w0 2020/131006 A1 |0 00000 KO Y0000 0 O 0

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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
25 June 2020 (25.06.2020)

‘O 00 00 O 0
(10) International Publication Number

WO 2020/131006 A1

WIPO I PCT

(51) International Patent Classification: CA,CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
E21B 49/00 (2006.01) GOIN 27/02 (2006.01) DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
E21B 47/12 (2006.01) HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

(21) International Application Number: KR,KW,KZ,LA, LG, LK, LR, LS, LU, LY, MA, MD, ME,

PCT/US2018/065976 MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

(22) International Filing Date: SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
17 December 2018 (17.12.2018) TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW,

(25) Filing Language: English (84) Designated States (unless otherwise indicated, for every

L. . kind of regional protection available). ARIPO (BW, GH,

(26) Publication Language: English GM, IgE TR. LS. MW, MZ, NA, RW. SD. SL. ST. SZ. TZ.

(71) Applicant: HALLIBURTON ENERGY SERVICES, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
INC. [US/US]; 3000 N. Sam Houston Parkway E., Hous- TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
ton, Texas 77032 (US). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL, SK, SM,

(72) Inventors: JAMISON, Dale E.; 19727 Sweetgum For- TR), OAPI (BF, BJ, CF, CG. CI, CM, GA. GN, GQ, GW,
est Dr., Humble, Texas 77346 (US). XIANGNAN, Ye, KM, ML, MR, NE, SN, TD, TG).
17919 Harbour Bridge Point Dr., Cypress, Texas 77429
(US). WILLIAMS, Robert L.; 10115 Cairn Meadows Dr., Published:

(74)

@81)

Spring, Texas 77379 (US).

Agent: GARDNER, Jason D. et al.; Kilpatrick Townsend
& Stockton LLP, 4208 Six Forks Road, Suite 1400, Raleigh,
North Carolina 27609 (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, BN, BR, BW, BY, BZ,

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

(54) Title: REAL-TIME MONITORING OF WELLBORE DRILL CUTTINGS

501 APPLY TRANGMITTED SIGNAL OF FREQUE
LOCATED INWELLBORE ALD)

CY 1 kHz T0 1 GHz TO SENSCR
GORILLETRNG

503

\

REMOVE SHCRTED ELECTRODE FROM
CETERMINATICY

504 RECEIVE MPEDANCE SGNAL ~ROM DOWNHOLE IN RESPONSE TO THE

TRANSWITTED SIGNAL

0

QUTPUT VALUE FOR CUTTINGS CO

ONCERTRATION &’OPT ONALLY ELECTRODE STATUS,

NUMERICAL DEVIATION RELATIVE TO $1CDEL)

FIG. 5

(57) Abstract: Certain aspects and features relate to a system and a
sensor that provides real-time, downhole cutting concentration mea-
surements. Electrical impedance measurements can be used in con-
junction with a wired drill pipe to monitor the drill cuttings in the an-
nulus under downhole conditions and along the drill string. This mea-
surement provides direct information for optimal cuttings cleaning ef-
ficiency. In some examples, the system includes the sensor, a process-
ing device connected to the sensor, and a non-transitory memory de-
vice including instructions that are executable by the processing de-
vice to cause the processing device to apply a transmitted signal to
the sensor, receive an impedance signal from the sensor, and correlate
the impedance signal with a wellbore cuttings concentration. In some
examples the sensor includes multiple electrodes attachable to a drill
string,.
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REAL-TIME MONITORING OF WELLBORE DRILL CUTTINGS

Technical Field

[0001] The present disclosure relates generally to along-string measurement (ASM) in a
well. More particularly, the present disclosure relates to a system that that can measure

or monitor drill cuttings downhole in real time while a well is being drilled.

Background

[0002] Removal of drill cuttings from downhole during drilling operations is important
for avoiding problems such as stuck pipe and bit balling. In order to ensure enough drill
cuttings are being removed in a short enough time to avoid such problems, the cuttings at
the surface can be monitored throughout the drilling operation. Since it takes time for
drill cuttings to move to the service, these surface monitoring methods do not provide
real-time information regarding cutting concentrations downhole. Some approaches to
provide such information rely on readings from Coriolis meters at the flow line as well as
sensors at the shale shaker to provide data that can be used to calculate an estimate
wellbore cleaning efficiency. A numerical model of the drilling operation can also be
used to estimate cutting concentrations downhole. The accuracy of such estimates varies

with the sophistication and accuracy of the calculations or the model.

Brief Description of the Drawings

[0003] FIG. 1 is a cross-sectional view of an example of a drilling system that includes a
system for real-time monitoring of drill cuttings according to some aspects of the
disclosure.

[0004] FIG. 2 is an expanded view of a portion of the downhole environment shown in
FIG. 1 according to some aspects of the disclosure.

[0005] FIG. 3 is a cross-sectional view of a tool joint including a sensor according to
some aspects of the disclosure.

[0006] FIG. 4 is a block diagram of a computing system for real-time monitoring of drill

cuttings according to some aspects of the disclosure.
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[0007] FIG. 5 is a flowchart of a process for real-time monitoring of drill cuttings
according to some aspects of the disclosure.

[0008] FIG. 6 is a cross-sectional view of a sensor that can be used in real-time
monitoring of drill cuttings according to some aspects of the disclosure. The sensor in
FIG. 6 is shown in a calibration setup according to some aspects of the disclosure.

[0009] FIG. 7 and FIG. 8 are graphs of calibration curves for the sensor in FIG. 6
according to some aspects of the disclosure.

[0010] FIG. 9 is a cross-sectional view of another sensor that can be used in real-time
monitoring of drill cuttings according to some aspects of the disclosure. The sensor in
FIG. 9 is shown in a calibration setup according to some aspects of the disclosure.

[0011] FIG. 10 through FIG. 13 are graphs of calibration curves for the sensor in FIG. 8
according to some aspects of the disclosure.

[0012] FIG. 14A and FIG. 14B are views of another tool joint including a sensor that can
be used in real-time monitoring of drill cuttings according to some aspects of the
disclosure. FIGs. 14A and 14B may be collectively referred to herein as FIG. 14.

[0013] FIG. 15A and FIG. 15B are views of an additional sensor that can be used in real-
time monitoring of drill cuttings according to some aspects of the disclosure. FIGs. 15A

and 15B may be collectively referred to herein as FIG. 15.

Detailed Description

[0014] Certain aspects and features relate to a system and a sensor that provides real-
time, downhole cutting concentration measurements. Electrical impedance
measurements can be used in conjunction with a wired drill pipe to monitor the drill
cuttings in the annulus under downhole conditions and along the drill string. This
measurement provides direct information for optimal cuttings cleaning efficiency and
enables a drill operator to minimize NPT (non-productive time). The system uses an
electromechanical impedance spectroscopy (EIS) sensor signal and correlates the signal
to the cutting concentration, thus providing a real-time measurement of cuttings
downhole. Multiple sensors or sensors with multiple electrodes can be used to provide

real-time mapping of cuttings in the downhole annulus.
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[0015] In some examples, a system for monitoring drill cuttings downhole includes a
sensor, a processing device communicatively coupled to the sensor, and a non-transitory
memory device including instructions that are executable by the processing device to
cause the processing device to perform operations. The operations include applying a
transmitted signal to the sensor. In some examples the signal can have a frequency of
from 1 kHz to 1 GHz. In some examples the signal can have a frequency of from 1 kHz
to 1 MHz. The operations further include receiving an impedance signal from the sensor
in response to the transmitted signal and correlating the impedance signal with a wellbore
cuttings concentration at the sensor. The wellbore cuttings concentration can then be
output for display or for any other purpose.

[0016] In some examples the sensor includes multiple electrodes attachable to a drill
string to be in proximity to the wellbore cuttings. The sensor can be connectable to a
processing device. In some examples, the system can detect a shorted electrode from
among electrodes in the sensor and prevent or eliminate erroneous measurements that
would otherwise be caused by the shorted electrode. In some examples, the electrodes of
the sensor include a pair of parallel plates. In some examples the electrodes include
multiple pairs of parallel plates. In some examples the electrodes include parallel rods
spaced around the circumference of a drill pipe. In some example, the electrodes include
circular electrodes attachable to an along-string-measurement (ASM) tool joint. In some
examples, the electrodes include curved plates attachable to an ASM tool joint.

[0017] These illustrative examples are given to introduce the reader to the general subject
matter discussed here and are not intended to limit the scope of the disclosed concepts.
The following sections describe various additional features and examples with reference
to the drawings in which like numerals indicate like elements, and directional
descriptions are used to describe the illustrative aspects but, like the illustrative aspects,
should not be used to limit the present disclosure.

[0018] FIG. 1 is a cross-sectional view of an example of a drilling system 100 that
includes a system for real-time monitoring of drill cuttings according to some aspects of
the disclosure. A wellbore of the type used to extract hydrocarbons from a formation

may be created by drilling into the earth 102 using the drilling system 100. The drilling
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system 100 may be configured to drive a bottom hole assembly (BHA) 104 positioned or
otherwise arranged at the bottom of a drillstring 106 extended into the earth 102 from a
derrick 108 arranged at the surface 110. The derrick 108 includes a kelly 112 used to
lower and raise the drillstring 106. The BHA 104 may include a drill bit 114 operatively
coupled to a tool string 116, which may be moved axially within a drilled wellbore 118 as
attached to the drillstring 106. Tool string 116 may include one or more tool joints 109,
which further include sensors for use in ASM of drill cuttings to determine conditions in
the wellbore. The sensors can send signals to the surface 110 via a wired or wireless
connection (now shown). Some details of the tool string 116 and the sensors in this
example are more easily visible in FIG. 2, discussed below. The combination of any
support structure (in this example, derrick 108), any motors, electrical equipment, and
support for the drillstring and tool string may be referred to herein as a drilling
arrangement.

[0019] During operation, the drill bit 114 penetrates the earth 102 and thereby creates the
wellbore 118. The BHA 104 provides control of the drill bit 114 as it advances into the
earth 102. Fluid or “mud” from a mud tank 120 may be pumped downhole using a mud
pump 122 powered by an adjacent power source, such as a prime mover or motor 124.
The mud may be pumped from the mud tank 120, through a stand pipe 126, which feeds
the mud into the drillstring 106 and conveys the same to the drill bit 114. The mud exits
one or more nozzles (not shown) arranged in the drill bit 114 and in the process cools the
drill bit 114. After exiting the drill bit 114, the mud circulates back to the surface 110 via
the annulus defined between the wellbore 118 and the drillstring 106, and in the process
returns the drill cuttings and debris to the surface. The cuttings and mud mixture are
passed through a flow line 128 and are processed such that a cleaned mud is returned
down hole through the stand pipe 126 once again. Monitoring of the drill cuttings
downhole as provided by sensors on tool joints 109 can provide information on
conditions downhole and enable adjustment to the operation of mud pump 122 and other
equipment in the drilling arrangement as appropriate.

[0020] Still referring to FIG. 1, the drilling arrangement and any sensors (through the

drilling arrangement or directly) are connected to a computing device 140a. In FIG. 1,
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the computing device 140a is illustrated as being deployed in a work vehicle 142,
however, a computing device to receive data from sensors and control drill bit 114 can be
permanently installed with the drilling arrangement, be hand-held, or be remotely located.
In some examples, the computing device 140a can process at least a portion of the data
received and can transmit the processed or unprocessed data to another computing device
140b via a wired or wireless network 146. The other computing device 140b can be
offsite, such as at a data-processing center. The other computing device 140b can receive
the data, execute computer program instructions to determine cutting concentration
downhole based on sensor signals, and communicate the concentration and other
parameters to computing device 140a.

[0021] The computing devices 140a-b can be positioned belowground, aboveground,
onsite, in a vehicle, offsite, etc. The computing devices 140a-b can include a processor
interfaced with other hardware via a bus. A memory, which can include any suitable
tangible (and non-transitory) computer-readable medium, such as RAM, ROM,
EEPROM, or the like, can embody program components that configure operation of the
computing devices 140a-b. In some aspects, the computing devices 140a-b can include
input/output interface components (e.g., a display, printer, keyboard, touch-sensitive
surface, and mouse) and additional storage.

[0022] The computing devices 140a-b can include communication devices 144a-b. The
communication devices 144a-b can represent one or more of any components that
facilitate a network connection. In the example shown in FIG. 1, the communication
devices 144a-b are wireless and can include wireless interfaces such as IEEE 802.11,
Bluetooth, or radio interfaces for accessing cellular telephone networks (e.g.,
transceiver/antenna for accessing a CDMA, GSM, UMTS, or other mobile
communications network). In some examples, the communication devices 144a-b can
use acoustic waves, surface waves, vibrations, optical waves, or induction (e.g., magnetic
induction) for engaging in wireless communications. In other examples, the
communication devices 144a-b can be wired and can include interfaces such as Ethernet,

USB, IEEE 1394, or a fiber optic interface. The computing devices 140a-b can receive
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wired or wireless communications from one another and perform one or more tasks based
on the communications.

[0023] FIG. 2 is an expanded view of a portion of the downhole environment shown in
FIG. 1 with tool string 116 enlarged for clarity. Measurements made along a drill pipe
can include pressure, temperature and acceleration, with acceleration data provided by
x,y,z accelerometers. EIS sensors 202 according to some aspects of the disclosure
provide measurements of the presence of cuttings and their respective volume fraction as
they are transported out of the wellbore. The data can then be used to tune cuttings
transport models, provide early detection of wellbore cave-ins that can cause difficult
transport, and provide an early warning of a stuck pipe due to cuttings build-up.

[0024] Each sensor 202 includes two circular electrodes that extend around the
circumference of the tool joint. The sensors 202 include two electrodes 202a and 202b
spaced a fixed distance from each other. In some aspects these are located on the same
tool joint. The tool joint includes insulating material (not visible) in between the
electrodes to maintain a stable spacing between the electrodes. Additional insulating
material (not visible) is used to keep the electrodes electrically isolated from the tool joint
material.

[0025] Still referring to FIG. 2, drill cuttings 204 are schematically shown within
wellbore annulus 206. In this example, more drill cuttings 204 have accumulated around
the tool joint that is further uphole than around the tool joint that is further downhole.
This condition can be detected and monitored at the drilling arrangement. A higher
cutting concentration will be reported by the computing device (not shown) at the surface
for the uphole sensor than for the downhole sensor.

[0026] FIG. 3 is a close-up, cross-sectional view of a tool joint 109 previously shown in
FIG. 1 and FIG. 2. Insulating material 303 is visible supporting circular electrodes 202a
and 202b. Internal threads 304 allow the tool joint to be separated as needed. Tool joint
109 includes and internal pipe 306. Insulating material 303 not only insulates the
electrodes from each other and the tool joint, but also maintains a consistent separation

distance 310 between the electrodes.
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[0027] FIG. 4 is a block diagram of a computing system 400 for real-time monitoring of
drill cuttings according to some aspects of the disclosure. In some examples, the
components shown in FIG. 4 (e.g., the computing device 140, power source 420, and
communications device 144) can be integrated into a single structure. For example, the
components can be within a single housing. In other examples, the components shown in
FIG. 4 can be distributed (e.g., in separate housings) and in electrical communication
with each other.

[0028] The system 400 includes a computing device 140. The computing device 140 can
include a processor 404, a memory 407, and a bus 406. The processor 404 can execute
one or more operations for obtaining cutting concentrations associated with sensors in the
wellbore, and in some cases, comparing those concentrations to those predicted by a
model. The processor 404 can execute instructions stored in the memory 407 to perform
the operations. The processor 404 can include one processing device or multiple
processing devices. Non-limiting examples of the processor 404 include a Field-
Programmable Gate Array (“FPGA”), an application-specific integrated circuit (“ASIC”),
a microprocessor, etc.

[0029] The processor 404 can be communicatively coupled to the memory 407 via the
bus 406. The non-volatile memory 407 may include any type of memory device that
retains stored information when powered off. Non-limiting examples of the memory 407
include electrically erasable and programmable read-only memory (“EEPROM”), flash
memory, or any other type of non-volatile memory. In some examples, at least part of
the memory 407 can include a medium from which the processor 404 can read
instructions. A computer-readable medium can include electronic, optical, magnetic, or
other storage devices capable of providing the processor 404 with computer-readable
instructions or other program code. Non-limiting examples of a computer-readable
medium include (but are not limited to) magnetic disk(s), memory chip(s), ROM,
random-access memory (“RAM?”), an ASIC, a configured processor, optical storage, or
any other medium from which a computer processor can read instructions. The

instructions can include processor-specific instructions generated by a compiler or an
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interpreter from code written in any suitable computer-programming language, including,
for example, C, C++, C#, etc.

[0030] In some examples, the memory 407 can include computer program instructions
410 for looking up cutting concentrations that correlate with impedance signals received
from a sensor 202. This look-up can, as an example, make use of a stored look-up table.
These instructions 410 can also be usable for comparing cutting concentrations to those
expected from a stored model 412 that projects cutting concentrations under various
conditions. Computer program instructions 410 can also display cutting concentration
values or forward those values to other systems using communication device 144, and
handle control of any required signaling.

[0031] The system 400 can include a power source 420. The power source 420 can be in
electrical communication with the computing device 140 and the communications device
144. In some examples, the power source 420 can include a battery or an electrical cable
(e.g., a wireline). In some examples, the power source 420 can include an AC signal
generator. The computing device 140 can operate the power source 420 to apply a
transmission signal to the antenna 428 to forward cutting concentration data to other
systems. For example, the computing device 140 can cause the power source 420 to
apply a voltage with a frequency within a specific frequency range to the antenna 428.
This can cause the antenna 428 to generate a wireless transmission. In other examples,
the computing device 140, rather than the power source 420, can apply the transmission
signal to the antenna 428 for generating the wireless transmission.

[0032] In some examples, part of the communications device 144 can be implemented in
software. For example, the communications device 144 can include additional
instructions stored in memory 407 for controlling the functions of communication device
144, The communications device 144 can receive signals from remote devices and
transmit data to remote devices (e.g., the computing device 140b of FIG. 1). For
example, the communications device 144 can transmit wireless communications that are
modulated by data via the antenna 428. In some examples, the communications device
144 can receive signals (e.g., associated with data to be transmitted) from the processor

404 and amplify, filter, modulate, frequency shift, and otherwise manipulate the signals.
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In some examples, the communications device 144 can transmit the manipulated signals
to the antenna 428. The antenna 428 can receive the manipulated signals and
responsively generate wireless communications that carry the data.

[0033] The computing system 400 can receive input from EIS sensor(s) 202, shown in
FIGs. 2 and 3. Computer system 400 in this example also includes input/output interface
432. Input/output interface 432 can connect to a keyboard, pointing device, display, and
other computer input/output devices. An operator may provide input using the
input/output interface 432. Cutting concentration values or other data related to the o
operation of the system can also be displayed to an operator through a display that is
connected to or is part of input/output interface 432.

[0034] FIG. 5 is an example of a flowchart of a process 500 for real-time monitoring of
drill cuttings according to some aspects of the disclosure. At block 501, computing
device 140 applies a transmitted signal of frequency 1 kHz to 1 MHz to an EIS sensor
202 located in the wellbore along the drill string. In some examples, a return signal is
analyzed to determine if an electrode is shorted to the drill string, casing, formation, or
another electrode at block 502. If so, the shorted electrode is removed from the
determination of cutting concentration at block 503. This removal may involve
eliminating one of the sensors from being used altogether, or if a sensor has more than
two electrodes, relying only on a subset of the electrodes until the problem is corrected.
At block 504, computing device 140 receive an impedance signal from downhole in
response to the transmitted signal. At block 506, computing device 140, in some aspects
using processor 404, correlates the impedance signal with a wellbore cuttings
concentration at the sensor 202, based on capacitance, phase angle, or both. This
correlation can be accomplished using a look-up table stored as part of computer program
instructions 410. The table can derived in advance from calibration curves, examples of
which are shown in FIGs. 7, 8, and 10-13, discussed below.

[0035] Still referring to FIG. 5, at block 508, computing device 140 can optionally
compare wellbore cutting concentration to an expected cuttings concentration as
determined from a stored cuttings model 412 to provide an indication of the validity or

accuracy of the stored mode. At block 510, computing device 140 outputs a value for
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cuttings concentration at a sensor. The computing device can display the concentration at
various sensors as a list, or with the status of electrodes or sensors, or with numerical
deviation relative to the model. This information can optionally be displayed via a
display device connected to input/output interface 432. This information can also be
communicated to other systems or stored for future reference.

[0036] FIG. 6 is a cross-sectional view of a sensor that can be used in real-time
monitoring of drill cuttings according to some aspects of the disclosure. Sensor 600
includes, as electrodes, two parallel plates, 602 and 604, separated by insulating material
606. Such a sensor can be deployed in a drill string or tool string with only a dedicated
insulator between the pair of electrodes. However, because the sensor can be calibrated
for any positioning or arrangement, the electrodes can be deployed on the sides of a
portion of the drill string such as a tool joint, with insulators to protect the electrodes
from being shorted to the tool joint or other portion of a drill string or tool string. The
sensor 600 in FIG. 6 is shown immersed in a drilling fluid 608 of oil-based mud at 12.7
ppg concentration and connected to an impedance (LCR) analyzer 610 for calibration.

To obtain a calibration curve for sensor 600, impedance is measured over a wide range of
frequencies for the drilling fluid 608 with various cutting concentrations. A frequency
range of 1 kHz to 1 MHz is used. Both phase angle and capacitance have a strong
correlation to the cutting concentration. In one example, a plastic tube with a diameter of
one inch is used as an insulator to simulate a drilling pipe surrounded by drilling fluid
with cuttings.

[0037] FIG. 7 is a graph of a calibration curve for the sensor in FIG. 6 according to some
aspects of the disclosure. Graph 700 of FIG. 7 shows capacitance as a function of
frequency using the sensor 600 described above for the OBM with various cutting
loadings. The capacitance profile shifts upward with increasing cutting concentration.
The lowest line 702 on the graph is the capacitance with no cuttings and the highest line
704 on the graph is the capacitance with a volume percentage of 7.14 percent by volume
of cuttings. The other lines represent intermediate percent-by-volume cutting
concentrations of 2.55 and 5.01 percent by volume moving from the lowest capacitance

towards the highest. The sensor can detect a small change of cutting concentration in the

-10-
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drilling fluid. A correlation between the capacitance and cutting concentration (in
volume fraction) can be obtained at any fixed frequency in the calibrated range.

[0038] FIG. 8 is a graph of additional calibration curves for the sensor in FIG. 6
according to some aspects of the disclosure. Graph 800 shows the capacitance at 1 kHz
and 1 MHz as a function of cutting concentration. Line 802 is a linear best fit function
for the measured data at 1 kHz and line 804 is a linear best fit function for the measured
data at 1| MHz. The dependence represented by the slope of these lines is valid for other
frequencies.

[0039] FIG. 9 is a cross-sectional view of another sensor that can be used in real-time
monitoring of drill cuttings according to some aspects of the disclosure. Sensor 900
includes, as electrodes, two parallel plates, 902 and 904, separated by the same insulating
material 606. The pair of parallel plates 902 and 904 are longer by a small amount 905,
for example one-quarter inch. The sensor 900 is again immersed in drilling fluid 608 of
OBM at 12.7 ppg concentration and connected to impedance (LCR) analyzer 610 for
calibration. Impedance is again measured over a frequency range of 1 kHz to 1 MHz.

[0040] FIG. 10 is a graph of a calibration curve for the sensor in FIG. 9 according to
some aspects of the disclosure. Graph 1000 of FIG. 10 shows capacitance as a function
of frequency using the sensor 900 described above for the OBM with various cutting
loadings. The capacitance profile shifts upward with increasing cutting concentration in
the drilling fluid. The lowest line 1002 on the graph is the capacitance with no cuttings
and the highest line on the graph 1004 is the capacitance with a volume percentage of
7.14 percent by volume of cuttings. The other lines represent intermediate percent-by-
volume cutting concentrations of 2.50 and 4.88 percent by volume moving from the
lowest capacitance towards the highest. This sensor can detect a small change of cutting
concentration in the drilling fluid. A correlation between the capacitance and cutting
concentration (in volume fraction) can be obtained at any fixed frequency in the
calibrated range.

[0041] FIG. 11 is a graph of another calibration curve for the sensor in FIG. 9 according
to some aspects of the disclosure. FIG. 11 shows a phase angle profile for sensor 900.

Graph 1100 shows phase angle as a function of frequency using the sensor 900 described

-11-
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above for the OBM with various cutting loadings. The phase angle profile shifts upward
with increasing the cutting concentration in the drilling fluid. The lowest line 1102 on
the graph is the phase angle with no cuttings and the highest line on the graph 1104 is the
phase angle with a volume percentage of 7.14 percent by volume of cuttings. The other
lines represent intermediate percent-by-volume cutting concentrations of 2.50 and 4.88
percent by volume moving up from the largest negative phase towards the smallest
negative phase.

[0042] FIG. 12 is a graph of another calibration curve for the sensor in FIG. 9 according
to some aspects of the disclosure. Graph 1200 shows the capacitance and the phase angle
at 1 MHz as a function of cutting concentration. Line 1202 is a linear best fit function for
the measured capacitance data and line 1204 is a linear best fit function for the measured
phase data. The dependence represented by the slope of these lines is valid for other
frequencies.

[0043] FIG. 13 is a graph of another calibration curve for the sensor in FIG. 6 according
to some aspects of the disclosure. In the case of FIG. 13, the date is for water-based mud
(WBM)) at a concentration of 18 ppg. Graph 1300 shows the capacitance and the phase
angle at 1 MHz as a function of cutting concentration. Line 1302 is a linear best fit
function for the measured capacitance data at and line 1304 is a linear best fit function for
the measured phase angle data. The dependence represented by the slope of these lines is
valid for other frequencies.

[0044] FIG. 14A and FIG. 14B are views of another tool joint including sensor that can
be used in real-time monitoring of drill cuttings according to some aspects of the
disclosure. Tool joint 1400 of FIG. 14 includes a sensor with two electrodes 1402a and
1402b, which take the form of curved plates. Insulating material 1403 supports
electrodes 1402a and 1402b. A seam 1404 results from internal threads that allow the
tool joint to be separated as needed. Tool joint 1400 includes and internal pipe 1406.
Insulating material not only insulates the electrodes from each other and the tool joint,
but also maintains a consistent separation distance 1410 between the electrodes.

[0045] FIG. 15A and FIG. 15B are views of another sensor that can be used in real-time

monitoring of drill cuttings according to some aspects of the disclosure. Sensor 1500 of
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WO 2020/131006 PCT/US2018/065976

FIG. 15 includes six electrodes, three electrodes 1502 and three electrodes 1504, evenly
spaced around the circumference of a drill pipe 1506. The electrodes substantially
parallel to the axis of the drill pipe. With a sensor such as sensor 1500, multiple
electrodes can be used to enhance the impedance signal. It is also possible to obtain the
cutting concentration distribution across the annulus by alternately connecting the
electrodes. Electrodes 1502 form pairs with electrodes 1504 in order to provide three
pairs of electrodes. The impedance signal from each pair of electrodes can provide a
local cutting concentration from a correlation developed in a calibration process to
produce calibration curves similar to those previously discussed. A cutting concentration
mapping of the annulus can then be created. The cutting concentration of the annulus can
be especially useful in understanding conditions in horizontal and inclined drillings. If a
short in an electrode is detected based on an outlying signal from one pair of electrodes,
those electrodes and the data in the associated portion of the annulus can be
programmatically removed from the mapping. The short can also be reported, for
example, via display to on operator. A sensor can use electrodes of various geometries.
For example, a sensor could include two or more pairs of parallel plates instead of
multiple pairs of rods. Electrodes that are not parallel can also be used.

[0046] It cannot be overemphasized that a wide variety of electrode geometries and
numbers of electrodes can be used for monitoring cutting concentration as described. All
that is required is that the sensor based on any electrode configuration be calibrated to
produce appropriate calibration curves. The curve data can then be used to create
impedance look-up tables as discussed with respect to computer program instructions 410
of FIG. 4.

[0047] Terminology used herein is for the purpose of describing particular embodiments

2%

only and is not intended to be limiting. As used herein, the singular forms “a,” “an,” and
“the” are intended to include the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms "comprises" or "comprising,"
when used in this specification, specify the presence of stated features, steps, operations,
elements, or components, but do not preclude the presence or addition of one or more

other features, steps, operations, elements, components, or groups thereof. Additionally,
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comparative, quantitative terms such as “above,” “below,” “less,” and “greater” are
intended to encompass the concept of equality, thus, “less” can mean not only “less” in
the strictest mathematical sense, but also, “less than or equal to.”

[0048] Unless specifically stated otherwise, it is appreciated that throughout this

2% 29 CC

specification that terms such as “processing,” “calculating,” “determining,” “operations,”
or the like refer to actions or processes of a computing device, such as the controller or
processing device described herein, that can manipulate or transform data represented as
physical electronic or magnetic quantities within memories, registers, or other
information storage devices, transmission devices, or display devices. The order of the
process blocks presented in the examples above can be varied, for example, blocks can be
re-ordered, combined, or broken into sub-blocks. Certain blocks or processes can be
performed in parallel. The use of “configured to” herein is meant as open and inclusive
language that does not foreclose devices configured to perform additional tasks or steps.
Additionally, the use of “based on” is meant to be open and inclusive, in that a process,
step, calculation, or other action “based on” one or more recited conditions or values
may, in practice, be based on additional conditions or values beyond those recited.
Elements that are described as “connected,” “connectable,” or with similar terms can be
connected directly or through intervening elements.

[0049] In some aspects, a system for monitoring drill cuttings is provided according to
one or more of the following examples. As used below, any reference to a series of
examples is to be understood as a reference to each of those examples disjunctively (e.g.,
"Examples 1-4" is to be understood as "Examples 1, 2, 3, or 4").

[0050] Example 1. A system includes a sensor, a processing device communicatively
coupled to the sensor, and a non-transitory memory device further including instructions
that are executable by the processing device to cause the processing device to perform
operations. The operations include applying a transmitted signal to the sensor, receiving
an impedance signal from the sensor in response to the transmitted signal, and correlating

the impedance signal with a wellbore cuttings concentration at the sensor; and outputting

the wellbore cuttings concentration.
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[0051] Example 2. The system of example 1 wherein the sensor further includes a
plurality of electrodes attachable to a drill string.

[0052] Example 3. The system of example(s) 1-2 wherein the plurality of electrodes is
attachable to the drill string at or near an along-string-measurement (ASM) tool joint.
[0053] Example 4. The system of example(s) 1-3 wherein the operations further include
detecting a shorted electrode from among the electrodes, and preventing the shorted

electrode from contributing to the impedance signal.

[0054] Example 5. The system of example(s) 1-4 wherein correlating the impedance
signal with the wellbore cuttings concentration includes correlating at least one of
capacitance or phase angle with the wellbore cuttings concentration.

[0055] Example 6. The system of example(s) 1-5 wherein the transmitted signal includes
a frequency from 1 kHz to 1 GHz.

[0056] Example 7. The system of example(s) 1-6 wherein the operations further include
comparing the wellbore cuttings concentration to an expected cuttings concentration,
wherein the expected cuttings concentration is based on a stored model.

[0057] Example 8. A sensor including multiple electrodes attachable to a drill string to
be in proximity to wellbore cuttings, the sensor also connectable to a processing device
uphole to send an impedance signal uphole to the processing device in response to a
transmitted signal from the processing device.

[0058] Example 9. The sensor of example 8 wherein the electrodes include a pair of
parallel plates.

[0059] Example 10. The sensor of example(s) 8-9 wherein the electrodes include at least
two pairs of parallel plates.

[0060] Example 11. The sensor of example(s) 8-10 wherein the electrodes include
multiple parallel rods spaced around a circumference of a drill pipe, each of the parallel
rods also substantially parallel to an axis of the drill pipe.

[0061] Example 12. The sensor of example(s) 8-11 wherein the electrodes include at
least one of circular electrodes or curved plates attachable to an along-string-
measurement (ASM) tool joint.

[0062] Example 13. The sensor of example(s) 8-12 further including the ASM tool joint.

-15-



WO 2020/131006 PCT/US2018/065976

[0063] Example 14. A method includes applying, by a processing device, a transmitted
signal to a sensor located in a well along a drill string, receiving, by the processing
device, an impedance signal from the sensor in response to the transmitted signal,
correlating, by the processing device, the impedance signal with a wellbore cuttings
concentration at the sensor, and outputting, by the processing device, the wellbore
cuttings concentration.

[0064] Example 15. The method of example 14 wherein the sensor includes multiple
electrodes attachable to a drill string.

[0065] Example 16. The method of example(s) 14-15 wherein the electrodes are
attachable to the drill string at or near an along-string-measurement (ASM) tool joint.

[0066] Example 17. The method of example(s) 14-16 further including detecting a
shorted electrode from among the electrodes, and preventing the shorted electrode from
contributing to the impedance signal.

[0067] Example 18. The method of example(s) 14-17 wherein correlating the impedance
signal with the wellbore cuttings concentration includes correlating at least one of
capacitance or phase angle with the wellbore cuttings concentration.

[0068] Example 19. The method of example(s) 14-18 wherein the transmitted signal
includes a frequency from 1 kHz to 1 GHz.

[0069] Example 20. The method of example(s) 14-19 further including comparing the
wellbore cuttings concentration to an expected cuttings concentration, wherein the
expected cuttings concentration is based on a stored model.

[0070] The foregoing description of the examples, including illustrated examples, has
been presented only for the purpose of illustration and description and is not intended to
be exhaustive or to limit the subject matter to the precise forms disclosed. Numerous
modifications, combinations, adaptations, uses, and installations thereof can be apparent
to those skilled in the art without departing from the scope of this disclosure. The
illustrative examples described above are given to introduce the reader to the general
subject matter discussed here and are not intended to limit the scope of the disclosed

concepts.
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Claims

What is claimed is:

1. A system comprising:
a sensor;
a processing device communicatively coupled to the sensor; and
a non-transitory memory device comprising instructions that are executable by the
processing device to cause the processing device to perform operations comprising:
applying a transmitted signal to the sensor;
receiving an impedance signal from the sensor in response to the
transmitted signal;
correlating the impedance signal with a wellbore cuttings concentration at
the sensor; and

outputting the wellbore cuttings concentration.

2. The system of claim 1 wherein the sensor further comprises a plurality of electrodes

attachable to a drill string.

3. The system of claim 2 wherein the plurality of electrodes is attachable to the drill

string at or near an along-string-measurement (ASM) tool joint.

4. The system of claim 2 wherein the operations further comprise:
detecting a shorted electrode from among the plurality of electrodes; and

preventing the shorted electrode from contributing to the impedance signal.
5. The system of claim 1 wherein correlating the impedance signal with the wellbore

cuttings concentration includes correlating at least one of capacitance or phase angle with the

wellbore cuttings concentration.
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6. The system of claim 5 wherein the transmitted signal comprises a frequency from 1

kHz to 1 GHz.

7. The system of claim 1 wherein the operations further comprise comparing the
wellbore cuttings concentration to an expected cuttings concentration, wherein the expected

cuttings concentration is based on a stored model.

8. A sensor comprising a plurality of electrodes attachable to a drill string to be in
proximity to wellbore cuttings, the sensor also connectable to a processing device uphole to send
an impedance signal uphole to the processing device in response to a transmitted signal from the

processing device.

9. The sensor of claim 8 wherein the plurality of electrodes comprises a pair of parallel

plates.

10. The sensor of claim 8 wherein the plurality of electrodes comprises at least two pairs

of parallel plates.
11. The sensor of claim 8 wherein the plurality of electrodes comprises a plurality of
parallel rods spaced around a circumference of a drill pipe, each of the plurality of parallel rods

also substantially parallel to an axis of the drill pipe.

12. The sensor of claim 8 wherein the plurality of electrodes comprises at least one of

circular electrodes or curved plates attachable to an along-string-measurement (ASM) tool joint.
13. The sensor of claim 12 further comprising the ASM tool joint.
14. A method comprising:
applying, by a processing device, a transmitted signal to a sensor located in a well

along a drill string;
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receiving, by the processing device, an impedance signal from the sensor in
response to the transmitted signal;

correlating, by the processing device, the impedance signal with a wellbore
cuttings concentration at the sensor; and

outputting, by the processing device, the wellbore cuttings concentration.

15. The method of claim 14 wherein the sensor comprises a plurality of electrodes

attachable to a drill string.

16. The method of claim 15 wherein the plurality of electrodes is attachable to the drill

string at or near an along-string-measurement (ASM) tool joint.

17. The method of claim 15 further comprising:
detecting a shorted electrode from among the plurality of electrodes; and

preventing the shorted electrode from contributing to the impedance signal.

18. The method of claim 14 wherein correlating the impedance signal with the wellbore
cuttings concentration comprises correlating at least one of capacitance or phase angle with the

wellbore cuttings concentration.

19. The method of claim 18 wherein the transmitted signal comprises a frequency from 1

kHz to 1 GHz.
20. The method of claim 14 further comprising comparing the wellbore cuttings

concentration to an expected cuttings concentration, wherein the expected cuttings concentration

is based on a stored model.
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