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Abstract

:

A roller bit is a drilling tool widely used in oil and gas exploitation. The roller bit is applied to cutting the rock stratum, and its working life and rotational speed are important factors affecting the drilling efficiency. Moreover, a bearing sealing affects the working life and rotational speed of a bit. This paper proposes a helical sealing structure that addresses the problems of severe sealing wear and a short working life. This structure has been used in many engineering fields but was first applied to the roller bit. This paper investigates the sand removal mechanism of helical sealing through simulation and experiment. Additionally, helical sealing parameters were optimized. The optimum structural parameters of helical sealing in a high-speed roller bit were obtained. It was shown that the helical sealing structure can be applied to a roller bit with good effects of sealing and sand removal.
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1. Introduction


The roller bit is the tool most widely used in petroleum and geological drilling. Additionally, the roller bit has the functions of impacting, crushing, and cutting the rock stratum and can adapt to soft, medium, and hard strata. The development of long-life high-speed cone bits has become an important technical issue, which urgently needs to be addressed in petroleum drilling engineering. Improving the bit drilling speed and working life are effective ways of reducing the drilling cost. However, the sealing affects the bit drilling speed and working life and is also the weakest part of the bit. Field data have shown that the failure rate of roller bits due to early bearing damage is as high as 80%, and bearings seriously worn by early sealing failure account for 30% of all failed bearings [1,2,3,4,5,6,7,8]. The sealing has become a technical bottleneck that seriously affects the drilling efficiency and cost. There is thus an urgent need for a solution to this problem in petroleum engineering.



The entry of a slurry abrasive medium is the most critical factor affecting the sealing life of a high-speed roller bit [9,10,11]. All existing sealings are passive [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26] and suffer serious aging and wear, limiting improvements in the bit speed and working life. In addition, poor working conditions (i.e., a high temperature, high abrasive medium, high load, and narrow sealing chamber) aggravate the sealing failure, leading to great difficulties and challenges in research [27,28]. The working life of a sealing can therefore be improved and the fundamental sealing problem can be solved by designing a sealing structure having the function of active sand removal.



Figure 1 shows that helical sealing is noncontact and hydrodynamic. As the roller bit rotates at high speed, the helical sealing structure has the characteristics of helical pumping and sand removal that prevent abrasive slurry from entering and wearing the bearing. Some mud can enter when the bit is stationary but can be removed as the bit rotates. The helical sealing structure can realize active sand removal without using the traditional O-ring and thus overcomes the aging and wearing problems caused by passive sealing and improves the bit speed and operation. A historical change in roller bit sealing can thus be realized.




2. Spiral Seal Sealing Theory


Figure 1 shows that there are three types of flows in a helical sealing according to the flow balance theory of Crease [29]. (1) Liquid mud outside the bearing sealing chamber can leak inside the sealing chamber along the helical groove; this leakage is denoted    Q  L 1    . (2) Liquid mud outside the bearing sealing chamber can leak along the annular gap between the helical sealing ring and bearing; this leakage is denoted    Q  L 2    . (3) Pumping pressure generated by the helical sealing ring has an associated flow rate    Q P   . The pumping flow is the flow of the Kuta in the tank, and the flow rate is as follows:


   Q P  =   v   cos  2  α  b g  d i  2  .  



(1)







From the geometry of the spiral structure:


   b g  i = π r D tan α .  



(2)







Then the final pumping flow formula is:


   Q p  =     π v D d r sin α cos α    2  ,  



(3)




where   r =    b g     b g  +  b l     , v is the seal surface rotation speed, α is the spiral angle, bg is the axial groove width, d is the groove depth, i is the number of threads, bL is the axial tooth width, D is the sealing diameter.



Due to the certain viscosity of the mud liquid, it will form a dynamic balance in the sealed cavity under the pumping action of the spiral seal, and the mud particles are continuously discharged outside the cavity to ensure that the mud particles do not enter the sealed cavity.



According to the principle of helical sealing, the direction of pumping flow should oppose the direction of leakage flow. The factors affecting the pumping flow direction of helical sealing are the screw type (i.e., the helical sealing of the screw shaft or the helical sealing of the screw sleeve [30]), the direction of the screw thread (i.e., left or right), and the direction of bearing rotation (i.e., clockwise or counterclockwise). The helical sealing in the present study was installed in the inner hole of the roller, which belongs to the helical sealing of the screw sleeve. To prevent slurry debris from entering the sealing chamber, the direction of pumping flow should be outward of the sealing chamber. A right-handed thread and counterclockwise rotation of the shaft were thus selected [31,32].




3. Methods


3.1. Numerical Simulation


This study uses FLUENT 15.0 (ANSYS, Inc. Canonsburg, PA, USA) to simulate the flow field distribution of helical sealing. In the actual working conditions at the bottom of the well, the temperature of all fluid boundaries is the same, and the movement of the fluid is not affected by the temperature. Therefore, the assumption in the simulation solution process is that the thermal coupling was not considered. After discovering and confirming the bottom hole gas overflow, it is necessary to carry out relevant operations to prevent the bottom hole gas from overflowing before drilling can continue. Therefore, when the roller bit is working, there is almost no gas in the bottom mud, the gas overflow from the bottom hole was not considered. Due to the certain gap between the spiral seal ring and the bearing, the spiral seal ring does not collide with the bearing to cause deformation when the roller bit is working. Since the material of the spiral sealing is metal, the deformation caused by the temperature is small and negligible. Therefore, the deformation of the metal spiral seal was not considered. The simulation model in this paper was generated by modeling software. In this process, the actual roller bit model was solved by Boolean operation, and the cavity model of the roller bit, that is, the flow channel model in Figure 2 was obtained. The mesh generation is an important step in flow field simulation. The mesh types are mainly divided into structured and unstructured grids. The structured grids are homogenous and are difficult to construct for the complex shape. The spatial distribution of unstructured grids is random with no specific structural characteristics and adaptability and can adapt well to a complex shape. An unstructured mesh was generated in this paper because the helical structure is complex and small in size. The generated mesh had a cell number of 219,122, and the number of nodes was 54,262.



Both the inlet and outlet were set as pressure boundary conditions. A shallow well with a depth of 940 m was studied in this paper. The mud density was 1200 kg/m3 and the mud viscosity was 0.2 Pa·S. Additionally, the pressure at the mud inlet was 11 MPa. Because the theoretical pressure difference between the inside and outside of the sealing chamber is 0.3–0.7 MPa, the actual pressure difference was greater than the theoretical pressure difference. Moreover, the safety factor was 1.5, and the pressure difference between the inside and outside was set at 1.05 MPa. The outlet pressure was 12.05 MPa [33]. The wall boundary condition was used for simulation, and a non-slip wall was set. The inner wall was set as a rotating wall, which comprises an inner roller hole and helical sealing ring. The rotational speeds of the roller and sealing ring were the same. Other walls were set as static walls with zero velocity [34], and the rotational speed of the bit was 200 r/min.



It was assumed using the discrete phase model in FLUENT that the second phase (i.e., the particle phase) was thin, such that the interaction between debris pieces and the effect of the particle volume fraction on the continuous phase need not be considered. This assumption means that the volume fraction of the discrete phase must be low, generally less than 12 percent.



The drilling bit parameters were an 8 1/2-inch drilling bit; i.e., d = 216 mm. The mudflow rate was V = 30L/s and the drilling rate was 6 m/h. The volume of rock debris per second VY was


      V Y    = π     d 2    2  × h = 3.14 ×    0.108   2  ×  6  3600        = 0.00006104  m 3   / s       = 0.06104  L / s     ,  



(4)







The volume fraction of rock debris per second was


     V Y   V  =   0.06104   30   = 0.002047 = 0.2047 % ≤ 10 % .  



(5)







The calculation results show that the volume fraction of rock debris is far less than 10%–12%. The discrete-phase simulation was therefore applied to the movement of rock debris in the flow field. The rock debris was set at the entrance surface, and the jet source and inert debris were selected. The incident velocity of the cuttings was set to 0.1 m/s, the diameter of the particle phase particles was 0.001 mm, so that its motion state moved with the movement of the liquid. Additionally, the entrance and exit boundary conditions were set as the escape boundary conditions. The wall boundary conditions were set as reflective, where the debris rebounded and the momentum changed. Moreover, the variation was determined by the rebound coefficient.




3.2. Experimental Device


The first test was a uniaxial test without pressure. This study independently developed a horizontal helical sealing test device (as shown in Figure 3 and Figure 4). The helical sealing ring installed in the roller (19) was thin (only 0.8–1.2 mm in thickness) and not strong enough to meet the working conditions; it was thus easily damaged and needed to be replaced frequently. The helical sealing ring and helical shaft sleeve were therefore designed as a whole (26) (as shown in Figure 5). On the one hand, the roller (19) does not need to be frequently replaced, which reduces costs and improves efficiency. On the other hand, the strength of the helical seal is enhanced. The inner part of the helical sleeve (26) is a helical sealing ring (for helical sand removal) and the outer part is a thread (for assembly with the inner hole of the roller). The helical sleeve (26) was printed in three dimensions and was installed on the roller and rotates with it.



Under the driving action of the roller (19), the helical sleeve (26) rotates at high speed. The rotated helical sleeve (26) generates an axial driving force for the liquid injected into the gap. There is thus a pumping effect, and the liquid in the gap is removed from the roller (19) to achieve the sealing.



The second test was a pressure medium uniaxial test. As for the actual conditions of the well bottom, as the drilling bit operates, the volume of the bearing volume changes owing to vibration of the bearing system, and the thermal expansion and vapor pressure of grease generated by friction heat increase the pressure difference. The pressure difference between the inside and outside of the sealing cavity is about 0.3–0.7 MPa. The liquid container 3 was replaced by a pump having this pressure difference, and the liquid was pumped to the A and B lines, and the remaining steps were the same as in the first experiment. This experiment was based on the first test device to increase the pressurized pump to simulate the actual working conditions.



The third test was a uniaxial bit loading test. A special high-speed bearing test was conducted to simulate actual working conditions (as shown in Figure 6). This test can exert axial and radial loads on a bit for testing the sealing performance. As for the device, the position of the drilling bit is shown in Figure 7. Moreover, the drilling bit comprises a roller and bearing. The groove at roller position (1) was applied to the axial and circular locations of the roller. The grooves at bearing positions (2) and (3) were respectively used for the axial and circular locations of the roller. The wear-resistant alloys were machined on the bearing side with a radial load to increase the wear resistance, which is consistent with the actual drilling process.




3.3. Experimental Procedure


In the first test, the uniaxial test without pressure mainly verifies the feasibility of helical sealing and the effects of different helical structure parameters on the sand removal performance. The pumping weight measurement method was used to weigh the liquid entering the device and the liquid removed from the device. The flow direction is shown in Figure 4. The roller (19) was connected with the motor (17) and the bearing (25) was stationary. As the motor (17) was stationary, the roller (19) did not rotate and the helical sealing (26) did not have a pumping function. The liquid was injected into the liquid container (3) with a mass of 5000 g, and the valve (4) was opened. Additionally, the liquid entered the working place of the helical sealing through two symmetrical holes along the axes of entrances A and B. The pumping function of the helical sealing (26) ring with high speed allowed liquid to flow into the active removal device. The liquid was removed through outlet (E) and along outlets (C) and (D). The liquid in the container (14) was weighed and the weight difference between the liquid entering and the liquid collected was calculated. The difference was the leakage of the helical sealing, and the sand removal performance of the helical sealing can be evaluated. As the motor (17) operates the roller (19) rotated with high speed, the roller (19) can drive the rotation of the helical sleeve (26) to realize the helical sealing (where helical sealing plays the role of pumping and removing sand). On the premise of the same volume of liquid being injected into the liquid container (3), the above test process without pumping action was repeated, and the difference in the pumping weight was recorded. The performance of helical sealing was evaluated by comparing the weight difference between the same volume of liquid entering and removed with the motor not working (i.e., the helical sealing ring has no pumping effect) and the motor working (i.e., the helical sealing ring can drive and remove sand). When the motor was not working, the weight difference was great because the screw cannot pump the sand. When the motor was working, the weight difference was small because of the pumping sand removal of helical sealing. The weight difference was thus inversely proportional to the performance of helical sand removal. The above results are used to evaluate the performance of helical sealing sand removal. As the roller rotates, the optimum rotational speed and helical structure parameters were obtained by measuring the pumping weight for different rotational speeds and helical structure parameters. By comparing the sealing weights, the pumping and sand removal effects of the helical sealing can be evaluated. A large weight difference suggests that the helical sealing does not have a sand removal effect whereas a small weight difference suggests that helical sealing has a sand removal effect. Meanwhile, this method can be used to test the sand removal performance of helical sealing with different helical structure parameters. The weight difference is inversely proportional to the sand removal performance of the helical sealing. The optimum rotational speed and helical structure parameters can thus be obtained.



In the second test, the uniaxial test of the pressurized medium investigated whether there was liquid infiltration in the sealing chamber. The sealing performance was good if there was no liquid infiltration in the sealing chamber; otherwise, the sealing did not meet the requirements. This was the main criterion for evaluating the sealing performance of the helical sealing ring.



In the third test, the axial load was 0.3 t while the radial load was 1 t (which was the maximum allowable output load in the high-speed bearing test). The test environment was filled with a water medium at a pressure of 0.3 MPa, and the device intermittently worked for 30 h (where the intermittent operation was to simulate the tripping and stopping of drilling). The working life of a conventional roller bit is 30 h. After the test, the water in the sealing cavity of the drilling bit can be observed. If the sealing fails, the sealing cavity will flood and the grease will dilute and escape the sealing cavity. If the sealing performance is good, the sealing cavity will not flood, and the grease will be applied to the bearing.





4. Results


4.1. Feasibility Study


4.1.1. Numerical Simulation


The velocity field in Figure 8 shows that the fluid entering the sealing chamber can directly flow through the gap, and the velocity direction is from the upper part to the lower part of the flow channel. Other fluid flows in a clockwise direction in the helical flow channel. As the fluid flows to the gap, the tangential component of the velocity is from top to bottom, which indicates that the spiral pump works. Meanwhile, the overall flow direction is from the upper end to the lower end of the flow channel, which is consistent with the direction of helical sand removal.



The pressure field presented in Figure 9 shows that the pressure gradually decreases from the upper end to the lower end of the flow channel, and the high pressure concentrates in the upper part of the flow channel. The pressure is lowest (9.94 MPa) at the lower end and highest (10.8 MPa) at the upper end. Additionally, the inlet pressure at the upper end is 11 MPa. It is suggested that the screw has the functions of pumping sand and reducing the upper pressure. Moreover, mud debris is subjected to a downward force and removed from the upper end to the lower end. The pressure curve shows that the trend of pressure distribution is a decrease from top to bottom, which is convenient for sand removal. Sections labeled a–e in Figure 10 at the turning point of the screw pitch are studied. The curve of the pressure change rate can be obtained from the pressure curve; i.e., the value obtained by the first-order differential of the pressure distribution reflects the rate of change in pressure at a certain axial position. The pressure increases with the axial distance when the pressure change rate is positive and decreases with increasing axial distance when the pressure change rate is negative. A lower change rate of pressure thus results in a faster pressure drop and better sand removal. The pressure change rates at axial sections b, c, and d rapidly decrease to a minimum within a relatively small axial distance and more rapidly than those at other axial sections. It is suggested that each stage of the screw promotes a pressure drop and the removal of sand. Helical structure parameters (i.e., the screw pitch, screw angle, and sealing gap) have an important effect on the pumping capacity and sand removal performance. Further research is needed.



Figure 11 shows the detention of rock debris. The black line outlines the three-dimensional model of the flow channel, the blue line represents the trajectory of particle movement in the sealing gap, and the green line represents the trajectory of particle movement in the whirlpool. Most of the debris is removed directly through the sealing gap. Little of the debris is in a swirling flow state in the channel. The maximum retention time (0.0406 s) is short, indicating the rapid removal of sand.




4.1.2. Experimental Research


Figure 12 and Figure 13 shows that the bearing interior is dry before the test as the roller bit is fitted with a threadless sleeve (without helical sealing). After the test, a large area of liquid infiltrates the sleeve and sealing chamber. As the roller is fitted with the helical sealing, the sealing chamber is dry before the test. After the test, there is some liquid at the end of the spiral ring and the initial ring (because the mud injection end is located at the hole of the sealing sleeve end). There is no liquid infiltration in the sealing chamber, and the bearing interior is dry. It is thus demonstrated that the removal of sand by the helical sealing is feasible.




4.1.3. Simulation of a Uniaxial Test Machine


Figure 14 shows the dismantled roller at the end of the test. After disassembly, the bearing and roller are covered with grease. The grease is applied to the bearing and roller without water.



In summary, theoretical, simulation, and experimental results show that the sand removal of helical sealing is feasible.





4.2. Optimization of Structural Parameters of the Helical Sealing


The above results show that the helical structure parameters affect sand removal performance. On the premise that other structural parameters are unchanged, one structural parameter is changed to study its effect on the sand removal performance, which provides guidance and a basis for structural design. Because the sand removal direction is determined by the helical direction, the variations of helical structure parameters do not change the helical direction, and the sand removal direction (the velocity direction) is unchanged. The velocity is thus no longer analyzed in the numerical analysis in this section.



4.2.1. Numerical Simulation


According to previous research, the detention time of rock debris and the sand removal performance are respectively proportional and inversely proportional to the pressure change rate. The above are thus selected as criteria by which to judge the performance of sand removal.



1. Effect of the pitch



Considering the limited height of the sealing chamber, the pitch of the helical sealing ring is inversely proportional to the ring number. However, the ring number cannot be great. Otherwise, the small pitch can affect the efficiency of sand removal and the strength and working life of the sealing. Additionally, the ring number cannot be small, as the pumping will be ineffective. Three rings are thus selected in this paper. Pitches of 1.6 mm, 2.0 mm, and 2.4 mm are selected with the ring number and other structural parameters unchanged.



As shown in the numerical simulation results of Table 1, the pressure change rates at helical structures b, c, and d are extracted and their average values obtained. With an increasing screw pitch, the pressure change rate gradually decreases, the pressure drop rate increases, the detention time of rock debris decreases, and the sand removal performance worsens. For a pitch of 2.4 mm, the pressure change rate is lowest, the detention time of rock debris is shortest, and the sand removal performance is best.



2. Effect of the sealing gap



With other structural parameters unchanged, sealing gaps of 0.5 mm, 0.8 mm, and 1.1 mm are selected to study the gap effect on the sand removal performance. As shown in the numerical simulation results of Table 1, the pressure change rate gradually increases, the pressure drop rate decreases, the duration of movement of rock debris increases, and the sand removal performance decreases with an increasing sealing gap. The sand removal performance is best for a sealing gap of 0.5 mm.



3. Effect of the inclination of the helical surface



With other structural parameters unchanged, the sand removal performance is observed for inclinations of the helical surface of 23°, 27°, and 30°. The numerical simulation results presented in Table 1 show that the pressure first increases and then decreases with increasing inclination. The pressure change rate is lowest for an angle of 23°. With increasing inclination, the movement time of rock debris first decreases and then increases. At inclinations of 23° and 27°, the differences in the pressure change rate and particle retention time can be neglected. However, experimental data show that the sand removal performance is best for an inclination of 23°, which is selected in this paper.



The average pressure change rate and the detention time of rock debris change most with a variation in the sealing gap, among the three structural parameters, which indicates that the gap has the greatest effect on the sand removal performance.




4.2.2. Experimental Research


The pumping weight measurement method refers to the measurement of the weight of liquid entering the device and the weight of liquid removed after operation of the device. The draining liquid amount and the sand removal performance are proportional to the weight difference. Table 1 shows that the weight difference is smallest and the sand removal performance is best for a pitch of 2 mm, a gap of 0.5 mm, and inclination of 23°. The simulation and experimental results of the gap and inclination are consistent, but the simulation and experimental results of the screw pitch are slightly different owing to inevitable systematic error and measurement error.



The comprehensive experimental and simulation results show that the sand removal performance increases with a decreasing gap, an increasing screw pitch, and a decreasing inclination of the helical surface.






5. Discussion


First, the rotation direction and the sealing mechanism of helical sealing are determined with sealing theory. According to the literature on helical sealing and the optimized helical structure parameters with better pumping performance, the helical sealing structure is preliminarily determined by combining the size of the roller bit with the specific working conditions. This structure is then selected as the original model with which to lay the foundation for subsequent simulation.



This paper conducts simulations and experiments to verify the feasibility of helical sealing and then to optimize the structural parameters. For the feasibility analyses, a three-dimensional model of a flow channel is established on the basis of the original model. Moreover, a discrete phase model is established with the boundary conditions set up. Results show that the velocity direction from the top to bottom of the sealing end can achieve good sand removal performance. The pressure field is distributed from high to low. Additionally, it is found that the variation rate of pressure can abruptly change at each variation level of the screw, and the pressure can rapidly decrease, promoting the removal of sand. Meanwhile, the helical structure parameters play an important role in the performance of sand removal. The remaining amount of rock debris decreases and the sand removal performance increases with a decreasing migration time of rock debris. According to the simulation study, the sealing mechanism is revealed to verify the feasibility of helical sealing, and the main factors affecting the sand removal performance are investigated, while criteria for judging the sand removal performance (i.e., a downward direction of movement, low-pressure change rate, and short migration time of rock debris) are obtained. Through experimental study, the sealing effects with and without helical sealing are compared. Because variations in the pressure field and velocity field cannot be experimentally studied, the sealing performance is evaluated by observing the water leakage of the sealing chamber, as shown in Figure 12 and Figure 13. Additionally, the difference in weight of the roller at rest and rotation is measured (16.25 g versus 7.5 g); it is found that the roller at rest has no sand removal effect and the roller with high speed has a good sand removal effect. It is feasible to apply the helical sealing to the high-speed roller bit. The feasibility of helical sealing is verified according to the simulation and experiment.



To obtain the helical sealing structure with good sand removal performance, the influence rule of main helical sealing parameters on the sand removal performance is studied through feasibility analyses. Additionally, optimum parameters are determined and provide a theoretical basis for subsequent practical application. Experiments and simulation reveal that the sand removal performance is inversely proportional to the gap (where on account of the bit processing coordination, the gap cannot be small but should be as small as possible in the feasible range), proportional to the screw pitch, and inversely proportional to the inclination of the helical surface. The simulation and experimental results of the sealing gap and helical inclination are consistent. The sand removal performance is best for a sealing gap of 0.5 mm and inclination of 23°. There is a slight difference between the simulation and experimental results of the screw pitch, which may be due to errors in the measurement, equipment, and operation. According to the theoretical analyses, the pumping performance is proportional to the screw pitch. Simulation results show that the difference between the pressure and residence time is small for pitches of 2 mm and 2.4 mm. A pitch of 2.4 mm is selected in this paper.



The above experimental research does not apply the drilling pressure to the bit, which is conducted on sealing equipment independently developed by us. After the successful experiment, a simulation of the uniaxial testing machine is carried out, with the aim of simulating the bottom hole load and mud condition and the helical sealing performance at work and at rest. Results show that the helical sealing structure can effectively prevent the external medium from entering the bearing system (as shown in Figure 14).



In this study, a new type of “spiral seal” structure is proposed, which has a screw pumping action under high-speed rotation through a spiral seal ring to discharge the debris particles out of the sealed cavity, thereby prolonging the service life of the roller bit. The proposed new structure breaks the current idea of passive sealing and converts passive sealing into active sealing, which marks the birth of a new sealing concept, which can bring huge economic and social benefits.
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Figure 1. Helical seal structure.1. Cone; 2. steel ball; 3. bearing; 4. spiral seal. 
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Figure 2. Boundary conditions. 
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Figure 3. The appearance of the testing device. 1. Liquid container; 2. valve; 3. liquid container; 4. valve; 5. liquid line; 6. valve; 7. liquid line; 8. machine base; 9. bolt; 10. liquid tank; 11. bottom plate; 12. valve; 13. pipeline; 14. collection container; 15. bolt; 16. support frame; 17. electromagnetic speed regulating motor; 18. coupling; 19. roller; 20. end cap bolt; 21. bearing end cap; 22. cover; 23. bolt; 24. fixed pin. 
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Figure 4. A sectional view of the testing device. 5. Liquid line; 6. valve; 7. liquid line; 11. bottom plate; 12. valve; 14. collection container; 15. bolt; 16. support frame; 17. electromagnetic speed regulating motor; 18. coupling; 19. cone; 20. end cap bolt; 21. bearing end cap; 25. bearing; 26. helical sleeve; 28. rolling bearing; 29. liquid outlet; 30. liquid inlet. 
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Figure 5. Helical shaft sleeve. 
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Figure 6. High-speed bearing testing machine. 
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Figure 7. Drilling bit and fixture. 
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Figure 8. Velocity field. 
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Figure 9. Pressure field and pressure curve. 
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Figure 10. Curve of the pressure change rate. 
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Figure 11. The retention time of debris particles. 
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Figure 12. Bearing before the test. 
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Figure 13. Bearing after the test. 
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Figure 14. Drilling bit after the test. 
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Table 1. Optimization results of structural parameters.
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Numerical Simulation Results

	
Test Results




	
Structural Parameters

	
The Averaged Pressure Change Rate (Mpa/mm)

	
Maximum Retention Time of Debris Particles (s)

	
Optimization Results

	
Weight Difference (g)

	
Test Results






	
Pitch (mm)

	
1.6

	
−0.201

	
0.0546

	
2.4

	
7.5

	
2




	
2.0

	
−0.22533

	
0.0498

	
6.25




	
2.4

	
−0.26567

	
0.0448

	
8.75




	
Sealing gap (mm)

	
0.5

	
−0.22533

	
0.0209

	
0.5

	
6.25

	
0.5




	
0.8

	
−0.06567

	
0.0688

	
13.75




	
1.1

	
0.003

	
0.0827

	
15




	
Inclination of helical surface (°)

	
23

	
−0.25133

	
0.0345

	
23

	
6.25

	
23




	
27

	
−0.21633

	
0.0328

	
26.25




	
30

	
−0.23767

	
0.0563

	
12.5












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
Disassembled roller sassembled bearing






media/file8.jpg





media/file27.png
Disassembled roller Disassembled bearing

i '3






media/file13.png





media/file12.jpg





media/file18.jpg





media/file9.png





media/file14.jpg
vector-1
Velociy Magnitude

[mis]

267001
2540001
2410001
2270401
2140001
2010001
187e+01
1740401
1610401
1470401
1340401
120401
107e+01
9380400
8040000
6706400
5370000
4036400
2708000
1360400
262002






media/file20.jpg
-tracks-1
Residence Time

406002
386002
366002
345002
325002
305002
284002
264002
244002
223002
203002
1830.02
16302
142002
122002
102002
81303
609003
406003
203003
0,00e+00

ts]





media/file23.png
Bearing without a screw before the test Bearing with a screw before the test






media/file5.png
26 73 N

21 20

9 18

17






media/file15.png
vector-1
Velocity Magnitude

2.67e+01
2.54e+01
2.41e+01
2.27e+01
2.14e+01
2.01e+01
1.87e+01
1.74e+01
1.61e+01
1.47e+01
1.34e+01
1.20e+01
1.07e+01
9.38e+00
8.04e+00
6.70e+00
5.37e+00
4.03e+00
2.70e+00
1.36e+00
2.62e-02

[m/s]





media/file19.png
|
w B 6
f+ =
+ N X
QL T
=t
f—t— "
by [ -
+ —
m#
+
+|
...T+lff - <
d J.mTUrI.Ll
4—t—F
+
1 =
Frt - S~
o ++ =
+—+F %
S g
-+ -+ N L o —
No] as @
+ F=+ =
+ + +— —
+.7|l+ =
h O
L -e
4
B
.N -
MT
A
« - ™
+W+
E: L o
| N N I 1 1 I n_/_
— o — (2] o™ -
S =) = =) =) ﬂ

[ | [
uw /edy /o8ueyd aanssaad jo ajey

YR SO ST TN
RIS
H






media/file2.jpg
outlet

Rotating wall

inlet





nav.xhtml


  applsci-09-03830


  
    		
      applsci-09-03830
    


  




  





media/file11.png
N Cor 1 PTR | S8 ber :Sy._, l’ gl 10
e ™ .

prasy.Stem
D _. " "1, ‘

.






media/file6.jpg
/ il

(/‘glgﬁ o

AR






media/file24.jpg





media/file1.png
traditional design

developed design





media/file10.jpg





media/file7.png
—a ool T
LZE D
c==| |,—-1i\"
BI NSO~
[ ° O\

AW

J
\s

‘|‘ \

O _—T )
/






media/file16.jpg





media/file3.png
outlet e

Rotating wall |

$

inlet





media/file22.jpg
Bearing without a screw before the test  Bearing with a screw before the test






media/file17.png
1.08e+07
1.07e+07
1.07e+07
1.07e+07
1.06e+07
1.06e+07
1.05e+07
1.05e+07
1.04e+07
1.04e+07
1.04e+07
1.03e+07
1.03e+07
1.02e+07
1.02e+07
1.01e+07
1.01e+07
1.01e+07
1.00e+07
9.98e+06
9.94e+06

Stdtic Pressure (MPa)

Curve Length (mm)





media/file4.jpg





media/file25.png





media/file0.jpg
traditional design

developed design





media/file21.png
article-tracks-1

article Residence Time

[s]

4.06e-02
3.86e-02
3.66e-02
3.45e-02
3.25e-02
3.05e-02
2.84e-02
2.64e-02
2.44e-02
2.23e-02
2.03e-02
1.83e-02
1.63e-02
1.42e-02
1.22e-02
1.02e-02
8.13e-03
6.09e-03
4.06e-03
2.03e-03
0.00e+00

L J',r i

;‘1 .}h ‘

||‘ f'J

R o

le





