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Abstract

:

Currently, drilling of directional oil and gas wells under complex technical-technological and mining-geological conditions requires the use of drill pipes made of various materials. In turn, to choose rational modes of strengthening drill pipes and drill string layouts, information on the contact forces and friction forces of the drill string pipes on boreholes is necessary. Drill pipe curved sections friction with boreholes and drill bit resistance moment changes are the main causes of uneven rotation of a drill string during rotary or combined drilling methods and the occurrence of parametric oscillations. To reduce the cost of mechanical energy for well wiring, it is necessary to take into account the “drill string–borehole rocks” force interaction to estimate the magnitude of the frictional forces and their influence on the technological parameters of the drilling process. To solve this problem, mathematical models of “conventionally vertical and inclined drill string sections–borehole” were built. Based on the industrial data, an analysis of the force interaction of a deformed drill string composed of pipes made of different materials (aluminum, titanium, steel) was carried out. Analytical dependences were obtained for determining the contact forces and friction of the pipes on boreholes. A numerical study of the change of these power factors depending on the depth of the well under conditions of intensive vibration loading was carried out. The amplitude values of these forces, the frequency of their change for good sections, as well as the places for the most rational installation of drill pipes in the layout of the drill string were estimated. It was established that the intensity of contact and friction forces for steel drill pipes is greater than for titanium or aluminum ones. It is shown that the greater impact of a solid steel string on contact forces and frictional forces compared to a layout with sections of titanium or aluminum pipes in the range of vibration frequencies of 8–22 Hz corresponds to a bit rotation frequency of 70–80 rpm. The practical application of the obtained research results will contribute to the improvement of technical and economic indicators of the well drilling process.
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1. Introduction


Directed and horizontal drilling of deep oil and gas wells has become an accepted global practice, which continues to rapidly develop and involve innovative techniques and methods to increase production efficiency [1,2,3], in particular, for shale gas extraction. For this type of drilling, the well axis is a spatial curve; therefore, the drill string is a complex system with distributed parameters. Depending on the external loads and the “drill string–well bore” contact interaction conditions, sections of the drill string have a spiral shape, with local losses of stability, which perform various kinds of oscillations [4,5,6,7,8]. At the same time, the drill string is exposed to frictional and contact forces, inertial forces of the washing fluid, etc. These phenomena inflict harm on drilling tools and downhole engines’ performance, generally leading to non-productive energy losses and deterioration of technical and economic indicators of drilling [6,8]. The drilling efficiency of modern, widely used technologies is not too high. For example, the amount of energy that is actually spent on deepening wells is about 30–40% of the total amount of energy supplied to the drill string [9]. The main reason for this is the loss of energy in overcoming “drill string–well bore” friction. This situation does not correlate with the sustainable development strategy regarding the model of energy resources’ efficient use [10,11].



New and improved models of “drill string–well bore” interaction will allow us to solve typical drilling problems more accurately, such as:




	-

	
providing the required torque on bits;




	-

	
determination of the real axial loading on the bottom hole;




	-

	
assessment of the drilling energy balance;




	-

	
assessment of the drill string guaranteed resource;




	-

	
selection of washing liquids compositions, etc. [12,13].









There is no single universal approach to solving these problems. Therefore, it is an actual issue to develop a dynamic model of a “bent drill string–well bore” interaction to evaluate the influence of contact variable parameters on drill string behaviour.



In general, the calculation approaches of the theory concerning rectilinear and curved rods are developed quite well [14]; however, there are certain difficulties in the drilling contact phenomena study caused by a lack of clear relations for evaluating the “bent drill string–well bore” force interaction, which takes into account the deformed state of the pipes. Finding solutions to such problems is necessary to assess the dynamic stability and compliance of the drill string during the construction of deep wells in difficult drilling and geological conditions [15].



Drilling tools work in aggressive and abrasive conditions with intense dynamic and long-term cyclic loads. Increases in drilling depth and complex spatial well construction require modern material application [16,17], intelligent designs, and advanced technologies for drilling tool production [18,19].



Several methods are used to improve the operational properties of drilling tools. Design methods include:




	-

	
improving drill string pipe configurations and assembly [20,21];




	-

	
ensuring the threaded connection tightness [22,23];




	-

	
assessing structural materials by conducting corrosion [24] and tribological tests [25], researching metal saturation processes with hydrogen [26], and studies of degradation processes and crack resistance of pipe materials [27,28].









Among the technological methods of increasing durability, special attention should be paid to long-dimension elements of drill strings:




	
directed formation and transformation of product properties during manufacturing [29];



	
optimization of mechanical processing by turning [30,31,32], milling [33,34] and grinding [35];



	
forming the helical surfaces of threads [36,37].








In addition, various technologies of applying metal [38,39] and functional gradient [40,41,42] coatings are used, as well as laser processing of operational surfaces of critical equipment parts [43]. To increase the contact durability and wear resistance of drilling tool elements, it is promising to use protective coatings and coatings with improved physical and mechanical properties that demonstrate high resistance to abrasive wear [44,45,46,47].



Operational methods of increasing drilling tool performance involve a scientifically based choice of rational drilling modes, taking into account power [48,49] and temperature interaction [50,51,52], ensuring thorough washing of the well to remove mud [53], and lubrication of friction pair elements [54]. This approach envisages effective technical measures to improve drilling equipment operation, partially:




	
use of vibration-proof drill string arrangement [55,56];



	
dynamic vibration dampers [57], specialized dampers [58,59,60], or installation of drilling shock absorbers [61] above drill bits.








A promising approach is the regular monitoring of drilling equipment technical conditions, smart system usage to control the stress state of the most loaded elements [62,63], and modern methods of application to eliminate oil/gas well drilling accidents [64].



The modern practice of deep well construction shows that the “drill pipe–well bore” contact interaction becomes the cause of the occurrence of or increase in dynamic loads on drilling tools. Studies [65,66] consider general problems of “long drill strings–well bore” interaction. Study [67] presents a numerical and analytical approach to the contact interaction of thin structures of drill pipes. Papers [68,69,70] analyze factors affecting the “drill strings–well bore” friction during drilling and access the friction force effect on drilling. Publications [71,72] consider the unsteady dynamics of elastic rods with inelastic external resistance, which models the behavior of a pipe drill string. Studies [73,74] propose effective vibration methods for reducing frictional forces in the “drill strings–well bore” system.



The contact interaction phenomenon “drill strings–well bore” is an important factor that determines the energy consumption of drilling for axial and rotational advancement of drill strings. The situation regarding the assessment of such phenomena is complicated by the presence of curved sections of drill strings, which require special approaches with regard to “bent drill strings–well bore” contact interaction simulations. These tasks will have additional specificity when conducting dynamic analysis of combined drill strings equipped with pipes of different materials, i.e., steel (SDP), light alloy aluminium (ADP), titanium (TDP), and steel-weighted (WDP) drill pipes for rotary or combined well drilling methods. Unexplored in this field are the features of energy consumption due to uneven and eccentric rotation of curved sections of the drill string in the well, especially in the drilling of deep directional wells.



Our study shows the possibility of applying a relationship between the “drill string–wellbore” clamping and friction forces and drilling options to reduce the overall energy consumption in the production process. In addition, such relations will contribute to increasing technical and economic indicators of drilling. Partially, they can increase drill bit rotation frequency, prescribe the modes of conducting tribological tests of materials and coatings used for drilling tools, and choose the compositions of drill washing fluids to reduce friction and energy losses to overcome frictional forces in the drilling of various types of wells.



The study proposed herein aims to evaluate “drill string–well bore” contact and friction forces that arise during conventionally vertical and inclined well construction. Here, the authors consider rotary and combined methods of drilling and the usage of drill pipes made of various structural materials.



This aim can be divided into the following tasks:




	
development of a “drill string–well bore” contact and friction force mathematical model to determine the aforementioned forces in sections;



	
development of numerical models of longitudinal and torsional vibrations for drill strings with pipes of various materials for conditionally vertical and inclined wells and carrying out their numerical implementation.









2. Materials and Methods


2.1. Drill String Pipe Materials


This work considered the contact of “borehole walls–deformed sections of drill strings” and the friction forces of drill strings equipped with drill pipes, made of the following materials (Table 1):




	-

	
aluminum deformed alloy D16T (Al–Cu–Mg system) Interstate Standard GOST 4784–2019; Aluminum and wrought aluminum alloys. Grades. (EN 573–3:2013, NEQ), (ISO 209:2007, NEQ). Eurasian Council for Standardization, Metrology and Certification: Minsk, BY, 2019;




	-

	
titanium deformed alloy VT6 (is an alpha-beta titanium alloy) State Standard GOST 19807–91; Wrought titanium and titanium alloys. Grades. Standardization and Metrology Committee: Moscow, USSR, 1992;




	-

	
structural alloy steel 36G2S Interstate Standard GOST 51245-99; Steel universal drill rods. General spesifscations. Eurasian Council for Standardization, Metrology and Certification: Minsk, BY, 2017.










2.2. Methodology of Computer Modeling of a Column of Pipes


The authors carried out drill string dynamic simulation using MapleSim 2016 (developed by MapleSoft) software with the multi-component synthesis of a mechanical system with concentrated masses. Drill pipes, as components of the system, were presented as a set of concentrated masses, united by elastic dampers and power elements, which determine the “drill string pipe–well bore” concentrated masses interaction. Each drill pipe was supplied in the form of a concentrated mass, and for the calculations, the mass of the pipe immersed in the drilling mud was indicated. The threaded connections of the drill pipes were simulated by mechanical systems for which the stiffness and damping coefficient are specified. The mass of its moving parts, stiffness and damping coefficient were specified for the upper part of the drill string, which was suspended from the derrick using a thermal system. The interaction of the sections of the drill string and the support-centering element with the casing string or the well bore was depicted in the form of a corresponding friction element. The load of the lower over-bit part of the pipe drill string was given in the form of axial dynamic force and torque on the bit for the following load components: cutting, friction, soil, pumping. The axial force change was assumed to be periodic. After that, sections were indicated on the developed computer model, in which kinematic and force factors must be determined. The drill pipe dynamic studied using MapleSim is the synthesis and numerical solution of a system of differential-algebraic equations for the motion of the mechanical system elements. The result of the numerical solution is the relations for displacement, velocity, acceleration, and axial force changes during longitudinal oscillations, as well as the angle of rotation, angular velocity, angular acceleration, and torque during torsional oscillations. Numerical simulations were carried out for the elastic region for drill pipe strings made of different materials, aluminum and titanium alloys and steel, which were used in practice for real wells (YaK–40, No. 209, Hamad–V).




2.3. Methodology of Mathematical Modeling


A mathematical model to access analytically the force interaction of drill strings–conventionally vertical and inclined borehole walls was carried out using a method of composing and solving algebraic and differential equations. In the first stage, these equations were solved analytically to relate the contact and “borehole walls–deformed sections of drill strings” friction forces. In the second stage, numerical models of drill strings were built based on the generalized equations of motion in the MapleSim software product. Dynamic analysis of the equations of motion was carried out using the Runge–Kutta numerical method with further development of spectral characteristics.



Drill strings interact with borehole walls due to the curvature of certain sections of the string during drilling. This phenomenon is observed both on straight and curved intervals of the well. Due to the significant length of the drill string, it loses stability by several loads: compressive, centrifugal, torsional, and hydraulic. Centrifugal forces cause the string to bend along a wave-like curve with a certain half-wavelength. When rotating in a conditionally vertical well, the drill string will begin to lose stability from the moment when the resulting axial load becomes more critical [75]:


   P  max   =   4  π 2  E J    l n 2    +   q  ω 2   l n 2    g  π 2    − Q ,  



(1)




where  E  is the modulus of elasticity of the drill string material;  J —the moment of inertia of the drill string section;   ω =   π  n B   /  30    —angular velocity of the string section;    n B   —bit rotation frequency; g—acceleration of free fall; q—the weight of one linear meter of the pipe; ln—lengths of the sections and the half-wavelength of the curved string, respectively;  Q —axial static load on the string section.



According to [75], the half-wavelength of a bent string is determined by the formula:


   l n  =  π ω     g 2    ± x +    x 2  +   4 E J  ω 2    q g         ,  



(2)




where x is the distance from the neutral section to the half-wavelength of the bent string position, m is the positive sign (“+”) which refers to the stretched part, and the negative sign (“−”) is for the compressed part of the string.



First, let us consider the static equilibrium of a conditionally vertical section of the drill string when the stability of its straight shape is lost (Figure 1a).



The section of the string is considered as a hinged bent beam, a position of static equilibrium which will correspond to the following system of equations:


       ∑   F  i x   = 0 ,        ∑   F  i y   = 0 ,        ∑   M A  = 0 .         ⇒        R  A x   − P = 0 ,      R  A y   +  R  B y   −  R C  = 0 ,      R C   l 1  −  R  B y    l n  = 0 ,      



(3)




where    l 1   ,    l 2   ,    l n  =  l 1  +  l 2   —lengths of the sections and the half-wavelength of the curved string, respectively;    R  A x    —vertical reaction at point A;    R  A y    ,    R  B y    —horizontal components of reactions at points A and B, respectively;    R C   —reaction of the borehole wall;   P = Q +  P D   —axial load on the string section;    P D   —dynamic component of the axial load.



After solving system (3), we get:    R  A x   = P ,    R  A y   =  R  B y   ,    R C  = 2  R  B y    . We will consider the static deflection of the drill string section at   P = Q  . To determine the equation of the elastic line, the bending equation and the boundary conditions for the half-wave sections are written:


         d 2  y   d  x 2    +  k 2  y =    R  A y   x   E J   ;     x = 0 ,   y = 0 ,   x =  l 1  ,   y = δ ,    y ′  = 0 ,      



(4)








	-

	
for the 2nd half-wave section:











         d 2  y   d  x 2    +  k 2  y =    R  A y   x −  R C    x −  l 1      E J   ;       x =  l 1  ,   y = δ ,   x = l ,   y = 0 ,      



(5)




where   δ =     D − d    / 2   —deflection arrow of the drill string;  D —the well diameter;  d —outer diameter of the drill string;   k =    P /  E J      —coefficient.



In mathematics, such Equations (4) and (5) can be considered for very general classes of slice functions [76].



As a result of solving Equations (1) and (2), the equation of the elastic line is obtained:




	-

	
for the 1st half-wave section:


  y =   δ sin k x   sin k  l 1  − k  l 1  cos k  l 1    +    R  A y   x  P  ,  



(6)








	-

	
for the 2nd half-wave section:


  y =    δ  sin k  l 1  − k  l 1  cos k  l 1    +    R C    P k   cos k  l 1    sin k x −    R C    P k   sin k  l 1  cos k x +    R  A y   x −  R C    x −  l 1     P  .  



(7)













At the same time, the components of the reactions at points A and B and the reaction of the borehole wall are, respectively, equal:


   R  A y   =  R  B y   =    R C   / 2  ,  



(8)






   R C  =   2 P δ k cos k  l 1    k  l 1  cos k  l 1  − sin k  l 1    .  



(9)







For the curved section of the wellbore (Figure 1b), the equations of static equilibrium will have the form:


       ∑   F  i n   = 0 ;        ∑   F  i τ   = 0 ;         ⇒       −  R A  cos    α 2    −  R B  cos    α 2    − P sin    φ 2    − P * sin    φ 2    +  R C  = 0 ;     −  R A  sin    α 2    +  R B  sin    α 2    + P cos    φ 2    − P * cos    φ 2    = 0 ,      



(10)




where    R A   ,    R B    are wall reactions at points A and B; P* is the reaction of the lower part of the drill string to the action of the axial load in the tangential direction, respectively;  α  is the angle of deviation of the axis of the well from the vertical (zenith angle);  φ  is the angle of coverage of the curved trunk by the drill string between points A and B.



If   P = P *   from the system (10), we have that    R A  =  R B   , and if   φ ≈ α  , the clamping force (reaction of the wall at point C) will be written as follows:


   R C  = 2   P sin    φ 2    +  R A  cos    α 2      ≈ 2 P sin     φ + α  4    .  



(11)







When considering the dynamic side of the problem, we will use the models of wave processes [77] that occur in the drill string with different types of movement resistance forces. Resistance forces are given in the form of a dissipative function,   f   x ,   U ,   ν     which depends on the coordinate  x  of the string section;  U  is the movement of the cross-section of the column with the coordinate  x ;   ν =   ∂ U  /  ∂ t     is the speed of movement of the cross-section of the string with the coordinate  x . For three schemes of wave processes, the dependences of the axial load on the bit    P D    are presented as functions of the speed of axial displacement of the bit body  ν . In the first case, when there is no dissipative force   f   x ,   U ,   ν   = 0  , the dynamic component of the axial load has the form:


   P  D 1   =   E F  a  ν ,  



(12)




where  F  is the cross-sectional area of the drill string;   a =    E / ρ      is the propagation speed of longitudinal disturbances in the string;  ρ  is the density of the drill pipe material.



In the second case, the resistance force is taken as proportional to the speed of movement   f   x ,   U ,   ν   = 2 μ ν  , while the dynamic component of the axial load is written as follows:


   P  D 2   =   E F  a         1 4  +      μ θ     2    +  1 2    ν +      1 4  +      μ θ     2    −  1 2       ν  max  2  −  ν 2      ,  



(13)




where  θ  is the circular frequency of vibrations of the drill string;    ν  max    ,  ν  are the maximum and average values of the oscillation speed, respectively;  μ  is the coefficient of viscous resistance.



In the third case, the drag force obeys the Coulomb–Amonton law when:   f   x ,   U ,   ν    f 0  s i g n   ν  :


   P  D 3   =   E F  a    ν +   2  f 0    π θ     1 −      ν   ν  max        2      ,  



(14)




where    f 0  = μ g sin α  —dissipative term.



Taking into account (9) and (11), the friction force of the section of the drill string against the borehole wall is written as follows:



for a conditionally vertical drill string:


   F  f r   = μ  R C  = μ   2 P δ k cos k  l 1    k  l 1  cos k  l 1  − sin k  l 1    ;  



(15)




for a curved drill string:


   F  f r   = μ  R C  = μ 2 P sin       φ + α    / 4    .  



(16)







Taking into account the peculiarities of the process of rotation of the drill string in the drilling mud environment [78], the force of friction of the section of the string against the borehole wall according to the critical axial forces be determined as follows:


   F  f r   = 2 μ q    ω 2   l n    D − d   g  π 2    + δ    Q   l n    +  q 2      .  



(17)









3. Results and Discussion


It is known that the “drill string–well bore” coefficient of friction can vary in the range from 0.1 to 0.5 [79]. During calculations in industrial conditions, the coefficient of friction for the pair “drill string–casing” is usually taken as 0.15, and the coefficient of friction for the pair “drill string–filter crust” is 0.3. However, for the conditions of rotary and combined methods of drilling, we adjusted the friction coefficients by simultaneously taking into account the kinematic parameters of translational and rotational movements of sections of the pipe drill string. If the deformed sections of the drill string move along a helical line, then their friction forces against the walls of the well in this case are determined using the combined effective coefficient of friction according to the formula [77]:


   f *  = μ   ν sin β         ν sin β    2  +     ω  D / 2     2      ,  



(18)




 β —the angle of the helix of the helical line along which the point of “drill string–well bore” local contact moves.



Graphical dependences of the effective coefficient of friction, according to Formula (18), are shown in Figure 2 for different types of rocks, granite    μ 1  = 0.5  , sandstone    μ 2  = 0.43  , and limestone    μ 3  = 0.35  , with the following numerical parameters:   ν = 0.5   m/s;   ω = 6.28   s–1;   D = 0.127   m [79]. The results of conducted industrial studies showed that the real coefficient of friction between drill string and casing varies in the range from 0.27 to 0.42.



For further research, the following schemes for the arrangement of pipes made of different materials in the arrangement of drill strings during the drilling of wells for the National joint-stock company “Naftogaz of Ukraine” were used:




	-

	
conditional vertical well Yak–40 (Figure 3a);




	-

	
conditional vertical well No. 209 (Figure 3b);




	-

	
obliquely directed well Hamad–V (Figure 3c).









The layout parameters of the drilling tools used for these well drilling processes are as follows (Figure 3).



For the YaK–40 well (1600 m hole): SDP ∅140 mm—1504 m; ADP ∅147 mm—48 m; WDP ∅178 mm—48 m; drill bit—∅214 mm; bit load 180 kN, torque 50 kNm; bit rotation frequency 70–80 rpm; drilling fluid density 1300 kg/m3.



For well No. 209 (bottom hole 3440 m): ADP ∅147 mm—2940 m; SDP ∅140 mm—320 m; WDP ∅178 mm—180 m; chisel—∅214 mm; bit load 180–240 kN; torque 80 kNm; bit rotation frequency 70–80 rpm; drilling fluid density 1250 kg/m3.



For the Hamad–V well (hole 4225 m): SDP ∅140 mm—1500 m; TDP ∅140 mm—525 m; SDP ∅168 mm—2000 m; WDP ∅178 mm—200 m; drill bit—∅214 mm; bit load 120–150 Kn; torque 60 kNm; bit rotation frequency 60 rpm.



According to the given parameters of layouts and mode parameters of drilling, based on [79], simulation models of drill strings were built using the MapleSim software and their numerical implementation was carried out. As a result of the computer calculation, the dependences for displacement, speed, acceleration, axial dynamic force of longitudinal oscillations were obtained, as well as the angle of rotation, and angular velocity, angular acceleration, torque for   i + 1   sections of the string, where   i = 1 , 2 , … , n   is the number of string sections (Figure 4).



Based on the obtained dependences of force parameters, the pressing and friction forces of the drill strings to the borehole walls (Figure 5) and spectral densities (Figure 6) were studied, taking into account the friction coefficients for the following pairs: “steel–steel”, “aluminum–steel”, “titanium–steel”, “steel–rock”, “aluminium–rock”, “titanium–rock”, as well as several mining-geological and technical-technological parameters of drilling.



The profile of the wells and the layout of the drill string (Figure 3) made it possible to conduct an analytical and experimental assessment of the “drill pipes–borehole walls” interaction. For the sections of the cased and open shaft of the conditionally vertical YaK–40 and No. 209 wells, the normal lateral pressing force and the friction force mainly depend on the axial load on the bit, the geometric dimensions of the half-wave deflection of Figure 5a,b. At the Hamad–V well, intensive interaction of the drill string occurs in the lower section of the technical string and in the section of the zenith angle set (Figure 5c), which significantly affects the duration of maintenance-free operation of the well. The intensity of TDP friction forces on the curved section is significant and is 2–4 kN, which often leads to excessive wear of the drill pipes and loss of their tightness.



It is characteristic that during rotary and combined drilling, the axial movement of the deformed part of the drill string with a lower friction coefficient is possible at a smaller helical angle, when the linear speed component of the rotational movement is greater than the axial one. Therefore, the friction and wear rates of the drill string and casing depend on several factors: the intensity of drill pipes’ pressure on borehole walls, the tribotechnical properties of the drilling fluid, and the total friction path of the points of local contact of the drill string sections against the walls of the well.



The analysis of the obtained results of numerical modeling shows that the contact forces and friction forces of drill strings mainly depend on the axial load on the bit, geometric parameters of its deformation, well curvature profile, and the physical and mechanical properties of the good bore. For drill string operation in a conditionally vertical well with an axial load on the bit of 180 kN, the amplitude value of contact and friction force (Figure 5a) is 2.4 kN and 0.8 kN, respectively. At the same time, the visible frequency range of their changes (Figure 6a) is 8–22 Hz. With an axial load on the bit of 180–240 kN, the amplitude value of contact and friction force (Figure 5b) is 4.8 kN and 1.3 kN, respectively. The visible frequency range of their changes (Figure 6b) is 8–32 Hz. For the operation of the drill string in the area with an inclined well profile with an axial load on the bit of 120–150 kN, the amplitude value of contact and friction force (Figure 5c) is 3.2 kN and 1.1 kN, respectively. At the same time, the visible frequency range of their changes (Figure 6c) is 7–17 Hz.



The pressing and friction forces for SDP sections change more intensively than for TDP or ADP (Figure 5c). The reason for this is that a drill string with an ADP section is 1.1–1.8 times more “flexible” than a solid steel string. This is what shows the greater influence of a solid steel string on the pressing and friction forces (Figure 6a,b) compared to the layout with ADP or TDP sections in the frequency range of 8–22 Hz (Figure 6c), which corresponds to a bit rotation frequency of 70–80 rpm. Therefore, as we can see, the frequency of changes in contact and friction forces in specific areas of the well is proportional to the frequency of longitudinal oscillations of the drill string, and the nature of the oscillations generated by drill bits depends on the configuration of their cutters and rock properties.



The amplitude-frequency analysis of the obtained time characteristics shows that for several layouts, there is a general tendency to increase the amplitudes of changes in frictional forces when moving from the upper pipes of the string to the lower ones. Within the limits of short-term implementation, the change of pressing forces and friction is a random, stationary, ergodic process. Alternate growth and decline of the functions indicate that the amplitudes and frequencies of oscillations are significantly influenced by the frequency of rotation of the drill string (DS), the nature of its interaction with the borehole wall, and the movement of the bit on the holes. This is due to the curvature of the drill string axis and the well, their deviation from being vertical, as well as the shape and rigidity of the hole. Dependencies of friction forces have areas with fast and slow changes in amplitude and frequency. The change in frictional forces within a visible frequency range from 5 to 35 Hz occurs during the unstable operating mode of the drill string, and the speed of their change depends on the stiffness and inertia of the layout.



The conducted research makes it possible to estimate the clamping forces and frictional forces of the deformed sections of the drill strings on the borehole walls during rotary and combined drilling. In the future, it is planned to investigate the relevant parameters of the force interaction of drill strings with borehole walls when using ADP and TDP when drilling with downhole motors.



Article [80] presents a study of the influence of drill string vibration on the stability of a wellbore. The research results provide recommendations for assessing the risk of wellbore instability and are in good agreement with the obtained model dependences of friction and contact forces. Article [81] proposes a model for reducing the friction between the drill string and the wellbore, as well as for increasing the efficiency of axial load transfer and increasing the penetration speed for the directed section of the well. The data are positively correlated with the values of the coefficient of friction of the drill pipes to the wellbore from the three main rocks. The amplitude and frequency of axial load and torque are the main factors affecting the effectiveness of surface vibration [82]. This made it possible in this work to determine the values of the amplitudes and frequencies of changes in contact forces and friction forces for drill string assemblies equipped with sections of steel, aluminum, and titanium drill pipes on vertical, curved, and slanted sections of wells.



The author of [9] carried out a thorough analysis of dynamic processes in nonlinear oscillatory mechanical systems and obtained analytical dependencies for the study of nonlinear mechanical systems of a discrete structure, the analogue of which is a drill string. In [69], the drill string is modeled as a flexible rod with discs at both ends, and one of the discs rotates in a cylinder with fluid. The authors considered different curvatures of the rods to investigate the regularities of the “sticking-sliding” interaction of the drill string with the wellbore. Reference [13] is devoted to the study of transverse and torsional vibrations of a drilling tool armed with both ball and PDS bits. According to the results of these studies, the relationship between the vibration of the drill string and the specific mechanical energy of the blowout destruction was established. The author of [20] established that the drill string layout under conditions of wellbore intense vibrations and uneven pressing can generate intermittent “sliding” and vortex “spinning”. Experimental studies in [15] were carried out with a drill string operating in the mode of high- and low-frequency transverse and torsional vibrations. Based on the research results, a methodology was developed for determining bending and torsional loads in the lower part of the drill string. The author of [82] developed a mathematical model for describing non-stationary oscillations and the stability of a long vertical rectilinear drill string. Through analytical and numerical implementation of the model, the critical values of axial load and torque for different drilling modes were established.



Therefore, the advantages of the model developed by us over the well-known ones [9,13,15,20,69,82] lie in the possibility of estimating the parameters of stability and dynamic load, taking into account the frictional forces of parts of the drill string against the walls of vertical, curved, and inclined sections of the well. The information about the use of pipes made of various materials, aluminum and titanium alloys and steel, in the layouts of active drill strings gives special importance to this work.



It should be noted that the difficulty of drill string numerical model development [79] is that their dynamics are described, as a rule, by a system of differential-algebraic equations, which in most cases, are nonlinear, and, therefore, it is quite difficult to obtain their solution in an explicit form. On the other hand, compiling the differential equations of motion of a mechanical system with a large number of structural elements and degrees of freedom is a complex process. Therefore, during the development of these numerical models, the authors of the article resorted to certain simplifications that did not significantly affect the accuracy of the results of the pipe column research, while the simulation was carried out for real wells (YaK–40, No. 209, Hamad–V).



In further studies, the influence of dampers during well drilling on the dynamics of drill strings composed of different materials will be studied.




4. Conclusions


Based on analytical and numerical modeling, an assessment of the “drill string–well bore” force interaction of conditionally vertical and directional wells during their use in ADP and TDP configurations combined with SDP was carried out. Based on the results of the research, several features have been established that should be taken into account during the design and operation of drill strings. The intensity of changes in the pressing and friction force charts for SDP sections is greater than for TDP or ADP; this indicates the greater influence of a solid steel string on the magnitude of the clamping and friction forces in comparison with the arrangement with ADP or TDP sections in a frequency range of 8–22 Hz, which corresponds to a bit rotation frequency of 70–80 rpm. A drill string with an ADP section is 1.1–1.8 times more flexible than a solid steel string. Accordingly, the use of an ADP section in a layout with the condition of selecting its specified length makes it possible to increase the rotation frequency of the bit without the risk of damaging the drill string elements. The use of a TDP section on the curved sections of a well leads to a decrease in the amplitude of friction force fluctuations in a narrow frequency range of 5–8 Hz at a bit rotation frequency of 60 rpm due to an increase in the “flexibility” of the string system. The degree of change in the contact and friction forces of the pipes against the walls of the well depends on the location of the ADP or TDP installation in the drill string layout, their length, and the geometric dimensions of the deflection half-wave lengths.
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Figure 1. Calculation diagram of half-wave loading of a drill string in a conditionally vertical (a) and curved (b) wellbore. 
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Figure 2. The dependence of the effective coefficient of friction refers to the drill string angle of the helix when interacting with various rocks in the well [79]. 
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