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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 equations for turbulent flows solution, is presented. The mathematical
model of equations solution with the definition of gas flow velocity components
in any point on the radius and height of vortex granulator is obtained. The value
of gas flow components of velocity, received by the results of analytical solu-
tion, and experimental data has a high degree of compliance. There is mutual
rejection that numerical value of velocities and overall graphic image of dia-
grams of components of gas flow velocities have the same character. For rate
and radial velocity components of gas flow for the initial conditions and
changing set of geometrical and technological conditions does not cause such
significant change of quantitative distribution value along the radius and height
for angular velocity component gas stream. The obtained results form the basis
of original algorithm for calculating of vortex granulator hydrodynamic calcu-
lation and its basic dimensions optimization selection.

Keywords: Software - Modeling + Vortex granulator + Hydrodynamics
Optimization

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
required operating parameters is impossible without a reliable prediction of the char-
acteristics 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

picture of the phenomenon being investigated.
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2 Literature Review

Because of nature of these environments, flow of liquids and gases often varies in complex
manner to form nonstationary effects, “dead” zones and vortex structures [1]. The situ-
ation is further complicated by the presence of heat transfer, in considering flows of
several substances mixture, flows with free surfaces, weighted particles in stream, flows
with cavitation, boiling, condensation, combustion, chemical reactions [2—8]. These
factors lead to the growing interest of mathematical modeling tools for flows of liquids
and gases, which allows to predict the flow characteristics and parameters of the devices at
design stages and stages of manufacturing in the metal [9-12].

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 [13, 14]. They provide the user with the convenient tools of data preparation and
analysis of calculations results, and are a powerful tool for accurate prediction of the
characteristics of hydraulic parts flow at a design stage, saving the resources to conduct
a physical experiment [15, 16].

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

The purpose of the work is creation of vortex granulator optimization calculation
algorithm. The created algorithm is based on the author’s software and calculation data
visualization using software for calculation of flows hydrodynamics.

3 Research Methodology

The simulation of flows is based on the finite-volume method of solving equations of
hydrodynamics and the use of a rectangular adaptive grid with local grinding. For the
approximation of the curvilinear geometry with increased accuracy, the technology of
the substrate density of geometry is used. This technology allows importing geometry
from CAD systems and transferring information with finite element analysis systems.

Given that, in practice interest it usually deals with not instantaneous, but with the
average in time velocity value, for mathematical description of turbulent swirling
motion of gas flow Reynolds equation as modification of Navier-Stokes equations is
used [17, 18].
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where V- average in time values of velocity; V’- components of velocity pulsations;
W - coefficient of turbulent viscosity; t - time; p - gas density; p - pressure; f; — element,
characterizing the mass forces effect; q; - coordinate axes (in the case of hydrodynamic
modeling in granulator working volume as it is shown above, it is advisable to use



414 A. Artyukhov

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 and 2).
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Fig. 1. Scheme of vortex
granulator workspace and
coordinate system.

Fig. 2. Construction of
calculation grid.

The main advantages of description and problem solving hydrodynamics method,
based on numerical solution of Reynolds complete equations, are accuracy and
versatility.

The Reynolds equations system is supplemented with flow continuity equation

ap 0
— + —(pV;) =0. 2
For Reynolds Eq. (1) solving Boussinesq hypothesis [17] is used. According to this
hypothesis, the members with velocity pulsations (pV’ V! ) in Eq. (3) are associated
with the averaged flow characteristics in such relation:

— v, v\ 2
VIVl = — . 1 = pdjik, 3

where kzO,S(Vj’Vj’) — turbulence kinetic energy, 6ij =1 when i=j, &i=

when i # j.

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 that it is necessary to set the
boundary conditions for all variables in all the borders of calculation area.
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When axisymmetrical flow modeling equation of motion (1) and continuity of flow
(2) are significantly simplified. For curved (cylindrical) coordinate system they are as
follows (with the introduction of Eq. (3) Reynolds number Re = VD/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 ql:

VioVi Vo dVi V3 0H, V3 OHs  10(Viv;)  (ViV3) O(HiH;)

H 0qi ' H,0q» H\H,dq1 HH;dq, H> g HIHH;  Oq>

LO(ViVD) | (ViVi) OHHaHs)  (VaVs) OHy  (ViVE)OHs 1 Op
Hy Oq HiH:Hs  Oq H\H, 0q1 HH3 Oq H; 0q,
L(L@+L82V1 1 %8(H2H3/H1)+ 1 9Vi0(H\H;/H,) (4)
Re le (’)qf H% aq% H1H2H3 8q1 8q1 H1H2H3 8q2 8q2

2 OH OV, V) a( 1 a(H2H3))

7H1H§ dq1 dq» ' Hy0qy \H\HH; g,

(D (L o) Ve o (o))
Hy0q, \H{HH; Oq, HyH38q; \H\H2 9q1) )’

— Reynolds equations projected on the radial direction q2:

VidVy Va0V, ViVOH, V3 0Hy | 1 9(Vv;)  (ViV3) O(H3H;)
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— Reynolds equations projected on the circular direction q3:

V, OV N V, OV4 N V\V3 6H; N VoV 0H, 1 0(ViV5)  (ViV3) O(H\H3)
Hi0qy HyOqy HH39q1 H)H3;0qy Ha Oqo H\H,H; O

L LoViv) | (Vivi) o(HaHs) :L<L32V3 L Lo, (6)
Hy 9q H\H:H?  Oq, Re \H} ¢  H3 043
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— continuity equation:
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where H1, H2, H3 — Lamé coefficient [17].



416 A. Artyukhov

Further simplification of system of Eqs. (4)—(7) for simulating the vortex flow of gas
phase in the workspace granulator is possible using the following assumptions [19, 20]:

— the expected presence of dominant flow direction along with 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 Egs. (4)—(7) and
discard those that provide significant impact on the result of the calculation.

After accounting assumptions for axially symmetric gas flow Eq. (4)—(7) can be
written as

Viovi v, 0vi Vi O0Hs | 19(ViVv;) | (ViV3) O(HIH;)

H\dq  Hydqy HHy9q1  Hy O HIH,H; O

8
L Lop LUV L 9Via(HiHy )\ o
~ Hi0q1 Re\H; 0¢5 H\HH;9q> 9q> ’
Opr = V_%% (9)
Oqy H3 gy’
ViOVs  V,0Vs | ViVsOHs  VaViOHs | 1 0(V3V5) | (V3V5) O(HiH3)
Hi 0qy H,Oq» H\H;0q1 HyH3;0q: Hy O H HH;  Oq (10)
L<L52Vs L OV3O(HiHs/Hy) Vs i( H, %))
Re \H? 053  H{H,H; 0q> g H\H,0q, \H:H3 0q, ) )’
1 O(H,H O(H3H 1 0V 1 0V,
(v1 (HaHls) |\, O 1)>+——1 ——Z2_0. (1)
H\H>H3 Oq, Iq> Hy 0q1  HyOq»
This system of equations is closed equation sustainability costs:
[0
/ ViH,Hzdg, = const, (12)

0

where Q2 - coordinate q2 on the wall of working volume of vortex granulator.
Obtained system of Eqs. (8)—(11) has a parabolic character, and its decision based
on the method proposed by Patankar and Spalding [20] and realized in SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations) procedure and its modifications.
Numerical solutions of mathematical models equations are performed in one
marching passage from the working volume input cross section to output using finite
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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.

The program «Conical channel» © is designed to calculate axial symmetric gas flows
in channels, including the swirling flows in the diffuser on the base of the model [21].

Initial data for calculation are geometric configuration of channel properties and
parameters 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
output cross sections of the channel. The program displays the calculation data as
graphic dependencies.

Program’s work starts with opening or creating a new file of calculated area con-
figuration. Example of calculation area configuration is shown in Fig. 3.

[Left_Bound]

Nodes=12

Point_1=0.00 0.090
Point_2=0.00 0.08999 2.53 0.02
Point_3=0.00 0.0852.53 0.02
Point_4=0.00 0.0802.72 0.00
Point_5=0.00 0.0752.81 0.00
Point_6=0.00 0.0702.84 -0.05
Point_7=0.00 0.0652.73 -0.10
Point_8=0.00 0.060 2.62 -0.05
Point_9=0.00 0.0552.73 0.10 x
Point_10=0.00 0.0502.98 0.37
Point_11=0.00 0.04401 2.98 0.00
Point_12=0.00 0.044

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

[Bottom_Bound]
Nodes=4
Point_1=0.00 0.044
Point_2=0.070 0.011
Point_3=0.075 0.00
Point_4=0.550 0.00

[Top_Bound]
Nodes=4
Point_1=0.00 0.090
Point_2=0.200 0.090
Point_3=0.3300.118
Point_4=0.5500.118

Fig. 3. Example of calculation area configuration.

After selecting the necessary parameter for calculation the program «Conical
channel» © builds an estimated grid (Fig. 2).



418 A. Artyukhov

4 Results

For the analysis of motion velocity components it is necessary to define the nature of
dependencies of the graphical components and match them within a comparative graph
as it is shown in Figs. 4, 5, 6.

Vi, m/s 1-Q=0.25 m'/s
2-Q=0.5m'/s

20 :
_ ! , 3Q=075ms
15 45 4-Q=1 m’/s
10 5-Q=1.3 m'/s
S
0 ~—— |
0.020.1592899% ¢ 2, Th 0.04 008 012 016 02R,m
Fig. 4. Calculated change of the lon- Fig. 5. Calculated change of the radial velocity
gitudinal velocity of the gas flow. of the gas flow.
V{:' m/s I 1-Q=0.25m"s
3 2-Q=0.4m'/s
1-z=0,8 m :2 2 3-Q=0.5m'/s
V3, m/s 2-z=lm 4-Q=0.75 m'/s
3-z=12m o 5-Q=1 m'/s
¢ 4z=14m |}
4 5-z=1,6m ¢
2 4
2 3
1 2
1
. 4 R 07602 006 01 014 0.18
036 R, M G04 008 012016 02 R.m

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

Analysis of graphic dependences of gas flow rate velocity under various conditions
has identified monotonous nature of rate velocity reduction under all calculations of the
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
the 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 the workspace of vortex granulator
the angular velocity slow growth zone is growing. Thus, the vortex is moving toward
the solid wall and has a greater intensity.
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Analysis of dependences of circular velocity changes under different conditions
identified 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
the device workspace for the granular product from the melt (solution) device (or group
of devices) for spraying it is advisable to locate within the working space of vortex
granulator in specified range of current radius at random selected height and cone
opening angle the received results of experiment (optimal height of location sprayer is
defined to be h = 0.6-0.8 H).

Continuous increase of the circular velocity of gas flow before reaching its peak
and reduction after passing its peak had obtained confirmation by the experiment and
defined the range of gas distribution unit operation with maximum efficiency. In the
area of minimum circular velocity the granules motion intensification and “dead” zones
prevention, that is possible in the range up to r = 0.25 R, are achieved by reasonable
selection of gas-distributing unit with additional elements for flow swirling.

According to the analysis the influence of conical workspace opening angle on the
possibility of reverse vortex in the center of a weighted layer and place a geometric
location of individual elements of the weighted layer connection place and the tran-
sition region combining the weighted layer connection was identified. With the

Input data: @
physical and chemical properties of phases

w rate of phases .
geometry of the granulator’s working space
step by height and radius

Output of graphic dependencies
v 1 =f(z), V2=f(z,r), v 3=f(z,r)

Construction of the calculated grid I
Calculating of the optimal height

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

R=R . Z =Z .
j  min’ “n “min

Deterining the optimal place
of installation of dispersant
for solution (melt)

R. .=R.+AR

e '

1
Determining of the hydrodynamic performance
of gas flow at a given point of calculated grid
v T \’2. V3

2 "L L

@

Fig. 7. An algorithm for vortex granulator hydrodynamic calculating.
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increasing of cone opening angle (up to 10-13°) zone of reverse vortex has a constant
value and is determined 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.

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 o and height z).

a b c

Fig. 8. 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.

5 Conclusions

Simulation results allowed us to develop an algorithm for vortex granulator hydro-
dynamic calculating, which is represented on Fig. 7.

Example of granulator design based on hydrodynamic calculation (porous
ammonium nitrate production, final product performance 3000 kg/day, commodity
fraction — granules 2-3 mm) is shown in Fig. 8.
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