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PREFACE

Casing design has followed an evolutionary trend and most improvements have
been made due to the advancement of technology. Contributions to the technol-
ogy in casing design have come from fundamental research and field tests. which
made casing safe and economical.

[t was the purpose of this book to gather much of the information available in
the literature and show how it may be used in deciding the best procedure for
casing design, i.e., optimizing casing design for deriving maximum profit from a
particular well.

As a brief description of the book. Chapter 1 primarily covers the fundamentals
of casing design and is intended as an introduction to casing design. Chapter 2
describes the casing loads experienced during drilling and running casing and in-
cludes the API performance standards. Chapters 3 and 4 are designed to develop
a systematic procedure for casing design with particular emphasis on deviated.
high-pressure, and thermal wells. In Chapter 5. a systematic approach in de-
signing and optimizing casing using a computer algorithin has been presented.
Finally, Chapter 6 briefly presents an introduction to the casing corrosion and its
prevertiorn.

The problems and their solutions. which are provided in each chapter. and the
computer program (3.5 in. disk) are intended to serve two purposes: (1) as il-
lustrations for the students and practicing engineers to understand the subject
matter, and (2) to enable them to optimize casing design for a wide range of wells
to be drilled in the future.

More experienced design engineers may wish to concentrate only on the first four
chapters. The writers have tried to make this book easier to use by separating the
derivations from the rest of the text, so that the design equations and important
assumptions stand out more clearly.

An attempt was made to use a simplistic approach in the treatment of various
topics covered in this book; however. many of the subjects are of such a complex
nature that they are not amenable to simple mathematical analysis. Despite this.
1t 1s hoped that the mathematical treatment is adequate.
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Chapter 1

FUNDAMENTAL ASPECTS
OF CASING DESIGN

1.1 PURPOSE OF CASING

At a certain stage during the drilling of oil and gas wells. it becomes necessary to
line the walls of a borehole with steel pipe which is called casing. ('asing serves
numerous purposes during the drilling and production history of oil and gas wells,
these include:

1. Keeping the hole open by preventing the weak formations from collapsing,.
1.e., caving of the hole.

2. Serving as a high strength flow conduit to surface for both drilling and
production fluids.

3. Protecting the freshwater-bearing formations from contamination by
drilling and production fluids.

4. Providing a suitable support for wellhead equipment and blowout preventers
for controlling subsurface pressure, and for the installation of tubing and
subsurface equipment.

3

Providing safe passage for running wireline equipment.

6. Allowing isolated communication with selectively perforated formation(s}
of interest.
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1.2 TYPES OF CASING

When drilling wells, hostile environments, such as high-pressured zones. weak and
fractured formations, unconsolidated formations and sloughing shales. are often
encountered. Consequently, wells are drilled and cased in several steps to seal off
these troublesome zones and to allow drilling to the total depth. Different casing
sizes are required for different depths. the five general casings used to complete a
well are: conductor pipe. surface casing. intermediate casing. production casing
and liner. As shown in Fig. 1.1, these pipes are run to different depths and one or
two of them may be omitted depending on the drilling conditions: they may also
be run as liners or in combination with liners. In offshore platform operations, it
1s also necessary to run a cassion pipe.

CONDUCTOR
PIPE

v > =
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WA WA W T W W WA W

CEMENT
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(a) HYDRO-PRESSURED WELLS (b) GEO—PRESSURED WELLS

Fig. 1.1: Typical casing program showing different casing sizes and their setting
depths.
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1.2.1 Cassion Pipe

On an offshore platform, a cassion pipe, usually 26 to 42 in. in outside diameter
(OD), is driven into the sea bed to prevent washouts of near-surface unconsoli-
dated formations and to ensure the stability of the ground surface upon which
the rig is seated. It also serves as a flow conduit for drilling fluid to the surface.
The cassion pipe is tied back to the conductor or surface casing and usually does
not carry any load.

1.2.2 Conductor Pipe

The outermost casing string is the conductor pipe. The main purpose of this
casing is to hold back the unconsolidated surface formations and prevent them
from falling into the hole. The conductor pipe is cemented back to the surface
and it is either used to support subsequent casings and wellhead equipment or
the pipe is cut off at the surface after setting the surface casing. Where shallow
water or gas flow is expected, the conductor pipe is fitted with a diverter system
above the flowline outlet. This device permits the diversion of drilling fluid or
gas flow away from the rig in the event of a surface blowout. The conductor pipe
is not shut-in in the event of fluid or gas flow, because it is not set in deep enough
to provide any holding force.

The conductor pipe, which varies in length from 40 to 500 ft onshore and up to
1,000 ft offshore, is 7 to 20 in. in diameter. Generally. a 16-in. pipe is used in
shallow wells and a 20-in. in deep wells. On offshore platforms. conductor pipe
1s usually 20 in. in diameter and is cemented across its entire length.

1.2.3 Swurface Casing

The principal functions of the surface casing string are to: hold back unconsoli-
dated shallow formations that can slough into the hole and cause problems, isolate
the freshwater-bearing formations and prevent their contamination by fluids from
deeper formations and to serve as a base on which to set the blowout preventers.
It is generally set in competent rocks, such as hard limestone or dolomite. so that
it can hold any pressure that may be encountered between the surface casing seat
and the next casing seat.

Setting depths of the surface casing vary from a few hundred feet to as much
as 5,000 ft. Sizes of the surface casing vary from 7 to 16 in. in diameter. with
10% in. and 13% in. being the most common sizes. On Jand. surface casing
1s usually cemented to the surface. For offshore wells. the cement column is
frequently limited to the kickoff point.
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1.2.4 Intermediate Casing

Intermediate or protective casing is set at a depth between the surface and pro-
duction casings. The main reason for setting intermediate casing is to case off
the formations that prevent the well from being drilled to the total depth. Trou-
blesome zones encountered include those with abnormal formation pressures. lost
circulation, unstable shales and salt sections. When abnormal formation pressures
are present in a deep section of the well. intermediate casing is set to protect for-
mations below the surface casing from the pressures created by the drilling fluid
specific weight required to balance the abnormal pore pressure. Similarly, when
normal pore pressures are found below sections having abnormal pore pressure,
an additional intermediate casing may be set to allow for the use of more eco-
nomical, lower specific weight, drilling fluids in the subsequent sections. After
a troublesome lost circulation, unstable shale or salt section is penetrated. in-
termediate casing is required to prevent well problems while drilling below these
sections.

Intermediate casing varies in length from 7.000 ft to as much as 15.000 ft and
from 7 in. to 11% in. in outside diameter. It is commonly cemented up to 1,000 ft
from the casing shoe and hung onto the surface casing. Longer cement columns
are sometimes necessary to prevent casing buckling.

1.2.5 Production Casing

Production casing is set through the prospective productive zones except in the
case of open-hole completions. It is usually designed to hold the maximal shut-in
pressure of the producing formations and may be designed to withstand stim-
ulating pressures during completion and workover operations. It also provides
protection for the environment in the event of failure of the tubing string during
production operations and allows for the production tubing to be repaired and
replaced.

Production casing varies from 41 in. to 92 in. in diameter. and is cemented
far enough above the producing formations to provide additional support for
subsurface equipment and to prevent casing buckling.

1.2.6 Liners

Liners are the pipes that do not usually reach the surface. but are suspended
from the bottom of the next largest casing string. Usually, they are set to seal
off troublesome sections of the well or through the producing zones for economic
reasons. Basic liner assemblies currently in use are shown in Fig. 1.2, these
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include: drilling liner, production liner, tie-back liner, scab liner, and scab tie-

back liner (Brown — Hughes Co., 1984).

TIE BACK

v

SCAB
TIE BACK
{1 LINER

SCAB LINER 3

L4
o oy
)
e
[
oy

(a) LINER  (b) TIE BACK LINER (c) SCAB LINER {d) SCAB-TIE BACK LINER

Fig. 1.2: Basic liner system. (After Brown — Hughes Co., 1984.)

Drilling liner: Drilling liner is a section of casing that is suspended from the
existing casing (surface or intermediate casing). In most cases. it extends
downward into the openhole and overlaps the existing casing by 200 to
400 ft. Tt is used to isolate abnormal formation pressure. lost circulation
zones, heaving shales and salt sections, and to permit drilling below these
zones without having well problems.

Production liner: Production hner is run instead of full casing to provide
1solation across the production or injection zones. In this case, intermediate
casing or drilling liner becomes part of the completion string.

Tie-back liner: Tie-back liner is a section of casing extending upwards from
the top of the existing liner to the surface. This pipe is connected to the top
of the liner (Fig. 1.2(b)) with a specially designed connector. Production
liner with tie-back liner assembly is most advantageous when exploratory
drilling below the productive interval is planned. It also gives rise to low
hanging-weights in the upper part of the well.

Scab liner: Scab liner is a section of casing used to repair existing damaged
casing. It may be cemented or sealed with packers at the top and bottom

(Fig. 1.2(c)).

Scab tie-back liner: This is a section of casing extending upwards from the ex-
isting liner, but which does not reach the surface and is normalily cemented
i place. Scab tie-back liners are commonly used with cemented heavy-wall
casing to isolate salt sections in deeper portions of the well.
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The major advantages of liners are that the reduced length and smaller diameter
of the casing results in a more economical casing design than would otherwise
be possible and they reduce the necessarv suspending capacity of the drilling
rig. However, possible leaks across the liner hanger and the difficulty in obtain-
ing a good primary cement job due to the narrow annulus must be taken into
consideration in a combination string with an intermediate casing and a liner.

1.3 PIPE BODY MANUFACTURING

All oilwell tubulars including casing have to meet the requirements of the API
(American Petroleum Institute) Specification 5CT (1992). formerly Specifications
5A, SAC, 5AQ and 5AX. Two basic processes are used to manufacture casing:
seamless and continuous electric weld.

1.3.1 Seamless Pipe

Seamless pipe is a wrought steel pipe manufactured by a seamless process. A
large percentage of tubulars and high quality pipes are manufactured in this way.
In the seamless process, a billet is pierced by a mandrel and the pierced tube 1s
subsequently rolled and re-rolled until the finished diameters are obtained (Fig.
1.3). The process may involve a plug mill or mandrel mill rolling. In a plug mill.
a heated billet is introduced into the mill. where it is held by two rollers that
rotate and advance the billet into the piercer. In a mandrel mill. the billet is held
by two obliquely oriented rotating rollers and pierced by a central plug. Next, it
passes to the elongator where the desired length of the pipe is obtained. In the
plug mills the thickness of the tube is reduced by central plugs with two single
grooved rollers.

In mandrel mills, sizing mills similar in design to the plug mills are used to
produce a more uniform thickness of pipe. Finally. reelers similar in design to
the piercing mills are used to burnish the pipe surfaces and to produce the final
pipe dimensions and roundness.

1.3.2 Welded Pipe

In the continuous electric process, pipe with one longitudinal seam is produced
by electric flash or electric resistance welding without adding extraneous metal.
In the electric flash welding process. pipes are formed from a sheet with the
desired dimensions and welded by simultaneously flashing and pressing the two
ends. In the electric resistance process. pipes are manufactured from a coiled
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Fig. 1.3: Plug Mill Rolling Process for Kawasaki's 7—16% in. pipe. {Courtesy of
Kawasaki Steel Corporation.)

sheet which is fed into the machine, formed and welded by electric arc (Fig. 1.4).
Pipe leaving the machine is cut to the desired length. In both the electric flash
and electric arc welding processes. the casing is passed through dies that deform
it sufficiently to exceed the elastic limit. a process which raises the elastic limit
in the direction stressed and reduces it somewhat in the perpendicular direction:
Bauchinger effect. Casing is also cold-worked during manufacturing to increase
its collapse resistance.

1.3.3 Pipe Treatment

Careful control of the treatment process results in tension and burst properties
equivalent to 95,000 psi circumferential vield.

Strength can be imparted to tubular goods in several ways. Insofar as most steels
are relatively mild (0.30 % carbon). small amounts of manganese are added to
them and the material is merely normalized. When higher-strength materials are
required, they are normalized and tempered. Additional physical strength may be
obtained by quenching and tempering (QT) a mild or low-strength steel. This QT
process improves fracture toughness. reduces the metal’s sensitivity to notches.
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Fig. 1.4: Nippon’s Electric Welding Method of manufacturing casing. {Courtesy
of Nippon Steel Corporation.)

lowers the brittle fracture temperature and decreases the cost of manufacturing.
Thus, many of the tubulars manufactured today are made by the low cost QT
process, which has replaced many of the alloy steel (normalized and tempered)
processes.

Similarly, some products. which are known as "warm worked’. may be strength-
ened or changed in size at a temperature below the critical temperature. This
may also change the physical properties just as cold-working does.

1.3.4 Dimensions and Weight of Casing and Steel Grades

All specifications of casing include outside diameter. wall thickness. drift diame-
ter, weight and steel grade. In recent years the API has developed standard spec-

ifications for casing, which have been accepted internationally by the petroleum
industry.

1.3.5 Diameters and Wall Thickness

As discussed previously, casing diameters range from 1§ to 24 in. so they can be
used in different sections (depths) of the well. The following tolerances, from API
Spec. 5CT (1992), apply to the outside diameter (OD) of the casing immediately
behind the upset for a distance of approximately 5 inches:

Casing manufacturers generally try to prevent the pipe from being undersized to
ensure adequate thread run-out when machining a connection. As a result. most
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Table 1.1: API manufacturing tolerances for casing outside diameter.
(After API Spec. 5CT, 1992.)

Outside diameter Tolerances
(in.) (in.)
1.05 - 31 +35 5
4-5 + &  -075% 0D
51 88 +1 - 0.75% 0D
> 9% +5 ~073% 0D

casing pipes are found to be within £0.75% of the tolerance and are slightly
oversized.

Inside diameter (ID) is specified in terms of wall thickness and drift diameter. The
maximal inside diameter is, therefore, controlled by the combined tolerances for
the outside diameter and the wall thickness. The minimal permissible pipe wall
thickness is 87.5% of the nominal wall thickness, which in turn has a tolerance

of -12.5 %.

The minimal inside diameter is controlled by the specified drift diameter. The
drift diameter refers to the diameter of a cylindrical drift mandrel, Table 1.2, that
can pass freely through the casing with a reasonable exerted force equivalent to
the weight of the mandrel being used for the test (API Spec. 5CT, 1992). A bit
of a size smaller than the drift diameter will pass through the pipe.

Table 1.2: API recommended dimensions for drift mandrels. (After
API Spec. 5CT, 1992.)

Casing and liner Length Diameter (1D)

(in.) (in.) {in.)

< 8¢ 6 D-!
92 - 133 12 D -2

> 16 12 ID - 2

16

The difference between the inside diameter and the drift diameter can be ex-
plained by considering a 7-in., 20 Ib/ft casing. with a wall thickness, . of 0.272-in.

Inside diameter = QD - 2¢
7 - 0.544
= 6.456 in.
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Drift diameter = [D - é
= 6.456 - 0.125
6.331 in.

Drift testing is usually carried out before the casing leaves the mill and imme-
diately before running it into the well. Casing is tested throughout its entire
length.

1.3.6 Joint Length

The lengths of pipe sections are specified by API RP 3B1 (1938), in three major
ranges: R1, R2 and R3. as shown in Table 1.3.

Table 1.3: API standard lengths of casing. (After API RP 5B1, 1988.)

Range Length Average length

() (it)
1 16 - 25 22
2 25 - 34 31
3 over 34 12

Generally. casing is run in R3 lengths to reduce the number of connections in the
string, a factor that minimizes both rig time and the likelihood of joint failure in
the string during the life of the well (joint failure is discussed in more detail on
page 18). R3 is also easy to handle on most rigs because it has a single joint.

1.3.7 Makeup Loss

When lengths of casing are joined together to forn a string or section. the overall
length of the string is less than the sum of the individual joints, The reason that
the completed string is less than the sum of the parts is the makeup loss at the
couplings.

It is clear from Fig. 1.5 that the makeup loss per joint for a string made up to
the powertight position is:

L

L = 5-J
where:
[ length of pipe.
[,. = length of the casing with coupling.
L. = length of the coupling.
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- 2

{; = length of pipe.
L. = length of casing with coupling.

J = distance between end of casing in power tight position
and the center of the coupling.
L, = makeup loss.

L. = length of the coupliing.

Fig. 1.5: Makeup loss per joint of casing.

J = distance between the casing end in the power tight
position and the coupling center.
L; = makeup loss.

EXAMPLE 1-1°:

Calculate the makeup loss per joint for a 92-in.. N-80. 47 Ib/ft casing with short
threads and couplings. Also calculate the loss in a 10.000-ft well (ignore tension
effects) and the additional length of madeup string required to reach true vertical
depth {TVD). Express the answer in general terms of [,.. the average length of
the casing in feet of the tallied (measured) casing and then calculate the necessary
makeup lengths for [;. = 21, 30 and 40 - assumed average lengths of R1. R2 and
R3 casing available.

Solution:

For a casing complete with couplings. the length [,. is the distance measured from
the uncoupled end of the pipe to the outer face of the coupling at the opposite
end, with the coupling made-up power-tight (API Spec. 5CT).

From Table 1.4, L, = 7% in. and J = 0.500-in. Thus,
L

Ly = 7‘ -
= 3.875 - 0.500
= 3.375 in.

“Based on Example. 2.1, Craft et al. {1962}
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Table 1.4: Round-thread casing dimensions for long threads and cou-

plings.
D tJt LG
in. m. 1in. in.
4.5 All 05 7
5} All 05 7.75
5.5 All 0.5 8
6.625 All 0.5 8.75
7 All 0.5 9
7.625 All 0.5 925
8.625 All 0.5 10
9625 All 0.5 105
P STD 3B ¢ Spec 5CT

The number of joints in 1.000 ft of tallied casing is 1.000/!;, and. therefore. the
makeup loss in 1.000 ft is:

Makeup loss per 1,000 ft =

I
o A ‘:.OU
-1
UL Lt

As tension effects are ignored this is the makeup loss in any 1.000-ft section.

[f Ly is defined as the total casing required to make 1.000 ft of made-up. power-
tight string, then:

makeup loss = 1—%60 (%{7—5) ft
1 ]C

1000 = Ly Ly (:3‘.;375) i
27,

N 1,000L: Y\ o
T = \I,-028125

Finally, using the general form of the above equation in L. Table 1.5 can he
produced to give the makeup loss in a 10.000-ft string.

1.3.8 Pipe Weight

According to the API Bul. 5C3 (1989). pipe weight is defined as nominal weight.
plain end weight, and threaded and coupled weight. Pipe weight is usually ex-
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Table 1.5: Example 1: makeup loss in 10,000 ft strings for different
API casing lengths.

R L Lt makeup Loss
(ft)  (ft) (ft)

21 10.135.75 135.75

2 30 10.091.63 94.63

3 40 10,070.81 70.81

pressed in Ib/ft. The API tolerances for weight are: +6.3% and -3.5% (API
Spec. 5CT, 1992).

Nominal weight is the weight of the casing based on the theoretical weight per
foot for a 20-ft length of threaded and coupled casing joint. Thus. the nominal
weight, W, in Ib/ft, is expressed as:

W, =10.68(d, —t)t +0.0722 4} (1.1)
where:
W, = nominal weight per unit length, Ib/ft.
d, = outside diameter, in.

= wall thickness, 1n.

The nominal weight is not the exact weight of the pipe. but rather it is used for
the purpose of identification of casing types.

The plain end weight is based on the weight of the casing joint excluding the
threads and couplings. The plain end weight. .. in Ib/ft. 1s expressed as:

W, =10.68(d, —t) lb/ft (1.2)

Threaded and coupled weight, on the other hand, is the average weight of the
pipe joint including the threads at both ends and coupling at one end when in
the power tight position. Threaded and coupled weight. Wi.. is expressed as:

1
20
- Weight removed in threading two pipe ends } (1.3)

Wi { (Wpe [20 = (L.+2J)/21] + Weight of coupling

where:
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Fig. 1.6: Basic axial dimensions of casing couplings: API Round threads (top).
API Buttress threads (bottom).

Wi, = threaded and coupled weight. Ib/ft.
L. coupling length. in.
J = distance between the end of the pipe and center of the
coupling in the power tight position. in.

The axial dimensions for both API Round and API Buttress couplings are shown
m Fig. 1.6.

1.3.9 Steel Grade

The steel grade of the casing relates to the tensile strength of the steel from
which the casing is made. The steel grade is expressed as a code number which
consists of a letter and a number. such as N-830. The letter is arbitrarily selected
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to provide a unique designation for each grade of casing. The number designates
the minimal yield strength of the steel in thousands of psi. Strengths of API steel
grades are given in Table 1.6.

Hardness of the steel pipe is a critical property especially when used in H,S (sour)
environments. The L-grade pipe has the same vield strength as the N—grade. but
the N-grade pipe may exceed 22 Rockwell hardness and is, therefore. not suitable
for H,S service. For sour service, the L-grade pipe with a hardness of 22 or less.
or the C-grade pipe can be used.

Many non-API grades of pipes are available and widely used in the drilling in-
dustry. The strengths of some commonly used non-API grades are presented in
Table 1.7. These steel grades are used for special applications that require very
high tensile strength, special collapse resistance or other properties that make
steel more resistant to H,S.

Table 1.6: Strengths of API steel grades. (API Spec. 5CT, 1992.)

Yield Strength Minimum Ultimate  Mmimum
API (pst) Tensile Strength  Elongation ~
Grade Minimum Maximum (psi) (%)
H-40 40,000 80,000 60,000 29.5
J-55 55,000 30,000 75.000 24.0
K-55 55,000 80,000 95,000 19.5
L-80 80,000 95,000 95,000 19.5
N-80 80,000 110,000 100,000 18.5
C-90 90,000 105,000 100,000 18.5
C-95 95,000 110,000 105.000 18.0
T-95 95,000 110,000 105.000 13.0
P-110 110,000 140,000 125.000 15.0
Q-125 125,000 150,000 135.000 14.0

* Elongation in 2 inches. minimum per cent for a test specimen
with an area > 0.75 in?.

1.4 CASING COUPLINGS AND THREAD
ELEMENTS

A coupling is a short piece of pipe used to connect the two ends. pin and box.
of the casing. Casing couplings are designed to sustain high tensile load while
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Table 1.7: Strengths of non-API steel grades.

Minimal
Ultimate
Yield Strength Tensile  Minimal®
Non-API (psi) Strength  Elongation
Grade Manufacturer  Minimum Maximum (psi) (%)
S-80 Lone Star Steel  75.000 =~ - 75.000 20.0
35.000 T -
Mod. N-80 Mannesmann 30.000 95.000 100.000 24.0
C-90 ¥ Mannesmann 90.000 105.000 120.000 26.0
55-95 Lone Star Steel  95.000 =~ - 95.000 13.0
75.000 1 -
S00-95 Mannesmann 93.000 110.000 110.000 20.0
S-93 Lone Star Steel 95,000 =~ - 110.000 16.0
92.000 ! -
S00-125 Mannesmann 125,000 150,000 135.000 18.0
S00-140 Mannesmann  140.000 165.000 150.000 17.0
V-150 ['.S. Steel 150.000 130.000 160.000 14.0
S00-155 Mannesmann  155.000 130.000 165.000 20.0

* Test specimen with area greater than 0.75 sq in.
** Circumferential.

' Longitudinal

¥ Maximal ultimate tensile strength of 120.000 psi.

at the same time providing pressure containment from both net mternal and
external pressures. Their ability to resist tension and contain pressure depends
primarily on the type of threads cut on the coupling and at the pipe ends. With
the exception of a growing number of proprietary couplings. the configurations
and specifications of the couplings are standardized by API (API RP 5B1. 1988).

1.4.1 Basic Design Features

In general, casing couplings are specified by the types of threads cut on the pipe
ends and coupling. The principal design features of threads are: form. taper.
height, lead and pitch diameter (Fig. 1.7).

Form: Design of thread form is the most obvious way to improve the load
bearing capacity of a casing connection. The two most common thread
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(a)

d2 = dt + taper

(b) AR
M,

\l\}\

Fig. 1.7: Basic elements of a thread. The thread taper is the change in diameter
per unit distance moved along the thread axis. Thus. the change in diameter.
dz — d1, per unit distance moved along the thread axis. is equal to the taper per
unit on diameter. Refer to Figs. 9 and 10 for further clarification.

forms are: squared and V-shape. The APT uses round and buttress threads
which are special forms of squared and V-shape threads.

Taper: Taper is defined as the change in diameter of a thread expressed in
inches per foot of thread length. A steep taper with a short connection
provides for rapid makeup. The steeper the taper. however. the more likely
it is to have a jumpout failure, and the shorter the thread length. the more
likely it is to experience thread shear failure.

Height: Thread height is defined as the distance between the crest and the
root of a thread measured normal to the axis of the thread. As the thread
height of a particular thread shape increases, the likelihood of jumpout
failure decreases: however. the critical material thickness under the last
engaged thread decreases.

Lead: Lead is defined as the distance from one point on the thread to the
corresponding point on the adjacent thread and is measured parallel to the
thread axis.

Pitch Diameter: Pitch diameter is defined as the diameter of an imaginary
cone that bisects each thread midway between its crest and root.
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Threaded casing connections are often rated according to their joint efficiency
and sealing characteristics. Joint efficiency is defined as the tensile strength of
the joint divided by the tensile strength of the pipe. Generally, failure of the joint
1s recognized as jumpout, fracture. or thread shear.

Jumpout: In a jumpout. the pin and box separate with little or no damage
to the thread element. In a compression failure. the pin progresses further
into the box.

Fracture: Fracturing occurs when the pin threaded section separates from the
pipe body or there is an axial splitting of the coupling. Generally this occurs
at the last engaged thread.

Thread Shear: Thread shear refers to the stripping off of threads from the pin
and/or box.

Generally speaking, shear failure of most threads under axial load does not occur.
In most cases. failure of V-shape threads is caused by jumpout or occasionally. by
fracture of the pipe in the last engaged threads. Square threads provide a high
strength connection and failure is usually caused by fracture in the pipe near
the last engaged thread. Many proprietary connections use a modified buttress
thread and some use a negative flank angle to increase the joint strength.

In addition to its function of supporting tension and other loads. a joint must also
prevent the leakage of the fluids or gases which the pipe must contain or exclude.
Consequently, the interface pressure between the mating threads in a joint must
be sufficiently large to obtain proper mating and sealing., This 1s accomplished
by thread interference, metal to metal seal. resilient ring or combination seals.

Thread Interference: Sealing between the threads is achieved by having the
thread members tapered and applving a makeup torque sufficient to wedge
the pin and box together and cause interference between the thread ele-
ments. Gaps between the roots and crests and between the flanks of the
mating surfaces. which are required to allow for machining tolerance. are
plugged by a thread compound. The reliability of these joints is. therefore.
related to the makeup torque and the gravity of the thread compound. Ex-
cessive makeup or insufficient makeup can both be harmful to the sealing
properties of joints. The need for excessive makeup torque to generate high
pressure often causes vielding of the joint.

Metal-to-Metal Seal: There are two tvpes of metal-to-metal seal: radial and
shoulder. Radial is usually used as the primary seal and the shoulder as the
backup seal. A radial seal generally occurs between flanks and between the
crests and roots as a result of: pressure due to thread interference created by
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makeup torque, pressure due to the radial component of the stress created
by internal pressure and pressure due to the torque created by the negative
flank angle (Fig. 1.8). Shoulder sealing occurs as a result of pressure from
thread interference, which is directly related to the torque imparted during
the joint makeup. Low makeup torque may provide insufficient bearing
pressure, whereas high makeup torque can plastically deform the sealing
surface (Fig. 1.8(c)).

HREAD DOPE SEALS

METAL TO METAL SEALS

(o) API-8 RQUND THREAD (b) AP! BUTTRESS THREAD

METAL TO METAL SEALS

TENSION —=

BOX
i

,A
p
COMPRESSION  |—
SHOULDER SEAL

(c) PROPRIETARY COUPLING

Fig. 1.8: Metal-to-metal seal: (a) API 8-Round thread, {b) API Buttress
thread, (c) proprietary coupling. (After Rawlins, 1984.)

PIN

Resilient Rings: Resilient rings are used to provide additional means of plug-
ging the gaps between the roots and crests. Use of these rings can upgrade
the standard connections by providing sealing above the safe rating that
could be applied to connections without the rings. Their use, however,
reduces the strength of the joint and increases the hoop (circumferential)
stress.

Combination Seal: A combination of two or more techniques can be used to
increase the sealing reliability. The interdependence of these seals, however,
can result in a less effective overall seal. For example, the high thread
interference needed to seal high pressure will decrease the bearing pressure
of the metal-to-metal seal. Similarly, the galling effect resulting from the
use of a resilient ring may make the metal-to-metal seal ineffective (Fig.

1.9).
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Fig. 1.9: Combination seals. (After Biegler, 1984.)
1.4.2 API Couplings

The API provides specifications for three types of casing couplings: round thread.
buttress thread and extreme-line coupling.

API Round Thread Coupling

Eight APl Round threads with a taper of 2 in./ft are cut per inch on diameter
for all pipe sizes. The APl Round thread has a V-shape with an included angle of
60° (Fig. 1.10), and thus the thread roots and crests are truncated with a radius.
When the crest of one thread is mated against the root of another, there exists
a clearance of approximately 0.003-in. which provides a leak path. In practice. a
special thread compound is used when making up two joints to prevent leakage.
Pressure created by the flank interface due to the makeup torque provides an
additional seal. This pressure must be greater than the pressure to be contained.

API Round thread couplings are of two types: short thread coupling (STC) and
long thread coupling (LTC). Both STC and LTC threads are weaker than the
pipe body and are internally threaded. The LTC is capable of transmitting a
higher axial load than the STC.
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Fig. 1.10: Round thread casing configuration. (After API RP 5B1, 1983.)
API Buttress Thread Coupling

A cross-section of a API Buttress coupling is presented in Fig. 1.11. Five threads
are cut in one inch on the pipe diameter and the thread taper is 2 in./{t for casing
sizes up to 7% in. and 1 in./ft for sizes 16 in. or larger. Long coupling, square
shape and thread run-out allow the API Buitress coupling to transmit higher
axial load than API Round thread. The API Buttress couplings. however. depend
on similar types of seal to the API Round threads. Special thread compounds
are used to fill the clearance between the flanks and other meeting parts of the
threads. Seals are also provided by pressure at the flanks, roots and crests during
the making of a connection. In this case. tension has little effect on sealing.
whereas compression load could separate the pressure flanks causing a spiral
clearance between the pressure flanks and thereby permitting a leak. Frequent
changes in load from tension to neutral to compression causes leaks in steam
injection wells equipped with AP Buttress couplings.

A modified buttress thread profile is cut on a taper in some proprietary con-
nections to provide additional sealing. For example. in a Vallourec VAM casing
coupling, the thread crest and roots are flat and parallel to the cone. Flanks are
3° and 10° to the vertical of the pipe axis. as shown in Fig. 1.12. and 5 threads
per inch are on the axis of the pipe. Double metal-to-metal seals are provided
at the pin end by incorporating a reverse shoulder at the internal shoulder (Fig.
1.12), which is resistant to high torque and allows non-turbulent flow of fluid.

Metal-to-metal seals, at the internal shoulder of VAM coupling. are affected most
by the change in tension and compression in the pipe. When the makeup torque
is applied, the internal shoulder is locked into the coupling. thereby creating
tension in the box and compression in the pin. If tensile load is applied to the
connection, the box will be elongated further and the compression in the pin will
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Fig. 1.12: Vallourec VAM casing coupling. (After Rabia, 1987; courtesy of

Graham & Trotman)
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Fig. 1.13: API Extreme-line casing thread configuration. (After AP RP 5B1.
1988.)

be reduced due to the added load. Should the tensile load exceed the critical
value, the shoulders may separate.

API Extreme-line Thread Coupling

API Extreme-line coupling differs from APl Round thread and AP Buttress
thread couplings in that it is an integral joint. i.e., the box is machined into the
pipe wall. With integral connectors, casing is made internally and externally
upset to compensate for the loss of wall thickness due to threading. The thread
profile is trapezodial and additional metal-to-metal seal is provided at the pin end
and external shoulder. As a result, API Extreme-line couplings do not require
any sealing compound, although the compound is still necessary for lubrication.
The metal-to-metal seal at the external shoulder of the pin is affected in the same
way as VAM coupling when axial load is applied.

In an API Extreme-line coupling, 6 threads per inch are cut on pipe sizes of 5
in. to 7% in. with 1% in./ft of taper and 5 threads per inch are cut on pipe sizes
of 82 in. to 102 in. with 13 in./ft of taper. Figure 1.13 shows different design
features of API Extreme-line coupling.
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1.4.3 Proprietry Couplings

In recent years, many proprietary couplings with premium design features have
been developed to meet special drilling and production requirements. Some of
these features are listed below.

Flush Joints: Flush joints are used to provide maximal annular clearance in
order to avoid tight spots and to improve the cement bond.

Smooth Bores: Smooth bores through connectors are necessary to avoid tur-
bulent flow of fluid.

Fast Makeup Threads: Fast makeup threads are designed to facilitate fast
makeup and reduce the tendency to cross-thread.

Metal-to-Metal Seals: Multiple metal-to-metal seals are designed to provide
improved joint strength and pressure containment.

Multiple Shoulders: Use of multiple shoulders can provide improved sealing
characteristics with adequate torque and compressive strength.

Special Tooth Form: Special tooth form. e.g.. a squarer shape with negative
flank angle provide improved joint strength and sealing characteristics,

Resilient Rings: If resilient rings are correctly designed. they can serve as
secondary pressure seals in corrosive and high-temperature environments.
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Chapter 2

PERFORMANCE
PROPERTIES OF CASING
UNDER LOAD CONDITIONS

Casing is subjected to different loads during landing, cementing, drilling, and
production operations. The most important loads which it must withstand are:
tensile, burst and collapse loads. Accordingly. tensile, burst and collapse strengths
of casing are defined by the API as minimal performance properties (APl Bul,
5C2, 1987; API Bul. 5C3, 1989). There are other loads, however. that may be
of equal or greater importance and are often limiting factors in the selection of
casing grades. These loads include: wear, corrosion, vibration and pounding by
drillpipe, the effects of gun perforating and erosion. In this chapter, the sources
and characteristics of the loads which are important to the casing design and the
formulas to compute them are discussed.

A .

Oy p—

O'y._..

ELASTIC LIMIT =

STRESS

\

¢
STRAIN

Fig. 2.1: Elastoplastic material behavior with transition range.
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2.1 TENSION

Under axial tension, pipe body may suffer three possible deformations: elastic,
elasto-plastic or plastic, as illustrated in Fig. 2.1. The straight portion of the
curve OP represents elastic deformation. Within the elastic range the metallur-
gical properties of the steel in the pipe body suffer no permanent damage and it
regains its original form if the load is withdrawn. Bevond the elastic limit (point
P), the pipe body suffers a permanent deformation which often results in the loss
of strength. Points ) and R on the curve are defined respectively as the vield
strength (o,) and minimal ultimate strength {o,) of the material. Axial tensile
load on the casing string, therefore, should not exceed the yield strength of the
material during running, drilling. and production operations.

Fig. 2.2: Free body diagramn of tension and reaction forces.

The strength of the casing string is expressed as pipe body vield strength and
joint strength. Pipe body yield strength is the minimal force required to cause
permanent deformation of the pipe. This force can be computed from the free
body diagram shown in Fig. 2.2. Axial force. F,. acts to pull apart the pipe of
cross-sectional area of A,.

Thus,

F, = o, A (2.1)
or

Fo= o, (d—d) (2:2)
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where:
o, = minimal yield strength, psi.
d, = nominal outside diameter of the pipe. in.
d; = inside diameter of the pipe, in.

EXAMPLE 2-1:

Calculate the pipe-body yield strength for 92 in., N-80 casing, with a nominal
weight of 47 Ib/ft and a nominal wall thickness of 0.472-in.

Solution:

The minimum yield strength for N-80 steel:
g, = 80,000 psi

The internal diameter, d;:

d; = 9.625 —2(0.472)
= &.6811in.

Thus, the cross-sectional area, A, is:
A, = 2(9.6252 — 8.681%)
= 13.57in.?
Therefore, from Eq. 2.1:

F, = Aso,
= 13.57 x 80,000
= 1.086 x 10° Ibf

Minimal yield strength is defined as the axial force required to produce a total
elongation of 0.5% of the gauge length of the specimen. For grades P-103 and
P-110 the total elongation of gauge length is 0.6 %.

Joint strength is the minimal tensile force required to cause the joint to fail.
Formulas used to compute the joint strength are based partly on theoretical
considerations and partly on empirical observation.

For API Round thread, joint strength is defined as the smaller of minimal joint
fracture force and minimal joint pullout force. Calculation of these forces proceeds
as follows:

Tensional force for fracture, Fy; (1bf):

Foj =0.95 A0, (2.3)
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Tensional force for joint pullout:

0.74d;°% o o
F =095A,L, o Tuw y 2.4
! 2 Lip et 045Ld+0.14(10+Lez+0.14d0 (2.4)
where:
A;, = area under last perfect thread. in.?
L., = length of engaged thread, in.
0. = minimum ultimate yield strength of the pipe, psi.
Area A, 1s expressed as:
T 9=\2 g2 D=
A, = 1 [(d, — 0.1425)% — d7] (2.5)
Coupling Fracture Strength:
Fo.j =095A;,0, (2.6)

A;. = area under last perfect thread, in.?
T [dzo - dfoot]/4
d., outside diameter of the coupling. in.
droot = diameter at the root of the coupling thread of the pipe in the
powertight position rounded to the nearest 0.001 in. for API
Round thread casing and tubing. in.
0., = minimum ultimate yield strength of the coupling. psi.

EXAMPLE 2-2:

For API Round thread calculate: (i) tensional force for fracture. (ii) tensional
force for joint pullout. Use the same size and grade casing as in Example 2-1.
Additional information from manufacturer’s specifications: L., = 4.041 . (long

thread), o, = 100,000 psi (Table 1.1).
Solution:

From Eq. 2.5, the cross-sectional area under the last perfect thread, A;,, is:

A, = %[(9.625 - 0.1425)? — 8.6817]
= 11.434sq. n.

(1) From Eq. 2.3 one can calculate fracture force as:
F.,;, = 095x11.434 x 10°
= 1,086 x 10°Ibf
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(ii) Similarly Eq. 2.4 yields the force for the joint pullout:

0.74 x (9.625)70%% x 10° 80. 000

F,; = 10.8623 x 4.041
’ 0.5(4.041) + 0.14(9.625) o014 (9.625)

= 905 x 10% Ibf

From the above analysis the limiting factor is the joint pullout, so for API Round
thread (long), N-80, 92 in. casing, the joint strength is: F,; = 905 x 10* Ibf.

Similarly, formulas used to calculate the minimal pipe-thread strength and min-
imal coupling thread strength for API Buttress connections can be expressed by
the following equations:

Tensional force for pipe thread failure:

F.; = 0.95 A,, 0, |1.008 — 0.0396 (1.083 — 2¥)d, (2.

Oy

N
|
~—

Tensional force for coupling thread failure:

F,; =095 A,. 0, (2.8)
where:

A;; = A, = area of steel in pipe body, in.?

A,c = area of steel in coupling, in.?

A, 1s expressed as:

T .
ASC = Z (dﬁo - dioot) (29)
where:
d., = outside diameter of coupling, in.
dyoot = diameter at the root of the coupling thread of the pipe in

the powertight position rounded to the nearest 0.001 in.
for API Buttress thread casing. in.

EXAMPLE 2-3:

For N-80, 9% in. API Buttress thread connections calculate: (i) pipe thread
strength, (ii) coupling (regular) thread strength, (iii) coupling ‘special clearance’
thread strength. Use the data from Example 2-2 plus the additional manufac-
turer’s data: d., = 10.625 in. (regular), d., = 10.125 in. (special clearance). d,,
= 9.4517 in. Assume that o,, = o,
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Solution:

First it is necessary to calculate the cross-sectional area of the pipe body. A,,.

and the couplings, A,.. One obtains:

Ll Y 3 2

Asp = —(9.625° — 8.6817)
= 13.572sq. n.

and from kEq. 2.9,

Ase = —(10.625° — 8.631%)

T
4

= 18.53sq. in. (regular)

i 92 2 ra12

A, = Z(10.125 — 8.6817)
= 10.35sq. in. (special clearance)

By simple substitution of the above into the respective equations:

(i) Eq. 2.7,

80, 000
F, = 0%x13m2x(Lm8—oam6@0w—-lm )x96%)
= 1,161 x 10%1bf

(i) Bq. 2.9,

F. = 095185 x 10°
= 1,757 x 10°Ibf (regular)

(iii) Eq. 2.9,

F; = 0.95x%10.35 x 10°
= 983 x 10° Ibf (special clearance)

Once again it is the minimum performance characteristic of the casing which
appears in the design tables. Thus, for N-80. 9% in.. API Buttress thread. the
joint strengths are:

For regular couplings, F,; = 1161 x 10° Ibf and for special clearance couplings.

F,, = 983 x 10% Ibf,

For API Extreme-line casing, joint strength is defined as the force required to
cause failure of the pipe, box. or pin. The minimal value is determined by the
minimal steel cross-sectional area of the box. pin. or pipe body. Formulas used
to compute the tensile force for each case are:
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Tensional force for pipe failure:

T,

F,, =
/ 4

(& - d2) (2.10)

Tensional force for box failure:

Ty 0 2 .
Fa.j = 4 (djo_dbor) (2.11)
where:
d;, = external diameter of the joint. in.
dy,z = internal diameter of the box under the last perfect thread. in.

Tensional force for pin failure:

ide

Foy = 4 (diin - df‘i) (2.12)
where:
d;; = internal diameter of the joint. in.
dpin = external diameter of the pin under the last perfect thread. in.

Details of the formulas used to compute joint strength are presented in API Bul.

5C2 (1987) and API Bul. 5C3 (1939).

Axial tension results primarily from the weight of the casing string suspended
below the casing hanger or below the joint of interest. Other tensional loads can
arise due to bending, drag, shock load, and pressure testing of casing string. The
sum of these forces is the total tensile force on the string.

2.1.1 Suspended Weight

The weight of pipe in air is computed by multiplving its nominal weight, W,
(Ib/ft), by the total length of the pipe. However, when the pipe is immersed in
drilling fluid, its weight is reduced due to buoyancy force which is equal to the
weight of the drilling fluid displaced by the pipe body {Archimedes’ Principle).
Buoyancy force acts on the entire pipe and reduces the suspended weight of the
pipe. It is, therefore, important to account for the buoyancy force in calculating
the weight of the pipe. Thus, the effective or buovant weight of pipe. F,. can be
expressed as follows:

Fa:Fair_Fbu (215)
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where:
F.i: = weight of the string in air, Ibf.
Fy, = buoyancy force, 1bf.
F, = resultant axial force. Ibf.

The above equation can be rewritten as:

Fa = ]As‘)'s - 1As7m
[AS(')’S - 'Ym)

:lm%@—lﬂ
Vs

- F (1 . 7) (2.14)

Vs

or
F,=F,, BF (2.15)

where:

- 3
Vs

vs = specific weight® of steel. 65.4 1b/gal.
Ym = specific weight of drilling fluid. 1b/gal.
BF = buoyancy factor

The buoyancy of the casing string is the same in any position. However, when
it is vertical the entire force is concentrated at the lower end. whereas in the
horizontal position it is distributed evenly over the length. At positions between
horizontal and vertical, the force is a mix of concentrated and distributed.

It could be argued that buoyancy is a distributed force even in the vertical case
and, therefore, reduces the weight of each increment of the pipe by the weight of
the fluid displaced by that increment. However. this argument is incorrect.

Static fluids can only exert a force in a direction normal to a surface. For a
vertical pipe, the only area that a fluid pressure could push upwards is the cross-
section at the bottom. Thus, the buovancy force must be concentrated at the
bottom face of the pipe.

“The relationship between specific weight v in Ib/gal (ppg) and pressure (weight) gradient,
Gp , in Ibf/in ?ft {psi/ft), is G, = 0.052 x 1.
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Equation 2.15 is valid only when the casing is immersed in drilling fluid. i.e.. the
fluid specific weight inside and outside the string is the same. During cementing
operations the drilling fluid inside the casing is progressively displaced by higher
specific weight cement, thereby reducing the buoyancy factor and increasing the
casing hanging weight. As the cementing operation progresses, the cement flows
up the outside of the casing continuing to displace the lower specific weight drilling
fluid. As the cement moves up the outside of the casing the buoyancy force
increases resulting in a lowering of the hanging weight.

Similarly, casing is exposed to high specific weight drilling fluid from the inside
when drilling deeper sections of the well. As a result of this, the buoyancy force
increases and the effective casing weight decreases. The buoyancy force under
these conditions can be expressed (Lubinski. 1951) as:

Buoyant weight per unit length

= downward forces - upward forces

= (Wn+GP|A1) —GPOAO (2‘16)
where:
G, = pressure gradient of the fluid inside the casing, psi/ft.
G,, = pressure gradient of the fluid in the annulus, psi/ft.
A; = area corresponding to the casing ID, in.?
A, = area corresponding to the casing OD, in.?

EXAMPLE 2-4:

Consider a 6,000-ft section of N-80, 47 Ib/ft. 92 in. casing under the following
conditions across its entire length: (i) suspended in air. (ii) immersed in 9.8 1b/gal
mud, (iii) 12 Ib/gal cement inside and 9.8 Ib/gal mud outside, (iv) 9.8 Ib/gal mud
inside and 12 1b/gal cement outside.

Solution:
(1) The weight in air, F,, is given by:
Fo. = W,1=47 x6,000
= 282,0001bf

(ii) The effective weight is given by Eq. 2.15. Thus, by calculating the buoyancy
factor, BF, from Eq. 2.16:

BF = (1-)
65.4

= 0.85

one obtains:

F, = 282,000 x 0.85 = 239, 807 Ibf

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR202380:1319;'Page: 51



36

(iii) The buoyant weight, F,. is given by Eq. 2.17. First, calculating the cross-
sectional areas of the casing:

2

A, = ”(8—'381)— — 27.272 sq in.
gry2

A, = 1(9—3‘31 — 30.238 sq in.

Then:

F, = {{(47+ [12 x 0.052]27.272) — 30.238 (9.8 x 0.052)} 6.000
= 291,650 1bf

(iv) As in (iii) above:

F, = {(47+[9.8 x 0.052]27.2722) — 30.238(12 x 0.052)}6,000
= 252,180 Ibf

Note in particular that the maximum effective weight of the string i1s not Fy;r,
the weight in air, but rather the condition given in part (ii})) when the casing 1s
filled with cement and surrounded by low specific weight mud, ie., F, > F,;,
when G,, A; > G,, A,

f— g

Oy

SCALE = 2.5

Fig. 2.3: Pure bending of a circular beam. NOTE: y; = y2 = d,/2 of the beam.

2.1.2 Bending Force

Casing is subjected to bending forces when run in deviated wells. As a result
of bending, the upper surface of the pipe stretches and is in tension, whereas
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the lower surface shortens and is in compression. Stress distribution across a
cylindrical pipe body under bending force is illustrated in Fig. 2.3. Between the
stretched and compressed surfaces, there exists a neutral plane OO’ in which the
longitudinal deformation is zero. Thus, the deformation at the outer portion of
the pipe, A¢y, can be expressed as follows:

(I+ Al 1

Ag; = Y (2.17)
_ Al (2.18)
[
where:
Al = (R+y) A8 ~RAO =y, AO (2.19)
axial deformation.
[ = section of the pipe length.
R = radius of curvature.
© = angle subtended by the pipe section.
AO = angular deformation.
y2 = axial deformation above OO’ plane.

If the pipe remains elastic after bending, then the equation for longitudinal strain
can be expressed as:

Al AU‘Z

- =2 2.20

l 5 (2.20)
or

Aoy = E ij (2.21)
where

E = modulus of elasticity, 30 x 10° psi.

Ao, = incremental bending stress.

Combining Egs. 2.19 and 2.21, and converting into field units by expressing © in
radians per 100 ft of pipe, y; in inches and A, in square inches, one obtains the
equation for bending force, Fy:

v O m (2.22)
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Considering y; = y» = d,/2 and the nominal weight of the pipe, W,,. to be equal
to 3.46 A%, then Eq. 2.22 can be simplified to:

F,=210x 10"W, Ed, 0 (2.23)
or
Fy,=63d,W,0 (2.24)
where:
d, = nominal diameter of the pipe, in.
A, = pipe cross-sectional area, in.?
O = degrees (°) per 100 feet (*dogleg severity’).
W, = nominal weight of pipe, Ib/ft.

EXAMPLE 2-5:

Calculate the axial load due to bending in the string in Example 2-4 given that
the maximum ‘dogleg severity’, @, is 3°/100 ft.

Solution:

Applying Eq. 2.24 one obtains:

63 X 9.625 x 47 x 3
= 85,500 Ibf

Ey

Equation 2.24, recommended by Bowers (1955), Greenip (1978). and Rabia
(1987), is widely used to determine axial load due to pipe bending. The equation
should, however, only be used in circumstances where the pipe is in continuous
contact with the borehole.

In practice, the casing cannot be in continuous contact with the borehole because
the borehole is always irregularly shaped and the casing is often run in the hole
with protectors and centralizers. If the pipe is supported at two points. due to
the hole irregularities or the use of centralizers. the radius of curvature of the
pipe is not constant. In this case, the maximal axial stress is significantly greater
than that predicted by Eq. 2.24.

If a pipe section of length {;, supported at points P and Q subtends an angle
§ at the center of curvature (Fig. 2.4). which does not exceed its elastic limit.

YFor most casing sizes, the cross-sectional area is related to nominal weight per foot. with

negligible error (Goins et al., 1965, 1966), through the relation: A = W, /3.46 in.?.
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COUPLING

BENDING
MOMENT

¥

1, /2 I
Fig. 2.4: Bending of casing supported at casing collars.

classical deflection theory can be applied to determine the resultant axial stress
(Lubinski, 1961). In this case the radius of curvature of the pipe is given by:

— = 2.2
R FEI ( )
where:
I = moment of inertia, in.*
M = bending moment, ft-lbf
For a circular pipe, [ is expressed as:
=1 (dt—a%) (2.26)

64

where:
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d, = outside diameter of the pipe. in.
d; = inside diameter of the pipe. in.

If the curvature of the bent section is small then the radius of curvature can be

given by:
1 d*y
— =2 297
R~ dr (2.27)
Combining Eqgs. 2.25 and 2.27 one obtains:
dby M
-7 _ 7 2.28
dr2 FEl ( )

From Fig. 2.4, the bending moment M, at any distance z (where x < [,. the joint
length) is given by:

2
M, = M, + Fay + Fur — W, = sin = W, 1y cosf- (2.29)
where:
F, = axial force, Ibf.
F, = force exerted by the borehole wall at the couplings. 1bf.
M, = bending moment at O, ft-lbf.
yand y' = refer to Fig 2.4.

The last two terms of Eq. 2.29 are small and for simplicity they are neglected.
Similarly, the axial tension, F,, is considered to be constant throughout the pipe.
Thus, substituting Eqs. 2.21 and 2.28 into Eq. 2.29 and simplifying, one obtains
the classical differential equation for a beam column (Timoshenko et al.. 1961):

2 ,
Q 3 Foy _ 2 Aoy . F,x (2.30)
drz EI Ed, El

where Ao, is a maximum, Adma,, at y2 = d,/2.

Maximal bending force is obtained by integrating Eq. 2.30. Defining v* as:

P? = (2.31)

one obtains the integral solution:

1 [‘2 ACar
V=0T Ed,

w

v E

o
NV
[§V]
—

] (coshyz — 1) + [sinhvr — vz]
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The boundary conditions for the system are:

1. As there is no pipe-to-wall contact, the load on the pipe is considered to be
symmetric and, therefore, the shear force at the middle of the joint is zero.

Hence,
5O
(_%) ~ 0 (2.33)
dx z=1,/2
where:
[; = length of a joint of casing.

2. It follows from Eq. 2.33 above, that the midpoint of the joint must be
parallel to the borehole and. therefore, that the slope of the pipe is:

dy {1
—Z - _ . _ 2.34
(d‘l‘)r=1]/2 2 R ( )

Applying the boundary conditions to Eq. 2.32 vields the following expression for
the radius of curvature:

1 2400,,; tanh(yl;/2) o ax
R= B, (o)) (2:35)

Rearranging the equation in terms of Ao ,,,. and expressing R in terms of dogleg
severity, O, one obtains:

Ed,0 yl; 1

ACpar = 2.36
7 21; 2 tanh(wl,/2) (2:36)
Similarly the bending force, F}, is given by:
Fr = A, A0y (2.37)
E /
_ AbdO L 1 (2.38)
Qlj 2 tanh(l/JIJ/.Z)
Solving for maximal stress and expressing the equation in field units:
6(
F,=63W,d,0 ———— 2.39
’ tanh(6 v/;) (239)

Equation 2.39 was suggested by several authors: Mitchel (1990) and Bourgoyne et
al. (1986); and it is being used in rating the tensional joint strength of couplings
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subjected to bending. Using this equation the following formulas were developed
by the API (API Bul. 5C3, 1989) to estimate the joint strength of API Round
thread coupling.

The joint strength of API Round casing with combined bending and internal
pressure is calculated on a total load basis.

Full fracture strength:
Fo =095A,,0,, (2.40)

Jumpout and reduced fracture strength:

0.74d-%g,, (14 0.5z
Fajzo.gsAijet{ Md, " ow (1 ”"U}

0.5L,, +0.14d, L, +0.14d,

Bending load failure strength:

When F3/Aj, > 0,,, the joint strength is given by:

1050d, 1°
Fop=095A,, {Jup _ [;OOG_J } (:

G

o
e
N
~—

When F,,/A;, < 0y, the joint strength is given by:

Fu = 0954, (% ta,- ‘218.15@«10) (2.43)
where:
A;, = cross-sectional area of pipe wall under the last
perfect thread. in.?2
= %[(do —0.1425)2 — (d, — 21)}] (2.44)
Foy = total tensile failure load with bending ©. 1bi.

Total load = External load + sealing head load
External load + p; A,
pi = internal pressure. psi.

A; = internal area. in.?

s
= —(d, = 2t)*
4 )

F,, = total tensile load at fracture. Ibf.
z = ratio of internal pressure stress to vield strength
_ pids
20t
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fy; = minimum joint strength, Ibf.

EXAMPLE 2-6:

For a 40-ft length of 92 in., 47 1b/ft, N-80 casing with API long. round thread
couplings subjected to a 300,000 1bf axial tension force in a section of hole with
a ‘dogleg severity’ of 3°/100 ft calculate the maximal axial stress assuming: (1)
uniform contact with the borehole, (ii) contact only at the couplings. In addition.
compute the joint strength of the casing.

Solution:

From Examples 2-1 and 2-2 the nominal values for pipe body yield strength.
1,086 x 103 Ibf, and nominal joint strength. 905 x 10% Ibf. were calculated.

The cross-sectional area of the pipe is given by:
T :
As = Z(9.6252 — 8.681%) = 13.5725 sq. in.

Without bending, the axial stress is given by:

300,000

a, = m = 22, 104:p51

The additional stress due to bending is:

(i) From Eq. 2.24, which assumes that the pipe is in uniform contact with the
borehole:

F, 63 x9.625 x 47 x 3 ,
Agy = — = = 6,400 ps
%= 4, 13.5725 pst

Thus, the total stress in the pipe is:
o, + Aoy = 22,104 + 6,400 = 28,504 psi

a 29 % increase in stress due to bending.

(ii) From Eq. 2.39, which assumes that contact between the casing and the bore-
hole is limited to the couplings. First from Eq. 2.26:

™
T 64
Similarly, from Eq. 2.31:

o = \/Fa B 300, 000
— VEI  V30x105x 14251

= 8377 x10%in.!

I (9.625* — 8.681%) = 142.51 in.*
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Thus,

F,

A,

/64 % 9.625 x 4T x 3 6 x (8.377 x 107%) x 10

B ( 13.5725 ) (tanh((i X 8.377 x 103 x 40))
= 13,337 psi

AG'mar =

Thus, the total stress in the pipe is:

0, + AGpar = 22,104 + 13,337 = 35. 441 psi

A 60% increase in stress due to bending. Note that in the second case the
additional stress due to bending is more than double that calculated assuming
uniform contact with the borehole.

[n this example both methods produce maximal axial stresses well below the
80,000 psi minimal yield stress of N-80 grade casing.

(ii) The minimal ultimate yield strength of N-80 grade casing is ,, = 100,000
psi, so using Eq. 2.42 one obtains the value for joint strength:

Fab
A

JP

5%x3%x9625 \°
= 0.95 x (100,000—( 00 x 3 x99 )0.8))

(100,000 — 80.000)
= 94,993 psi

[nasmuch as F,;/A;, > 80,000, the above value for joint strength is valid and
there is no need to apply Eq. 2.43.

Similarly, the cross-sectional area of pipe wall under the last perfect thread. 4,,.
is:

A, = %(9.625 — 0.1425)% — (9.625 — 2(0.172))?)
= 11.434 sq. in.

and the calculated joint strength is:
Foo = 94,993 x 11.434 = 1,086,150 Ibf

This value is above the nominal joint strength value of 905 x 10% Ibf given in
the tables and so the nominal table value must instead be based on joint pull-out
strength. Thus, under the given conditions joint strength is determined by the
minimal pull-out force.
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2.1.3 Shock Load

When casing is being run into the hole it is subjected to acceleration loading by
setting of the slips and the application of hoisting brakes. Unlike the suspended
weight of the pipe and the bending force. the accelerating or shock load acts on
a certain part of the pipe for only a short period of time. However. the combined
effects of shock load, suspended weight and bending force can lead to parting of
the pipe. The effect of shock load on drillpipe was first recognized by Vreeland
(1961) and a systematic procedure for determining the shock load during the
running of casing strings in the hole was later presented by Rabia (1987).

@h CASING

] ROTARY PLATE

SLIPS

time =

CONDUCTOR PIPE

1

time

(b)

CASING

Fig. 2.5: Effect of shock load on pipe body. (After Vreeland, 1961.)

When, during the running of casing, the string is stopped suddenly in the slips,
a compressive stress wave is generated in the pipe body near the slips (Fig. 2.5).
which travels downwards from the slip area towards the casing shoe. On reaching
the unrestrained shoe, the compressive stress-wave is reflected upwards towards
the surface as a tensile stress-wave. Arriving back at the surface, the reflected
tensile stress-wave encounters the fixed end held in the slips whereupon 1t 1s
reflected back downwards towards the casing shoe as a tensile stress-wave. At
the free end (shoe), the two opposite stress waves cancel each other, whereas at
the fixed end (slips) the two tensile stress-waves, one moving upwards and the
other moving downwards and of opposite sign. combine to produce a stress equal
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to twice the tensile stress (Coates, 1970).

Consider that the casing string is moving downwards at a speed of V, when its
downward motion is arrested by the setting of the slips. The particles in the
pipe body continue to move at a velocity Vy. thereby inducing a stress wave to
propagate downwards from the slips at a velocity V;. After a time Q has elapsed.
the wave will have travelled a distance V,. During the same time. the particles
in the pipe body travel a distance V2.

Applying the Law of Conservation of Momentum. the change in momentum of
the pipe element, V,Q, can be given by:

mV, = Impulsive force x time
= (0,4,)Q (2.45)
where:
m = mass of the pipe section V,Q.ie, V. A ~,/g. Ib.
V., = velocity of the stress wave. ft/s.
= characteristic wave velocity for steel is 17.028 ft/s.
V, = velocity of particles in pipe. ft/s.
s = compressive stress resulting from the action of the slips, psi.
Rewriting Eq. 2.45:
ViV A, v, ,
(“7) V, = 0, A0 (2.46)
g
which after cancelling yields:
1%
o, = Ve Vs (2.47)
g

Net stress is twice the stress induced by the slip action and, therefore. the total
shock load can be expressed by:

F, = (20,) A, (2.18)
or
*)
po= 22 Ve Ve ds (2.19)
g

Expressing Eq. 2.49 in field units vields:

F,=3,200W, (2.50)
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where:
F, = shock load, Ibf.
V. = 17,028 ft/s.
Ve, = 3.04 ft/s for 40 ft of casing.
¥, = 489.5 lb/ft3.

g = 32174 ft/s./s.
A, = W,/3.46in? (W, in Ib/ft).

The peak running speed is about twice the average running speed because initially
the casing is at rest; so Rabia (1987) suggested using a factor of two in Eq. 2.49.

EXAMPLE 2-7:

Consider sections of N-80, 47 lb/ft casing being run into the borehole at an
average rate of 9 seconds per 40 ft. Calculate the total shock load if the casing is
moving at its peak velocity when the slips are set.

Solution:

Equation 2.50 is based on the premise that V), is 3.04 ft/s, i.e.. 13s per 40 ft. In
this example the rate is 9s per 40 ft, thus:

F,, = 3,200 x 47 x (1-93-) = 217,250 b

Alternatively using Eq. 2.49:

2 % 4895\ /40 47 1
F, = (227272 = 0 s _)
2 ( 32.17 )X(g)X“OZSX(3.46>X(144

= 217,250 Ibf

From Rabia (1987), recall that the peak running speed is twice the average, so
the shock load is:

F

Speak

= 2 x 217,250 = 434,500 Ibf

2.1.4 Drag Force

Casing strings are usually reciprocated or rotated during landing and cementing
operations, which results in an additional axial load due to the mechanical friction
between the pipe and borehole. This force is described as drag force, F, and s
expressed as:

Fy=—fi|Fol (2.51)
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where:
f» = Dborehole friction factor.
|F,| = absolute value of the normal force.

Thus, the magnitude of the drag force depends on the friction factor and the
normal force resulting from the weight of the pipe. Due to the complex geometry
of deviated wells, the drag force is a major contributor to the total axial load. It
is, however, extremely difficult to predict the borehole friction factor because it
depends on a large number of factors. the most important of which include: hole
geometry, surface configuration of casing. drilling fluid and filter cake properties.
and borehole irregularities.

As a result of field experience and laboratory test results. several methods for
calculating friction factor have been proposed. In a recent study, Maidla (1987)
proposed the following analytical model for the friction factor:

o Fh_Fbuv i-Fva!
Jo Wall, fy) dl

Jo

where:

F, = hook load, Ibf.
Fy., = vertically projected component of buoyant weight. Ibf.
F.s = hydrodynamic viscous drag force, Ibf.
Wy(l. fy) = unit drag or rate of change of drag. 1b/ft.
[ = length of casing, ft
¢ = measured depth. ft.

The above equation was used extensively by Maidla (1987) under field conditions
and the values of friction factors reported varied between 0.3 and 0.6. Drag force
in a vertical well Is relatively low, so methods for estimating friction factor and
related drag force are discussed under Casing Design for Special Applications on
page 177.

2.1.5 Pressure Testing

Pressure testing is routinelv carried out after the casing is run and cemented. A
pressure test of 60 % of the burst rating of the weakest grade of casing in the
string is often used (Rabia. 1987). During testing an additional tensile stress is
exerted on the casing due to the internal pressure. The minimum tension safety
factor should again be 1.8 for the top joint of each grade.
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2.2 BURST PRESSURE

Burst pressure originates from the column of drilling fluid and acts on the inside
wall of the pipe. Casing is also subjected to kick-imposed burst pressure if a kick
occurs during drilling operations.

g
Fy

F.

3 F
t r

Fl
(c)
A x

(b)
Fig. 2.6: Free body diagram of the pipe body under internal pressure.

The free-body diagram for burst pressure acting on a cylinder is presented in
Fig. 2.6. If a ring element subtends an angle Af# at any radius » while under a
constant axial load, then the radial and tangential forces on the ring element are

given by:
radial force: F,o = p.Arr; A8
tangential force: 2F, = 20, ArAr,
where:
o, = tangential stress due to internal pressure. psi.
p; = internal pressure, psi.
r; = internal radius of casing, in.

From the equilibrium condition of the small element one obtains:

pi Azr; A6 =20, sin %9 Az Ar (2.53)
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For small A6, sin(A8/2) =~ Af/2, and Eq. 2.53 reduces to:

Ar

r;

For a thin-walled cylinder with a high nominal diameter to thickness ratio and
o; equal to o, the yield strength of the pipe material. Eq. 2.54 can be expressed

as follows:
2 1 (2.53)
=20 55
N
where:
d, = outside diameter of the cylinder, in.
t = cylinder wall thickness, in.
P, = burst pressure rating of the material. psi.

Equation 2.55 is identical to Barlow’s formula for thick-walled pipe which is de-
rived using the membrane theory for symmetrical containers. If the wall thickness
is assumed to be very small compared to the other dimensions of the pipe the
axial stress can be considered to be zero. In this case the tangential and radial
forces are the principal forces along the principal planes.

Ty tAsy

A0,
40 Pasids,

\ Y / ortbs,

Fig. 2.7: Free body diagram of a rectangular shell element under internal pres-
sure.

A small element (As; x As,) of a container. which is subjected to a burst pressure
of p;, is included between the radii r, and r,. A8; and A#, denote the angles be-
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tween the radii r; and ry, respectively. Figure 2.7 presents the free-body diagram
of the element used to derive Barlow’s formula. From the equilibrium conditions
of the element one obtains (assuming sin(A8/2) = Af/2:

<

Ab -
—20.tAsy —+ — 20,1t Asy % +p;Asy Asy =0 (2.56)

If Asy = riAfy, and Asy = r3A0,, then Eq. 2.36 becomes:

L o _ W

T1 o t

If a cylindrical pipe of radius r is subjected to an uniform internal pressure p,
and r; tends to infinity, then the equation of thick-walled pipe is:
N -
gy = p—— (2)8)
t
Expressing the equation in terms of nominal diameter, d,. and vield strength of
the pipe body, ¢,, one obtains Barlow’s formula:

20,

ARNTNT

(2.59)

The API burst pressure rating is based on Barlow’s formula. The factor of 0.875
assumes a minimal wall thickness and arises from the 12.5 % manufacturer’s toler-
ance allowed by the API in the nominal wall thickness. Thus, the burst pressure
rating is given by:

20
per = 0.8375 Y (2.60)
(d,/t)
where:
per = burst pressure rating as defined by the APIL

EXAMPLE 2-8:

Calculate the burst pressure rating of N-80, 47 1b/ft, 92 in. casing.
Solution:

From Eq. 2.60:
0.472 )

= 6,875 psi
9.625) P
This figure represents the minimal internal pressure at which permanent defor-
mation could occur provided that the pipe is not subjected to external pressure
or axial loading.

Do = 0.875 x (2 x 80,000 x (
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2.3 COLLAPSE PRESSURE

Primary collapse loads are generated by the hvdrostatic head of the fluid column
outside the casing string. These fluids are usually drilling fluids and. sometimes.
cement slurry. Casing is also subjected to severe collapse pressure when drilling
through troublesome formations such as: plastic clays and salts .

Strength of the casing under external pressure depends. in general. on a number of
factors. Those considered most important when determining the critical collapse
strength are: length, diameter. wall thickness of the casing and the physical
properties of the casing material {vield point. elastic limit. Poisson’s ratio. etc.).

YIELD RANGE

STRESS

TRANSITION RANGE

ELASTIC RANGE

STRAIN

Fig. 2.8: Elastoplastic material behavior with transition range for steel casing
under collapse pressure.

Casing specimens manufactured out of steel with elastic ideal-plastic material
behavior can fail in three possible ways when subjected to overload due to ex-
ternal pressure: elastic, plastic. and by exceeding the ultimate tensile strength of

material (Fig. 2.8).

Casing having a low d,/t ratio and low strength. reaches the critical collapse
value as soon as the material begins to vield under the action of external pressure.
Specimens exhibit ideally-plastic collapse behavior and the failure due to external
pressure occurs in the so-called “vield range'.

In contrast to low d,/¢ and low strength failure in the vield range. casing with high
d,/t ratio and high strength. collapses below the vield strength of the material.
The ability of these pipes to withstand external pressure is limited by the failure
by collapse rather than buckling. of long. thin struts while in compression. In
this case, failure is caused by purely elastic deformation of the casing and results
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in out-of-roundness of the pipe. The collapse behavior is known as failure in the
elastic range.

A systematic procedure for determining the different collapse strengths is given
in the following sections.

2.3.1 Elastic Collapse

The general form of elastic collapse behavior was first presented by Bresse {1859)
and by Bryan (1888) (Krug, 1932). The equation for elastic collapse in thin-
walled and long casing specimens is a function of d,/t and material constants:
Young’s modulus and Poisson’s ratio.

Fig. 2.9: Buckling tendency of thin-walled casing under external pressure.

Casing may be considered as an ideal. uniformly compressed ring with some slight
deformation from the circular form at equilibrium. Thus. the critical value of the
uniform pressure is the value which is necessary to keep the ring in equilibrium
in the assumed slightly deformied shape. The ring with slightly deformed shape
is presented in Fig. 2.9. The dotted line indicates the initial circular shape of
the ring, whereas the full line represents the slightly deformed ring. It is also
assumed that AD and GH are the axes of symmetry of the buckled ring. The
longitudinal compressive force and the bending moment acting at each end of
cross-section A’ - D' are represented by 1, and M, (respectively). p, is the
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uniform normal pressure per unit length of the center-line of the ring and wu, is
the radial displacement at A’ and D’. The bending moment is constdered to be
negative when it produces a decrease in the initial curvature of the circle at A.

Denoting r™ as the initial radius of the ring and u as the radial deformation at
B’, the equation of the curvature at any point on the arc A’B’ can be expressed

by (Timoshenko et al., 1961):

" K ,/2_7,‘,_//
A'B'(9) = , (_tazz_(:(ir)z)a/z (2.61)

where: 7 =r(¢)=1r"+ u(o) (2.62)

Substituting Eq. 2.62 in Eq. 2.61 and neglecting the small quantities of higher
order like u?, u’u, etc., one obtains:

(2.63)

AB(¢) = — (2.64)

The equation for the bending moment due to the deformation is given by:

~A'B'+ AB = E‘i (2.63)
where:
M = bending moment due to deformation. ft-1bf.
I = moment of inertia of the pipe. in.*

Now, substituting Eqs. 2.63 and 2.64 in Eq. 2.65, one obtains the differential
equation for the deflected arc A'B":

d*u M(rm)?
— tu=
do? £l

(2.66)

The vertical component of force, V. due to pressure p,. can be expressed as:

V, = p, A0 (2.67)
= po{r‘—<"u0)]
= Po(r™ +u,) (2.68)
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and the bending moment at B’ of the deflected ring is:

M=M+V,AC-M,, (2.69)
where:
M, = Dbending moment (per unit length) due to the external
pressure p, at any section of ring.
M, = bending moment about O.
From Fig. 2.9(b), the vertical and horizontal components of force p, are given
by:
V= /po ds cos o (2.70)
H= /po ds sin « (2.71)

Referring to Fig. 2.9 (b), the bending moment due to pressure p,. i.e.. M, , at
any point on the arc A’B’ can be expressed as:

M, = /podscosa(A’_C—r)+ p,dssina (B'C — y)

AT . B'C
= / po (A'C — 1) dr+] po (B'C —y)dy
r ¥

=0 =0
= S (@) (2.72)
Substituting Eqs. 2.67 and 2.72 in Eq. 2.69 and applying the laws of cosines one
obtains:
M=M,— % (OB — A0 (2.73)

However, substituting OB’ = r~ + u. and A’0O = r* — u, into Eq. 2.73 and then
neglecting the squares of small quantities u and u,. the bending moment becomes:

M=M,—p,r" (u, — u) (2.71)

Finally, substituting Eq. 2.74 into Eq. 2.66. the final expression of the differential
equation for the deflected ring becomes:

—
(S
-1
U

~—

p (r)’p, Pl Vup + ()M,
u(¢)+(1+ i )u(o)~ £
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The critical value of the uniform pressure is obtained by integrating Eq. 2.75.
Thus. using the notation:

3
v ;]po (2.76)
one obtains the general solution:
- )? o )? A‘]q
ll(@):Cl COSlDO+C2 SinlI’O—f—})O(’ ) U ‘+‘(7 ) . (277)

El+ (r)p,

If one now considers the boundary conditions at the cross-section A’B’ of the
buckled ring, the two extreme values of o (0 and x/2). are obtained when '(0)
= 0 and u'(7/2) = 0. respectively. From the first condition it follows that (', =0
and from the second, that:

C1¥sinWrn/2=0 (2.73)
Inasmuch as 'y # 0, it follows that sin ¥ x #/2 = 0. Thus. the equation for eigen
values 1s:

Ur/2=n7w

which yields:
¥=2n (n=1.23.) (2.79)

For n = 1. the smallest value of ¥ and. consequently. the smallest value of p, for
which the buckled ring remains at steady state. are obtained. Substituting ¥ = 2
into Eq. 2.76, one obtains the general expression for critical pressure p,:

_ JEI
IRGE

(87
o
<o

Per
Defining the ring as having unit width and thickness #. I can be written as:

3
1= % (2.81)

Substituting Eq. 2.81 into Eq. 2.80 and replacing r* with d,/2. the equation for

critical pressure becomes:
¢ 3
Per = 2F (d_o)
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The expression for critical pressure for a buckled ring can also be used in deter-
mining the buckling strength of a long circular tube, t < pipe length I, exposed
to uniform external pressure. To obtain the collapse pressure (elastic range). p...
1t is important to introduce the restrained Poisson’s number (). The equation
of deformation according to the theory of elasticity is given by:

|
Er = 7 (6. —vay,) (2.83)
l » Al
£y = E(ory—uax) (2.84)

Provided that the resulting radial stress is sufficiently large to compensate for the
radial deformation then:

o, =V0, (2.

13
o
ot
—

and the axial deformation is given by:

a

€, = % 1-vt)=2 (2.86)
where:

, E -

E = T (2.87)

Substituting £ /(1 — v?) for the modulus of elasticity in Eq. 2.82 and expressing
diameter to thickness ratio as d,/t. the Bresse (1839) equation for calculating the
collapse strength of tubular goods in the elastic range is:

2K I (2.88)
Pee = 1202 (4, /1) =
where:
Pee = collapse resistance in elastic range (Bresse).

EXAMPLE 2-9:

Using a value of ¥ = 0.3, find the collapse strength of N-80, 47 1b/ft. 9% . casing
in the elastic range.
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Solution:

From Eq. 2.88:

(2% (30 x 10°) y <0.47'2>3 LT 6 s
Pee =\ 71— (0.3)2 962/ )=

2.3.2 Ideally Plastic Collapse

In the case of pipes exhibiting ideally plastic material behavior. the material at
the inner surface of the pipe body begins to vield to the tangential stress induced
by the external pressure at a critical value of pressure computed using the Lamé
formula (Grassie, 1963).

Previously, it was assumed that the wall thickness of the thin-walled cylinder
was small in comparison to the mean radius and. therefore. the stress could be
assumed to be uniform over the material. However. with the thick-walled cylinder
(low d,/t ratio), the stress distribution is no longer uniform over the thickness of
the pipe material.

If it is assumed that both the cross-section of the cylinder and the load are sym-
metrical with the longitudinal axis. the radial. tangential. and axial stresses are
the principal stresses and, similarly. their corresponding planes are the principal
planes.

An annular ring element of radius r. subtending an angle Af at the center of
a cylinder, is presented in Fig. 2.10. o.. o, and o, represent radial. tangential,
and axial stresses (respectively). acting on the ring element at any radius r. and
(F.4+AF,) is the radial force at a radius (r +Ar). Thus. the radial and tangential
forces can be expressed as follows:

1. Radial force:

AF, = —o,rAfA: {(2.89)
AF.ia, = (o, +Ac,)(r+ Ar)A8A: {2.90)
2. Tangential force:
A
2AF, = 2o, sin—_)E Ar Az (2.91)

For small angles of A6, sin(Af8/2) = A6/2. Thus:

2F =0 A§Ar Az (2.92)
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(c) ()

Fig. 2.10: Stresses in thick-walled casing under external pressure.

From the equilibrium conditions of the small element:
AF iar — AF = 0, A AT Az (2.93)

Substituting Eqs. 2.89 and 2.90 into 2.93 and neglecting the product of small
quantities one obtains:

rido, = (0, —0,) Ar
or

r
X Ao, =0, — 0, (2.94)
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In differential form, the above equation can be expressed as:

rdo,
dr

=0, — 0, (2.95)

If v is the radial displacement. the strain equations due to the principal stresses
a,. o, and a, {all assumed positive if tensile) can be expressed as:

u(r+ Ar) —ur B du i

. = iy — . 2.96
o Ar dr E o, = vloctoa)] (2.96)
e, = 27((]‘+U)—27Tr :E: i[gr—y(g‘a—*—g’r)] (2()7)
27r r E
1 .
£q = E (00 — v (o, + 0})] (2.98)

For a long cylinder, the axial strain due to the symmetrical loading condition can
be considered constant and thus:

de, do, do, do, 5
_ 0 = _ i 2.99
dr 0 dr v ( dr + dr ) ( )
or
dO’a ({O'r dUt )
— b 2.100
ar (dr * dr') ( )

Differentiating Eq. 2.97 with respect to r. equating the result with Iq. 2.96. and
substituting Eq. 2.100 for do,/dr gives:

dO‘g dO’
A L 2.101
O, —0¢ =1 [( v) P v dr] { )
Substituting Eq. 2.95 in Eq. 2.101. the following equation is obtained:
do, do, do,
r(l—u)—;l,?—ru . +r " =0
do, do,
1 — haiidd -
a ) (a’r + dr) 0
d -
F(l=v) S (o +0,)=0 (2102)
dr
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However, as r(1 — v) # 0 it follows that:
0.+ o, = constant, which for convenience is called 2k, (2.103)

Substituting Eq. 2.95 into Eq. 2.103:

rdo.

dr

=2k, - 20, (2.104)

Equating to K, and multiplying both sides by r one obtains:

29 9k, (2.105)
dr
or
j%20)=2Kr (2.106)
d'f‘ T 1

Finally, integrating both sides. the Lamé equations are obtained for radial and
tangential stresses at any radius r:

K -
O'T:IX’]_‘}"—} (210/)
r

and, therefore, from Eq. 2.103:

P
o = K~ 2 (2.108)

2
The values of the constants K| and A; are determined by the terminal conditions.

If p, is an external pressure and r; and r, are the internal and external radii of
the cylinder, respectively, then from inspection of Fig. 2.10 one obtains:

K
_p, = Kr+3§ (2.109)
0 :1@+§; (2.110)

t

Combining Eqgs. 2.109 and 2.110 and solving for Ay and A, vields:

=
(S}
f
!
3
)
TN
L
SIS
~
by
N’
o~
N
—
—_—
(W]
—
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Fig. 2.11: Elastic and plastic material zones in thick-walled casing under exter-
nal pressure.

Substituting Eqs. 2.111 and 2.112 into Eq. 2.108. the tangential and radial
stresses due to the external pressure p, are respectively:

2 27
_ PaTs r; . .
O'tv———_rj—r;z [1+ﬁ4 (2'11'})
2 27
_ Py r; .
Or _rg_ lz { —;;- (2114)

The maximal tangential stress. o, . occurs at the internal surface of the pipe
where r = r;;

2r? .
O.zrnaz = —Po [T2 - ] (211))

— 7?2
c—r

Thus, the critical collapse pressure, p.,,. at which the internal surface of the
casing begins to yield is equal to:

o0y (r2 —r?)

S (2.116)
TO

Doy, =
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where:
0a2° = tensile stress required to produce a total elongation of 0.2 %
in the gauge length of the test specimen.
Peyy = critical collapse pressure for onset of internal vield in ideally

plastic material (Lamé).

The critical collapse pressure can be rewritten in terms of the ratio of nominal
diameter, d,, to wall thickness, ¢. by replacing r; and r, with {(d,/2) — #] and
(do/2), respectively:

5 (doft) — 1

Peyy = ZUO'ZW (2.117)

In Eq. 2117, the point at which the tangential stress. induced at the inner
surface of the pipe body by the external pressure, reaches the vield point is
considered to be a load limit. The onset of plastic deformation of the material
at the inner surface of the specimen. however. does not imply that the casing
has already failed rather that a plastic-elastic boundary forms (MacGregor et al..
1948) which with increasing load, shifts from the inner surface of the cylinder
toward the outer surface (Fig. 2.11). Thus. the pipe body is subdivided into an
interior (plastically deformed zone) and an exterior (elastic zone).

The onset of localized yield is not the only possible indication that the critical
value of external pressure has been reached. The collapse strength can also be
defined as that point at which the average stress over the casing wall reaches the
value of the yield limit as given by Barlow’s formula:

2 J0.2

v = 14, 70)

(2.118)

where:

Pey, = critical collapse pressure for onset of internal yield in casing

(Barlow).

Both the Lamé and Barlow formulas are used to calculate the collapse strength
of the oilfield tubular goods.

°A natural yield limit is usually absent for higher steel grades: the 0.2 % permanent strain
limit is usually employed as yield strength.
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Fig. 2.12: Buckling of long struts and the related modulus of elasticity.
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2.3.3 Collapse Behavior in the Elastoplastic Transition
Range

The collapse behavior of casing specimens, which fail in the elastoplastic transi-
tion range, represents a problem of instability. as does elastic collapse behavior.
The prediction of critical external pressure. however, can no longer be based on
Young’s modulus because the bending stiffness now depends on the local slope of
the stress-versus-strain curve (Heise and Esztergar. 1970). Young's modulus. E.
is, therefore, replaced by the tangent modulus. E; (see Fig. 2.12(a)) in Eq. 2.88.
Thus, the equation for transition collapse, p.,, is:

2F 1
Pet, = —— (2.119)
1 —v {d,/t)®
where:
pe, = critical external pressure for collapse in transition range based on

E,, tangent modulus.

Calculation of collapse pressure using Eq. 2.119 yields values which are lower
than experimentally derived results. Heise and Esztergar (1970) introduced the
concept of a ‘reduced modulus’ which results in higher calculated collapse values.

The reduced modulus, E,, is based on the theory of buckling according to En-
gesser and Von Karman (Szabo, 1977).

The following assumptions are made in the development of the theory (Bleich.

1952}

1. The displacements are very small in comparison to the cross-sectional di-
mensions of the pipe.

o

Plane cross-sections remain plane and normal to the center-line after bend-

ing.

3. The relationship between stress and strain in any longitudinal fiber is given
by the stress-strain diagram, Fig. 2.12(a).

4. The plane of bending is a plane of symmetry of the pipe section.

Consider that the section in Fig. 2.12(b) is compressed by an axial load. F.
such that o = F,/A exceeds the limit of proportionality. Upon further increase
in F,, the pipe reaches a condition of unstable equilibrium at which point it is
deftected slightly. In every cross-section there will be an axis n —n (Fig. 2.12(c))
perpendicular to the plane of bending in which the cross-sectional stress prior to
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bending, o, remains unchanged. On one side of the n — n plane. the longitudi-
nal compressive stresses will be increased by bending at a rate proportional to
do/de = E,, whereas on the other side of n — n. there will be a reduction in the
longitudinal stresses due to the superimposed bending stresses associated with
strain reversal.

In the case of the stress reduction, Hooke's Law. ¢ = E ¢,, is applicable because
the reversal only relieves the elastic portion of the strain. In the stress diagram,
Fig. 2.12(c), the concave (stress relief} side is bounded by NA and the convex
(stress increase) side by N B.

Referring again to Fig. 2.12(c), equilibrium between the internal stresses and the
external load, F,, requires that:

hy ks
/ s1dA — / sydA = 0 (2.120)
Q 0

and,

h h
/Isl(zl—e)dA—/ 232(:2+e)dA = Fy =M
0 0

The deflection y is taken with respect to the centroid axis as illustrated in Fig.
2.12(b). From Fig. 2.12(c) one can infer:

a; P
S, =h—121 and s, = E:;
Similarly:
Adz = hydt = 2%
Thus, 1t follows that:
@ _ o _ o0 (2.121)
dr Fhy Ehy T
For small deformations:
df  d%y
_— =7 2.122
dr  dr? ( )

Thus, combining Eq. 2.122 with Eq. 2.122 vields:

d’y d’y
oy = Fhy—= and oy = Fh{—2
Ydr? ! Ydr?
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Substituting the above expressions for ; and o; into Eq. 2.120 yields:

d2y hy a’zy ha
ELY [M . qa-EZY / 2d A =
*dz? Jo 1d4 Ed12 0 2 A=0
or
where:
S1 and S, = statical moments of the cross-sectional areas to the left

and right of the axis n — n. respectively.

In order to represent the pipe section as a rectangular cross-section, pipe wall
thickness, ¢, is considered as height, £. and the unit length. 1. as base (Refer to
Fig 2-12(c)). Using this notation, Eq. 2.123 reduces to:

Eh*=E, h? (2.124)

As shown in Fig 2-12(c), A = Ay + h;. Thus, the changes in cross-sectional areas
(hi x 1) and (hy x 1) from the neutral axis are given by:

, __hVE
' VE £ VE,

and

RVE

hy = ———M—
*" VE + VE;

The moment of inertia of the deformed sections can be given as:

3 3 3
T R R
3 3 12

I8
Combining Eqs. 2.125 and 2.126 and substituting for the moment of inertia. one
can define an additional parameter, £, (reduced modulus):

_ BB (2.127)

" (VE + VE)*
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Hence, the collapse pressure for elasto-plastic transition range can be determined
by means of the equation:

Pet, = 1 — 12 (do/f)a L. 12
where:
P, = critical external pressure for collapse in transition range based
on E,, reduced modulus.
The average tangential stress is obtained using the following equation:
E, 1
Ty = 2.129
T L= 12 (d, [t (2.129)
where:
0., = average tangential stress for a particular value of E..

In contrast to Young's modulus. E,. is not a constant, but depends on the par-
ticular value of the stress. Exact knowledge of the stress-strain behavior of the
material is, therefore, necessary for the determination of the collapse pressure
and the calculation must be performed by means of an iterative procedure.

Sturm (1941) proposed using the tangential modulus as the effective modulus
in order for the results to be conservative and to simplify the calculations in
determining the collapse pressure. His general equation for collapse strength, for
which the stresses exceed the limit of proportionality, is given by:

p. =K E/(t/d,) (2.130)

where:
p. = collapse pressure for stresses above the elastic limit (Sturm. 1941).

K™ denotes the collapse coefficient. which becomes equal to:

. 2 91
K e (2.131)

for infinitely long casing steel specimens.

The stress-strain relationship is presented in Fig. 2.13. The curve of tangen-
tial modulus has been approximated by a single straight line. resulting in three
distinct cases:
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Fig. 2.13: Relationship between stress. strain and the tangent modulus . (After
Krug, 1982; courtesy of ITE-TU Clausthal.)

1. If the average nominal stress. @,. lies between the limit of elasticity. og.
and the yield limit, o,, the following equation applies:

E, =E {1—(1_§)M} (2.132)

Oy — 0F

The parameter £ denotes the ratio of Young's modulus to the tangent mod-
ulus at the yield point, a,.

2. If the average nominal stress. &,. lies between the yield point. o,, and the
tensile stress, o,, the equation becomes:

T, — 0

Et:/ﬁE{l———n y} (2.133)

T8 — Ty

3. If the average nominal stress lies below the limit of proportionality, o,.
whereas the maximal total stress., o,,,.. lies above the limit of elasticity
because of eccentricity, the experimentally determined formula applies:

_ 2
E.=E {1 —i (u) } (2.134)

To — T

For the calculation of the collapse pressure in the elastoplastic transition range
according to the methods described. accurate knowledge of stress—strain relation-
ships for each material is required. Furthermore. the equations do not take into
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Fig. 2.14: Critical collapse pressure according to APL

account the fact that Poisson’s ratio for steel varies from v = 0.3 in the elastic
range to v = 0.5 in the plastic range. Moreover. imperfections may occur in
the pipe body, which can influence the collapse strength. For these reasons. it
appears both sensible and expedient to describe the collapse behavior by simple
empirical formulas from the start. In practice. these simplifications are made
for oilfield tubular goods because their standardized dimensions lie. for the most
part, in this range (Krug, 1982).

2.3.4 Critical Collapse Strength for Oilfield Tubular
Goods

Critical collapse resistance of casing is calculated in accordance with the API
equations given in the API Bul. 5C3 (1989). The equations are those adopted
at the 1968 Standardization Conference and reported in Circular PS-1360 dated
September 1968. For standard casings. the collapse values can be taken from
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the appropriate tables of API Bul. 5C2 (1987). In a 1977 report, Clinedinst
proposed new collapse formulas, which provide better agreement with the test
results obtained by Krug (1982). In this section, limitations and scope of API
collapse formulas and the formulas developed by other investigators are reviewed.

2.3.5 API Collapse Formula

The collapse strength for the yield range {vield strength collapse) is calculated
using the Lamé equation. In this equation, critical external pressure is defined
with reference to a state at which the tangential stress reaches the value of vield
strength at the internal surface for the casing subjected to the maximal stress.
Although the results reported by Krug (1982) have shown that the real values of
collapse pressure are in fact higher, the onset of yield in the casing material is
considered to be the decisive factor. Nevertheless, no further correction factor has
been introduced into the following formulas to take into account the geometrical
deviations from the nominal data:

p, =2V, (2.135)

(d,/t) -1
(doft)? )
where:

Y, = yield strength as defined by the API, Ibf/in.?

For determining the elastic collapse strength. p/. an equation proposed by

Clinedinst (1939) is utilized:

e

. 2E 1
Pe ST [ /0 {(doft) — 172

(2.136)

Though the formula for p! is very similar to the Bresse equation (Eq. 2.88)
it results in higher calculated collapse values. especially for smaller d,/t ratios.
Test results presented by Krug (1982) show that the equation for p! provides a
good approximation only for the upper scatter range of the results. The ultimate
formula has been specified by introducing a correction factor which decreases
the value of the external pressure to 71.25% of the theoretical value. For values
of Young’s modulus, £ = 30 x 10° 1bf/in.?. and Poisson's ratio, v = 0.3. the
numerical equation is:

46.95 x 10° 5 1am
SRTNDNCNT R 20

The equation for plastic transition zone (plastic range) has been derived empiri-
cally from the results of almost 2,500 collapse tests on casing specimens of grades
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Table 2.1: API minimal collapse resistance formulas. (After API Bul.
5C3, 1989.)

,70.5
. T, - [ Ca
S { iom (2)] o (#)}
Ty Oy
= vield strength of axial stress equivalent grade. psi
= o,foro, =0
Failure model Applicable d,/t range
1. Elastic ]
46,95 x 10° d, _ 2+ BJA
P = Lt (djt— 1) { = 3BJA
2. Transition
d o D
e () PEPLIAS. 2
d,ft C+Y,,(B-G) t 3B/A
3. Plastic
A (A=2)+8(B+C/Y,,))]" P +(A-2
pp:Y:va(d/t—B)—C | )((B—{-C{/}p]) ( )
o = pa
< £< )*'pa'(A—F) ‘
Tt T CH+Y,{(B-G)
4. Yield
(do/t) — 1 dy _[UA=248(B+C/Y, )"+ (A=2)
py =2, 1 < T
(d,/t) t 2B+ C/Y,)
where:

A = 2.8762 +0.10679 x 107° Y, + 0.21301 x 107"°}2
—0.53132 x 10719y}
B = 0.026233 + 0.50609 x 107° ¥,

C = —465.93+0.030867Y,, — 0.10483 x 107" Y2 +0.36989 x 107 ¥,
. 6 3B/A )3
. [46.90 x 10 (——2+ BJ/A

= (¥ ) (- )

G = (FxB)/A

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR2023:0:1319;'Page: 88



73

Table 2.2: Empirical parameters used for collapse pressure calculation
- for zero axial load, i.e., 0, = 0. (After API Bul. 5C3, 1989.)

Empirical Coefficients

Plastic Collapse Transition Collapse

Steel Grade* A B C F G
H-40 2,950  0.0465 754 2.063 0.0325
- 50 2.976  0.0515  1.056  2.003 0.0347
J, K-55 2.991  0.0541 1.206 1.989 0.0360
-60 3.005 0.0566 1.356  1.983 0.0373
-70 3.037  0.0617 1.656  1.984 0.0403
C-75 and E 3.054 0.0642 1.806  1.990 0.0418
L, N-80 3.071  0.0667  1.955  1.99% 0.0434
-90 J3.106 0.0718 2254 2.017 0.0466
C, T-95and X 3.124  0.0743 2404  2.029 0.0482
-100 3.143  0.0768 2,533 2.040 0.0499
P-105and G 3.162  0.0794  2.702  2.053 0.0515
P-110 3.181  0.0819 2,852  2.066 0.0532
-120 3.219  0.0870  3.151  2.092 0.0565
Q-125 3.239 0.0895 3301  2.106 0.0582
-130 3.258  0.0920 3,451  2.119 0.0599
S-135 3.278  0.0946  3.601 2133 0.0615
-140 3297 0.0971 3751 2.146 0.0632
-150 3.336  0.1021  4.053  2.174 0.0666
-155 3.356  0.1047  1.200 2188 0.0683
-160 3.375  0.1072 4.356  2.202 0.0700
-170 0.412  0.1123 4.660  2.231 0.0734
-180 3.449 01173 4.966  2.261 0.0769

* Grades indicated without letter designation are not API grades
but are grades in use or grades being considered for use
and are shown for information purposes.

K-55, N-80 and P-110. The formula for average collapse strength. p,, . has been
determined by means of regression analysis:

A
Pra = Yp [d—/t - B} (2.138)

The parameters A and B are dependent on the respective yvield point. In order
to take into account the effect of tolerance limits. a constant pressure ¢ has
subsequently been calculated for each steel grade. Thus. minimum plastic collapse
is obtained by subtracting the factor C from the average collapse strength. p,, :

A
Prmn = Yo [2—/5 - B} -C (2.139)
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Table 2.3: Ranges of d,/t ratios for various collapse pressure regions
when axial stress is zero, i.e., o, = 0. (After API Bul. 5C3, 1989.)

|— Yield — | — Plastic — | — Transition — | — Elastic —|

Grade* Collapse Collapse Collapse Collapse
H-40 16.40 27.01 42.64
-50 15.24 25.63 3R8.83
J, K-55 14.81 25.01 37.21
-60 14.44 24.42 35.7
-70 13.85 23.38 33.17
C-75 and E 13.60 22.91 32.05
L, N-80 13.38 22.47 31.02
-90 13.01 21.69 29.1R
C, T-95 and X 12.85 21.33 2R.36
-100 12.70 21.00 27.60
P-105 and G 12.57 20.70 26.89
P-110 12.44 20.141 26.22
-120 12.21 19.88 25.01
Q-125 12.11 19.63 21.46
-130 12.02 19.40 23.94
5-135 11.92 9.1% 23.44
-140 11.84 8.97 22.98
-150 11.67 R.57 22.11
-155 11.39 18.37 21.70
-160 11.52 18.19 21.32
-170 11.37 17.82 20.60
-180 11.23 AT 19.93

* Grades indicated without letter designation are not API grades but are grades in
use or grades being considered for use and are shown for information purposes.

The introduction of the parameter (" and the associated generalized decrease of
the critical external pressure gives rise to an anomaly: the line corresponding to
the plastic collapse, which depends on the respective value of the yield strength.
no longer intersects the curve for elastic collapse (Fig. 2.14). Consequently. it 1s
no longer possible to take elastic collapse behavior into consideration.

The discontinuity problem has been mathematically resolved by the creation of
an artificial fourth collapse range: the transition collapse. Determination of the
collapse strength in this range 1s accomplished by means of a functional equation.
The associated curve begins at the intersection of the curve corresponding to
the equation for average plastic collapse strength with the d,/¢ coordinate axis.
(Pp., = 0), 1s tangent to the curve for elastic collapse. and subsequently intersects
the curve for plastic collapse:

pe=1Y, [%ﬂ - G] (2.140)
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where:
p: = tranmsition collapse pressure.

The constants F' and G are dependent on the respective parameters A and B in
Eq. 2.139. In Fig. 2.14, the development and behavior of the collapse strength
for the individual collapse ranges for steel grade N-80 are presented. Table 2.1
provides a survey of the individual equations for collapse. as well as the formulas
for calculating the individual parameters. Tables 2.2 and 2.3 show the values of
empirical parameters used for calculating collapse pressure and the range of d, /1
ratios for various collapse pressure regions, respectively.

EXAMPLE 2-10:

Using data from Table 2.2 and the API formulas from Table 2.1, calculate values
of collapse resistance for N-80. 92 in.. 47 1b/ft casing in the. elastic. transition.
plastic, and yield ranges. By calculating the d,/t range determine what value is
applicable to this sample casing. Assume zero axial stress.

Solution:

Calculate the d,/t ratio.

9.625
d,/t = = 20.392
/ 0.472 039

From Table 2.2:
A =3.071, B =0.0667, C = 1935, £ = 1.998 and G = 0.0434

Substituting these values into the formulas in Table 2.1 gives the results in Table
2.4. Thus, for our sample casing of N-80 with d,/t = 20.392. collapse failure
occurs in the plastic range, i.e., p. = p, = 1.760 psi (API rounds-up figures to
the nearest 10 psi).

Assuming a zero axial stress is of a rather limited practical application because
it applies only to the neutral point. A more general approach to the calculation
of collapse pressure is presented in the section on Biaxial Loading on page 80.

2.3.6 Calculation of Collapse Pressure According to
Clinedinst (1977)

Clinedinst (1977) conducted 2,777 collapse pressure tests on casing lengths be-
tween 14 in. (355 mm) and 33 in. (850 mm) from six manufacturers and found
the following: 49 test results indicated that the use of Barlow’'s formula (Eq.
2.118) to calculate the collapse pressure for vield range provided better agree-
ment with the experimental results than did the use of the Lamé formula (Eq.
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Table 2.4: EXAMPLE 2-10: Failure Model and the d,/t range for which
it is valid.

Failure model Applicable d,/t range
1. Elastic
pe = 16.95 x 10% d,/1 > 31.03
20.392(20.392 — 1)
= 6,123 psi
2. Transition
pe = (%55 - 0.0431) 80.000 22.48 < d,/t < 31.03
= 4,366 psi
3. Plastic
pr = 80.000(0.0839) —1.955 13.39 < d,/t <2248
= 4.754 psi
4. Yield
b, = 2x80, ooow— d,/1 < 13.39
20.392)*
= 7,161 psi

2.117). He, therefore, recommended the use of the Barlow's formula in which the
critical external pressure is limited by the state of stress for which the average
tangential stress in the casing wall corresponds to the vield point of the material:

_ 2y,
Py = do/f

(2.141)

In the elastic range, a formula similar to Eq. 2.136 has been emploved. The
constant in the numerator has been set equal to a higher value on the basis of the
results of 147 tests. The minimum for the collapse resistance includes 99.5 ‘% of
the measured data and amounts to 73.6 % of the average test results. or 72.7%
of the theoretical values:

4794 % 10°
e T (IO (o]0 = 117

(2.112)

For the investigation of plastic transition range. 1.391 test specimens from four
casing manufacturers have been emploved. The error in the experimental results
due to the short length of the test specimen was corrected using a multiplier. The
corrected value, p(z;4,), 1s obtained using the following relationship:

P(Lide) = P(Ljdo=s) (8do/L)*"™ (2.143)
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As is the case with the corresponding API equations. the effect of the out-of-
roundness is implicitly contained in the empirical formula. Introducing the effect
of length on the test results, Clinedinst found the following solution for deter-
mining the average collapse strength in the plastic range:

Ppa, = 1.672 % 1Oh (t/do)(Z.O%—BA.'ﬂXIO_S Yp} ((I(I/L)D.DTDS (2]44)

where:
L = length of the test specimen. in.

The minimum for the collapse strength has been specified at 77.8 % of the average
collapse strength provided that no more than 0.5 % of the test results are less than
this limit. Hence,

ppm,n — 1301 % 106 (t/do)(2.096—3.432)(]0_6 Yp) (dg/L)O.UTOS (2143)

For test specimens having L/d, = 3. the collapse resistance in the plastic range
1s given by:

| 1123 x 10°
Pr = (d, /t)(2096-3.432x 1075 1)

(2.116)

The results obtained using the equations for calculating the critical collapse pres-
sure for the four collapse ranges are presented in Fig. 2.15. The solid line indicates
the methods used by the API. whereas the dashed line indicates the method used
by Clinedinst.

2.3.7 Collapse Pressure Calculations According to Krug
and Marx (1980)

Krug and Marx (1980), and Krug (1982) conducted 160 collapse pressure tests
on casings with d,/t ratios between 10 and 10 and L/d, ratios between 2 and
12. In the evaluation they took only the collapse strength in the elasto-plastic
transition range into account and made the following observations:

1. Calculated values of average collapse strength in accordance with API pro-
cedures are too high. In part this can be attributed to the use of short
specimens. Overall, the results exhibit favorable and uniform scattering in
which dependence on steel grade is always reflected.
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Fig. 2.15: Collapse strength of grade C-95 steel. Comparison between API and
Clinedinst formulas. (After Krug. 1982: courtesy of ITE-TU Clausthal.)

2. At low values of collapse pressure (up to about 15.000 psi). the average
collapse strength according to Clinedinst (1977) exhibits good agreement
with the test results. At high values of collapse pressure. the calculation for
high-strength steel once again vields values which are too high — irrespective
of d,/t ratio.

3. For calculation of average collapse values. the API method clearly provides
better results. In comparison to the API method. however, the analytical
method of Clinedinst {1977) offers the advantage that the calculated value
of collapse strength is dependent only on vield strength besides d,/t ratio:
this requires less elaborate calculation.

To simplify calculations Krug and Marx (1980) generalized Clinedinst’s formula
by introducing the parameters a. b and ¢, the values of which are obtained ex-
perimentally from collapse tests:

pp = a(d,/t)’=co0z (2.147)

They then applied a statistical approach to obtain the equation for average col-
lapse pressure for the elastoplastic range which provides the optimum agreement
with the test results.

10.697 x 10°

Ppay, = (do/t)1.929—3.823x10“‘ 70 2

(2.148)
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Fig. 2.16: Comparison between measured collapse pressure and average collapse

strength according to p,.,. (After Krug and Marx, 1980; courtesy of ITE-TU
Clausthal.)

A comparison between the measured values of the collapse pressure and those
calculated for the collapse strength using Eq. 2.148 is presented in Fig. 2.16. For
the purpose of specifying a minimum pressure for collapse strength. p, . . defined
as 85 % of the average collapse strength, p,_ . in psi, is introduced:

9.0924 x 10° ‘
= (d,/t)}929-3823x10-7 ag 5 (2.149)

ppmm

where the units of o, are N/mm?.

In Figs. 2.17 and 2.18, a comparison is made between the collapse strength p,_

OT Py, and the values calculated using the API and Clinedinst {1977) methods
for steel grade C-95.

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR2028:01319;'Page: 95



80

LSO [ D"-D
<

o
A
P
1.1+
GRADE (C-85
10— e e A
’ P
év
P
P
0.9 o
7 R
0.8 4
f T T T T T >
10 12 14 16 18 20 22 D/t

Fig. 2.17: Comparison of the average collapse strength determined in the test
Ppa. - With that calculated by the methods of API {P,) and Clinedinst (Ps). (After
Krug and Marx. 1980; courtesy of ITE-TU Clausthal.)

The formulas are as follows (note that it is the smaller value of P, that is decisive):

P

Py

2.4

= 0oz [dA/t — B] cft Eq. 2.138
14.434 x 10° :
= (do/f)2.096—4.976x10—400 2 of Eq. 2.144
A .
= J9.2 [di;f - G} cf Eq 2.110
.): 5
- 11230 X 10 of Eq. 2.145

(d, /t)2096-4.976x10-% 00 ;

BIAXIAL LOADING

In a borehole. the loads on casing due to internal or external pressure induce

tangential stresses. which are alwavs accompanied by greater or lesser superim-
posed axial stresses, predominantly tensile stresses. The effect of axial stresses on

d

‘compare with’

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.

This book belongs to Robert Durharn (rdurham@thewaylabs.com) IPRZOQB\LMBﬁ\&VPVa?QQQB



g1

T T T T T T h
10 12 14 16 18 20 22 D/t

Fig. 2.18: Comparison of experimentally determined minimal collapse strength.
Ppmins With that calculated by the methods of API (P) and Clinedinst (P;).
(After Krug and Marx, 1980; courtesy of ITE-PU Clausthal.)

internal or external pressure was first recognized by Holmquist and Nadai (1939).
According to classical distortion energy theory. the relationship for the effect of
axial stress is given by the following equation:

(C’t—ffz)2+(0r—Gz)2+(a:—ar)2:'2c7§ (2.150)

where o, = yield stress and o,. o, and o, (5,) are the radial. tangential and
axial stresses, respectively, in the principal planes. Expanding and regrouping

Eq. 2.150 yields:

(00— 0,)! = (0a —0,) (0e — 0,) + (0, = 0,) = 0 (2.151)
or

3( 2 O-t_or 2 2__0 (.)lr'.))

th_a'r) +(Ga_ 2 )—Uy_ S ds

Denoting o, — 0, = r, and o, — %(ot — 0,) = y. one can express the relationship
between the principal stresses in the form of an equation of an ellipse, in this case
the ellipse of plasticity:

3 2 2 ;
2T LY =0 (2.153)
4 05 03
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Consider Eqs. 2.113 and 2.114 in conjunction with the free body diagram (Fig.
2.10). If the pipe is now subjected to an external pressure p, and an internal
pressure p; then for a given set of boundary conditions constants Ay and K, can
be determined. The tangential and radial stresses on the pipe body at any radius
r are given by:

2.2 22y 2.2 2
g = BTG ) = pors (r 4 1) (2.154)
r (v —rf)
2 (a2 2y 2.2 2
g = TP (S =) —porg (£ r7) (2.155)
r?(ri = rf)

Under the action of external and internal pressures. the pipe will experience the
maximal stress at its inner surface. Letting r = r; in Eq. 2.155 yields the
condition for equilibrium: &, = —p;. Substituting for o, in Eq. 2.151 one obtams
the quadratic equation:

0t+pi 2_ Oa+pi Ut+Pi + (Ua +Pi)2 —~1=0 (21—)6)
Oy Ty Ty o,

Solving the quadratic Eq. 2.156:

(Ut+pi)=idl—§(aa+pi)2+ (03+P:’)
ay 4 a, o,

Equation 2.157 is regarded as the ellipse of plasticity. Denoting (o + p;)/o, as
positive if the pipe is subjected to an internal pressure (burst). and negative if
it is subjected to an external pressure (collapse). the equation of the ellipse of
plasticity can be presented as in Fig. 2.19. From the plot it can be seen that the
tensile force has a negative effect on the collapse pressure and a positive effect

b | —

on the burst pressure. In contrast. axial compression has a negative effect on the
burst pressure and positive effect on collapse pressure.

In practice, however, maximal burst pressure occurs at the surface. where casing is
subjected to tensile load due to its own weight. The ellipse of plasticity. therefore.
is usually applied when computing the additional effect of tensile force on collapse
pressure rating.

EXAMPLE 2-11:

For the N-80, 9% in., 47 Ib/ft piece of casing. compute its collapse pressure rating
for: (i) o, = 0, (ii) o, = 25.000 psi and p; = 5.100 psi. Assume a yield strength
mode of failure. Compare the answer with the one obtained in Example 2-10.
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Fig. 2.19: Ellipse of plasticity showing the effect of axial load on both the

collapse and burst pressures.
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Solution:

The term a ‘yield strength mode of failure’ implies that the casing fails at its
inner surface first, i.e., 7 = r; in Eq. 2.154. Hence. substituting » with r; one can
obtain:

piri(ry + rl) = pori(r! + 1))
ri(ry = ri)
pi(ry + i) = 2pory
G

o] H

gy =

Rearranging the above equation for direct substitution into the quadratic Eq.
2.156 yields:

ay + pi\ 27‘3 pi — Do
ay Co\rt -2 a,

(i) For the first case where 0, = 0 and p;, = 0. Eq. 2.157 reduces to:

(“—tiﬂ) — VT, NOTE: K” t p") - o]

oy Oy

Substituting:

2 x (9.625)? -p \__,
9.6252 — 8.6812 ) \ 80,000/

Which yields p, = 7,462 psi (from Example

o

-10, p, = 7,461 psi)
(i1) In the case where o, = 25,000 and p, = 5.400 psi. one can obtain:

o +p\ _ 95,400 — p,
o B 7.462

y

=0.245

ag.

o, +p\ 25,000 — 5,400
N 80,000

K

Substituting these terms into Eq. 2.157 yields:

5,400 — p, e 1 L o
= +1/1 - 0.75 (0.245) + 5(0-24)
= +0.977 + 0.123
= —0.855
Thus:
—p, = —0.855x (7,462) — 5.400

po = 11,778 psi

Note that in case (i) the pressure differential for collapse was Ap = 7.162 psi.
The effect of the combined stresses in case (ii) reduced the previously obtained

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR2023:0131 9?@‘8@?&92400



85

pressure differential to Ap = 11,778 — 5,400 = 6.378 psi. a 45.85 % reduction in
collapse pressure rating.

The sample N-80 casing actually failed in the ‘plastic range’ in Example 2-10
and the collapse pressure value of p, = 7.462 psi is well above the actual collapse
pressure of p. = 4,760 psi for o, = 0. The lesson then is that the ellipse of
plasticity cannot be haphazardly applied in casing design. The mode of failure
must be known to be yield strength failure for a valid answer using the above
approach, so first check is whether the d,/t ratio falls in the yield range? Here it
does not. By using the API approach to biaxial loading as illustrated in Example
2-12, one automatically obtains the correct collapse pressure.

2.4.1 Collapse Strength Under Biaxial Load

The use of the Eq. 2.156 has one disadvantage in that one cannot completely
separate the pressure term from the axial load term unless p; = 0. To overcome
this problem Pattilo and Huang (1982). presented the following expression:

and showed that for a given set of material properties. casing may exhibit plastic
collapse for zero axial load (see Fig. 2.20. Path I). The failure mode can. however,
switch to ultimate strength collapse as the axial load is increased beyond a certain
value. [t is also observed that the collapse resistance decreases continuously with
increasing axial load: Curve 0 - no axial load and Curve 4 - maximum axial load.

Path II depicts a more interesting collapse behavior. The initial collapse mode,
Curve 0 - no axial load, is in the elastic region: collapse load remains constant and
equal to the initial elastic collapse value until an axial load represented by Curve
I 1s reached. From this point, collapse load decreases with increasing axial load
as the mode of failure passes successively through the region of plastic collapse
and ultimate strength collapse.

The API collapse formula for computing the additional effect of tensile stress is
very similar to the Eq. 2.158 and is derived from the Lamé equation tor plastic
range and the theory of minimum distortional energy. Previously. it was shown
the critical collapse pressure for plastic region is equal to:

(2.159)
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Fig. 2.20: Manifold of collapse curves in the presence of axial load. (After
Pattilo and Huang, 1982; courtesy of JPT.)

If the initiation of yield in the pipe subjected to external pressure, p,, occurs only
when o5, = o, then Eq. 2.159 becomes;

oy = po f(do/t) (2.160)
where:
__ (do/t)? ,
fldo/t) = 20,/ —1) (2.161)

Neglecting the effect of internal pressure (assumes p, € o,) and substituting
tangential stress, o,, due to the external pressure, p,. by o,, Eq. 2.157 becomes:

5705
fdo/t,po) = ay [1 - 0.75 (ﬁ) } + 0.5 (&) (2.162)
Ty Oy
where:
g, = the axial stress due to tension.
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Fig. 2.21: Collapse strength under combined loads. (After Krug. 1982; courtesy
of IPE-TU Clausthal.)

The API Bul. 5C3 (1989) defines the term on the left of Eq. 2.162 as Y,

pas
yield strength of axial stress equivalent grade [casing] under a combined load.

Thus:

2
Y, = o, {1 —0.75 (Z—) ~ 05 (Z—) (2.163)
y Y

Provided Y,, is greater than 24,000 psi it is then used in Eqs. 2.133, 2.139 and
2.140, as illustrated in Table 2.1, to determine the effective collapse pressure in
yield, plastic, and transition ranges. Within the elastic range. Eq. 2.163 is not
applicable because for an elastic mode of failure the collapse pressure is indepen-
dent of effective yield strength and, therefore, the API minimum performance
values suffice,

the

Equation 2.163 also ignores the effect of internal pressure on the correction of
collapse pressure rating. The rating is the minimum pressure difference across
the pipe-wall required for failure and, therefore, is assumed to be independent of

“API collapse resistance formulas are not valid for the yield strength of axial stress equivalent
grade (Yy,) less than 24,000 psi — API Bul. 5C3, 1989.
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Fig. 2.22: Collapse behavior of casing subjected to external pressure and super-
imposed tension. Stress-strain plots and assumed distribution of stress over the
pipe wall.
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internal pressure. However, API Bul. 3C3 (1989) defines an external pressure
equivalent, p,,, , as:

Posg = Po — [1 - 2/(d0/t)]pz (2164)

Nara et al. (1981) and Krug and Marx (1980) have observed that the axial
load does not affect the collapse strength to the extent predicted by the theory
of minimum distortional energy. The test results presented by Krug and Marx
(1980), see Fig. 2.217, clearly demonstrate that for larger values of d,/t ratio or
of the yield strength there is a shift away from the theoretical minimum distortion
curve towards the y-axis.

An explanation for the difference hetween the test results and those predicted
from the theory of distortional energy is provided by the theory of buckling pro-
posed by Engesser and V. Karman (Krug, 1982). Extending the theory of reduced
modulus, £, the combined effect of external pressure and axial load for infinitely
long casing steel specimens is summarized in Fig. 2.22 (Krug, 1982).

In Fig. 2.22 (a), the steel specimen is subjected to an uniform external pressure,
Po1 » which induces a tangential stress o,,,, assumed to be constant over the wall
thickness. Summation of tangential stress, o,. and the added bending stress,
7, over the cross-sectional area must remain equal to zero until the onset of
collapse. Insofar as the maximum of the prevailing stresses lies below the limit
of the proportionality of the material, the casing fails elastically.

The specimen in Fig. 2.22(b) is subjected to an external pressure as well as
an axial tension, A;. In this case, the sum of the overall tangential stresses.
which is equal to the algebraic sum of the tangential stress components due to
the external pressure, o, ., 0, and the bending stress, &, lies within the limit of
proportionality. Hence, the casing string fails elastically and the collapse strength
1s not unfavorably affected by the superimposed tensile force.

In Case 3 (Fig. 2.22(c)), the specimen is subjected to an external pressure and
to a higher tensile load, A,, whereby the maximal overall stress exceeds the
limit of proportionality. As a result of the altered stress-strain relationship. the
tangent modulus replaces Young’s modulus. the stability behavior changes with
increasing tensile load and the collapse strength decreases. The collapse behavior
corresponds to that of the elastoplastic transition range.

Upon further increase in tensile force (Fig. 2.22(d)), the problem of instability
no longer occurs. The combined stress due to external pressure and axial tension
induces yielding of the material, and the collapse strength can be calculated using
the distortional energy theory.

/The axial stress, ¢,, and tangential stress, o;. induced by tensile load and collapse pressure
(resp.) have been referred to the respective values of yield strength. oy, under load conditions.
The boundary curve is the elliptical stress curve given by the distortion energy theorem.
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EXAMPLE 2-12:

Consider again the casing in Example 2-11. this time applying Pattilo and
Huang’s correction using Eq. 2.163. Compute the nominal collapse pressure
ratings: (i) without axial force, (ii) axial tension of F, = 340.000 Ibf and an
internal pressure of p; = 5,400 psi. In both cases compute the values using the

pre-API Bul. 5C3, 1989, method and the API Bul. 5C3. 1989. Compute the

minimum external force required for failure.
Solution:

From Example 2-10:

(1) d,/t = 20.392 and, therefore, p, = 4.754 psi

(i1} An axial tension of 340,000 Ibf is equivalent to an axial stress of:
340,000
O, =
13.57

Thus, the total axial stress is:

o, = 25,051 + 5,400 = 30.451 psi

= 25,051 pst

The effective yield strength is, therefore:

30.3411° 30, 451
s. = 80,000 \JI—O.Z’)F' ] —0.5[ O]

30,000 80.000
= 60,303 pst
Using the effective value of yield stress, the values for the constants are:

A =3.006, B =005675, C = 13654, F = 1.983 and G = 0.0374

And the failure models and d,/¢ ranges are:

pe = 6,123 psi d,Jt > 35649
p. = 607 psi 24390 < d,/t < 35.649
pp = 4,103 psi 14423 < d/t < 2439
p, = 5624 psi djt < 14423

(a) For a d,/t = 20.393, failure 1s in the plastic range where p, = 4,103 psi.
However, this value is the corrected pressure differential (p. — p;) for the in-
service condition. The actual collapse pressure rating is p. = 4,103 + 5,400 =

9,500 psi.

(b) To find the collapse pressure rating using Eq. 2.164 proceed as follows:
4,103 = po — (1 —2/(do/t))p.
—p, = 4,103+ (1 —2/20.393)5.400
= 8,973 psi
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In this example, the presence of a large ‘arbitrary’ in-service internal pressure
was considered. Generally, o, + p; = o, and the effect of ignoring p; is negligible.
Had one ignored p; in this case, the final collapse pressure obtained would be:

pp = 4,260 psi

a difference of 4 % for a 22 % change in axial stress.

2.4.2 Determination of Collapse Strength Under Biaxial
Load Using the Modified Approach

From the previous section it can be concluded that additional axial loads do
not exert any immediate influence on the collapse strength. The sum of the
tangential stresses induced by external pressure and axial tension is alone decisive
in determining collapse behavior and collapse strength. If the collapse strength
is to be calculated for a casing specimen subjected to combined stresses then
the load limit, decreased by the axial tension {reduced yield strength), must be
calculated first.

L
Paer &
2.5 | 13 3/8" x 0.480° N-80
i do/t = 27.87
2.0 9 5/8 x 0.472° P=110
_ do/t = 20.39
1.5+
7 x 0.408" N—80
4o/t = 17.16
4 1/27 x 0.3377 N-80
do/t = 13.35
T T T T T T T T T
0 0.2 0.3 0.4 0.5 0.6
Ga_
0.2

Fig. 2.23: Combined stress due to external pressure and tension: comparison
between results obtained using the AP] Bul. 5C3 (1989) formulas and those of
Krug and Marx (1980) and Krug (1982). (Courtesy ITE -PU Clausthal.)
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From a series of test results, Krug and Marx {1980) proposed that the reduced
yield strength, 0,04, due to the axial tension must be first determined to calculate
the collapse strength under biaxial load. The reduced yield strength can be
obtained using Eq. 2.163 as follows:

. 5105
Orea = [(002)? = 0.73 (0,)*]  — 030, (2.165)
where:
g0y = reference value of the stress (0.2 % strain limit).

The minimal collapse strength for different ranges can then be found using the
following equations:

1. For elastic range (Clinedinst. 1977):

b= DT (2:166)
2. For plastic transition range:

Promin = (do/t)?gzlgi.:ul)?:o—* Tred (2.167)
3. For yield range (Barlow. referenced in Goodman. 1914):

py = % (2.168)

where the units of 7,.; are N/mm?. and d, and t are in inches.

In each case, the lowest value of the external pressure corresponds to the collapse
resistance under combined stress.

A comparison between the minimal collapse strength under combined stress. as
calculated in accordance with the APl method and the values obtained using
the method, of Krug and Marx (19380). is presented in Fig. 2.23. The sudden
changes in slope in each curve are caused by the use of reduced vield strength and
correspond to the transition to a different collapse range (refer to the following
test data). The advantage offered by the method of calculation utilizing the
reduced yield strength is especially evident with increasing d,/t ratio.
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Table 2.5: Comparison between calculated minimal collapse values un-
der combined stress using the API method and the Krug and Marx
(1980) method.

Size Wall thickness Grade According to  According to

(in.) (in.) APl (pspr)  test (p,,.)
4% 0.337 N-80  vield range plastic

transition range
7 0.408 N-80  plastic range plastic

transition range

92 0.472 P-110 plastic range elastic range
13% 0.480 N-80  transition elastic range
range

2.5 CASING BUCKLING

Buckling in a tubular string results in a helical configuration in which spiralling
increases with distance below the neutral point. When a casing string 1s only
partially cemented, it can become unstable and consequently. buckle and de-
flect laterally. This is especially true if the casing is exposed to increased mud
weight and high circulating bottom hole temperatures as is the case when drilling
proceeds for several thousand feet below the original shoe into a geo-pressured
interval.

Buckling and deflection in the string produces doglegs in the pipe and subsequent
drilling and tripping operations rapidly wear the inside of the casing across the
buckled interval and can ultimately lead to casing failure which is very costly
and difficult to rectify once it occurs. Other disadvantages of buckled casing are:
difficulty in running drilling and completion operations. failure of casing couplings
due to deformation, and breakage of threads.

The purpose of the next section is to provide a basic understanding of the stresses
which lead to casing buckling and methods for its prevention.

2.5.1 Causes of Casing Buckling

Buckling of long sections of columns or cylindrical bars is generally caused by the
change from a stable equilibrium to an unstable one. The concept of stability can
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STABLE EQUILIBRIUM EQUILIBRIUM IN UNSTABLE EQUILIBRIUM
NEUTRAL

Fig. 2.24: Three states of equilibrium.

best be visualized by considering three possible states of a ball when it is placed
on plane surfaces of different geometry as shown in Fig. 2.21 (Higdon et al.
1978). The ball in Fig. 2.24(a) is in a stable equilibrium position at the bottom
of the concave surface because gravity will cause it to return to the equilibrium
position if disturbed. In other words. the potential energy at the bottom of the
concave plane is a minimum. Similarly the ball in Fig. 2.24(b) is in a neutral
equilibrium position on a horizontal plane because the potential energy is the
same irrespective of its position on the plane. The ball in Fig. 2.24 (c). however.
is in an unstable equilibrium position at the top of the convex surface because the
potential energy at this point is a maximum. If it is disturbed. gravity will cause
it to move down the slope from its original position until it eventually reaches a
point at which the potential energy is a minimum. Thus. equilibrium is stable if
the potential energy is at a minimum. unstable if it is at a maximum, and neutral
if it is constant.

Consider a situation where casing is freely suspended in air as shown in Fig.
2.25(a), the only stress that exists in the pipe body is the tensile stress due to
its own weight which is a maximum at the surface and zero at the bottom of
the string. The weight of the casing tends to keep the pipe straight and if the
string is deflected it will, under the action of its own weight, return to the straight
position. Thus, casing under tension is in a state of stable equilibrium.

If a force is applied to the casing shoe by slacking off below the weight of the
string in air at the surface, 1.e.. by partially standing the string on-end. the stress
distribution will now consist of a compressive stress having the magnitude of
slackoff weight at the shoe and a tensile stress at the surface, which is equal to
the casing weight in air minus the slackoff weight. Along the axis of the pipe.
there is a point where the value of the axial stress in the pipe is zero. Casing
below this point O in Fig. 2.25(b) is under a compressive stress equivalent to
the slackoff weight at that point. As the slackoff weight increases, the point of
zero stress gradually moves upward along the pipe axis. If the slackoff weight
is further increased, a critical value is reached at which the pipe equilibrium is
on the verge of becoming unstable. Any additional slackoff leads to the pipe
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Fig. 2.25: Basic forces acting on casing under different bottom hole conditions.

(After Hammerlindl, 1980.)

deflecting laterally and buckling.

When a pipe is freely suspended in fluid, it experiences a buoyancy force accord-
ing to Archimedes’ Principle. The horizontal component of this force is evenly
distributed over the entire length of the pipe and the vertical component is con-
centrated at the lower end. The stress distribution of the casing suspended in
fluid is shown in Fig. 2.25(c). The differences between the stress distributions
for the pipe in air and in the fluid can be summarized as follows:

1. The lower end of the pipe in Fig. 2.25(b) is under compressive stress due
to the applied force, whereas the pipe in Fig. 2.25 (¢) is under compression
due to the hydrostatic pressure applied vertically upward.

2. The radial and tangential stresses of the pipe in Fig, 2.2 (¢) are no longer
equal to zero, but instead are equal to hydrostatic pressure of the fluid (line
OQ'). At point @', the axial stress (compressive) is equal to the hydrostatic
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pressure of the fluid.

The buoyancy force on the casing. which is partially cemented at the shoe. is
due to the hydrostatic pressure applied vertically to the exposed shoulders and
end areas of the pipe. Figure 2.25(d) represents the stress distribution of the
casing submerged in fluid with slackoff of part of its own weight. The point of
zero axial stress in Fig. 2.25(d) has moved further upwards along the axis of the
pipe. Lines R'S and OQ' represent axial stress and hydrostatic pressure on the
casing, respectively. The point Q" in Fig. 2.25(c). at which the axial stress is
equal to the hydrostatic pressure of the fluid, has also moved upwards to point
T in Fig. 2.25(d) as the force at the lower end increases.

Existence of the compressive stress at the lower end of the casing does not neces-
sarily mean that the casing will buckle. In a discussion of a paper by Klinkenberg
{1951}, Wood (1951) proposed the following criteria based on the concept of po-
tential energy. There exists a neutral point along the axis of the casing (point Q'
in Fig. 2.25(c) and point T in Fig. 2.25(d)). at which the axial stress is equal
to the average of radial and tangential stresses. Below this point buckling will
occur, whereas above this point buckling is unlikely.
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Fig. 2.26: Pipe subjected to three principal forces: internal. external and axial.

A tubular member with different internal and external pressures is presented in
Fig. 2.26 (Klinkenberg, 1951). The lower end of the tube is sealed and fastened
to the bottom of the pressure chamber. At the top of the tube. the bore of the
pressure chamber is reduced to make a sliding leak-proof fit between the pressure
chamber and the outside of the tube. A plunger. which is an integral part of
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the pressure chamber extends down iuto the end of the tube making a sliding
leakproof fit with the bore of the tube. Thus, the pressure chamber and the
tube comprises three chambers in which separate pressures p;, p, and p can be
maintained. It is also assumed that the tube is weightless and that its length is
greater than its stiffness, i.e., it can be deflected.

For a small lateral displacement of the tube at its middle. the top of the tube will
slide down a small distance Al. The energy consumed in bending the tube is very
small and hence the only changes in potential energy that need to be considered
are the following:

1. The chamber at pressure p, will decrease in volume by #r? Al and the work
done is equal to 7r? Al p,.

2. The chamber at pressure p; will increase in volume by 72 Al and the work
done is equal to 7r? Al p;.

3. The chamber at pressure p will increase in volume by 7(r? — r?) Al and the
work done is equal to m(r2 — r?) Al p.

where:

Al = change in length.
The total change in potential energy. APg. is given by:
APg =7nriAlp, — nriAlp, — 7 (rf = r¥) Alp (2.169)

It should be noted that the volume of each chamber is large so that any small
change in volume produces no change in pressure.

Inasmuch as the tube is weightless. the axial stress. o,. results entirely from the
pressure, p. Thus, Eq. 2.169 can be rewritten as:

AP =7r:Alp, —ariAlp; + 7 (r! —r?) Alo, (2.170)

If there is no change in potential energy, the equilibrium is neutral. Hence,
substituting APg = 0 in Eq. 2.170 gives:

iAi - vo -
g, = Dl " Potto (2.171)
A, — 4;
where:
A, — A, = A, the cross-sectional area of steel pipe.
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Similarly the equilibrium is stable if APg > 0:

pz'Ai - Pvo
> — 2.172
oy > A A ( )

and the equilibrium is unstable if APz < 0:

A = po Ao
< BfiT P (2.173)
A, — A;
Thus, for a tube of internal radius, r;, and external radius, r,, and having an in-

ternal pressure, p;, and an external pressure, p,, the radial and tangential stresses
can be expressed as follows (Graisse, 1963):

(o2 27T 1 [2,2)
Piry — PoTy Pi —Po| |77y :

gy = 2 2 + 5 5 B (2174)
ro—ri | [To =L T
M2 2 I 112,27

o = |PTi T PoTo| | PiT Po} Tl (2.175)

T 2o g2 r2 — r? r2 o
L o 1 J ] 11 L -
where:
r = the point under consideration.

Addition of Eqs. 2.174 and 2.175 gives:

2 2
o5 Py = Poly
or+a, = 2 ‘ﬁ
or
o+, prl—p,r?
2 o rio gl
A _p A
T (2.176)
Substituting Eq. 2.171 in Eq. 2.176, the equation for equilibrium becomes:
0y = 2 ; i (2.177)

Similarly, the equilibrium is stable if:

g, » 2L (2.178)
2
and the equilibrium is unstable if:
T0 < ft;—" (2.179)
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2.5.2 Buckling Load

From the stability analysis it was observed that casing buckles if the axial stress
s less than the average of radial and tangential stresses, Eq. 2.179. When casing
is installed and the cement is still fluid, the axial load at any point z between the
surface and the bottom of the string is the summation of all loads acting below this
point. If no change in pressures and fluid densities occurs, then once the cement
is set the axial load at all points in the casing string will remain the same as at the
time of installation. Subsequent drilling and production operations with fluids of
different densities leads to changes in pressure differentials in the casing string.
Changes in axial load also occur when the average ambient temperature changes.
Thus, major sources of axial force are buoyancy effects, piston effect, changes in
pressure and fluid densities, and changes in temperature. The summation of all
these forces can be termed as the effective axial force.

Chesney and Garcia (1969) presented the first systematic method for determining
the effective axial force and presented a general relationship between the effective
axial stress and the radial and tangential stresses. Later, Goins (1980) and Rabia
(1987) used the same method to analyze the buckling tendency of casing. In the
following section, an analysis of axial loads and their effect on casing buckling is
presented.

2.5.3 Axial Force Due to the Pipe Weight

If the casing is set to a depth D and the top of cement is a depth z below the
surface (Fig. 2.27), casing instability will occur first at the top of the cement.
If this point is stable, all other points in the string will be stable. Thus, it is
necessary to consider this point first.

Weight of the casing string carried by the joint above the top of the cement, F,,,

is given by:
Faw = weight of the casing below the top of the cement (F})
— buoyant force acting on the casing shoe (Fj,)
where:
F, = (D—2)W,, D -z, is the cemented interval or length of casing

below the top of cement, 1bf.
Fy, = A,p,— A;p;,Ibf.
po = Gpz+G, . (D—z),psi.
pi = G, D, psi

A; = internal area of the pipe. in.?
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Fig. 2.27: Partially cemented casing string.

A, = external area of the pipe, in.?
Gp, = pressure gradient of the fluid inside the pipe, psi/ft.
Gp, = pressure gradient of the fluid outside the pipe, psi/ft.
Gp.. = pressure gradient of the cement slurry, psi/ft.
Hence:
Foo=(D-a)W, - {4,[G,, 2+ G, (D~ 1)~ AG, D} (2.180)

2.5.4 Piston Force

Piston force arises from the hydrostatic pressure acting on the internal and ex-
ternal shoulders of the casing string (Fig. 2.28). For a given casing size, the
external piston forces acting on the casing collars cancel each other leaving only
the internal piston forces. Assuming that the bottom section has a larger inter-
nal diameter than the upper section. the piston force. F,,, on the casing can be
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Fig. 2.28: Diagrammatic presentation of the piston effect arising from a change
in internal diameter.

expressed as:

Fap = pDAAE (Aum — Alow]) (2181)
where:
Ppas, = GpDaa, = internal pressure at depth Dy 4 . psi.
Daa, = depth of the change in cross-section, A,. of the pipe. ft.
Aup, = internal area of the upper section of the pipe at depth Day,. in.?
Aw, = internal area of the lower section of the pipe at depth Dy 4., in.?

In this case the piston force is a compressive force.
EXAMPLE 2-13:

Consider the string of 92 in., N-80 casing subjected to the conditions in Table
2.6. Is it likely to buckle?

Solution:

The top of the cement, Drgc, is at 9,100 ft. From the earlier discussion. an
unstable equilibrium is given by Eq. 2.179:

g + o,
Tq
2
where:
Fa. - Fbu + Fap
Tq
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Table 2.6: EXAMPLE 2-13: Lengths and downhole conditions for N-80
casing string.

Depth Weight 1D A, Gy, G,

(ft) (Ib/ft)  (in.) (sq. in.) (psi/ft) (psi/ft)
0 - 2,000 58.4 8435 16.789  0.702 0.702
2,000 - 7,500 47 8.681 13.572 0.702 0.702
7,500 - 9,100 584 3.435 16.879 0.702 0.702

9,100 - 10,000 58.4 8.435 16.879 0.702  0.780 (cement)

(D = 2)W, = AfGpot + Gpun(D = 1)) = AG, D+ Fy
A,

Similarly:
oy + o, _ (Aipi - Aopo)
2 B A,
Consider first the radial and tangential stresses along the length of casing.

A, = 72.760 sq. in.

Table 2.7:. EXAMPLE 2-13: Radial and tangential stress calculations.

Depth  Weight A; Di Po (o0, +0.)/2
(ft) (Ib/ft) (sq. n.) (psi) (psi) (psi)
2,000 58.4 55.88 1,404 1.404 -1,404
2,000 47 59.1¢ 1404 1,404 -1.404
7,500 47 59.19 5,265 5.265 -5,265
7,500 38.4 55.88 3.265 5,265 ~35,265
9,100 58.4 55.88 6,388 6.388 -6.388

10,000 58.4 55.88 7,020 7.090 -7,322

Next, consider the axial stresses. First. the buovancy force, [3,, at the shoe is
given by:
Fy, = 7276 x 0.78 [(10,000 — 9,100) + 0.702 x 9,100]
—55.88 x 0.702 x 10°
= 123,605 Ibf

For the remaining axial stresses it is more convenient to use a table (Table 2.8):

F, = W.(D-1z)
Fo = AlGp,Droc + Gy, (D — Droc)) — AiGL D
Fap = pDAAS(AupL - Alowl)
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Table 2.8: EXAMPLE 2-13: Axial stress calculations.

Depth  Weight A F, Fi. Fap
(ft) (Ib/ft) (sq. in.) (Ibf) (Ibf) (Ibf)
10,000 53.4 16.879 0 123.605 0
9,100 53.4 16.879 58.4(900) 123.605 0
7,500 58.4 16.379  53.4(2.500) 123,605 0
7,500 47 13.572 38.4(900) 123.605 7,500 x 0.702
x (59.19 — 55.88)
2,000 47 13.572  58.4(2,500) 123,605 7500 x 0.702
+ 47 (5.500) x (59.19 — 5.88)
2,000 58.4 16.879  53.1(2,500) 123,605 7,500 x 0.702
+ 17 (5.500) x (59.19 — 55.88)
+ 2,000 x 0.702
(55.88 — 59.19)
0 53.4 16.879 53.4((2,500) 123.603 7.500 x 0.702
+ 2000 x (59.19 — 55.88)
+ 47 (5,500) + 2.000 x 0.702

x (53.88 - 59.19)

One can combine all the available information into a final table (Table 2.9).
Clearly at no time does the condition for instability, o, < (o, + ,)/2, occur in
the above example. The neutral point is at the casing shoe.

Example 2-13 is a simplified example because temperature and pressure have
been assumed constant.

2.5.5 Axial Force Due to Changes in Drilling Fluid spe-
cific weight and Surface Pressure

The specific weight of drilling fluid is often increased prior to drilling through the
next hole section below the existing casing shoe. The specific weight may also
change due to several other reasons: (1) solids often settle down reducing the
drilling fluid specific weight outside the casing; (2) invasion of lighter formation
fluids, e.g., salt water or gas, reduces the drilling fluid specific weight both inside
and outside the casing; (3) lost circulation may lead to partial or complete evac-
uation of the casing and hence a change in internal pressure of the casing. In the
event of complete evacuation internal pressure may be reduced to zero.

Pressure testing is often carried out prior to drilling the float collar and float shoe.
This results in an increase in surface pressure inside the casing. Surface pressure
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Table 2.9: EXAMPLE 2-13: Summary of stress calculations.

Depth Fa Fbu Fp aa:(Fa_Fbu+Fap)/AS (0?+‘7r)/2
(ft)  (Ibf)  (Ibf)  (Ib) (psi) (psi)
10,600 0 123,605 0 -7.323 -7.322
9.100 52,560 123,605 0 -4.209 -6,3838
7,500 146,000 123,605 0 1.327 -5.265
7,500 146,000 123,605 17.427 2.935 -5.265
2,000 404,500 123,605 17427 21,981 1,404
2,000 404,500 123 605 12.730 17.398 -1.404
0 521,300 123,605 12.730 24,318 0

inside and/or outside of the casing may also increase if a gas or salt water kick is
experienced. Pressure changes also occur in a production or injection well if the

flow rate changes.

Any change in surface pressure causes the casing to contract or expand radially

and results in shortening or lengthening of the pipe. As the movement of the

casing is restrained, contraction or lengthening causes an axial stress in the casing.
Thus, using Hooke’s Law, the strain due to a change in fluid densities and surface

pressures can be expressed as follows:

Al 1
go = — = —=[A0,, — vA(0, + 7)) (2.182)
r E
or
T
Al = E[Aaaw-—uA(a,—koy)] (2.183)
where:
AO-aw = Adabux + Ao-abuz (2184)
Aou,, = change in axial stress arising from a change in buoyant
weight due to the change in mud specific weight.
Ao, = change in axial stress arising from a change in buoyant
weight due to the change in surface pressure.
v = Poisson’s ratio.
and
A(Ur+0t) _ <0r+of) _(0r+0¢> (2.185)
2 2 final 2 initial
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where:
(Cfr-f-d'r) _ Aipi— A, p,
2 inttial B Asx
A; - A, G 3 op
— z ( GP: GPo) (2186)
‘451‘
(ar + O'z) _ Ailpi+ Api) — Ao (P + Aps) (2.187)
2 final A,
Hence:
(0r+0£) . (Ur+at) _ Ai Api—AoApo (2188)
2 final 2 initial Asr
where:
Az*A‘pi = AI‘AGP‘ I+ Az'Aps,'
A Ap, = AAG,r+ A,Aps,
AG, = change in fluid pressure gradient inside the pipe.
AG,, = change in fluid pressure gradient outside the pipe.

Ap,; and Ap,, change in surface pressure inside and outside the pipe.
As;r = cross-sectional area of the pipe at depth .

Hence:

A (a,. —Zi- O'g) _ A(AG,, = + Apy) ; A(AG,, r + Apy,) (2.189)

Substituting Eq. 2.189 in Eq. 2.182 and expressing in integral form yields:

1 o [ A(AG,r + Apy,)

A+ M) )
o : 1€

Integrating both sides over the length z one obtains:

(. o 2 D .
Al = 1[maw—2v{AZ(AGP'IA/H+IAPN)
S ri2 4
~ A(AG, P2+ —\Pw)H (2.191)

Acr
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But Al =0, so:

(2.192)

. .) / _ R ,‘ 2 A
Acu. = { A(AG,, ¢ +2Ap,) — A(AG,, ¢ + Apso)}

AS.‘Z‘

Thus, the axial stress due to the pipe weight and change in fluid densities and
surface pressures can be expressed as:

Tow, = Oaw + Aaaw (2193)

or

(2.194)

Caw, = Taw +v

{Ai(Gp| r+2Ap,) — A(AG,, x +2 Ap,o)}
As:r

Changes in fluid densities and surface pressures also result in a change in piston
effect which can be expressed as:

(AGPx DAA; + Apsi)(Aupl - ‘41011:1)

Ao, = A (2.195)
Total change in axial stress due to piston effect is given by:

Gap; = Tap + Agyp (2.196)
or

ap = Tap (AG,, Daa, + Apsi)(Aup, — Atowy) (2.197)

A,

2.5.6 Axial Force due to Temperature Change

Drilling of the next section below the casing shoe and subsequent production
operations cause the casing temperature to change from the casing shoe to the
surface. During the drilling operation circulating drilling fluid is heated as 1t
moves down the string to the bottom of the hole and is cooled by the surrounding
casing on its way back to the surface. According to Raymond (1969), during
drilling fluid circulation, the maximal temperature occurs at a quarter to a third
of the way up the annulus. The actual location of the temperature maximum
depends upon the ciculating velocity; it moves further up the hole as the velocity
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increases. This means that during circulation the drilling fluid cools the lower
part and heats the upper part of the hole and as a result. casing in the top part
of the hole is subjected to a higher temperature than the ambient temperature.

In a freely suspended casing, an increase or decrease in ambient temperature
results in expansion or shortening of the casing. If the casing is held in place,
a change in ambient temperature results in an additional compressive or tensile
stress. According to Hooke’s Law, change in axial stress, 0,7, due to the change
In temperature can be expressed as:

TaT = Ee (2198)
where:
:l—(I-H'TAT) (2.109)
[+ ITAT
ITAT = change in length.
T = coeflicient of thermal expansion.

AT = change in temperature (T, — T3).
Ti = initial temperature.
T, = final temperature.

[T AT is very small in comparison with {, so Eq. 2.199 can be simplified to:
e=-TAT (2.200)
or
0u=—-ETAT (2.201)
Change in axial force, F,7, due to the change in temperature is given by:
For=—-A,ETAT (2.202)

According to Rabia (1987), change in casing temperature can be computed as
the average initial temperature minus the average final temperature:

AT — (Th)initial -; (Ts)initiat _ (Th) ginat 4)- (Ts) finat (2.203)

where:
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T, = bottomhole temperature.
T, = surface temperature.
30—
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[T
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Fig. 2.29: Modulus of elasticity of steel grades as a function of temperature.

(After Shryock and Smith, 1980.)

It is important to note that the modulus of elasticity varies between different
steel grades. At the same time, high temperature has the effect of reducing the
modulus of elasticity as shown in Fig. 2.29 (Shrvock and Smith. 1980). Figure
2.29 shows that the modulus of elasticity of N-80 steel is greatly affected by the
increasing temperature and, therefore. temperature effects should be taken into
consideration when computing changes in axial stress.

2.5.7 Swurface Force

A surface force, F;, is often applied to the casing prior to landing and/or after the
casing is landed and cemented. This force changes the total effective axial force
depending on whether the force is compressive or tensile. Usually an overpull is

applied to the casing after it is landed and cemented in order to keep it 1n tension
at all times,
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2.5.8 Total Effective Axial Force

Total effective axial force, F,., can be determined by summing all the forces:
FCL€: aw+Fap+AFaw+AFa.p+F0T+Fa5 (2.204)

or

Foo = Wo(D—1z)= A, {2G,, + G, (D—z)}+AG, D
+G, Dan,(Aup, — Atow,) + v {A{AG,.2 + 2 Apy)
—A(AG,, z +2Ap,,))
H(AGy, Daa, + Apa) (Aup, — Atow,)

+A, ET (-AT) + F,, (2.205)
where:

Fo, = weight of casing string carried by the joint above the cement.

F,, = piston force.

F,r = force due to a change in temperature.

F,; = force applied at the surface.

A's = changes in principle forces due to changes in

fluid specific weight and surface pressures.

Daa, = depth of change in pipe cross-section.

In Eq. 2.2053, tension is considered as positive and compression as negative.

EXAMPLE 2-14:

Reconsider Example 2-13, assuming that a new section of hole has been drilled.
The pressure gradient of the mud has been increased to 0.858 psi/ft and the
average downhole temperature has increased by AT = 73° F. Is the string stable?
Assume T = 6.9 x 107% in./in./°F and v = 0.3.

Solution:

The changes in mud weight and temperature will generate additional stresses in
the string.

From the temperature change one can obtain from Eq. 2.201:
g,y = —FETAT
= —15,325 psi
From the mud weight change (Eq. 2.192):

Ao = b (Ai(Gmx + 2Ap) — AJ(AG,r + ’2_\])30))

ASI
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~ 03 (Ai((0‘858 —0.702)r + 0) — 9.625(0 + 0))
- Asz

0.0468A;x
Asz

From the change in piston effect (Eq. 2.195):

(AG;D.DAAS + Apsi)(/iupl - Alow])

Ao, =
A,
— ((0156)DAA)(A1¢1)1 - Alawl)
Ag
The final axial stress is:
Gaflnal = Ja + GGT + Agaw + Aaap

Table 2.10: EXAMPLE 2-14: Revised axial stress calculations.

Depth  Weight A, A; o CuT Ao, Ao,
(ft)  (Ib/ft) (sq. in.) (sq. in.) (psi) (pst)  (psi) (psi)

1
T

10,000 584  16.879 5538 -7.323 15,525 1,549 0
9,100 58.4 16.879 55.88  -4.209 15,525 1,402 0
7,500 53.4 16.879 55.38 1,327 -15,525 1,162 0
7,500 47 13.572 59.19 2935 -15,525 1,531 -285
2,000 47  13.572 59.19  21.984 15525 408 -285
2,000 8.4  16.879 55.88  17.398 -15.,525 310 224

0 8.4 16.879 55.88 24318 15,525 0 -224

Recalculating the radial and tangential stresses yields Table 2.11

Table 2.11: EXAMPLE 2-14: Recalculated radial and tangential

stresses.

Depth  Weight A; p; po  (oe+0.)[2 0oy
(ft)  (b/ft) (sq. in.) (psi) (psi) (psi) (psi)
2,000 o8.4 55.88 1,716 1,404 -371 1,958
2,000 47 59.19 1,716 1,404 -43 6,582
7,500 47 59.19 6,435  5.265 -162 -11,345
7,500 58.4 59.88 6,435 5,265 -1.392 -13.036
9,100 58.4 55.88 7.808 6.388 -1,687 -18,324

10,000 58.4 5588 8,580 7.090 -2,158 -21,298
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The condition for instability is 6, = (o + 0,)/2. Clearly the string is liable to
buckle in the interval between 2,000 and 7,500 ft.

There are two options available to the designer to avoid buckling: (1) Place the
cement top at the neutral point (Example 2-13); (2) application of overpull such
that the neutral point ‘moves’ back to 9,100 ft (the current cement top) under
these modified conditions.

The size of the overpull required to achieve this is:

(Ur + oF

—oa) = 1,687 — (—18,324)
2 evaluated @ 9,100 ft

= 16,637 psi

As a pickup force this equates to:

Fos = 16,637 x 16.879 = 280,816 Ibf

Stress (psl) Stress (psl)
-25003 -20000 -18000 -10000 SCKD ) sam 1oc|no 18000 20000/ /25600
1o/ 2
/ s
2080 .
e
/ s

- I
_— Example: 2-13 ~_ s

P

Example: 2-14 P
P 4
v
70,
L v
..
/lt —
Cement Top \

L7 r_j;c Depth (1t)

Fig. 2.30: Graphical solution of Examples 2-13 and 2-14.
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2.5.9 Critical Buckling Force

As discussed previously, the critical buckling force is the compressive force at
which casing equilibrium changes from stable to unstable. In other words, pipe
buckling occurs when the total effective axial force exceeds the average of ra-
dial and tangential (or stability) forces. Hence. the buckling force. Fy,., can be
expressed as follows:

Fune = Fae = A, (722) (2.206)
where:
o, + 0y . .
( 5 ) = average of radial and tangential stresses at any depth r

Considering the changes of fluid pressure gradient and surface pressures inside
and outside the pipe, the average of radial and tangential forces, F7,, at any
depth x can be expressed as follows:

Fro= A (crr ;Ut) = Ai(pi + Api + Aps) — Ao(po + Apo + Apse)  (2.207)
or
Fro= A (2G,, + 2AG, + Apy) — A, (2G,, + 1AG, + Apy,) (2.208)

Substituting Fqs. 2.204 and 2.207 in Eq. 2.206, the following expression is ob-
tained:

Fope = Wo(D—1)-[A,{2G,, +(D—-1)G, } — AiG, D]
+v {A(AG,, = +2Ap;) — A, (AG,, r + 2Ap,.)}
+Gp, Dan,(Aup, = Atow, ) + (AG,, Das, + Apsi) (Aup, — Atowy)
—AETAT + F,; — Ai(2G,, + 1AG,, + Ap,i)
+A4, (zG,, + 1 AG,, + Aps,) (2.209)

To prevent buckling the value of Fj,.. in the above equation. must be equal to
or greater than zero. It is, however, important to note that Eq. 2.209 does not
define the point at which the existing buckling force exceeds the casing critical
buckling force.
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Lubinski (1951) presented a formula for determining the critical buckling force
based on the assumption that the pressure forces are vertically distributed and
concentrated at the lower end of the casing. Hence, by applying Euler's columnn
theory, the critical buckling force, Fi,. .. is given by:

Foue., = 3.5 [EI (W, BF)*]'/3 (2.210)

Although the above equation has been used extensively to predict the critical
buckling force, there are several other relationships available in the literature
to determine the critical buckling force. Dawson and Paslay’s (1984) equation
describes the buckling force more precisely. They used the energy methed to
obtain the stability criteria and proposed the following equation to predict critical
buckling force for casing in both vertical and deviated wells:

EIW, BFsing]"/”
Fr,, =2 | e BEs00 (2.211)
12r,
where:
W,BF = buoyant weight of casing, Ib/ft.
= s A
r. = radial clearance between hole and casing. in.
# = angle of inclination, measured from the vertical.

For the derivation of Eqs. 2.210 and 2.211, the readers are referred to the original
papers {Lubinski, 1951; Dawson and Paslay, 1984).

EXAMPLE 2-15:

Determine the critical buckling force in Example 2-13 using: (i) Lubinski’s equa-
tion, (if) Dawson and Paslay’s equation. Assume a borehole size of 121 in. and

4
g = 3°.
Solution:

Average weight, W, :

(2,000 x 58.4) + (5,500 x 47) + (2,500 x 58.4)

W, =
10,000

= 52.131b/ft

Average internal area, A;:

(4,500 x 55.88) + (3,500 x 59.19)

A =
10,000

= 57.70sq. 1n.
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Thus, the buoyant weight of the string is:

W.BF = 52.13 (
— 41.361b/f

| 0.702 144)
489.5

Moment of inertia of the cross-section is:
T
I = —(9.625% —8.571*
530625 )

— 156.37in.*
(i) From Lubinski, Eq. 2.210 yields:
0.702 x 1447\ 2
Foe., = 35 (30 x 10° x 156.37 (52.13 [1-— -——-—5l———}) )

1/3

489.5

Il

70,078 Ibf

(ii) From Dawson and Paslay, Eq. 2.211 yields:

Fbuc” =

30 x 10° x 156.37 x 41.36 sin3°]"/*
120.5 (12.25 — 9.625)
50, 783 Ibf

2.5.10 Prevention of Casing Buckling

As discussed previously, if the axial load becomes less than the stability load,
(o + o¢ )/ 2, a mechanical adjustment. such as application of surface pressure
and/or mechanical pull or slackoff load, must be carried out to prevent casing
buckling. Equation 2.207 shows that the amount of mechanical adjustment nec-
essary to prevent buckling decreases as the depth of the cement top decreases.
Thus, one or a combination of the following procedures can be used to adjust the
axial load on the casing string:

1. Adjustment of cement height.
2. Application of surface pressure.

3. Alteration of mechanical or slackoff load.

The required depth of the cement top, Droc, can be derived by applying the
condition for no buckling in Eq. 2.209.

Substituting Fyu. = 0 in Eq. 2.209, the distance from the surface to the top of
the cement column, D7oc, is obtained:
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D(W, — A,G,,,, + AG, ) — AEYAT + F,, ,
Droe = W, - (A, G. — A G continue —
n op, i Up,

+ (Aupl - /4!::.1:;1)[I)A_,L(C:pl + AGP') + APS,] .
— _(]_ — U)(AOAGpO — AiAGpl) continue —
+(1 —2 l/)(AO ApsO — AiAPS.)

+A0 (GPG - Gpcm)

The distance between the top of the cement and casing head depth, Droc, should
be determined for the various surface pressures, fluid densities and temperatures
to which the casing string is to be subjected bearing in mind that the specific
weight of the drilling fluid and the bottomhole temperature will vary for subse-
quent drilling operations. To prevent buckling, an extra surface pressure and/or
an overpull, equal in magnitude to the difference between the effective axial load
and the stability load, must be applied.

EXAMPLE 2-16:

In Example 2-14, it was determined that the string was liable to buckle in the
interval 2,000 - 7,500 ft. Determine: (i) the depth of the cement top to avoid
buckling, (ii) the magnitude of the internal pressure required if the casing cement
cannot be cemented above 7,500 ft. Assume that G, = 0.78,G, = 0.702 psi/ft
and in both cases that F,, = 0.

Solution:

From Eq. 2.212, it is apparent that several ‘average weighted’ properties need to
be determined before substituting to find Droc:

Average weight, W,:

(2,000 x 58.4) + (5,500 x 47) + (2,500 x 38.4)
10,000

W, =
= 52.131b/ft

Average internal area, A;:

(4,500 x 55.88) + (5,500 x 59.19)

A =
10,000

= 57.70sq. in.

Average steel cross-section is, therefore:

As = 72.76 — 57.70 = 15.06 5q. in.
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(i) Substituting into Eq. 2.212 to obtain the depth of cement to avoid buckling
yields:

D(W, — A,G,, . + AG,) + (1 —20) (A Aps, — AiApy;) .
r = continue —

W,n - (‘AOGPcm - AiGP-) + AO(GPO - Gpcm)

+F,9 — EYAAT + F,,
—(1 — V)(AAG,, — AAG,)
10% (52.13 — 72.76 x .780 4+ 57.7 x .7
52.13 — (72,76 x .78 — 37.7 x .702) + 72.76(—.078)
—285 x 15.06 — 15,525 x 15.06 + 0
—(.7)(—9.00)

continue —

120, 727.4
36.51
— 3,307 ft

Thus the casing should be cemented to 3.307 ft to prevent buckling. Actually. the
presence of buckling forces does not necessarily mean that the casing will buckle.
Buckling will only occur if the buckling force exceeds the critical buckling force.

(i1) Essentially the same equation as used in (i) is employed in this case: only
now the unknown is Ap,; and the buovancy force is calculated using the initial
fluid densities inside and outside the casing. i.e.. the buoyancy term in Eq. 2.205.
{A(G (D — ) + Gpox) — AiGp, D} is teplaced by (A,Gp D — A.Gp, D) and Eq.
2.212 becomes:

DWW, — A,G,, + A:G,) + (1 = 20)(AcApse — A ADsi) :
r = - continue —
W, — (A.G,, — AiGL)
+F, — EYAAT + F,,
—(1 = )(A,AG,, — AAG,,)

Solving for Ap,; yields:

s sgp - LOM(A1558) 4 (04)(=5T.T Apyi) — (285 4 15.525) x 15.06 40
’ ')13—(7776>< 702 — 57.7 % .702) + 6.301
Api = _(7 500 x 47.339) — 415.579 + 238,099
- 23.08
= initial internal surface pressure — final internal surface pressure

7,862 psi

However, the burst rating for N-80, 9— in.. 47 Ib/ft pipe is 6.870 psi (for o, = 0).
Thus, to safely use this casing. a lower pressure needs to be applied in combination

IF, = (Fap + AFqp)
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with the surface overpull, F,;. Assuming a maximum surface pressure of 60 % of
burst, 1.e., 4,122 psi, the required surface overpull can be calculated as:
(—4.122)) — 233.099 + F,,

T % .702) + 6.301

104 (41.56) + .4(—57.7 x
52.13 — (72.76 x .702 — 57.

7,500

Rearranging the above in terms of F,, vields

Foo = (7,500 x 47.86) — 415,579 + 238.099 — 95,136
= 86,326 Ibf
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Chapter 3

PRINCIPLES OF CASING
DESIGN

The design of a casing program involves the selection of setting depths, casing
sizes and grades of steel that will allow for the safe drilling and completion of a well
to the desired producing configuration. Very often the selection of these design
parameters is controlled by a number of factors, such as geological conditions. hole
problems, number and sizes of production tubing, types of artificial lift equipment
that may eventually be placed in the well, company policy, and in many cases.
government regulations.

Of the many approaches to casing design that have been developed over the
years, most are based on the concept of maximum load. In this method. a casing
string is designed to withstand the parting of casing. burst. collapse. corrosion
and other problems associated with the drilling conditions. To obtain the most
economical design, casing strings often consist of multiple sections of different
steel grades, wall thicknesses, and coupling types. Such a casing string is called
a combination string. Cost savings can sometimes be achieved with the use of
liner tie-back combination strings instead of full strings running from the surface
to the bottom.

In this chapter, procedures for selecting setting depths. sizes, grades of steel and
coupling types of different casing strings are presented.

3.1 SETTING DEPTH

Selection of the number of casing strings and their respective setting depths is
based on geological conditions and the protection of fresh-water aquifers. For
example, in some areas, a casing seat is selected to cover severe lost circulation
zones whereas in others, it may be determined by differential pipe sticking prob-
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Fig. 3.1: Typical pore pressure and fracture gradient data for different depths.

lems or perhaps a decrease in formation pore pressure. In deep wells, primary
consideration is either given to the control of abnormal pressure and its isolation
from weak shallow zones or to the control of salt beds which will tend to flow
plastically.

Selection of casing seats for the purpose of pressure control requires a knowledge
of pore pressure and fracture gradient of the formation to be penetrated. Once
this information is available, casing setting depth should be determined for the
deepest string to be run in the well. Design of successive setting depths can be
followed from the bottom string to the surface. A typical example is presented
in Fig. 3.1 to illustrate the relationship between the pressure gradient, fracture
gradient and depth.
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3.1.1 Casing for Intermediate Section of the Well

The principle behind the selection of the intermediate casing seat is to first control
the formation pressure with drilling fluid hydrostatic pressure without fracturing
the shallow formations. Then, once these depths have been established, the
differential pressure along the length of the pipe section is checked in order to
prevent the pipe from sticking while drilling or running casing.

From Fig. 3.2 the formation pressure gradient at 19,000 ft is 0.907 psi/ft (equiv-
alent mud specific weight = 17.45 1b/gal). To control this pressure, the wellbore
pressure gradient must be greater than 0.907 psi/ft. When determining the actual
wellbore pressure gradient consideration is given to: trip margins for controlling
swab pressure, the equivalent increase in drilling fluid specific weight due to the
surge pressure assoclated with the running of the casing and a safety margin.
Generally a factor between 0.025 and 0.045 psi/ft (0.48 to 0.9 lb/gal of equiva-
lent drilling mud specific weight) can be used to take into account the effects of
swab and surge and provide a safety factor (Adams, 1983). Thus, the pressure
gradient required to control the formation pressure at the bottom of the hole
would be 0.907 + 0.025 = 0.932 psi/ft (17.95 lb/gal). At the same time, for-
mations having fracture gradients less than 0.932 psi/ft must also be protected.
Introducing a safety factor of 0.025 psi/ft, the new fracture gradient becomes
0.932 + 0.025 = 0.957 psi/ft (18.5 Ib/gal). The depth at which this fracture
gradient is encountered i1s 14,050 ft. Hence, as a starting point the intermediate
casing seat should be placed at this depth.

The next step is to check for the likelihood of pipe-sticking. When running casing,.
pipe sticking is most likely to occur in transition zones between normal pressure
and abnormal pressure. The maximum differential pressures at which the casing
can be run without severe pipe sticking problems are: 2.000 - 2,300 psi for a
normally pressured zone and 3,000 - 3,300 psi for an abnormally pressured zone
(Adams, 1985). Thus, if the differential pressure in the minimal pore pressure
zone is greater than the arbitrary (2,000 - 2,300 psi) limit. the intermediate casing
setting depth needs to be changed.

From Fig. 3.2, 1t is clear that a drilling mud specific weight of 16.85 1b/gal (16.35
+ 0.5) would be necessary to drill to a depth of 14,050 ft. The normal pressure
zone, 8.9 Ib/gal, ends at 9,150 ft where the differential pressure is:

9,150 (16.85 — 8.9) x 0.052 = 3.783 psi

This value exceeds the earlier limit. The maximum depth to which the formation
can be drilled and cased without encountering pipe sticking problems can be
computed as follows:

Ap = Dp(ym —5) x 0.052 (3.1)
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Fig. 3.2: Selection of casing seats based on the pore pressure and fracture
gradient,
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Fig. 3.3: Selection of setting depths for different casings in a 19.000-ft well.

where:

Ap
Yrm
vy
D,
0.052

arbitrary limit of differential pressure. psi.

specific weight of new drilling fluid, 1b/gal.

specific weight of formation fluid. 1b/gal.

depth where normal pressure zone ends, ft.

conversion factor from lb/gal to psi/ft.

Given a differential pressure limit of 2.000 psi. the value for the new mud specific
weight becomes 13.1 [b/gal (0.681 psi/ft gradient). Now the depth at which the
new drilling fluid gradient becomes the same as the formation fluid gradient. is
11,350 ft. For an additional safety margin in the drilling operation, 11,100 ft 1s
selected as the setting depth for this pipe.
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The setting depth for casing below the intermediate casing is selected on the basis
of the fracture gradient at 11,100 ft. Hence, the maximal drilling fluid pressure
gradient that can be used to control formation pressure safely, without creating
fractures at a depth of 11,100 ft, must be determined.

From Fig. 3.3, the fracture gradient at 11,100 ft is 0.902 psi/ft (or 17.35 Ib/gal
equivalent drilling mud weight). Once again, a safety margin of 0.025 psi/ft which
takes into account the swab and surge pressures and provides a safety factor is
used. This yields a final value for the fracture gradient of 0.877 psi/ft and a
mud specific weight of 16.85 Ib/gal, respectively. The maximal depth that can be
drilled safely with the 16.85 Ib/gal drilling fluid is 14,050 ft. Thus, 14,000 ft (or
350 joints) is chosen as the setting depth for the next casing string. Inasofar as
this string does not reach the final target depth, the possibility of setting a liner
between 11,100 ft and 14,000 ft should be considered.

The final selection of the liner setting depth should satisfy the following criteria:

1. Avoid fracturing below the liner setting depth.

2. Avoid differential pipe sticking problems for both the liner and the section
below the liner.

3. Minimize the large hole section in which the liner is to be set and thereby
reduce the pipe costs.

As was shown in Fig. 3.2, the mud weight that can be used to drill safely to the
final depth is 17.95 1b/gal (gradient of 0.93 psi/ft). This value is lower than the
fracture gradient at the liner setting depth.

Differential pressures between 11.100 ft and 14.000 ft and between 14.000 ft and
19,000 ft are 821 psi and 451 psi. respectively. These values are within the
prescribed limits.

Thus, the final setting depths for intermediate casing string, drilling liner and
production casing string of 11,100 ft, 14,000 ft, and 19,000 ft, respectively, are
presented in Fig. 3.3. These setting depths also minimize the length of the large
hole sections.

3.1.2 Surface Casing String

The surface casing string is often subjected to abnormal pressures due to a kick
arising from the deepest section of the hole. If a kick occurs and the shut-in casing
pressure plus the drilling fluid hydrostatic pressure exceeds the fracture resistance
pressure of the formation at the casing shoe, fracturing or an underground blowout
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Fig. 3.4: Typical casing program for different depths.

can occur. The setting depth for surface casing should, therefore, be selected so
as to contain a kick-imposed pressure.

Another factor that may influence the selection of surface casing setting depth
is the protection of fresh-water aquifers. Drilling fluids can contaminate fresh-
water aquifers and to prevent this from occurring the casing seat must be below
the aquifer. Aquifers usually occur in the range of 2,000 - 5,000 ft.

The relationship between the kick-imposed pressure and depth can be obtained
using the data in Fig. 3.1. Consider an arbitrary casing seat at depth D,; the
maximal kick-imposed pressure at this point can be calculated using the following

relationship:
Pk =prD‘i_pr(Di“Ds) (3.2)
where:
pr = kick-imposed pressure at depth Dj, psi.
D, = setting depth for surface casing, ft.
D; = setting depth for intermediate casing, ft.
Gy, formation fluid gradient at depth D, psi/ft.

Assume also that formation fluid enters the hole from the next casing setting
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depth, D;. Expressing the kick-imposed pressure of the drilling fluid in terms of
formation fluid gradient and a safety margin. SM. Eq. 3.2 becomes:

pk:(Gpj+5M)Di —pr(Di"Ds) (33)
or

Pk g (D .

FZ =SM (D_s) + G, (3.4)

Where pi/D, is the kick—-imposed pressure gradient at the seat of the surface
casing and must be lower than the fracture resistance pressure at this depth to
contain the kick.

Now, assume that the surface casing is set to a depth of 1.300 ft and S.M. in
terms of equivalent mud specific weight. is 0.5 Ib/gal. The kick-imposed pressure
gradient can be calculated as follows:

Pk 11.100 -
0.052 x 0.3 5.9 % 0.052
L. 500 ( 8 0(1.500)+b 8 003)

= 0.6552 psi/ft

The fracture gradient at 1,500 ft is 0.65 psi/ft (12.49 Ib/gal). Clearly. the kick-
imposed pressure is greater than the strength of the rock and. therefore. a deeper
depth must be chosen. This trial-and-error process continues until the fracture
gradient exceeds the kick-imposed pressure gradient. Values for different setting
depths and their corresponding kick-imposed fracture and pressure gradients are
presented below:

Table 3.1: Fracture and kick—-imposed pressure gradients vs depth.

Depth  Kick-imposed  Fracture pressure

(ft)  pressure gradient gradient
(psi/ft) (psi/ft)

1,500 0.6552 0.65

2,000 0.61 0.66

At a depth of 2,000 ft the fracture resistance pressure exceeds the kick-imposed
pressure and so 2,000 ft could be selected as a surface casing setting depth. How-
ever, as most fresh-water aquifers occur between 2.000 and 5,000 ft the setting
depth for surface casing should be within this range to satisfy the dual require-
ments of prevention of underground blowouts and the protection of fresh-water
aquifers.
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350 J L 26 in  CONDUCTOR PIPE
5000° 4 B 16 in SURFACE CASING
11100° 4 B 13.375 in INTERMEDIATE CASING
14000 9.625 in  LINER
19000° 4 b 7 in PRODUCTION CASING

Fig. 3.5: Casing program for a tyvpical 19.000-ft deep well.
3.1.3 Conductor Pipe

The selection of casing setting depth above surface casing is usually determined by
drilling problems and the protection of water aquifers at shallow depths. Severe
lost circulation zones are often encountered in the interval between 100 and 1.000
ft and are overcome by covering the weak formations with conductor pipes. Other
factors that may affect the setting depth of the conductor pipe are the presence
of unconsolidated formations and gas traps at shallow depths.

3.2 CASING STRING SIZES

Selection of casing string sizes is generally controlled by three major factors: (1)
size of production tubing string, (2) number of casing strings required to reach
the final depth, and (3) drilling conditions.
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3.2.1 Production Tubing String

The size of the production tubing string plays a vital role in conducting oil and
gas to the surface at an economic rate. Small-diameter tubing and subsurface
control equipment always restrict the flow rate due to the high frictional pressure
losses. Completion and workover operations can be even more complicated with
small-diameter production tubing and casing strings because the reduced inside
diameter of the tubing and the annular space between the casing and tubing make
tool placement and operation very difficult. For these reasons, large-diameter
production tubing and casing strings are always preferable.

3.2.2 Number of Casing Strings

The number of casing strings required to reach the producing formation mainly
depends on the setting depth and geological conditions as discussed previously.
Past experience in the petroleum industry has led to the development of fairly
standard casing programs for different depths and geological conditions. Figure
3.4 presents six of these standard casing programs.

3.2.3 Drilling Conditions

Drilling conditions that affect the selection of casing sizes are: bit size required
to drill the next depth, borehole hydraulics and the requirements for cementing
the casing.

Drift diameter of casing is used to select the bit size for the hole to be drilled
below the casing shoe. Thus, the drift diameter or the bit size determines the
maximal outside diameter of the successive casing strings to be run in the drilled
hole. Bits from different manufacturers are available in certain standard sizes ac-
cording to the JADC (International Association of Drilling Contractors). Almost
all API casing can be placed safely without pipe sticking in holes drilled with
these standard bits. Non-API casing, such as thick-wall casing is often required
for completing deep holes. The drift diameter of thick-wall pipe may restrict the
use of standard bit sizes though additional bit sizes are available from different
manufacturers for use in such special circumstances.

The size of the annulus between the drillpipe and the drilled hole plays an im-
portant role in cleaning the hole and maintaining a gauge hole. Hole cleaning
is the ability of the drilling fluid to remove the cuttings from the annulus and
depends mainly on the drilling fluid viscosity, annular fluid velocity, and cutting
sizes and shapes. Annular velocity is reduced if the annulus is too large and as a
consequence, hole cleaning becomes inadequate. Large hole sections occur in the
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Table 3.2: Typical drilling and mud programs for a 19,000-ft well.

Drilling program:

0-350ft — 26-in. hole

350 - 5,000 ft — 20-in. hole
5,000 - 11,100 ft — 17.5-in.hole
11,100 - 14,000 ft — 12.5-in. hole
14,000 - 19,000 ft — 8.5-in. hole

Casing program

0-350ft — 20-in. conductor pipe
0-5,000ft — 16-in. surface casing
0-11,100 ft — 13.375-in. intermediate casing
11,100 - 14,000 ft - 9.625-in.  liner
0-19,000 ft — 7-in. production casing

Formation fluid gradient

0-350ft — 0465 psi/ft

350 - 5,000 ft — 0.465 psi/ft
5,000 - 11,100 ¢ — 0.597 psi/ft
11,100 - 14,000 ft — 0.849 psi/ft
14,000 - 19,000 ft — 0.906 psi/ft

Mud program

0-350ft — 9.5 ppg (70.7 Ib/t?)
0-5000ft — 95 ppg (70.7 Ib/ft?)
0-11,100 ft — 12.0 ppg (89.8 Ib/ft?)
0-14,000ft — 16.8 ppg (125.7 Ib/ft3)
0-19,000ft — 17.9 ppg (133.9 Ib/ft?)

shallow portion of the well and obviously it is here that the rig pumps must de-
liver the maximum flow rate. Most rig pumps are rated to 3,000 psi though they
generally reach maximum flow rate before rated pressure even when operating
two pumps together. Should the pumps be unable to clean the surface portion of
the hole because they lack adequate capacity then a more viscous drilling fluid
will need to be used to support the cuttings.

With increasing depth, the number of casing strings in the hole increases and the
hole narrows as does the annular gap between the hole and the casing. Fluid flow
in such narrow annular spaces is turbulent and tends to enlarge the hole sections
which are sensitive to erosion. In an enlarged hole section. hole cleaning is very
poor and a good cementing job becomes very difficult.

Annular space between the casing string and the drilled hole should be large
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enough to accommodate casing appliances such as centralizers and scratchers,
and to avoid premature hydration of cement. An annular clearance of 0.75 in. is
sufficient for a cement slurry to hydrate and develop adequate strength. Similarly,
a minimum clearance of 0.375 in. (0.750 in. is preferable) is required to reach
the recommended strength of bonded cement (Adams, 1985).

In summary, the selection of casing sizes is a critical part of casing design and
must begin with consideration of the production casing string. The pay zone can
be analyzed with respect to the flow potential and the drilling problems which are
expected to be encountered in reaching it. Assuming a production casing string of
7 in outside diameter, which satisfies both production and drilling requirements,
a casing program for a typical 19.000-ft deep well is presented in Fig. 3.5. Table
3.2 presents the drilling fluid program. pore pressures. and fracture gradients
encountered at the different setting depths.

3.3 SELECTION OF CASING WEIGHT,
GRADE AND COUPLINGS

After establishing the number of casing strings required to complete a hole, their
respective setting depths and the outside diameters. one must select the nominal
weight, steel grade, and couplings of each of these strings. In practice, each casing
string 1s designed to withstand the maximal load that is anticipated during casing
landing, drilling, and production operations (Prentice, 1970).

Often, 1t is not possible to predict the tensile. collapse. and burst loads during
the life of the casing. For example, drilling fluid left in the annulus between the
casing and the drilled hole deteriorates with time. Consequently. the pressure
gradient may be reduced to that of salt water which can lead to a significant
increase in burst pressure. The casing design. therefore. proceeds on the basis of
the worst anticipated loading conditions throughout the life of the well.

Performance properties of the casing deteriorate with time due to wear and cor-
rosion. A safety factor 1s used, therefore. to allow for such uncertainties and
to ensure that the rated performance of the casing is always greater than the
expected loading. Safety factors vary according to the operator and have been
developed over many years of drilling and production experience. According to
Rabia (1987), common safety factors for the three principal loads are: 0.85—1.125
for collapse, 1—1.1 for burst and 1.6—1.8 for tension.

Maximal load concept tends to make the casing design very expensive. Minimal
cost can be achieved by using a combination casing string—a casing string with
different nominal weights. grades and couplings. By choosing the string with the
lowest possible weight per foot of steel and the lowest coupling grades that meet
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the design load conditions, minimal cost is achieved.

Design load conditions vary from one casing string to another because each casing
string is designed to serve a specific purpose. In the following sections general
methods for designing each of these casing strings (conductor pipe. surface casing.
intermediate casing, production casing and liner) are presented.

Casing-head housing is generally installed on the conductor pipe. Thus. conductor
pipe is subjected to a compressional load resulting from the weight of subsequent
casing strings. Hence, the design of the conductor pipe is made once the total
weight of the successive casing strings is known.

It is customary to use a graphical technique to select the steel grade that will
satisfy the different design loads. This method was first introduced by Goins et
al. (1965, 1966) and later modified by Prentice (1970) and Rabia (1987). In this
approach, a graph of loads (collapse or burst) versus depth is first constructed,
then the strength values of available steel grades are plotted as vertical lines.
Steel grades which satisfy the maximal existing load requirements of collapse and
burst pressures are selected.

Design load for collapse and burst should be considered first. Once the weight.
grade, and sectional lengths which satisfy burst and collapse loads have been de-
termined, the tension load can be evaluated and the pipe section can be upgraded
if it is necessary. The final step is to check the biaxial effect on collapse and burst
loads, respectively. If the strength in any part of the section is lower than the
potential load, the section should be upgraded and the calculation repeated.

In the following sections, a systematic procedure for selecting steel grade. weight.
coupling, and sectional length is presented. Table 3.3 presents the available steel
grades and couplings and related performance properties for expected pressures
as listed in Table 3.2.
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Table 3.3: Available steel grades, weights and coupling types and their minimum performance
properties available for the expected pressures.

{Wwoo'sqp]AbMmal@WDyInpa) Woying 113qoy o1 sBuojag yooq siyL

Nominal Pipe
weight,
Size, threads Pipe Body Internal
outside and Wall Inside collapse yield Coupling pressure Joint

diameter | coupling | Grade | thickness | diameter | resistance { strength type resistance | strength
| (in) (Ib/ft) (in.) (in.} (psi) (1000 1b1) (psi) (1000 1bf)
f 20 94 [ K-55 0.438 19.124 520 1,480 LTC 2,110 955
133 | K-55 0.635 18.730 1,500 2,125 BTC 3.036 2,123
16 65 | K-55 0.375 15.250 630 1,012 STC 2,260 625
Ta | K-55 0.438 15.121 1,020 1,178 STC 2.630 752
81 | L.-80 0495 15.010 1,480 1,029 BTC 1,330 1,861
109 | K-55 0.656 14.688 2,560 1.739 | BTC 3.950 1.895
132 98 | L-30 0.719 11.937 5910 2,800 BTC 7,530 2,286
85 | P-110 0.608 12.159 4,690 2,682 | pPTC 8,700 2,290
98 | P-110 0.719 11.937 7,280 3,145 PTC 10,350 2,800
ge 5844 | L-80 0.595 8.435 7,890 1,350 BTC 8,650 1,396
47 | P-110 0.472 8.681 5310 1,493 LT 9,440 1213
T 38 | V-150 0.540 5.920 19.240 1,644 | Extreme line 18,900 1,430
41 | V-130 0.590 3.820 22,810 1,782 PTC 20,200 1,052
46 | V-150 0.670 5.660 25,970 1,999 Pre 25,070 | 1,344
38 | MW-155 0.54 5.920 19,700 1,697 | Extreme-line 20,930 1,592
46 | SO0-140 0.670 5.660 24,230 865 PTC 23,400 1,222
46 | SO0-155 ‘ 0.670 5.660 26,830 2,065 PTC 25,910 1,344

134

broz Ja1ass)3 1yBuidos

LTC = long thread coupling, STC = short thread coupling, BTC = buttress thread coupling,
and PTC = proprietary coupling.
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3.3.1 Surface Casing (16-in.)

Surface casing is set to a depth of 5,000 ft and cemented back to the surface.
Principal loads to be considered in the design of surface casing are: collapse.
burst, tension and biaxial effects. Inasmuch as the casing is cemented back to
the surface, the effect of buckling is ignored.

Collapse

Collapse pressure arises from the differential pressure between the hydrostatic
heads of fluid in the annulus and the casing, it is a maximum at the casing shoe
and zero at the surface. The most severe collapse pressures occur if the casing is
run empty or if a lost circulation zone is encountered during the drilling of the
next interval.

At shallow depths, lost circulation zones are quite common. If a severe lost-
circulation zone is encountered near the bottom of the next interval and no other
permeable formations are present above the lost-circulation zone, it is likely that
the fluid level could fall below the casing shoe. in which case the internal pressure
at the casing shoe falls to zero (complete evacuation). Similarly, if the pipe is run
empty, the internal pressure at the casing shoe will also be zero.

At greater depths, complete evacuation of the casing due to lost-circulation is
never achieved. Fluid level usually drops to a point where the hydrostatic pressure
of the drilling fluid inside the casing is balanced by the pore pressure of the lost
circulation zone.

Surface casing is usually cemented to the surface for several reasons, the most
important of which is to support weak formations located at shallow depths. The
presence of a cement sheath behind the casing improves the collapse resistance by
up to 23% (Evans and Herriman, 1972) though no improvement is observed if the
cement sheath has voids. In practice it is almost impossible to obtain a void-free
cement-sheath behind the casing and, therefore, a saturated salt-water gradient
is assumed to exist behind the cemented casing to compensate for the effect of
voids on collapse strength. Some designers ignore the beneficial effect of cement
and instead assume that drilling fluid is present in the annulus in order to provide
a built-in safety factor in the design. In summary, the following assumptions are
made in the design of collapse load for surface casing (see Fig. 3.6(a)):

1. The pressure gradient equivalent to the specific weight of the fluid outside
the pipe is that of the drilling fluid in the well when the pipe was run.
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Fig. 3.6: Collapse and burst load on surface casing.

2. Casing is completely empty.

3. Safety factor for collapse is 0.83.

Collapse pressure at the surface = 0 psi
Collapse pressure at the casing shoe:

Collapse pressure = external pressure - internal pressure
G, % 5,000 -0

9.5 x 0.032 x 5.000 -0

2,470 psi

fl

In Fig. 3.7, the collapse line is drawn between 0 psi at the surface and 2.470 psi at
3,000 ft. The collapse resistances of suitable grades from Table 3.3 are presented
below.

Collapse resistances for the above grades are plotted as vertical lines in Fig. 3.7.
The points at which these lines intersect the collapse load line are the maximal
depths for which the individual casing grade would be suitable. Hence. based on
collapse load, the grades of steel that are suitable for surface casing are given in

Table 3.5.
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Fig. 3.7: Selection of steel grade and weight based on the collapse and burst
load for 16-in. surface casing.

Burst

The design for burst load assumes a maximal formation pressure results from a
kick during the drilling of the next hole section. A gas-kick 1s usually considered
to simulate the worst possible burst load. At shallow depths it is assumed that
the influx of gas displaces the entire column of drilling fluid and thereby subjects
the casing to the kick-imposed pressure. At the surface. the annular pressure is
zero and consequently burst pressure is a maximum at the surface and a minimum
at the shoe.

For a long section, it is most unlikely that the inflowing gas will displace the entire

Table 3.4: Collapse resistance of grades suitable for surface casing.

Grade Weight Coupling  Collapse resistance

(Ib/ft) (psi)
SF=1 SF=08
K55 75 STC 1.020 1.200
L-80 8%  STC/BTC  1.480 1741
K55 109 BTC 2.560 3.012
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Table 3.5: Intervals for surface casing based on collapse loading.

Section Interval Grade and Length
(ft) Weight (Ib/ft) (ft)

1 0 - 2,450 K-35, 75 2,450

2 2,450 - 3.530 L-80. 84 1,100

3 3,550 - 5.000 K-35, 109 1,450

column of drilling fluid. According to Bourgoyne et al. (1985), burst design for a
long section of casing should be such as to ensure that the kick-imposed pressure
exceeds the formation fracture pressure at the casing seat before the burst rating
of the casing is reached. In this approach, formation fracture pressure is used as
a safety pressure release mechanism so that casing rupture and consequent loss
of human lives and property are prevented. The design pressure at the casing
seat 1s assumed to be equal to the fracture pressure plus a safety margin to allow
for an injection pressure: the pressure required to inject the influx fluid into the
fracture.

Burst pressure inside the casing is calculated assuming that all the drilling fluid
inside the casing is lost to the fracture below the casing seat leaving the influx-
fluid in the casing. The external pressure on the casing due to the annular
drilling fluid helps to resist the burst pressure; however. with time, drilling fluid
deteriorates and its specific weight drops to that of saturated salt-water. Thus.
the beneficial effects of drilling fluid and the cement sheath behind the casing are
ignored and a normal formation pressure gradient is assumed when calculating
the external pressure or back—up pressure outside the casing.

The following assumptions are made in the design of strings to resist burst loading
(see Fig. 3.6(b)):

1. Burst pressure at the casing seat is equal to the injection pressure.

2. Casing is filled with influx gas.

3. Saturated salt water is present outside the casing.

4. Safety factor for burst is 1.1.

Burst pressure at the casing seat = injection pressure — external pressure, p,, at

5,000 ft.
Injection pressure = (fracture pressure + safety factor) x 5,000

Again, it 1s customary to assume a safety factor of 0.026 psi/ft (or equivalent
drilling fluid specific weight of 0.5 ppg).
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Injection pressure = (14.76 4+ 0.5) 0.052 x 3,000
= 3,976.6 psi

External pressure at 5,000 ft

saturated salt water gradient x 5,000

0.465 x 5,000

2,325 psi
Burst pressure at 5,000 ft = 3.976.6 - 2,325
= 1,651.6 psi
Burst pressure at the surface = internal pressure - external pressure

Internal pressure injection pressure - G, x 5,000

= 3.,976.6 - 500
= 3,476.6 psi
where:
G,, = 0.1psi/ft
Burst pressure at the surface = 3,476.6 - 0
= 3.476.6 psi

In Fig. 3.7, the burst load line is drawn between 3,476.6 psi at the surface and
1,651.6 psi at a depth of 5,000 ft. The burst resistances of suitable grades are
presented in Table 3.6.

Table 3.6: Burst resistance of grades suitable for surface casing.

Grade Weight Coupling Burst resistance

(1b/tt) (psi)
SF=1 SF=1.1
K-55 73 STC 2,630 2,391
L-80 84 STC/BTC 4,330 3,936
K-55 109 BTC 3,950 3,591

The burst resistances of the above grades are also plotted as vertical lines in Fig.
3.7. The point of intersection of the load line and the resistance line represents the
maximal depth for which the individual grades would be most suitable. According
to their burst resistances, the steel grades that can be selected for surface casing
are shown in Table 3.7.
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Table 3.7: Intervals for surface casing grades based on burst loading.

Section Depth Grade and Length
(ft) Weight (1b/ft)  (ft)

1 3,000 - 5.000 K-33.75 2,000

2 0 - 3.000 L-80. 84 3.000

3 0 - 3.000 K-55. 109 3.000

Selection Based on Both Collapse and Burst Pressures

When the selection of casing is based on both collapse and burst pressures (see
Fig. 3.7), one observes that:

1. Grade K-55 (75 Ib/ft) satisfies the collapse requirement to a depth of 2.450
ft, but does not satisfy the burst requirement.

2. Grade L-80 (84 lb/ft) satisfies burst requirements from 0 to 5.000 ft but
only satisfies the collapse requirement from 0 to 3.350 ft.

3. Grade K-55 (109 Ib/ft) satisfies both collapse and burst requirements from
0 to 5,000 ft.

4. Steel grade K-55 (75 [b/ft) can be rejected because it does not simultane-
ously satisfy collapse and burst resistance criteria across any section of the

hole.

For economic reasons, it is customary to initially select the lightest steel grade
because weight constitutes a major part of the cost of casing. Thus, the selection
of casing grades based on the triple requirements of collapse. burst. and cost is
summarised in Table 3.8.

Table 3.8: Most economical surface casing based on collapse and burst

loading.
Section Interval Grade and Coupling Length
(ft) Weight {lb/ft) (ft)
1 0 - 3,550 L-80. 84 BTC 3,550
2 3,550 - 5,000 K-55. 109 BTC 1.450
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Tension

As discussed in Chapter 2, the principal tensile forces originate from pipe weight,
bending load, shock loads and pressure testing. For surface casing. tension due
to bending of the pipe is usually ignored.

In calculating the buoyant weight of the casing. the beneficial effects of the buoy-
ancy force acting at the bottom of the string have been ignored. Thus. the
neutral point is effectively considered to be at the shoe until buckling effects are
considered.

The tensile loads to which the two sections of the surface casing are subjected
are presented in Table 3.9. The value of ¥, = 1.861 x 10° Ibf (Column (7)) is
the joint vield strength which is lower than the pipe body vield strength of 1.929
x 10° Ibf.

Table 3.9: Total tensile loads on surface casing string.

W @ 3 )
Depth Grade and Buoyvant weight Cumulative buoyant
interval Weight of section weight carried
(ft) (Ib/ft) joint (1.000 Ibf) by the top joint
(1) x W, x BF (=0.836) (1.000 Ibf)
5,000 - 3,550 K-55, 109 135.222 135.222
3,550 - 0 L-80, 84 255.130 390.352
(5) (6) (7)

Shock load carried Total tension

by each section (1.000 Ibf) SF = m
(1,000 1bf) (4) + (3)
3,200W,
348.8 184.022 1.738/484.022 = 3.59
268.8 659.152 1.861/659.152 = 2.82

It 1s evident from the above that both sections satisfv the design requirements
for tensional load arising from cumulative buoyant weight and shock load.

Pressure Testing and Shock Loading

During pressure testing, extra tensional load is exerted on each section. Thus.
sections with marginal safety factors should be checked for pressure testing con-
ditions.
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Tensional load due to pressure testing

= burst resistance of weakest grade (L-80, 84) x 0.6 x A,
4,330 x 0.6 x 24.1 = 62,611.8 Ibf

Total tensional load during pressure testing
= cumulative buoyant load + load due to pressure testing

Shock loading occurs during the running of casing, whereas pressure testing occurs
after the casing is in place; thus. the affects of these additional tensional forces
are considered separately. The larger of the two forces is added to the buoyant
and bending forces which remain the same irrespective of whether the pipe is in
motion or static.

Hence,
SF = Y;’,
Total tension load
1,861,000

=411
62,611.8 + 390,352

This indicates that the top joint also satisfies the requirement for pressure testing.

Biaxial Effects

[t was shown previously that the tensional load has a beneficial effect on burst
pressure and a detrimental effect on collapse pressure. It is, therefore, important
to check the collapse resistance of the top joint of the weakest grade of the selected
casing and compare it to the existing collapse pressure. In this case, L-80 (84
Ib/ft) is the weakest grade. Reduced collapse resistance of this grade can be
calculated as follows:

Buoyant weight carried by L-80 (84 Ib/ft) = 135,222 Ib{.

(1) Axial stress due to the buoyant weight is equal to:

135,222
m(d; — df)/4
135,222
(162 — 15%)/4
= 5,608 pst

g, =

(2) Yield stress is equal to:
1,929,000
(162 — 152)/4

= 80,000 psi

O'y =
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(3) From Eq. 2.163, the effective yield stress is given by:

2 0.5
5. = o, { [1 —0.75 (i) } ~05 (”—) }
Ty Ty
5,608 \*]"" 5,608
80,000 ¢ [1—0.75 [ -2 05 (2
“ (80,000) } 05 (80,000)}

= 77,048 psi

]

(4) d,/t = 16/0.495 = 32.32

(5) The values of A,B,C, F and G are calculated using equations in Table 2.1
and the value of ¢, (as determined above, i.e.. 77,048 psi) as:

A = 3.061
B = 0.065
¢ = 1867
F = 1993
G = 0.0425

(6) Collapse failure mode ranges can be calculated as follows { Table 2.1):

(A—=2)2+8(B+Clo )"+ (A~-2)

= 13.510
2(B+Clo.)
oe(A—F)
= 22.72
Cro(B-G) — =274
2+ B/A
_W = 31.615

Inasmuch as the value of d,/t is greater than 31.613, the failure mode of collapse
is in the elastic region. For elastic collapse, collapse resistance is not a function
of yield strength and, therefore, the collapse resistance remains unchanged in the
presence of imposed axial load.

Final Selection

Both Section 1 and Section 2 satisfy the requirements for the collapse, burst and
tensional load. Thus, the final selection is shown in Table 3.10.

3.3.2 Intermediate Casing (13§-in. pipe)

Intermediate casing is set to depth of 11,100 ft and partially cemented at the
casing seat. Design of this string is similar to the surface-string except that
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Table 3.10: Final casing selection for surface string.

Section Depth Grade and Weight Length
(ft) (Ib/ft) {1t)

1 0 - 3.530 L-80. 84 3,550

3.530 - 5.000 K-55. 109 1.450

o

some of the design loading conditions are extremely severe. Problems of lost
circulation, abnormal formation pressure, or differential pipe sticking determine
the loading conditions and hence the design requirements. Similarly, with only
partial cementing of the string it is now important to include the effect of buckling
in the design calculations. Meeting all these requirements makes implementing
the intermediate casing design very expensive.

Below the intermediate casing, a liner is set to a depth of 14.000 ft and as a result.
the intermediate casing is also exposed to the drilling conditions below the liner.
In determining the collapse and burst loads for this pipe. the liner is considered
to be the integral part of the intermediate casing as shown in Fig. 3.8.

Collapse

As in the case of surface casing, the collapse load for intermediate casing is
imposed by the fluid in the annular space. which is assumed to be the heaviest
drilling fluid encountered by the pipe when it is run in the hole. As discussed
previously, maximal collapse load occurs if lost circulation i1s anticipated in the
next drilling interval of the hole and the fluid level falls below the casing seat.
This assumption can only be satisfied for pipes set at shallow depths.

In deeper sections of the well. lost circulation causes the drilling fluid level to
drop to a point where the hydrostatic pressure of the drilhng fluid column is
balanced by the pore pressure of the lost circulation zone, which 1s assumed to be
a saturated salt water gradient of 0.465 psi/ft. Lost circulation is most likely to
occur below the casing seat because the fracture resistance pressure at this depth
is a minimum.

For collapse load design, the following assumptions are made (Fig. 3.8):

1. A lost circulation zone is encountered below the liner seat {14.000 ft).
2. Drilling fluid level falls by h,, to a depth of A,,,.

3. Pore pressure gradient in the lost circulation zone is 0.465 psi/ft (equivalent
mud weight = 8.94 ppg).
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Fig. 3.8: Collapse and burst loads on intermediate casing and liner.
Thus, the design load for collapse can be calculated as follows:

Collapse pressure at surface = 0 psi
Collapse pressure at casing seat = external pressure - internal pressure

External pressure = G, x 11.100
= 12 x0.052 x 11.100
= 6,926.4 pst

where:
hm, = the height of the drilling fluid level above the casing seat.

The top of the fluid column from the liner seat can be calculated as follows:

L Gp, x 14,000  0.465 x 14,000
™ 4, %0052 T 17.9 x 0.052
= 6,994 ft
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The distance between the top of the fluid column and the surface, h,, is equal to:

he = 14,000 — 6,994
= 7,006 ft

Height of the drilling fluid column above the casing seat, h,,, is equal to:

hm, = 11,100 —7,006
= 4,004 ft

Hence, the internal pressure at the casing seat is:

Internal pressure = G, X hny,
= 179 x 0.052 x 4,094
= 3.,810.7 ps

Collapse pressure at 11,100 ft = 6,926.4 - 3,810.7

= 3.115.7 psi

Collapse pressure at 7,006 ft = external pressure - internal pressure
= 12 x 0.052 x 7.006 - 0
= 4.371.74 psi

In Fig. 3.9, the collapse line is constructed between 0 psi at the surface, 4,371.74
pst at a depth of 7,006 ft and 3,115.7 psi at 11,100 ft. The collapse resistances of
suitable steel grades from Table 3.2 are given in Table 3.11 and it is evident that
all the steel grades satisfy the requirement for the conditions of maximal design

load (4,371.74 psi at 7,006 ft).

Burst

The design load for intermediate casing is based on loading assumed to occur
during a gas—kick. The maximal acceptable loss of drilling fluid from the casing
is limited to an amount which will cause the internal pressure of the casing to rise
to the operating condition of the surface equipment (blowout preventers, choke
manifolds, etc.). One should not design a string which has a higher working pres-
sure than the surface equipment, because the surface equipment must be able to
withstand any potential blowout. Thus, the surface burst pressure is generally set
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Fig. 3.9: Selection of casing grades and weights based on collapse and burst
loads for intermediate casing.

Fig. 3.10: Burst load with respect to the relative position of the drilling fluid
and the influx gas.
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Table 3.11: Collapse resistance of grades suitable for intermediate cas-
ing.

Grade Weight Coupling  Collapse resistance

(Ib/ft) (psi)
SF=1 SF=08
L-30 98 BTC 5910 6.953
P-110 85 PTC 1690 5517
P-110 93 PTC 7.280 8.564

to the working pressure rating of the surface equipment used. Typical operating
pressures of surface equipment are 5.000. 10.000. 15.000 and 20.000 psi.

The relative positions of the influx gas and the drilling fluid in the casing are also
important (Fig. 3.10). If the influx gas is on the top of the drilling fluid. the load
line is represented by a dashed line. If instead the mud is on the top. the load line
is represented by the solid line. From the plot. it is evident that the assumption
of mud on top of gas vields a greater burst load than for gas on top of mud.

The following assumptions are made in calculating the burst load:

1. Casing is partially filled with gas.

2. During a gas-kick, the gas occupies the bottom part of the hole and the
remaining drilling fluid the top.

3. Operating pressure of the surface equipment is 5.000 psi.

Thus, the burst pressure at the surface is 5.000 psi.
Burst pressure at the casing seat = internal pressure - external pressure.

The internal pressure is equal to the injection pressure at the casing seat. The
intermediate casing, however. will also be subjected to the kick-imposed pressure
assumed to occur during the drilling of the final section of the hole. Thus. deter-
mination of the internal pressure at the seat of the intermediate casing should be
based on the injection pressure at the liner seat.

Injection pressure at the liner seat (11.000 ft)

= fracture gradient x depth
(18.4 + 0.3) x 0.052 x 14.000
= 13,762 ps.

Il

The relative positions of the gas and the fluid can be determined as follows (Fig.
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3.8):
14,000 = hy,+ hn, (3.5)
Surface pressure = injection pressure - (G, b, + G, h,,)

5,000 = 13,762 — (0.1 x h, +17.9 x 0.052 x h,,) (3.6)

Solving Eqs. 3.5 and 3.6 simultaneously. one obtains h, and hp,:

h, = 5,141 ft
h = 8,859 ft

The length of the gas column from the intermediate casing seat. hy;, is:
hy: = 11,100 - 8.859 = 2,241 ft
Burst pressure at the bottom of the drilling fluid column

= Internal pressure - external pressure

Internal pressure at 8,859 ft = 5.000 + 17.9 x 0.052 x 8.859
= 13.246 ps1

External pressure at 8859 ft = 0.465 x 8.859
= 4.119 psi

Burst pressure at 8,859 ft = 13,246 - 1.119

= 9.127 psi

Burst pressure at casing seat = internal pressure — external pressure

Internal pressure at 11,100 ft = pressure at 8.839 ft + (Gp, X h,;)

= 13246 + 2241
= 13,470 psi

Burst pressure at 11,100 ft = 13,470 - 11.100 x 0.45
= 8475 psi

In Fig. 3.9, the burst pressure line is constructed between 5.000 psi at the surface.
9,127 psi at 8,859 {t and 8,475 psiat 11.100 ft. The burst resistances of the suitable
grades from Table 3.2 are given in Table 3.12.

The grades that satisfy both burst and collapse requirements and the intervals
for which they are valid are listed in Table 3.13.
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Table 3.12: Burst resistances of grades suitable for intermediate casing.

Grade Weight Coupling  Burst resistance

(Ib/ft) (psi)
SF=1 SF=1.1
L-80 9% BTC 7.530 6.845
P-110 85 PTC 38.750 7.954
P-110 93 PTC 10.350 9.409

Table 3.13: Most economical intermediate casing based on collapse and
burst loading.

Section Depth Grade and Length
(ft) Weight (Ib/ft)  (ft)

1 0 - 4,000 L-80, 98 4.000

2 4,000 - 6,400 P-110, 85 2,400

3 6,400 - 11,100 P-110.98 4,700

Tension

The suitability of the selected grades for tension are checked by considering cu-
mulative buoyant weight, buckling force. shock load and pressure testing. A
maximal dogleg of 3°/100 ft is considered when calculating the tension load due
to bending. Hence, starting from the bottom. Table 3.14 is produced.

[t is evident from Table 3.14 that grade L-80 (98 lb/ft) is not suitable for the
top section. Before changing the top section of the string the effect of pressure
testing can be considered.

Pressure Testing and Shock Loading

Axial tension due to pressure testing:

= Grade L-80 burst pressure resistance x 0.6 x A;
= 7,330 x 0.6 x 28.56 = 129.034 Ibf

Top joint tension = (4) + (6) + 129,034
1,240,007 Ibf
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Table 3.14: Total tensile loads on intermediate casing string.

M 2) 3) @
Depth Grade and  Buoyant weight  (C'umulative buoyant
interval Weight of section weight carried
(ft) (Ib/ft) joint (1.000 1bf) by the top joint
(1) x W, x BF (1.000 Ibf)
BF =0.817
11,100 - 6,400 P-110, 98 376.310 376.310
6,400 ~ 4,000 P-110, 85 166.668 542.978
4,000 - 0 L-30, 93 320.264 863.242
) © ™) ®)

Shock load Bending load  Total tension
carried by each 1in each section (1.000 1bf) SF = Tot—a]ltm
joint (1,000 Ibf) (1,000 1bf) (4) + (5) + (6)

(3,2000W,) (63 d,W,0)

313.60 247.731 937.641 2.800/937.64 = 2.98
272.00 214.869 1.029.847 2.290/1.029 = 2.22
313.60 247.731 1,424,573 2.286/1,424 = 1.61
SF = Y, . _ 2,286,000
Total tension 1.240.007
= 134

The pressure testing calculations indicate that the upper section is suitable. How-
ever, it is the worst case that one is designing for and in this case. as Column (5)
in Table 3.14 attests, it is the shock load.

Tension load is calculated by considering the cumulative buoyant weight at the
top joint (4), shock load (5), and bending load (6). The length of Section I. r.
that satisfies the requirement for tensional load can be calculated as follows:
. ) %
Minimum safety factor (= 1.8) = m
Total tension load = (982 + 2,400 x 85 4+ 4,700 x 98) x 0.817 + 313,600
+ 24,7731
= 80.07r + 1,104,309.2 Ibf

Hence,

2,286,000

18 =
80.07z + 1,104, 309.2
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298, 243.44
= — = 59 oints.
144118 2,069 ft or 52 joints

Thus, the part of Section 1 to be replaced by a higher grade casing is (1.000 -
2.000) 2,000 ft or 50 joints. If this length is replaced by P-110 (98 Ib/ft). the
safety factor for tension will be:

2,800,000

F=2" 0
5 1,424,573

1.97

In summary, the selection based on collapse. burst. and tension is given in Table
3.15. Table 3.16 shows the reworked tension results based on the revised string.

Table 3.15: Intermediate casing selection based on collapse, burst and
tensile loads.

Section Depth Grade and Length
(ft) Weight (1b/ft) (ft)

1 0 - 2.000 P-110. 98  2.000

2 2,000 - 4,000 L-30. 98 2.000

3 4,000 - 6,100 P-110. 835  2.400

4 6,400 ~ 11.100 P-110. 98 1.700

Biaxial Effect

The weakest grade among the four sections is P-110 (85 1b/ft). It is. therefore,
important to check for the collapse resistance of this grade under axial tension.

(1) Axial stress, o,, carried by P-110 (85 1b/ft) is:

376,31
Ty = 376,310 = 15,431 psi.
24.39

(2) Pipe yield stress:

2.682,000 ]
%= To139 109, 931 psi.
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Table 3.16: Total tensile loads on revised intermediate casing string.

1) @) 3 0
Depth Grade and Buoyant weight Cumulative buovant
interval Weight of section weight carried
(ft) (Ib/ft) joint (1.000 Ibf) by the top joint
(1) x W, x BF (= 0.817) (1.000 1bf)
11,100 - 6,400 P-110, 93 376.310 376.310
6,400 - 4,000 P-110, 85 166.668 542.978
4,000 - 2,000 L-30, 98 160.132 703.110
2,000 - 0 P-110, 98 160.132 863.242
) (©) ) )
Shock load Bending load Total tension
Y,

carried by each

joint (1000 Ibf)

(3,200W,)

in each section

(1.000 Ibf)
(1,000 1bf)
(63 d,W,0)

(4) + (5) + (6)

SF = -
o F Total tension

313.60 247.731 937.641 2,800/937.64 = 2.98
272.00 214.869 1.029.847 2.290/1.029 = 2.22
313.60 247.731 1.264.441 2.286/1.264.44 = 1.81
313.60 247.731 1,424.573 2.800/1.424.57 = 1.97

(3) From Eq. 2.163, the effective yield stress is given by

()T )

57 0.5
15,431\ 15.831
= 814 [1-0.75 — 0.5
109,9 [ 07’(109.981” 0’(109.981)}

= 101,450 psi

Te =

(4) do/t = 13.375/0.608 = 21.993.
(5) The values of A to G are calculated using the equations in Table 2.1 and the
value of o, above:

A = 3.1483
B = 0.0776
C = 2,596.26
Foo= 20441
G = 0.0504
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(6) Collapse failure mode ranges are:

[(A—2)"+8(B+C/o.)]* +(A-2)

= 12.661
2(B+Cle,)
g (A= F)

= 20913

C+o.(B~-G)

2+ B/A
—_— 27.38
3B/A 389

(7) Inasmuch as d,/t = 21.99, the failure mode is in the elasto-plastic region.
(8) Hence, the reduced collapse resistance of P-110 (85 Ib/ft) is 4,317 psi.

(9) Thus, the safety factor for collapse at 6,400 ft is:

Reduced collapse resistance

SF, =
Collapse load at 6,400 ft
4317 Lo7
oo

which satisfies the design criterion SF, > 0.85

Table 3.17: Intermediate casing properties and mud weights during
landing operation.

Depth Grade and A; A, A, ¥ ~o
Weight
(ft) (Ib/ft) (in.?)  (in.?) (in.?) (lb/gal) (Ib/gal)
0-2,000 P-110,98 111.91 140.5 28.59 12 12
2,000 - 4,000 L-80, 98 111.91 140.5 28.59 12 12
4,000 - 6,400 P-110,85 116.11 140.5 24.39 12 12
6,400 - 10,000 P-110,98 111.91 1405 28.59 12 12

10,000 - 11,100 P-110,98 11191 1405 28.39 12 14 (cement)

Buckling

As discussed in Chapter 2, casing buckling will occur when the axial stress is
less than the average of the radial and tangential stresses. Thus, the buckling
condition for the above casing grades can be found by determining the neutral
point along the casing length. Casing sections above this point are stable and
those below are liable to buckle.

It is assumed that the pipe is cemented to 10,000 ft from the surface and the
specific weight of the sturry is 14 ppg. Thus, the pipe will be subjected to buckling
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due to the change in the specific weight of the fluid between the outside and the
inside of the casing and the change in the average temperature during the drilling
of the next interval. Lengths and properties of the different pipe sections and the
mud weight during the landing operation are shown in Table 3.17.

For the conditions summarized in Table 3-17. the values of axial stresses are given
in Table 3.18. Note that the two top strings of L-80. 98 Ib/ft and P-110. 98 1b/ft
have been grouped together in one 4,000-ft string as their ID’s, OD’s and casing
weights are the same.

Table 3.18: Axial stresses on intermediate casing string during landing

operation.
Depth Grade and (1) (2) (3) (4)
(ft) Weight W, (D —2) (A.po — Aipi)  Oguy = Cap, =
(Ib/ft) (Ibf) (1bf) (1); (2) Pi(AumA_ Alow, )
(ps) (psi)
11,100 P-110, 98 0 214.099 -7.489 0
10,000 P-110, 98 107,800 214,099 -3.718 0
6,400 P-110, 98 460,600 214,099 8.622 0
6,400 P-110, 85 460,600 214,099 10,107 688
4,000 P-110, 85 664.600 214.099 18.471 638
4,000 L-80, 98 664,600 214,099 15,757 321
0 P-110, 98 1,056,600 214.099 29.468 321

Examples of Calculations in Preparing Table 3.18:

Axial stress, 0,4, (item 3), due to pipe weight and pressure differences at 6.400
and 4,000 ft, can be calculated as follows:

T4 at 6,400 ft on pipe section P-110 (98 1b/ft)
Wn(D — fL‘) - (Aopo - AiPi)
A,
98 (11,100 — 6,400) — [140.5 x 0.052 (12 x 10,000 + 14 x 1,100) .
28.59
—(111.91 x 12 x 0.052 x 11,100)]

28.59

460,600 — 214,099
= ’ ’ e > ;.
9859 8,622 psi

Tqw at 6,400 ft on pipe section P-110 (35 1b/ft):

—

460,600 — 214,099
- 24.39

= 10,107 psi
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dau at 4,000 ft on pipe section L-80 (98 1b/ft)

(98 (11,100 — 6,400) + 85 (6. 400 — 4.000) | - 214.099
28.59

-
f

t

664,600 — 214,099

2859 pst

15.75

Tap (item 4) at 4,600 ft on pipe section P-110 {85 Ib/f1)

Pi (Aupl = Alowy )
A
12 % 0.052 x 6,400 (116.11 — 111.91)
24.39

~ 683 psi
Oqp at 4,000 ft on pipe section L-80 (98 lb/ft)

0.624 x 6,400 (116.11 — 111.91) 4+ 0.624 x 4,000(111.91 ~ 116.11)
23.59

= 321 psi

The effective axial stresses and the average of the radial and tangential stresses
are presented in Table 3.19.

Table 3.19: Effective axial and the average of radial and tangential
stresses in the intermediate casing during landing operations.

(3) (6)
Depth Grade and Total axial (o, +0)/2 =
(ft) Weight stress. 0, (AG,, — AG,,) 2/ As;
(Ib/ft) (3) + (4)

{psi) {psi)

0 P-110, 93 29.789 0
4,000 L-80, 98 16,078 - 2,496
4,000 P-110, 85 19.158 - 2,496
6,400 P-110, 85 10.794 - 3,994
6,400 P-110, 98 8.622 - 3.994
10,000 P-110,98 - 3.718 - 6.240
11,100 P-110.98 - 7.439 ~ 7.489

An Example of Calculations in Preparing Table 3.19:

Average of radial and tangential stresses (item 6) at any depth z is given by:

(a,+at) o AG - A G,
2 xr - ASI
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(a,+at) (11191 x 12 = 140.5 x 12) x 0.052 x 4,000
2 1,000 28.39

= —2,496 psi

The values of axial and average of radial and tangential stresses are plotted in Fig.
3.11 (page 159). From the plot it is evident that the line of axial stress and the
average of radial and tangential stresses intersect at the casing shoe. indicating
that the casing is not liable to buckle during landing and cementing operations.

Equally important is to check whether the pipe is liable to buckle during the
drilling of the next interval. The specific weight of the fluid used to drill the next
interval is 17.9 ppg and the annular fluid is again assumed to be saturated salt
water (8.94 ppg). Consider also that the pipe is subjected to an average increase
in temperature of 90°F and that in calculating the values of axial stress due to
the change in fluid densities. the effect of surface pressure is ignored. Table 3.20
summarises the results.

Table 3.20: Stresses in the intermediate casing during the drilling of
the next section of borehole.

Depth Grade (1) (2) (3) (4)

(ft)  and Weight Ao, Aoy, Oguy = Oapy =
(Ib/E)  (psi)  (pS) Owws + A0w Gy + Aoy

(psi) (psi)
10,000 P-110, 98 5,552 0 1.834 0
6,400 P-110, 98 3,553 0 12,175 0
6,400 P-110, 85 4,260 338 14.398 1.026
4,000 P-110, 85 2,663 338 21.165 1.026
4,000 L-80, 98 2,221 158 17.992 179
0 P-110, 9% 0 158 29.183 179

Examples of Calculations in Preparing Table 3.20:

Change in pipe weight (item 1). Ag,,.. due to the change in fluid densities. at
6,400 ft (P-110, 85) is as follows:

vz (AAG, — ANG,,)
ASI
0.28 x 6,400 x 0.052{116.11 x 3.9 — (—3.05) x 140.5]
21.39

Aoy, =

= 4,260 psi

Change in piston effect (item 2), Ag,,, due to the change in fluid densities. at
6,400 ft (P-110, 85) is:
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zAG, (Aum ~ Aoy )

Ao, = A
~ 6,400 x 0.052 x 5.9 x 4.2
B 24.37
= 338 psi

In Table 3.21, the values of the total axial stress and the average of radial and
tangential stresses are presented.

Table 3.21: Stresses in intermediate casing during drilling of next sec-
tion of borehole.

Depth Grade (5) (6) (7) (8) (9
(ft) and Weight  a,r Oawy  Oap, Os (o, + 04))2
(b/f)  (psi)  (psi) (psi) (3)+(6)+(T)  (ps])
(psi)

0 P-110, 98 - 18,630 29.433 479 11.332 0
4,000 L-80, 98 - 13.630 17.992 479 - 139 5.436
4,000 P-110,85 - 18,630 21.165 1.026 3.562 7.014
6,400 P-110, 85 - 18.630 14.398 1.026 - 3.206 11.222
6,400 P-110, 93 - 18,630 12,117 0 - 6,453 8.693

10,000 P-110, 98 - 18,630 1.835 0 - 16.795 13.590

Examples of Calculations in Preparing Table 3.21:

Change in axial stress (item 3), o,7. due to the increase in average temperature

(90°F), is given by:

UaT = —ETAT
= —30x10°x6.9x10%x90
= —18,630psi

Average of radial and tangential stresses (item 9). at 10.000 ft (P-110. 98) is:

(0’,+O}) _ (AG, —AG, ) x

2 Asr
(11191 x 17.9- 1405 x 8.94) x 0.052 x 10,000
- 28.59
= 13,590 psi

Values of axial, radial, and tangential stresses are plotted in Fig. 3.11. From
the plot it is evident that the lines of axial stress and the average of radial and
tangential stresses intersect at a depth of 2.650 ft. This means that below this
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Fig. 3.11: Axial and average of radial and tangential stresses along the length
of the pipe.

depth the pipe is liable to buckle and it should. therefore. be cemented up to a
depth of 2,650 ft from the surface.

The presence of buckling force does not necessarily mean that the casing will
buckle. For buckling to occur, the existing buckling force must exceed the critical
buckling force for the casing string. The existing buckling force is:

Fbuc = As [(UT+Gt)—0a]
2

= 868,637 Ibf

According to Lubinski (1951), the critical buckling force on the intermediate
casing can be determined as follows:

Fbuccr =3.5 [EI(WnBF)Z ]1/3

where:

1
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Fig. 3.12: Selection of casing grades and weight based on the collapse and burst
loads for liner.

S SR
= o7 (13375 —11.937%)

= 573.97 in.*
W, BF is the buoyant weight/ft and can be calculated as {ollows:

W, — (po A, — piAi) r
T
94,880 — 10,000 x 0.052 (140.5 x 8.94 — 111.91 x 17.9)

10.000

W.BF =

= 134.71b/ft

FbuCcr = 3<5 [30 x 106 X 57397 % (134'7)2 }1/3
= 237,482 Ibf
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or,

237,482

2850 8,307 psi

Thue,,
Thus, the pipe experiences a buckling force which is 3.7 times greater than its
critical value.

Figure 3.11 shows that the critical buckling force occurs at about 5,000 ft from
the surface and, therefore, the pipe should be cemented to this depth to prevent
any permanent deformation that may result due to the buckling.

3.3.3 Drilling Liner (9§-in. pipe)

Drilling liner is set between 10,500 ft and 14,000 f{t with an overlap of 600 ft
between 13% in casing and 9% in liner. The liner is cemented from the bottom
to the top. Design loads for collapse and burst are calculated using the same
assumptions as for the intermediate casing (refer to Fig. 3.8). The effect of
biaxial load on collapse and design requirement for buckling are ignored.

Collapse
Collapse pressure at 10,500 ft = external pressure - internal pressure
External pressure at 10,500 ft = Gp,,, x 10.500 ft
= 12x0.052 x 10.300 = 6.552 ft
Internal pressure at 10,500 ft = Gp,,, x fluid column height (Fig. 3.8)
= 17.9x0.052 x (10.500 — 7.006)
= 3252 ps
Collapse pressure at 10,500 ft = 6.532 - 3,252
= 3,300 psi
Collapse pressure at 14,000 ft = external pressure - internal pressure

12 x0.052 x 14,000

External pressure at 14,000 ft

= 8,736 psi

Internal pressure at 14,000 ft = 17.9 x 0.052 x 6.994
= 6.310 psi

Collapse pressure at 14,000 ft = 8,736 - 6.510
= 2,226 psi
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Table 3.22: Collapse resistance of grades suitable for drilling liner.

Grade Weight Coupling Collapse resistance
(Ib/ft) (psi)

SF=1 SF=0385

P-110 47 LTC 5,310 6,247

L-80 5384 LTC 7,890 9,282

In Fig. 3.12 the collapse line is constructed between 3,300 psi at 10,500 ft and
2,226 psi at 14,000 ft. The collapse resistances of suitable steel grades from Table
3.3 are given in Table 3.22. Notice that both P-110 (47 lb/ft) and L-80 (58.4
Ib/ft) grades satisfy the requirement for collapse load design.

Burst

Burst pressure at 10,500 ft (Fig. 3.8)

Internal pressure at 10,500 ft

External pressure at 10,500 ft

Burst pressure at 10,500 ft

Burst pressure at 14,000 ft

Il

internal pressure - external pressure

surface pressure + hydrostatic
pressure of drilling fluid column
+ hydrostatic pressure of the gas column

5.000 + 8.901.6 x 17.9 x 0.032
+ (10.500 — 8,901.6) x 0.1
13,445 psi

hydrostatic head of the salt water column
0.465 x 10,500
4,882.5 psi

13,445.44 - 4,882.5
8.563 psi

injection pressure at 14.000 ft
— saturated salt water column
13,788.32 - 0.465 x 14,000
7.278 psi

In Fig. 3.12, the burst pressure line is constructed between 8,363 psi at 10.500
ft and 7,278 psi at 14,000 ft. The burst resistances of the suitable grades from
Table 3.3 are shown in Table 3.23. The burst resistances of these grades are also
plotted in Fig. 3-12 as vertical lines and those grades that satisfy both burst and
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Table 3.23: Burst resistances of grades suitable for drilling liner.

Grade Weight Coupling Burst resistance

(Ib/ft) (psi)
SF=1 SF=1.1
1.-80 54.4 LTC 8,650 7,864
P-110 47 LTC 9,440 8,581

collapse design requirements are given in Table 3.24.
Tension

Suitability of the selected grade for tension is checked by considering cumulative
buoyant weight, shock load, and pressure testing. The results are summarized in

Table 3.25.

Final Selection

From Table 3.25 it follows that L-80 (58.4 1b/ft) and P-110 (47 lb/ft) satisfy
the requirement for tension due to buoyant weight and shock load. Inasmuch as

the safety factor is double the required margin, it is not necessary to check for
pressure testing.

3.3.4 Production Casing (7-in. pipe)

Production casing is set to a depth of 19,000 ft and partially cemented at the
casing seat. The design load calculations for collapse and burst are presented in
Fig. 3.13.

Collapse

The collapse design is based on the premise that the well 1s in its last phase
of production and the reservoir has been depleted to a very low abandonment

Table 3.24: Most economical drilling liner based on collapse and burst

loads.
Section Depth Grade and Length
(ft) Weight (1b/ft)  (ft)
1 10,500 - 12.500 P-110, 47 2,000
2 12,500 - 14,000 L-80. 58 1.500
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Table 3.25: Total tensile loads on drilling liner.
(1) (2) (3) (4)

Depth Grade and Buovant weight Cumulative buoyant

(ft) Weight of section weight carried
(Ib/ft) joint (1.000 1bf) by the top joint

(1) x W,x BF (1,000 1bf)

BF =0.743
14,000 - 12,500 L-80, 38.4 65.105 65.105
12,500 - 10,500 P-110, 47 69.861 134.966
%) (©) ™)
Shock load Total tension
Y,

carried by each (1.000 1bf)  SF = Total tension
section (1,000 Ibf) (1) + (3)

(3,200 W)
186.88 25
150.40 2

985 1.151/251.985 = 4.57
366 1.213/285.366 = 4.25

pressure (Bourgoyne et al.. 1985). During this phase of production, any leak in
the tubing may lead to a partial or complete loss of packer fluid from the annulus
between the tubing and the casing. Thus. for the purpose of collapse design the
following assumptions are made:

1. Casing is considered empty.

2. Fluid specific weight outside the pipe is the specific weight of the drilling
fluid inside the well when the pipe was run.

3. Beneficial effect of cement is ignored.

Based on the above assumptions, the design load for collapse can be calculated
as follows:

Collapse pressure at surface = ( psi

Collapse pressure at casing seat
= external pressure — internal pressure

=179 x 0.052 x 14,000 - 0

= 13,031 psi
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Fig. 3.13: Collapse and burst loads on the production casing.

In Fig. 3.13, the collapse line is constructed between 0 psi at the surface and
13,031 psi at 19,000 ft. Collapse resistance of the suitable grades from Table
3.3 are presented in Table 3.26 and all these grades satisfv the requirement for
maximum collapse design load.

Table 3.26: Collapse resistance of grades suitable for production casing.

Grade  Weight Coupling  Collapse resistance
(Ib/ft) (psi)
SF=1 SF=0385
V-150 38 PTC 19.240 22,635
V-150 41 PTC 22.810 26.835
V-150 46 PTC 25.970 30.552
SO0-155 46 PTC 26,830 31.564

Burst

In most cases, production of hydrocarbons is via tubing sealed by a packer, as
shown in Fig. 3.13. Under ideal conditions. only the casing section above the
shoe will be subjected to burst pressure. The production casing. however. must
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be able to withstand the burst pressure if the production tubing fails. Thus. the
design load for burst should be based on the worst possible scenario.

For the purpose of the design of burst load the following assumptions are made:

1. Producing well has a bottomhole pressure equal to the formation pore pres-
sure and the producing fluid is gas.

2. Production tubing leaks gas.

3. Specific weight of the fluid inside the annulus between the tubing and casing
is that of the drilling fluid inside the well when the pipe was run.

4. Specific weight of the fluid outside the casing is that of the deteriorated
drilling fiuid, i.e., the specific weight of saturated salt water.

Based on the above assumptions. the design for burst load proceeds as follows:

Burst load at surface

Internal pressure at surface

Burst pressure at surface

Burst pressure at casing shoe

Internal pressure at casing shoe

External pressure at shoe

Burst pressure at casing shoe

internal pressure - external pressure

shut-in bottomhole pressure

- hydrostatic head of the gas column
17.45 x 0.052 x 19,000 - 0.1 x 19.000
15,340.6 psi

15.340.6 - 0
15.340.6 psi

internal pressure - external pressure

hydrostatic pressure of the fluid column
+ surface pressure due to gas leak at
top of tubing

17.9 x 0.052 x 19,000 + 15,340.6
33.025.8 psi

0.465 x 19.000
8.835 psi

33,025.8 - 8.833
21.190.8 psi

In Fig. 3.13, the burst line is drawn between 15.350.6 psi at the surface and
24,190.8 pst at 19,000 ft. The burst resistances of the suitable grades from Table
3.3 are shown in Table 3.27 and are plotted as vertical lines in Fig 3.14.
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Fig. 3.14: Selection of casing grades and weights based on the collapse and
burst loads for the production casing.
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Table 3.27: Burst resistance of grades suitable for production casing.

Grade  Weight Coupling Burst resistance
(Ib/ft) (psi)
SF=1 SF=1.
V-150 38 PTC 13.900 17182
MW-1535 33 Extreme-line  20.930 19.028
V-150 46 PTC 25.070 22.790
SO0-135 16 PTC 25.910 23.550

Selection based on collapse and burst

From Fig. 3.14, it is evident that grade SOO-155, which has the highest burst
resistance properties, satisfies the design requirement up to 17.200 ft. It will
also satisfy the design requirement up to 16.000 ft if the safety factor is ignored.
Thus, grade SOO-153 can be safely used only if it satisfies the other design
requirements. The top of cement must also reach a depth of 17.200 ft to provide
additional strength to this pipe section. Hence. the selection based on collapse
and burst is shown in Table 3.23.

Table 3.28: Most economical production casing based on collapse and
burst loads.

Section Depth Grade and Coupling Length
(ft) Weight (1b/ft) (ft)
l 0 -3,000 V-150. 38 PIC 3.000
2 3,000 - 8,000 MW-155. 38 Extreme-line  35.000
3 8,000 - 16,000 V-150. 46 PTC 8,000
4 16,000 - 19.000 SOO-155. 16 PTC 3.000
Tension

The suitability of the selected grades under tension is checked by considering
cumulative buoyant weight, shock load, and pressure testing. Thus. starting
from the bottom, Table 3.29 is produced which shows that all the sections satisfy
the requirement for tensional load based on buovant weight and shock load.

Pressure Testing

Grade V-150 (38 Ib/ft) has the lowest safety factor and should. therefore. be
checked for pressure testing. Tensional load carried by this section due to the
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Table 3.29: Total tensile loads on production casing.

(1) (2) (3) (4)
Depth Grade and  Buoyant weight Cumulative buoyant
(ft) Weight of each section weight carried
(Ib/ft) joint (1.000 Ibf) by the top joint
(1) xW, x BF (1.000 1bf)
BF =0.726
19,000 - 16,000 SOO-155, 46 100.25 100.25
16,000 - 8,000  V-150, 46 267.34 367.59
8,000 - 3,000 MW-155, 38 138.03 505.62
3,000 -0 V-150, 338 82.82 588.43
5) © ™
Shock load Total load
}f

carried by carried by the SF = mﬁ—m
each joint (1,000 Ibf) top joint (1.000 1bf)

3,200 x W,
147.20 247.51 1.344/247.51 = 5.43
147.20 514.79 1.344/514.79 = 2.61
121.60 627.21 1.592/627.21 = 2.56
121.60 710.03 1.430/710.03 = 2.01

pressure testing is equal to:

£

18,900 x 0.6 x A, (A, = 10.95)
= 124,173 Ibf

Total tension load carried by V-130 (38 1b/ft)

= buoyant weight carried by the top joint

= + tensional load due to the pressure testing
= 588,430 4+ 124,173

= 712,603 Ibf

§F :( Y, ):1,430,000_

= 2.01
Total load 712,603

[nasmuch as this value is greater than the design safety factor of 1.8. grade V-150
(38 1b/ft) satisfies tensional load requirements.
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Biaxial Effect

Axial tension reduces the collapse resistance and is most critical at the joint of
the weakest grade. All the grades selected for production casing have significantly
higher collapse resistance than required. Casing sections from the intermediate
position, however, can be checked for reduced collapse resistance (V-150, 46 1b/ft)
at 8,000 ft.

As illustrated previously, the modified collapse resistance of grade V-150 (46 Ib /ft)
under an axial load of 367,356 1bf can be calculated to be 23,250 psi. Hence,

Reduced collapse resistance

SF fi 1 =
or collapse Collapse pressure at 8,000 ft

23,250

Final Selection

The final selection is summarized in Table 3.30.

Table 3.30: Final casing selection for production casing string.

Depth Grade and Weight Coupling
(ft) (Ib/ft)

0 - 3,000 V-150. 38 PTC
3,000 - 8,000 MW-155, 38 Extreme-line
8,000 - 16,000 V-150. 46 PTC

16,000 - 19,000 SO0-155, 46 PTC

Buckling

Usually, buckling is prevented by cementing up to the neutral point where no
potential buckling exists. As discussed previously (p.116). the depth of the neutral
point, r, can be determined by using the following equation:

D(W, — A,G,... + AG,) + (I = 2w)(A,Ap,, — AiAps,)

r = continue —

W, — (A,G,, — AGL)

+ (Aum - Alowm) X [ DAA,(G'P- + AGPI) + Ap‘sl] — ASETT + Fa's
—(1 = v)(A,AG,, — A:AG,) + A(G,, — G,..)

—
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where:

W, = average weight
(Way x 1) + (Wo, x 13)

D
38 x 8,000 + 46 x 11,000

19,000
= 42.63 Ib/ft

A; = average internal area of the pipe
(A x i+ (Ai)a x b

D
27.51 x 8,000 + 25.14 x 11,000

19,000

= 26.16 in.?

A, = average cross-sectional area of the steel
Asi X ll + As; X 12

D
10.95 x 8,000 + 13.32 x 11,000

19,000

= 12.33 in.2
Y = Y =17.9 ppg
Avi = Ay, =0ppg
AG, = AG,, =0 psi/ft

Aps = Aps =0 psi

(Aup, — Alow;) = average change in internal diameter
= 27.53 — 26.16
= 237 in?

It is also assumed that 7.,* = 18.5 ppg. AT = 45°F and F,, = 0. Hence (see
Eq. 2.212):

19,000 (42.63 — 38.46 x 18.5 x 0.052 + 26.14 x 0.931) + 0

D = continue
roc 42.63 — (3846 x 17.9 x 0.052) -

+2.37 x 8,000 x 0.931 — 12.32 x 6.9 x 107° x 30 x 10° x 45 + 0
+26.14 x 17.9 x 0.052 — 0 + 38.46(0.931 — 0.962)

—

%~em 15 the specific weight of the cement slurry, 1b/gal.
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29.
= 16,053 ft.
Thus, the casing between 16,053 ft and 19.000 ft is under compressive load and 1s
liable to buckle. To prevent buckling of the pipe it must be cemented to 16.053
ft from the surface.

Alternatively, an overpull, F,;. equal in magnitude to the difference between the
axial stress and the average of radial and tangential stresses can be applied at
the surface after landing of the pipe. If. for example. the maximal depth of the
cement top is set at 18,000 ft. the magnitude of the over-pull required to prevent
buckling of the pipe can be obtained as follows:

472,280 + F,,

18,000 = 5949

and solving for F,,:

Foy, = 57,280 Ibf

3.3.5 Conductor Pipe (26-in. pipe)

Conductor pipe is set to a depth of 350 ft and cemented back to the surface. In
addition to the principal loads of collapse. burst. and tension. it is also subjected
to a compression load, because it carries the weight of the other pipes. Thus. the
conductor pipe must be checked for compression load as well.

Collapse

In the design of collapse load, the following assumptions are made (refer to Fig.
3.15):
1. Complete loss of fluid inside the pipe.

2. Specific weight of the fluid outside the pipe is that of the drilling fluid in
the well when the pipe was run.

Collapse pressure at the surface = 0
Collapse pressure at the casing shoe = 9.5 x 0.052 x 320 - 0
= 158 psi
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Fig. 3.15: Collapse and burst loads on conductor.
Burst

In calculating the burst load, it is assumed that no gas exists at shallow depths
and a saturated salt water kick is encountered in drilling the next interval. Hence.
in calculating the burst pressure, the following assumptions are made (refer to

Fig. 3.13):

1. Casing is filled with saturated salt water.

2. Saturated salt water is present outside the casing.

Burst pressure at casing shoe = internal pressure - external pressure

Internal pressure at casing shoe = formation pressure at 5.000 ft
- hydrostatic pressure due to the salt
water between 330 and 5,000 ft
0.465 x 3.000 - [(5.000 - 350) x 0.465]
= 162.75 psi
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Burst pressure at casing shoe = 162.75 - 0.465 x 350
= 0 pst
Burst pressure at surface = formation pressure at 5,000 ft

- hydrostatic pressure at the
fluid column - external pressure
= 5.000 (0.465 - 0.465) - 0
= 0 psi

Selection based on collapse and burst

As shown in Table 3.3, both available grades have collapse and burst resistance
values well in excess of those calculated above. Conductor pipe will. however, be
subjected to a compression load resulting from the weight of casing-head housing
and subsequent casing strings. Taking this factor into consideration. grade K-35
(133 Ib/ft) with regular buttress coupling can be selected.

Compression

In checking for compression load. it is assumed that the tensile strength is equal to
the compressive strength of casing. A safety factor of greater than 1.1 1s desired.

Compressive load carried by the conductor pipe is equal to the total buovant
weight, W, . of the subsequent casing strings.

Compressive load = W)}, of surface pipe
+ Wi, of intermediate pipe + Wy, of liner
+ Wi, of production pipe
= 390.093 + 863.242 + 134928 + 588,430
= 1.976.990 Ibf

Y, of K-35 (133 Ib/ft)
Total buovant weight
2.125.000

= —— = 1.08
1,976,990

Safety Factor, SF =

This suggests that the steel grade K-53. 133 satisfies the requirement for com-
pression load.
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3.4 SUPPLEMENTARY EXERCISES

(1) A 13§-in. surface casing to be set to a depth of 6,000 ft. The mud weight is
9.2 ppg, the expected formation pore pressure is 0.465 psi/ft and a bottomhole
pressure of 4,600 psi is expected when drilling the next hole section. The design
factors to be satisfied are: 1 for collapse. 1.2 for internal vield and 1.8 for tensile
strength. Assume that all APl J. K. L and P grades are available. Design this
pipe for the worst possible loading conditions.

(2) Design a 93-in. intermediate casing to be set to a depth of 10,500 ft. The
mud weight and expected formation pressure are respectively: 9.8 ppg and 0.48
psi/ft. A bottomhole pressure of 7,570 psi is expected when drilling the next hole
section (production pipe). Assume that all APl K. L, N. C and P grades are
available. Satisfy the same design factors used in Problem 1.

(3) Design a 7-in. production casing to be set to a depth of 13.500 ft. The
expected mud weight and pore pressure are respectively: 11.5 ppg and 0.57 psi/ft.
Assume a gas leak at the tubing hanger and satisfy the same design factors as in

Problems 1 and 2. All API J,C,L.P and N grades are available.

(4) A 20-in. conductor pipe is to be set to a depth of 500 ft. Check the compres-
sional load on this pipe if it is to support the strings designed in Problems 1, 2

and 3.

(5) The pore pressure and fracture gradient data shown in Table 3.31 is for a
typical well. Develop a mud and casing program for this well and design indi-
vidual casings based, in each case, on the assumption of worst possible loading
conditions. Design factors for collapse. burst and tension are: 1.1, 1.2 and 1.8,
All API casing grades are available.

Table 3.31: Data for Question (5).

Depth Pore Fracture Depth Pore Fracture
(ft) Pressure | Pressure (ft) Pressure | Pressure
(ppg) (ppg) (rpg) | (ppe)
0 - 1,000 8.9 12.0 6,000 - 8.000 9.3 13.5
1,000 - 2,000 8.9 12,5 8.000 - 10.000 114 16.3
2,000 - 4,000 8.9 13.8 10,000 - 12.000 13.5 17.0
4,000 - 6,000 8.9 14.5 12.000 - 14.000 14.3 17.5
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Chapter 4

CASING DESIGN FOR
SPECIAL APPLICATIONS

Today, the wells drilled by the petroleum and other energy development industries
cover a wide range of drilling conditions. Highly deviated and even horizontal
wells are being drilled to complete reservoirs which otherwise could not be pro-
duced economically. Wells are being drilled and completed in widely disparate
environments from below freezing conditions in the permafrost zones of Alaska
and Canada, to thermal energy recovery projects up to 500 °F: and steam injec-
tion projects between 300°F and 100 °F, to the extremely high collapse pressure
conditions arising from massive salt domes in various parts of the world.

Severe drilling and borehole conditions place additional requirements on casing
design. As a result, it is often difficult to meet API requirements for principal
design loads such as collapse, burst. and tension. In the following sections the
current practices used in designing casing for highly deviated wells and the severe
collapse loads that arise from the swelling of salt formations in very deep wells
and thermal wells, are reviewed.

4.1 CASING DESIGN IN DEVIATED AND
HORIZONTAL WELLS

Calculation of the axial loads is the most challenging part of directional-well
casing design. Using the maximum load principle. the concept of the maximum
pulling load is applied. This concept is derived from the observation that the
greatest value of tensile stress in directional-well casing occurs during the casing
running operation. Working the string up generates the highest tensile loading
because the friction (drag) generated by the normal force between the casing and
the borehole and the friction factor (this last parameter is discussed later in this

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR2023:0131 g’sepwarg?gzﬂrg:},



178
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Fig. 4.1: Typical deviated well profile.

chapter) oppose the direction of motion of the string.

The magnitude of the drag force depends on the friction factor and the normal
force exerted by the casing. Maximal drag force is usually experienced either
when the casing is pulled on after it is stuck in a tight spot or on the upstroke
when reciprocating the pipe during cementing operations. In order to determine
the drag-associated axial force, one requires an accurate knowledge of wel] profile,
hole geometry and borehole friction factor.

4.1.1 Frictional Drag Force

Drag-associated tensional load can best be determined by calculating drag force
on unit sections and summing them up over the entire length of the casing.
Inasmuch as the maximal load is experienced while puiling out of the hole, the
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UPPER MIDDLE

Fig. 4.2: Possible directions of the normal forces in a buildup section. (After
Maidla, 1987.)

calculation should proceed from the bottom of the casing in a series of steps. Each
step represents the borehole sections of two consecutive stations of the directional
survey.

The well profile of a typical deviated hole can be divided into three major sections
(Fig. 4.1}, namely :

1. Buildup. Inclination increases with increasing depth.
2. Drop-off. Inclination decreases with increasing depth.

3. Slant hole. Inclination remains constant with increasing depth.

4.1.2 Buildup Section

Besides the frictional factor, borehole frictional drag is also controlled by the
direction and the normal force. In a buildup section, the three positions of the
casing as shown in Fig. 4.2 are possible: uppermost. middle and the lowermost
position (Maidla, 1987). The normal and axial forces acting on each unit section
are presented in Figs. 4.3 and 4.4. From the free-body diagram, the normal force
F, can be expressed as:

F, = 2F,cos (90 — )A_Zal)
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Fig. 4.3: Determination of normal force in buildup section.

Ao W .R.sing

Ao. WR

Fig. 4.4: Forces acting on a small element within the buildup section.
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= 2sin (%a_l) (1.1)

where:
F, = axial force on the unit section. Ibf.
Aa = angle subtended by unit section at radius R.

Inasmuch as Aa/2 is very small compared to R. sin (Aa/2) = Aa/2. Hence. the

Eq. 4.1 yields:

[Aa|

F,=2F,
9

= F,|Aq| (4.2)

Considering the buildup section in general. the resultant normal force while
pulling out of the hole is the vector sum of the normal components of the weight
and the axial force of the unit section (Fig. 4.4). Therefore:

F, = AaWRsina — F, Aa

= Ao(WRsina — F,) (1.3)
where:
W = weight of the unit section. Ib/ft.
= W.BF
R = radius of curvature, ft.

The magnitude of the drag force. £,;. which acts in a direction opposite to pipe
movement 1s given by:

Fy=—fiy |[Fy] (4.4)
or
Fy=—filAaWRsina ~ F, Aq| (4.5}
where:
fs = borehole friction factor.
|F,| = absolute value of the normal force. bf.

The incremental axial force, AF, (F,, — F,, = AF, > 0). over the incremental
arc length (a; — a; = Aa < 0) when the casing is being pulled (indicated by
negative Aa W R cos ). is given byv:

AF, = |Fyj — AaW R cosa (4.6)
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or,

<0

P
AF, = +fi|[AaWRsina — F, Aa] — Aa WRcosa (4.7)

Hence, at equilibrium, the following differential equation is obtained:

dF,
da

=—fiWRsina — F,| —WRcosa (4.8)

If the casing is in contact with the upper side of the hole, (WRsina — F,) < 0
and, therefore, Eq. 4.8 can be rewritten as:

dF,
-~ =fy(F. =~ WRsina) - WRcosa (4.9)

Rearranging Eq. 4.9, yields:

dF,
doa

+ fo F; = WR(f, sina — cosa) (4.10)

The value of F, in Eq. 4.10 can be found by first considering the homogeneous
solution and then the particular solution as follows:

Fa = Fahcma + Fapart (411)
Considering first the homogeneous solution:
dF,
+ fiFy =0
da
dF,
= —fF,
da fb
dF,
Fa = _fb da (412)
Integrating Eq. 4.12, yields:
InF, = —-fifAa+C
Fahomo Ce_jba (413)
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where:
C = constant of integration.

Now, consider the particular solution of the form:

Fopere = Acosa + Bsina (4.14)

dF, .

—2% = —Asina + Bcosa (4.15)
da

Substituting Eqs. 4.14 and 4.15 into Eq. 4.10, yields:

—Asina+ Beosa+ fyAcosa + fy Bsina
= +fiWRsina—W Rcosa (4.16)

Equating for the coefficients, yields:

—Asina+ fyBsina = +f,W Rsina

-A+fiB = +ffiWR (4.17)
+fiAcosa+ Becosa = —W R cosa
+fhA+B = —-WR (4.18)

Now solving for A and B using a matrix solution yields:

_ -1 +fb — ) )
ao=| Ty M =-aem (4.19)
WR
A, = ]EWR flb =2f{WR (4.20)
-1 fWR 2 .
Az = £, —WR ‘—-WR(1~fb) (4.21)
Hence

A

_ A {zﬂWVR] (4.22)

A 1+ ff
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B=23__ [___WR(I - sz)J (1.23)

A 1+ f}

Thus, the particular solution for F, is obtained by substituting Eq. 1.22 and Eq.
4.23 into Eq. 4.14:

2fWR WR(1l - f?
Fopart = —fb—2 cosa — M sina (4.24)
1+ f; L+ £
Inasmuch as F, = F,, + Fy .. the expression for F, is obtained by combining
Eqs. 4.13 and 4.24:
WR .
— —foo _ . - : _ f2 975
Flay=Ce T [_)fbcoso-i-sma(l fb)] (4.25)

Applying the first boundary condition. F,(a,) = F,, = constant. one obtains:

WR

Al - a 1y . o 2 YN

Fy = Ce o — 7 2 fy cosay +sinay (1 f2)] (1.26)
Solving for ("

) N WRelor : ) 5

C = elt IFQI+W [Zf;, cosal+smal(1—fb)] (1.27)

Substituting the expression for ' into Eq. 4.25:

W R e fela—on)

Fla) = e_fb(ﬂ_c‘l)Fa + .

['2 fy cosa; + sina; (1 — fhz)}

1&11;2 2 fi cosa +sina (1 - )] (4.28)

The second boundary condition is:
F.(a;) = F,, = constant
Substituting the second boundary condition into Eq. 4.28. the tensile force at
the point of interest (position 2). where a = a,. is obtained:
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W R e~ folaz—n
1+ f}

[‘2 o cosa, +sima; (1 — f,f)] (4.29)

) [2fb cos a; +sin01 (1 ‘sz)]

14 f2

Representing e~+(®2=21) = Kg for buildup, one obtains the following expression
for F,, in the uppermost section:

W .
F,, = KgF, + ﬁ—% [(1 - sz) (Kp sina; —sinay)
+2 fi (K cosay — cos a,))] (4.30)
where:
.y
R= Ll (1.31)
Q) — Oy

I} and [, are the lengths of pipe in feet and the units of oy and a, are radians.

Note that the angles a; and ay are obtained from surveys taken during the drilling
of the well and, therefore, it is not true to sav that:

Whereas & and, therefore, R are constants in the planned well. R is not constant
in an actual well.

The additional tension due to frictional drag for both the intermediate and upper
sections can be obtained following the same procedure as illustrated for the upper
section.

For the intermediate section:
F,,=F, +WR(sina; —sina,) (1.32)

For the lower section:

WR .
F., = Kgf, + ﬁﬁf_ [(1 — fA)(Kp sina; —sina,)

=2 fy (Kp cosa; — cos a;)) (4.33)
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e
F, + AF,

At W cos o

Af W sin o

Fig. 4.5: Forces acting on a small element within the slant section.

4.1.3 Slant Section

For the slant portion of the borehole, the forces acting on a unit section of the
casing are presented in Fig. 4.5. The tensional load is controlled only by the type
of operation, that is, pulling out or running in. At equilibrium, the differential
equation is:

df,
4

=W(fysina + cosa) (4.34)

Solving Eq. 4.34 for tensional load while pulling out of the hole, vields:
Fo, =F,, +W ({1 =) (fy sina; + cosaq) (4.35)
and while running in the hole:

Fo,=F,, + W (i — ;) (cosa; — fi sinay) (4.36)

4.1.4 Drop-off Section

For the drop-off portion of the hole, the forces acting on the unit section of the
pipe are presented in Figs. 4.6 and 4.7. At equilibrium. the differential equation
is:
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Fig. 4.6: Direction of the normal force, F,. in a dropoff section. {After Maidla.
1987).

AaW Rcos o

AaW R

Fig. 4.7: Forces acting on a small casing element within the dropoff section.
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Fig. 4.8: Vertical and plan view of a typical deviated well.
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Fig. 4.9: Force acting on a small element within the buildup section. (After

Maidla, 1987.)

dF, . .
da = fi(WRsina+ F,) + WRcosa (4.37)
When Eq. 4.37 is solved for the pulling out operation, the tensional load is given
by:
. WR : .
F.,, = KpF, - W {(sz —1)sina, — Apsina;)
+2 fy (cos a; — K p cos ay)] (4.38)

and similarly for the running in operation:

WR . .
F., = KpF, — 7 (ff = D)isina, — Kpsina)
-2 fy(cosaz — Kpcosay)] {4.39)
where:
Kp = efsloz—a) (1.10)
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4.1.5 2-D versus 3-D Approach to Drag Force Analysis

The method of calculating drag force presented in the previous section is based
on the analysis of a two-dimensional well profile which consists of vertical and
horizontal sections only. In practice, however, the spatial factors, such as bit walk.
bearing angle, dogleg, etc., will cause the hole to deviate from the normal course
and result in a three-dimensional well profile (vertical, horizontal and azimuth)
as shown in Fig. 4.8. These effects are particularly noticeable in the buildup
portion of the hole.

The forces acting on a unit section of the casing in the buildup section of the hole
are presented in Fig. 4.9. From the state of equilibrium, the differential equation
for drag-associated axial force, F,. can be expressed as follows (Maidla. 1987):

Do W)+ HCADWa () (4.41)
where:
Cs () = correction factor for the effect of the surface contact area
between the pipe and borehole.
Wx ({}) = buoyant weight projection on the principal
normal direction os
2705
= {W,, (0)* + [Wp (1) + %—((gl } (4.42)
R(l) = Hole-curvature after drilling. The results, which are a
function of depth, are obtained from hole surveys.
W, (I) = unit buoyant weight projection on the tangent direction
wu({)
= |dl- Wy (AZ sin A+ VZ cos A) | (4.43)
W, (I) = unit buoyant weight projection on the binormal direction
= @Gb(l) = dl W (AX-VY - VX-AY) (4.44)
W, {l) = unit buoyant weight projection on the principal
normal direction
= G
= Wi (AZ cos A — VZ sin A) (4.45)
W, = buoyant weight
= W, BF
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A= (4.46)
=1
VX = sinajcosb, (4.47)
VY = sina;sinb, (4.48)
VZ = cosay (4.19)
UX = sina; sinb, (4.50)
UZ = cosa (4.51)
B = arccos(UX x VX +UY x VY +UZ x VZ) (4.52)
ax = UXZVXcosp (4.53)
sin 3
Y -VY ¢
Ay = YUY V¥ cosh (4.54)
sin 3
A7 = Uz - YZ cos 3 (1.55)
sin 3
6 = bearing angle in radians. (4.56)
B = overall angle change in radians. (4.57)
A = contact angle in radians (axial). (4.58)
R() = h-h (4.59)

arc cos [cos(f; — 0;) sina; sina; + cosa; cos a;)

In Eq. 4.41, the positive sign implies an upward pipe movement, whereas the
negative sign denotes a downward movement. Equations 4.42 to 4.45 describe
projections of the distributed pipe weight on the trihedron axis (Kreyszig, 1983)
associated with any given point of the well trajectory.

In Eq. 4.41, a correction factor, C;, is introduced to take into account the effect
of contact surface between the pipe and the borehole. As reported by Maidla
(1987), Cs is a function of the contact surface angle, ¢, and is expressed as:

c =260 [(2) - 1] +1 (4.60)

C, varies between 1 (¢(!) = 0) and 4/7 (¢(I) = 7/2) as shown in Fig. 4.10.

Initially, the circles of Fig. 4.10 are internally tangent. However, as the pipe is
deformed the internal circle shifts laterally by Ad as illustrated by the dashed
arc. The approximate pipe deformation in the direction of the distributed normal
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L a

Fig. 4.10: Surface of the contact between borehole and the casing. (After

Maidla, 1987.)
force, Wy (1), is:

T dg ‘
Ad = YY) - (4.61)
The pipe to borehole contact surface area. o(!). is given by:
[ 2 1.62
= t —_— 4,02
*) [ma”<2y*du,+dg)] (+.62)

where X and Y are the coordinates of the point of intersection of the two circles.
The cartesian plane x-y is assumed to be normal to the pipe at point { and its
origin (0,0) to lie at the borehole centreline. X and ¥ are given by:

d2—d: +(d, —d, +2Ad)?
YV =025 | =—X = > 1.63
’ [ dy—d, +2Ad (4.63)
X =05(d - 4YHo3 (4.64)
where:
d, = external diameter of the casing. in.
d, = diameter of the well. in.
Ad = the approximate pipe deformation in the direction of the
applied normal force. in.
¢ = thickness of the casing. in.
E = modulus of elasticity.
Wn(l) = distributed normal force from Eq. 4.42. 1b/ft.
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In Eq. 4.60, the following assumptions are made:

1. Pipe deformation is elastic.

[S4]

. Contact surface has the same geometry as the borehole.

3. There is a linear relationship between the contact surface correction factor.
(s and the contact angle. A.

4. Contact surface as shown in Fig. 1.10. is controlled by an arc between the
intersection points of two circles.

After multiple simulation runs, Maidla (1987) found that (',() was close to unity
in all cases. He, therefore. concluded that the effect could be ignored in most
calculations.

Generally, it is not possible to solve Eq. 4.41 analytically and instead numerical
integration must be used. Equation 4.11 does not consider torsional effects which
might also contribute to the normal force.

4.1.6 Borehole Friction Factor

The borehole friction factor results from a complex interaction between the tubu-
lar string and the borehole. Its value depends primarily upon lithology. borehole
surface configuration (washouts. kevseats. ledges. etc.). pipe surface configuration
(centralizers, coating, etc.). casing. coupling size relative to the borehole size. and
lubricity of drilling fluid and mud cake. Inasmuch as these parameters vary from
well to well, it is not possible to determine any specific value of friction factor for
a given well.

In a recent study, Maidla (1987) proposed the following mathematical model to
estimate the borehole friction factor. fi:

f = | Ft, — Fou, & Fug |
Js Wl fy)dl

(4.65)

where:
F, = hook load, Ibf.
Fy., = vertical projected buovant weight of pipe. Ibf.
F.¢s = hydrodynamic viscous drag. Ibf,
Wy(l. fy) = unit drag or rate of drag change. Ib/ft.
[ = length of pipe. ft.
{ = measured depth, ft.
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The unit drag force, Wy(l, f;), is implicit in both depth, I, and friction factor, f;,
and, therefore, Eq. 4.65 cannot be solved explicitly.

The plus and minus signs in Eq. 4.65 relate to running in and pulling out situ-
ations, respectively. The term ‘hydrodynamic viscous drag’ represents the effect
of surge and swab pressures associated with drilling fluid flow resulting from pipe
movement in the borehole. Viscous drag can be quantified using the well known
theory of viscous drag for Power-Law fluids in borehole (Fontenot and Clark,
1974; Burkhardt, 1961; and Bourgoyne et al., 1985), which assumes the pipe is
closed end and that the inertial forces and transient effects are negligible. Hence,
the hydrodynamic viscous drag can be expressed in terms of viscous pressure
gradient as:

. dp K ol 24 1/a\"
For 1 flow: — = a 1.66
or faminar How: 14.4 x 10 (d,, — d,)1*7 (0.0208 ) (4.66)
d, 2
For turbulent flow: d—? = #X:—Ld_o) (4.67)
where:
K and n = Power-Law parameters.
Ym = drilling fluid specific weight, 1b/gal.
f = flow frictional factor.
Usw = equivalent displacement velocity, ft/s.

The value for flow friction factor can be calculated by solving the Dodge and
Metzner (1959) equation:

1\ 4 o5, 0.393
('J?) = 0TS log (Nge f70) — nl2 (4.68)
where Np., the Reynolds number, is given by:
(2-n) 10,0208 (dy, — d,)\"
Npe = 10.9 x 104 1 ar w o 4.69
. AT ( 2+ 1/n (4.69)
Equivalent displacement velocity can be calculated as follows:
(do/dy)’
.= g 4.70
v vp[l_do/dww (4.70)

where:
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TVvD
/ 20" Conductor Pipe
350 ft. —
/ 16" Surface Casing
5000 ft. — <Lt 1 lh 5000t koP
! 7000 ft. EOB
/ 13.375" Intermediate Casing
(Yn=12pp9)
12428 ft.
DOP
11000 ft. - -- - -
9.625" Liner _—" 15095 ft.
(Ym=168ppg) ~7°77 1T-- €EoD
14000 ft. - — - -— —- — 15638 ft.
u . . /
7" Production Casing
(Y,=179ppg)
19000 ft, - — - = —-— —- <4 b 20638 ft.

Fig. 4.11: Example of casing program for a deviated well.

v, = velocity of the pipe, ft/s.
C. = clinging constant,

Clinging constant, C., which depends on the type of fluid flow and the ratio of

pipe diameter to borehole diameter, can be expressed empirically as (Maidla,
1987):

For laminar flow:

 (do/dy)? — 2(do/dy)? Ind,/dy — 1
B 2(1 = (d,/dy)?) Ind,/d,

C. (4.71)

For turbulent flow:

_ (dofdy)* + d,/d., 0-3 (d,/d,)? ‘
€= ((1 +d,/dy) (1 - (do/dw)ff)?) - (m) (4.72)
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Table 4.1: Planned trajectory of the deviated well.

Kickoff point 5.000 ft
Buildup rate («) 2°/100 ft
End of buildup 7.000 ft
Inclination angle (a;)  10.0 degrees
Dropoff point 12,428 ft
Dropoff rate (a3) 1.5 °/100 ft
End of drop 15.095 ft

Inclination angle (a;) 0.0 degrees
Total measured depth  20.638 ft

Thus, from Eq. 1.65 it is evident that the borehole friction factor depends on
drilling fluid properties, casing string composition. well profile. borehole geom-
etry, hook loads (measured while running or pulling the casing). casing string
velocity and the measured depth of the casing shoe. To determine the value of
the borehole friction factor (BFF) one begins by assuming some initial value of
the BFF and recurrently calculates the axial load from the casing shoe upward
until the calculated hook load is determined. If the calculated hook load does not
match the measured value, a new value of BFF is calculated and the procedure
is repeated until the measured hook load is obtained.

4.1.7 Evaluation of Axial Tension in Deviated Wells

The BFF obtained by the above method is not a measured value but rather 1s
calculated from the hook load measurement. A major error can. therefore. arise 1f
the axial load predicted from the mathematical model is incorrect: consequently.
it is important to include all the factors in Eq. 4.65. Maidla (1987) has made
a serles of field investigations and reported that most values of borehole friction
factor fall within the range of 0.25 to 0.45.

A deviated well with buildup. slant and dropoff sections will be considered here
to study the effect of hole deviation on casing design. The well is kicked at 5.000
ft with a maximal inclination of 40° at an average buildup rate of 2°/100 ft.
The well is then held at this inclination to 12.428 ft measured depth and finallyv
dropped off to a maximal inclination of 10° to the vertical axis at an average
dropoff rate of 1.3°/100 ft. The drilling conditions. casing program and the well
profile are presented in Table 4.1 and Fig. 1.11. The true vertical depth of the
casing shoes, pore pressure gradient and drilling fluid program as shown m Table
1.1 remain the same in all the examples and. consequently. the collapse and burst
load on cach casing string will remain the same in all the examples.

[ this section, the suitability of the selected steel grades in tension will be in
vestisated by considering the total tensile force resulting from casing buovant
woizht ) bending force. shock load. and frictional drag force. 1t s importam to
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note that although shock and drag forces occur when the pipe 1s i motion. it
is unlikely that both can exist simultaneously. because the effect of drag force
vanishes before the shock load is generated. Thus. the tension due to drag and
shock load are calculated separately and only the maximal value is considered in
the design of casing for tension (maximal design load concept).

Depth conversion will be made by projecting the actual well profile (imeasured
depth) onto the vertical axis (true vertical depth). Vertical depth and inchnation
angle are calculated for all casing unit sections. The following formulas are nused
to calculate the depths and inclinations (refer to Fig. 4.11):

1. For the vertical portion, 0 < ¢; < {pop:
Dl = 61 (473)

2. For the buildup portion, fxop < {, <fgop:

Let the buildup rate equal a; degrees per 100 ft. and the radius of curvature
equal R ft. Thus:

G 100
360  27R
R = 18,900

Ty

The vertical projection of the measured depth {{, — {;;pp) In the buildup section
is:

D = Rsind

where:

§ = ({y— lxop)
in the buildup section
= aq (52 — [KOP) x 1072
Thus
18000 ,
D = “——sin(d; (& — fxop) x 107°)
T

= R1 sin (al([g —F}\'op) X 10~2)

True vertical depth for {pgp < €3 < fgop:

18,000 . . o
Dy = Dgop+ — sin (al(E‘Z’[}\'OP) % 10 .)
Ty
= Dypop + Hy sin (dl(éz —lrop) % 1[)—2> (4.74)
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3. For the first slant portion, fgog < 3 < ¢pop, the vertical projection of the
measured depth, ({3 — gop), is:
D = (53‘_£EOB) sin(90——a1)

= (€3 —€gop) cosoy

True vertical depth for ¢gog < €3 < €pop:
18,000
T Qg

+(¢3 — Leog) cosay
Dyop+ Risiney + (€3 — €pop) cos a;
= Dgog + ({3 — lgop) cosa; (4.75)

D3 = Dgor+

sin (al (gEOB — g[\’op) x 10_2)

Thus, for a measured depth of 12,428 ft the TVD is:
18,000

Dy = 5,000+
T
= 11,0001t

sin40 + (12,428 — 7,000) cos 40

4. For the drop-off portion, ¢pop < ¢4 < frop, the vertical projection of the
measured depth, ({4 — €pop), is:

18,000 . . ,
D = - sm(az(&—ﬂgop) X 10‘2)

Py
= Ry sin(ay (£4 — €pop) x 107%)

True vertical depth for {pop < €4 < ¢gop:

18,000 . . _
04 = DA’OP+ 7 sin (Ol ([EOB"EKOP) x 10 2) (476)

Qg

+(€pop — £gop) cos ay

18,000 . . .
d Sln(C!2 (gq — EDOP) X 10_2)
2
= Dgop+ Ry sinag + (Dpop — DeoB) (4.77)

+ R, sin(a, (44 — £pop) x 107%)
= Dxop +(Dgos — Drop) + (Dpop — Dgog)
+ R, sin(d, (€ — £pop) x 107%)
= Dpop + Ry sin(a, ({5 — lpop) x 107%) (4.78)

5. For the second slant portion, fgop < €5 < €, the vertical projection of the
measured depth, (€5 — leop), is:
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D = (€5_£EOD) COS (xy

True vertical depth for fpop < €5 < £7:

Ds = Dygop+ li,ZOO sin (a1 (fgop — €xop) X 1077) (4.79)
+(fpop — 313013) Cos oy
+ 1i’230 sin (a3 (€gop — pop) X 107%) + (€5 — fgop) cosa,
= Dpop + Rasin(eg — a2} + (¢s — {gop) cos as
= Dgop + (¢s — Lgop) cos ay (4.80)

Thus, for a measured depth of 15,095 ft the TVD is:

18,000
Ds = 5,000+ ’2 sin 40 + (12,428 — 7,000) cos 40
w
18,000 .
— sin(40 — 0)
= 13,4551t

Similarly, for a measured depth of 20,638 ft the TVD is:
Ds = 13,455 + (20,638 — 15,095)

= 18,998t
where:
D = true vertical depth.
14 = measured depth.
Subscripts:
DOP = dropoff point.
EOB = end of build.
EOD = end of dropoff.
KOP = kickoff point.

A friction factor of 0.35 will be used to calculate the drag associated tension on
the casing. The effect of friction on axial load during downward movement is
ignored.

For the buildup section, the tension load will be calculated by arbitrarily dividing
this section into three equal parts: top, middle, and bottom. For the slant and
dropoft sections, the tension load will be calculated by considering each of them
as one section.

The approach to the buildup section is very arbitrary and not at all ideal, but
this is an example of a hand calculation of a problem which can accurately be
solved with a computer (Chapter 5 shows how).
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In practice. the pipe will lie on the lower side. W Rsina > F,. for most of the
interval. At some point. probably quite near to the kick-off point. W Rsina = F,
and the pipe, like the ‘Grand Old Duke of York's 10.000 Men'. is "neither up nor
down’. Finally, near the top of the interval. H' Rsina < F, and the pipe will
touch the top of the hole. Quite obviously. in the drop-off section of the hole.
WRsina > F, across the entire interval.

A two-dimensional model will be used to determine the drag-associated axial
tension, because a numerical solution to the three-dimensional model is outside
the scope of this section (refer to Chapter 3). For the purpose of casing design.
a two-dimensional model has a strong practical appeal: it 1s simple to use.

The buoyant weight of the casing will be calculated using the true vertical depth
of the well, because the horizontal component of the pipe is fully supported by
the wall of the hole.

TVD MD
0 ——-  ——_— e
4000 ft. ]

L80C (98 Ib/ft) |=+— 7=~
\\
4000 ft. 2 — o 1000
13.33°
5000ft. Y 000t
10.74°
2463 ft. o
P 110 (85 Ib/ft) .
- — 6463 ft
6400ﬂ‘ ———— -_—— e m—— . — 700()&'
6842 ft. —
5965 ft.
P 110 (98 Ib/ft) 7z 12428 ft.

11000 ft, — = — ———— — — —

Fig. 4.12: Example of well profile showing steel grade and weight for interme-
diate casing.

Intermediate Casing

The well profile with the steel grades and weights (based on collapse and burst
loads) is presented in Fig. 4.12. Starting from the bottom, the tensional load due
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to buoyant weight and frictional drag can be calculated as shown in the Example
Calculations.

Table 4.2: Total tensile load in intermediate casing string.

m @) ) ™ )
True vertical  Grade and Measured Angle of  Tensional load
depth Weight depth inclination carried by the
(ft) (Ib/ft) (ft) (degrees)  top joint. lbf:
Fo = Fo + Fy
11,100 - 6,400 P-110,98 12428 - 6463 10 - 29.26 502,782
6,400 - 4,000 P-110, 85 6.463 - 1.000  29.26 - 0 723,218
4,000 -0 L-80, 98 1.000-0 0 1.043.257
Gl ) ®
Bending force  Total tensional load  Total tensional load
(63 d,W,.0) = buoyant weight = buovant weight
6 = 3°/100 ft + frictional drag + bending force
(Ibf) + bending force (Ibf)  + shock load (Ibf)
247,732 750.514 855.064
214.869 933.087 958,224
247,732 1.290.989 1.341.996

Example Calculation:

Tensional load due to the buovant weight and frictional drag on pipe section
P-110 (98 Ib/ft) can be calculated as follows:

1. For the slant section. from 12.428 to 7.000 {t:

Fa = Fal+w’(l1_[2)(fb Sil]()]+(‘0501)
= 430,395 lbf

where:
F,i = tensional load at 12.428 ft = 0 Ibf
W = BF x 98 Ib/ft
= 0.816 x 98 = 30 lb/ft
L—1, = 12428 -7,000 = 5428 ft
fy = 0.33 (assumed)
ap = 40°

2. For the buildup section, from 7.000 ft to 6.463 ft (bottom part of buildup
section):
. WR T .
F, = KgF,+ 1—+—}? [(1 — i) (KB sina; —sina;)
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—2 fo (K cos a1 — cos az)]
= 459,578 + 43,204
= 502,732 Ibf

where:
For = 430,395 Ibf
ay = 29.26° at 6,463 ft measured depth.
a; = 40° at 7,000 ft measured depth.
Kp = e hloz-o) = 10678
R = 2866 ft

The tensional load on the pipe section P-110 (85 Ib/ft) from 6,463 ft to 5.000 ft
can be calculated as follows:

3. For the bottom part of buildup section. from 29.26° to 26.66° inclination

angle:
W .
F, = KgF,+ % {(l - sz) (KB sinay — sinay)
—2 fy (Kg cos a; — cos az)]
= 509,803 + 7,299
= 517,101 Ibf
where:
F,y = 502,782 Ibf
W = 0816 x 85 = 694 1b/ft
a; = 26.99°
a; = 29.26°
Kg = e fela—a1) — 1014
R = 2866 ft

4. For the middle part of the buildup section, from 26.66° to 13.33° inclination
angle:
F, = Fy+WR(sina; —sinay)
= 517,101 + 43,386

= 560,487 1bf
where:

F,, = 517,101 Ibf
W = 694 1b/ft
a; = 13.33°
a; = 26.66°
R = 2866 ft
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5. For upper part of the buildup section, from 13.33° to 0° inclination angle,
for P-110 (83 Ib/ft) :

IVKZZ [(1 — ) (Kp sina; — sinay)
+2 fy (KB cos ay — cos ay))]
= 608,036 + 45,786
653,821 Ibf

Fa = I(BFal"‘

where:
F,i = 560,487 lbf
W = 69.41b/ft
Gy = 0°
o = 13.33°
Kg = e felm-=) = 10348
R = 2866 ft

6. For vertical section, from 5,000 ft to 4,000 ft. for P-110 (85 Ib/ft):

F, = F,+W (5,000 — 4.000)
732,217 Ibf

where:
F,i = 653,821 Ibf
W = 69.41b/ft

7. Tension load at the top of the casing section L-80 (98 Ib/ft) is given by:

F, = Fu+ W(4,000)
= 1,043,257 Ibf

where;:

Fu = 732217 Ibf
W = 98 x 0816 = 80 Ib/ft.

Drilling Liner

Figure 4.13 presents the well profile and steel grades and weight selected based
on the collapse and burst loads. Starting from the bottom, the tensional loads
due to the buoyant weight are shown in Table 4.3.

Example Calculation:
Pipe section, L-50 (58.4 Ib/ft), 14,128 ft to 15.633 ft,
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TVD MD
———— 1177511,
10500 ft. _ — /\ —. 12428 1.
11000 ft. - L 2353 ft.
, P 110 (47 Ib/ft)
R=3726 ft _ 2667 ft.
7
25.5 — 14128 ft.
12500 ft. — - —\—
7
- 1510 #.
— 1450 14.5° L 80 (58.4 Ib/ft)
13457 ft. — A,:/ _ _ ! - 15095 ft.
L 1:—543 ft.
14000 ft. — - - 15638 ft.

Fig. 4.13: Example of well profile showing steel grade and weight for a liner.

1. For the vertical section from 13.638 ft to 13.095 ft:
F, = W, x BF x (15.638 — 15.095)
58.4 x 0.743 x 543

= 23,561 Ibt
2. For the dropoff section from 15.095 ft to 14.128 ft. with inclination angle of
0° to 14.5°%:
, WR 2 . .
Fa = I\DFal—m_ [(fb*'-l)(SII]&z—]\D SIHO])
+2 fy (cosaz — Kp cosay)]
= 69,938 Ibf
where:
F,i = 23,561 Ibf
W = 584 x 0.743 = 43.39 |b/ft
R = 3726 ft
fi = 035
Q = 0°
Qo = 14.5°
Kp = efdleema) — 10926

Pipe section P-110, (47 lb/ft), from 14,128 ft to 11,775 ft.

Profrac Holding Corporation and U.S. Well Services, LLC
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Table 4.3: Total tensile load for drilling liner.

(1) (2) (3) (4)
True vertical ~ Grade, and  Measured depth  Angle of
depth Weight (ft) inclination
(ft) (Ib/ft) (degrees)
14,000 - 12,500 L-30, 38.4  15.638 - 14.128 0-14.5
12,500 - 10,500 P-110. 47 14.128 - 11.775 14.5 - 40
(5) (6) (7) (8)
Tensional load Bending force  Total tensional load  Total tensional load
carried by the = 63 d,W, 0 = buoyant weight = buovant weight
top joint, F, = 8 =3°/100ft + frictional drag + bending force
Fy. + F, (1bf) (Ibf) + bending force (Ibf)  + shock load (1bf)
69,938 106,237 176.175 358,222
169,587 85,499 255.086 370.865

3. For the dropoff section from 14.128 ft to 12,428 ft:
WR
1+ ff

+2 fy (cos az — R'p cos ay)]
= 146,988 Ibf

F, = KpF,; — [(fb‘) — 1) (sinay — K'p sinay)

where:
Foo = 69,938 Ibf
W = 47 x 0.743 = 31.92 lb/ft
R = 3721t
fo = 0.35
Qp = 14.5°
[0 5] = 40°
Kp = ehloa=a) = 11636

4. For the slant section from 11.773 to 12.128 ft

F, = Fa+W({,—=0L)}(fs sina;, + cosa;)
169,587 Ibf

i

where:
F,, = 146,988 Ibf
W = 3492 Ib/ft
L, = 12,428 ft
q = 40°
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4] —— - —_— _— (4]
3000 fr.
A viso 38/
3000 ft. y - - - 3000 ft.
L L LT~ 2000t
5000 fr. T
SS12 fr.
MW 155 (38 b/ft)
————— — — — 7000 ft
6842 1. -
—— 8512t
8000 ft
12428 f1.
11000, — — — — 9126 fr.

V 150 (46 Ib/ft)

\ 2667 fr.

r
13457 t. [ 15095 1.
— 2543 fu.
16000 ft. - L 17638 R
3000 f. .
SO0 155 (46 Ib/ft) |
18000 ft. [ N - = 20638 f.

Fig. 4.14: Example of well profile showing steel grade and weight for production
casing.

Production Casing

The well profile, the steel grades and weight. selected on the basis of collapse and
burst loads are presented in Fig. 4.14. Starting from the bottom. the tensional
load based on the concept of frictional drag and shock load are shown in Table
4.4.

The values of drag-associated tensional load for intermediate, liner and production
casings are found almost the same way as those of the tension due to the shock
load. This suggests that for a well profile presented in Fig. 4.11 and an assumed
value for friction factor of 0.33, shock load can be substituted for drag force for
ease of calculation of the design load for tension.

Equations 4.30, 4.32, 4.33, 4.35 and 4.38 are extremely useful to estimate the
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drag force for casing in complicated well profiles, if the hole trajectory and other
parameters such as bit walk, dog legs and bearing angles are known. It is equally
important to know the exact value of the friction factor, because it is a major
contributor to the frictional drag.

Table 4.4: Total tensile load in production casing.

(1) (2) (3)
True vertical Grade and  Measured depth
depth Weight {ft)
(ft) (Ib/ft)

19,000 - 16,000 SOO-155, 46 20,638 - 17,638
16,000 - 8,000 V-150, 46 17,638 - 8,512
8,000 - 3,000 MW-155, 38  8.512 - 3.000

3,000 - 0 V-150, 38 3,000 - 0
(4) (5) (6)
Angle of Tensional load Bending force
inclination carried by the =63d,W.,0
(degrees) top joint 6 = 3°/100ft
F, = Fy, + Fy (lbf) (1bf)
0 100,212 60,858
0 -40 468,226 360,858
40 - 0 711,846 50,274
0 794,630 50,274
(7) (8)
Total tension Total tension
= buoyant weight = buoyant weight
+ frictional drag + shock load
+ bending force (Ibf) + bending force (Ibf)
161,070 308,308
529,084 575,648
762,120 677,494
844,904 760,304

Further Examples

Using the planned trajectory data in Table 4.5, three production casing strings
for a typical deviated well (Fig. 4.1), a single-build horizontal well (Fig. 4.15)
and a double-build horizontal well (Fig. 4.15) were generated using the program
introduced in Chapter 5.

To calculate the tensional load in the top joint of the strings, Egs. 4.30, 4.32,
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Table 4.5: Planned trajectories of (a) typical deviated well, (b) single-
build horizontal well and, (¢) double-build horizontal well.

Tvpical Deviated | Single Build | Double Build
Kickoff point (ft) 5.000 3,000 5,000
Buildup rate (&) (°/100 ft) 2 2 2
End of buildup (ft) 7.000 7.500 7,000
Inclination angle (a;) {deg.) 10 90 40
Dropoff point (ft) 12,480 12,500 -
Second build (ft) - - 12.430
Dropoft rate (a,) (°/100 ft) 2 2 -
Buildup rate (a;) (°/100 ft) - - 2
End of dropoff (ft) 14,480 12,500 -
End of build (ft) - - 13,480
Inclination angle (a,) (deg.) 0 90 90
Total measured depth (ft) 16.720 12,500 16,720
Total vertical depth (ft) 15.120 5.865 11,449

Additional information common to all three examples:
Minimum casing interval = 2,000 ft

Design = minimum cost (see Chapter 3)

Pseudo friction factor = 0.35

Design factor burst = 1.1

Design factor collapse = 1.125

Design factor yield = 1.3

Specific weight of mud = 16.8 Ib/gal

Design string = 7-in. production

4.33. 4.35 and 4.38 were used. In all three cases. for the top buildup section it
was assumed that the casing rested on the upper-middle-bottom part of the hole
for an equal third of the interval as in the previous example. In the case of the
double build, like the dropoff, the casing was assumed to rest on the bottom of
the hole for the entire section of the second build.

At this point it is worthwhile to reiterate what was said earlier about the validity
of these assumptions and in particular the one concerning the buildup section.
Namely, that they need bear little relation to what actually occurs in practice.
Just how close they are to the computer generated solution is illustrated in Table
4.6, which summarizes the results for each case and records the error between
the value calculated using this approach and that produced using the computer
program. Even the ‘errors’ must be taken with a grain of salt because by chang-
ing the buildup assumption from upper-middle-bottom (each 1/3 of interval) to
upper-bottom (each 1/2 of interval) the errors change to -7%, -0.3% and -12%
for the typical, single-build and double-build wells. respectively.
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Table 4.6: Production combination strings for: (a) typical deviated
well, (b) single-build horizontal well, {¢) double-build horizontal well.

Typical Deviated Well
(see Table 5.21 on page 307 ).

Casing interval, | Grade and Tensional load
measured depth Weight on top joint
(ft) (Ib/ft) (Ibf)
16,720 - 14,200 | P-110, 38 73.612
14,200 - 11,520 | P-110, 35 167.449
11,520 - 0 P-110, 32 490.333

Computed value = 484,623 Ibf (Error = -1.2%)

Single Build Horizontal Well
(see Table 5.22 on page 308 ).

Casing interval, | Grade and Tensional load
measured depth Weight on top joint
{ft) (Ib/ft) (Ibf)
12,500 - 0 5-95, 23 152.930

Computed value = 169.839 Ibf (Error = 10%)

Double Build Horizontal Well
(see Table 5.23 on page 309 ).

Casing interval, | Grade and Tensional load
measured depth Weight on top joint
(ft) (Ib/ft) (Ibf)
16,720 -~ 12,280 | S-105. 32 69.537
12,280 - 9,760 | P-110, 32 128.915
9,760 - 7,240 | S-95.29 182.726
7240 - 0 S-95, 26 356.893

Computed value = 336,018 Ibf (Error = -6.2%)
“Computed value” 1s that generated in Examples 5.11 and 5.12

4.1.8 Application of 2-D Model in Horizontal Wells

In a horizontal well or horizontal drainhole. the inclination angle reaches 90°
through the reservoir section. Two common profiles of a horizontal well are

shown n Fig. 4.15.

In a typical horizontal well as shown in Fig. 1.15(a), two buildup sections. a slant
section and a horizontal section are used to achieve the inclination of 90°. In the
second type (see Fig. 4.15(b}}, the well profile consists of a rapid buildup section
and a horizontal section. Typical buildup rates used are presented in Fig. 1.16.

Equations 4.30, 4.32 and 4.33 can be used to calculate the drag-associated ten-
sional load for both upper and lower buildup sections of type one and the buildup
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section of type two well profile. Equation 1.33 can be used for the slant part of the
buildup section of the type one well profile and it can also be used to determine
the tensional load on the casing in the horizontal section (a; = 90°) of both well

profiles.
= Kop KOP
|
{ \ UPPER BUILDUP SECTION
{
SLANT SECTION BUILDUP SECTION

1
( ‘/—
(
: LOWER BUILDUP SECTION -
i / ! HORIZONTAL
( HORIZONTAL 1 SECTION
l < SECTION 1 ;
R, L

HORIZONTAL WELL HORIZONTAL

DRAINHOLE
(a) (b)

Fig. 4.15: Typical profiles of horizontal well and horizontal drainhole.

4.2 PROBLEMS WITH WELLS DRILLED
THROUGH MASSIVE SALT-SECTIONS

Long sections of salt deposits present difficult problems in well completions be-
cause they create excessive loads on casing. It is generally accepted that salt creep
can generate very high wellbore pressures and that in an unsupported wellbore
it takes place in three stages. Primary creep starts with a relatively high rate of
deformation just after the salt formation is drilled. After a certain time, this rate
falls and a period of essentially low rate of deformation persists which is known
as secondary creep. It is in the final stage, however. that salt creep reaches its
maximal value and if the pressure and temperature exceed 3.000 psi and 278 °F,
respectively, salt creep can generate very high wellbore pressures. Typically. an
abnormal pressure gradient ranging from 1.0 psi/ft to 1.48 psi/ft can be applied
to the casing leading to its collapse (Marx and El-Sayed. 1985; El-Saved and
Khalaf, 1987). Severe salt creep-related casing problems have been reported in
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the Gulf of Suez (Pattillo and Rankin, 1981) and West Germany (Burkowsky et

al., 1981).
35,
S
S
Ko ,,g;?; # 5
> W Y <& &
BN
v, 777100175 &
L ¢ '!f/ ’f 2 ©
oo “l” /ﬂ’ & >
N s
e e .
%7 s '"”,". '"’ X Displacement
ﬂﬂ/’!"” 3 FR?dius) o
L ssd85 0 $68888 £S5V
&
\/ ///// Short
\, Radius
\/ // Medium
Radius
Long
Radius

Fig. 4.16: Typical buildup rates for horizontal drainholes. (After Fincher, 1989.)

Two principal methods have been adopted to overcome the problem of casing
collapse: thick-wall (> 1 in.) casing (Ott and Schillinger, 1982) and cemented
casing string (Marx and El-Sayed, 1984). The most effective solution seems to
be to use cemented pipe-in-pipe casing (composite casing).

4.2.1 Collapse Resistance for Composite Casing

Although the improvement of collapse resistance in composite casing has been rec-
ognized by several investigators (Evans and Harriman, 1972; Pattillo and Rankin.
1981; and Burkowsky et al., 1981), it was Marx and El-Sayed (1984) who first
provided theoretical and experimental results. The authors showed that for a
composite pipe (Fig. 4.17), the contact pressure at the interface and the re-
sulting tangential stresses could be expressed in terms of internal and external
pressures, modulus of elasticity of the individual pipes and the cement, and the
physical dimensions of the casing. Collapse behavior of the composite pipe can
be distinguished in two principal ranges: elastic collapse and yield collapse.
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Fig. 4.17: Cross-sectional view of composite casing.

4.2.2 Elastic Range

Using Lamé’s equation for thick-walled pipe and Eqgs. 2.114 and 2.115. pres-
sures and resulting stresses for homogeneous and isotropic composite pipe can be
expressed as follows:

For the interface between the outer pipe and the cement sheath, (r = r;,):

pi2 (T‘32 + r122) - onz rgz

Tangential stress, o, = _ > (4.81)
(T§2 - ”;2)
Radial stress, o, = —p,, (4.82)
Radial deformation;
Py (12, +72) = 2p,, 72 : |
Ar;, = -2 |(1 —p?) 22 27 L7 ; 4.83
T‘Z E ( U) (ng“r,'zz) +(V+V)p2 ( )
For the cylindrical cement sheath (r = r;,):
2 2 2
or = 2p01 rol _pi2 (rig _T‘OI) (4.8‘1’)

2
(% - 7'31)
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A (4.85)
2 2 2
t T 2\ 2P0y Ty — Piy (1 -r;) 2
ATQ - Ecm (1 - ch) I(7'222 - 7'31; 1 * (ch - Ufm) Pra (486)

For the interface between the cement sheath and the inner pipe (r =r,,):

2 2 ‘ 2
. pol (rig + rol) - ZpiﬁriQ

oy : ; (4.87)
(1-1,22 - 7’.01)2
01‘ = _“pol (4'88)
£ Toy 2 Poy (r12 +T§ ) - 2p,-2r,2 2
Ar, = o (1—=v2) Q(Ti = oy 2+ (Vem + V20) Poy (4.89)
For the inner pipe (r = r,,):
2p; rE —p, (rl —r?
o_t — p 1 Tzl p 1 (1;01 ru) (4.90)
(ro, =)
g, = —p,, (4.91)
T 2pi i — po, (P2, —rl) ,
A = Tor 1 — 2 177 1 01 i 2 ) 4.99
o= (L) SRR S R v, (4.92)
where:
E.. = Modulus of elasticity for the cement sheath.
v.m = Poisson’s ratio for cement sheath.

From the continuity of radial deformation at the interface one obtains:

AT‘{Z = Ar,
Ar, = Ar,

01

Finally, substituting Eq. 4.83 into Eq. 4.86 and Eq. 4.89 into Eq. 4.92, one
obtains the following expressions for collapse resistance of the composite pipe:

1 — p? ng + T?z Ve + J/Z’m
P e
: E ri — r?2 E..
1 -2 ré —r? v+ vt
+ S | +
Eon ri, —r E
1 —v? 2r? 1 — 2 2rl
= em o , 0 1.93
P [( E. ) (—)] e [( E ) (— )
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Fig. 4.18: Tangential stress in 13% - Qg-in. composite casing as a function of
modulus of elasticity and Poisson’s ratio of cement sheath. (After El-Sayed, 1985;
courtesy of ITE-TU Clausthal.)

and
1—v? r§1+ri v+ vt
pa -
! E r: —r? E
1 —v? ré — 2 Vem + V2
cm 12 01 cm cm
+( Eem ) (r?z—ril) +( Ecm H
1— 2 2r? 1 — 2 2r?
= p; L ; S —Z 4.94
p [( E ) (Tgl_rizx):l +p2 [( Ecm ) (Tizz—Tg] ( )

From the above equations, values of p,,, p,, and o, can be determined from the
physical dimensions of the pipes, internal and external pressures, and the modulus
of elasticity of steel and cement.

4.2.3 Yield Range

Collapse strength of the composite pipe is defined with reference to a state in
which the tangential stress of the inner or outer pipe attains the value of its yield
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strength. According to the theory of distortional energy, the yield strength of
the inner or outer pipe can be expressed as follows:

— _ 2 _ 2 2
203/1 - \/(07'1 th) + (Jtl 021) + (sz - 0"1) (495)
or
P _ _ 1] - 2 P 2
20, = \/(Gm 0, ) + (01, — 0,2 + (&g = Tpy) (4.96)
| . | |
= 1 i 1 1
& Vem= 005 | i Vp=025 | Yem =05 |
Poy
1.0 OUTER CASING
CEMENT
| il — muERCASNG | |
iac
i F .
0.5 — ; Fi
=2
i)
] L
l | |
- {
0 ! % !
—— E__ = 100 Wmm?®
cm 2 Inner Casing  Quter Casing
=== E__ = 1000 N/mm
4 2 0.0. 9 5/8° 13 3/8"
wee B = 10 N/mm b/t 415 6.0
— E - ‘[C? !{.ll‘lﬂll'lz
com

Fig. 4.19: Radial stress in 133 - 92-in. composite casing as a function of
modulus of elasticity and Poisson’s ratio of cement sheath. (After El-Sayed,

1985; courtesy of ITE-TU Clausthal.)

Defining o, and o, as the yield strengths of the inner and outer pipes with a
permanent deformation of 0.2%, and substituting the values of ¢,, 0., E., =
5,691 +376 6., — 1.190% and E = 2.1 x 10° N/mm’, the yield strength of the
individual pipe can be obtained in metric units as follows (El- Sayed, 1985):

(pm - pix)r2 ? P Tz Do 7‘2
=3(==_-"2- % - S P 4.97
Oy [ (rZ —rZ) t+ (o + ( )

21
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Fig. 4.20: Collapse resistance of the composite pipe as a function of compressive
strength and Poisson’s ratio of cement. (After El-Sayed, 1985; courtesy of ITE-
TU Clausthal.)

and

( . ) 272 P2 2
8 Po, pl? T02 p’Z 1y P02 17 !
Opp =3 | —F—F2| + |0, — — . , v (1.98)
(rz —rk) R A rée —r?
o2 2 feb} iz 02 12
where:
O.m = compressive strength of cement, N/mm?.

Using Eqs. 4.93, 4.94, 4.97 and 4.98, the stress distribution in the composite
pipe and its collapse resistance were computed by El-Sayed (1985) (see Figs. 1.13
through 4.20). From the figures the following observations can be made:

1. Maximum stress occurs in the outer pipe.
2. Minimum stress occurs in the cement sheath.

3. Stress on the outer pipe increases with increasing E.,. i.e.. the collapse
resistance increases.

4. Stress on the inner pipe decreases with increasing F.n. i.e.. the collapse
resistance decreases.
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Fig. 4.21: Collapse resistance of the composite pipe as a function of compressive
strength of cement. (After El-Sayed. 1985: courtesy of ITE-TU Clausthal.)

This behavior is explained by the fact that at low values of E.,.. the tangential
stress in the outer pipe exceeds its vield strength and results in collapse. At high
values of £, the composite pipe starts to collapse at the inner pipe. This suggests
that cement with a high modulus of elasticity does not necessarily increase the
collapse resistance of the composite pipe. Collapse resistance in the yield range
(Fig. 4.21) displays similar behavior to that observed in the elastic range.

Test results obtained on two sets of composite pipes (13§ - 9§-in. and 7 - 5-in.)
by Marx and El-Sayed (1984) show behavior (Fig. 4.22) similar to that predicted
by their theoretical model. The pipe failure observed for all specimens was. how-
ever, in the plastic range (Fig. 4.23). Collapse failure in the plastic range can be
explained as follows. As the external and internal pressures increase. the cement
sheath experiences a confining pressure. which results both in an increase in com-
pressive strength and the modulus of elasticity of cement and a corresponding
decrease in Poisson’s ratio. With further increases in the external pressure, the
modulus of elasticity of the cement decreases and Poisson’s ratio increases. As
the changes in the modulus of elasticity. Poisson’s ratio and external pressure
(increasing) continue, the composite pipe reaches a stage where the tangential
stress exceeds the value of the yield strength of any one of the pipes. Conse-
quently, the composite pipe starts to yield and finally collapses. The effect of the
combined loads improves the collapse resistance (Fig. 1.22), thereby improving
the behavior of the cement sheath.
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Fig. 4.22: Collapse resistance of the outer and inner pipe as a function of
compressive strength of cement; (a) 133 - 92-in. and (b) 7 - 5-in. (After El-
Sayed, 1985; courtesy of ITE-TU Clausthal.)
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Fig. 4.23: Collapse failure of the composite pipe as a function of external

pressure; (a) 133 - 92-in. and (b) 7 - 5-in. (After El-Sayed, 1985; courtesy of
ITE-TU Clausthal.)
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On the basis of the results obtained from the theoretical model and the labora-
tory experiments, Marx and El-Sayed (19853) suggested the following formula for
calculating the collapse resistance of composite casing:

2.05
E — —_ e .) ")
Pecp = Pey + Pey + Oesy, [(da/t)“; 0.0_b} (1.99)
where:
(d,/t)es = ratio of outside diameter of the cement sheath to its thickness.
P, = overall collapse resistance of the composite {pipe) body, psi.
p,, = collapse resistance of the inside pipe. psi.
p., = collapse resistance of the outside pipe. psi.
Ocsp,, = collapse stress of the cement sheath
under the external pressure p., . psi.
. _ SIN o
= Oem 2P, (l—smp ’
Cem = c.ompressive strength of the cement.
@ = angle of internal friction calculated from Mohr's circle.

The compressive strength of cement and the angle of internal friction for the
collapse resistance of the composite pipe can be computed from Eq. 4.99. The
equation also shows that the collapse resistance of the composite pipe is the
sum of the collapse resistance of the individual pipes. Inasmuch as the collapse
resistance of the cement sheath cannot be predicted as a single pipe, Marx and
El-Sayed (1985) suggested the following simplified equation:

Peep = I (pey + Pey) (4.100)
where:
K, = reinforcement factor.

The value of K, lies between 1.17 and 2.03.

4.2.4 Effect of Non-uniform Loading

When the formation flows under the action of overburden pressure, it is more
likely that the casing will be subjected to non-umform loading as shown in Fig.
4.24. Nonuniform loading is generally caused by inadequate filling of the annulus
with cement, which leaves the casing partially exposed to the flowing formation.
Generally, two effects of nonuniform loading of casing are recognized: curvature
and point-load effects {Nester et al., 1935).
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DRILLING
FLUID

Arrows indicate
salt movement

Fig. 4.24: Point loading effect due to the flow of salt. (After Cheatham and
McEver, 1964.)

TIME=t—l rTlME=t+At

Fig. 4.25: Curvature effect due to the salt flow. (After Cheatham and McEver,
1964.)
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UNIFORM LOADING DUE

TO FORMATION FLUID COMBINED LOADING DUE
PRESSURE Py, OR Py, NON-UNIFORM LOADING TO FORMATION FLUID
P, = INTERNAL PRESSURE DUE TQ SALT FLOW (p, ) AND SALT FLOW (pf )

(a) (b} ()

Fig. 4.26: Different modes of loading on composite casing. (After El-Sayed et
al., 1989.)

The curvature effect is shown in Fig. 4.25. The accentuated irregular shape of
the borehole axis is a result of washouts by the drilling fluid. At the in-gauge
section of the hole, the flowing (salt) formation comes in contact with the pipe
and restricts its movement. In the out-of-gauge section, particularly in sections
where drilling fluid instead of cement surrounds the pipe, the formation continues
to flow and closes the borehole. The flow of formation above or below the frozen
point (gauge section of the hole or where there is an adequate filling of the annulus
with cement) can cause severe bending loads.

Point loading generally occurs when the annulus is partially filled with cement; the
remalning volume is occupied by drilling fluid. When salt flows, the unsupported
part of the casing is subjected to point loading (Fig. 4.25). As depicted in Fig.
4.26, p;; and p,, are the hydrostatic heads due to the presence of drilling fluid in
the annulus and borehole. The concentrated force represents the point loading by
the formation and the resulting reaction forces on the opposite side of the casing
(see Fig. 4.26(b)). Figure 4.26(c) represents the combined effects of uniform load
due to drilling fluid (p,, and p;,) and nonuniform load due to formation flow (p;).
This imbalance can lead to radial deformation of the outer pipe and a severe
loading situation.
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In a theoretical study, El-Sayed and Khalaf (1989) showed that the radial de-
formation caused by nonuniform external loading is transmitted to the cement
and the inner casing. This results in additional internal stresses in the cement
and the inner pipe, and additional contact pressures on the surfaces between
the outer pipe and cement, and the cement and inner pipe. The authors found
that the non-uniform external loading could reduce the collapse resistance of the
composite pipe by as much as 20 %.

4.2.5 Design of Composite Casing

As discussed previously, the generalized casing string for use in any situation is
one designed to withstand the maximum conceivable load to which it might be
subjected during the life of the well. In view of this, for the design of casing
adjacent to a salt section, the following loading conditions are assumed:

1. Casing is expected to be evacuated at some point in the drilling operation.

2. Placement of cement opposite the salt section is often difficult and, there-
fore, any beneficial effect of cement is ignored.

3. Uniform external pressure exerted by the salt is considered to be equal to
the vertical depth, i.e., at 1,000 ft pressure is 1,000 psi. A typical abnormal
pressure gradient is 1.48 psi/ft.

4. The effect of non-uniform loading is taken into consideration by increasing
the usual safety factor by at least 20 %.

The intermediate casing string described in Chapter 3 is again considered; how-
ever, in this example, a salt section is assumed to extend from 6,400 to 11,100 ft.

and the collapse design for P-110 (98 Ib/ft) casing is rechecked.

12 x 0.052 x 6,400
= 3,993.6 psi.

Collapse pressure at 6,400 ft

Collapse pressure at 11,100 ft = 1.48 x 11,100
= 16,428 psi.

Collapse resistance of the current casing grade P-110 (98 lb/ft) = 7,280 psi.

7,280
16,428

SF for collapse = = 0.433
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Alternatively, a liner may be run adjacent to the salt section and the annulus
between the two casing cemented. The physical properties of the composite pipe
are given in Table 4.7.

Table 4.7: Physical properties of composite pipe.
Property  Outer pipe Inner pipe

Grade: P-110 N-80
OD, in. 132 9%

W, b /ft 92 58.4
Pe, PSi 7.282 7,890

Assuming a I, (reinforcement factor) of 1.6, the collapse resistance is calculated
as:

Peo = K (pe, + po,) = 1.6(7,890 + 7,282) = 24.275.2 psi
Thus,

24,2752
SF fi llapse = ———— = [ 47
or collapse 16,425

Generally, it is not possible to obtain a 100 % effective cement job in the long
annular section of two concentric pipes. A safety factor of 1.5 should, therefore,
be used to allow for any uncertainties in the quality of the cement and to ensure
that the rated performance is greater than the expected load.

4.3 STEAM STIMULATION WELLS

Steam or hot water is often used as the heat transfer medium for the application
of heat to a reservoir containing highly viscous crude oil. As a consequence,
tubing and casing are placed into an environment of extreme temperatures where
typically the upper temperature range varies between 400°F and 600°F. The
upper temperature limit is expected to rise to 700°F in the near future.

When steam is injected into a well, the casing is gradually heated up and tends
to elongate in direct proportion to the change in temperature. Inasmuch as
most casing i1s cemented, the tendency to elongate is replaced by a compressive
stress in the casing. Casing failure occurs initially when the temperature-induced
compressive stresses exceed the yield strength of the casing. Subsequent cooling
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Fig. 4.27: Thermal cyclic loading diagram for elastic perfect plastic material
and the failure of casing coupling.

of the casing while the well is shut-in or producing, relieves the compressive stress
although the deformation produced during the steam injection phase creates a
tensile stress as the casing temperature returns to the normal levels that existed
prior to steam injection. Often, this tensile force buildup results in either joint
failure at the last engaged pipe thread, or tensile failure by pin-end jumpout.

Willhite and Dietrich (1966) were the first to present a comprehensive method for
assessing pipe failure under cyclic thermal loading. Holliday (1969) and Goetzen
(1985) extended this work and presented a complete analytical treatment for the
design of casing strings for use in steam stimulation wells.

In the following sections, the mechanism of casing failure is discussed in detail
to provide a basis for selecting safe operating temperatures and related material
properties. Next, a systematic method for estimating casing temperature during
steam 1njection is presented. Finally. different techniques used to protect casing
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from severe thermal stresses are discussed.

4.3.1 Stresses in Casing Under Cyclic Thermal Loading

The stress behavior of the casing can best be described by considering a typical
stress-temperature change diagram for casing during a steam injection-production
cycle as shown in Fig. 4.27. In the following discussion the term ‘casing’ refers to
both the pipe body and the coupling which are considered to be indistinguishable.
The initial stress in the casing is zero.

Path 1-2 represents the elastic portion of the compressive stress due to an increase
in temperature, AT. For a plain carbon steel, the compressive stress generated
by thermal expansion is about 200 AT (psi). Point 2 represents the yield point
of the casing (either pipe body yield or joint yield in compression). If the com-
pressive stress at the maximal casing temperature does not exceed that at point
2, the casing will return to zero stress as the wellbore cools. The temperature
corresponding to the stress at point 2 is designated AT,,, the temperature at
which the yield point is reached.

As the temperature exceeds ATy, the stress temperature curve follows the path
2-3 because the casing is able to absorb only a small part of the thermal expansion
forces by stress increase. Instead, most of the expansion forces above yield point

are dissipated through permanent deformation (plastic flow) of the casing.

During cooling, casing initially behaves elastically. The stress-temperature rela-
tionship is represented by path 3-4 which is parallel to 1-2 but offset by a change
in temperature AT,. Path 2-3 is not reversible because irreversible changes occur
in the structure of the casing as it yields. The elastic portion of the stress in-
crease Is recoverable and a zero stress is reached when the casing temperature has
decreased by the amount AT,,,, — AT,, = AT;. Thus, the casing temperature is
higher than the initial casing temperature by AT, at zero stress (neutral point).

As the casing cools below AT, (zero stress), thermal contraction forces similar
to the expansion forces encountered in the heating cycle cause the pipe to be in
tension. The resulting tensile stress is approximately 200 AT}, psi. Casing failure
at the coupling will occur if this tensile load exceeds the joint fracture or pullout
strength during cooling process. Three types of failure have been observed:

1. Tensile failure in the last engaged pipe threads.
2. Tensile failure by pin-end jumpout.

3. Compression failure by closing off the coupling stand-off clearance.
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Fig. 4.28: Rotationally symmetric pipe under pressure and temperature.

4.3.2 Stress Distribution in a Composite Pipe

Previously, it was shown that the casing suffers an axial stress during heating
and cooling operations. In practice, however, all three principal stresses, radial
stress, tangential stress and axial stress, are present (Fig. 4.28). A reasonably
accurate description of the behavior of these stresses in the elastic range can
be provided by assuming that the casing, the cement sheath, and the formation
form a rotationally symmetric composite pipe, subjected to an internal pressure,
external pressure, and a quasi-steady-state temperature distribution. Figure 4.29
presents the different elements of the composite pipe under internal and external
pressures and temperatures.

According to Szabo (Goetzen, 1986), if the ratio of the length to external diameter
1s comparatively large and axial displacement of the pipe is prevented, the radial
and the tangential stresses of the pipe body can be expressed by the following

relationships:
TE 1
or(r) = — =) ﬁjr r AT(r)dr
E Cs
+(1+1/)(1—2,,) {05“(1“2V)ﬁ} (4.101)
ofr) = — IT—EV {AT(?‘) — :—2 /TTAT (r)dr}
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Fig. 4.29: Rotationally symmetric composite pipe under pressure and temper-
ature.

N E
(I14+v)(1 =2v)

{C‘5+(1—2v)9—6} (4.102)

r2

where AT'(r) is the change in temperature with respect to r. For a quasi-steady-
state temperature distribution. AT (r) can be expressed as:

AT(r) = AT; In(r,/r) = AT, In(r;/7) (4.103)
n(r,/r;)
where:

r; = internal radius of the pipe body. .
ro = external radius of the pipe body. in.

Csand C's = constants obtained by substituting the boundary conditions:

o, (r) =p; and o.(r,) = p, (1.104)

p; = internal pressure. psi.
P. = external pressure, psi.
T = coefficient of thermal expansion. in./in. °C.

According to Szabo (Goetzen. 1986). the change in temperature at any radius
can be found as follows:

2 AT — AT Ty .
AT(r)dr= ———"2 4+ = . 1.10:
/rr (r)dr T (/) + 5 AT(r) ( 3)
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Substituting Eqs. 4.104 and 4.105 in Eqs. 4.101 and 4.102, the solution for radial
and tangential stresses is obtained:

TE AT, — AT, /rir,\*
or(r) = 0= 7) { R ( - ) — AT(r)
(AT?r; — AT?r,)
=)
(Pors —Piti) | (D= Do) [TiTs)?
s e () )
and,
T E ATI — ATO r,r, 2
ay(r) ‘2(1—1/){ " ( - ) ~ AT(r)
(Ath ri— ATOQ 1"0) (AT, - ATO)
(r2 —r?) In(r,/r;)
(Pors —piri)  (Pi—Po) (TiTo)? ;
G G R (=) (4107
In the Egs. 4.106 and 4.107, p; and p, are negative.
Inasmuch as the pipe is prevented from axial movement (s, = 0):
g ry=v{o.(r)+ao(r)} —TEAT(r)+ o, (4.108)

where 0..s 1s the residual axial stress present in the material prior to heating of
the pipe body.

From classical distortion energy theory (Goetzen, 1986). the equivalent stress can
be calculated as follows:

o, = \/%{(m =0 + (00— 0a)? + (00 — 0,)?2) (4.109)

For an elastic composite pipe as shown in Fig. 4.29, the radial. tangential and
axial stresses can be determined by using Eqgs. 4.106. 4.107, 4.108. and 1.109. pro-
vided that the influences of the boundary layers for each element j are neglected.
The radial interlayer stresses between the elements are not known; however. they
can be expressed in terms of the internal and external pressures of the individual
elements as follows:
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Fig. 4.30: Stress distribution in a single-casing completion with packed-off
annulus ( AT in °C and ¢ in N/mm?). (After Goetzen, 1987; courtesy of ITE-
TU Clausthal.)

(po); = o0,(r5); (po}n = (p,) formation pressure
(pe); = o), {(p:)1 = (p;) inside annulus pressure
(Po); = (Pi)j+ for 1 <j<n-1
where
l...j..n = system element.
pi = Inner pressure of element j.
Po = outer pressure of element ;.

pij+1 < 107% N/mm?

Similarly, the radial displacement is given by Szabo (Goetzen, 1986):

Ur (1) = Uy (1)j41
ur(ro); = {roe: (ro)};
ur (ridisn = {riec(r)}in
(Aw,); 541 = {ur (ro); —ur (ri);41} forelement j <1< n~1.

Using the above relationships for radial displacement, the pressure between two
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Fig. 4.31: Stress distribution in a double-casing completion with packed-off
annulus ( AT in °C and o in N/mm?). {After Goetzen, 1987; courtesy of ITE-
TU Clausthal.)

adjacent elements at any radius r is obtained:

Au.); ; 1 1+ G*

o _ 2
T i+1 E;vi \1 G.H—l

I (1+G? !
— — v 1
+Ej (1—G;2 Vj)} A

G=-= (4.111)

In order to solve the analytical equations for radial, tangential and axial stresses,
extensive calculation is involved. In a recent study, Goetzen (1986) developed a
computer program based on an iterative solution and presented numerous data
for radial, tangential, axial and equivalent stresses for different steam stimulation
situations. Some of these results are presented in Figs. 4.30 and 4.31 and are
based on the following wellbore situations:
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Fig. 4.32: Stress distribution in a single-casing completion and the casing ex-
posed directly to the injected steam ( AT in °C and ¢ in N/mm?). (After Goetzen,
1987; courtesy of ITE-TU Clausthal.)

L. Steam is injected through 33-in. bare tubing and the casing temperature is
calculated based on the model proposed by Willhite (1966).

2. Casing temperature is varied from 68 °F (20°C) to 590°F (310 °C) and the
annular pressure is kept constant at 1.294 psi (88 bar).

3. Two simple completions are considered: 7-in. (0.3-in. thickness) casing in
a Qg—in. cement sheath (Fig. 4.30), and two concentric pipes — 7-in. (0.36-
in. thickness) and 103-in. (0.4-in. thickness) in a 142-in. cement sheath
(Fig. 4.31).

The physical properties of casing and cement are as follows:

Ecasing = 30x 10° psi (2.1x10°N/mm?)
1.4 x 10° psi (10 x 10° N/mm? )

E cement

Tcasing = 6.9x107%in./in. °F (1.2 x 107® mm/mm °C)

Tcement = 0.345 x107%in./in. °F (0.6 x107° mm/mm °C)
Vcasing = 0.3

Veement = 0.25

From the results presented in Fig. 4.30. it is evident that for a single casing
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completion with residual stress g,., = 0, the equivalent stress. Oreg. 18 88,200
psi (600 N/mm?). When the residual stress. o,,,, is increased to 37,632 psi (256
N/mm?), the equivalent stress reduces to 51,450 psi (350 N/mm?}. For the double
casing completion in Fig. 4.31 when &,., = 0, the equivalent stress in the internal
pipe 1s only 58,800 psi (400 N/mm?). Contrary to what was observed in the first
case, an increase in the residual stress does not lead to an appreciable decrease
in the equivalent stress.

Figure 4.32 illustrates the effect of direct contact of steam with the casing. It
shows that the stresses in the casing are much greater than those with a packed-off
annulus as in Fig. 4.30.

From this study, it is evident that the residual axial stresses in the casing and the

type of completion are the major factors controlling the casing stresses during
the heating cycle.

4.3.3 Design Criteria for Casing in Stimulated Wells

The maximal allowable temperature at which the pipe body or joint vields is
usually determined by using the classical theory propesed by Holliday (1969).
According to Holliday, the maximal allowable casing temperature is given by the
following relationship:

Tcasing = Tsurrounding + AT (+.112)
where:
Ored + O
AT ¥ 4.113
Ored reduced yield stress due to temperature and internal pressure
. 05
(0,2)* = 0T50,] " = 050,
Tyr yield stress corrected for temperature (hot vield stress).
d .
o 1;0_6770 (Barlow's equation. corrected for pipe imperfections.)
Ty joint yield stress (cold vield stress).

Values of elevated yield stress, o,,., in tension. for different steel grades are pre-
sented in Table 4.8 (Goetzen, 1986). An iterative solution is necessary to deter-
mine the value of allowable casing temperature because the vield strength of the
casing taterial is a function of temperature.

Equation 4.113 is derived based on the following assumptions:
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Table 4.8: Yield stress of different steel grades at elevated temperature.
(After Goetzen, 1986; courtesy of ITE-TU Clausthal.)

API-steel Hot yield strength, oy, in psi Steel
grade 68°F 212°F | 392°F | 372°F | 752°F | composition
H-40 (ST) 40,000 | 34,000 | 48,000 | 52,500 | 41,000 | ST grade
J-K-55 (ST) | 55,000 | 51,150 | 65,000 | 61,500 | 51,150 | ST grade
C-75 (ST) 75,000 | 64,680 | 58,505 | 56,300 | 51,890 | P 38 Mn6

C-75 (TR) 75,000 | 68,355 | 63,060 | 60,858 | 59,240 | P 26 Cr Mo4
L-80 (ST) 80,000 | 68,945 | 62,475 | 59,975 | 55,125 | P 28 Mn6
L-80 (TR) 80,000 | 72,910 | 67,325 | 64,827 | 63,210 | P 26 Cr Mo4

N-80 (ST) | 80,000 | 76,000 | 73,600 | 69,600 | 58,400 | P 38 Mn6

C-95(ST) | 95,000 | 86,730 | 81,880 | 78,940 | 71,295 | P 41 Mn V5
C-95 (TR) | 95,000 | 88,641 | 85,700 | 83,790 | 78,940 | P 34 Cr Mod4
P-105 (ST) | 105,000 | 102,000 | 100,000 | 102,000 | 90,000 | P 41 Mn V4
P-110 (ST) | 111,425 | 92,460 | 89,230 | 84,672 | 75,850 | P 41 Mn V5
P110 (TR) | 111,425 | 100,400 | 93,640 | 91,435 | 88,055 | P 34 Cr Mod

ST = standard, TR = thermal resistance

1. Casing is an elastic-perfect plastic material which: does not strain harden,
but flows plastically; exhibits Bauschinger’s Effect; has yield strength in
compression.

2. The coupling is as strong in compression as the pipe body at elevated tem-
perature.

3. The tensile coupling strength is unaffected by thermal axial compressive
strain.

4. Biaxial stress effects result only from internal pressure. There is no external
casing pressure present.

5. Casing is fully cemented and, therefore, no axial displacement of pipe 1s
expected.

The design method presented here is different from the traditional elastic method
discussed in Chapter 3 because the casing is assumed to deform plastically. How-
ever, the successful application of plastic design requires the exclusion of creep
rupture effects due to extremely high temperatures and it is, therefore, recom-
mended that the design procedure should be limited to casing temperatures of
700°F or less and that any increase in yield strength due to blue brittleness be
neglected.
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Fig. 4.33: Temperature distribution in a typical steam injection well, (After

Sugiura and Farouq Ali, 1978.)

The exclusion of any effect of external pressure in the casing design may not be
completely realistic for deep wells, 1.e., below 5,000 ft. Thus, the design method
is applicable to shallow wells where the casing is not subjected to collapse loads.
The vast majority of the casing designs for thermal wells, however, have been
based on this method and no serious casing failures have been reported {Goetzen,

1986).

4.3.4 Prediction of Casing Temperature in Wells with
Steam Stimulation

Generally, the prediction of average casing temperature is based on the idealized
model of a centralized tubing string at uniform constant temperature transmit-
ting energy towards casing under steady-state conditions. Heat is then transferred
away from the casing to the formation by unsteady-state conditions across the
thermal barriers: the cement and mud cake. Thus, the casing temperature de-
pends on the rate of heat transfer from the tubing and the type of well completion.
A typical wellbore heat flow model is presented in Fig. 4.33.
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4.3.5 Heat Transfer Mechanism in the Wellbore

The steady-state rate of heat flow, Q. between the outer surface of the tubing at
temperature T3, and the outer surface of the cement sheath at temperature 7.,
can be expressed as:

Q = 27{‘7'160 l/’?()? (ng - Tcmo)AI (4114)
where:
@ = heat flow through the wellbore, Btu/hr.
Ttb, = outer radius of the tubing, ft.
Ts = temperature of the flowing fluid inside the tubing. °F.
Tom, = temperature at the outer surface of the cement sheath, °F.
Al = incremental length of casing or tubing, ft.
Usor = overall heat transfer coefficient, Btu/hr sq ft °F
Subscripts:
th = tubing.
the = outside of tubing.
tb, = inside of tubing.
c = casing.
co = outside of casing.
e = 1nside of casing.
com = cement.

Uiot 1s defined as the overall heat transfer coefficient and its value for any well
completion can be found by considering the heat transfer mechanism of individual
completion elements, i.e., the tubing, annular fluid, casing. and cement sheath.
Heat flow through the tubing wall. casing wall and cement sheath occurs by
conduction. Fourier (Willhite, 1967). discovered that the rate of heat flow through
a body can be expressed as:

Q————?Trrkngl (4.115)
dr

Integrating Eq. 4.115 with Q constant, vields:

_2n k(T - T,)

Al 4.116
In(r,/r;) ( )

Q

where:
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k; = thermal conductivity of the "7'th completion element
(tubing or casing or cement).

T; = temperature at the internal surface.

T, = temperature at the outer surface.

r; = internal radius of the completion element.

r, = external radius of the completion element.

The casing annulus is generally filled with air or nitrogen gas. Heat flow through
the annulus occurs by conduction. convection and radiation. Thus, the total
heat flow in the annulus is the sum of the heat transferred by each one of these
mechanisms. For convenience, the heat transfer through the annulus is expressed
in terms of the heat transfer coefficient, Q.,, (natural convection and conduction)
and Q,.q (radiation). Hence:

Q =27 Tth, (Qcon + Qrad) (Ttbo - Tc.) Al (4117)

Inasmuch as the heat flow through the well completion elements is assumed to be
a steady-state flow, the values of Q for each completion element remain unchanged
at any particular time. Thus, solving for T and ) one obtains:

T — Tem, = (Tse —=Tw,) + (T, — Ts,) + (Tes, — T¢,)

+ (Tc. - TCo) + (Tco - Tcmo) (4118)
Q 1 + n(rew, /T, ) N 1

27 Al [ry, Hy Kep b, (Qeon + @rad)

+ID(T'C];)/TC‘) + In(rcl:lo/rc‘o) (4119)

Comparing Eqs. 4.114 and 4.119, one obtains the general expression for the
overall heat transfer coefficient:

U . [ Ttbo + rtbo ]‘n(rfbo/rfbl) rtbo rfbo hl(r('o/rﬁ)
tot =
’ Tey, Hst ktb (Qcon + Qrad) kc
Tob, AN Tem, [Te -
4 =< ef "o (4.120)
ka
where:
H,, = film coefficient for heat transfer or condensation coefficient

based on inside tubing or casing surface and temperature
difference between flowing fluid and either of these surfaces.
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Table 4.9: Thermal conductivity of different completion elements. {Af-
ter Proyer, 1980.)

Material | Temperature | Thermal conductivity | Condition
(°F) (Btu/hr ft °F)
Calcium- | 212 - 392 0.042 - 0.047 Dry
silicate 392 - 572 0.047 - 0.054 Dry
572 - 686 0.054 - 0.06 Dry
32 - 212 0.36 - 0.46 Wet
Cement — 0.20 - 0.40 Dry
— 0.50 - 0.60 Wet
Steel 212 - 392 26
572 24.85
752 23.12

In a similar manner, an expression for U, can be derived for injection tubing
insulated with commercial insulation of thickness Ar (= rips — rw,) and thermal
conductivity k;,,:

Tibo T, lﬂ(rtbo/rtb.) Ttho ]n(rins/rtbo) Ttb,
Utot + + - -
Ttb, HSf ktb kins Tins (hcon + 'rad)
-1
rw. In(r. /7 rw. ln(r r
tbo ( Co/ Cx) + tho ( Cmo/ Co) (4.121)
kC ka
where:
h,.gand A, = are based on the surface area 27r;,, Al
and the temperature difference 1}, — 1.
Subscripts:
om = cement sheath.
i = Internal surface.
0 = external surface.
in = 1nsulation material.

The overall heat transfer coefficient can be found once the values of &y, ki, ke,
kems @Qeons Qreg and Hy; are known. In Table 4.9, typical thermal conductivities
of different completion elements are listed (Proyer, 1980).

The heat transfer coefficients, Q.,, and @,,4, between the outer surface of the
tubing and the internal surface of the casing can be determined by using the
Stefan-Boltzman Law (McAdams, 1954) and the method proposed by Dropkin
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Fig. 4.34: Wet steam pressure gradient as a function of steam pressure, injection
rate, and steam quality, Emsland, Northern Germany. (After Goetzen, 1987;
courtesy of ITE-TU Clausthal.)

et al. (1965), respectively. For detailed information, readers are referred to the
original literature.

Using Eqs. 4.117 through 4.121, the following expression for the casing temper-
ature can be derived:

l cm o < c
Tc. = 71c:m<2 + ( n(rk O/T O) + ln(r}:/r ‘)) rtbo Utot (Tst - Tcmo) (4122)
where:
Uit = overall heat transfer coefficient based on the outside tubing

surface and the temperature difference between the fluid
and cement-formation interface, Btu/hr sq ft°F.

To determine the casing temperature, the temperature at the cement-formation
interface, T,,,, and the temperature of the steam, T, must be known.
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4.3.6 Determining the Rate of Heat Transfer from the
Wellbore to the Formation

The radial heat flow at the cement-formation interface can be determined by
using the following approximate equation proposed by Ramey (1962):

Q=2 % _1)al (1.123)
fy o
where:
k. = thermal conductivity of the formation (‘earth’), Btu/hr ft°F.

transient heat conduction function.

f(t)

T, = temperature at cement-formation interface, °F.
= Tun, (for steady-state heat flow).
T. = undisturbed temperature of the formation, °F.

4.3.7 Practical Application of Wellbore Heat Transfer
Model

The transient heat conduction function, f(¢), is introduced into the above equa-
tion because the heat flow into the surrounding formation varies with time. Heat
losses to the formation are initially large but decrease with time as the thermal
resistance to the flow of heat builds up in the formation. Ramey (1962) provided
the following approximate® method for evaluating f(t):

f(t) =1n (Zﬂ) —0.29 (4.124)

where:
ay = thermal diffusivity of the formation.

Equating Eqgs. 4.121 and 4.123, the expression for the temperature at the cement
formation interface, T.n,, is obtained:

Tcmo:(ntf(m ke Te)x(f(m ke ) (4.125)

TboUtot rtbol'tot

Examination of Egs. 4.122 and 4.125 shows that the casing temperature 1s a
function of overall heat transfer coefficient, {,,. Inasmuch as casing temperature

“Reasonable for injection periods greater than 7 days. For shorter periods see Jessop (1966).
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Fig. 4.35: Radial heat and temperature distribution as a function of steam
injection rate, Emsland, Northern Germany. (After Goetzen. 1937; courtesy of

ITE-TU Clausthal.)
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Fig. 4.36: Pressure and temperature distributions in a typical steam injection
well Rolermohr steam injection project. Emsland. Northern Germany. (After

Goetzen, 1987; courtesy of ITE-TU Clausthal.)
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at the internal surface is used to determine natural convection and radiation
heat transfer coefficients, it is necessary to use an iterative solution to obtain the
correct combination of Uy, and T .

4.3.8 Variable Tubing Temperature

Fluid temperature may vary considerably with depth as the hot water or su-
perheated steam flows down the tubing. The pressure of the steam vapor also
changes as a result of energy losses due to friction and pressure increase with
depth as a result of the static pressure gradient. For injection rates typically
encountered in the oilfield, the pressure loss due to friction exceeds the pressure
increase resulting from the static pressure gradient. Consequently, the pressure
and temperature of the steam decrease with depth. In this case, the depth step
methods, suggested by Satter (1965), Earlongher (1969), Pacheco et al. (1972),
and Sugiura et al. (1979), can be used to determine the tubing temperature at
each depth of the well. The following equations (after Sugiara et al., 1979 and
Goetzen, 1987) can be used to predict the pressure drop, the change in quality
of the steam, and the related temperature at different depths of the well:

Pressure drop:

dp [ ¢ v  f pudv] 1 (4.126)
dl =", P2dig. g di| 144 e
Heat loss rate to surroundings:
dQ . d v? g !
T — AN 4.127
i =il 27
where:
dp/dl = pressure gradient, psi/ft.
p = density of the two-phase mixture, lbm/ft3.
— 1
N ((q.stvst + (1 - q.st)vw)
g = acceleration due to gravity, ft/s%.
g. = gravitational constant, 32.17 ft-lbm/lIbf-s*.
v = velocity of the two-phase mixture, {t/s.
_ m
Z3
f = friction factor.
d@/dl = radial heat flow gradient. Btu/sec-ft.
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Fig. 4.37: Radial heat flow as a function of completion techniques, Emsland.
Northern Germany. (After Goetzen, 1987; courtesy of ITE-TU Clausthal.)

m = mass flow rate of the fluids (steam and water), Ibm/s.
H = h(qs,p) = ¢stHst + (1 — g5t )b, Btu/lbm.
H,, = enthalpy of steam, Btu/lbm.
h, = enthalpy of water, Btu/lbm.
gs: = steam quality, fraction.
Vee = volume of steam, ft3.
V., = volume of water, ft3.
J. = mechanical equivalent of heat. 778 ft-lbm/Btu.
A = flow cross-section, ft2.

The solution of the wellbore model involves several successive iterative solutions,
because both tubing and casing temperatures depend on the overall heat transfer
coeflicient. As a result, wellbore heat loss and casing temperature for steam in-
jection wells are often calculated by assuming that the temperature of the flowing
fluid at the internal surface of the tubing and at the outer surface of the tubing
are equal to the injection temperature. A single value of U/, is calculated based
on the injection temperature and the average formation temperature.

The temperatures and heat losses experienced in steam injection wells were pre-
sented against injection time and rate, depth. and completion systems by Willhite
(1967) and Pacheco et al. (1972). In addition to these studies, Goetzen (1986)
developed a more rigorous computer program to include simultaneous calculation
of steam quality, pressure and temperature as the steam flows down the tubing,
and radial heat losses and casing temperatures for different completion systems.
The results predicted by the computer program were compared with the field
data obtained from a steam injection project in Emsland in northern Germany.
Some of these results are presented in Figs. 1.34 through 4.38.
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Fig. 4.38: Radial heat flow as a function of completion techniques. Emsland.
Northern Germany. (After Goetzen. 1987; courtesy of ITE-TU (lausthal.)

Figures 4.34 and 4.36 show that at a given depth the steam pressure and heat loss
decrease, whereas the steam quality increases with increasing injection rate. From
these results it may be concluded that for a given depth there is a certain rate
above which an increase in injection rate leads to an insignificant increase in steam
quality but a large drop in pressure. The pressure determines the temperature
of the saturated steam and is. therefore. directly related to the rate of heat loss.
Various authors have noted that after a certain time the relative increase in
casing temperature becomes very small with time. Field results have confirmed
the theoretical investigations (Fig. 1.36).

Figure 4.35 shows that casing temperature and the rate of heat loss increase as
the tubing size increases. It is also evident that the tvpes of completion and the
tubing insulation are major factors controlling the rate of heat loss. Wellbore
heat loss can be reduced considerably by applying tubing msulation and thereby
lowering the surface immisivity. Results of the investigation also show that the
heat loss can be reduced by 60% by lowering the tubing immisivity.

Figures 4.37 and 4.38 present radial heat flow as a function of completion tech-
nique for nine completion systems with variable insulation. The key to the figures
1s given below.

The casing and hole diameter variables are:

[ Casing: 7in. x 9.19 mm; hole diameter (= bit diameter): 9% m.

[I Casing: 9% in. % 10.03 mm: hole diameter: 123 in.
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III Outer casing: 10% in. x 10.16 mm; inner casing: 7 in. x 9.19 mm; hole
diameter: 14% in.

IV Quter casing: 13% in. x 12.19 mm; inner casing: 7 in. x 9.19 mm; hole
diameter: 17% in.

V Outer casing: 13% in. x 12.19 mm: inner casing: 92 in. x 10.03 mm; hole
diameter: 172-in.

The completions are listed below:

1. Tubing is bare and casing is exposed to steam.

o

Tubing is bare, annulus is packed-off, tubing is filled with nitrogen gas, and
annular pressure is equal to injection pressure.

3. Same as (2), but immisivity of the tubing is reduced to 0.3 by insulating at
the external surface.

4. Tubing is bare, annulus is packed off. and annular space is filled with nitro-
gen gas under atmospheric pressure.

5. Same as (4) but the immisivity of the tubing is reduced to 0.3 by insulating
the external surface.

6. Tubing is partially insulated (85 %). annulus is packed-off. annulus is filled
with nitrogen, and annular pressure is equal to the injection pressure.

7. Same as (6), but the annulus is at atmospheric pressure.

8. Tubing is completely insulated, annulus is packed-off and filled with nitro-
gen gas and the annular pressure is equal to the injection pressure.

9. Same as (8), but pressure in the annulus is at atmospheric pressure.

From the results obtained, it is evident that minimal heat loss can be achieved
for the completion described in (9): insulated tubing, annulus filled with N, at
atmospheric pressure and annulus sealed with a packer.

4.3.9 Protection of the Casing from Severe Thermal
Stresses

From the previous discussion, it is evident that the stresses in casing and coupling
can be considerably reduced by utilizing the proper completion technique, which
encompasses:
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1. Selection of proper casing setting method.
2. Selection of proper cementing material.
3. Selection of proper casing couplings and casing grade.

4. Use of insulated tubing with packed-off annulus.

4.3.10 Casing Setting Methods

Generally, three techniques are employed to reduce the likelihood of casing failure:
use of a high steel grade, prestressing of casing. and allowing casing to expand.

Use of High Steel Grade: When using high steel grade, production casing is
cemented in place from the casing shoe to the base of the surface casing or to
the surface. This prevents the possibility of casing buckling and improves both
burst and collapse resistance. As discussed earlier, inasmuch as pipe body will
be subjected to a compressive stress during heating and to a tensile stress during
cooling, high steel grade must be selected to ensure that the ultimate vield is
not exceeded in either compression or tension. In addition, all joints must be
made-up properly during running of the casing.

Prestressing of Casing: The lower 10% of the casing string is first cemented in
place using a competent, high-temperature cement. A surface pull is then applied
to increase the tension in the upper portion of casing, which is then cemented in
place from the top of the high-temperature cement to the bottom of the surface
casing or to the surface. This pre-stressing reduces the compressive stresses that
occur during heating, because the existing tensile stress must first be reduced
to zero before the casing experiences compression. The required casing grade is
a minimum when the maximal tensile and compressive stresses achieved during
pre-stressing and heating, respectively, are equal. The correct combination of
casing grade and prestressing can be determined with a knowledge of the maximal
expected casing temperature.

Allowing Casing to Expand: The bottom 10% of the casing string is cemented
in place using a competent, high-temperature cement. The casing and joints in
this section must be of high strength because thev are completely confined. The
remainder of the casing string is made up of flush joint casing that has been
coated with thermoplastic material. The purpose of the thermoplastic material
1s to prevent bonding between the cement and casing. This portion of the casing
is cemented with low-shear-strength cement. When the cement is set. the upper
90% of the casing is free to expand within the cement sheath. This arrangement
permits vertical movement of the casing with reduced buckling and protects it
from high temperature effects.
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Table 4.10: Performance analysis of different couplings under cyclic
thermal loading. (After Goetzen, 1987; courtesy of ITE-TU Clausthal.)

Test Type of AT. | Internal | Axial | Load shift | Gas
No. of coupling (°F) | pressure. | stress. | on flanks | tight
(psi) (psi)
1 BTC 660 147 0 Yes No
(C75-ST)
2 BTC 670 | 500-1.300 0 = No
(K-55, L-80, C-95)
3 BDS 752 3,880 0 Yes No
(C-75-ST)
4 BDS 570 5.880 82.750 Yes No
(C-75-ST)
3 BDS 130 | 5880 82.750 No No
(C-75-ST) f
6 VAM | 670 | 500-1.300 0 - No
(K-55, L-80, C-95)
7 ELC 370 147 0 Yes No
C-75-ST
8 ELC 180 5.880 82.750 Yes No
C-75-ST
9 MUST 660 5.880 0 No Yes
C-75-TR ’
10 MUST 570 5.880 82.750 No Yes
C-75-TR
11 NSCC 670 | 500-1.300 0 - Yes
(K-55, L-80, C-95)

ST= standard, TR = thermal resistance

Good success has been reported with this method. but caution must be exercised

in selecting the thermoplastic material to ensure that it is not thermosetting. One
disadvantage of this method is that a considerable casing rise at the surface can
occur during the heating period. especially in deep wells. In a 1.000-ft well. for
example, this rise may be as much as 10 - 12 ft. Experience has shown that 75%

of this rise is recovered immediately upon termination of steam injection. Casing
can be prestressed, as described earlier. so that the other 23% of elongation is
eliminated. In this case, the casing will return to its normal position prior 1o the
time a steam-stimulated well is switched to a pumping operation.
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4.3.11 Cement

In a thermal well, casing must be bonded securely to provide sufficient strength
to the pipe and to prevent it from buckling. Accordingly. casing cementing has
at least two distinct parts: a lead section and a tail section.

The lead section extends from the casing shoe to the top of the producing for-
mation and it is characterized by high-strength material that ultimately may be
stressed to the limit of safety during thermal stimulation. Pozmix 80 cement with
20 - 40 % silica flour (by weight of cement) is commonly used up to a temperature
of 600 °F. Above this temperature part of the silica flour is replaced by pozzolanic
material (Rahman, 1990).

In the tail section, cement is subjected to a lower level of stress. Sometimes, as
discussed earlier, it is designed to allow the pipe to slide up and down in response
to temperature changes. Class G cement with 20 - 40 % silica flour is commonly
used to cement this section. The requirements for a cement section designed
to allow movement of casing are extraordinary. The composition and physical
properties of the cement must meet all the design criteria except that the shear
bond strength must be as low as possible. To remedy this, casing is often coated
with thermoplastic material that prevents the cement from establishing a bond
with the casing. The plastic material 1s an asphaltic material with regulated
properties. The softening point is 214°F (according to ASTM Cube Method)
and the mitial boiling point is 680 °F at atmospheric pressure. This material also
helps: to seal the low-strength cement, to provide structural support and to serve
as a lubricant above the melting point.

4.3.12 Casing Coupling and Casing Grade

Field and laboratory experience suggests that most API couplings fail in tension
following the application of compression load during the heating cycle. During
joint makeup, both API Round and Buttress threads are loaded on the upper
flank of the thread form. As the temperature increases, the pipe expands and the
normal loading changes from tension to compression. As a result of load reversal.
the thread flanks eventually unload and so-called "thread shift” occurs, i.e., the
opposite flank becomes loaded. When steam injection stops. the well cools and
the tension force comes into play and the threads load onto the opposite flank
and a loose joint results.

Generally, parting of the joint does not occur during the intial steam cycle.
although there have been cases where this has occurred after between 3 and 7

cycles (Carnahan, 1966}.
There is no generally applicable formula to estimate when a joint will fail under
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Fig. 4.39: Stress-temperature diagram of API Buttress connection during cvelic
heating and cooling. (After Goetzen. 1987: courtesy of ITE-TU Clausthal.)

cyclic loading. As a result, casing manufacturers test their products in the labora-
tory under simulated bottomhole conditions to assess joint performance. Typical
performance analysis of API Buttress coupling. API Extreme line coupling. VAM
Premium coupling, Mannesman’s BDS and MUST couplings. and Nippon Steel’s
NSCC coupling is presented in Table 1.10 (Goetzen. 1986).

Each coupling was subjected to compressive and tensile stress cycling at 180°F
and/or 670°F followed by cycling at room temperature.
capped at the ends and subjected to an internal pressure and an axial pressure

during the cyclic thermal loading. The test specimens were held at high temper-
ature for 60 to 100 hours.

The couplings were

The performance of API Buttress and MUST couplings during the first and subse-
quent cyclic loading can be visualized in terms of the stress-temperature diagram
shown in Figs. 4.39 and 4.40. The first-cycle compressive and tensile stresses are
shown by a solid line and successive cvcles by a dashed line. From these figures
three important phenomena can be observed. First. during the hold interval at
elevated temperature for about 100 hours a stress relaxation occurs. The stress
temperature path moves from point 2 to point 3.

Upon cooling, path 3-4-5-6 is followed which results in higher tensile stress than
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Fig. 4.40: Stress—temperature diagram for the MUST connection during cvclic
heating and cooling operation. (After Goetzen. 1987; courtesy of ITE-TU
Clausthal.)

that observed in Fig. 4.27. During the next heating operation. path 6-7-3-9
is followed which is different from the previous heating cvcle due to the residual
tensile stress present at point 6. Subsequent cooling and heating paths are similar
to 3-4-5-6-7-8-9. This suggests that the stress-temperature loop settles down
after the first cycle and further changes take place slowly,

Finally, paths 4-5 and 7-8 in Fig. 1.39 indicate that a shift of loads on the thread
flank of API Buttress coupling occurs during cooling and heating cycles. Load
shifting on the thread flank was observed with all the couplings tested except the

MUST coupling.

All the couplings within each grade of steel exhibit excellent tensile properties.
From the test results, the calculated average axial stress per degree Fahrenheit
change in temperature (TE) during the heating cycle between 120°F and 300°F
in the elastic range are as follows: BTC — 397 psi. BDS — 485 psi. ELC — 500
psi, and MUST — 500 psi.

The tests highlighted the poor gas-sealing performance in six of the couplings
tested. Only the NSCC and MUST couplings retained their gas-sealing charac-
teristics after the testing.

Based upon the twin requirements of gas-sealing and high structural strength,
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the MUST and NSCC couplings in C-75-ST, C-75-TR and (-95 grades can be

recommended as the best couplings for temperatures up to 670 °F.

4.3.13 Insulated Tubing With Packed-off Annulus

In the previous section, it has been theoretically verified that the casing tempera-
ture can be lowered appreciably by applying coatings (mechanical barriers) to the
tubing string. Experimental investigation by Leutwyler (1966) also shows that
the overall heat transfer coefficient can be reduced to about 11% of the bare pipe
level by the application of a coating of 1-in. calcium silicate insulation within
an aluminium jacket (see Fig. 4.41). This has led to the development of well
completions that utilize insulated tubing and a packed-off annulus.

BARE PIPE
RUSTY AND SCALED

BARE PIPE
CLEAN AND PAINTED BLACK

3/16" ASBESTOS WRAP

PIPE COATED WITH
ALUMUNIUM PAINT

1/2" CALCIUM SILICATE INSULATION
WITHOUT ALUMINIUM JACKET

2-3/8" 0.D. TUBING
CENTERED IN 7" O.0. CASING

172" CALCIUM SILICATE INSULATION
WITH ALUMINIUM JACKET

1" CALCIUM SILICATE INSULATION
WITH ALUMINIUM JACKET

S S G N S S N

0 50 100
BTU

°F FT° DAY

Fig. 4.41: Overall heat transfer coefficient for tubing with different types of
insulation. (After Leutwyler, 1966: courtesv .J. Petrol. Technol.)

Figure 4.42 shows the basic elements of a steam injector. The annulus is packed off
with a high-temperature packer. Thermal elongation of the tubing is integrated
into the packer assembly. To avoid steam breakthrough at the packer. nitrogen
gas is injected into the annulus under wellhead pressure.

Figure 4.43 shows the various design elements of a typical insulated tubing. The
inner tubing is welded to the outer tubing in a pre-stressed state to compensate for
the differential thermal elongations. The annulus between the inner and outer
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Fig. 4.42: Tvpical completion of a steam injection well.

tubing is insulated with calcium silicate shells. To date. over a million feet of
insulated tubulars of this kind have been manufactured and installed successfully.
Besides using high-temperature insulation. the insulated tubing has gone through
a number of additional improvements in design. As an example. Fig. 4.44 shows
the Kawasaki integral tubing and tubing coupling. The insulation quality is
improved by means of a multilaver fiber glass insulation material with radiation
barriers and an evacuated annulus between the two concentric strings.

The thermal packers have always been one of the critical elements in completing
injection wells. The typical leak-resistance time of thermal packers at temper-
atures exceeding 370°F has varied from several days to several months. An
investigation conducted by Goetzen (1990) showed that no thermal packer was
available to effectively seal the annulus for the normal injection period of 2 to 4
years.
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Fig. 4.43: Typical insulated tubing. (After Goetzen. 1987: courtesy of ITE-TU
Clausthal.)

To minimize the differential pressure at the packer. the annulus between tubing
and casing is filled with nitrogen at wellhead pressure immediately after packer
installation and annulus steamout. Loss of nitrogen can be overcome by main-
taining a nitrogen bottle battery at the wellhead.
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Multi-Layer Insulation System

Buttress Coupling

Metallic Insulator Sleeve

Seal Ring (Fluorocarbon)

Fig. 4.44: Various components of Kawasaki insulated tubing and connec-

tion.(After Goetzen. 1987; courtesy of ITE-TU Clausthal.)
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Chapter 5

COMPUTER-AIDED CASING
DESIGN

E.E. Maidla and A.K. Wojtanowicz.

5.1 OPTIMIZING THE COST OF THE
CASING DESIGN

This chapter addresses the optimization theory that results in assuring the selec-
tion of the cheapest combination casing string (Fig. 5.1).

After calculating the loads that the casing will be subjected to, the engineer
is faced with the decision of selecting an appropriate casing grade. weight and
thread, such that these properties meet or exceed the calculated load conditions.
This is not an easy task because many casings qualify and, therefore, the question
arises: which casing is the best choice? The answer is: the one that can with-
stand all loads at the absolute (or ultimate) minimal cost possible. Finding this
casing string is not straight-forward because the type of casing selected affects
the calculated loads, which are a result of the wall thickness, and leads to an
mmplicit solution. Sometimes simple cases may be solved by trial and error.

In the case of directional wells, the problem is further complicated because the
loads and the trajectory length for a fixed surface location and target are a
function of factors including drilling costs, risk assessment and casing program
costs. Therefore, different spatial configurations will alter the final casing cost.
Considering all well costs, might not be the critical issue but it is the specific
topic addressed in this book.

The following questions must be answered here:

1. What is the absolute minimal cost of a combination casing string. given
external loads, design factors, and casing supply?
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6.

ONEPPE [ A CASING
OR UNIT { A STRING OR :
SECTION [ SECTION ;
COMBINATION |
] CASING | Ak Frocham
STRING =
B CASING .
B STAING OR
SECTION
484
COMBINATION CASING STRING EXAMPLES: 'l

Example 1:
A: 95/8" K55 40.0 I/t LTC
B: 8 5/8" N8O 43.5 b/t LTC

Example 2:

A: 9 5/8" N80 40.0 Ib/t LTC
B: S 5/8" N80 40.0 Ib/ft BUT

Fig. 5.1: Casing nomenclature.

. What 1s the quantitative effect of certain decisions made by the casing

designer (value of the design factors or number of sections) on the cost of
casing’

How significant. given specific loads. is the conflict between the minimum
weight and the minimum price criteria for selecting casing?

How do the external casing loads in directional wells affect casing cost?

What is the correlation between the directional well profile and its minimum
cost?

What is the effect of the borehole friction factor (also referred to here as
friction factor. and pseudo friction factor) on casing design in directional
wells?

5.1.1 Concept of the Minimum Cost Combination

Casing String

The casing program of most oil wells represents the greatest single item of expense
in well cost. It can be as much as 183% of the completed well cost. Therefore,
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even a small reduction in casing cost can save a considerable amount of money.
This objective has traditionally been achieved by initially minimizing the number
and length of strings and then by designing a combination casing string.

In vertical wells, optimumizing a combination casing string has been a challenge
for casing designers. The optimization principle is based on considering the pos-
sibility of several combinations of grade, weight. thread and smallest allowable
section length that satisfy some predetermined external load condition. Even-
tually, a combination casing string is selected that allows the minimum fotal
cost. Insofar as there are a very large number of combinations. several stepwise
procedures have been developed for casing grade. weight. and thread selection
without explicit cost expressions. Generally it is observed. when following these
procedures, that the casing price increases with increasing casing grade. weight.
and strength (burst, collapse, pipe body vield. and connection). Thus. the lowest
grade and weight casing, with the lowest possible values of mechanical strength.
should give the lowest cost. Unfortunately. this procedure does not always vield
the minimum cost simply because the casing grade. weight and cost cannot he
simultaneously minimized.

5.1.2 Graphical Approach to Casing Design: Quick
Design Charts

The Quick Design Charts allow for fast design of an entire combination casing
string. An example is shown in Fig. 5.2. To obtain the string for a 92-in. hole
drilled with 12-ppg mud, the casing length is entered on the abscissa and the
individual casing string depths are displaved on the ordinate. For each depth
section, the chart also provides the casing weight. grade and thread type.

A number of factors can limit the use of these charts. However. depending upon
the way in which the charts were originally developed. the following limitations

may apply:

o Load calculation criteria are not mentioned. The entire design may not meet
the design demands or, on the contrary. may exceed the loading require-
ments and result in expensive. over-designed. combination casing strings.

e Limited in use to a given casing diameter.
e Limited in use to a given mud weight.
e Limited to vertical wells.

e If many manufacturers are considered. problems will arise when non-API
casing is selected.
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Fig. 5.2: Quick design chart. (Courtesy of Lone Star Steel Co.)
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Axial loads are not used to correct for collapse resistance.

Buoyancy is not considered.

The cost design criteria are not mentioned.

The charts are restricted to a very particular load scenario.

EXAMPLE 5-1: The Use of Quick Design Charts.

Using Fig. 5.2 and Table B.1 (see Appendix B), design an intermediate combi-
nation string for a well that will be drilled in a well-known field. Examine all the
possibilities and in particular, aim for the most economical design.

The following data for Example 5-1 was carefully chosen to illustrate the strength

of the Quick Design Chart:

9%—in. intermediate casing set at 10,000 ft

Smallest casing section allowed: 1.000 ft

Design factor for burst: 1.0

Design factor for collapse: 1.125

Design factor for pipe body yield: 1.8

Production casing depth (next casing): 15.000 ft

Mud specific weight while running casing: 12 1b/gal

Equivalent circulating specific weight to fracture the casing shoe: 15 lb/gal
Heaviest mud specific weight to drill to the production depth: 15 1b/gal
blowout preventer working pressure: 5,000 psi

Although this data works well for Example 5-1. real data cannot always be slotted
so readily into a Quick Design Chart as will be demonstrated in Exercises 6, 7. 8

and 9.
Solution:

The combination casing string obtained directly from Fig. 5.2 is shown in Table
5.1. The prices for the casings come from Table B.1, which is a printout of the file

Table 5.1: Quick Design Chart Solution to Example 5-1.

Depth, ft Description Price. US$/100 ft
10,000 - 7,757 | 47.0 Ib/ft  S-95 LTC 3.421.44
7,757 - 5,607 | 43.5 Ib/ft  S-95 LTC 3.007.38
5,607 - 3,850 | 40.0 Ib/ft  S-95 LTC 2.783.29
3,850 - 1,000 | 40.0 Ib/ft N-80 LTC 2.565.56
1,000 - 0 40.0 Ib/ft  S-95 LTC 2.783.29
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PRICE958.CPR. From Table 5.1. the total cost, US$ 291,266 and total buoyant
weight, 345,570 Ibf can be deduced easily.

A five-section string design is more complicated than it needs to be. Further anal-
ysis can be performed to check the cost of reducing this number. This particular
design chart considers the decrease in collapse resistance due to axial loading.
However the chart is not based on API Bul. 3C3 (1989). which is much more
restrictive for non-API casing grades (e.g. S-95). The chart uses a higher table
ratings for collapse than those that would be obtained using the API's formulas.
For API casing grades, a casing of equal weight can always be substituted for one
of higher grade because the replacement will have a higher collapse resistance:
this is not necessarily true for non-API casing grades. In this example, substi-
tuting N-80 with S-95 in the interval 3.850 to 1.000 ft results in the combination
casing string shown in Table 5.2.

Table 5.2: Modified Quick Design Chart Solution to Example 5-1.

Depth. ft Description Price, §/100 ft
10,000 - 7,757 | 47.0 Ib/ft  S-95 LTC 3.421.44
7,757 - 5,607 | 43.5 Ib/ft  S-95 LTC 3,007.88
5,607 - 0 40.0 Ib/ft  S-95 LTC 2.783.29
Note 1: 5-95 is not an API grade.
Note 2: Collapse was not corrected in accordance with API Bul. 5C'3. 1989.

As in the earlier case, the total cost, $297.471 and total buoyant weight. 345,570
Ibf are easily calculated from Table 3.2.

With this design, the engineer is challenged by the decision either to spend an
extra $6,205 (an increase of 2.13% in cost) and limit the number of sections to
three, or to retain the original chart-derived five-section string. A simplified string
may mean cost savings elsewhere when field operations are considered together
with minimum quantities to be purchased. logistics. etc.

5.1.3 Casing Design Optimization in Vertical Wells
Cost Optimization Criteria for Casing Design

The development of the model was based on both the casing design theory pre-
sented in the previous chapters and the theory of optimization (Roberts, 1964:
and Phillips. 1976). The following design elements were used in the development
of the computer model:
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L. For casing loading patterns, the Maximum Load Method (Prentice, 1971)
for surface, intermediate. and production casing is considered. An example
detailing all of the calculations is provided in this chapter. At each depth,
the maximum external and internal pressure values can be predetermined
on the basis of the casing run. the specific weight of the drilling fluid (subse-
quently referred to as mud weight). the maximum anticipated mud weight
that will be in contact with the casing, the fracture gradient at the casing
seat, and the pore pressure at the bottom of the next casing depth.

[~

For tension calculations the maximum surface running loads are considered.
This is because the compression force acting at the lower end of the casing is
at a minimum and, therefore, axial tension load is at a maximum. As depth
increases, the hydrostatic pressure increases, as does the compressional force
acting on the lower end of the casing.

3. Buoyancy and bending (see Lubinski's Eq. 2.39) are considered.

4. Shock and pressure test loadings are not considered.

The calculations for string design in directional wells have already been covered in
Chapter 4 but will be addressed again later in this chapter because the computer
program allows for some formula simplifications.

As mentioned above, the programn in its present form does not consider the effects
of shock or pressure test loading. However. the program code is provided to allow
for further modification, if required.

Bending effects are considered using Lubinski’s formula which considers the pipe
to be supported at two points rather than in continuous contact with the borehole.
This somewhat more complex approach to bending is easily implemented in a
computer program, though not in manual calculations.

Finally, buckling effects have to be considered separately, as demonstrated in the
examples in Chapter 3.

Casing Design Optimization Theory

The optimization model for the absolute minimum cost is first formulated in a
general wayv and is then simplified.

The casing string is arbitrarily divided into .V unit sections of equal length. Al
In the computer program, this 1s done by dividing the measured depth by the
casing length (a necessary input to the program). The casing design procedure
starts at the bottom of the casing string and proceeds. in a stepwise manner, to
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Fig. 5.3: Recurrent calculation procedure for optimum casing design.

the top (Fig. 5.3). The absolute minimum cost problem is formulated as follows:

Cr = se%ﬂvn) C{s)

(5.1)

where
C = cost of a particular combination casing string, US$.
Cr = minimum cost of combination casing string, USS.
N., = total number of combination casing strings possible.
s = index of casing string combinations (1 < s < A_,)
Equation 5

.1 must satisfy collapse pressure. burst pressure and axial load require-

HALLIBURTON EXHIBIT 2008

Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.

This book belongs to Robert Durham (rdurham@thewaylabs.com)

IPR2023-01319;Page-282



267

ments (constraints):

(Pec}, 2 R (Ape), (5.2)
(Pes)y = Ry (Aps), (5.3)
(F), > RiFa, (5.4)
where
Ap. = differential collapse load. psi.
Apy = differential burst load. psi.
F4, = axial load at the top of the casing considered. Ibf.
R., Ry, R, = design factor® for collapse, burst and tension.
respectively, d-less®.
pe.. = collapse pressure rating corrected for biaxial
stress (API Bul. 5C3, 1989), psi.
Pe = either burst pressure rating corrected for biaxial
or triaxial stress®, psi
Fiy = casing axial load rating {either pipe body yield or joint
strength, whichever is smaller), 1b{.
and
N,
Fa,=Fa,_, +ALW, cos(an)-’f-z F; (5.3)
j=1
where:
n = 1,2.--N
N, = number of axial forces considered

Note that only the nomenclature for the variables introduced in this chapter will
be provided. Refer to Appendix 1 at the end of the book for the others.

The summation term in Eq. 5.5 represents all axial forces other than casing
weight. These axial forces include, but are not limited to. buoyant force, linear
belt friction (axial friction force generated to pull and move a belt around a
curved surface), bending force, viscous drag (a result of the fluid viscosity effect).
and stabbing effect (stabbing the casing into the formation while running it into
the well). In vertical wells, the axial load is:

FAn = FA"_I + AW, —0.052 Tm Ly (Asn - Asnml) (36)

“The design factor (R) is selected by the engineer. whereas the safety factor (SF) is the
value obtained after selecting the casing; this way SF > R.

*Dimensionless

“Normally triaxial stress is not corrected for. Triaxial stress correction. which is appropriate
for designing casing for deep wells is left up to the engineer to introduce into the program.
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where:
A; = pipe cross-sectional area, in?.
Ym = specific weight of the well fluid. 1b/gal.

For the force calculation, n varies from 0 to .\ because its effect is considered at
both ends of the casing; therefore. for .\ pipes in a combination casing string.
the program calculates N + 1 forces.

Thus for vertical wells, where externally generated forces are not significant (fric-
tion forces), the initial conditions are:

F4, = 0.0524,, Dr As,, the hvdrostatic forces acting on the first pipe.
As, = As,, the initial condition for the cross-sectional area.

Referring again to Eq. 5.6, it can be seen that Fj, refers to the force acting on the
top of the first casing. For directional wells. the conditions are changed because
the hydraulic force acting on the casing end does not induce normal forces that
would, in turn. generate friction forces.

At each unit section n. the set of the best casing is selected from the available
casing supply. The best casing includes the cheapest and the lightest ones. The
best casing choice for any unit section depends on all previous decisions, i.e..
n—1,n—-2---1due to the additive nature of axial loads. Such a problem.
from the standpoint of the optimization theory, is classified as the multistage
decision process and is solved using a computer and the recurrent technique of
dynamic programming. The definitions and recurrent formulas are covered in
General Theory of Casing Optimization.

The general solution described above is impractical. It requires a relatively large
amount of computer memory and time—consuming calculations. Also. large num-
ber of variants may be generated as the recursions progress. Therefore. the only
practical solution to this problem is to reduce the number of casing variants.

Major Conflict in Casing Design: Weight vs Price

The analysis of the iterative procedure for casing design shows that the only
source of the multitude of casing variants is the dilemma between casing weight
and casing price. This dilemma has been observed by many casing designers,
and 1s known as the “Weight/Price Conflict”. The conflict arises from the ob-
servation that the decision made in favor of the cheapest casing for any bottomn
section of casing string may eventually vield a more expensive combination casing
string. On the other hand, the combination casing string with a lighter (yet more
expensive) lower part may be cheaper overall due to the reduction in axial load
supported by the upper casing strings. The concept of the weight/price conflict is
illustrated in Fig. 5.4. Insofar as the conflict cannot be resolved before the casing
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Fig. 5.4: Hypothetical conflict between minimum weight and minimum price
design methods. (After Wojtanowicz and Maidla. 1987; courtesy of the SPE.)

design is completed, every casing that is lighter than the cheapest one has to be
memorized at each step of the casing design. thereby generating new variants.

Over the course of a large number of calculations, however. it was noticed that
the weight/price conflict depends on the price structure of each steel mill. Two
examples will be solved to illustrate this observation. The first will be solved
for a particular case where the conflict was present when using AP grades only.
Another will be solved for a case which shows no conflict of design methods when
API grades were considered together with commercial grades from a particular
steel mill.

Theory for the Minimum Weight Casing Design Method

The minimum weight casing design method is based on selecting the cheapest
casing from among the lightest available. Priority is given to the weight over the
price. Mathematically, this can be written as:

Av'

Cr = A(’ZPN (5.7)
n=1

P, = min P, (5.8)
r€{a,b)

P = mm W" (5.9)
mé€(c.d)

where:
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a = the lowest value of r within a given weight m.

b = the highest value of r within a given weight m.

¢ = the lowest value of m that satisfies load requirements.
C = cost, USS.

d = the highest value of m that satisfies load requirements.

—~
-
~

index of casing weight that satisfies load requirements.
n = number of the casing section being designed.
n = 3 means the third pipe from lower end.
P = distributed price, US$/100ft.
r = index of casing that satisfies load requirements.
W = distributed weight, 1b/ft.

EXAMPLE 5-2: Understanding the Notation

For a particular well, the design factors for burst. collapse. and pipe body yield
are 1.1, 1.125 and 1.5, respectively. The loads at the point of interest are 5.020 psi
for burst. 6,000 psi for collapse and 881.333 1b{f for tension. The casings available
are listed in Table B.1 (Appendix B) (For this example only, the table values
do not need to be corrected for axial loads.). The measured depth of the well is
10,000 ft, and the individual pipe length is 40 ft. Using this information, answer
the following:

. Define N,, Ny and N, and determine their values.

. What are the possible values for r and for mn?

(o™

3. What are the values of r when m = 3. 5. 7Tand 9 ?

4. Why are the values of r = 53 and 79 not considered to be viable alternatives?

Solution;

1. .V, is the number of all casings to be considered in the design. From Table
B.1 this number 1s 98. Ny is the number of casing weights within the
casing file. The following weights are in the file: 36, 10. 43.5. 47. 53.5. 58.4.
61.0 Ib/ft; thus, N = 7. N is the number of pipes of casing (or unit sections)
in the combination casing string: therefore. .\ = 10.000 + 10 = 250. (N
is only approximately equal to 250 because casing lengths are not always
40 ft even for the common case of API length range 3 (see page 12 ), and
certainly this is not the case for API ranges 1 and 2. Throughout this
chapter the casing length is assumed to be 10ft.

2. The design loads are:
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(a) For burst, 5,020 x 1.1 = 5,522 psi.
(b) For collapse, 6,000 x 1.125 = 6,750 psi.
(c) For tension, 881,333 x 1.5 = 1,322, 000 1bf.

Selecting from Table B.1 (Appendix B). the values for » and m that exceed
these requirements are found:

(a) =61, 62, 63, 64, 70, 71. 72, 73, 74, 75, 76. 77. 78. 80. 81, 82, 83, 84.
85, 86, 87, 88, 89, 90. 91, 92, 93, 94. 95. 96, 97. 03,

(by m =4,5,6, 7.

In the case of m, the lightest casing weight that meets load requirements is
47 1b/ft; the 3 weights below this 36, 40 and 43.5 Ib/ft, do not.

3. From the previous answer, m = 3 is not a viable option because it fails to
meet the load constraints and, therefore. no r's within this weight range
will either. For m = 5, the corresponding r values are 61, 62, 63, 64, 70,
71,772,773, 76, 77, and 78 . Finally, for m = 7. the r values are 80, 82, 87,
89, 90, 92, 94, 95, 97, and 98.

4. Neither r = 53 nor r = 9 meets the design requirements. Specifically, r =
53 does not meet the collapse constraint and r = 79 does not meet the pipe
body yield constraint due to the thread strength limitations.

Program Description and Procedure for Minimum Weight Design

Within a given set of load constraints, the lightest casing is chosen. In the com-
puter program provided, this is achieved through a routine that sorts the casing
PRICE.DAT table first by weight, and then within the same weight category by
price.

This particular computer program was developed and written in FORTRAN 77
and can be run on any personal computer. The source code is provided with the
disk so that it can be modified if required; however, it is suggested that rather
than using the master disk, a backup should be used.

EXAMPLE 5-3: Minimum Weight Design Method

Using the computer program, rework Example 3-1 to design a casing string based
on the minimum weight design method.

Solution:

The program CSG3DAPLEXE uses the API criteria for collapse correction calcu-
lations (API Bul. 5C3, 1939). First. create an ASCII file named CSGLOAD.DAT
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Table 5.3: Combination casing string — minimum weight design method
(Example 5-3).

INTERMEDIATE CASING DESIGN

THE WELL DATA USED IN THIS PROGRAM WAS:
EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=15.0 PPG
-BLOW OUT PREVENTER RESISTANCE= 5000. PSI
.DENSITY OF THE MUD THE CASING IS SET IN=t2.0 PPG
-DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS CASING=15.0 PPG
.TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15000. FT
PORE PRES. AT NEXT CASING SEAT DEPTH= 9.0 PPG
MINIMUM CASING STRING LENGTH= 1000. FT
.DESIGN FACTOR: BUR=1.000: COL=1.125: YIELD=1.800
TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
DESIGN METHOD: MINIMUM WEIGHT

9 5/8" CASING PRICE LIST. FILE REF..PRICE958.CPR
MAIN PROGRAM: CSG3DAPI

TOTAL PRICE=299031. U.S DOLLARS

TOTAL STRING BUOYANT WEIGHT=344841. LB

DI=10000- 38520 L= 1480 NN=6 W=43.5M=3 MB=1.73 M('=1.13 MY=19.1 P=29383.77
DI= 8520- 7080 L= Y W=435 M=3 MB=1.280 MC=1.13 MY=11.5 P=321691
DI= 7080- 5640 L= W=43.5 M=3 MB=1.386 MC=1.15 MY= 8.9 P=3488.41
DI= 5640- 4640 L= W=43.5 M=3 MB=1.49 MC=1.13 MY= 6.3 P=3216.91
DI= 4640- 3640 L= W=435 M=2 MB=1.18 MC=1.14 MY=3.7 P=2879.99
DI= 3640- 2640 L= W=40.0 M=3 MB=1.00 MC=1.25 MY= 3.5 P=2743.75
DI= 2640- 1640 L= W=400M=2 MB=1.18 MC=162 MY= 29 P=2733.29
DI= 1640- 0 L= 1640 NN=6 W=40.0 M=2 MB=1.04 MC=237 MY= 2.1 P=2565.568

THE MEANING OF SYMBOLS:
DI. DEPTH INTERVAL, (FT)
L, LENGTH, (FT)
NN TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT, (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT: 2. LONG: 3..BUTTRESS
MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P. UNIT CASING PRICE....._$/100FT
GRADE CODE:

NN 1= ...H40 NN 2= 55 NN 3= K55 NN4= _.C75 NN 5= ...L80
NN 6= . .N80 NN 7= ..C95 NN 8= .P110 NN 9= .V150 NNI13=..595
NN14= CYS95  NNI5= .S105 NN16= ..880 NN17= .5595 NNI18= L8110
NN19= LS125

that contains the data for the design. The instructions for how to do this are
shown in the program listing itself under CSG3DAPIL.FOR. However, the
CSGAPILBAT file is a batch file formulated to help edit the necessary data and
then to run the program. For this example only. a step-by-step walk through
the program will be made.

Again, following the instructions in CSGAPLBAT, a price file named
PRICE.DAT must be created. The price file used in this example 1s shown in
Table B.I (Appendix B}. In addition to the price. the file PRICE.DAT contains

the casing properties necessary to undertake the design.

To proceed to this point:

1. Insert the program disk.

[V

. Type “CSGAPI". A screen will appear titled “PROGRAM PRICE.”
3. Choose [1] to read a file. Hit enter.
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Table 5.4: Combination casing string - minimum weight design method:

3 Sections (Example 5-3).

INTERMEDIATE CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:
EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=13.0 PPG
BLOW OUT PREVENTER RESISTANCE= 5000. PSI
.DENSITY OF THE MUD THE CASING IS SET IN=12.0 PPG

.DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS CASING=15.0 PPG

TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15000. FT
-PORE PRES. AT NEXT CASING SEAT DEPTH= .0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT

.DESIGN FACTOR: BUR=1.000; C"OL=1.125: YIELD=1.800

TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
DESIGN METHOD: MINIMUM WEIGHT

9 5/8” CASING PRICE LIST. FILE REF :PRICE958.CPR
MAIN PROGRAM: CSG3DAPI

TOTAL PRICE=313169. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=355246. LB

DI=10000- 7080 L= 2920 NN=13 W=435 M=3 MB=1.80 MC=1.13 MY=11.5
DI= 7080- 4560 L= 2520 NN=18 W=43.5M=3 MB=1.72 MC=1.15 MY= 7.1
DI= 4560- 0 L= 4560 NN=6 W=435M=2MB=1.09 MC=1.16 MY= 2.3

P=3216.91
P=3488.41
P=2879.99

THE MEANING OF SYMBOLS:

DI, DEPTH INTERVAL, (FT)

.L, LENGTH, (FT)

NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)

W, UNIT WEIGHT, (LB/FT)

M IS THE TYPE OF THREAD: 1..SHORT: 2..LONG: 3. .BUTTRESS

MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST, COLLAPSE. AND YIELD
P, UNIT CASING PRICE........$/100FT

GRADE CODE:

NN 1= _H40  NN2= _.J55 NN3=.KS5 NN4= .C75 NN 5= ..L80
NN 6= .N80  NN7=.C95 NN8=.P110 NNO9= V150 NNI3=..595
NNI14= .CYS95  NN15= .S105 NN16= .S80 NNI7= .5595 NNI8= .LS110
NN19= LS125

4. Choose PRICE958.CPR. Hit enter.

5. Choose [4] to Exit. Hit enter.

6. A screen will appear titled “PROGRAM CSGLOAD.”

7. Choose [3] to initialize the data. Input the requested information. Note
that even if the well is vertical. the current version of the program will ask
for deviated hole data; just answer with a zero. If unsure of the data to
enter for this example, check with Table 3.4

8. When the data mput is complete, an input file will be created and the
‘PROGRAM CSGLOAD” screen will reappear. When creating the data
files, try to develop a logical system of naming them.

9. Choose [4]. Hit enter.

10. The program will run provided the input data is correct.
1. The result will be outputted to the screen and to a file DESIGN OUT. If

there are likely to be multiple runs. this file needs to be renamed after each
run to avoid overwriting it in the subsequent run.
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As a result of running the program CSG3DAPI, (using the CSGAPLBAT file) a
file named DESIGN.OUT, as shown in Table 3.3, is generated. This file contains
the following information:

o The casing string being designed. In this case, an intermediate casing string.
¢ A summary of the inputted well data used to run the program.
e The design criteria. Here, it is the minimum weight criteria.

e The name of the price file used and the main program name. In this exam-

ple, PRICE958.DAT and CSG3DAPI were used, respectively.

o The casing string’s total price of $299.031 and buoyant weight of 344.341 1bf.
are also listed.

e At this point, the sectional breakdown of the string is given. The first sec-
tion for depth interval (DI). 10.000 ft to 8,520 ft with a length of 1,480 ft. is
an N-80 43.5 Ib/ft Buttress thread that costs $2,983.77/100 ft. In this inter-
val, the lowest actual safety factors for burst (thread or body, whichever is
the smallest), collapse and vield (thread or body, whichever is the smallest)
are 1.73, 1.13 and 19.1. respectively.

e The remainder of the output is an explanation of the nomenclature used in

the file.

For the lower part of the casing string. the limiting constraint is collapse. The
lowest of the three safety factors, the value for collapse. equals the collapse design
factor given earlier, whereas both the burst and yield constraint values are higher
than their design safety factors. Near the surface. however. the limiting constraint
is now burst loading.

Another point to observe is that the design suggests a tapered string (combina-
tion casing string) with eight main sections, all of which have lengths above the
required minimum of 1,000 ft. As in the previous example using the Quick Design
Charts, it is reasonable to try to keep the number of sections down to three. In
this particular program, the desired number of sections is obtained by altering
the minimum length and observing the output. Of course, this requirement can
be built into the main program to avoid the trial and error procedure suggested
above. However, the decision of whether or not to do so is left up to the engineer,
as the source code is included on the disk package. In this example, by altering
the minimum length requirement to 2.500 ft, the desired result is achieved as
shown in Table 5.4.

Prior to comparing the above results to the Quick Design Chart method. several
program refinements will be illustrated with further examples. Finally. compari-
son and cost analysis of all the methods are made.
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Theory on the Minimum Cost Casing Design Method

The minimum cost casing design method always selects the cheapest casing that
meets the load requirements. Mathematically, this can be written as:

N
Cr = A¢ Z P, (5.10)
n=1
P, = min P] (5.11)
re(ab)
where:
a = the lowest value of r that satisfies load requirements.
b = the highest value of r that satisfies load requirements.

Program Description and Procedure for the Minimum Cost Design

Within a given set of load constraints, the selection is made such that the cheapest
pipe is chosen. In the computer program, this is achieved by sorting the casing

PRICE.DAT table by price.
EXAMPLE 5-4: Minimum Price Design Method

Again using the computer program, this time rework Example 5-1 to design a
casing string based on the minimum price design method.

Solution:

The program CSG3DAPI uses the API approved method for collapse correction
calculations (API Bul. 5C3, 1989). First create an ASCII file named CSGLOAD.
DAT, which contains the required design data. The batch file created to help
edit the necessary data and then run the program is called CSGAPLBAT, but
the method is the same as detailed in Example 3-3.

After running the program CSG3DAPI, a file named DESIGN.OUT, as shown in
Table 5.5, is generated.

The format of the output (Table 5.5) is the same as previously described in Ex-
ample 5-3, except that this time the design is different from the earlier minimum
weight design. The reason for this is that the design criteria was changed to
include minimum cost.

In this example, seven intervals of grades N-80 (NN6) and S-95 (NN13) are sug-
gested. Consider the design output for the depth interval from 8,320 to 5.440 ft;
the only difference between the two casing sections is thread type: long thread
and buttress, respectively. To analyze why the change in thread type occurred,
refer to Table B.1 (Appendix B). First identify the line that contains casing N-30.
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Table 5.5: Combination casing string - minimum price design method
(Example 5-4).

INTERMEDIATE CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=15.0 PPG
BLOW OUT PREVENTER RESISTANCE= 3000. PSI
DENSITY OF THE MUD THE CASING IS SET IN=12.0 PPG
DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS C'ASING=15.0 PPG
TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15000. FT
.PORE PRES. AT NEXT CASING SEAT DEPTH= 9.0 PPG
MINIMUM CASING STRING LENGTH= 1000. FT
-DESIGN FACTOR: BUR=1.000; COL=1.125: YIELD=1.800
TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
.DESIGN METHOD: MINIMUM COST

9 5/8" CASING PRICE LIST. FILE REF..PRICE958.CPR
MAIN PROGRAM: CSG3DAPI

TOTAL PRICE=288651. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=357075. LB

DI=10000- 8520 L= 1480 NN=6 W=43.5 M=3 MB=1.73 MC=1.13 MY=19.1 P=2983.77
DI= 8520- 6440 L= 2080 NN=6 W=47.0 M=2 MB=1.56 MC=1.13 MY=6.8 P=3014.47
DI= 6440- 5440 L= 1000 NN=6 W=47.0 M=3 MB=1.45 MC=1.22 MY= 6.4 P=3223.84
DI= 5440- 4440 L= 1000 NN=8 W=47.0 M=2 MB=1.35 MC=1.20 MY= 4.3 P=3014.47
DI= 4440- 3440 L= 1000 NN=6 W=43.5 M=2 MB=1.16 MC=1.18 MY= 3.4 P=2879.99
DI= 3440- 2360 L= 1080 NN=13 W=40.0 M=2 MB=1.18 MC=1.25 MY= 3.1 P=2783.29
DI= 2360- 0 L= 2360 NN=6 W=40.0 M=2 MB=1.00 MC=1.66 MY= 2.1 P=2565.56

THE MEANING OF SYMBOLS:
DI. DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT: 2.. LONG: 3. BUTTRESS
MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P, UNIT CASING PRICE......... $/100F T

GRADE CODE:

NN 1= ...H40 NN 2= ..Js5 NN 3=.K3 NN4=..C75 NN 5= ...L80
NN 6= .N80 NN 7= ..C95 NN 8= .P110 NN 9= V150 NN13= ..595
NNI4= CYS95 NN1s5= .5105 NN16= ..880 NN17= ..5595 NN18= .LS110
NNI9= L5125

47.00 Ib/ft long thread (M=2), at a cost of $3,014.47/100 ft; then identify the line
containing casing N-80, 47.00 lb/ft Buttress (M=3), at a cost of $3.223.84/100
ft. Notice that both casings have the same collapse and burst resistances. Re-
turning to the computer output again (Table 5.5). it is apparent that the collapse
rating ts the limiting restriction that determined the change from long threads
to buttress threads. Given that the collapse ratings for both casings is the same.
why is there a change from long thread to more expensive Buttress thread?

The answer lies in the program'’s use of API Bul. 5C3 (1989) formulas to calculate
the collapse resistance. Instead of using the tabular value for collapse resistance
shown in manufacturer’s specifications. APT Bul. 5C3 {1989) calculates the col-
lapse resistance based on the yield strength value. The algorithm used in the
program will be explained later; suffice to say that. in this example, the pipe
body yield in Table B.1 {Appendix B) was chosen as the smaller of the pipe body
and the joint strength.

As in the previous examples. the solutions for a three-section string were inves-
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Table 5.6: Combination casing string - minimum price design method:
Three sections (Example 5-4).

INTERMEDIATE CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

-EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=15.0 PPG
-BLOW OUT PREVENTER RESISTANCE= 5000. PSI
-DENSITY OF THE MUD THE CASING IS SET IN=12.0 PPG
-DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS CASING=15.0 PPG
-TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15000. FT
.PORE PRES. AT NEXT CASING SEAT DEPTH= 9.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
-DESIGN FACTOR: BUR=1.000: COL=1.125: YIELD=1.800
-TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
.DESIGN METHOD: MINIMUM COST

9 5/8” CASING PRICE LIST. FILE REF..PRICE958.CPR
MAIN PROGRAM: CSG3DAPI

TOTAL PRICE=301398. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=372510. LB

DI=10000- 6480 L= 3520 NN=6 W=47.0M=2MB=157 MC=1.13 MY=+6.7 P=3014.47
DI= 6480- 3960 L= 2520 NN=6 W=47.0M=3 MB=1.31 MC=1.22 MY= 4.7 P=3223.84
DI= 3960- 0 L=3960 NN=6 W=435M=2 MB=1.09 M(=1.31 MY=122 P=2879.99

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
.L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
.M IS THE TYPE OF THREAD: 1..SHORT: 2. LONG: 3.. BUTTRESS
MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P, UNIT CASING PRICE......... $/100F T

GRADE CODE:

NN 1= ...H40 NN 2= ..J55 NN 3= .. K35 NN4=..C75 NN 5= ...L80
NN 6= ...N8&C NN 7= ...C95 NN 8= .P110 NN 9= .V150 NN13= ..595
NNI14= .C'YS95 NN15= ..S105 NNI6= ..S80 NN17= .5§5895 NN18= .LS110
NN19= LSi25

tigated; the results are shown in Table 5.6. The only difference between the two
bottom sections is in the thread type. The change of the thread type indicates
that the yield strength rather than body yield was considered in the calculations.
Thus, the limiting constraint is again the collapse resistance. Whether or not to
consider the joint strength in the collapse calculations is debatable because it will
depend on the manner in which the joint fails. Insofar as this information is not
available in the tables, the result is somewhat conservative.

Comparison of the Results

The results of the three-section combination string calculated in the last three
examples will be compared and explained. In this particular example only, the
casing load plots for collapse and burst are calculated to aid in the analysis. The
results are shown in Figs. 5.5 and 5.6.

Casing Loads for Collapse
The load line is given by connecting points 4, B. and (' with a straight line.
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Fig. 5.6: Casing load study for burst.
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1. Depth (D) and pressure {p) at point A:
DA =0 Pa = Q.

2. Depth and pressure at point B:

(a) To determine the depth at B. calculate the height (H) of the hvdro-
static column of the heaviest mud used to drill to the next casing
setting depth that equals the formation pore pressure at that depth:

0.052 x 15 x H = 0.052 x 9.0 x 15.000
H = 9,000 ft
Dp = 15,000 — 9,000 = 6,000 ft
(b) Pressure: pg = 0.052 x 6,000 x 12 x 1.123 = 4.212 psi.

3. Depth and pressure at point (:
D¢ = 10,000 ft
pc = (0.052 x 10,000 x 12 — 0.052 x 4.000 x 15) x 1.125 = 3510 psi.

4. Point D lies at the intersection of the straight line that passes through
points A and B and the straight line that passes through point C, parallel
to the collapse pressure axis.

Casing Loads for Burst

The load line is determined by using a straight line to connect the points E. F.
and G'm Fig. 5.6.

1. Depth and pressure at point E:
Dg =20

The surface burst pressure is either the lowest value of the BOP working
pressure or the surface pressure of gas column inside the casing with frac-
turing pressure at the casing seat.

{a) Pressure at the casing seat (pg;)
per = 0.052 x 15 x 10,000 = 7,800 psi.

(b) Pressure at the surface (pg,)

Consider a static column of methane gas (M=16) at the surface, a
bottomhole temperature calculated by assuming an average surface
temperature of 70°F, and a temperature gradient of 1.2°F/100 ft. Us-
ing the equation of state for ideal gas behavior. the following formula
can be derived:

-D
718241159 x D

pE2 = (pE1 + 14.7) X 6( ) — 14.7 psi
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where the pressures are in psig and the depth is in feet. Therefore:
—10.000

1.132 4 1.159 x 10. 000

PEs = (7.800+14.7)xe<° )—14.7:6‘649 psi
The BOP working pressure is given as (pgs):

pes = 2,000 psi.

The smallest value. corrected by the design factor. is selected:

pe = 5,000 x DFB =5.000 x 1.0 = 5.000 psi.
where DF B is the design factor for burst.

2. Depth and pressure at point F:

At point F, pressure equilibrium is achieved with the gas column. the BOP
maximumn working pressure and the heaviest mud gradient in contact with
the internal casing wall.

Using a stright line to approximate the pressure curve between pg; and pg,
gives:
PE3 — PE2

Dr —
PEVZPE2 052 x =,
Dg

where 4, (ppg) is the specific weight (“density”) of the heaviest mud in
contact with the internal casing wall and D¢ is the total depth. In the
following example, D¢ 1s 10,000 ft. Thus:

5,000 — 6. 649
Dy = - — 2.180 ft.
T.800—6.640Y _
—_—mm— — a2z .
10.000 ?

Assuming that a backup pressure gradient of 0.465 psi/ft is acting on the
external casing wall, the pressure at point F is equal to

pr = (5.000 + 0.052 x 15 x 2.480 — 0.465 x 2.480) x 1.0 = 5.781 psi.

3. Depth and pressure at point G:
D¢ = 10.000 ft
ve = (pg1 — 0465 x Dg) x DFB
pe = (7,800 — 0.465 x 10,000) x 1.0 = 3,150 psi.

These values and the casing properties {Table B.1. Appendix B) are plotted in
Figs. 5.5 and 3.6.

The results of the different design methods are shown in Table 5.7%. Notice that in
none of the designs has the load constraints been violated (In doing this analysis.

%The data above was purposely chosen to emphasize the strength of the Quick Design Chart.
Exercises 6, 7, 8, and 9, are formulated more realistically for cases in which the data does not
readily fit the Quick Design Chart scenario.
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Table 5.7: Design comparison of different methods.

Length, ft Description Burst Collapse
Bottom to Top (psi) (psi)
Quick Design Charts - § 297.471
2,243 5-95. 47.0 Ib/ft LTC | 8,150 7.100
2,150 S-95.43.5 Ib/ft LTC | 7510 5,600
5,607 5-95, 40.0 Ib/ft LTC | 6.820 1.230

Note: Collapse was not corrected according to API Bul. 5C3 (1989).

Minimum Weight Design - API - § 313.169

2,920 5-95,43.5 Ib/ft BUT | 7.510 5,600
2,520 LS-110, 43.5 Ib/ft BUT | 8.700 4,420
4,560 N-80.43.5 Ib/ft LTC | 6,330 3,810

Note: Collapse according to API Bul. 5C3 (1989).

Minimum Cost Design - API - § 301,398

3,520 N-80, 47.0 Ib/ft LTC | 6.870 4.750
2,520 N-80.47.0 Ib/ft BUT | 6,870 4,750
3,960 N-80, 43.5 Ib/ft LTC | 6,330 3.810

Note: Collapse according to APT Bul. 5C'3 (1989).

Cheapest Solution
Min. Cost and Min. Weight Design - % 283.989

3,200 S-95,40.0 Ib/ft LTC | 6.820 1.230
2,520 5-95.43.5 b/ft LTC | 7510 5.600
4,280 5-95, 40.0 Ib/ft LTC | 6.820 1.230

Note: Collapse based on a modification to API Bul. 5C3 (1989).

care must be taken to account for collapse reduction due to the axial loading.).
This being the case, why is the quick design chart design less expensive than
the two computer designs? Furthermore, not only is it less expensive, but the
mechanical properties for burst and collapse are, in most instances, superior to
the computer-generated designs.

The reason for this difference is that until now the API Bul. 5C3 (1989) has been
used to calculate the corrected collapse properties of casing that were developed
according to API tubular specifications. In these calculations, the corrected col-
lapse rating (considering axial loads) was found by using the vield stress of the
pipe and by disregarding manufacturing processes or other factors that might
increase the total collapse rating. For example, compare the API casing collapse
rating for C-95, 40 Ib/ft of 3.330 psi against a non-API casing collapse rating for
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Fig. 5.7: Diagram of non-API casing collapse pressure correction.

S-95, 40 1b/ft of 4,230 psi. The difference is significant and. moreover. the cost
of the S-95 is less than that of the C-95. Thus. by following the API Bul. 5C3
(1989) method for calculating collapse resistance. the design results will be as
demonstrated in the above examples.

For a non-API casing, an alternative to this procedure is to consider a reduction
of the manufacturer’s collapse rating proportional to that which occurs in the
API procedure. According to the API formulas for corrected collapse rating due
to axial loading, the collapse pressure predictions follow path abe in Fig. 5.7.
Non-API casings have better collapse resistance and. therefore. higher values are
reported for these casings in the tables for zero axial stress (p.r, or point d).
Assuming p.., is correct, it is unlikely that the actual casing pressure failure
behavior would follow path dabc. As an alternative to this practice. path dec is
suggested for these cases. The question now becomes how to find point €7

The only point known so far is p.,,. which is obtained directly from the man-
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Table 5.8: Minimum cost design for non-API casing using the modified
API collapse calculations.

INTERMEDIATE CASING DESIGN

THE WELL DATA USED IN THIS PROGRAM WAS:
.EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=15.0 PPG
.BLOW QUT PREVENTER RESISTANCE= s000. PSI
.DENSITY OF THE MUD THE CASING IS SET IN=12.0 PPG
.DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS CASING=15.0 PPG
.TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15000. FT
.PORE PRES. AT NEXT CASING SEAT DEPTH= 9.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
.DESIGN FACTOR: BUR=1.000: COL=1.125: YIELD=1.800
TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
.DESIGN METHOD: MINIMUM COST

9 5/8" CASING PRICE LIST. FILE REF..PRICE958.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=283989. U.5.DOLLARS
TOTAL STRING BUOYANT WEIGHT=333864. LB

DI=10000- 6800 L= 3200 NN=13 W=40.0 M=2 MB=1.60 MC=1.13 MY= 8.2 P=2783.29
DI= 6800- 4280 L= 2520 NN=13 W=43.5 M=2 MB=1.46 MC=1.45 MY= 4.9 P=300788
DI= 4280- 0 L= 4280 NN=13 W=40.0 M=2 MB=1.18 MC=1.47 MY= 2.6 P=2783.29

THE MEANING OF SYMBOLS:
.DI, DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
‘W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1...SHORT; 2.. LONG; 3.. BUTTRESS
MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P, UNIT CASING PRICE.......$/100FT

GRADE CODE:

NN 1= ...H40 NN 2= ...J55 NN 3= . K5 NN4= ..C75 NN 5= ...L80
NN 6= .N80 NN 7= ...C95 NN 3= .P110 NN 9= . V150 NN13= ..S93
NNi4= .CYS95 NNI15= ..8105 NNI16= ..880 NN17= ..8895 NN18= .LS110
NN19= .LS125

ufacturer’s pipe specification tables. The pressure at point a can be calculated
using the API collapse formula for axial loads (flowchart shown in Table 2.1) for
zero axial stress. Similarly, the pressure at point & can be calculated using the
API formula for the appropriate value of axial stress. {(This would be the value
of corrected collapse pressure only if the API correction criteria is used.)

The collapse pressure, p,, can be obtained by assuming the following relationship
between these pressures:

Pi_ P (5.12)
Pa Dy
Rearranging Eq. 5.12 results in:
Pd 5 q-
Pe = — X pb (‘)13)

a

The computer program for minimum price design with a minimum section length
of 2,500 ft, was rerun after modifying the manufacturer’s collapse ratings in the
manner shown in Fig. 5.7 and Eq. 3.13.
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Table 5.9: Minimum weight design for non-API casing using the mod-
ified API collapse calculations.

INTERMEDIATE CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=15.0 PPG
BLOW OUT PREVENTER RESISTANCE= 5000. PSI
.DENSITY OF THE MUD THE CASING IS SET IN=12.0 PPG
DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS CASING=15.0 PPG
-TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15000. FT
PORE PRES. AT NEXT CASING SEAT DEPTH= 9.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
DESIGN FACTOR: BUR=1.000; COL=1.125: YIELD=1.800
TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
.DESIGN METHOD: MINIMUM WEIGHT

9 5/8" CASING PRICE LIST. FILE REF.-PRICE958.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=2383989. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=2333864. LB

DI=10000- 6800 L= 3200 NN=13 W=40.0 M=2 MB=1.60 MC=1.13 MY= 8.2 P=2783.20
DI= 6800- 4280 L= 2520 NN=13 W=43.5 M=2 MB=1.46 MC=1.45 MY= 4.9 P=73007.88
DI= 4280- 0 L= 4280 NN=13 W=400 M=2 MB=1.18 MC=147 MY= 26 P=2783.29

THE MEANING OF SYMBOLS:
.DI, DEPTH INTERVAL (FT)
.L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1...SHORT; 2. . LONG: 3..BUTTRESS
MB. MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P, UNIT CASING PRICE......... $/100F T

GRADE CODE:

NN I= .. H40 NN 2= ..J55 NN 3= ..K35 NNd4= .(C75 NN 5= ...L80
NN 6= ...N30 NN 7= ..C95 NN 8= . P10 NN 9= .V150 NNI3=..595
NN14= .CYS95 NNI1s= .8105 NNI16=..580 NN17=.SS95 XNN18= .LS110
NN19= LS125

As an exercise, the engineer should make the suggested program modifications as
detailed in the following steps:

1. The subroutine to be modified in CSG3DAPLFOR is SUBROUTINE
PCOR.

2. Delete line 63, IF(CEFNAPL.GT.1.)THEN.

3. Delete line 69, CFNAPI=1.0.

4. Delete line 70, ENDIF.

5. Recompile to produce an updated .EXE file.
After recompiling and rerunning the program. the output should appear as it
is in Table 5.8. If it does not, compare the modified file with CASING3D.FOR
on the disk. The revised string shows a significant decrease in price. $13.482,

from the earlier cheapest alternative. the Quick Design Chart. These casing
loads were added to Figs. 5.5 and 5.6 for comparison with the earlier results.
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DEPTHS CONVERSION
Dvs.¢

PRESSURE LOADS UNCORRECTED
(APc)n ; (APb)n

n = 1 (end pipe)

AXIAL STATIC LOAD

BIAXIAL STRESS CORRECTION
Pct ; Pcc

i=n+1}

[AXIAL PULLING LOADS |

[OPTIMISA’HON PROCEDURE

Fig. 5.8: Flow diagram of the minimum-cost casing design program for direc-
tional wells. {(After Wojtanowicz and Maidla, 1987: courtesy of SPE.)

All subsequent examples are based on this modification. The modified program
is named CASING3D.EXE and the batch file provided to help run it is named
CASING.BAT.

Comparison between the minimum cost and minimum weight methods using the
API collapse calculations shown in Tables 5.4 and 5.6 show a §11.771 cost increase
when a lighter string of casing was selected. However, if the same example is rerun
after implementing the changes in the program for the use of non-API casing in
designs, the results using the minimum weight and the minimum price criteria are
the same as shown in Tables 5.8 and 3.9. Provided the design criteria for non-AP]
casing s agreed upon, this design represents the most economical alternative in

Table 5.5.
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5.1.4 General Theory of Casing Optimization

The combination casing string design is considered a multistage decision-making
procedure in which the next step decision depends upon the previous decisions.
The general concept of the discrete version of dyvnamic programming is applied
(Roberts. 1964; Phillips et al.. 1976). Dynamic programming terminology 1s
defined by the following five attributes.

1. A stageis a unit section of casing string (length Af) or a step in the recurrent
design procedure. At each stage, the set of the optimal casing variants is

selected (Fig. 5.3).

2. Stage variables, F,. are loads supported by the nth casing unit section:

F, = Fn (Apb«Ach-ln) (314)

[n general, there are (;\’Sn_l X .\'n-) combinations of the loads at stage n.

where:
Ns._, = number of possible different variants of casing string
below section n.
Nw = number of different casing unit weights.

The axial loads, F,, . for the nth unit section are calculated using Eq. 3.5.
These loads can also be computed using Eq. 5.6 for vertical wells and Egs.
5.39 — 5.45 for directional wells.

3. Decision variables, P, . involve the tyvpe of casing. In the computer program.
each type of casing is represented by one number. i.e.. the unit price of
casing. For the nth unit section, the number of casing variants available is
r, X i\rgn_l.

The conversion from casing price to grade, weight. and type of casing joint
is made before the results are printed out. The total number of casings
available for unit section n is selected considering the constraints given by

Eqgs. 5.2, 5.3, and 3.4.

4. Return function, Cr,. is the total cost of n unit sections of casing:

Cr, = Cr,(F.,, P.) (5.15)
Cyp = MXP +AX (P +Pia4-+1) (5.16)
Cr, = Alx P, +Ch (5.17)
where:
j = wvaries from 1 tor, x Ng .
k= wvaries from | to Ng,_ _, .

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR2023:0131 9;@‘9@?@2302



287

5. Accumulated total return, C,_, is the minimal cost of n sections of casing
for each load, F,,. As the load is dependent only on the unit length’s weight,
each of which is represented here by m, cost optimization is carried out at
each stage by selecting the cheapest casing within each of the possible casing
weights and by identifving the casings that are lighter than the cheapest
one. The procedure is described as follows.

W, = srelzﬂ) (W.(s)) (5.18)
Py, = Pw,(W,) (5.19)
Wi, = urérzz) W {u) (5.20)
WPn < "/Vref,1 (321)
Ppn = Ppﬂ (W,Pn) (5.22)
Cp, = AlX P, (v)+CF (5.23)
where:
a = the smallest value of P, within m, US$/100 ft.
b = the largest value of P, within m, US$/100 ft.
¢ = the smallest value of Py,_, US$/100 ft.
d = the largest value of Py, , US$/100 ft.
k = varies from 1 to Ng,__,.
v = varies from 1 to (r, x k).
P, = distributed price of the W,.; of casing. US$/100 ft.
Pw, = distnibuted price of the cheapest casing
within m, US$/100 ft.
Tp. = number of W, weights.
Wn. = distributed weight of the cheapest casing
within m, Ib/ft.
W,. = distributed weight of casing lighter or
equal to Wi, . Ib/ft.
Wies, = distributed weight of the cheapest casing

at stage n, Ib/ft.

6. Absolute minimal cost, C,.;n,, at stage n is given by:

- mi k -
Cminu = urer(li,l:lf) (Ag X Ppn(v) + Cpn—l) ()24)
where:
e = the smallest value of P, , US$/100 ft.

[ = the largest value of P, . USS/100 ft.

[nasmuch as the transition of the cost and transition of the axial load from step
n — 1 to step n is achieved by simple addition, the principle of optimality can be
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applied and Eq. 5.24 becomes:

_ : k -
Crning = Urer(lévr}) (Al x P, (v))| +C; . (5.25)
For n = N. Eq. 5.25 gives the minimal cost of the combination casing string

desired. This cost corresponds to the optimum configuration of the casing string
stored in the computer memory.

Simplification of the Theory. In some practical computations, the lack of the
price/weight conflict has been observed. Mathematically, this means that r (W)

has only one value and this is equal to r (W',ffn). For the particular cases where
this happens the optimization procedure can be simplified. Namely, at any unit
section of the casing string, there is only one set of loads supported by the n — 1
casing section, meaning that the above formulation will equal both formulations
for the minimum weight method and the minimum cost method presented earlier.

5.1.5 Casing Cost Optimization in Directional Wells
Directional Well Formulation

The minimum-cost casing procedure for vertical wells can be expanded to direc-
tional wells because the flexible structure of the model allows for independent
calculations of casing loads and cost minimization. For this procedure. the fol-
lowing assumptions are made:

1. The well is planed in a vertical plane; therefore. its trajectory is confined
to two dimensions.

2. Only elastic properties of casing are considered in bending calculations.

3. The bending contribution to the axial stress is expressed as an equivalent
axtal force.

4. The bending contribution to the normal force is neglected because its impact
on the final design is very small.

5. The effect of inclination on axial loads is considered by using the axial
component of casing weight.

6. The favorable effect of mechanical friction on axial load during downward
pipe movement is not considered.

7. The unfavorable effect of mechanical friction on axial load during upward
pipe movement is considered.
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8. Axial load is calculated as the maximum pulling load.

9. Burst and collapse corrections for biaxial state of stress are calculated using
the axial static load at the time the casing is set.

The general flow chart of the program is shown in Fig. 5.8. The input of the
program contains the following data:

e Casing Data: Size, mechanical properties and price data of all available cas-
ngs.

¢ Drilling Data: Vertical depths for the casing to be designed and the next
casing setting depth; fracture gradient at the casing seat; minimum pore pressure
anticipated; density of the mud in which the casing is run and the heaviest mud
density planned for use in subsequent drilling operations.

e Directional Data: Measured depths (Dyop that is equal to {xop, {EoB.
¢pop, Leop, where KOP stands for kickofl point, FOB for end-of-bwild, DOP
for dropoff point, EO D for end-of-drop); well inclination data (buildup rate and
dropoff rate).

e Design Data: Type of casing load (surface. intermediate. or production);
design factors for burst, collapse, tension. and borehole friction factor: minimum
allowable length for each section of the casing string. and; the maximum surface
pressure allowed,

Program Description for Directional Wells

In the calculations, the computer program considers four basic directional well
profiles:

—

. The build and hold type well.

Q]

. The ‘5’ shape well.
3. The modified ‘S’ shape well.

4. The double-build shape well.

Collapse and burst loads are calculated assuming the casing is placed in its final
position and, therefore, vertical depths are used to calculate the pressure load
profiles. Calculations of axial loads in directional wells. however. is much more
complex than in vertical wells because the effect of the borehole friction must be
considered.
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To determine frictional loads the program simulates the casing being pulled out
from the well. In addition to the frictional loads all other axial loads, including
the bending effects, are calculated at each measured depth the casing’s section
would pass through on its way up the hole. The largest value of axial stress
withstood by an individual pipe on its way up must be greater than the minimum
yield value of this pipe selected from the casing data base file. In addition, the
minimum pipe length requirement must also be satisfied. Thus, the number of
iterations performed before a solution is found can be very large; and for a large
data base file (more than 100 casing entries). the program may take some time
to run (several hours on a regular 286-based PC, for example).

When editing the CSGLOAD.DAT file, it is necessary to ensure that all measured
depths are multiples of the individual pipe length, e.g., a multiple of 40 ft if 40 ft
pipe lengths are chosen.

Vertical Depths (D) and Inclination Angles («):

The conversion from measured depth to true vertical depth is made by projecting
the actual well profile onto a vertical axis. In the program, vertical depths and
inclinations are calculated for all casing unit sections and. as a result, the complete
directional well profile is generated from the directional well data. The profile
is shown in Fig. 4.8 (page 188). By considering the well to be comprised of
sections of constant build and drop between known measured depths. the program
simplifies the actual well for the purpose of casing design. This approach requires
little input data relative to an analysis based on a detailed directional survey.

The five formulas used in the depth conversion procedure are given below.

. From the surface to the buildup point:

D, = 4, (5.26)
a, = 0 (5.27)

2. From the buildup point to the end of build:

0
o= — (6, — by 5.28
e} 100 ( KoP) {5.28)
180 x 100
D, = D;\-op—k———x,—osina, (5.29)
T Qg

where & = rate of change of inclination with depth, deg/100 ft.

T

Note: the term ~———— converts the units of a from degrees per 100 ft
180 x 100
to radians/ft.
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3. For the slant portion (also known as the sailing portion):

a;, = o (5.30)
D,‘ D,‘+1 + (EI — ﬂ,‘+1) COS (ri41q (531)

Note: + decreases with increasing depth (Fig. 5.9).

4. From the dropoff point to the end of drop:

o
a = o — oo (6~ fpop) (5.32)
180 x 10
D; = Dpop+ #0 (sin oy — sin ;) {5.33)
T Q9
where
o .
— Y, -, 5.34
@ =10 (eos — trop) (5.34)

3. From the end of the dropoff point to the final depth:

«a
ap = o — “10—20 (¢cop — {pop) (5.35)
Di = Digi+ (€ = ligy) cosaiqy (5.36)

Using the vertical depth equations shown above, it is possible to associate the
resulting burst and collapse pressure loads to each ith position in the well:

Aps (i) = Apy (Di) = (Aps), (5.37)
and
Apc (gz) = Apc (D,) :(Apc)n (538)

Axial Load Calculations.

As mentioned earlier the calculation of the axial load is the most difficult part of
directional-well casing design. Using the maximum load principle, the concept of
the maximum pulling load is applied.

The maximum pulling load is obtained by placing the casing (each unit section)
in its final position and calculating the axial load it would be subjected to while
being pulled out of the well. This is achieved in a stepwise manner for every casing
section’s position above its final resting position. until reaching the surface. This
process is depicted in Fig. 5.9
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Fig. 5.9: Instantaneous ith position of the nth unit section of casing in a
directional well. (After Wojtanowicz and Maidla, 1987; courtesy of SPE.)

The calculations for axial pulling loads are shown in Chapter 4, Eqs. 4.1 through
4.41. These equations are the analytical solutions to the above problem and are
very easy to use for hand calculations. They can also be simplified for numerical
calculations in the form of recurrent formulas. The recurrent calculation is ac-
tually a numerical integration technique with results within 0.25% of the largest
error possible (compared to the analytical solution). The simplification follows.

The value of the axial pulling load supported by the n section at position 2 is
calculated as:

(F.), = Fan + (F1), (5.39)

where the equivalent axial force caused by bending, Fgy. is:

0.847194 Al a; d, \/(FL), (d* — d?
Fon G ds (L), ( ) (5.40)

_ 0.49433 \/(FL).
(d2 — d?) tanh _
(d} — d)

The axial force, Fy, is calculated with the recurrent formula (Fp), = (Fg), for
s = n, where:

(FL), = (Fu), ,+ (1 _ 5’) ALW, cos(ainis)+ Fip+ Fo  (5.41)

65.5

where:
(Fr)y = 0
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s = 1,2,--,n.

¥ = specific mud weight, 1b/gal (5.42)

The linear friction drag, Fip, is:

Fio = (1 - 6;5) ALW, sin(@ings) X o (5.13)

The belt friction drag, Fgp, is:

as Al

Fgp =(-1)" 2 fy (F1),_; sin 500

= 1 for buildup portion
= 2 for dropoff portion

The position at which the maximum value of the axial load is achieved 1s selected
for the maximum axial pulling load of unit section n:

(F,), = max (F,)! (5.4

ig(n,N)

<t
M
ot
S

Applications of Optimized Casing Design in Directional Wells

The casing optimization computer program was developed on the basis of the
casing design model for directional wells. Preliminary application of the program
revealed that the computing time is largely dependent on the iterations associated
with the calculations of maximum axial loads. Moreover. it was found that in
most cases, the highest axial pulling loads were at the surface and at a point one
casing joint below the KOP. As a result of these observations. the program was
modified to consider only three borehole points: the surface. the AOF. and the
top of the dropoft portion.

EXAMPLE 5-5: Casing Design in Directional Wells

Given the following information for a planned directional well. use the casing
optimization program to design an intermediate combination casing string based
on the minimum price criteria. With the exception of the directional data. the
well data is the same as the earlier vertical wells.
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9§—in. intermediate casing set at 10.000 ft

Smallest casing section allowed: 1,000 ft

Design factor for burst: 1.1

Design factor for collapse: 1.125

Design factor for pipe bodyv vield: 1.3

Production casing depth (next casing): 15.000 ft

Mud density while running casing: just below 12 1b/gal

Equivalent circulating density to fracture the casing shoe: 15 1/gal
Heaviest mud density to drill to final depth: 15 1b/gal

Blow Out Preventer (BOP) working pressure: 5.000 psi

Directional Data:

Kickoff point depth: 2,520 ft

Measured depth at the end of the buildup section: 4,520 it
Total measured depth: 10,000 ft

Buildup rate (BUR): 2°/100 ft

Design factor for running loads: 1.7

Borehole friction factor: 0.4

Buoyancy should be considered.

Solution:

As in the earlier examples, an ASCII file named CSGLOAD.DAT is created from
CASING3D using the CASING.BAT file (CASING3D is the modified version of
the original CSG3DAPI program: see page 284). The first entry informs the
program that the well is directional.

Upon running CASING3D, an output file DESIGN.OUT (Table 5.10.) is printed

out. The table contains the following information:

e The underlined title specifies the type of casing string designed. (In this
case an intermediate casing string.)

e The first text block contains the input data used to run the program.

e The last line of the first block gives the design criteria. (In this example
the minimum cost.)

e The second block gives names of the price file and the main program used in
the design computations. {In this example. PRICE.DAT and CASING3D.
respectively.)

o The third block gives the design output. The first section of casing from
bottom covers the interval from 10.000 ft to 7.320 ft. a length of 2.680
ft. The casing suggested is an S-80. 10.0 Ib/ft. short thread that costs
$2,215/100 ft. For this interval. the lowest actual safety factors for burst
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(thread or body, whichever is the smallest). collapse and pipe body vield (or
joint strength, whichever is the smallest) are 1.15, 1.13 and 9.0, respectively.

Table 5.10: Intermediate casing design example for a directional well
(Example 5-5).

INTERMEDIATE CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

-EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=15.0 PPG
.BLOW OUT PREVENTER RESISTANCE= 5000. PSI
-DENSITY OF THE MUD THE CASING IS SET IN=12.0 PPG
.DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS CASING=15.0 PPG
-TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15000. FT
-PORE PRES. AT NEXT CASING SEAT DEPTH= 5.0 PPG
MINIMUM CASING STRING LENGTH= 1000. FT
DESIGN FACTOR: BUR=1.000: COL=1.125: YIELD=1.800
.DESIGN FACTOR FOR RUNNING LOADS=1.800
KICK OFF POINT= 2520. FT
-MEASURED DEPTH AT END OF BUILD UP= 4520. FT
-MEASURED DEPTH AT DROP OFF POINT=10000. FT
-MEASURED DEPTH AT END OF DROP OFF =10000. FT
.TOTAL MEASURED DEPTH=10000. FT
.BUILD UP RATE= 2.0 DEG/100FT
.DROP OFF RATE= 2.0 DEG/I100FT
PSEUDO FRICTION FACTOR= .400 DIMENSIONLESS
.BUOYANCY CONSIDERED ON STATIC LLOADS
.DESIGN METHOD: MINIMUM COST

9 5/8" CASING PRICE LIST. FILE REF ..PRICE958.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=257813. U.S.DOLLARS
TOTAL STRING BUOYANT WEIGHT=231792, LB
PULLING OUT LOAD = 381976. LB

DI=10000- 7320 L= 2680 NN=16 W=40.0 M=1MB=1.15 MC=1.13MY=90 P=2215.20
DI= 7320- 6320 L= 1000 NN=13 W=43.5 M=2 MB=2.02 MC=1.47 MY=10.2 P=300788
DI= 6320- 4280 L= 2040 NN=13 W=40.0 M=2 MB=1.59 M{C=1.14 MY= 59 P=2783.29
DI= 4280- 3280 L=1000 NN=6 W=40.0 M=3 MB=1.25 MC=1.13 MY= 5.2 P=2743.75
DI= 3280- 0 L= 3280 NN=6 W=40.0 M=2 MB=1.07 MC=142 MY= 2.6 P=2585.56

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT: 2..LONG; 3.. BUTTRESS
MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P, UNIT CASING PRICE........ $/100F T

GRADE CODE:

NN 1= ...H40 NN 2= ...J55 NN 3= K55 NNd4= ..(75 NN 5= ...L80
NN 6= ...N80 NN 7= ...C95 NN 3= .Pl110 NN 9= V130 NN13=..595
NN14= .CYS95 NNIS= ..S105 NN16= ...580 NNIi7T= 5895 NN18= LS110
NN19= .LS125

e The two text blocks at the bottom define svmbols and codes used in the
output file.

In this example the design string consists of five sections with a total casing
combination string cost of $257,813. Changing the minimum section length to
2.500 ft and rerunning the program produces a new design file DESIGN.OUT
(Table 5.11) with only three-sections. The cost of the string increases by $10.951
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(4.2%); however, as mentioned earlier. this may be offset by cost savings
areas, e.g., string running and pipe storage costs.

in other

Table 5.11: Intermediate casing design example for a directional well

— 8 sections (Example 5-5).

INTERMEDIATE CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

EQUIVALENT FRACTURE GRADIENT AT ('ASING SEAT=15.0 PPG
BLOW OUT PREVENTER RESISTANCE= 3000. PSI
.DENSITY OF THE MUD THE CASING IS SET IN=12.0 PPG
.DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS CASING=15.0 PPG
.TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15600. F'T
PORE PRES. AT NEXT CASING SEAT DEPTH= 9.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
.DESIGN FACTOR: BUR=1.000: COL=1.125: YIELD=1.800
DESIGN FACTOR FOR RUNNING LOADS=1.800
KICK OFF POINT= 2520. FT
MEASURED DEPTH AT END OF BUILD UP= 4520. FT
MEASURED DEPTH AT DROP OFF POINT=10000. FT
.MEASURED DEPTH AT END OF DROP QFF =10000. FT
-TOTAL MEASURED DEPTH=10000. FT
BUILD UP RATE= 2.0 DEG/100FT
.DROP OFF RATE= 2.0 DEG/100FT
PSEUDO FRICTION FACTOR= .400 DIMENSIONLESS
.BUGYANCY CONSIDERED ON STATIC LOADS
DESIGN METHOD: MINIMUM COST

9 5/8" CASING PRICE LIST. FILE REF..PRICE958.C PR
MAIN PROGRAM: CASING3D

TOTAL PRICE=268764. U.S.DOLLARS
TOTAL STRING BUOYANT WEIGHT=285120. LB
PULLING OUT LOAD = 387688. LB

DI=10000- 7320 L= 2680 NN=16 W=40.0 M=1 MB=1.15 MC=1.13 MY= 9.0 P=2215.20
DI= 7320- 4800 L= 2520 NN=13 W=43.5M=2 MB=1381 MC=1.47 MY= 71 P=3007.88
DI= 4800- 0 L= 4800 NN=13 W=400 M=2 MB=1.27 M(C=141 MY= 3.0 P=278329

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT: 2..LONG: 3..BUTTRESS
MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE, AND YIELD
P, UNIT CASING PRICE........ $/100F T

GRADE CODE:

NN 1= ..H40 NN 2= ..7J55 NN 3= . K33 NN4= .07 NN 5= ...L80
NN 6= ...N8¢ NN 7= ...C95 NN 8= .P110 NN9=.VI50 NNi3= ..595
NN14= .CYS95 NN15= .8105 NNI6= ..S80 NN17= .8895 NN18= L5110
NN19= .LS125

When a non-API casing is included for use in the design it 1s a good practice to use
the minimum weight criteria and rerun the program to examine the convergence

between the minimum cost method and the minimum weight method.

Effect of the Borehole Friction Factor

The borehole friction factor affects the drag between the pipe and the wall of the
borehole. This drag depends on a number of factors including: drilling mud and
its properties (solids content, oil content and filtration cake quality). borehole
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conditions (type of rock, roughness, cuttings bed, kevseats, washouts, etc.) and
centralizer type and spacing. Thus, unlike the true friction coefficient recognized
in other engineering sciences, the borehole friction factor is more accurately de-
scribed as a pseudo-friction factor. Its value is generally obtained from the field
and not from laboratory experiments. Good field values are better than those
obtained from the API Lubricity Tester.

Typical values of the pseudo-friction factor measured while running casing are
found to be in the range of 0.25 to 0.4. The uncertainty in this value has led some
designers to suggest using the oversimplified model of the equivalent vertical well
where ¢ = D. This is not only a conservative approach, but also overdesigns
casing tremendously and could result in extremely high costs. This point is
further illustrated in the following example.

Table 5.12: The effect of the pseudo-friction factor (0.5 in this case) on
the final cost (Example 5-6).

INTERMEDIATE CASING DESIGN

THE WELL DATA USED IN THIS PROGRAM WAS:
EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=17.4 PPG
.BLOW OUT PREVENTER RESISTANCE= 5000. PSI
DENSITY OF THE MUD THE CASING IS SET IN=13.0 PPG
DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS CASING=16.9 PPG
TRUE VERTICAL DEPTH OF THE NEXT CASING SEAT=15000. FT
PORE PRES. AT NEXT CASING SEAT DEPTH=16.4 PPG
MINIMUM CASING STRING LENGTH= 1000. FT
DESIGN FACTOR: BUR=1.100; COL=1.125: YIELD=1.800
.DESIGN FACTOR FOR RUNNING LOADS=1.500
KICK OFF POINT= 2800, FT
MEASURED DEPTH AT END OF BUILD UP= 5600, FT
MEASURED DEPTH AT DROP OFF POINT= 9200. FT
MEASURED DEPTH AT END OF DROP OFF =12000. FT
TOTAL MEASURED DEPTH=16000. FT
BUILD UP RATE= 3.0 DEG/100FT
DROP OFF RATE= 2.0 DEG/100FT
PSEUDO FRICTION FACTOR= .500 DIMENSIONLESS
BUOYANCY CONSIDERED ON STATIC LOADS
DESIGN METHOD: MINIMUM COST

7" CASING PRICE LIST. FILE REF.: PRICE7.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=173269. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=138662. LB

PULLING OUT LOAD = 399961. LB

DI=16000- 3800 L=12200 NN=10 W=23.0 M=3 MB=1.15 MC=167 MY= 5.4 P=1006.56
DI= 3800- 2800 L= 1000 NN= 3 W=26.0 M=3 MB=1.52 MC=2.38 MY=6.1 P=2228.50
DI= 2800- 0 L= 2800 NN=10 W=23.0 M=3 MB=1.22 MC=279 MY=33 P=1006.56

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT: 2. LONG: 3...BUTTRESS
MB. MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
.P, UNIT CASING PRICE......... $/100FT

GRADE CODE:

NN 1= ...H40 NN 2= ...J55 NN 3= .. Ks5 NN4=..C75 NN 5=..L80
NN 6= .N80 NN 7= ..C95 NN 8= .P110 NN 9= ..V150 NN10= ...S895
NN11= .CYS95 NNi1z2= ..S5105 NN13= ..830 NN14= ..55953 NN15= .LS5110
NN16= LS125 NN17= LS140 NN18= ... NN19= ... NN20= ......
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EXAMPLE 5-6: Drag vs Equivalent Vertical Depth, for Axial Loads
Calculations in Directional Wells

Given a 7-in., 38 lIb/ft casing in a horizontal section, what is the percentage
error introduced to the design load by using the equivalent vertical depth {evd)
method rather than the drag model ? Assume a pseudo-friction factor of 0.36.
Also, consider directional well data specified in Table 5.12 and make a plot of
casing cost vs. pseudo-friction factor.

Solution:
Wirag = fo x W = 0.36 x 38 x sin 90° = 13.681b/ft
Weva = 381b/ft
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Fig. 5.10: Effect of the pseudo-friction factor on casing cost.

Note that for horizontal wells, the equivalent vertical depth approach 1s equivalent
to the drag model only if the pseudo-friction factor 1s 1. a totally unrealistic
proposition.

In continuing Example 5-6 the minimum cost casing program has been used to
estimate the effect of the borehole friction factor on the optimumn casing design.
As an example, the calculations for the 7-in. intermediate casing string set at
16,000 ft with the borehole friction factor value of 0.3 are shown in Table 5.12.
Also, a plot of the 7-in. casing cost vs. the borehole friction factor is shown in
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Fig. 5.10. Note that for values of the borehole friction factor smaller than 0.4,
the effect of friction is small. Above this value, however, the optimum casing
design is considerably affected by the frictional drag.

The main advantage of using the drag model for the design of casing is that it
enables the calculation of the axial stress distribution along the casing string with
respect to well deviation and curvature: hence. it correlates casing axial load with
directional well parameters.

B R

4080 ft
5240 ft
471004
} 648011t
1100 £t
(0QCOft 10000 £t
WELL B WELL A

Fig. 5.11: Well trajectories for Example 3-7.

Also, cost analysis provides the most convincing argument for using the drag
concept. In Example 5-6, if a borehole friction factor of 1 (evd method) is used.
cost is $303,837. However, if a borehole friction factor of 0.5 (drag method) is
used, the cost is reduced by 75% to $173.269.
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5.1.6 Other Applications of Optimized Casing Design

The next six examples illustrate some of the many studies that can be done using
the casing program described. The discussions provided in the solutions should
provide sufficient insight into the analysis of complex casing problems.

EXAMPLE 5-7: Well Trajectory Impact on Casing Cost

Rarely, if ever, will the planning of a directional well profile depend upon the cost
of the casing string; however. casing cost is dependent upon the well's trajectory.
In this example, the costs of two different well trajectories with the same vertical
and measured depths are compared. Figure 5.11 depicts the trajectories.

Other relevant data are:
Borehole friction factor: 0.4
True vertical depth:
- 8,998 ft for Well A
- 9,000 ft for Well B
Type of casing: 9§-in. Production
Mud density: 12 lb/gal
Smallest allowable casing section length: 1.000 ft
Design factors:
- Burst: 1.000
- Collapse: 1.125
- Pipe body vield: 1.800
- Running loads: 1.800
Design method: minimum cost
Number of sections: < 3

Solution:

The results are shown in Tables 5.13 and 5.14. For both wells, a minimum section
length of 2,500 ft was chosen because it complies with the maximum number of
sections allowed (three for this problem). The results show that the well profiles
have a considerable effect on the final casing cost. The production casing costs
$24,002 more for Well A than for Well B.
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Table 5.13: Well A: Production casing design for Example 5-7.

PRODUCTION CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

-TRUE VERTICAL DEPTH AT CASING SEAT= 8998. FT
.DENSITY OF THE MUD THE CASING IS SET IN =12.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
.DESIGN FACTOR: BUR=1.000: COL=1.125: B.YIELD=1.800
-DESIGN FACTOR FOR RUNNING LOADS=1.800
RICK OFF POINT= 2000. FT
-MEASURED DEPTH AT END OF BUILD UP= 3240. FT
-MEASURED DEPTH AT DROP OFF POINT= 5240. FT
MEASURED DEPTH AT END OF DROP OFF = 6480. FT
.TOTAL MEASURED DEPTH=10000. FT
.BUILD UP RATE= 4.0 DEG/100FT
.DROP OFF RATE= 4.0 DEG/100FT
.PSEUDO FRICTION FACTOR= .400 DIMENSIONLESS
.BUOYANCY CONSIDERED ON STATIC LOADS
-DESIGN METHOD: MINIMUM COST

9 5/8" CASING PRICE LIST. FILE REF .PRICES33.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=330487. U.S.DOLLARS
TOTAL STRING BUCYANT WEIGHT=326851. LB
PULLING OUT LOAD = 484859. LB

DI=10000- 7480 L= 2520 NN=14 W=47.0 M=2 MB=1.68 MC=1.26 MY=10.9 P=3240.61
DI= 7480- 4960 L= 2520 NN=13 W=43.5M=2 MB=1.55 MC=1.36 MY= 5.4 P=3007.88
DI= 4960- 0 L= 4960 NN=18 W=435 M=1MB=1.79 MC=163 MY= 4.2 P=3488.41

Table 5.14: Well B: Production casing design for Example 5-7.

PRODUCTION CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

.TRUE VERTICAL DEPTH AT CASING SEAT= 9000. FT
-DENSITY OF THE MUD THE CASING IS SET IN =12.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
DESIGN FACTOR: BUR=1.000: COL=1.125: B.YIELD=1.800
DESIGN FACTOR FOR RUNNING LOADS=1.800
KICK OFF POINT= 4080. FT
MEASURED DEPTH AT EXD OF BUILD UP=10000. FT
MEASURED DEPTH AT DROP OFF POINT=10000. FT
-MEASURED DEPTH AT END OF DROP OFF =10000. FT
TOTAL MEASURED DEPTH=10000. FT
BUILD UP RATE= 1.0 DEG/100FT
.DROP OFF RATE= 1.0 DEG/100FT
PSEUDQO FRICTION FACTOR= .400 DIMENSIONLESS
BUOYANCY CONSIDERED ON STATIC LOADS
.DESIGN METHOD: MINIMUM COST

9 5/8” CASING PRICE LIST. FILE REF :PRICE958.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=295513. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=310515. LB

PULLING QUT LOAD = 354489, LB

DI=10000- 7480 L= 2520 NN=14 W=47.0M=2 MB=1.68 MC=1.26 MY=16.0 P=3240.61
DI= 7480- 4960 L= 2520 NN=13 W=43.5 M=2 MB=1.55 MC=1.22 MY=65 P=3007.38
DI= 4960- 0 L= 4960 NN=13 W=40.0 M=2 MB=1.41 MC=1.29 MY=128 P=2783.29

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
L. LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT: 2...LONG: 3..BUTTRESS
MB., MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P, UNIT CASING PRICE........$/100F T

GRADE CODE:

NN 1= ...H40 NN 2= ..J55 NN3=.K3s NN4= _.C75 NN 5= ...L80
NN 6= ...N30 NN 7= ..C95 NN 8= .P110 NN 9= V150 NN13=..595
NNi4= .CYS95 NNis= ..5105 NN1s= ..S80 NN17= 5595 NN18= .L5110
NN19= .L.5125
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Table 5.15: Impact of surface load on cost (Example 5-8).

SURFACE CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:
EQUIVALENT FRACTURE GRADIENT AT CASING SEAT=15.0 PPG
TRUE VERTICAL DEPTH AT CASING SEAT=10000. FT
-DENSITY OF THE MUD THE CASING IS SET IN=12.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
DESIGN FACTOR: BUR=1.000: COL=1.125: B.YIELD=1.300
TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
DESIGN METHOD: MINIMUM COST

9 5/8" CASING PRICE LIST. FILE REF..PRICE9338.C PR
MAIN PROGRAM: CASING3D

TOTAL PRICE=295513. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=348270. LB

DI=10000- 7480 L= 2520 NN=14 W=47.0 M=2 MB=2.02 M(C=1.14 MY=109 P=3240.61
DI= 7480- 4960 L= 2520 NN=13 W=43.5 M=2 MB=1.53 M(C=1.18 MY= 51 P=3007.88
DI= 4960- 0 L= 4960 NN=13 W=40.0 M=2 MB=1.03 MC=1.27 MY= 25 P=2783.29

THE MEANING OF SYMBOLS:
.DI. DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT: 2.. LONG: 3..BUTTRESS
MB, MC. MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P, UNIT CASING PRICE......... $/100FT

GRADE CODE.:
NN 1= ... H40 NN 2= ..J55 NN 3= ..K5 NNd4= .75 NN 5= ..L80
NN 6= .N80 NN 7= ..C95 NN 8= P110 NN 9= .V150 NN13= ..5%5

NN14= .CYS95 NNiIs= .5105 NN16= ..S80 NN17= .8895 XNN18= .LS110
NN19= L5125

Table 5.16: Impact of casing load type on cost (Example 5-8).

Cost Comparison

Load Type | Cost. USS | Buovant Weight. 1bf
Intermediate | 233,988 333.864
Surface 295.513 348.270
Production 293,513 348,270

EXAMPLE 5-8: Impact of Casing Load Type on Cost

Use data from Example 5-3 and change the load pattern of the casing assuming:

(1)  surface casing loads.
(11) production casing loads.

Also, use the minimum cost criteria for casing design.

Solution:

Using the data provided in Example 3-5 and the program CASING3D, the original
load file, CSGLOAD.DAT, must be altered to include the option of surface casing
loads. The result of this run is the file DESIGN.OUT, as shown in Table 5.15.
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Repeating the same procedure for production loads. the data file shown in Table
5.17 15 obtained. Table 5.16 summarizes the results of the three runs.

An increase in cost (811,525 or 4.1%) is observed when going from intermediate
to production or surface casing loads. This is due to the scenarios used in the
maximun load criteria assumptions that result in lower loads for the intermediate
casing string design. In this particular example. the loads for production and
surface casing resulted in the same cost. However. this is not always the case
because the load patterns for surface and production casing are different.

Table 5.17: Impact of Production load on cost (Example 5-8).

PRODUCTION CASING DESIGN

THE WELL DATA USED IN THIS PROGRAM WAS:
.TRUE VERTICAL DEPTH AT CASING SEAT=10000. FT
.DENSITY OF THE MUD THE CASING IS SET IN =12.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
.DESIGN FACTOR: BUR=1.000: COL=1.125: B.YIELD=1.800
TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
DESIGN METHOD: MINIMUM COST

9 5/8" CASING PRICE LIST. FILE REF..PRICE938.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=295513. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=343270. LB

DI=10000- 7480 L= 2520 NN=14 W=47.0M=2 MB=1.53 MC=1.14 MY=109 P=3240.61
DI= 7480- 4960 L= 2520 NN=13 W=43.5 M=2 MB=1.41 MC=1.18 MY= 5.1 P=3007 .38
DI= 4960- 0 L= 4960 NN=13 W=400 M=2 MB=1.28 MC=1.27 MY= 25 P=2783.29

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
‘W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1...SHORT: 2..LONG: 3..BUTTRESS
MB. MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P, GNIT CASING PRICE.........§/100F T

GRADE CODE:

NN 1= ...H40 NN 2= .55 NN 3= ..K35 NN4= ..075 NN 5= ..L80
NN 6= .N80 NN 7= ..C95 NN 8= .P110 NN 9= . V150 NN13= ..595
NNi4= .CYS95 NN1§5= ..§105 NN16= ..S80 NNI17= 8885 NNi18= L5110
NN19= .LS125

EXAMPLE 5-9: Optimized Design with Production Liner

Given the casing program in Fig. 5.12. determine the cost savings achieved with
the production liner instead of the full production string. Consider the necessary
changes of design of the 9§—in. intermediate string (Example 5-1) to provide for
load pattern changes associated with the liner design option.

Solution:

To solve this problem, the 7-in. casing is designed from 15.000 ft to surface
using the production load criteria. Then. the top 10.000 ft is discarded and the
lower 5,000 ft constitutes the casing liner design. Since the 93-in. casing string
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30" x 20" x 13% x 9% x LINERT"

30" CONDUCTOR CASING
200ft

20" SURFACE CASING
i 2000 ft

[13% INTERMEDIATE CASING
6000 1

~x
| -

J 9% INTERMEDIATE CASING
. 10000 ft

7" PRODUCTION LINER
15000 ft

Fig. 5.12: (Casing program for Example 5-9.

in Example 5-4 was designed on the basis of the intermediate load rather than
production load a redesign of this casing is necessary. The following data is used:

Qg-in. production casing set at 10.000 ft
Smallest casing section allowed: 1.000 ft
Design factor for burst: 1.0

Design factor for collapse: 1.125

Design factor for pipe body yield: 1.8

Mud density while running casing: 12 lb/gal

7-in. production casing set at 15,000 ft
Smallest casing section allowed: 1.000 ft
Design factor for burst: 1.0

Design factor for collapse: 1.125
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Table 5.18: Liner design for Example 5-9.

LINER DESIGN
TOTAL COST: $ 436,542 U.S.DOLLARS

I) 9 5/8" CASING DOWN TO 10,000 FT:
THE WELL DATA USED IN THIS PROGRAM WAS:

TRUE VERTICAL DEPTH AT CASING SEAT=10000. FT
.DENSITY OF THE MUD THE CASING IS SET IN =12.0 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
.DESIGN FACTOR: BUR=1.000; COL=1.125: B.YIELD=1.800
.TRUE VERTICAL DEPTH OF THE CASING SEAT=10000. FT
.DESIGN METHGD: MINIMUM COST

9 5/8" CASING PRICE LIST. FILE REF..PRICE953.CPR
MAIN PROGRAM: CASING3D

PARTIAL PRICE=295513. U.S.DOLLARS

NOTE: THE GRADE CODE IS DIFFERENT FOR BOTH DESIGNS
DI=10000- 7480 L= 2520 NN=14 W=47.0 M=2 MB=133 MC=1.14 MY=10.9 P=3240.61
DI= 7480- 4960 L= 2520 NN=13 W=43.5 M=2 MB=1.41 M(C=1.18 MY= 5.1 P=3007.88
DI= 4960 ¢ L= 4960 NN=13 W=40.0 M=2 MB=1.28 MC=1.27 MY= 2.5 P=2783.29

GRADE CODE:
NN13=...595 NN14=..CYS95

II) 7" CASING BETWEEN $,800 and 15,000 FT

THE WELL DATA USED IN THIS PROGRAM WAS:
.TRUE VERTICAL DEPTH AT CASING SEAT=15000. FT
.DENSITY OF THE MUD THE CASING IS SET IN =15.0 PPG
MINIMUM CASING STRING LENGTH= 2600. FT
.DESIGN FACTOR: BUR=1.000: COL=1.125: B.YIELD=1.800
.TRUE VERTICAL DEPTH OF THE CASING SEAT=15000. FT
.DESIGN METHOD: MINIMUM COST

7" CASING PRICE LIST. ¥FILE REF.: PRICE7.CPR
MAIN PROGRAM: CASING3D

PARTIAL PRICE= 141029 U.S.DOLLARS

DI=15000-12400 L= 2600 NN=12 W=33.0M=2 MB=1.17 MC=1.20 MY=12.7 P=2939.24
DI=12400- 9800 L= 2600 NN=12 W=32.0 M=2MB=1.14 MC=1.13MY=58 P=248198

GRADE CODE:
NNi2= ..S105

Design factor for pipe body yield: 1.3
Mud density while running casing: 15 lb/gal
Casing overlap: 200 ft

Program CASING3D was run for the 92-in. and 7-in. casing. Table 5.18 shows
the output data in a slightly modified form to highlight the changes. The 92-in.
casing string was designed to withstand production loads.

EXAMPLE 5-10: Impact of Design Factor on Casing Cost

In this example, the effect of varying design factors on the final string design is
considered. Using the input data for Example 5-5 . a minimum section length of
2,500 ft and the minimum cost design criteria. investigate the effect of changing
the design factors for burst, collapse, yield and running loads.
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Table 5.19: Design factor study: impact on cost (Example 5-10).

Design Factor | Step | Design Factor | Casing Coﬂ

Size Value USs
Burst 0.100 1.000 243.037
Burst (0.100 1.100 251,442
Burst 0.100 1.200 263,190
Burst 0.100 300 274.620
Collapse 0.125 000 243,037
Collapse 0.125 125 257,813
Collapse 0.125 250 281,776

Collapse 0.125
Pipe Body Yield | 0.250 000 243,037
Pipe Body Yield | 0.250 250 243,037

1.

1.

1.

1.

1.375 284,607

1.

1.
Pipe Body Yield | 0.250 1.500 243.037

1.

2

1.

1.

1.

1.

Pipe Body Yield | 0.250 7530 243,037
Pipe Body Yield | 0.250 000 243,037
Running Load 0.230 000 243.037
Running Load 0.250 250 243,037
Running Load 0.250 500 243,037
Running Load 0.250 750 243.037
Running Load 0.250 2.000 248,811

Solution: This is a sensitivity analysis problem. One approach is to hold three
of the four design factors constant at 1, while changing the fourth according to
the range and step size shown in Table 5.19.

The cost results are shown in Table 5.19. The table indicates that the pipe body
yield and running load design factor changes are not the dominant constraints in
this design because, in general. they did not affect the final casing cost (except
for running loads with a design factor of 2.0). Conversely. burst and collapse are
the dominant factors in the design. The final choice of design factor values is
quite subjective and, more often than not. is determined by company policy and
not by individual design engineers.

EXAMPLE 5-11: Typical Deviated Well Profile

Using the computer program and the data in Table 1.5. rework the example
problem on page 186 of Chapter 4 regarding a well with the same trajectory as
shown in Fig. 4.1, for which the maximum surface pulling load was calculated
using the analytical solution equations.

Solution:
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Table 5.20: Typical deviated well profile (Example 5-11).

PRODUCTION CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

.TRUE VERTICAL DEPTH AT CASING SEAT=15120. FT
.DENSITY OF THE MUD THE CASING IS SET IN =16.8 PPG
MINIMUM CASING STRING LENGTH= 2500. FT
DESIGN FACTOR: BUR=1.100: COL=1.125: B.YITELD=1.800
.DESIGN FACTOR FOR RUNNING LOADS=1.000
KICK OFF POINT= 5000. FT
MEASURED DEPTH AT END OF BUILD UP= 7000. FT
MEASURED DEPTH AT DROP OFF POINT=12480. FT
MEASURED DEPTH AT END OF DROP OFF =14430. FT
.TOTAL MEASURED DEPTH=16720. FT
.BUILD UP RATE= 2.0 DEG/100FT
.DROP OFF RATE= 2.0 DEG/100FT
PSEUDO FRICTION FACTOR= .350 DIMENSIONLESS
BUOYANCY CONSIDERED ON STATIC LOADS
DESIGN METHOD: MINIMUM COST

7* CASING PRICE LIST. FILE REF.: PRICE7T.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=433137. U.S.DOLLARS

TOTAL STRING BUOYANT WEIGHT=376025. LB

PULLING OUT LOAD = 484623. LB

DI=16720-14200 L= 12520 NN=8 W=33.0M=2MB=120 MC=1.15 MY=15.3 P=2948.T4
DI=14200-11520 L= 2680 NN=8 W=350M=2MB=1.20 MC=1.15MY="76 P=2715.94
DI=11520- 0 L=11520 NN=38 W=32.0 M=2 MB=1.18 MC=1.13 MY= 2.4 P=2483.00

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN. TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1. SHORT: 2..LONG: 3.. BUTTRESS
MB. MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE. AND YIELD
P. UNIT CASING PRICE........$/100FT

GRADE CODE:

NN 1= .. .H40 NN 2= ...J535 DN 3= K55 NN 4= ...C75 NN 3= ...L80

NN 6= ...N380 NN 7= ...C95 NN 3= ..Pl10 NN 9= ..V150 NN10= ...895

NN1i= .C'YS95  NNi2= .S105 NNI3=..580 NNl4= .S895 NNI5= .LSI10

NN16= .LS125  NNi17= L5140 NNI3= . . NN19= ..., NN20= ...
Solution:

The input and output data of the casing design is shown again in Table 5.20

The hand calculation (using the analytical solution equations) and the computer-
calculated pulling-out load agree within ~1.2%.

EXAMPLE 5-12: Two Horizontal Well Profiles: Single- and Double-
Build Types.

Again, using the computer program and the data in Table 4.5 on page 208, rework
the example problem on page 196 of Chapter 4 regarding a well with the same
trajectory as shown in Fig. 4.15, for which the maximum surface pulling load was
calculated using the analytical solution equations.

Solution:

The input and output data of the casing design is shown again in Tables 5.21 and
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Table 5.21: Single-build horizontal well profile (Example 5-12).

PRODUCTION CASING DESIGN
THE WELL DATA USED IN THIS PROGRAM WAS:

.TRUE VERTICAL DEPTH AT CASING SEAT= 5865. FT
.DENSITY OF THE MUD THE CASING IS SET IN =10.0 PPG
MINIMUM CASING STRING LENGTH= 2000. FT
DESIGN FACTOR: BUR=1.100; COL=1.125: B.YIELD=1.800
.DESIGN FACTOR FOR RUNNING LOADS=1.400
KICK OFF POINT= 3000. FT
MEASURED DEPTH AT END OF BUILD UP= 7500. FT
MEASURED DEPTH AT DROP OFF POINT=12500. FT
MEASURED DEPTH AT END OF DROP OFF =12500. FT
.TOTAL MEASURED DEPTH=12500. FT
BUILD UP RATE= 2.0 DEG/100FT
.DROP OFF RATE= 2.0 DEG/100FT
PSEUDO FRICTION FACTOR= .350 DIMENSIONLESS
BUOYANCY CONSIDERED ON STATIC LOADS
DESIGN METHOD: MINIMUM CQST

7" CASING PRICE LIST. FILE REF.: PRICE7.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=125820. U.S.DOLLARS
TOTAL STRING BUOYANT WEIGHT=114281. LB
PULLING OUT LOAD = 169839. LB

DI=12500- 0 L=12500 NN=10 W=23.0 M=3 MB=2.73 MC=1.85 MY= 5.5 P=1006.56

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT: 2..LONG; 3...BUTTRESS
MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST, COLLAPSE, AND YIELD
P, UNIT CASING PRICE........ $/100F T

GRADE CODE:

NN 1= ...H40 NN 2= ...J53 NN 3= .K55 NN4= ..C75 NN 5= ..Ls8o

NN 6= ...N8¢ NN 7= ...C95 NN 3= .P110 NN 9= VI50 NN10= ...595

NN11= CYS95 NNI12= .S105 NNI13= ..880 NN14= .8895 NNI15= LS110

NN16= .LS125 NNI17= LS140 NNI18= ... NN19= .. .. NN20= ...
5.22.

For the single-build horizontal well. the hand calculations (using the analytical so-
lution equations) agree within 10% compared to the computer-calculated pulling
out load. Use a pipe length of 30 ft instead of 40 ft.

For the double-build horizontal well, the hand calculations (using the analytical
solution equations) agree within -6.2% compared to the computer calculated
pulling out load. Enter -5 for the 5° build in the second section.

Supplementary Exercises

(1) Repeat Example 3-1 for an 3.000-ft deep well.

7

(2) What happens in Example 5-1 if the design factor for pipe body yield is 1.6 7
(3) What happens in Example 3-1 if the mud weight, while running casing, 1s 14
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Table 5.22: Double build horizontal well profile (Example 5-12).

PRODUCTION CASING DESIGN

THE WELL DATA USED IN THIS PROGRAM WAS:
.TRUE VERTICAL DEPTH AT CASING SEAT=11449. FT
-DENSITY OF THE MUD THE CASING IS SET IN =16.8 PPG
-MINIMUM CASING STRING LENGTH= 2500. FT
.DESIGN FACTOR: BUR=1.000; COL=1.125; B.YIELD=1.800
.DESIGN FACTOR FOR RUNNING LOADS=1.000
.KICK OFF POINT= 5000. FT
.MEASURED DEPTH AT END OF BUILD UP= 7000. FT
.MEASURED DEPTH AT START OF SECOND BUILD=12480. FT
-MEASURED DEPTH AT END OF SECOND BUILD=13480. FT
.TOTAL MEASURED DEPTH=16720. FT
.FIRST BUILD UP RATE= 2.0 DEG/100FT
.SECOND BUILD UP RATE= 5.0 DEG/100FT
.PSEUDO FRICTION FACTOR= .350 DIMENSIONLESS
.BUOYANCY CONSIDERED ON STATIC LOADS
DESIGN METHOD: MINIMUM COST

7" CASING PRICE LIST. FILE REF.: PRICE7.CPR
MAIN PROGRAM: CASING3D

TOTAL PRICE=366835. U.S.DOLLARS
TOTAL STRING BUOYANT WEIGHT=236684. LB
PULLING OUT LOAD = 336018. LB

DI=16720-12280 L= 4440 NN=12 W=32.0 M=2 MB=1.29 MC=1.13 MY=60.7 P=2484.98
DI=12280- 9760 L= 2520 NN=8 W=32.0 M=2 MB=1.49 MC=1.13 MY=15.1 P=2483.00
DI= 9760- 7240 L= 12520 NN=10 W=29.0M=2MB=1.16 MC=1.14 MY=69 P=213043
DI= 7240- 0 L= 7240 NN=10 W=26.0 M=2 MB=1.03 MC=1.20 MY= 25 P=1937.07

THE MEANING OF SYMBOLS:
DI, DEPTH INTERVAL (FT)
.L, LENGTH (FT)
NN, TYPE OF GRADE (SEE THE GRADE CODE BELOW)
W, UNIT WEIGHT (LB/FT)
M IS THE TYPE OF THREAD: 1..SHORT; 2..LONG; 3.. BUTTRESS
MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE, AND YIELD
P, UNIT CASING PRICE........$/100FT

GRADE CODE:

NN 1= .. H40 NN 2= ..J55 NN 3= .K55 NN4= ..C75 NN 5= .. L80
NN 6= ...N80 NN 7= ..C95 NN 8= .P110 NN 9= .V150 NNI10= ...895
NN11= .CYS95 NN12= ..5105 NN13= ..S80 NNI14= .8895 NN15= .LS110
NN16= .LS125 NNi7= .LS140 NN18= ...... NN19= ...... NN20= ...

Ib/gal 7

(4) Alter the program CSG3DAPI such that the largest number of casing sections
1s an entry to the problem. Hint: introduce a DO LOOP and alter the length of
the smallest casing section allowed.

(5) Using the data from Example 5-1 in addition to the minimum weight design
method and a maximum of two sections in the combination casing string run the
program developed in Exercise 4.

(6) Repeat Example 5-2 using loads with values of 5,500 psi for burst, 6,500 psi
for collapse and 950,000 lbf for tension.

(7) Using the Quick Design Chart of Fig. 5.2 and the data in Table 5.23, design
a combination casing string.

(8) Referring to the previous exercise, what would be the casing design if only
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Table 5.23: Data on an intermediate casing string to be designed.
9%—111. intermediate casing set at 6.700 ft.
Smallest casing section allowed: engineers’ decision.
Design factor for burst: 1.1.
Design factor for collapse: 1.15
Design factor for pipe body vield: 1.5
Production casing depth (next casing): 11.700 ft
Mud density while running casing: 11 1b/gal
Equivalent circulating density to fracture the casing shoe: 13.5 1b/gal
Heaviest mud to drill to target depth: 12.7 Ib/gal
Blowout preventer working pressure: 3.000 psi

(9) Using data from Table 5.23. design a combination casing string that has no
more than four sections. Use the minimum weight method. Compare the results
with Exercise 7. In addition. design a single-section string from surface to bottom.
and compare the results with those found in Exercise 8,

(10) Repeat exercise 8 using the minimum cost design method. Discuss the
difference between the two designs.

(11) Using the data from Table 5.23. plot the casing loads for collapse and burst.
On the plot. include the properties of the combination casing strings designed
Exercises 8. 9. and 10. Compare the results and the costs. Check for tension.
(Hint: Use Figs. 5.5 and 5.6 as a reference.)

(12) In Table 3.13. why is the minimum length of 2.520 ft not adequate for the 7-
in. casing? (Hint: Run the program using this length as the minimum allowable
casing section length.)

(13) A vertical well drilled to 7.500 {t is planned. The pore pressure and fracture
gradient predictions obtained from an offset well drilled nearby are shown in Fig.
5.13; the price of the casing is shown in Tables B.1. B.2 and B.3 (in Appendix B).
The BOP working pressure on the rig is 3.000 psi. and the trip margin is 0.4 ppg.
Disregard gas kick and find the casing setting depths for: {1) the 7-in. production
casing; (ii) the 93-in. intermediate casing: and (iii) the llig-in, surface casing.
Design each casing string assuming design factors for burst. collapse and vield of
1.1, 1.125, and 1.3. respectively. Make reasonable assumptions for any missing
data needed for the design.

(14) Repeat all casing depths and designs for Exercise 13 considering: (1) zero
volume kick of 0.5 ppg equivalent shut-in drillpipe pressure (SIDPP ) while drilling
at the production casing depth with a specific mud weight of 0.1 ppg over the
formation pressure equivalent density: and (ii) zero volume kick of 0.5 ppg SIDPP
over a specific mud weight of 0.4 ppg over the formation pressure equivalent
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specific weight just before setting the intermediate casing string.

8 Q 10 1 12 13 14 15 16
4]
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8
&
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Fig. 5.13: Pore pressures and fracture gradient predictions for Exercise 13.

(15) Repeat all casing depths and designs for Exercise 14 considering: (1) kick of
20-bbl equivalent shut-in drillpipe pressure (SIDPP) while drilling at the pro-
duction casing depth with a specific mud weight of 0.4 ppg over the formation
pressure equivalent specific weight (assume that methane gas is entering the mud
column as a single bubble): and (i) kick of 20-bbl SIDPP over a specifc mud
weight of 0.4 ppg over the formation pressure equivalent specific weight just be-
fore setting the intermediate casing string.

(16) Using an intermediate casing instead of a liner reconsider the solution for
the case of a 20-bbl kick at the production casing depth (Exercise 13).
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(17) Reconsidering the case of a 20-bbl gas kick at the production casing depth
(Exercise 15) design the intermediate and production casings for a “build and
hold™ directional well profile that kicks off at the surface casing setting depth
and has a buildup rate of 3°/100 ft up to a maximum inclination of 40°. The
true vertical depth is maintained at 7.500 ft. A 0.3 borehole friction factor is
estimated.
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Chapter 6

AN INTRODUCTION TO
CORROSION AND
PROTECTION OF CASING

Corrosion is defined as the chemical degradation of metals by reaction with the
environment. The destruction of metals by corrosion occurs either by direct
chemical attack at elevated temperatures (5004°F) in a dry environment or by
electrochemical processes at low temperature in a water-wet or moist environ-
ment.

Corrosion attacks casing during drilling and producing operations through elec-
trochemical processes in the presence of electrolvtes and corrosive agents 1m
drilling, completion, packer and production fluids.

6.1 CORROSION AGENTS IN DRILLING
AND PRODUCTION FLUIDS

The components present in fluids which promote the corrosion of casing in drilling
and producing operations are oxygen. carbon dioxide. hvdrogen sulfide. salts and
organic acids. Destruction of metals is influenced by various physical and chemical
factors which localize and increase corrosion damage.

The conditions which promote corrosion include:

e Energy differences in the form of stress gradients or chemical reactivities
across the metal surface in contact with a corrosive solution.

e Differences in concentration of salts or other corrodants in electrolytic so-
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lutions.

¢ Differences in the amount of solid or liquid deposits on the metal surface,
which are insoluble in the electrolytic solutions.

o Temperature gradients over the surface of the metal in contact with a cor-
rosive solution.

e Compositional differences in the metal surface.

Corrosion of metals continues provided electrically conductive metal and solu-
tion circuits are available to bring corrodants to the anodic and cathodic sites.
Four conditions must be present to complete the electrochemical reactions and
corrosion circuit:

1. Presence of a driving force or electrical potential. The difference in reaction
potentials at two sites on the metal surface must be sufficient to drive
electrons through the metal, surface films and liquid components of the
corrosion circuit.

2. Presence of an electrolyte. Corrosion occurs only when the circuit between
anodic and cathodic sites is completed by an electrolyte present in water.

3. Presence of both anodic and cathodic sites. Anodic and cathodic areas must
be present to support the simultaneous oxidation and reduction reactions
at the metal-liquid interface. Metal at the anode jonizes.

4. Presence of an external conductor. A complete electron electrolytic cir-
cuit between anodes and cathodes of the metal through the metal surface
fitms, surrounding environment and fluid-solid interfaces is necessary for
the continuance of corrosion.

In the environment surrounding the metal, the presence of water provides con-
ducting paths for both corrodants and corrosion products. The corrodant may be
a dissolved gas, liquid or solid. The corrosion products may be ions in solution,
which are removed from the metal surface, ions precipitated as various salts on
metal surfaces and hydrogen gas.

6.1.1 Electrochemical Corrosion

The conditions needed to promote many types of corrosion can be found in most
oil wells. The basic electrochemical reactions, which occur simultaneously at the
cathodic and anodic areas of metal and cause many forms of corrosion damage,
are as follows:
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1. At the cathode, the hydrogen (or acid) ion (H*) removes electrons from the
cathodic surfaces to form hydrogen gas (H,):

2e” +2HT — 2H® — H; {in acidic solution).

[f oxygen is present, electrons are removed from the metal by reduction of
oxygen:

4e” +0; +4H" — 2H,0 (in acidic solution)
4e” +2H,0+0-2 — 40H™ (in neutral or alkaline solution)

2. At the anode, a metal ion (e.g.. Fe?*) is released from its structural position
in the metal through the loss of the bonding electrons and passes into
solution in the water as soluble iron, or reacts with another component of
the environment to form scale. The principal reaction is:

Fe —2e” — Fe’t

Thermodynamic data indicates that the corrosion process in many environments
of interest should proceed at very high rates of reaction. Fortunately. experience
shows that the corrosion process behaves differently. Studies have shown that
as the process proceeds, an increase in concentration of the corrosion products
develops rapidly at the cathodic and anodic areas. These products at the metal
surfaces serve as barriers that tend to retard the corrosion rate. The reacting
components of the environment may be depleted locally. which further tends to
reduce the total corrosion rate.

The potential differences between the cathodic and anodic areas decrease as cor-
rosion proceeds. This reduction in potential difference between the electrodes
upon current flow is termed polarization. The potential of the anodic reaction
approaches that of the cathode and the potential of the cathodic reaction ap-
proaches that of the anode.

Electrode polarization by corrosion is caused by: changing the surface concentra-
tion of metal ions, adsorption of hydrogen at cathodic areas. discharge of hydroxyl
ions at anodes, or increasing the resistance of the electrolyte and films of metal-
reaction products on the metal surface. Changes (increase or decrease) in the
amount of these resistances by the introduction of materials or electrical energy
imto the system will change the corrosion currents and corrosion rate.

A practical method to control corrosion is through cathodic protection. whereby
polarization of the structure to be protected is accomplished by supplying an
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external current to the corroding metal. Polarization of the cathode is forced
beyond the corrosion potential. The effect of the external current is to eliminate
the potential differences between anodic and cathodic areas on the corroding
metal. Removal of the potential differences stops local corrosion action. Cathodic
protection operates most efficiently in systems under cathodic control. i.e.. where
cathodic reactions control the corrosion rate.

Materials may cause an increase in polarization and retard corrosion by absorbing
on the surface of the metals and thereby changing the nature of the surface. Such
materials act as inhibitors to the corrosion process. On the other hand. some
materials may reduce polarization and assist corrosion. These materials. called
depolarizers, either assist or replace the original reactions and prevent the buildup
of original reaction products.

Oxygen is the principal depolarizer which aids corrosion in the destruction of
metal. Oxygen tends to reduce the polarization or resistance. which normally
develops at the cathodic areas. with the accumulation of hvdrogen at these elec-
trodes. The cathodic reaction with hvdrogen ion is replaced by a reaction in
which electrons at the cathodic areas are removed by oxvgen and water to form
hydroxyl ions (OH™) or water:

0; +2H;0+4e” — 40H™ (in neutral and alkaline solutions)
0;+4H" +4e” — 2H,0 (in acid solutions)

Polarization of an electrode surface reduces the total current and corrosion rate.
Though the rate of metal loss is reduced by polarization. casing failures may
increase if incomplete polarization occurs at the anodes. For example. inadequate
anodic corrosion inhibitor will reduce the effective areas of the anodic surfaces
and thus localize the loss of metal at the remaining anodes. This will result in
severe pitting and the destruction of metal.

Resistances to the corrosion process generally do not develop to the same degree
at the anodic and cathodic areas. These resistances reduce the corrosion rate.
which is controlled by the slowest step in the corrosion process. Electrochemical
corrosion comprises a series of reactions and material transport to and from the
metal surfaces. Complete understanding of corrosion and corrosion control in a
particular environment requires knowledge of each reaction which occurs at the
anodic and cathodic areas.

Components of Electrochemical Corrosion

The various components which are involved in the process of corrosion of metal
are: the metal, the films of hydrogen gas and metal corrosion products. hquid
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and gaseous environment, and the several interfaces between these components.

Metal is a composite of atoms which are arranged in a symmetrical lattice strue-
ture. These atoms may be considered as particles which are held in an ordered
arrangement in a lattice structure by bonding electrons. These electrons. which
are in constant movement about the charged particles. move readily throughout
the lattice structure of metal when an electric potential is applied to the svstem.
If bonding electrons are removed from their orbit about the particle center. the
resulting cation will no longer be held in the metal’s cryvstalline structure and can
enter the electrolyte solution.

Electrochemical corrosion 1s simply the process of freeing these cations from their
organized lattice structure by the removal of the bonding electrons. Inasmuch as
certain of the lattice electrons move readily within the metal under the influence
of electrical potentials, the locations on the surface of the metal from which the
cations escape and the locations from which the electrons are removed from the
metal need not be and generally are not the same. Corrosion will not occur unless
electrons are removed from some portion of the metal structure.

All metals are polycrystalline with each crvstal having a random orientation with
respect to the next crystal. The metal atoms in each crystal are oriented n
a crystal lattice in a consistent pattern. The pattern gives rise to differences
in spacing and, therefore. differences in cohesive energy between the particles.
which may cause preferred corrosion attack. At the crystal boundaries the lattices
are distorted, giving rise to preferred corrosion attack. In the manufacture and
processing of metals. in order to gain desirable physical properties. both the
composition and shape of the crystals may be made non-uniform. distorted or
preferably oriented.

This may increase the susceptibility of the metal to corrosion attack. Undistorted
single crystals of metals experience comparatively little or no corrosion under
the same conditions which may destrov commercial pieces of the same metal.
Compositional changes in metal alloy crystals and crystal boundaries. which are
present 1 steels and alloys. can promote highly localized corrosion.

Chemistry of Corrosion and Electromotive Force Series

Oxidation takes place when a given substance loses electrons or share of its elec-
trons. On the other hand, reduction occurs when there is a gain in electrons by a
substance. A substance that yields electrons to something else is called a reducing
agent, whereas the substance which gains electrons is termed an oxidizing agent.
Thus, electrons are always transferred from the reducing agent to the oxidizmg
agent. In the example below. two electrons are transferred from metallic iron to
cupric ion:

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR2023:0131 g’sepwarg?gzg:glj



320

Table 6.1: Electromotive force series

Electrode reaction Standard electrode potential.
E® in Volts, 25°C

Li = Lit + e~ +3.05
K =Kt +e- +2.922
Ca = Ca’t + 2e- +2.87
Na = Nat + e +2.712
Mg = Mg?*™ + 2e” +2.375
Be = Be?t 4 2e~ +1.85
Al = APPY + 3e” +1.67
Mn = Mn?* + 2e- +1.029
7n = Zn*t 4 2e~ +0.762
Cr = Cr*t + 3e” +0.74
Ga = Ga*t + e +0.53
Fe = Fe?t + 2e~ +0.440
Cd = Cd*t 4 2e- +0.102
In = In®t + 3e~ +0.340
Tl = TI* + e +0.336
Co = Co®t + 2e~ +0.277
Ni = Ni** + 2e- +0.250
Sn = Sn®* 4 2e- +0.136
Pb = Pb?* + 2e- +0.126
Hy, = 2H* + 2e~ 0.000
Cu = Cu?* + 2e- - 0.343
Cu = Cut + e~ - 0.522
2Hg = Hgit + 2e” ~0.789
Ag = Ag* + e~ - 0.800
Pd = Pd** + 2e~ - 0.987
Hg = Hg®* + 2e” - 0.854
Pt = Pt + 2e” ca. - 1.2
Au = At 4+ e - 1.50
Au = Aut + e - 1.68
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Fe? + Cu* —  Fet 4 Cu®
metallic cupric ferrous metallic
iron ion ion copper

The emf (electromotive force) series is presented in Table 6.1; potentials given are
those between the elements in their standard state at 25°C and their ions at unit
activity in the solution at 25°C. A plus sign (+) for E° shows that. for the above
conditions, the reduced form of the reactant is a better reducing agent than H,.
On the other hand, a negative (-} sign indicates that the oxidized form of the
reactant is better oxidizing agent than HY. Thus. in general, any ion is better
oxidizing agent than the ions above it.

Actual Electrode Potentials

In the emf series, each metal will reduce (or displace from solution) the ion of any
metal below it in the series, providing all of the materials have unit activities.
The activity of a pure metal in contact with a solution does not change with the
environment. The activity of an ion, however. changes with concentration and
the activity of a gas changes with partial pressure.

An electrode reaction, in which a metal M is oxidized to its ion M"*, liberating
n electrons, may be represented by the relation: M = M"* 4 ne~. The actual
electrode potential of this reaction may be calculated from the standard electrode
potential by the use of the following expression:

RT

— Jo° _ n+
E=E -~ (M)
where:

E = actual electrode potential at the given concentration (Volts).
E° = standard electrode potential {Volts).

R = universal gas constant; 8.315 Volt Coulombs/°K.

T = absolute temperature (°K).

n = number of electrons transferred.

F = the Faraday, 96,500 Coulombs.

M™ = concentration of metal ions.

At 25°C (298°K), the formula becomes:

— 0.0i915 ogao ()

The actual electrode potential for a given environment may be computed from
the above relation. Table 6.2 shows how the actual electrode potentials of iron
and cadmium vary with change in concentration of the ions.
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Table 6.2: Variation in actual electrode potentials of iron and cadmium
with change in concentration of ions.

Reaction Activity (moles/kg water)
1 0.1 0.01 0.001
Actual electrode potential (Volts)
Fe = Fe’* + 2e= 40440 40470 +0.499 +0.529
Cd = Cd* + 2e” +0.402 40431 40461 +0.490

[t is apparent from Table 6.2 that iron will reduce cadmium when their ion
concentrations are equal. but the reverse holds true when the concentration of
cadmium ion becomes sufficiently lower than that of the ferrous ion.

[t is well to note that the standard electrode potentials are a part of the more
general standard oxidation-reduction potentials. Textbooks on physical chemistry
also contain a general expression for calculating the actual oxidation-reduction
potential from the standard oxidation-reduction potential.

Galvanic Series

Dissimilar metals exposed to electrolytes exhibit different potentials or tendencies
to go into solution or react with the environment. This behavior 1s recorded in
tabulations in which metals and alloys are histed in order of increasing resistance
to corrosion in a particular environment. Coupling of dissimilar metals in an
electrolyte will cause destruction of the more reactive metal. which acts as an
anode and provides protection for the less reactive metal. which acts as a cathode.

6.2 CORROSION OF STEEL

In most corrosion problems. the important differences in reaction potentials are
not those between dissimilar metals but those which exist between separate areas
interspersed over all the surface of a single metal. These potential differences
result from local chemical or physical differences within or on the metal. such
as variations in grain structure, stresses and scale. inclusions 1 the metal. grain
boundaries, scratches or other surface conditions. Steel is an allov of pure iron and
small amounts of carbon present as Fe;C with trace amounts of other elements.
[ron carbide (FezC) is cathodic with respect to iron.

[nasmuch as in typical corrosion of steel anodic and cathodic areas lie side by side
on the metal surface, in effect it is covered with both positive and negative sites.
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During corrosion, the anodes and cathodes of metals may interchange frequently.

6.2.1 Types of Corrosion

Numerous types of steel destruction can result from the corrosion process. which
are listed under the following classes of corrosion:

I. Uniform attack. The entire area of the metal corrodes uniformly resulting
in thinning of the metal. This often occurs to drillpipe, but usually is the
least damaging of different types of corrosive attacks. Uniform rusting of
iron and tarnishing of silver are examples of this form of corrosion attack.

o

Crevice corrosion. This is an example of Jocalized attack in the shielded
areas of metal assemblies. such as pipes and collars. rod pins and boxes.
tubing and drillpipe joints. Crevice corrosion is caused by concentration
differences of a corrodant over a metal surface. Electrochemical potential
differences result in selective crevice or pitting corrosion attack.

Oxygen dissolved in drilling fluid promotes crevice and pitting attack of
metal in the shielded areas of a drillstring and is the common cause of
washouts and destruction under rubber pipe protectors.

3. Pitting corrosion. Pitting is often localized in a crevice but can also occur
on clean metal surfaces in a corrosive environment. An example of this
type of corrosion attack is the corrosion of steel in high-velocity sea water.
low-pH aerated brines, or drilling fluids. Upon formation of a pit. corrosion
continues as in a crevice but. usually. at an accelerated rate.

4. Galvanic or two-metal corrosion. (Galvanic corrosion may occur when two
different metals are in contact in a corrosive environment. The attack is
usually localized near the point of contact.

5. Intergranular corrosion. Metal is preferentially attacked along the grain
boundaries. Improper heat treatment of allovs or high-temperature expo-
sure may cause precipitation of materials or non-homogeneity of the metal
structure at the grain boundaries. which results in preferential attack.

Weld decay 1s a form of intergranular attack. The attack occurs in a narrow
band on each side of the weld owing to sensitizing or changes in the gramn
structure due to welding. Appropriate heat treating or metal selection can
prevent the weld decay.

Ring worm corrosion is a selective attack which forms a groove around the
pipe near the box or the external upset end. This type of selective attack
is avoided by annealing the entire pipe after the upset is formed.
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6. Selective leaching. One component of an alloy is removed by the corrosion
process. An example of this type of corrosion is the selective corrosion of
zinc in brass.

7. Erosion-corrosion. The combination of erosion and corrosion results in se-
vere localized attack of metal. Damage appears as a smooth groove or hole
in the metal, such as in a washout of the drillpipe, casing or tubing. The
washout is initiated by pitting in a crevice which penetrates the steel. The
erosion-corrosion process completes the metal destruction.

The erosion process removes protective films from the metal and exposes
clean metal surface to the corrosive environment. This accelerates the cor-
rosion process.

Impingement attack is a form of erosion-corrosion process, which occurs
after the breakdown of protective films. High velocities and presence of
abrasive suspended material and the corrodants in drilling and produced
fluids contribute to this destructive process.

The combination of wear and corrosion may also remove protective surface
films and accelerate localized attack by corrosion. This form of corrosion is
often overlooked or recognized as being due to wear. The use of inhibitors
can often control this form of metal destruction. For example, inhibitors
are used extensively for protection of downhole pumping equipment in oil
wells.

8. Cavitation corrosion. Cavitation damage results in a sponge-like appear-
ance with deep pits in the metal surface. The destruction may be caused
by purely mechanical effects in which pulsating pressures cause vaporiza-
tion and formation and collapse of the bubbles at the metal surface. The
mechanical working of the metal surface causes destruction. which is ampli-
fied in a corrosive environment. This type of corrosion attack. examples of
which are found in pumps, may be prevented by increasing the suction head
on the pumping equipment. A net positive suction head should always be
maintained not only to prevent cavitation damage, but also to prevent pos-
sible suction of air into the flow stream. The latter can aggravate corrosion
Il many environments.

9. Corrosion due to variation in fluid flow. Velocity differences and turbulence
of fluid flow over the metal surface cause localized corrosion. In addition
to the combined effects of erosion and corrosion, variation in fluid flow can
cause differences in concentrations of corrodants and depolarizers, which
may result in selective attack of metals. For example, selective attack of
metal occurs under the areas which are shielded by deposits from corrosion,
l.e,, scale, wax, bacteria and sediments. in pipeline and vessels.

10. Stress corrosion. The term stress corrosion includes the combined effects
of stress and corrosion on the behavior of metals. An example of stress
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corrosion is that local action cells are developed due to the residual stresses
induced in the metal and adjacent unstressed metal in the pipe. Stressed
metal is anodic and unstressed metal is cathodic. The degree to which these
stresses are induced in pipes varies with the metallurgical properties and
the cold work caused by the weight of the pipe, effects of slips, notch effects
at tool joints and the presence of H,S gas. In the oil fields, H,S-induced
stress corrosion has been instrumental in bringing about sudden failure of

pipes.

In the absence of sulphide, hydrogen collects in the presence of the pipe
as a film of atomic hydrogen which quickly combines with itself to form
molecular hydrogen gas (H;). The hydrogen gas molecules are too large to
enter the steel and, therefore, usually bubble off harmlessly.

In the presence of sulphide, however, hydrogen gradient into the steel is
greatly increased. The sulphide and higher concentration of hydrogen atoms
work together to maximize the number of hydrogen atoms that enter the
steel. Once in the steel, atomic hydrogen tries to accumulate to form molec-
ular hydrogen which results in high stress in the metal. This is known as
hydrogen-induced stress. Presence of atomic hydrogen in steel reduces the
ductility of the steel and causes it to break in a brittle manner.

The amount of atomic hydrogen required to initiate sulphide stress cracking
appears to be small, possibly as low as 1 ppm. but sufficient hydrogen
must be available to establish a differential gradient required to initiate and
propagate a crack. Laboratory tests suggest that H,S concentrations as low
as 1-3 ppm can produce cracking of highly-stressed and high~strength steels

(Wilhelm and Kane, 1987).

Although stress-corrosion cracking can occur in most alloys. the corrodants which
promote stress cracking may differ and be few in number for each alloy. Cracking
can occur In both acidic and alkaline environments, usually in the presence of
chlorides and/or oxygen.

6.2.2 External Casing Corrosion

The external casing corrosion may be caused by one or a combination of the
following:

o Corrosive formation water (having high salinity).
e Bacterially-generated H,S.
¢ Electrical currents.
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Fig. 6.1: Casing potential profile test equipment and example of plotting data.
(After Jones, 1983, p.66. fig 1.8-2: courtesy of OGCI Publications. Tulsa. OK.)

o Corrosive completion fluids.

¢ Movements along faults which cross the borehole (this gives rise to weak.
damaged steel zones susceptible to corrosion).

Electrolytic corrosion is the main source of casing corrosion. The current flow
may originate from either potential gradients between the formations traversed
by the casing and between the well casing and long flowlines (> 1 V). or it may
enter from the electrical grounding systems and connecting flowlines.

The origin of stray currents is not easy to determine. The use of a voltmeter
across an open flowline-to-wellhead flange. however. will show whether or not

the electrical current is entering the well. i.e.. whether or not electrons are leaving
the casing.

6.2.3 Corrosion Inspection Tools

A variety of tools and interpretation techniques are emploved to monitor corrosion
because a large amount of information is required for interpretation from both
single and multiple casing. Four types of tools are considered here (Watfa. 1989):

L. Electromagnetic casing corrosion detection.
2. Multifinger caliper tool (mechanical).
HALLIBURTON EXHIBIT 2008

Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR2023:0131 g’sepwarg?gzg42



327

3. Acoustic tool.

4. Casing potential profile tool.

The Electromagnetic Corrosion Detection

In essence these tools consist of a number of electromagnetic flux transmitters
and receivers that are linked by the casing string(s) in much the same way as the
core 1n a transformer links the primary and secondary coils.

For a qualitative measure of the average circumferential thickness of multiple cas-
ings (Watfa, 1989), the phase shift between the transmitted and received signals
is measured. The phase shift related to the thickness of the casing is as follows:

o = 2rt\Juof
where:
t = combined thickness of all casings.
o = combined conductivity of all casings.
¢ = combined magnetic permeability of all casings.
f = tool frequency.

By increasing f, the depth of investigation can be reduced to include only the
inner casing and values of ¢ and p can be determined. Increasing f still further
provides an accurate measure of the ID of the inner casing string. All three
measurements can be made simultaneously to provide an overall view of material
losses.

For a more detailed analysis of the inner casing string a multi-armed. pad too)
can be used which generates a localized flux in the inner wall of the casing by
means of a central. high-frequency. pad-mounted signal coil. Flux distortions
measured at the two adjacent receiver or ‘measure’ coils. are indicative of inner
pipe corrosion.

In a second measurement, electromagnets located on the main tool body generate
a flux in the inner casing. Again. the presence of corrosion will induce a flux
leakage, which 1s measured by the two measure coils. This measure is a qualitative
evaluation of total inner casing corrosion.

Multi-Finger Caliper Tool

The multi-finger caliper tool consists of a cluster of mechanical feelers that are
distributed evenly around the tool. Each of these feelers gives an independent
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Fig. 6.2: Typical installation of galvanic anodes. (After NACE. Houston, TX,
Control of Pipeline Corrosion, fig. 3-6.)

measurement of the radius. The small size of feelers allows small anomalies in
the inner casing wall to be detected and measured. The multi-finger caliper gives
an accurate construction of the changes in the internal diameter of the casings.

Acoustic Tool

The acoustic tool consists of eight high-frequency ultra-sonic transducers. The
transducers act as receiver and transmitter, and two measurements are obtained
from each transducer. These measurements are: internal diameter, which is mea-
sured from the time interval of signal emission to the echo return, and the internal
casing thickness.

Casing Potential Profile Curves

Corrosion damage to the casing can be detected easily using the casing potential
profile tool. This tool measures the voltage drop (IR drop) across a length of
casing (e.g., 25-ft) between two contact knives (see Fig. 6.1).

Logging (from bottom to the top) is done at intervals equal to the spacing of
the knife contractors. Voltage (IR) drops are then plotted versus depth (casing
potential profile). As shown in Fig. 6.1. readings on the left (-) side of zero
indicate that current flows down the pipe. whereas positive values (+) show that
flow is upward. Consequently, the curve sloping to the left from bottom indicates
corroding zone (anode), where electrons are leaving the casing.
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6.3 PROTECTION OF CASING FROM
CORROSION

Casing can be protected by one or a combination of the following:

¢ Using wellhead insulator (electrical insulation of well casing from the flow-
line).

e Cementation (placement of a uniform cement sheath around casing).

Placing completion fluids around casing which has not been cemented (these
fluids should be oxygen-free. high-pH and thixotropic).

Cathodic protection.

Steel grades.

6.3.1 Wellhead Insulation

Use of electrical insulation stops current flow down the casing from the surface
and reduces both internal and external casing corrosion. Dielectric insulation
materials for both screw and flange joints are commonly used to insulate casing
from flowlines. Insulation of wells by connecting them to a single battery is often
recommended. It should be noted that when the flowline is at high potential
due to cathodic protection, it may induce interference corrosion. In this case.
the insulating joints may be partially shunted or wellhead potential i1s elevated
by attaching a sacrificial anode (see Fig. 6.2). Heat resistant material should be
selected for hot, high-pressure wells to prevent failure of insulation materials.

6.3.2 Casing Cementing

In addition to wellhead insulation. the best available procedure of reducing casing
failure due to external corrosion is the placement of a uniform cement sheath op-
posite all corrosive formations, e.g.. chlorine- and sulphur-rich formation waters.
Diffusional supply of chlorine and sulphate ions to the interface of the casing can
be inhibited by reducing porosity and permeability of the cement sheath. Most
API oilwell cements contain tricalcium alumina. which forms complex salts of
calcium chloroaluminate upon contact with chlorine ions, and calcium sulphoalu-
mina hydrates upon contact with sulphate ions. Both of these reaction products
lead to the formation of porous and permeable set cement. Upon long exposure
(2-5 years) to these environments, the cement matrix begins to deteriorate and
ultimately collapses leaving the casing without any protection (Rahman. 1983).
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Full-length cementing of surface casing and production casing is recommended
for deep wells. Pozzolan blended ASTM tvpe I cement {API Class B or ('), which
is resistant to chlorine and sulphate attack and at the same time develops strong
cement matrix. should be used. Additives such as fuel ash. blast furnace slag or
silica flour is added to the cement to improve its properties (porosity. permeability
and strength).

6.3.3 Completion Fluids

Casing that is not cemented should be protected by oxvgen-free. high-pH and
thixotropic completion fluid. Residual dissolved oxvegen initiates corrosion pit-
ting and promotes subsequent bacterial growth. Oxvgen contained in most com-
pletion fluids is best controlled by chemical conversion to a harmless reaction
product. Common scavengers used to remove oxvgen are zinc-phosphate and
zinc-chromate. These inhibitors are used at concentrations of 300-800 mg/l. Low
pH values, on the other hand increase hydrogen availability i fluids which initi-
ates hydrogen-induced stress cracking. Completion fluids should be thixotropic
in order to suspend solids and maintain the required hydrostatic head of the fluid
column. This reduces the stresses on casing due to collapse and buckling loads.

As discussed earlier. both hydrogen and sulphide components of hydrogen sul-
phide are instrumental in bringing about sudden failures in casings. Hydrogen
sulphide may enter the completion fluid from formations that contain H,S. or
originate from bacterial action on sulphur compounds comimonly present in comn-
pletion fluids. from thermal degradation of sulphur-containing fluid additives.
from chemical reactions with tool joint thread lubricants that contain sulphur.
and from thermal degradation of organic additives.

scavengers and film-forming organic inhibitors are utilized in the treatment of
water-based completion fluids. Common mhibitors used to remove H,S from
completion fluid are iron sponge. zinc oxide and zinc carbonate and sodium or
potassium chromate. Iron sponge is a highly porous synthetic oxide of iron and
reacts with H,S to form iron sulphite. whereas zinc oxide and zinc carbonate
remove H,S by forming precipitates of sulphide. whereas chromates remove H,5
by oxidation process.

Film-forming organic inhibitors have been found very effective in protecting cas-
ing from contaminants. They are tvpically oily liquid or wax-like solids with
large chains or rings with positively-charged amine nitrogen group on one end.
Their structure can be represented as follows:

R.NH, R,.NH R, N [R,N]*
Primary Secondary Tertiary Quaternary

where:
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Fig. 6.3: Diagram illustrating the theory of cathodic protection. I” = current
required to produce complete cathodic protection. Current must exceed equilib-
rium corrosion current, I, to provide any protection. Corrosion will cease when
the flow of cathodic current (/") increases cathodic polarization to the open cir-
cuit potential (£ 4) of the anode as shown at point A.

R represents the hydrocarbon chain or ring portions of the molecule.

In water, the amine groups take on an additional hydrogen that gives them a net
positive-charge. Thus, the polar amine groups are adsorbed to the casing and
the hydrocarbon portion forms an oily. water-repellent surface film. The amine
inhibitors actually work best where H,S is present and O, is absent. because they
can react with H,S to form a complex compound which helps to build a protective
film. (For details see Jones, 1938.)

6.3.4 Cathodic Protection of Casing

(Cathodic protection Is used in mauny oilfields to protect the casing against external
corrosion. Corrosion occurs at the anode. as electrons leave the anodic areas and
move towards the cathodic areas. If electrons are forced into the anodic areas.
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corroston will not occur.

The first step in the control of external casing corrosion is to provide a complete
cement sheath and bond between the pipe and the formation over all external
areas of the casing strings as discussed previously.

Cathodic protection involves supplying electrons to the metal to make the poten-
tial more negative. Complete protection is achieved when all the surface area of
the metal acts as a cathode in the particular environment.

The increase in electronegative potential can be achieved by use of sacrificial an-
odes (magnesium, aluminium and zinc) or by an impressed direct current. The
potentials required for protection differ with the environment and the electro-
chemical reactions which are involved. For example. Blaunt {1970) noted that
iron corroding in neutral aerated soil has a reduction potential of 0.379 V. The
potential is limited by the activity and solubility of ferrous hydroxide. If iron is
exposed to H,S in oxygen-free environment. the potential is increased to 0.712 V
and is controlled by the solubility of ferrous sulfide.

Measurements of potential are made by use of reference half cells. The copper-
copper sulfate half cell is widely used for potential measurements of pipe in soils.
The criteria for protection of iron with this half cell is —0.85 V m aerated soil
and - 0.98 V in an H,S system.

The theory of cathodic protection is illustrated in Fig. 6.3. As shown i Fig. 6.3,
the polarization of cathodic areas of steel must be extended until the potential
E. of the cathodic surfaces reaches the potential E, of the anodic surfaces. The
current which is applied in cathodic protection (/") must exceed the equilibrium
corrosion current ({') of the metal in its corrosive environment without cathodic
protection.

The two types of cathodic protection most commonly used are: galvanic and
impressed-current. When anodes (e.g.. aluminium) are electrically coupled to
steel (immersed in the same electrolyte), cathodic-protection current is gener-
ated. As a result of oxidation of aluminium. electrons are forced into the steel.
because electrochemical potential of aluminium is higher than that of steel (see
electromotive force series, Table 6.1). Inasmuch as aluminium is consumed in the
process, 1t 1s called a “sacrificial anode”.

In the case of the impressed-current cathodic-protection. rectifiers are used to
convert alternating current to direct current. The negative side of the direct
current is connected to the casing. whereas the positive side 1s connected to the
buried anodes. The anode material in this case is essentially inert (see Fig. 6.4).

Interference bond on an insulating flange at a cathodically protected casing is
shown in Fig. 6.5. In the absence of bond, the interference current on the
electrically isolated flowline would leave through the soil at point A, causing
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Fig. 6.4: Deep well groundbed design using anode and carbonaceous backfill in
open hole. (Courtesy of NACE, Houston. TX. Control of Pipeline Corrosion. fig.
8-12.) Can be used for either a pipeline or casing.
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Fig. 6.5: Adjustable interference bond across an insulating (isolating), flange
connecting a buried flowline to the cathodically-protected casing. (After Jones.

1988, p. 34, fig. 1.4-6; Courtesy of the OGCI Publications. Tulsa, OK.)
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corrosion of the flowline (Jones. 1933).

As shown in Fig. 6.5. the insulating flange electrically isolates the casing from the
surface equipment. This confines the cathodic protection current to the casing.

6.3.5 Steel Grades

Past experience suggests that susceptibility to stress corrosion cracking of high
strength steel is large. In order to avoid stress corrosion cracking. a variety
of materials have been introduced to oil field tubing. They include: marten-
sitic stainless steel, austenitic-ferrite stainless steel. high allov austenitic stainless
steel, nickel base alloys and titanium allovs. Chromium-containing martensitic
stainless steel has also been used because of its resistance to corrosion n car-
bon dioxide environments. A stainless steel with 9%-12% chromium can obtain
a high level of corrosion resistance. Recently. these grades of casing and tubing
have been offered with an AISI 420 composition (13% chromium) and 20.000
pst minimum yield strength. Experience with these materials have been good

(Wilhelm and Kane, 1937).

According to API classification casing grades. which have been found realistically
applicable to oil field condition where H,S is present and ambient temperatures
are encountered, are: J-33. C-15. N-30. MOD (modified) N-30. SIOQ-95. and P -
110 (Kane and Greer, 1977). Susceptibility to stress cracking decreases as the
temperature increases. Hence as the temperature increases with increase in depth
higher strength steel grade can be utilized. e.g.. SOO-110. Field experience also
suggests that large concentration of H,S affects P-110 casings. (For details see
Jones, 1983.)

6.3.6 Casing Leaks

In repairing the casing leaks. one can either (1) isolate the leak with a packer
(inexpensive) or (2) replace the casing (very expensive). Casing leaks can cause
loss of production and, possibly. eventual loss of a well. The log of cumulative
leaks is often a linear function of time (Fig. 6.6). The curve is often an approxi-
mate one, because in many cases casing leaks can go undetected for long time. In
many cases, however, the extrapolation of the leak-frequency versus time curve is
surprisingly accurate and can aid in an economic analvsis (feasibility of cathodic
protection).
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Fig. 6.6: Leak frequency, Clairmont Field. Kent County. TX. (After Kirklen.
1973, fig. 4; courtesy of the SPE.)
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Appendix A

NOMENCLATURE
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ll

fl

thermal diffusivity of formation.

area corresponding to internal area. in.
area under last perfect thread. in.?
internal area of the lower section of the pipe at depth Dy 4. in.2.
area corresponding to external area. in.?

pipe cross-sectional area, in.?

area steel in coupling, in.?

A, = area of steel in pipe body. in.
cross-sectional area of the pipe at depth r, in.?

internal area of the upper section of pipe at depth Day,. in.?
buoyancy factor, Ibf.

radial clearance, in.

cost, USS$.

clinging constant.

accumulated total return. minimal cost of n

sections of casing for each load. F,. USS.

correction factor for contact surface between

pipe and borehole.

return function, total cost of n unit

sections of casing, USS.

internal diameter of the joint under the last

perfect thread, in.

diameter at the root of the coupling thread

of the pipe in the powertight position for AP] Round

thread casing and tubing. in.

2

2

outside diameter of coupling, in.
outside diameter of the coupling. in.
internal diameter, in.

internal diameter of the joint. in.
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I

il

il

Il

Il

external diameter of the joint. in.

outside diameter. in.

external diameter of the pin under the last
perfect thread. in.

diameter of the wellbore. in.

vertical depth, ft.

depth where normal pressure zone ends. ft.
setting depth of intermediate casing. ft.

setting depth of surface casing. ft.

true vertical depth of dropoft point. ft.

true vertical depth of end of build, ft.

true vertical depth of end of dropoff. ft.

true vertical depth of kickoff point. ft.

true vertical total depth. ft.

depth of the top of cement. ft.

depth of change in pipe cross-section A, of the pipe. ft.
modulus of elasticity. 30 x 10° psi.

Young’s Modulus of cement sheath. psi.

reduced modulus, psi.

tangent modulus - localised slope of stress-strain curve in
the elastoplastic transition range of material, psi.
flow friction factor.

borehole friction factor.

transient heat conduction factor.

axial force, Ibf.

total tensile failure load with bending ©. 1bf.
axial force - homogeneous solution. Ibf.

axial force - particular solution. Ibf.

total effective axial force, Ibi.

tensional force for joint failure. Ibf,

welght of string in air. 1bf.

piston force, 1bf.

force applied at surface. Ibf.

total tensile load at fracture. Ibf.

axial force arising from a change in temperature. Ibf.
weight of casing string carried by the joint above the TOC, Ibf.
axial force at a; - equivalent to F,_,. lbf.

axial force at a; - equivalent to F_,. Ibf.
bending force. Ibf.

buoyant force acting at the casing shoe. Ibf.
vertical projected buovant weight of pipe. Ibf.
buckling force, Ibf.

critical buckling force. lbf.
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Fy,, = vertical component of bouyant force, 1bf.

drag force, 1bf.

S
I

Fy = hook load, 1bf.
F, = normal force, 1bf.
F, = radial force, Ibf.
F,, = radial and tangential force at any depth x, Ibf.
F, = shock load, Ibf.
Fs,... = peak shock load, Ibf.
F, = tangential force, Ibf,
F,4 = hydrodynamic viscous drag force, 1bf.
F, = f{orce exerted by the borehole wall at the couplings, 1b{.
g = gravity force, ft/s?.
G = b,
T
G,.. = pressure gradient of cement slurry, psi/ft.
G,, = formation fluid gradient at depth H;, psi/it.
G,, = pressure gradient of gas, psi/ft.
G, = pressure gradient of fluid in the casing, psi/ft.
G,,. = pressure gradient of mud, psi/ft.
G,, = pressure gradient of fluid in the annulus
at r,,, psi/ft.
h, = distance between top of fluid and surface (Collapse), ft.
h, = gas interval between bottom of fluid and formation
fracture, ft.
hyi = gas interval between casing seat and top of gas
column, ft.
hm, = distance between shoe and fluid top (Collapse), ft.
hn, = distance between fluid top and formation
fracture {Collapse), ft.
H,; = enthalpy of steam, Btu/lbm.
H, = -enthalpy of water, Btu/lbm.
I = moment of inertia, in.*
J = distance between the end of the pipe and center of
the coupling in the power tight position, in.
k. = thermal conductivity of casing, Btu/hr ft °F.
ke = thermal conductivity of the formation, Btu/hr ft °F.
kins = thermal conductivity of insulating material. Btu/hr ft °F.
k; = thermal conductivity of ‘;’th completion element, Btu/hr ft °F.
kw = thermal conductivity of tubing, Btu/hr ft °F.
K = Power Law parameter.
Kp = buildup constant.
K* = collapse coeflicient (Sturm).
Kp = dropoft constant.
K, = reinforcement factor.

HALLIBURTON EXHIBIT 2008
Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.
This book belongs to Robert Durham (rdurham@thewaylabs.com) IPR2023:0131 g’sepwarg?gzgf)g



Peh
Pec
Dee
Peep
Per
Pet,
pct,

pcyl

pcyz

This book belongs to Robert Durham (rdurham@thewaylabs.com)

If

Il

If

Il

constants in the Lamé equations.

length of pipe, ft.

length of joint, ft.

length of casing with coupling. ft.

measured depth. ft.

measured depth of dropofl point. ft.

measured depth of end of build, ft.

measured depth of end of dropoff, ft.

measured depth of kickoff point, ft.

measured total depth. ft.

length of the test specimen, in.

length of engaged thread. in.

coupling length, in.

make-up loss, in.

mass of pipe of length V{2, Ibm.

mass flow rate of the fluids (steam & water), Ibm/s.
bending moment, ft-1bf.

bending moment at any section of ring caused by
external pressure p,, ft-1bf.

Power Law parameter.

Reynolds number.

number of different casings of unit weight.

burst pressure rating of material (Barlow), psi.

burst pressure rating of material defined by the API. psi.
collapse pressure for stresses above the elastic

limit (Sturm), psi.

burst pressure rating corrected for biaxial or triaxial
stress, psi,

collapse pressure rating for biaxial stress (API Bul. 5C3,
1939), psi.

collapse pressure in the elastic range (Bresse). psi.
collapse resistance of the composite pipe body, psi.
critical value for external pressure for collapse

of ring, psi.

critical external pressure for collapse in the
transition range based on F,. the tangent modulus. psi.
critical external pressure for collapse in the
transition range based on £,. the reduced modulus, psi.
critical collapse pressure for onset of internal

yield in ideally plastic material (Lamé). psi.

critical collapse pressure for onset of internal yield in
casing (Barlow), psi.

collapse resistance of the inside pipe. psi.
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De, collapse resistance of the outside pipe, psi.
Pp,,, = internal pressure at depth Dy, psi.
De collapse pressure in the elastic range for £ = 30 x10° psi
and v = 0.3 (API), psi.
pe = collapse pressure in the upper elastic range
(API) from Clinedinst. psi.
p; = Internal pressure, psi.
pi;, = internal pressure at r; . psi.
pi, = internal pressure of 2nd string (composite casing) at
Tiys DS
P kick-imposed pressure at depth D, psi.
po = external pressure, psi .
Po., = external pressure equivalent. psi.
Po, = external pressure at r, , psi.
Do, = external pressure of 2nd string (composite casing) at rg,.
Dp.. = average collapse strength in plastic range (API). psi.
Pomn = minimum plastic collapse strength (API), psi.
ps, = change in surface pressure inside pipe, psi.
ps, = change in surface pressure outside pipe. psi.
p; = transition collapse pressure (API). psi.
p, = collapse pressure in the vield range (API). psi.
P = (distributed price, US$/100ft.
Pg = potential energy.
Pp, = distributed price of the W, ;. of casing. US%/1001ft.
Pw. = distributed price of the cheapest casing within m. USS/100 ft.
gse = steam quality.

(l

heat flow, Btu/hr.

heat transfer coefficient (natural convection and
conduction), Btu/hr.

heat transfer coefficient (radiation), Btu/hr.
radius of ring prior to deformation.

r. = radial clearance between hole and casing. in.
r; = Internal radius of casing, in.
r;, = internal radius of innermost string, in.
ri, = Internal radius of 2nd or outer string in composite
casing = outside radius of cement, 1n.
r, = external radius of casing, in.
To, external radius of innermost casing = internal radius
of cement in composite casing. in.
Ta, outside radius of 2nd or outer string of composite casing, n.
rw, = inside radius of tubing, in.
rw, = outside radius of tubing. in.
R = radius of curvature, ft.
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R(l) = hole curvature after drilling, ft.
SF = safety factor.
SM = safety margin.
t = wall thickness, in.
T, = bottom hole temperature, °F.
T., = temperature of inside of casing, °F.
T.., = temperature at outer surface of cement sheath, °F
T. = undisturbed temeprature of the formation, °F.
T, = temperature at the cement-formation interface, °F.
T, = temperature at internal surface, °F.
T, = temeprature at external surface, °F.
T, = surface temperature, °F.
Ts+ = temperature of flowing fluid (steam) inside tubing, °F.
T, = temperature at the inside surface of the tubing, °F.
T, = temperature at the outside surface of the tubing, °F.
T; = initial temperature, °F.
T, = final temperature, °F.
Uit = overall heat tranfer coefficient, Btu/hr sq ft °F.
v = velocity of the two-phase mixture, ft/s.
V., = equivalent displacement velocity, ft/s.
V, = velocity at which pipe is running into hole, ft/s.
V, = velocity of induced stress wave in casing. ft/s.
W = W,BF
= weight of unit section, 1b/ft.
W, = weight of string in air, 1b/ft.
W, = buoyancy force acting on the pipe, 1b/ft.
Wi(l) = unit buoyant weight projection on the binormal
direction, 1b/ft.
Wadl) = Wl f)
= unit drag or rate of drag change, 1b/ft.
W, = effective weight of the pipe, Ib/ft.
W,. = distributed weight of the casing within m, Ib/ft.
W, = nominal weight per unit length, 1b/ft.
Wn(l} = buoyant weight projection on the
principal normal direction, lb/ft.
W,({) = unit buoyant weight projection on the
principal normal direction, 1b/ft.
W,. = plain end weight per unit length. Ib/ft.
W,. = distributed weight of casing lighter or equal to
Wies.,, Ib/ft.
Wi, = distributed weight of the cheapest casing at
stage n, Ib/ft.
W, = threaded and coupled weight per unit length, 1b/ft.
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unit buoyant weight projection on the tangential
direction, Ib/ft.

yield strength, psi.

yield strength of axial stress equivalent grade, psi.
o, fora, =0

angle of inclination to the vertical. deg.

rate of change of inclination, deg.

angle of inclination between the vertical and the
slant section, deg.

buildup rate, ° /100 ft.

angle of inclination between the vertical and the end of
of the dropoff, deg.

dropoff rate, © /100 ft.

overall angle change, radians.

specific weight of cement slurry, Ib/gal.

specific weight of formation fluid. 1b/gal.

specific weight of drilling fluid, 1b/gal.

new specific weight of drilling fluid. 1b/gal.

specific weight of steel, 189.5 1b/{t>,

refer to Fig. 4.27 on page 225.

refer to Fig. 4.27 on page 225.

temperature at which yield point is reached. °F.
deformation of outside surface of pipe.

deformation in the x-axis.

deformation in the y-axis.

deformation in the z-axis.

bearing angle change, rad.

degrees per 100 feet of pipe, ‘dogleg severity’.
contact angle, rad.

Poisson’s ratio.

Poisson’s ratio for cement sheath.

ratio of Young’s modulus to the tangent modulus at the
yield point, o,.

stress resulting from slip action, psi.

axial stress, psi.

change in axial stress due to the effect of change in
fluid specific weight on buoyant weight, psi.
change in axial stress due to the effect of change in
surface pressure on buoyant weight, psi.

axial stress due to piston effect. psi.

Tap + A0y, Psi.

change in piston effect due to effect of changing in fluid
densities and surface pressures. psi.
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0. = additional axial stress due to a change in temperature.
Oaw = axial stress due to pipe weight, psi.
Cow, = Oouw + Ay, psi
Aaaw = Oaby, + T abu,
Obuc,, = critical stress for buckling. psi.
o.m, = compressive strength of cement, psi.
Ocsp,, = collapse resistance of the cement sheath

under the external pressure p.. psi.
o, = effective yield strength under combined load. psi.

op = limit of elasticity, psi.
Omaz = Maximum total stress, psi.
&, = average nominal stress, psi.
0..s = residual axial stress present prior to heating body, psi.
op, = tangential stress due to external pressure p,, psi.
0.4 = reduced yield strength due to axial loading, psi.
0s = stress resulting from the action of slips. psi.
o, = tangential stress due to internal pressure, psi.
o, = minimum ultimate yield strength of the material. psi.
0y, = minimum ultimate yield strength of the coupling, psi.
0,, = minimum ultimate yield strength of the pipe. psi.
G;,, = average tangential stress for a particular
value of E.,, psi.
Oimes = Maximum tangential stress, psi.
o, = mnimum yield strength. psi.
o, = yield stress corrected for temperature (hot yield stress). psi.
o,; = Jjoint yield stress (cold yield stress).
g, = o, = axial stress, psi.
do2 = tensile stress required to produce a total elongation of
0.2 % of the gauge length of the test specimen, psi.
T = coeflicient of thermal expansion.
¢ = contact surface angle, rad.
¢ = angle of internal friction calculated from Mohr’s circle.
¥? = F,/FEI = definition.
U2 = 1+ ((r)*p,)/EI = definition.
1 = time, second.
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LONE STAR PRICE LIST

Table B.1: Casing supply and US Dollar price list for Qg-in. casing.

9 5/8" CASING PRICE LIST.

GRADE CODE:

NN 1=.,.H40 NN 2=...J55

NN 6=...N80 NN 7=...C95

NN14=.CYSS5 NN15=..5105

NN19= .LS125

PRICE.** WEIGHT GRADE* NN
1740.12 36.00 KS5 3
1826.23 36.00 K& 3
1898.42 36.00 380 16
1905.60 4C.00 K8t 3
1852.81 36.00 K56 3
1992.44 36.00 580 186
1999.88 40.00 K55 3
2130.65 36.00 S80 16
2138.47 40.00 KSs 3
2215.20 40.00 580 18
2324.96 40.00 580 16
2486.31 40.00 580 16
2565.56 40.00 N80 6
2743.75 40.00 N8O 6
2783.29 40.00 596 13
2879.99 43.50 N8O &
2886.11 40.00 L80 §
2961.52 40.00 CYS95 14
2976.72 40.00 586 13
2983.77 43.50 N8O 6

FILE REF.:PRICESS58.CPR

NN 3=..

NN 8=

NN16=..

N= 98

BURST.
3520,
3520.
3520.
3950.
3520.
3520.
3950.
3520.
3950.
3950.
3950.
3950.
5750.
5750.
6820.
6330.
5750.
6820.
6820.
6330.

.K55
..P110
.580

COLAP.
2020.
2020,
2980.
2570.
2020.
2980.
2570.
2980.
2570.
4230.
4230.
4230.
3080.
3090.
4230.
3810.
3080.
4230,
4230.
3810.

NN 4=...C75
NN 9=..V150
NN17=..8895

9.625
BODYIELD
423000.
489000.
526000,
486000,
564000.
564000.
561000.
564000.
630000.
604000.
630000.
630000.
737000.
916000.
858000.
825000.
727000.
858000.
1088000.
1005000.

M
1
2
1
1
3
2
2
3
3
i
2
3
2
3
2
2
2
2
3
3

NN 5=..
NN13=.

NN18=

—
o

@ O 00 W 0 ™® W W W O 0 @ G 0 00 O O X L ®

L Aokk
.921
921
921
.835
.921
921
.835
.921
.835
.835
.835
.835
.835
.835
.835
. 755
.835
.835
.835
.755

.L&0
..585
.L5110
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Table B.1: (cont.): Casing supply and US Dollar price list for 92-in.
casing.

8 5/8" CASING PRICE LIST.

GRADE CODE:
NN i=...H40 NN 2=...]85
NN 6=...N80 NN 7=...C95
NN14=_CYS95 NNi5=..5105
NN19= .1LS125
PRICE.** WEIGHT GRADE#* NN
3007.88 43.50 3595 13
3014.47 47.00 N80 6
3086.74 40.00 180 §
3121.70 40.00  SS95 17
3131.24 40.00 c9s 7
3138.59 43.50 L80 §
3167.43 40.00 CYS95 14
3200.49 43.50 CYS95 14
3216.91 43.50 535 13
3223.84 47.00 N80 6
3240.61 47.00 CYS95 14
3261.62 43.50 LS110 18
3338.82 40.00  S595 17
3349.03 40.00 c9s 7
3356.77 43.50 L80 5
3374.26 43.50 S595 17
3391.11 47.00 L80 &
3405.16 43.50 C9s 7
3421.44 47.00 595 13
3423.00 43.50 CYSSS 14
3431.34 53.50 N80 6
3488.41 43.50 LS110 18
3624.04 47.00 LS110 18
3569.20 43.50 LS125 18
3608.94 43.50  S895 17
3626.84 47.00 L80 5
3642.00 43.50 c9s 7
3659.30 47.00 595 13
3669.66 53.50 N8O 6
3679.12 47.00 c9s 7
3680.10 47.00  SS95 17
3732.44 63.50 C76 4
3769.08 47.060 LSi10 18
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FILE REF.:PRICE958.CPR

NN 3=.

NN 8=

NN16=..

N= 98

BURST.
7510.
6870.
5750.
5750.
6820.
6330.
6820.
7510.
7510.
6870.
8150.
8700.
5750.
6820.
6330.
6330.
6870.
7510.
8150,
7510.
7930.
8700.
9440,
9890.
6330.
6870,
7510.
8150.
7930,
8150,
6870.
7430.
9440.

..K55
..P110
.580

COLAP.
5600.
4750.
3090.
4230.
3330.
3810.
4230.
5600.
5600.
4750.
7100.
4420,
4230.
3330.
3810,
5600.
4750.
4130.
7100.
5600.
6620.
4420,
£300.
4630.
5600.
4750.
4130.
7100.
6620.
5080.
7100.
6380.
5300.

NN 4=..
NN 8=..V
NN17=..S
9.625

BODYIEL

9590600.
305000.
916000.
837000.
847000.
813000.
1088000.
859000.
1193000.
1086000.
1053000.
1106000.
816000.
1074000.
1005000.
936000.
893000.
948000.
1053000.
1193000.
1062000.
1381000.
1213000,
1240000.
1005000,
1086000.
1178000.
1289000,
1244000.
1040000.
1027000.
989000.
1493000.

.CT5

150
595

DM

WA NN W W WWWNNGWRNWRNRNNDRDWWWRNNNWWN WNRDNDNWNDN

NN 5=...L80
NN13=...8985
NNi18=.L5110
ID. %%x

QU 00 00 O U 00 @ 0 @ W ® 0 W W & 0 0 W W W C 0 00 0 O 0 ¢ 0 W Co 0 0

.755
.681
.835
.835
.835
.755
.835
.755
.755
.681
.681
.755
.835
.835
.755
.755
.681
. 755
.681
.755
.535
. 755
.681
. 755
. 755
.681
.755
.681
.635
.681
.681
.535
.681

HALLIBURTON EXHIBIT 2008

Profrac Holding Corporation and U.S. Well Services, LLC v. Halliburton Energy Services, Inc.

IPR2023-01319;Page-366



351

Table B.1: (cont.): Casing supply and US Dollar price list for 92-in.

casing.

9 5/8" CASING PRICE LIST.
GRADE CODE:

NN 1=...H40C NN 2=...355
NN 6=...N80 NN 7=...C95
NN14=.CYS95 NNi15=..5105
NN19= .LS125

PRICE.** WEIGHT GRADE* NN
3817.52 43.50 15125 19
3835.01 47.00 Cces 7
3856.37 47.00 LS125 19
3860.07 653.50 180 §
3893.81 47.00 CYSSS 14
3936.06 47.00 SS95 17
3970.98 §3.50 S95 13
3982.28 53.50 5105 15
3984.63 53.50 P110 8
3993.71 563.50 C75 4
4011.38 53.50 LS110 18
4124 .67 47.00 LS125 19
4128.40 53.50 L80 S
4187.86 53.50 C(CYSSS5 14
4187.92 53.50 c95 7
4198.64 53.50 Ss8s 17
4247 .08 53.50 S95 13
4259.17 53.50 5105 15
4263.55 53.50 P110 8
4290.30 53.50 LS110 18
4334.68 58.40 595 13
4364.52 58.40 S105 15
4389.67 53.5C LS125 19
4479.14 53.50 CYS95 14
4479.20 53.50 cos 7
4430.67 653.50 SS95 17
4535.08 61.10 595 13
4550.04 58.40 SS9s6 17
4566 .30 61.10 3105 15
4571.42 58.40 (CYS9S 14
4636.06 §58.40 S95 13
4667.99 §58.40 S105 16
4695 .07 53.50 LS125 19

FILE REF.:PRICES58.CPR

NN 3=..

NN 8=

NNié=..

N= 98

BURST.
9890.
8150.

10730.
7930.
8180.
6870.
9410.
9410.

10900.
7430.

10900.

10730.
7930.
9410.
9410.
7930.
9410.
9410,

10900.

10900.

1028¢.

10280,

12390.
9410.
9410.
7930,

10800.
8650.

10800.

10280.

10280.

10280.

12390.

.K55
..P110
.580

COLAP.
4630.
5080.
5640.
6620.
7100.
7100.
8850,
9350.
7930.
6380.
73950.
£640.
6620.
8850.
7330.
8850.
8850.
9350.
7930.
7950.
9950.

106€0.
8440 .
8850.
7330.
8850.

10500.
9950.

11400,
9950.
9950.

10660.
8440.

NN 4=...C75
NN 9=..V150
NN1i7=.,5595
5.625
BODYIELD M
1527000.
1273000.
1361000.
1047000.
1283000.
1086000.
1235000.
1330000.
1422000.
1166000.
1422000.
1650000.
1244000.
1235000.
1220000.
1205000.
1477000.
1477000,
1710000.
1710000.
1357000.
1462000,
1585000,
1477000,
1458000.
1244000.
1430000.
1325000,
1541000.
1357000.
1604000,
1604000.
1830000.

W W W NDNNWOWOWRNDNDNDWWWWRRNRNNRNWWRNWNNRNDNRDWWNND W W

NN 5=..
NN13=.

NN18=

—
o

oG 00 O 00 0 0 00 0 00 W 00 00 0O 0 W 0 W 0 0 0 0 ¢ 00 0 W 0 o 0 0 K0 O o W

LR
.755
.681
.681
.5356
.681
.681
.535
.538
.535
.535
.635
.681
.535
.535
.535
.535
.535
.535
.53%
.535
.435
.435
.535
.535
.5635
.535
.375
.435
375
.435
.435
.435
.5356

.L80
..S595
.LS110
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Table B.1: (cont.): Casing supply and US Dollar price list for 92-in.
casing.

9 5/8" CASING PRICE LIST.

GRADE CODE:
NN 1=.. . H40 NN 2=...355
NN 6=...N80 NN 7=...C95
NN14=.CYS95 NN15=..5105
NN19= .LS125
PRICE.**x WEIGHT GRADEx NN
4782.75 61.10 CYS95 14
4791.72 58.40 LS125 19
4802.65 61.10 8395 17
4850.40 61.10 59§ 13
4866.50 68.40  S595 17
4883.80 61.10 S105 15
4889.38 58.40 CYS95 14
5013.24 61.10 LS125 19
5115.40 61.10 CYS95 14
6125.10 68.40 LS125 18
5136.70 61.10 5895 17
5362.03 61.10 L5125 19

FILE REF.:PRICES58.CPR

NN 3=..
NN 8=.
NN1i6=..

N= 98

BURST.
10800.
13520.

9090.
10800.

8650.
10800.
10280.
14200.
10800.
13520.

9020.
14200.

-K558

.P110

.580

COLAP.
10500.
10550.
10500.
10500.

9950.
11400.

9950.
11810.
10500.
10550.
10500.
11810.

NN 4=...C75
NN 8=..V150
NN17=..5595

9.825
BODYIELD
1430000.
1754000.
1396000.
1679000.
1350000.
1679000.
1604000.
1848000.
1673000.
2052000.
1414000.
2149000,

M
2
2
2
3
3
3
3
2
3
3
3
3

NN 5=..
NN13=..

.L80
.595

NN18=.L5110

—
=

o 0 G 0 0 o o O 0 v 00 0o

Lk
.375
.435
.375
.375
.435
.375
.435
375
.375
.435
.375
.375
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Table B.2: Casing supply and US Dollar price list for 7-in. casing.

7" CASING PRICE LIST.
GRADE CODE:
NN 1=...H40 NN 2=...J65
NN 6=...N80 NN 7=...C95
NN11=.CY3956 NN12=..S5105
NN16=.LS125 NN17=.LS140
N=144 7.000
PRICE.**x WEIGHT GRADEx NN
1028.79 20.30 H40 1t
1054.91 20.30 K8S 3
1954.91 20.30 K85 3
1173.96 20.30 K65 3
1194.09 23.00 K86 3
1263.22 23.00 K86 3
1340.14 23.00 K55 3
1756.23 23.00 C75 4
1872.75 23.00 C7s 4
1809.04 23.00 L8o 5
1934.87 23.00 L80 §
1608.00 23.00 N8O 6
1719.76 23.00 N8O 8
1858.92 23.00 5595 14
2085.24 23.00 SS95 14
1782.58 23.00 S95 10
1006.56 23.00 595 10
1896.81 23.00 CYS95 11
2028.78 23.00 CYS95 11
1962.77 23.00 c8s 7
2099.36 23.00 c9s 7
1331.17 26.00 KSS 3
1397.08 26.00 K55 3
1493.97 26.00 K86 3
1850.89 26.00 C78 4
2087.45 26.00 c75 4
2016.62 26.00 180 5
2156.87 26.00 Lgo §
1792.53 26.00 N80 6
1917.10 26.00 N80 6
2129.16 26.00 S595 14
2277.29 26.00 SS95 14

FILE REF.: PRICE7.CPR

NN 3=...K55 NN 4=...C75
NN 8=..P110 NN 8=..V150
NN13=...S80 NN14=..S595
NNi8=...... NN19=......
BURST. COLAP. BODYIEL. M
2720. 1970. 176000. 1
3740. 2270. 254000. 1
3740. 2270. 2B81000. 2
3740, 2270. 316000. 3
4360. 3270. 309000. 1
4360. 3270. 341000. 2
4360. 3270. 366000. 3
5940. 3750. 416000. 2
5940. 3750. 493%000. 3
6340. 3830. 435000. 2
6340. 3830. 532000. 3
6340. 3830. 442000. 2
6340. 3830. 532000. 3
6340. 5650. 485000. 2
6340. ©5650. 532000. 3
7530. ©5650. 512000. 2
7530. 5650. 632000. 3
7530. 5650. 512000. 2
7530. ©5650. 632000. 3
7530. 4140. 505000. 2
7530. 4140. 632000. 3
4980. 4320. 364000. 1
4980. 4320. 401000. 2
4980. 4320. 415000. 3
6790. 5220. 489000. 2
6790. 5220. ©566000. 3
7240. 5410. 511000. 2
7240. 5410. 604000. 3
7240. 5410. ©519000. 2
7240. 5410. 604000. 3
7240. 7800. 570000. 2
7240. 7800. 604000. 3

NN 5=..
NN10=. ..
NN15=.

NN20=

H
o}

(eI e R o) BN e AN e BN« BIK o2 B« 2 B« ) B ¢ B « ) B o A M oA MR« D o N e SR « I+ e 1SR« s o 0 o 29 o 0 o )0 & ) S o > S o - I o ' R @ )R o )

L REX
.456
.458
.456
.456
.366
.366
.366
.366
. 3686
.366
.366
.366
.366
. 366
.366
.366
.366
.366
.366
.366
.366
276
.276
.276
.276
.276
.278
.276
.276
.276
.278
.278

.L80
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Table B.2: (cont.): Casing supply and US Dollar price list for 7-in.
casing.

7! CASING PRICE LIST.
GRADE CODE:
NN 1=...H40 NN 2=...]55
NN 6=...N80 NN 7=...C95S
NN11i=.CYS95 NN12=..8105
NN16=.LS125 NN17=.1LS140
N=144 7.000
PRICE.** WEIGHT GRADEx NN
1837.07 26.00 595 10
2071.75 26.00 S95 10
2061.17 26.00 CYS9s 11
2204.54 26.00 CYS95 11
2187.98 26.00 cos 7
2340.23 26.00 css 7
2095.71 26.00 LS110 15
2241.50 26.00 LS110 15
2082.71 26.00 P110 8
2228.50 26.00 P110 8
2119.42 29.00 C75 4
2267.78 29.00 C78 4
2191.20 29.00 L80 5
2343.57 29.00 L80 §
1947.75 29.00 N80 6
2083.08 29.00 N80 6
2317.68 29.00 SS95 14
2478.9C 29.00 SS95 14
2130.43 29.00 585 10
2278.55 29.00 596 10
2266.91 29.00 CYS95 11
2424.58 29.00 CYS95 11
2277.37 29.00 co9s 7
2542.77 29.00 co9s 7
2313.31 29.00 S105 12
2474.23 29.00 5105 12
2277.12 29.00 LsS110 15
2435.50 29.00 LS110 15
2262.62 29.00 P110 8
2421.00 29.00 P110 8
2491.93 29.00 LS125 16
2665.35 29.00 LS125 16

.C75

FILE REF.: PRICE7.CPR
NN 3=...K55 NN 4=..
NN 8=..P110 NN 9=..V150
NN13=...3580 NN14=,.8535
NNi8=...... NN1S8=...
BURST. COLAP. BODYIEL.

8600. 7800. 602000.
8600. 7800. 717000.
8600. 7800. 602000.
8600. 7800. 717000.
8600. 5880. 593000.
8600. 6880, 717000.
9960. 6230. 693000.
9960. 6230. 830000.
9960. 6230. 693000.
9960. 6230. 830000.
7650. 6730. 562000.
7650. 6730. 634000.
8160. 7020. 587000.
8160. 7020. 676000.
8160. 7320. 597000.
8160. 7320. 676000.
8160. 9200. 655000.
8160. 9200. 676000.
8690. 9200. 692000.
9690. 9200. 803000.
9690. 9200. 63%2000.
96380. 9200. 803000,
9630. 7830. 683000,
9690. 7830. 803000,
9€690. 9780. 721000.
9690. 9780. 803000.
11220, 8530. 797000.
11220. 8530. 928000.
11220. 8530. 797000.
11220. 8530. 92%000.
12750. 9120. 885000.
12750. 9120. 1045000,

WKNWRNWNWNWRN WN WD WRN WRNWRN WD WD W W WD WX

NN 5=...
NN10=. ..
NN15=,

NN20=

=
o

DDA DHDDDOHDDDNDDDHDNDDDHDHONDHDODOONNEDBHNN

LRk
.276
.276
.276
.276
.276
.276
.276
.276
.2786
.276
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
.184
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Table B.2: (cont.): Casing supply and US Dollar price list for 7-in.

casing.

7" CASING PRICE LIST.
GRADE CODE:
NN i=...H40 NN 2=...3J55
NN 6=...N80 NN 7=...C95
NN11=,CYS95 NN12=..5105
NN16=.1S125 NN17=.LS140
N=144 7.000
PRICE.** WEIGHT GRADE# NN
2763.84 29.00 Vi1S0 9
2957.31 29.00 Vis0 9
2325.85 32.00 C75 4
2488.66 32.00 C75 4
2404.71 32.00 Lgo 5
2571.92 32.00 L80 5
2137.85 32.00 N8O 6
2286.06 32.00 N8G 6
2550.78 32.00 353895 14
2728.21 32.00 S895 14
2331.57 32.00 S85 10
2493.66 32.00 S95 10
2480.92 32.00 CYSS5 i1
2653.46 32.00 CYS95 11
2609.01 32.00 €95 7
2790.52 32.00 css 7
2484.98 32.00 S105 12
2657.81 32.00 S105 12
2499.00 32.00 LS110 15
2672.81 32.00 LS110 15
2483.00 32.00 P110 8
2656.81 32.00 Pl10 8
2734.75 32.00 LsS125 16
29256.04 32.00 LS125 16
2970.46 32.00 LS140 17
3177.27 32.00 LsSi140 17
3033.03 32.00 Vi50 9
3245.34 32.00 V150 9
2544.05 35.00 c75 4
2722.13 35.00 C75 4
2630.30 35.00 L8 5
2813.20 35.00 L80 5

FILE REF.:

NN 8=
NN13=
NN18=

BURST.
15300.
15300.
8490.
7930.
9060.
8460.
9060.
8460.
9060.
8460.
10760.
10080.
10760.
10050.
10760.
10050.
10760.
10050.
12460.
11640.
12460.
11640.
14160.
13220.
15850,
14810,
16990,
15870.
8660.
7930.
9240.

PRICE7.CPR
NN 3=...K55 NN 4=...C75
..P116 NN 9=..V150
...580 NN14=..8585
...... NN1g9=......
COLAP. BODYIEL. M
9800. 1045000. 2
9800. 1243000. 3
8200. 633000. 2
82006. 699000. 3
861C. 661000. 2
8610. 745000. 3
8610. 672000. 2
8610. 745000. 3
10400. 738000. 2
10400. 745000. 3
10400. 779000. 2
10400. 885000. 3
10400. 779000. 2
10400. 8885000. 3
9750. 768000. 2
9750. 885000. 3
11340. 812000. 2
11340. 885000. 3
10780. 897000. 2
10780. 1025000. 3
10780. 897000. 2
10780. 1025000. 3
11720, 996000. 2
11720. 1152000. 3
12520. 1107000. 2
12520. 1283000. 3
13020. 1180000. 2
13020. 1370000. 3
9670. T03000. 2
9670. 763000. 3
10180. 734000. 2
10180. 814000. 3

8460 .

NN 5=...
NN10=. ..
NN15=.

NN20=

—
o

DD DD DD DN NN DHDNDDHEDDDE DD OND

L Rokk
.184
.184
.094
.0%4
.094
.094
.094
.094
.094
.094
.094
.094
.094
.094
.094
.094
.094
.094
094
.094
.094
.094
.094
094
.0%94
.094
.094
.094
.004
.004
.004
.004
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Table B.2: (cont.): Casing supply and US Dollar price list for 7-in.
casing.

7' CASING PRICE LIST.
GRADE CODE:
NN 1=...H40 NN 2=...J55
NN 6=...N80 NN 7=...C95
NN11=.CYS95 NN12=,.510S
NN16=.L5125 NN17=.1LS140
N=144 7.000
PRICE.** WEIGHT GRADE* NN
2338.08 35.00 N8O 6
2500.52 35.00 N8O 6
2804.18 35.00 8595 14
2999.25 35.00 SS95 14
2534.16 35.00 595 10
2710.33 35.00 395 10
2696.48 35.00 C(CYS95 11
2884.01 35.00 CYSSS it
2853.77 35.00 €95 7
3052.31 35.00 €95 7
2699.46 35.00 5105 12
2887.20 35.00 S105 12
2733.44 35.00 Lsi11C 15
2923.56 35.00 LS110 15
2715.94 35.00 P110 8
2906.06 35.00 P110 8
2991.28 35.00 LS125 16
3199.44 35.00 LS125 16
3249.13 35.00 L1S140 17
3475.34 35.00 LS140 17
3317.57 35.00 ViS50 9
3549.80 35.00 ViS50 9
2762.11 38.00 C75 4
2855.46 38.00 C75 4
2855.76 38.00 Lgo §
3054.33 38.00 L8O §
2538.49 38.00 N8O 6
2714.85 38.00 N8O 6
3069.28 38.00 SS95 14
3282.80 38.00 SS95 14
2828.76 38.00 595 10
3026.44 38.00 595 10

FILE REF.: PRICE7.CPR
NN 3=...Kb5 NN 4=..
NN 8=..P110 NN 9=..V
NN13=...580 NN14=..S
NNi8=...... NN19=. ..
BURST. COLAP. BODYIEL.

9240. 10180. 746000.
8460. 10180. 814000.
9240. 11600. 814000.
8460. 11600. 814000.
10970. 11600. 865000.
10050. 11600. 964000.
10970. 11600. 865000.
10050. 11600. 964000.
1097C¢. 11650. 853000.
10050. 11650. 3920000.
10970. 12780. 901000.
10050. 12780. 964000.
12700. 13020. 996000.
11640. 13020. 1096000.
12700. 13020. 9986000.
11640. 13020. 1098000.
14430. 14330. 1106000,
13220. 14330. 1183000.
16170. 15490. 12228000.
14810. 15490. 1315000.
17320. 16230. 1310000.
15870. 16230. 1402000.
866C. 10680. 767000.
7930. 10680. 822000.
9240. 11390. 801000.
8460. 11380. 833000.
9240. 11390. 814000,
8460. 11390. 876000.
9240. 12700. 831000.
8460. 12700. 876000.
10970. 12700. 944000.
10050. 12700. 964000.

.C75

150
sS85

NN 5=...
NN10=. ..
NN15=.

NN20=

ID. *%x
.004
.004
.004
.004
.004
.004
.004
.004
.004
.004
.004
.004
.004
.004
. 004
.004
.004
.004
.004
.004
.004
.004
.920
.920
.920
.920
. 920
.920
.920
.920
.820
.920

U0 N n R DD N DD O
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Table B.2: (cont.): Casing supply and US Dollar price list for 7-in.

casing.

7" CASING PRICE LIST.
GRADE CODE:

NN 1=...H40 NN 2=...]55
NN 6=.. .N80 NN 7=...C95
NN11=.CY585 NN12=..5105
NN16=.LS125 NN17=.LS140
N=144 7.000
PRICE.*x WEIGHT GRADE* NN
3009.99 38.00 (CYsss 11
3219.36 38.00 CYSSS 11
3098.38 38.00 css 7
3313.94 38.00 Cc9s 7
2939.24 38.00 S105 12
3143.66 38.00 S105 12
2967.74 38.00 LS110 15
3174.15 38.00 LS110 15
2948.74 38.00 P110 8
3185.15 38.00 P110 8
3247.68 38.00 LS125 16
3473.69 38.00 LS125 16
3527.63 38.00 LsS140 17
3773.23 38.00 LsSi40 17
3601.94 38.00 V150 9
3854.08 38.00 V150 9

This book belongs to Robert Durham (rdurham@thewaylabs.com)

FILE REF.:

NN 3=...
NN 8=..
NN13=...

NN18=

BURST.
10970.
10050.
10970.
10050.
10970.
10050.
12700.
11640.
12700.
11640.
14430.
13220.
16170.
14810.
17320.
16870.

COLAP.
12700.
12700.
13440.
13440.
14040.
14040.
15140.
14850.
15140.
15140.
16760.
16760.
18260.
18260.
19240.
19240.

PRICE7.CPR

NN 4=..
NN 9=..V
NN14=..S

BODYTEL.
944000.
964000.
931000.
920000.
965000.
964000.

10870C00.

1096000.

1087000.

1096000.

1207000.

1183G00.

1341000.

1315000.

1430000.

1402000.

.C75

150
sS85

WK WRNWRNWRN WD WL WD WD

NN 5=...
NN10O=. ..
NN1i5=.

NN20=

—
=}

kK
.920
.920
.920
.920
.920
.920
.920
.920
.920
.920
.8920
.920
.920
.920
.920
.920

G N o OO0
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13 3/8" CASING LONE STAR PRICE LIST.
GRADE CODE:
NN 1i=...H40
NN 6=...N80
CYS95
LS125
*¥ WEIGHT GRADE* NN

NN1i4=.
NN19=.
PRICE.
2342.
2593,
2909.
2839.
3186.
3156.
3541.
4655,
4978.
4249,
4544 .
4780,
5112,
5185.
5546.
4499 .
.57
5061.
5412.
5490.
5872.
4967 .
6§312.
5259.
5625,

4811

94
04
92
45
36
37
98
11
59
20
26
00
22
91
54
15

18
94
97
82
34
67
54
19

48.
54.
54.
61.
61.
68.
68.
68.
68.
.00
68.
68.
68.
68.
68.
72.
72.
T2.
72,
T2.
T2.
.00
68.
T2.
T72.

68

68

NN 2=..
NN 7=..
NN15

00
50
50
00
o]o]
00
00
00
00

0o
00
00
00
00
00
00
00
00
00
00

00
00
co

H40
KSS
KSs
K55
K55
KSS
K55
C75
C75
N80
N80
L80
L80
Css
C38s
N80
N8O
L80
L80
€95
C95
P110
P110
P110
Pii0

.J85
.€95
=..5108

DO OO NN OO N NOOOOOOD DWW WwWwWw W

NN 3=..
NN 8=.
NN16=..

N= 25§

BURST.
1730.
2730.
2730.
3090.
3090.
3450.
3450.
4550.
4710,
4550.
4930.
4550.
4930.
4550.
4930.
4550.
4830.
45650.
4330.
4550.
4930.
4550.
43930.
4550.
4330.

.K55

.P110

.580

COLAP.
740.
1130.
1130.
1540.
1540.
1950.
1950.
2220.
2220.
2260.
2260.
2260.
2260.
2330.
2330.
2670.
2670.
2670,
2670,
2820.
2820.
2330.
2330.
2890.
2890.

FILE REF.:P1338.CPR

NN 4=...C75
NN 9=..V150
NN17=..5S895

13.375
BODYIELD
541000.
547000.
853000.
633000.
962000.
718000.
1068000.
905000.
1458000.
963000.
1556000.
952000.
1545000.
1114000.
1772000.
1040000,
1661000.
1029000.
1650000,
1204000.
1893000.
1297000.
2079000.
1402000.
2221000.

M
1
1
3
1
3
1
3
1
3
1
3
1
3
1
3
1
3
1
3
1
3
1
3
1
3

NN B5=..
NN13=.

Table B.3: Casing supply and price list for 132-in. casing.

.L80
.885

NN18=.1LS110

ID.
12.
12.
12.
12.
12.
-415
.415
.415
.415
.415
.415
.415
.415
.415
415

12
12
12
12
12
12
12
12
12
12

12.
12.
12.
12.
12.
i2.
.15
.415

12
12

12.
12,

* kK
715
615
615
515
515

347
347
347
347
347
347

347
347
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Appendix C

The Computer Program

The Computer Software

Chapter 5 contains instructions for using the disk provided with this book as well
as numerous solved sample problems. Before using the software, make a copy of
the original and store the master disk in a safe place.

It is not necessary to know what the various files on the disk are because the
batch files, CASING.BAT and CSGAPI.BAT, allow the user to run the program,
as well as to modify existing and to create additional files without remember-
ing names. For completeness, however, basically three groups of files are con-
tained in the ROOT directory: PRICE, LOADS and PROGRAM. There are
three PRICE files with the suffix .CPR (Casing PRice); these are the prices for
Lone Star’s 7-in., 9%-in. and 132-in. casings. Similarly, there are three LOADS
files with the suffix .CLD (Casing LoaD), which correspond to the three PRICE
files. The PROGRAM files include two FORTRAN files (CASING3D.FOR and
CSG3IDAPLFOR) along with their corresponding EXEcutable files. The FOR-
TRAN files have detailed comments throughout to aid those who wish to know
more about the program. Also included in the PROGRAM are three *C" files
(DESIGN.C, PRICE.C and CSGLOAD.C) along with their corresponding EXE-
cutable files.

HALLIBURTON EXHIBIT 2008
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Appendix D

Specific Weight and Density

Specific Weight and Density

Throughout this book a distinction is made between force {F) and mass (m).
and specific weight (v) and density (p) because such distinctions are essential
for arriving at the correct results. Weight is not the same as mass. A body of
mass m is accelerated towards the center of the earth by gravity ¢ with a force of
magnitude mg. This force mg is defined as the weight of the body having mass
m.

Specific weight 7 is defined as the weight per unit volume. Density p is defined
as the mass per unit volume. Thus. the relation between the density and specific
weight is:

Y = pg
EXAMPLE 1:

Given the situation in Fig. D.1, determine the resultant force on the blade.

VZ
/
(V1' V) /
v
TURBINE -~ BLADE VELOCITY
BLADE v = 30fs

A=0<1 sqﬂ M'v) ,Fx
V1= 130&’3 F F’ )
Mﬂ FLOW Y \

SPECIFIC WEIGHT OF MUD (MUD BALANCE READING)
= 70 Ib/cu ft

Fig. D.1: Diagram of mud jet striking blade. Example 1.
HALLIBURTON EXHIBIT 2008
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Solution:

Weight rate of low = area x velocity x specific weight
= constant

Al‘_/.l'fl = A‘ﬂz

For most purposes, liquids are considered to be incompressible and, therefore, the
specific weight 4 is 2 constant.

The rate of discharge of the mud flow in Fig. D.1 is:

Cj = volume rate of flow.
= A1 =0.1 x 130
= 13 {t3/s

The blade in the path of the jet deflects only that portion of the total discharge

which overtakes it. If § is the discharge in Fig. D.1. the discharge ¢’ overtaking
the blade is:

o a (Vi-w) /13030
Q= @x /, _1‘“( 130 )
= 101{t3/s

If blades are in a row, then Q = @' The fluid velocity relative to the blade at
the entrance is (V1 — v}. The exit value of the fluid is the vector sum of (11 —7)
and ¢. Thus, the magnitudes of the force components of the blade on the fluid
are:

Y F, = —F

= oG (V-

= pQ {(‘71: - 5) cos § — (\71: — z“)]

70
= 13 x 355 [(130 — 30) cos & — (130 — 30)]

= =378.62 Ibf

le., summation of forces in the z-direction is equal to the volumetric rate of
ﬂow (Q in ft3/sec) times the density of fluid (p) times the change in velocity (V
in ft/sec) in the z-direction (z-component of the final velocity, Vzm minus the
z-component of the initial velocity, ‘71:)' In this problem,

70 Ib/cuft
= 322 ft/sec/sec

= 2.17 slugs/cuft
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S F, = +F,
= PQ (sz - ‘71;,)
= Q! (Viy —7)sin6 - 0]
)sing —0)]

32.2
= 1413.04 Ibf

l.e,, summation of forces in the y-direction is equal to the volumetric rate of
flow (@ in ft3/sec) times the density of fluid (p) times the change in velocity (V
in ft/sec) in the y-direction (y-component of the final velocity, sz. minus the
y-component of the initial velocity, f}w).

Thus the resultant force is:

E =

)
T

= /(—378.62)2 + (1413.04)2
= 1,463 Ibf

Clearly the distinction between specific weight and density is important in order
to obtain the correct result.

In many flow problems it is necessary to know the specific weight of a fluid. If
the specific gravity (SG) of the fluid is known. the specific weight (7;) in 1b/ft?
can be calculated:

v; = SG x 62.4 (D.1)

(Specific weight of water (7, ) at 60°F is equal to 62.1 1b/{t>.)
EXAMPLE 2:

Turpentine has a specific gravity of 0.37 G 60 °F. If the weight of one cubic foot
of pure water is assumed to be 62.4 1bf, then how much would one cubic foot of
turpentine weigh?

Solution:
By simple substitution into Eq. D.1:

vy = 62.4 x 0.87 = 54.3 Ibf
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Alloys and steel, see casing manu-
facture
annulus
velocity, 130
hole cleaning, 130
anodic protection, 333
API RP 5B1 (1987), 10, 21, 22
API BUL. 5C2, (1987}, 27,33, 71
API BUL. 5C3, (1989), 12, 27, 33,
42, 70, 87
API SPEC. 5CT, (1992), 9
API thread coupling, 20
aquifers, protection of, 1, 3, 127
Archimedes’ principle, 33, 93
atomic lattice, 319
axial force
applied at surface, 108, 172
due to:
pipe weight, 33, 99
piston effect, 100, 101, 106
due to change in:
fluid density, 103
surface pressure, 103
temperature 106
tensile, 33
total effective, 28, 99, 109
axial stress,
tangential and radial, 49, 58
pressure chamber, 96

!Numbers in bold refer to Tables
and those in 1talics to Figures.

365

Ballooning effect. see burst
Barlow's equation. 30, 51. 63
Bauschinger Effect, 7. 234
bending force, 36

continuous contact, 36,37, 38

two—point contact. 38, 41
bending moment. 39
biaxial effects, 82

combination string, 101

final selection effect, 133, 152
biaxial stresses, 80
bit size, 9
blowouts

surface, 137

underground, 126. 135
borehole, maximal temperature, 106
Bresse equation, 53, 37
buckling, 33. 64, 65. 93

causes, 93

critical force

Dawson and Palsay, 113
Lubinski, 41, 113

load, 99

prevention, 114
buoyancy. see also casing design

factor, 34

force, 33.95, 96
buoyant weight. 33
burst. see also casing design

API rating. 51

load line, 11}, 136, 278
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pressure, 49, 49, 133,
Buttress thread coupling, 19, 21,
249

Casing see also pipe
buckling, 93
failure, 93
purpose, 1
tensile strength, 28
casing buckling see also casing de-
sign, buckling
checking for, (stress diagram),
111
critical buckling, 112
factors affecting, 99
piston forces, 100
stability analysis, 94, 94
Wood’s analysis, 96
casing collapse, see also casing de-
sign, collapse
casing design, see design criteria
borehole factors, 1, 2, 4, 121,
130
economics, 259
safety, 123, 132
setting depths, 2, 3, 121
conductor, 129
intermediate, 4, 123
liner, 126
production, 4
surface, 3, 126
string selection, 2, 127, 129
number, 130, 261
weight, grade and coupling, 132
Quick design charts, 261, 262
computer-aided design, see also
directional wells 259
minimum cost, 260, 275, 305
minimum weight, 269

optimization, 265
weight /price conflict, 268
using the program, 272, 275
casing grades, API, 14.15
casing grades, non-API, 16,
282, 283
casing leaks, function of time, 334,
335
casing running speed
shock loads, 45
casing selection, see casing design
casing types,
cassion. 3
conductor, 3
intermediate, 4
liners, 3-5, 109
cathodic protection, 331
cement
buoyancy force, 35
centralizers and scratchers, 38,
132
effect on collapse., 135
prevention of buckling. 114
sheath (composite casing). 212.
220
thermal wells, 248
centralizers, 132
Clinedinst, see also API and Krug/Marx
75
elastic. 71.76
plastic, 77
plastic transition, 76
vield, 76
clinging constant. 195
collapse theory.
elastic, 53
ideally-plastic, 3R
plastic-elastic boundary, 62
transition 65, 68
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collapse,
graphical method, 136, 278
load line, 277, 279
collapse pressure, 52
biaxial loading effect, 83, 85
salt domes, 52, 210
collapse resistance (API), see also
Clinedinst and Krug/Marx
70, 71
average, 73
effect of internal pressure, 87
empirical parameters, 73
experimental results, 80
API vs Clinedinst, 78
API vs Krug/Marx for biax-
ial loading, 91, 93
API/Clinedinst vs Krug/Marx,
77,78, 80, 81
minimum, 72
under biaxial load, 85, 87
API,
Krug and Marx, 87, 91
collapse resistance (non-API}), 280,
282
combination string, 121
composite casing, 212
collapse, 211, 220
elastic, 212, 229
yield, 214
reinforcement factor, 220
point loading, 222
curvature effect, 221, 222
design, 223
stress in thermal wells, 227
compression loading,
conductor pipe, 174
compressive force,
buckling, 93, 96
piston force, 100

367

critical, 112
temperature, 107, 224
conductor pipe, 3
design assumptions,
collapse, 172, 173
burst, 173, 173
compression, 174
example, 172
corrosion.
electrochemical, 316
electrolytic, 326
environment, 315
electrode polarization, 317
monitoring, tools,
acoustic, 328
casing profile potential, 326.
328
electromagnetic detection, 327
multifinger caliper, 327
prevention with,
anodic, 328
cathodic, 317, 331, 331
cementing, 329
impressed DC, 332
inhibitors, 318, 330
scavengers, 330
welihead insulation, 329
rate, 317
selective attack, effect of:
local chemistry, 319, 322
mechanical changes, 324
flow variation, 324
steel,
cavitation, 324
crevice, 323
pitting, 318, 323
galvanic, 323
erosion, 324
intergrannular, 323
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stress corrosion, 324
steel grades, choice of, 334
stress, as a function of,
temperature, 245
coupling design features,
flush joints, 24
smooth bores, 24
fast makeup threads, 24, 39
metal-to-metal, 24
multiple shoulders, 24
special tooth form, 24
resilient rings, 24
thermal wells, 248
coupling types see also pipe man-
ufacture, joint strength
Buttress thread, 21, 22, 31
API Round, 20, 21, 29
long thread, 20
short thread, 20
Extreme-line thread, 23, 23,
32
VAM thread, 21, 22
crest and root, 17
curvature, radius of, 37

Dawson and Paslay’s equation, crit-
ical buckling force, 113
deformation, 27, 23, 52
depolarizer, 318
design criteria for casing, see also
casing design,
safety factors, 132, 174, 305.
306
directional wells, 177
axial loads, 291, 292
bending forces, 36
casing design, 288, 289
intermediate, 3, 200
liner, 203

production. 206
differential sticking. 123
distortion energy theorem. Sl.

89, 215
impact on cost of.

design factor. 305. 306

load type. 302. 303

trajectory, 299

Dodge and Metzner’s equation, 194
dog-legs, see also hvdrants, 38, 41,
93
drag force. 47.48. 177. 178, 181
analvsis. 48

2-dimensional. 190

3-dimensional, 190

correction factor. 191
deviated wells,

buildup. 179. 179. 120

dropoff. 186. I&87. 189

example, 196

lower buildup. 1853

middle buildup. 183

upper buildup, 185

slant, 186. 186

drift diameter, 9. 130
drift mandrel. 9
drift testing. 10
drilling liner. see liner design.
drilling mud,
maximum temperature, 106

Economical string design, 4

elastic collapse, 53. 7!

elastic range, 28

electrode polarization,
inhibitors. 318
depolarizers, 318

electrode reactions,
oxidation. 319
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reduction, 319

electromotive series (emf),
321

ellipse of plasticity, 81, 82, 83
equilibrium stability, 65, 94
evacuation of casing,

complete, 135

partial, 135

320,

Force, see:

axial

buckling

buoyancy

radial

tangential
formation fluid gradient, see also

fracture gradient, 122,122

formation pressure,

abnormal, 4,5

well kicks, 126

formation strength, casing shoe place-

ment, 1,121, 122
unconsolidated, 3, 126
formation, troublesome, 2
fracture gradient and pressure, 122,
123, 126
friction,
factor, 48, 178, 193, 196, 296,
297
hydrodynamic, 194
mechanical, 47
pseudo-factor, 296

Galvanic series, 322
gas kicks,
in casing design, 127, 128
mud position during, 147, 147,
148
gas leaks in production string de-
sign, 164
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gas - nitrogen, see also steam stim-
ulation wells, 2145

Half-cells, reference, 332

heat treatment of steel, 7

Hooke's law, 66, 104

hoop stress, 19

hostile environments, 2

hydrants, see dog-leg problems,

hydrogen embrittlement, 325

hydrogen ions. see also corrosion,
317, 325

hydrogen sulfide. see also corrosion,
325, 330

hyvdrostatic pressure,

mud column, 52

Inhibitors,
amines, 331
in completion fluids, 330
organic, 330
integral joint, 23
intermediate casing, 4
assumptions, 144, 148
biaxial effects, 152
buckling effects, 154
burst, 145, 146
collapse, 144
pressure testing. 151
shock loading, 151
tension, 130
design example, 143
internal pressure,
effect on collapse strength, 87
leak resistance, see also pipe
specifications.
threads and couplings. 15

Joint strength, see also couplings.
42, 226. 333

369
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buttress, 31
extreme line, 32
round thread, 29, 31
with bending and pressure,
42
jump out, 17, 225, 226

Kick, see also casing design,
abnormally pressured zones, 122
gas, 104, 137

imposed burst pressure, 49,
127
kickoff point, 3
Krug and Marx, see casing design,
77, 92

Lamé’s equations, 61, 71
laminar flow, 194
landing loads, 114
lead (thread), 17
liners,
advantages, 5, 6
disadvantages, 6
types,
liner design,
assumptions, 161
burst, 160, 163
collapse, 160, 162
pressure testing, 163
shock loading, 163
tension, 163
example, 161
long thread coupling, 21
lost circulation zone, 135
Lubinski’s equations
bending force, 41
critical buckling force, 113

Makeup loss, 10
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Maximum load, design concepts,
121
measured depth, 197
modulus.
effective. 68
of elasticity, 89, 108. 108
reduced, 653, 68, 89
tangent, 65, 69, 89
momentum, the law of conserva-
tion of, 46
mud gradient. 123
neutral plane. 37

Neutral point. 94. 95
nitrogen gas. 251
nominal weight, 13
and cross-sectional area, 38
normal force, see also drag force,
34, 178, 181, 192

Overpull, see buckling. prevention
of.

oxidation. 319

oxygen. see also corrosion. 318,
330

Pipe. closed or open during run in.
135
pipe manufacture
seamless, 6
treatment, 7
welded, continuous electric pro-
cess, 6, 8
pipe specifications and tolerances
outside diameter {OD). 8,9
inside diameter (ID). 9
wall thickness, 9
drift diameter. 9
length, 10, 10
weight, 12
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nominal, 13
plain end, 13
threaded and coupled, 13

pipe couplings and threads, see also

couplings 14, 15
height, 17
lead, 17
pitch diameter, 17
sealing, 20, 21
taper, 17
thread form, 16
joint failure,
jump out, 18
fracture,
pin and box, 18
thread interference, 18
thread shear, 18
piston forces, 100
pitch diameter, 17
plain-end weight, 13
plastic collapse, 71
API collapse formula,
potential energy,
stable equilibrium, 94, 96
pressure testing, 48, 103
production casing, 4
assumptions, 164, 166
biaxial, 170
buckling, 170
burst, 165, 165
collapse, 163, 165
pressure testing, 168
shock loading, 168
tension, 168
examples, 163
production liner, see liner

Radial and tangential stresses, 49,

58, 82, 98

371

stability. 98
Lamé’s equation, 61
radius of curvature,
planned, 178, 185
surveyed, 185
reduction 319
Reynold’s number, 194
round thread casing, 21
couplings, 19, 20

Safety factors, 132
safety margins, 123
salt creep, 210
salt domes, see also composite cas-
ing, 210
non-uniform loading, 220, 223
scab liner, 5
scab tie-back liner, 5
scratchers, 132
seals,
combination, 19, 20
metal-to—metal, 1R, 21
radial, 18
resilient rings, 19
shoulder, 19
thread interference, 18, 19,21
shock loading, 45, 46
shock loads,
peak velocity, 47
running casing, 45, 45
shock waves, see stress wave
short thread coupling, 21
specific weight, viii
stability analysis, see casing buck-
ling, equilibrium stability,

steam quality, 242, 244
steam stimulation wells, 224
cyclic loading, 225, 226, 243,
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248
couplings and grade, 247, 248
design, 243 244, 251
assumptions, 233
casing setting, 246
cement, 248
heat conduction rate to for-
mation, 240, 242
keat flow mechanism, 236,
237
stress in composite pipe, 227
steel corrosion, see corrosion,
steel grades, 248, 334
high tensile, 7, 334
hydrogen embrittlement, 325
H,S attack, 15, 325
thermal grades, 247
steel, thermal effects,
cyclic loading, 226
stress analysis,
API equations for required yield
strength, 85
Hooke’s law, 66, 104
Lamé’s equations, 61, 71
stress waves,
compressive, 45
tensile, 45
string weight, 33
surface casing design, 3, 135
assumptions, 135, 138, 141
biaxial effects, 142
burst, 136, 137
collapse, 135, 136
pressure testing, 141
shock loading, 142
tension, 141
design,
example, 135
surface overpull, see also buckling,

108
surge pressure, 123
swab pressure, 123

Tangential forces. see radial and
tangential stresses,
taper (thread), 17
temperature changes, effect on,
axial stress, 106, 226, 245
tensile forces. see also axial forces.
and buckling, 112
in pressure testing, 48
total, 109
tensile stress. see also temperature.
maximum, 28
and stress corrosion, 324
tension,
and casing selection, 132
due to casing weight only, 99
analysis in directional wells, 177
maximum. combination strings,
132
thermal conductivity, 238
thermal expansion.
effect on sealing, 21
injection, see also steam stim-
ulation, 224
thermal loading. 225
thin-walled casing. 50. 33, 58
thick-walled casing. 31, 38. 59
thread, elements of, 17
thread form. 16
thread shift. 248
tie-back liner, 5
tolerances, see pipe specifications
transition collapse pressure. 71,
76, 80
trihedron axis, 191
true vertical depth, 197
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turbulent flow, 131, 194

Ultimate tensile stress, minimumn,
28

VAM thread coupling, 21, 22
vertical wells
design of,
conductor pipe, 172
intermediate casing, 143
liner, 161
production casing, 163
surface casing 135
optimization, 264
viscosity,
Power Law fluids, 194
Dodge and Metzner's Eq., 194

Wall thickness, 8

weight per unit length, 13

well types
deviated, 178
drainhole, 209, 210
horizontal, 209, 210
steam injection, 252
vertical, 127

Yield collapse, see also ultimate
strength collapse, 71
yield point, 28
yield strength,
failure, 85
internal, see burst
joint, see also joint strength,
29
minimum, 28, 29
pipe body, 13, 28
reduced, 92
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