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TECHNICAl  REPORT  .SUMMARY 

klr.   prodttcini  continuous   cuts   in   granite   and   hLalt 250-500 

■r,hL^0gram WaS Prim"Lly experimental 

The system cutting performance was corro 
simp e heat transfer model which showed thlt 
was directly related to the heat transfe   o 
at the leading edge of the cut and the thickn 
molten film or. the surface.  An unexpectecHv 
measured with the two rocks of majo^r^nte'  t 

into ^.i K
0
 
CaSe of 8ranite. the molten f 

into small wehs covering approximately 201 of 
the remainder is hare or covered bv an infin 

thick.  In the case of basalt, no molten film 
observed visually.  Since the theoretical nn 
reduced drastically with small increa es in 
this was a fortuitious physical phenomenon 

lated with a 
cutting speed 
■ the arc saw 
ess c f Mi« 
thin fii m wa s 

Iranit e and 
i1m coalesced 
the surface, 

tcs imaI 1v thin 
than .001" 
could be 

ting speed is 
iIm th i ckness , 
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louatds the end of the program mos 
volvoJ movoriont of the cutting device u 
face to produce an 8 Id" deep kerf at a 
-S'V'minute on Concord gray granite. Su 
cperated continuously in its present fn 
t he f i na 1 p rojec t ed s y s t em whic h won 1d 
CUt traveling at 9.h"/nünute at a power 
torch. It should thus he noted that a 
was required in t lie torch size with a s 
approximately thiee times over than run 
Parenthetically it should he noted that 
art on plasma torches is such that powe 
the 1,500 k\\ contemplated have heen ope 
applications. Cutting speeds higher- th 
heen measured when cutting thin granite 
appears to the investigators the higher 
depths can he achieved with higher powe 
power density in the arc and addition o 
would improve heat transfer character is 

t relev 
pwa rd s 

t raver 
ch a sy 
rm and 
produce 
of 1 ,5 
seale u 
peed i i. 
in t h i 
the st 

r s far 
rated o 
an 't.h" 
b lock s 
speeds 

rs, inc 
f p 1 a s m 
tics. 

ant cuts in 
on i veitica1 
8 e s p e e d o f 
st en couId  l.e 
relates to 
■  :-r deer 

00   kl\   per 
p  of  on] >'   f i Ve 
crease of 
8 program, 
at e of t he 
i n   e.' cess   of 
n other 
''minute have 

It thus 
and deeper 
rease of 
a gases which 

It would appear to the inv 
ing technique warrants further 
1iminary estimates indicate the 
ohjectives of the National Acad 
reached. Furthermore, the syst 
hlasting technique for not only 
severing concrete structures wi 
These continuing tests would in 
and in situ tunneling environme 
appears to he the requirement o 
of power when compared with tha 
however, standard power supplie 
struct ion industry capahle of r 
utilized in these tests. 

estigators that this tunneJ 
investigation since pre- 
tunneling and excavation 

emy of Science (9) can be 
em provides a simple non- 
advancing tunnels hut 

th metal re in loreing rods. 
volve larger scale cutting 
nt.  The major d» swback 
t a relatively large Mount 
t availahle in the field, 
s are ava i lahl e in t lie con - 
eaching the levels ot power 

[NTRODUCTION 

The National Academy of Sciences indicated the desir- 
ability and benefits of achieving dramatic improven".. ,it s in 
nard rock tunneling in their report entitled, "National 
Research Council Committee on Rapid lixcavation - Signi- 
ficance - Needs - (opportunities," Washington, D.C., 1961. 
The plasma tunneling process descrihed here is one of the 
novel techniques heing funded by the government to obtain 
a hrcakthrough in hard rock tunneling speed and economics. 
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I'Al'A feels a romb i na t i on ol a transferred arc d.i.". 
plasma for in situ rock cutting uith associated tbeimal 
fragmentation, which removes concurrently the blocks tormed 
by tiie arc cutting, is an attractive hird rod Tunneling 
concept.  Figure 1 (A) depicts how a cut of suitable shape 
would be scribed in the tunnel face using a narrow kerf 
plasma melting technique.  In addition, it was proposed 
prior to the proj;/am that two or more plasma contSCtl be 
inserted in the kerf to cause high frequency current to 
flow through the rock between the plasma contacts to produce 
auxiliary fragmentation ;ind removal of the core - Figure 1 IB) 
("utting and fragmentation would continue to   be used alter- 
natively to produce the desired tunneling. 

GENERAL DISCUSSION 

1 r a n s ferred Arc Plasma Cutting 

The majo 
in situ trans 
narrow, deep 
standard proc 
stainless and 
II, 3, 4).  I 
heat equal to 
are accclerat 
from the hot 
at ion from th 
ported here, 
molten matcri 
dominant heat 
the plasma st 

r goal of this contact is the investigation of 
fer red arc d.c. plasma cutting for melting 
cuts in haid rock at high speed.  This is a 
ess foi high speed cutting ol ferrous metals, 
super alloys up to about five inches thick 

n the cutting of metals, ihe process provides 
the energy gained by the electrons when tl.ey 

ed by the anode drop, plus the convection 
gas stream accompanying the ire, and the radi 
e arc column and hot gas.  In the work re- 
there is limited current flow through the 
al on the surface of the rock so that the 
ing modes are radiation and convection from 
ream. 

For most rocks, transferred arc cutting depends almost 
completely on melting of the rock for its successful oper- 
ation.  Thus, the temperature of the rock must be increased 
to the melting point and then enough heat must be added to 
allow it to flow out of the cut region under the forces 
present.  Since a layer of molten rock separates the plasma 
from the rock to be heated, the importance of the properties 
of the molten rock becomes immediately apparent.  if the 
molten material becomes quite fluid just above its melting 
temperature the molten layer will be thin and the heat 
conduction to i he base rock will be efficient.  On the 



othor h.iiui.  for qamrxiite the MltU« fmpenturt it n 
tromolv high and  the viscosity so high that   any nultcn   layei 
that   torms   is difficult   to wash away.     As  a   result  of  this 
and  the  low thermal   conductivity of silica,   the  efficiency 
of heat  transfer  to  the hasc rock   is  reduced,     rhus,  the 
Viscosity Ol the molten material in front of the arc is a 
key factor in controlling the gpeed of transferred arc rod 
cutting.    Rocks  like quartzita My he cut  most  efficiently 
by  progressive   spalllng   rather  than melting   unless  chemical 
fluxes   are   added   to   the   plasma   to  make   the   molten  material 
more   fluid. 

A theoretical  cutting ■ode!  is outlined   inAppendix  \. 
I his   theory  predicts   cutting   rates   as   a   function  of  the 
power  density   projected   on  the   rock,   melt    thickness,   and 
physical   proptM-ties   of   the   rock. 

Cutting   torch   electrodes  can   he  designed   to  naxiuizi 
the  shearing  action  of   the  gas   flow  and,   thus,   wash   the 
molten  material   out   of   the   cut.     The  maximum   iet   momentum 
is established at   the exit of the nozzle,    to analysii us- 
ing   the   steady   flow   energy   equation  helps   to   put   the   im- 
portant   factors   into   perspective.      The   equation  mav   hr 
written   in   liaplified   from with  condition   one   at   the   entrance 
to   the  no::le  duct   at   the  cathode   tip   and   condition   two   it 
the  nozzle  exit.      Since  the   enthalpv  and   velocity  of  the 
gas   at   one  can   he   neglected,   the   expression   simplifies   to: 

"JT" 
dm    v: 

h,) 

The expression on the left is the rate of energy addition 
in the nozzle and is equal to the arc current times the 
voltage gradient times the nozzle length (assuming nealilible 
cooling losses).  The expression on the right is the nass 

■■■'■■<:    • imes the kinetic energy and enthalpv at Itate two. 
now heing used has a choked flow throat nozzle Since the 

at the exit, the velocity" at two is äppiroxiiiately ionic 
velocity at the temperature of the exhaust gas stream 
Ine voltage gradient is a weak function of pressure 
Cobina (2) gives the voltage gradient proportional to 
pressure to the Mth power where M equals 0.31 for nitrogen 
and f). 1() lor arcon. 
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from tins equation  it   is readily  seen thai   the heat 
eddition  in the nozzle  results   in a contribution to the 
kinetic energy  tern »nd  to the enthalpy of the gas.    since 
sonic velocity   Increases uith temperature, an   increase  in 
the   arc   current   produces   an   increase   in   the   jet   velocity 
and   the  enthalpy   term.      Kith   the  mass   flow   rate   assumed 
constant,   rhe  mümentum  of   the   jet   is   increased   and   the 
viscosity  of   the   jet    is   increased   by   the  higher   temperature. 
If,   on   the  other  hand,   the   arc   current    is  maintained 
constant   and   the  gas   flow   rate   through   a   particular   nozzle 
is   increased,   hoth   the   velocity  term  and   the   enthalpy 
tern will  drop.    Evaluation of the net  effect  on the molten 
material for this case, taking into consideration the jet 
temperature and iet viscositv, is difficult.  It is apparent 
that the heat addition within the nozzle should he maximized 
however hecause of the beneficial effects on velocity, 
temperature and jet viscosity. 

At least tleven variables arc 
plasma cutting process, with a numher necea    i 
related . l n 
is described 
t i ng proces s 

associated with this 
sarily Inter- 
of these variables the following paragraphs each 

with an indication of its effect on the cut 
(Fi gure JJ . 

1.  Arc Tower - This is the product of arc voltage 
and curreivT  TSFVoltage gradient in the cut region is 
typically SO to 55 volts/in.  hi thin the arc nozzle the 
voltage gradient is higher (typically 125 volts/in.J 
because of the pressure, arc constriction and absence of 
seeding from the vaporized rock.  Since the arc voltage is 
fixed for anv given arc length and gas type, the real 
variable is current, which is adjusted by control ol the 
d .c . power supplies. 

The current level used for testing work early in this 
program was 550 amps, with an associated power of 225 to 
250 kK.  Later in the program the current was increased to 
the 625 amp  limit  of the power supplies.  Power levels 
were typically $50 to 400 kW. 

v i ously, 
from the 
momentum 

Length of the Torch Nozzle - As described ore- 
a longer nozzle heats the gas more before it exits 
torch with a consequent increase in velocity and 

This desirable trend must be balanced against 
a rise in voltage gradient within the nozzle which increases 
the tendency toward double arcing.  Double arcing is the 
establishment of a current path in parallel with the mam 
arc column, running from the cathode to the nozzle wall, 

Hi mamm L-*~ .. ■■'-'^"—hliiM Tin i 



through the nozzle, and oft' the front face of the nozzle 
back to the main arc column.  Because of this tendency, a 
compromise nozzle length must he accepted. 

3.  Nozzle Contour 
importa 
nozz 1c 
of cool 
this p r 
cutting 
the mos 
arc cur 
produce 
urat ion 
tests r 
i-ross s 
cutting 

nt part 
since th 
er gas. 
ogram to 
r o c k . 

t verbat 
rent , hu 
adequat 
and a s 

cvea1 cd 
ection a 
act i on . 

in d 
c ce 
A n 
det 

Gene 
lie 
t fo 
e ve 
impl 
that 
t th 

e t e rm 
nt ral 
umber 
crmin 
rally 
in a 1 
r cut 
locit 
c con 
the 

c exi 

- The nozzle contour plays an 
ining the gas heating within the 
arc core is surrounded by a sheath 
of nozzle designs were tried on 

e the optimum configuration for 
, I Straight cylindrical bore is 
lowing variations in gas flow and 
ting rock this geomctiv did not 

y. A converging-diverging config- 
'/erging nozzle were tried.  These 
converging nozzle with the smallest 
t from the torch produced the best 

4.  Hxit Orifice - In addition to the internal shape 
of the nozzle, the "üTamcter of the exit orifice is important 
since for any givei gas flow rate and arc current the 
operating pressure within the torch is dependent on its 
area.  The standard nozzle used on this program has an 
orifice 3/16 inch in diameter.  During typical operation 
this provides a torch pressure of approximately 16 psig 
at the 250 kW level using 250 SCFH of gas. 

Gas Flow Patte 
cutt in 
formin 
This p 
nozzle 
Howeve 
flow t 
The ga 
a comp 
vides 
double 
late i 
inject 

g invöT 
g gas t 
reduces 
and m i 

r, s inc 
ends to 
s injec 
romisc 
a tight 
arcing 

n the p 
ion for 

ves tangen 
hrough cri 
the stron 

nimizes th 
e the vort 
expand mo 

tion schem 
between ax 
arc colum 

.  At the 
rogram, it 
maximum p 

m - A standard technique for metal 
tially inward injection of plasma 
tical flow orifices within the torch 
gest possible vortex within the 
e tendency toward double arcing, 
ex extends outside the torch, the 
re than with straight axial flow. 
e used early in this program was 
ial and tangential flow which pro- 
n with relative freedom from 
higher current operating points used 
was necessary to go to the vortex 
rotection against double arcing. 

6.  Gas Mixture - Argon is the easiest gas to work 
with due to its low voltage gradient and diffuse arc- 
however, it is quite expensive.  A standard mixture for 
plasma metal cutting consists of argon and hydrogen.  This 
would probably be effective for rock cutting but would be 
expensive as well as explosive in a mine atmosphere. 

■Ml mam 



Nitrogen is another candidate and has the characteristic 
oi a fignificantly higher arc voltage gradient, which should 
be helpfu] In achieving higher powers at I later date.  All 
the cutting tests during the second halt" of this 
utilized straight nitrogen as t lie torch gas. 

p rogram 

" •     (-as How Rate - The gas flow rate through I 
J?zzle directly affects the pressure within the torch. 
Ihc cutting process does not seem to be extremely sensitive 
to variations in the flow rate.  Test« made at high flows 
through the nozzle resulted in slower cutting speeds as 
postulated earlier.  The flow rate of nitrogen used was 
approximately 250 SCFH.  However, it appears that a combina- 
tion ol higher flows with higher powers would be helpful in 
producing deeper more rapid cutting. 

8.  St and-o f f - It has been found desirable to maintain 
the stand-off distance hetwecn the torch and the rock face 
at S/4 to 2 inches.  At stand-off distances of 1/: inch 
and less there are occasional spalls of the top surface oi 
the lock that bridge the gap between the rock and torch 
face, leading to double arcing. 

A sheath flow around the arc has been found desirable. 
Ihe relatively high momentum of the sheath gas tends to 
clear the leading edge of the cut so that greater stand- 
offs can be tolerated.  The increased mixing that takes 
place with larger stand-offs tends to decrease the depth of 
penetration, however. 

9.  (.utt mg Speed • The cutting speed, along with 
penetrat ion depth, are the best measures of success in hard 
rock tunneling.  Typically, at slow speeds (300 kKJ the 
arc cuts all the way through a six inch rock slab, produc- 
ing 8 near vertical advancement face.  As the speed is in- 
creased the bottom of the cut curves backward, with reduced 
vertical penetration immediately below the torch.  Further 
increases in speed finally result in a horizontally deflected 
arc column which becomes so long that it exceeds the 
operating voltage available from the power supply (causing 
extinguishment).  As a rule of thumb, when operating in the 
range oi SO0 kW it has been noted that successful cutting 
results when the lag at a depth of eight inches does not 
exceed two inches. 

During most work on the program the torch was 
cutting vertically downward so that some of the hot gases 
within the cut region tended to flow upward around the arc 
column.  Uns can result in an Ionized gas bridge to the 
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During the hist few months on th i progran both 
electrically floatingi extra Long ori Ice and a simp] 
converging anode with sheath flow were available tor 
ing. The cutting speed and depth of penetration were 
slightly better with the extended anode duo to higher 
dissipation with in the nozzle. The higher voltage dr 
restricted its use to about ■ 1J inch cutting depth, 
sheath flow torch was used exclusively. For a follow 
program, an electrode set should be designed to conbi 
the desirable features of these two, i.e. an electric 
isolated front end with sheath flow, and an extended, 
electrically segmented nozzle) to provide even greate 
heat i ng. 

an 
e 
test 

powe r 
op 
so t he 
on 

ne 
a 11 v 

r gas 

1'i el ect r ic Heat i m o r KOl agnent at ion 

Th i ruma1 a i ha 
heat i ng of a 1 oca 1 
stress rock fragme 
ca 1 d i scuss i on o f 
gat ions leave litt 
t he process i f i mb 
volume requi red fo 
of the test block 
t i on is of the ord 
be noted, however, 
during Th i ruma1 a i ' 
using electrodes i 
compressive stress 
maximum tendency t 
face, with resulta 
the heating takes 
where there is loc 
d i sappca r in the s 
to generate fractu 

s investigated the potent 
ized inner volume of rock 
nt at i on [51 7), His exce 
the process plus his expo 
le question as to the pot 
edded electrodes are used 
r fragmentation is only a 
volume and the electrical 
er of 3.5 to 6.S kWh/«' ( 
that t he t henna 1 inc lus i 

s experiments were deep N 
nserted in drilled holes. 
cs generated in the heate 
o g e n era t e tensile s t r e s s 
nt fracturing. Our resul 
place at the surface, and 
a 1ized surface melting, t 
oftened material and it i 
ring stresses. 

La] 0 f diel ect r ic 
fo; t herma1 

Ilent t heoreti- 
r i ment a 1 i nvest i- 
ent Lai value of 

The heated 
few percent 
energy consump- 

5).  It should 
on generated 
Lthin t he rocks 

ihus, the 
d reg i on had a 
es at the SU1 
ts show when 
es pec Lally 

he st resses 
s mo re d i f f icu 11 

The Second phase of the current program was designed 
to investigate the use of plasma columns as contacts for 
dielectric heating of the blocks produced by plasma cutting 
The fact that a plasma column can stretch a foot or more 
into a cut in the rock means that the dielectric energy can 
be coupled into the rock deep within the groove.  This is 
the ideal location to achieve the maximum effect from the 
thermal inclusion to break away material. 
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Ihr   laminar   flow   colUMI   of   argon   plasm.i 
experiaents CFigure 5 (A and Bj] has an elec 
of approxiaately one ohai. At the ruck end o 

he plasma  spreads  out   Into a  zone  roughly  2 
Is    in    i nt imat e   COnt act   H i 
local i r.ed   me 11 inj;   takes   p 
was hypothesized that the 
should be estab]ished at 
the electrode to he opera 
consequently, at higher h 

(details described In Appendix I), Solid me 
tend to generate very high voltage gradients 
of rough spots in the surface, and this cans 
face   arcing  during   dielectric   heating   runs. 

ameter. mis zone 
and , i n fact, some 
contact point. it 
age gradients that 
poi nt should a 1 low 
r.f.   voltages   and. 

us 
t r i 
f   t 

i n 
t h 
lac 
un 

tin 
ted 
eat 
tal 

i n 
es 

ed   for 
ca l   re 
he   COl 
ches   i 
t he  ro 
e   at    t 
i 1 orm 
s c o n t 

at   hj 
ing   ra 

e 1 ect 
the  r 

S e v e r e 

these 
sistanc e 
umn, 
n  di- 
ck, 
he 
v o 11 - 
act 
ghe r 
tes 
rod es 
eg i on 
sur - 

EQUIPMENT USED 

T 
on t h i 
plasma 
c ou 1 d 
t ion. 
the fr 
env i ro 
and th 
during 
this   r 
setup 
the   to 

lie   basic   device   for   transferred   arc   plasma   cutt 
I   program  was   a   general   purpose   1,(100   ampere  d. 
torch.      The   unit   used   was   one   that   was   availab 

he   readily   adapted   for   the   high   power   cutting   o 
A   special   water   cooled   nozzle  holder  was  desig 

ont   end   of   the   torch   to  protect    it   against   the 
nment.      1'he   configuration   for   the   tungsten   cath 
e  copper   anode   insert   were   subject   to  modificat 
the   program,   as   discussed   in   the   next   section 

eport.     A   schematic   of  the  vertical   plasnn   cutt 
is shown in Figure (i. figure 7 is a photograph 
rch  with   a   cut   on  Concord   gray   granite. 
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anode used in the transferred arc circuit d 
gram has been a graphite rod two inches in d 
arly cutting tests two graphite rods were us 
the rock sample with hot gas and Molten effl 
g between them. Later, a" single graphite ro 
ted and has been located in several differen 
clative to the cut. It is envisioned that t 
r tunneling operations will be a narrow slab 
which will be located near the kerf exit or 

to the cut, as shown in figure 4 (C) and I. 
ated from experience that the loss of mat eri 
hite anode would be about 0.01-0*03 lb/kl\li d 
ing operat ion. 
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l;;Kh Unit   h;!s  ;", OP** circuit and  a rated output   of   loo volts at   620 amp 
waveforM   is  snoothed  by  two   laroe c' 

the power  supply  output ,  as  show. "ho kos 
\   11 a lid 

The roma i nder 
consists of a of the transferred arc cutl Lna setuij 

control console (which includes »wttchina 

necessary support tor heavy rook samples and the mot ion 
Moi>    MVk      i    ' :rpar:llus c;«P«ny triable    pood unit. 

y.   "f"   M1)-      fne   movement   was   Selected   lor   cantra\\mA 
Vertical   motion   which   was   required 
ncl Ing  ope rat ion. tor   the   simulated   tun 

Figure 9  shows I   sohomat lc of  t he   equipMenl   usei 
lelectric  heating with a plasma contact 

orator  for the dielectric heating  is  a  190  kh  t 
i?P?i !Slt \\th c<«Popents   for operation at   5-1 12-20 Ml! Most   of r  , ....    , --   the work with the  r.i 
b-8 Mil:  because oi   t he 
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TEST  PROCEDURE 

For   transferred   arc 

ing     tops.      Ihe   torch   is   started   on   nitrogen   in   the 
ransferre     mode   operating   t hr^ITt      ' ^f     s   ' r . 

Power  is   then   turned   up  until   the   arc   : ra-,     ers     o t h     ;, .H 
carting  wire  which   stretches   from  below   the   no-   
graphite  anode.     At    tins   point   the   knife   JJltJh 
n the torch nozzle circuit, the power 

> 00   amps,   and   t IK 

o   to   the 
is   opened 

'•     i in nod up  t o over 
ie   nitrogen   flow   through   the   nozzle i s 
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incroasoJ. The starter wire is ■« 
arc column from the torch to th 

front of the rock). Next, the torcl 

t LJ down to st re tch t he 
e graphite |approximately an 

ot i on   i -• men   in 
started at  i preset , 
Since the arc is broader at the bottom, some spallinfi takes 
place  m  Front  of the g. aphite electrode beforl 
at the top o! the rock is affected bv the arc. 
shows the cutting operation after the 
about two inch 

rh( 

the material 
Lgure lü 

ire has progressed 
es    into   a   9-1/2   inch   thick   piece   of   granite 

le   cuts   are   timed   from   the   instant   material   removal 
starts   at   the   top   of   the   rock.      Preset   cutting   speeds   arc 
maintained   and   the   cut   contour   is   used   as   one   of   th 
teria   for   cut   comparison.     After  a   CU1 
usually   after   a   predetermined   time   span, 
merits   is   made   to   record   the   cut   profil 

o n e o i t n e e r i - 
is t era i nated , 

proilie. These figures, 
plus the notation ol electrode ccnfiguration, are current 
and voltage, and gas flows, constitute a complete test 
record.  Anything unusual associated with the cut is also 
noted and photographs may be taken.  Early in the program 
complete heat balances were made on the svstem; however 
since torch losses were only 3 to r   percent of the d e ' 
power supplied, these were discontinued. 

TEST RESULTS 

testing of various electrode goo 
find the best 

The primary activity during the first few months of 
the program involved the 
metrics and gas flows in an effort to 
combination for rock cutting.  The criterion for success 
was the maximum cutting speed obtainable 
t rat ion 
were 

,   i with good pene- 
»n.  All cuts maue during the electrode testing phase 
in Loncord gray granite from The .lohn Swenson quarry. 

Alter the configuration was optimized, comparative cuts ' 
were made on the Dresser basalt, St. Cloud gray granodiorite , 
and Sioux quart:itc, all supplied bv the Bureau of Mines 
During the middle portion of the investigation, work was 
broadened to include cutting through a discontinuity in the 
rock face and addition of a fluxing agent to the plasma 
stream.   hese tests are described in the following para- 
graphs and the comparative cuts are summarised in Table I 
-ate in the program the emphasis was on higher power cutting 
detemning maximum cut depth obtainable with available 
power  and operating in the angled electrode node [Figure 
4 (CJJ on a vertical rock face which was proposed for actual 
tunneling ope rat i ons. 
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lasma torch electrode Investigation 
h diameter nozzle insert appropriat 
nar transferred flame. This config 
reliably and can lie used to produce 
flow, but it did a disappointingl\ 

In an effort to increase the gas vc 
om the no—.le, and thus, the cuttin 
-diverging design was tried early i 
hroat up near the tip of the cathod 
ion provided onl> a slight improvem 
n.  The second configuration utiliz 
toward the exit.  This provided a 

t in cutting performance hut caused 
riatcd tungsten cathode due to the 
ithin the torch.  At this point a s 
terial doped with harium, calcium a 
d.  This material was selected due 
erformance during a cathode rcsearc 
a few years ago (8).  This material 
11 ir the 15-20 psig environment wi 
c nozzle geometry finally selected 
a and with as small an orifice as p 
ing excessive douhle arcing (0.75 i 
orifice).  The combination provide 
and the best cutting performance 

s start ed w i t h 
e for general - 
ura t i on oper- 
an extremely 
slow job of 

loc it y 
g speed, a 
n the program 
c.  TIi is 
ent in cut- 
cd a duct 
substant ia1 
rapid erosion 

inc reased 
pecial tungsten 
nd alumina 
to its out - 
h program 
was found to 
thin the 
was as long 
ossible with- 
nches long and 
d the tightest 

Of the 150-odd cuts (includes optimization tests not 
included in data and tables herein) that were made on the 
program, all but 30 used Concord gray granite.  Figure 11 
shows a photograph of a typical cut in this material.  The 
cuts were intentionally terminated before the sample was 
severed since cut completion led to a break-up of the test 
sample and complicated interpretation of results. 

Figure 12 shows I rendition of one side of a typical 
cut on granite six inches thick.  The curvature at the 
leading edge of the cut (A) is caused by the accumulation 
of molten naterial towarl the bottom of the cut and by 
diffusion of and loss of velocity of the cutting stream 
(both reduce heat transfer to the rock).  This curvature 
can be almost eliminated by cutting slowly, and it in- 
creases with cutting speed.  Since the goal was to make 
cuts 12 to Id inches deep in a tunneling operation (at 
SO0 kW), the cutting speed has been restricted to a rate 
that would produce this cut contour.  The area indicated 
by arrow (B) involves a substantial kerf widening when 
cutting granite.  This is caused, after the arc has 
passed, by spalling during the washing of hot gas over that 
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regIcn.     rhe spall in 
fracture planes at a 
t he cuts on gran i te. 
normally recedes »or 
gas washing back mor 
graph i to anode . Nor 
rock behind the suit' 
seems to be associat 
rock and heat Im i Ulu 
is heated up. For a 
ground rock would be 
and the kerfs deeper 
here. Thus , the roc 
the assoc i a ted spal1 
o p e ra t i o n  w o u 1 d   b e  in 

g   that   has   taken   place   to   create   the 
rrows   CC)   and   [D)   is  typical   of all   of 

The   lower   edge  at   the   entrance 
e   than   the   upper   edge  due   to   the   hot 
e   in   this   area   as   it   flows   around   the 
■allyi   there   is   some   fracturing  of   the 
ace   in   area   (C).     This   phenomenon 
ed   with   the   moiscure   present    in   the 
p   which   causes   fracturing  as   t lie   rock 
ctual   tunneling  operations   the  under- 

expected   to  be   saturated   with  moisture 
than   in  most   of   the  work   reported 

k  would   be   subjected   to  more   heat   and 
ing   and   cracking  due  to   the   cutting 
aximum. 

The  cuts   performed   on   St.   Cloud   granodiorite   produced 
identical   contours   to   those   on Concord   gray   granite.     The 
slag  was   of  a   slightly  different   color   and   since   the 
granodiorite  had   been   kept   covered   it   was   subject   to   less 
spalling  and  cracking  during   the   cutting  operation;   other- 
wise,   the  cuts  were   essentially   the   same.     A  comparison 
of   actual    test   runs    is   shown   in  Table   1. 

I 
I 

A typical cut performed on the Dresser basalt is 
shown in Figure 13 (with rendition as figure 14). This 
material cut the easiest of the rocks tested.  The front 
of the cut at {.\]   on figure 14 was the most vertical of 
any of ihe cuts produced and the side of the cut at (BJ 
tapered out slightly but showed no spalling.  ITr re was 
some spalling at the outside at (Cj and (D) but this was 
significantly less than that experienced with granite 
because of the reduced quartz content. 

As 
phys ica 
quart zi 
t h e b a s 
cut t ing 
pi asma 
tered t 
of the 
caused 
CUt at 
ing and 
g raph i t 
severed 

might be 
1 propert 
te rep res 
alt.     Dur 

speed us 
produced 
he rock a 
rock. Th 
ex t ingu i s 
siLghtlv 
the debr 

e   anode   - 
the  arc 

anticipated   by   those  knowledgeable   in   the 
ies   of   rocks,   the   cutting  experience  on 
ented   the   other  end  of   the   spectrum   from 
ing   the   first   cutting  tests   (at   the   same 
ed   on   other   materials,   3   inch/min.J   the 
some   spalling  before   it   actually   encoun- 
nd   then   melted  a   small   pocket   at   the   top 
is  deflect et'   the  arc   column   backwards   and 
hment   due   to   high   arc   voltage.      A   second 
slower   speed   produced  considerable   spall- 
is   tended   to  collect   at   the   top   of   the 
generating   an   insulator   which   again 

column.      During  a   third   cut,   at   still 
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iui the cutting occurred at  a  reasonable  ral 
but eventually a Large piece spa lied off t 

the CUt and broke the arc eolumn, causing e 
it. Thus, it is seen that the characterist 
sity of the high silica quartzite plus the 
fer comhined to make quart.: ite quite diffic 
t is Interesting to note that each of the e 
rtzite rest 1ted i n a c rack sever i ng t he 11 
ne of the cut. The quartzite is the most e 
by localize-! application of heat and it may 
is mode may assist in producing satisfactor 
ceds in this material. 
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As part of a preliminary screening investigation of arc 
cutting effectiveness, efforts were made to cut rock with 
water flowing over its surface and to cut with a signifi- 
cant gap or fissure in the rock.  During the cut with 
moisture the front edge of the rock was tilted at 7>0o  and 
a sheet of water roughly 4 inches wide and 1/1d inch thick 
was directed over the inclined face.  The presence of the 
water did not affect cutting speed or performance signi- 
ficantly; thus, it appears that the presence of water does 
not represent a real obstacle to transferred arc rock 
cutt ing. 
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e with a gap between two 
k on top, and a second 6 
cut the gap was approxi- 
ng rock surfaces were large 
t restriction to air aspir- 
e the gap had no affect on 
, however, the gap was 
se there was ample room for 
region, or for the hot gas 
The cut progressed nicely 
lower rock showed almost no 
e of configuration, with a 
atmosphere, would not he 

Once a satisfactory electrode configuration and gas 
flow have heen cstahlished fer the transferred arc cutting, 
the two primary variahles are cutting speed and power. 
Successful cutting has heen achieved in the range of 2-1/2 
to 12 Inches/min., depending on the rock type and thickness 
For cutting on very thick rock a slow cutting speed is 
required to provide sufficient heating [in the lower 
regions of the kerfj to pemlt It to wash out.  When the 
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face ; for 
S X i(H 
■easurene 
the heat 
powo r i e v 
cons tant 
constant, 
of c ut t i n 
with a r c 

er can be  Increased  with  constant  gas  type  ind 
li   is  to   Increase amperage.    Tins   increases  pov^t■^ 
n the arc and thus that directed on the rock sin 
example, the power density at I no kU is ahout 

kl\/m- from interpolation of data and previous 
nts by the authors.  Kxperimenta I data indicates 
flux   increases  four  times when   Increasing the 
el by tour.  ' t" the power density were kept 
the cutting speed should have also remained 
thus, Figure IS actually depicts the variation 

g speed with power density (which is svnonvmous 
power) for the specific apparatus used. 

figure II presents calculated data on the v 
01 cutting speed with power density. The develo 
this theory is presented in Appendix A along wit 
comparison of other heat sources. Ihe theory as 
melting rock surface with constant liquid fil« | 
subjected to a fixed power density. This data w 
using best values for thermal conductivity, heat 
density, melting point and emissivity of the me I 
appears that this is a rigorous treatment of the 
phenomenon but its application is limited by the 
ot experimentally measuring power density and 
ness. 
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Visual studies of the granite melting process with 
both regular and high speed movies shows that the molten 
rock Ulm in front of the progressing arc is not smooth 
and uniform, but rather webbish in appearance, with an 
estimated 20 percent of the surface covered bv visible 
molten rock and the remainder covered bv a transparent 
extremely thin fill:.  This coalescence of material into 
net-like ridges was probably caused bv the high surface 
tension of the molten rock.  Inspection of the cut face 
alter cooling shows this same phenomenon with the webs 
approximately l-l.S mm thick with the intervening area 
covered by no detectable molten material.  If the the- 
oretical curves can be assumed to represent the effect of 
melt thickness on cutting speed, the average melt thick- 
ness measured would appear to agree well with the upper 
curves on figure H).  The web nature of the melt surface 
is shown in figure 20.  It should be noted that the data 
points plotted on figure IS for granite would indicate the 
melt thickness during cutting is somewhere between O.l 
and 0.2 mm. 
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Figure L6 shows the minimum power required to produce 
■vertical cut through a given thickness of granite  (it 
should be noted thai deeper cuts can he made with a lagging 
CUt.l  Ihe plasma torch was operated at chamber pressures 
in the range of 10 to 30 psig.  In this pressure range a 
characteristic jet length of relatively constant heat flux 
can be attached to each power.  This jet length increases 
as the power rises.  Mixing with the surrounding atmosphere 
breaks up the jet rapidly, in the cutting process this 
visually results in reduced melting and a lagging kerf 
Ihus  when running at 4(1 kM one can observe that the bottom 
Of the kcrl begins to lag after a vertical penetration 
ol approximately 1 inch while at 400 kh vertical penetration 
is in the range ot S-o inches.  Although 1,000 kh lias not 
been run in these tests, prior experience would indicate 
that a jet length in the range of 12-1« inches could be 
expected.  l\'e suspect, then, that there is adequate 
powe- available to permit thicker cutting than that shown 
on Figure 16, thus, the thickness limitation at a given 
novvr is more influenced by the phenomena occurring m the 
tailtlame ot the plasma where mixing and diffusion control, 
i.e. the tailtlame should he kept more columniaied.  We 
would suspect that improvements in efficiency could be 
obtained with modifications that would reduce jet mixing 
such as, shrouding the plasma with a coaxial sheath of 
ItSS dense gas which would reduce shear forces, and shaping 
ot the plasma nozzle to produce a more directional flow. 
Ihe voltage gradient in the arc is approximately 7,5 volts 
per inch, theretore, each 3 inches of arc cut thickness 
requires an additional 100 kW of power.  The points on 
figure It   approximately follow this slope.  Thus, the slope 
ot the curve appears to be controlled by the electrical 
characteristics of the system.  A variety of anode posi- 
'ions were used, as indicated in figure 4,  \s a generalisa- 
tion, maximum cutting takes place between the two electrodes 
and the second electrode should be located within 2 inches 
ot the jet breakup point. 

I 
I 

Figure 17 is a compilation of data points at 140   kK 
using the angled (Figures 4 fC) and I) configuration on 
both Concord gray granite and basalt.  As the speed of 
the cutting devi'e is increased on a given sample the cut 
gets shallower and finally reaches a point where the 
device moves so rapidly over the surface that no heat 
affection occurs.  In the case of granite, this is preceded 
by a region of spalling (.since the authors have observed 
that granite spalls at approximately lloo«!) while with 
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basalt the transition is more dramatic.  At very lou speeds 
spalling becomes the dominant mode of cutting in the case 
Of granite since a large cavity is developed and only the 
low temperature periphery of the flame contacts the rock. 
The relative difference between granite and basalt can be 
explained on the basis of the melting energy requirements, 
however, the difference in shape of the two curves was not 
expected. 
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PROJECTED TUNNELING PERFORMANCE 

The Rapid Excavation Report by the National Academy 
of Sciences (9) sets as hard rock tunnel goals a 200-500 
percent increase in the sustained rate of advance with 
maximum current capability of about 75 ft/day in «'-9' 
tunnels (10J.  It is the purpose of the following section 
to propose that plasma cutting could achieve and exceed 
the goals set out by the Rapid Excavation Committee with- 
in a practical power level and the present state of the 
art of plasma generators. 

The data generated on this program has been extrapolated 
to higher powers utilizing reasonable cut widths [2")   and 
cut depths (24").  These projections, along with National 
Academy of Science goals, are presented in Figure 21.  One 
typical calculation will be made to demonstrate how the 
curve was generated. 
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Assumpt ions: 

n 
2) 

3) 
n 
5) 

Granite rock  i  200  Lbs/ft.' 
0.48   kWli/lh.   required   to   remove   all   Materials    in 
kerf 
Kerf 1"  wide x 24" deep 
Tunnel cross section 8' x 8' 
Cores after cutting are 4' square, i.e. 48' ot 
cut required on each fresh tunnel face 
Cutting occurs 40 minutes of each hour [661 
eff ic ient) 

Volume  of   kerf  cut   on  each   fresh   tunnel   face: 

v   =  width  x   depth  x   Length  o 

3 v 2/12   X 48 i()   ft 

f   cut 

or   3200   lbs 

The   power   (p)   required   to  melt   the   above  kerf   in  one   hour   is 

p  =  melting  energy x   lbs.   rock melted 

p   =   0.48   kWh/lb.   X   3200   lbs/hr.   =   153b   kU. 

If  six   1536  kW  torches   are used  simultaneously   it 
takes   10  minutes   to  make  all   the   cuts   on  a   new   face;   this 
gives   a   torch  speed  of   9.6   in/min.   (a   reasonable  speed   by 
extrapolation  of data).     It  was  assumed   that   cutting   can 
be  accomplished   during  two-thirds   of   each  hour,   or   four 
cuts  can  be performed  each  hour,   i.e.   96  cuts  per  day. 
Since   each  cut   is   2   ft.   deep,   the  tunnel   advance per  day 
is   192   feet. 

It   i.    expected  that   the   technology when   fully  developed 
could   reach  or  exceed  this   performance.     Dielectric   frac- 
turing  with   the   frequencies   and   electrodes   used   in   this 
program  showed   little  promise  of  augmenting the   rock   re- 
moval   process;    Appendix  C   is   a   summary  of   dat ;i, ana 1 ys i s 
and   observations.     On  the  positive   side,   it   appears   that 
the   thermal   energy   imparted   to   the   rock  during  the   kerf 
cutting process  will  be  adequate  to  remove  the major  pari 
of   the   remaining   rock   (I-'igure   22).     This   removal    is   expected 
to   provide   adequate   room   for   subsequent   cutting  operations 
and   tunnel   advancement. 
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CONCLUSIONS 

a r e 
The conclusions that can 

as follows: 
be drawn from the program 

1. A reliable 4ü() kW d.c. transferred arc cutting 
operation has been established which is successful in 
cutting all of the rock types tested to date (except 
quart;ite) at speeds in the range of 2-12 inches/min. at 
thicknesses up to 19 inches. 

2. It appears that significant rock fracturing will 
occur during the kerf cutting process due to heat buildup 
in the rock in most rock types tested. 

S<  An electrode geometry has been tested which per- 
mits continuous cutting on a simulated vertical tunnel 
wall at depths up to 12" and speeds in tue range of 2.5-4 
inches/min and continuous cutting at depths beyond 19" if 
more ideal laboratory geometries can be used. 

4. The concept of producing thermal inclusions in 
rocks for fragmentation by using either mechanical or plasma 
electrical contacts to the surface does not appear to be 
practical.  Only surface heating and limited cracking 
occurred. 

5. The data generated appears to indicate higher 
cutting speeds and deeper cuts can be achieved with 
higher powers and arc power densities. 

6. hxtrapolation of the cutting data to 9,000 kW 
indicates tunneling speeds of 200 ft/day could be expected 
with an 8' tunnel. 

PATliNTS AND INVENTIONS 

No inventions were made during this contract 

22 



APPENDIX A 

THEORETICAL CONSIDERATIONS, COMMENTS ON OTHER 
1IHAT SODRCI.S AND ENERGETICS AND SPEED OF CUTTING 

by 

Mark P. Freeman, 1'h.i) 
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Cutting  the kerf  Involves  straightforward inciting of 
the  rock at  the surface  {ot Melt/rocK   Interface]   because 
of  the  tenperature  rise  related  to  the heat   Flow  Into  the 
rock.    The general  problem of heat  conduction with melting 
is   not   well   developed   (11).     However,   without   specifying 
the   heat   source   for  the  moment,   we   can  evaluate   the 
energetics   of   the   process   from   the   rock   material   properties 
by   assuming   (a)   a   steady   state   thickness  of  melt,   and   (bj 
a   steady   state   temperature   profile   relative   to   the   melt 
interface.     Such an analysis   is  carried  out   below. 

• 

The relevant material properties for rocks are not 
well known in that they vary widely depending on the 
source.  However, for the present discussion reasonable 
values of these properties have been chosen for three rocks 
of pragmatic interest and are given in Tab e II.  Cutting 
velocities for these various rocks are shown in figure 23 
as functions of the net heat actually transported into the 
rock.  The rather trivial discrepancy in cutting speeds 
only reflects the difference in physical constants of the 
rock.  The disparity becomes much greater if we include 
radiation loss from the surface of the melt.  In figure 19 
we plot cutting speed for charcoal granite vs. heat flux 
convected to the surface of the now radiating melt for 
various thicknesses of melt.  In figure 24 we eompare 
again the various kinds of rock assuming a uniform thick- 
ness of melt. 
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Second, for a finite heat flux, thickness of melt can 
spell the difference between success and failure for a 
particular device.  for some rocks, economical melting, 
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regiirdles* ot the ncthod, My require fluxing of the »clt 
so as to reduce its iriscositv to i value that peraits 
gravity drainage and/or air liiast removal. 

HEAT SOURCES SUITABLE FOR HARD ROCK CUTTING 

Returning now to Table 111, we single out those 
directed heating processes capable of melting, say, char 
coal granite at a finite rate; 

aJ Laser heat ing 
b) Electron beams 
c) Heated solid bodies 
dl Electric arcs. 

Laser Heat ing 

Although ideally suited to the work in manv wavs, 
current technology of cw lasers limits the total amount of 
power available to about 150 kW and that only for at most 
minutes at a time.  The top heat flux of 10 MK/m- is less 
than satisfactory.  However, focusing can improve the 
figure substantially but at the cost of depth of field. 
If the duty cycle problem can be solved and, depending'on 
the extent of attenuation of the beam by the vaporizing 
material, this method could well one dav be practicable. 
However, it is our understanding that, based on an over- 
view of current technology, this line of development is not 
regarded as promising at present. 

Pulsed lasers have the requisite energy density but at 
the present state of development lack the average power re- 
quirement.  This approach seems less likely to succeed 
than that of the cw laser. 

Electron Beam 

One technique for melting deep kerfs in rock is util- 
ization of an electron beam (13).  It would appear that 
initial experiments in this area have uncovered certain 
technological problems which will limit the application 
of this heat source.  Initial experiments have demonstrated 
beam detocusing which limits penetration into the rock. 



In addition, the vapors produced during the vaporization 
process limit the ability of the beam to penetrate into the 
kerf.  In addition, the process requires cxtremelv high 
voltage (100,000 VJ, sophisticated vacuum equipment, and 
will generate x-rays. 

Heated Solid Body 

C 
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lilcctric Arc 

Theory - Before turning our attention to ways in 
which surfaces mav be melted by electric arc, it is well 
to briefly review the principles of electric arc operation 
(14, 15). 

The ionization on which an arc 
trical conductivity comes from the 
(10,000-20,000oK), partial dissocia 
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solved, it is i omul that they arc del 
as arc power per unit Lengthi conduct 
[17),     ror  the developnent  of   intuiti 
it   is  probably better  to   lean on  the 
themodynanicsi  a procedure thai   has 
identical   results  starting  from a  muc 
Information  (17),    Specifically,   for 
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Lnizing  Its  electric   Field. 
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rained to a constant current is con- 
;i close fitting material (and thus 
11, cooling of the arc boundary is 
the arc defined by its temperature 
maintain its current with a smaller 
operate with a higher field•  In 
neously becomes much hotter and more 
power dissipated per unit length 
balance the heat flux to the sur- 
up by as much as an order of magni- 

r the free arc.  Note that the radial 
an assume a quite non*intuitive shape 
because of the strongly variable 
the arc fluid caused by various 

dissociation phenomena at different 

Directing the Arc Heat Onto a Surface - Although the 
heat generation of an arc Fs adequate to the task, the 
number of ways in which it? heat may be directed into a 
kerf are limited. 

The d.c. or a.c. plasma Jets (,19) are probably in- 
appropriate for deep penetration because the formation of 
a satisfactory steady state cutting profile is precluded 
by attenuation of the free jets due to conduction to the 
surfaces and to entrainment of cold ambient gases and 
vapor (although coanda effect attachment to the rock face 
might be expected to cause the jet to persist longer than 
might otherwise be expected]. 

Directing the arc into the rock by means of a magnetic 
field is a possibility, but dispersal of the molten rock 
becomes a problem.  This suggests blowing the arc into the 
fissure so that the gas convecting the arc into the fissure 
can serve the second purpose of cleaning out the "magma" 
as well. 
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ENERGETICS AND SPliED  OF  CUTTING 

Glossary 

U   = 

Area   of  rock 

Heat   capacity  per  unit  mass   of   solid   rock 

Heat   of   liquifact ion  of   rock 

Thermal   conductivity 

Temperature 

Mel t ing "temperature of  rock 

Surface  temperature  of  melt 

Initial   rock  temperature 

Time 

Cutting   speed 
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H = Heal   flo* 

X = Poait ion 

• = lim Issivit y 

K = Croup   of   constant   used   in   derivation 

o = Density of solid rock 

a = Stefan-Boltzsann constant 

Subscript 2 ■ Refers to melt 

Summarv 

For rock cutting in steady state it is found conven- 
ient to introduce a transformed cutting rate U1.  It may 
be immediately identified with the heat flux into the 
surface of the melt and is directly proportional, related 
through use of material properties, to the true cutting 
rate, U: 

Ü  = U • pc L(Tm - T ) ♦ L/Cj uo 

The total power that must be transferred to unit area of 
the surface of the rock to achieve a given transformed 
velocity U1 is iust 

WT/A 
2  m 

(bj 

In the limit of thin fluid melt layers this may be re- 
arranged to give U1 as a function of heat flux': 

Ü 
WT/A EOT 

46eo T 
1 ♦ in 

(c) 

2 9 
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liiially,   in  the case oi   ;i  viscous nell   vaporization   laiposcs 
,1   limit   on cutting  speed and   In  this case we   find i   limit- 
i ng speed  o t 

i 
m = ~ IT,   - r j ax b nr td) 

and a maximum productive heat flux of 

IV.,,/A max 

K, 
— fTi - T J +   f.a  1 

b lej 
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proper use of these equations they should he 
valuatcd for rocks of interest.  It would he 
ivial to insert values of thermal conduct- 
apacity, heat of 1iquifact ion, density, 
and emissivity of the melt to generate I 

ves of heat flux vs. cutting rate for various 
f melt 5.  Similarly it would be equally 
rd to compute and plot limiting cutting rates 
production heat fluxes for different melt 
f the different rocks of interest.  Given the 
erties l;sted above a satisfactory numerical 
Id require no more than eight hours including 
results. 

Theory 

The Sol id Rock - Consider a semi - infinite solid moving 
at velocity 11 toward the left.  The plane x ■ 0 is main- 
tained at i'm.  (We thus model a uniform melting surface 
with the coordinate origin fixed in the plane of melting.) 

Heat flux 

3x 
x = n 

or 

ll 

T + dT = T(x 

T ♦ d' 

x = () 

+ Udt , 

ulldt ax 

t + dtj 

JT 
at 

dt C2) 
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ho now assume the  solid  is Moving   (i.e.   the surface 
is  Melting]    in   such   a   way   that   -   steady   state   exists   in 
our   coordinate   system.      That      o. 

~ =  Q 

y dT 
Now     -:—  = It 

K_ 
DC ax" 

■> 

.J"T 
? 

ax" 

(3) 

[4J 

whore p is the rock density and c its heat capacity. 
K is defined by  T.q. (4).  Introducing (3) and (4) in [2) 
we get 

j 
3T 
9x (5) 

The solution of which is just 

T - T 

m   0 

0       f U ., — = exp {-- x) Lb) 

where  Tfl   is   the   initial   rock   temperature   and   the  condi 
tions  have  hcen  used: 

as  x   ►'•,   T   ■  T 

a s  x   *  (1,   T   =  T 
in 

C7j 

By differentiation  of   (d) 

3T 

x = n 0 C    3 X x = 0 
-'H'n,   ■  T.) 

I 

or 

W 
A 

•Hoc   (T m ToJ C8) 
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uhorc i\ A  is tlu" power  transferred  to unit   area ol   t!n.- 
rock.      I qua ti (Mi    |SJ    simply   says   t iiat   cutting   speed    is 
directly proportional to rate of boat transfer per unit 
area which is not unexpected. Expected also is that lor ■ 
given available pouvr t ho cutting speed is inversely pro* 
portions]   to   volumetric   heat   capacity   and   to   the   temperature 
rise required for nelting. Up to this point we have only 
considered heat conducted awav into the rock.  Ue thus 
summar i:e. 

"1 

IV 
u ■ cond 

A DC J- {9) 

Tne  Me11   -   Ue   now   consider   processes   to   the   left   of 
the  piano  ot   melting,   specifically   the  melt,   assumed   to 
have  a   constant   thickness   8   determined   hv   viscosity, 
gravity,   and   Jot   shear   forces. 

\\. 
i n 

2r>\ 

I   ' id 

x = - • 

ecru 

x»0 

Denote the liquid phase by the subscript 2.  Then: 

I 
I 
I 

cond        ,. 2 
-   I ■. A ax x = n 

liquifact ion  per   gram 

ULp (10J 

• ■ 



KC now assume t lu- Nell  is Opaque so that 

•i. 

x»0 
K: sir x'-i iij 

o r   i f T , ■ T     a t   X = - 6 

at, 
Kur     -   T   )   =   K,  —- 

x = n 
(12) 

Substituting   from   (12)    in   (10)   we   got 

N 
^ * UI,o - ,^T__ji! [13) 

Introducing   (0)   and   solving   for  IJ 

-I   -   1   K- I ü»   "   V 
ypcrn; - T(,) ^TT^T (14) 

Equation   (14)   suggests   defining  a   transformed   cutting 
spred   that   Internalizes   the   material   properties   of   the 
rock. 

K, h. 
«     • 1*   (T.   -   T   J   = ös nr A 

i n 
(15) 

I 
I 
I 

where 

"    ' ü *   DC  L'Tm      T0)   ♦ L/c] (16) 
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l lu- na t IM- i a 1 prope ri lias not hcvu   included in the 
definition of U1 because Kj and  are almost certainly 
affected by fluxing the melt for lower viscosity.  It is 
of course possible that the Melting temperature could also 
be reduced, but we use this abbreviation anyway as it is 
only a matter of convenience and does not serve as a base 
for approximation.  Note that the units of ll' are cal/cm-/ 
sec . 

For low melting materials, the cutting speed is given 
by (15] by  setting Tj equal to the boiling point of the 
lock, 11-,.  The ( t rans formed J velocity then depends only on 
the thermal conductivity and inversely on the liquid layer 
thickness.  However, radiation is appreciable when most 
rocks melt.  We wr i te: 

IV.,, = W.  + N  , 
1    in   rad 

WT/A = U1 + EO T 4 

1 s 

117) 

[II) 

where e is the emissivity and a the Stefan-Boltzmann 
constant.  We substitute for Ts from (,1SJ 

^ = U1 + to  T 4(1 ♦ ^J4 
(19) 

Neglecting vaporization, this expression relates the 
transformed cutting speed to the power requirement.  If 
in addition we assume that (Ts - T )<<TBn liquation [19) 
mav rcadilv be inverted: 

WT/A eo   T 

1 * 
46ea T 
 I 

C20) 
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Note that the effect of vaporization will actually be to 
nut an upper limit on T8. Thereafter additional heat wiU 
serve only to boil away rock which decreases heat transfer 
to the melt and is such an energetically unfavorable pro- 
cess that it contributes Inconsequentially to the cutting 
rate.  However, this does give us an expression lor maximum 
cutting rate (T, - Tb in Equation [IS))   and the power re 
quired to achieve that rate [liquation 18). 

II 1 
max 'J 

ana 

WT/A max 

K 

r1 ^h ''J EG Tt 

[21) 

(22) 

It is douhtful if the maximum could he achieved tor rock 
with a very fluid melt hy use of any known arc device, 
however, for those with viscous melt it may well be the 
limiting factor in rock cutting. 

\otc that we have considered in WT only the heat trans 
fer.ed directly to the melt.  Arc power will generally be 
quite a bit higher at least half of it being lost in non- 
productive heat transfer to the walls oi the kerf.  -No 
attempt is made to analyze that factor at this time. 
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APPENDIX  B 

BACKGROUND, INTERNAL HEATING TO CRLATL 
THERMAL INCLUSIONS VIA DIELECTRIC MEANS 
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22 indicates the effect of field 
entimeter) on crushing time for vari- 
cse data have been replotted as 
point out that higher field strengths 
times considerably.  Thirumalai (5) 

id arc breakdown of the thermal inclu' 
rock voltage gradients below 3,COO 

From Figure 26 it appears that 
adients up to 600 v/cm reduces crack- 
with no data above this. 

Dielectric heating of a material can be expressed in 
the following way (23). 

Watts/cm3 = 0.55 5 x Dc x D x f x V2 

where 

F 

f 

dielectric constant 

dissipation factor 

current frequency (MHz) 

voltage gradient impressed on rock (kV/cm) 

It should be noted that both Dc and Dp are properties of 
the rock.  In any experimental program it is important 
that one optimize the process with the variables under his 
control.  Dc and Dp are expected to vary with temperature. 
Figure 27 (Reference 24) shows the variation of these two 
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parameters with temperature for fused silica.  Because of 
the wide variation in Dp and Dc in the temperature range 
of interest, care should he devoted during the program to 
measuring the effect of these variations on power supply- 
load coupling, and the magnitude of corrective tuning during 
loading to achieve maximum performance, i.e. if the ef- 
fect of varying loss factor is great, capacitance might 
have to be added during the heat up cycle to maintain a 
constant tank circuit impedance. 

It can also be seen from the dielectric heating 
equation presented that the internal heating is a linear 
function of frequency.  The data reported in Figure 26 was 
for frequencies in the 3-6 MHz range.  Since the TAFA 
laboratory is equipped with frequencies up to 20 MHz, one 
might postulate that it could achieve a 3-6 times improve- 
ment over the performance indicated in Figure 26 - a signi- 
ficant reduction resulting in cracking in a few seconds. 
Practical experience in the areas of arcing and equipment 
maintenance dictates the use of the lowest possible fre- 
quencies.  At 1,000 kW, for example, 450 KHz is standard 
for pipe mill welding, and this power range is available 
on an off-the-shelf basis.  Essentially, no unusual power 
supply maintenance or arcing problems are present in such 
a system.  Similarly, 13 MHz is available at this power 
range for dielectrically heating plywood; however, more 
care must be taken to protect components from arcing, 
especially in undesirable environments containing high 
humidity and contaminants.  This is not to say that the 
electrical engineering problems are insurmountable, rather 
that where equivalent performance may be achieved, lower 
frequencies are recommended; thus, data should be made 
available over a wide frequency ringe to assist in future 
engineering evaluation.  The experimental program envis- 
ioned would generate data over the range of 450 KHz to 20 
MHz. 

It should also be obvious from the dielectric heating 
equation that since heating is a second power function of 
volts per centimeter, considerable emphasis should be 
placed on understanding this parameter.  Because of well 
known x-ray generating problems, voltages should be kept 
below 18,000 to eliminate the need for shielding.  On 
the other hand. Figure 26, previously discussed, points 
out the importance of increasing this item to reduce 
crushing time. 
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It should also be obvious that reduction in heating 
time to achieve the proper sized thermal inclusion will 
also reduce conduction losses through the rock and, there- 
fore, further decrease the time required.  Ibis was pointed 
out experimentally by Thirumalai (21) via comparison of 
rocks of different conductivity (Sioux quirtz vs. granite 
and basalt). 
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APPIiNDIX C 

SUMMARY OF  DIELECTRIC  HEATING   INVESTIGATIONS 

by 

John W.   Poole 
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The initial work on dieleccric heating was done at 
about 8 MHz which is the maximum design operating fre- 
quency for the standard output circuit on the 100 kW out- 
put Lepel unit.  The filter circuit used to protect the 
d.c. power supplies was an improved version of the IT 

filter which was made up several years ago at TAFA.  The 
leads from the d.c. torch to the filter were about 12. 
feet long.  During the early work the ground side of the 
r.f. circuit was connected to the d.c. torch, and the 
system seemed to work quite well for rocks up to four 
inches thick. 

To establish a frame of reference mechanical electrodes 
were first attached to 8-10 inch thick rock to attempt 
heating and cracking.  No heating could be produced at the 
ground potential electrode and this led to studies with the 
plasma torch in the high voltage lead rather than ground 
lead (figure 6).  Additional tests demonstrated that one 
could not generate a crack in thick rock with the d.c. 
laminar flame heating only.  Thus, it was concluded that 
the laboratory setup should be modified to couple the 
high r.f. potential directly to the d.c. plasma. 

Attempts to operate with the above connection led to 
severe difficulties with the r.f. oscillator, i.e. recur- 
rent arcing between turns of the grid tuning coil, exces- 
sive loading of the tank circuit so that oscillations 
would stop, and power control difficulties whereby the 
unit would jump to a maximum power output condition. The 
problems were solved systematically and eventually led to 
the following changes. 

1. Discard the r.f. filter. 

2. Substitute a dual-tuned tank circuit approach 
(Figure 6) for coupling the r.f. power to the d.c. torch - 
rather than the direct coupled output circuit (Figure 6). 

3. Operate a 5 MHz instead of 8 MHz. 

4. Improve the grounding of the oscillator cabinet. 

5. Improve the shielding and the grounding of the 
power control cable to the rectifier cabinet including a 
capacitor filter network to ground on each lead. 
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As a result of those changes the r.f. test setup 
functioned smoothly over a wide range of conditions with 
complete reliability.  Figure S (.A 
in ope rat i on. 

shows the test setup 

Approximately 20 fracturing tests were made with the 
setup Lshown in Figure 5 (A)] and the following conclu- 
sions can be drawn. 

1.  Deep cracking cannot be generated by the laminar 
tlame operating by itself. 

7 no :" ilhe rA^   volta^ can only be turned up to about 
7.00 volts peak (5.000 v.r.m.s.) before arc tracks begin 
to form on the rock surface. 

eff i 

eak 
g 

3. Maximum local heat penetration and deep crack int- 
iciency is achieved at the 7,000 volt point. 

4. Turning up the r.f. power to 11,500 volts p 
(8,100 v.r.m s.l resulted in arc tracks about 4" Ion 
iFigure 5 (B)]. The track pattern normally has 4 to 
arcs emanating symmetricallv from the laminar plasma 
root point. ' 

of ni', ^ t!?e r,f' voltaSe «t 11,S()() v peak, the top 
?L ^   K ,tenrS u0 Spa11 or thin la-vcrs separate from 
the main body of the rock.  Deep cracking dels not take 

6. If the r.f. is turned up still higher, the arcs 
dissipate in the surrounding atmosphere some after travel- 
ing four feet. 

7. The arc tracks which form about 7,000 V appear to 
be the same with plasma or solid contacts.  Experimental 
scatter due to different rock strengths, riff directions, 
etc.. masked differences which might exist. 

8. The heat balances indicate: 

551 power to oscillator cooling, 
15^ power to coi1, 
m power to calorimeter, and the remaining 
20°ö  power to the d.c. torch and the rock 

at typical operating conditions.  Instrumentation was 
used to obtain accurate cooling water heat balances."how- 
ever, no instrumentation was available to measure the di- 
electric current, voltage, and phase angle directly. 
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9, The cracking accomplished by dielectric heating 
generates a fine crack across the smallest cross section 
of the sample from the hot zone to the edge.  Typical sam 
pie size has heen 8" x 8" x 12H.  Catastrophic separation 
was not demonstrated. 

10. In comparing our work to Thirumalai (21) we 
have the distinct disadvantage of working from the sur- 
face.  His roughly cylindrical thermal inclusion produces 
shear stresses at the bottom of the heated zone that help 
break the rock into several pieces. 

11.  The biggest limi 
turing from our experience 
place at high r.f. voltages 
somewhat by the ionized gas 

tion to this type of heat frac- 
the surface arcing that takes 
This seems to be aggravated 

already present in the laminar 
flame, but conversely seems to be helped somewhat by the 
puddle of molten rock established by the tip of the laminar 
f1ame. 

12. A statistical analysis was made of 13 runs on 
the dielectric fracturing setup, 11 using laminar flame 
contact and two using a solid contact.  The correlation 
was not good on any of the relationships of time, width, 
height, or volume fractured as a function of peak r.f. 
volts, r.f. power, and total effective power (r.f. + d.c.) 
It must be concluded that nothing significant is exhibited 
by these direct comparisons. 

13. Another statistical analysis was based on the 
hypothesis that the time to cause a crack should be in- 
versely proportional to the r.f. power and the (volts/ 
inch) squared and directly proportional to the minimum 
dimension of the top face of the rock.  The equation is 

1  .L fE^2   (r.f. kW) 
T ' K1 V      W 

or 

I 

„  _ TrEs Cr.f. kW) 
Kl ' lfK'  w  

The proportionality constant K, gives an indication of the 
effectiveness of a particular dielectric fracturing test. 
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This analysis demonstrated no correlation if all of the 
runs are taken together.  However, the runs can be divided 
into three categories that show close relationships. 

a.  Moderate r.f. power and voltage (low enough so 
that no arc tracks form on the rock surface).  This show." 
Ki = 1.075 and V = .02 where V is the coefficient of vari- 
ation 

S * 

h-  High r.f. power and voltage using the d.c. laminar 
flame contact.  As mentioned elsewhere, this mode of oper- 
ation produces mostly spall ing of the top surface.  l;or 
this case K] = 7.5 and V = (1.44. 

c.  High r.f. power and voltage using solid metal 
contact electrodes.  There was significant surface arcing 
and again the tendency to spall the top surface.  |i ■ 23.3 
and V = 0.11.  Thus, the results were uniform hut the 
cracking effectiveness was an order of magnitude 
than for category 1. 

poorer 

in summary, rock fracturing by applying 5 MHz r.f. 
energy at the surface to produce thermal' inclusion crack- 
ing docs not appear particularly attractive.  Use of the 
lammar d.c. contact has some attractive features and some 
detrimental ones, but the overall evaluation would be 
that it does not Strongly enhance what is inherently a 
poor fracturing technique.  The advantage of higher fre- 
quency fracturing referred to previously was not demonstrated 
because of time and apparatus problem limitations 

S = Standard deviation 

K^ = Mean Value of the Constant 
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PHOTOGRAPH  OF  TYPICAL   CUT   IN GRANITE 
FIG. 11 
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