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The work presents the computer simulation results describing the motion of the interacting particles 
in a vortex fluidized bed (the constrained motion). The data obtained reveal the peculiar features of 
the polydisperse system motion in the apparatuses with the variable cross-section of the workspace. 
The empirical coefficient determining the residence time of a particle in the vortex fluidized bed was 
calculated. An algorithm of the residence time calculations for a particle in the vortex fluidized bed 
under the constrained motion is developed. The results of computer simulation were a part of engi-
neering (technological and constructive) algorithm of calculation for the future manufacturing of 
granulator’s industrial sample.  
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 Introduction 

Simulation of the particles and their ensembles 
motion in the heat and mass exchange apparatuses for 
processing in the “gas-solid” system is an important 
element in the general algorithm of the target process 
calculations. An optimal residence time of the disperse 
phase in the workspace depends on the accuracy of 
calculations. The fact that free motion of a particle in 
an industrial apparatus is observed only in the small 
volumes of the disperse phase in the two-phase system 
(ψ < 0.1) makes the calculations more complicated. In 
such a case, the distance between particles eliminates 
collisions and mutual influences on each other. If ψ > 
0.1, the distances between the particles’ surfaces (the 
sizes of paths) become less than their diameter, and a 
particle cannot freely jump between the two others [1, 
2]. In such a case, the fact of particle collisions must 
be taken into consideration. The collision of particles 
in the two-phase system can also occur when the dis-
perse phase consists of the polydisperse particles or 
particles of different density [3]. Moreover, the parti-
cle motion in the gas medium creates the field of ve-
locity and pressure. In their turn, other particles, con-
stituting the so-called ensemble and the walls of a 
granulator have a hydrodynamic effect on the particle. 

The authors [1–5] suggest taking into account the 
constrained mode of motion when we perform calcu-

lations of the particle’s residence time in the work-
space of the apparatus 

 � ! = �"#$(%), (1) 

where � !- a time of the constrained motion of parti-
cles in the disperse phase; τ - a time of a single particle 

motion; "#$(%) - an empirical influence function of 
the constraint conditions on the residence time of a 
particle in the workspace.  

The function "#$(%) is: 

 "#$(%) = (1 − �) !, (2) 

where m – an empirical measure of the stage (a con-
straint coefficient for the time calculations).  

At present, there are no literature data on the de-
termination of the empirical measure m in the formula 
(2) for a vortex fluidized bed. A task to determine the 
empirical measures is complicated due to the presence 
of separate zones at difference heights with different 
intensity and variable prevailing directions of the par-
ticle motion.  

The aim here is to determine the peculiar features 
of the particle ensemble motion in the workspace of a 
vortex granulator in a constrained mode and to define 
the empirical measure m for a vortex fluidized bed.  

Computer simulation is one of the most produc-
tive methods for studying the structure of flows, prop-
erties of materials, etc. [6, 7]. 
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The analysis of the previous works on the simula-
tion of the two-phase flows, consisting of gas as a dis-
perse phase and disperse particles, has proved that one 
of the most promising methods of calculating the par-
ticles motion is the so-called the trajectory method [8]. 
The authors [9] conclude that the simulation of the 
constrained motion of particles with a big diameter 
(0.5 – 5 mm) may be based on the Lagrangian method 
for the force analysis of the particle motion with the 
use of the differential equations of motion, which has 
been applied in the description of the hydrodynamic 
condition of the disperse phase motion in the work-
space of the granulator [8–10]. Herewith, the applica-
tion of the trajectory method for the particles motion 
in the workspace of the granulator is complicated by 
the following: 

· the polydispersity of the system; 

· the constrained motion of granules in the vor-

tex granulator. 

In this regard, the trajectory method with a high 
accuracy of the results obtained can be applied only 

with the software, which enables us to export the the-
oretic model of the single particle motion and to take 
into account the constraint ratio of the flow. 

 Visualization of results and discussion 

The calculations of the hydrodynamics of the pol-
ydisperse system motion within the vortex fluidized 
bed are based on the author’s mathematical model 
[10–15].  

In this work, the software product ANSYS 
FLUENT was used to export the original mathemati-
cal model, to calculate the trajectory of the granules’ 
motion and the distribution law of the polydisperse 
system in the workspace of the granulator, taking into 
account the concentration of granules (the constraint 
ratio of the flow). 

Figs. 1 – 3 visualize the results of modelling the 
motion of the polydisperse system of granules under 
the change of the opening angle of the cone in the 
vortex granulator (a relative content of granules in the 
workspace ψ = 0.25). 

 

Fig. 1 The trajectory of the polydisperse granules motion under the opening angle of the cone 10° (the constrained motion of granules) 
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Fig. 2 The trajectory of the polydisperse granules motion under the opening angle of the cone 13° (the constrained motion of  gra-

nules) 

 
Fig. 3 The trajectory of the polydisperse granules motion under the opening angle of the cone 16° (the constrained motion of granules) 



November 2020, Vol. 20, No. 5 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

550  indexed on: http://www.scopus.com  

The results of investigations confirm the crossing 
of trajectories of different fractions, determined in 
[11]. It has been found that the trajectory of the gran-
ules’ motion in the constrained mode practically does 
not differ from the motion of granules with the same 
physico-chemical properties in the free motion, except 
the cases as follows: the presence of the polydisperse 
system at each height point of the workspace in the 
vortex granulator was additionally revealed. This leads 
to the stochastic change in the trajectory of the certain 
amount of granules of the main (at the estimated 
height) fraction in response to the collision with the 
granules of other fractions (the phenomenon is addi-
tionally displayed in Fig. 4). 

 

 
Fig. 4 The crossing trajectories of the polydisperse system of 

granules if the value of the opening angle of the cone is equal to 
10° (the constrained motion of granules) 

 

Fig. 5 The motion of the granules ensemble if the value of the 
opening angle of the cone is equal to 10° (the constrained mo-

tion of granules) and ψ = 0.2 

 
Fig. 6 The motion of the granules ensemble if the value of the 
opening angle of the cone is equal to 10° (the constrained mo-

tion of granules) and ψ = 0.3 

 
Fig. 7 The motion of the granules ensemble if the value of the 
opening angle of the cone is equal to 10° (the constrained mo-

tion of granules) and ψ = 0.4 
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The latter fact requires an additional continual de-
scription of the ensemble motion of granules of dif-
ferent sizes and their probable distribution within the 
workspace of the vortex granulator. To solve this task, 
an additional computer simulation with consideration 
of the constraint ratio of the granules’ flow was carried 
out. The method, applied at this stage of investiga-
tions, enables us to enter the estimated number of 
granules of the defined size (an analogue of the frac-
tion composition of the polydisperse system) and the 
total number of granules (an analogue of the con-
straint ratio of the disperse flow), taking into account 

the variable porosity of the vortex flow of the polydis-
perse phase within the height and the radius of the 
workspace of the granulator.  

The results of the simulation of the particles en-
semble motion in the range of the relative content of 
granules in the workspace (ψ = 0.2 – 0.4) are presented 
in Figs. 5 – 7. 

The further analogue simulation was carried out 
for the whole determined range of the opening angles 
of the cone 10-16° and for taken as an optimal range 
ψ = 0.3 – 0.4 in the blade-type swirlers.

Tab. 1 The results of the distribution of granules according to fractions in the ensemble under the condition of the constrained motion 
ψ = 0.3 

The fraction of granules in free mo-
tion: 

The content (%) of granules of the defined fraction in the workspace of 
the granulator in the constrained mode of motion for the range of heights 
of fractions in free motion 
< 1 mm 1 – 2 mm 2 – 3 mm > 3 mm 

< 1 mm 90 6 4 - 
1 – 2 mm 6 88 6 - 
2 – 3 mm 4 10 84 2 
> 3 mm - 8 10 82 

ψ = 0.4 

The fraction of granules in free mo-
tion: 

The content (%) of granules of the defined fraction in the workspace of 
the granulator in the constrained mode of motion for the range of heights 
of fractions in free motion 
< 1 mm 1 – 2 mm 2 – 3 mm > 3 mm 

< 1 mm 94 4 2 1 
1 – 2 mm 5 92 3 - 
2 – 3 mm 3 4 91 3 
> 3 mm 1 5 8 86 

 
The analysis of the results, presented in the table, 

allows us to conclude that: 
· a growing constraint ratio of the flow extends 

the range of the fractions at the defined 

height; 

· a growing constraint ratio of the flow in-

creases the amount of the main (correspond-

ing to the estimated height) fraction; 

· the height of the vortex granulator decreases 

the fraction content from another range. 

 
The results of investigations make it possible to de-

termine the range for the values of m in each zone of 
the granulator (zone I of the vortex motion of gran-
ules, zone II of the combined upward and vortex mo-
tion of granules and zone III of the prevailing upward 

motion of granules) according to the equation (2): 
· Zone I – m = 1.7 – 1.74; 

· Zone II – m = 1.46 – 1.49; 

· Zone III – m = 1.1 – 1.13.  

 
The above-mentioned ranges for the average val-

ues of m contribute to the overall picture of the con-
strained motion of the polydisperse system, and they 
can be applied when determining the distribution laws 
of the granules in the workspace of the apparatus with 
a variable cross-section and the total “hydrodynamic” 
residence time of granules in the apparatus.  

Thus, the total residence time of granules under 
the constrained motion is calculated according to the 
equation:

 ∑!ст = !ст
" + !ст

"" + !ст
""" = !"(1 − $")%&

'
+ !""(1 − $"")%&

''
+ !"""(1 − $""")%&

'''
, (1) 

where the value of t i is found on the basis of solving 
the system of differential equations of the granule’s 
motion, as shows in the work [9], and the value of y i  

may vary during the computer simulation depending 
on the given conditions of the calculation.  
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 Conclusion  

The results of the computer simulation are used in 
the separate block of the software Classification in 
vortex flow© [16] to calculate the distribution of gran-
ules according to fractions in the constrained motion 

under the condition that they change their mass due 
to dehydration. The automated calculation allows us 
to predict the behavior of the polydisperse system in 
its constrained motion in the workspace of the granu-
lator with a variable cross-section area (Fig. 8).  

 

Fig. 8 Classification in vortex flow© software 
 
The data obtained are applied in the technological 

calculations of the heat and mass transfer (granulating 
in particular) equipment with the directional vortex 
motion of the disperse phase and its classification in 
the workspace of the apparatus. 
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