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Foreword

In 1968, the author reviewed over 25 novel methods of drilling 
rock in a book entitled NOVEL DRILLING TECHNIQUES (Pergamon 
Press). At that time, little research and development had been done on 
these drills and many of them were only in the conceptual stage.

In the past ten years, over $50 million has been spent researching 
these novel drilling systems. Hundreds of researchers have con
ducted extensive laboratory and field tests on these drills. Full scale 
field tests have been conducted on oil field high pressure jet bits, 
projectile impact drills, water jet assisted tunneling machines, 
abrasive jet drills, electron beam devices and oil field explosive 
drills. Because of this extensive R&D effort, these drills can no longer 
be considered novel. For this reason, the title ADVANCED DRILL
ING TECHNIQUES was selected for this publication.

The objective of this book is to review R&D done on these 
advanced drilling systems during the past 10 years. All figures, 
references, and data in this book are new. References older than 
1968 are included only where the author was not aware of these 
references when the earlier book was written.

This report complements NOVEL DRILLING TECHNIQUES and 
the reader is referred to this earlier publication for additional 
background information on these drills.

xi



Introduction

Considerable research has been conducted on advanced or novel 
drilling techniques during the past decade. Drilling devices such as 
lasers and electron beams which were only concepts ten years ago 
have now been thoroughly tested and accurate predictions can be 
made on the performance of these drills. Other techniques such as 
projectile impact, high pressure erosion jets, and explosive drills 
which were laboratory curiosities ten years ago have now been 
thoroughly field tested.

High pressure jet bits operating at 103 MPa (15,000 psi) have 
demonstrated that they can drill oil wells 2 to 4 times faster than 
conventional rotary bits. A jet assisted tunnel boring machine 
operating at 393 MPa (57,000 psi) increased the advance rate of a 2.1 
meter diameter tunneling machine in granite by 48 percent. Lasers 
and electron beams have been used to cut narrow kerfs (2 mm wide) 
up to 1.27 cm deep in granite and other hard rocks. These kerfs can 
unsupport the rock and increase the advance rate of mechanical 
cutters 2 to 4 fold. A 105 mm cannon firing 44.5 N (10 pound) 
projectiles at velocities up to 1,680 meters/second was used to drive 
a 4 meter diameter x 16.7 meter long tunnel in granodiorite. 
Explosive drills have been used to increase drilling rates in hard 
formations in deep oil wells. Bits made utilizing man-made 
STRATAPAX diamond have demonstrated that they can drill many 
hard formations much faster than conventional rotary bits. Because 
of these encouraging results, it appears that some of these advanced 
drilling techniques will find commercial application in the next few 
years.

The potential of these new drills must be continually re
evaluated as new developments are made. This study will quickly 
become outdated because of rapid advances being made on these 
drills. It is therefore important that this study be updated as new 
information becomes available and that the researcher remember 
that what is exotic today may be conventional tomorrow.



1
Basic Rock 
Disintegration Mechanisms

Rock excavation devices remove rock by four basic mechanisms: 
1) melting and vaporization, 2) thermal spalling, 3) mechanical 
breakage, and 4) chemical reactions as shown in Figure 1-1.

HEAT

SPALLING

FORCE

POWDERED
ZONE

ROCK

MECHANICAL STRESS CHEMICAL REACTION

Fig. 1-1 Basic rock disintegration mechanisms
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►

Thermal Spalling

Thermal spalling occurs when high stresses produced by rapid 
surface heating exceed the strength of the rock. The volumetric 
expansion which quartz undergoes during its alpha-to-beta transi
tion at 573°C is a major factor in this spalling mechanism.

Melting and Vaporization

The melting temperature of igneous rocks ranges from 1,100 to 
1,600 C whereas limestone melts at 2,600 C. Lasers and electron 
beams produce sufficient power concentrations to melt and vaporize 
all types of rock. High energy requirements of these rock melting 
devices preclude their widespread use except for drilling small 
diameter holes or for melting narrow kerfs in conjunction with 
mechanical cutters. Conceptually, these devices could also be used 
to melt narrow kerfs around large blocks of rock and remove the 
blocks intact.

Mechanical Breakage

Rocks are mechanically drilled by impact, abrasion or erosion. 
These mechanisms induce tensile or shear stresses which exceed the 
rock strength and produce plastic yielding or brittle failure.

Chemical

A wide variety of chemicals can be used to dissolve rock. Highly 
reactive chemicals such as fluorine can drill rock at high rates and 
produce harmless by-products. Safety problems and high chemical 
costs preclude the use of these chemicals for widespread drilling.



Drilling and 
Kerfing Equations

SPECIFIC ENERGY is useful for predicting performance and 
power requirements when novel devices are used as the sole rock 
removal device. This parameter cannot be used to accurately 
measure the performance of novel devices which kerf rock in 
conjunction with mechanical cutters. For this application, a new 
term SPECIFIC KERFING ENERGY is more useful. This new term is a 
measure of the energy required to produce a unit area of kerf whereas 
specific energy is a measure of the energy required to remove a unit 
volume of rock.

Specific Energy

volume of rock as follows:
Specific energy, E, is defined as the amount of energy required to 

remove a unit volume of rock as follows.

F - Energy lRPut _ ■ (J/cm3)
E Volume Removed dV/dt

where

(1)

P = Power Input (Watts) 
dV/dt = Volume Time Derivative (cm3/sec)

Once the specific energy for a given system is established from 
laboratory or field tests, drilling rate, R, can be calculated as follows 
(Figure 2—1):

3
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where

(3)

P = Power Input (Watts)
A = Hole Cross-Section Area (cm2) 
E = Specific Energy (J/cm3)

R = P/AE (cm/sec) (2)

When several novel drills are used in combination, the drilling 
rate equals:

, n 
R - -r i P./E, 

i = 1
where Pj and Es correspond to the power and specific energy for the 
ith system.

With a combined novel-mechanical system, the rate equals:

R = (Pn/ En + Pm/Em) (4)
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where the subscripts n and m correspond to novel and mechanical, 
respectively. In most novel-mechanical systems, the novel devices 
are used to produce narrow kerfs and thereby unsupport the rock so 
that the mechanical device can more easily remove the rock (i.e., 
reduce Em). In this case Pm/ Em » Pn/ En and Equation 4 reduces
to:

(5)

Unsupporting the rock can reduce Em by 50 to 75 percent, thereby 
increasing the drilling rate by 200 to 400 percent even though the 
novel device may be removing less than one percent of the rock.

The specific energy for a kerfing device (Figure 2) can be 
calculated as follows:

(J/cm3) (6)

where
P = Power Input (Watts) 
d = Kerf Depth (cm) 
w = Kerf Width (cm) 
s = Traverse Speed (cm/sec)

Fig. 2-2 Kerfing parameters
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S. E.= 5000 JOULES/CM3

S. E. = 5000 JOULES/CM3
Fig. 2-3 Example kerfing conditions
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, Pec* lc. energy is not a true measure of the performance of a 
er ing evice because little rock is removed in the kerf and the 

unc tion o the kerf is to provide a free face to which fractures can 
propagate. Deep, narrow kerfs are much more desirable than 
s a ow, wide kerfs whereas specific energy does not differentiate 
between the two.

1 his is illustrated in Figure 2-3 where a deep, narrow kerf and a 
shallow, wide kerf are advancing at the same rate and. the specific 
energies are equal (5,000 J/cm ’). It is obvious that the deep kerf at the 
right would more effectively unsupport the rock and therefore that 
specific energy is not a true measure of kerfing ability.

Specific Kerfing Energy
Novel kerfing devices are used to unsupport rock so that 

mechanical cutters can more easily remove the rock. Laboratory and 
field tests have demonstrated that advance rates can be increased 
200 to 400 percent by these kerfing systems.

We would like to introduce a new term SPECIFIC KERFING 
ENERGY (SKE) which is defined as follows:

SKF = Energy =__________ Power___________
Kerf Area Kerf Depth x Traverse Speed ’ 

where kerf area is the surface area on one side of the kerf. Specific 
kerfing energy is a direct measure of kerfing ability and can be used 
to predict the performance and power requirements of novel kerfing 
devices. The units of specific kerfing energy are energy per unit area 
(J/cm2).

Once the specific kerfing energy is determined from laboratory or 
field tests, the kerfing power required can be calculated as follows:

P = SKE x (8)

where dA/dt is the rate at which kerf surface area is being generated. 
When a single kerf is cut at the periphery of a tunnel or borehole, 

the kerfing power requirement equals:
P = (SKE) ttDR (Watts) (9)

where
SKE = Specific Kerfing Energy (J/cm2)

D = Borehole or Tunnel Diameter (cm)
R = Advance Rate (cm/sec)
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When concentric kerfs are cut into a tunnel face as shown in 
Figure 2-4, the kerfing power requirement equals:

n
P = (SKE) ttR s ds (Watts) (10)

i = l

where D, is the diameter of the ith kerf and n is the number of kerfs. 
If the concentric kerfs are equally spaced, there will be

n = D/2H kerfs (11)
where H (cm) is the distance between kerfs. In this case, the kerfing 
power will equal:

P = (SKE) ttRD (+ y ) (Watts) (12)

If there are a large number of kerfs (D>>H), Eq. 12 reduces to:
(SKE) ttRD2

4H (Watts) (13)
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Examples

9

Water jets, lasers and electron beams have demonstrated the 
capability of producing kerfs at specific kerfing energy levels of 2000 
J/cm2. At this energy level, a 12 cm diameter blasthole or oilwell drill 
would require:

kerfing power to cut a kerf at the periphery of the hole when the drill 
is advancing at the rate of 18 meters per hour (0.5 cm/sec). 

A 4 meter diameter tunnel boring machine would require:

 2000 77 • 400 • 0.1 = k
H " iooo 251

to cut a peripheral kerf when advancing at 3.6 meters per hour (0.1 
cm/sec).

If concentric kerfs are cut 10 cm apart ahead of the 4 meter 
diameter tunnel boring machine, kerf surface would be created at the 
rate of:

—= 7T (0.1) 400 (-4.22 +4") = 1320 cm2/sec
dt 1 40 2

which would require a kerfing power of

2000 x 1320
1000 = 2640 kw

This power requirement is 5 to 10 times greater than that of a 
conventional 4 meter diameter tunnel boring machine, but a kerfing 
system would still be economical in most cases if it would produce 2 
to 4 fold increases in advance rate.

Transmission Efficiency

Specific energy and specific kerfing energy may be based on the 
power output of the novel device, Po, or on the power transmitted to 
the rock, Pr. These powers are related as follows:

PR = ePo

where e is the drill-to-rock transmission efficiency. The important 
thing is to be consistent and to use the same power when calculating 
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specific energy or specific kerfing energy and when predicting the 
performance of the device. In most calculations, the power output, 
Po, of the novel device is used because the transmission efficiency is 
unknown. This will not cause an error unless the transmission 
efficiency is different for the small-scale tests and the full-scale 
application.



Combination 
Drilling Systems

Most novel drills require more energy to remove rock than 
conventional drills; consequently these devices will probably find 
more widespread application in conjunction with mechanical bits or 
cutters. The novel devices can be used to cut slots or holes ahead of 
conventional rotary or percussive bits as shown in Figure 3-1, 
thereby unsupporting the rock and allowing the conventional bits to 
more efficiently remove the rock.

NOVEL ROCK

PERCUSSION-NOVEL ROTARY-NOVEL

0 °BROKEN ROCK

CIRCULATION FLUID

Fig. 3-1 Combination novel-mechanical drills (Maurer, 1970)

Full-scale field tests have demonstrated that oil-well drilling 
rates can be increased 200 to 300 percent by using high pressure 
water jets to cut kerfs ahead of the bit (Maurer et al., 1973).

11
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THRUST CYLINDER

Q TELESCOPING LEGS - j

Fig. 3-3 Tunnel kerfing system (Carstens et al., 1970)

NOVEL ROCK
SLOTTING DEVICE

ITH
Ton

MUCK DEFLECTORS & BUCKETS
♦

CONVENTIONAL 
ROCK CRUSHING

Fig. 3-2 Combination novel-mechanical tunnel boring machine (Maurer, 1970)

The novel devices can also be used to cut kerfs between the 
cutters on conventional tunnel boring machines as shown in Figure 
3-2. This concept was tested using high pressure water jets (57,000 
psi) to cut the kerfs (Wang et al., 1976). On initial tests, the kerfs 
increased the advance rate of a 2.1 m diameter Robbins tunnel boring 
machine by 40 to 50 percent. Higher jet power and optimization of 
the system would probably produce the 2 to 3 fold increases in 
advance rate found

X.No. of
Kerfs = N 
N = 4

with oilfield bits.
Geometry

R = Radius
To

Kerf= 1

LASER BEAM
LASER BEAM GRID

'7777777777777777777

Section
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Combination Drilling Systems

cratering
A 

INDEXING
ROCK

CONVENTIONAL COMBINATION
NOVEL - COVENTIONAL

Fig. 3-4 Kerf cutting mechanism (Hartman, 1963)

The novel devices can be used to cut concentric kerfs in the rock 
as shown in Figure 3-3, the spacing and number of kerfs depending 
upon the rock properties and other conditions.

I he kerfs provide free faces to which fractures can propagate as 
shown in Figure 3-4. This allows the rock to be removed in large 
pieces instead of by a less efficient cratering mechanism.

I he volume of rock removed by an impacting bit tooth can be 
greatly increased by the presence of a kerf as shown in Figure 3-5.

0

0.

INDEX DISTANCE (IN.)
Fig. 3-5 Effect of kerf index distance on rock volume removed (Hartman, 1963)
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These data are for a single tooth impacting with 101 Joules energy 
(75 ft-lbs).

As the index distance was increased, the volume of rock removed 
passed through a maximum of 0.35 in3 at an optimum index distance 
of 0.8 inch and then decreased to 0.04 in3 at index distances greater 
than 1.4 inch. At these large index distances, the kerfs had no effect 
and single craters were formed. The kerfs produced a ninefold in
crease in the amount of rock removed by the impacting teeth. Similar 
increases could be expected with kerf-assisted drill bits or tunnel 
boring machines.
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4
Comparison of 
Kerfing Devices

Electron beams, lasers, plasmas, high pressure water jets, and 
cavitating jets are candidates for producing kerfs ahead of mechani
cal cutters. Kerfing data for these devices are presented in Table 4-1. 
I hese data represent the lowest specific kerfing energies found 
during this study.

These and other data show that the specific kerfing energies 
required by these devices range from:

DRILL SPECIFIC KERFING ENERGY (J/cm2)
Water Jets 250 to 500
Lasers 1,000 to 2,000
Electron Beams 3,000 to 6,000
Cavitating Jets 20,000 to 40,000
Plasmas 50,000 to 100,000

for optimum conditions in medium-strength rock.
High pressure water jets produce kerfs very efficiently because of 

the small width of the kerfs (0.1 to 0.2 cm) as shown in Table 4-1. 
These low specific kerfing energies were produced in hard rock by 
small diameter water jets (0.25 mm) operating at 490 MPa (71,000 
psi). The kerfing energy requirement is much higher with larger 
diameter jets operated at lower pressure.

Lasers and electron beams melt kerfs efficiently because they can 
be accurately focused to produce very narrow kerfs (0.20 to 0.25 cm).

15



TABLE 4-1
KERFING DATA SUMMARY

Specific
Type
Drill

Rock
Type

Power
Output

(kw)

Traverse
Speed 

(cm/sec)

Kerf
Depth
(cm)

Kerf
Width
(cm)

Kerfing
Energy 
(J/cm2)

References

Electron Beam Barre Granite 25 25.4 0.25 0.25 3940 Carstens et al., 1970
Electron Beam Sierra White Granite 15.4 2.03 1.27 - 5970 Schumacher et al., 1972
Laser Charcoal Granite 4 2.12 1.27 0.2 1490 Jurewicz et al., 1974

Barre Granite 5.5 125 0.025 0.2 1760 Jurewicz et al., 1974
Plasma Concord Gray Granite 270 0.106 28.6 1.9 89,100 Poole et al., 1973

Dresser Basalt 253 0.254 15.9 1.6 62,600 Poole et al., 1973
Water Jet Berea Sandstone 4.9* 214 0.36 0.2 63 Summers et al., 1972

Sandstone 23.8“ 150 0.64 0.1 250 Kinoshita et al., 1972
Granite 28.8“ 150 0.32 0.1 500 Kinoshita et al., 1972

Cavitating Jets Berea Sandstone 71.8“* 9.45 5.48 0.87 1390 Conn et al., 1977 
Radtke, R. P., 1978

Indiana Limestone 71.8*“ 9.45 0.40 1.43 19,000 Conn et al., 1977
Radtke, R. P., 1978

* 0.58 mm @ 69 MPa (10,000 psi) 
** 0.25 mm @ 490 MPa (71,000 psi) 

**• 6.4 mm @ 17.2 MPa (2,500 psi)

L
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Improved focusing could reduce these energy requirements even 
further.

Cavitating jets and plasmas require much more kerfing energy 
because of the wide kerfs (0.87 to 1.9 cm) produced by these 
unfocused energy sources.

In Chapter 2, it was shown that a 4 m diameter tunneling 
machine advancing at 3.6 m/hr would require the production of kerf 
surface area at the rate of:

A = 1,320 cm2/sec

when cutting 20 concentric kerfs spaced 10 cm apart. The effective 
power output (kerf area x specific kerfing energy) of the kerfing 
devices required on this tunneling machine would therefore equal:

DRILL POWER OUTPUT (kw)
Water Jets 190 to 380
Lasers 1,320 to 2,640
Electron Beams 3,960 to 7,920
Cavitating Jets 15,000 to 30,000
Plasmas 38,000 to 76,000

If the kerfs are spaced 5 cm apart instead of 10 cm apart, the 
power requirements would be doubled.

A high pressure pumping system capable of delivering 190 to 380 
kw at 490 MPa (71,000 psi) to a 4 m tunneling machine could be 
built at the present time. Exxon conducted extensive high-pressure 
drilling tests where 1,490 to 2,240 kw (2,000 to 3,000 hp) hydraulic 
power was delivered to an oil field drilling rig.

Lasers and electron beams could not currently deliver 1,320 to 
7,920 kw power to the rock face in front of a 4 m diameter tunneling 
machine because of current size and efficiency limitations of these 
devices. Reductions in the specific kerfing energy requirements 
coupled with increased power output and efficiency of these devices 
could eventually lead to their use on large-scale drilling and 
tunneling equipment, but this appears to be at least 10 to 20 years 
away.

Excessive power requirements will seriously limit potential 
applications of plasma and cavitating jet kerfing devices unless 
major improvements can be made in focusing these devices to cut 
narrower kerfs and thereby improve their kerfing efficiencies.
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Abrasive 
Jet Drills

Bobo (1963) patented the abrasive jet oil well drilling system 
shown in Figure 5-1. High pressure pumps (93) located at the surface

-r

Fig. 5-1 Abrasive jet drill (Bobo, 1963)

19
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D —*
d —J

Fig. 5-2 Atlantic Richfield abrasive jet drill (Cleary, 1966)

pump drilling fluid down the drillpipe and through high pressure 
nozzles located in the roller bit. Abrasives are introduced into the 
mud under pressure from hoppers (77 & 78) located at the surface. 
This eliminates the need of running the abrasive particles through 
the mud pump.

The abrasive jets cut kerfs (89) around the periphery of the hole 
and produce a rock core (90) which is easily removed by the roller 
bit.

Bobo recommended using steel shot (1.6 to 3.2 mm diameter) in 
concentrations of 890 N (200 lb) per barrel of mud or rounded 
Ottawa sand (0.8 to 3.2 mm diameter) in concentrations of 445 N/bbl.

Atlantic Richfield (Cleary, 1966) patented the abrasive jet drill 
shown in Figure 5-2 which utilizes an abrasive jet to cut a pilot hole 
ahead of the bit. After the pilot hole is drilled, the drillstring is 
lowered, forcing the nozzle into the pilot hole. This shuts off fluid 
flow and produces a water hammer which causes the assembly to 
impact and fracture the rock. High pressure jets produced by the 
water hammer hydraulically fracture and remove the rock surround
ing the pilot hole. After the broken rock is removed, another pilot 
hole is produced and the process is repeated.
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Gulf Oil (Mori and Schaub, 1968) patented the concept of placing 
abrasive jet nozzles (20) in a nozzle holder (8) which can be retrieved 
with a wire line (Figure 5-3). This greatly reduces the time required 
to replace eroded nozzles since the drillstring does not have to be 
pulled from the well. Springs (22) in the holder keep the nozzles in a 
retracted position until mud is circulated, thereby facilitating 
removal of the holder.

Fig. 5-3 Replaceable abrasive jet nozzles (Mori & Schaub, 1968)
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Fig. 5-4 Abrasive jet nozzle (Goodwin et al., 196de)

Gulf Oil found that nozzle wear was a major problem with the 
abrasive jets. The entries of the nozzles were subject to impact wear, 
whereas the exits of the nozzles were subject to abrasive wear. 
Goodwin et al. (1968E) patented a sectional nozzle which used 
tungsten carbide with high impact resistance in the entry area (18), 
with balanced wear resistance in the central section (16), and with 
high abrasive wear resistance in the exit section (14) as shown in Fig. 
5-4.

Gulf Oil (Mori and Schaub, 1969) patented the abrasive jet coring 
bit shown in Fig. 5-5 which utilizes inclined abrasive jets to remove 
an annular ring of rock and produce a central core.

As shown in Figure 5-6, the nozzles in the bit (40) are pivotally 
mounted so that they swing outward or inward when pressure is 
applied to the bit. The pivoting nozzles allow the nozzle holders (34) 
to be retracted from the hole without pulling the drillpipe when the

Fig. 5-5 Abrasive jet core bit (Mori & Schaub, 1969)
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nozzles are worn out. The holders can be retracted by wire line or by 
reverse circulation.

Gulf Oil (Hasiba, 1970) patented the abrasive jet drill shown in 
Fig. 5-7. Kerfs cut in the rock by the abrasive jets (52f) produce rock

Fig. 5-7 Gulf abrasive jet bit (Hasiba, 1970)
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Fig. 5-8 Gulf abrasive jet bits (Wylie. 1971)

ridges which are mechanically removed by loading elements (76a 
and 76c). This reduces the amount of rock that must be eroded and 
thereby reduces the hydraulic power requirements.

Gulf Oil (Wylie, 1971) conducted extensive field tests using 
abrasive jet bits to impact and abrade the rock. The abrasive mud, 
which contained steel shot, was pumped through high pressure bits 
at pressures up to 69 MPa (10,000 psi). These bits contained twenty 
3.1 mm diameter nozzles as shown in Fig. 5-8. The abrasive jets 
eroded slots ahead of the bit producing thin ridges of rock which 
were mechanically removed by the bits. These bits were rotated at 
speeds of 30 to 60 rpm with bit loads of 22,000 to 44,000 N (5,000 to 
10,000 lb).

steel seat

1971)Fig. 5-9 Gulf high pressure intensifier (Wylie,
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A special drilling mud containing 3% wood fibers, 3% attapulgite 
clay, 10% fuel oil, and 1 to 2% carboxymethylcellulose was used to 
suspend and circulate the heavy steel shot.

Approximately 6% bulk volume of 20-40 ASTM mesh steel shot 
was added to the drilling mud. About 4,500 hydraulic horsepower 
was applied to the bit at a pressure of 69 MPa (10,000 psi). This 
corresponded to a power output of 225 hp per nozzle and a total 
abrasive circulation rate of 20 million abrasive particles per second.

Gulf used a large number of hydrocyclones to separate the steel 
shot from the mud coming from the well. The high pressure 
intensifier shown in Fig. 5-9 was developed to pump the abrasive 
drilling fluids. Special ball valves were developed to reduce valve 
wear problems.

Several field tests were conducted with this abrasive drilling 
system in hard rock in West Texas. In the third test, 23 cm. diameter 
abrasive jet bits drilled the interval from 3,230 to 4,360 m (10,600 to 
14,300 ft) in 136 rotating hours (8.3 m/hr) as shown in Fig. 5-10. This 
compares to 310 rotating hours (3.7 m/hr)with conventional bits in 
offset wells.

During these tests, the abrasive jets bits were operated at surface 
pressures of 55 to 100 MPa (8,000 to 14,500 psi) and with steel shot 
concentrations of 3 to 10%. The energy delivered to the bottom of the 
hole ranged from 2,000 to 5,000 hp.

In some hard formations, the abrasive jet bits drilled 4 to 20 times 
faster and 3 to 7 times further than conventional bits. Problems were

Fig. 5-10 Gulf abrasive jet drilling data (Weber, 1971)
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encountered with erosion of the high pressure equipment (i.e., 
pumps, swivels, drillpipe, bits) and with the surface mud handling 
equipment due to the abrasive nature of the drilling fluid. The 
abrasive steel shot caused rapid failure of the packing and valves in 
the high pressure pumps and severe erosion of the drillpipe and 
surface flow lines.

The high pressure abrasive jet system has demonstrated that it 
can drill much faster than conventional drills. The severe equipment 
erosion and pumping problems must be overcome before this 
technique can become economical. Gulf has terminated its project 
on abrasive jet drilling and no other major projects are underway on 
this drill.
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Cavitating 
Jet Drills

Continuous water jets must exceed a threshold pressure before 
they will drill rock. In hard rocks such as granite and basalt, 
threshold pressures in excess of 200 MPa (29,000 psi) are often 
required. These high pressures seriously limit the use of continuous 
jets in hard rock because of the difficulty with seals at these high 
pressures. Pulsed jet systems utilizing cannons and other means of 
producing intermittent high-pressure pulses are often used as an 
alternative to continuous jets but fatigue failures and other problems 
limit their application.

Considerable work is being done to use low-pressure cavitating 
jets for drilling deep oil wells or hard rocks such as granite and 
basalt. These jets contain cavities or gas bubbles which produce high 
impact pressures, thereby allowing the cavitating jets to drill rock at 
much lower pressures than the threshold pressures required with 
continuous or pulsed jets.

The stagnation pressure, ps, produced by a continuous jet equals:
o Py2Ps = -----

2

where: 

p = Mass Density of Water

L
v = Jet Velocity

28
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Conn (1972) has shown that for isothermal compression, the 
impact pressure, p(, produced by a cavitating jet equals:

pi = ^35 [exp (2/3a)|

where a is the gas content of the fluid expressed as the ratio of the 
partial pressure of the gas to the stagnation pressure at the beginning 
of the collapse.

Conn and Rudy (1975) assumed that a ranges from 1/6 to 1/10 as 
shown in Fig. 6-1. In this case, the impact pressure produced by 
cavitating jets ranges from:

Pi = (8.6 to 124) Ps

This shows that for a given jet velocity (i.e., given pump pressure), 
the impact pressures are 8.6 to 124 times greater than the continuous 
jet impact pressures. Johnson (1970) concluded that impact press
ures as high as 1,380 to 2,070 MPa (200,000 to 300,000 psi) are 
produced by cavitating jets.

Hydronautics (Kohl, 1968) has patented two techniques for 
producing cavities in liquid jets as shown in Fig. 6-2. The first

Turning Vane

A
Cavitation

o
Flow Line
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Cavitation By Flow Separation

Nozzle System To
Induce Vortex Cavitation

Fig. 6-2 Hydronautics cavitating nozzles (Kohl, 1968)
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1

system uses turning vanes to impart a swirling action to the fluid 
entering the nozzle while the second uses a cylindrical center body 
in the nozzle to produce cavitation.

A fluid pressure of 13.8 MPa (2,000 psi) produces a nozzle 
velocity of 143 m/sec with the vortex nozzle and 149 m/sec with the 
center body nozzle. This corresponds to nozzle efficiencies of 0.86 
and 0.90 for these nozzles, respectively.

Fig. 6-3 shows holes drilled in granite blocks (166 MPa 
Compressive Strength) with cavitating water jets. The cavitating jets 
drilled through the 5.08 cm thick granite specimens in 35 to 60 min.

The 0.64 cm diameter jets which had velocities of 146 m/sec were 
produced by a pump operating at a pressure of 13.8 MPa (2,000 psi). 
The cavitating jets effectively drilled this hard granite whereas 
continuous jets operating at this pressure would have no effect on 
this rock.

The granite specimen at the right in Fig. 6-3 was heated for 10 
min with a propane torch prior to being drilled with the cavitating 
jet. The cavitating jets did more damage to the heated specimen 
(right) in 1.5 min than to an unheated specimen (left) in 30 min. The

Fig. 6-4 Cavitating jet with annular stream (Johnson, 1974)
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thermal degradation and thermal stresses apparently assisted signifi
cantly in the rock disintegration process.

Johnson (1973) found that the effectiveness of cavitating jets is 
enhanced by submerging them in water. When the cavitating jets are 
used in air, the air tends to leak into the jets and replace the water 
vapor in the cavities thereby cushioning the collapse of the cavities 
at the point of impact. At large standoff distances, “venting” occurs 
which changes the jet into a plurality of water droplets in air instead 
of a plurality of vapor cavities in water. This destroys the 
effectiveness of the cavitating jet.

Johnson (1974) found that venting can also be prevented by 
surrounding the high velocity cavitating water jets (24) by a low 
velocity annular water stream (46) as shown in Fig. 6-4. The annular 
stream produces an effect similar to submerging the cavitating jet in 
water.

Hydronautics (Conn & Rudy, 1976) conducted a series of kerfing 
tests in coal with cavitating jets operating at 13.2 MPa (1910 psi). At 
a traverse speed of 15 cm/sec, a 6.4 mm diameter cavitating jet cut 
kerfs 6 to 20 cm deep, as shown in Fig. 6-5. The kerf depths 
decreased rapidly as the traverse speed was increased.

TRANSLATION VELOCITY. cm \ec



TABLE 6-1
CAVITATING JET COAL KERFING DATA 

(Conn & Rudy, 1976)

u
&

Specific
Nozzle Jet T raverse Kerf Kerf Hydraulic Specific Kerfing

Diameter Pressure Speed Depth Width Power Energy Energy
(mm) (MPa) (cm/sec) (cm) (mm) (kw) (J/crTT) (J/cm2)

1.8 13.2 6.1 4.3 3.6 3.1 328 118

1.8 13.2 18.9 3.7 3.3 3.1 134 44

1.8 13.2 30.5 2.9 4.1 3.1 85 35

1.8 13.2 55.4 1.9 6.0 3.1 49 29

1.8 13.2 91.4 1.5 5.6 3.1 40 23

3.2 10.3 17.8 4.8 9.7 7.0 84 82

3.2 13.2 9.1 8.9 8.1 10.0 152 123

3.2 13.2 18.8 4.6 6.4 10.0 181 116

3.2 13.2 31.0 4.1 7.6 10.0 104 79

3.2 13.2 62.0 2.8 8.6 10.0 67 58
6.4 10.3 17.5 11.7* 12.7 29.1 112 142

6.4 13.2 18.8 20.3 12.7 41.2 85 108
6.4 13.2 31.0 9.1 17.3 41.2 84 146
6.4 13.2 56.4 5.3 11.9 41.2 116 138

‘Cut completely through specimen



Cavitating Jet Drills 35

Table 6-1 shows that the specific kerfing energy decreases with 
increased traverse speed and increases with increased nozzle 
diameter. A minimum specific kerfing energy was produced with 
the smallest nozzle (1.8 mm diameter) traversing at its maximum 
speed (91.4 cm/sec). This represents the most efficient kerfing 
condition. Additional tests are needed with smaller nozzles and 
higher traverse speeds to determine the most optimum kerfing 
efficiency (i.e., minimum specific kerfing energy).

Hydronautics and N/L Hycalog (Conn & Radtke, 1977) jointly 
conducted a series of cavitating jet kerfing tests with confining fluid 
pressures applied to the rock. These tests were conducted with 6.4 
mm diameter nozzles in the pressure chamber shown in Figure 6-6.

Flg. 6-6 University oi Tutsn W pressure ceit (Conn S 1977)
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AMBIENT PRESSURE, psi

Fig. 6-7 Cavitating jet data (Conn & Radtke, 1977)

Confining fluid pressures up to 20.7 MPa (3,000 psi) were applied to 
the rocks to simulate the hydrostatic pressure in oil wells.

With atmospheric confining pressure, the cavitating jets (14 MPa) 
drilled a 4.4 cm diameter hole in Berea sandstone at 36 m/hr and a 
2.8 cm diameter hole in Georgia Gray granite at 0.3 m/hr.

These tests showed that cavitating jets cut kerfs effectively at 
ambient pressures up to 20.7 MPa (3000 psi). Fig. 6-7 shows data 
where a 6.4 mm diameter cavitating jet was operated with 17 MPa 
(2,500 psi) pressure drop and 1.3 cm standoff. The specific kerfing 
energy required to cut kerfs in Berea sandstone was a minimum at 
atmospheric pressure; whereas with Indiana limestone, the specific 
kerfing energy was lowest at the highest ambient pressure.

Fig. 6-8 shows samples of Berea sandstone used in these tests. 
The rock cylinders (18 cm diameter x 13 cm high) were rotated 
beneath the cavitating jets to produce the kerfs.
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BEREA SANDSTONE

Left : 500 psi (3.4 MPa ) ambient pressure 
Center : 1 000 psi (6.9 MPa ) ambient pressure 
Right : 2000 psi ( 14 MPa ) ambient pressure 

Fig. 6-8 Berea sandstone samples (Conn & Radtke, 1977)

The cavitating jets (6.4 mm diameter, 17.2 MPa) produced kerfs 
up to 5.48 cm deep in Berea sandstone and up to 0.47 cm deep in 
Indiana limestone as shown in Table 6-2. The kerf depth in Berea 
sandstone decreased from 5.48 cm to 1.91 cm as the ambient 
pressure was increased from atmospheric to 20.7 MPa (14.7 to 3,000 
psi). This corresponds to an increase in specific kerfing energy from 
1,390 to 3,980 J/cm2. This indicates that a cavitating jet-assisted 
mechanical bit would require approximately three times more 
hydraulic power at this higher ambient pressure than at atmospheric 
pressures. Ambient pressure had less effect on kerfing in Indiana 
limestone as shown in Table 6-2.

The specific kerfing energies for the cavitating jets are consider
ably higher than for continuous high pressure jets. For example, a 
0.58 mm continuous jet operating at 69 MPa (10,000 psi) pressure 
drop and atmospheric ambient pressure required 63 J/cm to cut a 
kerf in Berea sandstone (Summers and Henry, 1972) compared to
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TABLE 6-2
CAVITATING JET KERFING DATA 

(Radtke, 1978)

Ambient Traverse Kerf Kerf Power
Pressure Speed Width Depth Output

(MPa) (cm/sec) (cm) (cm) (kw)

Specific
Kerfing
Energy
(J/cm2)

Berea ATM 9.45
Sandstone 3.45 9.45

6.90 945
13.8 9.45
20.7 9.45

Indiana ATM 9.45
Limestone 3.45 9.45

6.90 9.45
20.7 9.45

0 87 5.48 71.8 1,390
2.30 3.18 71.8 2,390
1.67 2.95 71.8 2,580
1.27 3.02 71.8 2,520
1.43 1.91 71.8 3,980

1.43 0.40 71.8 19,000
1.59 0.33 71.8 23,000
1.19 0.33 71.8 23,000
1.19 0.47 71.8 16,200

1,390 J/cm2 for the 6.4 mm diameter cavitating jet operating at 
atmospheric pressure (Table 6-2). Part of the higher energy require
ment is due to the fact that the cavitating jet produced a wider kerf 
(i.e., 0.87 cm versus 0.20 cm) than the continuous jets due to its 
larger diameter (6.4 mm vs 0.58 mm). Additional R&D is needed to 
further reduce the specific kerfing energy requirements of cavitating 
jets.

Conn and Radtke conducted kerfing tests to compare continuous 
jets and cavitating jets. Ten passes were made on each sample with 
6.4 mm diameter nozzles. Confining pressures of 20.7 MPa were 
used in all of these tests. The cavitating jets were much more 
effective than the continuous jets, requiring 20% less specific energy 
to cut kerfs in Indiana limestone and 79% less specific energy to cut 
kerfs in Berea sandstone as shown in Table 6-3.

TABLE 6-3
KERFING DATA 

(Conn & Radtke, 1976)

Nozzle
Type

Specific Energy (J/cm3)
Berea Sandstone Indiana Limestone

Cavitating
Continuous

9,800 92,000
47-000 115,000
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The specific kerfing energy could not be calculated for these tests 
because the kerf depths and kerf widths were not given. It is likely 
that the cavitating jets cut wider kerfs than the continuous jets in 
which case there would be less difference in the specific kerfing 
energy than in the specific energy shown in Table 6-3.

Hydronautics (Conn & Radtke, 1978) utilized the test apparatus 
shown in fig. 6-9 to study the effect of high bottom hole pressures on 
the cavitating jet drilling mechanism.
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The cavitating jet nozzles were directed radially against Indiana 
limestone cores subjected to borehole, confining and overburden 
pressures. The cavitating jets were directed at the rock specimens for 
2 to 322 sec, drilling holes 0 to 2.54 cm deep. Nozzle pressure drops 
of 6.43 to 26.1 MPa (930 to 3780 psi) were used during the tests.

Preliminary tests (Fig. 6-10) showed that the cutting rates 
increased with increased borehole pressure reaching maximum 
values at borehole pressures of 2 to 8 MPa (300 to 1,160 psi). The
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Fig. 6-11 Normalized test data (Conn & Radtke, 1978)
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Fig. 6-12 Predicted cavitating jet field performance (Conn & Radtke, 1978)

cutting rates decreased with further increases in borehole pressure. 
At borehole pressures of 20.7 MPa (3,000 psi), the cutting rates had 
dropped to approximately half of the rates at the lowest borehole 
pressures.

Conn & Radtke (1978) found that the data in Fig. 6-10 could be 
normalized by plotting normalized average cutting depth against 
cavitation number as shown in Fig. 6-11.

Conn & Radtke used the test results to predict the performance of 
cavitating jets as a function of oil well depth as shown in Fig. 6-12. 
The calculations accounted for the increased friction losses in the 
drillstring and well bore annulus with increased well depth. The 
preliminary results indicate that when drilling Indiana limestone, 
the cavitating jets would be most effective at a well depth of 525 m 
(1,720 ft).

Lichtarowicz and Sakkeijha (1972) used cavitation jets to erode 
holes in aluminum. A center body was placed in the nozzles to 
produce cavitation as shown in Fig. 6-13. Both cylindrical and 
tapered nozzles were used in the tests.

Light oil was pumped through the nozzles at pressures up to 69 
MPa (10,200 psi) and at flow rates up to 100 ml/sec. The tests showed
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0.66 rm

0.3q rm
0.34 rm

SPHERICAL NOZZLE
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10 tm

Fig. 6-13 Cavitation nozzles (Lichtarowicz & Sakkejha, 1972) GO
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Fia. 6-14 Effect of exposure time on cavitation erosion rate (Lichtarowicz & Sakkejha. 
1972)

that cavitating jets eroded the aluminum targets much faster than 
plain jets (non-cavitating).

The erosion rate with the cavitating jet was maximum after 7 min 
exposure as shown in Fig. 6-14. This test was conducted with the 
tapered nozzle (+0.076 mm pin protrusion) operating at 62 MPa 
(9,000 psi) which corresponds to a power output of 4.09 kw.

Fig. 6-15 Effect of nozzle standoff on cavitation (Lichtarowicz & Sakkejha, 1972)
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Fig. 6-16 Effect of power on cavitation erosion (Lichtarowicz & Sakkejha, 1972)

Type A Type I.2.& 3

Nozzle
type

Dkj
d

m.m

length
1

mm.

Angle
9

deg.

Entry diG
D 

mm.

□^charge 
coefficient

Cd.

A 0-26 0 48 112 3 80 0 965

1 0208 0368 120 3 28 0 805

2 0297 0607 105 3 20 0 659

3 0382 0 929 118 322 0 725

Fig. 6-17 Cavitating jet nozzles (Lichtarowicz, 1974)
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Fig. 6-18 Effect of standoff distance on cavitation (Lichtarowicz, 1974)

For a given power level, there is an optimum nozzle standoff 
distance as shown in Fig. 6-15. These data were obtained with 7 min 
exposure to 62 MPa cavitating jets ( + 0.62 mm pin protrustion). This 
corresponded to a power output of 4.7 kw.

The tests showed that a threshold power level must be exceeded

Nozzle A temp 41-—51° C

Fig. 6-19 Cavitation erosion rates (Lichtarowicz, 1974)
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before cavitation erosion takes place as shown in Fig. 6-16. The 
erosion rate increases rapidly as the power level is increased above 
this threshold value. These tests were conducted with 7 min 
exposure, 7.6 mm nozzle standoff and with the center body pin 
protruding 0.076 mm.

Lichtarowicz (1974) conducted additional tests in aluminum 
using the cavitation nozzles shown in Fig. 6-17. Light oil was 
pumped through these nozzles at pressures up to 69 MPa (10,000 
psi). These nozzles did not contain center bodies because Lichtaro
wicz concluded that all submerged water jets at atmospheric 
pressure cavitate if the jet velocities are greater than 14 m/sec.

Tests were conducted with the cavitating jets operating sub
merged and in air. Nozzle A was operated at 43.8 MPa (6,350 psi) in 
these tests. The submerged cavitation jets removed approximately 
twice as much material as the cavitating jets in air as shown in Fig. 
6-18. The optimum standoff distance was 7.7 cm for the submerged 
jets and 6.5 cm for the jets in air.

A threshold jet pressure has to be exceeded before the cavitating 
jets will erode aluminum as shown in Fig. 6-19. Once this threshold 
is exceeded, the erosion rate increases rapidly with increased jet 
pressure.

Beutin et al. (1974) conducted a series of erosion tests using the 
cavitation nozzle shown in Fig. 6-20. I his nozzle was designed so 
that the center body could be positioned in different locations in the 
nozzle. A photograph of the cavitation nozzle is shown in Fig. 6-21.
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Fig. 6-21 Photograph of cavitation nozzle (Beutin et al., 1974)

Fig. 6-22 shows that the cavitating jets were most effective with 
the center body located 3 mm from the end of the nozzle (x = 
— 3 mm). These tests were conducted with water at pressures of 40 
MPa (5,800 psi) and at traverse speeds of 2 mm/sec. The optimum 
nozzle standoff distance, s, ranged from 230 to 480 mm.

The optimum standoff distance, s, increased with decreased 
nozzle throat length, 1, and was nearly independent of jet pressure as 
shown in Fig. 6-23. These tests were conducted in aluminum at a 
traverse speed of 2 mm/sec. Additional tests showed that varying the 
length of the nozzle throat from 2 to 12 mm had little effect on 
erosion rate when using nozzles without center bodies.

Fig. 6-22 Effect of center body location on cavitation rate (Beutin et al., 1974)
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Fig. 6-23 Effect of nozzle throat length on cavitation rate (Beutin et al., 1974)

Beutin et al. found that non-cavitating jets are more effective than 
cavitating jets when operated with high jet velocities in air. Fig. 6-24 
shows data obtained with jet pressures of 40 MPa (5,800 psi). The 
non-cavitating jets removed 150 to 156 mg of aluminum compared to 
47 to 94 mg for the cavitating jets. The authors attribute this to the 
higher energy losses within the cavitating nozzles and to the breakup 
of the non-cavitating jets into individual droplets by air friction.
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Fig. 6-25 Effect of nozzle diameter on cavitation (Hochrein, 1978)

These droplets produce high impact pressures which effectively 
erode the aluminum specimens.

Daedalean Associates (Hochrein, 1978) conducted extensive tests 
using cavitating jets to remove hard silica scale from geothermal 
feeder pipes. Daedalean Associates personnel estimated that the 
compressive strength of this iron rich silica scale ranged from 138 to 
172 MPa (20,000 to 25,000 psi). Removing this scale was similar to 
drilling a medium strength rock.

Hochrein defined the “Intensity of Erosion” as the power 
absorbed per unit area of scale being eroded. The rate, R, at which 
the surface is eroded equals:

R = 1/ E (m/sec) (1)
where:
I = Intensity of Erosion (watts/m2) 
E = Specific Energy (Joules/m3)

r
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The Intensity of Erosion (i.e., the erosion rate) increases with 
increased pressure and decreases with increased nozzle diameter as 
shown in Fig. 6-25.

Fig. 6-26 shows that as the standoff distance increases, the 
Intensity of Erosion passes through a maximum of 5,700 watts/m2 at 
a standoff of 1 cm (0.4 in.) and then decreases to the minimum value 
(85 w/m2) which will erode the silica scale.

This minimum occurs at a standoff of 5.8 cm (2.3 in.) which

THRESHOLD INTENSITY
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NOZZLE DIAMETER. INCHES
Fig. 6-27 Effect of nozzle diameter on cleaning rate (Hochrein, 1978)

represents the thickest scale that can be eroded during a single pass 
by a cavitating jet. Multiple passes would be required to erode silica 
scale thicker than 5.8 cm.

Cavitating jets erode the steel pipe when the Intensity of Erosion 
exceeds 20,000 w/m2. The maximum value of 5,700 w/m2 for the 
0.58 mm diameter jet operating at 82.8 MPa (12,000 psi) provides a 
14,300 w/m2 safety factor. Higher pressure cavitating jets would 
erode thicker layers of scale, but the safety margin would be smaller.
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Daedalean Associates used the cavitating jets to remove silica 
scale from 15.2 cm (6 in.) diameter pipes from the Imperial Valley 
geothermal fields. The cavitating nozzles were translated at a 
constant velocity of 28.6 cm/sec (11.25 in/sec) during the tests. The 
cleaning rate increased with increased nozzle diameter and with 
increased pressure as shown in Fig. 6-27. Changes in nozzle 
diameter had a greater effect on the cleaning rate at the lower jet 
pressures.

Fig. 6-28 Mobil turbine powered cavitation drill (Brooks, 1967)

\
\
\
\
\
\
\

z* y=)\\\\\\\\\\\(=\
EZZZZZZZZZI>

ZZZZZZZZZ^ =A\\\\\\\\\\t=
Y////////7ZZ3. x 

.ezzzzzzzzz^ \ =3\\\\\\\w\c: \ 
\IZZZZZZZZZZ3>X - i\ \ \ \ \ \ — X

\

j



54 ADVANCED DRILLING TECHNIQUES

14

p. (DRILLING FLUID TO ROTARY) 

PL (GAS TO ROTARY)

Po (DRILLING FLUID 9 GAS TO PITS)

Fig. 6-29 Mobil cavitation drill (Cooke. 1968)

These tests demonstrated that cavitating jets can effectively erode 
hard silica scale and that they have potential for effectively drilling 
rock.

Mobil Oil (Brooks, 1967) patented an oil well cavitation drill 
which utilizes a six-stage turbine (32) to oscillate a piston (52) at 
speeds up to 10,000 cps to produce cavitation bubbles (60) in the 
drilling fluid as shown in Fig. 6-28. Brooks also patented the concept

Fig. 6-30 Bottom hole pressure fluctuation (Cooke, 1968)
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of using electric motors and magnetostrictive devices to power the 
oscillating piston.

I his turbine cavitation drill can produce maximum piston 
velocities of approximately 152 m/sec which would produce 
cavitation at pressures up to approximately 2.1 MPa (300 psi). This 
corresponds to a well depth of only 244 m (800 ft) which is not 
adequate for oil well drilling.

Fig. 6-31 Mobil cavitation focusing system (Angona, 1970)
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Cooke (1968) patented the concept of injecting gas (e.g. air, 
nitrogen, methane) into the drilling mud to allow the turbine 
oscillator to produce cavitation at greater depths as shown in Fig, 
6-29. The introduction of gas into the mud stream would increase 
the depth capability of this drill to the great depths needed for oil 
well drilling.

The gas would be introduced into the mud stream through a dual 
orifice swivel in quantities that would produce saturation at a 
pressure slightly below bottom hole pressure. As the piston 
reciprocates, it produces a pressure fluctuation as shown in Fig. 
6-30. During part of this pressure fluctuation, the borehole pressure
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Fig. 6-33 Bottom hole sweep pattern (Angona, 1970)

(Pb) falls below the saturation pressure (ps) causing gas to come out 
of solution and produce cavities or bubbles in the drilling mud. The 
amount of gas required will increase with increased well depth due 
to the increased bottom hole pressure.

Angona (1970) patented a system for focusing the cavitation 
bubbles produced by the oscillating piston (12) as shown in Fig. 
6-31.

A biconical concentrator consisting of two conical frusta joined 
end to end would be used to focus the acoustic energy against the 
rock as shown in Fig. 6-32.

A flexible connection (9) at the top of the drill (Fig. 6-31) allows a 
deflector (10) to sweep the cavitating jet across the hole bottom. As 
the drill is rotated, the deflector slides in a groove (8) and sweeps the 
cavitating jet across the hole bottom in a spiral-like pattern as shown 
in Fig. 6-33.

Angona (1971) patented a cavitation drill which utilizes a pump 
jack (15) to reciprocate the drillpipe and produce low frequency 
pressure fluctuations at the hole bottom. As the drillpipe is 
reciprocated, a shoulder (5) located above the bit would lift fluid in 
the wellbore and produce low frequency pressure fluctuations (pj 
about the hydrostatic pressure (po) as shown in Fig. 6-34.
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Fig. 6-34 Mobil cavitation drill (Angona, 1971)

A turbine (23) located at the hole bottom would rotate rotor (29) 
and interrupt fluid flowing through ports in the rotor and stator (27) 
as shown in Fig. 6-35.

The resulting high frequency pressure pulses (pj are superim
posed on the low frequency pressure pulses (p2) produced by the 
pump jack as shown in Fig. 6-36. Cavitation bubbles would form in 
the fluid jets whenever the dynamic pressure falls below the 
saturation pressure (i.e., from tT to t2). Without the low frequency
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20
Fig. 6-35 Mobil cavitation drill (Angona, 1971)

pulses, the high frequency pulses would not fall below p3 in the 
above example and no cavitation would take place.

Angona (1971) also patented the concept of using rotating 
eccentric weights (59 and 60) to produce low frequency oscillations 
and a turbine (37) driven oscillating piston (52) to produce high 
frequency pressure fluctuations as shown in Fig. 6-37.

Mobil Oil (Angona, 1974) conducted a series of cavitating jet tests 
where high power acoustic signals were focused against rocks with 
paraboloidal aluminum reflectors as shown in Fig. 6-38. These tests 
were conducted in a pressure chamber at hydrostatic pressures of 1 
to 20 atmospheres.
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Fig. 6-36 Bottom hole pressure fluctuations (Angona, 1971)

Cavitation drilling tests were conducted in Berea sandstone, 
Leuders limestone, and Solenhofen limestone. Fig. 6-39 shows that 
the amount of Leuders limestone removed by cavitation increased as 
the hydrostatic pressure (PLo) was increased. The exposure times 
were identical in each test. In these tests, the acoustic power was 
increased with increased hydrostatic pressure so that the acoustic 
pressure remained above the threshold required to erode the rock.

Fig. 6-40 shows the results of tests where the hydrostatic pressure 
(PLO) was increased while holding the acoustic pressure (PA) 
constant. The amount of Leuders limestone removed passed through 
a maximum as the hydrostatic pressure was increased from 1 to 20 
atmospheres. In these tests, a cavitation pressure of 8 atm removed 
approximately twice as much rock as a cavitation pressure of 5.67 
atm at peak efficiency conditions.

Angona used the results of these low pressure tests (1 to 20 atm) 
to extrapolate cavitation rates at hydrostatic pressures up to 1,000 
atm as shown in Fig. 6-41. The extrapolated weight losses corres
pond to 5 sec exposures.

At a depth of 915 m (100 atm), 1,200 g of rock would be eroded in 
5 sec. This is equivalent to drilling a 25.4 cm diameter hole at the 
rate of 7.6 m/hr which is comparable to rotary drilling. At a depth of 
9,150 m (1000 atm), the extrapolated rate is 274 m/hr which is much 
faster than rotary drilling. This rate was obtained by extrapolating 20 
atm data to 1000 atm and therefore may not be highly accurate.

Angona calculated that a 100 hp acoustic transducer focused 
over a 2 cm2 area would be required to produce the 340 MPa
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Fig. 6-37 Mobil cavitation drill (Angona, 1971)

threshold acoustic pressure needed to drill at a depth of 3,049 m 
(10,000 ft). This is an order of magnitude above the power levels of 
commercially available acoustic transducers.

Summers and Peters conducted limited tests which showed that 
cavitation enhanced kerfing in Barre granite. In one test, a cavitating 
jet operating at 151 MPa (22,000 psi) drilled a hole in alumina,
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Fig. 6-38 Mobil cavitation pressure chamber (Angona, 1974)

plo (atm)
Fig. 6-39 Cavitation rate vs. hydrostatic pressure with increasing acoustic pressure 

(Angona, 1974)



Cavitating Jet Drills
63

Fig. 6-40 Cavitation rate vs. hydrostatic pressure with constant acoustic pressure 
(Angona, 1974)

whereas a non-cavitating jet operating at this pressure would not 
drill this material.

Cavitating jets have demonstrated that they can effectively drill 
rock at much lower pressures than pulsed jets or continuous jets. 
Cavitating jets could be used with existing drilling equipment, 
thereby eliminating the need for expensive high-pressure equip
ment. Because of the high potential payout, R&D on cavitating jets 
should be expanded in an attempt to accelerate implementation of 
this technique into the mining, petroleum, and geothermal indus
tries.
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Fig. 6-41 Extrapolated cavitation drilling data (Angona, 1974)
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Electric Arc 
and Plasma Drills

Gases can be ionized and heated to temperatures of 12,000 to 
16,000 C by passing electric current through them. If the electrical 
discharge is of short duration (i.e., 1 to 10 s sec) a spark is produced 
whereas a continuous discharge produces an electric arc. These 
electrical discharges produce high-temperature plasmas consisting 
of electrons, positively charged ions, and neutral atoms between the 
electrodes. Plasma torches or drills are produced by passing electric 
current through a stream of gas flowing between two electrodes at 
high velocities. These plasma drills have much higher heat transfer

Fig. 7-1 Plasma temperatures (Browning & Klasson, 1961)

67
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Fig. 7-2 Electric arc drill (Aarts. et al., 1933)

capabilities than electric arc drills because of the high momentum of 
the plasma flame. This high momentum also results in more 
effective removal of the molten rock from the hole bottom.

Electric arcs and plasmas reach high temperatures as shown in 
Fig. 7-1. Diatomic gases such as nitrogen undergo dissociation prior 
to ionization, thereby requiring much more energy to reach high 
temperatures than monomic gases such as argon. The plasma 
temperatures are much higher than the 3,300°C maximum tempera
ture achieved with oxy-fuel flames (Point A).

The concept of drilling oil wells with electric arc drills is not new 
as evidenced by Aarts patent (1933) shown in Fig. 7-2. The electric 
arc is struck between the electrode and the rock or between two 
electrodes contained in the drillhead. Cooling fluid is circulated to 
cool the drillhead.

As the rock melts, it shrinks producing a glass-lined borehole.



Electric Arc and Plasma Drills 69

W ith nonporous rock, the shrinkage is not sufficient to produce a 
large borehole and the molten rock would be removed with a wire 
line hollow tube bucket or with a gas stream. Aarts also proposed 
using induction coils and electrical resistance heaters to melt the 
rock. The seal at the surface allows the use of high pressure gas to 
control formation fluids.

McCullough (1949) patented the electric arc drill shown in Fig. 
7-3 which utilizes an arc between the drill and the rock to melt and 
vaporize the rock. Cooling fluid is used to cool the cable and the drill 
and a surface seal is used to control the formation fluids. The rock is 
vaporized, the vapor flowing to the surface of the well where it is 
removed.

Murray (1956) patented the oil field plasma drill shown in Fig. 
7-4. Oxygen (30) and fuel (31) pass through conduits (33 and 34), 
respectively, and produce a high temperature flame beneath the drill 
bit. Electric current supplied through cable (29) produces an electric 
arc which passes through the flame and further increases the flame 
temperature. Water circulated through conduit (25) cools the 
drillhead and produces steam which ejects the broken rock from the 
hole bottom.

Fig. 7-5 shows a cross-section of the plasma drill. Oxygen and

Insulation

Fig. 7-3 Electric arc drill (McCullough, 1949)
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Fig. 7-4 Oil field plasma drill (Murray, 1956)

fuel pass through passageways (12 and 13), respectively, and cooling 
water passes through (16). The electric arc struck between electrodes 
(66) passes through the high velocity flame passing between the 
electrodes.

Murray (1958A) patented the combination electric arc-scraper 
drill shown in Fig. 7-6. This drill is lowered to the hole bottom on a 
wire line where an electric motor and a planetary speed reducer are 
used to rotate the drillhead. Wall guides contact the hole wall to 
provide reactive torque for the motor.
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Fig. 7-5 Plasma drill bit (Murray, 1956)

Murray (1958B) extended this concept to include the introduc
tion of a conductive material ahead of the electrodes to facilitate 
arcing and drilling as shown in Fig. 7-7. The conductive material 
may be a saltwater solution, metallic powders or a combination of 
these. Once the arc is formed, the conductive materials will mix with 
the molten rock to further increase its conductivity.

I he rock is spalled, melted and thermally degraded by electric 
arcs struck between several electrodes and the rock. Spring-loaded 
blades scrap the hole bottom and remove the disintegrated rock as 
the bit rotates. Water is circulated to lift the disintegrated rock 
particles to the surface. Vapor pockets formed around the electrodes 
allow the electric arcs to operate in the water filled borehole. The 
electrodes are designed so that they will move downward as they 
burn away, thereby maintaining the optimum standoff distance with 
the rock.

During the late 1950s and early 1960s, plasma torches began to 
find widespread use for cutting steel and other metals. There are two 
basic types of plasma torches as shown in Fig. 7-8. With non
transferred plasmas, the electric arc is completed within the torch; 
with transferred plasmas, one electrode is external to the torch and 
the plasma and arc are projected beyond the end of the torch.

Two basic techniques are used to stabilize the arc column in 
transferred-arc applications as shown in Fig. 7-9.

With wall stabilization, the geometry of the nozzle is such that 
the plasma-forming gas fills the nozzle from wall-to-wall. This 
system has the disadvantage that at higher voltages “double-arcing”
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Fig. 7-6 Combination electric arc-scraper drill (Murray, 1958A)
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. Conductinq
Fluid Jet Material

Arc Electrode
Fig. 7-7 Electric arc drill (Murray, 1958B)

occurs. Double-arcing, is the establishment of two arcs in series (i.e., 
from cathode to nozzle and from nozzle to work piece). Double
arcing leads to rapid failure of the plasma device and must be 
avoided. With gas stabilization, a strong vortex gas whirl is used to 
position the arc column axially and well away from the nozzle walls. 
This allows the use of higher voltages, higher power outputs and 
higher plasma temperatures.

Because of their higher power output, interest switched from 
electric arc drills to plasma drills in the early 1960’s. In 1961,

Transferred

Fig. 7-8 Basic types of plasma torches (Browning & Klasson, 1961)
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-

Fi0. 7-9 Basic methods of stabilizing plasma torches (Browning & Klasson, 1961)

Karlovitz patented the plasma drill shown in Fig. 7-10 which utilizes 
an insulated coaxial cable to deliver a.c. or d.c. electrical current to 
the plasma generator. Two concentric conduits are used to deliver 
the combustible air-kerosene mixture and flushing air to the bottom 
of the hole.

The high momentum plasma flame melts the rock and removes it 
from the hole bottom, thereby continually exposing fresh rock to the 
flame. Air is used to lift the rock fragments to the surface.

Karlovitz proposed using the 100 kw supersonic plasma drill 
shown in Fig. 7-11 for drilling oil wells. An explosive mixture of

Fig. 7-10 Plasma arc oil well drill (Karlovitz, 1961)
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Fig. 7-11 Supersonic plasma arc oil well drill (Karlovitz. 1961)

kerosene and air is burned in the combustion chamber and then 
further heated by the electric arc prior to passing through the diverg
ing nozzle at supersonic velocity. Cooling liquid is circulated to 
prevent the drillhead from melting. The supersonic plasma will erode 
the rock in addition to melting it, thereby further increasing the 
drilling rate.

Karlovitz proposed adding small amounts of metallic salts with 
low ionization potential (e.g., sodium) to the combustible gas 
mixture to preionize the flame and thereby reduce the operating 
voltage of the plasma generator. The operating characteristics of the 
proposed plasma drill are given in Table 7-1.
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TABLE 7-1
PROPOSED PLASMA DRILL OPERATING CHARACTERISTICS 

(Karlovitz, 1961)

Power Output:
Air Consumption:
Kerosene Consumption:
Electrical Power:
Voltage: 
Current:
Combustion Power: 
Combustion Pressure:
Flame Velocity: 
Temperature:

100 kw
565 N/hr (127 Ib/hr) 
39 N/hr (8.7 Ib/hr)
50 kw
1000-2000 v
25-50 A
50 kw
0.40 MPa (58 psi)
1450 m/sec 
3300° K

Electrode life could be a serious problem with high power 
plasma drills because of the heavy electrical currents required. This 
would be a serious problem with oil well drills because of the 
difficulty in replacing electrodes in drills in deep wells. Karlovitz 
proposed using high frequency induction heaters (10 kHz) to 
supplement the electric arc heating as shown in Fig. 7-12. This 
would reduce the electrical arc current requirement and would 
increase electrode life. The induction coil could be used without the 
electric arc, particularly if the ionization density of the gas has been 
increased by the addition of metallic salts as described above.

Tylko et al. (1966) patented the plasma drill shown in Fig. 7-13.

Cooling
Water

Fig. 7-12 Induction heated plasma arc oil well drill (Karlovitz, 1961)
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A plasma flame issuing from nozzle (3) heats and thermally degrades 
the rock and a water or mud jet from nozzle (4) quenches the rock 
and breaks it up into a fine friable mass (10). A reamer (7) 
mechanically removes the broken rock from the hole bottom and it is 
then carried to the surface by the drilling mud.

Satellite plasma jet (5) assists in degrading the rock and satellite 
plasma jet (8) fuses the borehole walls to produce a glass-lining to 
seal and stabilize the borehole.

Tylko et al. (1966) also patented the plasma assisted roller bit 
shown in Fig. 7-14. Elliptical plasma jets (17) directed at the hole 
bottom thermally degrade the rock and facilitate removal by the roller 
cones (14). Drilling mud is circulated to remove the rock cuttings from 
the hole bottom.

Margiloff (1966) patented the plasma jet cutting system shown in 
Fig. 7-15. Ionizing gas such as argon, helium, nitrogen, or hydrogen 
is supplied to two plasma torches through hoses (20 and 21). Electric
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Fig. 7-15 Plasma rock cutting system (Margiloff, 1966)

current and cooling water are supplied to the plasma torches 
through water-cooled electrical cables (22 to 25). Fluxing agents 
such as borax, soda ash, cryolite, or fluorspar are introduced into the 
first plasma through hose (31) to reduce the melting temperature of 
the rock and to increase the fluidity of the rock melt. The flame from 
the second plasma contains no flux and is used primarily to assist in 
removing the rock melt from the rock surface. Margiloff proposed 
using the plasma torches to glaze the walls of tunnels, thereby 
stabilizing and sealing the tunnels and reducing the need for 
concrete linings.

Acheson (1969) patented the oil well plasma arc drill shown in 
Fig. 7-16. This drill would be run on a flexible cable which is reeled 
onto a large drum at the surface. This would greatly reduce the trip 
time required to replace electrodes and worn components in the 
drill. The reelable cable contains an insulated electrical coaxial
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Fig. 7-16 Plasma arc oil well drill (Acheson, 1969)

conductor (50) and a conduit (48) for delivering ionizing gas and 
fluxing agents to the hole bottom. Air, methane or other suitable 
gases are circulated down the drillpipe (i.e., around the electrical 
cable and conduit passes) and out passageways (120 and 122) to lift 
the rock cuttings to the surface. Part of the gas flow is diverted 
through passageway (126) to cool the plasma generator (96).

An electric motor (106) would be used to rotate the drill head, 
thereby sweeping the plasma across the entire hole bottom. Spring- 
loaded arms (52) located at the top of the drill would centralize the 
drilling assembly and provide reactive torque for the electric motor.
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Fig. 7-17 Transferred arc plasma rock kerfing system (Poole & Thorpe, 1973)

Transformers and rectifiers would be located near the top of the 
drill (36) to provide d.c. current to the plasma generator. Inert gases 
such as argon and nitrogen or mixtures of these or other suitable 
gases would be used to produce the plasma flame.

Acheson proposed using fluxing agents such as borax, feldspar, 
or silica oxide in the ionizing or scouring gas streams to produce a 
glass-lined borehole. The fluxing agents would be melted by the 
plasma flame, thereby producing a glass lining which would 
stabilize the hole and reduce the amount of casing required.

Poole and Thorpe (1973) conducted a series of rock kerfing tests 
using a transferred arc plasma as shown in Fig. 7-17. During the early 
tests, a nitrogen-argon gas mixture was used (70o/oN2-30%A); in later 
tests pure nitrogen was used. During these tests, blocks of rock
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Fig. 7-19 Plasma rock cutting apparatus (Poole & Thorpe, 1972)

ranging from 2.5 to 48 cm thick were cut at traverse speeds of 6.4 to 
30 cm/min.

The kerfs cut by the plasma widened out as the kerf depth 
increased due to expansion of the plasma jet as shown in Fig. 7-18. 
The expanded flame also caused the bottom of the kerf to lag behind 
the top of the kerf as the plasma traversed across the rock. Optimum 
cutting occurred when the bottom of the kerf lagged the top by about 
5 cm. The kerf was 1.3 cm wide at the upper rock surface and 7.6 cm 
wide near the bottom where the plasma had expanded.

Optimum cutting occurred with standoff distances of 1.9 to 5.1 
cm. With standoff distances of less than 1.3 cm., rock spalls tended 
to bridge the gap beneath the nozzle and cause extinguishment of the 
flame.

Fig. 7-19 shows the experimental apparatus used in these tests.
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INITIAL
ELECTRICAL 
CONFIGURATION
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OPERATING
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Fig. 7-20 Plasma jet operating configurations (Poole & Thorpe, 1973)

The major components are the plasma generator, the rock, the carbon 
anode, and the cutting table.

During the initial tests, 5.1 cm diameter carbon anodes were 
located below the blocks of rock whereas in later tests the anodes 
were placed in the kerfs as shown in Fig. 7-20. The tests showed that 
the anode should be positioned so as to force the arc as close to the 
cutting face as possible. The graphite anode was consumed at the 
rate of 0.04 to 0.13 N/kwh (0.01 to 0.03 lb/kwh).

The electrical circuit shown in Fig. 7-21 was used in the plasma 
kerfing tests. A high frequency generator provided the high voltage 
necessary for initial breakdown and then three 100 kw d.c. rectifiers 
(160 v; 620 A) provided the power while cutting the rock. In later 
tests, four 100 kw rectifiers were used. The two chokes were used to 
smooth the d.c. waveform and the ballast resistor was used to limit
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CARBON
ROD

Fig. 7-21 Plasma arc rock cutting apparatus (Poole & Thorpe, 1973)

the starting current. A steel starting wire was used to initially 
transfer the arc from the nozzle to the graphite anode.

Poole and Thorpe tested several nozzle configurations including 
straight cylindrical nozzles, converging-diverging nozzles and con
verging nozzles. They found that converging nozzles with the 
smallest exit cross section produced the best cutting action. The 
nozzle configuration finally selected was as long as possible (1.9 cm) 
and with as small an orifice as possible (0.47 cm) without producing 
excessive double-arcing. This combination produced the tightest arc 
column and the best cutting performance.

Thoriated tungsten cathodes were used initially, but excessive 
erosion resulted in switching to special tungsten doped with barium, 
calcium and alumina. These cathodes held up well in the 0.10 to 
0.14 MPa environment (15 to 20 psi) within the torch.

Poole and Thorpe conducted plasma arc kerfing tests in Concord 
gray granite, St. Cloud gray granodiorite, Dresser basalt and Jasper 
quartzite. Comparative kerfing data in these rocks are given in Table 
7-2. _

The specific kerfing energy ranged from 62,600 to 171,000 J/cm 
which is an order of magnitude greater than the specific kerfing
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TABLE 7-2
COMPARATIVE PLASMA JET KERFING DATA 

(Poole and Thorpe, 1973)

‘Width at top of kerf. 
“Spalling only—no molten product.

Rock
Type

Plasma
Power
(kw)

Kerf
Depth
(cm)

Kerf-
Width
(cm)

Traverse
Speed 

(cm/sec)

Specific Kerfing
Energy 
(J/cm2)

Granite 182 15.2 1.9 0.127 94,300
Granite 218 21.0 1.9 0.106 97,900
Granite 270 28.6 1.9 0.106 89,100
Granite 300 33.0 2.5 0.076 120,000
Granodiorite 193 15.2 1.9 0.127 100,000
Basalt 220 15.2 1.9 0.127 114,000
Basalt 253 15.9 1.6 0.254 62,600
Quartzite 275 15.2 10.2“ 0.106 171,000“

energy with lasers or electron beams. The high specific kerfing 
energy (energy per unit kerf surface area) is caused by the fact that 
plasma jets cut 1 to 10 cm wide kerfs whereas lasers and electron 
beams cut 0.1 to 0.5 cm wide kerfs.

Poole and Thorpe found that basalt was most readily cut during 
these tests because of the high fluidity of the molten basalt. Quartzite 
spalled readily, but it was difficult to melt due to the high viscosity 
of the molten silica. Adding sodium bicarbonate as a fluxing agent to 
the molten silica, reduced its melting temperature, increased its 
fluidity and increased the cutting speed by 25%. Additional work is 
needed on better ways to inject fluxing agents into the molten rock 
since much of it lands on the surface and is washed away.

Poole and Thorpe conducted heat loss measurements and found 
that only 7% of the plasma power was lost to the cooling water. 
Measurement of the volume of rock melted showed that 17 to 25% of 
the plasma power was utilized in melting the rock. The heating took 
place primarily by radiation and convection from the plasma stream.

Fig. 7-22 shows that the cutting speed was much higher in basalt 
than in granite for a given plasma power output. In both cases, the 
cutting speed increased linearly with power level. The data in Table 
7-3 show that the specific kerfing energy for these tests ranged from 
133,000 to 222,000 J/cm2 for granite and from 126,000 to 151,000 
J/cm2 for basalt.

Rock samples up to 48 cm (19 in.) thick were used during these 
tests. The kerf depth decreased as the traverse speed was increased
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Fig. 7-22 Effect of plasma jet power on cutting speed (Poole & Thorpe, 1973)

as shown in Fig. 7-23. There was considerable scatter in the data as 
shown in Table 7-4. The specific kerfing energy did not decrease 
with increased traverse speed as it does with lasers and electron 
beams, probably due to the lower power concentration of the plasma 
jet and the wider kerfs.

At high power levels, double arcing becomes a problem because 
of the high voltages. In an attempt to overcome this, Poole and 
Thorpe used a coaxial sheath gas flow around the nozzle. This 
allowed higher power outputs, but resulted in shallower kerf depths
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TABLE 7-3
EFFECT OF PLASMA JET POWER ON CUTTING SPEED 

(Poole and Thorpe, 1973)

Arc Kerf Traverse Specific Kerfing
Rock Power Depth Speed Energy

(kw) (cm) (cm/sec) (J/cnr)

Granite 90 7.62 0.089 133,000
Granite 134 7.62 0.080 220,000
Granite 186 7.62 0.110 222,000
Granite 278 7.62 0.203 180,000
Granite 318 7.62 0.229 182,000
Basalt 248 7.62 0.258 126,000
Basalt 316 7.62 0.275 151,000
Basalt 374 7.62 0.347 141,000
Basalt 430 7.62 0.381 148,000

in granite for a given power output as shown in F ig. 7-24. The sheath 
gas apparently had a cooling effect which was detrimental to the 
plasma cutting mechanism.

Parallel kerfs cut in rocks showed that thermal stresses will

TABLE 7-4
EFFECT OF TRAVERSE SPEED ON PLASMA JET KERFING DEPTH 

(Poole and Thorpe, 1973)

Plasma Specific
Rock Arc Traverse Kerf Kerfing
Type Power Speed Depth Energy

(kw) (cm/sec) (cm) (J/cnr)

Granite 250 0.059 33.8 125,000
Granite 250 0.068 30.5 121,000
Granite 250 0.093 37.6 71,500
Granite 250 0.093 25.1 107,000
Granite 250 0.102 30.5 80,400
Granite 250 0.250 14.0 71,400
Granite 250 0.258 6.1 159,000
Granite 250 0.381 4.1 160,000
Granite 250 0.508 2.5 197,000
Basalt 250 0.131 22.9 83,300
Basalt 250 0.186 12.7 106,000
Basalt 250 0.381 7.6 86,300
Basalt 250 0.508 3.8 130,000
Basalt 250 0.677 3.0 123,000
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Effect of traverse speed on plasma jet kerfing (Poole & Thorpe, 1973)Fig. 7-23

breakout much of the rock between the kerfs as shown in Fig. 7-25. 
This mechanism could be important with a plasma jet tunneling 
machine because of the large volume of rock which has to be 
removed.

Thirumalai (1970A) found that large blocks of rock could be 
shattered by using radio frequency electromagnetic energy to 
dielectrically heat the rock and produce localized hot zones in the 
center of the rock (i.e., "Ihermal Inclusions ). These experiments
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Fig. 7-24 Effect of sheath flow on maximum kerf depth (Poole & Thorpe, 1973)

were conducted using metal electrodes inserted directly into drill 
holes. Severe surface arcing problems between the metal electrodes 
limited the voltage gradients that could be used in these tests. Poole 
and Thorpe attempted to increase the voltage gradients by using the 
plasma columns as the conductive paths for the high-frequency 
energy. The modified electrical circuit shown in Fig. 7-26 was used 
during these tests. These tests were run to determine if the plasma 
columns would provide better contacts with the rock surface and 
thereby allow the use of higher r.f. voltage gradients.
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Fig. 7-25 Parallel plasma arc kerfs in rock (Poole & Thorpe, 1973)

The 100 kw d.c. power supply provided power for the plasma jet, 
whereas the 190 kw r.f. power supply provided energy for dielectri
cally heating the rock. Laminar plasma columns of argon having an 
electrical resistance of one ohm were used for these experiments.

The r.f. generator was operated at power levels up to 190 kw, 
with most of the tests being conducted at 5-8 MHZ frequencies. A 
few of the tests were run at 12 to 15 MHZ.

The dielectric heating of rock equals:

watts/cm3 = 0.555 Dc • DF • f • v2
(1)

where:

Dc = Dielectric Constant
De = Dissipation Factor

f = Current Frequency (MHZ)
v = Voltage Gradient Impressed on Rock (kv/cm)

This shows that the heating rate is directly proportional tc 
current frequency and to the square of the voltage gradient.
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Poole and Thorpe conducted 20 thermal rock fracturing experi
ments and concluded that the plasma column did not produce a 
significant improvement over solid metal electrodes. The dielectric 
heat produced fine cracks in the rocks but did not break the blocks 
into large fragments.

Poole and Thorpe proposed using plasma jets to drive tunnels in 
granite and other hard rocks as shown in Fig. 7-27. Plasma jets 
would be used to cut 1.22 m cubes (4 ft) or rock from the tunnel face. 
These cubes would be removed intact or would be broken by high 
frequency r.f. current prior to removal. Data from the plasma jet 
cutting tests indicated that 9.2 Mw plasma power would be required 
to drive a 2.44 m x 2.44 m tunnel (8 ft x 8 ft) at the rate of 58.4 
m/day. This corresponds to six 1,530 kw torches. This is based on 
the assumption that 67% of the time is spent cutting the rock and 
33% is spent in removing the rock blocks or fragments from the 
tunnel face. It was shown earlier that only 17 to 25% of the energy is 
utilized in melting the rock; so the remaining 6.9 to 7.6 Mw of 
wasted power would have to be removed from the tunnel face as 
heat. Removal of this amount of waste heat would be difficult.

Although electric arcs and plasmas can effectively melt and spall 
rocks, application of these devices is limited because of the inability
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Fig. 7-27 Plasma arc tunneling system (Poole & Thorpe, 1973)

to accurately focus the power output of these devices. This results in 
wide kerfs, high specific kerfing energy, and wasted power. It 
therefore appears that electric arc and plasma drills will have 
limited application and that R&D on these devices should be given 
low priority.
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Electron
Beam Drills

Electron beam drills utilize a dense stream of high-velocity 
electrons to impact and melt the rock. The electron beams are 
produced by electron guns as shown in Fig. 8-1. High voltages (30 to 
200 kv) are used to accelerate the electrons from the cathode toward 
the anode. These electrons are focused by a magnetic lens located 
close to the anode. Aligning coils are used for fine focusing of the 
beam.

Electrons scatter upon impact with gas molecules. Consequently, 
the optical system must be pumped to 10-4 Torr to allow fine 
focusing of the beam. The beam is transmitted from the vacuum 
inside of the electron gun into the atmosphere through several 
orifice stages using vacuum diffusion and roughing pumps. An 
overpressured gas chamber is used at the exit of the electron beam 
gun to prevent rock debris and vapor from being sucked into the gun 
and causing arcing or other problems.

When a high power electron beam (106 w/cm2) impinges on a 
rock surface, the electrons penetrate 75 to 100 jx, giving up their 
kinetic energy as heat and melting the surface layer in approximately 
15 jisec. If the molten rock could be removed as rapidly as it could be 
formed, the electron beam would penetrate at the rate of 6.6 m/sec. 
Since the molten rock cannot be removed at this rate, the electron 
beam superheats and vaporizes the molten rock, thereby exposing a 
fresh rock surface for the electron beam to act against. This reduces 
the efficiency of the electron beam drilling process since vaporizing

A

95



96 ADVANCED DRILLING TECHNIQUES

>
DC

ELECTROSTATIC

VACUUM

MAGNETIC

POWER
220 V,

ELECTRON
BEAM--------

ANODE AT
GROUND 

POTENTIAL

HIGH VOLTAGE 

INSULATOR

CATHODE CARTRIDGE 

AT 150 KV

INSULATING GAS 
/ //

VACUUM,

2X10' 4 TORR

GAS 
SUPPLY

DIFFUSION MECHANICAL

PUMP r -| PUMP

CUTTING. 
OR WELDING

OVER PRESSURE
CHAMBER

WORK PIECE

ATMOSPHERE

GAS OUT

Fig. 8-1 Electron beam drill (Schumacher, 1969)

rock requires 2 to 4 times more energy than melting it. Fig. 8-2 shows 
a 7.6 cm deep hole drilled in a block of sandstone by a 9 kw electron 
beam. I he block broke in less than 60 sec because of tensile thermal 
stresses created by thermal expansion of the heated zone around the 
hole.

Schumacher (1969) conducted a series of traversing tests in
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Fig. 8-2 Hole drilled in sandstone by 9 kw electron beam (Schumacher, 1969)

concrete as shown in Fig. 8-3. In the upper figure, the traverse speed 
was decreased as the electron beam moved from left to right 
resulting in the increased kerf depth. In the lower figure, the 
traverse speed was increased as the electron beam was traversed 
from left to right resulting in the decreased kerf depth.

TABLE 8-1
ELECTRON BEAM KERFING IN CONCRETE 

(Schumacher and Holdbrook, 1972)

Traverse
Speed 

(cm/sec)

Beam
Power

(kw)

Kerf
Depth
(cm)

SKE 
(J/cm2)

0.043 5 6.83 17,000
0.085 5 5.24 11,200
0.170 5 3.89 7,600
0.340 5 2.62 5,600
0.680 5 1.75 4,200
1.360 5 1.11 3,300

0.043 9 10.30 20,300
0.085 9 7.78 13,600
0.170 9 5.40 9,800
0.340 9 3.65 7,300
0.680 9 2.22 6,000
1.360 9 1.59 4,200
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Fig. 8-3 Kerfing in concrete using 5 kw and 9 kw electron beams (Schumacher, 1969)

The data from these tests is shown in Fig. 8-4. The depth of the 
kerf decreased and the width of the kerf increased with increased 
traverse speed.

The specific kerfing energy required to cut these kerfs in concrete 
decreased rapidly with increased traverse speed as shown in Table 
8-1. As the traverse speed was increased from 0.043 to 1.36 cm/sec,
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Cutting Speed Inch/Minute

Fig. 8-4 Electron beam kerfing of concrete (Schumacher, 1969)

Fig. 8-5 Energy loss in an electron beam discharged in air (Carstens et al., 1970)
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the specific kerfing energy decreased from 17,000 to 3,300 J/cm2 for 
the 5 kw electron beam and from 20,300 to 4,200 J/cm2 for the 9 kw 
electron beam. At all traverse speeds, the 5 kw electron beam cut kerfs 
more efficiently than the 9 kw beam.

The electron beam is scattered as it passes through the air 
between the gun and the rock as shown in Fig. 8-5. The degree of 
scattering decreases as the voltage increases because of the higher 
kinetic energy of the electrons.

The 60 kv electron beam loses 50% of its energy in 2.6 cm of air, 
whereas the 120 kv beam will travel 8.9 cm before losing 50% of its 
energy. These high losses show the importance of placing the

ENERGY ABSORBED - 200 JOULES CM2

Fig. 8-6 Temperature gradient in hot rock (Carstens et al., 1970)
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electron beam gun as close to the rock as possible and using as high a 
voltage as possible.

Steep temperature gradients are produced in rocks subjected to 
igh power concentrations as shown in Fig. 8-6. All of these curves 

correspond to the same energy applied per unit area of rock surface 
(i.e., 200 J/crrr). With a 20 w/cm2 power concentration, the power is 
applied for 10 sec producing a surface temperature of only 500° F, 
which is insufficient to melt the rock surface. With a power 
concentration of 400 w/cm2, the rock surface is heated to 2,150° F 
(1,177° C) which is sufficient to melt many of the common minerals 
as shown in Table 8-2. Lasers and electron beams produce power 
concentrations of 106 w/cm2 which will produce high surface 
temperatures and nearly adiabatic rock melting (i.e., no heat loss to 
the solid rock surrounding the hole).

TABLE 8-2
MELTING POINTS OF VARIOUS MINERALS 

(Carstens, 1970)

Mineral Temperature-°C

Andesite 1,155-1,280
Anorthite 1,165-1,520
Albite 1,115-1,259
Diopside 1,135-1,270
Hornblende 1,060-1,200
Fluorite 1,270-1,387
Hematite 1,300-1,400
Magnetite 1,190-1,225
Olivine 1,265-1,750
Quartz 1,425-1,780

Carstens conducted tests to measure the x-rays produced by 
electron beams impinging against granite as shown in Fig. 8-7. 
During these tests, the X-radiation ranged from 1 to 4 Roentgens/sec 
depending on the beam power and the impact angle. The maximum 
permissible dose varies according to the regulatory body, but ranges 
from about 1 to 2 milliroentgens per hour for a 40-hr week. This 
shows that lead shielding will be required to protect the operators of 
drills or tunnel machines utilizing electron beams. The amount of 
lead shielding ranges from 0.64 cm for a 175 kv (30 kw) electron 
beam gun to 1.8 cm for a 250 kv (300 kw) gun. The intensity of the
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Fig. 8-7 X-radiation vs. beam power (Carstens et al., 1970) 

radiation decreases inversely with the square of the distance from 
the source.

Carstens conducted a series of kerfing tests in Barre granite using 
a 25 kw electron beam. The kerf depth decreased from 1.27 to 0.10 
cm as the traverse speed increased from 2.54 to 63.5 cm/sec (Table 
8-3).

TABLE 8-3
EFFECT OF TRAVERSE SPEED ON ELECTRON BEAM KERFING 

(Carstens et al., 1970) 
(Barre Granite; Standoff = 0.64 cm)

Test
Number

Electron Beam
Power 

(kw)

Traverse
Speed 

(cm/sec)

Kerf
Width
(cm)

Kerf
Depth
(cm)

Specific
Kerfing Energy 

(J/cm2)

1 25 2.54 __ 1.27 7,750*
2 25 6.35 — 0.83 4,740
3 25 25.4 0.25 0.25 3,940
4 25 42.3 0.25 0.13 4,550
5 25 63.5 0.25 0.10 3,940

Excessive Melting and Cracking
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1 PASS PER CUT
RUNS 1 (TOP) THROUGH 4 (BOTTOM) SHOW

Fig. 8-8 Electron beam traverse tests in Barre granite (Carstens et al., 1970)

The specific kerfing energy decreased from 7,750 to 3,940 J/cm2 
as the traverse speed was increased from 2.54 to 63.5 cm/sec 
indicating that the kerfing efficiency was higher at the higher 
traverse speeds. The higher efficiency was apparently due to less 
beam scattering (due to shallow kerfs) and to less superheating of the 
molten rock.

TABLE 8-4
EFFECT OF STANDOFF ON ELECTRON BEAM KERFING 

(Carstens et al., 1970) 
(Barre Granite; Traverse Speed = 25.4 cm/sec)

Electron Beam
Power
(kw)

Standoff
(cm)

Kerf
Width
(cm)

Kerf
Depth
(cm)

Specific
Kerfing Energy 

(J/cm2)

Specific
Energy 
(J/cc)

25 0.64 0.25 0.25 3,940 15,700
25 2.54 1.52 0.13 7,570 4,980
25 5.08 2.54 0.13 7,570 2,980
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The kerfs produced in tests 1 through 4 (Table 8-3) are shown in 
Fig. 8-8. At a low traverse speed (Test 1), considerable spalling took 
place and relatively large pieces of rock were broken out whereas at 
high traverse speed (Test 4), the kerf was much narrower and 
shallower.

The kerf depth decreased from 0.25 to 0.13 cm as the standoff 
distance was increased from 0.64 to 5.08 cm due to scattering of the 
electron beam (Table 8-4).

The kerf width increased from 0.25 to 2.54 cm as the electron 
beam was moved further from the rock. The specific energy 
decreased with increased standoff due to the wider kerf whereas the 
specific kerfing energy increased with increased standoff. Thus, 
specific kerfing energy, not specific energy, should evaluate the kerf
ing ability of novel devices.

Both the kerf depth and the specific kerfing energy increase as 
the power output of the electron beam is increased as shown in 
Table 8-5. The reduced energy efficiency is due to increased 
scattering of the electron beams in the deeper kerfs.

TABLE 8-5
EFFECT ON POWER OUTPUT ON

ELECTRON BEAM KERFING (Carstens et al., 1970) 
(Barre Granite, Standoff = 0.64 cm)

Electron Beam
Power
(kw)

Number
Passes

Traverse
Speed 

(cm/sec)

Average
Kerf 

Width
(cm)

Kerf
Depth
(cm)

Specific
Kerfing Energy 

(J/cm2)

25 2 63.5 0.080 0.23 3,420
18 2 63.5 0.075 0.20 2,830
12 2 63.5 0.060 0.18 2,100
25 6 63.5 0.080 0.41 5,760
18 6 63.5 0.075 0.41 4,150
12 6 63.5 0.060 0.31 3,660
25 10 63.5 0.080 0.58 6,790
18 10 63.5 0.075 0.61 4,650
12 10 63.5 0.060 0.46 4,110

Carstens conducted a series of electron beam kerfing tests in 
helium and in a partial vacuum in order to reduce the beam 
scattering. The beam underwent less scattering and cut deeper kerfs 
when used in helium and in a vacuum as shown in Table 8-6. The
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tests in vacuum were of short duration because the high outgasing 
rates caused arcing in the electron beam gun after 2 to 3 sec.

„ TABLE 8-6
EFFECT OF ENVIRONMENT ON ELECTRON BEAM KERFING 

IN BARRE GRANITE (Carstens et al., 1970)

Electron Specific
Traverse Beam Standoff Kerf Kerf Kerfing

Gas Speed Power Distance Depth Width Energy
(cm/sec) (kw) (cm) (cm) (cm) (J/cm2)

Air 2.54 25 0.64 1.27 1 to 2 7,750*
Air 18.3 18 1.91 0.14 1.23 7,030
Helium 21.2 18 1.91 0.17 0.79 4,990
Vacuum 2.12 6 38.1 3.81 0.51 740*

‘Excessive Melting and Cracking

The electron beam operating in the vacuum underwent little 
scattering as evidenced by the deep, narrow kerf produced. The kerf 
cut in vacuum was 3.81 cm deep compared to 1.27 cm for the kerf 
cut in air, even though the standoff distance in vacuum was 60 times 
greater (38.1 cm vs 0.64 cm) and the electron beam in vacuum 
operated at 6 kw compared to 25 kw in air. The specific kerfing 
energy for the electron beam operating in vacuum was 740 J/cm2 
compared to 7750 J/cm2 for the test in air. This indicates that the 
kerfing efficiency in vacuum is an order of magnitude greater than in 
air. This is a very significant result because the 740 J/cm2 specific 
kerfing energy is the lowest of any of the novel devices tested in hard 
rock. This shows that electron beams have considerable potential, 
provided means can be developed for preventing the beam from 
scattering in air. Future research should be concentrated on reducing 
the scattering problem and improving the focus of electron beams.

The specific energy required to remove a unit volume of rock by 
the electron beam operating in vacuum was 1,450 J/cm3 compared to 
a theoretical value of 4,300 J/cm3 for melting Barre granite. This 
indicates that much of the rock was removed by an efficient thermal 
spalling mechanism instead of by melting and vaporization.

Carstens conducted multiple pass, electron beam kerfing tests as 
shown in Table 8-7. There is some scatter in the data, but the results 
show that the first passes are the most efficient and that the amount 
of kerf cut per pass decreases as the number of passes increases. As a 
result, the specific kerfing energy increases with increased number 
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of passes. This reduced efficiency is caused by increased scattering 
of the electron beams as the kerfs become deeper.

TABLE 8-7 
EFFECT OF MULTIPLE PASSES ON ELECTRON BEAM KERFING 

(Carstens et al., 1970) 
(Barre Granite; Standoff Distance = 0.64 cm)

Electron Specific
Beam Number T raverse Kerf Kerfing
Power Passes Speed Depth Energy

(kw) (cm/sec) (cm) (J/cm2)

12 2 63.5 0.18 2,100
12 4 63.5 0.25 3.020
12 6 63.5 0.31 3,660
12 8 63.5 0.43 3,520
12 10 63.5 0.46 4,110

18 2 63.5 0.20 2.830
18 4 63.5 0.25 4,540
18 6 6.35 0.41 4,150
18 8 63.5 0.48 4,720
18 10 63.5 0.61 4,650

25 2 63.5 0.23 3,420
25 4 63.5 0.33 4,770
25 6 63.5 0.41 5,760
25 8 63.5 0.46 6,850
25 10 63.5 0.58 6,790

Carstens conducted a series of tests using a 0.6 kw laser and a 25 
kw electron beam to thermally degrade and weaken Barre granite. 
Tunnel disc cutters were used to remove the degraded rock as shown 
in Fig. 8-9. The heat input with both the laser and the electron beam 
was 1,180 J/cm of travel. The traverse speed was much lower with 
the laser because of its lower power output.

The unfocused laser was used to thermally degrade the granite 
whereas the 25 kw electron beam was used to cut 0.36 cm deep kerfs 
7.6 cm. apart in the granite. The results of these tests are given in 
Table 8-8.

The muck removed with the electron beam kerfed rock was twice 
that for the laser degraded rock and three to four times that for 
unaltered rock. The laser would have produced results similar to 
those for the electron beam if the beam intensity had been increased 
to the point where kerfs were melted and spalled in the rock. These
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Fig. 8-9 Laser and electron beam tunnel cutter tests (Carstens et al., 1970)

TABLE 8-8 
EFFECT OF ELECTRON BEAM KERFING ON TUNNEL CUTTER 

PERFORMANCE IN BARRE GRANITE 
(Carstens et al., 1970)

Cutter Thrust: 13,300 N
Cutter Diameter: 10.2 cm
Traverse Speed: 5.08 cm/sec
Cutter Offset: 1.1 cm
T raverse Distance: 25.4 cm

MUCK REMOVED (g)

Electron
Laser Beam

Pass Degraded Kerfed
Number Rock Rock

1 4.6 11.8
2 3.6 10.9
3 5.6 7.6
4 3.7 11.8
5 4.9 —
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tests are significant because they demonstrate that laser or electron 
beam assisted tunneling machines could advance three to four times 
faster than conventional tunneling machines, provided means for 
delivering adequate laser or electron beam power to the rock can be 
developed. Thermally-assisted tunneling machines would have the 
further advantage that they could operate with lower thrusts, a major 
problem with large diameter tunneling machines.
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Nixon and Schumacher (1971A) analyzed the electron beam 
cutting mechanism as shown in Fig. 8-10.

As the distance from the electron beam increases, the characteris
tic radius, ro, of the beam increases as:

ro = V~a z 15

(cm) (1)

where a is a constant which depends on several parameters 
including the electronic charge and the gas atomic number.

The increased beam radius reduces the power intensity, N*, at 
the center of the beam as follows:

N* = Wo/27raz3 (watts/cm2) (2)

where Wo is the total beam power.
If the total specific energy required to remove the rock equals H*, 

the instantaneous penetration rate equals:

dz/dt = Wo/2irH*az3 (cm/sec) (3)

Nixon and Schumacher conducted a series of tests to check the 
theoretical calculations. A 9 kw electron beam was used to drill 2 to 
8 cm deep holes in four different rocks in 4 to 30 sec as shown in Fig. 
8-11. The curves correspond to Eq. 3 with specific energies ranging 
from 2,600 to 21,300 J/cm3.

Fig. 8-11 Electron beam drilling in four different rocks (Nixon & Schumacher, 1971 A)
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Fig. 8-12 Electron beam cavities along smooth face in ^Oklahoma gabbro (Nixon & 
Schumacher, 1971A)

The initial penetration is higher than that predicted for vaporiza
tion (H* = 13,600 J/cm3) because of spalling which takes place at the 
initial surface. For intermediate exposure times, the data points fit 
closer to the vaporization curve since much of the rock is vaporized. 
For long exposure times, heat conduction into the rock becomes

Fig. 8-13 Cavity growth in Oklahoma gabbro using a 9 kw electron beam (Nixon & 
Schumacher, 1971 A)
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Fig. 8-14 Effect of power on electron beam drilling (Nixon & Schumacher, 1971 A)

significant and the data points fall below the vaporization curve. 
Deep cavities are formed in quartzite because of excessive spalling 
whereas shallow cavities are produced in sandstone because the 
cavities are filled with molten rock.

During these tests, the 9 kw electron beam was directed vertically 
downward, 0.06 cm from the face of the rocks. This allowed the 
molten rock to flow out of the holes as drilling progressed as shown 
in Fig. 8-12. This corresponds more closely to the theoretical 
assumptions than when the electron beam was directed at semi
infinite rock surfaces.
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A comparison was made in Oklahoma gabbro with the electron 
beam directed into the rock and directed parallel to the face as 
shown in Fig. 8-13. The test parallel to the rock face closely 
corresponds to the theoretical curve for vaporization (H* = 13,600 
J/cm3), whereas the penetration into the rock levels off at a depth of 5 
cm after 6 sec. A steady-state condition is apparently reached in the 
latter case where heat losses to the molten rock and to backscattering 
equals the incident power.

Nixon and Schumacher (1971 A) found that for constant input 
energy, the cavity depth increased with increased beam power as 
shown in Fig. 8-14. The test in Gabbro was at a constant energy level 
of 144,000 J which corresponds to 16 sec exposure with a 9 kw 
electron beam and 64 sec exposure with a 2.25 kw electron beam. 
These tests show that high power electron beams drill deep holes 
and deep kerfs more efficiently than low power beams because less 
heat is conducted away into the rock surrounding the hole. 

The electron beam power, P, equals:

Wo = IOVO (watts) (4)

where L, is the electron beam current and Vo is the electron beam 
voltage.

The quantity a in Eq. (3) varies approximately as the inverse of 
the voltage squared:

(5)

Consequently, the penetration rate of an electron beam varies 
approximately as (from Eqs. 3, 4, and 5):

~ I.Vo3 (6)

This shows that the penetration rate varies as Vo3 whereas beam 
power (Eq. 4) varies as Vo. The electron beam should be operated at 
the highest voltage possible in order to maximize penetration rate for 
a given beam power output. Schumacher (1974) suggests that 250 kv 
may be a practical limit because of the heavier X-ray shielding which 
would be required.

Nixon and Schumacher (1971B) used a finite element model to 
calculate the thermal stresses around the hole drilled in igneous rock 
with an electron beam. Fig. 8-15 shows the calculated stresses
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Fig. 8-15 Computed tensile stresses produced around electron beam hole in igneous 
rock (Nixon & Schumacher, 1971A)

produced by a 9 kw focused electron beam (150 kv) after 5, 20, and 
300 sec exposure time.

The hole was assumed to be 4.3 cm deep after 5 sec, 7.1 cm deep 
after 20 sec and 16.0 cm deep after 300 sec. The holes are surrounded 
by three distinct regions: 1) a plastic region where the rock is hotter 
than 700° C, 2) a compression region where the rock is between 
ambrient temperature and 700° C, and 3) a tensile stress region of 
cool rock surrounding the compression zone. The computed tensile 
stresses are much greater than the 3.5 to 10.3 MPa (500 to 1500 psi) 
tensile strength of the rock which accounts for the tensile fractures 
observed in nearly all of the electron beam tests.

Fig. 8-16 shows a block of Rose quartzite cracked by thermal 
stresses after 9 sec exposure to a 9 kw laser. This block was cracked 
by the tensile stress field surrounding the expanded compression 
zone shown in Fig. 8-15. The tensile stresses also cracked the block 
of sandstone shown in Fig. 8-2.

Nixon and Schumacher (1971C) studied the energy losses in the



Fig. 8-16 Rose quartz pierced and cracked by a 9 kw electron beam in 9 sec (Schumacher, 1969)
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electron beam drilling process and concluded that approximately 
3% of the incident energy is lost through ionization of the gases in 
the cavity, 0.25% is lost in bremsstrahlung and X-ray radiation and 
5% is lost through backscattering and reflection from the molten or 
solid rock. The remaining energy is absorbed by the molten and solid 
rock through ionization as the electrons penetrate 75 to 100 p into 
the rock and lose their kinetic energy. This kinetic energy is 
converted into heat, thus producing the high temperatures required 
to melt and vaporize the rock. Electron beams differ from laser 
beams in that the electrons penetrate 75 to 100 jx into the rock, 
whereas the laser beam penetrates only 0.1 p. and the heat must be 
conducted into the rock as if it were being heated by a flame. The 
energy propagation by the electron beam is therefore much faster 
than by a laser beam (Schumacher, 1969). Another difference is that 
the electrical efficiency of electron beam guns is 85 to 90% compared 
to 15% for CO2 lasers.

Schumacher and Holdbrook (1972) drilled holes in several 
different rocks using a 16 kw electron beam as shown in Fig. 8-17. In 
a coarse granite (a), a black glassy melt was formed. A deep, 
glass-lined cavity was formed in the first sandstone (b) while a 
rounded cavity with glass beads sticking to the walls was formed in a 
second sandstone (c). Glass-lined chimneys which broke away as 
complete glass tubes were formed in granodiorite (d) and limestone 
(e). A similar glass tube was formed in granite (f), but in this case, the 
tube remained stuck to the solid rock. It is obvious from these 
photographs that the rock melt varied from watery flow to a plasty 
tackiness. Margiloff (1966) proposed using fluxes such as borax and 
soda to lower the melting temperature and increase the fluidity of 
the molten rock. This would allow faster removal of the molten rock 
and higher penetration rates.

Schumacher and Holdbrook conducted electron beam drilling 
tests in shale and found that water in the shale was converted to 
high-pressure steam which assisted in breaking the blocks of shale. 
In silt-stone, electron beams directed perpendicular to the layers 
lifted off 5 to 10 cm deep pieces parallel to the free faces.

Schumacher and Holdbrook (1972) conducted a series of drilling 
and traversing tests in a 1.8 m cube of Sierra White granite. Kerfs 
up to 7.11 cm deep were produced during these tests as shown 
in Table 8-9.

The specific kerfing energy in these tests decreased from 43,900 
to 5970 J/cm2 as the traverse speed was increased from 0.042 to 
2.03 cm/sec. The kerf depth decreased from 7.11 cm to 1.27 cm as the
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TABLE 8-9
ELECTRON BEAM KERFING TESTS IN SIERRA WHITE GRANITE 

(Schumacher and Holdbrook, 1972)

Test
No.

Electron
Beam
Power
(kw)

Traverse
Speed 

(cm/sec)

Kerf
Depth
(cm)

Specific
Kerfing
Energy 
(J/cm2) Comments

1 13.1 0.042 7.11 43,900 Air Jet
2 15.8 0.085 5.08 36,600 No Air
3 15.5 0.21 3.18 23,200 Air Jet
4 15.5 1.69 1.12 8,190 Air Jet
5 15.4 2.03 1.27 5,970 No Air

traverse speed was increased. The increased cutting efficiency at the 
higher traverse speed was apparently due to reduced interference 
between the vaporized rock and the electron beam.

Air jets were used in three of the above tests in an attempt to 
more effectively remove the molten rock from the kerfs, but they 
appeared to have had no major effect on the cutting mechanism. At 
the higher traverse speeds, the kerf depth was less with the air jet, 
possibly due to cooling action of the jet. A kerf produced during 
these tests is shown in Fig. 8-18.

The kerf widths ranged up to 6.4 cm due to thermal spalling at 
the sides of the melted kerf. In many of the tests the solidified melt 
contained a large proportion of spalled rock chips as shown in Fig. 
8-19.

Schumacher and Holdbrook also conducted a series of multiple
pass kerfing tests. The incremental kerf depth was deepest on the 
first pass as shown in Table 8-10. The kerf width increased from 1.3 
cm after the first pass to 2.54 cm after the fourth pass.

A specific kerfing energy of 14,000 J/cm2 was required on the first 
pass compared to 22,500 to 26,800 J/cm2 on later passes. This shows 
that the electron beam was most effective during the first pass.

The total energy transmitted to the granite per unit length of kerf 
during the four passes (74,000 J/cm) is identical to that for a single 
pass at 0.21 cm/sec (Test 3, 1 able 8-9). The kerf depth for the single 
pass was 3.18 cm compared to 3.56 cm for the four passes indicating 
that the multiple passes were more effective. This is also reflected by 
the fact that the combined specific kerfing energy for the four passes 
is 20,500 J/cm" compared to 23,200 J/cm2 for the single pass in 
Table 8-9.
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Fig. 8-17 Electron beam drilling tests in various rocks (Schumacher & Holdbrook,

1972)
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Fig. 8-18 Kerfing in Sierra white granite by a 15.9 kw electron beam (Schumacher & 
Holdbrook, 1972)

Schumacher and Holdbrook conducted a series of drilling tests in 
granite with stationary electron beam having a 2.54 cm standoff. The 
results of these tests are given in Table 8-11.

Fig. 8-19 Solidified Sierra white granite melt containing thermally spalled rock chips 
(Schumacher & Holdbrook, 1972)
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TABLE 8-10
MULTIPLE-KERFING ELECTRON BEAM TESTS IN SIERRA WHITE 

GRANITE 
(Schumacher and Holdbrook, 1972)

Electron Total Incremental
Incremental

Specific
Pass Beam Traverse Kerf Kerf Kerfing

Number Power Speed Depth Depth Energy
(kw) (cm/sec) (cm) (cm) (J/crrr)

1 15.5 0.85 1.30 1.30 14,000
2 15.5 0.85 2.11 0.81 22,500
3 15.5 0.85 2.79 0.68 26,800
4 15.5 0.85 3.56 0.77 23,700

TABLE 8-11
ELECTRON BEAM DRILLING TESTS IN SIERRA WHITE GRANITE 

(Schumacher and Holdbrook, 1972)

Electron Average
Beam Piercing Hole Hole Penetration
Power Time Diameter Depth Rate
(kw) (sec) (cm) (cm) (cm/sec)

15.9 1 0.99 2.29 2.29
15.9 2 1.30 2.29 1.15
15.9 4 1.70 3.10 0.78
15.9 8 2.01 3.99 0.50
15.9 16 2.31 5.38 0.34
15.9 32 2.64 6.81 0.21
15.9 64 3.20 7.01 0.11

The average drilling rate for these seven holes ranged from 2.29 
cm/sec for 1 sec exposure to 0.11 cm/sec for a 64 sec exposure. This 
shows that electron beam drilling becomes very inefficient in deep 
holes due to scattering of the electrons in the beam.

Schumacher and Holdbrook calculated that the operator of an 
unshield 200 kv electron beam drill would be exposed to 3,600 
Roentgens of X-radiation per hour. Shielding would be required in 
this case since the occupational exposure limit is 2.4 milliroentgens/ 
hr. The half-value thicknesses of various materials (i.e., the thick
ness of shielding materials required to remove 50% of the radiation) 
are given in Table 8-12.
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TABLE 8-12
HALF-VALUE THICKNESS OF VARIOUS MATERIALS 

(Schumacher and Holdbrook, 1972)

Gamma
Energy (MeV) 0.1 0.2 0.5 1.0 2.0 5.0

Material Half-Value Thickness (cm)

Aluminum 1.60 2.14 3.05 4.17 5.92 9.11
Iron 0.26 0.64 1.07 1.49 2.09 2.84
Copper 0.18 0.53 0.95 1.33 1.86 2.47
Lead 0.012 0.068 0.42 0.90 1.34 1.44
Lead® 0.024 0.050 0.31 0.80 1.20
Water 4.14 5.10 7.17 9.82 14.05 23.02
Air6 35.5 43.6 61.9 84.5 120.5 195.8
Concrete0 1.75 2.38 3.40 4.65 6.60 10.28
Concrete® 1.75 2.54 3.26 4.51 6.12

r

® These are half-value layers for heavily filtered constant potential X-rays. 
b For air, distances are given in meters and inverse-square-distance effects are 
neglected.
c Average concrete density is 2.35 g/cm.3

Reducing the X-radiation from 3,600 roentgens to 2.4 milliroent
gens per hour requires cutting the exposure in half 21 times (i.e., 
using 21 half-value thicknesses of shielding). This corresponds to a 
1.05 cm (21 x 0.05 cm) thick lead shield or a 53 cm (21 x 2.54 cm) 
thick concrete shield. Schumacher and Holdbrook measured X- 
radiation while drilling rocks and found that radiation is much less 
than the theoretical value because of “self-shielding” present as the 
electron beam penetrates deeper into the rock.

Schumacher (1973) used a 16.7 kw electron beam to shatter large 
blocks of siltstone, schist, norite, gabbro and granite. Fig. 8-20 shows 
a 21,600 N block of norite nickel ore (Compressive Strength = 345 
MPa) which was thoroughly shattered after 5 min exposure to the 
electron beam. Cracks began to form in most of these rocks after 15 to 
30 sec and they were thoroughly fractured after 1 to 10 min. The 
specific energy required to shatter these blocks of rock ranged from 
70 to 500 J/cm3 depending upon the rock type and the test 
conditions.

During these long exposures, the electron beams melted deep 
holes into these rocks. For example, a 10.6 min exposure with the 
16.7 kw electron beam fused a 6.4 cm diameter x 19,8 cm deep hole
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Fig. 8-20 Norite nickel ore block fractured after 5 min exposure to 16.7 kw electron 
beam (Schumacher. 1973)

in norite as shown in Fig. 8-21. This corresponds to a specific energy 
of 16,700 J/cm3 which is higher than the 14,000 J/cm3 required to 
vaporize this rock. This indicates that part of the heat was conducted 
into the rock surrounding this cavity.

Fig. 8-21 Hole vaporized in norite nickel ore in 10.6min witha 16.7 kw electron beam 
(Schumacher, 1973)
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Fig. 8-22 Slots cut in concrete with a 24 kw electron beam (Schumacher, (1973)

Schumacher (1973) used a 24 kw electron beam traversing at 17.4 
cm/sec to cut slots in concrete as shown in Fig. 8-22. The slots, 
which are produced primarily by a thermal spalling mechanism, 
have an average depth of 0.51 cm. This corresponds to a specific 
kerfing energy of 2,700 J/cm2. The horizontal slots in Fig. 8-22 were 
cut by a 6 kw electron beam traversing at 17.4 cm/sec. These slots are 
0.15 cm deep which corresponds to a specific kerfing energy of 2,300 
J/cm2. This indicates that the 6 kw electron beam cut kerfs more 
efficiently than the 24 kw beam.

Fig. 8-23 shows cross-sections of slots cut into a concrete slab at

Fig. 8-23 Slots cut in concrete with 6, 12, and 24 kw electron beams (Schumacher,
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Fig. 8-24 1.5 cm deep kerf spalled in quartzite using a 24 kw electron beam
(Schumacher, 1974)

different power levels. The indentation on the side of the slab shows 
how the electron beam diverges (due to scattering) as the distance 
from the exit nozzle increases.

Schumacher (1974) used the 24 kw electron beam to spall 1.5 cm 
deep kerfs in quartzite as shown in Fig. 8-24. This kerf was cut at a 
traverse speed of 4.58 cm/sec, which corresponds to a specific 
kerfing energy of 3,490 J/cm2. This high efficiency was achieved by 
increasing the standoff distance to 2.5 cm and producing spalling of 
the quartzite.

Schumacher (1974) also conducted a series of underwater, 
electron beam kerfing tests in an attempt to prevent thermal stress 
cracking. In these tests, the 24 kw electron beam cut a 2.7 cm deep 
kerf at a traverse speed of 2.5 cm/sec. This corresponds to a specific 
kerfing energy of 3,560 J/cm2, which is similar to that achieved in air. 
In other tests where the traverse speed was optimized, the 24 kw 
electron beam generated kerf area at the rate of 9 cm2/sec (i.e., 
traverse speed x kerf depth) which corresponds to a specific kerfing 
energy of 2,670 J/cm2. This is much lower than achieved in air tests 
in quartzite or in any of the rock tests. Apparently the water 
increased the kerfing efficiency of the electron beam by some means. 
This could be an important finding and should be studied in more 
detail.

Electron beams are scattered by collisions with air and gas 
molecules. Lowry and Schumacher (1973) found that they could 
extend the range of electron beams by surrounding them with
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VACUUM

Fig. 8-25 Flame jet electron beam nozzle (Lowry & Schumacher, 1974)

hydrogen flames as shown in Fig. 8-25. The flames reduced 
scattering by reducing the gas density (due to heating) and by 
displacing part of the air with hydrogen which has a low atomic 
number. An H2 flame extended the practical range of a 15 kw 
electron beam (150 kv) from 51 to 58 cm while an H2/O2 flame 
increased the range of a 30 kw electron beam from 58 to 63 cm.

Lowry and Schumacher (1974) also increased the range of 
electron beams by placing thin walled titanium and graphite shield 
tubes around the beams to raise the temperature of the gas through 
which the beam passes. Flowing helium through the shield tubes 
further reduced the scattering due to the low atomic number of the 
hydrogen. The results of these tests are summarized in Fig. 8-26.

The best results were obtained with titanium shields with a low 
amount of helium flowing through them. This increased the current 
density by an order of magnitude over that for the 15 kw (100 mA) 
beams in helium. The improvement was slightly less with the 30 kw 
(200 mA) because of the increased heating of the gas by the electron 
beam due to the high power output.

Schumacher (1974) proposed several methods of utilizing elec-
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Fig. 8-26 Normalized peak electron beam current at 32 cm standoff (Lowry & 

Schumacher, 1974)

Fig. 8-27 Electron beam rock removal system (Schumacher, 1974)
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Fig. 8-28 Combination electron beam—plow rock removal system (Schumacher 

1974)

tron beams, both as the sole rock removal mechanism and in 
conjunction with mechanical means in Fig. 8-27 to 8-30. Electron 
beams could also be used to cut kerfs in tunnel faces and boreholes 
in conjunction with roller or impact cutters.

Avery et al. (1974) used high intensity electron beam pulses to 
spall granite and other rocks as shown in Fig. 8-31. The spalled area 
in the granite had a diameter of 6.7 cm and was 0.13 cm deep.

These spalls were produced by subjecting the rocks to 50 
nanosecond pulses of 14MA/m2 electron beam current at 1 to 4 mv. 
When the electron pulse strikes the granite, it heats the rock at the 
surface, the average temperature rise equaling:

To = W/ira2Rcv (7)

Fig. 8-29 Electron beam narrow seam mining system (Schumacher, 1974)
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Fig. 8-30 Electron beam blasthole drill (Schumacher, 1974)

where W is the total energy, a is the beam radius, R is the 
density-normalized electron penetration range and cv is the specific 
heat.

Because of the short time duration, the heated rock is subjected to 
a compressive stress equal to:

To = aToE/(l-2jx) (8)

where a is the thermal coefficient of expansion, E is Young’s 
modulus of elasticity and p. is Poisson’s ratio.

Avery calculated that the 50 nanosecond pulse produced a 
temperature rise of 155° C and an initial compressive stress of 166 
MPa (24 ksi). Following creation of the impulsively stressed volume, 
elastic stress waves moved through the rock. The stress waves pro
duced a tensile stress of ~ 83 MPa (12 ksi) at a distance of 1 mm below 
the front face as shown in Fig. 8-32. This stress greatly exceeded the 
tensile strength of the granite and spalled off the surface of the rock. 
The spalled particles trapped momentum and flew from the rock face. 
Additional spalling occurred in some samples as the stress waves 
reflected off of the back surfaces.
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a

b

Fig. 8-31 A) Sierra granite subjected to two separate 1.1 mv electron pulses 
B) The spall debris therefrom (Avery, 1974)
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Fig. 8-32

t • 300 ns

t- I /xs

t • 2.5 /is h

WITH FRONT SPALL

IF NO FRONT

4-24 ksi
POSSIBLE SPALL FRACTURE AT REAR FACE

XBL 732-214

Idealized stress wave propagation in granite produced by a pulsed electron 
beam (Avery et al., 1974)
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Craters produced in rocks with pulsed electron beams are shown 
in Fig. 8-33.

Data from these tests are presented in Table 8-13. I he craters 
were 0.08 to 1.0 cm deep and the volume of material removed ranged 
from 1.0 to 6.8 cm3. The specific energy required to spall these 
materials ranged from 460 J/cm3 for moist Adobe clay to 3,700 J/cm3 
for Greenstone. These values are much less than the specific energy 
required to melt and vaporize kerfs in rocks with continuous 
electron beams because of the thermal spalling mechanism involved 
with the pulsed electron beams.

Colorado Red Sandstone (2MV) Shale (2MV)

S ierra Gran i te (4MV) NAPa Basalt (4MV)

Fig. 8-33 Craters spalled in rock using pulsed electron beams (Avery et al., 1974)



TABLE 8-13
CRATER DATA FOR 2MV PULSED ELECTRON BEAM TESTS 

(Avery et al., 1974)

Moist
Adobe
Clay

Colorado
Red

Sandstone Shale

White
Limestone 
(Marble)

Sierra
Granite

Napa
Basalt

Green
stone

Compressive strength MN m2 Not 43 Not 58 180 320 270
ksi Meas. 6 Meas. 8 26 46 40

Young’s modulus of elasticity GN/m2 Not 13 Not 41 55 72 99
106 psi Meas. 1.9 Meas. 6 8 10 14

Shot Ident. No. 3646 3652 3647 2069 2390 3634 2373
Mean accelerating voltage MV 2 2 2 1.0 1.0 2 1.1
Total energy deposited kJoules 3.1 3.1 3.1 3.1 3.7 3.1 3.7
Spall area cm2 16 20 17 34 25 15 11
Spall depth, max cm 1.0 0.26 0.29 0.08 0.13 0.19 0.13
Volume removed cm3 6.8 3.4 3.2 2.6 3.1 1.8 1.0
Specific energy 

(Energy deposited 
volume removed)

kJ/cm3 0.46 0.9 1.0 1.2 1.2 1.7 3.7
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Fig. 8-34 Crater produced in dry limestone by a 9 mv pulsed electron beam (Avery et 
al., 1974)

Avery (1974) conducted additional tests using a 12.5 MV electron 
accelerator which fired 64 kJ pulses in 160 nanoseconds. This 
electron accelerator produced large craters as shown in Fig. 8-34.

Table 8-14 shows that at 9 MV, the pulsed electron beam 
produced craters 0.7 to 1.5 cm deep and removed 51 to 82 cm3 per 64 
kJ pulse. The specific energies ranged from 780 to 1250 J/cm3 which 
is somewhat less than for the 1 to 2 MV electron beams (Table 8-13).

Avery’s tests showed that wet rocks tend to spall more readily 
than dry rocks. Avery attributed this to the fact that the thermal



TABLE 8-14
CRATER DATA FOR 12.5 MV PULSED ELECTRON BEAM TESTS 

(Avery, 1974)

Colorado
Red

Sandstone

White
Limestone 
(Marble)

Sierra
Granite

Napa
Basalt Greenstone

Compressive strength MN/m2 43 58 180 320 270
103 psi 6 8 26 46 40

Young’s modulus of elasticity GN/m2 13 41 54 72 99
106 psi 1.9 6 8 10 14

Shot identification number 9163 9165 9151 9152 9155
Mean accelerating voltage MV 9 9 9 9 9
Standoff distance cm 18 18 18 18 18
Total energy deposited kJ 64 64 64 64 64
Spall diameter cm 12 12 13 13 12
Spall area cm2 -110 -110 -130 -130 -110
Spall depth, max. cm 1.5 1.1 1.1 1.0 0.7
Volume removed cm3 82 57 75 53 51
Specific energy kJ/cm3 0.78 1.11 0.85 1.21 1.25
(Energy deposited/volume removed)
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expansion coefficient of water is an order of magnitude greater than 
that of most rocks; consequently, the heated water expands and 
exerts high stresses on the surrounding rock. Conversion of water to 
steam further assists in the rock spalling mechanism. Water showed 
little enhancement in spalling highly porous sandstone (17.8% 
porosity). Apparently the water could leak off through the interstitial 
spaces in this porous rock without exerting high stresses on the rock.

As a result of these tests, Avery arrived at the following 
conclusions:

1. Wet rocks spall more readily than dry rocks.
2. Weak rocks spall better than strong rocks.
3. A threshold energy input level must be exceeded before 

spalling occurs. This threshold value is a function primarily of 
rock type and moisture content.

4. Stress waves are the predominant fracture mechanism.
5. Pulsed electron beams will spall rocks in a vacuum.
6. Electron penetration and spall depth increase with increased 

accelerating voltage.
7. With closely spaced craters, subsequent pulses remove 20 to 

50% more rock than the initial shot.
Avery (1975) proposed the Pulsed Electron Tunnel Excavator

UNIT 1
TELESCOPING BEAM PIPE 
MOVABLE SCANNER
INITIAL RADIATION SHIELD 
MUCKING
ATMOSPHERE CONTROL
FINAL TUNNEL LINING

UNIT 2
BEAM TRANSPORT 
PNEUMATIC EQPT
HYDRAULIC SLURRY EQPT

Fig. 8-35 Proposed pulsed electron beam tunnel excavator (Avery, 1975)
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shown in Fig. 8-35 The proposed excavator would drive a 6.4 m 
diameter tunnel at the rate of 3.22 m/hr (Table 8-15). The excavator 
W°l I?16- 360 Pulses/sec (20 kJ), each pulse removing 50 cm3 of 
rock. 1 his is based on a specific energy of 500 J/cm3 compared to the 
780 m l’25° ,/CIT1' obtained in the tests (Table 8-14). The spalled rock 
would be picked up pneumatically at the rock face and then placed 
into a hydraulic slurry pipeline for transport to the tunnel entrance. 
Large pieces can be crushed at the tunnel face prior to hydraulic 
transport.

TABLE 8-15 
CHARACTERISTICS OF PROPOSED PULSED ELECTRON BEAM TUNNEL 

EXCAVATOR 
(Avery, 1975)

Tunnel Diameter 6.4 m
Advance Rate 3.22 m/hr
Excavation Volume Per Hour 104 m3/hr
Specific Energy (Assumed) 500 J/cm3
Beam Power, Average 9 Mw
Beam Voltage 5 MV
Rep Rate 360 Hz
Energy Per Pulse 25 kJ
Pulse Duration 1.0 jxS
Pulse Current 5 kA
Spall Depth, Average ~0.4 cm
Spall Diameter -13 cm
Spall Volume Per Pulse 50 cm3
Overall Electrical Efficiency >50 %

Four units (Units 3-6) located behind the excavator would 
contain a total of 64 induction accelerators (80 kv each) as shown in 
Fig. 8-36. These accelerations would produce the 5 Mv acceleration 
needed for the pulsed electron beam. Personnel shielding, operator 
controls, heat exchanger, and air-conditioners would be contained 
in Units 7-9 as shown in Fig. 8-37.

Electron beams have demonstrated that they can effectively melt 
narrow kerfs in rock. Additional R&D is needed on methods of more 
accurately focusing the electron beams against the rock so that they 
cut deeper kerfs with less energy. If significant advances are made in 
reducing the specific kerfing energy, the electron beams should be 
tested in conjunction with mechanical cutters.
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2

UNIT 3 ,, UNIT 4 ,, UNIT 5 , L UNIT 6 ,
INDUCTION ACCELERATOR INDUCTION ACCELERATOR INDUCTION ACCELERATOR INDUCTION ACCELERATOR
( 18 MODULES AT 80 kV EACH I ( 18 MODULES AT 80 kV EACH I ( 18 MODULES AT 80 kV EACH ) < ’0 MODULES AT 80 kV EACH

♦ CATHODE )

Fig. 8-36 Induction accelerators for use with pulsed electron beam tunnel excavator (Avery, 1975)

UNIT 7 UNIT 8
PERSONNEL SHIELDING HEAT . EXCHANGE & 

AIR CONDITIONING EQPT 
FOR EXCAVATOR COMPONENTS

OPERATOR CONTROLS
ELECT EOPT

Fig. 8-37 Operator controls and air-conditioner for pulsed electron beam tunnel excavator (Avery, 1975)
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9
Electric
Disintegration Drills

Electrofrac Corporation (Sarapuu, 1969A) has developed an 
electrical technique for drilling and fragmenting rock. Electric 
current is passed through the rock to heat and thermally fracture it. 
Thermal stresses are produced in the rock by several different 
mechanisms including: 1) differential thermal expansion of consti
tuent minerals, 2) chemical decomposition of rock components, 3) 
expansion of gas and moisture, and 4) phase transition of minerals.

Sarapuu has used this technique to break large boulders of iron 
ore and copper ore as shown in Fig. 9-1. Four ton blocks of ore have

Fig. 9-1 Electric disintegration rock crusher (Sarapuu, 1969A)

139
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Fig. 9-2 Electrical disintegration continuous miner (Sarapuu, 1969A)

been shattered after only 2 to 3 min exposure to the electric current 
(James & Hertel, 1967). Peak power outputs of 445 kw were used 
during the tests with electrode potentials of 100 to 600 v. The 
resistivity of the ores decreased by up to 90% after a few minutes 
exposure to the electrical current.

Fig. 9-3 Electrical disintegration rock drill (Sarapuu, 1977)
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Fig. 9-4 Underground electro-breaker (Sarapuu, 1977)

Sarapuu proposed using this technique on continuous mining 
machines and for drilling rock as shown in Figs. 9-2 and 9-3.

Fig. 9-4 shows an underground installation of an electro-breaker 
mounted on an overhead crane. The system is thermally used to 
break large boulders requiring secondary breakage.

Sarapuu applied this electrical disintegration technique to a 
conventional rotary drilling rig as shown in Fig. 9-5. A large blast 
hole rotary rig was modified so that electric current could be passed 
through the roller bit into the rock. Fig. 9-6 shows the drill stem used 
with this drilling rig.

With 89,000 N (20,000 lb) bit weight, a 15.9 cm diameter 
conventional roller bit would not drill taconite iron ore without the 
electrical current. With electric current (60 kv), the bit drilled at the 
rate of 0.9 m/hr. In another test in dry rock, electric current increased 
the drilling rate by 50%.

Sarapuu proposed using this technique for electrical kerfing on a 
tunnel boring machine as shown in Fig. 9-7.

The Bureau of Mines (Melton and Cross, 1968) used electrical 
energy to fracture Colorado oil shale with electrode spacings of 1 to 
39 m. Breakdown voltages ranged from 300 to 17,000 v. The 
objective of these tests was to increase the effective permeability of 
oil shale formations prior to in situ retorting.

Blocks of oil shale weighing up to several tons were electrically
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Fig. 9-5 Electro-drill (Sarapuu, 1977)
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AIR-WATER SWIVEL

DRILL HEAD
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SHOCK ABSORBER

INSULATING 
FLANGE

SLIP RING 
ASSEMBLY

INSULATION COAT 
ON DRILL PIPE

INSULATING 
TABLE BUSHING

CENTRALIZER

Fig. 9-6 Electro-drill stem assembly (Sarapuu, 1977)
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Fig. 9-7 Electrical kerfing tunneling machine (Sarapuu, 1977)

broken during laboratory tests. Horizontal fractures were induced in 
some of the blocks at preselected levels spaced 7.6 cm apart as 
shown in Fig. 9-8.

Following the laboratory tests, small-scale field tests were 
conducted in Green River oil shale. The electrical circuit shown in 
Fig. 9-9 was used to produce input voltages of 1200 to 20,000 v.

Nine sets of boreholes (3.8 cm diameter) spaced 1 to 39 m apart 
and 13 to 16 m deep were drilled into the oil shale. The electrodes 
were placed against the borehole walls and electrical current was

TABLE 9-1
EXPLOSIVE STIMULATION OF ELECTRICALLY INDUCED FRACTURES 

(Melton & Cross, 1968)

Air Flow Path 
(Well to Well)

Air Flow From Production Well 
(cu ft/minute)

Before Nitro Shot After Nitro Shot

From 1 to 2 
From 1 to 3 
From 1 to 4

0.05
0.04
0.00

1.49
3.15
2.5



Electric Disintegration Drills 145

Fig. 9-8 USBM electrical fracturing of oil shale (Melton & Cross, 1968)

Safety 
switch A fuse

Metering
20/40/80:1 Ct 

Ammeter 
Voltmeter 
Wattmeter

Watt hour meter

Fig. 9-9 USBM electrical circuit (Melton & Cross, 1968)



146 ADVANCED DRILLING TECHNIQUES

passed between the electrodes. Both horizontal and vertical fractures 
were produced in the areas near the electrode contact points. 
Although the electrical energy increased the permeability of the oil 
shale, the increase was not sufficient for in situ retorting. Nitro
glycerin explosives were used to increase the permeability of the 
electrically induced fractures as shown in Table 9-1.

These tests were terminated indicating this technique was appar
ently not economical. With the current renewed interest in situ coal 
gasification, this technique should be reevaluated.
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10
Explosive 
Drills

Jersey Production Research (Robinson, 1962A) patented the 
explosive drill shown in Fig. 10-1 where shaped jet charges are used 
to drill long cylindrical holes and gauging charges are used to 
enlarge the hole diameters.

The explosive capsules are introduced into the mud stream by a 
magazine (17) located above the swivel (19) and kelly (18) in the 
derrick as shown in Fig. 10-2.

The explosive magazine (17) is shown in more detail in Fig. 10-3. 
The magazine is loaded alternately with shaped charges and gauging 
charges ( I to IX). While drilling, the charges are injected at 1 to 10 
min intervals by rotating inner member (147) with ratchet (101A). A 
solenoid is used to remotely control this ratchet mechanism. A spiral 
spring (145) located at the bottom of the magazine supplies the 
torque necessary to rotate the inner member. Large flow ports (148) 
are used in the magazine to prevent high differential pressures from 
developing across the capsules and detonating them in the maga
zine.

The explosive capsules (32) are carried down the drill string by 
drilling mud and detonated upon impact as shown in Fig. 10-4.

The explosive charges are shown in more detail in Fig. 10-5. 
When the capsules reach the bottom of the drill pipe, shoulders (45 
& 45a) on the capsules seat in a landing seat (31) in the drill head. 
This reduces the mud flow rate and produces a pressure increase 
which sets off pressure actuated detonators (37 & 37a) located at the

147
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JET CHARGE
SEATEO

Fig. 10-1 JPR Company explosive drill (Robinson, 1962A)
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Fig. 10-2 JPR Company explosive drill (Robinson, 1962A)



ADVANCED DRILLING TECHNIQUES

Fig. 10-3 Explosive capsule magazine (Robinson, 1962A)
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Fig. 10-4 Explosive drill (Robinson, 1962A)
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Shaped Charge Gauging Charge
Fig. 10-5 Explosive capsules (Robinson, 1962A)

Fig. 10-6 Explosive capsule detonator (Robinson, 1962A)





ADVANCED DRILLING TECHNIQUES154

Fig. 10-8 Explosive encapsulation technique (Friedman et al, 1963)

Fig. 10-9 EPR Company explosive drill (Robinson, 1965)
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Fig. 10-10 EPR Company explosive drill (Robinson, 1965)
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Fig. 10-11 EPR Company explosive capsule (Robinson & Friedman, 1966)

top of the capsules. The detonator then set off the explosives (43) in 
the charges. A string of primacord (81) is used in the gauging capsule 
so that the explosive can be concentrated at the bottom of the capsule.

The pressure actuated detonator (37) is shown in more detail in 
Fig. 10-6. When a capsule is being pumped down the drill pipe, the 
pressures in openings (64) and (77) are equal and there is no 
differential pressure across release collar (65). When the capsule 
reaches the hole bottom, a pressure build up in the drill pipe deflects
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Fig. 10-12 EPR Company explosive drill (Robinson & Friedman, 1966)

diaphragm (61) and forces release collar (65) to move to the right. 
This allows spring-loaded firing pin (67) to impact detonator (39) 
and explode the capsule.

Jersey Production Research (Friedman et al., 1963) patented the 
explosive drill shown in Fig. 10-7. Encapsulated explosive capsules 
are introduced into the mudstream by tank (24) and pumped down 
the drill pipe. The capsules, concentrated in the filter cake at the 
bottom of the well bore, are crushed and detonated by the bit teeth.

Friedman recommended using explosive capsules having diam
eters of 0.25 to 6.4 mm in concentrations of 4.4 to 22 N (1 to 5 lb) per 
barrel of drilling mud. The explosive concentrations can be 
controlled by adding the explosives intermittently or continuously.

The capsules are coated with materials which are slowly water 
soluble in order to render the explosives harmless if they are not
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Fig. 10-13 EPR Company explosive drill (Robinson & Friedman, 1966)

detonated at the hole bottom. Recommended materials include guar 
gum, polyvinyl alcohol, and carboxylated methyl cellulose.

The granulated explosives can be encapsulated as shown in Fig. 
10-8 or by a spray drying technique.

Esso Production Research (Robinson, 1965) patented an explo
sive gauging capsule which is fired as it passes through a constric
tion in the drilling head (7) as shown in Fig. 10-9. A delay system is 
used to delay detonation for at least 4 sec to allow time for the 
capsule to exit the drillhead before detonation occurs.

The firing device (11) contains a spring-loaded piston (45) which 
is forced downward by differential pressure as the capsule passes 
through the drillhead as shown in Fig. 10-10. The force on the piston 
shears pin (29) and allows firing pin (27) to impact and ignite squid 
(25). The squid ignites explosive cord (23) which burns for
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Fig. 10-14 Exxon explosive drill (Robinson. 1970)

approximately 4 sec before setting off blasting cap (21) and explosive 
charge (19).

Esso Production Research (Robinson and Friedman, 1966) 
patented the explosive gauging charge shown in Fig. 10-11. This 
gauging charge utilizes two explosive charges in an attempt to direct 
more of the explosive energy downward into the rock. The upper 
explosive charge (12), which is covered by sand, is detonated a few 
p, sec before the lower explosive charge (13). The inertia of the sand 
provides a reactive force to the explosion, forcing more of the 
explosive energy downward into the rock.

The capsules contain a firing mechanism (9) which is actuated by 
differential pressure when the capsules exit the drill and stop
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Fig. 10-16 Sun Oil explosive drill (Johnson. 1964)
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Fig. 10-17 Sun Oil explosive capsule (Johnson, 1964)

against the rock as shown in Fig. 10-12. When the capsules are 
stationary, they restrict the mud flow and produce a pressure 
increase in the drillpipe. This differential pressure detonates the 
capsule.

A schematic of the firing mechanism is shown in Fig. 10-13. The 
differential pressure across the capsule forces piston (17) downward 
and shears pin (31). When the pin shears, electrical contact (45) 
bridges the gap between contacts (41) and (43) and sets off the 
blasting caps (56 & 63). A delay coil (51) delays detonation of the 
lower blasting cap (63) a few p, sec.
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Fig. 10-18 Sun Oil explosive capsule injector (Johnson, 1964)

Exxon (Robinson, 1970) conducted extensive field tests using the 
shaped and gauging charges shown in Fig. 10-14.

The explosive capsules (15 & 22) are pumped down the drill pipe 
and into a constriction in the drillhead (13). When the explosive 
capsules come to rest against the hole bottom, drilling mud flowing 
past the stationary capsules produces a differential pressure across 
the capsules. The differential pressure fires a pressure-sensitive 
detonator (16 & 23) and sets off the primacord (17 & 26) and the 
explosive charges (18 & 24).

The pressure-actuated detonator is shown in more detail in Fig. 
10-15. Differential pressure forces piston (35) downward, compress
ing rubber member (36) and shear pin (40). When the pin shears, 
energy stored in the elastic member causes firing pin (38) to fly 
forward and impact primer (45). This sets off primacord (26) and 
explosive charges (18 & 24).

In Exxon field tests, a time delay of approximately 2 sec was 
produced by a pyrotechnic mixture (34% antimony, 63% potassium 
permanganate, and 3% magnesium silicate) located between the 
primer and igniter charge. I his time delay allowed the gauging 
charges to penetrate deeper into the shaped charge holes before they 
detonated.

Sun Oil Company has conducted tests with the explosive oil well 
drill shown in Fig. 10-16. The explosive capsules (42) or “torpedos” 
are pumped down the drillpipe, and through the bit nozzles (28) 
where they detonate upon impact with the rock. The explosive 
capsules contain shaped charges which shatter the rock and allow 
the roller cones to more efficiently remove the rock.

lhe shaped charge (52) in the capsule (42) is detonated when the 
firing pin (62) impacts the detonator (56) as shown in Fig. 10-17. 
Reinforcing ribs (47) are used in the lower end of the capsule to
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Fig 10-19 Sun Oil explosive capsule (Johnson, 1965)

A
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Fig. 10-20 Sun Oil explosive drill system (Bennett et al., 1970)

provide sufficient strength to withstand the high hydrostatic 
pressures in deep oil wells (35 to 100 MPa) and still break upon 
impact with the rock. The capsules are made of frangible materials 
which are shattered into small pieces by the explosive and which 
can be readily drilled if capsules fail to detonate.

The explosive capsules (42) are injected into the high pressure 
mud flow stream (7 to 20 MPa) by the injector shown in Fig. 10-18. 
The explosive capsules are fed into the injector through a hopper
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Fig. 10-21 Sun Oil explosive drill (Bennett, 1971)

(80) and then a rotary valve (64) rotates them to the bottom position 
where they are injected into the mud stream.

Johnson (1965) patented the more advanced explosive capsule 
shown in Fig. 10-19. The detonator in this capsule is mechanically 
initiated when the capsule impacts the rock.

A shaped charge (48) is used to produce a small diameter hole 
and a gauging charge (52) is used to enlarge the diameter of the hole. 
A delay detonator (104) delays detonation of the gauging charge a 
few ms to allow time for the capsule to move into the shaped charge 
hole. A propellant charge (108) is used at the top of the capsule to 
provide additional downthrust to force the capsule into the small 
hole. Shock absorbing material (80) is used to prevent detonation of 
the high explosive by the shaped charge.

The capsule contains two safety devices. A safety pin (64) which 
is pulled as the capsule is injected into the mud stream and a 
pressure actuated safety system (84) which is activated by the high 
pressure fluid in the well bore. As the capsule is pumped down the 
drillstring, the high hydrostatic pressure displaces piston (86) to the 
left in safety mechanism (84), thereby freeing lug (92). This frees 
firing pin (62) and activates the capsule. Upon impact, the firing pin 
impacts detonators (70 & 100) and sets off the explosive charges.

Johnson (1965) patented an explosive capsule similar to that 
shown in Fig. 10-19 which utilizes an electrical firing system instead 
of a mechanical impact system. This capsule also contains a pressure 
actuated safety device.

Bennett et al. (1970) patented the concept of using explosive
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Fig. 10-22 Explosive drilling mechanism (Bennett, 1971)

charges with alternate slugs of mud (44) and gas (46) to reduce 
bottom hole cleaning problems and to facilitate the action of the 
explosive charges as shown in Fig. 10-20. The explosive capsules 
which are detonated in the mud slugs, shatter the rock and then the 
gas slugs reduce the chip hold-down forces on the rock cuttings and 
facilitate removal of the cuttings.

Bennett (1971) also patented the concept of using explosive 
charges with two cone roller bits as shown in Fig. 10-21. The 
capsules pass through a large nozzle (36) and detonate upon impact 
with the rock. Two smaller nozzles are used to provide additional 
mud flow rate to help remove the disintegrated rock from beneath 
the bit.

The use of two cone bits allows the capsules to strike the bottom 
of the hole instead of the edge of the hole as with earlier three cone 
roller bits (Fig. 10-20). Bennett states that “it has been found that the 
rate of drilling is enhanced if the impact zone of the explosive device 
is spaced laterally inwardly from the outside wall of the hole a 
sufficient distance to insure that the maximum zone of influence of 
the explosive is on the bottom of the hole.’’

A concave parabolic surface (38) is used at the bottom of the 
explosive passageway to reflect explosive energy toward the rock 
surface. This energy is directed against the rock surface following 
formation of the hole by the shaped charge as shown in Fig. 10-22.

Extensive testing of the Sun Oil explosive drill was conducted at
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Fig. 10-23 Sun Oil explosive capsule (Bennett, 1971)

the University of Tulsa. These tests resulted in the development of 
the explosive capsule shown in Fig. 10-23. When the capsule 
impacts the rock, firing pin (70) penetrates cap (62) and fires 
detonator (63). The detonator sets off the priming charge (61) and the 
shaped charge (59). The tail section (67) which is made of rubber 
orients the capsule as it passes out of the drill bit and impacts the 
rock.

No laboratory or field data are available, but the explosive 
capsules reportedly did effectively increase the advance rate of roller 
bits, especially in laboratory tests with hard rock.
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Fig. 10-24 Explosive drill (Thomas & Vyzralek, 1965)

Thomas and Vyzralek (1965) patented the shallow hole explosive 
drill shown in Fig. 10-24. A shaped charge (A) is suspended over the 
rock and detonated to produce a long cylindrical hole in the rock. A 
rocket (C) then propels a cylindrical gauging charge (B) downward 
into the hole. A detonating charge (D) then sets off the gauging 
charge and produces a large diameter cavity (Y) as shown in Fig. 
10-25. This drill is designed primarily for military applications such 
as drilling foxholes.

Venghiattis (1967) patented the multiple shaped charge shown in 
Pig. 10-26. The front shaped charge (20) is detonated a few p. sec 
before the back shaped charge (22). The time delay is produced by 
using a slightly longer length of primacord (42) to the back shaped 
charge.
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Fig. 10-25 Explosively drilled hole (Thomas & Vyzralek, 1965)

Fig. 10-26 shows the multiple shaped charge penetrating casing 
(50), cement (52), and rock (54) in an oil well. The time delay 
between the charges is so short that the hole produced by the first jet 
remains open as the second jet is fired. The second jet therefore 
encounters essentially no resistance until it reaches the bottom of 
the hole drilled by the first jet. This greatly increases the hole depth 
that can be drilled by the shaped charges.

Fig. 10-26 Multiple shaped charge (Venghiattis, 1967)



Although the example is for radial perforation of oil well casing 
and rock, the multiple shaped charges could also be used for 
explosive drilling of boreholes.

Van Walsum (1969) proposed the “mole and blast” technique 
shown in Fig. 10-28. This concept, which combines tunnel boring 
with drilling and blasting, would be used primarily for large 
diameter tunnels.

DRILLING
ROCK BOLTING AND 
GROUTING IF REQUIRED

LOADING & MUCKING
FIRING

Fig. 10-28 Mole and blast technique (Van Walsum, 1969)
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Fig. 10-29 Mobil oil explosive capsule (Angona, 1971)

A pilot tunnel is bored along the center line of the tunnel using a 
tunnel boring machine with a diameter of roughly 3 m (10 ft). Rotary 
or percussive drills are used to drill radial holes immediately behind 
the tunneling machine. Further behind the machine, these holes are 
filled with explosives and blasted to produce the large diameter 
tunnel. The drills can also drill holes for grouting or roof bolting if 
needed.

Van Walsum lists the following advantages for this technique:
1. Increased advance rate (Possibly doubled),
2. Improved safety.
3. Continuous operation.
4. Reduced water problems.
5. Reduced over-break of rock surfaces.
6. Allows use of tunneling machines in non-circular tunnels.
Mobil Oil patented an oil well explosive drilling system which 

utilizes the explosive capsules shown in Fig. 10-29. The capsules, 
which are flared at their upper end, contain an electrical detonating 
cap which is set off by a spark plug as the capsules seat in the 
drillhead. The capsules are made of a frangible material such as 
plastic or bakelite which is disintegrated when the capsules explode.
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Fig. 10-30 Mobil explosive drill (Angona, 1971)

If the capsules misfire, they can be easily ground up by the rotating 
drillhead.

The explosive capsules, which are spaced 15 to 30 m apart in the 
drillpipe, seat in a recess (31) in the drill head as shown in Fig. 
10-30. As the capsules seat, electrical contracts (17 & 19) in the 
capsules come into contact with electrodes (45 & 47) in the drill 
head.

When the capsule is seated in the recess, it restricts mud flow 
and produces a pressure increase above the capsule. This pressure 
differential compresses piezoelectric crystals (31) and produces a
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Fig. 10-31 SwFtl REDSOD system (Wood, 1971)

spark across spark gaps (42) and (44). The spark sets off electrical 
detonator (11) in the explosive capsule. The drill bit contains gauge 
cutters (51) to ensure that the bit drills a gauge hole.

The capsules extend beneath the drill head and are denotated in 
an ellipsoid reflector (49) which focuses the explosive energy against 
the rock. The focusing effect is a function of the length of the 
explosive as shown in Fig. 10-30. Long capsules produce relatively 
small diameter holes, whereas short capsules distribute the energy 
over a larger area. Angona recommends sequentially detonating 
capsules of different lengths to optimize the drilling process.

Southwest Research Institute (SwRI) has developed a bulldozer 
which utilizes gas explosions to assist in removing soil. This system 
is called REDSOD (Repetitive Explosion Device for Soil Displace
ment). Fuel-air mixtures are ignited in one or more combusting 
chambers, producing high pressure explosions (3.1 MPa) which 
effectively displace high cohesion soils as shown in Fig. 10-31.

An explosive mixture of compressed air and gasoline is charged 
into the combusion chambers and then ignited by a spark plug (Fig. 
10-32). An exhaust valve contains the charge until the explosion
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pressure builds up to a predetermined value. At this time, the 
downward piston force overcomes the 0.7 MPa (100 psi) air 
pressure, and allows the high pressure combustion gases to be 
ported beneath the valve. This reverses the direction of the resultant 
force on the valve and allows the valve to open automatically. SwRI 
fired a 33 cm diameter exhaust valve approximately 5,000 times 
with only one failure (which was subsequently corrected by a design 
change).

A D9 tractor was equipped with two 0.28 m3 chambers and one 
0.42 m3 chamber. A 34 m3/min screw-type air compressor (0.7 MPa) 
required 15 sec to charge the chambers to 0.62 MPa between shots. 
Fig. 10-33 shows this explosive bulldozer digging a trench.

During these tests, the REDSOD tractor produced the trench 
shown in Fig. 10-34.

Southwest Research Institute also developed the REDSOD Rock 
Ripper shown in Fig. 10-35. This ripper also utilizes the combustion
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(a)

(c) (d)

Fig. 10-33 SwRI REDSOD (Wood, 1971)

chamber shown in Fig. 10-32. Propane instead of gasoline was used 
as fuel in this ripper. Problems encountered during this program 
included 1) spark plug fouling, 2) mixture condensation, 3) sensitiv
ity of spark plug location, and 4) delayed combustion. The charging 
time of the 0.14 m3 combustion chamber was 3.2 sec allowing a 
maximum firing rate of 15 shots/min.

The REDSOD Ripper increased performance dramatically. Fig. 
10-36 shows a comparison of the contours left by a conventional
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Fig. 10-34 Trench produced by SwRI REDSOD (Wood, 1971)
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Fig. 10-35 SwRI REDSOD rock ripper (Colburn & Mathis, 1972)
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Fig. 10-36 PEDSOD ripper pass contours (Colburn & Mathis, 1972)

ripper and the REDSOD Ripper. These tests were conducted in tough 
limestone with the rippers mounted on a D7 tractor.

The production rate of the REDSOD Ripper was approximately 
double that of the conventional ripper as shown in Fig. 10-37. 
Because of the explosive assist, the REDSOD Ripper was buried 
much deeper in the limestone than the conventional ripper.

Fig. 10-37 Comparison of ripper performance in limestone (Colburn & Mathis. 1972)
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>
Fig. 10-38 Two-stage combustion chamber (Colburn & Mathis, 1972)

In these tests, the 34 m3/min compressor (0.7 MPa) was towed 
alongside the tractor, drastically reducing its maneuverability while 
increasing the operating cost. SwRI developed a two-stage combus
tion system which eliminates the need for the large 0.7 MPa 
compressor (Fig. 10-38). This system is charged by a centrifugal 
blower (0.14 MPa, 9.9 m3/min) mounted on the tractor and driven 
from the tractor pulley. The Stage I combustion compresses the 
air/fuel mixture in the Stage II chamber to 0.7 MPa as shown in Fig. 
10-38. 1 his system has the added advantage that the valves are 
smaller and easier to control. The reduced mass of the valves 
reduces time delays and improves valve response. In full-scale tests 
(Mathis, 1974), the two-staged system performance was comparable 
to that of the single-staged system used earlier, except that it was 
much more compact and could be mounted directly on the tractor.

I he Russians have done extensive R&D on liquid explosive drills 
which fire 3 to 20 g charges at rates of 150 to 2,500 explosions/min as 
shown in Fig. 10-39. The fuel (1) and oxidizer (2) are mixed as they 
exit the drillhead and detonated by an initiator (3) consisting of an 
eutectic alloy of potassium, sodium, and hydrazine. Fuels such as 
kerosene, benzine, aniline and toluene and oxidizers such as
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Fig. 10-39 Russian liquid explosive drill (Schegolevsky, 1971)

nitrogen, tetroxide, nitric acid, and tetranitromethane have been 
tested.

The drillhead contains a valve which automatically controls the 
flow of the explosive components and the liquid initiator. Fuel (4), 
oxidizer (5), and initiator (6) enter the drillhead through conduits as 
shown in Fig. 10-40. A needle valve (18) meters the initiator into the 
explosive mixture.

Problems were encountered with plugging of the initiator outlet 
orifice by hard slags in earlier explosive drills. This was overcome 
with the drillhead shown in Fig. 10-40 where the incoming fuel 
flushes the area around the initiator orifice and the needle valve 
knocks out any slag in the orifice. A timing system is used to ensure
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Fig. 10-40 Russian explosive drill head (Schegolevsky, 1971)
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Fig. 10-41 Dresser bullet-shaped charge perforator (Bohn, 1971)
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Fig. 10-43 Dupont drill and blast system (Bergmann & Coursen, 1973)

that the needle valve is closed when detonation takes place, thereby 
preventing explosions from occurring in the chamber surrounding 
the needle valve. The shock absorber (23) is used to protect the 
needle valve from the shock waves produced by the explosion.

Dresser patented a combination bullet-shaped charge perforator 
for perforating into oil-bearing formations as shown in Fig. 10-41.

The bullet perforator (30) and shaped charge (10) are fired 
simultaneously, penetrating the casing, cement, and rock. The 
shaped charge acts faster and produces an initial hole, and then the 
bullet perforator produces a second hole which intersects the 
performation. The gases driving the bullet flow through the 
intersecting holes, flushing out the pulverized material and cleaning 
the performations. The shaped charge and bullet perforator are 
shown in more detail in Fig. 10-42.

Dupont patented the “substantially continuous” drill and blast 
system shown in Fig. 10-43. I his system contains three separate 
components: 1) a rotary-percussive drill, 2) an explosive delivery 
system, and 3) a gun for firing projectiles into the explosives and 
detonating them.

These three components are mounted on a rotating head which
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Fig. 10-44 Explosive drill round (Bergmann & Coursen, 1973)

indexes them into position sequentially, thereby producing a near 
continuous drill and blast operation. This equipment would reduce 
the dead time between these functions to 1-2 min compared to much 
longer periods with conventional drilling and blasting.

Several of these devices could be used simultaneously as 
illustrated in Fig. 10-44 where six drills are used. This 2.4 m x 2.4 m 
face would be removed in five cycles starting with the center. In the 
first cycle, the two center holes would be fired followed by the two 
adjacent holes and then the two outer holes at 2-ms intervals. The 
holes would be 3.18 cm diameter and 0.46 m long, and would be 
filled with semi-gelatin dynamite. Guns firing commercial 0.22- 
caliber ammunition rounds would be used to detonate the explo
sives.
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Fig. 10-46 Impacting explosive charge (Louie, 1973)
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Fig. 10-48 Typical explosive crater in granite and concrete (Louie, 1973)

The inventors also proposed using sparks and pulsed lasers to 
detonate the explosives. In the latter case, reflectors would be used 
to focus the laser beam against the surface of the explosive.

Shock Dynamics developed the explosive drill shown in Fig. 
10-45 which fires small explosive capsules at the rock at rates up to 
50 capsules/sec. The capsules are accelerated to velocities of 244 to 
274 m/sec by nitrogen gas (1.4 MPa).
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No of Charges Fired
Fig. 10-49 Explosive drill hole depth (Louie, 1973)

The explosive capsules are short cylinders (1.91 cm diameter x 
1.91 cm long) which contain 5.7 g of C-4 explosive (Fig. 10-46). A 
conventional detonator located in the center of the capsule detonates 
the explosive charge upon impact.

The capsules are automatically sequenced into a port station (Fig. 
10-47) where nitrogen gas issuing from slanted jet ports accelerates 
the capsules down the muzzle of the gun. The drop in pressure as the 
capsule leaves the gun automatically sequences the next capsule 
into the port station.

Extensive tests were conducted in concrete and granite. A typical 
crater profile for a large number of successive explosions of the 1.91 
cm diameter charges is shown in Fig. 10-48. The crater profiles in 
concrete and granite were similar.

The initial 8-10 shots interact with the free rock surface and 
produce a large diameter crater. As excavation proceeds, the 1.91 cm 
(0.75 inch) diameter charges produce 5.6 to 6.1 cm (2.2 to 2.4 in.) 
diameter holes at advance rates of 1.0 to 1.5 cm per shot. This 
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corresponds to drilling rates of 30 to 45 m/min in concrete and 
granite at the proposed firing rate of 50 shots/sec. I his compares to 
drilling rates of 0.3 to 0.6 m/min in granite with conventional 
percussive drills. Removing the broken rock from the hole and 
preventing interaction between the impacting projectiles and the 
broken rock would be a major problem at these high drilling rates. 
This problem would be reduced in applications where the explo
sives are used to cut slots in the rock instead of drilling holes.

Fig. 10-49 shows that a hole 18.1 cm deep was formed in concrete 
by 11 explosive charges. This corresponds to a penetration of 1.65 
cm/shot. The same number of charges produced a 12.3 cm deep hole 
in granite corresponding to 1.12 cm/shot.

Louie conducted a parametric study and found that the penetra
tion depth per shot approximated:

Depth/shot -4030 W^P— (inch/shot) (1)
G

where:

W = Explosive charge weight (grams)
p = Explosive detonation pressure (kilobars) 
G = Target shear modulus (psi)

The detonation pressure, p, was calculated as follows:

p = po D2/(-y+l) (kilobars) (2)

where:
po = Charge density (g/cc)
D = Detonation velocity (ft/sec)
7 = Adiabatic constant (=3.0 for both explosives)
Table 10-1 shows that there is good correlation between the 

predicted and experimental values of depth per shot and that the 
difference varied by a maximum of only 5.4%.

Louie conducted a test in concrete where the drilling ability of a 
large charge (70 g C-4 explosive) was compared to that of 10 smaller 
charges (7.0 g C-4 explosive each). The total amount of explosive 
was identical in both cases (70 g). The smaller charges were more 
effective than the large charge as shown in Fig. 10-50. The large 
charge produced a 6.2 cm deep crater (1,180 cc) whereas the 10 
smaller charges produced a crater 16.4 cm deep (1,450 cc).



*

TABLE 10-1 
(Louie, 1973)

PREDICTED VS ACTUAL DEPTH/SHOT FOR EQUAL DIAMETER-HEIGHT CYLINDRICAL STATIC CHARGES

<0

Explosive Weight (gms)
Detonation
Pressure 
(Kilobars)

Target
Material

Shear
Modulus

x 10-6 (PSI)

Predicted
Depth/Shot

(inches)

Experimental
Depth/Shot

(inches) Difference

C-4 7.0 1.913 150 Concrete 2.1 .551 .550 .2%
C-4 7.0 1.913 150 Granite 2.8 .413 .418 1.2%
C-4 16.0 2.551 150 Concrete 2.1 .734 .776 5.4%
OCTOL 8.3 2.025 210 Concrete 2.1 .816 .830 1.7%
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Fig. 10-51 AAI explosive drill (Black, 1976)

During steady-state drilling conditions (i.e., after the initial 8 to 
10 shots), the 7.0 g charges advanced the 6.1 cm diameter holes at the 
rate of 1.06 cm per shot in granite and 1.40 cm per shot in concrete. 
This corresponds to a removal efficiency of 4.26 cm3 of granite/g 
explosive and 5.74 cm3 of concrete/gm explosive for these explo
sions in air. This is considerably less than the 22.9 to 36.1 cm3 rock 
removed per gm of explosives with underwater explosions (Black, 
1973). This reduced efficiency is a serious limitation to the 
application of explosive drills in air filled holes.

In the early tests, some problems were encountered with 
detonation failures due to aerodynamic tumbling of the projectiles 
which caused the projectiles to strike the target at the wrong angle to 
initiate detonation. This problem was overcome by using spiral 
rifling in the gun to impart spin to the projectiles.

The Bureau of Mines (Watson, et al. 1974) conducted a series of 
experiments on remote detonation of explosives lor use with con-
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Fig. 10-52 AAI explosive drill (Black, 1973)

3.
4.

Mobile
Drill Rig

Hollow Stem
Auger

tinuous spiral blast tunneling machines. Initiation systems consi
dered included:

1.
2.

Mechanically actuated blasting caps (projectile impact) 
Thermally actuated blasting caps
a. spark ignition
b. hypergolic ignition
Laser ignited fuse caps
Electric blasting caps
a. electrostatic ignition
b. magnetic ignition
c. radio-frequency ignition

5. Gaseous detonation
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6. Deflagration-to-detonation transition
a. laser ignition
b. hypergolic ignition

7. Direct laser initiation
8. Projectile impact ignition
Initiation by projectile impact appeared to offer the; best com

bination of simplicity, reliability and cost among all of the methods 
considered for remote initiation. Laser ignition of fuse caps was also 
demonstrated to be feasible, whereas direct initiation of explosives 
by lasers is more difficult and requires much larger and more 
expensive lasers.



196 ADVANCED DRILLING TECHNIQUES

Fig. 10-54 AAI explosive capsule (Black, 1974B)

AAI Corporation worked on the development of the explosive 
drill shown in Fig. 10-51 for rapid emplacement of atomic demoli
tion munitions for the U.S. Army. This drill is designed to drill 51 to 
61 cm diameter holes to depths of 12 to 24 m in all terrain including 
hard rock.

Explosive capsules are pumped down the drillstring and deto
nated upon impact with the rock. These capsules deepen the hole at 
the rate of 1.8 to 2.5 cm per explosion. The broken rock is removed 
by an auger as shown in Fig. 10-52.

An alternate system utilizes the return air stream to remove the 
broken rock from the hole. A return air velocity of 915 m/min is 
required to lift the broken rock from the hole. The large diameter 
holes (51 to 61 cm) would require 170 to 213 m3/min compressed air. 
This would require excessively large compressors. AAI proposed 
using a jacket around the drillstem to reduce the annular flow area 
and flow requirements (Fig. 10-53). This would reduce the air flow 
requirement to about 43 m Vmin, an acceptable amount for a mobile 
drilling rig.

The capsules contain a cluster of seven shaped charges as shown
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Fig. 10-55 AAI explosive capsule (Black, 1976)

in Fig. 10-54. These shaped charges are fired simultaneously when 
the capsules impact the rock.

A schematic of the explosive capsule is shown in Fig. 10-55. 
When the capsule impacts the rock, the inertia of the firing pin 
causes it to move forward and strike the detonator, initiating it and 
the booster (PETN or lead azide). This booster sets off the high 
explosive (pentolite or composition “B”) located above the shaped 
charge liners. The capsules are made of acrylonitrile butadiene 
styrene and the shaped charge conical liners are made of glass filled 
nylon (60% glass by weight). These capsules cost $2.23 each (1976) 
including allowance for scrappage, overhead, and profit.

The capsules have two safety pins. The first safety pin prevents 
the firing pin from moving forward and the second safety pin 
prevents the slider from moving the detonator into alignment with 
the firing pin. Both of these safety pins are pulled automatically 
when the capsules enter the drillstem. As the capsule moves down 
the drillstem, the slider is held in its initial position (spring 
compressed) by the inner wall of the drillstem (11.1 cm I.D.). When 
the capsule exits the drillstem, the spring pushes the slider to the 
right, positioning the detonator under the firing pin and activating 
the capsule. The firing pin flies forward upon impact and sets off the 
explosive charge.

AAI developed the automatic feeding system shown in Fig.
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Fig. 10-56 AAI explosive capsule feed system (Black, 1976)

10-56. This feeder holds 23 capsules and will feed them at rates up to 
120 capsules/min. In normal operation, the capsules are fired at 30 
shots/min.

During the past four years, AAI has conducted extensive tests 
with 10 to 13 cm diameter explosive capsules utilizing clusters of 
shaped charges. The capsule shown in Fig. 10-54 utilizes conical 
shaped charges, whereas the capsule shown in Fig. 10-57 utilizes 
hemispherical shaped charges. The conical liners concentrate the 
explosive energy more sharply and produce smaller diameter holes 
and greater penetration, while the hemispherical liners fracture rock 
over a larger area. Both types of shaped charges performed equally 
well in full-scale field tests.

Extensive drilling tests were carried out with 10.2 and 12.7 cm 
diameter explosive capsules (7 shaped charges) in limestone and 
granite. The 10.2 cm diameter capsules (159 g C4 explosive) drilled 
31 to 36 cm diameter holes whereas the 12.7 cm diameter capsules 
(264 g C4 explosive) drilled 46 to 53 cm diameter holes.

The holes in granite were irregular shaped because the pieces 
tended to fracture along joints and faults in the rock. Fig. 10-58 
shows a photograph of a 50.8 cm deep hole in granite which was 
drilled with twenty-one 12.7 cm diameter capsules and eleven 10.2 
cm diameter capsules.

A sketch of the cross-section of this rectangular hole is shown in 
Fig. 10-59 where the dimensions are in inches. The hole is 
rectangular because of pre-existing fracture planes. The shaped
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Fig. 10-57 AAI hemispherical explosive capsule (Black, 1974B)
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Fig. 10-58 Explosively drilled hole in granite (Black, 1974B)

charge at the center of the cluster produced a small diameter hole 
(2.5 to 5 cm) which extended approximately 18 cm ahead of the hole 
bottom. The other six shaped charges were slanted outward and 
produced the flat hole bottom.

The smooth 58 cm deep hole shown in Fig. 10-60 was drilled in 
limestone with nineteen 10.2 cm diameter capsules. The hole is 
smooth because the limestone did not contain pre-existing joints and 
faults.

A sketch of this hole cross-section is shown in Fig. 10-61. The 
dimensions shown are inches. Fifteen 10.2 cm diameter capsules 
with conical liners (159 g explosive each) were used to drill the 
upper portion of the hole and fourteen 10.2 cm diameter capsules 
with hemispherical liners (172 g explosive each) were used to drill 
the lower portion.

The conical and hemispherical shaped charges both drilled 30
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Fig. 10-59 Explosively drilled hole in granite (Black, 1974B)

cm diameter holes in limestone. The conical shaped charges 
removed 8.3 cm3/g of explosive compared to 5.4 cm3/g for the 
hemispherical charges. The hole was deepened at an average rate of 
2.1 cm per shot during this test.

These tests showed that the 12.7 cm diameter capsules left a

Fig. 10-60 Explosively drilled hole in limestone (Black, 1974B)
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Dia.

Fig. 10-61 Explosively drilled hole in limestone (Black, 1974B)

hump near the center of the hole as shown in Fig. 10-62. Subsequent 
tests demonstrated that this hump could be removed by periodically 
using a 10.2 cm diameter capsule with the 12.7 cm diameter 
capsules. AAI found that the use of one 10.2 cm diameter capsule 
after every three 12.7 cm diameter capsules was optimum and 
produced a full diameter hole.

AAI developed an electromagnetic arming system on a program 
for the Bureau of Mines (Sweeney, 1973). A schematic of this system 
is shown in Fig. 10-63.



Explosive Drills 
203

Fig. 10-62 Hole produced in limestone with 12.7 cm diameter explosive capsules 
(Black. 1974B)
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Fig. 10-64 Rapidex spiral blast concept (Peterson, 1974)

The detonator is not fired unless the capacitor is charged and 
both switches are closed. The capacitor is charged when the capsule 
enters the drillstem. Switch No. 1 closes when the capsule exits the 
bottom of the drillstem and Switch No. 2 closes upon impact with 
the rock. This system has the disadvantage that the electric 
detonators are subject to initiation by electromagnetic fields and 
electrostatic charges. This tends to offset the advantages of this 
electromagnetic arming system.

Rapidex (Peterson, 1974) developed the continuous spiral drill 
and blast tunneling system shown in Fig. 10-64. The tunnel face is 
advanced by shooting a series of small blasts while a shielded 
automatic drill and blast machine continue to operate.

1 he drilling pattern establishes and maintains a plane-free 
surface that rotates and advances in spiral fashion as the tunnel
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Fig. 10-65 Rapidex blast shield (Peterson, 1974)

advances. The individual blasts occur near the full face, slabbing the 
rock off in large pieces. Tunnel sections of any common shape 
including circular, rectangular, and horseshoe can be driven by this 
technique.

A pivoted shield is used to protect the drilling equipment as 
shown in Fig. 10-65. This shield, which was designed for a left-hand 
spiral advance, was tested at the White Pine Copper mine in White 
Pine, Michigan. The shield was designed for an initial 3.45 MPa (500 
psi) pressure wave in the vicinity of the blast followed by the 
fractured rock traveling at velocities up to 61 m/sec. The shield was 
tested through one complete revolution of the spiral and was 
essentially undamaged.

Fig 10-66 shows a sequence where drilling, blasting, and 
mucking are proceeding simultaneously. A television-monitored 
drill-load-shoot machine stays at the face while conventional 
mucking machines are used to remove the broken rock.
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Fig. 10-66 Rapidex spiral blasting technique (Peterson, 1974)

The spiral drill and blast concept was tested in the White Pine 
Copper mine in Minnesota. A 3.1 m x 3.1 m horseshoe entry was 
driven 12.2 m at an advance rate of 1.5 m per revolution of the spiral. 
After some practice, the miners found it easy to maintain the spiral 
and advance the face.

Based on the White Pine Copper mine tests, Peterson predicted 
that this technique would advance a 5.5 m x 5.5 m tunnel at 
approximately four times the conventional rate and at roughly half 
the cost. He recommended the development of a prototype spiral blast 
machine to further test this concept.
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Fig. 10-67 Hercules explosive tunneling system (Guenter, 1970)

Hercules (Guenter, 1970) patented the explosive tunneling 
machine shown in Fig. 10-67. This device mechanically drills holes 
into the face and then detonates explosive charges in the holes to 
shatter the rock. This technique is designed to minimize shock, 
vibrations, noise, and flying rock.

The explosive cartridge is shown in more detail in Fig. 10-68.
A primer (43) at the back of the explosive cartridge is ignited as 

the projectile is fired from the cannon. A delay charge (48) is used to 
delay the explosion until the cartridge reaches the bottom of the 
drillhole. A shield (12) protects the drilling device during the 
explosion.

Explosive drills have demonstrated that they can drill hard rock 
significantly faster than conventional drills. Explosive drills work 
effectively in fluid filled boreholes and are one of the few novel 
drills that could be easily adapted to geothermal and petroleum 
drilling. Safety problems and high cost of the explosive capsules

39
Fig. 10-68 Hercules explosive capsule (Guenter, 1970)
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could limit application of these drills to deep, expensive drilling or 
to military applications where high drilling rate is of paramount 
importance. Additional R&D should be conducted on explosive 
drills because of their high potential economic payout.
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Flame
Jet Drills

Browning (1963) patented the flame jet burner shown in Fig. 
11-1. Kerosene is metered into an air stream in tube (la) through 
orifice (3a) forming a combustible mixture which is burned in 
combustion chamber (6a). The high-velocity flame jet is directed 
against the rock through nozzle (8a).

The flame jet can be used to spall rock from free surfaces or to 
drill holes as shown in Fig. 11-2.

Flame jets utilize air or oxygen enriched air to oxidize fuel oil 
whereas jet piercing drills utilize pure oxygen. The lower oxygen 
concentration reduces the flame temperature and flame velocity as 
shown in Table 11-1. Browning found that although flame jets drill

<7a
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Fig. 11-1 Flame jet nozzle (Browning. 1963)



212 ADVANCED DRILLING TECHNIQUES

Fig. 11-2 Flame jet cutting (Browning. 1963)

slower, they require 50% less oxygen to remove a unit volume of 
rock, an important factor since oxygen is a major cost of operating jet 
piercing drills.

TABLE 11-1
COMPARISON OF FLAME JET AND JET PIERCING DRILLS 

(Browning, 1963)

Oxygen Nitrogen

Flame
Temperature

(°C)

Flame
Velocity
(m/sec)

Flame Jet (Air) 79% 21% 1,650 760
Flame Jet 50% 50% 2,200 910
Jet Piercing 100% 0% 2,980 1,220

Browning experimented with various oxidizer mixtures and 
found that flame jets produced with oxygen/nitrogen oxidizers 
drilled granite more effectively than those produced with pure 
oxygen as shown in Fig. 11-3. Flame jets produced with air removed 
granite nearly as effectively as those produced with pure oxygen.
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Fig. 11-3 Flame jet cutting rates (Browning, 1963)

The use of air and air/oxygen oxidizers would significantly reduce 
the cost of operating flame jets.

Browning (1965) found that introducing fuel into the flame jet as 
it exits the nozzle produces secondary combustion (122) outside of 
the nozzle and enhances the flame jet cutting mechanism (Figure 
11-4). Fuel for secondary combustion is introduced into the combus
tion chamber (105) through conduit 107.

Combustion will not take place in the combusion chamber with 
mixtures containing more than 13% fuel. The secondary fuel 
injection system allows higher fuel ratios and higher flame jet 
cutting rates as shown in Fig. 11-5. The excess fuel is burned is 
burned outside of the nozzle and is oxidized by oxygen in the air 
surrounding the nozzle.

Browning found that conventional flame jets produced spalls in
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Fig. 11-5 Flame jet cutting rates (Browning, 1965)
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granite which were less than 2.5 cm in diameter whereas with 
secondary fuel injection, the flame jets produced spall diameters in 
excess of 5 cm. The thickness of the spalls was nearly identical in 
both cases. The flame jets with secondary fuel injection produced 
larger diameter spalls because the jets covered a larger area on the 
rock surface.

Browning (1966) found that in order to produce stable flames 
with air or with 50:50 oxygen/nitrogen gas, the fuel mixture had to be 
controlled within much closer limits than when using pure oxygen. 
Browning (1966) patented the flame jet nozzle shown in Fig. 11-6 
which utilizes a mixture of coarse and fine fuel droplets to produce a 
stable flame jet.

Kerosene is introduced into premixing chamber (2) through pipe 
(6). Oxygen and nitrogen are supplied into this premixing chamber 
through conducts (10) and (12), respectively. The combustible 
mixture passes into combustion chamber (14) where it is burned 
producing a flame jet through nozzle (20).

Coarse fuel droplets recirculate near the entrance of the combus
tion chamber in a toroidal path (T) allowing the larger droplets to 
continuously come into contact with the flame jet. Browning found 
that this allowed complete combustion of the fuel and stabilized the 
flame.
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Fig. 11-6 Flame jet burner (Browning, 1966)
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Fig. 11-7 Flame jet characteristics (Browning, 1966)
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Fig. 11-8 Flame jet burner (Carstens, 1968A)

Fuel-oxygen flames burn over much wider fuel/oxidizer ratios 
than oxygen-nitrogen/fuel flames as shown in Fig. 11-7. Browning 
ignited the flame jets using oxygen/fuel mixtures and then cut the 
oxygen flow rate back to produce a 50:50 oxygen/nitrogen ratio once 
a stable flame was produced.

Abrasives such as sand can be used in the flame to drill rocks 
which do not spall readily as shown in Fig. 11-8. Experience has 
shown that the system is optimized when the mass flow rate of the 
abrasives is approximately equal to the mass flow rate of the burner 
air.

The burners are normally operated at flow rates of 17 to 34 std 
m3/min air and 95 to 190 liters/hr diesel fuel and at combustion 
burner pressures of 0.48 to 1.72 MPa (70 to 250 psi).

Browning Engineering Corporation in New Hampshire con
ducted a series of flame jet drilling tests for use in evaluating flame 
jet tunneling machines. The data from these tests are given in Table 
11-2.

The flame jets drilled 14 to 30.5 cm diameter holes at rates of 4 to 
11 m/hr. The drilling rate in sandstone was 4.45 to 8.54 m/hr without 
sand in the flame jet and 10.1 to 11 m/hr with sand. This shows that 
the sand was effective in increasing the drilling rate in this rock.

In the kerfing test in Table 11-2, the flame jet cut a 76 cm long x 
53.4 cm deep kerf in Barre granite in 15 min. This flame jet burned 
79 liters of fuel oil per hour which corresponds to a power output of 
approximately 830 kw (assuming 10,500 cal/g of fuel oil and 50% 
combustion efficiency). This power level corresponds to a specific 
kerfing energy of 184,000 J/cm2 which is 50 to 100 times greater than 
that for lasers or electron beams. This low kerfing efficiency resulted
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TABLE 11-2
FLAME JET CUTTING DATA 

(Carstens, 1968A)

Drilling Flame
Hole
or

Hole Dia. 
or Rock Drilling

Rock or or Air Fuel Chamber Test Kerf Kerf Volume or Volmetric
Type Kerfing Sand Flow Flow Pressure Time Depth Width Removed Kerfing Efficiency Remarks

(Sm3/min) (1/hr) (MPa) (min) (cm) (cm) (cm3) (m/hr) (cm3/m302)

Barre
Granite D F 13.6 87 0.41 5.00 48.3 22.9 20,000 5.79 1460 A/F=13.3:1

II D F 8.7 36 0 44 5.00 45.7 19.1 13,000 5.49 1500 —
II D F 8.8 42 0.46 5.00 45.7 19.1 13,000 5.49 1500 —
II D F 14.2 79 0.41 5.00 48.3 24.1 21,800 5.79 1570 A/F=15.3:1 (0.6m flame)
II D F 13.3 61 0.41 5.00 40.6 22.9 16,500 4.88 1370 A/F=18.8:1 (0.3m flame)
II D F 12.5 49 0.38 5.00 35.6 21.6 12,900 4.27 1200 A/F=21.8:1 (No Flame)
II D F 12.5 87 — 5.00 48.3 26.7 26,600 5.79 2130 A/F=12.3:1 (>0.9m flame)
II D F 15.1 91 0.30 5.00 45.7 27.9 26,700 5.49 1780 Oscillating Burner
II D F 14.7 91 0.26 5.00 35.6 30.5 25,900 4.27 1770 —
II

Sand

K F 14.2 79 0.39 15.00 53.3 5.1 Top
12.7 Bottom

41,100 5.49 970 0.76 Meter Long Kerf

stone D F 8.1 34 041 1.00 12.7 12.7 — 7.62 670 Burner Bigger Than Hole
II D S 8.1 34 0.41 0.83 15.2 — — 11.00 — No Spalling
It D F 14.5 83 0.40 2.25 31.8 19.1 9,000 8.54 1390 —
II D S 13.6 76 — 1.50 25.4 14.0 3,900 10.10 970 —
II D F 14.5 91 0.26 3.75 27.9 20 10,200 4.45 940 Slagged Rough Hole

Dolomite D F 14.5 83 — 3.50 53.3 20.3 17,200 9.15 1710 White Dust—Odor
Diabase D F 13.6 68 0.41 5.50 50.8 22.9 20,800 5.49 1390 —
Marble D S 13.6 76 — 1.50 5.1 — — — — Melting—Cutting Stopped

Cubic Centimeter of Rock Removed per Cubic Meter of Oxygen Burned.
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o' NEW YORK BLUESTONE
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O3 CONNECTICUT QUARTZITE

Fig. 11-9 Flame jet drilling in Berea sandstone (Carstens, 1968B)

because the flame jet cut a very wide kerf (i.e., 5.1 cm wide at the top 
and 12.7 cm wide at the bottom).

The flame jet removed 41,00 cm3 of rock in the kerf in 15 
minutes. This corresponds to a specific energy of 18,200 J/cm3 which 
is much greater than the 4,300 J/cm1 required to melt granite and the 
1500 J/cm required to heat granite to its spalling temperature. This 
indicates that the flame jet was very inefficient and transmitted only 
a small part of its power to the rock.

These tests showed that the drilling rate in Berea sandstone was
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Fig. 11-10 Flame jet drilling rate in Barre granite (Carstens, 1968B)
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Fig. 11-11 Effect of air-fuel ratio on flame jet cutting efficiency (Carstens, 1968B)
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Fig. 11-12 Flame jet tunnel kerfing method (Carstens, 1968B)

removed by grain-to-grain erosion whereas Barre granite spalled in 
large pieces.

The rock removal efficiency (i.e., volume of rock removed per 
unit volume of oxygen utilized) decreased as the air/fuel ratio 
increased as shown in Fig. 11-11. This reduction was attributed to 
the lower combustion temperature with the higher air/fuel ratios. 

Carstens proposed using flame jets to cut concentric kerfs in the 
rock (Fig. 11-12) and then using kerf breakers to mechanically break 
the annular rings of rock between the kerfs.

Small-scale laboratory tests showed that the breaking force did 
not change as the kerf depth/kerf width ratio (d/w) was increased 
from 0.5 to 2.0. These scaled tests indicated that the required static 
breaker force would range from 1.6 meganewtons (360,000 lb) for a 
3.05 m diameter tunneling machine to 14.4 meganewtons (3,240,000 
lb) for a 9.15 m diameter tunneling machine. Impact loads could be 
used to reduce these high force requirements.

Carstens assumed that the flame jets would cut four 10.2 cm wide 
kerfs as shown in Fig. 11-12. Based on this assumption, the flame jets 
would need to spall 15 to 25% of the rock and the largest dimension 
of the rock fragments would range from 49 to 70 cm.

The proposed flame jet tunneling machine would contain a 
burner sector and a breaker arm as shown in Fig. 11-14. The breaker 
arm would contain bars that would extend half way into the kerfs to 
break away the rock. Large propeller-like mucker blades would 
sweep the broken rock from the tunnel face and transport it onto a

4
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Fig. 11-13 Rock ring removal force (Carstens, 1968B)

conveyor belt. From there the muck would be removed from the 
tunnel by conveyor belts, slurry pipelines or by railroad cars.

Carstens discussed other methods of utilizing flame jets for 
tunneling including 1) producing advance holes and then enlarging 
the holes by drilling and blasting, 2) cutting an outer kerf and then 
blasting away the center core, and 3) cutting kerfs or degrading the 
rock ahead of conventional tunneling machines. None of these 
alternatives appeared as attractive as the kerfing machine shown in 
Fig. 11-14.

JC-FT DESIGN
BLOWING SUCTION AIR SUP°LY

S

Fig. 11-14 Flame jet tunneling machine (Carstens, 1968B)
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Fig. 11-15 Flame jet blower-suction system (Carstens, 1968B)
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The hot exhaust gases from the flame jets would produce high 
temperatures at the tunnel face, thereby necessitating means for 
protecting the workers in the vicinity of the tunneling machine. 
Carstens proposed three environmental control systems for use with 
flame jet tunneling machines 1) air conditioned cabs, 2) combination 
blower-suction systems and 3) full-length thermal protective gar
ments.

The blower-suction system would blow an excess of air at the 
tunnel face, forcing most of the hot exhaust gases into a suction duct 
which would remove the hot gases from the tunnel face (Fig. 11-15).

The amount of air required would range from 3 to 15 times the 
burner requirement which corresponds to 5 to 10 meganewtons/hr 
on 3.05 to 9.15 m diameter tunneling machines. Pumping these large 
volumes of air through pipelines may be a major problem because of 
the high power requirements. For example, the power required to 
pump 4.5 x 106 newtons/hr of air (1 x 106 lb/hr) through a one 
kilometer long pipe ranges from 1,300 hp for a 2 m diameter pipe to 
over 13,000 hp for a 1 m diameter pipe. Space constraints in the 
tunnel would limit the size of ducts and thereby dictate the use of 
high power levels to move the air into the tunnel and to remove the 
hot exhaust gases from the tunnel face.

In addition to the air requirement, from 2,000 to 8,000 liters/min 
of water would be required to cool the burners (i.e., 2 N water/N 
exhaust gas). From 400 to 10,000 hp will typically be required to 
pump the cooling water in and out of the tunnel, the power 
requirement depending upon the flow rate, the length of the tunnel,
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Fig. 11-16 Flame jet life support system (Joslin & Moran, 1967)

the tunnel depth, and the size of pipe used. Obtaining the large 
supplies of water required would also be a problem in many areas.

Full length thermal protective garments could be used for 
protection against both heat and toxic exhaust gases as shown in Fig. 
11-16. These liquid or gas cooled coveralls, which could be powered

Fig. 11-17 Heat transfer model for flame jet tunnel (Carstens. 1968B)
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by a backpack or used with an umbilical cord, would be capable of 
operating at tunnel ambient temperatures up to 260 C.

Carstens made heat transfer calculations for different zones in the 
tunnel as shown in Fig. 11-17. Sensitivity studies indicated that the 
temperature in the tunnel is highly sensitive to the flow rate of the 
cool air or water, the muck temperature and the tunnel pressure, and 
relatively insensitive to other variables, such as cooling air or water 
inlet temperature, conveyor belt speed and fuel/air ratios.

Carstens found that the flame jets would produce noise levels of 
120—140 decibels (100 Hz) as they exit from the burner nozzles. 
These high noises levels would necessitate the use of protective 
devices such as ear muffs or full helmets, since the allowable limit 
for an eight hour day is about 90 db. Compressor noise in the vicinity 
of the tunneling machine may also be a problem.

Data from the tests in Table 11-2 were extrapolated to predict the 
performance of a full-scale, flame-jet tunneling machine as shown in 
Table 11-3. These predictions are based on the assumption that the 
flame jets would cut four concentric kerfs each 10.2 cm wide.

Table 11-3
PREDICTED CHARACTERISTICS OF FLAME JET TUNNELING MACHINES 

(Carstens, 1968B)

*Fuel/Air Ratio = 0.07 N/N

Percent Abrasive
Tunnel Advance Kerf Face Breaker Fuel Air* Flow

Diameter Rate Width Kerfed Force Oil Flow Rate
(m) (m/hr) (cm) (%) (M Newtons) (l/hr) (Sm3/min) (N/min)

3.05 3.05 10.2 25 1.6 1530 268 3,200
6.10 3.05 10.2 17 6.4 4160 728 8,750
9.15 3.05 10.2 15 14.4 8260 1446 17,300

At a constant advance rate of 3.05 m/hr, the fuel consumption 
increases from 1,530 to 8,260 1/hr as the tunnel diameter is increased 
from 3.05 to 9.15 m. With nonspallable rocks, abrasive flow rates of 
3,200 to 17,300 N/min (720 to 3,900 lbs/min) would be required. This 
high abrasive requirement could create serious transport problems 
and could limit the application of flame jet tunneling machines. 
Carstens recommended that fine rock particles be removed from the 
muck at the tunnel face and used as the abrasive material in these 
jets. This could greatly reduce the transport problem when high flow 
rates of abrasives are required.
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Fig. 11-18 Improved flame jet drill (Browning & Fitzgerald, 1969)
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Carstens used the predicted performance parameters in Table 
11-3 to make an economic analysis of flame jet tunneling and 
concluded that reliable flame jet tunneling machines could reduce 
tunneling costs by as much as 15 to 30%. The study showed that 
environmental control costs represent roughly one-half the excava
tion cost of flame jet tunneling. This study also showed that 
approximately 50% of the tunneling cost is for excavation and 50% 
is for shoring and lining, so reducing the excavation cost to zero 
would reduce the overall cost by only about 50%.

Browning and Fitzgerald (1969) found that flame jet drills tend to 
drill larger diameter holes than jet piercing drills and that in some 
cases the holes were larger than desired. They found that increasing 
the combustion chamber pressure of an air-fuel burner (17 STD 
m3/min) from 0.48 MPa to 1.38 MPa (70 to 200 psi) increased the 
drilling rate in taconite from 7.6 m/hr to 10.7 m/hr and reduced the 
hole diameter from 25.4 cm to 20.3 cm. This increase in chamber 
pressure was produced by reducing the burner nozzle diameter from 
3.2 cm to 2.2 cm.

Browning and Fitzgerald patented the improved flame jet drill 
shown in Fig. 11-18 which operates at pressures up to 1.31 MPa. Air 
is circulated down the outside of the middle tube (32) to cool the 
outer tube (31) which is heated by the hot exhaust gases. The air then 
flows up between the middle tube and the liner (33) and into the 
combustion chamber (44) where it mixes with fuel being sprayed out 
of the nozzle. Abrasives are introduced into the combustion chamber 
through a feed tube (65). The temperature and pressure in the 
combustion chamber is controlled by the I.D. of the exhaust nozzle.

The operating characteristics of this improved flame jet drill are 
given in Table 11-4.

TABLE 11-4
IMPROVED FLAME JET DRILL 
(Browning and Fitzgerald, 1969)

Air Supply
Nozzle Bore
Fuel
Liner
Drill O.D.
Outer Tube Wall Thickness 
Middle Tube Wall Thickness 
Chamber Pressure
Jet Temperature
Jet Velocity

17 STD m3/min @ 1.72 MPa
2.22 cm
#2 Fuel Oil, 98 l/hr
46 cm long x 5.08 cm I. D.
7.62 cm
0.32 cm 
0.32 cm
1.31 MPa 
1650° C
1590 m/sec
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Fig. 11-19 Flame jet drill (Browning, 1969A)

Browning (1969A) patented the concept of directing water 
laterally against the borehole walls to reduce the diameter of the 
holes drilled by flame jets (Fig. 11-19). By proper use of the 
quenching water, the hole diameter can be reduced from 20 cm to 10 
cm. The hole diameter can be controlled by controlling the 
quenching water flow rate using feelers (35) which contact the hole 
walls or by measuring the air pressure drop around the drill. The air 
pressure increases as the hole becomes smaller and constricts flow 
around the drill.

Fig. 11-20 Flame jet chambering drill (Browning, 1969B)
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Browning (1969B) extended this concept to permit drilling blast 
holes of varying diameter as shown in Fig. 11-20. When the water 
jets are turned off, the flame jet drills a large diameter hole (14); 
whereas, when the water jets are turned on, a smaller diameter hole 
is produced (13). This “chambering" technique would increase 
blasting efficiency in many rocks. Oversized chambers can also be 
produced by reducing the advance rate of the drill or by increasing 
the combustion chamber pressure.

Flame jet drills can be used only with highly spallable rocks. 
These drills must be used in air or gas filled holes and therefore 
cannot be used in deep geothermal or petroleum wells where 
drilling mud is required. Because of these limitations, it appears that 
flame jet drills will find only limited application in the near future.
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High Pressure 
Jet Drills (Continuous)

Davies (1969) conducted a series of jet drilling tests at pressures 
up to 207 MPa (30,000 psi). Kerfing tests were conducted by rotating 
rock samples beneath a nozzle (11 degree taper) along a 5.08 cm 
diameter circular path (Fig. 12-1). Simulated drilling tests were 
conducted in a pressure chamber where confining pressure was 
applied to the rock samples to simulate the hydrostatic pressure in 
well bores. The rock was not rotated in the pressure chamber tests.

The high pressure jets were produced by pressurizing a 2 liter 
accumulator to the desired jet pressure and then using a captive bolt 
to break a solid aluminum tip off of the jet nozzle (1.02 mm 
diameter) and allowing the fluid to discharge. The pressure dropped 
from the charging pressure to zero as approximately 0.29 liters of 
water was discharged from the nozzle. Hexane was used above the 
water in the accumulator, but it floated on the water and was not 
discharged from the nozzle during the drilling process.

Davies conducted jet drilling tests in granodiorite, dolerite, 
massive sulphide ore, zinc ore, gneiss, and cement-sand mortar. Jet 
pressures in excess of 103 MPa (15,000 psi) were required to drill the 
granodiorite (212 MPa compressive strength) whereas 207 MPa jets 
would not drill gneiss or dolorite (288 MPa compressive strength).

In kerfing tests in air, Davies found that the crater depth 
decreased with increased rotary speed but that the volume of rock 
removed was maximum (5.3 ml) at a rotary speed of 560 rpm (Table 
12-1). This corresponds to the minimum specific energy (Energx

229
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FOR ROTATING SAMPLES FDR WATER COVERED SAMPLES

Fig. 12-1 High pressure experimental apparatus (Davies, 1969)

TABLE 12-1
JET KERFING TESTS IN GRANODIORITE 

(Davies, 1969)
(207 MPa, 1.02 mm nozzle, 1.8 cm standoff)

Speed of
Rotation

(rpm)

Arc of 
Damage

(degrees)

Duration

(sec)

Volume
Removed

(ml)

Estimated
Average

Depth
(mm)

125 90 .12 2.3 13
140 135 .16 1.5 12
280 180 .11 2.8 10
560 360 — 5.3 10

2,850 360 3.9 10
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/Unit Volume) since the total energy expended during each of these 
tests was the same.

The confined pressure tests showed that the crater depths 
decreased as the standoff distance and the confirming pressure were 
increased (Table 12-2). I he detrimental effect of confining pressure 
was more pronounced at the higher standoff distance.

TABLE 12-2
DRILLING TESTS IN GRANODIORITE (Davies, 1969) 

(207 MPa, 1.02 mm Nozzle)

Test
Conditions

Confining
Pressure 

(MPa)

Crater Depth (mm)
1.8 cm

Standoff
4.35 cm
Standoff

Air Atmospheric 22.5 20.8
Underwater Atmospheric 19.2 11.7
Underwater 0.34 18.0 11.5
Underwater 0.69 14.5 9
Underwater 1.03 18.2 6.5
Underwater 1.72 17.5 8

5 Nozzle Bit 2 Nozzle Bit

Fig. 12-2 Exxon jet drilling tests (Maurer & Heilhecker, 1969)
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Exxon (Maurer & Heilhecker, 1969) conducted a series of jet 
drilling tests in Indiana limestone, Berea sandstone, and Carthage 
marble using 5.08 cm diameter bits operating at pressures up to 93.1 
MPa (13,500 psi). Five nozzle bits produced smooth borehole walls, 
whereas two nozzle bits cut spiral grooves in the borehole wall due 
to the outer slanted nozzle (Figure 12-2).

The jet drills penetrated Berea sandstone at 91.5 m/hr (300 ft/hr), 
Indiana limestone at 85.4 m/hr (280 ft/hr) and Carthage marble at 55 
m/hr (180 ft/hr) as shown in Fig. 12-3. Threshold Pressures of 6.90, 
34.5, and 82.8 MPa (1,000, 5,000, and 12,000 psi) were required to 
drill these rocks, respectively.

The specific energy required to drill Berea sandstone decreased 
from infinity at 6.90 MPa (1000 psi) to a minimum of 2,560 J/cc 
(31,000 ft. lb/cu in) at 34.5 MPa (5,000 psi) as shown in Fig. 12-4. 
This minimum corresponds to the most efficient drilling condition 
for this particular drill bit and rock.

Maurer & Heilhecker (1969) extrapolated these data and found 
that full-scale oilfield jet drills (3,000 hp) should drill 20-cm- 
diameter holes at rates of 61 to 91 m/hr. These encouraging results 
led to an extensive field drilling program which demonstrated that 
high pressure jet bits operating at 103 MPa (15,000 psi) can drill oil 
wells two to three times faster than conventional bits. The results of 
these field tests are described in Chapter 14.

Brook and Summers (1969) conducted a series of jet erosion tests 
which showed that the addition of Polyox (polyethylene oxide), a



High Pressure Jet Drills (Continuous) 233

NOZZLE PRESSURE - PSI

Fig. 12-4 Specific energy required to erosion drill Berea sandstone (Maurer & 
Heilhecker, 1969)
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friction reducing agent, increased jet penetration in ferruginous 
sandstone by 34%. The tests were conducted at pressures up to 62 
MPa (9,000 psi) and at standoff distances up to 5.1 cm.

In one test, a 0.84 mm diameter inclined jet operating at 55 MPa

i

Rotation and
railing of
target rock

Fig. 12-5 Jet drilling in sandstone (Brook & Summers, 1969)
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Fig. 12-6 Spiral path jet cutting (Summers & Henry, 1972A)

(8,000 psi) drilled a 5 cm diameter x 10 cm deep hole in sandstone 
in 15 sec (Fig. 12-5). This corresponds to a drilling rate of 24 m/hr. 

Summers and Henry (1972A) cut spiral kerfs in blocks of Berea 
sandstone and Indiana limestone by rotating the blocks of rock 
beneath high pressure jets as shown in Fig 12-6.

Water jets operating at pressures up to 166 MPa (24,000 psi) cut 
kerfs up to 4 cm deep in these rocks. Traverse speeds of 3 to 214 
cm/sec were used with 0.58 mm diameter jets. Summers and Henry 
found that these small diameter jets would not remove the ribs 
between the kerfs when the kerfs were spaced more than 3.2 mm 
apart (i.e., 5 nozzle diameters). They concluded that mechanical 
means would be required to break the ridges with full scale bits or 
tunneling machines.

TABLE 12-3
EFFECT OF JET PRESSURE ON KERFING 

IN BEREA SANDSTONE 
(Summers and Henry, 1972A) (0.58 mm diameter nozzle)

Traverse Kerf Kerf Power* Specific
Pressure Speed Depth Width Output Energy

(MPa) (cm/sec) (cm) (cm) (kw) (J/crrr)

34.5 214 0.12 0.2 1.71 66
69.0 214 0.36 0.2 4.9 63

103.4 214 0.61 0.2 8.9 68
138.9 214 0.95 0.2 13.8 68

•Based on actual power output.
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TABLE 12-4
EFFECT OF TRAVERSE SPEED ON KERFING 

IN BEREA SANDSTONE
(Summers and Henry, 1972A) (0.58 mm diameter nozzle)

‘Based on actual power output.

Traverse
Speed 

(cm/cm2)

Jet
Pressure 

(mPa)

Kerf
Depth
(cm)

Kerf
Width
(cm)

Power*
Output

(kw)

Specific
Kerfing
Energy 
(J/cm2)

15.4 69 1.71 0.2 4.9 186
36.1 69 0.81 0.2 4.9 167
54.3 69 0.69 0.2 4.9 130
71.3 69 0.72 0.2 4.9 96

214.0 69 0.36 0.2 4.9 63

The data obtained by Summers and Henry show that the Specific 
Kerfing Energy required to cut kerfs in Berea sandstone was 
independent of the jet pressure (Table 12-3). This was apparently
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due to the low strength of this rock. The Specific Kerfing Energy 
decreased from 186 to 63 J/cm2 as the traverse speed was increased 
from 15.4 to 214 cm/sec (Table 12-4). The kerf depth decreased from 
1.71 to 0.36 cm as the traverse speed was increased. The jet cutting 
mechanism was more efficient in the shallower kerfs cut at the 
higher traverse speeds, apparently due to reduced jet interference.

Summers (1972) conducted jet kerfing tests in six different rock 
using 0.58 mm diameter jets operating at pressures up to 172 MPa 
(25,000 psi). The kerf depths in these rocks decreased 60 to 80% as 
the traverse speed was increased from 4.6 to 152 m/min (15 to 500 
ft/min) as shown in Fig 12-7.

Summers and Peters (1974A) conducted a series of kerfing tests 
with 0.76 mm diameter jets operating at 124 MPa (18,000 psi). At a 
traverse speed of 30 cm/min, these jets produced 0.77 to 1.19 cm 
deep kerfs in Barre granite. This corresponds to Specific Kerfing 
Energies of 47,000 to 73,000 J/cm2.

Summers and Peters traversed jets across the blocks of Barre 
granite in different directions to study the effect of rock anisotropy 
on the kerfing mechanism as shown in Fig. 12-8. These tests showed

Fig. 12-8 Jet kerfing tests in Barre granite (Summer & Peters, 1974A)
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Fig. 12-9 Dual jet nozzle (Summers & Bushnell, 1976A)

Fig. 12-10 Hole drilled with dual nozzle (Summers & Bushnell, 1976A)
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Fig. 12-11 Jet drilling data (Summers & Bushnell, 1976A)
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that the dimensions of the rock removed can be increased by a factor 
of 10 by taking advantage of variations in the rock fabric.

Summers and Bushnell (1976A) conducted a series of jet drilling 
tests using dual nozzles with included angles of 15 and 30° (Fig. 
12-9). Advance rates up to 427 m/hr (280 in/min) were achieved in 
Berea sandstone at 970 RPM and 55 MPa (8,000 psi) jet pressure.

The hole diameters were much greater than the bit nozzle 
diameters as shown in Fig. 12-10. These tests showed that the hole 
diameter decreased as the feed rate increased (Fig. 12-11). The hole 
diameters were largest with the 30° nozzle rotated at the maximum 
speed.

Summers and Bushnell (1976A) used the pressure vessel shown 
in Fig. 12-12 to simulate jet drilling under the high hydrostatic 
pressures existing in oil and geothermal wells.

These tests showed that with water, the hole diameter in Berea 
sandstone was reduced from 5.6 to 1.9 cm (2.2 to 0.75 in.) as the 
borehole pressure was increased from 0 to 13.8 MPa (0 to 2,000 psi) 
as shown in Fig. 12-13. The use of additives such as Nalco or Polyox

Fl,. 12-13 E«ed of borehole pressure on jet drilling (Summers a Bushnell. 197M)
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a
I

Fig. 12-14 Water jet drilling model (Vennhuizen & Cheung, 1977)

to improve jet coherence increased the hole diameters slightly. In 
other tests with no borehole pressure, the hole diameter was reduced 
from 5.6 to 3.1 cm as the jet pressure was reduced from 69 to 34 MPa 
(10,000 to 5,000 psi).

Summers et al. (1978) conducted a series of jet drilling tests in an 
underground lead mine (300 m deep) to study the effects of in situ 
rock stresses on the jet cutting mechanism. Slots 1.7 m deep were 
mechanically cut into the mine face to relieve the stresses on large 
blocks of rock (1.5 m high x 3.5 m wide). The tests showed that the 
kerfing rates and drilling rates were higher in the distressed rock 
than in the stressed rock. In one extreme case, the in situ stresses 
reduced the kerf depth from 20 cm to 4 cm. It was observed that 
holes drilled in distressed rock were circular shaped, whereas the 
holes drilled in the stressed rock were oval shaped.
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Fig. 12-15 Oak Ridge jet kerfing apparatus (McClain & Cristy, 1970)

Veenhuizen and Cheung (1977) developed an empirical model 
for the two orifice nozzles (Fig. 12-9) used by Summers and 
Bushnell. This model is shown in Fig. 12-14. Preliminary data 
agreed fairly well with the model.

Oak Ridge National Laboratory (McClain & Christy 1970 and 
Bresee et al., 1970) conducted a series of kerfing tests with Indiana 
limestone, Berea sandstone and Georgia granite. These tests are 
significant because they provided some of the earliest detailed data 
on rock kerfing energy requirements. Nozzles having 2 to 6 mm 
diameter were operated at pressures up to 82.8 MPa (12,000 psi). 
Large blocks of rock (0.46 m x 0.46 m x 0.61 m) were rotated 
beneath the stationary nozzles. Traverse speeds of 30 to 90 cm/sec 
were used during these tests. Fig. 12-15 shows the jet kerfing test 
setup and Fig. 12-16 shows kerfs cut in a block of Berea sandstone by 
a 2 mm diameter jet operating at 41.4 MPa (6,000 psi).

McClain and Cristy found that with sandstone and limestone, the 
jets were more effective perpendicular to the bedding planes than



242 ADVANCED DRILLING TECHNIQUES

Fig. 12-16 Jet kerfs in Berea sandstone (McClain & Cristy, 1970)

parallel to the bedding planes as shown in Fig. 12-17. A standoff 
distance of 4.45 cm was used in these tests.

Jet impact angles were varied ± 20° from the vertical in the 
direction of travel and from 0 to 20° perpendicular to the direction of 
travel. These changes in attack angle were found to have only a 
minor effect on the kerfing mechanism.

A

Fig. 12-17 Jet kerfing data in Berea sandstone (McClain & Cristy, 1970)
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Fig. 12-18 Jet kerfing data in Berea standstone (McClain & Cristy, 1970)

McClain and Cristy found that the specific energy required to cut 
kerfs decreased with increased traverse speed and with increased 
nozzle diameter as shown in Fig. 12-18.

Minimum specific energies obtained during these tests are given 
in Table 12-5. Multiple cuts are defined as those where rock is 
broken out between adjacent kerfs. With Berea sandstone, rock 
breakage occurred when the kerf spacing was less than 6.4 mm with

TABLE 12-5
JET KERFING DATA 
(Bresee et al., 1970)

Rock
Type

Minimum
Type Nozzle Threshold Jet Specific
Cut Diameter Pressure Pressure Energy*

(mm) (MPa) (MPa) (J/cc)

Berea Sandstone

Indiana
Limestone

Georgia Granite

Single 2-6 14.1 42.3 500-800
Multiple 2-6 14.1 42.3 250-550

Single 3 24.7 70.4 2,000-2,500
Multiple 3 24.7 70.4 1,500-2,500
Single 3 42.3 70.4 5,000-6,000

Multiple 3 42.3 70.4 400**

‘This Includes The Rock Broken Out Between The Kerfs 
“Considerable Shattering of Granite Block
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2 mm diameter nozzles and when it was less than 25.4 mm to 31.8 
mm when 4 mm and 6 mm diameter nozzles were used. When 
kerfing Indiana limestone with 3 mm diameter nozzles, kerf 
interaction began when the kerf spacing was less than 12.7 mm. 
These tests indicate that kerf interaction occurs when the kerf 
spacing is less than 3 to 5 nozzle diameters.

In another series of tests, the nozzle standoff distance was varied 
from 2 to 40 nozzle diameters with no noticeable effect on the 
specific energy (Energy Per Unit Volume of Rock Removed). 
McClain and Cristy observed that with large standoff distances, the 
kerfs were wide at the top and had a “V” shape; whereas with low 
standoff distances, the kerfs were narrower and much deeper. These 
deeper kerfs would be much more effective when used in conjunc
tion with mechanical cutters (e.g., high pressure jet tunneling mole). 
The greater effectiveness of the deeper kerf would have been 
reflected by the specific kerfing energy (Energy Per Unit Kerf Surface 
Area), but insufficient data were published to allow calculation of 
this parameter.

Oak Ridge National Laboratory (Hahs, 1972) designed the high 
pressure jet tunneling machine shown in Fig. 12-19. The machine 
was designed to cut 1.2 m x 1.2 m rectangular tunnels. The large 
high pressure pumps would be located outside of the tunnel. A 
trunnion assembly permits vertical movement of the barrel and the 
turntable permits horizontal movement. This allows the high 
pressure jets to sweep across the entire tunnel face.

Hahs extrapolated McLain and Cristy’s data as shown in Table 
12-6. These results show that the specific kerfing energy for Indiana 
limestone decreased from 4,130 to 1,940 J/cm2 as the nozzle diameter 
was increased from 3 to 6 mm, the jet pressure was increased from 
103 to 138 MPa (15,000 to 20,000 psi) and the traverse speed was 
increased from 1.48 to 15.4 m/sec.

TABLE 12-6
EXTRAPOLATED JET KERFING PARAMETERS

FOR INDIANA LIMESTONE (Hahs, 1970)

Nozzle Jet Traverse Kerf Jet
Diameter Pressure Speed Depth Power

(mm) (MPa) (m/sec) (cm) (kw)

Specific
Kerfing
Energy 
(J/cm2)
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Hahs concluded that the cost of pumps and crews would range 
from $20 to $60/ft (1972 dollars) when driving a 1.07 m x 1.07 m 
rectangular tunnel through Indiana limestone at a pressure of 34.5 
MPa (5000 psi). Higher pump pressures and higher costs would be 
required to tunnel through harder rocks such as Georgia granite 
which requires a threshold pressure of 41.4 MPa (6,000 psi).

Nikonov (1970) conducted a series of kerfing tests in coal and 
concluded that for a given nozzle diameter, kerf depth h varies as:

(1)

where:

k(p - pt)

V V,

k = Constant (Dependent Upon Rock Strength) 
p = Jet Pressure

Pt = Threshold Jet Pressure
Vt = Traverse Speed

This shows that kerf depth varies inversely as the square root of 
the traverse speed.

Fig. 12-20 Jet kerfing data for coal (Nikonov & Goldin, 1972)
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Fig. 12-21 Dual orifice nozzle (Nikonov & Goldin, 1972)

The Specific Kerfing Energy equals:

Specific Kerfing Energy = -----L— = ------------------ (2)
hVt k(p-p,)V-vT

where P = Hydraulic Power

This shows that the Specific Kerfing Energy required to kerf coal 
decreases inversely with the square root of the kerfing speed.

Nikonov and Goldin (1972) conducted jet kerfing tests in coal 
and rock which showed for a given nozzle diameter and given jet 
pressure, the rate of kerf surface area formation (Fs) passes through a 
maximum as the traverse speed is increased (Fig. 12-20). This 
maximum corresponds to the optimum traverse speed which 
minimizes Specific Kerfing Energy. For example, with a 1.45 mm 
diameter jet operating at 500 kg/cm2 (Case 4), the rate of kerf surface 
formation (Fs) is a maximum of 125 m2/hr at a traverse speed of 2
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Fig. 12-22 Bendix jet kerfing test (Chadwick, 1972)

m/sec. Larger diameter nozzles and higher pressures produce higher 
kerf surface formation rates due to higher jet power outputs.

Nikonov and Goldin used the dual orifice nozzle shown in Fig. 
12-21 to cut kerfs in granite and coal. An included angle, a, of 25° 
was found to be optimal for kerfing granite. With this angle, the ribs 
between the kerfs broke off uniformily and the kerf depth per 
traverse remained nearly constant. With limestone and shale, the 
ribs did not break off uniformly and the authors therefore suggested 
the use of combined jet-mechanical systems with these rocks.

Bendix Research Laboratories (Chadwick, 1972) conducted a 
series of high pressure kerfing tests with 0.20 to 0.35 mm diameter 
nozzles operating at pressures of 345 to 552 MPa (50,000 to 80,000

Fig. 12-23 Ket kerfs cut in Barre granite (Chadwick. 1972)
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Fig. 12-24 Jet kerfs cut in Dresser basalt (Chadwick, 1972)

psi). Feed rates of 2 to 38 cm/sec were used at standoff distances of 
1.27 to 3.81 cm. Fig. 12-22 shows a block of Barre granite being 
traversed under a high pressure nozzle during these tests.

The jets cut smooth, deep kerfs in Barre granite (Fig. 12-23), 
whereas considerable surface spalling occurred in Dresser basalt 
(Fig. 12-24).

Chadwick found that the specific energy (J/cm3) required to

Fig. 12-25 Jet kerfing data (Chadwick, 1972)
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FEEDRATE IIRMI

Fig. 12-26 Jet kerfing data (Chadwick, 1972)

remove the rock initially decreased as the jet pressure was increased 
as shown in Fig. 12-25. As the jet pressure was further increased, the 
specific energy passed through a minimum and began to increase.

TABLE 12-7
AVERAGE MINIMUM SPECIFIC ENERGIES 

(Chadwick, 1972)

Rock Type

Compressive
Strength 

(MPa)

Minimum Specific Energy 
(Joules/cc)

Kerf
Spacing

(cm)

Single
Cut 

(J/cc)

Multiple
Cut 

(J/cc)

Berea Sandstone 59.3 2,976 1,215 0.236
Salem Limestone 65.5 6,036 2,484 0.236
Tennessee

Marble 117 5,130 3,427 0.317
Westerly Granite — 6,895 4,289 0.254
Barre Granite 165 6,985 3,857 0.236
Charcoal Granite 242 4,249 3,963 0.317
Sioux Quartzite 372 10,834 6,611 0.317
Dresser Basalt 345 9,579 3,868 0.317
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TABLE 12-8
EFFECT OF TRAVERSE SPEED ON SINGLE KERFS 

IN BARRE GRANITE (Chadwick, 1973) 
(448 MPa, 0.305 cm nozzle diameter)

Feed
Rate 

(cm/sec)

Average
Kerf 

Depth
(cm)

Average
Kerf 

Width

Power
Output*

(kw)

Specific
Energy
(J/cc)

Specific
Kerfing
Energy 
(J/cm2)

2.12 0.98 0.12 23.3 93,500 11,200
4.23 1.08 0.13 23.3 39,200 5,100
6.35 0.75 0.12 23.3 40,800 4,890
8.48 0.62 0.13 23.3 34,100 4,430

12.7 0.61 0.12 23.3 25,100 3.010
17.0 0.55 0.11 23.3 22,700 2,490

Based on 0.75 Nozzle Coefficient.

This minimum corresponds to the most efficient drilling condition if 
all of the rock is removed by the jets. If the jets are used to produce 
kerfs to assist mechanical cutters, the optimum pressure may differ 
from this value since Specific Kerfing Energy (J/cm2), not Specific 
Energy (J/cm3), must be minimized in this case.

Chadwick also found that specific energy decreased with 
increased feedrate (i.e., traverse speed) and with decreased nozzle 
diameter as shown in Fig. 12-26.

The minimum specific energies obtained during these tests on 
six rocks tests ranged from 1,215 J/cc for Berea sandstone to 6,611 
J/cc for Sioux granite as shown in Table 12-7. The minimum specific 
energy for all of the rocks tested were obtained with 0.2 mm diameter 
nozzles operating at 345 MPa (50,000 psi). The optimum traverse 
speed was 38 cm/sec in all rocks except for Dresser basalt where the 
optimum speed was 19 cm/sec.

Chadwick (1973) conducted a series of tests which showed that 
the Specific Kerfing Energy for Barre granite decreased from 11,200 
to 2,490 J/cm2 as the traverse speed was increased from 2.12 to 17.0 
cm/sec (Table 12-8). The kerf width remained nearly independent of 
traverse speed. This shows the importance of traversing kerfing jets 
at high speeds.

As the jet pressure was increased, the kerfs became deeper, and 
the Specific Kerfing Energy remained nearly constant (Table 12-9). 
This shows that traverse speed has a much greater effect on kerf
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1
1

Fig. 12-27 Jet crater mechanisms (Kinoshita et al., 1972)

cutting efficiency than jet pressure provided the jet pressure exceeds 
the threshold pressure required to effectively cut the rock.

Kinoshita et al., (1972) conducted a series of drilling and kerfing

TABLE 12-9
EFFECT OF JET PRESSURE ON SINGLE KERFS IN BARRE GRANITE 

(Chadwick, 1973) 
(6.35 cm/sec Traverse Speed)

Jet
Pressure 

(MPa)

Nozzle
Diameter

(mm)

Average
Kerf 

Depth
(cm)

Average
Kerf 

Width
(cm)

Power
Output*

(kw)

Specific
Energy
(J/cc)

Specific
Kerfing
Energy
(J/cnr)

207 0.203 0.16 0.24 3.23 13,200 3,180
345 0.203 0.23 0.22 6.95 21,600 4,760
448 0.203 0.38 0.23 10.4 18,700 4,310
207 0.305 0.26 0.27 7.28 16,300 4,410
345 0.305 0.71 0.15 15.7 23,200 3,480
448 0.305 0.81 0.12 23.3 37,700 4,530

Based on 0.75 Nozzle Coefficient.
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tests using multistage intensifiers to produce pressures up to 1,667 
MPa (242,000 psi). At low pressures, the jets produced cylindrical 
craters whereas at higher pressures the jets broke out large pieces of 
rock due to the water hammer effect (Fig. 12-27).

Kinoshita designed a jet tunneling machine which would utilize 
nine nozzles operating at 490 MPa (71,000 psi). The 0.50 mm 
traversing jets (150 cm/sec) on this tunneling machine would cut 
kerfs ranging from 0.4 cm deep in gabbro to 2.0 cm deep in sandstone 
(Table 12-10). These data correspond to a standoff distance of 0.5 
cm. With the smaller diameter jets (0.25 mm), the Specific Kerfing 
Energy ranged from 250 J/cm2 in sandstone to 1060 J/cm2 in gabbro 
whereas with the larger diameter jets (0.50 mm), the specific kerfing 
energy ranged from 320 to 1,590 J/cm2.

The specific kerfing energies obtained by Kinoshita are the 
lowest values reported in the literature for hard rocks such as granite 
and basalt. This was apparently due to the high pressures and the 
small diameter nozzles used in these tests.

Matsumoto et al. (1972) conducted a series of jet traversing tests

TABLE 12-10
JET KERFING TESTS 
(Kinoshita et al., 1972)

Nozzle Jet Flow Power Kerf Traverse
Specific
Kerfing

Rock Diameter Pressure Rate Output Depth Speed Energy
Type (mm) (MPa) (1/min) (kw) (cm) (cm/sec) (J/cm2)

Sand
stone 

Diorite 
Granite 
Basalt 
Andesite 
Gabbro
Sand

stone 
Diorite 
Granite 
Basalt 
Andesite
Gabbro

0.25
0.25
0.25
0.25
0.25
0.25

490
490
490
490
490
490

2.9 23.8 0.64 150 250
2.9 23.8 0.48 150 330
2.9 23.8 0.32 150 500
2.9 23.8 0.25 150 630
2.9 23.8 0.22 150 720
2.9 23.8 0.15 150 1,060

0.50
0.50
0.50
0.50
0.50
0.50

490
490
490
490
490
490

11.7
11.7
11.7
11.7
11.7
11.7

95.3 2.0 150 320
95.3 1.7 150 370
95.3 1.0 150 640
95.3 0.73 150 870
95.3 0.55 150 1,160
95.3 0.40 150 1,590
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on blocks of sandstone and granite and found that the following 
emperial formula describes the kerf depth:

h = 0.19
d25Vj22

L0.22Vn0.38a“
0)

where

h = kerf depth (mm)
d = nozzle diameter (mm) 
Vj = jet velocity (m/sec) 
vn = nozzle traverse velocity (mm/sec) 
L = standoff distance (mm) 

ctc = rock compressive strength (kg/cm2)

This formula accurately describes jet kerfing of granite underwa
ter under the following range of test parameters:

L = 10 to 100 mm
vn = 5 to 100 mm/sec
Vj = 325 to 700 m/sec
d = 0.69 to 1.03 mm

*
Specific Kerfing Energy (S.K.E.), which is a true measure of 

kerfing efficiency for combined Jet/Mechanical systems, is defined 
as:

Power Input kl d’ v'3
S.K.E. =----------------------------------=----------------------

Kerf Depth x Traverse Speed h vn
(4)

where kt is a proportionality constant. 
Substituting Eq 3 into Eq 4 yields:

S.K.E. = k2
L0-22Vj0-8a(

vn° 62d° 5
(5)

where k2 is a proportionality constant.

The power required to produce kerfs with a hybrid jet/mechani
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(6)

where:

h = ho [l-exp (-k2p2-d)]
u
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cal system is minimized when the specific kerfing energy is 
minimized. Eq. (5) shows that within the range of test conditions, the 
b.K.E. is decreased by decreasing the standoff distance (L) and the jet 
velocity (Vj) (i.e. jet pressure) and by increasing the traverse speed 
(vn) and the nozzle diameter (d).

These results are consistent with the findings of other investiga
tors, but Matsumoto is the first investigator to quantify the effects of 
all of these variables.

Mellor (1972A) conducted a series of jet kerfing tests in frozen 
soil and ice and found that kerf depth varied approximately as:

h = kerf depth 
h0 = kerf depth as u - ° 
u = traverse speed 
d = nozzle diameter 

k2 = constant
p = nozzle pressure

TABLE 12-11
JET KERFING DATA IN ICE 

(Mellor, 1974)

Specific
Jet Nozzle Traverse Kerf Jet Kerfing

Pressure Diameter Speed Depth Power* Energy
(MPa) (mm) (cm/sec) (cm) (kw) (J/cnrr)

104 0.203 1.52 12.6 1.53 80
104 0.203 5.74 2.2 1.53 121
104 0.203 17.3 1.0 1.53 88
207 0.203 1.52 18.3 4.32 155
207 0.203 5.74 8.2 4.32 92
207 0.203 17.3 3.0 4.32 83
310 0.203 5.74 11.6 7.93 119
310 0.203 17.3 3.8 7.93 120

‘Assumes 1.0 Nozzle Coefficient.
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Mellor conducted kerfing tests in ice at pressures up to 310 MPa 
(45,000 psi). Kerfs up to 18.3 cm deep were cut during these tests as 
shown in Table 12-11. The specific kerfing energy required to cut the 
ice was relatively insensitive to jet pressure and traverse speed, 
ranging from 80 to 155 J/cm2, These tests were conducted with 
standoff distances of 0.64 to 1.27 cm.

Mellor extrapolated these data and concluded that a 9.27 mm 
diameter nozzle operating at 138 MPa (20,000 psi) would cut a 1.83 
m deep kerf in ice while traversing at a speed of 5 knots. If three of 
these jets were used to cut parallel kerfs ahead of an icebreaker, the 
hydraulic power requirement would be 14,500 kw. This calculation 
involves a large extrapolation from the shallow tests and therefore 
may not be accurate.

Harris and Mellor (1974A) conducted an extensive series of jet 
kerfing tests in Berea sandstone, Indiana limestone, and Barre 
granite. The S.K.E. required to cut kerfs in these rocks decreased 
rapidly with increased traverse speed as shown in Table 12-12. For 
example, the S.K.E. required to cut Barre granite decreased from 
15,000 to 3,640 J/cm2 as the traverse speed was increased from 0.64 
to 5.94 cm/sec.

The Specific Kerfing Energy required to cut Berea sandstone and 
Indiana limestone increased slightly with increased jet pressure

TABLE 12-12
EFFECT OF TRAVERSE SPEED ON JET KERFING 

(Harris & Mellor, 1974A)

Specific
Traverse Jet Nozzle Kerf Kerf Jet Kerfing

Rock Speed Pressure Diameter Depth Width Power Energy
(cm/sec) (MPa) (mm) (cm) (cm) (kw) (J/cm2)

Berea SS 0.65 104 0.254 0.43 0.064 2.41 8,620
Berea SS 1.54 105 0.254 0.33 0.064 2.44 4,800
Berea SS 5.97 105 0.254 0.28 0.064 2.44 1,460
Berea SS 18.20 104 0.254 0.22 0.064 2.41 600
Indiana LS 0.65 107 0.305 0.64 0.064 2.51 6,030
Indiana LS 1.59 106 0.305 0.51 0.069 2.48 3,060
Indiana LS 5.94 106 0.305 0.36 0.084 2.48 1,160
Indiana LS 17.6 106 0.305 0.23 0.084 2.48 610
Barre GN 0.64 210 0.203 0.46 0.033 4.42 15,000
Barre GN 1.57 207 0.203 0.33 0.033 4.32 8,300
Barre GN 5.94 207 0.203 0.20 0.033 4.32 3,640
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TABLE 12-13
EFFECT OF JET PRESSURE ON JET KERFING 

(Harris & Mellor 1974A)

Specific
Jet Nozzle Traverse Kerf Kerf Jet Kerfing

Rock Pressure Diameter Speed Depth Width Power Energy
(MPa) (mm) (cm/sec) (cm) (cm) (kw) (J/cnr)

Berea SS 13.8 0.381 164 0.020 0.046 0.26 79
Berea SS 20.7 0.381 165 0.036 0.099 0.48 81
Berea SS 27.9 0.381 164 0.050 0.12 0.75 91
Berea SS 41.4 0.381 165 0.086 0.13 1.36 96
Berea SS 55.2 0.381 165 0.120 0.13 2.09 106
Berea SS 69.0 0.381 165 0.170 0.12 2.92 104
Indiana LS 105 0.254 164 0.13 0.084 2.44 114
Indiana LS 207 0.254 161 0.28 0.074 6.75 150
Indiana LS 276 0.254 160 0.36 0.058 10.40 181
Barre GN 103 0.203 1.57 0.10 0.64 1.52 9,700
Barre GN 207 0.203 1.57 0.33 0.033 4.32 8,300
Barre GN 304 0.203 1.57 0.56 0.033 7.69 8,700
Barre GN 421 0.203 1.57 0.81 0.030 12.50 9,800

whereas increased jet pressure had little effect on the S.K.E. required 
to kerf Barre granite (Table 12-13). All of these tests were conducted 
with a nozzle standoff distance of 0.64 cm.

Calkins and Mellor (1976) conducted field tests where water jets 
were used to deice the walls of the St. Lambert and the Soo Locks. 
These tests were conducted with a water jet cleaning pump (90 kw) 
which delivered up to 78 liters/min at pressures up to 69 MPa 
(10,000 psi). Although pumping problems were encountered, these 
tests demonstrated that high pressure water jets are capable of 

deicing lock walls.
Cooley (1972B) stated that high pressure water jets disintegrate 

rock by three main fracture modes: 1) granular erosion, 2) shear 
craters, and 3) tensile splitting as shown in Fig. 12-28. He stated that 
in most cases, stress waves or shock waves produced by water 
impact (“water hammer”) do not play a major role in fragmenting

Crow (1973A) developed a jet kerfing theory which takes into 
account the jet parameters, traverse speed, and rock properties. Crow 
(1973B) modified this theory to take into account the effect of rock 
porosity on the jet cutting mechanism. The model for this theory is 

shown in Fig. 12-29.
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Fig. 12-29 Jet kerfing model (Crow, 1973B)



259
High Pressure Jet Drills (Continuous)

This theory predicts that the rate at which kerf area is produced 
reaches a maximum (hv)max as the jet traverse speed approaches 
infinity. This limit equals:

2 kdopo
V J max “ ' '----  (1 “ e -p.W0°)

hfp-rg

where:
do = Nozzle Diameter

f = Rock Porosity 
g = Rock Grain Diameter
h = Kerf Depth
k = Rock Permeability Coefficient 

po = Jet Pressure
v = Jet Traverse Speed
t) = Fluid Viscosity

p_r = Coefficient of Internal Friction 
jjlw = Coulomb Friction Coefficent For Rough 

Cavitating Surface 
0o = Jet Impact Angle

(7)

TABLE 12-14
EFFECT OF JET PRESSURE ON KERFING IN 

WILKESON SANDSTONE (Crow et al., 1973)

Specific
Jet Nozzle T raverse Kerf Power* Kerfing

Pressure Diameter Speed Depth Output Energy
(MPa) (MM) (cm/sec) (cm) (kw) (j/crrr)

22 0.76 25 0.035 2.10 2,400
30 0.76 25 0.095 3.34 1,410
38 0.76 25 0.16 4.76 1,190
47 0.76 25 0.38 6.54 690
52 0.76 25 0.42 7.61 720
65 0.76 25 0.69 10.6 610
78 0.76 25 0.91 14.0 620
95 0.76 25 1.21 18.8 620

109 0.76 25 1.50 23.1 620

122 0.76 25 1.85 27.4 630

55 0.76 500 0.013 8.3 1,270

77 0.76 500 0.040 13.7 690

102 0.76 500 0.072 20.9 580

129 0.76 500 0.106 29.8 560

Assumes 100% Nozzle Efficiency
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Fig. 12-30 Kerf depth vs. number of traverses (Crow, 1974C)

Equation (7) shows that the kerfing cutting rate increases with 
increased rock permeability, nozzle diameter, and jet pressure and 
decreases with increased fluid viscosity, rock porosity, and rock 
grain diameter. The optimum angle of impingement which depends 
on jiw and on the traverse speed, always lies between tt/2 and it.

Crow et al. (1973) conducted a series of jet kerfing tests in 
Wilkeson sandstone (57 MPa Compressive Strength). The S.K.E. 
which decreased with increased jet pressure was a minimum of 560 
J/cm2 with a 129 MPa jet traversing at 500 cm/sec (Table 12-14).

Crow (1974C) found some discrepancies between the kerfing 
theory and experimental results and he subsequently developed the 
universal law of hydraulic rock cutting.” This empirical theory 

predicted that the kerf depth varies as:

(p<> Pc)
a = J do F(v/ce), (8)
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where:
a = Kerf Depth 
j = Number of Traverses 

p = Jet Pressure 
pc = Threshold Jet Pressure 
To = Rock Shear Strength 

= Nozzle Diameter
v = Traverse Speed 

c = Intrinsic Traverse Speed
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This relationship shows that kerf depth increases linearly with 
increased jet pressure, nozzle diameter, and number of traverses and 
that a threshold jet pressure must be exceeded before a kerf is 
formed. Fig. 12-30 shows the relationship between kerf depth (a) and 
the number of traverses (J).

The empirical function F representing the effect of traverse speed 
on kerf depth is shown in Fig. 12-31.

Hurlburt et al. (1974) found good agreement between Crow’s 
theory and measured kerf depths for Wilkeson sandstone, Red 
granite, and White granite as shown in Fig. 12-32. Berea sandstone 
did not correlate well with the theoretical curves, probably due to its 
very high permeability. The constant C in Fig. 12-32 is defined as the 
“intrinsic rock cutting speed” and equals:

where To is the rock shear strength.

(9)

TABLE 12-15
EFFECT OF TRAVERSE SPEED ON JET KERFING 

(Hurlburt et al., 1974)

Specific
Compressive Traverse Kerf Hydraulic Kerfing

Rock Strength Speed Depth Power Energy
Type (MPa) (cm/sec) (cm) (kW) (J/cnrr)

Wilkeson
Sandstone 57 1.52

15.2 
152.0

4.2
1.8
0.61

37.3
37.3
37.3

5,840
1,360

402
Berea
Sandstone 71 1.52 6.6 37.3 3,720

15.2 3.9 37.3 630
152.0 1.5 37.3 164

Red
Granite 117 1.52 2.1 37.3 11,700

15.2 0.84 37.3 2,920
152.0 0.30 37.3 820

White
Granite 134 1.52 2.0 37.3 12,300

15.2 0.94 37.3 2,610
152.0 0.33 37.3 740
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BEREA SANDSTONE 1 
WILKESON SANDSTONE J

v/c

Fig. 12-32 Jet kerfing data (Hurlburt et al., 1974)

BEREA SANDSTONE
WILKESON SANDSTONE
RED GRANITE
WHITE GRANITE

Po-- 59.700 psi, 
do = OOl4 IN

Po= i8,700dsi. 

do=OO3OIN

, A

Fig. 12-33 shows kerfs cut in White granite (left) and Red granite 
(right) by 0.36 mm jets operating at 412 MPa (59,700 psi). The kerf 
depths decreased (left to right) as the traverse speed was increased 
from 1.52 to 152 cm/sec.

Hurlburt et al., (1974) found that the Specific Kerfing Energy 
decreased rapidly with increased traverse speed for all of the rocks 
tested as shown in Table 12-15. There is apparently less energy loss

TABLE 12-16
ROTATING NOZZLE KERFING DATA IN BEREA SANDSTONE 

(Harris & Brierley, 1974)

Run
No.

Average
Jet Jet Traverse Kerf Kerf

Diameter Pressure Speed Width Depth
(mm) (MPa) (m/min) (cm) (cm)

Specific
Energy
(J/cc)

Specific
Kerfing
Energy
(J/crrr)
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Fig. 12-34

Fig. 12-35

Loci of a two-jet nozzle (Harris & Brierley, 1974)

Rotating nozzle body (Harris & Brierley. 1974)
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Fig. 12-36 Kerfs cut with rotating jets (Harris & Brierley, 1974)

due to turbulence in the shallower kerfs produced at the higher 
traverse speeds.

Harris and Brierley (1974) translated rotating jets across rock 
surfaces to cut wide kerfs as shown in Fig. 12-34. This technique 
produces high jet traverse speeds and allows the jets to cut kerfs 
wide enough for the nozzles to pass down into the kerfs. This 
overcomes the limitation of single jets where the nozzles are too 
large to pass into the kerfs.

Water was supplied to the drill body (Fig. 12-35) at pressures up

c

X 
X)

«S 
UJ 
tn

>. 
o 
u 
a* 
c

o

o 
a> 
a 
tn

Traverse speed Ut ft/sec

Fig. 12-37 Specific kerfing energy vs. traverse speed (Harris & Brierley, 1974)
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Troverse speed Ut ft/sec

Fig. 12-38 Specific energy vs. traverse speed (Harris & Brierley, 1974)

to 69 MPa (10,000 psi). Four different twin-jet nozzles ranging in 
diameter from 0.20 to 1.02 mm were used in the tests.

The nozzle was rotated at speeds of 0 to 1200 RPM and translated 
at speeds up to 18.3 cm/sec (0.6 ft/sec) across the rock. Fig. 12-36 
shows wide kerfs produced in Berea sandstone by the rotating jets. 
Data for these tests are presented in Table 12-16. Run 10 produced a 
much deeper kerf than Run 12 because of lower traverse speed and 
larger jet diameter.

Fig. 12-37 shows that the S.K.E. (SEa) required to cut the kerfs 
decreased rapidly with increased traverse speed. Traverse speed had 
less effect on Specific Energy (SEV) as shown in Fig. 12-38.

Frank and Lohn (1974) conducted a series of jet kerfing tests in 
native copper ore at pressures of 345 to 552 MPa (50,000 to 80,000 
psi) and at traverse speeds of 1.1 to 16.9 cm/sec. At these conditions, 
0.02 cm diameter jets produced kerf depths, h, equal to:

Vj
0.7 (—) 0.2

A r
(10)

d = Nozzle diameter
p = Pressure (MPa)

Vj = Jet Speed
Tr = Traverse Speed

This shows that for a given operating pressure, kerf depth varies 
as the -0.2 power of the traverse speed.
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Fig. 12-39 Submerged jet kerfing data (Cheung and Hurlburt, 1976)

Forman and Secor (1974) conducted a series of jet drilling tests 
where thin sheets of copper (0.0254 to 0.127 mm thick) were placed 
on the surface of blocks of Indiana limestone. Without the copper 
sheets, the water jets (1 mm diameter) produced 0.64 cm deep craters

TABLE 12-17
JET KERFING TESTS IN CONCRETE 

(Olsen, 1974)

Total Specific
Nozzle Jet T raverse Kerf Jet Kerfing

Pass Diameter Pressure Speed Depth Power Energy
Number (mm) (MPa) (cm/sec) (cm) (kw) (J/cnr)

1 0.152 413 25 0.32 6.82 850
2 0.152 413 25 0.42 6.82 1,300
3 0.152 413 25 0.55 6.82 1,490
4 0.152 413 25 0.75 6.82 1,450
5 0.152 413 25 0.85 6.82 1,600
1 0.305 413 25 0.75 27.4 1,460
2 0.305 413 25 1.20 27.4 1,830
3 0.305 413 25 1.45 27.4 2,270
4 0.305 413 25 1.70 27.4 2,580
5 0.305 413 25 1.90 27.4 2,880
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PSi) With 0 127 Ik1"! Cm deeP Cra-t6rS 3t 138 MPa (2°’000
P ). With 0.127 mm thick copper sheets on the rock surfaces, 138 
MPa jets produced no craters in. Indiana limestone. These tests led 
the authors to conclude that “in order for fracture initiation to occur 
in rocks subject to jet impringement, the water from the jet must 
penetrate the pore space of the rock and become pressurized. This 
means that the ease with which a fluid can flow through the pore 
space ot a rock, along with the strength properties of the rock, 
governs whether the rock lends itself to jet penetration.” This is an 
important conclusion which sheds much light on the jet cutting 
mechanism.

Flow Research (Olsen, 1974) conducted an extensive series of jet 
kerfing tests in concrete. Both the kerf depth and the S.K.E. 
increased with multiple passes, indicating that the initial pass was 
the most energy efficient (Table 12-17). These data also show that the 
smaller diameter jets removed the rock more efficiently. It is likely 
that the S.K.E. required to kerf concrete would have been less at 
lower jet pressures because of the low strength of this material.

Flow Research (Cheung and Hurlburt, 1976) conducted a series 
of kerfing tests in Red granite (117 MPa compressive strength). These 
tests were conducted with 0.2 to 0.35 mm diameter nozzles

TABLE 12-18
EFFECT OF JET PRESSURE ON

SPECIFIC KERFING ENERGY IN INDIANA LIMESTONE 
(Labus, 1976)

Average Specific
Jet Traverse Kerf Kerf Power Specific Kerfing

Pressure Speed Depth Width Output Energy* Energy
(MPa) (cm/sec) (cm) (cm) (kw) (J/cm5) (J/crrr)

1,000-1,100 10.1 4.20 0.31 307 6,630 7,240
900-1,000 10.1 4.12 0.31 259 5,570 6,220
800-900 10.1 4.60 0.31 230 4,420 4,950
700-800 10.1 3.75 0.31 190 5,240 5,020
600-700 10.1 3.64 0.31 138 6,040 3,750
500-600 10.1 3.91 0.31 117 7,100 2,960
400-500 10.1 3.30 0.31 76 4,910 2,280
300-400 10.1 3.32 0.31 56 5,220 1,670
200-300 10.1 2.68 0.31 38 2,760 1,400
100-200 10.1 1.67 0.31 14 2,620 830

0-100 10.1 1.11 0.31 5 1,490 445

‘Based on Measured Kerf Volumes
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TABLE 12-19
EFFECT OF JET PRESSURE ON

SPECIFIC KERFING ENERGY IN INDIANA LIMESTONE 
(Labus, 1976)

'Based on Measured Kerf Volumes

Average
Specific
Energy*
(J/cm3)

Specific
Kerfing
Energy
(J/cnr)

Jet
Pressure 

(MPa)

Traverse
Speed 

(cm/sec)

Kerf
Depth
(cm)

Kerf
Width
(cm)

Power
Output

(kw)

1,000-1,100 40.64 4.28 0.20 289 5,160 1,660
900-1,000 NO DATA AVAILABLE
800-900 40.64 4.76 0.20 223 4,000 1,150
700-800 40.64 3.33 0.20 164 3,740 1,210
600-700 40.64 3.60 0.20 140 3,470 960
700-600 40.64 2.96 0.20 106 3,960 880
400-500 40.64 2.75 0.20 83 3,750 740
300-400 40.64 2.97 0.20 57 1,900 470
200-300 40.64 2.69 0.20 33 1,370 300
100-200 NO DATA AVAILABLE

0-100 NO DATA AVAILABLE

operating at pressures up to 414 MPa (60,000 psi). These tests 
showed that kerf depth was fairly insensitive to standoff distance up 
to standoff distances of 13 mm. They also showed that submerged 
jets (344 MPa) produced deeper kerfs than jets in air at standoff 
distances up to 60 mm (Fig. 12-39). At larger standoff distances the 
jets in air were more effective. Cavitation may contribute to the good 
performance of the submerged jets at the low standoff distances.

Labus (1976) conducted a series of kerfing tests where 0.5 mm 
water jets were traversed across Indiana limestone at traverse speeds 
of 10.1 and 40.64 cm/sec as shown in Tables 12-18 and 12-19. These 
tests were conducted at pressures ranging up to 1,100 MPa (160,000 
psi).

These data show that both the Specific Energy and the Specific 
Kerfing Energy decrease as the jet pressure is reduced. This indicates 
that the jets were more efficient at the lower pressures.

As the traverse speed was increased from 10 to 40 cm/sec, the 
kerfs became narrower (0.2 cm vs 0.31 cm) and slightly shallower. 
The increased traverse speed significantly reduced the S.K.E., 
especially at the higher jet pressures. For example, at jet pressures of 
1,000 to 1,100 MPa (145,000 to 160,000 psi), the S.K.E. was reduced 
from 7,240 to 1,660 J/cm2 when the traverse speed was increased
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TRAVERSING RATE - cm/sec

Fig. 12-40 Kerfing data for Indiana limestone (Labus, 1976)

from 10 to 40 cm/sec. This corresponds to a 77% reduction in the 
power requirements for a kerfing bit in this rock. At 200 to 300 MPa 
(29,000 to 43,500 psi), the S.K.E. was reduced from 1,400 to 300 
J/cm2 which corresponds to a 79% reduction in power requirements.

For a given set of operating conditions (i.e., rock type, nozzle 
size, and pressure drop) there is an optimum traverse speed which 
minimizes the S.K.E. This corresponds to the speed where the kerf 
surface exposure rate (traverse speed x kerf depth) is maximum. 
Fig. 12-40 shows that at a pressure of 4,896 bars (71,000 psi), the 
cutting action of a 0.5 mm diameter jet is optimized at a traverse 
speed of 40 cm/sec. The optimum speed at 7,655 bars (111,000 psi) is 
higher than 50 cm/sec as evidenced by the fact that the curve is still 
increasing at this traverse speed.
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Labus found that interference between the jet and the walls of the 
kerf reduced the jet cutting efficiency. This is shown in Fig. 12-41 
where jets traversed across rock surfaces (Surface Cut) were much 
more effective than jets traversed along pre-existing kerfs (Kerf Cut). 
This jetwall interference contributes to the observed increased 
cutting efficiency with increased traverse speed.

Labus (1976) utilized 0.5 mm diameter jets to drill Massillom 
sandstone, Indiana limestone, and Milford Pink granite at pressures 
up to 1,220 MPa (177,000 psi). Typical data from these tests are 
presented in Table 12-20. Standoff distances of 2.54 cm were used in
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TABLE 12-20
JET DRILLING DATA 

(Labus, 1976)

Rock
Compressive Jet Hole Hole Measured Specific

Strength Pressure Depth Dia. Volume EnergyType (MPa) (MPa) (cm) (cm) (cm) (J/cc)

Sandstone 31.7 114 0.33 0.38 0.08 32,400
31.7 253 1.98 0.38 0.58 14,500
31.7 496 3.96 0.45 2.6 8,600
31.7 781 7.9 0.53 7.7 5,650
31.7 965 21.4 0.53 12.7 4,640
31.7 1,160 20.8 0.53 18.5 4,100

Limestone 33.8 154 0.95 0.38 0.16 25,300
33.8 245 2.00 0.38 0.50 16,100
33.8 389 2.54 0.43 1.45 10,900
33.8 585 8.12 0.48 3.9 7,330
33.8 852 11.8 0.50 10.0 4,920
33.8 949 14.0 0.50 12.0 4,780
33.8 1,220 21.2 0.53 22.2 3,710

Granite 225 111 0.06 0.20 0.01 248,000
225 241 0.07 0.22 0.06 131,000
225 398 0.22 0.20 0.22 74,300
225 597 0.63 0.20 0.60 49,000
225 771 0.96 0.16 1.0 42,600
225 947 0.86 0.20 1.7 33,700
225 1,200 2.40 0.23 3.1 25,900

all of the tests. In all cases, the specific energy decreased as the jet 
pressure was increased.

Labus found that the Specific Energy data can be normalized by 
plotting it against specific pressure (ratio of jet pressure to rock 
compressive strength) as shown in Fig. 12-42. This curve shows that 
specific energy varies as the -1.035 power of specific pressure.

IITRI (Labus & Silks, 1976) in conjunction with Goodman 
Equipment Corporation designed the water jet Coal Miner shown in 
Fig. 12-43. Four double-acting, high-pressure intensifiers (10:1 ratio) 
are used to deliver 109 liters/min at pressures up to 333 MPa (48,300 
psi). Eight high pressure jets (0.6 mm diameter) are used to cut the 
coal face. The carriage holding the intensifiers and nozzles can be 
controlled manually or automatically.

This miner is 0.9 m high, 3 m wide, 14.9 m long and weighs 19 
tons. It is designed to mine coal seams from 1.5 to 2.5 m high at rates 
up to 6 tons/min. To date, this hydraulic miner has not been built.
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Fig. 12-43 IITRI Goodman hydraulic coal miner (Labus & Silks, 1976)
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discharge

Fig. 12-44 Scientific associates pulsed water jet (Nebeker & Rodriquez, 1973)

Scientific Associates (Nebeker and Rodriquez, 1973) have de
veloped a technique for producing percussive jets by breaking 
continuous jets into individual droplets as shown in Fig. 12-44.

The percussive jets are produced by modulating the flow rate 
entering the jet nozzle (i.e., cycling the discharge velocity about the 
average velocity) as shown in Fig. 12-45. The modulation amplitude 
is small compared to the average discharge velocity. This periodic 
variation in the discharge pressure causes the water jet to break up 
into individual droplets.

The flow rate modulator shown in Fig. 12-46 is used to interrupt 
the flow rate through the nozzle. Water entering the nozzle flows 
through slits in the rotor and stator cylinders. As the rotor cylinder 
rotates, water flowing through the slits is interrupted, thereby 
producing pressure fluctuations in the jet.

Fig. 12-47 shows photographs of a pulsed water jet and a 
conventional water jet. The pulsed jet is broken into individual 
droplets which are equally spaced apart.

Nebeker found that the percussive jets drilled granite, limestone,

Fig 12-45 Jet discharge modulation (Nebeker & Rodriquez, 1973)
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ft

Fig. 12-46 Flow rate modulator (Nebeker & Rodriquez, 1973)

Fly. 12-47 Percussive waterjet (Nebeker & Rodriquez, 1973)
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Fig. 12-48 Percussive jet crater in granite (Nebeker & Rodriquez, 1973)

and sandstone more effectively than continuous jets. These tests 
were conducted with 1.52 mm diameter jets operating at 57.2 MPa 
(8,300 psi) and at standoff distances of 10 cm.

A percussive jet (5,000 cps) produced a 1.5 cm diameter x 0.51 
cm deep crater in Black California granite (371 MPa compressive 
strength) in one second as shown in Fig. 12-48. A continuous jet 
(unmodulated) at the same pressure (57.2 MPa) produced only slight 
discoloration of the rock surface.

Nebeker found that the optimum standoff distance was 10 cm in 
these tests. The crater diameters and depths at standoff distances of 5

TABLE 12-21
PERCUSSIVE JET KERFING TESTS 

(Nebeker and Rodriquez, 1976)

Rock
Compressive

Strength 
(MPa)

Jet
Pressure 

(MPa)

Pulse
Rate
(cps)

Traverse
Speed 

(cm/sec)

Kerf
Depth
(cm)

Kerf
Width
(cm)

Sandstone 28-55 57.2 5,000 30.5 1.02 1.27
Sandstone 28-55 57.2 2,000 30.5 1.02 1.27
Sandstone 28-55 57.2 0* 30.5 0.51 1.27

Limestone 159-200 57.2 5,000 6.1 1.02 1.27
Limestone 159-200 57.2 2,000 6.1 0.51 1.27
Limestone 159-200 57.2 0* 6.1 0.25 1.27

Continuous Jet
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Fig. 12-49 Percussive jet kerfs in sandstone (Nebeker & Rodriquez, 1973)

and 15 cm were about half of those obtained at a standoff distance of 
10 cm. Nebeker also found that reducing the modulation frequency 
from 5,000 to 2,000 cycles/sec greatly reduced the percussive jet 
effectiveness. Specific energies of 100,000 to 200,000 Joules/cc were 
obtained in these tests. Additional tests indicated that the specific 
energy can possibly be reduced by a factor of 2 or 3 by reducing the 
exposure time from one second to a few tenths of a second.

Nebeker also conducted a series of traversing tests on blocks of 
Santa Maria stone limestone and Barbara sandstone (Fig. 12-49).

I he kerfs cut by the percussive jets were 2 to 4 times deeper than 
those cut by continuous jets (Table 12-21). It is interesting to note 
that the kerf widths were identical for the percussive and continuous 
jets. Additional tests should be run to determine if percussive jets 
retain their advantage over continuous jets at higher jet pressures.

Rehbinder (1977) developed a jet kerfing theory based on the 
assumption that the stagnation pressure at the bottom of the kerf, po, 
equals:

Po = pre ph/D
where:
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P = Empirical Constant
D = Kerf Width
h = Kerf Depth

Pr = Jet Stagnation Pressure

This theory predicts that when the jet stagnation pressure exceeds 
the threshold pressure (po > pth), the kerf depth varies as:

4" = 100 In (1 + -§.*P°T ) 
d IxlD 1

where:

1 = Average Rock Grain Diameter
T = Exposure Time
|x = Dynamic Viscosity of Water
k = Permeability

The time, T, that the rock is exposed to the jet equals:

(13)

where:

n = Number of Traverses
d = Nozzle Diameter
v = Traverse Speed

This theory predicts that the maximum kerf depth that can be 
achieved is:

(4-) max = 100 In (po/pth) (14)

a

Fig. 12-50 shows a dimensionless plot of the kerf depth predicted by 
this theory.

Rehbinder conducted a series of jet kerfing tests which showed 
that the shapes of the kerf depth-exposure time curves are similar to 
the theoretical curves. With Lemunda sandstone (d = 1.3 mm; 
po = 220 MPa), the measured kerf depths were less than the 
theoretical values (Fig. 12-51); whereas, with Stockholm granite and 
Bohus granite, the measured depths were greater.
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Fig. 12-50 Theoretical kerf depth (Rehbinder, 1977)

Continental Oil (Miller, 1977) patented the high pressure jet 
rotating bit shown in Fig. 12-52. This drill was designed for drilling 
methane drainage holes in coal. This assembly contains seals (17 & 
18), radial bearings (16), and thrust bearings (15) which allow the bit

Fig. 12-51 Jet kerfing data (Rehbinder, 1977)
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Fig. 12-52

I2

Continental Oil jet drill (Miller, 1977)

to rotate on the shaft (11). The nozzles (25) are slanted at an angle to 
apply torque to the bit and thereby rotate it at high speed.

Flow Research (Reichman and Cheung, 1978) utilized oscillating 
jets to cut deep kerfs in sandstone, limestone, and granite. Two 
orifice nozzles were oscillated through angles (0) up to 50° as shown 
in Fig. 12-53. The oscillating jets require no rotary seal, thereby 
overcoming a major problem with rotating jets.

The oscillating jets produce a curved pattern on the rock as 
shown in Fig. 12-54. The oscillating jets cut wide kerfs which allow 
the nozzles to penetrate into the kerfs. This reduces the nozzle 
standoff distance and allows the jets to cut much deeper kerfs than 
single jets where the kerf depth is limited due to large nozzle/rock 
standoff distance.

Motion

Fig. 12-53 Oscillating jet (Reichman & Cheung, 1978)
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Feed Direction 
of Rock

Front-Facing Jet

Rear-Facing Jet

Fig. 12-54 Coverage pattern for oscillating jet (Reichman & Cheung, 1978)

Fig. 12-55 Kerfs cut in Wilkeson sandstone by oscillating jets (Reichman & Cheung, 1977)
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1. O 2 A 3. 

Fig. 12-56 Oscillating jet kerfing data (Reichman & Cheung, 1978)

Fig. 12-55 shows kerfs cut in Wilkeson sandstone by oscillating 
jets (171.5 MPa; 0.8 mm diameter) at traverse speeds ranging from 
17.5 cm/sec at the left to 2.5 cm/sec at the right.

The kerf area cutting rate (kerf depth x traverse speed) in 
Wilkeson sandstone passed through a maximum as the traverse 
speed was increased as shown in Fig. 12-56. This maximum 
corresponds to the most efficient kerfing condition (i.e., minimum 
S.K.E.). A maximum cutting rate of 910 mm2/sec was obtained at a 
traverse speed of 150 mm/sec (172 MPA; 0.7 mm diameter) which 
corresponds to a SKE of 6,040 J/cm2.

At a traverse speed of 10.2 cm/sec (4 ips), the kerf area cutting 
rate was a maximum at oscillating frequencies of 19 to 22 Hz as 
shown in Fig. 12-57. This maximum corresponds to the most 
efficient kerfing conditions (i.e., minimum S.K.E.).
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Sandstone Sample >4------------------
Granite Sample >6 —-----------
Granite Sample #5------------------

Fig. 12-57 Effect of oscillating frequency on deep-kerfing (Reichman & Cheung, 
1978)

Nozzle Manifold
Five Nozzle

of Material Between Slot
Fig. 12-58 Linear deep-kerf nozzle (Reichman & Cheung, 1978)

Hydraulic Breakout Tool

All Wheel Drive 
Articulated Vehicle 
(Davis, Ditch Witch. Parsons)

3 Point Hitch Linkage

Water Jet Rock Trencher

Fig. 12-59 Oscillating jet trenches (Huzarik et al,, 1977)
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Fig. 12-60 Oscillating jet pole-hole borer (Huzarik et al., 1977)

Reichman & Cheung, (1978) also used a five nozzle manifold to 
cut deep kerfs in sandstone and granite as shown in Fig. 12-58. 

The tests showed that for Charcoal granite, a kerf spacing of 15 
nozzle diameters was adequate to break out the rock ridges between 
the kerfs; whereas with Wilkeson sandstone, a kerf spacing of 7 
nozzle diameters or less was required.

Reichman and Cheung also used the linear kerfing concept in a 
75 kw coring head (306 MPa) which used five jets to cut a core in 
charcoal granite at the rate of 11.3 m/hr when rotating at 60 RPM.

Huzarik et al. (1977) proposed using oscillating jets to cut 
trenches in soft and hard rocks as shown in Fig. 12-59. A mechanical 
breakout device would break out the rock between the deep-kerfs in 
large pieces, thereby greatly reducing the amount of rock that must 
be eroded. It was estimated that a 188 kw trenching machine would 
cut a 0.1 m wide x 0.15 m deep kerf in rock at the rate of 6.7 m/hr.

4

8

Air

High-pressure liquid

777777,

7ZZZZZZ.
7

Fig. 12-61 Shrouded jet nozzle (Yahiro & Yoshida, 1977)
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Fig. 12-62 Shrouded jet pressures (Yahiro & Yoshida, 1977)

Huzarik et al. also proposed the waterjet pole-hole boring drill 
shown in Fig. 12-60. They calculated that this device would drill 
0.36 m diameter holes in rock at rates of 2.5 m/hr. The jets would cut 
a wide kerf and allow a large diameter core to be removed 
mechanically.

Yahiro and Yoshida (1977) patented the concept of extending the 
effective standoff distance of high pressure water jets by using an air 
shroud around the water jet. Air or some other gas is introduced into 
the outer annular ring (8) of a concentric nozzle while high pressure 
water is pumped through the center nozzle (7) as shown in Fig. 
12-61. The gas jet is discharged at a velocity which is at least half the 
speed of sound in the gas.

The air jets significantly improve the effectiveness of underwater 
jets as shown in Fig. 12-62 where Pm/Po is the ratio of the jet pressure 
at the indicated standoff, Pm, to the jet pressure at the nozzle, Po. For
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Fig. 12-64 High pressure jet drilling data (Summer et al., 1978)

Physics International (Godfrey, 1973) patented the pulsed jet 
drilling system shown in Fig. 12-65. This drill utilizes methane gas 
explosions to fire high-pressure water jets from the drillhead (12).

Methane gas and water are pumped down concentric drillpipe 
and into combustion chamber (18). The methane gas is ignited by 
electrical detonator (34) located at the surface.

The high-pressure water jets issuing from the drillhead erode the 
rock as shown in Fig. 12-66.

Physics International patented the concept of using upward 
directed water jets (72) to produce downthrust on the nozzle as 
shown in Fig. 12-67. The reverse nozzles can be used to enlarge the 
well bore, thereby utilizing the energy dissipated across these 
nozzles.

Physics International patented the concept of pumping alternate 
slugs of gas (84) and water (82) down the drillstring and igniting the 
gas in a combustion chamber (82A) located above the drillhead as 
shown in Fig. 12-68. An electrical detonator (92) would be used to 
ignite the gas and produce high pressure water jets. The slugs of gas 
and water would be separated in the drillpipe by soft diaphragms 
(86).
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Fig. 12-65 PI pulsed jet drill (Godfrey, 1973)
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Physics International (Flagg, 1977) made a detailed feasibility 
study of this technique and recommended the ERODRILL system 
shown in Fig. 12-69. With this drill, propellant capsules are pumped 
down the drillpipe and ignited in a combustion chamber located

Fig. 12-67 Jet bit utilizing reverse jets (Godfrey, 1973)
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I^NlTABce.

Fig. 12-68 PI erosion drill (Godfrey, 1973)
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J

Fig. 12-69 Physics International Erodrill (Flagg, 1973)
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The W^OCiAATiON MO TED 
OKCNTED AS SHOWN

Fig. 12-70 Erodrill propellant capsule (Flagg, 1977)

above the drill bit. A spring-loaded check valve located at the top of 
the chamber prevents the pressure pulses from traveling up the 
drillstring.

The 26 cm long ERODRILL propellant capsules contain 16.2 N 
(3.63 lb) propellant as shown in Fig. 12-70. The capsules are ignited 
by piercing a hypergolic ignition fluid canister located at the front of 
the capsules.

The capsules produce 138 MPa (20,000 psi) pressure pulses 
which last for 0.5 sec as shown in Fig. 12-71. The pressure decreases 
back to ambient pressure in about 2 sec and then the process is 
repeated.

Physics International proposed firing the high pressure jets 
through tungsten carbide nozzles on modified tricone roller bits as 
shown in Fig. 12-72.

A check valve in the drill bit is open during normal circulation of 
the propellant cartridges down the drillpipe and into the combus
tion chamber. When the propellant cartridges are ignited, the high 
pressure in the combustion chamber closes the check valve, forcing 
all of the high pressure fluid through the nozzles.

Calculations made using available specific energy data showed 
that 15.7 N (3.54 lb) propellant charges would cut 10.7 cm deep by 
1.07 cm wide kerfs ahead of the bit in Darley Dale sandstone (1000 
J/cc specific energy). To double the advance rate from 6.1 to 12.2
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m/hr would require firing these charges at the rate of 2/min. This 
calculation is based on a 21.6 cm diameter bit.

The benefit of the ERODRILL system is greatest where rig costs 
are high (e.g., offshore wells or deep land wells). Fig. 73 shows that 
on deep land wells ($6,000/day) the ERODRILL system would be 
cheaper than conventional drilling if the capsules cost less than
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$2.40. This is based on the assumption that firing 2 capsules/min 
will double drilling rate. On offshore platforms ($15,000/day) the 
break-even cost is $5.60/capsule and on floating drillships ($75,000/ 
day), the breakeven cost is $28.00/capsule.

On offshore floating drillships ($75,000/day), the ERODRILL 
system would be cheaper than conventional drilling when the 
ERODRILL system increases drilling rate by more than 15% as 
shown in Fig. 12-74. This is based on a $4 capsule cost and on a 
firing rate of 2 capsules/min.

The ERODRILL system eliminates the need for high pressure 
pumps, high pressure swivels, and high pressure drillpipe. This is 
an important advantage because high pressure pumps are currently 
the major factor limiting the application of high pressure oil field 
bits. Eliminating the need for high pressure drillpipe is also 
important because in deep oil wells 300 to 500 joints of drillpipe are 
required and each is a potential leak point. The system has the 
disadvantage of potentially high propellant costs and the difficulty 
in maintaining downhole equipment.

Laboratory and field tests should be conducted on the ERODRILL 
because of the relative simplicity and high potential payout of this 
system.
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Capsule cost, dollars

Fig. 12-73 Erodrill deep drilling costs (Flagg, 1974)

R&D on continuous water jets should be increased because of the 
high potential economic payout for jet assisted mechanical drills. 
Research should be concentrated on reducing the specific kerfing 
energy required to cut kerfs in rock and on reducing the threshold 
pressure required to erode the rock.

REFERENCES

Bowen, J. T„ 1971: “Hydraulic Jet Drills,” U.S. Patent 3,565,191, February 
23.

Bresee, J. C„ Cristy, G. A., and McClain, W. C., 1970: “Research Results 
Show Interesting Potential of Hydraulic Tunneling,” Engineering & 
Mining Journal, July.

Bresee, J. C., Cristy, G. A., and McClain, W. C., 1972: “Some Comparisons of 
Continuous and Pulsed Jets for Excavation,” 1st Int. Symp. Jet Cutting 
Tech, BHRA Fluid Engineering, Cranfield, Bedford, England.

Brook, N. and Summers, D. A., 1969: “The Penetration of Rock by 
High-Speed Water Jets,” Int. Jour. Rock Mechanics, Vol. 6. October



High Pressure Jet Drills (Continuous) 297

Fig. 12-74 Erod rill offshore drilling costs (Flagg, 1974)

Calkins, D. and Mellor, M., 1976: “Investigation of Water Jets For Lock Wall 
Deicing,” 3rd Int. Symp. Jet Cutting Tech, BHRA Fluid Engineering, 
Cranfield, Bedford, England.

Chadwick, R. F., 1972: “Continuous High Velocity Jet Excavation—Phase I,” 
Final Report, Bendix Research Laboratories, Southfield, Michigan, 
Prepared For Bureau of Mines, May.

Chadwick, R. F., 1973: “Continuous High Velocity Jet Excavation Phase II,” 
Final Report, Bendix Research Laboratories, Southfield, Michigan, 
Prepared For Bureau of Mines, October.

Chironis, N. P., 1977: “Water-Jet Drilling For Roof Bolts May Save Time and 
Costs In Mines,” Coal Age, February.

Cheung J. B. and Hurlburt, G. H., 1976: “Submerged Water-Jet Cutting of 
Concrete and Granite,” 3rd Int. Symp. Jet Cutting Tech. BHRA Fluid 
Engineering, Cranfield, Bedford, England.

Cooley W. C., 1972: “Water Jets And Rock Hammers For Tunneling In The 
U S. and U.S.S.R.” Proc. 1st North America Rapid Excavation & 
Tunneling Conference, Chicago, Illinoi , June 5-7.



298 ADVANCED DRILLING TECHNIQUES

Crow, S. C., 1973A: "A Theory of Hydraulic Rock Cutting,” Int. Journal Rock 
Mechanics, Vol. 10.

Crow, S. C., 1973B: “The UCLA Hydraulic Rock Cutting Program: Progress 
Report I,” UCLA Report No. ENG-7389. November.

Crow, S. C., 1974A: “The Effect of Porosity on Hydraulic Rock Cutting,” Int. 
Journal Rock Mechanics, Vol. 11.

Crow, S. C., 1974B: “The UCLA Hydraulic Rock Cutting Program; Progress 
Report II,” UCLA Report No. ENG-7428, April.

Crow, S. C., 1974C: “Design Principles For Jet Tunneling Machines." UCLA 
Report No. ENG-7471, October.

Crow, S. C., Lade, P. V., and Hurlburt, G. H., 1973: “The Mechanics of 
Hydraulic Rock Cutting,” UCLA Report No. ENG-7384, November. 

Davies, D. A., 1969: “Some Experiments on Water Jet Cutting and 
Consideration of Its Use As A Drilling Tool in Rocks,” Aus. I.M. & M. 
Proceedings No. 232, December.

Elbert, K. E., Janssen, T. S. T. and Gotzmann, K. J., 1974: “Boring Device,” 
U.S. Patent 3,844,362, October 29.

Flagg, R. R., 1977: “A Feasibility Study of A Hybrid Erosion Drilling 
Concept,” Report No. PIFR-984, Physics International, San Leandro, 
CA, June.

Forman, S. E., and Secor, G. A., 1974: “The Mechanics Rock Failure by 
Water Jet Impingement,” Society of Petroleum Engineering Journal, 
February.

Frank, J. N. and Chester, J. W., 1971: “Fragmentation of Concrete With 
Hydraulic Jets,” USBM RI7572.

Frank, J. N. and Lohn, P. D., 1974: “Fragmentation of Native Copper Ores 
With Hydraulic Jets,” 2nd Int. Symp. Jet Cutting Tech., BHRA Fluid 
Engineering, Cranfield, Bedford, England.

Godfrey, C. S., 1973: “Erosion Well Drilling Method and Apparatus,” U.S. 
Patent No. 3,744,459, July 10.

Hahs, C. A., 1972: “Design Parameters For Water Jet Tunneling,” Proc. 14th 
Symp. Rock Mechanics, Penn. State Un., University Park, PA, June 
11-14.

Hamado, H., Fukuda, T., and Sijoh, A., 1974: “Basic Study of Concrete 
Cutting By High Pressure Continuous Water Jets,” 2nd Int. Symp. Jet 
Cutting Tech., BHRA Fluid Engineering, Cranfield, Bedford, England. 

Harris, H. D. and Brierly, W. H., 1974: “A Rotating Device and Data On Its 
Use For Slotting Berea Sandstone,” Int. Jour. Rock, Vol 11. 

Harris, H. D. and Mellor, M., 1974A: “Cutting Rock With Water Jets,” Int. 
Jour. Rock Meeh., Vol 11, p 343.

Harris, H. D. and Mellor, M., 1974B: “Penetration of Rocks By Continuous 
Water Jets,” 2nd Int. Symp. Jet Cutting Tech., BHRA Fluid Engineering, 
Cranfield, Bedford, England.

Hurlburt, G. H., Crow, S. C., and Lade, P. V., 1974: “Experiments In 
Hydraulic Rock Cutting,” UCLA Report No. ENG-7442, May. 

Huszarik, F. A., Reichman, J. M., and Cheung, J. B., 1977: “The Use Of 
High-Pressure Waterjets in Utility Industry Applications,” ASTM 
Erosion Prevention, and Useful Applications Conference, Vale, Colora
do, October 24-26.

Kennedy, J. L., 1970: “Government Research Related to Possible New 
Drilling Methods,” Oil and Gas Journal, May 4.



High Pressure Jet Drills (Continuous) 299

Kinoshita, T., Hoshino, K., and Takagi, K., 1972: “Rock Breaking With 
Continuous High Speed Water Jet Stream,” 1st Int. Symp. Jet Cutting 
Tech, BHRA Fluid Engineering, Cranfield, Bedford, England.

Labus, T. J., 1976: “Energy Requirements For Rock Penetration By Water 
Jets, 3rd Int. Symp. Jet Cutting Tech, BHRA Fluid Engineering, 
Cranfield, Bedford, England.

Labus, T. J. and Silks, W. M., 1976: “A Hydraulic Coal Mining Machine For 
Room and Pillar Applications,” 3rd int. Symp. Jet Cutting Tech, BHRA 
Fluid Engineering, Cranfield, Bedford, England.

Labus. T. J., 1978: “Cutting and Drilling of Composites Using High Pressure 
Water Jets.” 4th Int. Symp. Jet Cutting Tech, BHRA Fluid Engineering, 
Cranfield, Bedford, England.

Matsumoto, K., Hamada, H., Fukuda, T. and Shizyo, A., 1972: “High- 
Pressure Jet Cutting,” 1st Int. Symp. Jet Cutting Tech, BHRA Fluid 
Engineering, Cranfield, Bedford, England.

Maurer, W. C. and Heilhecker, J. K., 1969: “Hydraulic Jet Drilling,” Proc, of 
4th Conference on Drilling and Rock Mechanics, Un. of Texas, Austin, 
TX, Jan. 14-16.

McClain, W. C. and Cristy, G. A., 1970: “Examination of High Pressure 
Water Jets For Use In Rock Tunnel Excavation,” ORNL-HUD-1, Oak 
Ridge National Laboratory, January.

Melaugh, J. F., 1972: “The Effects of Confining Pressure on The Jet Erosion 
Cutting of Rock,” MS Thesis, Univ. Tulsa, Tulsa, OK.

Mellor, M., 1972A: “Jet Cutting In Frozen Ground,” 1st Int. Symp. Jet 
Cutting Tech., BHRA Fluid Engineering. Cranfield. Bedford. England. 

Mellor, M., 1972B: “Some Generalized Relationships For Idealized Jet 
Cutting,” 1st. Int. Symp. Jet Cutting Tech., BHRA Fluid Engineering, 
Cranfield, Bedford, England.

Mellor, M., 1974: “Cutting Ice With Continuous Jets,” 2nd Int. Symp. Jet 
Cutting Tech., BHRA Fluid Engineering, Cranfield, Bedford. England. 

Miller, T. R., 1977: "Jet Nozzle Drilling Assembly,” U.S. Patent 4,031.971, 
June 28.

Nebecker, E. B. and Rodriquez, S. E., 1973: “Percussive Water Jets For Rapid 
Excavation,” Final Report, Scientific Associates Inc., Santa Monica, CA, 
December (NTIS-772931).

Nebecker, E. B. and Rodriquez, S. E„ 1976: “Percussive Water Jets For Rock 
Cutting,” 3rd Int. Symp. Jet Cutting Tech, BHRA Fluid Engineering, 
Cranfield, Bedford, England.

Nikonov, G. P., 1970: “Research Into The Cutting of Coal By Small Diameter, 
High Pressure Water Jets,” Proc. 12th Symp. On Rock Mechanics, Un. 
Missouri-Rolla, November 16-18.

Nikonov G P. and Goldin, Yu. A., 1972: “Coal and Rock Penetration By 
Fine, Continuous High Pressure Water Jets.” 1st Int. Symp. Jet Cutting 
Tech., BHRA Fluid Engineering, Cranfield, Bedford, England.

Olsen, J. H., 1974: "Jet Slotting of Concrete,” 2nd Int. Symp. Jet Gutting 
Tech., BHRA Fluid Engineering, Cranfield, Bedford. England.

Pols, A. C., 1975: “Rotary Bit For Hydraulically Drilling Holes Into 
Underground Formations,” U.S. Patent 3,881,561, May 6.

Rehbinder, G., 1977: “Slot Cutting In Rock With A High Speed Water Jet,
Int. Jour. Rock Meeh, Vol 14.

Reichman, J. M. and Cheung, J. B„ 1978: “An Oscillating Water-jet



300 ADVANCED DRILLING TECHNIQUES

Deep-Kerfing Technique,” To be published in Int. Jour. Rock Meeh. 
Reichman, J. M., and Cheung, J. B., 1978A: ‘‘Waterjet Cutting of Deep-Kerfs,” 

4th Int. Symp. Jet Cutting Tech., BHRA Fluid Engineering, Cranfield, 
Bedford, England.

Savanich, G., Picketts, T. E., Lohn, P. D., and Frank, J. N., 1975: ‘‘Cutting 
Experiments Using A Rotating Water Jet In A Borehole,” Bureau of 
Mines RI-8095.

Sheshtawy, A. A., 1976: ‘‘Rotary Drilling Bit,” U.S. Patent 3,915,246. 
Summers, D. A., 1968: ‘‘Disintegration of Rock By High Pressure Jets,” PhD 

Thesis, Un. of Leeds. England.
Summers, D. A., 1972: “Water Jet Cutting Related to Jet and Rock 

Properties,” Proc. 14th Symp. on Rock Mechanics, Penn State Un., 
Univ. Park, June 11-14.

Summers, D. A., and Bushnell, D. J., 1976A: “Design of A Water Jet Drill For 
Development of Geothermal Resources,” Progress Report; Univ, of 
Missouri, Rolla, Missouri, June.

Summers, D. A., and Bushnell, D. J., 1976B: “Preliminary Experimentation 
of the Design of the Water Jet Drilling Device,” 3rd Int. Symp. Jet Cutting 
Tech, BHRA Fluid Engineering, Cranfield, Bedford, England.

Summers, D. A. and Cheung, J. B., 1976: “Environmental Effects On A High 
Pressure Jet Drill,” 31st Ann. Petr. Meeh. Eng. Conf., ASME, Mexico 
City.

Summers, D. A., et al., 1977: “Hydromechanical Drilling Holes Larger Than 
1 Inch in Diameter,” Proc. ASME 1977 Energy Tech. Conf. & Exhibit, 
Houston, TX, September 18-23.

Summers, D. A. and Henry, R. L., 1972A: “Water Jet Cutting of Sedimentary 
Rock,” Journal of Petroleum Technology, July.

Summers, D. A. and Henry, R. L., 1972B: “The Effect of Change in Energy 
and Momentum Levels on the Rock Removal Rate in Indiana Limes
tone,” 1st Int. Symp. Jet Cutting Tech, BHRA Fluid Engineering. 
Cranfield, Bedford, England.

Summers, D. A. and Lehnhoff, T. F., 1978: “Water Jet Drilling In Sandstone 
and Granite,” 4th Int. Symp. Jet Cutting Tech. BHRA Fluid Engineering, 
Cranfield, Bedford, England.

Summers, D. A., Baker, C. R. and Selberg, B. P., 1978: “Can Nozzle Design Be 
Effectively Improved For Drilling Purposes,” Preprint No. 78-PET-51, 
Presented at ASME Energy Tech. Conf. & Exhibit, Houston, TX., 
November 6-9.

Summers, D. A., Lehnhoff, T. F., and Weakly, L. A., 1978: “The Develop
ment of A Water Jet Drilling System and Preliminary Evaluations of Its 
Performance In A Stress Situation Underground,” 4th Int. Symp. Jet 
Cutting Tech, BHRA Fluid Engineering, Cranfield, Bedford, England. 

Summers, D. A., and Mazurkiewicz, M., 1976: “The Effect of Jet Traverse 
Velocity On The Cutting of Coal and Jet Structure,” 3rd Int. Symp. Jet 
Cutting Tech, BHRA Fluid Engineering, Cranfield, Bedford, England. 

Summers, D. A., and Peters, J. F., 1974A: “The Effect of Rock Anisotropy on 
the Excavation Rate in Barre Granite,” 2nd. Int. Symp. Jet Cutting Tech., 
BHRA Fluid Engineering, Cranfield, Bedford, England.

Summers, D. A., and Peters, J. F., 1974B: “Preliminary Experimentation on 
Coal Cutting in the Pressure Range of 35 to 200 MN/mz,” 2nd Int. Symp.



High Pressure Jet Drills (Continuous) 301

Jet Cutting Tech., BHRA Fluid Engineering, Cranfield, Bedford, En
gland.

Takahashi, H„ et al., 1974: “Water Jet Drill, U.S. Patent 3,865,202, February

Taylor, N. S. H. et al., 1974: "Tunneling Machine Having Generator Means 
For Liquid Jets Carried On Cutter Heads,” U.S. Patent 3,799,615, March 
26.

Van Strijp, A. J. R. and Feenstra, R., 1977: “Higher Pump Pressures Can 
Reduce Drilling Costs,” 1977 ASME Energy Technology Conference, 
Houston, TX, September 18-23.

Veenhuizen, S. D. and Cheun, J. B., 1977: “Parameters for Waterjet Drilling 
of Small-Diameter Holes,” Proc. ASME 1977 Energy Tech. Conf, and 
Exhibit, Houston, TX, September 18-23.

Veenhuizen, S. D. and Cheung, J. B., 1978: “Waterjet Drilling of Small 
Diameter Holes,” 4th Int. Symp. Jet Cutting Tech., BHRA Fluid 
Engineering, Cranfield, Bedford, England.

Wang, Fun-Den, Robbins, R. and Olsen, J., 1974: “Feasibility Study of 
Hydraulic Jet Kerfing To Improve The Efficiency of Mechanical Disc 
Cutting,” Colo. School of Mines, Report For Dept, of Trans., September 
(NTIS DOT-TST-75-66).

Wang, Fun-Den, Robbins, R. and Olsen, J., 1976A: “Water Jet Assisted 
Tunnel Boring,” Colorado School of Mines Report Prepared for National 
Science Foundation, No. APR-7421784AO2, February.

Wang, Fun-Den, Robbins, R. and Olsen, J., 1976B: “Water Jet Assisted 
Tunnel Boring,” 3rd Int. Symp. Jet Cutting Tech., BHRA Fluid 
Engineering, Cranfield, Bedford, England.

Wang, Fun-Den and Wolgamott, J., 1976C: “Study of Hydraulic Jet Kerfing to 
Improve The Efficiency of Mechanical Disc Cutting,” Final Report, 
Colo. School of Mines, For Dept, of Trans. January (NTIS). 

Yahiro, T. and Yoshida, H., 1977: “High-Velocity Jet Digging Method,” U.S. 
Patent 4,047,580, September 13.



13
High Pressure
Jet Drills (Pulsed)

Bowles Engineering (Stouffer et al., 1967) conducted a series of 
tests where two low velocity water jets (Vo) were impacted at an

Fig. 13-1 Augmented jet (Stouffer et al., 1967)

302
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Fig. 13-2 Augmenting jet face profile (Stouffer et al., 1967)

angle to produce a high velocity “augmented” jet {VfJ) as shown in 
Fig. 13-1.

The velocity of the high speed jet (Vfj) equals:

Vo (1 + cos a) 
sin a (1)

where a is the slug face impact angle (Fig. 13-2).
A high speed streak camera was used to confirm that the 

impacting jets produced high speed augmented jets. In one test, two 
low pressure augmenting jets operating at 1.93 MPa (280 psi) 
produced a jet velocity of 823 m/sec. This velocity corresponds to a
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jet pressure of 338 MPa (49,000 psi) for a continuous jet and 
therefore represents a 175-fold magnification of jet pressure.

Only a small wedge of water is accelerated to these high 
velocities as shown in Fig. 13-3. The fast jet is formed only during 
the time that it takes the slug face to intersect the center line shown 
in Fig. 13-2. The fluid mass in the impacting jets therefore needs to 
be no larger than that required to produce this high velocity wedge. 
Additional fluid produces a low pressure jet which follows the high 
pressure wedge.

Bowles Engineering (Neradka, 1968) designed a hypervelocity 
gun which would use a 6.9 MPa (1,000 psi) gas source (air, stream, 
helium, etc.) to accelerate slugs of water to velocities of 915 m/sec. 
This gun would utilize a 0.91 m long, cylindrical subsonic section to 
accelerate the water to the sonic velocity of the gas and then a 0.61 m 
long diverging supersonic section to further accelerate the water to a 
velocity of 915 m/sec. This velocity corresponds to that produced by 
a continuous jet operating at 418 MPa (61,000 psi). The total overall 
length of the gun would be only 1.52 m. This supersonic gun was 
apparently never built.

Bowles Engineering (Sims et al., 1968) conducted an extensive 
study relating to optimizing jet cutting including studies of 1) chemic
al additives, 2) nozzle design, 3) fluid jet modulation, and 4) air 
sheathed jets. The reader is referred to this report for details.

Voitsekhovsky (1967) designed the special exponential nozzle 
shown in Fig. 13-4 which is capable of producing water jet pressures 
of 1,170 to 6,900 MPa (170,000 to 1,000,000 psi). A piston impacts 
water located in the inlet chamber and extrudes it through the 
nozzle.

Water accelerates in an unsteady state to fill the nozzle,

Fig. 13-4 Voitsekhovsky nozzle (Voitsekhovsky, 1967)
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I
producing jet velocities of 1.530 to 3,720 m/sec. This corresponds to 
jet stagnation pressures of 1,170 to 6,900 MPa.

The advantage of this nozzle is that the unsteady process allows 
stagnation pressures four times greater than the maximum static 
pressure exerted on the walls of the nozzle. The nozzle is designed to 
hold a constant and relatively low pressure in the entrance chamber 
during the pulse. The equation of the nozzle equals:

S = Soe - (2)
where:

S = Inside Sectional Area of Jet Nozzle
So = Entry Sectional Area of Jet Nozzle
X = Coordinate Along Jet Nozzle Axis 
K = Construction Parameter Constant

The construction Parameter Constant, K, equals:

where:

p = Liquid Density
M = Piston Mass
Si = Piston Sectional Area

This nozzle is designed to maintain constant inlet pressure
during the pulse. This gives the most efficient transfer of energy from 
the piston to water for a fixed design pressure of the chamber.

Cooley (1972B) reported tests where Voitsekhovsky used 6900 
MPa (1 million psi) pulse pressures to penetrate 12.7 cm of copper 
and 3.1 cm of steel as shown in Fig. 13-5.

IITRI (Singh, 1968) utilized the two-stage gas gun shown in Fig. 
13-6 to fire water-filled plastic projectiles (Zelux) at velocities up to 
6,100 m/sec (20,000 ft/sec) at blocks of rock (46 cm cubes). These 
0.25 g projectiles (1.02 cm long x 0.56 cm diameter) produced 
stagnation pressures up to 18,600 MPa (2.7 million psi). The thin 
plastic projectiles (0.76 mm wall thickness) had a density of 0.997 
gm/cc, which is close to that of water; consequently, the projectile 
impacts were similar to those that would be produced by solid water 
projectiles.



Fig. 13'5 b'0Ck pierced by 6'900 MPa <1 million PSI ^ter pulse (Cooley,
1972B)



High Pressure Jet Drills (Pulsed)

Fig. 13-6 IITRI hypervelocity gas gun (Singh, 1968)

Gun powder (18 to 40 g) was used to drive a piston which 
compressed hydrogen gas in a pump tube as shown in Fig. 13-7. 
When the compressed hydrogen gas reached a pressure of 690 MPa 
(100,000 psi), it ruptured a metal disk in the high pressure section 
and allowed the hydrogen gas to flow into the launch tube. The gas

Vacuum chamber

Ports for velocity detection
Pump tube

Launch tube

Blast tank-------- >

High pressure section 

^Propellant charge

Fig. 13-7 IITRI gas gun (Singh, 1968)
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Fig. 13-8 Hypervelocity impact crater in Indiana limestone (Singh, 1968)

then accelerated the projectile down the launch tube and into the 
vacuum chamber where it impacted the rock.

Large impact craters were produced in Milford Pink granite and 
Indiana limestone. Fig. 13-8 shows a crater produced in Indiana 
limestone by a projectile impacting at a velocity of 5,950 m/sec. This 
impact velocity corresponds to a stagnation pressure of 17,700 MPa 
(2,560,000 psi).

Exxon (Maurer and Heilhecker, 1969) utilized the cannon shown 
in Fig. 13-9 to fire 5.5 liter water pulses through 0.51 to 2.54 cm 
diameter nozzles at pressures up to 176 MPa (25,000 psi). Gunpow
der charges ranging up to 300 g were used to produce the high 
pressure water jets. Instantaneous power outputs in excess of 70,000 
hp were obtained during these tests.

Fig. 13-10 shows jet craters produced in Indiana limestone 
during the tests.

The tests showed that a threshold jet pressure must be exceeded 
before the jets will erode rock. This is illustrated in Fig. 13-11 which 
shows that a 41.4 MPa (6,000 psi) jet would not erode Indiana 
limestone whereas a 44.8 MPa (6,500 psi) jet produced a crater.
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Fig. 13-9 Exxon high pressure cannon (Maurer & Heilhecker, 1969)

TABLE 13-1
EFFECT OF NOZZLE DIAMETER ON THE SPECIFIC ENERGY 

REQUIRED TO ERODE INDIANA LIMESTONE 
(Maurer & Heilhecker, 1969)

Optimum Minimum
Nozzle Nozzle Powder Crater Crater Specific

Diameter Pressure Charge Diameter Depth Energy*
(cm) (MPa) (grams) (cm) (cm) (J/cc)

0.51 107 240 2.0 3.6 2,480
1.02 88 340 4.6 1.5 2,890
1.52 145 610 6.7 5.1 2,230
2.54 124 670 10.4 1.8 2,400

Based on Energy Expended Above Threshold Pressure
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Fig. 13-10 Jet craters in Indiana limestone (Maurer & Heilhecker, 1969)

Maurer & Helhecker (1969) found that the minimum specific 
energy required to erode Indiana limestone was nearly independent 
of nozzle diameter as shown in Table 13-1.

Table 13-2 shows that the specific energy required to erode 
Indiana limestone decreased from 50,000 to 2,480 J/cc as the peak 
pressure was increased from 41.4 to 106.9 MPa (6,000 to 15 500 psi)

6000 PSI 6500 PSI 8000 PSI
Fig. 13-11 Jet craters in Indiana limestone (Maurer & Heilhecker, 1969)
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Fig. 13-12 High pressure water cannon (Cooley & Clipp, 1969)

Exotech (Cooley and Clipp, 1969) developed a high pressure 
cannon which could repeatedly fire 1.93 liter jets at pressures up to 
690 MPa (100,000 psi). A conventional pneumatic hammer (Fig. 
13-12) was used to impact a piston located over the water slug 
thereby producing the high jet pressures. These water pulses were 
fired through 0.4 cm diameter nozzles in 1.8 ms.
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TABLE 13-2
EFFECT OF JET PRESSURE ON THE SPECIFIC ENERGY 

REQUIRED TO ERODE INDIANA LIMESTONE 
(Maurer & Heilhecker, 1969)

Peak Nozzle Powder Crater Crater Specific*
Pressure Diameter Charge Diameter Depth Energy

(MPa) (cm) (Grams) (cm) (cm) (J/cc)

41.4 0.51 100 No Rock Removed
58.6 0.51 150 2.03 0.46 50,000
65.5 0.51 200 2.03 0.74 24,000
80.0 0.51 240 2.03 3.30 7,400
90.3 0.51 270 2.03 6.35 3,800
96.6 0.51 300 2.03 10.40 4,700
106.9 0.51 200‘* 2.03 8.38 2,480

* Based On Energy Above Threshold Pressure 
** Smaller Water Pulse (0.9 gal)

Fig. 13-13 Limestone block shattered by water pulse (Cooley & Clipp, 1969)
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Fig. 13-14 Effect of jet pressure on fracture energy (Cooley & Clipp, 1968)

Fig. 13-15 Exotech hand-held water cannon (Cooley & Clipp, 1969)
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Fig. 13-16 Steel plate pierced by water jet (Collingwood, 1973)

Fig. 13-17 Crater produced in sandstone by high pressure jet (Cooley & Clipp, 1969)
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Fig. 13-18 High pressure water jet formation (Cooley & Clipp, 1969)

Fig. 13-13 shows a block of sandstone that was shattered by two 
690 MPa water pulses.

These tests showed that the specific energy required to shatter 
blocks of rock decreased as the water pressure increased as shown in 
Fig. 13-14. Clipp and Cooley found that the specific energy required 
to shatter the different rocks was closely related to the specific 
pressure (i. e., ratio of the peak jet pressure to the rock compressive 
strength).

Exotech (Cooley & Clipp, 1969) developed the small handheld 
water cannon shown in Fig. 13-15 for the Navy. This small 
gas-propelled cannon fires 1.6 mm diameter water jets at pressures 
up to 34,500 MPa (5 million psi). These high pressure jets will drill 
through 2.5 cm thick aluminum alloy plates and 1.3 cm thick steel 
plates as shown in Fig. 13-16. Single pulses from this cannon 
produced 150 cc craters in limestone (Fig. 13-17).

The high pressure jets were produced by impacting a piston 
against an annulus of liquid as shown in Fig. 13-18. I his shaped 
charge produces a water jet which is similar to the jet produced by 
explosive shaped charges. The stagnation pressure of the water jets 
impacting against the target material is much greater than the 
pressure exerted on the walls of the cylinder thereby overcoming 
one of the major design problems in high pressure equipment.
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Fig. 13-19 IITRI intensifier (Singh & Huch, 1970)

The liquid was performed as a gel in the single shot cannon to 
facilitate testing and to reduce the amount of equipment required. 
Although this technique produces extremely high stagnation pres
sures, it has the disadvantage that it would be difficult to implement 
into a rapidly pulsing machine. Additional work is needed on this 
concept to fully evaluate its potential.

IIT Research Institute (Singh & Huck, 1970) used the single-stage 
intensifier shown in Fig. 13-19 to fire 3,300 cc water jets at pressures 
up to 1,186 MPa (172,000 psi). Nitrogen gas was used to power the 
intensifier which had a 28:1 intensification ratio. The nitrogen gas 
acted on a large diameter piston (40.6 cm diameter) which was used 
to drive a small diameter high pressure piston (7.6 cm diameter). A 
150 liter accumulator was used to store the nitrogen gas and to 
provide temporary energy storage for the intensifier operation. A 
Leach and Walker nozzle with a 13° contraction and a cylindrical 
throat (1 mm diameter by 2.5 mm long) was used.

IITRI conducted extensive erosion drilling experiments in sand
stone, limestone, dolomite, brownstone, granite, and gabbro and 
correlated the results with various rock property tests.
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Fig. 13-20 Specific energy vs. specific pressure (Singh & Huck, 1970)

Of the rock properties measured, compressive strength and 
Schmidt hammer hardness correlated best with crater depth. The 
specific energy required to remove the rock was found to decrease 
with increased specific pressure (jet pressure ~ rock compressive 
strength) as shown in Fig. 13-20. IITRI found that for a pulse of given 
volume, the specific energy decreased as the nozzle diameter 
increased.

Singh et al. (1972) found that the crater volumes in these tests 
increased as the 1.16 power of the specific pressure as shown in Fig.
13-21.
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Fig. 13-21 Crater volume vs. specific pressure (Singh et al., 1972)

Pulsepower (Elmore et al., 1971) patented the oil well pulsed jet 
drill shown in Fig. 22. Liquid propellant is used to power intensifier 
pistons which produce jet pressures up to 690 MPa (100,000 psi). 
Wall grippers, which oscillate the drillhead through a 360° angle, 
provide reactive thrust for the jets. The liquid propellant is stored in 
a chamber above the drill head. Water and drilling mud are 
circulated from the surface through pipes (35 and 36). This drill has 
not been tested in deep oil wells.
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Fxotech (Cooley et al., 1971) designed a arge water cannon
nEl, would use a Voitsekhovsky nozzle to fire water pulses at 

which would use ooo.OOO psi). The 1.52 m long
pressures up to b,yuu mi i
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Fig. 13-23 High pressure water cannon (Cooley, 1972A)

Voisekhovsky exponential nozzle which has an inlet diameter of 6.2 
cm and an exit diameter of 0.69 cm would be used to fire 20 
pulses/min. This nozzle is designed to hold constant pressure in the 
water chamber ahead of the nozzle during the pulse.

Exotech (Cooley, 1972A) purchased a Voitsehhovsky nozzle from 
the USSR and tested it at stagnation pressures up to 1,050 MPa 
(152,000 psi). Nitrogen gas was used to propel a piston which 
impacted the water and produced the high pressures as shown in 
Fig. 13-24. The nozzle had an entrance diameter of 5.4 cm and an 
exit diameter of 0.7 cm. Piston velocities varied from 105 to 210 
m/sec with 28 N (6.3 pound) pistons and from 121 to 135 m/sec with 
61 N (13.7 pound) pistons.

Single water pulses produced 165 cubic centimeter craters in 
Berea sandstone (270 J/cc) and 90 cc craters in Barre granite (500 
J/cc). Single pulses also shattered 30 cc blocks of Berea sandstone, 
Indiana limestone, and Barre granite. The specific energy required to 
remove the rock decreased rapidly as the specific pressure (Ratio of 
Peak Pressure to Rock Compressive Strength) was increased from 1 
to 10 as shown in Fig. 13-24. This is primarily due to a change from 
granular erosion at low pressures to shear fracturing and spalling of 
large pieces at high pressures.

Exotech (Cooley and Brockert, 1972) conducted a series of tests 
with a cannon equipped with a Voitsekhovsky nozzle built in this 
country. Plans were to test this cannon at jet stagnation pressures up 
to 5,520 MPa (800,000 psi), but peak pressures were limited to 1,760 
MPa (255,000 psi) due to mechanical damage to the pistons 
impacting the water. Vacuums of 0.05 to 0.35 Torr were used in the 
nozzle at these higher pressures.
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10

SPECIFIC PRESSURE

Fig. 13-24 Specific energy vs. specific pressure (Cooley, 1972A)

Crater volumes of 10 to 300 cc were produced in Barre granite 
(206 MPa compressive strength) by jets having stagnation pressures 
of 1,380 to 1,760 MPa (200,000 to 255,000 psi). Fig. 13-25 shows a
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Fig. 13-25 Crater produced in Barre granite by 1,760 MPa jet (Cooley & Brockert, 
1972)

crater (300 cc) produced in Barre granite by a water jet with a 
stagnation pressure of 1,760 MPa (255,000 psi).

The specific energy decreased with increased specific pressure as 
shown in Fig. 13-26.

The specific energies obtained in these tests with the American 
nozzle were higher than those obtained earlier with the Voitsekhov- 
sky nozzle imported from the USSR (Cooley, 1972A). The American 
nozzle utilized smaller diameter pistons impacting at higher veloci
ties which possibly accounts for the lower efficiency.

Voitskhovsky and Chermensky (Cooley, 1972B) built large water 
cannons in the USSR for excavating coal and other minerals. Fig. 
13-27 shows a track mounted water cannon which fires 1 liter water 
pulses every 2 sec at pressures up to 690 MPa (100,000 psi). The 
cannon is designed to fire 600,000 to 1,000,000 shots between parts 
replacements. Pressures of 241 MPa (35,000 psi) are used to excavate 
coal and pressures of 621 MPa (90,000 psi) to excavate argyllite rock 
and sandstone. This cannon is designed to operate in 1 m thick coal 
seams at pitch angles up to 18°.

These cannons utilize a gas driven piston to impact the water and 
create the high fluid pressures as shown in Fig. 13-28.

The University of Minnesota St. Anthony Falls Hydraulic
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Fig 13-26 Specific energy vs. specific pressure for Barre granite (Cooley & Brockert. 

1972)
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Fig. 13-27 Chermensky water cannon (Cooley, 1972B)

Laboratory (Ripken et al., 1972) conducted a series of tests where 
2.25 N (10 pound) slugs of water were fired at blocks of rock at 
velocities up to 305 m/sec. An air powered water slug impactor was 
used to produce the high jet velocities as shown in Fig. 13-29.

Compressed air at pressures up to 0.18 MPa (26 psi) was used to 
accelerate foam sabots containing the water slugs to velocities of 305 
m/sec. The sabots impacted the arrestor nozzle and produced the 
high velocity jets.

The objective of this project was to produce high water hammer 
pressures by impacting water slugs against blocks of rock. The 305

Fig. 13-28 Voiteskhovsky water cannon (Cooley, 1972B)
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m/sec impact velocities theoretically produce water hammer pres
sures (pcv) of 437 MPa (63,000 psi) compared to stagnation pressures 
(Pv2J of only 46 MPa (6,700 psi) for this impact velocity with 

continuous water jets.



326 ADVANCED DRILLING TECHNIQUES

Fig. 13-30 Pressure history of impacting water slug (Ripken et al, 1972)

The water slugs must have a sharp front in order to produce the 
high water hammer pressures. Ripken had difficulty in maintaining 
a sharp front in the water slugs; consequently the measured impact 
pressures ranged from 20 to 100% of the calculated water hammer 
pressures. Fig. 13-30 shows the pressure-time record of one of the 
few shots where the measured impact pressure (217 MPa; 31,500 psi) 
was equal to the calculated water hammer pressure. This pulse was 
produced by a 5.08 diameter x 5.08 long water slug impacting at 152 
m/sec.

The water hammer pressure lasts for about 10 microseconds 
which corresponds to the time for the elastic waves to travel from the 
outer edge of the impacting water slug to the center. The pressure 
then decays to the stagnation pressure 11 MPa (1,600 psi) after about 
50 p sec.

Ripken fired water slugs at blocks of Berea sandstone and Salem 
limestone. Only minor damage was done to these rocks by the water 
slugs. Ripken attributed this to poor frontal definition of the water 
slugs which resulted in reduced impact pressures. Because of the 
poor results, Ripken terminated the water impact tests and initiated 
a series of tests where steel ball bearings (0.48 to 5.08 cm diameter) 
were fired at blocks of Berea sandstone, St. Cloud Gray granodiorite 
and Dresser basalt at velocities up to 213 m/sec. A minimum specific
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Fig. 13-31 Pulsed jet apparatus (Gnirk & Grams, 1972)
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energy of 30 J/cc was required to produce craters in Berea sandstone 
with the steel ball bearings compared to 16,000 J/cc with the water 
slugs. The steel balls required 128 J/cc to form craters in basalt and 
30 J/cc to shatter blocks basalt.

Gnirk and Grams (1972) conducted a series of drilling tests using 
pulsed jets produced by impacting a hammer against a piston 
located over the water sample as shown in Fig. 13-31. Peak pressures 
up to 110 MPa (16,000 psi) were produced during these tests.

The crater volumes produced by the impacting jets were directly 
proportional to the energy input to the pulsed jets (Fig. 13-32). This
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Fig. 13-32 Pulsed jet cratering data (Gnirk & Grams. 1972)

indicates that the specific energy was independent of the jet impact 
pressure and velocity. J p
the -To oowfrTtV0™? ,thatl.he specific ener®' decreased with 
the 2.0 power of the rock tensile strength as shown in Fig. 13-33. 
This indicates that for a given pulse enprpv tho ♦ i 
redurpd hv 7^0/ / P energy, the crater volume isreduced by 75/0 as the tensile strength of the rock ic donkiorishe™ in Fisnl3A34 t8S,alt‘?9f721 US6d the hi«h “er
(90 000 ps?)8' CU' “ m r°Cks at PreSSUr“ UP 1° 620 MPa

stationarv^iets b'°cks °f in of
stationary jets. The kerf depths increased nearly linearly with 
increased jet pressure as shown in Fig. 13.35. One mm dLeter
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Fig. 13-33 Pulsed jet cratering data (Gnirk & Grams, 1972)
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Fig. 13-34 High pressure intensifier (Moodie & Artingstall, 1972)
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Fig. 13-35 Jet kerfing data (Moodie & Artingstall, 1972)

nozzles were traversed at 0.5 m/sec in these tests. Kerfs up to 0.12 m 
deep were produced in Red Woolton sandstone (36 MPa compress
ive strength).

The kerf depths in Red Woolton sandstone decreased with

Fig. 13-36 Jet kerfing data for Red sandstone (Moodie & Artingstall, 1972)
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Fig. 13-37 Jet drilling pressure chamber (Maurer et al.. 1973)

increased traverse speed as shown in Fig. 13-36. Similar results were 
obtained with Darley Dale sandstone (46 MPa compressive strength) 
except that the kerfs were somewhat shallower.

Exxon (Maurer et al., 1973) conducted jet drilling tests under 
simulated oil well drilling conditions using the pressure chamber 
shown in Fig. 13-37. Hydrostatic borehole pressures (pb) up to 69 
MPa (10,000 psi) were used to simulate drilling depths of 6,100 m 
(20,000 ft). Formation fluid pressures (pf) were used to simulate pore

DUMP VALVE C.C.T.V CAMERA

HIGH PRESSURE PUMP

Fig. 13-38 High pressure jet system (Moodie & Taylor, 1974)
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Fig. 13-39 Terraspace water cannon (Cooley, 1974B)

fluid pressures in the rock. The tests showed that jet drills can 
effectively erode rock under the high fluid pressures existing in deep 
oil wells. This dispelled earlier speculation that jet drills would not 
be effective in deep oil wells. The results of these pressure chamber 
tests led to a full-scale field test program described in Chapter 14.

Moodie and Taylor (1974) used the two-stage pressure intensifier 
shown in Fig. 13-38 to produce pressure pulses up to 1,400 MPa 
(203,000 psi). These jets were used to shatter 0.9 m cubes of Pennant 
sandstone (70 MPa compressive strength) and 19,600 to 29,400 N 
(4,400 to 6,600 lb) irregular blocks of limestone (180 MPa compress
ive strength). The jets were also used to remove limestone in situ 
from naturally occurring outcrops.

Terraspace (Cooley, 1974B) developed a large water cannon for 
use in underground tunneling experiments (Fig. 13-39). This cannon

Fig. 13-40 Terraspace cannon in mine (Cooley, 1974B)
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Fig. 13-41 Crater produced in Indiana limestone (Cooley, 1974B)

used a 124 cm long Voitsekhovsky exponential nozzle with a 6.2 cm 
inlet diameter and a 0.84 cm exit diameter. A 17.7 cm diameter 
titanium alloy piston weighing 636 N (143 lb) impacted the water at 
velocities up to 66 m/sec. This cannon produced jet velocities up to 
3000 m/sec and stagnation pressures up to 4490 MPa (650,000 psi).

This cannon was used to produce craters in large blocks of rock 
before being tested in a granite gneiss quarry and in an underground 
limestone mine (Fig. 13-40).

Fig. 13-41 shows a 3.64 liter crater (15 cm deep) produced in 
Indiana limestone by a 3,100 MPa (450,000 psi) pulsed jet. This 
corresponds to a specific energy of 36 J/cc.

The specific energy required to excavate Indiana limestone 
continually decreased as the stagnation pressure was increased from 
862 to 3,101 MPa (125,000 to 450,000 psi) as shown in Fig. 13-42.

Craters in Barre granite ranged from 15 to 25 cm in diameter and 
were about 5 cm deep at jet pressures of 2,680 to 4,480 MPa (388,000 
to 650,000 psi). As the pressure was increased, the specific energy 
required to remove the Barre granite decreased and passed through a 
minimum at 2,760 MPa (400,000 psi) as shown in Fig. 13-43.

In a dolomitic limestone mine, the cannon removed an average of 
1.9 liters/shot (69 J/cc) with vacuum in the nozzle. In a granitic 
gneiss quarry, the cannon removed 3.6 liters/shot (36 J/cc) with 
vacuum and 3.9 liters/shot (34 J/cc) with air. In both cases, the 
stagnation pressures were 3,100 MPa (450,000 psi) with vacuum and 
1,930 MPa (280,000 psi) with air.
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Fig. 13-42 Specific energy data for Indiana limestone
(Cooley, 1974B)
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Fig. 13-44 High pressure explosive cannon (Daniel et al., 1974)

IITRI (Daniel et al., 1974) conducted a photoelastic study of high 
pressure water jets impacting Columbia Resin (CR-39), plexiglass, 
polyester (Homalite-100) and glass. Impact velocities of 700 to 2,800 
m/sec produced stagnation pressures of 245 to 3,910 MPa (35,500 to 
567,000 psi). These high jet velocities were produced by firing 
explosive charges above a piston as shown in Fig. 13-44. Piezoelec
tric transducers were used to measure pressures in the nozzles.

Daniel et al. tested the four different nozzles shown in Fig. 13-45. 
They found that for a given explosive charge, Nozzle 1 produced the 
highest jet velocities as shown in Fig. 13-46.

Fig. 13-47 shows a crater produced in a 6.4 mm thick glass plate 
at an impact velocity of 2,750 m/sec. This corresponds to a 
stagnation pressure of 3,774 MPa (547,000 psi).



Fig. 13-45 Nozzle geometries tested (Daniel et al., 1974)
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Fig. 13-46 Jet velocity vs. explosive charge (Daniel et al.. 1974)

Fig. 13-47 Crater produced in glass by water jet (Daniel et al., 1974)

7301
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Fig. 13-48 Sandia electrojet drill (Munson et al., 1975)

1)

2)

3)

Daniel et al. reached the following conclusions from this study:

The jet velocities remained nearly constant for distances up to
10 cm from the nozzle exit.
At velocities below 850 m/sec., most of the jet energy was 
absorbed in localized fracturing and no noticeable stress waves 
were produced in the CR-39 specimens.
At impact velocities above 850 m/sec. shear waves following 
the dilatational waves play a major role in weakening and 
fracturing the specimens.
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Fig. 13-49 Block of Indiana limestone shattered by electrojet pulse (Munson et al., 
1975)

4) Following initial cratering, quasi-static pressurization of the 
crater takes place causing fractures to form and progagate.

5) The damage produced by water jets is greater than that 
produced by direct explosive loading or by a solid of the same 
mass impacting at the same velocity.

Sandia Laboratories (Munson et al., 1975) conducted a series of 
drilling tests using the electrojet drill shown in Fig. 13-48. The 
Electrojet produces high pressure water jets by firing high voltage 
spark discharges (20 kv) in a closed chamber adjacent to a nozzle.

Jet velocities up to 1,200 m/sec were produced by firing four 15 
|if capacitors charged to 20 kv. This corresponds to an energy of 
output of 12 kJ. These jet velocities produced stagnation pressures 
up to 719 MPa (104,000 psi).

Fig. 13-49 shows a block of Indiana limestone (73 MPa compres
sive strength) that was shattered by a simple pulse with zero 
standoff. A 1.6 cm deep hole was produced in this test. Munson 
found that the hole depth decreased to 0.17 cm at 2.3 cm standoff 
and nearly zero at 10 cm standoff.

Munson found that the hole depth increased linearly with 
increased spark energy as shown in Fig. 13-50. The hole depth was
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Fig. 13-50 Sandia electrojet drilling tests (Munson et al., 1975)
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Fig. 13-52 Pulsed jet craters (Young, 1977)

much less in granodiorite which is much harder than Indiana 
limestone.

Young (1977) conducted a series of pulsed jet drilling tests using 
the pulsed jet cannon shown in Fig. 13-51. A metal or plastic piston 
is accelerated down a launch tube and impacted against water 
located adjacent to a nozzle.

Piston impact velocities of 500 m/sec produced peak jet veloci
ties of 2,500 m/sec. This corresponds to peak stagnation pressures of 
3,120 MPa (452,000 psi).

When the jets were directed perpendicular to the rock surfaces, 
the initial shots produced shallow, flat craters whereas subsequent 
shots drilled holes in the rocks (Fig. 13-52).

When the jets were fired at inclined angles of 30 to 45°, the initial 
shots drilled a crater at the toe of the bench and then the third or 
fourth shots broke loose large benches of rock (Fig. 13-53). The 
inclined shots produced significantly better rock breakage than the
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Fig. 13-53 Inclined jet craters (Young, 1977)
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perpendicular shots. Similar results have been observed with solid 
impacting projectiles (Maurer, 1959).

Pulsed water jet systems have potential for increasing drilling 
rates and reducing drilling costs. Pulsed systems have the advantage 
that the high-pressure generator can be located at the bit, thereby 
eliminating the need for high-pressure pumps, high-pressure 
swivels and high-pressure drillpipe. Fatigue failures and mainte
nance are major problems with high-pressure pulse systems. R&D 
should continue on pulsed water jet drills because of their high 
potential economic payout.
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14
High Pressure Jet Assisted 
Mechanical Drills

Bobo (1963) patented the concept of a jet assisted roller bit as 
shown in Fig. 14-1. High pressure mud is delivered to jets on the 
roller bit by a downhole pump (17) driven by a fluid motor (16). Low 
pressure fluid powering the motor exits through conventional 
nozzles (34) in the bit whereas the high pressure fluid exits through 
erosion nozzles (24).

Bobo patented the oil well jet bit shown in Fig. 14-2 where the 
jets cut the entire hole bottom. He also patented the coring bit shown 
in Fig. 14-3 where the high pressure jets remove an annular ring of 
rock and produce a core.

Ingersoll-Rand Company (Bowen, 1971) patented the hydraulic 
jet drill shown in Fig. 14-4. This drill is designed to drill small 
diameter holes (5 cm) to depths of 45 m. A hydraulic motor (25) is 
used to rotate the high pressure drill rod (6) and the high pressure bit 
(7).

Jet pressures up to 103 MPa (15,000 psi) would be produced by a 
hydraulically powered double-acting intensifier (15) as shown in 
Fig 14-5 The unique feature of this drill is that the intensifer rotates 
with the drill rod. thereby eliminating the need for high pressure 
swivel seals. A low pressure swivel (21 MPa) isused at he back of 
the drill to deliver low pressure hydraulic oil to the intensifier to

power it. can be used (0 drill |ong straight
hoies^nce no thrust is applied to the bit. No drilling data are 

available for this drill.
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