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Abstract

:

We investigated the operation of an axial-flow cyclone as the most promising dust-cleaning equipment based on energy consumption. Numerical solutions were obtained for the gas-solids suspension flow equations in axial flow cyclones with different separation chambers’ geometry using FlowVision software. The chamber’s geometrical features determined the nature of the gas-solids suspension flow, directly affecting the dusty gases’ purification degree. The circulating gas flows and the turbulent “trace” after the swirl generator were found to negatively influence the cyclone efficiency and the hydraulic resistance values. A high chamber height also negatively affected the gas purification since the bulk of dust particles were removed from the gas-solids flow at the initial section. The initial section’s length coincided with the gas-solids suspension’s jet flow zone due to the flow coming off the swirl vanes’ edges. Due to turbulent mixing, the particles’ secondary entrainment and return to the gas flow began to manifest outside this zone. Based on this analysis, it is possible to develop recommendations for choosing the chamber’s geometric parameters, minimizing the influence of the indicated factors. On the basis of this research, it will be possible to ensure cyclones’ high efficiency with significantly lower hydraulic resistance when designing axial-flow cyclones relative to other types of cyclone.
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1. Introduction


The problem of cleaning large-scale gas exhausts from chemical, petrochemical, and thermal power plants running on coal and fuel oil is still relevant. At the same time, significant energy consumption required for dust collection processes is one of the problems due to significant emissions. Therefore, the research and development of dust collector designs is still ongoing to ensure effective particle removal from the gas with low energy consumption. This is proven by several publications focused on the operation of various cleaning equipment, some of which relate to cyclone-type equipment [1,2,3,4,5,6,7]. Thus, the review paper by Misyulya [8] analyzed more than three dozen typical designs of cyclones and separators, indicating their advantages, disadvantages, and preferred application areas. From the perspective of hydraulic resistance and energy consumption, axial-flow cyclone separators have an undeniable advantage: they consume at least half the energy of reverse-flow cyclone separators. However, the widespread use of axial-flow cyclone separators is hindered by the erroneous opinion about the low separation efficiency of their cyclones when cleaning gases from small particles. Meanwhile, several studies have shown that axial-flow cyclones could provide a high degree of purification of dusty gas with particles on the order of 5 microns [9,10,11].



The incorrect assessment of these cyclone separators’ capabilities is due to insufficient knowledge of the flow features of dusty gas in the axial-flow cyclone separator’s separation chamber, which ultimately determine the degree of gas purification. From the perspective of separation efficiency, gas turbulence structure is the most crucial factor in the gas-solids suspension hydrodynamics in the cyclone chamber; this factor is significantly anisotropic in swirling flows. Therefore, the crucial question in the quantitative analysis of the dusty gas flow is how the turbulence model used in the calculation correlates to the actual statistical characteristics of the flow. Currently, several turbulence models have been used for the numerical solution of hydrodynamic equations under turbulent conditions [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27]. Chesnokov et al. [28] provide an overview of the models used in the calculations and an assessment of their applicability to describe turbulence in swirling flows. In particular, the standard k–ε model does not adequately describe the gas velocity field compared with experimental data. The accurate model is the SST turbulence model and the nonlinear k–ε model, including quadratic and cubic terms in the Reynolds stress expression.



The objective of this research was to analyze in detail the features of the gas-solids suspension flow in the separation chamber of the axial-flow cyclone separator to identify the factors that limit the use of these types of cyclone separators as effective dust-collecting equipment with low hydraulic resistance.




2. Theoretical Analysis and Methods


2.1. Gas Flow


If the particle mass concentration in the flow is not significant (as is usually the case with cyclones), then their presence has little effect on the gas velocity field. Therefore, the task could be divided as follows: first, we determine the velocity field of the gas phase, and then the nature of particle motion. We introduce a cartesian coordinates system of xi (i = 1, 2,3), directing the axis Ox3 along the axis of the cyclone. Then, according to the Boussinesq hypothesis, which establishes a linear relationship between the Reynolds stress tensor and the strain velocity tensor, the equations describing the gas’s steady motion, taking into account the assumption of its incompressibility, will have the following form:


          ∂  w 1    ∂  x 1    +   ∂  w 2    ∂  x 2    +   ∂  w 3    ∂  x 3    = 0           ρ w  1     ∂  w i    ∂  x 1    +    ρ w   2    ∂  w i    ∂  x 2    +    ρ w   3    ∂  w i    ∂  x 3    = −   ∂   p ˜     ∂  x i    +      ∂  ∂  x 1     [   (  μ +  μ t   )    ∂  w i    ∂  x 1     ]  +  ∂  ∂  x 2     [   (  μ +  μ t   )    ∂  w i    ∂  x 2     ]  +        +  ∂  ∂  x 3     [   (  μ +  μ t   )    ∂  w i    ∂  x 3     ]  ,           i = 1 ,   2 ,   3        



(1)







Here μ and μt represent the coefficients of molecular and turbulent viscosity of the flowing medium, respectively (Pa·s). The value    p ˜  = p +  2 3  k   takes into account the contribution to the static pressure energy of the kinetic energy for turbulent fluctuations:   k = ρ   ∑  i       (   w i ′   )   2   2   .



Equation (1) was solved using the FlowVision software package. The SST turbulence model was used [29,30,31]. After solving the system of equations, it is possible to define not only the pressure profiles and gas velocity projections in the entire flow region, but also the turbulent energy distribution, its dissipation rate, and the attenuation character on solid surfaces. The choice of the computational domain for Equation (1) was determined based on the following considerations. Direct measurement of the gas velocity and flow visualization in the axial-flow cyclone is based on the assumption that each swirl blade forms a flow close to a jet stream. Thus, the gas leaves the peripheral part of the blade edge in the form of a relatively narrow “bundle”. The lower part of the jet stream, which carries the bulk of the dust particles, is relatively quickly washed out, filling the entire cross section of the chamber. This fact is illustrated by the longitudinal projection qualitative distribution results for gas velocity in the chamber’s cross section, presented in Figure 1. Thus, the assumption of the flow’s axisymmetric nature in the cyclone chamber used in several works cannot be fulfilled in real applications [13,17]. The complex picture of the gas velocity distribution at the exit from the swirl blades enabled us to limit the computational domain to the separation chamber of the cyclone only, as was done by Huang et al. [11]. Therefore, we took the cross section of the pipe, located at a distance equivalent to its diameter from the upstream swirler, as one of the computational domain boundaries. At this approximate distance, the flow “feels” the impending obstacle, and the stream profiles begin to be distorted [32]. The gas velocity was assumed to be uniformly distributed and directed along the pipe axis in the indicated section. Another boundary condition was the equality of the gas velocity to zero on all solid surfaces, including the surfaces of the swirl blades (sticking effect).



We carried out computation for cyclones with different separation chamber geometries. As it turned out, the stabilizer is the main element of the chamber’s internal geometry: this element, located directly behind the swirler, largely determines the flow pattern, including the value of the hydraulic resistance of the cyclone. The purpose of the stabilizer is to maximize flow damping, eliminate vortex formation caused by flow separation from the blades, and reduce the turbulent “trace” after the swirler. Two types of stabilizers were considered in the computations: conical and cylindrical, with a length equal to the height of the separation chamber (Figure 2). Figure 2 shows the stream profile projections obtained after solving Equation (1) through projection onto a plane passing through the axis of the cyclone. The Reynolds (Re) number calculated for the pipe diameter was 110,000. Figure 2 gives a fairly complete picture of the gas movement characteristics in the separation chamber with this geometry. The flow region is divided into two zones in the first case, where the hydrodynamic pattern is entirely different. In the peripheral zone, the swirling gas flow moves strictly along the chamber wall at high speeds. The central zone is occupied by a turbulent “trace”, in which extensive longitudinal gas circulations are generated.



It is evident that the existence of a “trace” and circulation flows significantly reduce the cyclone’s efficiency and increase its hydraulic resistance. Another such factor preventing the removal of dust particles from the gas flow is their turbulent mixing. In the case of a cylindrical stabilizer, the flow pattern is different. Turbulence is generated only in near-wall regions due to large gradients of the average gas velocity [33,34].



At the same time, the near-wall turbulence zone does not decrease with an increase in the longitudinal coordinates, even if the overall level of turbulence decreases, as evidenced by the graphs shown in Figure 3. This may explain the secondary entrainment of dust particles, already hindered by the wall, into the flow. We could draw certain conclusions regarding the requirements for the separation chambers’ geometry for axial-flow cyclones during their design based on the obtained numerical solutions of the model in Equation (1).



Firstly, the flow stabilizer must be cylindrical. At the same time, the flow stabilizer’s length should not be less than the height of the separation chamber. In this case, the turbulent “trace” would be located outside the chamber (for example, inside the purified gas nozzle). Secondly, the separation chamber should not be extended, in order to ensure that the effect of re-entrainment of particles is minimal.




2.2. Two-Phase Flow


The interpenetrating continuums approach was used to describe the particle-phase flow in the FlowVision package, making it possible to formulate the flow equations for the dispersed phase in a form similar to Equation (1) [35]. The difference is that the gas-phase flow is due to the pressure difference, and the particle-phase flow is due to the force interaction with the gas, as described below:


   v 1    ∂   mNv  i    ∂  x 1    +  v 2    ∂   mNv  i    ∂  x 2    +  v 3    ∂   mNv  i    ∂  x 3    =  F i  +  ∂  ∂  x 1     [   (   μ t   )    ∂  v i    ∂  x 1     ]  +  ∂    ∂  x 2     [   (   μ t   )    ∂  v i    ∂  x 2     ]  +  ∂  ∂  x 3     [   (   μ t   )    ∂  v i    ∂  x 3     ]  , i = 1 ,   2 ,   3  



(2)







The equality of the dynamic coefficients for the turbulent viscosity of the solid and dispersed phases is due to the small size of dust particles when they are almost entirely carried away by turbulent gas stream flows [36,37]. Some particles lagging from the gas was considered in the expression for the interfacial interaction strength, as shown in this expression for the Stokes flow regime:


  F =    ρ NC   D       π d   2   8   |  w − v  |   (  w − v  )   



(3)




where the coefficient of resistance to the particles’ movement from the gas side corresponds to the Stokes flow regime, as shown below:


   C D  =   24     Re  p    =   24 μ    ρ d   |  w − v  |    .  



(4)







The numerical concentration distribution of the dust particles in the cyclone separation chamber adheres to the convective diffusion equation, as described below:


   v 1    ∂ N   ∂  x 1    +  v 2    ∂ N   ∂  x 2    +  v 3    ∂ N   ∂  x 3    =  ∂  ∂  x 1     (   D t    ∂ N   ∂  x 1     )  +  ∂  ∂  x 2     (   D t    ∂ N   ∂  x 2     )  +  ∂  ∂  x 3     (   D t    ∂ N   ∂  x 3     )   



(5)







The coefficient Dt practically coincides with the kinematic coefficient of the turbulent viscosity of the dispersed phase νt = μt/ρ when the motion of particles is determined only by interaction with gas, since the mechanism of momentum and mass transfer is the same. The computation range for Equation (5) coincided with the computation range for Equation (1); the concentration of particles in the cross section of the pipe located at a distance equivalent to its diameter from the upstream swirler was set as one of the boundary conditions.





3. Results and Discussion


We obtained the dispersed-phase profiles, the dust particles concentration distribution, and the particle flux magnitude in the entire separation chamber volume based on the combined computation of Equations (1)–(5). Computations were carried out for gas-solids suspensions with 5, 15, and 30 microns particles size. The dust particle concentration profiles in the chamber’s cross sections were of particular interest, depending on the distance to the swirler: they are shown in Figure 4.



The curves in Figure 4 show that the radial particle mass flow begins before entering the chamber’s swirl blades regions. In other words, significant gas purification from dust particles occurs already in the swirler itself: this is another advantage of once-through cyclones. To a lesser extent, this phenomenon applies to small particles of 5 µm. Attention could be drawn to the fact that the vast majority of the solid phase is removed from the gas flow in the region adjacent to the swirler. When designing a cyclone, it is advisable to enable dust collection at the initial section of the chamber to prevent the particles’ return, already inhibited by the wall, into the gas flow. With this in mind, calculations were carried out based on Equations (1)–(5). The boundary conditions for the particle phase selected for this model consisted of the side surface’s permeability of the chamber for the particle phase. The calculation results are illustrated in Figure 5.



Particles greater than 15 microns are entirely removed from the gas stream at a distance of about 150–200 mm from the swirler. The region’s length is close to the length of the jets’ erosion zone escaping from the blades’ edges. Beyond these limits, the tangential component of turbulent flows smooths out the irregularities of the longitudinal velocity profiles. Smaller particles are removed from the flow to a lesser extent due to turbulent mixing and a weaker effect of centrifugal forces. Therefore, it is advisable to use cyclones consisting of two consecutive separation chambers to clean dusty gases with smaller particles. Apparently, the results presented in this paper are sufficient to demonstrate the fallacy of the estimates of the low efficiency of axial-flow cyclones given in some literary sources. In our opinion, such computed estimates were associated with the inaccurate geometry of separation chambers of the cyclones used by the authors.




4. Conclusions


We identified the physical factors that can serve as reasons for reducing the efficiency of axial-flow cyclones using the numerical solution of the equations of gas-solids suspension hydrodynamics. Firstly, such factors are the possible circulation flows and the generation of additional turbulence due to the separation chamber’s geometry. However, results showed that the influence of these factors is manifested in regions outside of the gas-solids suspension jet flow. At the same time, effective gas dedusting occurs in this area. Results showed that the separation chamber height, stabilizer shape and stabilizer size are the most important geometric parameters determining the axial-flow cyclone’s efficiency. The solutions obtained in this work make it possible at the design stage to carry out a targeted selection of the geometric parameters of the separation chamber, which eliminates or minimizes the negative impact of these factors while maintaining all the advantages of once-through cyclones.
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Figure 1. Nature of gas-solids suspension flow jet in the cyclone separation chamber’s inlet area at different distances from the swirler: (a) 10 mm; (b) 50 mm; (c) 100 mm. 
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Figure 2. Gas flow in separation chambers with different stabilizer geometry: (a) conical; (b) elongated cylindrical. 
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Figure 3. Specific energy distribution of gas turbulence in the chamber’s cross section: chamber diameter 150 mm; stabilizer diameter 100 mm. 
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Figure 4. Relative concentration profiles of N/Nin particles in different sections of the separation chamber. Solid line: distance to the swirler was 10 mm; dotted line: distance to the swirler was 100 mm. 
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Figure 5. The degree of gas purification at different distances from the swirler during lateral sampling of particles. 
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