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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. i t  becomes necessary to 
line the walls of a borehole with steel pipe which is callrd casing. Casing serves 
iiuiiierous purposes during the drilling and production history of oil and gas wells, 
t liese include: 

1. Keeping the  hole open by preventing the  weak format ions from collapsing. 
i.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 coiitaiiiiiiatioii by 
drilling and production fluids. 

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

5. Providing safe passage for running wireline equipment 

6. Allowing isolated coiiiiiiuiiication witli selectivr-ly perforated foriiiation(s) 
of interest. 



1.2 T Y P E S  OF C A S I N G  

When drilling wells, hostile environments, such as high-pressured zones, weak and 
fractured formations, unconsolidated forinations 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 
is also necessary to run a cassion pipe. 
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(O) HYDRO-PRESSURED WELLS (b) GEO-PRESSURED WELLS 

Fig.  1.1" Typical casing program showing different casing sizes and their setting 
depths. 



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 
is usually 20 in. in diameter and is cemented across its entire length. 

1.2.3 Surface 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 nmch 
as 5,000 ft. Sizes of the surface casing vary from 7 to 16 in. in diameter, with 

a in. and l ' a  10 a 3g in. being the most common sizes. On land. surface casing 
is usually cemented to the surface. For offshore wells, the cement column is 
frequently limited to the kickoff point. 



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- 
nonfical, 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 nmch as 15.000 ft and 
from 7 in. to 1 l a3 in. in outside diameter. It is commonlv~ 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 Product ion 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. 

1 in .  t o 9  5 Production casing varies from 4 5 ~ 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 



include: drilling liner, production liner, tie-back liner, scab liner, and scab tie- 
back liner (Brown-  Hughes Co., 1984). 

TIE BACK 

SCAB LINER 

SCAB 
TIE BACK 
LINER 

(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. It 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. 

P r o d u c t i o n  liner: Production liner is run instead of full casing to provide 
isolation across the production or injection zones. In this case, intermediate 
casing or drilling liner becomes part of the completion string. 

T ie -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. :.2(c)). 

Scab t ie -back  liner: This is a section of casing extending upwards from the ex- 
isting liner, but which does not reach the surface and is normally cemented 
in place. Scab tie-back liners are commonly used with cemented heavy-wall 
casing to isolate salt sections in deeper portions of the well. 



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 necessary suspending capacity of the drilling 
rig. However, possible leaks across the liner hanger and the difficult)" in obtain- 
ing a good primary cement job due to the narrow annulus nmst be taken into 
consideration in a combination string with an intermediate casing and a liner. 

1.3 P I P E  B O D Y  M A N U F A C T U R I N G  

All oilwell tubulars including casing have to meet the requirements of the API 
(American Petroleum Institute) Specification 5CT (1992), forlnerly Specifications 
5A, 5AC, 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 inandrel and the pierced tube is 
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. I1: a plug nfill, 
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 siInilar 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 sinmltaneously flashing and pressing the two 
ends. In the electric resistance process, pipes are inanufactured from a coiled 
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3 in. pipe. (Courtesy of Fig. 1.3" Plug Mill Rolling Process for Kawasaki's 7-16g 
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 P ipe  Treatment  

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

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 Dimens ions  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  

1 2 4  . . As discussed previously, casing diameters range from 4 5 to in so t hev 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 



Table  1.1" A P I  m a n u f a c t u r i n g  to l e rances  for cas ing ou t s ide  d i a m e t e r .  
(Af te r  A P I  Spec.  5CT ,  1992.) 

Outside diameter Tolerances 

(in.) (in.) 
1 3 

1 0 5  - 3 7  q 
" 32 

"7 4 - 5  q - ~  
1 5 1 5 ~ -  8g t s 

5 5 
~ 9 g  } 32 

1 

32 

0.75 ~ OD 

0.75 ~2~ OD 

0.75 ~ OD 

casing pipes are found to be within -1-0.75 % 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: A P I  r e c o m m e n d e d  d i m e n s i o n s  for dr i f t  m a n d r e l s .  
A P I  Spec.  5CT,  1992.) 

(Af te r  

Casing and liner Length Diameter (ID) 

(in.) (in.) (in.) 
5 1 G 8~ 6 ID 8 

5 3 12 ID 5 9g - 13g .32 
> 16 12 ID 3 

16 

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

Inside diameter - O D  - 2t 
- 7 - 0.544 
= 6.4,56 in. 
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Drift diameter = ID - 
= G.4SG ~ 0.125 
= 6.331 in. 

Drift testing is usually carried out hefore the  casing leaves the niill and  iiiime- 
diately before running i t  into the well. Casing is tested tlirouglioiit its entire 
lengt 11. 

1.3.6 Joint Length 
The  lengths of pipe sections are specified by .4PI RP 5B1 (1988). i n  t h e e  major 
ranges: R1. R L  and R3. as shown in Table 1.:3. 

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

Range Lengt 11 Average length 
( f t  1 ( f t  1 

3 .) 1 16 - 23 -.. 
2 2.5 ~ :31 .< 1 
:3 o\.er .11 1 2  

Generally. casing is run in R3 lengths to reduce the number of coriiiectioiis 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 i n  inore detail on 
page 18). RS is also easy to handle on most rigs because it has a single joint. 

1.3.7 Makeup Loss 

Wheii Iriigths of casing are joiiied together to form a string or svctioii. tlie overall 
length of the string is less than thr sun1 of the individual joints. The  reasoil t h a t  
the completed string is less than the sum of the parts is the makeup loss at tlie 
couplings. 

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

where: 

I ,  = length of pipe. 
l j C  = length of th r  casing w i t h  coupliiig. 
L ,  = length of the  coupling. 
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L~ 
2 

d 
ILl 
L Ij 

lj - -  length of pipe. , t 

lj= = length of casing with coupling. 

d - distance between end of casing in power tight position 
and the center of the coupling. 

L l = makeup loss. 

Lc = length of the coupling. 

"1 

Fig.  1.5" Makeup loss per joint of casing. 

J - distance between the casing end in the power tight 
position and the coupling center. 

Ll - makeup loss. 

E X A M P L E  1-1 ~" 

5 in. N-80 47 lb/ft casing with short Calculate the makeup loss per joint for a 9~- , . 
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 lj~, the average length of 
the casing in feet of the tallied (measured) casing and then calculate the necessary 
makeup lengths for ljc = 21, 30 and 40 - assumed average lengths of R1. R2 and 
R3 casing available. 

Solution: 

For a casing complete with couplings, the length lj,: is the distance measured fronl 
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). 

3 From Table 1.4, L c - 7a in. and J - 0.500-in. Thus, 

Ll - @ -  J 
= 3.875- 0.500 
= 3.375 in. 

aBased on Example. 2.1, Craft et al. (1962). 
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T a b l e  1.4" R o u n d - t h r e a d  c a s i n g  d i m e n s i o n s  for l o n g  t h r e a d s  and  cou-  
p l ings .  

D t dt Lr 
in. in. in. in. 

4.5 All 0.5 7 
5 All 0.5 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 9.25 
8.625 All 0.5 10 
9.625 All 0.5 10.5 
t STD 5B ++ Spec 5CT 

The number of joints in 1,000 ft of tallied casing is 1.000/lj~ and. therefore, the 
makeup loss in 1,000 ft is: 

Makeup loss per 1,000 ft - 3.375 • 1.000/I~ 
= 3.375/Ij~ in. 
= 3,375/(12lj~)ft  

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

If Lr is defined as the total casing required to make 1.000 ft of nlade-ut), t)ower- 
tight string, then: 

makeup loss = LT 1,000 (3,375 121jc ) ft 

3.375) ft 1,000 -- LT -LT f21jc 

1,000I/c ) 
=> LT -- lic- 0.28125 ft 

Finally, using the general form of the above equation in LT, Table 1.5 can be 
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 weiglll. 
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  L T  niakeup Loss 

2 30 10.094.63 94.63 
3 40 10.070.81 70.81 

pressed i n  Ib/ft,. The  API tolerances for weight are: +6.5% and -3 .5%'  (API 
Spec. 5CT. 1992). 

Noiiii~ial weight is the weight of the  casing based 011 the theoretical weiglit per 
foot for a 20-ft length of threaded and coupled casing joint. Thus. the noininal 
weight,, IZ, in Ib/ft, is expressed as: 

LZ;, = 10.68 (do  - t )  t + 0.0722 d: (1.1) 

where: 

Wn = nominal weight per unit length. Ib/ft. 
do = outside diameter, in .  

t = wall thickness. in.  

The  rioiiiinal weight is not the exact weight of  the pipe. but rather i t  is used for 
the  purpose of identification of casing types. 

The  plain end weight is based 011 the, weight of the  casing joint excliidiiig the 
threads and couplings. The  plain end weight. l.lbF. i n  I h / f t .  is expressrd as: 

LV,, = 10.68 (do  - t )  Ih/ft ( 1.2) 

Threaded and coupled weight. on the other liand. is the average wigli t  of the 
pipe joint including the  threads at both ends and  coupling at one end wlien in 
the  power tight position. Threaded and coupled weight. 1lTt,.. is fxpressed as: 

1 
- { ( Upr [2O - ( L ,  + ?.J)/?JJ + \\.eight of coupliiig 
20 lVt, = 

~ Weight removed in threading two pipe endh } (1  3 )  

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

I4~c 
Lc 
J 

= threaded and coupled weight, lb/ft. 
= coupling length, in. 
= distance between the end of the pipe and center of the 

coupling in the power tight position, in. 

Tile axial dimensions for both API Round and API Buttress couplings are shown 
in Fig. 1.6. 

1 .3 .9  S t e e l  G r a d e  

Tile steel grade of the casing relates to the tensile strength of tile steel fronl 
which the casing is Inade. The steel grade is expressed as a code number which 
consists of a letter and a number, such as N-80. 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 st,rength of the steel in thousands of psi. Strengths of XPI steel 
grades are given in Table 1.6. 

Hardness of the steel pipe is a critical property especially when used in H'S (sour) 
erivironizieiits. The L-grade pipe has the same yield strength as t h e  S-grade. but 
the N-grade pipe may exceed 22 Rockwell hardness and is, therefore. not  siiital)lr, 
for H2S service. For sour service. the L-grade pipe w i t h  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 i n  the drilling in- 
dustry. The strengths of some commonly used lion-XPI grades are presented i n  
Table 1.7. These steel grades are used for special applications that require very 
high tensile strength, special collapse resistance or other propert ies that nnake 
steel iiiore resistant, to H2S. 

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

Yield Strength Mini I nu 111 I- It ima t e 31 i 11 i n111 I 11 

API (Psi) Tensile Strength Elongation 
Grade Minimum hlaxiniurn (psi) (a,) 
H-40 40,000 80:000 60,000 29.5 
.J-55 55,OO 0 80,000 75.000 24.0 

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 10.5,ooo 18.0 

Q-125 125,000 150.000 135.000 14.0 

K-5.i 55,000 80,000 95.000 19.5 

P-110 110,000 110.000 125.000 1.5.0 

* Elongation in 2 inches. miniinum per cent for a test specimen 
with an area 2 0.7.5 in'. 

1.4 CASING COUPLINGS AND THREAD 
ELEMENTS 

X coupling is a short piece of pipe used to ronnert the two end\. pin aiid Ixm. 
of the casing. Casing couplings are designed to \ustitin high ten+ load wliilp 
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Table 1.7: Strengths of non-API steel grades. 

hlinimal 
1.1 t imat c 

Yield St reiigt h Tensile 1'1 i ni ilia 1' 
Non- AP I (psi 1 Strength Elongation 

Grade Manufacturer llinimuni l laxinium (psi) ( % )  
S-80 Lone Star Steel 75.000 ** 75.000 20.0 

Mod. N-80 hlannesmann 80.000 (35.000 100.000 21  .O 
c-90 1,laiinesinann 90.000 103.000 120.000 26.0 
ss-95 Lone Star Steel 93.000 -- 95.000 18.0 

SOO-95 hl an lies iiiaii 11 93 .O 00 110.000 110.000 20.0 
S-(35 Lone Star Steel 95,000 -- 11 0.000 16.0 

soo- 125 14 an nesman 11 1 2 5 .O 00 150.000 13.i.000 18.0 
soo-1-20 Mannesinann 140 .OOO 163.000 130.000 17.0 
v-150 I'.S. Steel 150,000 180.000 160.000 14.0 
soo-155 hlannesmann 133 .OOO 180.000 165.000 20.0 

~ ~ . i . O O O  t 

73.000 + 

92.000 t 

* 

-* C'ircumfereiitial. 
+ Longitudinal 

Test specimen wi th  area greater than  0.75 s q  in. 

Maxiliial ultimate tensile strrngtli of ~ ' L O . O O O  psi. 

at the  same time providing pressure containment from both net internal 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. \ \7 i t l i  

the  exception of a growing number of propriet ary couplings. t lio configurations 
and specifications of the couplings are standardized by .4PI (.4PI RP 5R1 .  l W 8 ) .  

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 fwtures of threads a r c  form. t aper. 
height. lead and pitch diameter (Fig. 1.7). 

Form: Design of thread forin is the most obvious way to iniprovv the load 
The two most co11111ioii t Iirratl bearing capacity of a casing connection. 



(o) 

Thread / -  Crest I.--- Lead --J 
height . ~  / / 

(b) 

d2 = dl + taper 
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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. 
d2 -d l ,  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 API uses round and buttress threads 
which are special forms of squared and \"-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 aIld 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 oi1 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 all imaginary 
cone that bisects each thread midway between its crest and root. 



Threaded casing connections are oft eii rat ed according to their joint efficiency 
and sealing characteristics. .Joint efficiency is defined as t h e  tensile 5treiigtIi of 
the  joint divided by the tensile strength of the pipe. Generally, failure of the j o i n t  
is recognized as jumpout. fracture. or thread shear. 

Jumpout: I n  a juiiipout. the pin arid hox separate with little o r  110 daiiiage 
to the thread eleiiieiit. Iri a conil~ressioii failure. t lie pin progresses furt I i c ~  

into the ))ox.. 

Fracture: Fracturing occurs wlien tlie pin t Iireaded sect ioii separates from the 
pipe body or there is an axial splitting of the, coupling. C;enerally this occurs 
at the  last engaged thread. 

Thread Shear: Thread shear refers to tlie stripping off o f  threads froin t l i v  pin 
and/or box. 

C;enerally speaking. shear failure of most threads under axial load does not occur. 
In  most cases. failure of V-shape threads is caused by juii ipout or occasionally. hy 
fracture of the pipe in the last engaged threads. Square threads provide a liigli 
strength connection and failure is usually caused I)!. fracture in the pipe near 
the last engaged thread. Many proprietary connect ions iise a modified butt rws  
thread and soiiie use a negative flank aiiglr to iiicrrlase tlie joint strrngtli. 

111 addition to its function of supporting trnsion and other loads. a joint iiiiist also 
prevent the  leakage of the fluids or gases which the pip? iiiust contain or exclilde. 
Consequently, the  interface pressure Iwtweeii tlir mat iiig threads i n  a joint iiiust 
be sufficiently large to obtain proper mating and scaling. This is accornl)lislied 
by thread interference, metal to riietal seal. resilient ring or coiiihiiiat ion seals. 

Thread Interference: Sealing I~etn.eeii t Iir threads is achieved hy  Iiaviiig t l i r  
thread meinhers tapered and applyirig a iiiakeup torqiir suffic.ient to \vedgc, 
the pin and box together and cause interfrwwct, Ijetweeii t lie t Iirvail ele- 
ments. Gaps between the roots and crests and I ~ t w e e n  t h e ,  flanks of t l l c ,  

mating surfaces. which are required t o  allow for niacliining tolerance. arc’ 
plugged by a thread coinpound. The reliability of these joints is. therefore. 
related to the makeup torque and tlir gravity of the  thread c o i i l p o ~ ~ i d .  EX- 
cessive makeup or insufficient rriakrup can hot 11 be har~iifiil t o  the sraliiig 
properties of joints. The need for excessive makeup torque to generate liigli 
pressure ofteii causes yielding of the joint. 

Metal-to-Metal Seal: There are two types of iiietal-to-nirtal seal: radial and 
shoulder. Radial is iisuall?. used as tlie primary s ~ a l  and the >boulder as tlic 
backup seal. .A radial seal gencrall!. occiirs I x t  wreii flanks and  lwtween t Ilr ,  

crests and roots as a result of: 1)ressurc’ duv t o  thread intrrfmwce created 1 ) ~  
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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 tlle sealing 
surface (Fig. 1.8(c)). 

"HREAD DOPE SEALS 7 

METAL TO METAL SEALS ~I~#._THREAD DOPE SEALS 

(o) API-8 ROUND THREAD (b) API BUTTRESS THREAD 

~ L j ~ ~  ENSION =i BOX 

------ COMPRESSION 

t 
i tap 

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.) 

Resi l ient  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. 

C o m b i n a t i o n  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-Inetal seal ineffective (Fig. 
1.9). 
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COUPLING 

THREAD INTER- 
FERENCE SEAL 

RESILIENT RING SEAL 

RADIAL METAL-TO- 
METAL SEAL 

REVERSE ANGLE 
TORQUE SHOULDER 
M ETAL- TO- M ETAL 
SEAL 

1.4.2 

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

A P I  Couplings 

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

API Round Thread Coupling 

3 in./ft are cut per inch oil diameter Eight API Round threads with a taper of 
for all pipe sizes. The API 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 ST(' 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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i , I  
(D 

S k \ r  

(LEAD) PITCH 

" xN, Q BOX ROOT~"~ > 

,~ \CRESTY"/~ \,,~\~., ~ ' \  ~ t  ~"  
o %. ci• 

Oa "r _u 13_,, 

Z Z :,4./p,,, ZZ 
/P.IN (PIPE)" _ a_ 

3/8" 

t k 
F -  12". =] 

3/4" toper per foot 
on diometer 

Fig.  1.10: Round thread casing configuration. (After API RP 5B1, 1988.) 

API Buttress Thread Coupling 

A cross-section of a API Buttress coupling is presented in Fig. 1.11. Five threads 
a in./ft for casing are cut in one inch on the pipe diameter and the thread taper is 

s sizes up to 7g in. and 1 in./ft for sizes 16 in. or larger. Long coupling, square 
shape and thread run-out allow the API Buttress 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 ix: steam 
injection wells equipped with API 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 metM-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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3/a- 

! ~ ,2" J 
for sizes under 16" 
3/8" toper per foot 
on diometer 

w (.) '. .. ,. ,. \ \ \ \ \ \ \ B O X  COUPLING 
\(LEAD) P ~ T C . ~ \  \ \ \ ~ \ \ \ "  

\ \ \ \  " K \ \ \  \ ~ \  

" / r ~ { " " ~ B O ,  x .C:RESI.T"J" / ~ " 2 / A ~ \ N I ~ ' N I ~  " , ~ , / ; 5 , , ; , , ~ / / / / / ~  p,N FACE 
C / / ' Y  & " ;  " ~ ' 7 / _ P I N .  (P IPE) :  / P ~ # E  " . ~ S  

j-- 1/2" 

t L  ,~_J 
for sizes 16" end 
Iorger 1" toper per 
foot on diometer 

\ ,, \ \ \ \ \ \ \ B O X  COUPLING \ 

l~/  (BOX) FLANK d E" ~; o 
\ LOAD -1- ~" "I- ,~- 

,d  I / / 7 - , . / .  
9~ PIN (PIPE) PIPE AXIS I 

3 Fig. 1.11" (a) API Buttress thread configuration for 13g in. outside diameter 
and smaller casing; (b) API Buttress thread configuration for 16 in. outside 
diameter and larger casing. (After API RP 5B1, 1988.) 

L 4 - - - - - - - -  ,,~20" Spec;~l 
bevel 

NL 

]n R "O 

Fig. 1.12" Vallourec VAM casing coupling. 
Graham & Trotman) 

(After Rabia, 1987; courtesy of 
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~~~~x~X'BOX(COUPLING) x"X.~~~~X'~ 

ETAL TO 
ETAL SEAL 

314" ~518" 

rL_, _J r-L_,, _! 
For sizes 7 5/8"  and smoller For sizes Iorger thon 7 5 /8"  

1 1/2" toper per foot on 1 1/4" toper per foot on 

diameter 6 pitch thread d i a m e t e r  5 pitch th read  

Fig. 1.13" API Extreme-line casing thread configuration. (After API RP 5B1, 
1988.) 

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

API Extreme-l ine Thread Coupling 

API Extreme-line coupling differs from API Round thread and API 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 
5 1 in. to 7~ in. with 13 in./ft of taper and 5 threads per inch are cut on pipe sizes 

of 8~5 in. to 10~3 in. with l al 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. 

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

Fast M a k e u p  Threads-  Fast makeup threads are designed to facilitate fast 
makeup and reduce the tendency to cross-thread. 

M e t a l - t o - M e t a l  Seals" Multiple metal-to-metal seals are designed to provide 
improved joint strength and pressure containment. 

Mul t ip le  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. 

Resil ient  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 

P E R F O R M A N C E  
P R O P E R T I E S  OF C A S I N G  
U N D E R  L O A D  C O N D I T I O N S  

Casing is subjected to different loads during landing, cementing, drilling, and 
production operations. The most importaI:t 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 (API 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. 

O'u 

~y 

ELASTIC LIMIT 

STRESS 

R 

STRAIN 

L 

v 

Fig. 2.1" Elastoplastic material behavior with transition range. 
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2.1 T E N S I O N  

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. Beyond the elastic limit (point 
P), the pipe body suffers a permanent deformation which often results in the loss 
of strength. Points Q and R on the curve are defined respectively as the yield 
strength (cry) and minimal ultimate strength (a~) 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. 

o 
As 

Fig. 2.2" Free body diagram of tension and reaction forces. 

The strength of the casing string is expressed as pipe body yield 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 As. 

Thus, 

F a  - -  o. v A s (.2.1) 

o r  

7r 2 
- -g % (d o - ) (.2..2) 
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where: 

cry - minimal yield strength, psi. 
do - nominal outside diameter of the pipe, in. 
di - inside diameter of the pipe, in. 

E X A M P L E  2-1" 

5 in. N-80 casing, with a nominal Calculate the pipe-body yield strength for 9g , 
weight of 47 lb/ft and a nominal wall thickness of 0.472-in. 

Solution: 

The minimum yield strength for N-80 steel: 

cry - 80,000 psi 

The internal diameter, di" 

di - 9 . 6 2 5 -  2(0.472) 

= 8.681in. 

Thus, the cross-sectional area, As, is" 

7r 12 As - ~-(9.6252- 8.68 ) 

= 13.57 in. 2 

Therefore, from Eq. 2.1" 

G - As o-~, 

= 13.57 • 80,000 

= 1.086x 1031bf 

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-105 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 miniInal joint 
fracture force and minimal joint pullout force. Calculation of these forces proceeds 
as follows" 

Tensional force for fracture, F a j  (lbf)" 

Faj  - 0.95 A j p o u p  (2.3) 
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Tensional force for joint pullout" 

0.74 do 0"59 O'up 
F~j - 0.95 a j p L e t  L07/ZZ $ 0.14 do 

+ 
~ry ] 

Let + 0.14 do 

where: 

Ajp  - area under last perfect thread, in. 2 
Let - length of engaged thread, in. 
~up - minimum ult imate yield strength of the pipe, psi. 

Area Ajp  is expressed as" 

7I" 
Ajp  - ~ [(do - 0.1425) 2 - d~] 

Coupling Fracture Strength" 

('2.4) 

(2.s) 

F~j - 0.95 A j p o u  c (2.6) 

riCO 

d r o o t  - -  

A jc  - area under last perfect thread, in. 2 

= _ d,.oot]/4 
outside diameter of the coupling, in. 
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. 

cr~,c - nfinimum ultimate yield strength of the coupling, psi. 

E X A M P L E  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: Let = 4.041 in. (long 
thread), au = 100,000 psi (Table 1.1). 

Solution:  

From Eq. 2.5, the cross-sectional area under the last perfect thread, Ajp ,  is" 

Ajp  = ~ [ ( 9 . 6 2 5 -  0.1425) 2 - 8.6812 ] 
4 

- 11.434sq. in. 

(i) From Eq. 2.3 one can calculate fracture force as: 

F~j - 0 .95x  11.434x l0 s 

= 1 ,086x  1031bf 
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(ii) Similarly Eq. 2.4 yields the force for the joint pullout," 

F~j _ 10.8623x4.041[0.74x(9.625)-~ 80.000 ] 
0.5 (4.041) + 0.14(9.625) + 4.041 + d.14 (9.625) 

= 905 X 1031bf 

From tile above analysis the limiting factor is the joint pullout, so for API Round 
thread (long), N-80, 9-~ in. casing, the joint strength is" F~j - 9 0 5  x 10:3 lbf. 

Sinfilarly, 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~j - 0 . 9 5  A s p  cru [1.008 - 0 . 0 3 9 6 ( 1 . 0 8 3  - cry)do]  
O" u 

(2.7) 

Tensional force for coupling thread failure: 

F~j - 0.95 As~ cr~ (2.8) 

where" 

Asp 
Asc 

- As - area of steel in pipe body, in. 2 
- area of steel in coupling, in. 2 

Asc is expressed as" 

71" 

- -  droot ) -4(alL- ('2.9) 

where" 

dco 
droot = 

outside diameter of coupling, in. 
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. 

E X A M P L E  2 - 3 :  

5 For N-80, 9g 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: dco - 10.625 in. (regular), dco - 10.125 in. (special clearance), droot 
= 9.4517 in. Assume that crop- cr~c 
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Solution: 

First it is necessary to  calculate the  cross-sectional area of the  pipe body. .qrp. 
and the  couplings, ASc. One obtains: 

lr 
A,, = - (9.625’ - 8.681’) 

1 
= 1:J.572sq. in. 

and from Eq. 2.9. 

T 
A,, = - (10.625’ - 8.681’) 

= 18.5sq. in. (regular) 
4 

7r 
A,, = - (10.125’ - 8.681’) 

1 
= 10.35sq. in. (special clearance) 

By simple substitution of the above into the  respective equations: 

( i )  Eq. 2.7, 

FaJ = 0.95 x 13.572 x x 9.625 

= 1,161 x 1 0 3 1 ~  

( i i )  Eq. 2.9, 

FaJ = 0.95 x 18.5 x 10’ 
= 1,757 x 1031bf (regular) 

( i i i )  Eq. 2.9, 

FaJ = 0.95 x 10.:1.5 x 10’ 
= 98:3 x 1031bf (special clearance) 

Once again i t  is the  miniiiiuni performance characteristic of the  casing \vIiich 
appears in the  design tables. Thus. for S-80, 9; in . .  XPI Buttress thread. t h r  
joint strengths are: 

For regular couplings. Fa, = 1161 x lo3 lbf and for special clearance couplings. 
FaJ = 983 x lo3 lbf. 

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" 

f~j = ~ (d~ -  d~) 
4 

(2.10) 

Tensional force for box failure: 

Fa j ~ 7r~ 2 
4 (dj~ - d~~ (').11) 

where: 

djo 
dboz 

- external diameter of the joint,, in. 
- internal diameter of the box under the last perfect thread, in. 

Tensional force for pin failure: 

Foj = ~ ' ~  ~ d~)  4 ( dpin - (2.~2) 

where" 

dji - internal diameter of the joint, in. 
dpi,~ = 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 (1989). 

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  S u s p e n d e d  W e i g h t  

The weight of pipe in air is computed by multiplying its nominal weight, B~ 
(lb/ft), by the total length of the pipe. However, when tlle 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 buoyant weight of pipe, Fa, can be 
expressed as follows: 

Fo - F o ~ -  Fb~, (2.13) 
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where" 

Fair 
Fb~ 
F~ 

= weight of the string in air, lbf. 
- buoyancy force, lbf. 
- resultant axial force, lbf. 

The above equation can be rewritten as' 

o r  

F~ - I A s %  - IA~'~m 

= IA~(% - 7m) 

= /As% (1 - 7--2-~)% 

- F~iT(1--%--2)% (2.14) 

F~- F~i,.BF (2.15) 

where: 

% - specific weight ~ of steel. 65.4 lb/gal. 

"~m -- specific weight of drilling fluid, lb/gal. 

B F  - 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 

J 

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 arguinent 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 buoyancy force must be concentrated at the 
bottom face of the pipe. 

~The relationship between specific weight 7 in lb/gal (ppg) and pressure (weight) gradient, 
Gp , in lbf/in.2ft (psi/ft), is Gp - 0.0,52 x ~t. 
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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 + ap, A,)  - apoAo (2.16) 

where: 

Gpi 
Gpo 

Ai 
Ao 

- pressure gradient of the fluid inside the casing, psi/ft. 
- pressure gradient of the fluid in the annulus, psi/ft. 
- area corresponding to the casing ID, in. 2 
- area corresponding to the casing OD, in. 2 

E X A M P L E  2 - 4 "  

s in. casing under the following Consider a 6,000-ft section of N-80, 47 lb/ft, 9~ 
conditions across its entire length: (i) suspended in air, (ii) immersed in 9.8 lb/gal 
mud, (iii) 12 lb/gal cement inside and 9.8 lb/gal mud outside, (iv) 9.8 lb/gal mud 
inside and 12 lb/gal cement outside. 

S o l u t i o n :  

(i) The weight in air, Fair, is given by" 

Fair = W n l - 4 7 x 6 , 0 0 0  

= 282,0001bf 

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

9.8 
B F  - ( 1 - 6 5 . 4 )  

= 0.85 

one obtains: 

Fa - 282,000 • 0.85 - 239,807 lbf 
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(iii) The buoyant weight, Fa, is given by Eq. 2.17. First. calculating the cross- 
sectional areas of the casing" 

Ai ~r(8"681)2 = = 27.272 sq in. 
4 

Ao 7r(9"625)2 
= = 30.238 sq in. 

4 

Then" 

F~ - {(47 + [12 x 0.052]27.272)-  30.238(9.8 x 0.052)}6,000 

= 291,650 lbf 

(iv) As in (iii)above: 

Fa - { (47+ [9.8 x 0.052]27.2722)- 30.238(12 x 0.052)}6,000 

= 252,180 lbf 

Note in particular that the maximum effective weight of the string is not Fair, 
the weight in air, but rather the condition given in part (iii) when the casing is 
filled with cement and surrounded by low specific weight mud, i.e., Fa > Fair 

when Gp, Ai > Gpo Ao 

M ~ ,  y2 Yl 

..R 

~ -  A 

M O\ 

i 

SCALE = 2 .5 :1  

Fig.  2.3: Pure bending of a circular beam. NOTE: !Jl - 92 - do~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 coInpression. 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, Ae2, can be expressed as follows: 

AC2 = (1 + AI) - l 
l (2.17) 

Al 
= l (2.18) 

where: 

Al 

1 

R 

0 

AO 

y2 

- ( R + y 2 )  A O - R A O - y 2 A O  

= axial deformation. 

- section of the pipe length. 

- radius of curvature. 

- angle subtended by the pipe section. 

- angular deformation. 

- axial deformation above OO' plane. 

(2.19) 

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

AI Ao'2 
: (2 .20)  

1 E 

o r  

A~r2 - -  E Y2 (2.21) 

where" 

E 

Aa2 

- -  modulus of elasticity, 30 x 106 psi. 
- incremental bending stress. 

Combining Eqs. 2.19 and 2.21, and converting into field units by expressing | in 
radians per 100 ft of pipe, y2 in inches and As in square inches, one obtains the 
equation for bending force, Fb: 

Fb -- A~Ao2 

- A~E �9 y2 
12 

O 71" 
�9 �9 (2 .22)  

100 180 
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Considering yl - y2 - do~2 and the nominal weight of the pipe, I4]~, to be equal 
to 3.46 As b, then Eq. 2.22 can be simplified to" 

Fb -- 2.10 x 10 - 6  Wn Edo 0 ('2.2:3) 

o r  

Fb -- 63 doW,~ 6) ('2.24) 

where: 

do 
As 
(3 

w~ 

- nominal diameter of the pipe, in. 
- pipe cross-sectional area, in. 2 
- degrees (~ per 100 feet ('dogleg severity'). 
- nominal weight of pipe, lb/ft. 

E X A M P L E  2-5"  

Calculate the axial load due to bending in the string in Example 2-4 given that 
the maximum 'dogleg severity', O, is 3~ ft. 

S o l u t i o n "  

Applying Eq. 2.24 one obtains" 

Fb -- 6 3 X 9 . 6 2 5 X 4 7 X 3  

= 85,500 lbf 

Equation 2.24, recommended by Bowers (1955), Greenip (1978), and Rabid 
(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 lj, supported at points P and Q subtends an angle 
0 at the center of curvature (Fig. 2.4), which does not exceed its elastic limit. 

bFor 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 2. 
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Fs U ~  ._Y 

I? . I~ ' I  , , o + . ~ r  " 

...~.~. - . COUPLING 

X 

SHEAR 
FORCE ~ j / 2  lj _ 

BENDING MOMENT 
Ij/2 lj 

Pig. 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: 

1 M 
= (2,2,5) 

R EI  

where: 

I 

M 
- moment of inertia, in. 4 
- bending moment, ft-lbf 

For a circular pipe, I is expressed as" 

71" 4 4 
I -  6---~(do-di) ('2.26) 

where: 
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do - outside diameter of the pipe, in. 
di - inside diameter of the pipe, in. 

If the curvature of the bent section is sinall then the radius of curvature can be 
given by: 

1 d2y 
= ('2.'2 7 ) 

R dx  2 

Combining Eqs. 2.25 and 2.27 one obtains: 

d2y M 
= ('2.28) 

dx 2 E 1  

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

x 2 

Mx - Ms + Fay + Fwx - H/~ "2 sin 0 - lk~ x y' cos 0. (2.29) 

where: 

& 
F~ 
Ms 

y and y' 

= axial force, lbf. 
= force exerted by the borehole wall at the couplings, lbf. 
= bending moment at O, ft-lbf. 
= 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, Fa, 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)" 

d2 y Fay 2 A o'2 F~, x 
= ~ ( 2 . a o )  

dx 2 E 1  Edo E 1  

where/ko'2 is a maximum, AO'max, at Y2 -- do/2. 

Maximal bending force is obtained by integrating Eq. 2.30. Defining ~2 as" 

& g,2= 
E 1  

(2.31) 

one obtains the integral solution" 

1 [2 Acy.~ 
- v/--v E d o  

=~] (cosh Wx - F=, [sinh ~,x - u,x] 
1) + t , 3 E i  

('2.32) 
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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 nfiddle of the joint is zero. 

Hence, 

( d3 Y ~ = 0 (2 .33)  

where: 

lj - 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) _ l 1 
. - -  ~z ~=t,/~ 2 R (2.34) 

Applying the boundary conditions to Eq. 2.:32 yields the following expression for 
the radius of curvature: 

1 2 Acrm~ x tanh(~ l j /2 )  
-R= Edo (~tj/2) (2.35) 

Rearranging the equation in terms of Acrr~ax, and expressing R in terms of dogleg 
severity, O, one obtains" 

/ x ~ m ~ -  - EdoO e l i  1 (2.36) 
2 lj 2 tanh(~lj/2) 

Similarly the bending force, Fb, is given by" 

Fb -- As A(Tmax 
As EdoO ~,lj 1 

21j 2 t~nh(elj/2) 

Solving for maximal stress and expressing the equation in field units: 

(2.:~7) 

(2.~s) 

Fb -- 63 W,~ doO 6 ~lj (2.39) 
tanh(6 ~lj) 

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: 

Fa,, - 0.95Ajpcr,,; (2.40) 

Jumpout and reduced fracture strength" 

[ 0.74do~ (1 + 0.5z)cru] 
Faj - 0 .95AjpLe t  0.5Let + O.14do + Let + O.14do (2.41) 

Bending load failure strength: 

When fab/Ajp >__ crup, the joint strength is given by: 

{ I140 o ol 5 } 
Fab -- 0.95Ajp cr"P- (crop cry)o.s (2.42) 

When fab/Ajp < crup, the joint strength is given by: 

Nab -- 0.95 Ajp ( cruP -- cry 
k 0.644 

+ cry - 218.15 Odo) (2.43) 

where: 

Ajp 

F~b 
Total load 

Pi 

Ai 

z 

- cross-sectional area of pipe wall under the last 

perfect, thread, in. 2 
m 71" 
- --~ [(do - 0.1425) 2 - ( d o  - 2t) 2] 

- total tensile failure load with bending O, lbf. 

- External load + sealing head load 

= External load + piAi  

- internal pressure, psi. 

- internal area. in. 2 
m 71" ) 2  
_ --i(do-2t 
- total tensile load at fracture, lbf. 

= ratio of internal pressure stress to yield strength 
pido 

2ayt  

(2.44) 
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Faj - minimum joint strength, lbf. 

E X A M P L E  2-6: 

s in. 47 lb/ft, N-80 casing with API long, round thread For a 40-ft length of 9~ , 
couplings subjected to a 300,000 lbf axial tension force in a section of hole with 
a 'dogleg severity' of 3~ ft calculate the maximal axial stress assuming" (i) 
uniform contact with the borehole, (ii) contact only at tile 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 10 a lbf, and nominal joint strength, 905 x 10 a lbf, were calculated. 

The cross-sectional area of the pipe is given by" 

71" 2) . 
As - ~-(9.6252 - 8.681 - 13.5725sq in. 

Without bending, the axial stress is given by" 

300,000 
cr~ - = 22,104 psi 

13.572 

The additional stress due to bending is: 

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

Fb 63 x 9.625 x 47 x 3 
Act.2 = As = 13.5725 = 6,400psi 

Thus, the total stress in the pipe is: 

a~ + Act 2 - 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" 

71" 54 14 I - -  ~ ( 9 . 6 2  --8.68 ) - -142 .51 in .  4 

Similarly, from Eq. 2.31" 

I F ~  i 300, 000 
- ~ -  3 0 x  106x 142.51 

= 8.377 x 10 -3in. -x 
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Thus, 

Fb 
/4k O - m  a x - - -  

A~ 

__- ( 6 4 x 9 . 6 2 5 x 4 7 x 3 )  ( 1 : ~ : 5 7 2 5  

= 13,337psi 

Thus, the total stress in the pipe is: 

6 x (8.377 x 10 -3) x 40 '~ 

tanh(6xS. :377x 10 - 3 x 4 0 )  ) 

cro + Ao-m~x - 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. 

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

(iii) The minimal ultimate yield strength of N-80 grade casing is c%p 
psi, so using Eq. 2.42 one obtains the value for joint strength" 

- 1 0 0 , 0 0 0  

F~b 
Ajp 

(/14~ 
= 0.95 x 100 ,000-  (160~6-0(}- 801b0~ ~ 

= 94,993 psi 

Inasmuch as Fab/Ajp > 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, Ajp, 
is: 

Ajp = 7r )2 ~{(9.625 - 0.1425 

= 11.434 sq. in. 

- ( 9 . 6 2 5  - 2(0.472)) ~ } 

and the calculated joint strength is" 

F~b -- 94,993 • 11.434-- 1,086,1501bf 

This value is above the nominal joint strength value of 905 x 103 lbf 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. 



45 

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 oil 
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). 

CASING 

ROTARY PLATE 

SLIPS 

time = 0 I 

CONDUCTOR PIPE Wave V i 0 
~. t ime  f/ - F r o ~  - 

' ( b )  

b 

CASING 

(Q) 

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 it is 
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 l/p when its 
downward motion is arrested by the setting of the slips. The particles in the 
pipe body continue to move at a velocity I~;, thereby inducing a stress wave to 
propagate downwards from the slips at a velocity ~';. After a time t) has elapsed, 
the wave will have travelled a distance Vsfl. During the same time, the particles 
in the pipe body, travel a distance ~f~. 

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

m ~  - Impulsive force x time 

= (crsAs)fl ('2.45) 

where" 

m - -  mass of the pipe section l/;F/, i.e., Vsf~ As %/g, lb. 
- velocity of the stress wave, ft/s. 
= characteristic wave velocity for steel is 17,028 ft/s. 

Vp - velocity of particles in pipe, ft/s. 
~rs - compressive stress resulting froin the action of the slips, psi. 

Rewriting Eq. 2.45: 

( Ef t  As % )  Vp - as Asf~ ('2.46) 
9 

which after cancelling yields' 

7~EE ors = (2.47) 
9 

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

F~ - (2 a~) A~ ('2.48) 

o r  

2%VpEA~ 
F~ = (2.49) 

g 

Expressing Eq. 2.49 in field units yields" 

F~ - 3,200 W~ (2.50) 
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where: 

F~ = shock load, lbf. 
V~ = 17,028ft/s. 
V; = 3.04 ft/s for 40 ft of casing. 
% = 489.5 lb/ft a. 
g = 32.174 ft/s./s. 

As = W~/3.46 in 2 (W~ in lb/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. 

E X A M P L E  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 I/~0 is 3.04 ft/s, i.e., 13s per 40 ft,. Ill 
this example the rate is 9s per 40 ft, thus: 

F s : -  3,200 x 47 x ( .193)-217,250 lbf 

Alternatively using Eq. 2.49" 

F s 2 -  ( 2 •  ( 4 7 )  ( 1 ) 
32.17 x ~ x 17028x ~_~ x 

= 217,250 lbf 

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

Fsp~ok -- 2 x 217 ,250-  434,500 lbf 

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, Fe, and is 
expressed as: 

Fd - --/b lF~l (2.51) 
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where: 

fb - borehole friction factor. 
- 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" 

Fh - + F ,d (2 .52)  
fb -- fe ~ We(1, fb) dI 

where: 

Fh 
Fb~,v 

F~,d 

fb) 
l 
g 

= hook load. lbf. 

= vertically projected component of buoyant weight, lbf. 

= hydrodynamic viscous drag force, lbf. 

= unit drag or rate of change of drag, lb/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  P r e s s u r e  T e s t i n g  

Pressure testing is routinely 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 B U R S T  P R E S S U R E  

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. 

Fro 

t 
F t ~~s~ F t 

5 r Fq 

F t 

(c) 

(o) 

d O - i  

(b) 

5 x  

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 A0 at any radius 7" while under a 
constant axial load, then the radial and tangential forces on the ring element are 
given by: 

radial force" F, = p i / k x  ri _~0 

tangential force: 2 F t  - 2 (7 t / X x / X  r i 

where" 

~rt - tangential stress due to internal pressure, psi. 
Pi - internal pressure, psi. 
r i  - -  internal radius of casing, in. 

From the equilibrium condition of the small element one obtains: 

Pi / k x  ri  /kO - 2 cr t s i n  
A0 

Ax 2xr 
2 

(2.5:3) 
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For small A0, s in(A0/2)~  A0/2, and Eq. 2.53 reduces to: 

Pi  - o't ( 2 . 5 4 )  
r i  

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

1 

where: 

do - outside diameter of the cylinder, in. 
t - cylinder wall thickness, in. 

Pb - -  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. 

O't ASL._ A s 

I 

! 

i / 

ot tAsl, 

ZX% ~ 0 ~  qkslZXs2 

Or t As2 

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

A small element (,-/XSl x/ks2) of a container, which is subjected to a burst pressure 
of p i ,  is included between the radii 7"1 and r2. A0I and A02 denote the angles be- 
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tween the radii rl and r2, 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(A0/2) ~ A0/2" 

cr r t A S 2  --OA____A __ 2 cr t t A s 1  A O.~ + P i AS1 As'2 -- 0 ('2.56) 2 
2 z 

If/kSl - r l / k01 ,  and As2 - r2A02, then Eq. '2.56 becomes" 

crr crt Pi 
- - +  = --  (2.57) 
r 1 r 2 t 

If a cylindrical pipe of radius r is subjected to an uniform internal pressure Pi 

and rl tends to infinity, then the equation of thick-walled pipe is" 

p i t  
a~ = ~ ('2.58) 

t 

Expressing the equation in terms of nominal diameter, do, and yield strength of 
the pipe body, ay, one obtains Barlow's formula: 

2a~ (2.59) 
P i -  ( d o l t )  

The API burst pressure rating is based on Barlow's formula. The factor of 0.875 
assumes a minimal wall thickness and arises froIn the 1'2.5 % manufacturer's toler- 
ance allowed by the API in the nominal wall thickness. Thus, the burst pressure 
rating is given by" 

Pbr -- 0.875 2 cr u (2.60) 
(do~t) 

where: 

Pbr -- burst pressure rating as defined by the API. 

E X A M P L E  2-8: 

5 Calculate the burst pressure rating of N-80, 47 lb/ft, 9g in. casing. 

Solution" 

From Eq. 2.60: 

PbT--0.875X 2 X 8 0 , 0 0 0 X  9.625 - -6 ,875ps i  

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. 



52 

2.3  C O L L A P S E  P R E S S U R E  

Primary collapse loads are generated by the hydrostatic head of the fluid column 
outside the casing string. These fluids are usually drilling fluids and. some, iIl~es. 
cement slurry. Casing is also subjected to severe collapse pressure whell drillii:g 
through troublesome forinations such as: plastic clays and salts . 

Strength of the casing under external pressure depends, in general, on a nunlber 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 (yield point, elastic limit. Poisson's ratio, etc.). 

RANGE 

~ TRANSITION RANGE 

~ ELASTIC RANGE 

STRAIN 
, , . . . _  

v 

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 Inaterial 
behavior can fail in three possible ways when subjected to overload due to ex- 
ternal pressure: elastic, plastic, and by exceeding the ultilnate tensile strength of 
material (Fig. 2.8). 

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

In contrast to low do/t and low strength failure in the yield range, casing with high 
do/t ratio and high strength, collapses below the yield 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 deforination 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, 1982). The equation for elastic collapse in thin- 
walled and long casing specimens is a function of d o/t and material constants: 
Young's modulus and Poisson's ratio. 

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

Casing inay be considered as an ideal, uniforinly compressed ring with SOllle 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 equilibriuIn 
in the assumed slightly deformed 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 l:? and 3Io (respectively). po is the 
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uniform normal pressure per unit length of the center-line of tile ring and Uo is 
the radial displacement at A' and D'. The bending moment is considered 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)" 

,.2 + :2 (r') 2 r" 
A ' B ' ( r  - r .  (2.61) 

+ 

where: r - r ( 0 ) - r ' + u ( 0 )  (2.62) 

Substituting Eq. 2.62 in Eq. 2.61 and neglecting tile small quantities of higher 
order like u 2, u'u, etc., one obtains" 

1 u 11 tt 
A ' B ' ( O )  - (2.63) 

Similarly, the equation of the curvature at any point on the arc A B  is given as: 

1 
A B  (~) - - -  (2.64) 

F* 

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

M 
- A ' B '  + A B -  ('2.65) 

E1 

where" 

M 
I 

- bending moment due to deformation, ft-lbf. 
- moment of inertia of the pipe, in. 4 

Now, substituting Eqs. 2.63 and 2.64 in Eq. 
equation for the deflected arc A'B ' :  

2.65, one obtains the differential 

d2u M ( r ' )  2 
+ u - (2.66) 

dch 2 E 1  

The vertical component of force, ~ ,  due to pressure po, can be expressed as" 

Vo - p o A ' O  (2.67) 

: po - 

= po (r" + Uo) (2.68) 
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and the bending moment at B' of the deflected ring is: 

M = M o + V o A ' C - M p o  (2.69) 

where: 

MPO 

Mo 

= bending moment (per unit length) due to the external 
pressure Po at any section of ring. 

= bending moment about O. 

From Fig. 2.9(b), the vertical and horizontal components of force po are given 
by: 

V - / p o d s  cosa (2.70) 

H - / pods sin c~ (2.71 ) 

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

M p o -  / p o d s c o s c ~ ( A ' C - z ) + / p o d s s i n a ( B ' C - y )  

A'C [B'C 
- a x = 0  p~ (A'C - x) d ,  + , y = o  p~ (B'C - y)  dy  

Po 
- 2 (A'B')2 (2.72) 

Substituting Eqs. 2.67 and 2.72 in Eq. 2.69 and applying the laws of cosines one 
obtains: 

po ( 2 _ - X 7 0  2 ) M - Mo - --f (.2.7a) 

However, substituting OB'  = r* + u, and A'O = r" - Uo into Eq. 2.73 and then 
neglecting the squares of small quantities u and Uo, the bending moment becomes: 

M = M o - p o r * ( u o - u )  (2.74) 

Finally, substituting Eq. 2.74 into Eq. 2.66, the final expression of the differential 
equation for the deflected ring becomes: 
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The critical value of the uniform pressure is obtained by integrating Eq. 
Thus, using the notation" 

2.75. 

@2_ 1 + (r-y3 po (2.76) 
E 1  

one obtains the general solution: 

U(O) -- C1 COS I,I/ 0 + 02 sin qJ o + 
po (,-')~ ~,o + (,-')~ Mo 

E1  + (r")3po ('2.77) 

If one now considers the boundary conditions at the cross-section A'/Y of tile 
buckled ring, the two extreme values of o (0 and re~'2), are obtained when u'(0) 
= 0 and u'(Tr/2) - 0, respectively. From the first condition it follows that  C2 - 0 
and from the second, that: 

C 11,I/ sin qJ 7r/2 - 0 ('2.78) 

Inasmuch as C1 r 0, it, follows that  sin ~P x ~/2 - 0. Thus. tile equation for eigen 
values is: 

�9 ~ / 2 -  , .~  

which yields" 

-- 2 n (n -- 1,2, 3...) ('2.79) 

For n - 1. the smallest value of �9 and. consequently, the smallest value of po for 
which the buckled ring remains at steady" state, are obtained. Substituting �9 -"2 
into Eq. 2.76, one obtains the general expression for critical pressure Per" 

"3 E 1  ('2.80) 

Defining the ring as having unit width and thickness t. I can be written as" 

t 3 1 

12 
('2.81) 

Substituting Eq. 2.81 into Eq. '2.80 and replacing r 
critical pressure becomes" 

* with do/'2, the equation for 

(') pcT -- 2 E -~o (2.s2) 
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The expression for critical pressure for a buckled ring call also be used ill deter- 
mining the buckling strength of a long circular tube, t << pipe length l, exposed 
to uniform external pressure. To obtain the collapse pressure (elastic range), pc~, 
it is important to introduce the restrained Poisson's number (u). The equation 
of deformation according to the theory of elasticity is given by: 

1 
- - .  ( 2 . s a )  

1 

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

~r~ - u e~ ('2.85) 

and the axial deformation is given by" 

O'x 2 O'x 
e ~ - - ~ - ( 1 -  u ) - E---; 

where: 

('2.86) 

E 
E ' -  (2 st) - i _ u 2  

Substituting E / ( 1  - u 2) for the modulus of elasticity in Eq. "2.82 and expressing 
diameter to thickness ratio as do/t .  the Bresse (1859) equation for calculating the 
collapse strength of tubular goods in tile elastic range is: 

2 E  1 
poe-  1 -  u 2 (</ t )~ ('2.SS) 

where" 

Poe - collapse resistance in elastic range (Bresse). 

E X A M P L E  2-9: 

5 Using a value of u - 0.3, find the collapse strength of N-80.47 lb/ft, 9g in. casing 
in the elastic range. 
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Solution" 

From Eq. 2.88" 

2 X (30 X 106 ) 

1 -(0 i3i  9.625 - 7.776 psi 

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 yield to the tangential stress induced 
by the external pressure at a critical value of pressure computed using the Lam6 
formula (Grassie, 1965). 

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 do/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 tile 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 A0 at the center of 
a cylinder, is presented in Fig. '2.10. a,, crt and oh represent radial, tangential, 
and axial stresses (respectively), acting on the ring element at any radius r. and 
(F, +AFT) is the radial force at a radius (r + A t ) .  Thus. the radial and tangential 
forces can be expressed as follows: 

1. Radial force" 

AFT = -cyT rA0.Xz ('2.89) 

AF,+~xT = (a, + A a r ) ( r  + A r ) A 0  A ~ ('2.90) 

2. Tangential force" 

A0 
2AFt  - 2at s i n ~ . X r X z  

For small angles of A0, s i n ( A 0 / 2 ) ~  _X0/'2. Thus: 

2 Ft - at A0 Ar Az 

(2.91) 
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Fig.  2.10" Stresses in thick-walled casing under external pressure. 

From the equilibrium conditions of the small element: 

AFt+AT - AF,. - at A0 Ar  Az ( 2 . 9 : 3 )  

Substituting Eqs. 2.89 and 2.90 into 2.9:3 and neglecting the product of small 
quantities one obtains: 

A o r  - ( o t  - o T ) / x r  

o r  

Ao'T -- at -- oT ('2.94) 
Ar  
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In differential form, the  above equation ran be expressed as: 

r da, 
- = a* - a, 

dr 
(2.9.5) 

If u is the radial displacement. the strain equations due to the principal stressw 
ar3 at and a, (all assunied positive i f  tensile) can he expressed as: 

u ( r + A r ) - u r  du 1 
ar dr E 

= - [a, - v (at + a,)] - -  E ,  = - 

27r ( I '+u) -27rr  L1 1 
E t  = = - = - [a, - v (a, + a,)] 

27rr r E  

(2.96 

(2.97 

E a  = - 1 [a, - Y (a, + at)] (2.98) 
E 

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

or 

- = v  daa (2+2) 
dr 

(2.99) 

(2.100) 

Differentiating Eq. 2.97 with respect to I'. equating the  result with Eq. 2.96. and 
substituting Eq. '2.100 for da,/dr gives: 

a, - a* = I' [(I - Y ) - - Y - 
d r  d r  

Substituting Eq. 2.95 i n  Eq. 2.101. the following equation is ol~tained: 

dot  da, da, 
dr dr  di. 

r (1 - v )  - - r v - + r - = O 

(2.101) 

(2.102) 
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However, as r(1 - u) 7~ 0 it follows that" 

o't + a~ - constant, which for c o n v e n i e n c e  is called 2K1 (.2.~ 03) 

Substituting Eq. 2.95 into Eq. 2.103" 

r d~r r 

dr 
= 2 K1 - 2 ~rr ('2.104) 

Equating to K1 and multiplying both sides by r one obtains: 

r2  do ' r  
-~r + 2 ~rr r - 2 K l r (.2.~ 05) 

o r  

d 
(r2crr) - 2 K , r  (2.106) 

dr  

Finally, integrating both sides, the Lain6 equations are obtained for radial and 
tangential stresses at any radius r" 

K 2  
o'T -- K1 - t - ~  (9 107) 

F2 '-" 

and, therefore, from Eq. 2.103" 

K 2  
o't - -  K1 r2 ( ' 2 . 1 0 8 )  

The values of the constants K1 and K2 are determined by the t ernfii~al conditions. 

If Po is an external pressure and ri and ro are the internal and external radii of 
the cylinder, respectively, then from inspection of Fig. 2.10 one obtains: 

K 2  
--Po = K 1  -}- ~ (2.109) 2 

r o 

K2 
0 - K, + r--~. 2 ('2.110) 

Combining Eqs. 2.109 and 2.110 and solving for K1 and K2 yields" 

( 2 ) ~  _ ~o 
ro (9 111) K 1  - -t- p o r~ 2 ~ "  

ro ri 
K2  = - P o  2 2 (2.112) 

r i - -  r ~ 
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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 po are respectively" 

2 [ r~] (2.113) P~176 1 + 
O't = - ,  2Fo - -  7-2 r2J 

2[ 
P~176 1 -  (9 114) 

~ - -  ~o~ - ~ ~'1 - '  

The maximal tangential stress. ~rtma . occurs at the internal surface of tile pipe 
where r - r i "  

ertmax = - - p o  r2 _ r2 ('2.115) 

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

2 

2 (9 116) 
P c m  = 2 r o "" 
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where: 

0.0. 2 c 

Pcu: 

= tensile stress required to produce a total elongation of 0.2 % 
in the gauge length of the test specimen. 

= critical collapse pressure for onset of internal yield in ideally" 
plastic material (Lam6). 

The critical collapse pressure can be rewritten in terms of the ratio of nominal 
diameter, do, to wall thickness, t, by" replacing r; and ,'o with [(do~2)-  t] and 
(do / 2), respectively" 

(do~t)-: 
pcu: - 2Cro.2 (do~t) 2 ( 2 . 1 1 7 )  

In Eq. 2.117, the point at which the tangential stress, induced at the inner 
surface of the pipe body by the external pressure, reaches the yield 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 0"0. 2 

Pcu2 = (dolt) ('2.118) 

where: 

Pcy2 = critical collapse pressure for onset of internal yield in casing 
(Barlow). 

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

CA 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. Et  (see Fig. 2.12(a)) in Eq. 2.88. 
Thus, the equation for transition collapse, p~t,, is: 

2 Et 1 
Pch = (2.119) 

1 - u ( d o l t )  3 

where" 

pctt - critical external pressure for collapse in transition range based on 
Et ,  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, ET, is based on the theory of buckling according to En- 
gesser and Von Karman (Szabo, 1977). 

The following assumptions are made in the developn:ent of the theory (Bleich. 
1952)" 

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

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

3. The relationship between stress and strain in ally' 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, Fa, 
such that ~ = F a / A  exceeds the limit of proportionality. Upon further increase 
in F~, the pipe reaches a condition of unstable equilibrium at which point it is 
deflected 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, ~r, 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 
&r/de = Et, 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, a = E c~, 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 N A  and the convex 
(stress increase) side by NB.  

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

o•0 hi j/O h2 
s l d A -  s 2 d A -  0 (2.120) 

and, 

j[O hi j[o h2 Sl(Zl - e)dA - s2(z2 + e)dA - F~y - M 

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" 

(71 0" 2 
81 -- ~1 ZI a n d  82 - g z 2 

Similarly" 

A d z -  h2dO-  02dx 
E 

Thus, it follows that" 

dO 0" 2 0" 1 
dx Eh2 Eth 1 

For small deformations" 

dO d2 y 

dx dx 2 

Thus, combining Eq. 2.122 with Eq. 2.122 yields" 

d2y d2y 
a 2 -  Eh2~x 2 and 0 " l - E h l d x  2 

(.2.1.21) 

(2.122) 
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Substituting the above expressions for 0" 1 and o'2 into Eq. '2.120 yields: 

d2y I'h~ d2y rh2 
Et ~x 2 ]o z l d A - E -~-fix 2 Jo z 2 d A - o  

o r  

Et  $1 -- E S2 - 0 (2.123) 

where: 

$1 and $2 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, t, is considered as height, h, and the unit length, 1, as base (Refer to 
Fig 2-12(c)). Using this notation, Eq. 2.12:3 reduces to: 

E h~ - Et h~ (2.124) 

As shown in Fig 2-12(c), h - hi + h2. Thus, the changes in cross-sectional areas 
(hi x 1) and (h2 x 1) from the neutral axis are given by: 

h4- , 
hi = x /~  4- x/~t ('2.125) 

and 

= 4 -E  + 
(2.126) 

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

11 = bh~ I 2 -  bh32 and I -  bh3 
3 '  3 12 

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

4 E  . Et 
E F  ~- (v/--E 4- v /Et )  2 (2.127) 
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Hence, the collapse pressure for elasto-plastic transition range can be determined 
by means of the equation: 

2E~ 1 
p~,~ - (2.128) 

1 - u 2 (do~t )  a 

where: 

P c t r  - -  critical external pressure for collapse in transition range based 
on E~, reduced modulus. 

The average tangential stress is obtained using the following equation" 

ET 1 
~tE~ = (2.129) 

1 - -  u 2 (do~t )  2 

where" 

#tE~ = average tangential stress for a particular value of Er. 

In contrast to Young's modulus, Er, 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: 

p2 - K *  E t  ( t / d o )  3 (2.130) 

where" 

p~ -- collapse pressure for stresses above the elastic limit (Sturm, 1941). 

K* denotes the collapse coefficient, which becomes equal to" 

2 
h'* = (2.131) 

( 1 - u  2) 

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. 2.18: Relationship between stress, strain and the tangent modulus . (After 
Krug, 1982; courtesy of ITE-TU Clausthal.) 

1. If the average nominal stress. #n. lies between the limit of elasticity, erE, 
and the yield limit, ay, the following equation applies: 

{ } Et - E 1 - ( 1 - ~ ) c r ~ - c r E  (2.132) 

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

2. If the average nominal stress. #n, lies between the yield point, cry, and the 
tensile stress, cra, the equation becomes" 

{ } Et - ~ E 1 - a~ - ~ry (2.133) 
O" a - -  ~ T y  

3. If the average nominal stress lies below the limit of proportionality, crp, 
whereas the maximal total stress, ~rr~x, lies above the limit of elasticity 
because of eccentricity, the experimentally determined formula applies" 

{ } E t = E  1 - - 4  ~r~--~ 

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 API. 

account the fact tha t  Poisson's ratio for steel varies from I /  = 0.3 i n  t he  elastic 
range to v = 0.5 in the  plastic range. ,\loreover. imperfections may occur i n  
the  pipe body, which can influence the  collapse strength. For these reasons. i t  
appears both sensible and expedient to describe the  collapse behavior by siliiple 
empirical formulas from the start .  In  practice. these siinplificatio~is 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 i n  accordance with the XPI 
equations given in the  XPI Bul. X 3  (1989). The equations are those adopted 
a t  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 A P I  Collapse Formula 
The collapse strength for the yield range (yield strength collapse) is calculated 
using the Lam(~ equation. In this equation, critical external pressure is defined 
with reference to a state at which the tangential stress reaches the value of yield 
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: 

py - 2 Yp ( d o ~ t ) -  1 

where: 

Yp - yield strength as defined by the API, lbf/in. 2 

For determining the elastic collapse strength, p',, an equation proposed by 
Clinedinst (1939) is utilized: 

2 E  1 I p~ - ('2.136) 
1 - u 2 ( d o ~ t ) { ( d o ~ t ) -  1} 2 

Though the formula for P'e is very similar to the Bresse equation (Eq. "2.88) 
it results in higher calculated collapse values, especially for smaller dc,/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, E = 30 x 10 6 lbf/in. 2, and Poisson's ratio, i/ = 0.:3, the 
numerical equation is: 

46.95 x 106 
P~ - ( d o ~ t ) [ ( d o ~ t ) -  1] 2 (2.137) 

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.) 

}pa = oy {[I -0.75 ($Io5-  0.3 (;)} 
= 

= 
yield strength of axial stress equiviilerit grade. p5i 

o, for oa = 0 

Failure riiodel .4pplicahle dolt range 

1 .  Elastic 
46.95 x lo6  

Pt = (6 - G) Y p a  

d, 2 + B / A  
-2 
f 3B/A 

3.  Plastic 

[ ( ~ - 2 ) ' + 8 ( 8 + C / E b , ) ] ' I ' + ( . ~ - L ) )  
p P = Y p . ( $ - B )  - C  2 ( B + ) 

d (.4 - F )  5"s 
t c + Yp, ( B  - G )  

4. Yield 

where: 

A = 2.8762 + 0.10679 x lo-" Ypn + 0.21301 x 

- 0..5:31:32 x Y;, 
B = 0.026233 + O.IiO609 x Ypa 

c = - 465.93 + 0.030867 Ypn - 0.10483 x lO-'Yp'n + O.:JG!)89 x I;,: 

G = ( F  x B ) / A  
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T a b l e  2.2: E m p i r i c a l  p a r a m e t e r s  u s e d  for co l l apse  p r e s s u r e  c a l c u l a t i o n  

- for  ze ro  ax ia l  load ,  i.e.,  a~ -- 0. ( A f t e r  A P I  Bul .  5C3,  1989.)  

Steel Grade* 

EmpiricM Coefficients 
Plastic Collapse Transition Collapse 

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 1.998 0.0434 

-90 3.106 0.0718 2,254 2.017 0.0466 
C, T-95 and X 3.124 0.0743 2,404 2.029 0.0482 

- 100 3.143 0.0768 2.553 2.040 0.0499 
P-105 and 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 3,301 2.106 0.0582 
-130 3.258 0.0920 3,451 2.119 0.0599 
S-135 3.278 0.0946 3,601 2.133 0.0615 
-140 3.297 0.0971 3,751 2.146 0.0632 
-150 3.336 0.1021 4.053 2.174 0.0666 
- 155 3.356 0.1047 4.204 2.188 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 0.1173 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, pp .... 
determined by means of regression analysis" 

has been 

ppov - ~ [d@ - B ] (2.1:38) 

The parameters  A and B are dependent on the respective yield point. In order 

to take into account the effect of tolerance limits, a constant pressure C has 
subsequently been calculated for each steel grade. Thus, minimum plastic collapse 
is obtained by subtracting the factor C from the average collapse strength, pp,~/ 

PPrnin ~ YP 
A ] 
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Table  2.3" R a n g e s  of  dolt rat ios  for var ious  co l lapse  pres sure  reg ions  
w h e n  axial  s tress  is zero,  i .e. ,  aa -- 0. (Af ter  A P I  Bul .  5C3,  1989. )  

Grade* 
--  Yield---, I -- P l a s t i c -  I -- Transition---, I ~- Elastic--I 
Collapse Collapse Collapse Collapse 

H-40 16.40 27.01 42.64 
-50 15.24 25.63 38.83 

J, K-55 14.81 25.01 37.21 
-60 14.44 24.42 35.73 
-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 29.18 
C, T-95 and X 12.85 21.33 28.36 

-100 12.70 21.00 27.60 
P-105 and G 12.57 20.70 26.89 

P-110 12.44 20.41 26.22 
-120 12.21 19.88 25.01 

Q-125 12.11 19.63 24.46 
-130 12.02 19.40 23.94 

S-135 11.92 9.18 23.44 
-140 11.84 8.97 22.98 
-150 11.67 8.57 22.11 
-155 11.59 18.37 21.70 
-160 11.52 18.19 21.32 
-170 11.37 17.82 20.60 
-180 11.23 7.47 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  C 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 is 
no longer possible to take elastic collapse behavior into consideration. 

The discontinuity problem has been xnathematically resolved by the creation of 
an artificial fourth collapse range: the transition collapse. Determination of the 
collapse strength in this range is 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 do/t coordinate axis, 
(Ppov - 0), is tangent to the curve for elastic collapse, and subsequently intersects 

the curve for plastic collapse" 

p t -  Yp (do~t) G ('2.140) 
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where: 

p~ - transition 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 do/t 
ratios for various collapse pressure regions, respectively. 

E X A M P  LE 2-10" 

[:sing data from Table 2.2 and the API formulas from Table "2.1, calculate values 
5 of collapse resistance for N-80, 9g in., 47 lb/ft casing in the. elastic, transition. 

plastic, and yield ranges. By calculating the do/t range determine what value is 
applicable to this sample casing. Assume zero axial stress. 

Solution: 

Calculate the do/t ratio. 

9.625 
do/t - = 20.392 

0.472 

From Table 2.2: 

A - 3.071, B - 0.0667, C - 1955, F - 1.998 and G - 0.0434 

Substituting these values into the fornmlas in Table 2.1 gives the results in Table 
2.4. Thus, for our sample casing of N-80 with do/t = 20.392. collapse failure 
occurs in the plastic range, i.e., pc = pp = 4,760 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 oi: page 80. 

2.3.6 Calculation of Collapse Pressure According to 
Clinedinst (1977) 

Clinedinst (1977) conducted 2,777 collapse pressure tests oi: casing lengths be- 
tween 14 in. (35,5 mm) and aa 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 yield range provided better agree- 
ment with the experimental results than did the use of the Lam~ fornmla (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 s / t  range 
1. Elastic 

P e  = 

- - 

2. Transition 

Pi = 
- - 

3.  Plastic 
- 

PP - 
- - 

4. Yield 
- 

PY - 

46.% x 10" 
20.392 (20.:392 - 1 ) j  
6,123 psi 

d , / f  2 31.03 

.).) 48 < d , / i  5 31.03 - (a - 0 . 0 4 : q  80.000 --. 
4.366 psi 

80.000 (0.0839) - 1.933 1s.39 5 d,/i 5 22.45 
4.734 psi 

7,461 usi 

2.117). He, therefore, recommended the use of t h e  Rarlow's formula i n  which the 
critical external pressure is limited I,- t he  state of stress for which the average 
tangential stress in the casing wall corrcsponds to the yield point of the  material: 

(2 .141 ) 

In the elastic range. a formula similar to Eq. 2.136 has heen employed. The 
constant in the  numerator has been set q u a 1  to a higher value 011 the basis of the 
results of 147 tests. The  minimum for the collapsr resistance iiicludes 9!1.5 'A of 
the measured da ta  and amounts to 75.6% of the average test results. or 72.7% 
of the  theoretical values: 

(2.1 12) 

For the  investigation of plastic transition range. 1 . i 9 4  test speciniens from foul 
casing manufacturers have been einplo\-ed. The  error in the  experiment a1 results 
due to the  short length of the  test specimen wab corrected using a Inultiplier. The 
corrected value, p ( L / d , ) ,  is obtained using the  f o l ~ o w ~ ~ i g  relationship: 

(2 .143)  
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As is the case with the correspondiiig XPI equations. the effect of the out-of- 
roundness is implicitly contained in t he  eiiipirical formula. lilt roducing tlie effect 
of length on the  test results, Clinedinst found the  following solution for dcter- 
mining the  average collapse strength in  the plastic range: 

( 2 . 1 4 4 )  

where: 

L = length of the  test specimen. i n .  

The ininimum for the collapse strength has been specified at 77.8 ‘3 of t l i r  average 
collapse strength provided that 110 iiiore than 0.5 % of the test results arc’ less than 
this limit. Hence, 

For test specimens having L / d ,  = 8. the collapse resistance in  the  plastic range 
is given by: 

1.123 x 106 
I’p = ( d o / t ) ( L . 0 9 6 - ~ . 4 3 L x  Y p )  

(2.1 16) 

The  results obtained using t hc equations for calculat ing t lie critical collapse p r e -  
sure for the four collapse ranges are presented in Fig. 2.15. Tlie solid line iiitlicates 
the methods used by the  .API. whereas the dashed line indicatvs t h p  n ie t l~)d  used 
by Clinedinst. 

2.3.7 Collapse Pressure Calculations According t o  Krug 
and Marx (1980) 

Krug arid Marx (1980): and Krug ( I W ? )  conducted 160 collapse pressure tests 
on casings with d o l t  ratios between 10 and -10 and L / d ,  ratios between 2 and 
12. In the  evaluation they took only the collapse strength in tlie elasto-plastic 
transition range into account and made t lie following ohservat ions: 

1. Calculated values of average collapse strrngth in accordaiice witli API pro- 
cedures are too high. 111 part this can be a t t r i b u t d  to the use of h o r t  
specimens. Overall. the results rxliiliit favorable and uniform scat tering i i i  

which dependence oil stcel grade i h  always reflected. 
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Fig. 2.15: Co]lapse 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 yields values which are too high-  irrespective 
of do/ 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 yield strength besides dol 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 c. the values of which are obtained ex- 
perimentally from collapse tests" 

pp - a (do~t) b-~~ (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 s 
- •  (2.148) 
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where the units of cr0.2 are N/mm 2. 
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Fig. 2.16: Comparison between measured collapse pressure and average collapse 
strength according to ppo. (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, pp . . . .  defined 
as 85 % of the average collapse strength, ppov, in psi, is introduced" 

9.0924 x 10 s 
PPmin - -  (do / t) 1.929-- 3.823 X 10 -4 Or0.2 (2.149) 

where the units of or0.2 are N/mm 2. 

In Figs. 2.17 and 2.18, a comparison is made between the collapse strength Pp~v 
or pp,,,, and the values calculated using the API and Clinedinst (1977) methods 
for steel grade C-95. 

Next Page
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Chapter  3 

P R I N C I P L E S  
D E S I G N  

OF C A S I N G  

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 S E T T I N G  D E P T H  

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 ca:: 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 lb/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 associated 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, 1985). 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/h, the new fracture gradient becomes 
0.932 + 0.025 = 0.957 psi/ft (18.5 lb/gal). The depth at which this fracture 
gradient is encountered is 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, it is clear that a drilling mud specific weight of 16.85 lb/gal (16.35 
+ 0.5) would be necessary to drill to a depth of 14,050 ft. The normal pressure 
zone, 8.9 lb/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: 

A p  = Dn (")'m -- ")If) x 0.052 (3.:) 
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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 

7m 
7: 

D~ 
0.052 

= arbitrary limit of differential pressure, psi. 
= specific weight of new drilling fluid, lb/gal. 
= specific weight of formation fluid, lb/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 tile new nmd specific 
weight becomes 13.1 lb/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 is 
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 lb/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 lb/gal, respectively. The maximal depth that can be 
drilled safely with the 16.85 lb/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 lb/gal (gradient of 0.9:3 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 It, 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 cakulated using the following 
relationship: 

Pk - GpjDi  - Gp1(Di - Ds) (a.2) 

where" 

Pk 
Ds 
Di 

Gpj 

= kick-imposed pressure at depth Ds, psi. 
= setting depth for surface casing, ft. 
= setting depth for intermediate casing, ft. 
= formation fluid gradient at depth Di, psi/ft. 

Assume also that formation fluid enters the hole from the next casing setting 
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depth, Di. Expressing the kick-iInposed pressure of the drilling fluid in terms of 
formation fluid gradient and a safety inargin..5'M. Eq. 3.'2 becolnes" 

Pk -(Gpj + SM)D~ - Gp~(D~- D,) (3.3) 

o r  

Pk = s M ( D i )  +a j (3.4) 

Where pk/Ds is the kick-imposed pressure gradient at the seat of the surface 
casing and nmst 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.,500 ft and ,_q'M. in 
terms of equivalent mud specific weight, is 0.5 lb/gal. The kick-imposed pressure 
gradient can be calculated as follows" 

1,500 1,500 + 8.9 x 0.052 

= 0.6552 psi/ft 

The fracture gradient at 1,500 ft is 0.65 psi/ft (1"2.49 lb/gal). Clearly, the kick- 
imposed pressure is greater than the strength of tile 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 k ick- imposed  pressure gradients vs depth.  

Depth 
(ft) 

Kick-in:posed Fract ure pressure 
pressure gradient gradient 

(psi/ft) (psi/ft) 
1,500 0.655"2 0.65 
2,000 0.61 0.66 

At a depth of 2,000 ft the fracture resistance pressure exceeds the kick-in:posed 
pressure and so 2,000 ft could be selected as a surface casing setting depth. How- 
ever, as most flesh-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 blowout.s and the protection of flesh-water 
aquifers. 
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Fig. 3.5" Casing program for a typical 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 C A S I N G  S T R I N G  S I Z E S  

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 IADC (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 betw~n 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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Tab le  3.2" T y p i c a l  dr i l l ing  a n d  m u d  p r o g r a m s  for a 19,000-ft  well. 

Drilling program: 

0 - 3 5 0 f l  ~ 26-in. hole 
3 5 0 -  5,000 fl ~ 20-in. hole 

5 ,000-  11,100 fl ~ 17.5-in.hole 
11 ,100-14 ,000f t  ~ 12.5-in. hole 
14,000- 19,000 ft ~ 8.5-in. hole 

Casing program 

0 -  350 ft ~ 20-in. conductor pipe 
0 - 5,000 ft ~ 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 - 3 5 0 f t  ~ 0.465 psi/ft 
3 5 0 -  5,000 ft ---, 0.465 psi/ft 

5 ,000-  11,100 ft ~ 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 - 3 5 0 f t  ~ 9.5 ppg(70 .71b/ f t  3) 
0 -  5,000 ft ~ 9.5 ppg (70.7 lb/ft 3) 

0 -  11,100 ft ~ 12.0 ppg (89.8 lb/ft 3) 
0 -  14,000 ft ~ 16.8 ppg (125.7 lb/ft 3) 
0 -  19,000ft ~ 17.9 ppg(133.91b/f t  3) 

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 S E L E C T I O N  OF C A S I N G  W E I G H T  

G R A D E  A N D  C O U P L I N G S  

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 is designed to withstand the maximal load that is anticipated during casing 
landing, drilling, and production operations (Prentice, 1970). 

Often, it 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 is 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). II: 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 ca:: 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 all3' part of the section is lower than tile 
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. 



Table 3.3: Available steel grades, weights and coupling types and their minimum performance 
properties available for the expected pressures. 

Size, 
i outside 

diameter 
(in.) 
20 

16 

3 13g 

Nominal ' 
weight, 
threads 

and 
coupling 

(lb/ft) 
Grade 

Pipe 

94 K-55 
133 K-55 
65 K-55 
75 K-55 
8,1 I,-80 

109 K-55 
98 L-80 
85 I )-110 
98 I)-110 

Wall 
thickness 

(in.) , 
0.438 

Pipe Body 
Inside collapse yield 

diameter ;resistance strength 
(in.) , (psi) ( 1 0 0 0  lbf) 
19.124 520 1,480 

0.635 18.730 1,500 2,125 
0.375 15.250 630 1,012 
0.438 15.12,1 1,020 1,178 
0.495 15.010 1,480 1,929 
0.656 14.688 2,560 1,739 
0.719 11.937 5,910 2,800 
0.608 12.159 4,690 2,682 
0 . 7 1 9  11.937 7,280 ! 3,145 

Coupling 
type 

Internal 
pressure 

resistance 
(psi) 

LTC 
BTC 
ST(; 
STC 
BTC 
BTC 
BTC, 
PTC 
PTC 

2,110 
3,036 
2,260 
2,630 
4,330 
3,950 
7,530 
8,750 

10,350 

Joint 
strength 

(1000 lbr) 
955 

2,123 
625 
752 

1,861 
1,895 
2,286 
2,290 
2,800 

5 9~ 58.4 L-80 
47 P-110 
38 V-150 
41 V-150 
46 i V-150 
38 MW- 155 
46 SOO-140 
46 SOO-155 

0.595 8.435! 7,890 1,350 
0.472 8.681 5,310 1,493 
0.540 5.920 19,240 1,644 
0.590 5.820 22,810 1,782 
0.670 5.660 25,970 1,999 
0.540 5.920 19,700 1,697 
0.670 5.660 24,230 865 
0.670 5.660 26,830 2,065 

BTC 
LTC 

Extreme-line 
PTC 
PTC 

Extreme-line 
PTC 
PTC 

8,650 
9,440 

18,900 
20,200 
25,070 
20,930 
23,400 
25,910 

1,396 
1213 

1,430 
1,052 
1,344 
1,592 
1,222 
1,344 

'vl" 
0,3 

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 ceInented 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 coInnlon. 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 ahnost in:possible 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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F i g .  3.6" Collapse and burst load on surface casing. 

2. Casing is completely empty. 

3. Safety factor for collapse is 0.85. 

Collapse pressure at the surface - 0 psi 

Collapse pressure at the casing shoe" 

Collapse pressure - external pressure-  internal pressure 
= Gp,, x 5 , 0 0 0 - 0  
= 9.5 x 0.052 x 5 , 0 0 0 - 0  
= 2,470 psi 

In Fig. 3.7, the collapse line is drawn between 0 psi at the surface and 2,470 psi at 
5,000 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.T. 
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 give:: 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. 

B u r s t  

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 is 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 !nil!wing gas will displace the entire 

Table 3.4" Col lapse  res is tance  of grades  su i table  for surface casing. 

Grade Weight Coupling Collapse resistance 
(lb/ft) (psi) 

5 ' F -  1 ,_qF-0.85 
K-55 75 STC 1.020 1.200 
L-80 84 STC/BTC 1.480 1.741 
K-55 109 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 (lb/ft) (ft) 

1 0 -  2,450 K-55, 75 2,450 
2 2,450 - 3,550 L-80, 84 1,100 
3 3,550 - 5,000 K-55, 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-in:posed 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 is 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 assuIned 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, po, at 
5,000 ft. 

Injection pressure = (fracture pressure + safety factor) x 5,000 

Again, it is customary to assume a safety factor of 0.026 psi/It (or equivalent 
drilling fluid specific weight of 0.5 ppg). 
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Injection pressure 

External pressure at 5,000 ft 

Burst pressure at 5,000 ft 

Burst pressure at the surface 

= (14.76 + 0.5) 0.052 x 5,000 
= 3,976.6 psi 

- saturated salt water gradient x 5,000 
= 0.465 x 5,000 
= 2,325 psi 

= 3,976.6-  2,325 
= 1,651.6psi 

- internal p ressure -  external pressure 

Internal pressure = injection p ressure -  Gp9 x 5,000 
= 3,976.6-  500 
= 3,4 76.6 psi 

where: 

Gp9 - O.lpsi/ft 

Burst pressure at the surface - 3,476.6-  0 
= 3,4 76.6 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. 

T a b l e  3 . 6 :  B u r s t  r e s i s t a n c e  of g r ades  su i t ab l e  for su r face  casing.  

Grade Weight Coupling Burst resistance 
(lb/ft) (psi) 

._q'F- 1 ._q'F- 1.1 
K-55 75 STC 2,630 2,391 
L-80 84 S T C / B T C  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 (lb/ft) (ft.) 

1 3,000- 5.000 K-55. 75 '2,000 
2 0 -  3.000 L-80. 84 :3,000 
3 0 -  3.000 K-55. 109 :3,000 

Select ion 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 lb/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 requireinents from 0 to 5,000 ft but 
only satisfies the collapse requirement from 0 to 3.550 ft. 

3. Grade K-55 (109 lb/ft) satisfies both collapse and burst requirements from 
0 to 5,000 ft. 

4. Steel grade K-55 (75 lb/ft) can be rejected because it does not sinmltane- 
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" Mos t  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 a t  the bottoiii of the  string have lieeii ignored. Thus. tlir 
neutral point is effectively considered to be at the shoe until buckling effects arc 
considered. 

The  tensile loads to which the two sections of the  surface casing are subjected 
are presented in Table 3.9. The  value of Yp = 1.861 x 103 Ibf (C'olunui ( 7 ) )  is 
the  joint yield strength which is lower than the pipe hod! Field strength of 1.!)2!) 
x lo3 Ibf. 

Table 3.9: Total tensile loads on surface casing string. 

(1) ( 2 )  ( : 3 )  ( 4 )  
Depth Grade and Buoyant weight C'urnulative buoyant 

interval b'eight of section weight carried 
( f t )  ( Ib / f t  1 joint (1 .OOO Ibf) by the  top joint 

(1) x M,, x BF (=O.SSS) ( I  .ooo l h f )  
s5,OOO - 3,550 K-55, 109 1y.5.222 1 :3:j.222 
:3,-550 ~ 0 L-80, 84 23.5.1:30 3 90.3 32 

( 5 )  ( 6 )  ( 7 )  
Shock load carried Total tension 

1; 
by each section (1.000 Ibf) SF = Total tension 

(1,000 Ihf) ( 4 )  f (5) 
3,  2oown 

348.8 484.022 1.7:38/484.022 = :3.sj!) 
268.8 6.59.1.j2 1 .dG1/639.132 = 2.82 

It is evident from the  above that both sections satisfy 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 lie checked for pressure testing co11- 
di tions. 
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Tensional load due to pressure testing 

= burst resistance of weakest grade (L-80, 84) x 0.6 x As 
= 4,330 x 0.6 x 24.1 -62 ,611 .8  lbf 

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, 

S F  = 
Total tension load 

1,861,000 
= = 4.11 

62,611.8 + 390,352 

This indicates that the top joint also satisfies the requirement for pressure testing. 

Biaxial  Effects 

It 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 
lb/ft) is the weakest grade. Reduced collapse resistance of this grade can be 
calculated as follows: 

Buoyant weight carried by L-80 (84 lb/ft) - 135,222 lbf. 

(1) Axial stress due to the buoyant weight is equal to" 

135,222 

a~ = rc(d~ - d ~ ) / 4  

135,222 
7r(162 - 152)/4 

= 5,608 psi 

(2) Yield stress is equal to: 

l, 929,000 
cry = 7r( 1 6 2 -  152)/4 

= 80,000 psi 
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(3) From Eq. 2.163, the effective yield stress is given by" 

{[ } ~ .  1 0 . ( ~ )  ~ 0~(~)  

000{[1 0  (:060 ) 1~ 05 ( 00 000 
= 77,048 psi 

(4) do/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 
C - 1,867 
F = 1.993 
G = 0.0425 

(6) Collapse failure mode ranges can be calculated as follows ( Table 2.1)" 

[ ( A - 2 )  2 + 8 ( B + c / a ~ ) ]  ~ = 13.510 

a~(A-F) 
= 22.724 

c + ~ ( B  - G) 

2+B/A 
= 31.615 3B/A 

Inasmuch as the value of do/t is greater than 31.615, 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 (133-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.) (lb/ft) (ft) 

1 0 -  3.550 L-S0.84 3.550 
2 3 ,550-  5.000 K-55. 109 1.450 

some of the design loading conditions are extremely severe. ProbleIns 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 iinplementing 
the intermediate casing design very expensive. 

Below the intermediate casing, a liner is set to a depth of 14.000 fl 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 is 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 drilling fluid column is 
balanced by the pore pressure of the lost circulation zone, which is 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 hm2. 

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 p , ,  x 1 1 , 1 0 0  

= 12 x 0.052 x 11,100 
= 6,926.4 psi 

where: 

hml - 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" 

hm2 = GPl • 14,000 

~,~ • 0.052 
= 6,994 ft 

0.465 • 14,000 

17.9 x 0.052 
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The distance between the top of the fluid column and the surface, ha, is equal to: 

h~ - 1 4 , 0 0 0 - 6 , 9 9 4  

= 7,006 ft 

Height of the drilling fluid column above the casing seat, hml, is equal to" 

hml - 1 1 , 1 0 0 - 7 , 0 0 6  

= 4,094 ft 

Hence, the internal pressure at the casing seat is: 

Internal pressure = Gpm • hml 
= 17.9 x 0.052 x 4,094 
= 3,810.7 psi 

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 
psi 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). 

B u r s t  

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. 3.10" Burst load with respect to the relative position of the drilling fluid 
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Table 3.11: Collapse resistance of grades suitable for intermediate cas- 
ing. 

Grade \!.eight Coupling Collapse resistance 
(lb/ft  1 (PSI ) 

\ F = 1  q F = O $ , j  
L-SO 98 HTC' i.910 6.9 5.3 
P-110 s3 PTC' 1.090 5.517 
P-110 98 PTC' 7.250 S.564 

to t,he working pressure rat irig of the surface equipi~ient used. Typical operating 
pressures of surface equiprtient are 3.000. 10.000. l.i.000 and 20.000 psi. 

The  relative positions of the influx gas and the drilling fluid i n  the casing are also 
iiiiportant (Fig. 3.10). If the influx gas is on the top  of t he  drilling fluid. t h e  load 
line is represented by a dashed line. I f  instead the niud is 011 thr, top. the load linc 
is represented by the solid line. From tlie plot. i t  is evident that the assuniptioii 
of iiiud on top of gas yields a greater burst load than for gas on top of it irid.  

The  following assumptions are made in  calculating the  burst load: 

1. Casing is partially filled with gas 

2. During a gas-kick. the gas occupirs the Imt tom part of  thv hole aiid the' 
remaining drilling fluid the  top. 

3. Operating pressure of the surface eqiiipmcnt is 3.000 phi 

Thus,  the burst pressure at  the surface is 5.000 psi. 

Burst pressure a t  the  casing seat = internal pressiirr - -  external pressure. 

The  internal pressure is equal to the injection pressure at the casing seat. Thr 
intermediate casing. however. will also he  siibjected to the  kick-iniposetl pressure 
assumed to occur during the drilling of t hr final sect ion of thr  holfx. Thus. tlvt vr- 
mination of the internal pressure at tlie seat of the iiiternirdiatr casing should he 
based on the injection pressure at the lincr seat. 

IIijection pressure at  the  liner seat ( 1  4.000 f t )  

= fracture gradient x depth 
= 

= 1:3,762 psi. 
(18.4 + 0.5) x 0.05'2 x 14.000 

The relative positions of the gas and the fluid can be determined as follows (Fig. 
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3.8)- 

14,000 - h e + hm (3.5) 

Surface pressure - injection p r e s s u r e -  ( G p h  9 + Gpmh,n ) 

5,000 - 1 3 , 7 6 2 - ( 0 . 1  x h g + 1 7 . 9 x 0 . 0 5 2 x  h~,) (a.6) 

Solving Eqs. 3.5 and 3.6 simultaneously,  one obtains hg and hm" 

hg - 5,141 ft 

hm - 8,859 ft 

The  length of the gas column from the in termedia te  casing seat, hoi. is" 

h g i -  11 ,100 -  8 , 8 5 9 -  2,241 ft 

Burst  pressure at the bo t tom of the drilling fluid coluinn 

= internal p r e s s u r e -  external  pressure 

Internal  pressure at 8,859 ft - 5,000 + 17.9 x 0.052 x 8,859 
= 13.246psi  

External  pressure at 8859 ft - 0.465 x 8.859 
= 4.119 psi 

Burst  pressure at 8,859 ft 
- 1:3.246 - 4,119 
= 9.127 psi 

Burst  pressure at casing seat - internal  pressure - external  pressure 

Internal  pressure at 11,100 ft - pressure at 8.859 ft + (Gpg x hgi) 
= 1:3.'246 + "2"24.1 
= 13,470psi  

Burst  pressure at 11,100 ft - 13 ,470 -  11,100 x 0.45 
= 8.475 psi 

In Fig. 3.9, the burst  pressure line is constructed between 5.000 psi at the surface, 
9,127 psi at 8,859 ft and 8,475 psi at 11.100 ft. The  burst resistances of the suitable 
grades from Table 3.2 are given in Table :3.1'2. 

The  grades tha t  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 
(lb/ft) (psi) 

S F -  1 S F -  1.1 
L-80 98 BTC 7,530 6.845 
P-110 85 PTC 8,750 7.954 
P-110 98 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 (lb/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~ ft is considered when calculating the tension load due 
to bending. Hence, starting from the bottom, Table 3.14 is produced. 

It 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  Test ing and Shock Loading 

Axial tension due to pressure testing: 

= Grade L-80 burst pressure resistance x 0.6 x A, 

= 7, 5:30 x 0.6 x '28.56 - 129, 0:34 lbf 

Top joint tension - (4)+ (6)+ 129,034 

- 1,240,007 lbf 



Table 3.14: Total tensile loads on intermediate casing string. 

Depth Grade arid Buoyant weight C’umula t i ve buoy ant 
interval Vv’eight of section weight carried 

( f t )  (Ib/ft) joint (1.000 lbf) by the  top  joint 

(1) (2 1 ( 3 )  (4 )  

(1 )  x IV, x BF ( 1  .ooo Ibf) 
B F  = 0.817 

11,100 - 6.400 P-110, 98 L376.3 1 0 3 76. 3 1 0 

4,000 - 0 L-80. 98 320.261 863.212 
6,400 - 4,000 P-110, 85 166.668 ,542.9 78 

( 5 )  (6 1 (7) (8)  
Shock load Bending load Total tension 

Y carried by each in each section (1.000 lbf) .SF = & 
joint (1,000 Ibf) (1.000 Ibf) (4 )  + ( 5 )  + (6)  

(3, 20OWn) (63 d,CI.’,O) 
313.60 21 7.73 1 93 7.6 4 1 2.800/937.64 = 2.98 
272.00 214.869 1.029.347 .) -.* ”90/1.029 = 2.22 
313.60 247.731 1,424.57.3 2.286/1,424 = 1.61 

- 2.286,OOO 
Total tension 1.240.007 

= 1.84 

- YP S F  = 

The pressure testing calculations indicatp t h a t  the  upper section is suitable. How- 
ever, it  is the  worst case that one is designing for and in  this case. as Column ( 3 )  
in Table 3.14 attests, it is the shock load. 

Tension load is calculated by considering the cumulative buoyant weight at t lie 
top joint (4), shock load (5), and bending load (6) .  The  length of Section 1. r .  
that satisfies the requirement for tensional load can be calculated as follows: 

Minimum safety factor (= 1.8) = & 
Total tension load = (98x + 2,400 x 85 + 4,700 x 98) x 0.817 + 313.600 

+ 24,7731 
= 8 0 . 0 7 ~  + 1,104.309.2 Ibf 

Hence, 

2,286,000 
80.072 + 1, 104,309.2 

1.8 = 
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298,233.44 
143.118 

x =  = 2.069 f t  or 52 joints. 

Thus, the  part of Section 1 to be replaced by a higher grade ca5ing is (1.000 - 
2.000) 2,000 f t  or 50 joints. If this length is replaced by P-110 (‘38 I h / f t ) .  t h e  
safety factor for tension will be: 

2: 800,000 
S F =  = 1.97 

1,423,573 

In summary, the  selection based 011 collapse. burst .  and tension is given i n  Table 
3.15.  Table 3.16 shows the  reworked tension results liased on the revised string. 

Table 3.15: Intermediate casing selection based on collapse, burst and 
tensile loads. 

Section Depth Grade and Length 
( f t )  \\bight (Ib/ft ) ( f t  ) 

1 0 ~ 2.000 P-110. 98 2.000 
2 2.000 ~ 4.000 L-80. 98 2.000 
3 4.000 - 6.100 P-110. 85 2.400 
3 6.400 - 11.100 P-110. 9s 4.700 

Biaxial Effect 

The weakest grade among the  four sections is P-110 (85 Ib/ft). I t  15. thwpfole. 
important to check for the  collapse resi\tanw of this grade unde1 axial tension. 

(1) Axial stress. oa. carried by P-110 (85 Ib/ft) is: 

376: 310 
l7= = 7 = l.5,131 psi. 

24.39 

(2)  Pipe yield strpss: 

2.682,OOO 
24.39 

cTy = = 109.981 psi. 
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Table 3.16: Total tensile loads on revised intermediate casing string. 

Depth Grade and Buoyant weight Cumulat ive huoyan t 
interval \I;eig ti t of sect ion weight carried 

( f t )  P / f t  1 joint ( 1  .OOO Ibf)  1,y the top joint 

(1) (‘2) ( 3 )  (1) 

( I )  x I\;, x BF (= 0.817) ( 1  .ooo Ibf) 
11,100 ~ 6,400 P-110, 98 :3 76.3 1 0 376.3 10 
6,400 - 4,000 P-110, 85 166.668 .51 2.978 
4,000 ~ 2,000 L-80, 98 160.1:32 70:3.110 
2,000 ~ 0 P- 110, 98 160.192 86:?.’>12 

( 5 )  (6) 
Shock load Bending load 

in each section carried by each 
joint (1000 Ibf) (1.000 Ibf) 

(3,2OOW;,) (63 d,l.17,,0) 
313.60 21 7.73 1 
272.00 ‘211.869 
313.60 21 7.73 1 
313.60 21 7.73 1 

( 7 )  ( $ 1  
Tot a1 tension 

1;  
Total tension (1.000 Ibf) .i‘F = 

(1) + ( . 5 )  + ( 6 )  

9 3 7.61 1 2,800/937.61 = 2.98 
1 .029.817 2.290/1.029 = 2.22 
1.261.411 2.286/1.261.11 = 1.81 
1.124.373 2.8OOl1.121.37 = 1.97 

( : 3 )  From Eq. 2.16:3, the effective yield stress is given by: 

oe = oy { [ 1 - 0.75 (2) ‘1 O’’ - 0.5 (2)  } 
109.981 

= 101,450psi 

(4) d o l t  = 1:3.:175/0.608 = 21.998. 
( 5 )  The values of A to G are calculated using the equations in Table ‘2.1 and tlir 
value of gc above: 

A = 3.1483 
B = 0.0776 
C = 2,596.26 
F = 2.0441 
G = 0.0504 
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(6) Collapse failure mode ranges are: 

[ ( A -  2) 2 + 8(B + C/a~)] ~ + ( A -  2) 

a e ( A -  F) 
C + a e ( B - G )  

2 + B/A 
3B/A 

= 12.661 

= 20.913 

= 27.389 

(7) Inasmuch as do/t - 21.99, the failure mode is in the elasto-plastic region. 

(8) Hence, the reduced collapse resistance of P-110 (85 lb/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 
4,317 

= = 1.07 
4,023 

which satisfies the design criterion SFc >_ 0.85 

Table 3.17" I n t e r m e d i a t e  casing proper t i es  and mud  weights  dur ing  
landing opera t ion .  

Depth Grade and Ai Ao A, 7i 70 
Weight 

(ft) (lb/ft) (in. 2) (in. 2) (in. 2) (lb/gal) (lb/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, 98 111.91 140.5 28.59 12 12 

10,000- 11,100 P-110, 98 111.91 140.5 28.59 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 slurry 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 lb/ft and P- l l0 .98  lb/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  s t resses  on i n t e r m e d i a t e  casing s t r ing  dur ing  land ing  
opera t ion .  

Depth 
(ft) 

Grade and (1) (2) (3) (4) 
Weight Wn ( D - x)  ( Aopo - A~pi ) o~ , ,  = o-~p~ = 

(lb/ft) (lbf) (lbf) (1) - (2) p~(A~,p~ - A~o,~,~) 
" A~ ..... A~ 

(psi) (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 18,471 688 
4,000 L-80, 98 664,600 214,099 15,757 321 

0 P-110, 98 1,056,600 214,099 29,468 321 

E x a m p l e s  of Ca lcu la t ions  in P r e p a r i n g  Table  3.18" 

Axial stress, a=wl (item 3), due to pipe weight and pressure differences at 6,400 
and 4,000 ft, can be calculated as follows: 

a~w at 6,400 ft on pipe section P-110 (98 lb/ft) 

W , ~ ( D - x ) - ( A o P o - A i p i )  

A~ 

98 (11,100 - 6,400) - [140.5 • 0.052 (12 • 10,000 + 14 • 1,100) 

28.59 
-(111.91 • 12 • 0.052 • 11.100)] 

28.59 
460,600 - 214,099 

= 8,622 psi 
28.59 

a~w at 6,400 ft on pipe section P-110 (85 lb/fl): 

460,600 - 214,099 
24.39 

= 10,107 psi 
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aa~ at 4,000 ft on pipe section L-80 (98 lb/ft) 

[98 (11, 1 O0 - 6,400) + 85 (6,400 - 4,000) ] - "214,099 

28.59 
664,600 - 214. 099 

= 15.757psi 
28.59 / 

aap (item 4) at 4,600 ft on pipe section P-110 (85 lb/ft) 

p~ ( A ~  - Ato~,l ) 

As 
12 x 0.052 x 6,400(116.11 - l l l .91)  

24.39 
= 688 psi 

crop at 4,000 ft on pipe section L-80 (98 lb/ft) 

0.624 x 6,400 ( 1 1 6 . 1 1 - 1 1 1 . 9 1 ) + 0 . 6 2 4 x 4 , 0 0 0 ( 1 1 1 . 9 1 - 1 1 6 . 1 1 )  

28.59 
= :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. 

Depth 
(ft) 

Grade and 
Weight 
(lb/ft) 

(5) (6) 
Total axial (~rr + O't)/2 = 
stress. ~ra (AiGp, - Ao@o) x/Asx 
(3) + (4) 

(psi) (psi) 
0 P-110, 98 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 ,489  -7 ,489  

An Example of Calculations in Preparing Table 3.19" 

Average of radial and tangential stresses (item 6) at any depth x is given by" 

(O'r+O't) __ AiGp, x-Ao(-;po x _  
2 x Asx 
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(111.91 x 12 - 110.5 x 12) x 0.052 x 4.000 (7) - - 
4.000 28.39 

= -2,496psi 

The values of axial and  average of radial and tangential stresses are plot t ed i n  Fig. 
3.11 (page 159). From the plot it is evident that the line of axial rtress and the 
average of radial and tangential stresses intersect at the casing shoe. indiratiiig 
that the casing is not liable to buckle during landing and cementing olwrat ions. 

Equally import,ant is to check whether t h e  pipe is liable to 1,ucklr 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  he saturated salt 
water (8.94 ppg). Consider also t,hat the p i p  is sul,jm-tcd to an a \wage  iiicreaw 
in teiiiperat,ure of 90°F arid that i n  calculating the values of axial stress due to 
the  change in fluid densities. the effect of surface pressure is ignored. Table 3.20 
sumiliarises t he  results. 

Table 3.20: Stresses in the intermediate casing during the drilling of 
the next section of borehole. 

Depth Grade (1) (2 )  ( : 3 )  (-2 1 
(ft) and Weight .loau. hap uOlL2 = Oap? = 

(psi) (psi) 
10,000 P-110, 98 5.552 0 1 . w  0 
6,400 P-110, 98 3 ,553  0 12.17.5 0 
6,400 P-110, 8.5 4,260 :3:38 14.:398 1 .O26 
4,000 P-110, 85 2 ,GG:3  :I38 21.16.5 1 . O X  
4,000 L-80, 98 2,221 13s 17.992 479 

0 P-110, 98 0 1.58 29.4s:3 479 

(lb/ft)  (psi) (psi) o~~~ + ha,', uap, + kqp 

Examples of Calculations in Preparing Table 3.20: 

Change in pipe weight (item 1). Anau. due to the change in fluid densities. at 
6,400 ft (P-110, 85) is as follows: 

u x (A,AG,, - AoAGp,)  

A,, 
AuaW = 

- 0.28 x 6,400 x 0.0t52[l16.11 x 3.9 - (-3.05) x 140.31 
21.:39 

= 4,260psi 

- 

Change in piston effect (item 2). Au,,? due to the  change in fluid densities. at 
6,400 ft (P-110, 85) is: 
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Aaap = xAGpi  ( A u p l  --  Aloe,)  

As 
6,400 x 0.052 x 5.9 x 4.2 

24.37 
= 338 psi 

In Table 3.21, the values of the tolal axial stress and tile average of radial and 
tangential  stresses are presented. 

Table 3.21" Stresses in intermediate casing during drilling of next sec- 
tion of borehole. 

Depth 
(ft) 

Grade (5) (6) (7) (8) (9) 

and Weight O'aT O'aw2 O'ap2 O'a (O'r -Ju O't)/2 
(lb/ft)  (psi) (psi) (psi) ( 5 ) +  ( 6 ) +  (7) (psi) 

(psi) 
0 P-110, 98 - 18,630 29.483 479 11.332 0 

4,000 L-80, 98 - 18,630 17.99"2 479 - 159 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, 98 - 18,630 1"2,117 0 - 6,453 8,698 

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 5), ~YaT, due to the increase in average tempera ture  
(90 ~ is given by" 

O'aT - - E T A T  

= - 3 0  x 106 x 6.9 x 10 .6 

- - 1 8 , 6 3 0 p s i  

x 90 

Average of radial and tangential  stresses (item 9), at 10,000 ft (P-110.98) is" 

O" r -~ O" t 

2 )= (AiGp, - AoGpo ) x 

Asz 
(111.91 x 1 7 . 9 - 1 4 0 . 5  x 8.94) x 0.052 x 10,000 

= 13,590psi  
28.59 

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 



159 

I 
-~:ID 

~r+ct  

/ 
/ 

/ 
/ 

/ 
/ 

d 

Stress (psi) Stress (psi) 
I I I o ~ t I ,  t t 4 / , t  

/ / 

~ ~ , ' "  / I / ', -"'"o~,:'~'~'~ 

I Z I  ',, oomon, To , 

1~ Depth (It) 

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 [( ~176 

= 28 .59  [13, 59O - ( - 1 6 , 7 9 5 ) ]  

= 868,6371bf 

According to Lubinski (1951), the critical buckling force on the intermediate 
casing can be determined as follows" 

Fbuccr - 3.5 [EI(W,~BF) 2 ]1/3 

where: 
1 

I = 6--47r(d 4 - d  4) 
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58.4 # L80 L80 

58.4 # 58.4 # 

Collapse load line 

Burst load line 

Fig .  3.12: Selection of casing grades and weight based on the collapse and burst 
loads for liner. 

1 
- - -  7r (13.3754 - 11 9374) 

64 
= 573.97 in. 4 

W , ~ B F  is the buoyant  weight / f t  and can be calculated as follows" 

W~ B F  = 
W~ - (poAo - p iA i  ) x 

x 
9 4 , 8 8 0 -  10,000 x 0.052(140.5 x 8 . 9 4 -  111.91 x 17.9) 

134.7 lb/ f t  

10.000 

Hence, 

Fbuccr -- 3.5 [30 x 106 x 573.97 x (134.7) 2 ]]/3 

= 237,482 lbf 
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or, 

237,482 
ab~ccr = = 8,307psi 

28.59 

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 (95-in. pipe) 

Drilling liner is set between 10,500 ft and 14,000 ft with an overlap of 600 ft 
s between 13 3 in casing and 9g in liner. The liner is cemented from the bot tom 

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 at 10,500 ft 

Internal pressure at 10,500 ft 

Collapse pressure at 10,500 ft 

Collapse pressure at 14,000 ft 

External  pressure at 14,000 ft 

Internal pressure at 14,000 ft 

Collapse pressure at 14,000 ft 

- external p r e s s u r e -  internal pressure 

- G p m 2  • 10.500 ft 
= 12 • 0.052 • 10.500 - 6,552 ft 

- G p , , ,  1 x fluid column height (Fig. 3.8) 
= 17.9 x 0.052 x ( 1 0 . 5 0 0 -  7,006) 
= 3.252 psi 

- 6 ,552-  3,252 
= 3,300 psi 

- external p r e s s u r e -  internal pressure 

- 12 x 0.052 x 14,000 
= 8,736 psi 

- 17.9 x 0.052 x 6. 994 
= 6,510 psi 

- 8,736 - 6.510 
= 2,2"26 psi 
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Table 3.22" Col lapse  res is tance  of grades sui table  for dril l ing liner. 

Grade Weight Coupling Collapse resistance 
(lb/ft) (psi) 

S F  - 1 S F  - 0 . 8 5  

P-110 47 LTC 5,310 6,247 
L-80 58.4 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 - l l0  (47 lb/ft) and L-80 (58.4 
lb/ft) grades satisfy the requirement for collapse load design. 

Burst  

Burst pressure at 10,500 ft (Fig. 3.8) 

= internal p ressure -  external pressure 

Internal pressure at 10,500 ft surface pressure + hydrostatic 
pressure of drilling fluid colunm 
+ hydrostatic pressure of the gas column 

= 5,000 + 8,901.6 x 17.9 x 0.052 
+ ( 1 0 , 5 0 0 -  8,901.6) x 0.1 

= 13,445 psi 

External pressure at 10,500 ft - hydrostatic head of the salt water column 
= 0.465 x 10,500 
= 4,882.5 psi 

Burst pressure at 10,500 ft - 13,445.44 - 4,88'2.5 
= 8,563 psi 

Burst pressure at 14,000 ft - injection pressure at 14,000 ft 
- saturated salt water colunm 

= 13,788.32 - 0.465 x 14,000 
= 7,278 psi 

In Fig. 3.12, the burst pressure line is constructed between 8,563 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 
(lb/ft) (psi) 

S F =  1 S F =  1.1 
L-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 Select ion 

From Table 3.25 it follows that L-S0 (58.4 lb/ft) and e - l l0  (47 lb/fl) 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 is in its last phase 
of production and the reservoir has been depleted to a very low abandonment 

Table 3.24" Mos t  economical  drilling liner based on collapse and burst 
loads. 

Section Depth Grade and Length 
(ft) Weight (lb/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 Buoyant weight Cumulative buoyant 

( f t )  \Veig h t of section weight carried 
(lb/ft) joint (1.000 Ihf) by the  top joint 

( I )  x W,, x B F  
B F  = 0.71:3 

(1,000 Ibf) 

14,000 ~ 12,500 L-80, 58.1 65.1 05 65.105 
12.500 - 10.500 P-110. 17 69.861 1 3 4.966 

(5) (6) ( 7 )  
Shock load Total tension 

YP 
otal tension carried by each (1.000 Ihf) .CF = T 

section (1.000 Ibf) (1) + ( 5 )  
(‘3,200 M’n) 

136.88 251.985 1.1t51/251.98c5 = 1.57 
150.40 285.:366 l.21;3/2&5.;366 = 1.25 

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 a t  surface = O psi 

Collapse pressure at casing seat 
= external pressure ~ internal pressure 

= 17.9 x 0.0.52 x 14.000 - 0 

= 1:3,0:31 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 froin Table 
3.3 are presented in Table 3.26 and all these grades satisfy the requireInent for 
maximum collapse design load. 

Table 3.26" Collapse resistance of grades suitable for production casing. 

Grade Weight Coupling Collapse resistance 
(lb/ft) (psi) 

,S'F - 1 ,_q'F - 0.85 
V-150 38 PTC 19,240 22,6:35 
V- 150 41 PTC ' 2 2 . 8 1 0  26.835 
V-150 46 PTC 25.970 30.552 
SOO- 155 46 PT C 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, nmst 
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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 fluid, 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 p re s su re -  external pressure 

Internal pressure at surface - 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 

Burst pressure at surface - 15.340.6 - 0 
= 15,340.6 psi 

Burst pressure at casing shoe - internal p res su re -  external pressure 

Internal pressure at casing shoe - 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 

External pressure at shoe - 0.465 x 19.000 
= 8,835 psi 

Burst pressure at casing shoe - 33,025.8 - 8,835 
= 24,190.8 psi 

In Fig. 3.13, the burst line is drawn between 15.350.6 psi at the surface and 
24,190.8 psi 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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Table 3.27: Burst resistance of grades suitable for production casing. 

Grade Weight Coupling Burst resistance 
(lb/ft) (psi) 

, 5 ' F -  1 , 5 ' F -  1.1 
V-150 38 PTC 18.900 17.182 
MW-155 38 Extreme-line 20.930 19.028 
V-150 46 PTC 25.070 22.790 
SOO-155 46 PTC 25.910 2:3.550 

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 requireinent 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-155 can be safely used oi:13' 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 oi: collapse 
and burst is shown in Table 3.28. 

Table 3.28: Most economical production casing based on collapse and 
burst loads. 

Section Depth Grade and Coupling Length 
(ft) Weight (lb/ft) (ft.) 

1 0 -  3,000 V-150.38 PTC 3,000 
2 3,000 - 8,000 MW- 155. 38 Extreme-line 5.000 
3 8,000 - 16,000 V-150, 46 PTC 8,000 
4 16,000- 19,000 SOO-155.46 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 :].29 is produced which shows that all the sections satisfy 
the requirement for tensional load based on buoyant weight and shock load. 

Pressure Testing 

Grade V-150 (38 lb/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 

( f t )  Meight of each section weight carried 
(Ib/ft) joint (1.000 lhf) by the  top joint 

(1)  xWn x BF (1  .ooo lhf) 
BF = 0.726 

19,000 ~ 16,000 SOO-155, 16 100.23 100.25 
16,000 - 8,000 V-150, 46 26 7. :34 36 7. *5 9 
8,000 - 3,000 MW-155, 38 138.03 ,505.62 
3,000 ~ 0 V-150, 38 82.82 568.4 3 

(5) (6) ( 7 )  
Shock load Total load 

carried by 
each joint (1,000 Ibf) 

I' 
carried by the  = 77ziJkd 

top joint (1.000 lhf) 
3,200 x wn 

117.20 '47.51 1.:344/247.31 = 5.43  
147.20 3 1 4.79 1.314/514.79 = 2.61 
121.60 6'27.21 1.592/627.21 = '2.56 
121.60 710.0:3 1,4:30/710.0:3 = 2.01 

pressure testing is equal to: 

Ft = 18,900 x 0.6 x A ,  ( A ,  = 10.95) 
= 124.173 lbf 

Total tension load carried by V-150 (38 lh/ft)  

= buoyant weight carried by the top joint 
= + tensional load due to the pressurp testing 

= 588,430 + 124,173 
= 712,6031bf 

1,430,000 
= 2.01 

= 712,60:3 
S F  = 

Inasmuch as this value is greater than the design safety factor of 1.8. grade \'-150 
(38 lb/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 fronl the intermediate 
position, however, can be checked for reduced collapse resistance (V-150, 46 lb/ft) 
at 8,000 ft. 

As illustrated previously, the modified collapse resistance of grade V-150 (46 lb/ft) 
under an axial load of 367,356 lbf can be calculated to be 23,250 psi. Hence, 

Reduced collapse resistance 
SF for collapse = 

Collapse pressure at 8,000 ft 
23,250 

5,600 
= 4.15 

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) (lb/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 SOO-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, x, can be determined by using the following equation" 

X - - -  

- . . . )  

D(W~ - AoGp~m + AiGp,) + (1 - 2u)(AoApso - AiAps,) 
continue 

I4~ - ( AoGpo - AiGp,  ) 

+ (A~, - A,o~,) • [ D,~.(G~. + ~G~,)+  ~p~ , ] -  .4~E~Cr + Fo~ 
- (1  - u)(AoAGpo - A ~ G p , ) +  Ao(Gpo -Gp~m) 
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where: 

w~ average weight 

(w~ x l , )+  (w~ x 1~) 
D 

3 8 •  11,000 

1 9 , 0 0 0  

= 42.63 lb / f t  

Ai average in ternal  area of the  pipe 

(Ai) ,  x l, + (A;)~ • 12 

D 
27.51 x 8 , 0 0 0 + 2 5 . 1 4 x  11,000 

= 26.16 in. 2 

19,000 

AS 

")'i 

ATi 

AGp, 

Apsi 

- -  average cross-sectional  area of the  steel 

A~ 1 X l l + A ~  x l 2  

D 
10.95 x 8,000 + 13.32 x 11,000 

19,000 

= 12.33 in. 2 

- 7o - 17.9 ppg 

- A %  - 0 ppg 

= A G p o - O p s i / f t  

- A p s o - O p s i  

(n~ - A l o w l )  - average change in in terna l  d i ame te r  

= 2 7 . 5 3 -  26.16 

= 2.37 in. 2 

I t  is also a s sumed  t h a t  % m  ~ 

Eq. 2.212)" 

- 18.5 ppg, A T  - 45~ and  F~s - 0. Hence (see 

DTOC -- 

---+ 

19,000 (42.63 - 38.46 X 18.5 X 0.052 + 26.14 X 0.931) + 0 
--~ cont inue  

42.63 - (38.46 X 17.9 X 0.052) 

+ 2.37 X 8,000 X 0.931 - 12.32 X 6.9 x 10 - 6  X 3 0 •  1 0 6 •  

+ 26.14 X 17.9 X 0.052 - 0 + 38.46(0.931 - 0.962) 

~7c,,~ is the specific weight of the cement slurry, lb/gal. 
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472.280 
29.12 

- - 

= 1 G . O X 3  ft. 

Thus, t he  casing between 16.033 f t  and 19.000 f t  is under coinpre55ive load and i5  

liable to buckle. To prevent buckling of the pipe i t  must be cenierited to l h . O i . 3  
f t  from the surface. 

Alternatively. an overpull, F a y .  equal i n  riiagiirtude to the  differerice lietweeii the 
axial stress and the average of radial and tangential stresses can he applied at 
the surface after landing of the  pipe. If.  for exaiiiple. the maxiriial depth of the 
cement top is set at 18.000 f t .  the magnitude of the over-pull required to prevent 
buckling of the pipe can be obtaiiied a\  follow\: 

172. 280 + F,, 
29.42 

18.000 = 

and solving for FaS: 

Fa, = 57,2230 Ibf 

3.3.5 Conductor Pipe (26-in. pipe) 

Conductor pipe is set to a depth of 350 f t  and ceineiited back to the  surface. I n  
addition to the principal loads of collapse. burst. and  tension. i t  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. 
3.1 5 )  : 

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 = 

= 138 psi 
9.5 x 0.052 x 320 ~ 0 
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Fig.  3.15" Collapse and burst loads oil conductor. 

B u r s t  

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 at casing shoe 

- internal p r e s su re -  external pressure 

- formation pressure at 5.000 ft 
- hydrostatic pressure due to the salt 
water between 350 and 5,000 ft 

= 0.465 • 5 .000 -  [(5,000-  350) • 0.465] 
= 162.75 psi 



174 

Burst pressure at casing shoe 

Burst pressure at surface 

- 162.75 - 0.465 x 350 
= 0 psi 

- formation pressure at 5,000 ft 
- hydrostatic pressure at the 
fluid c o l u m n -  external pressure 

= 5,000 (0.465 - 0.465) - 0 
= 0 psi 

Se lec t ion  based  on col lapse  and  b u r s t  

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-55 
(133 lb/ft) with regular buttress coupling can be selected. 

C o m p r e s s i o n  

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 is desired. 

Compressive load carried by the conductor pipe is equal to the total buoyant 
weight, Wb~,, of the subsequent casing strings. 

Compressive load - Wb,, of surface pipe 
+ Wb~ of intermediate pipe + Wbu of liner 

+ l/Vbu of production pipe 
= 390,09:3 + 86:3.'242 + 134,9"28 + 588,4:]0 
= 1.976,990 lbf 

Safety Factor, S F  = 
~o of K-55 (133 lb/ft) 

Total buoyant weight 
9 125 000 

= 1.08 
1,976.990 

This suggests that the steel grade K-55, 133 satisfies the requirement for com- 
pression load. 
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Depth Pore Fracture Depth Pore 
(f t )  Pressure Pressure ( f t  1 Pressure 

( P P d  (ppg) 

1,000 ~ 2,000 8.9 12..5 8.000 - 10.000 11.3 
2,000 - 4,000 8.9 13.8 10,000 - 12.000 l:J.T> 
4,000 - 6,000 8.9 11.5 12,000 ~ 11.000 14.:3 

0 - 1,000 8.9 12.0 6.000 ~ 8.000 9.3 

3.4 SUPPLEMENTARY EXERCISES 

Fracture 
Pressuw 

ls5.5 
16.3 
17.0 
l'i.,5 

(PPd  

(1) A 13;-in. surface casing to be set to a depth of 6,000 f t .  The mud weight is 
9.2 ppg, the expected formation pore pressure is 0.463 psi/ft and a bottonihole 
pressure of -2,600 psi is expected when drilling the next hole section. The design 
fact,ors to be sat,isfied are: 1 for collapse. 1.2 for interiial yield and 1.8 for tensile 
strength. Assume that all API J .  K.  L and P grades are available. Design this 
pipe for the worst possible loading conditions. 

(2) Design a 9t-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 bottonihole pressure of 7.570 psi is expected when drilling the next hole 
section (production pipe). Assume that all XPI K.  L. S .  c' and P grades are 
available. Satisfy the same design factors used in Problem 1. 

(3)  Design a 7-in. The 
expected mud weight and pore pressure are respectively: 11.3 ppg and 0.37 psi/ft . 
Assume a gas leak at the tubing hanger and satisfy the  same design factors as i n  
Problems 1 and 2. All API J,C,L.P and S grades are available. 

(4)  A 20-in. conductor pipe is to be set to a depth of 500 ft. Check the conipres- 
sional load on this pipe if it is to support the strings designed in  Problems 1,  2 
and 3. 

production casing to be set to a depth of 13.500 ft.  

(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 assurnption of worst possible loading 
conditions. Design factors for collapse.. burst and tension are: 1.1, 1.2 and 1.8. 
All XPI casing grades are availalile. 
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Chapter 4 

CASING DESIGN FOR 
SPECIAL APPLICATIONS 

Today, the wells drilled by the  petroleum and o ther  energy developiiieiit intlust ries 
cover a wide range of drilling conditions. Highly deviated and even Iiorizont a1 

wells are being drilled to complete reservoirs which ot  herwisr could not Iw pro- 
duced economically. UPlls are being drilled and coinpletfd i i i  widely disparate. 
enviroiiuients froin below freezing conditions i n  the permafrost zones of Alaska 
and Canada, t o  t,hermal energy recovery projects up  to 300 O F :  and stc,ani injec- 
tion projects between 300 O F  and 100 O F .  to the extreindy high collapse pressure 
conditions arising from massive salt donies in  various parts of the world. 

Severe drilling and borehole conditions place additional requireiiients 011 casing 
design. As a result, it is often difficult to meet .4PI requirtwients for principal 
design loads such as collapse, burst. and tension. I n  the following sections the 
current, practices used in designing casing for highly deviated wells antl t he sevpre 
collapse loads that arise from t h e  swelling of salt forinat ions in  very deep wc4s 
and thermal wells, are reviewed. 

4.1 CASING DESIGN IN DEVIATED AND 
HORIZONTAL WELLS 

Calculation of the  axial loads is the inost challenging part of direct ional-well 
casing design. [Jsing the  maximum load principle. the  concept of the iiiaxiiiiuni 
pulling load is applied. This concept is derived from the  olxmvation that the 
greatest value of tensile stress in  directional-wll casing occurs during the  casing 
running operation. Working the  string up generates the highest tensilr loading 
because the  friction (drag) generated by the normal force betireen the rasing antl 
the borehole and the  friction factor (this last parameter is discussed later i n  this 
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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 well 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 pulling out. of the hole, the 



ER 

UPPER MIDDLE 
/ / 

179 

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  B u i l d u p  Sec t ion  

Besides the frictional factor, borehole frictional drag is also controlled by the 
direction and the normal force. In a buildup section, the t h r ~  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: 

2 cos(90 
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Fig. 4.3: Determination of normal force in buildup section 

Aa Fa sin - 
2 

Fig. 4.4: Forces acting on a small eleinent wi th in  the buildup section. 



where: 

Fa = axial force 011 the unit section. Ibf. 
I n  = angle subtended by unit section at radius R 

Inasmuch as I a / 2  is very small coriipared to R. sin ( I n / ? )  

Eq. 1.1 yields: 
In/..). Hence. the 

(4 .2)  

Considering the buildup section 111 general. t he  resultant iiormal force while 
pulling out of the  hole is the vector sum of the normal components of t h e  weiglit 
arid the axial force of the  unit section (Fig. 4.1). Therefore: 

F, = Aa I V R s i n a  - Fa 10 
= Aa(M'Rsi i io  - Fa)  (1.3) 

where: 

W = weight of the  unit section. Ih/ft. 

R = radius of curvature. f t .  
= W,BF 

The magnitude of the drag force. Fd.  whicli acts in a direction opposite to  pipe 
movement is given by: 

or 

where: 

fb = borehole friction factor 
IF,I = absolute value of the normal force. lbf. 

The  incremental axial force. IFa ( F a 2  - F , ,  = IF, > 0) .  over the incremental 
arc length (a2 - ctl = Acu < 0) when the ca5ing is being pulled (indicated by 
negative Act W R cos 0). is given l i ~  : 
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or, 

<0 

AFa - +fb IAc~ WRsin  c~ - F~ A a  I - A a  W R  cos c~ (4.7) 

Hence, at equilibrium, the following differential equation is obtained" 

dF~ 
dc~ 

= --fb IWRsin c, - F~l - W R  cos a (4.s) 

If the casing is in contact with the upper side of the hole, ( W R  sin a -  F~) < 0 
and, therefore, Eq. 4.8 can be rewritten as" 

dF~ 
da  

=- - f b  ( F a -  W R s i n a )  - W R c o s a  (4.9) 

Rearranging Eq. 4.9, yields" 

dF~ 
d a  

+ h F~ - WR (fb sin c~ -- cos c~) (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" 

F a - F a h o m o + F ~ p , , r ,  (4.11) 

Considering first the homogeneous solution" 

dF~ 
dc~ 
dF~ 
dot 
dF~ 
F~ 

+ fbF~-O 

= -fbF~ 

- - f b d a  (4.12) 

Integrating Eq. 4.12, yields: 

lnF~ - - f b A a - t - C  

F~homo -- C e  -lb~ (4.13) 
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where: 

C - constant of integration. 

Now, consider the particular solution of the form" 

F,~p,,r , - A cos a + B sin a (4.14) 

dFaport 
da 

= - A  sin a + B cos (4.15) 

Substi tut ing Eqs. 4.14 and 4.15 into Eq. 4.10, yields" 

- A  sin c~ + B cos a + fb A cos a + fb B sin a 

= + f b W R s i n a - W R c o s a  (4.16) 

Equating for the coefficients, yields' 

- A s i n a + f b B s i n a  - + f b W R s i n a  

- A  + f b B  -- + f b W R  

+ f b A c o s a + B c o s a  - - W R c o s a  

+ f b A  + B -- - W R  

(4.17) 

(4.18) 

Now solving for A and B using a matrix solution yields: 

A 1 - 
- 1  + A  
+ A  1 - - ( 1  + f ~ )  (4.19) 

A 2 -  
fb W R  A 
- W R  1 

-- 2 fbWR (4.20) 

A 3 -  
-1  f b W R  
h - W R  

- W R  ( 1 -  f~) (4.21) 

Hence 

A 2 

AI 

2AWR] 
l + f b  2 

(4.22) 
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1 3  Ct'R ( 1  - f i )  . = - = - [  3 1  l+fb" ] ( 4 . 2 3 )  

Thus. the particular solution for Fa is obtained by substituting Eq. 4.22 and Eq. 
4.23 into Eq. 4.14: 

( 4 . 2 4 )  

Inasmuch as Fa = Fahomo + Fa,,,, . the esprrssion for F, is obt ained by combining 
Eqs. 4.13 and 4.24: 

F,(Q) = C e - f b n  - (4.2;) 

Applying the first boundary condition. F , ( n l )  = F,, = constant. one obtains: 

(4 .26)  

Solving for C: 

The  second boundary condition is: 

Fa(cyL) = Fa, = constant 

(-1.3) 

Substituting the  second boundary coiidition into Eq. 4.28. the  tensile force at 
the point of interest (position 2) .  where 0 = Q ~ .  is obtained: 
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Representing e - f b ( n z - a l )  = l i ~  for buildup. one obtains t h e  following expression 
for F,, in the  uppermost section: 

where: 

(4.30) 

Il and 12 are the  lengths of pipe i n  feet and the  units of 

Note that the  angles al and o2 are obtained from surveys taken during the drilling 
of the well and, therefore, it is not true to say that:  

and n2 are radians. 

Whereas 6 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 illiistrated for the upper 
section. 

For the  intermediate section: 

Fa, = Fa, + W R  (sin a1 - sin 0 2 )  (4.32) 

For the  lower section: 
W R  

F,, = 1iB F,, + - [ ( I  - f,") (liB s i n a l  - s i n n z )  
1 + fb" 

- 2  fb ( K B  cos - cos a 2 ) ]  (4.33) 
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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 uni t  section of the 
casing a re  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: 

( 1 . 3 1 )  d Fa - = W (  f b  s i n 0  + C O S Q )  de 

Solving Eq. 4.:34 for tensional load while pulling out of the  hole. yields: 

Faz = F , , + W ( 1 1 - / 2 ) ( f b s i n a l + c o s a l )  (4.35) 

and  while running in the  hole: 

4.1.4 Drop-off Section 

( 1 3 )  

For the drop-off portion of the hole, t h e  forces acting on the unit section of the  
pipe a re  presented in Figs. 4.6 and 1.7. At equilibrium. the differential eqiiation 
is: 
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Fig. 4.6: Direction of the normal force, F~, in a dropoff section. (After Maidla, 
1987). 
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Fig. 4.7: Forces acting on a small casing element within the dropoff section. 
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Fig .  4.9: Force acting on a small element within the buildup section. (After 
Maidla, 1987.) 

dF~ 
dc~ 

= fb ( W R  sin a + F~) + W R  cos c~ (4.:~7) 

When Eq. 4.37 is solved for the pulling out operat ion,  the tensional load is given 
by" 

Fa2 W R  [(fb 2 _ 1)(sin a2 -- KD sin G1 ) - K v p ~  l + f ~  

+ 2 fb (cos c~2 - KD cos c~1 )] 

and similarly for the running in operation" 

(4.3s) 

Fa2 KD Fax WR [ ( #  _ 1)(sin a2 - KD sin ~1 ) 
1 + / i  ~ 

- 2 fb (cos c~2 - KD cos c~ )] 

where: 

I,(D __ C]b (o~2-o~1) 

(4.39) 

(4.40) 
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4 . 1 . 5  2 - D  v e r s u s  3 - D  Approach to Drag Force A n a l y s i s  

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)" 

dl  
= W u (l) "4- A Cs(l)  WN (1) (4.41) 

where" 

Cs (1) - correction factor for the effect of the surface contact area 

between the pipe and borehole. 

W N  (l)  -- buoyant weight projection on the principal 

normal direction 

R(1) 

w (1) 

{ E  '1'12}05 
- Wb (1) 2 + Wp (I) + R(I) 

- Hole-curvature after drilling. The results, which are a 

function of depth, are obtained from hole surveys. 

- unit buoyant weight projection on the tangent direction 
= 

= [ d l .  W b , , ( A Z s i n A + V Z c o s A ) [  

Wb ( l)  -- unit buoyant weight projection on the binormal direction 
...r  

= t~.b( l)  - dl  Wb~, (AX. V Y -  VX. AY) 

Wp (l) - unit buoyant weight projection on the principal 

normal direction 
: 

= Wb~, ( A Z  cos A - V Z  sin A) 

Wbu -- buoyant weight 

= W , ~ . B F  

(4.42) 

(4.43) 

(4.44) 

(4.45) 
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11 - 12 (4.46) 

V X  = sina2 cos02 (4.47) 

V Y  = sina2 sin 02 (4.48) 

V Z  = cosa2 (4.49) 

U X  = s ina i  sin01 (4.50) 

U Z  = cosaa (4.51) 

fl - arc cos (UX x V X  + U Y  x V Y  + U Z  x V Z )  (4.52) 

U X  - V X  cos 3 
A X  = (4.5:}) 

sin fl 
U Y  - V Y  cos fl 

A Y  = (4.,54) 
sin fl 

U Z  - V Z  cos fl 
A Z  = (4.55) 

sin/3 

0 - bearing angle in radians. (4.56) 

/3 - overall angle change in radians. (4.57) 

A - contact angle in radians (axial). (4.58) 

R(l) [ 'l-l  ] 
arc cos [cos(O 1 - -  02) sin a ,  sin a2 + cos a ,  cos a21 (4.59) 

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, Cs, is introduced to take into account the effect 
of contact surface between the pipe and the borehole. As reported by Maidla 
(1987), C~ is a function of the contact surface angle, 0, and is expressed as: 

1] + 1 (4.60) 

Cs varies between 1 (~b(l) - 0) and 4/7r (~b(l) - ~s 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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Fig.  4.10'  Surface of the contact between borehole and the casing. 
Maidla, 1987.) 

force, WN(1), is: 

(After 

Wx(l) do 
Ad - 24 E -7- (4.61) 

The pipe to borehole contact surface area. o(l), is given by" 

2 X  [ rctan(2y (4.62) 

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 l and its 
origin (0,0) to lie at the borehole centreline. X and Y are given by: 

Y - 0.25 [ d~ - d~, + (d~, - d~ + 2 ,Xd) ~ 

d~ - do +'2 Ad 
(4.63) 

x - 0 .5  (all - 4 y ~ ) 0 ~  (4.64) 

where" 

do 
d~ 
Ad 

t 

E 

= external diameter of the casing, in. 
= diameter of the well, in. 
= the approximate pipe deformation in the direction of the 

applied normal force, in. 
= thickness of the casing, in. 
= modulus of elasticity. 
- distributed normal force froin Eq. 4.4"2. lb/ft.  
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In Eq. 4.60, the following assumptions are made: 

1. Pipe deformation is elastic 

2. Contact surface has the sartie georrietrj. as the borehole. 

3 .  There is a linear relationship lwtween the contact surface correction fnctor. 
C, and the contact angle. A.  

1. Contact surface as shown i n  Fig. 4.10. is controlled by an arc  betwren the  
intersection points of two circles. 

After iiiultiple simulation runs. l laidla (1987) found that C S ( l )  was close t o  unity 
in all cases. He, therefore. concluded that t h e  effect could he  igiiord in 111os.t 

c alcu 1 at i oils. 

Generally, it is not possible to solve Eq. 1.11 analytically and in>tead iiuiiierical 
integration must be used. Equation 4.11 does not consider torwmal effects which 
might also contribute to the normal force. 

4.1.6 Borehole Friction Factor 

The borehole frict,ion factor results from a coi~iples interaction l w t w e n  the tu lm-  
lar string and  the borehole. Its value depends primarily upon lithology. l~oreholr 
surface configuration (washouts. keyseats. ledges. e tc . ) .  pipe surface configuration 
(centralizers, coating, etc.). casing. coupling s i w  wlative to the I>oreliole size. and 
lubricity of drilling fluid and mud cake. Inasmiicli as these paraiileters \ a r y  fronl 
well to well, i t  is not possible to  determine any specific value of friction factor for 
a given well. 

In a recent study, Maidla ( 1 9 8 i )  proposed t lie followiiig matherilatical niodel to 
estiinate the  borehole friction factor. fb: 

where: 

Fh = hook load. lhf. 
FbU, = vertical projected buoyant weight of pipe. Ibf. 
Ftd = hydrodynamic viscous drag. lbf. 

N > ( l ?  f b )  = unit drag or rate of drag change. Ib/ft.  
1 = length of pipe. f t  . 
e = measured depth. f t .  
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The unit drag force, Wd(l, fb), is implicit in both depth, l, and friction factor, fb, 
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: 

For laminar flow: dp = 
dl 

TJd 
For turbulent flow: ---q~ = 

dl 

v~,, (4.66) 
14.4 x 104 (dw - do) l+n 0.0208 

f v2~. "7~ 
2 1 . 1 ( d w - d o )  (4.67) 

where: 

K and n 

7~ 
f 

ray 

= Power-Law parameters. 
= drilling fluid specific weight, lb/gal. 
= flow frictional factor. 
= equivalent displacement velocity, ft/s. 

The value for flow friction factor can be calculated by solving the Dodge and 
Metzner (1959) equation: 

( f )  o.s 4 f(1-O.Sn) 0.395 
= nO.75 log (Nn~ ) hi.2 (4.68) 

where NR~, the Reynolds number, is given by: 

(2-~) (0.0208 (d~ do))  '~ (4.69) NR~ -- 10.9 x 104 7m V~v 
K 2 + 1 / n  

Equivalent displacement velocity can be calculated as follows: 

[ ] v~  - vp 1 - do/d~ + C~ (4.70) 

where: 
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TVD 

350 ft .  - 

5000 f t .  -- �9 

20" Conductor Pipe 

1 6 "  S u r f a c e  C a s i n g  

L, 5000 ft.  KOP 
I 

' 7000 ft. EOB 
~ /  13.375"  Intermediate Casing 

( ~'m : 12 ppg ) 

' 12428 f t .  q 

DOP 

11000 ft. - 

14000  f t .  - - 

19000 f t .  - - 

9.625"  Liner ~ 15095 f t .  
( ym = 16.8 ppg ) . . . . . . . .  EOD 

. . . . . .  .i, , i. _ 15638 ft. 

7" Production Casing 

( 7m = 17.9 ppg ) 

- - - -  - 20638  f t .  

Fig. 4.11" Example of casing program for a deviated well. 

l)p 

Cc 
- velocity of the pipe, ft/s. 
- clinging constant. 

Clinging constant, Co, 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" 

C~ = (d~ - 2 (dold~) 2 In doldm - i 
2 (1 - (dold~) 2) In dold~ (4.71) 

For turbulent flow: 

C~ - (1 + do/dw) i-1 - ( d o / d w ) 2 )  2 - 1 - ( d o / d ~ )  2 (4.72) 
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Table 4.1: Planned trajectory of the deviated well. 

Kickoff point 
Buildup rate (hl) 
End of buildup 
Inclination angle ( 0 1  ) 
Dropoff point 
Dropoff rate ( b 2 )  
End of drop 
Inclination angle ( n  L )  
Total measured deDth 

.5.000 f t  

7.000 f t  
40.0 degrees 
12.428 f t  
1.5 " / I00  f t  
lS.09;i ft 
0 0 degrees 

2 " / loo  f t  

20.638 ft 

Thus. froin Eq. 1.65 i t  is evident that the  borehole friction factor depends on 
drilling fluid propert,ies, casing string coinposit ion. well profile. borehole gcwin- 
etry, hook loads (measured while running or pulling t lie casing). rasing st ring 
velocity and the measured depth of the  casing shoe. To determine tlie va lw  of 
the borehole friction factor (BFF) one Iwgins by assuming SOIIF initial value of 
the BFF and recurrently calculates the axial load from the  casing shoe upward 
until the  calculated hook load is deterniined. 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 ra ther  is 
calculatrd from the  hook load measurerrient. .I\ major error can. therefore. arisr i f  
the  axial load predicted from the mat hmiat ical model is incorrect : coilsrqiieiltly. 
i t  is important to include all the factors in  Eq. 4.65. .\laidla (l!lS7) has Iiiatlr 
a series of field investigations and reported that most values of borcliole frictioii 
factor fall within the range of 0.2: to 0.43. 

.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 kickcd at 5.000 
ft with a maximal inclination of 40" at a n  average buildup rate of 2"/100 ft. 
The well is then held at  this inclination to 12.428 f t  measured depth and finally 
dropped off to a niaxiriial inclination of 40" to the  vertical asis at an averast' 
c l r o ~ ~ ~ f f  ratv of 1 . ~ " / 1 0 0  ft.  The drilling conditions. casing program and t hex \wll 
profile are prrsented in Table 4.1 and Fig. 1.11. The t ru r  vertical depth of  111t. 

c i is i i ig  shoes. pore pressure gradient and drilling fluid program a s  sI io \v i i  i i i  T ' ~ l ) l t ~  
1. I r w t i i t i i i  t h v  sitnir in  all the exariiples and. conseciuent1y. t h v  collapst, ailti I ) I I I . \ I  
Ioil(l OII (w+i cnsirig s t  ring will rmiaiii the same i n  all tlir c~xai i i~~l r~s .  

I r i  I l i i s  S C Y I  ioii. t I i c  siiitahility of tlie selected s twl  g r a d e  i i i  tt,iisioii will I N ,  iii 
\ , ( , \ I  igiit(-(l I i v  c.oii~,itleriiig tlie total tcwsilt- force, rc,siiltiiig f r o i l l  vasiiiS 1 ) 1 i o ~ ~ ~ i i i 1  

wc,i:,\it. \ i(~i(Ii i ig forw.  shock load. and frictional drag forw.  I t  i s  i i l l l ) o i . 1 4 i i i 1  I o 
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note that. although shock and drag forces occur when the  pipe is i n  niotioii. i t  
is unlikely that both can exist siinultan~ously. because the effect of drag forcc 
vanishes before the shock load is generated. Thus. the tension due  to drag and 
shock load are calculated separately and only the  maximal \ d u e  is considered in  
the design of casing for tension (maximal design load concept ). 

Depth conversion will be made hy projecting the actual well profile (Iiieasurrtl 

depth) onto the vertical axis (true vertical depth).  l’ertical depth and inclination 
angle are calculated for all casing unit sections. The following foriiiulas a re  used 
to calculate the depths and  inclinations (refer t o  Fig. 1 .11)  : 

1. For the vertical portion, 0 5 L1 5 Ch.0~: 

2. For the  buildup portion. Ch-op < I ,  5 I E O B :  

Let the buildup rate equal 
equal R ft. Thus: 

degrees per 100 f t .  and the radius of curvature 

61 - 100 
360 27TR 

18,000 4 R = -  
7r 61 

- - - 

The vertical projection of the measured deptli ( 1 2  - I h O p )  in the huildiip sertion 
is: 

D = R sin B 

where: 

0 = ((2 - ! h . o p )  
i n  the  buildup section 

- - 41 ( E L  - “ q o p )  x lo-, 

Thus 

18,000 . 
0 2  = D € i o p + -  Slll  (GI ( C ,  - Ch.op) x 10-2) 

7r 6 ,  

(~1.71)  = D ~ - ~ ~  + R~ sin - x lop2) 
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3. For the first slant portion, g.EOB < g3 <_ gDOP, the vertical projection of the 
measured depth,  ( g 3 -  gEOB), is: 

D - (g3 - eEOS) s in(90--  C~l) 

= (g3 - -  ~'EOB) C O S ~ l  

True vertical depth for gEOB < g3 ~_ gDOP" 

18,000 
D3 - DKOp + sin (dx (gEOB -- gt,:Op) X 10 -2 ) 

rr" dl 

"}-(g3 - -  ~'EOB) COS a l  

= DKOP + RI sin a l  + (g3 - gEOS) cos al  

= DEOB + (g3 -- gEOB) COS ax 

Thus,  for a measured depth of 12,428 ft the TVD is: 

18,000 
D3 - 5,000 + sin 40 + (12,428 - 7,000) cos 40 

r~2 
= 11,000ft  

(4.75) 

4. For the drop-off portion, gDOP < g4 ~ gEOD, the vertical projection of the 
measured depth,  ( g 4 -  g-DOP), is' 

18, 000 
D = sin (d2 (g4 - gDOP) • 10 -2 ) 

rr c/2 

= R2 sin(d2 (g4 - g.DOP) x 10 -a) 

T r u e  v e r t i c a l  depth  for gDOP < g4 ~ gEOD" 

18 000 
D4 - DKOP-~- ' sin (dx (gEOB --gAOP) • 10 -2) 

~'dl 
+(gDOP -- gEOB) cos a l  

18 000 
+ ' sin(c/2 ( g 4 -  gDOP)X 10 -2) 

rrc~2 

= DKOP + RI sin a l  + (DDoP -- DEOB) 

+ R2 sin(d2 (g4 - gDOP) x 10 -2) 

= DKop + (DEoB -- DKop) + (DDoP -- DEOB) 

+R~ sin(c~ (g4- gDOV)x 10 -2) 
= DDOP + R2 sin(d2 (g4 - gDOP) X 10 -2) 

(4.76) 

(4.77) 

(4.78) 

5. For the second slant portion, gEOD < g5 ~ ~-T, the vertical projection of the 
measured depth,  ( g 5 -  gEOD), is" 
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D - ( g 5 - - g E O D )  C O S &  2 

True vertical depth for  gEOD < g5 ~ gT" 

18 000 
Ds - DKOP + ' sin (dl (gEOB -- (KOP) X 10 -2) 

7 r d l  

+(gDOP -- gEOB) COS a 1 

18,000 
+ ~  sin (d2 (gEOD -- gDOP) X 10 -2) + (gs -- gEO>) cosa2 

rrd2 

-- DDOP + R2 sin(c~l - a2) + (g5 -- gEOD) cosct2 

= DEOD + (g5 -- gEOD) COS&2 

(4.79) 

(4.80) 

Thus, for a measured depth of 15,095 ft the TVD is" 

Ds 
18,000 

- 5 000 + sin 40 + (12,428 - 7 000) cos 40 
' 71"2 

18,000 
+ ~  sin(40 - O) 

~rl.5 
= 13,455 ft 

Similarly, for a measured depth of 20,638 ft the TVD is" 

Ds - 1 3 , 4 5 5 + ( 2 0 , 6 3 8 - 1 5 , 0 9 5 )  

= 18,998 ft 

where: 

D 
g 

Subscripts: 
D O P  
E O B  
E O D  
K O P  

= true vertical depth. 
= measured depth. 

= dropoff point. 
= end of build. 
= end of dropoff. 
= 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 
dropoff sections, the tension load will be calculated by considering each of tllem 
as one section. 

The approach to the buildup section is very arbi trary 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. I,t'R sin o > F,. for most of the 
interval. At some point, probably quite near to the kick-off point. IJt'R sin a = 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. WRsin  a < F, alld the pipe will 
touch the top of the hole. Quite obviously, in the drop-off section of the hole. 
WRsin  c, > 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 5). For the purpose of casing design, 
a two-dimensional model has a strong practical appeal: it is 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 full)" supported by 
the wall of the hole. 

TVD MD 

0 0 

]: L 80 (981blft) 

4000 ft. A m  13"33~ 
 ooo. 

2463 ft. I 
P110 (SSlb/ft) 2"60~ 

6400 ft. 

6842 f t .  - -  ~ ~ , / , ~  

5965 ft. 
P110 (981blft) 

11000 ft. 

4000 ft. 

5000 ft. 

6463 f t .  

7000 ft. 

12428 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 



20 1 

to buoyant weight and frictional drag can be calculated as shown in  t he  Exaniple 
Calculations. 

Table 4.2: Total tensile load in intermediate casing string. 

True vertical Grade and 1leasure.d Angle of Tensional load 
depth Weight dept 11 inclination carried ljy the 

( f t  1 ( lb / f t )  ( f t  1 (degrees) top joint. lbf: 
Fa = Fbu + F,j 

(1) ( 2 )  (-1) ( 5 )  

11,100 - 6,400 P-110, 98 12.428 ~ 6.46:3 40 - 29.26 502,7 82 
6,300 - 4,000 P-110. 85 6.463 ~ 4.000 29.26 ~ 0 723 .2 1 x 
4.000 - 0 L-80. 98 4.000 ~ 0 0 1.013.257 

(6) ( 7 )  (8)  
Bending force Total tensional load Total tensional load 

(63 d,Lt',d) = buoyant weight = Ijuoyant weight 
d = 3"/1OO ft + frictional drag + bending force 

+ shock load ( Ib f )  + bending force ( l h f )  
7 50.51 4 8.5 5.064 

(W 
21 7,732 
214.869 938.087 958.221 
247,732 1.290.989 1.341.996 

Example Calculation: 

Tensional load due to the  huoj.ant iveight and  frictional drag on p i p  srctioii 
P-110 ('38 Ib/ft) can be calculated as follows: 

1. For the  slant section. from 12.428 to 7.000 f t :  

Fa = F , 1 + M / ' ( I l - 1 2 ) ( . f ~ ~ i i i n l + c o s n l )  
= 430. 393 llif 

where: 
Fal = tensional load at 12.428 ft  = 0 Ibf  
W = BF x 98 lb/ft 

= 0.816 x 98 = PO Il)/f t  
II - IL = 12,128 ~ 7.000 = >.I?$ f t  

f b  = 0.i3.5 (assunled) 
crl = 40" 

2. For the  buildup section. from 7.000 f t  to 6.463 f t  (bottom part of buildup 
sect ion) : 
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where: 

c t  2 

Ct 1 

KB 
R 

--2 fb (KB C O S  Ct 1 - -  C O S  ~ 2 ) ]  

= 459,578 + 43,204 

= 502,782 lbf 

- 430,395 lbf 
- 29.26 ~ at 6,463 ft measured  depth .  
- 40 ~ at 7,000 ft measu red  depth .  
- -  e -'fb(c~2-c~l) -- 1.0678 

- -  2,866 ft 

T h e  tens ional  load on the  pipe section P-110 (85 lb / f t )  f rom 6,463 ft to 5,000 ft 
can be ca lcula ted  as follows" 

3. For the  b o t t o m  par t  of bu i ldup  section, from 29.26 ~ to 26.66 ~ incl inat ion 
angle" 

W R  
[(1 - f i  2) ( K s  sin a l  - sin a2) Fa - I'(BF~I + l + f ~  

- 2  f~ ( K ~  ~os ~1 - co~ ~)] 
= 509,803 + 7,299 

= 517,101 Ibf 

where" 

Fai = 502,782 lbf 
W - 0.816 x 85 - 69 .41b / f t  
c~2 - 26.99 ~ 
ax - 29.26 ~ 

KB -- e -fb(c~2-c~l ) " - -  1.014 

R - 2,866 ft 

4. For the  middle  par t  of the  bui ldup section, f rom 26.66 ~ to 13.33 ~ incl inat ion 
angle: 

f~ = Fal + W R  (sin Ct 1 - -  sin c~2) 

= 517,101 + 43,386 

= 560,487 lbf 

where: 

Fal 
W 
c t  2 

Ct 1 

R 

517,101 lbf 
69.4 lb / f t  
13.33 ~ 
26.66 ~ 
2,866 ft 
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5 .  For upper part of the buildup section, from 1:3.:3:3" to 0" inclination angle, 
for P-110 (85 Ib/ft) : 

F a  

f:! fb ( K B  COS 0 1  - COS 0 2 ) ]  

= 608,036 + 45,786 
= 653,821 Ibf 

where: 
Fal = 560,487 Ibf 
LV = 69.4 Ib/ft 
0 1  = 0" 
crl = 13.33" 

ICE = c - f b ( a z - o l )  = 1.0848 
R = 2,866 ft 

6. For vertical section, from 5>000 f t  to 4,000 f t .  for P-110 (83 Ib/ft) :  

F, = F,, + W (5,000 - 4.000) 
= 732.217 Ibf 

where: 
Fal = 653,821 Ibf 
W = 69.4 lb/ft 

7. Tension load at  the top of the casing section L-80 (98 Ib/ft) is given by: 

Fa = Fa1 + W (4,000) 
= 1,043,257 lbf 

where: 
Fa, = 732,217 Ibf 
W = 98 x 0.816 = 80 Ib/ft. 

Drilling Liner 

Figure 4.13 presents the well profile and steel grades and weight selected hasetl 
on the collapse and burst loads. Starting from the bottoni. 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 f t  to 13.633 f t .  
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TVD MD 

10500 ft. 

11000  ft. 

12500 ft. - 

13457 ft. -- z . ~  

14000 ft. -- 

. . . . .  1 1 7 7 5  f t .  

: r 

12428 ft. 

2353 ft. 
P 110 (47 Ibl f t )  

2667 ft. 

14128 ft. 

1510 ft. 
L 80 (58.4 Ib/f t)  

15095 ft. 

~ 5 4 3  ft. 
15638 ft. 

Fig .  4.13" Example  of well profile showing steel grade and weight for a liner. 

1. For the  vertical section from 15.638 ft to 15.095 ft" 

F~ - W,~ x B F  x ( 1 5 . 6 3 8 -  15,095) 

= 58.4 x 0.743 x 543 

= 23, 5611bf 

2. For the dropoff section from 15.095 ft to 14.128 ft. with inclination angle of 
0 ~ to 14.5~ 

W R 
[(fi 2 - 1 ) (sin ~ Ix'D s i n  O~ 1 ) --  KD Fal 1 + fs ' 2 -  

Av2fb  (COSC~ 2 - -  Is D C O S C t  1 ) ]  

= 69,938 lbf 

where: 

F ~  = 23,561 lbf 
W - 58.4 • 0 . 7 4 3 -  43.39 lb/f t  
R - 3,726 ft 
fb - 0.35 

O~ 1 - -  0 o 

~2 - 14.5 ~ 
KD - -  e / b ( c ~ 2 - a l )  = 1.0926 

Pipe section P-110, (47 lb / f t ) ,  f rom 14,128 fl to 11,775 ft. 
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Table 4.3: Total tensile load for drilling liner. 

True vertical Grade, and Measured drptli .Angle of 
depth U’e1g 11 t ( f t )  i nc li iiat ion 

( f t )  (Ib/ft)  (degrees) 
11,000 ~ 12.500 L-80, 38.4 15.638 11.128 0 ~ 11.5 
12.500 - 10.500 P-110. 1 7  11.128 ~ 11.775 I 1  5 ~ 10  

(1) ( 2 )  (1) 

(5) (6) ( 7 )  (8) 
Tensional load Bending force Total tensional load Total tensional load 
carried by the = 63 do1.I.’,,8 = buoyant weight = buoyant weight 
top joint, Fa = 19 = 3” /100ft + frictional drag + bending force 

+ shock load (Ibf) + bending force (Ibf) 
:338,22’L 

Fbu + Fd (lbf) (W 
69,938 106,237 176.173 

169,587 85.199 2 3.5.0 86 370.863 

3. For the  dropoff section froin 14.128 ft to 12.128 f t :  

1. For the slant section from 11.773 to  12.428 ft 

Fa = F a 1 + W ( 1 1 - 1 2 ) ( f b  s i r i O 1 + c o s o l )  
= 169,587 Ibf 

where: 
Fa, = 146,988 lhf 
W = 34.92 lb/ft 

11 = 12,428 ft 
12 = 11.775 f t  

~1 = 40” 
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T V D  MD 

0 - - ' I  -r- t 0 

3000 ft. 

5000 ft. 

3000 ft. I 
V 150 (38 Ib/ f t )  

2000 ft. 13.33" 

3000 ft. 

R-  2865 ft. 

5512 ft. 
MW 155 (38 Ib/ f t )  2000 ft. 

6842 ft.. ~ \ ~ ' / ~  \ ~  I S 12 ft. 

- -  - -  - -  7000 ft. 

8000 ft. - -  - -  

11000 ft. - -  - -  - -  

- - - -  8512 ft. 

6 f t .  

12428 ft. 

13457 ft. 

16000 ft. 

2667 f t .  

3000 ft. 
SO0 155 (46 Ib/ f t )  

- - 1 5 0 9 5  ft. 

2543 ft. 

- - 1 7 6 3 8  ft. 

19000 ft. ~1 _ ] _  I ~  20638 ft. 

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 0.35, 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 p r o d u c t i o n  casing. 

(1) (2) (3) 
True vertical Grade and Measured depth 

depth Weight (ft) 
(ft) (lb/ft) 

19,000- 16,000 SOO-155, 46 20,638- 17,638 
16,000- 8,ooo v-150, 46 :7,638 - s,512 
8,000- 3,000 MW-155, 38 8.512-  3.000 
3,000 - 0 V-1,50, 38 3,000 - 0 

(4) (5) (6) 
Angle of Tensional load Bending force 

inclination carried by the = 63 doW,~O 
(degrees) top joint 0 - 3~ 

Fa - Fbu q- Fd (lbf) (lbf) 
0 100,212 60,858 

0 - 40 468,226 360,858 
40 - 0 711,846 50,274 

0 794,630 50,274 

(7) 
Total tension 

= buoyant weight 
+ frictional drag 

+ bending force (lbf) 

(s) 
Total tension 

- buoyant weight 
+ shock load 

+ bending force (lbf) 
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, Eqs. 4.30, 4.3"2, 
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Table 4.5: Planned trajectories of (a) typical deviated well, (b) single- 
build horizontal well and, (c) double-build horizontal well. 

Kickoff point (ft)  
Buildup rate ( & I )  ("/ lo0 f t )  
End of buildup (ft)  
Inclination angle (a1) (deg.) 
Dropoff point (ft) 
Second build (ft) 
Dropoff rate (b2) (" / lo0  f t )  
Buildup rate ( b 2 )  ('/lo0 ft)  
End of dropoff ( f t )  
End of build (ft)  
Inclination angle ( 0 2 )  (deg.) 
Total measured depth (ft) 
Total vertical depth (ft', 

Typical Deviated 
5.000 

2 
7.000 

40 
12.480 

2 

14.480 

0 
16.720 
1.5.1 20 

Single Build 
3.000 

2 
7.500 

9 0 
1 &500 

2 

12.500 

90 
12..JOO 
5.8 65 

~ \ I  

Additional information coninion to all three examples: 
Minimum casing interval = 2.000 f t  
Design = mininiuin cost (see Chapter 5 )  
Pseudo friction factor = 0.35 
Design factor burst = 1.1 
Design factor collapse = 1.125 

Double Build 
5.000 

2 
7.000 

40 

12.480 

2 

13.480 
90 

16.720 
11,449 

Design factor yield = 1.8 
Specific weight of mud = 16.8 lb/gal 
Design string = 7-in. production 

4.33, 4.35 and 4.38 were used. In all three cases. for the top buildup section i t  
was assumed that the casing rested on t h e  upper-middle-bottom part of the  hole 
for an  equal third of the  interval as i n  tlie 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 tlie buildup sect ion. 
Namely, that  they need bear little relation to  what actually occurs in  practicr. 
Just  how close they are to the computer generated solution is illustrated i n  Tablp 
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 cliang- 
ing the buildup assumption from upper-middle-bottoiii (each 1/.3 of interval) t o  
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, (c) double-build horizontal well. 

Typical Deviated Well 
(see Table 5.21 o:1 page 307 ). 

Casing interval, 
measured depth 

(ft) 
.... 16,720 14,200 

14,200 11,520 
11,520 0 

Grade and 
Weight 
(lb/ft) 

P-110, 38 
P-110, 35 
P-110, 32 

Tensional load 
oil top joint 

(lbf) 
73,61"2 

167.449 
490.333 

Computed value = 484,623 lbf (Error = -1 .2~)  

Single Build Horizontal Well 
(see Table 5.22 on page 308 ). 

. .  

Casing interval, 
measured depth 

(ft) 

Grade and 
Weight 
(lb/ft) 

Tension al load 
on top joint 

(lbf) 
12,500 0 S-95, 23 152.930 
Computed value = 169,839 lbf (Error = 10~) 

. 

Double Build Horizontal Well 
(see Table 5.23 on page 309 ). 

Casing interval, 
measured depth 

(ft) 
16,720 12,280 
12,280 - 9,760 
9,760 - 7,240 
7,240 0 

Grade and 
Weight 
(lb/ft) 

S-105.32 
P-110, 32 
S-95, 29 
S-95, 26 

Tensional load 
on top joint 

(lbf) 
69,537 

128,915 
182.726 
356.893 

Computed value = 336,018 lbf (Error = -6.2c~,) 
"Computed value" is that generated ill Examples 5.11 and 5.12 

4.1.8 Appl i ca t ion  of 2 - D  M o d e l  in Horizonta l  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 in Fig. 4.15. 

In a typical horizontal well as shown in Fig. 4.15(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. 4.16. 

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 4.35 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 (al = 90 ~ of both well 
profiles. 

= KOP 

~ UPPER BUILDUP SECTION 

'~ KOP 

_/ ~ BUILDUP SECTION 

/ HORIZONTAL 

HORIZONTAL WELL HORIZONTAL 
DRAINHOLE 

(a) (b) 

Fig. 4.15" Typical profiles of horizontal well and horizontal drainhole. 

4.2 P R O B L E M S  W I T H  W E L L S  D R I L L E D  

T H R O U G H  M A S S I V E  S A L T - S E C T I O N S  

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 ~ 
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 E1-Sayed, 1985; E1-Sayed 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). 

3.5 ~ i ~.-~- 

2.0o/lft I ^ 1.s'/1tt . g  / 
,.%,~ 1.0 ~ . f / 

4.a b x" 2o.noo' , i ~ / /  I 
~ "  14~ n ~1r ", r / a 

12" rl00' ! j ~ ,# , '~ ,  r 
10~ ' i J f ] , ,~ / ,J r  / / / 

0-n~' n,gl,,IA'/JI ~ ! ), / ,, / ._t2 

s-noo. , / m A x m / J  ,, ~/~' / :~ 
4/I00' I , d ~ . ~ ] , / l " , ~ ~  J / / ".~ / / / f ~  ~ q.) 

2 ~ n oo' J Y J / ~ r X ,  H,4" I V ~ . "  ,~ / 
1~ ' I l k O , ~ / ] / l / l l  I,~/~1",~ l ;$ I-- 

# 

Short 
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 E1-Sayed, 1984). The most effective solution seems to 
be to use cemented pipe-in-pipe casing (composite casing). 

4 . 2 . 1  C o l l a p s e  R e s i s t a n c e  f o r  C o m p o s i t e  C a s i n g  

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 E1-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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~2 

CEMENT 

Fig. 4.17: Cross-sectional view of composite casing. 

4 . 2 . 2  E l a s t i c  R a n g e  

Using Lam4's equation for thick-walled pipe and Eqs. 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 i 2 ) "  

Tangential stress, o't - 
p{~ (~ + ~)- 2 po~ ~ 02 02 

( ~ i  - ~ )  
(4.81) 

Radial stress, a~ - --Pi2 (4.8'2) 

Radial deformation; 

Ari~ ri~ [(1 - u2) pi~ (r2o~ + r2~) - 2 po~ r 2 = ~ o2 + ( u + u  2)pi2 
E (~2 _ ~) 02 

(4.sa) 

For the cylindrical cement sheath (r - r i 2 ) :  

(7" t = 

2 p o~ r ~ " ) o~ - p ~  ( ~  - ~ Ol 

( ~  - ~o~ ) 
(4.84) 
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t:rr -- --Pi2 (4.85) 

/ k r i 2  - -  r i 2  [ ( 1 - -  2 2pol r 2  ' ~ Ol 2 
(r22 __ 721 ) + (//crn + //crrt) Pi2 (4.86) 

For the interface between the cement sheath and the inner pipe (r - to1 )" 

(Yt --- 
Pol (r]2 + r21) - 2pi2r~2 

(r2 2 -- rol)2 
(4.87) 

~rr - -  - - P o a  (4.88) 

Ar;1  r~ [(1 2 Pol (r22 + r 2  ) - 2 p i 2 r ~ 2  01 

- E ~  - -~m) (r~  - ~ ) Ol 
+(.c~+.~)po, (4.89) 

For the inner pipe (r - roa)" 

~T t -~- 
2pil r~ 1 - Pol (r~l - r~l) 

(~o ~, - ~g~) 
( 4 . 9 0 )  

f i r  - -  - - P o l  (4.91) 

/~ro  1 --  
rol [ (1 . / /2 )  2pilr~l  - Pol (r21- r~l) //2 ] 
E (j.2 F21 ) + ( u - t -  )Pol 

Ol 
(4.92) 

where: 

ECru ~" 

/ / c m  ~-  

Modulus of elasticity for the cement sheath. 
Poisson's ratio for cement sheath. 

From the continuity of radial deformation at the interface one obtains' 

z~ri2 -- Ari2 
/krol = /kr'ol 

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 - u  2 r 2 +r~ 2 uc~+uc~ 02 
Pi2 E r 2 - r22 E~,,~ 

02 

- -  / / era  ol /'1 -~- / / 2  

+ Ecru r~2 - 7 ̀2 + .... E Ol (1 ) o2 / / ~  + Po2 (4.93) 
= Po, Ecru r~2 - r '2 E 7 ,2 -r~2 Ol 02 
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Fig. 4.18" Tangential stress in 133 - 9~-in. composite casing as a function of 
modulus of elasticity and Poisson's ratio of cement sheath. (After E1-Sayed, 1985; 
courtesy of ITE-TU Clausthal.) 

and 

Pol 
. r2 + r~ 1 + 

- -  Vcm o l  + Vcm + Vcm 

+ Ecru ~ - ~2o~ Ecru 
[ { l - u  2 2rf, 2 2r2 [(1 

= Pi 
I [~, o1 - Ecru - o1 

(4.94) 

From the above equations, values of Pi2, Pol and crt 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: 

(4.95) 

o r  

- + _ )~ + (~,~ - ~ ) ~  )~ ( 4 . 9 6 )  

G t 

Po 2 

1.0 - 

0 .S  - -  

0 - -  

IklNir~ ~ - ~  

~ i ~  

Vcm = 0.05 

OUTER CASING 

CEMENT 

~"i""~~ INNER CASING 

~. _~ 

.~{. 

...:~ 

Vcm ,, 0.5 

E - 100 N/mm 2 
cm 

- - . , -  E - 1 0 0 0  N/ram 2 
cm 

. . . . . . . .  E - 10 4 N/mm z 
cm 

- - - - - -  E - 10 5 N/mm 2 
cm 

Inner Casing Outer Casing 

O.D. 9 5/8" 13 3/8" 
Ib/ft 43.5 68.0 

3 s-in comp as function of F i g .  4.19" Radial stress in 13g - 9 . osite casing a 

modulus of elasticity and Poisson's ratio of cement sheath. (After E1-Sayed, 
1985; courtesy of ITE-TU Clausthal.) 

Defining O ' y  1 and ~ry= as the yield strengths of the inner and outer pipes with a 
permanent deformation of 0.2~ and substituting the values of ~t, err, Ecru - 
5,691 + 376 acm -- 1.19 ~cm2 and E = 2.1 x 105 N /mm 2, the yield strength of the 
individual pipe can be obtained in metric units as follows (El- Sayed, 1985)" 

ayl _ 3 [ (Pol - Pil ) r21201 
- 

pilr.~l polr 2 ] 
_ . o, (4.97) 



216 

=- 

e~ 

2000 - 

1500 - 

1 0 0 0  - 

500 - 

0 ' 

Outer Casing Inner Casing 

O.D. 13 318" 9 518" 
Iblft 68.0 43.0 
Grade P-I I 0 N-80 

Vcm == 0.5 
. . . . . . . .  Vcm == 0.25 
. . . . . . . . . .  Vcm = 0.05 

I I I I I I I I 1 

0 10 20 30 40 50 60 70 80 90 

2 o" , N/mm 
cm 

Fig. 4.20: Collapse resistance of the composite pipe as a function of compressive 
strength and Poisson's ratio of cement. (After E1-Sayed, 1985; courtesy of ITE- 
TU Clausthal.) 

and 

O ' y  2 - -  3 
(Po2 -- Pi2 ) r2 02 pi2r2 po2r~2 ] (4.98) + 

02 02 

where: 

crcm = compressive strength of cement, N/mm 2. 

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 E1-Sayed (1985) (see Figs. 4.18 
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 E~,,~, 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 E1-Sayed. 198,5" courtesy of ITE-TU Clausthal.) 

This behavior is explained by the fact that at low values of E~r~, the tangential 
stress in the outer pipe exceeds its yield strength and results in collapse. At high 
values of E~m 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. 

3 5 Test results obtained on two sets of composite pipes (13g - 9g-in. and 7 -  5-in.) 
by Marx and E1-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. 4.22), 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 
a s in. and (b) 7 - 5-in. (After El- compressive strength of cement; (a) 13g - 9g- 

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 E1-Sayed (1985) suggested the following formula for 
calculating the collapse resistance of composite casing" 

2.05 ] 
Pccp- P~I + Pc2 + oc..Spc I ( d o / t ) c s  - 0.028 (4.99) 

where: 

(do~t). 
Pccp 

Pc1 

Pc2 

O'C,~pc I 

O'cm 

- ratio of outside diameter of the ceInent sheath to it.s thickness. 
- overall collapse resistance of the composite (pipe) body, psi. 
- collapse resistance of the inside pipe, psi. 
- collapse resistance of the outside pipe, psi. 
= collapse stress of the cement sheath 

under the external pressure Pc1, psi. 

= crc,~ + 2pc: 1 - s 

= compressive strength of the ceinent. 
- angle of internal friction calculated froin 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 
sun: 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 
E1-Sayed (1985) suggested the following simplified equation: 

Pcc,, - K~ (Pc, + Pc2) (4.100) 

where" 

KT -- reinforcement factor. 

The value of KT lies between 1.17 and 2.03. 

4.2.4 Effect of Non-uni form Loading 

When the formation flows under the action of overburden pressure, it is more 
likely that the casing will be subjected to non-uniform 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., 1955). 
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Fig. 4.24: Point loading effect due to the flow of salt. (After Cheatham and 
McEver, 1964.) 
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Fig. 4.25" Curvature effect due to the salt flow. (After Cheatham and McEver, 
1964.) 
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Fig. 4.26" Different modes of loading on composite casing. (After E1-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 
remaining volume is occupied by drilling fluid. When salt flows, tile unsupported 
part of the casing is subjected to point loading (Fig. 4.25). As depicted in Fig. 
4.26, Pil and Po2 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 (Po2 and pi,) and nonuniform load due to formation flow (pl). 
This imbalance can lead to radial deformation of the outer pipe and a severe 
loading situation. 
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In a theoretical study, E1-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 lb/ft) casing is rechecked. 

Collapse pressure at 6,400 ft - 12 x 0.052 • 6,400 

= 3,993.6psi. 

Collapse pressure at 11,100 ft - 1 . 4 8  x 11,100 

= 16,428psi. 

Collapse resistance of the current casing grade P-110 (98 lb/ft) - 7,280 psi. 

SF for collapse = 
7,280 

16,428 
= 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  p roper t ies  of compos i te  pipe. 

Property Outer pipe Inner pipe 
Grade: P-l l0 N-80 

3 5 OD, in. 13~ 9~ 
W~, lb/ft 92 58.4 
pc, psi 7,282 7,890 

Assuming a KT (reinforcement factor) of 1.6. the collapse resistance is calculated 
a S "  

Pco- K (Pc1 + Pc2)- 1.6(7,890 + 7 , 2 8 2 ) -  24,275.2 psi 

Thus, 

24,275.2 
SF for collapse = = 1.47 

16,428 

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 S T E A M  S T I M U L A T I O N  W E L L S  

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~ and 600~ The 
upper temperature limit is expected to rise to 700~ 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 is 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 steain 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 injection is presented. Finally, different techniques used to protect casing 

Next Page
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Chapter  5 

C O M P U T E R - A I D E D  
D E S I G N  

C A S I N G  

E.E. Maidla and A.K. Wojtanowicz.  

5.1 O P T I M I Z I N G  T H E  C O S T  

C A S I N G  D E S I G N  
O F  T H E  

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 all 
implicit 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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Example 1: 
A: 9 5,'8" K55 40.0 Ib/ft LTC 
B: 9 5/8" N80 43.5 Ib/ft LTC 

Example 2: 
A: 9 5/8" N80 40.0 Ib/ft LTC 
B: 9 5/8" N80 40.0 Ib/ft BUT 

COMBINATION 
CASING 
STRING 

CASING 
PROGRAM 

Fig. 5.1" Casing nomenclature. 

'2. What is 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? 

:3. How significant, given specific loads, is the conflict between the nfininmm 
weight and the minimum price criteria for selecting casing? 

4. How do the external casing loads in directional wells affect casing cost,? 

5. What is the correlation between the directional well profile and its minimum 
cost} 

6. 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 18c~ of the completed well cost. Therefore, 



even a small reduction in casing cost can save a considerahie amount of iiioiicy. 

This objective has traditionally been achieved by i n i t  ially ~ii ini~nizing tlir iiuiiiber 
and length of strings and then by designing a combinatio~i casing string. 

In vertical wells, optimumizing a combinat ion casing st ring Ilas lwen a cliallriige 
for casing designers. The  optimizat,ion principle is based on considering t hr pos- 
sibility of several combinations of grade. weight. thread and smallest allowal)le 
sect,ion length that, satisfy some predetermined external load condition. E v t w  
tually, a corribinat,ion casing string is selected that allows the inininiiiin total 
cost. Insofar as there are a very large nuiiiber of coni1,iliatioiis. several stepivisc~ 
procedures have been developed for casing grade. weight. aiid t Iiread select ion 
without explicit cost expressions. Gencrally i t  is observed. when following t liesr 
procedures, that  the  casing price increases with incrmsing casing grade. weight. 
and strength (burst: collapse, pipe body yield. and connection). Thus. t lie lowest 
grade and  weight casing, with the lowest possible values of mecliaiiical st rengt 11. 

should give t,he lowest cost. Vnfort unately. this procedure does not always yield 
the  minimum cost simply because the  casing grade. weight and cost cannot I)e 
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. 3.2. To obtain the  string for a !);-in. hole 
drilled wit.h 12-ppg mud, the  casing length is entered on the abscissa and t h e  
individual casing string depths are displayed oil t l i r  ordinate. For each deptli 
section, the  chart also provides the casing weight. grade a n d  thread type .  

A number of factors can limit the  iise of tliese charts. Honrever. depending upoli 
the way i n  which the  charts were originall!, developed. the following I in~i ta l io i~s  
may apply: 

0 Load calculation criteria are not nientioned. Tlir entire, design niay not meet 
the  design demands or, on the contrary. may exceed the loading require- 
ments and  result in expensive. over-designed. combinat ion casing strings. 

0 Limited in use to a given casing diameter. 

0 Limited in use to a given mud weight 

0 Limited to vertical wells. 

If many manufacturers are considered. problems will arise \vheii iion-.4PI 
casing is selected. 
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Fig. 5.2: Quick design chart. (Courtesy of Lone Star Steel Co.) 
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�9 Axial loads are not used to correct for collapse resistance. 

�9 Buoyancy is not considered. 

�9 The cost design criteria are not mentioned. 

�9 The charts are restricted to a very particular load scenario. 

E X A M P L E  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: 

95.  ~-ln. 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 lb/gal 
Equivalent circulating specific weight to fracture the casing shoe: 15 lb/gal 
Heaviest mud specific weight to drill to tile production depth: 15 lb/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 fl 
10,000 7,757 

7,757 5,607 
5,607 3,850 
3,850 1,000 
1,000 0 

47.0 lb/ft S-95 LTC 
43.5 lb/ft S-95 LTC 
40.0 lb/ft S-95 LTC 
40.0 lb/ft N-80 LTC 
40.0 lb/ft S-95 LTC 

3.421.44 
:3,007.88 
2,78:3.29 
2,565.56 
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 lbf 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 oil API Bul. 5C3 (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 fl 
10,000- 7,757 
7,757- 5,607 
5,607 - 0 

47.0 lb/ft S-95 LTC 
43.5 lb/ft S-95 LTC 
40.0 lb/ft S-95 LTC 

3,421.44 
3,007.88 
2,783.'29 

Note 1:S-95 is not an API grade. 
Note 2: Collapse was not corrected in accordance with API Bul. 5C3. 1989. 

As in the earlier case, the total cost, $297,471 and total buoyant weight, 345,570 
lbf are easily calculated from Table 5.2. 

With this design, the engineer is challenged by the decision either to spend an 
extra $6,205 (an increase of 2.13c~ 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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1. 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. 

2. 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 program 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 t,o be considered separately, as demonstrated in the 
examples in Chapter 3. 

Casing Design Optimization Theory 

The optimization model for the absolute mininmm cost is first formulated in a 
general way and is then simplified. 

The casing string is arbitrarily divided into N unit sections of equal length, Al. 
In the computer program, this is done by dividing the measured depth by tile 
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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F i g .  5 . 3 :  Recurrent calculation procedure for optimum casing design. 

the top (Fig. 5.3). The absolute minimum cost problem is formulated as follows" 

CT -- min C ( s )  (5.1) 
sE(1,Nc o) 

where" 

C 
CT 

- cost of a particular combination casing string, US$. 
- minimum cost of combination casing string, US$. 
- total number of combination casing strings possible. 
- index of casing string combinations (1 _< s _< Nco) 

Equation 5.1 must satisfy collapse pressure, burst pressure and axial load require- 
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ments (constraints): 

(Pcc),  >_ (Apc),  
_> 

>__ R PAo 

(5.2) 
(5.3) 
(5.4) 

where: 

Apc 
Apb 
FA. 

Rc, Rb, Rt 

PCC 

pcb 

= differential collapse load. psi. 
= differential burst load, psi. 
= axial load at the top of the casing considered, lbf. 
= design factor = for collapse, burst and tension, 

respectively, d-less b. 
= collapse pressure rating corrected for biaxial 

stress (API Bul. ,5C3, 1989), psi. 
= either burst pressure rating corrected for biaxial 

or triaxial stress c, psi 
= casing axial load rating (either pipe body yield or joint 

strength, whichever is smaller), lbf. 

and 

Na 

j=l 

where" 

71, - 1 , 2 - . . 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 -- Fmn_l + A g  Wrz - 0.052 '~r~ 172 ( As. - A s h _ l )  

aThe 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. 

bDimensionless 
CNormally 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" 

As - pipe cross-sectional area, in 2. 
7m -- specific weight of the well fluid, lb/gal. 

For the force calculation, n varies froln 0 to A" because its effect is considered at 
both ends of the casing; therefore, for .\' pipes in a combination casing string. 
the prograln calculates A' + 1 forces. 

Thus for vertical wells, where externally generated forces are not significant (fric- 
tion forces), the initial conditions are: 

FAo - -  0.0527m DT Aso, the hydrostatic forces acting on the first pipe. 
Aso - As~, the initial condition for the cross-sectional area. 

Referring again to Eq. 5.6, it can be seen that FA~ 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 , . . . ,  1 due 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 b ~ n  observed by many casing designers, 
and is 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 bottom 
section of casing string may eventually yield 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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F i g .  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 API 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. 

T h e o r y  for the  M i n i m u m  Weigh t  Cas ing  Des ign  M e t h o d  

The nfinimum 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: 

N 

- ( 5 . 7 )  

n--1 

P,  = min < (5.8) 
rE(a,b) 

P,{ - min W~ ~ (5.9) 
m ~ ( c, d) 

where: 
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a - the lowest value of r within a given weight rn. 

P 
F 

W 

b = the highest value of r within a given weight m. 
c = the lowest value of rn that  satisfies load requirements. 

C = cost, US$. 
d = the highest value of m that  satisfies load requirements. 

m = index of casing weight that  satisfies load requirements. 
7z = number of the casing section being designed. 

n = 3 means the third pipe from lower end. 
= distributed price, US$/100ft. 
= index of casing that  satisfies load requirements. 
= distributed weight, lb/ft .  

E X A M P L E  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 881.3:33 lbf 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. [,'.sing this information, answer 
the following: 

1. Define Np, Nw and N, and determine their values. 

2. Wha t  are the possible values for r and for m? 

3. What  are the values of r when m -  3 .5 ,  7 and 9 "? 

4. Why are the values of 1" - 5:3 and 79 not considered to be viable alternatives? 

Solution: 

Np is the number of all casings to be considered in the design. From Table 
B.1 this number is 98. Nw is the number of casing weights within the 
casing file. The following weights are in the file: :36, 40, 4:3.5.47, 5:3.5.58.4. 
61.0 lb/ft; thus, N = 7. N is the number of pipes of casing (or unit sections) 
in the combination casing string; therefore. A' .~ 10.000 + 40 = 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 40 ft. 

'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 lbf. 

Selecting from Table B.1 (Appendix B), the values for r and m that exceed 
these requirements are found: 

(a) r = 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, 98. 

(b) m = 4, 5, 6, 7. 

In the case of m, the lightest casing weight that meets load requirements is 
47 lb/ft; the 3 weights below this 36, 40 and 43.5 lb/ft, do not. 

3. From the previous answer, rn = 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, 72, 73, 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. 

P r o g r a m  Description and Procedure for Minimum W e i g h t  Des ign  

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 5-1 to design a casing string based 
on the minimum weight design method. 

Solution" 

The program CSG3DAPI.EXE uses the API criteria for collapse correction calcu- 
lations (API Bul. 5C3, 1989). First. create an ASCII file named CSGLOAD.DAT 
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Table 5.3" C o m b i n a t i o n  casing s t r i n g -  m i n i m u m  weight  des ign m e t h o d  
( E x a m p l e  5-3).  

I N T E R M E D I A T E  CASING DESIGN 
THE WELL DATA USED IN THIS P R O G R A M  WAS: 

.EQUIVALENT F R A C T U R E  GRADIENT AT CASING SEAT=15.0 PPG 

.BLOW OUT P R E V E N T E R  R E S I S T A N C E =  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 D E P T H  OF THE NEXT CASING SEAT=15000. FT 

.PORE PRES. AT NEXT CASING SEAT D E P T H =  9.0 PPG 

.MINIMUM CASING STRING L E N G T H =  1000. FT 

.DESIGN FACTOR: BUR=I.000;  COL=1.125; YIELD= I .800 

.TRUE VERTICAL D E P T H  OF THE CASING SEAT=10O00. FT 

.DESIGN METHOD:  MINIMUM W E I G H T  

9 5/8" CASING P R I C E  LIST. FILE REF. :PRICE958 .CPR 
MAIN PROGRAM:  CSG3DAPI 

TOTAL PRICE=299031.  U.S.DOLLARS 
TOTAL STRING BUOYANT WEIGHT=344841.  LB 
DI=10000- 8520 L= 1480 NN= 6 
DI=  8520- 7080 L= 1440 NN=13 
DI=  7080- 5640 L= 1440 NN=18 
DI=  5640- 4640 L= 1000 NN=13 
DI=  4640- 3640 L= 1000 NN= 6 
DI=  3640- 2640 L= 1000 NN= 6 
DI=  2640- 1640 L= 1000 NN=13 
DI=  1640- 0 L= 1640 NN= 6 

THE MEANING OF SYMBOLS: 
.DI, D E P T H  INTERVAL, (FT) 
.L, LENGTH,  (FT) 

W=43.5 M=3 MB=l .73  MC=I .13  MY=19.1 
W=43.5 M=3 MB=I .80  MC=I .13  M Y = l l . 5  
W=43.5 M=3 MB=l .86  MC=I .15  MY= 8.9 
W=43.5 M=3 MB=l .49  MC=I .13  MY= 6.3 
W=43.5 M=2 MB=I .18  MC=I .14  MY= 3.7 
W=40.O M=3 MB=I.0O MC=1.25 MY= 3.5 
W=40.0 M=2 MB=I .18  MC=1.62 MY= 2.9 
W=40.0  M=2 MB=l .04  MC=2.37 MY= 2.1 

P=2983.77 
P=3216.91 
P=3488.41 
P=3216.91 
P=2879.99 
P=2743.75 
P=2783.29 
P=2565.56 

.NN, T Y P E  OF GRADE (SEE THE GRADE (',ODE BELOW) 

.W, UNIT WEIGHT,  (LB/FT)  

.M IS THE T Y P E  OF THREAD:  1,..SHORT; 2...LONG: 3 . . .BUTTRESS 

.MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST, COLLAPSE.  AND YIELD 

.P, UNIT CASING PRICE ......... $/100FT 
G R A D E  CODE: 
NN 1 . . . .  H40 NN 2= ...J55 NN 3 . . . .  K55 NN 4 . . . .  C75 NN 5 . . . .  L80 
NN 6 . . . .  N80 NN 7= ...C95 NN 8= . . P l l 0  NN 9= ..V150 NN13 . . . .  $95 
NN14= .CYS95 NN15= ..$105 NN16 . . . .  $80 NN17= ..SS95 NN18= .LS110 
NN19= .LS125 

that contains the data for the design. The instructions for how to do this are 
shown in the program listing itself under CSG3DAPI.FOR. However, the 
CSGAPI.BAT 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 CSGAPI.BAT, a price file named 
PRICE.DAT nmst be created. The price file used in this example is shown in 
Table B.1 (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. 

'2. 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: C o m b i n a t i o n  cas ing  s t r i n g -  m i n i m u m  weight  des ign  method" 
3 Sec t ions  ( E x a m p l e  5-3).  

I N T E R M E D I A T E  CASING DESIGN 
THE WELL DATA USED IN THIS P R O G R A M  WAS: 

.EQUIVALENT F R A C T U R E  GRADIENT AT CASING SEAT=15.O PPG 

.BLOW OUT P R E V E N T E R  RESISTANCE= 5000. PSI 

.DENSITY OF THE MUD THE CASING IS SET IN=12.o PPG 

.DENSITY OF HEAVIEST MUD IN CONTACT WITH THIS ( 'ASING=IS.O PPG 

.TRUE VERTICAL D E P T H  OF THE NEXT CASING SEAT=15ooo. FT 

.PORE PRES.  AT NEXT CASING SEAT D E P T H =  9.o PPG 

.MINIMUM CASING STRING L E N G T H =  2500. FT 

.DESIGN FACTOR: BUR=I.OOO; COL=1.125: YIELD=I .80o  

.TRUE VERTICAL D E P T H  OF THE CASING SEAT=lOOOO. FT 

.DESIGN METHOD:  MINIMUM WEIGHT 

9 5/8" CASING P R I C E  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=43.5 M=3 MB=I .80  MC=1.13 M Y = l l . 5  
DI=  7080- 4560 L= 2520 NN=18 W=43.5 M=3 MB=l .72  MC=I .15  MY= 7.1 
DI=  4560- 0 L= 4560 NN= 6 W=43.5 M=2 MB=I .09  MC=I .16  MY= 2.3 

THE MEANING OF SYMBOLS: 
.DI, D E P T H  INTERVAL, (FT) 
.L, LENGTH,  (FT) 
.NN, T Y P E  OF GRADE (SEE THE GRADE CODE BELOW) 
.W, UNIT WEIGHT,  (LB/FT)  
.M IS THE T Y P E  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 NN 4 . . . .  C75 NN 5 . . . .  L80 
NN 6 . . . .  N80 NN 7 . . . .  C95 NN 8= . . P l l 0  NN 9= ..V150 NN13 . . . .  $95 
NN14= .CYS95 NN15= ..S105 NN16 . . . .  $80 NN17= ..SS95 NN18= .LSl l0  
NN19= .LS125 

P=3216.91 
P=3488.41 
P=2879.99 

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 5.4. 

8. When the data input, 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. 

11. 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 CSGAPI.BAT file) a 
file named DESIGN.OUT, as shown in Table 5.3, is generated. This file contains 
the following information" 

�9 The casing string being designed. In this case, an intermediate casing string. 

�9 A summary of the inputted well data used to run the program. 

�9 The design criteria. Here, it is the mininmm weight criteria. 

�9 The name of the price file used and the main program name. In this exam- 
ple, PRICE958.DAT and CSG3DAPI were used, respectively. 

�9 The casing string's total price of $299.031 and buoyant weight of 344,841 lbf. 
are also listed. 

�9 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 lb/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 yield (thread or body, whichever is the smallest) 
are 1.73, 1.13 and 19.1, respectively. 

�9 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" 

CT 

PT~, 

where: 

a - 

b - 

N 

Ag ~ P,~ (5.10) 
n - 1  

min P~ (5 11) 
rE(a,b) 

the lowest value of r that satisfies load requirements. 
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 CSGAPI.BAT, but 
the method is the same as detailed in Example 5-3. 

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 8,520 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-80. 
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Table 5.5: Combinat ion  casing s t r i n g -  m i n i m u m  price design m e t h o d  
(Example  5-4). 

I N T E R M E D I A T E  CASING DESIGN 
THE WELL DATA USED IN THIS P R O G R A M  WAS: 

.EQUIVALENT F R A C T U R E  G R A D I E N T  AT CASING SEAT=15.0 PPG 

.BLOW OUT P R E V E N T E R  R E S I S T A N C E =  5000. PSI 

.DENSITY OF THE MUD THE C, ASING IS SET IN=12.0 PPG 

.DENSITY OF HEAVIEST MUD IN CONTA( 'T  WITH THIS CASING=15.0  PPG 

.TRUE VERTICAL D E P T H  OF THE NEXT CASING SEAT=IS000.  FT 

.PORE PRES. AT NEXT CASING SEAT D E P T H =  9.0 PPG 
M I N I M U M  CASING STRING L E N G T H =  1000. FT 
.DESIGN FACTOR: BUR=I.000;  COL=1.125: YIELD=l.80O 
.TRUE VERTICAL D E P T H  OF THE CASING SEAT=10O00. 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=l .73  MC=I .13  MY=19.1 
DI=  8520- 6440 L= 2080 NN= 6 W=47.0 M=2 MB=l .56  MC=I .13  MY= 6.8 
DI=  6440- 5440 L= 1000 NN= 6 W=47.0 M=3 MB=l .45  MC=1.22 MY= 6.4 
DI=  5440- 4440 L= 1000 NN= 6 W=47.0  M=2 MB=l .35  MC=I .20  MY= 4.3 
DI=  4440- 3440 L= 1000 NN= 6 W=43.5 M=2 MB=I .16  MC=1.18 MY= 3.4 
DI=  3440- 2360 L= 1080 NN=13 W=40.0  M=2 MB=I .18  MC=1.25 MY= 3.1 
DI=  2360- 0 L= 2360 NN= 6 W=40.0 M=2 MB=I.0O MC=1.66 MY= 2.1 

P=2983.77 
P=3014.47 
P=3223.84 
P=3014.47 
P=2879.99 
P=2783.29 
P=2565.56 

THE MEANING OF SYMBOLS: 
.DI, D E P T H  INTERVAL (FT) 
.L, LENGTH (FT) 
.NN, T Y P E  OF GRADE (SEE THE GRADE CODE BELOW) 
.W, UNIT W E I G H T  (LB/FT)  
.M IS THE T Y P E  OF THREAD:  1...SHORT; 2...LONG: 3 . . .BUTTRESS 
.MB, MC, MY, MINIMLIM SAFETY FACTORS FOR BURST, COLLAPSE,  AND YIELD 
.P, [,'NIT CASING PRICE ......... $/100FT 

G R A D E  (',ODE: 
NN 1= ...H40 
NN 6 . . . .  N80 
NN14= .CYS95 
NN19= .LS125 

NN 2 . . . .  J55 NN 3 . . . .  K55 NN 4 . . . .  C75 NN 5 . . . .  L80 
NN 7 . . . .  C95 NN 8= . . P l l 0  NN 9= ..V150 NN13 . . . .  $95 
NN15= ..$105 NN16 . . . .  $80 NN17= ..SS95 NN18= .LSl l0  

47.00 lb/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/fl 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 is 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, API 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: Combinat ion  casing s t r i n g -  m i n i m u m  price design method" 
Three  sect ions  (Example  5-4). 

. I N T E R M E D I A T E  CASING DESIGN 
THE W E L L  DATA USED IN THIS P R O G R A M  WAS: 

.EQUIVALENT F R A C T U R E  G R A D I E N T  AT CASING SEAT=15 .0  P P G  

.BLOW OUT P R E V E N T E R  R E S I S T A N C E =  5OOO. PSI 

.DENSITY OF THE MUD THE CASING IS SET LN=12.0 P P G  

.DENSITY OF HEAVIEST MUD IN C O N T A C T  WITH THIS ( ' A S I N G = 1 5 . 0  P P G  

.TRUE V E R T I C A L  D E P T H  OF THE NEXT CASING SEAT=IS000 .  FT 

.PORE PRES.  AT N E X T  CASING SEAT D E P T H =  9.0 P P G  

.MINIMUM CASING STRING L E N G T H =  2500. FT 

.DESIGN FACTOR:  BUR=I.OOO; COL=1.125;  Y I E L D = I . 8 0 0  

.TRUE V E R T I C A L  D E P T H  OF THE CASING SEAT=10000.  FT 

.DESIGN M E T H O D :  MINIMUM COST 

9 5/8" CASING P R I C E  LIST. FILE R E F . ' P R I C E 9 5 8 . C P R  
MAIN P R O G R A M :  CSG3DAPI  

T O T A L  PRICE=301398 .  U.S .DOLLARS 
T O T A L  STRING BUOYANT WEIGHT=372510 .  LB 
DI=10000- 6480 L=  3520 N N =  6 W=47 .0  M = 2  MB=1.57  MC=1.13  M Y =  6.7 
D I =  6480- 3960 L =  2520 N N =  6 W=47 .0  M = 3  MB=1.31 MC=1.22  M Y =  4.7 
D I =  3960- 0 L =  3960 N N =  6 W=43.5  M = 2  M B = I . 0 9  MC=1.31 M Y =  2.2 

P=3014.47  
P=3223.84  
P=2879.99  

THE M E A N I N G  OF SYMBOLS:  
.DI, D E P T H  INTERVAL (FT)  
.L, L E N G T H  (FT) 
.NN, T Y P E  OF  G R A D E  (SEE THE G R A D E  CODE BELOW)  
.W, UNIT W E I G H T  ( L B / F T )  
.M IS THE T Y P E  OF T H R E A D :  1.. .SHORT; 2.. .LONG; 3 . . .BUTTRESS 
.MB, MC, MY, MINIMUM S A F E T Y  FACTORS FOR BURST,  C O L L A P S E ,  AND YIELD 
.P, UNIT CASING P R I C E  ......... $ /100FT 

G R A D E  CODE:  
NN 1 . . . .  H40 NN 2 . . . .  J55 NN 3 . . . .  K55 NN 4 . . . .  C75 NN 5 . . . .  L80 
NN 6 . . . .  N80 NN 7 . . . .  C95 NN 8 -  . .Pl10 NN 9= ..V150 NN13 . . . .  $95 
NN14= .CYS95 NN15= ..S105 NN16 . . . .  $80 NN17= ..SS95 NN18=  . L S l l 0  
NN19= .LS125 

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 Resul ts  

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 Col lapse 

The load line is given by connecting points ,4, B. and C with a straight line. 
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1. Depth (D) and pressure (p) at point A: 

DA --0 PA --0. 

2. Depth and pressure at point B" 

(a) To determine the depth at /3. calculate the height (H) of the hydro- 
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 

DB = 15,000 -- 9,000 = 6,000 ft 

(b) Pressure: PB = 0.052 x 6,000 x 12 x 1.125 = 4,212 psi. 

3. Depth and pressure at point C: 

Dc = 10,000 ft 

pc = (0.052 x 10,000 x 1 2 -  0.052 x 4,000 x 15) x 1.125 = 3,510 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 in Fig. 5.6. 

1. Depth and pressure at point E" 

DE - 0  

The surface burst pressure is either the lowest value of the BOP working 
pressure or the surface pressure of gas colunm inside the casing with frac- 
turing pressure at the casing seat. 

(b) 

Pressure at, the casing seat (PE1) 

PEa -- 0.052 X 15 X 10,000 -- 7,800 psi. 

Pressure at the surface (PE2) 

Consider a static column of methane gas (M-16)  at the surface, a 
bottomhole temperature calculated by assuming an average surface 
temperature of 70~ and a temperature gradient of 1.'2~ ft. Us- 
ing the equation of state for ideal gas behavior, the following formula 
can be derived: 

( - D  ) 

51 182+1  1 5 9 x D  PE2 = (PEI + 14.7) x e ' " -- 14.7 psi 
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where the pressures are in psig and the depth is in feet. Therefore" 
( -10 ,000  ) 

51 182-~ i71,5-9 x 10 000 
PE2 -- (7,800 + 14.7)xe ' " --14.7 -- 6.649 psi 

The BOP working pressure is given as (PE3)" 

PE3 -- 5,000 psi. 

The smallest value, corrected by the design factor, is selected" 

pE - 5 , 0 0 0  x D F B -  5.000 x 1.0 - 5.000 psi, 

where D F 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 
maximum working pressure and the heaviest mud gradient in contact with 
the internal casing wall. 

Using a stright line to approximate the pressure curve between PE1 and PE2 

gives: 
D F  = PE3 -- PE2 

PE1 -- PE2 
- -  0.05'2 X ~2 

D a  

where 32 (ppg) is the specific weight ("density") of the heaviest mud in 
contact with the internal casing wall and D a  is the total depth. In the 
following example, D a  is 10.000 ft. Thus" 

5,000 - 6,649 
D F =  ( 7 , 8 0 0 _ 6 . 6 4 9 )  = 2 . 4 8 0 f t .  

1()i ()0-6 - 0.052 • 15.0 

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 

p r  - (5,000 + 0.052 x 15 x 2 , 4 8 0 -  0.465 x "2.480) x 1 . 0 -  5.781 psi. 

Depth and pressure at point G: 

D a  - 10,000 ft 

PG -- (PE1 - - 0 . 4 6 5  x D a )  x D F B  

Pc - ( 7 , 8 0 0 -  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 5.6. 

The results of the different design methods are shown in Table 5.7 a. Notice that in 
none of the designs has the load constraints been violated (In doing this analysis, 

aThe 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) 

J 

Quick Design Charts- $ 297.471 
�9 ' I 

2,243 S-95.47.0 lb/ft LTC 8.150 7.100 
2,150 S-95.43.5 lb/ft LTC 7.510 5,600 
,5,607 S-95, 40.0 lb/ft LTC 6,820 4,230 

Note: Collapse was not corrected according to API Bul. 5C3 (1989). i 

Minimum Weight Design- API- $ 313.169 
2,920 S-95, 4:3.5 lb/ft BUT 7.510 5,600 
2,520 LS-110, 43.5 lb/ft BUT 81700 4,420 
4,560 N-80, 43.5 lb/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 lb/ft LTC 6 870 4,750 
2,520 N-80.47.0 lb/ft BUT 6 870 4,750 
3,960 N-80, 43.5 lb/ft LTC 6 330 :3,810 

Note: Collapse according to API Bul. 5C3 (1989). 

Cheapest  Solution 
Min. Cost and Min. Vv~ight Design- $ 283.989 

3,200 S-95, 40.0 lb/fl LTC 6,820 4.230 
2,520 S-95, 43.5 lb/ft LTC 7.510 5.600 
4,280 S-95, 40.0 lb/ft LTC 6'820 4,230 

Note: Collapse based on a modification to API Bul. 5C3 (1989). 

care nmst 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 yield 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 lb/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 lb/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 fornmlas for corrected collapse rating due 
to axial loading, the collapse pressure predictions follow path abc 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 s t ress  (Pcr2 or point d). 
Assuming Pc~2 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 e? 

The only point known so far is Pcr2; which is obtained directly from the man- 
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Table 5.8: M i n i m u m  cost des ign for n o n - A P I  casing using the  modif ied 
A P I  col lapse calculat ions .  

I N T E R M E D I A T E  CASING DESIGN 
THE WELL DATA USED IN THIS P R O G R A M  WAS: 

.EQUIVALENT F R A C T U R E  G R A D I E N T  AT CASING SEAT=15 .0  P P G  

.BLOW OUT P R E V E N T E R  R E S I S T A N C E =  5000. PSI 

.DENSITY OF T H E  MUD T H E  CASING IS SET IN=12.0  P P G  

.DENSITY OF HEAVIEST MUD IN C O N T A C T  WITH THIS C A S I N G = 1 5 . 0  P P G  

.TRUE V E R T I C A L  D E P T H  OF THE NEXT CASING SEAT=15000.  FT 

.PORE PRES.  AT N E X T  CASING SEAT D E P T H =  9.O P P G  

.MINIMUM CASING STRING L E N G T H =  2500. FT 

.DESIGN FACTOR:  BUR=I .000 ;  COL=1.125;  Y I E L D = I . 8 0 0  

.TRUE V E R T I C A L  D E P T H  OF T H E  CASING SEAT=10000.  FT 

.DESIGN M E T H O D :  MINIMUM COST 

9 5/8" CASING P R I C E  LIST. F ILE R E F . : P R I C E 9 5 8 . C P R  
MAIN P R O G R A M :  CAS!NG3D 

T O T A L  PRICE=283989 .  U.S .DOLLARS 
T O T A L  STRING BUOYANT WEIGHT=2,33864.  LB 
DI=10000- 6800 L =  3200 N N = 1 3  W=40 .0  M = 2  M B = I . 6 0  MC=1.13  M Y =  8.2 
D I =  6800- 4280 L=  2520 N N = 1 3  W=43.5  M = 2  MB=1.46  MC=1.45  M Y =  4.9 
DI=  4280- 0 L=  4280 N N = 1 3  W=40 .0  M = 2  MB=1.18  MC=1 .47  M Y =  2.6 

P=2783.29  
P=3007.88  
P =  2783.29 

T H E  MEANING OF SYMBOLS:  
.DI, D E P T H  INTERVAL (FT)  
.L, L E N G T H  (FT) 
.NN, T Y P E  OF G R A D E  (SEE THE G R A D E  CODE B E L O W )  
.W, UNIT W E I G H T  ( L B / F T )  
.M IS T H E  T Y P E  OF T H R E A D :  1.. .SHORT; 2.. .LONG; 3...BI_YTTRESS 
.MB, MC, MY, MINIMUM S A F E T Y  FACTORS FOR BURST,  C O L L A P S E ,  AND YIELD 
.P, UNIT CASING P R I C E  ......... $ /100FT 

G R A D E  CODE:  
NN 1= ...H40 
NN 6 . . . .  N80 
NN14= .CYS95 
NN19= .LS125 

NN 2= ...J55 NN 3=  ...K55 NN 4= ...C75 NN 5= ...L80 
NN 7= ...C95 NN 8= . .Pl lO NN 9= ..V150 NN13=  ...$95 
NN15= ..S105 NN16=  ...$80 NN17= ..SS95 NN18=  .LSllO 

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 b 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: 

p__~d = P! (5.12) 
P~ Pb 

Rearranging Eq. 5.12 results in: 

Pd 
Pe - -  • Pb (5.13) 

P~ 

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. 5.13. 
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Table 5.9: Minimum weight design for non-API casing using the mod- 
ified API  collapse calculations. 

I N T E R M E D I A T E  CASING DESIGN 
THE WELL DATA USED IN THIS P R O G R A M  WAS: 

.EQUIVALENT F R A C T U R E  G R A D I E N T  AT C A S ~ G  SEAT=15.0 PPG 

.BLOW OUT P R E V E N T E R  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 D E P T H  OF THE NEXT CASING SEAT=ISOOO. FT 

.PORE PRES. AT NEXT CASING SEAT D E P T H =  9.0 PPG 

.MLNIMUM CASING STRING L E N G T H =  2500. FT 

.DESIGN FACTOR: BUR=I.0O0; COL=1 .125 :YIELD=I .8O0  

.TRUE VERTICAL D E P T H  OF THE CASING SEAT=lOOO0. FT 

.DESIGN METHOD:  MINIMUM W E I G H T  

9 5/8" CASING PRICE LIST. FILE REF. :PRICE958 .CPR 
MAIN P R O G R A M :  CASING3D 

TOTAL PRICE=283989.  U.S.DOLLARS 
TOTAL STRING BUOYANT WEIGHT=333864.  LB 
DI=10000- 6800 L= 3200 NN=13 W=40.o M=2 MB=I.6O MC=I .13  MY= 8.2 
DI=  6800- 4280 L= 2520 NN=13 W=43.5 M=2 M B = l . 4 6  MC=1.45 MY= 4.9 
DI=  4280- 0 L= 4280 NN=13 W=40.o M=2 MB=I .18  MC=1.47 MY= 2.6 

THE MEANING OF SYMBOLS: 
.DI, D E P T H  INTERVAL (FT) 
.L, LENGTH (FT) 
.NN, T Y P E  OF GRADE (SEE THE GRADE CODE BELOW) 
.W, UNIT W E I G H T  (LB/FT)  
.M IS THE T Y P E  OF THREAD:  1...SHORT; 2...LONG: 3 . . .BUTTRESS 
.MB, MC, MY, MINIMUM SAFETY FACTORS FOR BURST. COLLAPSE.  AND YIELD 
.P, UNIT CASING PRICE ......... $ /100FT 

G R A D E  CODE: 
NN 1 . . . .  H40 NN 2 . . . .  J55 NN 3 . . . .  K55 NN 4 . . . .  C75 NN 5 . . . .  LS0 
NN 6 . . . .  N80 NN 7 . . . .  C95 NN 8= . . P l l 0  NN 9= ..V150 NN13 . . . .  $95 
NN14= .CYS95 NN15= ..S105 NN16 . . . .  $80 NN17= ..SS95 NN18= .LSl l0  
NN19= .LS125 

P=2783.29 
P=3oo7.88 
P=2783.29 

As an exercise, the engineer should make the suggested program modifications as 
detailed in the following steps" 

�9 v I T 1 The subroutine to be modified in CSG3DAPI.FOR is SUBRO[~TINE 
PCOR. 

2. Delete line 68, IF(CFNAPI.GT.1.)THEN. 

3. Delete line 69, CFNAPI=I.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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F i g .  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 5.9. Provided the design criteria for non-API 
casing is 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 niultistage decisioii-making 
procedure in which the  next step decision depends upon the previous decisions. 
The general concept of the discrete version of rlynaiiiic prograniiiiiiig is applied 
(Roberts. 19N; Phillips et al.. 1976). Dj*namic programming trrlninology is 
defined by the following five attributes. 

1. .i\ stage is a unit section of casing string (length II) or a step 111 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 u n i t  section: 

Fn = F n  (APb, I P c .  F.4,,) (5.14) 

In general: there are (A\sn-l x .\ri.) combinations of the  loads at stage n. 
where: 

Ns,,-, = number of possible different variants of casing string 
below section T I .  

AYw = number of different casing unit weights. 

The axial loads, F,", for the  n t h  unit section are ralculated using Eq. 5 . 5 .  
These loads can also be  computed using Eq. 5.6 for vertical wells and Eqs. 
5.39 - 5.45 for directional wells. 

3.  Decision variahles, P,. involve the type of casing. I n  the coiuputer program. 
each type of casing is represented by one number. i.e.. the unit price of 
casing. For the n th  unit section. the number of casing variants available is 
r ,  x Ns,-, . 
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 t h e  constraints given by 
Eqs. .5.2, 5.:3? and 5.4. 

4. Return function, CT,, is the  total cost of n unit sections of casing: 

C+" = CT, (F,, P,) (3.15) 
c:, = A 4 x  P , + ~ ~ X ( P , _ , + P , , ~ , + ' " + l )  (5.16) 
C+" = At x P, t c;"-] (5.17) 

where: 
J = varies from 1 to rn x .\.Sn-] . 
I;  = varies from 1 to .YS,,-] . 
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5. Accumulated total return, Cpn, is the minimal cost of 71 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 identifying the casings that are lighter than t h e  cheapest 
one. The procedure is described as follows 

the smallest value of P, within m, VS$/lOO f t .  
the largest value of P,, within m. VS$/lOO f t .  
the smallest value of Pw, ~ CSS/lOO ft. 
the largest value of PW,. I'SS/1OO ft. 
varies from 1 to A'sn-, . 
varies from 1 to (rpn x k). 
distributed price of the H;?fn of casing. VSS/lOO f t .  
distributed price of the cheapest casing 
wit,hin m, t;S1/100 f t .  
number of Wpn weights. 
disbributed weight of the cheapest casing 
within ni, Ib/ft. 
distributed weight of casing lighter or 
equal to W..f,. Ib/ft . 
distributed weight of the cheapest casing 
at stage R ,  Ib/ft. 

6. Absolute minimal cost, C,,,,, at stage 77 is given by: 

(At x ppn(ll) + C;J (5 .24)  

where: 
e = the smallest value of Ppn, VS3/1OO f t .  
f = the largest value of PPn. t:SS/lOO ft. 

($5.18) 

( 3.1 9 ) 
(-5.20) 

(3.21) 
(3.22) 
(,j.29) 

Inasmuch as the transition of the cost and transition of the axial load from step 
TI - 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: 

Cmi n- [ min (Ae x P,.(v))J + ve(~,:) , - - ,  (5.25) 

For t~ - 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 (Wpn) 

has only one value and this is equal to r (l,~\~y.). 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 72 - 1 
casing section, meaning that the above formulation will equal both fornmlations 
for the minimum weight method and the minimum cost method presented earlier. 

5.1.5 Casing Cost Optimizat ion in Direct ional  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 
axial 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. 

Next Page



315 

Chapter 6 

AN INTRODUCTION TO 
CORROSION AND 
PROTECTION OF CASING 

Corrosion is defined as the cheniical (kgrarlat ion o f  inet als 1)y rractioii wi t  11 t Iiv 

environment. The destruction of iiietals ljy corrosioii occiirs e i ther  1)y t1irrv.t 
chemical att,ack at elevated ternperatures ( : n n + O F )  in a dry  rnvironiiwiit o r  I)>. 
electrochemical processes at low temperat ure  in a \vatrr-wtit o r  iiioist f w \ . i i w -  

ment . 

Corrosion at tacks casing during drilling and producing operat ions t liroiigli eltv- 
trocheniical processes in the  presence of rlrct rolytes and c o r r w i v r  agriits ~ I I  

drilling. completion, packer and protliiction f l~ i i r l s .  

6.1 CORROSION AGENTS I N  DRILLING 
A N D  PRODUCTION FLUIDS 

The components present in fluids which promote t lip corrosion of casing i n  drilliiip 
and producing operations are oxygen. carbon dioxide. hydrogen sulfidt,. salts i l i l d  

organic acids. Destruction of metals is influenced by various physical and  chemical 
factors which localize and increase corrosion damage. 

The conditions which proniote corrosion include: 

Energy differences in the forin of stress gradients or cheiriical reacti\.ities 
across the  metal surface iii contact wi th  il corrosi\.e solution. 

Differences in concentration of salts or other corrodants in  electrolytic so- 
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lutions. 

�9 Differences in the amount of solid or liquid deposits on the metal surface, 
which are insoluble in the electrolytic solutions. 

�9 Temperature gradients over the surface of the metal in contact with a cor- 
rosive solution. 

�9 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 fihns 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 ionizes. 

4. Presence of an external conductor. A complete electron electrolytic cir- 
cuit between anodes and cathodes of the metal through the metal surface 
films, 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 E l e c t r o c h e m i c a l  C o r r o s i o n  

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.2)" 

2 e - +  2H + --, 2H ~ + H2 (in acidic solution). 

If oxygen is present, electrons are removed from the Inetal by reduction of 
oxygen: 

4 e - + 0 2 + 4 H  + ~ 2H.20 (in acidic solution) 

4e -  + 2H20 + 0 - 2  + 4 O H -  (in neutral or alkaline solution) 

2. At the anode, a metal ion (e.g., Fe 2+) 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: 

F e - 2 e -  ---+ Fe 2+ 

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 
into 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 preven* 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 hydrogen at these elec- 
trodes. The cathodic reaction with hydrogen ion is replaced by a reaction in 
which electrons at the cathodic areas are removed by oxygen and water to form 
hydroxyl ions (OH-)  or water" 

02 + 2H20 + 4 e -  ---+ 4 O H -  (in neutral and alkaline solutions) 

02 + 4H + + 4e-  ---+ 2H20 (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 inay 
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. Electrochen:ical 
corrosion con:prises 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, liquid 
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and gaseous environment ~ and tlir se\.eral interfaces I)rt\veeii these coiiipoiimt 5 .  

l l e ta l  is a composite of atoms which are arranged i n  a syniiiietrical lattice striic- 
ture. These atonis may be considered as particles which are  held i n  an ordered 
arrangement in a lattice structure liy h i d i n g  electrons. These electrons. \vIiicIi 
are in constant niovement about t he charged particles. niove readily t hmiiglioiit 
the lattice structure of metal when ail electric potential is applied t o  tlie sj.stmi. 
If bonding electrons are renioi~etl froiii their orbit al,out the part  i r k  c w t f ~ .  t lie 

resulting cation will no longer be held i n  the iiiet al's crystalline st ruct ure and  can 
enter the electrolyte solution. 

Electrochemical corrosion is simplj. the process of freeing these cat ions from their 
organized lattice structure by the  removal of the lionding rlectrons. Inasinucli a s  
certain of the  lattice electrons niove readily within the nietal nnder th(1 iiifliieiice 
of electrical potentials, the locat i o n s  on t lie surface of t lie niet al  froin wliich t Iirb 

cations escape and the locations from ivliich the electrons are renioverl froin t lie 
metal need not be and generally are not the saiiie. Corrosion will no t  emir unless 
electrons a re  removed from so~iie portion of t h ~  metal structure. 

All metals a re  polycrystalline with each crystal having a random orientation with 
respect t o  the next crystal. Tlie Iiictal atonis in  each crystal are orirwtcd i n  
a crystal lattice in a consistent pattern. The pattrrn gives rise t o  differences 
in spacing and, therefore. diffcrewces i n  coliesivc, eiierg!. bet \vwn t lw part i c .1~~ .  
which may cause preferred corrosion at tack. .11 the  crystal lmuiidaries t lie lattices 
are distorted. giving rise to preferred corrosion attack. I11 t lie manufactiirt~ aiid 

processing of metals. in  order to gain desirable physical propert ics. Iiot li t lie 
coiiiposition and shape of the crj,stals niay be made non-uniform. distorted or 
preferably oriented. 

This niay increase the susceptibility of the nietal to corrosion attack. I-ndistorted 
single crystals of metals experience comparatively little or 110 corrosion under 
the  same conditions which ma?. destroy coriiiiicrcial pieces of the  same ii ic>t  a1. 
Compositional changes in metal alloy crystals and crystal I)oundaries. which are 
presmt in steels and alloys. can promote highly localized corrosion. 

Chemistry of Corrosion and Electromotive Force Series 

Oxidation takes place when a given sulistaiice loses electrons or share of its elrc- 
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 i s  called a reducing: 
agent, whereas the  substance which gains electrons is ternied an oxidizing agent. 
Thus, electrons are always transferred from the reducing agent to the oxidizing 
agent. In  the example below. two electrons are transferred from metallic iron to 
cupric ion: 
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T a b l e  6 . 1 "  E l e c t r o m o t i v e  f o r c e  s e r i e s  

E l e c t r o d e  r eac t ion  S t a n d a r d  e l ec t rode  po ten t i a l .  

E ~ in Volts,  25~ 

Li = Li + + e -  

K = K + + e  - 

C a = C a  2+ + 2 e -  

Na  = Na + + e -  

M g -  Mg 2+ + 2e -  

B e = B e  2+ + 2 e -  

A I = A 1 3 +  + 3 e -  

M n = M n  2+ + 2 e -  

Z n = Z n 2 +  + 2 e -  

C r = C r  z+ + 3 e -  

G a = G a  z+ + 3 e -  

F e = F e  2+ + 2 e -  

Cd = C d  2+ + 2e -  

I n = I n  z+ + 3 e -  

T1 - T1 + + e -  

C o = C o  2+ + 2 e -  

Ni = Ni 2+ + 2e -  

Sn = Sn 2+ + 2e -  

Pb  = Pb  2+ + 2e -  

H2 = 2H + + 2e -  

C u = C u  2+ + 2 e -  

Cu = Cu + + e -  

2 H g -  Hg~ + + 2 e -  

A g -  Ag + + e -  

P d = P d  2+ + 2 e -  

r i g -  Hg 2+ + 2 e -  

P t  = P t  2+ + 2e -  

Au  = A u  3+ + 3e -  

Au = Au  + + e -  

+:3.05 

+2 .922  

+ 2 . 8 7  

+2.71"2 

+'2.:375 

+1 .85  

+ 1 . 6 7  

+1 .029  

+0 .762  

+ 0 . 7 4  

+0 .53  

+0 .440  

+0 .402  

+0 .340  

+0 .336  

+0 .277  

+0 .250  

+0 .136  

+0 .126  

0.000 

- 0.345 

- 0.522 

- 0.789 

- 0.800 

- 0.987 

- 0.854 

ca. - 1.2 

- 1 . 5 0  

- 1 . 6 8  
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Fe ~ + Cu 2+ ~ Fe2+ + Cu ~ 
metallic cupric ferrous metallic 

iron ion ion copper 

The enff (electromotive force) series is presented in Table 6.1; potentials given are 
those between the elements in their standard state at 25~ and their ions at unit 
activity in the solution at 25~ A plus sign (+) for E ~ shows that, for the above 
conditions, the reduced form of the reactant is a better reducing agent than H2. 
On the other hand, a negative (-) sign indicates that the oxidized form of the 
reactant is better oxidizing agent than H +. Thus, in general, any ion is better 
oxidizing agent than the ions above it. 

A c t u a l  E l e c t r o d e  P o t e n t i a l s  

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 s+, liberating 
n electrons, may be represented by the relation: M = M n+ + he-. The actual 
electrode potential of this reaction may be calculated from the standard electrode 
potential by the use of the following expression: 

R T  
E - E  o l n ( M  s+ ) 

where" 

E 
E ~ 
R 
T 
n 

F 
MS+ 

- actual electrode potential at the given concentration (Volts). 
- standard electrode potential (Volts). 
- universal gas constant; 8.315 Volt Coulombs/~ 
- absolute temperature (~ 
- number of electrons transferred. 
- the Faraday, 96,500 Coulombs. 
= concentration of metal ions. 

At 25 ~ (298~ the formula becomes" 

E -  EO _ 0.05915n l~176 (M'~+) 

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. 

React ion .I\ctivity (nioles/kg water) 
1 0.1 0.01 0.001 
Actual elect rod(, potential ( i ’o l t s )  

Fe = Fe’+ + 2e- $0.140 +O.J’iO +O.19‘J + O . i ” J  
C‘d = C‘d’’ + 2e- SO.102 $0.431 s0 .161  $0.400 

It is apparent froni Table 6.2 that i r o n  w i l l  rcdu(e cadiiiiiiiii when their ton 
concentrations are equal. but the re\’tmc hold5 t rue when the conceiit rat ion of 
cadmium ion becomes sufficient11 lower than t lint of the ferrous ion. 

It is well to note that the standard electrode potentials are a par t  of the iiiorrx 

general standard oxitlation-reductioii potentials. T ~ s t  hooks on physical clirmist ry 
also contain a general expression for  calculat iiig the act iial oxidat ion-reduction 
potential froin the standard oxidatioii-rrductioti potential. 

Galvanic Series 

Dissimilar metals exposed to electrolytes exhibit different potentials or teiidrncies 
to go into solution or react with the erivironmcwt. This heliavior is rwxxd(d i n  
tabulations in which metals and alloys are listed in  ordw of increasing resistance 
to corrosioii i n  a particular enviroiirricmt . Coupling- of dissimilar metals in ail 

electrolyte will cause destructioii of the iiiore ritactive iiietal. wliicli ac t s  as ail 

anode and provides protection f o r  the less reactive metal. which acts  as a cathot l r .  

6.2 CORROSION OF STEEL 

I n  most corrosion problems. t l i r  importaiit differences in reaction potent ials a re  
not those between dissimilar metals bu t  t liosr which exist betweeii separatr arras 
interspersed over all the surface of a single metal. These potential differences 
result from local chemical or physical differences within or 011 t he  metal. such 
as variatioris in grain structurp. stresses and scale. inclusions i n  tlir nietal. graiii 
boundaries: scratches or other surface coiiditions. Steel is a n  alloy of  pure iron arid 
small aniounts of carbon present as Fe3C with trace atiiounts of other elements. 
Iron carbide (Fe3C) is cathodic tvith respect to iron. 

Inasmuch as in typical corrosion of  steel anodic and cathodic areas lie side 11y side 
on  the  metal surface. in effect it is covered w i t l i  I>otI i  pos i t i v~  and negative sites. 
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During corrosion, the  anodes and cathodes of metals may interchangc, frequent Iy. 

6.2.1 Types of Corrosion 

Numerous types of steel destruction can resiilt from t he corrosion process. wliicli 
are listed under the  following classes of corrosion: 

1. Lniform 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 dainaging of different types of corrosive attacks. I.niforiii rusting of 
iron and  tarnishing of silver are esariiples of this forin of corrosion attack. 

2. Crevice corrosion. This is an esainple of localized attack in  the  shielderl 
areas of metal assemblies. such as pipes and collars. rod pins and  boxes. 
tubing and drillpipe joints. Crevice corrosion is caused by conceiit ration 
differences of a corrodant over a inet al surface. Electrocheiiiical potential 
differences result in selective crevice or pitting corrosion at tack.  

Oxygen dissolved in  drilling fluid promotes crevice and pitting at tack of 
metal in the  shielded areas of a drillstring and is the coinir~on came  of 
washouts and destruction under rubber pipe protectors. 

3 .  Pitting corrosion. Pitting is often localized in a crevice but caii also occur 
011 clean metal surfaces ixi a corrosive eiivironinent. X i 1  esainplr of this 
type of corrosion attack is the corrosion of steel in high-velocity sea water. 
low-pH aerat,ed brines, or drilling fluids. I-pon format ion of a pit. corrosion 
continues as in  a crevice but. usuall!.. at an accelerated rate. 

1. Galvanic or two-metal corrosion. Galvanic corrosion niay occur  w h r ~ i  t\vo 

different metals are in contact in a corrosive eii\~iroiiiiiriit. Tlir at tack is 
usually localized near the point of contact. 

5 .  Intergranular corrosion. Sletal is prc~ferentially at tacked along the grain 
boundaries. Improper heat treatment of alloys or high-teniperat lire expo- 
sure may cause precipitation of inaterials or non-lioniogeneity of thc  n i ~ t a l  
structure at the  grain bounclarirs. which results in  preferent ial at tack. 

Weld decay is a form of intergranular attack. The  attack occurs in  a narrow 
band on each side of the  weld owing to smsit izing or changes i n  t l ip  grain 
structure due to welding. Appropriate heat treating or Inptal wlection caii 
prevent the weld decay. 

Ring worm corrosion is a sclect ive attack \vhich forms a groovv around t I i v  

pipe near the  box or the external upset end. This type of selectiv(, attack 
is avoided by annealing the entire pipe after t h p  upset is fornied. 
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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. 

, 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 fihns 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. Tile 
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 
in 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, 
i.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, H2S-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 H2S 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: 

�9 Corrosive formation water (having high salinity). 

�9 Bacterially-generated H2S. 

�9 Electrical currents. 
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Fig. 6.1" Casing potential profile test equipment and example of plotting data. 
(After Jones, 1988, p.66, fig 1.8-'2" courtesy of OGCI Publications. Tulsa. OK.) 

�9 Corrosive completion fluids. 

�9 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 potenlial gradients between the forinations traversed 
by the casing and between the well casing and long flowlines (> 1 V), or it nlay 
enter from the electrical grounding systems and connecting flowlines. 

The origin of stray currents is not easy to determine. The use of a x'oltmeter 
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 leaviilg 
the casing. 

6 .2 .3  C o r r o s i o n  I n s p e c t i o n  T o o l s  

A variety of tools and interpretation techniques are employed to monitor corrosion 
because a large amount of information is required for interpretation fronl both 
single and multiple casing. Four types of tools are considered here (Watfa. 1989)" 

1. Electromagnetic casing corrosion detection. 

2. Multifinger caliper tool (mechanical). 
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3 .  Acoustic tool. 

1. Casing potential profile tool. 

The Electromagnetic Corrosion Detection 

In essence these tools consist of a nrinrl>er of clwt roniagnetic f l u s  traiisniit t c n  

and receivers that are linked by the casing striiig(s) in mucli the same wa!' as t l i t .  

core i n  a transformer links the primary and secondary coils. 

For a qualitative measure of the average circiiniferential thickness of mi~ltiplc cas- 
ings (\\,'atfa, 1989). the phase shift Iwtweii the transmitted and receii.tvl sigirals 
is measured. The phase shift related to thrl tliickiicss o f  tlir rasing is as  follo\vs: 

o = 2 r t J p o f  

where : 

t = cornhined thickness of all casings. 
(T = coiiibined conducti\.ity of all casings. 
p = combined magnetic permealiility of all casings 
f = tool frequency. 

By increasing f ,  the  depth of investigation can Ile r e d u c ~ ~ l  to include only the  
inner casing and values of (T and 11 can be determined. Incrtwiiiig .f h t i l l  fiirt1ic.r 
provides an  accurate measure of the  ID of the inner casing string. . \ I 1  tlirov 
measurements can he made simultaneously to provide a n  overall view of 111ateIial 
losses. 

For a more detailed analysis of the  inner casing string a niulti-arined. pad tool 
can be used which generates a localized flus in the inner wall of t l i c ,  casing l)y 
means of a central. high-frequenq-. pad~-inoiintrd signal coil. Flus distort ions 
measured a t  the  two adjacent reccivw or .iiimsure' coils. a r e  intlicat ive o f  inner 
pipe corrosion. 

In  a second ineasurernent. electromagnets located on thr main tool l,ody genvratc, 
a flux i n  the  inner casing. Again. the presence of corrosioli will induce a flus 
leakage. which is measured by the two measure roils. 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 fe&rs that a.re 
distributed evenly around the tool. Each of these feelers gives ail indeperitlent 
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Fig. 6.2" Typical installation of galvanic anodes. (After NACE, Houston, TX, 
Control of Pipeline Corrosion, fig. 8-6.) 

measurement of the radius. The sinall 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 P R O T E C T I O N  OF C A S I N G  
C O R R O S I O N  

F R O M  

Casing can be protected by one or a combination of the following: 

�9 Using wellhead insulator (electrical insulation of well casing from the flow- 
line). 

�9 Cementation (placement of a uniform cement sheath around casing). 

�9 Placing completion fluids around casing which has not been cemented (these 
fluids should be oxygen-free, high-pH and thixotropic). 

�9 Cathodic protection. 

�9 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 cominonly used to insulate casing 
from flowlines. Insulation of wells by connecting then: 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 is 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, 1988). 



Full-length cement ing of surface casing and product  ion casing is recolnniriirlerl 
for deep wells. Pozzolan blended ;\ST11 type I cement (.\PI Class B or C) .  wliirli 
is resistant to chlorine aud sulphate attack and at  the same time develops strong 
cement matrix, should be used. Additives such as fuel ash. blast fiiriiace slag or 
silica flour is added to the ceiiient to iriiprove its propertics (porosit!: pertii(~aI~i1it~. 
and strength). 

6.3.3 Completion Fluids 

Casing that is not cenieiited sho~ilcl be prot ect ed by oxygeii-free. higli-pH aiitl 

thixot,ropic coiiiplet ion fluid. Residual d i s s o l \ ~ ~ l  ox!.gc~i initiates corrosion pit- 
ting and promotes subsequent hacterial growth. Oxygen coritained iii  most coiii- 

pletioii fluids is best controlled hy che~iiical conversion to a harniless react ioii 
product. Coriinioii scavengers used to reiiio\.e oxygen are zinc-phospliat r and 
zinc-chromate. These inhibitors are used at conrent rat ions of 500-XOO ing/l. Low 
pH values, on the  other hand increase hydrogen availa1,ility in fluids ~vliicli i i i i t  i -  
ates hydrogen-induced stress cracking. Completioii fluids should he thixot ropic. 
in order to  suspend solids and maintain the required hydrostatic liead of t  he fluid 
column. This reduces the stresses on casing diie t o  collapse a n d  hiickliiig loads. 

As discussed earlier. both hydrogeil and sulphide compoiieiit s of hydrogen sill- 
phide are instrumental in bringing aliout sudden failures in casings. Hytlrogtw 
sulphide may enter the  completion fluid from format ions that contaiii H2S.  or 
originate from Imcterial action on sulphur  co~iipouiids commonly present i t1  coiii- 

ple t i 011 flu i cis. from t her ma 1 deg r acla t i o 11 of s II 1 ph I I  r - roil t ai 11 i 11 g f lu  i tl a (1 d i t i v w  . 
from chemical reactions with tool joint thread I~il~ricants tha t  contaiii s~ i lph~ i r .  
and from thermal degradation of organic additives. 

Scavengers arid filni-forming organic inhibitors a r r  utilized i i i  the treatineiit o f  
water-based completion fluids. C'onimon inhiliitors iisrd to reniove H?S froiii 

completion fluid are iron sponge. zinc oxide and zinc carbonate and sodium or  
potassium chromate. Iron spongc is a highly porous synthetic oxidr of iroii ant1 
reacts with H2S to form iron sulphite. whereas zinc oxide and zinc carlionatv 
remove H2S by forming precipitates of sulphide. wlierras clirornates remove I12S 
by oxidat ion process. 

Film-forming organic inhibitors have Iieen found very effective in protectiiig cas- 
ing from contaminants. They are typically oily liquid or wax-like solids wit11 
large chains or rings with positively-charged amine nitrogen group on oiir rntl. 
Their structure can be represented as follo\vs: 

R.KH2 R2.NH R, S [R,S]+ 
Primary Secondary Tertiary Quat tmary  

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 ( I " )  increases cathodic polarization to the open cir- 
cuit potential (EA) 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 oil3', water-repellent surface film. The amine 
inhibitors actually work best where H2S is present and 02 is absent, because they 
can react with H2S to form a complex compound which helps to build a protective 
film. (For details see Jones, 1988.) 

6.3.4 Cathodic  Protec t ion  of Casing 

Cathodic protection is used in many oilfields to protect tile casing against external 
corrosion. Corrosion occurs at tile 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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corrosion 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 0.579 V. The 
potential is limited by the activity and solubility of ferrous hydroxide. If iron is 
exposed to H2S 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 i s - 0 . 8 5  V ill aerated soil 
a n d - 0 . 9 8  V in an H2S system. 

The theory of cathodic protection is illustrated in Fig. 6.3. As shown in Fig. 6.3, 
the polarization of cathodic areas of steel must be extended until the potential 
Ec of the cathodic surfaces reaches the potential E~ of the anodic surfaces. The 
current which is applied in cathodic protection (I") must exceed tile equilibrium 
corrosion current (I') 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, it is 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 is 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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RECTIFIER 

PROTECTED 
PIPELINE~ 

CABLED INDIVIDUAL LEADS F R O M ~  
ANODES TO TERMINAL PANEL IN 
RECTIFIER OR SEPARATE CABINET 

VENTED AND SECURED 
CASING CAP 

,p,z z ~l,z/ 

CASING THROUGH 
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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. 

VARIABLE 
RESISTANCE 

RECTIFIER 

_ . ,  

FLOWLINE 

./..'..;." j .~ t I t I I / ~ " n l  
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1 

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. 1 !Ids). 

As shown in Fig. 6.5. the insulating flange r~lcctrically isolates the  casing froin t h e  
surface equipment. This confines the cathodic protection current t o  thc casing. 

6.3.5 Steel Grades 

Past experience suggests that susceptil,ility to .;t rcss corrosion cracking of high 
strength steel is large. In  order t o  avoid stress corrosion cracking. a variety 
of inaterials have been introduced to oil field tubing. They include: niarteii- 
sitic stainless steel, austeiiit,ic-ferrite stainless steel. high alloy aiistrwitic s t a i n l t ~ s  
steel. nickel base alloys and titaniuin alloys. C'hroriiiurn~coiitainiiig iiiartwsit ic 
stainless steel has also been used I)ecarise of its rc&taiicc to corrosion i i i  car-  
bon dioxide environments. .4 stainlrss steel i v i t  Ii $ - I  ?'% clironiiuiii can oht aiii 
a high level of corrosion resistance. Recriit ly. these grades of casing and t uhiiig 
have been offered with an AISI 420 coinposition (13% cliroiiii~iin) a n d  80.000 
psi niiriiniuni yield strength. Experience with these materials have I,een good 
(Wilhelm and Kane. 1987). 

According to API classification casing grades. which have been fouiid realistically 
applicable to oil field condition where IILS is prrseiit and anil>ient t cnipr ra t  urcs  
are encountered, are: .J-53. C-15. S-SO. 1 I O D  (iiiodifjed) S-SO. SIO-95. and P - 
110 (Kane and Cireer. 1977). Susceptibilit>. to stress cracking decreases as t l i e  
temperature increases. Hence as the tetiiperatiirt. iiicreasvs w i t h  incr t~asc~ i i i  dtyjtli 
higher strength steel grade can he utilizrd. e.g.. 500-110. Field experience also 
suggests that  large concentration of H 2 S  affects P-110 casings. (For dvtails s w  

.Jones, 1988.) 

6.3.6 Casing Leaks 

In repairing the casing leaks. one can either ( 1 )  isolate the leak with a pa(-kvr 
(inexpensive) or ('2) replace the casing (vvry vxpeiisive). Casing leaks can caiisv 
loss of production and. possibly. vventual loss of a well. The log of cuiiiiilativv 
leaks is often a linear function of time (Fig. 6.6). The curve is often a n  approxi- 
mate one, because in Inany cases casing It-aks can go  ind detected for long time. I n  
many cases, however. the extrapolation of the leak-frequency versus time curve is 
surprisingly accurate and can aid in an economic analysis (feasilility of cat Iiodic 
protect ion). 
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Fig. 6.6: Leak frequency. Clairniont Field. Iient C'ounty. TX. (Af te r  Iiirklen. 
1973, fig. 1: courtesy of t h e  SPE.) 
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Appendix A 

N O M E N C L A T U R E  

a t  - -  

A i  - 

A j p  - -  

A l o w l  = 

Ao 

As 

ASC 
Asp : 

ASX 
A u p l  = 

B F  - 

C 

C - 

C c  - 

C p n  - 

c (l) - 

CT~ - -  

dbox 

droot -- 

dco 
doc 

di - 

dj ,  - 

thermal diffusivity of formation. 
area corresponding to internal area, in. 2 
area under last perfect thread, in. 2 
internal area of the lower section of the pipe at depth D~A,, in. 2. 
area corresponding to external area, in. 2 
pipe cross-sectional area, in. 2 
area steel in coupling, in. 2 
As - area of steel in pipe body', in. 2 
cross-sectional area of the pipe at depth x, in. 2 
internal area of the upper section of pipe at depth D ~ A , ,  in. 2 
buoyancy factor, lbf. 
radial clearance, in. 
cost, US$. 
clinging constant. 
accumulated total return, minimal cost of n 
sections of casing for each load. F~. US$. 
correction factor for contact surface between 
pipe and borehole. 
return function, total cost of n unit 
sections of casing, US,.q. 
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 API Round 
thread casing and tubing, in. 
outside diameter of coupling, in. 
outside diameter of the coupling, in. 
internal diameter, in. 
internal diameter of the joint, in. 
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d j o  - 

d o  - 

dp in  = 

dl1~ 

D - 

D n  - 

D i  - 

D s  - 

D D O  P - -  

D E O B  - -  

D E O D  - -  

D K O P  - -  

D T  - -  

D T O C  = 

D , , A .  = 

E - 

f c rFt --- 

f r  - 

E t  - 

f 
s - 

f ( t )  - 
& - 

blab - -  

a h o m  --- 

f apar t  

Fae  = 

F a j  = 

F a i  r = 

F a p  = 

F a s  = 

ra~, = 

F a T  - -  

Fa~v = 

F a l  = 

Fa2 = 

F b  - 

Fbu - -  

F b  lz v 

F b  tt c 

Y b u c c r  

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 dropoff 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 • 106 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, lbf. 
total tensile failure load with bending O. lbf. 
axial force- homogeneous solution, lbf. 
axial force- particular solution, lbf. 
total effective axial force, lbf. 
tensional force for joint failure, lbf. 
weight of string in air. lbf. 
piston force, lbf. 
force applied at surface, lbf. 
total tensile load at fracture, lbf. 
axial force arising from a change in temperature, lbf. 
weight of casing string carried by the joint above the TO('.  lbf. 
axial force at c~1 - equivalent to Fao,, lbf. 
axial force at c~2 - equivalent to F~o~. lbf. 
bending force, lbf. 
buoyant force acting at the casing shoe. lbf. 
vertical projected buoyant weight of pipe, lbf. 
buckling force, lbf. 
critical buckling force, lbf. 
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fb• 
Fe 
Fh 
F. 
f~ 

F~,t 
F~ 

f Speak 
F, 

F~ 
F~ 

g 
G 

apcm 
Gp I 
Gp9 
Gp, 

Gp~ 
Gpo 

ha 
hg 

hgi 

h ml 
hm2 

- / s t  

Hw 
I 
J 

kc 

ke 
loins 

kj 
ktb 
K 

I(B 
K* 
KD 
Kr 

- vertical component of bouyant force, lbf. 
- drag force, lbf. 
- hook load, lbf. 
- normal force, lbf. 
- radial force, lbf. 
- radial and tangential force at any depth x, lbf. 
- shock load, lbf. 
= peak shock load, lbf. 
- tangential force, lbf. 
= hydrodynamic viscous drag force, lbf. 
- force exerted by the borehole wall at the couplings, lbf. 
= gravity force, ft/s 2. 

rl 
r 2  " 

= pressure gradient of cement slurry, psi/ft. 
- formation fluid gradient at depth H/, psi/ft. 
- pressure gradient of gas, psi/ft. 
= pressure gradient of fluid in the casing, psi/ft. 
= pressure gradient of mud, psi/ft. 
= pressure gradient of fluid in the annulus 

at to2, psi/ft. 
= distance between top of fluid and surface (Collapse), ft. 
- gas interval between bot tom of fluid and formation 

fracture, ft. 
- gas interval between casing seat and top of gas 

column, ft. 
= distance between shoe and fluid top (Collapse), ft. 
= distance between fluid top and formation 

fracture (Collapse), ft. 
- enthalpy of steam, Btu/ lbm. 
- enthalpy of water, Btu/ lbm. 
- moment of inertia, in. 4 
- distance between the end of the pipe and center of 

the coupling in the power tight position, in. 
= thermal conductivity of casing, Btu/hr  ft ~ 
- thermal conductivity of the formation, Btu /hr  ft ~ 
= thermal conductivity of insulating material, Btu /hr  ft ~ 
= thermal conductivity of ' j ' th  completion element, Btu /hr  ft ~ 
- thermal conductivity of tubing, Btu /hr  ft ~ 
- Power Law parameter. 
- buildup constant. 
- collapse coefficient (Sturm). 
= dropoff constant. 
- reinforcement factor. 
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K1 ~ K'2 
1 

lj 
ljc 

gDOP 
gEOB 
gEOD 
gKOP 

gr 
L 

Let 
L~ 
Lt 
Tn 
rh 
M 

NRe 
Nw 

Pb 
Pbr 

Pcb 

PCC 

Poe 

Pccp 
Pcr 

Pctt 

Pct,. 

Pcy: 

Pcy2 

pc: 

- constants in the Lain6 equations. 
- length of pipe, ft. 
- length of joint, ft. 
- length of casing with coupling, ft. 
- measured depth, ft. 
- measured depth of dropoff 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 l~;f~, lbm. 
- mass flow rate of the fluids (steam ck water), lbm/s.  
- bending moment,  ft-lbf. 
- bending moment at any section of ring caused by 

external pressure po, ft-lbf. 
- 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, 

1989), 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 Et. the tangent modulus, psi. 
- critical external pressure for collapse in the 

transition range based o1: Er. the reduced modulus, psi. 
- critical collapse pressure for onset of internal 

yield in ideally plastic material (Lamb), psi. 
- critical collapse pressure for onset of internal yield in 

casing (Barlow), psi. 
- collapse resistance of the inside pipe, psi. 
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PC2 

PDAA. 

P~ 

pe ! 

Pi 

Pi~ 

Pi2 

Pk 

Po 

Poeq 
Pol 

Po2 

Pp~v 

Ppm,,~ 

Ps, 

Pso 
Pt 

Py 
P 

PE 
PPo 

Pw,~ 

qst 
Q 

QCOn 

Qrad 

s 
ri 

ril 
'Fi2 

r o 

ro I 

7"02 
s 
Ftbo 

R 

- collapse resistance of the outside pipe, psi. 
= internal pressure at depth DAA,, psi. 
- -  collapse pressure in the elastic range for E - :30 x106 psi 

and u - 0.3 (API), psi. 
- collapse pressure in the upper elastic range 

(API) from Clinedinst, psi. 
- internal pressure, psi. 
= internal pressure at ril. psi. 
- internal pressure of 2nd string (composite casing) at 

ri2 , psi. 
- kick-imposed pressure at depth D, psi. 
- external pressure, ps i .  
- external pressure equivalent, psi. 
- external pressure at ro~, psi. 
- external pressure of 2nd string (composite casing) at ro~. 
= average collapse strength in plastic range (API),  psi. 
= minimum plastic collapse strength (API), psi. 
- change in surface pressure inside pipe, psi. 
- change in surface pressure outside pipe, psi. 
- transition collapse pressure (API), psi. 
- collapse pressure in the yield range (API), psi. 
- distributed price, US$/100ft. 
- potential energy. 
- distributed price of the W~/~ of casing, US$/100ft. 
- distributed price of the cheapest casing within m, US$/100 ft. 
- steam quality. 
- 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. 
- radial clearance between hole and casing, in. 
- internal radius of casing, in. 
- internal radius of innermost string, in. 
- internal radius of 2nd or outer string in composite 

casing - outside radius of cement, in. 
- external radius of casing, in. 
- external radius of innermost casing - internal radius 

of cement in composite casing, in. 
- outside radius of 2nd or outer string of coxnposite casing, in. 
- inside radius of tubing, in. 
- outside radius of tubing, in. 
- radius of curvature, ft. 
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n(l) 
SF 

S M  
t 

Tb 

Tcmo 
T~ 
Th 
Ti 
To 
T~ 
T~ 

Ttb, 
Ttbo 

T1 
T~ 

Utot 
y 

ray 

v~ 
v, 
W 

Wa 
Wb 

W~(~) 

w~(l) 

w~ 
Wren 

w~ 
Wu(l) 

Wp(l) 

Wp e 

Wr~Jn 

WtC 

- hole curvature after drilling, ft. 
- safety factor. 
- safety margin. 
- wall thickness, in. 
- bottom hole temperature, ~ 
- temperature of inside of casing, ~ 
= temperature at outer surface of cement sheath, ~ 
= undisturbed temeprature of the formation, ~ 
- temperature at the cement-formation interface, ~ 
- temperature at internal surface, ~ 
- temeprature at external surface, ~ 
- surface temperature, OF. 
- temperature of flowing fluid (steam) inside tubing, ~ 

- temperature at the inside surface of the tubing, ~ 
= temperature at the outside surface of the tubing, ~ 
- initial temperature, OF. 
- -  o F final temperature, . 
- overall heat tranfer coefficient, Btu/hr  sq ft ~ 
- velocity of the two-phase mixture, ft/s. 
- equivalent displacement velocity, ft/s. 
- velocity at which pipe is running into hole, ft/s. 
- velocity of induced stress wave in casing, ft/s. 
- W,~BF 
= weight of unit section, 1b/ft. 
- weight of string in air, lb/ft. 
- buoyancy force acting on the pipe, lb/ft. 
- unit buoyant weight projection on the binormal 

direction, 1b/ft. 
- w d ( ~ ,  i~ )  
= unit drag or rate of drag change, lb/ft. 
- effective weight of the pipe, lb/fl. 
= distributed weight of the casing within m. 1b/ft. 
- nominal weight per unit length, lb/ft. 
- buoyant weight projection on the 

principal normal direction, lb/ft. 
- unit buoyant weight projection on the 

principal normal direction, lb/ft. 
- plain end weight per unit length, lb/ft. 
= distributed weight, of casing lighter or equal to 

W~]~, lb/ft. 
- distributed weight of the cheapest casing at 

stage n, lb/ft. 
- threaded and coupled weight per unit length, lb/ft. 
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- unit buoyant weight projection on the tangential  
direction, lb/ft.  

- yield strength, psi. 
= yield strength of axial stress equivalent grade, psi. 
= ~ry for ~r~ - 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, o /100 ft. 
- angle of inclination between the vertical and the end of 

of the dropoff, deg. 
- dropoff rate, o /100 ft. 
- overall angle change, radians. 
= specific weight of cement slurry, lb/gal. 
- specific weight of formation fluid, lb/gal. 
- specific weight of drilling fluid, lb/gal. 
= new specific weight of drilling fluid, lb/gal. 
- specific weight of steel, 489.5 lb/ft  3. 
= refer to Fig. 4.27 on page 22,5. 
- refer to Fig. 4.27 on page 22,5. 
- temperature  at which yield point is reached, ~ 
- 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, ~ry. 
- 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. 
= ~r~p + Acrap, psi. 
- change in piston effect due to effect of changing in fluid 

densities and surface pressures, psi. 
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additional axial stress due to a change in temperature. 
axial stress due to pipe weight, psi. 
0.aw + A0.aw, psi. 
0 . a b u l  ~ 0 . a b u 2  

critical stress for buckling, psi. 
compressive strength of cement, psi. 
collapse resistance of the cement sheath 
under the external pressure pcl, psi. 
effective yield strength under combined load, psi. 
limit of elasticity, psi. 
maximum total stress, psi. 
average nominal stress, psi. 
residual axial stress present, prior to heating body, psi. 
tangential stress due to external pressure po, psi. 
reduced yield strength due to axial loading, psi. 
stress resulting from the action of slips, psi. 
tangential stress due to internal pressure, psi. 
minimum ultimate yield strength of the material, psi. 
minimum ultimate yield strength of the coupling, psi. 
minimum ultimate yield strength of the pipe, psi. 
average tangential stress for a particular 
value of ET, psi. 
maximum tangential stress, psi. 
minimum yield strength, psi. 
yield stress corrected for temperature (hot yield stress), psi. 
joint yield stress (cold yield stress). 
0.a = axial stress, psi. 
tensile stress required to produce a total elongation of 
0.2 % of the gauge length of the test specimen, psi. 
coefl:icient of thermal expansion. 
contact surface angle, rad. 
angle of internal friction calculated from Mohr's circle. 
Fa/EI = definition. 
1 + ((r*)apo)/El = definition. 
time, second. 
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pipe weight 33 99
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temperature 106
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        total effective 28 99 109
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B

Ballooning effect, see burst

Barlow's equation 50 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
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bit size 9

blowouts

        surface 137

        underground 126 135

borehole, maximal temperature 106

Bresse equation 53 57
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        load 99
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        factor 34

        force 33 95 96

buoyant weight 33

burst, see also casing design

        API rating 51

        load line 111 136 278

        pressure 49 49 133

Buttress thread coupling 19 21 249

C

Casing see also pipe

        buckling 93

        failure 93

        purpose 1

        tensile strength 28

 casing buckling see also casing design, 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
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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
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        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

        yield 76

clinging constant 195

collapse theory

        elastic 53

        ideally-plastic 58

        plastic-elastic boundary 62

        transition 65 68

collapse,

       graphical method 136 278

       load fine 277 279
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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
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       piston force 100

       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

wellhead insulation 329

       rate 317
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       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

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
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short thread 20

Extreme-line thread 23 23 32

VAM thread 21 22

crest and root 17

curvature, radius of 37

D

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 81 89 215

impact oil cost of

design factor 305 306

load type 302 303

trajectory 299

Dodge and Metzner's equation 194
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drag force 47 48 177 178

181

analysis 48

2-dimensional 190

3-dimensional 190

correction factor 191

deviated wells.

buildup 179 179 180

dropoff 186 187 189

example 196

lower buildup 185

middle buildup 185

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

E

Economical string design 4

elastic collapse 53 71

elastic range 28

electrode polarization

inhibitors 318

depolarizers 318
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oxidation 319

        reduction 319

electromotive series (emf) 320 321

ellipse of plasticity 81 82 83

equilibrium stability 65 94

evacuation of casing,

        complete 135

        partial 135

F

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
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        factor 48 178 193 196

296 297

        hydrodynamic 194

        mechanical 47

        pseudo-factor 296

G

Galvanic series 322

gas kicks,

        in casing design 127 128

        mud position during 147 147 148

gas leaks in production string de-

sign 164

gas - nitrogen, see also steam stim-

ulation wells 245

H

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

hydrostatic pressure

        mud column 52
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        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 150

        design example 143

internal pressure,

        effect on collapse strength 87

        leak resistance, see also pipe

specifications,

threads and couplings 15

J

Joint strength, see also couplings 42 226 333

buttress 31

extreme line 32

round thread 29 31

with bending and pressure 42
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K

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

L

Lamé’s equations 61 71

laminar flow 194

landing loads 114

lead (thread) 17

liners,

advantages 5 6

disadvantages 6

types 5

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
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bending force 41

critical buckling force 113

M

Makeup loss 10

Maximum load, design concepts 121

measured depth 197

modulus.

        effective 68

        of elasticity 89 108 108

        reduced 65 68 89

        tangent 65 69 89

 momentum, the law of conserva-

tion of 46

nmd gradient 123

neutral plane 37

N

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

O

Overpull, see buckling, prevention

of oxidation 319

oxygen, see also corrosion 318 330
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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

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
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        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

R

Radial and tangential stresses 49 58 82 98

        stability 98

        Lamé’s equation 61
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        planned 178 185

        surveyed 185

reduction 319

Reynold's number 194

round thread casing 21

        couplings 19 20

S

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 18 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
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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 225 226 245

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

heat flow mechanism 236 237

        stress in composite pipe 227

steel corrosion, see corrosion,

steel grades 248 334

        high tensile 7 334

        hydrogen embrittlement 325

        H2S 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
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        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

T

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
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        total 109

tensile stress, see also temperature

        maxinmum 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 53 58

thick-walled casing 51 58 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

turbulent flow 131 194
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Ultimate tensile stress, minimum 28

V

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

W

Wall thickness 8

weight per unit length 13

well types

       deviated 178

       drainhole 209 210

       horizontal 209 210

       steam injection 252

       vertical 127
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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 18 28

       reduced 92
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