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Abstract

:

To solve the high slurry pressure and severe wear at some sections in backfilling pipelines, this study investigates the solution of using an auxiliary pipe to increase the resistance and reduce the pressure of the mine backfilling pipeline. Using computational fluid dynamics, three auxiliary pipe models, a Z-shaped pipe, a S-shaped pipe and a spiral pipe were constructed and the velocity and pressure distribution characteristics of the filling slurry in the auxiliary pipes were analyzed. The function of friction loss in spiral pipes with different pitches and spiral diameters was established, and the amendment equation for calculating the effective stowing gradient was studied when using spiral pipes to increase resistance and reduce pressure. The results show that, compared with the Z-shaped pipe and the S-shaped pipe, the velocity and pressure in the spiral pipe change continuously and steadily, and there is no obvious sudden change in the local velocity and pressure. Therefore, it is difficult to burst the pipe. When the velocity is 2.5 m/s and the vertical height of the pipe is 2.5 m, the friction loss of the filling slurry in the spiral pipe can reach 3.87~21.26 times that in the vertical pipe, indicating that the spiral pipe can effectively play the role of increasing resistance and reducing pressure. The relationship between the friction loss and spiral diameter is a linear function, and the relationship between the friction loss and pitch is a quadratic function. The three are binary quadratic function relationships. The equation for calculating the effective stowing gradient is obtained, which provides a convenient method for engineering applications and industrial design.
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1. Introduction


With the increasing depletion of shallow resources, the mining of deep resources has increased at home and abroad [1]. The number of mines over 1000 m is increasing both in China and in other countries [2,3]. Coal mining is already performed at depths greater than 1500 m in China, whereas metal ores are mined at 4350 m [4]. For the reasons of mine safety [5], environmental protection [6,7], deep sustainable mining and national carbon-neutral targets [8,9], backfilling is playing an increasingly important role in mining [10,11,12], and it has been widely used worldwide [13,14,15,16]. Due to the increase in the vertical depth of the backfilling pipe in deep mining, the stowing gradient decreases, which requires effective solutions to the problems of high pressure and severe wear of the pipe [17,18,19]. Currently, researchers adopt the following methods to reduce the pressure and wear of the slurry on the pipeline [20,21,22,23,24,25,26]: reducing the erosion effect of the filling slurry on the pipeline, using the full pipe flow conveying system in the vertical pipeline, using the depressurization conveying system, decreasing the conveying speed of the slurry, changing the properties of the paste by adding binder content, and using neutral water to prepare the filling slurry and flush the pipeline. However, there are few studies on reducing pressure and pipeline wear from the perspective of pipeline structure design. In addressing the problem, this study proposes the method of using an auxiliary pipe to increase resistance and reduce pressure; that is, to add one or more auxiliary pipes at the appropriate position of the vertical backfilling pipe to increase resistance and reduce pressure to decrease the high pressure of the filling slurry in the backfilling pipe, reduce the wear of the local pipe and simultaneously accomplish realize the continuous transportation of the filling slurry.



Computational fluid dynamics (CFD) approximately converts the continuity equation, momentum equation, energy equation and the integral and differential terms in the constitutive equation in fluid mechanics into discrete algebraic forms so that they can be changed into algebraic equations. CFD then uses the algebraic computing ability of the computer to solve the discrete algebraic equations to obtain the numerical solutions of discrete physical quantities such as pressure and velocity at time and space points [27]. CFD Fluent software is currently a relatively popular large-scale commercial software worldwide. It is used to simulate complex flows from incompressible to highly compressible flows. It has rich physical models, advanced numerical fitting methods, powerful processing capacity and physical models confirmed by engineering. Because Fluent adopts a variety of solution methods and multigrid accelerated convergence technology, it can achieve the best convergence speed and solution accuracy. It is widely used in the mine filling pipeline simulation filed all over the world. Kaushal et al. [28] used Ansys Fluent software to analyze the concentration distribution and pressure drop in pipeline flows with high concentrations of fine particles. Nagar et al. [29] conducted CFD simulations for the predication of pressure drop and concentration profiles for better understating of 25 µm fly ash particles mixed with water in the form of solid–liquid slurry in 50 mm pipe diameter with efflux concentrations in the range of 33–47 percent by volume at different flow velocities as 1–3 m/s. Movahedi et al. [30] brought experimental and CFD simulation of slurry flow in the annular flow path using two-fluid model to predict solid–liquid multiphase flow under different flow conditions including static, laminar and turbulence. Zambrano et al. [31] used a three-dimensional, algebraic slip mixture (ASM) model of the CFD software FLUENT 6.3 to obtain the numerical solutions for investigating the pressure-driven slurry flow of heavy oil in a horizontal pipe. Liu et al. [32] employed a CFD method to investigate the flow characteristics of the cemented paste backfill slurry with a mixture model and represent the multi-phase characteristics of pipe flow. Therefore, CFD can be used to study the effect of increasing the resistance and reducing the pressure of different types of auxiliary pipes.



In order to solve the high slurry pressure and severe wear of some sections in the backfilling pipeline, this paper investigates the solution of using an auxiliary pipe to increase the resistance and reduce the pressure of the mine backfilling pipeline by applying computational fluid dynamics to study the flow characteristics of filling slurry in the auxiliary pipe. First, three types of auxiliary pipes, namely the Z-shaped pipe, the S-shaped pipe and the spiral pipe, were designed, and the dimensions of the auxiliary pipes were determined according to the actual conditions in the mine to allow for easy installation. Their computational models were drawn. To verify the feasibility of the CFD method and the matching of simulation parameters, an L-shaped pipe model was established. The reliability of the model and parameters was verified by comparing the similarity between the theoretical and simulated results of pressure loss. Next, the viscosity, density, yield stress and other parameters of the filling slurry were confirmed through laboratory experiments, and the velocity and pressure distribution characteristics of the filling slurry in the three types of auxiliary pipes were simulated using CFD. Then, the friction loss of the filling slurry in spiral pipes with different sizes was calculated, and the functional relationship between friction loss and pitch and spiral diameter was obtained. Finally, the amendment equation for calculating the effective stowing gradient was proposed when using the auxiliary pipes to increase resistance and reduce pressure. This study provides a convenient method for the design of backfilling pipes in engineering applications.




2. Principle of the Increasing Resistance and Reducing Pressure of Auxiliary Pipe


In the backfilling mining method, the cementing material, water and aggregate are evenly mixed in the surface mixing station to form a uniform filling slurry with a solid mass fraction of approximately 60~80%. The filling slurry is transported to the underground goaf by means of gravity or pumping and is hardened for a period of time to form a solid cemented filling body [33,34]. This method can provide support for the rock mass around the goaf, prevent the collapse of the rock mass around the goaf, effectively manage the pressure in the rock mass and improve the safety of underground mining [6,13,35].



In engineering, the friction loss of filling slurry in pipeline transportation directly affects or even determines many core issues, such as whether the filling slurry can be transported by self-flow, the construction of the backfilling system, the selection of equipment (especially pumps) and the layout of the pipeline network [36].



Due to the filling slurry viscosity and the influence of pipe wall roughness, when fluid motion occurs, friction will be produced between the fluid and pipe wall and among fluid particles [37,38], which is called frictional resistance. The energy loss caused by the moving fluid overcoming the frictional resistance along the pipe is called the friction loss. Its calculation equation is shown in Equation (1).


   P f  = λ  l D     v 2    2 g   γ  



(1)




where Pf is the friction loss; λ is the resistance coefficient along the pipe, 0.036, which is related to the roughness of the pipe; l represents the pipe length in m; D is pipe inner diameter in m; v represents the velocity of fluid in m/s; g is the acceleration of gravity, 9.81 m/s2; and γ is the bulk density of filling slurry in N/m3.



According to Equation (1), the friction loss along the process is proportional to the resistance coefficient, the length and the velocity.



The auxiliary pipe is installed in the vertical pipe section, as shown in Figure 1, and the specific position is adjusted according to the pipe arrangement and pressure distribution in the mine. When the slurry is transported along the pipeline, due to the friction between the slurry particles and the pipe wall and the viscosity of the slurry itself, the slurry will rub against the pipe wall, resulting in energy loss. Therefore, when the backfilling system does not use the auxiliary pipe, the slurry is directly transported along the L-shaped pipe. The energy loss in the vertical section is small, and the slurry pressure is large when it reaches the bottom. When the auxiliary pipe is used, the slurry will be transported along the auxiliary pipe. As the path becomes longer and the friction loss increases, the energy loss of the slurry increases, and the pressure of the slurry when it reaches the bottom is small, which can increase resistance and reduce pressure. In practice, the auxiliary pipe can be connected with the main pipe through the program-controlled electric valve. When the vertical height of the pipe is too large and the stowing gradient is too small, the auxiliary pipe is activated to increase the resistance of the filling slurry, reduce the velocity and pressure of the filling slurry when the filling slurry reaches the bottom of the vertical pipe and relieve wear at the pipe elbow. When the horizontal pipe is long and the stowing gradient is large, the auxiliary pipe is not activated, so that the filling slurry keeps its original transport energy to avoid a blocked pipe.




3. Numerical Simulation Methods


The mechanical properties of the filling slurry and the complexity of the backfilling pipe system make it impossible to solve the backfilling pipe transport problem accurately using CFD. Therefore, the numerical simulation model needs to be simplified [39,40], i.e., it is assumed that the filling slurry does not undergo phase change during transport and maintains a homogeneous full pipe flow. The effects of mining and temperature on filling slurry transport are not considered during the calculation.



3.1. Mathematical Model and Control Equations


3.1.1. Model Selection


In this study, the mixture multiphase flow model and standard k-e turbulence model in Fluent were used to calculate the along-travel friction loss in the flow field and analyze the flow velocity and pressure variation characteristics of the filling slurry.




3.1.2. Boundary Conditions


The Z-axis negative direction was set as the gravitational acceleration direction with a magnitude of 9.81 m/s, and the boundary conditions for each type of pipe were the velocity inlet and pressure outlet.




3.1.3. Control Equations


(1) Continuity equation


   ∂  ∂ t    (    ∑  k = 1  n    α k   ρ k     )  + ∇  (    ∑  k = 1  n    α k   ρ k     ν k   )  = 0  



(2)




where    α k    is the volume fraction of the kth phase;    ρ k    is the density of the kth phase in kg/m3;    ν k    is the average velocity of the kth phase in m/s; and t is time in s.



(2) Momentum equation


   ∂  ∂ t    (    ∑  k = 1  n    α k   ρ k   ν k     )  + ∇  (    ∑  k = 1  n    α k   ρ k     ν k   ν k   )  = −  α k  ∇ p + ∇  [   α k   (   τ k  +   τ ′  k   )   ]  +  α k   ρ k  g +  M k  +    (   F  int    )   k  +  S D   



(3)




where p is pressure in Pa;    τ k    is molecular dynamics in N/m2;     τ ′  k    is turbulent stress in N/m3;    M k    is interphase momentum transfer per unit volume in N/m3;      (   F  int    )   k    is intrinsic force in N/m3; g is the gravity acceleration in m/s2; and SD is momentum source term in N/m3.





3.2. Geometric Modeling and Parameter Setting


3.2.1. Geometric Modeling


The three types of auxiliary pipe models, namely the Z-shaped pipe, the S-shaped pipe and the spiral pipe, were designed as shown in Figure 2, in which Q indicates the pitch, W represents the spiral diameter and D expresses the pipe inner diameter, which is 0.12 m. The height h of the pipe model is 2.5 m. Additionally, 25 dimensional parameters were designed for each of the three types of pipes, as shown in Table 1.



To verify the feasibility of the CFD method and the matching of simulation parameters, an L-shaped pipe model was established. The specific parameters were vertical pipe height of 100 m, horizontal pipe length of 300 m, pipe inner diameter of 0.12 m, elbow of 90° and radius of curvature of 3 m, as shown in Figure 3.




3.2.2. Determination of Filling Slurry Parameters


A gold mine filling slurry in Shandong Province was studied. The filling slurry with a concentration of 72% (wt) was selected for simulation calculations. The same filling slurry sample was prepared in the laboratory using the concentration of filling slurry and the aggregate-to-cement ratio found in the industrial field. The preparation process of the filling slurry sample is shown in Figure 4, and the composition of tailings is shown in Table 2. The prepared filling slurry sample is shown in Figure 5a, and its rheological parameters were tested by a Brookfield R/S Plus rheometer (shown in Figure 5b). The results are shown in Figure 5c.



The regression equation of the slurry rheological curve is shown in Equation (4) [41].


   τ 0  = 0.207 η + 23.53  



(4)




where τ0 is the shear stress in Pa and η is the viscosity coefficient of the filling slurry.



Therefore, the yield stress τ is 23.53 Pa and η is 0.207 Pa·s. The filling slurry density  ρ  is 1700 kg/m3, which was obtained by weighing 1 L of filling slurry. A 2.5 m/s velocity of the filling slurry in the pipe was selected. The Reynolds number of the filling slurry in the pipe is calculated using Equation (5) as Re = 2463.77 > 2300, and the flow state is judged to be the transition state.


   Re =    ρ ν D  η   



(5)




where  ρ  is the fluid density in kg/m3; υ is the flow velocity in m/s; η is the viscosity coefficient in Pa·s; and D is the pipe inner diameter in m.




3.2.3. Reliability Verification of the Model and Parameters


The reliability of the model and parameters was verified by comparing the similarity ξ between the theoretical and simulated results of pressure loss.



First, the L-shaped pipe model was input into Fluent, and then the physical parameters of the filling slurry were brought into the Fluent solver. After iterative calculation, convergence was achieved, and the pressure difference Pm between the inlet and outlet was obtained as 669,320 Pa.



The total pressure loss of the filling slurry in the pipeline is calculated by Equation (6) [42,43,44].


   P w  =  ∑   P f    +  ∑   P j     



(6)




where Pw is the total pressure loss; Pf is the friction loss along the path; and Pj is the local pressure loss.



Pf is calculated according to Equation (1), and Pj is calculated by Equation (7).


   P j  = ζ    v 2    2 g   γ  



(7)




where ζ is the local resistance coefficient, 1.2; v represents the velocity of the fluid in m/s; g is the acceleration of gravity in m/s2; and γ is the bulk density of the filling slurry in N/m3.



The similarity ξ between the theoretical and simulated results of pressure loss can be calculated by Equation (8).


  ξ =    P w     P m    × 100 %  



(8)







The total pressure loss of the filling slurry in the pipeline Pw = 643,875 Pa, which was obtained via theoretical calculation. The similarity ξ is 96.2%, which meets the requirements of numerical simulation; that is, the model and parameters are suitable for this study.






4. Results and Analysis


4.1. Velocity and Pressure Fields of the Filling Slurry in the Auxiliary Pipe


Three types of auxiliary pipes were established with Q = W = 0.5 m, D = 0.12 m and h = 2.5 m, and the velocity and pressure fields of the filling slurry were obtained, as shown in Figure 6, Figure 7 and Figure 8.



Figure 6 shows that, for the Z-shaped pipe, the velocity of the filling slurry in the outer Z-shaped pipe is small (as shown by the blue arrow in Figure 6a), and the velocity of the filling slurry in the inner Z-shaped pipe is large (as shown by the red arrow in Figure 6a). At the point shown by the red arrow, there is a sudden increase in velocity, where the velocity of the filling slurry oscillates and the movement direction changes drastically, as shown by the black arrow in the figure. Therefore, the filling slurry energy varies dramatically, and the pipe is liable to burst, while the pressure characteristics of the filling slurry are opposite to the velocity characteristics, that is, the pressure of the filling slurry in the outer Z-shaped pipe is large (as shown by the blue arrow in Figure 6b), the pressure of the filling slurry in the inner Z-shaped pipe is small (as shown by the red arrow in Figure 6b). At the point shown by the red arrow, there is a sudden drop in pressure, where the pipe absorbs the energy of the filling slurry and the local pressure difference is large, so the pipe is liable to burst [45]. This feature is consistent with the results shown in the velocity field. In addition, the more filling slurry that is transported to the lower part of the pipe, the lower the pressure, indicating that the auxiliary pipe has a better effect of increasing resistance and reducing pressure. The characteristics of the S-shaped pipe velocity and pressure fields in Figure 7 are consistent with the characteristics expressed in Figure 6 and will not be repeated here.



Figure 8 clearly shows that the velocity of the filling slurry in the outer spiral pipe is large (as shown by the blue arrow in Figure 8a) and the velocity of the filling slurry in the inner spiral pipe is small (as shown by the red arrow in Figure 8a). There is no obvious velocity change. The pressure characteristics of the filling slurry are similar to the velocity characteristics, i.e., the pressure of the filling slurry in the outer spiral pipe is large (as shown by the blue arrow in Figure 8b) and the pressure of the filling slurry in the inner spiral pipe is small (as shown by the red arrow in Figure 8b). There is no abrupt pressure variation, indicating that the velocity and pressure of the filling slurry in the spiral pipe uniformly change, the impact of filling slurry transport on the pipe is small and the wear is small. Similarly, the further the filling slurry is transported into the lower part of the spiral pipe, the lower its pressure, indicating that the auxiliary pipe has a better effect of increasing resistance and reducing pressure.



Comparing the velocity and pressure fields in the three types of auxiliary pipes shows that the three types of pipes can ensure the continuous transport of filling slurry and achieve the purpose of increasing resistance and reducing pressure. However, the filling slurry velocity and pressure in the Z-shaped pipe and the S-shaped pipe are prone to local sudden changes, and the pipe is liable to burst. However, the spiral pipe slurry velocity and pressure change continuously and steadily, and there are no obvious sudden changes in local velocity and pressure, so it does not easily burst. Hence, in engineering applications, spiral pipes have more obvious advantages than Z-shaped and S-shaped pipes and should be used more often.



The simulation results show that the filling slurry velocity and pressure in the outer spiral pipe are greater than those in the inner spiral pipe, and the wear of the outer spiral pipe is relatively serious. In practical applications, the design and production of the outer spiral pipe need to carry out special treatment, and special materials can be thickened or added to enhance the wear resistance of the local spiral pipe [46,47], so that the pipe structure can maintain overall stability, increasing the service life of the pipe and reducing cost.




4.2. Characteristics of Friction Loss in Spiral Pipes with Different Sizes


The above study shows that spiral pipes are more suitable for engineering applications. Therefore, we only study the effect of increasing resistance and reducing pressure of spiral pipes here and calculate the friction loss (∆P) of filling slurry in 25 different sized spiral pipes (Figure 9 shows some spiral pipe models with the same height, spiral diameter and different pitch). The results are shown in Table 3. Through the simulation calculation, the friction loss at the center of the inlet and outlet of the vertical pipe with a height of 2.5 m is 5228 Pa at the same parameters of filling slurry. The ratio of friction loss generated by the spiral pipe to that generated by the vertical pipe at the same height is ω, which is shown in Table 4. When the velocity is 2.5 m/s and the vertical height of the pipe is 2.5 m, the friction loss of the spiral pipe can reach 3.87~21.26 times that of the vertical pipe, which indicates that the spiral pipe can effectively play the role of increasing resistance and reducing pressure.



Using data from Table 3, Figure 10 and Figure 11 are plotted. From Figure 10, when Q is a constant, ∆P increases with increasing W, and the relationship between the two is a linear function. The solid line in the figure is the linear fitting curve for each group of data, and the fitting degree R2 is above 0.9. From Figure 11, when W is a constant, ∆P decreases with increasing Q, and the relationship between the two is a monotonically decreasing quadratic function. The solid line in the figure is the corresponding quadratic function fitting curve for each group of data, and the fitting degree R2 is above 0.9. Therefore, to obtain a larger friction loss, a spiral pipe with small Q and large W should be chosen. W is limited by the actual shaft size in the mine, and there is a maximum value, which can be determined in combination with the actual engineering application.




4.3. Amendment Equation of the Stowing Gradient


In the backfilling method, the stowing gradient is the most important parameter of the backfilling pipe system, which expresses the engineering characteristics of the mine backfilling pipe and is one of the key factors of whether the mine filling slurry can be transported by self-flow. The calculation equation of the stowing gradient is shown in Equation (9). Since ∆P along the pipe changes after the addition of a spiral pipe to the backfilling pipe, Equation (9) cannot accurately calculate the stowing gradient. Therefore, it is important to propose a calculation method for the effective stowing gradient when using spiral pipes to increase resistance and reduce pressure. The relevant calculation analysis will also become the basis of mine backfilling pipe design. We propose an amendment equation for calculating the stowing gradient based on the friction loss calculation results, which is shown in Equation (10).


  N =  L H   



(9)






   N ′  =   L +  (  ω − 1  )  ⋅ h  H   



(10)




where N is the stowing gradient; N′ is the effective stowing gradient; H is the height difference between the starting point and ending point of the backfilling pipe; L is the total length of the backfilling pipe including the length of the elbows, joints and other fittings; and h is the total height of the spiral pipe.



Because ω is obtained by many simulation calculations, it is not intuitive in practice. To simplify Equation (10), a relationship between ω and Q and W needs to be established.



Figure 12 shows the three-dimensional coordinate of ω and Q and W. According to the above study, when W is a constant, the relationship between ω and Q is a monotonically decreasing quadratic relationship. Because it can determine the relationship between ω and Q and W, the binary quadratic function is chosen to fit the data for Figure 12. The results are shown in Figure 12, and the relationship between ω and Q and W is shown in Equation (11).


  ω = 17.47  Q 2  + 2.03  W 2  −  36.66  Q + 0.06 W + 20.84  



(11)







The fitting degree R2 of the equation in Figure 12 is 0.90. Bringing Equation (11) into Equation (10):


   N ′  =   L +  (  17.47  Q 2  + 2.03  W 2  − 36.66 Q + 0.06 W + 19.84  )  ⋅ h  H   



(12)







It can be seen from Equation (12) that when L, Q, W, h and H are known, the effective stowing gradient N′ can be found when spiral pipe is used to increase resistance and reduce pressure. Otherwise, when L, h and H are known, the relationship between N′ and Q and W can be found, and then suitable backfilling pipe parameters can be designed in combination with the actual industrial application.





5. Conclusions


In this study, the flow state of filling slurry in auxiliary pipes with different sizes was simulated using CFD, and the distribution characteristics of filling slurry velocity and pressure were analyzed. The relationship between friction loss along the pipe and spiral diameter and pitch was established, and the calculation equation of the stowing gradient was revised. The following conclusions were obtained.




	(1)

	
The three types of pipes can achieve the purpose of increasing resistance and reducing pressure, but the velocity and pressure of filling slurry in spiral pipe change continuously and steadily, and there are no obvious sudden changes in local velocity and pressure, so it is difficult to burst. Hence, in engineering applications spiral pipes have more obvious advantages than Z-shaped and S-shaped pipes and should be used more often.




	(2)

	
In practical applications, the design and production of the outer spiral pipe need to carry out special treatment, and special materials can be thickened or added to enhance the wear resistance of the local spiral pipe, so that the pipe structure can maintain overall stability, increasing the service life of the pipe, and reducing cost.




	(3)

	
The relationship between ∆P and Q and W was obtained. ∆P increases with increasing W, and decreases with increasing Q. The relationship between ω and Q and W is a binary quadratic function relationship, and the equation for calculating the effective stowing gradient when using spiral pipe is proposed.




	(4)

	
This study provides an idea for industrial design and engineering applications. First, the parameters of the filling slurry are determined through laboratory experimental tests. Second, the parameter combination of the backfilling pipe is determined by the actual industrial situation. Third, the relationship between ω and Q and W is obtained via numerical simulation and analysis. Therefore, the relationship between N′ and Q and W can be found by the calculation equation of the effective stowing gradient. Finally, a suitable filling pipe is designed from actual conditions.
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Figure 1. Increasing resistance and reducing pressure schematic of auxiliary pipe (illustration by authors). 1—Program-controlled electric valve, 2—auxiliary pipe, 3—pressure change of vertical pipe of L-shaped pipe, 4—pressure change of vertical pipe after using auxiliary pipe. 
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Figure 2. Models of the Z-shaped pipe (a), the S-shaped pipe (b) and the spiral pipe (c). 
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Figure 3. Models of the L-shaped pipe (a,b) elbow of the L-shaped pipe. 
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Figure 4. Preparation process of the filling slurry sample. (a) Weigh tailings of a certain mass, (b) weigh cementitious materials of a certain mass, (c) weigh some water, (d) pour the tailings, curing material and water into the hopper of the mixer successively and mix for 10 min at 60 r/min to evenly distribute the components. 
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Figure 5. Slurry under test (a), Brookfield R/S Plus rheometer (b) and rheological curve of filling slurry (c). 
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Figure 6. Velocity field (a) and pressure field (b) of the filling slurry in the Z-shaped pipe. 
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Figure 7. Velocity field (a) and pressure field (b) of the filling slurry in the S-shaped pipe. 
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Figure 8. Velocity field (a) and pressure field (b) of the filling slurry in the spiral pipe. 
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Figure 9. Spiral pipe models with the same height, spiral diameter W and different pitch Q. (a) Q = 0.25, W = 0.75, (b) Q = 0.50, W = 0.75, (c) Q = 0.75, W = 0.75, (d) Q = 1.00, W = 0.75, (e) Q = 1.25, W = 0.75. 
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Figure 10. ∆P vs. Q at different W. 
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Figure 11. ∆P vs. W at different Q. 
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Figure 12. Three-dimensional coordinate diagram of ω with Q and W. 
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Table 1. Parameters for different sizes of pipes.
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Parameter

	
Value/m






	
Q

	
0.25

	
0.5

	
0.75

	
1.0

	
1.25

	




	
W

	
0.5

	
0.75

	
1.0

	
1.25

	
1.5

	




	
D

	
0.12




	
h

	
2.5
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Table 2. The composition of tailings.
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	Composition
	SiO2
	Al2O3
	K2O
	CaO
	Fe2O3
	Na2O
	SO3
	MgO
	MnO
	Others





	Proportion (%)
	61.24
	22.14
	5.10
	2.19
	2.96
	1.82
	1.46
	1.41
	0.17
	1.51
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Table 3. Friction loss ∆P (Pa) of spiral pipes with different sizes.
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W

	
0.5

	
0.75

	
1

	
1.25

	
1.5




	
Q

	






	
0.25

	
55,393.72

	
66,217.24

	
80,239.87

	
95,401.62

	
111,148.30




	
0.5

	
30,364.67

	
34,905.20

	
41,307.39

	
48,744.80

	
56,278.46




	
0.75

	
24,800.37

	
25,413.41

	
29,062.09

	
33,701.80

	
38,536.95




	
1

	
22,478.22

	
21,682.92

	
23,457.82

	
26,639.43

	
29,790.07




	
1.25

	
22,234.60

	
20,211.32

	
20,685.33

	
22,677.81

	
24,867.83
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Table 4. ω of spiral pipes of different size.
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W

	
0.5

	
0.75

	
1

	
1.25

	
1.5




	
Q

	






	
0.25

	
10.60

	
12.67

	
15.35

	
18.25

	
21.26




	
0.5

	
5.81

	
6.68

	
7.90

	
9.32

	
10.76




	
0.75

	
4.74

	
4.86

	
5.56

	
6.45

	
7.37




	
1

	
4.30

	
4.15

	
4.49

	
5.10

	
5.70




	
1.25

	
4.25

	
3.87

	
3.96

	
4.34

	
4.76
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