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Abstract: Cyclone separators are used in multi-phase flows for phase separation or classification.
Pressure drop and separation efficiency are essential parameters for determining the performance of
a cyclone separator, and critical diameter is an important parameter related to cyclone separation
efficiency. In this study, we investigate the critical diameter prediction ability of various mathematical
models; in particular, approximately 400 experimental data available in the literature, reflecting
different geometries and operating parameters, are used to investigate the critical diameter prediction
ability of the selected models. These data are calculated using ten mathematical models selected
among the most widely used models which operate based on different principles, and the associated
critical diameter values are determined. These calculated values are then compared with those
obtained in the experimental studies. As a result, there are many parameters affecting the performance
of cyclone separators. The fact that some of these parameters are not used in the models can lower
the prediction accuracy of the model, depending on the context. For this reason, the parameters for
which the models give better results are analyzed in detail. According to these results, users can
choose a model more appropriately. In addition, an absolute evaluation is provided, demonstrating
that the models provide important ideas regarding cyclone performance.

Keywords: cyclone separator; mathematical model; critical diameter; cyclone separation efficiency

1. Introduction

Cyclone separators are frequently employed to separate or classify the phases in multi-
phase flows. They are widely used in various industrial applications and in different fields,
and their usage has been increasing due to the low initial investment and maintenance
costs, few moving parts, and efficient operation under different working conditions (e.g.,
different pressures and temperatures). In this respect, improving and estimating cyclone
separator efficiency has become an essential area of research. Two characteristics are given
particular attention when evaluating the performance of cyclone separators; in particular,
the high performance of a cyclone separator is determined by its high separation efficiency
and low pressure drop. Another important concept related to separation efficiency is
the critical diameter (i.e., particle diameter with 50% separation efficiency; denoted by
d50 or dcr). There are many studies in the literature that have focused on determining
the performance of cyclone separators. These studies can be classified into experimental,
CFD (Computational Fluid Dynamics), and mathematical modeling studies. Of these,
mathematical models come to the fore regarding practical use. A significant question is
how successful the mathematical models created in this sense are, in terms of estimating
the performance of cyclone separators under different operating conditions and different
geometries. In addition, there are studies in which the performance parameters of cyclone
separators are estimated using machine learning tools, which is a subject of artificial
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intelligence [1–3]. In such studies, the parameters analyzed are estimated most accurately
by using appropriate algorithms for the problem.

For this study, ten mathematical models which have been used extensively in the
literature were selected, and tangential inlet counterflow cyclones are discussed. Studies
with test results (including critical diameter values) for this type of cyclone separator
in the literature were included. In the scope of the study, while the critical diameter
determination of the mathematical models was examined, parametric evaluations were
conducted for the geometric parameters affecting the efficiency of the cyclone separators
and under different operating conditions. Finally, the absolute errors of the data used are
given in general. In this sense, the effects of the variation in the working and geometric
parameters on the models has been examined. The model results have been compared
with the experimental data, in terms of the proportional change. In addition, absolute
errors between the calculations made with mathematical models of all data used and the
experimental results are given.

There are many experimental studies in the literature which detail the determination
of critical diameters in cyclone separators. These studies have generally examined the
effects of one or more of many different variables (e.g., cyclone inlet velocity, geometric
dimensions, particle density, and temperature) on cyclone performance. In this respect, the
studies can be divided based on the parameters examined. When we look at the studies
examining the cyclone performance according to the change in inlet velocity, the expected
result of all experimental studies was that the critical diameter decreases with an increase
in velocity. Xiang et al. [4] conducted an experimental study at flow rates (inlet velocities)
of 30 to 60 L/min in three tangential inlet cyclone separators with different cone diameters
(B). According to the obtained test results, the critical diameter value decreases and the
efficiency increases with an increase in the inlet speed for the same cyclone separator.
Ji et al. [5] experimentally measured critical diameter values, compared with mathematical
model calculation results for ten different inlet velocities in a tangential inlet cyclone with
constant concentration varying from 6 to 30 m/s. Beeckmans and Kim [6] conducted an
experimental study considering the critical diameter of two cyclone separators with cyclone
diameters of 76 and 152 mm at different inlet velocities in the range of 6.1–15.5 m/s. They
emphasized that the Reynolds number terms should be included when determining cyclone
performance. Dirgo and Leith [7] conducted experiments using a Stairmand cyclone with a
diameter of 305 mm at inlet velocities of 5, 10, 15, 20, and 25 m/s. The collection efficiency
and pressure drop were measured for different inlet velocities at ambient temperature
and pressure. Experimental fractional curves were obtained and compared with various
cyclone yield models. They stated that the Barth and Leith–Licht theories gave the closest
results. Huang et al. [8] carried out an experimental and CFD study to examine the effect of
a laminarizer placed at the cyclone inlet on the cyclone pressure drop, separation efficiency,
tangential velocity distribution, and critical diameter. They used a 72 mm diameter cyclone,
and critical diameter values were obtained at inlet velocities of 11, 15, 18, and 21 m/s. It
was emphasized that, while the pressure drop increased slightly in the cyclone when using
the laminarizer, the critical diameter took smaller values. Iozia and Leith [9] conducted
experimental studies at different inlet velocities in a cyclone with a diameter of 250 mm.
Kim et al. [10] stated that, for a cyclone separator with a diameter of 76 mm, at different
inlet velocities, the best efficiency for the cyclones in their experimental studies was at an
inlet velocity of 15 m/s. Moore and McFarland [11] conducted experimental studies on
cyclone separators with four different diameters, while Zhu and Lee [12] considered cyclone
separators with different geometries and a diameter of 30.5 mm at different inlet velocities.

Some of the most essential geometric parameters in cyclones are the diameter and
length of the vortex finder. Kim and Lee [13] experimentally obtained critical diameter
values for cyclones under two different diameters at three different inlet velocities for vortex
finder diameters of 8, 10, 13.6, and 17.5 mm. They concluded that the critical diameter
values increased with an increase in the vortex finder diameter. They emphasized that the
diameter of the vortex finder affects the cyclone performance as it significantly affects the
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cyclone flow area, including the outer and inner vortices. Iozia and Leith [9] experimentally
measured critical diameter values under 7.5 and 17.5 cm vortex finder diameters in a
cyclone separator with a 25 cm body diameter. According to their experimental results, it
was concluded that the critical diameter value increased with the increase in the diameter
of the vortex finder. Moore and McFarland [14] measured the critical diameter values
with vortex finder diameters of 26.7, 42.9, and 68.3 mm at different inlet velocities. They
concluded that increasing the vortex finder diameter increased the critical diameter value
for all inlet velocities. Hoekstra [15] has obtained similar results in their thesis study, as a
result of experiments using cyclone separators having vortex finder diameters of 86, 116,
and 145 mm for three different inlet velocities. Hsiao et al. [16] obtained similar results
for different vortex finder diameters in their study using a 25 mm diameter cyclone. The
cyclone vortex finder length is one of the most-studied geometric parameters. In their
experimental study, Kim et al. [10] measured the critical diameter values with vortex
finder length of 28, 49, and 75 mm under different inlet velocities. They concluded that
an increase in the length first decreases the critical diameter and then increases it. Zhu
and Lee [12] conducted an experimental study considering vortex finder lengths of 15.2,
30.5, and 45.7 mm. Similarly, Hsiao et al. [16] obtained similar results in their experimental
study using six different vortex finder lengths in the range of 0–75 mm. Studies have also
examined the effect of geometrically narrowing and expanding conical shapes, in addition
to the diameter and length of the vortex finder. Lim et al. [17] experimentally investigated
the effect of different shapes with different vortex finder diameters on performance. In this
sense, the results were consistent with other studies considering cylindrical geometry.

One crucial operating parameter affecting the performance of cyclone separators is
fluid temperature, which affects the performance through its effects on the viscosity of
the fluid and its density. In a study examining the effect of this parameter, conducted
by Bohnet [18], the effect of temperature on the critical diameter was determined for five
different operating temperatures between 293 and 1073 K. Accordingly, it was concluded
that the critical diameter value increased with the increase in temperature. Patterson and
Munz [19] reached similar results in their experiments with cyclones having 102 mm body
diameter and two different vortex finder diameters and lengths in the temperature range
of 300–2000 K. However, it was emphasized that the tendency of an increase in the critical
diameter decreased with the increase in temperature, as was also observed in Bohnet’s
study, especially at values above 1000 K. It was even observed that there was a tendency to
a decrease in critical diameter at some high temperature values. Parker et al. [20] examined
the working pressure value—a critical working parameter of cyclone separators—and the
temperature. According to their results, for constant inlet velocity, the cyclone efficiency
decreases with high temperature and increases with high pressure. They also stated
that when high temperature and high pressure conditions occur together, their effects on
efficiency tend to cancel each other out.

Another essential geometric parameter studied experimentally in the literature is the
cyclone length, which consists of the sum of the lengths of the cylindrical and conical parts.
Cyclone length can be changed by changing only the cylindrical or conical part length,
keeping the ratio of the cylinder and conical part constant. Each case has been studied in
the literature. Zhu and Lee [12] tested the effect of changing the cyclone length on cyclone
performance by changing the cylindrical part length while keeping the cyclone conical part
length constant. They conducted experimental studies for cyclones with a cyclone diameter
of 30.5 mm and five different lengths between 22.9 and 137.1 mm. They stated that, with an
increase in the length of the cylindrical cyclone part (and, therefore, the cyclone length),
the critical diameter value decreases to a specific value and then continues to increase. The
results were obtained similarly for all flow rates in the study, with six different flow rates
between 60 and 110 lt/min. Iozia and Leith [9], in their experimental study of cyclones with
different lengths of cyclone cylindrical part lengths between 125 and 625 mm for cyclones
with a body diameter of 250 mm, concluded that the critical diameter value decreases with
increasing length. Hoffmann et al. [21] varied the cyclone length by changing the cylinder



Separations 2023, 10, 284 4 of 27

length of the cyclone with a cyclone diameter of 200 mm. In their study considering seven
different cylindrical lengths between 260 and 960 mm, Zhu and Lee [12] obtained results
in the same direction. There have also been studies focused on modifying the conical
cyclone part [16,22,23]. The critical diameter values obtained from experimental studies
with different cyclone cone lengths were given in all three of these articles.

Hsiao et al. [16], Iozia and Leith [9], and Yang et al. [23] carried out studies on the
inlet cross-section, a parameter affecting cyclone performance. All three studies stated
that the critical diameter value increased with the increase in inlet cross-sectional area.
Xiang et al. [4] conducted an experimental study on the effect of cone tip diameter for
different B values at different inlet velocities and gave critical diameter values.

According to these results, they stated that the critical diameter decreases with de-
creasing B value when the inlet velocity is constant. Hsiao et al. [16] reported a similar
result in their experimental study.

The main objective of this study is to demonstrate the prediction performance of
mathematical models used for the prediction of critical diameter in cyclone separators,
both with respect to certain parameters and in general. For the purpose of the former,
the rate of change was taken as the basis, instead of the absolute value typically used in
parameter-based studies. Comparisons based on absolute error make it difficult to see the
full effect of the parameters. For this reason, in this study, proportional evaluation was
additionally performed. In the general evaluation, absolute values are taken as the basis.
The results obtained from various experimental studies were used for comparison. The
selection of mathematical models was limited to ten models, with preference given to those
that are more commonly used and differ from each other.

2. Mathematical Models and Data

From the literature, it can be derived that three basic approaches—namely, math-
ematical models, CFD, and experimental studies—are typically used to investigate the
performance (e.g., collection efficiency and pressure drop) of cyclone separators. In this
study, we investigate the performance of (theoretical or empirical) models used to predict
the efficiency of cyclone separators. For this purpose, the sensitivity of different mathe-
matical models used for predicting the critical diameter—an efficiency indicator—to the
geometric parameters and operating parameters affecting cyclone performance were exam-
ined. In this context, ten different mathematical models were analyzed using data obtained
from experimental studies available in the literature (the studies and their parameters
are presented in Table 1). The experimental data used were selected to be appropriate
for the parameters under investigation and are suitable for the application of the models.
The number of experimental data used for each parameter is different. The characteristic
dimensions of tangential inlet counterflow cyclones, which are taken as the basis in the
study and widely used in practice, are shown in Figure 1. In addition to these geometric
parameters, surface roughness, vortex finder wall thickness, dust box dimensions, dip leg
length, inlet channel geometry and length, vortex finder length outside the cyclone, and
number of inlets can be considered as parameters affecting the result. However, these
parameters are generally not taken into account in relevant models. In addition, particle
density, particle shape, size distribution, concentration, fluid properties, and velocity can
be considered as operating parameters. These parameters are included in some models,
but not in others. An example of this is the friction factor. While the friction factor is taken
as a constant in models such as Barth, Leith and Licht, Lapple, it is a calculated variable
in Avci and Karagoz and Muschelknautz models. Tolerances, experimental error ranges,
flow regime effect, and arbitrary constants are difficulties affecting the estimation. In this
respect, it would not be correct to expect that the models can make sound predictions for
all parameters; however, it is helpful to understand their performance and limits.
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Table 1. Information on the Articles Used.

Work Dc (m) a/Dc b/Dc De/Dc H/Dc s/Dc h/Dc B/Dc Q (m3/s) Vi (m/s) ρp (kg/m3) D50 (µm)

Beeckmans and Kim [6] 0.076–
0.152 0.542 0.250 0.50 4 0.75 2 0.08335 0.0191–

0.048
6.099–
15.199 1420 2.07–4.70

Parker et al. [20] 0.0508 0.375 0.1876 0.3146 4.3125 1.125 1.8126 0.375 0.0003286–
0.00052285

1.801–
2.880 2300 * 1.00–19.4

Saltzman and Hochstrasser [22] 0.01905 0.499 0.2 0.33–
0.499 2.25–4 0.499 1.500 0.375 0.0001667–

0.00038667
4.59–
10.66 2560 * 1.37–3.51

Dirgo and Leith [7] 0.305 0.498 0.2 0.498 4 0.498 1.498 0.3738 0.04636–
0.2318 5–25 860 1.80–6.10

Patterson and Munz [19] 0.102 0.498 0.249 0.249–
0.498 3.98 0.686–

1.059 1.99 0.249 0.003871–
0.054193 3–42 2600–3900 0.23–3.05

Kim and Lee [13] 0.0219 0.589 0.324 0.365–
0.799 4.338 1.644 2.055 0.685 0.000147–

0.0003067
1.605–
3.349 980 2.90–8.50

Iozia and Leith [9] 0.25 0.25–0.75 0.1–0.3 0.5 3.00–5.00 0.25–0.75 0.5–2.5 0.375 0.047–0.142 7.52–
22.72 876 2.23–4.91

Moore and McFarland [11] 0.0889 0.5 0.25 0.5 8 0.7679 2.137 0.25 0.001382–
0.00555

1.3989–
5.6179 1000 * 3.60–10.0

Hoffmann et al. [24] 0.45 0.458–0.5 0.132–
0.206

0.3078–
0.5 3.787–4 0.5–1 1.342–1.5 0.32–0.4 0.1835–

0.3038 15 2640 1.10–1.37

Moore and McFarland [14] 0.0381–
0.0889 0.5 0.25 0.3–0.768 4 0.75 2 0.25 0.0002716–

0.002072 0.66–3.23 1000 * 4.00–
18.80

Bohnet [18] 0.15 0.533 0.133 0.233 2.58 0.733 0.693 0.333 0.01667 10.419 2650 1.10–3.10

Kenny and Gussman [25] 0.0152–
0.0345 0.2–0.24 0.2–0.24 0.23–0.27 1.16–2.21 0.23–0.35 0.31–1.31 0.2–0.55 0.00000733–

0.0002733 0.79–6.29 1000 * 2.50–10

Zhu and Lee [12] 0.0305 0.4 0.2 0.498 3.249–
7.000 0.5–1.5 0.751–

4.495 0.3738 0.001–
0.001833

13.44–
24.63 1050 0.30–2.60

Hoekstra [15] 0.29 0.5 0.2 0.297–0.5 4 0.5 1.5 0.3724 0.0841–
0.2523 10–30 2000 0.67–1.80

Xiang et al. [4] 0.031 0.403 0.1613 0.5 2.484 0.5 1 0.3742–
0.626

0.0005–
0.001 8–16 1050 1.14–3.01

Hoffmann et al. [21] 0.2 0.57 0.25 0.325 3.35–6.85 0.7 1.3–4.8 0.55 0.10833 19.0053 2730 0.8–1.10

Kim et al. [26] 0.03–
0.044

0.4545–
0.4

0.2–
0.2273

0.4545–
0.5 3.64–4.07 1.02–1.5 1.5–1.82 0.3667–

0.4545
0.000667–
0.00133

6.65–
16.208 1050 0.8–2.02

Yoshida et al. [27] 0.072 0.5 0.236 0.444 4.96 1.39 2.083 0.5139 0.01071 17.5 2300 1.38
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Table 1. Cont.

Work Dc (m) a/Dc b/Dc De/Dc H/Dc s/Dc h/Dc B/Dc Q (m3/s) Vi (m/s) ρp (kg/m3) D50 (µm)

Lim et al. [17] 0.03 0.4 0.2 0.233–0.5 4.067 1.5 1.5 0.5 0.0005–
0.000833

6.94–
11.57 1050 0.9–2.02

Zhao et al. [28] 0.3 0.5 0.2 0.5 4 0.5 1.5 0.375 0.10791–
0.21465

11.99–
23.85 2700 1.30–2.35

Qian et al. [29] 0.2 0.455 0.2 0.325 3.78 0.89 1.305 0.4 0.06552 18 2750 1.75

Kim et al. [10] 0.076 0.4671 0.1974 0.501 4.421 0.368–
0.987 1.645 0.501 0.00426–

0.01065 8–20 3950 0.49–1.65

Ji et al. [5] 0.15 0.667 0.267 0.433 3.467 0.667 1.333 0.4 0.024–0.12 6–30 1000 * 1.29–4.38

Yang et al. [23] 0.186 0.4431–
0.726

0.2216–
0.360 0.430 1.914–

10.914 0.591 0.914 0.4032 0.06793–
0.1809 20 2700 0.6–1.25

Sakura and Leung [30] 0.3302 0.2093 0.2093 0.4615 2.100 0.918 0.769 0.4615 0.02389–
0.04761 5–9.97 2650 1–9.90

Hsiao et al. [16] 0.025 0.52 0.2 0.28–
0.706 1.6–15.6 0–3 1.205–

6.38 0.36–1 0.0005 7.6923 980 1.27–3.46

Huang et al. [8] 0.072 0.4722 0.236 0.444 5.139 1.667 2.153 0.444 0.006358–
0.012138 11–21 2900 1.51–2.41

Masoumeh et al. [31] 0.01 0.44–0.5 0.2–0.24 0.4–0.5 4 0.5–0.62 1.4–2 0.25–0.4 0.000166–
0.0002221

13.83–
22.21 860 1.80–8.10

Lim et al. [32] 0.03 0.4 0.2 0.5 4.067 1.5 1.5 0.5 0.0005 6.94 1000 1.90

* In these studies, data are reported in terms of aerodynamic diameter.
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Figure 1. Tangential inlet counterflow cyclone geometric parameters.

The mathematical models used to predict cyclone separation efficiency are generally
based on two principles, called “equilibrium-orbit” and “time-of-flight”; however, hybrid
models also exist, in which these two principles are used together. The equilibrium orbit
model approach considers the imaginary cylindrical surface formed by continuing the
vortex finder diameter (denoted by CS) to the cyclone base. This approach is based on
the force balance of a particle rotating on the CS. The centrifugal force, which is related
to the weight of the particles, acts on the particles on the CS, while the drag force acts
towards the inner part. Therefore, large particles move from the CS towards the cyclone
wall. In contrast, fine particles move towards the inner part, are included in the inner
vortex moving towards the cyclone top and are discharged through the return pipe [33].

The particles on the CS where these two forces are in equilibrium determine the critical
diameter (dcr); in other words, the particle size at which the two forces are in equilibrium
is the critical diameter [33]. Examples of equilibrium orbit models are those described by
Barth, Iozia and Leith, and Muschelknautz.

In the time-of-flight modeling approach, the time required for a particle in a radial
position at the cyclone inlet to reach the cyclone wall and the time required for the particle
to reach the cyclone bottom are taken into account. In this approach, a particle must reach
the cyclone wall to be retained (i.e., it needs time to reach the cyclone wall). If a particle
reaches the cyclone bottom before reaching the cyclone wall, then the particle will be
ejected without being retained [34]. In the time-of-flight approach, the critical diameter is
the smallest particle diameter that can pass half the inlet width distance before reaching
the cyclone bottom [33]. Another mathematical model approach used to determine the
efficiency of cyclone separators involves the use of hybrid models, in which the two model
approaches mentioned above are used together.

One of the most widely used models is the Lapple model, which is based on the time-
of-flight principle, where the size of particles that can pass the inlet half-width distance
during the time they spend in the cyclone is defined as the critical diameter [35]. In the
Barth model, which considers the balance of centrifugal and drag forces, the collection
efficiency for any particle size is expressed as the ratio of the settling velocity of the
particle to the terminal settling velocity. The critical diameter can be calculated by taking
the efficiency expression as 50% in the Barth efficiency equation [36]. The Iozia and
Leith model provides an empirical expression for fractional efficiency and is based on the
Lapple and Barth models [9,37]. The Leith and Licht model was developed by assuming
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that the concentration in the cyclone is uniformly distributed in the radial direction [38].
Clift et al. [39] reconstructed the fractional efficiency equation based on the assumptions of
Leith and Licht theory in their proposed model. The Muschelknautz model, an improved
form of the Barth model, includes some additional parameters in the calculation, in addition
to the other models. In the model, the surface roughness of the cyclone separator material
and the wall roughness effects caused by the collected solids are taken into account. In
addition, the effects of particle load and changes in the particle size distribution are also
included in the model calculations [40–42]. The Li and Wang model, which includes particle
splash and turbulent diffusion on the cyclone wall, provides a two-dimensional analytical
expression for the particle distribution in the cyclone [43]. The Avci and Karagoz model was
more based on a time-of-flight approach. It considers flow parameters, particle properties,
geometric parameters, and a friction factor [44]. Apart from the models mentioned above,
many other models exist in the literature. For this study, ten mathematical models that are
frequently used in the literature were considered, which are detailed in Table 2. No fitting
process was performed on the models used in the study. In other words, the models are
used as they are available in the reference sources given. This is to show the sensitivity of
the current state of the models to the different parameters specified.

Table 2. The considered mathematical models and equations used for their calculation.

Mathematical
Models Modeling Strategy Efficiency and Critical Diameter Calculation Some Additional Equations

The Barth
Model [36] Equilibrium-orbit D50 =

(
9µQ

πhmρpV2
tmax

)0.5

, ηi =
1[

1+
(

Vts
Vm

ts

)−3.2
]

Vts
Vm

ts
=

πhmρpV2
tmax D2

i
9µQ

Vtmax = V0

[
( De

2 )(Dc−b)π
2abα+hm(Dc−b)πλ

]
De ≤ B, hm = H − s

De ≥ B hm = (H−h)(Dc−De)
(Dc−B) + (h− s)

Vo = 4Q
π·D2

e

λ = 0.02
The Leith and

Licht Model [38] Time-of-flight ηi = 1− exp
{
−2
[

Gτi Q(n+1)
D3

c

]1/(2n+2)
}

G = Dc
a2b2

{
2
[
π
(
s− a

2

)
(D2

c − D2
e )
]
+ 4Vnl,H

}

The Iozia
and Leith

Model [9,37]
Equilibrium-orbit D50 =

(
9µQ

π·ρp ZcV2
tmax

)0.5

, ηi =
1[

1+(D50/Di)
β
]

dc = Dc·0.47·
(

a·b
D2

c

)−0.25
.
(

De
Dc

)1.4

dc > B, Zc = (H − s)−
[

H−s
( Dc

B )−1

]
.
[(

dc
B

)
− 1
]

dc < B, Zc = H − s

Vtmax = 6.1Vi

(
ab
D2

c

)0.61( De
Dc

)−0.74( H
Dc

)−0.33

The Lapple
Model [35] Time-of-flight D50 =

[
9µb

2πNeVi(ρp−ρg)

]1/2
Ne =

1
a

[
h + H−h

2

]
The

Muschelknautz
Model [33,40–42]

Equilibrium-orbit D50 =

√
18µ(0.9Q)

2π(ρp−ρg)V2
θcs(H−S)

Vθcs = Vθw
( R

Rx )[
1+

f ARVθw
√

R/Rx
2Q

]

The Avci
and Karagoz

Model [44–46]
Hybrid D50 = 0.4

√
µ

(ρp−ρ)

√
D30ah D10 Dd ad Ds Dc

V0 L

(
10ah
D30

)cs

cs = 0.75ad
Ds
D10

H/Dc
ah−0.1D30

f0

f0 = ft +
(

64
Re − ft

)
e−(

Re
2560 )

8

ft =
6.4

[ln(1/Re)]2.4

Re = ah D10Vg Dc
ν ah =

√
ab/Dc

D10 =
[

Dch
H +

(
H−h

H

)(
Dc+B

2

)]
/Dc

Ds = D10 +
(
2Des + D2

e + B2)/(HDc)

ad = 0.5 + 5ab
(Dc−De)(D10 Dc+a+b+s)

D30 = [(2De + B)/3]/Dc
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Table 2. Cont.

Mathematical
Models Modeling Strategy Efficiency and Critical Diameter Calculation Some Additional Equations

The Moore and
McFarland
Model [11]

Regression D50 =

√
25200(18·µ·D)

Re2.72−0.119·lnReρpVi
Re = ρg DVi

µ

The Li and Wang
Model [43] Time-of-flight D50 =

(
0.693Drrn

w182µ2b(r1−n
w −r1−n

n )rw

(1−α)(1−n)(ρp−ρg)
2

Qu2θ1

)0.25

Dr = 0.052Ru
√

f /8; f = 0.02

R = (D− De)/2; rw = D/2 ; rn = De/2

n = 1−
[(

1− 0.67D0.14)(T/283)0.3
]

θ1 = 2π(s + L)/a

u(r) = (1−n)Q
b(r1−n

w −r1−n
n )rn

The Sproull
Model [47] Time-of-flight D50 =

√
0.693(18)µg DQg

ρpV2
t Ac

Ac = πDh + π
2 (D + B)

[
(H − h)2 +

( D−B
2

)2
]0.5

Vt : tangential gas velocity

The Clift et al.
Model [39] Time-of-flight D50 =

√
0.693(18µD)

c′ρpVi

c′ = 2 πD2

ab [

(
1−

(
De
D

)2
)( s

D
)
+ 1

3

(
s+l−h

D

)
(

1 + d
D +

(
d
D

)2
)
+ h

D −
(

De
D

)2 l
D −

s
D ]

l
D = 2.3 de

D

(
D2

a·b

)1/3
; d

D =
D−(D−B)[ s+l−h

H−h ]
D

3. Results and Discussion

In this section, we proportionally evaluate the calculation results of the mathematical
models, with respect to the experimental results. The point emphasized here is how the
proportional change in the experimental critical diameter gives results in the models. The
parameters analyzed are evaluated under separate headings.

When analyzing the effects of the parameters, the first value is taken as a reference,
while the other values are given as a ratio of this value. For example, when analyzing the
effect of the change in velocity on the critical diameter, the change is expressed as:

yvi = Vi/V1, (1)

yd50,i = d50,i/d50,1. (2)

The obtained experimental and calculated proportional values are compared, and
absolute and squared error tables are also presented, in order to determine how much the
calculated proportional values deviate from the experimental values.

3.1. The Effect of Inlet Velocity

One of the critical operating parameters affecting cyclone performance is the inlet
velocity of the cyclone, which also defines the flow rate. There have been many experimen-
tal studies considering cyclones of different geometries and sizes. In these cyclones, the
effects of other parameters have been reduced by considering the rate of change, rather
than the absolute value, of the critical diameter. In this way, the response of the models to
the velocity was analyzed.

It is generally known that cyclone efficiency increases with increasing inlet velocity in
cyclone separators (i.e., the critical diameter value decreases). However, this situation may
vary, depending on the change in the flow regime. Again, the order of the effect of velocity
may also differ. In the models used for calculation, in general, the critical diameter varies
in a manner inversely proportional to the square root of the inlet velocity. The models of
Barth, Leith and Licht, Iozia and Leith, Lapple, Li and Wang, Sproull, and Clift et al. can be
counted in this context. As the friction factor was considered to be constant in these models,
there is no additional effect on the critical diameter with a change in the inlet velocity.
On the other hand, in the models of Avci and Karagoz, Muschelknautz, and Moore and
McFarland, the friction factor was calculated depending on the velocity, and an additional
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effect occurs due to this change. As the inlet velocity changes, the Reynolds number—and,
therefore, the friction factor—change. In models that consider this, the critical diameter
presents an additional change. The definition of the Reynolds number and its relationship
with the friction loss factor in the flow in cyclone separators was also a significant problem.

The critical diameter values were calculated using the mathematical models, and
the critical diameter values determined experimentally were calculated proportionally,
according to the rate of change of the inlet velocity. The results are shown in Figure 2. A
comparison of the performance of the mathematical models under variation in the inlet
velocity is shown in Table 3.
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Figure 2. Comparison of the critical diameter ratio calculated by mathematical models with the
experimental critical diameter ratio under variation in inlet velocity [48].

Table 3. Performance comparison of mathematical models under variation in inlet velocity.

Model e a E2 b

Barth, Leith and Licht, Iozia and Leith, Lapple, Li and
Wang, Sproull, Clift et al. 0.82896 1.64676

Muschelknautz 0.73014 1.41587
Avci and Karagoz 0.78854 1.48276
Moore and McFarland 0.66048 1.24559

a e = ∑n
i=1
∣∣yd50−i,calculated − yd50−i, experimental

∣∣/n. b E2 = ∑n
i=1
(
yd50−i,calculated − yd50−i,experimental

)2/n.

This figure uses 126 experimental values for different velocities in different cyclones.
The points where the experimental and mathematical model results are consistent with the
velocity change are indicated by the line. According to these results, the critical diameter
generally changes faster than the square root of the velocity ratio. As the change in the
critical diameter is small at low velocity ratios, the calculated and experimental data gave
close results, while the deviation increased when the ratios increased. In this respect,
the critical diameter changes with the square root of the change in the velocity ratio in
the models that do not consider the additional effect. Meanwhile, the fit was better in
the models that take into account the additional effect. In these models—especially in
the experimental data taken from Zhu and Lee [12]—there was a sudden decrease in the
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experimental critical diameter at speeds around 25 m/s. This sudden change could not
be predicted by the models, and there is insufficient data in the literature to confirm this
sudden change. As such, this is an unusual situation. Otherwise, the agreement was
generally reasonable.

The inlet Re number was used as another evaluation criterion. The deviation of the
model ratio from the experimental ratio with the input Re number was calculated, and the
results are given in Figure 3. According to these results, in cyclones with Re numbers above
10,000, the model predictions were in better agreement with the experimental data, while
the deviation increased at low Re numbers. This can occur in regions where the flow regime
changes and shifts to laminar. In this region, the relationship between the Re number and
the friction loss coefficient should be more compatible and defined accordingly. As such,
the friction loss coefficient–Re number relationship can be re-defined for small Re numbers.
In addition, model selection should be considered carefully when predicting in this region.
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3.2. Effect of Vortex Finder Diameter and Length

The vortex finder diameter and length are essential geometric parameters in cyclone
separators, and numerous experimental studies have investigated the effects of these
parameters. Here, a cylindrical vortex finder geometry was considered, emphasizing the
two main dimensions of diameter and plunge distance (length). A change in the shape of
the cyclone vortex finder affects the tangential and axial velocity inside the cyclone. As a
consequence, the pressure drop and collection efficiency are affected. This is not taken into
account in the study.

First, the effect of the vortex finder diameter was investigated. For this purpose, the
experimental data of Lim et al. [17], Kim and Lee [13], Iozia and Leith [9], Moore and
McFarland [14], Hoekstra [15], and Hsiao et al. [16] were used. The results are shown in
Figure 4. As can be seen from the figure, serious deviations occurred, especially regarding
the model of Li and Wang.



Separations 2023, 10, 284 12 of 27Separations 2023, 10, x FOR PEER REVIEW 13 of 29 
 

 

 
Figure 4. Comparison of critical diameter ratio calculated with mathematical models and experi-
mental critical diameter ratio under variation in vortex finder diameter (De). 

When the critical diameter values calculated with mathematical models were exam-
ined, it was found that the critical diameter value increased with the increase in the De 
value with the models of Barth, Iozia and Leith, Leith and Licht, Muschelknautz, and Avci 
and Karagöz. Meanwhile, the critical diameter values remained constant in the Lapple, 
Moore and McFarland, and Sproull models, and even decreased with the increase in di-
ameter in the model of Li and Wang. Table 4 indicates that the Iozia and Leith model was 
the best predictor of the experimental critical diameter change rate, according to the 
change in De. 

Table 4. Performance comparison of mathematical models under variation in vortex finder diame-
ter. 

Model e a E2 b 

Barth 0.13987 0.02667 
Leith and Licht 0.16852 0.03851 
Iozia and Leith 0.08028 0.01083 
Muschelknautz 0.16486 0.04987 
Avci and Karagoz 0.11711 0.02023 
Li and Wang 0.64199 0.50169 
Clift et al. 0.16761 0.04737 
a 𝑒 =  ∑ ห𝑦ௗହ଴ି௜,௖௔௟௖௨௟௔௧௘ௗ − 𝑦ௗହ଴ି௜,௘௫௣௘௥௜௠௘௡௧௔௟ห௡௜ୀଵ /𝑛 . b 𝐸ଶ = ∑ ൫𝑦ௗହ଴ି௜,௖௔௟௖௨௟௔௧௘ௗ −௡௜ୀଵ𝑦ௗହ଴ି௜,௘௫௣௘௥௜௠௘௡௧௔௟൯ଶ/𝑛. 

Although the models generally showed similar trends, as can be seen from the figure 
above, some models showed different trends in some studies, when considered on the 
basis of experimental work. In this sense, the model calculations using the data of Hsiao 
et al. [16] were examined; the change in critical diameter with the change in De is shown 
in Figure 5. Looking at the figure, it can be seen that there was a decreasing trend in the 
critical diameter with an increase in De for the first three De values in the models of Leith 

Figure 4. Comparison of critical diameter ratio calculated with mathematical models and experimen-
tal critical diameter ratio under variation in vortex finder diameter (De).

When the critical diameter values calculated with mathematical models were exam-
ined, it was found that the critical diameter value increased with the increase in the De value
with the models of Barth, Iozia and Leith, Leith and Licht, Muschelknautz, and Avci and
Karagöz. Meanwhile, the critical diameter values remained constant in the Lapple, Moore
and McFarland, and Sproull models, and even decreased with the increase in diameter in
the model of Li and Wang. Table 4 indicates that the Iozia and Leith model was the best
predictor of the experimental critical diameter change rate, according to the change in De.

Table 4. Performance comparison of mathematical models under variation in vortex finder diameter.

Model e a E2 b

Barth 0.13987 0.02667
Leith and Licht 0.16852 0.03851
Iozia and Leith 0.08028 0.01083
Muschelknautz 0.16486 0.04987
Avci and Karagoz 0.11711 0.02023
Li and Wang 0.64199 0.50169
Clift et al. 0.16761 0.04737

a e = ∑n
i=1
∣∣yd50−i,calculated − yd50−i, experimental

∣∣/n. b E2 = ∑n
i=1
(
yd50−i,calculated − yd50−i,experimental

)2/n.

Although the models generally showed similar trends, as can be seen from the figure
above, some models showed different trends in some studies, when considered on the basis
of experimental work. In this sense, the model calculations using the data of Hsiao et al. [16]
were examined; the change in critical diameter with the change in De is shown in Figure 5.
Looking at the figure, it can be seen that there was a decreasing trend in the critical diameter
with an increase in De for the first three De values in the models of Leith and Licht and
Clift et al., followed by an increasing trend after this point. In addition, for the model of
Muschelknautz, the critical diameter can be seen to decrease after increasing up to the
fourth De value.
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Furthermore, in the calculation conducted using the data taken from the experimental
study of Moore and McFarland [14], it can be seen that there was a significant increase
in the experimental critical diameter value compared to the calculated critical diameter
value, especially at the last De value, for the model of Avci and Karagoz (Figure 6). It
can be understood, from these results, that the smallest critical diameter (or the highest
efficiency) can be reached at a specific value of the vortex finder diameter. For vortex finder
diameters above this value, the critical diameter decreases while the diameter decreases. In
the other region, the opposite happens. The considered models can approximately predict
this region.
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Another parameter affecting cyclone efficiency is the vortex finder length (Figure 7).
Experimental data (Hsiao et al. [16]; Kim et al. [10]; Zhu and Lee [12]) were used to
determine the prediction efficiency of the models. Looking at the experimental results from
these studies, the critical diameter generally increases up to a specific value with increasing
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s value, and then decreases. In other words, within the framework of these data, there
is a critical plunge distance value that gives the best efficiency in cyclone separators. If
the s value is below or above this value in cyclone design, the cyclone efficiency will be
negatively affected. When compared with the experimental studies, the models presented
different behaviors. In this respect, the three studies were evaluated separately.
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In the study of Zhu and Lee [12], experimental critical diameter values are given
for three different s values (15.2, 30.5, and 45.7 mm) for six different inlet velocities. In
our calculation results with the mathematical models, the models of Barth and Clift et al.
predicted the optimal critical diameter value at the same s value as in the experimental data.
With the models of Iozia and Leith, Muschelknautz, and Avci and Karagoz, the critical
diameter value increased with increasing s value. For the model of Leith and Licht model,
it was observed that the critical diameter value decreased with increasing s value. With the
models of Lapple, Moore and McFarland, Sproull, and Li and Wang, it was observed that
the change in s did not affect the critical diameter.

In the study of Hsiao et al. [16], experimental results were given for five different s
values. Here, as in other studies, the optimal critical diameter value was observed. Looking
at the mathematical model calculations, the only model that predicted the optimum s value
in this study was the model of Avci and Karagöz. With the models of Barth, Iozia and Leith,
Muschelknautz, and Clift et al., the critical diameter value increased continuously with
the s value. In the Leith and Licht model, an increase in s caused a decrease in the critical
diameter. In the models of Lapple, Moore and McFarland, Sproull, and Li and Wang, the
change in s did not affect the critical diameter.

Looking at the data from these three experimental studies, it can be seen that an
optimal efficiency value was obtained in all of them; in other words, the efficiency increases
up to a certain point with an increase in the value of s. After this point, a further increase in
the value of s will cause the efficiency to decrease. The mathematical models that followed
this mechanism were those of Barth, Clift et al., and Avci and Karagoz. In other models,
the change in s value either had no effect on the critical diameter or tended to lead to
continuous increases or decreases. From Table 5, it can be seen that the Leith and Licht
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model was the best model, in terms of predicting the experimental critical diameter value
proportionally with the change in the s value.

Table 5. Performance comparison of mathematical models under variation in the vortex finder length.

Model e a E2 b

Barth 0.36882 0.21271
Leith and Licht 0.33529 0.19152
Iozia and Leith 0.46058 0.27855
Muschelknautz 0.50415 0.31651
Avci and Karagoz 0.38909 0.22091
Li and Wang 0.36389 0.19963
Clift et al. 0.39133 0.21537

a e = ∑n
i=1
∣∣yd50−i,calculated − yd50−i, experimental

∣∣/n. b E2 = ∑n
i=1
(
yd50−i,calculated − yd50−i,experimental

)2/n.

3.3. Effect of Cyclone Length

One of the most important geometric parameters in a cyclone separator is the cyclone
length, which is the sum of the lengths of the cylindrical and conical parts. Therefore, the
proportions of these parts are also effective parameters. On the other hand, if the vortex
formed is smaller than the cyclone length, the cyclone length has no effect. Furthermore,
the behaviors of small and large cyclones are different. Therefore, this parameter is open to
multi-faceted evaluation. Experimental studies have mainly been carried out by extending
the cylindrical or conical part. In this respect, it was deemed more appropriate to make an
evaluation based on the experimental studies. In their study, Hoffmann et al. [21] examined
the change in cyclone performance by increasing the cyclone length through increasing
that of the cyclone cylindrical part. According to the results of their study, while increasing
the length, the efficiency increases up to a specific value and then decreases. Therefore, the
smallest critical diameter can be obtained at a certain length. Zhu and Lee [12] confirmed
this result in their experimental study.

The results of the experimental study examining the effect of the cyclone length,
according to the change in the cylinder body, and the model calculation results are given in
Figure 8. Performance comparison of mathematical models under variation in the cyclone
length (conical part is constant, cylinder part length varies) is presented in the Table 6.

Table 6. Performance comparison of mathematical models under variation in the cyclone length
(conical part is constant, cylinder part length varies).

Model e a E2 b

Barth 0.18952 0.04453
Leith and Licht 0.41345 0.23829
Iozia ve Leith 0.30472 0.13938
Lapple 0.49846 0.38547
Muschelknautz 0.11388 0.02210
Avci and Karagoz 0.17445 0.03877
Li and Wang 0.28783 0.11611
Sproull 0.44248 0.30499
Clift et al. 0.50271 0.35469

a e = ∑n
i=1
∣∣yd50−i,calculated − yd50−i, experimental

∣∣/n. b E2 = ∑n
i=1
(
yd50−i,calculated − yd50−i,experimental

)2/n.

When the experimental critical diameter values of Zhu and Lee [12] were examined,
we found that the lowest critical diameter value was obtained at a cyclone length value
of H = 12.2 cm. It can be seen that the critical diameter value increased at smaller and
larger cyclone sizes than this value. In this sense, when the model calculations were
analyzed, it can be seen that the models of Avci and Karagoz, and Barth predicted this
point at the same size. In other words, with these two models, the calculated smallest
critical diameter value was observed at the same cyclone size. In the models of Iozia and
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Leith, Leith and Licht, Lapple, Sproull, Clift et al., and Li and Wang, the critical diameter
value decreased continuously with increasing cyclone size. In the Muschelknautz model,
this value increased with an increase in cyclone length. In contrast, with the Moore and
McFarland model, the change in cyclone length did not cause any change in the calculation
and a constant result was obtained for each value. According to this information, the Avci
and Karagoz, and Barth models predicted the most relevant result. In other models, a
continuous increase or decrease in yield with this change, or no effect, was observed. In the
experimental data of Hoffmann et al. [21], experimental critical diameter values were given
for seven different cyclone lengths, ranging between 0.67 and 1.37 m. In these values, it
can be found that, while the critical diameter values decreased with an increase in cyclone
length from 0.67 to 1.07 m, the critical diameter values increased with an increase in cyclone
length after this value. In other words, it can be said that the most efficient cyclone length
for the experimental study is 1.07 m. In the mathematical model calculations, the smallest
critical diameter value was obtained as 1.07 m only in the Barth model, while the lowest
critical diameter value was obtained as 1.27 m in the Muschelknautz and Avci and Karagöz
models. In the models of Clift et al. and Leith and Licht, the lowest critical diameter value
was obtained as 0.87 m. Meanwhile, the models of Iozia and Leith, Lapple, and Sproull
showed a continuous decrease in critical diameter with an increase in cyclone length and,
on the other hand, in the models of Moore and McFarland and Li and Wang, the change in
cyclone length did not result in any change in the critical diameter value. Therefore, it can
be seen that the Barth model best captured the experimental critical diameter turning point
(i.e., the point at which the efficiency drops sharply).
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The results of the experimental study and model calculation, regarding the cyclone
length obtained when changing the length of the conical part of the cyclone, are given in
Figure 9. The results of the experimental studies conducted by Hsiao et al. [16], Saltzman
and Hochstrasser [22], and Yang et al. [23] were used here. Performance comparison of
mathematical models under variation in the cyclone length (cylindrical part is constant,
conical part length varies) is presented in the Table 7.
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Table 7. Performance comparison of mathematical models under variation in the cyclone length
(cylindrical part is constant, conical part length varies).

Model e a E2 b

Barth 0.16669 0.05821
Leith and Licht 0.23384 0.10201
Iozia and Leith 0.27529 0.14126
Lapple 0.34541 0.24164
Muschelknautz 0.10310 0.02481
Avci and Karagoz 0.17530 0.05403
Sproull 0.37966 0.28516
Clift et al. 0.25237 0.10634

a e = ∑n
i=1
∣∣yd50−i,calculated − yd50−i, experimental

∣∣/n. b E2 = ∑n
i=1
(
yd50−i,calculated − yd50−i,experimental

)2/n.

In their study, Hsiao et al. [16] gave critical diameter values for ten different cyclone
lengths between 0.0875 and 0.39 m. Looking at the experimental critical diameter values
given, it can be seen that the critical diameter value increased with an increase in the length
of the cyclone conical part.

This increasing trend was also observed in the models of Muschelknautz and Avci
and Karagöz. To the contrary, for the models of Iozia and Leith, Leith and Licht, Lapple,
Clift et al., and Sproull, it can be seen that the critical diameter decreased with an increase
in the length of the cyclone conical part. In the Barth model, the critical diameter decreased
with an increase in cyclone length up to 0.1 m, then continued to increase with an increase
in length after this value. In other words, a turning point occurred in the Barth model. In
the other two models included in the calculation—that is, the Moore and McFarland and Li
and Wang models—the change in length did not cause any change in the critical diameter.

According to the experimental critical diameter values given by Saltzman and
Hochstrasser [22] for lengths of 0.04287, 0.05239, and 0.0762 m, the smallest critical diameter
value was 0.05239 m. Larger critical diameter values were obtained for sizes below and
above this value. In the calculations, the Avci and Karagöz model was the only model in
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which we observed the smallest critical diameter value at this value. In the Muschelknautz
model, there was a continuous increase in the critical diameter with an increase in length.
In contrast, a continuous decrease was observed for the other models, except for that of
Moore and McFarland.

Yang et al. [23] examined different cyclone lengths for KA values of 3, 5.5, and 8.
Looking at the experimental critical diameter values given for cyclone lengths of 1.1, 1.658,
1.844, and 2.03 m at KA = 3, the critical diameter value decreased with an increase in cyclone
length up to 1.844 m, then tended to increase after this value. Although this turning point
was not captured by any model, this value was calculated as 1.658 m in the Barth model.
In the models of Clift et al., Iozia and Leith, Leith and Licht, Lapple, Muschelknautz, and
Sproull, there was a continuous decrease in the critical diameter with increasing length;
while, in the Avci and Karagöz model, a continuously increasing trend was observed. In
the experimental data taken at KA = 5.5, the turning point was 0.914, and this value was
observed only in the Barth model. In the other models (except for those of Moore and
McFarland and Li and Wang), it was found that the calculated critical diameter value
decreased continuously with an increase in cyclone length. The turning point for the
experimental critical diameter values at KA = 8 was 0.542 m. In this range, no turning point
was observed in any model. The critical diameter value decreased as the cyclone length
increased for all models, except those of Moore and McFarland and Li and Wang.

3.4. Effect of Temperature

Temperature is one of the essential operating parameters affecting cyclone perfor-
mance, variations of which are commonly encountered in many different applications. It is
crucial in this respect. Fluid pressure or density were evaluated together, as an increase in
temperature affects the fluid viscosity and density and generally decreases the efficiency.

Experimental and numerical studies have shown that the cyclone separation efficiency
decreases with increasing operating temperature in cyclone separators [18–20,49–52].

To assess the effect of temperature, the results of the experimental studies by Bohnet [18],
Parker et al. [20], and Patterson and Munz [19] were used. The experimental critical
diameter values increased with increasing temperature in the data used, and all models
predicted this increasing trend. However, there were differences in the rates of change.
Although the critical diameter values calculated at different temperature values in the
models of Barth, Iozia and Leith, Lapple, Sproull, and Clift et al. differed, it was observed
that the rates of change were the same for all of them, as the change in temperature affects
the critical diameter value in direct proportion to the square root of the viscosity of the
gas; in other words, these models reacted to temperature change in the same way. The
comparison of the experimental critical diameter change rate with temperature and the
calculated critical diameter rates is shown in Figure 10. According to the data in Table 8
regarding the proportional prediction ability, the models of Muschelknautz, Leith and
Licht, and Moore and McFarland performed the best, in terms of predicting the effect of
temperature changes.

Table 8. Performance comparison of mathematical models under variation in temperature.

Model e a E2 b

Barth, Iozia and Leith, Sproull,
Clift et al. 0.23440 0.09066

Leith and Licht 0.19489 0.06731
Lapple 0.23453 0.09078
Muschelknautz 0.17381 0.05637
Avci and Karagoz 0.21888 0.08358
Moore and McFarland 0.19961 0.06769
Li and Wang 0.23977 0.09461

a e = ∑n
i=1
∣∣yd50−i,calculated − yd50−i, experimental

∣∣/n. b E2 = ∑n
i=1
(
yd50−i,calculated − yd50−i,experimental

)2/n.
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3.5. Effect of Cone Tip Diameter

The cone tip diameter is one of the geometric parameters of the cyclone, which should
be considered together with the cone length. The effect of fixed-length cone tip diameter
tends to increase the efficiency and pressure losses in experimental studies, and it can be
said that it is less effective than other parameters.

Xiang et al. [4] experimentally studied the effect on the critical diameter at three
different flow rates in cyclones with three different cone tip diameters. In the study of
Hsiao et al. [16] (the other study reviewed here), experimental critical diameter values
were presented for five cone tip diameters. Figure 11 shows the rate of change of the
experimental critical diameter values obtained in cyclones with different B values and the
rate of change of the critical diameter calculated using the mathematical models. It can be
seen that the change in B value did not lead to any change in the calculated critical diameter
in the models of Iozia and Leith, Lapple, Moore and McFarland, and Li and Wang. As the B
parameter is not included in the equations of the Lapple, Moore and McFarland, and Li and
Wang models, it is expected that the change in the cone tip diameter should not affect the
critical diameter. In the Iozia and Leith model, the choice between two different equations
to be used in calculating the natural vortex length, Zc, is determined by whether the cone
tip diameter (B) is larger or smaller than the central axis diameter (dc). If B is greater than
dc, the cone tip value does not affect the calculation in the equation used; otherwise, the
value of B affects the calculation of the natural vortex length. In the experimental data of
Xiang et al. [4], which we examined here, the change in cone tip diameter did not cause any
change in the critical diameter, as B > dc for all values. In the data of Hsiao et al. [16], there
was a difference in the calculation, as when the cone tip diameter was 0.004 m, its value
was less than dc. Only this value was calculated differently for the five cone tip diameters
found here. In contrast, the other B values were calculated in the same way, as they were
larger than dc. When calculating the critical diameter in the Barth model, the B value being
greater or less than the De value affects the critical diameter calculation, as it changes the
calculation of the hm value. In this model, if the De value is less than or equal to the cone
tip diameter, the B value does not affect the calculation. To the contrary, in the data of
Hsiao et al. [16], it was found that the critical diameter value decreased with an increase
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in the cone tip diameter (De > B) in the value range between 0.004 and 0.0125 m for the
cone tip. In the models of Leith and Licht, Sproull, and Clift et al., the change in critical
diameter had the opposite effect, compared to the experimental results. In other words,
according to the results of the experimental studies, the critical diameter value decreased as
the cone tip diameter decreased, while the critical diameter value increased in these three
models. The Leith and Licht model and Clift et al. model (which is an improved version
of the former model) gave worse results than the other models. In the Muschelknautz
and Avci and Karagöz models, it was observed that the critical diameter value decreased
with a decrease in the diameter of the cone tip, in accordance with the experimental study
results. The trends of these two models were also in accordance with the experimental
results, and the Avci and Karagöz model predicted the experimental rate of change of the
cone tip diameter more closely. In particular, the inclusion of parameters for the conical
part in the Avci and Karagöz model and the separate calculation for conical cyclones in
the Muschelknautz model had a positive effect on the results obtained using these models.
According to Table 9, it is seen that the best prediction of the experimental critical diameter
change rate for the cone tip diameter variation is Avci and Karagoz model.
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Table 9. Performance comparison of mathematical models under variation in the cone tip diameter.

Model e a E2 b

Barth 0.17647 0.03114
Leith and Licht 0.25302 0.06402
Muschelknautz 0.12224 0.01494
Avci and Karagoz 0.08559 0.00733
Sproull 0.22060 0.04867
Clift et al. 0.30764 0.09464

a e = ∑n
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∣∣yd50−i,calculated − yd50−i, experimental
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3.6. Effect of Cyclone Diameter

Next, we discuss the proportional response of the models to variation in the cyclone
diameter. The experimental data of Moore and McFarland [14], Dirgo and Leith [7], and
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Zhu and Lee [12] were used for this evaluation, which indicated that the critical diameter
value increases with increasing cyclone diameter (Figure 12). This change was found to be
the same in all model calculations. Although the increase in cyclone diameter was predicted
to increase the critical diameter by all models, the rates of change differed. In this sense,
conclusions can be drawn by looking at Table 10, which provides the mean absolute error
and mean absolute squared error values for the rates of change. According to the mean
absolute error values, the first three models that made the best predictions were those of
Leith and Licht, Clift et al., and Iozia and Leith, respectively.
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Table 10. Performance comparison of mathematical models under variation in cyclone body diameter.

Model e a E2 b

Barth 0.16472 0.03398
Leith and Licht 0.07302 0.00670
Iozia and Leith 0.10501 0.01475
Lapple 0.11889 0.01984
Muschelknautz 0.16013 0.03855
Avci and Karagoz 0.18459 0.04709
Moore and McFarland 0.16422 0.03518
Li and Wang 0.25819 0.08215
Sproull 0.11886 0.01984
Clift et al. 0.07982 0.00959
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3.7. Effect of Cyclone Inlet Cross-Section

The cyclone inlet cross-section is one of the most critical parameters affecting the
performance of a cyclone separator. The inlet can have different shapes where a circular or
rectangular inlet is most commonly used. Furthermore, it can also have different geometries.
Therefore, besides the size of the cross-section, the edge ratios are also important if the
cross-section is rectangular. In this respect, it is necessary to consider both cases.

As such, another important parameter affecting the performance of a cyclone separator
is the inlet geometry. The inlet hydraulic diameter and geometric shape are two important



Separations 2023, 10, 284 22 of 27

parameters when analyzing the effect of the inlet geometry. In their experimental study,
Hsiao et al. [16] investigated the effect of inlet geometry by keeping the aspect ratio (a/b)
constant and varying the inlet area, as well as keeping the inlet area constant and varying
the aspect ratio. The results of this study indicated that the critical diameter value increased
with increasing inlet area (due to decreasing inlet velocity). This result was also confirmed
in the studies conducted by Iozia and Leith [9] and Yang et al. [23]. As an increase in
the inlet area directly affects the inlet velocity, this effect on the critical diameter is an
expected result. Considering the a/b ratio—which is the other issue examined in the
study of Hsiao et al. [16]—it can be seen that the general trend is that the critical diameter
decreases with a decrease in this ratio. Here, it is also important which of the a or b values
is changed when changing the a/b ratio. Hsiao et al. [16] stated that decreasing the b value
may bring the particles closer to the cyclone wall, thus increasing the possibility of particle
accumulation on the wall. In the experimental data given by Iozia and Leith [9], the critical
diameter value increased with an increase in the b value while keeping the a value constant,
and the critical diameter value also increased with an increase in the a value while keeping
the b value constant.

In the following, we discuss how the mathematical models responded to variation in
the inlet hydraulic diameter, rather than the inlet geometry. In this sense, the experimental
data of Iozia and Leith [9] and Yang et al. [23] were used. Looking at the experimental
critical diameter values presented in the study of Iozia and Leith [9], it can be seen that
the critical diameter values increased with an increase in the hydraulic diameter. This
trend was the same for all models used in the calculation. In the data taken from this
study, the inlet velocity changes with the change in the inlet cross-section. In the study
of Yang et al. [23], the inlet hydraulic diameter changed, but the inlet velocity was kept
constant in all experimental tests. Keeping the inlet speed constant (i.e., changing only the
inlet hydraulic diameter) produced different responses in the models, compared to the other
study. In this context, the experimental critical diameter value increased with an increase in
the inlet hydraulic diameter. However, this increase was less than that observed regarding
the result of Iozia and Leith [9]. This increase was similar with the models of Barth, Leith
and Licht, Lapple, Muschelknautz, Avci and Karagoz, Sproull, and Clift et al., and was
observed to have a very small rate with the model of Moore and McFarland. On the other
hand, in the models of Iozia and Leith and Li and Wang, the calculated critical diameter
values decreased in the opposite direction to the experimental values with an increase
in hydraulic diameter. The top three models most closely predicting the experimental
critical diameter change rates were those of Li and Wang, Barth, and Moore and McFarland,
respectively (Table 11). Comparison of critical diameter ratio calculated by mathematical
models and experimental critical diameter ratio under variation in inlet cross-section is
presented in the Figure 13.

Table 11. Performance comparison of mathematical models under variation in inlet cross-section.

Model e a E2 b

Barth 0.05790 0.00426
Leith and Licht 0.24710 0.06569
Iozia and Leith 0.06979 0.00528
Lapple 0.23359 0.05957
Muschelknautz 0.09863 0.01261
Avci and Karagoz 0.24595 0.06638
Moore and McFarland 0.06539 0.00643
Li and Wang 0.04849 0.00336
Sproull 0.23359 0.05957
Clift et al. 0.23693 0.06225

a e = ∑n
i=1
∣∣yd50−i,calculated − yd50−i, experimental

∣∣/n. b E2 = ∑n
i=1
(
yd50−i,calculated − yd50−i,experimental

)2/n.
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3.8. General Evaluation

In the evaluations above, the critical diameters calculated by the mathematical models
for cyclone separators were examined proportionally for the determined parameters, with
the aim of determining the proportional closeness of the solution of the changes of these
parameters using the mathematical models to the experimental results. Next, all of the
data used in the study were evaluated in absolute terms, and the closeness of the critical
diameter values calculated by the models to the critical diameter values given in the
experimental studies was determined. For this study, approximately 400 experimental data
from 29 studies available in the literature were used. All experimental data were included
in the comparison detailed in this section. The experimental data used are provided in
Table 1. The values that are close to the line shown in Figure 14 can be said to indicate
the models predicting the critical diameter with low error. In addition, in Table 12, the
absolute error and absolute squared error values are given separately for the considered
mathematical models. From the table, it can be seen that the models of Avci and Karagoz,
Iozia and Leith, and Barth had the best prediction ability, regarding absolute error with
respect to the experimental data. In terms of absolute squared error values, the best results
were obtained using the models of Avci and Karagoz, Barth, and Lapple. The evaluation
described here is a general evaluation for tangential inlet counterflow cyclones with many
different cyclone geometries and operating parameters. As mentioned in the previous
sections, it was observed that some models gave better or worse results when examining
the variation in certain parameters.
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Table 12. Performance comparison of mathematical models in absolute terms for all data.

Model e (×10−6) a Eˆ2 (×10−12) b

Barth 0.799 2.287
Leith and Licht 1.134 5.106
Iozia and Leith 0.756 2.966
Lapple 0.820 2.688
Muschelknautz 1.015 6.576
Avci and Karagoz 0.569 1.910
Moore and McFarland 1.159 3.168
Li and Wang 0.976 4.124
Sproull 7.487 99.024
Clift et al. 1.355 5.619

a e = ∑n
i=1
∣∣d50−i,calculated − d50−i, experimental

∣∣/n. b E2 = ∑n
i=1
(
d50−i,calculated − d50−i,experimental

)2/n.

4. Conclusions

As there are many parameters affecting the performance of cyclone separators, some
of which are ignored in relevant mathematical models, it is very difficult to accurately
predict the actual value (i.e., experimental value). In our parametric investigations, a given
model may respond sensitively to the variation in one parameter, while not being sensitive
to the variation in another parameter. In this sense, when the results of the parametric
analysis performed in this study were examined, the following models were determined to
provide the best prediction performance, with regard to the respective parameters:

- The Moore and McFarland model for inlet velocity change;
- The Iozia and Leith model for De (vortex finder diameter) variation;
- The Leith and Licht model for s (vortex finder length) variation;
- The Muschelknautz model for cyclone length (with conical part constant) variation;
- The Muschelknautz model for cyclone length (with cylindrical part constant) variation;
- The Muschelknautz model for temperature variation;
- The Avci and Karagoz model for cone tip diameter variation;
- The Leith and Licht model for cyclone diameter variation; and
- The Li and Wang model for inlet cross-section variation.
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The best model in the general evaluation results was that of Avci and Karagoz (see
Table 12). In addition to all of these results, certain factors (e.g., large or small cyclone,
different flow regimes, and different Reynolds numbers) may further affect the predictive
capability of these models.

Considering the fact that there are at least 12 independent parameters (geometrical and
operating parameters) in cyclones, that they are related to flow regimes, and in addition
to this, the scale effect, measurement accuracy in experimental data, limited experimental
studies, differences in experimental conditions, it can be said that it is impossible for
mathematical models to fully meet them. In other words, it is expected that the models
deviate. Although this field is still open to development, it is also clear that it is difficult
to produce a complete solution. What is done in this study is to show the sensitivity of
the models depending on the parameters despite these difficulties. These evaluations are
limited to the experimental data obtained.

Although the models are open to improvement and are not very accurate at present,
they provide important ideas regarding the performance of cyclone separators. It can be
concluded that, when carrying out model selection, attention should be paid to how the
parameter whose change is examined is included in the calculation method of the model.
The absolute error values given in the general evaluation section provide us with a general
idea regarding the used data set. However, it is still difficult to say that one model is better
than another from a parametric point of view. The development of classification systems
(e.g., regarding the use of different mathematical models for different cyclones or different
models for different operating conditions) may facilitate reaching more accurate results in
specific scenarios.
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