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Abstract. The paper studies the hydrodynamic conditions of gas flow motion and
vortex granulator workspace design optimization. A comprehensive approach for
determination of the hydrodynamic characteristics of a vortex gas flow and their
visualization is proposed. The mathematical approach, based on Reynolds equa-
tions for turbulent flows solution, is presented. The mathematical model equations
solution with the definition of gas flow velocity components in any point on the
radius and height of vortex granulator, is obtained. The obtained results form the
basis of original algorithm for calculating of vortex granulator hydrodynamic cal-
culation and its basic dimensions optimization selection.
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1 Introduction

Flows of single-phase and multiphase medium play a key role in the working process
of many contemporary engineering devices. The design of these devices for the re-
quired operating parameters is impossible without a reliable prediction of the charac-
teristics of these flows. Since many modern engineering devices are expensive and
time consuming to manufacture, physical modeling with the experimental determina-
tion of the parameters of their work in different modes, as a rule, requires a lot of time
and cost. In addition, because of limited possibilities of modern experimental sensors
and measuring instruments, experimental observations do not provide a complete pic-
ture of the phenomenon being investigated. Because of nature of these environments,
flow of liquids and gases occur often very in complex manner to form nonstationary
effects, “dead” zones and vortex structures [1,2]. The situation is further complicated
by the presence of heat transfer, in considering flows mixture of several substances,
flows with free surfaces, weighted particles in stream, flows with cavitation, boiling,
condensation, combustion, chemical reactions [3-7]. These factors lead to growing
interest of mathematical modeling tools for flows of liquids and gases, which allow to
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predict the flow characteristics and parameters of the devices at design stages and
stages of manufacturing in the metal.

Software can adequately simulate the complex physical effects taking place in flows
motion in vortex granulator, and perform calculation of flows within the reasonable
time [8,9]. They provide user convenient tools of data preparation and analysis of
calculations results, and are a powerful tool for accurately predict the characteristics
of flow of hydraulic parts at design stage, saving the resources to conduct a physical
experiment.

Methods CFD (Computational Fluid Dynamics) suggest calculation of flows of lig-
uids and gases through the numerical solution of equations of Navier-Stokes and con-
tinuity, describing the most general case of this medium motion (for turbulent flows -
Reynolds equations).

The purpose of work is creation of vortex granulator optimization calculation algo-
rithm. The author's software and calculation data visualization using software for cal-
culation flows hydrodynamics should be created on base of the suggested algorithm.
As a working hypothesis according to the possibility of controlling the trajectory of
motion and the residence time of the dispersed phase in the working space of the
granulator due to the creation of mechanisms of its directed movement. A joint solu-
tion of the fundamental equations of the hydrodynamics of flow motion and kinetics
of changes in the temperature and humidity characteristics of the interacting flows, as
well as the growth rate of the granules, will allow inventing a rational design of the
working space, the optimal flow of coolant and its temperature and humidity charac-
teristics in the vortex granulator. The calculation is carried out according to the crite-
rion of optimization "minimum" hydrodynamic "residence time of the dispersed phase
in the working space of the device." "Hydrodynamic" time should be equal to "ki-
netic" - the time during which the temperature and humidity characteristics of the
dispersed phase must acquire a normative value.

2 Theoretical basics

Given that, in practice interest is usually deals with not instantaneous, but with the
average in time velocity value, for mathematical description of turbulent swirling mo-
tion of gas flow Reynolds equation as modification of Navier-Stokes equations is
used [10]
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where ¥ - average in time values of velocity; /' - components of velocity pulsations;
u - coefficient of turbulent viscosity; ¢ - time; p - gas density; p - pressure; f; — ele-
ment, characterizing the mass forces effect; qj - coordinate axes (in the case of hydro-
dynamic modeling in granulator working volume as it is shown above, it is advisable
to use curvilinear coordinate system), i, j - 1 ... 3; for cylindrical coordinate system
(fig. 1) code "1" - axial direction (z), code "2" - radial direction (r), code "3" - circular
direction (@) (figs 1,2).
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Fig. 1. Scheme of vortex granulator Fig. 2. Construction of calculation grid.

workspace and coordinate system.
The Reynolds equations system is supplemented with flow continuity equation
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The main advantage of description and problem solving hydrodynamics method,
based on numerical solution of Reynolds complete equations - accuracy and versatil-
ity.
For Reynolds equations (1) solving Boussinesq hypothesis [10] is used. According to

this hypothesis, the members with velocity pulsations ( pVL_'VI’) in equation (3) are as-

sociated with the averaged flow characteristics in such relation:
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where k = 0,5 (V/.'V/.') — turbulence kinetic energy, d; = 1 when i =, J; =0 when i #.

The Reynolds system of equations is elliptic. It is used to calculate the trends in those
cases where flow characteristics at arbitrary point area depend on the structure of flow
both above and downstream, i.e. when the dominant direction of the fluid is absent or
weakly expressed. Ellipticity system of equations means to address it is necessary to
set the boundary conditions for all variables in all the borders of calculation area.
When axisymmetrical flow modeling equation of motion (1) and continuity of flow
(2) is significantly simplified. For curved (cylindrical) coordinate system are as fol-
lows (with the introduction of equation (3) Reynolds number Re = V,D/v where char-
acteristic parameters D — diameter of input cross section calculation area; V, - average
rate velocity in the input section; v - kinematic viscosity):

— Reynolds equations projected on the axial direction ¢;:
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— Reynolds equations projected on the radial direction g,:
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where H,, H,, H; — Lamé¢ coefficient [10].



Further simplification of system of equations (4) - (7) for simulating the vortex flow
of gas phase in the workspace granulator is possible using the following assumptions
[11-13]:

- expected the presence of dominant flow direction along which the axial component
of gas flow velocity is everywhere positive and far exceeds the radial,

- gas flow velocity component in the axial direction varies considerably slower than in
the radial;

- velocity and pressure values in every elementary volume of gas flow depend only on
the conditions downstream and do not depend on the conditions upstream.

These assumptions allow to conduct analysis of components in equations (4) - (7) and
discard those, that provide significant impact on the result of the calculation.

After accounting assumptions for axially symmetric gas flow equation (4) - (7) be
written as
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where O, - coordinate g, on the wall of working volume of vortex granulator.
Obtained system of equations (8) - (11) has a parabolic character, and its decision
based on the method proposed by Patankar and Spalding [14] and realized in SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations) procedure and its modifica-
tions.

Numerical solutions of mathematical models equations is performed in one marching
passage from the working volume input cross section to output using finite volumes
method with the elements of finite-element approach. Before calculating the estimated
grid is constructed (fig. 2), and unknown values of velocity and pressure are found in
the nodes of this grid.



3 Software description

The program «Conical channel»® is designed to calculate axial symmetric gas flows
in channels, including the swirling flows in the diffuser [15,16].

Initial data for calculation are geometric configuration of channel properties and pa-
rameters of gas and parameters of flow in the input cross-section. The calculation
objective is to determine the fields of velocity and pressure in full range of calculated
area and, consequently, the determination of energy losses between the input and out-
put cross sections of channel. The program displays the calculation data as graphic
dependencies.

Program’s work starts with opening or creating new file of calculated area configura-
tion. Example of calculation area configuration is shown in fig. 3.

After selecting the necessary parameter for calculation program builds estimated grid
(fig. 2). For the analysis of motion velocity components it is necessary to define the
nature of dependencies graphical components and match them within a comparative
graph as it is shown in figs 4-6.

[Left_Bound]

Nodes=12

Point 1=0.000.090
Pomt_2=0.00 0.089992.53 0.02
Point 3=0.00 0.0852.53 0.02
Point_4=0.000.0802.72 0.00
Point_5=0.000.0752.81 0.00
Point 6=0.000.0702.84 -0.05
Point_7=0.00 0.0652.73 -0.10
Poinmt §=0.000.0602.62 -0.05
Point_9=0.000.0552.73 0.10 ¥
Point_10=0.00 0.0502.98 0.37
Point 11=0.00 004401298 0.00
Point_12=0.00 0.044

[Right_Bound] ra ]
Nodes=2 I
Point_1=0.5500.118
Point_2=0.550 0.00

x
[Bottom Bound LT . — — ' 2

Nodes=4 L
Point_1=0.00 0.044 ]

Point_2=0.070 0.011

Point_3=0.075 0.00 N

Point_4=0.550 0.00 ] [, 3 X -l
[Top. Bound -

Nodes=4 3 4

Point_I=0000090 . “—3//’—>
Poinf 2=0.2000.090 ;

Point_3=0.3300.118
Point_4=0.5500.118

2 — - - -

Fig. 3. Example of calculation area configuration.




Vi, m/s 1-Q=0.25m'/s
0. ! 2-Q=0.5m'/s
3-Q=0.75m'/s
15 345 4-Q=1m'/s
101 5 Q 1.3 m I{S

UU)Ul'&U"%Uﬁ Z m

Fig.4. Calculated change of the longitudinal velocity of the gas flow.
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Fig.6. Calculated change of the circumferential velocity of the gas flow.



4 Visualization of results and discussion

For research results visualization in this study we have used complex ANSYS CFX
[17], which allows to export obtained using «Conical channel»® results. The main
results of visualization are shown in figs 7-11.

|-—-- =
I—'v -

s ' I
"#

Fig.7. Filling the gas flow velocity field when installing of gas-distributing unit with
blades and various configuration of granulator workspace with blades inclination an-

gle a=30°and thelr number n=3.
Fig. 8. Filling the gas ﬂow velocity field when installing of gas-distributing unit with

blades: a — 0=30°, n=3; b — 0=30°, n = 8; ¢ — a =60°, n =3; d — 0=60°, n=8.
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Fig. 9. The impact of granulator workspace design and gas flow velocity components
on the gas flow total velocity and gas movement trajectory (working space "diffuser”
with cylindrical insertion in the lower part), d=300 mm; ;=200 mm; L=1000 mm,
¢=12°1a-V=V,=1m/s; V,=3 m/s; b - V=V,=1 m/s; V,=52 m/s; c - V;=V,=1 m/s;
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Fig.10. Gas flow movement vectors for different values of speed components.
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Fig.11. Gas flow movement trajectory for different values of speed components.

Analysis of graphic dependences of gas flow rate velocity under various conditions
has identified monotonous nature of rate velocity reduction under all calculations
conducting conditions.

Comparison of theoretical calculation for different cross sections of working space
and different opening cone angles shows that the area of maximum circular speed for
arbitrarily chosen section is r = 0,66-0,72 R.

Analysis of graphical dependencies shows the reduction zone of circular velocity
growth by increasing the gas flow rate and narrowing the range of maximum speed.
This velocity peak remains constant at geometric place in the working space of vortex
granulator.

The value of circular velocity with increasing the gas flow rate increases faster. At the
same time, with the increasing gas flow rate in workspace space of vortex granulator
the angular velocity slow growth zone is growing. Thus, the vortex is moving toward
solid wall and has a greater intensity.



Analysis of dependences of circular velocity changes under different conditions iden-
tified pattern of velocity distribution by the radius of device and its quality change
according to the set of parameters.

Given the results of analysis of circular velocity peak of gas flow in cross section of
device workspace for granular product from the melt (solution) device (or group of
devices) for spraying is advisable to locate within the working space vortex granulator
in specified range of current radius at random selected height and cone opening angle
with the advice, received the results of experiment [2] (optimal height of location
sprayer in defined to be h = 0,6-0,8H).

Continuously increasing the circular velocity of gas flow before reaching peak and
reduction after passing its peak had obtained confirmation by experiment and defined
range of gas distribution unit operation with maximum efficiency. In the area of min-
imum circular velocity the granules motion intensification and “dead” zones preven-
tion, that is possible in the range up to r = 0,25R, is achieved by reasonable selection
of gas-distributing unit with additional elements for flow swirling.

The value of gas flow radial velocity, received by the results of analytical solution,
and experimental data have high degree of compliance. There is mutual rejection nu-
merical value of speed and overall graphic image of diagrams of full speed radial
component of gas flow has the same character. It is mentioned even radial velocity
decreasing from the center (core) of gas flow to the periphery.

According to the analysis the influence of conical workspace opening angle on the
possibility of reverse vortex in center of weighted layer and place a geometric loca-
tion of individual elements weighted layer connection place and the transition region
combined weighted layer connection was identified. With the increasing of cone
opening angle (up to 10-13°) zone of reverse vortex has a constant value and is de-
termined within r = (0,15-0,25) R. This situation is observed before h=(0,3-0,4) H.
Recirculation zone is located in the inlet of diffuser.

In general in the following functional dependencies for each component of gas flow
velocity it is observed is the same quality pattern. For rate and radial velocity compo-
nents of gas flow for the initial conditions and changing set of geometrical and tech-
nological conditions does not cause such significant change of quantitative distribu-
tion value along the radius and height for both angular velocity component gas
stream. Based on the analysis of hydrodynamic properties of gas flow due to certain
variables the rational selection of geometry workspace vortex granulator becomes
possible (opening angle a and height z).

Analysis of simulation using visualization software ANSYS CFX has showed:

- depending on gas flow velocity component value trajectory of its movement has a
different configuration with the predominance of one or another direction;

- when the axial velocity component predominance the area of gas flow movement is
narrowed;

- when velocity circular component predominance we observe an increasing zone of
gas flow vortex motion in height;

- when the velocity radial component predominance gas flow movement to the wall of
vortex granulator is made more intense;

- under certain conditions the intensity of gas flow initial twisting does not affect the
trajectory of its movement, and affects only the value of gas flow resulting velocity;



- velocity radial component is characterized by maximum value on the axis of the
device.

5 Conclusions

Simulation results allowed us to develop an algorithm for vortex granulator hydrody-
namic calculating, which is represented on fig 12.

( Start ) 1

Input data:
physical and chemical propertics of phases

flow rate of phases 2 Z "L
geometry of the granulator's working space /
step by height and radins /
Construction of the calculated grid 7 -z no
Sl 'mn\_.-
. ! :
R=R _.:Z =Z . . ’
J min 0 min /' Output of graphic dependencies /
V. =f(z), V,=flzr), V., =flzr) /
: 1 2 3 /
2 1 Rj+l :Rj R Calculating of the optimal height

and opening angle of the cone
of granulator's working space

Determining of the hydrodynamic performance
of gas flow at a given point of calculated grid

Deterining the optimal place
| B A | of installation of dispersant
T : for solution (melt)

/'\
i i
2 no ] / End

,"lj:n;l/\

Fig. 12. An algorithm for vortex granulator hydrodynamic calculating

Example of granulator, designed based on hydrodynamic calculation (porous ammo-
nium nitrate production, final product performance 3000 kg / day, commodity fraction
- granules 2-3 mm) is shown in figs 13, 14.
The review of the modern software products (simulation modeling systems) used in
the calculations for the chemical production plants (Aspen HYSYS®, PRO/II, Gas-
CondOil, ChemCAD, DESIGN II, SIGMAFINE, gPROMS ModelBuilder, GIBBS
and others) [18-25] shows that such software is mainly implemented for the techno-
logical calculation of the specified construction and under certain technological pa-
rameters of the chemical plants. The optimization calculation of the technological
process requires a multiple initial provisioning; a quantity of such provisions for the
optimization calculations may be numerous. The simulation software used for the
hydrodynamic and heat-mass transfer processes in the chemical production (ANSY'S
Fluent, COSMOS FlowWorks, FlowVision, Flow-3D CFD, Ansys CFX, COMSOL
Multiphysics and others) [26-31] enable to model only one construction variant of the
installation and, thus, it reduces the optimization calculation performance. In practice,
we use various models of the numerical solution of the classical equation of hydrody-
namics and heat-mass transfer for turbulent flows.
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Fig. 14. Vortex granulator designs: a — with spraying of the melt; b — with a
previous wetting of granules and simple inner case; ¢ — with separating device for
exhaust gases cleaning

Creating a comprehensive algorithm for determining the hydrodynamic characteristics
of vortex flows (the author's software product and Ansys CFX) allows us to achieve
high accuracy results and choose the optimal granulator configuration following the
optimization criterion. This approach is more effective than using only the software
products which are mentioned above.
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