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Justification of the calculation 
methods of the main parameters 
of vortex chambers

На основі побудови наближеної моделі руху дисперсного потоку у вихровому апараті здобуті 
аналітичні вирази для визначення швидкості дрейфу часток пилу за напрямком до стінки апа-
рату. Проведені розрахунки щодо усереднення тангенційної і вісьової складової швидкості газо-
вого потоку. З використанням вказаних аеродинамічних параметрів газового потоку визначена 
ефективність пиловловлення у вихрових апаратах.

Ключові слова: вихровий апарат, навколишнє середовище, дисперсний потік, газовий потік, 
швидкість газу.
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1. I ntroduction

One of the most urgent problems facing industry to-
day is the improvement of equipment and technology for 
protecting the environment as a whole and, in particular, 
reducing the dustiness of atmospheric air and bringing 
the concentration of aerosols in admissible norms in ex-
haust gases. As a rule, when dusty products are caught 
one of the main technological stages is the «dry» dust 
collection stage, which is realized in various apparatus. 
Modern methods of air cleaning from dust based on the 
use of apparatus in which hydrodynamic conditions are 
associated with the use of swirling vortex flows [1,  2]. 
This direction of calculation and justification of the design 
and operating parameters of dust collectors, with the aim 
of increasing the efficiency of dust removal of gases, is 
considered the most modern and promising [1,  2] and is 
inherent in almost all industries: chemical, metallurgical, 
construction, food and others.

2. �T he object of research  
and its technological audit

The object of research is dust collectors. These apparatus, 
in which the above-mentioned hydrodynamic regimes are 
realized, are usually referred to vortex apparatus.

The general view of a vortex dust collector in the 
form of a vortex chamber is shown in Fig. 1.

Dust-free exhaust gas is fed into the inlet nozzle (1), 
passes through the vane-shaped swirler (2), then enters 
the cavity of the apparatus (3). The secondary gas flow 
through the distribution box (5) and the nozzles (4)  
is fed toward the swirling flow moving in the cavity 3. 
With these nozzles, it twists in the opposite direction 
from the twist of the main flow, which leaves through 
the swirler (2). As a result of the movement and rota-
tion of the flows, the dust is concentrated in the form of  
a layer near the outer walls of the cylindrical appara-
tus  (3) and flows into the bunker (6) in a dense layer, 
and then is discharged from the apparatus through the 
dust seal (8). Dust-free gas moves in the central part in 
the zone of the axis and is discharged from the apparatus 
through the washer.
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Fig. 1. General view of the vortex chamber for dust collection:  

1 – inlet nozzle; 2 – vane-shaped swirler; 3 – body of the apparatus;  
4 – secondary flow nozzles; 5 – secondary flow distribution box;  

6 – bunker; 7 – washer; 8 – dust seal

Advantages of using vortex apparatus: work with gases 
of high temperature, high degree of purification; regulation  
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of the process of gas cleaning from dust due to regula
ting the secondary air flow. Among the disadvantages of 
vortex dust collectors are: high hydraulic resistance, the 
need for powerful blowing apparatus, as well as difficult 
operation and installation.

3. T he aim and objectives of research

The aim of research is substantiation of the methods for 
calculating the basic parameters of the vortex chambers.

To achieve this aim, it is necessary:
1.	 To consider mathematical dependencies on the condi-

tions of the process of dry gas flow cleaning from dust.
2.	 To carry out predictive evaluations to select the 

conditions for the dry gas cleaning process from dust.
3.	 To select the design parameters of the vortex chamber.
4.	 To determine the velocity of dust particles in the 

vortex flow, as well as the basic relationships of structural 
dimensions in the vortex chamber.

4. �R esearch of existing solutions  
of the problem

The theoretical foundations of the motion of swirled 
viscous gas flows in pipes and curvilinear channels, energy 
transfer in adiabatic gas flows, for homogeneous and for 
dispersion gas flows, is fundamentally justified in [3–5]. 
According to these works, the rational organization of 
one or another swirling flow depends on the function a, 
which is defined by the relation: 

α θ=
C r

C RM

, 	 (1)

where Сq – circumferential velocity; r – current radius 
value; СM – maximum rate of flow into the void; R – the 
outer radius of the channel.

This is the so-called «law of swirl» of nozzle or di-
recting apparatus when entering the gas flow into the 
vortex apparatus.

These apparatus for swirling the flow have a different 
design and, depending on the gas flow rate, pressure and 
physicochemical properties of the gas flow at the inlet 
to the purification apparatus, this or that hydrodynamic 
regime is created therein. So known methods of flow 
swirling are related:

–	 with tangential flow input (tangential nozzles, coch
lear snail);
–	 with the installation of rings, twist (with tangential 
slots, round tangential holes and tangential nozzles);
–	 vane-shaped vortex (different angles of vane direc-
tion);
–	 twist of the flow due to the intersection of electric 
and magnetic fields.
According to these methods of flow swirling at the 

entrance to the dust collecting vortex apparatus can be 
classified as cyclones, vortex tubes, vortex chambers, gas 
centrifuges and others. If gas flow enters the swirler (di-
recting apparatus) and in the apparatus itself, the flow 
proceeds at Re numbers greater than 106 (the incoming 
flow velocity is more than 50  m/s). After that, immedi-
ately behind the end of the apparatus and around several 
calibers behind it arise similar torus-shaped and other 
vortex structures (for example, the Gertler vortices) [6, 7].  

This hydrodynamic regime provides intensive dissipation 
of the mechanical energy of the flow, internal heat release 
and an uneven distribution of the inhibition tempera-
ture, and as a result, the Rank effect appears. Typically, 
the described mode occurs in such apparatus as a vortex 
tube and a gas centrifuge. In other apparatus such as 
cyclones and vortex chambers, the conditional velocity 
of the main gas flow in the working cavity of the dust 
collector is less than 10–20 m/s. The latest apparatus are 
widely used to trap dust products in the industry, taken 
out of furnaces, dryers, products that are transported by 
pneumatic transport, ash and dust from the smoke gases 
of boiler plants, etc. [8]. Calculation and choice of the 
design of such apparatus is associated with the need to 
preliminarily determine the radial velocity of dust particles 
of a given disperse composition, the flow rates of the 
flow from the channels of the blade-shaped swirlers, the 
velocity of the secondary flow out of the nozzles, and the 
like. As noted in [9–11], the theory of operation of these 
apparatus has not yet been improved and does not make 
it possible to calculate apparatuses of various designs. By 
this time only the empirical method is possible to solve 
the issue of beneficial design forms of dust collecting  
apparatus.

5. M ethods of research

When designing vortex chambers, the following de-
sign parameters must be followed (Fig. 1): L/D ≈ 2.5 ÷ 3.5; 
Ds/D ≈ 0.8; Di/Ds ≈ 0.5; Dw/D ≈ 0.5 ÷ 0.8; the inclination angle 
of the vortex blades at the inlet of the main flow is 
b ≈ 30 ÷ 60°; the inclination angle of the secondary flow 
nozzles is a ≈ 30 ÷ 45°. The above relations are based on an 
analysis of the results of the studies [10–12], in which  
the models of swirling dispersed circular flows in a smooth 
cylindrical tube with a swirler are considered, numerical 
study of models, experiments of mixing oppositely swirled 
flows and others are experimentally investigated.

The efficiency of the vortex chamber is determined 
from the conditions for the equality of the drift time of 
the aerosol from the chamber axis to its walls and the 
residence time of the gas in the apparatus, that is:

D l

V

L

Wr

−
=

2 0

, 	 (2)

where L – diameter of the conventional gas cylinder  (m), 
in which all the uncollected dust in the apparatus is con-
centrated, the physical-chemical parameters of the gas and  
the dust concentration correspond to the initial ones.

For calculations it is possible to take both the condi-
tional velocity of the main gas flow in the working part of 
the chamber, while, as shown by practical studies  [8,  12] 
7≤W0 <15  m/s, and W0  is determined by the relation:

W
Q

D0
1

2

4
≈

π
, 	 (3)

where Q1 – volume of purified gas, m3/hour.
Then the efficiency equal to the ratio of the collected 

dust to all dust entering the apparatus will be:
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This proves that this function has an extremum (the 

maximum efficiency value equal to one) for 
2

1
0

LV

DW

r = .

6. R esearch results

In the theoretical analysis of the motion of aerosol 
particles in the working cavity of the apparatus, it is ne
cessary to determine the real velocity of dust particles of  
a given disperse composition Vr .  To this end, let’s consider 
the motion equation of dust particles with a constant re-
duced diameter d and mass m in the radial direction. In 
this direction, a particle of dust is acted upon: the force, 
pressure and aerodynamic drag along the center (in the 
case of using an electric-vortex apparatus, an additional 
electric force arises, increases the radial velocity of the 
particles). In accordance with Newton’s second law of 
the equation of motion takes the form:

m
dV

d
m

V

r
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dr
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, 	 (5)

where A E EE o c d= ⋅ ⋅ ⋅e d ;  Еc, Еd – voltage of the electric 
field strength of the charging and deposition zones, respec-
tively, V/m; eо – electrical permittivity of vacuum, F/m; 
d – dielectric constant of dust; r – gas density, kg/m3; 
Р – gas flow pressure, Pa; Сx –aerodynamic drag coef-
ficient; θ – slip coefficient of the aerosol relative to the 
gas flow in the radial direction; Vr and VR –respectively 
radial velocity of aerosol and gas flow, m/s.

After dividing all the terms of equation (4) by the value 

m
d

D D= r
π 2

6
 and performing the transformations, obtain:
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where Vt – tangential velocity of the gas flow, m/s; d –  
particle diameter, m.

According to [13], in equation (6):

U V f dr= −∫exp ( ) ( ) ,t t t 	 (7)

where U – the solution of the linear differential equation:

′′ + ′ + = = − =U au bu a g b fh0; ( ; ),

as for D a b= − >2 4 0  has the form:

U C
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C
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In equation (8), the values of the integration constants:

C
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Found under the initial conditions:

t t= = =0 0 1; ( ) ;  V ur  and t
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from equation (7) it follows that:
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Having determined 
du

dt
 from equation (8) with al-

lowance for (9) and substituting it in (10), let’s obtain 
an analytical expression for the radial velocity of a dust 
particle in a vortex flow:
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If ignore the electric forces and take into account the  
effect of only the centrifugal forces and the viscous resis-
tance on the particles, then the velocity of the particles 
to the wall of the apparatus can be approximated by the 
equation:

V
d V

Rr
D

( ) ,t
r
η

t
=

2
2

18
	 (12)

where V t  – the averaged tangential component of the gas 
flow velocity in the working cavity of the apparatus, m/s;  
η – dynamic density of the gas source, kgf/m2; R – radius 
of the apparatus, m.

Fig.  2 shows the graphical dependencies V f Vr ( )t t= ( ) 

for different values of the complex 
d

R
D

2

18

r
η

 calculated using  

a computer.
When calculating and designing a vortex chamber, it 

is necessary to fulfill the conditions for the constancy of 
the tangential velocity of the total flow along the entire 
length of the working cavity of the apparatus, ensuring 
the maximum possible efficiency of its functioning. To 
fulfill these conditions, the velocity of the gas flow out 
of the nozzles  (Fig.  1, pos.  4) should be 1.5–3 times more 
tangential flow velocity at the exit from the vane-shaped 
swirler:

Q2 = (0.25 ÷ 0.65)·Q1,

where Q1 – volume of secondary flow, m3/hour.
The velocity of flow out of the channels of the vane-

shaped swirler is determined from the Bernoulli equation 
written for the real flow [1]:

W = 0 91
2

1
, ,

DΗ
r

	 (13)

where DН – head loss in the swirler, mm Hg.; r1 – main 
flow density, kg/m3.
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In fact, it is impossible to provide an ideal unstressed 
flow inlet in the dust collecting apparatus, therefore, the 
empirical coefficient k = 0.5 ÷ 0.7 is introduced into the cal-
culation formula (13) for determining the flow outflow rate.

The axial component of the gas flow velocity at the 
outlet from the vortex is:

W ka s. . , sin .= ⋅0 91
2

1
b

r
DΗ

	 (14)

The conditional axial velocity in the apparatus Wa is 
related to the axial velocity in the swirler Wa.s. conditions 
of continuous flow:
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The flow velocity at the wall in the swirling region 
VL, which depends on the requirements imposed on the 
flow that is downward should not be less than 1  m/s. 
In this case, the nozzle diameter dn and the initial flow 
velocity Vn associated with the length of the working 
chamber and the inclination angle of the nozzles by the 
relation  [14]:

V

V

d

aL
k

n

n=
0 48, sin

.
α

	 (16)

The value a is taken in the interval 0.085 ÷ 0.11.
The rate of flow of the secondary flow from the 

nozzles in accordance with [14] is determined by the 
dependence:

V
P

n = 0 78
2

2
, ,

D
r

	 (17)

where ΔР – head loss in nozzles, mm. Hg.; r2 – density 
of secondary flow, kg/m3.

The number of nozzles for secondary flow is:

n
k Q

d Vn n

=
4 1 1

2π
, 	 (18)

where k1 – the coefficient that depends on the particle 
size of the dust  (0.25–0.65), the large values of this coef-
ficient correspond to finely dispersed fractions.

It is determined in [15] that for a dust with a frac-
tional composition of <10  μm, this coefficient, which de-
pends on the particle size, is k1 ≈ 0.4 ÷ 0.5; with a fractional 
composition of 10 ÷ 20  μm k1 ≈ 0.4 ÷ 0.5; with a fractional 
composition of >50  μm k1 ≈ 0.25 ÷ 0.3.

The obtained mathematical dependences do not contra-
dict the known approaches to the selection and calculation 
of dust collectors.

7. S WOT analysis of research results

Strengths. The strength of the approach presented in 
the work is that the obtained mathematical dependen-
cies for a known distribution of dust particles in size 
allow to preliminarily determine the main design ratios 
of the dust collector at the given costs of the gas sup-
plied for cleaning and the given efficiency of the dust  
collector.

Analysis of the obtained results for justification of 
the methods for calculating the basic parameters of the 
vortex chambers indicates the expediency of using such 
methods for calculating gas cleaning equipment.

When implementing the process of cleaning dust-gas 
flows in vortex apparatus, not only the processes of ag-
glomeration of dust are observed, but also the destruction 
of gas toxicants.

Weaknesses. The main weaknesses of vortex dust col-
lectors are the need for an additional blower apparatus 
for secondary gas supply, the complexity of manufacturing 
and operation, the lack of engineering calculation methods 
because of the complexity of the processes taking place 
in them.

Opportunities. Mathematical dependencies are consi
dered to allow predictive estimations to be made to select 
the conditions of the dry dust removal process and to 
select the design parameters of the vortex chamber. This 
opens prospects for the introduction of vortex apparatus 
in order to reduce the industrial negative impact on the 
environment, namely the atmosphere.

Threats. Enterprises will need to increase the capital 
costs of installing new or improved gas cleaning equip-
ment. Capital costs for the introduction of gas cleaning 
equipment are one-time.
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8. C onclusions

1.	 The mathematical dependences on the choice of 
conditions for the process of dry cleaning of the gas flow 
from dust and calculation of dust collection apparatus are 
obtained. The rational organization of one or another swir
ling flow depends on the function a, which is determined 
by the «law of twist» of the nozzle or guide apparatus 
when the gas flow enters the vortex apparatus.

2.	 It is determined that the coefficient that depends 
on the particle size varies depending on the change in 
the fractional composition of the dust. For dust with 
a  fractional composition of <10a  μm, the coefficient de-
pends on the particle size and is k1 ≈ 0.6 ÷ 0.65; with a 
fractional composition of 10 ÷ 20  μm k1 ≈ 0.4 ÷ 0.5; with  
a fractional composition of >50  μm k1 ≈ 0.25 ÷ 0.3. The ob-
tained mathematical dependences do not contradict the 
known approaches to the selection and calculation of 
dust collectors.

3.	 The mathematical dependencies, which allow to 
determine preliminary the basic design relationships of 
the dust collector at the given gas flow rates and the 
specified efficiency of the dust collector. In particular, 
when constructing vortex chambers, the following design 
parameters must be followed: L/D ≈ 2.5 ÷ 3.5; Ds/D ≈ 0.8;  
Di/Ds ≈ 0.5; Dw/D ≈ 0.5 ÷ 0.8; the inclination angle of the vor-
tex blades at the inlet of the main flow is b ≈ 30 ÷ 60°; the 
inclination angle of the secondary flow nozzles is a ≈ 30 ÷ 45°.

4.	 The velocity of dust particles in a vortex flow is 
determined, as well as the basic ratios of the structural 
dimensions of the vortex chamber. When calculating and 
designing a vortex chamber, it is necessary to fulfill the 
conditions for the constancy of the tangential velocity 
of the total flow along the entire length of the working 
cavity of the apparatus, ensuring the maximum possible 
efficiency of its functioning. To fulfill these conditions, the 
rate of flow of the gas flow from the nozzles should be 
1.5 to 3  times greater than the tangential flow velocity 
at the exit from the vane-shaped swirler.
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Обоснование методов расчета основных параметров 
вихревых камер

На основе построения приближенной модели движения 
дисперсного потока в вихревом аппарате получены аналити-
ческие выражения для определения скорости дрейфа частиц 
пыли по направлению к стенке аппарата. Проведены расчеты по 
усреднению тангенциальной и осевой составляющей скорости 
газового потока. С использованием указанных аэродинамиче-
ских параметров газового потока определена эффективность 
пылеулавливания в вихревых аппаратах.

Ключевые слова: вихревой аппарат, окружающая среда, дис-
персный поток, газовый поток, скорость газа.
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