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APPARATUS AND METHOD FOR DRILLING BOREHOLES

BACKGROUND OF THE INVENTION

1. Field of the invention

This invention relates generally to systems for drilling boreholes for the
production of hydrocarbons and more particularly io a drilling system which
utilizes direct measurements of selected drill moto;r assembly parameters to
control the drilling operations so as to increase the pseﬂ:l life of the drill motor

assembly and to improve the overall drilling efficiency.

2. Description of the Related Art

To obtain hydrocarbons such as oil and ga:s, boreholes are drilled by
rotating a drill bit attached at a drill string end. A large proportion of the current
drilling activity involves directional drilling, i.e., driling deviated and horizontal
boreholes, to increase the hydrocarbon production ahdlor to withdraw additional

hydrocarbons from the earth's formations.

Modern directional drilling systems generally employ a drill string having a
drill bit at the bottom that is rotated by a drilt motor (q,ommonly referred to as the
"mud motor”). A plurality of downhole devices are blaced in close proximity to
the drill bit to measure certain downhole operating Iparameters associated with
the drill string and to navigate the drill bit along a desired drill path. Such devices
typically include sensors for measuring downhole temperature and pressure,

azimuth and inclination measuring device and a resistivity measuring device to
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determine the presence of hydrocarbons against water. Additional downhole
instruments, known as logging-while-drilling ("LWD") tools, are frequently
attached to the drill string to determine the formation geology and formation fluid

conditions during the drilling operations.

Positive displacement motors are commonly used as mud motors. United
States Patent No. 5,135,059, assigned to the assignee hereof and which is
incorporated herein by reference, discloses a downhole drill motor that includes a
power section having a housing, a stator having a lobed inner elastomeric
surface secured within the housing and a rotor having a helically-lobed exterior
metallic surface disposed within the stator. Pressurized drilling fluid (commonly
known as the "mud" or "drilling mud") is pumped into a progressive cavity formed
between the rotor and stator. The force of the pressurized fiuid pumped into the
cavity causes the rotor to turn in a planetary- type motion. A suitable shaft
connected to the rotor via a flexible coupling compensates for eccentric
movement of the rotor. The shaft is coupled to a bearing assembly having a
drive shaft (commonly referred as the "drive sub") which in tum rotates the drill bit
attached thereto. Radial and axial bearings in the bearing assembly provide
support to the radial and axial movements of the drill bit. For convenience, the
power section and bearing assembly are collectively referred to herein as the
"motor assembly.” Other examples of the dn'll motors are disclosed in United
States Patent Nos. 4,729,675, 4,982,801 and 5,074,681, the disclosures of which

are incorporated herein by reference.
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The operating or useful life of the motor assembly varies depending upon
the downhole conditions, formation type, rock characteristics and the drilling
conditions, which include the pressure differential across the rotor of the mud
motor, rotational speed of the mud motor, torque, weight on bit ("WOB"), drilling
fiuid pressure and temperature, type of the drilling fiuid used and the condition of
the radial and axial bearings. At present, depending upon the downhole and
operating conditions, mud motors last between a few hours to a few hundred
hours. When the drill bit wears out, the drilling operation must be shut down to
pull out the drill string from the borehole fo replace the drill bit. If the motor
assembly fails prior to the time that the drill string must be retrieved to replace the
drill bit, the drilling operation must be stopped to replace the motor assembly.
Such motor assembly related failures can significantly increase the drilling cost,
especially if the drill string must be retrieved to replace or repair the motor
assembly at fimes other than the drill bit replacement time. I is, thus, highly
desirable to continually measure and monitor critical operating motor assembly
parameters, perform drilling operations in a manner that will increase the motor
assembly life and the drilling efficiency, and measure motor assembly wear for

predicting motor assembly failure.

In the presently used drilling systems, the actual downhole values of some
of the critical mud motor and bearing assembly parameters, such as the motor
rotational speed , motor torque, differential pressure across the rotor, stator
temperature, bearing temperature, radial and axial displacement of the drive sub,
oil level in the case of sealed-bearing-type bearing assemblies and the actual

downhole WOB, are not monitored and utilized to control the drilling operations
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to increase the motor assembly life, determine the remaining life of the mud
motor, determine the bearing assembly wear condition or improve the overall

drilling efficiency.

The present invention addresses the above-noted prior art deficiencies
and provides a modular drilling system that continually measures various motor
assembly operating parameters, including the differential pressure across rotor,
torque, motor speed, stator temperature, bearing temperature, radial and axial
displacement of the drive shaft and WOB. The system further controls or aids
the operator to control the drilling operations to increase the mud motor life,
determine the drill motor and bearing assembly wear condition, estimate the
remaining mud motor life and improve the overali efficiency of the drilling
operations. The drill string preferably comprises modular components and
wherein certain measurement devices, such as resistivity or gamma ray devices,
azimuthal and inclination devices are placed between the drill bit and the motor

power section.

SUMMARY OF THE INVENTION

The present invention provides a driliing system for directional drilling of

boreholes. The system contains a drill string having a drill bit rotated by a motor

- assembly that generates a rotational force in response to pressurized fluid

passing therethrough. Sensors placed at selected locations in the motor
assembly continually measure various operating parameters, including the

differential pressure across the rotor, rotational speed of the mud motor, torque,
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pressure differential between the fluid passing through the mud motor and the
annulus between the motor and the borehole, stator temperature, bearing
temperature, radial and axial displacement of the drive shaft, oil volume

remaining in the sealed-bearing-type bearing assembly and WOB.

A downhole control circuit having a microprocessor and memory
processes signals from the sensors according to programmed instructions

downhole andfor commands received from a surface control unit and transmits

" the processed data uphole to the surface control unit via a suitable telemetry

system. The surface control unit may be programmed to operate the drilling
system in any number of modes to control the drilling operation in response to
the information provided by the various sensors, to monitor the condition of the

mud motor and to in situ estimate the remaining life of the mud motor.

In one mode the surface control system may be programmed to control
the weight on bit so as to maintain the differential pressure across the rotor at a
predetermined value or within a desired range. In another mode the surface
control system may be programmed to conirol the fluid flow to maintzin the mud
motor rotational speed at a desired value. The surface control system may
further be programmed to control the drilling operation as a function of a
combination of the measured parameters. For example, the weight on bit may be
controlled so as to maintain the differential pressure across the rotor within a
desired range and the torque and the rotational speed below their respective

maximum limits.
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The drili string also preferably contains formation evaluation and testing
devices such as a resistivity device for determining the formation resistivity near
or in front of the drill bit, a gamma ray device for measuring the gamma ray
intensity of the formation, and an inclinometer and azimuth measuring devices.
Such devices are preferably placed between the drill bit and the mud motor
power section. Further, the devices used in the drill string are preferably
modular. The information from the various sensors and devices is utilized by the
surface control unit or an operator to cause the drill string to drill the borehole
along a desired course. The drill string may contain other measurement-while-
drilling ("MWD") and logging-while-drilling devices known in the art for providing

information about the borehole conditions and the subsurface geology.

The present invention also provides various methods for controlling the
drilling operations during the drilling of a borehole. In one method, the present
invention utilizes a drill string having a drill bit at the bottom end and a mud motor
for rotating the drill bit when a pressurized fluid is passed through the mud motor.

The method comprises the steps of. (a) placing a drill string at the borehole
bottom; (b) passing the pressurized fluid through the mud motor to rotate the diill
bif; (c) measuring the differential pressure across the mud motor in the borehole;
and (d) controlling the drilling of the boreholes as a function of the differential

pressure.

Examples of the more important features of the invention thus have been
summarized rather broadly in order that detailed description thereof that follows

may be better understood, and in order that the contributions to the art may be
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appreciated. There are, of course, additional features of the invention that will be
described hereinafter and which will form the subject of the claims appended

hereto.

BRIEF DESCRIPTION OF THE DRAWINGS

For detailed understanding of the present invention, references should be
made to the following detailed description of the preferred embodiment, taken in
conjunction with the accompanying drawings, in which like elements have been

given like numerals and wherein:

FIG. 1 shows a schematic diagram of a drilling system having a drill string
containing a drill bit, mud motor, direction-determining devices, measurement-
while-drilling devices and a downhole telemetry according to a preferred

embodiment of the present invention.

FIGS. 2a-2b show a longitudinal cross-section of a motor assembly
having a mud motor and a non-sealed or mud-lubricated bearing assembly and
the preferred manner of placing certain sensors in the motor assembly for
continually measuring certain motor assembly operating parameters according to

the present invention.

FIGS. 2¢ shows a longitudinal cross-section of a sealed bearing assembly
and the preferred manner of the placement of certain sensors thereon for use

with the mud motor shown in FIG.2a.
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FIG. 3 shows a circuit block diagram for downhole processing of signals
from various downhole sensors used in the system of FIG. 1 and for transmitting
such signals to surface equipment for further processing and for controlling the

drilling operations.

FIG. 4 shows a typical power curve associated with drill motors of the type

shown in FIG. 2a.

DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention provides a drilling system for directional drilling of
boreholes. In general, the system contains a drill string having a drill bit that is
rotated by a drive shaft of a bearing assembly coupled to a positive displacement
mud motor that generates a rotational force in response to pressurized fluid
passing therethrough. Sensors placed at selected locations in the mud motor
and drive sub continually measure various operating parameters, including the
differential pressure across the mud motor, rotational speed of the mud motor,
torque, pressure differential between the fluid passing through the mud motor
and the annulas between the drill string and the borehole, stator temperature,
radial and axial displacement of the drive shaft of the bearing assembly, oil

volume when sealed bearing assembly is used and WOB.

A downhole control circuit ‘having a microprocessor and memory

processes signals from these sensors and transmits the processed data uphole
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to a surface control unit via a suitable telemetry system. The surface control unit
may be programmed to operate the drilling system in any number of modes to
control the drilling operation in response to the information provided by the
various sensors, to monitor the condition of the mud motor and to estimate the
remaining life of the mud motor during operations. In one mode, the surface
control system may be programmed to control the weight on bit so as to maintain
the differential pressure across the rotor at a predetermined value or within a
desired range. In another mode, the surface control system controls the fluid
flow to maintain the mud motor rotational speed at a desired value. The surface
control system may be programmed to contro! the drilling operation as a function
of a combination of the measured parameters. For example, the weight on bit
may be controlled so as to maintain the differential pressure across the rotor
within a desired range and the torque and the rotational speed below their

respective predetermined vaiues.

The drill string also preferably contains formation evaluation and testing
devices, such as devices for determining the formation resistivity and/or gamma
ray intensity of the formation near or in front of the drilt bit, an inclinometer for
determining the inclination of the drill sting near the drill bit and means for
determining the drill string azimuth. The information from such devices is utilized
by the surface control unit to cause the drill string to drill the borehole along a the
desired path. The drill string may contain other measurement-while-drilling
devices known in the art for providing information about the borehole conditions
and the subsurface geology. The preferred embodiments and th_e operation

thereof of the drilling system of the present invention will now be described.
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FIG. 1 shows a schematic diagram of a drilling system 10 utilizing a mud
motor according to the present invention. As shown, it includes a conventional
derrick 11 erected on a derrick floor 12 which supports a rotary table 14 that is
rotated by a prime mover (not shown) at a desired rotational speed. It is
contemplated that the mud motor of this invention could also be used with the so-
called snubbing and coil tubing units. A drill string 20 that includes a drill pipe
section 22 extends downward from the rotary table 14 into a borehole 26. A drill
bit 50 attached to the drill string end disintegrates the geological formations when
it is rotated to drill the borehole 26. The drill string 20 is coupled to a drawworks
30 via a kelly joint 21, swivel 28 and line 29 through a pulley 27. During the
drilling operation the drawworks 30 is operated to control the weight on bit and
the rate of penetration ("ROP") of the drill string 20 into the borehole 26. The
operation of the drawworks is well known in the art and is thus not described in

detail herein.

During driliing operations a suitable drilling fluid (commonly referred to in
the art as "mud") 31 from a mud pit 32 is circulated under pressure through the
drill string 20 by a mud pump 34. The drilling fluid 31 passes from the mud pump
34 into the drill string 20 via a desurger 36, fluid line 38 and the kelly joint 21.
The drilling fluid is discharged at borehole'bottom 51 through an opening in the
drill bit 50. The drilling fluid circulates uphole through the annular space 27
between the drill string 20 and the borehole 26 and.is discharged into the mud pit
32 via aretun line 35. A surface confrol unit 40 coupled to a sensor 43 placed in

the fluid line 38 is used to control the drilling operation and to display desired
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drilling parameters and other information on a display/monitor 42. The surface
control unit 40 preferably contains a computer, memory for storing data, recorder
for recording data and other peripherals. The control unit processes data with a
central processing unit and executes program instructions and responds to user
commands entered through a suitable means, such as a keyboard, a graphical
pointing device or any other suitable device. The control unit 40 is preferably
adapted to activate atarms 44 when certain unsafe or undesirable operating

conditions occur.

A drill motor or mud motor 55 coupled to the drill bit 50 via a drive shaft
(not shown) disposed in a bearing assembly 57 rotates the drill bit 50 when the
drilling fluid 31 is passed through the mud motor 55 under pressure. The bearing
assembly 57 supports the radial and axial forces of the drill bit, the downthrust of
the drill motor and the reactive upward loading from the applied weight on bit. A
stabilizer 58 coupled to bearing assembly 57 acts as a centralizer for the

lowermost portion of the mud motor assembly.

In one embodiment of the present invention, a number of devices which
provide information useful for navigating the drill bit along a desired drilling
course are coupled between the drill bit 50 and the drill motor §5. Such devices
are preferably of a modular design and include a device for measuring the
formation resistivity near and/or in front of the drill bit location in the borehole, a
gamma ray device for measuring the formation gamma ray intensity and devices

for determining the inclination and azimuth of the drill string.
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A formation resistivity measuring device 64 is preferably coupled above
the lower kick-off subassembly 62 that provides signals from which resistivity of
the formation near or in front of the drill bit 50 is determined. One resistivity
measuring device is described in U.S. Patent No. 5,001,675, which is assigned to
the assignee hereof and is incorporated herein by reference. This patent
describes a dual propagation resistivity device ("DPR") having one or more pairs
of ransmitting antennas 66a and 66b spaced from one or more pairs of receiving
antennas 68a and 68b. Magnetic dipoles are employed which operate in the
medium frequency and lower high frequency spectrum. In operation, the
transmitted electromagnetic waves are perturbed as they propagate through the
formation surrounding the resistivity device 64. The receiving antennas 68a and
68b detect the perturbed waves. Formation resistivity is derived from the phase
and amplitude of the detected signals. The detected signals are processed by a
downhole circuit that is preferably placed in a housing 70 above the mud motor
55 and transmitted to the surface control unit 40 using a suitable telemetry

system 72.

An inclinometer 74 and a gamma ray device 76 are suitably placed along
the resistivity measuring device 64 for respectively determining the inclination of
the portion of the drill string near the drill bit 50 and the formation gamma ray
intensity. Any suitable inclinometer and gamma ray device, however, may be
utilized for the purposes of this invention. In addition, an azimuth device (not
shown), such as a magnetometer or a gyroscopic device, may be utilized to
determine the drill string azimuth. Such devices are known in the art and are,

thus, are not described in detail herein. In the above-described configuration, the

12
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mud motor 55 transfers power to the drill bit 50 via one or more hollow shafts that
run through the resistivity measuring device 64. The hollow shaft enables the
drilling fluid to pass from the mud motor 55 to the drill bit 50. In an altemate
embodiment of the drill string 20, the mud motor 55 may be coupled below

resistivity measuring device 84 or at any other suitable place.

U.S Patent No. 5,325,714, assigned to the assignee hereof, which is
incorporated herein by reference, discloses placement of a resistivity device
between the drill bit and the mud motor. The above described resistivity device,
gamma ray device and the inclinometer are preferably placed in a common
housing that may be coupled to the motor in the manner described in U.S. Patent
No. 5, 325,714. Additionally, U.S. Patent Application Serial No. 08/212,230,
assigned to the assignee hereof, which is incorporated herein by reference,
discloses a modular system wherein the drill string contains modular assemblies
including a modular sensor assembly, motor assembly and kick-off subs. The
modular sensor assembly is disposed between the drill bit and the mud motor as
described herein above. The present preferably utilizes the modular system as

disclosed in U.S. Serial No. 08/212,230.

Still referring to FIG. 1, logging-while-drilling devices, such as devices for
measuring formation porosity, permeability and density, may be placed above the
mud motor 64 in the housing 78 for providing information useful for evaluating
and testing subsurface formations along borehole 26. United States Patent No.
5,134,285, which is assigned to the assignee hereof, which is incorporated

herein by reference, discloses a formation density device that employs a gamma
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ray source and a detector. In use, gamma rays emitted from the source enter the
formation where they interact with the formation and attenuate. The attenuation
of the gamma rays is measured by a suitable detector from which density of the

formation is determined.

The present system preferably utilizes a formation porosity measurement
device, such as that disclosed in United States Patent No. 5,144,126 which is
assigned to the assignee hereof and which is incorporated herein by reference,
employs a neutron emission source and a detector for measuring the resulting
gamma rays. In use, high energy neutrons are emitted into the surrounding
formation. A suitable detector measures the neutron energy delay due to
interaction with hydrogen and atoms present in the formation. Other examples of
nuclear logging devices are disclosed in United States Patent Nos. 5,126,564

and 5,083,124.

The above-noted devices transmit data to the downhole telemetry system
72, which in tum transmits the received data uphole to the surface control unit
40. The downhole telemetry also receives signals and data from the uphole
control unit 40 and transmits such received signals and data to the appropriate
downhole devices. The present invention preferably utilizes a mud pulse
telemetry technique to communicate data from downhole sensors and devices
during drilling operations. A transducer 43 placed in the mud supply line 38
detects the mud pulses responsive to the data transmitted by the downhole
telemetry 72. Transducer 43 generates electrical signals in response to the mud

pressure variations and transmits such signals via a conductor 45 to the surface
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control unit 40. Other telemetry techniques, such electromagnetic and acoustic
techniques or any other suitable technique, may be utilized for the purposes of

this invention.

The mud motor 55 preferably is the positive displacement kind, which is
known in the art. The drilling system 10 of the present invention provides means
for continually measuring various motor operating parameters downhole and for
controlling the drilling operations based on one or more such parameters to
increase the life of the mud motor and to improve the overall efficiency of the
drilling operations. Before describing placement of the various sensors to
measure the motor parameters and the method of operating the drilling system in
response to such parameters, it is considered helpful to first describe some of the
important operating parameters associated with such motors and the effect of

such parameters on the motor performance.

Mud motor manufacturers usually specify the maximum WOB for each
motor type and typically recommend that the WOB be maintained within the
applicable range for a given motor application, which achieves acceptable ROP
and/or directional performance. They also specify the maximum operating
differential pressure and the torque. Increasing WOB normally results in an
increased motor operating differential pressure and torque output. The amount
of differential pressure which can be achieved and consequently the amount of
weight under which a motor can operate, while avoiding stall, understeer or
oversteer conditions depends on the drill bitformation interaction and related

downhole parameters. The application of excessive WOB, especially if
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combined with drill string rotation, can result in accelerated wear of intemal motor
components and high level loading of the driveshaft of the bearing assembly,

motor housing and housing connections.

The preferred method of mounting various sensors for determining the
motor assembly parameters and the method for controliing the drilling operations
in response to such parameters will now be described in detail while referring to
FIGS. 24. FIGS. 2a-2b show a cross-sectional elevation view of a positive
displacement mud motor power section 100 coupled to a mud-lubricated bearing
assembly 140 for use in the drilling system 10. The power section 100 contains
an elongated housing 110 having therein a hollow elastomeric stator 112 which
has a helically-lobed inner surface 114. A metal rotor 1186, preferably made from
steel, having a helically-lobed outer surface 118 is rotatably disposed inside the
stator 112. The rotor 116 preferably has a non-through bore 115 that terminates
at a point 122a below the upper end of the rotor as shown in FIG. 2a. The bore
115 remains in fluid communication with the fluid below the rotor via a port 122b.

Both the rotor and stator Iobe profiles are similar, with the rotor having one less
lobe than the stator. The rotor and stator lobes and their helix angles are such
that rotor and stator seal at discrete intervals resulting in the creation of axial fluid

chambers or cavities which are filled by the pressurized drilling fluid.

The action of the pressurized circulating fluid flowing from the top to

bottom of the motor, as shown by arrows 124, causes the rotor 116 to rotate

within the stator 112. Modification of lobe numbers and geometry provides for

16
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variation of motor input and output characteristics to accommodate different

drilling operations requirements.

Still referring to FIGS. 2a-2b, a differential pressure sensor 150 preferably
disposed in line 115 senses at its one end pressure of the fiuid 124 before it
passes through the mud motor via a fiuid line 150a and at its other end the
pressure in the line 115, which is the same as the pressure of the drilling fluid
after it has passed around the rotor 116. The differential pressure sensor thus
provides signals representative of the pressure differential across the rotor 116.
Altematively, a pair of pressure sensors Py and P, may be disposed a fixed
distance apart, one near the bottom of the rotor at a suitable point 120a and the
other near the top of the rotor at a suitable point 120b. Another differential
pressure sensor 122 (or a pair of pressure sensors) may be placed in an opening
123 made in the housing 110 to determine the pressure differential between the
fluid 124 flowing through the motor 110 and the fluid flowing through the annulus
27 (see FIG. 1) between the drill string and the borehole.

To measure the rotational speed of the rotor and thus the drifl bit 50, a
suitable sensor 126a is coupled to the power section 100. A vibration sensor,
magnetic sensor, hall sensor or any other suitable sensor may be utilized for
determining the motor speed. Altematively, a sensor 126b may be placed in the
bearing assembly 140 for monitoring the rotational speed of the motor ( see FIG.
2b). A sensor 128 for measuring the rotor torque is preferably placed at the rotor
bottom. In addition, one or more temperature sensors may be suitably disposed

in the power section 100 to continually monitor the temperature of the stator 112.
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High temperatures may resuit due to the presence of high friction of the moving
parts. High stator temperature can deteriorate the elastomeric stator and thus
reduce the operating life of the mud motor. In FIG. 2a three spaced temperature
sensors 134a-c are shown disposed in the stator 112 for monitoring the stator

temperature.

Each of the above-described sensors generates signals representative of
its corresponding mud motor parameter, which signals are fransmitted to the
downhole control circuit placed in section 70 of the drill string 20 via hard wires
coupled between the sensors and the control circuit or by magnetic or acoustic
coupling means known in the art or by any other desirable means for further
processing of such signals and the transmission of the processed signals and
data uphole via the downhole telemetry. United States Patent No. 5,160,925,
assigned to the assignee hereof, which is incorporated herein by reference,
discloses a modular communication link placed in the drill string for receiving
data from the various sensors and devices and transmitting such data upstream.
The system of the present invention may also utilize such a communication link

for transmitting sensor data to the control circuit or the surface control system.

The mud motor’'s rotary force is fransferred to the bearing assembly 140
via a rotating shaft 132 coupled to the rotor 116. The shaft 132 disposed in a
housing 130 eliminates all rotor eccentric motions and the effects of fixed or bent
adjustable housings while transmitting torque and downthrust to the drive sub
142 of the bearing assembly 140. The type of the bearing assembly used
depends upon the particular application. However, two types of bearing
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assemblies are most commonly used in the industry: a mud-lubricated bearing
assembly such as the bearing assembly 140 shown in FIG. 2a, and a sealed

bearing assembly, such as bearing assembly 170 shown in FIG. 2c.

Referring back to FIG. 2b, a mud-lubricated bearing assembly typically
contains a rotating drive shaft 142" disposed within an outer housing 145. The
drive shaft 142' terminates with a bit box 143 at the lower end that
accommodates the drill bit 50 (see FIG. 1) and is coupled to the shaft 132 at the
upper end 144 by a suitable joint 144'. The drilling fluid from the power section
100 flows to the bit box 143 via a through hole 142’ in the drive shaft 142. The
radial movement of the drive shaft 142 is restricted by a suitable lower radial
bearing 142a placed at the interior of the housing 145 near its bottom end and an
upper radial bearing 142b placed at the interior of the housing near its upper
end. Narrow gaps or clearances 146a and 146b are respectively provided
between the housing 145 and the vicinity of the lower radial bearing 142a and
the upper radial bearing 142b and the interior of the housing 145. The radial
clearance between the drive shaft and the housing interior varies approximately
between .150 mm to .300 mm depending upon the design choice.

During the drilling operations, the radial bearings, such as shown in FIG.
2b, start to wear down causing the clearance to vary. Depending upon the
design requirement, the radial bearing wear can cause the drive shaft to wobble,
making it difficult for the drill string to remain on the desired course and in some
cases can cause the various parts of the bearing assembly to become dislodged.

Since the lower radial bearing 142a is near the drill bit, even a relatively small
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increase in the clearance at the lower end can reduce the dritling efficiency. To
continually measure the clearance between the drive shaft 142 and the housing
interior, displacement sensors 148a and 148b are respectively placed at suitable
locations on the housing interior. The sensors are positioned to measure the
movement of the drive shaft 142 relative to the inside of the housing 145.

Signals from the displacement sensors 148a and 148b may be transmitted to the
downhole control circuit by conductors placed along the housing interior (not

shown) or by any other means described above in reference to FIGS. 2a.

Still referring to FIG. 2b, a thrust bearing section 160 is provided between
the upper and lower radial bearings to control the axial movement of the drive
shaft 142. The thrust bearings 160 support the downthrust of the rotor 116,
downthrust due to fluid pressure drop across the bearing assembly 140 and the
reactive upward loading from the applied weight on bit. The drive shaft 142
transfers both the axial and torsional loading to the drill bit coupled to the bit box
143. If the clearance between the housing and the drive shaft has an inclining
gap, such as shown by numeral 149, then the same displacement sensor 149a
may be used to determine both the radial and axial movements of the drive shaft
142. Altemnatively, a displacement sensor may be placed at any other suitable
place to measure the axial movement of the drive shaft 142. High precision
displacement sensors suitable for use in borehole drilling are commercially
available and, thus, their operation is not described in detail. From the
discussion thus far, it shouid be obvicus that weight on bit is an important control
parameter for drilling boreholes. A load sensor 152, such as a strain gauge, is

placed at a suitable place in the bearing assembly 142 (downstream of the thrust
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bearings 160) to continuously measure the weight on:bit. Alternatively, a sensor
152' may be placed in the bearing assembly housing 145 (upstream of the thrust
bearings 160) or in the stator housing 110 (see FIG. 2a) to monitor the weight on

bit.

Sealed bearing assemblies are typically utilized for precision drilling and
have much tighter tolerances compared to the mud-lubricated bearing
assemblies. FIG. 2c shows a sealed bearing assembly 170, which containsk a
drive shaft 172 disposed in a housing 173. The drive shaft is coupled to the
motor shaft via a suitable universal joint 175 at the upper end and has a bit box
168 at the bottom end for accommodating a drill bit. Lower and upper radial
bearings 176a and 176b provide radial support to the drive shaft 172 while a
thrust bearing 177 provides axial support. One or more suitably placed
displacement sensors may be utilized to measure the radial and axial
displacements of the drive shaft 172. For simplicity and not as a limitation, in
FIG. 2c only one displacement sensor 178 is shown to measure the drive shaft

radial displacement by measuring the amount of clearance 178a.

As noted above, sealed-bearing-type drive subs have much tighter
tolerances (as low as .001" radial clearance between the drive shaft and the
outer housing) and the radial and thrust bearings are continuously lubricated by
a suitable working oil 179 contained placed in a cylinder 180. Lower and upper
seals 184a and 184b are provided to prevent leakage of the oil during the drilling
operations. However, due to the hostile downhole conditions and the wearing of

various components, the oil frequently leaks, thus depleting the reservoir 180,
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thereby causing bearing failures. To monitor the oil level, a differential pressure
sensor 186 is placed in a line 187 coupled between an oil line 188 and the
drilling fluid 189 to provide the difference in the pressure between the oil
pressure and the drilling fluid pressure. Since the differential pressure for a new
bearing assembly is known, reduction in the differential pressure during the
drilling operation may be used to determine the amount of the oil remaining in the
reservoir 180. Additionally, temperature sensors 190a-c may be placed in the
bearing assembly sub 170 to respectively determine the temperatures of the
lower and upper radial bearings 176a-b and thrust bearings 177. Also, a
pressure sensor 192 is preferably placed in the fluid line in the drive shaft 172 for
determining the weight on bit. Signals from the differential pressure sensor 186,
temperature sensors 190a-c, pressure sensor 192 and displacement sensor 178
are transmitted to the downhole control circuit in the manner described earlier in

relation to FIG. 2a.

FIG. 3 shows a block circuit diagram of a portion of an exemplary circuit
that may be utilized to perfoorm signal processing, data analysis and
communication operations relating to the motor sensor and other drili string
sensor signals. The differential pressure sensors 125 and 150, sensor pair P1
and P2, RPM sensor 126b, torque sensor 128, temperature sensors 134a-c and
154a-c, WOB sensor 152 or 152’ and other sensors utilized in the drill string 20,
provide analog signals representative of the parameter measured by such
sensors. The analog signals from each such sensor are amplified and passed to
an associated digital-to-analog (D/A) converter which provides a digital output

corresponding to its respective input signal. The digitized sensor data is passed
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to a data bus 210. A micro-controlier 220 coupled to the data bus 210 processes
the sensor data' downhole according to programmed instruction stored in a read
only memory (ROM) 224 coupled to the data bus 210. A random access memory
(RAM) 222 coupled to the data bus 210 is utilized by the microcontroller 220 for
downhole storage of the processed data. The microcontroller 220 communicates
with other downhole circuits via an input/output (//O) circuit 226. The processed
data is sent to the surface control unit 40 (see FIG. 1) via the downhole telemetry
72. For example, the microcontroller can analyze motor operation downhole,
including stall, underspeed and overspeed conditions as may occur in two-phase
underbalance drilling and communicate such conditions to the surface unit via
the telemetry system. The microcontrolier 220 may be programmed to merely
record the sensor data in the memory 222 and facilitate communication of the
data uphole or it may be utilized to perform analyses of the sensor data to
compute answers and detect adverse conditions and transmit such information
uphole and transmit command and/or alarm signals uphole to cause the surface
control unit 40 to take certain actions and/or to aid the drilling operator to take

appropriate actions to control the driling operations.

FIG. 4 shows a graph depicting the motor power output, speed and
torque as function of the operating differential pressure across the rotor. The
differential pressure is shown along the horizontal axis or x-axis, motor power
and motor speed along the left vertical axis and torque along the right vertical
axis. Plots M, S and T respectively show the motor power output, motor speed
and the torque as a function of operating differential pressure. As the differential

pressure increases, the motor output increases and attains a maximum value at

23



10

15

20

25

WO 98/16712 PCT/US96/16251

point 302 and then starts to decrease. The torque output 304 is substantially

proportional to the differential pressure.

The overall drilling efficiency may be increased by maintaining the motor
power output within a range 306 that is near the maximum power. This can be
achieved by maintaining the mud motor differential pressure and the motor speed
within their respective ranges 308 and 310 that correspond to the predetermined
motor power output range 306. The motor differential pressure and torque can
be controlled by controliing weight on bit while the motor speed can be controlled
by controlling the drilling fiuid flow. During drilling in some formations, it may be
more desirable to operate the drill motor at a different speed or within a range
that will cause less wear and tear on the mud motor. in either case, it is
desirable to control the drilling operation so as to maintain the differential

pressure at or within a desired range.

In one mode, the surdace control unit may be programmed to
automatically control the WOB so as to maintain the operating differential
pressure at a predetermined value or within a predetermined range. The surface
control unit 40 may be further programmed to also maintain the torque and WOB
at their respective predetermined values. This procedure enables the operator to
conduct the drilling operation within the mud motor optimum operating range 306
shown in FIG. 4, thereby increasing the motor life and increasing the overall
drilling efficiency. The information about the stator temperature may be
transmitted uphole and/or stored in memory downhole for later analysis. It is

anticipated that the temperature information will be transmitted periodically when
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it exceeds a predetermined value. Excessive stator temperature values may be
displayed uphole and/or an alarm may be activated when the stator temperature

exceeds a predetermined value.

The radial displacement, axial displacement, temperature and oil level
data is transmitted to the control circuit, where it is processed according to
programmed instructions. The downhole control circuit is preferably programmed
to process such sensor data based upon the programmed instructions stored
downhole and/or information transmitted by the surface control unit The
downhole control circuit may be programmed to transmit information about the
displacement, oil level and temperature when any such parameter is outside a
predetermined norm so as to alert the operator of an impending abnormal
condition. Such data may also be stored in downhole memory for later use.
Further, the surface system may be programmed to shut down the drilling
operation when any of a selected measured  parameter is outside a

predetermined norm.

Thus, the system of the present invention continually measures operating
parameters associated with the mud motor and drive sub downhole, processes
such signals downhole to make decisions about the operating condition of the
motor assembly, transmits data about the measured parameters uphole and aids
the drilling operator to improve the drilling efficiency and to increase the
operating life of the motor assembly. The system also provides means for in situ

estimation of the remaining life of the mud motor as described below.
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it is known in the art that the power curve for a used or wom positive
displacement motors of the type shown in FIG. 2 tends to shrink for a given fluid
rate. To determine the condition of the motor or to estimate the remaining life of
the motor without retrieving the drill string to perform physical inspection, as it is
commonly done in the prior art, the variation of the RPM, as the WOB is
increased from zero up to its maximum, is measured. By comparing the RPM at
the same differential pressures of the new motor and of the motor after certain
use, the condition of the motor may be determined and the remaining life of the
motor may be estimated. As there are a large number of motor configurations
that are used for various applications, the motor performance data relating to
new motors is preferably stored in the surface control memory. The surface
control unit 40 may be programmed to calculate and display on the monitor 44

the wear condition and operating life of the mud motor.

The foregoing description is directed to particular embodiments of the
present invention for the purpose of illustration and explanation. It will be
apparent, however, to one skilled in the art that many modifications and changes
to the embodiment set forth above are possible without departing from the scope
and the spirit of the invention. It is intended that the following claims be

interpreted to embrace all such modifications and changes.
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Claims

1. A bearing assembly for use in drilling of a
wellbore, comprising:

(a) a housing;

(b) a drive shaft rotatably disposed in the housing
for rotating a drill bit during drilling of the
wellbore;

(c) at least one radial bearing between the drive
shaft and the housing for providing lateral restraint to
the drive shaft;

(d) a thrust bearing in the bearing assémbly for
restricting axial movement of the drive shaft during
drilling of the wellbore;

(e) a source of lubricating fluid for providing the
lubricating fluid to the at least one radial bearing and
the thrust bearing to lubricate such bearings during
drilling of the wellbore; and

(f) a sensor disposed within or adjacent to said
housing which is associated with the source of the
lubricating fluid for providing a measurement for
determining at least one of the (i) presence of a leak
between the sourée and the bearing, (b) wear condition
of the at least one radial bearing, or the remaining
1ife of the at least one radial bearing.

2. The bearing assembly according to claim 1, wherein
the at least one radial bearing includes a first and
second spaced apart radial bearings, each said first and
second radial bearings and wherein the thrust bearing is

disposed between said first and second radial bearings.

3. The bearing assembly according to claim 1, wherein
the sensor is a differential pressure sensor for
providing signals corresponding to the difference in

pressure between the source of the lubricating fluid and



the outside environment.

4. The bearing assembly according to claim 3, wherein
the differential pressure sensor is disposed in a line

placed between the source and the outside environment .
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