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Abstract

:

Due to the great achievements in the field of optimization of the design of cyclone separators, non-standard solutions are sought to increase their performance. Therefore, in this study, we consider the impact of different cone and cylinder height variants on the performance of cyclone separators. Additionally, we propose non-standard shapes for these sections. Three different heights: H/D = 0.5, 1.0, and 1.5, with D (the main cyclone body diameter), are analyzed. Since the cone is one of the most important geometrical entities, three different shapes viz. a straight (conventional) profile, a concave profile as well as a convex profile are also taken into account. Cyclone performance is rated at three different inlet velocities viz. Uin = 10 m/s, 15 m/s, and 20 m/s. Hence, a total of 27 simulations have been performed using the Reynolds stress model. It becomes apparent from the present study that the pressure loss is lowest in the convex variant, whereas the separation efficiency is better in the conventional design. Furthermore, an increase in the length of the cylindrical section reduces pressure drop with a mild decrease in the collection efficiency in all variants.
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1. Introduction


Cyclone separators are mechanical separators that are used to remove the particulate matter contained in the gas stream. Due to tangential injection and the curved wall, the dust-laden gas experiences a swirling motion that generates a centrifugal force field readily felt by suspended solid particles. This causes the solid particles to move in a radially outward direction towards the walls, thereby aiding the separation process. Hence, the particle concentration near the walls is higher for larger particles, and these particles are transported down to the collection bin attached at the cyclone bottom under the influence of axial velocity [1]. Cyclones are used in almost every industry where the solid particles are to be separated before releasing the fluid into the open atmosphere. Cyclones are used either as pre-separators to reduce the dust loading on the bag filters or as a final separation unit. Other roles include the classification of particles according to the size to recover the catalyst and many more. These devices are popular due to several advantages such as significantly shorter particle residence time, simple construction, ability to operate continuously even in corrosive environments, lower maintenance cost, and no moving parts (to name a few) [2,3]. Cyclones find application in several industries such as steel plants, cement industries, flour mills, power plants, etc. [4].



Since the development of cyclone separators, several studies have been undertaken to optimize the construction of these separators. The vortex finder diameter significantly affects the performance of cyclone separators—with an increase in diameter of the vortex finder, the pressure drop largely reduces, followed by a net reduction in the collection efficiency [5,6] and vice-versa. The insertion length of the outlet tube mildly influences the cyclone performance [7,8]. The eccentricity provided to the centre of the outlet tube largely affects the cyclone performance [9]. If performed without special care, the cyclone performance may deteriorate; hence, this aspect requires performing an optimization before implementation [10]. The vortex finder with cross-shaped blades decreases the pressure drop by more than 16% with a slight improvement of 0.64% in the separation efficiency [11]. Installing the de-swirler closer to the vortex finder inlet counts more on cyclone performance [12]. The convergent-divergent vortex finder helped to improve the pressure drop by as much as 6% followed by a reduction in the cut size from 1.6 µm to 1.4 µm [13]. The main cyclone body diameter (D) significantly influences the performance—an increase in the cyclone main body diameter increases the pressure drop, whereas the collection efficiency of larger particles is improved [14,15]. The increase in the length of cyclones plays a vital role; in fact, this is the only parameter that at the same time improves the performance indicators [16]. Apart from the inlet dimensions [17], the bend angle of the inlet duct [6,18] and the location of the secondary inlet [19] likewise affect its performance. The increasing value of the inlet angle was reported to increase the cut-off size and reduce the pressure drop coefficient [20]. The pressure drop in cyclone was reported to be the least at an inlet angle of 450 and the collection efficiency was found to improve with further increase in this angle [21]. A contracted inlet duct length largely affects cyclone performance [22]—increasing the length of the duct enhanced the tangential velocity. The outlet tubes with inverted cone shapes were noticed to yield a higher pressure drop and collection efficiency [23]. The notched outlet tubes were reported to increase the overall cyclone performance [24]. The location of the multi-inlet duct was found as an important parameter [25]. Compared to the widely used tangential inlet, a scroll-type inlet design attaching several subsidiary cyclones to the exterior of the cyclone body increased collection efficiency and significantly lowered the pressure drop [26]. The circular rod inserted at the centre of cyclones was reported to enhance cyclone performance [27]. The dipleg shape also affected the pressure drop and collection efficiency [28]—the pressure drop was highest observed in cylindrical dipleg, whereas the lowest pressure drop occurs in the cyclone without a dipleg. A cyclone separator with fin diameter ratios of 2/5 or porosity equal to 0.2 was recommended for lower pressure drops [29]. Qiang et al. [30] considered optimizing the performance of two-stage cyclones in series using response surface methodology and reported enhancement in the overall performance. A dynamic cyclonic classifier was employed to classify particles according to their sizes by Galletti et al. [31], wherein a rotating impeller was employed to improve the efficiency of the cyclone. Another classifier was proposed by Sun et al. [32], in which three characteristic regions were used to capture solid particles based on the particle size. The novel slotted vortex finder was reported to enhance the cyclone performance by Fu et al. [33]. Mofarrah et al. [34] designed a cyclone for indoor use to separate the pollens that may lead to severe allergies in humans. An et al. [35] made use of cyclone separators for sampling black carbon.



The cone tip diameter was found to have a mild effect on the cyclone performance [17,36]. Xiang et al. [37] experimented on a lab-scale cyclone model with a diameter of 0.031 m to determine the pressure drop and collection efficiency. They reported a mild pressure drop as well as collection efficiency with a decrease in the cone tip diameter. However, Stern et al. [38] (mentioned in [37]) stated that the cone was merely a carrier of separated solid particles, and that it does not have any influence on the cyclone performance. In a different study by Shastri and Brar [39] and Shastri et al. [40], the cone was revealed to be an important entity in cyclones. With an increase in the cone length (thus the overall height of the cyclone is the same), the collection efficiency was found to increase, and vice versa—the cyclone model without the cone was reported to have the lowest collection efficiency. Brar et al. [16] reported that an increase in the length of the conical section significantly increases the collection efficiency than an increase in the length of the cylindrical section.



Considering the studies performed so far on the conical section, it becomes apparent that the cone is one of the most important parts of the cyclone. However, it has also been observed that the impact of different shapes of the conical walls on cyclone performance has not been taken into account so far. Therefore, in this study, we consider studying the impact of the curved wall profile of the conical section rather than the straighter one (as in the conventional design) for analysis. Here, two different shapes viz. the cone with concave wall and the convex wall profiles are accounted for. The definition of convexity and concavity of the walls is in context to the observer exterior to the cyclone. A part of the convex profile and concave profile has been earlier analyzed by [41] in hydrocyclone, and no such study has been undertaken in the context of the gas cyclones. Hence, the present study undertakes different shapes of the cone section. Apart from the different shapes of the cone section, the length of the cylindrical section is also included in this study to evaluate its impact on the different shapes of cone sections.



In short, we consider three different lengths of the cylindrical section while three different shapes of the conical section viz. a conventional (straight) profile, concave profile, and convex profile for analysis. The length of the cylinder is varied such that the total height of the cyclone remains the same. The cyclone performance has been analyzed through numerical simulations. The pressure drops, separation efficiencies and cut-off particle sizes of the new variants have been compared to the conventional design to evaluate the relative differences.




2. Materials and Methods


For analysis and optimization of cyclone separators, the CFD approach is widely preferred over the experiment. This is due to the expensive nature of the experimental setup, and optimization would demand fabricating several cyclones. In such cases, CFD has proven as the best alternative to the expensive experimental methods, and this technique has gained tremendous popularity worldwide. Therefore, the present study makes use of CFD to predict the performance indicators of cyclones. For this, we make use of the commercial CFD code Fluent—a popular finite volume solver.



2.1. Continuous Phase Equations


Given that the flow is incompressible and isothermal, the continuity, and the Reynolds-Average Navier-Stokes (RANS) equation can be adequately expressed as [42]:


    ∂  u i    ∂  x i    = 0  



(1)






  ρ   ∂  u i    ∂ t   + ρ  u j    ∂  u i    ∂  x j    = −   ∂ P   ∂  x i    +   ∂  u i    ∂  x j     [  2 μ  S  i j   − ρ    u i ′   u j ′   ¯   ]   



(2)




where    u i   —the mean velocity;    x i   .the coordinate system, P—mean pressure,    ρ  —density of the gas, and µ is the dynamic viscosity of the continuous phase. Equation (2) determines the Reynolds stress tensor,    τ  i j   = − ρ    u i ′   u j ′   ¯   


  The   strain   rate   tensor ,    S  i j   =  1 2   [    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     ]   



(3)







Reynolds Stress Model (RSM)


The way to solve the Reynolds stress tensor τij is most important for numerical studies. In the RSM closure model, all six Reynolds stress components are solved along with the dissipation rate. Ignoring the production conditions related to the buoyancy and rotation of the system, the transport equations for RSM can be defined as [42]:


    ∂  τ  i j     ∂ t   +  u k    ∂  τ  i j     ∂  x k    = −  τ  i k     ∂  u j    ∂  x k    −  τ  j k     ∂  u i    ∂  x k    +  ϵ  i j   −  ϕ  i j   +  ∂  ∂  x k     [  ν   ∂  τ  i j     ∂  x k    +  C  i j k    ]   



(4)







The right part of the Equation (4) represents the response: derivative of local time and convection. In turn, the left side represents the stress generation, the dispersion tensor, and the pressure-strain correlation tensor, respectively. The first and second components in parentheses represent molecular diffusion and turbulent diffusion tensors.


  The   dissipation   tensor ,    ϵ  i j   = − 2 ν     ∂  u i ′    ∂  x k      ∂  u j ′    ∂  x k     ¯   



(5)






  The   pressure - strain   correlation   tensor ,    ϕ  i j   =     p ′  ρ   [    ∂  u i ′    ∂  x j    +   ∂  u j ′    ∂  x i     ]   ¯   



(6)






    The   turbulent   diffusive   transport   tensor ,     ρ  C  i j k   = ρ    u i ′   u j ′   u k ′   ¯  +    p ′   u i ′   ¯   δ  j k   +    p ′   u j ′   ¯   δ  i k      



(7)







The term δ, in Equation (7), is termed the Kronecker delta. Ignoring the pressure fluctuations, the tensor Cijk is symmetrical in all three indexes, which makes it invariant in rotation. To close Equation (4), the tensors must be defined    ϵ  i j   ,    ϕ  i j   ,   and    C  i j k     from Equations (5)–(7) [42,43].





2.2. Solid-Phase Transport


To define the trajectory of the solid phase, the particle force equilibrium equation is configured within the Lagrange frame of reference. The force balance equation can be written as follows:


    d  u  p i     d t   =  F D   (   u i  −  u  p i    )  +    (   ρ p  − ρ  )     ρ p     g i  +  F i   



(8)




where: the subscript i denotes the direction of the flow parameter,    u  p i    —the particle velocity; Fi—additional force (e.g., Brownian force, Saffman lift, etc.) expressed as force per unit mass, the term FD   (   u i  −  u  p i    )   . —drag force per particle mass unit;    ρ p   —the particle density;    g i   —the grav. acceleration.



For spherical particles, the drag force (Stokes) can be defined as follows:


   F D  =   18 µ    ρ p   d p 2       C D  R e   24    



(9)




where: dp—the diameter of the particle; Re—the Reynolds number; µ—the molecular viscosity of the fluid phase.


  R e =   ρ  d p   |   u  p i   −  u i   |   µ   



(10)







In Equation (8), the second term on the right-hand side viz. CD∗Re/24 approaches unity for Stokes flow. The first term bears a unit of reciprocal of time and is a representation of the particle response time, given as:


   τ p  =    ρ p   d p 2    18 µ    



(11)







The drag coefficient for smooth particles is given as (a1, a2, and a3—constants) [44]:


   C D  =   a  1  +    a 2    R  e p    +    a 3    R  e p 2     



(12)







A single particle velocity is determined by integrating Equation (8) in discrete time steps, and its position in the non-stationary flow is determined from the equation:


     d xi     d t    =  u pi   



(13)







Then the Equation (8) can be expressed in the following form:


    d  u  p i     d t   =  1   τ p     (   u i  −  u  p i    )  +  a i   



(14)




where: the term    a i    contains accelerations due to all force terms; τp—the particle relaxation time.



Fluent includes several options for tracing (or discretizing) the trajectory of solid particles. In most of the research on flow in cyclone separators carried out so far, higher-order schemes, especially trapezoidal ones, have been recommended [45].



In trapezoidal diagrams, the particle’s progress in each successive discrete time step is determined. In Equation (12), the right part is averaged as:


     u  p i   n + 1   −  u  p i  n    Δ t   =  1   τ p     (   u i *  −  u  p i  *   )  +  a i    n   



(15)




where:    u pi *   ,    u i *   —mean values of variables ui, upi—whose values can be expressed as appropriate:    u  p i  *  =  (   u  p i  n  +  u  p i   n + 1    )  / 2  ,    u i *  =  (   u i n  +  u i  n + 1    )  / 2  , and    u i  n + 1   =  u i n  + Δ t  u  p i  n  ∇  u i n   .



The particle velocity at the new location n + 1 is expressed as:


   u  p i   n + 1   =    u  p i  n   (  1 −   Δ t   2  τ p     )  +  (   u i n  +  1 2  Δ t  u  p i  n  ∇  u i n   )    Δ t    τ p    + Δ t a   1 +   Δ t   2  τ p       



(16)







Since the solid particles used here are in the range of 0.4–8.0 microns and present in the dilute phase, it was necessary to take into account the turbulent dispersion effect caused by instantaneous velocity (defined as the sum of average velocity and variable velocity). For this reason, a stochastic tracking model (random walk) has been used to account for the effect of instantaneous velocity fluctuations on the trajectories of particles. The dispersion of turbulent particles is defined by integrating the trajectory equations for each solid particle in the particle path.



The discrete random walk (DRW) model—the stochastic model—has been used to account for the effect of the instantaneous velocity of the carrier fluid on the solid particles. The turbulence is assumed to be consistent with the Gaussian probability distribution in variable velocity using the correlation as:


    u i ′   =  ζ        u i ′     u j ′     ¯     



(17)




with ζ as a normally distributed random number, and the remaining term on the right-hand side represents the local root mean square (RMS) of velocity fluctuations. With RSM, the characteristic lifetime of an eddy is taken as:


τe = −TL ln(r)



(18)




where r is a uniform random number (0 < r < 1), and the fluid Lagrangian integral time scale TL is defined as:


TL ≈ 0.3k/ε



(19)








2.3. Details of the Analyzed Geometric Variants and the Adopted Assumptions of CFD Study


The performance of all the cyclone geometries considered in the present work is analysed using numerical simulations. The governing (differential) equations, which are in conservation form, are first integrated over each control volume. Next, these equations are converted into a set of linear algebraic equations, which are further solved iteratively with user-defined solver tolerance (residuals) and under-relaxation factors. Since there are no moving bodies or boundaries in the present case, the Eulerian grids are generated. However, since the secondary (particulate) phase is tracked throughout the flow field, this demands implementing the Lagrangian approach. Hence, collectively, the approach is termed the Euler-Lagrangian approach [40].



Since cyclonic flows constitute high streamlined curvatures with rapid changes in strain, and steep pressure gradients—which makes it highly anisotropic—a one equation model (viz. Spallart-Allmaras), and two-equation models (such as k-ε and k-ω closures) are not suitable here due to isotropic treatment to the turbulence. Hence, a more advanced (a seven equation) closure model to RANS viz. Reynolds stress model (RSM) is preferred, which solves transport equations for the Reynolds stresses together with an equation for the dissipation rate. RSM is capable to account for the anisotropy associated with the swirling flows [9,13,36,40].



2.3.1. Details of the Cyclone Models


The Stairmand high-efficiency cyclone model [46] is used as a baseline model to evaluate the performance of the proposed cyclone design. The cyclone Stairmand is a cylinder-on-cone structure to which the inlet of the two-phase mixture (solid-fluid) is tangentially attached at the top. The geometry of this separator includes the following sections: two-phase mixture inlet (defined by height a and width b); vortex finder diameter (De) and length (Lv); the diameter of the lower conical section (Bc); the height of the cylindrical section (H), the height of the conical section (Hc), the dipleg height (Lc), and cyclone diameter (D), as shown in Figure 1a; the dimensions are given in Table 1.



Apart from the straight walls of the conical section (referred to as the ST (straight) variant), we also consider curved conical walls. For this, the two proposed curved geometries include a convex profile (referred to as the CV variant, cf. Figure 1b), and a concave profile (referred to as the CC variant, cf. Figure 1c)—the profile description is based on the observations external to the cyclone. The convex profile, as shown in Figure 1b, consists of a parabolic curve attached tangentially to the vertical line of the cylinder at the top, while the other end is attached to a short downcomer tube. On the other hand, in the concave profile (cf. Figure 1c), one end is attached tangentially to the downcomer tube, whereas the other end is attached to the cylindrical section at the top. After completion of (2-D) geometry on the y plane, the cyclone model was generated by revolving the profile about the (z-) axis of revolution. As a final step, a rectangular duct was attached to all models near the cyclone roof.



In addition to the above, we further explore the impact of different heights of the cylindrical section on the cyclone performance—the height of the cylinder is changed while maintaining a constant total cyclone height (H + Hc). The reason for not permitting any change to the total height is to optimize the design for a compact size. Such an approach was considered earlier by authors [15,39,40]. The details of all the cyclone geometries are given in Table 1, and the final geometries of all the models are represented in Figure 2.



To summarize, in the present study, we categorize the cyclone variants based on the profile of the conical wall viz. a straight profile (ST variant), convex profile (CV variant) and concave profile (CC variant). The different heights of the cylindrical section in each variant are then further categorized as the cyclone models that contain a numeric character after the variant description (cf. Figure 2).




2.3.2. Mesh Generation and Solver Settings


Since there are no moving bodies or boundaries in the present case, the Eulerian grids are generated using ICEM CFD; in this, the block-structured mesh was created that conforms to the curved boundaries. The generated hexahedral mesh is non-orthogonal, and the cell faces are well aligned to the direction of the fluid flow—this helps to reduce numerical diffusion. Three levels of the grid are considered viz. 214K, 386K and 568K, referred to as level 1, level 2, and level 3 mesh, respectively, and evaluated for grid dependence. Details of the surface mesh (of level 2) for the cyclone models ST2, CV2, and CC2 are illustrated in Figure 3. For all the cases, and all grid resolutions, the maximum aspect ratio was 32, and the mean skewness was 0.88 (near the central brick in the core region of the cyclone). At different grid resolutions, the velocity profiles were found to be nearly the same with no remarkable difference. The maximum difference in pressure drop was found to be less than 3.8%, and for cut-off particle size, the maximum difference was 3%.



In the present study—assuming a low volume fraction of solid particles loading (less than 10% by volume)—we consider one-way coupling. This has been considered in numerous studies (e.g., [8,9,10,12,17,20]) without any loss in generality. The transient simulations were initialized with reference to the inlet velocity and zero gauge pressure at the inlet.



For pressure and velocity coupling, we use the SIMPLEC algorithm. For pressure discretization, we use the PRESTO! interpolation scheme. The momentum equations are discretized using the QUICK scheme. For turbulent kinetic energy and dissipation rate, the second-order upwind scheme is used. For a stable solution, the first-order upwind scheme is applied to Reynolds stresses. The solver tolerance is set to 1 × 10−5 for all the conservation equations. A time step size of 0.0001 s is used for the considered variants. To account for the near-wall effects, we use the standard wall function. Such numerical settings were also used by [16,47,48,49,50].



For the solid particles, 1,000,000 integral steps are used to keep track of the particle trajectories. A length scale of 0.005 m has been opted. To consider the effect of turbulence on solid particles in the flow field, the discrete random walk model has been applied. The characteristic lifetime of an eddy is accounted for using the random eddy lifetime model with a trapezoidal discretization scheme [16,17,51].




2.3.3. Materials and Boundary Conditions


For the continuous phase, air with a density of 1200 kg/m3 and viscosity equal to 2 × 10−5 kg/m−s has been used. The velocity inlet boundary condition (   U ¯  = −  U  i n    n ^   .) [52,53] with turbulent intensity (  I =  u ′  /  U  i n    ; u′ as the root mean square of the velocity) set to 5% is used at the inlet and a uniform velocity profile is applied. At the cyclone outlet, the pressure outlet boundary condition (with zero-gauge pressure) is applied. All other walls of the cyclone separator were assigned a no-slip boundary condition (  u ·  n ^  = 0  . ) [52,53]. Three different inlet velocities viz. Uin =10, 15, and 20 m/s are considered in the present study to analyse the performance of all cyclone models.



The solid phase was talcum powder ρp = 2700 kg/m3). For solid particles, the uniformly sized particles are considered with eight different sizes ranging from 0.4 to 8.0 µm—these particles are introduced from the inlet in the direction normal to the inlet face. The solids touching the bottom plate are considered to be collected by the cyclone; hence, the trap boundary condition is applied there. The escape boundary condition is applied at the outlet plane, and the solid particles that pass through this plane are considered uncollected. Assuming a nearly perfect elastic collision between the solid particles and cyclone walls, the coefficient of restitution in tangential as well as wall-normal direction is taken as unity.



Two criteria were chosen for convergence viz. the residuals and the monitored flow variables. Regarding the former, the simulation was considered converged when the flow residuals fall below the targeted value of 10−5, and for the latter, the tangential velocity was monitored at several locations in the flow domain and it was ensured that the monitored value becomes (quasi-) steady with time.





2.4. Validation


For validation, we use the experimental data of Slack et al. [54] in which the Stairmand [46] with main body diameter, D = 0.205 m was used. The geometrical details have already been presented in Table 1, with the ST2 variant resembling the one used in [54]. At the inlet, a uniform velocity profile has been prescribed amounting to Re = 2.58 × 105, as used in the experiment.



Figure 4 elucidates the comparison of the present numerical simulations against the experimental data by [54]. The first column represents radial profiles of mean axial velocity, and the second column shows the mean tangential velocity at axial locations Z/D = 0.811, 1.104, 2.128, and 3.006 (from top to bottom), respectively. At all the axial locations, the mean axial velocity agrees well both qualitatively and quantitatively—the local dip near the cyclone axis and the local maxima on either side of the axis are very well captured. The tangential velocity is also in good agreement with the reference data. Although a mild difference is observed in the upper part of the cyclone, in the conical section the local peaks match very well. Since the cyclonic flows are known to constitute a high level of anisotropy followed by the Rankine vortex, the numerical results presented here may be considered to fit well with the measured data. Two levels of mesh consisting of nearly 385K and 624K hexahedra were tested. Since no appreciable difference was noticed, the results of level 2 have been presented in Figure 4.



A mild difference is observed in the axial velocity profiles and tangential velocity profiles when compared to the reference data due to a high level of anisotropy and complex flow phenomenon. Such differences are also reported in several studies even with the advanced closure LES; for instance [1,5,6,7,8,9,10,12,13,14,15,16,17,18,19,20].





3. Results and Discussion


In this section, we present the performance parameters of each cyclone model, followed by a detailed analysis of the mean flow field. Contour plots are represented over the Y = 0 plane, whereas the mean radial profiles are calculated at different axial locations. Finally, the pressure drop, cut-off particle size and overall separation efficiency in all models—also at different Uin—are computed and compared.



3.1. Continuous Phase


The first row in Figure 5 shows the contour plot of mean static pressure over the Y = 0 plane (normalized with the density times the square of the inlet velocity magnitude). The pressure distribution is nearly the same in all the models. In the core region, a negative pressure zone is observed—this means that the pressure there falls below the atmospheric pressure (the gauge pressure values have been used). The static pressure near the (outer) solid walls in the separation region is the highest, and this value reduces significantly when approaching the cyclone centre. The first row in Figure 6 illustrates the radial profiles of mean static pressure at z/D = 1.0, 2.0, and 3.0, from left to right, respectively. When moving along a radial direction, the pressure variations are smaller in the outer vortex region, and significant in the core region—large pressure gradients exist in the latter zone. The wall static pressure is the largest in the CC variant and lowest in the CV variant, with intermediate values in the ST variant. Furthermore, in each variant, the pressure values reduce from model 1 to 3. The wall static pressure reduces largely near the cyclone bottom, particularly in the CC variant, and in model ST1 (the same can be observed at the lowest axial location (z/D = 3.0)). It is also interesting to notice that the wall pressure is highly asymmetric in cyclone model CC1. This is due to a significant bending of the vortex core and a reduction in the cross-sectional area down the cyclone. The cyclone models having larger wall pressure values are expected to yield larger pressure drops.



The second row in Figure 5 presents the contour plots of mean axial velocity (normalized with the inlet velocity). It becomes apparent that this velocity component has two regions viz. the outer vortex swirling in the downward direction and the inner vortex directed upward—the former takes up the negative axial velocity values, whereas the latter is positive. Seemingly, the axial velocity pattern is nearly similar in all variants, except that the zone confined to the upward movement of the fluid is narrower in the CC variant and wider in the CV variant. The second row in Figure 6 represents the mean radial profiles at different locations. The downward directed flow has maximum magnitude near the outer walls, and it reduces when moving radially inwards till it becomes zero at a radial location. Thereafter, the axial velocity takes positive values in the rest of the region, indicating a movement in the upward direction. Furthermore, the axial velocity exhibits a local dip near the cyclone axis that takes up a small negative value at the geometric axis, indicating a narrow backflow region. The variations are more in the outer region than in the core region—at z/D = 1.0, small changes persist, and this difference increases with z/D values. At z/D = 2.0, larger variations can be noticed near the walls and become maximum at z/D = 3.0. In the CC variant, the axial velocity near the walls is much higher, particularly in the lower sections of the cyclone. The variations are significantly high with changes in the length of the cylindrical section in each model, particularly in the cone region. Also Demir et al. [55] noted a significant influence of the length of the cylindrical section on the values of the velocity components.



The third row in Figure 5 elucidates the contour plots of mean tangential velocity in all models. This is the most important component of velocity as it directly controls the strength of the centrifugal force field generated in cyclones, which in turn influences the collection efficiency and pressure drop. The tangential velocity distribution is nearly the same in all cyclone models, and it is seemingly zero near the geometric axis; thereafter it takes up the maximum value in the core region. More detailed information can be found in the last line of Figure 6 which shows the radial profiles of mean tangential velocity at different axial locations. It becomes apparent that in the core region, the tangential velocity varies linearly—it is zero near the rotational axis of the inner vortex and increases linearly in the core region till it reaches the maximum value. Thereafter, the tangential velocity magnitude decreases rapidly in a nonlinear manner and reduces significantly near the outer walls. The peak value of tangential velocity is maximum in the CC variant and minimum in the CV variant. Furthermore, in each variant, the velocity decreases from model 1 to 3. Interestingly, the outer vortex region is very narrow in the CC variant, particularly in the lower part of the cyclone where a large asymmetric distribution is a sough. The region confined to the inner vortex is hardly affected. Since tangential velocity governs the centrifugal flow field, the cyclone models experiencing larger tangential magnitude are likely to undergo larger pressure drops.




3.2. Pressure Drop


In the present study, the pressure drop is taken as the difference in the mean total pressure values at the inlet surface and outlet surface. This factor is proportional to the energy that a cyclone would require to operate. Higher pressure drop signifies large irreversible losses, and so, higher energy is required to make the fluid flow through the cyclone volume, and vice-versa. Since these devices operate continuously for a longer time in several applications, the proposed design must ensure low-pressure losses.



Figure 7 presents the pressure drop values in the cyclone variants at different inlet velocities, categorized as variants. With an increase in the inlet velocity, pressure drop increases significantly. For a given cylinder length, in comparison with the ST variant, the pressure drop is lowest in models 1 and 2 of the CV variant, whereas in the CC variant all the models elucidate an increased pressure drop. At Uin = 10 m/s and 15 m/s, models 1 and 2 in the CV variant shows lower pressure losses than in the ST variant. Interestingly, for all Uin, the pressure drop value in model 3 of the CV variant is greater than in the ST variant (as an exception, a similar observation also holds for the CV1 model at Uin = 20 m/s). This could be due to the larger cross-sectional area just above the downcomer tube in the CV variant than in ST and CC variants—the area is the largest in model 3. Due to this, the flow experiences significant contraction over a small height (above the top connecting surface of the downcomer tube) that complicates the flow, particularly at higher inlet velocities. In contrast to the CV variant, the results are more consistent in the CC variant when compared with the ST variant. Here, at a given Uin and cylinder length, the pressure drop is larger in all the models in the CV variant than in the CC variant. Another important observation is that the pressure drop also reduces with an increase in the length of the cylindrical section at a given Uin. A similar trend was found by Demir et al. [55] in their studies on effects of cylindrical and conical heights on pressure and velocity fields. Table 2 elucidates complete information on (percent change in) pressure drop with respect to the base variant model ST2, at different Uin, in all models.




3.3. Analysis of the Separation Efficiency


The main purpose of utilizing a cyclone is to separate the particles from gas, and in this regard, the separation capability of a cyclone is defined in two ways. First, the cut-off particle size (designated as x50)—defined as the particle size that corresponds to 50% separation efficiency on the grade efficiency curve (GEC). Second, the overall separation efficiency is calculated as the ratio of the number of particles separated by the cyclone separator to the number of particles entering the cyclone.



Figure 8 represents the GEC of all variants at Uin = 10 m/s. The change in dimensions and shape of individual sections of the cyclone separator did not significantly change the profile of GEC curves. Similar observations were made by Shastri et al. [39] and Xiang et al. [37]. For all cylinder lengths in each variant, the variations in the GECs are from mild to moderate—CC variants are more sensitive to the cylinder height than the ST variant, whereas in the CV variant the variations are very mild. Complete information on the cut-off size for all Uin is presented in Figure 9. Two important observations here are: with an increase in cylinder length, x50 increases mildly at all Uin, whereas with an increase in Uin, the cut-off size reduces significantly in all variants. For short cylinder height and lower Uin, the CC variant outperforms the ST as well as CV variants, whereas, at higher Uin, the x50 values in the ST variant are greater than other variants by a very small margin.



Figure 10 illustrates the overall separation efficiency in all variants at different Uin. With an increase in Uin, the overall separation efficiency in each variant increases significantly, whereas the increase in the cylinder height mildly reduces the collection efficiency at a given Uin. The efficiency of different models in the CC variant is slightly better than the standard ST variant, and in the case of CV, the efficiency is the lowest.



Table 3 provides complete information on (percent change in) overall separation efficiency and cut-off size with respect to the base variant ST2, at different Uin, in all variants.





4. Conclusions


In the present study, unsteady simulations were performed using RSM as a closure model to RANS. The airflow was simulated over the stationary grids, whereas the solid particles were tracked using the Lagrangian approach. Hence, we made use of the Eulerian-Lagrangian approach to model the cyclonic flow field. Nine cyclone models were simulated at three different inlet velocities viz. Uin = 10 m/s, 15 m/s, and 20 m/s—thus, a total of twenty-seven cases were simulated. We considered three cyclone variants viz. a straight wall of the conical section as in the conventional cyclone design (referred to as ST variant), a curved wall with convex profile (referred to as CV variant), and a curved wall with concave profile (referred to as CC variant)—the convex and concave terminology was adopted with reference to an observer outside the cyclone structure. Furthermore, three different lengths of the cylindrical section were considered in all the three cyclone variants keeping the total cyclone length a constant.



Based on the analysis of the obtained results, the following conclusions were defined:




	
With the increase in inlet velocity:




	
Pressure drop increased significantly in all cyclone variants.



	
Cut-off particle size reduced tremendously.



	
Collection efficiency increased by a large amount.








	
With an increase in the length of the cylindrical section:




	
Pressure drop was reduced in all the cyclone variants.



	
Cut-off particle size increased mildly.



	
Collection efficiency reduced by a marginal amount.








	
With wall profile:




	
Pressure drop was the lowest in models 1 and 2 of the CV, particularly at Uin = 10 m/s, and 15 m/s. At Uin = 20 m/s, pressure drop was the largest in CV variants, and at Uin = 10 m/s, and 15 m/s, as compared with the ST variant, the variations were moderate.



	
Cut-off particle size showed a mild variation at a given Uin. The cut-off size was largest in CV variants, whereas this size was comparable in ST and CC variants.



	
Collection efficiency increased by a marginal amount in the CC variant and was minimum in the CV variant.
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Figure 1. Geometrical details of the Stairmand high-efficiency cyclone model (D = 0.205 m) with (a) straight walls of the conical section (referred to as the ST), (b) convex profile (referred to as the CV variant), and (c) concave profile (referred to as the CC variant). 
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Figure 2. Structural representation of all the cyclone models of ST variant, CV variant and CC variant (from left to right), respectively. 
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Figure 3. Sample mesh regions for all cyclone models ST1, CV1, and CC1. Three levels of the grid are considered viz. 214K, 386K and 568K (from left to right), respectively. 
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Figure 4. Comparative analysis of CFD results with experimental data [54]: (a) the first column—mean axial velocity; the second column—mean tangential velocity, and (b) from top to bottom: radial profiles at axial locations Z/D = 0.811, 1.104, 2.128, and 3.006 (D = 2R = 0.205 m is the barrel diameter) from the cyclone roof, respectively. 
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Figure 5. Contour plots on Y/D = 0 plane at Uin = 10 m/s. From left to right: different cyclone models. From top to bottom: mean static pressure, mean axial velocity, and mean tangential velocity. 
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Figure 6. From left to right: the radial profiles at z/D = 1.0, 2.0, and 3.0 of mean static pressure, mean axial velocity and mean tangential velocity (top to bottom), respectively, in different cyclone models. 
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Figure 7. Pressure drop values in all the cyclone models of ST variant, CV variant and CC variant at inlet velocities, Uin = 10, 15 and 20 m/s. 
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Figure 8. Grade efficiency curves for all cyclone models in ST variant, CV variant and CC variant at inlet velocities Uin = 10 m/s with particle sizes ranging from 0.4 to 8.0 µm. 
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Figure 9. Cut-off sizes in all cyclone models of ST variant, CV variant, and CC variant at inlet velocities Uin = 10, 15 and 20 m/s. 
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Figure 10. Overall separation efficiency in all the cyclone models of ST variant, CV variant and CC variant at inlet velocities Uin = 10, 15 and 20 m/s. 
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Table 1. Dimensions of the cyclone models.
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Cyclone Variants

	
Cyclones

Models

	
Symbol

	
Dimensionless Ratio

(Dimension)/D






	

	

	
De

	
0.5




	
a

	
0.5




	
b

	
0.2




	
Lv

	
0.5




	
Lc

	
0.5




	
Bc

	
0.375




	
ST

	
ST1

	
H

	
0.5




	
ST2 *

	
1.5




	
ST3

	
2.5




	
CV

	
CV1

	
0.5




	
CV2

	
1.5




	
CV3

	
2.5




	
CC

	
CC1

	
0.5




	
CC2

	
1.5




	
CC3

	
2.5




	
ST

	
ST1

	
Hc

	
3.5




	
ST2

	
2.5




	
ST3

	
1.5




	
CV

	
CV1

	
3.5




	
CV2

	
2.5




	
CV3

	
1.5




	
CC

	
CC1

	
3.5




	
CC2

	
2.5




	
CC3

	
1.5








* Standard (Stairmand high efficiency) cyclone model with D = 0.205 m.
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Table 2. Pressure drop at different inlet velocities.
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Cyclone Variants

	
Cyclone Models

	
% Change in Pressure Drop *




	
Uin = 10 m/s

	
Uin = 15 m/s

	
Uin = 20 m/s






	
ST

	
ST1

	
5.53

	
4.27

	
2.86




	
ST2

	
–

	
–

	
–




	
ST3

	
−2.77

	
−2.63

	
−1.38




	
CV

	
CV1

	
−0.425

	
−1.00

	
18.55




	
CV2

	
−2.55

	
−3.91

	
16.51




	
CV3

	
15.11

	
14.35

	
22.12




	
CC

	
CC1

	
14.04

	
8.08

	
7.82




	
CC2

	
3.83

	
1.91

	
1.94




	
CC3

	
−0.85

	
−1.45

	
−0.87








* % Change w.r.t. the standard cyclone model ST2.
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Table 3. Percent change in overall separation efficiency and cut-off diameter at different Uin.
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Cyclone Variants

	
Cyclone Models

	
% Change in Overall Separation Efficiency *

	
% Change in Cut-Off Diameter *




	
Uin = 10 m/s

	
Uin = 15 m/s

	
Uin = 20 m/s

	
Uin = 10 m/s

	
Uin = 15 m/s

	
Uin = 20 m/s






	
ST

	
ST1

	
0.73

	
2.36

	
2.45

	
−2.16

	
−2.95

	
−2.14




	
ST2

	
–

	
–

	
–

	
–

	
–

	
–




	
ST3

	
−2.37

	
−2.17

	
−2.66

	
3.30

	
1.91

	
1.77




	
CV

	
CV1

	
−0.31

	
5.19

	
−1.78

	
0.36

	
−2.31

	
3.35




	
CV2

	
−1.69

	
3.16

	
−1.74

	
1.26

	
4.55

	
8.93




	
CV3

	
1.55

	
6.77

	
−0.24

	
1.98

	
6.54

	
13.67




	
CC

	
CC1

	
0.89

	
5.98

	
4.13

	
−7.02

	
−4.47

	
1.30




	
CC2

	
−1.25

	
3.40

	
1.10

	
−1.74

	
0.56

	
5.21




	
CC3

	
−0.52

	
3.60

	
−3.55

	
1.92

	
6.38

	
10.88








* % Change w.r.t. the standard cyclone model ST2.
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