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(57) ABSTRACT

A method for estimating an axial force transier efliciency of
a drillstring 1n a borehole 1includes lifting the drillstring so
that the drill bit 1s ofl the bottom of the borehole, measuring,
a hook load, slacking off a first reference amount of the hook
load, determining a first weight on bit at the bottom of the
drillstring and determining the axial force transter efliciency
based, at least in part, on the measured hook load, the first
weight on bit, and the first reference amount of hook load.

20 Claims, 6 Drawing Sheets

100
»

115

130

135 110 y %
4{:___375 PROCESSOR
~—~—170

— 155 ——
' |

140
155

156 —1

169

155
145
180
160

— [T T =T =T = T =0T

F



US 10,385,675 B2

Page 2
(51) Int. CL
G05B 17/02 (2006.01)
GO6rl 17/11 (2006.01)
(56) References Cited

U.S. PATENT DOCUM

5,311,954 A 5/1994 Quintana

5,660,239 A 8/1997 Mueller

7,555,391 B2 6/2009 Gleitman
2008/0093088 Al 4/2008

2009/0260876 Al* 10/2009 Gleitman
2013/0105221 Al 5/2013 Wassell
2015/0012253 Al* 1/2015 O’Donnell

EINTTS

Hopwood et al.

E21B 17/003
175/24

tttttttttttttt

E21B 17/00
703/2

tttttttttttttt

FOREIGN PATENT DOCUMENTS

CN 102589869 A 7/2012
EP 1193366 A2 4/2002
WO 2004/104358 A2 12/2004
WO 20071041594 Al 4/2007

OTHER PUBLICATIONS

International Search Report and Written Opinion 1ssued 1n related
PCT Application No. PCT/US2013-060171 dated Jun. 10, 2014, 12

pages.

International Preliminary Report on Patentability 1ssued 1n related

application PCT/US2013/060171, dated Mar. 31, 2016. 9 pages.
Search Report 1ssued in related China patent application 2013800785231

(2 pages).

* cited by examiner



U.S. Patent Aug. 20, 2019 Sheet 1 of 6 US 10,385,675 B2

185
-
105 D
180
PROCESSOR

165

145

150
160

FIG. 1



U.S. Patent Aug. 20, 2019

2t I e s e N A L L et |
g A e L el
P

Sheet 2 of 6

Ll
s
AN,

ELERENT |

US 10,385,675 B2

W e e B e R W T T e e e e .-fr‘- P ‘-I"I.,
H i
E - ¥
: fxiﬁi - :

T GG 3, FLEe

E;xi' " s

H % L . 5[




U.S. Patent Aug. 20, 2019 Sheet 3 of 6

DETERMINE AXIAL FORCE
TRANSFER EFFICIENCY OF

DRILLSTRING

305

MODIFY AXIAL FORCE TRANSFER
EFFICIENCY BASED ON LOAD
TRANSFER TEST

310

MODIFY AXIAL FORCE TRANSFER
EFFICIENCY BASED ON COLLECTED
DATA

315

ALTER DRILLING OPERATION

BASED ON MODIFIED AXIAL FORCE
TRANSFER EFFICEINCY

320

US 10,385,675 B2




U.S. Patent Aug. 20, 2019 Sheet 4 of 6 US 10,385,675 B2

310
LIFT DRILL BIT OFF BOTTOM OF
BOREHOLE
405
MEASURE HOOK LOAD
410

SLACK OFF REFERENCE AMOUNT ADJUST ROTATION RATE OF

OF HOOK LOAD DRILLSTRING
........ 420
MEASURE WEIGHT-ON-BIT AT
BOTTOM OF BOREHOLE
425

YES

450
NO

DETERMINE AXIAL FORCE
TRANSFER EFFICIENT BASED ON
MEASURED HOOK LOAD, SLACKED

OFF REFERENCE AMOUNT(S), AND
MEASURED WEIGHT(S)-ON-BIT

\——440
FIG. 4




U.S. Patent Aug. 20, 2019 Sheet 5 of 6 US 10,385,675 B2

— 315

DETERMINE MODIFIED AXIAL FORCE TRANSFER
EFFICIENCY BASED ON ONE OR MORE OF;
TIME-DEPTH INFORMATION
LOCAL MAGNETIC PARAMETERS
SURVEYS OF RECORD
ROTATION RATE OF DRILLSTRING (RPM)
WEIGHT(S) ON BIT
TORQUE(S) ON BIT
BENDING MOMENT(S)

MUD WEIGHT _
BHA CONFIGURATION
BOREHOLE DIAMETER(S)

505




US 10,385,675 B2

Sheet 6 of 6

Aug. 20, 2019

U.S. Patent

9 Old

GEQ

GC9
|/ ...

NOILVNLOV
dO10N
d3lS 14l

0€9 U
ANVININOD

dOLVN1OV

aV4ANIT dd34

0¢9 |/

NOILVNLOV

— d010N

d41S 0444

VA

mvml/

AUNVININOD /

019 —\ 509 —\
MOVEd33d || AON3IOI443
A3LYYOALNI a341S3a

dd34
/

A




US 10,385,675 B2

1

ESTIMATION AND CALIBRATION OF
DOWNHOLE BUCKLING CONDITIONS

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a U.S. National Stage Application of
International Application No. PCT/US2013/060171 filed
Sep. 17, 2013, which 1s hereby incorporated by reference 1n
its entirety.

BACKGROUND

The present disclosure relates generally to subterranean
drilling operations and, more particularly, to the estimation
and calibration of the axial force transfer efliciency of a
drillstring.

Hydrocarbons, such as o1l and gas, are commonly
obtained from subterranean formations that may be located
onshore or offshore. The development of subterrancan
operations and the processes mvolved 1n removing hydro-
carbons from a subterrancan formation are complex. Typi-
cally, subterranean operations involve a number of different
steps such as, for example, drilling a wellbore at a desired
well site, treating the wellbore to optimize production of
hydrocarbons, and performing the necessary steps to pro-
duce and process the hydrocarbons from the subterrancan
formation.

In certain directional drilling applications where the bore-
hole path 1s tortuous, the drillstring path may deviate from
the borehole curvature. Depending on the amount of devia-
tion and the compression of the drillstring, the drillstring
may take on a lateral or sinusoidal buckling mode. This may
also be referred to as “snaking” of the drillstring. When the
drillstring 1s in the lateral bucking mode, further compres-
sion of the drllstring may cause the drllstring enters a
helical buckling mode. The helical bucking mode may also
be referred to as “corkscrewing.” Buckling may result in loss
of efliciency 1n the drilling operation and premature failure
of one or more drillstring components.

FIGURES

Some specific exemplary embodiments of the disclosure
may be understood by referring, 1n part, to the following
description and the accompanying drawings.

FIG. 1 1s a diagram of an example drilling system,
according to aspects ol the present disclosure.

FIG. 2 1s a diagram illustrating an example information

handling system, according to aspects of the present disclo-
sure.

FIGS. 3-6 are tlow charts of an example processes accord-
ing to aspects of the present disclosure

While embodiments of this disclosure have been depicted
and described and are defined by reference to exemplary
embodiments of the disclosure, such references do not imply
a limitation on the disclosure, and no such limitation 1s to be

inferred. The subject matter disclosed 1s capable of consid-
erable modification, alteration, and equivalents in form and
function, as will occur to those skilled in the pertinent art and
having the benefit of this disclosure. The depicted and
described embodiments of this disclosure are examples only,
and not exhaustive of the scope of the disclosure.

DETAILED DESCRIPTION

The present disclosure relates generally to subterranean
drilling operations and, more particularly, to the estimation
and calibration of the axial force transfer efliciency of a
drillstring.
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[llustrative embodiments of the present disclosure are
described 1n detail herein. In the interest of clarity, not all
features of an actual implementation may be described 1n
this specification. It will of course be appreciated that in the
development of any such actual embodiment, numerous
implementation-specific decisions are made to achieve the
specific implementation goals, which will vary from one
implementation to another. Moreover, 1t will be appreciated
that such a development eflort might be complex and
time-consuming, but would nevertheless be a routine under-
taking for those of ordinary skill in the art having the benefit
of the present disclosure.

To facilitate a better understanding of the present disclo-
sure, the following examples of certain embodiments are
given. In no way should the following examples be read to
limat, or define, the scope of the disclosure. Embodiments of
the present disclosure may be applicable to horizontal,
vertical, deviated, or otherwise nonlinear wellbores 1n any
type of subterranean formation. Embodiments may be appli-
cable to mjection wells as well as production wells, includ-
ing hydrocarbon wells. Embodiments may be implemented
using a tool that 1s made suitable for testing, retrieval and
sampling along sections of the formation. Embodiments
may be implemented with tools that, for example, may be
conveyed through a flow passage 1n tubular string or using
a wireline, slickline, coiled tubing, downhole robot or the
like.

The terms “‘couple” or “couples” as used herein are
intended to mean eirther an indirect or a direct connection.
Thus, 1f a first device couples to a second device, that
connection may be through a direct connection or through an
indirect mechanical or electrical connection wvia other
devices and connections. Similarly, the term “communica-
tively coupled” as used herein 1s mtended to mean either a
direct or an indirect communication connection. Such con-
nection may be a wired or wireless connection such as, for
example, Ethernet or LAN. Such wired and wireless con-
nections are well known to those of ordinary skill 1n the art
and will therefore not be discussed 1n detail herein. Thus, 1f
a first device communicatively couples to a second device,
that connection may be through a direct connection, or
through an indirect communication connection via other
devices and connections.

The present disclosure relates generally to subterranean
drilling operations and, more particularly, to the estimation
and calibration of the axial force transfer efliciency of a
drillstring.

As shown i FIG. 1, o1l well drilling equipment 100
(simplified for ease of understanding) may include a derrick
105, derrick floor 110, draw works 115 (schematically
represented by the drilling line and the traveling block),
hook 120, swivel 125, kelly joint 130, rotary table 135,
drillpipe 140, one or more drill collars 145, one or more
MWD/LWD tools 150, one or more subs 155, and drill bit
160. Drilling fluid 1s 1mnjected by a mud pump 190 into the
swivel 125 by a drilling fluid supply line 195, which may
include a standpipe 196 and kelly hose 197. The drnlling
fluid travels through the kelly joint 130, drillpipe 140, drill
collars 145, and subs 155, and exits through jets or nozzles
in the drill bit 160. The drilling fluid then flows up the
annulus between the dnllpipe 140 and the wall of the
borehole 165. One or more portions of borehole 165 may
comprise open hole and one or more portions of borehole
165 may be cased. The dnllpipe 140 may be comprised of
multiple drillpipe joints. The drillpipe 140 may be of a single
nominal diameter and weight (1.e. pounds per foot) or may
comprise intervals of joints of two or more different nominal
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diameters and weights. For example, an interval of heavy-
weight drillpipe joints may be used above an interval of
lesser weight drillpipe joints for horizontal drilling or other
applications. The drillpipe 140 may optionally include one
or more subs 1355 distributed among the drllpipe joints. If
one or more subs 155 are included, one or more of the subs
155 may include sensing equipment (e.g., sensors), commu-
nications equipment, data-processing equipment, or other
equipment. The drillpipe joints may be of any suitable
dimensions (e.g., 30 foot length). A drilling fluid return line
170 returns drilling fluid from the borehole 1635 and circu-
lates 1t to a drilling fluid pit (not shown) and then the drilling
fluid 1s ultimately recirculated via the mud pump 190 back
to the drilling fluid supply line 195. The combination of the
drill collar 145, MWD/LWD tools 150, and drill bit 160 1s
known as a bottomhole assembly (or “BHA”). The combi-
nation of the BHA, the drillpipe 140, and any included subs
155, 1s known as the drillstring. In rotary drilling the rotary
table 135 may rotate the dnllstring, or alternatively the
drillstring may be rotated via a top drive assembly.

A processor 180 may be used to collect and analyze data
from one or more sensors and to control the operation of one
or more drilling operations. The processor 180 may alter-
natively be located below the surface, for example, within
the drillstring. The processor 180 may operate at a speed that
1s suilicient to be useful 1n the drilling process. The proces-
sor 180 may include or interface with a terminal 185. The
terminal 185 may allow an operator to interact with the
processor 180.

In the embodiment shown, the processor 180 may include
an information handling system. As used herein, information
handling systems may include any instrumentality or aggre-
gate ol instrumentalities operable to compute, classily, pro-
cess, transmit, receive, retrieve, originate, switch, store,
display, manifest, detect, record, reproduce, handle, or uti-
lize any form of information, intelligence, or data for
business, scientific, control, or other purposes. For example,
an mnformation handling system may be a personal com-
puter, a network storage device, or any other suitable device
and may vary in size, shape, performance, functionality, and
price. The mnformation handling system may include random
access memory (RAM), one or more processing resources
such as a central processing unit (CPU) or hardware or
soltware control logic, read only memory (ROM), and/or
other types of nonvolatile memory. Additional components
of the information handling system may include one or more
disk drives, one or more network ports for communication
with external devices as well as various mput and output
(I/0) devices, such as a keyboard, a mouse, and a video
display. The information handling system may also include
one or more buses operable to transmit communications
between the various hardware components.

FIG. 2 1s a block diagram showing an example informa-
tion handling system 200, according to aspects of the present
disclosure. Information handling system 200 may be used,
for example, as part of a control system or unit for a drilling
assembly. For example, a drilling operator may interact with
the information handling system 200 to alter drilling param-
cters or to 1ssue control signals to drnilling equipment com-
municably coupled to the information handling system 200.
The information handling system 200 may include a pro-
cessor or CPU 201 that 1s communicatively coupled to a
memory controller hub or north bridge 202. Memory con-
troller hub 202 may include a memory controller for direct-
ing information to or from various system memory compo-
nents within the information handling system, such as RAM
203, storage element 206, and hard drive 207. The memory
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controller hub 202 may be coupled to RAM 203 and a
graphics processing unit 204. Memory controller hub 202
may also be coupled to an I/O controller hub or south bridge
205. I/O hub 205 1s coupled to storage elements of the
computer system, including a storage element 206, which
may comprise a flash ROM that includes a basic nput/

output system (BIOS) of the computer system. I/O hub 205
1s also coupled to the hard drive 207 of the computer system.

I/O hub 205 may also be coupled to a Super 1/0O chip 208,

which 1s 1tself coupled to several of the I/O ports of the
computer system, including keyboard 209 and mouse 210.
The information handling system 200 further may be com-
municably coupled to one or more elements of a drilling
assembly though the chip 208.

For purposes of this disclosure, an information handling,
system may include any instrumentality or aggregate of
instrumentalities operable to compute, classily, process,
transmit, receive, retrieve, originate, switch, store, display,
manifest, detect, record, reproduce, handle, or utilize any
form of information, mtelligence, or data for business,
scientific, control, or other purposes. For example, an infor-
mation handling system may be a personal computer, a
network storage device, or any other suitable device and
may vary in size, shape, performance, functionality, and
price. The information handling system may include random
access memory (RAM), one or more processing resources
such as a central processing unit (CPU) or hardware or
soltware control logic, ROM, and/or other types of nonvola-
tile memory. Additional components of the information
handling system may include one or more disk drives, one
or more network ports for commumcation with external
devices as well as various mput and output (I/0) devices,
such as a keyboard, a mouse, and a video display. The
information handling system may also include one or more
buses operable to transmit communications between the
various hardware components. It may also include one or
more interface units capable of transmitting one or more
signals to a controller, actuator, or like device.

For the purposes of this disclosure, computer-readable
media may include any instrumentality or aggregation of
instrumentalities that may retain data and/or instructions for
a period of time 1n a non-transitory state. Computer-readable
media may include, for example, without limitation, storage
media such as a direct access storage device (e.g., a hard disk
drive or floppy disk drive), a sequential access storage
device (e.g., a tape disk dnive), compact disk, CD-ROM,
DVD, RAM, ROM, electrically erasable programmable
read-only memory (EEPROM), and/or flash memory; as
well as communications media such wires, optical fibers,
microwaves, radio waves, and other electromagnetic and/or
optical carriers; and/or any combination of the foregoing.

FIG. 3 shows a flow chart of an example process for
determining and calibrating the axial force transfer efli-
ciency of a dnllstring. In block 305, the process includes
determining the axial force transfer efficiency of the drill-
string. Example implementations of block 305 are based on
wellbore and drillstring models. In block 310, the process
includes moditying the axial force transfer efliciency based
on a load transfer test. In block 315, the process includes
moditying the axial force transier efliciency based, at least
in part, on collected data. In block 320, the process includes
altering a dnlling operation based on the modified axial
force transier efliciency. Example implementations of block
320 include one or more of altering the rate of penetration
of the drill bit 160 1n borehole 1635, limiting or altering the
weight on bit of the drillstring, and limiting or altering the
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torque on bit of the drillstring. Example embodiments may
omit one or more of block 305-3135.

Example implementations of determining the axial force
transfer ethiciency of the dnllstring (block 3035) include
modeling to determine the whether and when the drillstring
may experience a lateral buckling mode. One example
implementation uses the following equation to determine the
force needed to induce onset of sinusoidal buckling.

\/ EIWsind
2x »

where I 1s the moment of inertial for the drillstring compo-
nent being modeled, E 1s Young’s modulus of elasticity, W
1s the tubular weight 1n mud; 0 1s the wellbore inclination,
and r 1s the radial clearance between wellbore and drillstring
component.

Another example i1mplementation uses the following
equation to determine the force needed to mduce onset of
sinusoidal buckling using a curvilinear model.

(Equation 1)
Fy =

(Equation 2)

where w_. 1s the constant force between the drllstring and
wellbore, which, in turn, may be calculated using the fol-
lowing equation.

wcz\/(wbpsin6+F L0+ (F,sin04," ) (Equation 3)

where @ 1s the azimuth angle and ' 1s the derivative with
respect to measured depth.

In certain implementations for a constant curvature well-
bore 165 the contact force may be expressed as

wCZ\/(wban—FhK)Eﬂwbpr)E (Equation 4)

where n_ 1s vertical component of the normal to the curve
and b_ 1s the vertical component of the binormal to the curve.
Example implementations of determining the axial force
transfer ethiciency of the dnllstring (block 3035) include
modeling to determine the when the drnllstring will experi-
ence a sinusoidal buckling mode. In one example 1mple-
mentation, the compression force to induce onset of helical
buckling 1s determined using the following equation.

o =Fxl (Equation 5)

where F 1s a buckling constant. Examples of the buckling
constant include one or more of -=2.83, -2.85, =2.4, -5.66,
-3.75, =3.66, and —4.24.

In certain example implementations, as part of the deter-
mination of the axial force transter etliciency of a dnllstring
(block 305), a Buckling Limit Factor (BLF) 1s calculated.
The BLF may account for one or more factors that influence
bucking of the drillstring. In general, the BLF 1s used to
calibrate bucking models and adjust the buckling limaits
based on one or more of wellbore tortuosity, borehole
quality, and borehole shape. An example factor that influ-
ences buckling 1s the lateral clearance of the wellbore 165.
For example, a washout of a portion of wellbore 1635
influences buckling. A second example factor that influences
buckling 1s localized heating of the drillstring. Localized
heating may be caused, for example, by fluid flows behind
the drillstring. In certain implementations, the circulating
fluid around the dnllstring causes a tluid pressure change 1n
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the wellbore. The some situations, the fluid flow further
causes tluid heat transfer between the drillpipe 140 and the
wellbore 165. A third example factor that influences buck-
ling 1s temperature increase, for example, due to drilling the
borehole 165 or due to production from a formation. A
fourth example factor that influences buckling 1s formation
sticking. This condition may be caused, for example, by
axial restraints along borehole 165. A fifth example factor
that influences buckling 1s an incremental compressive load
of the drillstring. This compressive load of the drillstring
may be due to force applied either at the bit. The compres-
sive loading may also be increased by tools such as a hole
opener or by an underreamer in the drillstring. A sixth
example factor that influences buckling 1s wellbore interac-
tion with the drillstring. This may be caused, for example by
friction of the wellbore on the borehole 165 and by side
loading. A seventh example factor that influences buckling
1s the wellbore trajectory and tortuosity. In some implemen-
tations, one or more of the influencing factors are eliminated
or not considered. In other example implementations, each
of the mfluencing factors 1s considered.

Example implementations may account for one or more of
these factors in the BLF. Using the BLF, the modified

buckling force (V. ,zn04) may be determined using the
following equation.

Elw, (Equation 6)

¥y

F. simodified) — BLF X QJ

The compression force to induce onset of helical buckling
may be calculated using the following equation.

Fp=I%XFnodified) (Equation 7)

FIG. 4 show s a flow chart of an example process for
moditying the axial force transier efliciency based on a load
transter test (block 310). In block 410, the processor 180 lifts
the dnill bit 160 ofl the bottom of borehole 165. The
processor 180 measures the hook load 410 with the drill bit
ofl bottom (block 415).

In block 420, the processor 180 slacks oil a reference
amount ol hook load. In some example embodiments, the
processor 180 slacks off loads 1n increments of 5 kips, 10
kips, or an increment between 5 and 10 kips. In still other
embodiments, the processor 180 increases hook load rather
than slacking ofl. For example, in one implementation the
hook load 1s increased 1n increments of 5 kips, 10 kips, or an
increment between 5 and 10 kips.

In block 4285, after having altered the hook load by either
slacking ofl or increasing the hook load, the processor 180
measures the weight on bit at the bottom of the borehole 165.
In some example implementations, the weight on bit 1s
measured by a sensor 1n the BHA. In other example imple-
mentations, the weight of bit 1s measured by a sensor 1n one
or more of subs 155.

In block 430, the processor 180 determines whether or not
to repeat the process of altering the hook load and measuring
the corresponding weight on bit (blocks 420 and 425). In
some example implementations, the processor 180 repeats
the process of slacking ofl a reference amount and measur-
ing the weight on bit for two, three, four, five, or more
iterations. In one embodiment, the process of slacking off a
reference amount and measuring the weight on bit 1s
repeated until the drillstring 1s 1n or near a lockup state and
no more weight can be slacked off.
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In some 1implementations, 11 the processor 180 determines
that the process of slacking off a reference hook load and
measuring the corresponding weight on bit (blocks 420 and
425) should be continued, the processor 180 adjusts the
rotation rate of the drillstring before repeating the process.
In one example implementation, the processor 180 increases
the rate of rotation 5-10 RPM belore repeating. In one
example 1mplementation, the processor 180 decreases the
rate of rotation 5-10 RPM belore repeating.

In block 440, the processor 180 determines the axial force

transier efliciency based, at least 1n part, on the measured
hook load (from block 410), the one or more reference
amount ol hook load that were slacked off (Irom block 420),
and the one or more corresponding weights on bit (from
block 425). One example embodiment calculates a slack ofl
ef1c1ency In one example embodiment, the slack-ofl efli-
ciency may be calculated using the following equation:

(Equation 6)

&WOB]

(nsiaﬂkqff — AHI

where AHL 1s the change 1n hook load (i.e., the amount load
slacked off or added) and AWOB 1s the corresponding
change in weights on bit.

Certain 1implementations may omit one or more of block
405-440. For example, modilying the axial force transier
elliciency based on a load transfer test (block 310) may be
performed without first lifting the drill bit 160 ofl the bottom
of the borehole 165. In such an implementation, the hook
load may still be changed by adding hook load or slacking
ofl hook load and corresponding changes 1n weight on bit are
determined as described above.

In some implementations, the process for moditying the
axial force transier efliciency based on a load transier test
(block 310) 1s performed while the drillstring 1s not rotating.
In other implementations, the for modifying the axial force
transier etliciency based on a load transter test (block 310)
1s performed while the drillstring 1s rotating and the rate of
rotation may or may not be altered during the execution of
block 310. In some implementations, the process for modi-
tying the axial force transfer efliciency based on a load
transter test (block 310) 1s performed while mud 1s circu-
lated though the borehole 165. In other implementations, the
process for modifying the axial force transfer efliciency
based on a load transfer test (block 310) 1s performed
without mud circulating though the borehole 165.

FIG. 5 1s a flow chart showing an example process for
moditying the axial force transfer efliciency based on col-
lected data (block 325). One or more in-borehole measure-
ments may be obtained from sensors 1n the BHA, sensors in
one or more subs 155, or sensors at or near the surface. In
some example implementations, the axial force transfer
elliciency 1s modified based on time-depth mformation. In
such 1mplementations, the axial force transfer efliciency 1s
modified based on a set of two or more time or depth versus
hook load values. In some example implementations one or
more sensors are located along the drillstring. The sensors
measure properties indicative of hook load and send signals
to the processor 180. In some example 1implementations,
data 1s sent from the sensors to the processor 180 by a wired
drill pipe. In other example implementations, data i1s sent
from the sensors to the processor 180 by fiber optic cables
in the drillstring. Certain implementations feature multiple
sensors located on drillstring at different depths in the
borehole. In certain implementations, drilling operations are
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paused while the sensor measure values indicative of hook
load, while in other implementations sensor measurements
are made without pausing drilling operations. In implemen-
tation where drilling operations are paused, afterward drill-
ing operations are resumed resulting 1in the sensors being
moved to a new depth 1n the borehole and measurements are
taken again. In some implementations, the processor 180
interpolates the measurements taken at different depths to
determine a change 1n hook load versus depth. The sensor
may include one or more strain gauges. In some 1mplemen-
tations the downhole sensors are sealed strain gauges.

In other example implementations, the axial force transfer
elliciency 1s modified based on one or more local magnetic
parameters. In still other implementations, the axial force
transier efliciency 1s modified based on surveys of record,
which may include applied corrections. In still other imple-
mentations, the axial force transier efliciency 1s modified
based on the rate of rotation of the drillstring, which may be
expressed in RPM. In some implementations, the axial force
transier efliciency 1s modified based on one or more mea-
sured weights on bit or torques on bit. In some implemen-
tations, the axial force transier efliciency 1s modified based
on measured bending moments 1n the drillstring. In some
implementations, the axial force transier efliciency 1s modi-
fied based on mud weight. In some 1mplementations, the
axial force transfer efliciency 1s modified based on the
configuration of the BHA, for example based on the dis-
tances of sensors to the bit 160. In some implementations,
the axial force transfer efliciency 1s modified based on
dimensions of one or more segments of the borehole. Other
data that 1s used for the determination of the axial force
transfer efliciency includes one or more of hook-load,
torque, stand-pipe pressure, tluid flow rate, and mud density.

FIG. 6 1s a flow chat of an example process for performing,
the load transfer test (block 310). The processor 180 may
receive a desired efliciency 605. In one example implemen-
tation, the processor 180 receives the desired efliciency as an
input to an integrated feedback algorithm 610. Based on the
integrated feedback algorithm, the processor may 1ssue a lift
command 630 to decrease the weight on bit of the drillstring.
This may be used, 1n one example implementation, to lift the
drill bit 160 off the bottom of the borehole 165. This may be
used, 1n a second example implementation, to increase the
hook load by a predetermined amount. For example, the
hook load may be incremented 5 kips, 10 kips, or between
5 and 10 kips. The lift command 630 may cause a lift step
motor actuation 635 to perform the lift command 630. The
results of the lift command 630 may be fed back to the
1ntegrated teedback algorithm 610. For example, the result-
ing weight on bit or the resulting hook load after the it
command 630 has been completed 1s considered by the
processor 180 1n certamn implementations. In another
example embodiment, the processor 180 may 1ssue a feed
command 6135. This may be used in one example embodi-
ment to slack off a predetermined amount of hook weight.
Example implementations cause the slacking off of 5 kips,
10 kips, or an amount between 5 and 10 kips. The feed
command 615 1s accomplished, 1n example embodiments by
one of a feed step motor actuation 620 or a feed linear
actuation 625. For example, 1n the case of feed step motor
actuation 620, the hook load or the weight on bit are changed
in steps. In the case of feed linear actuation 623, the hook
load or the weight on bit 1s changed continuously. The
resulting output of the system may be fed back to integrated
teedback algorithm 610. In some example implementations,
the processor 180 receives the resulting weight on bit after
the feed command 615 1s accomplished.
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Therelore, the present disclosure 1s well adapted to attain
the ends and advantages mentioned as well as those that are
inherent therein. The particular embodiments disclosed
above are illustrative only, as the present disclosure may be
modified and practiced in different but equivalent manners
apparent to those skilled in the art having the benefit of the
teachings herein. Furthermore, no limitations are intended to
the details of construction or design herein shown, other than
as described in the claims below. It 1s therefore evident that
the particular 1llustrative embodiments disclosed above may
be altered or modified and all such variations are considered
within the scope and spirit of the present disclosure. Also,
the terms 1n the claims have their plain, ordinary meaning,
unless otherwise explicitly and clearly defined by the pat-
entee. The indefinite articles “a” or “an,” as used in the
claims, are defined herein to mean one or more than one of
the element that 1t introduces.

What 1s claimed 1s:

1. A method for estimating an axial force transier eth-
ciency of a drillstring 1n a borehole, the drillstring compris-
ing a drill bit, the method comprising;:

lifting the drillstring so that the drill bit 1s ofl the bottom

of the borehole:

measuring a hook load;

slacking ofl a first reference amount of the hook load;

determining a first weight on bit at the bottom of the

drillstring; and

determining the axial force transfer efliciency based, at

least 1n part, on the measured hook load, the first weight
on bit, and the first reference amount of hook load.

2. The method of claim 1, further comprising;:

slacking off a second reference amount of the hook load;

determining a second weight on bit at the bottom of the

drillstring; and

wherein determining the axial force transier efliciency 1s

turther based, at least 1n part, on the second weight on
bit and the second reference amount of hook load.

3. The method of claim 2, turther comprising;:

slacking ofl one or more subsequent reference amounts of

the hook load;
determining one or more corresponding subsequent
weights on bit at the bottom of the drillstring; and

wherein determining the axial force transfer etliciency 1s
further based, at least in part, on the one or more
corresponding subsequent reference amounts of hook
load and the one or more corresponding subsequent
weights on bat.

4. The method of claim 3, wherein the first reference
amount of hook load, the second reference amount of hook
load, and the one or more subsequent reference amounts of
hook load are between 5 and 10 kips.

5. The method of claim 2, wherein slacking off a first
reference amount of the hook load and slacking off the
second reference amount of the hook load are performed
while the dnllstring 1s rotating.

6. The method of claim 5, further comprising:

altering the rotation rate of the drillstring between slack-

ing oil the first reference amount of the hook load and
slacking off the second reference amount of the hook
load.

7. The method of claim 2, wherein slacking off the first
reference amount of the hook load and slacking off the
second reference amount of the hook load are performed
while the drillstring 1s not rotating.

8. The method of claim 1, wherein determining an axial
force transfer efliciency 1s further based, at least 1n part, on
one or more of: one or more time-depth measurements from
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the drillstring; one or more local magnetic parameters; a
rotation rate of the dnllstring; a torque on bit of the dnll-
string; one or more bending moments of the dnllstring; a
mud weight; and one more borehole diameters.
9. The method of claim 1, further comprising:
performing a drilling operation 1n a subterranean forma-
tion; and
altering a rate of penetration of a wellbore 1n the subter-
ranean formation based, at least 1n part, on the deter-
mined axial force transier efliciency of the dnllstring.
10. A system for controlling one or more drilling opera-
tions, comprising:
at least one processor; and
a memory including non-transitory executable instruc-
tions for estimating an axial force transfer efliciency of
a drillstring, wherein the executable instructions cause
at least one processor to:
111t the drillstring so that the drill bit 1s off the bottom of
a borehole;

measure a hook load;

slack off a first reference amount of the hook load:;

determine a {first weight on bit at the bottom of the

drillstring; and

determine an axial force transier efliciency based, at least

in part, on the measured hook load, the first weight on
bit, and the first reference amount of hook load.

11. The system of claim 10, wherein the executable
instructions further cause the at least one processor to:

slack ofl a second reference amount of the hook load;

determine a second weight on bit at the bottom of the
drillstring; and

determine the axial force transfer efliciency based, at least

in part, on the measured hook load, the first weight on
bit, the second weight on bit, the first reference amount
of hook load, and the second reterence amount of hook
load.

12. The system of claim 11, wherein the first reference
amount and the second reference amount are between 5 and
10 kips.

13. The system of claim 11, wherein slacking ofl the first
reference amount of the hook load and slacking off the
second reference amount of the hook load are performed
while the drillstring 1s rotating.

14. The system of claim 11, wherein slacking ofl the first
reference amount of the hook load and slacking off the
second reference amount of the hook load are performed
while the drillstring 1s not rotating.

15. The system of claim 10, wherein the executable
istructions further cause the at least one processor to:

alter a rotation rate of the drillstring between slacking off

the first reference amount of the hook load and slacking
ofl the second reference amount of the hook load.

16. The system of claim 10, wherein the executable
instruction further cause the one processor to determine the
axial force transier efliciency further based, at least in part,
on one or more of: one or more time-depth information; one
or more local magnetic parameters; a rotation rate of the
drillstring; a torque on bit of the dnllstring; one or more
bending moments of the dnllstring; a mud weight; and one
more borehole diameters.

17. The system of claim 10, wherein the executable
istructions further cause the at least one processor to:

control a drilling operation 1n a subterranean formation;

and

alter the rate of penetration of a wellbore 1n the subter-

ranean formation based, at least 1n part, on the deter-

mined axial force transier efliciency of the dnllstring.

.
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18. A system for controlling one or more drilling opera-
tions, comprising:
a drillstring including a drill bat;
at least one processor; and
a memory including non-transitory executable instruc- 5
tions for estimating an axial force transier efliciency of
a drillstring, wherein the executable instructions cause
at least one processor to:
alter the hook load by a first reference amount;
measure a first weight on bit at the bottom of the drill- 10
string;
alter the hook load by a second reference amount;
measure a second weight on bit at the bottom of the
drillstring; and
determine an axial force transfer efliciency based, at least 15
in part, on the first and second reference amounts of
hook load, the first weight on bit, and the second weight
on bit.
19. The system of claim 18, wherein:
the executable 1nstructions that cause at least one proces- 20
sor to alter the hook load by a first reference amount
cause the at least one processor to:
increase hook load by the first reference amount; and
the executable 1nstructions that cause at least one proces-
sor to alter the hook load by a second reference amount 25
cause the at least one processor to:
increase hook load by the second reference amount.
20. The system of claam 18, wherein the first reference
amount and the second reference amount are between 5 and
10 kips. 30
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