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Jna ouenku 3¢pghekmusnocmu padomovt nPAMONMOYHO20 YUKIIOHA HATIOEHbL AHAIUMUYE-
CKue peuienus 0114 MaHZEHYUANbHOU, PAOUATIbHOU U NPOOOILHOIL COCMAGAIOWUX CKOPOCMU 23434 6
ezo pazdenumenvHoit kamepe. C yuemom nOAYy4EHHbIX PEeUieHUll PACCMOMPEHbl MPAEKMopuu ya-
CHMUY NBLIU 8 KAMEPe, YO NO360J1UI0 OUEHUMb 8DEMA UX NPEObIGAHUS 8 Kamepe, A MaKyice epems
noonema uwacmuy K 6HeuiHell cmeHKe pazdenumenvnoii kamepvl. CpasneHue YKA3aHHBIX 8PeMeH
oaem 603MO0ICHOCIb ONPeeiums nPeoelbHbLIL pa3mep 4acmuy, KOmopble 6 NPUHYUNE MO2Ym Oblnb
y06ensl OanHbim yukionom. Kpome mozo, nonyueno evipascenue 0 cpeoueii CKOpocmu 4acmuy
6 paouanbHOM HANPAGNEHUU, KOMOPAsA AGNACHCA MEPOIl UHMEHCUBHOCMU KOHBEKMUBHO20 MeXa-
HU3Ma nepeHoca wacmuy meepooi ¢asvl. B pezynomame pewienua necmayuoHapuoz2o ypagHenus
KOHBEKMUBHOU Oughy3uu nonyuen aeHulil U0 3a6UCUMOCHU KOHUEHMPAUUN YACMUY 8 NOMOKe
2a3a om pemeHu no mepe ux 0gudxcenus 6 kamepe. Cneocmeuem yKa3annoul 3a6UCUMOCHU AGIAENICA
COOMHOUIEHUE, NO360/IAIOU{EC OUCHUMb 6IIUAHUE PACX00A 2434, PA3MEPA YACHUY, NbLAU U OCHOBHbIX
2€0Mempu1ecKux napamempos pazoeumenbHoul Kamepvl Ha IPHeKmueHocms 04UCMKU 3anbLiIeH-
nozo 2aza. C uenvio npoeepKu A0eK8AMHOCMU NPEOIOHCEHHOI MAMEMAMUYECKOT MOOEAU U NOJIY-
YEeHHBIX HA ee OCHO6E PeuleHUll NPO6eOeHbl IKCNEPUMEHMAIbHbIE UCCIe006AHUA HA YCHAHOGEKE C
KOHCIpYKyueil 3a8uxpumens NPpAMOMoO4YH0O20 YUKIOHA, npouay 1onacmeil KOmopo2o obecneyu-
eaem Oe3yoapuulit 6x00 2azoeseecu. Ilonyuennvie pe3ynbmamol NOKA3AAU XOPOULYIO CXOOUMOCHD
PAacuemuuIxX u IKCHEPUMEHMAIbHBIX 3HAYEHUTI CIeNneHU 0YUCKU 2306011 (a3vl nPuU pa3iuiHbIX pe-
HcuMax padomel YUKIOHA U Y2na 3aKPYMKU JIOnaAcmeil, a makice 2e0MempuiecKux napamempos
yuknona. Pesynomamel cmamovu no3eonsaom nocmpounms MemoouKy paciema YyuKioHa Ha cmaouu
NPOEKMUPOBaAHUs, a MAKHCE MEMOOUKY PAcHema ONMUMAIbHOU CKOPOCHU 3ANbLIEHHO20 230 HA
cmaouu IKCHIyamayuu.

KimoueBble ¢/10Ba: IPAMOTOYHBIN IIUKIIOH, 3()(EKTUBHOCTh OUYMCTKH, FEOMETPHUYECKUE ITapaMeTphl pa3-
JIETIUTENBHON KaMepbl

THEORETICAL AND EXPERIMENTAL ANALYSIS OF DEPENDENCE OF EFFICIENCY
OF DIRECT-FLOW CYCLONE ON GEOMETRY OF SEPARATING CHAMBER

O.M. Flisiyk, N.A. Martsulevich, V.S. Toptalov

Oleg M. Flisyuk *, Valery S. Toptalov

Department of Processes and Apparatus, Saint-Petersburg State Institute of Technology, Moskovsky ave., 26,
St. Petersburg, 109013, Russia

E-mail: flissiyk@mail.ru *, ixumuk@mail.ru

Nicolay A. Martsulevich

Mechanical Engineering Department, Saint-Petersburg State Institute of Technology, Moskovsky ave., 26,
St. Petersburg, 109013, Russia
E-mail: tohm1950@mail.ru

ChemChemTech. 2021. V. 64. N 8 99



O.M. ®@nucrok, H. A. Mapnynesuy, B.C. TonTanos

The efficiency is one of the most important technological characteristics of its operation of
a direct-flow cyclone. High efficiency allows to capture more solid phase, which, as a rule, can be
disposed of to obtain useful products. As a result not only the amount of waste released into the
atmosphere, but also solves the problem of resource conservation. To evaluate the efficiency of the
cyclone, the analytical solutions have been obtained for the tangential, radial and longitudinal
components of the gas velocity in the separation chamber of the direct-flow cyclone. Taking into
account the obtained solutions, the trajectories of dust particles in the chamber are considered, that
made it possible to estimate the time of their stay in the chamber, as well as the time of the particles’
approach to the outer wall of the separation chamber. Comparison of these times allowed us to
determine the limiting particle size that, in principle, can be captured by this cyclone. In addition,
an expression is obtained for the average velocity of particles in the radial direction, which is the
convective mechanism intensity measure of solid phase particles transfer. As a result of solving the
nonstationary equation of convective diffusion, we obtain an explicit form of the dependence of the
particles concentration in the gas flow on time as they move in the chamber. To assess the adequacy
of the proposed mathematical model and the obtained solutions, experimental studies were carried
out on an installation with a design of a direct-flow cyclone swirler, the blade profile of which
provides a shock-free gas suspension inlet. The obtained results showed a good convergence of the
calculated and experimental values of the gas phase purification degree at different cyclone oper-
ating modes and the angle of blade twist, as well as the geometric parameters of the cyclone. The
adequacy of the obtained solutions, dependencies, and conclusions is experimentally confirmed.
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INTRODUCTION

Cleaning gas emissions from dust using cy-
clones is the most common method. The captured dust
is usually disposed to obtain useful products, for exam-
ple, in the production of quartz sand, chalk, limestone
and other bulk products. Therefore, a very important
issue is the development of cyclones that are compact
and have high cleaning efficiency. Such cyclones un-
doubtedly include direct-flow cyclones [1-4]. When
cleaning large volumes of industrial gas emissions, di-
rect-flow cyclones have a number of advantages over
other types of dust collectors [5, 6]. This should in-
clude a high degree of purification in a wide range of
gas flow rates and dispersed phase concentrations, rel-
atively low hydraulic resistance, reliability and sim-
plicity of design. However, their main advantage is the
ability to work at high operating gas velocities without
reducing efficiency. This fact was the reason for inten-
sive study of separation process in direct-flow cyclones
in recent years [7-14]. To date, a large number of vari-
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ous designs of direct-flow centrifugal and vortex sepa-
rators have been developed and investigated. They dif-
fer from each other in the way of organizing the swirl-
ing flow and the device of the phase separation unit.
Attempts are made to adequately describe the motion
of gas suspensions in swirling flows and to construct
mathematical models of centrifugal dust collection
[15-23]. However, so far it has not been possible to of-
fer reliable methods for calculation of direct-flow cy-
clones that predict the degree of gas purification at the
known gas flow rates and characteristics of dust parti-
cles dispersion. Nevertheless, the results of the con-
ducted studies allowed us to establish two indisputable
facts. First, the efficiency of dust collection is mainly
determined by the geometric parameters of the separa-
tion chamber, which must be taken into account when
designing cyclones. Secondly, in the operation of cy-
clones there is always an optimal gas velocity in terms
of cleaning depth. It depends on the geometric param-
eters of the chamber and the characteristics of the dust
[24-26].
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The purpose of this article was to determine the
influence of the geometry of the separation chamber of
a direct-flow cyclone on the efficiency of its operation,
aswell as to develop a method for choosing the optimal
gas velocity that ensures maximum dust collection.
The results are obtained on the basis of solving the hy-
drodynamic equations and analyzing the trajectories of
dust particles inside the separation chamber. Fig. 1
shows a typical diagram of a direct-flow cyclone used
in practice. When leaving the swirler blades, the gas
moves in a spiral, dragging particles along with it. The
movement of the dispersed phase is determined by hy-
drodynamic interaction with gas and centrifugal forces.
Due to the installation of the central pipe, the turbulent
trace is shifted inside the nozzle for the purified gas that
significantly increases the cleaning efficiency [28].

THEORETICAL RESEARCH

Let us consider the flow of a dusty gas in a
swirling flow region. If we assume that the presence of
particles in the flow has little effect on the gas velocity
field, then the problem is divided: first, it is possible to
determine the velocity field of the gas phase, and then -
the nature of particle motion.

[ et

|

R 7

|
1),

|| &

: 5

i i

‘ ey

|

|

e || 3

\

|

|

|

| 4
|

- |

oW st
: SNOA L autlet
e | T
P

l qas
autlef

Fig. 1. Diagram of the cyclone: 1 — swirler; 2 — swirler blades;
3 — nozzle for the outlet of purified gas; 4 — nozzle for the outlet
of dust; 5 — central pipe
Puc. 1. Cxema mukitoHa: 1 — 3aBUXPHTEND; 2 — JIOMACTH 3aBUXPU-
Tenst; 3 — maTpyOOoK I BEIXOa OYMIIEHHOTO ra3a; 4 — marpy0ox
JUI BBIXOZA TIBbUTH; 5 — LIEHTpajibHas TpyOa
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Let us compose the equations of gas motion,
assuming that the motion is stationary, the medium is
incompressible, the fields of all hydrodynamic quanti-
ties are axisymmetric, and the gas moves under the ac-
tion of inertial forces, centrifugal forces, Coriolis force
and pressure forces. Under the assumptions made, the
system of equations describing the gas phase motion
has the form:

ow, owy . Wjp,
Wr aar + Wz gz - r’ (1)
W Wy  WoWr,
w,——+w. =—-— 2
r aar + Zaaz r ' ( )
wy wy, 1dp
w w =—==— 3
T or W, 0z pdz ( )

Here wr (r,z), W, (1,2), Wz (r,z) — are the radial,
tangential and axial components of the gas velocity, re-
spectively, m/s; p(z) — pressure, Pa. We neglect the de-
pendence of pressure on the radial coordinate, assum-
ing that the pressure gradient in the radial direction is
small.

Let us now formulate equations of motion of
the particle considering that its motion is determined
by interaction force with gas, centrifugal force and
Coriolis force. In cylindrical coordinates these equa-
tions have the form:

2 = flwr — )+ 4)
20 = f(w, — v,) — 22, (5)
2 = fw, —v). (6)

Here vr (r,2), v, (r,2), vz (r,2) — are the radial,
tangential and axial components of the particle veloc-
ity, respectively, m/s.

The coefficient 1 = 18uw/p,d%, s?, that corre-
sponds to the Stokes gas flow around the particle. In
this ratio x — coefficient of dynamic viscosity of the
gas, P-s; p, — particle density, kg/m?; d — is its charac-
teristic size, m.

To determine the trajectory of a particle de-
pending on its size according to equations (4)-(6), it is
necessary to use equations (1)-(3) to find an explicit
form of the dependencies wr (r,z), w, (r,z), Wz (r,z).
These equations are solved in the zone of the apparatus
between the swirler and the cross-section correspond-
ing to the output of the purified gas. Let the coordinate
z = 0 for the entrance to this zone, and z = h for the
exit. The polar angle ¢ varies from 0 to 2z.

The radial coordinate varies from R: to R,
where Rc — is the radius of the central pipe, m, R —is
the radius of the separation chamber, m (see Fig. 1).
Let us compose the boundary conditions for equations
(1)-(3). The radial component of the gas velocity w (r,
z) must vanish on the wall of the separation chamber
(the condition of no flow through the wall):

wr (r,z) =0, r=Ratany z. (7)
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The tangential component of the gas velocity
W, (r,z) at z =0 must be equal to the projection of the
total gas velocity vector V onto the tangential direction
when the flow leaves the swirler blades, i.e. W, (Rc,0)
= V cos B, where £ is the angle between the vector V
and the tangential direction at the blade edge. The con-
dition on the longitudinal component of the velocity w;
(r,z) follows from the assumption that the flow is sta-
tionary. In a stationary flow, at any value of the z coor-
dinate, the volumetric gas flow rate Q is constant:

Q = Jf; w,(r,z)ds = const (8)
where S — is the cross section of the flow region. It fol-
lows from this condition that the longitudinal compo-
nent of the velocity depends only on the radial coordi-
nate: w; = w; (r). Let the pressure drop within the sep-
aration chamber be Ap. Then the pressure gradient

a Ap . In this case, it can be seen from equation (3)

that the radial component of the gas velocity is also a
function of only the radial coordinate: wr = wr (r). Fi-
nally, equation (1) can be fulfilled only if the tangential
component of the gas velocity does not depend on the
longitudinal coordinate: w, = w, (r).

Taking into account the assumptions made and
their consequences, equation (2) is easily integrated. Its
solution satisfying the boundary condition formulated
above is a hyperbola:

R;Vcosp
w,(r) =——

©)
T
Equation (1) allows us to determine the profile
of the radial component of the gas velocity:

wy(r) =R Vcosﬁ — (10)

The gas velocity component along the z axis is
determined from equation (3). Its solution satisfying
condition (8) is the function:

w(r) =2+ ACR2 -
where = —=2P__
phR Vcosp
chamber, m?.

From the obtained expression it can be seen
that the longitudinal component of the velocity is min-
imal in the vicinity of the central pipe, and reaches
maximum values near the chamber wall. Fig. 2 shows
the profiles of the tangential, radial and axial compo-
nents of the gas velocity.

For known gas velocity fields, the trajectories
of dust particles obey equations (4)-(6). In order to an-
alyze the cyclone efficiency, it is necessary to know the
explicit form of the time dependences of the radial ry(t)
and axial zy(t) coordinates of the particles. These de-
pendencies must satisfy the equations:

d?r dr.
=/ [Wr(rp) p]"’ (v(p)z

1

—VRZ —12) (11)

, — the cross-sectional area of the

(12)
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2z z

iitzp - [WZ(TI’) ; p] (13)

Here wi(rp) and w(rp) are the radial and longi-

tudinal components of the gas velocity at the point of

the flow where the particle is currently located. In ac-

cordance with the solutions obtained earlier, these

functions, which are implicitly time-dependent, have
the form:

R2—r§
Wy (rp) R Vcosp

w, (1) = —+A( \/RZ RZ — [RZ—1}).

30 T
=w 20 1
=
:
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0 t t
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Fig. 2. Profiles of the longitudinal (1), tangential (2) and radial (3)
components of the gas velocity in the separation chamber of the
cyclone (volumetric gas flow Q = 960 m?/h). Cyclone separation

chamber diameter — 200 mm

Puc. 2. IIpodunm nponosbHOH (1), TaHreHIMaNbHOM (2) M paau-
IBHOH (3) COCTABIAIONINX CKOPOCTH Ta3a B pa3eNUTeNLHOM Ka-
Mepe LuKIoHa (06beMHBIH pacxo raza Q = 960 m3/u). Jluamerp

pa3zenuTenpHON KaMepsl ukioHa — 200 MM

Equations (12) and (13) are a system of inter-
related nonlinear differential equations that can be
solved numerically using MathCad or analytically, but
after some simplifications. Evaluating the terms in
equation (12) in order of magnitude, it is easy to see
that the force of the hydrodynamic interaction is sig-
nificantly less than the other two (the centrifugal force
and the inertia force) when the particle moves in the
radial direction. Ignoring this force, we come to the
equation:

2
d Tp
dt?

= %(v(p)2 = const (14)

Here, the variable rp is replaced by the radius

of the separation chamber. From the point of view of

calculation, this will lead to a certain underestimation

of the cyclone efficiency in comparison with the real

value. As the initial conditions for equation (14), we
take:

17,(0) = R;; w,(R,) = —cos,l%/R2 - R? (15)

The above conditions mean that all particles

enter the separation chamber at the greatest distance

drp © _
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from its wall, and their initial velocity does not differ
from the gas velocity. These conditions are also the
worst in terms of the release of particles from the
gas stream.

The solution of equation (14), satisfying the in-
itial conditions (15), is the function:

R
Tp(t) =R, + Rlnm. (16)

The resulting expression makes it possible to

determine the time T, for which the particle, when mov-
ing in the radial direction, will reach the chamber wall:

R _R-R¢
7?—;35@‘3 R) (17)

Hence, as well as from condition (15), it can be
seen that the time required to remove the particle from
the flow depends solely on the geometric parameters
(R, Re, ) and the gas flow rate.

From the relation (16) it is not difficult to de-
termine how the radial velocity of the particle changes

with time:

_ _Rwr(Ro)

v (t) = Rt (R’ (18)
Using this ratio and the ratio (17), it is possible

to determine how much the particle velocity changes

during the time Tr. Really

Rwr(R¢)

vy (Ty) _ R-wrR) Ty __ R-Re
" ® = wemy ¢ T (19)
Thus, when colliding with a wall, the particle
R-Rc¢

velocity increases by e ®  times. The average particle
velocity over the time interval (0, Tr) is:

R _R=Rc\~1
(v) = d(1-e"w) @

When analyzmg the mass movement of dust
particles in the separation chamber, the value of this
velocity is a measure of their convective transport in
the radial direction.

Let us now determine the time T: in which the
particle, in its longitudinal motion, will reach the exit
from the separation chamber. The change in the longi-
tudinal coordinate in time obeys equation (13). To its
analytical solution on the one hand and preserving ac-
ceptable accuracy on the other replace function w(rp)
value of the longitudinal velocity at r = Rr, considering
the fact that in changing the radial coordinate from the
Rc to the Rz value of the longitudinal velocity increases
slightly (see Fig. 2). Then the equation for finding the
dependence of zp(t) will take the form:

RR

d? d
—Z 4 f—L = fw,(Ry). (21)
As the initial conditions for this equation, we
take:
dz(0
zp(0) = 0; =2 = w,(R.) = 2 — 2 A/RZ = RZ. (22)
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The second condition means that when strip-
ping off the swirler blades, the velocities of the parti-
cles and gas coincide. The solution of equation (21)
satisfying the initial conditions (22) is the function:

zp(t) = w,(Rp)t = 2w, (Rp) = w,(R)I(1 — e 7/).(23)

The time T is found from the condition zp(T2)
= h, which leads to a transcendental equation with re-
spect to the target value:

_ h wz(R¢)
Z 7 wy(Rr) [ wz<RT>] (1- (24)

The solutlon of the inequality T.>Tr, which in-
cludes all the geometric parameters of the cyclone and
the volumetric gas flow rate Q, makes it possible to de-
termine the minimum size of particles that, in princi-
ple, can be captured by this cyclone. In addition, the
time T can be considered as the average residence time
of particles in the separation chamber.

To assess the efficiency of the cyclone, de-
pending on its geometric parameters and gas flow rate,
we will follow the change in the concentration of dust
particles in the elementary layer of the gas suspension
as it moves in the chamber.

The concentration of particles in the layer un-
der consideration depends on the time and the radial
coordinate. In this case, the particle concentration
changes due to two mechanisms: convection at a speed
of (v,.) in the direction of the chamber wall and reverse
mixing due to turbulence, particle collision and possible
secondary entrainment of particles that have already
reached the wall. Thus, the concentration of particles
C(t,r) in the layer obeys the equation of nonstationary
convective diffusion, in which the variables t and r
change at intervals (0, T:) and (Rc, R), respectively:

Xt L=p, 2% (25)
ac -\ Tlor ~ el gr2

Here Der is the effective particle backmixing
coefficient. The initial condition for this equation is:
C(0, Rc) = C., where the latter value is equal to the con-
centration of particles in the initial flow.

It is not difficult to make sure that the solution
of equation (25) satisfying the initial condition is the

function:
2
C(t,r) =C,ex {lPe (T_—Ra—ﬂt} 26
(1) = Cuexp {5 Pees " = 0 (26)
The Pe. s number is calculated through the ef-

fective backmixing coefficient and the average particle
velocity in the radial direction: Pe,f = @R Then the
Deg
degree of purification F can be estimated by the value
of the ratio:
Cu—C(TzRc)

_ z _ 1 _ _ (Vr)ZTz
F = C. =1 exp( v ) (27)

Here C(T,, R.) is the concentration of particles
in the gas leaving the separation chamber through the
outlet pipe for the purified gas.

_sz)_
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The ratio (27) allows us to trace the depend-
ence of the cyclone efficiency on the geometric param-
eters of the separation chamber, the size of dust parti-
cles and the gas suspension flow rate. In this case, the
value (v,) is calculated using the ratio (20), and the
time T is calculated using the ratio (24). The value of
the effective mixing coefficient can be determined at
the stage of preliminary experiments by matching the
experimental and calculated data.

EXPERIMENTAL PROCEDURE

To assess the adequacy of the proposed math-
ematical model and the obtained solutions, experi-
mental studies were carried out on the installation with
a direct-flow cyclone and swirlers, the blade profile of
which provided a smooth, shock-free gas suspension
inlet [30]. The angle of blade twist in the swirlers was
600, 450 and 300. The gas suspension flow rate varied
in the range of 270 to 1270 m%h. Quartz flour with a
dispersion of 15 um, 20 um, 30 um and 50 pm was
used as the solid phase. The concentration of the solid
phase in the air flow was kept constant and amounted
to 100 g/m®.

RESULTS AND ITS DISCUSSION

The obtained results showed a good conver-
gence of the calculated and experimental values of the
gas phase purification degree at different cyclone op-
erating modes and the angle of blade twist, as well as
the geometric parameters of the cyclone. Figures 3 and
4 illustrate the dependences of the cyclone efficiency
on the gas velocity at various values of the twist angle
and the ratio between the radii of the central pipe and
the separation chamber. It is not difficult to obtain sim-
ilar dependences on other geometric parameters of the
cyclone. The Det coefficient depends both on the veloc-
ity of the gas suspension and on the twist angle. There-
fore, the method for calculating the efficiency of a cy-
clone at a given flow rate and geometric parameters as-
sumes its preliminary determination. So, at a twist an-
gle of 60° and a gas velocity of 12 m/s, the coefficient
Der = 0,224 m%s. The dependences shown in the figures
have a pronounced maximum corresponding to the op-
timal gas velocity in the separation chamber. When op-
erating cyclones, the value of the optimal speed is eas-
ily determined using the obtained relations.
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CONCLUSIONS

14 20

The ratios obtained in the work, linking the ge-
ometric parameters of the cyclone with its efficiency
and the most important hydrodynamic characteristics,
allow us to build a method for calculating the cyclone
at the design stage, as well as a method for calculating
the optimal speed of dusty gas at the operation stage.
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