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Abstract This paper deals with the numerical simulation of a pilot-scale
axial cyclone separator. The main purpose of this paper is to develop a nu-
merical model that is able to foresee the cyclone separator cut-off point.
This is crucial in blast furnace gas installation to capture large particles
containing carbon and iron, while allowing smaller particles such as zinc
and lead to pass through. The cut-off point must be designed to give a suf-
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ficiently high zinc and lead content in the sludge created after the second
cleaning stage. This allows the sludge to become a commercial product. To
design this cut-off point, an investigation of the influence of inlet gas ve-
locity, temperature, and the angle of guiding vanes at the inlet was done.
The developed CFD model was validated against experimental data on the
fractional efficiency of the cyclone separator. The results were in good agree-
ment with the experimental data for all parameters tested. The behavior of
the particles inside the cyclone was also physically correct.
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1 Introduction

A cyclone separator is a device that uses centrifugal force to separates solid
particulates from swirling fluid [1]. Its biggest advantages are simple con-
struction, low maintenance and operational costs, low pressure loss, and
usability in difficult operating conditions such as high pressure and tem-
perature. Cyclones can be readily scaled to virtually any mass flow. There
are two main types of cyclones, which differ in the method of swirling the
gas: axial and tangential. The former has a gas inlet axially located on the
top wall and uses guiding vanes to enforce the swirl. A tangential cyclone
has an inlet (or inlets) located on the side wall, and the gas is swirled by
sliding along the side wall. Both types have to be designed for a specific
gas velocity, dust composition, and desired separation efficiency. However,
it is possible to alter the separation efficiency of both designs. For the axial
construction, the angle of the guiding vanes can be changed, whereas for
the tangential one, there are shutters mounted in the inlet channels, which
can increase the inlet velocity. For small constructions, this tuning can be
done while the cyclone separator is running, but for large constructions,
this requires a break in operation.

Cyclones are widely used in industry to separate solid material from
a gaseous [2] or liquid phase, in circulating fluidized bed boilers for com-
bustible particle separation [3] and in steel plants for gas cleaning [4] just to
name a few applications. The gas flow inside a cyclone separator consists of
two vortexes [5]: the outer vortex is located on the side wall of the device,
and the gas spirals downward. There, large enough particles slow down and
finally slide down to the ash hopper. The second vortex is an ascending one
located around the center axis, and it directs the cleaned gas to flow toward
the so-called vortex finder, which is an outlet of the cyclone. Such a com-
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plex flow may pose a challenge when an attempt is made to build a correct
numerical model. Cyclone operation is often analyzed via experiments. Hsu
et al. [6] tested a variety of geometrical configurations and rated their per-
formance using a quality factor. In this study, a quality index is given as
a function of the main geometrical parameters. The particle dynamics and
trajectories were experimentally analyzed by Roloff et al. [7]. Celis et al. [8]
investigated the effect of swirl vanes and vortex stabilizers on the flow of
a cyclone. The effect of the geometric configuration of the inlet on the collec-
tion efficiency and noise of an axial flow cyclone was evaluated by Babaoglu
et al. [9]. The influence of an apex cone on the flow inside an axial cyclone
was investigated by Zhang et al. [10], whereas Yoshida [11] investigated the
influence of an apex cone on the separation of fine particles. Others, such
as Yang et al. [12] tested the influence of operating conditions (velocity,
temperature) on the performance of a cyclone separator. Such papers have
great value because they can provide data for the validation of numerical
models. Nowadays, computational fluid dynamics (CFD) is often used to
test new cyclone constructions or to test the performance of cyclones under
various conditions. Huang et al. [13] used CFD to test the performance of
a cyclone with a slit on the conical part. Zheng investigated the influence
of a shunt device on cyclone performance [14]. Pandey and Brar [15] used
numerical modeling to test the behavior of cyclones with different shapes
of the conical section. An analysis of the effect of the cross-sectional shape
of the inlet on the performance of a multi-inlet gas cyclone was performed
by Babaoglu et al. [2]. CFD is also used to foresee the influence of geo-
metrical modifications on cyclone operation [16]. When a cyclone separator
cut-off point is needed, CFD is a method of a choice [1]. There, the angle of
guide vanes at omnidirectional inlet was adjusted to determine its impact
on cut-off point. The CFD model can be supplemented with soft computing
methods such as neural networks or deep learning to reduce computational
time [17]. The effect of inlet duct angle on the performance of a cyclone
was simulated by Wasilewski and Brar [18]. Xiang and Lee [19] tested the
influence of the diameter of the exit tube on the flow field, whereas Su et
al. [20] investigated the effect of the inlet configuration on the performance
of a cyclone. The influence of the size of a cyclone on the separation effi-
ciency was investigated by Azadi et al. [21]. Oh et al. [22] simulated the
cyclone for varying internal pressure. Tests of the inlet periodic velocity
were performed by Chen et al. [23]. CFD combined with genetic algorithms
or neural networks is also used to find the optimum dimensions and inlet
conditions of cyclones [24]. An important aspect when applying CFD to



538 A. Ryfa, et al.

the simulation of the flow inside a cyclone is the proper selection of the
turbulence model. In some papers [25, 26], various turbulence models such
as k-ε, Reynolds stress model (RSM), and large eddy simulation (LES)
were tested. For some time, RSM has been a typical choice for modeling
cyclones [24]. The results produced by RSM are in good agreement with
the experiments, and yet the model is relatively undemanding in terms of
mesh and computational effort. The second choice for modeling cyclones
is LES [27]. This option can resolve the flow more accurately than RSM,
but it consumes more computational resources. When transient turbulence
fluctuations are to be considered LES should be used. This approach was
applied to find the characteristic of the turbulence of cyclone separator with
vortex stabilizer [28]. Some researchers have analyzed cyclones operating in
steady state [29] whereas others used transient models [18]. The approach
depends on the goal of the model. Here, both approaches were initially
used and compared. Eventually, steady analysis was used. In summary,
there are many papers on modeling cyclone separators. Various methods
and approaches were used for this purpose. Despite this fact, none of the
studies determined the reflection coefficients for the particles.

This work is devoted to the development of a numerical model of a pilot-
scale axial cyclone separator. The main aim of the CFD model is to foresee
the cut-off point of the cyclone separator for actual blast furnace (BF) gas
particles. The main objective of the project under which this work has been
carried out is to assess the geometry and flow parameters that will allow the
separation of ≈ 85% of the dust from BF gas in a large steel plant. These
larger particles contain carbon and iron, which are valuable for the pig iron
production process. Thus, the separation of large particles from gas will
allow iron- and carbon-rich particles to be recycled into the BF, thus sav-
ing natural resources (iron) and energy (coke). In addition, the same large
particles contain only a small amount of zinc and lead. These elements are
present mainly in fine particles and have a negative impact on the quality
of the pig iron produced in the furnace. Hence, the recirculation of these
particles is undesirable. The role of the cyclone separator is thus to sepa-
rate the large particles, while the small particles, containing lead and zinc,
should be discharged from the device along with the outlet gas [4]. Those
fine particles are then removed from the gas, typically in a wet scrubber
(WS). When the zinc and lead content of the sludge is high enough, the
sludge can be used further as a commercial product [30]. In the long run,
because the gas velocity, geometry of the cyclone separator, and mass of the
BF dust particles have a major impact on the separation efficiency, a multi-
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parameter analysis needs to be carried out, because only proper fractions of
the dust should be recirculated (separated). Due to cost considerations, it
was decided to use the same dust in the pilot-scale cyclone separator. The
model is validated against experimental data for various operating condi-
tions, such as gas velocity and temperature or guiding vanes angle. The
long-term goal is to obtain a robust and fast numerical model that can be
used for designing a full-scale industrial cyclone separator for a steel plant’s
de-dusting installation. For this reason, the dust collected in the steel plant
is used in the experimental setup, and the operating conditions of the test
cyclone separator are close to the full-scale industrial installation. In this
study a 3D steady-state CFD model was developed. The model uses the
RSM turbulence model and discrete phase model (DPM) approach to model
dust particles. These methods have been selected because they allow one to
obtain reliable results within a reasonable computation time. The novelty
of the proposed approach is the determination of the reflection coefficient
that defines the momentum losses during the particle–wall collisions and
the splitting of the model into two parts, which speeds up the calculations
and allows for the use of a better-quality mesh. Additionally, each dust frac-
tion was injected separately into the cyclone so that it was easy to calculate
the fractional separation efficiency and to use the experimental data. The
typical approach found in the literature does not mention the selection of
the reflection coefficients or assumes a value of 1.

The paper is divided into 5 sections. First is an introduction. Section 2
describes the test rig and the measurements. Next goes CFD modeling
(Section 3) and model validation (Section 4). Last section is devoted to
conclusions.

2 Experimental rig and measurements

The test rig is shown in Fig. 1 and is presented schematically in Fig. 2. It
consists of an air preparation system (including an electrical heater (EH)
and a dust dosing device), an axial cyclone separator, a WS, a bag filter
system, and a fan. First, ambient air (I) is sucked from the environment and
heated by an EH. The heater is controlled by a temperature sensor mounted
at the inlet of the cyclone (II) so that the requested operating temperature
is maintained. The dust is then dosed with a screw feeder (III). Dust-
laden air enters the cyclone separator through the annular tube (diameter
0.196 m), where a portion of the dust is separated and collected at the
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bottom of the installation (IV). The part of the cyclone where separation
occurs has a height of 0.66 m and a diameter of 0.25 m (cylindrical section).
The air containing the remaining dust leaves the cyclone separator through
a vortex finder (0.094 m diameter) and flows through the WS and through
a baghouse filter. Clean air flows through a fan to the stack (X), while the
sludge is removed from underneath the scrubber (VII). Dust separated in
the baghouse is collected in (IX).

Figure 1: Test rig – general view: EH – electric heater, AC – axial cyclone, WS – wet
scrubber, BG – baghouse, VI – collected dust, VII – collected sludge.

Figure 2: Test rig scheme: EH – electric heater; AC – axial cyclone; WS – wet scrubber;
BG – baghouse; measurement points I, II – clean air; III, IV, IX – BF dust; V,
VIII – dust laden air, VI – water injection, VII – sludge, X – clean air.

The analysis in this paper is limited to the cyclone separator. The WS is
a subject of separate research.

The BF releases gas at a gauge pressure in the range of 0.05 to 0.2 MPa
and at a temperature of 373 to 423 K. Although the gas temperature can
be easily controlled on a laboratory scale, operation of the test rig at over-
pressure poses a challenge. First, the amount of air needed in the installation
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would require a large compressor and tank to work in a steady state for
a longer time. Although this is not essential for the cyclone separator itself,
it is essential for the second part of the separation process, which is carried
out with a WS. The second issue is that feeding the dust to the compressed
gas is problematic, because the dust can escape from the installation, con-
taminate the environment, and reduce the quality of the determination of
the efficiency of the cyclone separator. For these reasons, it was decided to
operate the rig at ambient pressure, especially so that the pressure level in
the cyclone separator did not affect its operation. The BF gas (present in
the real installation) was replaced by ambient air, whose pressure was mea-
sured at the inlet to the installation (I) and at the outlet of the cyclone (V)
by a piezo-resistance sensor (uncertainty 0.6%). The volumetric flow rate of
clean air was measured (I) using an orifice (measurement uncertainty 1%).
The temperature of the gas was measured at several locations: at the inlet
to the rig (I); at the outlet from the gas heater (II); at the inlet (III); and
at outlet (V) of the cyclone by a Pt100 resistance thermometer (maximum
uncertainty 0.4 K). Air humidity was measured at the inlet to the rig (I)
using an HTDT2500 sensor (uncertainty 2.5%). The dust supplied to the
installation was collected from the BF of the steel plant. As seen in Table 1,
the mass fraction of the smallest dust (< 0.028 mm) is less than 20%. The
average fractions (0.028–0.1 mm) contain approximately 60% of the mass,
whereas the remaining part is in larger fractions. The demand to separate
85% of the mass means that the cut-off point for cyclone separation must
be located at a fraction below 0.02 mm. The cyclone separator used in
the experiments was designed with exchangeable guide vanes (denoted as
K1, K2, and K3) that allowed for a change in the swirl angle at the in-
let of the cyclone separator. In theory, this was supposed to allow control
over the separation efficiency, indirectly impacting the separation cut-off
point. This point is especially important, because smaller particles contain
harmful compounds that cannot be redirected back to the BF. The zinc
content in the dust was determined using an ICP-OES Agilent 5100 SVDV
spectrometer. As seen in Table 1, zinc was present mainly in the smallest
fractions, where its mass fraction was almost 7% for the smallest particles.
The zinc content decreased with increasing particle diameter and for the
assumed cut-off point was around 2%.

For larger diameters, the zinc mass fraction was gradually reduced to
less than 0.5%. The cyclone separation efficiency is computed as

η = ṁc

ṁin
, (1)
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Table 1: Dust fractional composition (%) and zinc mass content (%).

Fraction, mm ID 4 (8 m/s) ID 26 (7 m/s) ID 30 (10 m/s) Zn content

< 0.0019 6.4 5.2 8.9 6.7

0.0019–0.0037 2.4 2.2 3.1 6.2

0.0039–0.0064 2.1 1.4 2.3 4.2

0.0064–0.0088 2.5 2.3 2.7 3.6

0.0088–0.0124 1.8 1.8 2.0 2.9

0.0124–0.0180 1.7 2.2 1.8 2.5

0.0180–0.0232 0.9 1.0 0.9 2.2

0.0232–0.0277 0.5 0.5 0.5 2.0

0.0277–0.056 17.2 16.0 14.0 1.9

0.071–0.056 8.1 6.8 8.8 1.2

0.1–0.071 13.8 14.6 16.0 0.8

0.16–0.1 22.5 20.8 20.8 0.8

0.2–0.16 7.0 7.6 6.1 0.6

0.315–0.2 9.3 12.6 8.3 0.6

0.4–0.315 2.2 2.8 2.0 0.5

0.63–0.4 1.6 2.0 1.8 0.5

0.8–0.63 0.2 0.3 0.2 0.5

1.6–0.8 0.0 0.1 0.0 0.4

> 1.6 0.0 0.0 0.0 0.0

where mc (kg/s) is the mass of dust collected from the cyclone ash hopper,
and min (kg/s) is the mass dosed to the installation. All masses are collected
for the steady-state operation of a rig for a given measurement. The mass
of dust that is fed into the installation can be computed as

ṁin = m0 − m1
τ

, (2)

where m0 (kg) and m1 (kg) are the masses on the ash tray of the screw
feeder at the beginning and end of the measurement, respectively, and τ
is the measurement time (s). The fractional efficiency is calculated in the
same way:

ηc,f = τṁc,f

(m0 − m1) cf
, (3)
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where mc,f (kg) is the mass of the dust of a given fraction collected from
the ash hopper, and cf is the mass fraction of a given fraction from Table 1.
ID stands for number of measurement taken.

The dust used in the laboratory installation was a mixture of dust and
dried sludge collected in the real BF de-dusting installation. Dust and
sludge were mixed in the proportion 3:1 and were sampled to verify whether
the particle distribution was the same at all sample locations. The dust col-
lected at the bottom of the laboratory installation cyclone separator (IV)
was weighted (accuracy 0.1 g) and fractionated using laser diffraction ac-
cording to the ISO 13320:2009 standard into fractions ranging from less
than 0.056 mm to greater than 1.6 mm. The smallest fractions (i.e., below
0.056 mm) were further split with the use of counterflow in a Bahco high-
speed centrifuge. In total, there were 19 fractions, with the smallest fraction
below 0.0019 mm. The density of each fraction was determined using the
pycnometric method. Each analysis was repeated three times to ensure that
the dust analysis was correct. The sludge (VII) collected from the WS out-
let was analyzed in the same way but was dried beforehand. The results
in Table 1 show the average of three analyses of the dust/sludge mixture.
Laboratory tests were aimed at determining the parameters that influence
the separation efficiency and providing data for the validation of the nu-
merical model. In total, more than 30 measurements were taken. As seen
in Table 2, the gas velocity tested at the entrance of the cyclone sepa-
rator was between 7 m/s and 13 m/s, which corresponds to the expected
velocities in the industrial installation. In addition to gas velocity, the gas
temperature, dust content, and swirling angle were also varied. Separation
efficiency ranged from 90.4 to 95.2%, depending on the conditions. The
tests proved that the temperature and dust content, within the tested lim-
its, did not influence the separation efficiency. To test the impact of the
swirling angle on the performance of the cyclone separator, three different
flow guide vanes were tested. These vanes produced swirl angles of 21◦ (K1),
30◦ (K2), and 39◦ (K3). Measurements showed that the angle of the guide
vanes had some, but not an overwhelming, influence on the cyclone sep-
aration efficiency. That is, with increasing angle, the separation efficiency
also increased, but only by about 1%. One test (ID 201) was conducted
without any vanes (no initial gas swirl). For this case, the separation effi-
ciency dropped to about 67%. This indicated that, although the swirl was
necessary, the angle was not a crucial parameter, at least not in the tested
angle range. Unlike this, the velocity of the gas affected the separation effi-
ciency of the cyclone separator. With increasing velocity, the efficiency also
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increased by about 0.5% per 1 m/s increase in velocity. However, this ef-
fect was limited. Although the smallest fractions were almost not captured
within the investigated velocity interval, for a velocity above 10 m/s, nearly
all larger fractions were separated. Therefore, it was difficult to observe any
increase in efficiency between 10 and 13 m/s.

Table 2: Performed measurements of the cyclone. Boxed measurements were chosen for
numerical model validation: vII – inlet air mean velocity, TII – air temperature
at the inlet, η – separation efficiency of the cyclone.

ID vII Flow guide Dust content TII η

− m/s − g/m3
n

◦C %

3 8 K1 15 125 94.4

4 8 K1 15 125 91.5

5 8 K1 15 125 92.6

6 7 K1 15 125 92.7

7 8 K1 15 125 92.2

10 8 K1 15 100 93

11 8 K1 15 150 91.8

19 7 K1 30 125 91.3

23 8 K1 15 125 95.2

25 8 K1 15 125 91.5

26 7 K1 15 125 92.4

27 8 K1 15 125 94.3

28 8 K2 15 125 94.6

29 8 K3 15 125 93.3

30 10 K1 15 125 93.3

31 13.1 K1 15 100 93.9

130 8 K1 15 125 93.9

201 8 − 15 125 66.8

205 8 K1 15 100 92.7

206 10 K1 15 100 93.8

208 10 K1 15 100 94.1

209 13.1 K1 15 100 94.0

210 10 K1 30 125 93.0
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For model validation, givens that velocity was the most important pa-
rameter that influenced the separation efficiency, three measurement series
at different velocities of 7, 8, and 10 m/s were taken. These measurements
were denoted as ID 26, ID 4, and ID 30, respectively. Because the performed
measurements had very little effect on the swirl angle generated by the flow
guides K1, K2, and K3, the measurements (except for two) were executed
using the K1 guides.

3 CFD model outline and modeling strategy

The calculations were carried out using the commercial CFD package An-
sys/Fluent 19.2. The cyclone separator itself consists of three main parts.
The first part is an inlet part with a gas supply pipe. Next, there is the main
body part of the cyclone, which consists of flow swirling elements, cylindri-
cal and conical tubes, and the vortex finder. There, the flow swirls, and the
dust is separated from the gas. The last part is a vertical gas outflow pipe
(where the gas containing the non-separated particles is rejected from the
device). The main simplifications of the model considered geometry, where
small, unimportant features of a cyclone were neglected. In addition, the
analysis was finally run in a steady state to save time and computational
effort with a negligible impact on solution quality due to the stabilized flow
field. Splitting the numerical model into two parts allowed for significant
savings in terms of computational time and resources. The inlet zone re-
quired a finer mesh and was needed just to generate velocity and particle
profiles at the cyclone inlet. The cyclone, on the other hand, with coarse
mesh required much longer computational time to stabilize the solution.

A 3D Reynolds-averaged Navier-Stokes formulation of the governing
equations was used. The RSM turbulence model was applied based on the
scalar dissipation rate (ε) with a linear pressure strain. A standard ap-
proach proposed in Fluent was used to model turbulent diffusive transport
with scalar turbulent diffusivity. Since all the model constants were default,
then in linear pressure strain slow pressure strain term used 1.8 as a con-
stant while rapid pressure strain used 0.6. The wall boundary condition
was taken from the kinetic energy equation. The wall reflection term was
modelled with C ′

1 = 0.5, C ′
2 = 0.3 and Cµ = 0.09. The dissipation rate

constants were 1.44 and 1.92. Scalable wall functions were also used due to
the Y+ range of 5.5 to 127. Detailed equations can be found in Section 4.10
of the Ansys Manual [31].



546 A. Ryfa, et al.

There were three unknown parameters when setting up the mathematical
model of the cyclone separator:

• the reflection coefficients, defining the momentum losses during the
particle–wall collisions;

• the profile of the inlet velocity;
• the distribution of the particles at the inlet.

The reflection coefficients depend on the properties of the dust and the
type and condition of the cyclone separator material. They are extremely
difficult to measure, so they were discovered by adjusting the simulation
results to those of the experiments. Because the same dust will be used in
both the full-scale and laboratory installation, the values obtained in the
latter can then be used in the former.

The intersection of the straight outlet and curved inlet pipes produces an
unsymmetrical profile of the inlet velocity and a non-uniform distribution
of the particles at the inlet of the cyclone separator. Additionally, this dis-
tribution differs between fractions of particles. To obtain realistic boundary
conditions at the inlet of the cyclone separator, the computational domain
was extended by the inlet pipe, as shown in Figs. 3 and 5. To reduce the
size of the numerical model of the cyclone separator and the simulation
time of parametric studies, the computational domain was divided into two
parts separated by a plane (D) (see Fig. 3). An additional advantage of

Figure 3: Computational domain: A – inlet zone, B – cyclone, C – outlet pipe, D – split
plane, E – diameter of cylindrical part (0.25 m), F – height of the cyclone
(0.66 m), G – diameter of inlet pipe (0.196 m).
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this approach was the possibility of using a high-quality regular mesh in
the cyclone separator. Due to the complex velocity pattern in this device,
the choice of an appropriate mesh was of special importance. To verify the
correctness of such an approach, one simulation was run iteratively. That
is, both the inlet section and the cyclone simulation were run, and veloc-
ity and pressure fields were passed between them. The results of such an
analysis showed no significant influence of a pressure field generated in the
cyclone on the velocity distribution calculated in the inlet section.

The first zone consists of the inlet pipe (A), whereas the second comprises
the main body of a cyclone (B), as indicated in Fig. 3. Both zones were
solved independently and coupled by a velocity and pressure boundary
conditions. The outlet velocity and particulate distribution of zone A were
treated as an inlet condition to zone B. The simulations were carried out in
steady-state using a pressure-based solver with gravity on. The RSM was
used to model turbulence.

Next, steady-state and transient analyses of the flow conditions inside
the cyclone separator were performed, and the results were compared with
the experimental data (series denoted as ID30). For both models, the setup
was the same. In the transient analysis, however, a 0.00013775 s time step
was chosen with 10 iterations per time step. Furthermore, the data sam-
pling interval was set to 10 time steps. In our case, however, it was a much
shorter period (0.135 s), because this particular study was carried out only
to validate the steady-state flow field. It confirmed that, the appropriately
stabilized steady-state flow field is identical to the costly time-averaged
one. The calculated velocity fields are shown in Fig. 4(b). Both profiles
were almost identical (which confirms that steady-state and transient led
to essentially the same results), except for slight irregularities (flow os-
cillations) present in the steady-state. In Fig. 4(a), the fractional separa-
tion efficiency is presented and it can be stated that both formulations
agreed satisfactorily well with the experimental data. The only notice-
able discrepancy concerned the fraction 3.9 µm, where the separation ef-
ficiency should be around 82% (experiment), whereas numerical models
indicated lower values (i.e., ≈ 70% and ≈ 48%) according to the steady-
state and transient analyses, respectively. Generally, good agreement be-
tween the two models indicated that slight flow oscillations in the steady-
state analysis did not significantly impact particle behavior. At the same
time, steady-state analysis was much less demanding in terms of computa-
tional time and resources. Thus, steady-state analysis was chosen for further
analysis.
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Figure 4: Case ID30 – comparison of the steady-state and transient analysis: a – frac-
tional separation efficiency from experiments (EXP), steady-state (CFD steady-
state), and transient (CFD transient) analysis; b – velocity profile provided by
the steady-state (left-hand side) and transient (right-hand side) analysis.

3.1 Model description

The setup of both models, (A) and (B), was the same and covered the
Coupled pressure velocity coupling scheme, QUICK spatial discretization
of momentum, turbulent kinetic energy, turbulent kinetic dissipation rate,
Reynolds stresses, and energy. PRESTO! was used for pressure discretiza-
tion. The QUICK scheme was used to improve the stability of the solution
and the flow field. Second-order schemes are considered sufficient in most
cases, but in this particular case, it was decided to go with the QUICK. The
reason behind this is that this scheme offers slightly better stability. This
was particularly important to avoid costly time-dependent analyses. The
higher order scheme also brings disadvantages, such as, for example, more
difficult model convergence. The model was considered converged when all
residuals stabilised at an appropriate level. This was below 10−3 for conti-
nuity and 10−4 for velocity and turbulence. Additionally, velocity pressure
and mass flux at the outlet were monitored and calculations were termi-
nated when the values at that point did not change.

Because the test rig was located in an enclosed space and the entire pip-
ing system with the cyclone separator was insulated, the thermal boundary
condition of all model walls was zero heat flux. Particulate matter was
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modeled with the discrete phase model (DPM). The particles were tracked
with a maximum number of steps of 350 000 and a step length factor of 5.
A spherical drag law was enabled for momentum exchange, and a discrete
random walk model was enabled with 5 tries and a 0.15-time scale con-
stant. There were 18 separate injections, one for each fraction. With each
injection, a constant particle diameter was set equal to the maximal size in
the fraction (i.e., for fraction 56 µm, the diameter was 56 µm). The particle
type was inert, with a density provided by the measurements. Because the
dust content in the gas was low (15 g/m3

n), the interactions between parti-
cles were neglected. Moreover, the interaction between the particles and the
gas was limited only to the influence of the gas flow on the movement of the
particles, whereas the interaction in the opposite direction was disregarded
(one-way interaction).

3.2 Inlet zone

The inlet zone is a curved pipe consisting of a straight run-up section of
length ten internal diameters of the pipe; a curved section that intersects
with the outlet pipe (presented in Fig. 5); and a straight annular section up
to the plane (D), where the pipe model was separated from the geometry
of the cyclone separator.

In the industrial gas cleaning installation, the flow is induced by BF gas,
which has a higher pressure than ambient air. For technical reasons, gas
flow was kept under pressure at the outlet, which, for the pilot installation,

Figure 5: Numerical mesh of the inlet zone at axial cross-section: dotted line –
outlet pipe.
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was much easier to implement. Because an incompressible model of the gas
was employed, the results practically did not depend on the pressure level.
The inlet boundary condition (at the entrance of zone A) was set as uniform
velocity and temperature with uniformly distributed solid particles.

For the grid independence study, four different grids were tested: 0.25,
0.6, 1.4, and 2.35 mln elements. Dynamic pressure was the parameter ob-
served at the outlet of the zone. The independence study showed that grids
with 1.4 and 2.35 mln elements produced very similar results, and the lat-
ter was taken for further computations. The final mesh of the inlet zone,
being the result of the mesh independence analysis, is presented in Fig. 5
and consists of 2.35 mln elements. Both straight sections were meshed with
hexahedral elements, whereas for the curved section, polyhedral elements
were used. The minimum orthogonal quality was 0.25, and the maximum
aspect ratio was 12.7.

The velocity field in the inlet zone for ID26 is shown in Fig. 6. As shown,
a uniform profile was applied at the A.1 inlet. The flow develops throughout
the first straight section and then encounters the outlet pipe in the curve
region where the profile drastically changes. The velocity profile at the
outlet A.2 results from the geometry and is non-uniform.

Figure 6: Inlet zone – velocity field and exemplary BF dust trajectories: A.1 – inlet to
the inlet zone, A.2 – outlet (inlet to the cyclone).

Several BF dust particle trajectories are also shown as thin black lines. All
particle fractions were injected at the A.1 inlet. Some of the heavier particles
fell in a straight section and began to bounce off the walls, while the lighter
particles remained airborne and continued to move with the airflow. At the
A.2 outlet, the intersection coordinates of each particle along with its diam-
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eter, density, temperature, flow rate, and velocity components were sorted
by diameter and written in text files. This was done automatically using
a user-defined function based on the DEFINE_DPM_OUTPUT macro.
The files were then read by the cyclone separator model.

The distributions of three BF dust fractions: 3.9, 100, and 800 µm at the
A.2 outlet are presented in Fig. 7 for two cases: ID30 and ID26. Case ID30
was characterized by a higher overall mean velocity (higher air flow rate)
of approximately 10 m/s, whereas case ID26 corresponded to about 7 m/s.
One can see that the gas velocity was always higher at the outer bend of the
inlet pipe. The difference between the velocity on the outer and inner sides
of the outlet from the inlet zone was about 20%. It became evident that
the velocity, combined with the shape of the inlet zone, according to the
numerical study, had a serious impact on the distribution of some particles
– in this case it was fraction 100 µm, but it also applied to other neighbor-
ing fractions. This fraction had a highly non-uniform distribution, where
particles tended to aggregate on the inner side of the channel (low-velocity
zone), especially visible in the ID26 case. However, smaller dust particles
were not affected by the flow and were almost evenly distributed through-
out the outlet surface regardless of the gas velocity. The same applied to the
largest particles. Wall reflections did not seem to affect the heavy particles’
distribution as much as the average one.

Figure 7: Inlet zone (D-D split plane) – velocity field of cases ID30 and ID26 along with
particle distributions of three different fraction: 3.9 µm, 100 µm, and 800 µm.
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3.3 Cyclone separator

The detailed geometry of the numerical model is shown in Fig. 8. This
covers part of the straight inlet pipe starting from the D split plane (for
initial development of the flow profile) and the cyclone separator up to the
shutoff valve (6) below the conical part. As dust-laden air (a–b) enters the
separator, the annular inlet extends slightly. Then, the airflow is swirled
by the flow guides (5) and enters the cyclone, where the separation takes
place. The dust particles eliminated from the flow (c) are collected in the
dust hopper connected to the cyclone separator through the valve (6).

Figure 8: Axial cyclone separator: A – geometry, B – computational domain; a-b – dust
laden air, c – captured dust, 1 inlet, 2 – outlet, 3 – particle trap, 4 – outlet
pipe, 5 – flow guides, 6 – shut-off valve.

There are three main boundary conditions associated with the computa-
tional domain: (1) velocity inlet, (2) pressure outlet, and (3) wall (particle
trap). The inlet consists of a velocity profile and a spatial distribution of
particles as calculated in zone A. Each dust fraction is applied as a separate
injection.

The mesh sensitivity study covered four different mesh sizes ranging from
0.56 to approximately 3 mln elements. These were tested in terms of the
predicted velocity profile presented in Fig. 9, where the tangential velocity
in the cylindrical zone is shown. The coarsest mesh (0.56 mln el.) appeared
to be insufficient, because the maximum velocity near the axis (at 0 m) was
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noticeably underestimated when compared with other meshes. Therefore,
the second coarsest mesh (0.88 mln el.) was chosen for further simulations,
because it produced comparable results to the ones provided by the finer
meshes.

Figure 9: Mesh analysis – comparison of tangential velocity for the tested meshes.

In the next step, courant flow number (CFN) analysis was necessary, be-
cause the analyses were performed in a steady state. Such calculations are
more robust (which was an important factor during the project) than the
transient ones, and the final (averaged) results are the same. However, the
computational issues of the steady-state analysis had to be overcome by
adjusting the CFN from the default value (200) to 10, which improved the
flow stability and convergence. Then, the coarsest mesh providing consis-
tent results was chosen for further calculations, and it was (again) a mesh
(0.88 mln) consisting of fully hexahedral elements. The maximum aspect
ratio was 4.01. The minimum element quality was 0.45, whereas the maxi-
mum skewness was 0.60. The mesh is presented in Fig. 10. On the left-hand
side, an axial cross-section is shown throughout the cyclone separator. The
normal cross-section A–A is located slightly below the outlet, where an
octagonal shape can be observed in the center. This shape improved the
quality of the mesh (smoother transition, better structure, similar element
size) in the ascending vortex zone. On the right-hand side, a detailed view
of the conical part is shown, where the mesh is vertically refined to keep
the element’s aspect ratio and structure similar.
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Figure 10: Cyclone separator – final mesh: A – mesh in cross-section, B – detailed mesh
in conical part.

Once the mesh was selected, an appropriate value of CFN was required for
further stabilization and convergence control of the solution. The impact of
four CFN values was investigated: 5, 15, 25, and 35. In all cases, the velocity
fields (shown in Fig. 11) and the residuals (not shown) were monitored. At
this point, a uniform velocity profile at the inlet was applied; the geometry
was axisymmetric, so the velocity field is expected to be symmetric with
a low-velocity zone along the axis. As shown, the most symmetrical profile
had clearly outlined regions of low velocity (in the axis) below 4.1 m/s, high
velocity (in the vicinity of the axis) above 28.7 m/s, and medium velocity
(near the wall) between 8.2 and 20.5 m/s with CFN = 15. In the profile
for CFN = 5, some minor instabilities were observed, whereas the profiles
for CFN = 25 and CFN = 35 were significantly asymmetrical, and the
low-velocity region was blurred and even almost completely disappeared.
Therefore, CFN = 15 was used in all subsequent calculations.

Once a value of the CFN is established, the reflection coefficients (tan-
gent and normal) need to be determined. The reflection coefficient takes
a value between 0 and 1, where 0 stands for no momentum retention and
1 for full momentum retention during the collision of the particle with the
wall. The extreme situations, where the particle fully retains or loses mo-
mentum, are theoretically possible but not in real application. Therefore,
the values 0 and 1 were not considered in the study. Reflection coefficients
were chosen according to the separation behavior of the dust measured on
the test rig. That is, different pairs of values (tangent and normal) were
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tested numerically (from the range 0.1–0.9) using the dust (provided by
the experiments). Then, one pair that gave the best fit with the experi-
mental separation, has been chosen and used throughout the model. The
coefficients are presented in Table 3, and the chosen pair is given in the
box for better clarity. The value of the tangent and normal reflection coef-
ficient was incremented by 0.1 in the range from 0.1 to 0.9. The separation
efficiency, calculated as the ratio of trapped (separated) trajectories to all
trajectories, was then determined for three different fractions: 3.9, 100, and
800 µm. The chosen fractions covered small, medium, and large particles,
because the behavior of particles in the flow depends on mass. The tested
reflection coefficients are presented in Table 3, organized in a matrix-like
form, and were assumed to be constant. Fractional separation efficiencies
are also given (in %). The analysis left two pairs of coefficients that suited
the measurements: 0.7–0.8 and 0.8–0.8. The values of the 0.7–0.8 pair are
boxed to show that they matched the measurement-based separation effi-
ciencies most closely. Therefore, the reflection coefficients 0.7–0.8 (tangent
and normal, respectively) were used in further calculations.

Figure 11: Cyclone – CFN impact on the velocity field (for an axial cross-section).
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Table 3: Fractional separation efficiency (%) in terms of different reflection coefficients
(values in the box – the best fit with experimental fractional efficiency).

Fraction, Reflection Coefficient: Tangent
(µm) 0.1 0.5 0.6 0.7 0.8 0.9

3.9

R
efl

ec
tio

n
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ffi
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en
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N

or
m

al

0.1 54.74 53.68

0.5 55.79 55.79 52.63

0.6

0.7 56.84

0.8 55.79 57.89 61.05 57.62 56.84

0.9 59.29 55.79

100

0.1 100.00 100.00

0.5 100.00 100.00 100.00

0.6

0.7 100.00

0.8 100.00 100.00 100.00 100.00 100.00

0.9 100.00 100.00

800

0.1 100.00 100.00

0.5 100.00 100.00 100.00

0.6

0.7 100.00

0.8 100.00 100.00 100.00 100.00 100.00

0.9 100.00 100.00

4 Model validation and discussion

Once the correct CFN value for the model was found, the calculations were
performed for three test cases: ID4, ID26, and ID30, which corresponded to
three different gas velocities at the input: 8, 7, and 10 m/s, respectively. The
numerical model was validated in terms of fractional separation efficiency,
but the velocity field needed to be evaluated first. In Fig. 12, the velocity
fields of all tested cases are presented. The slightly distorted symmetry
of all the profiles was important, yet this was expected since the velocity
profile at the inlet is asymmetric. The low velocity region near the axis,
as well as the neighboring high-velocity region, is clearly visible. Hence, no
anomalies in the velocity field were observed.



Determination of an axial gas cyclone separator cut-off point. . . 557

Figure 12: Cyclone separator – velocity field for the validation cases (for CFN = 15).

The predicted behavior of particles with a diameter of 3.9, 100, and 800 µm
for a gas velocity of 10 m/s is shown in Fig. 13. For the sake of clarity,
only a small number of particles are shown. The 3.9 µm particles moved
chaotically, making many laps around the circumference of the cyclone
separator. Some of the particles fell into the ash hopper, whereas others
reached the internal ascending vortex and left the cyclone separator with
the gas. The trajectories of larger particles with a diameter of 100 µm were
much more orderly arranged while moving around the cyclone separator.
Their trajectories were concentrated near the external walls. Here, all of
the particles were separated because they were too heavy for an internal
ascending vortex to lift them toward the outlet. The same was observed for
the 800 µm particles. However, the trajectories were much steeper in the
cylindrical part, while the conical part was crowded (similar to the 100 µm
case). It should be noted that, according to the model, the residence time
was longer for heavier particles by approximately 2–4 times.

The separation efficiency for each of the measured 18 dust fractions was
then compared with the CFD results, which are presented in Fig. 14. Red
bars indicate fractional separation efficiencies provided by the CFD model,
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Figure 13: Cyclone separator – predicted particle trajectories and their residence time.

whereas blue bars represent experimental efficiencies. The separation effi-
ciency of the CFD model was calculated as a ratio of the number of trajecto-
ries of a given diameter captured at the bottom of a cyclone separator (the
particle trap in Fig. 3) to the number of injected trajectories at the inlet
of the cyclone separator. For the measurements, the fractional separation
efficiency was calculated using Eq. (3). When analyzing the results of the
fractional efficiency (see Fig. 14), strange behavior associated with the frac-
tion 56 µm was observed. While the efficiencies changed continuously for
other fractions, there was a jump in efficiency for the fraction 56 µm. This
can be explained as follows: First, as already mentioned, the sieve analysis
was performed on two different devices. The coarse fractions were separated
using a laser diffraction device whose smallest sieve was of 71 µm mesh di-
ameter. The mass of the dust leaving this device was transported to a lab
located in another city. Here, the counterflow Bahco high-speed centrifuge
was used to separate small-diameter fractions. Because the strange and dis-
continuous behavior of fraction 56 µm was consistent across multiple tests,
it is highly likely that most of the dust losses occurred during transporta-
tion, lowering the efficiency of this fraction. From a physical point of view, it
is impossible that a cyclone separates 100% of the smaller particles and only
80% of the larger particles. Therefore, it was decided to artificially assume
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that the efficiency of this fraction was 100%, as it was for fraction 27.7 µm.
The fractional separation efficiency for all cases was almost equal to 100%
for 8.8 µm. However, measurements show that for this 56 µm fraction, the
efficiency was between 94 and 98%. Generally, the CFD model slightly over-
predicted the efficiency for the smallest fraction (diameter 1.9 µm) whereas
it slightly under-predicts for the following two (i.e., 3.9 µm and 6.4 µm).
However, looking at the model, none of the other settings improved these
results. Correction of fractional efficiency also increased the total efficiency
(see Fig. 14(d)). The differences in global separation efficiency for all three
cases showed differences in the range of 0.4–0.7%, which should be con-
sidered an acceptable result. The cut-off point for all analyses was located
in fraction 8.8 µm and was determined correctly. The differences in results
were visible only in the three smallest fractions.

Figure 14: Numerical model validation: a, b, c – fractional separation efficiencies; d – total
separation efficiency (CFD – numerical results; Exp – experimental results;
Exp* – experimental results assuming 99% separation efficiency of fraction
56 µm in cases ID4 and ID26).
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5 Conclusions

The main objective of this study was to develop a numerical model of
a cyclone separator for the separation of particulate matter that is able to
foresee the cyclone separator cut-off point. This allows for designing of the
cyclone separator so the most of the zinc and lead pass through while iron
and carbon is removed from gas.

The results of numerical simulation showed good agreement between
the numerical results and the experiments for all investigated gas velocities
and particle fractions. Only for the smallest particles, the numerical model
over-predicted the separation efficiency.

Model accuracy was achieved due to proper selection of the normal and
tangential reflection coefficients, which have a significant impact on the
separation efficiency. These coefficients were adjusted so that no unfeasible
results appeared for any of the dust diameters. In addition, the correct CFN
was chosen to stabilize the flow and obtain the correct flow field.

These findings of the pilot-scale cyclone separator analysis will next be
used to determine the geometry and flow parameters of a full-scale indus-
trial cyclone separator.
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