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SYSTEMS AND METHODS FOR WELLBORE OPTIMIZATION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] Not applicable,

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

{0002] Not applicable.

FIELD OF THE INVENTION

[0003] The present invention relates to systems and methods for wellbore
optimization. More particularly, the present invention relates to a numerical procedure for
sclecting an optimal wellbore trajectory and casing grade based on formation loading

potential.

BACKGROUND OF THE INVENTION

[0004] Trajectory optimization is a foundational aspect of a wellbore design. A
deliberately optimized wellbore trajectory enables drilling to be performed under minimum
geostress loads and promotes a longer service life for casings. Trajectory optimization is
particularly significant to projects in which wellbores are designed with reference to a given
platform. Although platform drilling has historically been an offshore consideration, an
increaéing number of field development designs include multiple wellbores drilled from a
single surface location. Consequently, the necessity for trajectory optimization increases with

the constraint of a fixed surface location to harvest a geometrically irregular reservoir,

[0005] All wells drilled for the purpose of oil/gas production (or injecting
materials into underground formations) must be cased with material with sufficient strength

and functionality. Casing and tubing strings are the main structural components of a wellbore
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design. Casing is needed to maintain borehole stability, prevent contamination of water
sands, isolate water from producing formations, and control well pressures during drilling,
production, and workover operations. Additionally, casing provides locations for the
installation of blowout preventers, wellhead equipment, production packers and production
tubing. The cost of casing is a major part of the overall well cost, so selection of casing size,

grade, connectors, and setting depth is a primary engineering and economic consideration.

[0006] The fundamental basis of casing design is that if stresses in the casing pipe
wall exceed the yield strength of the casing material, a failure condition exists. Hence, the
yicld strength is a measurc of the maximum allowable stress on the casing pipe. To evaluate
the pipe strength under combined loading conditions, the uniaxial yield strength is compared
to the yielding condition. Perhaps the most widely accepted yielding criterion is based on the
maximum distortion energy theory, which is known as Huber-Hencky-Mises yield condition
and is more commonly referred to as “von-Mises stress.” Von-Mises stress is not a true
stress, It is a theoretical value, which allows a generalized three-dimensional stress state to
be compared with a uniaxial failure criterion (the yield strength). In other words, if the von-

Mises stress exceceds the yicld strength, a plastic yield failure is indicated.

[0007] The expression of von-Mises siress is stated as follows:

1
Oypp = 7_5\/(0'2 ~-0, )2 +(og—0, )2 +(o, —o*z)2 27,

where:
Y, = minimum yield strength
oyye = von-Mises stress
o, = axial stress
op = tangential or hoop stress
o, =radial stress.

While it is generally acknowledged that the von-Mises criterion is the most accurate method
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of representing elastic yield behavior, use of this criterion in tubular design often fails to
consider that, for most pipe used in oilfield applications, collapse is frequently an instability
failure, which occurs before the computed maximum von-Mises stress reaches the yield
strength. Thus, the use of the von-Mises stress criterion is not appropriate. Only in thick-
wall pipe does yielding occur before collapse. Additionally, the accuracy of an analysis using
the von-Mises criterion is dependent upon the precise representation of the conditions that
cxist both for the pipe as installed in the well and for the subsequent loads of interest, Often,
it is the change in load conditions that is most important in stress analysis. Thus, an accurate
knowledge of all temperatures and pressures that occur over the life of the well can be critical

to an accurate analysis using the von-Mises criterion.

[0008] In the past, attempts to better analyze casing failure using field scale and
reservoir scale modeling has been difficult, if not impossible, due to the difficulty in
combining the two models. In fact, existing examples of numerical analysis on casing failure
were either performed at reservoir scale without direct coupling to behaviors at the field
scale, or performed at a much larger scale, which sacrificed much needed modeling

resolution.

[0009] There is therefore, a need for a method to numerically analyze casing
failure both at the field scale and reservoir scale without sacrificing modeling resolution.
Further, there is a need to consider additional parameters during the wellbore trajectory

optimization process.
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SUMMARY OF THE INVENTION

[0010] © The present invention therefore, meets the above needs and overcomes one
or more deficiencies in the prior art by providing systems and methods for wellbore

optimization.

[0011] In one embodiment, the present invention includes a computer-

implemented method for optimization of a wellbore, which comprises: i) calculating a field

scale model for multiple well paths in a production field using a computer processor, each

well path representing a potential well bore trajectory; ii) calculating a formation loading
potential for thevﬁe]d scale model and plotting a distribution of the formation loading
potential along each well path; iii) selecting a well path having a lowest peak value of
formation loading potential, the ‘selected wéll path representing an op'timal wellbore trajectory
for the weilbore; iv) calculating a primary submodel using the selected well path, the primary
submodel comprising a wellbore interval containing the peak value of formation loading
potential for the selected well path; v) calculating a secondary submodel of the wellbore
interval, the secondary submodel comprising a predetermined casing for the wellbore and an
elasto-plastic prediction of a casing failure value for the predetermined casing; vi)
determining an optimal casing strength for the wellbore; and v) displaying the secondary

submodel for a section of graphically reproduced casing.

[0012]  In another embodiment, the present invention includes a non-transitory
program carrier device tangibly carrying computer executable instructions for optirﬁization of
a wellbore. The instructions are executable to implement: i) calculating a field scale model
for multiple well paths in a production field using a computer, cach well path representing a
potential well bore trajectory; ii) calculating a formation loading potential for the field scale
model and plotting a distribution of the formation loading potential along each well path; iii)

selecting a well path having a lowest peak value of formation loading potential, the selected
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well path representing an optimal wellbore trajectory for the wellbore; iv) calculating a
primary submodel using the selected well path, the primary submodel comprising a wellbore
interval containing the peak value of formation loading potential for the selected well path; v)
calculating a secondary suBmodcl of the wellbore interval, the secondary submodel
" comprising a predetermined cgs‘ng for the wellbore and an elasto-plastic prediction of a
casing failure value for the predetermined casing; vi) determining an optimal casing strength
for the weilbore; and displaying the secondary submodel for a section of graphically

reproduced casing.

[0013]  Additional aspects, advantages and embodiments of the invention will
become apparent to those skilled in the art from the following description of the various

embodiments and related drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014]  The patent or application file contains at least one drawing executed in
color. Copies of this patent or patent application publication with color drawing(s) will be
provided by the U.S. Patent and Trademark Office upon request and payment of the

necessary fee.

[0015] The present invention is described below with references to the
accompanying drawings in which like elements are referenced with like reference numerals,

and in which:

[0016] FIG. 1 is a block diagram illustrating one embodiment of a computer

system for implementing the present invention.

[0017]  FIG. 2 is a schematic view illustrating the geostructure and wellbore

distribution in the Ekofisk field.

033849/000311 c o .5
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[0018] FIG. 3 is a flow diagram illustrating one embodiment of a method for

implementing the present invention.
[0019] FIG. 4 is a field scale model for the Ekofisk field illustrated in FIG. 2.
[0020]  FIG. 5 is a partial cross-sectional view of FIG. 4 along 5-5.

[0021] FIG. 6 is a graphical representation illustrating the stress dependency of

Young’s modulus for a material property of the reservoir in FIG. S.

[0022]  FIG, 7 is a graphical representation illustrating the stress dependency of

Poisson’s ratio for a material property of the reservoir in FIG. 5.

[0023] FIG. 8 is a sectional view of the field scale model in FIG, 4 illustrating

three candidate well paths for consideration between end points 202 and 204 in FIG. 2.

[0024] FIG. 9 illustrates the distribution of formation loading potential for the

field scale model in FIG. 4.

[0025]  FIG, 10 is a graphical representation illustrating the plotted distribution of
formation loading potential along each well path in FIG. 8 after pressure depletion near the

wellbore,

[0026]  FIG. 11 is a graphical representation illustrating the plotted distribution of
formation loading potential along cach well path in FIG. 8 aftcr pressure depletion of the

entire field.

[0027]  FIG. 12 is a primary submodel of the field scale model in FIG. 4
illustrating various loads on the primary submodel and an optimal well path selected in FIG,

8.
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[0028] FIG. 13 is a sectional view of the primary submodel in FIG. 12

illustrating the contour distribution of formation loading potential for the optimal well path.

[0029] FIG. 14 is a graphical representation illustrating the plotted distribution of
formation loading potential along the optimal well path for the field scale model in FIG. 4

and the primary submodel in FIG. 12.

[0030] FIG. 15 is a graphical representation illustrating the plotted distribution of
subsidence results along the optimal well path for the filed scale model in FIG. 4 and the

primary submodel in FIG. 12.

[0031] FIG. 16A is a secondary submodel of the field scale model in FIG. 4
illustrating the distribution of the formation loading potential within the formation (chalk

1eServoir).

[0032] FIG. 16B is an enlarged area of the upper end of the secondary submodel

in F1G. 16A.

[0033] FIG. 17 is a graphically reproduced casing section illustrating the

distribution of plastic strain within the casing section.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0034] The subject matter of the present invention is described with specificity,
however, the description itself is not intended to limit the scope of the invention. The subject
matter thus, might also be embodied in other ways, to include different steps or combinations
of steps similar to the ones described herein, in conjunction with other present or future
technologies. Moreover, although the term “step” may be used herein to descri‘be different

elements of methods employed, the term should not be interpreted as implying any particular
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order among or between various steps herein disclosed unless otherwise expressly limited by
the description to a particular order. While the following description refers to the oil and gas
industry, the systems and methods of the present invention are not limited thereto and may

also be applied to other industries to achieve similar results.

System Description

[0035]  The present invention may be implemented through a computer-executable
program of instructions, such as program modules, generally referred to as sofiware
applications or application programs executed by a computer. The software may include, for
example, routines, programs, objects, components, and data structures that perform particular
tasks or implement particular abstract data types. The software forms an interface to allow a
computer to react according to a source of input. Abaqustu, which is a commercial software
application marketed by Dassault Systéme, may be used as an interface application to
implement the present invention. The software may also coopcrate with other code segments
to initiate a variety of tasks in response to data received in conjunction with the source of the
received data. The software may be stored and/or carried on any variety of memory media
such as CD-ROM, magnetic disk, bubble memory and semiconductor memory (e.g., various
types of RAM or ROM). Furthermore, the software and its results may be transmitted over a
variety of carrier media such as optical fiber, metallic wire and/or through any of a variety of

networks such as the Internet.

[0036] Moreover, those skilled in the art will appreciate that the invention may be
practiced with a variety of computer-system configurations, including hand-held devices,
multiprocessor systems, microprocessor-based or programmable-consumer electronics,
minicomputers, mainframe computers, and the like. Any number of computer-systems and

computer networks are acceptable for use with the present invention. The invention may be
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practiced in distributed-computing environments where tasks are performed by remote-
processing devices that are linked through a communications network. In a distributed-
computing environment, program modules may be located in both local and remote
computer-storage media including memory storage devices. The present invention may
therefore, be implemented in connection with various hardware, software or a combination

thereof, in a computer system or other processing system.

[0037]  Referring now to FIG. 1, a block diagram of a system for implementing
the present invention on a computer is illustrated. The system includes a computing unit,
sometimes referred to a computing system, which contains memory, application programs, a
client interface, a video interfacc and a processing unit. The computing unit is only one
example of a suitable computing environment and is not intended to suggest any limitation as

to the scope of use or functionality of the invention.

[0038]  The memory primarily stores the application programs, which may also be
described as program modules containing computer-executable instructions, executed by the
computing unit for implementing the present invention described herein and illustrated in
FIGS. 3-18. The memory therefore, primarily includes a wellbore optimization module,
which performs steps 304, 306, 316, 318 and 320 illustrated in FIG, 3. Although the
Abaqusty application may be used to interface with the wellbore optimization module to
perform steps 302, 304, 308 and 312 in FIG. 3, other interface applications may be used
instead of Abaqusyy or the wellbore optimization module may be used as a standalone

application.

[0039]  Although the computing unit is shown as having a generalized memory,

the computing unit typically includes a variety of computer readable media. By way of
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example, and not limitation, computer readable media may comprise computer storage media.
The computing system memory may include computer storage media in the form of volatile
and/or nonvolatile memory such as a read only memory (ROM) and random access memory
(RAM). A basic input/output system (BIOS), containing the basic routines that help to
transfer information between elements within the computing unit, such as during start-up, is
typically stored in ROM. 'The RAM typically contains data and/or program modules that are
immediately accessible to and/or presently being operated on by the processing unit. By way
of example, and not limitation, the computing unit includes an opcrating system, application

programs, other program modules, and program data.

[0040] The components shown in the memory may also be included in other
removable/nonremovable, volatile/nonvolatile computer storage media or they may be
implemented in the computing unit through application program interface (“API”), which
may reside on a separate computing unit connected through a computer system or network.
For example only, a hard disk drive may read from or write to nonremovable, nonvolatile
magnetic media, a magnetic disk drive may read from or writc to a removable, non-volatile
magnetic disk, and an optical disk drive may read from or write to a removable, nonvolatile
optical disk such as a CD ROM or other optical media. Other removable/non-removable,
volatile/non-volatile computer storage media that can be used in the exemplary operating
environment may include, but are not limited to, magnetic tape cassettes, flash memory cards,
digital versatile disks, digital vidco tape, solid state RAM, solid state ROM, and the like. The
drives and their associated computer storage media discussed above provide storage of
computer readable instructions, data structures, program modules and other data for the

computing unit.

10
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{0041] A client may enter commands and information into the computing unit
through the client interface, which may be input devices such as a keyboard and pointing
device, commonly referred to as a mouse, trackball or touch pad. Input devices may include
a microphone, joystick, satellite dish, scanner, or the like. These and other input devices are
often connected to the processing unit through a system bus, but may be connected by other

interface and bus structures, such as a parallel port or a universal serial bus (USB).

[0042] A monitor or other type of display device may be connected to the system
bus via an interface, such as a video interface, A graphical user interface (“GUI”) may also
be used with the video interface to receive instructions from the client interface and transmit
instructions to the processing unit. In addition to the monitor, computers may also include
other peripheral output devices such as speakers and printer, which may be connected

through an output peripheral interface.

[0043] Although many other internal components of the computing unit are not
shown, those of ordinary skill in the art will appreciate that such components and their

interconnection are well known.

Method Description

[0044] Wellbore trajectory and casing design are influenced by a number of
factors. and scenarios. However, the present invention is focused on the incremental loading
applied to casing duc to formation geostress and compaction, This loading represents a
loading in addition to the other loads and conditions of conventional casing design and is
hereinafter referred to as Formation Loading Potential. By using Formation Loading Potential,
it is assumed that the loads from initial geostress of the formations are the primary loads that

the casing must accommodate, and that the other loads are of secondary importance. Once a

11
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suitable trajectory has been determined, a worst-case assumption (highest possible formation

loading the casing can withstand) can be tested by performing a conventional casing analysis.

[0045]  The following description therefore, demonstrates: i) how to calculate
distributions of Formation Loading Potential along candidate well paths; and ii) how to

estimate the integrity of casing along the optimal wellbore trajectory.

[0046] A key issue is the choice of Formation L.oading Potential as an index for
indicting possible formation loads on the casing along a wellbore trajectory. An appropriate,
well known, plastic potential such as, but not limited to, von Mises type plastic potential
and/or Mohr-Coulomb-type plastic potential may be used as the mechanical index to estimate
the potential of formation loading on the casing integrity along a wellbore trajectory. The

following equation gives an example for von Mises type Formation Loading Potential:

1 2 2 2
Ffises = 7—2‘\/(01 ~0,) +(oy-03) +(03-0))
where o,,i=1,2,3 are the three principal stress components in effective stress space at

a given material point.

[0047]  An example for Mohr-Coulomb type Formation loading Potential is

shown in the following equation as:

| ) 1 /4
Fy ¢ =|—=——sin 0+ |+—-cos & +— |tang |g — ptang
e [«/gcosqﬁ ( 3J 3 ( 3] }

where () is the internal fiictional angle of formation rock/sand; (9) is the Mises

equivalent stress in effective stress space; (P) js the mean effective stress; and (€ is

12
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the deviatoric polar angle of stress point in effective principal stress space

corresponding to a given geostress state of formation.

[0048] The smaller the Formation Loading Potential along a wellbore trajectory
is, the more stable the wellbore will be and, consequently, the load from the formation to the
casing will be less. Distributions of Formation Loading Potential along candidate well paths
may be plotted to demonstrate the linkage between wellbore trajectory and loads from the

formation on the casing.

[0049] With the most stable formation environment, this optimized wellbore
trajectory will present the least resistance to drilling and ensure that the casing system has
minimum loads from the formation and can survive changes in pore pressure and in-situ
stress caused by near and far field changes attributable to production. In this manner, the
casing will have a longer functional life expectancy along the optimized wellbore trajectory

than that along wellbore trajectories that are not optimized using the present invention.

f0050]  Because of the complex geology and non-uniform distribution of
petroleum, casing failure has been a common incident at the Ekofisk field in the North Sea.
As a result of the casing failures and the pursuit of a solution, Ekofisk has been investigated
by various researchers since the 1970°s. The description of the present invention will use
Ekofisk as an example, but is not limited in application to use with the Ekofisk field. The

nomenclature used herein is described in Table 1 below.

13
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=  creep model parameter
¢=  cohesive strength, F/Lz, Pa
;= Young’s modulus, F/L?, Pa
k= intrinsic permeability coefficient, Darcy, d
m=  creep model parameter
n=  creep model parameter
R= initial void ratio
(= total time variable, s
Paaic =  density of clastic, /L3, kg/m®
Puyer-2 = density of layer-2, m/L’, kg/m?
Pryer-s = density of layer-2, m/L?, kg /m’
Preseroir = density of layer-2, m/ L3, kgt/m®
v = Poisson’s ratio
o, = initial plastic strength, F/1% Pa
¢=  frictional angle, °
F7 = equivalent creep strain rate, t', s™
&7 =  von-Mises stress, F/L%, Pa
TABLE 1

[0051] Referring now to FIG. 2, the geostructure and wellbore distribution in the
area of the Ekofisk field is illustrated. The goal is to select an optimized trajectory for a well
path between end points 202 and 204. This optimized well-path trajectory shoﬁld present the
least resistance to drilling and cnsurc that the casing system can survive changes in pore
pressure and in-situ stress caused by near and far field changes attributable to production.
Abaqusty submodeling techniques, which are well known in the art of numerical methods,

are utilized to manage the field-to-reservoir scale discrepancy.,

[0052] The submodeling techniques implemented by the present invention use a
large scale global model to produce boundary conditions for a smaller scale submodel. In this
way, the hierarchical levels of the submodel are not limited. In this manner, a highly
inclusive field scale analysis can be linked to very detailed casing stress analysis at a much
smaller scale. The benefits are bidirectional, with both the larger and smaller scale

simulations benefiting from the linkage.

14
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[0053] Referring now to FIG, 3, one embodiment of a method 300 for

implementing the present invention is illusirated.

[0054] In step 302, a field scale model is calculated using well known finite
element methods for multiple well paths that includes a visco-elasto-plastic deformation
analysis and a porous fluid flow related to pressurc depletion. The field scale model
calculation in step 302 is used to estimate the distribution of Formation Loading Potential and
its variation with pressure depletion. This information is then used to select the optimal
wellbore trajectory based on the Formation Loading Potential to which the casing will be

subjected. In step 302, no actual wellbore exists - only candidate well paths.

[0055] One example of a field scale model is illustrated in FIG. 4, which
represents an Ekofisk field scale model 400 for the Ekofisk field illustrated in FIG, 2. The
field scale model 400 has a total depth of 4000 m, a total width of 5500 m, and a total length
of 9000 m. The distribution of the chalk reservoir is shown in red. The model uses four
vertical layers of overburden. The thickness of the first (clastic) layer is 1500 m, the second
layer is 800 m thick, the thickness of third layer is between 435 and 800 m due to variation of
its shape, and the thickness of bottom layer is between 900 and 1265 m. The reservoir layer

that ranges from 50 to 150 m is located in the lower middle of layer 3.

[0056] As shown in FIG, 2, the horizontal distance between the end points 202
and 204 of two reservoir intersections is approximately 2000 m. This distance suggests that
the radial displacement from each wellbore, where you would expect to encounter the effect
of pressure depletion, is approximately 1000 m. Consequently, the local pressure depletion
around a wellbore is assumed to have a circular area of influence, which is represented in

FIG. 4 by the chalk reservoir in red. The horizontal distance between end points 202 and 204
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in FIG. 2 is 2100 m. End point 204 is lacated in the center of the dots in FIG. S, which

represent a pressure depletion area.

[0057] The Ekofisk chalk is complex, which creates issues related to visco-
plasticity and to compatibility. Furthermore, the chalk elastic modulus varies with pressure in
effective stress space. The presen( invention therefore, adopts the Modified Drucker - Prager
yielding criterion, which is well known in the art of geomechanics, to calculate the Ekofisk
field scale model 400 illustrated in FIG. 4. Cohesive strength and frictional angle are given

the following values:

[0058] The creep law given in the following equation, which is popular for rock

modeling, is adopted:

2 (5 )

[0059] where € represents creep strain rate; 0  represents von-Mises stress; /

is total time variable; and A4, n, m are three model parameters which are given the following

values:

218

A=10
n = 2667
m=-0.2
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{0060] The compaction property of the chalk reservoir in FIG. 5 is simulated with
a lincar law of hardening. A graphical representation of the chalk skeleton variations of both
Young’s modulus and Poisson’s ratio with pressure in effective stress space are illustrated in

FIG. 6 and FIG. 7, respectively, for the chalk reservoir in FIG. §.

[0061] The property of pressure dependency for chalk is realized by using an
Abaqusty subroutine in the calculation. This property could be found using various other
well known methods and thus, is not limited to using the Abaqustu subroutine. The porosity

parameters of chalk are given the following values: initial void ratio R = 0.5 and intrinsic

permeability coefficient 4 = 2 Darcy |,

[0062] The clastic layer on the top of the field scale model 400 and the bottom
layer material of the field scale model 400 are assumed to be elastic. Layer 2 material and

layer 3 materials are assumed to be visco-elasto-plastic.

[0063] Loads and boundary conditions of the field scale model 400 must also be
determined. The depth of overburden seawater is 100 m, The seawater produces a uniform
pressure of 0.96 MPa on the overburden rock of the field scale model 400. The geostress
field is balanced by the gravity field in the vertical direction, and components of lateral stress
are given a value of 90% of the vertical component. The density values of the reservoir and

the four model layers are given as:

Prosornay = 2100kg [ 1
Poteric = 2200kg / m’
Prayer—2 = 2250kg / n’
Plaer-3 = 2250kg / m’
Pooron = 2500kg / m’®
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[00064] The initial pore pressure within the reservoir is assumed to be 34 MPa.
Two depletion scenarios thus, may be performed. [First, a local pore pressure depletion of 34
MPa to 10 MPa may be utilized to simulate the subsidence caused by production from the
well studied. Second, a field scale pore pressure depletion of 34 MPa to 20 MPa can be
utilized to simulate the influence of nearby production wells as shown by the red dots in FIG.
5. Referring now to FIG, 8, a sectional view of the field scale model 400 in FIG. 4 further
illustrates the results of step 302, which includes three candidate well paths for consideration

between end points 202 and 204 in FIG. 2.

[0065] In step 304, the distributions of Formation Loading Potential arc calcﬁlatcd
using well known Finite Element methods for the entire field scale model 400 and are plotted
along each candidate well path as illustrated in FIG. 8. Although the optimal wellbore
trajectory can be determined by selecting the well path with the lowest peak value of
Formation Loading Potential, it is necessary to consider the plotted distribution of Formation
Loading Potential along the candidate well paths after pressure depletion in order to ensure

the integrity of the casing along the wellbore trajectory during production operations.

[0066] Referring now to FIG, 9, the contour of Formation Loading Potential with
an initial geostress field shows that Formation Loading Potential varies mainly with depth
under this initial condition. The color variation represents values of Formation Loading
Potential from 5.76 million to .2763 million. Peak values of Formation Loading Potential
along the three candidate well paths are the same because the end of each well path is the
deepest point, Thus, in this casc, the wellbore trajectory optimization will be carried out
mainly with reference to pore pressure depletion during the period of production. The
Formation Loading Potential along the candidate with an undisturbed stress and pressure

regime determines the driablity of the wellbore.
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[0067} Referring now to FIGS. 10 and 11, the plotted results of step 304 for the
three well paths shown in FIG. 8 are illustrated after pressure depletion near cach well path

(FIG. 10) and after pressure depletion of the entire production field (FIG. 11).

[0068] In step 306, the well path with the lowest peak value of Formation Loading
Potential is selected. As illustrated in FIG. 10, the peak value of the Formation Loading
Potential along Path-1 is the least of the three candidate well paths. Furthermore, FIG. 11
shows that this maximum value decreases as the pore pressure outside of the local region
decreases. Because the Formation Loading Potential is a potential index of distortion
deformation, the distortion deformation situation will be improved with the development of
wellbores in the nearby field. These results confirm that Path-1 is the optimal path and will
result in the minimum potential load on the casing. In order to estimate casing integrity along
the optimal wellbore trajectory, a three-dimensional elaso-plastic finite element calculation
can be performed on the wellbore interval containing the peak value of Formation Loading

Potential for the selected well path instead of calculating along the whole selected well path.

[0069]  In step 308, a primary submodel is calculated using well known finite
element methods and the well path selected in step 306, The primary submodel includes the
hydropressure effects at the wellbore surface and the wellbore interval containing the peak

value of Formation [.oading Potential for the selected well path (Path-1).

[0070] Referring to FIG. 12, a primary submodel 1200 is calculated using Path-1
as the well path selected in step 306. The region addressed by the primary submodel 1200 is
much smaller than the field scale model 400, Only the upper-right corner in FIG. 4 is
illustrated in the primary submodel 1200. Vertically, the depth of the primary submodel 1200

is adjusted to just above the reservoir, Field scale calculations provide the boundary
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conditions for the primary submodel 1200, which can accurately account for the influence of
pressure depletion within the reservoir, For simplicity, the deformation and the porous flow

are only calculated in the field scale model 400.

[0071] The loads on the primary submodel 1200 include the following: in-situ
stress ficld gencerated by gravitational loading, vertical stress created by the seawater load,
and hydraulic pressure applied at the wellbore surface. The wellbore (shown in red) is built

into the primary submodel 1200 along Path-1 in FIG. 12.

[0072]  The boundary conditions of the primary are set by applying the
displacement constraints, obtained from numerical results of the field scale model 400, on the
four lateral sides and bottom of the primary submodel 1200. Because the reservoir is not
included in the primary submodel 1200, the calculation involves only visco-elasto-plastic

static deformation. No porous fluid flow is considered.

[0073] Referring now to FIG. 13, the contour distribution of the Formation
Loading Potential in a section 1300 of the primary submodel for Path-1 is illustrated. The
color variation represents values of Formation Loading Potential from maximum to
minimum. In FIG. 14, a comparison of the distribution of the Formation Loading Potential
along Path-1 for the field scale model 400 and the primary submodel 1200 is illustrated.
Values of the local result of Formation Loading Potential are lower than the ones obtained by
the field scale model 400 at several points, For the purpose of further understanding the
primary submodel results, a comparison between subsidence results obtained by the field
scale model 400 and the primary submodel 1200 is illustrated in FIG, 15. The two sets of
results are in close agreement, although the primary submodel results will be more accurate

because of the higher resolution.

20



WO 2011/159307 PCT/US2010/039156

[0074] As shown in FIG. 13 and in FIG. 14, the greatest Formation Loading
Potential occurs in a region 400 m above the reservoir along Path-1. This finding indicates

that this location has the greatest potential for casing distortion,

[0075] In step 312, a secondary submodel of the wellbore interval containing the
peak value of Formation Loading Potential for the well path selected in step 306 is calculated
using well known finite element methods, which includes a predetermined tubular casing for
lining the wellbore and an elasto-plastic prediction of the casing failure. This will ensure that

tubular selected will endure the stresses convolved on the selected well-path.

[0076] The secondary submodel is used to make an elasto-plastic prediction of
casing failure and deformation to further refine the mesh in the length of depth indicated by
the white line 1302 in FIG. 13, Casing is sct along the whole length of the selected well path
(Path-1), which has an internal diameter of 0.254 m (10 in.) and a wall thickness of 0.015 m
(approximately 3/5 inches). The casing material is assumed to be elasto-plastic with the

following values of elastic and strength paramecters:

E=2x10"Pa
v=03
o, =8x10° Pa

[0077] In FIG. 16A, the results of the secondary submodel 1600a illustrate the
distribution of the Formation Loading Potential within the formation (chalk reservoir). In
FIG. 16B, an enlarged area (1600b) of the upper end of the secondary submodel 1600a is
illustrated. The color variation represents equivalent plastic strain values from 0 to a positive

value,
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[0078] In step 316, the method 300 determines if the casing strength is acceptable.
If the casing sitrength is acceptable, then the method 300 proceeds to step 318. If the casing
strength is not acceptable then the method 300 proceeds to step 320. Whether the casing
strength is acceptable depends on predetermined criteria such as, for example, a tolerable
failure strain value for the casing. If, for example, the elasto-plastic prediction of the casing
failure is greater than the tolerable failure strain value, the casing strength would not be

acceptable.

[0079]  In step 318, the results of step 312 are displayed using the client interface
and/or the video interface described in reference to FIG. 1, which include the predetermined
tubular casing for lining the welibore and an elasto-plastic prediction of the casing failure. In
FIG. 17, for example, the results of step 312 are displayed for a predetermined tubular casing
1700 and illustrates the distribution of plastic strain within a graphically reproduced casing
section 1700. Plastic deformation occurs at a small portion of casing at its right end (upper
end as z-axis upward). The maximum value of plastic strain is 0.0095. Although this value is
greater than a standard initial plastic strain value 0.002 for steel material, it is less than the
tolerable failure strain value 3.5% (i.e. 0.035) for ductile casing steel. Because the field scale
model (including geometry and loads) is not symmetrical, the deformation of casing is also
not symmetrical. Thus, step 316 of the method 300 is satisfied because the amount of casing

deformation is acceptable.

[0080] In step 320, the casing strength is increased by selecting a thicker casing or

a stronger material and returns to step 312 until the casing strength is acceptable.

[0081]  The optimization of a wellbore trajectory between a surface platform and

reservoir intersection in the Ekofisk field has been performed. Individual analyses at a casing
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section scale and an analysis at the field scale were deliberately separated to overcome scale
incompatibility and to improve calculation accuracy. Submodeling techniques were adopted
to link the field and reservoir/casing scale challenges and to improve the overall effectiveness
of the wellbore optimization. Subsidence was simulated at the field scale, whereas casing
failure was calculated at a local level. Inelastic-visco deformation of the reservoir and porous
fluid flow were calculated in the field scale modeling and linked, through submodeling, to the
local level.  An index of Formation Loading Potential within the formation/chalk under
various loading conditions, such as pressure depletion and gravity, was used to derive a
preferred well path candidate from three different candidates. This study confirms that an
optimized wellbore trajectory can be achieved if Path-1 is selected because it results in the

minimum distortion deformation of the casing.

[0082]  The proposed numerical procedure provides an effective tool for selecting
an optimized wellbore trajectory for efficient drilling and for maximized casing and wellbore
stability, General economics will be improved with the reduction in non-productive time,
reduced drilling cost and improved reservoir production as a result of the enhanced well

stability.

[0083] While the present invention has been described in connection with
presently preferred embodiments, it will be understood by those skilled in the art that it is not
intended to limit the invention to those embodiments. Although the illustrated embodiments
of the present invention relate to oil and gas wells, the present invention may be applied to
any other type of well in other fields and disciplines. It is therefore, contemplated that
various alternative embodiments and modifications may be made to the disclosed
embodiments without departing from the spirit and scope of the invention defined by the

appended claims and equivalents thereof.
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CLAIMS

L. A computer-implemented method for optimization of a wellbore, which

comprises:

calculating a field scale model for multiple well paths in a production field using a
computer processor, each well path representing a potential well bore

trajectory;

calculating a Formation Loading Potential for the field scale model and plotting a

distribution of the Formation Loading Potential along each well path;

selecting a well path having a lowest peak value of Formation Loading Potential,
the selected well path representing an optimal wellbore trajectory for the

wellbore;

calculating a primary submodel using the selected well path, the primary
submodel comprising a wellbore interval containing the peak value of

- Formation Loading Potential for the selected well path;

calculating a secondary submodel of the wellbore interval, the secondary
submodel comprising a predetermined casing for the wellbore and an
elasto-plastic prediction of a casing failure value for the predetermined

casing;
determining an optimal casing strength for the wellbore; and

displaying the secondary submodel for a section of graphically reproduced casing.
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2. The method of claim 1, wherein the predetermined casing comprises a

predetermined length, diameter, thickness and material.

3. The method of claim 2, wherein determining the optimal casing strength

for the wellbore comprises:

a) determining whether a casing strength for the predetermined casing is

acceptable;

b) increasing the casing strength of the predetermined casing by selecting at
least one of a thicker casing or a stronger material if the casing strength for

the predetermined casing is unacceptable;

c) calculating another secondary submodel of the wellbore interval if the
casing strength for the predetermined casing is unacceptable, ‘the
secondary submodel comprising another predetermined casing for the
wellbore based on the selection of the at least one of the thicker casing or
the stronger material and a value for an elasto-plastic prediction of a

casing failure; and
d) repeating steps a-c until the casing strength is acceptable.

4, The method of claim 3, wherein the casing strength is acceptable if the
value for the elasto-plastic prediction of the casing failure is less than a tolerable failure

strain value for the predetermined casing or the another predetermined casing.
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5. The method of claim 1, wherein the primary submodel further comprises

hydropressure effects at a surface for the wellbore.

6. The method of claim 1, wherein the field scale model comprises. a visco-
elasto-plastic deformation analysis and a porous fluid flow related to pressure depletion

of the production field.

7. The method of claim 6, wherein the distribution of the Formation Loading
Potential along each well path is displayed after pressure depletion of the production

field.

8. The method of claim 6, wherein the distribution of the Formation Loading

Potential along each well path is displayed after pressure depletion near each well path.

9. The method of claim 1, wherein the display comprises a distribution of

plastic strain within the graphically reproduced section of the predetermined casing.

10. A non-transitory program carrier device tanigbly carrying computer
executable instructions for optimization of a wellbore, the instructions being executable to

implement:

calculating a field scale model for multiple well paths in a production field using a

computer, cach well path representing a potential well bore trajectory;

calculating a Formation Loading Potential for the field scale model and plotting a

distribution of the Formation Loading Potential along each well path;
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selecting a well path having a lowest peak value of Formation Loading Potential,
the selected well path representing an optimal wellbore trajectory for the

wellbore;

calculating a primary submodel using the selected well path, the primary
submodel comprising a wellbore interval containing the peak value of

Formation Loading Potential for the selected well path;

calculating a secondary submodel of the wellbore interval, the secondary
submodel comprising a predetermined casing for the wellbore and an
elasto-plastic prediction of a casing failure value for the predetermined

casing;
determining an optimal casing strength for the wellbore; and
displaying the secondary submodel for a section of graphically reproduced casing.

11.  The program carrier device of claim 10, wherein the predetermined casing

comprises a predetermined length, diameter, thickness and material.

12.  The program carrier device of claim 11, wherein determining the optimal

casing strength for the wellbore comprises:

a) determining whether a casing strength for the predetermined casing is

acceptable;

b) increasing the casing strength of the predetermined casing by selecting at
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least one of a thicker casing or a stronger material if the casing strength for

the predetermined casing is unacceptable;

.c) calculating another secondary submodel of the wellbore interval if the
casing strength for the predetermined casing is unacceptable, the
secondary submodel comprising another predetermined casing for the
wellbore based on the selegtion of the at least one of the thicker casing or
the stronger material and a value for an elasto-plastic prediction of a

casing failure; and
d) repeating steps a-c until the casing strength is acceptable.

13.  The program carrier device of claim 12, wherein the casing strength is
acceptable if the value for the elasto-plastic prediction of the casing failure is less than a
tolerable failure strain value for the predetermined casing or the another predetermined

casing,

14.  The program carrier device of claim 10, wherein the primary submodel

further comprises hydropressure effects at a surface for the wellbore.

15.  The program carrier device of claim 10, wherein the field scale model
comprises a visco-elasto-plastic deformation analysis and a porous fluid flow related to

pressure depletion of the production field.
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16.  The program carrier device of claim 15, wherein the distribution of the
Formation Loading Potential along each well path is displayed after pressure depletion of

the production field.

17.  The program carrier device of claim 15, wherein the distribution of the
Formation Loading Potential along each well path is displayed after pressure depletion

near each well path,

18.  The program carrier-device of claim 10, wherein the display comprises a
distribution of plastic strain within the graphically reproduced section of the

predetermined casing.
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