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Abstract

:

In the design process for a two-pipe vehicles transportation system, some simple mathematical models are required to quickly calculate the main characteristics of the system. For this purpose, an easy-to-handle mathematical model for the concentric annular gap flow is proposed, and the velocity expression for the concentric annular gap flow is solved using cylindrical coordinates. According to the force characteristics of the two-pipe vehicles, a mathematical model of the two-pipe vehicle motion is established, and the motion and force balance equations of the two-pipe vehicles are deduced. The experimental results are in good agreement with the model results. The factors affecting the two-pipe vehicles movement speed are analyzed, and the standard regression coefficient method in multiple regression analysis is used to determine the influence degree of each factor on the movement speed of the two-pipe vehicles. The research presented in this paper not only enriches the annular gap flow theory, but also provides a theoretical reference for the development of the two-pipe vehicles transportation technology and provides technical support for the realization of relevant industrial applications.
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1. Introduction


With the rapid development of the social economy and technology, the speed of material exchange between regions is constantly increasing, and the weight of material transportation is also increasing. Such continuous development of material exchange also creates new requirements for material conveying methods [1,2]; however, due to the problems related to high resource consumption, high transportation cost, and high consumption of human resources, traditional material transportation methods can no longer meet the currently advocated green, environmentally friendly, and efficient development concepts [3,4]. Therefore, there is an urgent need for new transportation methods to address the above problems. Along these lines, a new technology of hydraulic transportation using a capsule pipeline has been proposed. This technology mainly stores the materials in a closed container, avoiding contact between the materials and the transportation medium, and can directly transport various materials, such as gases, liquids, and solids [5,6]. Therefore, it is of great practical significance to study capsule pipeline hydraulic transportation technology [7].



In 1960, the Alberta Research Center in Canada first proposed the concept of capsule pipeline hydraulic transportation technology [8]. In the early stages, the model test and theoretical analysis was mainly used to study the velocity of the capsule and the change of the pressure in the pipeline [9,10,11,12]. With the rapid development of computer technology, more and more scholars have used numerical simulation methods to study capsule pipeline hydraulic transportation technology. The research in this period also mainly focused on the force characteristics, flow field distribution, and vorticity change regarding the capsule during movement [13,14,15,16]. In 1991, the Capsule Pipeline Research Center was established at the University of Missouri, Columbia, and the center has gradually commercialized capsule pipeline hydraulic transportation technology. As this technology is more commonly used in commercial production, many scholars have extended their research direction to drag reduction and delivery system optimization during capsule movement [17,18,19,20,21]. The existing research on this technology has achieved many results; however, the defects and deficiencies of this transportation technology have been gradually exposed. For example, the capsule cannot be kept in a suspended state at all times during movement, and collision and friction will occur between the capsule and the wall of the pipeline, greatly reducing the service life of the pipeline and increasing the energy consumption. Furthermore, it is not conducive to the transportation of fragile materials [22]. Therefore, in order to address the above problems, the tube-contained raw materials pipeline hydraulic transportation technology has been proposed [23].



The tube-contained raw materials pipeline hydraulic transportation technology mainly involves adding supports to both ends of the capsule, such that the capsule is always in a concentric state with the pipeline during the movement process, which avoids collisions between the capsule and the pipeline [24]. Current research on this technology mainly focuses on the motion and hydraulic characteristics of a single pipe vehicle [25,26,27,28,29]; however, with the continuous increase in transportation volumes, the load capacity of a single pipe vehicle can no longer meet the current development requirements and, therefore, it is necessary to study the transportation of pipeline trains [30,31].



As the smallest conveying unit in the pipeline train, two-pipe vehicles have been relatively less researched to date [32,33]. In two-pipe vehicles transportation systems, the transportation speed of the two-pipe vehicles is an important reference index in the design of the system. It not only determines the energy loss of the technology during the transportation process, but also directly affects the transportation efficiency. Therefore, it is necessary to study the transportation speed of two-pipe vehicles [34,35]. However, the commonly used model experiments can only study the moving speed of a limited number of types of pipe vehicle, and the obtained test results have certain limitations regarding the application of this technology. Therefore, establishing a reasonable mathematical model of two-pipe vehicles remains a key problem in popularizing the technology.



In this paper, according to concentric annular gap flow theory and the force characteristics of two-pipe vehicles, a mathematical model for the stable movement of the two-pipe vehicles in a straight pipeline is constructed, and the accuracy of the mathematical model is verified through a model experiment. The mathematical model includes various influencing factors that affect the movement speed of the two-pipe vehicles, providing a theoretical basis for subsequent analysis of the relationship between each factor and the two-pipe vehicles movement speed. This mathematical model can quickly determine the transportation speed of the two-pipe vehicles, providing technical guidance for the construction of two-pipe vehicles transportation systems, as well as a theoretical basis for obtaining the optimal transportation speed of two-pipe vehicles.




2. Establishment of Mathematical Models


2.1. Mathematical Model of Concentric Annular Gap Flow


As the two-pipe vehicles and the pipeline are in a concentric state, a concentric annular gap is formed between the wall surface of the two-pipe vehicles and the pipe wall, as shown in Figure 1. The water flow in the concentric annular gap not only affects the movement speed of the two-pipe vehicles, but also affects the energy loss. Therefore, it is necessary to understand the flow velocity variation in the concentric annular gap.



Assuming that the water flow in the annular gap is a constant flow, and ignoring the influence of the end of the pipe vehicle on the water flow in the annular gap, a three-dimensional rectangular coordinate system can be established, as shown in Figure 2.



The Navier–Stokes (N-S) equation is suitable for solving the concentric annular gap flow velocity expression. The component expressions of the N-S equation in the three-dimensional rectangular coordinate system are as follows:


       F x  −  1 ρ    ∂ p   ∂ x   + ν (    ∂ 2   u x    ∂  x 2    +    ∂ 2   u x    ∂  y 2    +    ∂ 2   u x    ∂  z 2    ) =   ∂  u x    ∂ t   + (  u x    ∂  u x    ∂ x   +  u y    ∂  u x    ∂ y   +  u z    ∂  u x    ∂ z   )      F y  −  1 ρ    ∂ p   ∂ y   + ν (    ∂ 2   u y    ∂  x 2    +    ∂ 2   u y    ∂  y 2    +    ∂ 2   u y    ∂  z 2    ) =   ∂  u y    ∂ t   + (  u x    ∂  u y    ∂ x   +  u y    ∂  u y    ∂ y   +  u z    ∂  u y    ∂ z   )      F z  −  1 ρ    ∂ p   ∂ z   + ν (    ∂ 2   u z    ∂  x 2    +    ∂ 2   u z    ∂  y 2    +    ∂ 2   u z    ∂  z 2    ) =   ∂  u z    ∂ t   + (  u x    ∂  u z    ∂ x   +  u y    ∂  u z    ∂ y   +  u z    ∂  u z    ∂ z   )    }   



(1)




where Fx, Fy, Fz are the mass forces along the X, Y, and Z axes, respectively; p is the dynamic water pressure; ux, uy, and uz are the fractional velocities of the annular gap flow along the X, Y, and Z axes, respectively; ν is the kinematic viscosity coefficient; and ρ is the liquid density.



For a concentric annular gap flow, it is more convenient to take the cylindrical coordinate system of the N-S equation for calculation. Equation (1), reframed in the cylindrical coordinate system, is as follows:


       F r  −  1 ρ    ∂ p   ∂ r   + ν (    ∂ 2   u r    ∂  r 2    +  1 r    ∂  u r    ∂ r   −    u r     r 2    −  2   r 2      ∂  u θ    ∂ θ   +  1   r 2       ∂ 2   u r    ∂  θ 2    +    ∂ 2   u r    ∂  z 2    )     =   ∂  u r    ∂ t   +  u r    ∂  u r    ∂ r   −    u θ 2   r  +    u θ   r    ∂  u r    ∂ θ   +  u z    ∂  u r    ∂ z        F θ  −  1  ρ r     ∂ p   ∂ r   + ν (    ∂ 2   u θ    ∂  r 2    +  1 r    ∂  u θ    ∂ r   −    u θ     r 2    +  2   r 2      ∂  u r    ∂ θ   +  1   r 2       ∂ 2   u θ    ∂  θ 2    +    ∂ 2   u θ    ∂  z 2    )     =   ∂  u θ    ∂ t   +  u r    ∂  u θ    ∂ r   −    u θ   u r   r  +    u θ   r    ∂  u θ    ∂ θ   +  u z    ∂  u θ    ∂ z        F z  −  1 ρ    ∂ p   ∂ z   + ν (    ∂ 2   u z    ∂  r 2    +  1 r    ∂  u z    ∂ r   +  1   r 2       ∂ 2   u z    ∂  θ 2    +    ∂ 2   u z    ∂  z 2    ) =   ∂  u z    ∂ t   +  u r    ∂  u z    ∂ r   +    u θ   r    ∂  u z    ∂ θ   +  u z    ∂  u z    ∂ z      }   



(2)




where Fr, Fθ, and Fz are the mass forces along the radius, the angle of θ, and the Z axis, respectively; ur, uθ, and uz are the velocities along the radius, the angle of θ, and the Z axis, respectively; r = (x2 + y2)0.5; and θ = arctan(y/x).



In the concentric annular gap, the pressure dominates and the mass force can be ignored; that is, Fr = Fθ = Fz = 0. It can also be assumed that the concentric annular gap flow is a univariate flow; that is, ur = uθ = 0, uz = u. Thus, Equation (2) can be simplified as follows:


        ∂ p   ∂ r   = 0       ∂ p   ∂ θ   = 0       ∂ p   ∂ z   = η (    ∂ 2  u   ∂  r 2    +  1 r    ∂ u   ∂ r   +  1   r 2       ∂ 2  u   ∂  θ 2    +    ∂ 2  u   ∂  z 2    )    }   



(3)







According to Equation (3), p has nothing to do with r and θ, and is only a function of z, such that ∂p/∂z = dp/dz. Due to the symmetry of the flow on the circumference, u has nothing to do with θ, such that ∂2u/∂θ2 = 0, and ∂2u/∂z2 = 0 can be derived from the continuity equation. Thus, Equation (3) can be simplified to:


   1 η    d p   d z   =    ∂ 2  u   ∂  r 2    +  1 r    ∂ u   ∂ r    



(4)







Equation (4) can be integrated as follows:


  u =    r 2    4 η     d p   d z   +  c 1  ln r +  c 2   



(5)







As the two-pipe vehicles are in motion, the water flow near the body moves together with the pipe vehicle. Suppose that the moving speed of the pipe vehicle is uc. When z = rc, u = uc, r = rp, u = 0, then c1 and c2 can be obtained as follows:


       c 1  = −    u c    ln  r p  /  r c    −  1  4 η   ⋅   d p   d z   ⋅    r p 2  −  r c 2    ln  r p  /  r c         c 2  = −    r p 2    4 η     d p   d z   +    u c  ln  r p    ln  r p  /  r c    +  1  4 η   ⋅   d p   d z   ⋅    r p 2  −  r c 2    ln  r p  /  r c    ln  r p     }   



(6)







The pressure gradient in the concentric annular gap obeys a linear change; that is, dp/dz = Δp/l. Then, substituting Equation (6) into Equation (5), we get:


  u = −   Δ p   4 η l    r 2  + (   Δ p   4 η l   ⋅    r p 2  −  r c 2    ln  r p  /  r c    −    u c    ln  r p  /  r c    ) ln r +   Δ p   4 η l    r p 2  - (   Δ p   4 η l   ⋅    r p 2  −  r c 2    ln  r p  /  r c    −    u c    ln  r p  /  r c    ) ln  r p   r c  ≤ r ≤  r p   



(7)







Equation (7) can be simplified to:


  u = − M  r 2  + N ln r + M  r p 2  − N ln  r p   



(8)




where M and N are calculated as follows:


  M =   Δ p   4 η l    



(9)






  N =   Δ p   4 η l   ⋅    r p 2  −  r c 2    ln  r p  /  r c    −    u c    ln  r p  /  r c     



(10)







Equations (7) and (8) provide the flow velocity formula of the concentric annular gap flow when the two-pipe vehicles are moving. It can be seen from Equation (7) that when the pipe is full in the turbulent state (there is no vehicle in the pipe), different from the logarithmic distribution form, the flow velocity distribution in the concentric annular gap is parabolic. The pipeline radius r’ corresponding to the maximum flow velocity of the annular gap flow can also be calculated from Equation (7), as follows:


   r ′  =    N  2 M     =     (  r p 2  −  r c 2  )   2 ln (  r p  /  r c  )   −   4 η l  u c    2 Δ p ln (  r p  /  r c  )      



(11)







It can be found that the maximum velocity value of the concentric annular gap flow of the pipe vehicle in the moving state is not in the middle position of the annular gap from Equation (11). The accuracy of this conclusion was verified by model experiments.




2.2. Mathematical Model of the Two-Pipe Vehicles


2.2.1. Force Analysis of the Two-Pipe Vehicles


As the core component of this technology, in the simulation, the pipe vehicle is mainly composed of a barrel and some support bodies, as shown in Figure 3. The barrel is made of cylindrical plexiglass, and its interior is hollow to hold the conveyed material, thus avoiding contact between the conveyed material and the liquid in the pipe. There are supports on both ends of the barrel and three supports are arranged on each section, evenly distributed 120 degrees apart. The support body is connected to the inner wall of the pipe, such that the material barrel and the pipe are kept in a concentric state, the contact area between the material barrel and the pipe wall is reduced, and the friction between the vehicle and the pipe wall is reduced. In order to ensure that the spacing between the two pipe vehicles remains unchanged during operations, a connecting body is used to connect the vehicles. In this experiment, a spring with a wire diameter of 1 mm and an outer diameter of 5 mm was selected for the connection. The spring does not stretch or compress, has less impact on the flow field due to its spacing, and has a certain flexibility to ensure that the two-pipe vehicles can smoothly drive through curves (Figure 3).



The moving speed of a two-pipe vehicles is closely related to its force. To establish the mathematical model for the movement of the two-pipe vehicles, it is necessary to first determine its force characteristics. Therefore, the force characteristics of the two-pipe vehicles during stable movement in the straight pipe section were analyzed. The force diagram for the two-pipe vehicles is shown in Figure 4.



It can be seen, from Figure 4, that a single pipe vehicle is mainly affected by seven forces. When the two-pipe vehicles are regarded as a whole, the spring force can be regarded as the internal force, such that that the two-pipe vehicles are mainly affected by six forces; namely, gravity (G), buoyancy (f), the force of the pipeline on the support body (N), the end pressure differential force (Fp), the friction force on the support body (Ff), and the shear force on the wall of the pipe vehicle (Fτ). These six forces can be divided into two directions: horizontal and vertical. Those in the vertical direction include G, f, and N. These three forces are body forces, which are mainly related to the volume of pipe vehicle and the density of conveyed materials. Those in the horizontal direction include Fp, Ff, and Fτ.



The total gravity of the two-pipe vehicles is the sum of the gravities for the rear and front vehicles, which can be expressed as follows:


  G =  G 1  +  G 2  = 2 (  m w  +  m c  ) g  



(12)




where G1 and G2 represent the gravities of the rear and front vehicles, respectively; mc is the weight of a single vehicle when it is empty; and mw is the weight of the goods transported in a single vehicle.



As the volumes of the two pipe vehicles are exactly the same in the analysis process, the total buoyancy of the two vehicles is equal to twice the buoyancy of a single vehicle, which can be expressed as follows:


  f =  f 1  +  f 2  = 2 ρ  V c  g  



(13)




where Vc is the volume of a single vehicle and ρ is the liquid density.



The support body of the vehicle is in contact with the wall surface. As the two-pipe vehicles move stably in the straight pipe section, the force in the vertical direction is balanced, and the supporting force N can be expressed as:


  N =  N 1  +  N 2  = G − f  



(14)







There is a pressure drop in the pipeline, which causes a pressure differential force on the front and rear surfaces of the pipe vehicle. This force is the main driving force for the movement of the two-pipe vehicles, which can be expressed as:


   F P  =  F P    1  −  F P    2  +  F  P 3   −  F  P 4    = (  Δ  p 1  + Δ  p 2  ) A  



(15)




where Δp1 and Δp2 denote the pressure differences between the front and rear of the two pipe vehicles, respectively, and A is the end face area of the pipe vehicle.



The support body is in contact with the wall surface of the pipeline, and a friction force will be generated during the movement of the two-pipe vehicles. The friction force calculation formula is as follows:


   F f  = μ N = μ ( G − f )  



(16)




where µ is the friction coefficient.



There exists a relative motion between the water flow in the annular gap and the wall surface of the pipe vehicle, where the water flow in the annular gap will generate a shear force on the wall of the pipe vehicle. When the movement speed of the two-pipe vehicles is lower than the flow velocity of the annular gap, the shear force is the same as the movement direction of the two-pipe vehicles; that is, the shear force is the driving force. When the moving speed of the two-pipe vehicles is greater than the flow velocity of the annular gap, the shear force of the body wall is the resistance. The shear force on the wall of the pipe vehicle is as follows:


   F τ  =    λ 1   8  ρ   (  v a  −  v c  )  2   A ′   



(17)




where λ1 is the flow resistance coefficient, which is related to the fluid and the material of the pipe vehicle; va is the average velocity of the annular gap flow; vc is the average movement speed of the two-pipe vehicles; and A’ is the sum of the side areas of the two pipe vehicles.




2.2.2. Mechanical Equilibrium Equation for Stable Movement of the Two-Pipe Vehicles


When the two-pipe vehicles move stably in a straight pipe section, it can be considered to be in a state of uniform linear motion. The space formed by the two-pipe vehicles and the pipe wall can be divided into three areas, as shown in Figure 5. Part I represents the two-pipe vehicles body area, part II represents the part of the water body area between the two pipe vehicles, and part III represents the annular gap area. When the pipe vehicle is moving at a constant speed in a straight pipeline, it can be considered that parts I and II have the same speed, such that parts I and II can be regarded as a whole.



When parts I and II are regarded as a whole, the force between these two parts can be regarded as an internal force. Parts I and II are mainly affected by four forces in the horizontal direction; namely, the pressure difference between upstream and downstream, the shear stress on the wall of the two-pipe vehicles, the friction between the two-pipe vehicles and the pipe wall, and the water flow shear stress at the interface of parts II and III. When the two-pipe vehicles are moving at a uniform speed, the force in the horizontal direction is balanced and the following relationship can be obtained, according to the force balance:


    Δ p π  D c 2   4  + 2  τ 1  π  D c  l +  τ 2  π  D c  L =  F f   



(18)




where τ1 is the wall shear stress of the pipe vehicle; τ2 is the water flow shear stress at the interface of parts II and III; and Δp is the pressure difference between the upstream and downstream end faces of the pipe vehicle.



Part III is also affected by four forces in the horizontal direction; namely, the upstream and downstream pressure difference, the friction force between the pipe wall and the annular gap flow, the friction force between the two-pipe vehicles and the annular gap flow, and the water flow shear stress at the interface of parts II and III. When the two-pipe vehicles move at a uniform speed, the formula can be obtained according to the force balance, as follows:


    Δ p π (  D p 2  −  D c 2  )  4  = 2  τ 1  π  D c  l +  τ 2  π  D c  L +  τ 3  π  D p  ( L + 2 l )  



(19)




where τ3 is the average shear stress at the pipe wall.



Simultaneously considering Equations (18) and (19) leads us to obtain the following equation:


     D c 2    (  D p 2  −  D c 2  )   =    F f  - 2  τ 1  π  D c  l +  τ 2  π  D c  L   2  τ 1  π  D c  l +  τ 2  π  D c  L +  τ 3  π  D p  ( L + 2 l )    



(20)




which represents the mechanical balance equation for the stable movement of the two-pipe vehicles, providing a certain basis for the subsequent calculation of the two-pipe vehicles motion equation.




2.2.3. Motion Equation for Stable Movement of the Two-Pipe Vehicles


In Figure 5, parts I, II, and III can be regarded as a whole. According to the continuity equation, the quantity of water flowing into parts I, II, and III during the period Δt is equal to the quantity of water flowing out of these three parts, and the following relationship is obtained:


  ρ   π  D p 2   4   (   v p  −  v c   )  Δ t = ρ   π  (   D p 2  −  D c 2   )   4   (   v a  −  v c   )  Δ t  



(21)




where ρ is the liquid density.



If k represents the ratio of the diameter of the pipe vehicle to the diameter of the pipe (i.e., k = Dc/Dp), then Equation (21) can be simplified to:


   v a  =    v p  −  k 2   v c    1 −  k 2     



(22)







τ1 and τ2 in Equation (18) can be expressed as follows:


   τ 1  =   ρ  λ 1  (  v a  −  v c   ) 2   8   



(23)






   τ 2  =    D c     D p     τ 3  =   ρ  D c   λ 2   v a 2    8  D p     



(24)




where λ1 is the flow resistance coefficient, which is related to the fluid and the material of the pipe vehicle; and λ2 is the friction coefficient of the pipe wall.



Substituting Equations (22)–(24) into Equation (18), we obtain the following formula:


  Δ P =   4  F f    π  D c 2    -    v p 2  ( 2 ρ  λ 1  l + ρ  λ 2  L k )   2 k   ( 1 −  k 2  )  2   D p    +    v p   v c  ( 2 ρ  λ 1  l + ρ  λ 2  L  k 3  )   k   ( 1 −  k 2  )  2   D p    −    v c 2  ( 2 ρ  λ 1  l + ρ  λ 2  L  k 5  )   2 k   ( 1 −  k 2  )  2   D p     



(25)







Let


   E =   2 ρ  λ 1  l + ρ  λ 2  L k   2 k ( 1 −  k 2   ) 2   D p      , I =   2 ρ  λ 1  l + ρ  λ 2  L  k 3    k ( 1 −  k 2   ) 2   D p      , J =   2 ρ  λ 1  l + ρ  λ 2  L  k 5    2 k ( 1 −  k 2   ) 2   D p      



(26)







Therefore, Equation (25) can be simplified as:


  Δ P =   4  F f    π  k 2   D p 2    − E  v p 2  + I  v p   v c  − J  v c 2   



(27)







Similarly, Equation (19) can be simplified to the following form:


    Δ P =    v p 2   [  2 ρ k  λ 1  l + ρ  λ 2  ( 2 l + L ) + ρ  λ 2  L  k 2   ]    2 ( 1 −  k 2   ) 3   D p    −    v p   v c   [  2 ρ k  λ 1  l + ρ  λ 2  ( 2 l + L )  k 2  + ρ  λ 2  L  k 4   ]    ( 1 −  k 2   ) 3   D p        +    v c 2   [  2 ρ k  λ 1  l + ρ  λ 2  ( 2 l + L )  k 4  + ρ  λ 2  L  k 6   ]    2 ( 1 −  k 2   ) 3   D p       



(28)







Let


   M =    [  2 ρ k  λ 1  l + ρ  λ 2  ( 2 l + L ) + ρ  λ 2  L  k 2   ]    2 ( 1 −  k 2   ) 3   D p      , N =    [  2 ρ k  λ 1  l + ρ  λ 2  ( 2 l + L )  k 2  + ρ  λ 2  L  k 4   ]    ( 1 −  k 2   ) 3   D p     ,   Q =    [  2 ρ k  λ 1  l + ρ  λ 2  ( 2 l + L )  k 4  + ρ  λ 2  L  k 6   ]    2 ( 1 −  k 2   ) 3   D p      



(29)







Therefore, Equation (28) can be simplified as:


  Δ P = M  v p 2  − N  v p   v c  + Q  v c 2   



(30)







Simultaneously considering Equations (27) and (30), we obtain:


    4  F f    π  k 2   D p 2    − E  v p 2  + I  v p   v c  − J  v c 2  = M  v p 2  − N  v p   v c  + Q  v c 2   



(31)




which can be simplified as follows:


   (  J + Q  )   v c 2  −  (  I + N  )   v p   v c  +  (  E + M  )   v p 2  =   4  F f    π  k 2   D p 2     



(32)







Equation (32) is the motion equation for stable movement of the two-pipe vehicles. It can be seen that the speed of the two-pipe vehicles is related to the flow rate Q, the transport load of the two-pipe vehicles m, the spacing between the two pipe vehicles L, the diameter of the pipeline Dp, the diameter of the pipe vehicle Dc, and the vehicle length l. This formula reflects the relationship between various factors and the movement speed of the two-pipe vehicles, which can be used to qualitatively analyze the internal relationship between the movement speed of the two-pipe vehicles and each factor, providing a certain theoretical reference for optimizing the structure of two-pipe vehicles.






3. Experimental Methods


3.1. Experimental System and Procedures


The accuracy of the mathematical model was verified by designing relevant model experiments. The experimental system mainly included four parts: A power and adjustment device, a delivery and receiving device, an experimental instrument, and a conveying pipeline (see Figure 6).



	(1)

	
The power device used in this experiment is a high-power centrifugal pump, and the adjustment device includes a control valve (gate valve) and an electromagnetic flowmeter.




	(2)

	
The delivery device is made of trumpet-shaped stainless steel material, with a gate valve installed on the upper part, as shown in Figure 7a. The pipe vehicle starting device is installed 1.6 m downstream of the delivery device. When the pipe vehicle enters the pipeline, the starting device is in a closed state. When the pipe vehicle needs to be moved in the pipeline, the starting device is opened to release the pipe vehicle. The receiving device consists of three parts: A rectangular water tank, a baffle, and a plastic collection box, as shown in Figure 7b.







	(3)

	
The experimental instrument mainly includes a two-pipe vehicles timing device and a flow field measurement device. The two-pipe vehicles timing device consists of an infrared probe and a display, as shown in Figure 8. Infrared probes are installed near the launching device and the outlet of the pipeline, respectively. When the two-pipe vehicles passes the first infrared probe, the timing starts, and the timing stops when it passes the second probe. According to the speed formula, the average movement speed of the two-pipe vehicles can be calculated. The flow field measurement device is a Laser Doppler Velocimeter (LDV). In order to reduce the refraction of the laser light by the pipe wall, a rectangular water jacket filled with water was added to the test pipe section.







	(4)

	
The conveying pipe used in this test is composed of steel and plexiglass pipes. The lengths of the steel and plexiglass pipes are 8.6 m and 21.3 m, respectively, the thickness of the pipe wall is 5 mm, and the outer diameter of the pipe is 110 mm. The entire pipeline is formed by connecting multiple sections of plexiglass tubes through flanges, and a height-adjustable support body is installed at intervals below the plexiglass tubes in order to ensure that the plexiglass tubes are at the same level.








3.2. Section Selection and Measuring Point Arrangement


It was stipulated that the pipe vehicle that first comes into contact with the water flow along the direction of the water flow is the rear pipe vehicle, and the one that contacts the water flow last is the front pipe vehicle. In order to measure the three-dimensional flow velocity, a corresponding coordinate system was established in the pipeline: the water flow direction was the Z-axis, while the vertical gravity direction was the Y-axis. The corresponding X-axis was established according to the right-hand rule. Three cross-sections were arranged at the annular gap of each pipe vehicle body along the water flow direction, for a total of six sections. Then, three cross-sections were arranged at equal intervals along the length of each pipe vehicle body, for a total of six cross-sections, as shown in Figure 9.



For the annular gap flow field, five measuring rings were arranged, where the measuring ring radii were r1 = rc + 1/5 B, r2 = rc + 2/5 B, r3 = rc + 1/2 B, r4 = rc + 3/5 B, and r5 = rc + 4/5 B (where B is the width of the annular gap). The intersection of the pipe radius and the measuring ring served as the layout measuring points, for a total of 60 measuring points, as shown in Figure 10.




3.3. Experiment Plan


From the previous analysis, it can be seen that the factors affecting the annular gap flow and the movement speed of the two-pipe vehicles mainly include the flow rate, the model of the two-pipe vehicles, the conveyed load, and the vehicle spacing. For the experiment, we adopted the principle of controlling a single variable, such that only one variable was changed in each experiment. In the experiments, the flow ratio Q was 30 m3/h, 40 m3/h, 50 m3/h, or 60 m3/h; the model dimensions of the pipe vehicle l × Dc were 150 mm × 60 mm, 150 mm × 70 mm, 150 mm × 80 mm, 100 mm × 60 mm, 100 mm × 70 mm, or 150 mm × 80 mm; the conveyed load m was 400 g, 600 g, 800 g, 1000 g, 1200 g, 1400 g, 1600 g, 1800 g, or 2000 g; and the vehicle spacing L was 7.5 cm, 15 cm, 30 cm, 45 cm, or 60 cm.





4. Results and Discussion


4.1. Mathematical Model Verification


In order to verify the accuracy of the mathematical model, taking the 2# and 5# sections as examples, the calculated and measured values of the annular gap velocity under different flow rates were compared, as shown in Figure 11.



Figure 11 shows a comparison of the calculated and measured values at the horizontal X-axis of each test section under different flow rates. It can be seen, from the figure, that the calculated and measured values under different flow rates presented a high degree of agreement, and the maximum relative error of the two calculated values did not exceed 4.58%, demonstrating the accuracy of the mathematical model. It can be seen, from the figure, that the change in flow rate did not have a significant impact on the velocity distribution of the annular gap flow. Different from the logarithmic distribution form when the pipe is full (no pipe vehicle) in the turbulent flow state, the flow velocity distribution in the concentric annular gap is seemingly parabolic. From the wall of the pipe vehicle to the wall of the pipeline, the flow velocity showed a trend of first increasing and then decreasing, and the maximum value of the flow velocity in the annular gap deviated from the middle position of the annular gap, consistent with the conclusion obtained from the previous model analysis. Different from the annular gap flow formed by the static pipe vehicle, the flow velocity was small near the vehicle body; this was because the movement of the two-pipe vehicles drove the water around the body to move together, such that the water flow near the wall surface of the pipe vehicle can obtain the same speed as the two-pipe vehicles. By comparing Figure 11a,b, it can be seen that the curve in Figure 11b changed relatively gentler; that is, the flow velocity fluctuation between the measuring points in the annular gap formed by the front pipe vehicle was smaller than that of the behind pipe vehicle, and the velocity gradient of the annular gap flow formed by the front pipe vehicle was smaller than that of the behind pipe vehicle.



Table 1 shows a comparison between the calculated and measured values of the two-pipe vehicles movement speeds under different working conditions.



It can be seen, from Table 1, that the maximum relative error between the calculated and measured values for the two-pipe vehicles movement speed was no more than 7%, thus verifying the accuracy of the mathematical model.




4.2. Analysis of Influencing Factors for Two-Pipe Vehicles Movement Speed


According to Equation (32), the main factors affecting the movement speed of the two-pipe vehicles are the flow rate, the vehicle model, the load, and the vehicle spacing. Therefore, the two-pipe vehicles movement speeds under different working conditions were studied respectively, as shown in Figure 12.



	(1)

	
It can be seen, from Figure 12a, that when the other variables remained unchanged, the average movement speed of the two-pipe vehicles presented a linear relationship with the flow rate. This is mainly due to the pressure difference between the front and rear faces being the main driving force for the two-pipe vehicles. With the continuous increase in the flow rate, the differential pressure force gradually increases. Although the resistance of the pipe vehicle also gradually increases with an increase in the flow rate, the increase in the resistance with the flow rate is less than the increase in the pressure, causing the total power of the two-pipe vehicles to increase. Therefore, the movement speed of the two-pipe vehicles increases gradually with an increase in the flow rate.




	(2)

	
It can be seen from Figure 12b that when the length of the vehicle l is held constant, the average movement speed of the two-pipe vehicles increases gradually with an increase in the diameter of the pipe vehicle Dc. This is mainly because, when the diameter Dc increases, the end face area, side wall area, and volume of the two-pipe vehicles increase accordingly. According to Equations (15)–(17), the pressure differential force and wall shear stress on the pipe vehicle gradually increase, while the frictional resistance decreases. The changes in differential pressure force, wall shear stress, and frictional resistance increase the driving force of the two-pipe vehicles, such that the movement speed of the two-pipe vehicles increases accordingly. When the diameter of the pipe vehicle is constant, the average movement speed of the two-pipe vehicles increases gradually with an increase in vehicle length. This is mainly because the longer the body length l, the larger the body side wall surface area and the body volume, such that the wall shear stress increases while the frictional resistance decreases and, so, the total driving force of the two-pipe vehicles increases. Therefore, the average movement speed of the two-pipe vehicles also increases. By comparing the experimental results, it can be seen that the average movement speed increment of the two-pipe vehicles caused by the change of diameter Dc is greater than that caused by the change in the vehicle length l.




	(3)

	
It can be seen from Figure 12c that with an increase in the conveyed load, the movement speed of the two-pipe vehicles shows a gradually decreasing trend. This is mainly due to the fact that when the model of the pipe vehicle is kept constant, the buoyancy of the two-pipe vehicles does not change; however, when the load increases, the support force of the pipe vehicle increases, and the frictional resistance increases accordingly. Therefore, the movement speed of the two-pipe vehicles is reduced.




	(4)

	
It can be seen from Figure 12d that, with an increase in the vehicle spacing, the average movement speed of the two-pipe vehicles presents a gradually increasing trend. When the vehicle spacing is relatively small, the two-pipe vehicles can be regarded as a whole, and the pressure drop along the direction of the two-pipe vehicles is small; that is, the pressure difference between the front and rear surfaces of the two-pipe vehicles is small. With an increase in the vehicle spacing, the pressure difference between the front and rear surfaces of the pipe vehicle gradually increases and, thus, the movement speed of the two-pipe vehicles gradually increases. With a further increase in the distance between the vehicles, the influence between the two-pipe vehicles is almost negligible, and the movement speed of the two-pipe vehicles gradually changes to that of a single pipe vehicle moving in the pipeline. When the vehicle spacing reaches 300 mm, the movement of the two-pipe vehicles can basically be regarded as the movement of a single pipe vehicle. As the water flow goes through the flow process of “full pipe–annular gap–vehicle spacing–annular gap–full pipe”, when the two-pipe vehicles move in the pipeline, the energy loss is larger than that of a single pipe vehicle and the kinetic energy obtained by the two-pipe vehicles is smaller than that of a single pipe vehicle, such that the movement speed of the two-pipe vehicles is lower than that of a single pipe vehicle under the same working conditions. It can also be seen from the figure that when the spacing is between 50 mm and 150 mm, the growth rate of the average movement speed of the two-pipe vehicles is larger; that is, the slope of the curve is larger. When the spacing ratio is between 150 mm and 250 mm, the average movement speed of the two-pipe vehicles changes little with an increase in the spacing. When the spacing is greater than 250 mm, the growth rate of the average movement speed of the two-pipe vehicles becomes larger again.







It can be seen, from the above analysis, that the movement speed of the two-pipe vehicles is affected by many factors; however, the experimental results cannot comprehensively reflect the degree of influence of these factors on the movement speed. Therefore, the standard regression coefficient method in multiple regression analysis was used in order to analyze the influence degree of each factor on the speed of the two-pipe vehicles.



When dealing with the practical problems of multiple regression, the standard regression coefficient method is a method for testing the significance of the regression coefficients in multiple regression analysis. This method can eliminate the influence of the unit of the independent variable, and provides a simple and intuitive method to judge the influence degrees of multiple factors. The theory underlying this method is as follows:



Suppose a random variable Y is jointly influenced by m independent variables x1, x2, …, xm, and we have a test sample size of n. Note that xik represents the value of the independent variable xi in the kth trial, and Yk represents the result of the random variable Y in the kth trial. If there exists a linear relationship between Y and xi, the regression equation can be written as:


  Y = a +  b 1   X 1  +  b 2   X 2  + ⋯ +  b m   X m   



(33)







The regression coefficients bi in Equation (33) are obtained using the following equations:


   {     L  11    b 1  +  L  12    b 2  + ⋯ +  L  1 m    b m  =  L  10        L  21    b 1  +  L  22    b 2  + ⋯ +  L  2 m    b m  =  L  20       ⋯ ⋯ ⋯      L  m 1    b 1  +  L  m 2    b 2  + ⋯ +  L  m m    b m  =  L  m 0        



(34)




where


    L  i j   =   ∑  k = 1  n    (   X  i k   −    X ¯   i   )     (   X  j k   −    X ¯   j   )    ,  L  i 0   =   ∑  k = 1  n    (   X  i k   −    X ¯   i   )     (   Y k  −  Y ¯   )    ,  L  00   =   ∑  k = 1  n      (   Y k  −  Y ¯   )   2     ,      X ¯   i  =  1 n    ∑  k = 1  n    X  i k       , i = 1 , 2 , ⋯ , m   ,  Y ¯  =  1 n    ∑  k = 1  n    Y k      



(35)







In order to eliminate the influence of the unit of the independent variable on the test process, we use the relationship between the standard regression coefficient bi’ of Y to xi and the regression coefficient bi of Y to xi:


   b i ′  =  b i       L  i i      L  00        



(36)







After calculation in Equation (36), the standard regression coefficients bi’ has nothing to do with the units of Y and xi, such that they can be directly compared. The larger the value of |bi’|, the greater the effect of xi on Y.



According to the above mathematical model, we have:


   {      Y =  [ v ]        X =  [   D c  , l , Q , m , L  ]         



(37)




where Dc is 60 mm, 70 mm, or 80 mm; the pipe vehicle length l is 100 mm or 150 mm; the flow rate Q is 30 m3/h, 40 m3/h, or 50 m3/h; the conveyed load m is 400 g, 600 g, or 800 g; and the vehicle spacing L is 50 mm, 100 mm, or 150 mm. The five variables are orthogonally considered in pairs, such that the number of experiments was 162. The average movement speed of the two-pipe vehicles was obtained, according to the experimental data. Substituting the data into the corresponding equations, we obtain:


   b 1 ′  = 0.302    b 2 ′  = 0.115    b 3 ′  = 0.935    b 4 ′  = − 0.00938    b 5 ′  = − 7.85 ×   10   − 6    



(38)







According to Equation (38), we have:


   |   b 3 ′   |  >  |   b 1 ′   |  >  |   b 2 ′   |  >  |   b 4 ′   |  >  |   b 5 ′   |   



(39)







Through the standard regression coefficient method, it can be seen that the influence of the flow rate Q on the movement speed of the two-pipe vehicles was the highest, followed by the diameter of the pipe vehicle Dc, the length of the pipe vehicle l, the conveyed load m, and the vehicle spacing L, in decreasing order. Therefore, in the process of transportation, it is necessary to comprehensively consider various factors to carry out reasonable matching such that the two-pipe vehicles can obtain a higher transportation movement speed.




4.3. Research Implications and Limitations


A large part of the energy loss in a two-pipe vehicles transportation system arises from the friction between the vehicle and the annular gap flow. To solve this problem, it is first necessary to understand the distribution of the annular gap flow. Therefore, in this paper, the flow velocity expression for the annular gap flow was obtained by solving the mathematical model, and its accuracy was verified through experimental tests, which can provide a theoretical reference for subsequent research on energy loss. The two-pipe vehicles motion equation obtained in this paper includes various factors affecting the movement speed, and the system designer can quickly assess the movement speed of a given two-pipe vehicles. The analysis results regarding the influence degree of each factor on the two-pipe vehicles movement speed also provide a theoretical reference for obtaining a better movement speed in the design process, as well as laying a foundation for future research on the transportation efficiency of two-pipe vehicles.



In the process of solving the annular gap flow model, the disturbance effects of the support body and the end on the annular gap flow were ignored. Therefore, whether the formula can be applied to the inlet and outlet sections of the annular gap near the support body requires further research. The mathematical model in this paper only considered the migration situation of a two-pipe vehicles in a straight pipe section; however, in practical applications, the change of terrain often leads to pipeline inclination or other problems, and whether the mathematical model is applicable in these cases still needs further research.





5. Conclusions


The mathematical model constructed in this paper includes various factors that affect the movement speed of two-pipe vehicles, and can be used to quickly calculate their movement speed. The calculated values obtained with the mathematical model were in good agreement with the experimental values. The results indicated that the concentric annular gap flow is distributed in the form of an accumulative parabola, and the maximum velocity of the flow deviated from the center of the annular gap. The movement speed of the two-pipe vehicles increased linearly with the flow Q but presented a negative linear relationship with the load m. With a gradual increase in the diameter Dc and length l of the pipe vehicle, the movement speed of the two-pipe vehicles increased gradually. With increasing spacing L, the movement speed of the two-pipe vehicles gradually increased, moving closer to that of a single vehicle. The standard regression coefficient method in the multiple regression analysis was used to analyze the influencing factors, and it was found that the flow rate Q had the strongest influence on the movement speed to the two-pipe vehicles, followed by the diameter Dc, vehicle length l, load m, and vehicle spacing L, in decreasing order.



The research results of this paper not only enrich the theory of annular gap flow at a moving boundary, but also provide a basis for further exploring the interactions between two-pipe vehicles and annular gap flows. The constructed mathematical model provides a theoretical reference for the construction and optimization of related transportation systems, as well as a theoretical basis for the realization of pipe trains in industrial applications in the near future.
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Figure 1. Pipe side view. Note: 1. pipe vehicle; 2. Support body; 3. Pipeline; and 4. Concentric annular gap. 
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Figure 2. Three-dimensional rectangular coordinate system: (a) Sectional view; and (b) Side view. Note: 1. Pipe vehicle; 2. Pipe wall; 3. Concentric annular gap; l represents the length of the pipe vehicle, rp represents the pipe radius, rc represents the pipe vehicle radius, and B represents the width of the annular gap. 
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Figure 3. Structure diagram of the two-pipe vehicles: (a) A single vehicle; and (b) Two-pipe vehicle. Note: 1. Barrel; 2. Support body; 3. Pipeline; 4. Linker. 
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Figure 4. Force diagram of a two-pipe vehicles. Note: G1, G2 are gravity; f1, f2 are buoyancy; N1, N2 are the force of the pipeline on the support body; Fp1, Fp2, Fp3, Fp4 are the end pressure differential force; Ff1, Ff2 are the friction force on the support body; Fτ1, Fτ2 are shear force on the wall of the pipe vehicle; FL1, FL2 are the spring force. 
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Figure 5. Schematic diagram of area division. Note: Dc is the diameter of the vehicle, Dp is the diameter of the pipe, va is the velocity of the annular gap flow, vc is the movement speed of the two-pipe vehicles, and vp is the water flow velocity in the pipe. 
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Figure 6. Experimental system. Note: 1. Centrifugal pump. 2. Regulating valve. 3. Electromagnetic flowmeter. 4. Feeding device. 5. Brake device. 6. Infrared probe. 7. timer. 8. Pressure sensors. 9. Rectangular water jacket. 10. Laser Doppler velocimeter. 11. Laser probe. 12. Computer. 13. Water tank. 
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Figure 7. Delivery and receiving devices: (a) Delivery device; and (b) receiving device. 
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Figure 8. Timing device for the two-pipe vehicles. 
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Figure 9. Layout of the measuring cross-sections. Note: 1. Rear pipe vehicle; 2. Front pipe vehicle. 
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Figure 10. Schematic of measuring point layout. 
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Figure 11. Comparison of calculated and measured values: (a) 2# cross-section; and (b) 5# cross-section. 
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Figure 12. Two-pipe vehicles movement speed under different working conditions: (a) Under different flow rates; (b) under different vehicle models; (c) under different loads; and (d) under different vehicle spacings. 
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Table 1. Comparison of calculated and measured values under different working conditions.
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	Q
	l × Dc
	L
	m
	Calculated Value
	Measured Value
	Relative Error





	30
	150 × 70
	15
	600
	1.14
	1.1
	3.51



	30
	150 × 70
	30
	600
	1.16
	1.18
	−2.01



	30
	150 × 70
	15
	1000
	1.05
	0.98
	6.24



	30
	150 × 70
	30
	1000
	1.06
	1.02
	3.82



	30
	100 × 60
	15
	600
	1.11
	1.05
	5.03



	30
	100 × 60
	45
	600
	1.13
	1.15
	−1.65



	30
	100 × 60
	15
	1000
	1.01
	0.96
	5.29



	30
	100 × 60
	45
	1000
	1.04
	1.08
	−4.12



	50
	150 × 70
	15
	600
	1.83
	1.78
	2.52



	50
	150 × 70
	45
	600
	1.87
	1.92
	−2.75



	50
	150 × 70
	15
	1000
	1.67
	1.68
	−0.35



	50
	150 × 70
	45
	1000
	1.71
	1.74
	−1.56



	50
	100 × 60
	15
	600
	1.77
	1.65
	6.82



	50
	100 × 60
	45
	600
	1.81
	1.72
	5.09



	50
	100 × 60
	15
	1000
	1.62
	1.51
	6.99



	50
	100 × 60
	45
	1000
	1.66
	1.59
	4.3
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