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 Existing investigations present numerous theoretical frameworks for analyzing conventional 

gas cyclones, focusing on key performance indicators (KPIs) such as inlet velocities, pressure 

drop, and collection efficiency. These KPIs are critical in industries where understanding the 

transport and behavior of solid particles is paramount. Traditionally, predicting the complex 

swirling gas flow within these cyclones has relied on empirical studies, which are both 

resource-intensive and time-consuming. While theoretical models offer a potentially more 

efficient and cost-effective approach, they have received comparatively less attention in 

previous investigations of overall gas cyclone performance. This research endeavors to 

rigorously evaluate the accuracy of established gas separator theories. The methodology 

involves comparing theoretical predictions with numerical simulations and experimental 

data obtained at a controlled solid loading rate of 1 g/m³, across velocities of 5 and 10 m/s. A 

notable consensus emerged, favoring Muschelknautz's approach for predicting collection 

efficiency. Similarly, the Lapple and Shepherd model demonstrated utility in estimating 

pressure drop under conditions of low solid loading. However, several scholars have 

highlighted discrepancies arising from the influence of wall friction within gas cyclones and a 

general insensitivity to the particle phase within these models. This section provides an 

overview of published CFD simulation studies on cyclones, specifically examining the effects 

of high particle loading, at room and at high temperatures. Furthermore, the Mothes and 

Löffler model was identified as capable of accurately predicting the natural vortex length, a 

critical parameter for the design and optimization of conventional gas cyclones. 
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1. Introduction 

In 1885, John M. Finch of the United States 
received the first patent for a cyclone separator, 
assigned to the Knickerbocker Company. 
Although this early device, then termed a "dust 
collector," incorporated the core functional 
elements of contemporary cyclone designs (see 
Fig. 1), its distinguishing feature was the lateral 

discharge of collected dust from the cylindrical 
body, as opposed to the now-standard conical 
bottom outlet. Gas cyclones are favored in 
industries involving particle transport due to 
their low maintenance costs, capacity to remove 
larger particles, affordability, and resilience to 
harsh environmental conditions. Gas cyclones are 
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utilized to separate gas mixtures containing 
water or oil particles and droplets, adapting to 
various industrial process needs. Gas-particle 
cyclones rely on the tangential injection of a non-
uniform particle stream into a cylindrical 
separation chamber. Particle trajectories are 
then dictated by the boundary conditions at the 
cyclone walls, which are typically characterized 
by a rebound effect. The interplay of lift forces 
and the gaseous boundary layer near the walls 
further separates fine particles (directed to the 
outlet pipe) from denser particles (directed 
towards the bottom of the cyclone). Gas-oil 
cyclones exhibit a modified separation 
mechanism, where the density difference 
between oil and water governs droplet behavior. 
In this scenario, the impact of oil droplets on the 
cyclone walls results in the formation of a liquid 
film, influencing the rebound dynamics [1]. The 
contrasting behaviors of solid particles and liquid 
droplets in these cyclone configurations are 
illustrated in Figure 2. 

Ongoing numerical and experimental studies 
by various researchers have aimed to enhance 
gas cyclone performance [4,5, 6, 7–12, 13–22, 23–
32, 33,34]. In terms of numerical investigations, 
Fu et al. [35] have carried out a study of the 
effects of a helical baffle on gas-oil separation. 
They have observed that the helical guide vane 
serves to enlarge the separator wall surface area, 
which enhances droplet-wall contact and 
improves the collection efficiency, particularly 
for smaller droplets. This design is especially 
suited for use downstream of a condensing tank 
to capture any remaining entrained droplets. 

 
Fig. 1. Gas cyclone schematic 

 

Dai et al. [36] investigated liquid film behavior 
within a micro-cyclone separator designed for 
hydrogen fuel cells using a combined Eulerian 
Wall Film (EWF) and Volume of Fluid (VOF) 
modeling strategy. They recognized that the 
precision of the simulations could be affected by 
an excessively thick liquid film. To address this, 
they initially modeled the liquid film using the 
EWF method, transitioning to a VOF-based 
representation once the film thickness reached a 
predetermined level. This approach emphasizes 
the critical role of accurate and adaptive 
modeling in improving the performance of gas-
liquid separation systems. Gao et al. [37] have 
studied the impact of a spiral guide on an FCC gas 
cyclone. They reported that in contrast to cyclone 
separators equipped with a vortex finder, those 
without one experience a significant increase in 
short-circuit flow and greater vortex core 
instability. This leads to increased particle escape 
via the short-circuit flow path and heightened 
particle backmixing at the wall, which negatively 
impacts separation efficiency. 

Separators incorporating guide vanes, 
however, exhibit a different behavior. The spiral 
channel in these designs promotes particle pre-
separation, causing particles to concentrate 
towards the cylinder wall. Despite the increase in 
short-circuit flow, the particle escape and wall 
backmixing are lower than in the baseline PV 
design, resulting in improved separation. Sun et 
al. [38] investigated a cyclone separator design 
featuring a secondary cleaning gas injection 
system.  

Their findings indicated that strategic 
selection of flow channel width and extension 
length allowed the cleaning gas to reduce total 
deposited particle mass by more than 60%. 
Despite this improvement in separation 
performance, the implementation of a secondary 
cleaning gas stream necessitates an external air 
supply, resulting in increased energy 
consumption. Moreover, the injection system is 
prone to clogging issues over extended periods of 
operation. Barua et al. [39] have performed a 
study of the effect of inlet width and height 
variation on a multi-channel gas cyclone. Their 
obtained results revealed that the effect of axial 
velocity on collection efficiency in cyclone 
separators is complex. While higher downward 
axial velocities generally enhance particle 
collection, the presence of significant short-
circuit flow can disrupt the intended vortex 
pattern. This disruption leads to a reduction in 
axial velocity and, consequently, a decline in the 
overall separation performance of the cyclone.  
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Fig. 2. Movement of droplets[2] and particle[3] with wall 

Madaliev et al. [40] have numerically 
investigated the hydrodynamics of a centrifugal 
gas cyclone. They observed that the 
implementation of a screw cyclone, and in 
particular a screw cyclone with a variable pitch 
screw, leads to a notable increase in the efficient 
collection of zinc particles. Samadi et al. [41] have 
studied the use of compact gas cyclones to classify 
solid particles. Their results indicated 
that complete separation of particles with a 
diameter of six microns or greater is achieved, 
with a cut point diameter of 1 μm. To further 
understand the performance of the introduced 
cyclone design, numerical simulations were 
conducted to analyze the gas flow characteristics 
and visualize the trajectories of particles within 
the system. Tang et al. [42] conducted a study of 
a downhole spiral cyclone to separate natural gas 
hydrate. They observed that the separator design 
was optimized with the following structural 
parameters: a vortex guide plate positioned at 28 
mm, 6 inlets, a circular cross-sectional geometry 
for the spiral flow channel, 2 spiral lines, and an 
overflow pipe depth of 100 mm. Sun et al. [43] 
simulated an elliptical gas cyclone. They found 
that an elliptical cross section inside a gas cyclone 

can increase by 2% collection efficiency and 
reduce by 43% pressure loss. Zhao et al. [44] have 
investigated the effect of local erosion on rotating 
particles and flow patterns. They observed that 
the flow field complexity within a cyclone 
separator is increased by localized wear and 
deformation, as these irregularities generate local 
vortices. As the erosion thickness increases, the 
vortex core exhibits amplified oscillations, 
resulting in greater particle entrainment within 
the ash hopper. Moreover, the localized wall wear 
disrupts the intended particle pathways, causing a 
significant number of particles to overcome 
centrifugal forces and migrate radially. The 
cumulative effect of localized wear and 
deformation is a substantial reduction in the 
separation efficiency of the cyclone separator. 
Employing a combined computational fluid 
dynamics and discrete element method (CFD-
DEM) simulation approach, Liang et al. [45] 
examined the impact of operating conditions on 
particle rotation within a cyclone separator. Their 
findings indicated that particle rotation and 
revolution velocities decreased as both particle 
size and feed rate increased. 
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In terms of theoretical investigations, these 
efforts often involve theoretical designs to predict 
collection efficiency and pressure drop. Most 
theoretical models share common assumptions, 
including: 1) particles are spherical; 2) particle 
interactions are negligible; 3) radial gas velocity is 
zero; and 4) Stokes' law governs radial force on 
particles [46]. Theoretical forecasting of gas 
cyclone performance is crucial for gas separator 
design and setting performance targets. While 
these theories are all built on the aforementioned 
hypotheses, their validity is also dependent on 
turbulent flow assumptions within the separator, 
as well as specific operational or geometric 
conditions. Therefore, the reliability of a selected 
theory is judged against numerical or 
experimental findings. Comparisons, however, 
remain relatively uncommon in industrial practice 
and subsequent investigations. Moreover, existing 
theories that assess pressure drop and collection 
efficiency are primarily grounded in the turbulent 
flow characteristics of industrial-scale gas 
cyclones, often failing to accurately predict the 
performance of smaller gas cyclones [47].  

In the current study, frequently applied 
theories were selected based on numerical and 
experimental data concerning turbulence within 
industrial-scale gas cyclones, as obtained by 
Leung and Bogodage [48,49]. Data included a solid 
loading rate of 1 g/m³ at two tangential inlets with 
velocities of 5 and 10 m/s. Bogodage and Leung 
[49] also utilized numerical data from simulations 
conducted under the same experimental 
conditions, employing Large Eddy Simulation 
(LES) with a one-way coupling assumption to 
model two-phase flow and particle behavior in a 
gas stream. However, it's worth noting that many 
existing gas cyclone theories are based on 
separators with different inlet designs, such as 
slotted and circular inlets, unlike the rectangular 
inlet (similar in cross-sectional area) used by 
Leung and Bogodage [49]. The objective of this 
investigation is to review conventional gas 
cyclone theories and employ experimental data to 
identify suitable and useful approaches for 
predicting pressure drop and collection efficiency. 
Furthermore, drawing on conventional gas 
cyclone theories, Bogodage [49] analyzed 
numerical data related to velocity profiles, 
including tangential, axial, and radial velocities. 
The primary objective of this work is to review 
recent developments in the modeling and 
characterization of gas-particle separation 
dynamics within cyclone separators. The review 
specifically examines various modeling 
approaches used to simulate flow patterns, 
pressure drop, gas-particle separation behaviors 
(particle cut-size and grade efficiency), and the 
operation of dense medium cyclones. A 
comprehensive evaluation of the accuracy, 

applicability, and limitations of these models is 
presented. The review concludes by outlining 
prospective avenues for future advancements in 
the modeling of gas-particle cyclonic separation. 

2. Collection Efficiency  

While an understanding of cyclone flow is 
essential, it only provides a partial picture of how 
these devices accomplish their primary function: 
the removal of solid particles from dust-laden gas 
streams. The collection of particles within a 
cyclone is ultimately determined by the resultant 
of forces acting on the particles, causing them to 
migrate to the cyclone walls. Although centrifugal, 
drag, and gravitational forces are commonly 
considered, other potentially influential factors, 
such as particle-particle and particle-wall 
interactions, are often overlooked despite their 
potential impact on the collection process. The 
ability of a cyclone separator to remove particles 
is quantified by its collection efficiency, Z, defined 
as the proportion of the incoming solids flow rate 
that is successfully separated. Since cyclones often 
handle particles with a broad distribution of sizes, 
it is common to consider size-dependent 
efficiencies. In the limit where particle size 
intervals become infinitesimally small, a 
continuous function Z(x) is obtained, representing 
the grade-efficiency or fractional efficiency of the 
cyclone for particles of size x. A detailed 
mathematical treatment of the relationship 
between Z(x) and Z can be found in Ref. [46]. In the 
following discussion, we will focus on the 
converse relationship: given that f(x) represents 
the particle size distribution (PSD) at the inlet of 
the cyclone: 

0

( ) ( )f x x dx 


= 
 

(1) 

The grade-efficiency curve offers a more 
accurate assessment of the inherent separation 
capabilities of a cyclone separator. This is because, 
by definition, it is solely a function of the cyclone's 
design and operating parameters and is 
independent of the particle size distribution (PSD) 
at the inlet. On the other hand, the total collection 
efficiency, as shown in Eq. (1), depends on both 
the characteristics of the cyclone and the inlet PSD, 
making it a less intrinsic measure of the 
apparatus's performance. The inherent behavior 
of cyclone separators dictates that very large 
particles will be consistently separated from the 
gas stream, while very fine particles will inevitably 
escape collection. In an idealized scenario 
characterized by laminar and fully ordered flow, a 
distinct cutoff point would exist at a specific 
particle size ( )x , representing the threshold 

above which particles are separated and below 
which they are not. However, given that real-
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world flow conditions are far from ideal (and fixed 
particles cannot be separated or escape 
collection), particles of a certain size will have a 
range of likely separation. The 50% point for the 
cut size would be the ideal metric with a 
probability close to 0 and less than 1, where 

50( ) 0.5x = . A schematic depiction of key 

definitions related to cyclone collection efficiency 
is provided in Figure 3. For example, the 

horizontal cross-section of a cyclone separator in 
Figure 4 helps define the volume of gas and 
particles. If all particles have the same unit volume 
C then they can be mapped as a function of radius 
r and phase angle θ. The current model suggests 
that a radius dr has direct contact with the wall 
where they can accumulate. These particles will 
flow from distances rdθ in the angular direction 
and distances dz in the vertical direction. 

 
Fig. 3. Experimentally-derived fractional efficiency curve [50] 

 
Fig. 4. Schematic representation of the gas-particle separation 

process within a cyclone cross-section 

Therefore, the total number of particles 
collected within the defined control volume can be 
expressed as: 

( , )( )w wdN C R R dr drdzd − = −
 

2( , ) ( , ) ( )w w wC R R drdzd C R d dz dr   = −
 

( , )w wC R R drdzd 
 

(2) 

Considering all particle sizes, the total number 
of particles present within the control volume is: 

( ),
w

e

R

R

N C r rd dz dr =   
 

(3) 

Based on boundary layer separation theory, 
the proportion of particles removed within the 

control volume can be determined by combining 
Eq. (2) and Eq. (3): 

( , )

( , )
w

e

w w

R

R

C R R drdN

N
C r rdr





− =


 

(4) 

The trajectory equation close to the wall is 
given as: 

2

18

p p c

w

g

d Cdr
V

d




 

 
=   
   

(5) 

By combining and integrating the preceding 
equation, one obtains: 

2
( , )

18
( , )

w

e

p p c w w
w R

g

R

d C C R R drdr
V

d
C r rdr



 

 


 
=   
 


 

(6) 

The grade efficiency is therefore: 

0

2

1

( , )
1 exp

18
( , )

w

e

i

p p c w w

w R

g

R

N

N

d C C R R dr
V

C r rdr





 




= −

 
 

  
= − −   

  
 
 


 

(7) 
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According to Li and Wang [51], θT is defined as: 

( )2
T

S L

a




+
=

 
(8) 

1/3
2

2.3 e

D
L D forL H h

ab

 
=  − 

   

(9) 

 

L H h

for

L H S

−

= −



 

(10) 

Table 1 lists a range of theoretical models 
utilized to evaluate the collection efficiency of gas 
cyclones, as identified in the existing literature. A 
concise overview of these models is provided in 
the subsequent sections. 

Table 1. Overview of theoretical correlations for collection efficiency 

Model Equations 

Lapple 
50

9

2 P in

b
d

v N




=  (11) 

2

50

1

1

x

x

d

d
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 

+  
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   Suggested by 
Theodore and 
Paola [52] 

(12) 
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 n is calculated from Equation (64) (20) 
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2.1. Lapple model 

Lapple's model provides equations for 
calculating the collection efficiency of gas cyclones 
(Eq. (11), Eq. (12)), relating it to the cut-size 
diameter. This model relies on a force balance 
theory, assuming that solid particles entering the 
gas separator are uniformly distributed across the 
inlet opening and that all particles initially located 
within half of the inlet width are captured. This 
process yields a gas cyclone collection efficiency of 
50% [53]. Subsequently, Paola and Theodore 
developed a graphical representation of Lapple's 
model [52]. A comparison with experimental 
results from Leith and Dirgo, who investigated 
grade efficiencies in a Stairmand high-efficiency 
gas cyclone (305mm diameter) at velocities 
ranging from 5 to 25 m/s and a solid loading rate 
of 0.05 g/m³ [54], revealed that Lapple's theory 
underestimated collection efficiencies for coarse 
solid particles and overestimated them for smaller 
solid particles, resulting in a flatter collection 
efficiency curve. Lapple introduced a parameter 
called the revolution number to reconcile the 
experimental cut-size diameter with theoretical 
predictions [53]. The cut-size diameter value was 
determined to be 5 microns by Lapple [53]. 
However, Leith and Dirgo's experiments [54] 
found that this parameter ranged from 10 to 25 
with increasing inlet velocity, thereby limiting the 
theory's applicability to specific conditions. 
Gimbun et al. [55] have numerically generated 
several grade efficiency curves based on Lapple's 
model under varying initial conditions, such as 
high temperature and high pressure. 

2.2. Barth Model 

Barth proposed an alternative collection 
efficiency model, also linking efficiency to the cut-
size diameter. This model relies on balancing the 
drag force and centrifugal force to determine the 
terminal settling velocity ratio. Equations (13)-
(19) outline the governing equations of this 
theoretical framework. A comparison of its 
empirical predictions with data from Xiang et al. 
[56] and Griffiths and Boysan [47] suggests that 
the Barth model provides reasonable accuracy. 

2.3. Lieth and Litch Model 

In 1991, Leith and Licht developed a 
pioneering theory to predict the grade efficiency 
curve, incorporating the average residence time 
and flow behavior within a gas cyclone [57]. Their 
approach correlated collection efficiency with 
particle residence time, enabling a deterministic 
evaluation of particle trajectories. Equations (20)-
(23) represent this theoretical framework. 
However, the theory relies on certain 
assumptions, such as uniform mixing of gas and 

particles injected at each cross-section, leading to 
progressive cleaning near the exit. This approach 
neglects back-mixing between the two vorticities 
within the gas cyclone. Several researchers have 
demonstrated the existence of a concentration 
gradient in the radial direction of gas separators 
[58–60]. This concentration gradient contradicts 
the assumption of complete mixing, and the use of 
deterministic particle trajectories is also 
inconsistent with the assumption of fully mixed 
particles. Dietz argued that using average 
residence time in calculations would effectively 
reduce the predicted grade efficiencies, making 
the theory unable to accurately predict gas 
cyclone collection efficiency [51]. Conversely, 
Staimand's experimental determination of the 
grade efficiency curve aligns well with Leith and 
Licht's theory, as noted by Lieth and Mehta [57]. In 
contrast to this agreement, other researchers have 
shown the theory to be inadequate for evaluating 
experimental collection efficiency curves and 
particle size diameters [61–63]. Clift et al. [64] 
improved the Leith and Licht model equations to 
account for particle removal on the walls and to 
consider the effects of varying conditions on the S-
shaped efficiency curve, which has been reported 
by numerous researchers. Although Clift's 
equation applied the internal volume of a gas 
cyclone from Danckwerts without accounting for 
inlet and outlet configurations, it enabled 
estimation of the residence time [61]. Further, 
Clift et al.'s [64] re-derived correlations showed 
good agreement with experimental results from 
Dirgo and Leith [54], but poor agreement with 
Xiang et al. [56]. 

2.4. Muschelknautz Model 

Muschelknautz et al. developed a theory that 
refined Barth's model by incorporating the effects 
of wall roughness, secondary flow, particle 
loading, and changes in particle size distribution 
within the gas cyclone on its overall performance 
[65,66]. This refined model is currently 
considered a practical approach for modeling gas 
cyclones [67]. The model is based on the concept 
of critical loading, which describes the number of 
solid particles transported in a turbulent 
suspension. The related equations are presented 
in Eqs. (24)-(28). However, findings from 
experimental studies conducted by Hofmann et al. 
suggest that this approach may not accurately 
represent critical loading phenomena [68]. 

2.5. Dietz Model 

Dietz [69] proposed a model for cyclone 
separator collection efficiency, building upon the 
work of Leith and Licht [57] by incorporating 
three distinct flow regions (entry, annular, and 
core), informed by Linden's experimental 
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observations [70]. A key distinction from previous 
models was the consideration of particle exchange 
between the annular and core regions. However, 
Dietz retained the assumption of uniform radial 
particle concentration within each region, similar 
to Leith and Licht [57], and neglected axial back-
mixing. Although Dietz's model [69] showed 
reasonable agreement with Stairmand's 
experimental data [71], Clift et al. [64] critiqued it 
for predicting physically unrealistic 
discontinuities in particle concentration between 
the annular and core regions. They posited that 
the model's alignment with experimental data was 
likely fortuitous rather than a reflection of the 
model's underlying theory. 

2.6. Dirgo Model 

Dirgo and Leith empirically adjusted Barth's 
equation for terminal velocity ratios by increasing 
it fourfold to achieve better agreement with their 
experimental observations. This modification 
resulted in a simplified mathematical expression 
of Barth's graphical representation, which 
correlates collection efficiency with the terminal 
velocity ratio (Eq. (34)) [54]. 

2.7. Mothes and Loffer Model 

Mothes and Löffler [60] critiqued 
Muschelknautz's [65] concept of critical loading 
and refined Dietz's [69] model by introducing a 
new flow region in proximity to the cyclone's dust 
exit to account for particle re-entrainment. They 
then incorporated particle agglomeration, 
calculating impact and sticking probabilities. This 
approach further integrated turbulent diffusivity 
in both the annular and core regions. Unlike 
Dietz's [69] model, this framework removes 
discontinuities in particle concentration, analyzes 
particle trajectories, and combines diffusive 
motion (which affects grade efficiency) with 
deterministic mean motion (which primarily 
dictates the cut-size diameter, d50) [51,72]. The 
intricate theoretical derivations of this model are 
detailed in Equations (35)-(45). Clift et al. [64] and 
Gao et al. [73] have demonstrated the model's 
good agreement with experimental data. A 
limitation, however, remains: Clift et al. [64] also 
highlighted that the model's predictive capability 
is hindered by the challenge of accurately 
estimating the particle dispersion coefficient, 
which reflects the effective turbulent diffusivity. 

2.8. Iozia and Leith Model 

Iozia and Leith [62] modified the Barth model, 
introducing distinct equations (Eqs. (46)-(50)) to 
improve its fit with their own cyclone geometry 
experiments. They reported significant 
consistency between the modified model and their 

experimental data. This assessment was 
corroborated by Xiang et al. [56], who found that 
Iozia and Leith's adapted model offered a more 
accurate representation compared to the original 
Barth theory [74] than did the Leith and Licht [57] 
variant. Conversely, Griffiths and Boysan [47] 
noted a sharp divergence between these findings 
and experimental results reported by Kim and Lee 
[63]. 

2.9. Mothes and Loffer 

Li and Wang deviated from traditional cyclone 
flow region separation by concentrating on the 
influence of finite turbulent particle diffusivity in 
generating radial concentration gradients. Their 
model, represented by Eqs. (51)-(58), achieved 
this by neglecting turbulent particle dispersion 
within the cyclone's core while still accounting for 
the particle concentration gradient. Conversely, 
they posited a zero particle concentration 
gradient at the walls but incorporated a finite 
turbulent diffusivity, effectively including particle 
bounce/re-entrainment and turbulent diffusion at 
the cyclone wall. Li and Wang asserted that their 
model provided superior predictive capabilities 
after validating it against the Dirgo and Leith 
experimental data [54] and other theoretical 
models. However, this assessment was 
subsequently challenged by Kim and Lee [63], who 
raised concerns about implausibly high tangential 
velocities, unrealistic wall boundary conditions, 
and a failure to conserve particle numbers. 
Numerical analyses by Jolius et al. [55] suggested 
that Li and Wang's model [75] demonstrated 
superior predictive accuracy compared to other 
collection efficiency models [53,62] when 
evaluated against experimental data from Kim and 
Lee [63], Dirgo and Leith [54], and Ray et al. [76]. 

3. Pressure Drop 

Dimensional analysis is a useful tool for 
determining the key variables and structuring 
both empirical and theoretical formulas related to 
pressure drop in cyclones. As an example, 
following the approach of reference [77], we 
arrive at a relatively comprehensive list of 
variables. 

21

2

( , , ,Re , )

c

c

g in

s
c si c

g

P

V

f Geometry Fr C









=

=

 

(60) 

The dimensionless pressure drop, xc (also 
referred to as the Euler number, Eu), is 
conventionally defined in terms of the inlet gas 
velocity, although alternative definitions are 
viable. As is typical in turbulent flow regimes, the 
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influence of the Reynolds number is only 
significant up to a particular threshold and is 
typically negligible under practical operating 
conditions. The Froude number (Frc = vi²/gDc) 
and solid-to-gas density ratio (ρs/ρg) can be 
eliminated because their variation is small under 
typical cyclone designs and operating conditions. 
Moreover, they have no effect in dilute flow 
conditions: 

1- To generate the new computational model, 
the total pressure drop inside a gas cyclone 
was divided into four parts. 

2- The pressure drop caused by the expansion of 
the gas stream as it enters the separator.  

3- Pressure drop caused by wall friction within 
the separator's internal volume. 

4- Pressure drop caused by the rotational 
component of the gas flow.  

5- Pressure drop resulting from gas flow through 
the outlet tube. 

The pressure drop caused by the expansion of 
the gas stream as it enters the separator was 
calculated as follows: 

21

2
in in g inP V 

 
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   
(61) 

2.1- The pressure drop caused by the expansion of 
the gas stream as it enters the separator 

This pressure drop calculation is based on the 
idealized condition of uniform flow from the right 
pipe into the limited space, and the result is given 
by: 

( )
1in

w e

ab

R r H


 
= − 

−   
(62) 

2.2- Pressure drop caused by wall friction within 
the separator's internal volume 

The pressure loss caused by friction against the 
walls inside a separator can be analyzed as if it 
were in a state of static equilibrium within cyclone 
separators: 

( ) ( )2 21

4
fr e l evP D d c DL  
    − =      

(63) 

The factor cl adjusts for the swirling flow in 
relation to how evenly the flow is distributed at 
the wall of the cyclone separator. This adjustment 
is done according to the Shepherd and Lapple 
method. 
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
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(64) 

The average shear stress (τ̄θev) of the gas in 
the outer vortex can be determined using 
Fanning's equation. 
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where f = 0.0055 

The mean tangential velocity (v̄θw) of the 
external vortex can be determined from: 
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The result of combining the previous equations 
is: 
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2.3- Pressure drop caused by the rotational 
component of the gas flow 

If axial effects are negligible, the Navier-Stokes 
equation in cylindrical coordinates can be 
simplified to show the relationship between 
pressure and 3D velocity. 
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(68) 

Zhao [78] proposed the following expression 
to represent the circumferential flow pattern or 
velocity profile, incorporating the effect of wall 
roughness: 
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( ) inQ ab V=
 (75) 

where 0.0065 =  

Although the expression for 𝑉𝜃 looks 
complicated, the result agrees very well with the 
typical velocity profile based on the power-law 
correlation of Alexander [79]. 
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2.4- Pressure drop resulting from gas flow through 
the outlet tube 

This pressure drop accounts for both local 
pressure losses and friction-related pressure 
losses in the outlet pipe. 

out ol ofP P P =  +  (77) 

The localized pressure drop was treated as a 
gas flow contraction loss as the gas moves from 
the cyclone body to the outlet pipe. 
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Due to the strong swirling flow, the outlet 
pipe's pressure drop was calculated similarly to 
the pressure drop from wall friction inside the 
separator. 
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τ̄θiv represents the average shear stress of the 
gas in the internal vortex, and v̄θiv is the average 

tangential velocity in the same vortex. We can 
estimate v̄θiv by assuming it's equal to the 
tangential velocity at a radius of r = re. 
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Combining and transforming these equations 
leads to: 
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2.5- Total pressure drop  

In summary, the formula for the overall 
pressure loss is: 

in fr vf outP P P P P =  + + +
 (84) 

Cyclone pressure drop is often characterized 
by the pressure drop coefficient (PDC), ξ, which is 
a measure of gas inlet velocity heads and is solely 
determined by the cyclone's physical dimensions. 
Its definition is given by: 
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Existing theoretical models designed to predict 
pressure drop in cyclones are continuously being 
refined; however, limitations persist, precluding 
their universal applicability across all 
experimental conditions. Several of the more 
commonly employed models are summarized in 
Table 2. 

Table 2. Theoretical Formulations for Pressure Drop Prediction 
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tot body eP P P =  +   (91)  
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3.1. Shepherd and Lapple Model 

The empirical pressure drop model developed 
by Shepherd and Lapple [80], as represented by 
Eq. (85), is limited in scope due to its exclusive 
reliance on gas inlet and outlet dimensions. 
Consequently, it lacks the capacity to analyze the 
impact of varying geometric configurations or 
operational parameters. Nevertheless, Leith and 
Mehta [57] reported that this model yielded 
accurate correlation coefficients when applied to 
their experimental dataset. 

3.2. Stairmand Model 

Stairmand [81] proposed an alternative 
theoretical framework, commencing with the 
development of velocity distribution models 
based on a momentum balance within the cyclone 
separator. The subsequent estimation of pressure 
drop considered factors such as entrance and exit 
losses, alongside static pressure losses within the 
vortex. Iozia and Leith [62] further refined 
Stairmand's model through the calculation of 
correlation coefficients, as expressed in Eqs. (86)-
(87). Consistent with this refinement, Leith and 
Mehta [57] suggested that this approach is 
conducive to accurate predictions, as it produces 
correlation values that are highly congruent with 
those generated by the Shepherd and Lapple 
model. 

3.3. Barth Model 

Barth [74], in his investigation of pressure 
drop within cyclone separators, proposed a model 
that considered pressure losses within three 
distinct regions: the inlet, the cyclone body itself, 
and the vortex finder. While acknowledging the 
presence of inlet pressure loss, Barth suggested its 
impact could be considered negligible in practical 

calculations. The pressure drop within the cyclone 
body was primarily attributed to a reduction in 
swirl velocity along a defined friction surface, a 
relationship expressed mathematically as 
Equation (88). A key innovation of Barth's model 
was its explicit consideration of the friction 
factor's dependence on solid loading, a parameter 
often overlooked in alternative theoretical 
frameworks. Furthermore, Barth formulated a 
semi-empirical relationship (Equation (89)) to 
quantify pressure drop within the vortex finder. 
The predictive accuracy of Barth's model has been 
substantiated by Leith and Mehta [57], who 
demonstrated its strong performance across a 
range of correlations. 

3.4. Muschelknautz Model 

Muschelknautz [82,83] developed a pressure 
drop prediction methodology (Equations (92)-
(96)) that centers on pressure losses occurring 
within the cyclone body. These losses are 
primarily attributed to frictional forces at the wall 
and energy dissipation within the vortex core. In 
addition to losses within the cyclone body, 
Muschelknautz acknowledged the role of the 
vortex finder, identifying particle loading and flow 
acceleration as contributing factors. Specifically, 
the impact of mass loading on pressure drop 
within the vortex finder was assessed using the 
Barth equation (Equation (88)) as a 
computational tool within Muschelknautz's 
overall framework. 

3.5. Casal and Martinez Model 

Casal and Martinez [84] proposed a simplified 
empirical model (Equation (97)) for estimating 
pressure drop in cyclone separators. This model 
relies primarily on the geometric dimensions of 
the inlet and outlet sections of the cyclone. A 
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notable characteristic of this approach is its 
independence from other physical properties and 
operating conditions; the predicted pressure drop 
remains constant regardless of variations in these 
parameters. 

4. Fluid Flow Pattern 

Accurate prediction of particle separation 
efficiency in cyclone separators hinges on a 
comprehensive understanding of the internal flow 
field, particularly the distributions of axial, 

tangential, and radial velocity components. Of 
these components, tangential velocity is 
paramount, as it constitutes the primary driving 
force behind particle separation. While axial and 
radial velocities contribute to the overall flow 
dynamics, their influence on separation efficiency 
is secondary to that of tangential velocity. 
Consequently, considerable research effort has 
been dedicated to developing models that predict 
tangential velocity profiles within cyclones, a 
selection of which are summarized in Table 3. 

Table 3. provides a compilation of theoretical models from the literature, all aimed  
at predicting flow patterns within cyclone separators. 
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4.1. Alexandra Model 

Alexander [85] is credited with pioneering the 
development of a theoretical model (Equations 
(98)-(100)) for predicting flow patterns within 
cyclone separators. His model, based on purely 
empirical correlations, relates the ratio of 
tangential velocity at the wall to the mean inlet 
velocity. This relationship is specifically 
applicable at high Reynolds numbers. Alexander 
also proposed a method for characterizing 
viscosity variation with gas temperature using an 
exponent. However, the applicability of 
Alexander's model is limited to cyclone separators 
with smooth walls and operating under low solid 
loading conditions [47]. Furthermore, the model's 
underlying assumption – that swirling velocity at 
the wall equals the inlet velocity, irrespective of 
inlet geometry – has been identified as a potential 
flaw. Patterson and Munz [70] observed that while 
Alexander's model provides reasonable 
predictions of tangential velocity at ambient 
temperatures, its accuracy diminishes at elevated 
temperatures, and it exhibits a high sensitivity to 
geometric parameters. Supporting the 
significance of these parameters, Zhao et al. [73] 
found good agreement between their 
experimental results and those predicted by 
Alexander's model, while also emphasizing the 
complex nature of the vortex exponent n. They 
noted that the value of n is influenced by a 
combination of factors including Reynolds 
number, cyclone geometry, and wall roughness. 

4.2. Barth Model 

Barth's empirical model [86] posits the 
existence of a hypothetical cylindrical core, 
extending downward from the vortex finder along 
the central axis of the cyclone separator to the 
bottom. This conceptual core is defined by its 
height and diameter. A significant contribution of 
Barth's model lies in its pioneering attempt to 
incorporate the influence of both wall friction and 
cyclone geometry on the tangential velocity 
components within the cyclone. The core 
equations underpinning this model are detailed in 
Equations (101)-(104). 

4.3. Muschelknautz Model 

Muschelknautz expanded upon Barth's model 
to develop a more sophisticated framework for 
predicting flow patterns within cyclone 
separators. This advancement incorporated the 
effects of both wall  friction and mass loading, 
thereby providing a more realistic representation 
of the internal flow dynamics. The mathematical 
formulations underlying this framework are 
detailed in Equations (105)-(110). 

4.4. Meissner an Loffer Model 

Meissner and Löffler [70] proposed a method, 
detailed in Table 3, for predicting the flow field 
within cyclone separators based on a momentum 
balance approach (Equations 111-113). This 
method involves dividing the flow domain into 
vertical cylindrical elements and equating the 
momentum influx and efflux with the frictional 
forces acting at the top and bottom surfaces. The 
model simplifies the analysis by neglecting wall 
friction along the cylindrical body. However, the 
Meissner and Löffler method exhibits several 
limitations. It is primarily applicable to cyclone 
separators with slot-type inlets and cylinder-on-
cone configurations. Furthermore, its accuracy is 
compromised under high mass loading conditions, 
as it does not consider the influence of dust 
deposition on the wall friction factor. Empirical 
validation by Patterson and Munz [70] and Zhao et 
al. [73] suggests that this method tends to 
overestimate experimental measurements. 
cylindrical elements and balancing the 
momentum entering and exiting with the 
frictional forces at the top and bottom of the 
cyclone, while neglecting the wall friction of the 
cylindrical body. However, it is limited to 
predicting flow patterns in cyclone separators 
featuring slot-type inlets and cylinder-on-cone 
designs. Additionally, it is only suitable for low 
mass loading conditions, as it does not account for 
the impact of dust deposition on the wall friction 
factor. Furthermore, this model tends to 
overestimate the experimental data from 
Patterson and Munz [70]  and Bingtao et al. [73]. 

5. Results and Discussion 

5.1. Collection Efficienc 

The divergence between the current study's 
findings and the predictions of Li and Wang's 
theory may be attributable to the elevated particle 
concentrations employed in the experimental 
setups of Dirgo and Leith [54] and Kim and Lee 
[63]. While the Lapple method provided 
satisfactory estimations of collection efficiency for 
particles within the 2.0 - 10.0 μm range across two 
tested velocities, it demonstrated a tendency to 
underestimate efficiency for finer particles. A key 
parameter in the Lapple model, the number of 
turns (N), is inherently dependent on specific 
cyclone design and inlet velocity, introducing a 
potential source of error; in these calculations, a 
fixed value of 12 was used. The Mothes and Löffler 
theory exhibited good agreement with 
experimental data for particle sizes between 5.0 
and 10.0 μm at a velocity of 10 m/s. Across all 
theoretical models, consistency with experimental 
results was observed for particles exceeding 10.0 
μm. However, at a reduced velocity of 5 m/s, the 
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theoretical grade efficiencies for fine particles  
(< 5.0 μm) tended to be underestimated, although 
alignment improved for particles larger than 5.0 
μm. The most pronounced discrepancies were 
observed for the Mothes and Löffler and Li and 
Wang theories. A potential contributing factor to 
the inaccuracies of Barth, Li and Wang, and 
Mothes and Löffler's theories lies in their 
treatment of wall friction. While these models 
account for a constant effect of wall friction, this 
simplification may not adequately represent the 
complex relationship between friction and 
varying particle loading rates within the cyclone. 
Furthermore, Mothes and Löffler's assumption of 
constant turbulent diffusivity may not accurately 
reflect the turbulent flow regime within the 
cyclone separator. The Leith and Licht model 
consistently overestimated grade efficiencies, 
producing a flatter curve in contrast to the typical 
'S-shaped' curve (Fig. 5). This behavior is likely a 
consequence of the model's assumption of 
uniform mixing of gas and particles at each axial 
cross-section, leading to distinct and potentially 

unrealistic grade efficiency predictions. This 
pattern aligns with observations reported by 
Griffiths and Dirgo and Leith [54], Clift et al. [64], 
Boysan [47], and Kuo and Tsai [87], suggesting a 
systematic limitation of the Leith and Licht 
approach. Muschelknautz’s theory stands out due 
to its consideration of particle loading effects. 
However, analysis of the grade efficiency curves 
generated by this theory reveals inconsistencies 
between the dfact parameter (as defined by 
Muschelknautz) and the experimental data 
obtained in this study. The original theory posits a 
dfact range of 0.9 to 1.4, whereas calculations 
based on experimental results yielded a 
significantly broader range of 0.18 to 3.2. 
Similarly, the theory prescribes a slope (m) 
between 2.0 and 7.0, while the present study 
determined a range of 0.18 to 1.8. Therefore, a 
critical re-evaluation of the dfact parameter and 
its underlying assumptions is warranted to more 
accurately assess the applicability of 
Muschelknautz’s theory to the experimental 
conditions investigated here. 

  
Fig. 5. Presents a comparative analysis of theoretical grade efficiency curves with experimental data obtained from [57] and 

numerical simulation results from[88]. This comparison is performed to assess the validity of the theoretical models 
 at two distinct inlet velocities: (a) 10 m/s and (b) 5 m/s. 

 

5.2. Pressure Drop 

Pressure drop calculations were performed 
using the theoretical models developed by 
Stairmand [71], Barth [74], Shepherd and Lapple 
[80], Casal and Martinez [84], and Muschelknautz 
[66,89]. These theoretical values were 
subsequently compared with both experimentally 
derived and numerically simulated pressure drop 
data (Table 4). The models proposed by Stairmand 
and Barth estimate pressure drop based primarily 
on pressure losses at the inlet and outlet, coupled 
with swirling losses within the cyclone body. 
However, these models do not account for the 
influence of solid loading, a factor demonstrated 
to be significant in numerous studies [90–93]. In 
practical cyclone applications, relying solely on 
inlet and outlet pressure losses may be insufficient 

due to the considerable pressure drop occurring 
within the dust collection section.  

This section is critical in influencing the overall 
pressure drop, as processes such as sudden 
extraction, swirling effects, and high particle 
concentration zones contribute substantially to 
energy dissipation. Consequently, the observed 
overestimation of theoretical pressure drops 
predicted by the Stairmand and Barth models 
likely underscores the significance of these 
factors. The purely empirical models of Shepherd 
and Lapple and Casal and Martinez offer an 
analysis predicated on experimental data, but they 
potentially neglect the relevance of operational 
conditions by focusing primarily on the cyclone's 
inlet and vortex finder outlet. In the present study, 
the Casal and Martinez model overestimated 
pressure drops, while the Shepherd and Lapple 
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model exhibited relatively more accurate 
predictions. While the Shepherd and Lapple model 
produced the closest agreement with 
experimental data among the tested theories, the 
underlying reasons for this accuracy remain 
unclear. A possible explanation relates to the 
specific pressure drop sampling points utilized in 
the experiment. As highlighted in the study by 
Bogodage and Leung [48], pressure drops were 
measured between the inlet and an outlet location 
not positioned at the vortex finder, complicating 
the assessment of the Shepherd and Lapple 
model's accuracy in that context. Nevertheless, 

some general inferences can be made, 
acknowledging the potential influence of pressure 
drops arising from sudden contractions in cyclone 
separators and expansions at the inlet and outlet 
on swirling losses within the cyclone body. 
Despite incorporating wall friction losses 
associated with solid loading and vortex core 
losses via calculated pressure drops, 
Muschelknautz's mechanistic theory also 
overestimated experimental pressure drop 
values. Indeed, this model yielded the most 
substantial overestimation of pressure drops 
relative to all other tested theories. 

Table 4. Pressure drop data at inlet velocities of 1 and 2 m/s, illustrating the agreement between experimental measurements, 

numerical simulations, and theoretical predictions based on [mention models used, if relevant 

Method  
Pressure drop[ Pa] 

At 5 m/s At 10 m/s 

Experimental (at solid loading rate of 1 g/m3) 37.30  157.05 

Numerical ( LES method) (at solid loading rate of 1 g/m3) 43.8  198.74 

Shepherd and Lapple  38.75  155 

Stairmand  60.31  241.25 

Bath  70.66  282.3 

Casal and Martinez 54.36  217.47 

Muschelknautz (at solid loading rate of 1 g/m3) 136.91  336.25 

 

5.3. Flow Patterns in gas cyclone 

As various cyclone designs [94] illustrated by 
earlier flow pattern models, the design from ter 
Linden [95] demonstrates that each axial design is 
different but very similar, as shown in Figure 6. 
The important forces are the various axial forces, 
where an overall Rankine design is what should be 
achieved. The different components have allowed 
a more centralized design in both axial and 
various changes. 

The Rankine model best uses the key velocity 
exponent n. That value is between 0.5 and 0.9 and 
can be influenced by a great number of factors, 
such as the design, with cyclone diameter having a 
significant effect, but they are often very linked 
and connected. In particular are designs where the 
Reynolds Number is relevant, where if a smaller 
diameter is used, there must be increased loading 
and temperature, which would further decrease 
the value [57,96]. The designs from (0.96-1) show 
the high correlation is found to be similar between 
most of the velocity numbers. This relation also 
finds that different diameters and such often can 
show where the location between different 

quasars may exist in Fig. 7, compared with 
experimental data. 

This study investigates the accuracy of several 
established theoretical models in predicting 
tangential velocity profiles within a cyclone 
separator, a crucial aspect of swirling flow 
behavior. The models developed by Alexander 
[79], Meissner & Löffler [97], Barth [74], and 
Muschelknautz [89] (summarized in Table 3) 
were employed to calculate tangential velocity, 
and their predictions were compared with 
computational fluid dynamics (CFD) results for an 
inlet velocity of 10 m/s (Fig. 8). Due to the absence 
of experimental data for validation, the analysis 
focuses solely on comparing the theoretical 
predictions with the numerical simulations. The 
results reveal that the empirical models of 
Alexander and Meissner & Löffler, while capable of 
capturing the tangential velocity field in the outer 
vortex region, tend to overestimate the velocity 
magnitude. The incorporation of a wall friction 
factor in Meissner & Löffler's model did not 
demonstrably improve the accuracy of their 
predictions. 
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Fig. 6. Flow pattern  in a  conventional gas cyclone [95] 

 
Fig. 7. Experimental model compare with  each other under different conditions [73] 
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Similarly, the theoretical models of Barth and 
Muschelknautz, which incorporate both the 
tangential velocity at the control surface and the 
wall friction factor, also overpredicted the 
tangential velocity when compared to the CFD 
results. A key limitation of these theoretical 
models is their inability to predict the actual 
velocity fields with the same fidelity as those 
employed for assessing performance parameters. 
Furthermore, the Large Eddy Simulation (LES) 
employed in this study utilized a one-way coupling 
approach, neglecting the influence of the particle 
phase on the fluid phase. As demonstrated in 
previous numerical studies by Derksen et al. [98], 
Qian et al. [99], and Xue et al. [59], the presence of 
solid particles leads to a reduction in tangential 
velocity. Consequently, the actual tangential 
velocities within the cyclone separator are 
expected to be lower than the numerical results 
obtained in this study. This discrepancy suggests 
that the tested theoretical models fail to 
accurately represent the real-world conditions 
where particle-fluid interaction significantly 

impacts the tangential velocity field. Therefore, 
the discrepancy between the theoretical models 
and numerical results might be further amplified 
in a real cyclone separator with a two-way 
coupling between the particle and fluid phases. 

5.4. Solids loading impacts  

At low solid-to-gas mass loading ratios (e.g., 
0.01 kgs/kgg), solid particles are observed to 
aggregate into discrete, thin strands along the 
interior walls of the cyclone, exhibiting a 
downward spiral trajectory. Conversely, under 
high mass loading conditions (e.g., 10 kgs/kgg), a 
substantial fraction of (or the entirety of) the wall 
surface is enshrouded by a contiguous layer of 
solid particles (identified as a "dense strand" in 
[100]), which is then directly conveyed into the 
solids discharge [89]. Existing experimental work 
indicates that increasing the inlet solids mass 
loading ratio typically enhances both overall and 
grade separation efficiencies in cyclones 
[46,68,89].  

  

 
Fig. 8. Theoretical tangential velocities compared with numerical tangential velocities  

(a) 0.075 m; (b) 0.2 m and (c) 0.3 m downward to the vortex finder inlet. 
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Hoffmann and Stein [46] demonstrated a 
marked improvement in grade efficiency for most 
particle sizes with an increase in mass loading 
from 3.7 × 10-3 to 2.6 × 10-2 kgs/kgg. However, 
they also highlighted the interplay between mass 
loading, inlet gas velocity (swirl strength), and 
separation efficiency [101]. As shown in Figure 2, 
the data from [46] suggests that the benefits of 
increasing cyclone Reynolds number on 
separation efficiency are most evident at lower 
mass loadings (below 0.01 kgs/kgg), given a 
constant kinematic response time of 0.1 
milliseconds. The high separation efficiencies 
reported by Fassani and Goldstein [91] are likely 
due to the higher kinematic response time of their 
particles compared to other studies in Figure 9, 
while the influence of this parameter is 
inconclusive across the other studies. 

While experimental work consistently 
demonstrates that solids loading influences 
separation efficiency, the precise mechanism 
remains debated [46]. Competing theories include 
the "critical mass loading ratio" (ФG) of 
Muschelknautz and Brunner [65,89], where 
excess particles above a threshold are ideally 
separated, a theory countered by data from [103], 
and the agglomeration hypothesis of Mothes and 
Löffler [104], which attributes the improvements 
to larger particles that are more easily separated. 
Hoffmann and Stein [46] propose a more nuanced 
explanation in which overall improvement is a 
combined effect of agglomeration for fine particles 
and reduced drag forces because of concentration. 

For very fine particles, the agglomeration is 
particularly dominant, especially with humid 
carrier gas. They also posit that increased particle 
concentration reduces drag force, further 
enhancing separation. Research by Baskakov et al. 
[105] and Muschelknautz and Brunner [89] 
indicates that pressure drop in cyclones initially 
decreases with increasing solids loading before 
rising again. This trend, also seen in other studies 
[106–108], is attributed to two competing effects. 
At low loadings, the reduction in swirl intensity 
leads to a more pronounced decrease in the 
pressure loss associated with the vortex finder, 
thus an overall reduction of pressure drop. When 
the mass loading is high enough, there is reduced 
pressure loss in the vortex finder, but an increase 
in frictional pressure loss at the wall. Therefore, 
the result is that pressure increases after a 
minimum value is hit. Figure 10 summarizes 
experimental data on pressure drop versus solids 
loading in pilot-scale cyclones, drawn from the 
literature. While some studies [89,105] report a 
minimum pressure drop at a specific solids 
loading ratio, this finding is not universal. A 
number of studies [92,102] only observe a 
reduction in pressure drop with increasing mass 
loading; however, these investigations are limited 
to smaller mass loadings (less than 0.5 kgs/kgg). 
Furthermore, other reports indicate that the 
pressure drop can also increase [109] or remain 
constant [91] as the inlet solids loading increases, 
creating a complete disagreement across different 
studies, designs, and operating procedures. 

 
Fig. 9. Shows experimental data gathered from various literature sources [46,102], plotting overall cyclone separation efficiency 

 as a function of the solids mass loading ratio at the cyclone inlet. The Reynolds number, calculated using  
the inlet velocity and cyclone body diameter, is used to characterize the flow conditions. 
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Fig. 10. displays experimental measurements of pressure drop (normalized to a particle-free cyclone,∆𝑃0) versus mass loading in 

pilot-scale cyclones, gathered from various studies  [105,110,111] . The data are fitted with numerical curves 
 to highlight the trends. All Reynolds numbers reported use the inlet velocity and cyclone diameter. 

5.5. Impact of Gas Temperature  

High-temperature cyclones are important for 
industrial separation in processes such as 
temperature treating: drying, heating, flue gas 
cleaning. These units can see solids-gas 
concentrations from 10-100 kgs/kgg [112]. 
Therefore, cyclone performance is affected 
by its temperature and its effect on efficiency, 
pressure drop, and heat transfer. In general, as gas 
temperature increases, the gas experiences a 
decrease in density and an increase in viscosity. At 
a fixed volumetric gas-flow rate to the cyclone, this 
change in fluid properties has as direct 
consequences the reduction of Reynolds Number 
and thus swirl intensity in the cyclone at elevated 
operating temperatures, finally resulting in a drop 
in cyclone pressure drops, as confirmed by many 
experimental [113,114] and CFD studies [115]. In 
addition to the previously mentioned effect of 
temperature on swirl and resulting force, there 
are a number of studies with strong evidence that 
temperature leads to both a drag/hindering force 
through changes in viscosity, but also a less 
significant change in the particle buoyancy. These 
combined results are often shown to occur at 
lower values of Reynolds number, where there is 
both a reduced centrifugal force from swirling 
coupled with increased drag in the fluid. 
Experimental studies have generally found that 
heat transfer to the particles in gas-solid cyclones 
is best when increasing both the solid loading and 
with lower values of Reynolds number, while 
being inversely influenced by the particles [116]. 
Higher Reynolds numbers may occur due to the 
fact that there is a higher degree of stronger 
coupling, which may prevent gases from 
bypassing directly into the vortex finder. This 

results in higher overall temperatures near the 
bottom and increased heat transfer rates. As noted 
before, heat transfer at particle loadings will 
result in some diminishing returns [116,117], 
where gains are no longer achievable even at 
those higher loadings as the rate has reached an 
apex where no gain can occur. Higher gas 
velocities with particles that are smaller can also 
lead to a higher degree of overall gas-solid effects 
[116,117], which is believed to result from an 
increased amount of temperature available, or 
surface area where contact can occur. 
Temperature will lead to erosion as a direct result 
of both collision or any chemical effects with 
aggressive species in high refractory. As the wear 
continues, the roughness will lead to more 
problems through high particle and collision with 
the cyclone walls before the change in the 
movement [118]. It is important to have frequent 
hardware maintenance for the cyclone, including 
plate wear, replacement of any part damaged, and 
a flat disk with vortex. If there is lack of attention, 
build-ups can happen. 

5.6. Natural Vortex Length ( NVL) 

In the context of gas-particle cyclonic 
separation, the natural vortex length (NVL) 
emerges as a critical process parameter alongside 
three-dimensional velocity fields. The NVL, 
defined as the axial distance from the vortex finder 
entrance (or the bottom of the cyclone) to the 
point where the vortex terminates, directly 
impacts the residence time and effective 
separation height available for gas-particle 
separation. The NVL exhibits complex behavior, as 
it is not solely determined by the cyclone's 
physical geometry. Rather, it is significantly 
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influenced by a combination of factors including 
the gas Reynolds number, cyclone dimensions 
(such as inlet area, diameter, and vortex finder 
length), particle outlet design, wall roughness, and 

particle loading. Furthermore, the location of the 
vortex termination point is characterized by 
inherent instability and randomness, adding 
complexity to its prediction and control. 

Table 5. Different natural vortex length(NVL) modeling 

Investigator Natural vortex Length (NVL) Range of Lv/D MAE MSE 

Alexander(1949)[119] ( ) ( )
1

2 32.3 / /v
e

L
D D D ab

D
 =  

 1.24–2.48 1.9579 4.3831 

Bryant et al. (1983)[120] ( )
1

2 22.26 /v
e

L
D ab

D

−

 =  
 1.43–2.86 1.7595 4.1130 

Mothes & Löffler 

(1988)[121] 
 ( ) /10 /vL H H s D

D
= − −  2.70–3.15 0.9120 1.1825 

Ji et al. (1991)[122] 

Hoffmann et al. 

(2001)[123] 

( )
0.361

2.25 22.4( / ) /v
e

L
D D D ab

D

−
−  =    4.97–23.65 8.9008 145.9467 

Qian and Zhang 

(2005)[124] 
( / , / , / , ( ) / , ln(Re))av

e

L
f D D a D b D h s D

D
= −  5.01–5.77 1.6539 3.0699 

MacLean et al. (1978)[125] 

Hoffmann et al. 

(1995)[123]s 

21.09( ) / (4 ) 4.49bv
e

L
D ab

D
= − +  2.35–3.95 0.9619 1.4925 

Li et al. (2016)[126] 2 2[ / ( )][1 ( / ) ]( 1.02)v
e

L
k D ab D D k

D
= − =  7.65–9.56 4.8433 24.7882 

 

6. Conclusions 

This study critically examines the practical 
applicability of various theoretical models for 
predicting cyclone performance and internal flow 
characteristics, comparing their predictions 
against both experimental and numerical data. 
The analysis reveals several significant limitations 
that hinder their effective use in designing high-
efficiency cyclones: 

1) Collection Efficiency Models: Existing 
theoretical models for predicting cyclone 
collection efficiency, primarily developed 
under conditions of low solid loading, exhibit 
significant shortcomings. While 
Muschelknautz's theory demonstrated some 
agreement with experimental results, its 
validation requires further investigation 
through more extensive experimental data to 
analyze two specific variables. Other models 
consistently generated idealized "S-shaped" 
grade efficiency curves, failing to capture the 
enhanced fine particle collection observed in 
real-world scenarios due to particle 
agglomeration. Furthermore, these models 

tended to overestimate collection efficiency 
for coarser particles due to their neglect of 
particle re-entrainment mechanisms. 

2) Pressure Drop Prediction: Accurately 
predicting pressure drop, a crucial parameter 
for optimizing the energy efficiency of cyclone 
designs, remains a significant challenge. Only 
the purely empirical model proposed by 
Shepherd and Lapple provided reasonably 
accurate predictions. However, the overall 
assessment of accuracy was complicated by 
inconsistencies in the reported locations of 
pressure drop measurements across different 
experimental studies. 

3) Flow Pattern Prediction: The prediction of 
internal flow patterns within cyclones using 
theoretical models proves challenging due to 
the complex interplay of particle phase 
influences and frictional wall effects, which 
vary spatially within the cyclone. 
Consequently, the evaluated theories 
generally failed to accurately predict flow 
patterns, often resulting in over-predicted 
velocities. 
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4) Ambient temperature and solid loading are 
demonstrated to be key factors that should be 
considered when using the correct set up. 
Therefore, as mentioned throughout this 
research, a detailed review of the literature 
has shown this. With that, future work can be 
achieved, with a potential outcome of wear. 

5) Natural Vortex Length (NVL) Modeling: 
Modeling the natural vortex length (NVL) in 
cyclone separators is characterized by 
inconsistencies and contradictions, 
particularly regarding the influence of inlet 
and outlet areas, leading to significant 
disparities in predicted outcomes. The 
accuracy of NVL models is highly dependent 
on the model's underlying assumptions, 
specifically whether the inlet velocity or flow 
rate is used as the primary determinant of 
NVL. Statistical analysis suggests that Mothes 
and Löffler’s model exhibits superior 
predictive capabilities for optimized cyclone 
designs, although it lacks explicit 
consideration of the gas Reynolds number. 
Further research, incorporating flow 
visualization techniques to observe the 
natural vortex length and investigating the 
effects of global parameters on NVL, is 
warranted. 

In conclusion, despite decades of theoretical 
development, no existing cyclone model provides 
entirely satisfactory predictions across all 
performance metrics. Key limitations stem from 
the models' inadequate representation of critical 
phenomena such as particle agglomeration, 
particle re-entrainment, and the specific geometry 
of the dust collection section. Additionally, the 
models often fail to account for spatial variations 
in the wall friction coefficient and turbulent 
diffusivity of particles, particularly under higher 
solid loading conditions. These factors represent 
the primary weaknesses of the evaluated 
theoretical models and highlight areas for future 
research and model refinement. 
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