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SYSTEMS AND METHODS FOR DETERMINING DEFORMATION OF A TOOL
STRING

CROSS-REFENCE TO RELATED APPLICATIONS
[0001] This application claims priority to and the benefit of U.S. Provisional Patent
Application No. 63/608,847, filed December 12, 2023, which is incorporated herein by

reference in its entirety.

BACKGROUND OF THE DISCLOSURE

[0002] Wellbores may be drilled into a surface location or seabed for a variety of
exploratory or extraction purposes. For example, a wellbore may be drilled to access fluids,
such as liquid and gaseous hydrocarbons, stored in subterranean formations and to extract
the fluids from the formations. Wellbores used to produce or extract fluids may be formed
in earthen formations using earth-boring tools such as drill bits for drilling wellbores and
reamers for enlarging the diameters of wellbores.

[0003] Once drilling of some or all of a wellbore is completed, tests are often
performed to evaluate various aspects of the wellbore and/or an associated formation.
Formation evaluation tests in particular may test the formation fluids and/or the flow of the
formation fluids by implementing a formation evaluation tool downhole. In many cases,
these formation evaluation tools are fixed in place with a packer in order to maintain their
relative position with respect to a formation. Deformation of the tool string, such as thermal
expansion and/or compression of the tool string, may subject the packer to compressive
and/or tensile forces which may tend to move the packer, or which may pose a risk of the
packer and/or the formation becoming damaged. These and other potential effects may
result in catastrophic damage and failure to the downhole system. Thus, systems and
methods for determining deformation and associated loading of a tool string during

formation evaluation operations may be advantageous.

SUMMARY
In some embodiments, a method of predicting loading of a tool string implemented in a

wellbore includes, for a formation testing operation of the wellbore, receiving temperature
-1-
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data for the wellbore and receiving pressure data for a fluid flowing through the tool string.
The method includes, for the formation testing operation of the wellbore, estimating a
deformation of the tool string based on the temperature data and the pressure data and based
on physical properties of the tool string including determining thermal deformation of the
tool string. The method further includes, for the formation testing operation of the wellbore,
predicting one or more internal force of the tool string based on the deformation. In some
embodiments, the method is performed by a system. In some embodiments, the method is
performed as instructions stored on computer-readable media.

[0004] This summary is provided to introduce a selection of concepts that are further
described in the detailed description. This summary is not intended to identify key or
essential features of the claimed subject matter, nor is it intended to be used as an aid in
limiting the scope of the claimed subject matter. Additional features and aspects of
embodiments of the disclosure will be set forth herein, and in part will be obvious from the

description, or may be learned by the practice of such embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] In order to describe the manner in which the above-recited and other features
of the disclosure may be obtained, a more particular description will be rendered by
reference to specific embodiments thereof which are illustrated in the appended drawings.
For better understanding, the like elements have been designated by like reference numbers
throughout the various accompanying figures. While some of the drawings may be
schematic or exaggerated representations of concepts, at least some of the drawings may
be drawn to scale. Understanding that the drawings depict some example embodiments,
the embodiments will be described and explained with additional specificity and detail
through the use of the accompanying drawings in which:
[0006] FIG. 1 is an example of a downhole system, according to at least one
embodiment of the present disclosure;
[0007] FIG. 2 illustrates an example environment in which a tool string deformation
system is implemented, according to at least one embodiment of the present disclosure;
[0008] FIG. 3-1 illustrates an example implementation of a downhole testing

operation;
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[0009] FIGS. 3-2 through 3-4 illustrate an example implementation of a downhole
testing operation;

[0010] FIG. 4 illustrates an example implementation of a tool string deformation
system as described herein, according to at least one embodiment of the present disclosure;
[0011] FIG. 5 illustrates an example workflow of a tool string deformation system as
described herein, according to at least one embodiment of the present disclosure;

[0012] FIG. 6 illustrates an example workflow of a tool string deformation system as
described herein, according to at least one embodiment of the present disclosure;

[0013] FIG. 7 illustrates a flow diagram for a method or a series of acts for predicting
loading of a tool string implemented in a wellbore as described herein, according to at least
one embodiment of the present disclosure; and

[0014] FIG. 8 illustrates certain components that may be included within a computing

system.

DETAILED DESCRIPTION

[0015] This disclosure generally relates to systems and methods for estimating the
deformation that a tool string will undergo during a formation evaluation operation. For
example, during a formation evaluation operation, a downhole tool may be fixed in place
in a wellbore by a packer, and the downhole tool may be connected to a tool string by a
slip joint. The tool string may experience various modes of deformation, such as from
thermal expansion and contraction. It may be desirable, in at least some embodiments, to
predict the amount of deformation of the tool string to ensure that a throw of the slip joint
is not exceeded, and if so, that the further deformation does not result in forces within the
tool string that exceed operational limits of one or more components.

[0016] In some embodiments, a computer-implemented tool string deformation system
may facilitate estimating the tool string deformation and/or determining the resulting
internal tool string forces. The tool string deformation system may receive temperature
data indicating a temperature profile throughout the wellbore. The tool string deformation
system may receive pressure data indicating a pressure (e.g., internal, external, pressure
differential, etc.) profile of at least a portion of the drilling fluid flowing through the tool

string. The temperature data and/or pressure data may be based on a combination of
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measured and estimated values. For example, the tool string deformation system may run
a simulation of the tool string in the wellbore and of the drilling fluid flowing through the
tool string in order to determine the temperature and/or pressure at various measurement
depths.

[0017] Based on the temperature and pressure profiles, the tool string deformation
system may predict the deformation that the tool string will experience during the
formation evaluation operation. The tool string deformation system may determine various
modes of deformation such as one or more of thermal deformation, ballooning
deformation, or helical buckling deformation. By modeling one or more of these modes of
deformation, the tool string deformation system may determine a net change in length of
the tool string at one or more instances during the formation evaluation operation. By
determining the deformation, the tool string deformation system may determine the loading
on the tool string by calculating the forces resulting within the tool string. For example, the
deformation may indicate that a compressive and/or expansive limit of the slip joint will
be reached, and that further deformation may create internal forces on the tool string. These
internal forces may apply a resulting tensile and/or compressive force on the formation
evaluation tool and/or the packer. Thus, the tool string deformation system may facilitate
determining if and to what extend the packer may experience unwanted pushing and/or
pulling forces. This may facilitate planning and/or implementing the formation evaluation
operation to avoid failure of the string and/or packer.

[0018] Additional details will now be provided regarding systems described herein in
relation to illustrative figures portraying example implementations. For example, FIG. 1
shows one example of a downhole system 100 for drilling an earth formation 101 to form
a wellbore 102. The downhole system 100 includes a drill rig 103 used to turn a drilling
tool assembly 104 which extends downward into the wellbore 102. The drilling tool
assembly 104 may include a tool string 105, a bottomhole assembly (“BHA™) 106, and a
bit 110, attached to the downhole end of the tool string 105.

[0019] The tool string 105 may include several joints of drill pipe 108 connected end-
to-end through tool joints 109. The tool string 105 transmits drilling fluid through a central
bore and transmits rotational power from the drill rig 103 to the BHA 106. In some

embodiments, the tool string 105 further includes additional downhole drilling tools and/or
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components such as subs, pup joints, etc. The drill pipe 108 provides a hydraulic passage
through which drilling fluid is pumped from the surface. The drilling fluid discharges
through selected-size nozzles, jets, or other orifices in the bit 110 for the purposes of
cooling the bit 110 and cutting structures thereon, and for lifting cuttings out of the wellbore
102 as it is being drilled.

[0020] The BHA 106 may include the bit 110, other downhole drilling tools, or other
components. An example BHA 106 may include additional or other downhole drilling tools
or components (e.g., coupled between the tool string 105 and the bit 110). Examples of
additional BHA components include drill collars, stabilizers, measurement-while-drilling
(“MWD”) tools, logging-while-drilling (“LWD?”) tools, downhole motors, underreamers,
section mills, hydraulic disconnects, jars, vibration or dampening tools, other components,
or combinations of the foregoing.

[0021] In general, the downhole system 100 may include other downhole drilling tools,
components, and accessories such as special valves (e.g., kelly cocks, blowout preventers,
and safety valves). Additional components included in the downhole system 100 may be
considered a part of the drilling tool assembly 104, the tool string 105, or a part of the BHA
106, depending on their locations in the downhole system 100.

[0022] The bit 110 in the BHA 106 may be any type of bit suitable for degrading
downhole materials. For instance, the bit 110 may be a drill bit suitable for drilling the
earth formation 101. Example types of drill bits used for drilling earth formations are fixed-
cutter or drag bits. In other embodiments, the bit 110 may be a mill used for removing
metal, composite, elastomer, other materials downhole, or combinations thereof. For
instance, the bit 110 may be used with a whipstock to mill into casing 107 lining the
wellbore 102. The bit 110 may also be a junk mill used to mill away tools, plugs, cement,
other materials within the wellbore 102, or combinations thereof. Swarf or other cuttings
formed by use of a mill may be lifted to the surface or may be allowed to fall downhole.
The bit 110 may include one or more cutting elements for degrading the earth formation
101.

[0023] The BHA 106 may further include a rotary steerable system (RSS). The RSS
may include directional drilling tools that change a direction of the bit 110, and thereby the

trajectory of the wellbore. At least a portion of the RSS may maintain a geostationary
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position relative to an absolute reference frame, such as one or more of gravity, magnetic
north, or true north. Using measurements obtained with the geostationary position, the RSS
may locate the bit 110, change the course of the bit 110, and direct the directional drilling
tools on a projected trajectory. The RSS may steer the bit 110 in accordance with or based
on a trajectory for the bit 110. For example, a trajectory may be determined for directing
the bit 110 toward one or more subterranean targets such as an oil or gas reservoir.

[0024] In some embodiments, the downhole system 100 includes or is associated with
one or more client devices 112 with a tool string deformation system 120 implemented
thereon (e.g., implemented on one, several, or across multiple client devices 112). The tool
string deformation system 120 may facilitate predicting the deformation that the tool string
may experience during an operation of the downhole system 100. While the client devices
112 and the tool string deformation system 120 are shown as pertaining to a (e.g., active)
operation of the downhole system 100, it should be understood that the tool string
deformation system 120 may be implemented in accordance with that described herein as
part of a simulation, planning, or potential operation of a downhole system, and is not
necessarily limited to an actual or current downhole operation.

[0025] FIG. 2 illustrates an example environment 200 in which a tool string
deformation system 120 is implemented in accordance with one or more embodiments
describe herein. As shown in FIG. 2, the environment 200 includes one or more server
device(s) 114. The server device(s) 114 may include one or more computing devices (e.g.,
including processing units, data storage, etc.) organized in an architecture with various
network interfaces for connecting to and providing data management and distribution
across one or more client systems. As shown in FIG. 2, the server devices 114 may be
connected to and may communicate with (either directly or indirectly) one or more client
devices 112 through a network 116. The network 116 may include one or multiple networks
and may use one or more communication platforms and/or technologies suitable for
transmitting data. The network 116 may refer to any data link that enables transport of
electronic data between devices of the environment 200. The network 116 may refer to a
hardwired network, a wireless network, or a combination of a hardwired network and a
wireless network. In one or more embodiments, the network 116 includes the internet. The

network 116 may be configured to facilitate communication between the wvarious
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computing devices via well-site information transfer standard markup language
(WITSML) or similar protocol, or any other protocol or form of communication.

[0026] The client device 112 may refer to various types of computing devices. For
example, one or more client devices 112 may include a mobile device such as a mobile
telephone, a smartphone, a personal digital assistant (PDA), a tablet, a laptop, or any other
portable device. Additionally, or alternatively, the client devices 112 may include one or
more non-mobile devices such as a desktop computer, server device, surface or downhole
processor or computer (e.g., associated with a sensor, system, or function of the downhole
system), or other non-portable device. In one or more implementations, the client devices
112 include graphical user interfaces (GUIs) thereon (e.g., a screen of a mobile device). In
addition, or as an alternative, one or more of the client devices 112 may be
communicatively coupled (e.g., wired or wirelessly) to a display device having a graphical
user interface thereon for providing a display of system content. The server device(s) 114
may similarly refer to various types of computing devices. Each of the devices of the
environment 200 may include features and/or functionalities described below in connection
with FIG. 8.

[0027] As shown in FIG. 2, the environment 200 may include a tool string deformation
system 120 implemented on one or more computing devices. The tool string deformation
system 120 may be implemented on one or more client devices 112, server devices 114,
and combinations thereof. Additionally, or alternatively, the tool string deformation system
120 may be implemented across the client devices 112 and/or the server devices 114 such
that different portions or components of the tool string deformation system 120 are
implemented on different computing devices in the environment 200. In this way, the
environment 200 may be a cloud computing environment, and the tool string deformation
system 120 may be implemented across one or more devices of the cloud computing
environment in order to leverage the processing capabilities, memory capabilities,
connectivity, speed, etc., that such cloud computing environments offer in order to
facilitate the features and functionalities described herein.

[0028] FIG 3-1 illustrates an example implementation 300 of a downhole testing
operation. The example implementation 300 may be an example of a typical downhole

testing operation, such as a well testing operation. In example implementation 300 (e.g.,
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well testing operation), a packer 304 may be implemented in a wellbore 302 and fixed in
place, for example, in order to fix a position of a tool string 306 or to isolate specific
segments of the wellbore 302 formation, reservoir, etc., among other functions. The tool
string 306 may be a production string for circulating downhole fluids, producing formation
fluids, etc. As shown, the tool string 306 may be directly connected to the packer 304 such
that a bottom end 312 of the tool string 306 is fixed. In this way, an axial position of the
tool string 306 may be fixed from the bottom end 312 of the tool string 306.

[0029] As shown, the tool string 306 may be connected to the packer 304. In some
embodiments, the bottom end 312 of the tool string 306 may be an open end and may be
open to the wellbore 302 beneath the packer 304. As mentioned above, the packer 304 may
be positioned relative to a reservoir or formation 310, and may isolate the formation 310
from other portions of the wellbore 302. In some embodiments, formation fluids may be
permitted to flow from the formation 310, into and up the tool string 306, for example,
such that they may flow to the surface where they may be collected and/or sampled. In this
way, an annulus 314 between the tool string 306 and a wellbore wall 303 may be isolated,
via the packer 304, from the portion of the wellbore 302 below the packer 304. Similarly,
the annulus 314 may be isolated from the bottom (e.g., open) end 312 of the tool string
306.

[0030] In some embodiments, the tool string 306 may experience deformation due to
the downhole environment. Some conventional techniques may classify and/or quantify
this deformation based on characterizing one or more modes of deformation of the tool
string 306. For example, some techniques may take into account thermal deformation due
to thermal expansion and/or contraction of the tool string 306. In other examples,
conventional techniques may take into account a piston effect due to fluids flowing into
and/or out of the tool string 306 (e.g., at the bottom end 312). In other examples, techniques
may incorporate ballooning of the tool string 306. For example, based on the inner portion
of the tool string 306 being isolated from the annulus 314, a pressure differential may cause
the tool string 306 to deform outward (e.g., inflate like a balloon) or inward (e.g., reverse
ballooning), which may cause a corresponding axial deformation due to Poisson’s ratio. In

another example, conventional techniques may account for pressure-induced helical
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buckling due to the pressure differential between the annulus 314 and inside the tool string
306.

[0031] Thus, while conventional techniques and known formulas may be suitable for
determining deformation of a tool string for well testing scenarios, such as the example
implementation 300, these techniques may only be applicable and/or accurate for downhole
testing operations that are the same or similar to the example implementation 300 as
described. For example, these conventional techniques may not be effective for accurately
describing deformation in situations where a tool string is slidably fixed and/or not rigidly
fixed to a packer at a bottom, open end. As another example, these conventional techniques
may not be effective for accurately determining deformation in downhole testing
operations where the downhole end of a tool string is isolated from the annulus, and/or
where an inner bore of the tool string is isolated from the annulus.

[0032] FIGS. 3-2 through 3-4 illustrate an example implementation 320 of a downhole
testing operation. The example implementation 320 of FIGS. 3-2 to 3-4 may be an example
of a formation testing operation, such as deep transient testing. Formation testing
operations may be different than well testing operations, such as that described in
connection with the example implementation 320 of FIG. 3-1. For example, well testing
operations typically focus on assessing the well as a whole by testing the overall
productivity, potential, and characteristics of the wellbore 302. As described above, this is
achieved by sealing the wellbore 302 with the packer 324 and allowing the flow of
formation fluids into, and up, the tool string 306. In contrast, the example implementation
320 (e.g., a formation testing or formation evaluation operation) is designed to obtain
specific information about a specific target formation 310, such as reservoir pressure, rock
permeability, formation fluid properties, reservoir boundaries, etc.

[0033] To achieve this, a formation evaluation tool 322 is typically lowered into the
wellbore 302 to a specific depth of interest (e.g., depth of the formation 310 of interest)
and fixed in place via a packer 324. The packer 324 may be the same type as the packer
304 of FIG. 3-1 or may be a different type of packer. The packer 324 typically is
implemented as a two-part packer (or other suitable packer) for isolating (e.g., above and

below) the formation 310 in order to isolate just the formation 310 of interest. This creates
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a sealed zone within the wellbore by straddling or encompassing the formation 310 with
the packer 324.

[0034] The formation evaluation tool 322 may be lowered on a wireline, or as shown
in FIG. 3-2, may also be conveyed as part of the tool string 306. During formation
evaluation, formation fluids 328 are permitted to flow from the (e.g., sealed) formation 310
and into the formation evaluation tool 322, where sensors measure various parameters such
as pressure, temperature, fluid composition, etc., directly from the formation 310. In some
embodiments, the formation fluids 328 are released (e.g., flow) from the formation
evaluation tool 322 into the annulus 314 above the packer 324. A drilling fluid 330, such
as drilling mud or other downhole fluids (e.g., not necessarily associated with specifically
drilling) is typically flowed (at one or more instances) down through the tool string 306
and out a port 326 of the tool string 306 near the end of the tool string 306. The port 326
may typically be positioned above the formation evaluation tool 322 and above the packer
324. The drilling fluid 330 in this way may fill the annulus 314 and flow back to the surface.
The drilling fluid 330 may facilitate carrying the formation fluids 328 (e.g., oil and/or gas)
to the surface. The drilling fluid 330 may also flow into and through the annulus 314 in
this way for wellbore control, for example, to prevent the formation fluids 328 from
flowing (e.g., freely and/or uncontrolled) to the surface.

[0035] Similar to the example implementation 300, or well testing operation, described
above, the tool string 306 may experience deformation to varying degrees which may cause
a length of the tool string 306 to change. For both formation testing and well testing
operations, a top of the tool string 306 may also be axially fixed relative to the wellbore
302. For example, the downhole system may be equipped with a blow-out preventor (BOP)
at or near the wellhead which may axially fix the tool string 306 at the surface or at an
uphole end. Thus, with both ends of the tool string 306 axially constrained, changes in
length of the tool string 306 may cause internal forces and stresses in the tool string 306,
which may also apply forces on the associated packers of each situation (e.g., example
implementations 300 and 320). The packer 304 in a well testing operation may tend to be
a stronger, more robust packer capable of withstanding much higher compressive/tensile
forces, for example, compared to the packer 324 of a formation testing operation. Thus,

while the push/pull effect of the axial deformation of the tool string 306 may be an
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important consideration in well testing operations, the packer 304 may typically be
equipped to handle these loads without moving the packer 304, and/or without damaging
the packer 304, or the formation 310.

[0036] In contrast, the packer 324 implemented in formation testing operations may be
different than those implemented in well testing operations. The packers 324 may be filled
or inflated with the formation fluid 328, which may limit its strength and/or ability to
withstand applied loads. In many cases, the packer 324 is set and/or fixed to an open portion
of wellbore 302, for example, rather than being set/fixed within a casing of the wellbore
302. The packer 324 may typically not be as strong and robust as the packer 304 of a well
testing operation. For example, the packer 324 of a formation evaluation operation may not
be capable of withstanding the compressive/tensile forces to the same extent as the packer
304 of a well testing operation. This may result in the packer 324 moving, or worse,
damaging the packer 324, the formation 310, or the formation evaluation tool 322 due to
such applied loads. This may be undesirable for such reasons as affecting the quality or
accuracy of the testing, or even resulting in catastrophic damage or failure of components
of the downhole system. For example, damage of the packer 324 or the formation 310
and/or movement of the packer 324 may result in the packer 324 no longer isolating the
formation 310, formation fluids 328 flowing up the wellbore 302, blowout, etc.

[0037] Accordingly, the example implementation 320 includes a slip joint 332 (or
similar component) for connecting the formation evaluation tool 322 to the tool string 306.
The slip joint 332 may be a component that may slide or actuate to accommodate changes
in length of the tool string 306. The slip joint 332 may have a stroke, throw, or actuating
length such that the slip joint 332 may extend or contract to a certain degree. The slip joint
332 may top out (or bottom out) after a given amount of deformation of the tool string 306.
In this way, the slip joint 332 may accommodate a certain degree of deformation of the tool
string 306, but may still result in tensile or compressive forces on the packer 324 if the slip
joint 332 is extended or compressed too far.

[0038] Typically, the slip joint 332 may have a stroke length of less than 10 feet, such
as 5-6 feet. The packer 324, tool string, etc. may also typically be set with the slip joint
332 at mid stroke in order to accommodate for a certain degree of deformation in either the

compressive or expansive directions. Accordingly, the slip joint 332 may typically be
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implemented with only half of the stroke length available for a change in length of either
direction. Thus, while the slip joint 332 may accommodate for some axial deformation of
the tool string 306, in many cases, the slip joint 332 may not be suitable for accommodating
all of the expansion or compression that a tool string 306 in a formation evaluation
operation may experience. For example, in many situations, formation evaluation
operations are conducted in wellbores and at formations that are located at significant
depths within the earth, such as at S000 m or greater, and in some cases, up to 10,000 m
and deeper. These deep wellbores may exhibit significantly elevated temperatures which
may cause a significant amount of thermal expansion (and correspondingly, thermal
contraction when drilling fluid is circulated). This is exacerbated by the increased length
of the tool string 306 contributing to a proportionately larger amount of deformation. Thus,
in many cases, the changes in length of the tool string 306 may exceed the stroke length
that the slip joint 332 may offer.

[0039] Additionally, implementing slip joints with longer stroke lengths, or
implementing multiple slip joints may typically not be an option for remedying this
problem. For example, a cable may be connected to the formation evaluation tool 322 and
run through the tool string 306 to the surface to enable data and/or power communication
with the formation evaluation tool 322. Changes in length (e.g., expansion) of the tool
string 306 may cause tension and/or put stress on the cable. Accordingly, the cable may
typically be secured or fixed at the surface such that the length of the cable corresponds
with the tool string 306 and slip joint 332 at its longest length. Thus, when the slip joint
332 is positioned at less than full extension (either from being set as such or from the tool
string deforming), a certain amount of slack may be present in the cable. In some
implementations, too much slack in the cable may cause the cable to become pinched or
crushed in the slip joint 332, for example, should the slip joint 332 reach full extension
(e.g., as the tool string shortens in length). Thus, there is a practical limit to how much
throw or stroke length the slip joint 332 may have without risking the cable becoming
damaged as the slip joint 332 actuates. Similarly, it may not be practical to implement
multiple slip joints (e.g., to achieve more stroke length), as the slack in the cable may still
become pinched in one or more of the slip joints as the length of the tool string 306

decreases.
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[0040] Accordingly, it may be advantageous to understand and characterize the
deformation of the tool string 306, specifically in formation evaluation operations, in order
to ensure that the stroke length of the slip joint 332 will not be exceeded, in order to ensure
that excessive forces are not applied to the packer 324, and/or in order to implement one
or more remedial actions to prevent failure or damage of the downhole system.

[0041] The tool string 306 in a formation evaluation operation may exhibit various
forms or modes of deformation. In some cases, the tool string 306 may exhibit deformation
in the form of thermal contraction, decreasing the length of the tool string 306. FIG. 3-3
illustrates the example implementation 320 exhibiting a decrease in the length of the tool
string 306 to various degrees due to thermal contraction. Thermal contraction may occur
due to the flow of drilling fluid through the tool string 306 cooling the tool string 306. The
thermal contraction may result in tensile forces 340 within the tool string 306 when the
limit of the slip joint 332 is reached, which may exert a pulling force on the packer 324.
[0042] In some cases, the tool string 306 may experience deformation in the form of
thermal expansion, increasing the length of the tool string 306. FIG. 3-4 illustrates the
example implementation 320 exhibiting an increase in the length of the tool string 306 to
various degrees due to thermal expansion. Thermal expansion may be due to the elevated
temperatures of the downhole environment (e.g., when the drilling fluid is not circulating).
This thermal expansion may result in compressive forces 342 within the tool string 306
when the limit of the slip joint 332 is reached, which may exert a pushing force on the
packer 324. Should thermal expansion continue past the point that the slip joint 332 may
accommodate, the tool string 306 may experience further deformation in the form of helical
buckling. Further, the tool string 306 may experience ballooning from the pressure
differential between the pressure within the tool string and the anulus pressure.

[0043] In some embodiments, the tool string 306 of the formation evaluation operation
may not exhibit one or more of the modes of deformation that a tool string in a well testing
operation may exhibit. For example, the helical buckling in a formation evaluation situation
may be due to the thermal expansion extending the length of the drill pipe, which, when
fixed at both ends, may cause helical buckling. In contrast, the helical buckling of the well
testing operation may be pressure-induced from the difference in pressure between the

anulus and the inner bore of the tool string. Additionally, while the tool string 306 may
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experience ballooning, this may be to a lesser affect than that described for well testing, as
the anulus and the inner tool string are not isolated in formation testing operations as they
are in well testing operations. Further, the piston effect may be negligible in formation
testing applications as the flow area change may be subtle at the end of the tool string 306.
In this way, the tool string 306 may exhibit deformation in a way that is specifically
applicable to formation evaluation operations for which conventional techniques for
assessing deformation (e.g., in well testing operations) may not be equipped to accurately
handle.

[0044] FIG. 4 illustrates an example implementation of the tool string deformation
system 120 as described herein, according to at least one embodiment of the present
disclosure. The tool string deformation system 120 may include a data manager 122, a flow
simulator 124, a deformation engine 126, and a loading engine 128. The tool string
deformation system 120 may also include a data storage 130 having various data stored
thereon. While one or more embodiments described herein describe features and
functionalities performed by specific components 122—128 of the tool string deformation
system 120, it will be appreciated that specific features described in connection with one
component of the tool string deformation system 120 may, in some examples, be pertormed
by one or more of the other components of the tool string deformation system 120.

[0045] By way of example, one or more of the data receiving, gathering, or storing
features of the data manager 122 may be delegated to other components of the tool string
deformation system 120. As another example, while a flow simulator may simulate the tool
string implemented in a wellbore and/or a flow of drilling fluid through the tool string, in
some instances, some or all of these features may be performed by the deformation engine
126 (or other component of the tool string deformation system 120). Indeed, it will be
appreciated that some or all of the specific components may be combined into other
components, and specific functions may be performed by one or across multiple
components 122—-128 of the tool string deformation system 120.

[0046] Additionally, while FIG. 1, for example, depicts the tool string deformation
system 120 implemented on a client device 112 of the downhole system, it should be
understood that some or all of the features and functionalities of the tool string deformation

system 120 may be implemented on or across multiple client devices 112 and/or server
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devices 114. For example, data may be input and/or received by the data manager 122 on
a (e.g., local) client device, and tool string deformation may be determined and/or
simulated on one or more of a remote, server, or cloud device. Indeed, it will be appreciated
that some or all of the specific components 122—128 may be implemented on or across
multiple client devices 112 and/or server devices 114, including individual functions of a
specific component being performed across multiple devices.

[0047] As mentioned above, the tool string deformation system 120 includes a data
manager 122. The data manager 122 may receive a variety of types of data associated with
the downhole system and may store the data to the data storage 130. The data manager 122
may receive the data from a variety of sources, such as from sensors, surveying tools,
downbhole tools, other (e.g., client) devices, user input, etc.

[0048] In some embodiments, the data manager 122 receives temperature data. For
example, the temperature data may indicate an environmental or wellbore temperature for
one or more measurement depths of the wellbore. In some embodiments, the temperature
data indicates a surface temperature. In some embodiments, the temperature data indicates
a formation temperature, wellbore bottom temperature, or temperature associated with a
location of a formation evaluation tool. In some embodiments, the temperature data
indicates a temperature at one or more intermediate measurement depths of the wellbore.
For example, the temperature data may indicate a temperature profile along the length (e.g.,
depth) of the wellbore. The temperature data may include measured data, estimated or
simulated data, or combinations thereof. As described herein, in some embodiments, the
temperature profile is determined based on a flow simulation of the flow simulator 124.
[0049] In some embodiments, the data manager 122 receives pressure data. For
example, the pressure data may indicate an internal pressure, external pressure, or pressure
differential of the tool string for one or more measurement depths. In some embodiments,
the pressure data indicates a surface pressure. In some embodiments, the pressure data
indicates a formation pressure, pressure at the bottom of the tool string, and/or pressure
associated with a location of the formation evaluation tool. In some embodiments, the
pressure data indicates a pressure at one or more intermediate measurement depths of the
tool string. For example, the pressure data may indicate a pressure profile along a length

(e.g., depth) of the wellbore. The pressure data may include measured data, estimated or
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simulated data, or combinations thereof. As described herein, in some embodiments, the
pressure profile is determined based on a flow simulation of the flow simulator 124.
[0050] In some embodiments, the data manager 122 receives tool string data. The tool
string data may indicate various physical properties of the tool string, such as a type, size,
diameter, thickness, material/composition, geometry, or any other tool string property. The
tool string data may indicate a number of lengths of pipe included in the tool string, a
collection and/or makeup of various downhole tools within the tool string, an overall length
of the tool string, an orientation, trajectory, inclination, azimuth, or orientation of the tool
string. The tool string data may include information related to a formation evaluation tool
connected to the tool string for implementing downhole. The tool string data may include
information related to a slip joint of the tool string, such as a throw, stroke length, or
actuation length of the slip joint. The tool string data may include information related to a
packer for fixing the formation evaluation tool and/or tool string in place in the wellbore.
For example, the tool string data may indicate an operational limit (e.g., force limit) for the
packer to remain in place without damaging the packer, damaging the formation, and/or
moving the packer. The tool string data may include any other information associated with
the tool string and/or associated component implemented downhole.

[0051] In some embodiments, the tool string data includes wellbore data indicating
various properties and characteristics of the wellbore. For example, the wellbore data may
indicate a size, length, depth, geometry, trajectory, orientation, location, inclination, and/or
azimuth of the wellbore. The wellbore data may indicate a formation of interest. For
example, the formation may be fluid producing, and it may be of interest for testing with a
formation evaluation tool. The wellbore data may indicate a depth of the formation. The
formation data may indicate properties of the formation such as properties of the rock of
the formation, properties of the fluid (e.g., pressure) of the formation, a size or capacity of
the formation, etc. The wellbore data may include any other information associated with
the wellbore, the subterranean materials and layer, and one or more formations.

[0052] In some embodiments, the tool string data includes drilling fluid data or mud
data. The drilling fluid data may indicate a mud weight, viscosity, composition, or other
properties of the drilling fluid. The drilling fluid data may indicate flow properties or

rheological properties of the drilling fluid such as a flow rate and a pressure of the drilling
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fluid in the tool string at one or more (or all) measurement depths. The drilling fluid data
may indicate heat transfer properties of the drilling fluid including a temperature of the
drilling fluid. The drilling fluid data may indicate a fluid pumping rate and/or a mud rate
of the drilling fluid, for example, conveyed via a pump at the surface.

[0053] In some embodiments, the data manager 122 receives user input. The data
manager 122 may receive the user input, for example, via any of the client devices 112
and/or server devices 114. Any of the data described herein may be input or augmented via
the user input. For example, in some instances, some or all of the data described herein is
received by the data manager 122 as user input. The user input may be received in
association with one or more functions or features of the tool string deformation system
120,.
[0054] As mentioned above, the tool string deformation system 120 includes a flow
simulator 124. The flow simulator 124 may simulate the tool string in the wellbore and
may simulate a flow of the drilling fluid through the tool string. For example, the flow
simulator 124 may perform or run a detailed simulation of the formation evaluation
operation. For example, the flow simulator 124 may simulate the environmental conditions
(pressures, temperatures, etc.) of the wellbore at the various measurement depths, may
simulate a flow of formation fluids from the formation, etc.

[0055] In some embodiments, the flow simulator 124 determines one or more
temperatures. For example, based on the simulation, the flow simulator may determine a
temperature profile for the tool string. The temperature profile may identify the temperature
of the tool string at one or more (or all) measurement depths of the tool string. The
temperature profile may identify one or more changes in temperature that may occur
throughout the duration of a formation evaluation operation. In some embodiments, the
flow simulator 124 determines the temperature profile based on a measured temperature at
the surface and a measured temperature at the formation evaluation tool. In some
embodiments, the flow simulator 124 determines the temperature profile based on a
measured temperature at the surface and an inferred or estimated temperature at the
formation evaluation tool.

[0056] In some embodiments, the flow simulator 124 determines one or more

pressures. For example, based on the simulation, the flow simulator may determine a
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pressure profile for the tool string. The pressure profile may identify the pressure within
the tool string (e.g., a drilling fluid pressure) at one or more (or all) measurement depths of
the tool string. The pressure profile may identify one or more changes in pressure that may
occur throughout the duration of a formation evaluation operation. In some embodiments,
the flow simulator 124 determines the pressure profile based on a measured pressure at the
surface and a measured pressure at the formation evaluation tool. In some embodiments,
the flow simulator 124 determines the pressure profile based on a measured pressure at the
surface and an inferred or estimated pressure at the formation evaluation tool. In some
embodiments, the flow simulator 124 determines the pressure profile based on the mud
density of the formation fluid and based on a depth distribution of the mud. In some
embodiments, the flow simulator 124 determines the pressure profile based on rheology
and/or circulation data for the drilling fluid. In this way, the flow simulator 124 may
determine a temperature profile and a pressure profile in order to facilitate determining the
deformation of the tool string.

[0057] As mentioned above, the tool string deformation system 120 includes a
deformation engine 126. The deformation engine 126 may determine a deformation of the
tool string. For example, the deformation engine 126 may determine a change in length of
the tool string based on one or more modes of deformation.

[0058] In some embodiments, the deformation engine 126 determines deformation of
the tool string by accounting for thermal deformation, such as thermal contraction or
thermal expansion of the tool string. When implemented in the wellbore, the temperatures
of the downhole environment may cause the tool string to heat up, which may cause the
tool string to lengthen due to thermal expansion. In some embodiments, the drilling fluid
is pumped down through the tool string at a surface temperature which may be significantly
cooler than the environmental temperature of the wellbore. The circulating mud may result
in a significant cooling of the tool string and/or the wellbore. This may result in the
shortening of the tool string due to thermal contraction. In some cases, thermal contraction
may account for a significant part of the overall deformation of the tool string. In some
cases, the drilling fluid is caused to stop flowing through the tool string, which if left for

long enough, may cause the tool string and/or the wellbore to warm back up to an
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equilibrium temperature, resulting in thermal expansion of the tool string, at least partly
back to a pre-compressed length.
[0059] In some embodiments, the deformation engine 126 represents the thermal

deformation along the tool string based on the following formula:
L
ALy = f aAT dl
0

Or in discretized form:

n

ALl = z aATili

i=1
Where:
L is the length of the tool string,
AL, 1s the change in length due to thermal deformation,
a is the thermal expansion coefficient of the tool string, and

AT 1s the temperature difference.

In this way the deformation engine 126 may account for thermal deformation of the tool
string due to changes in temperature along the tool string. The deformation engine 126
may determine thermal deformation in any other way and/or according to any other
formula.

[0060] In some embodiments, the deformation engine 126 determines deformation of
the tool string by accounting for ballooning (or reverse ballooning) of the tool string. For
example, the pressure difference between the inside and the outside of the tool string may
cause the tool string to deform in a transverse direction. A larger inner pressure on the tool
string resulting in expansion in the transverse direction (ballooning) may cause a
shortening of the tool string in the axial direction. Conversely, a larger outer pressure on
the tool string may result in compression in the transverse direction (reverse ballooning)
which may cause a lengthening of the tool string in the axial direction.

[0061] In some embodiments, the deformation engine 126 represents the ballooning

(or reverse ballooning) deformation of the tool string based on the following formula:
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ALy = Z—i (RodPy(Z)average — RiAPi(Z)average )
Where:
AL, is the change in length due to ballooning/reverse ballooning deformation,
v 1s Poisson’s ratio of the tool string,
E is Young’s modulus of the tool string,
! 1s the thickncss of the tool string,
R, is the outer radius of the tool string,
R; is the inner radius of the tool string,
AP, (Z) gverage 18 the outside average pressure, and

and 4P;(2) qperage 1s the inside average pressure.

In this way, the deformation engine 126 may account for deformation of the tool string
due to ballooning of the tool string. The deformation engine 126 may determine
ballooning deformation in any other way and/or according to any other formula.

[0062] In some embodiments, the deformation engine 126 determines deformation of
the tool string by accounting for helical buckling of the tool string. In some embodiments,
the deformation engine 126 considers helical buckling in a different way than that
described above in association with well evaluation operations. For example, helical
buckling for a formation evaluation operation may not be pressure-induced, as the end of
the drill pipe is not sealed/isolated from the anulus, and the pressure difference between
the inside and outside of the drill pipe may not be significant enough to cause helical
buckling in this way. Rather, helical buckling may occur due to the thermal expansion of
the tool string and by virtue of both ends of the tool string being fixed (e.g., after the limit
of the slip joint is reached).

[0063] In some embodiments, the deformation engine 126 represents helical buckling

of the tool string based on the following formula:
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ALhelical =

Where:

ALjeticar 18 the change in length when helical buckling occurs,

7, 1s the radius of the wellbore,

F i1s the force acting at the bottom of the tool string,

I is moment of inertia of tool string cross-section arca with respect to its
diameter, and

w 1s the weight of tool string per unit length.

In this way, the deformation engine 126 may account for deformation of the tool string
due to helical buckling of the tool string. The deformation engine 126 may determine
helical buckling deformation in any other way and/or according to any other formula.
[0064] In this way, the deformation engine 126 may determine various modes of
deformation of the tool string based on the temperature and pressure profiles determined
by the flow simulator 124. The deformation engine 126 may determine a total deformation
for the tool string by incorporating and/or accounting for one or more (or all) of these
modes of deformation. For example, before the compensation limit of the slip joint is
reached, the deformation engine 126 may determine the total deformation according to the
following formula:
ALorar = ALy + 4L,
Where:
AL,1s the change in length due to thermal deformation,

AL, is the change in length due to ballooning,

When the slip joint is operating within its stroke length, no helical deformation will occur,
and accordingly, helical deformation may not be accounted for in the determination of the
total deformation.

[0065] In some embodiments, the deformation of the tool string may cause the slip
joint to reach the compensation limit. The tool string may be constrained against further
deformation due to the tool string being fixed at both ends. Thus, the effects that would
otherwise cause the further compression or expansion of the tool string may be exhibited

as inner forces within the tool string. This may occur in two scenarios: when the tool string
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contracts to a furthest (e.g., upper) extent of the stroke of the slip joint, and when the tool
string expands to a furthest (e.g., lower) extent of the stroke of the slip joint.

[0066] As mentioned above, the tool string deformation system 120 includes a loading
engine 128. The loading engine 128 may determine the inner forces within the tool string
resulting from the compressive or expansive effects of the tool string past the compensation
limit of the slip joint.

[0067] For example, in the case of excessive contraction, no helical buckling would
occur. Thus, the total length is constrained by the contractive (e.g., uphole) limit of the slip
joint, and an internal tensile force would result within the tool string. The loading engine

128 may determine this tensile force according to the following formula:
ALy + ALy = Co

tensile — I

Where:

ALq1s the change in length duc to thermal deformation,

AL, is the change in length due to ballooning,

C,1 1s the slip-joint compensation limit for contraction, or the total stroke length
of the slip joint in the contraction direction,

L is Young’s Modulus of the tool string

A 1s the cross-section arca of the tool string wall.

[0068] In the case of excessive expansion, the total length change is again constrained
by the compensation limit (e.g., in the expansive direction), and an internal compressive
force would result within the tool string. However, further expansion could still occur and
would instead result in helical buckling. Thus, in order to accurately determine the internal
compressive force, the loading engine may account for helical buckling. When the
compensation limit for expansion is consumed, the loading engine 128 may represent the

further expansion of the tool string according to the following formula:
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ALpeticat = ALy + ALy — Gy

Where:
ALjeticar 18 the change in length when helical buckling occurs,
ALqis the change in length due to thermal deformation,
AL, 1s the change in length due to ballooning, and
C, is the slip joint compensation limit for expansion, or the total stroke length of

the slip joint in the expansive direction.

Thus, the compressive force may be determined by combining this formula with the

formula for helical buckling described above:

8EIW(AL; + AL, — Cyp)
FCﬂmpression = 72
w

[0069] In some embodiments, the loading engine 128 accounts for friction of the slip
joint when determining the internal force of the tool string and the deformation of the tool
string. This determination and incorporation of friction of the slip joint may be applicable
to the scenario when the slip joint is operating within the stroke length.

[0070] For example, the loading engine 128 may determine a theoretical force of
deformation resulting from the length change of the tool string according to the following

formula:

ALtota
Fdeform = ;a EA

If this theoretical force is smaller than the frictional force of the slip joint, then the drill
pipe would not deform. If the theoretical force is larger than the frictional force of the slip
joint, then the tool string may begin to deform, and the internal force would be equal to
the frictional force. Accordingly, the total deformation and the internal force of the drill
pipe (e.g., when the slip joint is operating within the stroke length) may be represented by

the following formulas:
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if Fde‘form < Ff! then ALg—otal =0, Ficrllt ernal — Fdeform

A

if Faeform > Ff, then ALfyq = ALgorar — Lyistory » Fat ernal = Fr

Where:

ALY a1 1s the corrected drill pipe deformation,

Lpistory 1s the corrected length considering the deformation history,
Fy is the frictional force of the slip-joint, and

Ff, oo 18 the corrected internal force of the drill pipe.

In this way, the loading engine 128 may determine the internal compressive or tensile force
of the tool string when the slip joint is operating within the stroke length, as well as when
the compensation limit of the slip joint is met.

[0071] In some embodiments, the loading engine 128 may determine whether the
internal force of the tool string will approach, meet, or exceed one or more operational
limits of the downhole system. For example, the tool string may have one or more failure
limits of the components of the tool string, and the loading engine 128 may identify when
those failure limits are met or exceeded by the internal force. In some embodiments, the
loading engine 128 may identify that the internal force will surpass an operational limit of
the packer. For example, the inner force of the tool string may exert or apply a
corresponding push or pull force on the packer. This may pose a risk of causing the packer
to move, or may damage the packer, the formation, or the formation evaluation tool. The
loading engine 128 may identify that the deformation of the tool string may cause such a
limit to be reached. In some embodiments, the loading engine 128 may indicate, for
example, to a user of the tool string deformation system 120 of the excessive tool string
internal force via an alert or flag.

[0072] While the tool string deformation system 120 has been described with respect
to a formation evaluation operation, and with respect to a tool string, packer, slip joint, etc.
implemented in a wellbore, it should be understood that this is merely illustrative of the
applicability of the functionalities of the tool string deformation system 120 to a formation
evaluation operation. For example, in some embodiments, the tool string deformation
system 120 may be implemented as part of a simulation, planning, and/or potential

implementation of the tool string for the purposes of formation evaluation. For instance,
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some or all of the data may be simulated, estimated, or approximated in order to evaluate
how a downhole system may behave in a potential or future formation evaluation operation.
In some embodiments, the tool string deformation system 120 may be implemented as part
of a current, active, and/or real time formation evaluation operation. In this way the tool
string deformation system 120 may be applicable to a wide range of implementations, both
simulated and actual.

[0073] In some embodiments, the tool string deformation system 120 may incorporate
one or more assumptions in order to achieve the features and functionalities described
herein. For example, one or more of the features of one or more of the flow simulator 124,
deformation engine 126, or loading engine 128 may incorporate one or more assumptions
in order to model the dynamics of the downhole system. For example, the tool string
deformation system 120 may represent the drill pipe as being composed of an isotropic
material. The tool string deformation system 120 may represent the deformation of the tool
string as remaining in the elastic deformation region. The tool string deformation system
120 may represent the strain-displacement relationship as linear. The tool string
deformation system 120 may represent the interaction between the drill pipe and the
wellbore as being frictionless or negligible. For example, the tool string deformation
system 120 may evaluate the tool string deformation for cases of a vertical well, for
example, having little to no contact between the tool string and the wellbore. The tool string
deformation system 120 may represent the interaction of the drilling fluid (and/or the
formation fluid) with the tool string as being frictionless or negligible. The tool string
deformation system 120 may represent the tool string as a thin-walled structure. For
example, the temperature variation or gradient inside the steel wall of the tool string may
be presumed to be negligible. The tool string deformation system 120 may incorporate any
other assumption, or may omit one or more of these assumptions in performing any of the
functionalities described herein.

[0074] In some embodiments, the tool string deformation system 120 may implement
one or more of the features and/or may incorporate one or more of the formulas mentioned
above with respect to a deviated wellbore. For example, for deviated wellbores, the tool
string deformation system 120 may consider the bending effects of the tool string and/or

friction between the wellbore and tool string. In some cases, the loading engine 128 may
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consider and/or incorporate these effects when determining the tool string deformation and
inner forces within the tool string. For example, the loading engine 128 may determine

deformation according to the following formulas:

1
Er =% [O-rr - U(O-BQ + azz)] + aAT

E
1
€9 = E loge — v(0y + 0,,)] + AT
1
€z = E lo,, — v(ggg + Urr)] + aAT
E .
Vi = mfu L#]
Where:

¢ 1s the strain,
o is the normal stress
1 is the shear stress
E is the Young’s modulus
v is the Poisson’s ratio, and
aAT is the thermal strain induced by the temperature change.

[0075] In some embodiments, the loading engine 128 may implement finite element
analysis techniques for determining the deformation of the tool string, for example, based
on these (or other) equations. For example, the loading engine 128 may determine and
implement boundary conditions based on the trajectory of the wellbore and the
configuration (e.g., tools, geometry) of the tool string. In this way, the present techniques
may be adapted to apply to both vertical and deviated wellbores.

[0076] In some embodiments, one or more of the features of the flow simulator 124,
the deformation engine 126, and/or the loading engine 128 may be performed by a machine
learning model. For example, a machine learning model may be trained based on the

drilling fluid flow data to determine the corresponding temperature and/or pressure

-26 -



WO 2025/128166 PCT/US2024/045500

profiles. In another example, a machine learning model may be trained based on an input
of the temperature and pressure profiles to determine a corresponding force that the packer
may experience due to deformation of the tool string. The internal tension (or compression)
on the tool string may be measured, for example, by a sensor on the tool string, which may
be provided as a ground truth for training the model to predict the force based on the
temperature and pressure inputs. In this way, while the example formulas described above
may provide a useful model of the tool string in order to predict deformation, the tool string
deformation system 120 may be implemented with a machine learning model to predict the
tool string internal force based on supervised learning. This may facilitate a more complete,
robust, accurate, and/or precise characterizing of the tool string by training a machine
learning model to output a prediction of the forces.

[0077] FIG. 5 illustrates an example workflow 500 of the tool string deformation
system 120 as described herein, according to at least one embodiment of the present
disclosure. The workflow 500 may be representative of a planning phase of a formation
evaluation operation.

[0078] As described herein, a temperature and pressure profile 550 may be determined
for a tool string based on a flow simulation 530. The flow simulation 530 may be based on
various inputs 520, such as wellbore properties, tool string properties, mud properties,
formation fluid properties etc. The flow simulation 530 may begin with an initial
temperature and pressure 540, which may be a measured (or simulated) temperature and
pressure at the surface. Based on an operation schedule 510 for the drilling fluid (e.g., fluid
pumping rate, mud rate) the flow simulation 530 may determine the temperature and
pressure profiles 550 along the length of the tool string for various time intervals of a
formation evaluation operation. A tool string deformation model 560 may be applied to the
temperature and pressure profiles 550 to determine the deformation of the tool string.
Based on the compensation limit 580 of the slip joint, the tool string deformation system
120 may evaluate, at 570, whether the compensation limit 580 of the slip joint is reached,
and the tool string deformation system 120 may determine whether the formation
evaluation operation poses any operational risks. For example, if the slip joint
compensation limit 580 is reached, the tool string deformation system 120 may determine

the associated internal forces 590 of the tool string and may determine whether, and to
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what extent, an operational limit of one or more components will be reached, such as a
push or pull limit of the packer. If the slip joint compensation limit 580 is not reached, the
tool string deformation system 120 may determine that the operation is safe, at 572. In this
way, the tool string deformation system may be implemented as a planning tool to evaluate
how a formation evaluation operation will perform, and to tailor the implementation of the
operation such that testing may be successful and/or the downhole system may not
experience damage.

[0079] In some cases, the tool string deformation system 120 may indicate that the tool
string may experience excessive deformation and that the internal tool string forces may
exceed operational thresholds. Accordingly, the operation may be indicated as presenting
a high operational risk 592. In some embodiments, the tool string deformation system 120
may facilitate determining one or more remedial actions 594 for affecting and/or modifying
the operation in order to bring the tool string deformation to within an allowable range. For
example, the tool string deformation system 120 may indicate that one or more operational
parameters may need to be adjusted, such as adjusting the operation schedule for the flow
of the drilling fluid through the tool string. This may accordingly influence the effect to
which the tool string may experience thermal deformation. For example, by lowering the
flow rate of the drilling fluid through the drill pipe, the drilling fluid may have less of a
cooling effect on the tool string, which may cause less thermal expansion. In this way, the
circulation rate of the drilling fluid may be adjusted in order to prevent excessive force on
the packer. However, there may be a functional and/or practical limit to the extent to which
the circulation rate may be adjusted. For example, one function of flowing the drilling fluid
into the drill pipe is for well control purposes, as the drilling fluid in the anulus may
function to limit or prevent the flow of the production fluids up the wellbore. A certain
balance of the drilling fluid to formation fluid must accordingly be maintained in the anulus
to control the flow of the formation fluids. Thus, in some cases, while slowing the
circulation of the drilling fluid may help to reduce contraction of the tool string, in some
cases it may not be desirable, or possible to slow the circulation of the drilling fluid to or
past a certain extent.

[0080] In some embodiments, the tool string deformation system 120 may facilitate

determining and implementing one or more other remedial or preventative actions that may
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be taken to adjust the deformation of the tool string. This may be in addition to or in place
of altering the flow of the drilling fluid through the tool string.

[0081] In some cases, it may be possible and/or desirable to cause some degree of
thermal expansion or contraction of the tool string prior to fixing one or both ends of the
tool string (e.g., prior to installing or fixing the packer, prior to fixing or closing the BOP,
or both). For example, based on the planning workflow discussed above, the tool string
deformation system 120 may indicate that, for a given formation evaluation operation with
certain operational, environmental, and wellbore conditions, etc., a deformation of the tool
string may exceed the compensation limits of the slip joint, resulting in excessive force on
the packer. In such a case, it may otherwise be determined that such an operation may not
be possible or desirable for implementation. However, the thermal contraction of the tool
string may be leveraged to intentionally shorten the tool string prior to installing the packer
in order to “pre-contract” the tool string. For example, after the tool string, packer, slip-
joint, etc. is tripped into the wellbore, and before fixing the packer, drilling fluid may be
flowed through the tool string in order to cause at least some of the cooling of the tool
string that would otherwise have occurred during the formation evaluation operation. In
this way, some or all of the thermal contraction of the tool string may be effectuated before
the packer is fixed, and the throw of the slip joint may not have to be used to accommodate
the pre-contracted shortening of the tool string. In this way, the some or all of the tool string
may be intentionally thermally contracted prior to installing the packer such that any further
thermal contraction of the tool string after the packer is fixed may fall within the stroke
length of the slip joint. This same technique may be implemented with respect to the fixing
or closing of the BOP at the uphole end of the tool string. Similarly, this technique may be
implemented in connection with pre-expanding, or allowing for a given amount of thermal
expansion, of the tool string prior to fixing one or both ends of the tool string.

[0082] The tool string deformation system 120 may facilitate this remedial and/or
preventative action, for example by determining to what extent the tool string needs to be
pre-contracted (or pre-expanded), and also by determining how to achieve the desired
length of contraction/expansion. For example, the tool string deformation system 120 may

be implemented to simulate a pre-contracting operation in order to determine how much
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the tool string will shorten, and what operational parameters (e.g., mud flow rates etc.) to
implement in order to achieve the desired change in length.

[0083] In another example, the determination of the change in length of the tool string
by the pre-planning workflow discussed above may be leveraged in order to determine a
set point of the slip joint. For example, as discussed above, slip joints are typically set at a
midpoint (or thereabout) of the stroke length in order to allow for a maximum (e.g., and
equal) throw of the slip joint in both compressive and expansive directions. However, the
tool string deformation system 120 may facilitate tailoring the setpoint of the slip joint to
better accommodate the expected changes in length of the tool string. For example, the pre-
planning workflow discussed above may indicate that, during a given formation evaluation
operation, the tool string may experience more compression than expansion. Accordingly,
a set point of the slip joint may be set with a longer stroke length in the compressive
direction and a shorter stroke length in the expansive direction. In other examples, the
opposite may be applicable with the slip joint being set to allow for more expansion and
less compression. In this way, a formation evaluation operation that may otherwise have
been indicated as a high operational risk due to the compensation limit of the slip joint
being reached may nevertheless be performed based on the tool string deformation system
facilitation tailoring the setpoint of the slip joint. In some embodiments, any combination
of the remedial and/or preventative actions may be implemented together in order to
achieve a desired (e.g., reduced) deformation during a formation evaluation operation.
[0084] In some cases, the tool string deformation system 120 may determine that the
deformation of the tool string does not pose an operational risk 592, such as by not
exceeding the compensation limit 580 of the slip joint. In some cases, the tool string
deformation system 120 may generate and/or present an operational warning 596 in order
to note or log the determined deformation and/or internal forces, for example, without
proceeding to determine and/or implement one or more remedial actions 594.

[0085] In this way, the tool string deformation system 120 may facilitate determining
whether a given formation evaluation operation may successfully and safely be completed,
as well as facilitating determining how to complete operations that may otherwise not have
been determined to be possible. This may facilitate performing formation evaluation

operations in wellbores and at formations that are located deeper within the earth, and/or
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exhibit higher temperatures. For example, as discussed herein, deep wellbores (e.g., in
excess of 5000 meters) may present challenges for formation evaluation operations in that
the elevated temperatures and longer tool strings may result in much more deformation. By
implementing the prediction and remediation techniques facilitated by the tool string
deformation system, these deeper wellbores may now be accessible for formation
evaluation operations.

[0086] FIG. 6 illustrates an example workflow 600 of the tool string deformation
system 120 as described herein, according to at least one embodiment of the present
disclosure. The workflow 600 may be representative of an actual, current, and/or real-time
implementation of the tool string deformation system as described herein. For example, as
discussed above, the tool string deformation system 120 may be implemented to predict,
as a planning tool, the deformation and/or forces of a tool string in association with a given
formation evaluation operation. The workflow 600 may include one or more of the features
of the workflow 500, and may incorporate one or more actual and/or real-time
measurement values. For example, a flow simulation 630 may be performed based on
inputs 620, initial temperature and pressure values 640, and an operation schedule 610 to
determine simulated temperature and pressure profiles 650.

[0087] In some embodiments, the planned operation may be implemented by a
downhole system, for example, based on the pre-planning workflow discussed above,
indicating that the operation may be possible and/or successful. The workflow 600 may be
implemented as a validation of the pre-planned predictions based on actual values
measured during the formation evaluation operation.

[0088] For example, as mentioned, the flow simulation 630 may be applied to initial
temperature and pressure values 640 to generate simulated temperature and pressure
profiles 650 for the tool string. During the actual operation, measured (e.g., real time)
temperature and pressure values 652 along the tool string may be taken and compared to,
at 654, the simulated temperature and pressure profiles 650. If the simulated temperature
and pressure profiles 650 match (or are sufficiently close to) the measured values 652, the
tool string deformation system 120 may indicate that the predicted outcomes of the
operation (e.g., deformation and forces) are accurate and still applicable, and may proceed

with implementing a tool string deformation model 660 to predict deformation of the tool
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string. However, in the event of a disagreement between the measured values 652 and
simulated temperature and pressure profiles 650, the tool string deformation system 120
may indicate that a predicted deformation may be inaccurate and may no longer reflect the
expected deformation and forces that the tool string may exhibit. Accordingly, the tool
string deformation system 120 may proceed by implementing the tool string deformation
model 660 with the measured values 652 in order to determine updated and/or more
accurate predictions that may more accurately reflect what may be expected for the current
formation evaluation operation. In some embodiments, the tool string deformation system
120 may modify, at 656, one or more of the inputs 620 in order that the simulated
temperature and pressure profile 650 is determined with a higher accuracy with regard to
the measured values 652.

[0089] Once the tool string deformation system 120 has determined suitable
temperature and pressure information (e.g., utilizing the simulated temperature and
pressure profile 650 after determining its accuracy, utilizing the measured temperature and
pressure values 652, and/or updating the flow simulation 630 to generate updated and
accurate simulated temperature and pressure profiles 650), the tool string deformation
system 120 may implement the tool string deformation model 660 to predict tool string
deformation, internal forces etc., as described above in connection with FIG. 5. For
instance, the tool string deformation system 120 may determine, at 670, whether the tool
string deformation exceeds a compensation limit 680 of the slip joint, may calculate
internal forces 690, and may determine whether the deformation and/or internal forces pose
an operational risk 692. The tool string deformation system 120 may determine that the
operation is safe at 672 based on the deformation being within a tolerable limit, may
determine that there is not operational risk and present an operation warning 696, or else
may provide one or more remedial actions 694.

[0090] In this way, the tool string deformation system 120 may be implemented as a
planning tool, and may also be validated and/or updated as the actual formation evaluation
operation is implemented. In some embodiments, the deformation and/or force predictions
may be updated in real time based on real time measurements of temperature and/or

pressure.
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[0091] FIG. 7 illustrates a flow diagram for a method 700 or a series of acts for
predicting loading of a tool string implemented in a wellbore as described herein, according
to at least one embodiment of the present disclosure. While FIG. 7 illustrates acts according
to one embodiment, alternative embodiments may add to, omit, reorder, or modify any of
the acts of FIG. 7.

[0092] In some embodiments, the method includes an act 710 of performing one or
more sub acts for a formation testing operation of a wellbore. The sub acts may include
any of the acts 720-750. For example, the method 700 may include an act 720 (e.g., sub
act) of receiving temperature data for the wellbore. The method 700 may include an act
730 (e.g., sub act) of receiving pressure data for a fluid flowing through the tool string. The
method 700 may include an act 740 (e.g., sub act) of estimating a deformation of the tool
string based on the temperature data and the pressure data and based on physical properties
of the tool string. Estimating the deformation may include determining thermal
deformation of the tool string. The method 700 may include an act 750 (e.g., sub act) of
predicting one or more internal forces of the tool string based on the deformation. In some
embodiments, the method 700 may be performed by a computer system. In some
embodiments, the method 700 may be performed by a processor executing instructions
stored on a computer-readable storage medium.

[0093] Turning now to FIG. 8, this figure illustrates certain components that may be
included within a computer system 800. One or more computer systems 800 may be used
to implement the various devices, components, and systems described herein.

[0094] The computer system 800 includes a processor 801. The processor 801 may be
a general-purpose single- or multi-chip microprocessor (e.g., an Advanced RISC (Reduced
Instruction Set Computer) Machine (ARM)), a special purpose microprocessor (e.g., a
digital signal processor (DSP)), a microcontroller, a programmable gate array, etc. The
processor 801 may be referred to as a central processing unit (CPU). Although just a single
processor 801 is shown in the computer system 800 of FIG. 8, in an alternative
configuration, a combination of processors (e.g., an ARM and DSP) could be used.

[0095] The computer system 800 also includes memory 803 in electronic
communication with the processor 801. The memory 803 may include computer-readable

storage media and may be any available media that may be accessed by a general purpose
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or special purpose computer system. Computer-readable media that store computer-
executable instructions are non-transitory computer-readable media (device). Computer-
readable media that carry computer-executable instructions are transmission media. Thus,
by way of example and not limitations, embodiment of the present disclosure may comprise
at least two distinctly different kinds of computer-readable media: non-transitory
computer-readable media (devices) and transmission media.

[0096] Both non-transitory computer-readable media (devices) and transmission media
may be used temporarily to store or carry software instructions in the form of computer
readable program code that allows performance of embodiments of the present disclosure.
Non-transitory computer-readable media may further be used to persistently or
permanently store such software instructions. Examples of non-transitory computer-
readable storage media include physical memory (e.g., RAM, ROM, EPROM, EEPROM,
etc.), optical disk storage (e.g., CD, DVD, HDDVD, Blu-ray, etc.), storage devices (e.g.,
magnetic disk storage, tape storage, diskette, etc.), flash or other solid-state storage or
memory, or any other non-transmission medium which may be used to store program code
in the form of computer-executable instructions or data structures and which may be
accessed by a general purpose or special purpose computer, whether such program code is
stored or in software, hardware, firmware, or combinations thereof.

[0097] Instructions 805 and data 807 may be stored in the memory 803. The
instructions 805 may be executable by the processor 801 to implement some or all of the
functionality disclosed herein. Executing the instructions 805 may involve the use of the
data 807 that is stored in the memory 803. Any of the various examples of modules and
components described herein may be implemented, partially or wholly, as instructions 805
stored in memory 803 and executed by the processor 801. Any of the various examples of
data described herein may be among the data 807 that is stored in memory 803 and used
during execution of the instructions 805 by the processor 801.

[0098] A computer system 800 may also include one or more communication
interfaces 809 for communicating with other electronic devices. The communication
interface(s) 809 may be based on wired communication technology, wireless
communication technology, or both. Some examples of communication interfaces 809

include a Universal Serial Bus (USB), an Ethernet adapter, a wireless adapter that operates
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in accordance with an Institute of Electrical and Electronics Engineers (IEEE) 802.11
wireless communication protocol, a Bluetooth® wireless communication adapter, and an
infrared (IR) communication port.

[0099] The communication interfaces 809 may connect the computer system 800 to a
network. A “network” or “communications network” may generally be defined as one or
more data links that enable the transport of electronic data between computer systems
and/or modules, engines, or other electronic devices, or combinations thereof. When
information is transferred or provided over a communication network or another
communications connection (either hardwired, wireless, or a combination of hardwired or
wireless) to a computing device, the computing device properly views the connection as a
transmission medium. Transmission media may include a communication network and/or
data links, carrier waves, wireless signals, and the like, which may be used to carry desired
program or template code means or instructions in the form of computer-executable
instructions or data structures and which may be accessed by a general purpose or special
purpose computer.

[0100] A computer system 800 may also include one or more input devices 811 and
one or more output devices 813. Some examples of input devices 811 include a keyboard,
mouse, microphone, remote control device, button, joystick, trackball, touchpad, and
lightpen. Some examples of output devices 813 include a speaker and a printer. One
specific type of output device that is typically included in a computer system 800 is a
display device 815. Display devices 815 used with embodiments disclosed herein may
utilize any suitable image projection technology, such as liquid crystal display (LCD),
light-emitting diode (LED), gas plasma, electroluminescence, or the like. A display
controller 817 may also be provided, for converting data 807 stored in the memory 803
into one or more of text, graphics, or moving images (as appropriate) shown on the display
device 815.

[0101] The various components of the computer system 800 may be coupled together
by one or more buses, which may include one or more of a power bus, a control signal bus,
a status signal bus, a data bus, other similar components, or combinations thereof. For the

sake of clarity, the various buses are illustrated in FIG. 8 as a bus system 819.
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[0102] The techniques described herein may be implemented in hardware, software,
firmware, or any combination thereof, unless specifically described as being implemented
in a specific manner. Any features described as modules, components, or the like may also
be implemented together in an integrated logic device or separately as discrete but
interoperable logic devices. If implemented in software, the techniques may be realized at
least in part by a non-transitory processor-readable storage medium comprising
instructions that, when executed by at least one processor, perform one or more of the
methods described herein. The instructions may be organized into routines, programs,
objects, components, data structures, etc., which may perform particular tasks and/or
implement particular data types, and which may be combined or distributed as desired in
various embodiments.

[0103] Further, upon reaching various computer system components, program code in
the form of computer-executable instructions or data structures may be transferred
automatically or manually from transmission media to non-transitory computer-readable
storage media (or vice versa). For example, computer executable instructions or data
structures received over a network or data link may be buffered in memory (e.g., RAM)
within a network interface module (NIC), and then eventually transferred to computer
system RAM and/or to less volatile non-transitory computer-readable storage media at a
computer system. Thus, it should be understood that non-transitory computer-readable
storage media may be included in computer system components that also (or even

primarily) utilize transmission media.

INDUSTRIAL APPLICABILITY

[0104] The following description from 99 [0104]-[0176] includes various
embodiments that, where feasible, may be combined in any permutation. For example, the
embodiment of  [0104] may be combined with any or all embodiments of the following
paragraphs. Embodiments that describe acts of a method may be combined with
embodiments that describe, for example, systems and/or devices. Any permutation of the
following paragraphs is considered to be hereby disclosed for the purposes of providing

“unambiguously derivable support” for any claim amendment based on the following
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paragraphs. Furthermore, the following paragraphs provide support such that any
combination of the following paragraphs would not create an “intermediate
generalization.”

[0105] In some embodiments, a method of predicting loading of a tool string
implemented in a wellbore, comprising for a formation testing operation of the wellbore
receiving temperature data for the wellbore, receiving pressure data for a fluid flowing
through the tool string, estimating a deformation of the tool string based on the
temperature data and the pressure data and based on physical properties of the tool string
including determining thermal deformation of the tool string.

[0106] In some embodiments, predicting one or more internal forces of the tool string
is based on the deformation.

[0107] In some embodiments, in the formation testing operation, a packer is fixed in
the wellbore to isolate a formation from the wellbore.

[0108] In some embodiments, the tool string is connected to the packer.

[0109] In some embodiments, the packer includes an upper packer and a lower packer
positioned such that an interval of interest of the formation is between the upper packer
and lower packer.

[0110] In some embodiments, the tool string is connected to the packer such that the
tool string is constrained to limited axial movement.

[0111] In some embodiments, the tool string includes a downhole tool positioned
within the formation such that a formation fluid flows into the downhole tool.

[0112] In some embodiments, the formation fluid flows into the downhole tool
between the upper packer and the lower packer.

[0113] In some embodiments, the formation fluid flows out of the downhole tool and
into the wellbore above the packer.

[0114] In some embodiments, the fluid flows from the surface down through the tool
string to prevent a flow of the formation fluid up through the wellbore.

[0115] In some embodiments, the packer is fixed in the wellbore based on filling the
packer with a fluid to inflate the packer.

[0116] In some embodiments, the packer is fixed to an open hole interval of the open

wellbore.
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[0117] In some embodiments, in the formation testing operation, the tool string is fixed
to the surface.

[0118] In some embodiments, the tool string includes a downhole tool axially fixed in
the wellbore.

[0119] In some embodiments, the downhole tool is connected to the tool string with a
constrained slidable connection.

[0120] In some embodiments, the constrained slidable connection is a slip joint.
[0121] In some embodiments, the constrained slidable connection has a stroke length
of less than 10 feet.

[0122] In some embodiments, estimating the deformation includes determining a
stroke position of the constrained slidable connection.

[0123] In some embodiments, predicting the one or more internal forces includes
determining that the stroke of the constrained slidable connection is at a maximum extent.
[0124] In some embodiments, the downhole tool is connected to the surface via a cable
disposed within a central bore of the tool string.

[0125] In some embodiments, the cable passes through an inner bore of the constrained
slidable connection.

[0126] In some embodiments, the temperature data includes a temperature profile
along one or more of a point of, a plurality of points along, a portion of, or the entirety of
the length of the wellbore.

[0127] In some embodiments, the temperature profile is determined based on a surface
temperature and/or a downhole temperature.

[0128] In some embodiments, the surface temperature is a measured surface
temperature.

[0129] In some embodiments, the downhole temperature is an estimated downhole
temperature.

[0130] In some embodiments, the temperature profile is determined based on a
temperature simulation of the wellbore based on the surface temperature and/or the

downhole temperature.
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[0131] In some embodiments, the pressure data includes a pressure profile of the fluid
along one or more of a point of, a plurality of points along, a portion of, or the entirety of
the length of the tool string.

[0132] In some embodiments, the pressure profile is determined based on a surface
pressure and/or a downhole pressure.

[0133] In some embodiments, the surface pressure is a measured surface pressure.
[0134] In some embodiments, the downhole pressure is an estimated downhole
pressure.

[0135] In some embodiments, the pressure profile is determined based on a pressure
simulation of the wellbore based on the surface pressure and/or the downhole pressure.
[0136] In some embodiments, the pressure profile is further determined based on a
fluid density of the fluid and a range of depths of the tool string.

[0137] In some embodiments, the pressure profile is further determined based on
rheology data of the fluid flowing through the tool string.

[0138] In some embodiments, the fluid is drilling mud.

[0139] In some embodiments, the thermal deformation includes thermal contraction of
the tool string based on the tool string being at least partially cooled by the flow of the
fluid.

[0140] In some embodiments, the thermal deformation includes thermal expansion of
the tool string based on a downhole temperature heating the tool string.

[0141] In some embodiments, the thermal deformation causes a stroke of the slip joint
to move and/or predicting the one or more internal forces includes accounting for the
movement of the stroke of the slip joint.

[0142] In some embodiments, the formation testing operation is a simulated formation
testing operation and/or wherein the temperature data and pressure data are simulated data
for predicting the one or more internal forces for the simulated formation testing operation.
[0143] In some embodiments, the method further includes determining an axial pull on
the packer based on the one or more internal forces.

[0144] In some embodiments, determining the axial pull includes determining that the

axial pull will exceed an operational threshold of the packer.
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[0145] In some embodiments, the method further comprises performing one or more
remedial actions based on predicting the one or more internal forces.

[0146] In some embodiments, the remedial actions include causing the tool string to
thermally contract before fixing the packer to the wellbore.

[0147] In some embodiments, causing the tool string to thermally contract includes
circulating the fluid through the tool string to cool the tool string.

[0148] In some embodiments, the remedial actions include fixing the packer such that
a slip joint of the tool string is not positioned in the middle of a stroke of the slip joint.
[0149] In some embodiments, the stroke of the slip joint is positioned to allow for more
thermal contraction than thermal expansion.

[0150] In some embodiments, the remedial actions include causing a change in the
thermal deformation based on adjusting a circulation rate of the fluid flowing through the
tool string.

[0151] In some embodiments, the thermal deformation is determined based on the

following formula:

L
ALy = f aAT dl
0

[0152] In some embodiments, estimating the deformation includes determining a
ballooning deformation of the tool string.
[0153] In some embodiments, the ballooning deformation is determined based on the

following formula:

vl
AL, = E (ROAPO (Z)average — R,AP; (Z)average )

[0154] In some embodiments, estimating the deformation includes determining a
helical buckling deformation of the tool string.
[0155] In some embodiments, the helical buckling deformation is determined based on

the following formula:

ALhelical = ALl + ALZ - CsZ
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[0156] In some embodiments, the helical buckling is caused by thermal expansion of
the tool string.

[0157] In some embodiments, predicting the one or more internal forces includes
determining a friction force associated with a slip joint of the tool string.

[0158] In some embodiments, the friction force is associated with the slip joint sliding
based on the deformation of the tool string.

[0159] In some embodiments, predicting the one or more internal forces are determined

by accounting for the friction force based on the following formulas:

Fdeform - T
if Fdeform = Ff! then AL(I?otal =0, Fi(rllt ernal — Fdeform

if Fdeform > Ff; then AL(trloztal = ALtotal - Lhistory ’ Fi(Tllt ernal — Ff

[0160] In some embodiments, the deformation of the drill pipe includes a contraction.
[0161] In some embodiments, an internal force of the tool string is determined based

on the following formula:

AL + AL, — Cy
Feensite = I ~FA

[0162] In some embodiments, the deformation of the drill pipe includes an expansion,
and wherein an internal force of the tool string is determined based on the following

formula:

8EIw(AL, + AL, — Cyy)
Fcompression = 12
w

[0163] In some embodiments, a method of predicting loading of a tool string
implemented in a wellbore includes, for a simulated formation testing operation of the
wellbore, receiving simulated temperature data for the wellbore, receiving simulated
pressure data for a fluid flowing through the tool string, and estimating a deformation of
the tool string based on the simulated temperature data and the simulated pressure data and

based on physical properties of the tool string including determining thermal deformation
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of the tool string, and during a formation testing operation of the wellbore, receiving
temperature data for the wellbore, receiving pressure data for the fluid flowing through the
tool string, and validating the estimated deformation based on comparing the temperature
data to the simulated temperature data and based on comparing the pressure data to the
simulated pressure data.

[0164] In some embodiments, the method further comprising, for the simulated
formation testing operation of the wellbore, predicting one or more internal forces of the
tool string based on the deformation and, for the formation testing operation of the
wellbore, validating the predicted internal forces based on validating the estimated
deformation.

[0165] In some embodiments, the method further comprising updating the estimated
deformation and the predicted one or more internal forces based on the validation.

[0166] In some embodiments, the method further comprising adjusting one or more
drilling parameters based on the updated prediction of the one or more internal forces.
[0167] In some embodiments, adjusting the one or more drilling parameters includes
adjusting a circulation rate of the fluid through the tool string to cause a change in the
thermal deformation of the tool string.

[0168] In some embodiments, the method further comprising determining that an
operational limit of one or more downhole components will be exceeded based on the
updated prediction of the one or more internal forces.

[0169] In some embodiments, the method further comprising stopping the formation
testing operation based on determining that the operational limit will be exceeded.

[0170] In some embodiments, a system for formation evaluation includes a tool string
implemented in a wellbore, a formation evaluation tool positioned in the wellbore and
connected to the tool string with a slip joint, the slip joint having a set point relative to a
stroke of the slip joint, a cable connected from the surface to the formation evaluation tool
and passing through the tool string and the slip joint, wherein the set point of the slip joint
is set based on a tensioning of the cable and wherein the set point of the slip joint is not set
at a midpoint of the stroke.

[0171] In some embodiments, the set point is set to allow for more thermal contraction

than thermal expansion.
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[0172] In some embodiments, the cable is a connected to the formation evaluation tool
for data communication with the formation evaluation tool.

[0173] In some embodiments, the slip joint has a total stroke length of less than 10 feet.
[0174] In some embodiments, the set point of the slip joint is set based on a predicted
deformation of the tool string during a formation evaluation operation.

[0175] In some embodiments, a kit for formation evaluation includes a formation
evaluation tool for positioning in the wellbore and connecting to a tool string, a slip joint
for connecting the formation evaluation tool to the tool string, the slip joint having a set
point relative to a stroke of the slip joint, a cable for connecting from the surface to the
formation evaluation tool and passing through the tool string and the slip joint, wherein the
set point of the slip joint is set based on a tensioning of the cable, and instructions for
setting the set point of the slip joint not at a midpoint of the stroke.

[0176] In some embodiments, setting the set point is based on predicting a deformation
of the tool string during a formation evaluation operation.

[0177] In some embodiments, a method for predicting loading of a tool string includes,
for a formation testing operation, receiving temperature data for a wellbore, receiving
pressure data for a fluid flowing through the tool string, applying a machine learning model
to the temperature data and the pressure data, predicting one or more internal forces on the
tool string based on the machine learning model.

[0178] The embodiments of the tool string deformation system have been primarily
described with reference to wellbore drilling operations; the tool string deformation system
described herein may be used in applications other than the drilling of a wellbore. In other
embodiments, the tool string deformation system according to the present disclosure may
be used outside a wellbore or other downhole environment used for the exploration or
production of natural resources. For instance, the tool string deformation system of the
present disclosure may be used in a borehole used for placement of utility lines.
Accordingly, the terms “wellbore,” “borehole” and the like should not be interpreted to
limit tools, systems, assemblies, or methods of the present disclosure to any particular
industry, field, or environment.

[0179] One or more specific embodiments of the present disclosure are described

herein. These described embodiments are examples of the presently disclosed techniques.
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Additionally, in an effort to provide a concise description of these embodiments, not all
features of an actual embodiment may be described in the specification. It should be
appreciated that in the development of any such actual implementation, as in any
engineering or design project, numerous embodiment-specific decisions will be made to
achieve the developers’ specific goals, such as compliance with system-related and
business-related constraints, which may vary from one embodiment to another. Moreover,
it should be appreciated that such a development effort might be complex and time
consuming, but would nevertheless be a routine undertaking of design, fabrication, and
manufacture for those of ordinary skill having the benefit of this disclosure.

[0180] Additionally, it should be understood that references to “one embodiment” or
“an embodiment” of the present disclosure are not intended to be interpreted as excluding
the existence of additional embodiments that also incorporate the recited features. For
example, any element described in relation to an embodiment herein may be combinable
with any element of any other embodiment described herein. Numbers, percentages, ratios,
or other values stated herein are intended to include that value, and also other values that
are “about” or “approximately” the stated value, as would be appreciated by one of ordinary
skill in the art encompassed by embodiments of the present disclosure. A stated value
should therefore be interpreted broadly enough to encompass values that are at least close
enough to the stated value to perform a desired function or achieve a desired result. The
stated values include at least the variation to be expected in a suitable manufacturing or
production process, and may include values that are within 5%, within 1%, within 0.1%,
or within 0.01% of a stated value.

[0181] A person having ordinary skill in the art should realize in view of the present
disclosure that equivalent constructions do not depart from the spirit and scope of the
present disclosure, and that various changes, substitutions, and alterations may be made to
embodiments disclosed herein without departing from the spirit and scope of the present
disclosure. Equivalent constructions, including functional “means-plus-function” clauses
are intended to cover the structures described herein as performing the recited function,
including both structural equivalents that operate in the same manner, and equivalent
structures that provide the same function. It is the express intention of the applicant not to

invoke means-plus-function or other functional claiming for any claim except for those in
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which the words ‘means for’ appear together with an associated function. Each addition,
deletion, and modification to the embodiments that falls within the meaning and scope of
the claims is to be embraced by the claims.

2 (13

[0182] The terms “approximately,” “about,” and “substantially” as used herein
represent an amount close to the stated amount that is within standard manufacturing or
process tolerances, or which still performs a desired function or achieves a desired result.

2w

For example, the terms “approximately,” “about,” and “substantially” may refer to an
amount that is within less than 5% of, within less than 1% of, within less than 0.1% of, and
within less than 0.01% of a stated amount. Further, it should be understood that any
directions or reference frames in the preceding description are merely relative directions or
movements. For example, any references to “up” and “down” or “above” or “below” are
merely descriptive of the relative position or movement of the related elements.

[0183] The present disclosure may be embodied in other specific forms without
departing from its spirit or characteristics. The described embodiments are to be considered
as illustrative and not restrictive. The scope of the disclosure is, therefore, indicated by the

appended claims rather than by the foregoing description. Changes that come within the

meaning and range of equivalency of the claims are to be embraced within their scope.
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CLAIMS

What is claimed is:

1. A method of predicting loading of a tool string (306) implemented in a
wellbore (102), comprising:
for a formation testing operation of the wellbore (102):
receiving temperature data for the wellbore (102),
receiving pressure data for a fluid (330) flowing through the tool string
(306); and
estimating a deformation of the tool string (306) based on the temperature
data and the pressure data and based on physical properties of the
tool string (306) including determining thermal deformation of the

tool string (306).

2. The method of claim 1, wherein a packer is fixed to an open wellbore wall of the
wellbore and wherein the tool string includes a downhole tool connected to the
packer such that the tool string and the downhole tool are constrained to a limited

axial movement.

3. The method of claim 2, wherein the downhole tool is configured such that a

formation fluid flows into the downhole tool.

4. The method of claim 2, wherein the downhole tool is positioned at least 5000

meters below a surface of the wellbore.

5. The method of claim 2, wherein the tool string is closed to a downhole portion of

the wellbore below the packer.

6. The method of claim 2, wherein the downhole tool is connected to the tool string

with a slip joint having a stroke length of less than 10 feet.
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7. The method of claim 6, wherein estimating the deformation includes determining

a stroke position of the slip joint.

8. The method of claim 1, wherein in the formation testing operation, the tool string

is fixed to a surface of the wellbore.

9. The method of claim 1, further comprising determining a temperature profile of
the wellbore based a temperature simulation of the wellbore with the temperature
data, wherein determining the deformation is based on the temperature profile,
and determining a pressure profile of the wellbore based on a pressure simulation
of the wellbore with the pressure data, wherein determining the deformation is

based on the pressure profile.

10. The method of claim 1, wherein the thermal deformation includes one or more of
thermal contraction of the tool string, thermal expansion of the tool string,

ballooning of the tool string, or helical buckling of the tool string.

11 The method of claim 1, further comprising predicting one or more internal forces

on the tool string based on estimating the deformation.

12.  The method of claim 11, wherein predicting the one or more internal forces

includes determining that a stroke of a slip joint is at a maximum extent.

13. The method of claim 11, further comprising performing one or more remedial
actions based on predicting the one or more internal forces, the remedial actions
including one or more of:

causing the tool string to thermally contract before fixing an axial position
of a formation evaluation tool of the tool string with a packer;

fixing the packer such that a slip joint connecting the formation evaluation
tool to the tool string is not positioned in a middle of a stroke of

the slip joint; or
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causing a change in the deformation based on adjusting a circulation rate

of the fluid flowing through the tool string.

14. A system (800), comprising:
at least one processor (801),
memory (803) in electronic communication with the at least one processor (801)
and
instructions (805) stored in the memory (803), the instructions (803) being
executable by the at least one processor (801) to cause the processor (801) to:
for a formation testing operation of a wellbore (102):
receive temperature data for the wellbore (102),
receive pressure data for a fluid (330) flowing through a tool string
(306); and
estimate a deformation of the tool string (306) based on the
temperature data and the pressure data and based on
physical properties of the tool string (306) including

determining thermal deformation of the tool string (306).

15. A computer-readable storage medium (803) including instructions (805) that,
when executed by at least one processor (801), cause the processor (801) to:
for a formation testing operation of a wellbore (102):
receive temperature data for the wellbore (102),
receive pressure data for a fluid (330) flowing through a tool string (306); and
estimate a deformation of the tool string (306) based on the temperature data and
the pressure data and based on physical properties of the tool string (306)

including determining thermal deformation of the tool string (306).

-48 -



PCT/US2024/045500
1111

WO 2025/128166

100

. =
-
! Pt
L1 ET § o
iU
R T B > hn
= S (o]
gl o
]
e
i A
SAALXA
20,50 LA
By YA




WO 2025/128166 PCT/US2024/045500

41

200

\\

o Server Devices 114

Client Devices 112

Network

Driil String - Tool String

Deformation 118 o a
SRS TN T T T N— Deformation System
Sysiem 195




WO 2025/128166 PCT/US2024/045500

11

300

g 302

e 303

34—

« >
BRI oA 5%

e AR

RIS AN
SR ]
et
3 . >
: Ao
> N R x
s e TEraY N
W SRR % 03 8% %
e D LRI asS
33 RS AS Avd
b XELEIN 43
oA FaTITH e,
3y, LY, %
1 2% 25yt <
KA RAS ¥ ~

G. 31



PCT/US2024/045500

306

g 302
e 303

o pemeay,
O T A Y]
LAl
WS ey
S aag) e
P ALIAX Sy
A5 elr A
2ayeeatay A
o ror 80 foetl
Ag ¥
SN '3
PN o
R on D e
et ‘5
RN e
e 257
2 53

AT Tae

) e S

411

O P N eSS

3

2
)

WO 2025/128166
320

s 252

2t

R

O Pty

G
IR

Lot A a¥s 3O8%v on

¥3

OO

3.
=
X

S

0
RATISRE
TS
S ens
LA anne

L
; 2oVl n
253 3 20d %57,

FIG. 3-2

we t



WO 2025/128166 PCT/US2024/045500

5111

&

o Y
ey =3
* {

FIG. 3-3

306 g




WO 2025/128166 PCT/US2024/045500

811

o
=3 O
o« 3

EX N
3]
Sa

FIG. 3-4

557
22
&5

,,
306 # g

4%, Sn

SR

< e
5.
%

4
7
&

5

<
x,

Ve
v

i
>

T
0% of‘;‘- “J}
Beg AN,

5

X3,
2

s
4

w4

v
4

s




WO 2025/128166

7

PCT/US2024/045500

Drill String Deformation System 129

Data Manager {42

Flow Simulator 124

.

Deformation Engine 128

Loading Engine 128

Daia Storage 130




PCT/US2024/045500

WO 2025/128166

811

G Old

)

179

351 5
™ SLONOY iipss
. Uoiesed() EN OISy 1D
-4
965 565G oFe
6 mEmw; 30104 [RUIBI] 8insseld puy
o Intela i la
Hogeeeo SEINED ampleduws | e
3
ool
0495 s o~
Zi5 Qﬂ 064 I
LoHesdo Sy < TV ot ot tonpuuoer (€] Blioig einsseid UCHEINUIS
8jEes POy UaiEHoed] puy eimelsduis | RO BSBLSINR

%cr moﬁ

A

;m\,
(S0 or-dys 40

HWI UoIESUSdILIC)

)7 ‘s8iedoid
DY UOHBLLIO- “OfLy
pripg ‘ALSLUcas) oad

00




PCT/US2024/045500

WO 2025/128166

911

¢69

AR

%

969 069
Buiueps 8010 [RUIBI
uoneiedQ BBINOLD
ucheedn

8jes

¥59

599

Butepopy LonBuLOIB(
buing 0o

A

10 Ripauisy

ainereds |

0%9
BINSSBI PUY
e

ags
{573 wiop-dis 1O
W uolBsUsdwo)

4G JEIRD [ENjoe

ndus AIpojy

559 sisjpurie

d

LojELl LOBIUIG

A

054
BI04 2INSS8Id
pUy simzieds

0%
UoHB UG
MO aseydiingy

ot

1

(1104 UCHBAIBSYN) I
1% d} eleQ susjes

013 ‘seiadold

¢

LONEBULIOS ‘03U

'
-~
.

N ‘AJBUI0BE) [BRA

&
A
a2y
P
N d
£
h 812M
Budwing
+ P
0L

B




WO 2025/128166 PCT/US2024/045500

10111
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