wo 2012/158144 A1 |JIN I/ 000 00O T

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/158144 A1

(51

eay)

22 November 2012 (22.11.2012) WIPO | PCT
International Patent Classification:
E21B 7/04 (2006.01)
International Application Number:
PCT/US2011/036379

(22)

(25)
(26)
1

(72)
(73)

74

31

International Filing Date:
13 May 2011 (13.05.2011)

English
English

Filing Language:
Publication Language:

Applicant (for all designated States except US): HAL-
LIBURTON ENERGY SERVICES, INC. [US/US];
10200 Bellaire Blvd, Houston, TX 77072 (US).

Inventors; and

Inventors/Applicants (for US only): WINSLOW, Daniel,
M. [US/US]; 23918 Kingmont Knoll Court, Spring, TX
77373 (US). DEOLALIKAR, Neelesh [IN/US]; 501 N
Sarah Deel, Apt. 531, Webster, TX 77598 (US).

Agents: SCHMIDT, William, E. et al; William E
Schmidt, PC, 9014 Sterlingame Drive, Houston, TX 77031

(US).
Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,

(84)

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ,
UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a

patent (Rule 4.17(i1))

Published:

with international search report (Art. 21(3))

(54) Title: APPARATUS AND METHOD FOR FRILLING A WELL

FiG. 6

(57) Abstract: A method for forming a controllable bend angle in a drill string in a wellbore comprises attaching an upper housing
to a drill string. At least, one drive motor is anchored in the upper housing. A. middle housing is operably coupled to the at least one
drive motor. A lower housing is operably coupled to the at least one drive motor. The at least one drive motor is controHabiy oper -
ated to rotate the middle housing by a first rotation angle with respect to the upper.housing, and to rotate the lower housing by a
second rotation angle with respect to the upper housing, to generate a desired bend angle between the middle housing and the lower
housing at a target toolface orientation between the bend angle and the upper housing.



20

25

30

WO 2012/158144 PCT/US2011/036379

APPARATUS AND METHOD FOR DRILLING A WELL
BACKGROUND OF THE INVENTION

The present disclosure relates generally to the field of drilling wells and more
particularly to steerable drilling tools.

In deviated and horizontal drilling applications it is advantageous to use rotary
steerable systems to prevent pipe sticking in the deviated and horizontal sections. It
would also be advantageous to have the ability to have a drilling motor and bent sub for
changing direction. In operation, it would be desirable to have the motor, and the bent sub
non-rotating with respect to the borehole while changing direction. At the same time, it is
advantageous to have the drill string rotating to prevent differential sticking and to reduce
friction with the borehole wall. The present disclosure describes a downhole adjustable

bent housing for rotary steerable drilling.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the present invention can be obtained when the
following detailed description of example embodiments are considered in conjunction
with the following drawings, wherein like elements have like numbers, in which:

FIG. 1 shows a schematic diagram of a drilling system;

FIGS. 2A and 2B show a simplified view of an adjustable bent housing having
angled faces;

FIG. 3 shows an example of an adjustable bent housing assembly:

FIG. 4 shows a section view of a portion of one embodiment of an adjustable bent
housing assembly;

FIG. 5 shows a simplified view of another embodiment of an adjustable bent
housing;

FIG. 6 shows another example of an adjustable bent housing assembly comprising
an angled housing and mandrel;

FIG. 7 shows a section view of a portion of an adjustable bent housing
incorporating an angled housing and mandrel;

FIG. 8 shows an enlarged section view of a portion of FIG. 7;
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FIG. 9 shows a block diagram of one embodiment of an adjustable bent housing;

and A
FIG. 10 shows a block diagram of another embodiment of an adjustable bent
housing.
5 While the invention is susceptible to various modifications and alternative forms,

specific embodiments thercof are shown by way of example in the drawings and will
herein be described in detail. It should be understood, however, that the drawings and
detailed description herein are not intended to limit the invention to the particular form
disclosed, but on the contrary, the intention is to cover all modiﬁcafions, equivalents and
10 alternatives falling within the scope of the present invention as defined by the appended

claims.

DETAILED DESCRIPTION

Described below are several illustrative embodiments of the present invention.

15  They are meant as examples and not as limitations on the claims that follow.

FIG. | shows a schematic diagram of a drilling system 110 having a downhole
assembly according to one embodiment of present invention. As shown, the system |10
includes a conventional derrick 111 erected on a derrick floor 112 which supports 4
rotary table 114 that is rotated by a prime mover (not shown) at a desired rotational

20 speed. A drill string 120 that includes a drill pipe section 122 extends downward from
rotary table 114 into a directional borehole 126. Borehole 126 may travel in a three-
dimensional path. The three-dimensional direction .of the bottom [S1of borehole 126 is
indicated by a pointing vector 152. A drill bit 150 is attached to the downhole end of drill
string 120 and disintegrates the geological formation 123 when drill bit 150 is rotated.

25  The drill string 120 is coupled to a drawworks 130 via a kelly joint 121, swivel 128 and
line 129 through a system of pulleys (not shown). During the drilling operations,
drawworks 130 is operated to control the weight on bit 150 and the rate of penetration of
drill string 120 into borehole 126. The operation of drawworks 130 is well known in the
art and is thus not described in detail herein.

30 During drilling operations a suitable drilling fluid (commonly referred to in the an

as "mud”) 131 from a mud pit 132 is circulated under pressure through drill string 120 by
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amud pump 134. Drilling fluid 131 passes from mud pump 134 into drill string 120 via
fluid line 138 and kelly joint 121. Drilling fluid 131 is discharged at the borehole bottom
151 through an opening in drill bit 150. Drilling fluid 131 circulates uphole through the
annular space 127 between drill string 120 and borehole 126 and is discharged into mud
pit 132 via a return line 135. Preferably, a variety of sensors (not shown) are
appropriately deployed on the surface according to known methods in the art to provide
information about various drilling-related parameters, such as fluid flow rate, weight on
bit, hook load, etc.

A surface control unit 140 may receive signals from downhole sensors and
devices via a sensor 143 placed in fluid line 138 and processes such signals according to
programmed instructions provided to surface control unit 140. Surface control unit 140

~may display desired drilling parameters and other information on a display/mbnitor 142
which may be used by an operator to control the drilling operations. Surface control unit
140 may contain a computer, memory for storing data, data recorder and other
peripherals. Surface control unit 140 may also include models and may process data
according to programmed instructions, and respond to user commands entered through a
suitable input device, such as a keyboard (not shown).

In one example embodiment of the present invention, a steerable dnlling bottom
hole assembly (BHA) 159 may comprise a measurement while drilling (MWD) system
158 comprising various sensors to provide information about the formation 123 and
downhole drilling parameters. BHA 159 may be coupled between the drill bit 150 and the
drill pipe 122.

MWD sensors in BHA 159 may include, but are not limited to, a device for
measuring the formation resistivity near the drill bit, a gamma ray device for measuring
the formation gamma ray intensity, devices for determining the inclination and azimuth
of the drill string, and pressure sensors for measuring drilling fluid pressure downhole.
The above-noted devices may transmit data to a downhole transmitter 133, which in turn
transmits the data uphole (o the surface control unit 140. In one embodiment a2 mud pulse
telemetry technique may be used to communicate data from downhole sensors and
devices during drilling operations. A transducer 143 placed in the mud supply line 138

detects the mud pulses responsive to the data transmitted by the downhole transmitter
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133. Transducer 143 generates electrical signals in response to the mud pressure
variations and transmits such signals to surface control unit 140. Alternatively, other
telemetry techniques such as electromagnetic and/or acousﬁc techniques or any other
suitable technique known in the art may be utilized for the purposes of this invention. In
one embodiment, hard wired drill pipe may be used to communicate between the surface
and downhole devices. [n one example, combinations of the techniques described may be
used. In one embodiment, a surface transmitter receiver 180 communicates with
downhole tools using any of the transmission techniques described. for example a mud
pulse telemeltry technique. This may enable two-way conﬁnunication between surface
control unit 140 and the downhole tools described below. BHA 159 may also comprise a
drilling motor 190.

In one embodiment, BHA 159 may comprise a downhole steering assembly
having an adjustable bent housing 160 or 660. FIGS. 2A and 2B show a simplified view
of a bent housing 200 having a first housing 210 and a second housing 215 having mating
faces 202 and 201, respectively. In FIG, 2A the housings 210 and 215 are aligned such
that their centerlines 205 and 206 are substantially aligned. The mating faces 201 and 202
are angled by an angle o from a plane 211 that is perpendicular to the centerlines 205 and
206. FIG. 2B shows the result when housing 215 is rotated 180° from the position of 2A.

The result is that the centerline 206 of housing 215 is angled from the centerline 205 of

~housing 210 by an angle of 2a. Rotation of housing 215 between 0-180° results in an

angle between 0-2a. In some examples, centerline 205 is substantially parallel to a
centerline of the wellbore. The resulting bend angle of housing 215 allows for deviations
in the trajectory of the wellbore.

FIG. 3 shows an example of an adjustable bent housing assembly 160 attached to
a rotating portion 310 of BHA 159. In one example, the rotating member 310 may be an
output shaft of drilling motor 190. Alternatively, rotating member 310 may comprise a
rotating element in drill string 120. Rotating member 310 is coupled to input shaft 3135.
Input shaft 315 rotates with rotating member 310. Input shaft 315 extends through bores
in first housing 320, second housing 330 and third housing 340, and couples to rotating
output shaft 345. First housing 320, second housing 330 and third housing 340 are

substantially non-rotating as the term is defined below. Qutput shaft 345 is coupled to
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drill bit 150. As used herein, the terin "non-rotating” is intended to mean that the element
does not rotate during steering operations, while the rest of drill string 120 and bit 150
may be rotating. In one example, input shaft 315 and output shaft 345 are separated from
non-rotating housings 320 and 340 by bearing assemblies 316 and 317. As shown in FIG.
3. in operation the centerline 306 of third housing 340 may be deviated by an angle B
with respect to centerline 305 of the upper drill string components.

FIG. 4 shows a section view of a portion of one embodiment of udjusfable bent
housing assembly 160. In the example shown, middle housing 330 and lower housing
340 have angled faces 431 and 441 similar to those described in FIGS 3A and 3B. Face
431 engages face 441 through thrust bearing 460 thereby allowing relative rotation
between middle housing 330 and lower housing 340. Similarly, upper housing 320 is able
to rotate relative to middle housing 330. A steering sleeve 450 extends from upper
housing 320, through the middle housing 330, and is coupled to the lower housing 340 by
constant velocity joint 470. Steering sleeve 450 is selectively rotatable with relation to
upper housing 320 and/or middle housing 330 via a drive assembly 420. In this example,
drive assembly 420 comprises a motor 421, a spur gear 422, a ring gear 423, a clutch 424,
a clutch spur gear 425, and a clutch ring gear 426. Motor 421 may be anchored with
respect to upper housing 320. In one example, motor 421 may be an electrical motor.
Altex'natively? motor 421 may be a hydraulic motor.

Motor 421 has spur gear 422 attached to a motor output shaft 427. Spur gear 421
engages ring gear 423 attached around steering sleeve 450, such that motor 421 rotation
causes rotation of steering sleeve 450 and thus lower housing 340 with respect to upper
housing 320. In the example shown, clutch 424 is engaged to an extension of shaft 427,
Clutch 424 is anchored to upper housing 320. An output shaft of clutch 424 has a clutch
gear 425 mounted thereon. Clutch gear 425 éngages clutch ring gear 426 attached around
second housing 330. In one example, clutch 424 is configured to operate in one of two
positions. In one position, clutch 424 operably couples clutch gear 425 to rotate along
with spur gear 421 thereby rotating both middle housing 330 and lower housing 340
together with respect to upper housing 320. In a second position, clutch 424 may operate
to disengage clutch gear 425 from rotating with spur gear 421, while also preventing

rotation of clutch gear 4285, effectively locking middle housing 330 to upper housing 320.
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In one example, when middle housing 330 is locked to upper housing 320, steering sleeve
450 may be rotated to rotate lower housing 340 with respect to middle housing 330 to
generate the desired bend angle 8. With middle housing 330 locked to lower housing 340,
steering sleeve 450 may be rotated to rotate the bend into the desired tool face direction.
A sealed cover, not shown, is located over the openings in upper housing 320 allowing
the rotating elements to be immersed in a non-conductive fluid, for example a non-
conductive oil. |
In one example, see FIG. 9, electronics 301 may be located in upper housing 320

to control the operation of bent sub assembly 160. In one example well trajectory models
397 may be stored in a memory 396 in data communications with a processor 395 in the
electronics 301. Directional sensors 392 may be mounted in upper housing 320 or
elsewhere in the BHA, and may be used to determine the inclination and azimuth of the
steering assembly. Directional sensors may include, but are not limited to: azimuth
sensors, inclination sensors, gyroscopic sensors, magnetometers, and three-axis '
accelerometers. Depth measurements may be made at the surface and/or downhole for
calculating the axial location of .the steering assembly. If depth mieasurements are iade at.
the surface, they may be transmitted to the downhole assembly using telemetry system i
391. In operation, electronic interface circuits 393 may distribute power from power
source 390 to directional sensors 392, processor 395, telemetry system 391, and motor-
321. In addition, electronic interface circuits 393 may transmit and/or receive data and
command signals from directional sensors 392, processor 395, telemetry system 391, and
motor 321. An angular rotation sensor 407 may be used to determine the rotationél '
position of middle housing 330 and lower housing 340 relative to upper housing 320.
Power source 390 may comprise batteries, a downhole generator/alternator, and '
combinations thereof. In one embodiment, models 397 comprise directional position
models to control the steering assembly, including the adjustable bent housing, to control
the direction of the wellbore along a predetermined trajectory. The predetermined
trajectory may be 2 dimensional and/or 3 dimensional. In addition models 387 may
comprise instructions that evaluate the readings of the directional sensors to determine

- when tihc well path has deviated from the desired trajectory. Models 397 may calculate

and control corrections to the toolface and bent housing angle to make adjustments to the
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well path based on the detected deviations. In one example, models 397 may adjust the
well path direction to move back to the original predetermined trajectory. In another,
example, models 397 may calculate a new trajectory from the deviated position to the
target, and control the steering assembly to follow the new path. Alternatively, direction
sensor data may be transmitted to the surface, corrections calculated at the surface, and
commands from the surface may be transmitted to the downhole tool to alter the settings
of the bent housing.

FIG. 5 presents a simplified view of another technique for developing an angle
between two housings of an adjustable bent housing. As shown in FIG. 5, a housing 501
has a bore 510 therethrough. Housing 501 and bore 510 are each substantia‘lly concentric
about centerline 506. At a lower end, housing 501 has an angled bore 502 formed therein.
The centerline 505 of bore 502 is offset by an angle 8 from the centerline 506 of bore 510
of housing 501. A mating housing 504 has an angled mandrel 520 that is formed on an
end of mating housing 504 such that a centerline of the angled end is at the angle 6 from
centerline 506 of the main portion 515 of mating housing 504, when the angled end 520
is properly mounted in the angled bore 502. In one example bearings 525 are mounted
between angled end 520 and bore 502 to allow rotation there between. As shown in FIG.
5, mating housing 504 may be rotated with respect (o housing S01. When mating housing
504 is rotated 180°, the result is that the centerline 507a of housing 504 is angled from
the centerline 506 of housing 501 by an angle of 26. Rotation of housing 504 between 0-
180° results in an angle between 0-20. The resulting bend angle of housing 504 with
respect to housing 501 allows for deviations in the trajectory of the wellbore generally in
the direction of the bend and in the plane containing the axes 506 and 507a. The plane of
the bend angle may be referred to as the toolface of the bent housing assembly. The
toolface angle may be referred to as the angle between the toolface of the bém housing
assembly and the gravity high side of the wellbore in deviated wells, and the angle
between the toolface of the bent housing assembly and magnetic north in substantially
vertical wells, _

FI1G. 6 shows another example of an adjustable bent housing assembly 660 using
the angled housing and mandrel discussed in relation to FIG. 5. Bent housing assembly

660 may be attached to a rotating portion 310 of BHA 159, similar to adjustable bent
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housing 160 of FIG. 1. In one example, the rotating member 310 may be an output shaft
of drilling motor 190. Alternatively, rotating member 310 may comprise a rotating
element in drill string 120. Rotating member 310 is coupled to input shaft 622. Input
shaft 622 rotates with rotating member 310. Input shaft 622 extends through bores in
upper housing 602, middle housing 604, and lower housing 606, and rotationally couples
to rotating output shaft 628 through spline 670. Upper housing 602, middie housing 604
and lower housing 606 are substantially non-rotating as the term is defined below. Output
shaft 628 extends through bearing section 626 and is coupled to drill bit 150. As used
herein, the term "non-rotating” is intended to mean that the element does not rotate
during steering operations, while at least a portion of the drill string 120 and bit 150 are
rotating. In one example, input shaft 315 and output shaft 345 may be separated from
non-rotating housings 320 and 340 by bearings, described in more detail below. As
shown in FIG. 6. in operation the centerline 507 of lower housing 606 may be deviated
by an angle 20 with respect to centerline 506 of the upper drill string components,
enabling deviations in the trajectory of the wellbore.

FIG. 7 shows a section view of a portion of an adjustable bent housing
incorporating an angled housing and mandrel discussed in relation to FIGS. 5 and 6. As
shown, upper housing 602 is rotatably mounted to middle housing 604 by bearings 630
and 631. Bearings and 631 may comprise radial and thrust bearings commonly known in
the art. Similarly, middle housing 604 is rotatably mounted to lower housing 606 by
bearings 635 and 636 that may comprise radial and thrust bearings known in the art. In
one example, the bearings 630 and 631 and 635 and 636 are located in oil filled sections
of the tool. In one?:xamplc, commercial anti-friction type bearings may be used. In the
example shown, a first drive motor 608 is anchored in a cavity 609 in upper housing 602.
First drive motor 608 is mechanically operatively coupled to constant velocity joint 624,
First drive motor 608 drives first spur gear 610 that is engaged with first ring gear 612.
First ring gear 612 is attached to first drive sleeve 620 that is in turn attached to constant
velocity joint 624. Constant velocity joint 624 is mechanically coupled to lower housing
606 such that rotation of first drive sleeve 620 results in equivalent rotation of lower
housing 606. Constant velocity joints are known in the art and are not describéd in detail.

In one example, first drive motor 608 may be a stepper motor known in the art to provide
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discreetly controllable rotational movement. Altematively, first drive motor 608 may be a
hydraulic motor. In one embodiment, first drive motor 608 may incorporate a sensor 607
1o measure the rotational motion and/or position of an output shaft of first drive motor
608. Controllable rotation of first drive motor 608 results in controllable rotation of lower
housing 606, with respect to upper housing 602.

Similarly, second drive motor 614 is anchored in cavity 609 in upper housing 602.
Second drive motor 609 drives second spur gear 616 that is engaged with second ring
gear 618. Second ring gear 618 is attached to sleeve 605 that is attached.to middle
housing 604. Second drive motor 614 may be a stepper motor known in the art to provide
discreetly controllable rotational movement. Alternatively, second drive motor 614 may
be a hydraulic motor. Second drive motor 614 may incorporate a sensor 615 to measure
the rotational motion and/or position of an output shatt of second drive motor 614 drive
motor 614. Controllable rotation of second drive motor 614 results in controllable
rotation of middle housing 606 with respect to upper housing 602.

FIG. 8 shows an enlarged section view of a portion of FIG. 7, wherein middle
housing 604 incorporates an angled bore 662, sized to accept an angled mandrel 664
formed on the upper end of lower housing 606, as described with respect to FIG. 5. The
bore 662 and the mandrel 664 may be angled by an angle 6 with respect (o the centerline
506. Rotation of lower housing 606 witﬁ respect to middle housing 604 generates a bent
angle between lower housing 606 and both middle housing 604 and upper housing 602.
As one skilled in the art will appreciate, during steering the upper housing 602 may be
substantially non-rotating with respect to the wellbore being drilled. In order to generate a
desired bend angle at the desired toolface orientation, the appropriate rotations of each of
middle housing 604 and lower housing 606 may be calculated with respect to the upper
housing 602, and each housing may be rotated consecutively to the desired rotational
setting for each, respectively, to generate the desired bend angle and the desired toolface
direction. Alternatively, lower housing 606 may be rotated with respect to middle
housing 604 to generate the desired bend angle. Then, both middle housing 604 and
lower housing 606 may be concurrently rotated to the desired toolface orientation. The
sequential operation may significantly lower the peak power demands compared to the

concurrent operation described above, as only one motor needs to operate at a time.
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In one example, see FIG. 10, electronics 601 (see FIG. 6) may be located in upper
housing 602 to control the operation of bent housing assembly 660. In one example well
trajectory modeis 1097 may be stored in a memory 1096 that is in data communications
with a processor 1095 in the electronics 601. Directional sensors 1092 may be mounted

5 inupper housing 602 or elsewhere in the BHA, and may be used to determine the

inclination and azimuth of the steering assembly. Directional sensors may include, but are
‘not limited to: azimuth sensors, inclination sensors, gyroscopic sensors, magnetometers,
and three-axis accelerometers. Depth measurements may be made at the surface and/or
downhole for calculating the axial location of the steering assembly. If depth

10 measurements are made at the surface, they may be transmitted to the downhole assembly
using telemetry system 1091. In operation, electronic interface circuits 1093 may
distribute power from power source 1090 to directional sensors 1092, processor 1095,
telemetry system 1091, first motor 608, and second motor 614. In addition, electronic
interface circuits 1093 may transmit and/or receive data and command signals from

15 directional sensors 1092, processor 1095, telemetry system 1091, first motor 608, and
second motor 614. Angular rotation sensors 607 and 615 may be used to determine the
rotational positions of middle housing 604 and lower housing 606 relative to upper
housing 602. Power source 1002 may comprise batteries, a downhole
generator/alternator, and combinations thereof. In one embodiment, models 1097

20 comprise directional position models to control the steering assembly, including the
adjustable bent housing, to control the direction of the wellbore along a predetermined
trajectory. The predelerrﬁined trajectory may be 2 dimensional and/or 3 dimensional. In
addition models 1097 may comprise instructions that evaluate the readings of the
directional sensors to determine when the well path has deviated from the desired

25 trajectory. Models 1097 may calculate and control corrections to the toolface and bent
housing angle to make adjustments to the well path based on the detected deviations. In
one example, models 1097 may adjust the well path direction to move back to the
original predetermined trajectory. In another, example, models 1097 may calculate a new
trajectory from the deviated position to the target, and control the steering assembly to

30 follow the new path. In one example, the measurements, calculations, and corrections are

autonomously executed downhole. Alternatively, direction sensor data may be

10
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transmitted to the surface, corrections calculated at the surface, and commands from the
surface may be transmitted to the downhole tool to alter the settings of the bent housing.

Numerous variations and modifications will become apparent to those skilled in
the art. It is intended that the following claims be interpreted to embrace all such

variations and modifications.

S

11
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CLAIMS

1. An apparatus comprising:

15

20

30

a drill string deployed in a wellbore
an upper housing attached to the drill string;
_at least one drive motor anchored to the upper housing; ,

a middle housing operably coupled to the at least one drive motor to controllably
rotate the middle housing with respect to the upper housing;

a lower housing operably coupled to the at least one drive motor to controllably
rotate the lower housing with respect to the upper housing; and

a controller operably coupled to the at least one drive motor to controllably rotate
the middle housing by a first rotation angle with respect to the upper housing, and to
controllably rotate the lower housing by a second rotation angle with respect to the
upper housing to generate a desired bend angle between the middle housing and the
lower housing at a target toolface orientation between the bend angle and the upper
housing,
The apparatus of claim | further comprising a controllable clutch anchored to the
upper housing to selectively couple the middle housing to the upper housing.
The apbaralus of claim | further comprising a constant velocity joint to operably
couple the lower housing to the upper housing.
The apparatus of claim 1 further comprising a first angled face formed in a lower end
of the middle housing and operably coupled to a second matching angled face formed
into an upper end of the lower housing such that relative rotation of the middle
housing and the lower housing generates the bend angle.
The apparatus of claim 1 further comprising an angled bore formed in a lower end of
the middle housing and operably coupled to an angled mandrel formed into an upper-
end of the lower housing such that relative rotation of the middle housing and the
lower housing generates the bend angle.
The apparatus of claim 5 wherein the at least one drive motor comprises a first drive
motor operably coupled to the lower housing and a second drive motor operably

coupled to the middle housing.

12
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7. The apparatus of claim 1 wherein the controller is located at at least one of the surface
and downhole.
8. The apparatus of claim 1 wherein the controller is located downhole, the controller
comprising a processor in data communication with a memory, the processor
b) containing programmed instructions to autonomously control the bend angle and
toolface to drill the wellbore along a predetermined path. |
9. The apparatus of claim 6 wherein the controller actuates each of the first drive motor
and the second drive motor sequentially to rotate the lower housing and the middle
houAsing with respect to the upper housing.
10 10. A method for forming a controllable bend angle in a drill string in a wellbore
comprising; |
attaching an upper housing to a drill string;
anchoring at least one drive motor in the upper housing;
operably coupling a middle housing to the at least one drive motor;
15 operably coupling a lower housing to the at least one drive motor;
controllably operating the at least one motor downhole to rotate the middle
housing by a first rotation angle with respect to the upper housing and to rotate the
lower housing by a second rotation angle with respect to the upper housing to
generate a desired bend angle between the middle housing and the lower housing at a
20 target toolface orientation between the bend angle and the upper housing.
1'1. The method of claim 10 wherein operably coupling the middle housing to the at least
one drive motor comprises operably coupling the middle housing lhrbugh a
selectively operable clutch to the at least one drive motor.
12. The method of claim 10 wherein operably coupling the lower housing to the at least
25 one drive motor comprises operably coupling the lower section through a constant
velocity joint to the at least one drive motor.
13. The method of claim 10 further comprising forming a first angled face in a lower end
of the middle housing; forming a second matching angled face into an upper end of
the lower housing: and operably coupling the angled faces such that relative rotation

30 of the middle housing and the lower housing generates the bend angle.

13
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14.

15.

The method of claim 10 further comprising forming an angled bore in a lower end of
the middle housing; forming an angled mandrel into an upper end of the lower
housing; and operably coupling the angled bore and the angled mandrel such that
relative rotation of the middle housing and the lower housing generates the bend
angle.

The method of claim 10 wherein anchoring at least one drive motor in the upper
housing comprises anchoring each of a first drive motor and a second drive motor (o
the upper housing and operably coupling the first drive motor to the lower housing

and the second drive motor to the middle housing.

. The method of claim 15 further comprising controllably actuating each of the first

drive motor and the second drive motor to rotate the lower housing and the middle
housing with respect to the upper housing in at least one of: a sequential actuation and

a concurrent actuation.

. An apparatus comprising:

an upper housing;

a first drive motor anchored to the upper housing;

a second drive motor anchored to the upper housing;

a middle section operably coupled to the second drive motor (0 controllably rotate
the middle section with respect to the upper section;

a lower section operably coupled to the first drive motor to controllably rotate the
lower section with respect to the upper section; and

a controller operably coupled to the first drive motor and the second drive motor
to controllably rotate the middle section by a first rotation angle with respect to the
upper section, and to controllably rotate the lower section by a second rotation angle
with respect to the upper section to generate a bend angle between the middle section
and the lower section at a target toolface orientation between the bend angle and the

upper section.

. The apparatus of claim 17 further comprising a constant velocity joint to operably

couple the lower housing to the upper housing.

. The apparatus of claim 17 further comprising an angled bore formed in a lower end of

the middle housing and operably coupled to an angled mandrel formed into an upper

14
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22.

end of the lower housing such that relative rotation of the middle housing and the

lower housing generates the bend angle.

. The apparatus of claim 17 wherein the controller is located at at least one of the

surface and downhole.

. The apparatus of claim 17 wherein the controller is located downhole, the controller

comprising a processor in data communication with a memory, the processor
containiﬁg programmed instructions to autonomously control the bend angle and
toolface to drill the wellbore along a predetermined path.

The apparatus of claim 17 wherein the controller actuates each of the first drive motor
and the second drive motor sequentially to rotate the lower housing and the middie

housing with respect to the upper housing.

15
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