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Abstract: Bent-housing motor is the most widely used directional drilling tool, but it often encounters the problem of high friction when sliding drilling in horizontal wells. In this paper, a mathematical model is proposed to simulate slide drilling with a friction reduction tool of axial vibration. A term called dynamic effective tractoring force (DETF) is defined and used to evaluate friction reduction effectiveness. The factors influencing the DETF are studied, and the tool placement optimization problem is investigated. The study finds that the drilling rate of penetration (ROP) can lower the DETF but does not change the trend of the DETF curve. To effectively work, the shock tool stiffness must be greater than some critical value. For the case study, the best oscillating frequency is within 15∼20 Hz. The reflection of the vibration at the bit boundary can intensify or weaken the friction reduction effectiveness, depending on the distance between the hydraulic oscillator and the bit. The optimal placement position corresponds to the plateau stage of the DETF curve. The reliability of the method is verified by the field tests. The proposed method can provide a design and use guide to hydraulic oscillators and improve friction reduction effectiveness in horizontal wells.
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1  Introduction

A horizontal well is the primary means of extracting oil and gas from unconventional reservoirs. With the rise of shale oil and gas, the percentage of horizontal wells is increasing year by year. There are two ways of drilling a horizontal well, namely using the rotary steerable system (RSS) or using bent-housing mud motors plus measurement while drilling (MWD). Although RSS usually has a higher drilling rate of penetration (ROP) and a smoother trajectory, bent-housing motors/MWD still dominate the land directional drilling market by means of low cost [1]. However, huge drag caused by contact between a non-rotating drill string and wellbore wall during slide drilling can cause many problems, such as low ROP, unstable tool face orientation and local tortuosity [2].

A hydraulic oscillator can reduce slide drilling friction by inducing axial vibration in the drill string. The friction reduction tool has been proven to increase ROP, improve weight transfer and reduce stick-slip in directional drilling applications [3–5]. However, a hydraulic oscillator is not always successful, and limited pump pressure capacity, inadequate tool design and wrong tool placement are believed to be responsible for the failure to reduce friction [6,7]. Tool structure and placement optimization can help improve the effectiveness and consistence across different wells.

For tool structure optimization, Burnett et al. [8] presented a method to increase the oscillating force by increasing the pressure drop bearing area. Wang et al. [9] proposed a novel self-resonating oscillation tool, which has a smaller pressure drop and can be used with limited pump capacity. Wilson et al. [10] demonstrated that the shock tool stiffness could hugely change the vibration responses of the drill string. To the best of the author’s knowledge, there is no optimization method of shock tool stiffness.

Researchers have studied the friction reduction effects of hydraulic oscillators and put forward some suggestions to ensure the effectiveness of reducing friction. Based on simulation results, Wicks et al. [11] presented an equation for calculating the propagation length of induced vibration in the drill string, but the equation is only applicable in the horizontal section. Wicks et al. [12] first proposed the idea of effective traction force, which is used to explain the mechanism of friction reduction. Wang et al. [13] studied the weight on bit (WOB) curve in the presence of a hydraulic oscillator, and thought a successful hydraulic oscillator application should eliminate the severe stick-slip motion of drill string in the axial direction. However, these studies either ignore the influence of drill string forward movement, that is, the boundary condition assumptions are unreasonable, or the evaluation criteria are too cumbersome to be used.

In this paper, the dynamic effective traction force (DETF) is defined with a moving bit boundary. The shock tool stiffness and placement optimization problems are investigated using the DETF. The results and conclusions in this paper can provide guidance for the design and use of a hydraulic oscillator.

2  Methodology

2.1 Modeling Induced Axial Vibration of Drill String

Fig. 1 gives the details of the forces acting on the drill string element. Based on the soft string model assumptions [14], the moments act on the drill string element are ignored. A natural coordinate system is established at each drill string element. 
e→t
, 
e→n
and 
e→b
are tangential direction, normal direction and bi-normal direction, respectively.
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Figure 1: Forces acting on the drill string element

One dimensional wave equation is often used to simulate axial and torsional vibration of drill string [15] and acoustic wave propagation in drilling mud [16]. Only considering the acceleration in the axial direction (namely 
e→t
) and neglecting the clearance between the drill string and wellbore wall, the dynamics equation in 
e→t
direction can be written as,


∂T∂sds−f−cds∂u∂t+ρsdscos⁡α−=ρAds∂2u∂t2
(1)

where T represents tension, N; s denotes the length along the drill string, m; f is the friction between the drill string and wellbore, N; c is the equivalent drilling mud damping coefficient [13], N⋅s⋅m−1; u is the axial displacement, m; ρs is the buoyant linear weight of drill string, N⋅m−1; 
α¯
is the average inclination of the drill string segment; ρ is the drill string density, kg⋅m−3.

In 
e→n
direction,


Tkb+Fn+ρsdskαkφsin⁡α=0
(2)

where kb is the wellbore curvature, rad⋅m−1; Fn is the component of contact force between the drill string and the wellbore wall in the normal direction, N; kα and kφ are the change rates of inclination and azimuth corresponding to the drill string segment, respectively, rad⋅m−1.

In 
e→b
direction,


Fb−ρsdskφkb=0
(3)

where Fb is the component of contact force between the drill string and the wellbore wall in the bi-normal direction, N.

The total contact force F between the drill string and wellbore wall can be calculated by,


F=Fn2+Fb2
(4)

The contact friction between the drill string and the wellbore wall is calculated by the Coulomb model,


f=Fμ
(5)

where μ is the friction coefficient.

The tension T can be expressed with axial displacement, and Eq. (1) can be rewritten as,


EA∂u2∂s2−c∂u∂t−F−⁡μ+ρscos⁡α¯=ρA∂2u∂t2
(6)

where E is Young’s modulus, Pa; 
F¯
is the average contact force, N⋅m−1.

Solving Eqs. (2) and (3), the average contact force is obtained,


F¯=[(Tkb+ρsdskαkφsinα)2+(ρsdskφkbsin2α)2]1/2/ds
(7)

The initial conditions can be written as follows,


u|t=0=φ(T)
(8)


∂u∂t|t=0=0
(9)

where φ is a function of calculating initial axial displacement according to initial tension. The initial tension can be calculated using the soft string model [14].

As for the boundary conditions, the hookload is controlled to maintain surface WOB and a WOB-dependent advancement velocity is specified at the bit,


EA∂u∂s|s=0=HL(t)
(10)


u˙|s=l=CROP(WOB−WOBth)
(11)

where HL is the surface hookload, N; CROP is a ROP related coefficient, m⋅s⋅N−1; WOBth is the threshold WOB, N.

Eq. (11) is a simplified version of Young’s ROP equation [17]. Although Young’s ROP equation is developed for tricone bit, assuming all other conditions remain constant, drilling practice has shown that ROP is approximately proportional to WOB for most formations [18].

As shown in Fig. 2, a hydraulic oscillator consists of two parts, namely the pulse generation section and the shock tool. The shock tool is composed of a disk spring group, which can increase the displacement of the drill string vibration. The hydraulic oscillator is modelled by two elements. One element models the shock tool, which is simulated using a spring element [19]. The other element denotes the pulser, and a sinusoidal oscillating force is applied to this element as follows,


Fosc=Fasin⁡(2πfosct)
(12)

where Fosc is the output oscillating force of the hydraulic oscillator, N; Fa is the oscillating force amplitude of the induced vibration, N; fosc is the oscillating frequency, Hz.
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Figure 2: A drill string system with a hydraulic oscillator in a directional well

A central difference method [9] can be used to solve the control Eq. (6) of the induced axial vibration, and the dynamic displacement, velocity and acceleration can be obtained.

2.2 Definition of Dynamic Effective Traction Force

A pushing force is needed when injecting a tubing into a horizontal wellbore. Applying a sinusoidal excitation force at one end can decrease the required injector load, and the decline in the load magnitude is termed as the effective traction force [12]. In this paper, a similar concept for a moving real drill string is defined. Fig. 3 shows two typical simulated WOB curves during slide drilling, the red line is the simulated WOB with a hydraulic oscillator and the blue line is the simulated WOB without a hydraulic oscillator. In these simulations, the surface tensions are kept constant, the bit is moving forward according to Eq. (11), and the drill string will also advances but in a different way. Due to friction and drill string elasticity, the movement of the drill string exhibits stick-slip features, which results in fluctuation of the WOB curve. The dynamic effective traction force is defined as follows,


DETF=WOBave2−WOBave1
(13)

where DETF is the dynamic effective traction force, N; 
WOBave2
is the average WOB with a hydraulic oscillator, N; 
WOBave1
is the average WOB without a hydraulic oscillator, N.
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Figure 3: WOB curves with and without a hydraulic oscillator

Apparently, a higher DETF indicates a better friction reduction application. Therefore, the DETF can be used to evaluate the effectiveness of friction reduction. The process of using the DETF to evaluate the friction reduction is illustrated in Fig. 4.
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Figure 4: Flow chart of using the DETF to evaluate the friction reduction

3  Simulation Results and Discussions

In this section, the factors affecting the dynamic effective traction force in a horizontal well are investigated. The well used in the simulations is a three-dimensional horizontal well, whose vertical section is illustrated in Fig. 5.
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Figure 5: The vertical section of the horizontal well used in the simulations

The total well depth is 4434 m, the bit diameter is 215.9 mm, and the bit depth in the simulations is set to 4134 m. The drill string is simplified as follows, Ø127 mm heavyweight drill pipe × 3 + Ø127 mm drill pipe × 19 + Ø172 mm hydraulic oscillator + Ø127 mm drill pipe × 227 + Ø127 mm heavyweight drill pipe × 30 + Ø127 mm drill pipe to the surface. Other parameters related to well profile and drilling operation are listed in Table 1.
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3.1 Factors Affecting the Dynamic Effective Traction Force

In all the simulations, the default parameters for the hydraulic oscillator are as follows, the oscillating force = 20 kN, the oscillating frequency = 15 Hz, and shock tool stiffness = 2E7 N⋅m−1, and the hydraulic oscillator is 201 m behind the bit. The shock tool is made up of disc springs in series, whose equivalent stiffness can be calculated according to parameters, such as material, outside diameter, inside diameter, thickness and number in series. The ROP coefficient CROP in Eq. (11) is set to produce a ROP of 6.5 m/h at 65 kN bottomhole WOB and 5 kN threshold WOB.

Fig. 6 shows the DETFs at different open hole friction coefficients. The friction coefficient for the casing section is 0.1 less than the corresponding open hole friction coefficient. It can be seen that as the increase of friction coefficient DETF first increase and then keep stable, which means that the friction converted to the traction force first increase and then stay stable. The induced vibration in the drill string is imposed by a sinusoidal oscillating force, which means that half of the vibration energy transmits downwards to bit. Therefore, for the given hydraulic oscillator and its placement, there is not enough friction being reduced when the friction coefficient is low.
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Figure 6: Dynamic effective traction forces at different open hole friction coefficients

According to Fig. 7, the DETF first quickly increases and then slowly increases as the oscillating force increases. More friction is reduced as the increase of the oscillating force, but for a large oscillating force there is not enough friction acting on the drill string below the hydraulic oscillator, which results in the decline of the curve slope.
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Figure 7: Dynamic effective traction forces at different oscillating forces

Fig. 8 illustrates the DETFs at different ROPs. The DETF almost linearly declines as the ROP increases. When the drill string moves forwards, the friction acts in the opposite direction. However, the induced vibration can change the motion direction of some drill string element, which reverses the friction direction and generates the traction force [12]. The reversal of drill string movement and friction is the key of producing traction force. With the increase of ROP, the difficulty of reversing drill string movement increases, and the DETF declines.
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Figure 8: Dynamic effective traction forces at different ROPs

There are various explanations for how hydraulic oscillators reduce friction. One suggests that they convert static friction to dynamic friction [13,20], while another suggests that they change the direction of friction [21–23]. A third explanation is that vibration helps the drill string overcome tight spots [10]. In our simulations, we set friction coefficients for the casing and open hole sections, but do not differentiate between static and dynamic coefficients. Therefore, we focus primarily on the second mechanism because determining static friction coefficients can be quite challenging. Additionally, the difference between static and dynamic friction coefficients may be influenced by several factors, such as drilling mud type and ROP. Friction coefficient inversion based on hook load measurement often yields dynamic friction coefficients instead.

Fig. 9 gives the DETFs at different shock tool stiffness. It can be seen that when the shock tool stiffness is less than 2E7 N⋅m−1, the DETF sharply increases with the increase of shock tool stiffness, but the influence of the shock tool stiffness is small when it surpasses 2E7 N⋅m−1. For different wells or drill string, the critical value of shock tool stiffness may be different. Therefore, it is necessary to determine the critical value of shock tool stiffness by doing slide drilling simulations.
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Figure 9: Dynamic effective traction forces at different shock tool stiffness

Fig. 10 shows the DETFs within the working oscillating frequencies of most hydraulic oscillator with two different shock tool stiffness. It can be seen that for each shock tool stiffness, there exists an optimal oscillating frequency, which is within 15∼20 Hz. The shock tool stiffness can change the equivalent stiffness of the entire drill string system, and shifts the optimal oscillating frequency. The DETF gradually declines when the oscillating frequency is higher than the optimal frequency, which is in agreement with the fact that increasing vibration frequency will shorten the vibration propagation distance.
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Figure 10: Dynamic effective traction forces at different oscillating frequencies

It should be noted that the above optimal oscillation frequency is not caused by resonance, but rather by changes in frequency altering the wavelength of the mechanical wave. The optimal oscillation frequency is determined by the wavelength, tool placement, and stiffness of the shock tool. The mechanism will be explained in the next section.

3.2 Placement Optimization and Field Tests

In this section, the optimal tool placement problem is studied when a hydraulic oscillator is already available in the field. Placing the hydraulic oscillator in different positions can produce varying levels of friction reduction. The goal of this study is to determine the most effective position for reducing friction via DETF curves. The hydraulic oscillator should not be too close to MWD, which is within 15 m range from the drill bit, otherwise it may interfere with MWD. Therefore, the minimum distance between the hydraulic oscillator and the drill bit in the research is set to 75 m. According to the manufacturer, the parameters for the hydraulic oscillator are as follows, oscillating force is about 26 kN, oscillating frequency is about 18 Hz, shock tool stiffness is about 2E7 N⋅m−1.

Fig. 11 shows DETFs at different tool placement with two different ROPs. Firstly, it can be seen that a higher ROP can lower the DETF curve but does not change the trend of the curve. However, considering the influence of ROP still matters. A fixed bit boundary will overestimate the real DETF. Secondly, there exist a maximal value and a minimal value at 100 and 150 m, respectively. Finally, placing the hydraulic oscillator 250∼350 m behind the bit can produce a higher and more stable DETF.
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Figure 11: Dynamic effective traction forces at different tool placement, ks_shock = 2E7 N⋅m−1

Placing the friction reduction tool at 100 m behind the bit seems to be a good option, but the effectiveness may be undesirable. In the simulations, the complex downhole drill string is simplified as heavyweight drill pipe. However, the actual downhole components (such as MWD and RSS) may contain rubber and other non-steel materials, and can shift the local maximum and minimum points. Placing the hydraulic oscillator 250 to 350 m behind the bit is a better option.

The propagation and reflection of the induced vibration in the drill string causes the fluctuation of the DETF curve [12]. If the distance from the hydraulic oscillator to the bit equals X.25 or X.75 (X = 0, 1, 2,…) times of the wavelength, the DETF is local maximum. In these locations, when the hydraulic oscillator pushes the drill string elements backwards, the reflected wave also contributes to pushing the drill string elements backwards. This enhances the ability to convert friction into tractive force. In this case, 100 m from the bit is near 0.25 times of the wavelength, which is 95 m.

The stiffness of the shock tool not only change the stiffness of the drill string system, but also change the vibration wave velocity. Fig. 12 depicts the DETFs at different tool placement with another shock tool stiffness (ks_shock = 4E7 N⋅m−1). Compared to Fig. 11, the DETF at 155 m is higher than that at 128 m.

[image: images]

Figure 12: Dynamic effective traction forces at different tool placement, ks_shock = 4E7 N⋅m−1

Before this study, there is no guide to the hydraulic oscillator placement in Xinjiang Oilfield. The placement of the friction reduction tool is purely based on experience. To verify the simulation conclusions, field tests are carried out in three horizontal wells. The Ø121 mm hydraulic oscillator is used in the Ø165 mm wellbore, with an oscillating force of about 15 kN and an oscillating frequency of about 15 Hz. The typical drill string configuration and well trajectory are given in Appendix A.

The typical DETF curve about different placement is shown in Fig. 13, and the recommended tool placement is about 200 m behind the bit. As a contrast, the distance from the bit to the hydraulic oscillator in three offset wells is 100∼150 m.
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Figure 13: Dynamic effective traction forces at different tool placement in a test well

The test wells and offset wells have similar well profiles, drilling mud and drill string configuration, and are drilled in the same year. The specific hydraulic oscillator placements are listed in Table 2. ROP and toolface orientation stability are selected as indicators to evaluate the effectiveness of friction reduction.
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Efficient rock-breaking requires a stable weight-on-bit (WOB), which can be achieved by smoothly transferring the drill string weight to the drill bit. The average ROP in the offset wells is 3.94 m/h, and the average ROP in the test wells is 4.53 m/h, which is a 14.97% improvement compared to the offset wells. ROP improvement may indicate a smoother weight transfer and better friction reduction effectiveness. However, there are many uncontrollable factors affecting ROP, such as the driller’s experience and local formation lithology. Drill bit is a coupling boundary that connects the axial motion and torsion motion of the drill string. For most drill bits, especially PDC bits, an increase in WOB will lead to an increase in reactive torque. During sliding drilling, unstable WOB caused by friction will cause unstable reactive torque, which in turn leads to unstable tool face orientation. Therefore, tool face stability can be used to reflect the smoothness of WOB and the drag magnitude during slide drilling. Placing the hydraulic oscillator behind the bit 138 and 147 m, the tool face experienced occasional disorientation. Toolface orientation stability and ROP together demonstrate that placing the hydraulic oscillator behind the bit 200 m is a better choice, and verify the reliability of the DETF method.

4  Conclusions

DETF is defined based on the slide drilling simulation results obtained from the dynamics model, and is then used to evaluate the effectiveness of the friction reduction tool. The factors affecting the DETF are investigated, and the placement optimization problem is studied. Finally, the reliability of the evaluation method is verified by field tests.

The main findings of this study are as follows. DETF is reduced when ROP is raised, but ROP does not change the optimal placement position of the hydraulic oscillator. In order to effectively work, the shock tool stiffness cannot be less than some critical value, and there exists an optimal oscillating frequency. The reflection of vibration at the bit can cause the fluctuation of the DETF curve, and at the curve minimum point, the effectiveness of the hydraulic oscillator can be greatly reduced. The optimal placement position corresponds to the plateau stage of the DETF curve.

In this study, Coulomb friction is used. However, the axial vibration can change the friction coefficient in a complex way. Future studies will focus on the modelling of friction between the drill string and wellbore wall under axial vibration.
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Appendix A

The typical drill string configuration used in the test wells and offset wells while drilling the horizontal section is as follows in Table A1: 165.1 mm drill bit + 127 mm bent-housing motor + 127 mm non-magnetic drill collar * 1 + 127 mm MWD + 101.6 mm non-magnetic drill pipe + 101.6 mm drill pipe + 101.6 mm heavyweight drill pipe * 45 + 101.6 mm drill pipe + 114.3 mm drill pipe.
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Table 1: Important parameters related to the well profile and drilling operation

Name Value Name Value
Drilling mud density 1250 kg'm™>  Flow rate 30 L/s
Plastic viscosity 35 mPa-s Yield point 10 Pa
Last casing depth 210 m Slide WOB 60 kN

Casing friction coefficient  0.25 Open hole friction coefficient  0.35
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Table A1: Planned well trajectory

Measured depth/m Inclination/® Azimuth/° Dogleg °/30 m
0 0 0 0

6912.00 0 0 0

7182.51 89.45 118.50 9.92

8418.52 89.45 118.50 0
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Table 2: ROP and toolface orientation stability in test and offset wells

Well # Distance to bit (m) ROP (m/h)  Toolface orientation stability
#1 210 4.57 Stable
Test wells #2 219 4.68 Stable
#3 201 4.34 Stable
#1 103 4.36 Stable
Offset wells #H2 138 3.85 Most of time, stable
#3 147 3.62 Most of time, stable
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