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1. Introduction

The drilling, completion and production or inje-
ction of oil/gas wells is highly dependent upon
the capability of the tubulars used. Since the tu-
bular capabilities are usually governed by the co-
nnection capabilities, casing and tubing string de-
signs cannot be completed until connections have
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been selected. For the past few years the author
has been involved with evaluation of tubular con-
nections by means of physical testing and mathe-
matical modeling. During this period of time it
came to the author’s attention that Korean steel
industry and not participated in the competitive
business of designing and/or manufacturing tubu-
lar connections. The connections are designed
and manufactured mostly in Japan, France, Ger-
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many and U.S.A. With the unprecedented suc-
cess in the national economy in recent years, Ko-
rea is bound to invest in energy resource develo-
pment in domestic and foreign regions. The obje-
ctive of this paper is to introduce general infor-
mantion on the connections to the technical rep-
resentatives who will be actively involved in the
future development program. The author also wi-
shes to see Korean steel industry soon participate
in this potentially lucrative business.

The information introduced consists of a brief
discussion of the following topics :

e Connection design and rating

» Connection threads
* Connection seals
* Connection requirements

2. Connection Design and Rating

Tubular connections are like complex pressure

vessel closures in that they consist of:

* Threads
« Fluid seals

» Shoulders

Connections utilize high strength pipe body
materials because they can be produced more
economically in pipe mill processing and because
the corrosive limitations of attaching dissimilar
materials (galvanic corrosion) are eliminated. Co-
nsequently, the material envelope for product de-
velopment of a connection is limited and the con-
nection strength is dictated by the pipe strength.

The design of a tubular connection is similar
to other machine design processes. It is based
upon the disciplines of metallurgy, mathematics
and strength of materials. It involves the applica-
tion of machine design, materials properties, fai-
lure theory, stress determination and manufactu-
ring methods. Design of tubular connections is
based on the following simplifying assumptions:
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¢ The material is ductile

* Service loads are applied statically. In other
words, service loads are neither dynamic nor
applied by impact

» Service temperature neither exceeds the creep
range(about 600°F) nor falls below the nilduc-
tility transition temperature (below about 30°F)
under load conditions.

The connection design consideration may be, as
discussed in connection requirement, broadly se-
parated into three areas:

* Structural integrity
e Fluid  sealability

* Field assembly

As will be further discussed subsequently, the
typical loading conditions that affect structural in-
tegrity of connections are tension or compression,
internal or external pressure, both surface and
production temperature and corrosion. In high
angle directional drilling. bending must also be
considered. The same loading conditions alse ai-
fect sealing integrity of connections, but in diffe-
rent ways. For example, axial tension can break,

puli-out or jump-out a connection by exceeding its

struciural integrity. Bt

some connections by plastically deforming threads

or reduction the contact bearing pressurc of thw

sealing surfaces. Therefore, tubing designers
more often desire tensile strength greater than
pipe body in order to not distort seals. Although
strength and fluid sealing both involve structural
considerations, a separate criteria is required to

account for leak resistance considerations.

In order to complete the connection design, it
is necessary to build prototypes to empirically
evaluate the performance features that were de-
veloped in the design concept. Prototypes are also
necessary for testing the manufacturing process
and for evaluating the design process for size in-
terpolation. The above prototype tests by the con-
nection manufactuers are often called developme-
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ntal tests. Recently, the finite element method
(FEM) has greatly aided the concept evaluation
process, and has particularly expedited interpola-
tion of product sizes tested.

When the performance results from the protot-
ype testing have demonstrated the ability of the
connections to meet the desired performance
characteristics, then the product can be given co-
mmercial ratings for marketing. The product ma-
nufactures present their ratings in catalogs. Be-
cause tubing and casing connections are made of
the pipe body material and because of the comp-
lexity of the connection geometries, connection’s
performance ratings are usually expressed in re-
lation to the pipe body (expressed as percent effi-
ciency of pipe body). This also facilitates selection
by the user. The connection ratings should be ba-
sed, as most design engineers agree, upon mini-
mum physical conditions. Some refer to this con-
dition as “Minimum/Minimum”. This denotes
minimum specified material strength and mini-
mum geometric performance dimensions of the
pipe body.

Completion of the connection design further re-
quires:

* Development of production control processes
(gauging)
¢ Quality assurance program

Finally, field trials should be conducted where
performance can be scrutinized during the pro-
duct introduction.

3. Connection Threads

Any thread form has basic features that include
height (depth), stab flank angle, load flank angle,
root radii, crest radii, and surface finish. All th-
reads follow a helix whether cylindrical or tape-
red, and so possess pitch and lead. Threads are
then matched to opposing threads with either
precise interference or clearance or a combination
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of both. This is controlled by reference to diame-
ters (and tapers for tapered threads). The crests
and roots are definitions used for convenient co-
mmunication purposes. Defining the larger dia-
meters as major diameters and the smaller dia-
meters as minor diameters, the crest diameters
of the pin thread is the major diameter, whereas
the root diameter is the minor diameter. The box
thread is the reverse where the crest diameter is
the minor diameter and the root diameter is the
major diameter. An ideal diameter fot a basic re-
ference for other dimensions is the pitch diame-
ter, midway between the root and crest diameters
and is the same for pin and box. Thread lead is
the axial distance that one thread moves onto
another for one revolution.

There are many different types of connections
and thread variations that have been marketed.
However, the basic forms in use today may be
classified as (1) round thread form, (2) buttress
thread form, (3) shortened (stub) Acme thread
form, and (4) reversed flank thread form, which
are briefly reviewed in the following.

Tubular connections have traditionally utilized
a sharp vee thread, because of the ease of manu-
facturing 60-degree included angle cutting tools.
Line pipe and bolts and nuts still use this thread
form (Figure 1). The thread offered adequate pe-
rformance on non-upset pipe for oil and gas wells
ranging in depth of 5000 ft or less. This thread
was soon replaced with the V-type thread (Figure
2) currently identified as API standard 8-round
(with radiused crests and roots) which offered
better machining characteristics and improveme-
nts in resistance to galling during make-up. As
well depths became greater, joint strength requi-
rements increased. Pipe ends were upset in order
to improve the tension load resistance of the pin
member, In order to avoid adding restriction to
inside joint diameter, it was essential to increase
the outside diameter of the coupling over that of
the non-upset connection.
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Fig. 2 8-round thread form

If fluid production is principally from one zone,
the diameter of the tubing connection is only res-
tricted by the I. D. of the casing. Because deep
drilling frequently encounters more than one pro-
ductive zone, new technology has been introduced
in which production can be accomplished from
more than one producing formation through a si-
ngle casing string. These are commonly known as
multiple completions. In such cases, more than
one string of tubing is run inside of the casing.
This has brought about a new concern or “hole
clearance”. Consequently, joint diameters have
become an important factor to consider, and atte-
ntion has been given to special thread forms
which do not require such heavy walls in the cri-
tical sections of the joint at the 60 degree V-th-
read.

One of the earliest changes to a special thread
form was found on extreme line casing, This form
was obtained from the Acme power thread (Fi-
gure 3) by shortening the thread height and alte-
ring the flank angles. This modified Acme type
of thread offered a load bearing flank that resul-
ted in a stress condition which did not require
such heavy wall sections in the box or pin mem-
bers. This permitted a reduced outside diameter

Fig. 3 Acme thread form

without a corresponding reduction in joint stre-
ngth. Furthermore, the extreme line joint is one
of the earliest joint connections designed with an
independent metal-to-metal sealing element. This
joint was also incorporated as one of the API sta-
ndard connections.

With the desire to increase the joint strengths
without having to use upset pipe, additional deve-
lopments were made. Load-bearing thread flank
angles were still further changed and the thread
root “runouts” were modified so that joint stre-
ngths were more nearly equal to the full parting
load of the pipe body without using upset pipe.
The buttress thread (Figure 4) connection was
the result of this continued development. This
connection is one of the most widely used oil well
casing connections. Like the 8-round and extreme
line connection, it is also an API standard conne-
ction. The load flank of the buttress connection is
almost perpendicular (3 degree angle) to the axis
of the joint. The flank angle is less than the fric-
tion angle (about 7 degrees) so that the load flank
resisted radial separation due to Poisson's effect
from axial tension.

Fig. 4 Buttress thread form
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In 1955, Armco Steel Corporation introduced a
significantly different thread form on their seal-
lock products. The new form comprises a slightly
negavtive angle on the load-bearing flank of the
thread : 1.
load flank and axis of the joint is Jess than 90 de-

e., the angle between the face of the

grees. The merit of reversed angle load flank th-
reads (Figure 5) is that they are helieved to draw
the pin and box connections radially together
when subjected to axial tension. In this manner,
they can act to resist pin and box separation un-
der high axial tension. The threads must be
sheared or distorted plastically before separation
can occur. Therefore, joint strengths equivalent to
the full pipe body may be obtainable even without
the use of upsets. A similar thread form was also
patented by Hydril in 1976 that utilizes dual re-
versed angle flanks or a helical dove-tail wedge
(Figure 6) to resist radial separarion due to both
axial compression and tension and to act as stop
shoulders.

Fig. 5 Reversed angle load load flank thread

form

Thread form

Fig. 6 “Wedge”

Pressure sealing in tubing and casing connec-
tions can be achieved with a number of different
mechanisms; thread seals, plastic (elastomeric)

seals and metal-to-metal seals. Regardless of the
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sealing mechanisms, the sealability depends, in
general, in (1) component geometry, (2) external
forces and reactions, (3) sealing materials, (4) su-
rface topography, and (5) coatings, including lub-
ricants. Thread seals are the most commonly
used and are the most economical to manufac-
ture. With the advent of Teflon, plastic seals be-
came extensively used. Metal-to-metal seals have
generally been used to seal the more difficult to
contain fluids at extreme service conditions.

4.1 Thread Seals

Thread seals consist of using thread compound
within non-mating threads and/or using mating
threads. Thread seals are exemplified by API 8-
round. This joint i1s designed in such a manner
thread the

clearance between mating crest and root is a cre-

that when are assembled, annular
scentshaped space having a nominal 0.003-inch
height of opening. With proper thread compounds
(1. e., Teflon containing) which must plug this an-
nulus, the joint is capable of performing an ade-
quate control for leak resistance provided suitable

radial interference is applied to the connection.

Thread compound sealability is a function of
application procedure, temperature and time. The
grease base of APl modified thread compound (75
% content by volume) is the greatest limitation
of 8-round threads. It can react with cleaning sol-
vents, condensates, carbonic acid, hydrogen sul-
phide, and ethane. It dries out with temperature
and time, decreasing its resistance to the flow of
gases or condensate. A suggested upper hmit of
temperature is approximately 210°F for long term
applications. API modified is 67% metal filler by
It

may be possible to increase leak resistance by

weight. By volume, they amount to only 25%.
minimizing clearance between mating thread
elements. This may, however, be subjected to de-
trimental effects from thread wear or galling
where service requirements include makeup. If
“fit” it is

original thread changes due to wear,
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obvious that leak resistance will be adversely af-
fected.

4.2 Plastic (Elastomeric) Seals

This concept consists of placing a Teflon seal
ring in the groove between mating surfaces. The
ring is free to expand or contract with tempera-
ture in the direction of fluid flow so that the me-
tal connector walls are not significantly stressed
by thermal effects. The seal materials have, in
general, thermal coefficients of expansion that are
several times that of steel. High flowing tempera-
tures can create enough expansion pressure from
the Teflon to separate pin and box threads and
extrude the edges of the ring from its groove.
Upon cooling, the seal ring contacts, but its shape
has changed and it is no longer tight in its
groove. A loose seal ring can result in leakage.
The plastic seals provide gas tightness to 375°F
for thread seals. It also provides redundant sea-
ling capability for metal-to-metal seals.

4.3 Metal-to-Metal Seals

Metal-to-metal seals first appeared in the oil
patch on rotary shouldered connections and on
flush type casing to overcome thread sealing limi-
tations. Metal-to-metal seals are of either shoul-
dering type or sliding (flank) type or a combina-
tion of the two. The two types of metal-to-metal
seals depend on interference that is predetermi-
ned by the design concept for the initiation of the
sealing interface during assembly. The sliding
sealing elements may consist of a curved surface
pin seal mating to a conical female seal surface.
The purpose of the curved seal is to concentrate
the radial interference force to ensure an intimate
circumferential contact with the female (box) me-
mber of the joint.

Mating of two flat conical surfaces may also be
used for sealing purposes. In this case, either
short or long conical seals may be used. Long co-
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nical seals showed benefits of reduced unit inter-
ference force in preventing galling where high ra-
dial makeup was incorporated. Shouldering metal
seals, on the other hand, utilize mostly compres-
sive axial strain to maintain the sealing interface.

Metal-to-metal seals have proven to be not only
reliable, but durable. These independent sealing
elements have been used on various products and
subjected to practically every conceivable type of
service in oil and gas completions. As long as the
metal seal coupled casing or tubing is not pulled
onto yield, not over-torqued and handled with
care, they offer high temperature, high pressure,
gas tight performance. Depending on the joint
material used, they may be almost indestructible
as far as wear or galling from respeated used is
concerned. However, they are least capable of
field repair; and also, cost the most to make and
gauge.

4.4 Pressure Energized Metal-to-Metal Seals

Pressure energization refers to an increase of
contact pressure at the sealing interface caused
by an increase of pressure of the fluid being sea-
led and occurs at a rate greater than the increase
of sealed fluid pressure. A pressure energized
seal can utilize relatively low contact stress to
initiate the sealing interface because the sealed
fluid pressure increases the contact pressure at
the sealing interface at a rate greater than the in-
crease in fluid pressure.

4.5 Surface Topography

Surface finsih topography is an important factor
controlling fluid sealability. Test data have shown
that when two lubricated plane surfaces (either
conical, cylindrical, or flat) are held together with
interference fit, a surface finish less than 32-mic-
roinch roughness is not as good for containment
of gases or fluids as surfaces whose roughness
ranges above the 32-microinch finsh (measured



Oil Country Tubular Goods (OCTG)~ Casing/Tubing Connections

by General Electric Surface Roughness Compari-
son Idicators). A smooth surface finish tends to
permit “channeling” through the lubricating film
between the surfaces. Surfaces having roughness
greater than a 32-microinch finish appear to trap
lubricant in the surface discontinuities which act
somewhat like a gasket with a multitude of tiny
high points breaking up continuity of lubricating
film, thus preventing channeling. A good surface
roughness range for seal finishes was found to be
from 32-to 125-microinches, depending somewhat
upon the geometry of the discontinuities.

5. Connection Requirement

There are a number of basic functional criteria
that must be met in the design of high performa-
nce tubular joint connections to be used for ca-
sing/tubing string to meet today’s need for the oil
and gas industries. Joint tensile strengths must
be at least equivalent to the load application that
would induce the maximum safe working stress
in the pipe body. Frequently, this load limit is
equal to the parting load of the full pipe body in
tension or burst from internal pressure. Most im-
portantly, the joint must be leaktight under all
working conditions. The elements effecting lea-
kage control must remain tight under extreme
loads in tension, compression, and bending. Tem-
perature changes, whether they are gradual or
sudden shock type, must not affect the tightness
of the connection. Joints must be suitable for fast
and easy makeup. A made-up connection should
be sufficiently rugged, withstand various types of
service, such as workover, fracing, squeezing, aci-
dizing, drilling bridge plugs, etc. and still be ser-
viceable for production. With all these required
features, the economic atmosphere in the industry
requires that they be available at minimum cost.

The perfomance requirement of connections
briefly described in the above is discussed in de-
tail in the following :

31

5.1 High Joint Strength

Joint strength refers to structural integrity of
connections subjected to the previously discussed
axial tension or compression, internal or external
pressure, and bending. Axial tension can break,
pull-out, or jump-out a connection by exceeding
its structural integrity. Of course, axial tension
can also cause leakage of some connections by
plastically deforming threads or reducting the co-
ntact pressure of the sealing surfaces.

Connection tensile strength is defined as the
lesser value of either(1) the product of the mini-
mum specified ultimate strength and the mini-
mum critical section area of the connector, or (2)
the minimum pull-out or jump-out load of the co-
nnection. The joint tensile breaking strength
exhibited by physical testing is equal to the pro-
duct of the ultimate strength and the critical sec-
tion area of the specimen being tested. Jump-out
is a connection failure by disengagement of the
threads which occurs before breaking (parting) of
the pinwall. Failure by thread jump-out initiates
at the engaged pin thread nearest the end of the
coupling. The material yielding due to high axial
tension plus the radial strains at the thread load
flank (due to Poisson’s effect) acts to separate pin
and coupling. The disengagement of the first
engaged pin thread starts a chain reaction th-
rough the remaining engaged threads and comp-
lete separation of the connection. Jump-out prior
to pin wall breaking (parting) may be prevented
if the engaged thread length plus large thread
height relative to the pin (upset or not) thickness
and coupling diameter are both great enough.
Other than tensile breaking or jump-out, thread
shear may be conceived as another possibility of
the connection failure under axial tension. In rea-
lity, however, experience has shown that failure
by thread shear does not occur. For quick compa-
risons of the connection tensile strength with the
pipe body, tensile efficiency is often used. Tensile
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effictency is a ration of the minimum critical sec-
tion area of the connection to the nominal section
area of the pipe. For final accuracy, however, it
is obvious from the above discussion that the co-
nnection tensile strength should be used rather

than the tensile efficiency.

The

uniaxial influence of internal and external pres-

structural failure modes associated with
sures of casing and tubing string are burst and
collapse. respectively, of the pipe of connector
wall. Coupled connections have greater wall thic-
kness (pin plus box) than the pipe body and, con-
sequenctly, the failures would occur not in the
connection, but in the pipe body. On the other
hand, the opposite is possible for the string with
flush connections unless the connection bow thic-
kness 1s expanded by cold-forming. Failure of a
structural member can be either functional or st-

ructural.

A structural failure usually implies a functional
failure, but a functional failure does not necessa-
rily imply a structural failure. For instance, a tu-
bing connection leak under internal pressure co-
mbined with tension is considered as a functional
failure unless the leakage results from fracturing
in the connection. The permanent corkscrewing
associated with the helical buckling of the tubing
1s also considered to be a functional failure be-
cause the buckling i1s not accompanied with exce-
ssive bending deformation leading to the pipe wall
wrinkling. Therefore, the connection subjected to
axial compression should be able to maintain not
structural integrity, but leak tightness under the
bending resulting from the helical buckling.

5.2 Leak Resistance (Tightness)

5.2.1 Seal Forces
The basic law of physics that must be complied
with, if a joint is required to he leak resistant, is
that the two sealing elements of the connection

must be in intimate contact to such a degree that
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the interference force (unit bearing pressure) will
always be equal to or greater than the pressure
differential across the joint. This means that the
leak resistance of a joint is directly related to the
amount of interference and the structural stre-
ngth of the mechanism to retain this interference
as internal/external pressure is applied. In gene-
ral, if a pin member of a joint is made-up with
interference, causing permanent radial distortion,
that member can only recover radially an amount
equivalent to the resilient until the resiliency is
spent. Therefore, the structural strength of the
coupling 1s more important than that of the pin
member to retain interference contact between
the coupling and pin elements throughout the ap-

plication of varied internal pressure.

When two cylindrical members are assembled
by a shrink fit (having a common axis) and then
subjected to either or both internal and external
pressure, the unit bearing force at the interface
will be increased as the pressure increases. If we
consider the joint to have internal pressure only,
then the interference force will increase with the
increase of internal pressure, but at a slower rate
than the rate of increase of internal pressure. Be-
cause of resulting radial strans, this will continue
unitl a point 1s reached where the internal mem-
ber no longer has any remaining hoop compres-
sion of the original shrink fit. At this instant, the
internal pressure and the interference force at
the interface are equal. This is the critical pres-
sure above which the interference force would

have to be less than the applied pressure.

5.2.2 Galling

Galling resistance of two interference surfaces
1s essential for connection leak tightness. Galling
is a form of adhesive wear which involves junc-
tion welding of two metallic surfaces and subse-
quent shearing of the weld junctions, resulting in
the characteristic gouged surface topographies on
one of the surfaces. When 4 joint is made-up with

interference, two mated members may slide some
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considerable distance. The distant sliding and the
interference force induce galling. High frictional
sliding reactions result in galling between two
metallic members. If the sliding distance is short,
galling may not occur,

When quenched and tempered, or high alloy
(CRA) pipe is used, a special (deburring) finishing
treatment is a minimum requirement for resisting
galling. Natural galling resistance of connections
on normalized carbon steel tubulars is forfeited
when quenched. In order to resist galling, conne-
ctors must be specifically finished and carefully
handled and run. One finishing technique is fine
sand or glass bead blasting of corrosion resistant
alloys (CRA) or tumble blasting of alloy steels.
Coatings also help connections to resist galling.
Alloy steels are usually phosphated with a chemi-
cal conversion coating. CRA’s are often copper
plated. Slow turning of assemblies (1"3rmp) is
necessary for high alloys. APl modified thread
compound may be used for galling resistance.
However, it must be well mixed and clean (free
of sand or grit).

5.3 Low Assembly Stress

Low connection assembly stress is required
where sulphide stress corrosion cracking (SSCC)
is expected. SSCC results from sour production
at temperatures below about 150°F. SSCC, in
which cracks develop in the material, requires
high tensile stress in the presence of hydrogen.
Connections that perform well in SSCC service
usually exhibit low tensile stresses across the box
connector section during assembly. Connection
makeup could impart high tensile circumferential
(hoop) stresses in the box (coupling) of tapered.
interference threads.

5.4 Damage Resistance -

The connection should be resistant to damage
including wear or galling from multiple makeup
and breakout of the joint since tubing strings may
be repeatedly pulled from the well to perform va-

rious operations such as workover, fracing, squee-

zing, acidizing, drilling bridge plugs, etc.

5.5 Quick and Easy Makeup

The connection must be quick and easy to ma-
keup for faster running time to save rig time.

5. 6 Adaptability

The connection must be adaptable for field re-

pairs and for cross-over connections.

5.7 Smooth Connection ID Transition

The internal profile of the connection should be
sufficiently smooth to prevent erosion/corrosion.
When the blow velocity (and entrained solids) be-
come significant enough to wash out connections
due to cavitation or flow erosion, greater conside-
ration must be given to eliminating the recess in
the coupling at the end of the pins. Many connec-
tions with an internal shoulder are recess-free.
Recess-free joints will further reduce the tende-
ncy for wax to deposit.

5. 8 Corrosion Resistance

Corrosion may be caused by the presence of
either H,S or CO, (or a combination of both) and
depends upon concentrations in the gas. H.S cor-
rosion, or sour corrosion, occurs in two special fo-
rms, ie., sulphide stress corrosion cracking
(SSCC) and hydrogen embrittlement, in which
hydrogen atoms enter the lattice structure of the
steel, thereby embrittling it. In addition, sour cor-
rosion may cause general weight loss of the ma-
terial. CO. corrosion, or sweet corrosion, usually
manifest itself in the form of pitting and ring-
worm corrosion. H.S weight-loss corrosion is agg-
ravated by turbulence. To combat this, internally
streamlined recess-free connection are recomme-
nded. When CO, corrosion is a prblem, the use
of internally streamlined recess-free joints is re-
commended to combat pitting corrosion. The use

of inhibitor remains necessary against all types of
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weight-loss corrosion. more, the associated safety problem can be very
crucial. Therefore, the connections require preci-

. sion in the design and manufacturing and special
6. Conclusion _ , . b
care 1n subsequent handling, transportation and

. . . . ) field running of the connections. The author ho-
OCTG casing tubing connections are not like hat the ab - . d de th
. . es that the above mformation cou rovide the
the ordinary household and bolts. Failure of the P g
) . . . . . . reader a state-of-the-art knowledge about the co-
connections during their service lifetime can in- )

. . nnections.
cur significant loss of time and money. Further-
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