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REALTIME DOGLEG SEVERITY PREDICTION

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Application No. 13/204964, filed

on August 8, 2011, which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0002] This invention relates to drilling and, more specifically, to systems and
methods for determining the curvature of the wellbore by considering the bending of the drill
string.

2. Description of the Related Art

[0003] Various types of drill strings are deployed in a borehole for exploration and
production of hydrocarbons. A drill string generally includes drill pipe and a bottom hole
assembly. The bottom hole assembly contains drill collars, which may be instrumented, and
can be used to obtain measurements-while-drilling or while-logging, for example.

[0004] Some drill strings can include components that allow the borehole to be drilled
in directions other than vertical. Such drilling is referred to in the industry as “directional
drilling.” While deployed in the borehole, the drill string may be subject to a variety of
forces or loads. Because the drill string is in the borehole, the loads are only measured at
certain sensor positions and can affect the static and dynamic behavior and direction of travel
of the drill string.

[0005] Either planned (directional drilling) trajectory changes, the loads experienced
during drilling or formation changes can lead to the creation of a dogleg in the borchole. A
dogleg is a section in a borchole where the trajectory of the borehole, its curvature changes.
The rate of trajectory change is called dogleg severity (DLS) and is typically expressed in
degrees per 100 feet.

BRIEF SUMMARY OF THE INVENTION

[0006] Disclosed is a computer-based method for estimating an inclination and
azimuth at a bottom of a borechole. The method includes forming a last survey point
including a last inclination and a last azimuth; receiving at a computing device bending

moment and at least one of a bending toolface measurement and a near bit inclination
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measurement from one or more sensors in the borehole; and forming the estimate by
comparing possible dogleg severity (DLS) values with the bending moment value.

[0007] Further disclosed is a computer program product for estimating an inclination
and azimuth at a bottom of a borchole. The computer program product includes a tangible
storage medium readable by a processing circuit and storing instructions for execution by the
processing circuit for performing a method comprising: receiving a last survey point
including a last inclination and a last azimuth; receiving at least a bending moment
measurement and one of a bending toolface measurement and a near bit inclination
measurement from one or more sensors in the borehole; and forming the estimate by
comparing possible dogleg severity (DLS) values with the bending moment value.

[0008] Also disclosed is a system for estimating an inclination and azimuth at a
bottom of a borehole. The system includes a drill string including a sensor sub, the sensor
sub including one or more sensors for measuring bending moment at least one of a bending
toolface and a nea bit inclination. The system also includes a computing device in operable
communication with the one or more sensors and configured to receive bending moment and
at least one of a bending toolface measurement and a near bit inclination measurement from
one or more sensors in the borehole and form the estimate by comparing possible dogleg

severity (DLS) values with the bending moment value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The subject matter, which is regarded as the invention, is particularly pointed
out and distinctly claimed in the claims at the conclusion of the specification. The foregoing
and other features and advantages of the invention are apparent from the following detailed
description taken in conjunction with the accompanying drawings, wherein like elements are
numbered alike, in which:

[0010] FIG. 1 illustrates a borchole that includes a dogleg;

[0011] FIG. 2 illustrates an example of a drill sting according to one embodiment;

[0012] FIG. 3 is a flow chart showing a method according to one embodiment; and

[0013] FIG. 4 graphically illustrates a relationship between dogleg severity and

measured bending moments.
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DETAILED DESCRIPTION OF THE INVENTION

[0014] Disclosed are exemplary techniques for estimating or predicting the DLS and
location of the bottom of a borehole. The techniques, which include systems and methods,
use measurements of a bending moments experienced in the bottom hole assembly (BHA) of
a drill string to predict the inclination and azimuth at the bit.

[0015] FIG. 1 illustrates a borehole 100 that includes a substantially vertical section
102 and a curved section 104. The borehole 100 can be drilled by a rig 106 that drives a drill
string (not shown) such that it penetrates the surface 108. The borehole 100 can be drilled
with either conventional or directional drilling techniques.

[0016] Information from within the borehole 100 can be provided either while drilling
(e.g., logging-while-drilling (LWD)) or by wireline measurement applications. Regardless of
the source, the information is provided to one or more computing devices generally shown as
a processing unit 110. The processing unit 110 may be configured to perform functions such
as controlling the drill string, transmitting and receiving data, processing measurement data,
and performing simulations of the drilling operation using mathematical models. The
processing unit 110, in one embodiment, includes a processor, a data storage device (or a
computer-readable medium) for storing, data, models and/or computer programs or software
that can be used to perform one or more the methods described herein.

[0017] While drilling, it is important to be able to estimate the trajectory of the
borehole 100 to check it against the planned one. However, the directional surveys are
usually measured every 30m and have an offset to the bit. In FIG. 1, the location of
directional surveys are indicated by survey points 112a-112n. Each survey point 112
includes a measurement of the inclination and azimuth. In particular, the inclination (1) is
measured from vertical and the azimuth is the compass heading measured from a fixed
direction (e.g., from North).

[0018] Taking surveys at each survey point 112 typically requires stopping drilling.
In some cases, the tools used to form the survey points 112 are located at a distance of up to
30 meters behind the drill bit located at the bottom 114 of the borehole 102. Given such
constraints, a new local doglegs can be formed between the last survey point 112n and the
bottom 114 of the borehole. That is, the trajectory of curved portion 104 of the borehole 100
may not be known, while drilling, between the last survey point 112 and the bottom 114

where the bit is located.
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[0019] As is generally known in the art, the processing unit 110 can receive sensor
data in real time from sensors located at one or more locations along a drill string. This data
is typically used to monitor drilling and to help an operator efficiently control the drilling
operation. One such sensor can measure the bending moment at a certain position in the drill
string (e.g., the BHA) while drilling or while the drill string is at rest.

[0020] FIG. 2 illustrates a drill string 200 that can be used to drill, for example, the
borehole 100 of FIG. 1. The drill string 200 includes a bit 202 at a distal end and one or more
sensors 204 disposed apart from the bit 202. In the illustrated embodiment, the drill string
includes a plurality of pipe segments 208. The drill string 100 also includes a sensor sub 210
coupled to one of the segments 208. The combination of the pipe segments 208 and the
sensor sub 219 span from the surface to the drill bit 202. Of course, other components such
as a mud motor 212 that drives bit 202 could be included along the length of the drill string
200. As illustrated, sensors 204 are located on the sensor sub 210 but one of ordinary skill
will realize that the sensors 202 could be located at any location along the drill string 200.

[0021] One or more of the sensors 204 is in realtime communication with a
computing device (e.g., processing unit 110 of FIG. 1) in known manners. For example, the
sensors 204 could provide data to the processing unit 110 via mud pulse telemetry or via a
wired-pipe connection. According to one embodiment, at least one of the sensors 204 can
measure the bending moment of the section of pipe (e.g., the sensor sub 204) to which it is
coupled or to an assembly that includes that section of pipe (e.g. a BHA that comprises at
least the bit 202 and the sensor sub 210). This measurement represents the bending stresses
in the sensor sub 210/BHA caused by the borehole curvature, gravity and other forces and
loads. In one embodiment, the bending moment is transferred such that it includes additional
the bending tool face. The bending toolface defines the direction of the bend and the bending
moment defines the amount the sensor sub 210/BHA is bent. According to one embodiment,
the bending moment and at leat one of the bending toolface and near bit inclination can be
used to predict inclination and azimuth at the bit 202. Such a prediction, can include
considerations of the last posted survey (e.g. survey point 212n), weigh on bit (WOB), torque
on bit (TOB), steer force and motor orientation to name but a few. Of course, the sensors 204
could measure these and other values and provide them to the processing unit 210. For the
prediction i.c. a finite element model as described in Heisig/Neubert (IADC SPE 59235) may

be used.
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[0022] FIG. 3 is flow chart illustrating a method of estimating the inclination and
azimuth at the bit of a drill string. The drill string includes one or more sensor capable of
measuring a bending moment and, in some cases, also a toolface orientation.

[0023] At block 302 the azimuth and inclination of a last survey point are measured.
Such a measurement can be made in any now known or later developed manner. At block
304, drilling of the borechole from the last survey point is commenced. At block 306, bending
moment and one or both of the near bit inclination and the bending tool face are measured.
These measurements can be continuous or periodic and can occur while drilling or during
times when drilling is halted.

[0024] The data measured at block 308 is transferred to a processing unit that is
located either at the surface or that is part of the drill string. The data can be transferred
periodically in batches or as it is measured depending on the speed of the data link between
the sensors and the processing unit.

[0025] At block 310, the processing unit can estimate the inclination and azimuth at
the bit. The process is described further below but generally includes consideration of the
last sample point, the bending moment and one or both of the bending tool face and the near
bit inclination (measurement of inclination by a sensor based on accelerometers located very
close to the bit). Given the teachings herein, one of ordinary skill will realize that if a near bit
inclination is available, only bit azimuth is unknown and, thus, only a measurement of
bending moment is required. However, having bending tool face and near bit inclination
available at the same, more accurate results can be achieved because the system is better
known.

[0026] Given the inclination and azimuth of the bottom, the build rate and turn rate
can be estimated by combining bit azimuth and inclination and the rate of penetration as
indicated at block 312. Of course, other variable such as WOB, TOB, steer force and motor
orientation could also be used in the estimation of build and turn rates..

[0027] FIG. 4 illustrates actual dogleg severity (e.g., change in direction per 30
meters) plotted against a measured bending moment for several different operating
conditions. In particular, it can be seen that regardless of the conditions, there is an almost
linear relationship between the DLS and the measured bending moment. A graph such as
FIG. 4, therefore, can be used to convert a DLS to a measured bending moment. According
to one embodiment, an estimate of the inclination and azimuth at the bit can be repeatedly

varied to get different DLS values. The possible DLS values can be formed, for example, by
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creating possible inclination and azimuth values for the bottom of the hole and comparing
them with the last inclination and last azimuth. The inclination and azimuth that forms a
DLS that corresponds to the measured bending moment is then selected as the actual
inclination and azimuth at the bit.

[0028] According to one embodiment, the bending tool face can be used to set the
plane in which the drill string is bending from the last sample point to the bit. That is, and
referring again to FIG. 1, according to one embodiment, the bending tool face defines the
plane in which it is estimated that all travel and bending will occur between the last sample
point 212n and the bottom 114 of the borchole. Thus, the bending tool face can define the set
of possible azimuth values that can be used to form the possible azimuth values for the above
estimated bit inclination and azimuth values used to determine the DLS.

[0029] Generally, some of the teachings herein are reduced to an algorithm that is
stored on machine-readable media. The algorithm is implemented by the computer
processing system and provides operators with desired output.

[0030] In support of the teachings herein, various analysis components may be used,
including digital and/or analog systems. The digital and/or analog systems may be included,
for example, in the processing unit 110. The systems may include components such as a
processor, analog to digital converter, digital to analog converter, storage media, memory,
input, output, communications link (wired, wireless, pulsed mud, optical or other), user
interfaces, software programs, signal processors (digital or analog) and other such
components (such as resistors, capacitors, inductors and others) to provide for operation and
analyses of the apparatus and methods disclosed herein in any of several manners well-
appreciated in the art. It is considered that these teachings may be, but need not be,
implemented in conjunction with a set of computer executable instructions stored on a
computer readable medium, including memory (ROMs, RAMs), optical (CD-ROMs), or
magnetic (disks, hard drives), or any other type that when executed causes a computer to
implement the method of the present invention. These instructions may provide for
equipment operation, control, data collection and analysis and other functions deemed
relevant by a system designer, owner, user or other such personnel, in addition to the
functions described in this disclosure.

[0031] Further, various other components may be included and called upon for
providing for aspects of the teachings herein. For example, a power supply (e.g., at least one

of a generator, a remote supply and a battery), cooling component, heating component,
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motive force (such as a translational force, propulsional force, or a rotational force), digital
signal processor, analog signal processor, sensor, magnet, antenna, transmitter, receiver,
transceiver, controller, optical unit, electrical unit or electromechanical unit may be included
in support of the various aspects discussed herein or in support of other functions beyond this
disclosure.

[0032] Elements of the embodiments have been introduced with either the articles “a”
or “an.” The articles are intended to mean that there are one or more of the elements. The
terms “including” and “having” and their derivatives are intended to be inclusive such that
there may be additional elements other than the elements listed. The term “or” when used
with a list of at least two items is intended to mean any item or combination of items.

[0033] It will be recognized that the various components or technologies may provide
certain necessary or beneficial functionality or features. Accordingly, these functions and
features as may be needed in support of the appended claims and variations thereof, are
recognized as being inherently included as a part of the teachings herein and a part of the
mnvention disclosed.

[0034] While the invention has been described with reference to exemplary
embodiments, it will be understood that various changes may be made and equivalents may
be substituted for elements thereof without departing from the scope of the invention. In
addition, many modifications will be appreciated to adapt a particular instrument, situation or
material to the teachings of the invention without departing from the essential scope thereof.
Therefore, it is intended that the invention not be limited to the particular embodiment
disclosed as the best mode contemplated for carrying out this invention, but that the invention

will include all embodiments falling within the scope of the appended claims.
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CLAIMS
What is claimed is:

1. A computer-based method for estimating an inclination and azimuth at a
bottom of a borechole, the method comprising:

forming a last survey point including a last inclination and a last azimuth;

receiving at a computing device bending moment and at least one of a bending
toolface measurement and a near bit inclination measurement from one or more sensors in the
borehole; and

forming the estimate by comparing possible dogleg severity (DLS) values with the
bending moment value.

2. The method of claim 1, wherein the possible DLS values are formed by
creating possible inclination and azimuth values for the bottom of the hole and comparing
them with the last inclination and the last azimuth.

3. The method of claim 1, wherein the possible inclination and azimuth values
are limited to existing in a plane defined by the bending toolface or near bit inclination
measurement.

4, The method of claim 1, wherein the one or more sensors are included in a
sensor sub located near the bottom of the borehole.

5. The method of claim 1, further comprises:

determining a build rate based on the estimated inclination and azimuth.

6. The method of claim 1, further comprises:

determining a turn rate based the estimated inclination and azimuth.

7. The method of claim 1, wherein the computing device is located at a surface
location.
8. A computer program product for estimating an inclination and azimuth at a

bottom of a borchole, the computer program product including a tangible storage medium
readable by a processing circuit and storing instructions for execution by the processing
circuit for performing a method comprising:
receiving a last survey point including a last inclination and a last azimuth;
receiving at least a bending moment measurement and one of a bending toolface
measurement and a near bit inclination measurement from one or more sensors in the

borehole; and
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forming the estimate by comparing possible dogleg severity (DLS) values with the
bending moment value.

9. The computer program product of claim 8, wherein the possible DLS values
are formed by creating possible inclination and azimuth values for the bottom of the hole and
comparing them with the last inclination and the last azimuth.

10. The computer program product of claim 8, wherein the possible inclination
and azimuth values are limited to existing in a plane defined by the bending toolface or near
bit inclination measurement.

11.  The computer program product of claim 8, wherein the method further
comprises:

determining a build rate based the estimated inclination and azimuth.

12.  The computer program product of claim 8, wherein the method further
comprises:

determining a turn rate based the estimated inclination and azimuth.

13. A system for estimating an inclination and azimuth at a bottom of a borehole,
the system comprising:

a drill string including a sensor sub, the sensor sub including one or more sensors for
measuring bending moment at least one of a bending toolface and a nea bit inclination;

a computing device in operable communication with the one or more sensors and
configured to receive bending moment and at least one of a bending toolface measurement
and a near bit inclination measurement from one or more sensors in the borehole and form the
estimate by comparing possible dogleg severity (DLS) values with the bending moment
value.

14.  The system of claim 13, wherein the computing device forms the possible
DLS values by creating possible inclination and azimuth values for the bottom of the hole
and comparing them with a last inclination value and a last azimuth value known for the
borehole.

15.  The system of claim 13, wherein the possible inclination and azimuth values
are limited to existing in a plane defined by the bending toolface or near bit inclination
measurement.

16.  The system of claim 13, wherein the computing device is further configured to

determine a build rate based on the estimated inclination and azimuth.
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17.  The system of claim 13, wherein the computing device is further configured to

determine a turn rate based the estimated inclination and azimuth.
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