'“‘

@) .
Volume 1872 god Conference collection

Al P ‘ Conference Proceedings

proceedings.aip.org

CP_book_cover_8.5x11_Blue.indd 1 ) 20-07-2017 13:37:30




(@) .
&R Conference collection

Mathematical Methods
and Computational Techniques
in Science and Engineering

Cambridge, UK
24-26 February 2017

Editor

Nikos Bardis
Hellenic Military Academy, Vari, Greece

All papers have been peer reviewed.

A«II P Melville, New York, 2017
Publishing] AlP Conference Proceedings Volume 1872

To learn more about AIP Conference Proceedings visit http:// proceedings.aip.org

CP_Prelim_pages_8.5x11_Blue.indd 1 @ 20-07-2017 10:14:57



Editor
Nikos Bardis

Hellenic Military Academy

Head of Mathematics and Engineering Sciences Department
Vari, 16673

Greece

Email: bardis@sse.gr
bardis@ieee.org

Authorization to photocopy items for internal or personal use, beyond the free copying permitted under the 1978 U.S. Copyright Law (see
statement below), is granted by the AIP Publishing LLC for users registered with the Copyright Clearance Center (CCC) Transactional Reporting
Service, provided that the base fee of $30.00 per copy is paid directly to CCC, 222 Rosewood Drive, Danvers, MA 01923, USA: http://www.
copyright.com. For those organizations that have been granted a photocopy license by CCC, a separate system of payment has been arranged.
The fee code for users of the Transactional Reporting Services is: 978-0-7354-1552-2/17/$30.00

AIP | © 2017 AIP Publishing LLC

g

No claim is made to original U.S. Government works.

Permission is granted to quote from the AIP Conference Proceedings with the customary acknowledgment of the source. Republication of
an article or portions thereof (e.g., extensive excerpts, figures, tables, etc.) in original form or in translation, as well as other types of reuse (e.g.,
in course packs) require formal permission from AIP Publishing and may be subject to fees. As a courtesy, the author of the original proceedings
article should be informed of any request for republication/reuse. Permission may be obtained online using RightsLink. Locate the article online
at http://proceedings.aip.org, then simply click on the RightsLink icon/“Permissions/Reprints” link found in the article abstract. You may also
address requests to: AIP Publishing Office of Rights and Permissions, 1305 Walt Whitman Road, Suite 300, Melville, NY 11747-4300, USA;
Fax: 516-576-2450; Tel.: 516-576-2268; E-mail: rights@aip.org.

ISBN 978-0-7354-1552-2
ISSN 0094-243X
Printed in the United States of America

CP_Prelim_pages_8.5x11_Blue.indd 2 @ 20-07-2017 10:14:57



AIP Conference Proceedings, Volume 1872
Mathematical Methods and Computational Techniques
in Science and Engineering

Table of Contents

Preface: 2017 International Conference on Mathematical Methods and Computational Techniques
in Science and Engineering (MMCTSE 2017) 010001

Mono-implicit Runge Kutta schemes for singularly perturbed delay differential equations
Fathalla A. Rihan and Nasser S. Al-Salti 020001

Finite element modelling of FRC beams containing PVA and Basalt fibres: A comparative study
Tehmina Ayub and Sadaqat Ullah Khan 020002

Optimal multi-dimensional poverty lines: The state of poverty in Iraq
Jamal R. M. Ameen 020003

Encrypted data inquiries using chained perfect hashing (CPH)
Khalid Kaabneh, Hassan Tarawneh, and Issam Alhadid 020004

A framework with Cucho algorithm for discovering regular plans in mobile clients
John Tsiligaridis 020005

Oscillation criteria of a class of generalized Lienard equation
Hishyar Kh. Abdullah 020006

On resonance regimes of drill string nonlinear dynamics
Askat Kudaibergenov, Askar Kudaibergenov, and Lelya Khajiyeva 020007

Other note on paraconsistent neutrosophic sets
Francisco Gallego Lupianez 020008

Dynamic sensing model for accurate delectability of environmental phenomena using event
wireless sensor network
Lial Raja Missif and Mohammad M. Kadhum 020009

Innovative IT system for material management in warehouses
Papoutsidakis Michael, Sigala Maria, Simeonaki Eleni, and Tseles Dimitrios 020010

Explicit and asymptotic solutions of simultaneous 1st-order and Riccati equations for a gas
reaction system
Ashley E. Gilliam, Jared Wunsch, and Abraham Lerman 020011

Optimal control of a coupled tanks system with model-reality differences
Sy Yi Sim, Sie Long Kek, and Kim Gaik Tay 020012

CP_Prelim_pages_8.5x11_Blue.indd 3 @ 20-07-2017 10:14:57



On Resonance Regimes of Drill String Nonlinear Dynamics
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Abstract. The paper focuses on investigation of resonance regimes of a drill string nonlinear dynamics under the effect
of a variable axial compressive force. The drill string is modelled in the form of a rotating elastic isotropic rod with
hinged ends. Deformations of the drill string are assumed to be finite. Using Galerkin’s approach a mathematical model
of the drill string lateral vibrations reduces to a nonlinear ordinary differential equation for the generalized time function.
Applying the harmonic balance method, the amplitude-frequency characteristics of the resonances on basic and higher
frequencies are determined. As a result of numerical analysis of the impact of the dynamic system parameters on the
resonance curves, considerable nonlinear effects of the amplitude-frequency characteristics of the drill string vibrations
are revealed. Recommendations to choose optimal constructive and dynamic characteristics of drill strings are provided.

INTRODUCTION

The problem of ensuring dynamic stability of different mechanical structures is one of the main problems in
machine dynamics. It has the special importance for rod elements, including rotating drill strings applied in oil and
gas industry. Stability of their nominal motion depends on efficiency of the developed models and methods of their
calculation. Flexibility of a drill string in view of its large length and effects of variable external loadings, in
particular, a compressing axial force, can result in finite deformations of the string at drilling of oil and gas wells.
Therefore, when investigating the drill string dynamics, it is necessary to consider its deformability to determine
amplitudes of displacements with detecting dangerous resonant oscillating regimes of the drill string.

Solutions to several problems concerning the theory and basic principles of modelling of drill string dynamics
can be found in [1], where the influence of longitudinal and transverse damping on zones of a parametrical
resonance is examined. In [2] the authors analyze a drill string in vertical and deviated holes using Galerkin's
method under the assumption that the string is hinged at both ends. It is shown that approximation by Galerkin's
method can be successfully applied to research the drill string dynamics. In the work [3] the authors obtain that high
speeds of a string rotation are in stability zones for any loadings affecting a bit. However, application of these speeds
in practice does not seem possible. In [4] the authors indicate that even small initial curvature of a drill string,
approximated by a finite series of smooth functions, considerably influences the frequency characteristics of the
system. However, no destructive oscillations are observed.

Nonlinear systems with generalized (modal) parameters [5] are widely applied to model motion of separate or
coupled elements of different constructions and machines, describing nonlinear oscillations of systems with one
DOF or with discrete masses. Besides, such equations can be used to simulate nonlinear oscillations of systems with
distributed parameters. They can be reduced to ODEs, applying the methods of variables separation, e.g. the
Galerkin approach [2, 6], the Rayleigh-Ritz method [7, 8], and the finite element method [9, 10]. Based on the
solutions of these equations one can conduct an exhaustive analysis of dynamics of the mechanical systems, and
choose their optimal constructive parameters and dynamic characteristics.

In this paper the resonance phenomena of drill strings taking into account nonlinear complicating factors are
examined. Derivation of their mathematical models is described in [11, 12]. Numerical analysis of these models
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shows that lateral vibrations of a drill string, modelled as a rotating elastic isotropic rod of symmetric cross-section,
make the main contribution to the general oscillatory process, whereas the contribution of longitudinal and torsional
vibrations is negligible in comparison with lateral ones. Therefore, a mathematical model of lateral vibrations of the
elastic rod with initial curvatures to analyze the resonance phenomena of drill strings under the influence of an
external compressive load is used here. The results of this research will provide deeper insight into the nature of the
drill string behaviour under the lateral vibrations with determination of their amplitude-frequency characteristics.

STATEMENT OF THE PROBLEM

Let us consider a global Cartesian coordinate system Oxyz. The axis of the drill string is assumed to be bent only
in the Oyz-plane (z-axis is directed along the drill string axis), i.e. flat bending of the elastic isotropic rod of length /
with symmetric cross-section is examined. A nonlinear mathematical model of the drill string lateral vibrations,
based on Novozhilov’s theory of finite deformations [13], can be obtained from either the model [11] without taking
into account the effects of a supersonic air flow, or the model [12] neglecting the terms of longitudinal displacement

w(z,t) along the z-axis, and adding an initial curvature v, to the model:

0%y oty ot o o(v+vy)) E4 o(ovY 5
A B S ol 2 v D N(z,t - =2 22 paev=0, 1
P R P R PP 62( (1) oz 1—V62(6zj pae M

where p is the mass density, 4 is the cross-section area of the drill string, v(z,7) is the displacement of the flexural
center of the cross-section along the y-axis owing to bending, £ is Young’s modulus, /, is the axial inertia moment,

v is Poisson’s ratio, @ is the angular speed of the rod.
Boundary conditions for the rod with hinged ends are written as

8*v(z,1)

Vv(z,t)=0, EI,
0z

0 (z=0,z=1) (2)

The longitudinal compressive loading N (Z,t) is supposed to be periodically varying and is presented in the
form:

N=N,+N, cos Q1 3)

where N, and N, denote constant and variable in time components, respectively; Q is the frequency of external
effects.

MODELLING OF RESONANCE REGIMES

Let us define the dimensionless time 7 =17-C); [14], where Q, is the frequency of the drill string natural

vibrations. Then applying the Galerkin method, the lateral displacement v(z,¢) in the Oyz-plane is given by

w(=z)=37, (t)sin(msz. 0

The initial curvature of the drill string has a smooth form. Hence, it can be approximated by a periodic
trigonometric function:

vo(2)=fo sin(%] (5)

Considering the lateral vibrations of the drill string on the general form of bending of its axis, i.e. at n =1 in (4),
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using the dimensionless time, and taking into account (5) we obtain an ordinary differential equation for the
generalized time function f (T) (hereinafter the index “1” of the function f (1) is omitted):

Z,f (1+ BcosQr) f+af? = Fy + F cosQr, (6)
T
where
J _
ﬂ:a_3, a:a_“’ Fo:ﬂ, Fl:_Z’ ng (7)
a2 az az az Q
and
_ |9 _P (2 2 _ 2,4
Q, = = al—zl(Al +17°), a [ — Nyl pAa)l},
(8)
N 2 4 N, 2 N 2
a3:—t_ﬂ-, a4:¥‘$’ dlzf() Oﬂ- , dzzf‘o T
2] 8I° (1-7) 21

Basic Resonance

Investigation of the resonance regimes of the drill string motion can be reduced to analysis of amplitude-
frequency characteristics of their lateral vibrations.

In nonlinear system (6) along with vibrations, which frequency coincides with frequency of the external force,
higher and subharmonic oscillations can arise [15]. The general method to solve such a system is expansion of the

function f (T) into the Fourier series with undefined coefficients. In the resonance case difference of phases

between natural vibrations and external effects may have a great impact on the magnitude of amplitudes and the
frequency of vibrations.

Considering the resonance on the basic frequency a solution of (6) can be approximated by a simple harmonic
with frequency Q:

f(z)=ry+rcos(Qr—g) 9)

On substituting (9) into (6) and applying the method of harmonic balance, we obtain the following system of
equations defining the dependence between the amplitudes 7y, 7; and the frequency Q:

2 (A(on)-2) =(Fi—pny )

pr 32 (10)
2(5——1,6'4))(1(“’“)‘92)”0[ﬂ(’o%)—a[%z —Tl]J—FO,

2
where A(rp,7) :1+30{r02 +%J .

Resonance on Higher Frequencies

In nonlinear dynamic systems in view of existence of nonlinear quadratic or cubic terms the resonance on higher
frequencies can occur [16]. Therefore, to analyze the resonance phenomena in details an approximate solution of (6)
is written as follows:

£ (z) =1y +7 cos(Qr - )+ 15 cos (3Q7 - 3). (11)

Substituting (11) into (6), using the harmonic balance method and eliminating the unknown phase angles ¢; and

@, through some trigonometric transformations, we get a system of equations for the unknown amplitudes of
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vibrations 7, 1;, r; and the frequency Q:

2

A2n2 =2 .6, 12
s =0 (12)
B 2 3a(a® ¢ 2

=K A ——| —n +164r =F(Fy—A4y),

AT 313 1 (Fo—4o1p)

where

Ay =1+ B +any’ +370!(r12 +r32), A =-Q% +1+3ar’ +3Ta(r12 +2r32), Ay =907 +1+3ar,’ +3Ta(2r12 +r32).

The amplitude-frequency characteristics (11), (12) depend on geometrical and physical parameters of the
dynamic system. It allows to examine the effects of these parameters on the resonance regimes of the drill string
lateral vibrations to separate the resonant frequencies from drilling operating frequencies or to control them.

NUMERICAL ANALYSIS AND DISCUSSIONS

Numerical analysis of the basic and higher resonances of the nonlinear dynamic system (6), based on the
amplitude-frequency relations obtained above, is conducted in the Wolfram Mathematica computational package.
The influences of the drill string length, angular speed of rotation, axial compressive load and the magnitude of its
initial curvature on the branches of resonance curves are investigated.

The dimensions and material properties of a hinged supported steel drill string are: D =0.2m (outer diameter of
the drill string), d =0.12m (inner diameter), E =2.1x10° MPa, p= 7800kg/m3 , 7=028.

In Fig. 1-4 resonance curves for various values of the drill string length, namely /=100m (tiny points),
[=250m and [/=500m (bold points) with the angular speed of rotation @=1.05rad/s are shown. The

longitudinal compressive load is defined as: N (z,t) =1.7+0.5 Cos(a)‘r)kN .

Ampl. 7 Ampl. 7.3
0.20 |}|}]_:, ........... ........... ........... ...........
0.13 0.010

0.10f
0.003

x_ . 0.000
0.00 Freq. 0 0

00 03 ¢ 15 20 23 30

0.05

- 1=100m - [=250m = /=300m = i) s 30
FIGURE 1. Influence of the drill string length on the FIGURE 2. Resonance curves of 1* and 3" harmonic
resonance curves of its nonlinear lateral vibrations on the first vibrations of the drill string at the following values of
harmonic, f;=0.3m. parameters: /=100m, f,=0.3m.

As shown in Fig. 1, resonance curves (/=100m) stretch out to the right because of existence of geometrical

nonlinearity in the system. Meanwhile, shifting of the resonances curves towards the growth of external vibration
frequency Q takes place due to the initial curvature of the drill string axis. It is worth noting that the increase in the
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drill string length results in stretching the resonance curves out to the left, which is typical for mechanical systems
with softening characteristics, and leads to instability of the system in the lower frequencies region. Moreover, the
anomaly in the loop form for the simple harmonic appears at the range of amplitudes from 0.17 to 0.23 m.

Allowing for the third harmonic in the approximate solution (13), the increase in the external frequency Q

causes the sharp bias of the resonance curves r (Q) in the higher frequencies direction, which corresponds to much

smaller amplitudes compared to the resonance curves 7 (Q) (Fig. 2). In addition, one more resonance curve 7 (Q)

appears to the left of the basic resonance (2 changes from 0.5 to 0.7) due to the influence of the third harmonic on
the oscillatory process.

However, such a high value of the initial curvature of the drill string can be considered only in theoretical
research, and if neither friction nor rigid contacts with borehole walls is taken into account. When the value of the
initial curvature f;, <0.01m, no shifting of the resonance curves to a zone of higher frequencies of the external

effect is observed, as illustrated in Fig. 3.

As can be seen from Fig. 4, when the amplitude-frequency characteristics of the basic resonance drop down,
oscillations on the third harmonic take place, that is the rise in amplitude-frequency characteristics of the resonance
on higher frequencies is observed in the bifurcation zones of the basic resonance. Changes of resonance curves due
to the increase in the angular speed of rotation and the axial compressive load are given in Fig. 5, 6, respectively.

Ampl _-";EJI:tEII:EIl r1. 73

0.3
. =100m - J=250m e /=500m = 1) e r3(0)
FIGURE 3. Influence of the drill string length on the FIGURE 4. Resonance curves of 1% and 3" harmonic
resonance curves of its nonlinear lateral vibrations on the first vibrations of the drill string at the following values of
harmonic, f,=0.0lm. parameters: [/ =250m, f,=0.0lm.

Ampl

0.10f

0.03

0.00 - - : - 0 Freq. 0
00 03 1.0 1.3 20 23 30
w=105rad’s - @=4Tlrad’s & &=042rad's - AG=LURN - AG=35KN e AL=3EN
FIGURE 5. Influence of the drill string angular speed of FIGURE 6. Impact of the axial compressive load on the
rotation on the resonance curves of its vibrations on the first resonance curves of the drill string nonlinear vibrations on the
harmonic at /=100m , fo=0.02m. first harmonic at /=100m , D=0.18m, @w=1.05rad/s .
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Fig. 5 demonstrates that the resonance appears in the system on lower frequencies of the external effect when the
angular speed of the drill string (/=100m) increases significantly. At the same time the increase in the axial

compressive load up to 5.5kN results in stretching the branches of the resonance curves out to the right with

simultaneous considerable shift of the curves to the region of higher frequencies (Fig. 6). Similar results were
obtained at high value of the initial curvature f, (Fig. 1, 2).

Consequently, in the bifurcation points of the amplitude-frequency characteristics of the drill string vibrations,
presented on the constructed figures, one can determine instability zones of the resonance on basic and higher
frequencies of the external effect.

CONCLUSION

As a result of the qualitative and quantitative analysis of the nonlinear model of the drill string motion it was
established that emergence of the resonance on higher harmonics in the system has a considerable impact on
stability of the oscillatory process. The rise in the amplitude-frequency characteristics of the resonance on the third
harmonic in bifurcation zones of the amplitude-frequency characteristics of the basic resonance was observed. It is
worth indicating that the significant increase in the drill string length and the angular speed of its rotation causes
occurrence of considerable nonlinear effects of the drill string amplitude-frequency characteristics, which is typical
generally for the dynamic systems with softening characteristics.

The results of this research show that geometrical nonlinearity of the models, describing the drill string
dynamics, make a great contribution to the results of dynamic analysis of the drill string stability. By these reasons,
modelling of resonance regimes of the drill string dynamics along with the analysis of its stability has a great
importance for development of drilling equipment and improving its dynamic characteristics. In doing so, it is
essential to take into account the geometrical nonlinearity of the system and the initial curvature of the drill string.

In future works the authors are going to investigate stability and resonance regimes of the drill string nonlinear
dynamics under the nonlinear effects of a supersonic air flow, and to consider the nonlinear damping of the drill
string vibrations.
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