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(57) Abstract

The present invention provides a closed-loop drilling system for
drilling oilfield boreholes. The system includes a drilling assembly

with a drill bit, a plurality of sensors for providing signals relating

parameters relating to the driling assembly, borehole, and formations
around the drilling assembly. Processors in the drilling system process
sensors signal and compute drilling parameters based on models and
programmed instructions provided to the drilling system that will yield
further drilling at enhanced drilling rates and with extended drilling
assembly life. The drilling system then automatically adjusts the
drilling parameters for continued drilling. The system continually or
periodically repeats this process during the drilling operations. The
drilling system also provides severity of certain dysfunctions to the

operator and a means for simulating the drilling assembly behav
prior to effecting changes in the drilling parameters.
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CLOSED LOOP DRILLING SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to systems for drilling boreholes for the

production of hydrocarbons from subsurface formations and more particularly to
a closed-loop drilling system which includes a number of devices and sensors for
determining the operating condition of the drilling assembly, including the drill bit,
a number of formation evaluation devices and sensors for determining the nature
and condition of the formation through which the borehole is being drilled and
processors for computing certain operating parameters downhole that are
communicated to a surface system that displays dysfunctions relating to the
downhole operating conditions and provides recommended action for the driller
to take to alleviate such dysfunctions so as to optimize drilling of the boreholes.
This invention also provides a closed-loop interactive system that simulates
downhole drilling conditions and determines drilling dysfunctions for a given well
profile, bottom hole assembly, and the values of surface controlied drilling
parameters and the corrective action which will alleviate such dysfunctions.

2 Description Of The Related Art

To obtain hydrocarbons such as oil and gas, 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., drilling deviated and horizontal

boreholes, to increase the hydrocarbon production and/or to withdraw additional



10

15

20

WO 97/15749 PCT/US96/17106

hydrocarbons from the earth's formations. Modem directional drilling systems
generally employ a drill string having a bottomhole assembly (BHA) and a drill bit
at end thereof that is rotated by a drill motor (mud motor) and/or the drill string. A
number of downhole devices placed in close proximity to the drill bit measure
certain downhole operating parameters associated with the drill string. Such
devices typically include sensors for measuring downhole temperature and
pressure, azimuth and inclination measuring devices and a resistivity measuring
device to determine the presence of hydrocarbons and 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.

Pressurized drilling fluid (commonly known as the "mud" or "drilling mud")
is pumped into the drill pipe to rotate the drill motor and to provide lubrication to
various members of the drill string including the drill bit. The drill pipe is rotated
by a prime mover, such as a motor, to facilitate directional drilling and to drill
vertical boreholes. The drill bit is typically coupled to a bearing assembly having
a drive shaft which in tumn rotates the drill bit attached thereto. Radial and axial
bearings in the bearing assembly provide support to the radial and axial forces of
the drill bit.

Boreholes are usually drilled along predetermined paths and the drilling of
a typical borehole proceeds through various formations. The drilling operator

typically controls the surface-controlled drilling parameters, such as the weight
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on bit, drilling fluid flow through the drill pipe, the drill string rotational speed
(r.p.m of the surface motor coupled to the drill pipe) and the density and viscosity
of the drilling fluid to optimize the drilling operations. The downhole operating
conditions continually change and the operator must react to such changes and
adjust the surface-controlled parameters to optimize the drilling operations. For
drilling a borehole in a virgin region, the operator typically has seismic survey
plots which provide a macro picture of the subsurface formations and a pre-
planned borehole path. For drilling multiple boreholes in the same formation, the
operator also has information about the previously drilled boreholes in the same
formation.  Additionally, various downhole sensors and associated electronic
circuitry deployed in the BHA continually provide information to the operator
about certain downhole operating conditions, condition of various elements of the
drill string and information about the formation through which the borehole is
being drilled.
Typically, the information provided to the operator during drilling includes:
(a) borehole pressure and temperature; (b) drilling parameters, such as WOB,
rotational speed of the drill bit and/ or the drill string, and the drilling fluid flow
rate. In some cases, the drilling operator also is provided selected information
about the bottomhole assembly condition (parameters), such as torque, mud
motor differential pressure, torque, bit bounce and whirl etc.
The downhole sensor data is typically processed downhole to some

extent and telemetered uphole by electromagnetic means or by transmitting
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pressure puises through the circulating drilling fluid. Mud-puise telemetry,
however, is more commonly used. Such a system is capable of transmitting only
a few (1-4) bits of information per second. Due to such a low transmission rate,
the trend in the industry has been to attempt to process greater amounts of data
downhole and transmit selected computed results or "answers" uphole for use by
the driller for controlling the drilling operations.

Although the quality and type of the information transmitted uphole has
greatly improved since the use of microprocessors downhole, the current
systems do not provide to the operator information about dysfunctions relating to
at least the critical drill string parameters in readily usable form nor do they
determine what actions the operator should take during the drilling operation to
reduce or prevent the occurrence of such dysfunctions so that the operator can
optimize the drilling operations and improve the operating life of the bottomhole
assembly. It is, therefore, desirable to have a drilling system which provides the
operator simple visual indication of the severity of at least certain critical drilling
parameters and the actions the operator should take to change the surface-
controlled parameters to improve the drilling efficiency.

A serious concemn during drilling is the high failure rate of bottom hole
assembly and excessive drill bit wear due to excessive bit bounce, bottomhole
assembly whirl, bending of the BHA stick-slip phenomenon, torque, shocks, etc.
Excessive values of such drill string parameters and other parameters relating to

the drilling operations are referred to as dysfunctions. Many drill string and drill
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bit failures and other drilling problems can be prevented by properly monitoring
the dynamic behavior of the bottom hole assembly and the drill bit while drilling
and performing necessary corrections to the drilling parameters in real time.
Such a process can significantly decrease the drilling assembly failures, thereby
extending the drill string life and improving the overall drilling efficiency, including
the rate of penetration.

Recently, patent application PCT/FR92/00730 disclosed the use of a
device placed near the drill bit downhole for processing data from certain
downhole sensors downhole to determine when the certain drilling malfunctions
occur and to transmit such malfunctions uphole. The device processes the
drilling data and compiles various diagnostics specific to the global or individual
behaviors of the drilling tool, drill string, drilling fluid and communicates these
diagnostics to the surface via the telemetry system. The downhole sensor data is
processed by applying certain algorithms stored in the device for computing the
malfunctions.

Presently, regardiess of the type of the borehole being drilled, the
operator continually reacts to the specific borehole parameters and performs
drilling operations based on such information and the information about other
downhole operating parameters, such as the bit bounce, weight on bit, drill string
displacement, stall etc. to make decisions about the operator-controlled
parameters. Thus, the operators base their drilling decisions upon the above-

noted information and experience. Drilling boreholes in a virgin region requires
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greater preparation and understanding of the expected subsurface formations
compared to a region where many boreholes have been successfully drilled.

The drilling efficiency can be greatly improved if the operator can simulate the
drilling activities for various types of formations. Additionally, further drilling
efficiency can be gained by simulating the drilling behavior of the specific
borehole to be drilled by the operator.

The present invention addresses the above-noted deficiencies and
provides an automated closed-loop drilling system for drilling oilfield wellbores at
enhanced rates of penetration and with extended life of downhole drilling
assembly. The system includes a drill string having a drill bit, a plurality of
sensors for providing signals relating to the drill string and formation parameters,
and a downhole device which contains certain sensors, processes the sensor
signals to determine dysfunctions relating to the drilling operations and transmits
information about dysfunctions to a surface control unit. The surface control unit
displays the severity of such dysfunctions, determines a corrective action
required to alleviate such dysfunctions based on programmed instruction and
then displays the required corrective action on a display for use by the operator.

The present invention also provides an interactive system which displays
dynamic drilling parameters for a variety of subsurface formations and downhole
operating conditions for a number of different drill string combinations and
surface-controlled parameters. The system is adapted to allow an operator to

simulate drilling conditions for different formations and drilling equipment
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combinations. This system displays the severity of dysfunctions as the operator
is simulating the drilling conditions and displays corrective action for the operator

to take to optimize drilling during such simulation.

SUMMARY OF THE INVENTION

The present invention provides an automated closed-loop drilling system
for drilling oilfield wellbores at enhanced rates of penetration and with extended
life of downhole drilling assembly. A drilling assembly having a drill bit at an end
is conveyed into the wellbore by a suitable tubing such as a drill pipe or coiled
tubing. The driling assembly includes a plurality of sensors for detecting
selected drilling parameters and generating data representative of said drilling
parameters. A computer comprising at least one processor receives signals
representative of the data. A force application device applies a predetermined
force on the drill bit (weight on bit) within a range of forces. A force controller
controls the operation of the force application device to apply the predetermined
force on the bit. A source of drilling fluid under pressure at the surface supplies a
drilling fluid into the tubing and thus the drilling assembly. A fluid controller
controls the operation of the fluid source to supply a desired predetermined
pressure and flow rate of the drilling fluid. A rotator, such as a mud motor or a
rotary table rotates the drill bit at a predetermined speed of rotation within a
range of rotation speed. A receiver associated with the computer receives

signals representative of the data and a transmitter associated with the computer
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sends control signals directing the force controller, fluid controller and rotator
controller to operate the force application device, source of drilling fluid under
pressure and rotator to achieve enhanced rates of penetration and extended
drilling assembly life.

The present invention provides an automated method for drilling an
oilfield wellbore with a drilling system having a drilling assembly that includes a
drill bit at an end thereof at enhanced drilling rates and with extended drilling
assembly life. The drilling assembly is conveyable by a tubing into the wellbore
and includes a plurality of downhole sensors for determining parameters relating
to the physical condition of the drilling assembly. The method comprises the
steps of. (a) conveying the drilling assembly with the tubing into the wellbore for
further drilling the wellbore; (b) initiating drilling of the wellbore with the drilling
assembly utilizing a plurality of known initial drilling parameters; (c) determining
from the downhole sensors during drilling of the wellbore parameters relating to
the condition of the drilling assembly; (d) providing a model for use by the
drilling system to compute new value for the drilling parameters that when utilized
for further drilling of the wellbore will provide drilling of the wellbore at an
enhanced drilling rate and with extended drilling assembly life; and (e) further
drilling the wellbore utilizing the new values of the drilling parameters.

The system of the present invention also computes dysfunctions related to
the drilling assembly and their respective severity relating to the drilling

operations and transmits information about such dysfunctions and/or their
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severity levels to a surface control unit. The surface control unit determines the
relative corrective actions required to alleviate such dysfunctions based on
programmed instruction and then displays the nature and extent of such
dysfunctions and the corrective action on a display for use by the operator. The
programmed instructions contain models, algorithms and information from prior
drilled boreholes, geological information about subsurface formations and the
borehole drill path.

The present invention also provides an interactive system which displays
dynamic drilling parameters for a variety of subsurface formations and downhole
operating conditions for a number of different drill string combinations. The
system is adapted to allow an operator to simulate drilling conditions for different
formations and drilling equipment combinations. This system displays the extent
of various dysfunctions as the operator is simulating the drilling conditions and
displays corrective action for the operator to take to optimize drilling during such
simulation.

The present invention also provides an altemative method for drilling
oilfield wellbores which comprises the steps of: (a) determining dysfunctions
relating to the drilling of a borehole for a given type of bottom hole assembly,
borehole profile and the surface controlled parameters; (b) displaying the
dysfunctions on a display; and (c) displaying the corrective actions to be taken to

alleviate the dysfunctions.
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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
appreciated. There are, of course, additional features of the invention that will be
described hereinafter and which will foorm 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 system 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.

-10-
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FIGS. 2c 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.

FIG. 3 shows a schematic diagram of a drilling assembly for use with a
surface rotary system for drilling boreholes, wherein the drilling assembly has a
non-rotating collar for effecting directional changes downhole.

FIG. 4 shows a block circuit diagram for processing signals relating to
certain downhole sensor signals for use in the bottom hole assembly used in the
drilling system shown in FIG. 1.

FIG. 5 shows a block circuit diagram for processing signals relating to
certain downhole sensor signals for use in the bottomhole assembly used in the
drilling system shown in FIG. 1.

FIG. 6 shows a functional block diagram of an embodiment of a model for
determining dysfunctions for use in the present invention.

FIG. 7 shows a block diagram showing functional relationship of various
parameters used in the model of FIG. 5.

FIG. 8a shows an example of a display format showing the severity of
dysfunctions relating to certain selected driling parameters and the display of
certain other drilling parameters for use in the system of the present invention.

FIG. 8b shows another example of the display format for use in the

system of the present invention.

-11-
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FIG. 8c shows a three dimensional graphical representation of the overall
behavior of the drilling operation that may be utilized to optimize drilling
operations.

FIG. 8d shows in a graphical representation the effect on drilling efficiency
as a function of selected drilling parameters, namely weight-on-bit and drill bit
rotational speed), for a given set of drill string and borehole parameters.

FIG. 9 shows a generic drilling assembly for use in the system of the
present invention.

FIG. 10 a functional block diagram of the overall relationships of various
types of drilling, formation, borehole and drilling assembly parameters utilized in
the drilling system of the present invention to effect automated closed-ioop

drilling operations of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

In general, the present invention provides a drilling system for drilling
oilfield boreholes or wellbores utilizing a drill string having a drilling assembly
conveyed downhole by a tubing (usually a drill pipe or coiled tubing). The drilling
assembly includes a bottom hole assembly (BHA) and a drill bit. The bottom
hole assembly contains sensors for determining the operating condition of the
drilling assembly (drilling assembly parameters), sensors for determining the
position of the drill bit and the drilling direction (directional parameters), sensors

for determining the borehole condition (borehole parameters), formation

-12-
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evaluation sensors for determining characteristics of the formations surrounding
the drilling assembly (formation parameters), sensors for determining bed
boundaries and other geophysical parameters (geophysical parameters), and
sensors in the drill bit for determining the performance and wear condition of the
drill bit (drill bit parameters). The system also measures drilling parameters or
operations parameters, including drilling fluid flow rate, rotary speed of the drill
string, mud motor and drill bit, and weight on bit or the thrust force on the bit.

One or more models, some of which may be dynamic models, are stored
downhole and at the surface. A dynamic model is one that is updated based on
information obtained during drilling operations and which is then utilized in further
drilling of the borehole. Additionally, the downhole processors and the surface
control unit contain programmed instructions for manipulating various types of
data and interacting with the models. The downhole processors and the surface
control unit process data relating to the various types of parameters noted above
and utilize the models to determine or compute the drilling parameters for
continued drilling that will provide an enhanced rate of penetration and extended
drilling assembly life. The system may be activated to activate downhole
navigation devices to maintain drilling along a desired wellpath.

Information about certain selected parameters, such as certain
dysfunctions relating to the drilling assembly, and the current operating
parameters, along with the computed operating parameters determined by the

system, is provided to a drilling operator, preferably in the form of a display on a

-13-
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screen. The system may be programmed to automatically adjust one or more of
the drilling parameters to the desired or computed parameters for continued
operations. The system may also be programmed so that the operator can
override the automatic adjustments and manually adjust the drilling parameters
within predefined limits for such parameters. For safety and other reasons, the
system is preferably programmed to provide visual and/or audio alarms and/or to
shut down the drilling operation if certain predefined conditions exist during the
drilling operations.

In one embodiment of the drilling system of the present invention, a
subassembly near the drill bit (referred to herein as the "downhole-dynamic-
measurement” device or "DDM" device) containing a sufficient number of
sensors and circuitry provides data relating to certain drilling assembly
dysfunctions during drilling operations. The system also computes the desired
drilling parameters for continued operations that will provide improved drilling
efficiency in the form of an enhanced rate of penetration with extended drilling
assembly life. The system also includes a simulation program which can
simulate the effect on the drilling efficiency of changing any one or a combination
of the drilling parameters from their current values. The surface computer is
programmed to automatically simulate the effect of changing the current drilling
parameters on the drilling operations, including the rate of penetration, and the
effect on certain parameters relating to the drilling assembly, such as the drill bit

wear. Alternatively, the operator can activate the simulator and input the amount

-14-
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of change for the drilling parameters from their current values and determine the
corresponding effect on the drilling operations and finally adjust the drilling
parameters to improve the drilling efficiency. The simulator model may aiso be
utilized online as described above or off-line to simulate the effect of using
different values of the drilling parameters for a given drilling assembly
configuration on the drilling boreholes along wellpaths through different types of
earth formations.

FIG. 1 shows a schematic diagram of a drilling system 10 having a drilling
assembly 90 shown conveyed in a borehole 26 for drilling the wellbore. The
drilling system 10 includes a conventional derrick 11 erected on a floor 12 which
supports a rotary table 14 that is rotated by a prime mover such as an electric
motor (not shown) at a desired rotational speed. The drill string 20 includes a
drill pipe 22 extending downward from the rotary table 14 into the 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 puliey 23.
During the drilling operation the drawworks 30 is operated to control the weight
on bit, which is an important parameter that affects the rate of penetration. The
operation of the drawworks 30 is well known in the art and is thus not described
in detail herein.

During drilling operations a suitable drilling fluid 31 from a mud pit

(source) 32 is circulated under pressure through the drill string 20 by a mud
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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 31 is
discharged at the borehole bottom 51 through an opening in the drill bit 50. The
drilling fluid 31 circulates uphole through the annular space 27 between the drill
string 20 and the borehole 26 and retums to the mud pit 32 via a retum line 35.
A sensor S, preferably placed in the line 38 provides information about the fluid
flow rate. A surface torque sensor S; and a sensor S, associated with the drill
string 20 respectively provide information about the torque and the rotational
speed of the drill string. Additionally, a sensor (not shown) associated with line
29 is used to provide the hook load of the drill string 20.

In some applications the drill bit 50 is rotated by only rotating the drill pipe
22. However, in many other applications, a downhole motor 55 (mud motor) is
disposed in the drilling assembly 90 to rotate the drill bit 50 and the drill pipe 22
is rotated usually to supplement the rotational power, if required, and to effect
changes in the drilling direction. In either case, the rate of penetration (ROP) of
the drill bit 50 into the borehole 26 for a given formation and a drilling assembly
largely depends upon the weight on bit and the drill bit rotational speed.

In the preferred embodiment of FIG. 1, the mud motor 55 is coupled to the
drill bit 50 via a drive shaft (not shown) disposed in a bearing assembly 5§7. The
mud motor §5 rotates the drill bit 50 when the drilling fiuid 31 passes through the
mud motor 55 under pressure. The bearing assembly 57 supports the radial and

axial forces of the drill bit 50, the downthrust of the drill motor and the reactive
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upward loading from the applied weight on bit. A stabilizer 88 coupiled to the
bearing assembly 57 acts as a centralizer for the lowermost portion of the mud
motor assembly.

A surface control unit 40 receives signals from the downhole sensors and
devices via a sensor 43 placed in the fluid line 38 and signals from sensors S;,
S, S, hook load sensor and any other sensors used in the system and
processes such signals according to programmed instructions provided to the
surface control unit 40. The surface control unit 40 displays desired drilling
parameters and other information on a display/monitor 42 and is utilized by an
operator to control the drilling operations. The surface control unit 40 contains a
computer, memory for storing data, recorder for recording data and other
peripherals. The surface control unit 40 also includes a simulation model and
processes data according to programmed instructions and responds to user
commands entered through a suitable means, such as a keyboard. The control
unit 40 is preferably adapted to activate alarms 44 when certain unsafe or
undesirable operating conditions occur. The use of the simulation model is
described in detail later.

In one embodiment of the drilling assembly 90, The BHA contains a DDM
device 59 preferably in the form of a module or detachable subassembly placed
near the drill bit 0. The DDM device §9 contains sensors, circuitry and
processing software and algorithms for providing information about desired

dynamic drilling parameters relating to the BHA. Such parameters preferably
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include bit bounce, stick-slip of the BHA, backward rotation, torque, shocks, BHA
whirl, BHA buckling, borehole and annulus pressure anomalies and excessive
acceleration or stress, and may include other parameters such as BHA and drill
bit side forces, and drill motor and drill bit conditions and efficiencies. The DDM
device §9 processes the sensor signals to determine the relative value or
severity of each such parameter and transmits such information to the surface
control unit 40 via a suitable telemetry system 72. The processing of signals and
data generated by the sensors in the module 59 is described later in reference to
FIG. 5. Drill bit 50 may contain sensors 50a for determining drill bit condition and
wear.

Referring back to FIG. 1, the BHA also preferably contains sensors and
devices in addition to the above-described sensors. Such devices include a
device for measuring the formation resistivity near and/or in front of the drill bit, a
gamma ray device for measuring the formation gamma ray intensity and devices
for determining the inclination and azimuth of the drill string.

The 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 transmitting antennae 66a and 66b spaced from one or more pairs of receiving
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antennae 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
§5 and transmitted to the surface control unit 40 using a suitable telemetry
system 72.

The inclinometer 74 and 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
therefore are not described in detail herein. In the above-described
configuration, the 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 alternate embodiment of the drill string 20, the mud motor §5 may be coupled

below resistivity measuring device 64 or at any other suitable place.
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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 50 and the mud motor 55. 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, 325714 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
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.
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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,
which 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 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 turn transmits the received data uphole to the surface control unit
40. The downhole telemetry system 72 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
puise 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
control unit 40. Other telemetry techniques, such as electromagnetic and
acoustic techniques or any other suitable technique, may be utilized for the

purposes of this invention.
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The drilling system described thus far relates to those drilling systems that
utilize a drill pipe as means for conveying the drilling assembly 80 into the
borehole 26, wherein the weight on bit, one of the important drilling parameters,
is controlled from the surface, typically by controling the operation of the
drawworks. However, a large number of the current drilling systems, especially
for drilling highly deviated and horizontal wellbores, utilize coiled-tubing for
conveying the drilling assembly downhole. In such application a thruster is
sometimes deployed in the drill string to provide the required to force on the drill
bit. For the purpose of this invention, the term weight on bit is used to denote the
force on the bit applied to the drill bit during drilling operation, whether applied by
adjusting the weight of the drill string or by thrusters or by any other means.
Also, when coiled-tubing is utilized the tubing is not rotated by a rotary table,
instead it is injected into the wellbore by a suitable injector while the downhole
motor, such as mud motor 55, rotates the drill bit 50.

A number of sensors are also placed in the various individual devices in
the drilling assembly. For example, a variety of sensors are placed in the mud
motor, bearing assembly, drill shaft, tubing and drill bit to determine the condition
of such elements during drilling and the borehole parameters. The preferred
manner of deploying certain sensors in the various drill string elements will now
be described.

The preferred method of mounting various sensors for determining the

motor assembly parameters and the method for controliing the drilling operations
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in response to such parameters will now be described in detail while referring to
FIGS. 2a4. 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 holiow elastomeric stator 112 which
has a helically-lobed inner surface 114. A metal rotor 116, 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 lobe 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
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 fluid 124 before it

passes through the mud motor via a fluid line 1560a and at its other end the
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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 fiuid flowing through the annulus
27 (see FIG. 1) between the drill string and the borehole.

To measure the rotational speed of the rotor downhole and thus the drill
bit 50, a suitable sensor 126a is coupled to the power section 100. A vibration
sensor, magnetic sensor, Hall-effect 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. High temperatures may result 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.
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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 transmitted 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 transferred 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

assemblies are most commonly used in the industry: a mud-lubricated bearing
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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 drilling 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. Alternatively, 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 should be obvious that weight on bit is an important control
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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
bearings 160) to continuously measure the weight on bit. Altematively, 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 contains 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 placed in a cylinder 180. Lower and upper seals 184a
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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, 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 schematic diagram of a rotary drilling assembly 255
conveyable downhole by a drill pipe (not shown) that includes a device for
changing drilling direction without stopping the drilling operations for use in the
drilling system 10 shown in FIG. 1. The drilling assembly 255 has an outer
housing 256 with an upper joint 257a for connection to the drill pipe (not shown)

and a lower joint 257b for accommodating a drill bit 55. During drilling operations
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the housing, and thus the drill bit 55, rotate when the drill pipe is rotated by the
rotary table at the surface. The lower end 258 of the housing 256 has reduced
outer dimensions 258 and a bore 259 therethrough. The reduced-dimensioned
end 258 has a shaft 260 that is connected to the lower end 257b and a passage
261 for allowing the drilling fluid to pass to the drill bit 55. A non-rotating sleeve
262 is disposed on the outside of the reduced dimensioned end 258, in that
when the housing 256 is rotated to rotate the drill bit 55, the non-rotating sleeve
262 remains in its position. A plurality of independently adjustable or expandable
stabilizers 264 are disposed on the outside of the non-rotating sleeve 262. Each
stabilizer 264 is preferably hydraulically operated by a control unit in the drilling
assembly 255. By selectively extending or retracting the individual stabilizers
264 during the drilling operations, the drilling direction can be substantially
continuously and relatively accurately controlled. An inclination device 266, such
as one or more magnetometers and gyroscopes, are preferably disposed on the
non-rotating sleeve 262 for determining the inclination of the sleeve 262. A
gamma ray device 270 and any other device may be utilized to determine the drill
bit position during drilling, preferably the x, y, and z axis of the drill bit 55. An
alternator and oil pump 272 are preferably disposed uphole of the sleeve 262 for
providing hydraulic power and electrical power to the various downhole
components, including the stabilizers 264. Batteries 274 for storing and
providing electric power downhole are disposed at one or more suitable places in

the drilling assembly 255.
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The drilling assembly 255, like the drilling assembly 80 shown in FIG. 1,
may include any number of devices and sensors to perform other functions and
provide the required data about the various types of parameters relating to the
drilling system described herein. The drilling assembly 255 preferably includes a
resistivity device for determining the resistivity of the formations surrounding the
drilling assembly, other formation evaluation devices, such as porosity and
density devices (not shown), a directional sensor 271 near the upper end 257a
and sensors for determining the temperature, pressure, fluid flow rate, weight on
bit, rotational speed of the drill bit, radial and axial vibrations, shock, and whirl.
The drilling assembly may also include position sensitive sensors for determining
the drill string position relative to the borehole walls. Such sensors may be
selected from a group comprising acoustic stand off sensors, calipers,

electromagnetic, and nuclear sensors.

The drilling assembly 255 preferably includes a number of non-magnetic
stabilizers 276 near the upper end 257a for providing lateral or radial stability to
the drill string during drilling operations. A flexible joint 278 is disposed between
the section 280 containing the various above-noted formation evaluation devices
and the non-rotating sleeve 262. The drilling assembly 256 which includes a
control unit or circuits having one or more processors, generally designated
herein by numeral 284, processes the signals and data from the various
downhole sensors. Typically, the formation evaluation devices include dedicated

electronics and processors as the data processing need during the drilling can
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be relatively extensive for each such device. Other desired electronic circuits are
also included in the section 280. The processing of signals is performed
generally in the manner described below in reference to FIG. 4. A telemetry
device, in the form of an electromagnetic device, an acoustic device, a mud-
pulse device or any other suitable device, generally designated herein by
numeral 286 is disposed in the drilling assembly 255 at a suitable place.

FIG. 4 shows a block circuit diagram of a portion of an exemplary circuit
that may be utiized to perform signal processing, data analysis and
communication operations relating to the motor sensor and other drill 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, drill bit sensors 50a, WOB sensor 152 or 162' 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 analog-to-digital (A/D) converter which
provides a digital output corresponding to its respective input signal. The
digitized sensor data is passed to a data bus 210. A micro-controller 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 micro-controller 220 for downhole storage of the processed

data. The micro-controlier 220 communicates with other downhole circuits via an

-32-



10

15

20

WO 97/15749

PCT/US96/17106

input/output (1/0) circuit 226 (telemetry). The processed data is sent to the
surface control unit 40 (see FIG. 1) via the downhole telemetry 72. For example,
the micro-controller 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 micro-controller 220 may be programmed to (a) record the sensor
data in the memory 222 and facilitate communication of the data uphole, (b)
perform analyses of the sensor data to compute answers and detect adverse
conditions, (c) actuate downhole devices to take corrective actions, (d)
communicate information to the surface, (f) transmit command and/or alarm
signals uphole to cause the surface control unit 40 to take certain actions, (g)
provide to the drilling operator information for the operator to take appropriate
actions to control the drilling operations.

FIG. 5 shows a preferred block circuit diagram for processing signails from
the various sensors in the DDM device 59 (FIG. 1) and for telemetering the
severity or the relative level of the associated drilling parameters computed
according to programmed instructions stored downhole. As shown in FIG.2, the
analog signals relating to the WOB from the WOB sensor 402 (such as a strain
gauge) and the torque-on-bit sensor 404 (such as a strain gauge) are amplified
by their associated strain gauge amplifiers 402a and 404a and fed to a digitally-
controlled amplifier 405 which digitizes the amplified analog signals and feeds

the digitized signals to a multiplexer 430 of a CPU circuit 450. Similarly, signals
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from strain gauges 406 and 408 respectively relating to orthogonal bending
moment components BMy and BMx are processed by their associated signal
conditioners 406a and 408a, digitized by the digitally-controlled amplifier 405 and
then fed to the multiplexer 430. Additionally, signals from borehole annulus
pressure sensor 410 and drill string bore pressure sensor 412 are processed by
an associated signal conditioner 410a and then fed to the multiplexer 430.
Radial and axial accelerometer sensors 414, 416 and 418 provide signals
relating to the BHA vibrations, which are processed the signals conditioner 414a
and fed to the multiplexer 430. Additionally, signals from magnetometer 420,
temperature sensor 422 and other desired sensors 424, such as a sensor for
measuring the differential pressure across the mud motor, are processed by their
respective signal conditioner circuits 420a-420c and passed to the multiplexer
430.

The multiplexer 430 passes the various received signals in a
predetermined order to an analog-to-digital converter (ADC) 432, which converts
the received analog signals to digital signals and passes the digitized signals to a
common data bus 434. The digitized sensor signals are temporarily stored in a
suitable memory 436. A second memory 438, preferably an erasable
programmable read only memory (EPROM) stores algorithms and executable
instructions for use by a central processing unit (CPU) 440. A digital signal
processing circuit 460 (DSP circuit) coupled to the common data bus 434

performs majority of the mathematical calculations associated with the
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processing of the data associated with the sensors described in reference to FIG.
2. The DSP circuit includes a microprocessor for processing data, a memory 464,
preferably in the form of an EPROM, for storing instructions (program) for use by
the microprocessor 462, and memory 466 for storing data for use by the
microprocessor 462. The CPU 440 cooperates with the DSP circuit via the
common bus 434, retrieves the stored data from the memory 436, processes
such according to the programmed instructions in the memory 438 and transmits
the processed signals to the surface control unit 40 via a communication driver
442 and the downhole telemetry 72 (FIG. 1).

The CPU 440 is preferably programmed to transmit the values of the
computed parameters or answers. The value of a parameter defines the relative
level or severity of such a parameter. The value of each parameter is preferably
divided into a plurality of levels (for example 1-8) and the relative level defines
the severity of the drilling condition associated with such a parameter. For
example, levels 1-3 for bit torque on bit may be defined as acceptable or no
dysfunction, levels 4-6 as an indication of some dysfunction and levels 7-8 as an
indication of a severe dysfunction. The severity of other drilling parameters is
similarly defined. Due to the severe data transmission rate constraints, the CPU
440 is preferably programmed to transmit uphole only the severity level of each
of the parameterr The CPU 440 may also be programmed to rank the
dysfunctions in order of their relative negative effect on the drilling performance

or by any other desired criterion and then to transmit such dysfunction
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information in that order. This allows the operator or the system to correct the
most severe dysfunction first. Altemately, the CPU 440 may be programmed to
transmit signals relating only to the dysfunctions along with the average values of
selected downhole parameters, such as the downhole WOB, downhole torque on
bit, differential pressure between the annulus and the drill string. No signal may
imply no dysfunction.

The present invention provides a model or program that may be utilized
with the computer of the surface control unit 40 for displaying the severity of the
downhole dysfunctions, determining which surface-controlled parameters should
be changed to alleviate such dysfunctions and to enable the operator to simulate
the effect of changes in an accelerated mode prior to the changing of the surface
controlled parameters. The present invention also provides a model for use on a
computer that enables an operator to simulate the drilling conditions for a given
BHA device, borehole profile (formation type and inclination) and the set of
surface operating parameters chosen. The preferred model for use in the
simulator will be described first and then the online application of certain aspects
of such a model with the drilling system shown in FIG. 1.

FIG. 6 show a functional block diagram of the preferred model 500 for use
to simulate the downhole drilling conditions and for displaying the severity of
drilling dysfunctions, to determine which surface-controlled parameters should be
changed to alleviate the dysfunctions. Block 510 contains predefined functional

relationships for various parameters used by the model for simulating the
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downhole drilling operations. Such relationships are more fully described later
with reference to FIG. 7. Referring back to FIG. 6, well profile parameters 5§12
that define drillability factors through various formations are predefined and
stored in the model. The well profile parameters 512 include a drillability factor
or a relative weight for each formation type. Each formation type is given an
identification number and a corresponding drillability factor. The drillability factor
is further defined as a function of the borehole depth. The well profile
parameters 512 also include a friction factor as a function of the borehole depth,
which is further influenced by the borehole inclination and the BHA geometry.
Thus, as the drilling progresses through the formation, the model continually
accounts for any changes due to the change in the formation and change in the
borehole inclination. Since the drilling operation is influenced by the BHA
design, the model is provided with a factor for the BHA used for performing the
drilling operation. The BHA descriptors 514 are a function of the BHA design
which takes into account the BHA configuration (weight and length, etc.). The
BHA descriptors 514 are defined in terms of coefficients associated with each
BHA type, which are described in more detail later.

The drilling operations are performed by controliing the WOB, rotational
speed of the drili string, the drilling fluid flow rate, fluid density and fluid viscosity
so as to optimize the drilling rate. These parameters are continually changed
based on the drilling conditions to optimize drilling. Typically, the operator

attempts to obtain the greatest drilling rate or the rate of penetration or "ROP"
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with consideration to minimizing drill bit and BHA damage. For any combination
of these surface-controlled parameters, and a given type of BHA, the model 500
determines the value of selected downhole drilling parameters and the condition
of BHA. The downhole drilling parameters determined include the bending
moment, bit bounce, stick-slip of the drill bit, torque shocks, BHA whirl and lateral
vibration. The model may be designed to determine any number of other
parameters, such as the drag and differential pressure across the drill motor.
The model also determines the condition of the BHA, which includes the
condition of the MWD devices, mud motor and the drill bit. The output from the
box 510 is the relative level or the severity of each computed downhole drilling
parameter, the expected ROP and the BHA condition. The severity of the
downhole computed parameter is displayed on a display 516, such as a monitor.
The severity of the computed parameters defines the dysfunctions.

The model preferably utilizes a predefined matrix 519 to determine a
corrective action, i.e., the surface controlled parameters that should be changed
to alleviate the dysfunctions. The determined corrective action, ROP, and BHA
condition are displayed on the display 516. The model continually updates the
various inputs and functions as the surface-controlled drilling parameters and the
wellbore profile are changed and recomputes the drilling parameters and the
other conditions as described above.

FIG. 7 shows a functional block flow diagram of the interrelationship of

various stored and computed parameters utilized by the model of the present
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invention for simulating the downhole drilling parameters and for determining the
corrective actions to alleviate any dysfunctions. The surface control parameters
are divided into desired levels or groups, the first or the highest level includes
WOB, RPM and the flow rate. Such parameters can readily be changed during
the drilling operation. The next level includes parameters such as the mud
density and mud viscosity, which require a certain amount of time and
preparation before they can be changed and their effect realized. The next level
may contain aspects such as changing the BHA configuration, which typically
require retrieving the drill string from the borehole and modifying or replacing the
BHA and/or drill bit .

Still referring to FIG. 7, the well profile tables 615 contain information
about the characteristics of the well that affect the dynamic behavior of the
drilling column and its composite parts during the drilling operations. The
preferred parameters include lithological factors (which in tumn affect the
drillability as a function of the borehole depth), a friction factor as a function of the
borehole depth and the BHA inclination. The lithology factor is defined as:

Kun = f(h)
where K, is the normalized coefficient of lithology and h is the current depth.
This parameter defines the rock drillability, i.e., it has a direct affect on the ROP.

The friction factor Keic is the composite part of the friction coefficient
between the drill string and the wellbore defined by the mechanical properties of

the formation being drilled and may be specified as:
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Kisic = f(h).

The inclination as a function of the wellbore depth defines what is referred
to as the "dumping factor” for axial, lateral and torsional vibrations, as well as the
integrated friction force between the drill string and the wellbore. The inclination
effect may be expressed as:

A =1(h).

The other functions defined for the system relate to the BHA behavior
downhole. The purpose of these functions is to define the functional relationship
between various parameters describing the BHA behavior. An assumption made
is that for a particular bit run simulated by the model, the BHA and drill string
configurations are clearly defined, i.e., the critical frequencies for the lateral, axial
and torsional vibrations (as a function of the depth) are expressly determined.
The quality factor for the resonance curves is assumed to be constant.

The major functions describing the resonance behavior of the BHA/drill
string used described below.

Torsional oscillation amplitude (normalized) A, (referred herein as stick-
slip) is defined as function of the surface RPM, i.e.:

A, = f(RPM)

where central resonance frequency F, «r Of the function is a function of the

20 current depth h, which may be expressed as:

F. =f(h)
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Whirt amplitude (normalized) Awnd is defined as follows:

Avnia = f(RPM)
whose central resonance frequency F, i« is equal to the critical lateral frequency.

The axial vibration amplitude (normalized) A pna also is defined as a
function of the RPM.

A una = f(RPM)
where the central resonance frequency F o, is equal to the BHA axial critical
frequency.

Typically, the above three functions can be approximated by the Hanning-
like normalized curves. The position of each curve on the RPM axis is defined by
the central resonance frequency, while the widths are defined by dumping factors
for the corresponding resonance phenomena.

The other parametric functions defined are:

Coefficient of lubrication A . @s a function of fluid flow rate Q and
viscosity K visc:

A e = (Q, K yisc)

Coefficient of drill string/BHA bending K wens @ @ function of surface
computed weight on bit WOB ..+

K pend = f(WOB_guun)

the above two functions are normalized to 1.0.

Referring back to FIG. 7, the system determines the rate of penetration

ROP as a function of the various parameters. The bending moment 620 is
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determined from the WOB and Keens 642. To determine the bit bounce 262, the
system determines the true downhole average WOB by performing weight loss
calculations 644 based on the Keic and Kuna. The true downhole average WOB
subtracted from the WOB 602 provides the weight loss or drag. The bit bounce
is determined by performing WOB diagnosis based on the WOB wave form
affected by Agua 650. BHA whirl 626 is determined by performing whirl diagnosis
as a function of the flow rate, mud density, mud viscosity, K, and Awna. Lateral
vibration 638 is determined from Ky 662, which is a function of the RPM 604 and
whirl 656, and the bending diagnosis. To determine the stick slip 624, the
system determines the RPM wave form 652 from A,, 646 and RPM 604 and then
performs stick-slip diagnosis as a function of true downhole average WOB, RPM
wave form 652, Keie, mud density 608, mud viscosity 610, and flow rate 606.
Torque shock 658 is determined by performing torque diagnosis as a function of
the WOB wave form and stick-slip 624.

Each downhole parameter output from the system shown in FIG. 1 has a
plurality of levels, preferably eight, which enables the system to determine the
severity level of each such parameter and thereby the associated dysfunction
based on predefined criteria. As noted earlier, the system also contains
instructions, preferably in the form of a matrix 519 (FIG. 6), which is used to
determine the nature of the cormrective action to be displayed for each set of

dysfunctions determined by the system.
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Also, the system determines the condition of the BHA assembly used for
performing drilling operations. The system preferably determines the condition of
the MWD devices, mud motor and drill bit. The MWD condition is determined as
a function of the cumulative drilling time on the MWD, K, Kwhia @nd bit bounce.
The mud motor condition is determined from the cumulative drilling time, stick-
slip, bit bounce Kunis, Kiat @and torque shocks. The drill bit condition is determined
from bit bounce, stick slip, torque shocks and the cumulative drilling time. The
condition of each of the elements is normalized or scaled from 100-0, where 100
represents the condition of such element when it is new. As the drilling
continues, the system continuously determines the condition and displays it for
use by the operator.

Any desired display format may be utilized for the purpose displaying
dysfunctions and any other information on the display 42. FIGS. 8a-b show
examples of the preferred display formats for use with the system of the present
invention. The downhole computed parameters of interest for which the severity
level is desired to be displayed contain multiple levels. FIG. 8a shows such
parameters as being the drag, bit bounce, stick slip, torque shocks, BHA whirl,
buckling and lateral vibration, each such parameter having eight levels marked 1-
8. It should be noted that the present system is neither limited to nor requires
using the above-noted parameters nor any specific number of levels. The
downhole computed parameters RPM, WOB, FLOW (drilling fluid flow rate) mud

density and viscosity are shown displayed under the header "CONTROL
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PANEL" in block 754. The relative condition of the MWD, mud motor and the
drill bit on a scale of 0-100%, 100% being the condition when such element is
new, is displayed under the header "CONDITION" in block 756. Certain surface
measured parameters, such as the WOB, torque on bit (TOB) , drill bit depth and
the drilling rate or the rate of penetration are displayed in block 758. Additional
parameters of interest, such as the surface drilling fluid pressure, pressure loss
due to friction are shown displayed in block 760. Any corrective action
determined by the system is displayed in block 762.
FIG. 8b shows an altemative display format for use in the present system.
The difference between this display and the display shown in FIG. 8a is that
downhole computed parameter of interest that relates to the dysfunction contains
three colors, green to indicate that the parameter is within a desired range,
yellow to indicate that the dysfunction is present but is not severe, much like a
waming signal, and red to indicate that the dysfunction is severe and should be
corrected. As noted earlier, any other suitable display format may be devised for
use in the present invention.
in addition to the continuous displays shown in FIGS. 8a-b, the system
also is programmed to display on command historical information about selected
parameters. Preferably a moving histogram is provided for behavior of certain
selected parameters as a function of the drilling time, borehole depth and
lithology showing the dynamic behavior of the system during normal operations

and as the corrective actions are applied.
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Although the general objective of the operator in drilling wellbores is to
achieve the highest ROP, such criterion, however, may not produce optimum
drilling. For example, it is possible to drill a wellbore more quickly by drilling at
an ROP below the maximum ROP but which enables the operator to drill for
longer time periods before the drill string must be retrieved for repairs. The
system of the present invention displays a three dimensional color view showing
the extent of the drilling dysfunctions as a function of WOB, RPM and ROP. FIG.
8c shows an example of such a graphical representation. The RPM, WOB and
ROP are respectively shown along the x-axis, y-axis and z-axis. The graph
shows that higher ROP can be achieved by drilling the wellbore corresponding to
the area 670 compared to driling corresponding to the area 672. However, the
area 670 shows that such drilling is accompanied by severe (for example red)
dysfunctions compared to the area 672, wherein the dysfunctions are within
acceptable ranges (yellow). The system thus provides continuous feedback to
the operator to optimize the drilling operations.

FIG. 8d is an altemative graphical representation of drilling parameters,
namely WOB and drill bit rotational speed on the ROP for a given set of drill bit
and wellbore parameters. The values of each such parameter are normalized in
a predetermined scale, such as a scale of one to ten shown in FIG.8d. The
driller inputs the value for each such parameter that most closely represents the
actual condition. In the example of FIG. 8d, the parameters selected and their

corresponding values are: (a) the type of BHA utilized for drilling has a relative
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value seven 678; (b) the type of drill bit employed has a relative value six 677 on
the drill bit scale ; (c) the depth interval has a relative value three 679; (d) the
lithology or the formation through which drilling is taking place is six 681; and (e)
the BHA inclination relative value is eight 683. It should be noted that other
parameters may also be utilized. The simulator of the present invention utilizes a
predefined data base and models. The data base may include information from
the current well being drilled, offset wells, wells in the field being developed and
any other relevant information. A synthetic example of the effect of the selected
parameters on the ROP as a function of the WOB and RPM is shown in FIG. 8d,
which is presented on a screen. The WOB is shown along the vertical axis and
the RPM along the horizontal axis. Green circles 685, indicate safe operating
conditions, yellow circles 686 indicate unacceptable operating conditions, and
uncolored circles 688 indicate marginal or cautionary conditions. The size of the
circle indicates the operating range corresponding to that condition. The system
may be programmed to provide a three dimensional view. The example of FIG.
8d utilizes two variable, namely WOB and RPM. The system may be an n-
dimensional system, wherein n is greater than two and represents the number of
variables.

For performing simulation, the system of the present invention contains
one or more models that are designed to determine a number of different
dysfunctions scenarios as a function of the surface controlled parameters, well

bore profile parameters and BHA parameters defined for the system. The
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system continually updates the model based on the changing drilling conditions,
computes the corresponding dysfunctions, displays the severity of the
dysfunctions and values of other selected drilling parameters and determines the
corrective actions that should be taken to alleviate the dysfunctions. The
presentation may be scaled in time such that the time can be made to appear
real or accelerated to give the user a feeling of the actual response time for
correcting the dysfunctions. All corrections for the simulator can be made
through a control panel that contains the surface controlied parameters. An
adjustment made in the proper direction to the surface controlled parameters as
recommended by the corrective action or "advice" should cause the system to
retum to normal operation and remove the dysfunctions in a controlled manner to
appear as in the real drilling environment. The display shows the effect, if any, of
a change made in the surface controlled parameter on each of the displayed
parameters. For example, if the change in WOB results in a change in the bit
bounce from an abnormal (red) condition to a more acceptable condition (yellow),
then the system automatically will reflect such a change on the display, thereby
providing the user with an instant feed back or selectively delayed response of
the effect of the change in the surface controlled parameter.

Thus, in one aspect, the present invention senses drilling parameters
downhole and determines therefrom dysfunctions, if any. It quantifies the
severity of each dysfunction, ranks or prioritizes the dysfunctions, and transmits

the dysfunctions to the surface. The severity level of each dysfunction is
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displayed for the driller and/or at a remote location, such as a cabin at the drill
site. The system provides substantially online suggested course of action, i.e.,
the values of the drilling parameters (such as WOB, RPM and fluid flow rate) that
will eliminate the dysfunctions and improve the drilling efficiency. The operator at
the drill rig or the remote location may simulate the operating condition, i.e., look
ahead in time, and determine the optimum course of action with respect to values
of the drilling parameters to be utilized for continued drilling of the wellbore. The
models and data base utilized may be continually updated during drilling.

In many cases, especially offshore, multiple wellbores are drilled from a
single platform or location, each such wellbore having a predefined well profile
(borehole size and wellpath). The information gathered during the first wellbore,
such as the type of drill bit that provided the best drilling results for a given type
of rock formation, the bottomhole assembly configuration, including the type of
mud motor used, the severity of dysfunctions at different operating conditions
through specific formations, the geophysical information obtained relating to
specific subsurface formations, etc., is utilized to develop drilling strategy for
drilling subsequent wellbores. This may entail altering the drilling assembly
configuration, utilizing different drill bits for different formations, utilizing different
ranges for weight on bit, rotational speed and drilling fluid flow rates, and utilizing
different viscosity fluid compared to utilized for drilling prior wellbores. This

leaming process and updating process is continued for drilling any subsequent
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wellbores. The above-noted information also is utilized to update any models
utilized for drilling subsequent wellbores.

Thus far the description has related to the specific preferred embodiments
of the drilling system according to the present invention and some of the
preferred modes of operation. However, the overall drilling objective is to provide
an automated closed-loop drilling system and method for drilling oilfield wellbores
with improved efficiency, i.e. at enhanced drilling speeds (rate of penetration)
and with enhanced drilling assembly life. In some cases, however, the wellbore
can be drilled in a shorter time period by choosing slower ROP's because drilling
at such ROP's can prevent bottomhole assembly failures and reduce drill bit
wear, thereby allowing greater drilling time between repairs and drill bit
replacements. The overall operation of the drilling system of the present
invention will now be described while referring to the general tool configuration of
FIG. 9 and the block functional diagram of FIG. 10.

Referring generally to FIGS. 1-9 and particularly to FIG. 9, the drilling
system of the present invention contains sources for controlling drilling
parameters, such as the fluid flow rate, rotational speed of the drill bit and weight
on bit, surface control unit with computers for manipulating signals and data from
surface and downhole devices and for controlling the surface controlled driliing
parameters and a downhole drilling tool or assembly 800 having a bottom hole
assembly (BHA) and a drill bit 802. The drill bit has associated sensors 806a for

determining drill bit wear, drill bit effectiveness and the expected remaining life of
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the drill bit 802. The bottomhole assembly 800 includes sensors for determining
certain operating conditions of the drilling assembly 800. The tool 800 further
includes: (a) desired direction control devices 804, (b) device for controlling the
weight on bit or the thrust force on the bit, (c) sensors for determining the
position, direction, inclination and orientation of the bottomhole assembly 800
(directional parameters), (d) sensors for determining the borehole condition
(borehole parameters), (e) sensors for determining the operating and physical
condition of the tool during drilling (drilling assembly or tool parameters), (f)
sensors for determining parameters that can be controlled to improve the drilling
efficiency (drilling parameters), (g) downhole circuits and computing devices to
process signals and data downhole for determining the various parameters
associated with the drilling system 100 and causing downhole devices to take
certain desired actions, (h) a surface control unit including a computer for
receiving data from the drilling assembly 800 and for taking actions to perform
automated drilling and communicating data and signals to the drilling assembly,
and (h) communications devices for providing two-way communication of data
and signals between the drilling assembly and the surface. One or more models
and programmed instructions (programs) are provided to the drilling system 100.
The bottom hole assembly and the surface control equipment utilize information
from the various sensors and the models to determine the drilling parameters that
if used during further drilling will provide enhanced rates of penetration and

extended tool life. The drilling system can be programmed to provide those
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values of the drilling parameters that are expected to optimize the drilling activity
and continually adjust the drilling parameters within predetermined ranges to
achieve such optimum drilling, without human intervention. The drilling system
100 can also be programmed to require any degree of human intervention to
effect changes in the drilling parameters.

The drilling assembly parameters include bit bounce, stick-slip of the
BHA, backward rotation, torque, shock, BHA whirl, BHA buckling, borehole and
annulus pressure anomalies, excessive acceleration, stress, BHA and drill bit
side forces, axial and radial forces, radial displacement, mud motor power output,
mud motor efficiency, pressure differential across the mud motor, temperature of
the mud motor stator and rotor, drill bit temperature, and pressure differential
between drilling assembly inside and the wellbore annulus. The directional
parameters include the drill bit position, azimuth, inclination, drill bit orientation,
and true x, y, and z axis position of the drill bit. The direction is controlled by
controlling the direction control devices 804, which may include independently
controlled stabilizers, downhole-actuated knuckle joint, bent housing, and a bit
orientation device.

The downhole tool 800 includes sensors 809 for providing signals
corresponding to borehole parameters, such as the borehole temperature and
pressure. Drilling parameters, such as the weight on bit, rotational speed and the
fluid flow rate are determined from the drilling parameter sensors 810. The tool

800 includes a central downhole central computing processor 814, models and
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programs 816, preferably stored in a memory associated with the tool 800. A
two-way telemetry 818 is utilized to provide signals and data communication
between the tool 800 and the surface.

FIG. 10 shows the overall functional relationship of the various aspects of
the drilling systems 100 described above. To effect drilling of a borehole, the tool
800 (FIG. 9) is conveyed into borehole. The system or the operator sets the
initial drilling parameters to start the drilling. The operating range for each such
parameter is predefined. As the drilling starts, the system determines the BHA
parameters 850, drill bit parameters 852, borehole parameters 856, directional
parameters 854, drilling parameters 858, surface controlled parameters 860,
directional parameters 880b, and any other desired parameters 880c. The
processors 872 (downhole computer or combination of downhole and surface
computers) utilizes the parameters and measurement values and processes
such values utilizing the models 874 to determine the drilling parameters 880a,
which if used for further drilling will result in enhanced drilling rate and or
extended tool life. As noted earlier, the operator and or the system 100 may
utilize the simulation aspect of the present invention and look ahead in the
drilling processor and then determine the optimum course of action. The result of
this data manipulation is to provide a set of the drilling parameter and directional
parameters 880a that will improve the overall drilling efficiency. The drilling
system 800 can be programmed to cause the control devices associated with the

drilling parameters, such as the motors for rotational speed, drawworks or
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thrusters for WOB, fluid flow controliers for fluid flow rate, and directional devices
in the drill string for drilling direction, to automatically change any number of such
parameters. For example, the surface computer can be programmed to change
the drilling parameters 892, including fluid flow rate, weight on bit and rotational
5 speed for rotary applications. For coiled-tubing applications, the fiuid flow rate
can be adjusted downhole and/or at the surface depending upon the type of fluid
control devices used downhole. The thrust force and the rotational speed can be
changed downhole. The downhole adjusted parameters are shown in box 890.
The system can alter the drilling direction 896 by manipulating downhole the

10 direction control devices. The changes described can continually be made
automatically as the drilling condition change to improve the drilling efficiency.
The above-described process is continually or periodically repeated, thereby
providing an automated closed loop drilling system for drilling oilfield wellbores
with enhanced drilling rates and with extended drilling assembly life 898.

15 The system 800 may also be programmed to dynamically adjust any model or
data base as a function of the drilling operations being performed. As noted
earlier, the system models and data 874 are also modified based on the offset
well, other wells in the same field and the current well being drilled, thereby
incorporating the knowledge gained from such sources into the modeis for drilling

20 future wellbores.
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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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WHAT IS CLAIMED IS:

1. An automated drilling system for drilling oilfield wellbores at enhanced

rates of penetration and with extended life of drilling assembly, comprising:

C)

(b)

()

(d)

(e)

(f)

(9

(h)

(i)

0)

a tubing adapted to extend from the surface into the wellbore;

a drilling assembly comprising a drill bit at an end thereof and a
plurality of sensors for detecting selected drilling parameters and
generating data representative of said drilling parameters;

a computer comprising at least one processor for receiving signals
representative of said data;

a force application device for applying a predetermined force on
the drill bit within a range of forces;

a force controller for controlling the operation of the force
application device to apply the predetermined force;

a source of drilling fluid under pressure at the surface for supplying
a drilling fluid

a fluid controlier for controlling the operation of the fluid source to
supply a desired predetermined pressure and flow rate of the
drilling fluid;

a rotator for rotating the bit at a predetermined speed of rotation
within a range of rotation speeds;

receivers associated with the computer for receiving agnate
signals representative of the data;

transmitters associated with the computer for sending control
signals directing the force controller, fluid controller and rotator

controller to operate the force application device, source of drilling
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fluid under pressure and rotator to achieve enhanced rates of

penetration and extended drilling assembly life.

2. The automated drilling system of claim 1, wherein the force application
device comprises a rotary rig at the surface, with the rotary rig further supplying

tubing as necessary for continued drilling operations.

3. The automated drilling system of claim 1, wherein the force application
device comprises a coiled tubing rig at the surface, with the coiled-tubing rig

further supplying tubing as necessary for continued drilling operations.

4, The automated drilling system of claim 1, wherein the force application
device comprises thruster downhole associated with the drilling assembly and a
wellbore engagement device for selectively engaging the sidewall of the wellbore
on application of thrust force by the thruster, with the processor signaling a rig at

the surface to supply tubing as necessary for continued drilling operations.

5. The automated drilling system of claim 1, wherein the rotator is a rotary rig
at the surface.
6. The automated drilling system of claim 1, wherein the rotator is a motor

downhole on the tubing driven by the fluid under pressure supplied from a

source at the surface.
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7. The automated drilling system of claim 1, wherein the rotator comprises

an electric motor.

8. The automated drilling system of claim 1, wherein the computer is located

at least in part downhole.

9. The automated drilling system of claim 1, wherein the drilling assembly
further comprises formation evaluation sensors on the drilling assembly for
detecting downhole formation parameters and generating data representative of
the formation parameters, and a direction control device on the tubing for
steering the drilling assembly toward a desired formation, with the computer
receiving the data and generating control signals for controlling the operation of

the direction control device.

10. The automated drilling system of claim 1, wherein the transmitters
communicate via media selected from the group comprising electro-magnetic,

tubing acoustic, fluid acoustic, mud pulse, fiber optics, and electric conductor.

11.  The automated drilling system of claim 1, wherein the sensor measure
downhole parameters selected from the group comprising bit bounce. torque,

shock, lateral vibration, stick-slip, whirl, bending moment, and drill bit condition.

12.  The automated drilling system of claim 1, wherein the downhole sensor
are selected from the group comprising pressure sensor, an accelerometer,

magnetometer, gyroscopes, temperature sensor and force on bit sensors.
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13.  An automated method for drilling an oilfield wellbore with a drilling system

having a drilling assembly having a drill bit at an end thereof at enhanced drilling

rates and with extended drilling assembly life, said drilling assembly conveyable

with a tubing into the wellbore, said drilling assembly containing a plurality of

downhole sensors for determining parameters relating to the formations

surrounding the wellbore and the condition of the drilling assembly elements,

comprising:

(@)

(b)

()

(d)

(e)

conveying the drilling assembly with the tubing into the wellbore for
further drilling the wellbore;

initiating drilling of the wellbore with the drilling assembly utilizing a
plurality known initial drilling parameters;

determining from the downhole sensors during driling of the
wellbore parameters relating to the condition of the drilling
assembly;

providing a model for use by the drilling system to compute new
value for the drilling parameters that when utilized for further
drilling of the wellbore will provide driling of the wellbore at an
enhanced drilling rate and with extended drilling assembly life; and
further drilling the wellbore utilizing the new values of the drilling

parameters.
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14. The automated method of drilling an oilfield wellbore according to claim
13, wherein the drilling parameters are selected from the group comprising rate
of penetration, drilling fluid rate, weight on bit, rotational speed of the drill bit,

thrust force on the drill bit, and the drilling fluid viscosity.

15. The automated method of drilling an oilfield wellbore according to claim
13, wherein the parameters relating to the physical condition of the drilling
assembly are selected from the group comprising bit bounce, torque, shock,
lateral vibration, axial vibration, radial force on the drilling assembly, stick-slip,

whirl, bending moment, drill bit condition, bit bounce, whirl, and axial force on the

drilling assembly.

16. The automated method of drilling an oilfield wellbore according to claim
13, wherein the downhole sensors are selected from the group comprising a
temperature sensor, pressure sensor, vibration sensor, sensor for determining
wear of the drill bit, pressure sensor for determining pressure drop across a mud
motor, sensor for determining the rotational speed of the drill bit, fluid flow rate
sensor, shock sensor, sensor for determining whirl, sensor for determining axial
vibration, sensor for determining radial vibration, resistivity sensor, gamma ray

sensor, and acoustic sensor.

17.  The automated method of drilling an oilfield wellbore according to claim 1,
wherein the models include a model for relating to determining dysfunction of a

selected member of the drill string during drilling operations.
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18.  The automated method of drilling an oilfield wellbore according to claim
13, wherein the models include a look-up table which provides drilling parameter
values corresponding to parameters relating to the physical condition of the

drilling assembly.

19.  The automated method of drilling an oilfield wellbore according to claim
13, wherein the drilling system automatically changes the drilling parameters to

the new parameter values for performing continued drilling.

20.  The automated method of drilling an oilfield wellbore according to claim

13 further comprising periodically repeating steps (c) through (e).

21.  The automated method of drilling an oilfield wellbore according to claim
13 further comprising:
(i) determining the position of the drilling assembly in the wellbore
during drilling;
()  comparing the determined position with a preexisting desired
position to determine the difference between said positions; and
(i)  changing the drilling direction when the difference is greater than a

predetermined value.

22.  The automated method of drilling an oilfield wellbore according to claim 1

wherein a control unit in the drilling assembly causes a directional device in the

drilling assembly to change the driliing direction.
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23.  An automated method for drilling an oilfield wellbore with a drilling system

having a drilling assembly having a drill bit at an end thereof at enhanced drilling

rates and with extended drilling assembly life, said drilling assembly conveyable

with a tubing into the wellbore and having a plurality of downhole sensors for

determining parameters relating to the formations surrounding the wellbore and

the physical condition of the drilling assembly elements, comprising:

(@)

(b)

(c)

(d)

(e)

conveying the drilling assembly with the tubing into the wellbore for
further drilling the wellbore,

initiating drilling of the wellbore with the drilling assembly utilizing a
plurality known initial drilling parameters;

determining from the downhole sensors during drilling of the
wellbore parameters relating to the physical condition of the drilling
assembly and the formation surrounding the drilling assembly;
providing models associated with the driling system and
combining the determined parameters with said models to compute
new value for the drilling parameters in the plurality of parameters
that when utilized for further drilling the welibore will provide drilling
of the wellbore at an enhanced drilling rate and with extended
drilling assembly life; and

further drilling the wellbore utilizing the new values of the drilling

parameters.
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24.  An automated drilling system for drilling oilfield wellbores at enhanced

rates of penetration and with extended life of drilling assembly, comprising:

(a)

(b)

(c)

(d)

(e)

(f)

(9)

(h)

a drilling assembly having a drill bit, said drilling assembly adapted
to be conveyed by a tubing into the wellbore from the surface:

a force application device for applying a predetermined force on
the drill bit within a range of forces:;

a force controller for controling the operation of the force
application devise to apply the predetermined force;

a source of drilling fluid under pressure at the surface for supplying
a drilling fluid;

a fluid controller for controlling the operation of the fluid source to
supply a desired predetermined pressure and flow rate of the
drilling fluid;

a rotator for rotating the bit at a predetermined speed of rotation
within a range of rotation speeds;

a plurality of sensors for detecting selected drilling assembly
parameters during the drilling operations and generating data
representative of said drilling assembly parameters;

a computer comprising at least one processor, said computer
determining from the generated data and at least one model
provided to the computer drilling parameters that will yield
enhanced drilling rate and extended drilling assembly life, said
computer further causing the force controller, fluid controller and
rotator controller to operate the force application device, source of

drilling fluid under pressure and rotator to operate in accordance
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with the computed drilling parameters to achieve enhanced rates of

penetration and extended drilling assembly life.

25. A system for drilling boreholes, comprising:
(@)  adrill string having a drill bit at a bottom end;
(b) abottom hole assembly (BHA) for providing data representative of
the values of selected downhole drill string parameters; and
(¢) a surface control unit for receiving the data, displaying
dysfunctions relating to said drill string parameters and determining

a corrective action for alleviating said dysfunctions.

26. The apparatus as specified in claim 25, wherein the downhole drill string
parameters are selected from a group comprising torque, shock, vibration,

bending moment, whirl, stick-slip, and bit bounce.

27. The apparatus as specified in claim 25, wherein the surface control unit

includes a computer having a model associated therewith.

28. The apparatus as specified in claim 27, wherein the computer determines
the corrective action based on a predefined matrix of values contained in the
model and displays the dysfunctions and the corrective action on a display

associated with the surface control unit.
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29.  Adrilling system for drilling oilfield wellbores, comprising:

@)

(b)

5
()
10 (d)
(f)

15

a drill string having a drilling assembly comprising a drill bit at an
end for drilling the wellbores

a plurality of sensors in the drill string for detecting motion of the
drill string along predefined directions and generating signals
corresponding to the detected motions:

a processor in the drill string, said processor calculating
parameters relating to selected operating conditions of the drill
string and determining the severity of such computed parameters;
a transmitter associated with the drill string for transmitting data to
the surface comesponding to the severity of the computed
parameters; and

a computer at the surface, said computer receiving said data,
displaying the severity of the computed parameters and
determining a set of drilling parameters which when used for
further drilling of the wellbore will enhance the drilling rate and

extend the operating life of the drill string.

30. A system for simulating borehole drilling conditions for a given bottom

20 hole assembly (BHA) and a borehole profile , said simulator comprising:

(@)
(b)

(c)
25

a computer,;

a memory associated with said computer for storing therein
programmed instructions; and

a model associated with said computer, said model having defined

therein parameters relating to the BHA and the borehole profile,
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said computer utilizing the model for determining dysfunctions
relating to the BHA for a given set of surface-controlled

parameters, said computer further determining a corrective action

for alleviating said dysfunction.

31. The apparatus as specified in claim 30, wherein the computer displays the

dysfunctions and the corrective action on a display.

32. The apparatus as specified in claim 31, wherein the computer displays the

severity level of each said dysfunction.

33. A method of drilling a wellbore utilizing a drill string having a drill bit at an
end thereof, comprising:
(a) making a plurality of measurements relating to the motion of the
drill string during drilling;
(b)  determining downhole a plurality of drill string parameters from the
plurality of measurements;
(c) transmitting data to the surface corresponding to the severity of the
drill string parameters;
(d) determining at the drilling parameters that will alleviate the
dysfunctions for further drilling of the wellbore; and

(e) continuing drilling by adjusting the drilling parameters.

-65-



WO 97/15749

PCT/US96/17106

1/16
10
\ TO
DRAWWORKS
Inadl
42 || -
40
45 23
ALARMIHC SRR
_/ 43 11
44 36 5
34 28 21 30
38 12
14
DRAWWORKS
} ¥ St ) |
———pe— | | |
31
32 35
22 X 20
o 26
27
78 55
Qo
70 /
68b
74
76
B86a 62
57
68a 58
64 50
66b 4
69
51
FIG.1



PCT/US96/17106

WO 97/15749

2/16

ov1
8yGT opgy  e6¥I- 48¥1 qQ9¥1
e qQ¥S1
\
¥1
€ ev1” vev1” qhpy  SPT Szel 091 qz¥l .2ST nddl
vz I 7
q027
1d qQpeT SI1 qQ0ST-__2 DA
L-TiYA 81T oPET
= . = — - - -= == ==
///m//m/AA/M\\m\\\\\\\\w\I\\\\u\\\\» _ 2 Z Z .
m \ = = = = = =2 s ———
y117 2Tl ezzy 0S? ez 72!

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

3/16

891

oLl egLT

841
261

A ‘0l \\!92

1 7A €41 GLl
- Py — py — ~ — — - = _ _
N
6L /esr| \(9941 Q81
it 6.1 ygy\ 687 \987 681
2067 081 q087
wgLT Lo

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

4/16

q.5¢

ss

65¢ ¢9¢ 65¢

19¢ v9¢ 99¢ 09¢

f

84¢

¢lc

98¢

§l¢

Qm_ww

96¢

g

B/GC

/

1Y

L ¥

§9¢

8/¢

Vo

v8c 0/¢c €l¢ lic

9/¢ ¥l¢

E|

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

5/16

922 2zz b2z 022
: (WvY) \ ( V\ \
vy oY
LRI AHOWAW AHOWAW H3110uLN0
$$309V WOANVY AINO av3H
SNd v1va v
\
0i2
H3143IANOD HIL43IANOD H3LHIANOD w3LaaANod | [ 43183AN0D
an an an an an
SHOSNIS HOSNIS
SHOSN3S ] HOSNIS
dNIL ® HOSNISWdY | | 34NSSIHd
43H10 IHNSSIHd AN0HOL WILNIHIHIa
[ | [ ! | | [ |
251 251 o-epGL  I9-BpEl 8zl q9z1 05! szl

y 9l4

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

6/16

g ol4

YINOILIONOI
VRDIS wmom%m HIHLO |—pzp
i HINOILIANOI :
VIDIS 34NIVHIdNIL 725
wach HINOILIANOD
TYNDIS HILIWOLINIYIN |~z
00v e0cy Z Y313N0T3IJY g5
/ HINOILIANOD A H313WOTIIIY (g p
TYN9DIS X 4313IW0T130DY |—pp
eyl
HINOILIANOD SS34d 3409 2Ly
YN9IIS $S34d SNINNNY |—g; 5
By~ -
%SI_,L g
— ¥ ~~g0p
= it
= B90Y ~—{ XING
- ==t ity dhpdusipiusiiuiiusiuiui
—~— -t " ,ﬂ.
-— dNY Oy —d
= aariouinos P51 Br— T 801
ATIVLIOI " m 3IE_ ~~por
mwmvtllrnlllﬁ dAvV
o e vl gom
n [ ~~20%

e e e — —— — — —

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

7/16

T — T T (Q3NNILNOD)
| WS [E—= bEY | G 9l
! . - e m

- 997 ol 7 m w\%

| Wvyd-s == i

m ~ (1 z¢) T

" WoMded b= 0 | T |

m - [ R # t i

| vy WvY 1am } "

| 140d vna | {19 HOLINOW | =17 |
T T R

w)—1 T 1

o N 5 —_ — —

! ey 0LV |t—it—o
m . 9 H ="

! 9Er— WVYH-S - 0vp m M ] _M_,_ MIJ”._II
i (g 91) - —
' gep—| WOHdzd FEE D =
“ i Y

| } m

\ _ HINHA |t 1) T, T "
=3Il { NOLLYAINNWOD = dOLINOW |

_ vvy Gd=—| HIMOd L !

! pep—A 05y NdJ |

e i ——————————— - ————— ——— = — —— - —— - ——— — — — — - —— ——————————— o —

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

8/16

[ e e

(SLNF19144309)

SHOL4IH0S3a
AANISSY |t e
310H3404
it ettt “
o . . I ALISODSIA GNM
615 8IS 01§ I ALISNIQ NI
XIHIYW SNOILINNASAQ SdIHSNOLLY13Y T 31vd MOH
NOILOY ONITIING TYNOILINNA E—TY
IN 1934509 |
—§ dom
................................. B I R, SRS
%
NOLLIONOO VHE  |anianv v
ONIIVH3d0
SHILINVHYA INILVHIAO |« oLl
NOLLOY 3ALL03uH0g | NOMLIONOD VHe SHI LTV
ALIY3AIS NOILINN4SAQ 311408d T1IM
AV1dSIO Nvm
! f
916

005

9 94

Sd313AVHvYd
T0HINOD
JOV4HNS

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

9/16

Hid3Q ‘ANOILJIYd « |—gy9

(WdH) |—z99 i
I B2 H1d3Q ‘A ADOTOHLI - i 009
1 S318VL 311404d T1IM W J/
()= ALIIGYTINGY, |
i
. L 019
- SISONDYIQ g HISOOSINGNW | 357y
THIHM | 1809 N023S
> | ALISN3C QN
I SHO19V4 !
NOILYIIHENT i
T3A31 GHIHL i
- (Wdy) dHBy [ | 909
059~/ | 31vd MO
v 1 (Ndy) THIHMy | \ P09
- 8r9— ! Wdd
~——anshills | 209 st
- INHO43AYM | _ ”
——L_ndy [~ Wde) SOy = "{av0100H Wou3) G0M _
v59 259/ 9~ umy oy |
| A = *V_ " SHI1IWVHYd
doy Y | 03T1041N0I-39V4HNS
- SNOLLYIND YD |
('9AV) 3TOHNMOQ - 90M SSOT 1HIIIM “
w9~ i
~——] SISON9YIQ DNIaN3E aNIgy|=d o019
29—/ i Z 94

- e e o e = e e o in - o — . —~——— = . - - ————— - —

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106
10/16

WO 97/15749

o SISONDVYIQ
89— NOLLYYIA W43V [=— NOLLYHEIA IWHILY [
" \ )
m 099
]
m 949
§29—1 MIOVHS INDHOL |fe—— SISON9VIA
| MNOYHS
i ~| InowoL
019 — }
929—1 THIHM -
(QINNILNOD)

rc9— dITS-MIILS -

Z 94 M

(")i=doY
009—" « “_

|

SISON9VIQ WHO4IAVM
gom q0M

!
|
!
“
! -
0z9—1 LNIWOW DNIONIG [-— Zr9
|
[}

29— JONNOY 118

)

(9v4Q) SSOT LHOIIM |

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

11/16

c9.

/
1) 3] [o1) [a]|l[—eeq) \
¥4 £4 24 E _ SHNOH _ INdY abueyd pue gom aseasdul o} A1) JINNOY 119 vi
[ snaauds | lieb/sqljl 1'el] [1Sd][__0705]
E 5507 d1
[ vee6] [ 6ve6] [ ve66] - 4NSSIHd 03,
(sorow| [ug| amw | |1 w.z_.o.z_ |_3NON _ T amvg | |]_3non || 3non INON I
95/ SNOLLIONOD | __ I | | n ¢
S | BN | — [ ! €
@0 [dmLannos | T 1 HONIW anoN_ || [ HoNIw HONIW voniw ||| ¥
I | _ L G
(40  [dmliuons] H 9
- _ ETERTRE] i
[s2]) Less  ||[Swanna] | [nana) | [Fnauna) | [Frauna ]| | [Gaaana ] | [awenies) | Gasanal||
| ALISOISIA QNW | —— ST , —
THIHM i
o Coa || “wedivr || ha || ovoone || WML SRET || sbis || v e
L ALisN3a anw | 00°06€ | [sd3unssawd ] | 02} ][Wauna] | el ¢'€] [sund/aoL ]
I}
o LR ioroce)  roovame) oz [ geE] [vee) [owmam
Fal  [som)[_ovf} [370HNMoOQ] [30V4uNS]
e LBE e oo 408 |0'500H[ 1d3a
i [ 13NVd T0HINOD | \ I
: ; .
f . 852
05/ Ve 9l4

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

12/16

—

— 09/

H+—¢5/

SUBSTITUTE SHEET (RULE 26)

84| [4] [9d] [s4]]|jL_¢evro]
v [e3] [za] [ ||[(SEnaH INdY abueyo pue gOM osealoul 0} A1 JONNOA L1g b1
[swaauos | w7 oz) wz] [zl
ALIOYdYD HOLOW [ Hvam 118 | TRE $S0734NSS3Yd
boon] ] [ow | g @ @ @ @
gc/—H— [ _snowanod ] ) @& & @ @
—l & & & & &
@ [ diyL annoy | _ $S0T _mozs\éo&& JONVINHO4Hd NOLLYHEIA INIWOW
LHIIIM 118 HOLOW WHILVT ONION3g
@0  [dEriHons] @ 7 @ @ NTI—g
: & @ & @ MOTIIA—
E L 2stls & & & & oy
[ ALISOISIA QW | THIHM THIHM dris SYIOHS 30Nn0d
T (TeE QHYMXOVE QHYMHO4 NOILS INDHOL I
L ALisNaa anw ] 00°0GE | [1sd 3unss3ud | 021 | [wautia] | e2] | €¢] [swgor |
Q@
(ug) Iaﬂulgn 00056] [wdmow) [ Oct|Cwewma) [ 72€] [ ¢8E| [savwaom|
Br  [aow[_ovls [3710HNMOG| [30V4HNS)|
e [Wae][_0ci]g : l_ ,
w8 8| d0Y] [£2004][ 1430 | |
- .,
f . 85/
05/ 48 94



WO 97/15749 PCT/US96/17106

13/16

FIG. 8C

GREEN
672 ®/

Wi \ e YELLOW

670
({HH]WRED

> O

— RPM

ROP

SUBSTITUTE SHEET (RULE 26)



PCT/US96/17106

WO 97/15749

14/16

uwdod o

xew doy

1 XA

lewndo
uonnen
snosabue(

(.ws»ﬁ

,,ﬁ..w

O @!0!

D50

- b o --

'
1
'
i
E IR
|
]
'

- o wmpemmommls - - -

O

o

- e e o e

Q.
o

3
1
'
]
]

-
)
1)
L
]
)
!
]

ng uQ 3P

-

uoneutjou|

2N
apo) ng

GBIL]9 S v E T

MNW 3p0d YHY



WO 97/15749

15/16

PCT/US96/17106

\’\

SURFACE
COMPUTER

818—

TWO-WAY
TELEMETRY

816—

DOWNHOLE
STORED MODELS &
PROGRAMS

814—

DOWNHOLE
COMPUTING AND
DATA PROCESSING
DEVICES

812—

FORMATION
EVALUATION
SENSORS

810—

DOWNHOLE
DRILLING PARAMETER
SENSORS

809—

BOREHOLE PARAMETER
SENSORS

808—

DIRECTION
MEASUREMENT
SENSORS
(NAVIGATION SENSORS)

806b—

806a—

~  MUD MOTOR
PARAMETER SENSORS

~~ DRILLING ASSEMBLY
CONDITION SENSORS

804—

DIRECTION CONTROL
DEVICES

802—}

DRILL BIT
WITH DRILL BIT
SENSORS

~—800

FIG. 9

SUBSTITUTE SHEET (RULE 26)



WO 97/15749

16/16

PCT/US96/17106

FlG. 10
852
850 l 800
[ MEASURED
MEASURED BHA DRILLBIT
PARAMETERS PARAMETERS
3§4 872 3[56
MEASURED PROCESSORS DOWNHOLE
DIRECTIONAL =<—  MEASURED
PARAMETERS MODELS BOREHOLE
— 874 PARAMETERS
\ 860
DOWNHOLE SURFACE |/
MEASURED CONTROLLED
DRILLING DRILLING
PARAMETERS 880a PARAMETERS
880¢ 1
\ COMPUTED DRILLING 880b
PARAMETER FOR CORRECTED
OTHER ENHANCED ROP & DIRECTIONAL
INFORMATION EXTENDED TOOL LIFE PARAMETERS
890 892 896
\ | |
ADJUST DRILLING ADJUST DRILLING ADJUST DIRECTIONAL
PARAMETERS PARAMETER DEVICES TO CORRECT
DOWN HOLE AT SURFACE DRILLING DIRECTION
! 8/98 899
ENHANCED DRILLING UPDATE MODELS-
EXTENDED TOOL LIFE REPEAT PROCESS

SUBSTITUTE SHEET (RULE 26)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

