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Po3pooaeno mamemamuuny moodens npoyuecy cenapyeanis eeme-
POEHHUX NOJNIOUCNEPCHUX CYMiwell Y 3anponoHOBAHUX eHep2o3-
Oepizalouux euxposux cenapamopax, aKa npeoCcmasaeHa CUucmemoro
Jugpepenuianvnux pieHaHb, WO 368°43Y€ NAPAMEMPU Pe2YI0BAHHS
npouecom i3 eeomempurnumu pozmipamu anapamy. Iloxazamno mosic-
JUBICMb PO36°AIAHHL MAMEMAMUMHOT MOO0eNi HA OCHO8I Memody
CImoK 0151 6U3HAUEHHA BUXIOHUX napamempis i napamempie ynpae-
JUHHA NPOUECOM CENAPYBAHHI, A MAKONC 0J15 BUIHAUEHHA KOOPOUHAM
KOMNoOHeHm 3 PisHumMu Qopmamu, WiloHOCMAMU, AePOOUHAMIMHUMU
ma 2azo0unamivnumu eaacmugocmamu. Lle 3menwumo uac na pos-
PAXYHKU 2a300UHAMIMHUX BUXPOBUX Cenapamopieé 0yov-aKux cymi-
weil. /loeedeno 00cmosipHicmv po3paxyHKy Ha 0CHOBL Memooy Cimox
3a 00NOM02010 3ICMABNCHHA 1020 3 PE3YNLMAMAMU eKCREePUMEHMY.
Ile do3zsonse pospaxosysamu i npoexkmyeamu 6uUXposi cenapamo-
pu 0e3 dopozux KaiOPYEAILHUX CUM | eHEeP2OEMHO20 BIOPAUiliH020
oonaonanns. Bemanosneno oonacmo 3Minu 3a2anbHONPUUHAMUX Y
3epronepepod0BaANLbHIN NPOMUCTIOBOCMI Koeiuicumie epexmues-
Hocmi 1 wimKocmi cenapyeanus cymiui 00powHa, AKi 6KaA3y1OMs HA
HAABHICMb HeBI0CENaPOBAHUX WKIOIUCUX KOMNOHEHM Y BUXIOHOMY
npooyKmy ma emicm AKICHUX KOMNOHEHM Y 810X00ax, w0 He NOGUH-
Hi nepesuuwysamu 2 %. Busnaueno epanuuni 3nauenns xoeiuienmis
epexmuenocmi 1 =88 % i wimxocmi v ., =0,9 cymiwi Gopowna euuio-
20, nepuiozo i 0pY2020 COpMi8, AKi MONCYMb NPULUMAMUCT BUXTOHUMU
npu npoexmysanni 6uxposux cenapamopis. /loeedeno moxcausicmo
YNPABIIIHHS NPOUECOM CEnapyeamnts 6HACAIN0K 3IMIHU 2a300UHAMIY -
HUX napamempie zemepozennoi cymiwi na 6xodi y cenapamop. Ile
0036071uMb 3MiHIO8AMU WEUOKOCHI NEPePO3N0iny KOMNOHEHM
cymiwi i ompumamu HeoOXIOHi NOKAZHUKU NO BUXIOHOMY NPOOYKMY
3 Hanepeo 3adanum cmynenem wucmomu. Pesyavmamu docnioicensv
008005Mb MOHCUBICID BMIJIEHHS BUXPOBUX CENAPAMOPIE Y NPOMUC-
Jl06e 8UPOOHUUMEO, WO 3HAMHO IMEHUWMUMb 3ampamu Ha Ni020moe-
KY CUPOBUHU Y 3ePHONEPEPOONIOBANbHIN, BY2IIbHINL MA iH. 2aNY3AX,
a makosxc npu eupodHuymei donomimy, OydiseavHux mamepianie,
mowo. 3acmocyeants 6UXpOSUX 2a300UHAMIMHUX Cenapamopis y
MEXHON0ZIMHUX NPoUecax 00360JUMb NOKPAWUMYU eK0JL02i10 6UPOD-
HUUMEA i 3HUUMU eKCRAYAMAUTIHI eumpamu Ha 00CAY208YEaAHHS i
PEMOHM, MOMY W0 NPAUIOIOMb 34 3AMKHYMIM UUKIIOM | He MAlOMb
OazamoxowmosHux KaiopyeatvHUX cum i e1eKmponpueodia.

Kmouoei crosa: suxposuii cenapamop, eemepozenna cymiut, 2a3o-
Junamiuni napamempu, xoeiuienm edexmuenocmi, xoedivieum
uimxocmi, npooyKmueHicmo a

=,
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1. Introduction

Modern technological processes of separation and mix-
ing of heterogeneous polydisperse media have high energy
and economic costs. Main disadvantages of such processes
are the design complexity, a large number of moving mech-
anisms, nodes, parts, separating sieves, etc., unsatisfactory
environmental performance. In this regard, it is a relevant
task to develop devices, which would make it possible to
remove moving elements and separating sieves from tech-
nological processes, where main energy costs per unit of
finished products are the prevailing value in relation to the
cost of equipment and costs for preparation of raw materials.

Gas-dynamic processes, which occur in vortex devices,
irrespective of shapes and parameters of discrete particles of

heterogeneous streams, because of interaction with incident
fluxes, enable the control over a mass exchange between lines
of streams and the concentration of individual components
in coordinates. This makes it possible to apply gas-dynam-
ic vorticial devices in various technological processes of
mixing or separation of components and to reduce overall
dimensions, metal capacity, energy intensity and their cost,
compared to existing machines.

It is possible to resolve the problem of elimination of
separation of heterogeneous mixtures of moving sieves,
elements and nodes that determine the level of energy
consumption in modern separators by the introduction of
developed vortex gas-dynamic separators to technological
processes [1, 2]. Comprehensive studies of separation of
heterogeneous mixtures show that the main characteristics




of vortex separators, such as efficiency and precision, do not
always meet the requirements of technological processes.
This is explained, first of all, by the fact that the segregated
mixtures consist of components that vary widely in gran-
ulometric composition, density, aerodynamic parameters,
critical velocities, concentration, and others. According to
our classification, such heterogeneous mixtures include:

- coal grinding, which consists of coal, rock, soil, sulfur
mixtures, pure sulfur, etc.;

— abrasive materials, electric-rundum mixtures, etc.;

- sand mixtures, which consist of quartzites and dolo-
mites;

- grain mixture with hardly separable admixtures;

— flour and cereal grains and the like.

Increasing the efficiency of any construction of sepa-
rators does not reach the most advantageous values yet, as
well as precision of separation, that is, the presence of useful
components in separation waste. As well as reducing the
amount of harmful admixtures in flows, that must meet the
requirements for a resulting mixture.

The task statement requires a multilevel analysis of the
vortex thermodynamic process. The exact description of it
has often unsubstantiated assumptions.

2. Literature review and problem statement

A number of design engineering bureaus, research insti-
tutes and enterprises have worked on the problem of separa-
tion of individual fractions of heterogeneous mixtures with
necessary parameters for hundreds of years. However, until
now, it is not possible to eliminate moving elements, sieves,
electric drive units, etc. [3].

The analysis of known and accessible information on
modern technological processes, grain-processing machines
and other products, as well as principles used for purifica-
tion or distribution (separation) of mixtures, gives the right
to conclude that today this is not a limiting condition. It is
necessary to improve the separation technology both in de-
sign, and in operational parameters, both in reliability and
in energy consumption per unit of processed output prod-
uct [4]. The current level of mathematical modeling solves
the theory and calculation for processes of mixing, evapo-
ration and combustion of carbohydrate fuels and changes in
thermal-physical and gas-dynamic parameters completely.
However, known theories do not yet provide satisfactory
results for calculation and design of necessary separators
for distribution (separation) of heterogeneous mixtures [5].

This is explained, first of all, by the fact that, it is not
possible to determine initial information that should be
given to devices with sufficient accuracy although bases
of mathematical analysis of modeling processes are ahead
of a physical presentation of them [6]. And this should be
the basis for initial (output) data, and boundary conditions
(coordinates and a degree of purity) of components of a
heterogeneous flow that passed temporary, thermal-physical
and gas-dynamic boundaries, are most often accepted not
satisfying by the change from the output parameters to the
final ones [7]. This led to so much variety of designs of sepa-
rators and their parts, in which main energy costs belong to
vibration equipment [8].

The tasks related to the mentioned problem and the
problem of removal of expensive gauging sieves have re-
mained unresolved [9].

There is a well-known and widely used theory of the vor-
tex effect by Rank and its complete description in mathemat-
ical representation of gas-dynamic functions gives principle
approaches to physics of vortex flows and to relative flows of
heterogeneous components, which constitute a source prod-
uct [10]. The analysis of basic points of distribution of air to
cold and hot streams established that parameters determine
the mass-energy exchange [11]. It is possible to determine
parameters of a homogeneous medium only with a help of
the theory of gas-dynamic distribution [12]. The influence of
geometry of an entrance channel of a vortex device is known
for parameters of an airflow of energy separators only [13].
It provided the basis for possible creation of devices with a
physically similar process of distribution of heterogeneous
vortical streams into components of individual fractions.

Proceeding from the analogy one can formulate prob-
lems of distribution of heterogeneous flow of a wide fraction-
al composition into components, which have strictly limited
ranges of changes in thermal-physical parameters, as well as
changes in gas-dynamic functions of parameters of vortex
flows of components as non-stationary components in a con-
stant vortical motion of an according fraction [14].

Based on the accepted analogy there were laboratory and
semi-industrial vortex gas-dynamic grain separators for pu-
rification from heavy admixtures (darnel, ergot, tatar buck-
wheat, etc.) designed and calculated [15]. In the proposed
separators, researchers took into account the main advan-
tages (mentioned above) for any process of distribution with
a use of a mathematical device to describe the mentioned
above vortex process of grain separation.

Thus, we should base creation of vortex gas-dynamic
separators on solution of problems with the following initial
assumptions:

- a base of a device is vortex flows [16];

- thermal-physical and gas-dynamic parameters of com-
ponents change in time of a flow in vortex flows only [17];

—a degree of purity of the desired fraction must meet
final requirements of a technological process (of a customer);

- stability of control of differential bonds within limits of
parameters of an output heterogeneous flow must be adap-
tive to internal variables regardless of a level of excitations
in vortex flows [18];

- we consider vortex flow of an initial heterogeneous
mixture from the beginning of free vortices to potential as
adiabatic flow, as well as internal disturbances without ex-
penses for work of changing of the direction of free vortices
and controlling of parameters of a change of forced vortices
(due to the absence of mobile friction pairs);

- we ignore loss or restoration of energy in adjacent
flows, as well as energy of collision of components or energy
consumption to change the position of components along the
main axis, due to smallness of a change in relation to energy
of aerodynamic resistance on an average medullar intersec-
tion of components;

- we take into account external perturbations for ampli-
tude-frequency characteristics in vortex flow zones (of free,
forced, and potential vortices) only by changes in parameters
of the micro volume state, its impulse and energy as param-
eters that determine changes in forces and trajectories of
individual components;

- geometric dimensions of a vortex separator should de-
pend on productivity and relative concentration in an output
flow of released harmful admixtures taking into account
initial parameters of a carrier phase.



3. The aim and objectives of the study

The objective of the study is to develop a mathematical
model of the separation process of polydisperse heteroge-
neous mixtures in vortex separators and to compare it with
experimental data. This will make it possible to develop and
design new separators for any heterogeneous mixtures.

It was necessary to solve the following tasks to achieve
the objective:

- establishment of a relationship between regulated pa-
rameters at the inlet to a separator and geometrical parame-
ters that determine the structure of a device;

- proposition of a method for solution of a system of differ-
ential equations, which describe processes in vortex separators;

- determination of limits of a change of output param-
eters that affect efficiency and accuracy of separation for a
particular mixture.

4. Vortex separator for separating the heterogeneous
mixtures

We will solve the problem of determination of interconnec-
tions between regulated parameters at the inlet to a separator
and geometric dimensions, which are a base for evaluation of
gas-dynamic parameters of interacting heterogeneous stream,
by the theory of vortex flows created by the tangential nozzle
in a vortex separator (Fig. 1). The most important feature in
the proposed gas-dynamic separator is loading device 1, which
consists of Laval nozzle 14 with an inlet opening equal to a
tangential section and control reactor 2. The air intake goes
along the axis of nozzle 12, and an intake of heterogeneous
mixtures 13 goes through a loading-regulated device in a
region of the critical section of the Laval nozzle. There is an
external perturbation regulator 10 installed at the beginning
of a zone of free vortices 1. The regulator, together with the
tangential input, creates a rotary-translational motion of a
flow in a zone of forced vortices I1.Thus, a heterogeneous mix-
ture, together with the air, is in propellant movement from the
input device to the exit from reactor 15.

We use basic thermal-gas-dynamic equations derived in
papers [1, 2] to determine velocities of flows and pressure
on a section of a vortex device, but we take into account
viscosity of a flow.

The description of a mathematical model of separation
refers to a heterogeneous mixture which consists of several
components with forms and densities close to each other, but
which differ in concentration significantly. Such a mixture
gives possibility to formulate basic assumptions that simpli-
fy a mathematical apparatus. In addition, we can neglect a
change in temperature of components, heat exchange with
other parameters in vortex gas-dynamic flows:

- we consider a vortex flow with external excitement as
adiabatic one;

- we do not take into account an influence of flows going
the same way and forwarding flows;

-we do not take into account a collision of heteroge-
neous streams, which distorts a trajectory (only for the mix-
ture given in this study);

- aerodynamic parameters of heterogeneous components
remain constant, independent on the orientation of sym-
metry axes of heterogeneous components to a line of a flow
of a carrier phase of vortex (spiral) trajectories for variable
coordinates;

- a heterogeneous carried phase is evenly distributed
over a section, and components are the same in a shape at the
inlet to a vortex separator;

- we exclude friction, adjacent layers of heterogeneous
components and velocity circulation from the description
(the static lift and the earth’s gravity are almost equal).

7

Fig. 1. Schematic of vortex separator: | — zone of free vortices;
Il — zone of forced vortices; lll — zone of potential vortices;
1 — loading device; 2 — control reactor; 3 — pulsator (external
perturbation); 4 — cylindrical part of a vortex separator;

5 — collectors of selected factions; 6 — vortex frequency
regulator; 7, 8, 9 — flows of individual components with a carrier
phase; 10 — regulator of external perturbation;

11 — heterogeneous flow; 12 — carried fraction (air);

13 — carried fraction; 14 — Laval nozzle; 15 — output of the
carried fraction

The heterogeneous phase, flour (wheat) of the first
grade, fully corresponds to the assumption. In 1 kg of such a
mixture, the mass fraction of the highest-grade flour makes
up My=0.155 kg, of density 7y=596 kg/m3; flour of the first
grade M{=0.570 kg, r;=581 kg/m?; flour of the second grade
M»=0.260 kg, =506 kg/m?; grain shells M3=0.015 kg,
73=808 kg/m? [4]. The boundary values of regulated param-
eters are pp=1.2-3.0 kPa, p,=0-4.0 kPa, p,=0-4.0 kPa at
a=2° for flour of the first grade.

A system of differential equations represents the mathe-
matical model of separation of this heterogeneous mixture.
Equations determine dependent (controlled) trajectories
and component redistribution by coordinates:

- equation of motion for free vortex zone (Fig. 1)
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where w, p, v are linear velocity, density and kinematic
viscosity in a micro volume of a heterogeneous mixture,
respectively; p is the pressure, which perceives a micro vol-
ume along a flow line; 7, z, ¢ are coordinates of a cylindrical
system,;

- equation of integrity

or 0z ,

- equation of retaining the amount of vortex motion
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where dt= 6—‘3(]), n is the frequency of vortex rotation;
n

- equation of change in the amount of motion of compo-
nents with external disturbances directed along a flow line
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- equation of change in the concentration of components
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where ¢, p are the concentrations and densities of i-th com-
ponents, respectively; I is the velocity of mass increment of
i-th component by coordinates;
- energy equation
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where v’ is a coefficient of kinematic viscosity at turbulent
flow with high frequency external perturbation from a
pulsator;

- equation of state by coordinates

&P _gro® (7)
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where n —7; z, ¢.
Kinematic density, as for a two-phase flow
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where H is the head; b is the movement of a micro volume.
Velocities of separated components vary from w; to 0
during separation, hence flow density changes in coordi-
nates and time, therefore, in Euler equations, values of flow
viscosity changes even without changes in a sum of forces

ZE and concentrations aa—c #0. As follows from the above,

it is advisable to use the Euler equations instead of Navi-
er-Stokes for the zone of forced vortices. Such an approach
to the development of the theory of gas-dynamic separation
is also valid for heterogeneous and homogeneous mixtures,
since the sum of forces, which act on a component of variable
mass, volume, density etc., does not remain constant for
any form of energy fields (high-speed fields, sound pressure
fields, electromagnetic ones, etc.), i. e.

SE_=f(rezr).

Features of the algorithm for calculation of the mathe-
matical model of the vortex motion (1)-(7) with a spiral-de-
formed trajectory are as follows:

- determination of coordinates of i-th component goes at
its velocities along r and ¢ axes in a plane along the normal
to z axis at each stage of integration, on At small interval, in
accordance with the theorem on the average value for integral
calculation by 1, ¢, z coordinates;

- we define full acceleration of a micro volume as a sum
of the normal, the tangential and Coriolis by variable » radius
from the initial values to the finite ones equal to or greater
than the radius of a vortex tube;

- we determine velocity of growth of mass of i-th compo-
nent by the trajectory of motion from coordinate to coordi-
nate by the diffusion coefficient in dependence on mass of a
diffused component, total density of a flow and densities of
individual components;

- we take into account parameters of a state and con-
centration at the inlet to a vortex separator and external
perturbation, as well as a change in density by vortex r radius
and z coordinate for individual components with densities
p;=const in estimation of density of a heterogeneous vortical
flow;

- at the beginning of calculation at t=0-1;, we do not in-
clude systems (4) and (5) to the calculation until the moment



when z; coordinate for a separated volume reaches a value
equal to z=2r, that is, until complete formation of a free vortex;

- determination of forces, which act on i-th component
in the separated micro volume goes for each coordinate as
a sum of vectors of forces of aerodynamic resistance, static
lift, gravity, centrifugal force, propulsion force and Coriolis
force. It is acceptable to neglect static lift and gravity be-
cause their vectors are almost equal and act oppositely for a
micro particle of a small size, not taking into account veloci-
ty circulation, that is, relative velocity of carrier fraction and
carried fractions is equal to 1.

Physical modeling of separation processes proved valid-
ity of the proposed mathematical model by comparing the
results of the calculation with the experimental data.

We used the vortical gas-dynamic semi-industrial sep-
arator for sifting the flour (Fig. 2). It had the following pa-
rameters: a length of vortex zones (along the z axis) I;,;1=1d,,
l1=3d;; an angle of an inlet of a heterogeneous mixture (ve-
locity vector) into the free vortex zone a=+4 degrees; pres-
sure at the inlet to the zone of free vortices py=0.6—-3.8; pres-
sure of external perturbation (pulsator) p, =0.8-4.5 kPa;
operation pressure inside a separator averaged over the
zones, p,=0.4-1.2 kPa. The proposed separator had a pulsa-
tor with six outgoing longitudinal cuts of a changing section
and a control reactor set to a minimum value of an adjacent
layer, which we considered as equal to zero.

Height, mm
1000

500

0

Fig. 2. Gas-dynamic vortical separator: 1 — tangential gas inlet
(air); 2 — loading entry of a mixture; 3 — flow control reactor;
4 — free vortex zone; 5 — windows for a laser beam;

6 — zones of forced and potential vortices; 7 — zone of
accelerators of fractions; 8 — gas flow regulator (air);

9 — sleeves of the selected fractions; 10 — shell for increasing
a zone of potential vortices; 11 — introduction of measuring
pressure probe; 12 — pulsator zone; 13 — pulsator;

14 — receivers of fractions

We calculated geometric parameters of the semiconduc-
tor separator for the productivity ¢=1,500 kg/h, over the
zones of vortices, which do not exceed values along the z axis:
I-100-140 mm; IT - 120-360 mm; ITI - 100-260 mm, and

at the diameter of the separator d=300 mm. We can ignore
a change in humidity of a component during the passage of
zones, while the relative error of the analysis of three samples
of 100 g per 1 m? of separated flow did not exceed 2.5-3 %.
We accepted py, pe, pp as variable regulated parameters
and estimated final results by:
- a coefficient of separation efficiency h,

= @®)

where M is the separated i-th mass (finished product), i=0,
1,2,3; ZM. is the mass content of starting mixture;

i

- a coefficient of separation precision hg

Ne= M )

< .
2 (M, + M, +M,)
i=0

i

Partial test methodology methods for separation of flour
provided variance for one passage. We obtained confirma-
tion of the received discrete values of efficiency and precision
(8), (9) by variance of the initial composition of flour on con-
trol caproic sieves of the quality laboratory at Kulindorovsky
Bakery Plant (Odessa, Ukraine).

3. Results of studying the vortex separator

The aim of the analysis of obtained results was eval-
uation of the operation process of gas-dynamic vortical
separation and a magnitude of a change of trajectories of
components from variable parameters. We performed the
analysis for adjusting of the mathematical model (1)-(7) and
for determination of a limit of a change in regulated param-
eters of a separator design as parameters of quality control
and distribution precision.

Changes of trajectories after the control reactor went
according to the magnitude of a run (spiral length) through
a change in coordinates of the location li of receiving win-
dows of fractions 7, 8, 9 (Fig. 1), the initial sections 50—
53 remained as control ones at steady values a=ay=0, py, p,
etc. and the stationary position of reactor control 2. Thus, we
found that the concentration of heterogeneous components
is evenly distributed over the cross section in the zone of free
vortices. The law of the change in circular velocity obeys the
law of rotation of a solid, and there is already a redistribution
of concentrations by density on a length of one caliber /; in
the zone of forced vortices. The heterogeneous carried com-
ponent with air after the Laval nozzle, control reactor 2, is
a uniformly distributed mist-like mixture (aerosol), that is,
as a natural gas-vapor mixture, but with a density difference
of components (Fig. 1). Components of lower density go first
along the radius to collector 9 under the action of forces in
a vortex flow and external perturbation, and then the next
ones with a greater density - to pickers 7, 8. The heaviest
fractions go to the periphery and the outlet at the end of the
zones of forced vortices to carried phase 15. This is evident
from the system (3), there are additional expenditures on
flows 8, 8, 7 (Fig. 1) with the decrease of pressure along the
z axis and preservation of consumption. Increasing the con-
sumption through pulsator 3 does not restore loss of pressure
at a given velocity of vortices. A change a within the range



of +4 degrees changes density of vortices turns without
causing changes in flow velocity along the radius. This
change increases or reduces time of adjustment of an input
plane flow into rotational movement only. In this case, rel-
ative trajectories of individual components along » radius r
remain unchanged (4). Hence, it becomes obvious from the
solution to the entire system (1)-(7) that the determining
arguments for the separation of heterogeneous vortex mix-
tures are the total pressure of a mixture at the inlet to a
vortex separator, operation pressure inside a separator and
pulsator pressure as external perturbation. Linear angular
velocity at the inlet to the zone of forced vortices deter-
mines vortex velocity. A number of perturbation flows and
pe pressure of pulsator determines frequency and amplitude
of perturbation, that is, the effect of redistribution of the
increase in concentrations of components of various densi-
ties p; (4), (5) at a given energy (6).

Determination of limits of a change of regulated pa-
rameters was necessary to find maximums of efficiency and
precision of separation at a constant mass composition of an
initial mixture and mass flow. We had no aim to increase
productivity, since the separator is just a model. Although
this excludes some independent variables. Complexity of the
approximation m, and ny to the maximum remains to the
maximum even with Chebyshev approximation, since some
parameters influence opposite directions. Let us consider a
partial case of such a change on the example of calculation
results (Fig. 3), when the input pressure pg changes only.

6. Discussion of results of studying the separation
processes

The demonstrated results present extreme modes. It is
not possible to accept n, and m, maximum values for abso-
lute by all variables. Since n; value at p0, which is equal to
3.5 kPa, changes the sign to the opposite. In addition, mn,
value reached 0.88-0.9 % in the range po=2—3 kPa, this does
not mean that m, range is absolute and boundary, since an in-
fluence of amplitude-frequency perturbations is not definitely
determined here. The above information gives the right to
find values of the variables as the most advantageous based
on the grid method for multi-parameter tasks only (Fig. 3).
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Fig. 3. Results of separation of a flour mixture in a vortex
separator: 1 — separation efficiency he; 2 — separation
precision; — calculation; -————— experiment

If we consider he and hs as a metric, then we can approx-
imate any variable (first he or second hs ) anyhow precisely
to the boundary one (100 %). We can perform this by a linear
combination of variables of the coordinate system. In other
words, combining, we can determine an influence of extre-

mums of functions on a metric by combination of extremums
of functions, for example:

N, (Py,Pe) = 2,6 (po o) <L), (10)
or
Ini[Pope=Zen ]| <l (11)
then
I« [Py P2 cp)] “ W

2. (P p.-)

where ¢; are the coefficients of deviations of the desired func-
tion from the approximation.

Based on equations (10)-(12) and the solution to system
(1)-(7), it is possible to construct a series of values, which
correspond to the condition (12), but it is not possible to
choose the best of n variables. One way or another, we need
to know also experimental values of n, and n; as boundary
metrics. Accordingly, it is necessary to construct theoretical
and experimental curves of is efficiency n.=f(po, p., p,) and
is precision M=f(po, pe, pp) of separation. Approximations
of real m, and n; to absolute necessary values by any in-
dependent adjustable parameter will occur based on these
curves. We can take in to account such discrete values as
recommendations for a design and improvement of vortex
gas-dynamic separators.

The relationships shown between py, p., p, and 7, and
piand myare in the logical connection (Fig. 4), since we as-
sume calculated values by boundary changes p;. The values
do not violate physical separation processes calculated by
system (1)-(7). We explain the behavior of the obtained
results below (Fig. 4).

We consider the obtained region AjAsAsAgA; as a space
that corresponds to necessary values of the condition (12),
and averaged values A1A4As — M., A1A5A3A49 — M as:

n.(n,)=7(3(p)3(r.)3(p,)).

where 8(p,); 8(p,); 8([pp) is the change in pressure at
the inlet to the zone of free vortices, external disturbance
(pulsator), and the working pressure inside the separator,
respectively.

We can consider m, and nj as reliable characteristics for
a separated mixture.

We can construct such areas based on a change of other
variables similarly, for example, for A p, Aw, Alj_1; etc.,
which we can take as outputs for a design of necessary
separator structures by productivity, energy consumption,
economy, etc.

Changes in M3 along a length of vortex forced zones and
potential zones correspond to physical processes, the light-
est components are allocated firstly to their absolute value
at the smallest spiral turns. We can explain the obtained
out-boundary Aopg values in the experiment by the resonance
mode, that is, the coincidence of individual frequencies of an
input flow and a flow of external perturbation at p,=2.4 kPa
and po=2kPa. The average n, value (A;A5434, curve)
below 50 % is due to the excessive pe value, which includes
admixtures, and grain shells non separated in the initial
mixture. And, most important, a region of actual experi-

(13)



mental he and hs values is greater than theoretical ones. We
can explain this by the fact that assumptions made during
calculation do not take into account a number of arguments
not excluded in the experiment.
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Fig. 4. Separation results of a flour mixture: A1ApsArAsA1
region — n, =f(p) change; A1A4A; — averaged values of
Ne; A1AsA3A,; — averaged values of ng; My, My, My, My —

mass separation in zones of forced and potential vortices;

— calculation; -———— — experiment

Efficiency of separation of a mixture depends mainly on a
total concentration, productivity, humidity, operation pressure
inside a device and expenditures of a carrier medium. We did
not take into account changes in the humidity of components
during passage through the zones, which explains discrepancy
between experimental values and theoretical values of n, and
ns. It is necessary to consider this in further scientific research.

The main feature of the methodology of the experiment
and data processing was a one-time passage of the initial
mixture through a separator. It is necessary to repeat the
passage of a secondary product through a vortex device to
improve separation of final product.

A promising solution is the creation of mobile vortex
gas-dynamic separators for direct separation of grain mix
on plantations. The proposed separators are less energy-in-
tensive compared to modern machines, they have no moving
nodes and parts, expensive calibrated sieves, and they have
smaller dimensions. A semi-industrial separator installed on
a car with a productivity of 1,500 kg/h has dimensions of
0.60.3x0.3 m and a weight of 60 kg.

7. Conclusions

1. We proved the possibility to control a change in
the gas-dynamic parameters that influence a trajectory of
individual components in vortex flows during interaction
with external influences based on the developed math-
ematical model of separation of heterogeneous mixtures
in vortex separators. Gas-dynamic parameters of a free
vortex zone controlled by a throttle and an angle of an
input determine angular velocity (frequency) and densi-
ty of the initial product depending on the performance,
and an angular control reactor at the inlet to a potential
vortex region to a pulsator determines and an amplitude
of disturbances. Thus, the resultant force with a certain
amplitude operates at the point of intersection of velocity
vectors of a main vortex flow and a change in velocity
from an impulse of a pulsator force per unit mass, by the
density of components of a mixture.

We obtained amplitude-frequency characteristics con-
trolled by angular frequency (energy of a vortex field)
and energy of secondary air flows from a pulsator for a
heterogeneous mixture at the constants: linear flow ve-
locity of a mixture was 12 m/s; frequency of a vortex flow
of 1,450 min™ and frequency of perturbation of a pulsator
was 5,800 Hz.

2. The solution of the system of differential equations
for determination of geometric dimensions of separators
based on the grid method accelerates development of such
devices greatly. It is more economical than other ways to
improve technological processes of separation.

3. We determined boundaries of changes in adjustable
parameters that affect efficiency and precision of sep-
aration for a flour mixture. The boundaries of changes
in adjustable control parameters are: py=1.2-3.0 kPa,
pp=0-4.0 kPa, p,=0-4.0 kPa, at a=2° for the flour of the
first grade. In this case, 1n,=88 % and n,=0.91 values
correspond to the final variance results on vibrating sieve
units with electric drives. Owing to the experimental
research, we take the obtained values of the coefficients
of efficiency and density as the limit at this stage of devel-
opment of the new vortex technological processes. They
are also the starting point for designing and studying en-
ergy-saving vortex separators without calibrating sieves
or any moving system. It simplifies both a device and a
technology and improves the environmental performance
(during production of cements, lime, and chalk) because
they operate in a closed cycle.
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