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This paper has substantiated the prospect of mo del-
ing the processes of separating grain mass into frac-
tions as one of the tasks in the production of high-qua-
lity seed material. It has been determined that this 
could optimize the parameters of separation processes 
and design new working surfaces for its implementa-
tion. It is noted that modeling should take into consi-
deration the influence of the structural and kinematic 
parameters of grain cleaning machines, the physical 
and mechanical properties of raw materials, the intra-
layer processes and forces.

The reported theoretical study has improved the 
mechanical-mathematical model of grain mass sepa-
ration in a pseudo-fluidized bed according to its den-
sity. The model establishes a relationship between the 
effective coefficient of dynamic viscosity and the den-
sity of particles in the discrete and continuous phases 
and the volumetric concentration of discrete phase par-
ticles. At the same time, the porosity of a fluidized bed 
has been accounted for, as well as the longitudinal and 
transverse angles of inclination of the base surface to 
the horizontal plane, the amplitude and frequency of 
oscillations of the particles of the continuous phase;  
the direction angle of oscillations relative to the perpen-
dicular to the base surface.

The adequacy of the improved mechanical-ma-
thematical model has been confirmed by comparing the 
experimental and theoretical results of grain mass frac-
tionation modeling. It was found that the differences in 
the density values of the separated fractions of GM did 
not exceed 7...8 %, that is, they were within the mar-
gin of error.

It has been established that the improved model of 
grain mass separation in a fluidized bed could be used 
to determine the rational values for the parameters of  
a pneumatic sorting table that is used for the fractiona-
tion of the corresponding seed material. The initial 
data, in this case, are the density of the continuous and 
solid phases of grain mass, the friction coefficient of the 
seeds, and the equivalent radius of the particle. The 
result of modeling is the rational values of the amplitude 
and oscillation frequency of the working surface of the 
pneumatic sorting table, and the angles of inclination of 
the working surface
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1. Introduction

To ensure the food safety of the states engaged in the culti-
vation of grain crops, a steady increase in the annual volume of 
high-quality seed material (SM) is required [1]. The efficiency 
of the technological processes of seed production depends on 
the quality of the equipment executing these processes [2].

During the execution of technological processes to pro-
duce SM, the particles of the material (grains) are exposed to  
a repeated mechanical impact from the working bodies of 
grain harvesting and grain cleaning machines, which leads to 

injury to particles. Depending on the type of machines, injury 
to grains could reach critical values, which significantly re-
duces the biological activity of seeds. In this case, indicators 
of clogging of seeds with weeds, disease, and pest damage are 
of great importance. The basic role in the technological line 
of machines to produce SM belongs to machines for cleaning 
grain mass (GM) and separating it into fractions. The clean-
ing of GM and its separation into fractions occur according 
to the set of the physical and mechanical properties of grain 
and under the influence of the system of external forces on the 
grain particle [3].
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Despite the variety of properties, actual separation most-
ly makes use of the differences in size, weight, and sailing. 
These attributes underlie air-sieve separation, which is most 
often used for GM separation. Other features, for example, 
the shape and nature of the surface of the grain, its specific 
mass, and elasticity are used less often, mainly for the pro-
cessing and enrichment of GM that underwent an air-sieve 
separation. Despite the constraints inherent in the equip-
ment applied in this case, as well as the limited scientific data 
related to such processes, the specified methods demonstrate 
the prospect of high-precision separation, especially involv-
ing heavy-to-separate GM.

2. Literature review and problem statement

Promising ways to improve the efficiency of SM separa-
tion by seed density are the use of an unevenly distributed 
airflow, blown through a layer of seeds, and the mechanical 
intensifiers of the separation process [4].

The airflow blown through the layer of seeds is pumped by 
a fan and distributed evenly over the entire working surface.  
However, the SM layer, due to the different physical and 
mechanical properties of particles, is unevenly distributed 
over the working surface. Thus, in different sectors of a pneu-
matic sorting table (PST), separation processes proceed 
with significant differences. At the most loaded sectors of 
the working surface, the airflow force is not sufficient for 
a high-quality segregation process while in the least loaded 
sectors the process of seed «boiling» could occur.

An earlier study has shown that changing the airflow 
force exerted a positive effect on the quality of a seed segre-
gation process [5]. 

The presence at the working surface of additional me-
chanical intensifiers of the process makes it possible to pro-
long the time when the material is at the working surface. 
That makes it possible to more fully separate the material 
into fractions that differ in seed density, and guide the frac-
tions along optimized trajectories for dispatch [6]. To de-
scribe the SM separation process, the following is used:

– the analogies of moving a material point (particle); 
– the analogies of movement of SM as the layered move-

ment of a loose body; 
– the theory of vibrational movement, the dynamics of 

seed movement;  
– the theory of particle segregation in a seed layer;
– the theory of multiphase environments; 
– hydrodynamic movements; 
– the optimization of kinematic modes; 
– the mechanics of solid media; 
– a discrete-element method.
At the same time, these theoretical methods and proce-

dures are not systemic in nature because they do not com-
prehensively consider the processes of SM separation by seed 
density in a fluidized bed of a multiphase medium. In addi-
tion, those models do not consider the intralayer interaction 
of mixture particles.

Using the concept of the hydrodynamics of multi-phase 
media in the modeling of processes has proven its effective-
ness [7]. Given this concept, a pseudo-fluidized environment 
is characterized by dynamic viscosity, and SM is represented 
by a multiphase liquid consisting of two phases. One phase is 
discrete, formed by solid particles (seeds). Another phase is 
the continuous phase formed by the gaseous medium (air). 

The presented analogies to pseudo-fluids proved adequate in 
the modeling of various dynamic processes [8]:

– segregation (the redistribution of seeds particles  
in an SM layer according to the physical and mechanical 
properties); 

– the stratification of SM according to the set of the 
physical and mechanical properties of seeds and the struc-
tural and kinematic parameters of the process (a two-phase 
environment – seeds, air).

However, the use of the above procedures to describe the 
process of separation of SM by seed density requires appro-
priate additions and clarifications [9]. 

A hypothesis was adopted in [10], and later confirmed 
in [11], which implies the representation of an SM layer as 
a multiphase pseudo-fluidized medium when modeling the 
process of separating SM by seed density.

This method makes it possible to maximally take into 
consideration the interaction of the physical and mechanical 
properties of SM and the structural and technological para-
meters of the seed separation process by density.

Thus, modeling the processes of GM separation into 
fractions is a promising task in producing high-quality SM, 
which could optimize the parameters of these processes 
and design new working surfaces for their implementation. 
During modeling, it is necessary to take into consideration 
the influence of the structural and kinematic parameters of 
grain cleaning machines, the physical and mechanical pro-
perties of GM particles, the intralayer processes, and forces 
acting on a layer of GM particles.

3. The aim and objectives of the study

The aim of this study is to improve the mechanical-
mathe matical model of raw material separation in a fluidized 
bed according to its density, which could improve the effi-
ciency of grain mass separation processes into fractions to 
produce high-quality seed material.

To accomplish the aim, the following tasks have been set:
– to establish the defining parameters of the process of 

grain mass separation in a fluidized bed according to seed 
density and take them into consideration in the mechanical- 
mathematical model of this process;

– to derive the functional dependences between the 
defining parameters of the process of grain mass separation 
in a fluidized bed and the values of the parameters for set-
ting a pneumatic sorting table to organize this process and  
prove the adequacy of the improved mechanical-mathema-
tical model.

4. The study materials and methods

Vibratory pneumatic separators are usually used to sepa-
rate GM into fractions according to the set of physical and 
mechanical features; they are categorized as separators of 
countercurrent, fan, and descending types. 

In our experimental study of GM separation in a fluidized 
bed, a fan-type PST was used, whose physical appearance 
is shown in Fig. 1 (manufactured at Khorolskiy mechanical 
plant, Ukraine).

The separation of GM was carried out as follows.
An SM layer, moving on the flat (even) surface of the 

PST, under the influence of oscillations of the working 
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surface and airflow, which is blown through the SM layer,  
acquires the properties of a pseudo-fluidized environment. 
The working surface of the PST (a deck) is located at adjust-
able angles of inclination, which contributes to the move-
ment of the SM layer towards unloading. SM is pre-cleaned 
of impurities. The SM consists of many grains close in size, 
while different in density. In the process of PST operation, 
the SM delaminates into layers of seeds that move on their 
own trajectories towards the unloading trays. Depending on 
the quality of the material supplied to the working surface of 
the PST, the number of fractions may vary.

 
Fig.	1.	PST	general	view	(manufactured	at	Khorolskiy	

mechanical	plant)

Determining the factors having a decisive influence on 
the parameters of the SM separation process and proving the 
adequacy of the improved mechanical-mathematical model 
were carried out based on the analysis of the results of an 
experimental study involving PST. These factors include the 
seed density that has been processed; the airflow rate blown 
through the SM layer. It is also necessary to take into consi-
deration the longitudinal and transverse angles of inclination 
of the working surface; the amplitude of oscillations of the 
working surface; the coefficients of friction of SM and the 
working surface of the PST.

5. Results of the mechanical-mathematical  
modeling of grain mass separation  

in a fluidized bed 

5. 1. Establishing the defining parameters of the pro-
cess of grain mass separation in a fluidized bed according 
to seed density

To model the process of vibration-pneumatic separation 
of SM by seed density, an effective method is the method 
of multiphase media [12]. A multiphase structure consists 
of many particles that differ in their own density (a dis-
crete component) and a gaseous environment (a continuous 
component). Such discrete and continuous components 
interacting with each other are considered as a solid envi-
ronment [13].

Under the influence of an airflow force and the oscilla-
tions of the working surface, the SM layer enters a pseudo- 
fluidized state. 

The discrete phase is considered as the finite number N of 
discrete components, each of which is formed by solid parti-
cles with their natural density:

ρn n N, , ... .= 1 2

In this case, the density of the set of particles of the n-th 
component of the discrete phase is equal to:

ρ δ ρn n n= ,  n N= 1 2, ... ,  (1)

where δn is the volumetric share of particles of the n-th com-
ponent in the pseudo-fluidized grain material.

The density of the discrete phase, in general, is defined as:

ρ ρP n
n

N

=
=

∑
1

.

The density of the continuous phase is defined as:

ρ ρ
ρ
ρ

ρ δ= −






= −




= =

∑ ∑1 1
1 1

n

nn

N

n
n

N

,  (2)

where ρ  is the density of the gaseous medium (air).
Given (1) and (2), the density of a pseudo-fluidized NM 

layer is equal to:

ρ ρ ρc P= + .  (3)

The speed of movement of the pseudo-fluidized SM layer 
is determined from the following equation:

ρ ρ ρc c n n
n

N

V V V
  

= +
=

∑
1

,  (4)

where 


Vn  is the speed of the n-th component of the dis-
crete phase; 



V  is the speed of the continuous phase. 
Since the n-th component of the discrete phase is con-

sidered as a solid medium, the following continuity equa-
tion holds:

∂
∂

+ ∇( ) =
ρ

ρn
n nt
V


0,  n N= 1 2, ... .  (5)

Similarly, for a continuous phase:

∂
∂

+ ∇( ) =
ρ

ρn

t
V


0.  (6)

The equation of inseparability for a pseudo-fluidized SM 
layer takes the following form:

∂
∂

+ ∇( ) =
ρ

ρc
c ct
V


0.  (7)

The solid medium is simulated by Newtonian liquid mov-
ing on a flat air-permeable surface.

We shall introduce the Descartes x1× x2× x3 coordinate 
system so that the flat air-permeable surface lies in the 
x1× x2 plane. In this case, the x3 axis is perpendicular to this 
surface. The x1 and x2 axes are tilted at angles α1 and α2 to 
the horizontal plane. We shall assume that the air-permeable 
surface executes harmonic oscillations with a frequency of ω.  
Under the action of airflow and the oscillations of the  
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supporting (working) air-permeable surface, the GM layer  
is in a pseudo-fluidized state. The motion equation for  
a multiphase system that simulates the movement of SM can 
be represented as:

ρ
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n ni
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n N= 1 2, ,..., ;  i = 1 2 3, , ,  (8)

where Vni is the i-th component of the speed 


Vn  of the n-th 
component of the discrete phase; µn is the effective coefficient 
of the dynamic viscosity of the n-th component in SM; Fni is 
the i-th component of mass force, acting on the unit of mass 
of the n-th component of the mixture; Pn is the partial static 
pressure of the n-th component of SM; δij is the Kronecker 
symbol (for repeating symbols, addition is implied).

The last term of the right-hand side of expression (8) 
is introduced to take into consideration the interaction of 
the n-th component with another m-component of GM.  
In this case, the values of Fnm characterize this interaction 
and satisfy the following condition:

ρ ρn nm m mnF F= .

The effective viscosity coefficients µn, n N= 1 2, ,...,  of the 
n-th component of the discrete phase are determined accord-
ing to the following equation:
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where µ is an effective viscosity coefficient of the material. 
As one can see, the i-th component of the force Fni, 

which acts on the unit of mass of the n-th component of the  
discrete phase of the material, can be represented in the fol-
lowing form:
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where ρn  is the density of particles forming the n-th com-
ponent of the discrete phase; ρ  and v are, respectively, the 
density and coefficient of the kinematic viscosity of the con-
tinuous phase; an is the equivalent radius (by volume) of par-
ticles of the n-th component of the discrete phase; fni is the 
i-th component of the external force acting on the particles of 

the n-th component; Fn is a coefficient that characterizes the 
interaction of a continuous phase with particles of the n-th 
component of the discrete phase.

The above equations (5), (8) for the components of the 
discrete phase of the pseudo-fluidized grain material charac-
terize them as continuous interacting environments. 

In addition to equations (5), (8), we shall use the equa-
tion of motion of the continuous phase of grain material, de-
rived by direct addition of (8) taking into consideration (2).
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The terms of the right-hand side of equation (11) charac-
terize the interaction of discrete and continuous phases of 
pseudo-fluidized grain material. For example, the fourth term 
takes into consideration the acceleration of the mass of parti-
cles of the discrete phase in relation to the continuous phase, 
the fifth term is due to the Bosse force and expresses instan-
taneous hydrodynamic resistance, the last term describes the 
resistance of discrete phase particles.

Equations (8) to (11), which describe a change in the 
amount of movement of the discrete and continuous phases 
of pseudo-fluidized grain material, are important; however, 
no less interesting are the processes that lead to a change in 
the energy of the grain mass. In order to derive this equation, 
we shall introduce the following energy characteristics of 
the grain material: T and Tn are the absolute temperatures  
of the continuous phase and the n-th component of the dis-
crete phase, respectively.

The equation describing the energy change in grain mate-
rial takes the following form:
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where the ФnЕ quantities describe the heating of particles 
due to viscous dissipation (dispersion). 
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The ФЕ value characterizes the radiation of a unit of 
grain material volume and takes into consideration the exter-
nal sources of heat:

Φ Εn n n n nm
m

N

nF V V F V V= −( ) + −( )
=

∑ρ ρ
   2

1

2
,  n N= 1 2, ,..., .

Thus, equations (5), (6), (8) to (12) describe the dy-
namics and energy characteristics of the movement of grain 
material.

As can be seen from (8), (11), and (12), during the hydro-
dynamic modeling of the movement of pseudo-fluidized grain 
material, it is necessary to introduce such important cha-
racteristics of grain material as the coefficients of dynamic 
viscosity of the discrete and continuous phases. Determining 
these values is a rather complex task. Its solution makes it 
possible to assess the adequacy of the mathematical model to 
the actual physical processes that accompany the intralayer 
movement of SM.

The relative velocity of discrete phase particles chan-
ges harmoniously over time depending on the oscillation 
frequency of the working surface. Its amplitude depends in  
a complex way on the physical and mechanical parameters of 
SM, the airflow rate on the free surface of the fluidized bed, 
and the effective coefficient of dynamic viscosity.
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Equation (13) establishes a relationship between the effec-
tive coefficient of dynamic viscosity and the following para-
meters of grain material and the characteristics 
of the support surface and an airflow rate. These 
include the density ρ1  and ρ  of particles of the 
discrete and continuous phases of grain material; 
δ1 and ε is the volumetric concentration of discrete 
phase particles and the porosity of the fluidized bed. 

In addition, the model takes into consideration the 
following: α1 and α2 are the longitudinal and transverse 
angles of inclination of the support surface in relation to the 
horizontal plane; the amplitude A and the circular frequency 
ω of the oscillations of particles of a continuous phase; α3 is 
the angle of oscillation direction relative to the axis directed 
perpendicular to the support surface. Equation (13) under-
lies the improved mechanical-mathematical model of raw 
material separation in a fluidized bed according to its density.

5. 2. The results of modeling the trajectories of SM 
particles movement using the improved mechanical-ma-
thematical model

Based on the improved mechanical-mathematical mo-
del (equation (13)), we determined the initial data for mode-
ling the trajectories of SM particle movement. 

Changing coordinates over time is determined from the 
following formulas:
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In this case, the generalized forces are determined as:
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The amplitudes along the coordinate axes are calculated as:
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D A A x A x1 3 2 1
22= + − ;  D

A x
2

2

2
= .  (19)

In this case,

l
ν1

1 1
2

2
2

2
=

+ +D D D
;  l

ν2
1 1

2
2
2

2
=

− + +D D D
.  (20)

The effective coefficient of the kinematic viscosity of the 
continuous phase is calculated as:

F x x
x e x h ch x h xx

,
sin sin

3

2 3 1 1 3 2 32 2 21 3

( ) =
( ) ( )+ ( ) −( )( )( )−l l l l lch

cch 2 21 2h hl l( ) − ( )cos
.  (17)
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ν ρ δ= −( )1 0
2b ,  (21)

where b0 is the point of function’s zero:

Ψ(x, A, ω, V0, δ, a, fk, α1, α2, α3) = 0. (22)

The function zero search boundaries (22): a < x < b, where 
a = 0; b = 1.

The result of modeling using the devised mechanical- 
mathematical model is the established trajectories of seed 
layers consisting of particles of different densities. An exam-
ple of the resulting trajectories is shown in Fig. 2.

A layer of seed material was modeled by a set of wheat 
grains of different density: 680 kg/m3; 720 kg/m3; 830 kg/m3;  
960 kg/m3; 1,183 kg/m3; 1,200 kg/m3. 

Fig. 3 shows the result of the experimental stratification 
of GM at PCS (manufactured at Khorolskiy mechanical 
plant, Ukraine).
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Fig.	2.	Trajectories	of	seed	layers	consisting	of	particles		
of	different	density,	kg/m3:	1	–	680;	2	–	720;	3	–	830;		

4	–	960;	5	–	1,183;	6	–	1,200

 

seed loading airflow outlet 

working surface of 
a pneumatic 
sorting table 

1 
2 

3 
4 

5 

 

 

 

Fig.	3.	PST-based	GM	stratification	into	fractions	with		
the	following	density,	kg/m3:	1	–	730...740;	2	–	790...800;		

3	–	900...950;	4	–	1,120...1,200;	5	–	1,350...1,450

Parameters for separation are the rational parameters ob-
tained using the improved mechanical-mathematical model 
of grain mass separation in a fluidized bed.

6. Discussion of results of the mechanical-mathematical 
modeling of grain mass separation in a fluidized bed

The result of this study is the improvement of the me-
chanical-mathematical model of GM separation in a pseudo- 
fluidized state. Underlying the model built is the method 
of multi-phase environments when a multiphase structure 
consists of many particles interacting with each other, being 
considered as a solid medium.

The improved mechanical-mathematical model takes 
into consideration the interaction of discrete and continuous 
phases of pseudo-fluidized grain material. Specifically, the 
acceleration of the mass of discrete phase particles relative to 
a continuous phase, the instantaneous hydrodynamic resis-
tance, the resistance of discrete phase particles.

It should be noted that during the hydrodynamic mo-
deling of the movement of pseudo-fluidized GM, such cha-
racteristics of the grain material as the coefficients of dynamic 
viscosity of the discrete and continuous phases were intro-
duced. Solving such a problem makes it possible to assess the 
adequacy of the mathematical model to the actual physical 
processes that accompany the intralayer movement of SM.

Solving the model’s equations makes it possible to de-
termine that the characteristics of the separation process 
are influenced by the oscillation frequency of the working 
surface and the speed of airflow. Since with an increase in the 
oscillation frequency of the working surface the layer of seed 
material begins to move along the trajectories shifted along 
the x1 axis, in this case, a greater proportion of grains with  
a lower density enter the trays, which are designed for grains 
with a higher density. Thus, the characteristics of separation 
are significantly deteriorating.

With a decrease in the speed of airflow, the layer of mate-
rial moves in a dense flow and the process of pseudo-liquefac-
tion occurs within insignificant limits, and with an increase 
in the speed of airflow, the process of «boiling» of seed mate-
rial occurs, and the separation process stops.

The rational parameters for the improved mechanical- 
mathematical model of grain mass separation in a fluidized 
bed are as follows: the amplitude and oscillation frequency of 
the working surface A = 35·10–5 m, ω = 15.6 rad/s; the angles 
of inclination of the working surface: longitudinal = 2 degrees, 
transverse = 5 degrees. At the same time, it is assumed that 
the friction coefficient of seeds is f = 0.45; the reduced ma-
terial density (seeds+air) is ρ = 246.84 kg/m3; the equivalent 
particle radius is a = 2·10–3 m. Under such parameters, there 
is a possibility to separate GM into 5 fractions of the follow-
ing density, kg/m3 – 740; 820; 960; 1,181; 1,400.

We have experimentally separated GM into fractions (Fig. 3) 
at PST, configured according to the parameters determined by 
modeling using the improved mechanical-mathematical model;  
the fractions’ density, kg/m3: 1 – 730...740; 2 – 790...800;  
3 – 900...950; 4 – 1,120...1,200; 5 – 1,350...1,450. These results 
prove the adequacy of the improved mechanical-mathematical 
model since the differences in the density values of fractions 
obtained from the experimental (Fig. 2) and theoretical mo-
deling (Fig. 3) are within the limits of error. Differences in the 
density values of fractions do not exceed 7...8 %.

Works [10] and [11] do not take into consideration such 
defining parameters of the process of GM separation in a flui-
dized bed as the density of the solid phase of GM [10] and its 
friction coefficient [11]. The result is an increase in the dif-
ference between the density values of fractions obtained from 
the experimental and theoretical modeling. The deviation  
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is 15...21 %. The disregard for other defining parameters of 
the mechanical-mathematical model of GM separation in  
a fluidized bed likely entails an increase in the deviation  
between the theory and the experiment.

Thus, the improved mechanical-mathematical model of GM 
separation in a fluidized bed could be used to determine the 
rational values for the parameters of PST used for the fraction-
ation of the corresponding SM. At the same time, the initial data 
for the improved model are the density of the continuous and  
solid phases of GM, the seed friction coefficient, and the equi-
valent particle radius. The result of modeling are the rational am-
plitude values and the oscillation frequency of the working sur-
face of PST, and the angles of inclination of the working surface.

It should be noted that under industrial conditions the 
configuration of PST for GM separation is typically carried 
out empirically. That is, the setting requires a series of ex-
periments to achieve the necessary difference in the density 
of the separated fractions of GM. That entails an increase in 
labor intensity, material, and energy costs. It is obvious that 
the use of the improved mechanical-mathematical model 
reduces the duration of PST configuration, reducing the 
material costs of experimental research to minimum values.

The obvious limitation of the improved mechanical-ma-
thematical model is taking into consideration the parameters 
of the selected PST only via its coefficient kp. This coefficient is 
determined by the design of the selected PST, its performance, 
and large-scale size; it is provided by a manufacturer. Taking 
into consideration these features of PST in the mechanical- 

mathematical model of GM separation in a fluidized bed is  
a possible area for further research. In addition, the potential 
prospect of future work is to automate the configuration of 
PST to rational parameters for the separation of various SM.

7. Conclusions

1. We have improved the mechanical-mathematical model 
of GM separation in a pseudo-fluidized state, which is based 
on a method of the multiphase media. The mechanical-
mathe matical model considers the interaction of the discrete 
and continuous phases of pseudo-fluidized grain material 
according to the following parameters: the acceleration of 
the mass of discrete phase particles relative to the continuous 
phase; the instantaneous hydrodynamic resistance; the resis-
tance of discrete phase particles; the coefficients of dynamic 
viscosity of the discrete and continuous phases of GM.

2. Functional dependences have been established bet-
ween the defining parameters of the grain mass separation 
process in a fluidized bed and the values of the parameters for 
setting a pneumatic sorting table for managing this process. 
The adequacy of the improved mechanical-mathematical 
model has been confirmed by comparing the experimental 
and theoretical results of the simulation of GM fractionation. 
It was found that the differences in the density values of the 
separated fractions of GM do not exceed 7...8 %, that is, fall 
within the margin of error.
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The paper discusses the effect of the stirrer and container rota-
tion direction on the mixing index (Ip). The chaos theory is the result 
of an in-depth study of various problems that cannot be answered by 
the two previous major theories, namely quantum mechanics and the 
theory of relativity. Effective mixing of the flow area does not depend 
on rapid stirring. 

This study uses a container with a double stirrer, camera, pro-
grammable logic controller, tachometer, 6 A adapter, and a computer.  
DC electric motor (25 V) for turning stirrers and housings. The 
diameter of the primary and secondary stirrers is Dp = 38 mm and 
Ds = 17 mm. The diameter of the container made of transparent 
plastic is Dw = 160 mm and height is 170 mm. Primary stirrer rota-
tion (np) = 10 rpm, secondary stirrer rotation (ns) = 22.3 rpm, and 
container rotation (nw) = 13 rpm, the angular velocity of the con-
tainer is Ww = 360° while the angular speed of the primary stirrer is 
Wp = 180°. The liquid consists of a mixture of water and paint (white). 
For dye, a mixture of water and paint (red) is used. For testing the 
Brookfield viscometer, the viscosity of the liquid and dye is used. The 
results showed that turning the stirrer in the opposite direction to the 
container, there will be stretching, bending, and folding around the 
stirrer, and the smallest mixing index was P2V-b (0.94). In addition, 
based on the mixing index value above, the highest mixing effec-
tiveness level is obtained, namely: P2V-b, P2S-b, P2B-b, P2V-a, 
P2B-a, and finally P2S-a. The mixing index is inversely related to 
the effectiveness level. So the highest effectiveness level is given by  
the following treatment: variation rotation (between opposite rotat-
ing mixers); opposite rotation (stirrer rotation opposite direction to 
the container); unidirectional rotation (stirrer rotation in the direc-
tion of the container)

Keywords: mixing index, chaos, stirrer, container, mixing effec-
tiveness, rotation direction
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1. Introduction

The chaos theory is the result of an in-depth study of va-
rious problems that cannot be answered by the two previous 
major theories, namely quantum mechanics and the theory of 
relativity. Chaos conditions have started to be mathematically 
modelled since the late 1800s by Henri Poincare. The deve-
lopment of this theory in the 20th century was not as fast as the 
theory of quantum mechanics and the theory of relativity [1].

The chaos flow-based numerical and mathematical ap-
proaches have recently been widely used in various fields of 
science, including social, economic, political, biotechnology, 
meteorology, mechanical engineering, even in the entertain-
ment world. For robotics experts, chaos-based modelling is 
used to identify the evolutionary process of life, understand 
genetic algorithms, simulate artificial life for how the brain 

works, or create intelligent machines. In the entertainment 
world, many games have been developed from chaos research 
such as the computer game series SimAnt, SimLife, SimCity 
and so on. In the medical field, chaos theory is used for the 
mixing of medicinal substances [2].

The stirring process in laminar flow with low Reynolds 
numbers can produce a very complex flow pattern [3]. The 
complexity of the flow pattern consists of many particles (mi-
crostructures) whose changes are influenced by fluid flow [4]. 
This phenomenon is called advection. In this motion, the velo-
city of the particles is the same as the velocity of the fluid [5].

During chaotic motion, the fluid and particles are stretched, 
thereby expanding the contact area and reducing the diffusion 
distance between them [6]. The strain occurs exponentially 
with time, resulting in efficient stirring [7]. In the mixing pro-
cess, efficient strain distribution is a major factor [8].


