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Abstract

:

A new class of drill-strings is proposed for attenuating undesirable vibrations to ensure effective operation. The drill-string is provided with passive periodic inserts, which are integrated with sources of local resonance (LR). The inserts make the drill-string act as a low frequency pass mechanical filter for the transmission of vibration along the drill-string. Proper design of the periodic inserts with sources of LR tend to shift these stop bands towards zones of lower frequencies to enable confining the dominant modes of vibration of the drill-string within these bands. In this manner, propagation of the vibration along the drill-string can be completely blocked. A finite element model (FEM) is developed using ANSYS to investigate the bandgap characteristics of the proposed drill-string with sources of LR. The developed FEM accounts for bending, torsional, and axial vibrations of the drill-string in order to demonstrate the effectiveness of the periodic inserts with LR in simultaneous control of these combined modes as compared to conventional solid periodic inserts, which are only limited to controlling bending vibrations. The effect of the design parameters of the periodic inserts with LR on the bandgap characteristics of the drill-string is investigated to establish guidelines of this class of drill-strings.
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1. Introduction


Considerable attention has been devoted, during the past years, to develop a thorough understanding of the complex nature of the vibration of drill-strings to devise effective means for controlling the associated destructive effects as presented, for example, in the comprehensive account of Spanos et al. [1].



Distinct among the exerted efforts are those dealing with modeling the vibration of drill-strings under the influence of combined bending, axial, and torsional modes of vibration [2,3,4,5,6,7,8]. The developed models vary from simple continuous system models to the more complex finite element models, which are subjected to various loading and excitation conditions such as axial bit bouncing [9,10], torsional stick-slip [11,12,13,14,15], and whirl vibrations [16]. These models have been utilized and exercised to predict the time and frequency response characteristics, the stability and bifurcation analysis, the limit cycle conditions, equilibrium points, and self-excited vibration [11,12,13,14,15].



In parallel to these attempts, several passive vibration mitigation attempts have been considered to attenuate the vibration of drill-strings. Examples of these attempts include the nonlinear energy sink approach [17], the magneto-rheological damping [18], the tunable vibration absorber [19], and the anti-stalling vibration attenuation devices [20].



More advanced active vibration control approaches have also been considered including simple control [21], optimal control [22], and robust control approaches [23,24].



In all the above-described investigations, the focus has been placed on drill-strings of uniform cross sections. No effort has been exerted to depart radically to new designs such as the new class of periodic drill-strings, which have proven to be effective in minimizing the vibration transmission along the drill-strings [25,26]. Therefore, it is the purpose of this paper is to extend the work of Alsaffar et al. [25,26] on periodic drill-stings by introducing a new class of drill-strings with periodic inserts provided with sources of local resonance (LR), to extend the bandgap characteristics to low operating frequencies and lower operating speeds. The emphasis will be placed on developing a finite element model (FEM) of this new class of drill-strings to account for the simultaneous bending, torsional, and axial vibrations. The FEM is intended to demonstrate the effectiveness of the periodic inserts with LR in simultaneous control of these combined modes of vibrations as compared to conventional solid periodic inserts, which are only limited to controlling bending vibrations. The effect of the various design parameters of the periodic inserts with LR on the bandgap characteristics of the drill-string is investigated in an attempt to establish design guidelines of this new class of drill-strings.




2. Concept of the Periodic Drill-Strings with Local Sources of Resonance


The concept of conventional periodic drill-string can best be illustrated by considering the schematic drawings displayed in Figure 1. The conventional drill-string shown in Figure 1a, is provided with optimally designed passive and solid periodic inserts. The inserts generate sources of impedance mismatch along the vibration transmission path. Hence, the wave propagation can be altered through the insertion of geometrical or material discontinuities, as shown in Figure 1b.



In the passive periodic drill-strings, the design and the location of the inserts are selected properly to confine the dominant modes of vibration of the drill-string within the stop bands generated by the periodic arrangement of the inserts. This concept has been successfully investigated and demonstrated by Alsaffar et al. [25,26]. It is important to note that the concept and filtering characteristics of periodic drill-string is particularly suitable for mitigating and blocking the vibration over a wide range of drilling depths. The operating principle of this type of drill-strings is deep rooted in the theory of periodic structures, which renders these structures to act as mechanical filters [27,28,29,30].



A promising new design direction would be achieved by augmenting the periodic drill-string with “local resonance” capabilities in order to extend its “stop band” characteristics to low frequency zones. Such capabilities will enable operating the drill-strings at low speeds, which in turn will result in reducing the induced vibrations. This class of periodic drill-strings will consist of a conventional drill-string with periodic inserts that have cavities which house resonating masses connected to the cavity wall by springs and dampers. The macroscopic dynamical properties of the resulting periodic drill-strings depend on the resonant properties of substructures that contribute to the rise of interesting effects such as broad stop band characteristics, which can be adjusted by tuning of the local resonance sources. Figure 1c shows typical schematic drawings of a drill-string structure with periodic inserts fitted with local sources of resonances.



The potential application spectrum of the proposed new class of periodic drill-strings is envisioned to be beneficial to improving the quality and the state-of-the-art of drilling operations both in land and in sea. Furthermore, this spectrum is only limited by our imagination.



Figure 1c shows a special class of periodic structures with local sources of resonances. This class of structures has been introduced due to its unusual response to elastic wave propagation as has been recently reported [31,32].



Periodic inserts with local resonant sources provide the ability of simultaneous control of the torsional, axial, and transverse bending vibrations, as indicated in Figure 2. Accordingly, such strategy enables a comprehensive mitigation of the vibration of the drill-strings in a passive manner.




3. Materials and Methods


The concept and filtering characteristics of the different configurations of periodic drill-string, that enables the mitigation and blockage of the vibration over a wide range of drilling depths, can best be understood by considering the conceptual characteristics displayed in Figure 1 and Figure 2.



These characteristics are distinguished from those of conventional drill-strings, which experience excessive vibration over the entire operating envelope of rotational speeds and drilling depths, as shown in Figure 3a. In this case, the drill-string acts as a pass filter that transmits the vibration completely from the drill bit end to the surface end.



However, when the drill-string is provided with passive periodic inserts, it may experience the characteristics shown in Figure 3b. These characteristics indicate that, at shallow drilling depth, the drill-string can typically have a dominant natural frequency or operating speed, which can be ensured to lie within the stop band of a properly designed bandgap characteristic of the periodic inserts. However, as the drilling depth increases, the drill-string becomes longer and softer, and its vibration is more likely to be with higher amplitudes since the dominant natural frequency or operating speed will no longer lie inside the possible achievable bounds of the stop band of passive periodic inserts.



Therefore, an alternative approach is needed whereby the periodic inserts are augmented with sources of local resonance. These modified inserts expand the stop band as shown in Figure 3c to lower frequencies [31,32], enabling the corresponding dominant natural frequency to be confined within the expanded stop band. Thus, the expected severe vibrations can be completely blocked.




4. Parameters of Considered Drill-String


The drill-string model considered by Khulief et al. [8,15] has the characteristics listed in Table 1.



Table 2 lists the main physical and geometrical parameters of the periodic inserts and Table 3 displays the corresponding values of the parameters of the inserts with the sources of local resonance.



In Table 4, the properties of the considered VEM intermediate layer are included.




5. The Finite Element Model


The finite element model, developed using ANSYS for the drill-string, consists of two types of elements. The first element type is beam elements BEAM188 (3D, 2-Node element) with six degrees of freedom per node (ux, uy, uz, θx, θy, θz). This type of element is one of ANSYS new-technology elements, in which arbitrary cross sections can be assigned. The beam elements were used to model the drill-pipe and the drill-collar. In the current case, the cross section used for both the drill-pipe and drill-collar are of an annulus with internal/external diameters of 0.095 and 0.127 m, respectively. For the drill-collar, the diameters are 0.095 and 0.235 m, respectively. The drill-pipe length was 1000 m divided into 1440 elements, while the drill-collar length was 200 m and was divided into 288 elements. The second type of element used in the finite element model is utilized for the periodic collars. These are modeled using shell elements SHELL281 (8-Node Structural Shell Elements) with six degrees of freedom per node (ux, uy, uz, θx θy θz). The shell thickness used is 0.25 m, which represents the periodic collar thickness. The collars are mounted in different periodic arrangements (60, 120, and 180 equi-spaced collars). Constraining functions are enforced in the finite element model to constrain the degrees of freedom of the inner collar radii nodes to the matching degrees of freedom of the beam nodes at that location. The rotation and translation of the entire drill-string are constrained at the two ends.



A pre-stressed sequential static-modal-harmonic analysis procedure is developed. During the first simulation phase (static analysis), the effect of gravitational force is included and the stress and strain matrices are retained for further modal-harmonic analysis. A full modal analysis is carried out to calculate the mode shapes and the natural frequencies extending to the harmonic excitation range of interest. Then, a mode-superposition harmonic analysis is carried out to calculate the dynamic response of the entire drill-string when subjected to combined the axial, bending forces, and torsional moment near the drill-bit end. This particular modeling procedure is adopted to be able to capture accurately the dynamic response of the drill-string without skipping any modes, if a stepped-sine harmonic analysis was directly implemented.



Figure 4a,b displays the finite element models of shafts with conventional periodic inserts and inserts with built-in sources of local resonance.




6. Modal Characteristics of Drill-Strings and Inserts with Local Resonance


Figure 5 displays a sample of the orbits of the drill-string with uniform shaft for the first three modes of vibrations which are: 0.0325, 0.0675, and 0.111 Hz, respectively. These frequencies are in close agreement with the predictions of Khuleif et al. [8,15].



Figure 6 displays a sample of the different mode shapes of the inserts with LR. Note that these modes are much higher than those of the uniform shaft. This indicates that the local resonance of the inserts become effective in mitigating the vibration of the drill-string when the modes of the inserts coincide with those of the shaft. Under these conditions, the inserts act as local vibration absorbers.




7. Results


7.1. Dynamic Characteristics of Uniform Shaft and Shafts with Conventional Periodic Inserts


Figure 7 displays a comparison between the frequency response characteristics of a conventional drill-string and a drill-string with 60 passive periodic inserts. The figure shows the simultaneous performance characteristics of the drill-strings in the torsional, axial, and transverse directions.



It can be seen that the passive periodic inserts are effective in generating stop bands only in the transverse directions. These stop bands extend to frequencies as low as 5 Hz. However, the inserts are totally ineffective in mitigating the vibration in both the axial and torsional directions.



Figure 8 displays the corresponding comparisons between the frequency response characteristics of a conventional drill-string and a drill-string with 120 passive periodic inserts. Moreover, Figure 9 shows the comparisons when the drill-string is provided with 180 passive periodic inserts.



Figure 7, Figure 8 and Figure 9 suggest that increasing the number of the passive periodic inserts results in clearly defining the zones of the stop bands and in increasing the spectral width of these stop bands.



Figure 10 summarizes the effect of the number of periodic inserts on the spectral width of the different transverse stop bands of a passive periodic drill-string, as displayed in Figure 7, Figure 8 and Figure 9. The distinct feature of the displayed stop bands is that these bands are spectrally very narrow to be effective in controlling the drill-string vibration over a wide range of operating conditions. Furthermore, the width of these bands is almost insensitive to the increased number of inserts.




7.2. Dynamic Characteristics of Uniform Shaft and Shafts with Periodic Local Sources of Resonance


It can be seen that the periodic inserts with LR resonance are now effective in generating stop bands in the torsional direction. These stop bands extend to frequencies as low as 5 Hz when the storage modulus of the VEM is as low as 15 KPa. However, the stop band location and spectral width increase as the storage modulus of the VEM increases.



Figure 11, Figure 12 and Figure 13 display comparisons between the frequency response characteristics of a conventional drill-string and a drill-string that has a different number of periodic inserts, with sources of local resonance (LR) for a particular storage modulus of the VEM of the inserts equal to 150 KPa. In Figure 11, the comparisons are established for the torsional vibrations, whereas in Figure 12, the comparisons are presented for the axial vibrations. Figure 13 displays the comparisons for the transverse vibrations.



It can be seen that the periodic inserts with LR resonance become more effective in mitigating the vibration in all directions as the number of inserts is increased. However, a small number of inserts tends to produce stop bands at low frequencies, whereas a large number of inserts results in higher frequency stop bands.



Figure 11, Figure 12 and Figure 13 suggest that increasing the number of the passive periodic inserts with LR results in clearly defining the zones of the stop bands and in increasing the spectral width of these stop bands simultaneously for the rotational, axial, and transverse vibrations.



Figure 14 summarizes the effect of the number of periodic inserts with LR on the spectral width of the stop bands for rotational, axial, and transverse vibrations.



It is important to note that the characteristics displayed in Figure 14 indicate that these bands are spectrally fairly wide as compared to those of passive periodic inserts, which are shown in Figure 10. Hence, these bands can be very effective in controlling the drill-string vibration over a wide range of operating conditions such as rotating speed and operating depths. Furthermore, the displayed bands indicate that it is possible to simultaneously control rotational, axial, and transverse vibrations. This is in contrast to the characteristics of passive periodic inserts, which are only limited to the control of bending vibrations. Furthermore, the width of these bands is found to increase significantly with the increased number of inserts.





8. Conclusions


This paper has presented an ANSYS-based finite element model of conventional drill-strings and drill-strings with periodic inserts that have built-in sources of local resonance (LR). The developed models aim at demonstrating the effectiveness of the drill-strings with periodic LR inserts in simultaneously controlling the axial, bending, and torsional modes of vibration of practical drill-strings, particularly at low excitation frequencies. Such effectiveness stems from the ability of the periodic local sources of resonance in shifting the zones of the stop bands to low frequencies, which are compatible with the frequencies experienced by practical drill-strings.



The favorable filtering characteristics of the drill-strings with periodic LR inserts are achieved when the properties of the VEM are tuned to have storage moduli that can generate a considerable attenuation in a manner similar to tuned Den Hartog dampers [33]. The stop bands are obtained at frequencies reaching as low as 5 Hz, which makes the application of the proposed concept practical for many of the existing drill-strings.



It this study, it has been shown that the passive periodic inserts are effective in generating stop bands only in the transverse directions. These stop bands extend to frequencies as low as 5 Hz. However, the inserts are totally ineffective in mitigating the vibration in both the axial and torsional directions. Furthermore, the obtained results indicate that increasing the number of the passive periodic inserts results in clearly defining the zones of the stop bands and in increasing the spectral width of these stop bands. However, the inserts remain effective in mitigating the transverse vibrations only. Moreover, it is observed that increasing the number of inserts has a very limited effect on the width of the stop bands.



When the inserts are provided with sources of LR resonance, it was demonstrated that these configurations become more effective in mitigating the vibration in all directions especially as the number of inserts is increased. However, a small number of inserts tends to produce stop bands at low frequencies, whereas a large number of inserts results in higher frequency stop bands.



Increasing the number of the passive periodic inserts with LR is found to result in clearly defining the zones of the stop bands and in increasing the spectral width of these stop bands simultaneously for the rotational, axial, and transverse vibrations.



It is important to note that the concepts presented in this paper are yet to be implemented in the field of oil-well drilling. The paper, as a conceptual study, aims at investigating the potential and merits of periodic inserts with local resonance in blocking the transmission of vibration along the drill-strings.



Furthermore, the presented concepts are general in nature and are expected to be equally useful in directional wells. As a matter of fact, the concept can be used in any vibration transmission waveguides of any directional orientation.



A natural extension of this paper is to compare the predictions of the ANSYS model with the predictions of a fully developed mathematical model, which starts from the potential and kinetic energies of the entire drill-string, the Rayleigh’s dissipation function, and Lagrangian dynamical equations.



A further extension of this paper includes the process of validating the ANSYS and mathematical FEM models experimentally in order to determine the prediction accuracies and establish the limits of the modeling errors. These FEM models will incorporate the means for prediction of the bandgap and dispersion characteristics based on the approaches outlined in [34,35].
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Figure 1. Schematic drawings of conventional (a), periodic (b), and periodic with local resonant inserts (c) drill-strings. 
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Figure 2. Simultaneous control of torsional, axial, and transverse bending vibrations of drill-string with periodic sources of local resonance (VEM: Visco-elastic material). 
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Figure 3. Vibration mitigation characteristics of conventional and periodic drill-string. (a) conventional drill string; (b) passive periodic drill string; (c) passive periodic drill string with local resonators. 
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Figure 4. Finite element models of shafts with conventional periodic inserts and inserts with built-in sources of local resonance. (a) conventional periodic inserts; (b) inserts with sources of local resonance. 
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Figure 5. Orbits of the drill-string at the first three modes. (a) f = 0.0325 Hz (0.032 Hz, Khuleif et al. [8,15]); (b) f = 0.0675 Hz (0.0677 Hz, Hhuleif et al. [8,15]); (c) f = 0.111 Hz (0.078 Hz, Khuleif et al. [8,15]). 
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Figure 6. Modes of vibration of the inserts with local resonance. (a) first torsional mode: 18.52 Hz; (b) first bending mode: 22.75 Hz; (c) second bending mode: 22.75 Hz; (d) first axial mode: 30.55 Hz; (e) first rubber mode: 180.17 Hz. 
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Figure 7. Comparisons between the frequency response characteristics of a conventional drill-string and a drill-string with 60 passive periodic inserts (SB: Stop band). 
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Figure 8. Comparisons between the frequency response characteristics of a conventional drill-string and a drill-string with 120 passive periodic inserts (SB: Stop band). 
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Figure 9. Comparisons between the frequency response characteristics of a conventional drill-string and a drill-string with 180 passive periodic inserts (SB: Stop band). 
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Figure 10. Effect of number of periodic inserts on the spectral width of the different stop bands of a passive periodic drill-string for the transverse vibration. 
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Figure 11. Comparisons between the torsional frequency response characteristics of a conventional drill-string and a drill-string, with periodic LR inserts for a different number of inserts when the VEM has a constant storage modulus (SB: Stop band). 
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Figure 12. Comparisons between the axial frequency response characteristics of a conventional drill-string and a drill-string, with periodic LR inserts for a different number of inserts when the VEM has a constant storage modulus (SB: Stop band). 
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Figure 13. Comparisons between the transverse frequency response characteristics of a conventional drill-string and a drill-string, with periodic LR inserts for a different number of inserts when the VEM has a constant storage modulus (SB: Stop band). 
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Figure 14. Effect of number of periodic inserts with LR on the spectral width of the stop bands of a passive periodic drill-string for the rotation, axial, and transverse vibrations. 






Figure 14. Effect of number of periodic inserts with LR on the spectral width of the stop bands of a passive periodic drill-string for the rotation, axial, and transverse vibrations.



[image: Vibration 04 00034 g014]







[image: Table] 





Table 1. Main physical and geometrical parameters of the drill-string under consideration (Khulief et al. [8,15]).
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Specifications

	
Value






	
Drill Pipe




	
Length (Lp)

	
1000 m




	
Outer Diameter (Do)

	
0.127 m




	
Inner Diameter (Di)

	
0.095 m




	
Density (ρ)

	
7850 kg/m3




	
Modulus of Elasticity (E)

	
210 GPa




	
Shear Modulus (G)

	
77.9 GPa




	
Collar

	




	
Outer Diameter (Dc)

	
0.2286 m
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Table 2. Main physical and geometrical parameters of the considered periodic inserts.






Table 2. Main physical and geometrical parameters of the considered periodic inserts.





	
Specifications

	
Value






	
Periodic Inserts




	
Width (W)

	
0.25 m




	
Outer Diameteri (Doi)

	
0.2286 m




	
Inner Diameteri (Dii)

	
0.127 m




	
Density (ρ)

	
7800 kg/m3




	
Modulus of Elasticity (E)

	
210 GPa




	
Poisson’s ratio (ν)

	
0.365




	
Loss factor (η)

	
2 × 10−5
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Table 3. Main geometrical parameters of the considered periodic inserts with sources of local resonance (three layers: Inner steel ring, VEM, outer steel ring).






Table 3. Main geometrical parameters of the considered periodic inserts with sources of local resonance (three layers: Inner steel ring, VEM, outer steel ring).





	
Specifications

	
Value






	
Inner Layer




	
Width (W)

	
0.2500 m




	
Outer Diameteri (Doi)

	
0.1524 m




	
Inner Diameteri (Dii)

	
0.1270 m




	
Intermediate Layer




	
Outer Diameteri (Doi)

	
0.1905 m




	
Inner Diameteri (Dii)

	
0.1524 m




	
Outer Layer




	
Outer Diameteri (Doi)

	
0.2286 m




	
Inner Diameteri (Dii)

	
0.1905 m











[image: Table] 





Table 4. Main parameters of the VEM Intermediate layer of the periodic inserts.






Table 4. Main parameters of the VEM Intermediate layer of the periodic inserts.





	Specifications
	Value





	Constant Storage Modulus (E′)
	15, 50, 100, 150 kN/m2



	Loss Factor (η)
	0.10



	Poisson’s ratio (ν)
	0.49



	Density (ρ)
	1100 kg/m3
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