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Abstract: The actuator is a key component of the creaming tool in drilling applications. Its jet performances determine the effective reaming efficiency. In this work, a new selective reaming tool is proposed and the RNG k-ε turbulence model is used to calculate its internal and external flow fields. In particular, special attention is paid to the design of the flushing nozzle. The results show that the jet originating from the flushing nozzle has a significant influence on rock cutting and blade cooling effects. In turn, the jet performances depend on geometric structure of the creaming actuator. In this framework, a conical-cylindrical nozzle with a diameter of 7 mm is initially considered as a basis to implement a strategy to optimize the structural parameters of the reaming actuator, and improve the related side tracking reconstruction technology.
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1  Introduction

Reaming tool while drilling is a drilling technology that uses a reaming tool to increase the borehole size to larger than the inner diameter of the upper casing pipe while drilling [1,2]. In the drilling operations of deep and ultra-deep wells, the problems of small annular gap and low cementing quality in deep wells seriously restrict the exploitation of deep oil and gas resources [3,4]. Reaming while drilling technology has a wide range of applications and market prospects including in improving the cementing quality of hole, solving hole shrinkage, and dealing with complex downhole conditions. This technology can also reduce the number of drill-up and drill-down, and improve drilling efficiency [5]. As one of the reaming tools, reaming tool while drilling has an incomparable advantage over conventional fixed-wing reaming tools. Reaming tools while drilling have attracted the attention of researchers all over the world, which has driven the rapid development of reaming technology [6].

With the continuous exploitation of oil resources, most oil fields are generally in the middle and late stages of development, and windowed-side drilling directional wells have become an effective means to revive low-producing wells, discontinued wells, and abandoned wells [7]. Sidetrack drilling can greatly improve the extent of oil well reserves, tap the potential of oil and gas reservoirs, improve the production and recovery efficiency of a single well, and reduce the cost of reconstruction and development of old oil wells [8]. However, conventional cementing technology has the problem of poor cementing quality, which cannot meet the requirements of oil field development. The application of reaming while drilling technology can enlarge the hole of a sidetracking section and improve the completion quality of sidetracked wells, which has far-reaching significance to the application and popularization of sidetrack drilling [9,10].

Traditional reaming tools while drilling mainly open the blades by throwing a ball to generate expansionary force and close the blades by stopping the mud pump to generate resilience force [7]. Most of these reaming methods are single-stroke reaming, which can only open the reamer once in a single run, resulting in low reaming efficiency [11]. This paper proposes a new selective reaming tool while drilling, which can realize multiple opening and closing of downhole blades by controlling the displacement of the mud pump. The new reaming tool is hydraulically activated and has the function of selective reaming while drilling. Fig. 1 shows the diagram of when the blades of the reaming tool are activated.
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Figure 1: Structural diagram of the selective reaming tool while drilling

The design of the reaming actuator is the core design part of the reaming tool while drilling. The quality of the design is directly related to the performance of the reaming tool while drilling and the success or failure of the reaming operation [12]. At present, most of the research on reaming tools still focus on the principle of reaming actuators, and the mechanical and hydraulic characteristics of reaming tools while drilling need to be further studied. Most reaming actuators are activated by the driving force generated by the hydraulic difference of the drilling fluid [13]. Therefore, it is necessary to study the characteristics of the internal and external flow field and pressure distribution of the selective reaming tool while drilling as the results can provide a theoretical basis for the structural design of the reaming actuator. At the same time, the flushing nozzle is one of the core components of the reaming actuator and is the key to the reaming tool’s ability to effectively clean the mud bag and carry rock cuttings, thus ensuring effective cutting of the formation to achieve borehole expansion [14,15]. Therefore, it is necessary to study the jet hydraulic characteristics of the flushing nozzle and optimize the nozzle structure, so as to improve the cleaning efficiency and the rate of penetration of the reaming drilling operation.

Regarding the current situation that the theory lags behind the practice in the selective reaming tool while drilling technology, this paper establishes a three-dimensional full-size physical model of the reaming tool while drilling. Computational fluid dynamics (CFD) is adopted to calculate the turbulent flow of the reaming tool while drilling, and the pressure field distribution and the velocity field distribution. Then, based on the established numerical simulation method, the effects of flushing nozzle type and nozzle diameter on the flux distraction and velocity distribution of blades are systematically analyzed. Finally, the structural parameters of the flushing nozzle are optimized based on the numerical simulation, which can provide technical support for selective reaming while drilling technology and guide the optimized design of the structural parameters of the reaming actuator. The research results are significant for improving the completion quality of sidetrack wells and the application and promotion of sidetracking reconstruction technology.

2  Numerical Simulation Method

2.1 Physical Model

To simplify the numerical simulation, the nozzles of the drill bit are considered as being equivalent to a single nozzle [16]. The hydraulic diameter of the drill bit nozzles is equal to the cylinder section diameter of the equivalent nozzle and is set to 20 mm. Fig. 2 shows the axial sectional view of the selective reaming tool while drilling when it is activated. To reduce the number of calculations of the numerical simulation, the one-third symmetric model of the internal and external flow field of the reaming tool is selected as the calculation domain. The flow field calculation model and boundary conditions of the selective reaming tool while drilling is shown in Fig. 3.
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Figure 2: Axial sectional view of the flow field when the creaming tool is activated
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Figure 3: Flow field calculation model and boundary conditions of the selective reaming tool while drilling

2.2 Control Equations

The flow field characteristic of the reaming tool is a typical turbulent flow. At present, there are many turbulence models, but different models have certain limitations and applicable conditions [17,18]. In the numerical simulation of turbulence flow, the k-ε turbulence model is one of the most widely used, which can calculate the external flow of complex geometric structures [19]. In this paper, the RNG k-ε turbulence model is adopted to solve the turbulence field of the reaming tool. The control equations are:


Continuity equation: ∂(ρui)∂xi=0
(1)


Momentum equation: ∂∂xj(ρuiuj)=−∂P∂xi+∂∂xj(μ∂ui∂xj−ρui′uj′¯)
(2)


kequation: ρui∂k∂xj=∂∂xj[(μ+μtσk)∂k∂xj]+μt∂ui∂xj(∂ui∂xj+∂uj∂xi)−ρε
(3)


εequation: ρuj∂ε∂xj=∂∂xj[(μ+μtσε)∂ε∂xj]+C1μtεk(∂ui∂xj+∂uj∂xi)−C2ρε2k
(4)

where i, j are the coordinate direction and the direction of the velocity components, respectively; ui, uj are the speed of different coordinate directions, respectively; μ is the dynamic viscosity; 
−ρui′uj′¯
is the Reynolds stress; μt is the turbulent viscosity coefficient, 
μt=ρCμk2/ε
; σk, σε are the turbulent Prandtl number, σk = 1.0, σε = 1.3; C is a constant, Cμ = 0.09, C1 = 1.44, C2 = 1.92 [8,20].

2.3 Boundary Conditions and Parameter Settings

In order to compare the hydraulic characteristics of flushing nozzles with different geometric parameters and exclude the effect of other factors on the simulation results, the simulation calculations use the same set of parameters. The boundary conditions and parameter settings are given in Table 1.
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2.4 Grid Mesh

The calculation mesh will directly affect the result of the calculational accuracy and computational time, and the grid number should be minimized on the premise of ensuring calculational accuracy [21]. To simulate a flow problem accurately, the appropriate grid needs to be meshed based on the practical problem. As shown in Fig. 3, a one-third symmetric model of the internal and external flow field of the reaming tool is selected as the calculation domain to reduce the computing time. The calculated field is meshed by the polyhedral grid and the boundary layer grid is used to define the local wall [22].

In this paper, the appropriate meshing strategy is determined by grid independence analysis. The influence of grid size on the pressure loss of the nozzle under different flow rates is given in Fig. 4. As the grid size decreases, the nozzle pressure drop increases slowly, and when the mesh size decreases to 2 mm, the nozzle pressure drop gradually tends to be stable. Therefore, to reduce the computing time, the grid size is determined to be 2 mm for the numerical simulation. The computational domain is divided into 1493482 grid cells. Fig. 5 shows the computational grid of the active reaming tool.
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Figure 4: The influence of grid size on nozzle pressure loss
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Figure 5: Computational grid when the reaming tool is active

3  Results and Discussion

Based on the established CFD turbulence model, the flow field characteristics of the selective creaming tool while drilling is analyzed first. Then, through single-factor analysis, the influence laws of the flushing nozzle type and nozzle diameter on the flux distraction and velocity distribution of blades are systematically studied to provide a theoretical basis for the structural optimization of the reaming actuator. In a drilling operation, the flow rate of the drilling fluid has a significant effect on the cleaning effect of rock cuttings. To ensure the efficient drilling of reaming tools, it is necessary to reasonably distribute the flux of the drill bit and flushing nozzle of the reaming tool. In this paper, the flow ratio of the drill bit is defined as:


η=Ff¯−Ffv¯Ff¯×100
(5)

where η is the flow ratio of the drill bit; Qbit and Qnozzle are the flux of the drill bit and flushing nozzles, respectively.

3.1 Analysis of Flow Field Characteristics

Under the numerical condition that the flow rate is 35 L/s, the flushing nozzle is a conical type, the nozzle diameter is 6 mm, and the angle between the nozzle axis and the reaming tool axis is 60°, the internal and annular flow field characteristics of the selective creaming tool while drilling is analyzed.

3.1.1 Pressure Distribution

Fig. 6 shows the static pressure contour of the flow field near the reamer nozzle. The static pressure drops suddenly after the drilling fluid flows through the flushing nozzle, and the pressure loss of the flushing nozzle is about 4 MPa. Meanwhile, there is local high pressure at the location where the jet impinges on the wellbore, which is conducive to the rock breaking effect of the reaming tool.
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Figure 6: Static pressure contour of the flow field near the creamer nozzle

3.1.2 Velocity Distribution

Fig. 7 shows the velocity distribution of the axial cross-section at the flushing nozzle and the circumferential cross-section at the blades. When the drilling fluid flows through the flushing nozzle, the jet velocity accelerates rapidly, reaching 96 m/s, which plays a key role in washing the rock cuttings (as shown in Fig. 7a). At the same time, the velocity of the drilling fluid flowing through the middle of the front and rear blades is the highest in the annulus flow (as shown in Fig. 7b). The flow in the middle of the blades has the effect of cooling the reaming tool. Therefore, the flushing efficiency of the reaming tool can be improved by optimizing the nozzle structure to increase the maximum flow rate through the middle of the blades.

[image: images]

Figure 7: Flow field velocity contour (a) axial cross-section at the flushing nozzle, (b) circumferential cross-section at the blades

3.1.3 Streamline Distribution

Fig. 8 shows the streamline contours of the drilling fluid through the flushing nozzle and the annulus between the reaming tool and the wellbore. When the drilling fluid flows out of the flushing nozzle, it impacts the wellbore and scatters into multiple jets. In addition, only a small portion of the drilling fluid flows through the middle of the blades. Therefore, the jet of the flushing nozzle is more effective in cleaning the rear blade than the front blade.

[image: images]

Figure 8: Streamline contours of the drilling fluid flow: (a) flushing nozzle, (b) annulus between creaming tool and wellbore

3.2 Effect of Flushing Nozzle Structure

The jet performance of the flushing nozzles of blades plays a vital role in washing the rock cuttings during the reaming operation. In particular, the diameter of the flushing nozzle directly affects the flow distribution of the drilling fluid, thus affecting the cleaning efficiency of the rack cuttings at the bottom hole and the reaming section. In this paper, the influence of nozzle structure on cleaning efficiency is analyzed from the perspective of flux distribution ratio, jet velocity of nozzle, and flow field characteristics in the middle of blades, which provides a theoretical basis for the optimization of nozzle structure.

3.2.1 Flushing Nozzle Type

In this paper, two types of nozzles are applied to the reaming tool, and the jet performance of the two nozzles are compared under the same simulation conditions. Fig. 9 illustrates the geometric structure of the cylindrical-cylindrical nozzle and conical-cylindrical nozzle.
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Figure 9: Geometric structure of nozzles: (a) cylindrical-cylindrical nozzle, (b) conical-cylindrical nozzle

In the numerical simulation, keeping the hydraulic diameter of the drilling bit as 20 mm, the diameter of the flushing nozzle as 6 mm, and the angle between the nozzle axis and the reaming tool axis as 60° unchanged, only the type of the nozzle is changed. The variation rule of flow distribution ratio with nozzle types is obtained, as shown in Fig. 10. It is obvious that the cylindrical-cylindrical nozzle corresponds to a higher flow ratio of drill bit, which means the conical-cylindrical nozzle has a better cleaning effect for the reaming operation. Besides, the flux of drilling fluid has no effect on the flow ratio of the drill bit.
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Figure 10: Effect of nozzle type on the flow rate of drill bit under different fluxes

Fig. 11 shows the effect of nozzle type on the maximum jet velocity under different fluxes. The flux of drill fluid has a significant effect on the maximum jet velocity. As the flux gradually increases, the maximum velocity of both nozzles gradually increases, and their magnitudes are positively proportional. At the same time, the maximum velocity of the conical-cylindrical nozzle is significantly larger than that of the cylindrical-cylindrical nozzle. The greater the jet velocity of the flushing nozzle, the greater the impact on the wellbore. Therefore, the reaming tool with a conical-cylindrical nozzle can obtain better cleaning efficiency.
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Figure 11: Effect of nozzle type on the maximum jet velocity under different fluxes

Fig. 12 shows the effect of nozzle type on the flux through blades (middle of blades) under different fluxes. As the flux of drilling fluid increases, the flux through the middle of blades increases linearly. Besides, the flux through blades corresponding to the conical-cylindrical nozzle is significantly larger than that of the cylindrical-cylindrical nozzle. The fluid flow through the middle of the blades mainly plays a role in flushing and cooling the blades of the reaming tool. According to the numerical simulation results, the conical-cylindrical nozzle has better cleaning and cooling effect under the same working conditions.
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Figure 12: Effect of nozzle type on the flux through the middle of blades under different fluxes

3.2.2 Flushing Nozzle Diameter

In this section, the conical-cylindrical nozzle with a better cleaning effect is selected as the research object in the numerical simulation, keeping the hydraulic diameter of the drilling bit as 20 mm and only changing the diameter of the nozzle. Fig. 13 shows the flow rate of drill bit variation with nozzle diameter under different fluxes. The nozzle diameter has a significant effect on the flow distribution of the drill bit and reaming actuator. When only the flux of drilling fluid is changed, there is no change in the flow ratio of the drill bit. Moreover, the smaller the diameter of the flushing nozzle, the more drilling fluid is distributed to the drill, which is unfavorable for washing the rock cutting of the reaming operation.
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Figure 13: Effect of nozzle diameter on the flow rate of drill bit under different fluxes

Fig. 14 shows the effect of nozzle diameter on the maximum jet velocity under different fluxes. The larger the nozzle diameter, the greater the flux through the nozzle, but the lower the corresponding maximum jet velocity. Therefore, the rock-breaking efficiency of the reaming tool can be improved by reducing the flushing nozzle diameter.
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Figure 14: Effect of nozzle diameter on the maximum jet velocity under different fluxes

The flushing nozzle diameter also affects the flow field characteristics in the reaming blades. The effect of nozzle diameter on the flux through the middle of the blades under different flux is revealed in Fig. 15. As the nozzle diameter increases, the flux through the middle of the blades tends to increase slowly. The reason is that the larger the nozzle diameter, the larger the flow ratio obtained by the flushing nozzle, and thus more fluid flows through the middle of the blades.
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Figure 15: Effect of nozzle diameter on the flux through the middle of blades under different flux

Combining these results, it is obvious that reducing the nozzle diameter can increase the rock-breaking efficiency of the nozzle jet but would reduce the cutting cleaning efficiency of the nozzle jet. Therefore, there is an optimal nozzle diameter to make the reaming tool achieve the best reaming efficiency. According to the numerical simulation results, a nozzle diameter of 7 mm is initially optimized.

4  Conclusions

This paper proposes a new selective reaming tool while drilling and establishes a numerical simulation method applicable to the calculation of the internal and external flow field characteristics of the reaming tool. The turbulent flow of the three-dimensional full-size reaming tool is calculated by the RNG k-ε turbulence model. The effects of flushing nozzle type and flushing nozzle diameter on the flux distraction and velocity distribution of blades are systematically analyzed. The conclusions of the study are as follows:

(1)   The structure of the selective reaming tool while drilling is well designed, and the jet of the flushing nozzle can play the role of cleaning rock cuttings and cooling the blades.

(2)   The jet of the flushing nozzle is more effective in cleaning the rear blade than the front blade.

(3)   Compared to the cylindrical-cylindrical nozzle, the conical-cylindrical nozzle can obtain better cleaning efficiency in the borehole reaming operation.

(4)   There is an optimal nozzle diameter to make the reaming tool achieve the best reaming efficiency, and a nozzle diameter of 7 mm is initially optimized.
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Table 1: Boundary conditions and parameter settings for numerical simulation calculations

Item Setting Item Setting
Inlet Velocity-inlet Fluid density 1000 kg/m?
Outlet Pressure-out Dynamic viscosity 0.001003 Pa:s
Nozzle surface Wall without slip Discrete format SIMPLEC
velocity
Continuous phase Pure water Momentum equation Second-order accuracy upwind
medium scheme
Continuity residual 1 x107° Turbulent kinetic energy Second-order accuracy upwind

scheme
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