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No. 771,382 

int. C. E.2b 21/04, 7/18 
U.S. C. 75-393 13 Claims 

AESTRACT OF THE DISCLOSURE 

Nozzles for drill bits used in the hydraulic jet drilling 
of wells. The nozzles have a long converging entrance 
Section formed by a convex surface of large radius of 
curvature opening at its outlet end into a throat section 
of constant diameter. Data are presented showing reduced 
rates of wear of the nozzles and increased rates of pene 
tration as compared with nozzles heretofore used. 

This application is a continuation-in-part of our co 
pending application Ser. No. 591,758, filed Nov. 3, 1966, 
now abandoned and entitled Hydraulic Drilling Bit and 
Nozzle. 

This invention pertains to improvements in bits and 
nozzles for use in hydraulic jet drilling of wells by use 
of a high-velocity jet carrying an abrasive. 

In hydraulic jet drilling, several advantages are ob 
tained over prior mechanical methods. These advantages 
include the elimination of substantially all mechanical 
cutting elements, which permits construction of drill bits 
which operate more efficiently and for longer periods of 
time. Such jet drilling bits also permit use of lighter drill 
ing apparatus, thus effecting economies throughout the 
process, such as in power requirements, cost of drill col 
lars, and the like. The number of drill collars can be 
reduced to reduce weight because the jet drilling proc 
ess does not depend upon heavy weight on the bit to 
help the cutting action as do mechanical processes. In 
the jet drilling method, hydraulics are used to create 
grooves to leave only small ridges which are easily 
removed by a small mechanical force. 

For many years, most oil and gas wells have been drilled 
by the rotary drilling method in which a bit mounted 
on the lower end of drill pipe is rotated against the bot 
tom of the borehole while a fluid, usually referred to as 
drilling mud, is circulated down the drill pipe and up 
wardly through the annulus between the drill pipe and 
the borehole wall to carry cuttings from the borehole. 
The penetration into the bottom of the borehole is by 
means of mechanical elements of the bit which break 
off chips and/or crush the formation. For example, in a 
fishtail bit, blades extend downward from the bottom of 
the bit. Rock bits comprise rollers having cutting teeth 
extending from their outer surface. With both these bits, 
a substantial weight, on the order of 3,000 to 10,000 
pounds per inch of bit diameter, is applied to increase 
the force of the cutting elements against the formation. 

In hydraulic jet drilling, an abrasive-laden slurry is 
directed in narrow streams at extremely high velocities 
against the bottom of the hole from nozzles in the rotat 
ing bit to penetrate the formation by the abrasive action 
of the suspended particles, rather than by mechanical cut 
ting or grinding elements. Hydraulic jet drilling allows 
Substantially higher penetration rates of hard formations 
than are obtainable with conventional bits. However, the 
highly erosive nature of the process severely limits the 
life of both the bit and the nozzles. When the nozzles 
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become so eroded and enlarged that the pumping equip 
ment is no longer able to develop the required cutting 
jet velocity through the nozzle exits because of the pres 
Sure losses associated with the higher flow rates through 
the drill pipe required to maintain the necessary high 
velocity through the enlarged nozzles, then the bit must 
be replaced. In the present state of the art, the life of 
the bit is determined by the life of the nozzles. Replacing 
a bit is an expensive operation because it requires pulling 
the entire string of drill pipe out of the hole, and the 
drill string can be thousands of feet long. Thus, drill bit 
replacement requires a large amount of time, which lost 
time costs many thousands of dollars, depending on the 
depth of the hole. 

It is therefore an object of this invention to provide jet 
drilling bits and nozzles having increased life; to reduce 
the number of bit and nozzle replacements required dur 
ing the drilling of a well; to provide high drilling rates; 
and to allow a high rate of penetration, at a minimum 
power consumption. 

This invention comprises a novel bit for drilling wells 
with hydraulic jets of abrasive-laden fluid, comprising a 
hollow bit body closed at its lower end and having a 
plurality of nozzles extending through the lower end and 
opening downwardly in position to cut a plurality of con 
centric grooves in the bottom of the borehole as the bit 
is rotated. Each of the nozzles comprises an elongated 
body formed with an internal profile embodying the in 
vention which will operate in jet drilling bits for long pe 
riods of time without excessive erosion. An important 
and essential feature of the present invention resides in 
the novel internal profile of the nozzles embodying the 
invention. This profile comprises an arcuate entrance 
section and a cylindrical throat portion tangent to the 
arcuate entrance section. The arcuate section is in the 
form of an arc of a circle of large diameter. Nozzles 
embodying the invention will have an increased life char 
acteristic to further increase the advantages of hydraulic 
jet drilling. 

In the attached drawings forming a part of this dis 
closure, except as specifically pointed out hereinafter: 

FIG. 1 is a diagrammatic view, partially in cross Sec 
tion, of apparatus for drilling wells with the drill bit 
and nozzle of this invention; FIG. 2 is a vertical Sectional 
view of the drill bit attached to an adapter for connec 
tion to the lower end of drill pipe; FIG. 3, is a bottom 
view of the embodiment of the drill bit illustrated in FIG. 
2: FIG. 4 is an outlet end view of a nozzle embodying 
the invention; FIG. 5 is a longitudinal, cross-sectional 
view taken on line 5-5 of FIG. 4; and FIGS. 6a through 
6d are diagrammatic representations of other nozzles not 
embodying the invention having various different internal 
profiles which were tested, and which show the improved 
life characteristic of nozzles embodying the present inven 
tion. 

Referring to FIG. 1, a derrick 10 is shown in place 
above a well having casing 14 and drill pipe 16 therein. 
A drill bit 18 is connected to the lower end of drill pipe 
16 and rests on the bottom of the well. 
The upper end of casing 14 is closed by a casing head 

20, which usually includes blowout preventers and other 
conventional wellhead equipment well known to those 
skilled in this art. A discharge line 22 delivers drilling 
slurry carrying abrasive and entrained cuttings to ap 
paratus labeled, "Drilling Slurry Treatment.” Such treat 
ment consists of removal of cuttings and excessive fine 
particles, cooling, and adding slurry treating materials, 
fresh slurry to make up any losses, and fresh abrasive. 
The slurry is then delivered to the "High Pressure 
Pumps," and discharged by the pumps through line 26 
into the upper end of drill pipe 16. Means are provided 
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to rotate the drill pipe in the usual manner. In hydraulic 
jet drilling, in contrast to conventional rotary drilling, the 
weight on the drill bit is not substantial; 1,000 pounds per 
inch of bit diameter, or less, approximately one-fifth the 
weight used in conventional rotary drilling, is adequate. 
The drilling slurry contains an abrasive such as sand, 

ferrous grit, or ferrous shot which is discharged at eX 
tremely high velocities from the nozzles. This velocity is 
at least 500, and preferably 600 to 900 feet per second. 
The particle size of abrasive depends upon the exit open 
ings of the nozzles. It is desirable to use the largest abra 
sive particles that will pass through the nozzles and 
pumps because drilling rate is faster with larger particles. 
In a typical operation in which the nozzles have an in 
ternal diameter of /8 inch, abrasive particles having a 
size in the range of 10 to 80 mesh, and preferably 20 to 
40 mesh, can be used. 

Bit 18 comprises a lower cylindrical section 28 joined 
to the lower end of a central adapter section 30 which 
is joined to the lower end of an upper cylindrical section 
32. Bit 18 is closed at the lower end by a bottom mem 
ber 34, and at the upper end by a top 36 having a 
threaded, centrally positioned, upwardly opening box 38 
to receive the threaded lower end of drill pipe 16. Bit 18 
illustrated in FIG. 2 of the drawings comprises an elon 
gated internal chamber 40 of relatively large diameter, 
provided with an internal strengthening web 42. Means 
are provided to permit flow of slurry and cuttings up 
wardly around the bit, and comprise diametrically op 
posed flutes 44 in alignment with web 42. 

Secured to the bottom member 34 by means of a suit 
able silver solder, bolts, or other suitable means, is a 
backsplash plate 46 of a hard abrasive and impact resis 
tant material such as tungsten carbide. Plate 46 should 
have a substantial thickness, at least 1 inch and preferably 
1% to 2 inches, to prevent erosion of the sides of the 
drill bit. Abrasives and cuttings carried upwardly around 
the drill bit do not cause serious erosion; hence, a back 
splash plate thicker than 2 inches is not needed. 

Protruding downwardly from the lower surface of plate 
46, and preferably integral therewith, are a pair of stand 
off bars 48 which determine the distance between the 
outlets of the nozzles and the bottom of the borehole. 
Stand-off bars 48 project downwardly a distance of about 
4 inch to about 14 inches, and preferably a distance in 
the range of about 3% inch to about 1 inch. At lower 
thicknesses, erosion of the bottom and side walls of the 
bit is severe because of backsplash from the hole bottom, 
and at thicknesses greater than about 14 inches, the rate 
of cutting is seriously reduced because the nozzles are 
too far from the hole bottom. 

Stand-off bars 48 are positioned directly below the 
flutes 44, since that space cannot be occupied by nozzles, 
to thus make the most effective use of the space available. 

Bottom member 34 and backsplash plate 46 are drilled 
or otherwise formed to receive a plurality of nozzles 50. 
The lower ends of the receptacles for the nozzles 50 are 
tapered to match taper 15 on the nozzles, described below, 
to prevent downward movement of the nozzles during 
drilling. Leakage is prevented by a suitable sealant, such 
as an epoxy cement or silver solder. The taper at the lower 
end of the receptacles positions the nozzles with their out 
let faces substantially in the plane of the lower surface of 
plate 46. 

Nozzles 50 are substantially entirely within the bit 
body in that the outlet ends of the nozzles are substan 
tially flush with the bottom surface of the backsplash 
plate. The nozzles are positioned and oriented in the drill 
bit to accomplish several purposes. The total number of 
nozzles and their individual location and orientation is 
dependent upon the size of borehole to be drilled. Some 
nozzles are positioned to cut a groove having an outer 
diameter about 4 to /2 inch larger than the largest diam 
eter of the drill bit. For this purpose, outwardly slanting 
nozzles 50a are positioned near the outer edge of the back 
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4. 
splash plate. Other nozzles are positioned to cut grooves 
in the bottom of the borehole spaced apart a small 
enough distance to allow the stand-off bars to break the 
intervening ridges. A plurality of outwardly slanting noz 
zles 50b are positioned at a smaller distance from the 
center of rotation of the drill bit than nozzles 50a, see 
FIG. 3. Still closer to the center of rotation are outward 
ly slanting nozzles 50c adapted to cut a groove spaced 
inwardly from the groove cut by nozzles 50b. Still nearer 
the center of rotation is a nozzle 50d slanting inwardly 
to cut a hole in the center of the borehole extending out 
Wardly beyond the inner ends 52 of the stand-off bars 48. 
Nozzle 50d is positioned to direct the slurry between the 
inner ends of the stand-off bars so as not to erode them. 
A vertical nozzle 50e is positioned to cut a groove between 
the groove cut by nozzles 50c and the hole cut by nozzles 
50d to reduce the width of the ridge created by nozzles 
50d and 50c. In general, the number of nozzles at any 
particular radial distance from the center of rotation of 
the bit increases, but not necessarily directly, as the radial 
distance increases because of the larger amount of rock 
that must be removed in the outer grooves, to cut grooves 
of substantially the same depth below the bit. 
The extension of nozzles 50 above the upper surface 

of bottom member 34 has been found to reduce nozzle 
plugging. The extension also positions the inlet ends of 
the nozzles nearer the center of the bit body to cause 
flow at Substantially uniform rates through all the noz 
zles. In this manner, the depth of grooves cut can be made 
Substantially the same, and optimum stand-off from the 
bottom of the hole for all of the nozzles is obtained to 
give a high rate of penetration. 

In FIGS. 4 and 5 there is shown one nozzle 50, which 
could be any one of nozzles 50a to 50e, which is not 
drawn to Scale, and represents a relatively large family 
of nozzles embodying the invention and which have been 
found to be particularly advantageous. 

Nozzles embodying the invention and having the 
greatly increased life characteristic comprise an internal 
profile, which consists of an entrance section whose pro 
file is an arc of a circle, the outlet end of which is 
tangent to the inlet end of a cylindrical throat section. 
The combination of the arcuate entrance section profile, 
and the cylindrical throat with its entrance end tangent 
to the exit end of the entrance section, imparts increased 
life to nozzles embodying the invention. It is thought that 
this advantageous result at least partially resides in the 
provision of a particular radius of curvature in the en 
trance Section which prevents the creation of localized 
areas of high wear which prematurely end the life of 
the nozzle. The arcuate entrance section thus increases 
life by causing the entire entrance section of the nozzle 
to Wear uniformly. The provision of the cylindrical throat 
tangent to the exit end of the entrance section aids in 
increasing life by delaying the time at which the wearing 
action of the abrasive particles reaches the exit diameter 
in the outlet face of the nozzle. The nozzle can function 
with reasonable wear rearwardly of that exit diameter, 
since it determines the final cross-sectional area of the 
jet. It has been found that a high wear region tends to 
be created at the point in the nozzle at which the de 
creasing cross-sectional area of the entrance section 
changes to the constant cylindrical cross-sectional area of 
the throat. By providing a throat, as opposed to having 
no throat, this region of high wear tends to “walk” toward 
the exit diameter in the outlet face of the nozzle, thus 
prolonging the life of the nozzle. 

Thus, it is the combination of the arcuate entrance sec 
tion of a particular radius with the cylindrical throat sec 
tion of a particular length which yields the advantages 
of increased life to nozzles embodying the invention. 

Nozzle 50 is cylindrical and comprises an entrance di 
ameter D, an exit diameter d, an entrance length L, a 
cylindrical throat portion of diameter d and length T, an 
Outside diameter OD, and an external taper 15, described 



3,469,642 
5 

above. The cross-sectional shape of the nozzle between 
the entrance end of the throat and the entrance diameter 
D is an arc of a circle having a radius R. One end of this 
arc is tangent to the cylindrical throat at its entrance end, 
and the other end intersects the entrance diameter D. 

Nozzle life increases in proportion to increase in length 
L. Practical considerations, such as manufacturing prob 
lems, increased cost, increased fragility, and the necessity 
to set a plurality of nozzles into the bit without interfer 
ence with each other and the outside wall of the bit, 
determine an upper limit to the increase of length L. 
Also, as length increases at a given outside diameter, the 
internal profile will approach a cylinder, which profile is 
not as long lived as the profile of the invention, as will 
appear more clearly from the test data below. Also as 
length increases, the pressure loss increases, which com 
prises another practical limitation on length L. Lengths 
L within the range of about 1% inches to about 4/2 inches 
are suitable, and length L in the range of about 2% 
inches to about 3% inches are preferred. 

Throat T increases nozzle life as explained above. 
However, there appears to be a maximum length of throat 
T for any particular nozzle beyond which the nozzle 
wears permaturely. The reason for this is thought to be 
that in such long throats, the abrasive particles buffet 
about, which causes them to lose momentum, and which 
also causes them to enlarge diameter d throughout throat 
T as well as in the outlet face of the nozzle. It is also 
thought that the flow stream passing through an overly 
long throat may experience a vena contracta, and the 
resultant downstream expansion will cause excessive wear 
at the outlet face, the most critical area. Throat lengths 
T in the range of about 72 inch to about 1/2 inch are 
suitable, and throat lengths T in the range of about 34 
inch to about 14 inches are preferred for nozzles having 
an outlet diameter of /8 inch. 

It has been found that drilling rate alone is relatively 
insensitive to changes in nozzle exit diameter. The con 
siderations in establishing a lower limit to the size of 
exit diameter d includes the fact that if the diameter is 
made smaller, the size of abrasive particles used must 
be made smaller, and very small abrasive particles have 
been found to reduce drilling rate. Also, it has been found 
that very small nozzles do not drill efficiently because 
they are very sensitive to interference between their flow 
streams, and also very sensitive to stand-off. An increase 
in dimension d causes an increase in the exit cross-sec 
tional area proportional to the square of the radius, d/2; 
therefore, a relatively small increase in dimension d of 
each nozzle will generate a relatively large total increase 
in the pump output requirement. In addition, the drill bit 
carries a plurality of nozzles, as described above. In hy 
draulic jet drill bits the number of nozzles ranges from 12 
to 30. The total flow is thus broken into a relatively 
large number of relatively small jets. For most efficient 
drilling by the hydraulic jet method exit diameters d 
in the range of about 46 inch to about 346 inch have 
been found to be suitable, and exit diameters d in the 
range of about 382 of an inch to about 5% of an inch 
are preferred. 
The entrance diameter D is the largest internal open 

ing of the nozzle. Entrance diameters D in the range of 
about 342 inch to about /2 inch are suitable, and entrance 
diameters D in the range of about 346 inch to /2 inch are 
preferred. Dimension OD, described below, determines an 
upper limit to dimension D. 
The profile of the entrance section of the nozzle is a 

circular arc tangent to the cylindrical throat T where 
it joins length L, and which passes through entrance di 
ameter D. The radius R of this circle is shown in FIG. 5. 
Nozzles having values of R within the range of about 
30 inches to 175 inches are suitable. Nozzles having val 
ues of R between about 50 inches and about 140 inches 
are preferred in nozzles restricted to lengths L in its pre 
ferred range. 
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6 
As is clear from the geometry of the nozzle, the inter 

relationship between d, D, L, and R, is such that if any 
three of these parameters are selected, the fourth para 
meter can have but one value. The principal parameters 
in the design of a nozzle are d, T, L, and R. 
Another parameter is the dimension OD. It is desirable 

to have OD as small as possible to avoid interference 
between nozzles in the drill head, and to conserve the 
material of which the nozzle is fabricated. The dimen 
sion OD is controlled by the internal configuration or 
profile of the nozzle and by manufacturing considera 
tions; for example, an excessively high slimness ratio will 
cause warping of the nozzle during manufacture. A cy 
lindrical external shape is preferred because of ease of 
insertion into the bit, and because of economy of use of 
material. OD's in the range of about 4 inch to about 34 
inch are suitable, and OD's in the range of about 3/8 inch 
to about /2 inch are preferred. In some cases, where the 
entrance diameter D is large, the entrance end can be 
made somewhat bell-shaped, with the remainder of the 
nozzle remaining cylindrical. 

Tapered portion 15 may describe a relatively small in 
cluded angle; an angle of from 6 to 8 has been found 
satisfactory. This tapered portion is used to hold the 
nozzle wedged in the drill bit, as described above. As will 
be clear to one skilled in the art, other means, such as 
cooperating shoulders, sealants, or the like, could be used 
to hold the nozzle in the bit. 
From the ranges of dimensions of the various param 

eters given above, certain dimensionless ratios can be 
drawn for use in fabricating other nozzles embodying the 
invention. These ratios are suitable ranges. One preferred 
range is given for each ratio. 

Preferred 

502L215----------- 20-32 

12724. - - - - 6-10 

900-560 

In FIG. 6a is shown a nozzle 121, which comprises a 
cylinder. The outside diameter was about 4 inch, d was 
about /8 inch, and L was about 1 inch. Nozzle 12 and 
all the nozzles in the following figures were fabricated 
from the same grade of sintered tungsten carbide. This 
nozzle was tested for 60 minutes by discharging water 
containing 6% of 20-40 mesh sand through the nozzle 
at a rate resulting in a pressure drop through the noz 
zle of 5000 p.s. i. Measurements were taken about every 5 
minutes for the first 15, and about every 15 minutes there 
after. 

In FIG. 6b is shown a nozzle 122 having an internal 
profile which was formed by portions of two circles, the 
centers of which were located on apposite sides of the 
profile to produce an inflection point along the profile. 
d was about 78 inch, L was about .700 inch, and D was 
about .800 inch. This nozzle ran only 30 minutes, and 
measurements were taken as for nozzle 121. 

In FIG. 6c is shown a nozzle 123, having an internal 
profile which was generated by a quarter section of an 
ellipse, the remainder of the ellipse being indicated by 
the dotted line. Nozzle 123 had a d of about 3/8 inch, D 
about 5% inch, and L about 2%4 inch. This nozzle was 
run for 115 minutes, and measurements were taken as for 
nozzle 12. 
The following tables sums up the testing of the above 

nozzles to wear rate. The term "wear' as used herein 
refers to the enlargement of dimension d in the outlet 
face of the nozzle. 

Nozzle: Wear rate, mills/hr. 
121 ----------------------------------- 15.2 
122----------------------------------- 103.0 
12 ----------------------------------- 12.3 
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Similar tests were run on the nozzles 50 of this inven 
tion with a wear rate of 1.62 mills/hr. The figures sum 
marizing the testing of nozzles 121, 122 and 123 cannot 
be directly compared to the wear rate figures above for 
the nozzles 50 because the grade of tungsten carbide used 
in fabricating nozzles 21, 22, and 123 was different than 
that used in fabricating the nozzles 50. However, addi 
tional testing not presented herein has shown that the 
grade of tungsten carbide used for nozzles 121, 122, and 
123 consistently wore twice as fast as the grade used for 
the nozzles 50. Therefore, the two sets of figures can ac 
curately be compared by merely doubling the wear rates 
for the nozzles 50, or halving the wear rates for the 
three nozzles above. Making this correction, it can be 
seen that the nozzles embodying the internal profile of the 
invention have significantly lower wear rates than the 
other internal profiles tested. 

In FIG. 6b is shown a nozzle 124. A group of nozzles 
similar to nozzle 124 were used in comparative tests 
with nozzles embodying the invention, and show that a 

8 
longer life is obtained from nozzles embodying the inven 
tion. 

In the following tests all nozzles used had a T equal to 
about 1/2 inch, L equal to about 2% inches, and d equal 
to about ys inch. The arcuate profile nozzles had an R of 
about 304 inches. In all these tests, the slurry used was 
water based, and comprised 2% to 3% Flosal (a type of 
asbestos fiber), and 3% to 4% Bentonite, under a work 
ing pressure across the nozzle of 5,000 p.s. i. Two percent 
of each of the abrasives was included. In the first group of 
tests, the abrasive was S-230 cast iron shot, having a hard 
ness of about 63 on the R scale, and a size of 20 to 50 
mesh. In the second group of tests, G-40 cast iron grit 
having the same hardness and a size of 20 to 40 mesh 
was used. In the third group of tests, the abrasive was 
the shot used in the first group of tests plus 6% of 20-40 
mesh sand, which is a higher sand content than would 
normally be found in field use with presently available 
separating equipment. Each group of tests was run with 
the same nozzles made of two different kinds of sintered 
tungsten carbide. 

Time, 
Minutes 

Linear Aircuate 

Material Material 

A. B A. B 

Min. Max. Min. Max. Min. Max. Min. Max. 

. 1235 . 1235 . 122 .235 .119 .195 122 ... 122 
,124 124 .123 1235 .120 .205 1225 .225 
.24 .124 124 24 1205 . 1205 . 1225 . 1225 
... 124 . 24 . 124 - 24 .21 . 121 - 1225 .123 
. 124 .245 . 124 . 124 .121 . 121 . 1225 .23 
. 125 .125 . 124 .245 .121 .12 1225 .123 
.25 .125 . 124 . 1235 .12: ... 121 .123 .23 

..1255 . 126 .125 . 1255 .215 . 122 123 .1235 

.1265 1265 . 1255 .1255 .22 1225 1235 .124 
. 27 27 .126 26 123 . 123 - 124 . 124 
.285 . 129 .1265 . 127 . 1235 . 124 .24 .245 
. 1285 . 129 . 127 . 1275 . 1235 .124 . 1245 .245 

129 . 1295 .27 . 1275 - 24 , 24 1245 . 1245 
. 1295 .130 1275 .275 . 124 124 1245 .25 
. 235 . 130 .275 . 128 . 1245 .245 125 . 125 

130 1305. , 128 1235 . 1245 .25 .25 , 25 
.305 .131 . 1285 . 129 .125 , 125 1255 1255 

7.25 6.0 5.75 3.5 

Wear Rate, nailsihr-------- 0.363 0.30 .288 0.175 

2% S-230 Cast Iron Shot. 

Linear Arcuate 

Material Material 

A. B A. B 
innu, 

Minutes Min. Max. Min. Max. Min. Max. Min. Max. 

.1255 . 1255 124 .1255 .1205 .205 .24 . 124 
.126 .1265 . 126 - 126 .1215 . 12E.5 - 1245 . 1245 
. 127 . 1275 126 . 126 .1215 .12 1245 . 1245 
... 128 . .285 .126 .126 . 122 122 1245 . 1245 
. 129 .1295 .265 .1265 . 1225 . 123 .125 125 

... 1305 . 1305 . 127 . 127 . 1235 . 1235 . 125 .25 
3, . 131 .27 27 . 124 . 1245 1255 .255 

I31. 131 .275 1275 .125 .255 126 26 
... 132 . 132 . 1285 . 1285 . 1255 .255 .26 .126 

... 1325 . 1325 .129 .129 .255 . 1255 . 26 .1265 
.133 .33 .129 .129 . 1255 . .255 .1265 127 
. 133 .1335 .1295 .295 .126 .126 .27 .127 

... 1335 . 134 .1295 . 130 . 26 .126 . 127 ... 127 
... 134 .1345 .30 1305 . 126 .126 .27 .27 
... 135 . 135 .305 .1305 .1265 .265 127 127 
, 136 .1365 , 13 . 131 .265 . 127 27 27 
38 . 139 132 .. 32 127 . 1275 .27 .127 

Total Wear (.001 in.)------ 3.0 7.25 6.75 3.5 

Wear Rate, rails/hr.------- 0.86 484 .45 .23 

2% G-40 Cast Iron Grit. 
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Linear Arcuate 

Material Material 

A. B A. B 
Time, 
Minutes Min. Max. Min. Max. Min. Max. Min. Max 

124 1245 1225 1235 119 .195 1215 122 
125 125 .235 , 24 20 20 1225 225 
126 . 126 1245 25 .121 122 123 235 
128 , 28 .1265 , 1265 1235 1235 . 24 . 1245 
129 1295 275 - 1275 . 124 . 124 125 25 
130 1305 128 1285 1255 , 1255 . 1255 255 

... 131 ... 3 129 29 255 .255 .26 26 
32 1325 ... 130 30 26 .126 27 27 
325 , 33 1305 .305 .1265 1265 27 127 
1335 .134 ... 3 ... 131 27 27 .275 28 

... 134 . 1345 13. 35 275 275 28 1285 
365 132 325 29 . 129 29 1295 

... 134 .345 30 30 30 , 130 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - ... 135 . 35 13 13 305 ... 131 

1355 . 1355 ... 13 ... 131 ... 131 , 131 
36 36 3. 135 ... 13. 1315 

s a a a a 1315 1315 1315 132 

Total Wear (.001 in.)------ 3.25 3.0 2.25 0.0 

Wear Rate milSihr-------- 1.7 1, 35 1.22 .00 

2% S-230 Cast Iron Shot Plus Sand. 
The above data show that with shot the wear rate for 

the linear taper is about 71% greater than that for the 
arcuate profile with material B, and about 26% for 
material A. When grit is used as the abrasive, the linear 
taper wears approximately 110% and 91% faster for the 
two materials, and when shot plus sand is used as the 
abrasive, the linear taper wears about 40% and 35% 
faster for the A and B materials, respectively. Also the 
wear rates of nozzles embodying the invention were 
significantly lower than those of the other profiles tested, 
although slightly different abrasives were used. It can also 
be seen that the type of material has an effect on life, 
but this parameter does not form a part of the present 
invention. 
The wear rate of arcuate profile nozzles can be reduced 

below those rates obtained during the tests reported by 
increasing the radius R of the arcuate profile. For ex 
ample, nozzles having an L=2%', T=/2', d=/8', and 
R-60' were found to wear at a rate in a 46-hour test 
approximately 70% of the wear rate of the nozzles hav 
ing the same dimensions but an R=30'. Nozzles having 
an L-2/2 inches, T=1 inch, d=/8 inch and R=100 
inches were found to wear at a rate 40% of the wear rate 
of nozzles of the same dimensions except R=30 inches. 

In addition to having a low wear rate, it is also highly 
desirable that nozzles 50 used in bit 18 have as high a 
cutting or penetration rate as possible. The two factors of 
wear rate and cutting rate are basically independent yet 
interrelated. That is, a nozzle must both run for a reason 
able time without excessive wear, and also cut a reason 
able speed, to be economically practical. Either a high 
cutting rate or a low wear rate alone is not sufficient. 
A nozzle having the arcuate profile of nozzle 50 of 

FIGS. 4 and 5 was tested against three other nozzles 
having other internal profiles, and the results are repro 
duced below: 

Drilling Rate, Volume Removal 
in...isec. Rate, cc.fsec. 

0800 3.0 
0584 ... 3 
0625 2.33 
0593 2.00 

Nozzle 1 was of the type shown in FIG. 5 R=304 
inches, T=% inch, L=2% inches, d=/8 inch, D=.330, 
and OD=/2 inch. Nozzle 2 was a plain cylinder, L=3 
inches, d=% inch. Nozzle 3 was of the type shown in 
FIGS. 6d, d=/8 inch, D=3/8 inch, T=/2 inch, L=3 
inches, and OD=/2 inch. Nozzle 4 was of the type shown 
in FIG. 6c, L=4 inch, OD=% inch, d=/8 inch. 

All parameters of the test were constant except grades 
of tungsten carbide used. Grade of material was not a 
factor however, because all the tests were of short dura 
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tion, less than 1 minute, and none of the nozzles exper 
ienced any measurable wear. The test constants were: 
Black Granite target, nozzle rotated at 26 r.p.m. on 12 
inch radius thus cutting 3 inch circle, working pressure of 
5000 p.S.i., /2 inch standoff nozzle to target, slurry was 
Flosal Bentonite with a 1% concentration of abrasive, 
and the abrasive was .028 inch average diameter steel 
shot with a hardness of 63.8 R. 
These tests show that nozzles embodying the invention 

will drill on the average of 30% faster than the other 
nozzles tested. 

While the invention has been described in some detail 
above, it is to be understood that the protection granted 
is to be limited only within the spirit of the invention and 
the scope of the following claims. 
We claim: 
1. A nozzle for use in hydraulic jet drilling comprising 

an elongated body, said body being formed with a longi 
tudinal opening extending through its length, the inlet 
end of said opening comprising an entrance orifice, the 
outlet end of said opening comprising an exit orifice hav 
ing a diameter in the range of A6 to 346 inch, said entrance 
orifice being of larger cross-sectional area than said exit 
orifice, said opening comprising a constant cross-sectional 
area throat portion extending from said exit orifice for a 
predetermined distance in the range of /2 inch to 1%. 
inches toward said entrance orifice, the profile of said 
opening between said entrance orifice and the inlet end 
of Said throat portion being formed by a convex curved 
Surface having a length in the range of 1% inches to 4% 
inches that is substantially an arc of a circle having one 
end tangent to the inlet end of said throat portion, and 
the radius of said arc being in the range of about 30 
inches to about 175 inches. 

2. The combination of claim 1, wherein the length of 
Said nozzle between said entrance orifice and the inlet end 
of said throat portion is in the range of about 2% inches 
to about 3 inches. 

3. The combination of claim 1, wherein said body is 
cylindrical and said opening is of circular cross section 
in all planes prependicular to the axis of said body. 

4. The combination of claim 3, wherein the diameter 
of said entrance orifice is in the range of about 5% inch 
to about 4 inch, 

5. The combination of claim 1, wherein the radius of 
Said arc is in the range of about 50 inches to 140 inches. 

6. The combination of claim 1, wherein the radius of 
said arc is in the range of about 50 inches to 140 inches, 
the length of the nozzle between the entrance orifice and 
the inlet end of the throat portion is about 2% inches to 
3/2 inches, and the length of the throat portion is about 
% inch to 14 inches. 

7. A drill bit for use in hydraulic jet drilling compris 
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ing a hollow drill bit body closed at its lower end by a 
bottom member having a plurality of nozzles extending 
through the bottom member, each of said nozzles com 
prising an elongated body, said body being formed with 
a longitudinal opening extending through its length, the 
inlet end of said opening comprising an entrance orifice, 
the outlet end of said opening comprising an exit orifice 
having a diameter in the range of A6 inch to 346 inch, said 
entrance orifice being of larger cross-sectional area than 
said exit orifice, said opening comprising a constant cross 
sectional area throat portion extending from said exit 
orifice for a predetermined distance in the range of /2 
inch to 1% inches toward said entrance orifice, the profile 
of said opening between said entrance orifice and the 
inlet end of said throat portion being formed by a con 
vex curved surface having a length in the range of 1/2 
inches to 4% inches that approximates an arc of a circle 
having one end tangent to the inlet end of Said throat 
portion, and the radius of said an arc being in the range 
of about 30 inches to about 175 inches. 

8. The combination of claim 7, wherein the length of 
said nozzle between said entrance orifice and the inlet 
end of said throat portion is in the range of about 2/2 
inches to about 3% inches. 

9. The combination of claim 7, wherein said body is 
cylindrical and said opening is of circular cross-section in 
all planes perpendicular to the axis of Said body. 

10. A drill bit for use in hydraulic jet drilling compris 
ing a bit member having a plurality of nozzles mounted 
in the lower end thereof, said bit member comprising an 
elongated tubular body adapted to be connected to the 
lower end of a drill string, said tubular body having a 
central opening extending downwardly therethrough con 
municating with the drill string and with said nozzles, each 
of said nozzles comprising an elongated nozzle body, Said 
nozzle body being formed with a longitudinal opening de 
fining an entrance orifice at its inlet end and an exit 
orifice having a diameter in the range of A6 inch to 316 
inch at its outlet end, said opening further comprising a 
constant cross-sectional area throat portion extending for 
a predetermined distance in the range of V2 inch to 1/2 
inches from said exit orifice toward said entrance orifice, 
the profile of said opening between said entrance orifice 
and the inlet end of said throat portion being formed by 
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12 
a convex curved surface having a length in the range of 
1/2 inches to 4% inches that is substantially an arc of a 
circle having one end tangent to the inlet end of said 
throat portion, and the radius of said arc being in the 
range of about 30 inches to about 175 inches; said nozzles 
being positioned in said bit member to cut an outer groove 
having a diameter slightly larger than the outside diameter 
of the drill bit, a central hole, at least one intermediate 
groove between the central hole and the outer groove, 
the lower end of Said bit member comprising a bottom 
member and a backsplash plate on the outside side sur 
face of said bottom member, said nozzles passing through 
said bottom member and said backsplash plate, said en 
trance orifices of said nozzles being positioned at a pre 
determined distance from the inside surface of said bottom 
member within said bit body, and said exit orifices of said 
nozzles being positioned substantially in the plane of the 
outer surface of said backsplash plate. 

11. The combination of claim 10, and stand-off means 
extending downwardly from the outer surface of said 
backsplash plate, said stand-off means being positioned to 
overlap both the central hole cut by the inner nozzle and 
the outer groove cut by the outer nozzle. 

12. The combination of claim 3, the ratio of the length 
of said nozzle between said entrance orifice and the en 
trance of said throat portion to the diameter of said 
throat portion being in the range of about 15 to about 40. 

13. The combination of claim 3, the ratio of the radius 
of said arc to the diameter of said throat portion being in 
the range of about 160 to about 400. 

References Cited 
UNITED STATES PATENTS 

1,104,965 7/1914 Coles -------------- 239-589 
2,583,726 1/1952 Chalom ------------ 239-601 
3,066,735 12/1962 Zingg -------------- 175-422 
3,112,800 12/1963 Bobo -------------- 175-422 
3,178,121 4/1965 Wallace ------------ 239-601 
3,300,142 1/1967 Brown ------------- 239-601 

JAMES A. LEPPINK, Primary Examiner 
U.S. C. X.R. 

175-422; 239-601 


