  e x i s t  w ith  a plasma j e t .
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In  th e  plasm a j e t ,  th e  h ea tin g  r a te  o f  th e  a i r  as i t  p asses  th e  e l e c t r i c  
d isch arg e  a rc  i s  a lm ost in sta n ta n eo u s . S in ce  t h i s  r a te  f a r  exceeds th a t  which 
corresponds to  th e  eq u ilib riu m  form ation  r a t e  o f  n itro g e n  o x id e s , t h e i r  form ation  
w i l l  be d i f f e r e n t  from th e  amounts formed accord in g  to  e q u ilib riu m  c a lc u l a t io n s . 
However, th e  high j e t  tem p eratu re , b oth  during h e a tin g  and su b sequ en tly  du ring th e  
j e t  expansion p r o c e s s , coupled w ith a r e la t iv e ly  long gas re s id e n c e  tim e a t  th e s e  
e le v a te d  te m p e ra tu re s , ev en tu a lly  w i l l  fo rc e  th e  p rod u ctio n  o f in c r e a s in g ly  la r g e r  
amounts o f  n itro g e n  o x id e s . That gas tem perature a t which th e  e q u ilib riu m  produc­
t io n  r a te  equ als th e  j e t  stream  tem perature determ ines th e  maximum amount o f  ox id es 
produced in  a p a r t i c u la r  r e a c t io n . Depending on th e  p h y s ic a l changes in  th e  flow  
stream , t h is  e q u ilib r iu m  p o in t may occur during th e  expansion (c o o lin g )  p ro ce ss  fo r  
plasm a j e t  d e v ic e s .

E m p irica l d a ta  re p o rte d  in  R e f . IT and r e p lo t te d  in  P ig . 8h in d ic a te  th e  amount 
o f  n itro u s  oxid e  (NO) which i s  formed in  th e  exhaust o f  plasma j e t s  a t  v a rio u s  
tem p era tu res . These r e s u l t s  appear t o  be r e l a t i v e l y  in s e n s i t iv e  to  flow  r a t e ,  j e t  
power in p u t, and th e  s iz e  o f  th e  probe used to  sample th e  flow  stream . In  a 
tu n n elin g  o p e ra tio n  i t  i s  a n tic ip a te d  th a t  th e  s t a t i c  tem perature o f  th e  flow  stream  
e x it in g  from th e  j e t  d ev ice  w i l l  a t l e a s t  be above 3000 K (ap p roxim ately  5000 F) 
in d ic a t in g  th a t  th e  HO prod uction  may com prise approxim ately  2.% (o r  2 0 ,0 0 0  ppm)

.o f  th e  j e t  f lo w  s t r e a m . S in c e  NO d i s s o c i a t i o n  i s  a  slo w  p r o c e s s ,  i t  i s  e x p e c te d  
t h a t  t h i s  e q u il ib r iu m  c o n c e n tr a t io n  would e x i s t  a t  lo w e r tu n n e l  te m p e r a tu r e s  u n t i l  
rem oved in  a  s u c t i o n  sy ste m  o r  s i g n i f i c a n t l y  d i l u t e d  w ith  a d d i t i o n a l  c o o l in g  a i r .  
I n fo rm a tio n  p r e s e n te d  i n  R e f . 18  i n d i c a t e s  t h a t  th e  maximum t o t a l  t o l e r a b l e  8 - h r  
NO-compound c o n c e n t r a t i o n  in  i n d u s t r i a l  shops sh o u ld  n o t e x c e e d  5 ppm. The 
p r o d u c tio n  o f  HO by a  p lasm a j e t  h e a t e r  sy ste m  f a r  e x ce e d s  t h i s  l i m i t .

A ir d i lu t io n  cannot so lv e  th is  problem s in c e  th e  supplem ental a ir f lo w s  re q u ired  
to  reduce th e  HO-eompound co n ce n tra tio n  to  t o le r a b le  le v e ls  a re  e x c e s s iv e . The 
a d d itio n  o f  a S u ctio n  system  to  th e  tu n n e l, as developed in  R e f . 2 , would rou ghly  
double a i r  h an d lin g  c o s ts  and s t i l l  would not gu aran tee com plete e lim in a t io n  ,o f  
a l l  t r a c e s  o f  th e s e  NO-compounds. C onsequently , th e  to x ic  gas h an d lin g  problem , 
in  a d d itio n  to  th e  h e a t and n o is e , s e r io u s ly  handicaps th e  d e s i r a b i l i t y  o f  a plasm a 
j e t  system .

Pow er D e n s ity  and F a g u s a b i l i t y

Two o th e r  c r i t e r i a  l i s t e d  in  T able 7 are  h e a te r  output power d e n s ity  and 
f o c u s a b i l i ty  o f  th e  power ou tpu t. H eater output power d e n s ity  a f f e c t s  th e  t o t a l  
amount o f  h e a tin g  th a t  can be accom plished by any g iven  h e a te r  ty p e , among O ther 
th in g s . Power d e n s ity  i s  a l im it in g  f a c t o r  on th e  e f f e c t iv e n e s s  o f  ra d ia n t h e a te r  
o r f la m e - je t  system s and should o f fe r  no tro u b le  f o r  a la s e r  sy stem . For an 
e le c tr o n  beam, th e  beam power d en sity  i s  le s s  im portant th an  th e  d e v ice  s i z e ,  as 
i s  shown in  C hapter I I I .
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H eater Hearn f o c u s a b i l i ty  i s  a ls o  d e s ir a b le , as shown by th e  t e s t  r e s u l t s  
re p o rte d  in  C hapter I .  As in d ic a te d  on T able 7 ,  some f o c u s a b i l i ty  i s  a v a ila b le  
w ith  an e le c tr o n  beam machine (by in c re a s in g  or d e cre a sin g  s ta n d -o f f  d is ta n c e , 
or ra p id  scanning) and w ith  a ra d ia n t h e a te r  (by th e  use o f  s u ita b ly  shaped 
r e f l e c t o r s ) .  The n atu re  o f  gas j e t  system s renders p r e c is e  fo cu s in g  d i f f i c u l t ,  
although some k in d  o f a fo cu sin g  e f f e c t  (w ith in  th e  dim ensions o f  in t e r e s t )  could 
be ach iev ed  w ith  plasm a j e t s  by s u ita b ly  arran g in g  many sm a ll ones r a th e r  than  
few er la r g e  o n es. The p o te n t ia l  o f  la s e r  energy f o r  fo c u s in g , by th e  use o f  
s u i ta b ly  designed m ir ro rs , i s  h ig h .

S e le c t io n  -of Candidates fo r  F u rth er A n a ly sis

Based on th e  in fo rm atio n  p resen ted  above, th e  gas j e t  system s were e lim in a te d  
from fu r th e r  c o n s id e ra t io n . This ^decision i s  based  p r im a r ily  on th e  environm ental 
s id e  e f f e c t s  o f  u sin g  such d ev ices in  a c lo se d  tu n n e l. In  a d d itio n  to  th e  h e a t and 
th e  n o is e ,  e lim in a tio n  o f th e  to x ic  gases would be d i f f i c u l t  in  th e  c a s e  o f  th e  flam e 
j e t  or plasm a j e t .  E lim in a tio n  o f  to x ic  -gases i s  f e l t  to  be b a s i c a l ly  f e a s i b l e ,  
by th e  s u i ta b le  arrangem ent o f  aerodynam ically  c o n tr o lle d  exhaust sy stem s, as 
developed in  R e f . 2 . However, th e  added co m p lica tio n  o f  developing such a system  
caused a t te n t io n  to  be d ire c te d  toward th e  le s s  obnoxious ra d ia n t and e le c tr o n  
beam h e a tin g  sy ste m s.



CHAPTER III - DESIGN AID ANALYSIS OF HEATER SYSTEMS

This chapter co n ta in s in form ation  developed on s p e c i f ic  h e a te r  typ es r e la t iv e  
to  th e ir  in co rp o ratio n  in  a h ea tr-assisted  tu n n el "boring m achine. The ch ap ter s e c t io n s  
are concerned w ith la s e r  system s, rad ian t h e a te r s , and e le c tro n  beam system s.

The nominal h e a te r  co n fig u ra tio n  employed fo r  design purposes assumed a h e a te r  
power output o f  U50 kw in  a l 8 - f t - d i a  tu n n e le r . The h eatin g  i s  assumed d is tr ib u te d  
between c u tte r  paths separated  by 3 inches (se e  F ig . 8 5 ) .  The r e s u lta n t  power 
density corresponds to  a h eat input o f roughly 600 jo u le s  per in ch  o f heated  p ath , 
which is  near th e  minimum needed to  induce a s ig n if ic a n t  w eakening' e f f e c t  on th e  ro ck .

The th ird  s e c t io n , on e le c tro n  beams, does not in clu d e a design fo r  th e  d esired  
tunneler co n fig u ra tio n , because th ese  design cond ition s cannot be met w ith e le c tro n  
beams. Rome fe a s ib le  design arrangements are shown, but th e  emphasis in  th e  e le c tro n  
beam sectio n  i s  on th e  design o f th e  device i t s e l f .

CONCEPTUAL DESIGN AND.ANALYSIS OF LASER SYSTEM

In order to  provide a b a s is  fo r  a te c h n ic a l and economic evaluation^- o f  a l a s e r -  
assisted  tu nn eling  m achine, i t  i s  necessary  to  e s ta b lis h  th e  c h a r a c te r is t ic s  o f  

- the associated  la s e r  energy tra n sm ittin g  equipment. " Almost none o f th e  v i t a l  
components o f th e  la s e r  system are p re se n tly  a v a ila b le  as standard equipment, and 

■■ even th e ir  d esired  c h a r a c te r is t ic s  cannot be e s ta b lish e d  u n t i l  a conceptu al design 
, has been completed. T h ere fo re , a design study o f the la s e r  system was undertaken 

■ to ‘-provide some in d ic a tio n  o f  te c h n ic a l f e a s i b i l i t y ,  probable performance l e v e l ,
•and prelim inary c o s t e s tim a te s . This study was based on th e  h eat output co n fig u ra tio n  
and to ta l  energy design p o in t d iscussed  above and shown in  F ig . 8 5 . The fo llow in g  

{'discussion covers the system co n fig u ra tio n , performance ( i . e . ,  power lo s s e s ) ,  and 
> .co st«

f l-  ■

System Components

/, ‘Laser System

' :  A complete design o f an a c tu a l la s e r  and i t s  a sso c ia te d  equipment i s  beyond th e
■•ys• t ?c.°Pe o f th is  study. However, to  make a m eaningful co st e s tim a te , i t  i s  n ecessary  

° s"tablish c e r ta in  fe a tu re s  o f th e  la s e r  system to  allow  d e f in it io n  o f th e  ch ar-
°"C' ^he em itted ra d ia t io n . There are many d if fe r e n t  la s e r s  under cu rren t 

■ ^development varying in  b a s ic  type ( e . g . ,  s o lid  s t a t e ,  g la s s ,  and gas or m olecular 
j-iqsers), output w avelength, means o f e x c ita t io n , and p r a c t ic a l  output power ra n g es .



LASER POWER OUTPUT FROM MIRRORS GIVING 
BEAM 1/4 IN. WIDE, WITH CENTRAL ANGLE 
(TOTAL) OF 90°. TOTAL BEAM LENGTH CAN BE 
IN SEVERAL SEGMENTS (AS SHOWN HERE FOR 
OUTSIDE BEAM). OUTPUT BEAM POWER DENSITY 

80 WATTS/CM2. BEAM CENTERLINE LOCATED 
HALFWAY BETWEEN CUTTER PATH LOCI (3.0 IN. 
APART).

CUTTER PATH LOCI

TUNNEL DIAMETER = 18 FT

T o tal  l a ser  power o u tpu t  = 450 «w

FIGURE 85 LASER BEAM OUTPUT COWFISURATI0IJ



The t o t a l  l a s e r  energy req u ired  a t  th e  tu n n el fa c e  by th e  re fe re n c e  d esign  i s  
1+50 kw. When allow ance f o r  lo s s e s  a t m irro rs  and in  tra n sm iss io n  i s  in clu d ed , a 
t o t a l  la s e r  output c lo s e  to  a megawatt may be re q u ire d . The only la s e r  type which 
appears, to  have a s ig n i f i c a n t  p r o b a b ility  o f  ach iev in g  a power output o f  t h is  
order i s  th e  CO2-N2 m o lecu lar la s e r  whose output i s  a t a w avelength o f  1 0 .6  y.
Other la s e r s  may e v e n tu a lly  prove capable o f  th e  same or o f  a g re a te r  power l e v e l ,  
but th ey  are  l i k e l y  to  be m olecu lar la s e r s  whose output i s  a v ib r a t io n a l  quantum, 
and th ey  are  th e r e fo r e  l i k e l y  to  have s im ila r  output w avelength s. C onsequently, 
i t  appears th a t  th e  CO2-N2 m olecu lar la s e r  can be tak en  as re p re s e n ta t iv e  o f  la s e r s  
which might be used f o r  t h i s  type o f  a p p lic a tio n .

A schem atic diagram  o f  a standard low -flow  e l e c t r i c  d isch arg e  CO2-N2 l a s e r  
i s  shown in  F ig . 8 6 . A m ixture o f  CO2 , N2 , and v ario u s d ilu e n t gases i s  su p p lied  
to  a long d isch arg e  tu b e  a t  a p ressu re  on th e  order o f  0 .0 1  atm. The v ib r a t io n a l  
s ta te s  o f  n itro g e n  a re  e x c ite d  s e le c t iv e ly  by c e r ta in  n onequ ilibriu m  phenomena in  
th e  glow d isch arg e  to  produce a p op u lation  in v e rs io n , i . e . ,  more m olecules in  an 
upper v ib r a t io n a l  s t a t e  th an  in  th e  lower s t a t e .  T his p o p u la tio n  in v e rs io n  i s  
drained p r e f e r e n t ia l ly  through th e  CO2 m olecules becau se o f  marked d if fe r e n c e s  in  
tig , r e a c t io n  tim es o f  a l l  th e  o th e r a v a ila b le  modes o f  r e la x a t io n .  A p op u lation  
in v e rs io n  i s  th u s c re a te d  in  th e  CO2 m olecules which i s  r e le a s e d  by stim u la ted  
em ission  o f  a quantum o f  energy having a wavelength o f  1 0 .6  m ic ro n s .' T his ra d ia ­
t io n  i s  re tu rn ed  through th e  c a v ity  by th e  m irro rs , th e re b y  s tim u la tin g  fu r th e r  
em ission .

D epleted  gas i s  withdrawn by a vacuum pump, and th e  c a v ity  tube i s  cooled  
by a w ater c o o lin g  system . The e l e c t r i c a l  energy i s  su p p lied  a t  v o lta g e s  on th e  
order o f  te n s  o f  k i l o v o l t s , and th e  e le c t r i c a l - t o - r a d ia t e d  energy conversion  
e f f ic ie n c y  i s  t y p ic a l ly  on th e  order o f  10$ (although e f f i c i e n c i e s  o f  over 20$ 
have been re p o rte d  fo r  some u n i t s ) .  Output power le v e ls  o f  50 to  100 w atts/m eter 
o f  c a v ity  le n g th , r e g a rd le s s  o f  c a v ity  d iam eter, appear to  re p re se n t some type o f  
maximum valu e fo r  low -flow  d ev ices o f  t h is  n a tu re .

There are  o th e r  m o lecu lar la s e r s  which have d i f f e r e n t  o p era tin g  c h a r a c t e r i s t i c s . 
For in s ta n c e , s e v e ra l h ig h -flo w  CO2-N2 la s e r s  have been re p o rte d  which op erate  a t  
h ig h er p re ssu re s  and a t  g r e a te r  flow  r a t e s .  These la s e r s  a re  b a s ic a l ly  con v en tion al 
glow d isch arg e la s e r s  w ith  m odified  c a v i t i e s .  Outputs as h igh  as U w/cm3 o f c a v ity  
volume have been quoted (R e f . 19-) fo r  th ese  l a s e r s .  Very high s p e c i f i c  power 
outputs have a ls o  been c a lc u la te d  fo r  chem ical l a s e r s ,  in  which th e  e x c i ta t io n  i s  
provided by com bustion. E x c ita t io n  by com bustion, however, i s  not s e le c t iv e  as i s  
e x c ita t io n  by glow d is c h a rg e , and s ig n if i c a n t ly  low er energy conversion  e f f i c i e n c i e s  
r e s u l t .  In  g e n e r a l, th e  co n v en tio n al glow d isch arg e CO2-R 2 l a s e r  appears to  re p re s e n t 
th e  most p r a c t i c a l  l a s e r  co n fig u ra tio n  l ik e ly  to  be a v a ila b le  fo r  tu n n elin g  a p p lic a t io n s  
in  th e  reaso n ab ly  n ear fu tu re  in  a l l  r e s p e c ts , except f o r  th e  s p e c i f i c  power ou tp u t.
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A s p e c i f i c  power output on th e  ord er o f  k w/cm3 appears t o  he re a so n a b le  to  assume, 
in  view  o f  th e  number o f  h ig h -flo w  la s e r s  under developm ent.

B o r i n g ' M achine Head

A m a jo r  p rob lem  in  a d a p tin g  a  l a s e r  r o c k - h e a t i n g  sy ste m  t o  a  tu n n e l  b o r in g  
m ach in e i s  p r o v id in g  a  p a s s a g e  f o r  th e  l a s e r  e n e rg y  th ro u g h  th e  m ach in e h e a d .
T y p ic a l b o rin g  machine heads are  s o l id  over t h e i r  e n t i r e  fa c e  excep t fo r  sm all 
p assag es t o  allow  men t o  pass f o r  m aintenance o f  th e  c u t t e r s .  The heads are  made 
o f  heavy (up to  H in .  th ic k )  s t e e l  p la t e .  A t y p ic a l  b o rin g  machine head i s  shown 
in  B ig . 87 in  which a d isk  c u t te r  d is tr ib u t io n  t y p ic a l  o f  a Robbins machine i s  
shown. The c u t te r s  on t h is  head have been rearran ged  s l i g h t l y ,  to  l i e  along r a d ia l  
l i n e s . T h is was done in  a n t ic ip a t io n  o f th e  need f o r  p ro v id in g  s l o t s  in  th e  
tu n n e le r  head to  allow  passage o f  th e  la s e r  energy. The head i s  welded to  su p p ortin g  
webs which t i e  in to  th e  main b ea rin g  support im m edicately a f t  o f  th e  head. The 
c u t te r  mountings are  welded o r b o lte d  onto th e  head.

Muck b u c k e ts , or sco o p s, are  mounted around th e  p erip h ery  o f  th e  head (th e s e  
" a re  not shown in  F ig . 8 7 . These bu ckets scoop th e  muck from th e  bottom  o f  th e  

tu n n e l , and th e  muck f a l l s  down behind th e  head from each scoop as th e  machine 
r o ta t io n  b r in g s  each bucket t o  th e  top  o f th e  head. T h is  f a l l i n g  muck i s  c o l le c te d  
in  a hop p er, from which i t  i s  c a r r ie d  away by a conveyor system , t

A ccording to  th e  d e s ire d  ro ck  h ea tin g  c o n fig u ra tio n  e s ta b l is h e d  by th e  t e s t  
program, d iscu sse d  in  Chapter I ,  and s p e c if ie d  in  F ig . 85 , h e a tin g  o f  th e  fa c e  
i s  to  be along c i r c u la r  p ath s lo c a te d  between th e  c u t te r  p ath s ( i . e . ,  every  3 
in c h e s ) .  A lso , to  avoid  ro ck  m e ltin g , th e  h e a tin g  should be a t as low a power 
d e n s ity  as p o s s ib le ,  as d iscu ssed  in  Chapter I I .  T h e re fo re , an e f f o r t  was made 
to  determ ine th e  maximum le n g th  o f  th e  h ea tin g  output alon g  each p a th . The r e s u lt s  
are  shown in  F ig . 88 .

As in  F ig . 8 7 , th e  c u t te r s  are  arranged along ord ered  r a d ia l  l in e s  to  allow  
fo r  s e c to r s  o f  s lo t s  in  th e  head fo r  th e  la s e r  beams. The c e n tr a l  angle o f  each o f 
th e s e  s e c to r s  i s  roughly 11 d eg rees . This angle i s  l im ite d  a t  th e  c e n te r  o f  th e  
machine by th e  space requirem ents fo r  c u tte rs  (n ote  th e  sm a lle r  s iz e  c u t te r s  
re q u ire d  n ear th e  c e n te r  to  allow  th e  11-degree s lo t  s e c t o r s ) .  A l im ita t io n  i s  a ls o  
encou ntered  a t th e  o u te r edge o f  th e  fa ce  due to  th e  space re q u ired  fo r  th e  gage 
c u t te r s  and th e  muck b u c k e ts . (Note th a t  F ig . 88 i s  a p r o je c te d  p lan  view , so th a t  
th e  o u ts id e  gage c u t te r s  are  seen  "ed g e-on ", whereas due to  th e  dished shape o f  
th e  tu n n e le r  head, th ey  should be seen a t an a n g le , as shown in  F ig . 8 7 . The 
t o t a l  e f f e c t i v e  c e n tr a l  angle o f  th e  h eatin g  system , th e n , i s  8 x 11 = 88 d e g re e s , 
w ith  35 s lo t s  in  each o f th e  8 s e c to r s .

Directly behind the rotating head there is usually a crowded area which
complicates the problem of bringing laser energy from the rear of the machine to the
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tu n n e le r  head. Im m ediately a f t  o f  th e  head th e r e  i s  o f te n  a la rg e  s h ie ld  which 
i s  used as a p re s s u re  bulkhead to  allow  a s l i g h t l y  n e g a tiv e  p re ssu re  to  he m ain ta in ed ’' 
a t th e  fa c e  f o r  dust c o n tr o l. O ther equipm ent, in c lu d in g  s t r u c t u r a l  su p p o rts , mtick 
hopper' and con veyor, th e  main h e a r in g , and th e  o p e r a to r ’ s c o n tr o l s t a t io n ,  i s  a ls o  
in  th e  a re a  b eh in d  th e  r o ta t in g  head.

T h ere  i s  i n s u f f i c i e n t  volume t o  i n s t a l l  th e  l a s e r  c a v i t y  i t s e l f  b e h in d  t h e  
r o t a t i n g  h e a d , and t h e r e f o r e  some means m u st b e  d e v is e d  f o r  t r a n s m i t t i n g '  a  c o n c e n tr a te  
beam o f  l a s e r  e n e rg y  i n t o  th e  m ach in e head ,- and th e n  d i s p e r s i n g  t h i s  beam' t o  t h e  35 
s l o t s  in  e a c h  o f  t h e  e ig h t  s e c t o r s .  D is p e r s in g  sy ste m s o f  t h i s  n a tu r e  can  b e d iv id e d  
i n t o  tw o c a t e g o r i e s :' th o s e  in  w hich th e  c e n t r a l  S h a f t  o f  th e  b o r in g  m achine' ca n  be' 
u se d  f o r  p a s s a g e  o f  th e  l a s e r  beam , and th o s e  in  w hich th e  c e n t r a l  s h a f t , i s  s o l i d .

■ H o llow -Sh aft Machines

For m achines w ith  hollow  s h a f t s ,  th e  l a s e r  beam can be tra n s m itte d  through th e  
S h a ft to  a m u lt ifa c e te d  m irro r  which i s  a tta c h e d  t o  th e  ro ta t in g : head-, as shown' in  
F ig . 8 9 -, t h i s  d esig n  i s  based on dn l 8 - f t - d i a  R obb in s-ty p e m achine. The c e n t r a l  
m u lt ifa c e te d  m irro r  d iv id es th e  incoming la s e r  beam in to  e ig h t se p a ra te  beams-, each 
w ith a t r ia n g u la r  c r o s s - s e c t io n ,  and each a t  a f ix e d  p o s it io n  in s id e  th e  ro ta t in g ' 
head. Each r a d ia l  beam i s ,  in  turn,-, d iv id ed  in to  35 beams which pass through th e  
35 s lo t s  shown i n 'F i g .  88 . Only eleven- o f  th e s e  m irro rs  are  shown on F ig . 9 0 , 
where every  th ir d  m irro r  in  one s e c to r  i s  shown; th e  c e n te r l in e s  o f  th e  beam 
paths r e f l e c t i n g  o f f  each m irror are  a ls o  shown.

F ig u re  90 a ls o  shows th e  m ajor m o d if ic a tio n s  re q u ired  o f  a Standard tu n n el 
bOring m achine o f  t h i s  typ e to  con vert i t  in to  a l a s e r - a s s i s t e d  .m achine.- These 
in clu d e  (a )  th e  s l o t s  in  th e  head f o r  th e  l a s e r  energy p a s s a g e , (b ) alignm ent o f  
th e  c u t te r s  a lon g  r a d i i  which are  lo c a te d  d i r e c t ly  over th ic k  h ead -su p p ortin g  webs 
(S e c t io n  A-A in  F ig .  9 0 ) ,  (c)- placem ent Of th e  head roughly 1 f t  fu r th e r  forward,
from th e  main b e a r in g  than  u su al to  make room f o r  th e  m irro rs  and la s e r ' beam p a th s , 
and (d) th e  placem ent and design o f  th e  m irro rs  th em se lv es. The s lo t s  in  th e  machine 
head f o r  th e  in d iv id u a l H eating beams a re  a maximum o f  §- in .  w id e,• so th a t  f o r  th e  
l 8 - f t - d i a  m achine shown.,- th e  s lo t  a re a  re p re s e n ts  on ly  about 15$ Of th e  head a re a  in  
th e  s lo t t e d  r e g io n s . With th e  c u t te r s  moved to  p o s it io n s  d i r e c t ly  in  fro n t o f  th e  
su p p ortin g  webs,- th e  s lo t s  should not s ig n i f i c a n t ly  reduce th e  s t i f f n e s s  o f  th e  Head- 
I f  was fu r th e r  assumed th a t  th e  ordered re p o s it io n in g  o f  th e  C u tters  would not c r e a te  
any v ib r a t io n a l  problem s'.

The most im portant hew components a r e , Of c o u rse , th e  m ir ro rs . As m entioned, 
th e re  i s  a la r g e  e ig h t - fa c e te d  m irror in  th e  C enter o f  th e  r o ta t in g  head,, and a 
t o t a l  Of 280 s m a lle r  m irro rs d is tr ib u te d  35 to  each o f  th e  e ig h t S e c to r s .  G re a te r  
d e t a i l  o f  th e  placem ent o f  th e se  m irro rs  i s  g iven  in  F ig . 91 (a  s e c t io n  o f  one 
s e c to r  n ear th e  c e n te r  o f  th e  m achine) and F i g . 92 (an e le v a tio n  view showing some 
t y p ic a l  ra y -p a th s  p erp en d icu lar to  th e  tu n n e le r  c e n t e r l in e ) .
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FIGURE 91 ENLARGED VIEW OF CENTRAL MIRROR
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FIGURE 92 SECTIONAL END VIEW OF BORING MACHINE HEAD
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The central mirror is divided into eight equal facets, giving each facet a 
central angle (in a plan view projected into a plane perpendicular to the "boring 
machine longitudinal axis) of 5̂ degrees. The reflected energy from each of these 
eight facets is directed into beams which intersect the turning mirrors, which 
mirrors are designed to fit into sectors with a central angle of 11 degrees. The 
geometry of this situation is shown for a single turning mirror in Fig. 93.

This figure illustrates the beam spreading effect which reduces the power 
density impinging on the tunnel face to about 33$ of that in the incoming beam.
The power density in the incoming beam is 290 watts/cm2, and thus is about 8j  watts/ 
cm2 on the rock. This is a good value to allow a high total energy input without 
rock melting (see Fig. 5̂ )- To keep the power density a constant (which 
it should be for equal energy deposited per foot of heated path at any radius on the 
face), the ratio of R^RC, defined in Fig. 93, should also be kept constant. Thus 
sthe energy from the center of the incoming beam goes to the center part of the 
-tunneler, and the energy from the outer edge of the incoming beam goes to the 
out ermo st di amet er.

Substantial economies in mirror costs can be achieved by accpeting less than 
a 'high-quality optical finish on these mirrors (both the central and circumferential 
turning mirrors). Mirrors of high optical quality have a surface roughness on the 
order of a single wavelength, and reflectances on the order of 99$ (l̂ ef. 20).
Normally such surfaces are highly polished to a tolerance which"is checked by 
counting the interference fringes when compared to a standard surface. For a C02-N2 
laser, however, the reference standard for surface roughness (i.e., the wavelength) 
is an order of magnitude larger than for the visible spectrum. At a distance of 2 ft 
(typical distance from turning mirrors to the face), if a J-in. beam were scattered 
over an angle 10 times greater than that associated with a surface roughness of one 
quarter of 'a wavelength,'90$ of the (initially uniform) beam would still fall within 
the J-in. targer width. Since commercial aluminum can be supplied with a surface 
roughness of 1/5 the wavelength of CO2-N2 laser radiation (Ref. 20), it appears 
reasonable to assume that simple carefully machined aluminum blanks would serve 
adequately for the 280 directing mirrors, and for the central mirror. Mirrors so 
constructed would then be easy to maintain, since water sprays and the abrasive 
action of a wiper (for periodic cleaning) would probably not be harmful.

Sol_id-Shaf;t Machines__

The simplicity of the previous design depended on delivering the laser energy 
through a hollow central shaft. In some types of tunneling machines, such a design 
is impossible, since the center of the machine is necessarily filled with other 
systems. These machines then require a basically new approach to delivering the 
laser power to the rotating head. Dispersal of the laser beam can be accomplished 
in a similar manner to the above design once the beam has penetrated the head and
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is stationary with respect to the rotating frame of reference of the head. The 
eight radial sectors of-laser output from the head can theoretically originate 
anywhere along the radius, leaving the central multifaced mirror with a large 
blank center. In the extreme, the eight beams could originate on the dircumference 
and be directed radially inward in a design inverse to that developed above.

The difficult problem associated with the use of a boring machine with a solid 
central shaft, then, is the problem of getting the beam through the back of the 
boring machine head, and into the rotating frame of reference. All schemes to 
achieve this can be put in two categories: (a) those schemes employing a passive
aiming system, i.e., one in which the appropriate laser beam paths are achieved 
without mirror movement, and (b) those'schemes employing an active aiming system, 
i.e., one in which the proper beam direction is achieved by a constant controlled 
aiming or movement of some or all of the mirrors. An active system has been devised 
and is described here to illustrate both the feasibility of an energy-dispersal 
system in a solid-shaft boring machine, and the use of an active system in general.
No passive dispersal system for a machine with a solid shaft was determined. Such 
system would require a very clever design, if it is feasible at all.

A drawing of a tunnel boring machine incorporating an active’̂ noncentral beam 
dispersal system is shown in Pig. 9̂ . The basic machine configuration is that 
of an Alkirk tunneler, built by the Lawrence Manufacturing Company. This machine 
has a long central drill shaft, which bores ahead of the rotating face, and then is 
swallowed by the face as it follows, thus obviating alternative uses of the volume 
along the machine longitudinal axis near the rotating head.

An enlarged view of an area near the head is shown in Fig. 95- The incoming 
laser beam is split into two separate beams at the rear of the boring machine. These 
beams can be located in any convenient circumferential position, 18 0 deg apart, as 
available space dictates, For the preliminary design considered here, the beams 
were located opposite each other and 1+5 deg from the vertical, but they are drawn 
in a rotated (vertical) position in Figs. 9̂  and 95 tor clarity.

The two separate beams are directed past the main body of the tunnel boring 
machine to a pair of dispersing mirrors which divide each beam into four separate 
beams, as shown in Fig. 96. These four beams are aimed at turning mirrors which 
are equally spaced around the boring machine and which direct the eight separate 
beams toward the boring machine head. The two dispersing mirrors and the eight 
turning mirrors are mounted on. a nonrotating mirror mounting plate, as shown in 
Fig. 96,

The eight beams from the turning mirrors are directed at an annular mirror 
formed in a conical section and mounted on the back of the rotating head (see Fig. 95).
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FIGURE 95 ENLARGED VIEW OF DISPERSAL AND TURNING MIRROR AREA
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The eight beams are fixed in their radial position, so the rotating annular mirror 
will always direct these beams toward a series of directing mirrors (see Fig. 95) 
from the same position. (if the location of other equipment on the boring machine 
would permit, it is conceivable that the dispersal mirrors could be mounted in such 
a way as to aim the eight beams directly toward the series of directing mirrors, 
without the intervening turning and annular mirrors.)

The directing mirrors are a series of movable plane mirror sections mounted on 
a rotating plate just in front of the nonrotating mirror mounting plate. These 
mirror sections are mounted in such a way that when driven by a follower sliding on 
a cam on the face of the mirror mounting plate, they will aim the eight nonrotating 
laser beams toward eight rotating target apertures in the rotating boring machine 
head. The beams then fall on dispersing hub mirrors, which are fixed to the rotating 
head, as shown in Fig. 95 . A sequential diagram of some of these directing morror 
segments in five different positions is shown in Fig. 9 7 . Although this diagram 
contains a number of simplifications, it appears that the complex aiming pattern 
required of these mirrors can be accomplished with l6 simply pivoted segments.

Once the boring machine head is penetrated by eight separate beams, whose 
positions are fixed with respect to the rotating frame of reference.in the head, 
the dispersal of these beams can be accomplished in a manner similar to that 
employed in the boring machine with a hollow central shaft. The fact that the eight 
beams are coming from changing directions can'be handled by carefully shaping the 
main dispersal mirrors within the head so as to properly average out the laser power 
supplied to each of the final turning mirrors.

Transmission System

Compared to nearly any other source of heat applicable to heatr-assisted tunnel 
boring, laser systems are very large, cumbersome collections of equipment. The size 
of a 10-kw laser system, based on the only laser capable of such powers as recently 
as September 1 9 6 8 (Ref. 21), is shown in Fig. 9 8 . Significant improvements 
in laser size have been made since that time, and significant improvements in large 
sizes are predicted for the near future. Nevertheless, it is apparent that the 
size of a complete laser system producing more than U5 0 kw of optical energy may 
prove too large to include in the tunnel with the boring machine, and some means 
must be devised for transmitting the laser energy to the boring machine.

Three basic configurations of laser systems for heat-assisted tunnel boring 
may be identified. These categories, which are illustrated in Fig. 99, are an 
in-situ laser system, in which all of the laser system is in the tunnel; a split laser 
system, in which a component of the laser system, such as the cavity, is in the tunnel; 
and a remote laser system, in which all of the laser system is on the surface. Although

1





10
.5

 F
T

--
--

--
--

-H
 

--
--

--
--

--
10

 F
T

LASER TUBES

O

U U  U U 'U

O-

u

POWER
CONDITIONER

POWER

OQ Q O Q (l
GQOOOC

GAS SUPPLY
o a

WATER PUMP

WATER
TANK

CONTROL
PANEL u

i r

ENGINE -GENERATOR
SUPPLY RADIATOR VACUUM PUMP

OUTPUT

0 10 20 30 40 50
1 ___________________ I____________________I____________________I____________________I____________________1

FEET

TOTAL LASER LENGTH -  850 FEET

FIGURE 98 10 kw FOLDED LASER SYSTEM



IN-TUNNEL LASER SYSTEM

SPLIT LASER SYSTEM

FIGURE 99 BASIC LASER ENERGY TRANSMISSION SYSTEM

162



the split laser system might he attractive if the cavity could he made small enough, 
only the remote laser system has "been considered in depth. The remote system is the 
only system requiring detailed specification of a long optical transmission system, 
and also is the only presently practical system.

Protec1^ive_Tute_

The transmission of a laser heam through a tunnel will have to he in some 
protected duct or tube because of the presence of a damp atmosphere within the tunnel 
and the presence of unprotected workmen within the tunnel. The laser heam power 
losses in air at atmospheric pressure are shown as a function of humidity in Fig. 100, 
which is based on the calculated and experimental data in Ref. 22. As these data 
show, an increase in relative humidity from 10$ to 8 0$ causes a tripling of the energy 
absorbed. Transmission through a three-mile tunnel at 10$ humidity would result in 
the loss of approximately 30$ of the initial energy, but the same transmission could 
be essentially impossible at 100$ humidity. Therefore, a transmission tube, 
constantly replenished with dry air, is imperative.

A protective tube for the laser beam is also required in the interest of safety. 
The maximum permissible exposure level of continuous, far infrared radiation 
recommended by the AEC, for either the skin or the eye, is 1 w/cm2 (Appendix C) .
In order to reduce the beam intensity in the tunnel to 1 w/cm2, a beam 22 ft square 
would be required. Therefore, it is necessary to enclose the beam and prevent any 
exposure.

The inclusion of the laser beam in an air-confining duct introduces a new 
complication, the "thermal blooming" effect (Ref. 23). If an optical beam is. 
transmitted through a slightly absorbing medium such as air, there will be a 
slight temperature rise in the medium. In a fluid medium, this temperature rise 
will lead to convective currents. These currents will cause a net velocity of the 
medium across the beam which will, in turn, produce a temperature gradient across 
the beam. Since the index of refraction in a medium is a function of the temperature, 
a temperature gradient causes a gradient in the index of refraction, which will have 
an optical effect on the beam similar to that of a lens. The net result will be a 
deflection and defocusing of the laser beam. Figure 101 contains tracings of the 
burn spots produced at different convective wind velocities in an experimental study 
of thermal blooming (Ref. 23). The original burn spot for each of these figures, 
in the absence of any thermal blooming, would have been a circle centered on the 
cross. It is clear that beam deflections into the wind on the order of the spot 
are possible, and that the deflections decrease as the convective velocity is 
increased. The effect of increased wind velocity is one of heat removal; the 
absorbed energy is removed before a significant temperature gradient can be established. 
It is also clear that such blooming could cause considerable problems in the design of
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FIGURE 100 LASER HAM LOSSES IN AIR



BURN SPOTS PRODUCED BY BEAM INITIALLY 
CIRCULAR AIMED AT CENTER OF CROSS HAIRS 

REF. 111-5

WIND VELOCITY 0.264 ft/sec WIND VELOCITY 2.22 ft/sec WIND VELOCITY 27.5 ft/sec

FIGURE 101 THERMAL BLOOMING EFFECTS



th e  la s e r  tra n sm is s io n  duct i f  p rev en tiv e  m easures a re  not ta k e n . However, i t  has 
been assumed f o r  t h i s  study th a t  th e  c r e a t io n  o f  tu rb u le n t a ir f lo w  in  th e  p r o te c t iv e  
duct w i l l  "be s u f f i c i e n t  to  prevent th e  form ation  o f  a tem perature g ra d ie n t.

T u rn ing  S ta t io n s

S in ce  not a l l  tu n n e ls  w i l l  he s t r a i g h t ,  i t  i s  n e ce ssa ry  t o  provid e a means o f  
tra n s m itt in g  th e  l a s e r  beam around a bend.. Such tu rn in g  can be accom plished w ith  
a s e t  o f  m irro rs  p la c e d  in  a p r o te c t iv e  ju n c tio n  box. A schem atic diagram o f  such a 
tu rn in g  s t a t io n  i s  shown in  P ig . 102 . The Ju n ctio n  box would be co n s tru c te d  w ith  
s p e c ia l  f i t t i n g s  t o  couple w ith th e  p r o te c t iv e  la s e r  beam tu b e . These f i t t i n g s  would 
be f r e e  to  tu rn  through sm all ang les ts6  th a t  th e  box could  be used in  d i f f e r e n t  
in s t a l la t io n s  and a t  d i f f e r e n t  a t t i t u d e s . The aim ing o f  th e  m irro rs  could be coupled 
to  th e  f i t t i n g s  t o  p rov id e fo r  autom atic a lig n m en ts. The tu rn in g  m irro rs  a re  mounted 
a t  d i f f e r e n t  e le v a t io n s  to  prevent in te r n a l  o b scu ra tio n  when used f o r  sm all tu rn in g

The m irro rs  used in  th e  tu rn in g  s ta t io n s  w i l l  re q u ire  w ater c o o lin g  i f  th e  
la s e r  beam has a power d e n s ity  s ig n i f i c a n t ly  g r e a te r  th an  100 w/cm2 . W ater-co o led  
m irro rs in  many d i f f e r e n t  co n fig u ra tio n s  have been b u i l t  and t e s te d  as p a r t o f  th e  
v ario u s la s e r  r e s e a r c h  e f f o r t s  under way throughout th e  cou n try . A drawing o f  a 
m irro r t y p ic a l  o f  t h i s  techn ology  i s  shown in  P ig . 103. This m irro r  has been b u i l t  
in  s iz e s  o f  n e a r ly  3 f t  in  d iam eter, and no unusual problems in  e i th e r  c o n s tru c tio n  
o r use have been encou ntered .

Refooup_ing_Stat_ions_

Ho allow ance has been made fo r  lo s s e s  due to  d i f f r a c t io n ,  and no e f f o r t  has 
been made to  an aly ze  th e  d i f f r a c t io n  a s s o c ia te d  w ith  a l l  o f  th e  m irro rs  and guidance 
ap ertu res  in  th e  tra n sm iss io n  system . However, w ithout c a r e fu l  d e s ig n , d i f f r a c t io n  
lo s s e s  can be v ery  s e r io u s  in  systems o f  t h i s  n a tu re . L osses as h igh  as J0%  due to  
d i f f r a c t io n ,  and a s s o c ia te d  problem s, have been encountered in  some exp erim en ta l 
system s. T h e re fo re , some p ro v isio n  must be made to  minimize th e  lo s s e s  due to  
d i f f r a c t io n .

The te ch n iq u e  f o r  m inim izing d i f f r a c t io n  lo s s e s  in  th e  tra n sm iss io n  system  
conceived f o r  t h i s  study- in v o lv es fo cu s in g . The maximum m irro r s iz e  assumed to  be 
p r a c t i c a l  f o r  t h i s  study and th e  maximum p r o te c t iv e  tu be diam eter assumed to  be 
f e a s ib le  in  th e  tu n n e l a re  both  30 in . The t h e o r e t i c a l  minimum spot s iz e  fo r  a
1 0 .6  p beam fo cu sed  from  a 3 0 - in . ap ertu re  on a ta r g e t  1000 f t  away i s  on th e  ord er 
o f  one c e n tim e te r . I t  i s  reason ab le  to  assume th a t  th e  energy o u ts id e  o f  th e  ta r g e t  
c e n tim e te r , e i t h e r  from d i f f r a c t io n  or m isalign m en t, would be re ta in e d  w ith in  th e  
3 0 - in . d u ct.
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NOTE: MIRROR SURFACE CURVATURE EXAGGERATED

FIGURE 103 TYPICAL WATER-COOLED MIRROR



Sim ple s p h e r ic a l  m irro rs  cannot e a s i ly  he ground to  r a d i i  s ig n i f i c a n t ly  g r e a te r  
than  200 m. T h e re fo re , f o c a l  le n g th s  g re a te r  th an  100 m a re  not p r a c t i c a l  f o r  sim ple 
re fo c u s in g  s t a t io n s ,  and many s ta t io n s  would have to  he used fo r  tu n n els  whose le n g th s  
are  fre q u e n tly  measured in  m ile s . M u ltip le  m irro r  s ta t io n s  are  im p ra c t ic a l  b ecau se  
o f  th e  c o s t  and ab so rp tio n  lo s s e s  encountered . However, re fo c u s in g  s ta t io n s  w ith 
long e f f e c t i v e  f o c a l  le n g th  can he co n stru cted  w ith  m irro rs  o f  sh o rt ra d iu s , 
through th e  use o f  a C assegrain  m irro r system . T his system  i s  sim ply a re v e rse d  
C asseg rain  te le s c o p e . A schem atic diagram o f such a system  i s  shown in  F ig . 10l+.
Both a c o l le c t in g  te le s c o p e  and a fo cu sin g  C assegrain  m irro r  system  are shown, 
hut th e  c o l le c t in g  te le s c o p e  could he e lim in ated  i f  th e  incom ing beam were focu sed  
to  a sm all enough spot .

.The main problem  a s s o c ia te d  w ith a C assegrain  m irro r  system  i s  th e  o b scu ra tio n  
lo s s  a s s o c ia te d  w ith  th e  b lin d  c e n tr a l  sp o t. For normal l a s e r  o p e ra tio n  t h i s  sp o t 
would b e  in  th e  p o s it io n  o f  g r e a te s t  energy d e n s ity , a t  l e a s t  in  th e  f i r s t  s t a t io n .  
However, th e  dim ensions o f  th e  l a s e r  c a v ity  a re  so la r g e  compared to  th e  w avelength 
th a t  many modes o f  reson an ce  are  p o s s ib le . One mode which i s  easy to  induce in  a 
. la s e r  i s  th e  TEM*q  ̂ mode in  which th e  peak energy in t e n s i t y  i s  d is tr ib u te d  in  a to ru s  
w ith  a b lan k  spot in  th e  c e n te r . A p lo t  o f  th e  power d e n s ity  p r o f i le  o f  a l a s e r  in  
th e  TEM*oi and th e  more b a s ic  TEMqq mode i s  shown in  F ig . 105 . I f  a la s e r  o p e ra tin g  
in  th e  TEM*0l mode i s  assumed, th e  o b scu ratio n  lo s s e s  should be m inim ized.

B eg m _P ro file_

One problem  which has not been considered  in  th e  d is c u ss io n  o f  th e  tra n sm iss io n  
system  or th e  b o rin g  machine head i s  th a t  o f  th e  beam power d e n s ity  p r o f i l e .  E le c t r o ­
m agnetic waves are  n o t g e n e ra lly  propagated as uniform  p lan e  w aves, but have a p r o f i l e  
which i s  determ ined by th e  d is ta n c e  from th e  l a s t  a p e rtu re  and th e  i llu m in a t io n  
fu n ctio n  o f  th a t  a p e r tu re , i . e . ,  e s s e n t ia l ly  th e  p r o f i l e  o f  th e  beam in c id e n t on 
th a t  a p e rtu re . The t y p ic a l  p r o f i l e  encountered i a  g a u s s ia n , but o th er p r o f i le s  are  
a ls o  common. In  g e n e r a l,  th e  p resen ce o f  nonuniform beams w i l l  not have a g re a t e f f e c t  
on any o f  th e  p rev io u s d is c u s s io n , as long as th e  beam i s  n o t w idely d isp e rse d .
However, some method o f  form ing and measuring a uniform  beam w i l l  be req u ired  ahead 
o f th e  beam d is p e r s a l  system  in  th e  b o rin g  machine, head.

System Performance

A com plete system , cap ab le  o f  tra n sm itt in g  f a r  in fr a r e d  ra d ia t io n  from a 
remote su r fa c e  l a s e r  system  to  a tu n n el boring m achine, p e n e tra t in g  th e  b orin g  
machine head, and d is p e rs in g  th e  ra d ia t io n  over th e  tu n n el fa c e  has b e e n .d e sc r ib e d . 
C le a r ly  some d egrad ation  o f  th e  i n i t i a l  la s e r  beam in  term s o f  t o t a l  beam power 
and beam p r o f i l e  w i l l  be encountered in  such a system . The degrad ation  o f  th e
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i n i t i a l  beam p r o f ile  has been discussed above in as much d e ta il  as considered 
w ithin the scope o f th is  study, but the energy lo sse s  have not been discussed and 
could be a serious d eterrent to  the whole concept. These lo sse s  include e x tin c tio n  
due to  dust or water in the space between the machine head and the tunnel' fa c e , m irror 
lo sse s  in  the machine head, m irror lo sses  in  the transm ission system, and atmospheric 
absorption in the transm ission system.

Beam Losses a t the Face

D u s t _

The space between the boring machine head and the tunnel face  i s  f i l l e d  with 
a s ig n if ic a n t amount o f dust and rock fragments. A quick view in to  an opening in 
an operating boring machine, boring in  hard lim estone, gave the impression th at the 
dust was opaque to  the v is ib le  spectrum w ithin a few in ch e s, but th a t large rock 
fragments were s u f f ic ie n t ly  infrequent to  be ignored (R ef. 2 h ) . Standard te x ts  
such as R e fs . 25 and 26 in d icate  th a t the dust generated in  s im ila r  environments 
runs between 30 and 70 mppcf (m illion  p a r t ic le s  per cubic fo o t) and th at 
the p a r t ic le  diameters range between 0 .5  and 3 .0  p. This range o f dust s iz e  and 
density  occurs in  rock d r il l in g  in  the open a i r ,  and is  equivalent to  what would be 
an explosive mixture o f coal d u st.' For. comparison, the concentrations in  a dust 
storm cover nearly  the same range.

The e x t in c t io n  c o e f f i c i e n t  (se e  F ig . 106 f o r  d e f in i t io n )  o f  a  dust whose 
p a r t i c l e s  a re  o f  th e  same o rd er or sm a lle r th an  th e  w avelength i s  d e scrib e d  by th e  
Mie s c a t t e r i n g  th e o ry  (R e f. 27 ) . This th e o ry  i s  based on an assum ption o f  uniform  
s p h e r ic a l  p a r t i c l e s .  The th e o ry  has been reduced t o  a co m p u tation al program' ( R e f s .28. 
and 29) and was a v a ila b le  f o r  th is  s tu d y , b u t 'a  complex index o f  r e f r a c t io n ',  in clu d in g  
a  c o e f f i c i e n t  o f  r e f r a c t i o n  and' a b so rp tio n , i s  re q u ire d  as in p u t. R easonable exper±m enta3 
methods o f d eterm ining th e  complex index have been developed only r e c e n t ly ,: e . g . ,
R ef. 30, and values are not av ailab le  fo r  igneous m inerals other than quartz and 
c r i s t o b a l i t e . T herefore, e x tin ctio n  c o e ff ic ie n ts  fo r  quartz and c r is to b a l i te  were 
determined at various concentrations,, and assumed to  be rep resen ta tiv e  o f 'a l l  hard 
rock dusts. The re s u lts  o f these ca lcu la tio n s a t e  shown in  F ig . 106,  where the 
t o t a l  e x tin ctio n  is  shown as a function o f the d istance between the boring' machine 
head and the tunnel fa c e , fo r  various dust compositions.: I t  appears th a t ,  although 
the dust is  opaque to  the v is ib le  spectrum, no energy lo ss  more serious than 6%. 
w ill  re s u lt  in the fa r  in frared .

The importance o f d ifferen ces in  the dust p a r t ic le  s iz e  (o r , conversely, in  the 
wavelength o f the rad ia tio n ) i s  c le a r ly  demonstrated in  F ig . 107. This figu re  
contains the re s u lts  o f e x tin ctio n  ca lcu la tio n s fo r dusts o f various p a r t ic le  s iz e s .
As' the p a r t ic le  s iz e  approaches the wavelength, sc a tte r in g  becomes more important 
than absorption, and dusts which were r e la t iv e ly  c le a r  at 3 .0  y become completely
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opaque "by 20 y. The accuracy of the reported range of dust particle size is therefore 
very important, and should probably be confirmed experiment ally.

- ' , Water on the Tunnel Face

Water has a high absorptivity for 10.6-y radiation. In the liquid state, the 
absorption coefficient for use in the Lambert law is 0.107 (Ref. 20). That is, 
a 10-micron layer of water would be capable of absorbing 63% of the impinging radiation. 
Therefore, the possibility of water on the tunnel face must be considered, and an 
estimate of the losses due to this water must be made.

A convenient model for estimating the effects of water on the tunnel face is that 
of a falling film. An analytical model of a film of water flowing down a smooth 
surface under the influence of gravity is fairly common and shows a dependence on 
the viscosity and the flow capacity of the source. The velocity and film thickness 
predicted by this model for 100 F water are shown in Fig. lo8 ■ This model is 
probably not accurate at flow rates of more than 5 0 lb/ft-sec (i.e., 5 0 lb/sec of 
water flowing down past a one--foot-long horizontal boundary or wall), which results 
in an average flow velocity of 100 ft/sec and a film thickness of 0.1 in. Higher 
flow rates would probably not contain the fully developed laminar boundary layer 
which is required for the model. However, a higher rate of water £low than 
50 lb/ft-sec would not be considered since this much water would probably create 
sufficient problems in the tunnel to cause temporary shutdown of the boring machine.
The falling film model is also not accurate at very low flow rates, assumed to be 
less than 0 .0 5 lb/ft*sec in this study, because at very small film thicknesses 
surface tension effects become significant. Lower flow rates may be considered 
equivalent to a wet rock.

The absorption of a 10.6-y beam with an energy density of 100 w/cm2 by a film 
of water with the thickness of the theoretical falling film is shown in Fig. 1 0 9 .
The fraction of the incident energy absorbed is essentially 100$ for all films over 
0 . 0 0 1 in. thick, i.e. , for all films with a flow rate greater than 5 x 5  1 0 ” 5 
lb/ft-sec. This can be interpreted to mean that any reasonably sized film including 
the stationary film on a wet rock is capable of absorbing all of the incident energy 
as long as the film remains. However, an energy flux of 100 w/cm2 is sufficient to 
evaporate very thin films. The length a falling film would flow at its natural 
velocity before it is evaporated is also shown in Fig. 109- It appears that a film 
thin enough to be considered essentailly stationary, i.e., that on a wet rock, could 
rapidly be boiled away, but as flow rate and, consequently, film thickness increase 
the impinging energy will be totally absorbed in the water. In. summary, the 
stationary film on a wet surface seems tolerable, but a flowing film on the tunnel 
face is catastrophic without some alternate drying technique.

#  :
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FIGURE 108 THEORETICAL FALLING FILM CHARACTERISTICS
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Mirror Losses

Within reasonable angles of incidencei extremely efficient mirrors can be 
obtained for 10.6-y radiation. Figure 110 (from Ref. 31) contains both experimeni 
and theoretical values of reflectance for a good coated mirror. Values of nearly 
99$ are shown for angles of incidence up to U5 deg.. Certain copper-based mirrors 
have shown small-angle reflectance of more than 99.26% (Ref. 3l). Therefore, it 
appears reasonable to assume that mirrors with 98$ reflectance can be obtained 
for the transmission system.

The mirrors in the dispersal- system within the boring machine head will not 
have the same high reflectances. These, mirrors have been assumed to be machined 
surfaces on a simple material such as aluminum or stainless steel. Such mirrors 
will be considerably cheaper, and adequate in terms of accuracy, but the reflectai 
will decrease. A reflectance of 90$ for each mirror in the head has been assumed 
for this study.

Overall Transmission Losses

The overall transmission losses will consist ofabsorption by the atmosphere 
the losses in the mirrors of the refocusing and turning stations, and the mirror 
losses in the dispersal systems. The atmospheric absorption losses have already 
been shown, Fig. 100, and the various mirror losses are described above. Extinci 
can probably be ignored since it is one percent or less for all but the heaviest 
dusts. Water absorption losses are either nonexistent or catastrophic, so some 
means will have to be provided to ensure that they are nonexistent. The resulting 
overall transmission efficiency is shown in Fig. ill as a function of mirror spac: 
and tunnel length. The mirror stations were assumed to be two-mirror rather than 
four-mirror stations.

The separate effect of each of the component losses is shown in Fig. 111., 
first 19$ loss is caused by the two inefficient mirrors in the head (the calculat: 
were made for a hollow-central-shaft machine). All of the subsequent losses out 1 
10,000-ft tunnel length shown on the curve for 10,000-ft mirror spacing are due t< 
atmospheric absorption in the laser duct. The effects of multiple mirror station! 
are shown on the remaining curves. In general, overall transmission efficiencies 
Of 60 to 80$ appear to be feasible, but the number of turning and refocusing stat: 
should be kept to a minimum.

Cost Estimates

A principal reason for the conceptural design studies described above is to 
provide a basis for equipment cost estimates. Despite the preliminary nature of ■
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conceptual designs, cost estimates sufficiently accurate for a preliminary economic 
evaluation of the various heat-assist concepts being considered can he made. The 
major areas of cost analysis considered in this phase of the study are the laser cost, 
'the mirror costs , the cost of peripheral equipment such as the blower and dehumidi­
fiers, and the combined system costs. Also, the system cost sensitivity to key 
parameters was determined.

Laser Cost

•:! |l

Estimates of conventional C02-N2-He electric-discharge lasers have been made at
t. UARL for a variety of power output levels. The cost trend indicated from these
- estimates is shown in Fig. 112, along with advertised costs of some commercial units
- for comparison. The curve indicates that laser output has relatively little effect 

on specific cost ($/kw) above a size of about 10 kw, and for larger systems the 
specific cost remains close to $10,000/kw.

-

A component breakdown of these costs is shown in Table 8. The laser for which 
this cost estimate was made has a design power level that has never actually been 
.'achieved by an electric discharge laser. The estimate therefore includes a sub­
stantial amount of conjecture, as it is based on an extrapolation of present-day 
laser technology. However, the estimate agrees well with exploratory cost estimates 
of other electric discharge laser systems being explored at UARL, and also fits in 
with the trend indicated by the commercial units in Fig. 112. One reason for this 
apparent consensus is that the power supply represents such a large fraction (~50$) 
of the overall system cost.

However, there is hope f.or reducing the cost levels indicated here. Many of 
■§' the systems whose cost is reflected in Fig. 112 have lightweight or low volume 

restrictions on the powerplant. In a tunneling application, these restrictions 
could be relaxed somewhat. Also, there is some hope of achieving operating effi- 

I ciencies (laser power output to electric power) in the neighborhood of 20$. A
recent UARL cost estimate for a 100-kw output electric-discharge C02 laser design, 
based on a somewhat more advanced design than many of those indicated in Fig. 112, 
and assuming a 15$ laser efficiency, was roughly $8000/kw. With further increases 
in laser efficiency and attention to inexpensive subsystems, cost of $5000/kw may 
be achieved for large industrial-type laser systems.

jit! aIS

Mirror Costs

Estimates have been obtained for the costs of the mirrors required in the boring 
machine head and in the transmission system. The cost of the simple machined mirrors 
in the boring machine head have been estimated to be so small, on the order of $^0 
per mirror, compared to the cost of other equipment in the overall system that 
detailed accurate cost estimates were not deemed necessary. The costs of a mirror 
typical of the transmission mirrors has been estimated to be $3550 on the basis of 
the specifications shown in Table 9-

Peripheral Equipment Costs

i
}
1
I
I
I

j
:(s

The cost of the peripheral equipment, such as the piping for the duct (assumed 
to be similar to aliminum irrigation pipe), the blower, the dehumidifier, the mirror
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TABLE 8

t

ESTIMATED LASER SYSTEM COST FOR LARGE SYSTEMS 

A ssum es 1 0 $  l a s e r  e f f i c i e n c y

(o p t i c a l  pow er o u tp u t  
e l e c t r i c  pow er in p u t

1 0 3 $/kw

Cavity and Associated Equipment 1.75

Mirrors and Mirror Mounts 0.1^

Power Supply System

Conditioner 1.50
Generation System 0 . 8 9 2.39

‘i  'Vacuum System 0.70
t

Cooling System 0.11

Miscellaneous 0.03

Direct Material. Cost 5.1?

Assembly, Overhead, etc. 5.12

TOTAL 10.2b

ji;

j

t

■a;

|



TABLE 9

POWER TRANSMITTING MIRROR

DESCRIPTION: 20-inch-diameter, thin-akin, cooled mirror -

FIGURE: flat 1/10 X § 10.6 microns over any six-inch aperture

OPTICAL APERTURE: figure to he maintained over 1 8 -inch central diameter

SUBSTRATE: OFHC copper, 2 inch thick «  200 lb

COOLING: thin-skin technique

COST ESTIMATE: (based on a minimum of 12 units)

Machining (150 hours) lkOO 
Brazing 200 
Materials ' 3 5 0  

Optical' polishing 1 L00  

Optical coating 200

TOTAL 3550-



station boxes, and cooling equipment has been estimated on the basis of standard 
cost-estimating texts such as Refs. 32 and 33* In all of this equipment, the 
only item -whose cost was not well established was the dehumidifier. An air dehumidifier 
nearly ten times larger than any quoted in the reference material will be required, 
but there are indications that there will be considerable, economies of scale. There­
fore, a unit price of one-half the unit price of the largest dehumidifier quoted 
was used.

Combined System Cost

The combined incremental laser system cost, i.e., the estimated cost of all 
of the items added to the tunnel machine to accomplish the laser assist, is shown 
as a function of tunnel length and mirror spacing in Fig. 113. Some component 
breakdowns of these costs are shown in Table 10. The most obvious conclusion . 
to be made on the basis of the figure and table is that the minimum number of mirror 
stations-must be used. Not only are the mirrors expensive, but their effect on the 
“/transmission efficiency is such that a larger laser must be used, which causes a 
great increase in overall system cost. A more thorough and detailed long-range 
refocusing station design effort should probably be included in any, future studies.

t

Cost Sensitivity .

As shown in Table 10, the major cost component of the incremental laser system 
cost is the laser itself, regardless of what tunnel length or mirror spacing is 
considered. As already discussed, there is at least one area of technical improvement 
which could lead to major laser cost reductions, i.e., an increase in the efficiency. 
Therefore, additional cost estimates were m&de at different laser unit costs to 
demonstrate the system cost sensitivity to the laser cost.

The incremental laser system costs shown in Fig. 113 were based on a laser unit 
cost of $10,000/kw, as discussed in the laser cost section. Incremental laser system 
costs for laser unit costs of $100D/kw, $3000/kw, and $6000/kw are shown in Figs. 113 
111* and 115) respectively. The effects of varying laser unit costs on incremental 
laser system cost of a 5000-ft tunnel installation are further illustrated in Fig. Il6. 
The conclusion which can be made from these figures is perhaps elementary, but 
sufficiently significant to bear repeating. The laser unit cost is the primary 
factor in the total laser system cost. Doubling the laser unit cost nearly doubles 
the overall system cost. Therefore, any future development which invalidates the 
laser unit cost estimate can have a major effect on the economics of a laser-assisted 
tunnel boring machine.

RADIANT HEATERS

li
:i
|

In contrast to a laser or electron beam heating.system, the electrically powered
•I
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L A S E R  U N I T  C O S T  -  $104 /KW 

P O W E R  = 450 KW

FIGURE 113 INCREMENTAL LASER SYSTEM COST



TABLE 10

INCREMENTAL LASER SYSTEM COST

rnnrmRl Length 5000 ft
Mirror Spacing 1+8 ft 100 ft 1000 ft No Mirrors

Pipe Cost $135ŝ 00 $1 19 ,6 0 0 $10 6 ,5 0 0 $1 0 5 ,1 0 0
Mirror Cost 738,1+00 355,000 35,500 3,550
Laser Cost 8820 x 106 1920 x 106 7.91 x 106 6 .8 7 6 x 105
Blower Cost 20,000 20,000 20,000 20 ,000
Dehumidifier Cost 50,000 50,000 50,000 50,000
Miscellaneous Cost 3,000 3,000 3,000 3,000

Tunnel Length 500 ft
Mirror Spacing 1+8 ft 100 ft No Mirrors

Pipe Cost $ 13,500 $ 12,000 ' $ 10,500
Mirror Cost 73,81+0 35,500 .355
Laser Cost 9.39 x 106 7 . 1 5  x 106 5.6 x 106
Blower Cost 20,000 20,000 20,000
Dehumidifier 50,000 50,000 50,000
Miscellaneous Cost 3,000 3,000 3,000
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LASER UNIT COST - $103/KW 
POWER = 450 KW

FIGURE 113 INCREMENTAL LASER SYSTEM COST
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LASER UNIT COST $6 X 103/KW 

POWER = 450 KW

FIGURE 115 INCREMENTAL LASER SYSTEM COST
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radiant infrared heater is basically a simple device, requiring no more complicated 
support than a low-voltage electric power supply.

The radiant heaters considered here are basically resistance elements whose 
temperature is allowed to increase until the. thermal radiation is nearly equivalent 
to the electrical energy input. The major technical problem is to design an element 
which will have a long life in the open air. at the elevated temper at ure required.
There are three basic types of elements in common use today: the metal-sheathed 
resistor whose surface temperature is on the order of 1500 deg F, the quartz tubular 
heater with surface temperatures on the order of 1800 deg F, and the quartz lamp 
whose filament temperature is typically 1+000 deg F. According to manufacturer 
representatives and catalogs, the only 'type of heater capable of withstanding the 
heavy vibrational environment of a tunnel boring machine is the metal-sheathed 
resistor. Such units should have lives of 1000 to 2000 hr under the conditions 
expected (e.g., Ref. 3l+).

The heating elements proposed for this application are nearly |f-in. in diameter
and are rated at J O  watts of radiant heat output per linear inch of heater. As
indicated by the test program, it will be desirable to concentrate this heat over as
narrow an area as possible. Therefore, each heater element should be backed by a

*carefully contoured reflector and placed as close to the face as possible. Even with 
a contoured reflector, the heated path image on the rock face will be larger than the 
heating element and the image size will increase as the reflector to tunnel face 
distance increases. If a minimum clearance of 1§- in. and a reflector diameter of 
3 in. are assumed, the heater element image on the rock face will be nearly an inch 
wide. Therefore, very close spacing between the reflector and the tunnel face will 
be required. It should be pointed out that the concentrated energy on the face 
represents only part of the total heat radiated from the heater rod. The test data, 
in conjunction with which the radiant heater will be evaluated, will be the "unfocused" 
data, which assumes a heated path of roughly lj in.

A schematic diagram of such a heater installation is shown in Fig. 117. Pre­
liminary design layouts indicate that it should be possible to install the total power 
Capacity contemplated for an l8-ft boring machine, i.e., 1+50 kw, with units rated as 
low as 6l w/in. in this configuration. Alternatively, at JO watts/in., the total 
heater power installed would be 516 kw. Based on this design point, maximum installed 
radiant powers of 650, 358, and 160 kw could be installed on 20-, 15-, and 10-ft- 
diameter boring machines, respectively.

A diagram of a metal-sheathed radiant heating element is shown in Fig. 118.
The heat is generated in the nickel-chromium resistance wire and must be conducted 
to the surface through the protective metal sheath and dielectric. There is a 
maximum temperature limit on each of these materials, but in practice it is the



FLEXIBLE ASSEMBLY MOUNTS
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FIGURE 117 ADAPTATION OF RADIANT HEATERS TO BORING MACHINE
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- t
temperature of the metal sheath that is critical. For this reason, the heat lost 
through nonradiant transfer mechanisms is not included in the rating. When free 
standing in open air, an element radiating Uo w/in.2 can lose as much as an additional 
1*0 w/in.-2 to convection. If the convection is decreased, the current flow in the 
heater must he decreased so that the sheath temperature remains constant, and the 
radiant flux is still 1*0 w/in.2. Therefore, the convective losses are of importance 
in determining heater efficiency. Because of the cramped spaces contemplated (see 
Fig. 117)j it appears reasonable to assume that, the convective losses in the boring 
machine installation will be less than 50$. Since the convective losses associated 
with the configuration shown in Fig. 117 are not amenable to simple analysis, a loss 
of 15$ was assumed. Considering also the radiant heat energy which will be absorbed 
by the reflectors, an overall radiator efficiency of 10% was assumed.

Preliminary layouts of radiant heater systems on tunnel boring machine heads 
have indicated that roughly 6 0 %  of the face area would be covered by heater elements, 
the rest of the area being occupies by cutters and cutter mounts.. With the required 
power.spread over this much of.the tunnel face, and assuming at least half the radiant 
energy concentrated in a one-inch strip between cutters, the maximum rock face tem­
perature will be on the order of 500 deg (see Fig. 5̂ 0 • Since the heating element 
is partly focused on the rock face, the hot strip of i:ock is conversely focused on 
the heating element. The heating element will then see the radiant energy from a 500 
deg F target, and the net radiation from the element to the target. Vill be reduced 
accordingly. An estimate of the magnitude of this effect is illustrated in Fig. 1 1 9 ,
■ where the degradation in net radiated power is shown as a function of rock face 
temperature for the three basic types of radiant heating elements. If the rock 
face temperature were as high as 650 deg F, and were focused perfectly back on the 
heater element, the metal’ sheath radiant element would be capable, of radiating only 
90$ of its normal rated power. The maximum radiating power that can be installed 
in a tunneler would be reduced correspondingly.

Although the reradiation from the hot tunnel face does not have any direct 
effect on the efficiency of the radiant heater, there is a secondary efficiency 
effect which should be noted. As mentioned above, the principal loss mechanism in 
a radiant heater is that of convective losses to the air. These losses are a function 
of the geometry of the air-flow passage and the temperature of the heating element. 
Since neither of these variables change as the rock face temperature increases, the 
convective losses also remain the same. However, the radiated power decreases as the 
rock face temperature increases, and the convective losses therefore represent a higher 
percentage loss. Therefore, the assumed heater power loss of 15$ in convective 
heating of air could be somewhat higher, depending on the exact rating of the heater 
elements. A graphical summary of the efficiency of the radiant heaters is shown in 
Fig. 120.
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FIGURE 119 EFFECT OF INCREASED AMBIENT TEMPERATURES ON THREE TYPES
OF RADIANT HEATERS
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vO-3 CHEMICAL ENERGY FUEL TO ELECTRICIN FUEL POWER

EFFICIENCY 100% 30%

OVERALL 100 30
EFFICIENCY

ELECTRIC POWERTO RADIANT ENERGY RADIANT ENERGY INTO WALL(ie ABSORPTION LOSS IN REFLECTION)
85% 90%
25.5 23

FIGURE 120 COMPONENT EFFICIENCIES OF RADIANT HEATER SYSTEM



The cost of the radiant heating elements alone is quite low, i.e., just.
$3.50/ft, or about $U/kw. The cost of the heaters including reflectors similar 
to those required in this application, however, is on the order of $30/kw. When 
the power generation system is included, the radiant heater system can he expected 
to approach $15 0/kw or $675,000 for a 1+50-kw installation.

CONCEPTUAL DESIGN OF ELECTRON BEAM UNIT
The electron beam cutting process involves bombardment of the rock with a 

dense stream of high-velocity electrons, with virtually all the kinetic energy of 
the electrons being transformed into heat upon impact. Electron beam machines- depend 
on a high vacuum for generating the electron, stream, and the range of the electrons 
in air is very short, usually being measured in inches. Therefore, the electron beam 
generating unit must be incorporated directly with the other equipment operating in 
the face area.

This section comprises a review of current electron beam technology, a discussion 
of the limits in applying electron beam machines to heat-assisted tunneling, and a revie 
of a 150-kw electron beam machine design concept for tunneling operations. Some 
information on X-ray generation with electron beams is also included. A discussion 
of the basic design considerations of electron beam units is presented in Appendix D.

Review of Pertinent Electron Beam Technology
Commercial electron beam equipment being marketed today consists of either 

vacuum, partial vacuum, or what is commonly referred to as nonvacuum type of equip­
ment. The vacuum equipment requires a vacuum of 10"̂  torr in the electron optics 
column as well as in the adjoining work chamber. For partial vacuum equipment, only 
the upper column is maintained at 'lO”1! torr, whereas the work chamber is maintained 
at a pressure of 50 to 300 microns. In nonvacuum equipment, the electrons are 
projected from a high-vacuum electron optical column directly into atmospheric pressure. 
A typical nonvacuum electron beam welding unit is shown in Fig. 121 . Transmission of 
the electrons to the workpiece is accomplished by the use of multiple staging orifices 
located at the bottom or extreme end of the electron optical column.

The out-of-vacuum system is best suited for consideration in the cutting of rock. 
Some degree of mobility and versatility with a nonvacuum electron beam gun can be 
achieved for proposed mining or heat-assist operations.

Some of the limitations with the present electron beam equipment for this 
proposed application are: lack of rugged design, filament lifetime, debris
ingestion, and overall size. However, it should be noted that for applications
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requiring or permitting a static installation., the equipment design is more than 
adequate. Exhaustive tests with the present equipment for the last eight years hav 
shown that a high degree of reliability can he achieved for commercial applications 
if the system parameters have been adequately specified. The present systems, in 
general, are limited to shock loads of approximately U g's. These shock limitation' 
are primarily concerned with the power supply and the appropriate control panels.
In addition, filament lifetime for most gun systems now permits operation between 
15 and 20 hours. After this period, the filament, which is constructed of tungsten 
material, must be replaced. The replacement cost is nominal (approximately $15), 
and the time required for filament replacement is 10 minutes or less. For some of 
the nonvacuum systems, particularly when operating at high power (e.g., 25 kw), 
care must be exercised to prevent ingestion of debris into the orifice assembly 
and/or build-up of debris in and on the orifice stage closest to the workpiece.
An excess accumulation of debris can cause loss of efficiency in electron trans­
mission and/or a degeneration of the energy distribution within the electron beam 
itself.

Recent developmental work has been aimed at the correction of some of the 
aforementioned problems and limitations during extended operation. Specifically, 
more rugged filament designs now are being investigated to permit increased life­
times as well as operation at higher powers. Indirectly heated types of cathodes 
are also being investigated to provide high electron emission at tolerable gun 
head temperature limits. Another cathode design being considered is the cold 
cathode type of emitter.

Two specific improvements for increasing the ruggedness and reliability of 
the power supply and control components of an electron beam system have recently 
been incorporated in existing equipment. These are the use of shock-mounted insula­
tors between the cabinet and mounting frame assembly and the upgrading of the interna 
power supply components to withstand shock loads of 10 g’s. Such equipment has 
been manufactured to provide a service life of at least ten years or 25,000 hours. 
This type of equipment is intended for use on gas pipeline rights-of-way for joining 
large-diameter pipes. In addition, the power supply has been designed to meet EEMA 
U specifications (all-weather protection) and to operate on a 20$ grade.

During extended periods of welding (or cutting), any significant debris 
build-up or ingestion into the gun structure is not desirable. This problem has 
been resolved to a large extent by the use of special external blowers as well as 
operating the various stages at higher vacuum. Operations in excess of eight 
hours without maintenance with these incorporated improvements have been realized.
It should be noted that for rock cutting applications, further improvement of 
operation can be expected relative to debris build-up. For metal working operations, 
the molten material in the form of liquid droplets or vapor deposition has a tendency 
to coalesce and deposit on a cold surface. However, for rock cutting operations, a
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considerable section of the. cut portion will remain in its parent state, i.e,, 
sandlike composition. These fine sand particles are not as adherent as molten 
metal and, in fact, may assist in maintaining a clean exit orifice assembly as a 
result of the natural sand-blast process that will occur during cutting.

Limitations bn the Application of Electron Beam 
to Heat-Assisted Tunneling Operations

Current electron beam machines, and those envisioned for heat-assist in 
tunneling, will require both high voltage and vacuum supply lines. Since no method 
has been envisioned for providing these utilities to a machine rotating about a 
'solid .shaft, the integration of electron beam devices with a tunnel boring machine 
head (in the manner envisioned for laser or radiant heater systems) is felt to be 
unworkable.

• Even if such an integration could be . arranged from the point of view of machine 
support,, the bulk density of the electron beam generating units themselves is too 
low to allow sufficient packing of devices to achieve rock heating power outlets 
every 3 in. along a radius, as is suggested in Fig. 8̂ . A sketch illustrating 
the problems of incorporating present-day 10-kw electron beam machines in' the head 
of a large tunneling machine is shown in Fig. 122. This shows that only six such 
devices could be installed with a minimum radial distance between points of electron 
beam output of 9 in., in a typical 20-ft tunneler. As device power output increases, 
size is not increased proportionately, and a similar sketch indicates that three 
150-kw electron beams could be fitted into the basic tunneling head shown in Fig. 123. 
However, rock-heating could then be performed only at three discrete radii. In any 
event, the power and vacuum supply problems of electron beam equipment preclude the 
possibility of packing a boring machine head as shown in Fig. 123.

To develop information on potential high-power electron beams for use in 
evaluating heat-assisted tunneling by other means than heat-weakening (e.g., 
possibly some kerfing mode), information was developed on a device which would work 
independently of a mechanical cutter. To take advantage of the size-power relation- 
.ship for electron beam machines,-a power level of 150 kw was assumed. Development 
of this concept is discussed below.

. 150^kw Design Concept

The heart of this design concept, developed specifically to provide the rugged­
ness necessary in a tunneling environment, involves the use of a semisealed indirectly 
heated cathode. The design of this device, shown schematically in Fig. 12h , will 
provide 150 kw of beam power at an accelerating potential of 200 kv.
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As illustrated in Fig. 12k, the heating of the primary cathode is accomplished 
hy a contoured cold cathode.. The environment or required operating pressure within 
the confines of the contoured cathode are indpendent of the vacuum pressures in the 
other portions of this out-of-vacuum gun. The conditions which must he met for 
operating at high beam power (i.e., > 100 kw) and for out-of-vacuum operation (see 
Appendix- D ) can still he fulfilled. This is achieved hy accelerating the electrons 
from the primary cathode at high voltage and high vacuum, thus minimizing beam spread. 
To accomplish this, the electron optical column must he pumped to a vacuum of 10_l+ 
torr or less to maintain an effective mean free path of approximately one meter.
For this equivalent length, the electrons exhibit minimum beam dispersion as they 
then pass through the appropriate orifice assemblies.
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The following sections describe the electron beam gun and cathode assembly, 
the system support equipment, equipment operation, and the estimated floor space 
requirements.

Electron.Beam Gun
' /V*5 • ••

An axial-beam contoured cathode similar in principle to that shown in Fig. 12k 
is used for heating the primary electron beam emitter of Fig. 123. The contoured 
cathode functions as one of the primary elements for an indirectly heated electron 
beam gun. Data obtained from tests indicate that pressures of 100 to 1000 microns 
will provide an adequate cathode discharge current. A power of 250 watts/in.2 of 
cathode surface has been outlined for a cathode voltage of 6 to 12 kv and a pressure 
of 1+00 microns. For a primary beam density of 5 amps/cm2 and a beam current of 750 
ma, the primary cathode diameter is computed to be 0.25 inch. Accordingly, the 
beam obtained from the contoured cathode must be capable of being focused to this 
equivalent diameter or less. Beam spot sizes of this diameter have been realized 
from similar contoured cathodes.

The contoured cathode can be manufactured from nonmagnetic stainless steel.
Water cooling of the contoured cathode will be provided since the total power output 
to the primary emitter is expected to be in the order of 500 watts. Material for the 
primary emitter will consist of tantalum or tungsten. Tantalum has a slightly lower 
work function than tungsten (ij.ll vs lj-.55 electron volts) which may be an advantage 
for operating the filament at a lower temperature. However, cathode resistance 
against ion erosion, particularly at high voltage, also must be taken into consideration 
for a high-power gun. Tests with both types of emitter materials can be conducted 
and the optimum then selected.

P I

To provide a beam power of 150 kw, an accelerating potential of 200 kv as 
applied between the primary emitter and anode is recommended. The anode is at 
ground potential. Regulation of beam current is provided by control of the grid 
bias; For a condition of beam shut-off, the grid voltage is expected to be 3000 
to 6000 volts.
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Focus of the "beam Is accomplished by use of a magnetic lens located in close 
proximity to the anode. To provide for the option of aligning or fine trimming of
the beam, two alignment coils are located adjacent to the focus coils.

Projection of the electron beam into ambient pressure is finally achieved by 
transmitting the high-velocity electrons from vacuum environment Ci.e., 10~lt torr) 
through several, orifice stages. A staged vaeuum/partial vacuum1 technique coupled with 
appropriate vacuum diffusion and roughing pumps is used to accomplish the nonvacuum 
electron beam transfer process.

System Support Equipment

. The support equipment required to provide an integrated system consists of 
a vacuum system, high-voltage power supply, control cabinet, operator’s control 
station^ motor-generator set, and associated cables and interconnections. An 
air supply at 75 to 110 psig, and 3.5 gpm of water at 1*5 to 90 psig and 77 deg F
maximum will also be required. Electric power may be obtained from a U^O- or
2300-volt, 3-phase, 60-cycle line.

A schematic of the 150-kw electron beam heat-a&sist tunneling system is shown 
in Fig. 125. A layout of this system is shown in Fig. 126. The following indicated 
values for system components are preliminary estimates of what could be expected for 
an operational tunneling machine:

• Power Supply - 150 kw

• Induction Voltage Regulator - 225 kva

® Vacuum System -

a. - Two 500 cfm blowers
b. One 1300 cfm blower
c. One 10-inch diffusion pump 

. d. One 1^0 cfm roughing pump

Space Requirements

A floor plan for the 150-kw system is shown in Fig. 127. As indicated, the 
gun and vacuum modules require'-an estimated area of 5 by 7 feet. The control cabinet 
or operator’s console is shown as a separate shaded section. The size of this 
enclosure is somewhat undefined depending on the desired degree of comfort and 
environmental isolation. The operator’s console and enclosures conceivably would 
be mounted on a powered vehicle. This, same vehicle would support the gun assembly 
and also provide gun motion during cutting or heat-assist operations.
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The electron beam gun and blower assemblies would be mounted on a platform 
which in turn would be supported on an L-type frame assembly. The other equipment 
of the system such as the power supply, control cabinet, induction voltage regulator, 
and back-up blower would be mounted on a suitable transport vehicle.

Operator controls for the cutting machine would be mounted in. the control 
cabinet. The cabinet is platform-mounted on shock isolators. Connection to other 
equipment is made by flexible conduits or cable assemblies.

Safety Considerations
In order to assure safe performance as well as optimum operations, of a heat- 

assist tunneling machine, the following major items need to be considered:
® Use of In-Position Interlocks

• Use of Waterproof Couplings for all Electrical Connections
• Employment of Adequate X-Bay Shielding
• Explosion-Proof Consideration

Use of in-position interlocks is recommended to preclude inadvertent operation 
of the equipment which could present potential health hazards. Requirements for 
electrical and mechanical interlocks could be coupled with an appropriate audio 
signal prior to activating the electron beam.

Use of water-proof couplings for all electrical connections is recommended 
to permit operation in accordance with NEMA U codes.

Since a nonvacuum machine operates at high voltage (175 kv or greater), it is 
recommended that the operator be enclosed in a small booth-like structure, incorporating 
shielding against X-radiation. For 175-kv accelerating voltage, shielding of J-inch- 
thick lead or 1-inch-thick lead glass having equivalent attenuation is required for- 
the operator compartment.

For operation at voltages greater than 175 kv and at powers in excess of 30 
kv, the required lead thickness to attenuate X-radiation to a tolerable level 
(2 mR/hr) must be increased frpm \  in. to recommended values of 0.55 in. and 
0.70 in. for an accelerating voltage of 250 kv and beam powers of 25 kw and 300 kw,. 
respectively. To more carefully determine the amount of shielding required, some 
radiation tests were run, which are discussed below.
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For out-of-vacuum operations, the high-voltage electron beam will produce some 
ozone. The ozone, in turn, can contribute to the acceleration of corrosion on 
unprotected metal components such as steel. ' Also, ozone contributes to the long­
term degradation of oils, rubbers, and plastics that may be near the gun. Venti­
lation or protection of the technician and his compartment against prolonged ozone 
exposure likewise must be provided.

Finally, all components of the system assembly (i.e., pumps, motor-generator 
set, high-voltage supply electron column, and control cabinet) must be interconnected 
with grounding straps, and in turn connected to a ground via a master grounding 
strap. In addition, for mining operations, special explosion-proof electrical equip­
ment will be needed, as a result of the environments which contain finely divided 
matter as dust particles, naturally appearing combustible gases as methane, or 
natural earth products which exhibit flammable decomposition.

Radiation Tests

In order to ascertain the approximate, degree of X-radiation that will be 
produced by electron beam impingement on rock material, a series of igranite exposure 
tests to electron beam radiation was conducted. In bpief, sensitive X-ray film 
badges having various X-ray densities were used as the recording means. The 
badges were located at various distances from the granite target; the film was 
mounted so that the recording face of each film was in line with and perpendicular 
to the point of beam impingement. The electron beam gun was operated at 12 and 25 
kw for periods ranging from 1 to h  sec, Parameters recorded Were beam power, time 
of exposure, and distance from the target to the badge.

Comparative tests of inclining granite and tungsten targets at 1+5 deg also 
were conducted; these tests indicate the approximate maximum X-radiation that can 
be expected for granite. The data for all tests are tabulated in Table 11. The 
radiation levels in roentgens per second versus beam power are illustrated 
graphically in Fig. 128.

The intensity of radiation at a given distance from a point source of mono­
chromatic radiation with a shielding barrier between is given by:

( 1 + 3 )  I e ^
I  = --------------- 2 --------

x2

where I = intensity of source at one foot in air

x = distance in feet between source and observer

(7 )
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SUMMARY OF X-RADjATlOH DATA

Tim e Distance Intensity
( s e c .) (inches) (Roentgens)

1 50 2 .5

1 88 1.2
2 50 5 .8
2 76 2.0
2 76 2 .2 5
2 88 1 .7
4 50 5 .0
4 76 3 .8
4 76 3 .6
4 88 2 .2 5
1 50 2 .4
1 88 1.6
1 50 2,5
1 88 1.2
3 88 5 .4
3 50 5 .2 5
2 78 3 .0

4
2
4
2

7 .5
8 .0  

i i .  e 
9 .0

4
2
4

13 .5
13 .5
2 1 .0

Target
M aterial

Granite
at 90°

Granite 
at 45®

Tungsten 
at 45°

Work
Distance
(inches)

2

« p 4
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t  = t h i c k n e s s  o f  b a r r i e r  C in c h e s !

y - absorption coefficient of barrier material (inch*"̂ )

3 = build-up factor which varies with barrier substance and thickness 
and also with source energy and intensity

The determination of the necessary thickness of a shielding barrier requires
the solution of the above attenuation equation. Taking the natural logarithm of both 
sides,

If it is assumed that either 3 is zero or that the build-up factor is compensated 
for by assuming an effective 1  ̂equal to (l + 3) I0, then

which states that for a given x, yt will vary linearly with An I/IQ.

No attempt is made in this report to define the final permissible radiation 
level. However, the Administrative Regulation for the Connecticut State Denartment 
of Health (Ref. 35!,.has defined the maximum permissible dose as 96'milliroentgens 
per week for total body exposure. This is equivalent to approximately 2.1+ milli­
roentgens per hour for a ^0-hour work week. Attentuation of X-radiation for 
Hamiltion Standard electron beam equipment is limited to a rate of 0.5 milliroentgens 
per hour in accordance with the latest Federal and Connecticut regulations.

For standard electron beam equipment, the radiation barriers are designed to 
attenuate radiation from impingement of the electron beam on a tungsten target which 
has an atomic number of 7̂ . For rock-like materials which exhibit an abundance of 
silicon mixed with other elements, the equivalent atomic number is considerably less 
than tungsten. For Si the atomic number is lH. It therefore can be expected that the 
corresponding X-radiation from granite-like rock will be significantly less than 
that realized for tungsten (Reference Fig. 128). Thus, the values of lead thicknesses 
referenced above for various powers should be generous for all expected electron beam 
heat-assist or rock-cutting operations.

= yt - An x2. (8 )

(9)



CHAPTER IV - PERFORMANCE M U  ECONOMICS OF PRESENT-DAY
TUNNEL BORING MACHINES

In order to evaluate the performance improvement and economics of heat-assisted 
tunnel "boring machines, a base-line-description of the performance and economics 
of present-day, nonheat-assisted tunnel "boring machines is necessary. Such a 
description was developed and is presented in this Chapter. The purpose here is 
not to give a complete technical description of present-day rock tunneling equipment. 
Such descriptions have recently "been given in the literature (e.g., Refs. 36 
through 38). Rather, a consistent, quantitative estimate of tunnel boring machine 
performance and economics, as affected by rock type and strength, was sought.

TUNNEL BORING MACHINE PERFORMANCE

Information was compiled on a series of tunneling Jobs, wherein both rock 
strength and penetration rate were recorded. These data are shown in Table 12 
.For each Job recorded in Table 12, the machine installed horsepower was divided 
-by the removal rate in cubic feet per hour, to yield' an effective specific energy, 
or installed horsepower hours expended per cubic foot removed. As an actual 
indicator of the specific energy of rock removal this value is nott very accurate. 
Variations in the actual removal rate during the course of a Job and the operation 
of tunneling machines at power levels well below the installed horsepower capacity 
both combine to make the above indicator only roughly relate to the actual specific 
energy or rock, removal. In any event, this parameter can be correlated with rock 
strength, as shown in Fig. 129.

Figure 129 incorporates a second simplification in attempting to relate 
rock removal power requirements only to rock hardness as measured by rock compressive 
strength. It is well known that rock compressive strength is an incomplete indicator 
of the borability of a rock type, and many correlations have been developed which 
depend upon parameters other than rock strength. However, most of these correlations 
and parameters are proprietary to the cutter bit or tunneling machine manufacturers 
who have developed them. Also, even if a good correlation were made based on some 
property other than rock compressive strength, information on such other properties 
is usually not available for a given Job. Another problem with basing a penetration 
rate on any particular rock parmeter is the well-known fact that most rock masses 
are nonhomogeneous, and specific tests of rock properties at various points in.a 
tunnel yield a variation in any given rock physical parameter. The use of rock 
compressive strength as a parameter to correlate borability of different tunneling 
Jobs is therefore primarily a convenience. Compressive strength, while generally 
accepted as not being the sole indicator of borability, is at least recognized as 
a significant parameter by the hard rock tunneling equipment manufacturing industry.

2 1 £



TABLE 12

DATA ON ROCK BORING JOBS

A. Data from
Tunneling Jobs

B. Data from Raise- 
Bored Shafts

Diameter
Installed
Power

horsepower

Rock
Compressive
Strength
psi

Penetrat 
Rate 

‘ ft/hr

10'-9" 1*00 2 7 ,0 0 0 1.510'-7" 300 5 ,0 0 0 18
20' 1,000 6,000 1*.08’ 330 15,500 1*.38' 330 15,500 5.0
8* 330 15,500 3.1*8’ 330 15,500 ' 1* .2

10* 1*1*0 22,500 1.6
13’ 5l*0 10,000 5.08' 330 13,000 5.713'-8" 5l*0 15,500 l*.l*
7* 100 ll*,000 3.112’ 300 17,000 5.0
9'-3" 100 1*,000 9.0
10'-7" 300 5,000 10.0
1 8 ' 1 ,5 0 0 20,000 3.0
121 600 32,500 3.0
13’-6" 600 20,000 5.0
18'-3" 750 8,000 10.0
11' 550 2 7 ,0 0 0 3.0
12f 560 2 5 ,0 0 0 1*.0
11’ 550 21,000 3.25
13' 560 35,500 3.0

k * 75 37,500' 3.056' 150 37,500 3.20
5' 150 1*0,000 1.7l*’-6" 38,000 2.6
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A regression analysis, assuming a linear relationship between installed 
horsepower hour per cubic foot and rock compressive strength, was performed, 
and the results are indicated in Fig. 129,. With this relationship in hand it is 
merely necessary to estimate installed horsepower in order to estimate a pene­
tration rate for a given rock strength and a given tunnel diameter. For a 10-ft- 
diameter tunnel, an installed power of ^00 hp was assumed. As tunnel size increases 
the power loading per unit area of- rock face is held constant, resulting in an 
assumed machine installed power of 1600 hp for a 20-ft-diameter tunneler. This 
assumption results in the penetration rate being a function solely of rock com­
pressive strength, and not of tunnel diameter. The penetration rates derived from 
this analysis are shown in Fig. 130, along with a table indicating the installed 
tunneler power at various diameters,• Although the penetration rate, as shown in 
Fig. 130, is not affected by the tunnel diameter, the volumetric removal rate 
would be affected by tunnel diameter since the speed of advance is assumed to be 
equivalent at any diameter for a specific rock strength. Figure 131 shows the derived 
volumetric removal rates as a function of rock strength.

Thus far the penetration rate only has been considered. Under the assumptions 
of this study, the penetration rate refers to the short-term penetration capability 
of a boring machine during, for instance, a single stroke of the machine, as 
opposed to a sustained advance rate over a 2U-hr pe*riod. The latter rate.takes 
into account machine down time due to advancing the mucking system, making cutter 
changes, and other routine maintenance. It is in this context that the two terms 
"penetration rate" and "daily advance rate" are used throughout this report.

Figure 132 gives an efficiency factor which may be used to convert penetration 
rate into a daily advance rate. The efficiency of a boring machine is plotted in 
Fig. 132 as a function of penetration rate in feet per hour. Efficiency is the total 
system efficiency as opposed to machine efficiency alone. It is the percentage of 
the time that the machine is actually working at its calculated penetration rate. 
Figure 132 was constructed using only three points. The rationale of this curve is 
simple. It implies that the faster a tunnel face is capable of being advanced, 
the greater the chance for a system breakdown or other delays which might contribute 
to a decreasing overall percentage of time spent in actual tunneling. The upper and 
lower limits of efficiency are more or less arbitrarily assumed to be 85$ and 30$, 
respectively. These values were chosen because 85$ efficiency appeared to be a 
reasonable upper limit and one which applies to a variety of successful construction 
operations. Thirty percent was chosen as a plausible lower limit simply .because it 
is difficult to contemplate any tunneling or other construction operation with a 
lower efficiency. The third, and perhaps most important, point on which the curve 
is based comes from tunnel boring experience gleaned from the literature on bored 
tunnels, and coincidentally, the experience of Fenix & Scisson in boring the Navajo 
No. 1 tunnel in New Mexico with the 20-ft Betti-I tunnel boring machine. The 
coordinates of this point are k 0 %  efficiency at a 1+ ft/hr penetration rate.
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ASSUMES SPECIFIC ENERGY REQUIREMENTS 
SHOWN IN FIG. 129, AND HP/FACE AREA = 16/rr

TUNNEL DIAMETER INSTALLED POWER
' 10 FT 400 HP
15 FT 900 HP
20 FT 1600 HP

FIGURE 130 BORING MACHINE PENETRATION RATE IN HARD ROCK
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BASED ON PENETRATION RATE GIVEN IN FIG.130

FIGURE 131 TUNNELING VOLUME REMOVAL RATE IN HARD ROCK
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By combining the efficiency indicated in Fig. 132 with the penetration in 
Fig. 130,.a curve of expected daily advance rate as affected by-the compressive 
strength of the rock being bored can be constructed; it is shown in Fig. 133. 
This curve represents the overall effect of rock strength on tunneling machine 
and overall excavation performance as is required in the following work on cost.

TUNNEL BORING MACHINE ECONOMIC ANALYSIS

Cost Categories
As mentioned above, the purpose of this economic analysis is to form a base­

line reference with which the costs of heat-assisted tunnel, boring can be compared.
For this analysis the costs of machine tunneling were divided into three basic 
types: fixed costs, variable costs,' and cutter costs.

Fixed costs are those costs which are (a) not affected by the machine rate 
of penetration, and (b) not cutter costs, A good example of a fixed cost is the 
cost of concrete lining. Strictly speaking, it is fallacious to consider this cost 
"fixed", since it changes with rock conditions and use of the tunnel, from one 
tunnel to another. However, since the expected benefits of heat-assisted boring 
are an increase in advance rate and/or a decrease in cutter costs, more detailed 
characterization of these fixed costs is unnecessary to permit evaluation of the 
heat-assisted boring concept.

Variable costs include all cost items whose associated total charges are
direct functions of boring time. The best example (and largest single component)
of this category is direct labor. If the time to excavate a tunnel with a fixed-size0 .tunnel drew is halved, the corresponding total direct labor bill (or dollars/foot 
charged to labor) is also halved. All of these variable expenses are expected to be 
reduced by increasing machine advance rate, which can be one result of adding a heating 
system to a boring machine.

Cutter costs, which have been determined largely by data from cutter bit 
manufacturers, are considered to be a function of tunnel diameter, rock type, and 
rock strength. Cutter thrust is not considered specifically as a parameter; the 
cutter costs are assumed to be representative of present-day power loadings.

These three types of costs can be combined to estimate the total cost of a tunnel 
The penetration analysis relates advance rate to rock strength (Fig. 1 3 3 ), so the 
total costs can be plotted against either of these two parameters.
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Several of the assumptions made in determining and assigning the various cost 
components are as follows:

1. Tunnel length, and therefore contract duration, is assumed to he 
sufficiently long to allow complete amortization of all equipment.

2. Tunnel diameter or size i's not, of itself, a specific consideration.

3. An effort is made to present the complete cost of tunneling, which 
involves estimation of certain items (for example, concrete) which 
are basically unrelated to the parameters or expected effects 
attributable to the introduction of heat-assisted tunnel boring.

^. Indirect costs (except for labor) and profit are variable only in a sense 
that they are a percentage of the total cost of all other cost components.

Initially, a complete list of the cost components of a tunneling operation 
was made, and the various elements were grouped according to fixed or variable 
costs relative to advance rate. The various cost elements were then combined as 
shown in Table 13, for the purpose of constructing a cost-model. The" establish­
ment of the various cost categories listed in Table'13 is discussed below..

Fixed Cost Determination

Indirect Labor

Indirect labor consists of engineering, management, office employees, and 
similar salaried personnel required for an initial start-up period before boring 
begins, and for a close-out period upon completion of work. This cost item is 
assumed to.be constant at $1 5 0 ,0 0 0.

Concrete

Concrete lining costs in dollars per linear foot of tunnel are shown as a 
function of tunnel diameter in Fig. 13̂ . Data points upon which this curve are 
based were obtained from recent Bureau of Reclamation bids on 6. different machine- 
bored tunnels. The bid prices from the Bureau of Reclamation were escalated to 
September 19^9 costs using Engineering News-Record cost index data. While there 
were few data points used to construct this curve, it is sufficiently accurate 
for the purpose of this study. As mentioned previously, this cost could vary 
with different rock conditions or ultimate tunnel use, but such variation is 
outside the scope of this study. Therefore the concrete cost is considered as a 
constant cost throughout, varying only with tunnel diameter. The values shown 
contain all labor, material, and equipment costs for emplacement of the concrete 
lining.
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TABLE 13.

GROUPING OF TUNNELING COST ITEMS

Fixed Cost Items

Indirect labor

Concrete (includes labor, 
material, and equipment)

Utility lines

Other miscellaneous equipment 
(includes fuel, parts, and repair)

Variable Cost Items 

Direct labor 

Indirect Labor

Haulage (includes track, equip­
ment and operating supplies)

\
Ventilation (includes equip­
ment , parts, and power)

Boring machine power (includes 
equipment, supplies, and parts)

Boring machine write-off

Boring machine repair parts 
and operating supplies

Other Costs

Cutter Costs

All Other Indirect Costs

i
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Utility Lines

A fixed cost item was allowed to cover all utility lines. The utilities 
that are covered and the values used are presented in Table lU.

Miscellaneous Equipment

Table 15 shows equipment items which are usually required in all tunnels.
Muck-handling equipment and concrete equipment are not included. The average costs 
of miscellaneous equipment used for estimating purposes for the present study are 
indicated as a function of tunnel diameter on Table 15-

Boring Direct Labor

Boring labor costs are presented in Fig. 135* To construct these curves, 
crew requirements were determined and wage rates assigned. The figures thus 
developed were multiplied by 2 k  hr to yield a total labor cost per 2 k  hr. This 
cost was then divided by various assumed amounts of advance during a 2U-hour 
.̂period to produce the indicated cost per linear foot of tunnel for boring labor, 
as a function of the daily advance rate as shown in Fig. 135. A $6 per hour 
average base wage rate was used to compute the costs shown in Fig, 135. This 
data can therefore be converted to any other average wage rate desired by multiplying 
the values in Fig. 135 by the ratio of the base wage rate desired to $6.00. The 
wage rates discussed here include the entire labor burden, which is composed of 
insurance, taxes, and fringe benefits.

Boring Indirect Labor

Variable indirect labor costs (as distinguished from fixed indirect labor 
costs discussed earlier) are due to a complement of personnel including the 
project manager and all engineering, clerical, accounting, and administrative 
personnel. These people are all assigned a monthly salary, which is converted to 
a cost per foot depending upon advance rate in a mariner similar to the direct boring 
labor. The total monthly charge for all indirect labor is $23,500 or $1066 per 
day. This item of cost is plotted as a function of advarace rate in Fig. 136.

Haulage

It is evident that the. muck haulage system must be designed for the maximum 
volume removal rate and not the average removal rate, since the tunnel heading may, 
in fact, advance for short-duration periods at very high rates, equal to the 
maximum penetration capability of the machine. The first step in computing a 
cost for the haulage system, therefore, is to determine a reference maximum rate 
of volume. removal. Since the heat-assist method of tunnel boring is under
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TABLE lH

TUNNEL UTILITY COSTS 
(assuming 100# write-off)

Item Description
Cost Per 
Foot of 
Tunnel 

10-ft dia

Cost Per 
Foot of 
Tunnel 

15-ft dia

Cost Per 
Foot of 
Tunnel 

20-ft dia

Air Lines - 6 inches $ 1.50 $ .1.50 $ 1.50

Water Lines - 6 inches 1.50 1.50 1.50
Discharge Lines - 6 inches 1.50 1.50 1.50
Light and Communications U.00 U. 50 5.00
Misc. Electrical Items 2.50 3.00 3.50

TOTAL $11.00 $ 12.00 $13.00



TABLE 15
TUNNEL PLANT AND EQUIPMENT 

(No Muck Handling or Concrete Equipment Included)

Description
Approx.
Total
Cost

Cost Per 
ft of 
Tunnel

Bases
of

Cost/ft 
(see below)

No. 
Req 'd

Total
.Cost/Ft

Elect 900 cfm Air Compressor 23,000 0.58 (6) 2 $ 1 . 1 6
Diesel 600 cfm Air Compressor 27,000 0.68 (6) 1 0.68
Elect 365 cfm Air Compressor 11,000 0.28 (6) 1 0 .2 8

12.51 Hydracrane 35,000 1.17 (U) 1 1.17
Pumps - Elect 2,500 0.10 (M 10 1.00
Pumps Air 1 ,5 0 0 0 .0 6 ( k ) 10 0 .6 0
Air Tools 1,000 0.07 (l) 25 1 . 7 5
Weld. Machines 2,500 0 .0 6 (8) 5 0.30
Pickups 3,500 0.23 (1 ) 8 1 . 8 k

2^T Flat Bed Trucks 6,000 0.21+ (3) 2 0 . k 8
Ambulance i+,ooo 0 .1 6 , (3) 1 0 .1 6
Transformers (small) 2,000 o.oi+ (8) 10 0 .1+0
Transformers (large) 5,0 0 0 0.10 (8) 3 0.30
Air Receivers 1,500 O.OH (6) 2 0 .0 8
Office Building 12,000 0 . 2 k (8) 1
Warehouse Building 12,000 0 . 2 k (8) 1 0.21+
Change Hse. 12,000 0.1+8 (3) 2 0.96
Engineering Equipment 3,000 0 .0 8 (6) 1 0 .0 8
Office Equipment 5 ,0 0 0 0.13 (6) 1 0.13
Shop Equipment 10,000 0.33 ( k ) 1 0.33

$1 2 . 1 8
Fuel & Power 30$ 3.65
Repair Parts 50$ 6.09

TOTAL $2 1 .9 2/ft

Use $22/ft for 20-ft diameter
$20/ft for 1 5 -ft diameter

- $l6/ft for lQ-ft.. diameter-------
■Basis of Cost Write-Off

-No. Tunnel ' Length (ft) Useful Life (Years)*
: 1 . 100$ of cost over 15,000 3
2. 100$ of cost over 20,000 1+

3. 100$ of cost over 25,000 ■5
1+. 100$ of cost over 30,000 6
5. H O O O i-b cost over 35,000 7
6. 100$ of cost over 1+0,000 8
7. 100$ of cost over 1+5,000 9
8. 100$ of cost over 50,000 10
9. 100$ of cost over 55,000 11
10. 100$ of cost over 60,000 12
*Frnm: "ERt.-i'piating ^onstructi on Cost, 11 ^jurifoy, 1st Edition.
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consideration only for rocks of extreme hardness9 a good "basic data point would 
"be to consider the maximum rate of penetration in a rock of 2 5 ,0 0 0 psi strength. 
From Fig. 131, for a 20-ft-diameter tunnel and a rock strength of 25,000 psi, 
the maximum volumetric removal rate would "be of the order of 850 cubic feet 
per hour. Assuming a rock density of 168 lb/ft3, this volumetric removal rate 
corresponds to roughly 1^,000 lb/hr or’72 tons per hour. Therefore, a nominal 
haulage capacity of 70 tons of muck per hour was assumed for the 20-ft-diameter 
tunnel. This haulage capacity can easily be developed by three muck trains, 
each consisting of a 15-ton locomotive and seven 10-cubic-yard cars. For a 15-ft 
tunnel, the volume removal rate assumed would be of that for a 20-ft diameter 
(see Fig. 131), so the required capacity would be approximately 39 tons per hour. 
This would require three trains each consisting of a 10-ton locomotive and five
7-cubic-yard cars. For the 10-ft-diameter tunnel, the maximum penetration rate 
would be one-quarter that of the 20-ft-diameter tunnel or 17ir tons per hour. This 
tunnel size would require three trains each with a 5-ton locomotive and four 5- 
cubic-yard cars.

Cost data developed in Ref. 2 indicate that the costs for diesel-powered 
and electrically powered rail haulage systems are, for all practical purposes, 
equal. The diesel system was chosen for the cost model. The costs developed 
for these three haulage systems, which are used in the parametric cost model, 
are given in Table 16.

Ventilation

The curves shown in Fig. 137 for ventilation costs were derived from the costs 
incurred on the Navajo No. 1 tunnel, which was a 20-ft-diameter...bored tunnel. The 
ventilation system on that tunnel consisted of an exhaust system with a maximum 
flow rating of 35,000 cfm. The cost of this system is made up of (a) ventilation 
line and couplings, (b) fans and adaptors, (c) replacement blades and repair parts, 
and (d) power necessary for system operation. The cost of the first three items 
listed above is considered fixed and amounts to $13.50 per linear foot of tunnel. . 
Power costs are considered to be variable depending upon advance rates, and are 
derived from a base cost of $1UU per 2 k  hr. Costs for the 10- and 15-ft-diameter 
tunnels we.re computed from the 20-ft-diameter cost by applying a reduction factor 
proportional to the decrease in volume of the smaller tunnels.

Boring Machine Power

To compute the required cost for primary machine power, experience from.the 
Navajo No. 1 water tunnel was again utilized. In addition to the energy and demand 
charges for power, which are variable with system Advance rate, such items as mole 
cable, transformers, miscellaneous electrical starters, and switches are included.
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20' Diameter (70 TPH Cap.) 15' Diameter (35 TPH Cap.) 10' Diameter (17.5 TPH Cap.)
No. . Cost ($K)' ; No. Cost ($K) No. Cost ($K)

Size Rqd. Each. Total Size Rqd. Each Total Size Rld- Each Total
Locomotive  ̂ • 15 T 1+ $37.5 $150 10 T 1+ $28 $112 8 T 1+ . $2l+, $96
Side Dump Cars' 10 cy 23 1+ 92 : 7 cy 18 2.8 50.1+ 5cy 15 2.5 37.5
Car Dumper ̂ — 2 2.7 5:.*i — 2 2.3 h . 6 — 2 2 1+
Car Loader^) 150' 1 39 39. : 120' 1 ' 31.2 31.2 100' 1 26 26
Calif. Switch'̂ ' 200' 2 16 32 : 1 8 0' 2 11+.1+ 28.8 150' 2 12 . 21+

Subtotal $318,1+00 $227,000 $187,500
Dump Dozer and Miscellaneous 66,6oq 63,000 62,500

a Total Capital Expenses $385,000 $290,000 $250,000
j Fuel and Repair Parts (50$) 190,000 11+5.000 125.000
Total System Variable Cost $575,000 $1+35,000 $375,000

■ Total System Fixed Cost (50,000') 275,000 275.000 275.000
Total System Cost $850,000 $710,000 $650,000 :

System Cost/Ft (50,000') $17.00 $ll+.20 $13 .0 0 ;
*

' Use $17.00/Foot Use $ll+.00/Foot Use $13.00/Foot

(1) Cost from Figure 31 of Ref. IV-k
(2) Cost from Equipment Manufacturers' Quote ($260/ft)
(3) Cost from Equipment Manufacturers' Quote ($80/ft)
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An allowance is also made for providing a vertical drilled power cable hole at 
intervals, and for moving and resetting substations to keep the transmission line 
to the machine at what is considered to he an optimum length. A fixed cost of 
$3.1*0 per foot was assigned .to cover these items and was used in developing the 
curves shown in Fig. 138. For the determination of the energy and demand charges, 
installed machine power required was assumed to he b 2 5  kw, 956 kw, and 1700 kw for 
3.0-, 15-» and 20-ft-diameter tunnels, respectively. A basic energy cost of 2^/kw hr 
is assumed. The curves shown in Fig. 138 are obtained by adding the $3.^0/ft fixed 
cost to each of the three variable costs (for each diameter) after the variable power 
costs are computed for the various indicated rates of advance.

Boring Machine Write-Off
To make estimates of tunneling machine costs, a set of data on the cost of 

various tunneling machines was assembled and is given along with certain details 
concerning the machine and the jub for which it was designed in Table 17 • As 
a first attempt to correlate the machine cost to the various design parameters 
expected to affect the cost, a correlation analysis was done at the United Aircraft 
Research Laboratories. The results of this analysis indicate that machine weight 
is the most important single parameter influencing t£e cost of a tunneling machine, 
and that both rock strength and tunnel diameter correlate negatively with increases 
in machine cost. The final equation derived, using all of the assembled data in 
Table 17, is given in Table 18. . . This equation estimated all the machine costs 
given on Table 17 with an average error of only $38,550, as shown in Table 18.

After considering the results of this correlation analysis, a somewhat simpler 
approach was chosen for estimating boring machine costs for the .present study. For 
the present study, arbitrary values of machine cost were chosen. Machine cost 
was set at $L00,000, $6 0 0,0 0 0, and $800,000 for 10-, 15-, and 20-ft-diameter tunnels, 
respectively. These machine costs appear reasonable when compared to the tabulation 
shown in Table 17.

Using these machine costs an excavation cost due to the machine cost per linear 
foot of tunnel is determined by assuming a 10,000-hr operating life for the machine. 
Using this operating life the cost per linear foot can be approximated by the following 
formula:

________Machine Cost
[10,000 hr] x [penetration rate] = $/ft attributable to machine cost

From this formula,- Fig. 139 was constructed to give machine write-off cost in 
$/linear ft for 10-, 1 5 -, and 20-ft-diameter tunnels, for various daily advance 
rates.
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No. Date Tunnel Jot .
Diameter 
-  f t  in .

Max. Rock 
Compressive 

Stren gth  
-  p si

Machine 
Power. 

-  hp

Machine 
Thrust 

-  lb

Machine 
Weight 

-  tons
T o ta l Machine 

Cost -  $

Total Machine 
Cost (Adjusted 
to 1969 Coats)

1 1961+ Richmond, N.Y. 1 2 ' 0 " ‘ 35,000 600 1 ,9 0 0 ,0 0 0 71 5 0 0 ,0 0 0 6 1 2 ,5 0 0
2 i9 6 0 Tasmania 16> 1" 13,000 626 7 5 0 ,0 0 0 115 1+70,000 . 633,600
3 1961+ Azotea 1 3 ' 3”. 9 ,2 0 0 1+00 1+50,000 85 ■ 1+00,000 1+90,000
1+ 196U 'N avajo #1 2 1 ' 2" 7 ,0 0 0 1 ,0 0 0 1,1+00,000 280 1 ,0 0 0 ,0 0 0 1 , 225,000

5 1963 B essan , France 7 ' 0 " 1 9 ,0 0 0 150 3 0 0 ,0 0 0 36 2 0 0 ,0 0 0 2 5 0 ,2 0 0
6 1961+ F rie b u rg , S w itz. 8 ' 6" 7 ,0 0 0 200 1+00,000 . 1+0 2 2 0 ,0 0 0 2 6 9 ,5 0 0

T 1965 Blanco 1 0 ' 7 " 5 ,0 0 0 300 380,000 '60 31+0 ,000 1+06,300
8 1966 Oso 1 0 ' 7 " 5,000 300 380,000 60 375,000 1+3!+, 600

9 1965 L ucerne, Sw itz. 1 1 ' 6" 1 5 ,0 0 0 . 1+00 5 5 0 ,0 0 0 70 335,000 1+00 ,300
.0 1965 S t . Louis Sewer 8 ’ 0 " 1 7 ,0 0 0 330 559,250 30 330,000 39 k, too
LI 19 67 Mather Mine 1 3 ’ 0 " 10,000 5U0 866,000 80 51+0 ,000 6 0 8 ,6 0 0
12 1968 BARTD 20' 0 " 23 ,000 825 2,2 0 0 ,0 0 0 215 8 2 5 ,0 0 0 871,200
13 1965 F h ila . Sewer 1 3 ' 8" 25,000 5l+0 866,000 80 330,000 39 to too
Ik 1968 Chi. Sewer 1 3 ' 1 0 " 15,000 ' 600 890,000 85 560,000 5 9 1, too



MACHINE COST' ESTIMATE

TABLE 18

Baaed on data in Table IV-7, and assuming a linear relationship to all 
'•best fit” equation for machine coat is given by:

Machine Cost = $38U,l+73 - $3^,200 (d ) - $8,920 (psi) +

$99,500 (P) + $5,730 (T) + $19,850 (T0 )

where D = diameter in feet
psi = rock strength in psi • 10“^
P = installed horsepower • 10“^
T = machine thrust in lb • 1 0 “5
T0 =* machine weight in tons ■ 10"-*-

Machine Cost Data Point 
(from Pig. IV-7)

Actual Cost (1 9 6 9 ) 
(from Fig. IV-7)

Calculated Cost 
Using Above Ed,

• 1 $ 612,500' $ 598',7l+3
2 633,600 611+.329
3 1+90,000 1+1+2,5951+ ' 1 ,2 2 5 , 0 0 0 1 ,2 3 1 , 0 6 0
5 250,200 213,7856 269,500 333,300
7 1+06,300 1+1 8 ,1+1 1+
8 l+3l+,600 1+18,1+11+
9 1+00,300 1+2 6 ,6 8 6
10 39 M 0 0 379,1+51+11 6 0 8 ,6 0 0 597,795
12 871,200 8 7 0 , 7 6 0
13 3 9 !+, 1+00 1+1+1,137
ll+ 59i,!+ob 595,526

Standard error using this formulation is $38,550.

_ ■ 238

variables,

Error

$13,71+6
19,270
1+7,1+01+

- 6 , 0 6 0  

36,1+15
-  63 ,800
- 12,113

1 6 , 1 8 6
- 2 6 , 3 8 5  

l k t 9 b 5  
1 0 , 8 0 5

1+39
- 1+6,736
-  1+.125



FIGURE 139 BORING MACHINE CAPITAL COST
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Boring Machine Parts arid Supplies

Repair parts for a Boring machine can vary considerably in cost. The amount 
required is dependent upon many factors, ranging from manufacturing lead times 
to contractor philosophy of preventive maintenance to machine operator degree of 
skill, among other factors. For this reason, 20% of machine write-off cost was 
arbitrarily chosen to represent boring machine parts and supply costs. This 
figure appears to meet a consensus of machine manufacturers. This value of 20% 
does not appear on any curve but is included in summing the total costs for plotting 
the final total costs of conventional machine boring.

Determination of Cutter Cost

To establish cutter cost relationships, data were gathered from every available 
source including magazine articles, papers, contractors, and foreign machine 
manufacturers. Pertinent literature is cited in Refs. 36 to 38 . Also, and most 
importantly, extensive discussions were held with manufacturers in this country of 
cutter bits and tunneling machines for hard rock. The tunneling machine and cutter 
bit manufacturers contacted are listed in the acknowledgments in the foreword.

After compiling the data available it was clear that the cost trends supported 
grouping hard rock into three basically different types: igneous types, sandstones,
and limestones. All cutter costs were separated into these .groupings, and after 
reducing the cutter costs to a dollars/yd^ basis, the cutter costs were plotted vs 
rock compressive strength, as shown in Fig. llO. As in the case of the penetration 
analysis, it was recognized that rock compressive strength is in all probability 
not the best overall indicator of cutter cost, and perhaps not even the best single 
indicator of cutter cost. However, the compressive strengths are the only values of 
rock characteristics which are available for the various Jobs on which cutter costs 
were reported. An attempt was made to include raise boring cutter costs in the 
correlations along with tunnel machine cutter costs. • However, a wide discrepancy 
developed between the costs reported for raise boring and those reported for 
tunneling. In the face of this lack of correlation between these two cases, the 
raise boring cutter costs were neglected in compiling the final cost correlation.

Cost data on some different tunnel projects were included in developing 
the curves shown in Fig. lUO. A large portion of the data consisted of cutter 
manufacturers' estimates for projects rather than actual boring experience. There 
were 21 data points for igneous rock, 8 for sandstone, and 1 6  from which to develop 
a curve for limestone. Even after separation into the three rock classes, it was 
noted that a rather wide range, of costs existed within each class. In order to 
include this variability, and not have the final costs appear to be grossly in 
error when compared to specific known cases, the method of presentation shown in

2U0
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Pig. lUO was developed to show the upper and lower hounds, of the cost for each 
rock type. For purposes of estimating cutter costs in the present study, the 
weighted average curves are used. The upper and lower hounds are presented merely 
as an indication of the extent to which these average cutter costs could he in 
error, when compared to a specific data point for which only rock strength and 
rock type are known. Based on the data in Fig. 1^0, curves of cutter costs'per 
linear foot of completed tunnel can'he developed for various tunnel diameters and 
rock types.

In plotting the cutter cost data, the same problem developed which caused 
concern in the previously discussed penetration rate curves. Specifically, far 
too great a percentage of the data upon which the projected curves are based lies in 
the range of 15,000 to 25,000 psi rock compressive strength, and vary few data 
points were available in the range of rock strength greater than 25,000 psi. For 
this reason, it must be realized that in the range of interest for the present study 
Ci.e., rock streright greater than 25,000 psi) the cost trends are primarily 
extrapolations of past experience in boring rocks whose strength is on the lower 
threshold of this range.

sOther Cost Components

To the three types of cost mentioned above (variable, fixed, and cutter costs) 
were added other indirect costs and profit to determine a total tunnel excavation 
cost. All other indirect costs were assumed to be equal to 5$ of all the previously 
listed fixed.and variable costs. This amount, when added to the indirect labor 
costs, amounts to approximately 20$ of the direct cost total, which is considered . 
to be a feasible percentage for indirect costs in the type of work under consideration 
An arbitrary figure of 10$ of all cost 'is also included in the total cost ehart for 
profit which, again, is considered reasonable for tunneling operations.

Cost Summary and Total Cost Charts

The preceding cost data can be summarized to determine the total expected 
cost of machine tunneling as a function of tunnel diameter and rock type and 
strength. A sample of a form used for calculating the total costs based on this 
method is shown in Fig. lUl. Calculations using this form were made to calculate 
the total costs of tunneling in igneous rock for tunnels of 10-, 1 5 '-, and 20-ft 
diameter, and for various rock strengths. The results of these calculations are 
shown in Figs. ll|2 through lUH, which indicate the realtive important of the various 
cost categories discussed above. The 10$ profit mentioned above is not included 
in these curves,

„ 22*2
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All of these curves are plotted against "both daily advance rate and rock 
strength. This double scale is included as a reminder that the cutter costs were 
collected and correlated as a function of rock strength, while all the other 
variable costs were calculated as a function of daily advance rate. Thus, to 
plot the total costs on a single curve, some relationship between rock strength 
and daily advance rate is required. This relationship is found in the penetration 
analysis, as summarized in Fig. 133, which defines the relationship between the 
two horizontal axes on Figs. l h 2  to li+U . Use of a different penetration analysis 
would give a different relationship between cutter costs and all other costs.

The high percentage of the total costs in cutter costs is of interest. As 
rock strength increases, the cutter costs increase, both absolutely and as per­
centages of total costs. Also, the cutter costs become more significant for 
large-diameter tunnels. For 10-ft--diameter tunnels, the average cutter costs 
shown■increase from 10 to 15% of the total cost with increasing rock strength.
For a 15-ft-diameter tunnel, the average cutter costs account for 15 to 25%, 
while for a 20-ft-diameter tunnel l8 to 30% of the total cost is in the 
cutters.

Labor cost is also a large percentage of total cost; it increases as the 
rock strength increases (advance rate decreases). Ip contrast to the-cutter costs, 
labor becomes a decreasing percentage of total costs at larger tunnel 1diameters.
Thus, assuming average cutter costs, direct labor charges run from 37 to 1*2% of the 
total cost for a 10-ft-diameter tunnel, but are only 23 to 2U% of the total cost for 
a 20-ft-diameter tunnel.

These results are of interest for the evaluation of heat-assisted tunneling, 
since the application of heat is expected to result in lower cutter costs and/or 
higjier advance rates in very hard rock.

Total costs for sandstone and limestone are not shown. The curves for these 
rocks would be similar to those shown here for igneous rocks, but with a lesser 
percentage of cost in the cutter cost, as indicated bv Fig. ll*0. It should be 
kept in mind that these total costs, which - were derived, purely as a yardstick 
against which to measure the effects of adding heat to a tunneling machine for working 
in very hard rock, are considered to be representative of present-day tunneling 
technology only in a very rough sense. They can in no way be considered to be cost 
estimates for any actual tunnel and will, in all probability, require considerable 
cost updating, even for generalized analyses, within a few years. However, they are 
believed to represent fairly the characteristics of tunneling costs in hard rock 
with present-day mechanical tunnel boring equipment.
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CHAPTER T r  ALTERNATE MODES 'OF ’THERMAL ’ROCK'FRACTURE 

. CONSIDERATION OF VARIOUS MODES OF KERFING

A "basic tenet of promoting rock fracture with the heatr-weakening mode of 
using thermal energy, as discussed in the Introduction to this report, and 
e x p o u n d e d  upon in Chapter II, is to avoid melting of the rock surface. The 
importance of avoiding melting is due to the expected waste of thermal energy

■ in changing the phase of the rock, as .well as possible increases in the rock 
reflectivity in its melted state. During the course of the study of heat­
weakening a basically different method of using heat energy for tunneling was 
conceived; to increase the power density of the heat so as to cause melting of 
the surface, thereby creating a slot, or kerf, in the rock surface. The basic

■ concept further assumed that making such slots would then allow mechanical energy 
to be used in such a fashion that rock could be broken in tension rather than in 
compression. If such slots could be made sufficiently narrow, the total amount 
of energy used to melt the rock in the slots might be the same order of magnitude 
as, or even less than, the amount of heat energy needed to weaken the rock enough 
to allow an equivalent mechnical penetration rate. In considering all of the 
possibilities of using such a kerfing scheme, three different ways of utilizing
a melted kerf for penetrating very hard rock have been defined. These three 
different modes of using thermal energy for kerfing are indicated in Fig. 1 U5 
as (a) low-depth kerfing, (b) keep kerfing, and (c) pure kerfing.

Low-Depth Kerfing (Mode A)

In low-depth kerfing a shallow kerf is provided between the disk cutter 
paths, thus providing an open channel to which the disks can break the rock spalls. 
The existence of the small open kerf can hopefully replace some mechanical cutters, 
so that the mechanical cutter spacing could be increased with no loss in overall 
advance rate. As indicated on Fig. 1^5, the spall size with this method of kerfing 
would be expected to be similar to that with regular mechanical tunneling (i.e., 
no heat added). Schematically, a heat-assisted boring machine using kerfing in 
this mode would be exactly similar to the heat-assisted tunneling machines discussed 
in Chapters II and III. The basic mode of rock fracture would be the same as in 
present-day (nonheat-assist) tunneling machines; the heat input would simply be 
concentrated in a sufficiently great power density to cause melting and penetration 
of the rock surface, rather than merely warming the rock surface as is done in heat- 
assisted tunneling.

214.9*“



d/w = KERF DEPTH TO WIDTH JUST PRIOR TO MECHANICAL 
BREAKAGE, OR REMOVAL
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Deep Kerfing (Mode Bl

The second mode of -using heat energy to make slots in the rock, which is 
referred to as the keep kerfing mode in Fig. lU5 , involves making penetration 
"by melting to a significant depth into the rock such that the rock is left in bars 
or annuli protruding from the rock face with a height the same order of magnitude 
as the distance between kerfs (d/h in Fig. 1̂ 5 = 1.0). The basic advantage of 
the keep kerfing schemes is that the rock can then be broken off in relatively large 
blocks, either by forcing a wedge between the protruding rock ridges or by hitting 
the rock with a dynamic impact device. This form of kerfing is similar to that 
proposed, on a much larger scale, for tunneling systems involving flamer-jet 
spalling in Ref. 2. The characteristic muck block size with this type of 
kerfing would be substantially larger than the chips produced by present-day 
mechanical boring. Substantially less mechanical energy would be used at the 
same advance rate due to the fact that the rock would be broken in a more 
efficient manner.

Pure Kerfing (Mode C)^
i

The third manner of employing the kerfing phenomenon in a thermal tunneling 
machine would be to completely dislodge the rock by means of thermal energy 
without any mechanical breakage required. One way of arranging the kerfs so this 
would occur is shown under the mode of pure kerfing in Fig. 1U5. Typically the 
block sizes with this mode of kerfing would have to be somewhat larger than for 
either of the two previous modes, and the melt cuts would have to be very narrow 
relative to their depth for the energy requirements not to become excessive.
On the other hand, this third mode of kerfing does offer the possibility of 
penetration without any mechanical force other than that necessary to remove 
the isolated blocks and is therefore of interest to study as an end point in the 
direction of reduced mechanical effort for tunneling.

ANALYSIS OF KERFING MODES

Basic to all of the forms of thermal kerfing discussed above is the removal 
of. material from a slot by thermal energy impinging on the rock. Therefore to 
discuss any. of these forms of-.kerfing some basic information was developed on the 
energy requirments for melting rock. Also-of increasing interest in going from 
modes A through C is the feasible kerf geometry (ratio of depth to width of kerf) 
which can be made in rock with highly concentrated thermal energy impinging on 
the rock. To answer these questions some basic critical literature surveys and 
experiments were undertaken.

2̂ 1



Literature Survey of Energy Requirements for Rock Kerfing

The results of pertinent experiments- reported in the literature show energy 
consumption values of 1+210 (Ref. 39) and 3860‘(Ref. 1+0) 'Btu/lb of rock removed 
when making a slot in the rock face "by the impingement of thermal energy. However, 
design values of 567 and 167 Btu/lb are mentioned in Ref. 39» of the energy- 
required to heat and melt siliceous" minerals is reported in Ref. 1+1 to he roughly 
677 Btu/lb. These values of energy requirements cover an exceedingly wide range. 
Therefore a literature survey was made to determine both the sensible heat and 
latent heat of fusion of typical igneous rocks in order to form a data base on 
which to estimate the energy required to cut a kerf in igneous rock with thermal 
energy.

. Since the composition of various igneous rocks is never the same and since 
the rock thermal characteristics of interst arising from geologic studies do 
not include energy balances, there is very little data published on the latent 
heat, of rocks. Data on viscosity, density, and thermal conductivity were found 
in Ref. 12. . Also, data on melting points of minerals and of rocks were found in 
Ref. 1+2 and are shown in Tables 3 and 19. .One obstacle to the' development of 
a set of thermodynamic data for typical igneous rocks is their wide range of 
chemical composition, which displays such a diversity of crystalline phases that 
new forms are still being discovered (Refs. k3 and kk). -It is therefore 
futile to determine a consistent set of thermodynamic data for any ’'typical” 
igneous rock type.

However, some thermodynamic data were obtained from Ref. 1+5 for several 
common constituent minerals of igneous rock. These data, shown in Figs. ll+6 
through lU8, indicate that the heat required to raise the minerals from room 
temperature to their melting point does not vary (among the various minerals) by 
more than a factor of 2 (i.e,, 500 to 900 Btu/lb). In addition, if the sensible heat 
above the melting point of the lowest-melting constituent is ignored, and all melting 
is assumed to take place at the same temperature, the resulting energy requirement 
for heating and melting of each constituent is close to 600 Btu/lb. Therefore, 
this value was used for preliminary estimates of the minimum kerfing energy 
requirements. The use of the value of 600 Btu/lb corresponds to an assumption 

i that the mixture will melt at a temperature near the melting point of the lowest- 
melting component, that the heat of solution is small enough to be negligible, 
and that the melting process will be in thermochemical equilibrium.

The assumed energy requirment of 600 Btu/lb compares favorably with the 
value reported in Rgf. 1+1 (677 Btu/lb) and the first value recommended as a 
design value in Ref. 39 (567 Btu/lb). The discrepancy with the reported
experimental values of 1+210 and 3860 Btu/lb (Refs. 39 and 1+0 for laser and electron 
beam cutting, respectively) can perhaps be explained by the fact that in both the



TABLE 19

MELTING POINTS OF VARIOUS IGNEOUS ROCKS

_______Temperature °C
Rock "Softens Becomes Fluid

Granite, Predazzo 1150 - 1160 12U0

Monzonite, Predazzo 1115 - 1125 1190

Lava, Vesuvius 1030 - 1060 1080 - 1090

Lava, Etna 962 - 970 1010 - 10U0

Basalt, Remagen 992 - 1020 1060 - 1075

Leimburgite 995 - 1000 ' 1050 - 1060

Phonolite 1060 1090

Nepheline Syenite 10U0 - 1060 1060 - 1100
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FIGURE 147 ENTHALPY OF VARIOUS FORMS OF KAISi308
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experiments in Refs. 39 and UO no attempt vas made to remove the melted rock 
"by any mechanism other than natural boiling of the melt. It is likely that 
considerable melt superheating occurred, and indication of some vaporization was 
apparent in both cases. It is also possible that the amount of heat lost to the 
solid rock through the molten zone was very significant over the relatively long 
heating times reported.

Analysis of Heat Transfer Losses to Solid Rock
This value of melting energy required (600 Btu/lb) was incorporated in 

an analysis of the1 power requirements for a kerfing system capable of cutting 
a kerf 1 in. deep in rock at various speeds and with various kerf widths. This 
energy requirement- for melting was combined with a simplified analysis of the energy 
loss to the rock mass through heat transfer. The heat transfer loss was calculated 
on the basis of a kerf made in a semi-infinite rock face, with the wall temperature 
on both sides of the kerf equal to that of molten rock during passage of the 
heating beam. Heat is absorbed at each point along the kerf walls only during 
the time it takes the beam, whose diameter is equal to the kerf width, to pass the 
point. Heat transfer losses to the bottom and leading edges of the kerf were 
ignored. The results of these calculations are showji, for a 1-in.-deep kerf 
in Fig. 1̂ 9, where the required beam power level and energy fraction lost to heat 
transfer into the surrounding rock are shown as a function of cutting velocity 
and kerf vidth. The heat transfer losses indicated by this analysis are so small, 
less than % ,  that the energy requirements shown are essentially directly proportional 
to the rock volume removed. In other words, for cutting speeds greater than 10 in./sec 
the power requirements can be determined simply by calculating the mass of rock 
removed and assuming teh expenditure of the melting energy per unit volume of 
rock removed. Consideration of the assumptions going into, and the results from, 
this analysis indicates that the power requirements shown in Fig. lk9 represent an 
absolute minimum estimate of the power required to melt a kerf. Sufficient 
question still existed concerning the actual power requirements to make a kerf 
that experiments were run with an electron beam machine to determine both the power 
required and the maximum ratio of kerf depth to kerf width that could be achieved 
with this highly concentrated form of thermal energy. .These tests and the results 
therefrom are discussed below.

Experimental Results

Experimental Program
A systematic series of electron beam tests on Barre granite was conducted 

at the Hamilton Standard Division of United Aircraft. These tests were made 
with the Hamilton Standard 25-kw nonvacuum electron beam'machine, which ,has an
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accelerating voltage of 175 kv. The test program included irradiation of approxi*. 
mately 30 "blocks of granite, each -measuring roughly lU x 13 x 5 in. The. test 
conditions for the first part of this test program and the results, in terms of 
resulting kerf geomertry, are shown in Table 20. Photographs of three of the 
test blocks are shown in Fig?. 150 through <152.

For these tests, the granite blocks were cut at beam powers of 12, 18, and 
25 kw at a constant accelerating voltage of 175 kv. The. cutting speed was varied 
between 500 and 1500 ipm.' One to 10 passes were made over a given section. Also, 
the spacing between cut sections was varied; i.e., some cuts were made 2 in. apart, 
while others were made with 3-in. spacings. Work distance (distance between the 
end of the gun and the rock) was usually maintained at 0.25 in. A few tests 
were made for work distances of 1 and 2 in.

For a second test series, it was found necessary to increase, the work 
instance from i to f in. to reduce .injestion of debris into the electron gun and 
improve beam stability. The test conditions for, and results from, this test 
series are shown in Table 21. There was very little rock penetration in this 
series due to the increased work distance. However, this series also+ included two 
special tests; the first involved cutting granite in vacuum, and the second involved 
cutting granite at ambient pressure in a helium environment. Both tests indicated 
an increase in penetration, i.e,, approximately threefold in vacuum compared to 
nonvacuum operations, and by approximately 1.5 when substituting helium for air. 
However, cutting rock in vacuum was very limited because of high outgasing rates 
when impinging the electron beam on the rock. The vacuum degenerated in a period 
of 2 to 3 sec such that unsatisfactory performance (arcing) of the electron 
beram gun would occur.
Analysis of Test Results

Table 22 shows the thermal energy requirements expended in making the slots 
during tests selected from Table 20. These values are only approximate, due to 
the difficulty of estimating kerf volume. It can be seen that, for a large 
variety of power levels and table speeds, the energy per unit volume to cut the 
rock was approximately in the range of 200 to 300 thousand Joules/in.3, which 
corresponds to a range of 1900 to 2800 Btu/lb of rock (assuming 0.1 lb per cubic 
inch of granite). Of greatest'interest are the tests at relatively high table 
speeds, since with normal rotation of a mechanical tunneling head, traverse speeds 
of.the order of at least  ̂ft/sec are expected on the outer periphery of a conventional 
tunnel boring machine.

In order to determine the potential capabilities of making a deep slot with 
repeated passes of a high-power beam at high speed, repeated passes of the 25-kw 
beam were made over slots with the beam held ■? in. away from the working surface,
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- TABLE 20
StMftRY OF EIECTRON BEAM 2ESTS MALE C® BAHHE GRANITE BIOCK3 

Made with Hanilton Standard 25 kv ixmvacuum Electron Sean

Standoff Traverse Beam Output Channel Channel
Distance, Speed, Power level, So. of Depth WidthTeat Ho. In. In./min Kilowatts Special Conditions of Test Passes (in.) Ccsasents

1 0.25 60 25 1 0.50 Excessive m L ting and cracking of 
rock near the nelt sone.

2 0.25 150 25 . 1 0.25-O.lfO

3 0.25 600 25 Cutting out' of beam caused three 
passes by one side of rock for 1

1 0.25 0.10
pass at other side. 3 0.10 0.10

4 0.25 1,000 25 . Cutting out of beam caused three 1 0.05 0.10
passes by one side of rock for 1 2 0.10 0.10
pass at other aide. 3 0.15 0.10

(for subsequent'teats, blowerVas reversed to blow in sane direction as rock travel)

5 0.25 1,000 25 1 0.05 0.10
6 0.25 1,500 25 1 o.olf 0.10 ,

7 0.25 1,500 25 ' 2 0.05 0.10
a 1.0 600 25 1 0.05 0.60
9 2.0 600 25 1 0.05 1.0 >

10 0.25 1,500 25 Make successive channels by passing 2 0.09
2, k, 6, 8, or 10 tines over the 1st, if 0.13 0.08 ave.
2nd, 3rd, Utb, and 5th channel, 6 6.16 V
respectively. 8 0.18 0.17 max. (at top)

10 0.23
11 0.25 1,500 25 3 passes per channel, channels x 3/channel 0.13 Block to be drilled by MET..2 in. apart O.lU

0.12 Sane as Test #10
0.13
o.llf

12 0.25 1,500 25 3 passes per channel, channels 3/channel o.llf Block to be drilled by KIT.
3 In. apart o.llf

o.llf Sane as. Test #10
0.11

13 0.25 1,500 18 Multiple passes as in Test #10 .2 ' 0.08 Brajhly .awe peaetiatlm M
4 0.10 ■ 0.075 eve. ' test #10, with 2/3 the power.6 0.16
8 0.19 = 0.10 max.

10 0.2U J
14 0.25 1,500 12 Multiple passes as in Test #10 2 0.07 1

k 0.10 I = O.06 are.
6 0.12 J . ,
8 0.17 = 0.08 M .

10 0.18 J
15 1.0 500 25 Single passes, spaced 2 in. apart l/channel 0.10 max. 0.75-1.0 Rock to ha drilled at KEt.
]£ 2.0 500 25 As in Test #15 l/channel • 0.090 max. 1.0-1.25 Bosk to he drilled et KtT.i
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FIGURE 152 ELECTRON BEAM CUTS IN ROCK
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TABLE 21
SUMMARY O f ELECTRO N  BEAM T E ST S  MADE ON BA RRE GRANITE BLOCKS 

Made With Hamilton Standard 25 KW Nonvacuum E lectro n  Beam  M achine ■

T e s t No.

Standoff 
D istance 

( in .)

T ra v e rse  
Speed 

(in ./tn in .)

Beam  Output 
Pow er L evel 

(kilow atts) Sp ecial Conditions o f T est
No. of 
P a sse s

Channel
Depth
dn->

Channel
Width

( in . ) Com m ents

■ 17 0 .7 5 300 25 3 "  sep aration  between paths 1 0 .0 6 0. 58 Unlabelled block

18 0.75 600 25 3 "  sep aration  between paths 1 0 .0 5 0 .5 5

19 0.75 1200 25 3 "  sep aration  between paths 1 0 .0 6 0 .5 0

2 ° 0 .7 5 216 18 3 "  sep aration  between paths 1 0 .0 8  av. 0 .5 0  av.

21 ' 0.75 432 18 3 "  sep aration  between paths 1 0 . 05 av. 0 .3 7 5  av.

22 0-. 75 864 18 3 "  sep aration  between paths 1 0 .0 5 0 .4 7

23 0 .7 5 150 12 3 "  sep aration  between paths 1 0 .0 7 0 .5 0 ) Two sam p les labeled 
) sam p le "2 3 ”

24ro
o\

•fc" 25

0 .7 5 300 12 3 "  sep aration  between paths 1 0 .0 5 0 .4 2 )

0.75 600 12 3 "  sep aration  between paths 1 0 .0 5 0 .4 5

26 0 .7 5 432 18 2 "  sep aration  between paths 1 0 .0 5 0 .5 1

27 0.75 432 18 4 "  sep aration  between paths 1 0 .0 6 0 .5 6

31 0.75 500 18 <
(

3 "  sep aration  between paths; th re e  Helium

32 0.75 500 18
\
<
c

blow ers used, each  located 90° apart

33 0.75 500 18 <
<

15 50 6
-4

Cut in high vacuum environm ent of r»*10 to r r

1 0 .0 8 ; 0 .0 5 ; 0 .0 6 ; 0 .3 0  av
0 .0 6

1 0 .0 8 ;  0 .0 6 ; 0 .1 0 ; 0 .3 0  av
0 .0 5

1 0 .0 6 ;  0 .0 6 ; 0 .0 9 ; 0 .3 2  av
0 .0 5

1 1 .5  av. 0 .2  av.

) D irection  o f tra v e l was into the tr i-h e li.ii  
) blow ers

)
E x ce ss iv e  m elting and crack in g  o f m aterial



TABLE 22

ENERGY REQUIREMENTS FOR MAKING KERFS IN BARRE GRANITE 

(From data in TaLles 20 and 21)

No. of in.3 removed ,1 oules joules/in.3
st No. Passes in. of kerf in. of kerf rock removed

3 3 0.025 7500 300,000
1 . 0.01 2500 250,000

1+ ■ 1 0.005 1500 300,000
2 0.010 3000 300,000
3 0.015 1+500 300,000.

6 1 0.00I+ 1000 250,000

7 2 0.05 2000 '
1.

1+00,000

10 2 0.0072 2000 278,000
1+ 0.0101+ 1+000 381+,000
6 0.0128 6000 1+69,000
8 0.01U+ 8000 555,000
10 0.0181* 10,000 51+3,000

ii+ 2 0.001+2 960 229,000
h 0.0060 1920 320,000
6 0.0072 2880 1+00,000
8 0.0102 381+0 377,000
10 0.0108 1+800 1+1+1+,000

(.in Helium) l 0.015-0.025 . 2160 86,500-11+1+, 000
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for three different power levels as reported in tests No. 1 0 , 1 1 , and 1 *+ (see 
Table 20 ). From the results in Table 20 it is clear that the beam was 
incapable of making very deep kerfs, the first few passes being far more efficient 
than subsequent passes.

This result is shown more clearly by plotting the specific energy of removal 
as a function of a number of passes as shown in Fig. 153. One reason for the 
decrease incutting efficiency with increasing number of passes is that after 
each pass a considerable amount of molten material was left in the kerf, which 
was not removed mechanically prior to the subsequent passes. Therefore, it is 
expected that considerable energy was expended in remelting solidified drops of 
lava, particularly after many passes had been made. Also as the kerf depth 
increases, the beam-to’-rock energy transfer decreased due to increased 
scattering in the electron beam over the increased distance between the bottom 
of the kerf and the electron beam gun outlet.

Comparing the results in Fig. 1 5 3  with the results reported in the literature 
which are shown on the vertical axis in Fig. 1 5 3  , a value of HOOO Btu/lb (1+22,000 
joules/in.3} was assumed for subsequent analysis of the energy required for 
making kerfs in rock. Also it is clear from the testf results in the test program 
that except for the case of the electron beam working in a vacuum (see Fun No. 35 
in Table 21) the maximum L/D that can be achieved with an electron beam with 
an accelerating voltage of 1 7 5  kv is roughly 2 to 3 .

It is difficult to reconcile this experimental result with the theoretical 
value of 600 Btu/lb which is almost 7 times less. Remelting of the rock as 
mentioned above, vaporization of rock particles, energy losses in the beam, 
heat transfer to and energy reflected from the surface all undoubtedly play some 
part in this increase in energy over that theoretically required. However, since 
the experimental values do agree fairly well with those experimental values found 
in the literature, the U000 Btu/lb value would appear to be a valid one to use for 
subsequent design considerations. Perhaps one subsystem which should be provided 
for future tests of this type would be some sort of scraping mechanism, either 
an air jet or mechanical scraper, to remove any molten rock as soon as it is formed. 
(An air blower was in use during the electron beam test discussed above, although 
it was directed perpendicularly to the exhaust of the electron beam gun, and no 
particular effort was made to achieve a high scrubbing action at the bottom or 
walls of the kerf, i.e., the purpose of the jet was to keep rock vapor and 
particules from entering and/or condensing on the electron beam device.)

Performance Analysis

Based on the energy requirements determined above, some estimates were made 
>f the expected performance of thermal kerfing systems of the three types outlined
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ip Fig.. lU5. The object of this analysis was to determine the thermal power 
requirements of tunnelers employing the three different kerfing concepts.

Low-Depth Kerfing (Mode A) .

According to Mode A, the thermal kerfing method would simply he a substitution 
for the heat-weakening concept. Therefore, instead of heating the rock along a
i-in. band between cutter paths, the. rock would be allowed to melt, thus forming 
a kerf. Such a condition was achieved with test blocks Ho. 11 and 12 (see Table 
20) which were subsequently drilled with the rock‘-cutting test device at MIT, 
which was described in Chapter I.- Test Block Ho. 11 was used in calibrating the 
MIT test rig and determining the optimum separation distance, between the cutter 
bit and the physical kerf. Test Block Ho. 12 was cut and the data recorded as 
shown- in Table 23.

The specific energy of cutting the electron beam-irradiated block (Block 
Ho. 12) is compared in Table 23 to the specific energy of a similar block which 
was cut after an equal amount of irradiation in the heat-weakening mode with 
a 650-watt laser beam. Both of the drilling tests were run on cold blocks, 
and thus the effect of heating is less than it would, be if the blocks had been 
tested while hot (compare Figs. 16 and 22). Substantially more muck was 
removed from the kerfed block than from the heat-weakened block, even including 
the melt that was produced by the laser. The muck removed from the kerfed block 
was even greater than that removed from a lased block tested hot at the same heat 
input (see Fig. 26 in Chapter I). These results, though fragmentary, indicate 
such a startling increase in muck removed for the same energy applied that the 
low-depth kerfing mode appears to warrant further detailed consideration as an 
alternative to the heat-weakening mode.

Ho specific design work was done on a tunneler system involving this mode 
of thermal kerfing because such a system would look entirely similar to the laser 
systems designed for the heat-weakening mode, as discussed in Chapter III. The 
restrictions on surface coverage discussed in Chapter II, which limit the amount 
of laser power that can be installed with the heat-weakening mode, would of 
course not be a consideration with the kerfing mode. However, the design concept 
would still be exactly similar with perhaps focusing mirrors in the head to provide
a.more concentrated beajn path than would the plain mirrors as discussed in Chapter
III.

Mechanical breakage of rock should he somewhat simpler with this mode of 
tunneling than for normal mechanical boring; however, no data on the, energy 
requirements to break rock ridges was found or developed. (Reference U6 
treats the breaking force required, and expected breaking patterns, but does not
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TABLE 23

RESULTS OF DRILLING TESTS

Conditions for drilling tests:

Cutter Thrust = 3000' lb 
Cutter Diameter = It inches 
Cutter offset = 7/l6 inch 
Independent Cuts 
Cutter Table Speed = 2 in./sec 
Blocks Tested Cold
Muck Values Normalized to 10-inch Cut
Effective Heat Input (from Laser or Electron Beam) 3000 joules/inch

Ai Electron Beam-Treated Rock - Kerfing Mode

Test Block No. 12 from Table 20. * *
t

Pass No. Muck (grams)

1 1 . 8

10.9 Average muck removed/pass = 10.52 gm.
7-6 (does not include melted rock removed)

1 1 . 8  ■

B. Laser-Treated Rock - 600 Watt Focused Beam - Heat-Weakening Mode

Pass No. Muck* (grams)

1 ^•57
2 3.57 Average muck removed/pass = k . k 6  gm
3 5.57
h 3.71 including rock melt removed = J . J O

5 U.86

* Actual cuts were lU inches long. Data reduced by multiplying by 1/1.U ,to 
agree with other data which are 10-inch cuts.

1

2

3
k

2 6 9



go into energy requirements.) Much less rock surface area would he formed than 
in conventional boring (see Fig. 1^5), and the rock could he more easily attacked. 
The breaking action may take place only intermittently, with the kerfing going on 
continuously. No design work was done on this mode, although if a wedging action 
between rock ridges were used, the tunnel head designs developed in Chapter III 
would again be similar to the design of a machine using this mode of rock 
breakage. In this mode, however, the cutters (wedges) would be aligned with 
the heated rock areas (kerfs), rather than set between them.

Since the expected mechanical power requirements are small relative to the 
thermal power requirements, it is. assumed that the design advance rate of the 
machine will be determined by the installed thermal power and the specific energy 
of rock removal.

Referring to Fig. 15I4, if the tunnel has a radius, R, and the distance 
between annular kerfs is H, then a total of n = R/H annular kerfs is required.
The; total length of kerf is equal to the stun of the kerf perimeters, or,

h
Total kerf length * T ir D. = 2ir Y! (R - iH) = itR (£■ + l). (10)

i = 0

Normally R/H will be very large relative to 1,0 (R > 10 ft, H 3 in.),, so 
the total kerf length can be approximated by t?R2/H. The volume of rock melted 
(kerf volume) per total volume of rock removed (advance rate-X face area) is 
then given by

Kerf width X Kerf length/ft of Advance = w • ttR (R/H) 
Face Area/ft of Advance ttR2 (11)

If it is further assumed that the kerf depth must be equal to the distance 
between kerfs for ease of breakage, then

*  =  5 L  ( 1 2 )

H d

Taking, a value of 14-22,000 joules/in.3 (1*000 Btu/lb) as the energy output 
needed for making this kerf, the thermal power requirements for this mode of 
kerfing can be easily related to advance rate and kerf w/d, as shown by the solid 
lines in Fig. 155.
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FIGURE 154 GEOMETRY FOR DEEP KERFING
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Pure Kerfing (Mode C)
The performance of the pure kerf lag mode is determined hy the thermal power 

system output only, since no mechanical power (other than that to constrain and 
carry the blocks) is necessary for rock removal.

DesignJC oncejrb

A preliminary sketch of a design concept which incorporates the pure kerfing 
principle shown in Fig. 1^5 is presented in Fig. 156. The sketch was made to 
indicate the potentially light structural arrangement necessary to transmit the 
laser energy, and the resulting openness in the tunnel near the face. Actually, 
much of this volume would be filled with the mechanical equipment necessary to 
convey the rock slabs away from the face in a controlled manner.

As indicated by the mirrors in Fig. 156 , a circular mirror would first 
be .traversed around the tunnel gage to isolate the entire tunnel face to a depth 
of approximately one foot. The mirror head would then be moved vertically, 
indexing across the tunnel face and isolating long slabs of rock, by making 
intersecting kerf cuts. The power required to remote rock at a given rate with 
such a technique would depend on the geometry of the blocks removed, the w/d of 
the metled slot, and the specific energy or removing rock from the kerf. These 
are discussed below.

Power̂  Requirements

The power requirements are derived by determining 
the volume of rock that must be melted out of a kerf 
per unit volume of total rock removed, and then 
applying some energy per unit time to melt-cut the 
rock. To determine the volume of rock melted out, 
an estimate is first made of the kerf wall area 
per unit length of tunnel.

Referring to the sketch, if one considers all the cuts in one direction, then 
one can develop an expression for all the cross-cut areas in a given length L, 
which is the tunnel length from the beginning to the end of one such cut (see 
sketch).

Cross-cut area per unit length L = 2 r (13)d tan 0

Top View of 
Cutting Pattern
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Also, there is the outside gage area, which is given by

, 7 ? 2 . • ( l b )tan 0

Then, dividing the total kerf area per unit length, L (given by Eqs. 13 and 
lU ), by the total volume of rock in this length leads to

A = 2 + b  (15)
V d D ’

and the total volume melted out divided by the total volume is then given by

( 1 6 )

1
Using this relationship, and assuming U000 Btu/lb required energy to make 

the melt-cut, the thermal power requirements necessary to attain various advance 
rates in a 10-ft-diameter tunnel are given in Fig. 155 » as a function of kerf 
width to depth, ratio, and advance rate.

The power requirements shown in Fig. 155 for the last two modes of kerfing 
are for a 10-ft-diameter tunnel. For any other tunnel diameter, the power required 
will go up by (D/lO) 2 for the same kerf width and advance rate. The economics of 
employing this mode of hard rock tunneling, and the deep kerfing mode, are con­
sidered in Chapter VI.

w_ = ^°~*~melted _ g jf + Uw
V Vol.removed
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CHAPTER VI - ECONOMIC ANALYSIS OF HEAT-ASSISTED
TUNNEL BORING MACHINES

This chapter contains an estimate of the economic benefits to be derived 
from the heat-assisted boring machine concepts developed in this report.

Chapters I through III of this report are concerned with the application of 
the original heat-weakening concept, wherein the rock is thermally stressed prior 
to mechanical cutting, but melting and/or vaporization is avoided if possible.
The first section of this chapter deals with the expected economics of operating 
either laser- or radiant heater-assisted tunneling machines based on the heat 
weakening of rock.

: An alternative concept, developed in Chapter V, is to form kerfs in the rock 
to facilitate breakage, as opposed to thermally stressing the otherwise intact 
rock face. Estimates of the economics of tunnel excavation based on the kerfing 
concept are presented in the second section of this chapter.

ANALYSIS OF HEAT-WEAKENING BORING MACHINES

Method of Economic Analysis

Data presented in Chapter I show an increase in muck removal from a test 
block with the application of heat. This increase in muck removal can be 
exploited in two ways: either by reducing tunneler rpm, thereby increasing
expected cutter life, or by increasing the rate of advance, thereby reducing both 
cutter costs and variable costs, such as labor. These two schemes for estimating 
the economics of heat weakening are discussed below as Modes 1 and 2. Muck removal 
data, rather than specific energy data, were used in the economic evaluation since 
only muck removal data were available for the higher thrust (5000 lb) tests 
which are felt to be more representative of full-scale boring machine conditions 
than the data for 3000 lb cutter thrust. The data used are summarized in Fig. Vf.

Mode 1 - Reducing Tunneler RPM-. at Constant Advance Rate

The amount of muck removed per pass, multiplied by the number of cutter 
passes per unit time (e.g., rpm), is a measure of the tunneler penetration 
rate. Therefore, if the penetration rate is held constant and the muck removal 
rate is increased by the addition of heat energy, then the rpm can be reduced 
according to

2 7 7



9
rpm^ = rpm^ — x

J
(17)

where sar ■> muck removal rate per cutter pass

()^ = value with heating

C)Q = value without heating.

A reduction in rpm is beneficial, since it will reduce the amount of installed
heater power necessary for a given amount of damage to the rock, and it should reduce cutter costs. Cutter costs are assumed to relate to some fixed total distance
(cutting path) that the cutters traverse during their lifetime; it is further
assumed that this cutting distance is unaffected by the application of heat to the 
rock. Therefore, if the rpm can be reduced by 5 0 %  (without a loss in advance rate) 
by the addition of heat, then the cutters should last for twice as many linear feet 
of tunnel, and the cutter costs per linear foot of tunnel are assumed to be reduced
by 5 0 %. Thus, for a given rock type, and a fixed penetration rate, To .
. . .  • - - - - - -  . . .  . - •

()Q = value without heating.
Nominal rpm values without heating are given in Fig. 52. Figure 157 shows the

in Fig. 158. Choosing a value of Joules per inch of heater path (starting in 
the upper left-hand corner of Fig. 1 5 8 ), the test data can be consulted to find 
an expected increase in the muck removal rate. Based on this increase in removal 
rate, the savings in cutter costs can he determined, as discussed above. Also,

be estimated. Heater system costs and environmental control costs may then be 
estimated, to determine the total costs of heat generation and control. Note that 
the base (no heat) penetration rates used in the calculations are those developed 
as a function of rock strength in Chapter IV. Finally, the heater costs and the. 
cutter cost savings can be compared to determine the desirability of this mode 
of heat-assisted boring.

r * V (1 8 )
where cc = cutter costs in dollars per foot of tunnel 

()̂  = value with heating

sensitivities of cutter costs to machine rpm and advance rate for a typical case,
employing the above assumptions.

Based on these assumptions, an economic analysis can be performed as outlined

based on the expected reduction in tunneler rpm, the heating power required can
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TUNNEL DIAMETER = 20 FT 
ROCK STRENGTH = 45,000 PSI

FIGURE 157. EFFECT OF PENETRATION RATE AND RPM ON CUTTER COST
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Mode 2 - Increasing Advance Rate at Constant RPM

An alternative assumption that can be made regarding the effect of an increase 
in muck removal rate is that- the rpm stays constant, and the penetration rate 
increases by the same amount as the increase in muck removal rate. For this 
case,

mr. PR . . .
= - J L  ( 1 9 )

mr0 PRC
where mr = muck removal, rate 

PR = penetration rate 

t)̂  = value with heating 

0 o = value without heating

Based on this assumption, the economic analysis for Mode 2 of operation is 
outlined in Fig. 159. As in Mode 1, an energy input is selected,tand an increase 
in muck removal is established from the test data. An increase in. penetration 
rate is then determined as specified above. The reduction in cutter cost is 
then calculated, based on the increased muck removal. However, a reduction in 
the variable costs is also calculated, correspoinding to the increased penetration 
rate. As in Mode 1, the basic penetration rate (penetration.with no heat) is that 
developed in Chapter IV as a function of rock strength. Penetration rate with 
heating is based on multiplying this basic penetration rate by the muck removal 
ratio developed in ,the test program. Both the cutter costs and the variable costs 
used in this analysis are those developed in Chapter IV. To determine cutter costs, 
igneous rock is assumed throughout this chapter. Heating system costs are then 
calculated assuming no reduction in rpm. (As developed in Chapter II, rpm is 
taken as 70/D, or 3.5 for a 20-ft-diameter tunnel.) Finally, the total cost 
savings can be compared'to the expected cost reductions, to evaluate the economic 
efficiency of this mode of operation

Heating System Cost Functions

Heating system hourly cost elements considered include a fuel cost, a yearly, 
capital cost, and a cost for environmental control. Fuel oil is assumed to be 
available at 80<j> per million Btu. Yearly utilization is assumed at 3000 hours 
(12 hr of operation per 2 k  hr operating day, 5 days/week, 50 weeks/yr). A yearly 
charge of a fixed percentage of the heating system cost is assumed to cover depre­
ciation, interest, and yearly maintenance. With these assumptions, the equation 
for the heater system hourly cost appears as
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(20)$/h r|h = h .
Us

2.73 + Cu IQ3 (P) + F (P) 
Ti0 3000 3000

where PT = power into rock, mw

ns = power into rock/heater device output 

Ho = heater device output/fuel rate input 

Ch = heater device cost, $/kw 

F = heater system fixed cost

P = fraction of capital cost paid per year to cover capital cost of heater

Power into the rock, PT, is given hy

Pr Jo
rpm

60
ir D2

h  ’
(21)

where <T0 = joules/in. 2

D = tunnel diameter, in.

as developed in Chapter II. The test results in Chapter I are presented in terms 
of joules/in.; to calculate the effective joules/square in.,' a cutter spacing 
(full scale) of 3 in. is assumed. ' (

Heater system cost per foot is given by dividing Eq. ( 20 ) by the penetration 
rate. The specific constants, ns» ho > CH, and F used for the two heater systems 
have nominal values, as determined in Chapter III, as follows:

Heater Ttype Us. Bp- Cu ($/kw) F($) ■ Z '

Laser 0.75 0 .0 6 5000 20 0 ,0 0 0 0 .2

Radiant Heater 0.85 0.225 15 0 0 0 .6

A nominal laser cost of $5000/kw is assumed. In Chapter III a cost of $10,000/kw 
is devloped, based on current'laser cost estimates,tusing a 1 0 $ laser efficiency.
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Development of higher operating efficiencies, and less expensive components, as 
mentioned in Chapter III, should lead to the lower specific cost for high-power 
laser systems. Also, note that a yearly charge of 0.6 times the radiant heater 
system-cost is assumed. This assumes a charge of 20$ on the installed system cost 
plus two replacements of heating elements per year (3000 hours of operation).

Costs and Savings of Heat-Weakening by Lasers

Figure l60 indicates the cutter cost savings, and the cost of installing and 
operating the heating system for a laser-powered tunneler employing heat-weakening, 
assuming a reduced rpm in direct proportion to the expected increase in muck 
removal rate (Mode l). The dotted line indicates the expected cutter cost savings, 
in dollars per foot of tunnel, due to decreased rpm. The solid lines indicate the 
cost per foot of tunnel of the laser heating system and necessary environmental 
control system, based on laser capital cpsts of $10,000, $5000, and $2000/kw. The 
results indicate that the heating system costs are dominated by the laser system 
capital cost, as indicated by the large change in system costs with changes in the 
laser capital cost.

Figure l60 also indicates that there is little 'hope of achieving any excava­
tion economies for this case. The heater costs come close to the cutter cost 
savings only at the low heating power levels (as would be expected from an examina­
tion of the test results used for this figure, which are those of Test U in Fig.
U7). However, as the heating rate approaches zero, the heat-weakening effect falls »'• 
off, and the minimum feasible heating power required for this case is about 350 
kilowatts. . ■

The economic effect of putting the indicated increase in muck removal rate 
into an.increase in tunneler advance rate is indicated in Fig. l6l. The indicated 
savings are substantially higher here, due to the additional savings, in variable 
cost. Also, the cost of supplying a given rock heating rate, on aper-foot 
basis,,is decreased due to the higher advance rate. 'This effect more than compen­
sates for the higher power level required to achieve a certain level of weakening 
due to the higher machine rpm than the previous case.

The indicated increase in penetration rate is from 1.5^ ft/hr for the unheated 
case (see'Chapter IV) to 1.85 ft/hr at a heat input level of MiO kw, and to 2.3 ft/hr 
for U.l Mw. The amount of cutter penetration assumed for the highest advance 
rate is thus only about O.lU inches per pass, so the increases in advance rate 
assumed appear to be quite reasonable. Due to the better economic results obtained 
with the Mode 2 analysis, this method of cost accounting is assumed for all subse­
quent discussion of laser-assisted tunneling costs.
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t j s  =  0.75 INCREASING PENETRATION DUE TQ HEATING (MODE,2) 
7j = 0.06 USING TEST RESULTS IN FIG. 47, TEST? 4 
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Since the capital cost of the laser system predominates, the effect of increasing 
the laser system transmission efficiency, or the laser efficiency itself on heater 
system costs, is Relatively insignificant, as shown in Fig. 1 6 2 . Note that this 
curve assumes a constant laser capital cost of $5000/kw, independent of the system 
efficiency. To the extent that increasing efficiency could reduce the specific cost 
of the laser, such an increase in efficiency could affect the economics to a greater 
extent than that shown in Fig. 162. A strict relationship between laser efficiency 
and specific cost was not developed during this study, so the two variables are 
handled separately here.

A comparison of costs and savings incurred in small-diameter tunnels is com­
pared to the 20-ft-diameter case (for a laser cost of $5000/kw and all other 
parameters as in Fig. l6l ) in Fig. 163. This curve indicates that the heating 
power costs per foot are relatively insensitive to tunnel diameter for a given heat 
flow rate into the rock. As tunnel diameter decreases, the power requirement to 
dp a certain amount of damage is reduced because of the smaller face area, but 
increased due to the higher rpm (see Eq. (2l)). These effects interact and
result in little change in hourly cost when plotted as a function of power into the 
rock, in Fig. 1&3. The savings, however, are noticeably greater'for a large- 
diameter tunnel for which cutter costs represent a higher proportion of the. total 
costs to begin with, as discussed in Chapter IV. Thus, heat weakening in qdvance 
of mechanical drilling probably has greater application to large-diameter (~ 20 ft) 
tunnels, for which cutter cost is a more serious problem than in small-diameter 
(~ 10 ft) tunnel boring.

The results shown so far are for a basic rock strength of 1+5,000 psi compressive 
strength. For a typical case, costs and savings were computed for a range of rock 
strength, and the results are shown in Fig. l61+. The comparison chosen is 
virtually unaffected by rock strength; the savings are roughly h 0 %  of the costs 
incurred at.all rock strengths.

All cost results shown so far have been calculated using results from the tests 
incorporating the highest value of cutter thrust (Test 1+ in Fig. 1+7). While this 
test series is felt to be the most accurate indicator of full-scale boring condi­
tions, it is of interest to determine the effect of using a different set of test 
results obtained at a lower thrust.setting. Going to 3000 lb thrust and multiple 
cuts gives results similar to, and slightly worse than, those used so far. Calcu­
lations made with test results from the 3000 lb cutter thrust tests working on a 
smooth surface (Test 1 in Fig. 1+7), which gave the best results of any test series, 
are shown in Fig. 1 6 5 . As would be expected, the difference between the heater 
system cost and the cutter and variable cost reductions , at high heating powers, 
is less than for the previous test data. It is also of interest to note that, due 
to the much greater percentage increase in muck removal at high energy inputs shown 
for Test 1 in Fig. 1+7, the economics now favor the higher power levels. Also, it
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COST OF LASER = $5000/KW 
HEATING POWER INTO ROCK = 880 KW 
TUNNEL DIAMETER = 20 FT 
ROCK STRENGTH = 45.000 PSI

_____  COST ADDED DUE TO HEATING

--------- COST SAVED DUE TO HEATING

E F F IC I E N C Y  O F  C O N V E R S IO N  O F  F U E L  TO L A S E R  E N E R G Y  -  %

FIGURE 162. EFFECT OF EFFICIENCY OF LASER ENERGY GENERATION AND 
TRANSMISSION ON LASER-ASSISTED TUNNELING COSTS
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COST OF LASER = S5000/KW 

r j s  = 0.75, jj = 0.06

ROCK STRENGTH = 45,000 PSI 
—  COST ADDED DUE TO HEATING

0 ------------------------J ------------------------- 1------------------------- 1--------------------------
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FIGURE 163. INCREMENTAL COSTS FOR LASER-ASSISTED TUNNELERS IN
DIFFERENT TUNNEL SIZES
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LASER COST -  $5000/KW, 77 $ -  0.75, j j q  = 0.06 

HEATING POWER INTO ROCK = 880 KW 

TUNNEL DIAMETER = 20 FT

COST ADDED DUE TO'HEATING 

COST SAV;ED -D UE :TO = HEATING

FIGURE 164. INURllHIENirWL COSTS AND SAVINGS FOR LASER-ASSISTED TUNNELER
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LASER COST = $5000/KW, r ] s  = 0.75, 77D= 0.06 

USING TEST RESULTS FROM FIG. 47, TEST 1 

ROCK STRENGTH = 45,000 PSI

----------- COST ADDED DUE TO HEATING
--------- COST SAVED DUE TO HEATING

H E A T  IN P U T  TO T U N N E L  F A C E  -  MW

FIGURE 165. INCREMENTAL COSTS AND SAVINGS FOR LASER-ASSISTED TUNNELER
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is apparent that, for these-test results, the addition of heating power is- slightly 
more efficient in small tunnels. However, even for this most optimistic set of 
test data, the costs incurred still exceed the costs saved for all conditions.

Figures l66 and 16 7 allow determination of the laser capital cost levels neces­
sary for the expected savings to he equal to the increased costs at two typical­
heating levels, 1000 and 1+000 joules/in., respectively. For a 20$ laser electrical 
efficiency the hreaJc-even.laser cost is $1000/kw based on the test results at 
cutter thrusts of 5000 lb (Fig. 166), and roughly $2800/kw based op the 3000 lb, 
independent cut tests (Fig. 1 6 7). These cross-over costs would vary somewhat with 
heating power level, but the example cases chosen are of greatest interest based 
on the previously discussed results.

Costs and Savings, of Heat -Weakening by Radiant Heaters
Figure 168 shows the additional costs and savings due to adding a radiant 

heater system to a tunneler, assuming the resulting increase in muck removal rate 
is used to reduce machine rpm. The test results used for computing this figure are 
the unfocused laser tests at 5000 lb cutter thrust reported in Fig. 1+7 as test 3. The cost 
per foot of the heating system (as before, this includes device capital and power 
costs, as well as-environmental control system costs) is relatively, insensitive 
to changes in tunnel diameter for a given heating power. Cost savings, however, 
increase markedly with larger tunnel diameter, where the cutter costs represent a 
larger percentage of the total excavation cost. ^

As shown on Fig. 1 6 8,there are limitations on the analysis which may overlap 
to 1 prevent the possibility of a successful radiant heater design for a 1 0-ft- 
diameter tunnel. As discussed, in Chapter III-, the radiant heater system-is 
basically a low-power-density device. Limitations on the power that can be installed 
were established, ranging from.about 650 kw in a 20-ft-diameter tunneler, to l60 kw 
in a 10-ft machine. The heating power into the rock (85$ of the heater power out­
put) is therefore limited, as shown by the limitation on the right-hand side of 
Fig. 168. A second limitation is based on the threshold amount Of heat required 
tosignificantly damage the rock. Although the data in Fig. 1+7 indicate a signifi­
cant effect of rock heating even down to very low values of heat input, detailed 
examination of the test data indicates that the advantages shown by the curves in 
Fig. 1+7 are probably invalid below heat- input levels of about 500 joules/inch.
This value then forms a boundary as shown on t£e. left-hand side of Fig. l68.
Although the exact locations of these boundaries might vary somewhat from those 
assumed here, based on more detailed analysis, it appears that use of the radiant 
heater concept may not be; possible for 10-ft-diameter tunnels. For 20-ft tunnels, 
the concept does appear to be feasible but would not result in any net excavation 
cost savings.
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U S I N G  T E S T  R E S U L T S  F R O M  F I G .  47, T E S T  4  

R O C K  S T R E N G T H  = 4 5 . 0 0 0  P S I  

T U N N E L  D I A M E T E R  = 2 0  F T

___________________  C O S T  A D D E D  D U E  T O  H E A T I N G

___________________ C O S T  S A V E D  D U E  T O  H E A T I N G

O V E R A L L  E F F I C I E N C Y

0 1000 2000 3000 4000

C A P IT A L  COST  OF L A S E R  -  $/KW

FIGURE 166. DETERMINATION OF “BREAK-EVEN” CAPITAL COST OF LASER DEVICE
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E N E R G Y  I N P U T  =  4 0 0 0  J O U L E S / I N C H  P y  =  3 * 5  M W ,  r]s =  0 . 7 5  

U S I N G  T E S T  R E S U L T S  F R O M  F I G .  4 7 ,  T E S T  1  

R O C K  S T R E N G T H  = 4 5 , 0 0 0  P S I  

T U N N E L  D I A M E T E R  =  2 0  F T

—  --------- C O S T  A D D E D  D U E  T O  H E A T I N G

—  — - C O S T  S A V E D  D U E  T O  H E A T I N G

FIGURE 167. DETERMINATION OF “BREAK-EVEN” CAPITAL COST OF LASER DEVICE
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7 / s  =  0 . 8 5  R O C K  S T R E N G T H  =  4 5 , 0 0 0  P S I

r) D =  0 . 2 5 5  U S I N G  T E S T  R E S U L T S  F R O M  F I G .  4 7 ,  T E S T  3

D E C R E A S I N G  R P M  A T  C O N S T A N T  P E N E T R A T I O N  R A T E

-----------------------------------  C O S T  A D D E D  D U E  T O  H E A T I N G

------------------------------------- C O S T  S A V E D  D U E  T O  H E A T I N G

0 0.2 0.4 0.6 0.8 1.0
H E A T  IN PU T  TO R O C K  -  MW

FIGURE 168. INCREMENTAL COSTS AND SAVINGS FOR RADIANT- 
HEATER-ASSISTED BORING MACHINE
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The effect of assuming an increase in machine penetration rate with an in­
creased rock removal rate due to heating is shown in Fig.l69 . Since there is no 
reduction in machine rpm for this case, a larger installed power is required to 
deposit' a given heat energy per revolution, and the heat input limitation moves to 
the right. As a result, the concept appears to he feasible only for tunnel diameters 
greater than 16 to IT ft, and only a fairly narrow range of design conditions is 
offered even for a 20-ft tunneler. However, for an installed heater power of 
roughly 600 kw, the cost of adding the heating system is roughly equal to the 
expected cost reductions.

These results are all for boring in ^5S000 psi rock. As would be expected, 
relative cost benefits of adding heat are greater in the higher rock strengths, 
as shown for a typical case in Fig. 170..

The effect of radiant heater capital and operating cost on the heating system 
cost per foot of tunnel is shown in Fig. 171. Since the‘radiant heater is relatively 
inexpensive and efficient, even large changes in the cost and efficiency parameters 
have little noticeable effect on the system costs. The environmental control 
costs constitute a large part of the heater system costs with the radiant heater.

The rock-cutting test data used in computing Figs. l68 through 171 was that 
taken with an unfocused laser, which corresponds to a heated path width of approxi­
mately one inch. Consulting the test data, it is noted that if the heating beam 
'could be more sharply focused, an increase in the muck removal ratio from 1 . 0 9  to 
1.20 would be expected. This increase in the muck removed would cause an increase 
*fin the costs saved to about $8l/ft, and a net cost saving of roughly $^3/ft.
However, such good focusing would be impossible, since the heater element diameter 
(l/2 inch) is greater than the heated path required (3/8 inch). Considering the 
geometric limitations on reflecting optical systems, it is felt that an effective 
heated path of 1 in. is probably optimistic.

ANALYSIS OF KERFING CONCEPT

Three modes of thermal kerfing were investigated, as reported in Chapter V.
In the first mode, the heat energy was simply assumed to be focused to a sufficiently 
Small path width to cause a small kerf to be formed. Mechanical cutting would then 
proceed as in the heat-weakening mode. The second mode, which is referred to as 
deep kerfing, involves making deep slots, with the protruding annuli of rock then 
being broken off by a wedging or hammering action. Rate of penetration in this 
deep kerfing mode is assumed to be determined by the thermal power requirements, 
as outlined in Chapter V. The third mode of kerfing assumes complete removal of 
the rock by slotting; no mechanical impact or pressure is required for rock removal. 
This mode is labeled pure kerfing.
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A single test data point was developed for the first mode, which is presented 
and discussed in Chapter V. For the other two modes of kerfing, some exploratory- 
economic calculations were performed, based on the relationship between thermal 
power output, advance rate, and kerf geometry discussed in Chapter V.

Deep Kerfing Mode

For the deep kerfing mode, it is assumed that some reduction in cutter cost 
would be realized, due to the more efficient mode of mechanical cutting expecte . 
Thus, a saving in cutter cost of 50$ was assumed. This reduction is arbitrary, 
but is more reasonable than assuming no cutter cost reduction. All other costs 
were calculated as for the heat-weakening case, with the penetration rate being 
given by the thermal energy analysis (see Fig. 155).

The cost results of this analysis are shown in Fig. 1 7 2 . This figure is for a 
thermal kerfing system power output of 1 megawatt. Other power levels would show 
different relationships between the system cost and the kerf geometry, but 1  mega- • 
watt was assumed here as a typical case. The excavation cost plotted in Fig,. 1 7 2  has 
the same components as the total costs developed in Chapter IV, less profits and tte 
5% indirect cost. For reference, the costs based on a similar accounting basis 
are shown for a nonheat-assisted boring machine. As shown, the costs for deep 
kerfing are similar to those for mechanical cutting only if the kerf width-to-depth 
ratio is in the range of 0.015 to 0.025 (kerf d/w = ^0 to 6 7 ), depending upon the 
laser cost. Interesting economics are achievable, even for a laser cost of 
$5000/kw, if kerf w/d can be decreased to 0.01.

The 1 megawatt system is less desirable in a 20-ft-diameter tunnel, as shown 
in Fig. 173. Here the kerf width-to-depth ratio must be well below 0.01 to show 
substantial economies over pure mechanical tunneling. A higher power would 
probably yield better excavation economies at a given w/d for this tunnel size.

Pure Kerfing Mode

Finally, some results were calculated for the pure kerfing mode, for which the 
cutter costs were assumed to be zero. These results are shown in Fig. 17^. The 
costs in these curves are considered comparable to mechanical boring costs at any 
rock strength, since it is assumed that the thermal properties of the rock are 
unaffected by the rock strength. To compete with present-day mechanical tunneling' 
costs in 2 5 , 0 0 0  psi rock, it is clear that kerf width-to-depth ratios below 0.005 
will be required. Again, this is for the particular case of a 1 megawatt heating, 
level in a 10-ft-diameter tunnel, which may not be the best power level. In any 
event, however, it is probable that a somewhat lower w/d will be required for the 
pure kerfing mode relative to the deep kerfing mode. The real question remains: 
what is the feasible depth-to-width ratio that can be achieved?
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FIGURE 172. COST OF TUNNELING WITH DEEP-KERFING SYSTEM
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CONCLUDING REMARKS

It is of interest to review certain limitations on the scope of the analyses 
leading to the above economic results, and to speculate on the possibilities of 
their relaxation.

The amount of radiant-heater power that can be installed on a boring machine 
head is limited by the cutter assembly housing size and muck scoop designs typical 
of present-day tunneling machines. A complete redesign of a tunneling machine head, 
with particular emphasis on compact arrangement of cutter housing and muck scoops 
might well permit a significant increase in the amount of radiant heater units 
that could be installed. As a result, the right-hand boundaries in Figs. 168 and 
1 6 9  would be moved to the right, thus making design points in smaller tunnelers 
more feasible. Also, all the (unfocused laser) data upon which the radiant heater 
economics are based assume heating along the cutter path. If the heating were 
done between cutter paths, the indicated benefits' may be greater than is shown 
here. However, it is unlikely that the indicated benefits would be sufficient to 
justify development of such a machine.

'  1
Another area where present mechanical boring technology is restricting the 

potentialities of heat-assisted boring is through the tunneler rpm. The present 
tunneler rotation rates, as specified in Chapter II, are those which are felt to 
be near-optimum considering both rate of penetration and tool wear. If advances in 
cutter design could be achieved so as to allow efficient cutting at lower tunneler 
rpm, the heating power required to do a certain amount of damage to the rock in 
each revolution could be reduced.

A third area into which elements of the analyses in this study could be 
extended is nonfull-face boring machines. Some tunneler type such as the Greenside- 
McAlpine machine (in Fig. 55) could be combined with a separate heating source, 
such as the 150-kw electron beam installation shown in Chapter III. Although the 
Greenside-McAlpine machine has a basically low penetration rate, there are other 
existing machines, such as the Habegger Mole, which use multiple separate heads 
working on the face, and which- evidently show some basic advantages over the full- 
face machines for present-day, nonheat-assist operation.

A final point concerns the possibility of using concentrated heat energy to 
alleviate the cutter bit problems only at the outside gage of the tunnel. It is 
a generally accepted fact that the gage cutters account for a greater share of the 
total cutter cost, on a per-cutter basis, than the interior cutters. Informal 
estimates of the percentage of total cutter cost represented by the gage cutters 
range from 30$ to 60$. Significant weakening or kerfing of just the gage could be 
accomplished for far less heating power than has been considered here to heat the 
entire face. Employing kerfing .at only the gage would therefore have a greater 
effect on cutter cost reduction per unit of heat added than would the other concepts 
considered herein. The economics and performance advantages of applying thermal 
power only at the gage should therefore be considered further.
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CONCLUSIONS

GENERAL CONCLUSIONS

1. The operation of tunneling machines incorporating lasers to heat weaken hard 
rock in advance of mechanical cutters is technically feasible, hut economically 
unattractive. This result is primarily due to the current very high projected 
capital cost of large laser units. No commercial lasers have yet been built
in the size range treated in this study; however, if such a unit were built, 
it is estimated it would cost $10,000/kw. This capital cost would have to be 
reduced to less than $1000/kw before the cost of adding such a heating system 
would be less than the tunneling cost savings expected from the heat-weakening 
effect.

2. Tunneling machines employing metal-clad radiant-heater elements to heat weaken
the rock generally will also cost more to install than they can save in tunneling
costs, although one 20-ft-diameter tunneler configuration was identified for 
which the excavation cost saved by adding the header roughly balanced the cost
of installing the heating system. The main disadvantages of these heaters are 
their low power density and poor focusability. Based on present-day tunneling 
machine characteristics developed in this study, such a heating system is more 
desirable for a large-diameter (20 ft) tunneler than a small-diameter (10 ft) 
machine.

3 . The use o f  co n ce n tra te d  therm al energy to  m elt shallow  k e r f s . i n  ro ck  to  a s s i s t
m echanical tu n n e le rs  can r e s u l t  in  th e  removal o f  tw ice  as much ro ck  per u n it
o f  h e a t input as in  th e  ca se  o f  th e  heat-w eakening (nonm elting) co n cep t.

h ■ Deep thermal kerfing, which would allow a substantial reduction in the mechani­
cal energy requirement and mechanical cutter cost for tunneling even in very 
hard rock, would require making kerfs in the rock with a depth-to-width ratio 
on the order of 100 or more to be economically attractive. Whether or not 
ratios this high could actually be achieved has not been determined.

■DETAILED CONCLUSIONS

1. The residual damage due to heating, measured by testing rock that has been 
heated by the laser and then cooled, does not change the rate of muck removed 
significantly reduces the specific energy slightly. Similar tests made with 
the same heat input but while the rock was still hot show an increase in muck 
removal and a larger decrease in specific energy, indicating the added effect
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of the thermal stress field on increasing the mechanical cutter efficiency.
These results are for an unfocused laser beam, one inch in diameter.

2. Focusing the laser heam to %  in. in diameter and offsetting the heating path 
from the cutter path provides the largest increase in cutting efficiency. For 
this mode of operation with a 650-watt laser heam, the muck removal rate was 
increased by as much as 60% relative to the unheated case, at a 5 0 0 0-lb cutter 
thrust level.

3. There is a threshold amount of heat energy input to the rock helow which there 
is no detectable reduction in *rock cutting specific energy or increase in muck 
removal. For most tests of interest, this threshold is about 500 joules/inch 
of heater path, for independent cuts hy a 3000-lh-thrust cutter on an initially 
smooth rock surface.

U. There is an optimum spacing between parallel cutter paths for which the rate of 
muck removal is a maximum and specific, energy of rock removal a minimum. This 
optimum spacing increases with either increasing cutter thrust or decreasing 
cutter diameter. The optimum spacing for many repeated cuts is greater than for 
a single set of cuts made on an initially smooth ̂ surface.

5. For the test setup at MIT, increasing the cutter speed causes a noticeable 
increase in the specific energy required for muck removal and a decrease in the 
muck produced, both for initial cuts on a smooth surface and for many repeated 
cuts.

6. ' Tests run on a smooth block at 5000-lb cutter thrust with a U-in.-diameter cutter.,
and repetitive cuts made at 3000-lb cutter thrust gave similar results, and are 
felt to be the most representative of full-scale rock cutting. Increases in 
muck removal with heating were limited to under 60% for the heat inputs run under 
this program.

7. It is technically feasible to modify a full-face rotary tunneling machine to 
transmit laser energy for heating a rock face. Such an adaptation would be 
particularly straightforward if the laser energy could be supplied to the center 
of the rotating head through a tube along the central axis of the boring 
machine.

8. For a laser-assisted boring machine, the laser itself will most likely be 
placed outside the tunnel. The laser energy will be delivered to the machine 
in a protective tube supplied with dry air. Periodic mirror stations will be 
required for beam pointing and refocusing. The number of these mirrors should 
be kept to a reasonably low level; laser-assist is therefore less likely to
be used in funnels with many curves.
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9 - C o n tr o l  o f  t h e  tu n n e l  e n v iro n m e n ta l te m p e ra tu re  i n c r e a s e  c a u s e d  by e i t h e r  a  
l a s e r  o r  a  r a d i a n t - h e a t i n g  sy ste m  sh ou ld  p o se  no in su rm o u n ta b le  e n v iro n m e n ta l  
te m p e ra tu re  p ro b le m . Nom inal am ounts o f  c o o l in g  w a t e r ,  p lu s  1 0 ,0 0 0  cfm  o f  
c o o l in g  a i r ,  w i l l  keep tu n n e l  te m p e ra tu re s  n e a r  t h e  f a c e  a t  o r  b elow  80 deg  
F f o r  a l l  d e s ig n  c a s e s  c o n s id e r e d .

1 0 . D ust r e g e n e r a t e d  by r o c k  c u t t i n g  i s  n o t e x p e c te d  t o  c a u s e  a  m a jo r l o s s  o f  l a s e r  
p ow er. Rock c o n d it io n s  m ust be d ry  o r  "w et r o c k "  ( i . e . ,  no flo w in g  w a te r )
f o r  u s e f u l  h e a t i n g  w ith  a  l a s e r  beam .

1 1 . The l i k e l i h o o d  o f  flo w in g  w a te r  c o n d itio n s  on th e  tu n n e l  f a c e  a b s o rb in g  l a s e r  
p o w er, ca n  b e s t  b e  m in im ized  b y i n j e c t i n g  c o o l in g  a i r  on th e  r o c k  f a c e  a t  th e  
p o in t  o f  l a s e r  beam im pingem ent so  as t o  keep l a r g e  q u a n t i t i e s  o f  w a te r  o u t o f  
th e  beam , and ad d in g  c o o l in g  w a te r  t o  th e  muck b e h in d  t h e  f a c e  a r e a  p r o p e r .

1 2 . H ig h -te m p e ra tu re  j e t s  h av e  s u b s t a n t i a l l y  lo w er h e a t  t r a n s f e r  e f f i c i e n c y  t o  a  
r o c k  f a c e  th a n  does r a d i a n t  e n e rg y . A ls o , flam e and p lasm a j e t s  w ould p o se  an  
e x tre m e  a i r  p o l l u t i o n  p rob lem  in  th e  tu n n e l  w hich  w ould  r e q u i r e  a  s o p h i s t i c a t e d ,  
e x p e n s iv e  re m o v a l s y s te m .

1 3 . E l e c t r o n  beam m ach in es a r e  n o t s u i t a b l e  f o r  h e a t  W eakening in  c o n ju n c tio n  w ith  
r o t a r y  f u l l - f a c e  tu n n e lin g  m ach in es b e ca u se  o f  ( a )  th e  n e c e s s i t y  f o r  a  c l o s e  
( l e s s  th a n  2 in c h )  s t a n d - o f f  d i s t a n c e ,  (b )  th e  l a r g e  volum e o f  s p a c e  r e q u ir e d  
f o r  an e l e c t r o n  beam m a ch in e , ( c )  t h e i r  i n a b i l i t y  t o  r o t a t e  c o n tin u o u s ly  
b e c a u s e  o f  th e  r e q u ir e d  vacuum and h i g h -v o l ta g e  su p p ly  l i n e s ,  and (d ) t h e i r  
p r o d u c tio n  o f  X - r a y s .  They a r e  n o t s u i t a b l e  f o r  k e r f i n g  p r i m a r i l y  b e c a u s e  o f  - 
th e  even  c l o s e r  s t a n d - o f f  d is ta n c e s  r e q u ir e d .

1 ^ .  The muck t r a i n s  f o r  h e a t - a s s i s t e d  b o rin g  o p e r a t io n s  w i l l  l i k e l y  b e s h o r t e r  th a n  
th o s e  f o r  n o rm al b o r in g  o p e r a t i o n s ,  t o  m in im ize t h e  h e a t  r e l e a s e d  t o  th e  tu n n e l  
b y th e  ( p o t e n t i a l l y )  h o t r o c k .  The so o n e r th e  h o t  r o c k  i s  t r a n s p o r t e d  from  
th e  t u n n e l ,  th e  l e s s  o f  i t s  h e a t  i s  d e p o s ite d  in  th e  tu n n e l  w a l l s .  A l t e r n a ­
t i v e l y ,  some fo rm  o f  i n s u l a t i n g  c o v e rs  may b e em ployed on th e  c a r s .

1 5 . C u t te r  c o s t s  a r e  a  s i g n i f i c a n t  p o r t io n  (a s  much as  3 0 $ )  o f  th e  t o t a l  c o s t s  o f  
m a c h in e 'tu n n e l  b o r i n g . C u t te r  c o s t s  i n c r e a s e ,  b o th  a b s o l u t e l y  and as  a  p e r ­
c e n ta g e  o f  t o t a l  e x c a v a t io n  c o s t s ,  w ith  i n c r e a s i n g  r o c k  s t r e n g t h  and i n c r e a s i n g  
tu n n e l  d ia m e te r .

1 6 .  The t e s t  r e s u l t s  do show t h a t  th e  a p p l i c a t i o n  o f  h e a t  e n e rg y  t o  ro c k  can  i n ­
c r e a s e  th e  muck re m o v a l r a t e  o f  su b seq u en t m e c h a n ic a l  c u t t i n g .  The econom ic  
a n a l y s i s  i n d i c a t e s  t h a t  t h i s  e f f e c t  sh ou ld  be em ployed t o  i n c r e a s e  m achine  
ad v an ce  r a t e  r a t h e r  th a n  t o  re d u c e  m achine rpm a t  a  c o n s ta n t  ad van ce r a t e .
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I T • P r e s e n t  c o s t  e s t im a te s  f o r  l a r g e - s i z e  l a s e r  sy s te m s  a r e  i n  t h e  n eig h b o rh o o d  o f  
$ 1 0 ,0 0 0 /k w . F u tu r e  i n c r e a s e s  in  l a s e r  e f f i c i e n c y  (w h ich  w ould re d u c e  t h e  pow er 
su p p ly  s i z e  r e q u ire m e n ts )  and developm ent o f  l e s s  e x p e n s iv e  su b sy stem s may 
a llo w  r e d u c t i o n  o f  t h i s  c o s t  t o  th e  n eig h b o rh o o d  o f  $ 5 0 0 0 /k w  f o r  v e r y  l a r g e  
l a s e r s .

1 8 .  I n fo rm a l e s t im a te s  made b y c u t t e r  b i t  m a n u fa c tu re rs  s u g g e s t  t h a t  b etw een  30% 
and 60% o f  t h e  t o t a l  c u t t e r  c o s t  on la r g e - d i a m e t e r  tu n n e ls  can  b e  a s c r i b e d  t o  
c u t t i n g  th e  g a g e . T h e r e f o r e , th e  u se  o f  h i g h - d e n s i ty  h e a t  from  a  l a s e r  t o  make 
a  s h a llo w  k e r f  a t  th e  g ag e  d ia m e te r  o f  th e  tu n n e l  sh o u ld  y i e l d  a  g r e a t e r  b e n e f i t  
p e r  u n i t  o f  h e a t  th a n  w ould f u l l - f a c e  h e a t  w eak en in g .

/
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RECOMMENDATION

A lth o u g h  th e  r e s u l t s  o f  th e  p r e s e n t  s tu d y  i n d i c a t e  t h a t  th e  h e a t-w e a k e n in g  
c o n c e p t i s  u n eco n o m ic , th e  d a ta  d ev e lo p e d  on th e  k e r f i n g  mode ap p e a r t o  w a rra n t  
f u r t h e r  i n v e s t i g a t i o n .  In  p a r t i c u l a r ,  th e  co n ce p t o f  k e r f i n g  o n ly  a t  th e  tu n n e l  
g a g e , t o  e l i m in a te  th e  m e c h a n ic a l  g ag e c u t t e r s , w ould a p p e a r t o  c a u se  a  maximum 
r e d u c t io n  in  th e  c u t t e r  c o s t  p e r  u n i t  o f  h e a t  a p p l ie d , and w ould r e s u l t  in  l a s e r  
sy ste m  pow er re q u ire m e n ts  w h ich  may h e  s a t i s f i e d  by c o m m e rc ia lly  a v a i l a b l e  sy ste m s  
in  t h e  f o r e s e e a b l e  f u t u r e .

A -co m p reh en siv e  p rogram  in v o lv in g  k e r f in g  t e s t s ,  s m a l l - s c a l e  m e c h a n ic a l t e s t s ,  
and an a n a l y s i s  o f  th e  f u l l - s c a l e  gage c u t t e r  prob lem  i s  recom m ended. K e rf in g  t e s t s  
sh o u ld  b e ru n  on v a r io u s  ty p e s  o f  r o c k ,  w ith  v a r io u s  l a s e r  ty p e s  and power c o n d i­
t i o n s ,  t o  e s t a b l i s h  l a s e r  power and o p t i c a l  sy stem  s p e c i f i c a t i o n s  f o r  a  m e c h a n ic a l  
t e s t  r i g .  A m e c h a n ic a l t e s t  r i g ,  w hich a llo w s ro c k  b o r in g  b o th  w ith  and w ith o u t g a g e  
k e r f i n g  sh o u ld  th e n  be b u i l t ,  and m e c h a n ic a l and m e c h a n i c a l - p lu s - k e r f i n g  t e s t s  
should, b e  ru n . T hese t e s t s  w i l l  e s t a b l i s h  th e  b e n e f i t s  o f  su ch  a  co n c e p t a t  a  s m a ll  
s c a l e .  A n a ly s is  sh o u ld  th e n  be made o f  th e  f u l l - s e a l ^  g a g e  c u t t e r  p ro b lem , and i t s  
im p o rta n ce  a s  a  l i m i t a t i o n  on m e c h a n ic a l  tu n n e l b o r i n g . The r e s u l t s ‘ o f  th e  s m a l l -  
s c a l e  t e s t s  sh o u ld  th e n  be re v ie w e d  in  th e  l i g h t  o f  t h e  a n a l y s i s  o f  th e  f u l l - s c a l e  
d a t a ,  l e a d in g  t o  th e  p o s s i b l e  d e f i n i t i o n  o f  a  f u l l - s c a l e  t e s t - b e d .

3 1 1



APPENDIX A
TEMPERATURE PROFILES IN ROCK

E s t im a te s  o f  t h e  te m p e r a tu r e  p r o f i l e s  w ith in  a  s e m i - i n f i n i t e  r o c k  depend upon  
d e te rm in in g  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a d ja c e n t  t o  th e  ro c k  s u r f a c e .  From  
R e f . 13  t h e  r e l a t i o n s h i p  b etw een  S ta n to n , R e y n o ld s , and P r a n d t l  numbers and m odel 
g eo m etry  f o r  a  c i r c u l a r  n o z z le  i s :

Once t h i s  c o e f f i c i e n t  i s  e s t a b l i s h e d ,  th e  te m p e ra tu re  a t  th e  s u r f a c e  o r  a t  any  
l o c a t i o n  w ith in  a  s e m i - i n f i n i t e  body ca n  be d e te rm in e d  from  th e  f o llo w in g  e x p r e s s io n  
(R e f . 1 3 ) :

_ m xr f X  \  f x h  . . X  h / o t .  '
T „  =  ( T t  -  T , ) [  e r f c  ( ^ )  -  e*p < -  e r f c  — ) ]  +  ( I I - A )

The h e a t  flow  r a t e  i n t o  th e  ro c k  s u r f a c e  th e n  can  be c a l c u l a t e d  f o r  any tim e  from  
th e  e q u a tio n :

( Ns t )  (nRa) 0,434 ( N p , ) 0 -63 = 0 . 7 ^  (*) 'R  \-0,434 (22)
D

w here th e  te rm s  o f  t h i s  and su b seq u en t e q u a tio n s  a r e  d e f in e d  a t  th e  end o f  t h i s  
a p p e n d ix . E q u a tio n  ca n  b e r e w r i t t e n  in  te rm s o f  i t s  b a s i c  com ponents i n  
t h e .f o l l o w i n g  m an n er:

0.434 -O . 434
( 2 3 )

1.

By r e a r r a n g i n g  te rm s o f  E q . ( 2 3 ) and ch an gin g  th e  u n i t s  o f  R and V t o  i n .  and  
f t / s e c ,  r e s p e c t i v e l y ,  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  ca n  b e  d e f in e d  a s :

0.434 0 .63
(2U)

q = 2nR8h (Tf -  Ts ) ( 2 6 )
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and th e  t o t a l  h e a t  f lo w  i n t o  th e  t a r g e t  a r e a  i s  e q u a l t o :

Q = J*01 d t - (27)

E q u a tio n  ( 2 7 )  may h e  s o lv e d  e x p l i c i t l y ,  o r  th e  t o t a l  h e a t  flo w  may h e a p p ro x im a te d  
h y  c a l c u l a t i n g  th e  h e a t  flo w s o v e r  s h o r t  in c re m e n ts  o f  tim e  and th e n  summing t h e s e  
f o r  th e  t o t a l  t im e -w h ic h  a  f i x e d  t a r g e t  a r e a  i s  e x p o se d  t o  th e  j e t  e x h a u s t .  T h is  
l a t t e r  m ethod was s e l e c t e d  f o r  th e  p ro ce d u re  o u t l i n e d  i n  A ppendix B .

d

G

h

K

K«

Epr

uRe

Nst

q.

Q,

NOMENCLATURE

S p e c i f i c  h e a t  o f  e x h a u s t  g as -  B t u / l b - F  

E x i t  d ia m e te r  o f  j e t  n o z z le  f t

Mass v e l o c i t y  o f  e x h a u s t  a t  n o z z le  e x i t  -  l b / h r - f t 2

H eat t r a n s f e r  c o e f f i c i e n t  i n  w a l l  f i lm  -  B t u / h r - f t 2 - F

T h erm al c o n d u c t i v i t y  o f  e x h a u s t g as  -  B t u / h r - f t - F

T h erm al c o n d u c t i v i t y  o f  ro c k  -  B t u /h r - f t ^ - F

P r a n d t l  number -  d im e n sio n le ss

R ey n o ld s number -  d im e n s io n le s s

S ta n to n  number -  d im e n s io n le s s

R a te  o f  h e a t  t r a n s f e r  - i n t o  r o c k  s u r f a c e  -  B t u /h r  

T o t a l  h e a t  t r a n s f e r r e d  in to  r o c k  i n  t i m e ,  t  -  B tu

R -Radius o f  r o c k  w a l l  t a r g e t  -  i n .

t  Time -  s e c

Tf ' E x h a u s t g a s  te m p e ra tu re  a t  w a l l  -  F

Tr E q u ilib r iu m  r o c k  te m p e ra tu re  p r i o r  t o  h e a t  a d d i t io n  -  F
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Tx T em p eratu re  i n  r o c k  a t  d is ta n c e  x  from  s u r f a c e  -  F

Ts T em p eratu re  a t  r o c k  s u r f a c e  -  F

V E x h a u s t g a s  v e l o c i t y  a t  n o z z le  e x i t  -  f t / s e c

x  L in e a r  d i s t a n c e  i n t o  r o c k  from  s u r f a c e  -  f t

oi T h erm al d i f f u s i v i t y  o f  r o c k  -  f t 2 / h r

p E x h a u s t g a s  d e n s i t y  -  l b / f t a

|i . E x h a u s t g a s  v i s c o s i t y  -  l b / h r - f t



Rock Temperature Profile Fortran Computer Program 
Written for GE Time-Sharing Computer

APPENDIX B
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APPENDIX C

US ATOMIC ENERGY COMMISSION 
STANDARD OPERATING PROCEDURE 
NEVADA TEST SITE ORGANIZATION

MAXIMUM PERMISSIBLE EXPOSURE LEVELS 
TO LASER RADIATION

0570-01 The following laser exposure limits are listed in terms of incident energy/cm2 
or power/cm2 on the "body and are "based upon "worst case" conditions in light 
of present knowledge. Any exposures that result in a persistent after-image 
should not he repeated. '

i -

02 Maximum Permissible Exposure Levels Incident on the Eye

a. For infrared lasers (wave lengths greater than l.U p) the maximum energy 
incident upon the cornea of the eye is 0.1 joules per square centimeter 
per pulse or 1.0 watts per square centimeter for continuous lasers.

b. For lasers operating in the ultraviolet (< 0.L p) portion of the spectrum * 
the maximum permissible energy incident on the eye is 5 x 10~7 watts/cm2 
(average power).

c. For a continuous beam laser operated in the visible or near infrared 
(0.U p to l.U p) portion of the spectrum, a corneal illuminance of
3 x 10-6 watts/cm2 may be used.

d. For a pulsed laser operated in the visible or near infrared portion 
(0.U p to l.U p) of the spectrum with off time between pulses of 100 
milliseconds or greater and with a pulse duration shorter than 100 
nano-seconds, a corneal illuminance of 0.1 watt per square ceintimeter 
peak power may be used.

e. Limits for repetitive pulsed lasers operated in the ultra-violet, 
visible or near infrared portion of the spectrum, with off time 
between pulses less than 100 milliseconds, cannot be determined at this 
time because of insufficient biological data. The limits for.peak pulse 
power and average power output, when determined, will be more stringent 
than either of the.limits based on the pulsed or continuous case listed 
above.



0 3  Maximum' P e r m is s ib le  E x p o su re  L e v e l  o f  L a s e r  B a d ia t io n  ' I n c i d e n t  on t h e ,,S k in

For lasers operating in the visible , ■ near infrared, • and ■ infrared portions 
of the spectrum, the maximum intensity incident on the skin, excluding 
the eye is 0.1 joules per square 'centimeter per pulse or 1.0 watts per 
square centimeter for continuous lasers.

3 2 0



APPENDIX D

• DESIGN CONSIDERATIONS FOR ELECTRON BEAM MACHINES

In considering a design approach for an electron beam unit which may be suitable 
for use on or integration into a tunneling system, various significant design 
parameters must be reviewed and optimized for the intended environment. Two of 
the major considerations, which are discussed below for beam-out-of-vacuum equipment, 
are:

(1) Electron beam column definition, and

(2) Power requirement as a function of beam current and accelerating 
voltage.

Electron Beam Column
r 4,

For most electron beam guns, a high vacuum environment of 10r'l+ torr is 
required for generating an electron beam. The degree of vacuum required depends, 
in large measure, on the type of cathode being used. For example, in a scanning 
electron microscope using a field emission source (Ref. b j ), the gun requires a 
vacuum of 10~9 torr. Tests have shown that performance of the cathode tip is more

| ; dependent on the local gas pressure than on any other parameter. Conversely, for
a vacuum melt furnace requiring an electron beam with high power (e.g., > 100 kw)

7  1 and a large-diameter beam to promote surface heating, the cathode consists of a
1 1 refractory-type disk having a diameter of ■§• inch or greater. The vacuum required

for these operations is approximately 1CT1* torr. For the majority of welding equip­
ment, a vacuum of lCT1* torr or higher is also recommended. Directly heated filaments 
consisting of tungsten or tantalum ribbons or hairpin wire designs generally are used 
for generating electron beam emission. Some of the more specialized electron beam 
guns may use indirectly heated filaments. The latter designs are usually limited to 
specialized systems requiring high beam emission or a quality beam, i.e., an emitter 

Vj' which generates uniform distribution of electrons. For a third type of cathode,
commonly referred to as a cold cathode design, electron beam emission can be generated 

j for a vacuum range of approximately 10 to 300 microns; the optimum pressure usually
, r,V- is a function of the high voltage required to accelerate the electrons from the cathode
% | through its fall region to the work-piece.

For each of the above cathode designs, various types of vacuum equipment are 
T “; required. For the cathode structure requiring 10-9 torr, special molecular pumps
:’j coupled with diffusion and roughing pumps are needed. In addition, outgassing of
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the system "by using heat for ""baking" is recommended, 
conventional oil diffusion pumps hacked with roughing 
beam operation at this vacuum usually can he achieved 
depending on the amount of vacuum equipment utilized, 
approximately 100 microns, a roughing pump usually is 
of the pump will determine system pumpdown time prior 
operations.

For the 10^ torr regime, 
pumps are adequate. Electron 
in a matter of minutes,
For vacuum pressures of 
adequate. The rating (cfm) 
to initiating beam-on

It therefore becomes apparent that the selection of the type of cathode will, 
in large part, determine the amount of vacuum equipment required. Since this 
vacuum equipment usually is mounted in a fixed position, flexible vacuum lines from 
the pump to the gun are required.- These lines in turn must be effectively coupled 
to the out -of-vacuum electron beam column. L The number and size of the lines are 
dependent not only on the Cathode design but also on power output (gun),: orifice 
(transmission) diameters, number of orifice Stages, and operating high voltage.
In brief, the cathode geometry, gun geometry, and beam power selected for impingement 
bn the target determine the electron beam diameter.

The high voltage or accelerating potential particularly influences the beam 
diameter, since the voltage determines the speed of the electron or:its effective 
probability of interaction with an air molecule, viz., the higher the Voltage the 
less the probability of collision or interaction between elements.

To successfully transmit an electron beam from a vacuum to an ambient 
environment, one or more orifices are required. The openings of these orifices' 
must be optimized so that the transmission efficiency is high (viz. , >. 90$)» and 
influx of air through the orifices into the filament region is minimal. If transmission 
efficiencies are not maintained at a proper value, loss in beam intensity and/or 
overheating of the orifice structure can occur. Restated, a balance in:Orifice 
size and vacuum pumping must be maintained for effective electron beam out-of-vacuum 
transmission. Finally, laboratory tests have shown that electron beam transmission 
accomplished at accelerating voltages in excess of 100' kv produces electron velocities 
which have a longer mean free path and smaller beam diameter than an electron beam 
transmitted at lower accelerating voltages. For example, beam spot diameter can be 
related to accelerating potential by the following approximation (Ref. U8):

where k is a function of the system spherical aberration and point of maximum beam 
constriction

i is the beam current

v is the beam accelerating potential.



For accelerating potentials of 100 and 150 kv, the approximate mean free paths 
for air are 0.063 and 0.100 cm, respectively (Ref. 1+9 ). The average distance traversed 
hy an incident electron before an interaction occurs is the mean free path; this 
distance is a function of the gas atomic number, the gas density (vacuum), and the 
momentum (mass-velocity) of the incident electrons. Finally, transmission through 
the orifices as veil as the air gap from orifice to workpiece can be enhanced by 
using an accelerating potential as high as possible to suppress spreading of the. 
beam due to multiple scattering of the electron beam by air molecules. Using 
classical physics, Williams (Ref. 50) bas derived the following expression for 
the mean square scattering angle for a collimated beam incident on a thin laminative 
scattering medium:

0 2

E2/

where C is a constant depending on the scattering medium, and 1

E is the energy of the incident beam.

Thus as high an accelerating potential as possible must be chosen to prevent the 
beam from fanning out and scarfing the orifice system.

Taking into consideration the- above dependent design considerations, the 
approximate beam column dimensions for a 25-kw out-of-vacuum machine, including the 
electron optics and orifice assembly, are a cylinder of 12 inches in diameter a 
length of 30 inches. A directly heated tungsten filament is used for this gun.
Weight of the gun assembly is estimated at 200 pounds; this weight estimate includes 
the optical column, the orifice staging assembly, and the interconnections to the 
gun for the required roughing and/or diffusion vacuum lines.

The use of a single, gun rather than a number of multiple guns mounted on a 
large tunnel cutter is suggested; the limitations imposed by the need of supporting 
equipment, i.e., power supplies and vacuum equipment, required for each individual 
gun assembly preclude the use of multiple guns or the "Gatling" arrangement.

Power Relationships

Present out-of-vacuum electron beam equipment is rated at 25 kw. For this 
power, the vacuum pumps are two 300-cfm roughers used in conjunction with two 2li0-cfm



blowers; a 6-inch diffusion pump also is. required to maintain the necessary vacuum 
in the upper electron optical column. For higher power systems, increased vacuum 
equipment will be required. To obtain higher powers, either the:accelerating voltage 
oh the beam current must be increased. The optimum solution would be to select an 
optimal accelerating voltage and beam current (power level) which would dictate the 
need for minimum vacuum equipment and also generate minimal X-radiation during beam 
impingement on the workpiece.

When beam power is increased from- 25 to 300 kw and the accelerating voltage 
is kept constant , the beam diameter increases by a factor- of approximately two-and- 
a-half, as given by the above equation for beam-diameter.

When operating at higher powers, the orifice: diameters must increase. For. 
example, the normalized area ratio value increases from 0.5 at 6 kw and 200 kv to 
approximately 8 at 300 kw and 200 kv. Expressed more simply, the orifice openings 
must be approximately l6 times larger in area: at 300 kw than at: 6 kw. The ratios 
referred to for the various beam powers and accelerating voltages are based on an 
experimental 12-kw, 175-kv machine which uses a 0 .-06-inch' diameter orifice having' 
an efficiency of approximately 95$. The efficiency referred to is defined as that: 
of beam energy which is transferred from the gun through the orifices to a target'.

Further analyses indicate that at 150 kw the beam diameter is estimated at 
0.075 to 0.100 inch for an accelerating potential of 150 kv. At higher accelerating' 
potentials, or specifically at 350 kv and for a beam power of 150 kw, the beam 
diameter is estimated at 0.050 inch. It should be stated that the above reference 
values are analytical estimates. The total width of the beam may actually be 
larger if the fringes are added out to 2 a which accounts for approximately 70$ of 
the total beam energy.

For application of an electron beam to rock cutting, advantages in penetration: ; 
and efficiency are obtained at the higher accelerating voltages. Minimal beam- 
diameter and maximum kinetic energy thus are maintained. However, there are design: 
limitations for the upper bound. These limitations are'concerned with the designs 
of the high voltage insulators and the number of orifice stages required to transmit:-' 
the beam from a high vacuum environment into a working ambient pressure. A 
preliminary study indicates that a prototype system should include a filament 
capable of delivering approximately 750 ma at an accelerating voltage of 200 kv.
Such a system should provide 150 kw of power and possibly meet the power require­
ments for tunneling operations.
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