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METHOD AND SYSTEM FOR DIRECTIONAL DRILLING

Cross-Reference To Related Applications

This application claims priority to United States Provisional Patent Application

Serial No. 62/042869, which was filed on August 28, 2014, and 1s incorporated herein by

reference 1n its entirety.

Background

This disclosure 1s related to the field of directional drilling of subsurface
wellbores. More specifically, the disclosure 1s related to optimizing performance of

directional drilling using steerable drilling motors.

Wellbores drilled through subsurface formations are known 1n the art to be drilled
along selected geodetic trajectories (“‘directional drilling”) so as to traverse a path from
the surface location of the well to one or more selected subsurface target positions
located at predetermined depths and geodetic locations away from the surface location.
One technique for directional drilling known 1n the art 1s to use “steerable motors” as
part of a drilling tool assembly disposed proximate a bottom end of a drill string. A
steerable motor 1s a device which couples within a drill string and 1s operated to rotate a
drill bit coupled to an output end of the motor. The motor may be operated, ¢.g., by
drilling fluid pumped through the drill string by one or more pumps disposed at the
surface. Operating components of the motor that generate rotational energy to turn the
drill bit are disposed 1n a housing that has a bend along its length. The angle subtended
by the bend may range from a fraction of a degree to several degrees, depending on the
particular selected trajectory for any part or all of a directionally drilled wellbore.
Steerable motors are operated 1n one of two modes. In “rotary drilling” mode, the entire
drill string, including the steerable motor, 1s rotated from equipment on a drilling unit
(“rig”’) at the surface. The equipment may be a kelly/rotary table combination or a top
drive. In rotary drilling mode, the direction along which the well trajectory exists
(defined by geodetic azimuth and inclination from vertical) 1s maintained substantially

constant, that 1s, the direction of the well does not change. When 1t 1s desired to change
1
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the well trajectory in any aspect, the rotation of the drill string 1s stopped and the
steerable motor 18 oriented so that the bend 1n the motor housing 1s directed toward the
intended change of direction 1n the well trajectory. Such operation 1s known as “slide

drilling.”

It 1s known 1n the art that slide drilling typically reduces the rate at which the
wellbore 1s drilled (*rate of penetration” — ROP) as contrasted with rotary drilling.
Thus, in order to miimize the time of a particular wellbore drilling operation, it may be
desirable to minimize the amount of time engaged 1n slide drilling to drill the well along
the selected trajectory. However, minimizing the sliding distance may require higher
trajectory change rates, which may be limited by equipment capabilities and can result
in increased wellbore tortuosity. Increased wellbore tortuosity may, for example, cause
complications during wellbore completion operations. Therefore, the slide drilling —
rotatory drilling sequences should be planned such that the overall speed of drilling 1s
balanced with wellbore quality. Further, while the trajectory change effected by slide
drilling for any particular configuration of steerable motor and drilling tool combination
may be predicted with some degree of accuracy, the actual well trajectory response of
any particular steerable motor and drilling tool combination may be affected by factors
that may not be precisely known a priori, as non-limiting examples, the mechanical
properties and spatial distribution thercof of the wvarious subsurface formations,
manufacturing tolerances 1n the drilling tool assembly and the particular steerable
motor, the variability of the actual drilling parameters used (i.e., execution variability,
namely the amount of time required to obtain the selected motor orientation during shide
drilling may be highly variable and the ability to hold the correct orientation may be
highly variable. Beyond that, predictions of directional drilling performance are based
on assumptions about drilling parameters that may or may not be correct) and how the
particular type of drill bit used interacts with the subsurface formations to drill through
them to lengthen the wellbore. Still further, variations in the selected orientation angle
of the bend 1n the motor housing may vary during sliding as a result of, among other
factors, changes 1n reactive torque as the torque loading on the steerable motor changes.

Such variations are impracticable to eliminate because of such factors as variability in
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friction between the wall of the wellbore and the components of the drill string and

changes 1n the rate at which certain formations are drilled by the drill bit, among others.

Brief Description of the Drawings

FIG. 1 1s a schematic view of an example directional drilling system that may be

used 1n accordance with the present disclosure.

FIG. 2 1s a block diagram of an example directional drilling control system

according to the present disclosure.
FIG. 3 shows a flow chart of an example directional drilling method.

FIG. 4 shows an example of non-linear finite element analysis of expected drilling

tool and steerable motor response.

FIG. 5 shows an example computer system that may be used in some
embodiments.
Detailed Description
FIG. 1 shows an example directional drilling system that may be used in some

embodiments according to certain aspects of the present disclosure. A drilling rig
(“r1g”) 1s designated generally by reference numeral 11. The rig 11 shown 1n FIG. 1 15 a
land r1g, but this 1s for illustration purposes only, and 1s not intended to be a limitation
on the scope of the present disclosure. As will be apparent to those skilled 1n the art,
methods and systems according the present disclosure may apply equally to marine
drilling rigs, including, but not limited to, jack-up rigs, semisubmersible rigs, and drill

ships.

The rig 11 includes a derrick 13 that 1s supported on the ground above a rig tloor
15. The rig 11 has lifting gear, which includes a crown block 17 mounted to the derrick
13 and a traveling block 19. The crown block 17 and the traveling block 19 are
interconnected by a cable 21 that 1s driven by a draw works 23 to control the upward
and downward movement of the traveling block 19. The traveling block 19 carries a

hook 25 from which a top drive 27 may be suspended. The top drive 27 rotatably

3
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supports a drill pipe string (“drill string”), designated generally by reference numeral
35, m a wellbore 33. The top drive 27 may be operated to rotate the drill string 35 1n

either direction, or to apply a selected amount of torque to the drill string 35.

According to one example embodiment, the drill string 35 may be coupled to the
top drive 27 through an instrumented top sub 29, although this configuration 1s not a
[imitation on the scope of the present disclosure. A surface drill string torque sensor 53
may be provided 1n the mstrumented top sub 29. However, the particular location of the
surface torque sensor 53 1S not a limitation on the scope of the present disclosure. A
surface drill pipe rotational orientation sensor 65 that provides measurements of drill

29

string angular orientation or ‘“‘surface” tool face may also be provided in the
instrumented top sub 29. However, the particular location of the surface drill string
orientation sensor 65 1S not a limitation on the scope of the present disclosure. In one
example embodiment, the instrumented top sub 29 may be a device sold by 3PS, Inc.,

Cedar Park, Texas known as “Enhanced Torque and Tension Sub.”

The surface torque sensor 53 may be implemented, for example, as a strain gage
in the mstrumented top sub 29. The torque sensor 53 may also be implemented as a
current measurement device for an electrically operated rotary table or top drive motor,
or as a pressure sensor for a hydraulically operated top drive. The drill string torque
sensor 53 provides a signal which may be sampled eclectronically. The surface
oricntation sensor 65 may be implemented as an integrating angular accelerometer (and
the same may be used to provide measurements related to surface torque). Irrespective
of the instrumentation used, the torque sensor 53 provides a measurement
corresponding to the torque applied to the drill string 35 at the surface by the top drive
27 or rotary table (not shown), depending on how the rig 11 18 equipped. Other
parameters which may be measured, and the corresponding sensors used to make the
measurements, will be apparent to those skilled 1n the art and include, without
[imitation, fluid pressure 1n the drill string 35 and the weight suspended by the hook 29,
which may be implemented as a sensor such as a strain gauge used as a hookload sensor
67. Measurements of the suspended weight may enable the rig operator (“driller”) to

estimate or determine the amount of the total drill string weight that 1s transferred to a

4
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drill bit 40 (called “weight on bit” — WOB) coupled to the end of the drill string 335.
The drawworks 29 1in some embodiments may include an automatic controller 69 of any
type known 1n the art that can enable automatic control of the rate at which the drill
string 35 1s allowed to move into the wellbore, thus enabling automatic control over the

WOB, among other parameters. One non-limiting example of such a drawworks

controller 1s described 1in U.S. Patent No. 7,059,427 1ssued to Power et al.

The drill string 35 may include a plurality of interconnected sections of drill pipe
(not shown separately) and a bottom hole assembly (“BHA”) 37. The BHA 37 may
include stabilizers, drill collars and a suite of measurement while drilling (“MWD”)
instruments, including a directional sensor 51. As will be explained 1n detail below, the
directional sensor 51 provides, among other measurements, toolface angle
measurements, as well as wellbore geodetic or geomagnetic direction (azimuth) and

inclination measurements.

A steerable drilling motor (“steerable motor”) 41 may be connected near the
bottom of the BHA 37. The steerable motor 41 may be, but 1s not limited to, a positive
displacement motor, a turbine, or an clectric motor that can turn the drill bit 40
independently of the rotation of the drill string 35. The steerable motor 41 may be
disposed 1n an elongated housing configured to be coupled in the drill string 35. The
housing may include a bend along 1ts length. A direction of the bend in the steerable
motor housing 1s referred to as the “toolface angle.” The toolface angle of the steerable
motor 18 oriented 1n a selected rotary orientation to correct or adjust the azimuth and/or
and mclination of the wellbore 33 during “slide drilling”, that 1s, drilling operations 1n
which the drill bit 40 1s turned only by the action of the steerable motor 41 while the
remainder of the drill string 35 1s controlled by the top drive 27 (or rotary table 1f the rig
11 1s so equipped) to maintain the toolface angle. The toolface angle of the steerable
motor 41 may be calibrated to toolface measurements made by the MWD directional
sensor 51 after assembly of the BHA 37 so that the system user may be able to

determine the steerable motor 41 toolface angle at selected times.
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Drilling fluid 1s delivered to the interior of the drill string 35 by mud pumps 43
through a mud hose 45. During rotary drilling, the drill string 35 1s rotated within the
wellbore 33 by the top drive 27 (or kelly/rotary table if such 1s used on a particular rig).
The top drive 27 1s slidingly mounted on parallel vertically extending rails (not shown)
or other similar structure to resist rotation as torque 1s applied to the drll string 35. As
explamed above, during shide drilling, the drill string 35 may be rotationally controlled
by the top drive 27 to maintain a selected steerable motor toolface angle while the drill
bit 40 1s rotated by the steerable motor 41. The steerable motor 41 1s ultimately supplied
with drilling fluid by the mud pumps 43 through the mud hose 45 and through the drill
string 335.

The driller may operate the top drive 27 to change the toolface orientation of the
steerable motor 41 during shide drilling by rotating the entire drill string 35. A top drive
277 for rotating the drill string 35 1s 1llustrated in FIG. 1, but the top drive shown 1s for
illustration purposes only, as previously explained, and 1s not intended to limit the scope
of the present disclosure. Those skilled in the art will recognize that systems and
methods according to the present disclosure may also be used 1n connection with other
equipment used to turn the drill string at the earth's surface. One example of such other
cquipment 18 a rotary table and kelly bushing (neither shown) to apply torque to the drill
string 35. The cuttings produced as the drill bit 40 drills into the subsurface formations
are carried out of the wellbore 33 by the drilling fluid supplied by the mud pumps 43.

The discharge side of the mud pumps 43 may include a drill string pressure sensor
63. The drill string pressure sensor 63 may be 1n the form of a pump pressure transducer
in hydraulic communication with the mud hose 45 connected between the mud pumps
43 and the top drive 27 (or a swivel on kelly/rotary table rigs). The pressure sensor 63
makes measurements corresponding to the pressure inside the drill string 35. The actual
location of the pressure sensor 63 1s not intended to limit the scope of the present
disclosure. Some embodiments of the instrumented top sub 29, for example, may

include a pressure sensor configured to measure pressure inside the drill string 35.
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When a portion of the wellbore 33 has its trajectory changed by slide drilling to a
desired direction by slide drilling, if the intended or planned trajectory of the wellbore
then includes maintaining such direction for a selected length or axial distance, the
driller may operate the top drive 27 to rotate the entire drill string 35. Such operation 18
referred to as “‘rotary drilling” and when performed with a steerable drilling motor

results 1n the direction of the wellbore remaining substantially constant.

FIG. 2 shows a block diagram of a directional drilling control system (“system™)
according to an embodiment of the present disclosure. The system may accept as input
signals from devices mcluding the directional sensor 51 (in an MWD system as
explamed with reference to FIG. 1, for example) which, as explained above, produces a
signal mdicative of the toolface angle of the steerable motor 41. The system may accept
as mput a signal from the drill string torque sensor 53. The torque sensor 53 provides a
measure of the torque applied to the drill string (35 1n FIG. 1) at the surface. The system
may also accept as mput a signal from the drill string pressure sensor 63 that provides
measurements of the drill string internal fluid pressure. The system may also accept as
input signals from the surface drill pipe orientation sensor 65. The system may also
accept as iput measurements from the hookload sensor 67. In FIG. 2 the outputs of the
directional sensor 51, the torque sensor 53, the pressure sensor 63, hookload sensor 67
and the drill pipe orientation sensor 65 may be received at or otherwise operatively
coupled to a processor 55. The processor 55 may be programmed to process signals
received from the above described sensors 51, 53, 63, 67 and 65. The processor 55 may
also receive user mput from user mput devices, indicated generally at 57. User iput
devices 57 may include, but are not limited to, a keyboard, a touch screen, a mouse, a
light pen, or a keypad. The processor 55 may also provide visual output to a display 59.
The processor 55 may also provide output to a drill string rotation controller 61 that
operates the top drive or rotary table (FIG. 1) to rotate the drill string (35 in FIG. 1) 1n a
manner as will be further explained below. The processor 55 may also provide output
to operate the drawworks controller 69 to automatically control the WOB 1n some
embodiments. In some embodiments, the processor 55 may be programmed to operate

the drawworks controller 69 to provide a substantially constant value or other values of
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drill string fluid (mud) pressure a selected amount above the pressure existing when the
drill bit (40 1in FIG. 1) 1s not on the bottom of the wellbore (33 1n FIG. 1) and thus exerts

no torque (1.¢., the no load pressure).

Referring again to FIG. 1, as the wellbore 33 drilling commences, the wellbore 33
may be substantially vertical. At a selected depth 1n the wellbore 33, called the “kickoft
point” K, directional drilling along a selected trajectory may be initiated. Initiating
directional drilling may be performed by having the driller operate the top drive 27 (or
kelly/rotary table 1f such are used on a particular rig) to rotate the drill string 35 to a
rotary orientation such that a selected toolface angle (as may be measured by the
directional sensor 51) of the steerable motor 41 1s obtained. The drill string 35 may be
lowered mto the wellbore 33 such that some of the axial loading (weight) of the drill
string 35 18 transferred to the drill bit 40. When the drill bit 40 engages the subsurface
formations and begins to drill them, the steerable motor 41 will exert torque on the drill
bit 40. A reactive torque will be generated and applied to the drill string 35, the reactive
torque being in a direction opposite to the torque generated by the drilling motor 41.
The driller may operate the top drive 27 to apply torque 1n a direction opposite to the
reactive torque such that the selected steerable motor toolface angle 1s substantially
maintained. It will be appreciated by those skilled in the art that when the wellbore 1s
substantially vertical, the toolface measurement may be referenced to a geodetic or
geomagnetic reference. Such toolface measurement may be referred to as “magnetic
toolface” (MTF). As the wellbore inclination increases above a threshold level (usually
about five degrees from vertical), the toolface angle measurement may be referenced to
Earth’s gravity (1.e., vertical). Such toolface measurement may be referred to as

“gravity toolface” (GTF).

The orientation sensor 65 may generate a signal indicative of the drill string 35
rotational orientation at the surface when such conditions are maintained. As will be
appreciated by those skilled 1n the art, the actual rotational orientation of the drill string
35 as measured by the orientation sensor 65 may depend on, among other factors, the
length of the drill string 35 and the torsional properties of the components of the drill

string 35. Thus, the measured drill string orientation at the surface may differ from the

3
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measured toolface angle (e.g., by directional sensor 51), however, provided that the
same surface measured rotational orientation 1s maintained, it may be assumed for
purposes of relatively short lengths of the wellbore, limited 1n length to a selected
number (¢.g., on¢ or two) of segments of drill pipe making up the drill string 35 that
maintaining a selected surface measured drill string orientation will result 1in the
toolface angle of the steerable motor 41 being similarly maintained (provided that other
drilling operating parameters are maintained). The foregoing relationship between the
surface measured drill string orientation and the steerable motor toolface angle may
prove uscful 1if the toolface measurement from the directional sensor 351 1s
communicated to the surface using MWD telemetry techniques known 1n the art, which
may provide only one to three toolface measurements per minute at the surface. During
directional drilling, each time one or more segments are added to the drill string 35 or 1t
1s otherwise lengthened from the top drive (or kelly) to the drill bit 40, the relationship
between the measurement made by the drill string orientation sensor 65 and the toolface
orientation (as may be measured by the directional sensor 51) may change, but the

relationship may be readily reestablished for the changed length drill string 335.

Directional drilling by shide drilling as described above may continue until a
desired wellbore inclination angle and subsurface location away from the surface
location are obtained, such as indicated at X in FIG. 1. Thereafter, the wellbore 35 may
be drilled, for example, along a substantially constant trajectory or any other selected
trajectory to another selected subsurface location point, ¢.g., as indicated by F in FIG. 1.
The foregoing maintaining the toolface angle of the steerable motor 41 by maintaining a
measured drill string orientation at the surface may be performed automatically by
operation of the drill string rotation controller (61 1n FIG. 2) in response to command
signals gencrated by the processor (55 in FIG. 2). The processor 55 may be
programmed to maintain a selected surface measured orientation of the drill string by
suitable programming to respond to the sensor mputs as described with reference to
FIG. 2 and particularly with respect to the measurements of torque and rotational
orientation of the drill string made at the surface. Maintaining orientation of the drill

string so that the toolface angle as measured by the MWD directional sensor 51 may
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also be manually performed by the driller operating the top drive 27 and drawworks 23
such that the directional sensor measurements of toolface correspond to the desired

change in direction of the wellbore trajectory.

In an example method for directional drilling according to the present disclosure,
and referring to FIG. 3, a drilling plan may include a surface geodetic position of a
wellbore, as shown 1 FIG. 1, and one or more subsurface “target” geodetic positions
70. For the wellbore to traverse the geodetic distance and subsurface depth from the
surface position to the one or more subsurface target positions, a well path (or
trajectory) may be selected at 71. The well path may be selected based on certain
constraints at 72. The constraints may include, without limitation, a minimum
acceptable radius of curvature of the well path (referred to as a maximum “dog leg
severity”’), the turn/build capability of the particular steerable motor, the maximum
permissible true vertical depth (TVD) of the wellbore, the minimum inclination of the
wellbore from vertical, a predetermined permissible distance from other wellbores,
lease lines, anti-targets, or other constraints and a maximum distance at any point along
the well trajectory between the actual well trajectory and the predetermined well plan

trajectory.

In an example embodiment, an optimization may be performed to gencrate a
preferred well trajectory. The optimization may include an algorithm to select a path
which meets one or more optimization criteria. Non-limiting examples of such
optimization criteria may include minimized dog leg severity, minimized torque and
drag iducing factors, ¢.g. total curvature, well path tortuosity, limiting path curvature
in specific spatial regions, especially to avoid slide drilling in certain formations, total
path length to any one or more targets, selected intermediate subsurface well positions
being along the selected trajectory, shide drilling length criteria (e.g., not sliding less
than or more than a predetermined wellbore length) and maximizing drilling penetration
rate (ROP) for any one or more selected segments of the wellbore. ROP 1n the present
context may mean instantancous drilling rate, or may mean a minimized time to drill a

selected length of the wellbore.
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One or more intermediate targets along the well trajectory may be selected as
explamed above at 73 in FIG. 3. At 74, and as will be explained below with reference
to FIG. 4, drilling operating parameters 74 may be selected to cause the well to be
drilled along the selected well path. At 75, drilling may commence using the selected
drilling operating parameters. During drilling, the actual position of the wellbore with
reference to the planned trajectory as well as the actual drilling parameters may be
measured. If 1t 18 determined that the one or more well path targets may be reached by
using drilling parameters and well path parameters within the constraints, at 77, drilling
the well may continue. At 76, if any one or more intermediate or the final target cannot
be traversed by the wellbore using drilling operating parameters and well path
parameters within the selected constraints, the process may return to 70, wherein it may
be required to generate a different well trajectory capable of traversing the remaining
target location(s) while maintaining drilling operating parameters and well trajectory
parameters within the constraints. In some embodiments, one or more of the constraints
may be adjusted or removed. Such adjustment or removal may depend on, ¢.g., and
without limitation, the expected risk of wellbore or drill string mechanical failure, risk
of collision with another well, risk of unacceptably traversing a geodetic boundary, or
creating a well path having tortuosity such that completion of wellbore construction
such as by cementing a casing or liner 1s made impracticable. The foregoing are only
examples of constraint modification or removal considerations and are not to be

construed as limitations on the scope of the present disclosure.

If a well trajectory cannot be constructed such that the constraints are satisfied,
then a new target may be selected. In this case, an additional mechanism may be used to
select the target. In some embodiments, the processor (55 1n FIG. 2) or another
processor (see FIG. 5) may be programmed to automatically shift the original target(s)
further along the selected trajectory (1.¢., at greater measured depth) where constraints
such as those mentioned above can be satisfied. In some embodiments, 1f the target(s)
cannot be shifted within a selected measured depth range while still satistfying the
constraints described above, the processor may be programmed to generate a warning

indicator to remove the drill string (FIG. 1) from the wellbore and change one or more

11



CA 029594957 2017-02-277

WO 2016/032640 PCT/US2015/0416435

[0028]

[0029]

10030}

components of the BHA. In some embodiments, as explained above, one or more of the
constraints may be adjusted or removed under such conditions to enable reaching the

depth-shifted target(s).

In some embodiments, the total well path may be subdivided into selected length
(measured depth) intervals and the optimization described above may be performed for
cach interval or any subset thercof. The foregoing clement of a directional drilling
process 18 equally applicable to any point along the actual trajectory of the wellbore at
any measured depth. That 1s, not only 1s the surface position usable as a starting point,
any point during the drilling of the wellbore may be used as a starting point for further
directional drilling to a subsequent intermediate target point or to a final target point at

the planned end (maximum measured depth) of the wellbore.

From the 1nitially generated wellbore trajectory, one or more intermediate
target(s) along the well path may be selected based on criteria, e¢.g., and without
l[imitation, user selection based on the initially planned trajectory, any one or more
estimated subsequent well trajectory directional survey points, drill string stand length

and/or on substantially equal length well segments.

The drilling operating parameters (at 74 in FIG. 3) may be selected based on an
example procedure as follows. For a planned section of a wellbore, a model f (d1,d2,tf,
WOBs, WOBr, RPM, ...) = xt, vt, T, ... may be used to predict the resulting wellbore
geodetic spatial location xt, wellbore orientation vt, and required drilling time T as a
function of the slide drilling measured depth interval (from dl to d2), the toolface
oricntation TF used while slide drilling, the weights on bit WOBs and WOBr used
while slide drilling and rotary drilling, respectively, and the RPM used while rotary
drilling, and other imnputs as may be available and useful. Examples of other inputs to
the model f may include slide drilling differential pressure (1.¢., increase in drilling fluid
pressure above the no load pressure when WOB 1s zero) and drilling fluid flow rate.
Examples of other outputs of the model may include drilling tool/BHA component and
drill string component wear indicia. For any segment of the wellbore which 1s not

intended to be drilled along a substantially constant direction, a model f (d1, d2, tf) = xt,
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vt may be used to predict the resulting wellbore geodetic spatial location xt and
wellbore geodetic orientation vt based on selected drilling operating parameters and a
measured slide drilling toolface angle. By inverting f or applying optimization methods,
the parameters d1, d2, tf, WOBs, WOBr, RPM, c¢tc. may be determined in order to reach
a target xt, vt, within a desired amount of time while satisfying other constraints (e.g.
equipment wear, well path tortuosity, etc.). A starting interval depth dI, an ending
interval depth d2, and a shide drilling toolface angle tf are determined. The model f may
be used to predict the elapsed time, wellbore location/orientation, sliding efficiency
factor (“SEF”’) and torque and drag properties for cach selected wellbore interval of
slide drilling as a function of various drilling operating parameters and optionally
formation properties. The drilling operating parameters may include slide drilling depth
interval(s), WOB, toolface orientation(s), drill string fluid pressure and bit rotary speed
(RPM). Optimization methods and inverted models may be used to find the parameters
that optimize one or more drilling performance parameters while satisfying the
constraints. In 1ts simplest form, the model f may be mverted for dl, d2 and tf.
However, other embodiments may use as input additional parameters such as explained
above, including without limitation slide drilling WOB, rotary drilling WOB, rotary
drilling bit RPM, slide drilling mud flow rate, and rotary drilling mud flow rate. Some
embodiments may invert f for a single slide drilling interval. Other embodiments may

determine the foregoing parameters for multiple slide drilling mtervals.

Input parameters to the model f may include SEF, sliding curve response
(“SCR”), tool face oftset (TFO- the difference between the measured toolface from the
directional sensor [51 1n FIG. 2] and the actual steering response of the steerable motor
(and 1its directional tendencies during rotary drilling) as determined by directional
surveying at selected positions along the well trajectory) and trajectory constraints.
SCR and SEF may be adjusted during drilling of the wellbore (starting using initial
values based on expected response values from the drill string, drilling operating
parameters and the BHA components, including the specific steerable motor). SEF
sensitivity to weight on bit can be determined in order to optimize ROP without

sacrificing steering constraints. In an example embodiment, SCR may be used in the
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form of a weighted average based on measurements of the change in wellbore trajectory
with respect to measured toolface angle and slide drilling interval length as will be

further explained below.

The slide drilling interval(s) and associated parameters may be selected to obtain,
for example, a desired well trajectory curvature, minimized well path tortuosity, and/or
minimized distance to any one or more intermediate predetermined trajectory points
along the planned well trajectory. The slide drilling interval(s) can also be selected to
keep the borechole within some particular volume 1n space. Such a volume can be
defined for example as the volume of points within various metrics of a reference
trajectory, for example, the set of all points within 10 feet true vertical depth (TVD)
above, 5 feet TVD below, 20 feet left and 20 feet right of the reference trajectory. The
volume need not be centered on the reference trajectory, for example 1n a curved section
the volume may liec more (or completely) on the concave side of the curve. The
reference trajectory may be, for example, a well plan. Shide intervals would be placed
appropriately before a substantially straight trajectory would exit the volume, taking
into account position and orientation uncertainties and the finite turning capability C of
the BHA. Slide intervals and associated parameters may also be selected based on
borehole quality characteristics such as maximum dog leg severity (DLS) or borchole
tortuosity as well as good directional drilling practices such as not slide drilling down
while 1n a curve section. It may not be possible to satisty all constraints simultancously.
In such circumstances, then the system can apply a preprogrammed prioritization or a
user selected prioritization scheme, or the system may request user input as to

instructions for how to resolve the contlict.

In some embodiments the driller or other system user may select drilling
operating parameters (WOB and/or drill string pressure when slide drilling and rotary
drilling and drill string RPM while rotary drilling) to optimize ROP while maintaining
the measured well path within predetermined tolerances from the planned well path
and/or constraints on the drilling operating parameters. The foregoing may be
performed to, for example and without limitation, optimize the ROP along any one¢ or

more selected intervals of the wellbore or to minimize the specific energy needed to
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drill one or more selected wellbore intervals. Directional drillers often intentionally
lmit WOB below that which would produce optimum ROP 1n order to reduce
variability 1in toolface orientation. Such variation in toolface orientation may result
from variations 1 bit torque and consequent reactive torque applied to the steerable
motor when WOB approaches the optimum value for maximizing ROP. Thus, the
intent 18 to enable better control over the well trajectory at the cost of reducing the speed
with which the wellbore 1s drilled. The optimization of the model f may enable
determining when WOB can be increased without reducing stability of trajectory
control (1.¢., increasing the toolface variation) or exceeding other drilling constraints. In
some 1nstances 1t may be desirable to intentionally reduce trajectory control if such
reduction either or both increases ROP substantially and does not result in deviation of

the well trajectory from limits on such deviation.

In some embodiments, there may be one optimization that not only optimizes the
generated 1nitial wellbore trajectory but also simultancously optimizes the depth
intervals of individual shide drilling/rotary drilling sections of the wellbore and the
drilling operating parameters used therein. In some embodiments there may be two
optimization functions, one for the generated well trajectory and one for any individual
stand or incremental drilling length. In some embodiments there may only be one
optimization for the entire well trajectory. In some embodiments there may only be one
optimization for any on¢ or more individual segments (¢.g., stands) of the drill string.

In some embodiments, there may be no optimization.

In slide drilling, frictional forces and reactive torque atfect the ability to precisely control
WOB, which 1n turn affects toolface orientation and/or control of toolface orientation
(measured toolface). As a result, the ability to select and maintain the toolface
orientation may need to accommodate interrelated considerations of WOB, toolface,
reactive torque and friction forces. In shide drilling, toolface direction includes both
instantancous values and accumulated toolface values over time. In order for the system
users (e.g., including the driller) to have a better understanding of the trajectory of the
borchole, iIn some embodiments, a depth weighted toolface direction may be calculated

and may be displayed. The weighted average toolface direction may be provided on any
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selected depth interval basis, e€.g., on a per stand basis, on a per well section basis, or to
monitor results after a change m a target well path location (e.g., a well placement
decision). One example of how the weighted average toolface may be presented 1s
provided below. The drilling depth for each measured toolface value (e.g., from the
MWD instrument) along a selected depth interval may be displayed and recorded and the
actual change 1n well trajectory over the selected interval (steering curve response or
SCR) may be calculated to provide the depth weighted average (referred to as “C”) of the
SCR. Measurements of toolface variation may comprise one or more of a difference
between successive tool-face measurements, an absolute deviation, a variance, a range, a
norm of the average of vectors representing tool-face orientations, a modulus of an

average of complex numbers representing the tool-face orientations.

In an example embodiment according to the present disclosure, drilling operating
parameters may be mnitially selected based on a modeled response of the drill string and
BHA to particular values of or ranges of drilling operating parameters. One such model
may be based on non-linear finite element analysis. Referring to FIG. 4, an 1nitial well
path or trajectory may be selected as shown at 81. At 82, the drill string BHA may be
modeled as to their mechanical properties 1n a selected mesh, including elastic and shear
moduli and mass for forming a three dimensional model of all the components of the
drill string and BHA. At 83, the modeled drill string and BHA may be placed 1n a
modeled wellbore, having selected mesh elements representing subsurface formations,
including properties such as hardness, elastic and shear moduli, and density. At 84,
selected model drilling parameters may be applied to the modeled drill string and BHA.
At 85, a solution 1s determined for the drill string and BHA 1n the wellbore in view of
the applied forces (WOB, RPM) and friction of the drill string and BHA along the
wellbore. At 86, the response of the drill string and BHA to the applied forces, 1.¢.,
change 1in depth and change 1n direction may be calculated based on the factors input
and calculated at 84 and 85. At 87, the process 1s repeated for increments of depth
traversed by the drill string and BHA and the response of the drill string and BHA with
respect to depth and direction 1s recorded. At 88, a characteristic response of the

selected drill string and BHA (which includes the selected steerable motor and drill bit)
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to applied WOB and operating rate of the steerable motor may be calculated and used as
an mitial predicted steering (directional) response to the selected drilling operating
parameters. One example of such modeling 1s described 1n U.S. Patent No. 7,139,689

1ssued to Huang.

In other embodiments, the foregoing modeling of directional response may be
omitted and, for example, the steerable motor manufacturer’s specifications for steering

response may be used.

Using the foregoing examples of 1nitial steering response (defined as change in
wellbore trajectory with respect to measured tooltace, WOB, and bit RPM based on
mud flow rate and stecrable motor hydraulic specifications) as a starting point, during
the drilling of the wellbore, an actual steering response of the drill string and BHA with
respect to measured toolface, WOB and RPM may be determined and the foregoing

may be used to calculate a depth weighted average.

Using the foregoing measured drilling response during slide drilling, a
relationship between the measured toolface and the actual steering response may be
determined. Using the determined relationship, 1t may be possible to determine a
particular toolface orientation to use to most effectively steer the well along the desired
path. The relationship between measured toolface and actual steering response may be

continually adjusted during the drilling procedure.

During rotary drilling, the well trajectory may be assumed to remain constant or
may have a predetermined or measured “walk tendency” (change 1n trajectory during
rotary drilling) may be included (examples include walk or inclination build/drop
tendencies). When slide drilling a selected distance, dMD, the well trajectory turns mn
the direction of the toolface orientation (adjusted by the above empirical relationship by
an amount proportional to dMD). The constant of proportionality, C, may be updated
during drilling as follows. Between consecutive directional surveys made in the
wellbore (e.g., using the MWD instrument), the “slide curve rate” (SCR) may be

estimated as:

A / (SD*TDF)
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where A represents the angular difference between the wellbore orientation between the
two directional surveys; SD represents the total measured depth of slide drilling between

the surveys; and TDF represents the “turn direction factor:”

TDF ranges from zero to unity. A TDF = 1 represents the well trajectory always
turning 1n the same direction. The TDF decreases with fluctuating turn direction during

slide drilling.

If estimated walk tendency of the BHA while rotary drilling 1s known or
determinable and 1s nonzero, the above equation for SCR may be adjusted by replacing
A with the angular difference between the final wellbore orientation and the expected
wellbore orientation after rotary drilling an amount RD from the initial orientation. RD

represents the total measured depth of rotary drilling between successive surveys.

C, as previously explained, may be calculated as a function of the SCR values
computed above. Examples include weighted averages of SCR values, with weights
based on some combination of: temporal proximity, depth proximity, fractional or
absolute amount of slide drilling included 1n the associated survey interval, TDF
magnitude, relation to detected change-points estimated from SCR or other values, and
outhier metrics among other things. C could also be extrapolated from trends in SCR (1n
the current well or even offset wells) or SCR values combined with trends estimated by
physics-based models. Said trends could be based on any combination of: time, depth,
spatial position, spatial orientation, drilling parameters, and values derived therefrom.

Any combination of these techniques may be used.

Prior to any shide drilling, a default value of C may be used, ¢.g., calculated using
the above described modeling procedure, using values obtained from nearby wells when
drilling through similar formations, possibly adjusted for the mechanical properties of
the drill string and steerable motor where they are different than those used to drill the

nearby wells, or may be selected arbitrarily.

The TDF may be calculated for a toolface measurements made over a selected
depth nterval as follows. First, convert the well trajectory turn direction (0-360deg) 1nto

a complex number (0->1, 90->7, 180->-1, 270->-i, ...). The trajectory turn values may
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be averaged over the seclected depth interval the modulus of the result may be
calculated. As an example: slide drill 66 feet with toolface = 0°, then shide drill 33 feet
with toolface = 180° between two surveys points, assuming a uniform 10 degrees per
100 feet curve rate. It may be expected that the well inclination would 1ncrease 6.6°
(with no change 1in azimuth direction) and then drop 3.3° for a net change of 3.3°
increase 1n inclination with no change in azimuth. Dividing the net inclination change
by the total slide drilling depth interval yields 3.3° per 99 feet, where the total possible
turn 1s 10° per 100 feet drilled interval. Thus, the example TDF = 1/3. The net turn
direction factor 1s only about 33% of the possible sliding curve rate due to the toolface
not bemng maintained 1n a constant direction during slide drilling. Dividing by this

triples the angle change to give the desired sliding curve rate.
TDF={1*66+(-1)*33}/99 =1/3

[0045] When updating C, the fact that the MWD instrument direction and inclination is
not always aligned with the wellbore 1s taken into account where feasible. For example,
the MWD 1nstrument being smaller in diameter than the wellbore and rigidly attached
to the drill string below it often causes the MWD instrument to partially align with
deeper portions of the wellbore (generally in a range of 3 to 10 feet). Therefore SD and
TDF are measured 1n an offset depth range: range [md1+D1,md2+D2], wherein mdl,
md2 are the directional survey measurement depths. D1 and D2 may be assumed to be
constant or a function of the well trajectory, BHA/drill string mechanical properties, and

potentially other factors such as weight on bit.

[0046] Directional walk tendency while rotary drilling may also be measured while
drilling. For example, if no slide drilling occurred between two directional surveys, the
magnitude of the tendency may be estimated as A / MD where A 1s the well trajectory’s
angular difference between the two survey locations and MD 1s the total measured
depth drilled between the two survey locations. This may be performed when there 1s
no significant “buffer” zone of only rotary drilling before the first survey location and
after the second survey location. The foregoing may also better enable exclusion of

MWD misalignment as described 1n the previous paragraph. The direction of the rotary
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drilling walk tendency may also be computed from the difference between the two
successive surveys. Rotary walk tendency may also be estimated 1n the presence of
sliding using the methods described above, ¢.g., replacing A with an angular difference
that accounts for the slide drilling. Rotary drilling walk tendencies computed by such
methods may be used to estimate future rotary drilling walk tendencies, which can be

taken 1into account 1n subsequent drilling recommendations.

[0047] In actual drilling operations, the actual toolface will fluctuate around the selected
value, at least 1n part due to variability of the mechanical properties of the formations
being drilled (and thus changes in WOB and consequent reactive torque exceeding the
speed with which the driller or the automated system can adjust to restore the WOB to
its selected value). A shiding efficiency factor (SEF) may be calculated and which
quantifies how well toolface 1s maintained within any selected drilled depth interval.
SEF has a range of zero to unity wherein zero represents a completely scattered toolface
and, 1 represents exactly constant toolface over the entire selected drilled depth interval.

It has been shown by experience to be able to attain SEF values on the order of 0.9.

[0048] In an attempted constant-toolface slide drlling interval: SEF =
modulus(average(complex(toolface))), the term SEF*C replaces C when solving for d1
and d2. The system processor (55 1n FIG. 2) may also be programmed to calculate a

moving average of the difference between the expected and actual turn direction.

[0049] A physics- based model of the BHA may be incorporated to anticipate changes in
C, SEF and / or SEF and/or changes in rotary drilling tendencies ahead of the bit as a
function of various factors. These factors may include inclination, WOB, differential
pressure (1.¢., change 1n mud pump pressure from its value at zero WOB and therefore
zero steerable motor load), and turn direction among others. These factors can be
incorporated 1nto the simple model function f mm various ways. For example, if a
physics-based model (see the Huang patent referred to above) predicts a certain increase
in C when 1nclination changes from a first amount to a second amount, then the value of
C 1n the function f may be likewise increased from its value described above 1n the same

scenario.
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A model of the subsurface formations may be included to anticipate changes in C,
SEF and /or toolface orientation and/or changes in rotary drilling tendencies ahead of
the drill bit as the formation being drilled changes. Such a model may be a full geologic
formation model that may or may not be calibrated based on formation measurements in
the wellbore being drilled or using correlation with formation measurements made 1n
nearby (“offset”) wells, or other wells. Formation layer boundary detection may be
based on changes 1n drilling response parameters while the drilling operating
parameters remain constant, for example, WOB and RPM remain constant but ROP
changes. Additionally, if differential pressure remains constant and SEF changes, then
it 18 likely that the bit has penctrated a formation with different rock properties (e.g.,

SEF decreases, formation 1s likely harder. SEF increases, formation 1s likely softer).

When toolface changes due to formation property or layer boundary inclination
(dip) changes, the system processor may be programmed to automatically correct for
such changes by displaying a different recommended WOB/differential pressure to a
user interface (e.g., a display available to the driller) or by causing the drawworks
controller (69 1 FIG. 1) to release the drill string to cause the recommended
WOB/differential pressure to be attained. In some embodiments, using automatic
correlation of measurements between the current well and nearby (“offset”) wells or the
current well and a geologic model, the formation change can be predicted and the
drilling operating parameters may be adjusted proactively, that 1s, prior to actually

drilling a different formation.

When the motor build/turn capacity i1s larger than necessary to reach any
intermediate target position or the final target position, the system may display
suggested drilling operating parameters to the driller on a user interface (or execute the
drilling operating parameters automatically) with higher-frequency toolface fluctuation
(¢.g., by varying WOB or by alternating between slide drilling and rotary drilling) to
reduce dogleg severity. One possible implementation i1s to reduce occurrences of
having to pull the drill string out of the wellbore due to insufficient well trajectory turn

ratc by using a higher turn capacity steerable motor and use the above described TF-
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fluctuation to keep the net well trajectory turn rate within that prescribed by the well

plan, either the original well plan or the well plan as modified during drilling.

The system may be configured for a user, e¢.g., the driller, to override the
calculated drilling operating parameters. The system processor may be programmed to
accept as mput user selected “override” drilling operating parameters and then calculate
the resulting expected location and orientation of the wellbore at any measured depth
ahead of the current depth to provide the user guidance on the quality of the parameter

selection.

The drilling operating parameters may be executed manually by the driller or
automatically as explained with reference to FIGS. 1 and 2. Regardless of the execution
mechanism, the results will be monitored both from an execution and an effect
standpoint. From an execution standpoint, the system may monitor the actual drilling
opcrating parameters used as contrasted to the calculated drilling operating parameters,
and 1f the as-executed drilling operating parameters result in the desired effect on
wellbore steering and ROP performance. The processor may be programmed to
generate and display to the user, e¢.g., to a user interface available to the driller,
warnings as to conditions such as failure to execute the calculated drilling operating
parameters within a selected tolerance range and/or failure of the well trajectory and/or
ROP performance to fall within the predetermined values outside a selected tolerance
range. Additionally, 1f the actual well trajectory deviates from the planned trajectory or
calculated trajectory beyond a predetermined threshold, the processor may recalculate
the drilling operating parameters such that a revised planned well trajectory may fall
within the predetermined threshold deviation from the originally planned wellbore

trajectory.

One clement of the monitoring process 1s determining when the drill string 1s
sliding or rotating. Existing methods perform such monitoring automatically using
measurements of top drive RPM or torque, but are susceptible to error particularly when
the top drive 18 used to adjust toolface orientation or “rock’ the pipe to decrease axial

friction while sliding. Example methods according to the present disclosure may use
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toolface orientation measurements from the MWD instrument and other data as a
backup measurement (when available) for confirmation of whether slide drilling or
rotary drilling 18 underway at any time. The present example method may 1dentify
intervals of measured depth as sliding when certain measures of the scatter of the
measured toolface orientations are below a predetermined threshold. Examples of such
a measure include variance, absolute deviation, range, and measures of the deviation
between consecutive toolface orientation measurements. If available, other drilling
parameters may be used, including without limitation surface and downhole RPM,
ROP, differential pressure (defined above), wellbore depth, block or top drive elevation,
block or top drive velocity, bit depth and WOB among other parameters. Determining
whether sliding drilling or rotary drilling 1s underway at any time may be used to
estimate the SCR values which are 1n turn used to compute C. Determining times of
slide drilling and rotary drilling also enables the calculation of “virtual survey points™ at
the position of the drill bit at any particular measured depth. These “virtual survey
points” may be used for subsequent well path construction and user feedback. The
virtual survey points may be located between or beyond actual directional survey points
at times when the steerable motor toolface 1s measured. A cone of uncertainty may be
calculated based on the distance from the last actual directional survey point as well as
signal quality of the intermediate measure points. The cone of uncertainty expands until
the next actual directional survey 1s taken, but the virtual survey points may still allow
drilling personnel to make better informed decisions concerning adjustment of the well

trajectory at any position along the well.

Virtual survey points may be calculated by 1) rotary drilling assuming a straight
path (or optionally including an empirically determined trajectory change tendency); 2)
slide drilling use the value of C and the measured toolface to estimate the position and
orientation of the wellbore at any bit position. Virtual survey points may be used to
update the starting point for any subsequent well path segment, or may be used to adjust

one or more drilling operating parameters.

C may be used for other applications including detecting problems with the

steerable motor and detecting formation changes.
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FIG. 5 shows an example computing system 100 1n accordance with some
embodiments. The computing system 100 may be an individual computer system 101A
or an arrangement of distributed computer systems. The computer system 101 A may
include the processor (55 1in FIG. 2) as one of its functional components, and may
include one or more analysis modules 102 that may be configured to perform various
tasks according to some embodiments, such as the tasks explained above, and 1n
particular those tasks described with reference to FIGS 3 and 4. To perform these
various tasks, analysis module 102 may execute independently, or in coordination with,
on¢ or more processors 104, which may be connected to one or more storage media
106. The processor(s) 104 may also be connected to a network interface 108 to allow
the computer system 101A to communicate over a data network 110 with one or more
additional computer systems and/or computing systems, such as 101B, 101C, and/or
101D (note that computer systems 101B, 101C and/or 101D may or may not share the
same architecture as computer system 101A, and may be located in different physical
locations, for example, computer system 101 A may be at a well drilling location, while
in communication with one or more computer systems such as 101B, 101C and/or 101D
that may be located 1n one or more data centers on shore, aboard ships, and/or located 1n
varying countries on different continents). Computer system 101A, for example, may

include the above described user interface available for use by the driller.

A processor may include a microprocessor, microcontroller, processor module or
subsystem, programmable integrated circuit, programmable gate array, or another

control or computing device.

The storage media 106 can be implemented as one or more computer-readable or
machine-readable storage media. Note that while 1n the example embodiment of FIG. 5
the storage media 106 are depicted as within computer system 101A, in some
embodiments, the storage media 106 may be distributed within and/or across multiple
internal and/or external enclosures of computing system 101A and/or additional
computing systems. Storage media 106 may include one or more different forms of
memory 1ncluding semiconductor memory devices such as dynamic or static random

access memories (DRAMs or SRAMS), crasable and programmable read-only

24



CA 029594957 2017-02-277

WO 2016/032640 PCT/US2015/0416435

0061}

10062]

0063}

memorics (EPROMS), clectrically erasable and programmable read-only memories
(EEPROMSs) and flash memories; magnetic disks such as fixed, floppy and removable
disks; other magnetic media including tape; optical media such as compact disks (CDs)
or digital video disks (DVDs), or other types of storage devices. Note that the
instructions discussed above may be provided on one computer-readable or machine-
recadable storage medium, or alternatively, can be provided on multiple computer-
recadable or machine-readable storage media distributed in a large system having
possibly plural nodes. Such computer-readable or machine-readable storage medium or
media may be considered to be part of an article (or article of manufacture). An article
or article of manufacture can refer to any manufactured single component or multiple
components. The storage medium or media can be located either in the machine
running the machine-readable instructions, or located at a remote site from which

machine-readable instructions can be downloaded over a network for execution.

It should be appreciated that computing system 100 1s only one example of a
computing system, and that computing system 100 may have more or fewer
components than shown, may combine additional components not depicted 1n the
example embodiment of FIG. 5, and/or computing system 100 may have a different
configuration or arrangement of the components depicted in FIG. 5. The various
components shown in FIG. 5 may be mmplemented in hardware, software, or a
combination of both hardware and software, including one or more signal processing

and/or application specific integrated circuits.

Further, the steps in the processing methods described above may be implemented
by running one or more functional modules 1n information processing apparatus such as
general purpose processors or application specific chips, such as ASICs, FPGAs, PLDs,
or other appropriate devices. These modules, combinations of these modules, and/or
their combination with general hardware are all included within the scope of the present

disclosure.

While the invention has been described with respect to a limited number of

embodiments, those skilled in the art, having benefit of this disclosure, will appreciate
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that other embodiments can be devised which do not depart from the scope of the
invention as disclosed herein. Accordingly, the scope of the invention should be limited

only by the attached claims.
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Claims

What 1s claimed 1s:

1. A method for wellbore directional drilling, comprising:

selecting an 1nitial spatial position and a final spatial position of at least one portion of the
wellbore;

in a computer, calculating a sequence of sliding drilling and rotary drilling operations
within the at least one portion to enable drilling a wellbore along the at least one
portion along a predicted trajectory, the sequence comprising at least one drilling
opcerating parameter, the sequence comprising at least one constraint on (1) the at
lcast one drilling operating parameter or (11) a calculated result of at least one
drilling operating parameter, the predicted trajectory calculated using a projected
steering response of a stecrable motor 1n response to the at least one drilling
opcrating parameter;

starting drilling the at least one portion of the wellbore;

determining a spatial position of the wellbore during drilling at at least one point
intermediate the nitial spatial position and the final spatial position; and

using a relationship between the projected steering response and the at least one drilling
operating parameter, adjusting the at least one drilling operating parameter and/or
the at least one constraint based on the measured spatial position and the final

spatial position.

2. The method of claim 1 wherein the at least one drilling operating parameter
compriscs at least one of weight on bit, drill bit rotation speed, measured steerable motor
toolface orientation, differential drilling fluid pressure and wellbore lengths of the shide

drilling and rotary drilling operations.

3. The method of claim 1 wherein the at least one constraint comprises at least one
of well trajectory tortuosity, minimum wellbore curvature, maximum weight on bit,

maximum bit rotational speed, minimum total length of the at least one portion, well

27



CA 029594957 2017-02-277

WO 2016/032640 PCT/US2015/0416435

trajectory orientation at at least one of the starting spatial position and the stopping spatial

position, and distance between any point along the wellbore and a geodetic boundary.

4. The method of claim 1 further comprising calculating a difference between an
actual well trajectory change response compared to a predicted well trajectory change
response with respect to a steerable motor toolface orientation during drilling the at least
on¢ portion and updating the planned wellbore trajectory based on the measured wellbore

trajectory.

5. The method of claim 1 wherein the relationship comprises a moving average of a

steerable motor steering response with respect to the at least one drilling parameter.

0. The method of claim 5 wherein the moving average comprises a weighted moving
average.
7. The method of claim 6 wherein the moving average 1s 1nitialized using modeled

steerable motor steering response values to selected parameters of a drill string and

bottom hole assembly, selected drilling operating parameters.

8. The method of claim 6 wherein the moving average 1s 1nitialized using steerable

motor steering response data from another wellbore.

9. The method of claim 6 wherein weights for the weighted moving average
comprise selecting one or more of a weight related to a distance from a bottom of a well
to a point of the measured wellbore trajectory response, a weight related to a fractional
amount of time during drilling the at least one section comprising slide drilling, zero
weight for determined outlier measured toolface orientations and a weight on bit related

to a toolface direction factor.

10.  The method of claim 9 wherein the toolface direction factor comprises an average
of measured toolface direction along a selected length of well path compared to a

predetermined toolface direction.
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11.  The method of claim 1 further comprising stopping drilling operating and
changing at least one component of a drilling tool assembly when, using the relationship,
it 1s determined that the final spatial position cannot be reached by adjusting the at Ieast

one¢ drilling parameter and/or the at least one constraint.

12.  The method of claim 1 wherein the at least one drilling operating parameter 1s

attained automatically.

13. The method of claim 1 further comprising automatically detecting slide drilling

after starting drilling the at least one portion.

14.  The method of claim 13 wherein the automatically detecting comprises
determining when measurements scatter of measured toolface orientations are below a

predetermined threshold.

15. The method of claim 14 wherein the measurements of scatter comprise at least
onc of measured toolface variance, measured toolface absolute deviation, measured

toolface range, and deviation between consecutive toolface orientation measurements.

16.  The method of claim 14 wherein the measurements of scatter comprise on¢e or
more of surface drill string rotational speed, drill bit rotational speed measured at the
drill bit, rate of axial elongation of the wellbore, differential pressure, wellbore depth,

block or top drive elevation, block or top drive velocity, bit depth, and weight applied to
the drill bit.

17. The method of claim 1 wherein the predicted wellbore trajectory 1s assumed
during the rotary drilling sequences to be either constant or to have a predetermined walk

tendency.

18.  The method of claim 1 further comprising measuring an actual wellbore trajectory
during the drilling of the at least one section, and changing the at least one drilling
operating parameter when the actual wellbore trajectory deviates from the planned

wellbore trajectory by more than a predetermined amount.
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19.  The method of claim 1 wherein the determining a spatial position of the wellbore
during drilling comprises at least one of measuring a directional survey and calculating a

virtual directional survey.

20.  The method of claim 19 further comprising calculating at least one virtual survey
point at a selected drill bit location along the at least one section different than a spatial
position of the wellbore calculated from a directional survey made using a directional

survey instrument.

21.  The method of claim 20 further comprising using the virtual survey point to adjust
the at least one drilling operating parameter to change a trajectory ahead of a lowermost

position of the wellbore from a predetermined trajectory.

22.  The method of claim 21 wherein calculating the at least one virtual survey point
comprises: (1) rotary drilling assuming a substantially constant wellbore trajectory or
including an empirically determined trajectory change tendency; and (1) shide drilling
using the value of the weighted moving average and a measured steerable motor toolface

to estimate a position and an orientation of the wellbore.

23. A dnlling system comprising;

a) a steerable motor;

b) a sensor for measuring orientation of the wellbore;

) a sensor for measuring toolface orientation of the steerable motor;

d) a drill bat at a distal end of a drill string coupled to the steerable motor;

¢) a processor in signal communication with the orientation sensor and the toolface
sensor, the processor having instructions to cause the processor to compute one or
more of, (1) a steering response of the steerable motor, (1) measured depths of
slide drilling intervals, (111) a change 1n tool face orientation with respect to weight
applied to the drill bit, and (1v) parameters related to variation 1n measurements
made by the toolface sensor; and

a user interface 1n signal communication with the processor, the interface providing a

output of on¢ or more of the computed parameters or values derived therefrom,
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the output provided to at least one of a user interface and an automatic drilling

unit controller.

24.  The system of claim 23 wherein the steering response 1s a function of at Ieast two
of: toolface orientation, whether the steerable motor 1s slide drilling or rotary drilling, an
increase 1n pressure of fluid pumped into the drill string over a pressure at zero weight on
a drill bit, drill bit rotational speed, drill string rotational speed, weight on the drill bit,
rate of drilling of a wellbore, drilling fluid flow rate, and at least one physical property of

formations penetrated by the drill bat.

25. The system of claim 23 wherein the motor steering response includes a toolface
offset value to account for differences between tool-face orientation measurements and a

resulting wellbore trajectory.

26.  The system of claim 25. wherein the steering response 1s extrapolated from one or

more prior measured steering responses.

27.  The system of claim 26 wherein the extrapolation includes values derived from an

angular difference between two directional surveys.

28.  The system of claim 23 wherein the processor includes instructions to calculate an
estimated steering response, the estimated steering response initialized using steering
responses from one or more of: a user input, a value computed from other wellbore data,

and values predicted by a model of the a bottom hole assembly.

29.  The system of claim 28 wherein a ratio of angular difference between directional
surveys 1S used to provide a metric of an amount of slide drilling between or around

directional surveys.

30.  The system of claim 29 wherein tool-face orientation measurements between or

proximate directional surveys are used to estimate the motor steering response.

31.  The system claim 23 wherein measurements of toolface variation comprise one or

more of a difference between successive tool-face measurements, an absolute deviation, a
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variance, a range, a norm of the average of vectors representing tool-face orientations, a

modulus of an average of complex numbers representing the tool-face orientations.

32.  The system of claim 23 wherein the processor 1s programmed to calculate an
extrapolation of steering response based on a physics-based model or data from other

wellbores.

33.  The system of claim 32 1n wherein the extrapolation of the steering response is
estimated from a weighted average of prior steering responses, wherein weights for the
average are based on one or more of temporal proximity, depth proximity, fractional or
absolute amount of slide drilling included in an associated directional survey interval,
tool-face scatter 1n the associated directional survey interval, relationship to change-
points estimated from any combination of prior steering responses or drilling parameters

and outlier measurements.

34.  The system of claim 23 in which a wellbore trajectory 1s assumed to remain

substantially constant while rotary drilling.

35. The system of claim 23 wherein the processor 1s programed to cause the user
interface to display a warning to replace one or more components of the drill string when
the steering response or toolface variation fails to meet threshold criteria either
predetermined or based on a current well status and at least one target well spatial

location.

36.  The system of claim 23 wherein measurements of the toolface orientation change
with respect to reactive torque of the steerable motor 1s used by the processor to compute
outputs displayed on the user interface that assist determining a zero reactive torque
toolface measurement that will result 1n a desired toolface orientation when a selected

reactive torque 18 determined.

37.  The system of claim 23 further comprising:
instructions for the processor to receive as mput a target spatial position of a wellbore;

and
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instructions for the processor to calculate one or more drilling parameters which when
applied enable the steerable motor to cause the wellbore trajectory to reach the

target spatial position.

38.  The system of claim 37 wherein input parameters comprise one or more of
geodetic regions to avoid, a preferred path, and spatial position tolerances around the

preferred path.

39.  The system of claim 38 wherein drilling operating parameters output by the
processor include one or more of motor toolface orientation, motor differential pressure,
weight on the bit, length of slide and rotary drilling intervals, and drill string rotation

parameters.

40.  The system of claim 38 1n which the processor computes a path to the target

spatial position.

41.  The system of claim 40 in which the computed path 1s based on constraints
derived from any combination of: motor steering parameters, estimated time required to
drill path, path curvature and tortuosity, hole cleaning requirements, path length,
oricntation of the BHA at an 1nitial spatial position and the target spatial position, and

proximity to any geodetic boundary.

42.  The system of claim 41 in which points and/or orientations on the path are used to
determine drilling parameters communicated to the user interface or to the automated

controller.

43.  The system of claim 38 wherein a warning message 1S generated when the
processor determines that that the target spatial position cannot be reached based on at

Ieast one constraint on drilling operating parameters and a motor steering response.

44,  The system of claim 23 wherein toolface orientation measurements are used by

the processor to determine measured depth intervals that were slide-drilled and rotary

drilled.
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45.  The system of claim 44 wheremn scatter properties of the toolface orientation
measurements are used by the processor to determine measured depth intervals that were
slide drilled and rotary drilled, the scatter properties including any combination of a
difterence between successive tooltace measurements, an absolute deviation, a variance,
a range, a norm of an average of vectors representing the toolface orientations, a modulus

of an average of complex numbers representing the tool-face orientations.

46.  The system of claim 23 wherein measured depths of slide drilling are determined
in the processor by one or more of the scatter of WOB, scatter of fluid pressure
measurements, scatter of RPM, interval-averaged RPM below a threshold, reductions 1n

ROP, and interval-averaged torque, among others.

47.  The system of claim 23 1in which virtual survey points beyond a measured depth
of directional surveying equipment or values derived therefrom are calculated by the
processor and are output to at least one of a user interface and an automatic drilling

controller.

48.  The system of claim 47 1n which a virtual survey point at or near a bottom of the
wellbore 1s used as a starting point for a well path and wherein an orientation of the
virtual survey point 1s used to constrain tangent vectors at or near the beginning of the

well path.

49.  The system of claim 22 m which a parameter related to scatter of measured
toolface orientation 1s used by the processor to compute at least one drilling operating

parameter.

50.  The system of claim 49 1n which the parameter related to scatter of measured
toolface orientation 1s correlated to a selected drilling operating parameter by the
processor and 1s used by the processor to determine preferred values for the selected

drilling operating parameter.

51.  The system of claim 50 1n which a determined relationship between wellbore

drilling rate and increased toolface variation 1s used by the processor to calculate at least
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on¢ drilling operating parameter and transmit the calculated drilling operating parameter

to at least one of a user interface and an automatic drilling controller.
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