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most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacbl ¥nmmebiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibiIMOap Cepusicbl” fbinbIMU XypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapnaldbl. byn uHdekcmeny
b6apbicbiHOa Clarivate Analytics kommnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke Kabbinday moceneciH
Kapacmebipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHaObl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramOacmabiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMdap 6olbiHWa KOHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu u mexHU4eCKUxX
Hayk» bbln npuHsam 0Onsa uHdekcuposaHusi 8 Emerging Sources Citation Index, obHoeneHHoul sepcuu Web
of Science. CodepxaHue 8 amomMm uHOeKkcuposaHuU Haxodumcsi 8 cmaduu paccMompeHuUsi KomnaHueul
Clarivate Analytics Ons OanbHeliweao npuHsamus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadecmeo u enybuHy KoHmeHma Ons uccriedosameriel, asmopos, u3damernel U y4dpexoeHud.
BknoyeHue Useecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpupyem Halwy NpueepXeHHOCMb K Haubonee akmyasbHOMY U 8/1USIMESIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam Orisi Hawezao coobujecmea.
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VIBRATIONS AND STABILITY
OF A GEOMETRICALLY NONLINEAR WEIGHTY DRILL STRING
FOR DRILLING OIL AND GAS WELLS

Abstract. Heavy weight drill pipe (HWDP) in wells are hollow, weighty rods with stepwise changing physical
properties (for example, stiffness), and each link of the string can deform according to geometrically nonlinear laws.
They are the most critical part in the drilling process, transmitting power from the drilling rig to the rock failing tool,
and are in hydrodynamic and contact interaction with the borehole walls, and are always curved. This occurs due to
the curvature of the well itself, and under the action of its own weight, contact forces, as well as centrifugal forces in
the case of rotation of the pipe. In this case, the curvature of the HWDP axis can be significantly influenced by the
geometric nonlinearity of the deformation of its pipes.

A review of this issue revealed a number of poorly studied problems, which include accounting for both phy-
sically and geometrically nonlinear problems, accompanied by various types of complications (loss of stability
HDWP, pipe breaks, etc.), as well as other processes in the elements of a dynamic drilling system (DDS).

In this paper, based on the use of modern methods for studying dynamic processes in mechanical systems, a
method is proposed for studying longitudinal oscillations of a geometrically nonlinear HWDP of its stability under
torsion, taking into account the physical nonlinearity in the process of its deformation. The dependences characte-
rizing this process are found.

Key words: oil and gas wells, heavy weight drill pipes, longitudinal oscillations, stability, geometric nonlinea-
rity, dynamic systems.

Introduction. The dynamics of the HWDP is reflected in analytical works [1-7]. Modern methods of
dynamics analysis, in particular, the use of the finite element method (FEM) for the analysis of the
dynamics of mechanical systems were considered in [8, 9]. The fundamental problems of the HWDP
dynamics in a nonlinear formulation of the problem are originated in works [10-13]. At the same time, the
problems of stability loss of rod systems were solved in work [13]. However, as stated above, these funda-
mental foundations of the dynamics and stability of rod systems were created with some assumptions.

It should be noted that modern works of Kazakhstani scientists are also devoted to analytical studies
of drilling systems [14, 15]. They present the results aimed at studying the kinematics of the drilling
process to determine the drilling scheme. The analysis of the principles of operation of drilling tools is
performed.

Due to the large length of the HWDP in comparison with the transverse dimensions, it is often mo-
deled with a long uniform thin rod, which is a rather rough approximation, since the components of the
HWDP are connected by locks, equipped with centralizers and other devices that significantly change the
dynamics of the drill pipe. Therefore, theoretically, the column should be considered as a nonlinear
mechanical system with an infinite number of degrees of freedom. But here a difficulty arises, associated
with the impossibility of analytically studying the dynamics of the operation of such system, and,
consequently, identifying its strength, stability, negative or, conversely, positive influence of oscillations
and vibrations under dynamic loads during drilling.
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The foregoing gives reason to believe that when developing methods for analyzing the oscillation and
stability of HWDP, especially in the nonlinear formulation of problems, the results of applied research on
the dynamics of drilling systems are also important. The dynamics of HWDP has been studied in the
works of Russian researchers [16-25]. These works are undoubtedly sources for a more realistic modeling
of the HWDP dynamics. However, these works mainly cover the development of a theory for controlling
the dynamics of HWDP associated with increasing the efficiency of the process of drilling deep and
directional wells by minimizing torsional and longitudinal low-frequency oscillations of the drilling tool
[19, 21-23]. Many of them are devoted to rotational-longitudinal oscillations of the HWDP in order to
create its bottom stabilizing assemblies (BSA), which is very important when drilling incliningly directed
and horizontal wells with downhole motors, etc.

Aims and objectives. From the above, it follows that the problem of studying the longitudinal
oscillations of a geometrically nonlinear HWDP of its torsional stability, considering the physical
nonlinearity in the process of its deformation, is an urgent problem and is of great scientific interest.

Results of theoretical research. In order to study the longitudinal oscillations of the drill pipe,
considering the physical nonlinearity in the process of its deformation, a model was created where the
HWDP is presented in the form of a multi-link long bar performing longitudinal oscillations. After
accepting the origin of coordinates in the upper cross section of the pipe and the direction of the x-axis
vertically downward, the potential and kinetic energies of a physically nonlinear rod were presented in the

form [18]:
EF & ou_, ou 2) l(@ujz Yoo (ou(tl))
U=—I|| () d-a;(—) |dx, T=pF|| — | dx+ ) m| ——= 1
2 0((8x) (-a G r ! ot Z "o N
where u(x,t) is the longitudinal displacement of the rod; E, p is the Young's modulus and the density of
2 3K vy,

the rod material; /" and / are the area and length of the rod, respectively; a, = — , K, G are

93K+G G
the moduli of volumetric compression and shear; ¥, is the coefficient characterizing the geometric

nonlinearity of deformation, determined experimentally; m; is the mass of the lock joint (sleeve) located in
the cross section x = /;.
The following boundary value problem is considered:
0 P,
o0 atx=0, u=u,(f) at x=1
ox a

where F is the Young's modulus, Py is the constant compressive axial force acting on the drill pipe, / is the
total length of the drill pipe.

To solve the boundary value problem, the finite element method is applied. The HWDP length was
divided into n finite elements (n+1 nodes) of the same length a. It is considered that the lengths of the
sections of the elements are related to the value a. The concentrated masses are located at the nodal points,
and in the first node there is no mass, and the lowest mass (bit) moves according to a given law u(?).

Denoting through ¢q.(t) (i=2.n+1) (q,,, =u,(t)) displacements of concentrated masses, displace-

ments of drill pipe cross sections (referred to the value @) within each element, is represented in the form
of a system of equations:

u, =(1-4")(p—q,)/3+N,(&)p,
Uz =N,(&)q, + N,($)q;,

Us 4 =N,(&)q; + N, (&)q,

U =N (8)q, + N, (S,

st = N1(6)q, + Nyu, (2)

where £ =x/a,N, =1-3E+2E*, N, =26~ &, p=PalEF,i=2.n-1

substituting u, ;(&,7) from (2) into (1) and obtaining expressions for the kinetic and potential energies:

u

— ] —
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EF ntl F 34l
U= 2aZU,-,T= ZaZT,- 3)
i=2 =2

taking the variables ¢, (i =2..n) as generalized coordinates, the second kind Lagrange equation was

formulated [10]:
i oT aT aU @
di\eq,) oq,  oq,

After formulating the expressions for the kinetic and potential energies from (3) to (4) and solving
them, a system of nonlinear differential equations is obtained to determine the coordinates of the
displacements of the added masses. In particular, in the case when n = 3, it is obtained:

27pa’ (27§, — §,) = E{2a,[9037q; +q>(837q, +128p) +q,(621p* +23q3) +(891q; —28p°)] -
—-378q, —27q, +12p} , (5)

pa’ (8, — G, —§,) = 2E{a,[44q; +92q,9; +132q9;(q, +q,) +488q; +44q;1-q, —q, —14q,} (6)
5pa’ (84, —G;) = E{15a,(488¢; +132q; (g5 +u0) +92(q; +ug) +44(q; +ug)]—50(q; +u,)
—700q, + Sii,} (7)

Figures 1 and 2 show the curves of the dependences of the displacements of concentrated masses

g»/a and g4/a on the dimensionless time 7= ct/ a (c = +/E/p is the speed of wave propagation in the links
of the pipe) for geometric linear (a3 = 0) and nonlinear (a3 = -0.4) deformation.

i

g2ia

: 2
- =ML A

-0 (W3 -

o 2 4 3 ) 10 tau

Figure 1 — Curves of dependences of displacements of concentrated masses g2/ a and ga/a on dimensionless time
fau = t=ct/a at =0

g2fa

- 'Tﬂﬂﬂﬂjv
- 4 VY

o 2 I [ 8 ED]

Figure 2 — Curves of dependences of displacements of concentrated masses g2/ a and g4/ a on dimensionless time
tau =7 =ct/a at az=-04
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The lower end of the HWDP (bit) moves according to the law u, = v ¢ — jot2 /2 (v, u j, and the
initial velocity and acceleration of the bit deceleration) In calculations it is accepted: v, =2m/c,
Jo=1m/c*,c=4000m/c,p=1.

From the analysis of the obtained curves, it follows that taking into account the geometric non-
linearity leads to an increase in the displacements of the concentrated masses, this regularity is more
noticeable for the displacement of the end of the string close to the bit.

Now let us study the torsional stability of a geometrically nonlinear HWDP. In the general case, the

problem of the stability of rods under the action of torques is non-conservative, and they must be solved
considering the complex deformed state of the rod caused by the action of axial, bending and torsional

moments:
2
M P
S (3)
2FEJ EJ ]
where M is the torque, P is the compressive force. As can be seen from expression (8), the compressive

force leads to a decrease in the value of the critical moment. If the compressive force is known, then from
(8) it is possible to determine the critical value of the torque

z P

I EJ
If we denote by ¢(x,1) the angle of rotation of the section of the HWDP bar, then the expression of

M, =2EJ

o . .0
the torque taking into account the nonlinear shear deformation 8_¢ can be expressed by the formula:

X
S, (0p) |0
M =GJ, 1+7, pz(_goj =2, (€))
J o \ Ox Ox
D* _D*
where G is the shear modulus, J o :"3—2i the polar moment of inertia of the bar sections,
2D?-Df _ : . o
J ,, =——%——"— and 7, is the coefficient characterizing the shear nonlinearity.
9 o4
The total work of deformation is calculated by the formula:
D} =D} t(opY|, 2y, D2-D?(dp\’
y=ZGRizDl (S0 2n Di-Dl(0pY |, 10
4 16 ¢\ ox 3 4 ox

Kinetic Energy of the HWDP rod is equal to:

4 4l 2
T:@Mj[a_(pj dx , (11)
4 16 ot

0

where m is the linear mass of the rod material. A variable moment + M (¢) is applied in the sections

x=0andx=1.
Angle of rotation of the rod is presented in the form of

_ M sin 2 4 q(t) cos™™ (12)
GJ 7 [ [

For potential and kinetic energy, we obtain the expressions

— Q —
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D! -D;}
U="=" G [M +q’ +c(M +2Mq +qY)],
128 [
_m(D} -D})I .,
128
— M,
where M, =—"—, c=7x"y,(D. —D?)/8I°.
GJ o
Taking ¢(¢) as the generalized coordinate, we compose the Lagrange equation of the second kind
q+b1q+b2q3 =—Z\70, (13)
_GD,; +D;

where b, = (1+2cM o’ , b, = 2cw’, ( 5 )7[

m

The quantity ¢ in equation (13) characterizes the nonlinearity of the rod during torsion. The equation
is integrated under the following initial conditions ¢(0) =0, ¢(0) =0.

Figure 3 shows the graphs of the dependence of the angle of rotation of the bar sections x = 0 under
the action of the moment M, according to the law M, =1-cosw,t for different values of the

parameters ¢ and @, .
It can be seen that the nonlinearity, depending on the frequency @, of the torque, has a different
effect on the torsional oscillations of the rod. At small values of ®,, nonlinearity in the considered case

decreases the oscillation amplitudes.

R
’ :fv \/ \/

1.6

@, =10 ¢=0 c=1

el Wl

KL T ) vv

Figure 3 — Torsional vibrations of the rod at different values of the parameters c and @),
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Now let the torsional movement of the HWDP rod occur under the action of a compressive force P,
we assume that the rod performs transverse oscillations in the plane 0z in two directions. We assume

that the transverse motion of the cross-sections of the HWDP rod does not affect its torsional oscillations
(figure 4).

¥ v

0.0016

0.002- 0.0014
0.0012

0001 0001
0.0008

a 3 4 & & 00067
0.0004

4.1 00002

o 2 1 6 8 10

w,=10 ¢c=0 c=1

= = A,
- A w R NI
2 4 (VV & 10 0003

Figure 4 — Transverse oscillations of the rod at different values of the parameters ¢ and @,

The equations of motion of the rod in the case of geometric linearity are written in the form [1]

v o'y 0’
m—-+FEJ—+Pz,—=0 14
ot oxt T ax? (1
2 4 2
mo gy 0V _p, OO
ot ox ox

where v(x,t)and w(x,?) are displacements of bar sections along the axes 0y and 0z .

=0 (15)

Equations (14) and (15) introducing dimensionless variables and quantities by the formulas

~GJ], _ P
T =L ﬂ, E=x/l, z,=z,/l, a= 20 ,P = 2 , considering (12) and bringing to the
[\ ml 2FEJ 7GJ
form
v ot o
Py + 854 —aP[M ,(r)sinz& +q(r)cos &) =0 (16)
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o’w o'w = — .
v2v+ Vr+aP[MO(r)51n7r§+q(r)cos7z§] =0 (17)
or o0&
. . o= — ov ow
Equations (16) and (17) are integrated under the conditionsv =0, w =0, 8_ =0, 8_ =0 at
T T
_ _ o’y o’w : o .
7=0,v=0, w=0, —=0,——=0 at £ =0wu & =1, the solution of which is obtained by the

o0& T aEr

Fourier method v = Z T,sinnzé, w= —Z T, sinnxé where

n=l1 n=1

T, =5 — [ Psinln’z’ ()M, () + 4(6)ds
nrw 0

As can be seen from the dependences of the displacement of the midpoint of the elastic line on the
dimensionless time 7 presented in Figure 4 under the action of the moment M according to the law

M, =1-cose,t for various values of the parameters ¢ and @, , consideration of the nonlinearity of the

rod during torsion can lead to a decrease in the deflection of the rod at small values of the parameter @,,.
With an increase in this parameter, the rod performs high-frequency oscillations with large amplitudes.
The calculations were made takinger = 0.01, P = 0.005.

Conclusion. The proposed method for studying longitudinal oscillations of a geometrically nonlinear
HWDP of its torsional stability, considering the physical nonlinearity in the process of its deformation,
makes it possible to improve the methods of ensuring the reliability and strength of HWDP at the stage of
their design. The established dependences characterizing the stability parameters of HWDP demonstrate
the ability to control them by varying their values. This makes it possible to evaluate the most optimal
values of the DDS operating parameters for their stable operation, which subsequently ensures their
operability during real case.
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MYHAWM-T'A3 YHFBIMAJIAPBIH TEPEHJETKIII CAJIMAKTBI
BYPIFBUUIAY TI3BEI'THIH 'TEOMETPUSAJIBIK CBI3BIKTBI EMEC
TEPBEJIICTEPI MEH TYPAKTBLJIbBIT'BI

AnHoTanusi. YHreIManapaars! Oypreuiay Tizoekrepi (BT) — Oy ¢pusukanbIk KacueTTepi OipTiHAen e3repeTiH
KyBIC CaJIMaKThl ©3eKTep (MbICAJbl, KaTThUIBIFGI), OyJI Karmaiiia Ti30eKTiH opOip Oeiri reoMeTpUsUIBIK CHI3BIKTHI
eMec 3aHIapra coiikec nedopmanusuiaHysl MyMKiH. Onap OyprbUIay KOHIBIPFBICBIHAH Tay JKBIHBICTApPBIH TaJIKaH-
TANTHIH KypalFa KyaT OepeTiH oHe Oyprbutay KaObIpragapbIMeH THAPOJMHAMUKANBIK, IEMEK jkKaHacy Ke3iHze e3apa
opeKeTTeceTiH OypreUIay YpIICIHIH €H MaHBI3ABI Oeiriri OonbIn TaOBUIaIBl JKOHE OpKAllaH KUCHIK Oomambl. By
YHFBIMaHBIH KUCAIObIHA OaiJIaHBICTHI [, 63 CaJIMarbIHbIH, OaiaHbIC KYIITepiHiH, COHAal-aK Ti30eK aifHaJIFaH JKar-
Jaiina opTagaH TENKIII KYIITEpAiH oacepiHneH Oosanpl. by jkarmaiima Ti30EK OCiHIH KHCaroblHA Ti30eK KyObIpia-
PBIHBIH JeOpPMalUsACEIHBIH T€OMETPHSIIBIK OCHCHI3BIKTHIFBI Al TapIIBIKTall acep €Tyl MyMKiH.

by maceneHi kapay ke3iHae (DU3MKAJIBIK JKOHE MCOMETPHSUIBIK CBHI3BIKTBIK €MEC €CEeNTep/iH op TYpJii acKbl-
HyJap TypiepimeH (Ti30eKTep/iH TYPaKThUIBIFBIHBIH JKOFalIybl, KYObIpIapAbIH Y31yl »oHe T.0.), COHbBIMEH KaTtap
JUHAMHKaJbIK Oyprbutay sxydecinin (/JIBXK) anemenrtrepinzeri Oacka mpolecTepii ecenke aiyAbl KaMTHTHIH
OipkaTap a3 3epTTENreH Maceseep aHbIKTalIbL.

Byt sxyMbICTa MEXaHHMKAJIBIK JKYHenepueri TMHaMHUKAaJIbIK MpolecTepi 3epTTeyAiH 3aMaHayd SicTepiH KoJ-
JlaHy Herizinge nedopmarnus nporecinae (HU3MKaIbIK CHI3BIKTHI €MeC SKeHIH €CKepe OTBIPHIN, Oypany Ke3iHzeri
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OHBIH TYPAKThUIBIFBIHBIH T€OMETPHSUIIBIK ChI3BIKTBI eMeC OYpFbUIayTi30eriHiH OOMIIBIK TepOesicTepiH 3epTTey dici
YCBIHBUTIFaH. BYJI TpoLecTi CUNaTTailThiH TOYeNIUIIKTep TaObLIIbL.

Tyiiin ce3nep: MyHaii-ra3 yHFbIManapbl, OyprbiIay Ti30eKkTepi, OOWIBIK TepOesicTep, TYPaKThUIbIK, TeOMeT-
PUAIIBIK CBI3BIKTBIK €EMEC, TMHAMUKAJIBIK myﬁenep.
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KOJIEBAHUS 1 YCTOIZHI/[BOCTL TEOMETPUYECKH HEJUHEMHON
BECOMOW BYPUJIBHOM KOJIOHHbBI
JUISL YIUIYBJAEHUS HE@TETA30BBIX CKBAKUH

Annotanusi. Bypuibnble koioHHbl (BK) B CkBakMHAaX NpeaCTaBISIOT COOOW TOJIbIE BECOMBIE CTEPKHH CO
CTYIEHYATO W3MEHSIOMINMHUCS (PU3NUECKHMU CBOMCTBaMM (HAIPUMEp, KECTKOCTBIO), IIPH 3TOM Ka)kJ0€ 3BEHO KO-
JIOHHBI MOXXET 1e(h)OPMHUPOBATHCS TI0 TEOMETPUYECKH HEIMHEHHBIM 3akoHaM. OHU SIBIISIOTCS. HanboJiee OTBETCTBEH-
HOH 4acThlo B Tpolecce OypeHHs, MepeaaloiM 3BeHOM MOITHOCTH OT OypOBOM YyCTaHOBKH /0 MOPOAOpa3pyLIao-
IIEro MHCTPYMEHTa W HAXOAATCS BO B3aMMOICHCTBHM CO CTEHKAaMH CKB)XHMHBI KaK THIPOJMHAMHYECKOM, TaK U
KOHTaKTHOM M BCETJa MCKPUBIIEHBI. DTO IPOUCXOJUT KaK 3a CUET WCKPUBJICHHS CaMOM CKBAXHHBI, TaK M TIOJ
JIEWCTBHEM COOCTBEHHOTO BECa, KOHTAKTHBIX CHII, a TAKXKE IEHTPOOEKHBIX CHJI B CIIydae BpalleHHs KOJOHHBL [Ipn
3TOM Ha MCKPHUBIIECHUS OCH KOJIOHHBI MOTYT CYIIECTBEHHO BIMATH FEOMETPUYECKast HEIMHEHHOCTD Je(hOpMHUPOBaHHUS
TpyO KOJOHHBEI.

O030p naHHOW HPOOJIEMBI BBISBUI DS MJIOM3YYEHHBIX 3aJad, K KOTOPBIM OTHOCSATCS BOIIPOCHI ydeTa Kak
(hu3nuecku, Tak U TEOMETPUUECKH HETMHEHHBIX 33/1a4, COIPOBOXKAAEMBIX Pa3IMYHBIMU BHJIAMU OCJIOKHEHUH (TI0Te-
PH YCTOHUMBOCTH KOJIOHH, pa3pbIBbI TPYO W 1p.), a TaK)Ke APYTrHe MPOILECCHl B dJieMeHTaX OypHIbHOW AMHAMUYEC-
koit cuctemsl (BJIC).

B nanHoit paboTe Ha OCHOBE NPUMEHEHHsI COBPEMEHHBIX METOJIOB M3YyUCHHUSI TUHAMHYECKUX IPOIIECCOB B Me-
XaHWYECKHX CHCTeMax Npe/IodkeHa METOINKA MCCIIE0BaHMUS IPOAOJIBHBIX KoJIeOaHNi reoMeTpHIecKH HeJTMHEHHON
BK ee ycroiiumBoCcTH TpH Kpy4eHHH C ydeToM (H3MYECKOW HEIMHEHHOCTH B Tpolecce ee Jae(GopMHpOBaHMS.
Haiinens! 3aBUCUMOCTH, XapaKTEpU3YIOLIUE TaHHBIA IPOLIECC.

KiroueBble ciioBa: HeTera3oBbIe CKBaXXHHBI, OypHIIbHBIE KOJIOHHBI, IPOAOJIbHbBIE KOJIeOaHMsI, yCTOHINBOCTb,
reoMeTpuyecKast HeTMHEHHOCTh, TUHAMHYIECKHAE CHCTEMBI.
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