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1. Introduction

Cyclone dust collectors are among the most common
types of inertial dust collection equipment, due to the
relatively high degree of purification from dust fractions
with a diameter of more than 10 microns, simplicity of
design, and high gas flow rate. Existing methods for cal-
culating the effectiveness of dust removal in cyclones are
not always accurate enough. Basically, experimental test
methods are used for this, associated with a significant
investment of time and money [1]. Therefore, the de-
velopment of the most accurate and improved analytical
method for calculating the parameters of the fractional
degree of purification of cyclone apparatus still remains
an extremely important and urgent task [2].

2. The ohject of research
and its technological audit

The object of research is a method for calculating the
efficiency of cyclones using the magnitude of the velo-
city of transverse pulsations of a turbulent gas flow in

This is an open access article under the CC BY license
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the inlet of the cyclone. The complexity of the existing
methods for calculating the efficiency of cyclones is that
it is necessary to take into account a large number of
factors affecting the final result. Of these factors, the gas
velocity in the inlet of the cyclone, the diameter of the
cyclone, the diameter of the exhaust pipe of the cyclone,
the distribution of dust particles in size, the density of
gas, dust, etc. are influential.

That is, the problem is multifactorial and therefore
rather difficult to solve, and the available methods for
calculating the efficiency cyclones, in some cases, are not
sufficiently inaccurate.

One of the most problematic issues when creating
a new cyclonic technique for gas dust cleaning is the need
to carry out a fairly large amount of work — modeling
cyclones in laboratory conditions on model cyclones [3],
taking into account the large-scale transition, etc. Therefore,
the development of the most accurate analytical method
for calculating cyclone efficiency is an important problem,
since it makes it possible to quickly and accurately de-
termine all the necessary cyclone parameters for specific
production conditions [4, 5].
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3. The aim and ohjectives of research

The aim of research is creation of the most accurate
analytical method for calculating the efficiency of cyclones
at various design and technological parameters.

To achieve this aim, it is necessary to complete the
following objectives:

1. To analyze the effect of the mean cross-sectional
average velocity of the transverse pulsations of the turbu-
lent gas flow in the inlet of the cyclone on the «cut-off»
diameter «dy-s50».

2. To justify the advantages of the proposed improved
method for calculating the total degree of tin in various
cyclones and various parameters of dust and gases.

4. Research of existing solutions
of the prohlem

Among the main directions of solving the problem
of developing analytical methods for calculating the ef-
ficiency of cyclones identified in the resources of scientific
periodicals, [6, 7] can be distinguished, but they do not
consider comparisons of various analytical methods for
calculating the most important for calculating the effi-
ciency of cyclones of diameter <«dy_s50».

But the work [4] is devoted to the calculation of cy-
clone efficiency using the dependence of the diameter
value «dy-s50» on the value of the hydraulic resistance
coefficient of cyclones. However, there is an unresolved
issue of the effect on the effective cleaning of the pulsat-
ing dynamic flow rate.

The author of [5] shows the influence of dust tows and
their characteristics on the efficiency of cleaning cyclones.
But the question remains of the effect on the cleaning ef-
ficiency of the pulsation parameters of the turbulent gas flow.

An alternative solution to the problem described in [8, 9]
provides for the use of dust particle deposition conditions
in the approximation of the «diffusion boundary layer»,
which is much closer to creating the most accurate ana-
lytical calculation method. However, it does not take into
account the mean cross-sectional velocity of the transverse
pulsations of the turbulent gas flow in front of the «dif-
fuse boundary layer» over the cross section of the inlet of
the cyclone. It also gives a much more complex scheme
for calculating the «cut-off> diameter.

According to the authors of [10], the calculation of
the «cut-off»> diameter «dy,_50> should be performed by the
final velocity of gas pulsations after they pass through the
«diffuse boundary layer». This leads to some inaccuracies
in the calculations.

Thus, the results of literature analysis allow to conclude
that the existing analytical methods for calculating cyclones
do not take into account the influence of the most important
turbulent flow [11, 12]. Namely, the values of the transverse
pulsation velocity of the turbulent gas flow average of the
cross section of the inlet of the cyclone [13, 14].

5. Methods of research

To consider the problem of developing the most ac-
curate method for calculating the cleaning efficiency in
cyclones, let’s introduce the following notation:

— a — the width of the inlet of the cyclone (in frac-

tions of the diameter of the cyclone);

— b — the height of the inlet of the cyclone (in frac-
tions of the diameter of the cyclone);

— D. — cyclone diameter;

— D, — diameter of the exhaust pipe of the cyclone
(in fractions of the diameter of the cyclone);

— d.q — equivalent diameter of the inlet of the cyclone;
— dsp — median diameter of the ash;

— dy-50 — <cut-off> diameter or the diameter of the
particles of ash, captured in a cyclone with an efficiency
of 50 %;

— ¢ — temperature, parameter of the fractional degree
of purification;

— V — speed;

— E — particle capture coefficient by an obstacle (cy-
clone surface; dust bundle);

— h — cleaning efficiency;

— W — dynamic viscosity coefficient;

— u, — dynamic velocity of the gas flow in the inlet
of the cyclone;

— ucs — average cross-sectional velocity of the trans-
verse pulsations of the turbulent gas flow over the
cross section of the inlet of the cyclone;

— v — kinematic viscosity coefficient;

— p — density;
— o4 — standard deviation of dust particle size dis-
tribution;

— oy — standard deviation of the distribution of the
fractional degree of purification.
Indices:

— ¢ — calculation;

— e — experiment;

— in — at the inlet to the cyclone;
- g — gas; d — dust; fr — fractional.
Abbreviations:

— eq. — equivalent;

— Sy — Stokes test;

— com. — common.

6. Research resulis

The most common for analytical calculations of dust
cyclone efficiency was obtained by the probabilistic cal-
culation method based on the use of the log-normal law
as a function of the size distribution of dust particles. In
addition, the dependence of the dust collection efficiency
in the cyclone on the «cut-offs diameter (dy-50), that is,
dust particles that are captured by the cyclone by 50 %,
is also used [1].

When using this calculation method, it is necessary to
have data on two parameters characterizing the disper-
sion of dust, it is captured (dsp, 64) — known or which
are set, and data in two parameters characterizing the
cyclone efficiency — «dy—50> and «lgoy».

The value of «lgoy» for various cyclones can be as-
sumed constant and equal to 0.35. The parameter «dy-50»
is the only quantity that can be determined experimentally
or calculated for some cyclones, after the corresponding
experimental studies presented in the special reference
literature [1].

These four parameters determine the value of the cal-
culated parameter «t» [1]:

lgds, —1gd, 5

[ =—F—m—
Jlgto, +1g*o,

(1)
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The total degree of purification of the gas stream from
dust in the cyclone is finally calculated according to the
dependence [1]:

1
s = ®() = 5 n(exp) 2k, 2)

where @(¢) — the Gaussian integral, which is determined
from special probability tables [1].

When developing the theory of cyclonic cleaning and
improving their designs, the significant influence on the
cleaning efficiency of the hydrodynamic situation in the
jet section of the cyclone (in the zone of gas flow in the
cyclone body) was not taken into account. Therefore, the
improvement of cyclones was mainly aimed at studying
the influence of two other sections of the cyclone (cyclone
body and exhaust pipe). Although, as was noted in [3],
the underestimation of the effect of the jet section of the
cyclone, for example, on heat transfer, leads to significant
calculation errors (up to 40 %).

Since the processes of transfer of substance (concentra-
tion, heat, speed) are described by Fick’s law of convective
diffusion, it is possible to indirectly judge the determining
effect of the initial section on the intensity of the dust
collection process. So, for example, when considering the
laws of heat transfer according to [4], where it is noted
that at a distance of 0.25 m from the inlet pipe along
the gas, the heat flux density and heat transfer coefficient
decreased by 2—3 times. Moreover, in a cyclone with one
inlet nozzle — 2 times and 3 times — in a cyclone with
four inlet nozzles — compared with a similar value at the
end of the initial section of turbulence formation.

In studies [2, 5], the contribution of cyclone (initial)
section of cyclone chambers to dust cleaning efficiency
was quantified, where it is noted that when the gas flow
rotates 150°, the bulk of the dust settles on the cyclone
wall. Approximately 70 % of the dust settles in the first
quarter of the cyclone circumference when the flow is
rotated by 90° and another 20 % is deposited in a further
rotation of the flow by 45°.

This gives reason to conclude that it is the initial
jet section of the cyclone chambers that determines the
efficiency of cyclones. Therefore, when constructing vari-
ous analytical methods for calculating the efficiency of
dust removal in cyclones, one should take into account
the patterns of dust deposition precisely on the initial
jet section of cyclones.

This work is a continuation of the previously proposed
method for calculating the efficiency of cyclones [8—10].
In these works, let’s use the characteristics of turbulent
flows and the laws of the process of deposition of dust
particles on the wall of the cyclone, on the surface of
the «bundle» of dust in the «diffusion boundary layer».

This work is aimed at developing a new, most accu-
rate and improved method for calculating the efficiency
of cyclones using the basic characteristics of a turbulent
flow. So, let’s use the velocity of transverse pulsations
of the turbulent flow in the inlet of the cyclone, the
dynamic velocity of the pulsations of the gas flow, etc.
At the same time, the process of deposition of dust par-
ticles was carried out in the approximation of «diffusion
boundary layer».

To do this, let’s use the concept of free inertial flight
of particles from a turbulent gas flow in the precipita-

tion surface (cyclone wall, on the surface of the dust
«bundle»), which has been widely used in studying the
process of turbulent aerosol deposition [9, 13]. This con-
cept was first expressed in [14], which boils down to
the assertion that in the near-wall zone of the turbulent
flow there is an inertial emission of dust particles from
the turbulent vortices supporting them in the direction
of the cyclone surface.

The authors came to this idea with the well-known
Prandtl scheme, according to which the turbulent flow is
divided into two separate areas — the turbulent flow core
and the laminar layer in the wall, the remainder devoid
of turbulent pulsations. According to this scheme, near
the laminar layer near the cyclone wall, turbulent vortices
slow down their movement to zero, and suspended dust
particles, due to inertia, continue their path through the
inhibited layer to the cyclone wall [13].

The authors of [10] suggested that the ejection of
dust particles to the wall occurs with an initial velocity
equal to the average velocity of the transverse pulsations
of the turbulent flow over the pipe cross section, that is,
with ., =0.9u. [13].

In this work, a similar pattern of the behavior of dust
particles near the precipitation surface of a cyclone is
proposed. Moreover, a quantitative assessment was made of
the appropriateness of using such a method for calculating
the efficiency of cyclone dust collectors for the 19 most
widely used cyclone dust collectors, given in [9].

The estimation of cyclones of the value «dy-50» was
made taking into account the laws of motion of dust par-
ticles in the «diffusion boundary layer». In this case, let’s
use the values of the velocity of transverse pulsations of
the turbulent flow in the inlet of the cyclone, which were
recently successfully developed in [8, 10], which give the
most accurate analytical calculated dependences. It is also
assumed that particles are delivered to the boundary of
the «diffusion boundary layer» due to the mechanism of
convective diffusion and the influence of turbulent pulsa-
tions of the gas flow. In the <«diffusion boundary layer»,
the particles move toward the sedimentation surface of the
cyclone at approximately a constant speed, taken equal to
the average transverse pulsation velocity of the turbulent
flow, in particular, over the cross section of the pipe. In
addition, it is believed that the final particle velocity
(when they touch the cyclone wall or the surface of the
«dust bundle») is not zero [13, 14]. The basis for this
was the hypothesis of the existence of a periodic invasion
of large-scale vortices from the nucleus in the parietal
region. Under the accepted assumption, the mean free
path of the particle is:

[=0.9u..

Then the value of the final particle velocity obtained
by this method (when they touch the wall of the cyclone
or the surface of the dust «bundle») is the determin-
ing value in assessing the probability of their deposition.
In this case, the cleaning efficiency is due to the com-
bined influence of convective diffusion mechanisms and
inertial forces.

This paper proposes an improved method for calculating
the efficiency of dust collection in a cyclone based on the
use of turbulence characteristics of flows. The regularities
of the process of deposition of dust particles along the
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path (cyclone wall, on the surface of the dust «bundles)
in the «diffusion boundary layer» are also used.

The calculation of the dust collection efficiency in
cyclone apparatuses according to the new method is pro-
posed to be performed in the following sequence:

— equivalent diameter of the inlet of the cyclone [8, 14]:

2ab

deq = WDU

3)

— dynamic Pulsation velocity of the gas flow in the
inlet of the cyclone is determined by the dependence [9]:

B 0.354u,, A
U =1 8lgRe—1.64" 4
where
uindeq
Re= ; (%)
Vg

— average cross-sectional velocity of the transverse
pulsations of the turbulent gas flow over the cross
section of the inlet of the cyclone [13]:

U, =09u,; (6)
— Stokes criterion [1]:

d2 C.S.
Sy = el o, =10 m [15]); 7

~18D,0,

— coefficient of inertial capture of dust particles «E» —
according to the most accurate interpolation dependence
obtained by the author with a potential flow regime
in the inlet pipe of cyclone apparatuses:

E_ SLk ’
TS, +0.24 )

It should be noted that there are a number of other
dependencies for evaluating calculations of the particle
capture coefficient at obstacles «E» under the potential
flow regime and the most famous of them are given below:

— according to [11] for estimated calculations of the

coefficient of capture of large dust particles by large

drops of liquid in Venturi scrubbers with a potential
flow regime:

e S Y.
| $,+059 )

— according to [16] for the estimated calculations of
the capture coefficient of spherical particles in a dis-
persed-ring flow:

(®)

)

E— Slk 2. 10
 8,+0.125 )7 (10)

— according to [12]:

o 2 11
1 85,+0.135) - (b

An analysis of dependences (8)—(11) shows that for-
mula (8) gives the most accurate estimate of the coef-
ficient «E» of the inertial capture of dust particles by an
obstacle during the potential flow regime in the inlet pipe
of cyclone apparatuses. This applies both to the estimation
of the «cut-off> diameter (dy-s0) and the estimation of
the diameter (dy-ss), which determines the value of Igoy,
which is important for the calculation of cyclones. In ad-
dition, errors in estimating the value of 1g6,=0.35 (for
on=2.24), for example, for a cyclone of the «CN-15» type,
are for formulas (8), (10), (11), respectively, 1.78 %; 30.6 %;
17.3 %, which also confirms the higher accuracy of the
calculations of formula (8).

From the solution of equation (8) it follows that at
E=0.5, 5;z=0.59, the value of the «cut-offs> diameter (dy-50)
is determined from the solution of equation (7) to evalu-
ate the criterion «Sy» with the value of E=0.5 (n=0.5).
That is, when the value dy =50 should correspond to the
dependence:

18 an *Op - Stkn:SO
dn=50 =T Aha.
pa-0.9u,

if to consider that the optimal value for D, =100-10° m [15],
and E=0.5 [11], Sy =0.39 [11], then:

(12)

08 m;

18:100-10°-2,-0.59
w50 = 1 (13)

Ppa-09u,

— the value d7);, taking into account the influence
of the values D, and D,, is calculated according to
the dependence [9]:

: D, D, 1/4
dnzsozdnzso 059 1106 )

— according to two parameters (dn-50 and o), as well
as two dispersion parameters of the caught dust (ds
and o), the value of the auxiliary calculation para-
meter «¢» is determined by dependence (1):

(14)

e lgds) ~1gd s )

Jg?o, +1g%c,
— the total degree of purification of the gas stream
from dust in the cyclone is finally calculated accord-
ing to the dependence [9]:

Nee = 50+44¢ —10(¢)? (for ¢ <2); (15)

15
nmr=105.4—7 (for ¢>2). (16)

Table 1 shows the experimental and calculated methods
proposed in this paper for calculating the values d{-so
and df-50. Such calculations were performed for the 19
most widely used cylindrical and conical cyclones in in-
dustry, given in [9].

The average error in estimating the estimated value
df-50, for those given in Table 1 cyclone (19 pcs.) amounted
to 6.7 %, which is lower than the average error of 7.52 %
given for the same 19 cyclones in [9].
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Tahle 1
Assessment of cleaning efficiency in cyclones of various designs
Cyclone No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10
a 0.26 0.26 0.26 0.2 0.26 0.18 0.264 0.21 0.2 0.26
b 0.66 0.48 1.1 0.6 0.8 0.4 0.535 0.52 0.4 0.7
O, m 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 16 0.6
Dpg, m 0.224 0.202 0.25 0.18 0.236 0.148 0.212 0.18 0.427 0.228
I, 0.58 0.58 0.59 0.58 0.5 0.22 0.33 0.34 0.203 0.5
S 160 250 80 210 92 2000 600 1270 4420 115
p, kg/m3 1930 1930 1830 1930 2650 1930 1830 1930 2300 2200
v,;105 m?/s 25 25 25 25 15.3 25 25 25 35.53 15.3
U,,, m/s 3.5 3.5 3.5 3.3 5.4 3.5 3.5 3.5 1.6 4.77
Up, m/s 16 22 9.6 21.6 20.4 38.2 19.5 25.186 15.7 20.57
I _5p, um 45 3.65 8.5 412 2.75% 1.13 2.31 1.95 2.27% 3.09
Df _5p, Hm 45 1.37 5.74 3.923 2.7677 1.12 2.318 2.11 2.08% 2917
Ady -5, % 0 1.37 32 4.77 0.62 0 0 8.15 7.96 3.0
Cyclone No. 11 No. 12 No. 13 No. 14 No. 15 No. 16 No. 17 No. 18 No. 19
a 0.16 0.2 0.25 0.25 026 0.223 0.182 0.104 0.2
b 0.38 0.4 0.5 0.28 1.0 0.41 0.527 0.586 0.52
O, m 0.3 0.3 0.2 0.8 0.37 0.3 0.55 0.512 0.25
D,y m 0.087 0.08 0.07 0.211 0153 0.087 0.148 0.0906 0.0722
I, 0.4 0.187 0.5 0.38 0.5 0.325 0.545 0.533 0.48
g 1300 1900 237 1640 85 985 425 130 130
p, kg/m? 2600 1000 2200 2650 2650 2650 2070 3100 2650
v, 108 m?/s 15.3 15.3 15.3 15.3 15.3 15.3 34.0 15.3 15.3
U, m/s 18 1 2.8 1.3 3.5 2.33 3.6 3.2 3.4
U, m/s 20.66 9.81 17.0 14.6 10.57 20 29.5 9.66 25.7
D —5p, um 1.39% 1.27% 2.47 2.47 3.379 1.857 3.07 2.79% 1.647
Df -5, pm 1.487 1517 2.67 2.22? 3.74 1.73% 3.387 392 1.57
Ad, -5, % 6.9 7.0 1.83 75 3.64 - 12.67 7.52 4.09

Note: No. 1 — CN-15 [1); No. 2 — CN-11 [1]; No. 3 — CN-24 [1]; No. 4 — CBTI (C) [9]; No. 5 — MIOT [9]; No. 6 — MIOT (9); No. 7 —
CK-CN-34M [1); No. 8 — CK-CN-33 [1]; No. 9 — [9]; No. 10 — [9]; No. 11— SCN-40 [9]; No. 12 — [8]; No. 13 — RISI [8]; No. 14 — UC-38;
No. 15 — VCNIIOP [9); No. 16 - [9]; No. 17 - [9]; No. 18 — [9]; No. 19 — [9]; the quantities are marked with z), which correspond to the

operating conditions of the cyclone ash collector

The values «d§_50» proposed by the State Research
Institute for Industrial and Sanitary Gas Treatment (Kyiv,
Ukraine) are calculated according to the dependence:

de ., = 64.35¢051,

n

17

for conditions D,=0.6 m; Vz=3.5 m/s; 1,=22.2-10" Pas;
=1930 kg/m?.

If necessary, recounting to other conditions can be
carried out according to the formula:

o _ge [P735 w1930

w0 =06 Vo 222100 pp M

where the quantities are marked with #), which correspond

to the operating conditions of the cyclone ash collector.
The average loss for the recorded dependency by

State Research Institute for Industrial and Sanitary Gas

Treatment (17), with an estimate of the value «dy-50» for

the index in the Table 1 of the same cyclones (19 pcs.),

21.46 % accumulated [9]. It is 3.2 times more dangerous

than with the value of the rosette of dy -5 in the fallow
deposits (8).

It should be noted that, in addition to higher accuracy,
the new method allows forecasting the value of «dy_50»
when there is a change in the turbulence of the gas flow
at the inlet to the cyclone, which is unacceptable when
there is a complete change in method.

7. SWOT analysis of research results

Strengths. A positive effect of the studies is the high
accuracy of analytical calculations of the cleaning effi-
ciency of various cyclones both at the design stage and
in industrial conditions of operation of cleaning systems.

Weaknesses. A negative factor in the study is that the
conclusions of the work should be extended to a larger
number of cyclone designs and conditions for dust disper-
sion and gas flow characteristics.

Opportunities. When implementing the results of the
study, in some cases it is possible to significantly reduce
capital costs for the purchase of more expensive treatment

24
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equipment for electrostatic precipitators, bag filters. This
will give enterprises significant cost savings. The results
of the work may be interesting not only for Ukraine.

Threats. When implementing the results of the study,
additional costs are practically not required.

1. The analysis of the influence of the average cross-
sectional average of the inlet pipe of the cyclone of the
velocity of the transverse pulsations of the turbulent gas
flow in the inlet of the cyclone [2, 13] on the value of
the «cut-offs diameter «dy_50» [1]. It has been established
that the greatest influence on the value of the «cut-off»
diameter «dy-50», as well as on the cleaning efficiency,
is exerted by the velocity of transverse pulsations of the
turbulent gas flow in the inlet of the cyclone [2, 13].

2. The proposed improved method for calculating the
efficiency of dust removal of cyclones is based on the charac-
teristics of turbulent flows and the efficiency of the process
of deposition of dust particles on the path (cyclone wall,
on the surface of the dust bundle) in the approximation of
the «diffusion boundary layer». This allows one to calculate
with high accuracy the effective cleaning of industrial dusts
in cyclones, significantly reduce the time spent and the
amount of experimental work when developing new types
of cyclones or selecting them for solving various problems
in the field of aerosol mechanics. Using the most accurate
experimental data on the effectiveness of dust cleaning in
various cyclones [1, 9], the advantages of this method for
calculating the total degree of ash extraction in cyclones
with different designs and various parameters of dust and
gases are substantiated. When assessing the accuracy of
the calculations of the methods, the results of calcula-
tions by the most accurate method are considered [9, 10].
It is shown that the average accuracy in estimating dy-s9
is 12 % higher than in [9, 10].
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