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ȼ ɪɟɡɭɥɶɬɚɬɿ ɜɢɡɧɚɱɟɧɢɯ ɤɨɧɫɬɚɧɬ ɿɡ ɝɪɚɮɿɱɧɢɯ ɡɚɥɟɠɧɨɫɬɟɣ ɬɚ ɧɚ ɨɫɧɨɜɿ ɪɨɡɪɚɯɭɧɤɨɜɢɯ ɿ 

ɟɤɫɩɟɪɢɦɟɧɬɚɥɶɧɢɯ ɞɚɧɢɯ ɨɬɪɢɦɚɧɿ ɤɪɢɬɟɪɿɚɥɶɧɿ ɪɿɜɧɹɧɧɹ ɦɨɠɧɚ ɩɪɟɞɫɬɚɜɢɬɢ ɭ ɜɢɝɥɹɞɿμ 
0,39 0,6 0,7 0,73Nu Pe Re Pr BuA       

ȼɢɫɧɨɜɨɤ. Ɂɚ ɞɚɧɢɦɢ ɟɤɫɩɟɪɢɦɟɧɬɚɥɶɧɢɯ ɞɨɫɥɿɞɠɟɧɶ, ɩɪɢ ɜɢɤɨɪɢɫɬɚɧɧɿ ɦɟɬɨɞɭ ɚɧɚɥɿɡɭ ɪɨɡɦɿɪɧɨɫɬɿ ɬɚ 
ɬɟɨɪɟɦɢ Ɏɟɞɟɪɦɚɧɚ-Ȼɟɤɿɧɝɟɦɚ ɛɭɥɨ ɩɨɛɭɞɨɜɚɧɨ ɤɪɢɬɟɪɿɚɥɶɧɿ ɪɿɜɧɹɧɧɹ ɩɪɨɰɟɫɭ ɦɚɫɨɨɛɦɿɧɭ ɬɚ 
ɬɟɩɥɨɨɛɦɿɧɭ ɩɪɢ ɤɨɧɜɟɤɬɢɜɧɨ-ɬɟɪɦɨɪɚɞɿɚɰɿɣɧɨɦɭ ɫɭɲɿɧɧɿ ɤɭɥɶɬɢɜɨɜɚɧɢɯ ɝɪɢɛɿɜ, ɳɨ ɜɢɡɧɚɱɚɸɬɶɫɹ 
ɤɪɢɬɟɪɿɹɦɢ ɉɟɤɥɟ, Ɋɟɧɨɥɶɞɫɚ, ɉɪɚɧɞɥɹ, Ȼɭɪɞɨ, ɮɭɧɤɰɿєɸ, ɹɤɚ ɯɚɪɚɤɬɟɪɢɡɭє ɩɪɨɞɭɤɬɢɜɧɿɫɬɶ 
ɞɨɫɥɿɞɠɭɜɚɧɨɝɨ ɩɪɨɰɟɫɭν ɬɚ ɞɨɡɜɨɥɹє ɫɮɨɪɦɭɜɚɬɢ ɪɟɤɨɦɟɧɞɨɜɚɧɢɣ ɪɹɞ ɩɚɪɚɦɟɬɪɿɜ ɪɨɛɨɱɨɝɨ ɪɟɠɢɦɭ. 
ɉɨɤɚɡɧɢɤɢ ɫɬɟɩɟɧɹ ɜɢɡɧɚɱɚɥɢɫɶ ɞɨɫɥɿɞɧɢɦ ɲɥɹɯɨɦ, ɞɥɹ ɱɨɝɨ ɛɭɞɭɜɚɜɫɹ ɝɪɚɮɿɤ ɡɚɥɟɠɧɨɫɬɿ ɭ 
ɥɨɝɚɪɢɮɦɿɱɧɿɣ ɫɢɫɬɟɦɿ ɤɨɨɪɞɢɧɚɬ.  
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Аɧɨтація: ȿɮɟɤɬɢɜɧɚ ɪɨɛɨɬɚ ɜɿɛɪɨɟɤɫɬɪɚɤɰɿɣɧɨʀ ɚɩɚɪɚɬɭɪɢ ɩɟɪɟɞɛɚɱɚє ɨɩɬɢɦɿɡɚɰɿɸ 

ɫɩɿɜɜɿɞɧɨɲɟɧɧя ɦɿɠ ɦɿɤɪɨ-ɿ ɦɚɤɪɨɦɚɫɲɬɚɛɧɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɞɿʀ ɬɭɪɛɭɥɟɧɬɧɢɯ ɩɭɥьɫɭɸɱɢɯ ɫɬɪɭɦɟɧɿɜ, 
ɳɨ ɦɨɠɥɢɜɨ ɡɞɿɣɫɧɢɬɢ ɥɢɲɟ ɩɪɢ ɛɿɥьɲ ɝɥɢɛɨɤɨɦɭ ɚɧɚɥɿɡɿ ʀɯ ɩɪɢɪɨɞɢ ɧɚ ɫɬɚɞɿʀ ɝɟɧɟɪɭɜɚɧɧя 
ɜɿɛɪɨɩɟɪɟɦɿɲɭɜɚɥьɧɢɦɢ ɩɪɢɫɬɪɨяɦɢ ɿ ɪɨɡɩɨɜɫɸɞɠɟɧɧя ɜ ɪɨɛɨɱɨɦɭ ɨɛ’єɦɿ ɚɩɚɪɚɬɚ. Ɋɚɡɨɦ ɡ ɬɢɦ, ɜɿɞɨɦɿ 
ɦɟɬɨɞɢ ɪɨɡɪɚɯɭɧɤɭ ɝɿɞɪɨɞɢɧɚɦɿɱɧɢɯ, ɬɟɩɥɨɜɢɯ ɿ ɦɚɫɨɨɛɦɿɧɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɬɪɚɞɢɰɿɣɧɢɯ ɟɤɫɬɪɚɤɬɨɪɿɜ 
є ɧɟɩɪɢɞɚɬɧɢɦɢ ɭ ɩɪɚɤɬɢɱɧɨɦɭ ɜɢɤɨɪɢɫɬɚɧɧɿ ɞɥя ɜɿɛɪɨɟɤɫɬɪɚɤɬɨɪɿɜ.  

ȼ ɩɪɟɞɫɬɚɜɥɟɧɢɯ ɦɚɬɟɪɿɚɥɚɯ ɡɨɫɟɪɟɞɠɟɧɨ ɭɜɚɝɭ ɧɚ ɦɚɬɟɦɚɬɢɱɧɨɦɭ ɨɩɢɫɿ ɦɨɞɟɥɿ ɫɬɪɭɤɬɭɪɢ 
ɩɨɬɨɤɿɜ ɧɚ ɨɫɧɨɜɿ ɪɟɚɥьɧɨʀ ɤɨɦɿɪɱɚɫɬɨʀ ɦɨɞɟɥɿ ɿɡ ɡɜɨɪɨɬɧɢɦɢ ɩɨɬɨɤɚɦɢ ɡɚ ɪɟɡɭɥьɬɚɬɚɦɢ ɜɢɩɪɨɛɭɜɚɧь 
ɩɿɥɨɬɧɨɝɨ ɜɿɛɪɨɟɤɫɬɪɚɤɬɨɪɚ ɛɟɡɩɟɪɟɪɜɧɨʀ ɞɿʀ ɤɨɥɨɧɧɨɝɨ ɬɢɩɭ. 

ɉɨɤɚɡɚɧɨ, ɳɨ ɜ ɪɟɚɥьɧɢɯ ɭɦɨɜɚɯ ɿɞɟɚɥɿɡɨɜɚɧɿ ɦɨɞɟɥɿ ɫɬɪɭɤɬɭɪɢ ɩɨɬɨɤɿɜ ɜ ɚɩɚɪɚɬɚɯ ɡ ɿɧɬɟɧɫɢɜɧɢɦ 
ɝɿɞɪɨɞɢɧɚɦɿɱɧɢɦ ɪɟɠɢɦɨɦ ɪɭɯɭ ɮɚɡ ɧɟ ɡɚɛɟɡɩɟɱɭɸɬь ɧɚɥɟɠɧɭ ɬɨɱɧɿɫɬь ɨɩɢɫɭ ɝɿɞɪɨɞɢɧɚɦɿɱɧɨʀ 
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ɫɬɪɭɤɬɭɪɢ ɩɨɬɨɤɿɜ ɡɚ ɩɪɢɱɢɧɨɸ ɧɚяɜɧɨɫɬɿ ɜ ɪɨɛɨɱɨɦɭ ɨɛ’єɦɿ ɚɩɚɪɚɬɚ ɞɨɞɚɬɤɨɜɢɯ ɝɿɞɪɨɞɢɧɚɦɿɱɧɢɯ 
ɟɮɟɤɬɿɜ ɜɧɚɫɥɿɞɨɤ ɫɬɜɨɪɟɧɧя ɜɿɛɪɨɩɟɪɟɦɿɲɭɜɚɥьɧɢɦɢ ɩɪɢɫɬɪɨяɦɢ ɧɟɪɿɜɧɨɦɿɪɧɨɝɨ ɩɪɨɮɿɥɸ ɲɜɢɞɤɨɫɬɟɣ 
ɨɤɪɟɦɢɯ ɩɨɬɨɤɿɜ ɜ ɩɨɩɟɪɟɱɧɨɦɭ ɩɟɪɟɪɿɡɿ ɚɩɚɪɚɬɚ – ɩɨɡɞɨɜɠɧɿɦ ɩɟɪɟɦɿɲɭɜɚɧɧяɦ. Ⱦɥя ɜɫɬɚɧɨɜɥɟɧɧя, 
ɨɛґɪɭɧɬɨɜɚɧɨɝɨ ɜ ɡɚɞɚɧɢɯ ɬɟɯɧɨɥɨɝɿɱɧɢɯ ɦɟɠɚɯ ɡɜ’яɡɤɭ ɦɿɠ ɤɨɧɫɬɪɭɤɬɢɜɧɢɦɢ ɬɚ ɬɟɯɧɨɥɨɝɿɱɧɢɦɢ 
ɩɚɪɚɦɟɬɪɚɦɢ ɩɪɨɰɟɫɭ, ɡɚɫɬɨɫɨɜɭɜɚɥɚɫь ɚɧɚɥɿɬɢɱɧɚ ɬɟɨɪɿя ɫɬɪɭɤɬɭɪɢ ɩɨɬɨɤɭ. 

ɉɪɟɞɫɬɚɜɥɟɧɿ ɚɧɚɥɿɬɢɱɧɿ ɞɨɫɥɿɞɠɟɧɧя ɫɬɪɭɤɬɭɪɢ ɝɿɞɪɨɞɢɧɚɦɿɱɧɢɯ ɪɨɛɨɱɢɯ ɩɨɬɨɤɿɜ ɜ ɭɦɨɜɚɯ 
ɬɜɟɪɞɨɮɚɡɨɜɨɝɨ ɛɟɡɩɟɪɟɪɜɧɨɝɨ ɜɿɛɪɨɟɤɫɬɪɚɝɭɜɚɧɧя ɡ ɭɪɚɯɭɜɚɧɧяɦ ɳɿɥьɧɨɫɬɿ ɡɨɜɧɿɲɧɿɯ ɞɠɟɪɟɥ 
ɧɚɤɨɩɢɱɟɧɧя ɰɿɥьɨɜɨɝɨ ɤɨɦɩɨɧɟɧɬɚ ɧɚ ɨɫɧɨɜɿ ɤɨɦɿɪɱɚɫɬɨʀ ɦɨɞɟɥɿ ɿɡ ɡɜɨɪɨɬɧɢɦɢ ɩɨɬɨɤɚɦɢ. Ⱦɥя 
ɫɩɪɨɳɟɧɨɝɨ ɜɜɟɞɟɧɧя ɩɨɱɚɬɤɨɜɢɯ ɩɚɪɚɦɟɬɪɿɜ ɬɚ ɞɥя ɧɚɨɱɧɨɝɨ ɡɨɛɪɚɠɟɧɧя ɪɟɡɭɥьɬɚɬɿɜ ɪɨɡɪɚɯɭɧɤɿɜ ɛɭɥɨ 
ɫɬɜɨɪɟɧɨ ɜɿɪɬɭɚɥьɧɢɣ ɬɪɟɧɚɠɟɪ. Ⱥɧɚɥɿɬɢɱɧɿ ɪɟɡɭɥьɬɚɬɢ ɦɨɠɭɬь ɛɭɬɢ ɜɢɤɨɪɢɫɬɚɧɿ ɧɚ ɫɬɚɞɿʀ 
ɩɪɨɟɤɬɭɜɚɧɧя, ɤɨɧɫɬɪɭɸɜɚɧɧя ɜɿɛɪɨɟɤɫɬɪɚɤɰɿɣɧɨʀ ɚɩɚɪɚɬɭɪɢ ɬɚ ɩɪɢ ɪɨɡɜ’яɡɚɧɧɿ ɨɩɬɢɦɿɡɚɰɿɣɧɢɯ ɡɚɞɚɱ. 

ɋɬɜɨɪɟɧɚ ɡɚ ɜɿɞɩɨɜɿɞɧɢɦ ɚɥɝɨɪɢɬɦɨɦ ɩɪɨɝɪɚɦɚ ɪɨɡɪɚɯɭɧɤɿɜ ɪɟɚɥɿɡɨɜɚɧɚ ɡɚ ɞɨɩɨɦɨɝɨɸ ɩɚɤɟɬɚ 
MКtLAB ɿ ɞɨɡɜɨɥяє ɜɢɡɧɚɱɢɬɢ ɪɨɡɩɨɞɿɥ ɤɨɧɰɟɧɬɪɚɰɿɣ ɟɤɫɬɪɚɤɬɢɜɧɨʀ ɪɟɱɨɜɢɧɢ ɡɚ ɩɪɨɬɨɱɧɢɦɢ ɿ 
ɡɚɫɬɿɣɧɢɦɢ ɡɨɧɚɦɢ ɨɤɪɟɦɨ ɩɨ ɤɨɠɧɿɣ ɮɚɡɿ ɜ ɱɚɫɿ, ɚ ɬɚɤɨɠ ɭ ɤɨɠɧɿɣ ɤɨɦɿɪɰɿ ɪɨɛɨɱɨʀ ɡɨɧɢ 
ɜɿɛɪɨɟɤɫɬɪɚɤɬɨɪɚ ɛɟɡɩɟɪɟɪɜɧɨʀ ɞɿʀ. 

Abstract: Effective operation of the vibroextraction apparatus provides for optimizing the relationship 
between the micro- and macro-scale parameters of the action of turbulent pulsating jets, which is possible only 
with a deeper analysis of their nature at the stage of generation by vibro-mixing devices and propagation in the 
working volume of the apparatus. At the same time, methods for calculating the hydrodynamic, thermal, and 
mass-exchange characteristics of traditional extractors are currently unsuitable for practical use for vibro-
extractors. 

The presented materials focus on the mathematical description of the flow pattern model on the basis of a 
real cell model with backflows based on the results of testing a continuous column-type vibro-extractor. 

It is shown that in real conditions idealized models of the flow pattern in devices with an intensive 
hydrodynamic regime of the phases do not provide the proper accuracy of the description of the hydrodynamic 
flow structure due to the presence of additional hydrodynamic effects in the working volume of the apparatus 
due to the creation by vibro-mixing devices of an unequal velocity profile of individual flows in the cross section 
of the apparatus - Longitudinal mixing. To establish the connection between the design and technological 
parameters of the process, justified within given technological limits, an analytical theory of the flow structure 
was used. 

Presented analytical studies of the structure of hydrodynamic workflows under conditions of two-phase 
continuous vibroextraction taking into account the density of external sources of accumulation of the target 
component based on the collar model with backflows. To simplify the input of initial parameters and to visualize 
the results of calculations, a virtual simulator was created. Analytical results can be used at the design stage, the 
design of vibroextraction equipment and in solving optimization problems. 

The calculation program created by the corresponding algorithm is implemented using the MatLAB 
package and allows determining the distribution of extractant concentrations with flow and stagnant zones 
separately for each phase in time, as well as in each cell of the working zone of the continuous vibro-extractor. 

Ʉɥɸɱɨɜі ɫɥɨɜɚ: ɦɚɬɟɦɚɬɢɱɧɚ ɦɨɞɟɥɶ, ɫɬɪɭɤɬɭɪɚ ɩɨɬɨɤɿɜ, ɡɜɨɪɨɬɧɢɣ ɩɨɬɿɤ, ɤɨɦɿɪɱɚɫɬɚ ɦɨɞɟɥɶ, 
ɜɿɛɪɨɟɤɫɬɪɚɝɭɜɚɧɧɹ, ɪɨɡɩɨɞɿɥɟɧɧɹ ɪɟɱɨɜɢɧɢ. 

Keywords: mathematical model, flow structure, returning stream, cellular model, vibration extraction, 
distribution of matter. 

 
ȼɿɛɪɨɟɤɫɬɪɚɤɬɨɪɢ ɛɟɡɩɟɪɟɪɜɧɨʀ ɞɿʀ ɩɪɚɰɸɸɬɶ ɜ ɪɟɠɢɦɿ ɡɭɫɬɪɿɱɧɨɝɨ ɪɭɯɭ ɜɡɚєɦɨɞɿɸɱɢɯ ɮɚɡ, 

ɜɢɤɨɪɢɫɬɨɜɭɸɱɢ ɧɨɜɢɣ ɩɪɢɧɰɢɩ ɪɨɡɞɿɥɟɧɧɹ ɡɚ ɞɨɩɨɦɨɝɨɸ ɫɩɟɰɿɚɥɶɧɢɯ ɜɿɛɪɨɬɪɚɧɫɩɨɪɬɭɜɚɥɶɧɢɯ 
ɩɪɢɫɬɪɨʀɜ, ɹɤɿ ɧɟ ɜɢɤɥɢɤɚɸɬɶ ɩɪɟɫɭɜɚɧɧɹ ɲɚɪɭ ɫɢɪɨɜɢɧɢ ɬɚ ɡɚɛɟɡɩɟɱɭɸɬɶ ɣɨɝɨ ɩɨɪɭɜɚɬɿɫɬɶ, ɧɟɡɚɥɟɠɧɨ 
ɜɿɞ ɪɨɡɦɿɪɭ ɱɚɫɬɢɧɨɤ. ɉɪɢ ɰɶɨɦɭ ɬɪɢɜɚɥɿɫɬɶ ɩɟɪɟɛɭɜɚɧɧɹ ɭɫɿɯ ɱɚɫɬɢɧɨɤ ɭ ɪɨɛɨɱɨɦɭ ɨɛ’єɦɿ ɚɩɚɪɚɬɚ ɦɚɣɠɟ 
ɨɞɧɚɤɨɜɚ ɿ ɹɤ ɧɚɫɥɿɞɨɤ — ɧɚɣɛɿɥɶɲ ɩɨɜɧɨ ɜɢɤɨɪɢɫɬɨɜɭєɬɶɫɹ ɪɭɲɿɣɧɚ ɫɢɥɚ ɩɪɨɰɟɫɚ [1-5]. 

Ɋɚɡɨɦ ɡ ɬɢɦ ɩɪɨɬɢɬɟɱɿɣ ɧɢɣ ɪɭɯ ɮɚɡ ɜ ɪɟɚɥɶɧɢɯ ɭɦɨɜɚɯ ɧɟ ɡɚɜɠɞɢ ɦɨɠɟ ɛɭɬɢ ɪɿɜɧɨɰɿɧɧɢɦ ɿɞɟɚɥɶɧɿɣ 
ɫɯɟɦɿ ɩɨɬɨɤɭ ɜɧɚɫɥɿɞɨɤ ɫɬɜɨɪɟɧɧɹ ɜɿɛɪɨɩɟɪɟɦɿɲɭɜɚɥɶɧɢɦɢ ɩɪɢɫɬɪɨɹɦɢ ɧɟɪɿɜɧɨɦɿɪɧɨɝɨ ɩɪɨɮɿɥɸ 
ɲɜɢɞɤɨɫɬɟɣ ɨɤɪɟɦɢɯ ɩɨɬɨɤɿɜ ɜ ɩɨɩɟɪɟɱɧɨɦɭ ɩɟɪɟɪɿɡɿ ɚɩɚɪɚɬɚ – ɩɨɡɞɨɜɠɧɿɦ ɩɟɪɟɦɿɲɭɜɚɧɧɹɦ. əɤ ɩɪɚɜɢɥɨ, 
ɩɨɡɞɨɜɠɧє ɩɟɪɟɦɿɲɭɜɚɧɧɹ ɡɧɚɱɧɨ ɡɪɨɫɬɚє ɩɪɢ ɩɟɪɟɯɨɞɿ ɜɿɞ ɥɚɛɨɪɚɬɨɪɧɢɯ, ɩɿɥɨɬɧɢɯ ɚɩɚɪɚɬɿɜ ɞɨ 
ɩɪɨɦɢɫɥɨɜɢɯ ɡɪɚɡɤɿɜ. Ɍɨɦɭ ɬɚɤɿ ɟɮɟɤɬɢ ɩɨɜɢɧɧɿ ɡɧɚɯɨɞɢɬɢɫɶ ɜ ɡɨɧɿ ɩɨɫɬɿɣɧɨʀ ɭɜɚɝɢ ɜ ɩɪɨɰɟɫɿ 
ɦɚɫɲɬɚɛɭɜɚɧɧɹ ɚɩɚɪɚɬɿɜ. 
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0  τ  T — ɩɨɬɨɱɧɢɣ ɱɚɫ ɩɟɪɟɛɭɜɚɧɧя ɿɧɞɢɤɚɬɨɪɚ ɪɿɞɤɨʀ ɮɚɡɢ ɜ ɤɨɦɿɪɰɿ, ɫ; Vi — ɨɛ’єɦ ɿ-ɬɨʀ ɤɨɦɿɪɤɢ, ɦ3; 
Cl,i, Cc,i — ɤɨɧɰɟɧɬɪɚɰɿя ɿɧɞɢɤɚɬɨɪɚ ɜ ɪɿɞɤɿɣ ɬɚ ɬɜɟɪɞɿɣ ɮɚɡɿ, ɤɝ/ɦ3; el,i, ec,i — ɨɛ’єɦɧɚ ɲɜɢɞɤɿɫɬь 

ɡɜɨɪɨɬɧɨɝɨ ɩɨɬɨɤɭ ɿɡ (ɿ+1) ɤɨɦɿɪɤɢ ɜ Т-ɬɭ ɬɚ ɿɡ Т-ɬɨʀ ɜ (ɿ+1)-ɬɭ ɤɨɦɿɪɤɢ, ɦ3/ɫ. 

Ɋɢɫ.1. ɉɚɪɚɦɟɬɪɢɱɧɚ ɫɯɟɦɚ ɤɨɦіɪɱɚɫɬɨʀ ɦɨɞɟɥі іɡ ɡɜɨɪɨɬɧɢɦɢ ɩɨɬɨɤɚɦɢ 
Ⱦɥɹ ɤɿɥɶɤɿɫɧɨɝɨ ɨɰɿɧɸɜɚɧɧɹ ɚɧɨɦɚɥɶɧɢɯ ɝɿɞɪɨɞɢɧɚɦɿɱɧɢɯ ɡɨɧ ɜ ɚɩɚɪɚɬɚɯ ɤɨɥɨɧɧɨɝɨ ɬɢɩɭ ɿɫɧɭє ɪɹɞ 

ɦɨɞɟɥɟɣ ɫɬɪɭɤɬɭɪɢ ɩɨɬɨɤɿɜ, ɪɚɰɿɨɧɚɥɶɧɢɣ ɜɢɛɿɪ ɹɤɨʀ ɧɚɞɚє ɦɨɠɥɢɜɿɫɬɶ ɩɟɪɟɞɛɚɱɢɬɢ ɨɩɬɢɦɚɥɶɧɿ ɪɟɠɢɦɧɿ 
ɬɚ ɤɨɧɫɬɪɭɤɬɢɜɧɿ ɩɚɪɚɦɟɬɪɢ ɚɩɚɪɚɬɚ ɬɚ ɡɚɛɟɡɩɟɱɢɬɢ ɧɚɞɿɣɧɟ ɦɚɫɲɬɚɛɭɜɚɧɧɹ ɩɪɨɰɟɫɭ ɧɚ ɦɿɤɪɨ ɿ 
ɦɚɤɪɨɪɿɜɧɿ. Ⱥɧɚɥɿɬɢɱɧɢɣ ɨɩɢɫ ɫɬɪɭɤɬɭɪɢ ɩɨɬɨɤɿɜ ɪɨɡɝɥɹɞɚɜɫɹ ɞɥɹ ɤɨɧɫɬɪɭɤɰɿʀ ɩɿɥɨɬɧɨɝɨ 
ɜɿɛɪɨɟɤɫɬɪɚɤɬɨɪɚ ɛɟɡɩɟɪɟɪɜɧɨʀ ɞɿʀ Д6, 7Ж. 

ȼɪɚɯɨɜɭɸɱɢ ɪɟɚɥɿʀ ɝɿɞɪɨɞɢɧɚɦɿɱɧɨʀ ɨɛɫɬɚɧɨɜɤɢ ɜ ɚɩɚɪɚɬɿ, ɫɬɜɨɪɟɧɨʀ ɩɭɥɶɫɭɸɱɢɦɢ ɫɬɪɭɦɟɧɹɦɢ, ɳɨ 
ɝɟɧɟɪɭɸɬɶɫɹ ɬɪɚɧɫɩɨɪɬɭɜɚɥɶɧɢɦɢ ɟɥɟɦɟɧɬɚɦɢ ɜɿɛɪɭɸɱɢɯ ɧɚɫɚɞɨɤ, ɜ ɪɨɛɨɱɨɦɭ ɨɛ’єɦɿ ɚɩɚɪɚɬɚ ɧɚɦɢ 
ɜɢɤɨɧɚɧɨ ɜɿɞɩɨɜɿɞɧɟ ɦɨɞɟɥɸɜɚɧɧɹ ɧɚ ɨɫɧɨɜɿ ɤɨɦɿɪɱɚɫɬɨʀ ɦɨɞɟɥɿ ɿɡ ɡɜɨɪɨɬɧɢɦɢ ɩɨɬɨɤɚɦɢ Ⱦɥɹ ɰɶɨɝɨ ɧɚɦɢ 
ɩɪɨɚɧɚɥɿɡɨɜɚɧɚ ɿ ɭɡɚɝɚɥɶɧɟɧɚ ɤɨɦɿɪɱɚɫɬɚ ɦɨɞɟɥɶ ɿɡ ɡɜɨɪɨɬɧɢɦɢ ɩɨɬɨɤɚɦɢ, ɞɥɹ ɜɢɩɚɞɤɿɜ ɪɿɡɧɢɯ ɪɨɡɦɿɪɿɜ 
ɤɨɦɿɪɨɤ ɜɿɛɪɨɟɤɫɬɪɚɤɬɨɪɚ ɬɚ ɪɿɡɧɢɯ ɜɟɥɢɱɢɧ ɡɜɨɪɨɬɧɢɯ ɩɨɬɨɤɿɜ. 

Ɂ ɦɟɬɨɸ ɨɰɿɧɤɢ ɪɨɡɦɿɪɿɜ ɡɜɨɪɨɬɧɢɯ ɩɨɬɨɤɿɜ ɦɿɠ ɤɨɦɿɪɤɚɦɢ ɬɚ ɿɧɲɢɯ ɩɚɪɚɦɟɬɪɿɜ, ɩɨɜ’ɹɡɚɧɢɯ ɡ ɧɢɦɢ, 
ɧɚɦɢ ɩɪɨɚɧɚɥɿɡɨɜɚɧɚ ɤɨɦɿɪɱɚɫɬɚ ɦɨɞɟɥɶ ɿɡ ɡɜɨɪɨɬɧɢɦɢ ɩɨɬɨɤɚɦɢ, ɩɚɪɚɦɟɬɪɢɱɧɚ ɮɨɪɦɚ ɹɤɨʀ ɞɥɹ ɪɿɞɤɨʀ 
(ɪɢɫ.1ɚ) ɬɚ ɬɜɟɪɞɨʀ (ɪɢɫ.1ɛ) ɮɚɡɢ ɦɚє ɜɢɝɥɹɞ. 

ȼ ɡɚɝɚɥɶɧɨɦɭ ɜɢɩɚɞɤɭ ɨɫɧɨɜɧɿ ɪɿɜɧɹɧɧɹ ɤɨɦɿɪɱɚɫɬɨʀ ɦɨɞɟɥɿ ɡ ɡɚɫɬɿɣɧɢɦɢ ɡɨɧɚɦɢ ɡɚ ɪɿɞɤɨɸ ɮɚɡɨɸ 
(ɪɢɫ.1ɚ) ɦɚɸɬɶ ɜɢɝɥɹɞμ 

 

 

,1
1 ,0 ,1 ,2 ,1 ,1

,
, 1 , 1 , , 1 , , 1 ,

,
, 1 , 1 , 1 ,

( )

( ) ( )

( ) ( )

l
l l l l l l l

l i
i l l i l i l i l i l l i l i l i

l n
n l l n l n l l n l n

dC
V Q C e C Q e C

d
dC

V Q e C e C Q e e C
d
dC

V Q e C Q e C
d

   

  

                            

, (1) 

ɞɟ 0  τ  1 — ɩɨɬɨɱɧɢɣ ɱɚɫ ɩɟɪɟɛɭɜɚɧɧɹ ɿɧɞɢɤɚɬɨɪɚ ɪɿɞɤɨʀ ɮɚɡɢ ɜ ɤɨɦɿɪɰɿ, ɫν Vi — ɨɛ’єɦ ɿ-ɬɨʀ ɤɨɦɿɪɤɢ, 
ɦ3; Cl,i — ɤɨɧɰɟɧɬɪɚɰɿɹ ɿɧɞɢɤɚɬɨɪɚ ɜ ɪɿɞɤɿɣ ɮɚɡɿ ɜ ɿ-ɬɿɣ ɤɨɦɿɪɰɿ, ɤɝ/ɦ3; el,i  — ɨɛ’єɦɧɚ ɲɜɢɞɤɿɫɬɶ ɩɨɬɨɤɭ 
ɡɜɨɪɨɬɧɨɝɨ ɩɨɬɨɤɭ ɿɡ i ɤɨɦɿɪɤɢ ɜ (ɿ + 1)-ɬɭ, ɦ3/ɫ. 
 , ,l i l i le f Q  , (2) 

ɞɟ 0  fl,i  1 — ɱɚɫɬɤɚ ɨɛ'єɦɧɢɯ ɜɢɬɪɚɬ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɭ, ɹɤɚ ɩɨɜɟɪɬɚєɬɶɫɹ ɡ (i+1) ɜ j-ɬɭ ɤɨɦɿɪɤɭ. 
Ɉɛ’єɦ ɚɩɚɪɚɬɚ ɬɚ ɱɚɫ ɩɟɪɟɛɭɜɚɧɧɹ ɱɚɫɬɢɧɨɤ ɜ ɚɩɚɪɚɬɿμ     

1

n

i
i

V V


  ,       
1

n

i l l
i

T V Q V Q


   (3) 

0 T   , 0 1;     ;T    0 1    

ɞɟ   — ɪɨɡɦɿɪɧɚ ɜɟɥɢɱɢɧɚ ɱɚɫɭ, ɫν   — ɛɟɡɪɨɡɦɿɪɧɚ ɜɟɥɢɱɢɧɚ ɱɚɫɭ. 
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ɉɨɤɥɚɞɟɦɨ ɧɚɫɬɭɩɧɿ ɩɨɱɚɬɤɨɜɿ ɭɦɨɜɢμ 
 

,1 ɿɧɞ. 1 ,0 ɿɧɞ. 1(0) ,    l lC V V C V V  , 
, (0) 0,     2,...,l iC i n  , 

, ,0 00,    0,    0,    0l n n le f e f     (4) 

ɞɟ ɿɧɞ.V  — ɤɿɥɶɤɿɫɬɶ ɿɦɩɭɥɶɫɧɨ ɜɜɟɞɟɧɨɝɨ ɿɧɞɢɤɚɬɨɪɚ, ɤɝ; ɿɧɞ.V  — ɤɿɥɶɤɿɫɬɶ ɫɬɭɩɿɧɱɚɫɬɨ ɜɜɟɞɟɧɨɝɨ 
ɿɧɞɢɤɚɬɨɪɚ, ɤɝ. 

Ⱦɥɹ ɨɛɟɡɪɨɡɦɿɪɸɜɚɧɧɹ ɞɪɭɝɨɝɨ ɪɿɜɧɹɧɧɹ ɫɢɫɬɟɦɢ (1) ɞɨɦɧɨɠɢɦɨ ɣɨɝɨ ɧɚ  ɿɧɞ.ɿɧɞ.T V V : 
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ɉɪɟɞɫɬɚɜɢɜɲɢ ɪɿɜɧɹɧɧɹ (13) ɭ ɜɟɤɬɨɪɧɿɣ ɮɨɪɦɿ, ɦɚєɦɨμ 
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Ɍɚɤɢɦ ɱɢɧɨɦ, ɦɚєɦɨ ɫɢɫɬɟɦɭ ɡ ɜɟɤɬɨɪɨɦ ɧɟɜɿɞɨɦɢɯ 
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Ɋɢɫ.2. — Ɂɚɝɚɥɶɧɢɣ ɜɢɝɥɹɞ ɝɨɥɨɜɧɨɝɨ ɜіɤɧɚ ɜіɪɬɭɚɥɶɧɨɝɨ ɬɪɟɧɚɠɟɪɚ. 
 

 
 

Ɋɢɫ.3. — ȼіɤɧɨ ɧɚɥɚɲɬɭɜɚɧɶ ɬɚ ɜɜɟɞɟɧɧɹ ɜɯіɞɧɢɯ ɞɚɧɢɯ ɜіɪɬɭɚɥɶɧɨɝɨ ɬɪɟɧɚɠɟɪɚ. 
 

ɋɬɜɨɪɟɧɚ ɡɚ ɜɿɞɩɨɜɿɞɧɢɦ ɚɥɝɨɪɢɬɦɨɦ ɩɪɨɝɪɚɦɚ ɪɨɡɪɚɯɭɧɤɿɜ ɪɟɚɥɿɡɨɜɚɧɚ ɡɚ ɞɨɩɨɦɨɝɨɸ ɩɚɤɟɬɚ 
εКЭδAB ɿ ɞɨɡɜɨɥɹє ɜɢɡɧɚɱɢɬɢ ɪɨɡɩɨɞɿɥ ɤɨɧɰɟɧɬɪɚɰɿɣ ɟɤɫɬɪɚɤɬɢɜɧɨʀ ɪɟɱɨɜɢɧɢ ɡɚ ɩɪɨɬɨɱɧɢɦɢ ɿ 
ɡɚɫɬɿɣɧɢɦɢ ɡɨɧɚɦɢ ɨɤɪɟɦɨ ɩɨ ɤɨɠɧɿɣ ɮɚɡɿ ɜ ɱɚɫɿ, ɚ ɬɚɤɨɠ ɭ ɤɨɠɧɿɣ ɤɨɦɿɪɰɿ. ɇɚ ɪɢɫ. 4 — 6 ɹɤ ɩɪɢɤɥɚɞ 
ɡɨɛɪɚɠɟɧɨ ɪɟɡɭɥɶɬɚɬɢ ɞɚɧɨʀ ɩɪɨɝɪɚɦɢ. 

Ɉɫɧɨɜɧɿ ɪɿɜɧɹɧɧɹ ɤɨɦɿɪɱɚɫɬɨʀ ɦɨɞɟɥɿ ɡ ɡɚɫɬɿɣɧɢɦɢ ɡɨɧɚɦɢ ɡɚ ɬɜɟɪɞɨɸ ɮɚɡɨɸ (ɪɢɫ.1ɛ) ɪɨɡɪɨɛɥɹɸɬɶɫɹ ɿ 
ɩɟɪɟɬɜɨɪɸɸɬɶɫɹ ɚɧɚɥɨɝɿɱɧɨ ɩɨɩɟɪɟɞɧɶɨɦɭ ɜɚɪɿɚɧɬɭ ɦɚɸɬɶ ɜɢɝɥɹɞμ 

 

 , (16) 

 
ɞɟ 0  τ  1 — ɩɨɬɨɱɧɢɣ ɱɚɫ ɩɟɪɟɛɭɜɚɧɧɹ ɿɧɞɢɤɚɬɨɪɚ ɪɿɞɤɨʀ ɮɚɡɢ ɜ ɤɨɦɿɪɰɿ, ɫν Vi — ɨɛ’єɦ ɿ-ɬɨʀ ɤɨɦɿɪɤɢ, 
ɦ3; Cc,i — ɤɨɧɰɟɧɬɪɚɰɿɹ ɿɧɞɢɤɚɬɨɪɚ ɜ ɬɜɟɪɞɿɣ ɮɚɡɿ ɜ ɿ-ɬɿɣ ɤɨɦɿɪɰɿ, ɤɝ/ɦ3; ec,i  — ɨɛ’єɦɧɚ ɲɜɢɞɤɿɫɬɶ ɩɨɬɨɤɭ 
ɡɜɨɪɨɬɧɨɝɨ ɩɨɬɨɤɭ ɿɡ i ɤɨɦɿɪɤɢ ɜ (ɿ + 1)-ɬɭ, ɦ3/ɫ. 
 , (17) 
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ɞɟ 0  fc,i  1 — ɱɚɫɬɤɚ ɨɛ'єɦɧɢɯ ɜɢɬɪɚɬ ɨɫɧɨɜɧɨɝɨ ɩɨɬɨɤɭ, ɹɤɚ ɩɨɜɟɪɬɚєɬɶɫɹ ɡ (j+1) ɜ j-ɬɭ ɤɨɦɿɪɤɭ. 
ɇɚɫɬɭɩɧɿ ɨɩɟɪɚɰɿʀ ɡ ɩɟɪɟɬɜɨɪɟɧɧɹ, ɨɛɟɡɪɨɡɦɿɪɸɜɚɧɶ ɬɚ ɫɩɪɨɳɟɧɶ ɪɿɜɧɹɧɶ ɡɞɿɣɫɧɸɸɬɶɫɹ ɚɧɚɥɨɝɿɱɧɨ 

ɤɨɦɿɪɱɚɫɬɨʀ ɦɨɞɟɥɿ ɡ ɡɚɫɬɿɣɧɢɦɢ ɡɨɧɚɦɢ ɡɚ ɪɿɞɤɨɸ ɮɚɡɨɸ (ɪɿɜɧɹɧɧɹ (3) — (15)). ȼ ɪɟɡɭɥɶɬɚɬɿ ɦɚєɦɨ 

       ,     ,      (18) 

 

 
Ɋɢɫ.4. ȼɦіɫɬ ɟɤɫɬɪɚɤɬɢɜɧɢɯ ɪɟɱɨɜɢɧ ɜ ɩɪɨɬɨɱɧɢɯ ɡɨɧɚɯ ɪіɞɤɨʀ ɮɚɡɢ 

 
 

  
 

Ɋɢɫ.5. — ȼɦіɫɬ ɟɤɫɬɪɚɤɬɢɜɧɢɯ ɪɟɱɨɜɢɧ ɜ ɩɪɨɬɨɱɧɢɯ ɡɨɧɚɯ ɬɜɟɪɞɨʀ ɮɚɡɢ 
 

Ⱦɥɹ ɿɞɟɧɬɢɮɿɤɚɰɿʀ ɬɚ ɨɩɬɢɦɿɡɚɰɿʀ ɨɬɪɢɦɚɧɢɯ ɡɧɚɱɟɧɶ ɩɚɪɚɦɟɬɪɿɜ ɦɚɬɟɦɚɬɢɱɧɢɯ ɦɨɞɟɥɟɣ (15) ɬɚ (18) 
ɛɭɥɚ ɪɨɡɪɨɛɥɟɧɚ ɩɪɨɝɪɚɦɚ ɪɨɡɪɚɯɭɧɤɭ ɜ ɩɚɤɟɬɿ εATδAB. Ɍɚɤɨɠ ɞɥɹ ɫɩɪɨɳɟɧɨɝɨ ɜɜɟɞɟɧɧɹ ɩɨɱɚɬɤɨɜɢɯ 
ɩɚɪɚɦɟɬɪɿɜ ɬɚ ɞɥɹ ɧɚɨɱɧɨɝɨ ɡɨɛɪɚɠɟɧɧɹ ɪɟɡɭɥɶɬɚɬɿɜ ɪɨɡɪɚɯɭɧɤɿɜ ɛɭɥɨ ɫɬɜɨɪɟɧɨ ɜɿɪɬɭɚɥɶɧɢɣ ɬɪɟɧɚɠɟɪ, 
ɝɨɥɨɜɧɟ ɜɿɤɧɨ ɹɤɨɝɨ ɡɨɛɪɚɠɟɧɟ ɧɚ ɪɢɫ. 2, ɚ ɜɿɤɧɨ ɧɚɥɚɲɬɭɜɚɧɶ — ɧɚ ɪɢɫ. 3. 
 

0

;

(0) ,

dz
A z f

d

z z

     
 ɿɧɞ.

ɿɧɞ.ɿɧɞ.

0
0

0

0

...

0

V

V V

z

             

 ɿɧɞ.

ɿɧɞ.ɿɧɞ. 1

0

0

0

...

0

V

V V

F

              

,1

,2

,3

,4

,

.

...

ɫ

ɫ

ɫ

ɫ

ɫ Ч

f

f

f

f

f

            



Оɞɟɫьɤɚ ɧɚɰɿɨɧɚɥьɧɚ ɚɤɚɞɟɦɿя ɯɚɪɱɨɜɢɯ ɬɟɯɧɨɥɨɝɿɣ 
ɆɈȾȿɅɘȼȺɇɇə ȿɇȿɊȽɈɌȿɏɇɈɅɈȽІɃ 

320 

Зɛɿɪɧɢɤ ɧɚɭɤɨɜɢɯ ɩɪɚɰь VI ɦɿɠɧɚɪɨɞɧɨʀ ɧɚɭɤɨɜɨ-ɩɪɚɤɬɢɱɧɨʀ ɤɨɧɮɟɪɟɧɰɿʀ  
«Іɧɧɨɜɚɰɿɣɧɿ ɟɧɟɪɝɨɬɟɯɧɨɥɨɝɿʀ» 4-8 ɜɟɪɟɫɧя 2017 

 

  
Ɋɢɫ.6. — ȼɦіɫɬ ɟɤɫɬɪɚɤɬɢɜɧɢɯ ɪɟɱɨɜɢɧ ɜ n-іɣ ɤɨɦіɪɰі 

 
ȼɢɫɧɨɜɤɢ. ȼ ɪɟɡɭɥɶɬɚɬɿ ɚɧɚɥɿɬɢɱɧɢɯ ɞɨɫɥɿɞɠɟɧɶ ɫɬɪɭɤɬɭɪɢ ɝɿɞɪɨɞɢɧɚɦɿɱɧɢɯ ɪɨɛɨɱɢɯ ɩɨɬɨɤɿɜ ɜ 

ɭɦɨɜɚɯ ɬɜɟɪɞɨɮɚɡɧɨɝɨ ɧɟɩɟɪɟɪɜɧɨɝɨ ɜɿɛɪɨɟɤɫɬɪɚɝɭɜɚɧɧɹ ɡ ɭɪɚɯɭɜɚɧɧɹɦ ɳɿɥɶɧɨɫɬɿ ɡɨɜɧɿɲɧɿɯ ɞɠɟɪɟɥ 
ɧɚɤɨɩɢɱɟɧɧɹ ɰɿɥɶɨɜɨɝɨ ɤɨɦɩɨɧɟɧɬɚ ɧɚ ɨɫɧɨɜɿ ɤɨɦɿɪɱɚɫɬɨʀ ɦɨɞɟɥɿ ɿɡ ɡɜɨɪɨɬɧɢɦɢ ɩɨɬɨɤɚɦɢ, ɨɬɪɢɦɚɧɨ 
ɜɿɞɩɨɜɿɞɧɿ ɦɚɬɟɦɚɬɢɱɧɿ ɦɨɞɟɥɿ, ɹɤɿ ɦɨɠɭɬɶ ɛɭɬɢ ɜɢɤɨɪɢɫɬɚɧɿ ɧɚ ɫɬɚɞɿʀ ɩɪɨɟɤɬɭɜɚɧɧɹ, ɤɨɧɫɬɪɭɸɜɚɧɧɹ 
ɜɿɛɪɨɟɤɫɬɪɚɤɰɿɣɧɨʀ ɚɩɚɪɚɬɭɪɢ ɤɨɥɨɧɧɨɝɨ ɬɢɩɭ ɬɚ ɩɪɢ ɪɨɡɜ’ɹɡɚɧɧɿ ɨɩɬɢɦɿɡɚɰɿɣɧɢɯ ɡɚɞɚɱ. 
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