DINAME 2019 - Proceedings of the XVIII International Symposium on Dynamic Problems of Mechanics,
M.A. Savi, T.G. Ritto and W.M. Bessa (Editors), ABCM, Buzios, RJ, Brazil, March 10th to 15th, 2019

A Comparative Study of a Vibro-Impact System with Linear and Non-
linear Bit-Rock Interactions

Maolin Liao 1, Yang Liu 2, Joseph P 4ez Chavez?3, Antonio S.E. Chong 34, Marian Wiercigroch #

1 School of Mechanical Engineering, University of Science and Technology Beijing, 100083, China
2 College of Engineering Mathematics and Physical Sciences, University of Exeter, North Park Road, Exeter EX4 4QF,UK

3 Facultad de Ciencias Naturales y Matematicas, Escuela Superior Politécnica del Litoral, Km. 30.5 Via Perimetral, P.O.
Box 09-01-5863, Guayaquil, Ecuador

4 Centre for Applied Dynamics Research, School of Engineering, University of Aberdeen, Aberdeen AB24 3UE, UK

Abstract: This paper presents a comprehensive numerical study of a higher order drifting oscillator. This system has
been applied to model vibro-impact drilling dynamics by Ajibose et al. (2010, 2012, 2015) and Liao et al. (2016,
2017). We focus on the study of the bit-rock interactions, for which both linear and nonlinear models of the drilled
medium are considered. Based on path-following methods, two-parameter bifurcation analyses are implemented via a
software package, COCO (Dankowicz and Schilder, 2013). The analyses considered the excitation frequency, amplitude
of excitation and the static force as the main control parameters, while the rate of penetration (ROP) was chosen as the
main system output so as to assess the performance of the system when linear and nonlinear bit-rock impact models are
used.
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INTRODUCTION

The development of innovative drilling techniques hasaated much attention during the past years, with studies
focusing on both mathematical modeling and experimensaarch. In particular, special attention has been givelneto t
study of rock deformation under dynamic impact, which camigicantly improve the drilling efficiency. A number of
experiments revealed that the elastic deformation of thk fermation is sustained for a certain period, until thelegab
load exceeds a threshold, which is dependent on the indesit@pe and size (Ajibose, Wiercigroch and Akisanya, 2015)
In addition, the resulting penetration rate-load curvessd a linear dependence, except for the beginning of ttkriga
phase and the end of the unloading phase. In order to sinelés®-plastic rock deformation, an approach is propoged b
Wiercigroch'’s group (Ajibose et al. 2010,2012), they idfed two clear regimes during the bit-rock interactionsnedy,
the loading and the unloading phases, which are charagetdiz different physical phenomena. In the loading phase, pa
of the input kinetic energy is dissipated due to frictionjielthe rest of the energy is stored as elastic strain enéngring
the unloading phase, the stored elastic strain energydasetl to recover a part of the rock indentation. The differém
the energy dissipation is reflected by the difference betvilee loading and unloading stiffness coefficients. Basetthen
previous work, we will focus on comparing the linear and ogdr bit-rock interaction models in a vibro-impact drib
system.

MATHEMATICAL MODELING

Fig. 1 (a) presents the physical model of the vibro-impadtimly system (Mukthar, 2015) to be analyzed in the
present work. The model consists of a masghat represents the drill-bit assembly is excited by a siitzd force with
amplituder,; and frequency. This mass is connected to the magswhich stands for the drill-string components above
the drill-bit assemblyF, accounts for the static force appliedrtg in drilling direction, andm; andm, are coupled via
a spring with stiffnes& and a damper with coefficient X;, Xp, andXs stand for the absolute positionsmof, m,, and
the plate of the slider, respectively.is the initial gap between the bit and the rock surface regmesl by the plate of the
slider. The interactions between the drill-bit and the regiface can be modeled using the linear (solid lines) orineat
(dash lines) interaction models as shown in Fig. 1 (b), wbggeXs, X*, andF* are the initial position of the drill bit
when it contacts rock surface, the end position of the ditilhen it leaves rock surface, the maximal bit penetration i
drilled medium, and the maximal bit-rock force, respedyivét should be noted that the end positions of the linear and
nonlinear interaction modelX}" andX{'"", when the drill bit leaves the rock medium, are different.

In particular, we assume that the energy dissipations df baidels for an entire interaction are equivalent, i.e. the
light grey area shown in Fig. 1 (b) equals to the dark grey dihe. energy dissipation of the linear bit-rock model can be
calculated as,

Ejin = Z_2Lk|||n(x* _ Xp)Z _ % |in(x* _ x]l(il’l)Z7
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Figure 1 — (a) Physical model of the vibro-impact drilling sy stem (Mukthar, 2015). (b) Linear (solid lines) and
nonlinear (dash lines) bit-rock interaction models.

Wherekl””, K" are the loading and unloading stiffnesses of the linear motblee energy dissipation for the nonlinear
bit-rock model can be calculated as,

XE X _ .
En”n:/x k{‘"”(x—Xp)“'dx—/xn”nkﬂ"“(x—XP"”)”“dx,
P f

wherek{‘“”, KIlin are the loading and unloading stiffnesses of the nonlineateh For a complete bit-rock interaction, if
the energy dissipations of these two models are equival@nes

Eiin = Enlin- @)

In Eq. (1), according to the material experiments introdiiog(Liao et al. 2016)X,, XP””, X*, andF* can be measured,
KN, Kin, ki, ny, andny can be determined using experimental data, Xjftiandk!" can be calculated using

Fr = Ign(x = Xi"). @

Therefore, by adopting this approach, all the bit-rockriattive parameters for the linear and nonlinear models ean b
obtained. A detailed mathmatical modeling of this systemlmafound in (Liao et al. 2016, 2017).

TWO-PARAMETER CONTINUATION

The two-parameter continuation should start from a confifro@dimension-one bifurcation, such as saddle-node
bifurcation and period-doubling bifurcation. Generaltpdimension-one bifurcations can be explored via numkrica
integration or one-parameter continuation. The relevavestigations for this high order drifting oscillator halveen
comprehensively studied (Liao et al. 2016, 2017). Theeefar this work, we will omit the exploration process of
codimension-one bifurcations, and directly focus on the-parameter continuation of the drifting oscillator. Byings
COCO, the obtained traces of codimension-one bifurcatoagxtended in two-parameter spaces; as shown in Fig. 2 (a)-
(d), the orange and green bifurcation curves are obtainddllmying the saddle-node and period-doubling bifurcasip
respectively.

For the linear interaction model, the results of the twoapagter continuations with respect w,(a) and (, b) are
shown in Fig. 2 (a) and (b), and the results for the nonlinearare shown in Fig. 2 (c) and (d), where purple dots indicate
the grazing points that terminate two-parameter contionat It is worth noting that at these points, the bit-rocloant
regime is changed between one impact and multiple impacdemonstrated in subplots (e) and (f), when the grazing
points approach, the no-contact phase disappears gnadaradl the bit experiences the loading and unloading phases
iteratively.

As can be seen in Fig. 2, the structures of the correspondimgarameter curves are similar. Comparing subplots (a)
and (c), the two-parameter curve of saddle-node bifurngtoange) for the nonlinear model exists in a larger paramet
range than the curve obtained by the linear model. For thepavameter curve of period-doubling bifurcation (green),
the nonlinear model exists unfido = 2.4343 a= 0.0420) asw increases, while the one for the linear model terminates at
(w=2.0530a=0.0310. Whenw decreases, the green curve for the nonlinear model erfds-a0.1276 a= 0.3970),
but the one for the linear model can extend further. Compasibplots (b) and (d), the saddle-node curve (orange) for
the nonlinear model ends &b = 1.1585a = 0.0841) asw increases, while the curve for the linear model can extend
further.

In addition, an isola of period-doubling bifurcations (Ddeta al. 1982) is observed in both Fig. 2 (b) and (d).
There are two turning points (red dots) on the isola, whictindethe interval of existence of the isola. An illustration
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of the vibration conditions corresponding to the bottom apger branches of the isola are shown in subplots (g) and
(h), respectively. As presented in Fig. 2 (g), the bit exgeeces a long no-contact period followed by a short loading
and unloading period. For the upper branch, a short no-cbp&iod accompanying with a long loading and unloading
period is recorded in Fig. 2 (h).
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Figure 2 — Two-parameter bifurcation curves for (a, b) linea  rand (c, d) nonlinear models, the nondimensional
parameters for subplots (a, b) are & =0.0172 a =0.0133 3 =0.0033 g=0.02 n; =1, ny=1, and k = 1.1706 and
those for subplots (c, d) are & =0.0188 a =0.0133 8 =0.004Q g=0.02, n; =0.86, n, = 1.31, and k = 3.1815

RATE OF PENETRATION

The main purpose of studying the higher order drifting datl with the linear and nonlinear impact models is to
investigate their rates of penetration for improving drdl efficiency. According to (Pavlovskaia, Hendry and Wierc
groch, 2015), the stable period-one response with one ingea@eriod of excitation provides the best performance of
vibro-impact drilling in terms of the rate of penetrationdR), which is calculated as,

1
ROP = T[Zf —Zp),

whereT is the excitation period.

Fig. 3 presents all the calculated ROPs for the higher ordéing oscillator with the linear and nonlinear impact
models by varying different control parameteas,a, andb. As can be seen from Fig. 3 (a) and (b), the stable period-one
response exists iw € [0.14490.3064 for the linear model, and the stable period-one responstaéononlinear model
exists inw € [0.12700.3795. The maximum ROAROP = 6.07 x 104, for the linear model achieves at= 0.2, and the
maximum ROP for the nonlinear model obtainedwt 0.1270 iSROP = 19.57 x 10~4. As the amplitude of excitation
increases, the ROPs for both models increase, and the maxiRQP is achieved @ = 0.0157 for the linear model and
a = 0.0213 for the nonlinear one. The stable period-one respargesecorded fob € [0.0077,0.0257 for the linear
model ancb € [0.0088 0.0203 for the nonlinear model with the maximum ROP obtainedat0.00257 and = 0.0203,
respectively.

CONCLUDING REMARKS

In this presented work, our study presented the two-pa@mentinuation of period-doubling and saddle-node bifur-
cations. As could be observed from Fig. 2, the resulting pacameter bifurcation picture showed clear similarities i
qualitative terms. The precise numerical values and paeamanges, however, present differences which are naleg
not significant. A remarkable common feature of the bifuorapicture was the presence of an isola of period-doubling
bifurcations of limit cycles in thev-b plane, which indicates that this dynamical phenomenorigsband has its roots in
the main structure of the mathematical model. Similarlg, titansition from periodic regimes with one impact per perio
to periodic motions with multiple impacts via grazing pherena could be detected for both linear and nonlinear bit-roc
interaction models.

Another feature that was investigated in the present woktwa behavior of the ROP as the system parameters are
perturbed. It was found that for the nonlinear model the RORare sensitive to variations of the frequency of excitatio
as small changes in this parameter produced large fluctigtiche ROP, which can also lead to significant drops in the
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Figure 3 — Variations of penetration rates for period-one on e-impact responses. Subplots (a), (c), (e) show the
penetration rates of the linear model against frequency, am plitude, and static force, respectively. Subplots (b),
(d), (f) show the penetration rates of the nonlinear model ag ainst frequency, amplitude, and static force,
respectively. In subplots, the solid red segments represen t the stable branches, while the dashed black
segments show the obtained unstable branches.

drilling speed. Similarly, the amplitude of excitation athe static force presented a stronger influence on the ROR whe
the nonlinear law is used. Therefore, for the parameterasiegnsidered, our numerical investigation indicatesttiat
linear and nonlinear bit-rock impact models can producditgtiaely similar system behavior, provided the higheder
drifting oscillator operates under low frequencies of &t@n, small excitation amplitude or small static forcksthese
cases, no relevant differences can be observed during stensypperation. However, if the parameter values do not meet
these conditions, the dynamics of the higher order driftisgillator can differ significantly, and further studie®ald be
conducted in order to determine what type of bit-rock intécen model better describes the vibro-impact drillinggess.
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