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In this paper, the effect of vortex finder shape on the performance and
flow field of the new design cyclones is numerically investigated using
CFD techniques. Nine different geometries of vortex finder are studied
in three categories each with three geometries. In the first category,
the effect of vortex finder flattening is investigated. In the second
category, vortex finders with three different cross section geometries
circular, square and triangular are investigated. Finally, in the third
category, circular vortex finders with three different diameters are
modeled. The new design cyclone is based on the idea of improving
cyclone collection efficiency and pressure drop by increasing the
vortex length. The Eulerian-Lagrangian computational procedure is
used to predict particles tracking in the cyclones. The velocity
fluctuations are simulated using the Discrete Random Walk (DRW).
The results show that in the flat category, vortex finder without
flattening (circular cross section) possess the maximum efficiency and
the lowest pressure drop and with flattening, the cyclone efficiency
) _Qdramatically decreases while pressure drop remarkably increases.
H. Nazaripoor*® among the vortex finder with different cross section, maximum

Ph.D. efficiency is associated to the circular vortex finder while the lowest

pressure drop is assigned to the triangle one.
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1 Introduction

Cyclones are vastly applied for different purposes including air pollution control and industrial
applications. Due to their favorable properties such as relative simplicity of their fabrication,
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low operation cost and high compatibility with harsh condition, separating cyclones have been
considered among important particle separation equipment. Starting from the Alexander [1],
many researches have been investigated to improve the performance of the cyclones such as
collection efficiency and pressure drop by manipulating geometrical and process parameters of
the cyclone. The effect of cyclone inlet dimension on its performance was numerically studied
by Elsayed and Lacor [2]. They found width of the inlet is much more influential than the height
of the inlet especially for collection efficiency. Zhao et al. [3] investigated the performance of
two different cyclones, one with plain single inlet and the other with spiral double inlet.
Numerical results proved that novel cyclone with spiral double inlet can improve the flow field
pattern culminating in separation efficiency. Impacts of the cone dimension on cyclone
performance was also investigated which was shown if cone size is higher than gas outlet
dimension, decreasing cone size can improve collection efficiency without increasing pressure
drop [4-6]. Yoshida et al. [7] used different apex cones for cyclone inlets and reported that at
high inlet velocity, the influence of the cone angle on collection efficiency decreases. The
performance of a cyclone improved by a vertical pipe also was studied [8, 9]. The possible
influence of the counter-cone at the bottom of the cyclones on their performance was also
studied [10-12]. One of the most important parts of a cyclone that has significant impact on its
performance is the Vortex Finder as highlighted in cyclone geometry in Fig. (1). The effect of
the shape of vortex finder on the cyclone performance was the focus of some studies in recent
years. Khalkhali and Safikhani [13], by combining CFD, neural networks and NSGA Il
algorithm, in a multi-objective process, optimized the shape of the vortex finder in conventional
cyclones. They finally presented the Pareto front and five optimized non-dominated vortex
finder shape. Raoufi et al. [14] numerically investigated the effect of different vortex finder
shapes on conventional cyclone performance. They investigated the effect of divergence,
convergence, diameter, fragmentation, etc. on cyclone performance.
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Figure 1 Schematic comparison of new cyclones and conventional ones, vortex finder part is highlighted.
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Recently, considering the positive correlation between vortex length and cyclone performance,
Karagoz et al. [15] proposed a new cyclone design in which instead of a cone, separation space
of new cyclone is made of a cylinder with a vortex limiter. Fig. (1) compares the schematic
geometry of Karagoz new design and convectional cyclones. They performed experimental
tests on the effect of vortex limiter on the cyclone performance. In the area of new design
cyclones, some studies have been carried on in recent years. Safikhani and Mehrabian [16]
numerically modeled the new design cyclone extracted by Karagoz and investigated the effect
of different parameters on the cyclone performance. Safikhani [17] investigated and optimized
static new design cyclones with the combination of CFD, neural network and genetic algorithm
methods. Safikhani and Allahdadi [18] investigated the effect of magnetic field on new design
cyclone performance. Safikhani et al. [19] numerically analyzed the performance of the new
design cyclones with more than one inlet. Safikhani and Esmaeili [20] numerically modeled
new design dynamic cyclones and showed the impact of different parameters on the
performance of new cyclones. Moreover, in recent years, many researchers in the field of flat
tubes have provided numerical and experimental research [21-24].

According to the available literature, there is no study on the effect of vortex finder geometry
on performance and flow field in new design cyclones. In this paper, the effect of vortex finder
shape on the performance and flow field of the new design cyclones is numerically investigated
using CFD techniques. Nine different geometries of vortex finder are studied in three categories
each with three geometries. In the first category, the effect of vortex finder flattening is
investigated. In the second category, vortex finders with three different cross section geometries
namely circle, square and triangle are modeled. Finally, in the third category circular vortex
finders with three different diameters are modeled.

2 Numerical Modeling
2.1 Geometry

New design of cyclones is grounded on the idea that with lowering frictional hysteresis in
cyclones would lead to a climb in vortex length and separation performance.
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Figure 2 Nine different geometries of vortex finder that are investigated in this paper.
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This design remarkably differs from a conventional cyclone in terms of separation space. Such
novel cyclone has inner and outer cylinders eliminating the cone and vortex breaker in
conventional ones. Flow, tangent to the inner cylinder enters the cyclone where inner cylinder
serves as the main frictional surface producing vortex. Then flow, almost frictionless, through
outer cylinder helically streams to the bottom of the inner cyclone. After that, facing the
impingement surface, flow moves back to the outlet pipe. Location of vortex breaker can be
manipulated but ineffective on the length of the vortex. Particles move towards the wall of the
outer cylinder and under the influence of centrifugal forces, particles, being separated from the
flow, are collected in the bottom of the outer cylinder. This is outer cylinder in where separation
occurs. The new design also facilitates simpler manufacturing and lower maintained costs [15].
Fig. (2) shows different geometries of the vortex finder geometry studied in this paper. As can
be seen, the first set with three different flattened vortex finders, the second set with circular,
square and triangular cross section and the third set three diameters of circular vortex finders
are investigated.

2.2 Governing Equations

For an incompressible fluid flow, the equation of continuity and momentum are as follows:
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In above equations ; is the velocity, x; is the position, P is the pressure, p is the gas density,
v is the kinematic viscous and R;; = u’,u," is the Reynolds stress tensor. Here, u’; = u; —
i, is the ith fluctuating velocity.

The RSTM calculates differential transport equations for evaluation of the turbulence stress
components where the turbulence production terms are as follows:

9 9 9 /v, @ o o1,

at dx;, \ok dx; T 9%
£ 2 2 2 3)
o, o1, 1

With P being the fluctuating kinetic energy production. v, is the turbulent (eddy) viscosity; and
ok =1, C, = 1.8, C, = 0.6 are empirical constants [25].
The transport equation for the turbulence dissipation rate, ¢, is as follows:
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InEqg. (5), K = %u’lul’ is the fluctuating Kinetic energy, and ¢ is the turbulence dissipation

rate. The values of constants are 6 = 1.3, C*! = 1.44 and C®* = 1.92.

The dispersion of small particles is generally affected by the fluctuation of momentum. The
turbulence fluctuations are random functions of position and time. In this study, a discrete
random walk (DRW) model is used for evaluating the velocity fluctuations. The values of
u’, v'and w'that prevail during the lifetime of the turbulent eddy, T. are sampled by assuming
that they obey a Gaussian probability distribution. In this model the velocity in the ith direction

IS given as:
! T2, 7 (6)
u; = {’ulul

In Eq. (6), ¢ is a zero-mean, unit-variance, normally distributed random number, /uju! is the
local root mean-square (RMS) fluctuation velocity in the ith direction , and the summation
convention on i is suspended.

The characteristic lifetime of the eddy is defined as a constant given by:

Te - 2Tl (7)

Where, T; is the eddy turn over time given as, T, = 0.3 85 in the RSTM. The other option
allows for a long —hormal random variation of eddy lifetime that is given by:

T, = -T,logr (8)

Where, r is a uniform random number between 0 and 1. The particle is assumed to interact with
the fluid fluctuation field, which stays fixed over the eddy lifetime. When the eddy lifetime is
reached, a new value of the instantaneous velocity is obtained by introducing a new value of
& in Eq. (6).

There are two main methods for modeling multiphase flows that account for the interactions
between the phases. These are the Eulerian and the Lagrangian approaches. The former is based
on the concept of interpenetrating continua, for which all the phases are investigated as
continuous media with properties analogous to those of a fluid. The Lagrangian approach adopts
a continuum description for the fluid phase and tracks the discrete phase using Lagrangian
particle trajectory analysis.

In the present study, one way coupling approach is used to solve the two phase flow and the
Lagrangian approach is implemented for simulation of second discrete phase (particles) using
FLUENT. In this model, air is the continuous phase and the particles are treated as the dispersed
discrete phase. The volume-averaged and steady state momentum equation is solved for the gas
phase. The particle motions are simulated by the Lagrangian method. Forces acting on the
dispersed phase include drag and gravity. The discrete phase equations are solved using Runge-
Kutta method for particles.

To calculate the trajectories of particles in the flow, the discrete phase model (DPM) is used to
track individual particles through the continuum fluid. The particle loading in a cyclone
separator is typically small, and therefore, it can be safely assumed that the presence of the
particles does not affect the flow field (one-way coupling method).

The equation of motion of small particles, including the effect of nonlinear drag and
gravitational forces, is given by:

du? _ 3vCpRe,
dt 4d2S

(ui - u;,) + gi €)
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dx; (10)
P
dr W

Here, u is the velocity of the particle and x; is its position, d is the particle diameter, S is the
ratio of particle density to fluid density, and g; is the acceleration of gravity. The term on the
right hand side of Eq. (10) is the drag force due to the relative slip between the particle and the
fluid. The drag force is, generally, the dominating force. According to [26], the drag coefficient,

Cpo is as follows:

C—24 for Re, <1
D_Rep or Re, (11

24 1 2
Cp —(1 +—Rep3) for 1< Re, <400

- Rep 6 (12)

Where Rey is the particle Reynolds number defined as:

14
Re, = M (13)
v

The particle equation of motion requires the instantaneous turbulent fluid velocity values at
particle locations. The mean liquid velocity was evaluated by the use of the Reynolds stress
transport turbulence model (RSTM) and the fluctuation velocity components were calculated
from Eq. (6). The drag coefficient for spherical particles is calculated by using the correlations
investigated by Morsi and Alexander [27]. The ordinary differential equation (Eg. (10)) is
integrated along the trajectory of a particle.

Collection efficiency values are obtained by releasing a specified number of mono-dispersed
particles at the inlet of the cyclone and by monitoring the number escaping through the
underflow. The more particles are tracked in cyclones, the higher the accuracy of collection
efficiency will be. The collision between the particles and the cyclone wall was considered a
complete elastic one with restitution coefficient of 0.8 [13]. Moreover the collisions between
particles are neglected. Selection of time step plays a role in convergence; if large values are
chosen simulation is likely to diverge and if it is too small computation time exponentially
increases. For steady state problems, false time step of 0.2 ms is used for tracking the particles
in numerical model. The false time steps used in the simulations are shown in Table (1).

Table 1 False time steps used for the simulation.

Parameters False time step
Pressure 0.2
u (x-velocity) 0.4
v (y-velocity) 0.4
w (z-velocity) 0.4
k (turbulent kinetic energy) 0.5
¢ (turbulent dissipation rate) 0.5
Reynolds stresses 0.5
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2.3 Numerical methods

In the present simulations, the finite volume methods have been used to discrete the partial
differential equations of the model using the SIMPLE method for pressure—velocity coupling
and the second-order upwind scheme to interpolate the variables on the surface of the control
volume. The RSTM is used in the simulation, and the computation is continued until the
solution converged with a total relative error of less than 0.00001. The velocity inlet boundary
condition is used at the inlet. The pressure outlet boundary condition is used at the outlet. Some
operating conditions in simulations are shown in Table (2).

To attain confidence that the obtained results are independent of the size and the number of
generated grids, several grids with different sizes has been tested for each cyclone; and it has
been attempted to consider for each cyclone the best grid, with the highest accuracy and the
lowest computation cost. A number of 900,000-1,100,000 hexahedral cells are generated for
solving the flow field in the new cyclones. Fig. (3) shows a sample of grid generation for new
design cyclones.

Table 2 Operating conditions in numerical simulations.

Parameter Values
Inlet velocity (m/s) 10
Particle feed rate (g/min) 15
Particle density (kg/m®) 2000
Inlet temperature (K) 300

Figure 3 A sample of generated grid for numerical study of new cyclones.
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2.4 Validation

To attain the confidence about the simulations, it is necessary to compare the numerical results
with the available numerical or experimental data. The comparison between experimental,
analytical Wang model and the present numerical results for pressure drop as a function of inlet
velocity is shown in Fig. (4) for conventional cyclones. As is evident from this figure the present
simulations agree well with the available experimental and analytical data. For validating the
collection efficiency results, Table (3) compares the present numerical results and the related
experimental data of Wang [28] for different PSDs in conventional cyclones. In Table (3), Dso
Is the diameter of a particle which has 50% probability of separation and 50% probability of
escaping and is a criterion for comparing efficiency of cyclones. Physical characteristics of A—
E particles are shown in the Table (3). MMD and GSD are Mass Median Diameter and
Geometric Standard Deviation, respectively. As shown in this table a good agreement is
observed between numerical simulations and experimental results.
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Figure 4 Comparison of numerical, experimental [28] and analytical result for pressure drop (Pa)

Table 3 Comparison of numerical, theoretical and experimental Dsg

PSD Dso
Dust . .
pP MMD/GSD Experimental Numerical
A 1.77 20/2 2.74 2.41
B 1.82 21/1.9 3.75 3.32
C 1.87 23/1.8 3.60 3.151
D 1.52 19/1.4 - 7.1
E 2.73 13/1.7 4.40 4.07
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3 Results and discussion

In this paper, the effect of vortex finder shape on the performance and flow field of the new
design cyclones is numerically investigated using CFD techniques. Nine different geometries
of vortex finder as shown in Fig. (2) are studied in three categories each with three geometries.
In the first category, the effect of vortex finder flattening is investigated. In the second category,
vortex finders with three different cross section geometries namely circle, square and triangle
are modeled. Finally, in the third category circular vortex finders with three different diameters
are modeled.

The investigated particle diameters are between 0.1 um and 134 um. The cumulative particle
size distribution (PSD) is shown in Fig. (5). For applying this PSD in numerical simulation the
Rosin-Rammler method is used. The Rosin-Rammler distribution function is based on the
assumption that an exponential relationship exists between the particle diameter, d, and the
fraction of particles with diameter greater than d, Yq:

Y, = p(d/d) (14)

Where d is the mean diameter in PSD and can be calculated as the diameter at which
Y, =e™ ~0.368. Similarly, n is the spread diameter and can be calculated as the follows:

. In(=InY,) (15)
o In(d/d)

In this paper, d and n are calculated as 44.4 m and 1.68, respectively. Using the mentioned
method, the collection efficiency in the new design cyclone separators with different vortes
finder shape is calculated.
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Figure 5 Cumulative particle size distributions investigated in the present study.
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Fig. (6) shows the effect of the vortex finder flattening on the collection efficiency and pressure
drop of the new design cyclones in different inlet velocities. As can be seen, with higher inlet
velocities, the efficiency and pressure drop remarkably increase in all three flattening. In all
range of inlet velocities, the circular tube has maximum efficiency and minimum pressure drop.
Flattening the vortex finder causes lower efficiency and higher pressure drop. So, using
flattened vortex finder is totally rejected. It should be noted that the periphery of three flattened
vortex finder are equal because it reflects the manufacturing process of such tubes in which
they are compressed by two parallel plates on their periphery. Therefore, their periphery
remains constant and equal to circular one.
Velocity distribution is directly correlated with the separation efficiency of cyclones. Figs. (7)
and (8) illustrate axial velocity contour, turbulence energy, velocity vectors and trajectory the
particles in three vortex finder flattening. These figures can define the flow field in new design
vortex finder with different flattening. As shown, with increasing the flattening, a severe
accumulating the particles and hence a severe turbulence in the inlet of the vortex finder occurs
and lowers the efficiency. Similarly, tracking the particles in Fig. (8) shows that flow field
constituting a vortex in the center of the cyclone is normally shaped.
Pressure drop between inlet and outlet is one of the important objective functions in cyclones.
Many empirical models have been proposed for the pressure drop in the cyclones [28]. In
Wang’s model the total pressure drop in the cyclone is obtained by summing the five pressure
drop components as follows:

AP,

Of

aw =AP, + AP, + AP, + AP, + AP,AP, (16)

Where, the components of Eq. (16) are explained in Table (4). Fig. (9) shows pressure
distribution in new design cyclones with flattened vortex finders. Lower pressure values in
the center of cyclones for all cases are attributed to the effect of the tangent velocity which is
unanimously known. As can be seen, vortex finder which is highly flattened possesses
remarkable pressure drop which is not favorable.

Fig. (10) compares the performance of new design cyclones with vortex finders of different
circular, square and triangular cross section. In this figure, the efficiency pertained to the
triangular cross section is not illustrated. This is because in vortex finder with triangular cross
section, the sharp edge of the vortex finder places on the path of the flow and vortex is not
formed properly. Therefore, the mixture of the fluid and particles, without the presence of a
vortex, move to the bottom of the cyclone and the performance is detrimentally affected.
Thus triangular-sectioned vortex finders by no mean are appropriate. Among other two cross
sections, according to Fig. (10), circular cross section, in all inlet velocities, has the highest
efficiency albeit with the highest pressure drop. The lowest pressure drop occurred in
triangular vortex finder and then square one.

Figs. (11) and (12) illustrate axial velocity contour, turbulence kinetic energy, velocity
vectors and trajectory the particles in three vortex finder shapes. These figures can define the
flow field in new design vortex finder with different shapes. Lack of vortex formation and
improper functioning of the cyclone in the triangular vortex finder is well evident in all the
above figures. Fig. (13) shows pressure distribution in new design cyclones with different
vortex finder shapes. Lower pressure values in the center of cyclones for all cases are
attributed to the effect of the tangent velocity which is unanimously known. It should be
noted that all the three vortex finder shapes studied in this paper have the same hydraulic
diameter.

Finally, Fig. (14) shows the effect of vortex finder diameter on the performance of new design
cyclones. As it turns out, as the diameter of the vortex finder increases, the efficiency worsens
(decreases) and the pressure drop improves (decreases). The presented study can be utilized
to design new design cyclones with superior performance.
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Figure 8 Velocity vectors (top) and particle trajectory (bottom) in new design cyclones with different vortex
finder flattening.

Table 4 The components of Wang’s pressure drop theory.

Components Definition
AP, = C,VP;, Entry loss, C, = 1, VP = Velocity pressure
APy = VP, — VPyyt Kinetic energy loss
APs = CVPy, Frictional loss, Cyp3p = 0.14, Cypyp = 0.28, Cipyp = 0.15
AP, = pVZ(R/ry — 1) Rotational loss, ro = radius of t?sd\ﬂtex interface, R = cyclone body
APy = C3V Py Pressure loss in the inner vortex and exit tube, C; = 1.8

Pre ( Pa) [ O [
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Figure 9 Pressure distribution contours at the middle plane of new design cyclones with different vortex finder
flattening.
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Figure 12 Velocity vectors (top) and particle trajectory (bottom) in new design cyclones with different vortex
finder shape.
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4 Conclusion

In this paper, the effect of vortex finder shape on the performance and flow field of the new
design cyclones was numerically investigated using CFD techniques. Nine different geometries
of vortex finder were studied in three categories each with three geometries. In the first
category, the effect of vortex finder flattening was investigated. In the second category, vortex
finders with three different cross section geometries namely circle, square and triangle were
modeled. Finally, in the third category circular vortex finders with three different diameters
were modeled. The new design cyclone was based on the idea of improving cyclone collection
efficiency and pressure drop by increasing the vortex length. The Reynolds averaged Navier—
Stokes equations with Reynolds stress turbulence model (RSM) were solved. The Eulerian-
Lagrangian computational procedure was used to predict particles tracking in the cyclones. The
velocity fluctuations were simulated using the Discrete Random Walk (DRW).

The results show that in the flat category, vortex finder without flattening (circular cross
section) possess the maximum efficiency and the lowest pressure drop and with flattening, the
cyclone efficiency dramatically decreases while pressure drop remarkably increases. So, using
flattened vortex finder is totally rejected. With increasing the flattening, a severe accumulating
the particles and hence a severe turbulence in the inlet of the vortex finder occurs and lowers
the efficiency. Among the vortex finder with different cross section, maximum efficiency is
associated to the circular vortex finder while the lowest pressure drop is assigned to the triangle
one. In vortex finder with triangular cross section, the sharp edge of the vortex finder places on
the path of the flow and vortex is not formed properly. Therefore, the mixture of the fluid and
particles, without the presence of a vortex, move to the bottom of the cyclone and the
performance is detrimentally affected. Thus triangular-sectioned vortex finders by no mean are
appropriate. Finally, as the diameter of the vortex finder increases, the efficiency worsens
(decreases) and the pressure drop improves (decreases). The presented study can be utilized to
design new design cyclones with superior performance.
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