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floods. An array of transmitters and one or more receivers are located along a
casing in the wellbore. A transmitter in the array and one of the receivers can
be mounted on a same collar on the casing forming a transmitter- receiver
pair. The receiver can receive a signal originating from the transmitter and at
‘ least one other signal originating from at least one other transmitter in the ar-
ray, wherein the signal is indicative of a fluid in the wellbore in a vicinity of
the transmitter-receiver pair and the at least one other signal is indicative of
another fluid in a formation around the wellbore. The receiver can further
‘| communicate, via a waveguide, the signal and the at least one other signal to
a processor for signal interpretation.
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MULTIPURPOSE PERMANENT ELECTROMAGNETIC SENSING
SYSTEM FOR MONITORING WELLBORE FLUIDS AND
FORMATION FLUIDS

TECHNICAL FIELD
The present disclosure generally relates to monitoring well completion operations and,
more particularly, to a multi-purpose permanent electromagnetic sensing system for

monitoring wellbore fluids and formation fluids during and after cementing operation.

BACKGROUND

During well completion, casing 1s emplaced in a wellbore. Drilling mud and/or spacer
fluids are initially in place in an annulus region between casing and formation. As the cement
shwrry 1s pumped through the casing and into the annulus between the casing and the
formation, the cement slurry displaces the spacer fluid, which 1o turn, displaces the drilling
mud. The contamination of cement with drilling mud or spacer fluid can have significant
negative consequences for the curing and integrity of the cement, and can provide potential
conduits for flow behind casing.

“ement can be interrogated via various wireline-deploved through-casing resistivity
{(TCR) methods after the cement was emplaced in the annulus region between the casing and
formation. However, the TCR methods have a number of deficiencies, such as significant
signal attenuation through casing. Moreover, TCR methods require access to the well, and
thus cannot be deploved in real-time as the cement slurry 18 being pumped into the well.
Variety of distributed fiber optic sensing methods (e.g., based on monitoring acoustics,
temperature, pressure, and the like) were also proposed for cement shury monitoring
However, accuracy of these fiber optic sensing methods is often unsatisfactory.

Therefore, 11 is desirable fo efficiently and accurately monitor the guality of

cemeniation process during and after cement placement in the wellbore,

BRIEF DESCRIPTION OF THE DRAWIRNGS
Various embodiments of the present disclosure will be understood more fully from the

detailed description given below and from the accompanving drawings of varous
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embodiments of the disclosure. In the drawings, like reference mumbers may indicate
identical or functionally sinular elements.

FIG. 1 is a cross-sectional view of an example of a well system that mcludes a
magnetic field sensing systern for wellbore resistivily measurernents, according to certain
embodiments of the present disclosure,

FIG. 2 is a cross-sectional view of an example transmitier and receiver mounted on
the same collar on a casing in a wellbore, according to certain embodiments of the present
disclosure.

FIG. 3 is a graph illustrating a conceptual model of cement resistivity varying from
placement to curing, according to certain embodiments of the present disclosure.

FIG. 4A s a graph tllustrating a signal level at a recetver mownted on a casing collar
as a function of receiving signal frequency before and after the cement placement in a
wellbore, according o certain embodiments of the present disclosure,

FIG. 4B 15 a graph illustrating a percentage change in a signal level at a receiver
mounted on a casing collar during the cement coring relative to no cement case in a wellbore,
according to certain embodiments of the prasent disclosure.

FiGG. 5 is a cross-sectional view of an exampie of a well system that includes a
magnetic field sensing system for monitoring and identifying annulus fluids in a wellbore,
according to certain embodiments of the present disclosure.

FIG. 6 15 a graph tlustrating signal levels at different receivers along a casing n a
wellbore for different locations of a top of cement in an annulus between the casing and
formation, according to certain embodiments of the present disclosure.

Fi(G. 7 is a cross-sectional view of an example of a well system that includes a
magnetic field sensing system for monitoring invaded zone and mud cake in a wellbore,
according to certain embodiments of the present disclosure.

FIG. 8A 13 a cross-sectional view of an example of 3 well system that includes a
magnetic field sensing system for checking zonal isolation along a casing in a wellbore,
which identifies non-isolated zones along the casing, according {o cerfain embodiments of the
present disclosure.

FIG. 8B 1s a cross-sectional view of an example of a well system that includes a

magnetic field sensing svstermn for checking zonal isolation along a casing in a wellbore,
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which identifies isolated zones along the casing

P2y

according to cerfain embodiments of the
present disclosure.

FIG. 9 is a cross-sectional view of an example of a well system that includes a
magnetic field sensing system for interrogating radio frequency identification (RFIDY)} tags
placed in cement pumped nio an anmulus m a wellbore between a casing and formation,
according to certain embodiments of the present disclosure.

FIG. 10 1s a flow chart of a method of electromagnetic sensing for monttoring fluids
in a wellbore and/or formation, according to certain embodiments of the present disclosure.

FIG. 11 is a block diagram of an illustrative computer system in which embodiments

of the present disclosure may be implemented.

BETAILED BESCRIPTION

Embodiments of the present disclosure relate to a multi-purpose permanent
electromagnetic sensing system for monitoring fluids in an annulus region in a wellbore
between a casing and a formation during and after cement is emplaced in the annulus. The
multi-purpose permanent electromagnetic sensing sysiem presenied in this disclosure can be
also utilized for monitoring water floods from the formation into the wellbore. While the
present disclosure 1s described herein with reference to iHustrative embodiments for particular
applications, it should be undersicod that embodiments are not limited thereto. Other
embodiments are possible, and modifications can be made 1o the embodiments within the
spitit and scope of the teachings herem and additional fields in which the embodiments would
be of significant utility,

in the detatled description herein, references to “one embodiment,” “an embodiment,”
“an exampie embodiment” etc., indicate that the embodiment described may include a
particular feature, structure, or characteristic, bt every embodiment may not necessanly
mclude the particular feature, structure, or charactenistic. Moveover, such phrases are not
necessanly referring to the same embodiment. Further, when a particalar feature, structure, or
characteristic is described in connection with an embodiment, it is submitied that 1t is within
the knowledge of one ordinarily skilled in the art to implement such feature, structure, or
characteristic in connection with other embodiments whether or not explicitly described. 1t
would also be apparent to one ordinarnily skilled n the relevant art that the embodiments, as

described herein, can be implemented 1n many different embodiments of software, hardware,
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firmware, and/or the entities illustrated in the figures. Any actual software code with the
specialized control of hardware o implement embodiments is not limiting of the detailed
description.  Thus, the operational behavior of embodiments will be described with the
understanding that modifications and varations of the embodiments are possible, given the
tevel of detail presented herein.

The disclosure may repeat reference numerals and/or letters in the various examples or
Figures. This repetition is for the purpose of simplicity and clanty and does not in itself
dictate a relationship between the various embodiments and/or configurations discussed.
Further, spatially relative terms, such as beneath, below, lower, above, upper, uphole,
downhole, upstream, downstream, and the like, may be used herein for ease of description to
describe one element or feature’s relationship fo another element(s) or feature(s} as
thustrated, the upward direction being toward the top of the corresponding figure and the
downward direction being toward the bottom of the corresponding figure, the uphole
direction being toward the surface of the wellbore, the downhole direction being toward the
toe of the wellbore. Unless otherwise stated, the spatially relative terms are intended to
encompass different orientations of the apparatus in use or operafion in addition to the
orientation depicted in the Figures. For example, if an apparatus in the Figures is turned over,
elements described as being “below” or “beneath™ other elements or features would then be
oriented “above” the other elements or features. Thus, the exemplary term “helow” can
encompass both an orientation of above and below. The apparatus may be otherwise oriented
{rotated 90 degrees or at other orientations} and the spatially relative descriptors used herein
may likewise be interpreted accordingly.

Moreover even though a Figure may depict a horizontal wellbore or a vertical
wellbore, unless indicated otherwise, it should be understood by those skilled in the art that
the apparatus according to the present disclosure 1s equally well suited for use i wellbores
having other onentations including vertical wellbores, slanted wellbores, multilateral
wellbores or the like. Likewise, unless otherwise noted, even though a Figure may depict an
offshore operation, it should be understood by those ordinarily skilled in the art that the
apparatus according to the present disclosure is equally well suited for use in onshore
operations and vice-versa. Further, unless otherwise noted, even though a Figure may depict
a cased hole, it should be undersiood by those ordinarnly skilled in the art that the apparatus

according to the present disclosure is equally well sutied for use in open hole operations.
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HHustrative embodiments and related methods of the present disciosure are described
below in reference to FIGS. 1-11 as they might be employved for monitoring fluids in an
annulus region in a wellbore between a casing and a formation during and after cement 13
emplaced in the annulus, and for monitoring water floods from the formation mto the
wellbore.  Such embodiments and related methods may be practiced, for example, using a
compuier system as described herein.  Other features and advantages of the disclosed
embodiments will be or will become apparent to one of ordinary skill in the art upon
exanunation of the following figures and detailed description. It is intended that all such
additional features and advantages be included within the scope of the disclosed
embodiments. Further, the illustrated figures are onlv illustrative and are not intended to
assert or imply any limitation with regard to the environment, architecture, design, or process
in which different embodimenis may be implemented.

Embodiments of the present disclosure generally relate to electromagnetic methods for
monitoring an amnulus formed between a formation and a casing 1o a wellbore, Embodiments
of the present disclosure specifically relate to sysiems and methods for monitoring a top of
cement, cement cure, mud cake, identifying anmidus fluids {e.g., mud/spacer fhud/cement)
and checking zonal isolation by monttoring cement integrity at each collar on a casing. In
addition, the magnetic field sensing system presented herein comprsing an array of
transmitters and receivers located along the casing in the wellbore can be employed for
monitoring water floods and other flud flows from the formation into the wellbore.

For certain embodiments, in order to diagnose and assess qguality of the cementation
process during and after cement placement, as well as dunng the life-of-well (e g,
degradation due to CO, exposure}, a plurality of electromagnetic sensor systems can be
deploved azimuhally and/or axially on the casing in the wellbore with exposure to fluids in
the annulus between the casing and formation. The deployed electromagnetic sensor systems
can be configured to transmut, receive, process, and telemeter electromagnetic signals o a
central processing unit located, for example, at a well head. In relation {o that, a method for
focused impedance analysis for Hluid discrimination and monitoring in a wellbore may be
utilized. Furthermore, a method for monitoring wellbore cement using eleciric current
imjected from the casing may be applied along with permanent electric field sensors. In
addition, methods for detecting and/or monitoring the position and/or condition of wellbore

compaositions, for example wellbore sealants such as cement, using fluid sensing componenis
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and Radio Frequency Identification (RFID) tags, in some cases including Micro-Electro-
Mechanical System (MEMS) based data sensors, for sensing properties of fluids may be
emploved.

In relation o embodiments of the present disclosure, an electromagnetic monitoring
systern may be deployed downhole to monitor approaching waterflood in enhanced ol
recovery environments. Furthermore, certain related embodiments encompass systems and
methods of acquiring, processing, and imaging electromagnetic data acquired from an
electromagnetic system with electromagnetic sensors deploved behind casing in a wellbore.

Embodiments of the present disclosure relate to systems and methods for
implementing an array of magnetic field transmitters and receivers configured to perform
time-lapse measurements for identifving anmius fluids in a wellbore.  Further, some
embodiments of the present disclosure utilize the presented array of magnetic field
transnutters and receivers for deternuning fhwd flows in a formation around the wellbore. As
discussed in more detail below, a fluid 1n the annulus formed 1 the wellbore between the
casing and formation (e.g., mud/cement/spacer} and a fhad i the formation can be
characterized and identified based on their resistivities. Some embodimenis of the present
disclosure relate to shallow resistivily measurements in the annulus. In addition, as the
cement cure progresses, the resistivity increases over time until the cement is fully cured. In
accordance with embodiments of the present disclosure, the change in cement resistivity over
fime can be monitored using time-lapse magnetic field measurements.  In one or more
embodiments, the measured magnetic field (. e, measured signal levels) can be converted
mto resistivity indication through specific mmversion algornithm{s). Then, the obtained
resistivity indication can be correlated to a tvpe of fluid present in the annulus between the
casing and formation. Further, resistivity indication related to magnetic field measurements
i the formation can be correlated to a tvpe of fluid present in the formation around the
wellbore.

For certain embodiments, as discussed in more detail below, RFID tags may be mixed
with cement as if 1S being pumped into a wellbore {e.g., into an annulus formed between a
casing and formation), and an array of magnetic field transmitters and receivers may be
emploved to interrogate the RFID tags in the cement in order to detect curing state of cement,
atop of cement, and the ike. The top of cement defines the interface between the cement and

other annuhus fluids. In a preferred embodiment, the top of cement is a {lat, piston-like
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displacement. However, more often, the top of cement is more complex with certain fluids
{e.g., drilling mud or spacer fluid) not flushing properly and degrading cement quality and
well integrity.  As discussed in more detail below, the method of detecting the top of cement
can be applied for monitoring the progression of cernent in the annulus and for detecting any
disconiinutties in the cement due to improperly displaced annulus fluids.

The electromagnetic sensing system presented in this disclosure can be configured to
communicate obtained measurements to, for example, an uphole central processing unit using
waveguides interfaced with the sensing system. Thus, active electronic components may be
deploved downhole for signal digitalization. Embodiments of the present disclosure relate to
an array of magnetic field transmitters and receivers located axially or azimuthally along a
casing in a wellbore configured for monitoring anmulus fluids.  Furthermore, the array of
magnetic field transmitiers and receivers can be also utilized to perform deep measurements
for reservoir monitoring as well as for waterflood detection. Thus, the permanently deploved
electromagnetic sensing systern presented in this disclosure can be emploved for both
reservolr monitoring {(e.g., deep measurements) and wellbore {(annulus) fluids monitoring

{e.g., shallow measwemenis) In addition, as discussed in more detal below, the

electromagnetic sensing sysiem presenied herein can be utilized for both wellbore (annulus)
fluids resistivity measurements and for RFHD tags interrogation. In one or more
embodiments, measured signals can be commumicated uphole using fiber optic based
methods, wherein active electronic components and circuits can be deploved downhole,

The electromagnetic sensing system presented in this disclosure does not require any
downhole electrical power consumption. In addition, the electromagnetic sensing system
presented herein can be integrated and operable along with other fiber optic based sensing
systems {e.g, distributed acoustic sensing, distributed t{emperature sensing, etc.).
Furthermore, the presented electromagnetic sensing system can be integrated with inteligent
well completion methods for montoring wellbore (anmudus) cement Moreover,
embodiments of the present disclosure relate to monitoring annulus fhuds to facilitate foture
water flood estimations and predictions {(e.g., water floods from formation to a wellbore),
because the fluid monitoring resulis can be ufilized for calibrating measured signals to a
particular water flood model.

Embodiments of the present disclosure relate to time lapse measorements of fluid

resistivity, which can be accomplished by measuring magnetic fields, as discussed in more
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detail below. For certain embodiments, transmitters of the electromagnetic sensing system
presented herein can be configured as an array of cotls mounted on a steel casing, connected
in series and fed by an electric power cable. In one or more embodiments, another array of
magnetic field receivers (array of coils) can be mounted on the casing, wherein a transmitter-
recerver pair may be mounted {e.g., co-located) on the same casing collar (e.g., a transmiiter
and a receiver of the transmitter-receiver pair may be 0.5 {t. or less apart).

FIG. 1 is a cross-sectional view 100 of an example of a well system that includes a
magnetic field sensing svstem counfigured for performing wellbore resistivity measurements,
according to certain illustrative embodiments of the present disclosure. A wellbore 102
contains a casing 104 with an array of magnetic field transmitters and recetvers 106 mounted
on the casing 104, Ags illustrated in FIG. 1, the transmitters 106 may be configured as an
array of cotls mounted on collars {e.g.. casing couplers) 108 of the casing 104, and the
receivers 106 may be configured as an array of coils mountad on the same casing collars 108,
For example, as further illustrated in FIG. 1, a transmitler and a receiver of
transmitier/receiver pair 106 mounted on the same casing coliar 108 may be placed (co-
focated) approximately 0.5 ft. or less apart, whereas adjacent {ransmitier/receiver pairs 106
mounted on different casing collars 108 may be, for example, approximately 29.5 fi. apart.

For certain embodiments, as tllustrated in FIG. 1, the transmitiers 106 mounted on the
casing 104 may be connected n series and fed by an electric power cable 110, with a power
generator (not shown) nterfaced to the electric power cable 110 generating signals for the
transmitters 106 having a pre-determined range of frequencies.  An amnudus 112 formed
between the casing 104 and reservoir formation 114 may be filled with cement 116 in order to
secure the casing 104 in place and prevent fluid flows in the annulus 112, In one or more
embodiments, a fluid {e.g, a hydrocarbon such as oil or gas) may enter the uncemented
portion of the well {(or alternatively, a fluid may enter through perforated portions of the well
casing) and reaches the surface (not shown) through the interior of the casing 104,

it should be noted that this particular well configuration is merely illustrative and not
limiting on the scope of the disciosure. Many production wells are provided with muliiple
production zones that can be individually controlled. Similarly, many injection wells are
provided with multiple njection zones that can be individually controlled. In one or more
embodiments, signals may be induces into the cement 116 and/or formation 114 through the

magnetic field transmitters 106 that emulale 2 magnetic {ield source. The array of magnetic
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field receivers 106 deploved on the same collars 108 as the transmutters 106 may receive
output signals or measurements related to the state of cement 116 and/or formation 114, The
measurements received by the receivers 106 may be then communicated to a surface interface
or a computer system for further processing (nol shown) via ocutput signal cable 118
connected (o the receivers 106, In one or more embodiments, the output signal cable 118 may
be a low transmission loss waveguide. An electromagnetic signal received at each receivers
106 may be encoded (eg. by circuitry coupled to each receiver 106) into the low
transmission loss waveguide connected to the receivers 106, The waveguide may transmit the
electromagnetic signal(s) from at least one of the receivers 106 to the surface interface or the
computer system for signal decoding and signal interpretation. In an embodiment of the
present disclosure, the waveguide may be a fiber optic cable {e.g., cable 118 in FIG. 1}
connected to the receivers 106.

For certain embodiments, the surface interface may be coupled to a computer that acts
as a data acquisition system and possibly as a data processing svsiem that analvzes the
measurements to derive subsurface parameters and track the Jocation of a fhud front. In one
or more embodiments, the computer may further control production parameters to reduce nisk
of break-through or to otherwise optimize production based on the information derived from
the measurements. Production parameters may include the flow rate/pressure permutted from
selected production zones, flow rate/pressure in selected injection zones, and the composition
of the njection fluid, each of which can be controlled via computer controlled valves and
pumps.

Generally, any such computer would be equippad with a user interface that enables a
user 1o interact with the software via input devices such as keyboards, pointer devices, and
touchscreens, and via output devices such as printers, monitors, and touchscreens. The
software can reside in computer memory and on non-transient information storage media.
The computer may be implemented in different forms including, e.g., an embedded computer
permanently installed as part of the surface interface, a portable computer that is plugged into
the surface interface as desired to collect data, a remote desktop computer coupled to the
surface interface via a wireless link and/or a wired computer network, a mobile
phone/personal digital assistant (PDA), or any electronic device having a progranmunable

processor and an interface for input/ouiput (/0).
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In one or more embodiments, the measurements received by the receivers 106 may be
communicated {e.g, via waveguide 118) to a downhole processor (not shown) The
downhole processor mav be configured fo process the measurements provided by the
receivers 106 and to commumicate, using waveguide 118, processed information to a surface
mterface or a suwrface compuder svstem for possible further analvsis and processing (not
shown}. This configuration may be advantageous because there may be a smaller amount of
data for transferring to the surface computer system afier processing the measuwrements by the
downhole processor in comparison with direct communication of the measurements from the
receiver 106 to the surface computer system.

FIG. 2 1s a cross-sectional view 200 of an example transmitier and receiver {e.g.,
transmutter/recetver pair 106 illustrated in FIG. 1) mounted on the same collar on a casing
deploved in a wellbore, according to certain illustrative embodiments of the present
disclosure. A wellbore 202 may contain a casing 204 having a ferrite sleeve 206 positioned
on a collar 208, As illustrated in FIG. 2, a maguoetic field transnutter 210 and a magnetic field
recerver 212 (which may correspond to transmitter/receiver pair 106 dustrated in FIG. 1) may
be coils mounted on the same fernite sleeve 206 on the same collar 208, An annulus 214
formed between the casing 204 and formation 216 may be filled with cement 218 i order to
secure the casing 204 in place and prevent fluid flows in the annulus 214,

Referring back to FIG. 1, for certain emboduments, the magoetic field sensing svstem
comprising the array of transmutter/receiver pairs 106 mounted on casing collars 108 may be
applied to improve a dynamic range of magnetic field measurements for reservoir montioring.
In one or more embodiments, odd and even {e.g., consecutive} transmitters 106 may be fed by
separate power cables that are independently controlled. In order to perform reservoir
monitoring measurenments {e.g., deep measurements) at even receivers 106, odd transmitters
106 are energized with a high-level current, whereas even transmitters 106 are energized with
a fow-level current with opposite phase, so as to cancel out (buck) direct signals at even
recetvers 106, The alternaie approach can be applied to perform measuremenis at odd
receivers 106. For some embodiments related o reservoir monitoring, signals having the
frequency range between 1 kHz and 100 kHz may be used. For embodiments related to
wellbore (annulus) fluids momtoring, all transmitters 106 can be energized simultaneously

and measurements can be performed at adjacent (e.g., co-located) receivers 106 mounted on

10
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the same casing collar 108, Signals having the frequency range of 1 MHz to several GHz
may be used for wellbore (annuius) fluids monitoring,

In one or more embodiments, the magnetic field sensing system (e.g., the array of
transmitters and recetvers 106 mounted on casing collars illusirated m FIG. 1y may comprise
a magnetostrictive malerial bonded o a waveguide {e.g, signal cable 118 m FIG. 1)
Examples of magnetostrictive maierials inciude, but are not limted {o, cobalt, nickel, and iron
metals and their alloys, such as metglass and Terfenol-D.  As the magnetostrictive material
deforms due to the incident magnetic field, the magnetostrictive material may induce strain in
the waveguide bonded to the material. In one or more ernbodiments, the strain may be
mterrogated at the surface using certain multiplexing and interrogation technigues, which may
require deplovment of multiplexing circuitry downhole. The system can be operated such
that the strain is linearly proportional to the applied field.

In one or more embodiments, magnetic field sensors can be packaged n
clectromagnetic compatible ligh pressure, igh temperature packages that are connected to a
tubing encapsulated cable (TEC), and clamped to the casing as the casing is being deployed
into the wellbore. Signails from other receivers (e.g., at different axial locations) can be
communicated over the same TEC cable to, for example, a surface interface coupled to a
computter acting as a data acquisifion system.  For certain embodiments, the signals from
different receivers may be discrnimunated at the surface interface and/or the coupled computer
using, for example, certain multiplexing and nterrogation techniques.

In one or more other embodiments, pick-up coils {e.g., coils of transmitters/receivers
106 illustrated in FIG. 1, coils of transmuitter 210 and receiver 212 illustrated in FIG. 2) can be
used to convert a magnetic field into a potential difference (voltage) applied 1o an electro-
mechanical iransducer (not shown}. As the electro-mechanical transducer deforms due to the
applied potential difference (voltage). the transducer induces strain in a waveguide (e.g., the
signal cable 118 illustrated in FIG. 1) bonded to the transducer. In one or more other
embodiments, an electronic switching circuit (not shown} can be used to muiiiplex signals
from different magnetic field sensors (e.g., pick-up coils illustrated in FIGS. 1 and 2) to an
electric cable or a waveguide {e.g., the electric power cable 110 in FIG. 1, or the signal cable
118 mn FIG. 1) that delivers the signal uphole. In an embodirmuent, casing centralizers (not

shown) can be employed to preserve spacing between the casing 104 and the wellbore 102,
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end therefore protects the receivers (sensors} 106 from damage as the casing 104 is deploved
downhole.

For certain embodiments of the present disclosure, the array of magnetic field
transmitter-receiver pairs 106 iHustrated in FIG. 1 may be a part of a dual-purpose
electromagnetic sensing tool (e.g., logging tool} deployed in the wellbore 102 and configured
for monitoring wellbore flwuds and formation fluids. In this case, the array of transmitter-
recetver pairs 106 of the logging tool may be adapted to be located along the casing 104 in the
wellbore 102, Each receiver (e.g., the recetver 106 m FIG. |, the receiver 212 1 FIG. 2Yof a
transrtter-receiver pair {e.g., the transmitter-receiver pair 106 in FIG 1, the transmitter-
recerver pair 210-212 in FIG. 2) may be {urther adapted to receive a signal originating from a
transmitter (e.g., the transmitter 106 in FIG 1, the transmiter 210 in FIG. 2) of the
transmitier-receiver pair and at least one other signal originating from at least one other
transmitier {e.g., other transmitters 106 in FIG. 1) in the array.  In one or more embodiments,
the signal received at that receiver of the logging tool may be indicative of a flmd (e g,
resistivity of a fluid) in the wellbore 102 in a vicinily of the transmutter-receiver pair, and the
at least one other signal received at that receiver of the logging {ool may be indicative of a
fluid (e.g., resistivity of a flud} in the formation 114 around the wellbore 102

Monitoring Cement Cure State

FIG. 3 is a graph 300 illustrating a conceptual model of cement DC resistivity varving
over time from placement fo curing, according to certain illustrative embodiments of the
present disclosure. H can be observed from FIG. 3 that, during the cement curing progess, the
resistivity of the cement gradually increases. Hence, in one or more embodiments of the
present disclosure, monitoring the resistivily of cement over time may provide essential
information on the cement curing process. Embodiments of the present disclosure relate to a
method and apparatus for momtoring the cement cure state through monitoring the cement
resistivity via time-lapse magnetic field measurements,

Referring back to Fi{z. 1, in the time-lapse magnetic field measurement svstem, a
recetving signal may be recorded at each receiver 106 along the casing 104 at an mutial time
before the cement is pumped into the annulus 112, This initial receiver signal can be referred
to as the baseline signal. After the cement 116 1s puroped into the anmulus 112 and as the
cemnent cures, a signal al each receiver 106 may be recorded and the baseline signal may be

subtracted off the newly recorded signal. In one or more embodiments, a level of the
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obtained differential signal may be a function of the resistivity of cement. Thus, fime-lapse
processing of the differential signals obtained at the receivers 106 along the casing 104 may
provide an indication on how cement curing has been progressing. In an embodiment, the
baseline signal may be utilized to calibrate the ransmitter/receiver sensing system illusirated
m FIG. 1 given the wellbore size from the caliper log and the elecinic resistivity of the
ennulus fluids {e.g., mud and/or spacer fluid) before pumping the cement.

In an illustrative embodiment, the magnetic sensing system comprising the array of
transmitiers/receivers 106 illustrated i FIG. 1 can be deployed 1o a 97 wellbore (eg,
wellbore 102 in FIG. 1). The cervent 116 can be pumped in so that the annulus 112 between
the casing 104 and the formation 114 s filled with the cement In this illustrative
embodiment, the cement resistivity varies from approximately 3 {m to approximately 30 Om
over approximately 72 hours of curing time. The formation resistivity 15 known and equal to
approximately 100 {m, which provides resistivity contrast between the cement 116 and the
formation 114. Before pumping the cement, the wellbore 102 may be filled with oil~based
mud having resistivity of approximately 100 Om, which also provides resistivity contrast to
the cement 116 pumped into the annualus 112,

Using the cement resistivity values as a function of curing time, a numerical model
can be constructed to study the magnetic field sensitivity of the magnetic sensing system
comprising the array of transmiiters/receivers 106 illustrated in FIG. 1. The numernical model
comprises 77 diameter steel casing (e.g., the casing 104 illustraled m FIG. 1), having relative
permeability of 100 and conductivity of 107 S/m. The transmitier-receiver pair 106 mounted
on the same collar 108 on the casing 104 (or the transmitter 210 and the receiver 212
tHustrated in FIG. 2) can be made of singe turn coils of diameter 87, and spaced 67 apart. The
ferrite sleeve under the coils {e.g., the ferrite sleeve 206 iliustrated in FIG. 2) can be 0.457
thick, 107 in length having relative permeability of 250, An electric current equal to 1A can
be injected into the transmitter {e.g., the transmuitter 106 in FIG. 1, the transmitter 210 in FIG,
2}

FIG. 4A 15 a graph 400 illustrating a signal level at a receiver mounted on a casing
collar {e.g., the receiver 106 illustrated in FIG. 1, the receiver 212 illustrated in FIG 2)as a
function of receiving signal frequency (e.g., MHz range for shallow measurerents of annulus
fluids) before and afier the cement placement in the anmulus, according to certain Hustrative

embodiments of the present disclosure. Plot 402 in FIG. 4A llustrates the signal level at the
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receiver as a function of signal frequency when there is no cement in the annulus; piot 404 in
Fi1(3. 4A illustrates the signal level at the receiver as a function of signal frequency when the
cement 1s just emplaced in the annulus; plot 406 m FIG. 4A illustrates the signal ievel at the
receiver as a function of signal frequency when the cement in the annulus 1s cured for about 9
hours; plot 408 in FIG. 4A illustrates the signal level at the receiver as a function of signal
frequency when the cement in the annulus 1s cured for about 24 howrs; and plot 410 in FIG.
4A illustrates the signal level at the receiver as a function of signal frequency when the
cement in the annulus 15 fully cured (e g., approximately 70 hours after being emplaced in the
annulus). It can be observed from FIG. 4A, as the more conductive wet cement displaces the
more resistive wellbore {annulus) flud (e.g., drnlling mud), signal levels at receivers and
collars embedded in the cement drop (e.g., plot 404 shows signal levels at the receiver for
different signal frequencies when the cement is just emplaced in the annulus}). As the cement
in the annulus cures, the cement becomes less conductive and the signal fevel at the receiver
mcreases approaching the no cervent case, as illustrated by plots 406, 408 and 410 in FIG.
4A,

FIG. 4B 1s a graph 412 dlustrating a percentage change in a signal level at a recetver
{e.g., the receiver 106 illustrated in FIG. 1, the receiver 212 illustrated in FIG. 2} mounted on
a casing collar as a function of receiving signal frequency during the cement curing relative to
no cernent case in a wellbore, according to certain tllustrative ernbodiruents of the present
disclosure. It can be observed from FIG. 4B that the change in the signal level 15 the largest
tmmediately after the cement is emplaced in the annulus (e.g., plot 414 in FIG. 4B), and that
the change in the signal level relative to no cement case decreases as the cement cures (e.g.,
plots 416, 418 and 420 m FIG. 4B corresponding to the cases when the cement is cuwed for
about 9 hours, 24 howrs and 70 hours, respectivelv). It can be also observed from FIG 4B
that the sensttivity (e.g., change in the signal level at the receiver) increases with a frequency
of receiving signal. In one or more embodiments, the signal sensitivity is at a highest level
for a certain preferred frequency (not shown), beyond which it begins to drop.

Monitoring Annulus Fluids

During well completion, a casing is emplaced in a wellbore. Drilling mud and/or
spacer fluids are imitially m place in an annulus region formed between the casing and
formation. As the cement shirry is pumped through the casing and into the anmulus between

the casing and formation, the cement slurry displaces the spacer fluid, which in tum, displaces
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the drilling mud. The confamination of cement with drilling mud and/or spacer can have
significantly negative consequences for the curing and integrity of the cement, and can
provide potential conduits for flow behind the casing,

FIG. 5 18 a cross-sectional view 500 of an example of a well system that includes a
magnetic {ield sensing system {(e.g., an array of {ransmitters/receivers mounted on casing
collars) for monitoring and identifving annulus fluids, according to certain illustrative
embodiments of the present disclosure. As illustrated in FIG. 5, an annulus 502 formed
between a casing 504 and a formation 506 (e.g., shale or reservoir formation} may be filled
with cement 508 and some other flnd 510 {e.g.. an oil-based mud or a spacer fluid). The
cement resistivity may vary from approximately 3 OQm to approximaiely 50 Qm over
approximately 72 hours of cement curing time. On the other hand, the oil-based mud is more
resistive than the cement, hence providing the resistivity contrast. By emploving the
magnetic field sensing system illustrated in FIG. 1 and illustrated again in FIG. 5 comprising
the array of transmitters/receivers (1.e., arrav of coils) mounted on casing collars 512, the time
lapse resistivity measurements of annulus fluids can be achieved. Thus, in accordance with
certain embodiments of the present disclosure, the magnetic field sensing systems illustrated
in FIGS. 1 and 5 may provide the ability to characterize fluids in the annulus region in the
wellbore between the casing and formation over the life of well,

An illustrative example of signal levels obtained at the receivers of the magnetic field
sensing svstem tlustrated i FIG. 3, operating at 100 MHz, is shown in FIG. 6. FIG 615 a
graph 600 illustrating signal levels at different receivers along the casing 504 for different
locations of a top of the cement 508 in the annulus 502, according to certain illustrative
embodiments of the present disclosure. It can be observed from plot 602 in FIG. 6 that, if the
top of cement in the annulus 502 15 at -5ft.. signal levels at the receivers R4, R3, R2
paositioned above the top of cement are high due to a high resistivity of oil-based mud located
in that section of the annulus 502, whereas the signal level at the recetver R1 is low since this
recetver is positioned below the top of cement in the annulus 502, When the top of cement in
the annulus 502 reaches 10ft., signal levels af the receivers R4, R3 positioned above the top
of cement are still high due to a high resistivity of oil-based mud still located in that section
of the annulus 502, whereas the signal levels at the recetvers R1, R2 are low since these two
receivers are now positioned below the top of cement in the annulus 502, as illustrated by plot

604 in FIG. 6. When the top of cement in the anmulus 502 reaches 2511, only signal level at
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the receiver R4 positioned above the top of cement is still high due to a high resistivity of oil-
based nmud still tocated around the receiver R4 in the annulus 502, whereas the signal levels at
all other receivers R1, R2, R3 are low since receivers BRI, R2, R3 are now positioned below
the top of cement in the annulus 502, as Hustrated by plot 606 1 FIG. 6. Thus, signal level
profile at different receivers can be sensitive 1o the resistivity of the wellbore {annulus) fhad
adjacent to each receiver. As illustrated in FIG. 6, signal ievels at casing collars embedded in

cement drop as the more conductive cement displaces the more resistive wellbore (annulus)

and 5 can be efficiently emploved to estimate the top of cement in the annulus and the
annulus fluid compostiion.

Monitoring Invaded Zone and Mud Cake

FIG. 7 is a cross-sectional view 700 of an example of a well system that includes a
magnetic field sensing svstem {e.g., an array of transmitters/receivers mounted on casing
collars) for monttoring invaded zone and mud cake in a wellbore 702, according to certamn
iHustrative embodiments of the present disclosure. During drilling operation, drilling mud
can be injected into an anmnulus 704 formed beiween a casing 706 and reservoir formation 708
1o assist the dnlling process. The drilling mud can be either water-based or oil-based. As
iHustrated in FIG. 7, the drilling mud filtrate may penetrate into the formation 708, displacing
some or all of the formation moveable fluids creating an nvaded or a flushed zone 710
Furthermore, the dnlling mud residue deposited on wellbore walls can be referred to as a mud
cake 712, as further tHustrated in FIG. 7. Dwing well completion operation, the mud cake
712 can prevent cement bonding to the formation 708, as shown in FIG. 7. A spacer fluid can
be therefore emploved before pumping the cement to flush the wellbore and displace the
drilling mwud.

In one or more embodiments of the present disclosure, the difference in resistivity
between the invaded zone 710 {which may also include the mud cake 712} and the formation
708 can be used as an indication of the mobility of formation fluids and for determination of
zones where hydrocarbons are recoverable. Given the wellbore (annulus) fhud resistivity
{e.g., resistivity of mud/spacer/cement) and the wellbore caliper, the resistivity, width and
depth of mnvasion can be estimated from the shallow (annulus fluid) moeasurements provided
by the disclosed magnetic field sensing system, e.g., by the array of transmitter/receiver pairs

714 mounted on casing collars 716, as illustraled in FIG. 7. For cerlain embodiments,
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shallow magnetic field measurements performed by the magnetic field sensing svstem
thustrated in FIG. 7 can be used to detect the presence of residual nmud cake 712 (e g., at least
the mud cake adjacent to casing collars) before pumping the cement.

Checking Zonal isolation by Monitoring Cement Integrity at each Collar

In one or more embodiments, restdual mud and/or spacer fluid may get trapped
between the casing and the cement siuwrry impairing cement bonding {o the casing, and
producing zones/pockets of fluids adjacent to the casing. If these zones are extended long
enough along the casing, as illustrated in FIG. 8A (e.g., extended non-isolated zones 802), the
non-isolated zones may provide conduit for formation fluids to flow adjacent to the casing,
This fuid conduit 1s highly undesirable as it can cause the casing to corrode. Therefore, it 13
desirable to provide a method and apparatus 1o check, when improperly cemenied 7ones are
present adjacent to the casing, whether these zones are isolated or not. For example, as
iHustrated in FIG 8B, zones 804 and 806 are isolated preventing formation fluids to flow
adjacent to the casing.

The magnetic field sensing systern presented 1n this disclosure (e.g., an array of
transmitter/receiver pairs mounted on casing collars) and illustrated also in FIGS. 8A and 8B
can be employed to check zonal isolation through monitoring of the annulus fluid
compaosition at each collar after cement is pumped. In one or more embodiments, a drilling
mud or spacer fluids detected at a plurality of consecutive collars (eceivers) may mndicate a
high likelihood of non-isolated zones. As illustrated in FIG. 8A, drilling mud or spacer fluids
may be detected at collars of three consecutive receivers R1, R2 and R3, which may ndicate
a high probability of the extended non-isolated zone 802. In contrast, as llustrated in FIG.
8B, drithing mud or spacer fluids may be detected at collar of receiver R3, whereas cement is
detected at collars of receivers R4, R2 and RI. Thus, the improperly cemented zone 804
around receiver R3 is isolated, and formation {luids are prevented to flow adjacent to the
casing.

Interrogating RFID Tags Mixed in Cement

For certain embodiments, detection of a top of cement, determining curing state of
cement, obtaining charactenstics of cement slurry, and the like may be achieved by utilizing
RFID tags (or chips). In one or more embodiments, RFID tags can be mixed with the cement
shurry pumped into an amnulus forrued between a casing deploved in a wellbore and

forraation.  An interrogation system can be deploved downhole to detect RFID tags as they
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pass bv.  This method provides an alternative approach for monitoring cement besides
performing resistivity measurements.

RFiD-based interrogation svstermn is an electromagnetic iransceiver system. A
transmitter {e.g., mounied on a casing) may energize an RFID tag with a narrow band, high
frequency electromagnetic field. This electromagnetic field can be received by an antenna
connected to the RFID {ag, and can power a transponder to return a unique identification “ID”
number by modulating and re-radiating a radio frequency (RF) wave. Thus, RFID tags are
passive devices that require no battery. For example, conumonly used operating bands for
RFID systerns may center on one of the following assigned frequencies: 125 kHz, 13.56
MHz, 2.45 GHz, or 27.125 MHz.

FIG. 9 is a cross-sectional view 900 of an example of a well system that includes the
presented magnetic field sensing system {e.g., the array of transmitter/receiver pairs mounted
on casing collars) for interrogating RFID tags 902 placed in cement 904 in an annulus 906
between casing 908 and reservoir formation 910, according to certain illustrative
embodiments of the present disclosure. In one or mwore embodiments, the magnetic field
sensing system {e.g., the array of transmitter/receiver pairs 912 mounted on casing collars
914} can be used to interrogate the cement-mixed RFID {ags 902. The transmitier/receiver
pair 912 at each collar 914 may act as a transceiver for RFID interrogation. For certain
embodiments, specific RFID interrogation equipment may be deploved downhole. By
mterrogating the RFID tags 902 placed in the cement 904, information about cement flow in
the annulus 906 along the casing 908 may be mferred, and communicated from the receivers
912 to a processing system at a surface.

Discussion of an illustrative method of the present disclosure will now be made with
reference to FIG. 10, which is a flow chart 1000 of a method of dual-purpose electromagnetic
sensing for monitoring wellbore fluids and formation fluids, according to certain illustrative
embodiments of the present disclosure. The method begins at 1002 by placing an array of
transmitiers {e.g., transmitters 106 ilustrated in FIG. 1, an array of transmitters 210 from FIG.
2} and one or more receivers {e.g., one or more receivers 106 illustrated in FIG. 1, receiver
212 illustrated in FIG. 2) along a casing {e.g., casing 104 illustrated in FIG. 1, casmg 204
iustrated i FIG. 2) in a wellbore {(e.g. wellbore 102 illustrated in FIG. 1, welibore 202
tHustrated i FIG. 2). At 1004, a transmitter {e.g., transmmtter 210 illustrated in FIG. 2} in the

array of transmitiers and a receiver (e.g., receiver 212 illustrated in FIG. 2} of the one or more
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receivers may be mounted on a same collar {e.g., collar 208 illustrated in FIG. 2} on the

casing forming a transmitter-receiver pair. At 1006, a signal originating from the transmitter
{e.g., transmitter 210 dlustrated in FIG. 2) and at least one other signal originating from at
teast one other fransmitler in the array of {ransmutters (e.g., at least one transmiiter 106
tHustrated i FIG. 1) may be received at the receiver {(e.g., receiver 212 illustrated s FIG. 2},
At 1008, the signal and the at least one other signal mav be communicated from the receiver
to a processor {e.g., an uphole ceniral processing unit, a downhole processor, and/or a
computing system 1100 illustrated 1 FIG. 11) via a waveguide (e g., signal cable or fiber
optic cable 118 illustrated m FIG. 1). At 1010, a fluid in the wellbore in a vicinity of the
transmitier-receiver pair {e.g., 1w annulus 112 illustrated in FIG. 1, in anonulus 214 dlustrated
in FIG. 2) may be determined, by the processor, based upon the signal. At 1012, another fluid
in a formation around the wellbore (e g, formation 114 illusirated in FiG. 1, formation 216
iHustrated in FIG. 2) may be determined, by the processor, based upon the at least one other
signal.

In one or more embodimenis of the present disclosure, the signal received at the
receiver {e.g., receiver 212 illustrated in FIG 2) may originate from the transmitter (eg.,
transmitier 210 ifusirated in FIG. 2) during a completion stage of a well associated with the
wellbore, whereas the at least one other signal received at the receiver (e.g., receiver 212
tHustrated i FIG. 2) may originate from the at least one other transmitter {e.g., at least one
transmitier 106 lustrated in FIG. 1) during a production stage of the well following the
completion stage. For some embodiments, adjustment or optimization of wellbore
completion operation, adjustment of well production, and the like may be initiated by the
processor {e.g., by computing system 1100 in FIG. 11} based on the determination of the fluid
and the determination of the other fluid. For example, in an embodiment, the adjustment or
optimuzation of wellbore completion operation may be initiated by the processor based on the
determunation of the ffuid in the wellbore (fld in the wellbore being determined based upon
the received signal). In another embodiment, the adjustment of well production may be
initiated by the processor based on the determination of the other fluid in the formation
around the welibore (the other fluid in the formation being determined based upon the
received at least one other signal).

FIG. 11 13 a block diagram of an illustrative computing svstem 1100 wn which

iHustrative embodiments of the present disclosure may be implemented adapied for
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monitoring fluids in an annudus region formed in a wellbore between a casing and a formation
during and after cement is emplaced in the annulus, and for monitoring water floods and other
fluid flows from the formation mnto the wellbore. For example, some of the operations of
method 1000 of FIG. 10, as described above, may be implemented using the computing
systemy 1100, The computing system 1100 can be a computer, phone, personal digital
assistant (PDA), or any other iype of electronic device. Such an electronic device includes
various tvpes of computer readable media and interfaces for various other types of computer
readable media. The computing system 1100 may be, for example, an integral part of a
receiver device of the well system 100 iHustrated 1o FIG. 1 located at a surface (not shown).
In one or more embodimenis, measurements oblained by the array of transmitter/receiver
pairs 106 located along the casing 104 may be telemetered to the recetver device coupled to a
central processing unit {e.g , the computing system 1100} at a well head located at a surface
(not shown). The computing system 1100 may be configured to receive, from any of the
transrmtter/recetver pairs 106, measurement data related to locations and charactenistics of a
flurd located in the annulus 112 in the viciuty of that particular transmitter/receiver pair 106,
The computing svstem 1100 may be further configured to process the received measurement
data related to locations and characteristics of fhinds in the wellbore 102 and/or thud flows
from the formation 114 to the wellbore 102, provide visual information to a well operator,
and imtiate appropriate operation(s) related to the wellbore 102 (e.g, certain corrective
cementing operalions, adjustment of well production, and the like) based on the information
about locations and characteristics of fluids along the casing 104 i the wellbore 102 and/or
information about water floods and other fhind flows from the formation 114 to the wellbore
102.

As shown in FIG. 11, the computing system 1100 includes a permanent storage device
1102, a systern memory 1104, an output device mterface 1106, a system communications bus
1108, a read-only memory (ROM) 1110, processing unit{s) 1112, an input device mterface
1114, and a network interface 1116,

The bus 1108 collectively represents all svstem, peripheral, and chipset buses that
communicatively connect the numerous internal devices of the computing system 1100. For
instance, the bus 1108 communicatively connects the processing unit(s) 1112 with the ROM

1110, the system memory 1104, and the permanent siorage device 1102,
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From these various memory units, the processing unit{sy 1112 retrieves instructions (o
execute and data to process in order {0 execute the processes of the subject disclosure. The
processing wnit(s) can be a single processor or a multi-core processor in different
tmplementations.

The ROM 1110 stores static data and instructions that are needed by the processing
unit{sy 1112 and other modules of the computing svstem 1100, The permanent siorage device
1102, on the other hand, is a read-and-write memory device. This device is a non-volatile
memory unit that stores instructions and data even when the computing system 1100 1s off,
Some implementations of the subject disclosure use a mass-storage device {(such as a
magnetic or optical disk and its corresponding disk drive} as the permanent storage device
1102,

Other implementations use a removable storage device (such as a floppy disk, flash
drive, and its corresponding disk drive) as the permanent storage device 1102, Like the
permanent storage device 1102, the system memory 1104 is a read-and~write memory device.
However, unlike the storage device 1102, the system memory 1104 s a volatile read-and-
write memory, such a random access memory. The svstem memory 1104 stores some of the
instructions and data that the processor needs at runtime. In some implementations, the
processes of the subject disclosure are stored in the system memory 1104, the permanent
storage device 1102, and/or the ROM 1110. For example, the various memory units include
mstructions for computer aided pipe sirmg design based on existing siring designs in
accordance with some implementations. From these various memory units, the processing
unit{s} 1112 retrieves imstructions {o execute and data to process in order to execuie the
processes of some implementations.

The bus 1108 also connects to the input and ocutput device interfaces 1114 and 1106,
The mput device mterface 1114 enables the user to commumicate information and select
commands to the computing system 1100, Input devices used with the input device interface
1114 include, for example, alphanumeric, QWERTY, or T9 keyboards, microphones, and
pointing devices {also called “cursor condrol devices™). The output device interfaces 1106
enables, for example, the display of images generated by the computing system 1100, Qutput
devices used with the output device mterface 1106 include, for example, printers and display
devices, such as cathode ray tubes (CRT) or hguid crystal displays (LCD).  Some

implementations include devices such as a touchscreen that functions as both input and output
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devices. It should be appreciaied that embodiments of the present disclosure may be
implemented using a computer including any of various types of input and output devices for
enabling interaction with a user. Such interaction may include feedback to or from the user in
different forms of sensory feedback including, but not himited to, visual feedback, auditory
feedback, or tactile feedback. Further, mput from the user can be received in any form
including, but not limited to, acoustic, speech, or tactile input. Additionally, interaction with
the user may mnclude transmitting and receiving different types of information, e.g., in the
form of documents, to and from the user via the above-described interfaces.

Also, as shown in FIG. 11, the bus 1108 also couples the computing system 1100 to a
public or private network (not shown) or combination of networks through a network
interface 1116, Such a network mav include, for example, a local area network ("LAN™),
such as an Intranet, or a wide area network (“WAN), such as the Internet. Any or all
components of the computing system 1100 can be used in conjunction with the subject
disclosure.

These functions described above can be implemented in digital electronic circuitry, in
computer software, firmware or hardware. The techniques can be implemented using one or
more computer program products. Programmable processors and computers can be included
in or packaged as mobile devices. The processes and logic flows can be performed by one or
maore programmable processors and by one or more programmable logic circuitry.  General
and special purpose computing devices and storage devices can be interconnected through
communication networks.

Some implemeniations include electronic componenis, such as microprocessors,
storage and memory that store computter program instructions in a machine-readable or
computer-readable medium (alternatively referred to as computer-readable storage media,
machine-readable media, or machine-readable storage media). Some examples of such
computer-readable media include RAM, ROM, read-only compact discs (CD-ROM),
recordable compact discs (CD-R), rewritable compact discs (CD-RW), read-only digital
g, BVD-ROM, dual-layer DVD-ROM]}, a variety of recordable/rewniable

&

DVDs {e.g, DVD-RAM, DVD-RW, DVDHRW, etc.), flash memory (e.g., SD cards, mini-SD

versatile discs (e
cards, micro-SD cards, efc.), magnetic and/or solid state hard drives, read-only and recordable

Blu-Ray® dises, ulira density optical discs, any other oplical or magnetic media, and foppy

disks. The computer-readable media can store a compuler program that 15 executable by at
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feast one processing unit and includes sets of instructions for performing various operations.
Examples of computer programs or computer code include machine code, such as is produced
by a compiler, and files imcluding higher-level code that are executed by a computer, an
electronic component, or a MICIOPIOCEssor using an interpreter.

While the above discussion primanly refers o microprocessor or mulfi-core
processors that execute software, some implementations are performed by one or more
integrated circuits, such as application specific integrated circuits (ASICs) or field
programmable gate arrays (FPGAs).  In some implementations, such integrated circuits
execute instructions that are stored on the circuit itself.  Accordingly, some of the operations
of method 1000 of FIG. 10, as described above, may be implemented using the computing
system 1100 of FIG. 11 or any computer system having processing circuilry or a compuier
program product including instructions stored therein, which, when executed by at least one
processor, causes the processor to perform functions relating to these methods.

As used n this specification and any claims of this application, the terms “computer”,
“server”, “processor”, and “memory” all refer 1o electronic or other technological devices.
These {erms exclude people or groups of people.  As used herein, the ferms “compuier
readable medium™ and “computer readable media” refer generally to fangible, physical, and
non-transttory electronic storage mediums that store information in a form that is readable by
a computer.

Embodiments of the subject matter described in this specification can be implemented
i a computing system that includes a back end component, e.g., as a data server, or that
includes a middleware component, e.g., an application server, or that includes a front end
component, e.g, a client computer having a graphical user interface or a Web browser
through which a user can inferact with an implementation of the subject matter described in
this specification, or any combination of one or more such back end, middleware, or front end
components. The components of the system can be interconmected by any form or medium of
digital data communication, e.g., a communication network. Examples of communication
networks inchide a local area network ("LAN"} and a wide area network ("WAN™}, an inter-
network (e.g., the Internet), and peer-to-peer networks (2.g., ad hoc peer-to-peer networks),

The computing system can mnclude chlients and servers. A client and server are
generally remote from each other and typically interact through a commmumnication network.

The relationship of client and server anses by virtue of computer programs implemented on
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the respective computers and having a client-server relationship to each other. In some
embodiments, a server iransmits data (e.g., a web page) to a client device {(e.g., for purposes
of displaying data to and receiving user input from a user interacting with the client device).
Dala generated at the client device {e.g., a result of the user mteraction) can be received from
the client device at the server,

It is understood that any specific order or hierarchy of operations in the processes
disclosed is an illustration of exemplary approaches. Based upon design preferences, it is
wnderstood that the specific order or hierarchy of operations in the processes may be
rearranged, or that all illustrated operations be performed. Some of the operations may be
performed simultaneously. For example, in cerfain circumstances, multitasking and parallel
processing may be advantageous. Moreover, the separation of various system components in
the embodiments described above should not be understood as requiring such separation in all
embodiments, and it should be understood that the described program componenis and
systems can generally be integrated together in a single software product or packaged into
muliiple software products.

Furthermore, the illustrative methods described hergin may be implemented by a
system including processing circuitry or a computer program product including instructions
which, when executed by at least one processor, causes the processor to perform any of the
methods described herein.

A method for dual-purpose electromagpetic sensing to monttor welthbore fluids and
formation fluids has been described and may generally include: placing an array of
transmitiers and one or more receivers along a casing in a wellbore; mounting, on a same
collar on the casing, a transmitter in the arrav of transmitters and a receiver of the one or more
receivers forming a transmitter-receiver pair; receiving, at the receiver, a signal originating
from the transmiiter and at least one other signal originating from at least one other
transmitter in the array of transmitters; commumicating, from the recetver via a waveguide,
the signal and the at least one other signal to a processor; determining, by the processor, a
fluid in the welltbore in a vicinity of the transmitier-receiver pair based upon the signal; and
determining, by the processor, another fluid in a formation around the wellbore based upon
the at least one other signal.

For the foregoing embodiments, the method wmav inchude any one of the following

operations, alone or i combination with each other: Generating signals for a plurality of
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transmitters in the array of transmitiers having a range of frequencies by a power generator
interfaced with an electric power cable connected to the plurality of transmiiters; Receiving,
at the receiver, the signal onginating from the transmutter of the transmitter-receiver pair
before and after a cement 15 pumped into an annulus between the casing and the formation;
Monitoring curing process of the cement based on the received signal; Receiving, at the
receiver, the signal originating from the transmitier of the transmitier-receiver pair as a
cement is pumped into an annulus between the casing and the formation replacing at least one
of a drilling mud or a spacer fluid 1o the annulus; Monitoring a top of the cement based on the
received signal; Recetving, at the receiver, the signal originating from the transmitter of the
transmitier-receiver pair after a cement is pumped inio an annulus between the casing and the
formation replacing a spacer fluid used to flush a drilling mud in the annulus; Delermining,
based on the received signal, a width of an invaded zone where the drilling mud invaded the
formation; Determining, based on the received signal, whether a residual of the drilling mud
is deposited on a wall of the wellbore; Receiving, at the receiver, the signal originating from
the transmitter of the transmitier-receiver pair after a cement slorry is pumped mto an annulus
between the casing and the formation replacing a spacer fhiid used to flush a dnlling mud in
the annulus; Petermining, based on the received signal, whether a residual of the spacer flnd
or a residual of the drilling mud 15 located between the casing and the cement shury in a
vicinity of the receiver; Interrogating, by the array of transmoitters and the one or more
recervers, one or more RFID tags mixed in a cement sturry pumped into an annulus between
the casing and the formation to obtain one or more received signals; Determuning
characierisiics of the cement slurry based on the one or more received signals; Determining,
based upon the signal received at the receiver, a resistivity of the fluid located around the
receiver in an annubus between the casing and the formation; Determining, based upon the at
least one other signal received at the receiver, a resistivity of the other fluid in the formation
around the wellbore; Initiating, by the processor, optimization of completion operation of the
wellbore based on the determination of the fluid.

The waveguide comprises a fiber optic cable interfaced with the recetver; The signal
originates from the transmutter during a completion stage of the wellbore, and the at least one
other signal originates from the at least one other transmitter during a production stage of the

wellbore following the completion stage.
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Likewise, a dual-purpose electromagnetic sensing system for monitoring wellbore
fluids and formation fluids has been described and includes: an array of transmitters and one
or more recetvers located along a casing in a wellbore, wherein a transroitter in the array of
transmitters and a receiver of the one or more recetvers are mounted on a sarse collar on the
casing forming a transmitier-receiver pair, the receiver recetves a signal originating from the
transmitter and at least one other signal originating from at least one other transmitter in the
array of transmitters, the signal being indicative of a fluid in the wellbore in a vicinity of the
transoitier-receiver pair and the at least one other signal being indicative of another fluid in a
formation around the wellbore, and the receiver communicates, via a waveguide, the signal
and the at least one other signal to a processor.

For any of the foregoing embodiments, the system may include any one of the
following elements, alone or in combination with each other: another transmitter of the array
of transmitiers and another receiver of the one or more receivers forming another transmitter-
receiver pair are mounted on a different collar on the casing; transmitters in the array of
transmitiers comprise an asray of coils mounted on the casing, connected in series, and fed by
an electric power cable; a power generator interfaced to the electric power cable configured to
generate signals for the transmitiers having a range of frequencies; the receiver comprises a
coil mounted on the casing, connected to the waveguide, the waveguide comprises a fiber
optic cable mterfaced with the receiver; the processor is configured to acquire and process the
signal and the at least one other signal communicated from the receiver by the wavegude; the
processor 1s configured to initiate one or more operations related to the wellbore based on the
processed signals; the processor is located at a swface; the processor is a downhole processor,

The signal and the at least one other signal received at the receiver are indicative of
resistivity of the fluid in the wellbore and resistivity of the other thud in the formation; The
signal recetved at the receiver is indicative of at least one of: a top of a cement pumped into
an annulus between the casing and the formation replacing a spacer flud used to flush a
drilling mud n the anmulus, curing state of the cement, a width of an invaded zone where the
drilling mud invaded the formation, a residual of the drilling mud deposited on a wall of the
wellbore, or a residual of the spacer fluid or a residual of the drilling mud located between the
casing and the cement.

Likewise, a dual-purpose electromagnetic sensing tool for monitoring wellbore fluids

and formation fluids has been described and includes: an array of transmutters and one or
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more receivers adapted to be focated along a casing in a wellbore; and a receiver of the one or
more receivers forming a transmitter-receiver pair with a fransmitter in the array adapted to
recetve a signal originating from the transnutter and at least one other signal originating from
at least one other transmitter in the array, the signal being indicative of a fluid in the wellbore
in a vicinly of the transmitter-receiver pair and the at least one other signal being ndicative
of another fluid in a formation around the wellbore. The signal and the at least one other
signal received at the receiver of the tool are indicative of resistivity of the fluid in the
wellbore and resistivity of the other fluid in the formation.

Embodiments of the present disclosure are related to the dual-purpose electromagnetic
sensing system for monitoring fluds in a wellbore and water floods and other fluids i a
formation around the wellbore, and may be permanently deploved along a casing string in the
wellbore.  An array of magnetic field transnutiers and receivers of the dual-purpose
electromagnetic sensing system implemented in this disclosure can support interventionless
monitoring of fluids in the wellbore and the formation. Embodiments of the present
disclosure further allow two-dimensional (2B) mapping for depths of mterest.

The method and apparatus presented in this disclosure can identify, discriminate, and
monitor fluids (e.g., cement, spacer fluid, and drilling mud) present in an annulus formed in
the wellbore between the casing and the formation. The method and apparatus presented
herein can further monitor the cure state of cement pumped mio the annulus between the
casing and formation. Embodiments of the present disclosure can also support monitoring
cement health during hife-of-well, ez, degradation from COs» exposwre. Embodiments of the
present disclosure can be deploved in onshore wells, as well as to offshore wells.

Embodiments of the prasent disclosure support efficient and low-cost pre-fabrication
and calibration. The electromagnetic sensing system presented herein can be realized with
highly rehiable materials, which can maintam integrnity and performance in high pressure
environments such as those typically encountered downhole, particularly in high pressure,
high temperature (HPHT) deepwater wells,

Embodiments of the present disclosure can support time-lapse electromagnetic
modeling, inversion, and/or imaging for monitoring fluid displacements in a wellbore and a
forraation.  The multi-purpose electromagnetic sensing svstern presented herein can be

mterfaced with integrated well management software and related workflows through, for
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egxample, an application programmable inierface (API). Embodiments of the present
disclosure can further support decision making in order to facilitate well management.

in general, embodiments of the present disclosure relate to electromagnetic based fluid
sensing technology and apphications. Embodiments of the present disclosure further relate to
extension of a permanent mounitoring svstem to inchude cement monitoring and waterflood
monitoring.

As used herein, the term “determining” encompasses a wide variety of actions. For
example, “determuning” wmay include calculating, computing, processing,  denving,
mvestigating, looking up (e.g., looking up in a table, a database or another data structure),
ascertaining and the like.  Also, “determuning” way include receiving {(e.g., receiving
information), accessing (e.g., accessing data in a memory) and the like. Also, “determining”
may include resolving, selecting, choosing, establishing and the like.

As used herein, a phrase referring to “at least one of” a list of items refers to any
combination of those items, including single members. As an example, “at least one of. @, 5,
or ¢ 18 imended to cover: @, b, ¢, a-b, a-c, b-c, and a-b-c.

While specific details about the above embodiments have been described, the above
hardware and software descriptions are intended merely as example embodiments and are not
intended to linmut the structure or implementation of the disclosed embodiments. For instance,
although many other internal components of computer system 1100 illustrated m FIG. 11 are
not shown, those of ordinary skill in the art will appreciate that such components and their
interconmection are well known.

In addition, certain aspects of the disclosed embodimenis, as outlined above, may be
embodied i software that is executed using one or more processing units/components.
Program aspects of the technology may be thought of as “‘products” or “articles of
manufacture” typically in the form of executable code and/or associated data that 1s carned on
or embodied in a type of machine readable medium. Tangible non-transitory “storage” type
media include any or all of the memory or other siorage for the computers, processors or the
like, or associated modules thereof, such as various semiconductor memories, tape drives,
disk drives, optical or magnetic disks, and the like, which may provide storage at any time for
the software programming.

Additionally, the {lowchart and block diagrams in the figures illustrate the

architecture, functionality, and operation of possible implementations of systems, methods
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and computer program products according to vartous embodiments of the present disclosure.
It should also be notad that, in some altemative implementations, the functions noted in the
block may occur out of the order noted in the figures. For example, two blocks shown in
succession may, in fact, be executed substantially concurrently, or the blocks may sometimes
be executed in the reverse order, depending upon the functionality involved. Tt will also be
noted that each block of the block diagrams and/or flowchait illusiration, and combinations of
blocks in the block diagrams and/or flowchart illustration, can be implemented by special
purpose hardware-based systems that perform the specified functions or acts, or combinations
of special purpose hardware and computer instructions.

The above specific example embodiments are not intended to limit the scope of the
claims. The example embodiments may be modified by including, excluding, or combining

one or more features or functions described in the disclosure.
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CLAIMS
WHAT IS CLAIMED §S:
1. A dual-purpose electromagnetic sensing svstermn for monitoring wellbore fluids and

formation fhads, the system comprising;

an array of transmitters and one or more receivers located along a casing n a
wellbore, wherein

a transmitter in the array of transnutters and a receiver of the one or more receivers are
mounted on a same collar on the casing formung a transmitier-recetver pair,

the receiver receives a signal origmating from the transmutter and at least one other
signal originating from at least one other transmitter in the array of transmuiters, the signal
being mdicative of a flud in the wellbore tn a vicinity of the transmitter-recetver pair and the
at least one other signal being indicative of another fluid in a formation around the wellbore,
and

the recetver commmunicates, via a waveguide, the signal and the at least one other

signal to a processor.

2. The system of claim 1, wherein another transmitter of the array of transmitters and
another receiver of the one or more receivers forming another transmutter-receiver pair are

mounted on a different collar on the casing.

5]

3. The system of claim 1, wherein the signal and the at least one other signal recetved at
the recetver are mdicative of resistivity of the fluid in the wellbore and resistivity of the other

fluid in the formation.

4. The systern of claim 1, wherein the signal received at the receiver s indicative of at
least one of:

a top of a cement pumped imto an anmuus between the casing and the formation
replacing a spacer fiuid used to flush a driiling mud in the annulus,

curing state of the cement,

a width of an invaded zone where the dnlling mud invaded the formation,

arestdual of the dnlling mud deposited on a wall of the wellbore, or

a residual of the spacer fhiud or a residual of the dnlling mud located between the

casing and the cement.
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5. The system of claim 1, wherein transmitters in the array of transmitters comprise an

array of cotls mounted on the casing, connected in series, and fed by an eleciric power cable.

6. The system of claim 5, fimther comprising a power generator interfaced to the electric

power cable configured to generate signais for the transmittiers having a range of frequencies.

7. The system of claim 1, wherein the receiver comprises a coil mounted on the casing,

connected to the waveguide.

8. The system of claim 1, wherein the waveguide comprises a fiber optic cable interfaced

with the receiver.

9. The systern of claim 1, wherein:

the processor 1s configured to acquire and process the signal and the at least one other
signal communicated from the receiver by the waveguide, and

the processor is further configured to initiate one or more operations related to the

wellbore based on the processed signals.

10, The systems of claim 1, wherein the processor 1s located at a surface.
11 The system of claim 1, wherein the processor is a downhole processor.
12, The system of claim 1, wherein the signal onginates from the transmutter during a

completion stage of the wellbore, and the at least one other signal onginates from the at least
one other transmitter during a production stage of the wellbore following the completion

stage.

13. A method for dual-purpose electromagnetic sensing to monitor wellbore fluids and
formation fhads, the method comprising:

placing an array of transmutters and one or more receivers along a casing in a
wellbore;

mounting, on a same collar on the casing, a transmitter in the array of transmutters and
a receiver of the one or more receivers forming a transmitter-receiver pair;

receiving, al the receiver, a signal onginating from the transmitter and at least one

other signal originating from at least one other transmitter in the array of transmutters;
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communicating, from the receiver via a waveguide, the signal and the at least one
other signal to a processor,;

determining, by the processor, a fluid in the wellbore in a viciity of the transnutter-
receiver pair based upon the signal; and

determining, by the processor, another fluid in a formation arcund the wellbore based

upon the at least one other signal.

i4. The method of claim 13, further comprising generating signals for a plurality of
transnitiers in the array of transmitters having a range of frequencies by a power generator

nterfaced with an electric power cable connected (o the plurality of transmitters.

15. The method of claim 13, wherein the waveguide comprises a fiber optic cable

interfaced with the receiver.

16. The method of claim 13, further comprising:

receiving, at the receiver, the signal originating from the transmitter of the transmititer-
recetver pair before and after a2 cement 1s pumped into an annulus between the casing and the
formation; and

monitoring curing process of the cernent based on the received signal.

17. The method of claim 13, further comprising:

receiving, at the receiver, the signal originating from the transmitter of the transmititer-
recerver pair as a cement is pumped o an anmulus between the casing and the formation
replacing at least one of a drilling moud or a spacer fluid in the annulus; and

monitoring a top of the cement based on the received signal.

18, The method of claim 13, further comprising;

receiving, at the receiver, the signal originating from the transmitter of the transmitter-
recetver pair after a cement is purnped into an annulus between the casing and the formation
replacing a spacer fluid used to flush a drlling mud o the annulus;

determining, based on the recesived signal, a width of an invaded zone where the
dritling mud invaded the formation; and

determining, based on the received signal, whether a residual of the drilling mud is

depostted on a wall of the wellbore.
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19. The method of claim 13, further comprising:
receiving, at the receiver, the signal originating from the transmitter of the transmitter-
receiver pair after a cement slurry is pumped into an annulus between the casing and the
formation replacing a spacer fluid used to flush a dnlling mud n the annulus; and
determining, based on the received signal, whether a residual of the spacer fluid or a
residual of the drilling mud 1s located between the casing and the cement shirry in a vicimty

of the recetver.

20, The method of claim 13, further comprising;

mterrogaiing, by the array of transmitters and the one or more receivers, one or more
radio frequency identification {RFID) tags mixed in a cement slurry pumped into an annulus
between the casing and the formation to obtain one or more received signals; and

determining characteristics of the cement slurry based on the one or more received

signals.

21, The method of claim 13, wherein the determination by the processor comprises:
determining, based upon the signal received at the receiver, a resistivity of the fluid

located around the receiver in an annulus between the casing and the formation.

22, The method of claim 13, wherein the determunation by the processor comprises:
determining, based upon the at least one other signal received at the receiver, a

resistivity of the other fluid in the formation around the welibore.

23 The method of claim 13, further comprising wutiating, by the processor, optimization

of completion operation of the wellbore based on the determination of the flud.

24, The method of claim 13, wherein the signal originates from the {ransmitter duning a
completion stage of the wellbore, and the at least one other signal originates from the at least
one other transmutter during a production stage of the wellbore following the completion

stage.

25. A dual-purpose electromagnetic sensing tool for monitoring wellbore fluids and
forraation fluids, comprising:
an array of transmitiers and one or more receivers adapted to be located along a casing

in a wellbore; and
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a recetver of the one or more receivers forming a transmutter-receiver pair with a
transmitier in the array adapted to receive a signal originating from the transmitter and at feast
one other signal originating from at least one other transmitter in the array, the signal being
mndicative of a fluid in the wellbore 1n a vicinity of the transmutter-receiver pair and the at

least one other signal being indicative of another fluid in a formation around the wellbore.

26.  The tool of claim 25, wherein the signal and the at least one other signal received at
the receiver of the tool are indicative of resistivity of the fluid in the wellbore and resistivity

of the other fluid in the formation.
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