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SYSTEMS AND METHODS FOR DETERMINING THE
MOMENTS AND FORCES OF
TWO CONCENTRIC PIPES WITHIN A WELLBORE

[O001] Not apphicsble.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
{00021 Not apphicable.
FIELD OF THE INVENTION

[0003] The present vention generally relates to systems and methods  for
deterntining the moments and forces of two concentric prpes within a wellbore, More
particudarly, the presest nvention relates to determiping the bending moment and
shear force of tubing and casing when the tubing buckles and contacts the casing.

BACKGROUND OF THE INVENTION

[0004] il wells typically have muliiple concentric pipes called casing sirings. In
FIG. 1, the configuration 106 of two concentrie pipes is iHlustrated. The intemal pipe
102 is designated “tubing” and the external pipe 104 is designated “casing.” Therc is a
wellbore 106 that is considered rigid in this analysis.

[0005] For a set of two concentric strings, if the mternal pipe has a compressive axial
force, 1t will typically deform mto @ heheally shaped configuration within the other
string, as shown in FIG. 1. The cross-sectional areas of the various pipes are

described by

A, =L
A, =xT. (1)
Ay =a1, N
A, =arl
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{0006

0007

where 1y 18 the inside radins of the tubing, re 18 the outside radiug of the ubing, 1y 15
the inside radius of the casing, and . s the oudside radius of the casing, Clearances
between the vartos pipes and the wellbore are given as:

r«.; = 1,’»:i - ru-: Y
(2)
R W ¢

RN &

Where 1, is the radial clearance between the tubing and casing, and ry 18 the
radial clearance between the casing and the wellbore and r 15 the wellbore radivs.

Most analyses of this problem assume that the outer casing s rigid. In reality, this

generated by

pe

exfernal casing is also elastic and would displace due to the loads
comtact with the internal pipe. Further, if both strings have compressive axial forees,
both sirings will buckle, and the resulting buckied contiguration must it together so
that confact forces belween the fwo strings are positive and the pipes do not each
occupy the same space. If the two strings have an external, evlindrical nigid weltbore,
then any contact forces with this welltbore must also be positive and the buckled pipe
system mast He within this welltbore. This configuration is iflusirated as a cross-
section i FIG. 1 before buckling takes place. The post-buckling configuration 200 1s
ilustrated 1w FIGL 2.

There 18 only one known solution 1o the problem presented by mulliple
concentric buckling pipes, which is deseribed in SPE 6039 by Stan A, Christman
entitled “Casing Ntressey Cansed by Buckling of Concentric Pipes.” 1o this article, a
composite pipe based on the summed properties of the individual pipes is proposed.
Farther, the pipes do not touch each other, but are assumed to remain concentric. The
deficiency in this analysis is that it does not conform to the requirements that 1) the
contact forces between the two strings are positive and the pipes do not each occupy

the same space; and 1) the contact forces with the wellbore are positive and the

T4
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buckled pipe system Bies within the wellbore.  As a result the assumption that the
pipes do not fouch ecach other but remain concentric renders an  maccurate
displacement solution,
SUMMARY OF THE INVENTION

[O008] The present invention therefore, overcomes one or more deficiencies in the
prior art by providing systems and methods for determining the bending moment and
shear foree of tubing and casing when the tubing buckles and contacts the casing.

0009 in one embodiment, the preseat invention includes a method for detenmining
the moments and forces of two concentric pipes within a wellbore, comprising: 1)
determining an external pipe displacement asing a computer processor; 1)
determining whether the external pipe contacts the wellbore based on the external
pipe displacement; i1} determining a bending moment and a shear force of an mternal
pipe and the external pipe based on contact between the mitemal pipe and the extemal
pipe and the external pipe displacement if the extemnal pipe does not contact the
weilbore; v} determining whether contact forces between the internal pipe and the
extermnal pipe and between the external pipe and the wellbore are greater than or equal
to zero if the external pipe contacts the wellbore; vy determining the bending momeni
and the shear fores of the internal pipe and the external pipe based on contact between
the internal pipe and the external pipe and contact between the external pipe and the
wellbore it the contact forces between the internal pipe and the external pipe and
between the exiemnal pipe and the wellbore are greater than or equal o zero; vi)
determining a displacement solution using a contact force between the internal pipe
and the external pipe equal to zero if the contact forces between the internal pipe and
the external pipe and between the internal pipe and the welltbore are not greater than

or equal to zero! vit) determining whether there 15 another displacement solution using

Lk
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a contact force between the exiernal pipe and the wellbore egual to zero i the cantact
forces between the internal pipe and the external pipe and between the external pipe
and weltbore are not greater than or equal to zero; and viti} determining the bending
moment and the shear force of the mternal pipe and the external pipe based on the
displacement solution or the another displacement solution i the contact forces
between the internal pipe and the external pipe and between the external pipe and the
wellbore are not greater than or equal to zero.

{0010 in avother embodiment, the present mvention includes a non-transitory
program carrier device tangibly carrving computer executable instructions for
defermining the moments and forces of two concentric pipes within a wellbore, the
instructions  being  executable to implement: 1) detenmining an external pipe
displacement; 1} determining whether the external pipe contacts the wellbore based
on the external pipe displacement; 1) determining @ bonding moment and a shear
force of an iternal pipe and the external pipe based on contact between the internal
pipe and the external pipe and the external pipe displacement i the external pipe does
not contact the weltbore; tv) determining whether contact forces between the internal
pipe and the externgl prpe and between the exiemal pipe and the welltbore are greater
than or equal to zero U the external pipe contacts the weltbore: v) defermining the
bending moment and the shear force of the interpal pipe and the external pipe based
o contact between the internal pipe and the extornal pipe and contact between the
external pipe and the weltbore if the contact forces between the internal pipe and the
external pipe and between the external pipe and the wellbore are greater than or equal
o zero; vi} determuning @ displacement solation using a contact force between the
internal pipe and the external pipe equal to zero if the contagct forees between the

internal pipe and the exiemal pipe and between the mternal pipe and the wellbore are
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not greater than or equal 1o zere; vi) determining whether there s another
displacement solution using a contact force belween the external pipe and the
wellbore equal to zero if the contact forces between the internal pipe and the external
pipe and between the exiernal pipe and weltbore are not greater than or equal 1o zero;
and viii) determining the bending moment and the shear force of the internal pipe and
the extemnal pipe based on the displacement selution or the another displacement
sohition if the contact forces between the internal pipe and the external pipe and
between the external pipe and the wellbore are not greater than or equal to zero.

{001 In vet another embodiment, the present fnvention inclodes 8 method for
determining the moments and forces of two concentric pipes within a wellbore,
comprising: 1) deternuning an external pipe displacement using a computer processor;
11} determining whether the external pipe contacts the weltbore based on the external
pipe displacement; and 1) determining & bending moment and a shear force of an
internal pipe and the external pipe based on atl least one of contact between the
internal pipe and the external pipe and contact between the external pipe and the
wellhore.,

16012} In yei ancother embodiment, the present invention includes a non-trapsitory
program carrter device tangibly carrving computer executable instructions for
determining the moments and forces of two concentric pipes within a wellbore, the
instructions  being  exccutable o implement: 1) determibung an external pipe
displacement; ii) determining whether the external pipe contacts the wellbore based
on the external pipe displacement; and 11} determining a bending moment and a shear
force of an internal pipe and the external pipe based on at {east one of contact between
the internal pipe and the external pipe and contact between the external pipe and the

wellbore,

Ly
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[0013] Additional aspects, advantages and embodiments of the mvention will become
apparent to those skilled m the art from the following description of the various
embodiments and related drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014) The present vention is described below with references to the accompanying
drawings i which hke clements are referenced with like reference numerals, and in
which:

[0015] FIG. 1 is 2 oross sectional view illustrating two concentie pipes within a
wellbore before buckling.

[0016] FIG. 2 is an clevational view of the two conceniric pipes illustrated in FIG. 1
after buckling.

{00171 FIG, 3 is a flow diagram ilustrating one embodinent of a method for

inplementing the present invention.

[0018] FIG. 4 15 a block diagram illustrating one embodiment of a system for

implementing the present invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0019] The subject matter of the present invention is deseribed with specificity,
however, the description iisell 1s not intended to hirait the scope of the mvention. The
subject matter thus, might also be embodied iy other ways, to include different steps
or combinations of steps simar to the ones desertbed herein, i conjunction with
other present or fuiure technologies. Moreover, although the term “step™ may be used
heretn to desertbe different elements of methods employed, the term should not be
interpreted as implying any particular order among or between varnious steps heretn
disclosed unless otherwise expressly limited by the description fo a particular order.

While the present mvention may be applied m the ol and gas indusiry, it 5 not
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limited thereto and may also be applied in other indusiries to achieve simtlar results.

The nomenclature used herein is described tn Table | below,
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A o
Ag
Ay
Ay

Ee
By

Wiz
W

casing inside area, (in”)
casing outside area, (in’)
tubing inside area, {in®)
tubing outside area, (in’)

Young's modulus {pst)

Young's modutus of the casing (pst)
Young's modulus of the tubing (psi3
axial tension in casig (b

moment of inertia (in")

moment of incrtia of the casing {jm“}
moment of inertia of the fubing (in')

bending moment, (in-1bf)

bending moment of the casing, {(in~1bf}

bending moment of the wbing, (in-1b)

axial compression in tubing (1bf)

pressure inside tubing {psi)

pressure outside tubing and nside casing (psi}

pressure outside casing {psi)

casing nside radiug, (in)

castng outside rading, (i)

tubing instde radius, {in)

tubing outside radius, (in)

nominal radial clearance between the tubing and casing (i)

Foe — Lo (Hl}

nominal radial clearance between the casing and exterior wellbore (in)
the welibore radius, (in)

measured depth, (in)

the thickness of the casing (in)

tubing displacement m coordinate direction 1, (in}

tubing displacement in coordinate direction 2, {in}

casing displacement in coordinate direction 1, {in)

castng displacement in coordinate direction 2, {in}

shear force (Ibfy

shear force i the casing (b

shear foree in the tubing (bt

tubing contact force buckied in g nigid eyvlinder, (tbtin)

tubing contact force buckled in an elastie cylinder, (Ibfin}

the contact force between the tubing and casing, (Ibffin)

the contact toree between the wellbore and the casing, (1btfn)

the pitch of a displacement function representing a helix

absolute radial displacement of the casing, (n)

shear siress, {psi)

radial stress, {pst)

hoop siress, {pst)

axial stress, (psi)

Table 1
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Method Description
Referring now {o FiG, 2, the general configuration 208 of the two concentiric
pipes in FIG. 1 s illustrated after buckling.  For purposes of the followimg
description, the tubing 102 is the mternal pipe and the casing 104 is the external pipe
although the interal pipe and the external pipe may be both tubing or both casing.
The tubing 102 has backled in a hehical shape due to the applied compressive force P
and contacts the casing 104, P and F are “compressive force”™ and “effective fension,”

respectively:

- p?:A' 1w

{3
a7 ;}3;\\3 ) }

where F 15 the fubing axal tension, By s the casing axial tension, py s the fhud

ps is the pressure outside the casing. The effect of pressure on the buckling behavior

of pipe 15 well known in the art.

(0021} The buckled tubing has the form:
t, = 1 SH f7S) {4a)
1, =5 COS(s ) {4b}
A= (d¢)

10022

Where u,is the displacement i the I coordinate direction, u, is the
displacement in the 2 coordinate direction, P is the axial compressive force on the
fubing, B is Young’s modulps for the twbing, L 8 the moment of nertia of the
tubing = ¥ ;T(r,i i ) and 1. 1s the radial clearance between the internal tobing and the

external casing piven in equations (2}, The displacement represented by equations

9
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{4a}) and {4b} i a helix with a pitch equal {o 2x/3. Thus, P represenis a possible

displacement solution in equation {4¢).

[0023] The contact force between the tubing and casing is:
rp° .
W &)
4E 1,
[0024] The equilibrium equattons of the outer casing with load applied by the internal

tubing are:

Lo dlv dy
E 1, mob — F o _sing/) = 0

oo ©
B 1, S = Pt W, cos(f) = 0
ds” ds” '

where v, is the displacement of the casing i the 1 coordinate direction, v, is the
displacement of the casing in the 2 coordinate direction, F s the effective axial tensile

force on the casing, B, 18 Young’s modulus for the casing, L is the moment of inertia

of the casing= ¥ alrl -+ }, and & _ is the contact force on the casing by the tubing,

The contact force will be ditferent from equation {5} because the radial clearance may
change because of displacements v, and v, . The particular solution to equations (6)
suitable tor this analysis is

v, = S A8)

, (7}
V. = DCOS{HS) '
10023} The contact force becomes:
. Ar +pp?

) 4E 1,
where the radial clearance is mereased by the casing displacement v. Substituting

cquations (7} and cguation (X) into cguations {(6), v may be solved by:

- PRY
1 o S

IFEL +PEJ, -E1)

"

in
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[0026] For simplicity, a rigid wellbore oniside the casing s assumed. Thus, the radial
clearance of the casing (r,o) will put a limit on the magniude of the casing
displacement {u). When the casing displacement does not exceed the limi, meaning
the buckled tobing contacts the casing but the casing does not contact the wellbore,
the following resulis mav be used to determine the bending moment and shear force
of the casing and tubing,

[0027] The bending moment of the casing and tubing due to the buckied mternal

tubing is:

Mo IPEL (10a)
CO2P(ET ~ELYAFEL

M =M, = El{ o) {(10b)
[0028] And the shear force of the casing and tubing due to the buckied nternal tubing

182

g . m ‘; (11a)

‘ £l

b=+ 0)BlELE - P (Hib)

[0029] When the casing displacement exceeds the limif, meaning the casing contacts

the wellbore, 1§ is not immediately clear that P will be given by equation {4¢). If the
principle of virtugl work is applied to the sam of the casing and tobing bending
energy and the work done by the casmyg and tubing axial loads (axial movement of

-

cach of the two strings are assumed mdependent of each other), then:
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[0030]

{003 1H

10032)

WHETE e = Lo — b With 1, equal to the thickness of the casing. Note that equation {12)

is still valid for negative F, that is, both strings may be buckled. Equation (12} is not

yvahd for 37 < 6. There are two further conditions that 5 noust satisty:

The contact force belween the tubing and casing (wi) musi be 2 O {13)
The contact force between the casing and wellbore {(wd mustbe 2 0 {14}
The expectation is that since v 18 greater than 1, then the displacement

solution § given by cguation (4¢) will satisty condition (13}, so a solution for A
exists, although it may not be given by equation (12). Fguation {12), however, s
preferred over equation {(4¢) for a possible displacement solution i it satisfies
conditions (13) and (14). The contact forces are given by the following equilibrium
equations:

P IPE EL B =, (152)

P AET A S FR = b {15h)

i
i

where wy 13 the contact force between the tubing and casing, and wy, 18 the contact

force between the welthore and the casing. Solving for w

wo, o= AP~ Fr )~ SUELe v E L) {16}
The contagt forees are reguired o satisfy conditions (13) and (14%
W e }: 0 . E w,,v}
Ly
w,. 20

If equation (12} satisfies conditions (13} and {14y, then # 15 & vabd
displacement solution for B. If conditions (13} and (14) are not satisfied, then B mast
lie in the range where conditions (13} and {14) are satisfied. The prineiple of virtual

work ased to determine equation (123 nunimizes the potential energy of the system

represented by the two concentric pipes (strings) m FIG. 20 When the oplumal



WO 2012/177264 PCT/US2011/041867

displacement solution lies outside of the possible range of §, then the displacement
solution is the boundary value of  that mimimizes the potential energy of the system.

et

The boundaries on the possible values of §§ are determined by:

. P
R e {18}
‘;{ {
or
5 Pr ¥, e
W, = 1) e }{) ¥ — % — {19
L 3 I‘i Eo + ij;ﬁ I el
{0033 As before, equation (19) 18 not a valid displacement solution for § if §33 < {3,

bat equation (18) is always a valid displacement solution for § from the uutial
assumptions. Thus, there i3 af least one displacement solution for B that is given by

y

equation {18}, The total potential energy of the system is:

Us 3L+ ELE)S +4(FE - P 0)
10034] i cquation (19} alse provides another valid displacement scelution for J,

meaning B > 0, then there are two potential displacement solutions for B given by
equations (18) and (19}, Therefore, i both cquations (18} and (19) satisfy conditions
{13) and (14), thea the displacement solution for B that mimimizes equation (20} i
preferred and selected for determining the bending moment and shear force of the
tubing and casing.

[0033] Given the displacement solution from equations (12), (18) andéor {19) that 15
the only valid solution or that is the solution thal will produce the least potential
energy for the system, the bending moment and shear foree of the tubing and casing

may be deternined by the following equations when the casing contacts the wellbore:

M, = ElLr (21a)
{‘1{(‘ = E‘l [{'?:?(‘! 5« : {2 l b}
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Vs, ﬁlﬁi‘e‘ LB =P

B
[
ot

}f,/\ = }‘h:‘ [ §

5 <

.
bt
&

EL B+ F

[0036] Reforring now {0 FIG. 3, a Bow diagram dlustrates one of embodiment of a
method 30 for implementing the present invention.

[0037] fn step 302, data is inpat using the client interface/video interface described in
reference to FIG. 4. The data may include, for example, the inside and outside
drameters of the tubing and the casing, the axdal foree in the tubing and casing, the
wellhore diameter and the pressures inside and outside the tubing and casing.

{0038 in step 303, a casing displacement i3 delermuined.  In one embodiment, a
casing displacement may be defermined by the resulf from equation {9).  Other
technigues well known in the art, however, may be used to determine a casing
displacement.

10039 In step MM, the method 3600 determines if the casing touches the wellbore, in
one embodiment, this may be determined by comparing the casing displacement resull
from equation {9} with the casing radial clearance {r,) that is known. If the casing
touches the wellbore, then the method 308 proceeds o step 308, If the casing does
not touch wellbore, then the method 308 proceeds to step 306. Other technigues well
known in the art, however, may be used to determine 1f the casing touches the
wellhore.

[0040] in step 306, the bending moment and shear force of the tubing and casing are
determined. In one embodmment, the bending moment and shear force of the tubing
and casing may be determined by using the result from equation (de} and equations
{18a) and {10b} to determine the bending moment of the casing and tubiag,
respectively, and by using the result from equation (de) and equations (11a) and {(11b)

i
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{0041}

{0042}

[0043)

o deternune the shear foree of the casing and tubing, respectively, Other techmques
well known in the art, however, may be ased to determing the bending moment and
shear torce of the casing and tubing.

In step 308, the method 308 determines if the contact forces between the
tubing/casing and the casing/welibore are greater than or equal to zero.  In one
embodiment, this may be determined by using the result from equation (12) and
equation (13a} to determine the contact force between the tubing and the casing and
by using the result from equation (12) and equation {15b) o determine the contact
force between the casing and the wellbore. I the contact forces between the
fubing/casing and casing/wellbore are not greater than or equal to zero, then the
method 300 proceeds to step 312, 1f the contact forces between the tubing/casing and
the casing/wellhore are greater than or equal to zevo, then method 306 proceeds to
step 310, Other technigues well koown in the art, however, may be used to determine
the contact force belween the tubing and the casing and the confact force between the
casing and the welthore.

o step 310, the beading moment and shear foree of the tubing and casing are
determined. In one embodinent, the bending moment and shear force of the tubing
and casing may be determined by using the result from equation (12} and equations
{21a), {21b} 1o determine the bending moment of the tubing and casing, respectively,
and by asing the result form equation (12} and equations (21¢), {21d) to deternuine the
shear force of the ubing and casing, respectively, Other fechmques well known in the
art, however, may be used to determine the bending moment and shear foree of the
casing and tubmg.

fn step 312, a displacement solution is determined using @ contact force

between the tubingfcasing equal to zero. In one embodiment, a displacement soltution
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may be determined by the result from equation (18} using a contact foree between the
fubing/casing cqual to zero. Other techniques well known in the art, however, may be
used to determine a displacement solution when the contact foree between the tubing
and the casing equals zero.

[0044) fn step 314, the method 308 dotermines if there 5 another displacement
solution using a conlact force between the casmg/wellbore equal 0 zero. In one
embodiment, another displacement solution may be determined by the result from
equation {19} using a contact force between the casing/wellbore equal to zern, f
there 35 another displacement solation asing a contact force between  the
casing/wellbore ecual to zero, then the method 360 proceeds to 318, 1f there is not
another displacement solution using a contact force between the casing/wellbore equal
to zero, then the method 308 proceeds to step 316, Other techmques well known in
the art, however, may be used to determine i there is another displacement solution
when the contact force between the casing and the wellbore equals zero.

[0045] In step 316, the bending moment and shear force of the tubing and casing are
determined. In one embodiment, the bending moment and shear force of the tubiag
and casing may be determined by using the result from cquatien (18) and equations
{21a), (21b) to determine the bending moment of the tabing and casing, respectively,
and by using the result from equation (18) and cquations (21¢), (21d) 1o determine the
shear force of the wbing and the casing, respectively. Other technigques well known in
the art, however, may be used 1o deternune the bending moment and shear force of
the casing and tubing.

[0046] In step 318, the displacement solution from step 312 or the another
displacement solution from step 314 i selected based on which one will prodoce the

least potential energy for the system.  In one embodiment, the displacement solution

16
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and the apother displacement solulion may be used to determine the total potential
energy of the svstem i equation {207, The result producing the least polential encrgy
for the system s selected. Other techniques well known 1 the art, however, may be
used {0 sclect the displacement sclution or the another displacement solution for the
system,

[0047] in step 3240, ihe bending moment and shear force of the tubing and casing are
deternyined. In one embodiment, the bending moment and shear force of the tubing
and casing may be detenmined by using the displacement solution or the another
displacement selution selected in step 318 and equations (21a). (21b} to determine the
bending moment of the tubing and casing, respectively, and by using the displacement
solption or the another displacement solution selected 1n step 318 and equations {(21¢),
{21d) to determine the shear foree of the tubing and casing, respectively.  Other
techmgues well known m the arl, however, may be used 10 determine the bending
moment and shear force of the casing and tubing.

{0048} In step 322, a conventional stress analysis of the casing andfor tubing may be
performed using techaigues and/or applications well known in the art.

System Description

(00491 The present invention may be mmplemented through a computer-executable
program of mstructions, such as program modoles, generally referred to as sofiware
applications or application programs exccated by a computer. The software may
include, for example, routines, programs, objects, components, and data structures
that perform particular tasks or fmplement particular abstract data types.  The
software forms an interface to allow a computer to react according to a source of
input.  WellCatw and StressCheckes, which are commercial software applications

marketed by Landmark Craphics Corporation, may be used o implement the preseat
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mvention.  The soliware may also cooperate with other code segments o mitiate o
variety of tasks m response to data received m conjunction with the source of the
received data. The software may be stored andfor carrted on any vartety of memory
media sach as CD-ROM, magnetic disk, babble memory and semiconductor mxemory
{e.g., various types of RAM or ROM). Furthermore, the software and s results may
be transmitted over @ variety of carrier media sach as optical fiber, metallic wire
and/or through any of a varicty of networks such as the Internet.

0050 Moreover, those skilled ia the art will appreciate that the invention may be
practiced with a variety of computer-system configurations, meluding hand-held
devices, muliiprocessor systems, microprocessor-based or programmable-consumer
clectronics, minwcomputers, mainframe computers, and the like.  Any number of
compuier-systems and computer networks are acceptable {or use with the preseant
mvention.  The wvention may be practiced m distribated-computing environments
where tasks are performed by remoie-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 melading memory
storage devices, The present invention may therefore, be implemented 1 connection
with various bardware, software or a combmation thereof, In 8 computer system or
other processing systent

[0051] Reforring sow to FIG. 4, g block diagram illustrates one cmbodiment of a
sysiemn for implementing the present invention on a computer. The system includes a
computing unit, sometunes referred to a computing system, which contains memory,
application programs, a client iterface, a video interface and a processing unit. The

computing unit is only one example of a suitable computing environment and is not
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interded {0 suggest any limitation as to the scope of use or functionality of the
invention.

{0052} The memory primandy stores the application programs, which may also be
described as program modules containing computer-executable instractions, exccuted
by the computing upit for implementing the present invention described herein and
Hlustrated m FIG. 3. The memory therefore, includes a bending moment and shear
force module, which enables the methods iHustrated and described in reference to
FIG. 3 and integrates functionality from the remaming application programs i FIG.
4. The bending moment and shear force module, for example, may be used o execute
many of the fanctions described in reference to steps 302-320 m FIG. 3. WellCabs
and StressCheckss may be used, for example, to execute the functions described In

reference to step 322 in ¥FIG. 3

[0053) Although the computing unit 1 shown as having a generalized memory, the

computing unit typically includes a variety of computer readable media, By way of
examiple, and oot Hmitation, computer readable media may comprise computer
storage media. The computing systom 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 wputfoutput system (BIOS), containing
the basic routines that help to wansfor information between clepents within the
computing unit, such as doring start-up, is tvpically stored in ROM.  The RAM
typically contains data and/or program modules that are unmediately accessible to
andfor presently bemng operated on by the processing unit. By way of example, and
not limitation, the computing anit includes an operating system, application programs,

other program modales, and program data,

19
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10054 The components shown in the memory may also be mcluded in other
removable/non-removable, volatile/nonvolatile computer storage media or they may
be implemented n the computing unit through application program mterface ("APIT),
which may reside on a separate computing unit connected through a compater system
or petwork.,  For example only, a hard disk dnive may read from or wiife {0 non-
removable, nonvolatile magnetic media, @ magnetic disk drive may read from or write
to a removable, non-volatite 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
medis,  Other removable/mon-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 momory cards, digital versatite disks,
digital video tape, solid state RAM, solid state ROM, and the hike. The drives and
their assoctated computer storage media discussed above provide storage of computer
readable instructions, data structures, program modules and other data for the
compuiing unit.

[0055] A cliont may enter commands and mformation into the computing unit
through the client piterface, winch may be input devices such as a kevboard and
pointing device, commonly referred {0 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 systom
bus, but may be connected by other imterface and bus structures, such as a parallel
port or a universal serial bus (UISRB).

[0056] A monitor or other type of display device may be connected 1o the system bus
via an interface, such as a video mterface, A graphical user interface (CGUIY may

also be used with the video ftertace to receive imnstroctions from the chient interface

20
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and transmit mstructions to the processing unit. In addition o the monitor, computers

may alse mclude other peripheral output devices such as speakers and prigier, which

may be connected through an output peripheral interface.
[0057] Although many other internal components of the computing unit are aot

shown, those of oridinary skill in the art will appreciate that such components and thew
interconnection are well known,

{0058 While the present invention bas been described in conpection with preseatly
preferred embodiments, 1t will be understood by those skilled m the art that it is not
intended o hmit the invention o those embodiments. 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 vention defined by

the appended claims and cquivalents thereof.

e
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CLAIMS

. A method for determining the moments and forces of two concentric pipes within a
wellbore, comprising:

determining an external pipe displacement nsing a computer processor;

determining whether the external pipe contacts the wellbore based on the
external pipe displacement;

determiming a bending moment and a shear force of an mternal pipe and the
external pipe based on contact between the internal pipe and the external
pipe and the external pipe displacement it the external pipe does not
contact the welltbore;

determining whether contact forces between the internal pipe and the external
pipe and between the external pipe and the wellbore are greater than or
equal to zero f the external pipe contacts the welltbore;

determining the bending moment and the shear force of the internal pipe and
ihe exiernal pipe based on contact between the internal pipe and the
external pipe and contact between the external pipe and the wellbore i the
contact forees between the internal pipe and the external pipe and between
the extemnal pipe and the wellbore are greater than or equal to zero;

determining a displacement solution using a contact force between the internal
pipe and the external pipe equal to zero if the contact forces between the
internal pipe and the external pipe and between the internal pipe and the
wellbore are not greater than or equal to zero;

determining whether there is another displacement solution using a contact

force between the external pipe and the wellbore equal to zere if the
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contact forces between the internal pipe and the extornal pipe and between
the external pipe and wellbore are not greater than or equal o zeroe; and
determining the bending moment and the shear force of the internal pipe and
the external pipe based on the displacement solation or the another
displacement solution if the contact forces between the internal pipe and
the external pipe and between the exiemnal pipe and the wellbore are not
greater than or equal to z2ero.
The method of clamm 1, further comprising selecting the displacement solution to
determine the bending moment and the shear force of the intemal pipe and the
external pipe if there is not another displacement solution.
The method of clamm 1, further comprising selecting the displacement solution {o
determine the bending moment and the shear force of the internal pipe and the
external pipe if the displacement solution produces a total potential energy for a
system represented by the infemnal pipe and the external pipe that 1s {ess than a total
potential energy for the system produced by the another displacement solution.
The method of clai |, further comprising sclecting the asother displacement
solution to determine the bending moment and the shear force of the miteral pipe
and the external pipe if the another displacement solution produces a total potential
energy for a system represented by the internal pipe and the external pipe that is less
than a total potential energy for the svstem produced by the displacement solution.
The method of claim 1, further comprising performing & stress analysis of the
miternal pipe and the external pipe based on the bending moment and the shear force
of the internal pipe and the external pipe.
The method of claim |, wherein

L PE I,

¥

{} e -
2R L +P(EL ~E1)
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is used {o determine the casing displacement.
7. The method of claim 1, wherein

M, = M, = EJ(r,+ 0"

_ P PUEL
CTAP(ET ~E1)+AFEL

RE
g

Vo=(e +0)ff

ELR P

PEL
El

Vo= F -

are used to determune the bending moment and the shear Torce of the internal pipe
and the external pipe if the external pipe does not contact the welthore.
8. The method of claim |, whergin

[j.r T prsf - Fro:

Elrl +ELrl

b EP[): Iﬂ I ﬂ ! ] = MW

FIEL B FF =+,
are used to determine the contact forces between the internal pipe and the extornal
pipe and between the external pipe and the wellbore.

9. The method of claim |, wherein

P "

[)}‘E - } ri{‘. B } }0'\5
Eir +Elr

is used o determine the bending moment and the shear force of the mternal pipe and

the external pipe if the contact torces between the wtemal pipe and the external pipe

and between the external pipe and the wellbore are greater than or equal 1o zero.

10, The method of claim 1, wherein

W

e
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is used o determune the displacement solution.
11, The method of claim 10, wherein

. ) Pr - FF\\
W oW {4 ff R & ‘L
AT

whetnn

Elr, +B
15 used to determine the another displacement solution.

12. The method of claim 11, wherein

. P
W, o= }{f T 1

OF

W, =i /}’ L PI'E&\‘“ ibr““”

Eohr, +E dx,
15 used o determine the bendimg moment and the shear force of the internal pipe and
the external pipe if the contact forces between the internal pipe and the external pipe
and between the external pipe and the wellbore are not greater than or equal to zero.
13. The method of claim 3, wherein
UsdE ol +BLahpt 1t - st
15 used o determine the total potential energy for the system.
14, A non-transitory program carrier device tangibly carrying computer exceutable
istructions for determining the moments and forces of two concentric pipes within
a wellbore, the instructions being executable to implement:
deteronning an external pipe displacement;
determining whether the extornal pipe contacts the wellbore based on the
exiernal pipe displacement;
determining a bending moment and a shear force of an mmteral pipe and the

external pipe based on contact between the Internal pipe and the external

Pt
A
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pipe and the external pipe displacement it the extornal pipe does not
contget the welltbore;

determining whether contact forces between the internal pipe and the external
pipe and between the external pipe and the wellbore are greater than or
equal to zero i the extornal pipe contacts the welltbore;

determining the bending moment and the shear force of the infernal pipe and
the external pipe based on contaet between the internal pipe and the
external pipe and contact between the external pipe and the wellbore if the
contact forces between the internal pipe and the external pipe and between
the external pipe and the wellbore are greater than or equal to zero;

determining a displacement solution using a contact foree between the internal
pipe and the external pipe equal to zero it the contact forces between the
internal pipe and the oxternal pipe and between the internal pipe and the
wellbore are not greater than or equal to zero;

determining whether there 18 another displacement solution using a contact
force hetween the external pipe and the wellbore cqual to zere if the
contact torces between the infernal pipe and the external pipe and between
the external pipe and wellbore are not greater than or equal to zero; and

determuning the bending moment and the shear force of the internal pipe and
the external pipe based on the displacement solution or the another
displacement solution if the contact forces between the internal pipe and
the external pipe and between the external pipe and the wellbore are not

greater than or equal to zero.
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=

24,

The program carrier device of cleim 14, fTarther comprsing selecting  the
displacement soluiion to determine the bending moment and the shear force of the
internal pipe and the external pipe f there is not another displacement solution.

The program carrier device of claim 14, forther comprising selecting  the
displacenment sohution to determine the bending moment and the shear force of the
internal pipe and the extornal pipe if the displacement solution produces a total
potential energy for a system represented by the internal pipe and the external pipe
that s less than a total potential energy for the system produced by the another
displacement solution.

The program carrier device of claim 14, further comprising selecting the another
displacement sohution to defermine the bending moment and the shear force of the
iternal pipe and the external pipe i the another displacement solution produces a
total potential encrgy for a systens represented by the internal pipe and the extemal
pipe that is less than a total polential energy for the system produced by the
displacement solution.

The program carrier device of claim 14, farther comprising performing a stress
analysis of the internal pipe and the exiernal pipe based on the bending moment and
the shear force of the mternal pipe and the external pipe.

The program carrier device of claim 14, wherein

LPE I
FE L + PR, ~E 1)

is used to determine the casing displacement.

The program carrier device of claim 14, wherein

M =M =ElL{ +0)f
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are used o determine the bending moment and the shear Torce of the internal pipe

and the external pipe i the external pipe does not contact the welthore.

The program carrier device of claim 14, wherein

FIPB ~ELB =,

r JELF - FA s - b
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are used o detecomine the contact forces between the internal pipe and the external
pipe and between the external pipe and the weltbore.,
The program carier device of claim 14, wherein

2 3
Pro~Frl
W L

Bl + Bl

18 used to deternune the bending moment and the shear force of' the intermal pipe and
the external pipe if the contact forces between the internal pipe and the external pipe
and between the external pipe and the wellbore are greater than or equal to zero.

The program carrier device of claim 14, wherein

;)

PR L da T

E 1
15 used to determine the displacement solution.

-

The program camier device of claim 19, wherein

28



WO 2012/177264 PCT/US2011/041867

. 3 Pr. —~Fr
I |
Edg, v B L,

15 used to determine the another displacement solution.
25. The program carmier device of claim 20, wherein
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w, =0 f =
* f E L
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is used to deternune the bending moment and the shear force of the mternal pipe and
the external pipe if the contact forees between the internal pipe and the external pipe
and between the external pipe and the wellbore are not greater than or equal to zero,
26. The program carrier device of clatm 16, wherein
UsdB Ll « B LD + 4 (Fel « Py
15 used to detenmine the total poteniial energy for the system.

~~
4
L.

A method for determiining the moments and forces of two concentric pipes within a

wellhore, comprising:

determbung an external pipe displacement using & Compuier processor;

determining whether the external pipe contacts the wellbore based on the
external pipe displacement; and

determining a bending moment and a shear force of an mternal pipe and the
external pipe based on at least one of contact between the internal pipe and
the external pipe and contact between the extemal pipe and the wellbore,

28. The method of claim 27, wherem determining the bendimg moment and the shear

force of the internal pipe and the external pipe is based on contact between the

29
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L

internal pipe and the oxternal pipe and the external pipe displacement if the external
pipe does not contact the wellbore,

The method of claim 27, wherein determining the bending moment and the shear
force of the internal pipe and the exterpal pipe is based on contact between the
mternal pipe and the external pipe and contact between the extornal pipe and the
wellbore if the contact forces between the nternal pipe and the external pipe and
between the external pipe and the wellbore are greater than oy equal to zero.

The method claim 27, wheremn deteromning the bending moment and the shear force
of the imternal pipe and the external pipe s based on a displacement solution or
another displacement solution if the contact forces between the mternal pipe and the
external pipe and between the external pipe and the wellbore ate not greater than or
equal to zero.

The method of claim 30, wherein the displacement solution is determined using a
contact force between the internal pipe and the external pipe equal to zero.

The method of clamim 30, wherein the another displacoment solution is determined
using a contact force between the external pipe and wellhore equal to zero.

The method of claim 30, wherein the displacement solution s used to determine the
bending moment and the shear force of the internal pipe and the external pipe if
there is not another displacement solution.

The method of claim 30, further comprising selecting the displacenient solution to
determine the bending moment and the shear force of the internagl pipe and the
external pipe if the displacement solution produces a total potential energy for a
system represented by the internal pipe and the external pipe that is less than a total

potential energy for the system produced by the another displacement solution,

30



WO 2012/177264 PCT/US2011/041867

35

37

The method of claim 30, further comprising selecting the another displacement
solution fo deiermine the bending moment and the shear force of the internal pipe
and the external pipe il the another displacement solution produces a total potential
energy Tor a system represented by the internal pipe and the external pipe that s less
than a total potential cnergy for the system produced by the displacement solution,
A non-transitory program carrier device tangibly carrving compoter executable
instructions for determining the moments and forees of two concentric pipes within
a wellbore, the structions bemng executable to implement:
determining an external pipe displacement;
determining whether the exiemal pipe contacts the wellbore based on the
external pipe displacement; and
determining a bending moment and a shear force of an internal pipe and the
external pipe based on at least one of contact between the internal pipe and
the external pipe and contact between the external pipe and the wellbore.
The program carier device of claim 36, wherein determining the bending moment
and the shear force of the internal pipe and the external pipe is based on contact
between the infernal pipe and the external pipe and the exiemnal pipe displacement if
the external pipe does not contact the welthore.
The program carrier device of clam 36, wherein determining the bending moment
and the shear force of the internal pipe and the external pipe s based on contact
between the internal pipe and the extornal pipe and conlact between the exiernal
pipe and the welthore if the contact forces between the internal pipe and the external
pipe and between the external pipe and the wellbore are greater than or equal to

ZETO.
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40.

42.

44,

The program carrier device claum 36, wherein determining the bending moment and
the shear force of the infernal pipe and the external pipe s based on a displacement
solution or another displacement solution i the contact forces between the mternal
pipe and the extemnal pipe and between the external pipe and the wellbore are not
greater than or equal {o zero.

The program carrier device of claim 39, wherein the displacement solution s
determined using a contact force between the infernal pipe and the external pipe
equal to zero.

The program carier device of claim 39, wherain the another displacement solution
1s determined using a contact force between the external pipe and wellbore equal to
FET0.

The program camter device of claim 39, wherein the displacement solution is used
to determinge the bending moment and the shear force of the internal pipe and the
external pipe if there 18 not another displacement solation.

The program camvier device of claim 39, further comprising selecting the
displacement solution to determine the bending moment and the shear force of the
infermnal pipe and the external pipe if the displacement solution produces a total
potential energy for a system represented by the interal pipe and the external pipe
that 1s less than a total potential energy for the svstem produced by the another
displacement solution.

The program carrier device of claim 39, further comprising selecting the another
displacement solution to determine the bending moment and the shear force of the
internal pipe and the external pipe if the another displacement solution produces a

total potential energy for a system represented by the internal pipe and the external
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pipc that s less than a total potential energy for the system produced by the

displacement solution,
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