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The motion of solid particles in a cyclone separator is studied using computational fluid dynamics (CFD). The
Reynolds stress model (RSM) is used to simulate the turbulent flow of gas, and the outcome is used in the sim-
ulation of particle motion by adopting the stochastic Lagrangian particle tracking model (LPT). Additionally, the
numerical results are compared with known experimental data to verify the applicability of the models. The re-
sults are analysed in terms of the particle velocity and of the force field that acts on the particles. It is shown that
the particles are distributed from the wall toward the centre with decreasing particle size. The particle motion is
mainly governed by the drag force and the centrifugal force; other forces, such as the pressure gradient force,
Saffman lift force and added mass force, can be neglected. The inward drag force pushes the particles toward
the centre and balances the outward centrifugal force on the particles in the radial direction. For large particles,
the drag force is obviously less than the centrifugal force, and all of the particles are pushed to the wall and col-
lected. As the particle size decreases, the drag force gradually increases,while the centrifugal force changes slight-
ly. Thus, the difference between the drag force and the centrifugal force decreases and may be less than the
changes that are caused by gas turbulence at some locations. The fate of the particles may be decided by the
drag force variations that are caused by gas turbulence. When the size is below a critical value, the drag force in-
creases abruptly and is significantly greater than the centrifugal force. Therefore, the motion of fine particles
completely depends on the movement of gas.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The cyclone separator, which is an important piece of gas–solid sep-
aration equipment, has been widely used in many industries because of
its relative geometric simplicity, as well as its lowmanufacturing, oper-
ational and maintenance costs. Despite its superficial simplicity, the in-
ternal flow of a gas and particles in a cyclone is extremely complex.
Currently, there is no clear separation theory that accurately describes
the various factors that are involved in separation. It is known that the
applied force on the particles is the decisive factor that governs the sep-
aration process of a particle. However, themechanical behaviour of par-
ticles in cyclone separators is not completely understood.

In the early history of cyclone separation, researchers from different
countries proposed several hypotheses for the separationmechanismof
particles in cyclone separators after making various assumptions re-
garding the separation process. The residence time theory [1], the bal-
anced orbital theory [2–4] and the boundary layer theory [5,6] are
three representative hypotheses. The most widely adapted these

theories is the balanced orbital theory, which is based on the force bal-
ance of a particle swirling on the interface between “inner” and “outer”
vortices. The inward drag force that acts on the particle due to the mo-
tion of a gasmoving from the outer to the inner vortex is proportional to
the particle diameter in the Stokes regime, while the outward “centrif-
ugal force” is proportional to the cube of the particle diameter. Large
particles are thus separated, while small particles are dragged into the
inner vortex and subsequently escape from the separator.

However, the above hypotheses do not explain the actual separation
process since they are based on certain assumptions. Some scholars
have tried to experimentally study complex two-phase flow. In early
studies, only airflowwas considered, and the corresponding flow fields
were measured. In the work of Ter Linden [7], which is the most signif-
icant of these early studies, the three-dimensional flow field was mea-
sured using a spherical pitot tube, and the complexity of the flow was
revealed for the first time. As technology developed, the flow field of
air was measured using a laser Doppler anemometer (LDA) [8], which
showed that the contraction of the spigot resulted in an increase in ve-
locity fluctuations. This result is caused by a three-dimensional,
unsteady-flow phenomenon called the precession vortex core (PVC)
[9], which has a negative effect on the separation efficiency [10]. Be-
cause the fluctuations that are caused by the PVC are in the internal
swirl area [11], the PVC phenomenon mainly affects the motion of
small particles. Additionally, some other phenomena, including the
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natural turning length and vortex core breakdown, also affect particle
movement in a cyclone separator [12]. To study the influence that a
gas within a cyclone has on the entrained particles, some scholars
have measured the particle velocity. Solero and Coghe [10] measured
the particle velocity using LDA and subsequently compared the gas ve-
locity with the particle velocity. The result showed that the difference
between the gas and particle velocities significantly affected the particle
motion, indicating that the gas drag force plays an important role in con-
trolling the particle motion. Su and Mao [13] measured the gas solid
flow using a particle dynamic analyser (PDA) and reported that the
strong swirling flow in the centre produced a centrifugal force that
threw the particles into the outer, quasi-free vortex region, in which
the particles were likely to be collected due to the weak swirling inten-
sity. Chan et al. [14] studied the particlemotion using positron-emission
particle-tracking technology and discovered that themean values of the
tangential and radial velocities near the cylinder wall were 1.5–2 m/s
and 0.9–1.3 m/s. Li et al. [15] further studied the particle velocity
using a fibre optic detection method. In the study, the particle velocity
in the near-wall region was varied from 0.5–2.5 m/s, and its average
value was not sensitive to the operational parameters.

Although an experimental study can describe the flow patterns in a
cyclone practically, the measurement of the particle velocity using cur-
rent measurement technology is unsatisfactorily restricted to measure-
ments that are taken at fixed local positions. Due to the rapid
development of computer and computational fluid dynamics (CFD)
techniques, the use of numerical simulations to predict the performance
of cyclones has received a lot of attention [12]. CFD can accurately pre-
dict the turbulent behaviour of a gas flow [16]. After considerable nu-
merical simulations, the Reynolds stress model is considered the most
suitable available turbulence model to describe the fluid flow within a
cyclone separator [17–21]. To better describe the effects of turbulence,
many researchers have studied the particle motion to elucidate the sep-
aration mechanism. Derksen [22] reported that the competition be-
tween the centrifugal force and the dispersion that is caused by
turbulence determined if the particles had a chance to reach the core re-
gion of the cyclone, in which the particles were more likely to be
entrained in the streammoving toward the exit pipe. Although this con-
clusion was reached by observing the particle concentration distribu-
tion, the motor process was not described in the study. Ma et al. [23]
and Souza et al. [24] both simulated the particle motion in cyclone sep-
arators, and their results demonstrated that turbulence caused the re-
entrainment of particles that would otherwise be collected and, conse-
quently, hindered the separation efficiency. Wang et al. [25] tested the
trajectories of different sized particles and found that coarse particles
mainly remained on the conical cyclonewall when their sizes exceeded
a critical value. He explained this phenomenon by analysing three forces
that acted on the particles in the conical part. Xue et al. [26] found that
the entrainment of fine particles occurred at a height 0.5 D above the
dust discharge port and that a “shortcut flow” was present approxi-
mately 0.25 D below the entrance of the vortex finder. Wang and Yu
[27] found that a short circuit flow existed along the outer wall of the
vortex finder, resulting in a decrease in the separation efficiency, and
that a thin vortex finder is helpful for a high separation efficiency, par-
ticularly for coarse particles. Additionally, Li et al. [28] indicated that
the Saffman lift force accelerated the separation process and shortened
the residence time of small particles. Cui et al. [29] concluded that the
radial distribution of the particles was non-uniform due to the effects
of the centrifugal force.

To date, most studies on the particle separation mechanism in cy-
clone separators have mainly focused on the kinematic vision in terms
of theflow field of thefluid and the particles, and few studies havemen-
tioned the dynamic behaviour of the particles in cyclone separators. This
paper presents an analysis of the forces on particles in a cyclone, com-
bining the flow field with the particle motion and the separation effi-
ciency, to study the particle separation mechanism in depth and to
provide a basic theory to optimise the design of cyclones.

2. Model description

2.1. Numerical modelling process

Considering the complexity of the gas-solidflow in a cyclone separa-
tor, the modelling process is divided into three steps, as shown in Fig. 1.
In Step 1, only air is considered. The turbulent flow is modelled using
the Reynolds stress model (RSM). In Step 2, different sized limestone
particles are injected, and the number of injected particles is 11,200
for each size. The particle motions are traced using the stochastic La-
grangian particle tracking model (LPT). The separation efficiency of
each particle size is the ratio between the tracked and injected particles,
and the separation efficiency curve is obtained. In Step 3, the force infor-
mation for five typical particle sizes is studied by applying User-Defined
Functions (UDF) to further reveal the separationmechanism of particles
in a cyclone separator.

The details of the RSM and LPT are briefly described below.

2.2. Reynolds stress model

The governing equations for an incompressible fluid can be written
as:
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The velocity components are decomposed into themeanui and fluc-
tuating ui′ (i=1,2,3) components, which are related by:
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where the two terms on the left are the local time derivative of the
stress and the convective transport term, respectively. The four terms
on the right are:
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Fig. 1.Modelling process that was used in this work.
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