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This invention relates to under-reaming process and
more particularly to a process for hydraulically under-
reaming the sidewalls of a well or bore.

Since the under-reaming ‘of a well or bore is desirable
to increase the fluid production of the well or bore, to
controllably cut out and remove to the surface material
in a desired formation and to comstruct stable cavities,
voids, or tunnels of a desired size, shape, and depth in
the sidewalls of a well or bore, it is necessary to construct
a machine that can be conveniently lowered down the
well or bore in order to cut, wash, fracture, or otherwise
controllably and reliably remove materials from and in
the vicinity of the walls of the well or bore and return
these materials to the surface.

It is, therefore, an object of my invention to provide
a process for under-reaming a well.

It is a further object of the present invention to pro-
vide a process for cutiing, washing, fracturing, or other-
wise removing materials from and in the vicinity of the
sidewalls of a well or bore and to remove the cuitings
and fluids from the well or bore as fast as they accumulate.

Further objects of the present invention are to provide
a process to operate at any desired depth; to controllably
cut at high rates into the sidewalls of the well or bore in
a desired and controlled direction; to pump large quanti-
ties of finids and cuitings to the surface without material
damage to the pumping device; to conveniently drill the
well or bore deeper and to agitate the cuttings that collect
in the bottom of the well or bore to permit their removal
to the surface by the pumping device.

It is a further cbject of the present invention to provide
a method capable of constructing subsurface tunnels.
Subsurface tfunnels are desirable to tranmsport fiuids
through impervious formations, to collect fluids from
great distances in pervious formations and to serve as
subsurface roadways or conduits. The process is used
to cut lateral tunnels into the sidewalls of a well or bore
at the desired depth and direction to the maximum lateral
range of the sidewall cutting device. Another well or
bore is constructed at a distance twice the mazimum
lateral range and directly in line with the lateral tunnel
previously consiructed. By orienting the sidewall cutting
device in depth and azimuth, the lateral tunnels cut into
the sidewalls of the second well or bore are made to join
the original tunnel. By use of successive wells or bores
a continuous tunnel of desired length, direction and
depth can be constructed.

Other objects, purposes and characteristic features of
the present invention will be in part obvious from the
accompanying drawings and in part pointed out as the
description of the invention progresses.

In describing the invention in detail, reference will be
made to the accompanying drawings, in which like refer-
ence characters designate corresponding parts throughout
the several views, in which:

FIGURE I is a side view—broken away in part-—of
the hydraulic fluid supply line swivel and the hydraulic
jet pump discharge line swivel.

FIGURE I1 is a side view broken away in part to show
a cross section of the kelly and drive bushing assembly.

FIGURE I is a side view broken away in part to
show a cross section of the hydraulic sidewall cutting
device and motor valve assembly. :
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FIGURE IV is a side view broken away in part to
show a cross section of the venturi section of the hydraulic
jet pumping device located immediately below the sec-
tion shown in FIGURE I11.

FIGURE V is a side view broken away in part to show
a cross section of the lower portion of the hydraulic
jet pumping device and the hydraulic drilling device
motor-valve assembly.

FIGURE VI is a side view broken away in part to
show a cross section of the hydraulic drilling device
employing drilling jets.

FIGURE VII is a diagrammatic illustration of the
electrical system controlling the hydraulic sidewall cut-
ting jet motor-valve and the hydraulic drilling jet motor-
valve assemblies.

FIGURE VIII is a diagrammatical illustration of the
cutting rate control system.

FIGURE IX is a diagrammatical illustration of the
fluid level control system.

FIGURE X is a diagrammatical illustration of the jet
pump cavitation control system.

FIGURE XI is a diagrammatical illustration showing
the flow of fluid in operation of the integrated machine
and process of my invention.

FIGURE XiI is a diagrammatical illustration showing
the flow of fluid in operation of the integrated machine
employing petroleum gases as hydraulic fluid.

FIGURE XIIT is a side view broken away in part of
the hydraulic drilling device of this invention which
employs a hydraulic motor to drive a conventional roller
bit.

FIGURE XIV is a diagrammatical illustration of the
continuous tunneling method.

FIGURE XV is a diagrammatic representation of
factors involved in well production.

For the purpose of simplifying the illustrations and
facilitating in the explanation, the various parts consti-
tuting the embodiments of the invention have been shown
diagrammatically or in their more simple form, and in
some cases conventional illustrations have been employed
rather than showing all of the details of a structure
which actually would be employed in practice, the draw-
ings having been made more with the purpose in mind
of making it easy to understand the purposes and modes
of operation of the invention than with the idea of illus-
trating the specific structure and design of parts known
to those skilled in the art in which the paris would be
employed in practice.

Referring to FIGURES I, 11, if, 1V, V, and VI of the
drawings, it will be noted that these figures are arranged
in sequence as the parts of the assembled machine would
be arranged extending from above the surface down into
the well or bore. )

Generally speaking, and without limitations of the scope
of the invention, one embodiment of the apparatus pro-
vides in an operative connection, a hydraulically powered
cutting device, a hydraulically powered pumping device,
and a hydraulically powered drilling device, all combined
into one integrated machine. The hydraulically powered
cutting device comprises a plurality of horizontally mount-
ed sidewall’ cutting jets which are adapted to be moved
up or down vertically, and be controllably rotated clock-
wise or counter-clockwise in azimuth while performing
the cutting operation. Associated with this ‘hydraulically
powered cuiting device is a hydraulic fluid supply line
leading from a high pressure surface pump down the
well or bore to the cutting device. The supply line, to-
gether with the cutting device, can be raised or lowered
in the well or bore with surface hoisting equipment. ' The
supply line is equipped with a swivel located above the
surface to permit rotation of the cutting device. An
electrically powered motor-valve assembly is used in com-
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bination with this cutting device to provide surface con-
trol of the sidewall cuiting operation. The electrical mo-
tor-valve assembly thereby can be operated from the sur-
face to start or stop the cutting operation as desired.

The hydraulic fluid supply line in this apparatus also
powers a hydraulic jet pumping device located below the
hydranlically powered cutting device and attached thereto.
The hydraulic jet pumping device comprises essentially
of the operative series connection, a hydraulic fiuid supply
ling, a pump-jet, a high velocity venturi, jet pump suction
line, jet pump housing, jet pump discharge line leading to
the surface, and a jet pump discharge line swivel located
above the surface of the ground. The hydraulic jet pump-
ing device removes the fluids and cuttings from the well
or bore as fast as these materials accumulate and is con-
trolled to maintain the fluid level in the well or bore below
horizontally mounted sidewall cutting jets in order to
permit optimum cutting rate and cutting distance into the
material of walls of the well or bore and in the vicinity
thereof. The pumping rate or discharge rate of the hy-
draulic jet pumping device is controlled by varying the
pressure of the hydraulic fiuid supplied to the pump jet.
The pumping rate is maintained sufficiently high to keep
the fluid level in the well or bore below the hydraulic cut-
ting device and: to maintain a sufficient fluid velocity as-
cending through the jet pump discharge line to transport
cuitings therein to the surface.

The hydraulic fluid supply line also powers the hy-
draulic drilling device which is located below the hy-
draulic jet pumping device and is attached to the lower
end of the jet pump housing. The hydraulic drilling de-
vice comprises in operative connection, the hydraulic fluid
supply line, an. electrically powered motor-valve assem-
bly to control the drilling operation, two drilling jets ar-
ranged to discharge in a downward direction, and the drill-
ing device housing. The drilling device housing is perfo-
rated: to- allow entrance of fluids and. cuttings to the jet
pump suction line. The two drilling jets operate to drill the
well or-bore deeper as desired, and to: agitate the cuttings
that collect in the bottom of the well or bore. The
drilling device electrical motor-valve assembly is operated
from the surface to start or stop the drilling operation
as desired. The drilling operation and the sidewall cut-
ting operation both can be started and stopped independent-
ly. This arrangement permits four modes of operation;
the- jet pump can be operated alone to measure the fluid
yields of a formation; the jet pump and drilling jets can
be used in combination:to drill and pump simultaneously;
the jet pump and-sidewall jets can be nsed in combina-
tion. for under-reaming; the jet pump, drilling jets, and
sidewall jets can be used for pumping, drilling, and under-
reaming simultaneously.

‘The hydraulic fluid-supply line passes through the verti-
cal center line of the jet pump- discharge line swivel and
down the center of the jet- pump discharge line to supply
the various units heretofore mentioned. Since both of
these lines are equipped with swivels that have a common
vertical center line, the entire assembly can be rotated by
applying torque to the uppermost section of the jet pump
discharge line. This section of the jet pump discharge
line is called the kelly and'is equipped with four vertical
tracks recessed into the walls of the pipe. A square drive
bushing rides up or down on these four tracks. Torque
applied to. the drive bushing by a conventional rotary
table provides rotational movement of the lower portion of
the assembly. This arrangement provides that the side-
wall cuiting jets and the drilling jets may be conveniently
raised or lowered the length of the vertical tracks and
may. be rotated sintultaneonsly.

The hydranlic fluid- supply line tube is insulated elec-
trically from the jet pump discharge line swivel, from the
jet pump discharge line tube, and from the sidewall cut-
ting-jet assembly. That tube serves as one conductor for
an- electrical system supplying the sidewall cutting jet mo-
tor-valve assembly and the drilling jet motor-valve as-
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sembly. This arrangement permits operation of these elec-
trical motor-valve assemblies without the obvious dis-
advantage of handling an additional electrical conduit.
Selective operation of the motor-valve assemblies with a
two conductor electrical system is provided by reversing
polarity of an ungrounded direct current power supply
and placing rectifiers in series with the D.C. motor wind-
ings.

The rate of removal of material from and in the vicinity
of the walls of the well or bore is known as the cutting
rate thereof. Cuiting rates of the various formations by
the abovementioned hydraulic cutting device will vary
widely; removal of such formation by the action of the
cutting device accordingly may exceed the solids capacity
of the jet pumping device; thus it is - necessary to deter-
mine the cutting rate of such formation by the device
above referred to and provide a control system to main-
tain the maximum cutting rate of such formation within
allowable limits. The gross suspended weight of the ma-
chine when operating is the sum of the dry weight of the
machine suspended, the weight of the fluid required to fill
the hydraulic fluid supply line and the jet pump discharge
line, the net downward reaction thrust of the pump jet
stream, and the fluid weight of cuttings suspended in the
jet pump discharge line at any given time, less the upward
reaction thrust of the drilling jets if they are being oper-
ated. The upward thrust of the fluid moving upward in
the discharge line towards the discharge swivel is, for
practical purposes, negligible. Since the reaction thrust
of the jets is essentially a function of their size and the
hydraulic fluid pressure applied, the only unknown factor
comprising the gross suspended weight is the fluid weight
of the suspended cuttings in the jet pump discharge line.
Thus, the cutting rate is determined by subtracting all
knowi or calcuable factors from the gross weight, This
information is used to conirol the operation of the side-
wall cutting jets by moving the motor-valve of the motor-
valve assembly towards the OFF or closed position when
the cutting rate becomes excessive, and to return the
motor-vaive of the motor-valve assembly towards the ON
or full open position when the weight of the suspended
solids in the jet pump discharge line drops back within the
predetermined allowable limits.

The fluid level in the well or bore must be maintained

_ below the sidewall cutting jets and above the jet pump

suction openings for optimum operation. The fiuid level
in the well is measured by an electrical bridge network,
one leg of which is located on the jet pump housing be-
low the sidewall jets and above the jet pump suction
openings, This measurement is used to control the
throttle setiing of the engine powering the high pressure
hydraulic finid supply pump. By thus controlling the
discharge pressure of the hydraulic fluid supply pump,
supplying fluid to the swivel, the pumping rate of the jet
pumping device is also regulated to maintain the desired
fiuid-level in the well or bore.

Since the hydraulic jet pumping device is subject to
cavitation at the extreme venturi velocities that are needed
for-mazimum pumping depths, it is necessary to measure
the absolute pressure in the venturi throat and to provide
a control system to maintain this pressure within allow-
able operable limits. If the absolute pressure in the
venturi ‘throat drops below the vapor pressure of the
hydraulic fluid being used, cavitation will occur. - Thus,
it is necessary to consider the type and temperature of
the hydraulic fluid being used, in order to establish 1o
less' than minimum allowable absoluie pressure in the
throat of the venturi. Absolute pressure in the throat of
the venturi is measured-by an electrical transducer and
this measurement.is used-to control the rate of fuid feed-
back from a high pressure section of the venturi to the
areas of the venturi threat that are subject to cavitation.

¢ injection of small smounis of high pressure fluids
into the venturi throat area, when the absolute pressure



it
fe]

in this area otherwise drops, will increase the maximum
allowable velocity through the venturi.

Fluid and cuttings being pumped from the well or bore
from the jet pump discharge line by the jet pumping de-
vice are discharged into surface reservoirs where the
cuttings are separated out from the fluid and the fluids
are returned to and reused by the high pressure hydraulic
fluid supply pump. If the well or bore is producing fluid,
the excess fluid is discharged over the side of the surface
reservoirs and is wasted or otherwise disposed of. This
arrangement permits the use of the machine in underream-
ing both fluid producing and non-fluid producing forma-
tions.

Hydraulic fluids of various types may be used with
the present invention. Water will be used in most in-
stances on water producing or non-fluid producing forma-
tions. Warm water or warm diesel fuel is contemplated
for use in under-reaming glacier ice or permafrost forma-
tions to prevent the cuttings from congealing during the
pumping operation or in the surface reservoirs. Dilute
acid or alkaline fluids will be used fo aid the under-ream-
ing operation in limestone or sticky shale formations.
By pressurizing the surface reservoirs, the hydraulic fluid
pressure pump liquor supply, jet pump discharge line,
and the annular space between the jet pump discharge
line and the well casing as below described in detail,
liquified petroleum gases such as propane or butane may
be used to aid in under-reaming tar sand formations.

In another form of the present invention, the same hy-

draulically powered sidewall cutting device and hydrauli- 2

cally powered jet pumping device are used as above de-
scribed; but the hydraulically powered drilling device
is modified to provide for attachment of a drilling device
including a conventional roller bit to provide a machine
to drill through the harder formations, to drill at large
angular deviations from the vertical, and to provide in-
dependent rotation of the drilling device from a non-
rotating support and position. In this aspect of my inven-
tion, the hydraulic drilling device comprises a hydraulic
fluid supply line, the electrically powered motor-valve
assembly to control the drilling operations, a hydraulic
motor which applies rotational torque to a conventional
roller bit, a roller bit hydraulic fluid supply line which
conducts the waste fluid from the hydraulic motor to the
discharge nozzles of the roller bit. Entrance of the
cuttings from the well or bore to the jet pump suction is
provided by permitting the cuitings to pass through an
annular space provided between the roller bit hydraulic
fluid supply line and the output shaft of the hydraulic
motor. ‘The gross suspended weight of the machine or
any portion thereof can be applied to the roller bit to
facilitate optimum drilling rates.

In drilling wells or bores at large angular deviations
from the vertical, the drilling assembly housing and the
jet pump housing serve as a pilot to support the vertical
component of the gross weight of the machine. The hy-
draulic sidewall cutting device and the hydraulic jet
pumping device are generally not rotated when drilling at
large angular deviations. The reaction thrust of the pump
jet comprises a large percent of the gross weight of the
machine and is always applied along the center line of
the machine regardless of its alignment with the true ver-
tical. Thus, considerable weight can be applied to the
roller bit in drilling wells or bores at large angular devia-
tions. The hydraulic sidewall cutting device can be
used to under-ream the sidewalls of a well or bore that
has been drilled at the desired angular deviation and these
lateral cuts may be made in the horizontal plane or in
a desired plane other than horizontal by orienting the
hydraulic sidewall cutting device in azimuth.

Referring to FIGURE I of the drawings, the hydraulic
fluid supply line swivel 1 connects to a conventional high
pressure flexible hose, not shown, which allows the en-
tire machine to be raised or lowered, and is equipped
with a swivel bearing assembly 3 that permits rotation
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of the hydraulic fluid supply line 2 while the swivel may
remain in a fixed position. High pressure seals as at 4
are provided to prevent leakage of the hydraulic fluids
from the supply line swivel 1. The hydraulic fluid sup-
ply line tube 2 is shown passing down the center of the
jet pump discharge line swivel 5. The jet pump discharge
line swivel 5 is supported, and raised or lowered by a
conventional hoisting unit through a cable and hook at-
tached to the conventional swivel bail 16 (FIGURE
VII). The jet pump discharge line swivel 5§ in turn
supports the gross suspended weight of the entire machine
and is equipped with a swivel bearing assembly 11 which
permits rotation of the jet pump discharge line 13 rela-
tive thereto. High pressure seals 1Z are provided to pre-
vent leakage of cuitings and fluids into and through
the swivel bearing assembly 11. The packing gland as-
sembly 7 is equipped with a bearing assembly 6 to per-
mit rotation of the hydraulic fluid supply line 2 in rela-
tion to the jet pump discharge line swivel 5. High pres-
sure electrically insulating seals 9 are provided to pre-
vent leakage of cuttings and finids through the packing
gland 7. The packing giland 7 is lined with a non-con-
ducting plastic sleeve 8 in order to electrically insulate
the hydraulic fluid supply line 2 from the jet pump dis-
charge line swivel 5. The metallic hydraulic fluid sup-
ply line tube 2, made of conventional oil well tubing
steel (4 inch inside diameter, 4%4 inch outside diameter,
API pipe grade J is the preferred embodiment below de-
scribed in detail), serves as one conductor and the metal-
lic jet pump discharge line tube 13 made of conventional
tubing steel (mild steel, water well turbine pump column
pipe, inside diameter 10 inches, outside diameter 10%
inches is the preferred embodiment below described in
detail) as the other conductor in the electrical system sup-
plying the various control systems herein described.
Referring to FIGURE 14, it will be seen that a threaded
coupling 14 is provided for attaching the kelly 15 to the
section of the jet pump discharge line tube 13 extending
downward from the jet pump discharge line swivel 5.
In a similar manner threaded couplings 16 (FIGURE
II1) and additional sections of the hydraulic fluid supply
line tube 2 are attached to extend the hydraulic fluid
supply line tube 2. Four vertical tracks, as 17, are
recessed into the wall of the kelly, 15. A square drive
bushing assembly 18 moves up or down along the ver-
tical tracks 17 on sixteen drive bushing bearing assem-
blies, as 19a, 19b, and 19c which permit the drive bush-
ing 18 to move up or down freely under operating loads.
Two drive bushing bearing assemblies, as 195 and 1%,
bear against each of the eight faces of the vertical tracks
17, and transmit the rotational torque applied to the
drive bushing 18, by a conventional rotary table, which
engages the lower drive bushing flange 20 in the conven-
tional manner. Electrically insulating hydraulic fluid sup-
ply line spider assemblies are provided to hold the hy-
draulic fluid supply line fube 2 in the center of the jet
pump discharge line tube 13, to support the hydraulic
fluid supply line tube 2 when assembling and disassem-
bling the machine, to allow the sections of the jet pump
discharge line tube 13 to telescope sufficient distance in
relation to the hydraulic fluid supply line tube Z to
facilitate assembly and disassembly of the supply line
tube 2 and to insulate the supply line tube 2 from the
discharge line tube 13. The supply line spider assembly
consists of the outer support ring 24 joined to four outer
support ring straps 22, in turn joined to four plastic
blocks 21, and those in turn support the inner support
ring 23. The four insulating plastic blocks 21 are pro-
vided to firmly connect to the outer ring straps 22 and to
the inner support ring 23 which latter fits lcosely and
slidably around the supply line tube 2 and slides upward
underneath the supply line couplings 16 during assembly
and disassembly operations. = The oufer support ring
24 rests on top of the kelly 15 and loosely fits inside the
kelly coupling 24. Each succeeding section of the jet
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pump discharge line tube 13 and the hydraulic fluid sup-
ply line tube 2 is equipped with a similar supply line
spider assembly. As many additional sections of dis-
charge line 13 connected by couplings 14 and supply line
tube 2 are used as are needed to place the hydraulic
sidewall cutting device at the desired depth.

Referring to FIGURE I1I, it can be seen that attached

to the last section of the hydraulic fluid supply line tub-
ing 2 above the sidewall cutting device is an insulating
plastic nipple 25; this serves to insulate the metallic
fluid supply line tube 2 from- the other sections of the
machine. Water tight conduits, as 63, are used to shield
the electrical wires leading from the supply line coupling
16 above the plastic nipple 28, on down to the sealed side-
wall jet valve motor housing 26 and the drilling iet valve
motor housing 27 (FIGURE V). Two sidewall jets, 28a
and 28b, extend from diametrically opposing sides of
the sidewall jet valve assembly 29 and through the walls
of the jet pump housing 38, Hydraulic fluid from the
supply line tube 2 may pass straight through the sidewall
jet valve assembly 29 to supply the pump jet 31 (FIGURE
IV) and the drilling jets 32¢ and 326 (FIGURE VI).
The sidewall jet valve motor 33 and gear train 34 apply
rotational torque through the valve sleeve torque rod
35 to rotate the valve sleeve 36 towards the On or Cff
position as desired. Where the valve sleeve torque rod
35 passes through the wall of the hydraulic fiuid supply
line 2, a valve sleeve torque rod seal assembiy 33 is
providing to prevent leakage. Two sidewall jeis 284 and
28b of equal size are used, located 180 degrees apart in
order to cancel the reaction thrust of the sidewall jets
28¢ and 28b and to allow the machine to hang vertically
in the well or bore. Pressure seal rings, as 37, are pro-
vided where each sidewall jet as 28a passes through the
jet pump housing 30 to prevent leakage. The sidewall
jets 28 are inserted through the jet pump hLousing 39
and screw into the sidewall jet valve assembly 28, The
sidewall jets as 28a and 28b support the weight of the
hydraulic fluid supply line tube 2, hydraulic fluid supply
line swivel assembly 1 (FIGURE 1), and the high pres-
sure flexible hose attachment to the swivel assembly 1,
and cause the hydraulic fluid supply line tube 2 to rotate
with the jet pump discharge line tube 1I3.
Referring to FIGURE 1V, it can be seen that the hy-
draulic fluid supply line tube 2 is bent over against the
wall of the jet pump housing 39 and is flattened where it
closely approaches, passes, and extends. shortly past the
jet pump venturi, indicated gemerally. as-39, to-decrease
the amount of disturbance in the venturi flow pattern.

The venturi tube is formed of a plurality of replace-
sble ceniral insert cylinder elements, as 394, 3%b, 39c,
each with a central cylindrical pertion and having an
annular flange at each end thereof and such elements
firmly secured to each other in series as by compression
through the flanges thereof; each such insert element is
slidably vet firmly held in a guide support element (3%4,
32¢, and 3954, respectively} each such guide support ele-
ment having a central cylindrical portion with terminal
flanges at each end thereof. The guide element fanges
serve to join such adjacent elements together as by bolts,
The guide element flanges have a generally circular out-
line to provide a slidable fit in the tube 38, with cutaway
portions to slidably contact the flattened portion of tube
2 (ie., the portion facing and closest to the axis of tube
38) and to support such flattened pertion of tube 2 when
fluid flows therethrough under high pressure. Space is
also provided in and through flanges of the guide support
elements for conduits, as 41, and other conduits as herein
described; the space between.the tube 3% and the guide
support element cvlindrical wall provides a stable sup-
port for control means hereinbelow described.  The ven-
turi comprises an expansion section composed of. two
solid pieces, 39g and 3%}, and a-contraction section 3%h
formed of one solid piece. These “latter sections are
firmly bolted to the peripheral guide support elements.
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Thereby the venturi tube elements may be removed from
the tube 3% for assembly, inspection, replacement and ad-
justment as needed,

Venturi pressure seals 44 are provided to prevent leak-
age past the venturi (generally indicated as 39) in section
3% and 354 and to prevent accumulation of fine cuttings
between the onter wall of the venturi (generally indicated
as 39) and the jet pump housing 30. The venturi 39 is
firmly positioned im correct relation to the pump jet 31
and then secured firmly as by a plurality of means, such
as a bolt and strap 39% to the flattened portion of the
hydraulic finid supply line tube 2. After passing through
the venturi 38 the hydraulic fluid supply line tube 2 re-
turns to the round configuration, makes a 180 degree
return bend, utilizing the full diameter of the jet pump
housing 38 to minimize -hydraulic losses, and supplics
the pump jet 31. The intake port 41 of the cavitation
conirol system is located in the high pressure section of
the venturi 32. A feedback line 42 supplies fluid to the
cavitation control valve 43, which meters the fluid into
the throat of the venturi 39 through exhaust poris as 44.
The pressure at 44 is usually lower than at 41 during
operation of the device. Positioning of the cavitation
control valve 43 is controlled by the output of a pressure
iransducer 45 which measures the absolute pressure in
the throat of venturi 39. The electrical cutput of the
pressure transducer 43 is used to- operate the cavitation
control valve motor 46 to increase feedback flow if the
absolute pressure in the venturi 3% throat drops below the
allowable limits. The exhaust ports 44 discharge the
feedback fluid into the venturi 39 throat areas most sus-
ceptible to cavitation, and in an upward: direction, thus
aiding the jet pumping action.

Referring to FIGURE V and FIGURE VI, the fluid
supply line tube 2 branches to-supply hydravlic fluid to
the drilling valve 47 which controls the operation of the
drilling jets 324 and 32b. The drilling valve 47 is turned
to Ca (open position) or O (closed position) by prop-
erly energizing the drilling valve motor 48. Rotational
torque is applied to the drilling valve 47 through the
drilling motor gear train 49 and the drilling valve torque
rod 58. The hydraulic fluid supply line tube 2 leading
from the drilling valve 47 branches (FIGURE VI) to
supply two drilling jets 322 and 325. Both drilling jets
52a and 32b extend through the wall of the drilling as-
sembly housing 51. Each of a multiplicity of perfora-
tions, as 52, arranged in the walls of the drilling assem-
bly heusing 5% at a series of graduated vertical levels, as
shown, permits entrance of fluids and cuttings to the suc-
tion side of the jet pump. Drag bit Iugs as 534 and 535
and 53¢ are attached to the lower end of the drilling
assembly housing 51 to. aid in fracturing the harder for-
mations during drilling operations. The drilling assem-
bly kousing 51 is eguipped with a flange 54 to facilitate
attachment to the lower end of the jet pump housing 3¢,
After removal of the drilling assembly housing 51 and
the sidewall jets, as 28z and 285, the sidewall jet valve
assembly 29, together with the jet pump equipment can
be removed from the jet pump housing 36 as an integral
it -

Referring to FIGURE VII, a diagrammatical illustra-
tion of the elecirical system for manually controlling
the hydraulic sidewall cutting jet motor-valve and the
hydranlic drilling jet motor-valve assemblies, it can be
seen that the hydrautic fiuid supply line tube 2 serves as
one-conductor and the jet pump discharge line tube 13 as
the other conductor in the electrical: system. A water
tight conduit 63 houses the lead in wire from the supply
line coupling 16 to the sidewall jet valve motor housing
26 located in housing 30 near valve 29 and the drilling
jet valve motor housing 27 located in housing 39 near
valve 47. An ungrounded D.C. power supply 535 at the -
surface of the well or bore is used to furnish power to
both motor assemblies (33 and 48). A double pole -
double throw selector switch 56 at-the surface of the well
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or bore allows the operator to seleciively operate either
the sidewall jet valve motor 33 or the drilling jet valve
motor 48. Visual indication of the motor operation is
provided to the operator by the center hung ammeter 57
placed in one line on the surface. When the switch 56
is moved to the sidewall jets position a positive D.C.
potential is applied through the fluid supply line tube 2,
through the rectifier 52, and through the closed contacts
of the thermal switch 58 to the sidewall jet motor 33.
The forward resistance of the rectifier 59 does not affect
the operation of t{he sidewall jet motor 33. The back re-
sistance of the rectifier 2 in series with the drilling jet
valve motor 48 prevents the motor 48 and the thermal
switch 58 from operating. When the sidewall jet valve
motor 33 begins to run, the four lobed cam 62 carried
on the shaft of the gear reduction train 34 turns from a
high lobe position and allows the microswitch 62, sprung
to normally close, to close. Twenty seconds after the
motor 33 begins to run, the thermal switch 58 opens.

Vhen the motor 33 has turned the sidewall jet valve
sleeve 36 through ninety degrees rotation, the next lobe
on the cam 6% opens the micre-switch 62 and stops the
motor 33. A decrease in current flow as indicated by
the ammeter 57 tells the operator that the valve has been
moved to the new position. When the operator returns
the selector switch 56 to the Off position the heater cir-
cuit of the thermal switch 58 is de-energized and the
switch 58 begins to cool off. Approximately thirty sec-
onds later, the thermal switch 58 contact is returned to
the closed position and the sidewall jet valve motor 33
control circuit is ready for the next operational cycle.
The operation of the drilling jet valve motor 48 control
circuit is the same as that described here for the sidewall
jet valve motor 33 control circuit with the exception that
the rectifier 69 is connected oppositely.

Referring to FIGURE VIII, a diagrammatical illus-
tration of the cutting rate control system, it can be seen
that an increase in gross weight will cause the jet pump
discharge line steel swivel bail 36, which has some
elasticity, to spring inward, thus displacing the weight
sensing potentiometer 64 and decreasing the resistance
across points 64q, 64D, and 64c. Conversely a decrease
in gross weight will allow the swivel bail 18 to spring
outward, resulting in an increase in the resistance of the
weight sensing potentiometer 64 through poinis 64q, 64D,
and 64¢. Changes in the resistance of the potentiometer
64 will cause reversals of phase relation in the output of
the control bridge 65, at the surface of the well or bore,
in relation to the reference voltage 65. The phase rela-
tions of the control bridge 65 cufput in relation to the A.C.
reference voltage 66 are chosen to indicate an increase in

veight suspended by bail 18 for an out of phase outpui
and a decrease in such weight for an in phase output.
The magnitude of the output signal of the control bridge
65 is directly proportional to the magnitude of the change
in gross suspended weight. The control bridge 65 is
balanced at the desired operating gross weight by adjusting
the resistance of the balancing potentiometer 67. The
cutput signal of the control bridge 65 is amplified by the

RC ceupled amplifier 68 and applied to the control grids.

of the discriminator circuit 69. Negative bias is also ap-
plied to the control grids of the discriminator circuit 9
by adjusting the dead band potentiometer 76 to the de-
sired ouiput level for desired sensitivity to gross weight.
An in phase signal from the control bridge €5 will cause
the discriminator circuit 69 to energize the On relay 71
when it is of sufficient magnitude to overcome the nega-
tive bias output of the dead band potentiometer 7¢ and
will turn the sidewall jets On in response to a decrease in
gross weight command. When the On relay 71 is closed,
energizing voltage from the D.C. power supply 53 is ap-
plied, through the closed contacts of the selector switch £6
in the sidewall jets position, through the closed contacts
of the On relay 71, through the closed contacts of the
thermal swiich 58, to the sidewall jet valve motor 33.
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Cperation of the sidewall jet valve motor 33 is exactly the
same as previously described. When the sidewall jet
valve sleeve 36 has been moved to the On or open posi-
tion, shown in FIGURE III, the micro-switch 62 con-
tacts and the thermal switch 58 contacis will be in the
open position, preventing further operation of the motor
33. The contacts of the thermal switch 58 are held in
the open position by current flow through the thermal
switch 58 heater circuit until the gross weight of the ma-
chine is increased sufficiently to de-energize the On relay
71. A further increase in gross weight of the machine
will cause an out of phase signal from the control bridge
65 to energize the Cff relay 72 and move the sidewall jet
valve sleeve 36 to the closed position in a manner similar
to the On circuit operation previously described. The
sidewall jet valve sleeve 36 will remain in the closed
position until the gross weight of the machine is decreased
sufficiently to cause an in phase signal from the control
bridge 65 to energize the On relay 71 and repeat the
cycle. Magnitude of changes in gross weight necessary
to operate the circuits are determined by the settings of
the dead band potentiometer 7. In initially seiting up
the cutting rate control circuits for operation, it is neces-
sary to move the selector switch 56 to the sidewall jet
position, and operate the manual control switch 73 to
move the sidewall jet valve sleeve 36 to the Off or closed
position. The manual control switch 73 is then returned
to the open position. With the machine operating on the
pumping mode alome (as above described) and the
dead band potentiometer 78 set to the desired range
of sensitivity, the resistance of the balancing potentiom-
eter 67 is decreased until an in phase signal from the
control bridge 65 energizes the On relay 71 and starts the
cycle of opeartion.

Referring to FIGURE IX, a diagrammatical illustration
of the fluid level control system, it can be seen that the
throttle valve 74 is used to control a diesel engine 75
which powers a high pressure centrifugal pump 76 de-
livering high pressure hydraulic fluid through a flexible
hose to the hydraulic fluid supply line swivel 1 of the
under-reaming machine and process.

It might be well to understand here that the diesel
engine 75 and the high pressure centrifugal pump 76 are
of conventional construction. Advancing or retarding the
throttle valve 74 will result in an increase or decrease in
the pressure of the hydraulic fluid being supplied to the
pump jet 3%, which will result in an increase or decrease
in the pumping rate of the jet pump. Since the fluid ac-
cumulation rate in a well or bore is fairly constant, in-
creasing or decreasing the pumping rate of the jet pump
will result in respectively the lowering or raising of the
ftuid level in the well. If the fluid level in the well rises
above the sidewall cutting jets 284 and 285, the lateral
cutting range and rate are reduced to a small fraction of
the maximum possible. Lowering the fluid level in the
well or bore below the jet pump suction inlet, as at 52,
will result in pumping large quantities of air, thus lower-
ing the pumping efficiency of the machine. The fluid
Ievel potentiometer assembly 77 measures the fluid level
in the well or bore between the sidewall jets 284 and 285
and the jet pump suction and is physically mounted to
the outside wall of the jet pump housing 36. The fluid
level potentiometer assembly 77 is made up of a series of
resistors 78, each of which is paralleled with an astatic
gap 79, between closely spaced needle point shaped self-
cleaning electrodes, the resistance of which gap is reduced
from infinity in the air to almost zero when submerged
in fluid in the well or bore. A decrease in resistance of the
fluid level potentiometer 77 due to the fiuid level rising
in the well or bore will result in an in phase signal output
from the fluid level control bridge 89 at the surface of ithe
well or bore. This output signal is amplified by the RC
coupled amplifier 81 also at the surface and applied to
the grids of the discriminator 82 at the surface.” When the
magnitude of the in phase signal exceeds the negative
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bias being applied by the dead band potentiometer 85
to the grids of the discriminator 82, the Advance relay
83 will be energized thereby applying a D.C. voltage to
the advance winding of the control motor 84. The control
motor 84 through the assembled gear train 84g will ad-
vance the throtile valve 74 which increases the jet pump-
ing rate and thus decreases the magnitude of the output
signal of the fluid level control bridge 8§ uniil the nega-
tive bias being applied by the dead band potentiometer
85 de-energizes the Advance relay 83 and stops the con-
trol motor 84. The throttle valve 74 remains in this
position until the fluid level in the well or bore declines
and an out of phase signal from the control bridge &9
energizes the Retard relay 86 and retards the throttle
valve 74. Operation of the Retard cycle is similar to the
Advance cycle previously described. The fluid level in
the well or bore can be regulated as desired by adjusting
the balancing potentiometer 87 and the dead band po-
tentiometer 85. Opening and closing of the sidewall jet
valve assembly 28 will, respectively, result in decreasing
and increasing the pressure being applied to the pump jet
31, thus affecting the fluid level in the well or bore. By
set{ing the dead band potentiometer 85 to low values of
negative bias the fluid level control system is made to
correct changes in supply line 2 pressure caused by open-
ing and closing of the sidewall jet valve assembly 28.

Referring to FIGURE X, a diagrammatical illustration
of the jet pump cavitation control system of my inven-
tion, the high pressure fluids are fed back from the intake
port 41 in the upper end of the venturi 39 through the
feedback line 42. and injected into the throat area of the
venturi, 39, that is subject to cavitation through the ex-
haust ports, 44, in a direction aiding the jet pump action.
The pressure transducer 45 measures the absclute pres-
sure in the critical area of the venturi 39 throat and posi-
tions the pressure potentiometer 88; decreasing resistance
as the absolute pressure decreases and causing an out of
phase signal output from the control bridge 83. The oui-
put signal of the conirol bridge 89 is amplified by the
transistorized RC coupled amplifier 98, and applied to
the bases of the transistorized discriminator 1. When the
out of phase signal is of sufficient amplitude to overcome
the bias applied, the discriminator 91 will produce an out-
put signal. The output of the discriminator 91 energizes
the Open Relay 92 which applies an A.C. potential to the
open line of the A.C. control motor 46 causing that motor
to rotate in the correct direction to open the cavitation
control valve 43 and thus inject high pressure fluid in in-
creasing amounts into the low pressure areas of the venturi

39 throat as valve 43 continues {0 open. Injection of high ;

pressure fiuid will cause the absolute pressure in the ven-
turi 39 throat to rise, thus increasing the resistance. of the
pressure potentiometer 88 and decreasing the out of phase
output signal of the control bridge 89. When the output

signal of the control bridge 89 drops below the bias level ;

applied. to the bases of the discriminator 91, the Open

Relay 92 will de-energize and the A.C. conirol motor 4%
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will remain in its position until a.sufficient change in

venturi 35 throat pressure results in another command.
The Close relay 93 circuit operation is similar to the
operation described here of the Open relay 92 operation

60

and serves to close valve 43 and decrease the amount of .

high pressure fluid injected into the low pressure area of
the venturi, The cavitation control system power supply
%4 furnishes excitation for the control bridge 89, B minus
collector voitage for the RC amplifier 99, biasing voltage
for the discriminator 91, excitation for the A.C. control
motor 46 and excitation for the discriminator 91 coliector
transformer 95. Desired operating throat pressures are
selected by adjusting the balancing potentiometer 26 and
pressure range is selected by adjusting the dead band
potentiometer 7, which furnishes bias to the discriminator
'91. These adjustments are made piior to lowering the
jet pump assembly into the well or bore and must take into
consideration the vapor pressure at operating tempera-
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ture of the hydraulic fluid being used. All components of
the cavitation control system are housed in the water tight
cavitation confrol system housing 98 which is located in
the recessed area of the venturi 39 outer wall. The feed-
back line 42 is provided with a removable filter 9 {o pre-
vent cuttings from clogging the exhaust ports 44.

Referring to FIGURE XI, a diagrammatical illustra-
tion showing the hydraulic fiow of the integrated machine,
it can be seen that the high pressure centrifugal pump 76
intakes flnid from the suction reservoir 188 through the
suction line 191 and discharges fluid to the pressure line
swivel 1. The hydraulic fluid supply line 2 delivers the
high pressure fiuid to the sidewall jets 284 and 285 which
direct the fluid against the sidewalls of the well or bore,
washing or cufting the formation and returning the cut-
tings to the jet pump suction 52. Formation fluids 102
also enter the well or bore and move to the jet pump suc-
tion openings or perforations 52, aiding the sidewall jet
streams in transporting the cuttings. The drilling jets 324
and 326 discharge hydraulic fluid downward to agitate
the cuttings that collect in the bottom of the well or bore
and return the cuttings io the jet pump suction perfora-
tions 82. All fluids and cuttings are then pumped through
the venturi 32 by the action of the pump jet 31 and on to
the surface through the annular space between the jet
pump discharge line tube 13 and the hydraulic fluid sup-
ply line tube 2. The fluid and cuttings are carried from
tiie discharge line swivel § by the flow line 183 and dis-
charged into the cuttings reservoir 184. Cuttings that
scttle out in the cuttings reservoir 184 are periodically
pumped out of the cutiings reservoir 204 by the reservoir
cleaning pump 105. Fluids from the cuttings reservoir
flow through the reservoir connection Iine 186 and into the
suction reservoir 109 and, thence, again enter the suction
line 101 for recirculation. Excess fluids are discharged
through the suction reservoir waste line 167 which main-
tains the desired fluid level in the suction reservoir 180.

Referring to FIGURE XII, a diagrammatical illustra-
tion showing the hydraulic flow of the integrated machine
employing liquid hydrocarbons as hydraulic fluid, it will
be noted that the major change from the hydraulic flow
pattern’ previously described is the complete pressutiza-
tion of the entire system and the addition of a distilla-
tion reservoir 124. It is necessary to pressurize the sys-
tem when employing hydraulic fluids that have high vapor
pressures at the operating temperature. It is desirable
to use Iiquified petroleum gases as butane and propane
as hydranlic fluid in under-reaming tar sands in order to
decrease the viscosity of the tar, sand and hydraulic fluid
mixture and to facilitate the separation of the sand from
the fluid portion. Once the sand is separated out, the
liguified petroleum portion of the hydraulic fluid can be
separated from the tar therein by lowering the reservoir
pressure below the vapor pressure of the liquified petro-
leum and scparating it out from the remainder of the
hydraulic fluid by fractiopal distillation. The formerly
liguified petroleum fraction of the hydraulic fluid at this
peint is in the gasecus form and is compressed to the
liquid form again for recirculation. Liquid petroleum
hydraulic fluid compressed and recovered as below -de-
scribed enters the centrifugal pump suction line 181 and
is placed under high pressure by the centrifugal pump,
76. The hydraulic fluid is then delivered to the hydraulic
fluid supply line swivel 1 and distributed to the sidewall
jets 28a and 285, pump jet 31, and drilling jets 324 and
32) in the same manner as previously described. In order
to hold the high vapor pressure hydraulic fluid in the
liquid forni as it is being discharged by the various jets,
it is necessary to maintain a fairly high pressure in the
well or bore. The well casing 368 is cemented as at
185 to the walls of the well or bore and extends down
the well or bore to the top of the formation to be under-
reamed. The annular space between the jet pump dis-
charge pipe tube i3 and the well casing 198 is sealed by
a packer seal 118 which is free to move up or down in .
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i3
the well casing 108 and is attached to the jet pump
discharge pipe tube 13 just below the kelly 15 assembly.
This allows the under-reaming operation tc be conducted
in the same manner as previously described while main-
taining pressure on the well or bore. The packer seal
310 is equipped with a pressure port 111 through which
high pressure air or other gases are injected into the well
or bore by the conventional pump assembly 112 to in-
crease the pressure in the well or bore the desired amount
above the vapor pressure of the hydraulic fluid. Air can
be used safely to increase the pressure in the well or bore
by maintaining the air to fuel ratio in the well or bore
below the combustible range. The jet pump discharges
the hydraulic fiuid, tar and sand mixture into the pres-
surized cuttings reservoir 184 where the sand settles to
the bottom and the supernatant hydraulic fluid and tar
mixture flows through the constant pressure inlet regulator
valve 113 into the pressurized distillation reservoir 114,
The pressure setting of the regulator valve 113 determines
the pressure being maintained within the pressurized
cuitings reservoir 104 and is set sufficiently high to main-
tain the hydraulic fluid in liquid form. Sand from the

bottom of the cuttings reservoir 164 is periodically .

pumped, by the pressure sealed reservoir cleaning pump
105, into the pressurized sand disposal reservoir 129,
which is vented via line 122 to the suction of the vapor
pump 215, in order to recover the liguified petroleum por-
tion of the hydraulic fluid. The use of adjacent wells,
that have previously been under-reamed, as sand disposal
reservoirs 128 is within the scope of my invention. The
hydraulic flnid and tar mixture is separated in the distil-
lation reservoir 114 by maintaining the pressure within
the distillation reservoir 114 below the maximum vapor
pressure of the formerly liguified hydrocarbon portion of
the hydraulic fluid at the operating temperature and re-
moving the formerly liquified hydrocarbon portion of the
hydraulic fluid from the distillation reservoir 114 in the
vapor form. This hydrocarbon portion of the hydraulic
fluid, in its vapor form, is pumped from the distillation
reservoir 184 by the vapor pump 115 which places the
vapors of the hydrocarbon portion of the hydraulic fluid
under high pressure and pumps the vapors through the
heat exchanger 116 where such vapors are condensed
to the liquid form. The resulting liquid is forced on into
the suction reservoir 160 for recirculation by the cen-
trifugal pump 76. The heat exchanger 116 raises the
temperature of the tar and hydraulic fluid mixture in the
bottom of the distillation reservoir 114 and lowers the
temperature of the fiuid entering the suction reservoir
169. The tar that accumulates in the bottom of the dis-
tillation reservoir 114 is periodically pumped out by the
tar pump 117 into the pressurized tar reservoir 118,
which is vented via line 121 back to the suction of the
vapor pump 1i5. In stopping the under-reaming opera-
tion when employing liquified petroleum gases as hydraulic
fluid, it is necessary to first close the sidewall jets and
drilling jets to allow the jet pump to scavenge all fluids
and cuttings from the well or bore and to pump the fluid
and cuitings into the cuttings reservoir 104, Operation
of the jet pump is continued until all the tar present in
the cuttings reservoir 164 is transferred into the distilla-
tion reservoir 114 by the rinsing action of the clean hy-
draulic fluid entering the cuttings reservoir 184 from the
jet pump. Then the centrifugal pump 76 is stopped and
the centrifugal pump suction line valve 119 is closed.
The reservoir cleaning pump 185 is operated to transfer
all cuttings from the cuttings reservoir 164 into the dis-
posal reservoir 128. By opening the regulator valve 113,
the pressure in the well or bore in the hydraulic fiuid sup-
ply line tube 2 and in the cuttings reservoir is released into
the distillation reservoir 114. Operation of the vapor
pump 115 is continued until most of the hydrocarbon por-
tion of the hydraulic fluid in the gaseous form throughout
tke entire system has been condensed to the liquified form
and transferred into the pressurized suction reservoir 108,
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which is of sufficient capacity to hold the entire hydraulic
fiuid supply. Negligible losses of the hydraulic fluid will
be incurred when this system of stopping the under-ream-
ing operation is followed. In starting the under-reaming
operation, the pressure regulator valve 113 is set to the
pressure desired in the cuttings reservoir 184, the packer
seal 118 is placed inside the well casing, and the centri-
fugal pump line suction valve 119 is opened. With the
sidewall jets 282 and 28b and the drilling jets 324 and
32b in the open position, pressure on the system is gradual-
1y built up by the centrifugal pump 76, allowing sufficient
time for the pressure in the well or bore to rise to the
vapor pressure of the hydraulic finid at operating tempera-
ture before applying full operating pressure. Limited
operation of the air pump 112 is then used to maintain the
pressure in the well or bore the desired amount above
the vapor pressure of the hydraulic fluid. The vapor
pump 115 is started when the desired fluid level is reached
in the cuttings reservoir 184 and the distillation reservoir
114, thus placing the system in full operation.

FIGURE XIII is a diagrammatical side view broken
away in part of the hydraulic drilling device employing a
hydraulic motor driving a conventional roller bit; it can
be seen that the upper end of the hydraulic fluid supply
ine 2 and the drilling assembly housing flange 54 are of
the same configuration used with the drilling device
employing drilling jets 32a and 32b and drag bit lugs
53a, 53b, and 53c, thus enabling the operator to attach
and use which ever drilling device is most suited to
operating conditions. ¥t will also be noted that the same
drilling valve 47, drilling valve motor 48, drilling valve
motor gear train 49 (FIGURE V) and drilling jet elec-
trical system (FIGURE VII) are used to control the
operation of either drilling device. In this configura-
tion of the hydraulic drilling device, the hydraulic fluid
supply line 2 supplies hydraulic fluid to the hydraulic
motor intake port manifold 123, which distributes hy-
draulic fluid to intake port 124 throughout 360 degrees
rotation of the valve body 125. The valve body 125 is
equipped with upper pressure seal 126 between the top of
the valve body 125 and the intake port manifold 123, and
a lower pressure seal 127 between the bottom of the valve
body 125 and the motor cylinder block 128. The valve
body 125 is rotated by the roller bit supply line tube 129,
which is attached to the exhaust port 30 in valve body
125. High pressure flnid is applied at any one moment
by valve 125 only to that number—slightly less than
half—of the pistons 131 in the motor cylinder block 128.
The thus moved pistons of the apparatus each directs a
downward thrust at said moment against the angle drive
plate 132 attached to the output shaft 133 and causes the
shaft 133 to rotate in a clockwise (as seen from above)
direction in relation to the motor cylinder block 128,
which is rigidly attached to the drilling assembly housing
148, in turn firmly attached to flange 54. The resultant
rotational torque of the output shaft 133 is applied to the
roller bit supply line 129 by four driving webs as 134,
which attach the shaft 133 to the supply line tube 1289.
Thus, clockwise rotation of the angle drive plate 132
causes an equal clockwise rotation of the valve body 125;
the valve body directs high pressure finid through the in-
take port 124 to one half of the pistons such as 13ia
and exhaust fluid from the other pistons as 131 passes

through the exhaust port 239 into the roller bit supply

line tube 129. Pistons such as 131D are forced upward
to their mazimum upward travel by the rotation of the
angle drive plate 132 during their exhaust cycle.

The hydraulic motor output shaft 133 is supported by
the bearing assembly 135 and bearing rollers such as 1354
and 3355 which allows the roller bit 136 attached to the
roller bit supply line tool joint 4% to be rotated under
the heavy loads needed for optimum drilling rates. Ex-
haust fluid from the hydraulic motor is discharged through
the roller bit nozzles, as 137, to clean the teeth of the
roller bit cones, as 1384 and 1385b, and remove the cuttings
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from the bottom of the well or bore. Fluid and cuttings
from the roller bit' 136, and any fluid being produced by
the well or bore, enter the drilling housing ports, as 139a
and 13%b, and pass upward through the annular space
between the output shaft 133 and the roller bit supply
line 129 into the jet pump suction. Rotational velocity
of the roller bit 13% is controlled by varving the weight
being applied to the roller bit 136, Indication of rotation-
al velocity of the roller bit 136 is furnished the operator
by monitoring the hydraulic fluid supply line 2 pressure.
Applying more weight to the roller bit 136 will result in an
increase in supply line 2 pressure and a decrease in rota-
tional velocity of the roller bit 136. The drilling device
employing a hydraulic motor driving a conventional roller
bit 136 provides independent rotation of the drilling de-
vice, enables the machine to drill through the harder
formations, and to drill at large angular deviations from
the vertical.

FIGURE X1V is a diagrammatic representation of the
method of forming subsurface tunnels according to my
invention. For such operation a first well or bore 142 is
drilled; it may have a casing as 188a. The jets operating
as described in relation to FIGURE XI hereinabove un-
dercut the sidewalls of the well to form a pair of lateral
trench, 142q and 1425h, each of great length (about 75~
100 feet) in proportion to the width (1-3 feet) thereof.
The cuttings are removed also as described in relation to
FIGURE XI. The direction of the length of the tunnel
or trench is readily controlled from the surface as by
marking the pipe to record the alignment of the successive
lengths of tubing checking such alignment by checking
the reflection action of a mirror mounted uniformly on
such tubing by a ielescope mounted a substantial distance
from said tubing. This may also be used to control the
trench width. The height of the trench is controlied by
the travel of the machine up and down the kelly as above
described.

The slope 143 of the bottom of the trench is, preferably,
chosen to provide a rapid removal of the cuitings carried
by the hydraulic fiuid passing from jets as 284 and 28b.
A substantially horizontal table level, as shown by 144,
preferably is made to form the major part of the floor
of the lateral trench 142b; 147 indicates the roof of the
trench 1426 and 145 indicates the end of that trench
formed by undercutting well or- bore 142.

According to this process encompassed in the scope of
my invention, a second well or bore, 148, is then formed
at location relative to bore 142 that is twice the length of
the lateral trench 142p distant from bore 142 and lies in
the same direction therefrom as does the length of said
trench. A pair of long lateral trenches 1494 and 14%h
are formed by underreaming the walls of bore 148 in the
same manner as used and above described to form
trenches 141a and 142b. The earth between wall 145
of trench 1425 and the wall 250 of trench 1492 is broken
down to cuttings which are removed as above described
to provide continuous passage from the furthest portion
of trench 14%9) to the most distant point therefrom in
trench 142a. The floor 144" of trench 142 is made at
the same level as the floor 144 of trench ¥42b. The roof
of trench 14%q also is made to match that of trench 142b.
some portion of the earth between walls 145 and 150 may
be left when the height or width of the trench is substan-
tial and the reinforcement provided by such wall is de-
sired.

By control of the elevation of the cutting jets and by
rotation of tube 13 (and housing 39) thereby controlling
the direction of said jets, trenches as 1424 and 1425 may
be made of any desired dimensions having regard -to the
strength of the formation through which formed. The
usual height of trenches used in making extended tunnels
will be 10 to 20 feet and the usual widith of said tunnel
will be ‘8 to 10 feet, the length will be from 70 to 150
fect using ¥ inch jets and a 800 p.s.ig. fluid supply.

In a preferred embodiment of the process of my inven-
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tion, 800 gallons per minute of water (which may contain
additives as below described) are pumped via pump 76
at 875 p.s.i.g. to the pressure line swivel %, a 4 inch inside
diameter 1500 p.s.i. 800 g.p.m. capacity swivel, the depth
of the hole 141 being about 200 feet. However, depth is
not a-limitation on my process. The kelly 15 permits
an up movement of the jets of 7 feet and a down move-
ment of 7 feet for a total vertical travel of 14 feet. The
hydraunlic fluid line tube 2, above-described, delivers the
cutting fluid to and through the 4 inch inside diameter inlet
orifice of the valve 29 and, thence, through the cutting
jets 28a and 28b. These jets are of 3%4 inch length along
the axis with 2 inch internal diameter inlet and 14 inch
internal diameter outlet. The interior surface of the jets
are circular generations of a hyperbolic curve; this taper
provides a linear acceleration of the fluid passing through
such jets and 'a vena contracta of that fluid stream lying
in the geometrical projection of the surface of the pe-
ripheral surface of tube 13. These jets are formed with
a tolerance of plus or minus .001 inch, and being of equal
size and positioned in the tube 2 diametrically opposite
to each other, the reactions due to the thrust resulting
from the flow of the two cuiting jets balance each other
for a net zero sidewards force on tube 13. The velocity
of the fluid leaving the orifice 28a is the same as that
leaving orifice 285, and is about 326 feet per second. The
above taper of the interior of the jets provides a fluid
flow therefrom in the form of a cylinder rather than a
cone; the fluid in the stream maintains substantially “all
its energy (about 80 B.H.P.) at a distance of 100 feet

from the tube 13, there being a vertical drop of only

about 1% to 2 feet in 100 feet of travel of such jet. As
described below in the discussion of Table II, larger exit
diamster, e.g. of 96 inch, for jets 284 and 285 allow an in-
creased flow and increased enmergy in the cutting fluid.
It has been, however, found that two 1% inch outlet ori-
fice jets as above described remove about 60 cubic yards
per hour of earth formation of the usual consistency and
strength met in under-reaming a water producing well
or bore while avoiding rupture and sloughing of the walls
of the underground trenches or tunnels thus formed and
theréby maintaining the integrity of the walls of such
tunnels or trenches in such formation. The lower orifice
of valve 2% has a three inch internal diameter and is 7
inches below its upper or inlet orifice. The axial cross
section cutline of the holes in the valve sleeve (made of
mild steel) form a smooth curve with the cross section
outline of the interior of the jet. The valve sleeve is hand
lapped (to plus or minus %0000 inch as determined by
light fringe) to form a smooth fit and allow control-of
the position thereof by the valve motor 33 (which operates
at 11,000 r.p.m. and is rated at 10 oz.-in. torque) and
actuates valve 29 through a total gear reduction of 29,992,
This large orifice valve 29 provides a minimum interfer-
ence with the flow of fluid therethrough to jet 31; addi-
tionally, the circular outline of the holes in sleeve 36 serve
to provide a gradual and balanced introduction and shut-
off of fluid flow from the interior of valve sleeve 36 to the.
jets 284 and 285 which also have circular inlets. The
liquid which passes down line 2 and does not pass through
jets 28a and 28b flows through pipe 2. The outside radius
of curvature of the tube 2 is, as above described, the same
as the interior diameter of housing 39 which has the same-
dimensions as tube 13 and is formed of the same mate-
rial. - The fluid passing through line 2 exits from the 15
inch diameter orifice of jet 31 which jet 31 narrows from
the 4 inch inside diameter of pipe 2 over a length of nine-
inches to provide an interior sectional outline which is hy-
perbolic and provides to the fluid passing therethrough a
linéar acceleration therethrough and a final velocity of
fluid of 326 feet per second. The shape of the interior
of the terminal portion of jet 31 and of the initial portion

-of the fluid stream exiting therefrom is a cone with an

apex 12 inches distant from the orifice of jet 31. Addi-
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tion of cutting fluid from jets 284 and 285 is controlled so
that the fluid collected from the cavity formed by the
under-reaming operation and entering perforations 52 is
controlied to provide about 30 to 50 percent by volume
solid in the pump discharge line 13, such proportion of
solid being readily handled by the jet pump 31. This
conirol of portion of solid in said fluid is effected as
above described, the weight of the suspended
metal elements (tubes, valves, jets) being known, the
volume and weight of water (when such is used as the
hydraulic fluid) to fill the fluid supply line tube 2 and the
jet pump discharge line 13 likewise being known, and the
reaction thrust of the jet at any given pressure and volume
input to line 2 being known at a substantially constant
fluid level in the well or bore, the weight of the cuttings
is the difference between the total weight suspended from
bail 10 and the known downward thrust factors above-
described. The concentration of solid in the discharge
line is, of course, the ratio of the volume (weight divided
by density) of such solid to the volume (weight divided
by density) of liquid therein. The weight suspended
from the bail 16 may be measured, and, depending upon
the ratio of solid to liquid, determined as above described,
the cutting rate adjusted by manual control of valve 28
to lower the cutting rate when the solids content is too
high and to raise it when too low and, thereby insure that
the removal of the formation by the action of the cutting
device does not exceed the solids capacity of the jet pump-
ing device.

Alternatively, and preferably, to accomplish more
rapid and delicate and automatic control of the cui-
ting rate, the empirical procedure above described,
may be used for confrolling the desired ratio of solid
to liquid in the discharge fluid. In the preferred
embodiment, the vertically movable bail 1$ is formed
of 2 inch diameter forged steel and shaped as shown in
FIGURE VII. The vertical arms of the ball are 12
inches apart from each other and form eyes that support
the swivel 5. The two angled portions of the bail are
each at 45° to the vertical. The angled positions are
joined to each other and to the vertical portions thereof
by rounded portions with a central radius of curvature
of about 2 inches. FElectrical resistance 64 is supported
between fixed points on a rigid insulating plate joined
pivotally to one vertical arm of bail 10 while the other
end of the plate is slidably supported on the other vertical
arm. The wiper 645 is pivotally attached to said other
vertical armx by a rigid insulating arm, which is slidably
attached to said afore-mentioned one vertical arm. In-
creases of weight on bail 16 cause the wiper €4b to de-
crease the electric resistance between fixed points 64a
and 64c.

The balancing potentiometer 67 is calibrated with such
bail 10 and resisbance &4, mounted as above, for the total
suspended weight corresponding to a desired fluid-solids
ratio—usually 35 percent by volume solid—in the dis-
charge line tube I3 at the opserating depth—such as 200
feet—of a jet 31 of known diameter—as Y2 inch—with
2 given rate of fluid supply to line 2 at a known pressure—
such as 800 gp.m. at 800 p.s.i.g—and with a known
weight and size of tubing and cutting and jet orifices, as
has been above described. The discriminator 69 is set to
react as above described to changes in weight, as meas-
ured by bail 1§ and resistance 64 and wiper 645, ccrre-
sponding to permissible variations in the sclid-fluid ratio
in the discharge fluid in discharge line 13 by calibrating
dead band potentiometer 78 with such permissible changes,
50 as to control such solid-liquid ratios range to within a
change of two percent.

In the preferred embodiment, the voltage output of
source 55 is 28 volts D.C. while the input thereto is the
conventional 115 volt 60 cycle A.C. voltage. Inductors
26a and 27q (FIGURE VII) to the control to motors for
valves 47 and 29 block out the A.C. components of the
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current provided for the fluid leve! system and the cavita-
tion control system. The reference voltage 66 for the
automatic cufting jet control system (FIGURE VIII)
is 60 cycle 115 volt A.C.; while supply 94 is powered with
60 cycle 115 volt A.C., cavitation control 98 is provided
with an inductor 985 to block out the high frequency
(16900 cycle) component of the fluid level control system
(FIGURE IX) while capacitor 985 blocks out the D.C.
component of the valve control system of FIGURE VIIL
In the fluid level conirol system (FIGURE IX) the refer-
ence voltage §6a is 28 volts at 1600 cycles from a standard
surface power supply therefor. Capacitator 775 is pro-
vided in sensing element 77 to block out the D.C. compo-
nent of the valve motor control system (FIGURE VII)
and the 60 cycle component of the cavitation control sys-
tem (FIGURE X).

The level of the fluid in the well or bore may be
measured by a float valve supporting a measuring stick
with an index for said stick or by a float which supports
a weight and the position of the float is measured on a
balanced reel. Accordingly, as the level of fluid in the

ell or bore is indicated by the above method as having
risen to an undesirably high level the supply of finid to
the jet pump may be increased by manual control of
valve 74 and, as the level of the fluid in the well or bore
is shown to have fallen undesirably the supply of fluid
to jet pump 31 is decreased by manual control of valve
74. Alternatively, and preferably, the more delicate and
rapid and automatic control of the fluid level control may

s effected by the empirical procedure above described,
after the balancing potentiometer $7 has been calibrated
for a desired fluid level relative to the series of resistors 78
and gaps 79 used for maintaining the desired fluid level.
The fluid level of the admixture of cuttings and cutting
fluid is, according to my invention, controlled to be main-

tained below the level of the cuiting jets. While a 16 ft.

difference in fluid level may be tolerated from the level
of the orifice of jet 131 down to the level of the fluid
in a cavity as 1424 or 142b as generally shown in FiG-
URE X1, it is preferred that jet 31 be 6 inches below
the fluid level of chamber 1425, Additionally, the dead
band potentiometer 85 is calibrated for the desired sensi-
tivity of the discriminator 82, which is usually full open-
ing action on valve 74 for a 3 foot drop in fluid level.
During this process the drilling jets 32a and 326 may be
operated to increase the depth of the well or bore while
the jet pump 31 and jets 28a and 28b are operated. The
action of jets 28q and 285 may also be discontinued while
drilling jets 32a and 32b (for use in relatively soft forma-
tions) or the hydraulic roller bit of FIGURE XIII is op-
erated in place of the drilling jets 324 and 325 when
harder formations are met.

The venturi (generally indicated as 39) has a total
length of 12 feet 7 inches in the preferred embodiment
above described. Of this length, 12 inches is provided
for the inlet section 3%%, 48 inches for the high velocity
straight section formed of 9 units exemplified by 3%a, 390,
and 39c, and 7 feet 7 inches is provided for the discharge,
this portion being formed of two sections 38g and 39j.
The interior diameter of the cylindrical sections illustrated
as 3%a, 38b, and 3%9¢ is 1%5 inch. The section 394 is
shaped to have a hyperbolic section in axial cross section
outline and provides a uniform acceleration rate to the
fluid passing therethrough. There is also a hyperbolic
axial cross section outline to the discharge section to pro-
vide minimum resistance to flow of liguid therethrough.
Intake port 41 of the cavitation control system is located
in section 39j, at a point about one inch from the housing
49. -This is about as far lateral and downstream as is
convenient to contact the highest pressure fluid while: al-
lowing convenient machining of feedback line 42. The
center of the orifice of pump jet 31 is located from one to
two diameters and preferably about 1.5 diameters, i.e.,
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% inch in the case of a 15 inch internal diameter jet
orifice, below the vena contracta of venturi 39, i.e. slightly
above the junction of sections 394 and 3% of FIGURE
IV. The entire pressure sensing and cavitation control
unit exclusive of conduit 63 (which supplies electrical
energy to the control system in housing 98) fits intc hous-
ing 98, which is 1 inch x 2% inches x 2 inches in size.
Such unit and housing are firmly attached to the flange of
the guide support element or spool, as 39f. It will be
noted that the construction of the venturi section support
or guide element flanges provide firm reinforcement for
the supply line 2 as well as the venturi tube while allow-
ing removal of the venturi tube components for inspection,
replacement, and adjustment thereof.

At the high jet velocities used in the jet pump 31 ac-
cording to my invention (see Table I hereinbelow) the
avoidance of cavitation is important not only to main-
tain the mechanical efficiency of the pumping operation
but also to avoid vibration concomitant on the occurrence
of cavitation and possibility of damage to the instruments
and conirol devices above described located in the hous-
ing 39 on development of such vibration or “chatter.”
The potentiometers 88 and 96 are adjusted to provide
for maintaining a minimum pressure in the throat of
venturi 39 of about one p.s.i. gange which is usually ade-
quate to avoid cavitation at the conditions of operaticn
in the above-described preferred embodiment of the proc-
ess using water as the hydraulic fluid. Dead band po-
tentiometer 37 sets the sensitivity at about plus or minus
Y2 ps.i. to avoid returning too much high pressure fluid
via line 42 and thus interfering with the efficiency of the
pumping operation. It will be noted that the cavitation
control valve 43 is supplied with fluid from the zone near
inlet 41 which is at such substantially higher pressure

than exists in the low pressure cylindrical section of the 3

venturi that a substantial flow may be readily attained
through said valve in order to transmit pressure to the
fluid in said cylindrical section. In the range of veloci-
ties met with in operation of the pump jet orifices herein
specifically disclosed (see Table II below) the mainte-
nance of such minimum pressure using water as the hy-
draulic fluid such pressure is usually adequate. It is
within the scope of my invention, however, to use ma-
terials such as liquid butane and propane commonly
known as liquified petroleum gases as the hydraulic lig-
uid; in such instance a substantially higher pressure is
maintained in the venturi sufficient to maintain such ma-
terial in the liquid state at the temperature and velocity
conditions there existing. These pressures are well known
in the published literature (e.g. Handbook of Physics and
Chemistry) to enable the operator to set the control mech-
anism in housing $8 as above described to maintain a
pressure in the cylindrical portion of the venturi of at least
40 p.s.i.g. when 100 percent butane is used and a tem-
perature of 70° F. exists in the venturi (or 70 p.s.i.g. at
105° F.) and to maintain there a pressure of at least 13¢
p.s.ig. when liquified propane is used at 70° F. (or 200
p.si.g at 100° F.).

My invention provides a machine and process whereby
to greatly increase the flow of water from wells as well
as a method of stripping tar sands. The bore 142 in
which the tube 13 and housing 3¢ is sunk may be form_ed
by conventional well drilling techniques, e.g. rotary drill-
ing, which provide bores large enough to house the ma-
chines above described. The flow increase in gallons per
minute of water provided by this process is illustrated
by the following and detailed in Table I: Assuming a
16 inch well and pumping at 75% of capacity with such
equilibrium state as results 24 hours after continuous
pumping, the increase in gallons per minute from the
well or bore effected by providing four irenches as 142a
and 142b as shown in FIGURES XI and XIV 100 feet
long and 16 inches wide with a tunnel depth of about
10 feet (floor level of 144, ceiling level as 147 on FIG-
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URE X1IVj would be as shown in Table I. For purpose
of increasing well capacity trenches as 142z and 2425 are
made about 16 inches wide and have a depth of 10 to 20
feet, with a usual! maximum depth of the lower half of
the water sand. The slope portion or drain 143 is made
of about 1 foot width, i.e., narrower than the full width
of the trench, to prevent channeling of the floor 144 and
to facilitate carriage of the cuitings to the inlet orifices, as
52, of the jet pump. The aforementioned four tunnels
all start at the bore 142. Two of the tunnels 142a and
142) would be in the plane of the paper as shown in FIG-
URE XI and FIGURE XIV; the other two tunnels would
be at right angles thereto; one of these latter is indicated
at 142c in FIGURE XI; the other, of course, would pro-
ject in a line therewith out of the plane of the sheet of
drawing; these latter two trenches are formed by rotat-
ing the tubing 3 and all parts rigidly connected there-
with 90° so as to turn jets 28a and 28b by ninety degrees
and direct the stream from said jets (as stream shown as
Z28c¢, 284, and 28¢ from jet 28q in FIGURE XI) to form
another set of frenches such as I42¢ and 142b but at
right angles thereto, in the manner above described for
such operation.

The predicted ideal increases in gallons per minute ef-
fected by under reaming four tunneéls as above described
each 100 feet long and 14 inches wide and 10 feet deep
from a 16 inch diameter well over the production of
such well when pumping at 75 percent capacity after
reaching the steady state provided by 24 hours of con-
tinuous pumping are given in Table I. These values are
calculated from the Formula A:

Formula A:
__wP(D—)
=5 3 Togn (R /r)
where:

g=volume of flow in gallons per minute;
P=permeability; .
D=static depth of water in the well;

d==depth of water in the well when pumping;

R=effective radius of well (90% of tunnel length); and
r=initial tunnel radius.

These factors are illustrated in FIGURE XV. Formula
A is a standard formula for the flow assuming certain
ideal conditions (the formula is developed at pages 75
ft. of Elements of Hydraulic Engineering by R. K. Linsley,
Jr. and J. B. Franzoni, McGraw-Hill Book Co., New
York, Toronto and Loadon, 1955—Library of Congress
card 55-6160). The values of the Table I are calculated
on the approximation that for the approximate volume, V,
of the cone of depression,

rR2h
d

where h=(D—d) or D/2 for a 75 percent of capacity
pumping; for simplifying calculations the cone is approxi-
mated as formed by revolution of the straight line T about
the center of the well on an axis—instead of by revolu-
tion of the more accurate drawdown curve S—of FIG-
URE XV.

The specific yicld of the formation may be measured
by permeameters (as given in pages 74 and 75 and ar-
ticles there cited of the above cited Linsley and Franzoni
text) which is generally about 15-20 percent for the
formations usually met in well formations. The assump-
tions involved in this tabulation are set out in some detail
to clarify the basis of the figures set out in that table and
so that the benefit as well as breadih of applicability of
the result of this process of this invention may be ap-
preciated.

V=
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TABLE I

Increase in Output of 16 Inch Well (Pumping at 75%
Capacity After 24 Hours Continuous Pumping) by
Under-Reaming With Four 100 Foot Trenches Radiai-
ing From Said Well at Right Angles to Each Other

Present pumping rate (g.p.m.)
D (ft.)

100 200 300 400 500 600
5560 910 | 1,220 | 1,400 1,785 2,050
620 | 1,020! 1,370 | 1,680 1,950 2,260
675 | 1,100 ] 1,480 | 1,830 | 2,140 2, 440
85 | 1,170 | 1,575 1,870 | 2,280 2, 590
770 | 1,230 | 1,650 | 2,040 | 2,365 2,730
810 | 1,300 | 1,730 ] 2,130 | 2,500 2,830
840 | 1,350 | 1,800 { 2,180 { 2,565 2,920
835 | 1,400 | 1,860 | 2,200 | 2,660 3, 080
910 | 1,470 | 1,930 { 2,370 | 2,760 3,150

The above description of the preferred embodiment of
the process describes a process developing trenches as
1424 and 142b of 100 feet in length with a ¥4 inch diam-
eter jets Z8q and 280 and ¥4 inch diameter jet 33. How-
ever, when first beginning to under-ream a new well
formation, it is desirable to use a V4 inch diameter jet
for jets 282 and 28b to determine the resistance of the
formation to jet action and to determine the desirable
cutting rate while minimizing the possibility of collapse
of the formation about the equipment above described.
Therefore, in order to expedite the cutting action, a proper
size jet and input pressure may be chosen from the theo-
retical data given in Table II (entitled “Jet Characteris-
tics”). The size of jet 31 and the reaction thrust de-
veloped thereby at 800 p.s.d. is also given in that table.
For purpose of calculating operational horsepower re-
quirements the brake horsepower of such jets is also given
in Table II. It has been found that the jets 28 and 28b
and 31 used according to my invention herein described
have approximately 40 percent mechanical efficiency.
The figures of Table I are derived from commonly used
hydraulic engineering table (e.g. “Rotary Drilling Hand-
book,” by J. E. Brantley, 1952—fifth edition, Palmer
Publications, New York; “Hydraulics for Jet Bits,”
Hughes Tool Co., Bulletin 2C, Revised May 1957; fig-
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ures 284 and 285, Ladish Catalogue No. 55, 1954, Ladish -

Co., Cudahy, Wisconsin).
TABLE 11
Jet Characteristics

Displacement (g.p.m.)
. Hydraunlle at— Reaction Jet

Jet diameter | H.P. at Force at | Velocity

(Inches) 800 p.s.i. 800 p.s.i. [ at 800

800 600 400 p.s.t
psi p.si. p.s.i

5.8 12. 4 10.7 7.75 255, 0 323.5
13.3 28.5 24,1 10.7 580.0 324.1
24,0 49,5 42.8 35.0 1 1,060.0 3247
36.2 7.5 67.1 54.8 | 1,500.0 325.3

53.5 1 1152 97.3 79.5 | 2,355.0 326

72,31 153.0| 132.6 | 108.3 | 3,6180.0 327

0401 206.0 | 173.0 | 1415 | 4,140.0 328

118 233.8 219.0 179.0 5,200.0 329
148 316 273.0 | 223.51 6,520.0 330.0
178 381 33L.0 | 270.0 | 7,840.0 330.0

212 455.0 | 393.5 | 822.0 | 9,340.0 332
252 541.0 | 467.0) 382 11,000 334.0
202 626.0 { 550.0 § 450 12,850.0 335.0
340 738.0 | 630.0 ) 513 14,950.0 337.5

In connection with Table II, it should be noted that the
hydraulic H.P. of a 14 inch jet as 31 satisfactorily pumps
from a depth of 200 feet at 800 p.s.i. while a 184¢ inch jet
31 delivers 1600 g.p.m. from a 500 foot depth. The fluid
used on the above discussion is water; when increased well
production is desired no additives are used in the water
in order to minimize interference with the permeability
of the formation being under-reamed. However, in tun-
neling operations, where permeability is not ordinarily
factor, colloidal clay, starch or gelling agents may be used
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separately or in combination to increase the capacity of the
fluid to carry the cuttings from and through the trench
and up the discharge tube 13 and so expedite the cutting
operation.

Further to explain the details of the procedure of my
invention following are sample calculations using the
above described preferred embodiment of apparatus ac-
cording to my invention and the information hereinabove.

With a well of 100 feet depth and an initial yield of 200
g.p.m. and an expected (as outlined above) maximum
yield of 660 g.p.m. and a 100 foot length of cut (from
housing 30 to wall 145) with sidewall cutting jets of 1%
inch inside diameter orifice, 35 inch inside diameter orifice
drilling jets (as determined by the resistance of the forma-
tion) and using a maximum pressure of 800 p.s.i. the
pumping capacity required will be the sum of

G.p.m.

(a) Fluid yield of ——— e 600
(b) Sidewall jet e 400
(c) Drilling §ets e 225
Total of - 1,225

The horsepower (F1.P.) needed to pump the volume of
finid will be 31 actual H.P. from the following:

1P, 1225 g.p.10.X 835 Ibs./gal. X 100 ft,
e 33,000 £t. 1bs./min./IL.P.

The hydraulic horsepower would be correspondingly
greater because of the 40% mechanical efficiency of the
jet pump or 77.5 H.P. The required gallons per minute are
(77.5 gp.m. X800 p.s.i./1714=about 165 g.p.m. at 800
p.si. The proper size pump jet is, as above shown, 1%
inch inside diameter. This will provide a maximum as-
cending velocity of

25X g.p.m.
-3

which velocity carries V4 inch diameter cuttings to the
surface. Ascending velocity of the jet pump discharge
fluids can be increased as needed by controllably inject-
ing additional water into the well from the suction reser-
voir 160.

It is to be understoed that the form of my invention,
herewith shown and described, is to be taken as preferred
examples of the same, and that various changes in the
shape, size and arrangement of parts may be resorted to,
without departing from the spirit of my invention, or the
scope of the subjoined claims.

I claim:

1. A process for under-reaming a well comprising the
steps of cutting material from and in the general vicinity
of said well and below the ground surface thereof by a
plurality of concurrently operating unconfined jets of fluid
of equal and opposing reaction while admixing said fluid
and said resultant cuttings, thus forming a first admixture,
passing said first admixture to a second zone lower than
that at which said cutting occurs, feeding said first admix-
ture from said second zone to an upwardly directed jet
thereby forming a second admixture, increasing and de-
creasing the energy of said jet responsive to the increase
and decrease, respectively, of the specific gravity of the
second admixture thereabove, by shifiing of high pressure
fluid thereto from and therefrom to said opposing jets and
discharging the resultant second admixture from said well
at a solid-liquid weight ratio within a predetermined range.

2. A process for under-reaming a well comprising the
steps of cutting material from and in the general vicinity
of said well and below the ground surface thereof by
a plurality of concurrently operating substantially hori-
zontal unconfined jets of fluid of egqual and opposing

=375 ft./min.

~ reaction while admixing said fluid and said resultant cut-

75

tings, thus forming a first admixture, passing said first
admixture to a second zone at least lower than that at
which said cutting occurs, feeding said first admixture -
from said second zone to an upwardly directed jet to
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form a second admixture, increasing and decreasing the
energy of said jet responsive to the increase and de-
crease, respectively, of the specific gravity of a fluid-solid
mixture column thereabove, increasing and decreasing the
energy of said upwardly directed jet substantially as the
distance of the top level of said fluid admixture in said
second zone below the level of said jets of opposing re-
action decreases and increases, and discharging the re-
sultant second admixture from said well at a solid-liquid
weight ratio within a predetermined range, and wherein
the plurality of jets of opposing reaction and the up-
wardly directed jet are fed by a single source of high
pressure floid, and the energy of the upwardly directed
jet is increased and decreased, respectively, by shifting
of high pressure fiuid thereto from and therefrom to
said opposing jets.

3. A process for under-reaming a well comprising the
steps of cutting material from and in the general vicinity
of said well and below the ground surface thereof by
a plurality of concurrently operating substantially hori-
zontal unconfined jets of fluid of equal and opposing re-
action while admixing said fluid and said resultant cut-
tings, thus forming a first admixture, passing said first
admixture to a second zone at least lower than that at
which said cutting occurs, feeding said first admixture
from said second zone to an upwardly directed jet to
form a second admixture, increasing and decreasing the
energy of said jet responsive to the increase and decrease,
respectively, of the specific gravity of a fluid-solid mix-
ture column thereabove, increasing and decreasing
the energy of said upwardly directed jet substantially
as the distance of the top level of said fluid admixture
in said second zone below the level of said jets of oppos-
ing reaction decreases and increases, and discharging
the resultant second admixture from said well at a solid-
liquid weight ratio within a predetermined range, and
wherein the plurality of jets of opposing reaction and
the upwardly directed jet are fed by a single source of
high pressure fluid, and the energy of the upwardly di-
rected jet is increased and decreased, respectively, by
shifting of high pressure fluid thereto from and there-
from to said opposing jets, and wherein the single source
of fluid is passed downward to said jets through a con-
duit and said cutting by said jets of opposing reaction
occurs at a zone spaced away from said conduit and
any parts attached thereto.

4. A process for under-reaming a well comprising the
steps of cutting miaterial from and in the general vicin-
ity of said well and below the ground surface thereof
by a plurality of concurrently operating substantially
horizontal unconfined jets of fluid of equal and oppos-
ing reaction while admixing said fluid and said resultant
cuttings, thus forming a first admixture, passing said
first admixture to a second zone at least lower than
that at which said cutting occurs, feeding said first ad-
mixture from said second zone to an uvpwardly directed
jet to form a second admixture, increasing and de-
creasing the energy of said jet responmsive to the in-
crease and decrease, respectively, of the specific gravity
of a fluid-solid mixture column thereabove, increasing
and decreasing the energy of said upwardly directed jet
substantially as the distance of the tfop level of said
fluid admixture in said second zone below the level of
said jets of opposing reaction decreases and increases,
and (lischarging the resultant second admixture from said
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well at a solid-liquid weight ratio within a predetermined
range, and wherein the plurality of jets of opposing re-
action and the upwardly directed jet are fed by a single
source of high pressure fluid, and the energy of the
upwardly directed jet is imcreased and decreased, re-
spectively, by shifting of high pressure fluid thereto from
and therefrom to said opposing jets, wherein the in-
crease or decrease of energy dissipated through the cut-
ting over that dissipated in the pump jets is effected by
coniinnously sensing the weight of cutting in the fluid
column intc which the jet pump discharges, and clos-
ing off the jets of opposing reaction from, or opening
said jets to, said single source of high pressure fluid
until the weight of cuttings in said fluid column is re-
duced to or raised to within a predetermined solid-liquid
weight ratio.

5. A process for under-reaming a well comprising the
steps of cutting material from and in the general vicinity
of said well and below the ground surface thereof by
a plurality of concurrently operating substantially hori-
zontal unconfined jets of fluid of equal and opposing
reaction while admixing said fluid and said resultant
cuitings, thus forming a first admixture, passing -said
first admixture to a second zone at least lower than that
at which said cutting occurs, feeding said first admixture
from said second zone fo an upwardly directed jet to
form a second admixture, increasing and decreasing the
energy of said jet respomsive to the increase and de-
crease, respectively, of the specific gravity of a fluid-
solid mixture column thereabove, increasing and decreas-
ing the energy of said upwardly directed jet substan-
tially as the distance of the top level of said fluid ad-
mixture in said second zone below the level of said jets
of opposing reaction decreases and increases, and dis-
charging the resuitant second admixture from said well
at a solid-liquid weight ratio within a predetermined
range, and wherein the plurality of jets of opposing re-
action and the upwardly directed jet are fed by a single
source of high pressure fluid, and the energy of the
upwardly directed jet is increased and decreased, respec-
tively, by shifting of high pressure fluid thereto from and
therefrom to said opposing jets, also comprising the
steps of sensing the pressure in the low pressure zone

. of said jet pump, and, when the pressure sensed falls to
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approximately the vapor pressure of said liquid, to bleed
high pressure liquid into said low pressure zone in an
amount sufficient to prevent cavitation.

6. A process as in claim 5 wherein the well is lo-
cated in a formation containing hydrocarbons, and the
high pressure fluid is a hydrocarbon fluid.

7. A process as in claim 5, wherein the fluid is a
liquified petroleum gas.

8. A process as in claim 5, wherein the fluid is
propane.
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