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MODELLING OF HORIZONTAL DRILL STRING MOTION BY THE
LUMPED-PARAMETER METHOD

The motion of drill strings is modeled in the drilling of geotechnological wells in the mining industry
by the Lumped-Parameter Method (LPM). This method is widely used in structural mechanics
and is most justified in modeling dynamic systems with a variable structure. On the example of
horizontal drilling of geotechnological wells, longitudinal vibrations of a drill string with a static
compressive load at the left end are considered |1]. The contact interaction of the drill string with
the borehole walls and the inertia force of the bit on the destructible rock at the right end of
the string are taken into account. The analysis of the column splits number, which specifies the
dimension of the system of discrete equations, is carried out by verifying the obtained results with
the previously known data |1]. For verification, the developed C# software was used, allowed to
determine the error of the column splits in comparison with the test data. The optimal number
of the drill string splits in terms of “implementation time — calculation error” by the LPM was
identified. The numerical implementation of the model is conducted by the fourth-order Runge-
Kutta method. In connection with the increase in the implementation time of the program code
due to the increase in the dimension of the system, the numerical algorithm is optimized using the
parallel programming tools. The expediency of this optimization is analyzed.

Key words: drill string, nonlinear, vibrations, lumped-parameter method, parallel programming.
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2KubIHTBHIK MapaMeTpJiep 9/ici 6oiibIHIIIa OypFrbLJIay OaraHaHbIH KOJIJIEHAeH KO3FaJIybIH
MoJieabaey

Byprouiay 6aranaHblH KO3TAJIBICH Tay-KEH OHEPKICIOIH/IE Te0TeXHOIOTHSIIBIK, YHFBIMAJIAD/IbI Ure-
PyJie *KUBIHTBIK, apamerpiiep oficiven (ZKITO) momenbaeneni. By omic KyphUIBIMIBIK MeXaHU-
KaJ1a, KeHiHeH KOJIJaHbBLIAJIbl 2KOHE aflHbIMAJIbl KYPBLIBIMBI Oap JIMHAMUKAJIBIK, JKYyiiejep/1i Moe/b-
neyze OapbIHIA Herizeared. [ eoTexXHOIOTHSIIBIK, YHEBIMAIAPIbI KOJIJIEHEeH Oy PFbLIay MBICAIBIHIA
OHBIH, COJI JKAK, IETiHJe CTATHKAJBIK KBICY JKYKTeMeci O0ap Oyprbuiay OaraHAHDBIH OONJIBIK, Tep-
Gemicrepi kapacteipeutran |1]. Bypreutay GaraHaHBIH YHFBIMA KaOBIPFATapbIMEH YKAHACY OPEKeTi
JKoHe Ti30eHiH OH, KaK, [IETiH e YKONbIJIATHIH *KBIHBICKA Kalllay WHEPIUs KYIIi ecKepiieai. AbHran
HoTmKesiepai GypbiH Gesrini [1] mepekTepmen Tekcepy apKbLIbL, JUCKPETTI TeHJEYIep KyiieciHin
eJIIeMiH OesriieiiTin GaraHaHBIH, OOJIIMIEp CAHBIHBIH, Tajadaybl XKyprizigemi. Texkcepy ymmiu C#
TiiHAEe O3ipJeHreH Oargap/iaMaiblK KaMTAMAChI3 €Ty MaiJaaHbLIagbl, OyJl ChIHAK, J€peKTepi-
MEH CaJIbICThIPFaH/Ia IILIFapbLIran OaraHa OeiMIepiHiH KaTesirin aHbIKTayra MYMKIHIIK Oepesi.
Baramanbia, GeiMaepiHiH OHTAMIBI CAHBI «ECENTey YaKbIThI-eCENTey KATEeCi» TYpPFBICHIHAH aHbI-
KTasaapl. Mosenbiin canablk opbiaaaybl 4-1mi perti Pynre-KyTra omicimen Ky3ere acbIpbLIIbI.
2Kyite esmeMiniH 6Cyl MEH TPOrPaMMAJIBIK, KOJATHI OPBIHIAY YaKbITHIHBIH, VJIFAObIHA OAlIaAHBICTHI
mapaJutesibal OargapiaMaiay KypaJslapblHbIH KOMEriMeH CAHJIBIK aJrOPUTM OHTANIaH IBIPBLIIb.
Ochbl OHTANTAHABIPY/IBIH, OPBIHBLIBIFBIHA TAJIAY KYPriziii.

Tyiiin ce3zep: 6yproutay HGarama, OEHChI3BIKTHIIBIK, TEPOETICTED, XKUBIHTHIK, TApaMeTp OJIici, ma-
paJiens/i OargapiamMasay.

© 2022 Al-Farabi Kazakh National University


https://orcid.org/0000-0002-2565-3409
https://orcid.org/0000-0002-3497-0940
https://orcid.org/0000-0001-8733-6153

L.A. Khajiyeva et al. 133

JLLA. Xamxkuesa®, FO.®. Cabuposa, P.®. Cabuposa
Kazaxckuit Harmona/bHbI yHUBepcuTeT nMmenn ajib-Papabdbu, Kazaxcran, r. Ajmars
*e-mail: khadle@mail.ru
MO,Z[eJ'II/IPOBaHI/Ie TOPU3O0OHTAJBbHOI'O IBU>KEHUA 6yp0B0ﬁ KOJIOHHBI ME€TOAOM COCpeadOTOYE€HHBbIX
napamMeTpoB

Mopgenupyercst aBukenHne OypPOBBIX KOJIOHH IPHU Pa3pabOTKe TeOTEXHOJIOTMYECKUX CKBAaXKUH B
JIOOBIBAIOIIEH TPOMBIIIIIEHHOCTH METOJIOM cocpeioToueHHbIX apamerpos (MCII). Janubiit MeTos
IIIPOKO IIPUMEHSIeTCsI B CTPOUTE/IbHON MexaHuKe W Hambojiee OIpaBiaH IIPU MOJIETUPOBAHUN
JIMHAMUYIECKUX CUCTEM C TIepeMeHHO# cTpyKTypoii. Ha npuMepe ropu3oHTaIbHOTO Oy peHust reorex-
HOJIOTUYECKNX CKBAXKUH PACCMOTPEHBI IIPOJIOJIbHBIE KOJIeOaHusi Oy POBOIl KOJIOHHBI CO CTATHIECKOM
CKUMaoIeli Harpy3koil Ha ee jeBoM Kouie |1|. Yurensl KoHTakTHOE B3amMojeiicTBue GypoBOii
KOJIOHHBI CO CT€HKAMU CKBAaKUHBI U CHUJIa WHEPIIUU JI0JI0TA HA PA3PYIIAEMYIO [IOPOIY Ha IIPABOM
KOHIIe KOJIOHHBI. llocpesicTBoM BepudUKAIMKM TIOJyYEeHHBIX Pe3yJbTaToOB C pPaHee U3BECTHBIMU
JaHHbIME |1] mpoBeleH aHaM3 uncia pasbHeHUil KOJIOHHBI, 3aJAKNMA PasMEPHOCTb CHCTEMBI
JIMCKPETHBIX ypaBHeHuil. [l Bepudukanum UCHOIb30BAJIOCH pa3pabOTAHHOE MTPOTPAMMHOTO
obecrieuenne Ha CF#, MO3BOJIAIONIEE OMPEIEUTD IOIPENIHOCTD TPOM3BOINMBIX Pa3dbUeHnii KOJIOH-
HbI B CPABHEHUU TECTOBBIME JAaHHBIMU. OIPEIEseH0 ONTUMAJBHOE UHCI0 Pa30MeHnit KOJOHHBI
C TOYKHU 3PEHHUS <«BBIYUCJIUTEIHHOE BPEMS-IIOIPENIHOCTh pacyderay. UUCIEHHAs peain3aliis
MOJIeJIi OcyIecTBiieHa MeTojoM Pynre-Kyrra 4-ro mopsinka. B cBsi3u ¢ yBejindeHueM BpeMeHU
peaim3aIiy TPOrPaMMHOIO KOJA 33 CIeT POCTa PA3MEPHOCTHU CUCTEMBI IIPOU3BEIEHA OTITUMUABAIINS
YUCJIEHHOTO AJTOPUTMA C IIPUMEHEHHEM CPEJICTB MapasuIeIbHOTO porpaMMupoBanus. [IpoBenen
aHAJIN3 11eJIeCO00PA3HOCTU JAHHON ONTUMUASAIIN.

KuroueBble ciioBa: OypoBasi KOJIOHHA, HEJTMHEHHOCTD, KOJIEOAHUs, METO/, COCPEIOTOMEHHBIX ITa-
pPaMeTpoB, MMapaJuie/IbHOe IPOrPaMMUPOBaHUE.

1 Introduction

In the complex process of drilling geotechnological wells in the mining industry, horizontal
drilling has become widespread [2-4]. Research in the field of modelling the motion of
horizontal drill strings from the point of view of the influence of stochastic processes
on the dynamics of drilling equipment was carried out by Ritto T.G. with a group of
scientists [1,5,/6] and the authors of [7]. The authors of [8,9] created an experimental setup
based on the principle of mechanical similarity, and analyzed the accuracy of the theoretical
models in accordance with the obtained experimental data. The authors of [10] studied the
importance of drilling fluid formulations when drilling horizontal wells and proposed the use
of biopolymer-based drilling fluids. In [11], the longitudinal vibrations of the column were
modeled by the method of summation of modes, the analysis of the influence of the modes
number on the dynamics of the system and their convergence was carried out. The authors
of [12] developed a model that takes into account the geometric nonlinearity and the contact
of the drill string with the well, based on the geometrically exact beam theory and the method
of quadrature elements.

The search and application of alternative solutions in modelling are of scientific and
practical interest, since they allow verifying the correctness of the already available results
and expanding the class of problems under study. In particular, today, little-studied problems
of modelling the dynamics of industrial equipment and machines in complicated conditions
are relevant, namely due to the inhomogeneity of physical and mechanical properties, the
variable structure of the research object, local and point loads.
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Sadler J.P. in his work [13| considered the lumped-parameter method (LPM) for kinetic-
elastodynamic analysis of mechanisms, later successfully used for the analysis of nonlinear
vibrations of elastic multi-link mechanisms [14-16]. LPM is a special case of the finite
element method, when the equation of a one-dimensional continuous medium is replaced
by its discrete analogue. The essence of the method lies in the convertion from the model
of a continuous medium to its discrete representation at the nodes by a system of ordinary
differential equations. This method is widely known in structural mechanics, as well as in
the study of the dynamics of flat beam structures [17H19|. Its application is most justified
when modelling nonlinear systems with elements of heterogeneous material, variability of
cross sections, loading, etc.

The purpose of this work is to identify the optimal number of drill string splits from
the point of view of “implementation time-calculation error” by the LPM using parallel
programming tools.

2 Mathematical model and its discretization

The horizontal motion of a drill string [1] under the action of a static compressive load at
its left end, friction forces of the drill string against the rock, a variable harmonic force,
gravitational forces, as well as an interaction force between the bit and the rock at the right
end is considered

Figure . The lumped-parameter method (LPM) for solving the problem of the dynamics
of drilling equipment was applied.

The equation of motion of the drill string with a length L is given in a general form [1]:

a2u($,t) aQU(l’,t) _
T — EAW — fsta($7t) + fhar(x’t)+ (1>

+lsz't<u(x’ t)) + ffric(u(ma t)) + fmass(u(xv t))

pA

where u(x,t) is the longitudinal displacement of the drill string, p is density of the column
material, A is the cross-sectional area, E is Young’s modulus. The right-hand side of Eq.
contains the forces acting on the drill string.

The constant force fy, acts on the left end of the drill string (x = 0) and it is given by

fsta(fﬁ, t) = Fsta(s(x)a (2)

where Fy, is an amplitude, d(z) is the Dirac delta function.
The harmonic force f,, is given as:

Jhar(x,t) = Fysin(wyst)d(x — L), (3)

where Fj is an amplitude, wy is the harmonic force frequency.
The bit inertia force and the drill string friction force on the rock are defined, respectively,
as:

fmass(U(z, 1)) = —mypii(x, t)o(x — L),
ffric(iL(‘rvt)) = —[L(JI)(pA)g SgTL(iL((L’,t)), (4)
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Figure 1: The sketch of forces acting on a drill string

where my,; is the mass of the bit, concentrated at the point z = L, u(x) is the coefficient of
friction against the rock, g is gravitational acceleration.

The static compressive force at the right end of the column is determined in an exponential
form as

(crexp(—cou(x,t)) — c1)0(x — L)  for u(L,t) > 0,

0 fora(L,t) <0 5)

Joir(a(z, 1)) = {

where ¢q, ¢y are the coefficients of the bit-rock interaction.

The mathematical model Eq. was solved by T.G. Ritto et al. in the work [1]| by the
finite element method. Here, the authors of the work, as in [20], use LPM, which is an effective
method for the numerical analysis of such dynamical systems. Due to the inhomogeneity of
the drill string loading, the mathematical model is written in accordance with the drilling
equipment loading scheme (Figure [1)) as follows:

0*u(x,t) OPu(x,t) .
PAT - EAW = [tric(u(z,1)) (6)
with the boundary conditions
x=0: EAa—u = —F,,
ox
0 . .
r=1L: EAa_Z = fhar(x7t)) + fmass(u(xa t)) + fbit(u(ma t)) (7)

The metric is introduced in spatial and time coordinates:

T | E
’LL:LU,.Z':LX,t:E,C: m (8)

Approximate the derivatives according to the LPM used here:

(82_U) _ 5 BAXj1Uj1 — (AXj + AXj1)Uj + AXUj4
ox? ) ; AX; 1 AXG(AX; + AXjpq)
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OUN _Ui— Ui (OU) Ui =0 0
0x j_ Ax; 7 \ox j_ AX;iq
(a_U) _ Ui+ = Ui )
OX);  AXjp+ AX;
v v @D forl<j<N 1 .
where AX; = X; — X;_1, X; = { 1 for j—= N +1 , 2l = N1 N is the number of

the drill string splits.
The model Eq. @ and its boundary conditions Eq. are represented in the discrete
form:

a;f; 312 (2Up — 3Uy + Ug) = 592 sgn(Uy) for j =1,
a(;U; - %(Ujl —2U; 4 Uj) = L%Sgn( j) for j=2,N—2 (12)
SV
X:O:U1—U0:—lFsm
) EA
x=1 a@iN T ([;;:f S _ZUNl) - mbfj(}/cQ sin (%T> + T L2 foir(LcUy) (13)

As a result, the system of N nonlinear second-order ordinary differential equations with
respect to time with one algebraic expression is obtained.

3 Numerical analysis of the model

The numerical analysis of the model was carried out by the fourth-order Runge-Kutta
method. The algorithm and the program code for numerical modelling have been developed
in the C4++ programming language.

The values of the physical and geometric parameters of the drill string, the indicators of
the acting loads were taken in accordance with the author’s values of [1]: £ = 2.1-10''Pa,
p = T7850kg:m™3 g =9.81m-s7% D; = 0.10m (inner diameter), D, = 0.15m (outer diameter),
— =400, my; = 20kg, ¢; = 1.4-10°N, ¢y = 400, p = 0.1, wy = 100 - z—grad shte 0, 10]s,

D,
At = 0.0001s, fya = 5500N, Fy = 550N.

To evaluate the efficiency of the drilling rig, the ratio of the input power of the drill to
the power of the drill at the output was used:

pm(t) = fstau(oa t) + fharu<L; t)
pout(t) = sztu(L7t) (14)

where p;,(t) is the input power, py.(t) is the output power.
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Figure 2: Verification of the obtained results of the longitudinal displacement.

[20]
———- [

(]

rovy

t, [s]

Figure 3: Verification of the obtained results of the bit speed.

The number of the drill string splitting nodes was taken, as in [20], equal to N = 101.

The research results, which are longitudinal displacement of the drill string at an interval
of 10 s, are shown in Figure 2] The data of the bit speed are demonstrated in Figure [3]

The verification of the obtained results with the results of works 1] and [20] was carried
out. In [1], the numerical modelling of the drill string motion was realized by the finite element
method. The authors of [20] used LPM, and the numerical solution of the mathematical
model was found in the symbolic mathematics package Wolfram Mathematica (WM). Here,
numerical modelling was conducted in C+-+.

It was found that the longitudinal displacement of the drill string at the point z = L
increases with time, and the speed of the drill string at the right end is oscillating. It is
caused by the presence of loads on the drilling equipment in the model.

The dashed black line shows the results of T.G. Ritto [1], solid red line is the results of
L. Khajiyeva, A. Sergaliyev |20], dotted black one is the results of this work.

It is visually clear that the graphs in both figures are qualitatively convergent.
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Longitudinal displacements grown by red and dotted black lines coincide completely, while in
comparison with dashed black one, the error increases with time. The amplitudes of the speed
of motion depicted by red and dotted black lines are slightly higher than the amplitude of
dashed black line, which may be caused by the digitization error, the use of various numerical
methods, or an insufficient number of nodes in the discrete model.

In Figure 4] the change in the ratio between the output and input power is shown. The
higher this ratio, the more efficient the drilling rig is. It can be seen from the graph that
this indicator of the drill string does not exceed 25%, which is explained by the fact that
the model takes into account the loads affecting the equipment, which are friction forces, the
reaction force of the rock on the drill, static compressive force, gravitational forces, etc. The
dashed black line shows the results of T.G. Ritto, solid red line is the results of L. Khajiyeva,
A. Sergaliyev, dotted black one is the results of this work. Good consistency of the results is
observed.

P, (0/P_ (D

e""7""tissl""9““1o

Figure 4: Verification of the obtained results of the ratio between the input and output power

4 Dimension analysis of the discrete ODE system

Obviously, the calculation accuracy depends on the choice of the number of points for dividing
the drill string along the length: the spatial steps [ decrease with an increase in the nodes
in space, the discrete system tends to the continuity equation. However, with an increase
in the number of partitions, the program implementation time also increases. This requires
additional analysis of the dependence of the computational accuracy on the number of nodes
N and the time spent on executing the program code.

The results of T.G. Ritto, who first considered this problem, were taken as a sample to
estimate the calculation error. For algebraic verification, a WPF Application was written in
the C# language. It compares the digitized data of the work |1| with the results of this work
and finds the difference in the data of the loaded files at the closest possible time points.

The results of the longitudinal displacement of the drill string were taken as comparative
data. Tables [I| presents the results showing the effect of the number of split points on the
calculation error. It is relevant to notice, the accuracy of the results is influenced by the
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quality of the digitized data from the test graph; the error of the time points at which the
difference in the results is located (this indicator does not exceed the time step dt = le — 5s);
the error of the used numerical methods.

Tables [1| shows that the best convergence values were obtained by splitting the column
into 1000 segments: the maximum error does not exceed 0.39 mm, while the computation
time is no more than 8.5 minutes.
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Figure 5: Influence of the number of column splits on the error and implementation time

Table 1: Analysis of the influence of the number of partitioning nodes on time and

computation error.
The number of nodes 11 101 201 401 601 801 1001

Maximum error (mm)  47.3475 2.837 1.3428 0.68111 0.46391 0.3847 0.3922
Standard deviation (mm) 26.5089 1.573 0.7076 0.304  0.19071 0.1513 0.1392
Time implementation (s)  6.667  48.9 94.837 196.707 304.165 405.95 510.85

Figure 5| clearly demonstrates the need to use more points, where the bar graph
corresponds to the standard deviation for a particular number of splits, and the graph depicts
the implementation time. Note that the error for 101 points is more than 1.5 mm, therefore,
more than 300 nodes are required to obtain quantitatively accurate values.

If the priority of the research is the accuracy of the calculation with a sufficient amount
of time resources, splitting into 1000 or more parts is the most appropriate.

5 Optimization of the numerical algorithm using parallel programming tools

A small time step, the need to use a large number of partitions and, as a consequence,
a large number of iterations served as factors for the next stage of the study which is
optimization of the program code using parallel programming tools. Parallelization of the
C+-+ code was implemented using the Open Multi-Processing (OpenMP) API. The OpenMP
technology, designed for shared memory systems, implements parallelism of calculations due
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Figure 6: Acceleration coefficient for a different number of points

to multithreading. The master thread creates a number of threads, the task is distributed
among them. Due to this technology, the logic of the code does not change compared
with MPI, oriented to distributed memory systems, where it is necessary to determine
connections between processes. OpenMP allows to find "vulnerable"places in the program and
significantly speed up the execution of these blocks, alternating them with a sequential part.
In particular, this approach is applied to linear algorithms, which include the fourth-order
Runge-Kutta method.

To analyze the advantages of using parallel programming, spent time resources, and the
optimal number of threads, the program code was tested for various values of the parameters
of the partition nodes and number of threads on the interval of ¢ = 10s.

The test results are clearly shown in Figure [6] where the values of the acceleration factor
of the program using the OpenMP library are presented for a different number of points. The
bar chart shows the implementation time of the code, where the red columns correspond to
the execution time of the code by one thread, that is, without using parallel computations, the
green columns correspond to the time of the optimal number of threads (in parentheses next
to the number of nodes). The line graph shows the acceleration factor as the ratio of the time
taken by one thread at the optimal time. Thus, for a smaller number of points, one stream
is optimal, but with an increase in the number of points, the use of parallel computation is
justified.

It is worth noting that in the further, considering a more complex model and complicating
the computational algorithm, using a larger number of nodes, the efficiency indicators will
increase accordingly.

6 Conclusion

During the research of the dynamics of longitudinal vibrations of a horizontal drill string the
optimal number of the drill string splits by LPM using the developed software in the C#
language and parallel programming tools was found. The optimal number of the drill string
splits in terms of “implementation time-calculation error” varies within the range of 400-600
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nodes. It improves the accuracy of the solution in comparison with the case of splitting the
string into 100 elements |20]. A good agreement between the obtained results and the results
of T.G. Ritto’s work [1] based on the FEM has been established.

In addition, the numerical algorithm implemented in the C++ language allows further
refinement of solutions by increasing the number of the drill string splits. At the same time,
the increase in the dimension of the discrete lumped model is successfully implemented
through the use of parallel programming. Comparative analysis showed the justification of
its application for optimization of the numerical algorithm.

In the future, this work of the authors is seen in the use of LPM in modelling nonlinear
vibrations of vertical drill strings with spatial type of deformation, inhomogeneous structure,
inhomogeneity of loading due to local and point loads, etc.
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