Ultradeep Driling Pushes Dirillstring
Technology Innovations

1008

Exhibit No.

Worldwide Court
Reporters, Inc.

Michael J. Jellison and R. Brett Chandler, Grant Prideco; Mike L. Payne, BP America: and Jeff S. Shepard, Transocean

Summary
Dnlling ultradeep (1ID) wells places significant requirements on
the drilfstring. Lengthy drillstrings lead 1o high tensile londs,
which can lead to slip crushing of the dnllstring; hoisting capacity
issues; and drllpipe collapse capacity concerns al the blowout
preventer (BOP), BOP shear rams may aiso have difficulty shear-
ing loday's high-strength, high-toughness drillpipe. Bottomhole
assembly (BHA) connection failures pose greater risk and cost al
LD well depths.

This paper analyzes the many challenges associated with drill-
string designs specifically for UD drlling (UIDD). It presents
emerging drillstring technologies that are solutions expected 1o
mncrease depth capability for the industry s continued advancement
of deep-drilling operations.

Trend of Deep Total Vertical Depth {TVD) Drilling

Deep-drilling trends in the United States and throughout the world
are increasing. Since 1995, the number of US wells drilled greater
than a TVD of 15,000 ft has more than doubled (see Fig. 1), The
number of annual, active U.S, rigs dalling greater than 15,000 fi
IVD has nearly inpled (see Fig. 2) (Spears & Associates 2006)
I'he number of high-pressure/ high-temperature (HP/HT) com-
pletions in the ULS. has nearly tripled since 2000 {Mayerhofer
et al. 2005). LIS gas production from “deep™ lormations s also
expected 10 double from 7% in 1999 po [4% by 2010 (Schlum-
berger Data 2005).

During late 2005, the Knotty Head well in Green Canyon Block
512 was drlled 10 o ot depth (T1) of 34,189 {1, the Gull of
Mexico's (GOM) deepest well ever drilled {Discoverer Spirit). The
I4va-in-hole section was drilled 10 24,085 (1, and more than 4
million It or approximately 775 miles (1,250 km) of drillpipe was
tnpped throughout the course of the well. The previous record well
in the GOM was drilled earlier in the year to a TD of 32,727 1t
(Discoverer Spint 2005).

Muany rig contractors are presently upgrading or buillding new
Juckup, semisubmersible, and dynamicslly-positioned drillship
rigs capable of drilling o 33 000 ft (1'Dy. One ng contractor re-
cently contracted the manufacture of o USD 630 million dynami-
cally-pesitioned drillship capable of drlling in 12,000 [1 of water
1 well depths of 40000 t (Transocean 2006). Wells 10 these
depths will require substantial investment and the advancement of
[ncilitaung technologies for UDD,

Extendesd Reach vs. UD TVD Drilling

Enabling technologies and innovative techniques have contributed
significantly to the industry’s current ability 1o reach sigmficant
well departure distances, which is evidenced throughout extended-
reach (ER) projects around the world. Some of these technologies
include (Payne et al. 1994, 1995a. 1995b; Jellison and Payne 2000:
Payne and Bailey 1998):

e Lise of sophisucated computer-drilling sumufators

« Advancements in drlling-fluid technologies providing in-
creased lubricity and improved cuttings trunsport. wellbore stabil-
ity und Tormation-damage resistance characteristics
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* Dnllstring and casing [riction reducing tools

e Dnllpipe high-torque toal joints and high-friction-factor
thread compounds

e Intermediate drillpipe sizes such as 57 in.

* Improved hole-cleaning procedures

= Casing-flotation and hiner-rotation techniques

= Highly vanable gauge stabilizers (H-VGSs) and rotary sieer-
able systems (RS8Ss)

« Advancements in downhole-measurement tool capabilities
such as the introduction of pressure while drilling (PWD) tools and
improved surveving and logging technology

= Development and use of drillsiring dynamics monitoring and
mitgaton sysiems

* New and improved ng and surface equipment

While these technologies have contributed successtully in
pushing the ER envelope 1o increase recoverable reserves, signil-
icant obstacles remmn when drilling UD and deep-directional
wells of lower reach/TVD ratios generally not characterized as ER.

A key difference between ER dnlling (ERD) and UDID s the
mechanical loading that oceurs within the dnllstning. Generally
speaking. ERD can be characterized as high torque and low len-
sion, requinng focus on increasing the drillsiring’s ability (o carry
torque. addressing methods of reducing torque, upgrading the rig
to provide higher torque, and overcoming dnllpipe huckling is
sues. Considering these ER dnlistnng-loading characleristics, it is
readily seen how the technologies listed have enabled the indusiry
to reach the extreme deparnure distances 1t has (Smith et al. 20013,

LIDD drillstring loading can be generally characterized as high
tension and low to moderate 1orque. For purposes of defintion, the
authors define UDD as wells deeper than 25000 11 TVD and
reach/TVD rauos of less than .25, Wells of tus type require focus
on maximizing the drillstring’s tension carrying capacity, reducing
tensile loading of the drllstring, and outfiting the rig and us
cquipment {ships, elevators, top drive) o support higher drillstring
tensile loads. Unlike the torque reduction challenges overcome for
ER. overcoming high tenside loads on the dnllstnng may prove
more challenging. This 1s largely because drillsinng comprised
mainly consisting of steel drllpipe of u set density (0.283 Ibm/in.")
and yield strength (135,000 psi). Because most challenging well
types define the dnllpipe size(s) on the basis of the hydrauhc
requirements of the well, a TVD limit exists for the well simply
because of the tensile load himit of S-135 steel drillpipe (Smith
et al. 2000). This, along with other challenging obstacles, has
inhibited the industry's progress regarding wells of this nature as
illustrated 1n Fig. 3.

Similar 1o the rewards gaied by overcoming the obstacles of
ER, operators have dentified reserves that now require overcom-
ing the challenges associated with UDD. Projects throughout the
world have been wdentified and are in the planning stages, includ-
ing multiple projects within deepwater and shelf GOM, deepwater
west Africa, Brazil. Trinidad, and Malaysia, and UD gas-recovery
projects beneath the Caspian Sea (Smuth et al. 2001)

Advanced Material Technologles for UDD

Muny industry publications have presented the idea of using non-
steel drillstrings primarily for the reduction of torque and drag
loads within ER wells (Payne et al. 1993). However, other torque
and drag reduction and management tools and technigues have
proved successful, are lower cost, and are more practical. thus
being the preferred method for meeting current ER torque and drag
challenges and inhihiting the progress of developing commercially
available nonsteel drillpipe (Smith et al. 20011
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Number of Wells

Fig- 1—Increasing trend of US wells drilled greater than 15,000 ft TVD. Since 1885, the number of wells has more than doubled

(Spears 2008).

The recogmtion of future industry direction toward UDD. how-
ever, has led to increased consideration tor commercially available
nonsteel drllpipe. Any discussion of dnllstem requirements for
UDD would be incomplete without consideration of advanced ma-
tenal technologies and their potential future vse [or enabling
deeper drilling objectives. Generally, three advanced materials
should be included in this discussion: carbon-liber-based compos-

es, ntanium, and aluminum. Each of these matenials has been
studied for use 1o manufacture dolipipe, and each has been em-
ploved in dnllstrings with varying degrees of Trequency and suc-
cess. Fach matenial has both strengths and weaknesses relating 10
its use for drillpipe (o drll UD wells and other entical applications
such us ER and deepwiter. A discussion on the capabilities and
potential for each of these material types fallows.
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Fig. 2—Since 1995, the number of active US rigs working each year drilling wells greater than 15,000 it TVD has nearly tripled

(Spears 2006).
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deep reglons.

Carbon-Fiber-Based Composites. Composite drillpipe (CDP) 15
munufaciured by winding carbon {ibers over a mandrel while ap-
plying an epoxy matrix (o encase the fibers and seal the assembly
CDP manufactured 1o date has incorporated sieel pin and box-tool
joints siplar in design to conventional steel dnlipipe connections.
The steel-tool joints are attached to the composite tbe during the
winding process in which the carbon libers are placed over spe-
cully designed ends of the 100l-joint members o bond with the
composite tube and resist futigue damage in service. Currenily
produced composite drlipipe 1s approximately three times the cost
of convenuonal steel drilipipe. As the technofogy improves and the
capabilities of carbon fiber manufacturers advance, this price dif-
ferential may decrease,

CDP offers several potentinl advantages over conventional
steel dnllpipe:

= Lower weight

» Higher strength to weight ratio

* Supenor corrosion resistance (properly-designed composite
malerial 15 essentially immune o corrosion)

* Enhanced resistance to faligue

» Nonmagnetic properties

These advantages could make CDP particularly well suited 10
UDD and other erincal dnlling applications. The major disadvan-
tage associated with COP that hus (until now) prevented its appli-
cation i LIDD and ERD relates 1o hydrulic perdormance and
elliciency. To achieve the necessary structural propertics {torsional
sirength. tensile capacity, and pressure integrity ), a composite tbe
must be made significantly thicker than the conventional sieel
drllpipe itis intended 1o replace. Depending on the design param-
eters, the wall thickness of composile dnllpipe may be up o twice
the wall thickness of comparable conventional-steel drillpipe. This
results m a sigmficandy reduced 1D through the pipe, resulting in
unaceeptable pressure losses through the pipe. The high strength-
to-weight ratio performance of CDP gives 1t a major advantage
compared o steel when evalusting torque and drag-related issues,
However, since hydraulic efficiency is just as important, il nol
mure important, for UDD composites do not olfer a viable solution
in most cases. CUDP designers have increased the ouler dinmeter
(OD) of the pipe to nccommuodate the inereased wall thickness. For
example, 57%in.-0D steel drillpipe 15 commonly used [or UDD
CDPE with & 6-mn. 0D has been proposed for these apphcations to
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accommuodalte the greater wall thickness required tor the composite
design. Even with this adjustment, the [ is reduced increasing
pressure tosses, and the increased O increases equivalent circu-
lating densities (ECDs) in the annulus. This can create well-control
1ssues, especially in wells with a narrow margin between mud
weight and formation-fracture gradients.

CDP has hod some success in ultrashor-radivs drithng an
which its flexibility and fatigue resistance has proved advanta-
geous. Ultrashort-radius drilling is not generally constrained by
hydrauhe-performance-related issues.

A couple of additional 1ssues must be confronted when dealing
with CDP: The wol-jomnt tube interface can represent a weak link.,
especially under cyclical loading, and the wear resistance of the
composile tube s very limited without additonal protective mea-
sures. Both of the issues can be addressed through proper design
engineering and lesting. Expenenced engineers have developed
mterfaces that overcome hmitations at this eniteal connection be
tween the carbon-fiber tube and steel-tool joint. Successful field
tnals und applicattons i ultrashort-radius drilling have demon-
strated the suitability of this imerface. Additional design, analysis,
and testing may be required o transfer the interface system [rom
the small diameter pipe (generally 2% 10 34 in.) used for ul-
trashort-radius dritling to the large sizes commonly required in
UDD (512 10 6% in0).

Protective coatings and centralizers can address the OD
wear 1ssue effectively: however, this does add complexity 1o the
manufacturing and mamenance process and cost (o the over-
all product.

Titanium Drillpipe. Titanium drillpipe (T1 DP) has been success-
fully manufactured on a very limited scale for ultrashort-radius
dalling applicanons. This small-dameter Ti DP (204 and 2746400)
was proven (0 be useful for ultra-short radius drilling in severat
field tral and commercial applications. Unfortunately, the cost 1o
manufncture the product was very high: approximaety 7 1w 10
times more expensive than conventional, steel drillpipe, and the
market was very himited. Consequently, continued production
could not be justified from a financial standpoint. The Ti DP was
manufactured in a manner that could be adapied 10 targer-dinmeter
pipe necessary Tor LTDD with additnonal engineering design, analy-
sis, and physical wesung.
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The 11 DP assembly consisted of Ti-alloy tubes with imernal/
external upsets on both ends, high-performance fatigue-resistant
proprietary low-alloy carbon-steel-tool joims. and an optimized
connecton interface between the steel wol-joint and upset Ti tube,
Extensive engineerning design and testing went into the develop-
ment of the crucial-connection interface. The linal solution incor-
porutes a threaded, shrink-fit imerference connecuon. During final
assembly of this connection, the steel-tool joint is heated and
bucked on to the mbe. When the wol joint cools and shrinks,
interference and o robust interface between the iwo members 1s
generated. This mierface was thoroughly tested for fatigue, tensile
strength, torsional capacity, und pressure integrity (Srth et al. 20000,

I DP offers sigmificant performance advantages when com-
pared 1o conventional steel drillpipe for VDD applications

= Lower werght, Thanium has a density that is slightly more
than hulf (56%) that of steel.

* A standard T alloy that would be suitable for dnllpipe has
minimum yield strength of 120000 psi. resulting in strength-1o-
weight ratio improvement (including steel-1ool joints) of approxi-
mately 37% over 5-135 steel drillpipe.

o Tias highly resistant w corrosion and erosion.

e Ti has good fatigue resistance and does not suffer from a
reduction in fatigue life because of corrosive environments (cor-
rosion fatigue); however, it ean be notch-sensitive m fatigue-
inducing situations.

Tt is more [lexible than steel, with o modulus of clasticity of 17
million psi vs. 30 million psi for sieel. While this property was
highly advantageous in ulirashort-radios drilling, # may hamper
UDD operations. A Ti DP dnllstnng will have roughly twice the
deformation for the same induced stress. This causes a T dnill-
string 1o behave differently from conventional steel dnllpipe in
ways that may not be desirable. A 'Ti drillstring might have a
deluyed response 10 changes i working lorque, revolulions per
minute, and picking up off bottom. It will take longer for changes
made at the surface (o waork their way down through the drillstring
when compared 1o steel. This difference in response can hkely be
accommodated in drilling operations, but there could be a signif-
cant learning curve.

The notch-sensitivity 1ssue mentioned above should likely be
possible (o address i most cases through implementation of an
effectve mspection and maintenance progrom. In highly abrasive
applicatians, centralizers of some kind might be needed 1o protect
the T1 DP tubes trom deep scratches and scurs.

Fhere 15 litle question that Tt could be used to make a high-
performance dnllstring that provides an innovative technical solu-
tion for pushing the UDD envelope. There are questions that must
be answered before Ti DP will be seriously adopted for UD, ER,
and other highly challenging drilling projects. Is anyone willing o
pay the tugh cost for the technology that can be an arder of mag-
nitude above the cost of steel drillpipe?

Note also, that if only a handtul of projects can justify the high
cost of Ti DP, it may be difficult for manufacturers 10 recoup their
investment in development, testing, and manofacturing equipment
and infrastructure for the relatively small volume of lootage re-
quired 1o satisty this mited number of projects.

How much better (if anyy will Tt DP perform when compared
1o advanced ultrahigh-strength steel with minimum specified yield
strengths in the range of 165,000 psi? Compared o 165-ksi-yield-
strength steel drillpipe, the strength-to-weight mtio advantage for
T DP (e 120 ksi yield sirength) drops 10 155,

Aluminum Drillpipe. Aluminum drillpipe { Al DP) has been used
by the petroleum industry for decades. Mast of this expenence
comes from activity in Russia and the FSU where Al DP is com.
monly and extensively used. Based on this extensive field history,
Al DP is a proven product. Al DP was used in North and South
America on a hmited basis in the 1960s and 1970s 0 extend the
depth capacity of existing rigs and to reduce weight for transpor-
ation of helicopter ngs. Some have referred 1o Al DI as the “poor
man's” Tt DP because it shures some of the desirable teatures of
Ti DP at o cost that is significantly lower. Advantages of Al
DP include
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s Lower weight

* Good corrasion resistance (although it can be susceptible (o
corrosion in some mud syslems)

¢ Enhanced fatigue resistance

« Nonmagnelic

Al DP generally cosis about twice that of conventional steel
drillpipe although this is highty dependent on the specifications for
cach product. Some sources have mdicated that this cost differen-
tial may have decreased somewhat recently.

Al DP is made from Torged Al tubes that have upset ends,
Threaded steel-tool joints are bucked on to the Al tubes with cither
a shrink-fit connection or with some type ol adhesive in the
threaded region o secure the two members 10 one another,

Al DFP may have apphication for drilling in some applicatons
such a8 ER and horizontal drilling, but it possesses some charac-
teristies that make 1 a poor candidate for UDD. It has relatively
low yield strength of approximately 69,006 psi (highest-yield-
strength alloy used for drillpipe). Consequently, 1t has a lower
strength-to-weight ratio than ultrahigh-strength steel dnllpipe
when factoring in the steel-toal joints attached to the Al tubes. Tt
penerally requires u greater wall thickness than sieel drilipipe.
adversely alfecting hydraulic performance. In addition, its yield
strength in service can drop off dramaucally al wmperatures
shove 250°F. Since high temperatures are often encountered in
LIDD applicatons, this charactenisuc makes it unsuitable for many
LD wells.

High-Strength Steels, High-strength steels represent a near, mid
and long-term technology for LIDD. Current high-strength grades
avatlable on the market today are Z-140 and V-150, These grades
provide 4 and (1% improvement in strength-to-weight rtio, re
spectively, compared 10 S-135 drllpipe. Cost multipliers for these
grade (ypes are negligible compared 1o $-135 pipe. The indusiry
hus been somewhat slow 10 adopt these grades, but the recent push
toward deeper wells has gained momentum. More than73(0,000 fi
of Z-140 grade and more than 250,000 ft of V-150 15 in use today.
Predominanily, these grades are being used Jor dnlistrings. but an
increasing trend 18 1o use these grades in dedicated dnllpipe
landing strings of reduced cyclical loading.

One 1ssue that has inhibited the adoption of high-strength steels
has been a concern regarding reduced ductlity/toughness of the
steel, However, manvfaciurers have significantdy improved the
technology and can now offer these grades with fongitudinal
charpy V-notch tLCVN) toughness levels better than S-135 dnll-
pipe processed o standard American Petroleum [nstitute (APD
specifications. In addinion, manufacturers are implementing chem-
1stry, heat treatment and manufacturing improvements thal may
enuble these grndes 10 be manufactured to more stningent tough-
ness eriterion in the near-term {uture.

In 2003, the current state-of-the-art technology 1in high strength
steels was published (Chandler et al. 2003). Analyzing statistical
measurements such as cumulauve density functions (CDF) on
yield sirength and toughness values, it was found that there was an
approximate (8% probability that Z- 140 LCVN values would fall
below 39 [i-1bl (4 size ut —34°F). There was a 10O% probability that
Va0 LOVN values would {oll below these same 59 [1-ibs, Ex-
amining the data available in 2006 (including the duia belore
2003), there 15 o 9% chance that Z-140, and a 50% chance that
Vo150, will have LCVN values fall below 59 fi-1bf. This indicates
that the probability of achieving high ductility/toughpess in these
high-strength steels has improved by S0% in the past 3 years
through manufacturing improvements, Fig. 4 presents CDEF plots
from 2003 1o present (o flustrte these improvements.

The substanual tmprovement in obtaining high toughness
within high-strength steels has led drillpipe manufacturers toward
development of ultrahigh strength steels such as UD-165. The
development of a UD-165 grade with 165-ksi-vield-strength tubes
would provide a product with 229% improvement in strength-to-
weight ralio compared o 8-135 drillpipe. This would represent a
product second only o Ty DP by 5% in strength-to-weight rano
criterion. It is likely that the cost of 1D-165 would be substantially
less than Ti DP.

193




2003

2006

100% 100%
- 'IOO%II I’//'f = I
- | A - b,
% 1 / % /
” / - o i
. / MEKED) . /
s :I j 0% !
an / 0% /
0% »"/ /
- i 20w
INET ) 9.14% } .{/
% o
3 a L] [ ] 4] 1) o0 ] - "] - | - -
B o e M it LEVN (R-if) R LEWN (it-ibi)

Fig. 4—CDF plots of Z-140 and V-150 LCVN data show 50%

improvement In toughness within high-strength steels through

manufacturing advancements implemented over the past 3 years.

Fig. 5 provides a summary of advanced-matenial comparisons
alongside 5-135, Z-140, V-150, and UD-165 steel-drillpipe prod-
ucts. When considering strength-to-weight ratio, many publica-
tions have neglected to factor in the steel-tool joints attached (o the
nonsteel alternative matenal tubes, Rather, they have focused on
the strength o weight matio improvement of the matenial density ol
the pipe body matenal only. This 1s somewhat misleading and errs
on the side of promoling nonsteel alternative matenals. Fig. 5,
however, lactors the presence ol steel-tool joints and uses a con-
servative approach by analyzing Range Three drllpipe products

Advanced-Performance

Rotary-Shoulder Connections

A new high-performance rotary-shoulder connection has recently
become available for UDD and other challenging applications

It 15 a third-generation double-shoulder connection for drill-
pipe and dnllstem components that incorporates several innova-
live leatures:

o 1t s the first rotary-shoulder connecuon to incorporate o
double-stant or dual-lead thread. This decreases make-up and
break-out speed by 50% and consequently greatly improves run-
ning and tripping speeds, With the current high operational cosis
for rigs suitable for UDD, this design charactenstic provides the
potential for improvements in drilling efficiency and cost-
effectiveness. The double-thread configuration also increases con
nechon-torsional strength compared 10 a similarly configurated
single-thread connection.

* This third-generation connection is machined on ulirahigh
strength tool joint forgings with specified mimmum yield sirength
{SMYS) of 130,000 psi compared to stundard (ool-jomnt steels with
a SMYS of 120,000 psi, further enhancing torsional strength.

L)
Titamum Tl BAlI4Y 120,000 5 B75 5153 6 254 TR0 421 46 24 741 1.013 I™ =7 -10X
! | . -
Stesl uUpD-165™ 165,000 5875 5153 6254 1,031,829 | 4624 1.145 | 001 22% NA
Aluminum Al-Zn-Mg 1 * 62,618 5.787 4784 B 477 580175 46 .24 nt | B23 12% =15-25%
.. 4+ f
Steel V-150 150.000 5 B75 5 153 B.254 | B8 026 46 24 1,145 819 1% NA
Sl LSRN i - _—
Stesl Z-140 140,000 5.875 5153 6.254 87549 46 24 1.145 765 4% NA
| X
Alurmimnum Al-Zn-Mg IV 50 763 57187 4 764 8.a77 430,335 46 24 Tr | 600 -19% =15-25X%
Aluminum | AlCu-Mg-Si-Fe Il © | 49312 5787 4 764 BATT | 418.034 46 .24 77 583 21% =1.5-25X
Aluminum Al-Zn-Mg | 47 137 5787 4 764 8477 l 369 596 46.24 Ak 557 -24% = 1.5.25X
MNoles
M Adurvwrssn dedl pogee dewiger (alredl poss with profecfor eokenmsng) from 150 15540 Peirmieum and naloral pay rousiting ADTRIRETY aticsy OTIH ppe

& = Adumsn e grades from IS0 15546 Petroleun doed nallal gas indust e —

W stead bl jomnin

Alyaringan abkoy drill pipe

Fig. 5—Strength-to-welight ratio comparisons of many steel grades to nonsteel alternative materials including steel-tool joints attached.
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* The higher torsional strength inherent in the design of the
new connection promotes more-streambined configurations with
larger-1D bores through the connection for better hydraulic per-
formance that 1s cnitical tor UDD and other critical applications
such as ERD and deepwater drilling.

This new double-start threaded connection is discussed in detail
in Chandler et al. (2003}, Chandler et al. (2003) presents the results
of a 2Va-year comprehensive effort o design, test, build, and [ield
test a family of connections optimized for cach drilipipe size,

Operational Challenges Associated With UDD

There are several operational challenges that become increasingly
important when considening UD wells. Because UD wells increase
the tensile load of the drillsiring, many issues require increased
oversight compared 1o drilling operations with shallower well depths.

Slip Crushing. With increasing tensile Joad, the slips exert biaxial
loads 1o the drillpipe that convert o hoop stress in the pipe body.
Excessive hoop stress can lead 1o collapse of the pipe body . Dam-
age to slip und slip dies can also result. Shp crushing ol drillpipe
presents a very real and immediute issue 10 UDD, In the deepwater
GOM, ship-crushing failures have been documented. and some
have resulled in cawastrophic events involving dropped casing
strings { Woltman et al. 2005).

Recent publications have examined the mechanies of slip
crushing and suggest that the commonly used Spin-Reinhold for-
mula may not provide a conservative estmate of drllpipe slip-
crushing capacity if inial yielding is the imiing condinion
(1959). Full-scale physical testing has revealed imual vielding of
the pipe body material at values that are approximately 20% less
than that predicted by the Spin-Reinhold formuta (Sathuvally et al
2002; Paslay et al. 2006).

With greater well and water depths, slip crushing will continue
10 be an issue of concern, especially when landing long and heavy
casing sinngs, liebacks, and liners. One method of lunding casing
strings with weights greater than 1 million |bf has been the use of
slipless wechnologies such ns “double elevator” landimg-string sys-
tems. However, an increasing trend is the coupled use of new and
novel slip designs with special Shp-Proofie drillpipe landing strings.

Fig. 6 provides o schemanc of a state-of-the-art drillpipe land-
ing-string design (Chandler et al, 2003). To improve slip-crushing

Reduced tool joint diameter for
reduced make-up torque
requirements

\\/
Double

diameter box
tool joint

Increased elevator diameter
for increased hoisting
raquirements

High-strength-grade
tube of reduced wali

thickness

capacity, a machined OD and 1D wube that has mmimal eccentricity
and ovality is welded between the box-10ol joint and drillpipe-tube
upset. This tube section has a much greater wall thicKness than the
drillpipe body that. in combination with the material strength, pro-
vides greater slip-crushing capacity than the tensile capacity of the
drilipipe body 1o which it is attached. The length of this slip section
can be extended up 10 73 in. 1o enable efficient tonging operations,
as well as seting and disengagement of etther manual or power
slips without the nsk of engaging them on the pipe body. This is
eritical if the pipe body is made of higher strength materials, such
as Z-140 and V-150.

Segregation of the slip-tube section from the drillpipe body
provides increased ship-crushing capacity to more closely match
the pipe body tensile capacity. Because the entire tube length does
not require o thick-walled slip section for slip crushing resistance
on casing landing stnings, high strength, and thinner wall-pipe
bodies can be used, greatly reducing weight of the drillpipe landing
stoing. In some cases, suvings can be as much as a 28% reduction
in joint weight (Chandler et al. 2003},

Ship-Proofl dnllpipe is becoming increasingly used in the
deepwater markel, Several strings have been and are currently
being manuflactured. For the industry’s continued push toward
UDD, some of these strings provide a full 2-million-Ibf rating in
ship-crushing, hoisting, and tensile capacity.

Shp manufacturers have also developed technologies (o 1m-
prove slip-crushing capacity and minimize damage 1o slip seg-
ments and mserts. Recently, some of the mdustry’s first slip as-
semblies that are rted Tor 2 million Ibl have heen introduced 1o the
market. This slip system is presented in Fig. 7. There are essen-
tially three features i this slip system that improves slip-crush-
ing performance:

* Ship dies are inserted i load distribution grooves. This im-
proves load distribution throughout the slip and minmizes loading
on the toe area compared 10 former shp systems.

¢ The contact area ol the ship has been extended from 16 10 20
in.. dispersing the load over a greater area, reducing the contacl
stress in the slips as well as in the drillpipe body.

e Another {eature o reduce ship londing 1s the modilied taper
between the ship and bowl, Rather than the conventional aper
between the slips and drilling bow! of <4:1, this shp system provides
an increased taper that reduces the transverse loading (o the drill-

Extended length, thicker wall slip section machined
true for increased slip crushing capacity

Internal and external upset (IEU)

Tungsten-carbide-free
hardbanding to protect
riser/casing

Pin wall thickness to provide
connection tensile capacity

Fig. 6—State-of-the-art driilplpe landing string design for UDD wells with thicker wall slip sectlon to Improve slip-crushing resis-

tance (Chandler et al. 2003).
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Load distribution
grooves improve equal
weight distribution and
reduce point loading In
the toe area

Modified slip and bowl
taper reduces
lransverse loading

Solid internal
bushing maintains
dimensional integrity
and minimizes radial
forces on the rotary
table

Extended slip
contact area (20 in.)

Remole operated
hydraulic powered
device

Split flush
mounted bushing
fits into rotary
table

Fig. 7—Three key features of 2-million-Ibf slip system Is ioad-distribution grooves, exiended-slip-contact length, and the increase
of the taper between the slips and bowl! to reduce transverse oading to the pipe.

pipe. resulting i an increase in the tensile load before ship crushing
15 inthaled.,

It 15 clear that both drillpipe und handling equipment mang
facturers have developed and are developing technologies 1o
improve the industry's resistance to shp crushing and 10 exiend
UDD capability

Hoisting Capacity. Hoisting capacity of the dnllstring 1s also an
area ol increased importance when undertaking UD wells. Con-
firming that the top drive load rating exceeds anticipated drillstring
weight plus a salety factor is one aspect. Another aspect is ensur
ing that elevator load raungs also exceed the weight of the dnll-
sinng plus o safety factor. However, one area that is becoming of
increasing concern and 15 not readily verified 15 tool-joint eleva
tor capacity.

Phe increasing trend in UDD and deep-directional wells is 1o
use proprietary high-torque (ool-joint connections on the drillpipe.
One aspect of these connections is reduced OD (or ECD manage-
ment and fishability in smaller wellbore diameters. More stream-
lined product configurations are bemng offered in which the ool
Joint O more closely approximates the wbe OD. For example, a
popular size in UDD is $%-in, 26,30 b/t S-135 drillpipe with 7
x4 in connections attached . The maximum upset diameter for
this pipe 15 6.in., and the typical elevator bore diameter 1s 6% 1.
This leaves approximately 7 in. of axial contact along the 18°
taper of the box~tool joint and the elevator bushing. [ most cases.
the SMY'S of the 100f joint is 120,000 psi and the elevator bushing
15 11O,100 psi. Contact stress between the 18 tool-joint taper and
elevator bushing under axial load must be less than 110,100 psi o
avoud plastic deformation of the bushing and potential shppage of
the drillstring through the elevator.

Tool-joint elevator capacity is a direct function of the tool-joint
0D Drillsiring design engineers should consull the onginal equip-
ment manutacturer (OEM) of the elevators ntended (o be used 1o
obtmn elevator capacity charts on the basis of tol-joint QD 16
cnsure that anticipated hoisting loads are within the load rating of
the elevators based on joint-clevator contact area (see Fig, 8).

Drllpipe manufacturers have developed tool-joint designs tha
ad in providing elevator capacity while maintaining batanced con-
nectons and fishability considerations. Double-diameter ool
Jomts were introduced o the industry in early 2002, Af the end of
the wol joint near the I8 taper, o lurger diameter s featured to
provide greater contact area with the elevator. This diameter 15
selected 1o ensure that [ull elevator load ratings are preserved. This
larger diameter extends (rom the 18° 1aper down the ool joint
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Jength approximately 3e-in., where o transiion radius 1s provided
1o the smaller tool-joint dizmeter for the remmning tong space. The
area occupied by the larger diameter also provides sullicient area
1o apply hardbanding 1o the box 1ool joint for increased wear
protection, The smaller ool joint diameter 18 specified (o ensure a
balance of the arew/suifness ratio between the pin and box o
muximize fatigue performance of the ol joint. In addison, di-
mensions required o allow fishing over the box-tool joinl are
taken 1nto consideration in determining the area where the smaller
wol-joint diameter exists. Most overshot fishing tools are capable
of catching the smaller tool-joint diameter without iterfening with
the larger diameter near the 187 taper as long as sufficient long
space enists, Drillpipe owners should consider these requirements
when ordering new drillpipe that is 1o be used in UDD operations
fo ensure that the above features can be employed without impact
to fishability. This double-diameter tool-joint design makes 1ool-
Jomnt elevator capacity independent of the wol-jormt OD defined for
fatigue and fishubibty concerns. In some cases, as much as a B-n
variance between (1D= has been manufactured.

Similar to drillpipe manulacturers. elevator manulacturers are
also making strides 1o improve hoistung capacity for /DD, A
challenge 1o elevator manufacturers has ulways been the spreading
force apphied 1o the elevator under heavy axial load. This spreading
force 15 the pnmary factor in establishing elevator-load raung.
Some of the highest rated elevators on the market for use with
drillpipe that features standard [8° elevator wpers on the box-tool
joint have been 750 tons. Some elevator manufacturers have suc
cesstully increased load ratings by changing the taper angle from
I8 10 357 10 reduce the spreading force on the elevators used
However, recently equipment manufacturers have begun or 1o in-
troduce 2-mullion-1bi-rated elevators for use with 18® drillpipe
Some of these elevators feature hydravlic actuation and have msen
bushings that ean be replaced when worn

Both drillpipe and handling-equipment manulacturers have
successiully developed technologies 10 address the heavy hoisting
loads associated with UDD,

BOP Pipe Shearing. The use of higher-strength, higher-toughness
drillpipe of increased wall thickness required (o absorb high tensile
loading has in some cases exceeded the capacity of some BOP
shear rams 1o successfully and/or reliably shear drillpipe. Several
vanables impact a BOP's atlity 10 shear dnllpipe. imcluding:

e Drillpipe outside diameter

= Drillpipe wall thickness

* Drillpipe matenal strength (ultimate and yield)
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Fig. 8—Holsting capacity is a function of tool-joint OD. In addition to the elevator load rating, drlilstring design engineers should

consult the OEM for tool-joint elevator-capacity curves.

* Drillpipe material toughness/ductility

* Wellbore pressure (mud-hydrostauc head and trapped well-
bore pressure equal to maximuim BOP working pressure)

o reduce the probability of dnllstring falure, the industry has
increased its appetite for high-toughness drillpipe. Increased ma-
terial toughness/ductility provides resistance to erack propagation
and often enables the matenal to sustain a through-wall crack
without catastrophic failure, commonly known as “leak before
break.” In response 1o this desire. dnlipipe manufacturing compa-
ntes have implemented chemistry, heat treatment, and manufac-
turing advances that produce extremely ductile pipe. even in high-
yield-strength products such as Z-140 and V-150 products. Tradi-
tionally. there has been no upper limit for the level of oughness
desired, and manulacturing companies have tried 1o achieve as
much ductility in their pipe as possible.

Over the past few years, il has become clear rhat this successtul
improvement 1o drillpipe properties has not been achieved without

consequence, Several publications have presented the effecis of
improved-drillpipe properties on BOP shearing capabilives. This
has initiated multiple mdustry studies, including those performed
by regulatory bodies. A consistent finding throughout all ol these
studies s that drillpipe material ductility and toughness is one of
the major influences to the amount of force/pressure required for
shear rams 1o successfully and relmbly shear drillpipe

In many cases, shear-rum operating pressures exceeding 3,000
p= have been required o successfully shear S-135 and higher
strength drillpipe that possess high duculity and toughness prop-
ertics. This presents o significant well-control issue for the many
rigs currently equipped with BOIP stacks that have 3 (00-psi op-
erating systems. From studies performed for the US Minerals Man-
agement Service (MMS), Fig. 9 presents two 3024, 24701611
S-135 pipe samples. The sample on the left is less ductile and has
lower toughness than the sample on the right. Shear testing indi
cated that the highly ductile/tough sample required a shear-ram

Flg. 9—Nsearly 2,000 psi of increased pressure was required to shear the more ductile sample on the right Both drilipipe samplea
were equlvalent OD, wall thickness, and grade (West Engineering).
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operating pressure of 3,930 psi 1o shear o, while the less ducthle/
tough sample required 1,950 psi of shear-ram operaling pressure.
This represents o difference of nearly 2,000 psi o increased op-
crating pressure Lo shear the highly ductile/tough pipe of equiva-
lent OD, wall thickness, and grade (West).

In response 10 this assue, BOP muanufacturers have laken o
number ol steps. Oine step i particular has been the execution of
numerous shear tests on pipe of varying OD, wall thickness, grade,
and toughness, Leven (2003) has shown that sheanng pressure
requirements are more directly ned 1o tughness/ductility than (o
the strenpth of the pipe. though strength s alse an influencer,
Fig. 10 presents graphs from this paper. Il can be seen that as
LOVN (o measure of wughness/ducnlity) increases beyond
A bl (Vaesize specimen al —47F), sheaning-pressure require-
ments dramatically increase.

On the basis of this 1esting, BOP manulacturers have also re
visited prediction formulas for sheaning requirements and have
empirically denved a set of new formulas that are now based on
the mutenial ultmale tensile strength (rather than vield strength)
and matenul toughness [three different equations for different
toughness ranges (Leven 2003}

F e = 0377 < (UUTS) % Ay, 1LOVN = S0 {t-Ibs
Foin = 0577 5 (UTS) % A,y % 0.8
40 Mt-tbs = LOVN < 50 {t-1bs
F e = OST7 x (UTS) % Ay x 0.6 L OVN < e dbs
where:

F o = loree required to shear pipe, bl
UTS = pipe ulimate tensile strength, psi
Apyp = cross-sectional area of pipe. in’
LOVN = Ya-size specimens tested at —4°F

UD wells beyond 25,000 1t TVD often require large-OD tubu
lars such as 6% in. with tapered wall thicknesses ranging from
(1361 In. 1o as much as Q93K in. These wbulars are often manu-
factured to stringen! and elevated toughness requirements greater
than 39 T-Ibf (Va-size samples ot —4°F). They are often high-
strength S-135, Z-140, and Vo150 products. In some cases, as
many as four different wall thicknesses of 6%-in. drllpipe are used
in the same siring. Fach of these trends in LIDD drllstrings -
increasing wall thickness, inercasing vield, ultimate tensile
strength, and increasing material ductility—all adversely impact
the ability of the BOI 1o successtully and reliably shear the dnlipipe.

BOP manufacturers have designed larger shear-ram-operat-
ing cytinders that are capable ol exering greater shearing foree m
the same pressure. In addition, the operating pressures of some
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ram-operating svstems have been wmereased (o pressures above
3,000 psi to deal with this ssue. The design limit with these
improvements 1s the compressive lorce capacity of the ram-
shait assemblies.

It is important during the UD well planning process that engi-
neers fully evaluate the ability of the BOP to successlully shear the
drillpipe 2 Project-specific full-scale shear testing with actual drif]
pipe 10 be used on the project may be necessary (o fully answer
this guestion,

Hang-OIT Capacity in BOP With Externally Applied Pressure.
Another operational concern in VDD 1s a potenual loading sce-
nario that may be applied o the drillstring. This scenario can occur
dunng a well-control event or during displacement operations o
control i kick. Onee a kick is detected, the standard procedure is
usually 1o shut in the well and o ke pressure measurements
inside the drillpipe and annulus 1o esumate the intensity and size of
the kick. It the well is left shut-in and the kick is allowed 1o
migrale up the annulus 1o the BOPs, the pressure in the anpulus
will increase substantially depending on the nature of the Kick (gas
vs, oil vs. saltwater), size of the kick, intensity of the kick, well
geometry, and fuid weights,

Because floats are often run inside the drllstring, an accompa-
nying pressure increase inside the driflstring may not occor, and a
sigmificant pressure imbalance between the drllpipe external and
internal pressure may develop at or near the BOPs, Well-control
pressures in the annulus can form an effective collapse Joad on the
drillpipe that may threaten the pressure integrity of the seal be-
tween the BOPs and the drillstring.

During this scenanio, the effectve pressure limit of the well
may be limited by the collapse rating of the drillpipe, despite a 10-
or 15-ksi BOP system being in place. This is especially important
in LD wells for two reasons: Increased axial load (o the dnllpipe
reduces collapse resistance of the drillpipe. and larger-OD drillpipe
commonly run in LD wells has lower collapse resistance than
smaller-OD wbulars of equivalent wall thickness

Drillstring design engineers for 1D wells should consider the
reduced collapse resistance of the dnllpipe at the BOP under the
appropriale heavy-tension loads. In addition, the use of ported and
nonported drllpipe Moats may aid in reducing pressure differen
tials across the dnllpipe. Operations personnel should consider this
potential loading scenario and account for it during planning for
well comrol events on VD wells (ISQ/ICD10307-1 2004)

BHA Connections for UDD. Considening the cost of dnllstring
fatlures in LD wells, 1tis essential that advanced dnllsiring tech-
nology be utilized to mimimize nsk expasure, O particular concern
in deep wells is the nisk of BHA connection fmlures. Trips at

Shear Prassure vs. Yield and Ultimate Tensile Strength
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Fig. 10—Full-scale shear testing of drilipipe shows that shearing capacity is more greatly dependent on drilipipe ductility/
toughness (left) than yleld or ultimate tenslle strength (right) (Levett 2003).
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UD-well depths are costly, and unsuccessiul openhole fishing op-
erations Tollowed by sidetracks are even more costly

I'he requrement for double-shoulder connections in the BHA
to enable telemetry transmission of wired drillstrings (InielliServik
network) has developed. In response o this need, drillstring manu-
facturers have developed proprietary double-shouldered BHA con-
nections atmed at maximizing fatigue performance and permitting
telemetry transmission. These enhanced connections have been
subject o extensive design verfication activities such as finite
clement analysis, Tull-scale fangue, wrsion, and make-and-break
testing. In addinon, Tield wnals have been conducted in aggressive
drilling programs with elevated BHA vibration. Results indicate
that the enhanced BHA connection provides at least nine times
greater fatigue resistance thun s APl counterpart connection, 6%
Regular, of equivalent OD and 1D (see Fig. L1). In addition, no-
ticeable improvement in running tme and material loss upon recul
has also been observed (Chandler et al. 2003).

‘The industry has used single-shoulder API connections in the
BHA {or several decades, and most BHAs have tools from mul-
tiple supphers, all coordinating with the same standardized con-
nection. To change this paradigm 1o a proprietary connection
throughout the BHA requires a significant step change and com-
mitment between the operator and drilling contractor. Mutual ben-
efits can be gamned in this parinership including improved connec-
tion performance. improved fatigue lite, and risk reduction, which
can justly any additional costs and efforts needed o convert the
entire BHA 1o this connection, not only with conventional BHAs
necded for use in aggressive drilling programs and UD wells, but
also for use in telemetry drilistrings where double-shouldered con-
nections are needed

Conclusions
1. T'he trend towurd uliradeep wells 1s increasing. Uliradeep wells
deeper than 25,000 ft TVD and with departure/TVID ratios less
than 0.25 are increasingly more common. Since 1995, the num-
ber of annual US wells deeper than 15,000 It TVD has more
than doubled. Lltradeep well 1vpes present strong challenges o
drillstring design engineers that may prove more demanding
than those overcome in ER programs.

- Long-term solunons for overcoming the tenstle load limits of
conventionally designed drilipipe used in ultradeep wells may
include nonsteel alternative drillpipe products. These products
will require investment m design verification, full-scale physical
testing, and field tnals 10 understand the risks and dilferent
mechanics. Near- and mud-1erm solutions should be focused on
the use of current and [urther development of high-strength,
hgh-toughness steel dnllpipe. These products provide adequate
strength-to-weight ratios @t a {raction of the cost of nonsteel
alternative materials
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Fig. 11—Full-gcale latigue testing (right) Iindicates that en-
hanced BHA connection (left) provides at least nine times more
fatigue reslistance than API 6%s-in. Regular connection. This en-
hanced connection will provide risk reduction to costly BHA
fallures In UD welis (Chandler 2005).
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3. A new third-generation double-shoulder connection for dnllpipe
that provides increased torsional strength, faster running speeds,
and better hydraulic performance is avalable for eritical UDD
und other challenging applications.

4. Increased drillstring tensile loads associated with ultradeep

wells require improved design assessment in arcas such as slip
crushing and hoisting capacily. New dnilpipe and handling-
equipment technologies provide novel solutions that enable cur-
rent LIDD reguirements,
LD presents increased operational considerations that require
attention of the well designer. BOP shearing capacity of drill-
pipe and BOP pressure integrity upon dnllpipe colliapse are
adversely affected in UD wells. Well designers should work
closely with OEMs to fully evaluate the performance limts of
these products in ultradeep applications.

. The nisk and cost of ultradeep wells will strongly benefit from
advanced BHA connection technology wimed al mibgating
downhole failures. Enhanced BHA connections are available
with fatigue performance improved o full order of magnitude
over current APl connections. This step-change performance
improvement justifies the logisties of sourcing enhanced con-
nections throughout the BHA. including wols from mul
tiple suppliers.
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S1 Metric Conversion Factors

1 x 3,048" F-01 = m
fi-1bt x 1.355 RI¥ 1+00 = Nem
(“IF=32) x (0,333 356 E+00 = °C
. x 2.54% F+00 = em
kst x 6.894 757 403 = kPPa
Ibl x 4448 222 400 = N
tbrmiin' x 2.767 991 E-02 = kg/em”
psi x 6894 757 F400 = kPa

* Conversion lactor is exact
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