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Abstract 
The article considers the efficiency of mixing apparatus with a 

horizontal and vertical mixing device in a liquid-solid system. It presents the 
characteristics of interaction of a particle with a mixer blade and provides the 
analysis of the trajectory of the displacement of a particle when it is grasped by 
the blade. The article also focuses on the multicomponent liquid mixture 
production processes in apparatus with a horizontal and vertical blade shaft. The 
key process characteristics are presented in the form of similarity criteria. 
Empirical equations are obtained for dependence of the indices of the stirring 
process on factors. The study findings are presented as graphs. We have also 
indicated the optimal parameters of the apparatus with a mechanical mixing 
device, which ensure a resource-saving operating mode while maintaining 
stirring efficiency. The article determines the factors of the stirring process that 
affect energy consumption. 

Keywords: mixer, mass transfer, turbulization, energy expenditure, 
hydrodynamic processes, radial circulation, criterial dependence, rational 
indices, performance. 

 
Introduction 
Stirring is one of the main processes in the technology of preparing a 

multicomponent liquid mixture of nutritional feed additives for animals, 
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fertilizer solutions for plants, etc. [1, 18]. Despite the wide spreading, stirring 
process due to its great complexity remains insufficiently studied. This process 
is about the relationship between the amount of energy consumed and the 
stirring efficiency achieved [2, 19]. This relationship is established on the basis 
of experimental data, using the similarity theory method, which has become 
widely used. The results of the study of a single phenomenon could be 
generalized and transferred to a wider range of similar phenomena [3, 21]. 

The effectiveness of stirring is determined by the degree of 
homogeneity of the volume being stirred, achieved with the energy supplied per 
unit of the stirred volume. Energy means the operating power spent on the 
formation of vortices in the liquid being stirred. The greater is the turbulization 
of the stirred liquid, the greater is the homogeneity of the mixture [3, 14, 15, 
20].  

For stirring nonuniform fractions in liquid-solid systems, the most 
widely used are mechanical mixers which ensure homogeneous solutions and 
intensification of heat and mass exchange processes [7, 8, 17].  

The question under consideration aims at studying the process of 
stirring heterogeneous fractions in a liquid-solid system, establishing a mutual 
relation between the hydraulic and mass exchange aspects of this process, while 
ensuring a resource-saving operating mode and maintaining the efficiency of 
stirring, and choosing an optimal design for mixing devices. 

Analysis and methods research 
To build a dynamic particles and blades interaction model, we 

examined the scheme (Figure 1) of relative motion of a particle along the flat 
blade surface with the agitator rotating [10, 12]. 
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Figure 1 – Particle and Blade Interaction Dynamic Model  
 
The fixed coordinate system ( )ξης00К  is connected with the blade 

shaft rotation axis, and the moving coordinate system ( )xyzК 01  is connected 

with the blade and rotates with it. The centroidal motion  of the particle is 

relative in the  system, portable - together with the blade, absolute with 

respect to the . system. The position of the  point relative to the moving 

reference system is determined by the r!  radius vector drawn to the  point 

from the origin of this  system, or by three coordinates x , y , z  in this 
system: 

zkyjxir
!!!!

++=             (1) 
The time reference point t  is the moment the particle meets the blade 

at the starting point of the blade and shaft connection. The particle on the 

rotating blade is effected by the following forces: P  - the particle weight; 
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N  – blade surface reaction; ТF  - the friction force of the particle along 

the blade surface; кФ - Coriolis force; иФ  - relative inertial force. 
Analyzing the behavior of the particle when it is captured by the blade 

shows that the rational angular velocity of the shaft operating in 32м105 −⋅  of 
the volume of the mixture lies in the range from rad/s  28,6=ω  to 

rad/s  47,10=ω . In such operation mode, the particle moves along the blade 

when the shaft rotates to an angle !200  =ϕ  from the lower vertical position of 
the blade in the mixing tank, and then descends from it and is carried away by 
the rotating medium. This will ensure the interaction of the particle with the 
liquid, and contribute to its faster dissolution [9, 10, 11]. 

The studied dynamic model of particle and blade interaction (relative 
motion of a particle along the surface of a flat blade with the shaft rotating) 
enabled determination of the following features: 

1. The particle path ( l ) varies in direct proportion to angular 
shaft velocity (ω ) and in inverse proportion to angle (ϕ ).This conclusion is 

true with ϕ  varying from !0  to !90 . With !90=ϕ  l  remains constant and 
does not depend on change ω . Increasing the shaft speed will increase the 
trajectory of the particle on the blade and ensure maximum contact with the 
blade. 

2. The particle trajectories are almost straight lines with a 
deviation to the side opposite to the direction of the shaft rotation. The particle 
descends from the blade at different times, depending on the mode. At the 
minimal rad/s  28.6=ω  the particle remains on the blade for min  1.0=t  

only with angles ϕ  ranging from !60  to !90 . When the angular velocity is 

increased to rad/s 47.10=ω , the lower end of range ϕ  expands to !40=ϕ  
(Figure 2). 

3. The change in absolute velocity )(tV  is directly proportional 
to change ω  and inversely proportional to change ϕ . At the maximum angular 
velocity rad/s  47.10=ω  of the shaft )(tV  increases by 23% and reaches 

m/s  38.1)( =tV  at !0=ϕ . With angle ϕ  increasing from !10  to !90 , the 
particle speed is decreasing and the percentage of its growth decreases with 
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increasing of ω . At !90=ϕ , the particle moves at the lowest speed 
m/s  0.78)( =tV , which remains constant with any ω  in the considered range. 

Consequently, with the greatest contact of the particle and the blade, the 
velocity will take value m/s  0.78)( =tV . 

4. The greatest duration of contact between the particle and the 

blade is observed when !90=ϕ , but the path of the granule will be the smallest 
among the possible trajectories. 

 
Figure 2 – Granule motion trajectory over time min  1.0=t  and 

rad/s  47.10=ω   
To solve the problem of finding an energy-saving regime for producing 

a homogeneous mixture with water, on the condition of maintaining the 
efficiency of stirring process, horizontal and vertical mixing devices were 
studied [4, 11]. 

The horizontal type apparatus (Figure 3) has a tank which is U-shaped 
in the cross section, with a shaft and [9] type blades inside. The tank of the 
apparatus has an outlet channel. The radial fluid circulation prevails in the 
apparatus. Mounting the blades at an angle to the rotation plane will ensure the 
axial movement of the components. 
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Figure 3 – The scheme of a horizontal mixer: 
1 - tank; 2 – agitator shaft; 3 - blades; 4 – outlet channel. 
 
In a horizontal mixer, the blades on the shaft are mounted on a screw 

line; the blade length is at least %90  of the radius of the tank base; the blade 
width is equal to the diameter of the agitator shaft. The blades are evenly 
distributed along the shaft length, with the possibility to change their number 
and angle (ϕ ) of the inclination of the blade to the rotation plane. When the 
mixer shaft rotates, each blade moves in a certain space equal to the diameter of 
the mixing tank and the blade width.  

Fractions (particles) of the mixture are in contact with the surface of 
the blade, i.e., move along a certain trajectory. When leaving the blade, the 
particles continue to be engaged in stirring (are carried away by the flow of 
liquid), fall on another blade. Stirring continues until the particles dissolve [9]. 
Thus, the task is reduced to finding an operating mode of the mixer, in which 
the particles remain in contact with the blade as long as possible. 

The vertical type mixer [4, 5] is an apparatus of type (Figure 4), in 
which the blades are mounted at an angle of the rotation plane of the stirring 
device, which provides for axial stirring of the fractions of the medium. A 
bladed three-level stirring device not only creates a large turbulence of the 
liquid flow, but also provides complete stirring of the medium throughout the 
volume of the apparatus. This activates the stirring process and increases the 
product quality. The apparatus studied ensures a complete and uniform 
distribution of particles throughout the volume of the medium being stirred, 
simplicity, convenience and tightness of the device design. The plant works as 
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follows: the mixture fractions are fed through nozzles 11 and 12. The shaft of 
the agitators is driven to rotation from gear 13 and the electric motor, air is fed 
through the hollow shaft 2 for borbatage.  

 

 
Figure 4 – The scheme of a vertical mixer: 
1 - body; 2 - shaft; 3 - blades; 4 - blades openings; 5 – upper agitator; 6 

- heat exchange jacket; 7 – central agitator; 8 – lower agitator; 9 – discharging 
nozzle; 10 - base; 11, 12 - nozzles; 13 - gear drive 

 
In accordance with the objectives set [4, 5], we determined the values 

of the process parameters (power ( N ) supplied for stirring, the apparatus 
specific performance ( k ), stirring time ( t )) depending on the factors (speed of 
the agitator rotation ( n ), angle (α ) of the blade to the rotation plane, open area 
( f ) of the blade, number ( z ) of blades). The parameters and factors of stirring 
were presented as dimensionless criteria, which will allow the results obtained 
to be extended to similar phenomena.  

The expanded form of these criterial dependences is as follows [10, 
12]: 

1. The power expenditure was shown by Euler criterion ( Eu ): 
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ρ35nd
NEu =                                  (3) 

2. The mixture quality – by Dyakonov criterion (Di ): 

n
kDi =                                               (4) 

3. Time expenditure – by a dimensionless criterion (T ): 
tnT =                                                (5) 

4. The agitator rotation speed – by Reynolds criterion (Re ):  

η
ρnd 2Re = ,                                         (6) 

where d  is the agitator diameter; ρ  is the solution density; η  is the 
dynamic viscosity of the aqueous solution. 

The experimental investigation and the results processing were carried 
out using experimental design theory techniques.  

Results 
Based on the results, we plotted a parameters-Reynolds criterion 

graphs [10]. Figure 5 shows the dependence of the power on the agitator 
rotation speed, the angle of the blade to the rotation plane and the number of 
blades, expressed in a dimensionless form, i.e. Eu -Re  dependence. Figure 6 

shows the dependence of the time criterion (T ) on Reynolds criterion (Re ). 
The results were obtained with various combinations of factors.  
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Figure 5 – Dependence of Euler criterion ( Eu ) on Reynolds criterion 

(Re ) 
 
Conclusions 
1. The stirring process (Figure 2) proceeds best with the angular shaft 

rotation speed rad/s 47.10=ω  and the angle of the blade inclination to the 

rotation plane !90=ϕ . Such operation mode and design parameters of the 
blade shaft provide an effective trajectory of the particle motion and contribute 
to its longest possible adherence to the blade. Consequently, the particles are 
evenly distributed throughout the apparatus during dissolution, making a 
uniform concentration mixture. 

2. The graphs in Figure 5 show that the value of the power supplied for 
stirring depends on the agitator rotation speed and the number of blades. The 
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change in the angle of the blade to the agitator rotation plane and the effective 
section of the blade have an insignificant effect on the power. 

3. The stirring time, expressed by dimensionless criterion T , reduces 
with an increase in the agitator rotation speed [10, 11] expressed by a 
dimensionless criterion Re , for agitators with different number and design of 
blades (Figure 6). 
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Figure 6 – Dependence of the time criterion (T )on Reynolds criterion 

(Re ) 
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