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FLOATING HEAD REACTION TURBINE ROTOR WITH IMPROVED
JET QUALITY
Related Applications

This application is based on a prior copending provisional application, Serial
No. 60/640,742, filed on December 30, 2004, the benefit of the filing date of which is
hereby claimed under 35 U.S.C. § 119(e). This application is also a continuation in
part application based on a prior copending conventional application, Serial
No. 10/990,757, filed on November 17, 2004, the benefit of the filing date of which is
hereby claimed under 35 U.S.C. § 120.

Background

Rotary jetting tools are commonly used to clean scale or other deposits from
oil and gas production tubing. These tools may also be used to drill soil and rock
formations. In submerged applications such as deep well service, the effective jet
range is severely limited by turbulent dissipation. The jets must be located at a large
angle from the axis of rotation to minimize the standoff distance between the jet and
the formation. Multiple jets are required to ensure that all of the formation ahead of
the tool is swept by the reduced range of the submerged jets. An over-center jet must
be placed so that its axis is directed across the rotary axis of the tool. Jet quality is
also important, especially in harder formations. Large upstream settling chambers
and tapered inlet nozzles improve jet quality by reducing inlet turbulence. It is
desirable to make the rotary jetting tool as short and compact as possible to enable the
tools to pass though tight radius bends in tubing, or to pass through a short radius
Jateral exit window from a well. In these applications, the tool may be mounted on a
flexible hose. Finally, there is a need to provide a speed govem;cbrﬂ on the tools to
prevent runaway. Unfortunately, the design requirement for ‘compactness is in
conflict with the other above-identified design requirements.

Rotating jetting tools may use an external motor to provide rotation, or the
rotor can be self-rotating. A self-rotating system greatly simplifies the tool operation
and reduces the tool size. In a typical self-rotating system, the jets are discharged



WO 2006/074017 PCT/US2005/047305

10

15

20

25

30

35

with a tangential component of motion, which provides the torque necessary to turn
the rotor. Most self-rotating systems use a sliding seal and support bearing to allow
rotation of the working head. A drawback associated with this configuration is that
the torque produced by the working jets must be sufficiently great to overcome static
bearing and seal friction. The dynamic friction of bearings and seals is typically
lower thah" the static friction, so the rotors can spin at excessive speeds, which can
cause overheating or bearing failure. Most self-rotating jetting systems also
incorporate a thrust bearing. Such bearings are subject to high loads and failure when
the rotary speed is too great.

Hydrodynamic journal bearings rely upon a thin film of fluid that supports the
rotating shaft through hydrodynamic forces. Journal bearings cannot support high
thrust or radial loads, but are effective at high velocity — where the hydrodynamic lift
is greatest. The thrust load can be eliminated with a balanced, or floating, rotor
design. The rotor shaft is supported by opposed radial clearance seals, which also act
as hydrodynamic journal bearings. If the shaft diameter is the same on both ends of
the rotor, there is no thrust due to internal pressure of the fluid. This approach has
been used by Schmidt (U.S. Patent No.4,440242) and Ellis (U.S. Patent
No. 5,685,487) to provide a self-rotating jet. In both patents, the working fluid is
introduced from the tangential surface of the rotor shaft to the center of the rotor by
crossing ports. The drawback to this configuration is that the fluid settling chamber is
small compared with the sealing diameter of the rotor. Also, the jet forming nozzles
must be drilled from outside the rotor and do not produce a good quality jet. Finally,
the jets discharge at a relatively small exit radius and small angle from the tool axis so
the standoff to the gauge of the tool is relatively large. In the Schmidt patent, a
separate rotor head that extends well beyond the thrust-balanced section is provided.
The rotor head can be made relatively large to accommodate the desired Jet pattern,
but this approach defeats the requirement for a compact tool.

The rotational speed of a radial bearing rotor may be too high for effective jet
erosion drilling of rock. A speed governing mechanism would substantially improve
the jetting performance. Mechanisms incorporating mechanical, viscous, and
magnetic brakes have been used to govem jet rotor speed. These mechanisms are
typically relatively long and complex. It would therefore be desirable to incorporate a
simple, compact speed governor in the rotor.

An important application for jet drilling rotors involves drilling short radius
holes. The jet rotor required for such an application must be as short as possible to
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enable the tool to negotiate tight corners and short radius bends. Thus, it would be
desirable to provide a compact jet rotor with multiple jets in orientations that:
(1) generate sufficient torque to reliably start the rotor; (2) ensure efficient drilling;
and, (3) eliminate side forces on the radial bearing that can cause wear. It would
further be desirable to provide a compact jet rotor incorporating relatively large
internal ﬂow passages within the jet rotor, to minimize upstream turbulence and
pressure losses, in order to pr0v1de the best possible jet performance. It would be still
further desirable to provide a compact jet rotor incorporating an integral and compact
speed governing brake. Finally, it would be desirable to provide a compact jet rotor
incorporating wear-resistant materials in the design with sufficient precision to enable
reliable manufacture and performance.
Summary

An exemplary rotary jetting tool including a pressure balanced rotor,
disclosed in detail herein, is achieved by incorporating a pressure balance volume,
which is defined by a rotor and a housing. The rotor is configured to rotate relative to
the housing, as well as to move axially relative to the housing. The rotor includes at
least one nozzle at a distal end configured to discharge a pressurized fluid, thereby
imparting a rotational force to the rotor. The rotary jetting tool is configured to be
attached to a distal end of a drill string or a flexible tube (e.g., a coiled tube)
configured to deliver a pressurized fluid from a source of the pressurized fluid. As
pressurized fluid is introduced into the tool, a portion of the pressurized fluid is
discharged from the at least one nozzle, thereby causing the rotor to begin to rotate, as
well as causing the rotor to move axially with respect to the housing, in a direction
generally opposite the direction in which the fluid jet is discharged from the at least
one nozzle. This initial axial motion of the rotor reduces a size of the pressure
balance volume. A portion of the pressurized fluid is also introduced into the
pressure balance volume. Preferably, the rotary jetting tool includes a plurality of
radial clearance seals, and the pressurized fluid is introduced into the pressure balance
volume by fluid leaking past at least one of these radial clearance seals. As the
pressure balance volume fills with the pressurized fluid, an axial motion will be
imparted upon the rotor (now in an opposite direction as compared with the axial
motion imparted by the fluid jet discharged by the at least one nozzle), thereby
causing the size of the pressure balance volume to increase. The rotary jetting tool
includes a vent that selectively places the pressure balance volume in fluid
communication with an ambient volume, depending upon the axial position of the
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rotor. As the size of the pressure balance volume increases, the axial motion of the
rotor opens the vent, thereby placing the pressure balance volume in fluid
communication with the ambient volume. Thus, additional fluid introduced into the
pressure balance volume will be vented through the vent, and no additional axial
motion will be imparted to the rotor.

At ‘glﬁis point, the rotor is pressure balanced, a “downward” pressure on the
rotor being exerted by the pressurized fluid in the pressure balance volume
substantially offsetting an “upward” pressure on the rotor being exerted by the jet of
pressurized fluid being discharged by the at least one nozzle. (The terms
“downward” and “upward” as used throughout this disclosure are in reference to
directions shown in the accompanying Figures, and are not to be construed as
absolute directions or in any way limiting to the application of this technology.) As
will be described in greater detail below, the relative diameters of the radial clearance
seals can be manipulated to facilitate achievement of the above noted pressure
balanced condition.

Preferably, the pressurized fluid is introduced into the rotor via an inlet at the
proximal end of the rotor, such that as the pressurized fluid enters the rotor, the
pressurized fluid is moving coaxially relative to the rotor (based on an axis of the
rotor passing through both the distal end and the proximal end of the rotor). This
flow can thus be considered an axial flow. Such an axial flow configuration enables
the tool to be relatively compact. Furthermore, this configuration enables a relatively
larger settling volume to be incorporated into the rotor, compared to settling volumes
that are-incorporated into tools that do not exhibit such an axial flow configuration.
Relatively larger settling volumes improve jet quality by reducing inlet turbulence.

In at least one exemplary embodiment, a second pressure balance volume is
disposed proximate the distal end of the rotor, and in such an embodiment, the tool is
configured such that when the axial position of the rotor places the pressure balance
volume in fluid communication with the ambient volume, the “downward” pressure
on the rotor being exerted by the pressurized fluid in the pressure balance volume
substantially offsets the “upward” pressure on the rotor being exerted by both the jet
of pressurized fluid being discharged by the at least one nozzle, and the “upward”
pressure on the rotor being exerted by the pressurized fluid in the second pressure
balance volume.

Another embodiment of a rotary jetting tool disclosed herein includes a
centrifugal brake configured to limit a maximum rotational speed of the rotor. The
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centrifugal brake is disposed between the proximal and distal ends of the rotor,
enabling a compact rotary jetting tool to be achieved. The centrifugal brake can be
implemented by forming pockets in the rotor to accommodate braking masses, which
will frictionally engage the housing in response to increasing rotational speed of the
rotor. In. one embodiment, a distal portion of the housing is tapered, and a tapered
cartridge engages the tapered portion of the housing, such that the braking masses
frictionally engage the tapered cartridge. Preferably, the braking masses and the
tapered cartridge are implemented using ultra-hard and abrasion-resistant materials.

This Summary has been provided to introduce a few concepts in a simplified
form that are further described in detail below in the Description. However, this
Summary is not intended to identify key or essential features of the claimed subject
matter, nor is it intended to be used as an aid in determining the scope of the claimed
subject matter.

Drawings

Various aspects and attendant advantages of one or more exemplary
embodiments and modifications thereto will become more readily appreciated as the
same becomes better understood by reference to the following detailed description,
when taken in conjunction with the accompanying drawings, wherein:

FIGURE 1 is a cross-sectional side view of a rotary jetting tool including a
vented pressure balancing chamber configured to enable the rotor to achieve a
pressure balance condition; ,

FIGURE 2 is a free body diagram of the rotor, schematically depicting the
forces acting on the rotor in the vertical direction (where “vertical” as used herein and
throughout this disclosure is in reference to the direction shown in this Figure and is
not to be construed as an absolute direction or limiting to the scope of the attendant
concepts);

FIGURE 3 is a distal end view of a first preferred embodiment of a rotary
jetting tool including a pressure balanced rotor and an integral centrifugal brake;

FIGURE 4A is a cross-sectional side view of the rotary jetting tool of
FIGURE 3 taken along section line 4A-4A of FIGURE 3, showing details relating to
the flow of pressurized fluid through the jetting tool;

FIGURE 4B is a cross-sectional side view of the rotary jetting tool of
FIGURE 3 taken along section line 4B-4B of FIGURE 3, showing details relating to
the integral centrifugal brake;



WO 2006/074017 PCT/US2005/047305

10

15

20

25

30

35

FIGURE S5 is a distal end view of a second preferred embodiment of a rotary
jetting tool including a pressure balanced rotor and an integral centrifugal brake;

FIGURE 6A is a cross-sectional side view of the rotary jetting tool of
FIGURE 5 taken along section line 6A-6A of FIGURE 5, showing details relating to
the flow of pressurized fluid through the jetting tool, a tapered housing, and a tapered
cartridge;. and

FIGURE 6B is a cross-sectional side view of the rotary jetting tool of
FIGURE 5 taken along section line 6B-6B of FIGURE 5, showing details relating to
the integral centrifugal brake, the tapered housing and the tapered cartridge.

Description

Figures and Disclosed Embodiments Are Not Limiting

Exemplary embodiments are illustrated in referenced Figures of the drawings.
It is intended that the embodiments and Figures disclosed herein are to be considered
illustrative rather than restrictive.

Referring to FIGURE 1, a rotary jetting tool (or assembly) including a
pressure balanced rotor is illustrated. The tool includes two major components, a
rotor 1 and a housing 2. Rotor 1 is disposed in housing 2, and the housing includes a
pressure chamber 3 (capable of withstanding the rated operating pressures of the
system). Rotor 1 is configured to rotate independently of housing 2. Furthermore, as
discussed in greater detail below, rotor 1 can move axially relative to housing 2. A
pressurized fluid enters at a proximal end of housing 2 through an inlet 4, and is
conveyed through one or more passages 5 formed into rotor 1. This axial flow
configuration allows the use of short, relatively large diameter passages in the rotor
(i.e., passages 5), which pose a negligible flow restriction. Many prior art rotary
jetting tools employ small fluid passages, leading to significant flow restrictions that
substantially reduce thé hydraulic efficiency of the tools.

The fluid is accelerated through one or more nozzles 6, and discharged from a
distal end of the rotor as a fluid jet7. FIGURE 1 clearly illustrates a convergent
nozzle, which can be beneficially employed for incompressible fluids such as water.
However, a convergent-divergent nozzle can also be beneficially employed for
compressible fluids such as supercritical carbon dioxide, nitrogen, or mixtures of gas
and water. Nozzles 6 are positioned and oriented such that the reactive force of the -
jets discharged by the nozzles produce a torque about the center of rotation of the
rotor, thereby imparting a rotational force to the rotor. Generally, the rotary jetting
tool will be disposed at a distal end of a drill string or a coiled tube assembly.
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Significantly, the axial flow design of the rotary jetting tool enables a compact jetting
tool to be achieved, making such a rotary jetting tool particularly well suited for
drilling short radius holes. It should be recognized however, that such use is intended
to be exemplary, rather than limiting on the scope of the present technology.

There are three radial clearance seal surfaces in the rotary jetting tool,
including an entrance seal 8, an exit seal9, and a body seal 10. Sealing is
accomplished using a small clearance between the rotor shaft and the bore of the
housing, such that a volume of fluid passing through the clearance is small compared
with a volume of fluid being discharged by the nozzles.

In at least one exemplary embodiment, ultra-hard materials such as cemented
carbide are used for each sealing surface. Such materials generally have relatively
low coefficients of friction and provide superior wear resistance. ~ Other forms of
ultra-hard materials may alternatively be employed, such as polycrystalline diamond,
flame-sprayed carbide, silicon carbide, cubic boron nitride, and amorphous diamond-
like coating (ADLC). Preferably, for each pair of opposed sealing surfaces, each
sealing surface is implemented using a different ultra-hard material, which those
skilled in the art will recognize provide reduced friction. It should be recognized
however, that the use of such ultra-hard materials is intended to be exemplary, rather
than limiting on the scope of the technology as described herein.

It should be recognized that because the torque produced by fluid jets is
relatively low, rotary jetting tobls generally require some structure to minimize the
torque that is required to rotate the rotor. In the context of the rotary jetting tools
disclosed herein, the fluid introduced into the radial clearance seals acts as a
hydrodynamic bearing, significantly reducing frictional forces acting on the rotor in
the rotary jetting tool. As described in greater detail below, fluid leaking past the
radial clearance seals described above will also leak into a proximal volume 11a and a
distal volume 11b. Proximal volume 11a is particularly configured to enable rotor 1
to achieve a pressure balanced condition during operation of the rotary jetting tool, as
described in greater detail below.

The projected area of entrance seal 8 multiplied by the system pressure
generates a “downward” force on the rotor. The annular area between body seal 10
and inlet seal 8 forms proximal volume 11a, which acts as a pressure balancing
chamber. The projected area of the pressure balancing chamber multiplied by the
pressure in the pressure balancing chamber generates a “downward” force on the

rotor. (Again, the terms “downward” and “upward” as used herein and throughout
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this disclosure are in reference to the directions shown in the Figures and are not to be
construed as absolute directions or as limiting on the concepts disclosed; further, it
should be recognized that the term “downward” refers to a direction consistent with a
movement from inlet 4 towards nozzle 6, and the term “upward” refers to a direction
consistent with a movement from nozzle 6 towards inlet4). The annular area of
pressure chamber 3 between body seal 10 and exit seal 9 multiplied by the system
pressure produces an “upward” force acting on the rotor. Ambient pressure acting on
the projected area of exit seal 9 multiplied by its area generates an “upward” force
acting on the rotor. Significantly, the diameters of entrance seal 8, exit seal 9, and
body seal 10 are selected to balance the upward and downward pressure forces on the
rotor. An annular balance groove 17 with a bleed passage 12 is located in pressure
chamber 3, and can be selectively placed in fluid communication with the pressure
balancing chamber, such that the fluid in the pressure balancing chamber (proximal
volume 11a) cannot escape through bleed passage 12 when the rotor is at its
uppermost travel, and such that fluid can escape from the pressure balancing chamber
(proximal volume 11a) as the rotor moves downwardly. During operation, fluid
passes through entrance seal 8 into the pressure balancing chamber (proximal
volume 11a), causing the pressure in the pressure balancing chamber to increase until
the rotor is forced downwardly, thereby increasing a size of the pressure balancing
chamber (proximal volume 11a). This axial movement of the rotor in the downward
direction will result in annular balance groove 17 being uncovered or opened, such
that bleed passage 12 is placed in fluid communication with the pressure balancing
chamber (proximal volume 11a), which acts to reduce the pressure in the pressure
balancing chamber. The rotor will achieve a position in which the pressure forces on
it are in balance and the rotor moves neither up nor down, thereby achieving a
pressure balanced condition.

One advantage of the design described above is that during fabrication of the
rotary jetting tool, there is access to a nozzle settling chamber 13 from the side
opposite the outlet of the nozzle. This access enables creation of a relatively large
settling chamber and favorable inlet geometry for the nozzle.

An arrow 30 in FIGURE 1 is intended to represent an axial flow. One
significant aspect of the rotary jetting tool illustrated in FIGURE 1 (and described
above) is that the flow of the pressurized fluid introduced into the rotor is introduced
in an axial fashion. Note that passage 5 of rotor 1 represents an axial volume that is

coupled in fluid communication with inlet 4, such that the fluid entering inlet 4 and
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passage 5 maintains a substantially axial flow. Many other jetting tools incorporate
structures (such as seals or plugs) disposed between the housing inlet configured to
receive a pressurized fluid and internal volumes within the rotor, which require the
use of diversion passages to introduce a pressurized fluid into the internal volumes
within the rotor. These diversion passages interrupt the axial flow illustrated in
FIGURE 1./ An axial flow configuration provides numerous benefits. The primary
benefit is that the inlet flow restriction is minimized by providing a short, relatively
open, axial flow passage. Rotary jetting tools configured to achieve an axial flow can
be made substantially more compact (i.e., such rotary jetting tools generally exhibit a
substantially more compact form factor than do conventional rotary jetting tools that
include the above described diversion passages). Furthermore, the axial flow
configuration described herein enables a rotary jetting tool to incorporate a fluid
settling chamber (i.e., settling chamber 13) that is relatively large compared with the
sealing diameter of the rotor (i.e., radial clearance seals 8, 9, and 10). In contrast,
rotary jetting tools incorporating the fluid diversion structures noted above generally
incorporate a settling chamber that is relatively small compared with the sealing
diameter of the rotor. As noted above, larger settling chambers enhance the quality of
the jet discharged from the rotary jetting tool.

Yet another benefit provided by the axial flow configuration discussed above
is that the proximal end of the rotor can be readily accessed to afford coupling for
power takeoff (i.e., mechanisms requiring rotation can be coupled to the proximal end
of the rotor). This (rotational) power can be used for a number of purposes, such as
mechanical work or electrical power generation, and can also be coupled to a braking
mechanism mounted externally of the pressure chamber of the rotary jetting tool.

As discussed above, the rotor is acted upon by a number of hydraulic forces.
FIGURE 2 schematically illustrates these hydraulic forces, which will be relatively
large as compared to other forces such as gravity or acceleration, so that these other
forces can readily be neglected in the following analysis. Summing the forces in the
vertical direction yields the following relationship:

Pa*A3 + Po*( A2—A3 ) + Fj— Pb*( A2—Al )~ Po*Al =0 (1)

where:
Fj is the vertical component of the jet reaction force
Po is the inlet pressure to the rotor assembly

Pa is the ambient pressure surrounding the rotor assembly



WO 2006/074017 PCT/US2005/047305

10

15

20

25

30

-10-

Pb is the pressure in the pressure balancing chamber (i.e., proximal
volume 11a)

DI and Al are the effective sealing diameter and area of entrance seal 8

D2 and A2 are the effective sealing diameter and area of body seal 10

D3 and A3 are the effective sealing diameter and area of exit seal 9

Theé areas and diameters in this analysis are simply representations of the
effective sealing diameters and areas of the seals. Assuming all pressures are taken
relative to Pa, and setting, the force balance equation reduces to:

_[R*(A2-A1-43)+F, ]

’ (A2 - Al) @

The reaction force for a fluid jet is proportional to the pressure drop across the
nozzle (Po) and the nozzle area (4j). Accordingly, this relationship can be expressed
as follows:

Fj = K*Po*Aj 3)
where K is a constant. Substituting Equation 3 into Equation 2 yields the following:
[P#(42-A1-43+K%4))] @

(A2- Al)

Pb=

which defines the pressure balanced condition. Examination of this equation reveals
several insights. First, for a given geometry, the pressure in the pressure balancing
chamber (proximal volume 11a) is proportional to the inlet pressure. Increasing the
jet size, or the jet area, proportionally increases the pressure in the pressure balancing
chamber. Noting that A2 — Al is the projected area of the pressure balancing chamber
(proximal volume 11a), the pressure in the pressure balancing chamber will always be
positive if A2-Al is greater than A3, including when the jet reaction force is zero.
This consideration is important when designing the inlet, body, and exit seal
diameters, because positive pressure in the pressure balancing chamber is required to
achieve the desired flotation or pressure balancing of the rotor. The above
relationships can be used to facilitate selection of appropriate dimensions for the
radial clearance seals discussed above. In practice, D2 is defined by the pressure
housing dimensions; D3 is selected to be as large as possible consistent with sizing
DI such that a flow restriction induced by passages 5 generates a pressure differential
that is small relative to the operating pressure (i.e., less than about 10%, and more
preferably about 1% or less). Significantly, a cumulative area of each passage 5 is
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relatively large as compared to a cumulative area of each nozzle 6. Preferably, a flow
area ratio of passages 5 and nozzles 6 will be about 10:1. That is, preferably the
cumulative area of passages 5 will be about ten times the cumulative area of
nozzles 6. Thus, if two nozzles are implemented, each having the same flow area,
(i.e., each having the same cross sectional area at their minimum diameter, generally
the outlet), 'and one flow passage coupling the rotor inlet to the two nozzles is
employed, then the flow area of the one flow passage (i.e., the cross sectional area at a
minimum diameter of the flow passage) will be relatively large compared to the
cumulative flow area of the two nozzles. In a particularly preferred embodiment, the
cumulative flow area of all flow passages (those passages coupling the rotor inlet to
the nozzles) is about 10 times the cumulative flow area of the nozzles. However, that
figure is intended to be exemplary, as beneficial tools can be implemented where the
cumulative flow area of such passages is larger than the cumulative flow area of the
nozzles, but not 10 times larger.

Another concept disclosed herein is a rotary jetting tool in which a brake
mechanism is incorporated within an area of the rotor body. If the rotor shaft of a
rotary jetting tool were allowed to spin unrestrained at full pressure, the rotation speed
could be very high, causing excessive wear of the sealing components. Rotary jetting
tools used in drilling applications often have a braking module coupled proximally of
the rotary jetting tool, in between the drill string and at the rotary jetting tool. While
such braking modules are effective, they substantially increase a length of the
equipment disposed at a distal end of the drill string (i.e., the combination of a
braking module and a rotary jetting tool is significantly longer than a rotary jetting
tool alone). Disclosed herein is a rotary jetting tool which includes an integral brake
(i.e., a braking mechanism disposed in between a distal end and a proximal end of the
rotor in the rotary jetting tool), which enables a more compact rotary jetting tool with
a braking capability to be achieved. When the integral brake is incorporated into a
rotary jetting tool comprising the axial flow discussed above with respect to FIGURE
1, a compact and self-braking rotary jetting tool can be achieved. While in a
particularly preferred exemplary embodiment, the integral brake and pressure
balanced rotor are implemented in a single rotary jetting tool, it should be recognized
that either concept (i.e., a pressure balanced rotor, or a rotor with an integral brake)
can be individually implemented in a rotary jetting tool, by applying the approach
described herein. Thus, a rotary jetting tool incorporating both concepts is intended
to be exemplary, rather than limiting in regard to the present disclosure.
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Preferably the integrated braking mechanism includes centrifugally actuated
mechanical friction brakes. It should be understood however, that a number of
alternative braking mechanisms could instead be used. Some possible alternatives
include, but are not limited to, braking mechanisms based on magnetic properties,
viscous fluids, and fluid kinefics.

A first embodiment of a rotary jetting tool including a braking mechanism
integral to the rotor is illustrated in FIGURES 3, 4A, and 4B. The braking
mechanism itself is most visible in FIGURE4B. The rotary jetting tool of
FIGURES 3, 4A, and 4B beneficially incorporates the pressure balanced rotor
discussed above; however, those of ordinary skill in the art will recognize that the
integral braking mechanism can be implemented in rotary jetting toois that do not
incorporate the pressure balanced rotor described above. Spaces between jet nozzles
in the rotor can be used to mount a braking mechanism. In one preferred exemplary
embodiment, brake shoes are placed in pockets such that centrifugal force causes
them to drag on the inner surface of the pressure chamber (i.e., inner surface of the
housing). Such a configuration is particularly useful when achieving a compact tool
size is a primary consideration.

FIGURE 3 is a distal end view of the first preferred embodiment of a rotary
jetting tool including a pressure balanced rotor and an integral centrifugal brake.
FIGURE 4A is a cross-sectional side view of the rotary jetting tool of FIGURE 3,
taken along section line 4A-4A of FIGURE 3, showing details relating to the flow of
pressurized fluid through the jetting tool, while FIGURE 4B is a cross-sectional side
view of the rotary jetting tool of FIGURE 3, taken along section line 4B-4B of
FIGURE 3, showing details relating to the integral centrifugal brake. Reference
numbers for structural elements that are the same as in the Figures described above
are unchanged in regard to the present exemplary embodiment.

Referring now to FIGURES 3, 4A and 4B, rotor 1 is disposed inside pressure
chamber 3 (defined by housing 2), with a rear adaptor 14 that is threaded into
housing 2. The diameters of entrance seal 8, exit seal 9 and body seal 10 are selected
as discussed above, to ensure that as the rotor approaches a pressure balanced
configuration, the axial position of the rotor begins to uncover (i.e., open) annular
balance groove 17, placing proximal volume 11a (the pressure balancing chamber) in
fluid communication with bleed passage 12. Under these conditions, any additional
fluid introduced into the pressure balancing chamber will be vented to the ambient

volume. Thus, when a proximal edge of rotor 1 moves downwardly past an upper lip
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of annular balance groove 17, the pressure balancing chamber (i.e., proximal
volume 11a) is vented to external pressure, forcing the rotor to move upwardly.
When the proximal edge of rotor 1 moves back past the upper edge of annular
balance groove 17, pressure increases inside the pressure balancing chamber (i.e.,
proximal volume 11a), causing the rotor to move downwardly. The use of annular
balance groove 17 in connection with bleed paésage 12 enables more precise control
over the axial position of rotor 1 to be achieved than would be possible if bleed
passage 12 were implemented without the use of annular balance groove 17.

In this exemplary embodiment, rotor 1 includes two nozzles 6a and 6b, which
respectively discharge jets 7a and 7b. Nozzle 6a is disposed so that the jet discharges
across the center axis of the rotor, thus ensuring that material ahead of the rotor is cut
by the jet. Nozzle 6b is disposed on the circumference of the exposed portion of
rotor 1, and is aﬁg]ed so that its jet impinges directly ahead of an erosion resistant
standoff ring 18. Openings 19 are incorporated into housing 2 to enable debris
produced during cutting to escape. The axis of nozzle 6b is offset from the axis of
rotor 1, so that the jet reaction force generates a rotary torque on the rotor, causing it
to spin. Further, the exit angle and diameter of nozzles 6b and 6a are identical, so as
to cancel any side loads on rotor 1. One skilled in the art will recognize that it is
possible to balance the side loads from any number of jets by proper combination of
jet orientation and diameter.

In the rotary jetting tool embodiment shown in FIGURE 4B, the jet rotor
incorporates pockets 32a and 32b for brakes 20a and 20b, to govern the rotational
speed of the rotor. The brakes frictionally engage sleeves 15, which are fixed to
housing 2 by seal 16. Individual sleeyes can be employed, or a single annular sleeve
can be implemented. Brakes 20a, 20b, and sleeves 15 are preferably made from a
wear resistant material, such as ceramic or cemented carbide. The torque generated
by offset jet 7b is constant, while the frictional braking force increases with rotary
speed. The rotor therefore spins at a constant speed, which is substantially lower than
the runaway speed.

A second exemplary embodiment of a rotary jetting tool including a braking
mechanism integral to the rotor is illustrated in FIGURES 5, 6A and 6B. The braking
elements integrated in the rotor are most visible in FIGURE 6B, although a tapered
cartridge element configured to frictionally engage the braking elements integral to
the rotor can be visualized in both FIGURES 6A and 6B. The rotary jetting tool of
FIGURES 5, 6A, and 6B beneficially incorporates the pressure-balanced rotor
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discussed above; however, those of ordinary skill in the art should recognize that the
integral braking mechanism can be implemented in rotary jetting tools that do not
incorporate the pressure balanced rotor described above. The primary difference
between the second embodiment of a rotary jetting tool including a braking
mechanism and the first embodiment discussed above is the incorporation of the
tapered caﬂ'ridge element, which is discussed in greater detail below. Once again,
this second embodiment is particularly well suited to achieve a compact rotary jetting
tool with braking capability. |

FIGURE 5 is a distal end view of the second preferred embodiment of a
rotary jetting tool including a pressure balanced rotor and an integral centrifugal
brake. FIGURE 6A is a cross-sectional side view of the rotary jetting tool of
FIGURE 5, taken along section line 6A-6A of FIGURE 5, showing details relating to
the flow of pressurized fluid through the jetting tool, while FIGURE 6B is a cross-
sectional side view of the rotary jetting tool of FIGURE 5, taken along section line
6B-6B of FIGURE 5, showing details relating to the integral centrifugal brake.
Reference numbers for structural elements in common with earlier described Figures
are unchanged.

As with previously described embodiments, rotor 1 is contained within
pressure chamber 3 by rear adaptor 14, which is threaded into housing2. The
diameters of radial clearance seals (entrance seal 8, exit seal 9, and body seal 10) are
selected as discussed above, to achieve the pressure-balanced condition, where
hydraulic forces acting on the rotor are balanced when the axial position of the rotor
places annular balance groove 17 and bleed passage 12 in fluid communication with
the pressure balance volume (i.e., proximal volume 11a). In this embodiment, rotor 1
has two nozzles 6a and 6b, which discharge jets 7a and 7b, respectively. Nozzle 6a is
disposed so that the jet discharges across the center axis of the rotor, thus ensuring
that material ahead of the rotor is cut by the jet. Nozzle 6b is disposed on the
circumference of the exposed portion of rotor 1 and is angled so that jet 7b impinges
directly ahead of erosion resistant standoff ring 18. Openings 19 are incorporated
into housing 2 to allow debris produced during cutting to escape. The axis of
nozzle 6b is offset from the axis of rotor 1 so that the jet reaction force generates a
rotary torque on the rotor, causing it to spin. As discussed with respect to the
embodiments above, the exit angle and diameter of nozzles 6a and 6b are identical, so
as to cancel any side loads on the rotor 1. The jet rotor incorporates pockets 32a and
32b for centrifugal brakes 20a and 20b, to govern the rotational speed of the rotor.



WO 2006/074017 PCT/US2005/047305

10

15

20

25

30

35

-15-

In the second preferred exemplary embodiment of a rotary jetting tool with
braking elements incorporated into the rotor (i.e., the embodiment of FIGURES 5,
6A, and 6B), the braking elements frictionally engage a tapered cartridge 21, which
fits into a corresponding taper formed inside housing 2. Brakes 20a and 20b and
tapered cartridge 21 are preferably made from a wear resistant material such as
ceramic or cemented carbide. The torque generated by offset jet 7b is constant, while
the frictional braking force increases with rotary speed. The rotor therefore spins at a
constant speed, which is substantially lower than the runaway speed. Tapered
cartridge 21 incorporates bleed passage 12, annular balance groove 17, exit seal 9,
and body seal 10, generally as described above. Rear adaptor 14 incorporates a fluid
gathering chamber 24 and vent holes 25 that allow fluid to be discharged to an
ambient volume. A bushing 22, constructed of wear resistant material, is placed
inside in a pocket in rear adaptor 14 with an O-ring seal 23, which prevents leakage
around the bushing. Bushing 22 provides an outer surface of entrance seal 8. The
bushing is free to move axially until it engages tapered cartridge 21.

The tapered cartridge design allows the use of wear resistant materials on the
sliding surfaces for the brakes and seals. Wear resistant materials, such as cemented
carbide, generally do not provide the tensile strength required to accommodate the
high internal pressures required for jet drilling. Internal pressure acting on the rear
surface of bushing 22 forces the bushing against tapered cartridge 21. The angle of
the taper is relatively small, so the force exerted by the bushing results in a
circumferential compressive stress acting on the tapered cartridge, and a tensile stress
acting on housing 2, which is preferably constructed from high tensile strength
material, such as steel. The circumferential compressive stress balances the tensile
stresses generated by internal pressure in the tapered cartridge. The cartridge design
also enables the surfaces of radial clearance seals 9 and 10 to be machined in one
setup, to ensure that the surfaces are concentric.

Some advantages of the embodiments described above include enabling the
following to be achieved:

e short and compact rotary jetting tools;

e rotary jetting tools having jets directed towards the gauge of the tool;

* rotary jetting tools incorporating tapered fluid jet inlets to provide
better quality fluid jets;

e rotary jetting tools with minimal flow restrictions between a tool inlet
and a fluid jet outlet; and
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e rotary jetting tools exhibiting the characteristic of having a fluid inlet
diameter that is a substantial percentage of the tool diameter.
Although the present invention has been described in connection with the
preferred form of practicing it and modifications thereto, those of ordinary skill in the
5 art will understand that many other modifications can be made to the present
invention within the scope of the claims that follow. Accordingly, it is not intended
that the scope of the invention in any way be limited by the above description, but

instead be determined entirely by reference to the claims that follow.
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The invention in which an exclusive right is claimed is defined by the
following:

1. A rotary jetting apparatus comprising:

(a) a housing defining a fluid path for a pressurized fluid;

(b) arotor, at least a portion of which is disposed coaxially within
the housing,' the rotor including a proximal end and a distal end, the rotor being
configured to rotate relative to the housing and to move axially relative to the
housing, the rotor comprising:

1) a fluid inlet disposed at the proximal end of the rotor,
the fluid inlet being configured to receive the pressurized fluid from the fluid path,
such that a direction of the pressurized fluid as it enters the rotor is coaxial with the
rotor; and

(ii) at least one nozzle disposed adjacent to the distal end
of the rotor, the at least one nozzle being coupled in fluid communication with the
fluid inlet and being configured to discharge a jet of the pressurized fluid, thereby
causing the rotor to rotate relative to said housing;

(©) a first pressure balance volume defined by the housing and the
rotor, the first pressure balance volume being disposed adjacent to the proximal end
of the rotor; and

(d) a vent configured to selectively place the first pressure balance
volume in fluid communication with an ambient volume, as a function of an axial

position of the rotor relative to the housing.

2. The rotary jetting apparatus of Claim 1, further comprising a second
pressure balance volume defined by the housing and the rotor, the second pressure

balance volume being disposed adjacent to the distal end of the rotor.

3. The rotary jetting apparatus of Claim 2, wherein the rotor sealingly
engages the housing at:
(@) a first location disposed proximal of the first pressure balance
volume;
(b) a second location disposed distal of the first pressure balance
volume and proximal of the second pressure balance volume; and
(c) a third location disposed distal of the second pressure volume.
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4. The rotary jetting apparatus of Claim 3, wherein a seal area associated
with the third location is less than a difference between a seal area associated with the

first location and a seal area associated with the second location.

5. . The rotary jetting apparatus 'of Claim 3, wherein a diameter associated
with each of the first, second, and third locations has been selected so that the rotor
experiences a balanced pressure condition when an axial position of the rotor relative
to the housing is such that the first pressure balance volume is placed in fluid

communication with the vent.

6. The rotary jetting apparatus of Claim 1, wherein the at least one
nozzle comprises at least one of the following (a) and (b):
(a) one over center jet and a plurality of offset jets; and
(b) at least one over center jet and at least one offset jet.

1. The rotary jetting apparatus of Claim 1, wherein the vent comprises
an annular groove and at least one opening in the housing coupling the annular
groove in fluid communication with an ambient volume.

8. The rotary jetting apparatus of Claim 1, wherein the rotor further
comprises a centrifugal brake governor configured to exert a braking force on the
rotor once the rotor has reached a predetermined rotational speed, the centrifugal
brake governor being disposed between the distal end and the proximal end of the

rotor.

9. The rotary jetting apparatus of Claim 8, wherein a distal end of said
housing is tapered, further comprising a tapered cartridge constructed of a wear
resistant material, the tapered cartridge engaging the distal end of the housing that is
tapered, and being configured to frictionally engage the centrifugal brake governor.
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10.  The rotary jetting apparatus of Claim 1, wherein a cumulative area of
each passage in the rotor coupling the inlet to the at least one nozzle is relatively large

as compared to a cumulative area of each at least one nozzle.

11.  The rotary jetting apparatus of Claim 10, wherein the cumulative area
of each passage in the rotor coupling the inlet to the at least one nozzle is at least
about ten times the cumulative area of each at least one nozzle.

12. A method for pressure balancing a rotor in a rotary jetting tool, the
method comprising the steps of:

(a) introducing a pressurized fluid into the rotor via an inlet
disposed at a proximal portion of the rotor, such that a direction of the pressurized
fluid as it enters the rotor is coaxial with the rotor;

(b) discharging a major portion the pressurized fluid introduced
into the rotor from a distal portion of the rotor, such that a rotational force is imparted
upon the rotor, and such that an axial force is exerted on the rotor, in a direction
generally opposite the direction of the pressurized fluid as it enters the rotor; and

©) directing a minor portion of the pressurized fluid along a
different fluid path, thereby exerting an axial force on the rotor in a direction
generally corresponding to the direction of the pressurized fluid as it enters the rotor,
thus pressure balancing the rotor.

13.  The method of Claim 12, further comprising the step of placing the
minor portion of the pressurized fluid exerting the axial force on the rotor in fluid
communication with an ambient volume when a magnitude of the axial force exerted
on the rotor by the minor portion of the pressurized fluid exceeds a magnitude of the
axial force exerted on the rotor by the major portion of the pressurized fluid
discharged from the distal end of the rotor. |

14.  The method of Claim 12, further comprising the step of conveying the
pressurized fluid from the inlet to at least one nozzle using at least one passage, such
that a cumulative area of each such passage is relatively large as compared to a
cumulative area of each at least one nozzle.

15.  The method of Claim 12, further comprising the step of controlling a
maximum rotational speed of the rotor using a centrifugal brake incorporated into the
rotor.
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16. A method for pressure balancing a rotor in a rotary jetting tool, the
method comprising the steps of:

(a) providing a pressure balancing volume defined by the rotor
and a non-rotating portion of the rotary jetting tool;

(b) introducing a pressun'zed fluid into the rotor via an inlet
disposed at a proximal portion of the rotor, such that a direction of the pressurized
fluid as it enters the rotor is coaxial with the rotor;

©) discharging the pressurized fluid from the rotor from a distal
portion of the rotor, such that a rotational force is imparted upon the rotor, and such
that the rotor moves axially, thereby reducing a size of the pressure balancing
volume;

@ directing a portion of the pressurized fluid into the pressure
balancing volume, thereby establishing a hydrodynamic bearing between the rotor
and the non-rotating portion of the rotary jetting tool; and

(e) increasing the amount of pressurized fluid in the pressure
balanciﬁg volume, such that the rotor moves axially, thereby increasing a size of the
pressure balancing volume, until a vent placing the pressure balancing volume in
fluid communication with an ambient volume is opened, thereby pressure balancing

the rotor.

17. A rotary jetting apparatus comprising:

(@) a housing defining a fluid path for a pressurized fluid;

(b) a rotor, at least a portion of which is disposed coaxially within
the housing, the rotor including a proximal end and a distal end, the rotor being
configured to rotate relative to the housing and to move axially relative to the
housing, the distal end comprising at least one nozzle in fluid communication with the
fluid path, the at least one nozzle being configured to discharge a jet of the pressurized
fluid, thereby causing the rotor to rotate relative to said housing;

(c) a first pressure balance volume defined by the housing and the
rotor, the first pressure balance volume being disposed adjacent to the proximal end
of the rotor;

(d) a second pressure balance volume defined by the housing and
the rotor, the second pressure balance volume being disposed adjacent to the distal
end of the rotor; and
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(e) a vent configured to selectively place the first pressure balance
volume in fluid communication with an ambient volume, based upon an axial

position of the rotor relative to the housing.

18. The rotary jetting apparatus of Claim 17, wherein the rotor sealingly

engages the housing at:

(@) a first location disposed proximal of the first pressure balance
volume;

(b) a second location disposed distal of the first pressure balance
volume and proximal of the second pressure balance volume; and

© a third location disposed distal of the second pressure volume,
wherein a diameter associated with each of the first, second, and third locations has
been selected so that the rotor experiences a balanced pressure condition when an
axial position of the rotor relative to the housing is such that the first pressure balance
volume is placed in fluid communication with the vent.

19. The rotary jetting apparatus of Claim 17, wherein the rotor further
comprises a centrifugal brake governor configured to exert a braking force on the
rotor once the rotor has reached a predetermined rotational speed, the centrifugal
brake governor being disposed at a location between the distal end and the proximal
end of the rotor.

20. The rotary jetting apparatus of Claim 17, wherein the rotor further
comprises a fluid inlet disposed at the proximal end of the rotor, the fluid inlet being
configured to receive the pressurized fluid from the fluid path, such that the
pressurized fluid enters the rotor in a direction that is parallel to a longitudinal axis of

the rotor.

21. The rotary jetting apparatus of Claim 17, wherein the vent comprises
an annular groove and at least one opening in the housing coupling the annular
groove in fluid communication with an ambient volume.

22. The rotary jetting apparatus of Claim 17, wherein the at least one
nozzle comprises at least one of the following (a) and (b):
(a) one over center jet and a plurality of offset jets; and
(b) at least one over center jet and at least one offset jet.

23. A rotary jetting apparatus comprising:
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(a) a housing defining a fluid path for a pressurized fluid;

(b) a rotor, at least a portion of which is disposed coaxially within
the housing, the rotor including a proximal end and a distal end, the rotor being
configured to rotate relative to the housing, the distal end comprising at least one
nozzle in fluid communication with ‘the fluid path, the at least one nozzle being
configured to discharge a jet of the pressurized fluid, thereby causing the rotor to rotate
relative to said housing; and

©) a centrifugal brake disposed between the proximal end and the
distal end of the rotor, the centrifugal brake being configured to frictionally engage
the rotor at a predetermined rotational speed, thereby limiting a maximum rotational
speed of the rotor.

24. The rotary jetting apparatus of Claim 23, wherein the rotor farther
comprises a fluid inlet disposed at the proximal end of the rotor, the fluid inlet being
configured to receive the pressurized fluid from the fluid path, such that the

pressurized fluid enters the rotor in an axial direction.

25.  The rotary jetting apparatus of Claim 23, wherein the rotor can move
axially relative to the housing, further comprising:

(a) a first pressure balance volume defined by the housing and the
rotor, the first pressure balance volume being disposed adjacent to the proximal end
of the rotor; and

(b) a vent configured to selectively place the first pressure balance
volume in fluid communication with an ambient volume, as a function of an axial

position of the rotor relative to the housing.

26.  The rotary jetting apparatus of Claim 25, wherein the vent comprises
an annular groove and at least one opening in the housing coupling the annular
groove in fluid communication with an ambient volume.

27. The totary jetting apparatus of Claim 25, wherein the rotor sealingly
engages the housing at a first location disposed proximal of the first pressure balance
volume, a second location disposed distal of the first pressure balance volume and
proximal of a distal end of the rotor, and at a third location at the distal end of the
rotor, wherein a diameter associated with each of the first, second, and third locations

is selected so that the rotor experiences a balanced pressure condition when an axial
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position of the rotor relative to the housing is such that the first pressure balance

volume is placed in fluid communication with the vent.

28.  The rotary jetting apparatus of Claim 23, wherein a distal end of said
housing is tapered, and further comprising a tapered cartridge constructed of a wear
resistant material, the tapered cartridge engaging the distal end of the housing that is
tapered, and being configured to frictionally engage the centrifugal brake.

29.  The rotary jetting apparatus of Claim 23, wherein the at least one
nozzle comprises at least one of the following (a) and (b):
(a) one over center jet and a plurality of offset jets; and
(b) at least one over center jet and at least one offset jet.
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