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Abstract

Buckling of tubulars inside wellbores has beengtbject
of many researches and articles in the past. Aneasing
number of observations in the field suggest thastiex
buckling theories have to be challenged, as thiéydgredict
the buckling phenomenon, such as lockup. Indeetbtirg
buckling theories assume generally that the wedlbs
idealistically perfect without any dog legs.

demonstrated that dog legs, friction and rotaticratly affect
the buckling phenomenon. For the first time, thiaper
compares results of full-scale buckling tests wihnew
buckling model that takes into account the actaglibsity of
the wellbore.

Full-scale buckling tests have been performed 20@0 m
depth well in testing two (2) different drill stgn
configurations. Various weights on bit have beepliag for
buckling drill pipe in the wellbore, and then a tigccuracy
continuous gyroscope has been run into the drille pio
estimate its deformed geometry. This paper showseéch
drill string and weight on bit experimental and dhetical
results in terms of weight transfer (lockup predic} and
buckling state (sinusoidal or helical). Although isting
models failed to predict observed buckling behawnithe new
buckling model has given excellent predictions dach full-
scale buckling test performed, not only in termsdeformed
buckling shape, but also in terms of weight transfe

This paper shows for the first time to the drillimglustry
that a new buckling model has been derived andesstaly
validated in the field. This model has proved itslity to
realistically predict the onset and severity of King in any
kind of 3D trajectory.

Buckling theories

Buckling occurs when the compressive load in a labu
exceeds a critical value, beyond which the tubislaro longer
stable and deforms into a sinusoidal or helicalpsharhe
sinusoidal buckling (first mode of buckling) compesids to a
tube that snaps into a sinusoidal shape. This firgtde of
buckling is sometimes called lateral buckling, snglor two-
dimensional buckling. The helical buckling (secandde of
buckling) corresponds to a tube that snaps inteliadl shape

Recent
advancements in drillstring mechanics modelling ehav

(spiral shape).

The first work dedicated to the buckling behavibipipes
in oil well operation was initiated by Lubinski Since then,
many theoretical works and/or experimental stutieege been
developed to better understand the buckling phenome
First theories were developed for perfect vertiaallbores
without friction by Lubinski. Then, the buckling behavior of
drill pipes in inclined wellbores was first propdsey Dawson
& Paslay, based on earlier work by Paslay & B8g¥he
authors came to the following known critical buokjiload for
sinusoidal mode:

E =2 |El wsin(Inc)
' (1)

where El is pipe stiffnessy is the buoyed linear weight of the
pipe, Inc is the wellbore inclination and r is thadial
clearance between the pipe and the wellbore. Thieat
force given by Eg. (1) is considered by the autlasrthe onset
of buckling in an inclined hole, and is widely usedthe
drilling industry.

Although there seems to be a general consensuthéor
onset of buckling (sinusoidal mode) in a perfectlivaze
geometry, there is some controversy regarding ¢heisn for
the critical helical buckling lo&d. Indeed, the equation for
critical helical buckling in a straight deviatedlibere is given
by:

£, =) /Ela)sm(lnc)
' 2)

where) varies from 2.83 to 5.65 depending on the aufffors
and different assumptions taken into account. Indoeting
laboratory experiments and numerical analysis ipedect
horizontal well without rotation, Menand et @nd Thikonov
et af found similar results about the relationship betmk
number and the deformed shape of the drill pipestose to
2.83 enables to predict the onset of the firsbdhelihdA close
to 5.65 enables to predict the full helical driiisg
deformation in a perfect wellbore geometry (withoatation).
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While many equations had been derived for perfect
vertical, inclined, horizontal or curved wellborasy theory
was developed for actual well geometry, that is inaturally
tortuous wellbore. Based on a new numerical metnudi an
experimental facility, Menandt al’ have demonstrated the
strong effect of tortuosity on the critical bucldinload,
showing for example that a helix could be formedadbad
lower than the critical helical buckling load pretgid by all
equations found in the literature. Moreover, matdrature
equations are based on simplifying assumptions:ptpe is
continuous, without rotation, and the friction bebm the
buckled drill pipes and the constraining wellboge dften
ignored. It is worth noting that an analytical etjora taking
into account simultaneously all the effects seasvapsuch as
natural tortuosity (dog legs), tool-joint, taperesirings,
rotation, torque and friction, cannot be derived.hiandle this
highly complicated problem, one has to use numkrica
modeling. Although this drill string modeling is grally
solved by using finite element analysis (FEA), tiesv model
presented in this paper, is based on a unique aeatytical
approach that allows to greatly reduce computatitme, and
remains as accurate and robust as FEA.

Buckling Model Description

This paragraph briefly presents the numerical model
developed by Mines ParisTech university and deditab
drillstring mechanics, from the drilling bit to theg surface.
More details, such as main hypotheses and resolstieps,
can be found in previous papets’ The numerical model is
now implemented in commercial software. The modash c
simulate any drilling tool equipment : for directa analysis
such as point-the-bit or push-the-bit rotary steleraystems,
steerable mud motor, adjustable gage stabilizew, f
torque/drag and buckling analysis, all the tubugosg from
conventional drillstring to coiled-tubing, or foag analysis
concerning wellbore placement uncertainty evaluatibach
detail of the element is taken into account suctoakjoint of
the drillpipe. As the drillstring is meshed in vesgnall beam
elements, the model enables to focus on any drifidistring
component, such as measurement while drilling (MVitio)s
or any electronic measurement subs. The model takes
account any external forces applied on each elemttiie
drillstring, such as hydraulic forces, temperateifect in case
of high-pressure/high-temperature (HP/HT) wellsd aran
handle any new materials such as aluminum, titanam
composite drill pipes (Young modulus and linear ghei
variations). This is the first numerical model thaan
simultaneously perform torque, drag and bucklinglysis,
taking into account in the friction analysis thecreased
contact force generated by the buckling.

Thanks to this numerical breakthrough, the softwane fully
simulate the mechanical behaviour of a very lonlisthing in
a 3D well trajectory within a few minutes (insteaflhours
with FEA), making real-time monitoring while dritig

possible.

Since no assumption is made as to the points ofacbn
between the drillstring and the borehole, the moadere
realistically predicts the side forces along thiflsdring. This
3D stiff-string model takes into account tubulaiffisess,
friction, rotation, temperature, hole size and &deae effects,
and can handle the micro and macro tortuosity tiaavell
paths.

Figure 1 shows an example of buckled drill pipes iperfect
horizontal wellbore and highlights the 3D contabitween
the wellbore and the drill string.

Full Scale Description

Statoil performed some full scale tests to evaludi#
string buckling models that exist in the industogay’. The
objective was to put different drill strings in cprassion (to
make them buckle) and then measure the deformédstding
with a continuous gyroscope. The test well chosemakiout
2020 m deep with a vertical, build-up and tangewfile, as
shown in Figure 2. A down hole weight measuremahtwsas
placed at different part along the drill string ¢ontrol the
down-hole weight put on the bit. Hook load wereoreled at
surface with a special weight sub. The deformatibthe drill
pipes was measured using a commercially available
continuous wire line gyroscope tool, with a one if1)3.3 ft)
survey spacing used during the tests. In this papee
presents the results obtained with two (2) drilingts which
characteristics are described in Table 1. Thesgkstiings
consist of a bit, followed by some 5 inch drill pfy 6 %2 and 8
inch drill collars and at last 5-inch drill pipegaan.

The well is cased with 10 % inch from well head®#9 m
(751 ft) and 9 5/8 inch from there to total depth2820 m.
The gyroscope tool enables measurement of inabinagind
azimuth along the drill string. In this analysiBetinteresting
information lies in the deviation of the buckledilldstring
from the unbuckled reference measurement. Thenititin
measurements directly represent deviations fronwile path
direction in the vertical plane, and the azimuttediions are
measured relative to the horizontal plane. Varigeghts on
bit (from 22 to 70 tons) have been applied to ingpos
voluntarily drill pipe buckling in the wellbore. lis worth
noting that these full scale tests have been paddrwithout
rotation, and weight was slacked off gradually wup the
wanted weight on bit. More details about the tesgpam and
other results can be found in a previous paper

The friction factor 0.28 used in the simulations teeen
chosen according to the slack off weight (54.5 Yamsl pick-
up weight (100 tons) recorded with the drill strib§#2. The
block weight is 9 tons and the mud density is k§2Table 2
shows weights applied on the bit and parts of gyops
measurements (start and end depth measurementt)ef@
drill strings simulated.
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Full-scale Buckling Tests Results

Figures 3 and 4 show the survey (inclination & a#imy as
measured by the gyroscope versus survey as cadubgtthe

buckling model (survey converted from the pipe

deformations), for the run three (3) of the driitisg DS#1
(WOB=46 tons). In these two (2) figures, the blaukve
represents the wellbore survey. The wavy shapehef
inclination and azimuth curves observed in thesguréis
means that the drill string buckles, either in swidal mode,
in helical mode, or neither mode. As already statimd
buckling shape is sometimes strongly linked to dog leg
shape of the wellbore, and it is difficult to detéme the
buckling mode. Figure 5 shows the 3D view of théodeed
drill string DS#3 simulated for the runs 1, 2 andDBe notices
that without compression (WOB=0 ton), the drillirsgr lays
on the low side of the borehole, and for the tw dther
compressions, the drill string strongly bucklestibmthat the
deformation on this 3D view has been amplified bfaetor
400 to better see the buckling phenomenon.

One observes in figures 3 and 4 that the bucklingehis
able to correctly reproduce the measurements madtheéd
gyroscope. It is interesting to notice in figurddtween 1150
m (3773 ft) and 1400 m (4593 ft), that the dritireg does not
buckle. Indeed, this part corresponds to the positf drill
collars that have a strong buckling resistanceis lmportant
to note that the friction factor has only beenetfittfor the
slack-off (without compression) and pick-up testithdut
changing this friction factor value for the buckjitests, and in
taking into account the actual weight on sub reedrdown
hole (£ 3 tons), the buckling model demonstrateg thcan
correctly reproduced the buckling phenomenon asrobs in
the field.

Figure 6 shows the theoretical inclination obtairiexn
the buckling model for three (3) different WOB. Onetes
that the sinusoidal variation observed on the clineeeases
with an increasing WOB. Figure 7 shows the weigkasured
at surface versus the weight on bit during thekstz€ of the
drill string DS#2. One notices that up to a WOB36f tons,
the surface weight follows a normal trend meaninat tthe
slack off weight is efficiently transferred downlégnormal
weight transfer line on the plot). With a higher WBOthe
surface weight decreases more rapidly up to tHeldok-up,
indicating that no more WOB can be applied. Lettice that
the buckling model properly reproduces this tengienc

Literature equations (1) and (2) are unable toadpce the
buckling phenomenon as observed in these field.téstleed,
as the well bore has some numerous dog legs, Hupsdions
cannot be applied. Moreover, some other equaficiaking
into account the local curvature effects give namsistent
results.

Conclusion

Although existing models failed to predict obsenimdtkling
behaviour, the new buckling model has given exoelle
predictions for each full-scale buckling test perfed, not
only in terms of deformed buckling shape, but atsterms of
weight transfer. This paper has shown for the firae to the
drilling industry that a new buckling model has beaterived
and successfully validated in the field. This mokias proved
its ability to realistically predict the onset ams@verity of
buckling in any kind of 3D trajectory.
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Nomenclature

E - Young’s Modulus, Pa

Fsin - Sinusoidal critical compressive force, N
Fhel - Helical critical compressive force, N

| - Moment of inertia of drill pipes, fn

Inc - Inclination, deg.

w - Buoyed linear weight of drill pipe, N/m

r - Radial clearance, m
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Table 1: Drill string main characteristics

Element Drill string #1 (DS#1) Element Drill String #2 (DS#2)
Bit 1m Bit Im

Sub measuremen 10 m 5 inch DP 480 m

5inch DP 600 m Sub measuremen 10 m

6 Y2 and 8 inch D( 250 m 5 inch DP 630 m

5inch DP 1150 m 6 Y2 and 8 inch D( 330 m

5 inch DP 560 m

Table 2: Test program overview for the 2 drill stri ngs
Gyroscope measurements Instrumented
Start depth End depth Weight on Sub position
Test (m) (m) WOB (ton) Sub (ton) (m)

DS#1 run 1 1421 1990 0 0 1997-2009
DS#1 run 2 1422 1990 22 18,3 1997-2009
DS#1 run 3 768 1990 46 31,9 1997-2009
DS#2 run 1 745 1475 0 0 1516-1528
DS#2 run 2 745 1475 20 15,8 1516-1528
DS#2 run 3 745 1474 41 27,8 1516-1528
DS#2 run 4 745 1474 60 37,8 1516-1528
DS#2 run 5 745 1473 70 39,6 1516-1528

ntal well bore

Figure 1: Buckled drill string modeling in a horizo



S. Menand, A. Bjorset, L. Macresy

AADE-11-NTCE-9

Vertical depth, m

————— 20-in. surface conductor

First kickoff point at 300 m
Buildup at 3%/10 m

G-5/g-in. wear string, 47 |b/ft
5007 i .

-

sbout 800

17 Lz-n. hole

True vertical depth, m

Narth

Heorizontal displacement, m East

1,000

400

600 800
] L

Azimuth - 115°

Phyllite

Second kick-off point 2t 800 m

N S S S S S S - - - -

Augengneiss

Buildup and turn east

1,000
- 13 3/g-in. casing shoe at 1,520 m MD
® WOB sub position
12 1/a-in. hole
9 %z-in, bullnose at 2,010 m MD
Tengent section at 60-63°
] ngent section & /
1D &t 2,220 m MD
Figure 2: Trajectory of the well for full scale buc  kling tests
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Figure 5: 3D visualization of the deformed drill st~ ring (normalized view) — Drill string DS#1 runs 1,2 and 3 -
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