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FLUID FLOW CONDITION SENSING PROBE
BACKGROUND
{6061] Wells may be drilled to access hydrocarbons pooled in subterrancan formations.
Sometimes the hydrocarbons may flow naturally to the surface, at least after initially bringing a well
on-line after completion. As reservoir pressure drops, however, many wells apply some kind of
artificial 1ift mechanism to assist production of hydrocarbons to the surface. Artificial 1ift methods
comprise electric submersible pumps (ESPs), rod lift, plunger lift, gas Iift, charge pumps, and other
lift methods. Fluid flow conditions in the wellbore may change significantly over the production
lifecycle of a well. Pressure conditions may vary, a ratio of gas to liguid may vary, a viscosity of
production fluid can vary. Water can break into the hydrocarbon fluid flow, nitially reducing
viscosity and then increasing the fluid viscosity as emulsification of the water in oil occurs. Steam
may break into the fluid flow and temperatures may increase significantly. These changing
conditions can adversely affect the reliability and service life of artificial lift equipment.
BRIEF DESCRIPTION OF THE DRAWINGS
{6602] For a more complete understanding of the present disclosure, reference is now made to
the following brietf description, taken in connection with the accompanying drawings and detailed
description, wherein like reference numerals represent like parts.
[6003] FIG. 1A is an illustration of a wellbore and an exemplary well completion according to
an embodiment of the disclosure.
[0004] FI1G. 1B is an illustration of a wellbore and another exemplary well completion according

to an embodiment of the disclosure,

[0065] FIG. 2 is an illustration of a sensor probe according an embodiment of the disclosure.
{(60006] FIG. 3 is a flow chart of a method according to an embodiment of the disclosure.
{0087] FiG. 4 is a flow chart of another method according to an embodiment of the disclosure.
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{0008] FIG. 5 is a flow chart of yet another method according to an embodiment of the
disclosare.

[3869] FiG5. 6 is a block diagram of a computer system according to an embodiment of the
disclosure.

DETAILED DESCRIPTION

{0810} It should be undersiood at the outset that although illustrative implementations of one or
more embodiments are illustrated below, the disclosed systems and methods may be implemented
using any number of techniques, whether currently known or not yet in existence. The disclosure
should in no way be limited to the illustrative implementations, drawings, and techniques illustrated
below, but may be modified within the scope of the appended claims along with their full scope of

equivalents.

4 2%

{6011} As used herein, orientation terms “upstream,” “downstream,” “up,” and “down” are
defined relative to the direction of flow of well fluid in the well casing. “Upstream™ is directed
counter to the direction of flow of well {luid, towards the source of well flud (e.g., towards
perforations in well casing through which hydrocarbons flow out of a subterranean formation and
into the casing). “Downstream” is directed in the direction of flow of well tluid, away from the
source of well fluid. “Down” is directed counter to the direction of flow of well fluid, towards the
source of well fluid. “Up” 13 directed in the direction of flow of well thad, away from the source of
well fluid.

{6012] Conventional artificial lift systems adapt to changing production parameters, ifatall, ina
reactive way. First a production parameter changes, then controllers adapt operation of the artificial
itft system. For example, if a gas slug hils an electric submersible pump (ESP), the centrifugal pump
may expel all the fluid, the pump may fill with gas which presents little resistance to the tuming of

the pump impellers, and the electric current drawn by the coils of the electric motor driving the
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purmp impellers may decrease significantly. The controller at the surface may detect the decreased
electric current and may infer that the pump is purged of fluid and is filled with gas. The controlier
may then adapt operation of the ESP in some way, for example, slowing the rotation of the electric
motor, stopping the electric motor, waiting for fluid to flow back down the production tubing and
into the pump whereby to purge gas from the pump, and restarting the pump. But this scenario is
reactive and takes place after the fact. By the time the controller can adapt the operation of the
eleetric motor in this reactive way {e.g., command an electric drive to supply reduced voltage and/or
reduce a frequency of electric current supplied to the electric motor whereby to reduce the speed of
the motor), the bearings in the centrifugal pump may have lost the lubricating effect of reservoir
fluid and heated up very rapidly. When the fluid flows back down into the pump, the bearings may
experience rapid cooling that can cause thermal shock to bearing materials, causing premature
damage and shortening the service life of the bearings. For example, tungsten carbide bearings are
susceptible to thermal shock that can cause micro-cracking of the bearing surfaces. In another
example, sand may break from the subterrancan formation and plug the pump suddenly, and the
drive shaft of the ESP may break before the controller at the surface can adapt operation of the ESP.
{0013} The present disclosure teaches adding a sensor probe to an upstream end of the ESP
assermnbly. The sensor probe comprises one or more bundles of sensors that can sense wellbore
conditions and fluid conditions upstream of the remainder of the ESP assemsbly and communicate
these parameter values to a controller at the surface. These sensors can provide wellbore fluid
condition indications to the controller before these fluid conditions arrive at the pump, and therefore
the coniroller can adapt the operation of the ESP assembly proactively, before the subject conditions
are experienced by the ESP.

{6614] in an embodiment, the sensor probe comprises at least one centralizer. One or more

centralizers coupled to the sensor probe may keep the sensors about in the middle of the wellbore
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and/or close to the centerline of the wellbore, and this positioning of the sensors may promote the
sensors obtaining more accurate data on the fluid conditions. By positioning the sensors away from
the casing and close to the centerline of the wellbore, the centralizers may also protect the sensors
from damaging impacts with the casing or with other items in the wellbore.

[0015] In the example of the gas slug described above, the controller can receive advance notice
of this approaching gas shug from the sensors coupled to the sensor probe that are located upstream
from a pump intake, reduce the rotating speed of the pump which increases the pressure at the pump
intake. Because the pressure at the pump intake is higher, the gas slug may pass beyond the pump
intake rather than being sucked into the pump. Afier the controller projects that the gas slug has
passed beyond the pump intake, based in part on subsequent data provided from the sensor probe,
the controlier can restore the rotating speed of the pump to normal speed. In this way, the
overheating of bearings duc to losing fluid lubrication can be avoided. Additionally, if sand is
breaking, the sensor probe can provide sensed parameter values correlating with breaking sand to the
controller, and the controller can adapt the operation of the ESP (e.g., turn the molor off) and avoid
severe damage to the ESP. There are a wide variety of changed wellbore conditions and fluid flow
conditions that the sensor probe can detect and report to the controller before the conditions reach
the ESP assembly.

{6016} Turming now to FIG. 1A, a production systermn 100 is described. In an embodiment, the
systems 100 comprises a wellbore 102, a casing 104, and an clectric submersible pump (ESP)
assembly 106. The casing 104 may comprise a plurality of perforations 108 that allow fluid 110 to
leave an adjacent subterrancan formation, flow through the perforations 108, into the wellbore 102,
and {low downstream to the ESP assembly 106. The ESP assembly 106 comprises an electric motor
112, a seal unit 114, a pump intake 116, and a centrifugal pump 118. An outlet of the pump 118 is

coupled to production tubing 120. An electric power cable 122 electrically connects the ESP
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assembly 106 (e.g., the clectric motor 112) to an electric drive 128 that is controlled by a controller
130. When the ESP assembly 106 1s operated (when the electric drive 128 powers the electric motor
112, and the electric motor 112 turns the centrifugal pump 118), the fluid 110 may enter the pump
intake 116 and be pumped by the ESP assembly 106 to a wellhead 126 located at the surface 124, In
an embodiment, the electric drive 128 may be a variable speed drive. In an embodiment, the
controller 130 may further command a choke valve installed in the wellhead 126, whereby to control
a fluid flow rate.

{0817] The ESP assembly 106 further comprises a sensor probe 132. One or more centralizers
134 are coupled 1o the sensor probe 132 and hold the axis of the sensor probe 132 about coincident
with a longitudinal axis of the wellbore 102, The centralizers 134 are configured to avoid interfering
with the flow of the fluid 110 downstream to the pump intake 116, Une or more sensor bundles 136
are coupled to the sensor probe 132. The sensor bundles 136 may be removably coupled to the
sensor probe 132, For example, the sensor bundles 136 may be configured to be easily removed
from the sensor probe 132 when palling the ESP assembly 106 out of the wellbore 102 for servicing
and to be easily attached (e.g., a replacement set of new or refurbished sensor bundles 136) to the
sensor probe 132 when running the serviced ESP assembly 106 back into the wellbore 102.

[0018] The sensor bundles 136 sense proximate conditions of the wellbore 102 and/or of the
fuid 110 and comumunicale sensed parameter values to the controller 130. The sensor bundles 136
may communicate by wired communication {(e.g., via the electric power cable 122, for example
using power line communication {(PLC) techniques), via wired communication, or via acoustic or
hydraulic communication to the surface 124 and/or to the controller 130, The sensor bundles 136
may comprise communication components or modules that promote communicating the sensor data
to the controller 130, for example using wired communication, wireless commaunication, acoustic

communication, and/or hydraulic communication.
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{0019] FIG 1A provides a directional reference comprising three coordinate axes — an X-
axiz140 where positive displacements along the X-axis 140 are directed into the sheet and negative
displacements along the X-axis 140 are directed out of the sheet; a Y-axis 92 where positive
displacements along the Y-axis 142 are directed upwards on the sheet and negative displacements
along the Y-axis 142 are directed downwards on the sheet; and a Z-axis 144 where positive
displacements along the Z-axis 144 are directed rightwards on the sheet and negative displacements
along the Z-axis 144 are directed leftwards on the sheet. The Y-axis 142 is abowt parallel to a
central axis of a vertical portion of the wellbore 102.

{0020] The sensor probe 132 may be any desirable length. In an embodiment, the sensor probe
132 may be at least about 10 feet long, less than about 50 feet long, less than about 100 feet long,
less than about 150 feet long, less than about 200 feet long, less than about 300 feet long, less than
about 400 feet long, less than about 500 feet long, less than about 750 feet long, less than about 900
feet long, less than about 1000 feet long. or some other length. In an embodiment, the sensor probe
132 may be at least about 10 feet long and less than abouat 1000 {eet long. In an embodiment, the
sensor probe 132 may be at least 10 feet long and less than about 300 feet long.

10021] in an embodiment, a length of the sensor probe 132 may be determined by a designer
based in part on a projection of a distance fluid flows downstream in the wellbore 102 per unit of
time during production, for example, a maximum distance flowed per unit of time may be used. The
length of the sensor probe 132 may be determined further based on a latency of adaptation of the
operation of the ESP assembly 106 by the controller 130 (e.g., how fast can the controller 130
command the ESP assembly 106 to a different operating configuration in response to changed inputs
from sensor bundles 136). For example, if the conirolier 130 can adapt operation of the ESP
assembly 106 to a changed wellbore condition and/or fluid flow condition in 5 seconds and the flnid

110 is projected to flow at a maximum speed of 10 feet per second in the wellbore 102 upstream of
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the electric motor 112, the sensor probe 132 may desirably be at least 50 feet long and less than 75
feet long. I, instead, the flaid 110 is projected to flow at a maximum speed of 20 feet per second in
the wellbore 102 upstream of the electric motor 112, the sensor probe 132 may desirably be at least
100 feet long and less than 150 feet long. If the controller 130 can adapt operation of the ESP
assembly 106 to a changed wellbore condition and/or fluid flow condition in 2 seconds, the sensor
probe 132 may be at least 20 {eet long (in first example of thad flowing at 10 feet per second) and
less than 30 feet long; or the sensor probe 132 may be at least 40 feet long {(in the second example of
fluid flowing at 20 feet per second) and less than 60 feet long.

{0022} Each sensor bundie 136 may comprise a plurality of sensors, each sensor associated with
sensing and transmitting data on different fluid flow or wellbore condition parameters. One of the
sensors may sense and report temperature.  Another sensor may sense and report fluid flow rate.
Another sensor may sense and report fluid viscosity. Another sensor may sense and report fluid
density. Another sensor may sense and report audio signals. Another sensor may sense and report
pressure. Another sensor may sense and report scale build up. Anocther sensor may sense and report
a vibration. Another sensor may sense and report an acceleration. The sensor bundle 136 may
comprise at least one sensor selected from the group consisting of a temperature sensor, a flow rate
sensor, a pressure sensor, a density sensor, a viscosity sensor, an acoustic sensor, a vibration sensor,
and an acceleration sensor.

{6823 In an embodiment, one or more of the sensors may be a microelectromechanical system
{(MEMS) sensor. In some contexts, MEMS sensors may also be referred to as microsystems
technology sensors or micromachined sensors. MEMS devices generally, and MEMS sensors in
particular, may bhe fabricated using microfabrication technigues such as those used for
manufacturing semiconductors. MEMS devices may be built on a semiconductor substrate and built

up progressively by a sequence of chemical deposition operations followed by corresponding
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ctching operations to create the desired microcircuits and the desired micromechanical structures on
the semiconductor subsirate. MEMS devices may integrate mechanical stractures, analog
electronics, and signal conditioning electronics on a single chip. A plurality of MEMS devices may
be built up on the same semiconductor wafer and then cut into a plurality of dice that each contains a
MEMS device. These separated dice may then be mounted on separate packages for distribution
and installation in systems, for example in the sensor bundles 136 of this disclosare. H is an
advantage of MEMS devices that they benefit from the same low per unit production costs and high
consistency of performance exhibited by semiconductor devices.

{0024] In some cases, the MEMS sensors may be built on a silicon wafer. In other cases,
however, the MEMS sensors may be built on a wafler having a different material that exhibits
improved high temperatre performance relative to silicon or improved performance in high
pressure conditions relative to silicon. The MEMS sensors may be built on a wafer having a
different material that exhibits greater resistance to corrosives present in a wellbore than does
silicon. In an embodiment, the MEMS sensors herein may be built on a silicon carbide (5iC)
substrate, or another material that exhibits like resistance to high temperature and corrosion. The
MEMS sensors may be referred to as transducers in that they convert energy in one form to another
form, for example from mechanical energy to clectrical encrgy.

[6025] Some sensors in the sensor bundles 136, however, may not be MEMS sensors. Some
sensors may be fiber optic sensors, for example temperature sensors may be fiber optic sensors. For
example pressure sensors may be fiber optic sensors. Some fluid flow condition parameters may be
derived from other physical parameters.

{0026] Turning now to FIG. 1B, the production sysiem 100 is shown where the completion of
the well and/or ESP assembly 106 is in a deviated and/or horizontal portion of the wellbore 102.

The components of the system 100 in FIG. 1B are the same as those illustrated in FIG. 1A, the
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difference being they are illustrated in the context of a wellbore 102 having a deviated and/or
horizontal portion. Horizontal wellbores may be more susceptible {o transient gas slugs, where gas
builds up in undulations in the upper part (e.g., a ceiling of the wellhore) of the horizontal wellbore
and occasionally “burps”™ and releases downstream in the welibore 102.

10027] Tuming now to FIG. 2, further details of the sensor probe 132 are described. In an
embodiment, the sensor probe 132 comprises a plurality of centralizers 134, for example a first
centralizer 134a, a second centralizer 134b, a third centralizer 134c¢, and a fourth centralizer 1344,
In an embodiment, the sensor probe 132 comprises a plurality of sensor bundles 136, for example a
first sensor bundle 136a, a second sensor bundle 136b, a third sensor bundle 136¢, and a fourth
sensor bundle 136d. While four sensor bundles 136 are illustrated in FIG. 2, it is understood that the
sensor probe 132 may comprise two sensor bundles 136, three sensor bundles 136, five sensor
bundles 136, six sensor bundles 136, seven sensor bundles 136, eight senser bundles 136, nine
sensor bundles 136, ten sensor bundles 136, fourteen sensor bundles 136, fifieen sensor bundles 136,
sixteen sensor bundles 136, cighleen sensor bundles 136, twenty sensor bundles 136, or some other
number of sensor bundles 136.

{0028} The structure of the sensor probe 132 may be provided by pipe joints coupled to each
other. The interior of the pipe joints is not in fluid communication with the pump intake 116 or with
the centrifugal pump 118, Said in other words, the interior of the pipe joints do not form a conduit
for fhuid 110 to flow in the interior of the pipe joints to the pump intake 116 or to the centrifugal
pump 118, In an embodiment, the upstream end of the pipe joint furthest downhole may be capped.
The capping of the pipe joint may prevent reservoir fluid 110 and/or gas from eniering the interior of
the pipe joints that form the structure of the sensor probe 132 in this embodiment. The structure of
the sensor probe 132 can be provided by solid metal rods with ends coupled to each other to string a

furality of rods end-to-end. In some contexts, the sensor probe 132 may be referred to as a stinger.
o bl A o )
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{0029] The sensor bundles 136 may be axially displaced from each other along the sensor probe
132. The sensor bundles 136 may be spaced about an equal distance away from each other. The
sensor bundies 136 may be separated by about 2 feet, about 10 feet, about 20 feet, about 30 feet,
about 40 feet, about 60 feet, about 80 feet, about 100 feet, about 150 feet, about 180 feet, or some
other distance from cach other. Alternatively, in an embodiment, the sensor bundles 136 may be
spaced at different distances from each other. In an embodiment, the first and the second sensor
bundles 136a, 136b may be spaced close to each other and the third and the fourth sensor bundles
136¢, 136d may be spaced close to each other. In this disposition, the first and second sensor
bundles 136a, 136b may measure parameter values of the reservoir fluid 110 at about the same place
in the welthore 102, thereby providing redundancy of measurement at that first location in case of
failure of a single one of the sensor bundles 136a, 136. The third and fourth sensor bundles 136¢,
136d may measure parameter values of the reservoir fluid 110 in about the same place in the
wellbore 102 (upstream of the sensor bundles 136a, 136b), thereby providing redundancy of
measurement ai that second location in case of failure of a single one of the sensor bundles 136¢,
136d.

100306] Each centralizer 134 may be located proximate to a corresponding sensor bundle 136.
The sensor probe 132 may comprise any number of centralizers 134 and any number of sensor
bundles 136. In an embodiment, more than a single centralizer 134 is proximale to each sensor
bundle 136. For example, a centralizer 134 may be located proximate to a sensor bundle 136 on the
upstream side of the sensor bundle 136 and another centralizer 134 may be located proximate to the
same sensor bundle 136 on the downstream side of the sensor bundle 136. In an embodiment,
additional centralizers 134 may be located about mid-way between sensor bundles 136 or at other
intermediate [ocations in addition to being located proximate to the sensor bundles 136, In an

embodiment, the sensor probe 132 comprises a plurality of centralizers 134, wherein each sensor
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bundle 136 is associated with at least one centralizer 134 located proximate to the sensor bundle
136. In an embodiment, ecach sensor bundle 136 is associated with a centralizer 134 located
upstream and proximate to the sensor bundle 136 and with a centralizer located downstream and
proximate to the sensor bundle 136. As used herein, a centralizer 134 said to be located proximate
io a sensor bundle 126 may be located within about 2 feet of the sensor bundle 126, located within
about 1 foot of the sensor bundle 126, located within about 9 inches of the sensor bundle 126,
located within about 6 inches of the sensor bundle 126, located within about 4 inches of the sensor
bundle 126, located within about 3 inches of the sensor bundle 126, located within about 2 inches of
the sensor bundle 126, or located within about 1 inch of the sensor bundle.

{6031} The centralizers 134 keep the sensor bundles 136 in the cenler of the wellthore 102, The
fluid flow parameter values sensed and communicated by the sensor bundles 136 to the controller
130 may be more accurate being measured by the sensor bundles 136 located in the middle of the
wellbore 102, because the flow of the reservoir fluid 110 in the middle of the wellbore 102 may be
mote representative of the flow of the reservoir fluid 110 in the wellbore 102 than would a
measurement taken close to the casing 104, For example, when the steady state condition of the
fluid 110 undergoes a change from a first steady state to a second steady state, the wave front of the
transition may not be equally distributed radially across the wellbore 102: the transition may occur
first in the central axis of the wellbore 102 before it occurs close to the casing 104, Thus,
maintaining the sensor bundies 136 in the central axis of the wellbore 102 by the centralizers 134
may promote prompt detection of a change of steady state in one or more fluid tlow parameters.
Additionally, keeping the sensor bundles 136 centralized in the wellbore 102 while running the ESP
assernbly 106 and the sensor probe 132 into the wellbore 102 can protect the sensor bundles 136
from potentially damaging impacts with the casing 104 and/or structures located close fo the casing

walls, for example casing hangers, multilateral junctions, and other devices.
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{0032] Each sensor bundle 136 may comprise a plurality of sensors, for example two or more
sensors selecting from the list consisting of a temperature sensor, a pressure sensor, a How-rale
sensor, a density sensor, a viscosity sensor, and an acoustic sensor. The several sensors in a sensor
bundle 136 may individually communicate back to the controller 130. Alternatively, the several
sensors in a sensor bundle 136 may individually communicate back to a hub located at the clectric
motor 112, the seal unit 114, or the pump 118, and this hub may communicate the received sensor
data to the controller 130. Alternatively, each sensor bundle 136 may comprise a hub that
aggregates sensor data from the sensor data collected by the individual sensors of the sensor bundle
136 and communicate the aggregated sensor data to the controller. Alternatively, each senor bundle
136 may comprise a hub that aggregates sensor data from the sensor data coliected by the individual
sensors of the sensor bundle 136 and communicate the aggregated sensor data back to another hub
located at the electric motor 112, the seal unit 114, or the pump, and this other hub may
communicate the aggregated sensor data collected from all the sensor bundles 136 to the controlier
130. In an embodiment, the ESP assembly 106 comprises at least one communication hub that is
configured to receive sensor data from a plurality of sensors and to send the sensor data to the
controller 130. In an embodiment, the ESP assembly 106 comprises at least one communication hub
that is configured fo receive sensor data from a plurality of sensor bundies 136 and to send the
sensor data to the controlier 130.

{6633] The sensor bundles 136 may be replaced when the ESP assembly 106 and the sensor
probe 132 is pulled out of the wellbore 102, for example to service, to refurbish, and/or to replace
the ESP assembly 106. By replacing the sensor bundles 136, the likelihood that a sensor bundle 136
will fail downhole and degrade the ability of the controller to proactively operate the ESP assembly

166 in varying fluid flow conditions can be reduced.
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{0034] With reference to FIG. 1A, FIG. 1B, and FIG. 2. the controlier 130 may receive sensor
data from the sensor probe 132 that can be analyzed to infer fluid fow and wellbore conditions at
the ESP assembly 106 and/or at the pump intake 116, When the fluid 110 is in a steady state, the
sensor data may remain largely unchanged over a significant amount of time {e.g., in a well that does
not suffer from gas slugs). for example over days, over weeks, even over months, But when
significant changes in the fluid 110 do occur, they can occur suddenly and significantly impact the
operation of the ESP assembly 106. Providing multiple sensor bundies 136 coupled to the sensor
probe 132 promotes determining a rate of change of the fluid flow parameters and estimating a fhuid
flow distance per unit time. It is understood that the multiple sensor bundles 136 also promotes
determining fhud Hlow parameters in the presence of gas slugs. By providing a plurality of sensor
bundles 136, one or more sensor bundle 136 may fail without preventing the controller 130 from
accurately determining fluid flow parameters.

{0035] When the fluid 110 flowing in the wellbore 102 is in a steady state, the fluid parameters
of the fluid 110 may be suhstantially the same as the thad 110 flows through perforations 108,
downstream in the wellbore 102, past the sensor bundles 136, past the electric motor 112, past the
seal unit 114, and into the pump intake 116. The temperature of the tluid 110 may be substantially
equal as it flows through the perforations 108 and as it enters the pump intake 116 and all the points
in between. The pressure of the fluid 110 may be substantially equal as it flows through the
perforations 108 and as it enters the pump intake 116 and all the points in between. Thus, the fluid
flow parameter values sent to the controller 130 by each of the sensor bundles 136 are substantially
the same valaes for each different parameter type.

{0036] When the condition of the fluid 110 flowing in the wellbore 102 changes, however, there
may be a transition of the fluid 110 where one or more parameter values change from a first steady

state value to a second steady state value. As this transition flows downstream and past the sensor
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bundles 136, the different sensor bundles 136 may send different parameter values to the controller
130 until the fluid 110 has transitioned to the second steady stale is completed.

{6637] For example, if the temperature of the thud 110 suddenly increases significantly {(e.g.,
steam breaking into the wellbore 102 in a steam assisted gravity drainage (SAGD) production
enviromment), at a first time, the temperature reported by a temperature sensor in the fourth sensor
bundle 136d may send a higher temperature value fo the conirolier 130 while the temperature
sensors in the first, second, and third sensor bundles 136a, 136b, 136¢ continue to send substantially
the same temperature value from the first steady state value to the controller 130, As the transition
contimues downstream, at a later second time the fourth sensor bundle 136d may send a still higher
temperature o the coniroller 130, the third sensor bundle 136¢ may send a higher temperature than
the first steady state value {o the controller 130, and both the first and second sensor bundle 136a,
136b may still continue to send the same temperature value from the first steady state value to the
controller 130.

{0038] As the fluid 110 reaches a second steady state, at a third later time, the fourth and the
third sensor bundle 136¢, 136d may send the same high temperature value to the controller 130, the
second sensor bundle 136b may send a higher temperature value (higher than the first steady state
temperature but less than the second steady state temperature) io the controller 130, and the first
sensor bundle 136a continues to send the same temperature value {from the first steady state to the
controller. At a fourth later time, the second, third, and fourth sensor bundies 136b, 136¢, 136d may
send the same high temperature value to the controller 130, and the first sensor bundle 136a may
send a higher temperature between the first steady state temperature and the second steady state
temperature to the controller 130, At a fifth later time, all the sensor bundles 136a, 136b, 136¢, 1364
may send the same high temperature value associated with the second steady state temperature to the

controller 130,
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{0039] The controller 130 may calculate the rate of temperature change based on this sequence
of changing temperature values sent by the spatially distributed sensor bundles 136, predict the
future temperature of the fluid 110 as it reaches the pump intake 116, and adapt the operation of the
ESP assembly 106 or other artificial lift mechanism accordingly. In like manner, transitions from a
first steady state value to a second steady state value of other fluid tlow parameters (e.g., pressure,
viscosity, density, flow rate, audio, acceleration) can be analyzed by the conirolier 130 to estimate a
futare state of the fluid 110 before it reaches the pump intake 116. The controller 130 can then
proactively adapt the operation of the ESP assembly 106 or other artificial lift mechanism based on
the estimated future state of the fluid 110 before the fluid 110 at the pump intake 116 has actually
achieved this second steady state. It will be appreciated, with the aid of the description above, that
providing a plurality of spatially distributed sensor bundies 136 can increase the accuracy of the
estimation of thuid flow parameter values experienced at the pump intake 116 at a future time.

[0040] In an embodiment, based on the parameter data sent by the sensor bundles 136 to the
controller 130, the controller 130 can determine that a gas slug is passing downstream in the
wellbore 102, can estimate when the gas slug will first arrive at the pump intake 116, and when the
gas slug will pass downstream of the pump intake 116 in the wellbore 102, The controller 130 can
adapt the operation of the ESP assermbly 106 in view of these estimates of the passage of the gas
stug. For example, the controller 130 can stop the eleciric motor 112 by commanding the drive 128
to interrupt delivery of electric current to the electric motor 112, The controlier 130 can slow the
rotation of the electric motor 112 by commanding the drive 128 to slow the rotation of the electric
motor 112, for example by commanding a different electric voltage be supplied to the clectric motor
112 or by changing the frequency of the electric current supplied to the electric motor 112,

{6041 As mentioned further above, by stopping or slowing the electric motor 112 (and hence

stowing the rotation of the centrifugal pump 118 mechanically driven via a drive shaft by the electric

I
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motor 112} a fluid pressure at the pump intake 116 increases and may deter the gas slug from
entering the purnp intake 116 and instead allow the gas shug to move downstream of the pump intake
116 where it may rise to the surface 124 and be vented by the welthead 126. Alternatively, the
controller 130 can command a choke valve of the welthead 126 to reduce fluid flow at the wellhead
126 and hence reduce the fluid flow rate delivered by the centrifugal pump 118, which can cause the
fluid pressure at the pamp intake 116 to increase and deter the gas slag from entering the pump
intake 116.
{0042] It is understood that the sensor probe 132 can advantageously be used with other
artificial lift methods to adapt the control of those other artificial 1ift mechanisms by the controller
130 based on sensor data related to changing fluid How and/or wellbore conditions. For example,
rod lift, plunger 1ift, gas lifi, and gas lift mechanisms can be slowed or stopped to promote a gas slug
flowing downstream of the lift intake and to flow outside production tubing in the annulus between
the casing 104 and the production tubing 120 to be vented at the wellthead 126.
[3643] In some production environments hydrocarbons are disposed in oil sands or tar sands and
do not readily flow in their ordinary state. In steam assisted gravity drainage {(SAGD), a horizontal
rellbore may be drilled parallel to and above another horizontal wellbore. Steam may be pumped
into the upper horizontal welibore to heat the proximate tar sand formation. The heavy
hydrocarbons show reduced viscosity when heated, flow by influence of gravity into the lower
horizontal wellbore, and are lifted to the surface by the ESP assembly 106. Over time, however, the
high pressure, high temperature steam may break into the lower welibore and propagate in the lower
wellbore to the ESP assembly 106. This high teraperature steam and associated water can severely
impact operation of the ESP assembly 106. First, the high temperature can cause rapid damage to
the electric motor 112 due to temperature effects in the motor (e.g., insulation breakdown and

premature aging of the motor coils). Second, the presence of water in the fluid 110 can significantly
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change the viscosity of the fluid 110 and impact performance of the ESP assembly 106. By sensing
both the high temperature and the viscosity change by the sensor bundles 136 and sending this
sensor data to the controller 130, the controller 130 is able to adapt the operation of the ESP
assembly 106 accordingly.

0044] In an embodiment, the controlier 130 may stop the electric motor 112 by commanding
the drive {o stop providing electric current to the electric motor 112, In the case that steam is
breaking into the production wellbore 102, it may be pradent to interrupt continued injection of
steam, to pull the ESP assembly 106 from the wellbore 102, and close in the wellbore 102 at the
welthead 126, Production via this wellbore 102 may be terminated. Aliernatively. a different
completion assembly may be substituted for the previous ESP assembly 106 or a different
production stimulation technigue may be applied. In some context this may be referred to
interrupting control of the ESP assembly 106 and shutting the ESP assembly 106 off.

{0045] Sometimes a subterrancan formation that is producing hydrocarbons can transition to
producing sand. Sand flowing inlo the pump intake 116 can cause the centrifugal pump 118 to be
clogged by sand and stop suddenly, potentially causing the drive shaft that couples the electric motor
112 to the centrifugal pump 118 to break. The sensor probe 132 may provide sensor indications to
the controlier 130 that the controller 130 can use to infer sand breaking into the wellbore 102
upstrears of the pump intake 116 and to command the drive 128 to stop or slow the electric motor
114 before the sand clogs the centrifugal pump 118 In some context this may be referred to
interrupting control of the ESP assembly 106 and shutting the ESP assembly 106 off. Under these
circumstances, the ESP assembly 106 may be pulled from the wellbore 102 unharmed by avoiding
driving the centrifugal purmp TR while it is clogged with sand. Such sand clogging can occur 30
rapidly that reactive response to the onset of breaking sand is of no use. The proactive sensing and

adaptation of ESP assemibly operation 106 as described herein can avoid such sand caused damage.
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{0046] Turning now to FIG. 3, a method 200 is described. In an embodiment, the method 200
comprises a method of artificially lifting fhad in a wellbore. At block 202, the method 200
comprises sending a first control signal from a controller located at a surface location proximate to a
wellbore to an electric drive located at the surface location.  The first control signal may be
generated by the controller 130 based on a fluid flow parameter value received by the controller 130
at a first time from a sensor, for example by sensor that is parl of a sensor bundle 136, In an
embodiment, the fluid flow parameter value is a fluid flow temperature, a thad flow rate, a fluid
flow pressure, a fluid flow density, or a fluid flow viscosity. The first control signal may be
generated by the controller 130 based on a plurality of different fluid flow parameters, each different
fluid flow parameter produced by a different sensor located in the same sensor bundle 136.
Alternatively, the first control signal may be generated by the controller 130 based on a plurality of
different fluid flow parameters, at least some of the different fluid flow parameters being received
from sensors located in different sensor bundles 136 located at different displacements along the
probe 132, The first control signal may be generated by the controller 130 based on other sensor
inputs, for example a vibration sensor input, an aceeleration sensor input, and/or an acoustic sensor
input.

{0047] At block 203, the method 200 comprises sending a first electric power signal by the
electric drive to an electric submersible pump (ESP) assembly located in the wellbore, where the
first electric power signal is generated by the electric drive based on the first control signal. The
electric power signal may be a frequency of electric power output by the electric drive 128 to the
electric motor 112, for example via the electric power cable 122. The electric power signal may be a
voltage of eleciric power output by the electric drive 128 to the electric motor 112, The electric
power signal may be both a frequency and a voltage of electric power output to the electric motor

112
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{0048] At block 204, the method 200 comprises providing mechanical torque by an electric
motor of the ESP assembly to a centrifugal pump of the ESP assembly based on the first electric
power signal. At block 206, the method 200 comprises determining a fhuid flow parameter value by
a sensor mechanically coupled to a probe of the ESP assembly located upstream of the electric
motor.

{0049] Al block 208, the method 200 comprises sending the fluid flow parameter value by the
sensor to the controller. At block 210, the method 260 comprises generating a second control signal
by the controller based on the fluid flow parameter value. The second control signal may be
generated by the controller 130 based on a fluid flow parameter value received by the controller 130
at a second time from the sensor, where the second time 1s laler than the first time. The second
control signal may be generated by the controller 130 based on a plurality of different fluid flow
parameters. The second control signal may be generated by the controller 130 based on other sensor
inputs, for example a vibration sensor input, an acceleration sensor input, and/or an acoustic sensor
input. The second control signal may be generated by the controller based on a phurality of different
fluid flow values, where cach different fuid flow value is sent by a different sensor mechanically
coupled to the probe and where each different sensor is distributed axially along the probe.

{0050] At block 212, the method 200 comprises sending the sccond control signal by the
controller to the electric drive. At block 213, the method 200 comprises sending a second electric
power signal to the ESP assembly by the electric drive, where the second electric power signal is
generated by the electric drive based on the second control signal. In an embodiment, the first
electric power signal is different from the second electric power signal in frequency. In an
embodiment, the first electric power signal is different from the second electric power signal in
voltage. In an embodiment, the first electric power signal is different from the second electric power

signal in both frequency and in voltage. At block 214, the method 200 comprises providing
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mechanical torque by the electric motor to the centrifugal pump based on the second electric power
signal.

{0851} Turning now to FIG. 4, a method 220 is described. In an embodiment, the method 220
comprises a method of artificially lifting thud in a wellbore. At block 222, the method 220
comprises mechanically coupling a top of a probe to a bottom of an artificial lift assembly, wherein
the probe comprises a plurality of sensors and at least one centralizer mechanically coupled to the
probe. In an embodiment, a plurality of centralizers are mechanically coupled to the probe. In an
embodiment, the method 220 further comprises mechanically coupling a plurality of sensor bundles
136 to the sensor probe 132, wherein each sensor bundle 136 comprises a plurality of sensors. The
artificial lift assembly may be an electric submersible pump (ESP) assembly e.g., ESP assembly
106}, a rod lift assembly, a plunger lift assembly, a gas lift assembly, or a charge pump assembly.
[6052] At block 224, the method 220 comprises running the probe and the artificial lift assembly
into a wellbore. At block 226, the method 220 comprises operating the artificial 11t assembly to hift
fluid to a wellhead of the wellbore, where operation of the artificial 1ift assembly is controlied by a
controller located at the surface proximate to the wellhead.

{0053} At block 228, the method 220 comprises determining fluid flow parameter values of the
fluid flowing in the wellbore upstream of the artificial lift assembly. In an embodiment, the fluid
How parameter values comprise fluid flow rate and thad pressure, fluid flow raie and fluid
temperature, fluid flow rate and fluid density, fluid flow rate and fluid viscosity, fluid pressure and
fluid temperature, fluid pressure and fluid viscosity, fluid pressure and fluid density, fluid
temperature and fluid viscosity, fluid temperature and fluid deunsity, or fluid density and fluid
viscosity. At block 230 the method 220 comprises transmitting fhiid flow parameter values by the
sensors to the controller, wherein the controller controls the operation of the artificial lift assembly at

least in part based on the fluid flow parameter values.
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[0054] In an embodiment, the controller 130 controls the operation of the artificial 1ift assembly
at least in part based on determining a rate of change of fluid flow parameter values based on
differences among fluid flow parameter values transmitted by different sensors located in different
sensor bundles. For example, the controller 130 determines that fluid flow parameter values sent
from the fourth sensor bundle 136d have changed from corresponding values sent from the first,
second, and third sensor bundles 1364, 136b, 136¢. The values sent from the first, second, and third
sensor bundles 136a, 136h, 136¢ may be in agreement with each other and may be a value that has
been substantially constant or steady in value for an extended period of time. The values sent from
the first, second, and third sensor bundles 136a, 136b, 136¢ may indicate a steady state value of the
subject fluid flow parameter that has prevailed in the past.

{B055] Later the controlier 130 determines that fluid flow parameter values sent from the third
sensor bundle 136 have changed to agree with corresponding values sent from the fourth sensor
bundle 136d and to be different from the corresponding values sent from the first and second sensor
bundles 136a, 136b whose values may still represent the long standing steady state values. Later
stili the controller 130 determines that fluid flow parameter values sent from the second sensor
bundle 136b have changed to agree with corresponding values sent from the fourth and third sensor
bundlers 136¢, 136d and to be different from corresponding value sent from the first sensor bundie
136a. From the sequence of these changes from the previous steady state value nitially by fourth
sensor bundle 136d located furthest upstream, later by third sensor bundle 136¢, located downstream
of fourth sensor bundle 1364, later still by second sensor bundle 136b located downstream of third
sensor bundle 136¢, the controller 130 can infer that the steady state value of the fluid flow
parameter is changing and when the change may arrive at the pump intake 116, Accordingly, the
controller 130 can adapt the operation of the artificial lift assembly proactively, to comport with

what can be projected, based on the progressively changing fluid flow parameter values reported by
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the sensor bundles 136, to be the future steady state of the fluid flow parameter. In an embodiment,
this constitutes controlling the artificial hift assembly before a new steady state condition seitles in.
This can help extend a service life of the artificial lift assembly and prevent damage that may
otherwise occur if the controller 130 controllied the artificial lift assembly reactively — after a new
steady state condition settles in.

{0056] Controlling can involve stopping artificial lifting, at least temporarily and possibly
indefinitely. Controlling can involve adapting a speed of operation of artificial lifting, for example a
rotational speed of an electric motor, a number of cycles per unit of time of a rod pump. Controlling
can involve slowing the speed of operation of artificial lfting temporarily and later resuming the
former rate of artificial lifting.

{B857] Turning now to FIG. 5, a method 240 is described. In an embodiment, the method 240
comprises a method of producing fluid from a wellbore. At block 242, the method 240 comprises
lifting a fluid in a wellbore. At block 244, the method 240 comprises sensing a condition of the fluid
upstream of the hifting. Sensing the condition of the fuid apstream of the lifting may comprise
sensing one or more parameters of the reservoir fluid 110 flowing in the wellbore 102 at several
different locations upstream of the electric motor 112. For example, the parameters may be sensed
by sensors associated with the sensor bundles 136 that are located at different positions displaced
from each other along the sensor probe 132, In an embodiment, the condition is propagation of a gas
shag in the wellbore upstream of the lifting and adapting the lifting comprises reducing a rate of
lifting. At block 246, the method 240 comprises adapting the lifting of the fluid based on sensing
the condition of the fluid upstream of the lifting.

{B058] FIG. 6 illustrates a computer sysiem 380 suitable for implementing one or more
embodiments disclosed herein. The computer system 380 includes a processor 382 (which may be

referred to as a central processor unit or CPU) that is in communication with memory devices
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including secondary storage 384, read only memory (ROM) 386, random access memory (RAM)
388, wput/output (/0) devices 390, and network connectivity devices 392, The processor 382 may
be implemented as one or more CPU chips.

{6059] it is understood that by programming and/or loading executable instructions onto the
computer system 380, at least one of the CPU 382, the RAM 388, and the ROM 386 are changed,
transtorming the computer systern 380 in part into a particular machine or apparatus having the
novel functionality taught by the present disclosure. It is fundamental to the electrical engineering
and software engineering arts that functionality that can be implemented by loading executable
software into a computer can be converted to a hardware implementation by well-known design
rules. Decisions between implementing a concept in software versus hardware typically hinge on
considerations of stability of the design and numbers of units to be produced rather than any issues
involved in translating from the software domain to the hardware domain. Generally, a design that
is still subject to frequent change may be preferred to be implemenied in software, because re-
spinning a hardware implementation i3 more expensive than re-spinning a software design.
Generally, a design that is stable that will be produced in large volume may be preferred to be
implemented in hardware, for example in an application specific integrated circuit (ASIC), because
for large production runs the hardware implementation may be less expensive than the software
implementation. Ofien a design may be developed and tested in a software form and later
transformed, by well-known design rules, to an eqguivalent hardware implementation in an
application specific integrated circuit that hardwires the instructions of the software. In the same
manner as a machine controlled by a new ASIC is a particular machine or apparatus, likewise a
computer that has been programmed and/or loaded with executable instructions may be viewed as a

particular machine or apparatus.
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{0060] Additionally, after the system 380 is turned on or booted, the CPU 382 may cxecute a
computer program or application. For example, the CPU 382 may execute software or firmware
stored in the ROM 386 or stored in the RAM 388. In some cases, on boot and/or when the
application is initiated, the CPU 382 may copy the application or portions of the application from the
secondary storage 384 to the RAM 388 or to memory space within the CPU 382 #iself, and the CPU
382 may then execute instructions that the application is comprised of. In some cases, the CPU 382
may copy the application or portions of the application from memory accessed via the network
connectivity devices 392 or via the VO devices 390 to the RAM 388 or to memory space within the
CPU 382, and the CPY 382 may then execute instructions that the application is comprised of.
During execution, an application may load instructions into the CPU 382, for example load some of
the instructions of the application into a cache of the CPU 382, In some contexts, an application that
is executed may be said to configure the CPU 382 to do something, e.g., to configure the CPU 382
to perform the function or functions promoted by the subject application. When the CPU 382 is
configured in this way by the application, the CPU 382 becomes a specific purpose computer or a
specific purpose machine.

{0061} The secondary storage 384 is typically comprised of one or more disk drives or tape
drives and is used for non-volatile storage of data and as an over-flow data storage device if RAM
388 is not large enough to hold all working data. Secondary storage 384 may be used to store
programs which are loaded into RAM 388 when such programs are selected for execution. The
ROM 386 is used to store instructions and perhaps data which are read during program execution.
ROM 386 is a non-volatile memory device which typically has a small memory capacity relative to
the larger memory capacity of secondary storage 384. The RAM 388 i3 used to siore volatile data
and perhaps to store instructions. Access to both ROM 386 and RAM 388 is typically faster than to

secondary storage 384. The secondary storage 384, the RAM 388, and/or the ROM 386 may be
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referred to in some contexts as computer readable storage media and/or non-transitory computer
readable media.

{0862] 1/0O devices 390 may include printers, video monitors, liquid crystal displays (LCDs),
touch screen displays, keyboards, keypads, switches, dials, mice, track balls, voice recognizers, card
readers, paper tape readers, or other well-known input devices.

{0063] The network connectivity devices 392 may take the form of modems, modem banks,
Fthernet cards, universal serial bus (USB) interface cards, serial interfaces, token ring cards, f{iber
distributed data interface (FDDI) cards, wircless local area network (WLAN) cards, radio transceiver
cards, and/or other well-known network devices. The network connectivity devices 392 may
provide wired communication links and/or wireless commmunication links {e.g., a first network
connectivity device 392 may provide a wired commumication link and a second network
connectivity device 392 may provide a wireless communication link). Wired communication links
may be provided in accordance with Ethernet (IEEE 802.3), Internet protocol (IP), time division
multiplex (TDM)}, data over cable service interface specification (DOCSIS), wave division
multiplexing (WDM), and/or the like. In an embodiment, the radio transeeiver cards may provide
wireless communication links using protocols such as code division multiple access (CDMA),
global system for mobile communications (GSM), long-term evolution (LTE), WiFi (IEEE 802.11),
Bluetooth, Zighee, narrowband Internet of things (NB IoT), near field communications (NFC}, radio
frequency identity (RFHD},. The radio transceiver cards may promote radio communications using
5G, 3G New Radio, or 5G LTE radio communication protocols. These network connectivity
devices 392 may cnable the processor 382 to communicate with the Infornet or one or more
intranets.  With such a network connection, it is conternplated that the processor 382 might receive
information from the network, or might output information to the network in the course of

performing the above-described method steps. Such information, which is often represented as a
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sequence of instructions to be execuied using processor 382, may be received from and outputied to
the network, for example, in the form of a computer data signal embodied in a carrier wave.

{0864] Such information, which may include data or instructions to be executed using processor
382 for example, may be received from and outputted to the network, for example, in the form of a
computer data baseband signal or signal embodied in a carrier wave. The baseband signal or signal
embedded in the carrier wave, or other types of signals currently used or hereafter developed, may
be generated according to several methods well-known to one skilled in the art. The baseband signal
and/or signal embedded in the carrier wave may be referred to in some contexts as a transitory
signal.

[0065] The processor 382 executes instructions, codes, computer programs, scripts which it
accesses from hard disk, floppy disk, optical disk (these various disk based systems may all be
considered secondary storage 384}, flash drive, ROM 386, RAM 388, or the network connectivity
devices 392, While only one processor 382 is shown, multiple processors may be present. Thus,
while instructions may be discussed as execuled by a processor, the instructions may be executed
simultaneously, serially, or otherwise executed by one or multiple processors. Instructions, codes,
computer programs, scripts, and/or data that may be accessed from the secondary storage 384, for
example, hard drives, floppy disks, optical disks, and/or other device, the ROM 386, and/or the
RAM 388 may be referred to in some contexts as non-transitory instructions and/or non-transitory
information.

{6066] in an embodiment, the computer system 380 may comprise two or more computers in
communication with each other that collaborate to perform a task. For example, but not by way of
iimitation, an application may be partitioned in such a way as to permit concurrent and/or parallel
processing of the instructions of the application. Alternatively, the data processed by the application

may be partitioned in such a way as to permit concurrent and/or parallel processing of different
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portions of a data set by the two or more computers. In an embodiment, virtualization software may
be employed by the computer system 380 to provide the functionalily of a number of servers that is
not directly bound to the number of computers in the computer system 380. For example,
virtualization software may provide twenty virtual servers on four physical computers. In an
embodiment, the functionality disclosed above may be provided by executing the application and/or
applications in a cloud computing environment. Cloud computing may comprise providing
computing services via a network connection using dynamically scalable computing resources.
Cloud computing may be supported, at least in part, by virtualization software. A cloud computing
environment may be established by an enterprise and/or may be hired on an as-needed basis from a
third party provider. Some cloud compuling environments may comprise cloud computing
resources owned and operated by the enterprise as well as cloud computing resources hired and/or
leased from a third party provider.

{0067] In an embodiment, some or all of the functionality disclosed above may be provided as a
computer program product. The computer program product may comprise one or more computer
readable storage medium having computer usable program code embodied therein to implement the
functionality disclosed above. The computer program product may comprise data structures,
exccutable instructions, and other computer usable program code. The computer program product
may be embodied in removable compuler storage media and/or non-removable computer storage
media. The removable computer readable storage medium may comprise, without limitation, a
paper tape, a magnetic tape, magnetic disk, an optical disk, a solid state memory chip, for example
analog magnetic tape, compact disk read only memory (CD-ROM) disks, floppy disks, jump drives,
digital cards, multimedia cards, and others. The computer program product may be suitable {or
loading, by the computer system 380, at least portions of the contents of the computer program

product to the secondary storage 384, to the ROM 386, to the RAM 388, and/or to other non-volatile
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memory and volatile memory of the computer system 380. The processor 382 may process the
executable instructions and/or data structures in part by directly accessing the computer program
product, for example by reading from a CD-ROM disk inserted into a disk drive peripheral of the
computer system 380. Alternatively, the processor 382 may process the executable instructions
and/or data structures by remotely accessing the computer program product, for example by
downloading the executable instructions and/or data structures from a remote server through the
network connectivity devices 392. The computer program product may comprise instructions that
promote the loading and/or copying of data, data structures, files, and/or executable instructions to
the secondary storage 384, to the ROM 386, to the RAM 388, and/or to other non-volatile memory
and volatile memory of the computer system 380.

{B068] In some contexts, the secondary storage 384, the ROM 386, and the RAM 388 may be
referred to as a non-transitory computer readable medium or a computer readable storage media. A
dynamic RAM embodiment of the RAM 388, likewise, may be referred to as a non-transitory
computer readable mediom in that while the dynamic RAM receives electrical power and is operated
in accordance with its design, for example during a period of time during which the computer
system 380 is turned on and operational, the dynamic RAM stores information that is written to it.
Similarly, the processor 382 may comprise an internal RAM, an internal ROM, a cache memory,
and/or other internal non-transitory storage blocks, sections, or components that may be referred to
in some contexts as non-transitory computer readable media or computer readable storage media.

ADDITIONAL DISCLOSURE

0069] The following are non-limiting, specific embodiments in accordance with the present
disclosure:
{6670] A first embodiment, which is an electric submersible pump (ESP) assembly, comprising

an electric motor, a centrifugal pump mechanically coupled to the electric motor, and a probe
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mechanically coupled to the electric motor and extending upstream of the electric motor, comprising
a plurality of sensor bundles wherein each sensor bundle comprises at least one sensor.

{0871} A second embodiment, which is the ESP assembly of the first embodiment, wherein the
probe comprises at least one centralizer.

10072] A third embodiment, which is the ESP assembly of the first or the second embodiment,
wherein the probe comprises a plurality of ceniralizers, wherein cach sensor bundle is associated
with at least one centralizer located proximate to the sensor bundle.

{0873] A fourth embodiment, which is the ESP assembly of the third embodiment, wherein each
sensor bundle is associated with a centralizer located upstream and proximate to the sensor bundle
and with a centralizer located downstream and proximate to the sensor bundle.

{6674] A fifth embodiment, which is the ESP assembly of the first, the second, the third, or the
fourth embodiment, wherein the probe is at least about 10 feet long and less than about 1000 feet
fong.

{B075] A sixth embodiment, which is the ESP assembly of the first, the second, the third, the
fourth, or the fifth embodiment, wherein the probe comprises one or more solid metal rods.

{0876] A seventh embodiment, which is the ESP assembly of the first, the second, the third, the
fourth, the fifth, or the sixth embodiment, wherein the probe comprises tubing that is not in fluid
communication with the centrifugal pump.

{6877] An eighth embodiment, which is the ESP assembly of the first, the second, the third, the
fourth, the fifth, the sixth, or the seventh embodiment, wherein the at least one sensor is selected
from the group consisting of a temperature sensor, a flow rate sensor, a pressure sensor, a density

SeNnsor, a viscosity sensor, an acoustic sensor, a vibration sensor, and an acceleration sensor,
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{6078] A ninth embodiment, which is the ESP assembly of the first, the second, the third, the
fourth, the fifth, the sixth, the seventh, or the ecighth embodiment, wherein the sensor bundles are
removably coupled to the probe.

{6679] A tenth embodiment, which is the ESP assembly of the first, the second, the third, the
fourth, the f{ifth, the sixth, the seventh, the cighth, or the ninth embodiment, wherein the sensor
bundles comprise communication components that promote commumicating sensor data using wired
communication, wireless communication, acoustic communication, or hydraulic communication.
{B080] An eleventh embodiment, which is a method of artificially lifting fluid in a wellbore,
comprising sending a first control signal from a controller located at a surface location proximate to
a wellbore to an electric drive located at the surface location, sending a first electric power signal by
the electric drive to an electric submersible pump (ESP) assembly located in the wellbore, where the
first electric power signal is generated by the electric drive based on the first control signal,
providing mechanical torque by an clectric motor of the ESP assembly to a centrifugal pump of the
ESP assembly based on the first electric power signal, determining a fhuid flow parameter value by a
sensor mechanically coupled to a probe of the ESP assembly located upstream of the electric motor,
sending the fluid flow parameter value by the sensor to the controller, generating a second control
signal by the controller based on the fluid flow parameter value, sending the second control signal
by the controller lo the electric drive, sending a second electric power signal to the ESP assembly by
the electric drive, where the second electric power signal is generated by the electric drive based on
the second control signal, and providing mechanical torque by the electric motor to the centrifugal
pump based on the second electric power signal.

{0081} A twellth embodiment, which is the method of the eleventh embodiment, wherein the
first control signal is generated by the controller based on a thid flow parameter value received by

the controller at a first time from the sensor, the second control signal is generated by the controller
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based on a fluid flow parameter value received by the controller at a second time, where the second
time 1s later than the first time.

{B082] A thirteenth embodiment, which is the method of the eleventh or the tweltth
embodiment, wherein the fluid flow parameter value is a fluid flow temperature, a fluid flow rate, a
Huid How pressure, a fluid flow density, or a fluid flow viscosity.

{3083] A fourteenth embodiment, which is the method of the eleventh, the twelfth, or the
thirteenth embodiment, wherein the second control signal is generated by the controller based on a
plurality of different fluid flow parameters.

{6084] A fifteenth embodiment. which 1s the method of the eleventh, the twelfth, the thirteenth,
or the fourteenth embodiment, wherein the second conirol signal is generated by the controller based
on a plurality of different thud flow values, where each different fluid flow value is sent by a
different sensor mechanically coupled to the probe and where each different sensor is disturbed
axially along the probe.

{3085] A sixieenth embodiment, which is the method of the eleventh, the twelith, the thirteenth,
the fourteenth, or the fifteenth embodiment, wherein the first electric power signal differs from the
second electric power signal in frequency.

{6086] A seventeenth embodiment, which is the method of the eleventh, the twelfih, the
thirteenth, the fourteenth, the fificenth, or the sixicenth embodiment, wherein the {irst electric power
signal differs from the second electric power signal in voltage.

{6087] An eighteenth embodiment, which is a method of artificially lifting fluid in a wellbore,
comprising mechanically coupling a top of a probe 1o a bottom of an artificial lift assembly, wherein
the probe comprises a plurality of sensors and at least one centralizer mechanically coupled to the
probe, running the probe and the artificial lift assembly into a wellbore, operating the artificial lift

assembly to lift fluid to a wellhead of the welibore, where operation of the artificial lift assembly is

31



WO 2021/188121 PCT/US2020/024889

controlled by a controller located at the surface proximate to the wellhead, determining thud flow
parameter values of the {luid flowing in the wellbore upsiream of the artificial hifi assembly, and
transmitting fluid flow parameter values by the sensors to the contfrolier, wherein the controller
controls the operation of the artificial 1ift assembly at least in part based on the fluid flow parameter
values.

{0088] A umineteenth embodiment, which is the method of the eighteenth embodiment, further
comprising mechanically coupling a plurality of sensor bundles to the probe, wherein each sensor
bundle comprises a plurality of sensors.

{0089] A twenticth cmbodiment, which is the method of the cighteenth or the nineteenth
embodiment, wherein the controller controls the operation of the artificial hifi assembly at least in
part based on determining a rate of change of fluid flow parameter values based on differences
among fluid flow parameter values transmitted by different sensors located in different sensor
bundles.

{0090] A twenty-first embodiment, which is the method of the eighteenth, the nineteenth, or the
twentieth embodiment, wherein the artificial Lift assembly is an electric submersible pump (ESP)
assembly, a rod lift assembly, a plunger lift assembly, a gas lift assembly, or a charge pump
assembly.

{6091} A twenty-second embodiment, which is the method of the eighteenth, the nineteenth, the
twentieth, or the twenty-first embodiment, wherein the fluid flow parameter values comprise fluid
flow rate and fluid pressure, fluid flow rate and fluid temperature, fluid flow rate and fluid density,
Huid flow rate and fluid viscosity, fluid pressure and fluid temperature, fluid pressure and fluid
viscosity, fluid pressure and fhud density, fluid temperature and fhad viscosity, fluid temperature

and fhuid density, or fhud density and fluid viscosity.
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{0092} While several embodiments have been provided in the present disclosure, it should be
understood that the disclosed systems and methods may be embodied 10 many other specific forms
without departing from the spirit or scope of the present disclosure. The present examples are to be
considered as illustrative and not restrictive, and the intention is not to be limited to the details given
herein. For example, the various elements or components may be combined or integrated in another
system or cerlain features may be omitted or not implemented.

{(6093] Also, technmiques, systems, subsystems, and methods described and illustrated in the
various embodiments as discrete or separate may be combined or integrated with other systems,
modules, techniques, or methods without departing from the scope of the present disclosure. Other
items shown or discussed as directly coupled or communicating with each other may be indirectly
coupled or communicating through some interface, device, or intermediate component, whether
electrically, mechanically, or otherwise. Other examples of changes, substitutions, and alterations
are ascertainable by one skilled in the art and could be made without departing from the spirit and

scope disclosed herein.
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CLAIMS
What 1s claimed is:
1. An electric submersible pump (ESP) assembly, comprising:
an electric motor;
a centrifugal pump mechanically coupled to the electric motor; and
a probe mechanically coupled io the clectric motor and extending upstream of the electric
motor, comprising a plurality of sensor bundles wherein each sensor bundle

comprises at least one sensor.

2. The ESP assembly of claim 1, wherein the probe comprises at least one centralizer.
3. The ESP assembly of claim 1, wherein the probe is at least about 10 feet long and less than

about 1000 fect long.

4. The ESP assembly of claim 1, wherein the probe comprises one or more solid metal rods.
5. The ESP assembly of claim 1, wherein the probe comprises tubing that is not in fluid

communication with the centrifugal pump.

6. The ESP assembly of claim 1, wherein the at least one sensor is selected from the group
consisting of a temperature sensor, a flow raie sensor, a pressure sensor, a dengity sensor, a viscosity

SEnsor, an acoustic sensor, a vibration sensor, and an acceleration sensor.

(5]
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7. The ESP assembly of claim 1, wherein the sensor bundles are removably coupled to the
probe.
8. The ESP assembly of claim 1, wherein the sensor bundles comprise communication

components that promote communicating sensor data using wired communication, wireless

communication, acoustic communication, or hydraulic communication.

9. A method of artificially lifting fluid in a wellbore, comprising:

sending a first control signal from a controller located at a surface location proximate to a
wellbore to an electric drive located at the surface location;

sending a first electric power signal by the electric drive to an electric submersible pump
(ESP) assembly located in the wellbore, where the first electric power signal is
generated by the clectrie drive based on the first control signal;

providing mechanical torque by an electric motor of the ESP assembly to a centrifugal pump
of the ESP assembly based on the first electric power signal;

determining a fluid flow parameter value by a sensor mechanically coupled to a probe of the
ESP assembly located upstream of the electric motor;

sending the fluid flow parameter value by the sensor to the controller;

generating a second conirol signal by the controller based on the fluid flow parameter value;

sending the second contro! signal by the controller to the electric drive;

sending a second electric power signal to the ESP assembly by the electric drive, where the
second electric power signal i3 generated by the electrie drive based on the second

control signal; and

(e
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providing mechanical torque by the clectric motor to the centrifugal pump based on the

second electric power signal.

16. The method of claim 9, wherein the first control signal is generated by the controller based
on a fluid flow parameter value received by the controller at a first time from the sensor, the second
control signal 1s generated by the conirolier based on a {luid flow parameter value received by the

controller at a second time, where the second time 1s later than the first time.

11 The method of claim 9, wherein the fluid flow parameter value is a fluid flow temperature, a
fluid How rate, a fluid flow pressure, a fhud flow density, or a fluid How viscosity.
12. The method of claim 9, wherein the second control signal is generated by the controlier

based on a plurality of different fluid flow parameters.

13. The method of claim 9, wherein the second control signal is generated by the controlier
based on a plurality of different fluid flow values, where each different fluid flow value is sent by a
different sensor mechanically coupled to the probe and where each different sensor is disturbed

axially along the probe.

14, The method of claim 9, wherein the first electric power signal differs from the second
electric power signal in frequency.
15. The method of claim 9, where in the first electric power signal differs from the second

electric power signal in voltage.
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16. A method of artificially lifting fluid in a wellbore, comprising:

mechanically coupling a top of a probe {o a bottom of an artificial 1ifi asserbly, wherein the
probe comprises a plurality of sensors and at least one centralizer mechanically
coupled to the probe;

running the probe and the artificial lift assembly into a wellbore;

operating the artificial 1ift assembly to lift fluid to a wellhead of the wellbore, where
operation of the artificial lift asserubly is controlled by a controller located at the
surface proximate to the wellhead;

determining fluid flow parameter values of the fluid flowing in the wellbore upstream of the
artificial ift assembly; and

transmitting fluid flow parameter values by the sensors to the controller, wherein the
controller controls the operation of the artificial lift assembly at least in part based on

the fluid flow parameter values.

17. The method of claim 16, firther comprising mechanically coupling a plurality of sensor

bundles to the probe, wherein each sensor bundle comprises a plurality of sensors.

18. The method of claim 17, wherein the controller controls the operation of the artificial Iift
assembly at least in part based on determining a rate of change of fluid flow parameter values based
onn differences among fluid flow parameter values transmitted by different sensors located in

different sensor bundies.
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19. The method of claim 16, wherein the artificial Lift assembly is an electric submersible pump
(ESP) assembly, a rod Lift assembly, a plunger lift assembly, a gas lift assembly, or a charge pump

asserbly.

20. The method of claim 16, wherein the fluid flow parameter values comprise fluid flow rate
and fluid pressure, fluid flow rate and fluid temperature, thad flow rate and fluid deunsity, fluid flow
rate and fluid viscosity, fluid pressure and fluid temperature, thuid pressure and fluid viscosity, flaid
pressure and fluid density, fluid temperature and fluid viscosity, tluid temperature and fluid density,

or fhiid density and fluid viscosity.
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Start / 200

|

Sending a first control signal from a controller located at a surface location
proximate to a wellbore to an electric drive located at the surface location.

|

Sending a first electric power signal by the electric drive to an electric
submersible pump (ESP) assembly located in the wellbore, where the
first electric power signal is generated by the electric drive based on
the first control signal.

4

Providing mechanical torque by an electric motor of the ESP assembly to a
centrifugal pump of the ESP assembly based on the first electric power signal.

Determining a fluid flow parameter value by a sensor mechanically coupled
to a probe of the ESP assembly located upsiream of the electric motor.

|

Sending the fluid flow parameter value by the sensor to the controller.

|

(Generating a second control signal by the coniroller based on
the fluid flow parameter value.

|

Sending the second control signal by the controller to the electric drive.

|

Sending a second clectric power signal o the ESP assembly by the electric
drive, where the second electric power signal is generated by the electric
drive based on the second control signal,

|

Providing mechanical torque by the electric motor to the centrifugal pump
based on the second electric power signal.

f

End
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220

¥

Mechanically coupling a top of a probe to a bottom
39 of an artificial Lift assembly, wherein the probe
comprises a plurality of sensors.

]

Running the probe and the artificial ift
assembly into a wellbore.

224"

]

Operating the artificial lift assembly to lift fluidto a
wellhead of the wellbore, where operation of the
226" artificial Iift assembly is controlled by a controller

located at the surface proximate to the welthead.

L

Determining {fluid flow parameter values of the
23R fluid flowing in the wellbore upstream of the
artificial lift assembly.

]

Transmitting fhuid flow parameter values by the sensors

to the controller, wherein the controller controls the
23—y operation of the artificial lift assembly at least in part
based on the fluid flow parameter values.
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242~ Lifting a fluid in a wellbore.

YT Sensing a condition of the fluid upstream of the lifting.

246~

Adapting the lifting of the fluid based on sensing the
condition of the fluid upstream of the lifling.
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