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SOLID PHASE VELOCITY DISTRIBUTION OF TWO-PHASE TURBULENT FLOW AT PREUMATIC TRANSPORT IN STRAIGHT CHANNELS OF QUADRATIC CROSS 
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Abstract: In pneumatic transport of solid particles it is necessary to determine the velocity of transported particles in order to perform the assigned material transport. The paper considers a two-phase turbulent flow of air-solid particles in a channel with a square cross-section. The full Reynolds stress model was used to model the turbulence and calculate turbulent stresses and turbulent temperature fluxes. The paper provides diagrams of velocities and positions of transported solid particles of quartz, ash and flour, transported by a transporting fluid (air) through the channel.
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1. INTRODUCTION
In modern industry it is often necessary to transport bulk, granular or powder materials through channels using a fluid. The paper deals with the transport of materials using air. This form of air-solid particle two-phase flow is often encountered in pneumatic transport. Generally speaking, two-phase flows are characterized by a series of flow phenomena, which are the consequences of the mutual influence between the gas and solid phase. The paper considers the air-solid particle two-phase flow in straight channels with a square cross-section. Solid particles move due to the aerodynamic forces, which become great enough at certain velocities of air so that the particles are lifted and carried by air. The motion of solid particles in pneumatic transport is chaotic, they fall to the bottom, then get lifted up, collide or hit against the channel walls, however, they generally move in the direction of the channel axis at a velocity smaller than the velocity of the transporting air.
When turbulent flow is developed, a specific flow phenomenon occurs, where in addition to the basic flow along the channel, secondary flows are also induced in the cross-sectional plane of the channel. In channels with a random cross-section and shape, regardless of the flow mode, secondary flow appears in the transverse plane due to the centrifugal forces, and it is known as Prandtl’s secondary flow of the first kind. However, in straight channels with a square cross-section, in the developed turbulent flow mode, secondary flow, known as Prandtl’s secondary flow of the second kind, is induced in the transverse cross-section of the channel. The level of velocities of this secondary flow is 2(3% of the mean velocity of the basic flow, but its influence cannot be neglected, especially not in the case of a two-phase flow with a high Stokes number, i.e. in the case of the pneumatic transport of small-diameter particles.
To determine the velocity of solid particles of the transported material, the paper employs the full Reynolds stress model of turbulence, which implies the determination of each of the components of Reynolds stress from its own transport differential equation. The solved transport differential equations are not exact but modelled conservation equations.
2. PHYSICAL MODEL OF THE GAS AND SOLID PHASE

Here considered is a fully developed turbulent flow, which implies that the velocity profiles, i.e. velocities, in the straight horizontal channels with a square cross-section are stable, and that the channel walls have a constant temperature. Fluid-solid particle two-phase flows are characterized by a great number of interconnected complex flow phenomena that are the consequences of the influence between the phases. The interphase interaction of the gas and solid phase is simultaneously obtained through an iterative procedure as follows. The first step: At the beginning of the integration of the conservation equation, the first solved is the gas phase without the presence of the interphase members. The second step: After a certain number of iterations, the obtained field of the gas flow is “frozen” and particles are “let” through it. On the basis of the obtained particle trajectories, the interphase members of the interaction between the gas and solid phase are determined. The third step: The particle trajectories are “frozen” and the flow field of the gas phase is solved again, but this time with the obtained interphase members from the previous step. The fourth step: If the solution is not convergent, the second and the third steps are repeated successively until the set criterion of solution convergence is reached.
When it comes to the gas phase, to define a mathematical model, the following assumptions are adopted: the flow is stationary, three-dimensional, incompressible, isothermal and chemically inert. To define a mathematical model of the solid phase the following assumptions are adopted: particles are of various dimensions, particles do not change their mass while travelling through the channel, particles have a constant temperature through the channel, the influence of particle collisions is neglected, particles lose a certain level of impulse upon hitting the channel wall and internal obstacles, and particles move stochastically.
3. MATHEMATICAL MODEL OF THE GAS PHASE

A mathematical model is formed for a three-dimensionally fully developed turbulent flow in a straight horizontal channel with a square cross-section. The stationary and incompressible turbulent flow is assumed, where the channel walls have a constant temperature that is different from the temperature of the environment. Volumetric gravitational forces are neglected, along with the effects of the temperature buoyancy, so that the general equation of conservation of impulse, matter and energy for the gas phase corresponds to the equation of field conservation (Reynolds) for single-phase flow, with the addition of the interphase member [1,2,4]:
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On the basis of the adopted assumptions of the physical model of the gas and solid phase, the averaged differential equations of conservation of matter, impulse and heat have the following forms:
continuity equation:
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equation of motion:
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(3)
energy equation:
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4. TURBULENT MODELS
The starting point for the formation of the stress model of turbulence is the differential transport equation that defines the dynamics of Reynolds stresses (1(.
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(5)
The stress model of turbulence implies a simultaneous solution of the previous equation, with the equation of motion in the averaged Reynolds form. However, only certain members of the previous equation can be treated in the exact form (a, b, d, g3, and c), while the remaining members of the equation (e, f, g1 and g2) represent the correlations that have to be modelled in the function of the available dependent variables. The dependent variables available in the stress model are: the averaged velocity, the turbulent stress tensor, and the velocity of the dissipation of turbulent kinetic energy.
The modelled forms of the members in equation (5) for turbulent stresses lead to the closed form of the transport equation for Reynolds stresses [1,5]:
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(6)
the members of the above equation are defined by the expressions given in [5]. 
The closing of the stress model for Reynolds stresses (6) is performed by the additional transport differential equation for the dissipation of turbulent kinetic energy: 
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(7)
By modelling the members in the transport equation for turbulent temperature fluxes, the closed form of the transport equation is obtained:
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(8)

the members of the above equation are defined by the expressions given in [5].
5. MATHEMATICAL  MODEL OF THE SOLID PHASE

The presence of solid particles in flows that are found in technical processes in the engineering practice greatly complicates the problem, both because of the need to model the flow of the discrete phase and due to the interaction of the phases. The mathematical model of the solid phase is based on the Lagrange concept of task solution that implies following the trajectories of solid particles. The position of solid particles is determined by solving the equation of motion for every group of particles:
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The current velocity of solid particles 
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 is determined from the impulse equation of the solid phase:
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(10)
In the above equation (10), the first member on the right side of the equals sign A represents the force of resistance to the relative motion of particles that causes the motion of solid particles in the direction of the channel axis. The second member B represents the force of gravity, and the third member C represents the force of buoyancy. When solving the task, it is assumed that the forces of gravity and buoyancy are in balance, while the force due to the increase in the pressure gradient, Basset, Saffman and Magnus forces are all neglected.

6. NUMERICAL  MODEL

The fundamental problem of solving air-solid particle two-phase flows is based on the change in the momentum, energy and mass of the transported material when passing through a certain segment of the flow field. The selected numerical grid at the cross-section of the channel is not uniform. The mass flow of particles through the cross-section of the channel at its entrance is given as a partial flow in the numerical cells, proportional to the surface of the cells. The cells in the vicinity of the channel walls and vertices have smaller surfaces and the mass flows of particles in them are smaller as well. Contrary to this, the numerical cells located in the middle part of the channel are bigger and their mass flows are larger as well. When the entire cross-section of the channel is observed, an even distribution of transported solid particles is obtained along the entire cross-section of the channel. During the simulations, the influence of the fineness of the numerical grid was examined, and the paper presents the results of the highest resolution above which the fineness of the grid did not affect the obtained results.
The transport of quartz with 0.5 [mm] in diameter and 2500 [kg/m3] in density was first considered as the transported material, followed by ash with 0.14 [mm] in diameter and 1800 [kg/m3] in density, and finally flour with 0.20 [mm] in diameter and 1410 [kg/m3] in density. The solid particles of the transported materials were assigned an initial velocity at the entrance of the channel, which was equal to the suspension velocity of the quartz particles of 2.8 [m/s]. Apart from the definition of the initial velocity of solid particles, also defined was the velocity of the transporting air at the entrance of 22 [m/s], the pressure of 1 bar and the density of 1,2 [kg/m3]  [5].

7. RESULTS AND DISCUSSION 

The full Reynolds stress model of turbulence was used to solve the task in hand, where each of the Reynolds stress components was determined from its own modelled transport differential equation. The mathematical model was set up in such a way so as to observe the motion of spherical solid particles. The task was solved using the iterative procedure for the defined physical model of the gas and solid phase, until the convergence of 0.1% was achieved. The following figures show the position of particles in the cross-section of the channel as well as the distribution of velocities along the channel. Solid particles filled out the entire cross-section of the channel from the entrance to the exit, which led to the continuous transport.
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Fig. 2 Position and distribution of velocities of quartz particles
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Fig. 3 Position and distribution of velocities of ash particles
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Fig. 4 Position and distribution of velocities of flour particles
8. CONCLUSION
The paper considered the fully developed turbulent flow in straight horizontal channels with a square cross-section, taking into account the effects of the secondary flow of the second kind. The stress model of turbulence was corrected in the numerical model by taking into account the influence of the induction of secondary flows of the second kind. The full Reynolds stress model of turbulence was used to solve the two-phase flow, with the full model being applied for turbulent stresses and turbulent temperature fluxes, implying the determination of each of the components from its own transport differential equation. The numerical simulations yielded the distribution of velocities of transported particles from which one can observe that the transported material would not accumulate in the channel and that the desired transport could be performed.
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