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The depth of exploration and production wells during the development of oil and gas fields can
exceed 5-10 km, and the insufficient strength and reliability of the drill string often limits the possibility
of further increasing labor productivity. In addition, accidents at wells lead to significant material costs.
Therefore, the design and operation of drill strings, as well as the implementation of work to eliminate
complications during drilling, should be carried out on the basis of a science-based approach, taking
into account the latest advances in the field of drill string dynamics and technologies related to work to
eliminate stuck problems.

Unsteady vibrations of inhomogeneous distributed systems is a very complex problem in the
mechanics of a deformable solid and the theory of vibrations. In connection with the rapid development
of the extractive industries, solving this problem is of particular importance. This is due to ensuring the
strength of drill string structures with increasing power and speed of drilling units and mechanisms. The
study of the problem revealed a number of little-studied problems, which include issues of nonlinear
interaction of the column with the surrounding soil, accompanied by various types of complications
(sticking, pipe ruptures, etc.), wave and oscillatory processes in the elements of the drilling dynamic
system (DDS), finding the boundaries of the interaction areas of the column with the walls of the well
using low-cost techniques.

The purpose of the work is theoretical research of wave and oscillatory processes in the pipes of
the drilling assembly and the dynamics of associated drill strings interacting with the well wall.

In this work, a homogeneous rod was used as a drill string model. The drill string consists of a drill
pipe string (DPC) and a bottom drill string assembly (BDSA), which includes a bit, a downhole motor,
wellbore forming elements: calibrators, centralizers, sections of drill collars (DC), the main purpose of
which is to creating an axial load on the bit. The DPC consists of sections of drill pipes that are identical
in their characteristics (type, outer diameter, wall thickness, joints used, etc.). Therefore, in general, the
drill string is a heterogeneous structure.

KEY WORDS: field, drill string, well, calibrator, centralizer, rod, increase drilling efficiency.
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MyHali xeHe 2a3 keH opbIHOapbIH ueepy Ke3iHOe bapsiay xoHe natidanaHbliambiH YHFbIMa-
napdbiH mepeHdiei 5-10 kM-0eH acybl MyMKiH, an 6yprbinay Kybbipnapb! bafaHbIHbIH 6epikmiei MeH
ceHimoinieiHiH xemkinikcisdiei kebiHece eHbek eHimdirnieiH 0daH api apmmbipy MyMKiHOI2iH WeK-
meoi. CoHbIMeH Kamap, yHfbiManapdarbl anammap alimapribikmal Mamepuarnoblk WhbirbiHOapFa
akenedi. CoHObIKmaH Bbyprbinay KormoHHanapbliH xobanay xeHe natidanaHy, coHOal-ak byprbinay
Ke3iHOezai acKbiHynapObl X0k XeHiHOezai XyMbicmapObl Xypeidy bypfbinay KOrnoHHanapbiHbIH Ou-
Hamukacbl MeH rpuxeammap0bl X0k XeHiHOe2i KXyMbicmapObl Xypaidyee KambICMbl MEXHOM02UsI-
niap canacbiHOarbl COHFbI XXemicmikmepdi eckepe 0mbipbir, FbiflbIMU He2i30e12eH macin HeaiziHoe
JKy3eee acblpblnybl muic.

Bipmekmi emec mapambinraH xytienepdiH mypakceid3 mepbenicmepi JegopmayusnaHa-
MbIH Kammbl MexaHuUKa MeH mepbertic meopusicbiHbiH eme Kypoeri Macerneci 60s1bin mabbinadsi.
OHOipywi cananapoblH KapKbiHObI 0amybiHa balinaHbicmbl 6y MacerneHi wewy epekuwe MaHbi-
3ra ue 6onaodbi. byn 6yprbinay KOHObIPFbIIaPbl MEH MeXaHU3MOEPIHIH Kyambl MeH Xblri0amOblifbl
apmkaH ke30e byprbinay baraHanapbiHbIH KOHCMPYKUUsiiapbliHbIH OepikmiagiH Kammamachi3 emyae
batinaHbicmbl. MaceneHi 3epdeney bipkamap a3 sepmmenzeH miHoemmepdi aHbikmadbl, onapra
apmypri ackbiHynapmeH b6ipae xypemiH baraHaHblH KopwaraH monbIPakneH Cbi3bIKMbIK eMec
e3apa epekemmecyi (ycmamanap, KybbipnapOobiH y3inyi xeHe m.6.), 6yprbinay OUHaMuKasbIK
XKyUecCiHiH anemeHmmepiHOeai monkbIHObIK XXoHe mepbenmerni npouecmep, baraHHbIH YHFbIMa-
HbIH KabbipranapbIMeH e3apa speKemmecy y4acKkenepiHiy wekapanapbiH maby xamaobl. ap3aH
adicmepdi KondaHy.

XKymbicmbiH Makcambi-yHfFbIMaHbIH KabbipFacbiMeH apekemmecemiH 6ypfbinay KOHObIPFbI-
CbIHbIH KybbiprnapbiHOarbl MOMKbIHObIK xoHe mepbenmeni npouyecmepdi xXoHe KOHbro2ayusinaHFaH
byprbinay baraHOapbIHbIH OUHaMUKachIH MeopusibIK 3epmmey.

XKymbicma 6yprbinay 6araHbiHbIH Moderi pemiHOe 6ipmekmi e3ek KondaHblnadbl. byprbinay
baraHacbl byprbinay KybbiprnapbiHbiH 6baraHaceiHaH (BKB) xoHe byprbinay 6araHbiHbIH MeMeHai
berniziHiH (BEETB) opHanacybiHaH mypadbl, OFaH Kaway, KeHap Ko3ra/imKbIWbI, YHFbIMa OKrna-
HbIH Karnbinmacmeipy anemeHmmepi Kipedi: karnubpamopnap, opmarbsikmaHObIprbiumap, Heaisai
MaKcambl Kawayfra oCbmik XXykmeme xacay 605bin mabblnamelH canimakmsi 6yprbiiay Kybbipna-
pbiHbIH cekyusinapsl (BKC). BKB esiHiH cunammamanapb! 6olbiHwa 6ipdeli 6yprbiiay Kybbipna-
PbIHbIH cekyusinapbiHaH mypadb! (mypi, ceipmkbl Quamempi, Kabbipra KanbiHObIfbl, KOr0aHblna-
mbIH Kynbinmap xoeHe m.6.). CoHObIKmaH, xarnnbl xardatida 6yprbinay 6araHacbl eemepo2eHo|
KypbiribiM 607161 mabblnadbl.

TYWIH CO3LEP: keH opHbl, byprbinay 6araHackl, yHFsiMa, Kanubpamop, ueHmpamop, e3ex,
byprbinay muimdinieiH apmmeaipy.
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nybuHa pa3eedoyHbIX U 3KCMITyamupyeMbiX CK8aXUH rpu pa3pabomkax HeghbmsHbIX U 2a30-
8bIX MecmopoxxoeHul Moxem npesbiwams 5-10 kM, a HedocmamoyHasi MPOYHOCMb U Ha0EXXHOCMb
KOIMOHHbI 6ypurnbHbIX mpy6 yacmo o2paHu4u8arom 803MOXHOCMb 0asibHelueao Mo8bILUEeHUs
npousgodumernibHocmu mpyda. Kpome mozo, asapuu Ha CK8axkuHax npusodsam K 3Ha4umeribHbIM
MamepuarbHbIM 3ampamam. [1oamomy npoekmuposaHue U 3Kcrayamayus 6ypuribHbIX KOMTOHH, a
makxe rposedeHue pabom o nukeudayuu ocroxHeHuUl rnpu 6ypeHuU OOMKHO OCYWecmensimbCs Ha
OCHO8e Hay4H0-060CHO8aHHO20 100x00a € y4emom rnocedHuUx docmuxeHul 8 obracmu OUHaMuKu
OypursibHbIX KOJTOHH U MexHosIo2ull, Kacarouuxcsi nposedeHusi pabom o nukeudayuu rnpuxeamos.

HecmauuoHapHbie konebaHusi HEOOHOPOOHbIX pacrpederieHHbIX CUCMeM S18/19emCcsl 8€Chb-
Ma crioxHou npobnemMol mexaHuku 0eghopmupyemo2o0 meepdo2o mera u meopuu KonebaHud. B
c8s3u ¢ bypHbIM pazsumuem 0obbisatowux ompacsiel MPoMbIWIEHHOCMU peweHue amou npo-
bnembi npuobpemaem ocoboe 3HadeHue. Omo ces3aHo ¢ obecriedeHUeM POYHOCMU KOHCMPYK-
yut 6ypurnbHbIX KOIOHH MpuU 8o3pacmaroujel MouwHoOCmu u ckopocmu BypurbHbIX azpeaamos u
MexaHu3Mo8. V3yyeHue npobriemMbl 8bIsI8UIIO PsO Mariou3y4YeHHbIX 3adad, K KomopbiM OMHOCAMCS
80rPOChI HEMUHEUH020 83aumodelicmausi KONOHHbI C OKPYXKaroUwUM epyHMOM, COMposoxdarouezo
pasnuyHbIMU 8udamu OCIIOXKHEHUU (rpuxeamsl, pa3pbigbi mpy6 u 0p.), 801IHO8bIE U Korlebameris-
Hble rpouecchi 8 anemeHmax 6ypunbHol duHamudeckol cucmems! (BC), HaxoxdeHue epaHuy
yvyacmkoe esaumodelicmeusi KOMIOHHbI CO CMEeHKaMU CK8aXXUHbI C UCIOb308aHUEM Mario3a-
mpamHbiX MEMOOUK.

Llenb pabombi: npogedeHue meopemuyecKkux uccredosaHull 80/THO8bIX U KoriebamerbHbIX
npouyeccos 8 mpybax 6ypusbHOU KOMMOHOBKU U QUHaMUKU COMPSIXKEHHbIX BYpUribHbIX KOSTOHH,
83aumodelicmayoujux CO CMeHKOU CK8aXUHbI.

B pabome ucrionb308aHbl 8 kKadecmee Modernu OypuribHOU KOOHHbI 0OHOPOOHbIU CMEPXEHb.
BypurnbHas KornoHHa cocmoum u3 KOnoHHbI BypuribHbix mpy6 (KBT) u KOMMOHOBKU HUXHeU Yacmu
6ypurnbHol koroHHbI (KHBEK), exkntodaroweli 8 cebsi doriomo, 3aboliHbil 08u2amerib, 31eMeHmMbl
hopMUpOBaHUST CMBOIa CKBAXUHBI: Kanubpamopbl, UeHmMpamopbl, CeKUUU YMSKENEHHbIX 6ypurib-
Hbix mpy6 (YBT), ocHo8HOEe Ha3Ha4eHuUe KOmophbiX 3aK/oyaemcs 8 cosdaHuu 0cesol Hagpy3Ku Ha
dorromo. KBT cocmoum u3 cekyut 6ypuribHbix mpy6, UOeHMUYHbIX 10 C8OUM XapakmepucmuKkam
(muny, Hapy>xHOMy duamempy, MOWUHEe CMEHKU, UCMOMb3yeMbIM 3aMkam u m.o.). lMoamomy e
obwem criydyae bypurnbHasi KornoHHa rnpedcmasrsgem cobol HEOOHOPOOHYH KOHCMPYKUUIO.

KITIOYEBBIE CJIOBA: mecmopoxdeHue, bypurbHasi KONIOHHa, CKeaxkuHa, Kaaubpamop,
ueHmpamop, cmepxXeHb, NosblweHUs1 aghchekmusHocmu bypeHus.

leads to the need to drill new wells. Expenditures associated with oil exploration
and drilling in the United States in 1990 amounted to about $11 billion. From the
extraction of minerals from large natural reservoirs, we gradually have to move to smaller
reservoirs, which also requires more frequent and technologically advanced drilling of
new wells [1,2]. As a result, modern oil and gas drilling is an economically important and
technologically complex process. The installation for drilling deep wells is comparable
in scale to a factory, and the cost of the equipment is very high. Economic factors make
the task of increasing drilling efficiency, studying emerging difficulties and finding ways
to eliminate them an important object of both practical and theoretical consideration. The
value of studying the drilling process [3], together with the complexity and versatility of
its inherent physical phenomena, leads to a large number of scientific studies devoted to
this issue. One of the most studied and, however, still not fully resolved problems in deep
drilling is the problem of unwanted vibrations of the drill string.
Despite the use of electronic equipment, in most cases drilling remains primarily a
mechanical process. The strength and static stability of the structure are necessarily studied

I ntroduction. The depletion of oil and gas fields being developed in the world
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when designing an installation, however, it is almost impossible to predict in advance
and completely the dynamic behavior of the system due to the large number of operating
factors, which can only be taken into account approximately[4]. Extensive literature is
devoted to torsional vibrations of the drill string.

Research. In one of the early works [5], the column is considered as a torsional
pendulum with one degree of freedom, and the dependence of the moment of resistance to
rotation at the bottom point on the angular velocity is considered to decrease exponentially.
In [6], a theory of oscillations with periods of slipping and stagnation was constructed
under the assumption of a jump-like characteristic of friction in the “bit-bottomhole”
pair. The falling friction characteristics at the point of contact of the bit with the rock
and on the walls of the well are accepted in works [7,8]. They analyzed the areas of
stability of the mode of uniform rotation of the column by decomposing elastic torsional
vibrations into modes, which makes it possible to develop practical recommendations
for eliminating unwanted vibrations. This takes into account the falling characteristic of
the engine torque, which plays a stabilizing role. Torsional vibrations of the drill string
with periods of slipping and stagnation and with an exponential characteristic of friction
between the bit and the rock are also considered in [9].

We study the longitudinal displacements of an elastic rod of length L, modelling a
drill string in a vertical well, and its stresses arising under the action of a tensile axial
static load, dynamic effects at the end and its own weight, uniformly distributed along the
length of the string. It is believed that the outer surface of the rod has local areas where
interaction with the rock occurs according to the law of dry friction. The resistance forces
F,, arising in the contact zone depend on the external and internal diameters of the column
(D, d), the size of the sticking point (/,), the lateral resistance (k), the specific gravity of
the rock (y), the coefficient of friction of the rock on the pipe (f), as well as from the depth
of the section (x) relative to the upper limit of the sticking (/,).

Let us assume that at the end of the lower part, represented by weighted pipes, there is
an additional mass (bit) [10]. In this case, the mating of pipes of different sections occurs
at a depth of 900 m. The outer diameter of the pipes of the upper part, as before, is 140
mm, and the lower part is 200 mm; internal (for all pipes) — 120mm. The mass of the bit
at the end of the drill collar is accepted m=100kg.

Expressions for the potential energy of longitudinal deformation of an elastic rod,
kinetic energy and the potential of external forces (gravity, friction and axial load at the
end and in the section xi of the inner surface of the column) have the form

L 2
U=t [ EF(a—uj dx
29 ox
1§ ou’
T—zl.pF[ade (1)
I+l

L
L
I1= _([ pgFxudx — ,J. F,, (x)udx — Nu 0

where, E, p, F — modulus of elasticity, material density and cross-sectional area of the
pipe; (/;, ;) — pipe section with frictional forces in contact with the rock; N — axial load
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at the end, which is either a static tensile axial load N=const or dynamic load N=N(?) at
the end; u — longitudinal movement of the rod.
The equation for longitudinal vibrations of a column with a longitudinal axis X is

described by the equation - . 5
U u
_G_X(EF§)+pF6)c—z_q(x’t) (2)
where, q(x,t) — total static and dynamic load, including the axial load at the end of the
column, the force in the contact zone, as well as the force of gravity distributed along
the length of the column. According to the hypothesis of plane sections, any points lying
in a plane perpendicular to the axis of the rod have the same displacements u,;=u(,). All
components of the stress and strain tensors, except 6,; and ¢,;, are considered negligible.
The following boundary conditions were accepted:
an axial force is applied at the upper end, i.e.

w0 EF_ N(@), 3)
Oox
the lower one carries concentrated mass m
0’u ou 4
x=L: m—=-EF—=0, 4)
ot ox

on the contact surface in the area (/;;/,+/,.) there is a friction force, depending on the
location of the section x relative to the upper boundary of the stick /;, the coefficient of
friction of the pipe with the rock f, the lateral resistance k, the specific gravity of the rock
y, the outer diameter of the column D and the direction section speed u:

L1<x<[lj+1: EFZ—” =—F,, sign(u (x))
X (5)
where  Fip= ‘gz)y"ﬁx.
Under static load —
1%
L<x<I;+1: EFa—Z --F, (6)
The initial conditions are homogeneous, i.e.
at t=0: u0=0, 11,=0. (7)

Solution of the assigned dynamic problem of vibrations and the stress-strain state of
a column having a section with friction (sticking) under the influence of applied static and
dynamic loads (3-6), initial conditions (7) analytically - by methods of mathematical physics
- is quite difficult. Therefore, to solve it, the numerical finite element method was used.

The elastic rod used to model the drill string was discretized using rod elements with
a linear approximation of the displacement field inside the element [11].

A column with a length of L=1000m, an outer diameter of /40mm and a wall
thickness of /0mm is being considered. In this case, the cross-sectional area is F=40cm’.
At E=2.1¢’ MPa, p=7.8¢’kg/m’, the speed of propagation of longitudinal waves will be
¢=(E/p)"*=5000 m/sec, and the main period of longitudinal oscillations 7=0.4s. The last
two parameters (wave speed and oscillation period) appear when considering dynamic
processes in the column.
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As a result, a finite element discretization of problem (2) with boundary conditions
(3-5) results in a system of differential equations of general form
Mii + Ku = P(t) (3)
where M and K — column mass and stiffness matrices; P(t) — specified dynamic influence.
System (8) with initial conditions (7) is solved by the Newmark method [12]. Based
on the detected displacements, deformations and stresses in the studied sections of the
column are determined depending on time.
Let us consider the dynamics of a column when a single pulse is applied to the end

of the column 4 o0<i<
P(z):{ at T ©)
0 1>-T

The dynamics of changes in displacements and stresses in the body of a column stuck
in a section of 500-600 m under the influence of a short-term dynamic load at the end (9)
with a duration of 7=0, I's and an amplitude of 4 = ./ MPa is shown in Fig. I

The accompanying high-frequency stress fluctuations in the section where pipes
of different diameters are connected are associated with its close location to the end of
the pipe and the superposition of direct and reflected waves. In general, it is clear that
the maximum stresses in the section under study are comparable to the stresses in the
upper part of the column. Comparing these results with the stresses in the lower part of
a homogeneous pipe under the same influence, where the solid line is practically on the
zero line, we can conclude that there is a significant increase in stresses at the junctions
of pipes of different diameters.

In Fig. 2, the results were obtained under exposure with a period of 7 = 0.4s and
a pulse duration of 7=0.2s. This case, unlike the results in Fig. 2, is no longer purely
“resonant”, because the geometric parameters of the column have changed, and,
accordingly, its frequency and period. Yet, an increase in the amplitude of vibrations
and stresses is observed, not only in the sticking area, but also at the junction of pipes of
different diameters.

a) 0)
u,M s,MPa

1.0 7 500

0.5 — 1 v\\
] RN / 7
] N 7 B
i 4N // N N 0 e N A v
] , ]

0.0 g 1

=0.5 AT T T T T T T T =500t T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.C

sec NSY

Figure 1 - Changes in displacements (a) and stresses (b) in sections of a heterogeneous stuck column
under repeated pulse action at the end with amplitude A = 1.1 MN, duration =0,1s and period T = 0.2s:
—X—X— Upper; - upper part of the drill collar; - - - - - upper sticking limit (500m)
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a) 0)
u,M s,MPa

2.0 1000 7

0.0 7
1 T
1
T Ut T I o e s I IR
A A 00 02 04 06 08 10
sec sec

Figure 2 — Changes in displacements (a) and stresses (b) in sections of a heterogeneous stuck column
under repeated pulse action at the end with amplitude A = 1.1 MN, duration =0,2s and period
T=0.4 s —x—x—- upper; - upper part of the drill collar; - - - - - upper sticking limit (500m)

The change in stress is accompanied by high-frequency harmonics associated, as in the
previous example, with the reflection of waves from the boundaries of the inhomogeneity
of the column structure.

Figure 3 shows the displacements and changes in the stress state in sections of a non-
uniform column under low-frequency exposure with a period T=0.6s and pulse duration 7=0.3s.
a) 0)

u,M s, MPa

3.0 o 1000

2.0 / \
1.0 3 RSN IR ] ™
] /\ ;7 1 pon \
] o _ 1 ,
| P < 0] e
1 _- N ] vl W
\:‘\ |\\".I'| ;
] v '

500 -

0.0 ] < ] i
— vy

_500-||||||||| TT T T T T T T[T T T I T T T[T T T T T T T [ TTTTTTTTT

0.2 0.4 0.6 0.8 1.C

- 1.0 T T T

0.0 0.2 0.4 0.6 0.8 1.C 0.0
sec sec

Figure 3 - Changes in displacements (a) and stresses (b) in sections of a heterogeneous stuck column
under repeated pulse action with amplitude A = 1.1 MN, pulse duration =0,3s and period T = 0.6s:
—Xx—x—- Upper; - upper part of the drill collar; - - - - - upper sticking limit (500m)

Research shows that all three types of oscillations usually occur simultaneously,
and therefore joint oscillations should be considered related. There are different points
of view on the mechanisms of energy transfer from one type of vibration to another; a
large number of works are devoted to the study of precisely coupled vibrations of the drill
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string. Thus, the reason for the occurrence of transverse vibrations is the instability of
rotation that occurs in the VHA: the centrifugal force leads to an increase in the bending
of the column, and even a slight bend of the well or an imbalance can greatly enhance
the effect. The reason for the development of torsional vibrations is usually considered
a decreasing characteristic of the moment of resistance to cutting on the bit, but most
researchers agree that the mechanism for the occurrence of such vibrations includes the
development of accompanying longitudinal vibrations [13]. The nonlinear nature of
the interaction between the bit and the rock determines the relationship between these
vibration modes.

Comparing the results in Fig. I and Fig. 3, one can note a characteristic resonance
increase in the amplitudes of displacements and stresses in the sections of the column,
which is apparently associated with an increase in the period of natural oscillations of the
inhomogeneous structure of the drill string compared to the homogeneous one. In this
case, the stresses both in the sections of the column located in the stuck zone and at the
boundary of the connection of various pipes exceed the tensile strength, which can cause
damage to the column in these places.

Conclusions. Dynamic exposure to multiple pulses with a period close to or equal
to the period of longitudinal vibrations of the column leads to an unlimited increase in
stress in the stuck zone, which will lead to the destruction of the column.

Under low-frequency exposure, stresses in column sections do not exceed permissible
values. However, repeated replacement of tensile stresses with compressive stresses in
the stuck area can lead to fatigue damage to the column.

When a low-frequency pulse is applied to a stuck string consisting of mating drill
pipes, not only the sections in the stuck zone, but also the areas where different pipes are
connected are dangerous from the point of view of exceeding the tensile strength. For
such a heterogeneous structure, high-frequency exposure with an amplitude not exceeding
half the permissible load on the column is also more effective.

Thus, the studies have shown that the optimal selection of parameters for static and
dynamic (pulse) effects on a stuck string can lead to directed movement of the string out
of the well without destruction. In this case, the correct choice of loads depends on the
size of the clamp. However, there are methods for determining only the upper limit of
sticking, based on instrumental measurements of column deformation under static loading.
There are no methods for determining the lower limit of sticking. @
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