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Abstract

:

During the operation of the water transportation pipelines in the upstream of the Yellow River, varying degrees of sand deposition often occur under a low flow rate. Taking into account the effect of different pipe inclinations, pipe diameters, and inlet sand content, the Eulerian–Eulerian two-phase model was applied in the numerical simulation of sediment-laden flow in a V-inclined pipe. The results indicate that there is a significant difference between a V-inclined pipe and horizontal pipe affected by gravity. Compared with the downward inclined pipe, sand deposition is evident in the upward inclined pipe. The high-velocity region moves upward and the asymmetry of the cross-sectional velocity increases. As the pipe diameter increases, the interaction between sand and the wall as well as the degree of turbulence decrease, so that the distribution of sand volume concentration across the cross section will be more uniform. Under different inlet sand content, the lowest point of the pipe experiences the most sand deposition, with sand volume concentration and velocity distribution across the cross-sections becoming uneven as inlet sand content increases. The location of the maximum liquid velocity varies from section to section. When the inlet sand content increases from 0.42% to 5%, the liquid velocity of the pipe cross-section no longer satisfies the rule of high velocity for middle and low velocity near the wall.
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1. Introduction


Due to the variation of flow rate and terrain undulation, there are different degrees of sand deposition when conveying sediment-laden flow. The entry of sand into the pipe increases the hydraulic loss. The movement speed of sand is obviously smaller than the flow rate, and often cannot be discharged outside the pipe. This leads to sand deposition easily occurring at the reverse slope and bending pipe section, which has a direct effect on the safety of the pipeline and the efficiency of sand transport [1,2]. The design parameters of pipe and sand are closely related to sand transport, so it is necessary to analyze the relationship between different design parameters and the sand transport characteristics in pipes. Studying the sand transport characteristics of the inclined pipe under different design parameters can provide accurate guidance for the design and operation of pipes, and enable effective anti-deposition management.



Pipeline transportation is widely used in the irrigation areas of the Yellow River because of its advantages of water saving and low cost [3]. However, the Yellow River is a natural river with high sediment content, and the suspended sediment is the main sediment source [4]. The problem of sand deposition has been restricting and hindering the development of irrigation. Current research on the sediment-laden flow of pipes focuses on the flow state [5,6,7], law of resistance loss [8,9], critical velocity [10,11], and wear of pipes [12,13,14]. Based on experimental and theoretical studies of sediment-laden flow in pipes, many researchers have developed different empirical models for estimating different parameters, including pressure gradient, critical velocity, and wear rate. These prediction models obtain macroscopic parameters, which are simple to use, but only applicable to a certain range. Therefore, it is very important to accurately predict the sand transport characteristics in pipes.



The research methods that rely on empirical analysis and experimental studies do not reveal the essence of two-phase flow, while numerical simulation can quantitatively describe the changes in the flow field in time and space. More and more attention has been paid to the study of sand transport characteristics combined with numerical simulation. The Euler–Euler method finds frequent application in simulating flow containing sediment within pipes. In the study by Ekambara [15], ANSYS-CFX was employed for simulation. It was observed that the sand volume fraction distribution was well-replicated, and the forecasted frictional pressure drop closely matched the experimental data, thus confirming the numerical simulation’s accuracy. In the numerical simulation conducted by Kaushal [16], the Mixture model and the Eulerian multiphase model were employed to simulate slurry flow characterized by a high concentration of fine particles. The findings demonstrated that the Eulerian multiphase model was better suited for accurately representing the changes in pressure drop and profiles of solids concentration. Yang [17], Li [18,19], and Zhang [20] used the Eulerian multiphase model to numerically simulate the sand transport characteristics of a pipe. They investigated the effects of pipe diameter, sand content, particle diameter, and flow rate on sand deposition in a horizontal pipe. Another method to simulate the sediment-laden flow is the Euler–Lagrange method. Xiong [21] and Capecelatro [22] conducted similar studies, with outcomes indicating that the Euler–Lagrange method adequately captures a more comprehensive description of sediment-laden flow in pipes, particularly when coarse particles are being transported. Lately, researchers have shown a growing interest in the CFD-DEM approach. Zhang [23], Januário [24], and others used CFD-DEM methods to study the sediment-laden flow of pipes, involving flow regimes and critical velocity. Nonetheless, the computational resource constraints restrict the applicability of such methods for analyzing slurries containing a high number of particles. On the basis of the above, the Eulerian–Eulerian two-phase model was used in this study.



At present, the study of sediment-laden flow in the inclined pipe by experiments and numerical simulation is relatively rare and mostly focuses on upward or downward inclined pipes. Liu [25] evaluated the influence of inclination and particle size on sediment-laden flow and found that sand deposition can also occur on the pipe wall under small inclinations, and small particles will lead to greater local sand volume concentrations and hydraulic gradients. Kesely [26] studied the influence of negative slope on critical velocity and carried out experimental research on different particle sizes. Matoušek [27,28,29] empirically established a mathematical and physical model for slurry flow in inclined pipes and conducted a comprehensive examination of the impact of pipe inclination, which revealed that the impact of pipe inclination on critical velocity is minimal when transporting coarse particles, but it cannot be disregarded when conveying fine particles. In an upward inclined pipe, an increase in inclination led to a reduction in both the degree of flow stratification and pressure drop. Conversely, the opposite trend was observed in a downward inclined pipe. There was a greater amount of deposition in the upward inclined pipe as opposed to the downward inclined pipe. Vlasak [30,31] conducted experiments and determined that the pressure drop in an upward inclined pipe was greater. Moreover, this discrepancy diminishes with higher flow rates and increased pipe inclination. Archibong-Eso [32] carried out experiments on horizontal and upward inclined pipes, and summarized the influence of flow rate, geometry, and particle parameters on critical velocity. Yang [33] employed the CFD-DEM method to simulate sediment-laden flow within the pipe and observed that the minimum value for transport capacity occurred within the range of   45   ∘    to   60   ∘   . Tebowei [34] investigated the sand transport characteristics of V-inclined pipes utilizing the Eulerian multiphase model. It was observed that even a slight pipe inclination exerted a notable influence on sand transport characteristics, and deposition started to occur at higher velocities. These studies show that pipe inclination has an important influence on sand transport characteristics, and the long-distance water transportation pipelines will encounter unequal terrain undulation during the process of design, so the study of small angled V-inclined pipes is very important.



In this paper, the Eulerian–Eulerian two-phase model was used to conduct a numerical simulation of the sand transport characteristics of V-inclined pipes conveying sediment-laden flow were studied. The study analyzed the effect of pipe inclination, pipe diameter, and inlet sand content on the sand transport characteristics using the controlled variables method. The study is based on a typical V-inclined pipe utilized in an irrigation project for a 43.96 km pipeline along the Yellow River. Accurate prediction of sand transport characteristics is of great significance to the prevention of sand deposition in long-distance water transportation pipelines.




2. Mathematical Model


The research object of numerical simulation in this study is a three-dimensional V-inclined pipe, involving a solid–liquid two-phase flow. There are numerous models to describe two-phase flow. This study follows up on our previous study. The Eulerian–Eulerian two-phase model was considered. The mathematical model is the same as before, so the following formulas are consistent with our previous study [35].



2.1. Eulerian–Eulerian Two-Phase Model


In this model, each phase is treated as a continuous medium. The spatial distribution of the velocity and sand volume concentration is provided. This model has been widely used in simulating sediment-laden flow in pipelines [17,18,34]. In this model, the notion of phase volume fraction is incorporated. Different phases all satisfy the continuity equation and momentum equation.



The total volume fraction of each phase meets the following conditions:


   ∑  i = 1  n   α i  = 1  



(1)







  α i   denotes the volume fraction of phase i. The subscripts s and l represent the solid and liquid phases, respectively.



In this study, it is assumed that there is no mass transfer between the solid particles and water. The continuity equation for phase i is expressed as follows:


   ∂  ∂ t     α i   ρ i   + ∇ ·   α i   ρ i   v i   = 0  



(2)




where   v i   and   ρ i   represent the velocity and physical density of phase i, respectively.



The interaction force between solid and liquid is considered, neglecting forces with weak effects, for instance, lift force and virtual mass force. Therefore, the momentum equation for phase i is:


   ∂  ∂ t     α i   ρ i   v i   + ∇ ·   α i   ρ i   v i   v i   = −  α i  ∇ p + ∇ ·    τ ¯  ¯  i  +  α i   ρ i  g +  R  i j    



(3)






     τ ¯  ¯  i  =  α i   μ i   ∇  v i  + ∇    v i   T   +  α i    λ i  −  2 3   μ i   ∇ ·  v i    I ¯  ¯   



(4)




where  g  represents gravitational acceleration,     τ ¯  ¯  i   is the stress–strain tensor,   μ i   and   λ i   are the shear and bulk viscosity,    I ¯  ¯   denotes the unit tensor,   R  i j    accounts for the interaction force between phases, and p stands for the pressure shared by each phase.



The Wen–Yu model is adopted as the interaction force model, which meets the requirements    R  l s   = −  R  s l    :


   R  l s   =   3  α s   α l   ρ l    v s  −  v l     4  d s       α l    − 2.65   ·  24   α l   Re f     1 + 0.15     α l   Re f     0.687    ·   v l  −  v s    



(5)




where,   d s   represents the particle diameter, while   Re f   stands for the relative Reynolds number.




2.2. Turbulence Model


This study utilized the mixture   k − ε   turbulence model, which strikes a balance between computational efficiency and accuracy. This model relies on mixture properties to capture crucial turbulent characteristics. The values of k and  ε  can be determined from the following equations:


   ∂  ∂ t     ρ m  k  + ∇ ·   ρ m   v m  k  = ∇ ·    μ m  +   μ  t , m    σ k    ∇ k  +  G  k , m   −  ρ m  ε  



(6)






   ∂  ∂ t     ρ m  ε  + ∇ ·   ρ m   v m  ε  = ∇ ·    μ m  +   μ  t , m    σ ε    ∇ ε  +  ε k    C  1 ε    G  k , m   −  C  2 ε    ρ m  ε   



(7)







In the given equations, k represents the turbulent kinetic energy,  ε  stands for the vortex dissipation rate, and   σ k   and   σ ε   denote the Prandtl numbers for k and  ε , respectively.   C  1 ε    and   C  2 ε    are constants, while   G  k , m    represents the generation of turbulence kinetic energy, and   μ  t , m    stands for the turbulent viscosity for the mixture.


   G  k , m   =  μ  t , m    ∇  v m  +    ∇  v m    T   : ∇  v m   



(8)






   μ  t , m   =  ρ m   C μ     k  2  ε   



(9)




where   C μ   represents a constant.   ρ m  ,   v m  , and   μ m   stand for the mixture density, mixture velocity, and mixture molecular viscosity, respectively.


   ρ m  =  ∑  i = 1  n    α i   ρ i    



(10)






   v m  =     ∑  i = 1  n     α i   ρ i   v i       ∑  i = 1  n     α i   ρ i      



(11)






   μ m  =  ∑  i = 1  n    α i   μ i    



(12)









3. Simulation Method


3.1. Physical Model


The physical model is based on a typical V-inclined pipe utilized in an irrigation project along the Yellow River. This configuration comprises a downward inclined pipe with a negative inclination and an upward inclined pipe with a positive inclination. The pipe length investigated in this paper is 80m. Five cross-sections, labeled as S1, S2, S3, S4, and S5, have been selected along the pipe, with S3 being the cross section at which the pipe is at its lowest. S1, S2, S4, and S5 are positioned at distances of   − 20   m,   − 10   m, 10 m, and 20 m from S3, respectively.




3.2. Grid Independent Test


The computational domain is the fluid domain of the V-inclined pipe. The model in Figure 1 is taken as an example to illustrate the grid independence verification. Considering that sand deposition occurs at the pipe wall, the boundary layer of the grid was refined with five layers. The first boundary layer had a height of 5 mm and a growth rate of 1.2, as shown in Figure 2. Different grid numbers of 764,000, 1,487,600, and 1,855,600 were used to verify the grid independence. The slurry velocity of S3 was used as the evaluation parameter. At the inlet, sand volume concentration was specified as 0.42% and inflow velocity was established at 0.3 m/s. Comparisons are shown in Figure 3. It can be found that when the grid number is greater than 1,487,600, the variation of slurry velocity is less than 0.03%, so finally the grid number of 1,487,600 was chosen for the final numerical simulation.




3.3. Solution Techniques


ANSYS Fluent was chosen to carry out related work. A velocity boundary condition was implemented at the inlet, while a pressure boundary condition was implemented at the outlet. The wall surfaces adopted a no-slip wall condition.



The primary phase is water, while the secondary phase is sand. Water was considered to be an incompressible fluid. Phase transformation was not taken into account, thus the physical properties of water and sand were treated as constant. Solid particles were treated as spheres of the same particle size. It is proved by experiments that the bed roughness has no obvious influence when transporting fine particles compared with coarse gravel [36]. Due to the number of fine particles in the Yellow River, the effect of pipe roughness was not considered.



In the research of sediment-laden flow in pipelines, critical velocity and sand transport characteristics are mostly studied. Numerical simulations of both are essentially performed for solid–liquid two-phase flow, but the research content is different. The critical velocity of sediment-laden flow is the macroscopic condition, which is mostly determined by the empirical formula. However, sand transport characteristics are a microscopic condition. The previous study [35] employed both numerical simulation and empirical formulas to predict the critical velocity. The comparative results validated the accuracy of numerical simulation for solid–liquid two-phase flow, thus obviating the need for repetition in this paper.





4. Results and Discussion


The sand transport characteristics have a close relationship with pipe inclination, pipe diameter, and inlet sand content. Building upon the findings [17,18,19,20] from the horizontal pipe study, the distribution law of sediment-laden flow in V-inclined pipes was analyzed under varying parameters using the controlled variables method.



4.1. Pipe Inclination


Critical velocity within the range of   − 1.35   ∘  ± 5   ∘    has been demonstrated to be minimally affected by pipe inclination. However, it has been observed that the sand transport characteristics are indeed influenced by pipe inclination [37,38,39]. Compared with horizontal pipes, pipe inclination exacerbates the complexity of the multiphase flow. In particular, small angled inclination often has an important effect on sand transport characteristics. The simulated pipe inclinations were selected to be   ± 2   ∘   ,   ± 4   ∘   , and   ± 6   ∘   , respectively. Table 1 shows parameters under different pipe inclinations. The inlet sand content was given by uniform distribution. The inflow velocity was 0.3 m/s.



Figure 4, Figure 5 and Figure 6 are the contours of the sand volume concentration contours and the turbulent kinetic energy of the pipe cross-section at different pipe inclinations. A small angled V-inclined pipe is affected by gravity and has different sand transport characteristics from a horizontal pipe. At the same inflow velocity, sand deposition of a horizontal pipe is less than that of the V-inclined pipe. The distribution of sand volume concentrations at different cross-sections is uneven and asymmetrical in the V-inclined pipe. S3 is the cross-section where the most sand deposition occurs. The majority of the sand was concentrated in the upward inclined section of the pipe. This is because the component force of particle gravity parallel to the pipe centerline changes with the pipe inclination. A large portion of the resistance is offset by the gravity component in the downward inclined pipe, while in the upward inclined pipe, it inhibits the flow even more.



Additionally, it has been observed that sand deposition increases with the elevation of pipe inclination. The maximum sand volume concentrations at   ± 2   ∘   ,   ± 4   ∘   , and   ± 6   ∘    pipe inclinations are 34.7%, 21.4%, and 19.5%, respectively. The maximum sand volume concentration in the cross-section gradually decreases with the increase in pipe inclination, as shown in Table 2. This is attributed to the fact that as the pipe inclines towards the vertical position from a horizontal position, the settling effect of particles will be weakened and the symmetry of the sand volume concentration will be improved in the cross-sections.



In the V-inclined pipe, the distribution of cross-sectional turbulent kinetic energy is also characterized by unevenness and asymmetry. Above the cross-section, the turbulent kinetic energy is higher in the upward inclined pipe. Conversely, below the cross-section, the turbulent kinetic energy is higher in the downward inclined pipe. The reason is that part of the sand will flow back to the bottom of the pipe because of the liquid shedding process and sand deposition, resulting in a significant difference in sand transport characteristics between upward and downward inclined pipes.




4.2. Pipe Diameter


The simulated pipe diameters were selected to be 2600 mm, 1600 mm, and 1200 mm, respectively. Table 3 shows the parameters under different pipe diameters. The inlet sand content was given by uniform distribution. The inflow velocity was 0.3 m/s.



The vertical distribution law of concentration is a fundamental topic in the investigation of sand transport characteristics. The simulation obtained the vertical distribution of sand volume concentration at different pipe diameters, as shown in Figure 7. It can be seen that after a certain distance of flow, the vertical distribution of cross-sectional sand volume concentration is not uniform under different pipe diameters, forming a distribution pattern with small sand volume concentrations at the upper cross-section and large sand volume concentrations at the lower cross-section. At this time, the flow in the pipe belongs to the non-homogeneous flow with the promoted layer, which is related to the selection of the inlet velocity near the critical velocity. At the critical velocity, the turbulent kinetic energy is just unable to maintain the suspended motion of solid particles, and the sand will not accumulate in piles, although it is slowly pushing forward at the bottom of the pipe.



Combined with Figure 7 and Figure 8, it was found that the inhomogeneity of the vertical distribution of the sand volume concentration decreased with the increase in pipe diameter. This can be attributed to the weakened interaction between solid particles and the wall, as well as the spatial release effect. The maximum sand volume concentration in the cross-section increases as the pipe diameter increases under the same inlet sand content and velocity, but the location where the maximum sand volume concentration appears is not the same. For the small pipe diameters of 1200 mm and 1600 mm, sand volume concentration at the bottom of the cross-section gradually increases as the flow distance increases. However, in the case of the larger pipe diameter of 2600 mm, it is largest at the lowest point of the V-inclined pipe. From Figure 9, on the one hand, the particle spacing is larger after the pipe diameter increases, and the turbulent pulsation of particles is not enough to cause a high frequency of particle collision and extrusion; on the other hand, the influence brought by pipe inclination makes a certain degree of backflow in the upward inclined pipe and the speed of the backflow increases with the augmentation in pipe diameter.




4.3. Inlet Sand Content


The sand content of rivers is constantly changing due to seasonal changes. The inlet sand content has an effect on the sand transport characteristics of the pipe, so numerical simulations were performed at three different inlet sand contents, 0.42%, 1%, and 5%, respectively. Table 4 shows parameters under different inlet sand contents. The inlet sand content was given by uniform distribution. The inflow velocity was 0.3 m/s.



Figure 10 illustrates the contours of liquid velocity distribution at various cross-sections with varying inlet sand contents. It can be observed that, in comparison to the downward inclined pipe, a distinct low-speed zone emerges at the bottom of the upward inclined pipe. This can be attributed to the sand deposition at the bottom of the pipe. Among the chosen cross-sections, S3 exhibits the widest range of low-speed zones. The non-uniformity in liquid velocity distribution at a given inflow velocity rises with an increase in inlet sand content. Specifically, when the inlet sand content is at 0.42% and 1%, the highest liquid velocity occurs at the center of the cross-section. However, when the inlet sand content of the pipe is 5%, the position of the maximum liquid velocity has different performance in different cross-sections, which is due to the increased interaction of particles movements caused by the increased inlet sand content.



Figure 11 depicts the distribution of sand volume concentration in the cross-sections with varying inlet sand contents. Notably, the sand volume concentration in the selected cross-sections reaches its peak in S3. As the inlet sand content increases, the sand volume concentration at the bottom of the pipe rises, and the thickness of sand deposition also expands. This phenomenon is closely linked to the distribution of low-speed zones.





5. Conclusions


The Eulerian–Eulerian two-phase model was used to predict the sand transport characteristics in the V-inclined pipe, including   ± 2   ∘   ,   ± 4   ∘   , and   ± 6   ∘   . The findings indicate a notable disparity in sand transport characteristics between the horizontal and V-inclined pipes, particularly at low flow rates. In the same cross-section, the distribution of sand in the horizontal direction is nearly symmetrical, but the vertical distribution is uneven and asymmetrical, with the high-velocity area moving upward and the asymmetry of the cross-sectional velocity increasing. The effects of pipeline inclination, pipeline diameter, and inlet sand content on sand transport characteristics were also studied, and the results showed that:



(1) Pipe inclination exerts a discernible influence on sand transport in small angled V-inclined pipes. The sand volume concentration in the upward inclined pipe surpasses that in the downward inclined pipe. The maximum sand volume concentration at   ± 2   ∘   ,   ± 4   ∘   , and   ± 6   ∘    pipe inclinations are 34.7%, 21.4%, and 19.5%, respectively. The maximum sand volume concentration in the cross-section gradually decreases with the increase in pipe inclination. This is attributed to some solid particles being redirected back towards the bottom of the pipe due to the influence of the liquid phase shedding process and the component force of particle gravity. The emergence of this backflow phenomenon results in a notable alteration in sand transport characteristics.



(2) When the pipe diameter increases, the interaction between solid particles and the wall as well as the degree of turbulence decrease. This results in a more even distribution of sand volume concentration across the pipe cross-section. However, the point where the highest sand concentration occurs is not consistent. The highest sand concentration occurs at the upward inclined pipe when the pipe diameter is 1200 mm and 1600 mm, but at the lowest section S3 of the pipe when the pipe diameter is 2600 mm.



(3) At a certain flow rate, the pipe’s lowest point experiences the most sand deposition. Under a specific flow rate, the lowest point of the pipe accumulates the highest amount of sand. The disparity in sand volume concentration and liquid velocity distribution becomes more pronounced as the inlet sand content increases. When the inlet sand content increases from 0.42% to 5%, the liquid velocity of the pipe cross-section no longer satisfies the rule of high velocity for the middle and low velocity near the wall.



In future studies, we will consider large-angled V-inclined pipe in the physical model, and comprehensively consider the interaction between solid and liquid phases in the mathematical model, so as to deeply explore the influence of pipe inclination on critical velocity and sand transportation characteristics.
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Figure 1. Physical model of V-inclined pipe (  D = 2600  mm , θ = ± 2   ∘   ). 
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Figure 2. Mesh of the V-inclined pipe. 
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Figure 3. Slurry velocity under different grid numbers. 
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Figure 4. Contours of pipe cross-section at   ± 2   ∘    V-inclined pipe. 
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Figure 5. Contours of pipe cross-section at   ± 4   ∘    V-inclined pipe. 
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Figure 6. Contours of pipe cross-section at   ± 6   ∘    V-inclined pipe. 
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Figure 7. Vertical distributions of sand volume concentration at different pipe diameters. 
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Figure 8. Sand volume concentration contours of pipe cross-section at different pipe diameters. 
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Figure 9. Liquid velocity distribution of pipe cross-section at different pipe diameters. 
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Figure 10. Liquid velocity contours of the pipe cross-section. 
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Figure 11. Sand volume concentration distribution of the pipe cross-section. 






Figure 11. Sand volume concentration distribution of the pipe cross-section.



[image: Water 15 04266 g011]







 





Table 1. Parameters for numerical simulation under different pipe inclinations.






Table 1. Parameters for numerical simulation under different pipe inclinations.





	Parameters
	V-Inclined Pipe
	Horizontal Pipe





	Pipe inclination
	  ± 2   ∘   ,   ± 4   ∘   ,   ± 6   ∘   
	\



	Pipe length
	80 m
	80 m



	Pipe diameter
	2600 mm
	2600 mm



	Liquid density
	998.2   kg ·   m   − 3    
	998.2   kg ·   m   − 3    



	Solid density
	2300   kg ·   m   − 3    
	2300   kg ·   m   − 3    



	Particle size
	0.02 mm
	0.02 mm



	Inlet sand content
	0.42%
	0.42%










 





Table 2. Maximum cross-sectional sand volume concentration under different pipe inclinations.
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	S1
	S2
	S3
	S4
	S5





	   ± 2   ∘    
	8.3%
	11.7%
	34.7%
	23.1%
	13.1%



	   ± 4   ∘    
	3.6%
	5.1%
	21.4%
	13.6%
	10.9%



	   ± 6   ∘    
	3.2%
	4.4%
	19.5%
	10.8%
	8.6%










 





Table 3. Parameters for numerical simulation under different pipe diameters.






Table 3. Parameters for numerical simulation under different pipe diameters.





	Parameters
	V-Inclined Pipe





	Pipe inclination
	   ± 2   ∘    



	Pipe length
	80 m



	Pipe diameter
	1200 mm, 1600 mm, 2600 mm



	Liquid density
	998.2   kg ·   m   − 3    



	Solid density
	2300   kg ·   m   − 3    



	Particle size
	0.02 mm



	Inlet sand content
	0.42%










 





Table 4. Parameters for numerical simulation under different inlet sand contents.






Table 4. Parameters for numerical simulation under different inlet sand contents.





	Parameters
	V-Inclined Pipe





	Pipe inclination
	   ± 2   ∘    



	Pipe length
	80 m



	Pipe diameter
	2600 mm



	Liquid density
	998.2   kg ·   m   − 3    



	Solid density
	2300   kg ·   m   − 3    



	Particle size
	0.02 mm



	Inlet sand content
	0.42%, 1%, 5%
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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 (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Distance across y/D

Distance across y/D

Distance across y/D

1o

08

0.6

04

02

1.0

0.8

0.6

04

02

0.0

08

s
=

S
=

=

10 20 30

Sand volume concentration (%)

(€) D =2600 mm

40
Sand volume concentration (%)
(a) D=1200 mm
S
29 44 63 16.2 232
10 20 30 40
Sand volume concentration (%)
(b) D =1600 mm
10 20 30 40





media/file4.png





media/file18.png
Distance across y/D

Distance across y/D

Distance across y/D

1.0 T # T
08 | —a—S] -
[ —e—S2
[ —a—S3
X —v— 584
0.6 ——S5 .
0.4 | .
02 .
00 et vy : '
—0.2 —0.1 0.0 0.1 0.2 0.3 04 0.5
Liquid velocity (m/s)
(a) D = 1200 mm
1.0 T ¥ T
08 —a—S] -
I —e—S2
—a—S3
X —v— 84
0.6 ——S5 .
0.4 | .
02 .
00t vy ——
—0.2 —0.1 0.0 0.1 0.2 0.3 0.4 0.5
Liquid velocity (m/s)
(b) D = 1600 mm
1.0 T
08 —a—S] -
I —e—S2
—a—S3
X —v— 84
0.6 | ——S5 =
0.4 .
0.2 .
Y
-0.2 —0.1 0.0 0.1 0.2 0.3 0.4 0.5

Liquid velocity (m/s)

(c) D =2600 mm





media/file21.jpg
lﬂl

3
S

Distance across y/D
&
ES

- -5

-
---s5

10

20 30

40

50

Sand volume concentration (%)

(a) Cy =042

60

3
S

Distance across y/D
e
-

or

° 3
= B

Distance across y/D
e
2

20 30

40

50

Sand volume concentration (%)

(bycy =1

60

20 30

40

50

Sand volume concentration (%)

(c)Cy =5

60





media/file3.jpg
&





media/file22.png
Distance across y/D

Distance across y/D

Distance across y/D

0.8 —S1 y
- =82
...... S3
0.6 - = S4 -
- = =85
0.4 .
0.2 -
702 I L L | L L L L | L L L L | L L L L | L L L L | L L
0 10 20 30 40 50 60
Sand volume concentration (%)
(@) Cy = 042
1.0 T T T T T
0.8 | S :
I - -S2
e S3
0.6 I - =S4 -
- - = =85
0.4 | .
0.2} .
|
0.0 g- ..—” fota et cecctrcsccevsrnsncnns —
_0.2 L | L L L L | L L L L | L L L L | L L L L | L L
10 20 30 40 50 60
Sand volume concentration (%)
(b) Cy — 1
1.0 i \.' T T T I I I
R\
0.8 | g ]
I - =32
...... S3
0.6 I — = G4 _
- - = =85
0.4 | ]
0.2 - l'.o. -
| W
[ W e
0.0 e ]
_0.2 I L L | L L L L | L L L L | L L L L | L L L L | L L
0 10 20 30 40 50 60

Sand volume concentration (%)

(C) Cy =5





media/file19.jpg
Liquid Velocity
040

03
032

028
024
o020
016
012
008
S1 s2 s3 S4 S5

004

000
Ims™]

(a) Cv = 0.42%

Liquid Velociy
040

036
03

=5
o
o
o
oon
S1 s2 s3 4

004

s S5
Imsh)

(b)cy —1%
i
“

036
032

pe
por
o
o
on
o
St s2 s 4

004

000
(msh1)

S5

(c) Cv =5%





media/file7.jpg
Horizontalpipe  22° V-inclined pipe  +2° V-inclined pipe  Horizontal pipe

s1 S1

s2 52

[rr— [ ————
s 5
. oo
by oo
= S3 S3 oasd
- e
= oo
o oo
o o
I oo

S4 S4

S5 S5

() Sand volume concentration (b) Turbulent kinetic energy





media/file23.png





media/file10.png
Horizontal pipe  +4° V—inclined pipe = +4° V—-inclined pipe Horizontal pipe

Sand Volume Concentration (%) Turbulent Kinetic Energy (m*2-5%-2)
4.00 005

3.60 0.004
3.20 0.004
2.80 0.003
2.40 0.003
2.00 0.002
1.60 0.002
1.20 0.001
0.80 0.001
0.40 0.000
0.00 0.000

(@) Sand volume concentration (b) Turbulent kinetic energy





media/file14.png
Distance across y/D

Distance across y/D

Distance across y/D

] ] 1
0.8 h — S| 7
[ - =82
| S3
0.6 | — -S4 .
- ----85
0.4 | ]
0.2} i
0_0-_ T T am rag ~-- -9 -
29 42 62 119 169
_02 [ 1 1 L L 1 1 L L L L 1
0 10 20 30 40
Sand volume concentration (%)
(a) D = 1200 mm
1.0 T T |
0.8 | —— sl -
[ — =82
: ........ S3
0.6 — =54 .
i ----85
0.4 | _
0.2 | i
0.0 lg%&v-’--“u ~rrag-m-—aa- o i
- 2.9 44 6.3 16.2 23.2
_0.2 | 1 L L 1 | L 1 L L 1
0 10 20 30 40
Sand volume concentration (%)
(b) D = 1600 mm
1.0 T T |
0.8 | ——5s1 -
' - =82
| S3
0.6 | — -S4 .
- ----85
0.4 | -
0.2} -
0.0 '-k"——--.- i et g o -
: 51 72 105 23.1 32.9
_0.2 [ | 1 L L 1 | L 1 L L 1
0 10 20 30 40

Sand volume concentration (%)

(¢) D =2600 mm





media/file11.jpg
Horizontalpipe  +6° V-inclined pipe  6° V-inclined pipe  Horizontal pipe

S1

s2

Tttt Kt ey (2 2)
oom
oo
oo
20 s3 ooz
e oo
om oo
0w oo
om oo

S4

s1
52
Sk Corcrton )

2

20
S3
S4
S5

5

(a) Sand volume concentration (b) Turbulent kinetic energy





media/file6.png
Slurry Velocity (m/s)

0.3030 _
0.3025
0.3020
0.3015

0.3010 |

0.3005
50

80

110 140
Grid Number (X 10%)

170

200





media/file15.jpg
‘Sand Volume Conceniration (%)
400

360
320
200
240
200
180
120
080

040 s1

000

‘Sand Volume Concaniraton (%)
400

260
320
280
240
200
160
120
080
040

000 S1

‘Sand Volume Concentation (%)
500

350
320
280
240
200
160
120
080
040

000 S1

S2 S3

(2) D=1200mm

S2 s3

(b) D =1600 mm

S2 S3

(¢) D=2600mm

S4

S4

S4

S5

S5

S5





nav.xhtml


  water-15-04266


  
    		
      water-15-04266
    


  




  





media/file16.png
Sand Volume Concentration (%)
4.00

3.60
3.20
2.80
2.40
2.00
1.60
1.20
0.80 "

0.40 S 1

0.00

Sand Volume Concentration (%)
4.00

3.60
3.20
2.80
2.40
2.00
1.60
1.20
0.80
0.40

0.00 S1

Sand Volume Concentration (%)
4.00

3.60
3.20
2.80
2.40
2.00
1.60
1.20
0.80
0.40

0.00 Sl

e  —

— —

S2 S3 S4

(a) D = 1200 mm

S2 S3 S4

(b) D = 1600 mm

S2 S3 S4

(¢) D = 2600 mm

S5

S5

S5





media/file2.png





media/file20.png
Liquid Velocity
0.40

0.36
0.32

0.28
0.24
0.20
0.16
0.12
0.08
51 S2 S3 S4 S35

0.04

0.00
[m s?-1]

(@) Cy = 0.42%

Liquid Velocity
0.40

0.36
0.32

0.28
0.24
0.20
0.16
0.12
0.08
51 S2 S3 S4 S35

0.04

0.00
[m s?-1]

(b) Cy = 1%

Liquid Velocity
0.40

0.36
0.32

0.28
0.24
0.20
0.16
0.12
0.08
S1 S2 S4 S5

0.04

0.00
[m s*-1)

S3

(¢) Cy = 5%





media/file5.jpg
Slurry Velocity (m/s)

0.3030

03020

03015

03010

03005

50

80

110 140
Grid Number (X 10%)

170

200





media/file1.jpg
s1





media/file12.png
Horizontal pipe  +6° V—inclined pipe +6° V—inclined pipe  Horizontal pipe

Sand Volume Concentration (%) Turbulent Kinetic Energy (m*2-54-2)

.00 0.005
3.60 0.004
3.20 0.004
2.80 0.003
2.40 0.003
2.00 0.002
1.60 0.002
1.20 0.001
0.80 0.001
0.40 0.000
0.00 0.000

S5

(a) Sand volume concentration (b) Turbulent kinetic energy





media/file9.jpg
Horizontalpipe  +4° V-inclined pipe  +4° V-inclined pipe Horizontal pipe

.g’

S1

52 52
Sang Yok Concantn () Toor o oy 7252
20 oot
200 o
20 o003
200 3 s3 o2
150 ow2
= o001
o% om0
oo om0

S4 S4

ss s5

() Sand volume concentration (b) Turbulent kinetic energy





media/file0.png





media/file8.png
Horizontal pipe  +2° V—inclined pipe +2° V—inclined pipe = Horizontal pipe

Sand Volume Concentration {%J Turbulent Kinet