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ABSTRACT 0F THE DISCLÜSURE 

A drill bit for drilling a well through hard formations 
by high-velocity jet streams of an abrasivealaden drilling 
liquid. The drill bit has a closed lower end through which 
a plurality of nozzles extend for discharging the drilling 
liquid downwardly against the bottom of the borehole. 
Standofic bars on the lower end of the drill bit fix the dis 
tance from the outlets of the nozzles to the bottom of the 
borehole in the range of 1/2 inch to 1% inches. The noz 
zles are positioned to cut substantially the entire bottom 
of the borehole as the drilling tool is rotated. 

This is a division of our copending application Ser. No, 
311,088, filed Sept. 24, 1963, now abandoned in favor of 
our application Ser. No. 660,065. This invention relates to 
the art of drilling deep boreholes in the earth and in par 
ticular concerns a drill bit employing hydraulic jets to per 
form substantially all of the rock-cutting action. 

Conventional devices for drilling deep boreholes func 
tion by making physical contact of the cutting surfaces of 
a metal drill bit with the rock formation at the bottom of 
the hole to mechanically cut the rock away. Such drill 
bits as the well known fish-tail bit, drag bit, core bit, roller 
bit, cone bit, disk bit, etc., all operate to make hole by 
mechanically breaking up the rock at the bottom of the 
hole whence the cuttings are removed to the surface of the 
earth by means of a circulating fluid medium such as air, 
foam, or drilling mud. In mechanically breaking up the 
rock it is inevitable that a substantial amount of wear 
and breakage also occurs to the cutting elements of such 
a drill bit, so that eventually the bit Wears out and can no 
longer make hole. The drill stem must then be Withdrawn 
from the hole, the bit replaced, and the bit stem with the 
new bit reinserted in the borehole. In drilling hard forma 
tions in a deep hole the time spent replacing conventional 
drill bits may exceed the actual drilling time on bottom, 
and this results in a loss of efficiency and very substan 
tially increases the expense of the drilling operation. 

Hydraulic jets have heretofore been included with con 
ventional drill bits, but these jets have been for the pur 
pose of keeping the cutting edges of the drill bit, or the 
rock surface being cut, free from mud and chips produced 
by the bit thereby to increase the efficiency of the mechan 
ical cutters on the bit. However, Isuch ancillary jets as have 
been employed with conventional rock bits have no effec 
tive cutting action when operated for fluid circulation in 
conventional mechanical drilling operations. 
We have found that when hydraulic jets are operated 

at very high pressure so that extremely high velocities are 
attained by the emerging jet stream, the fluid jet is very 
effective in making hole even in hard rock. By omitting 
substantially all mechanical cutters from the drill bit 
there is obtained a bit that is substantially free of me 
chanical wear or breakdown. Accordingly when such a 
bit is used in the hole, it will remain effective to make 
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hole for a much longer period of time than a bit that 
includes mechanical cutting elements. Also due to the fact 
that the jets tear up the rock into very small fragments, 
the cuttings are more easily removed by the circulating 
fluid than are the larger cuttings made by conventional 
mechanical drill bits. Furthermore because of the me 
chanical simplicity of such an all-jet bit, such bits are 
very sturdy and are also relatively inexpensive thus re 
sulting in a further saving of drilling expense. In addition, 
when such bits are operated in accordance with the proc~ 
ess of this invention they are found to make hole at a 
much faster rate than conventional mechanical bits. 
A further disadvantage of conventional mechanical bits 

which is overcome by this invention is that a mechanical 
bit requires substantial Weight to be applied to the bit in 
order to make it cut the rock being drilled. It is well 
known that high bit weight results in faster drilling with 
a mechanical drill bit, but it is also known that high bit 
weight causes greater wear 0n bit teeth and cone bear 
ings, and also results in greater deviation from a straight 
hole. By the use of the present invention the weight on 
the bit is reduced very substantially over that used in 
mechanical drilling with resulting improvement inhole 
straightness. 
When using conventional mechanical drill bits, the drill 

stem is required to perform three functions, namely (l) 
serve as a conduit for the drilling fiuid, (2) serve to apply 
weight to the drill bit, and (3) serve to apply torque 
to rotate the drill bit. The latter two of these functions 
are stringent requirements that dictate the use of heavy 
pipe made of expensive high-strength steel. By the use of 
the present invention the requirements of applying weight 
and torque to the drill bit are substantially eliminated, 
whereby it becomes possible to use lighter Weight, inex 
pensive drill pipe. In the present invention the most im 
portant function of the drill pipe is to serve as a conduit 
for the high-pressure drilling fiuid which in the substan 
tial absence of other mechanical stresses is easily met. 
Because of the low bit weight the torque required to ro 
tate the bit is very low and results in no appreciable stress 
on the drill pipe. 

According, it is an object of this invention to provide 
a drill bit that is highly effective in cutting hard rock 
Without the use of mechanical cutters. 

It is another object of this invention to provide a 
«drill bit capable of rapidly making hole and which 
employs high-velocity hydraulic jets to disintegrate the 
rock to be penetrated. 
A further object of this invention is to provide an 

allajet dril‘l bit that is highly efiicient in making hole. 
A still further object of this invention is to provide 

an all-jet drill bit having design parameters that result 
in optimum hole-making efficiency. 
These and other useful objects are attained by the 

invention described in this specification with reference 
to the accompanying drawings forming a part thereof, 
and in which 
4FIGURE 1 is a diagrammatic illustration of a test 

set-up that is employed in testing jet bits; 
FIGURE 2 is a composite graph showing the relation 

between rock removal rate and nozzle standoff, and also 
the relation between tool wear and nozzle standoff; 
FIGURE 3 is a bot-tom view of a drill bit made in 

accordance with this invention; 
‘FIGURE 4 is a side elevation of the drill bit of FIG 

URE 3 «as viewed from the right side of FIGURE 10; 
FIGURE 5 is a front elevation of the drill bit of 

IFIGURE 3 as viewed from the lower side of FIG 
URE l0; 
FIGURE 6 is a :section taken at the plane VI--VI of 

FIGURE 3; 
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IFIGURE 7 is a section through one of the jet nozzles 
as indicated by VII-VII of FIGURE 3; 
FIGURE 8 is a bottom View of a second embodiment 

of a drill bit made in accordance with this invention; 
‘FIGURE 9 is a front elevation partly in section of 

the drill bit of FIGURE 8 as viewed from the -lower side 
of FIGURE 8; 
KFIGURE 10 is a side elevation partly in section of 

the drill bit of FIGURE 8 as viewed from the right side 
of FIGURE 8; 
FIGURE 11 is a section through FIGURE 9 at the 

plane XI-XIg 
yFIGURE 12 is a partial section through a nozzle of 

‘FIGURE 8 at the plane XII-XII; 
FIGURE 13 is a partial section through a nozzle of 

FIGURE 8 at the XIII-_XUL and 
FIGURE 14 is a partial section through a nozzle of 

FIGURE 8 at the plane XIV-XIV. 
We have now found that when a plurality of hydraulic 

jet streams of extremely high velocity are rotated in a 
borehole, very effective cutting action is obtained even 
in hard rock. In drilling with hydraulic jet streams, the 
velocity of said streams exceeds the critical minimum 
cut-ting velocity for the earth material being penetrated. 
The high-velocity jet streams are so disposed as to effect 
a substantially uniform distribution of downward pene 
tration rate over the area of impingement of the jets. It 
is to be noted that in contrast to prior-art drilling devices, 
there is substantially no mechanical cutting of the earth 
formation being drilled or bore. Thus, the tool or “bit” 
of the present invention is substantially free of the wear 
or breakdown occasioned by the physical con-tact of prior 
«art bit surfaces with the rock formation being drilled. 

Although we have for convenience herein used the 
term “bit” to describe the drilling tool of the present 
invention, from the foregoing and the detailed description 
which follows it will be apparent to those skilled in the art 
that the process and apparatus of the present invention are 
entirely different from prior-art drill bits. A distinction 
is made between prior-art drill bits which are of the 
mechanical type wherein the rock-cutting action results 
from physical contact of the metal bit surfaces with the 
rock formation at the botto-m of the hole, and the jet bits 
of this invention wherein the rock-cutting action results 
from the erosive action of a high-velocity jet stream issu 
ing from a nozzle that does not Contact the rock formation, 
and as will become evident, functions most advantageous 
ly when the nozzle is spaced a specified distance (called 
the “standoff”) from the rock being drilled or bored. 

This invention resides in a drill bit having a hollow 
tubular body closed at its lower end by a substantially flat 
bottom member. The upper end of the drill bit is adapted 
to be connected to the lower end of drill pipe through 
which drilling liquid is delivered to the drill bit. A plu 
rality of nozzles spaced to discharge jet streams over the 
full diameter of the borehole extends through the bottom 
of Ithe drill bit. A standoff bar extending from the lower 
surface of the bottom member supports the nozzle outlets 
at a distance of 1/2 inch to 1% inches above the bottom 
of the borehole to cause rapid drilling with a low rate of 
wear of the drill bit. 
A further distinction between drilling with a conven 

tional mechanical drill bit and the jet drilling process lies 
in the manner in which the drilling energy is transmitted 
and delivered to the formation being drilled. In mechanical 
drilling the energy used to break up the rock is trans 
mitted by torque through the drill steam to be delivered 
against the rock by physical contact of the mechanical 
cutting elements of the bit. In jet drilling as taught by this 
invention the energy to break up the rock is transmitted 
hydraulically -through the drilling fluid to be delivered 
directly against the rock by the high-velocity jet streams. 
Because of the higher eitîciency of hydraulic transmission 
as compared with mechanical transmission the jet drilling 
process of this invention delivers to the rock a higher 
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percentage of the total input power. Furthermore, as will 
be explained, physical contact of the jet bits of this inven 
tion with the bottom of the hole is used as a means lto 
maintain optimum standoff of the nozzles during rotation 
of the bit, so that very low bit weight is required. The 
absence of mechanical cutters together with low bit weight 
results in very low drill-steam torque when using the jet 
drilling process and jet bits of this invention, and this 
further improves the overall power efiiciency of the drill 
ing operation. 
We have found that certain principles govern a jet 

drilling process and for most efñcient operation of a jet 
drill these principles must be taken into account in design 
ing and constructing a jet drill bit and in its operation. 
We have found that unless a critical minimum cutting 
velocity is exceeded by the jet stream it does not appreci 
ably cut the target material. The critical minimum cutting 
velocity varies both with the target material and the na 
ture of the jetting fluid. The critical minimum cutting 
velocity is known to be different for diti'erent types of rock 
and for different types of jet fluids. It is apparent that 
unless the jetting tluid is supplied to the nozzle under a 
pressure sufficiently high to impart to the emerging jet 
stream a velocity at least as high as the critical minimum 
cutting velocity the jet will have substantially little effect 
on the target. The rate of cutting by the high-velocity jet 
stream a velocity at least as high as the critical minimum 
material such as sand in the drilling fluid. Suitable drilling 
fluids are liquids such as water and aqueous suspensions 
of clays. 

Accordingly, in the practice of this invention the pres 
sure of the cutting fluid must be high enough to cause the 
hydraulic jets to exceed the critical minimum cutting 
velocity. In the ensuing disclosure and claims it is to be 
understood that the velocity of the hydraulic jet streams 
is in excess of the critical minimum cutting velocity for 
the particular rock being drilled and for the particular 
jet fluid composition under consideration. The difference 
in pressure across a nozzle required to effect a jet stream 
exit velocity that corresponds to the critical minimum 
cutting velocity is herein termed the critical minimum 
cutting pressure. Its value for any particular fluid and 
target material may easily -be determined by experiment, 
for example as herein described, since only at fluid pres 
sures that exceed the critical value does any substantial 
rock removal or drill penetration occur. 

In order to approximate ñeld conditions as closely as 
possible a test setup was designed so that the test results 
are directly applicable to field drilling. Tests were made 
on a variety of individual nozzles for which various 
parameters were varied to determine the effect of the 
parameter on the cutting or drilling rate of the resulting 
high-velocity jet stream under similar conditions of jet 
velocity and other tixed conditions. Tests were also made 
on entire jet bits in order to determine the hole-making 
efficacy of the jet bits herein described which employ the 
nozzles disclosed as being most effective in making hole. 
The tests investigated the elîect of drilling conditions such 
as bit weight, speed of rotation, abrasive concentration 
and bit design on the rate of drilling. 
Two similar but slightly different experimental arrange 

ments were employed for testing whole jet' bits and for 
testing individual nozzles. The experimental testing ar 
rangement employed for testing a whole jet bit is sche 
matically illustrated in FIGURE l. A block 21 of rock 
(target) to be drilled was mounted on a carriage 22 
which may by means of tracks be run into a chamber 30. 
The block 2.1 was large enough so that a number of holes 
could be drilled into it in order that comparative tests 
of drills could be made on the same block of rock. The 
chamber 30 has a removable front closure (not shown) 
through which the carriage 22 may be run into the cham 
ber. The drill stem 19 is rotated by means of a rotary 
table 23 driven through a vertical splined shaft 24 by a 
motor 26 located on the balcony of a laboratory building 
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in which the apparatus is housed. The drill stem 19 is 
clamped to the rotary table 23. The rotary table is free 
to move vertically in the gearing 29 that drives splined 
shaft 24 and is guided by guide legs 31, four in number, 
but only one of which is shown. The upper end of the 
drill Istem 19 is provided with a conventional swivel 18 
connected by means of a flexible connection 17 with a 
source of drilling fluid under pressure to be described. 
The swivel 18 is supported by the piston rod 25 of a 
hydraulic cylinder 34. By means of hydraulic fluid from 
pump 27 supplied beneath the piston 28 of the cylinder 
34, the entire assembly comprising swivel 18, drill stem 
19, and rotary table 23 may be raised when three-way 
valve 39 is turned into the appropriate position, i.e. to 
the right. Similarly by turning valve 39 to the left the 
system can be lowered by bleeding hydraulic iiuid into 
the supply tank 37. The cylinder 34 is supported by means 
of a conventional hoisting line. The drill stem 19 passes 
through the top of the chamber 30 and has screwed to its 
lower end the jet drill bit 20 under test. 
A tank 10 is provided in which the drilling fluid 12 is 

mixed. In the tests the drilling fluid was usually an aqueous 
suspension of sand and included bentonite as the suspend 
ing agent. In order to prevent settling and to maintain 
the drilling iluid 12 as uniformly mixed as possible, a 
pump 11 is provided for the purpose of rapidly circulating 
the drilling ñuid in tank 10 thereby keeping the drilling 
fluid 12 well mixed. The drilling ñuid from the tank 10 
is pumped by means of pump 13 into a high-pressure 
pump 15. A flowmeter 14 is provided intermediate the 
pumps 13 and 15. High pressure pump 15 delivers the 
drilling fluid under high pressure directly to the tlexible 
connection 17 and thence via drill stern 19 to the jet bit 
20. After the drilling fluid traverses the drill bit 20, the 
spent lluid returns to the tank 10 by gravity flow through 
line 32. A pressure gauge 16 is provided to monitor the 
pressure of the drilling Huid delivered by pump 15. In 
order to insure that pump 15 will always be provided 
with an adequate amount of input fluid, the pump 13 is 
somewhat larger in volumetric capacity than pump 15. A 
constant pressure input regulating valve 36 which main 
tains constant pressure on the input side of pump 15 is 
connected as indicated in FIGURE l. Fluid from pump 
13 bypassed by the valve 36 is returned to the tank 10 
via line 38. Readings of the ilowmeter 14 and pressure 
gauge 16 are recorded on conventional chart recorders 
(not shown) connected to these instruments. The weight 
on the bit is determined from the indication of pressure 
gauge 33 as will be explained. 

Drilling tests on whole jet bits were performed with the 
above-described apparatus with atmospheric air pressure 
inside the chamber '30. In performing such tests the drill 
ing assembly is first raised by turning valve 39 to the right 
to apply hydraulic fluid to cylinder 34 and raise the piston 
28. The pressure indicated by gauge 33 under the piston 
28 of cylinder 34 with valve 39 closed and with the entire 
drill system hanging free reflects the static weight of the 
system. When ready to drill, the valve 39 is turned to the 
left and hydraulic fluid is slowly bled :from cylinder 34, 
thus lowering the entire drill assembly. When drilling, the 
pressure as indicated by gauge 33 is reduced and this re 
llects the load in drill stem 19. As drilling progresses, the 
valve 39 is manually continually adjusted to maintain a 
predetermined reading on gauge 33. The weight on the bit 
is less than this load by the vertical reaction force of the 
ñuid emerging from the jet bit 20. The vertical reaction 
force is easily computed by well-known methods from the 
pressure (as read on gauge 16), rate of flow (as indicated 
by meter 14), and the measured density of the drilling 
ñnid. In addition after the bit has rnade hole, the bit 
weigh is still further reduced somewhat by the friction of 
drilling fluid flowing upward around the outside of bit 
20, but this component is not easily computed and is not 
taken into account. In all of the tests the valve 39 was 
manually adjusted during drilling so that the bleedoif of 
hydraulic fluid tfrom cylinder 34 is such as'to hold a read 
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6 
ing on gauge 33 that would result in a net bit weight of 
about 2,200 pounds, which for the 4% inch diameter bits 
employed is equivalent to a bit weight of about 500 
pounds per inch of bit diameter (this being the conven 
tional manner of expressing bit weight). As the bit made 
hole and progressed into the target 21, the entire drill as 
sembly was gradually lowered by bleeding hydraulic lluid 
through valve 39, always maintaining the predetermined 
pressure as indicated by gauge 33 so as to maintain the 
above-mentioned bit weight. 
While tests with whole jet bits were made with 'atmos 

pheric air pressure in chamber 30, it appeared that im 
mediately upon the drill penetrating the target a short dis 
tance all of the jets of the bit operated in ambient dis 
charged drilling ñuid. Furthermore, the resistance to ñow 
of drilling ñuid upward around the body of the bit de 
veloped a back pressure that is believed to simulate well 
conditions reasonably closely. Penetration of the whole bit 
into the target during a test time interval was measured 
by marking the shaft of one of the guides 31 attached to 
the rotary table 23. 

In making tests on whole bits the apparatus of FIG 
URE 1 was used with the chamber 30. By hydraulically 
adjusting the position of piston 28 the drill system was 
brought to a height such that the bottom of the drill bit 
was about one inch above the top o‘f the target rock 21. 
The door of the chamber 30 was then closed and the 
pumps and rotary table started. The drill was held at this 
elevation for 20 seconds, which resulted in the formation 
of some annular grooves being cut into the top of the 
rock 21. The valve 39 was then turned to bleed hydraulic 
tluid from cylinder 34 so as to lower the drill system un 
der the predetermined reading of gauge 33. The drill sys 
tem was thus lowered two inches from its initial position, 
this meaning that the drill bit 20 had then penetrated the 
rock 21 a distance of one inch. At this point timing was 
started and by means of a stop watch the time required 
to drill 12 inches (or 14 inches if the block of rock per 
mitted) was measured. During the timed drill test, the 
valve 39 was continually manually controlled to maintain 
the predetermined reading of gauge 33 so as to hold the 
desired weight on the bit. Depth of penetration of the 
drill was determined from a scale on one of the rotary 
table guides 31. The test was stopped by quickly shut 
ting off the pumps 13 and 15, rotary table motor 26, 'and 
closing valve 39. 
During a test run, the readings of pressure gauges 33 

and 58 were manually recorded and the flow rate as 
measured by flowmeter 14 and the reading of pressure 
gauge 16 were automatically recorded. Density of the 
drilling ñuid was periodically measured with a standard 
drilling mud balance, and viscosity was periodically meas 
ured with a standard Marsh funnel by measuring the 
number of seconds required to pass 32 ounces of the drill 
ing fluid from a 2,000 cc. container. The sand concentra 
tion was determined by catching a given volume of drill 
ing ñuid with a standard sand-control container from the 
bypass return line 38 (FIGURE l) ‘and using the API 
procedure to measure sand content. Sand particle size was 
determined by standard sieving technique. In the whole bit 
tests, the bit itself had provision to maintain the desired 
optimum standoff continually during drilling, the drill 
stem being gradually lowered during the test. 'I'he nozzle 
diameter was determined with an ID gauge as the internal 
diameter of the nozzle exit opening. From the flow rate 
measured by ñowmeter 14 (and checked by observing the 
r.p.m. of pump 15) and the measured nozzle diameter, 
the velocity of the jet stream emerging `from the nozzle 
was calculated. Also from the measured flow rate and 
the pressure dilîerential across the nozzle (reading of 
gauge 16 minus the reading of gauge 58) the hydraulic 
horsepower expended at the nozzle was calculated. The 
tests were timed with a stop watch. 

In all of the tests the pressure of the drilling ñuid in 
the drill stem as measured by pressure gauge 16 was main 
tained above that required to eiîect an exit velocity from 
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the nozzle that exceeded 650 f.p.s. The jet velocity in all 
of the tests thus exceeded the critical minimum cutting 
velocity. In the interest of uniformity, a pressure of 5000 
p.s.i. or higher was employed in all of the tests in order 
to provide a resulting nozzle exit velocity of 760 f.p.s. 
We have found that the standoff of a jet nozzle is an 

important parameter in determining the rock removal rate. 
The standoff is defined as the distance from the exit end 
of the nozzle orifice to the target. Two mutually confict 
ing considerations are effective in determining optimum 
standoff. In the case of a jet operating in an ambient 
liquid such as exists at the bottom of a fluid-filled drill 
hole, the jet tends to spread and to lose velocity after it 
leaves the nozzle, and this points to the use of as small 
a standoff as possible. On the other hand, if the nozzle is 
placed very close to the target, it is found that the jet 
encounters its own backsplash and this is detrimental 
for two reasons, namely, the high-velocity backsplash 
will reduce the jet velocity just prior to the moment the jet 
stream strikes the target so that a lower actual impact 
Velocity exists, and the backsplash also very quickly erodes 
the nozzle or its mounting so that the operating life of 
the tool is reduced. FIGURE 2 shows the relationship of 
these two effects. Curve 71 shows how the rock removal 
rate decreases with increasing standoff (under back pres 
sure) and curve 72 shows how wear on a steel tool de 
creases with increasing standoff. Tool wear as shown in 
curve 72 was determined on a whole bit by measuring 
for various standoff distances the reduction in length of 
the body of the drill bit with drilling time (change in di 
mension 7S of FIGURE 4 to be described later) in the 
apparatus of FIGURE 1. Aqueous drilling fluid contain 
ing 6% by bulk volume of sand of predominantly 20 to 
40 mesh and 6% by weight of bentonite was used. The 
curve 71 was obtained using the apparatus of FIGURE l 
with a single nozzle whose opening was l/s inch diameter, 
operating at 5000 p.s.i.g. across the nozzle with various 
standoffs and using aqueous drilling fiuid containing 6% 
by weight of bentonite and 6% by volume of sand of pre 
dominantly 20 to 40 mesh. These relationships show that 
a standoff in the range of I/2 inch to 1% inches is optimum 
and we prefer to use a standoff in the range 1/2 inch to 
l inch. Accordingly in thc jet drill bit FIGURES 3 to 14 
to be described provision is made to maintain 1 inch 
standoff. 
Examples of two drill bits are illustrated in FIGURES 

3 to 14. These bits have embodied therein the above 
disclosed optimum value of standoff. There results a jet 
bit that is substantially free of mechanical breakage and 
wear, and which when supplied with fluid under suf‘ñ- » 
cient pressure to develop jet stream velocities exceeding 
the critical minimum cutting velocity, will drill rock 
faster than a conventional mechanism bit especially in 
hard rock. In order to develop a jet velocity of, for ex 
ample 77() f.p.s. with 9.3 pounds/gal. fluid requires a pres 
sure of about 5000 p.s.i. and it is advantageous to employ 
pressure of this order inasmuch as it is known that the 
cutting rate increases with the velocity of the jet stream. 
In operating the jet bits of FIGURES 3 to 14 in accord~ 
ance with this invention the pressure of drilling ñuid 
supplied to the bit exceeds the critical minimum cutting 
pressure required for the jet to cut the rock, since at 
lower pressure substantially no cuttin g action is produced. 
The bit of FIGURES 3 to 7 inclusive comprises a body 

portion 110 having an outline substantially as indicated 
in FIGURE 3. The body comprises a substantially cylin~ 
drical sector 111 and an adjoining prisrnatic portion 1.1.2 
having the shape of a prism whose outer corners 113 
and 114 lie on a circle having a radius smaller than the 
radius defining the cylindrical surface of portion 111. 
The fiat surfaces of the prismatic portion 112 are for the 
purpose of forming fluid return channels, and instead of 
being plane surfaces as illustrated may be concave flutes 
on a continuation of the cylindrical portion 111. The 
prismatic portion 112 is shown as having three plane 
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surfaces but if desired, two, four, or more plane surfaces 
may form the prism comprising the portion 112. The bot 
tom surface 115 of the cylindrical sector 111 and the 
bottom surface 116 of the prismatic portion 112 are sub 
stantially coplanar to form a flat-ended bit body. 
A tongue or standoff bar 118 extends from the bottom 

surface 115 and has a shape substantially as shown in 
the figures. The standoff bar 118 forms an important 
element of the drill bit of this invention. The standoff bar 
11S extends completely transversely across the end of 
the body portion 110 and its side faces 126 and 128 are 
curved to form extensions of the cylindrical outer sur 
face of the body portion 111 of the bit. The outline of 
the standoff bar 118 as seen end-on in FIGURE 3 is 
such as to allow room for jet nozzles to be described. The 
length of the standoff bar 118 in the axial direction deter 
mines the standoff of the jet nozzles from the bottom of 
the hole being drilled. Inasmuch as a standoff of l inch 
is preferred as previously explained, the axial length of 
standoff bar 118 is made l inch. The bottom surface of 
the standoff bar 113 is provided with hard facing 119 
which serves to resist wear. 
The inner portion of the body 110 is bored to a diam 

eter 12€) which is provided with a substantially flat inner 
bottom surface 121. The upper end of the inner bore 
may be enlarged in diameter slightly as shown at 122 
and after fabrication the bit is fastened to a conventional 
drill pipe or drill collar 12d as by shrinking and welding 
as indicated. 
The bottom 115 of the cylindrical body portion 111 

is drilled to form a number of holes 133 and lf3-'l best 
seen in FIGURES 3 and 6. The holes 133 are drilled 
perpendicularly to the surface 11S, i.e. parallel to the 
longitudinal axis of the bit stem and bit. Alternate holes 
134 are drilled at an angle, as for example 25° with the 
longitudinal axis of the bit stern. All of the holes 133 and 
134 intersect the end surface 115 on substantially the same 
radius as best seen in FIGURE 3. While FIGURE 3 shows 
five perpendicular holes 133 and four angled holes 134, 
this is by way of illustration only and the number of 
these holes may vary depending on considerations to be 
explained. Furthermore, the holes 133 and 134 may be lo~ 
cated on the same or different radii. The inner end of 
each hole 133 and 134 meets with one of a number of 
holes 135 best seen in FIGURES 6 and 7. The holes 
135 are drilled from the inside of the body of the bit 
at an appropriate angle to meet the respective holes 133 
and 134. Drilling fluid pumped down the inside of the 
drill stern into the central cavity 120 of the bit thus flows 
through the holes 135 and out the holes 133 and 134 as 
well as other holes to be described. 

In each of the holes 133 and 134 there is inserted and 
fastened a nozzle 136 and 137 whose cross section is 
best seen in FIGURE 6. The nozzles 136 and 137 are 
held in place by brazing. Each of the nozzles 136 is made 
of a hard material, for example wear-resistant cemented 
carbide material available under the trademark Kenna 
metal. Each of the nozzles 136 and 137 has an axial open 
ing 138 that is provided at its inner end with an el 
liptical approach section 139 in order to provide stream 
line entrance flow into the nozzle. 
The bottom 116 of the prismatic portion 112 of the 

bit is drilled with a number of holes, as for example holes 
146, 147, 148, and 149 that communicate with the inside 
of the bit via milled recesses 150 best seen in FIGURE 6. 
The holes 146, 147, 148, and 149 are drilled substantially 
parallel to the axis of the bit stem and each hole is pro 
vided with a nozzle 156, 157, 158, and 159 made of 
hard wear-resistant material fastened in place by brazin g. 
Each nozzle has a central opening with an elliptical en 
trance opening similar to those of nozzles 136. Drilling 
fiuid pumped down the inside of the drill stem thus 
flows through the nozzles 156, 157, 158, and 159, as 
well as through nozzles 136 and 137. 
Each of the nozzles 136, 137, 156, 157, 158, and 
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159 has a central bore that is substantially parallel sided 
over the greater part of its axial length and has an inside 
diameter of 1/s inch. The axial length of the respective 
nozzles may vary somewhat but is preferably in excess 
of 3A: inch. 
The arrangement, number, and angular orientation of 

nozzles 136, 137, 156, 157, 158, and 159 is such as to 
effect a uniform penetration rate over the entire target 
surface. The drill bit is rotated during drilling so that 
each jet or series of jets having the same impact radius 
on the bottom of the hole scans an annular region whose 
area is directly proportional to its radius. Accordingly, for 
a single jet the penetration rate is proportional to R"n, 
where R is the radius and the exponent n is in the 
neighborhood of unity. We have found however that the 
exponent n varies slightly from unity, usually being some 
what larger. We prefer to employ bits whose nozzles 
are of about the same size so as to develop substantially 
equal efficiencies, and arranged so that the jets strike 
the target at a radius whose exponent n in the above rela 
tionship is in the range 0.8 to 1.2, with a value of n equal 
to unity preferred. It is preferred to avoid overlap of the 
annular grooves cut by jets of adjacent radii ‘because the 
jets will cut a deeper groove in the overlap region than in 
thergroves Where> there is no overlap, and this lack of 
uniformity in the resulting penetration rate will impair 
the drilling efficiency of the bit as a whole. Maximum pene 
tration rate of the bit as a whole is obtained with nozzles 
arranged to cut with a substantially uniform downward 
penetration rate over the area being drilled. 

In the example illustrated in FIGURES 3 to 7 the nozzle 
156 is located at the smallest radius from the rotation 
axis 140, and being directed parallel to the axis 140 will 
cut the bottom of the hole at the smallest radius. The 
penetration rate of this jet at this diameter under operating 
conditions will be known as well as the approximate 
width of the groove cut thereby. At substantially one 
groove width farther out from the axis a second radius 
is provided with nozzles 157, 158, and 159. Inasmuch as 
this radius is substantially three times as large as the 
operating radius of nozzle 156, it is necessary to employ 
three nozzles (ic. 157, 158, and 159) at the larger radius 
in order to attain the same penetration rate as nozzle 156. 
A further groove-width step outward from the axis of 
rotation is the radius 142 on which nozzles 136 are located. 
This radius is substantially live times the radius of nozzle 
156, and therefore live nozzles 136 are employed at this 
radius. Note that the radii are those on which the respec 
tive jets strike the bottom of the hole being drilled, hence 
nozzles 157 and 136 being parallel to the axis 40 are 
located on these respective radii. 

It is apparent that structural considerations limit the 
maximum radius at which a nozzle can be mounted in the 
body of the bit 10. Hence, in order to cut the outer cir 
cumference of the hole the nozzles are mounted at an 
outwardly directed angle as are nozzles 137. As indicated 
in FIGURE 7, the nozzles 137 are directed to the outer 
periphery of the hole as determined by the intersection 
143 of the cylindrical surface of the cylindrical portion 
of the body of the drill and the lower end of the tongue 
118. While the radius of the intersection 143 from the 
axis 140 is found in the example here described to be 20 
percent larger than the radius at which the jets from 
nozzles 136 strike the bottom of the hole, there is an 
overlap between the groove cut by the jets from nozzles 
136 and that cut by jets from nozzles 137. Accordingly, 
the number of nozzles 137 employed at any specific radius 
is somewhat reduced by the overlap, and in this example 
it is found that four jets from nozzles 137 are required. 
these principles may be applied to the design of any size 
jet bit similar to those herein described in which jets are 
substantially perpendicular to the target surface. When 
the nozzles of substantially equal efliciency produce jets 
that impact the hole bottom nearly perpendicularly, the 
number of jets employed to strike a groove of any given 
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10 
radius of hole bottom is proportional to the radius to the 
power n of the previously mentioned relationship. The 
width of groove cut is a function of the diameter of the 
nozzle »orifice and nature of the rock being cut and is 
easily determined by experiment. The hard facing on the 
bottom of the standoff bar 113 serves to break olf any 
minor ridges that may remain between grooves as well as 
to control standoff of the nozzles. 
FIGURES 8 to 14 inclusive illustrate another embodi 

ment of the herein disclosed optimum values of jet drill 
parameters. The bit of FIGURES 8 to 14 comprises a 
body portion that is substantially cylindrical with a cross 
section shown in FIGURE 11. There are two reentrant 
portions 205 and 206, which while shown slightly different 
in outline in FIGURE ll, may be of the same or similar 
shape. The upper end of the body portion (this being the 
lower end as seen in FIGURES 8 and 9) is fastened as by 
welding to an adapter 201 whose upper end is shrunk 
and welded at 202 to the stem 203. The adapter 201 has 
a generally oval central opening 204 whose outline is 
best seen in FIGURE 1l. The opening 204 communicates 
with the axial opening 207 in the stern 203. Stem 203 is 
smaller in diameter than body 200 and is provided with 
conventional drill-pipe threads (not shown) so that the 
entire bit assembly may be removably connected to a cou 
ventional drill pipe, as for example 19 of FIGURE l. The 
lower end of the body portion 200 is closed by an end 
plate 210 which may be made integral with the body por 
tion 200 or otherwise fastened thereto. The end plate 210 
is substantially flat as indicated. 
The bottom of each reentrant portion 205 and 206 is 

covered by a block 211 whose outline is best seen in 
FIGURE 8. Each block 211 has la peripheral surface 
212 that substantially conforms to the shape of the cir 
cular cylindrical surface forming the outer periphery of 
the body portion 200. The other two sides of the blocks 
211 subtend an angle of sufficient span to cover the re 
spective reentrant portions 205 and 206 of the body p0r 
tion 200. The blocks 211 are .fastened to the body por 
tion 200 as by welding. The bottom surface of each block 
211 is provided with a hard facing 213 of wear-resistant 
material, as for example Kennametal. 
The end plate 210 is drilled with a plurality of holes 

221, 222, 223, 224, and 225 which communicate with 
the inner chamber of the body portion 200. The holes 
are drilled at various distances from the axis 227 of the 
bit and at various angles with respect to the bit axis. The 
axes of holes 221 and 222 intersect the bit axis. Holes 
having the same reference numeral make the same langle 
with, and are the same distance from the axis of the bit. 
The holes 223, 224, and 225 are drilled parallel to the 
axis of the bit. In each of the holes 221, 222, 223, 224, 
and 225 there is mounted a nozzle 231, 232, 233, 234, 
:and 235, respectively having a circular Opening with a 
longitudinal entrance contour of elliptical shape fol 
lowed by a straight parallel sided portion. The nozzles 
are made of wear-resistant material and held in place 
as by brazing. 
The blocks 211 previously mentioned 'are `for the pur 

pose of maintaining the optimum standoff for the 
nozzles. The blocks 211 also serve to break off any 
minor ridges that may remain on the bottom of the bore 
hole. Inasmuch as the borehole below the bottom of the 
end plate 210 is substantially enclosed, the spent drilling 
fluid exits substantially entirely around the outside of the 
bit, thus drilling a hole slightly larger than the outer 
periphery 212 of the bit. In order to cut the bottom of 
the hole to this diameter, the nozzles 231 are angled out 
ward as best seen in FIGURE 12, so that their jets intersect 
the outer periphery of the bottom of the hole substan 
tially at the standoff distance determined by the blocks 
211. Thus the’nozzles 231 mounted in holes 221 are 
angled outward so that the axis of the nozzle 231 makes 
:an angle of 27° with the axis of the bit as shown in 
FIGURE 12. Four nozzles 231 are employed to produce 
jets that cut the outer periphery of the hole. The nozzles 
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232 in the holes 222 are also angled outward slightly, 
these being at an angle of 7° with the axis of the bit as 
shown in FIGURE 13. The jets from the nozzles 232, 
.four in number, strike the bottom of the hole at a radius 
just inside the groove cut by nozzles 231. Inasmuch as 
there is little difference between the radii o‘f the locus of 
impact of the jets from nozzles 232 :and 231, there are 
four nozzles 232 employed so as to provide at the radius 
of impact of their jets substantially the same penetra 
tion rate as the jets from nozzles 231. Jets from the ver 
tical nozzles 233 strike at the next smaller radius and 
it is found that three nozzles 233 will meet the penetra 
tion requirement at this smaller radius. At the next 
smaller radius two nozzles 234 are employed, the radius 
of nozzles 234 being substantially two-thirds the radius 
of nozzles 233. At a still smaller radius a single nozzle 
235 is suñicient to develop the necessary equal penetra 
tion rate, the radius of nozzle 235 being substantially 
one-half of the radius of nozzles 234. It is thus seen that 
the nozzles 231 to 235 are located so that their respec 
tive jets strike the bottom of the hole both in number 
and radius to provide substantially uniform downward 
penetration rate over the area of impingement of the jets. 

In the bit of FIGURES 8 to 14 the standoif is con 
trolled by the axial height of the blocks 211. In accordance 
with the previously explained indications of FIGURE 2 
the height (or axial length) of blocks 211 including the 
hard facing 213 is made to be in the range 1/2 to 1% 
inches and is preferably about 1 inch. The bit of FIG 
URES 8 to 14 is operated with drilling fluid containing 
sand of predominantly 20 to 40 mesh in concentration 
between 3 percent and 20 percent by volume, and it is 
preferred to use between 5 percent and 15 percent sand. 
An important desideratum in the design of a jet bit is 

to avoid erosion of the bit itself both inside and outside. 
The effect of standoiï on erosion of the outside of the bit 
has already been discussed in connection with FIGURE 
2. It has also been Ifound that excessive external erosion 
takes place when substantially vertical jets such as are 
employed in the jet bits of FIGURES 3 to 14 are placed 
closer together than about % inch between center lines. 
For example if a plurality of nozzles are bunched close t0 
»gether, there will be excessive erosion of the surrounding 
bit body. We prefer that the nozzles be spaced greater 
than about % inch between centers and that they be spaced 
greater than 3/s inch from the standoff bar. This substan 
tially avoids external erosion of the nozzle, standoiî bar, 
and bit body. In order to minimize internal erosion the in 
terior fluid flow paths are designed to avoid abrupt 
changes in direction of the Huid adjacent the interior sur 
faces of the bit body. Thus for example, the nozzles 231 
and 232 of the bit of FIGURES 8 to 14 are located to 
eliminate internal erosion by permitting the internal ñuid 
direct access to the elliptical entrance to each nozzle With 
out prior change of fluid direction. We prefer to place the 
nozzles so that they are spaced greater than % inch apart 
but less than such spacing as would introduce sharp 
changes in the direction of iluid flow in the interior of 
the bit body. 
An important feature of this invention lies in the fact 

that tvery little weight is put on the jet bit of this in 
venion during operation. We have found that the drill 
ing rate for a bit of the type illustrated in FIGURES 3 
to 14 is maintained at a high rate when the bit weight is 
less than 700 pounds per inch of bit diameter, whereas 
conventional mechanical bits require much higher bit 
weight in order to cut hard rock lat reasonable rates. The 
absence of mechanical cutters together with low bit weight 
permits the use of correspondingly low torque when using 
the jet bits of this invention. Drag bits are usually used 
with less bit weight than cone bits because of greater 
tendency to catch in soft rock, but drag bits are substan 
tially ineffective in hard rocks which require cone or 
roller bits. When the present invention is employed, the 
weight applied to the bit is very low, as for example 500 
pounds per inch of bit diameter. By way of example when 
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12 
drilling with the jet bit of FIGURES 8 to 14 herein de 
scribed operating at a pressure of 5000 p.s.i.g. with aque 
ous ñuid containing 6% by volume of sand of pre 
dominantly 20 to 40 mesh and 6% by weight of bentonite, 
the penetration rate observed on gray granite was 63 feet 
per hour when the bit weight was 2200 pounds ̀ and the bit 
diameter Was 4% inches. It is seen that the bit weight 
applied to the jet bit of this invention is very substantially 
less than is conventionally applied to mechanical bits. In 
asmuch as the jet bits illustrated in FIGURES 3 to 14 
do substantially no mechanical cutting, it is necessary to 
apply only enough bit weight to hold the bottom stand 
off bar against the bottom of the hole, the penetration 
rate being substantially independent of any greater bit 
Weight. Accordingly, the curve of rate of penetration as 
an ordinate against bit Weight as an abscissa for a jet bit 
of this invention is substantially horizontal and it is seen 
that for the jet bits of this invention substantially higher 
penetration rates are achieved under conditions of very 
low bit weight. We have found that by employing this 
invention the bit weight may be held to less than 700 
pounds per inch of bit diameter without appreciably im 
pairing the drilling rate. 
We have further found that for a jet bit similar to 

those herein disclosed there is an optimum rate of rota 
tion which results in maximum rate of penetration of the 
drill. Tests were conducted with a 45/3 inch diameter bit 
similar in structure to that shown in FIGURES 4 to 7 and 
having eleven nozzles 1A; inch in diameter drilling in gray 
granite at various rotational speeds and using aqueous 
drilling mud of density 10.5 pounds per gallon including 
6 percent by volume of sand predominantly 20 to 40 
mesh. The exit velocity of the lluid from the nozzle was 
770 feet/ second which is well above the critical minimum 
cutting velocity. Rotational speeds between about 20 r.p.m 
and 60 r.p.m. resulted in high penetration rates. Accord 
ingly, the jet bits of this invention employ a rotational 
speed in the range between about 20 r.p.m. and about 60 
r.p.m., and we prefer to use about 40 r.p.m. for best 
results. This is in contrast to conventional mechanical 
bits for 'which the penetration rate continues to increase 
with increase in rotational speed. 
As herein explained, this invention provides a method 

and apparatus for borehole drilling substantially entirely 
by means of high-velocity hydraulic jets having a velocity 
that exceeds the critical minimum cutting velocity. Inas 
much as the target removal rate of the jets increases rapid 
ly with velocity above the critical value, it is advan 
tageous to operate at velocities substantially higher than 
the critical value. Accordingly, we prefer to operate with 
jet velocities that exceed about 650 f.p.s. The differential 
pressure across the nozzle required to effect a velocity of 
650 f.p.s. will depend on the density of the drilling fluid 
employed, but we prefer to employ a differential pressure 
exceeding about 4000 p.s.i. and have found it advanta 
geous to operate with a differential pressure at or above 
about 5000 p.s.i. 
We claim: 
1. A hydraulic jet drill bit for the rotary drilling of a 

borehole in hard formations comprising a hollow body 
adapted to be connected to the lower end of drill pipe with 
the internal cavity of the body in communication with the 
central passage of the drill pipe, a substantially fiat and 
horizontal bottom member closing the lower end of the 
hollow body, a plurality of nozzles having their outlets 
substantially flush with the lower surface of the bottom 
member extending downwardly through the bottom mem 
ber, said nozzles being positioned to discharge hydraulic 
jet streams against the bottom of the borehole adjacent 
the center of the borehole to cut a central hole and at in 
tervals over the full diameter of the borehole, and a hard 
surfaced standolï bar on the bottom member extending 
downwardly from the lower surface thereof 1/z inch to 
1% inches. 

2. A hydraulic jet drill bit as set forth in claim 1 in 
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which the standoff bar extends substantially diametrically 
across the lower surface of the bottom member of the 
drill bit and one of the sides of the standoff bar is convex 
to permit placement of a nozzle near the axis of rotation 
of the drill bit. 

3. A hydraulic jet drill bit as set forth in claim 1 hav 
ing two diametrically opposed standoff bars, each of the 
standoff bars being substantially a sector of a circle ex 
tending inwardly from the circumference of the drill bit 
along the lower surface of the bottom member a portion 
of the distance to the center of rotation of the drill bit 
and at least one nozzle extends downwardly through the 
bottom member at a position to cut in the-bottom of the 
borehole a central hole having a diameter larger than the 
distance between the inner ends of the standoff bars. 

4. A hydraulic jet drill bit as set forth in claim 1 hav 
ing axial recesses extending longitudinally along the outer 
surface of the drill bit body, the lower end of the axial re 
cesses being closed by the botto-m member, and standoff 
bars protruding from the lower surface of the bottom 
member directly below the axial recesses. 

5. A hydraulic jet drill bit as set forth in claim 1 in 
which the standoff bars have substantially ñat bottom 
surfaces of substantial breadth. 

6. A hydraulic jet drill bit as set forth in claim l in 
which the nozzles have a diameter of approximately 1/3 
inch and are at least 3%; inch apart. 

7. A hydraulic jet drill bit for the rotary drilling of a 
borehole in hard formations comprising a hollow body 
adapted to be connected to the lower end of drill pipe with 
the internal cavity of the body in communication with the 
central passage of the drill pipe, a substantially flat and 
horizontal bottom member closing the lower end of the 
hollow body, a plurality of nozzles having their outlets 
substantially ñush with the lower surface of the bottom 
member extending downwardly through the bottom mem 
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ber, the position and number of the nozzles being adapted 
to cut a central hole and a plurality of concentric grooves 
of substantially the same depth of penetration into the bot 
tom of the borehole over the full width of the borehole, 
and a hard-surfaced standoff bar on the bottom member 
extending downwardly from the lower surface thereof 1/2 
inch to 11A inches. 

8. A hydraulic jet drill bit for the rotary drilling of a 
borehole in hard formations comprising a hollow body 
adapted to be connected to the lower end of drill pipe with 
the internal cavity of the body in communication with the 
central passage of the drill pipe, a substantially flat and 
horizontal bottom member closing the lower end of the 
hollow body, a plurality of nozzles having their outlets 
substantially flush with the lower surface of the bottom 
member extending downwardly through the bottom mem 
ber, the position of the nozzles being adapted to discharge 
jet streams against the bottom of the borehole at a plu 
rality of distances from the center of rotation of the drill 
bit across the full diameter of the borehole whereby sub 
stantially the entire downward penetration of the forma 
tion drilled is by the hydraulic jet streams, and a hard 
surfaced standoff bar on the bottom member extending 
downwardly from the lower surface thereof 1/2 inch to 
11A inches. 
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