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STUDY OF DUST COLLECTION 
EFFECTIVENESS IN CYCLONIC-VORTEX 
ACTION APPARATUS

The object of research is the efficiency of dust collection of fine dust in an apparatus with an intense turbulent 
mode of phase interaction. One of the most problematic areas of the existing dust and gas cleaning equipment is 
the low efficiency of collecting fine dust. Effective cleaning of exhaust gases from dust involves the use of multi-
stage cleaning systems, including wet and dry dust cleaning devices, which entails high capital and operating costs. 
These disadvantages are eliminated in the developed design of the cyclone-vortex dust collector with two contact 
zones. The device implements both dry and wet dust collection mechanisms, which allows for high efficiency of 
dust removal at high productivity.

The conducted studies of the total and fractional efficiency of dust collection when changing the operating 
parameters of the developed device showed that the efficiency of collecting fine dust is 98–99 %. The increase 
in the efficiency of dust collection in the dry stage of the device is due to an increase in centrifugal force. In the 
wet stage of contact, the efficiency reaches its maximum values due to the vortex crushing of the liquid in the 
nozzle zone of the apparatus. Studies of the fractional efficiency of the apparatus show that with an increase in 
the diameter of the captured particles, the efficiency of the dust collection process for dry and wet stages, as well 
as the overall efficiency, increases. With an increase in the density of irrigation, the overall efficiency of dust 
collection in the apparatus increases. It has been established that an increase in the efficiency of capturing highly 
dispersed particles occurs due to turbulent diffusion, the value of which is determined by the frequency of turbulent 
pulsations and the degree of entrainment of particles during the pulsating motion of packed bodies. To describe 
the results obtained, a centrifugal-inertial model for a dry contact stage and a turbulent-diffusion model of solid 
particle deposition for a wet contact stage are proposed, which make it possible to calculate the dust collection 
efficiency of the contact stages, as well as the overall efficiency of the cyclone-vortex apparatus.

The results obtained show the prospects of using devices of this design at heat power plants and other industries.
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1.  Introduction

The growth in the scale of economic activity leads 
to increased anthropogenic impact and imbalance in the 
environment. Along with the depletion of natural resources, 
environmental pollution, especially water resources and 
atmospheric air, is increasing. This significantly undermines 
the natural resource potential of the state’s development, 
negatively affects the welfare and health of the population, 
and also poses a threat to environmental safety  [1,  2].

The growing demand for electricity and heat leads to 
an increase in their production, which negatively affects 
the environment and increases the risk of disease for the 
population living in the zone of influence of thermal power 
plants (TPPs) [3–5]. Consuming natural resources, thermal 
power enterprises are sources of complex environmental 
pollution. The activity of TPPs has a negative impact on 
the state of ecosystems of the adjacent territories  [6–8]. 
The deposition of pollutants from gas emissions leads to 

soil pollution and migration of heavy metals into ground­
water and surface waters  [9–11]. This poses the task of 
developing environmental protection measures to protect 
the atmospheric air from emissions from heat generating 
enterprises [12, 13]. One of the ways to reduce the amount 
of dust and gas emissions from TPPs is to increase the 
efficiency of gas cleaning equipment.

The choice of gas cleaning equipment should take into  
account a number of factors: physical and chemical charac­
teristics of the carrier gas, characteristics of chemical and 
solid pollutants [14–16]. Complex pollution of waste gases 
from TPPs from gaseous substances and solid particles 
requires the use of multistage cleaning systems, including 
dry and wet cleaning devices, which increases capital and 
operating costs  [17,  18]. Apparatus for complex purifica­
tion of off-gases, operating in the regime of developed 
turbulence, are promising for solving this problem.

Analysis of the mechanisms of dust deposition shows 
that in those cases when the energy of a continuous (gas)  
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flow is used to intensify the dust collection process in gas-
liquid systems, the most effective are centrifugal and vortex 
interaction of flows  [19]. In this case, a highly developed 
interface is created, and the dust particles are affected by 
the inertial force and centrifugal force, which significantly 
exceed the force of gravity. A large number of devices have 
been developed to implement these deposition mechanisms. 
So, for the process of dust collection based on the centrifu­
gal interaction of flows, the operation of various types of 
cyclones is based, allowing to capture dust in dry form, and 
in the presence of irrigation – centrifugal dust collectors 
with central and peripheral irrigation  [20,  21].

Apparatuses with a regular movable nozzle are an exam­
ple of vortex interaction of flows. In them, the packing 
bodies are mounted on flexible strings with fixed steps 
in the vertical and radial directions in the volume of the 
contact zone. In devices with a regular movable nozzle, 
the principle of creating an in-phase mode of interacting 
phases is laid. Such a design-mode solution, as shown by 
preliminary studies, leads to a significant intensification 
of the ongoing processes  [21]. With regard to dust col­
lection, the regular placement of packed bodies of various 
geometric shapes makes it possible to implement inertial 
and diffusion deposition of solid particles on films located 
on the surface of the packed bodies and drops, filling the 
entire working space of the contact area. The hydraulic 
resistance of devices with a regular movable nozzle is an 
order of magnitude lower than that of devices of percus­
sion or centrifugal action, while the efficiency of cleaning 
dust particles larger than 5 microns is over 99  %  [22].

Constructive solutions for the implementation of cen­
trifugal and vortex interaction of flows in one apparatus led 
to the development of a new design of the dust collector.

The authors of this work have developed a design of a dust 
collector with two contact zones, capable of simultaneously 
implementing two dust collection mechanisms – centrifugal 
in the lower zone and vortex in the upper contact zone. 
In this case, dust in the lower stage of contact is captured 
in dry form, and its additional capture occurs in the wet 
degree of contact. A wet step is a packing area in which 
packing bodies are mounted on flexible strings with fixed 
vertical and radial pitches. The regular arrangement of the 
packing elements in the volume of the contact zone makes 
it possible to achieve the in-phase regime of the interacting 
phases  [22,  23], which leads to a significant intensification 
of the ongoing processes. However, the results of research 
and calculation of such a dust collector are absent, which 
confirms the relevance of this work.

Thus, the object of research is the efficiency of dust 
collection of fine dust in an apparatus with an intense 
turbulent regime of phase interaction. The aim of research 
is to obtain theoretical and experimental data on the total 
and fractional efficiency of dust collection, depending on 
the operating parameters of the equipment.

2.  Methods of research

The experimental installation for conducting research 
on the efficiency of dust collection included:

–	 cyclone-vortex dust collector;
–	 fan;
–	 pump;
–	 circulating and pressure vessels of the liquid for 
irrigation of the upper contact stage;

–	 container for collecting dry dust from the lower 
stage of contact;
–	 compressor for spraying dust at the entrance to the 
dust collector.
In all experiments, the dust concentration at the inlet 

to the apparatus was maintained at about 2  g/m3. The 
standard dust was KP-3 pulverized quartz, additionally 
milled in a vibrating mill  [24].

When determining the overall efficiency of the dust 
collection process, the method of internal filtration was 
used  [24]. Glass wool was used to fill the adapter. The 
gas flow rate through the adapter was set based on the 
condition of isokinetic sampling. To measure the dispersed 
composition of dust in a gas flow, an impactor was used 
instead of adaptors.

The object under study was a cyclone-vortex dust col­
lector (Fig.  1). The device includes a body 1, nozzles 2 
and 3, respectively, for gas inlet and outlet. In the working 
area of the apparatus there are support-distribution grids 6,  
strings 7 with nozzle bodies fixed on them 8. The irrigation 
liquid is injected into the upper stage through the sprin­
kler 4, the spent absorber is drained through the fitting 5.  
The upper and lower contact stages are separated by an 
inclined partition 9 with a central tube 10 mounted in it, 
located coaxially with the housing of the lower contact stage. 
The upper cut of the central pipe is equipped with a cap 11.  
The lower stage of contact has a conical bottom 12 with 
a branch pipe for removing the captured dust 13.
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Fig. 1. Dust collector of cyclonic-vortex action: 1 – body;  
2 – gas inlet pipe; 3 – gas outlet pipe; 4 – sprinkler; 5 – nozzle for 

draining the spent absorber; 6 – support and distribution grid; 7 – strings; 
8 – packing bodies; 9 – inclined partition; 10 – central pipe; 11 – cap;  

12 – conical bottom; 13 – branch pipe for removal of trapped dust

The gas flow entering the purification is supplied through 
the nozzle 2, installed tangentially in the lower part of 
the apparatus.

With the tangential supply of the gas flow, a centrifugal 
force arises, which acts on solid dust particles, pressing them 
against the inner wall of the apparatus 1. Under the action 
of gravity, the solid dust particles slide into the conical bot­
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tom 12 of the lower contact stage and are removed from the 
apparatus through the branch pipe 13. Cleaned from dust 
the gas flow through the upper cut of the central pipe 10 
enters the upper contact stage. At the entrance to it, the 
central pipe 10 is equipped with a cap 11 to prevent the 
ingress of flowing irrigation liquid. The lower and upper 
stages of the contact are separated by an inclined partition 9,  
as a result of which they work autonomously.

The operation of the upper stage of contact occurs in 
a counter-current mode. In this case, the gas flow coming 
from below interacts with the scrubbing liquid supplied 
through the sprinkler 4 in the volume of the packing zone. 
The arrangement of the packing elements 8 on the strings 7  
is made with a step in the vertical direction, ensuring the 
achievement of the mode of simultaneous vortex forma­
tion (in-phase mode). The purified gas flow is removed 
from the apparatus through the nozzle 3, and the liquid 
spent in the upper stage is removed through the nozzle 5.

3.  Research results and their discussion

Fig.  2–4 show the results of studies in the form of 
graphs of the dependences of the dust collection efficiency 
of the dry stage and wet stages, as well as the overall 
dust collection efficiency of the cyclone-vortex apparatus 
on the gas velocity, wet stage irrigation density and the 
dispersed composition of dust.
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Fig. 2. Dependence of the efficiency of dust collection on the gas velocity 
in the upper stage of the contact: tu/b = 2; tр/b = 2; b = 0.04 m;  

L = 25 m3/m2h; Row 1 – ηс; Row 2 – ηm; Row 3 – ηtotal

As seen from Fig.  2, with an increase in the gas flow 
rate, the dust collection efficiency of the dry and wet 
stages, as well as the overall efficiency, increases. The 
increase in the efficiency of the dry stage is due to the 
increase in centrifugal force. In the wet stage of contact, 
the efficiency reaches its maximum values in the drip 
mode, after which a further increase in the gas velocity 
leads to the entrainment of liquid from the apparatus and 
the efficiency of the process decreases somewhat.

High values of the degree of dust collection are achieved 
due to the vortex crushing of the liquid in the nozzle 
zone of the apparatus. The frequency of vortex stripping 
from the packing elements, as well as the intensity and 
frequency of pulsations, increase in proportion to the gas 
velocity. The pulsating motion of the packing intensifies 
the process of breaking off the liquid film and its subse­
quent crushing into smaller droplets. This increases the 
contact surface of the phases, and, ultimately, the overall 
efficiency of dust collection.

With an increase in the irrigation density of the wet 
contact stage (Fig. 3), the increase in the efficiency of the 
packed (curve 1) zone and the overall efficiency of dust 

collection (curve 2) occurs in proportion to the amount 
of liquid supplied to the packed zone. In this case, the 
amount of liquid retained by the packing increases, the 
total number of crushed drops increases, which contri­
butes to the growth of the interface and the degree of 
dust collection.
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Fig. 3. Dependence of the efficiency of dust collection on the density 
of irrigation in the upper stage of contact: tu /b = 2; tр/b = 2; b = 0.04 m; 

L = 25 m3/m2h; wg = 4 m/s; Row 1 – ηm; Row 2 – ηtotal

Studies of the fractional efficiency of the cyclone-vortex 
action apparatus are shown in Fig.  4. The results show 
that with an increase in the diameter of the captured 
particles, the efficiency of the dry and wet dust collec­
tion process, as well as the overall efficiency, increases.
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Fig. 4. Dependence of the efficiency of dust collection on the dispersed 
composition of dust particles: 1 – ηс ; 2 – ηm ; 3 – ηtotal

Increasing the gas velocity or the amount of liquid 
in the wet stage will also increase fractional efficiency.

This regularity is observed for any dust fractions. Natu­
rally, the absolute value of the coefficient of dust collection 
of large particles is greater than of small ones, but the 
degree of collection of the latter increases more signifi­
cantly with increasing gas velocity. This is explained by 
the analysis of the mechanism of particle trapping [25, 26]. 
For particles with a diameter dp > 5  μm, the prevailing 
effect is exerted by inertia forces, and for dp < 2  μm, by 
diffusion forces. It is obvious that an increase in the ef­
ficiency of capturing highly dispersed particles occurs due 
to turbulent diffusion, the value of which is determined 
by the frequency of turbulent pulsations and the degree 
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of particle increase. The main contribution to the pulsa­
tion frequency is made by the process of vortex motion 
of the gas-liquid layer, which leads to multiple stripping 
of the liquid film from the packing elements and crushing 
it into small drops. In this case, the contact surface of 
the phases and the efficiency of dust collection increase.

To obtain the calculated dependence of the efficiency of 
dust collection of the dry stage, a centrifugal-inertial model 
was used. The deposition of particles in the dry stage of 
the cyclone-vortex apparatus occurs due to the combined 
action of two mechanisms: centrifugal, which moves par­
ticles to the walls of the apparatus, and inertial, which 
promotes the deposition of particles under the influence 
of gravity. To derive an equation describing the centrifugal 
sedimentation of dust particles in a dry stage, let’s apply 
the method proposed by Light and Leaf  [27]. The dust 
collection efficiency can be determined by the formula:

η ψC k
nC= − − ⋅[ ]+1 2 1 2 2exp ( ) ,/( ) 	 (1)

where Сk – a coefficient that depends on the design ratios 
of the dry stage of the apparatus.

For a dry step, the Сk coefficient is calculated by the 
equation:
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The values of the constructive relationships in equation (2):
–	 height of the inlet pipe a Dc= ⋅0 66. ;
–	 width of the inlet pipe in Dc1 0 26= ⋅. ;
–	 inner diameter of the central exhaust pipe d Dc= ⋅0 59. ;
–	 inner diameter of the dust outlet d Dc1 0 4= ⋅. ;
–	 the height of the central pipe h DT c= ⋅1 74. ;
–	 the height of the outer part of the central pipe 
h Din c= ⋅0 3. ;
–	 height of the cylindrical part of the lower stage 
H Dc c= ⋅2 26. ;
–	 the height of the conical part of the lower step 
H Dk c= ⋅2 .
The quantity y in equation (1) is a modified inertial 

parameter that characterizes the state of the dust-gas mixture:
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where Win – the gas velocity at the inlet to the dry 
stage, m/s; dp – solid particle diameter, m; ρp – particle 
density, kg/m3; µG — gas viscosity, Pa⋅s; Dc – diameter 
of the cylindrical part of the apparatus, m.

The value of n in equations (1) and (3) according to [28] is:
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where Тg – the absolute temperature of gases, K.
To obtain the calculated dependence of the efficiency 

of dust collection of the wet stage, a turbulent-diffusion 
model of the sedimentation of solid particles was used.

A turbulent regime characterized by vortex formation 
is realized in the packed zone of devices with a regular 

packing structure. During the dust collection process, the 
gas stream contains solid particles of various sizes. As it is 
known, the capture of solid particles less than 0.1  microns 
in size occurs due to molecular diffusion.

Solid dust particles have a size much smaller than the 
scale of turbulent pulsations and therefore are involved 
in the pulsating motion of the gas flow. Moreover, the 
degree of entrainment also depends on the diameter and 
density of the particles, i.  e., on its inertia. Consequently, 
when calculating the deposition efficiency in intense gas 
flow regimes, it is necessary to take into account, along 
with the inertial deposition mechanism and molecular dif­
fusion, also turbulent diffusion, which makes a significant 
contribution to the efficiency of capturing particles with 
a size of 1–2  μm and more.

To derive the equation for the coefficient of turbulent 
diffusion, a dissipative approach was used:

To derive the equation for the coefficient of turbulent 
diffusion, a dissipative approach was used:
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where BT = ⋅ −( )8 38 1. ϕ  – correction factor; ξL – resistance 
coefficient of the liquid phase; ε0 – porosity of the bed 
of packing bodies; H – height of the nozzle zone of the 
apparatus, m; tv – the vertical distance between the rows 
of the packing; ρg – gas density, kg/m3; ρl – liquid den­
sity, kg/m3; h0 – height of the central pipe in the nozzle 
zone, m; dk – drop diameter, m; ug – gas velocity in the 

packed zone, m/s; Stk
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d
p p p
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 – Stokes criterion.

Dust collection efficiency is determined by the formula:
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where Wg – gas velocity, m/s; DТ – coefficient of turbu­
lent diffusion, m2/s.

The total efficiency of the cyclone-vortex apparatus, 
taking into account the efficiency of dry and wet stages, 
can be calculated by the formula:

htot = 1–(1–hс)(1–hm).	 (7)

The results of calculations by the formula (7) in the 
test mode parameters changes range from the experimental 
data is not more than ±15  %.

4.  Conclusions

As a result of the analysis of the most effective mecha­
nisms for collecting dust, the design of a cyclone-vortex 
dust collector has been developed, which makes it pos­
sible to implement centrifugal and vortex mechanisms for 
collecting dust. The conducted studies of the overall and 
fractional efficiency of dust collection when changing the 
operating parameters of the developed apparatus showed 
that the efficiency of collecting fine dust is 98–99  %. To 
describe the results obtained, a centrifugal-inertial model 
for a dry contact stage and a turbulent-diffusion model 
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of solid particle deposition for a wet contact stage are 
proposed, which allow calculating the efficiency of dust 
collection of contact stages, as well as the overall effi­
ciency of a cyclone-vortex apparatus.

The results show the prospects of using devices of 
this design at heat power plants and other industries.
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