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Annotation. The article presents the results of studies of the influence of the dimensions of
the cyclone inlet on the performance of the cyclone and the structure of the flow field. The
studies were carried out using calculations using the Reynolds Stress Turbulence Model
(RTST). The results show that the maximum tangential velocity in the cyclone decreases with
increasing size of the cyclone inlet. Increasing the size of the cyclone inlet led to a decrease
in pressure drop. However, the cut-off diameter of the cyclone increased with the size of the
cyclone inlet, where the efficiency of the cyclone decreased due to the weak vortex force.
According to the results obtained, changing the dimensions of the width of the cyclone inlet
had a greater effect on the cut-off diameter than the height of the cyclone inlet.
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Introduction. In cyclone separators, a highly swirling turbulent flow is used to separate
phases of different densities. The typical geometrical layout of a dust cyclone used to separate
particles from a dust stream 1s shown in Fig. 1, which corresponds to the “Stairmand” model
of a high-efficiency cyclone. The tangential inlet creates a vortex motion of the dust flow,
which pushes the particles to the outer wall, where they spiral downwards. The particles are
eventually collected in a dust collector (or flow out through a dip tube) located at the bottom
of the conical part of the cyclone body. The cleaned dust exits through the outlet pipe at the
top. Swirl and turbulence are two competing phenomena in the separation process: swirl
induces centrifugal force in the solid phase, which is the driving force for separation; turbulence
disperses the solid particles and increases the probability that the particles will enter the outlet
stream. Both phenomena are related to the particle size and the flow conditions in the cyclone

[1].
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Fig. 1: The principle scheme of the cyclonic separator Stairmand.

While the cyclone geometry is simple, the flow is an extremely complex three-
dimensional swirling flow. The complexity of the solid-phase dust flow pattern in cyclones has
long been the subject of many experimental and theoretical works. Nowadays, laser Doppler
anemometry (LDA) [2, 3] and particle image velocimetry (PIV) [4-6] are often used to
experimentally study the flow pattern in cyclones. As for the theoretical work, computational
fluid dynamics (CFD) codes have proven to be a useful tool for simulating cyclonic flows [1,
7-10]. The cyclone geometry affects the flow pattern and performance. The cyclone geometry
is described by seven geometric parameters, namely, inlet height a and width b, vortex finder
diameter Dx and length S, cylinder height h, total cyclone height Ht, and cone tip diameter Bc
(Fig. 1(a)).

Many papers have reported the influence of the cyclone inlet section dimensions on
the cyclone performance (pressure drop and cutoff diameter). Casal and Martinez-Benet [11]
proposed the following empirical formula 1, for the dimensionless pressure drop (Euler

1/3
ab S
number); E =20 — 1
umben) E, [szj[chBcj o

i.e. linear dependence on the inlet area. lozia and Leith [12-14] presented a correlation
to estimate the cutoff diameter d50 and found a proportionality of (ab)0.61 [15-17]. Numerous
studies have been conducted on the influence of geometric parameters on flow pattern and
performance [8, 18-20], while the influence of cyclone inlet dimensions has remained largely
unexplored. The studies devoted to the study of the influence of cyclone geometry only briefly
report on the influence of inlet section dimensions on cyclone performance without sufficiently
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detailed information on their influence on flow patterns and velocity profiles. A new trend is
the study of multi-entry cyclone [21-23].
The effect of cyclone inlet on the flow field and performance of cyclone separator was
numerically investigated by Zhao et al. [24]. They compared the performance of two types of
cyclones with a conventional single inlet and a spiral double inlet using the Reynolds stress
turbulence model. The results show that the new type of cyclone separator with the addition of
a spiral double inlet can improve the symmetry of the dust flow and enhance the particle
separation efficiency. Although their results are for a double inlet cyclone, they confirm the
importance of the effect of inlet dimensions on the performance of the cyclone separator. The
significant effect of cyclone inlet dimensions on cyclone performance has been recognized in
many papers [25]. For double inlet cyclone separators, Yunusov and Sultonov [26] reported
the possibility of improving the cyclone efficiency without a significant increase in pressure
drop by improving the cyclone inlet geometry. The effect of inlet angle has been verified by
many researchers. Khodzhiev M. T [27] calculated the effect of inlet angle. The pressure drop
of the cyclone decreases to a value 30% lower than that of a conventional cyclone when it
becomes equal to 45°. However, Agzamov M.M. [28] reported a pressure drop decrease of
only 15% for the same inlet angle. Thus, all the above-mentioned works did not study the effect
of the inlet dimensions in height or width on the performance and flow pattern, but studied the
effect of the inlet configurations or the effect of the number of inlets (single or double) or the
shape of the inlet section (rectangular duct or nozzle). In this work, the effects of changing the
width and height of the cyclone inlet on the pressure drop and the cutoff diameter were studied,
and detailed information on the flow field structure and velocity profiles was obtained.

Methods and materials. Solidworks Flow Simulation provides a number of turbulence
models for modeling swirling turbulent flow in a cyclonic separator. These range from the
standard k-e model to the more sophisticated Reynolds stress turbulence model. A large eddy
simulation methodology is also available as an alternative to the Reynolds-averaged Navier-
Stokes approach.

Navier-Stokes Equations

For incompressible fluid flow, the continuity and momentum balance equations are

[29]:
du,
a0 @)
dy , _dw _ 1 9P ’ti 9 o
dt Uik dX] - p dx1 dx]-dx]- dx; Rl] (3)

Where &, — average speed, x; — position, P - average pressure, © - density of heat,v—
kinematic viscosity of dust, R;; = W— Reynolds stress tensor. Here, uj =u; —T; —
pulsating component of speed.
The Reynolds turbulence model provides differential transport equations for estimating the
turbulence stress components.

SRy + TRy = 5 (4 2Ry ) — [Rik?Jf o] = Cug[Ry = 28,K] -

0xy \oK axy
CZ [ SI]P] (4)
where the conditions of turbulence production Pjjare deflned as [30]:
d d; 1
P; = [ ik du]] + Rik du] , P=oPy (%)
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Where P is the fluctuating production of Kinetic energy. is the turbulent viscosity; 6k =
1, C1 = 1.8, C2 = 0.6 are empirical constants. The transfer equation for the turbulence
dissipation rate, €, is defined as [31]:
doe  _ 0 _ 0
5t B = a9 (
In the equation (7), K = %u{u{ — fluctuating kinetic energy, ag— turbulence dissipation

rate. Values of constants o® = 1.3,C®! = 1.44 and also C*2 = 1.92.

The Lagrangian discrete phase model in Solidworks Flow Simulation follows the Euler-
Lagrange approach. The liquid phase is treated as a continuum by solving the time-averaged
Navier-Stokes equations, and the dispersed phase is solved by tracking a large number of
particles through the computational flow field. The dispersed phase can exchange momentum,
mass, and energy with the liquid phase.

The fundamental assumption made in this model is that the dispersed second phase
occupies a small volume fraction (typically less than 10-12%, where the volume fraction is the
ratio of the total particle volume to the liquid volume), although high mass loading is
acceptable. Particle trajectories are calculated individually at specified intervals during the
liquid phase calculation. This makes the model suitable for simulating flows with particles. The
particle loading in the cyclone separator is small (3-5%), so it can be safely assumed that the
presence of particles does not affect the flow field [32]. In terms of the Eulerian-Lagrangian
approach, the equation of particle motion is [33]

o€

Y 1E8p 90U 2 €
+ )Ox]] Cs lla - K’ ()

dup;  18u CpRe 8i(pp-p)
e ppd2 24 # (u = upi) + ppp ()
dxpi
2 = (8)
where is the term 18d”2 DZRep ( upi) - drag force per unit mass of a particle [34]. p and also
Pp

u dust density and dynamlc viscosity respectively, p, and dp — density and particle diameter
respectively, Cp — drag coefficient, u; and u,, dust velocity and particle velocity in direction i
respectively, gi is the acceleration of gravity in direction i, Rep is the relative Reynolds number.

ppdp|u—up|
Rep — PPl Pl (9)

il
In Solidworks Flow Simulation, the drag coefficient for spherical particles is calculated
using the correlations developed by Morsi and Alexander [35] as a function of the relative
Reynolds numbers Rep. The particle motion equation was integrated along the trajectory of a
single particle. Statistics on the collection efficiency were obtained by releasing a certain
number of monodisperse particles at the cyclone inlet and by monitoring the number escaping
through the outlet. Particle impacts with the cyclone walls were assumed to be perfectly elastic.
Boundary conditions
The inlet velocity boundary condition is used at the cyclone inlet, which means that the velocity
normal to the inlet is specified. At the outlet, the outflow boundary condition is used. At the
other boundaries, the no-slip boundary condition is used. The cyclone inlet velocity was 10 m/s
for all cyclones, the air density was 1.20 kg/m® and the dynamic viscosity was 2.11:107 Pa:s.
The turbulence intensity was 5% and the characteristic length was 0.09 of the inlet width.
Five cyclone configuration
Fig. 1(a) and Table 1 show the dimensions of the cyclones. In a swirling flow, the swirl number
usually characterizes the degree of swirl. In cyclone separators, the swirling flow is
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characterized by the geometric swirl number. The geometric swirl number is a measure of the
ratio of the tangential to axial impulse, determined by formula [8].
Table 1: Geometrical dimensions of the tested cyclone.

Table 1
Measurement Size */D
Dust outlet diameter, Dx 0,5
Vortex finder immersion length, S 0,5
Diameter of the cone apex, Bc 0,375
Cylinder height, h 1,5
Cyclone height, Ht 4.0

Case diameter, D = 31 mm. The outlet section is located above the cylindrical surface of
the barrel at Le = 0.5D. The inlet section is located at a distance Li = D from the center of
the cyclone.

Table 2: Design of a factorial experiment for cyclone inlet dimensions.

Table 2
Calculation Calculation Calculation Calculation
point 1 point 2 point 3 point 4
a- height of the cyclone inlet, m 0,225 0,225 0,2 0,2
b- cyclone inlet width, m 0,09 0,08 0,09 0,08

As can be seen from Table 2, each calculation point corresponds to different values of
the cyclone inlet size. Calculation point 1 corresponds to the first experiment to study the effect
of the cyclone inlet size. Accordingly, four experiments were conducted during the study.

Results and discussions. To study the influence of the geometric dimensions of the
cyclone inlet on the pressure drop and flow velocity distribution, we conducted a parametric
study based on a full factorial experiment. Figure 2 shows the influence of changing the
geometric configuration of the cyclone inlet on the formation of the flow velocity distribution
profile throughout the cyclone volume. At the same iteration, changing the width of the inlet
led to an expansion of the fluctuation zone of the lower flow velocity (Fig. 2.B).
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Fig. 2: Flow velocity profile in a cyclone for different values of geometric configuration
(the iteration number is 100)
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Figure 3 shows the flow velocity distributions across the cyclone cross section for the same
iteration.
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Fig. 3: Flow velocity profile in the cyclone cross section for different values of the
geometric configuration (the iteration number is 100)
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Fig. 4: Flow velocity profile in the cyclone cross section for different values of the
geometric configuration (the iteration number is 100)

The results of the full factorial experiment are presented in Fig. 4, where the effects of
changing the geometric configuration of the cyclone on the main flow characteristics are
shown. Reducing the size of the cyclone inlet will clearly lead to a decrease in the mass and
volume flow rate in the cyclone. However, this led to a decrease in the Mach number and an
increase in the dynamic viscosity.

Dynamic viscosity 6 [Pa*s] Mach number 5 [km/h]

1.815E-05 0.02
1.815E-05 0.015
1.815E-05 0.01

1.815E-05 . 0.005 I
1.815E-05 0

1 2 3 4 1 2 3 4
A)
B)
Turbulent time scale 8 [s] The scale of turbulence 9 [m]
0.15 0.0096
0.0094
0.1 0.0092
0.009
0.05 0.0088
0.0086 .
0 0.0084
1 2 3 4 1 2 3 4
C)
D)
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Fig. 5: Results of parametric studies of the influence of the cyclone inlet size on the
flow hydrodynamics regime in the cyclone

It should be noted that the dynamic viscosity increased due to the decrease in the
cyclone inlet size (Figure 5A). This increase led to a sharp increase in the turbulent time scale
(Figure 5D) and the flow turbulence scale (Figure 4E). However, the turbulence intensity
increased insignificantly as the cyclone inlet size decreased (Figure 4F). Accordingly, the
pressure inside the cyclone decreased due to the decrease in the geometric dimensions of the
cyclone inlet (Figure 4G). The Mach number is the ratio of the flow velocity at a given point
in the dust flow to the local speed of sound propagation in the moving medium. Simply put,
the Mach number is the velocity in the flow of matter divided by the speed of sound in this
matter under the same conditions. In parametric calculations, due to a change in the cyclone
inlet size, a slight decrease in the Mach number from 0.014 to 0.011 was observed.

CONCLUSION

1. To study the effect of the cyclone inlet geometric dimensions on the pressure drop and flow
velocity distribution, we conducted a parametric study based on a full factorial experiment. We
identified the effects of changing the cyclone inlet geometric configuration on the formation of
the flow velocity distribution profile throughout the cyclone volume. In this regard, the Navier-
Stokes equation was solved taking into account the Reynolds stress turbulence model, which
made it possible to show an accurate prediction of the swirling flow pattern, axial velocity,
tangential velocity, cutoff diameter and pressure drop in cyclone modeling.

2. The study shows the flow velocity distributions over the cyclone cross section at the same
iteration. The results of the full factorial experiment show the effects of changing the cyclone
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geometric configuration on the main flow characteristics. Reducing the cyclone inlet size
clearly led to a decrease in the mass and volume flow rate in the cyclone. However, this led to
a decrease in the Mach number and an increase in the dynamic viscosity. It was found that the
turbulence regime increased as the size of the inlet hole decreased.
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