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A fluid pressure pulse generator apparatus for a downhole telemetry tool, comprises a stator and a rotor. The stator has a stator
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(57) Abrege(suite)/Abstract(continued):

diameter of the stator central bore such that an annular gap Is formed when the rotor body Is seated In the stator central bore. The
cap Is connected to an uphole end of the rotor body and has a base with a larger diameter than the diameter of the rotor body; the
base forms a lip that protrudes laterally outwards from the rotor body and covers at least a portion of the annular gap when the rotor
body Is seated In the stator central bore. One of the stator body and rotor body has at least one fluid flow chamber comprising a
lateral opening and an uphole axial inlet; the other of the stator body and rotor body has a downhole axial outlet and at least one
fluid diverter comprising a lateral opening In fluid communication with the axial outlet. The rotor can be rotated relative to the stator
such that the at least one fluid diverter iIs movable In and out of fluild communication with the at least one fluid flow chamber to
create fluid pressure pulses in drilling fluid flowing through the fluid pressure pulse generator.
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Abstract

A fluid pressure pulse generator apparatus for a downhole telemetry tool,
comprises a stator and a rotor. The stator has a stator body with a cylindrical
central bore. The rotor has a cylindrical body and a cap. The cylindrical body has
a smaller diameter than the diameter of the stator central bore such that an
annular gap is formed when the rotor body is seated in the stator central bore.
The cap is connected to an uphole end of the rotor body and has a base with a
larger diameter than the diameter of the rotor body; the base forms a lip that

protrudes laterally outwards from the rotor body and covers at least a portion of

‘the annular gap when the rotor body is seated in the stator central bore. One of

the stator body and rotor body has at least one fluid flow chamber comprising a
lateral opening and an uphole axial inlet; the other of the stator body and rotor
body has a downhole axial outlet and at least one fluid diverter comprising a
lateral opening in fluid communication with the axial outlet. The rotor can be
rotated relative to the stator such that the at least one fluid diverter is movabie In
and out of fluid communication with the at least one fluid flow chamber to create
fluid pressure pulses in drilling fluid flowing through the fluid pressure pulse

generator.
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Fluid Pressure Pulse Generator for a Downhole Telemetry Tool

Field

This invention relates generally to a fluid pressure pulse generator for a
downhole telemetry tool, such as a mud pulse telemetry measurement-while-drilling
("MWD") tool.

Background

The recovery of hydrocarbons from subterranean zones relies on the process of
drilling wellbores. The process includes drilling equipment situated at surface, and a
drill string extending from the surface equipment to a below-surface formation or
subterranean zone of interest. The terminal end of the drill string includes a drill bit for
drilling (or extending) the wellbore. The process also involves a drilling fluid system,
which in most cases uses a drilling “mud” that is pumped through the inside of piping of
the drill string to cool and lubricate the drill bit. The mud exits the drill string via the driil
bit and returns to surface carrying rock cuttings produced by the drilling operation. The
mud also helps control bottom hole pressure and prevent hydrocarbon influx from the

formation into the wellbore, which can potentially cause a blow out at surface.

Directional drilling is the process of steering a well from vertical to intersect a
target endpoint or follow a prescribed path. At the terminal end of the drill string Is a
bottom-hole-assembly (“BHA”) which comprises 1) the drill bit; 2) a steerable downhole
mud motor of a rotary steerable system; 3) sensors of survey equipment used in
logging-while-drilling (“LWD”) and/or measurement-while-drilling ("MWD") to evaluate
downhole conditions as drilling progresses; 4) means for telemetering data to surface;
and 5) other control equipment such as stabilizers or heavy weight drill collars. The
BHA is conveyed into the wellbore by a string of metallic tubulars (i.e. drill pipe). MWD
equipment is used to provide downhole sensor and status information to surface while
drilling in a near real-time mode. This information is used by a rig crew to make

decisions about controlling and steering the well to optimize the drilling speed and

trajectory based on numerous factors, including lease boundaries, existing wells,
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formation properties, and hydrocarbon size and location. The rig crew can make
Intentional deviations from the planned wellbore path as necessary based on the
information gathered from the downhole sensors during the drilling process. The ability
to obtain real-time MWD data allows for a relatively more economical and more efficient

drilling operation.

One type of downhole MWD telemetry known as mud pulse telemetry involves
creating pressure waves (“pulses”) in the drill mud circulating through the driil string.
Mud is circulated from surface to downhole using positive displacement pumps. The
resuiting flow rate of mud is typically constant. The pressure pulses are achieved by
changing the flow area and/or path of the drilling fluid as it passes the MWD tool in a
timed, coded sequence, thereby creating pressure differentials in the drilling fluid. The
pressure differentials or pulses may be either negative pulse or positive pulses. Valves
that open and close a bypass stream from inside the drill pipe to the wellbore annulus
create a negative pressure pulse. All negative pulsing valves need a high differential
pressure below the valve to create a sufficient pressure drop when the valve is open,
but this results in the negative valves being more prone to washing. With each
actuation, the valve hits against the valve seat and needs to ensure it completely closes
the bypass; the impact can lead to mechanical and abrasive wear and failure. Valves
that use a controlled restriction within the circulating mud stream create a positive
pressure pulse. Some valves are hydraulically powered to reduce the required actuation
power typically resulting in a main valve indirectly operated by a pilot valve. The pilot
valve closes a flow restriction which actuates the main valve to create a pressure drop.

Pulse frequency is typically governed by pulse generator motor speed changes. The

pulse generator motor requires electrical connectivity with the other elements of the
MWD probe.

One type of valve mechanism used to create mud pulses is a rotor and stator
combination wherein a rotor can be rotated between an opened position (no pulse) and
a closed position (pulse) relative to the stator. Although the drilling mud is intended to

pass through the rotor openings, some mud tends to flow through other gaps in the rotor
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/ stator combination; such "leakage" tends to reduce the resolution of the telemetry

signal as well as cause erosion in parts of the telemetry tool.
Summary

According to one aspect of the invention, there is provided a fluid pressure pulse
generator apparatus for a downhole telemetry tool, comprising a stator and a rotor. The
stator has a stator body with a cylindrical central bore. The rotor has a cylindrical body
and a cap. The cylindrical body has a smaller diameter than the diameter of the stator
central bore such that an annular gap is formed when the rotor body is seated in the
stator central bore. The cap is connected to an uphole end of the rotor body and has a
base with a larger diameter than the diameter of the rotor body; the base forms a lip that
protrudes laterally outwards from the rotor body and covers at least a portion of the
annular gap when the rotor body is seated in the stator central bore. One of the stator
body and rotor body has at least one fluid flow chamber comprising a lateral opening
and an uphole axial inlet; the other of the stator body and rotor body has a downhole
axial outlet and at least one fluid diverter comprising a lateral opening in fluid
communication with the axial outlet. The rotor can be rotated relative to the stator such
that the at least one fluid diverter is movable in and out of fluid communication with the
at least one fluid flow chamber to create fluid pressure puises in drilling fluid flowing

through the fluid pressure pulse generator.

The stator body can comprise the at least one fluid flow chamber and the rotor
can comprise the at least one fluid diverter. The cap can have a frusto-conical shape

with an uphole end of the cap having a smaller diameter than the base. The cap can
comprise at least one nozzle comprising a depression in a side of the cap and an axial

channel outlet at the base and in fluid communication with the depression and with one
of the fluid openings in the rotor body. The nozzle depression can have a rim and a
slope that extends continuously and smoothly between the rim and the channel outlet.
The nozzle depression can also have an axially elongated geometry with a slope having

a shallowest angle in an axial direction of the rotor. In particular, the nozzle depression

can have a spoon shaped geometry.
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The stator can comprise at least two fluid flow chambers of different sizes; the at
least one rotor fluid diverter can be movable between each different-sized flow
chamber, such that the flow area for drilling fluid flowing through each differently sized
chambers is different thereby creating pressure pulses of different amplitudes. The

5 stator can comprise at least one flow section, wherein each flow section comprises a

wall section, an intermediate flow chamber, and a full flow chamber having a larger
volume than the intermediate flow chamber and a central bore fluid opening in
communication with the stator central bore and an uphole end fluid opening in fluid
communication with the stator uphole end that are larger than the corresponding central
10  bore and uphole end fluid openings in the intermediate flow chamber. The rotor fluid
opening is movable to align with (i) the wall section in a reduced flow configuration, (ii)
the central bore fluid opening of the intermediate flow chamber in an intermediate flow
configuration, and (iii) the central bore fluid opening of the full flow chamber in a full flow

configuration. The stator can comprise four flow sections spaced equidistant around the
15 stator body.

Brief Description of Drawings

Figure 1 i1s a schematic of a drill string in an oil and gas borehole comprising a

MWD telemetry tool in accordance with embodiments of the invention.

20 Figure 2 I1s a longitudinally sectioned view of a mud pulser section of the MWD

tool that includes a fluid pressure pulse generator.

Figure 3 is a perspective view of a stator of the fluid pressure pulse generator.

Figures 4(a)-(c) are perspective, side and front views of a rotor of the fluid

pressure pulse generator.

25 Figures 5(a)-(c) are perspective views of a combination of the stator and rotor in
full flow, intermediate flow, and reduced flow configurations.
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Detailed Description of Embodiments of the Invention

Directional terms such as “uphole” and “downhole” are used in the following
description for the purpose of providing relative reference only, and are not intended to
suggest any limitations on how any apparatus is to be positioned during use, or to be

mounted in an assembly or relative to an environment.

The embodiments described herein generally relate to a MWD tool having a fluid
pressure pulse generator that can generate pressure pulses of different amplitudes
("pulse heights”). The fluid pressure pulse generator may be used for mud pulse ("MP”)
telemetry used in downhole drilling, wherein a drilling fluid (herein referred to as “mud”)
is used to transmit telemetry pulses to surface. The fluid pressure pulse generator may
alternatively be used in other methods where it is necessary to generate a fluid pressure
pulse. The fluid pressure pulse generator comprises a stator fixed to the rest of the tool
or the drill collar and a rotor rotatable relative to the stator and coupled to a motor in the
tool. The rotor comprises a generally frusto-conical cap at a head of the rotor that
covers an annular gap between the stator and rotor walls to impede the tendency of
drilling mud to leak into this gap, thereby reducing erosion wear in the stator caused by

such leakage.

Referring to the drawings and specifically to Figure 1, there is shown a schematic
representation of a MP telemetry operation using a fluid pressure pulse generator. In
downhole drilling equipment 1, drilling mud is pumped down a drill string by pump 2 and
passes through a measurement while drilling ("MWD") tool 20. The MWD tool 20
includes a fluid pressure pulse generator 30 according to embodiments of the invention.
The fluid pressure pulse generator 30 has a reduced flow configuration which generates
full positive pressure pulses (represented schematically as block 6 in a mud column 10),

an intermediate flow configuration which generates an intermediate positive pressure
pulse (represented schematically as block 5 in the mud column 10), and a full flow
configuration in which mud flows relatively unimpeded through the pressure pulse
generator 30 and no pressure pulse is formed. Intermediate pressure pulse 5 is smaller
compared to the full pressure pulse 6. Information acquired by downhole sensors (not

shown) Is transmitted in specific time divisions by the pressure pulses 5, 6 in the mud

5
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column 10. More specifically, signals from sensor modules in the MWD tool 20 or in
another downhole probe (not shown) communicative with the MWD tool 20 are received
and processed in a data encoder in the MWD tool 20 where the data is digitally encoded
as is well established in the art. This data is sent to a controller in the MWD tool 20
which then actuates the fluid pressure pulse generator 30 to generate pressure pulses
5, 6 which contain the encoded data. The pressure pulses 5, 6 are transmitted to the
surface and detected by a surface pressure transducer 7 and decoded by a surface
computer 9 communicative with the transducer by cable 8. The decoded signal can then
be displayed by the computer 9 to a drilling operator.

The characteristics of the pressure pulses 5, 6 are defined by amplitude,
duration, shape, and frequency, and these characteristics are used in various encoding
systems to represent binary data. The ability of the pressure pulse generator 30 to
produce two different sized pressure pulses 5, 6, allows for greater variation in the
binary data being produced and therefore provides quicker and more accurate

Interpretation of downhole measurements.

Referring to Figure 2, the MWD tool 20 is shown in more detail. The MWD tool
20 generally comprises the fluid pressure pulse generator 30 which creates the fluid
pressure pulses, and a pulser assembly 26 which takes measurements while drilling
and which drives the fluid pressure pulse generator 30; the pulse generator 30 and
pulser assembly 26 are axially located inside a drill collar (not shown) with an annular
channel therebetween to aliow mud to flow through the channel . The fluid pressure
pulse generator 30 generally comprises a stator 40 and a rotor 60. The stator 40 is
fixed to a landing sub 27 and the rotor 60 is fixed to a drive shaft 24 of the pulser
assembly 26. The pulser assembly 26 is fixed to the drill collar. The pulser assembly
26 includes a pulse generator motor subassembly 25 and an electronics subassembly
(not shown) electronically coupled together but fluidly separated by a feed-through
connector (not shown). The motor subassembly 25 includes a pulse generator motor
housing 49 which houses components including a pulse generator motor (not shown),
gearbox (not shown), and a pressure compensation device 48. The electronics
subassembly includes an electronics housing which is coupled to an end of the pulse

generator motor housing 49 and which houses downhole sensors, control electronics,

6



10

15

20

25

30

CA 02895680 2015-06-25

and other components (not shown) required by the MWD tool 20 to determine the
direction and inclination information and to take measurements of drilling conditions, to
encode this telemetry data using one or more known modulation techniques into a
carrier wave, and to send motor control signals to the pulse generator motor to rotate
the drive shaft 24 and rotor 60 in a controlled pattern to generate pressure pulses 5, 6

representing the carrier wave for transmission to surface.

- The motor subassembly 25 is filled with a lubricating liquid such as hydraulic oil
or silicon oil; this lubricating liquid is fluidly separated from the mud flowing through the
pulse generator 30; however, the pressure compensation device 48 comprises a flexible
membrane 51 In fluid communication with both the mud and the lubrication liquid, which
allows the pressure compensation device 48 to maintain the pressure of the lubrication

liquid at about the same pressure as the drilling mud at the pulse generator 30.

The fluid pressure pulse generator 30 is located at the downhole end of the MWD
tool 20. Drilling mud pumped from the surface by pump 2 flows through an annular
channel 55 between the outer surface of the pulser assembly 26 and the inner surface
of the landing sub 27. When the mud reaches the fluid pressure pulse generator 30 it is
diverted into a hollow portion of the rotor 60 through fluid openings 67 in the rotor 60
and exits the rotor 60 via a discharge outlet, as will be described in more detail below
with reference to Figures 3 t0 5. The stator 40 is provided with different sized chambers
that can be aligned with the rotor's fluid openings 67 to provide different flow geometries
for the fluid flow through the fluid pressure pulse generator 30. More particularly, the
rotor 60 can be rotationally positioned relative to the stator 40 to form three different
flow configurations wherein the fluid flow geometry is different in each fiow
configuration, thereby creating different height pressure pulses 5, 6 that are transmitted
to the surface, or allowing mud to flow freely through the fluid pressure puise generator

30 resulting in no pressure pulse.

Referring now to Figures 3 to 5, there I1s shown the stator 40 and rotor 60 which
combine to form the fluid pressure pulse generator 30. The rotor 60 comprises a
generally cylindrical body 61 at a downhole end ("tail") of the rotor 60 and a generally
frusto-conical cap 63 at an uphole end ("head") of the rotor 60. In this embodiment the
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body 61 and cap 63 are integrally formed; however, the body 61 and cap 63 can in the
alternative be separate parts fixedly connected to each other. A base of the cap 63 has
a larger diameter than the diameter of the body 61, such that the base of the cap 63
creates an annular lip 69 around the body 61 (see Figure 4(b)) that is sufficient to cover
the annular gap between the rotor 60 and stator 40 when the rotor 60 is mounted in the

stator 40, thereby impeding the tendency for mud to leak through the gap.

The cylindrical surface of the body 61 has four equidistant and circumferentially
spaced rectangular fluid openings 67 separated by four equidistant and circumferentially
spaced leg sections 70, and a mud-lubricated journal bearing ring section 64 that
circumscribes the tail end of the body 61 and defines a downhole axial discharge outlet
68 for discharging mud that has flowed into a hollow portion of the rotor 60 through the
fluid openings 67. The bearing ring section 64 helps centralize the rotor 60 in the stator

40 and provides structural strength to the leg sections 70.

The cap 63 has an uphole end with a drive shaft receptacle 62. The drive shaft
receptacle 62 is configured to receive and fixedly connect with the drive shaft 24 of the
pulser assembly 26, such that in use the rotor 60 is rotated by the drive shaft 24. The
cap 63 also inciudes four equidistant and circumferentially spaced nozzles 65 that each
comprise a spoon-shaped depression in the outer surface of the cap 63 and an axial
channel outlet 66 at the lip 69 of the cap 63. The channel outlet 66 of each nozzle 65 is
aligned with a respective fluid opening 67 and together form a fluid diverter of the rotor
60. In this embodiment there are four fluid diverters positioned equidistant and
circumferentially around the rotor 60.

The nozzles 65 serve to direct mud flowing downhole through the annular
channel 55 to the fiuid openings 67 and into the rotor 60. The nozzles 65 each have a
geometry which provides a smooth flow path from the annular channel 55 to the fluid
openings 67. In this embodiment, the nozzles 65 each have a depression with a slope
that extends continuously and smoothly between an outer rim 71 of the depression
(Intersecting the outer surface of the cap 63) and the channel outlet 66. with the
shallowest slope angle in the axial direction of the rotor 60; the deepest part of the
nozzle 65 coincides with the bottom of the channel outlet 66. Although only one nozzle
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geometry is shown in the Figures, other geometries of the nozzles 65 can be selected
depending on flow parameter requirements. The selected geometry of the nozzles 65 is
iIntended to aid mud to smoothly flow from the annular channel 55 and through the fluid
pressure pulse generator 30. Without being bound by science, it is theorized that the
nozzle design results in increased volume of mud flowing through the fluid opening 67
compared to an equivalent fluid diverter without the nozzle design, such as the window
fluid opening of the rotor/stator combination described in US patent 8,251,160. The
curved rim 71 of each nozzle 65 is intended to provide less resistance to fluid flow and
reduced pressure losses across the rotor/stator. In contrast, US patent 8,251,160
discloses a rotor / stator combination wherein windows in the stator and the rotor align

to create a fluid flow path orthogonal to the windows through the rotor and stator.

Referring particularly to Figure 3, the stator 40 comprises a stator body 41 with a
generally cylindrical central bore 47 therethrough dimensioned to receive the cylindrical
body 61 of the rotor 60; the diameter of the central bore 47 is slightly larger than the
diameter of the rotor body 61 to enable the rotor 60 to rotate relative to the stator 40.

As a consequence, a small annular gap is formed between the walls of the stator central
bore 47 and the rotor body 61. When the rotor body 61 is inserted into the central bore
47 (as shown in Figures 5(a) to (c)), the lip 69 extends over and covers the annular gap
to Impede mud that is supposed to flow through the fluid openings 67 from leaking into
the annular gap. Such leakage can reduce the resolution of the telemetry signal, as well

as cause erosion in parts of the stator 40.

In this embodiment, the stator body 41 has an outer surface that is generally
cylindrically shaped to enable the stator 40 to fit within a drill collar of a downhole drill
string; however in alternative embodiments (not shown) the stator body 41 may be a
different shape depending on where it is to be mounted, and for example it can be

square-shaped, rectangular-shaped, or oval-shaped.

The stator body 41 includes four full flow chambers 42, four intermediate flow
chambers 44 and four walled sections 43 in alternating arrangement around the stator
body 41. In the embodiment shown in Figures 3 to 5, the four full flow chambers 42 are

"L" shaped and the four intermediate flow chambers 44 are "U" shaped, however in
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alternative embodiments (not shown) other configurations may be used for the
chambers 42, 44. The geometry of the chambers is not critical provided the flow
geometry of the chambers Is conducive to generating the intermediate pulse 5 and no
pulse in different flow configurations as described below in more detail. Each flow
chamber 42, 44 has a lateral opening that opens into the central bore 47, as well as an
axial inlet at the uphole end of the stator 40. The axial inlets and lateral openings of the
full flow chambers 42 are substantially larger than the corresponding inlets and
openings of the intermediate flow chambers 44. A solid bearing ring section 46 at the
downhole end of the stator body 41 helps centralize the rotor 60 in the stator central

bore 47 and minimizes flow of mud through the annular gap.

Optionally, the rotor 60 can comprise a generally cylindrical body having an
uphole portion and a downhole portion wherein the uphole portion has a smaller
diameter than that of the downhole portion, such that an annular lip ("annular fluid
barrier”, not shown) is formed at the intersection of the two uphole and downhole
portions. The annular fluid barrier serves to impede the flow of mud that has leaked
through the annular gap between the upper portion of the rotor body and the stator from
flowing further downhole through the annular gap, and instead divert this mud into the

fluid openings 67 of the rotor 60.

The stator 40 can be considered to have four flow sections, which are positioned
equidistant around the circumference of the stator 40, with each flow section having one
of the intermediate flow chambers 44, one of the full flow chambers 42, and one of the
wall sections 43. The full flow chamber 42 of each flow section is positioned between
the intermediate flow chamber 44 and the walled section 43. In use, each of the four
flow sections of the stator 40 interact with one of the four fluid diverters of the rotor 60.

The rotor 60 is rotated in the fixed stator 40 to provide three different flow configurations

as follows:

1. Full flow - where the rotor fluid openings 67 align with the stator full flow

chambers 42, as shown in Figure 5(a);

2. Intermediate flow - where the rotor fluid openings 67 align with the stator
intermediate flow chambers 44, as shown in Figure 5(b); and

10
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3. Reduced flow - where the rotor fluid openings 67 align with the stator walled

sections 43, as shown In Figure 5(c).

In the full flow configuration shown in Figure 5(a), the lateral openings and axial
inlets of the stator full flow chambers 42 align respectively with the fluid openings 67
and channel outlets 66 of the rotor 60, so that mud flows freely from the annular channel
55, into full flow chambers 42 and through the fluid openings 67. The flow area of the
full flow chambers’ lateral openings may correspond to the flow area of the rotor fluid
openings 67. This corresponding sizing beneficially leads to no or minimal resistance in
flow of mud through the fluid openings 67 when the rotor 60 is positioned in the full flow
configuration. There should be zero pressure increase and no pressure pulse should
be generated in the full flow configuration. The "L" shaped configuration of the full flow
chambers 42 minimizes space requirement as each "L" shaped chamber tucks behind
one of the walled sections 43 allowing for a compact stator design, which beneficially

reduces production costs and resuits in less likelihood of blockage.

When the rotor 60 is positioned in the reduced flow configuration as shown in
Figure 5(c), there is no lateral flow opening in the stator 40 as the walled section 43
aligns with the fluid openings 67 of the rotor 60. Some mud is still diverted by the
nozzles 65 into the stator central bore 47 through an axial gap 73 in fluid communication
with the rotor's channel outlets 66; however, the total overall flow area through this axial
gap 73 is substantially reduced compared to the total overall flow area in the full flow

configuration. There is a resultant pressure increase causing the full pressure pulse 6.

In the intermediate flow configuration as shown in Figure 5(b), the lateral
openings and axial inlets of the intermediate flow chambers 44 align respectively with
the fluid openings 67 and channel outiets 66 of the rotor 60, so that mud flows from the
nozzles 65 into intermediate flow chambers 44 and through the fluid openings 67. The
flow area of the intermediate flow chambers 44 is less than the flow area of the full flow
chambers 42; therefore, the total overall flow area in the intermediate flow configuration
is less than the total overall flow area in the full flow configuration, but more than the
total overall flow area in the reduced flow configuration. As a result, the flow of mud

through the fluid openings 67 in the intermediate flow configuration is less than the flow

11
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of mud through the fluid openings 67 in the full flow configuration, but more than the
flow of mud through the fluid openings 67 in the reduced flow configuration. The

intermediate pressure pulse 5 is therefore generated which is reduced compared to the
full pressure pulse 6. The flow area of the intermediate flow chambers 44 may be one
half, one third, one quarter the flow area of the full flow chambers 42, or any amount
that is less than the flow area of the full flow chambers 42 to generate the intermediate
pressure pulse 5 and allow for differentiation between pressure pulse 5 and pressure

pulse 6.

When the rotor 60 is positioned in the reduced flow configuration as shown in
Figure 5(c), mud is still diverted by the nozzles 65 into the central bore 47 via the
channel outlet 66 and axial gap 73; otherwise the pressure build up would be
detrimental to operation of the downhole drilling. In addition an axial bypass channel 49
Is provided at the downhole end of each full flow chamber 42 to assist in the flow of mud

out of the fluid flow generator 30 regardless of the flow configuration.

With the exception of the axial bypass channel 49, each of the flow chambers 42,
44 are closed at the downhole end by a bottom face surface 45. The bottom face
surface 45 of both the fulil flow chambers 42 and the intermediate flow chambers 44
may be angled in the downhole fiow direction to assist in smooth flow of mud from
chambers 42, 44 through the rotor fluid openings 67 in the full flow and intermediate

flow configurations respectively, thereby reducing flow turbulence.

Provision of the intermediate flow configuration allows the operator to choose
whether to use the reduced flow configuration, intermediate flow configuration or both
configurations to generate pressure pulses depending on fluid flow conditions. The fluid
pressure puise generator 30 can operate in a number of different flow conditions. For
higher fiuid flow rate conditions, for example, but not limited to, deep downhole drilling
or when the drilling mud Is heavy or viscous, the pressure generated using the reduced
flow configuration may be too great and cause damage to the system. The operator
may therefore choose to only use the intermediate flow configuration to produce
detectable pressure pulses at the surface. For lower fluid flow rate conditions, for

example, but not limited to, shallow downhole drilling or when the drilling mud is less

12
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viscous, the pressure pulse generated in the intermediate flow configuration may be too
low to be detectable at the surface. The operator may therefore choose to operate
using only the reduced flow configuration to produce detectable pressure pulses at the
surface. Thus it is possible for the downhole drilling operation to continue when the fluid
flow conditions change without having to change the fluid pressure pulse generator 30.
For normal fluid flow conditions, the operator may choose to use both the reduced flow
configuration and the intermediate flow configuration to produce two distinguishable

pressure pulses 5, 6, at the surface and increase the data rate of the fluid pressure

pulse generator 30.

If one of the stator chambers (either full flow chambers 42 or intermediate flow
chambers 44) is blocked or damaged, or one of the stator wall sections 43 is damaged,
operations can continue, albeit at reduced efficiency, until a convenient time for
maintenance. For example, if one or more of the stator wall sections 43 is damaged,
the full pressure pulse 6 will be affected; however operation may continue using the
intermediate flow configuration to generate intermediate pressure pulse 5. Alternatively,
If one or more of the intermediate flow chambers 44 is damaged or blocked, the
iIntermediate pulse 5 will be affected; however operation may continue using the
reduced flow configuration to generate the full pressure pulse 6. If one or more of the
full flow chambers 42 is damaged or blocked, operation may continue by rotating the
rotor between the reduced flow configuration and the intermediate flow configuration.
Although there will be no zero pressure state, there will still be a pressure differential
between the full pressure pulse 6 and the intermediate pressure pulse 5 which can be

detected and decoded on the surface until the stator can be serviced. Furthermore, if

one or more of the rotor fluid openings 67 is damaged or blocked which results in one of
the flow configurations not being usable, the other two flow configurations can be used
to produce a detectable pressure differential. For example, damage to one of the rotor
fluid openings 67 may result in an increase in fluid flow through the rotor such that the
Intermediate flow configuration and the full flow configuration do not produce a
detectable pressure differential, and the reduced flow configuration will need to be used

to get a detectable pressure pulse.

13
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Provision of multiple rotor fluid openings 67 and multiple stator chambers 42, 44
and wall sections 43, provides redundancy and allows the fluid pressure pulse
generator 30 to continue working when there is damage or blockage to one of the rotor
fluid openings 67 and/or one of the stator chambers 42, 44 or wall sections 43.
Cumulative flow of mud through the remaining undamaged or unblocked rotor fluid
openings 67 and stator chambers 42, 44 still results in generation of detectable full or
Intermediate pressure pulses 5, 6, even though the pulse heights may not be the same

as when there is no damage or blockage.

It is evident from the foregoing that while the embodiments shown in Figures 3 to
5 utilize four fluid openings 67 together with four full flow chambers 42, four intermediate
flow chambers 44 and four wall sections 43 in the stator, different numbers of rotor fluid
openings 67, stator flow chambers 42, 44 and stator wall sections 43 may be used.
Provision of more fluid openings 67, chambers 42, 44 and wall section 43 beneficially
reduces the amount of rotor rotation required to move between the different flow
configurations, however, too many openings 67, chambers 42, 44 and wall section 43
may decrease the stability of the rotor and/or stator and may result in a less compact
design thereby increasing production costs. Furthermore, the number of rotor fluid
openings 67 need not match the number of stator flow chambers 42, 44 and stator wall
sections 43. Different combinations may be utilized according to specific operation
requirements of the fluid pressure pulse generator. In alternative embodiments (not
shown) the intermediate flow chambers 44 need not be present or there may be
additional intermediate flow chambers present that have a flow area less than the flow
area of full flow chambers 42. The flow area of the additional intermediate flow
chambers may vary to produce additional intermediate pressure pulses and increase
the data rate of the fluid pressure pulse generator 30. The innovative aspects of the

invention apply equally in embodiments such as these.

It is also evident from the foregoing that while the embodiments shown in Figures
3 to S utilize fluid openings in the rotor 60 and flow chambers in the stator 40, in
alternative embodiments (not shown) the fluid openings may be positioned in the stator
40 and the flow chambers may be present in the rotor 60. In these alternative

embodiments the rotor 60 still rotates between full flow. intermediate flow and reduced
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flow configurations whereby the fluid openings in the stator 40 align with full flow
chambers, intermediate flow chambers and wall sections of the rotor respectively. The

iInnovative aspects of the invention apply equally in embodiments such as these.
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Claims

What is claimed is:

1. A fluid pressure pulse generator apparatus for a downhole telemetry tool,

comprising:.
(a)  a stator having a stator body with a cylindrical central bore; and
(b)  arotor having

(1) a cylindrical rotor body having a smaller diameter than the diameter
of the stator central bore such that an annular gap is formed when the

rotor body is seated in the stator central bore, and

(i) a cap connected to an uphole end of the rotor body and having a
base with a larger diameter than the diameter of the rotor body, the base
forming a lip that protrudes laterally outwards from the rotor body and
covers at least a portion of the annular gap when the rotor body is seated

In the stator central bore;

wherein one of the stator body and rotor body has at least one fluid flow chamber
comprising a fateral opening and an uphoie axial inlet; and wherein the other of
the stator body and rotor body has a downhole axial outlet and at least one fluid

diverter comprising a lateral opening in fluid communication with the axial outlet;

and

wherein the rotor can be rotated relative to the stator such that the at least one
fluid diverter is movable in and out of fluid communication with the at least one

fluid flow chamber to create fluid pressure pulses in drilling fluid flowing through

the fluid pressure pulse generator.

2. An apparatus as claimed in claim 1 wherein the stator body comprises the
at least one fluid flow chamber and the rotor comprises the at least one fluid

diverter.
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3. An apparatus as claimed in claim 2 wherein the cap has a frusto-conical

shape with an uphole end of the cap having a smaller diameter than the base.

4. An apparatus as claimed in claim 3 wherein the cap comprises at least
one nozzle comprising a depression in a side of the cap and an axial channel
outlet at the base and in fluid communication with the depression and with one of

the fluid openings in the rotor body.

S. An apparatus as claimed in claim 4 wherein the nozzle depression has a
rm and a slope that extends continuously and smoothly between the rim and the

channel outlet.

6. An apparatus as claimed in claim 5 wherein the nozzle depression has an
axially elongated geometry with a slope having a shallowest angle in an axial
direction of the rotor.

7. An apparatus as claimed in claim 6 wherein the nozzle depression has a
spoon shaped geometry.

8. An apparatus as claimed in claim 1 wherein the stator comprises at least
two fluid flow chambers of different sizes and the at least one rotor fluid diverter
IS movable between each different-sized flow chamber, such that the flow area
for drilling fluid flowing through each differently sized chambers is different

thereby creating pressure pulses of different amplitudes.

9. An apparatus as claimed in claim 8 wherein the stator comprises at least
one flow section, wherein each flow section comprises a wall section, an
iIntermediate flow chamber, and a full flow chamber having a larger volume than
the intermediate flow chamber and a central bore fluid opening in communication
with the stator central bore and an uphole end fluid opening in fluid
communication with the stator uphole end that are larger than the corresponding
central bore and uphole end fluid openings in the intermediate flow chamber, and
wherein the rotor fluid opening is movable to align with the wall section in a

reduced flow configuration, the central bore fluid opening of the intermediate flow
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chamber in an intermediate flow configuration, and the central bore fluid opening

of the full flow chamber in a full flow configuration.

10.  An apparatus as claimed in claim 9 wherein the stator comprises four flow

sections spaced equidistant around the stator body.
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Figure 5(c)
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