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DEPOSITION OF MICROSCALE DROPLETS  

IN HUMAN RESPIRATORY AIRWAYS  

V. S. Ajaev, M. S. A. Javed, M. Rahman 

Southern Methodist University,  

6425 Boaz Lane, 75205, Dallas, Texas, USA  

The transport and deposition of evaporating respiratory droplets in human airways are 

critical for understanding disease transmission. A model developed incorporates 

evaporative effects at the droplet surface and airway wall, alongside aerodynamic and 

Saffman forces. Results indicate that evaporation significantly delays droplet deposition 

compared to isothermal scenarios. The post-deposition evolution of a droplet, including 

its absorption into the mucus layer, significantly influences the fate of viral particles. 

These findings highlight the key factors governing pathogen transport in respiratory 

systems. 

Keywords: respiratory droplets, evaporation, deposition 

ʆʊʃʆɾɽʅʀɽ ʄʀʂʈʆʄɸʉʐʊɸɹʅʓʍ ʂɸʇɽʃʔ 

ɺ ɼʓʍɸʊɽʃʔʅʓʍ ʇʋʊʗʍ ʏɽʃʆɺɽʂɸ 

ɺ. ʉ. ɸʞʘʝʚ, ʄ. ʉ. ɸ. ɼʞʘʚʝʜ, ʄ. ʈʘʭʤʘʥ 

ʖʞʥʳʡ ʤʝʪʦʜʠʩʪʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ,  

75205 ʉʐɸ, ʊʝʭʘʩ, ɼʘʣʣʘʩ, ɹʦʘʟ-ʃʝʡʥ, 6425 

ʊʨʘʥʩʧʦʨʪʠʨʦʚʢʘ ʠ ʦʩʘʞʜʝʥʠʝ ʠʩʧʘʨʷʶʱʠʭʩʷ ʨʝʩʧʠʨʘʪʦʨʥʳʭ ʢʘʧʝʣʴ ʚ 

ʜʳʭʘʪʝʣʴʥʳʭ ʧʫʪʷʭ ʯʝʣʦʚʝʢʘ ʠʤʝʶʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʦʥʠʤʘʥʠʷ 

ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʜʘʯʠ ʟʘʙʦʣʝʚʘʥʠʡ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʫʯʠʪʳʚʘʝʪ ʵʬʬʝʢʪʳ 

ʠʩʧʘʨʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʝʣʴ ʠ ʩʪʝʥʢʘʭ ʜʳʭʘʪʝʣʴʥʳʭ ʧʫʪʝʡ, ʘ ʪʘʢʞʝ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʠʣʳ ʠ ʩʠʣʳ ʉʘʬʬʤʘʥʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʠʩʧʘʨʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʤʝʜʣʷʝʪ ʦʩʘʞʜʝʥʠʝ ʢʘʧʝʣʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʤʠ ʩʮʝʥʘʨʠʷʤʠ. ɼʘʣʴʥʝʡʰʘʷ ʵʚʦʣʶʮʠʷ ʢʘʧʝʣʴ, ʚʢʣʶʯʘʷ ʠʭ 

ʘʙʩʦʨʙʮʠʶ ʚ ʩʣʠʟʠʩʪʫʶ ʦʙʦʣʦʯʢʫ, ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʩʫʜʴʙʫ ʚʠʨʫʩʥʳʭ 

ʯʘʩʪʠʮ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʚʳʷʚʣʷʶʪ ʢʣʶʯʝʚʳʝ ʬʘʢʪʦʨʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʪʨʘʥʩʧʦʨʪ 

ʧʘʪʦʛʝʥʦʚ ʚ ʜʳʭʘʪʝʣʴʥʳʭ ʧʫʪʷʭ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʝʩʧʠʨʘʪʦʨʥʳʝ ʢʘʧʣʠ, ʠʩʧʘʨʝʥʠʝ, ʦʩʘʞʜʝʥʠʝ1 

We investigate trajectories and deposition of microscale evaporating droplets in 

human respiratory airways. The configuration is motivated by behavior of respiratory 

droplets which are essential for the transmission of infectious diseases, such as 

tuberculosis and COVID-19. Steady laminar boundary layer equations are used to 

describe the airflow near airway walls while the equations of motion of the droplet 

include contributions from gravity, aerodynamic drag, and Saffman force. 

Evaporation is accounted for at both the droplet surface and the wall of the respiratory 
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airway and is shown to delay droplet deposition as compared to the predictions of 

isothermal models. The model is then extended to incorporate the unsteady nature of 

the flow during inhalation. Evolution of droplets after the deposition on the wall of a 

mucus-covered airway is also investigated. The droplet size is determined by a 

complex interplay between evaporation from its surface and liquid absorption into the 

mucus layer. Implications of these processes to transport of viral particles from the 

droplet and through the mucus layer are discussed. 
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ɺʃʀʗʅʀɽ ɼɽʌɽʂʊɸ ʊɽʇʃɸ ʅɸ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ 

ʊɽʈʄʆʂɸʇʀʃʃʗʈʅʆɻʆ ʆʊʂʃʀʂɸ ʄɽɾʌɸɿʅʆʁ ɻʈɸʅʀʎʓ 

ʇʈʀ ʃʆʂɸʃʔʅʆʄ ʅɸɻʈɽɺɽ 

ɺ. ɹ. ɹʝʢʝʞʘʥʦʚʘa, ʆ. ʅ. ɻʦʥʯʘʨʦʚʘb
  

aʀʥʩʪʠʪʫʪ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʉʆ ʈɸʅ,  

660036, ʂʨʘʩʥʦʷʨʩʢ, ɸʢʘʜʝʤʛʦʨʦʜʦʢ, 50/44 
bɸʣʪʘʡʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ,  

656049, ɹʘʨʥʘʫʣ, ʃʝʥʠʥʘ, 61 

ɺ ʨʘʤʢʘʭ ʧʨʠʙʣʠʞʝʥʠʷ ɹʫʩʩʠʥʝʩʢʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʦ 

ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʦʡ ʢʦʥʚʝʢʮʠʠ ʚ ʣʦʢʘʣʴʥʦ ʥʘʛʨʝʚʘʝʤʦʡ ʟʘʤʢʥʫʪʦʡ ʷʯʝʡʢʝ, 

ʯʘʩʪʠʯʥʦ ʟʘʧʦʣʥʝʥʥʦʡ ʠʩʧʘʨʷʶʱʝʡʩʷ ʞʠʜʢʦʩʪʴʶ. ʇʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ 

ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ 

ʤʦʜʝʣʝʡ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʬʦʨʤʫʣʠʨʦʚʢʦʡ ʫʩʣʦʚʠʷ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʘ ʥʘ 

ʤʝʞʬʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʩʪʴ ï ʛʘʟ. ʆʙʦʙʱʝʥʥʘʷ ʬʦʨʤʘ ʫʩʣʦʚʠʷ ʩʦʜʝʨʞʠʪ 

ʩʣʘʛʘʝʤʦʝ, ʦʪʚʝʯʘʶʱʝʝ ʟʘʪʨʘʪʘʤ ʪʝʧʣʘ ʥʘ ʜʝʬʦʨʤʘʮʠʶ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ 

ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʳʤʠ ʩʠʣʘʤʠ. ʄʦʜʝʣʴ, ʫʯʠʪʳʚʘʶʱʘʷ ʜʝʬʝʢʪ ʪʝʧʣʘ ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʫʶ ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ ʜʚʫʭ ʩʨʝʜ, ʧʨʝʜʩʢʘʟʳʚʘʝʪ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʩʦʩʪʘʚʣʷʶʱʠʝ ʦʪ 1 ʜʦ 17 % ʜʣʷ ʨʷʜʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʘʤʧʣʠʪʫʜʳ 

ʜʝʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʟʦʥʝ ʪʝʧʣʦʚʦʛʦ ʫʜʘʨʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ; ʢʦʥʚʝʢʮʠʷ; ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ 

INFLUENCE  OF HEAT  DEFECT ON CHARACTERISTICS   

OF THE  THERMOCAPILLARY  RESPONSE OF THE  INTERFACE   

UPON LOCAL  THERMAL  IMPACT  

V. B. Bekezhanovaa, O. N. Goncharovab 
aInstitute of Computational Modeling SB RAS,  

50/44 Akademgorodok St., 660036,  Krasnoyarsk 
bAltai state University, 

61 Lenina Pr., 656049, Barnaul2 

The problem of thermocapillary convection resulting from local boundary heating in 
a closed chamber partially filled with a volatile liquid is considered within the frame 
of the Boussinesq approximation. A comparative analysis of the numerical modelling 
results obtained based on two models which differ in the thermal balance condition 
stated on the liquid ï gas phase boundary is performed. The generalized condition 
includes a term related to the consumption of energy for thermocapillary 
deformations of the interface. The consideration of the effect provides the 
quantitative changes for a number of characteristics which can be from 1 to 17 %. In 
particular, the improved model predicts a significant decrease in the depth of a 
thermocapillary dimple in the zone of thermal impact. 
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ɺʚʝʜʝʥʠʝ 

ʋʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʠ ʤʦʜʠʬʠʢʘʮʠʷ ʤʝʪʦʜʦʚ ʢʦʥʪʨʦʣʷ ʠ ʫʧʨʘʚʣʝʥʠʷ 

ʨʝʞʠʤʘʤʠ ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʩʠʩʪʝʤʘʭ ʩ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʳʤʠ ʛʨʘʥʠʮʘʤʠ 

ʨʘʟʜʝʣʘ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ, ʙʠʦʤʝʜʠʮʠʥʝ, ʤʠʢʨʦʬʣʶʠʜʥʳʭ 

ʪʝʭʥʦʣʦʛʠʷʭ (ʩʤ. ʧʦʜʨʦʙʥʳʡ ʦʙʟʦʨ ʧʨʠʣʦʞʝʥʠʡ ʚ [1]) ʦʙʲʷʩʥʷʝʪ ʦʩʪʨʳʡ 

ʠʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʢʦʥʚʝʢʮʠʠ ʄʘʨʘʥʛʦʥʠ ʚ 

ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ. ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ʞʠʜʢʦʩʪʥʳʭ ʩʠʩʪʝʤ ʩ 

ʜʝʬʦʨʤʠʨʫʝʤʳʤʠ ʛʨʘʥʠʮʘʤʠ, ʧʦʜʚʝʨʞʝʥʥʳʭ ʩʦʚʤʝʩʪʥʦʤʫ ʜʝʡʩʪʚʠʶ 

ʨʘʟʥʦʨʦʜʥʳʭ ʬʘʢʪʦʨʦʚ, ʩʦʧʨʷʞʝʥʦ ʩ ʨʷʜʦʤ ʪʨʫʜʥʦʩʪʝʡ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ 

ʩʣʦʞʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʘʜʘʯ [2, 3]. ʇʨʠʤʝʨʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʟʘʜʘʯʘ 

ʦ ʢʦʥʚʝʢʮʠʠ ʚ ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʝ ʚ ʫʩʣʦʚʠʷʭ ʚʥʝʰʥʝʛʦ ʥʘʛʨʝʚʘ, ʚʣʠʷʶʱʝʛʦ 

ʥʘ ʜʠʥʘʤʠʢʫ ʜʚʠʞʝʥʠʷ ʨʘʙʦʯʠʭ ʞʠʜʢʦʩʪʝʡ, ʧʦʚʝʜʝʥʠʝ 

ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʳʭ ʛʨʘʥʠʮ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ, ʝʩʣʠ 

ʪʘʢʦʚʳʝ ʫʯʠʪʳʚʘʶʪʩʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ [4ï6].  

ʆʩʥʦʚʥʳʝ ʪʨʫʜʥʦʩʪʠ ʩʚʷʟʘʥʳ ʩ ʢʦʨʨʝʢʪʥʦʡ ʬʦʨʤʫʣʠʨʦʚʢʦʡ ʛʨʘʥʠʯʥʳʭ 

ʫʩʣʦʚʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʨʘʟʜʝʣʘ, ʛʘʨʘʥʪʠʨʫʶʱʝʡ ʚʳʧʦʣʥʝʥʠʝ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ [7]. ʆʙʱʘʷ ʬʦʨʤʘ ʙʘʣʘʥʩʦʚʳʭ 

ʩʦʦʪʥʦʰʝʥʠʡ ʥʘ ʛʨʘʥʠʮʝ ʢʦʥʪʘʢʪʘ ʜʚʫʭ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ ʩʨʝʜ, ʚʳʚʝʜʝʥʥʘʷ 

ʥʘ ʦʩʥʦʚʝ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʠ ʧʦʩʪʫʣʘʪʦʚ ʪʝʨʤʦʜʠʥʘʤʠʢʠ, ʙʳʣʘ ʧʦʣʫʯʝʥʘ 

ʚ ʨʘʙʦʪʘʭ [8, 9]; ʦʙʦʙʱʝʥʠʝ ʵʪʠʭ ʫʩʣʦʚʠʡ ʜʣʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʣʫʯʘʷ 

ʚʳʧʦʣʥʝʥʦ ʚ [10]. ʇʦʣʥʘʷ ʬʦʨʤʘ ʫʩʣʦʚʠʷ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʘ ʦʧʨʝʜʝʣʷʝʪ 

ʚʝʣʠʯʠʥʫ ʩʢʘʯʢʘ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ. 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʛʦʚʦʨʠʪʴ ʦ ʜʝʬʝʢʪʝ ʪʝʧʣʘ ʢʘʢ ʦ ʨʘʟʥʠʮʝ ʟʥʘʯʝʥʠʡ 

ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ, ʧʨʠʭʦʜʷʱʠʭ ʠʟ ʦʙʲʝʤʥʳʭ ʬʘʟ ʥʘ ʨʘʟʜʝʣʷʶʱʫʶ ʠʭ 

ʛʨʘʥʠʮʫ (ʚʧʝʨʚʳʝ ʪʝʨʤʠʥ ʚʚʝʜʝʥ ʚ [11]). ɺ ʦʛʨʘʥʠʯʝʥʥʦʤ ʩʤʳʩʣʝ ʧʦʜ 

ʜʝʬʝʢʪʦʤ ʪʝʧʣʘ ʧʦʥʠʤʘʶʪ ʵʬʬʝʢʪ, ʩʚʷʟʘʥʥʳʡ ʩ ʟʘʪʨʘʪʘʤʠ ʵʥʝʨʛʠʠ ʥʘ 

ʜʝʬʦʨʤʘʮʠʶ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʳʤʠ ʩʠʣʘʤʠ. ɺʣʠʷʥʠʝ ʵʪʦʛʦ 

ʵʬʬʝʢʪʘ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʡ ʚ ʜʚʫʭʩʣʦʡʥʳʭ ʩʠʩʪʝʤʘʭ ʠʟʫʯʘʣʦʩʴ ʨʘʥʝʝ 

ʚ [12, 13].  

ʅʘ ʧʨʠʤʝʨʝ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʜʚʫʭʩʣʦʡʥʦʛʦ ʪʝʯʝʥʠʷ 

ʇʫʘʟʝʡʣʷ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʢʘʥʘʣʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ 

ʪʝʧʣʦʪʳ, ʧʦʛʣʦʱʘʝʤʦʡ ʠʣʠ ʚʳʜʝʣʷʶʱʝʡʩʷ ʧʨʠ ʣʦʢʘʣʴʥʳʭ ʠʟʤʝʥʝʥʠʷʭ 

ʧʣʦʱʘʜʠ ʤʝʞʬʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʄʘʨʘʥʛʦʥʠ 

ʠ ʩʣʘʙʦʥʝʣʠʥʝʡʥʳʭ ʚʦʣʥʦʚʳʭ ʨʝʞʠʤʦʚ [12]. ɺ ʥʝʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʩʣʫʯʘʝ, 

ʢʦʛʜʘ ʩʪʝʥʢʠ ʢʘʥʘʣʘ ʧʦʜʚʝʨʞʝʥʳ ʣʠʥʝʡʥʦʤʫ ʥʘʛʨʝʚʫ, ʜʝʬʝʢʪ ʪʝʧʣʘ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʩʤʝʥʝ ʬʦʨʤ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʪʝʯʝʥʠʡ ʪʦʥʢʦʡ ʞʠʜʢʦʡ ʧʣʝʥʢʠ, 

ʫʚʣʝʢʘʝʤʦʡ ʣʘʤʠʥʘʨʥʳʤ ʛʘʟʦʚʳʤ ʧʦʪʦʢʦʤ [13]. ɺ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʧʨʠʤʝʨʘ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʝʛʦ ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ ʜʝʬʝʢʪʘ ʪʝʧʣʘ, ʘʚʪʦʨʘʤʠ 

ʨʘʩʩʤʦʪʨʝʥʘ ʟʘʜʘʯʘ ʦ ʢʦʥʚʝʢʮʠʠ ʚ ʩʠʩʪʝʤʝ ʞʠʜʢʦʩʪʴ ï ʛʘʟ, ʟʘʧʦʣʥʷʶʱʝʡ 

ʟʘʤʢʥʫʪʫʶ ʦʙʣʘʩʪʴ, ʧʦʜʚʝʨʞʝʥʥʫʶ ʥʘʛʨʝʚʫ ʩʥʠʟʫ ʥʘʛʨʝʚʘʪʝʣʷʤʠ ʢʦʥʝʯʥʳʭ 

ʨʘʟʤʝʨʦʚ. 
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ɿʘʜʘʯʘ ʦ ʢʦʥʚʝʢʮʠʠ ʚ ʣʦʢʘʣʴʥʦ ʥʘʛʨʝʚʘʝʤʦʡ ʷʯʝʡʢʝ 

ɺ ʨʘʤʢʘʭ ʩʦʧʨʷʞʸʥʥʦʡ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ ʠʩʧʘʨʠʪʝʣʴʥʦʡ ʢʦʥʚʝʢʮʠʠ [5] 

ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʩʠʩʪʝʤʝ 

ʩʨʝʜ ʙʝʥʟʠʥ ï ʚʦʟʜʫʭ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʣʦʢʘʣʴʥʳʤ ʥʘʛʨʝʚʦʤ, ʚ 

ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʷʯʝʡʢʝ. ʅʘ ʥʠʞʥʝʡ ʩʪʝʥʢʝ ʢʶʚʝʪʳ ʨʘʟʤʝʱʝʥʳ ʜʚʘ 

ʥʘʛʨʝʚʘʪʝʣʷ, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪʩʷ ʦʜʥʦʤʦʤʝʥʪʥʦ; ʧʨʠ ʵʪʦʤ ʦʜʠʥ ʠʟ ʥʠʭ ʛʨʝʝʪ 

ʩ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ 1

sq  ʚ ʪʝʯʝʥʠʝ ʟʘʜʘʥʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʚʨʝʤʝʥʠ, ʘ 

ʚʪʦʨʦʡ ʨʘʙʦʪʘʝʪ ʚ ʧʝʨʝʢʣʶʯʘʝʤʦʤ ʨʝʞʠʤʝ, ʢʦʛʜʘ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʘ 2

sq  

ʩʢʘʯʢʦʦʙʨʘʟʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʯʝʨʝʟ ʟʘʜʘʥʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ ʜʦ 

ʥʝʢʦʪʦʨʦʛʦ ʧʨʝʜʝʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ. ɾʠʜʢʦʩʪʴ ʠ ʛʘʟ ʢʦʥʪʘʢʪʠʨʫʶʪ ʚʜʦʣʴ 

ʦʙʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ɻ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʦʡ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ, 

ʜʦʧʫʩʢʘʶʱʝʡ ʧʝʨʝʥʦʩ ʤʘʩʩʳ ʟʘ ʩʯʸʪ ʜʠʬʬʫʟʠʦʥʥʦʛʦ (ʩʣʘʙʦʛʦ) ʠʩʧʘʨʝʥʠʷ. 

ɺʢʣʶʯʝʥʠʝ ʥʘʛʨʝʚʘʪʝʣʝʡ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʜʚʠʞʝʥʠʷ ʚ ʠʟʥʘʯʘʣʴʥʦ ʧʦʢʦʷʱʠʭʩʷ ʩʨʝʜʘʭ, ʜʝʬʦʨʤʘʮʠʠ ʛʨʘʥʠʮʳ ɻ ʠ ʨʦʩʪʫ 

ʩʢʦʨʦʩʪʠ ʠʩʧʘʨʝʥʠʷ ʄ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤʳ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʫʨʘʚʥʝʥʠʷ ʆʙʝʨʙʝʢʘ ï ɹʫʩʩʠʥʝʩʢʘ, ʦʙʦʙʱʝʥʥʳʝ ʥʘ ʩʣʫʯʘʡ ʫʯʝʪʘ 

ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʟʘ ʩʯʸʪ ʧʨʠʩʫʪʩʪʚʠʷ 

ʠʩʧʘʨʷʝʤʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʜʣʷ ʜʚʫʭ ʩʣʫʯʘʝʚ:  

ʚ ʧʝʨʚʦʤ ʫʯʠʪʳʚʘʝʪʩʷ ʚʢʣʘʜ ʜʝʬʝʢʪʘ ʪʝʧʣʘ ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʤʝʞʬʘʟʥʫʶ 

ʛʨʘʥʠʮʫ, ʚʦ ʚʪʦʨʦʤ ï ʠʩʧʦʣʴʟʫʝʪʩʷ ʫʩʣʦʚʠʝ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʘ, ʚ ʢʦʪʦʨʦʤ 

ʚʣʠʷʥʠʝ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʠʩʢʣʶʯʘʝʪʩʷ. ʇʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯ ʨʘʟʣʠʯʘʶʪʩʷ ʪʦʣʴʢʦ 

ʬʦʨʤʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʫʩʣʦʚʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ɻ 

2 1 2 0 * 2( ( ( / ))div ),C

n n n dC EM T Tq k q a k s q Gµ - µ - µ =- + + v              (1) 

ʛʜʝ ‬ ï ʦʧʝʨʘʪʦʨ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʧʦ ʥʦʨʤʘʣʠ, — ï ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʙʦʯʠʭ 

ʩʨʝʜ, ʟʜʝʩʴ ʠ ʜʘʣʝʝ ʠʥʜʝʢʩʳ Ὦ ρ ʠ  Ὦ ς ʦʙʦʟʥʘʯʘʶʪ ʧʘʨʘʤʝʪʨʳ ʛʘʟʘ ʠ 
ʞʠʜʢʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ‖Ӷ ‖Ⱦ‖ ï ʦʪʥʦʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʝʡ ʩʨʝʜ, ‌  ï ʢʦʵʬʬʠʮʠʝʥʪ ɼʶʬʫʨʘ, ὅ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʘʨʘ 

ʚ ʛʘʟʝ, Ὁ Ὀὒ”Ⱦ‖Ὕz ,  Ὀ ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʧʘʨʘ ʚ ʛʘʟʝ, ὒ ï ʩʢʨʳʪʘʷ 
ʪʝʧʣʦʪʘ ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʷ, ” ï ʧʣʦʪʥʦʩʪʴ,  Ὕz ï ʭʘʨʘʢʪʝʨʥʳʡ ʧʝʨʝʧʘʜ 

ʪʝʤʧʝʨʘʪʫʨ,  ὓ ‬ὅ ‌‬—  , ‌  ï ʢʦʵʬʬʠʮʠʝʥʪ ʉʦʨʝ,   „
„όzȾ‖, „ ï ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ 

ʞʠʜʢʦʩʪʠ, όz ï ʭʘʨʘʢʪʝʨʥʘʷ ʩʢʦʨʦʩʪʴ, Ὕ ï ʪʝʤʧʝʨʘʪʫʨʘ ʣʦʢʘʣʴʥʦʛʦ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ, ÄÉÖ ï ʦʧʝʨʘʪʦʨ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʜʠʚʝʨʛʝʥʮʠʠ, Ö ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ. ɺ ʦʙʱʝʤ ʩʤʳʩʣʝ ʜʝʬʝʢʪʫ ʪʝʧʣʘ ʦʪʚʝʯʘʝʪ 
ʧʨʘʚʘʷ ʯʘʩʪʴ ʨʘʚʝʥʩʪʚʘ (1), ʚ ʦʛʨʘʥʠʯʝʥʥʦʤ ï ʪʦʣʴʢʦ ʧʦʩʣʝʜʥʝʝ ʩʣʘʛʘʝʤʦʝ  

ʚ ʵʪʦʤ ʫʩʣʦʚʠʠ. ʆʙʦʙʱʝʥʥʦʝ ʫʩʣʦʚʠʝ (1) ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʢʘʯʦʢ ʪʝʧʣʘ  

ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʥʦʨʤʘʣʠ ʢ ɻ ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʠʟʤʝʥʝʥʠʷʤʠ ʚʥʫʪʨʝʥʥʝʡ 

ʵʥʝʨʛʠʠ ʤʝʞʬʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʥʝ ʪʦʣʴʢʦ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʠ ʧʣʦʱʘʜʠ ɻ (ʚ ʜʚʫʤʝʨʥʦʤ ʩʣʫʯʘʝ ï ʠʟʤʝʥʝʥʠʷʤʠ ʜʣʠʥʳ 

ʢʨʠʚʦʡ ɻ).  
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ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɸʥʘʣʠʟʠʨʫʝʪʩʷ ʭʘʨʘʢʪʝʨ ʠ ʩʪʝʧʝʥʴ ʚʣʠʷʥʠʷ ʜʝʬʝʢʪʘ ʪʝʧʣʘ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʪʝʯʝʥʠʡ ʠ ʧʦʚʝʜʝʥʠʝ ʤʝʞʬʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʬʦʨʤʫ 

ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʦʛʦ ʦʪʢʣʠʢʘ ʚ ʟʦʥʘʭ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʵʬʬʝʢʪ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʜʠʚʝʨʛʝʥʮʠʠ ʥʝ ʤʝʥʷʝʪ ʩʪʨʫʢʪʫʨʫ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ, 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʦʙʲʸʤʥʳʭ ʬʘʟʘʭ, ʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦʤ 

ʫʨʦʚʥʝ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʝʨʝʭʦʜʥʳʭ ʨʝʞʠʤʦʚ ʠ ʫʩʪʘʥʦʚʣʝʥʠʝ ʢʦʥʝʯʥʦʛʦ 

ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʨʝʞʠʤʘ. ʇʨʠ ʵʪʦʤ ʤʦʜʝʣʴ ʩ ʦʙʦʙʱʝʥʥʳʤ ʫʩʣʦʚʠʝʤ (1) 

ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʛʣʫʙʠʥʳ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʦʛʦ 

ʧʨʦʛʠʙʘ (ʨʠʩ. 1) ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʨʷʜʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʥʘʧʨʠʤʝʨ 

ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ, ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ɻ, ʚʨʝʤʝʥʠ 

ʟʘʨʦʞʜʝʥʠʷ/ʩʣʠʷʥʠʷ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ), ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʦʩʪʘʚʣʷʪʴ ʧʦʨʷʜʢʘ 

15%. 

  
ʘ) ʙ) 

  
ʚ) ʛ) 

ʈʠʩ. 1. ʌʦʨʤʘ ʧʨʦʬʠʣʷ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʠ ʧʦʣʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʙʣʠʟʠ ɻ, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʨʘʤʢʘʭ ʧʦʩʪʘʥʦʚʢʠ, ʫʯʠʪʳʚʘʶʱʝʡ (ʘ, ʚ) ʠ ʠʩʢʣʶʯʘʶʱʝʡ 

(ʙ, ʛ) ʚʣʠʷʥʠʝ ʜʝʬʝʢʪʘ ʪʝʧʣʘ: ʘ, ʙ) ʯʝʨʝʟ 3.5 ʩ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʪʝʧʣʦʚʳʭ 

ʵʣʝʤʝʥʪʦʚ; ʚ, ʛ) ʯʝʨʝʟ 300 ʩ 

ʅʘ ʢʘʯʝʩʪʚʝʥʥʦʤ ʫʨʦʚʥʝ ʠʤʝʝʪ ʤʝʩʪʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʨʘʙʦʪʳ [14], ʚ ʢʦʪʦʨʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʢʘʣʴʥʦ ʥʘʛʨʝʚʘʝʤʦʛʦ 

ʪʦʥʢʦʛʦ ʞʠʜʢʦʛʦ ʩʣʦʷ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚ ʨʘʤʢʘʭ ʧʨʠʙʣʠʞʝʥʠʷ ʪʦʥʢʦʛʦ ʩʣʦʷ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʨʝʞʠʤʦʚ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʪʝʧʣʦʚʳʭ ʧʣʶʤʦʚ ʠ 

ʥʝʩʢʦʣʴʢʠʭ ʢʦʥʚʝʢʪʠʚʥʳʭ ʷʯʝʝʢ ʚ ʩʣʦʝ ʞʠʜʢʦʩʪʠ ʩʦ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ, ʥʘʛʨʝʚʘʝʤʦʤ ʩʥʠʟʫ, ʠ ʚʨʝʤʝʥʥʘʷ ʜʠʥʘʤʠʢʘ ʠʭ ʧʝʨʝʩʪʨʦʡʢʠ 

ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ ʬʠʟʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ [15]. 

ʈʘʙʦʪʘ ɻʦʥʯʘʨʦʚʦʡ ʆ.ʅ. ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ 

ʧʨʦʝʢʪʘ çʉʦʚʨʝʤʝʥʥʳʝ ʤʦʜʝʣʠ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʜʣʷ ʟʘʜʘʯ 

ʧʨʠʨʦʜʦʧʦʣʴʟʦʚʘʥʠʷ, ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʩʠʩʪʝʤ ʠ ʧʦʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠè  

(2024-26), ʢʦʜ ʧʨʦʝʢʪʘ FZMW-2024-0003, https://minobrnauki.gov.ru/. 

https://minobrnauki.gov.ru/
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THE MA RANGONI CONVECTION IN A DROPLET  

ON A LIQUID SUBSTRATE  

A. Nepomnyashchy, I. Simanovskii 

Department of Mathematics, Technion- Israel Institute of Technology, 

Technion City, 32000, Haifa, Israel 

Heating of a liquid droplet on an immiscible liquid substrate generates 

thermocapillary Marangoni convection. A long-wave approximation model reveals 

how this flow deforms the fluid interfaces and induces droplet motion. As the heating 

intensifies, the initially axisymmetric flow becomes unstable, leading to the 

development of complex patterns within both the droplet and the underlying substrate 

layer. 

Keywords: thermocapillary convection, liquid lenses, longwave approximation, precursor 

model 

ʂʆʅɺɽʂʎʀʗ ʄɸʈɸʅɻʆʅʀ ɺ ʂɸʇʃɽ 

ʅɸ ɾʀɼʂʆʁ ʇʆɼʃʆɾʂɽ 

ɸ. ʅʝʧʦʤʥʷʱʠʡ, ʀ. ʉʠʤʘʥʦʚʩʢʠʡ 

ʂʘʬʝʜʨʘ ʤʘʪʝʤʘʪʠʢʠ, ʊʝʭʥʠʦʥ ï ʀʟʨʘʠʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ, 

32000, ʀʟʨʘʠʣʴ, ʍʘʡʬʘ, ʊʝʭʥʠʦʥ-ʉʠʪʠ 

ʅʘʛʨʝʚ ʢʘʧʣʠ ʞʠʜʢʦʩʪʠ ʥʘ ʥʝʩʤʝʰʠʚʘʶʱʝʡʩʷ ʞʠʜʢʦʡ ʧʦʜʣʦʞʢʝ ʧʦʨʦʞʜʘʝʪ 

ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʫʶ ʢʦʥʚʝʢʮʠʶ ʄʘʨʘʥʛʦʥʠ. ʄʦʜʝʣʴ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʜʣʠʥʥʳʭ 

ʚʦʣʥ ʧʦʢʘʟʳʚʘʝʪ, ʢʘʢ ʵʪʦʪ ʧʦʪʦʢ ʜʝʬʦʨʤʠʨʫʝʪ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʞʠʜʢʦʩʪʝʡ ʠ 

ʚʳʟʳʚʘʝʪ ʜʚʠʞʝʥʠʝ ʢʘʧʣʠ. ʇʦ ʤʝʨʝ ʫʩʠʣʝʥʠʷ ʥʘʛʨʝʚʘ ʧʝʨʚʦʥʘʯʘʣʴʥʦ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʝ ʪʝʯʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʥʝʫʩʪʦʡʯʠʚʳʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʩʣʦʞʥʳʭ ʩʪʨʫʢʪʫʨ ʢʘʢ ʚʥʫʪʨʠ ʢʘʧʣʠ, ʪʘʢ ʠ ʚ ʧʦʜʩʪʠʣʘʶʱʝʤ ʩʣʦʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʘʷ ʢʦʥʚʝʢʮʠʷ, ʞʠʜʢʠʝ ʣʠʥʟʳ, ʜʣʠʥʥʦʚʦʣʥʦʚʦʝ 

ʧʨʠʙʣʠʞʝʥʠʝ, ʧʨʝʢʫʨʩʦʨʥʘʷ ʤʦʜʝʣʴ3 

Droplets on a liquid substrate (ñliquid lenses") play an important role in 

various branches of engineering, including microfluidics, chemical engineering, 

environment protection, etc. The simplest way to influence a liquid droplet is 

heating, which creates Marangoni convection in the droplet and in the liquid 

substrate. In the present talk, we consider a liquid droplet that floats on the layer of 

another liquid while being in contact with the gas phase. Assuming that the liquid 

droplet is slender because of a small (negative) spreading coefficient or because of 

the action of gravity, we apply the long-wave approximation that allows to reduce 

the problem to a closed system of equations that govern the evolution of the shapes 

of interfaces. In the region of the droplet, the top layer has a macroscopic thickness, 
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and it is described by standard thin film equations. In the precursor, the equations 

are amended by corresponding disjoining pressures. If the temperature of the 

substrate is different from that of the gas and the droplet is axisymmetric, a 

stationary radially symmetric thermocapillary flow, both inside the droplet and in 

the liquid substrate, is generated. That flow changes the shape of the interfaces, 

especially that of the interface between the droplet and the substrate. The 

temperature gradient along the surface creates a thermocapillary flow that moves 

the droplet. With the enhancement of heating, instabilities are developed in the 

liquid substrate and in the droplet. 
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ʆʉʆɹɽʅʅʆʉʊʀ ʀʅʊɽɻʈʀʈʋɽʄʆʁ ʀ ʅɽʀʅʊɽɻʈʀʈʋɽʄʆʁ 

ʊʋʈɹʋʃɽʅʊʅʆʉʊʀ ɺ ɻɸɿɽ ʉʆʃʀʊʆʅʆɺ 

ʊʀʇɸ ʂʆʈʊɽɺɽɻɸ-ɼɽ ɺʈʀɿɸ 

ɽ. ʅ. ʇʝʣʠʥʦʚʩʢʠʡa, ɽ. ɻ. ɼʠʜʝʥʢʫʣʦʚʘb, ʄ. ɺ. ʌʣʘʤʘʨʠʦʥʩ
  

a ʀʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʡ ʬʠʟʠʢʠ ʈɸʅ,  

603950, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, ʋʣʴʷʥʦʚʘ, 46 
b ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çɺʳʩʰʘʷ ʰʢʦʣʘ 

ʵʢʦʥʦʤʠʢʠè, 603155, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, ɹʦʣʴʰʘʷ ʇʝʯʝʨʩʢʘʷ, 25/12  
 ̒ʇʘʧʩʢʠʡ ʢʘʪʦʣʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

15088, ʇʝʨʫ, ʃʠʤʘ, ʋʥʠʚʝʨʩʠʪʝʪʩʢʠʡ ʧʨʦʩʧʝʢʪ 1801, ʉʘʥ-ʄʠʛʝʣʴ 

ʀʩʩʣʝʜʫʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʟʨʝʞʝʥʥʦʛʦ ʩʦʣʠʪʦʥʥʦʛʦ ʛʘʟʘ ʚ ʨʘʤʢʘʭ 

ʠʥʪʝʛʨʠʨʫʝʤʳʭ ʠ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʫʨʘʚʥʝʥʠʡ ʠʝʨʘʨʭʠʠ ʂʦʨʪʝʚʝʛʘ-ʜʝ ɺʨʠʟʘ. ɺ 

ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʦʚ ʨʘʩʩʤʦʪʨʝʥʳ ʤʥʦʛʦʩʦʣʠʪʦʥʥʳʝ ʨʝʰʝʥʠʷ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʂʦʨʪʝʚʝʛʘ-ʜʝ ɺʨʠʟʘ ʠ ʤʦʜʫʣʷʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

ʐʘʤʝʣʷ. ʆʙʱʠʤ ʩʚʦʡʩʪʚʦʤ ʜʠʥʘʤʠʢʠ ʙʠʧʦʣʷʨʥʳʭ ʩʦʣʠʪʦʥʦʚ ʷʚʣʷʝʪʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝ ʚʦʣʥ-ʫʙʠʡʮ, ʢʦʪʦʨʳʝ ʥʝ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʫʥʠʧʦʣʷʨʥʳʭ ʛʘʟʘʭ. 

ʏʝʪʚʝʨʪʳʡ ʤʦʤʝʥʪ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ (ʵʢʩʮʝʩʩ) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʥʘʯʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʚ ʩʣʫʯʘʝ ʙʠʧʦʣʷʨʥʦʛʦ ʛʘʟʘ, ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʜʣʷ 

ʫʥʠʧʦʣʷʨʥʦʛʦ ʛʘʟʘ. ɺ ʩʣʫʯʘʝ ʠʥʪʝʛʨʠʨʫʝʤʳʭ ʫʨʘʚʥʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʩʦʣʠʪʦʥʥʦʛʦ ʛʘʟʘ ʚʳʭʦʜʷʪ ʥʘ ʩʪʘʮʠʦʥʘʨʥʳʡ ʫʨʦʚʝʥʴ, ʪʦʛʜʘ ʢʘʢ ʚ 

ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʫʨʘʚʥʝʥʠʷʭ ʦʥʠ ʦʩʪʘʶʪʩʷ ʬʫʥʢʮʠʷʤʠ ʚʨʝʤʝʥʠ. ʇʨʦʠʩʭʦʜʠʪ 

ʥʝʫʧʨʫʛʘʷ ʧʝʨʝʜʘʯʘ ʵʥʝʨʛʠʠ ʦʪ ʤʘʣʳʭ ʩʦʣʠʪʦʥʦʚ ʢ ʙʦʣʴʰʠʤ, ʠ ʙʦʣʴʰʠʝ ʚʦʣʥʳ 

ʩʪʘʥʦʚʷʪʩʷ çʙʦʣʝʝ ʵʢʩʪʨʝʤʘʣʴʥʳʤʠè ʥʘ ʬʦʥʝ ʤʘʣʳʭ ʩʦʣʠʪʦʥʦʚ. ʆʙʩʫʞʜʘʝʪʩʷ 

ʪʝʥʜʝʥʮʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʥʦʤʘʣʴʥʦ ʙʦʣʴʰʦʡ ʚʦʣʥʳ (ʩʦʣʠʪʦʥʘ-ʯʝʤʧʠʦʥʘ) ʚ 

ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʩʠʩʪʝʤʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʦʣʠʪʦʥʥʳʡ ʛʘʟ; ʫʨʘʚʥʝʥʠʝ ʐʘʤʝʣʷ; ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʝ ʫʨʘʚʥʝʥʠʝ 

ʂʦʨʪʝʚʝʛʘ ï ʜʝ ɺʨʠʟʘ; ʚʦʣʥʳ-ʫʙʠʡʮʳ; ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

FEATURES OF INTEGRABLE  AND NONINTEGRABLE  TURBULENCE  

WITHIN  THE  KORTEWEG  ï DE VRIES LIKE  SOLITON  GAS  

E. N. Pelinovskya, E. G. Didenkulovab, M. V. Flamarionʩ  
a Institute of applied physics RAS, 

Ulôyanov St. 46, 603950, Nizhny Novgorod 
b HSE University, 

25/12 Bolshaya Pecherskaya Str., 603155, Nizhny Novgorod Russia 
ʩ Departamento de Ciencias, Pontificia Universidad Cat·lica del Per¼, 

Av. Universitaria 1801, San Miguel 15088, Lima, Per¼4 

The characteristics of a rarefied soliton gas are studied within the framework of 

integrable and non-integrable equations of the Korteweg-de Vries hierarchy. Multi-

soliton solutions of the modified Korteweg-de Vries equation and the modular 

Schamel equation are considered as examples. A common property of the dynamics 

of bipolar solitons is the formation of rogue waves, which do not occur in unipolar 
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gases. The fourth moment of the wave field (kurtosis) increases compared to the 

initial value in the case of a bipolar gas, and decreases for a unipolar gas. In the case 

of integrable equations, the characteristics of the soliton gas reach a stationary level, 

whereas in non-integrable equations they remain functions of time. Inelastic energy 

transfer from small to large solitons occurs, and large waves become "more extreme" 

against the background of small solitons. The tendency for an anomalously large 

wave (champion soliton) to arise in non-integrable systems is discussed. 

Keywords: soliton gas; Schamel equation; modified Korteweg-de Vries equation; rogue waves; 

numerical modeling 

ʋʨʘʚʥʝʥʠʝ ʂʦʨʪʝʚʝʛʘ-ʜʝ ɺʨʠʟʘ (ʂʜɺ) ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ 

ʵʪʘʣʦʥʥʳʤ ʫʨʘʚʥʝʥʠʝʤ ʥʝʣʠʥʝʡʥʦʡ ʚʦʣʥʦʚʦʡ ʪʝʦʨʠʠ:  

φό πȢ                                                      ρ  

ɺʳʚʝʜʝʥʥʦʝ ʚ 1895 ʛʦʜʫ ʜʣʷ ʚʦʣʥ ʚ ʪʦʥʢʦʤ ʩʣʦʝ ʚʦʜʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣ 

ʛʨʘʚʠʪʘʮʠʠ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʦʥʦ ʧʦʣʫʯʠʣʦ ʥʦʚʫʶ ʞʠʟʥʴ ʩ 1960-

ʭ ʛʦʜʦʚ, ʦʧʠʩʳʚʘʷ ʩʣʘʙʦʥʝʣʠʥʝʡʥʳʝ ʚʦʣʥʳ ʚ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ 

ʩʣʘʙʦʜʠʩʧʝʨʛʠʨʫʶʱʠʭ ʩʨʝʜʘʭ (ʧʣʘʟʤʘ, ʘʩʪʨʦʬʠʟʠʢʘ, ʛʝʦʬʠʟʠʢʘ, 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʘ, ʪʚʸʨʜʳʝ ʪʝʣʘ, ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʝ ʪʝʯʝʥʠʷ, 

ʤʝʪʘʤʘʪʝʨʠʘʣʳ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʮʝʧʠ, ʨʘʟʤʝʨʥʦ-ʢʚʘʥʪʦʚʘʥʥʳʝ ʧʣʸʥʢʠ). 

ʋʨʘʚʥʝʥʠʝ ʂʦʨʪʝʚʝʛʘ-ʜʝ ɺʨʠʟʘ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʠʥʪʝʨʝʩʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʭ 

ʢʘʢ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʙʝʩʢʦʥʝʯʥʦʛʦ ʤʥʦʞʝʩʪʚʘ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ, L-A ʧʘʨ rʠ 

ʩʦʣʠʪʦʥʦʚ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʫʧʨʫʛʦ. ɼʘʞʝ ʨʦʞʜʝʥʠʝ ʪʝʨʤʠʥʘ çʩʦʣʠʪʦʥè 

ʧʨʦʠʟʦʰʣʦ ʚ ʨʘʤʢʘʭ ʫʨʘʚʥʝʥʠʷ ʂʦʨʪʝʚʝʛʘ-ʜʝ ɺʨʠʟʘ. ʉʪʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʥʘʭʦʞʜʝʥʠʷ ʤʥʦʛʦʩʦʣʠʪʦʥʥʳʭ ʨʝʰʝʥʠʡ ï ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ɹʵʢʣʫʥʜʘ, ʍʠʨʦʪʳ ʠ ɼʘʨʙʫ. ɸʧʦʬʝʦʟʦʤ ʵʪʦʛʦ ʩʪʘʣʦ ʨʦʞʜʝʥʠʝ ʤʝʪʦʜʘ 

ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʨʘʩʩʝʷʥʠʷ ï ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ 

ʂʦʰʠ ʜʣʷ ʥʝʣʠʥʝʡʥʳʭ ʵʚʦʣʶʮʠʦʥʥʳʭ ʫʨʘʚʥʝʥʠʡ. ɹʠʙʣʠʦʛʨʘʬʠʷ ʟʜʝʩʴ 

ʦʙʰʠʨʥʘ, ʠ ʤʳ ʧʨʦʮʠʪʠʨʫʝʤ ʟʜʝʩʴ ʨʷʜ ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʠʭ ʢʥʠʛ [1ï6].  

ɺʦʟʥʠʢ ʚʦʧʨʦʩ: ʥʘʩʢʦʣʴʢʦ ʵʬʬʝʢʪʠʚʥʳ ʪʝ ʞʝ ʧʦʜʭʦʜʳ ʢ ʜʨʫʛʠʤ 

ʵʚʦʣʶʮʠʦʥʥʳʤ ʫʨʘʚʥʝʥʠʷʤ, ʠʛʨʘʶʱʠʤ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʬʠʟʠʢʝ? ʈʷʜ ʵʪʠʭ ʫʨʘʚʥʝʥʠʡ ʪʘʢʞʝ ʩʪʘʣʠ ʵʪʘʣʦʥʥʳʤʠ (ʥʝʣʠʥʝʡʥʦʝ ʫʨʘʚʥʝʥʠʝ 

ʐʨʝʜʠʥʛʝʨʘ, ʫʨʘʚʥʝʥʠʝ ʩʠʥʫʩ-ɻʦʨʜʦʥʘ ʠ ʜʨ.). ɺ ʢʦʥʪʝʢʩʪʝ ʫʨʘʚʥʝʥʠʡ ʪʠʧʘ 

ʂʦʨʪʝʚʝʛʘïʜʝ ɺʨʠʟʘ (ʂʜɺ) ʚʳʰʝʫʧʦʤʷʥʫʪʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʠʤʝʥʠʤʳ ʩ ʥʝʢʦʪʦʨʳʤʠ ʦʙʦʙʱʝʥʠʷʤʠ (ʜʦʙʘʚʣʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʯʣʝʥʦʚ, 

ʫʯʠʪʳʚʘʶʱʠʭ ʥʝʣʠʥʝʡʥʦʩʪʴ ʠ ʜʠʩʧʝʨʩʠʶ, ʯʘʩʪʦ ʩʦ ʩʧʝʮʠʘʣʴʥʳʤʠ 

ʢʦʥʩʪʘʥʪʘʤʠ, ʢʦʪʦʨʳʝ ʥʝʣʴʟʷ ʠʟʤʝʥʠʪʴ, ʠ ʪ. ʜ.). ɺʦʟʥʠʢ ʪʝʨʤʠʥ çʠʝʨʘʨʭʠʠ 

ʂʜɺè, ʢʦʪʦʨʳʡ ʦʪʥʦʩʠʪʩʷ ʢ ʫʨʘʚʥʝʥʠʷʤ ʵʪʦʛʦ ʪʠʧʘ, ʪʦʯʥʦ ʨʝʰʘʝʤʳʤ 

ʧʝʨʝʯʠʩʣʝʥʥʳʤʠ ʚʳʰʝ ʤʝʪʦʜʘʤʠ. ʀʥʪʝʨʝʩʥʘʷ ʧʦʜʩʠʩʪʝʤʘ ʵʪʦʡ ʠʝʨʘʨʭʠʠ 

ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ: 

   πȢ                                                         ς 
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ʋʨʘʚʥʝʥʠʷ ʪʘʢʦʛʦ ʪʠʧʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʠʟʫʯʝʥʠ ̫

ʥʦʚʳʭ ʵʬʬʝʢʪʦʚ ʚ ʪʝʦʨʠʠ ʩʦʣʠʪʦʥʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ 

ʠʥʪʝʛʨʠʨʫʝʤʦʡ ʤʦʜʝʣʠ ʚʳʙʨʘʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʂʦʨʪʝʚʝʛʘ ï 

ʜʝ ɺʨʠʟʘ:  

‬ό

‬ὸ
φό
‬ό

‬ὼ

‬ό

‬ὼ
πȢ                                                       τ 

ʠ ʤʦʜʫʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʐʘʤʝʣʷ, ʢʦʪʦʨʦʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʫʧʨʫʛʠʭ 

ʚʦʣʥ ʚ ʨʘʟʣʠʯʥʳʭ ʪʠʧʘʭ ʦʙʦʣʦʯʝʢ [7], ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʚ ʜʠʩʢʨʝʪʥʳʭ 

ʣʠʥʠʷʭ ʧʝʨʝʜʘʯʠ [8] ʠ ʧʣʘʟʤʝ [9], ʚʳʙʨʘʥʦ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ 

ʥʝʠʥʪʝʛʨʠʨʫʝʤʦʡ ʤʦʜʝʣʠ: 
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ȿόȿ
‬ό

‬ὼ

‬ό

‬ὼ
πȢ                                                    υ 

ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʜʠʥʘʤʠʢʠ ʩʦʣʠʪʦʥʥʳʭ ʛʘʟʦʚ ʚ ʨʘʤʢʘʭ ʫʨʘʚʥʝʥʠʡ (4) 

ʠ (5) ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʠ ʩʜʝʣʘʥʳ ʚʳʚʦʜʳ ʦʙ ʦʪʣʠʯʠʝ 

ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʦʣʥʦʚʳʭ ʧʦʣʝʡ ʚ ʨʘʤʢʘʭ ʠʥʪʝʛʨʠʨʫʝʤʳʭ ʠ 

ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʤʦʜʝʣʝʡ ʥʘ ʧʨʠʤʝʨʝ ʵʪʠʭ ʜʚʫʭ ʫʨʘʚʥʝʥʠʡ. ʏʪʦʙʳ ʠʤʝʪʴ 

ʦʜʠʥʘʢʦʚʳʡ ʤʝʪʦʜ ʛʝʥʝʨʘʮʠʠ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʢʘʢ ʜʣʷ ʠʥʪʝʛʨʠʨʫʝʤʳʭ, ʪʘʢ 

ʠ ʜʣʷ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʩʠʩʪʝʤ, ʙʝʨʝʪʩʷ ʘʥʩʘʤʙʣʴ ʨʝʜʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ 

ʩʦʣʠʪʦʥʦʚ, ʚ ʢʦʪʦʨʦʤ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʥʝʪ ʤʝʩʪʘ ʜʣʷ ʜʠʩʧʝʨʩʠʦʥʥʳʭ 

ʭʚʦʩʪʦʚ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʠʟʣʫʯʝʥʠʝ ʚʦʟʥʠʢʘʝʪ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʦʜʥʦʧʦʣʷʨʥʳʭ ʩʦʣʠʪʦʥʦʚ ʚ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʤʦʜʝʣʷʭ, ʦʥʦ 

ʜʦʩʪʘʪʦʯʥʦ ʩʣʘʙʦ, ʯʪʦʙʳ ʧʦʚʣʠʷʪʴ ʥʘ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʩʦʣʠʪʦʥʥʦʛʦ ʛʘʟʘ (ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʤʦʤʝʥʪʳ). ʈʘʥʝʝ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʧʨʦʚʦʜʠʣʠʩʴ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ (ʂʜɺ, ʤʂʜɺ, 

ɻʘʨʜʥʝʨʘ) ʠ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ (ʐʘʤʝʣʴ, ɹɹʄ), ʧʦʢʘʟʘʚʰʠʝ ʦʪʥʦʩʠʪʝʣʴʥʫʶ 

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ, ʧʦʵʪʦʤʫ ʥʘ ʵʪʦʤ ʦʩʥʦʚʘʥʠʠ ʤʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ 

ʨʝʟʫʣʴʪʘʪʳ ʠʜʝʥʪʠʯʥʳ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ. 

ɽʩʣʠ ʚʦʣʥʦʚʦʝ ʧʦʣʝ ʩʦʩʪʦʠʪ ʠʟ ʩʦʣʠʪʦʥʦʚ ʨʘʟʥʦʡ ʧʦʣʷʨʥʦʩʪʠ, ʪʦ, 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʠʥʪʝʛʨʠʨʫʝʤʦʩʪʠ ʤʦʜʝʣʠ, ʧʨʦʠʩʭʦʜʠʪ ʫʩʠʣʝʥʠʝ ʚʦʣʥʦʚʦʛʦ 

ʧʦʣʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦʣʠʪʦʥʦʚ ʨʘʟʥʦʡ ʧʦʣʷʨʥʦʩʪʠ (ʭʦʪʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʜʥʦʧʦʣʷʨʥʳʭ ʩʦʣʠʪʦʥʦʚ, ʫʤʝʥʴʰʘʶʱʝʝ ʘʤʧʣʠʪʫʜʳ ʚʦʣʥ, 

ʪʘʢʞʝ ʠʤʝʝʪ ʤʝʩʪʦ). ʆʜʥʘʢʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʦʪʣʠʯʠʝ ʟʜʝʩʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʪʦʤ, ʯʪʦ ʚ ʠʥʪʝʛʨʠʨʫʝʤʳʭ ʤʦʜʝʣʷʭ ʫʩʨʝʜʥʸʥʥʳʡ ʵʢʩʮʝʩʩ ʜʦʩʪʠʛʘʝʪ 

ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʪʦʛʜʘ ʢʘʢ ʚ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʤʦʜʝʣʷʭ ʦʥ 

ʧʨʦʜʦʣʞʘʝʪ ʧʦʩʪʝʧʝʥʥʦ ʨʘʩʪʠ ʜʘʞʝ ʥʘ ʙʦʣʴʰʠʭ ʚʨʝʤʝʥʘʭ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 

ʵʬʬʝʢʪʦʤ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʦʪ ʤʝʥʴʰʠʭ ʩʦʣʠʪʦʥʦʚ ʢ ʙʦʣʝʝ ʢʨʫʧʥʳʤ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʪʦʣʴʢʦ ʜʣʷ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʤʦʜʝʣʝʡ. 

ʋʚʝʣʠʯʝʥʠʝ ʩʨʝʜʥʝʛʦ ʵʢʩʮʝʩʩʘ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʥʝʫʧʨʫʛʦʡ ʧʝʨʝʜʘʯʝʡ 

ʵʥʝʨʛʠʠ ʦʪ ʤʘʣʳʭ ʩʦʣʠʪʦʥʦʚ ʢ ʙʦʣʴʰʠʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʙʦʣʴʰʠʝ ʚʦʣʥʳ 

ʩʪʘʥʦʚʷʪʩʷ çʙʦʣʝʝ ʵʢʩʪʨʝʤʘʣʴʥʳʤʠè ʥʘ ʬʦʥʝ ʫʚʝʣʠʯʝʥʠʷ ʯʠʩʣʘ ʤʘʣʳʭ 

ʩʦʣʠʪʦʥʦʚ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʧʘʨʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʨʘʟʥʦʧʦʣʷʨʥʳʭ 

ʩʦʣʠʪʦʥʦʚ ʚ ʥʝʠʥʪʝʛʨʠʨʫʝʤʳʭ ʩʠʩʪʝʤʘʭ ʜʘʸʪ ʤʝʥʴʰʝʝ ʫʩʠʣʝʥʠʝ 
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ʨʝʟʫʣʴʪʠʨʫʶʱʝʛʦ ʠʤʧʫʣʴʩʘ, ʯʝʤ ʚ ʠʥʪʝʛʨʠʨʫʝʤʳʭ ʤʦʜʝʣʷʭ, ʧʨʠ 

ʤʥʦʛʦʢʨʘʪʥʳʭ ʩʪʦʣʢʥʦʚʝʥʠʷʭ ʩʦʣʠʪʦʥʦʚ ʩ ʙʣʠʟʢʠʤʠ ʘʤʧʣʠʪʫʜʘʤʠ ʤʦʞʥʦ 

ʦʞʠʜʘʪʴ ʧʦʷʚʣʝʥʠʷ ʘʥʦʤʘʣʴʥʦ ʙʦʣʴʰʦʛʦ ʩʦʣʠʪʦʥʘ (ʚʦʣʥʳ-ʫʙʠʡʮʳ ʠʣʠ ʪʘʢ 

ʥʘʟʳʚʘʝʤʦʛʦ ʩʦʣʠʪʦʥʘ-ʯʝʤʧʠʦʥʘ), ʢʦʛʜʘ ʙʦʣʴʰʠʝ ʩʦʣʠʪʦʥʳ ʥʘʢʘʧʣʠʚʘʶʪ 

ʵʥʝʨʛʠʶ, ʘ ʤʘʣʳʝ ʩʦʣʠʪʦʥʳ ʝʸ ʪʝʨʷʶʪ. ʗʚʣʝʥʠʝ ʩʦʣʠʪʦʥʘ-ʯʝʤʧʠʦʥʘ ʨʘʥʝʝ 

ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʩʠʩʪʝʤʘʭ, ʙʣʠʟʢʠʭ ʢ ʥʝʣʠʥʝʡʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ʐʨʸʜʠʥʛʝʨʘ, ʠ 

ʥʘʰ ʛʣʘʚʥʳʡ ʚʳʚʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ ʩʠʩʪʝʤʘʭ 

ʂʦʨʪʝʚʝʛʘïʜʝ ɺʨʠʟʘ. ʀʟ ʧʨʦʚʝʜʸʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʩʣʝʜʫʝʪ, ʯʪʦ ʵʪʦ ʷʚʣʝʥʠʝ 

ʥʦʩʠʪ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄24-47-02007, https://rscf.ru/project/24-47-02007/. 
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MARANG ONI-DRIVEN PATTERN FORMATION  

IN AN ABSORBING BINARY MIXTURE  

V. Shevtsova, P. F. Arroiabe, M. M. Bou-Ali  

Fluid Mechanics Group, Faculty of Engineering, Mondragon University,  

4 Loramendi, 20500, Mondragon, Spain 

This study numerically investigates the complex dynamics of convective instabilities 

during water vapor absorption into lithium bromide (LiBrïH O) solutions. The research 

focuses on the interplay between absorption-driven solutal Marangoni convection, 

buoyancy, and the Soret effect. Under microgravity conditions, a stable rim structure 

forms and spreads due to pure Marangoni flow, absent of buoyant forces. With Earth's 

gravity, the competition between Marangoni and buoyancy convection generates 

periodic spatial patterns and temporal oscillations. Furthermore, a nonlinear long-term 

competition emerges between the immediate Marangoni stresses and the delayed Soret 

effect, which fundamentally reshapes the flow and transport. These findings reveal a rich, 

multi-mechanism instability landscape critical for optimizing absorption processes in 

engineering applications. 

Keywords: Marangoni convection, absorption, Soret effect 

ʌʆʈʄʀʈʆɺɸʅʀɽ ʉʊʈʋʂʊʋʈʓ, ʋʇʈɸɺʃʗɽʄʆʁ ʄɸʈɸʅɻʆʅʀ, 

ɺ ʇʆɻʃʆʑɸʖʑɽʁ ɹʀʅɸʈʅʆʁ ʉʄɽʉʀ 

ɺ. ʐʝʚʮʦʚʘ, ʇ. ʌ. ɸʨʨʦʷʙʝ, ʄ. ʄ. ɹʫ-ɸʣʠ 

ɻʨʫʧʧʘ ʤʝʭʘʥʠʢʠ ʞʠʜʢʦʩʪʠ, ʀʥʞʝʥʝʨʥʳʡ ʬʘʢʫʣʴʪʝʪ, ʋʥʠʚʝʨʩʠʪʝʪ ʄʦʥʜʨʘʛʦʥʘ 

20500, ʀʩʧʘʥʠʷ, ʄʦʥʜʨʘʛʦʥ, ʃʦʨʘʤʝʥʜʠ 4 

ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʩʣʦʞʥʘʷ ʜʠʥʘʤʠʢʘ ʢʦʥʚʝʢʪʠʚʥʳʭ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʧʨʠ ʘʙʩʦʨʙʮʠʠ ʚʦʜʷʥʦʛʦ ʧʘʨʘ ʚ ʨʘʩʪʚʦʨʳ ʙʨʦʤʠʜʘ ʣʠʪʠʷ 

(LiBr-H O). ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ 

ʢʦʥʚʝʢʮʠʠ ʄʘʨʘʥʛʦʥʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʘʙʩʦʨʙʮʠʝʡ, ʧʣʘʚʫʯʝʩʪʴʶ ʠ ʵʬʬʝʢʪʦʤ 

ʉʦʨʝ. ɺ ʫʩʣʦʚʠʷʭ ʤʠʢʨʦʛʨʘʚʠʪʘʮʠʠ ʫʩʪʦʡʯʠʚʘʷ ʢʨʘʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ʬʦʨʤʠʨʫʝʪʩʷ ʠ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʙʣʘʛʦʜʘʨʷ ʯʠʩʪʦʤʫ ʪʝʯʝʥʠʶ ʄʘʨʘʥʛʦʥʠ ʙʝʟ ʫʯʘʩʪʠʷ ʩʠʣ 

ʧʣʘʚʫʯʝʩʪʠ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʟʝʤʥʦʛʦ ʪʷʛʦʪʝʥʠʷ ʢʦʥʢʫʨʝʥʮʠʷ ʤʝʞʜʫ ʢʦʥʚʝʢʮʠʝʡ 

ʄʘʨʘʥʛʦʥʠ ʠ ʧʣʘʚʫʯʝʡ ʢʦʥʚʝʢʮʠʝʡ ʧʦʨʦʞʜʘʝʪ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ 

ʧʘʪʪʝʨʥʳ ʠ ʚʨʝʤʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ. ɹʦʣʝʝ ʪʦʛʦ, ʚʦʟʥʠʢʘʝʪ ʥʝʣʠʥʝʡʥʘʷ 

ʜʦʣʛʦʚʨʝʤʝʥʥʘʷ ʢʦʥʢʫʨʝʥʮʠʷ ʤʝʞʜʫ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ 

ʄʘʨʘʥʛʦʥʠ ʠ ʦʪʣʦʞʝʥʥʳʤ ʵʬʬʝʢʪʦʤ ʉʦʨʝ, ʢʦʪʦʨʳʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʠʟʤʝʥʷʝʪ 

ʪʝʯʝʥʠʝ ʠ ʧʝʨʝʥʦʩ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʢʨʳʚʘʶʪ ʙʦʛʘʪʳʡ, ʤʥʦʛʦʤʝʭʘʥʠʩʪʠʯʝʩʢʠʡ 

ʣʘʥʜʰʘʬʪ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʡ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ 

ʘʙʩʦʨʙʮʠʠ ʚ ʠʥʞʝʥʝʨʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ. 5 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʥʚʝʢʮʠʷ ʄʘʨʘʥʛʦʥʠ, ʘʙʩʦʨʙʮʠʷ, ʵʬʬʝʢʪ ʉʦʨʝ 

The absorption of vapors by liquids is a fundamental process with wide-ranging 

applications in environmental control, chemical engineering, and space technology. A 
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particularly important working pair is the lithium bromideïwater (LiBrïH O) system, 

widely used in absorption-based cooling devices. While absorption is ideally a purely 

diffusive process at a flat and undisturbed interface, in practice even small 

perturbations are unavoidable. Such disturbances locally alter surface tension and 

trigger thermal and solutal Marangoni convection. The situation is further complicated 

by cross-diffusion effects such as the Soret effect, which drives solute redistribution 

under temperature gradients. Together, these mechanisms set the stage for rich, 

multiscale pattern formation. 

In this work, we investigate the evolution of convective instabilities during 

absorption of water vapor into LiBrïwater solutions, combining physical insight with 

numerical simulations. Because LiBr has negligible vapor pressure, only water enters 

the liquid phase, while LiBr remains effectively conserved. For the purposes of 

macroscopic flow and transport, the salt solution is treated as a single component with 

well-defined bulk properties, despite ionic dissociation [1-3]. 

Our study addresses three main aspects.  

1. Absorption-driven Marangoni convection in microgravity. To isolate the 

interplay between absorption and surface-tension-driven flow, we examined the LiBrï

water system under microgravity conditions. A localized perturbation at the interface, 

modeled as a small reduction of LiBr concentration, immediately initiates Marangoni 

convection. Strikingly, we observed the formation of a stable rim structure at the 

center of the absorption region, which first contracts slowly and then spreads rapidly 

across the interface. This phenomenon is reminiscent of the ñcoffee-ringò effect and 

Marangoni spreading observed in evaporating binary mixtures, but here it emerges in 

a fundamentally different, absorption-driven context. The result highlights how even 

subtle concentration changes can reorganize mass transport through surface-tension 

dynamics alone. 

2. Competing roles of Marangoni and buoyancy under different level of gravity. 

When gravity is reintroduced, buoyancy-driven convection adds a new layer of 

complexity. The coupling of solutal, thermal, and buoyant effects can either reinforce 

or compete with one another, depending on the stage of absorption and the sign of the 

surface tension gradients. Under Earth gravity, the nonlinear interaction of these 

mechanisms generates periodic spatial structures and sustained temporal oscillations 

ð an unexpected form of weak but persistent instability. By contrast, in microgravity, 

such oscillations vanish, demonstrating that they arise from the tension between 

surface-driven and buoyancy-driven flows. Intermediate levels of gravity reveal a 

gradual transition: periodic patterns weaken but remain regular, while their scale 

expands and their geometry becomes increasingly intricate. This systematic 

dependence on gravity opens the door to targeted control strategies for absorption-

driven convection. 

3. Nonlinear competition between Marangoni and Soret effects. Finally, we 

examined how the Soret effect, the thermally induced redistribution of solute, 
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influences absorption. In LiBrïwater and similar systems, the Soret coefficient is 

negative, driving LiBr toward colder regions. Marangoni stresses respond nearly 

instantaneously to interfacial gradients, while Soret-driven transport builds up more 

slowly over longer times. Our simulations uncovered a nonlinear regime in which the 

delayed but persistent Soret effect eventually challenges the initially dominant 

Marangoni convection. This long-term competition reshapes flow patterns in 

surprising ways, fundamentally altering the structure of absorption and transport in the 

binary mixture. 
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ʂɸʇʀʃʃʗʈʅʆ-ʇʆʈʀʉʊɸʗ ʄʆɼɽʃʔ ɿɸʈʗɾɽʅʅʆʁ ʄɽʄɹʈɸʅʓ: 
ɼʀʉʉʀʄʄɽʊʈʀʗ ʕʃɽʂʊʈʆʆʉʄʆʊʀʏɽʉʂʆʁ 

ʇʈʆʅʀʎɸɽʄʆʉʊʀ ʀ ʇʆʊʆʂʆɺʆʁ ʇʈʆɺʆɼʀʄʆʉʊʀ 

ɸ. ʅ. ʌʠʣʠʧʧʦʚ 
ʈɻʋ ʥʝʬʪʠ ʠ ʛʘʟʘ (ʅʀʋ) ʠʤʝʥʠ ʀ.ʄ. ɻʫʙʢʠʥʘ,  
119991, ʄʦʩʢʚʘ, ʃʝʥʠʥʩʢʠʡ ʧʨʦʩʧʝʢʪ 65 ʢʦʨʧ. 1 

ʈʘʥʝʝ ʘʚʪʦʨʦʤ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʥʘʣʠʯʠʝ ʜʠʩʩʠʤʤʝʪʨʠʠ ʧʝʨʝʢʨʝʩʪʥʳʭ 
ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʘʪʨʠʮʳ ʆʥʟʘʛʝʨʘ ʜʣʷ ʷʯʝʝʯʥʦʡ ʤʦʜʝʣʠ ʪʦʥʢʦʛʦ 
ʩʣʦʷ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ (ʤʝʤʙʨʘʥʳ), ʩʦʩʪʦʷʱʝʡ ʠʟ ʦʜʠʥʘʢʦʚʳʭ ʟʘʨʷʞʝʥʥʳʭ 
ʧʦʨʠʩʪʳʭ ʰʘʨʦʚ, ʥʝʩʫʱʠʭ ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʟʘʨʷʜ. ʆʜʥʘʢʦ 
ʫʧʨʦʱʝʥʠʷ ʪʦʡ ʷʯʝʝʯʥʦʡ ʤʦʜʝʣʠ, ʪʘʢʠʝ ʢʘʢ ʟʘʤʝʥʘ ʜʚʦʡʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʩʣʦʝʚ ʩʢʘʯʢʘʤʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠʦʥʦʚ, ʘ ʪʘʢʞʝ 
ʣʠʥʝʘʨʠʟʘʮʠʷ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ, ʚʳʟʚrʘʣʠ ʥʝʢʦʪʦʨʳʝ ʩʦʤʥʝʥʠʷ ʚ ʧʦʣʫʯʝʥʥʦʤ 
ʨʝʟʫʣʴʪʘʪʝ. ʇʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʜʦʢʘʟʘʪʴ ʜʠʩʩʠʤʤʝʪʨʠʶ ʧʝʨʝʢʨʝʩʪʥʳʭ 
ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʥʘ ʙʦʣʝʝ ʧʨʦʩʪʦʡ ʤʦʜʝʣʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ 
ʫʧʨʦʱʝʥʠʡ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʘ ʚʳʙʨʘʥʘ ʷʯʝʝʯʥʘʷ ʤʦʜʝʣ ɹʟʘʨʷʞʝʥʥʦʡ ʤʝʤʙʨʘʥʳ, 
ʩʦʩʪʦʷʱʝʡ ʠʟ ʧʘʨʘʣʣʝʣʴʥʳʭ ʱʝʣʝʚʠʜʥʳʭ ʧʦʨ, ʟʘʧʦʣʥʝʥʥʳʭ ʧʦʨʠʩʪʦʡ ʩʨʝʜʦʡ ʠ 
ʦʢʨʫʞʝʥʥʳʭ ʩʣʦʷʤʠ ʯʠʩʪʦʡ ʞʠʜʢʦʩʪʠ. ʈʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʪʝʯʝʥʠʝ ʚʦʜʥʦʛʦ 
ʨʘʩʪʚʦʨʘ ʙʠʥʘʨʥʦʛʦ ʥʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʩʪʦʷʥʥʳʭ 
ʛʨʘʜʠʝʥʪʦʚ ʜʘʚʣʝʥʠʷ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ɺʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ 
ʥʝʩʦʚʧʘʜʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʵʣʝʢʪʨʦʦʩʤʦʪʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ 
ʧʦʪʦʢʦʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʣʝʢʪʨʦʦʩʤʦʩ; ʪʦʢ ʪʝʯʝʥʠʷ; ʜʠʩʩʠʤʤʝʪʨʠʷ 

CAPILLARY -POROUS CHARGED  MEMBRANE  MODEL:  

DYSYMMETRY  OF ELECTROOSMOTIC  PERMEABILITY  
AND CURRENT CONDUCTION 6 

A. N. Filippov 
Gubkin University, 

65-1 Leninsky Prospect, 119991, Moscow 

Earlier, the author established the presence of a dissymmetry of the cross kinetic 
coefficients of the Onsager matrix for the cell model of a thin layer of a porous 
medium (membrane) consisting of identically charged porous balls carrying a fixed 
electric charge. However, simplifications of that cell model, such as the replacement 
of double electric layers by jumps of electric potential and ion concentrations, as well 
as the linearization of the boundary value problem, raised some doubts about the 
result obtained. Therefore, it was necessary to prove the dissymmetry of the cross 
coefficients on a simpler model without using the above-mentioned simplifications. 
For this purpose, a cell model of a charged membrane was chosen, consisting of 
parallel slit-like pores filled with a porous medium and surrounded by layers of pure 
liquid. The flow of an aqueous solution of a binary asymmetric electrolyte under the 
action of constant pressure and electric potential gradients was considered. The 
discrepancy between the coefficients of electroosmotic permeability and current 
conductivity is shown for the first time. 

Keywords: electroosmosis; streaming current; dissymmetry 
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ɼʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʧʨʠʥʮʠʧ ʚʟʘʠʤʥʦʩʪʠ ʆʥʟʘʛʝʨʘ, 

ʚʳʜʚʠʥʫʪʳʡ ʠʤ ʚ 1931 ʛʦʜʫ ʠ ʫʪʚʝʨʞʜʘʶʱʠʡ ʩʠʤʤʝʪʨʠ ʁʧʝʨʝʢʨʝʩʪʥʳʭ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʙʝʟʫʩʣʦʚʥʦ ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʩʣʫʯʘʝ ʧʝʨʝʥʦʩʘ 

ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʠ ʠʦʥʦʚ ʯʝʨʝʟ ʟʘʨʷʞʝʥʥʳʝ ʤʝʤʙʨʘʥʳ [1]. ʆʜʥʘʢʦ ʚ 2003 ʛʦʜʫ 

ʄʘʤʝʜʦʚ ʜʦʢʘʟʘʣ, ʯʪʦ ʵʪʦʪ ʧʨʠʥʮʠʧ ʨʘʙʦʪʘʝʪ ʪʦʣʴʢʦ ʜʣʷ ʜʠʩʧʝʨʩʥʳʭ ʩʠʩʪʝʤ, 

ʚ ʢʦʪʦʨʳʭ ʦʙʦʙʱʝʥʥʳʝ ʧʦʪʦʢʠ ʨʘʚʥʳ ʥʫʣʶ, ʘ ʦʙʦʙʱʝʥʥʳʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʠʣʳ ʦʪʣʠʯʥʳ ʦʪ ʥʫʣʷ [2]. ɺ ʨʘʙʦʪʝ [3] ʤʳ ʚʧʝʨʚʳʝ 

ʦʙʥʘʨʫʞʠʣʠ ʜʠʩʩʠʤʤʝʪʨʠʶ ʪʨʘʥʩʧʦʨʪʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ L13 ʠ L31, 

ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʢʘʧʠʣʣʷʨʥʳʡ ʠ ʦʙʨʘʪʥʳʡ ʦʩʤʦʩ. ɺ ʨʘʙʦʪʘʭ [4, 5] ʙʳʣʦ 

ʠʩʩʣʝʜʦʚʘʥʦ ʧʦʚʝʜʝʥʠʝ ʙʝʟʨʘʟʤʝʨʥʳʭ ʵʣʝʢʪʨʦʦʩʤʦʪʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

L12 ʠ ʧʦʪʦʢʦʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ L21, ʘ ʪʘʢʞʝ ʵʣʝʢʪʨʦʜʠʬʬʫʟʠʦʥʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ L23 ʠ L32 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ 

NaCl, ʨʘʩʩʯʠʪʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʯʥʳʭ ʬʦʨʤʫʣ ʷʯʝʝʯʥʦʡ ʤʦʜʝʣʠ ʜʣʷ 

ʣʠʪʦʡ ʧʝʨʬʪʦʨʠʨʦʚʘʥʥʦʡ ʤʝʤʙʨʘʥʳ ʄʌ-4ʉʂ ʠ ʝʝ ʵʢʩʪʨʫʟʠʦʥʥʦʛʦ ʘʥʘʣʦʛʘ. 

ɼʣʷ ʦʙʝʠʭ ʤʝʤʙʨʘʥ ʧʝʨʝʢʨʝʩʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ L12 ʠ L21 ʧʨʘʢʪʠʯʝʩʢʠ 

ʩʦʚʧʘʣʠ ʚʧʣʦʪʴ ʜʦ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʣʠʪʘ. ʆʜʥʘʢʦ 

ʵʣʝʢʪʨʦʜʠʬʬʫʟʠʦʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ L23 ʠ L32 ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʣʠʩʴ ʫʞʝ ʧʨʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʣʠʪʘ > 0.1 ʄ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʠʟʚʝʩʪʥʦʡ ʥʘʤ 

ʣʠʪʝʨʘʪʫʨʝ ʧʘʨʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ L13 ʠ L31 ʠʣʠ L23 ʠ L32 ʥʝ ʚʳʯʠʩʣʷʣʠʩʴ ʠ ʥʝ 

ʩʨʘʚʥʠʚʘʣʠʩʴ ʜʣʷ ʤʦʜʝʣʝʡ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ, ʥʝʩʫʱʝʡ ʬʠʢʩʠʨʦʚʘʥʥʳʡ ʟʘʨʷʜ. 

ʏʪʦ ʢʘʩʘʝʪʩʷ ʧʘʨʳ ʧʝʨʝʢʨʝʩʪʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ L12 ʠ L21, ʪʦ ʝʩʪʴ ʥʝʩʢʦʣʴʢʦ 

ʨʘʙʦʪ, ʜʦʢʘʟʳʚʘʶʱʠʭ ʠʭ ʩʠʤʤʝʪʨʠʶ (ʥʘʧʨʠʤʝʨ [6]) ʚ ʩʣʫʯʘʝ ʪʝʯʝʥʠʷ 

ʥʴʶʪʦʥʦʚʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʯʠʩʪʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʘʧʠʣʣʷʨʘʭ ʩ ʟʘʨʷʞʝʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ. ʆʪʤʝʪʠʤ, ʦʜʥʘʢʦ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠ ̫ʚʟʘʠʤʥʦʩʪʠ ʆʥʟʘʛʝʨʘ ʥʝ 

ʚʳʧʦʣʥʷʪʁʩʷ ʚ ʫʩʣʦʚʠʷʭ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ [7]. ʆʙʨʘʪʠʤ ʪʘʢʞʝ 

ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʚ ʪʝʨʤʦʜʠʥʘʤʠʢʝ ʇʝʚʟʥʝʨʘ ʪʝʦʨʝʤʘ ʦ ʚʟʘʠʤʥʦʩʪʠ ʥʝ 

ʩʯʠʪʘʝʪʩʷ ʚʝʨʥʦʡ [8]. ɹʦʣʝʝ ʪʦʛʦ, ʩʘʤʠ ʧʝʨʝʢʨʝʩʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʤʦʛʫʪ 

ʥʝʣʠʥʝʡʥʦ ʟʘʚʠʩʝʪʴ ʦʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʣ [9], ʯʪʦ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʠʭ 

ʜʠʩʩʠʤʤʝʪʨʠʶ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤʠ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʜʠʩʩʠʤʤʝʪʨʠ ̫ʧʝʨʝʢʨʝʩʪʥʳʭ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʷʯʝʝʯʥʦʡ ʤʦʜʝʣʠ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ, ʩʦʩʪʦʷʱʝʡ 

ʠʟ ʦʜʠʥʘʢʦʚʳʭ ʟʘʨʷʞʝʥʥʳʭ ʧʦʨʠʩʪʳʭ ʰʘʨʦʚ, ʥʝʩʫʱʠʭ ʬʠʢʩʠʨʦʚʘʥʥʳʡ 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʟʘʨʷʜ [4, 5]. ʆʜʥʘʢʦ ʫʧʨʦʱʝʥʠʷ ʚ ʪʦʡ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʦʜʝʣʠ, 

ʪʘʢʠʝ ʢʘʢ ʟʘʤʝʥʘ ʜʚʦʡʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʣʦʝʚ ʩʢʘʯʢʘʤʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠʦʥʦʚ, ʘ ʪʘʢʞʝ ʣʠʥʝʘʨʠʟʘʮʠʷ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ, 

ʚʳʟrʚʘʣʠ ʥʝʢʦʪʦʨʳʝ ʩʦʤʥʝʥʠʷ ʚ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʘ. ʇʦʵʪʦʤʫ 

ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʜʦʢʘʟʘʪʴ ʜʠʩʩʠʤʤʝʪʨʠʶ ʭʦʪʷ ʙʳ ʦʜʥʦʡ ʧʘʨʳ ʧʝʨʝʢʨʝʩʪʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʥʘ ʙʦʣʝʝ ʧʨʦʩʪʦʡ ʤʦʜʝʣʠ, ʥʦ ʙʝʟ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ 

ʫʧʨʦʱʝʥʠʡ. ʇʦʵʪʦʤʫ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʚʦʟʥʠʢʣʘ ʮʝʣʴ ʜʘʥʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʧʦʢʘʟʘʪʴ ʥʝʩʦʚʧʘʜʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ L12 ʠ L21 ʚ ʩʣʫʯʘʝ 

ʧʨʦʩʪʝʡʰʝʡ ʷʯʝʝʯʥʦʡ ʤʦʜʝʣʠ ʟʘʨʷʞʝʥʥʦʡ ʤʝʤʙʨʘʥʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʧʘʨʘʣʣʝʣʴʥʳʭ ʱʝʣʝʚʠʜʥʳʭ ʧʦʨ, ʟʘʧʦʣʥʝʥʥʳʭ ʧʦʨʠʩʪʦʡ ʩʨʝʜʦʡ ʠ 

ʦʢʨʫʞʝʥʥʳʭ ʩʣʦʷʤʠ ʯʠʩʪʦʡ ʞʠʜʢʦʩʪʠ. ʋʣʴʪʨʘʪʦʥʢʠʝ ʤʝʤʙʨʘʥʳ ʩʦ 

ʱʝʣʝʚʠʜʥʳʤʠ ʧʦʨʘʤʠ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ lab-on-chip [10].  
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ʈʠʩ. 1. ɽʜʠʥʠʯʥʘʷ ʱʝʣʝʚʠʜʥʘʷ ʷʯʝʡʢʘ ʟʘʨʷʞʝʥʥʦʡ ʤʝʤʙʨʘʥʳ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʜʥʦʤʝʨʥʳʡ ʫʩʪʘʥʦʚʠʚʰʠʡʩʷ ʧʨʦʮʝʩʩ 

ʵʣʝʢʪʨʦʙʘʨʦʬʠʣʴʪʨʘʮʠʠ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʙʠʥʘʨʥʦʛʦ ʣɻʝʢʪʨʦʣʠʪʘ ʯʝʨʝʟ 

ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʡ ʧʦʨʠʩʪʳʡ ʩʣʦʡ (ʤʝʤʙʨʘʥʫ) ʜʣʠʥʳ L, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʠʜʝʥʪʠʯʥʳʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʢʘʧʠʣʣʷʨʦʚ (ʧʦʨ) ʧʦʣʫʰʠʨʠʥʳ h, ʟʘʧʦʣʥʝʥʥʳʭ 

ʧʦʨʠʩʪʦʡ ʩʨʝʜʦʡ ʩ ʟʘʜʘʥʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 
Dk  ʠ ʧʦʩʪʦʷʥʥʦʡ ʦʙʲʝʤʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ ʟʘʨʷʜʘ 
Vɟ- , ʠ ʦʢʨʫʞʝʥʥʳʡ ʩʣʦʷʤʠ ʯʠʩʪʦʡ ʞʠʜʢʦʩʪʠ ʪʦʣʱʠʥ rl 

(ʨʠʩ. 1). ʄʝʤʙʨʘʥʘ ʥʘʭʦʜʠʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʩʪʦʷʥʥʳʭ ʚʥʝʰʥʠʭ 

ʛʨʘʜʠʝʥʪʦʚ ʜʘʚʣʝʥʠʷ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʠ ʥʫʣʝʚʦʛʦ ʛʨʘʜʠʝʥʪʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʣʠʪʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʦʩʠ y. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʤʘʣ (<<25 ʤɺ) ʚ ʣʶʙʦʡ ʪʦʯʢʝ 

ʤʝʤʙʨʘʥʳ ʠ ʧʦʵʪʦʤʫ ʩʧʨʘʚʝʜʣʠʚʦ ʧʨʠʙʣʠʞʝʥʠʝ ɼʝʙʘʷ-ʍʁ ʢʢʝʣʷ ʜʣʷ 

ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ. ʈʘʩʪʚʦʨ ʵʣʝʢʪʨʦʣʠʪʘ ʥʘʭʦʜʠʪʩʷ ʚ ʙʦʣʴʮʤʘʥʦʚʩʢʦʤ 

ʨʘʚʥʦʚʝʩʠʠ ʚʜʦʣʴ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ y. ʋʯʪʝʥʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʨʘʩʪʚʦʨʘ ʵʣʝʢʪʨʦʣʠʪʘ ʚʥʫʪʨʠ ʠ ʚʥʝ ʧʦʨ.  

ʇʨʠ ʨʝʰʝʥʠʠ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ 

ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʩʫʤʤʘʨʥʦʛʦ ʪʝʥʟʦʨʘ ʚʷʟʢʠʭ ʠ ʤʘʢʩʚʝʣʣʦʚʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, 

ʧʨʦʜʦʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʠ ʥʦʨʤʘʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʦʚ ʠʦʥʦʚ 

ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ y=h. ʅʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʞʠʜʢʦʡ ʷʯʝʡʢʠ y=h+l 

ʟʘʜʘʚʘʣʠʩʴ ʫʩʣʦʚʠʷ ʪʠʧʘ ʍʘʧʧʝʣʷ ï ʦʪʩʫʪʩʪʚʠʝ ʧʦʣʥʳʭ ʢʘʩʘʪʝʣʴʥʳʭ 

ʥʘʧʨʷʞʝʥʠʡ. ɹʳʣʠ ʧʦʣʫʯʝʥ r ʬʦʨʤʫʣ r ʜʣʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʦʨʠʩʪʦʛʦ ʩʣʦʷ L11, ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ L22 (ʟʜʝʩʴ 

ʥʝ ʧʨʠʚʦʜʷʪʩʷ), ʵʣʝʢʪʨʦʦʩʤʦʪʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ L12 ʠ ʧʦʪʦʢʦʚʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ L21, ʢʦʪʦʨʳʝ ʜʣʷ ʩʣʫʯʘʷ 1:1 ʵʣʝʢʪʨʦʣʠʪʘ ʠ ʦʜʠʥʘʢʦʚʦʡ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ oɛ ʨʘʩʪʚʦʨʘ ʚʥʫʪʨʠ ʠ ʚʥʝ ʢʘʧʠʣʣʷʨʦʚ ʠ ʙʝʩʢʦʥʝʯʥʦ 

ʨʘʟʙʘʚʣʝʥʥʦʡ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ (ʫʝʜʠʥʝʥʥʳʡ ʢʘʧʠʣʣʷʨ) ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ 

(ʉ0 ï ʨʘʚʥʦʚʝʩʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ɻ ʣʝʢʪʨʦʣʠʪʘ, 
0 Ds h k= , 

V 0ɟ ɟF= , ɓ , ɓm w ï 

ʙʝʟʨʘʟʤʝʨʥʳʝ ʦʙʨʘʪʥʳʝ ʜʝʙʘʝʚʩʢʠʝ ʜʣʠʥʳ ʚʥʫʪʨʠ ʠ ʚʥʝ ʧʦʨʳ, R ï 

ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ, T ï ʘʙʩʦʣʶʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, F0 ï 

ʧʦʩʪʦʷʥʥʘʷ ʌʘʨʘʜʝʷ ɕ ï ʥʘʚʝʜʝʥʥʳʡ ʜʟʝʪʘ-ʧʦʪʝʥʮʠʘʣ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʨ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʡ ʦʙʤʝʥʥʦʡ ʝʤʢʦʩʪʠ, 
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  (2) 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʬʦʨʤʫʣ (1) ʠ (2), ʜʘʞʝ ʚ ʪʘʢʦʤ ʫʧʨʦʱʝʥʥʦʤ ʩʣʫʯʘʝ 

ʵʣʝʢʪʨʦʦʩʤʦʪʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ L12 ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʪʦʢʦʚʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ L21 ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʪʩʷ. ʆʙʨʘʪʠʤ ʚʥʠʤʘʥʠʝ, ʯʪʦ L12 ʠ L21 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʚʝʣʠʯʠʥʝ ʦʙʤʝʥʥʦʡ ʝʤʢʦʩʪʠ ɟ, ʠ ʧʦʵʪʦʤʫ ʢʦʵʬʬʠʮʠʝʥʪ 

ʜʠʩʩʠʤʤʝʪʨʠʠ ɖ=L21/L12 ʦʪ ʥʝʝ ʥʝ ʟʘʚʠʩʠʪ.  

              

ʘ) ʙ) 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʩʩʠʤʤʝʪʨʠʠ ɖ=L21/L12 ʦʪ ʣʦʛʘʨʠʬʤʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ NaCl ʚ ʩʣʫʯʘʝ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʦʡ ʤʝʤʙʨʘʥʳ, 

0ɟ=10 mM, 0.2m = : 

ʘ) =1 ʥʤ, h  ʙ) =10 ʥʤ.h  

ʅʘ ʨʠʩʫʥʢʘʭ 2ʘ ʠ 2ʙ ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʦʪʥʦʰʝʥʠʷ ɖ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ C0 ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʳ HCl ʜʣʷ ʜʚʫʭ ʨʘʟʥʳʭ 

ʤʝʤʙʨʘʥ ʩ ʰʠʨʠʥʦʡ ʧʦʨ 1 ʠ 10 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦ 

ʪʦʯʥʳʤ ʬʦʨʤʫʣʘʤ, ʢʦʪʦʨʳʝ ʟʜʝʩʴ ʥʝ ʧʨʠʚʦʜʷʪʩʷ ʚʚʠʜʫ ʠʭ ʛʨʦʤʦʟʜʢʦʩʪʠ. 

ɺʠʜʥʦ, ʯʪʦ ʧʦʪʦʢʦʚʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚʩʝʛʜʘ ʤʝʥʴʰʝ ʵʣʝʢʪʨʦʦʩʤʦʪʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʠ ʚ ʩʣʫʯʘʝ ʫʟʢʠʭ ʧʦʨ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʘʷ 

ʜʠʩʩʠʤʤʝʪʨʠʷ, ʢʦʪʦʨʘʷ ʥʝ ʠʩʯʝʟʘʝʪ ʜʘʞʝ ʧʨʠ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 

ʵʣʝʢʪʨʦʣʠʪʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʤʝʤʙʨʘʥ ʩ ʰʠʨʦʢʠʤʠ ʧʦʨʘʤʠ ʜʠʩʩʠʤʤʝʪʨʠʷ 

ʧʝʨʝʢʨʝʩʪʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʟʘʤʝʪʥʘ ʪʦʣʴʢʦ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 

ʵʣʝʢʪʨʦʣʠʪʘ ʥʠʞʝ 0.1 ʄ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʝʤ ʥʠʞʝ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʵʣʝʢʪʨʦʣʠʪʘ, ʪʝʤ ʟʥʘʯʠʪʝʣʴʥʝʝ ʢʦʵʬʬʠʮʠʝʥʪ ɖ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʝʜʠʥʠʮʳ. 

ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʜʣʷ 
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ʯʠʩʪʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ ʩʦʩʪʘʚʣʷʝʪ 80.4 ʝʜʠʥʠʮ, ʘ ʜʣʷ ʧʦʨʠʩʪʦʛʦ ʢʘʧʠʣʣʷʨʘ 3 

ʝʜʠʥʠʮʳ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʧʦʣʠʤʝʨʥʳʭ ʤʝʤʙʨʘʥ. ʄʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ 

ʪʝʧʝʨʴ, ʯʪʦ ʜʠʩʩʠʤʤʝʪʨʠʷ ʧʝʨʝʢʨʝʩʪʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʜʦʢʘʟʘʥʘ ʥʝ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʷʯʝʝʯʥʦʡ ʤʦʜʝʣʠ, ʥʦ ʠ ʚ ʩʣʫʯʘʝ ʧʦʨʠʩʪʦ-

ʢʘʧʠʣʣʷʨʥʦʡ ʤʦʜʝʣʠ ʟʘʨʷʞʝʥʥʦʡ ʤʝʤʙʨʘʥʳ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄23ï19ï00520, https://rscf.ru/project/23-19-00520/. 
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ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʣʦʞʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʵʣʝʢʪʨʦʩʤʘʯʠʚʘʥʠʷ ʥʘ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ ʩ ʫʯʝʪʦʤ ʥʘʩʳʱʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʢʨʘʝʚʦʛʦ ʫʛʣʘ 
ʦʪ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 
ʚʳʥʫʞʜʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ʢʘʧʣʠ ʵʣʝʢʪʨʦʣʠʪʘ, ʧʦʤʝʱʝʥʥʦʡ ʤʝʞʜʫ ʜʚʫʭ 
ʧʘʨʘʣʣʝʣʴʥʳʭ ʪʚʝʨʜʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʚ ʧʝʨʝʤʝʥʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. ɺ 
ʩʦʩʪʦʷʥʠʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʢʘʧʣʷ ʠʤʝʝʪ ʬʦʨʤʫ ʢʨʫʛʣʦʛʦ ʮʠʣʠʥʜʨʘ, 
ʦʩʴ ʩʠʤʤʝʪʨʠʠ ʢʦʪʦʨʦʛʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʧʣʘʩʪʠʥʘʤ. ʉʢʦʨʦʩʪʠ ʣʠʥʠʡ 
ʢʦʥʪʘʢʪʘ ʥʘ ʦʙʦʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʟʘʚʠʩʷʪ ʦʪ ʚʥʝʰʥʝʡ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʣʳ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʦʪʢʣʦʥʝʥʠʷ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʦʪ ʝʛʦ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ. 
ɼʣʷ ʦʧʠʩʘʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ 
ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʢʦʦʨʜʠʥʘʪ. ʕʪʘ ʬʫʥʢʮʠʷ 
ʠʥʜʠʚʠʜʫʘʣʴʥʘ ʜʣʷ ʢʘʞʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ 
ʚʦʟʙʫʞʜʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʘʟʠʤʫʪʘʣʴʥʳʭ ʤʦʜ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʣʫʯʘʷ 
ʦʜʥʦʨʦʜʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. ɺʥʝʰʥʝʝ ʧʝʨʝʤʝʥʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʪʦʞʝ 
ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʤ, ʪ.ʢ. ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʣʦʞʥʦ 
ʜʦʙʠʪʴʩʷ ʦʜʥʦʨʦʜʥʦʛʦ ʧʦʣʷ ʧʨʠ ʢʦʥʝʯʥʳʭ ʨʘʟʤʝʨʘʭ ʧʨʦʚʦʜʥʠʢʘ. ʆʙʥʘʨʫʞʝʥʦ, 
ʯʪʦ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʧʣʘʩʪʠʥ ʠʟʤʝʥʷʝʪ ʟʥʘʯʝʥʠʝ ʫʛʣʘ ʥʘʩʳʱʝʥʠʷ. 
ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚr ʥʫʞʜʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ; ʜʚʠʞʝʥʠʝ ʣʠʥʠʠ ʢʦʥʪʘʢʪʘ; 
ʵʣʝʢʪʨʦʩʤʘʯʠʚʘʥʠʝ; ʜʠʥʘʤʠʯʝʩʢʠʡ ʢʨʘʝʚʦʡ ʫʛʦʣ; ʥʘʩʳʱʝʥʠʝ ʢʨʘʝʚʦʛʦ ʫʛʣʘ; ʥʝʦʜʥʦʨʦʜʥʘʷ 
ʧʦʚʝʨʭʥʦʩʪʴ 

SATURATION  OF THE  CONTACT  ANGLE  DURING  

ELECTROWETT ING  OF A DROP 
IN  AN ALTERNATING  ELECTRIC  FIELD  

A. A. Alabuzheva,b, M. A. Pyankovaa,c 
aInstitute of Continuous Media Mechanics UB RAS,  

1 Academician Korolev St., 614013, Perm 
bPerm State University, 

15 Bukireva St., 614990, Perm 
cMIREA ï Russian Technological University, 

22, 5th Street of Sokolinaya Gora, 105275, Moscow7 

A theoretical model of electrowetting on a dielectric substrate is proposed taking into 

account the saturation of the dynamic contact angle from the electric voltage in this 

                                                           

É ɸʣʘʙʫʞʝʚ ɸ. ɸ., ʇʴʷʥʢʦʚʘ ʄ. ɸ., 2025 
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article. As an example, forced oscillations of an electrolyte droplet placed between 

two parallel solid surfaces in an alternating electric field are considered. In the state 

of mechanical equilibrium, the droplet has the shape of a round cylinder whose 

symmetry axis is perpendicular to the plates. The velocities of the contact lines on 

both surfaces depend on the external periodic force of the electric field and the 

deviation of the con-tact angle from its equilibrium value. To describe the surface 

inhomogeneity, it is assumed that the proportionality coefficient is a function of 

coordinates. This function is individual for each surface. It is shown that this leads to 

the excitation of additional azimuthal modes, in contrast to the case of homogeneous 

surfaces. The external alternating electric field is also spatially inhomogeneous, since 

it is difficult to achieve a uniform field in experiments with finite conductor sizes. It 

is found that the inhomogeneity of the plates changes the value of the saturation 

angle. Qualitative agreement with experiments was demonstrated. 

Keywords: forced oscillations; contact line motion; electrowetting; dynamic contact angle; con-

tact angle saturation; heterogeneous surface 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʜʦʧʦʣʥʠʪʴ ʤʦʜʝʣʴ ʍʦʢʠʥʛʘ ʵʬʬʝʢʪʦʤ 

ʥʘʩʳʱʝʥʠʝʤ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʚ ʦʪʣʠʯʠʝ ʦʪ ʫʧʦʤʷʥʫʪʳʭ ʚʳʰʝ ʨʘʙʦʪ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʫʩʣʦʚʠʷ ʖʥʛʘ-ʃʠʧʤʘʥʘ [1ï6] ʠʣʠ ʍʦʢʠʥʛʘ-ʃʠʧʤʘʥʘ [7ï10]: 
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ʛʜʝ z ï ʬʫʥʢʮʠʷ ʦʪʢʣʦʥʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ, L ï 

ʧʘʨʘʤʝʪʨ ʩʤʘʯʠʚʘʷ (ʧʘʨʘʤʝʪʨ ʍʦʢʠʥʛʘ), z  ï ʢʦʦʨʜʠʥʘʪʘ, ʦʩʴ ʢʦʪʦʨʦʡ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʧʦʜʣʦʞʢʝ, ʧʦ ʢʦʪʦʨʦʡ ʜʚʠʞʝʪʩʷ ʣʠʥʠʷ ʢʦʥʪʘʢʪʘ, a  ï 

ʵʬʬʝʢʪʠʚʥʘʷ ʘʤʧʣʠʪʫʜʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 
sJ  ï ʫʛʦʣ ʥʘʩʳʱʝʥʠʷ, ( )L a  ï 

ʬʫʥʢʮʠʷ ʃʘʥʞʝʚʝʥʘ. 

 

ʈʠʩ. 1. ɻʝʦʤʝʪʨʠʷ ʟʘʜʘʯʠ 
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ɺ ʟʘʤʢʥʫʪʦʤ ʩʦʩʫʜʝ ʢʨʫʛʣʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʟʘʧʦʣʥʝʥʥʦʛʦ 

ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʴʶ ʧʣʦʪʥʦʩʪʠ *

er, ʧʦʤʝʱʝʥʘ ʢʘʧʣʷ ʥʝʩʞʠʤʘʝʤʦʡ 

ʞʠʜʢʦʩʪʠ ʩ ʧʣʦʪʥʦʩʪʴʶ *

ir (ʨʠʩ. 1). ʉʥʘʨʫʞʠ ʢ ʧʨʦʚʦʜʷʱʠʤ ʪʦʨʮʘʤ ʩʦʩʫʜʘ, 

ʧʦʢʨʳʪʳʤ ʠʟʥʫʪʨʠ ʩʣʦʝʤ ʜʠʵʣʝʢʪʨʠʢʘ, ʧʨʠʢʣʘʜʳʚʘʝʪʩʷ ʧʝʨʝʤʝʥʥʦʝ 

ʥʘʧʨʷʞʝʥʠʝ, ʠʤʝʶʱʝʝ ʯʘʩʪʦʪʫ 
*w, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʦʟʙʫʞʜʘʪʴ ʚʥʫʪʨʠ ʩʦʩʫʜʘ 

ʧʝʨʝʤʝʥʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʩʦʩʫʜ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʧʣʦʩʢʠʡ ʢʦʥʜʝʥʩʘʪʦʨ, ʚʥʫʪʨʠ ʢʦʪʦʨʦʛʦ ʥʘʭʦʜʷʪʩʷ ʜʚʝ ʞʠʜʢʦʩʪʠ ʩ 

ʜʝʬʦʨʤʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʨʘʟʜʝʣʘ (ʨʠʩ. 1). ɺʥʝʰʥʝʝ ʧʦʣʝ ʜʝʡʩʪʚʫʝʪ ʥʘ 

ʣʠʥʠʶ ʢʦʥʪʘʢʪʘ ʢʘʢ ʧʝʨʠʦʜʠʯʝʩʢʘʷ ʩʠʣʘ ʩ ʘʤʧʣʠʪʫʜʦʡ *a  ʠ ʯʘʩʪʦʪʦʡ *2w . 

ʕʪʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʚʥʝʰʥʷʷ ʩʠʣʘ ʜʝʡʩʪʚʫʝʪ ʥʘ ʚʩʶ ʩʠʩʪʝʤʫ ʚ ʮʝʣʦʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʜʠʥʘʤʠʢʘ 

ʣʠʥʠʠ ʦʧʠʩʳʚʘʝʪʩʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʝʤ (1) ʩ ʫʯʝʪʦʤ 

ʥʘʩʳʱʝʥʠʷ ʢʨʘʝʚʦʛʦ ʫʛʣʘ. 

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʦʢʘʟʘʥʳ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʢʦʣʝʙʘʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʣʠ ʠ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʜʣʷ ʨʘʟʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʩʤʘʯʠʚʘʥʠʷ. 

   
ʘ) ʙ) ʚ) 

ʈʠʩ. 2. ɸʤʧʣʠʪʫʜʘ ʣʠʥʠʠ ʢʦʥʪʘʢʪʘ (ʘ), ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 0.25z =  ʠ 

ʢʨʘʝʚʦʛʦ ʫʛʣʘ (ʚ) ʦʪ ʯʘʩʪʦʪʳ w ( 1b= , 0.7ir= , 10a = , 60o

sJ= ). 

0.01u bl l= =  ï ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ, 0.01u bl l= = ï ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ, 

100u bl l= =  ï ʧʫʥʢʪʠʨʘʥʷ ʣʠʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄ˉ 24-21-00379, https://rscf.ru/project/24-21-00379/. 
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ʟʥʘʯʠʪʝʣʴʥʳʝ ʚʘʨʠʘʮʠʠ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʚ ʨʘʟʣʠʯʥʳʝ ʬʘʟʳ ʧʨʠʣʠʚʥʦʛʦ 

ʮʠʢʣʘ ʠ ʧʦʷʚʣʝʥʠʝ ʦʙʣʘʩʪʝʡ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʴʶ ʧʦʩʣʝ 

ʩʤʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʆʥʝʛʘ, ʨʝʚʝʨʩʠʚʥʦʝ ʪʝʯʝʥʠʝ, ʪʫʨʙʫʣʝʥʪʥʘʷ ʚʷʟʢʦʩʪʴ 

NEGATIVE TURBUL ENT VISCOSITY IN THE UNDER-ICE 

TIDAL CURRENT IN THE ONEGA ESTUARY 

A. M. Alabyana, N. A. Antipovb, E. D. Panchenkoc 
aLomonosov Moscow State University, 

1 Leninskie Gory, Faculty of Geography, 119991, Moscow 
bMoscow Institute of Physics and Technology 

9 Institutskiy Pereulok, 141701, Moscow Region, Dolgoprudnyi 
cInstitute of Water Problems of the Russian Academy of Sciences 

3 Gubkina St., 119333, Moscow 

A special hydrometric experiment at the Onega meso-tidal estuary using an acoustic 

Doppler current profiler showed significant variations in turbulent viscosity in 

different phases of the tidal cycle and the appearance of areas with negative turbulent 

viscosity after a change in the direction of the main current. 

Key words: Onega river, reversible flow, turbulent viscosity 

8ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʷʚʣʝʥʠʝ, ʥʘʟʳʚʘʝʤʦʝ çʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʴʶè, ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʥʘʨʫʰʘʝʪʩʷ ʦʙʳʯʥʳʡ 

ʧʦʨʷʜʦʢ ʜʠʩʩʠʧʘʮʠʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʜʚʠʞʫʱʝʡʩʷ ʞʠʜʢʦʩʪʠ ʠʣʠ ʛʘʟʘ, 

ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʧʝʨʝʜʘʯʝ ʵʥʝʨʛʠʠ ʦʪ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʢ 

ʚʠʭʨʝʚʦʤʫ, ʠ ʧʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʚʠʭʨʝʡ ʜʦ ʩʫʙʤʦʣʝʢʫʣʷʨʥʦʛʦ ʨʘʟʤʝʨʘ ï ʚ 

ʪʝʧʣʦ (ʢʘʩʢʘʜ ʂʦʣʤʦʛʦʨʦʚʘ). ɺ ʩʣʫʯʘʝ ʦʙʨʘʪʥʦʡ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʚʠʭʨʝʡ 

ʧʦʩʪʫʧʘʪʝʣʴʥʦʤʫ ʜʚʠʞʝʥʠʶ ʧʨʦʷʚʣʷʝʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʘʷ ʚʷʟʢʦʩʪʴ. ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʠʥʷʪʦʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʝʡ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʝʨʝʜʘʯʘ ʵʥʝʨʛʠʠ ʧʫʣʴʩʘʮʠʡ 
                                                           

É ɸʣʘʙʷʥ ɸ. ʄ., ɸʥʪʠʧʦʚ ʅ. ɸ., ʇʘʥʯʝʥʢʦ ɽ. ɼ., 2025 
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ʧʦʩʪʫʧʘʪʝʣʴʥʦʤʫ ʜʚʠʞʝʥʠʶ ʞʠʜʢʦʩʪʠ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʦʪʨʠʮʘʪʝʣʴʥʳʭ 

ʟʥʘʯʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ (ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʦʙʤʝʥʘ), 

ʢʦʛʜʘ ʵʥʝʨʛʠʷ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʝʨʝʜʘʝʪʩʷ ʦʪ "ʙʦʣʝʝ ʤʝʜʣʝʥʥʳʭ" 

ʩʣʦʝʚ ʞʠʜʢʦʩʪʠ ʢ "ʙʦʣʝʝ ʙʳʩʪʨʳʤ" (ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʠʭ 

ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ). 

ʕʬʬʝʢʪʳ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩʦ 

ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʳ ʍʍ ʚʝʢʘ [1, 2] ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʚ ʘʪʤʦʩʬʝʨʥʳʭ ʧʨʦʮʝʩʩʘʭ, 

ʧʨʠʯʝʤ ʥʝ ʪʦʣʴʢʦ ʚ ʘʪʤʦʩʬʝʨʝ ɿʝʤʣʠ, ʥʦ ʠ ʉʦʣʥʮʘ, ʖʧʠʪʝʨʘ ʠ ʉʘʪʫʨʥʘ, ʘ 

ʪʘʢʞʝ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʩʧʠʨʘʣʴʥʳʤ ʛʘʣʘʢʪʠʢʘʤ ʠ ʦʢʦʣʦʩʦʣʥʝʯʥʦʡ 

ʪʫʤʘʥʥʦʩʪʠ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʨʝʟʫʣʴʪʘʪʳ ʤʥʦʛʠʭ ʚʳʩʦʢʦʪʦʯʥʳʭ ʠʟʤʝʨʝʥʠʡ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʩʨʝʜʥʝʥʥʳʭ ʩʢʦʨʦʩʪʝʡ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ ʠʣʠ ʛʘʟʘ ʚ ʪʨʫʙʘʭ 

ʠ ʚ ʧʦʛʨʘʥʩʣʦʝ ʫ ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʳ ʪʘʢʞʝ ʧʦʜʪʚʝʨʜʠʣʠ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʩʣʦʷ 

ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʷʟʢʦʩʪʴʶ [3]. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚ ʦʢʝʘʥʘʭ ʧʨʦʷʚʣʝʥʠ ̫

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʧʨʠ ʧʝʨʝʜʘʯʝ ʵʥʝʨʛʠʠ 

ʧʦ ʢʘʩʢʘʜʫ ʤʝʟʦʤʘʩʰʪʘʙʥʳʭ ʚʠʭʨʝʡ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʚrʪʷʛʠʚʘʥʠʠ ʚ 

ʩʫʙʤʝʟʦʤʘʩʰʪʘʙʥʳʝ ʚʠʭʨʝʚʳʝ ʥʠʪʠ [4]. 

ʆʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʩʣʝʜʩʪʚʠʡ ʧʨʦʷʚʣʝʥʠʷ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʷʟʢʦʩʪʠ ʥʘ ʧʨʠʣʠʚʥʳʭ ʫʯʘʩʪʢʘʭ ʨʝʢ ʩ ʨʝʚʝʨʩʠʚʥʳʤ 

ʜʚʠʞʝʥʠʝʤ ʚʦʜ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ 

ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠ̫, ʯʪʦ ʚʧʝʨʚʳʝ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʚ 2016 ʛ. 

ʥʘ ʫʩʪʴʝʚʦʤ ʫʯʘʩʪʢʝ ʨʝʢʠ ʂʷʥʜʘ (ʚʧʘʜʘʝʪ ʚ ʆʥʝʞʩʢʠʡ ʟʘʣʠʚ ɹʝʣʦʛʦ ʤʦʨʷ) ʧʨʠ 

ʨʘʩʯʝʪʝ ʚʝʣʠʯʠʥ ʯʣʝʥʦʚ ʫʨʘʚʥʝʥʠʡ ʉʝʥ-ɺʝʥʘʥʘ [5]. ʇʦʩʣʝʜʫʶʱʠʝ 

ʚʳʩʦʢʦʪʦʯʥʳʝ ʛʠʜʨʦʤʝʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʥʘ ʧʨʠʣʠʚʥʳʭ ʨʝʢʘʭ ʊʘʤʠʮʘ ʠ 

ʉʸʤʞʘ (ʚʧʘʜʘʶʪ ʚ ʆʥʝʞʩʢʠʡ ʠ ʄʝʟʝʥʩʢʠʡ ʟʘʣʠʚʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʜʘʥʥʳʡ 

ʬʝʥʦʤʝʥ ʧʦʜʪʚʝʨʜʠʣʠ [5-8]. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʧʨʠ ʦʜʥʦʤʝʨʥʦʡ ʩʭʝʤʘʪʠʟʘʮʠʠ ʚʦʜʥʦʛʦ ʧʦʪʦʢʘ 

ʧʨʦʷʚʣʝʥʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʚʦʟʤʦʞʥʦ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʵʥʝʨʛʠʠ ʪʫʨʙʫʣʝʥʪʥʳʭ ʧʫʣʴʩʘʮʠʡ 

(ʚʠʭʨʝʚʦʛʦ ʜʚʠʞʝʥʠʷ) ʥʝ ʜʠʩʩʠʧʠʨʫʝʪʩʷ ʚ ʪʝʧʣʦ, ʘ ʚʦʟʚʨʘʱʘʝʪʩʷ 

ʧʦʩʪʫʧʘʪʝʣʴʥʦʤʫ ʜʚʠʞʝʥʠʶ ʚʦʜʥʦʡ ʤʘʩʩʳ, ʪ.ʝ. ʢʦʛʜʘ ʦʪʨʠʮʘʪʝʣʴʥʘʷ 

ʪʫʨʙʫʣʝʥʪʥʘʷ ʚʷʟʢʦʩʪʴ ʧʨʝʦʙʣʘʜʘʝʪ ʚ ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʧʦʪʦʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʬʝʥʦʤʝʥ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʘʥʘʣʦʛʠʯʥʦ 

ʬʝʥʦʤʝʥʫ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʷʟʢʦʩʪʠ) ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʧʝʨʝʥʦʩʘ 

ʦʜʥʦʤʝʨʥʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʩʠʣʳ ʞʠʜʢʦʛʦ ʪʨʝʥʠʷ ʜʣʷ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʳʭ 

ʨʫʩʣʦʚʳʭ ʧʦʪʦʢʦʚ (ʯʝʨʝʟ ʫʢʣʦʥ ʪʨʝʥʠʷ ʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʐʝʟʠ, ʄʘʥʥʠʥʛʘ 

ʠ/ʠʣʠ ɼʘʨʩʠ-ɺʝʡʩʙʘʭʘ) ʥʘ ʧʨʠʣʠʚʥʳʝ ʨʝʚʝʨʩʠʚʥʳʝ ʪʝʯʝʥʠʷ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʦʧʦʩʪʘʚʣʝʥʠ ̫ʚʘʨʠʘʮʠʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʨʝʚʝʨʩʠʚʥʦʛʦ ʧʨʠʣʠʚʥʦʛʦ ʪʝʯʝʥʠʷ ʠ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ 

ʪʝʯʝʥʠʝ ʧʦʣʫʩʫʪʦʯʥʦʛʦ ʧʨʠʣʠʚʥʦʛʦ ʮʠʢʣʘ ʥʘ ʧʨʠʣʠʚʥʳʭ ʨʝʢʘʭ ɹʝʣʦʤʦʨʩʢʦʛʦ 

ʙʘʩʩʝʡʥʘ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʨʘʟʚʦʨʦʪʝ ʪʝʯʝʥʠʷ ʚʦʟʤʦʞʥʘ ʧʦʜʧʠʪʢʘ 

ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʦʜʥʦʡ ʤʘʩʩʳ ʵʥʝʨʛʠʝʡ ʧʫʣʴʩʘʮʠʡ (ʚʠʭʨʝʚʦʛʦ 

ʜʚʠʞʝʥʠʷ). ʇʨʠ ʵʪʦʤ ʩʫʱʝʩʪʚʝʥʥʳʝ ʚʘʨʠʘʮʠʠ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪ ʢʘʢ ʨʘʟ ʚ ʧʝʨʠʦʜʳ ʚʨʝʤʝʥʠ ʠ ʬʘʟʳ ʧʨʠʣʠʚʥʦʛʦ 

ʮʠʢʣʘ, ʢʦʛʜʘ ʵʥʝʨʛʠʷ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʦʜʥʦʡ ʤʘʩʩʳ ʠ ʚʠʭʨʝʚʦʛʦ 
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ʜʚʠʞʝʥʠʷ ʩʦʠʟʤʝʨʠʤʳ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ɼʘʨʩʠ-ɺʝʡʩʙʘʭʘ ʧʨʠʥʠʤʘʝʪ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʩʨʘʟʫ 

ʧʦʩʣʝ ʨʘʟʚʦʨʦʪʘ ʪʝʯʝʥʠʷ ʚ ʥʘʯʘʣʝ ʧʨʠʣʠʚʘ ʠ ʦʪʣʠʚʘ, ʪ.ʝ. ʢʘʢ ʨʘʟ ʚ ʪʝ 

ʚʨʝʤʝʥʥʝr ʦʪʨʝʟʢʠ, ʢʦʛʜʘ ʵʥʝʨʛʠ ̫ ʚʠʭʨʝʚʦʛʦ ʜʚʠʞʝʥʠʷ ʧʨʝʚʦʩʭʦʜʠʪ 

ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʦʜʥʦʡ ʤʘʩʩʳ. 

ʇʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʟʦʥ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʚ ʧʨʠʣʠʚʥʳʭ ʪʝʯʝʥʠʷʭ ʧʦʜ ʣʝʜʷʥʳʤ ʧʦʢʨʦʚʦʤ ʙʳʣʦ 

ʚʧʝʨʚʳʝ ʚʳʩʢʘʟʘʥʦ ʛʨʫʧʧʦʡ ʫʯʝʥʳʭ ʀʥʩʪʠʪʫʪʘ ʚʦʜʥʳʭ ʧʨʦʙʣʝʤ ɸʅ ʉʉʉʈ ʚ 

80-ʝ ʛʦʜʳ ʧʨʦʰʣʦʛʦ ʚʝʢʘ, ʠʟʫʯʘʚʰʠʭ ʚ ʫʩʪʴʝ ʆʥʝʛʠ ʪʨʘʥʩʬʦʨʤʘʮʠʶ ʵʧʶʨ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ ʚ ʭʦʜʝ ʧʨʠʣʠʚʥʦʛʦ ʮʠʢʣʘ [9]. 

ʉ ʮʝʣʴʶ ʧʦʜʪʚʝʨʜʠʪʴ (ʠʣʠ ʦʧʨʦʚʝʨʛʥʫʪʴ) ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʷʚʣʝʥʠʷ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʚ ʧʨʠʣʠʚʥʦʤ ʫʩʪʴʝ ʚ ʫʩʣʦʚʠʷʭ 

ʣʝʜʦʩʪʘʚʘ ʫʩʪʴʝ ʆʥʝʛʠ ʚ ʷʥʚʘʨʝ 2019 ʛ. ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʩʧʝʮʠʘʣʴʥʳʝ 

ʛʠʜʨʦʤʝʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʧʦʤʦʱʠ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʦʧʣʝʨʦʚʩʢʦʛʦ 

ʧʨʦʬʠʣʦʛʨʘʬʘ RiverRay, ʩʪʘʮʠʦʥʘʨʥʦ ʟʘʢʨʝʧʣʝʥʥʦʛʦ ʚ ʧʨʦʨʫʙʠ.  

ɸʥʘʣʠʟ ʟʘʧʠʩʝʡ ʧʨʦʬʠʣʦʛʨʘʬʘ ʧʦʟʚʦʣʠʣ ʨʘʩʩʯʠʪʘʪʴ ʪʫʨʙʫʣʝʥʪʥʳʝ 

ʢʘʩʘʪʝʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ t, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʯʝʨʝʟ ʢʦʚʘʨʠʘʮʠʶ 

ʧʫʣʴʩʘʮʠʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ ,i ju¡ ʧʦ ʬʦʨʤʫʣʝ ʈʝʡʥʦʣʴʜʩʘ-

ʃʦʨʝʥʩʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʚʳʯʠʩʣʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʫʨʙʫʣʝʥʪʥʦʡ 

ʚʷʟʢʦʩʪʠ vʪ ʧʦ ʬʦʨʤʫʣʝ ɹʫʩʩʠʥʝʩʢʘ (r ï ʧʣʦʪʥʦʩʪʴ ʚʦʜʳ) 

†  ”όό ”’̓
Ὠό

Ὠᾀ
 

ʠ ʧʦʩʪʨʦʠʪʴ ʵʧʶʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʧʦ 

ʚʝʨʪʠʢʘʣʠ (ʨʠʩ. 1). ɹʳʣʘ ʚʳʷʚʣʝʥʘ ʯʝʪʢʘʷ ʪʝʥʜʝʥʮʠ ̫ ʧʦʷʚʣʝʥʠʷ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʧʦʩʣʝ ʨʘʟʚʦʨʦʪʘ ʪʝʯʝʥʠʷ ʢʘʢ ʚ ʥʠʟʢʫʶ 

ʚʦʜʫ ʧʨʠ ʥʘʯʘʣʝ ʧʨʠʣʠʚʘ, ʪʘʢ ʠ ʚ ʚʳʩʦʢʫʶ ʚʦʜʫ ʚ ʥʘʯʘʣʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʦʪʣʠʚʥʦʛʦ ʪʝʯʝʥʠʷ (ʨʠʩ. 2). ʕʪʦ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʟʫʣʴʪʘʪʘʤ 

ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʠʥʘʤʠʢʠ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ 

ʪʝʯʝʥʠʝ ʧʨʠʣʠʚʥʦʛʦ ʮʠʢʣʘ. 

ʌʘʟʳ ʧʨʠʣʠʚʥʦʛʦ ʮʠʢʣʘ ʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʨʦʷʚʣʝʥʠʷ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʷʟʢʦʩʪʠ ʚ ʫʩʪʴʝ ʆʥʝʛʠ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʠʦʜʘʤ ʠ 

ʬʘʟʘʤ ʧʨʠʣʠʚʥʦʛʦ ʮʠʢʣʘ, ʚ ʢʦʪʦʨʳʝ ʦʪʤʝʯʘʶʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ɼʘʨʩʠ-ɺʝʡʩʙʘʭʘ ʥʘ ʂʷʥʜʝ, 

ʊʘʤʠʮʝ ʠ ʉʸʤʞʝ [5-8]. 

ʂ ʩʦʞʘʣʝʥʠʶ, ʦʪʨʠʮʘʪʝʣʴʥʘʷ ʚʷʟʢʦʩʪʴ ï ɻ ʪʦ ʥʝ ʩʪʦʣʴ ʧʦʣʝʟʥʳʡ ʬʝʥʦʤʝʥ, 

ʢʘʢ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ ʠʣʠ ʩʚʝʨʭʪʝʢʫʯʝʩʪʴ, ʘ ʚʩʝʛʦ ʣʠʰʴ ʩʣʝʜʩʪʚʠʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʞʠʜʢʦʛʦ ʣʘʤʠʥʘʨʥʦʛʦ ʪʨʝʥʠʷ ʅʴʶʪʦʥʘ ʥʘ 

ʪʫʨʙʫʣʝʥʪʥʳʝ ʧʦʪʦʢʠ ʈʝʡʥʦʣʴʜʩʦʤ ʠ ɹʫʩʩʠʥʝʩʢʦʤ [7].  
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ʈʠʩ. 1 ʀʟʤʝʥʝʥʠʝ ʚʝʨʪʠʢʘʣʴʥʳʭ ʵʧʶʨ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʫʨʙʫʣʝʥʪʥʦʡ 

ʚʷʟʢʦʩʪʠ ʥʘ ʫʩʪʴʝʚʦʤ ʫʯʘʩʪʢʝ ʨ. ʆʥʝʛʠ ʚ ʪʝʯʝʥʠʝ ʧʨʠʣʠʚʥʦʛʦ ʮʠʢʣʘ 

30.01.2019 ʛ. 

 

ʈʠʩ. 2 ʀʟʤʝʥʝʥʠʝ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ (ʢʨʘʩʥʳʝ ʪʦʯʢʠ ʠ ʣʠʥʠʷ, 

ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ï ʚ ʩʪʦʨʦʥʫ ʤʦʨʷ) ʠ ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʚʝʨʪʠʢʘʣʠ 

ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ (ʩʠʥʠʝ ʪʦʯʢʠ ʠ 

ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ʪʨʝʥʜʘ) ʥʘ ʫʩʪʴʝʚʦʤ ʫʯʘʩʪʢʝ ʨ.  ʆʥʝʛʠ ʚ ʭʦʜʝ ʧʨʠʣʠʚʥʦʛʦ 

ʮʠʢʣʘ 30.01.2019 ʛ. 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʚʳʧʦʣʥʝʥʥʦʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʦʚʝʡʰʝʡ 

ʚʝʨʩʠʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʤʦʜʝʣʠ STREAM 2D CUDA [10], ʧʦʟʚʦʣʠʣʦ 

ʩʤʦʜʝʣʠʨʦʚʘʪʴ ʚ ʨʝʚʝʨʩʠʚʥʦʤ ʧʦʪʦʢʝ ʟʦʥʳ ʠ ʚʨʝʤʝʥʥʳʝ ʠʥʪʝʨʚʘʣʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʧʨʝʜʝʣʝʥʠʶ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʷʟʢʦʩʪʠ, 

ʢʦʛʜʘ ʦʜʥʦʤʝʨʥʘʷ ʦʜʥʦʯʣʝʥʥʘʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʩʠʣ 

ʧʨʠʚʦʜʠʪ ʢ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ 

ʪʨʝʥʠʷ ɼʘʨʩʠ-ɺʝʡʩʙʘʭʘ [11]. ʕʪʦ ʦʢʘʟʘʣʦʩʴ ʚʦʟʤʦʞʥʳʤ ʧʨʠ ʟʘʜʘʥʠʠ 

ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʩʚʷʟʠ 

ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩ ʥʝʢʦʨʨʝʢʪʥʦʩʪʴʶ 

ʦʜʥʦʤʝʨʥʦʛʦ ʦʧʠʩʘʥʠʷ ʠ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ ʚ 

ʨʝʚʝʨʩʠʚʥʳʭ ʪʝʯʝʥʠʷʭ. ʆʜʥʘʢʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʠʯʠʥ ʠ ʤʝʭʘʥʠʟʤʘ ʧʦʷʚʣʝʥʠʷ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʷʟʢʦʩʪʠ ʚ ʧʨʠʣʠʚʥʳʭ ʫʩʪʴʷʭ ʨʝʢ ʠʤʝʝʪ ʧʨʘʢʪʠʯʝʩʢʫʶ 

ʟʥʘʯʠʤʦʩʪʴ ʜʣʷ ʦʮʝʥʢʠ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʩʦʧʨʦʪʠʚʣʝʥʠʡ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʛʠʜʨʦʪʝʭʥʠʯʝʩʢʠʭ ʩʦʦʨʫʞʝʥʠʡ (ʧʨʠʣʠʚʥʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ, ʧʦʨʪʳ), ʘ ʚ 
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ʜʦʣʛʦʩʨʦʯʥʦʡ ʧʝʨʩʧʝʢʪʠʚʝ ʤʦʞʝʪ ʧʦʩʣʫʞʠʪʴ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʝʤʦʚ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʪʫʨʙʫʣʝʥʪʥʳʝ ʧʦʪʦʢʠ ʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ, 

ʧʨʦʝʢʪʳ ˉ 22-29-01184, https://rscf.ru/project/22-29-01184/ ʠ 

ˉ  21 ï 77 - 30010 - ʇ, https://rscf.ru/project/21-77-30010/. 
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ʅʀɿʂʆʏɸʉʊʆʊʅʓʁ ɻɸɿʆɺʓʁ ʈɸɿʈʗɼ 

ɺ ʇʆʃɽ ʄʀʂʈʆɺʆʃʅʆɺʆɻʆ ʀɿʃʋʏɽʅʀʗ 
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426067, ʀʞʝʚʩʢ, ʫʣ. ʊ. ɹʘʨʘʤʟʠʥʦʡ, 34 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʦʟʙʫʞʜʝʥʠʝ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʳ ʚ ʥʠʟʢʦʚʘʢʫʫʤʥʦʡ ʛʘʟʦʚʦʡ 

ʩʨʝʜʝ ʚ ʢʚʘʨʮʝʚʳʭ ʪʨʫʙʢʘʭ, ʨʘʟʤʝʱʝʥʥʳʭ ʚʙʣʠʟʠ ʠ ʚ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ ʩ 

ʦʪʢʨʳʪʳʤʠ ʪʦʨʮʘʤʠ ʉɺʏ ʠʟʣʫʯʘʪʝʣʝʡ, ʩʦʜʝʨʞʘʱʠʭ ʤʘʛʥʝʪʨʦʥ ʩ ʨʘʙʦʯʝʡ 

ʯʘʩʪʦʪʦʡ 2.45 ɻɻʮ. ʄʝʪʘʣʣʠʯʝʩʢʠʝ ʧʨʦʚʦʜʥʠʢʠ ʠ ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʠʩʢʨʦʚʦʡ 

ʨʘʟʨʷʜ ï ʩʪʨʠʤʝʨ ʚʥʫʪʨʠ ʪʨʫʙʦʢ ʠʥʠʮʠʠʨʫʶʪ ʙʳʩʪʨʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʧʣʘʟʤʳ ʚ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʠʟʣʫʯʝʥʠʷ 

ʩʪʨʠʤʝʨʳ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʚ ʦʙʲʝʤʝ ʠ ʨʘʟʚʝʪʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʧʣʘʟʤʝʥʥʳʭ 

ʩʚʝʪʷʱʠʭʩʷ ʥʠʪʝʡ, ʚʳʪʷʛʠʚʘʶʱʠʭʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʠʟʣʫʯʝʥʠʷ. ʇʨʠ ʥʘʣʠʯʠʠ 

ʜʣʠʥʥʳʭ ʧʨʦʚʦʜʷʱʠʭ ʵʣʝʢʪʨʦʜʦʚ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʩʪʨʠʤʝʨʳ ʧʝʨʝʤʝʱʘʶʪʩʷ 

ʉɺʏ ʚʦʣʥʘʤʠ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʦʚ, ʦʙʨʘʟʫʷ ʢʘʨʪʠʥʫ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʧʣʘʟʤʝʥʥʳʭ ʢʘʥʘʣʦʚ. ʅʠʟʢʦʯʘʩʪʦʪʥʳʡ ʠʩʢʨʦʚʦʡ ʨʘʟʨʷʜ ʠ 

ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ ʚ ʧʦʪʦʢʝ ʛʘʟʘ ʤʦʛʫʪ ʩʦʟʜʘʚʘʪʴ ʩʪʨʫʶ ʧʣʘʟʤʳ 

ʘʪʤʦʩʬʝʨʥʦʛʦ ʜʘʚʣʝʥʠʷ. ʋʩʠʣʝʥʠʝ ʧʣʘʟʤʝʥʥʦʛʦ ʪʦʢʘ ʚ ʩʪʨʠʤʝʨʘʭ ʠ ʪʨʘʥʩʧʦʨʪ 

ʩʪʨʠʤʝʨʦʚ ʚ ʧʦʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʣʘʟʤʝʥʥʦʤ ʪʦʢʝ ʠ ʜʝʡʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʤʠʢʨʦʚʦʣʥ ʥʘ ʩʪʨʠʤʝʨʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ; ʧʣʘʟʤʘ; ʩʪʨʠʤʝʨ  

LOW -FREQUENCY GAS DISCHARGE 

IN A MICROWAVE RADIATION FIELD  

V. A. Aleksandrov, M. Yu. Alies  

Udmurt Federal Research Center UB RAS,  

34 T. Baramzina St., 426067, Izhevsk9 

The excitation of microwave plasma in a low-vacuum gas environment in quartz 

tubes placed near and in the cavity of a waveguide with open ends of microwave 

emitters containing a magnetron with an operating frequency of 2.45 GHz has been 

studied. Metal conductors and a low-frequency spark discharge - streamer inside the 

tubes initiate rapid excitation of the plasma in the electromagnetic field of microwave 

radiation. Under the influence of radiation, streamers increase in volume and branch 

out in the form of plasma luminous filaments, extending in the direction of radiation. 

In the presence of long conducting electrodes of a spark discharge, streamers move 

by microwave waves along the surface of the electrodes, forming a picture of 

periodically repeating plasma channels. Low-frequency spark discharge and 

microwave radiation in the gas flow can create a jet of plasma at atmospheric 

pressure. The increase in plasma current in streamers and the transport of streamers 

in the field of microwave radiation indicate an increase in the number of electrons in 

the plasma current and the effect of the magnetic field of microwaves on streamers.  

Keywords: microwave radiation; plasma; streamer 

                                                           

É ɸʣʝʢʩʘʥʜʨʦʚ ɺ. ɸ., ɸʣʴʝʩ M. ʖ., 2025 



45 

ʇʣʘʟʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʯʘʩʪʠʯʥʦ ʠʣʠ ʧʦʣʥʦʩʪʴʶ ʠʦʥʠʟʦʚʘʥʥʳʡ ʛʘʟ 

ʠ ʝʝ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʩʧʣʦʰʥʫʶ ʩʨʝʜʫ ʠ ʧʨʦʚʦʜʷʱʫʶ ʞʠʜʢʦʩʪʴ [1], 

ʥʘ ʢʦʪʦʨʫʶ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʝʡʩʪʚʫʶʪ ʩʠʣʳ ɸʤʧʝʨʘ. ʅʘ ʜʚʠʞʝʥʠʠ 

ʦʙʲʝʤʦʚ ʛʘʟʘ ʩ ʧʣʘʟʤʝʥʥʳʤ ʪʦʢʦʤ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʵʣʝʢʪʨʦʜʦʚ ʩ ʪʦʢʦʤ 

ʦʩʥʦʚʘʥʘ ʨʘʙʦʪʘ ɻʣʝʢʪʨʦʨʘʟʨʷʜʥʳʭ ʠ ʨʝʣʴʩʦʚʳʭ ʫʩʢʦʨʠʪʝʣʝʡ ʧʣʘʟʤʳ [2, 3]. 

ʇʣʘʟʤʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʠ ʙʝʟ ʵʣʝʢʪʨʦʜʦʚ ʚ ʥʠʟʢʦʚʘʢʫʫʤʥʦʡ ʛʘʟʦʚʦʡ 

ʩʨʝʜʝ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʉɺʏ ʠʟʣʫʯʝʥʠʷ, ʧʦʪʦʢ ʧʣʘʟʤʳ ʧʨʠ 

ʵʪʦʤ ʩʦʟʜʘʝʪʩʷ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

[4]. ʄʠʢʨʦʚʦʣʥʦʚʘʷ ʧʣʘʟʤʘ, ʧʦʣʫʯʘʝʤʘʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʛʥʝʪʨʦʥʦʚ ʩ 

ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʦʡ 2.45 ɻɻʮ, ʥʘʭʦʜʠʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʭ 

ʫʩʪʨʦʡʩʪʚʘʭ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ [5, 6]. 

ʀʟʚʝʩʪʥʳ ʫʩʪʨʦʡʩʪʚʘ, ʩʦʜʝʨʞʘʱʠʝ ʤʘʛʥʝʪʨʦʥ ʠ ʚʦʣʥʦʚʦʜ, ʩʦʟʜʘʶʱʠʝ ʧʦʪʦʢʠ 

ʘʪʤʦʩʬʝʨʥʦʡ ʉɺʏ ʧʣʘʟʤʳ [7], ʚ ʢʦʪʦʨʳʭ ʫʩʢʦʨʝʥʠʝ ʧʣʘʟʤʳ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ 

ʛʨʘʜʠʝʥʪʘ ʧʣʦʪʥʦʩʪʠ ʠʣʠ ʟʘ ʩʯʝʪ ʫʚʣʝʯʝʥʠʷ ʧʣʘʟʤʳ ʚʦʟʜʫʰʥʳʤ ʧʦʪʦʢʦʤ ʦʪ 

ʢʦʤʧʨʝʩʩʦʨʘ [8, 9]. ʇʨʠʤʝʥʝʥʠʝ ʧʣʘʟʤʳ ʚ ʥʘʫʢʝ ʠ ʪʝʭʥʠʢʝ ʧʦʜʦʛʨʝʚʘʝʪ 

ʠʥʪʝʨʝʩ ʢ ʨʘʟʨʘʙʦʪʢʘʤ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʧʨʦʩʪʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠ ʫʩʢʦʨʠʪʝʣʝʡ 

ʧʣʘʟʤʳ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʙʫʞʜʝʥʠʷ ʧʣʘʟʤʳ 

ʥʠʟʢʦʯʘʩʪʦʪʥʳʤ ʛʘʟʦʚʳʤ ʨʘʟʨʷʜʦʤ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʧʦʣʝ ʉɺʏ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ ʉɺʏ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʫʩʪʨʦʡʩʪʚʘ, 

ʩʦʜʝʨʞʘʱʠʝ ʠʩʪʦʯʥʠʢ ʪʦʢʘ, ʤʘʛʥʝʪʨʦʥ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʚʦʣʥʦʚʦʜ ʩ 

ʦʪʢʨʳʪʳʤʠ ʪʦʨʮʘʤʠ ʧʦʣʦʩʪʠ, ʚ ʢʦʪʦʨʫʶ ʚʩʪʨʦʝʥʳ ʘʥʪʝʥʥʘ ʤʘʛʥʝʪʨʦʥʘ ʠ 

ʯʝʪʚʝʨʪʴʚʦʣʥʦʚʦʡ ʨʝʟʦʥʘʪʦʨ [10]. ɺ ʠʟʣʫʯʘʪʝʣʷʭ ʧʨʠʤʝʥʝʥʳ ʠʩʪʦʯʥʠʢʠ 

ʧʠʪʘʥʠʷ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʧʝʯʝʡ ʠ ʤʘʛʥʝʪʨʦʥ r2M219J ʩ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʦʡ 2.45 

ɻɻʮ ʠ ʤʦʱʥʦʩʪʴʶ 950 ɺʪ.  ɺʦʣʥʦʚʦʜʳ ʠʟʣʫʯʘʪʝʣʝʡ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʠʟ 

ʣʠʩʪʦʚ ʣʘʪʫʥʠ ʃ63 ʪʦʣʱʠʥʦʡ 0,8 ʤʤ ʠ ʩʪʘʣʠ AISI 430 ʪʦʣʱʠʥʦʡ 0.5 ʤʤ ʩ 

ʟʝʨʢʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʐʠʨʠʥʘ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ ʩʦʩʪʘʚʣʷʣʘ 183 ʤʤ, 

ʚʳʩʦʪʘ ʧʦʣʦʩʪʠ ʥʘ ʪʦʨʮʝ c ʨʝʟʦʥʘʪʦʨʦʤ ʨʘʚʥʘ 20 ʤʤ, ʚʳʩʦʪʘ ʥʘ ʚʳʭʦʜʥʦʤ 

ʪʦʨʮʝ ï 15 ʤʤ. ʀʟʛʦʪʦʚʣʝʥʥʳʝ ʤʘʢʝʪʳ ʫʩʪʨʦʡʩʪʚʘ ʩʦʟʜʘʶʪ ʥʘʧʨʘʚʣʝʥʥʦʝ 

ʠʟʣʫʯʝʥʠʝ, ʨʝʛʠʩʪʨʠʨʫʝʤʦʝ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ ʜʦ 2000 ʤ.  ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʨʘʟʨʷʜʥʳʭ ʧʨʠʙʦʨʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʠʭ ʩʚʝʯʝʥʠʝ ʚʙʣʠʟʠ ʠ 

ʚ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ ʠʟʣʫʯʘʪʝʣʝʡ ʠ ʚʦʟʙʫʞʜʝʥʠʝ ʧʣʘʟʤʳ ʛʘʟʘ ʚʥʫʪʨʠ 

ʥʠʟʢʦʚʘʢʫʫʤʥʳʭ ʢʦʣʙ ʣʘʤʧ. 

ɼʣʷ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʘʪʤʦʩʬʝʨʥʦʡ ʧʣʘʟʤʳ ʚ ʧʦʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʠʩʢʨʦʚʦʡ ʨʘʟʨʷʜ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ 

ʨʘʟʥʦʚʠʜʥʦʩʪʴ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʟʘʟʦʨʝ ʤʝʞʜʫ 

ʵʣʝʢʪʨʦʜʘʤʠ ʚ ʚʠʜʝ ʪʦʥʢʦʛʦ ʥʠʪʝʚʠʜʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʢʘʥʘʣʘ ï ʩʪʨʠʤʝʨʘ. 

ʋʩʪʨʦʡʩʪʚʦ ʛʝʥʝʨʘʪʦʨʘ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚʢʣʶʯʘʝʪ 

ʠʩʪʦʯʥʠʢ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʚʳʩʦʢʦʚʦʣʴʪʥʳʡ ʪʨʘʥʩʬʦʨʤʘʪʦʨ, ʚ ʢʘʯʝʩʪʚʝ 

ʢʦʪʦʨʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʘʪʫʰʢʘ ʟʘʞʠʛʘʥʠʷ ʦʪ ʘʚʪʦʤʦʙʠʣʷ, ʵʣʝʢʪʨʦʜʳ, 

ʧʦʜʢʣʶʯʝʥʥʳʝ ʢ ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʦʙʤʦʪʢʝ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, ʤʦʱʥʳʡ ʧʦʣʝʚʦʡ 

ʪʨʘʥʟʠʩʪʦʨ, ʫʧʨʘʚʣʷʝʤʳʡ ʛʝʥʝʨʘʪʦʨʦʤ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʠʤʧʫʣʴʩʦʚ. ʅʘ 

ʧʝʨʚʠʯʥʫʶ ʦʙʤʦʪʢʫ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʧʦʜʘʚʘʣʩʷ ʯʝʨʝʟ 
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ʧʦʣʝʚʦʡ ʪʨʘʥʟʠʩʪʦʨ, ʯʘʩʪʦʪʘ ʠʤʧʫʣʴʩʦʚ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʩʦʚʧʘʜʘʝʪ ʩ 

ʯʘʩʪʦʪʦʡ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʧʦʩʪʫʧʘʶʱʠʭ ʥʘ ʟʘʪʚʦʨ ʪʨʘʥʟʠʩʪʦʨʘ.  

  

ʘ) ʙ) 

ʈʠʩ. 1. ʅʠʟʢʦʯʘʩʪʦʪʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʨʘʟʨʷʜ ʚʦʟʜʫʭʘ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ 

(ʘ) ʠ ʧʣʘʟʤʘ ʚ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʝ, ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʥʘʧʨʦʪʠʚ ʪʦʨʮʘ 

ʚʦʣʥʦʚʦʜʘ (ʙ) 

 

    

ʘ) ʙ) ʚ) ʛ) 

ʈʠʩ. 2. ʀʩʢʨʦʚʳʝ ʨʘʟʨʷʜʳ (ʘ) ʠ ʉɺʏ ʧʣʘʟʤʘ (ʙ) ʚ ʧʦʣʦʩʪʠ ʣʘʪʫʥʥʦʛʦ 

ʚʦʣʥʦʚʦʜʘ, ʠʩʢʨʦʚʦʡ ʨʘʟʨʷʜ (ʚ) ʠ ʧʣʘʟʤʘ (ʛ) ʚ ʧʦʣʦʩʪʠ ʩʪʘʣʴʥʦʛʦ 

ʚʦʣʥʦʚʦʜʘ 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʘʪʤʦʩʬʝʨʥʦʡ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʳ 

ʵʣʝʢʪʨʦʜʳ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʨʘʟʤʝʱʘʣʠʩʴ ʚ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʝ, 

ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʚʙʣʠʟʠ ʪʦʨʮʘ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ (ʨʠʩ. 1) ʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʧʦʣʦʩʪʠ ʣʘʪʫʥʥʦʛʦ ʠ ʩʪʘʣʴʥʦʛʦ ʚʦʣʥʦʚʦʜʦʚ (ʨʠʩ. 2) ʠʟʣʫʯʘʪʝʣʝʡ. ʇʨʠ 

ʥʘʣʠʯʠʠ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʩ ʯʘʩʪʦʪʦʡ ʠʤʧʫʣʴʩʦʚ 100õ125 ɻʮ ʤʝʞʜʫ 

ʵʣʝʢʪʨʦʜʘʤʠ ʚ ʢʚʘʨʮʝʚʦʡ ʪʨʫʙʢʝ ʠʣʠ ʚ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ ʚ ʟʘʟʦʨʘʭ 

ʚʝʣʠʯʠʥʦʡ 3õ4 ʤʤ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ ʛʝʥʝʨʘʪʦʨʘ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʠ 

ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚʦʣʥʦʚʦʜʘ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʤʘʛʥʝʪʨʦʥʘ 

ʟʘʞʠʛʘʝʪʩʷ ʘʪʤʦʩʬʝʨʥʘʷ ʧʣʘʟʤʘ, ʦʙʲʝʤ ʢʦʪʦʨʦʡ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ 

ʦʙʲʝʤ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ. ɻʝʥʝʨʘʮʠʶ ʘʪʤʦʩʬʝʨʥʦʡ ʧʣʘʟʤʳ ʚ ʧʨʦʚʝʜʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʠʦʥʠʟʘʮʠʝʡ ʤʦʣʝʢʫʣ 

ʚʦʟʜʫʭʘ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʢʪʨʦʥʦʚ, ʩʦʟʜʘʶʱʠʭ ʪʦʢ, ʫʩʢʦʨʝʥʠʝʤ 

ʵʣʝʢʪʨʦʥʦʚ ʚʙʣʠʟʠ ʢʘʥʘʣʘ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʝʛʦ ʚʳʩʦʢʠʤ ʤʝʞʵʣʝʢʪʨʦʜʥʳʤ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʠ ʠʥʞʝʢʮʠʝʡ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʘʥʘʣ ʨʘʟʨʷʜʘ. ɿʝʣʝʥʳʡ ʮʚʝʪ 

ʧʣʘʟʤʳ ʥʘ ʨʠʩ. 2, ʙ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʚ ʧʣʘʟʤʝ ʠʦʥʦʚ ʤʝʜʠ, ʠʟʚʣʝʯʝʥʥʳʭ 

ʠʟ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʣʥʦʚʦʜʘ, ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʠʟ ʣʘʪʫʥʠ ʃ63. ʋʚʝʣʠʯʝʥʠʝ 

ʦʙʲʝʤʘ ʧʣʘʟʤʝʥʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦ ʪʘʢʞʝ ʚʩʣʝʜʩʪʚʠʝ ʷʚʣʝʥʠʷ ʩʢʠʥ-
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ʵʬʬʝʢʪʘ, ʠʟ-ʟʘ ʢʦʪʦʨʦʛʦ ʪʦʥʢʠʡ ʪʦʢʦʚʳʡ ʢʘʥʘʣ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʤʦʞʝʪ 

ʨʘʩʰʠʨʷʪʴʩʷ ʚ ʉɺʏ ʧʝʨʝʤʝʥʥʦʤ ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʧʦʣʝ. 

ʀʥʠʮʠʠʨʦʚʘʥʠʝ ʘʪʤʦʩʬʝʨʥʦʡ ʧʣʘʟʤʳ ʠʩʢʨʦʚʳʤ ʨʘʟʨʷʜʦʤ ʚ ʉɺʏ ʧʦʣʝ 

ʧʦʙʫʜʠʣʦ ʠʥʪʝʨʝʩ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʝ ʛʝʥʝʨʘʮʠʠ ʧʣʘʟʤʳ ʤʠʢʨʦʚʦʣʥʦʚʳʤ 

ʠʟʣʫʯʝʥʠʝʤ ʠ ʠʩʢʨʦʚʳʤ ʨʘʟʨʷʜʦʤ ʚ ʥʠʟʢʦʚʘʢʫʫʤʥʦʡ ʛʘʟʦʚʦʡ ʩʨʝʜʝ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʚʢʣʶʯʘʣʘ ʉɺʏ ʠʟʣʫʯʘʪʝʣʴ ʩ ʚʦʣʥʦʚʦʜʦʤ, 

ʛʝʥʝʨʘʪʦʨ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ, ʚʘʢʫʫʤʥʳʡ ʥʘʩʦʩ, ʙʘʣʣʦʥ ʩ 

ʘʨʛʦʥʦʤ ʠ ʨʝʜʫʢʪʦʨʦʤ, ʢʚʘʨʮʝʚʳʝ ʠ ʩʪʝʢʣʷʥʥʳʝ ʪʨʫʙʢʠ, ʩʦʝʜʠʥʝʥʥʳʝ ʢ 

ʥʘʩʦʩʫ ʠ ʨʝʜʫʢʪʦʨʫ ʩʠʣʠʢʦʥʦʚʳʤʠ ʪʨʫʙʢʘʤʠ. ɺ ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʠʟʣʫʯʘʪʝʣʝ 

ʠʩʧʦʣʴʟʦʚʘʥ ʠʩʪʦʯʥʠʢ ʪʦʢʘ ʙʳʪʦʚʦʡ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʝʯʠ ʠ, ʚ ʩʚʷʟʠ ʩ ʵʪʠʤ, 

ʤʘʛʥʝʪʨʦʥ ʚʢʣʶʯʘʝʪʩʷ ʯʝʨʝʟ ʨʝʣʝ ʚʨʝʤʝʥʠ ʥʘ ʟʘʜʘʥʥʳʡ ʠʥʪʝʨʚʘʣ ʚʨʝʤʝʥʠ ʠ 

ʨʘʙʦʪʘʝʪ ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ, ʯʘʩʪʦʪʘ ʠʤʧʫʣʴʩʦʚ ʛʝʥʝʨʘʮʠʠ ʉɺʏ 

ʢʦʣʝʙʘʥʠʡ ʤʘʛʥʝʪʨʦʥʦʤ ʠ ʠʤʧʫʣʴʩʦʚ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 

50 ɻʮ. ʏʘʩʪʦʪʘ ʠʤʧʫʣʴʩʦʚ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʩʦʩʪʘʚʣʷʣʘ 100 ɻʮ.  

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʪʨʫʙʢʠ ʜʣʠʥʦʡ ʜʦ 50 ʩʤ ʨʘʟʤʝʱʘʣʠʩʴ ʥʘʧʨʦʪʠʚ ʪʦʨʮʘ 

ʚʦʣʥʦʚʦʜʘ ʠʟʣʫʯʘʪʝʣʷ ʠʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ. ɺʥʫʪʨʠ 

ʪʨʫʙʦʢ ʙʳʣʠ ʚʚʝʜʝʥʳ ʧʨʦʚʦʣʦʯʥʳʝ ʵʣʝʢʪʨʦʜʳ ʠʟ ʬʝʭʨʘʣʷ ʜʠʘʤʝʪʨʦʤ 0.6 ʤʤ. 

ɺʘʢʫʫʤʥʳʡ ʥʘʩʦʩ ʦʪʢʘʯʠʚʘʣ ʚʦʟʜʫʭ ʠʟ ʦʙʲʝʤʘ ʪʨʫʙʦʢ ʜʦ ʜʘʚʣʝʥʠʷ ʦʢʦʣʦ 

100 ʇʘ, ʟʘʪʝʤ ʚ ʪʨʫʙʢʠ ʧʦʜʘʚʘʣʩʷ ʘʨʛʦʥ.  

ʇʨʦʚʝʜʝʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʫʩʪʘʥʦʚʣʝʥʦ ʩʣʝʜʫʶʱʝʝ. ɺ ʪʨʫʙʢʘʭ ʩ 

ʥʠʟʢʦʚʘʢʫʫʤʥʳʤ ʘʨʛʦʥʦʤ, ʨʘʟʤʝʱʝʥʥʳʭ ʥʘʧʨʦʪʠʚ ʪʦʨʮʘ ʠ ʚ ʧʦʣʦʩʪʠ 

ʚʦʣʥʦʚʦʜʘ ʉɺʏ ʠʟʣʫʯʘʪʝʣʷ, ʧʣʘʟʤʘ ʟʘʞʠʛʘʝʪʩʷ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʤʘʛʥʝʪʨʦʥʘ 

ʙʝʟ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʠ ʩʫʱʝʩʪʚʫʝʪ ʜʦ ʦʪʢʣʶʯʝʥʠʷ ʤʘʛʥʝʪʨʦʥʘ (ʨʠʩ. 3). 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʧʣʘʟʤʳ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʣʠʥʠʶ ʦʩʠ 

ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ.  

   

ʘ) ʙ) ʚ) 

ʈʠʩ. 3. ʄʠʢʨʦʚʦʣʥʦʚʘʷ ʧʣʘʟʤʘ ʚ ʥʠʟʢʦʚʘʢʫʫʤʥʦʤ ʛʘʟʝ ʚ ʢʚʘʨʮʝʚʦʡ (ʘ) ʠ 

ʩʪʝʢʣʷʥʥʦʡ (ʙ) ʪʨʫʙʢʘʭ, ʨʘʟʤʝʱʝʥʥʳʭ ʚ ʧʦʣʦʩʪʠ ʣʘʪʫʥʥʦʛʦ ʚʦʣʥʦʚʦʜʘ 

ʠʟʣʫʯʘʪʝʣʷ ʠ ʚ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʝ (ʚ) ʚ ʧʦʣʦʩʪʠ ʩʪʘʣʴʥʦʛʦ ʚʦʣʥʦʚʦʜʘ 

ɽʩʣʠ ʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʠʩʢʨʦʚʦʡ ʨʘʟʨʷʜ, ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʝʞʜʫ ʧʨʦʚʦʣʦʯʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʩʦʟʜʘʝʪʩʷ 

ʩʪʨʠʤʝʨ ï ʛʘʟʦʚʳʡ ʨʘʟʨʷʜ, ʥʘʙʣʶʜʘʝʤʳʡ ʚ ʚʠʜʝ ʩʚʝʪʷʱʝʡʩʷ ʥʠʪʠ ʪʦʣʱʠʥʦʡ 

ʤʝʥʝʝ 1 ʤʤ (ʨʠʩ. 4, ʘ). ʇʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʤʘʛʥʝʪʨʦʥʘ ʉɺʏ ʠʟʣʫʯʘʪʝʣʷ ʚʥʫʪʨʠ 

ʪʨʫʙʦʢ ʩ ʘʨʛʦʥʦʤ ʚʦʟʙʫʞʜʘʝʪʩʷ ʧʣʘʟʤʘ, ʩʚʝʪʷʱʘʷʩʷ ʦʨʘʥʞʝʚʳʤ ʮʚʝʪʦʤ 

(ʨʠʩ.4, ʙ). ʇʨʠ ʵʪʦʤ ʚ ʧʣʘʟʤʝ ʚʤʝʩʪʦ ʦʜʥʦʛʦ ʩʪʨʠʤʝʨʘ ʦʙʨʘʟʫʝʪʩʷ ʤʥʦʞʝʩʪʚʦ 

ʩʪʨʠʤʝʨʦʚ ï ʧʣʘʟʤʝʥʥʳʭ ʢʘʥʘʣʦʚ, ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʚʜʦʣʴ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦʣʦʯʥʳʭ ʵʣʝʢʪʨʦʜʦʚ. ʗʨʢʦ ʚʳʨʘʞʝʥʥʳʝ ʩʪʨʠʤʝʨʳ 
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ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʚʦʟʜʫʰʥʦʡ ʧʣʘʟʤʝ (ʨʠʩ. 4, ʚ). ɹʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʝ ʩʚʝʯʝʥʠʝ 

ʩʪʨʠʤʝʨʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʣʘʟʤʦʡ ʚ ʦʪʩʫʪʩʪʚʠʝ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ, 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʦʢʘ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝ ʠ ʫʚʝʣʠʯʝʥʠʝ 

ʝʛʦ ʧʣʦʪʥʦʩʪʠ ʚ ʩʪʨʠʤʝʨʘʭ. 

   

ʘ) ʙ) ʚ) 

ʈʠʩ. 4. ʉʪʨʠʤʝʨ (ʘ) ʚʥʫʪʨʠ ʪʨʫʙʢʠ ʠ ʩʪʨʠʤʝʨʳ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ 

ʘʨʛʦʥʦʚʦʡ (ʙ) ʠ ʚʦʟʜʫʰʥʦʡ (ʚ) ʧʣʘʟʤʝ 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʳ ʚ ʪʨʫʙʢʘʭ, 

ʨʘʟʤʝʱʝʥʥʳʭ ʚ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ ʠʟʣʫʯʘʪʝʣʷ ʚʜʦʣʴ ʦʩʠ ʚʦʣʥʦʚʦʜʘ, 

ʦʙʥʘʨʫʞʠʣʦʩʴ, ʯʪʦ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʵʣʝʢʪʨʦʜʳ ʠ ʠʩʢʨʦʚʦʡ ʨʘʟʨʷʜ ʚ ʪʨʫʙʢʘʭ 

ʠʥʠʮʠʠʨʫʶʪ ʙʳʩʪʨʦʝ ʟʘʞʠʛʘʥʠʝ ʧʣʘʟʤʳ. ɺ ʩʣʫʯʘʝ ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʘʟʦʨʘ 

ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʢʦʥʮʝ ʪʨʫʙʢʠ, ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʛʝʥʝʨʘʪʦʨʘ ʠʩʢʨʦʚʦʛʦ 

ʨʘʟʨʷʜʘ ʠ ʤʘʛʥʝʪʨʦʥʘ ʠʟʣʫʯʘʪʝʣʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʟʙʫʞʜʝʥʠʝ ʧʣʘʟʤʳ ʩʦ 

ʤʥʦʞʝʩʪʚʦʤ ʩʪʨʠʤʝʨʦʚ, ʧʝʨʝʤʝʱʘʶʱʠʭʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʚʦʣʥ ʚ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ ʠ ʦʙʨʘʟʫʶʱʠʭ ʢʘʨʪʠʥʫ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʧʣʘʟʤʝʥʥʳʭ ʢʘʥʘʣʦʚ. ʂʘʜʨʳ ʚʠʜʝʦʩʲʝʤʢʠ ʪʘʢʦʛʦ ʷʚʣʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 5. 

   

ʘ) ʙ) ʚ) 

ʈʠʩ. 5. ʉʪʨʠʤʝʨʳ ʚ ʪʨʫʙʢʝ ʚʥʫʪʨʠ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ  

ɹʳʣʠ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʚʦʟʙʫʞʜʝ6ʥʠʝʤ ʘʪʤʦʩʬʝʨʥʦʡ 

ʧʣʘʟʤʳ ʚ ʧʦʪʦʢʝ ʘʨʛʦʥʘ ʚ ʪʨʫʙʢʝ ʩ ʵʣʝʢʪʨʦʜʘʤʠ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʦʜʥʦʤ ʠʟ 

ʢʦʥʮʦʚ ʪʨʫʙʢʠ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘʧʨʦʪʠʚ ʪʦʨʮʘ ʚʦʣʥʦʚʦʜʘ ʉɺʏ ʠʟʣʫʯʘʪʝʣʷ 

ʚʜʦʣʴ ʦʩʠ ʚʦʣʥʦʚʦʜʘ. ʅʘ ʨʠʩ. 6 ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʪʦʢʘ ʛʘʟʘ 

ʩ ʤʠʢʨʦʚʦʣʥʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ, ʥʘʧʨʘʚʣʝʥʥʳʤ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʢ ʧʦʪʦʢʫ. 

ɺʠʜʥʦ, ʯʪʦ ʠʩʢʨʦʚʦʡ ʨʘʟʨʷʜ ʚ ʧʦʣʝ ʉɺʏ ʨʘʟʚʝʪʚʣʷʝʪʩʷ ʠ ʩʠʣʴʥʦ ʚʳʪʷʛʠʚʘʝʪʩʷ 

ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʠʢʨʦʚʦʣʥ, ʧʨʠ ʵʪʦʤ ʠʟ ʦʪʚʝʨʩʪʠʷ ʚ 

ʟʘʛʣʫʰʢʝ ʥʘ ʢʦʥʮʝ ʪʨʫʙʢʠ ʠʩʭʦʜʠʪ ʧʣʘʟʤʝʥʥʘʷ ʩʪʨʫʷ.  
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ʈʠʩ. 6. ʉʪʨʠʤʝʨʳ ʚ ʪʨʫʙʢʝ ʚ ʧʦʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ 

ʘʪʤʦʩʬʝʨʥʘʷ ʧʣʘʟʤʝʥʥʘʷ ʩʪʨʫʷ ʥʘʧʨʦʪʠʚ ʧʦʣʦʩʪʠ ʚʦʣʥʦʚʦʜʘ ʠʟʣʫʯʘʪʝʣʷ 

ʧʨʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʧʦʪʦʢʘ ʛʘʟʘ ʠ ʠʟʣʫʯʝʥʠʷ 

ʂʦʛʜʘ ʧʦʪʦʢ ʛʘʟʘ ʚ ʪʨʫʙʢʝ ʥʘʧʨʘʚʣʝʥ ʦʪ ʢʦʥʮʘ ʩ ʵʣʝʢʪʨʦʜʘʤʠ, ʠʩʢʨʦʚʦʡ 

ʨʘʟʨʷʜ ʚʳʪʷʛʠʚʘʝʪʩʷ ʵʪʠʤ ʧʦʪʦʢʦʤ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʨʠʩ.7, ʘ). ɺ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʩʦʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩ 

ʧʦʪʦʢʦʤ ʛʘʟʘ, ʚ ʪʨʫʙʢʝ ʚʦʟʙʫʞʜʘʝʪʩʷ ʧʣʘʟʤʘ ʩʦ ʤʥʦʞʝʩʪʚʦʤ 

ʧʝʨʝʤʝʱʘʶʱʠʭʩʷ ʩʪʨʠʤʝʨʦʚ (ʨʠʩ. 7, ʙ) ʠ ʦʙʨʘʟʫʝʪʩʷ ʧʣʦʪʥʘʷ ʧʣʘʟʤʝʥʥʘʷ 

ʩʪʨʫʷ (ʨʠʩ. 7, ʚ).  

   

ʘ) ʙ) ʚ) 

ʈʠʩ. 7. ʉʪʨʠʤʝʨʳ ʚ ʪʨʫʙʢʝ ʚ ʧʦʪʦʢʝ ʛʘʟʘ (ʘ), ʘʪʤʦʩʬʝʨʥʳʝ ʩʪʨʠʤʝʨʳ (ʙ) 

ʠ ʩʪʨʫʷ ʧʣʘʟʤʳ (ʚ) ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʧʦʣʝ  ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ 

ʧʦʪʦʢʘ ʛʘʟʘ ʠ ʠʟʣʫʯʝʥʠʷ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ ʛʘʟʦʚʳʡ ʨʘʟʨʷʜ ʠʥʠʮʠʠʨʫʝʪ ʙʳʩʪʨʦʝ 

ʚʦʟʙʫʞʜʝʥʠʝ ʧʣʘʟʤʳ ʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʥʦʞʝʩʪʚʘ ʧʝʨʠʦʜʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʠʣʠ ʨʘʟʚʝʪʚʣʝʥʥʳʭ 

ʪʦʢʦʚʳʭ ʢʘʥʘʣʦʚ ʚ ʧʣʘʟʤʝ, ʧʝʨʝʤʝʱʘʶʱʠʭʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʤʠʢʨʦʚʦʣʥ. ʆʙʨʘʟʦʚʘʥʠʝ ʤʥʦʞʝʩʪʚʘ ʩʪʨʠʤʝʨʦʚ, ʠʭ ʧʝʨʝʤʝʱʝʥʠʝ ʠ 

ʨʘʟʚʝʪʚʣʝʥʠʝ ʚ ʧʦʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ 

ʤʘʛʥʠʪʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʚ ʧʣʘʟʤʝ ï ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʣʘʟʤʝʥʥʳʭ ʢʘʥʘʣʦʚ ʩ ʪʦʢʦʤ ʩ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 

ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʋʚʝʣʠʯʝʥʠʝ ʦʙʲʝʤʘ ʧʣʘʟʤʳ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ 

ʛʘʟʦʚʳʭ ʠʩʢʨʦʚʳʭ ʨʘʟʨʷʜʘʭ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʢʪʨʦʥʦʚ, ʩʦʟʜʘʶʱʠʭ ʪʦʢ ʚ ʵʪʠʭ 

ʨʘʟʨʷʜʘʭ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʠʤʧʫʣʴʩʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠ ʫʩʢʦʨʠʪʝʣʝʡ ʧʣʘʟʤʳ. 

ʄʫʣʴʪʠʩʪʨʠʤʝʨʥʘʷ ʧʣʘʟʤʘ, ʧʦʣʫʯʘʝʤʘʷ ʥʠʟʢʦʯʘʩʪʦʪʥʳʤ ʠʩʢʨʦʚʳʤ ʨʘʟʨʷʜʦʤ 

ʚ ʧʦʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʤʦʞʝʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʧʣʘʟʤʝʥʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʦʜʝʣʠʨʫʝʪʩʷ ʵʣʶʝʥʪʥʘʷ ʜʝʩʦʨʙʮʠʷ - ʚʳʩʚʦʙʦʞʜʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʦʛʦ ʚʝʱʝʩʪʚʘ (ʇɸɺ) ʠʟ ʤʝʟʦʧʦʨʠʩʪʳʭ ʥʘʥʦʢʦʥʪʝʡʥʝʨʦʚ ʚ 

ʚʦʜʥʫʶ ʩʨʝʜʫ. ʇʨʦʮʝʩʩ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʦʜʭʦʜʘ. ʊʘʢʞʝ 

ʨʘʟʚʠʚʘʝʪʩʷ ʘʣʛʦʨʠʪʤ ʚʳʯʠʩʣʝʥʠʷ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʝʩʦʨʙʮʠʷ; ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʦʝ ʚʝʱʝʩʪʚʦ; ʤʝʟʦʧʦʨʠʩʪʳʡ 

ʥʘʥʦʢʦʥʪʝʡʥʝʨ; ʧʨʷʤʦʝ ʠ ʦʙʨʘʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʃʘʧʣʘʩʘ  

MODELING OF ELUENT DESORPTION OF SURFACTANTS  
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31 Kashirskoe Shosse, 115409, Moscow 
bGubkin University, 
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In this paper, eluent desorption is modeled - the release of a surfactant from 

mesoporous nanocontainers into an aqueous medium. The process is described 

within the framework of the diffusion approach. An algorithm for calculating the 

inverse Laplace transform was developed. 

Keywords: desorption; surfactant; mesoporous nanocontainer; direct and inverse Laplace 

transform10 

ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʩʦʚʨʝʤʝʥʥʦʡ ʬʘʨʤʘʢʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ 

ʠʥʩʢʘʧʩʫʣʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ ʚ ʥʘʥʦʢʦʥʪʝʡʥʝʨʳ 

ʩ ʮʝʣʴʶ ʠʭ ʜʦʩʪʘʚʢʠ ʚ ʤʝʩʪʘ ʥʘʟʥʘʯʝʥʠʷ. ʉʫʱʝʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʵʪʠʤ ʧʨʦʮʝʩʩʘʤ. ʇʨʠ 

ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʜʝʬʠʮʠʪ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ 

ʚʳʩʚʦʙʦʞʜʝʥʠʷ ʧʨʝʧʘʨʘʪʘ ʚ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʜʝʩʦʨʙʮʠʠ ʇɸɺ ʠʟ ʧʦʨʠʩʪʦʛʦ 

ʥʘʥʦʢʦʥʪʝʡʥʝʨʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʯʘʩʪʠʮʳ ʇɸɺ ʚʩʪʨʦʝʥʳ ʚ ʧʦʨʠʩʪʫʶ ʤʘʪʨʠʮʫ 

ʢʘʧʩʫʣʳ, ʢʦʪʦʨʘʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʦʤʝʱʘʣʘʩʴ ʚ ʚʦʜʥʫʶ ʩʨʝʜʫ. ɺ ʧʨʦʮʝʩʩʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟʤʝʨʷʣʦʩʴ ʠʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇɸɺ ʚ ʦʢʨʫʞʘʶʱʝʡ 

ʢʘʧʩʫʣʫ ʩʨʝʜʝ [1]. ɺʳʷʚʣʝʥʦ, ʯʪʦ ʥʘ ʩʢʦʨʦʩʪʴ ʜʝʩʦʨʙʮʠʠ ʚʣʠʷʣʦ ʥʘʙʫʭʘʥʠʝ 

ʩʘʤʦʡ ʤʘʪʨʠʮʳ ʢʘʧʩʫʣʳ ʠ ʝʝ ʨʘʩʪʚʦʨʠʤʦʩʪʴ, ʘ ʧʨʦʮʝʩʩ ʜʝʩʦʨʙʮʠʠ 

                                                           

É ɸʣʷʙʴʝʚʘ ʊ. ɸ., ʍʘʥʫʢʘʝʚʘ ɼ. ʖ., 2025 
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ʦʧʨʝʜʝʣʷʣʩʷ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʟʥʘʯʝʥʠʝʤ pH ʚʦʜʥʦʡ ʩʨʝʜʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʢʘʧʩʫʣ ʚ ʥʝʡ. ʂʨʦʤʝ ʪʦʛʦ, ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʨʘʟʨʫʰʝʥʠʝ ʧʦʨʠʩʪʦʡ ʤʘʪʨʠʮʳ ʠ 

ʧʝʨʝʦʩʘʞʜʝʥʠʝ ʝʝ ʯʘʩʪʠʮ ʠ ʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʚʣʠʷʝʪ ʥʘ ʩʢʦʨʦʩʪʴ ʧʨʦʮʝʩʩʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʘʯʘʣʴʥʳʝ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ ʜʝʩʦʨʙʮʠʠ ʙʝʟ 

ʫʯʝʪʘ ʥʘʙʫʭʘʥʠʷ ʢʘʧʩʫʣʳ, ʝʝ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʠ ʧʝʨʝʦʩʘʞʜʝʥʠʷ ʧʨʠ 

ʥʝʠʟʤʝʥʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʧʩʫʣ, pH ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʦʙʨʘʟʫʶʪʩʷ ʩʬʝʨʠʯʝʩʢʠʝ ʢʘʧʩʫʣʳ, 

ʩʦʜʝʨʞʘʱʠʝ ʇɸɺ, ʥʘʩʢʚʦʟʴ ʧʨʦʥʠʟʘʥʥʳʝ ʧʘʨʘʣʣʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ 

ʧʦʨʘʤʠ [1]. ɺ ʨʘʟʚʠʚʘʝʤʦʡ ʤʦʜʝʣʠ ʢʘʧʩʫʣʘ ʧʨʝʜʩʪʘʚʣʷʣʘʩʴ ʩʦʚʦʢʫʧʥʦʩʪʴʶ 

ʫʧʦʨʷʜʦʯʝʥʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʛʨʘʥʫʣ, ʢʦʪʦʨʳʝ ʦʢʨʫʞʘʶʪ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʪʨʘʥʩʧʦʨʪʥʳʝ ʧʦʨʳ (ʈʠʩ. 1). 

ʈʠʩ. 1. ɻʝʦʤʝʪʨʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʬʨʘʛʤʝʥʪʘ ʢʘʧʩʫʣʳ 

ʇʨʦʮʝʩʩ ʜʝʩʦʨʙʮʠʠ ʇɸɺ ʠʟ ʧʦʨʠʩʪʦʡ ʢʘʧʩʫʣʳ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ 

ʵʪʘʧʦʚ: 1) ʜʠʬʬʫʟʠʷ ʤʦʣʝʢʫʣ ʜʝʩʦʨʙʘʪʘ ʚʥʫʪʨʠ ʟʝʨʥʘ ʩʦʨʙʝʥʪʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʪʨʘʥʩʧʦʨʪʥʦʡ ʧʦʨʳ; 2) ʚʳʩʚʦʙʦʞʜʝʥʠʝ ʜʝʩʦʨʙʘʪʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨ 

ʩʦʨʙʝʥʪʘ; 3) ʜʠʬʬʫʟʠʷ ʧʦ ʪʨʘʥʩʧʦʨʪʥʳʤ ʧʦʨʘʤ ʚʦ ʚʥʝʰʥʶʶ ʩʨʝʜʫ; 

4) ʜʠʬʬʫʟʠʷ ʚʝʱʝʩʪʚʘ ʚʦ ʚʥʝʰʥʝʡ ʩʨʝʜʝ. ʉʪʘʜʠʷ 4) ʫʯʠʪʳʚʘʝʪʩʷ ʚ ʚʠʜʝ 

ʛʨʘʥʠʯʥʦʛʦ ʫʩʣʦʚʠʷ.  

ɼʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 1) - 3) ʚʚʦʜʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʚʝʣʠʯʠʥʳ: 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʇɸɺ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ ï ( )* , ,ʘ x r t, ʚ ʞʠʜʢʦʡ ï ( ),ʩ x t, ʘ ( ),ʘ x t ï 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʇɸɺ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʧʦʨ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ 

ʤʦʣʝʢʫʣʳ ʇɸɺ, ʧʦʜʦʰʝʜʰʠʝ ʢ ʨʘʟʜʝʣʫ ʬʘʟ, ʤʛʥʦʚʝʥʥʦ ʧʝʨʝʭʦʜʷʪ ʚ ʞʠʜʢʫʶ 

ʬʘʟʫ. 

ʇʨʦʮʝʩʩ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ: 

ʋʨʘʚʥʝʥʠʝ ʜʠʬʬʫʟʠʠ ʚ ʪʨʘʥʩʧʦʨʪʥʳʭ ʧʦʨʘʭ ʢʘʧʩʫʣʳ: 

                                         
‬ὧ

‬ὸ

‬ὥ

‬ὸ
Ὀ
‬ὧ

‬ὼ
ȟ π ὼ Ὑȟ                                     ρ 

ʛʜʝ R ï ʨʘʜʠʫʩ ʢʘʧʩʫʣʳ, Ὀ ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʇɸɺ ʚ ʞʠʜʢʦʡ ʩʨʝʜʝ. 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʩʦʨʙʘʪʘ, ʪ.ʝ. 

ʇɸɺ, ʠʩʧʦʣʴʟʫʝʪʩʷ ὧȿ π ʠ ὥȿ π, ʧʦʩʢʦʣʴʢʫ ʚʩʝ ʇɸɺ ʩʚʷʟʘʥʦ ʩ 
ʧʦʨʠʩʪʦʡ ʤʘʪʨʠʮʝʡ ʢʘʧʩʫʣʳ. ʇʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʥʘ ʚʥʝʰʥʝʤ ʢʦʥʮʝ ʧʦʨʳ, 
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ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʩʫʣʳ, ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ὧȿ ὅὸ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʙʳʩʪʨʦʤʫ ʦʪʚʦʜʫ ʜʝʩʦʨʙʘʪʘ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʩʫʣʳ ʚʦ 

ʚʥʝʰʥʶʶ ʩʨʝʜʫ. ὅὸ ï ʟʥʘʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇɸɺ ʚʦ ʚʥʝʰʥʝʡ ʩʨʝʜʝ, 

ʢʦʪʦʨʦʝ ʥʝ ʟʘʜʘʝʪʩʷ, ʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʭʦʜʝ ʨʝʰʝʥʠʷ, ʦʥʦ ʞʝ ʠʟʤʝʨʷʝʪʩʷ ʚ ʭʦʜʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ [1]. ʋʩʣʦʚʠʝ ʩʠʤʤʝʪʨʠʠ = 0 ʚʳʧʦʣʥʷʝʪʩʷ ʚ ʩʝʨʝʜʠʥʝ 

ʢʘʥʘʣʘ, ʩʦʚʧʘʜʘʶʱʝʡ ʩ ʮʝʥʪʨʦʤ ʢʘʧʩʫʣʳ. 

ʋʨʘʚʥʝʥʠʝ ʜʠʬʬʫʟʠʠ ʚ ʩʬʝʨʠʯʝʩʢʠʭ ʥʘʥʦʧʦʨʠʩʪʳʭ ʛʨʘʥʫʣʘʭ ʠʤʝʝʪ ʚʠʜ: 

                               
‬ὥᶻ

‬ὸ
Ὀ
‬ὥᶻ

‬ὶ

ς

ὶ

‬ὥᶻ

‬ὶ
ȟ π ὶ ὶȟ                               ς 

ʛʜʝ ὶ ï ʨʘʜʠʫʩ ʛʨʘʥʫʣʳ, Ὀ  ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʇɸɺ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʇɸɺ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ ὥᶻὼȟὶȟὸ ʟʘʚʠʩʠʪ ʪʘʢʞʝ ʦʪ 

ʧʦʣʦʞʝʥʠʷ ʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʛʨʘʥʫʣʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʨʘʥʩʧʦʨʪʥʦʡ ʧʦʨʳ.  

ʅʘʯʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ὥᶻὼȟὶȟπ ʩʯʠʪʘʣʦʩʴ ʨʘʚʥʦʤʝʨʥʳʤ ʠ 

ʩʚʷʟʘʥʥʳʤ ʩ ʠʩʭʦʜʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʇɸɺ ʚ ʢʘʧʩʫʣʝ 
0a . ɽʩʣʠ N ï ʩʨʝʜʥʝʝ 

ʯʠʩʣʦ ʩʬʝʨʠʯʝʩʢʠʭ ʛʨʘʥʫʣ ʚ ʝʜʠʥʠʮʝ ʦʙʲʝʤʘ ʢʘʧʩʫʣʳ, ʪʦ ʠʭ ʦʙʲʝʤʥʘʷ 

ʧʣʦʪʥʦʩʪʴ “ὶὔ ρ ‐, ʛʜʝ ‐ ï ʧʦʨʠʩʪʦʩʪʴ ʢʘʧʩʫʣʳ. ʇʨʦʩʪʨʘʥʩʪʚʦ, 

ʟʘʢʣʶʯʝʥʥʦʝ ʤʝʞʜʫ ʛʨʘʥʫʣʘʤʠ, ʦʪʥʦʩʠʤ ʢ ʪʨʘʥʩʧʦʨʪʥʳʤ ʧʦʨʘʤ. ʊʦʛʜʘ 

ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇɸɺ ʚʥʫʪʨʠ ʛʨʘʥʫʣʳ ὥᶻὶȟπ . ɺ ʝʝ 

ʮʝʥʪʨʝ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʩʠʤʤʝʪʨʠʠ ὶ
ᶻ

πȢ ʇʦʚʝʨʭʥʦʩʪʠ ʛʨʘʥʫʣ 

ʷʚʣʷʶʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʩʪʝʥʢʘʤʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʧʦʨ. ʇʦʵʪʦʤʫ ʧʦʪʦʢ 

ʜʝʩʦʨʙʘʪʘ ʯʝʨʝʟ ʧʦʚʝʨʭʥʦʩʪʴ ʛʨʘʥʫʣ ʜʘʝʪ ʠʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇɸɺ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʘʥʩʧʦʨʪʥʦʡ ʧʦʨʳ: τ“ὶὔὈ
ᶻ

Ȣ 

ʋʨʘʚʥʝʥʠʝ ʠʟʦʪʝʨʤʳ ʜʝʩʦʨʙʮʠʠ, ʢʦʪʦʨʘʷ ʩʚʷʟʳʚʘʝʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨ ʠ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ ʠʤʝʝʪ ʚʠʜ  

                                                          ὥᶻὼȟὶȟὸ ὧːὼȟὸȟ                                           σ 

ʛʜʝ ɻ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʷʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ɻʝʥʨʠ. 

ʅʘʯʘʣʴʥʦ-ʢʨʘʝʚʘʷ ʟʘʜʘʯʘ ʙʳʣʘ ʨʝʰʝʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʃʘʧʣʘʩʘ ʘʥʘʣʠʪʠʯʝʩʢʠ ʚ ʦʙʣʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ. ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʮʝʜʫʨʳ 

ʦʙʨʘʱʝʥʠʷ ʙʳʣ ʨʘʟʚʠʪ ʘʣʛʦʨʠʪʤ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʩʚʷʟʠ ʦʙʨʘʪʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ ʠ ʙʳʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ [2]. ʇʨʠ ʵʪʦʤ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʦʮʝʜʫʨʘ ʫʣʫʯʰʝʥʠʷ ʩʭʦʜʠʤʦʩʪʠ ʨʷʜʦʚ ʩ ʧʦʤʦʱʴʶ 

ʘʣʛʦʨʠʪʤʘ ɺʠʥʘ. ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʠ ʫʩʪʨʘʥʝʥʳ ʥʝʜʦʩʪʘʪʢʠ ʠʩʭʦʜʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʙʝʟ ʫʚʝʣʠʯʝʥʠʷ ʝʛʦ ʩʣʦʞʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʦʩʪʘʣʘʩʴ ʪʘʢʦʡ ʞʝ, ʢʘʢ ʠ ʫ 

ʙʳʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ, ʪʦ ʝʩʪʴ O(N log N). 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʙʳʣʠ ʥʘʡʜʝʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ ʚʩʝʭ ʠʩʢʦʤʳʭ ʚʝʣʠʯʠʥ. ʅʘʧʨʠʤʝʨ, ʜʦʣʷ ʜʝʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʇɸɺ 
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ʚʦ ʚʥʝʰʥʝʡ ʜʠʩʧʝʨʩʠʠ, ʢʘʢ ʬʫʥʢʮʠʷ ʚʨʝʤʝʥʠ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩ. 2. 

ʇʦʣʫʯʝʥʥʳʝ ʨʘʩʯʝʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʧʦʢʘʟʘʥʥʳʤʠ ʥʘ ʈʠʩ. 2 ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘ [1], ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʇɸɺ ʙʳʣ ʚʟʷʪ ʤʠʨʘʤʠʩʪʠʥ, ʘ ʤʝʟʦʧʦʨʠʩʪʳʤ 

ʥʘʥʦʢʦʥʪʝʡʥʝʨʦʤ ʚʳʩʪʫʧʘʣ ʢʨʝʤʥʝʟʝʤ. 

 
ʈʠʩ. 2. ɼʦʣʷ ʜʝʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʇɸɺ ʚʦ ʚʥʝʰʥʝʡ ʩʨʝʜʝ ʢʘʢ ʬʫʥʢʮʠʷ ʚʨʝʤʝʥʠ 

ʀʪʘʢ, ʧʨʝʜʩʪʘʚʣʝʥ ʤʝʪʦʜ, ʧʦʟʚʦʣʷʶʱʠʡ ʦʧʠʩʘʪʴ ʧʨʦʮʝʩʩ ʜʝʩʦʨʙʮʠʠ ʚ 

ʨʘʤʢʘʭ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʦʜʭʦʜʘ. ʊʘʢ ʞʝ ʨʘʟʚʠʪ ʘʣʛʦʨʠʪʤ ʙʳʩʪʨʦʛʦ ʦʙʨʘʪʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ. 
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ʆɹ ʆɼʅʆʁ ɿɸɼɸʏɽ ʀʉʇɸʈʀʊɽʃʔʅʆʁ ʂʆʅɺɽʂʎʀʀ 

ɺ. ɹ. ɹʝʢʝʞʘʥʦʚʘ, ɺ. ʉ. ʂʦʙʳʯʝʚʘ 

ʀʥʩʪʠʪʫʪ ɺʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʄʦʜʝʣʠʨʦʚʘʥʠʷ ʉʆ ʈɸʅ,  

660036, ʂʨʘʩʥʦʷʨʩʢ, ɸʢʘʜʝʤʛʦʨʦʜʦʢ, 50/44 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʦ ʪʝʯʝʥʠʠ ʩʣʘʙʦ ʠʩʧʘʨʷʶʱʝʡʩʷ ʞʠʜʢʦʩʪʠ, ʫʚʣʝʢʘʝʤʦʡ 

ʣʘʤʠʥʘʨʥʳʤ ʧʦʪʦʢʦʤ ʛʘʟʘ, ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʢʘʥʘʣʝ. ɺ ʨʘʤʢʘʭ ʩʦʧʨʷʞʸʥʥʦʡ 

ʧʦʩʪʘʥʦʚʢʠ ʚʳʧʦʣʥʝʥ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ. ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ 

ʤʘʩʰʪʘʙʳ ʚʨʝʤʝʥʠ ʠ ʩʢʦʨʦʩʪʠ, ʫʯʠʪʳʚʘʶʱʠʝ ʜʦʤʠʥʠʨʦʚʘʥʠʝ ʚʷʟʢʠʭ ʠ 

ʠʥʝʨʮʠʦʥʥʳʭ ʩʠʣ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʵʬʬʝʢʪʦʚ. ɼʣʷ ʦʜʥʦʡ ʠʟ ʢʦʥʬʠʛʫʨʘʮʠʡ ʩ 

ʧʦʤʦʱʴʶ ʪʦʯʥʦʛʦ ʯʘʩʪʠʯʥʦ-ʠʥʚʘʨʠʘʥʪʥʦʛʦ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ 

ʢʦʥʚʝʢʮʠʠ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʛʨʘʥʠʯʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʝʞʠʤʘ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʪʝʯʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʩʨʝʜ FC-72 ï ʘʟʦʪ. ʀʩʩʣʝʜʦʚʘʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʪʝʯʝʥʠʡ ʚ 

ʩʣʫʯʘʷʭ ʣʠʥʝʡʥʦʛʦ ʥʘʛʨʝʚʘ ʠ ʪʝʧʣʦʠʟʦʣʷʮʠʠ ʚʝʨʭʥʝʡ ʩʪʝʥʢʠ ʢʘʥʘʣʘ. ɺ ʦʙʦʠʭ 

ʩʣʫʯʘʷʭ ʫʩʪʘʥʦʚʣʝʥ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʚʦʟʥʠʢʘʶʱʝʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ; 

ʧʨʠ ʵʪʦʤ ʩʤʝʥʘ ʛʨʘʥʠʯʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʝʞʠʤʘ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʩʪʨʫʢʪʫʨʳ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳʭ ʚʦʟʤʫʱʝʥʠʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʩʧʘʨʠʪʝʣʴʥʘʷ ʢʦʥʚʝʢʮʠʷ; ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ; ʫʩʪʦʡʯʠʚʦʩʪʴ 

ON A PROBLEM  OF EVAPORATIVE  CONVECTION  

V. B. Bekezhanova, V. S. Kobycheva 

Institute of Computational Modeling SB RAS,  

50/44 Akademgorodok, 660036, Krasnoyarsk 

The problem of weakly evaporating liquid flow driven by a laminar gas flow in a 

horizontal channel is considered. A parametric analysis is performed within a 

conjugate problem statement. Different time and velocity scales are examined that 

take into account the dominance of unsteady effects, viscous or inertial forces. For 

one configuration, the influence of the boundary thermal regime on the flow 

characteristics in the FC-72 ï nitrogen system is studied with the help of an exact 

partially invariant exact solution of the convection equations. The stability of the 

flows in the cases of linear heating and thermal insulation of the upper wall of the 

channel is investigated. In both cases, an oscillatory nature of the arising instability 

is established; here, the change in the boundary thermal regime does not lead to a 

change in the structure of the most dangerous disturbances. 

Keywords: evaporative convection; parametric analysis; stability11  

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʦ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʢʦʥʚʝʢʪʠʚʥʳʭ ʪʝʯʝʥʠʷʭ  

ʚ ʩʠʩʪʝʤʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʦʙʣʘʩʪʝʡ Ὦ ,‫ ρȟς, ʨʘʟʜʝʣʝʥʥʳʭ ʛʣʘʜʢʦʡ 

ʜʝʬʦʨʤʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ɻȢ ʆʙʣʘʩʪʠ ʟʘʧʦʣʥʝʥʳ ʞʠʜʢʦʩʪʴʶ (Ὦ ‫ ρ) 

ʠ ʩʤʝʩʴʶ ʛʘʟʘ ʠ ʧʘʨʘ (Ὦ ς), ʢʦʪʦʨʳʝ ʩʯʠʪʘʶʪʩʷ ʚʷʟʢʠʤʠ ʥʝʩʞʠʤʘʝʤʳʤʠ 

ʥʝʩʤʝʰʠʚʘʶʱʠʤʠʩʷ ʩʨʝʜʘʤʠ. ɺʩʶʜʫ ʥʠʞʝ ʠʥʜʝʢʩ j  ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ j -ʦʡ ʩʨʝʜʝ. ʄʝʞʬʘʟʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ɻ ʜʦʧʫʩʢʘʝʪ ʧʝʨʝʥʦʩ 

                                                           

É ɹʝʢʝʞʘʥʦʚʘ ɺ. ɹ., ʂʦʙʳʯʝʚʘ ɺ. ʉ., 2025 
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ʤʘʩʩʳ ʟʘ ʩʯʝʪ ʠʩʧʘʨʝʥʠʷ ʠ/ʠʣʠ ʢʦʥʜʝʥʩʘʮʠʠ. ɺ ʨʘʤʢʘʭ ʩʦʧʨʷʞʝʥʥʦʡ 

ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ ʠʩʧʘʨʠʪʝʣʴʥʦʡ ʢʦʥʚʝʢʮʠʠ ʥʘ ʦʩʥʦʚʝ ʧʨʠʙʣʠʞʝʥʠʷ 

ɹʫʩʩʠʥʝʩʢʘ [1] ʠʩʩʣʝʜʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ ʦʙʝʟʨʘʟʤʝʨʠʚʘʥʠʶ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʚʳʷʚʠʪʴ ʜʦʤʠʥʠʨʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ ʠ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ 

ʤʘʩʰʪʘʙʦʚ ʭʘʨʘʢʪʝʨʥʳʭ ʩʢʦʨʦʩʪʝʡ ʠ ʚʨʝʤʝʥ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʥʚʝʢʪʠʚʥʳʭ 

ʨʝʞʠʤʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʜʦʤʠʥʠʨʦʚʘʥʠʠ ʚʷʟʢʦʩʪʠ, ʠʥʝʨʮʠʠ ʠʣʠ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʵʬʬʝʢʪʦʚ. ʇʨʦʚʝʜʸʥ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʫʨʘʚʥʝʥʠʡ ʠ ʛʨʘʥʠʯʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʫʩʣʦʚʠʡ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʪʝʢʘʶʪ ʠʟʫʯʘʝʤʳʝ ʧʨʦʮʝʩʩʳ ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩʘ, 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʥʳʝ ʚʘʨʠʘʥʪʳ ʦʮʝʥʢʠ ʤʘʩʰʪʘʙʘ ʜʘʚʣʝʥʠʷ. ɺ ʩʣʫʯʘʝ 

ʜʦʤʠʥʠʨʦʚʘʥʠʷ ʚʷʟʢʠʭ ʩʠʣ ʝʛʦ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʚʳʨʘʞʝʥʠʝʤ: ὴz ‘όzȾ ȟz 
ʧʦʣʘʛʘʷ ʚ ʧʨʝʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ (ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʩʠʩʪʝʤʘʭ ʩ ʪʦʥʢʠʤ ʞʠʜʢʠʤ 

ʩʣʦʝʤ) ʚʳʧʦʣʥʝʥʠʝ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʡ:  

 * * *

1 * * 1

1 Ga
Re 1, St = , 1

Re Re

u h h

u t

r

n r

D
= . 

ɿʜʝʩʴ ,m n ï ʜʠʥʘʤʠʯʝʩʢʘʷ ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʩʪʠ, 

* * *, ,u h t  ï ʤʘʩʰʪʘʙʳ ʩʢʦʨʦʩʪʠ, ʜʣʠʥʳ ʠ ʚʨʝʤʝʥʠ, rD  ï ʨʘʟʥʦʩʪʴ ʧʣʦʪʥʦʩʪʝʡ 

jr, Re, St, 3 2

* 1Ga /gh n=  ï ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ, ʉʪʨʫʭʘʣʷ ʠ ɻʘʣʠʣʝʷ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, g  ï ʫʩʢʦʨʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ. ɺ ʩʣʫʯʘʝ 

ʜʦʤʠʥʠʨʦʚʘʥʠʷ ʠʥʝʨʮʠʦʥʥʳʭ ʯʣʝʥʦʚ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʵʬʬʝʢʪʦʚ ʠʤʝʝʤ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ:  

2

* 1 * 2
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Ga
, Re 1, St 1, 1,

Re
p u

r
r

r

D
=  

1 * *
* 2

* 1

Ga
, St 1, ReSt 1, 1.

Re St

u h
p

t

r r

r

D
=  

ɺʳʙʦʨ ʫʢʘʟʘʥʥʳʭ ʤʘʩʰʪʘʙʦʚ ʢʦʨʨʝʢʪʝʥ ʚ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʚʢʣʘʜ ʩʠʣ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʢʘʧʠʣʣʷʨʥʳʭ ʵʬʬʝʢʪʦʚ ʩʪʘʥʦʚʠʪʩʷ 

ʩʦʧʦʩʪʘʚʠʤʳʤ ʠʣʠ ʧʨʝʚʦʩʭʦʜʷʱʠʤ ʚʢʣʘʜ ʤʘʩʩʦʚʳʭ ʩʠʣ. 

ʆʧʨʝʜʝʣʝʥʳ ʠ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʥʳʝ ʩʢʦʨʦʩʪʠ 

(ʚʷʟʢʘʷ 
* 1 */u hn= , ʪʝʧʣʦʚʘʷ 

* 1 */u hc= , ʢʘʧʠʣʣʷʨʥʘʷ * 0 1 */( )u hs r= ,   

ʢʘʧʠʣʣʷʨʥʦ-ʚʷʟʢʘʷ 
* 0 1/u s m= , ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʘʷ 

* * 1/Tu Ts m= , 

ʜʠʬʬʫʟʠʦʥʥʘʷ 
* */u D h= , ʩʢʦʨʦʩʪʴ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ * 1 * 1 * 1/Lu k T L hr= ) ʠ 

ʚʨʝʤʝʥʘ (ʚʷʟʢʦʡ 
2

* * 1/t h n= , ʪʝʧʣʦʚʦʡ 
2

* * 1/t h c=  ʠ ʤʘʩʩʦʚʦʡ ʜʠʬʬʫʟʠʠ 
2

* * /t h D= , ʢʘʧʠʣʣʷʨʥʦʛʦ ʙʘʣʘʥʩʘ 
* 1 * 0/t hm s= , ʢʘʧʠʣʣʷʨʥʳʭ ʢʦʣʝʙʘʥʠʡ 

3

* 1 * 0( ) /t hr s= , ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 
* 1 * */( )Tt h Tm s=  ʠ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ 
2

* 1 * 1 */( )t L h k Tr= ), ʦʧʨʝʜʝʣʷʶʱʠʝ ʜʠʥʘʤʠʢʫ ʩʠʩʪʝʤʳ. ɿʜʝʩʴ 

, ,D kc  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʜʠʬʬʫʟʠʠ ʠ 
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ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 
Ts  ï ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, „ ï ʭʘʨʘʢʪʝʨʥʦʝ ʟʥʘʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ, L  ï ʩʢʨʳʪʘʷ ʪʝʧʣʦʪʘ ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʷ, 
*T  ï ʭʘʨʘʢʪʝʨʥʳʡ ʧʝʨʝʧʘʜ 

ʪʝʤʧʝʨʘʪʫʨ. ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʤʘʩʰʪʘʙʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʚʝʣʠʯʠʥʫ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʫʨʘʚʥʝʥʠʷ ʠ ʦʧʨʝʜʝʣʷʶʱʠʭ ʚʢʣʘʜ ʨʘʟʣʠʯʥʳʭ 

ʬʠʟʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ. 

ɼʣʷ ʪʨʝʭ ʪʠʧʦʚ ʨʘʙʦʯʠʭ ʞʠʜʢʦʩʪʝʡ ʨʘʩʩʯʠʪʘʥʳ ʟʥʘʯʝʥʠʷ ʭʘʨʘʢʪʝʨʥʳʭ 

ʩʢʦʨʦʩʪʝʡ ʠ ʚʨʝʤʝʥ ʚ ʩʠʩʪʝʤʘʭ ʨʘʟʣʠʯʥʦʡ ʛʝʦʤʝʪʨʠʠ (ʪʘʙʣ. 1, ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʟʥʘʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ [2]). ʋʢʘʟʘʥʥʳʝ 

ʚʝʣʠʯʠʥʳ ʧʦʣʫʯʝʥʳ ʧʨʠ 
* 10T =  ʛʨʘʜʫʩʦʚ. 

ʊʘʙʣ. 1. ɿʥʘʯʝʥʠʷ ʥʝʢʦʪʦʨʳʭ ʤʘʩʰʪʘʙʦʚ ʩʢʦʨʦʩʪʝʡ (ʤ/ʩ) ʠ ʚʨʝʤʝʥ (ʩ) 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʭʘʨʘʢʪʝʨʥʳʭ ʤʘʩʰʪʘʙʘʭ 
*h  

 
ʕʪʘʥʦʣ FC-72 HFE-7100 
2

* 10-=h  3

* 10-=h  2

* 10-=h  3

* 10-=h  2

* 10-=h  3

* 10-=h  

*1* / hu n=  31015.0 -Ö  21015.0 -Ö  41047.0 -Ö  31047.0 -Ö  41038.0 -Ö  31038.0 -Ö  

*1* / hu c=  51089.0 -Ö  41089.0 -Ö  51033.0 -Ö  41033.0 -Ö  5104.0 -Ö  4104.0 -Ö  

όz „ὝzȾ‘ 0.6751 0.619 2 

)/( 1*1*1* rhLTku =  61025.0 -Ö  51025.0 -Ö  61035.0 -Ö  51035.0 -Ö  πȢσσẗρπ  πȢσσẗρπ  

1

2

** /nht =  66.67 0.667 8.212  128.2  2.263  632.2  

1

2

** /cht =  1124 24.11  3030 3.30  2500  25  

)/( **1* Tht Tsm=  0.015 πȢρυẗρπ  ρȢφςẗρπ  ρȢφςẗρπ  υϽρπ  υϽρπ  

ὸz ȾzὈ χȢτπχ χȢτρẗρπ  286.14  ρτȢςωẗρπ  ρτȢςψφ ρτȢςωẗρπ  

 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʤʘʩʰʪʘʙʘ Ὢz ʜʝʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ɻ  ʥʘ  

ʩʢʦʨʦʩʪʴ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʤʘʩʰʪʘʙ ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ *

Lu . 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʩʣʝʜʥʠʡ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ ʚʝʣʠʯʠʥʳ Ὢz. ɹʝʟʨʘʟʤʝʨʥʘʷ 
ʬʦʨʤʘ ʧʨʦʝʢʮʠʡ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʩʣʦʚʠʷ ʥʘ ʥʦʨʤʘʣʴʥʳʡ ʠ ʢʘʩʘʪʝʣʴʥʳʡ 

ʚʝʢʪʦʨʳ ʢ ɻ ʠ ʙʘʣʘʥʩʦʚʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʜʣʷ ʪʝʧʣʘ ʠ ʤʘʩʩʳ ʩʦʜʝʨʞʘʪ 

ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ Ὢ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʦʪʥʦʰʝʥʠʝ ʤʘʩʰʪʘʙʘ 

ʜʝʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢ ʰʠʨʠʥʝ ʢʘʥʘʣʘ (ʧʦʩʣʝʜʥʷʷ ʧʨʠʥʠʤʘʝʪʩʷ  

ʚ ʢʘʯʝʩʪʚʝ ʤʘʩʰʪʘʙʘ ʜʣʠʥʳ ᶻ  ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʘʞʥʦʩʪʠ 

ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʩʠʣ. ʅʘʧʨʠʤʝʨ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʠʣʠ 

ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʧʨʠ ʩʦʧʦʩʪʘʚʠʤʦʤ ʚʢʣʘʜʝ ʩʠʣ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ʠ ʛʨʘʚʠʪʘʮʠʠ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʤʘʩʰʪʘʙʘ * 1/( )cf gs r= , ʠʤʝʝʤ  
-1Bof = . ɿʜʝʩʴ 

2

1 * 0Bo /ghr s=  ï 

ʩʪʘʮʠʦʥʘʨʥʦʝ ʯʠʩʣʦ ɹʦʥʜʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʩʠʣʘʤʠ 

ʛʨʘʚʠʪʘʮʠʠ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ɺ ʥʝʩʪʘʮʠʦʥʘʨʥʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ 

ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʠʣʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʘʣʠʯʠʝʤ 

ʛʨʘʜʠʝʥʪʦʚ ʪʝʤʧʝʨʘʪʫʨʳ ʠ/ʠʣʠ ʩ ʚʣʠʷʥʠʝʤ ʚʷʟʢʦʩʪʠ, Ma / BdTf = ; ʧʨʠ 

ʵʪʦʤ   ʤʘʩʰʪʘʙ ʜʝʬʦʨʤʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ * * * 1 1 1 1/( )T

Tf T h gs r bmc= . 
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ɿʜʝʩʴ 
* * 1 1Ma /T TT hs mc=  ï ʪʝʧʣʦʚʦʝ ʯʠʩʣʦ ʄʘʨʘʥʛʦʥʠ, ʧʘʨʘʤʝʪʨ 

2

1 *Bd / Tg hr b s=  ï ʜʠʥʘʤʠʯʝʩʢʦʝ ʯʠʩʣʦ ɹʦʥʜʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʚʘʞʥʦʩʪʴ ʩʠʣ ʧʣʘʚʫʯʝʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʣʘʤʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ [3], b ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ.  

ʏʣʝʥ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʩʢʘʯʦʢ ʜʘʚʣʝʥʠʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʤʝʞʬʘʟʥʫʶ 

ʛʨʘʥʠʮʫ, ʚʭʦʜʠʪ ʚ ʜʠʥʘʤʠʯʝʩʢʦʝ ʫʩʣʦʚʠʝ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ, ʢʦʪʦʨʳʡ 

ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ ʤʘʩʰʪʘʙʘ ʜʘʚʣʝʥʠʷ 
*p  ʠ ʧʨʠʥʠʤʘʝʪ 

ʟʥʘʯʝʥʠʷ, ʩʦʚʧʘʜʘʶʱʠʝ  ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʨʘʟʣʠʯʥʳʭ ʢʨʠʪʝʨʠʝʚ ʧʦʜʦʙʠʷ 

(ʢʘʧʠʣʣʷʨʥʦʝ ʯʠʩʣʦ  #Á ‘όzȾ„ , ʯʠʩʣʦ ɺʝʙʝʨʘ 7Å ”όz Ⱦz„), ʠʣʠ ʠʭ 

ʢʦʤʙʠʥʘʮʠʡ ( WeSt). ɸʥʘʣʠʟ ʢʠʥʝʤʘʪʠʯʝʩʢʦʛʦ ʫʩʣʦʚʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ 

ʬʘʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʢʣʘʜ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʵʬʬʝʢʪʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʧʘʨʘʤʝʪʨʦʤ, ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʤ ʯʠʩʣʫ ʉʪʨʫʭʘʣʷ. ɺʳʙʦʨ ʤʘʩʰʪʘʙʘ 

ʜʝʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪ ʚʠʜ ʵʪʦʡ ʚʝʣʠʯʠʥʳ, ʚʚʦʜʷ ʧʦʧʨʘʚʦʯʥʳʝ 

ʢʦʵʬʬʠʮʠʝʥʪʳ, ʩʦʜʝʨʞʘʱʠʝ ʯʠʩʣʘ ɹʦʥʜʘ ʠ/ʠʣʠ ʄʘʨʘʥʛʦʥʠ: ʧʨʠ * *

cf f=  

ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʨʘʚʝʥ 
1St Bo-

, ʘ ʧʨʠ * *

Tf f=  ï 
1St Bd/MaT

-
. 

ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʙʝʟʨʘʟʤʝʨʥʳʭ ʢʨʠʪʝʨʠʝʚ ʧʦʜʦʙʠʷ, ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʦʩʥʦʚʥʳʭ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʵʪʘʥʦʣʘ, FC-72 ʠ HFE-7100, ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʠʚʝʜʝʥʥʳʤʠ ʚʳʰʝ ʟʥʘʯʝʥʠʷʤʠ 

ʭʘʨʘʢʪʝʨʥʳʭ ʚʨʝʤʝʥ ʠ ʩʢʦʨʦʩʪʝʡ ʠ ʧʦʜʪʚʝʨʞʜʘʝʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ 

ʩʦʦʪʥʦʰʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʩʠʣ ʠ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʥʦʩʘ ʦʪ ʤʘʩʰʪʘʙʘ, ʪʠʧʘ 

ʞʠʜʢʦʩʪʠ ʠ ʥʘʣʠʯʠʷ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʦʛʦ ʵʬʬʝʢʪʘ. ɺ ʫʩʣʦʚʠʷʭ ʤʘʣʳʭ 

ʤʘʩʰʪʘʙʦʚ ʜʦʤʠʥʠʨʫʶʪ ʢʘʧʠʣʣʷʨʥʳʝ ʩʠʣʳ ʠ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʳʝ ʵʬʬʝʢʪʳ, ʘ 

ʧʨʠ ʙʦʣʴʰʠʭ ʤʘʩʰʪʘʙʘʭ ï ʛʨʘʚʠʪʘʮʠʦʥʥʳʝ ʠ, ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ, 

ʠʥʝʨʮʠʦʥʥʳʝ ʩʠʣʳ. 

ʅʘ ʧʨʠʤʝʨʝ ʩʠʩʪʝʤʳ ʩʨʝʜ FC-72 ï ʘʟʦʪ ʚ ʨʘʤʢʘʭ ʜʚʫʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʠ 

ʠʩʩʣʝʜʦʚʘʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʜʚʫʭʬʘʟʥʳʭ ʪʝʯʝʥʠʡ ʚ ʧʣʦʩʢʦʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ 

ʢʘʥʘʣʝ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʪʝʯʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʦʯʥʦʝ ʯʘʩʪʠʯʥʦ-ʠʥʚʘʨʠʘʥʪʥʦʝ 

ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʢʦʥʚʝʢʮʠʠ, ʧʦʟʚʦʣʷʶʱʝʝ ʫʯʝʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘ ʩʯʸʪ ʧʨʦʢʘʯʢʠ ʛʘʟʘ ʩ ʧʦʩʪʦʷʥʥʳʤ 

ʨʘʩʭʦʜʦʤ gR  ʥʘʜ ʩʣʦʝʤ ʞʠʜʢʦʩʪʠ ʠ ʚʣʠʷʥʠʝ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʧʨʠʩʫʪʩʪʚʠʝʤ ʠʩʧʘʨʷʝʤʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ. 

ʇʦʩʪʘʥʦʚʢʘ ʩʦʧʨʷʞʝʥʥʦʡ ʟʘʜʘʯʠ, ʚʠʜ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʠ ʬʦʨʤʫʣʠʨʦʚʢʘ 

ʟʘʜʘʯʠ ʦʙ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ [4]. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʛʨʘʥʠʯʥʦʛʦ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʘ ʥʘ ʚʝʨʭʥʝʡ ʩʪʝʥʢʝ ʢʘʥʘʣʘ, ʨʘʩʩʤʦʪʨʝʥʳ ʩʣʫʯʘʠ 

ʣʠʥʝʡʥʦʛʦ ʥʘʛʨʝʚʘ ʩ ʧʦʩʪʦʷʥʥʳʤ ʛʨʘʜʠʝʥʪʦʤ ɸ ʠ ʪʝʧʣʦʠʟʦʣʷʮʠʠ ʩʪʝʥʢʠ.  ɼʣʷ 

ʩʠʩʪʝʤʳ ʩ ʪʦʣʱʠʥʘʤʠ ʞʠʜʢʦʛʦ ʠ ʛʘʟʦʚʦʛʦ ʩʣʦʝʚ 3 ʠ 5 ʤʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ 

ʨʘʩʭʦʜʦʤ 
68.33 10gR -= Ö ʢʛ/(ʤĿʩ) ʦʧʨʝʜʝʣʝʥʳ ʦʙʣʘʩʪʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ 

ʧʣʦʩʢʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ (Ma,Gr); ʟʜʝʩʴ 
2 2

* 2 2Ma /T Ahs n r=  ï ʯʠʩʣʦ ʄʘʨʘʥʛʦʥʠ,   
4 2

2 * 2Gr /g Ahb n=  ï ʯʠʩʣʦ ɻʨʘʩʛʦʬʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʝʧʣʦʠʟʦʣʷʮʠʷ ʚʝʨʭʥʝʡ 

ʩʪʝʥʢʠ ʧʨʠʚʦʜʠʪ ʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʜʝʩʪʘʙʠʣʠʟʘʮʠʠ ʪʝʯʝʥʠʡ ʚ ʩʣʫʯʘʝ 

ʜʣʠʥʥʦʚʦʣʥʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ ʠ ʦʢʘʟʳʚʘʝʪ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʝ ʚʣʠʷʥʠʝ ʧʨʠ 
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ʢʦʨʦʪʢʦʚʦʣʥʦʚʳʭ ʚʦʟʤʫʱʝʥʠʷʭ. ʇʨʠ ʵʪʦʤ, ʜʘʞʝ ʧʨʠ ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ 

ɻʨʘʩʛʦʬʘ ʩʫʱʝʩʪʚʫʶʪ ʚʦʟʤʫʱʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʧʦʪʝʨʝ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ. ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʪʠʧʘ ʛʨʘʥʠʯʥʦʛʦ ʫʩʣʦʚʠʷ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚ ʩʠʩʪʝʤʝ ʨʝʘʣʠʟʫʝʪʩʷ ʢʦʣʝʙʘʪʝʣʴʥʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʚ ʬʦʨʤʝ ʷʯʝʠʩʪʦʡ 

ʢʦʥʚʝʢʮʠʠ, ʢʦʪʦʨʘʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʠʧʠʯʥʳʭ ʪʝʧʣʦʚʳʭ 

ʩʪʨʫʢʪʫʨ ʚʙʣʠʟʠ ʤʝʞʬʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʀʟʤʝʥʝʥʠʝ ʛʨʘʥʠʯʥʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʨʝʞʠʤʘ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʩʪʨʦʡʢʝ ʩʪʨʫʢʪʫʨʳ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳʭ 

ʚʦʟʤʫʱʝʥʠʡ, ʥʦ ʚʳʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ, ʩ ʢʦʪʦʨʦʡ 

ʚʦʟʤʫʱʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚ ʧʦʪʦʢʝ ʞʠʜʢʦʩʪʠ. ʈʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʦʜʦʙʥʦʛʦ ʚʠʜʘ ʚ ʞʠʜʢʦʩʪʠ, ʠʩʧʘʨʷʶʱʝʡʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʧʫʪʥʦʛʦ 

ʣʘʤʠʥʘʨʥʦʛʦ ʧʦʪʦʢʘ ʛʘʟʘ, ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ [5]. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʂʨʘʩʥʦʷʨʩʢʠʤ ʤʘʪʝʤʘʪʠʯʝʩʢʠʤ ʮʝʥʪʨʦʤ, 

ʬʠʥʘʥʩʠʨʫʝʤʳʤ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʚ ʨʘʤʢʘʭ ʤʝʨʦʧʨʠʷʪʠʡ ʧʦ ʩʦʟʜʘʥʠʶ ʠ 

ʨʘʟʚʠʪʠʶ ʨʝʛʠʦʥʘʣʴʥʳʭ ʅʆʄʎ, ʉʦʛʣʘʰʝʥʠʝ 075-02-2025-1606. 
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ʏʀʉʃɽʅʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʊɽʏɽʅʀʗ ɾʀɼʂʆɻʆ ʄɽʊɸʃʃɸ 

ɺ ʊ-ʆɹʈɸɿʅʆʁ ʎʀʃʀʅɼʈʀʏɽʉʂʆʁ ʗʏɽʁʂɽ 

ɸ. ɸ. ɹʦʥʜʘʨʝʥʢʦa,b, ʀ. ɺ. ʂʦʣʝʩʥʠʯʝʥʢʦa,b
  

aʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʇʝʨʤʴ,  

614013, ʇʝʨʤʴ, ɸʢʘʜʝʤʠʢʘ ʂʦʨʦʣʝʚʘ, 1 
bʇʝʨʤʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ 

ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

614990, ʇʝʨʤʴ, ʂʦʤʩʦʤʦʣʴʩʢʠʡ ʧʨʦʩʧʝʢʪ, 29 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʊ-ʦʙʨʘʟʥʘʷ ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ ʷʯʝʡʢʘ, ʟʘʧʦʣʥʝʥʥʘʷ 

ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ ʧʦʣʝ ʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʩʠʣ, 

ʩʦʟʜʘʚʘʝʤʳʭ ʠʥʜʫʢʪʦʨʘʤʠ ʚʨʘʱʘʶʱʝʛʦ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ʈʘʜʠʫʩʳ ʚʝʨʭʥʝʡ ʠ 

ʥʠʞʥʝʡ ʯʘʩʪʝʡ ʷʯʝʡʢʠ ʦʪʣʠʯʘʶʪʩʷ ʚ ʜʚʘ ʨʘʟʘ, ʘ ʚʳʩʦʪʳ ʨʘʚʥʳ ʠ ʚ ʪʨʠ ʨʘʟʘ 

ʙʦʣʴʰʝ ʥʠʞʥʝʛʦ ʨʘʜʠʫʩʘ. ɺ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʯʠʩʣʝʥʥʦ 

ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚʨʘʱʘʶʱʠʭʩʷ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʷʭ ʧʦʪʦʢʦʚ ʞʠʜʢʦʩʪʠ. ʅʘ ʧʣʦʩʢʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʯʠʩʝʣ ʊʝʡʣʦʨʘ 

ʧʦʩʪʨʦʝʥʳ ʥʝʡʪʨʘʣʴʥʳʝ ʢʨʠʚʳʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʂʝʣʴʚʠʥʘ-ɻʝʣʴʤʛʦʣʴʮʘ ʠ 

ʊʝʡʣʦʨʘ-ɻʝʨʪʣʝʨʘ. ʉ ʧʦʤʦʱʴʶ ʚʝʡʚʣʝʪ-ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʭʘʨʘʢʪʝʨʥʳʭ ʯʘʩʪʦʪ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʦʪ ʩʠʣʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʜʘʯʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʨʘʱʘʶʱʝʝʩʷ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʩʠʣʘ, ʚʠʭʨʠ ʊʝʡʣʦʨʘ-

ɻʝʨʪʣʝʨʘ 

NUMERICAL  SIMULATION  

OF COUNTER -ROTATING  FLOWS OF LIQUID  METAL  

IN  T-SHAPED CYLINDRICAL  CELL  

A. A. Bondarenkoa,b, I. V. Kolesnichenkoa,b 
aInstitute of Continuous Media Mechanics UB RAS 

1 Academician Korolev St., 614013, Perm 
bPerm National Research Polytechnic University,  

29 Komsomolsky prospect, 614990, Perm 

The study considers a T-shaped cylindrical cell filled with liquid metal. Fluid is 

driven by the electromagnetic forces created by a rotating magnetic field inductors. 

The radii of the upper and lower parts of the cell differ in two times, and their heights 

are equal and three times greater than the lower radius. The problem of the interaction 

of fluid flows rotating in opposite directions is solved numerically in an axisymmetric 

approximation. The neutral curves of Kelvin-Helmholtz and Taylor-Gºrtler 

instabilities are presented on the magnetic Taylor numbers plane. The dependencies 

of the instability characteristic frequencies on the magnetic Taylor number of the 

problem are obtained using wavelet analysis. 

Keywords: rotating magnetic field; electromagnetic force; Taylor-Gºrtler vortices12 
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ɹʦʣʴʰʠʥʩʪʚʦ ʨʝʘʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʪʝʯʝʥʠʡ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʘ ʷʚʣʷʶʪʩʷ 

ʚʠʭʨʝʚʳʤʠ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʟʘʢʨʫʯʝʥʥʳʤʠ: ʧʦʪʦʢʠ ʚ ʦʢʝʘʥʝ, ʘʪʤʦʩʬʝʨʥʳʝ 

ʮʠʢʣʦʥʳ, ʪʦʨʥʘʜʦ, ʪʘʡʬʫʥʳ, ʢʦʥʚʝʢʪʠʚʥʳʝ ʧʦʪʦʢʠ ʚ ʤʘʥʪʠʠ ʠ ʷʜʨʝ ɿʝʤʣʠ, 

ʥʝʩʫʱʠʝ ʦʪʚʝʪʩʪʚʝʥʥʦʩʪʴ ʟʘ ʛʝʥʝʨʘʮʠʶ ʝʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [1]. 

ɺʘʞʥʫʶ ʨʦʣʴ ʧʦʜʦʙʥʳʝ ʪʝʯʝʥʠʷ ʠʛʨʘʶʪ ʠ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ. 

ɺ ʯʘʩʪʥʦʩʪʠ, ʦʜʥʦʚʠʭʨʝʚʦʝ ʪʝʯʝʥʠʝ ʩʦʟʜʘʝʪ ʧʝʨʝʧʘʜ ʜʘʚʣʝʥʠʷ ʚ ʢʘʥʘʣʘʭ 

ʮʝʥʪʨʦʙʝʞʥʳʭ ʥʘʩʦʩʘʭ. ɺ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʤʘʛʥʠʪʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ (ʄɻɼ) ʥʘʩʦʩʳ ʠ ʧʝʨʝʤʝʰʠʚʘʪʝʣʠ [2]. ɺ ʪʘʢʠʭ 

ʫʩʪʨʦʡʩʪʚʘʭ ʠʥʪʝʥʩʠʚʥʳʝ ʪʝʯʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʡ ʩʨʝʜʳ ʩʦʟʜʘʶʪʩʷ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʙʝʛʫʱʠʭ ʠ/ʠʣʠ ʚʨʘʱʘʶʱʠʭʩʷ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ʇʝʨʝʤʝʰʠʚʘʪʝʣʠ 

ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʩʚʦʡʩʪʚ ʠʟʛʦʪʘʚʣʠʚʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ [3]. 

ʅʝʠʩʩʣʝʜʦʚʘʥʥʳʤʠ ʦʩʪʘʶʪʩʷ ʚʦʧʨʦʩʳ ʦ ʣʦʢʘʣʴʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʯʘʩʪʝʡ 

ʷʯʝʡʢʠ ʠ ʠʟʫʯʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʙʣʘʩʪʠ ʟʘʢʨʫʯʝʥʥʦʛʦ ʧʦʪʦʢʘ, ʪʘʢ ʢʘʢ ʚʦ 

ʤʥʦʛʠʭ ʩʠʪʫʘʮʠʷʭ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʫʱʝʩʪʚʫʶʪ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʦʙʣʘʩʪʠ 

ʨʘʟʤʝʱʝʥʠʷ ʧʝʨʝʤʝʰʠʚʘʪʝʣʝʡ ʚʦʢʨʫʛ ʪʠʛʣʝʡ ʩ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ.   

ɼʚʠʞʝʥʠʝ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʨʘʱʘʶʱʠʭʩʷ ʤʘʛʥʠʪʥʳʭ 

ʧʦʣʝʡ ʰʠʨʦʢʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ ʚ ʣʘʤʠʥʘʨʥʳʭ, 

ʧʝʨʝʭʦʜʥʳʭ ʠ ʪʫʨʙʫʣʝʥʪʥʳʭ ʨʝʞʠʤʘʭ ʪʝʯʝʥʠʡ. ʂʚʘʟʠʪʚʝʨʜʦʪʝʣʴʥʳʡ 

ʧʨʦʬʠʣʴ ʩʢʦʨʦʩʪʠ ʚʥʫʪʨʠ ʮʠʣʠʥʜʨʘ ʧʝʨʝʭʦʜʠʪ ʚ ʪʦʥʢʠʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʫ 

ʥʝʧʦʜʚʠʞʥʳʭ ʩʪʝʥʦʢ. ʇʨʦʷʚʣʝʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚʳʨʘʞʘʝʪʩʷ ʧʦʷʚʣʝʥʠʷʤʠ 

ʧʫʣʴʩʘʮʠʡ ʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ. ʆʜʥʘ ʠʟ ʪʘʢʠʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ï ʚʠʭʨʠ 

ʊʝʡʣʦʨʘ-ɻʝʨʪʣʝʨʘ ï ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʠʭʨʝʚʳʝ ʚʘʣʠʢʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 

ʚʜʦʣʴ ʧʦʪʦʢʘ, ʠ ʚʦʟʥʠʢʘʶʱʘʷ ʚʙʣʠʟʠ ʚʦʛʥʫʪʳʭ ʩʪʝʥʦʢ [4]. ɸʩʠʤʧʪʦʪʠʯʝʩʢʘʷ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʚ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩ ʙʝʩʢʦʥʝʯʥʳʤ 

ʧʦ ʚʳʩʦʪʝ ʮʠʣʠʥʜʨʦʤ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚ [5]. ɺ ʦʛʨʘʥʠʯʝʥʥʳʭ ʧʦ ʚʳʩʦʪʝ 

ʮʠʣʠʥʜʨʘʭ ʠʟ-ʟʘ ʘʢʩʠʘʣʴʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʮʝʥʪʨʦʙʝʞʥʦʡ ʩʠʣʳ ʚʦʟʥʠʢʘʝʪ 

ʵʬʬʝʢʪ ʤʝʨʠʜʠʦʥʘʣʴʥʦʛʦ (ʧʦʣʦʠʜʘʣʴʥʦʛʦ) ʚʪʦʨʠʯʥʦʛʦ ʪʝʯʝʥʠʷ, ʥʘʟʳʚʘʝʤʦʛʦ 

ʵʢʤʘʥʦʚʩʢʦʡ ʧʦʜʢʘʯʢʦʡ [6]. ʋ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʩʪʝʥʦʢ ʦʙʨʘʟʫʶʪʩʷ 

ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ ɹʦʜʝʚʘʜʪʘ (ʕʢʤʘʥʘ). ʅʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʪʝʯʝʥʠʷ, ʢʦʛʜʘ ʩʢʦʨʦʩʪʴ ʚ ʩʠʩʪʝʤʝ ʨʘʩʪʝʪ, ʚʦʟʥʠʢʘʶʪ ʠʥʝʨʮʠʦʥʥʳʝ ʚʦʣʥʳ [7]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʘʢ ʚ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ [8], ʪʘʢ ʠ ʚ ʪʨʝʭʤʝʨʥʦʡ 

[9] ʧʦʩʪʘʥʦʚʢʘʭ ʚʦʣʥʦʚʳʝ ʦʩʮʠʣʣʷʮʠʠ, ʚʳʟʚʘʥʥʳʝ ʜʘʥʥʳʤ ʵʬʬʝʢʪʦʤ, 

ʷʚʣʷʶʪʩʷ ʧʝʨʚʠʯʥʳʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʠʭʨʷʤʠ ʊʝʡʣʦʨʘ-ɻʝʨʪʣʝʨʘ. 

ʂʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʧʦʷʚʣʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʠ ʦʩʮʠʣʣʷʮʠʡ ʟʘʚʠʩʠʪ ʦʪ 

ʘʩʧʝʢʪʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʷʯʝʡʢʠ [10]. ʇʨʠ ʵʪʦʤ ʚʠʭʨʠ ʊʝʡʣʦʨʘ-ɻʝʨʪʣʝʨʘ 

ʩʧʠʨʘʣʴʥʦ ʧʝʨʝʥʦʩʷʪʩʷ ʧʦʣʦʠʜʘʣʴʥʳʤ ʪʝʯʝʥʠʝʤ ʢ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʩʪʝʥʢʘʤ 

ʮʠʣʠʥʜʨʦʚ [11].  

ʄʝʥʝʝ ʠʩʩʣʝʜʦʚʘʥʥʳʤʠ ʷʚʣʷʶʪʩʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʥʘʧʨʘʚʣʝʥʥʳʝ 

ʚʨʘʱʘʶʱʠʝʩʷ ʪʝʯʝʥʠʷ. ʇʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʪʘʢʠʭ ʧʦʪʦʢʦʚ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʚʦʟʥʠʢʘʝʪ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʂʝʣʴʚʠʥʘ-ɻʝʣʴʤʛʦʣʴʮʘ [12], 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷʩʷ ʨʦʩʪʦʤ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʢ ʛʨʘʥʠʮʝ ʚʦʟʤʫʱʝʥʠʡ ʠ 

ʧʦʷʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʥʳʭ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʝʯʝʥʠʡ ʚ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ ʧʝʨʝʤʝʰʠʚʘʪʝʣʝʡ ʚ ʨʝʞʠʤʘʭ ʩ ʨʘʟʚʠʪʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʴʶ ʧʨʦʚʦʜʠʣʦʩʴ ʚ [13], [14]. ʆʜʥʘʢʦ ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʩʘ 
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ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʠ ʠʭ ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝ 

ʧʨʦʚʦʜʠʣʦʩʴ, ʯʝʤʫ ʠ ʙʫʜʝʪ ʧʦʩʚʷʱʝʥʘ ʜʘʥʥʘʷ ʨʘʙʦʪʘ.  

ʈʘʩʩʤʦʪʨʠʤ ʜʚʘ ʢʦʘʢʩʠʘʣʴʥʳʭ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʮʠʣʠʥʜʨʘ, ʟʘʧʦʣʥʝʥʥʳʭ 

ʵʚʪʝʢʪʠʯʝʩʢʠʤ ʩʧʣʘʚʦʤ GaSnZn, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

[15]. ʈʘʜʠʫʩ ʥʠʞʥʝʛʦ ʮʠʣʠʥʜʨʘ Ὑ υπ ʤʤ, ʨʘʜʠʫʩ ʚʝʨʭʥʝʛʦ ðὙ ρππ ʤʤ, 
ʘ ʚʳʩʦʪʳ ʦʙʦʠʭ ʯʘʩʪʝʡ ʷʯʝʡʢʠ ʨʘʚʥʳ 150 ʤʤ. ɺʦʢʨʫʛ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ 

ʯʘʩʪʝʡ ʷʯʝʡʢʠ ʨʘʩʧʦʣʦʞʝʥʳ ʠʥʜʫʢʪʦʨʳ ʚʨʘʱʘʶʱʝʛʦʩʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʩʦʟʜʘʶʱʠʝ ʘʟʠʤʫʪʘʣʴʥʫʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʫʶ ʩʠʣʫ. ɺʩʣʝʜʩʪʚʠʝ ʤʘʣʦʩʪʠ 

ʤʘʛʥʠʪʥʦʛʦ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʠ ɻʘʨʪʤʘʥʘ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʧʦʪʦʢʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʡ ʞʠʜʢʦʩʪʠ 

ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ.  

ʀʟʦʪʝʨʤʠʯʝʩʢʦʝ ʪʝʯʝʥʠʝ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʘʤʠ 

ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ (ʫʨʘʚʥʝʥʠʝ ʅʘʚʴʝ-ʉʪʦʢʩʘ) ʠ ʤʘʩʩʳ (ʫʩʣʦʚʠʝ 

ʥʝʩʞʠʤʘʝʤʦʩʪʠ)  
╥
╥ẗɳ╥ ὴɳ ’ɳ ╥ █Ⱪ►ȟ◑▄ⱴȟ ρ 

  

ʛʜʝ ╥ ð ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ, ʍ ð ʧʣʦʪʥʦʩʪʴ, ὴ  ð ʜʘʚʣʝʥʠʝ, ʉ ð ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ 

ʚ̫ ʟʢʦʩʪʴ, Ὢ ð ʘʤʧʣʠʪʫʜʘ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʠʣʳ, ʊὶȟᾀ ð 

ʥʦʨʤʘʣʠʟʦʚʘʥʥʘʷ ʬʫʥʢʮʠʷ ʬʦʨʤʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʧʨʦʬʠʣʶ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʠʣʳ. ʋʧʨʘʚʣʷʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʟʘʜʘʯʠ ʷʚʣʷʶʪʩʷ 

ʘʥʘʣʦʛʠ ʤʘʛʥʠʪʥʦʛʦ ʯʠʩʣʘ ʊʝʡʣʦʨʘ ʜʣʷ ʥʠʞʥʝʡ ʠ ʚʝʨʭʥʝʡ ʯʘʩʪʝʡ ʷʯʝʡʢʠ 

Ὕὥ ὪὙȾʍʉ.  

 ʈʝʰʝʥʠʝ ʟʘʜʘʯʠ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ ʚ ʧʘʢʝʪʝ 

OpenFOAM-10 [16]. ʀʩʧʦʣʴʟʦʚʘʣʩʷ ʨʝʰʘʪʝʣʴ pimpleFoam. ʈʝʰʝʥʠʝ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʙʣʦʯʥʦ-ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʝ ʩʦ ʩʛʫʱʝʥʠʝʤ ʚ 

ʦʙʣʘʩʪʷʭ ʪʚʝʨʜʳʭ ʩʪʝʥʦʢ. ʍʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʣ 0.5 ʤʤ, ʯʪʦ 

ʧʨʠʟʥʘʥʦ ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʩʭʦʜʠʤʦʩʪʠ ʨʝʰʝʥʠʷ.   

 ʀʩʩʣʝʜʦʚʘʥʘ ʩʪʘʜʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ. ʇʦʩʪʨʦʝʥʳ 

ʥʝʡʪʨʘʣʴʥʳʝ ʢʨʠʚʳʝ ʧʦʷʚʣʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʂʝʣʴʚʠʥʘ-ɻʝʣʴʤʛʦʣʴʮʘ ʠ 

ʊʝʡʣʦʨʘ-ɻʝʨʪʣʝʨʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʯʠʩʝʣ ʊʝʡʣʦʨʘ. ʇʨʠ ʧʦʤʦʱʠ ʚʝʡʚʣʝʪ-

ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪ ʚʠʭʨʝʡ ʊʝʡʣʦʨʘ-ɻʝʨʪʣʝʨʘ ʦʪ ʩʠʣʦʚʳʭ 

ʧʘʨʘʤʝʪʨʦʚ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ, 

ʨʝʛʠʩʪʨʘʮʠʦʥʥʳʡ ʥʦʤʝʨ ʪʝʤʳ 124012300246-9. 
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ʤʠʥʠʤʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʧʦʚʝʨʭʥʦʩʪʠ ʐʚʘʨʮʘ P (ʧʨʠʤʠʪʠʚʥʘʷ) ʠ D 

(ʘʣʤʘʟʥʘʷ), ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʩʦʟʜʘʚʘʪʴ ʤʘʪʝʨʠʘʣʳ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ 

ʛʨʘʜʠʝʥʪʘʤʠ ʧʦʨʠʩʪʦʩʪʠ. ʇʦʩʣʝʜʥʝʝ ʩʚʦʡʩʪʚʦ ʠʤʝʝʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʦʣʷ ʩʜʚʠʛʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʦʨʘʭ ʩʢʘʬʬʦʣʜʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʦʩʪʘ ʢʣʝʪʦʢ. ʇʨʦʥʠʮʘʝʤʦʩʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-

ʛʨʘʜʠʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟʫʯʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʢʘʢ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ, 

ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʫʨʘʚʥʝʥʠʠ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʪʘʢ ʠ ʫʩʨʝʜʥʝʥʥʦʛʦ ʦʧʠʩʘʥʠʷ 

ʬʠʣʴʪʨʘʮʠʠ ʞʠʜʢʦʩʪʠ ʯʝʨʝʟ ʧʦʨʠʩʪʫʶ ʩʨʝʜʫ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ɼʘʨʩʠ ʠʣʠ 

ʌʦʨʮʛʝʡʤʝʨʘ. ɺʳʯʠʩʣʷʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ 

ʪʚʝʨʜʳʭ ʤʘʪʨʠʮ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʐʚʘʨʮʘ, ʠʟʫʯʘʶʪʩʷ ʠʭ ʩʚʦʡʩʪʚʘ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ ʧʦʪʦʢʦʚ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʜʠʘʧʘʟʦʥʳ ʯʠʩʝʣ 

ʈʝʡʥʦʣʴʜʩʘ, ʜʣʷ ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʠʤʦ ʦʧʠʩʘʥʠʝ ɼʘʨʩʠ ʠʣʠ ʌʦʨʮʛʝʡʤʝʨʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʧʦʨʠʩʪʳʝ ʩʨʝʜʳ; ʤʦʜʝʣʠ ʬʠʣʴʪʨʘʮʠʠ; ʬʫʥʢʮʠʦʥʘʣʴʥʦ-
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ɸʢʪʠʚʥʦʝ ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ 3D-ʧʝʯʘʪʠ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ ʩʦʟʜʘʥʠʶ ʧʝʨʩʦʥʠʬʠʮʠʨʦʚʘʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʚ ʦʙʣʘʩʪʠ 

ʦʨʪʦʧʝʜʠʯʝʩʢʦʡ ʭʠʨʫʨʛʠʠ [1]. ʀʥʞʝʥʝʨʠʷ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʥʘ ʦʩʥʦʚʝ 

ʚʳʩʦʢʦʧʦʨʠʩʪʳʭ ʩʢʘʬʬʦʣʜʦʚ ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʣʝʯʝʥʠʝ ʙʦʣʴʰʠʭ ʢʦʩʪʥʳʭ 

ʜʝʬʝʢʪʦʚ ʧʨʠ ʧʦʤʦʱʠ ʠʤʧʣʘʥʪʘʮʠʠ. ʏʪʦʙʳ ʚʥʝʜʨʝʥʠʝ ʠʤʧʣʘʥʪʘʪʘ ʧʨʦʰʣʦ 

ʫʩʧʝʰʥʦ, ʥʝʦʙʭʦʜʠʤʦ ʯʪʦʙʳ ʦʥ ʠʤʠʪʠʨʦʚʘʣ ʨʘʟʥʦʨʦʜʥʦʩʪʴ ʝʩʪʝʩʪʚʝʥʥʦʡ 

ʢʦʩʪʠ ʢʘʢ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠ (ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʧʦʨʠʩʪʦʩʪʠ), ʪʘʢ ʠ 

ʤʝʭʘʥʠʯʝʩʢʠ (ʟʘʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ). ʂ ʯʠʩʣʫ ʬʫʥʢʮʠʡ, 

ʢʦʪʦʨʳʝ ʜʦʣʞʝʥ ʚʳʧʦʣʥʷʪʴ ʩʢʘʬʬʦʣʜ ʚ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʩʨʝʜʝ, ʦʪʥʦʩʷʪʩʷ 

ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʦʜʜʝʨʞʢʘ ʢʣʝʪʦʢ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʠʭ ʧʨʦʣʠʬʝʨʘʮʠʶ ʠ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʢʫ; ʢʦʥʪʨʦʣʴ ʩʪʨʫʢʪʫʨʳ ʠ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʪʢʘʥʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʨʫʢʪʫʨʘ, ʟʘʤʝʱʘʶʱʘʷ 

ʧʦʚʨʝʞʜʝʥʥʫʶ ʢʦʩʪʥʫʶ ʪʢʘʥʴ, ʜʦʣʞʥʘ ʠʤʝʪʴ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ, 

ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʝ ʧʦʨʳ ʠ ʦʙʣʘʜʘʪʴ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʧʦʨʠʩʪʦʩʪʴʶ, ʯʪʦʙʳ 

ʦʙʝʩʧʝʯʠʪʴ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʢʣʝʪʦʢ, ʚʨʘʩʪʘʥʠʝ ʩʦʩʫʜʦʚ, ʜʠʬʬʫʟʠʶ 

ʧʠʪʘʪʝʣʴʥʳʭ ʚʝʱʝʩʪʚ ʠ ʚʳʚʝʜʝʥʠʝ ʦʪʨʘʙʦʪʘʥʥʳʭ ʧʨʦʜʫʢʪʦʚ. ʕʪʦ 

ʥʘʢʣʘʜʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʛʝʦʤʝʪʨʠʶ ʧʨʦʝʢʪʠʨʫʝʤʦʛʦ 

ʠʤʧʣʘʥʪʘʪʘ: ʢʘʢ ʧʦʢʘʟʳʚʘʝʪ ʧʨʘʢʪʠʢʘ, ʦʜʥʦʨʦʜʥʘʷ ʷʯʝʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʩʠʣʫ 

ʦʜʥʦʦʙʨʘʟʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʠʧʘ ʧʦʨʠʩʪʦʩʪʠ ʠ ʨʘʟʤʝʨʘ ʧʦʨ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʙʠʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [2]. ʂʦʩʪʥʘʷ 

ʪʢʘʥʴ, ʥʝʦʜʥʦʨʦʜʥʘ ʢʘʢ ʧʦ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʝ, ʪʘʢ ʠ ʧʦ ʙʠʦʤʝʭʘʥʠʯʝʩʢʠʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ, ʦʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʠʜʝʘʣʴʥʳʡ ʩʢʘʬʬʦʣʜ ʜʦʣʞʝʥ ʩʦʯʝʪʘʪʴ 

ʚ ʩʝʙʝ ʦʧʪʠʤʘʣʴʥʳʤ ʦʙʨʘʟʦʤ ʜʦʩʪʘʪʦʯʥʫʶ ʧʦʨʠʩʪʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ, ʘ ʪʘʢʞʝ 

ʥʘ ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʚʳʜʝʨʞʠʚʘʪʴ ʧʦʚʳʰʝʥʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʛʨʫʟʢʠ. 

ʅʘʧʨʠʤʝʨ, ʜʣʷ ʟʘʤʝʱʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ʪʨʘʙʝʢʫʣʷʨʥʦʡ ʢʦʩʪʥʦʡ ʪʢʘʥʠ 

ʪʨʝʙʫʶʪʩʷ ʩʢʘʬʬʦʣʜʳ ʩ ʚʳʩʦʢʦʡ ʧʦʨʠʩʪʦʩʪʴʶ (ʦʢʦʣʦ 0.5-0.8), ʘ ʜʣʷ 

ʟʘʤʝʱʝʥʠʷ ʢʦʨʪʠʢʘʣʴʥʦʡ ʪʢʘʥʠ ï ʩ ʥʠʟʢʦʡ ʧʦʨʠʩʪʦʩʪʴʶ (0.1-0.3) [3].  

ʉʢʘʬʬʦʣʜʳ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʧʦ ʪʝʭʥʦʣʦʛʠʠ 3D-ʧʝʯʘʪʠ, ʦʙʳʯʥʦ 

ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʩ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʦʜʥʘʢʦ, ʜʣʷ ʫʜʦʚʣʝʪʚʦʨʝʥʠʷ 

ʧʨʝʜʲʷʚʣʷʝʤʳʤ ʢ ʠʤʧʣʘʥʪʘʪʫ ʪʨʝʙʦʚʘʥʠʷʤ ʧʝʨʩʧʝʢʪʠʚʥʳ ʨʘʟʨʘʙʦʪʢʘ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʧʦʨʠʩʪʳʭ ʩʪʨʫʢʪʫʨ [4]. ʇʨʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʩʢʘʬʬʦʣʜʦʚ ʦʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʳʭ ʧʨʠʸʤʦʚ ʷʚʣʷʶʪʩʷ ʢʦʥʩʪʨʫʢʮʠʷ ʷʯʝʡʢʠ ʥʘ 

ʦʩʥʦʚʝ ʪʨʠʞʜʳ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʤʠʥʠʤʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ (TPMS) [5]. 

ɼʘʥʥʳʡ ʢʣʘʩʩ ʧʦʚʝʨʭʥʦʩʪʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʙʝʩʢʦʥʝʯʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʧʦ ʪʨʝʤ ʚʟʘʠʤʦ-ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ. 

ʇʨʝʠʤʫʱʝʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ 

ʠʤʧʣʘʥʪʘʪʦʚ ʟʘʢʣʶʯʘʝʪʩʷ, ʚ ʪʦʤ, ʯʪʦ ʛʝʦʤʝʪʨʠʷ ʩʢʘʬʬʦʣʜʦʚ ʥʘ ʦʩʥʦʚʝ ʊʇʄʇ 

ʟʘʜʘʸʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʚʳʨʘʞʝʥʠʝʤ, ʟʘʧʠʩʘʥʥʳʤ ʚ ʷʚʥʦʤ ʚʠʜʝ. 

ʄʦʨʬʦʣʦʛʠʝʡ ʪʘʢʦʛʦ ʨʦʜʘ ʢʦʥʩʪʨʫʢʮʠʠ ʣʝʛʢʦ ʫʧʨʘʚʣʷʪʴ, ʥʘʩʪʨʘʠʚʘʷ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʤʦʜʝʣʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʘʪʴ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ 

ʤʝʞʜʫ ʧʦʨʠʩʪʦʩʪʴʶ ʠ ʞʝʩʪʢʦʩʪʴʶ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʨʘʟʣʠʯʥʦʡ ʩʢʦʨʦʩʪʠ ʜʝʣʝʥʠʷ ʢʣʝʪʦʢ [6]. ʊʘʢʞʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʊʇʄʇ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʙʦʣʴʰʫʶ ʧʣʦʱʘʜʴ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ 
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ʧʨʠʢʨʝʧʣʝʥʠʷ ʠ ʧʨʦʣʠʬʝʨʘʮʠʠ ʢʣʝʪʦʢ, ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ ʩʢʘʬʬʦʣʜʘʤʠ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʢ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʩʚʷʟʥʦʩʪʴ ʧʦʨ ʠ ʧʨʝʚʦʩʭʦʜʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ. ʇʨʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʠ ʧʦʚʝʜʝʥʠʷ ʢʣʝʪʦʢ ʚ ʩʢʘʬʬʦʣʜʘʭ ʧʦʩʣʝ 

ʚʥʝʜʨʝʥʠʷ ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʪʨʫʢʪʫʨʳ, ʢʦʪʦʨʦʡ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʧʨʠ  ʧʦʤʦʱʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʛʨʘʜʠʝʥʪʘ. 

ɹʠʦʣʦʛʠʯʝʩʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʰʝʪʯʘʪʳʭ ʩʪʨʫʢʪʫʨ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ 

ʚʥʫʪʨʝʥʥʝʡ ʘʨʭʠʪʝʢʪʫʨʳ ʧʦʨ, ʘ ʟʥʘʯʠʪ, ʘʥʘʣʠʟ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʞʠʜʢʦʩʪʠ 

ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʢʘʟʘʪʴ ʙʫʜʫʱʫʶ ʙʠʦʣʦʛʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʢʣʝʪʦʢ ʝʱʸ ʥʘ 

ʵʪʘʧʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʨʝʰʝʪʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ. ʋʧʨʘʚʣʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ 

ʩʪʨʫʢʪʫʨʦʡ ʧʦʨ ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʣʦʢʘʣʴʥʦ ʠʟʤʝʥʷʝʪ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ 

ʩʢʦʨʦʩʪʴ ʬʠʣʴʪʨʘʮʠʠ [7], ʘ ʟʥʘʯʠʪ ʤʝʥʷʝʪ ʩʢʦʨʦʩʪʴ ʧʨʦʪʝʢʘʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʠ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʫʘʣʴʥʘ ʟʘʜʘʯʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʧʦʨʠʩʪʳʭ 

ʩʨʝʜ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ,  ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʚ ʠʥʪʝʨʝʩʘʭ ʪʢʘʥʝʚʦʡ ʠʥʞʝʥʝʨʠʠ.  

 

 

ʈʠʩ. 1. ʇʨʠʤʝʨ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʦʡ ʪʚʝʨʜʦʡ ʤʘʪʨʠʮʳ, ʟʘʜʘʚʘʝʤʦʡ 

ʪʨʠʞʜʳ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʤʠʥʠʤʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ P-ʩʪʨʫʢʪʫʨʦʡ ʐʚʘʨʮʘ. 

ʇʦʢʘʟʘʥʳ: ʦʜʠʥ ʵʣʝʤʝʥʪ ʪʚʝʨʜʦʡ ʤʘʪʨʠʮʳ (ʩʣʝʚʘ), ʦʙʱʠʡ ʚʠʜ ʤʘʪʨʠʮʳ (ʚ 

ʮʝʥʪʨʝ), ʚʘʨʠʘʮʠʷ ʧʦʨʠʩʪʦʩʪʠ ʚʜʦʣʴ ʦʜʥʦʛʦ ʠʟ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ (ʩʧʨʘʚʘ) 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʦ ʥʝʩʢʦʣʴʢʦ ʭʘʨʘʢʪʝʨʥʳʭ ʤʘʪʨʠʮ ʧʦʨʠʩʪʦʡ ʩʨʝʜʳ, 

ʟʘʜʘʚʘʝʤʳʭ ʪʝʭʥʠʢʦʡ TPMS. ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥ ʦʜʠʥ ʧʨʠʤʝʨ ʪʘʢʦʡ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʦʡ ʤʘʪʨʠʮʳ ï P-ʩʪʨʫʢʪʫʨʘ ʐʚʘʨʮʘ [8]. ʉ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʟʘʜʘʥʠʝ ʤʘʪʨʠʮʳ ʧʦʟʚʦʣʷʝʪ ʫʧʨʦʩʪʠʪʴ ʧʨʦʮʝʩʩ 3D 

ʧʝʯʘʪʠ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ, ʘ ʩ ʜʨʫʛʦʡ ï ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ 

ʯʠʩʣʝʥʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʨʠʮ ʧʨʠ ʠʭ 

ʥʘʩʳʱʝʥʠʠ ʞʠʜʢʦʩʪʴʶ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʪʝʯʝʥʠʝ ʞʠʜʢʦʩʪʠ ʚ ʤʘʩʰʪʘʙʝ ʧʦʨ, ʘ ʟʘʪʝʤ ʩʨʘʚʥʠʪʴ 

ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʦʩʨʝʜʥʸʥʥʦʡ ʪʝʦʨʠʠ ʧʦʨʠʩʪʳʭ ʩʨʝʜ. 
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ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪʳ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʚ ʨʘʤʢʘʭ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ: 

ʧʦʣʝ ʜʘʚʣʝʥʠʷ (ʩʣʝʚʘ) ʠ ʣʠʥʠʠ ʪʦʢʘ (ʩʧʨʘʚʘ) ʜʣʷ ʞʠʜʢʦʩʪʠ, 

ʧʨʦʩʘʯʠʚʘʶʱʝʡʩʷ ʯʝʨʝʟ ʪʚʝʨʜʫʶ ʤʘʪʨʠʮʫ, ʦʙʨʘʟʦʚʘʥʥʦʡ P-ʩʪʨʫʢʪʫʨʦʡ 

ʐʚʘʨʮʘ (ʩʤ. ʨʠʩ. 1), ʧʨʠ ʟʘʜʘʥʥʦʡ ʩʢʦʨʦʩʪʠ ʚʭʦʜʥʦʛʦ ʧʦʪʦʢʘ vin = 10-4 ʤ/ʩ 

ɹʳʣ ʨʘʩʩʤʦʪʨʝʥ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʡ ʵʣʝʤʝʥʪʘʨʥʳʡ ʦʙʲʝʤ ʚ ʚʠʜʝ 

ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ ʨʘʟʤʝʨʦʤ 15Ĭ30Ĭ15 ʩʤ. ʉʠʩʪʝʤʘ ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ 

ʚʚʝʜʝʥʘ ʪʘʢ, ʢʘʢ ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʥʦʩʪʠ 

ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʨʘʟʤʝʨʳ ʧʦʨ ʤʝʥʷʶʪʩʷ ʪʦʣʴʢʦ ʚʜʦʣʴ ʦʜʥʦʡ ʦʩʠ, ʥʦ 

ʦʩʪʘʶʪʩʷ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʚʜʦʣʴ ʜʚʫʭ ʜʨʫʛʠʭ (ʨʠʩ. 1). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʢʘʟʘʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ ʷʯʝʡʢʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʩʠʩʪʝʤ ʧʫʪʝʤ ʪʠʨʘʞʠʨʦʚʘʥʠʷ. ɼʘʣʝʝ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʟʘʜʘʯʘ 

ʦ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʦʪʦʢʘ ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ ʯʝʨʝʟ ʧʦʨʠʩʪʫʶ 

ʤʘʪʨʠʮʫ. ɸʥʘʣʠʟ ʧʦʣʷ ʪʝʯʝʥʠʷ ʚ ʤʘʩʰʪʘʙʝ ʧʦʨ ʷʚʣʷʝʪʩʷ ʪʨʫʜʦʤyʢʦʡ ʟʘʜʘʯʝʡ, 

ʥʦ ʚʟʘʤʝʥ ʪʘʢʦʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʧʨʝʜʝʣʝʥʥʫʶ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ: 

ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʜʣʷ ʧʦʨʠʩʪʳʭ ʩʨʝʜ ʩʘʤʦʡ ʨʘʟʣʠʯʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ. ʂʨʦʤʝ ʪʦʛʦ, 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʧʨʝʜʝʣʳ ʧʨʠʤʝʥʠʤʦʩʪʠ 

ʟʘʢʦʥʘ ɼʘʨʩʠ ʠ ʜʨʫʛʠʭ ʧʦʜʦʙʥʳʭ ʤʦʜʝʣʝʡ ʫʩʨʝʜʥʝʥʥʦʛʦ ʦʧʠʩʘʥʠʷ, ʘ ʪʘʢʞʝ 

ʦʧʨʝʜʝʣʠʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘʢʦʛʦ ʦʧʠʩʘʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʧʦʨʠʩʪʦʩʪʠ ʠ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʟʘʨʘʥʝʝ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ. 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ Comsol 

Multiphysics. ʊʚʝʨʜʘʷ ʤʘʪʨʠʮʘ, ʟʘʜʘʚʘʝʤʘʷ TPMS, ʛʝʥʝʨʠʨʦʚʘʣʘʩʴ ʚ ʧʘʢʝʪʝ 

Maple ʠ ʟʘʪʝʤ ʠʤʧʦʨʪʠʨʦʚʘʣʘʩʴ ʚ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʧʘʢʝʪ. ʈʠʩʫʥʦʢ 2 

ʧʦʢʘʟʳʚʘʝʪ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ ʚ 

ʨʘʤʢʘʭ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ. ɺʚʝʜʝʤ ʚ ʨʘʩʩʤʦʪʨʝʥʠʝ ʩʣʝʜʫʶʱʠʡ 

ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ: 

 p
u

K
fK Ð=

2r
, (1) 
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ʛʜʝ ʂ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʨʝʜʳ, u ï ʩʢʦʨʦʩʪʴ ʬʠʣʴʪʨʘʮʠʠ, p ï

ʜʘʚʣʝʥʠʝ, ɟ ï ʧʣʦʩʪʥʦʩʪʴ ʞʠʜʢʩʦʪʠ. ɼʣʷ ʤʦʜʝʣʠ ɼʘʨʩʠ ʩʧʨʘʚʝʜʣʠʚʦ 

ʩʦʦʪʥʦʰʝʥʠʝ fK = ReK, ʘ ʚ ʩʣʫʯʘʝ ʧʨʠʙʣʠʞʝʥʠʷ ʪʝʯʝʥʠʷ ʢ ʤʦʜʝʣʠ 

ʌʦʨʮʛʝʡʤʝʨʘ fK ʩʪʨʝʤʠʪʩʷ ʢ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʤʫ ʟʥʘʯʝʥʠʶ, ʨʘʚʥʦʤʫ 

ʢʦʵʬʬʠʮʠʝʥʪʫ ʌʦʨʮʛʝʡʤʝʨʘ. ʈʠʩʫʥʦʢ 3 ʧʦʢʘʟʳʚʘʝʪ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʘʨʘʤʝʪʨʘ fK ʦʪ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ  

 
n

Ku
K =Re , (2) 

ʛʜʝ ɜ ï ʢʦʵʬʬʠʮʠʝʥʪ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʩʪʠ. 

 

ʈʠʩ. 3. ʇʝʨʝʭʦʜ ʦʪ ʪʝʯʝʥʠʷ ʚ ʨʝʞʠʤʝ ɼʘʨʩʠ ʢ ʨʝʞʠʤʫ ʌʦʨʮʛʝʡʤʝʨʘ ʜʣʷ 

ʧʦʨʠʩʪʦʡ ʤʘʪʨʠʮʳ, ʦʙʨʘʟʦʚʘʥʥʦʡ P-ʩʪʨʫʢʪʫʨʦʡ ʐʚʘʨʮʘ (ʩʤ. ʨʠʩ. 1), 

ʚ ʨʘʤʢʘʭ ʤʠʢʨʦʩʢʦʧʯʠʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʪʝʯʝʥʠʷ ʚ ʧʦʨʘʭ 

ʀʟ ʛʨʘʬʠʢʘ ʥʘ ʨʠʩ. 3 ʚʠʜʥʦ, ʯʪʦ ʪʝʯʝʥʠʝ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʤʦʜʝʣʠ ɼʘʨʩʠ ʥʘ 

ʩʢʦʨʦʩʪʷʭ ReK < 0.09 (vin < 10-4 ʤ/ʩ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʝʨʝʭʦʜ ʢ ʤʦʜʝʣʠ 

ʌʦʨʮʛʝʡʤʝʨʘ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʧʨʠ ReK ~ 1 (vin ~ 10-3 ʤ/ʩ). ʆʙʨʘʱʘʝʪ ʚʥʠʤʘʥʠʝ 

ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʌʦʨʮʛʝʡʤʝʨʘ ( fK å 6.55), ʢʦʪʦʨʦʝ 

ʧʦʣʫʯʘʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʩʠʤʧʪʦʪʠʢʠ ʚʳʨʘʞʝʥʠʷ (1). ɼʣʷ ʝʩʪʝʩʪʚʝʥʥʳʭ 

ʧʦʨʠʩʪʳʭ ʩʨʝʜ ʟʥʘʯʝʥʠʝ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʧʨʝʚʦʩʭʦʜʠʪ 1. 

ɼʘʥʥʳʡ ʬʘʢʪ ʦʙʲʷʩʥʷʝʪʩʷ ʠʩʩʢʫʩʪʚʝʥʥʦʡ ʧʨʠʨʦʜʦʡ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʧʦʨʠʩʪʳʭ ʩʨʝʜ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘʣʠʯʠʝʤ ʢʨʫʧʥʳʭ ʧʦʨ ʚ ʤʘʪʨʠʮʝ. ɺ 

ʝʩʪʝʩʪʚʝʥʥʳʭ ʧʦʨʠʩʪʳʭ ʩʨʝʜʘʭ ʨʘʟʤʝʨʳ ʧʦʨ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʨʠʩ. 3 ʧʦʢʘʟʳʚʘʝʪ ʫʚʝʨʝʥʥʳʡ ʚʳʭʦʜ ʢʨʠʚʦʡ ʥʘ 

ʘʩʠʤʧʪʦʪʠʢʫ ʪʝʯʝʥʠʷ ʌʦʨʮʛʝʡʤʝʨʘ, ʯʪʦ ʜʦʢʘʟʳʚʘʝʪ ʧʨʠʤʝʥʠʤʦʩʪʴ ʢ ʜʘʥʥʳʤ 

ʧʦʨʠʩʪʳʤ ʩʨʝʜʘʤ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʌʦʨʮʛʝʤʝʨʘ 

ʧʫʩʪʴ ʠ ʩ ʥʝʩʢʦʣʴʢʦ ʥʝʩʪʘʥʜʘʨʪʥʳʤ ʟʥʘʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ.  
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ʀʟ ʵʪʦʛʦ ʧʨʠʤʝʨʘ ʭʦʨʦʰʦ ʚʠʜʥʦ, ʯʪʦ ʨʝʰʝʥʠʝ ʚʦʧʨʦʩʘ ʦ ʧʨʠʤʝʥʠʤʦʩʪʠ 

ʤʦʜʝʣʠ ɼʘʨʩʠ ʠʣʠ ʌʦʨʮʛʝʡʤʝʨʘ ʜʦʣʞʝʥ ʨʝʰʘʪʴʩʷ ʩʪʨʦʛʦ ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʜʣʷ 

ʧʦʨʠʩʪʳʭ ʩʨʝʜ ʨʘʟʣʠʯʥʦʡ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ. ʂʨʦʤʝ ʪʦʛʦ, ʨʝʰʝʥʠʝ 

ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ ʚ ʧʦʨʘʭ. ʂʨʦʤʝ ʪʦʛʦ, 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʦʪ ʚʦʧʨʦʩ ʫʩʧʝʰʥʦ ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥ ʚ ʨʘʤʢʘʭ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 25-11-00338. 
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ɺʃʀʗʅʀɽ ʃʆʂɸʃʔʅʆɻʆ ʇɽʈʀʆɼʀʏɽʉʂʆɻʆ ʊɽʇʃʆɺʆɻʆ 

ɺʆɿɼɽʁʉʊɺʀʗ ʅɸ ʂʆʅɺɽʂʎʀʖ ʈɽʃɽʗ-ɹɽʅɸʈɸ 

ɸ. ʖ. ɺʘʩʠʣʴʝʚ, ɸ. ʅ. ʉʫʭʘʥʦʚʩʢʠʡ  

ʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ,  

614013, ʇʝʨʤʴ, ɸʢʘʜʝʤʠʢʘ ʂʦʨʦʣʝʚʘ, 1 

ʏʠʩʣʝʥʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʜʠʥʘʤʠʢʘ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʡ ʮʠʨʢʫʣʷʮʠʠ ʚ ʜʚʫʤʝʨʥʦʡ 

ʢʦʥʚʝʢʮʠʠ ʈʝʣʝʷ-ɹʝʥʘʨʘ ʩ ʧʦʩʪʦʷʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ 

ʛʨʘʥʠʮʘʭ ʠ ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ, ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʧʦ ʚʨʝʤʝʥʠ ʥʘʛʨʝʚʦʤ ʥʘ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʛʨʘʥʠʮʝ. ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʨʦʣʠ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʠʩʪʦʯʥʠʢʘ ʪʝʧʣʘ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʛʨʝʚʘ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʘʞʝ ʤʘʣʳʡ 

ʚʧʨʳʩʢ ʪʝʧʣʘ ʯʝʨʝʟ ʚʝʨʪʠʢʘʣʴʥʫʶ ʩʪʝʥʢʫ ʧʨʠʚʦʜʠʪ ʢ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʤʫ 

ʥʘʧʨʘʚʣʝʥʠʶ ʚʨʘʱʝʥʠʷ ʮʠʨʢʫʣʷʮʠʠ. ʅʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʠ ʜʠʥʘʤʠʢʫ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʡ ʮʠʨʢʫʣʷʮʠʠ ʦʢʘʟʳʚʘʝʪ ʚʦʟʜʝʡʩʪʚʠʝ ʚʙʣʠʟʠ 

ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʫʨʙʫʣʝʥʪʥʘʷ ʢʦʥʚʝʢʮʠʷ; ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʡ ʧʦʪʦʢ; ʨʝʜʢʠʝ ʩʦʙʳʪʠʷ 

INFLUENCE  OF LOCAL  PERIOD HEAT  FORCING 

ON RAYLEIGH -BENARD CONVECTION  

A. Yu. Vasiliev, A. N. Sukhanovskii 

Institute of Continuous Media Mechanics UB RAS,  

1 Academician Korolev St., 614013, Perm 

The dynamics of large-scale circulation in two-dimensional Rayleigh-Benard 

convection with constant heat flux at horizontal boundaries and localized time-

periodic heating at the vertical boundary is studied numerically. The main focus is 

on the role of heating location and intensity. It is found that even a small heat 

injection through a vertical wall leads to a preferential direction of circulation 

rotation. The strongest impact on the large-scale circulation characteristics and 

dynamics is provided by the forcing near the top boundary. 

Keywords: turbulent convection; large-scale circulation; rare events14 

ʊʫʨʙʫʣʝʥʪʥʘʷ ʪʝʧʣʦʚʘʷ ʢʦʥʚʝʢʮʠʷ ʈʝʣʝʷ-ɹʝʥʘʨʘ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʡ 

ʩʠʩʪʝʤʦʡ ʜʣʷ ʧʨʦʚʝʨʢʠ ʨʘʟʣʠʯʥʳʭ ʛʠʧʦʪʝʟ ʠ ʚʳʷʚʣʝʥʠʷ ʦʩʥʦʚʥʳʭ 

ʤʝʭʘʥʠʟʤʦʚ, ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʪʝʧʣʦʚʦʡ ʢʦʥʚʝʢʮʠʠ 

ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʠʨʦʜʥʳʭ ʠ ʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ [1]. ʆʩʦʙʝʥʥʦʩʪʴʶ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʢʦʥʚʝʢʮʠʠ ʚ ʟʘʤʢʥʫʪʦʡ ʧʦʣʦʩʪʠ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʡ ʮʠʨʢʫʣʷʮʠʠ (ʂʄʎ) ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʦʨʛʘʥʠʟʘʮʠʠ ʪʝʧʣʦʚʳʭ ʪʝʨʤʠʢʦʚ. ɺʘʞʥʦʩʪʴ ʠʟʫʯʝʥʠʷ ʜʠʥʘʤʠʢʠ ʂʄʎ 

ʦʙʫʩʣʦʚʣʝʥʘ ʪʝʤ, ʯʪʦ ʝʸ ʠʥʚʝʨʩʠʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʟʘʤʝʪʥʳʝ ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ 

ʢʦʣʝʙʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʪʝʨʤʦʮʠʢʣʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʚ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʩʠʩʪʝʤʘʭ ʠ ʧʦʚʨʝʞʜʝʥʠʶ ʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ [21]. 

ʅʝʜʘʚʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʘʙʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʜʚʫʭ 

                                                           

É ɺʘʩʠʣʴʝʚ ɸ.ʖ., ʉʫʭʘʥʦʚʩʢʠʡ ɸ.ʅ., 2025 
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ʠʣʠ ʯʝʪʳʨʝʭ ʠʩʪʦʯʥʠʢʦʚ ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ 

ʠʥʚʝʨʩʠʠ ʂʄʎ ʚ ʜʚʫʤʝʨʥʦʡ ʢʦʥʚʝʢʮʠʠ ʈʝʣʝʷ-ɹʝʥʘʨʘ [22,23]. ʂʦʥʚʝʢʪʠʚʥʳʝ 

ʪʝʯʝʥʠʷ ʚ ʧʨʠʨʦʜʝ ʠ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʦʙʫʩʣʦʚʣʝʥʳ ʪʝʧʣʦʚʳʤʠ 

ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʚʪʦʨʦʛʦ ʨʦʜʘ, ʪ.ʝ. ʧʦʩʪʦʷʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ, ʘ 

ʥʝ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ. ʕʪʦ ʧʦʙʫʜʠʣʦ ʥʘʩ ʠʩʩʣʝʜʦʚʘʪʴ ʜʠʥʘʤʠʢʫ ʂʄʎ 

ʩ ʧʦʩʪʦʷʥʥʳʤ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʛʨʘʥʠʮʘʭ ʠ ʤʘʣʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʪʝʧʣʘ ʥʘ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʪʝʥʢʝ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʚʦ ʚʨʝʤʝʥʠ 

ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ. 

ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʧʣʦʚʦʡ ʢʦʥʚʝʢʮʠʠ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ 

ʚ ʢʚʘʜʨʘʪʥʦʡ ʧʦʣʦʩʪʠ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʪʝʧʣʦʚʳʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ ʥʘ 

ʙʦʢʦʚʦʡ ʩʪʝʥʢʝ. ʅʘ ʨʠʩ.1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ. 

ʆʪʥʦʩʠʪʝʣʴʥʳʡ ʨʘʟʤʝʨ ʠʩʪʦʯʥʠʢʘ ʪʝʧʣʘ ʩʦʩʪʘʚʣʷʝʪ A=h/H=0.12, ʘ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʦʦʨʜʠʥʘʪʦʡ yc, ʦʧʠʩʳʚʘʶʱʝʡ ʧʦʣʦʞʝʥʠʝ 

ʮʝʥʪʨʘ ʥʘʛʨʝʚʘʪʝʣʷ. 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ 

ɹʝʟʨʘʟʤʝʨʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʘʷ ʢʦʥʚʝʢʪʠʚʥʦʝ ʜʚʠʞʝʥʠʝ 

ʥʴʁʪʦʥʦʚʩʢʦʡ ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ɹʫʩʩʠʥʝʩʢʘ ʠʤʝʝʪ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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ʛʜʝ ( ),x yu u=u  ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʴ, q ï ʪʝʤʧʝʨʘʪʫʨʘ, p  ï ʜʘʚʣʝʥʠʝ, ye  ï 

ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ y, RaF
 ï ʧʦʪʦʢʦʚʦʝ ʯʠʩʣʦ ʈʝʣʝʷ ʠ Pr  ï 

ʯʠʩʣʦ ʇʨʘʥʜʪʣʷ. ɺ ʢʘʯʝʩʪʚʝ ʝʜʠʥʠʮ ʠʟʤʝʨʝʥʠʷ ʜʣʷ ʦʙʝʟʨʘʟʤʝʨʠʚʘʥʠʷ 

ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (1) ʙʳʣʠ ʚʳʙʨʘʥʳ: ʚʳʩʦʪʘ ʧʦʣʦʩʪʠ H; ʩʢʦʨʦʩʪʴ 
2

fu g Hbx= , ʚʨʝʤʷ f ft H u= ; ʪʝʤʧʝʨʘʪʫʨʘ Hx . ɿʜʝʩʴ x ï ʟʘʜʘʥʥʳʡ 

ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ. ɼʣʷ ʩʢʦʨʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ 
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ʫʩʣʦʚʠʝ ʧʨʠʣʠʧʘʥʠʷ ʥʘ ʚʩʝʭ ʛʨʘʥʠʮʘʭ 0=u . ɼʣʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ: 
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µ µ
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  (2) 

ʛʜʝ ʧʘʨʘʤʝʪʨ e ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʫʨʦʚʝʥʴ ʧʦʜʚʦʜʘ ʪʝʧʣʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ x ʠ 
0T  

ï ʧʝʨʠʦʜ ʢʦʣʝʙʘʥʠʡ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ. ɺʩʝ ʚʳʯʠʩʣʝʥʠʷ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʥʘ 

ʦʜʥʦʨʦʜʥʦʡ ʩʝʪʢʝ ʨʘʟʤʝʨʦʤ 200Ĭ200 ʫʟʣʦʚ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʯʠʩʣʝ 

ʇʨʘʥʜʪʣʷ Pr 6.12n c= =  ʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʧʦʪʦʢʦʚʦʤ ʯʠʩʣʝ ʈʝʣʝʷ 
4 8Ra 10F g Hbx nc= = . ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʪʨʝʭ ʧʦʣʦʞʝʥʠʡ ʠʩʪʦʯʥʠʢʘ 

ʪʝʧʣʘ: 
c 1/ 4y = , 

c 1/ 2y =  ʠ 
c 3 / 4y = . ʇʘʨʘʤʝʪʨ e ʚʘʨʴʠʨʦʚʘʣʩʷ ʦʪ 0 ʜʦ 15%, 

ʛʜʝ 0%e=  ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʣʫʯʘʶ ʦʪʩʫʪʩʪʚʠʷ ʧʦʜʚʦʜʘ ʪʝʧʣʘ ʠ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʵʪʘʣʦʥʥʳʡ ʩʣʫʯʘʡ (RBC). ʇʝʨʠʦʜ ʢʦʣʝʙʘʥʠʡ ʪʝʧʣʦʚʦʛʦ 

ʧʦʪʦʢʘ ʙʳʣ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʠ ʩʦʚʧʘʜʘʣ ʩʦ ʚʨʝʤʝʥʝʤ ʦʙʦʨʦʪʘ 

ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʛʦ ʚʠʭʨʷ ʵʪʘʣʦʥʥʦʛʦ ʩʣʫʯʘʷ, ʨʘʚʥʳʤ 137 ʝʜʠʥʠʮʘʤ ʚʨʝʤʝʥʠ 

ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ (65 ʩ). 

ʂʨʫʧʥʦʤʘʩʰʪʘʙʥʦʝ ʪʝʯʝʥʠʝ ʚ ʪʝʧʣʦʚʦʡ ʢʦʥʚʝʢʮʠʠ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ, 

ʢʘʢ ʩʫʧʝʨʧʦʟʠʮʠʶ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ. ɼʣʷ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ ʦʙʳʯʥʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʧʦʜʭʦʜʘ: ʩʦʙʩʪʚʝʥʥʦʝ ʦʨʪʦʛʦʥʘʣʴʥʦʝ ʨʘʟʣʦʞʝʥʠʝ (POD) ʠ 

ʌʫʨʴʝ ʨʘʟʣʦʞʝʥʠʝ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʨʘʟʣʦʞʝʥʠʝ ʥʘ 

ʬʫʨʴʝ ʤʦʜʳ ʤʝʥʝʝ ʟʘʪʨʘʪʥʦʝ, ʯʝʤ POD ʠ ʜʦʢʘʟʘʣʦ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠ 

ʠʟʫʯʝʥʠʠ ʜʠʥʘʤʠʢʠ ʠ ʩʪʨʫʢʪʫʨʳ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʡ ʮʠʨʢʫʣʷʮʠʠ. 

ʄʛʥʦʚʝʥʥʳʝ ʧʦʣʷ 
xu , yu  ʨʘʩʢʣʘʜʳʚʘʶʪʩʷ ʥʘ ʬʫʨʴʝ ʤʦʜʳ: 
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  (3) 

ʛʜʝ ( ),x yk k=k , 
xk np= , yk mp=  ʠ { }, 1,4n mÍ . ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʤʦʜʘ (1,1) ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʜʦʤʠʥʠʨʫʝʪ ʚ ʪʝʯʝʥʠʠ ʠ ʥʘ ʝʸ ʜʦʣʶ 

ʧʨʠʭʦʜʠʪ ʦʢʦʣʦ 40% ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ɼʦʤʠʥʠʨʫʶʱʘʷ ʤʦʜʘ 

ʦʧʨʝʜʝʣʷʝʪ ʂʄʎ, ʘ ʚʘʨʠʘʮʠʷ ʘʤʧʣʠʪʫʜʳ 
1,1

yA  ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʝʸ ʜʠʥʘʤʠʢʫ. ʅʘ 

ʨʠʩ.2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʨʝʤʝʥʥʳʝ ʨʷʜʳ 
1,1

yA ʧʨʠ ʣʦʢʘʣʴʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ 

ʨʘʟʣʠʯʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ɿʘʤʝʪʥʳʝ ʵʬʬʝʢʪʳ, ʪʘʢʠʝ ʢʘʢ ʜʦʤʠʥʠʨʦʚʘʥʠʝ, 
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ʘ) 

ʙ) 

ʚ) 

ʛ) 

ʈʠʩ. 2. ɺʨʝʤʝʥʥʳʝ ʨʷʜʳ ʘʤʧʣʠʪʫʜʳ 
1,1

yA  ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʨʦʚʥʷʭ ʪʝʧʣʦʚʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʩʣʫʯʘʝ 
c 1/ 2y = : ʘ) 0%e= , ʙ) 2%e= , ʚ) 7.5%e= , ʛ) 15%e=  

ʥʘʧʨʘʚʣʝʥʠʝ ʚʨʘʱʝʥʠʷ ʧʨʦʪʠʚ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʠ ʠ ʫʤʝʥʴʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ 

ʠʥʚʝʨʩʠʡ ʂʄʎ ʥʘʯʠʥʘʶʪ ʧʨʦʷʚʣʷʪʴʩʷ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤ ʫʨʦʚʥʝ 

ʚʦʟʜʝʡʩʪʚʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʝʧʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʟʘʩʪʘʚʣʷʝʪ ʂʄʎ 

ʚʨʘʱʘʪʴʩʷ ʚ ʚʳʙʨʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʦ ʠʥʚʝʨʩʠʡ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʟʜʝʡʩʪʚʠʷ. ʆʜʥʘʢʦ ʜʘʞʝ ʧʨʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʦʤ ʧʘʨʘʤʝʪʨʝ eʠʥʚʝʨʩʠʠ ʚʩʝ ʝʱʸ ʚʦʟʥʠʢʘʶʪ. 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʫʨʦʚʥʷ ʪʝʧʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʠ 

ʧʦʣʦʞʝʥʠʷ ʠʩʪʦʯʥʠʢʘ ʪʝʧʣʘ ʥʘ ʜʠʥʘʤʠʢʫ ʂʄʎ ʠʩʩʣʝʜʫʝʪʩʷ ʬʫʥʢʮʠʷ 

ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ (p.d.f.) 
1,1

yA . ʇʦʣʦʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʪʝʧʣʘ ʧʨʠʚʦʜʠʪ ʢ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ p.d.f. (ʩʤ. ʨʠʩ.3). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʥʘʛʨʝʚ 

ʚ ʩʣʫʯʘʝ 
c 3 / 4y =  ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʧʦʜʜʝʨʞʠʚʘʝʪ ʚʨʘʱʝʥʠʝ ʂʄʎ ʧʨʦʪʠʚ 

ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʠ ʚ ʥʝʢʦʪʦʨʦʤ ʜʠʘʧʘʟʦʥʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʟʜʝʡʩʪʚʠʷ. ʉ 

ʫʚʝʣʠʯʝʥʠʝʤ e p.d.f ʩʪʘʥʦʚʷʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʳʤʠ ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʧʨʘʚʳʭ ʭʚʦʩʪʦʚ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʝʜʢʠʤ ʩʦʙʳʪʠʷʤ ʩʤʝʥʳ 

ʥʘʧʨʘʚʣʝʥʠʷ ʚʨʘʱʝʥʠʷ ʂʄʎ ʧʦ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʝ. 
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       ʘ)           ʙ) 

      

        ʚ)           ʛ) 

ʈʠʩ. 3. ʌʫʥʢʮʠʷ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ 
1,1

yA  ʜʣʷ ʨʘʟʥʳʭ ʫʨʦʚʥʝʡ ʪʝʧʣʦʚʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʨʘʟʥʳʭ ʧʦʣʦʞʝʥʠʡ: ʘ) 1%e= , ʙ) 2%e= , ʚ) 5%e= , 

ʛ) 15%e=  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʢʨʫʧʥʦʛʦ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ (ʩʦʛʣʘʰʝʥʠʝ ˉ 075-15-2024-535 ʦʪ 

23.04.2024). 
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ɺʃʀʗʅʀɽ ʄʅʆɻʆʄɸʉʐʊɸɹʅʆʁ ʐɽʈʆʍʆɺɸʊʆʉʊʀ 

ʅɸ ʊɽʇʃʆʆɹʄɽʅ ɺ ʂʆʅɺɽʂʊʀɺʅʆʁ ʊʋʈɹʋʃɽʅʊʅʆʉʊʀ 

ʈɽʃɽʗ-ɹɽʅɸʈɸ 

ɸ. ʖ. ɺʘʩʠʣʴʝʚa, ɸ. ʅ. ʉʫʭʘʥʦʚʩʢʠʡa, ɽ. ʅ. ʇʦʧʦʚʘa, ʈ. ɸ. ʇʣʝʰʢʦʚb
  

aʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ,  

614013, ʇʝʨʤʴ, ɸʢʘʜʝʤʠʢʘ ʂʦʨʦʣʝʚʘ, 1 
bʇʝʨʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

614990, ʇʝʨʤʴ, ɹʫʢʠʨʝʚʘ, 15 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥ ʪʝʧʣʦʧʝʨʝʥʦʩ ʚ ʪʫʨʙʫʣʝʥʪʥʦʡ ʢʦʥʚʝʢʮʠʠ ʈʝʣʝʷ-

ɹʝʥʘʨʘ ʩ ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ʥʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʜʣʷ ʪʨʝʭ ʯʠʩʝʣ 

ʇʨʘʥʜʪʣʷ: Pr = 6.4, Pr = 62 ʠ Pr = 2400. ʄʥʦʛʦʤʘʩʰʪʘʙʥʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʙʦʨ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʢʚʘʜʨʘʪʥʦʛʦ ʩʝʯʝʥʠʷ 

ʨʘʟʥʦʡ ʚʳʩʦʪʳ. ʆʙʥʘʨʫʞʝʥʳ ʜʚʘ ʨʝʞʠʤʘ ʪʝʧʣʦʧʝʨʝʥʦʩʘ ʧʨʠ Pr = 6.4, ʢʦʪʦʨʳʝ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʩʣʫʯʘʷ ʩ ʛʣʘʜʢʠʤʠ ʛʨʘʥʠʮʘʤʠ ʥʝ ʪʦʣʴʢʦ ʧʦʢʘʟʘʪʝʣʝʤ ʩʪʝʧʝʥʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ, ʥʦ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 

ʪʝʧʣʦʦʙʤʝʥʘ. ɿʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʇʨʘʥʜʪʣʷ ʩʣʘʙʦ ʤʝʥʷʝʪ ʟʥʘʯʝʥʠʝ 

ʧʦʢʘʟʘʪʝʣʷ ʩʪʝʧʝʥʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʫʨʙʫʣʝʥʪʥʘʷ ʢʦʥʚʝʢʮʠʷ; ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ; ʰʝʨʦʭʦʚʘʪʦʩʪʴ 
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Heat transfer in turbulent Rayleigh-Benard convection with multi-scale roughness at 

the lower boundary is experimentally investigated for three Prandtl numbers: Pr=6.4, 

Pr=62 and Pr=2374. Multi -scale roughness is a set of rectangular elements of square 

cross-section of different heights. Two heat transfer regimes are found at Pr=6.4, 

which differ from the case with smooth boundaries not only in the exponent in the 

dependence of the Nusselt number on the Rayleigh number, but also in the intensity 

of heat exchange. A significant increase in the Prandtl number slightly changes the 

value of the exponent. 
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ʊʝʧʣʦʚʘʷ ʢʦʥʚʝʢʮʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʬʘʢʪʦʨʦʚ ʜʚʠʞʝʥʠʷ ʚ 

ʧʨʠʨʦʜʥʳʭ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʘʩʧʝʢʪʦʚ 

ʪʝʧʣʦʚʦʡ ʢʦʥʚʝʢʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ, ʢʦʪʦʨʘʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʘʤʢʥʫʪʫʶ ʧʦʣʦʩʪʴ, ʥʘʛʨʝʚʘʝʤʫʶ ʩʥʠʟʫ ʠ ʦʭʣʘʞʜʘʝʤʫʶ 

ʩʚʝʨʭʫ - ʪʘʢ ʥʘʟʳʚʘʝʤʫʶ ʢʦʥʚʝʢʮʠʶ ʈʝʣʝʷ-ɹʝʥʘʨʘ [1]. ɹʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ 
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ʫʜʝʣʷʝʪʩʷ ʟʘʜʘʯʝ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʪʝʧʣʦʦʙʤʝʥʘ ʙʣʘʛʦʜʘʨʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʤ 

ʧʨʠʣʦʞʝʥʠʷʤ, ʦʩʦʙʝʥʥʦ ʚ ʪʫʨʙʫʣʝʥʪʥʳʭ ʨʝʞʠʤʘʭ. ʊʝʧʣʦʚʦʡ ʧʦʪʦʢ 

ʠʥʞʝʢʪʠʨʫʝʪʩʷ ʚ ʢʦʥʚʝʢʪʠʚʥʳʡ ʩʣʦʡ ʯʝʨʝʟ ʪʝʧʣʦʚʳʝ ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ, 

ʧʦʵʪʦʤʫ ʠʟʤʝʥʝʥʠʝ ʦʙʱʝʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʪʨʝʙʫʝʪ ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ 

ʚʣʠʷʥʠʷ ʥʘ ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ. ʆʜʥʠʤ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʷʚʣʷʝʪʩʷ 

ʩʫʞʝʥʠʝ ʢʦʥʚʝʢʪʠʚʥʦʡ ʷʯʝʡʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʢʦʛʝʨʝʥʪʥʦʤʫ 

ʧʦʚʝʜʝʥʠʶ ʪʝʧʣʦʚʳʭ ʧʣʶʤʦʚ [2]. ɼʨʫʛʦʡ ʩʧʦʩʦʙ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʪʝʧʣʦʚʦʡ ʠ 

ʚʷʟʢʠʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ï ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʦʜʥʦʨʦʜʥʳʭ ʪʝʧʣʦʚʳʭ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. ʇʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʘʭ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʠ 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʫʯʘʩʪʢʦʚ ʪʝʧʣʦʧʝʨʝʜʘʯʘ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ, 

ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʠʭ ʨʘʩʧʦʣʦʞʝʥʠʷ [3,4]. ʆʜʥʘʢʦ, ʝʩʣʠ ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʩʦʧʦʩʪʘʚʠʤ ʩ ʪʦʣʱʠʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʚʦʟʥʠʢʘʝʪ ʩʠʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʦʪ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʠ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ 

ʫʯʘʩʪʢʦʚ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʛʨʘʥʠʮʘʭ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʚʘʨʠʘʮʠʠ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ, ʥʦ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʝʛʦ 

ʫʩʠʣʝʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʣʫʯʘʝʤ ʦʜʥʦʨʦʜʥʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. 

ʊʨʝʪʠʡ ʩʧʦʩʦʙ ʧʦ ʫʩʠʣʝʥʠʶ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʷʚʣʷʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʳʡ 

ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʧʣʦʦʙʤʝʥʘ. ʅʝʦʜʥʦʨʦʜʥʦʩʪʴ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʥʘʙʦʨʘ ʥʝʙʦʣʴʰʠʭ ʧʨʝʧʷʪʩʪʚʠʡ (ʰʝʨʦʭʦʚʘʪʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ), ʧʨʠʚʦʜʷ ʢ ʫʩʠʣʝʥʠʶ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ [5,6] ʠ ʢ ʠʟʤʝʥʝʥʠʶ ʚ 

ʧʦʚʝʜʝʥʠʠ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ. ʐʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʤʘʩʰʪʘʙʘ ʦʢʘʟʳʚʘʝʪ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʚ 

ʦʛʨʘʥʠʯʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʯʠʩʝʣ ʈʝʣʝʷ, ʢʦʛʜʘ ʚʳʩʦʪʘ ʧʨʝʧʷʪʩʪʚʠʡ ʩʨʘʚʥʠʤʘ ʩ 

ʪʦʣʱʠʥʦʡ ʪʝʧʣʦʚʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ [7,8]. ʄʥʦʛʦʤʘʩʰʪʘʙʥʘʷ 

ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʦʧʠʩʘʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʯʠʩʝʣ ʈʝʣʝʷ 

[9-11]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʨʝʭʤʝʨʥʳʭ 

ʢʦʥʚʝʢʪʠʚʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʨʝʩʫʨʩʦʚ, ʧʦʵʪʦʤʫ ʙʦʣʴʰʠʥʩʪʚʦ ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ 

ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʜʚʫʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʜʚʫʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ, ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʝʯʝʥʠʡ ʚ ʧʦʣʥʦʡ 

ʪʨʝʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʥʝ ʩʪʦʣʴ ʦʯʝʚʠʜʥʦ, ʧʦʩʢʦʣʴʢʫ ʜʚʫʤʝʨʥʳʝ ʠ 

ʪʨʝʭʤʝʨʥʳʝ ʪʫʨʙʫʣʝʥʪʥʳʝ ʪʝʯʝʥʠʷ ʠʤʝʶʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʨʘʟʣʠʯʠʷ, 

ʦʩʦʙʝʥʥʦ ʚ ʩʚʦʡʩʪʚʘʭ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʥʦʩʘ. 

ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ 

ʤʥʦʛʦʤʘʩʰʪʘʙʥʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʤʦʞʝʪ ʫʚʝʣʠʯʠʪʴ ʜʠʘʧʘʟʦʥ ʯʠʩʝʣ ʈʝʣʝʷ, ʚ 

ʢʦʪʦʨʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʫʩʠʣʝʥʠʝ ʪʝʧʣʦʧʝʨʝʜʘʯʠ, ʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʧʨʝʧʷʪʩʪʚʠʡ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʤʘʩʰʪʘʙʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʧʝʨʝʥʦʩʘ ʚ ʢʫʙʠʯʝʩʢʦʡ ʧʦʣʦʩʪʠ 

ʩ ʤʥʦʛʦʤʘʩʰʪʘʙʥʳʤ ʰʝʨʦʭʦʚʘʪʳʤ ʜʥʦʤ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʫʙʠʯʝʩʢʫʶ ʧʦʣʦʩʪʴ 

ʩ ʜʣʠʥʦʡ ʩʪʦʨʦʥʳ L=250 ʤʤ (ʩʤ. ʨʠʩ.1). ɺʝʨʪʠʢʘʣʴʥʳʝ ʩʪʝʥʢʠ ʚʳʧʦʣʥʝʥʳ ʠʟ  
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ʘ) ʙ) 

ʈʠʩ. 1. ʘ) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʚ ʨʘʟʨʝʟʝ. 

ʙ) ʌʦʪʦʛʨʘʬʠʷ ʪʝʧʣʦʦʙʤʝʥʥʠʢʘ ʩ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʁ

ʠ ʩʭʝʤʘ ʤʥʦʛʦʤʘʩʰʪʘʙʥʳʭ ʧʨʝʧʷʪʩʪʚʠʡ 

ʧʨʦʟʨʘʯʥʦʛʦ ʦʨʛʩʪʝʢʣʘ ʪʦʣʱʠʥʦʡ 25 ʤʤ. ɺʝʨʭʥʷʷ ʠ ʥʠʞʥʷʷ ʩʪʝʥʢʠ 

ʠʟʛʦʪʦʚʣʝʥʳ ʠʟ ʤʝʜʠ ʠ ʚʳʩʪʫʧʘʶʪ ʚ ʢʘʯʝʩʪʚʝ ʪʝʧʣʦʦʙʤʝʥʥʠʢʦʚ. ʊʝʤʧʝʨʘʪʫʨʘ 

ʚ ʚʝʨʭʥʝʤ ʪʝʧʣʦʦʙʤʝʥʥʠʢʝ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ ʟʘ ʩʯʝʪ ʮʠʨʢʫʣʷʮʠʠ 

ʞʠʜʢʦʩʪʠ ʦʪ ʪʝʨʤʦʩʪʘʪʘ. ʕʣʝʢʪʨʦʥʘʛʨʝʚʘʪʝʣʴ ʩ ʨʝʛʫʣʠʨʫʝʤʦʡ ʤʦʱʥʦʩʪʴʶ 

ʥʘʛʨʝʚʘ ʦʙʝʩʧʝʯʠʚʘʣ ʧʦʩʪʦʷʥʩʪʚʦ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʥʠʞʥʝʤ ʪʝʧʣʦʦʙʤʝʥʥʠʢʝ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦʚʝʨʭʥʦʩʪʴ ʥʠʞʥʝʛʦ ʪʝʧʣʦʦʙʤʝʥʥʠʢʘ ʙʳʣʘ ʜʚʫʭ ʪʠʧʦʚ: 

ʛʣʘʜʢʘʷ ʠ ʰʝʨʦʭʦʚʘʪʘʷ. ʐʝʨʦʭʦʚʘʪʦʩʪʴ ʩʦʟʜʘʚʘʣʘʩʴ ʧʨʠ ʧʦʤʦʱʠ 

ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʧʨʝʧʷʪʩʪʚʠʡ ʢʚʘʜʨʘʪʥʦʛʦ ʩʝʯʝʥʠʷ ʨʘʟʤʝʨʘʤʠ l1=L/3, l2=L/9 ʠ 

l3=L/27. ɺʳʩʦʪʘ ʧʨʝʧʷʪʩʪʚʠʡ ʟʘʚʠʩʠʪ ʦʪ ʠʭ ʨʘʟʤʝʨʘ. ɺʳʩʦʪʘ ʙʦʣʴʰʦʛʦ, 

ʩʨʝʜʥʝʛʦ ʠ ʤʘʣʦʛʦ ʵʣʝʤʝʥʪʘ ʩʦʩʪʘʚʣʷʝʪ h1=10 ʤʤ, h2=5 ʤʤ ʠ h3=2.5 ʤʤ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʦ ʚʩʝʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦʚʝʨʭʥʦʩʪʴ ʚʝʨʭʥʝʛʦ 

ʪʝʧʣʦʦʙʤʝʥʥʠʢʘ ʙʳʣʘ ʛʣʘʜʢʦʡ. ɼʣʷ ʫʧʨʦʱʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʚʚʦʜʷʪʩʷ 

ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ: S/S ï ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʦʠʭ ʪʝʧʣʦʦʙʤʝʥʥʠʢʦʚ ʛʣʘʜʢʠʝ; 

R/S ï ʧʦʚʝʨʭʥʦʩʪʴ ʥʠʞʥʝʛʦ ʪʝʧʣʦʦʙʤʝʥʥʠʢʘ ʰʝʨʦʭʦʚʘʪʘʷ, ʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʚʝʨʭʥʝʛʦ ʪʝʧʣʦʦʙʤʝʥʥʠʢʘ ʛʣʘʜʢʘʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʪʨʝʭ ʯʠʩʝʣ ʇʨʘʥʜʪʣʷ: Pr 6.4=  

(ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʘʷ ʚʦʜʘ), Pr 62=  (ʩʠʣʠʢʦʥʦʚʦʝ ʤʘʩʣʦ ʇʄʉ-5) ʠ Pr 2400=  

(95% ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ ʛʣʠʮʝʨʠʥʘ). ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʯʠʩʣʦ ʈʝʣʝʷ Ra 

ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 107 ʜʦ 1010. 

ʆʩʥʦʚʥʦʡ ʫʧʦʨ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʩʜʝʣʘʥ ʥʘ ʧʦʣʫʯʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ. ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʷʚʣʷʝʪʩʷ ʩʪʝʧʝʥʥʦʡ, ʚʠʜʘ Nu Rab. ʏʠʩʣʦ ʅʫʩʩʝʣʴʪʘ ʚʳʯʠʩʣʷʣʦʩʴ ʢʘʢ 

Nu ,
QL

Tl
=
D

 

ʛʜʝ Q  - ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʯʝʨʝʟ ʷʯʝʡʢʫ, TD  - ʨʘʟʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʞʜʫ 

ʥʠʞʥʠʤ ʠ ʚʝʨʭʥʠʤ ʪʝʧʣʦʦʙʤʝʥʥʠʢʘʤʠ, l - ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ. ʅʘ ʨʠʩ.2 
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ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʪʠʧʦʚ ʧʦʚʝʨʭʥʦʩʪʝʡ ʪʝʧʣʦʦʙʤʝʥʥʠʢʘ ʠ ʨʘʟʣʠʯʥʳʭ ʯʠʩʝʣ ʇʨʘʥʜʪʣʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʚ ʩʣʫʯʘʝ ʢʦʥʬʠʛʫʨʘʮʠʠ S/S ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʪʦʣʴʢʦ ʜʣʷ Pr=6.4 

(ʢʨʘʩʥʳʝ ʢʨʫʛʠ). ʅʘʙʣʶʜʘʝʪʩʷ ʤʦʥʦʪʦʥʥʳʡ ʨʦʩʪ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʦʪ  

 

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʦʪ ʯʠʩʣʘ ʈʝʣʝʷ ʜʣʷ ʢʦʥʬʠʛʫʨʘʮʠʡ S/S 

ʠ R/S ʧʨʠ ʪʨʝʭ ʟʥʘʯʝʥʠʷʭ ʯʠʩʣʘ ʇʨʘʥʜʪʣʷ  

ʈʝʣʝʷ ʧʦ ʟʘʢʦʥʫ 0.27

/Nu RaS S , ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʜʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ Ra. 

ɿʘʤʝʥʘ ʥʠʞʥʝʛʦ ʪʝʧʣʦʦʙʤʝʥʥʠʢʘ ʩ ʛʣʘʜʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʥʘ ʪʝʧʣʦʦʙʤʝʥʥʠʢ 

ʩ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ʧʨʠʚʦʜʠʪ ʢ ʢʘʨʜʠʥʘʣʴʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

( )Nu Raf= . ʆʙʥʘʨʫʞʝʥʳ ʜʚʘ ʨʝʞʠʤʘ ʪʝʧʣʦʦʙʤʝʥʘ, ʢʦʪʦʨʳʝ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʩʪʝʧʝʥʠ. ʇʝʨʚʦʤʫ ʨʝʞʠʤʫ (
8 810 Ra 8 10< < Ö) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʚʠʩʠʤʦʩʪʴ 0.4

/Nu RaI

R S . ʆʜʥʘʢʦ ʟʥʘʯʝʥʠʷ 

ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʜʣʷ ʵʪʦʛʦ ʨʝʞʠʤʘ ʥʠʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʥʬʠʛʫʨʘʮʠʝʡ S/S. 

ʋʤʝʥʴʰʝʥʠʝ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʚ ʩʣʫʯʘʝ ʰʝʨʦʭʦʚʘʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ ʷʚʣʷʝʪʩʷ 

ʯʝʤ-ʪʦ ʫʥʠʢʘʣʴʥʳʤ ʠ ʥʘʙʣʶʜʘʣʩʷ ʚ ʨʷʜʝ ʜʨʫʛʠʭ ʨʘʙʦʪ. ʄʝʭʘʥʠʟʤ 

ʫʤʝʥʴʰʝʥʠʷ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʙʳʣ ʧʨʠʚʝʜʝʥ ʚ ʨʘʙʦʪʝ [27]. ɺʪʦʨʦʡ ʨʝʞʠʤ 

ʪʝʧʣʦʦʙʤʝʥʘ (
8 108 10 Ra 10Ö < < ) ʦʧʠʩʳʚʘʝʪʩʷ ʩʪʝʧʝʥʥʳʤ ʟʘʢʦʥʦʤ ʚʠʜʘ 

0.32

/Nu RaII

R S  ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ c ʢʦʥʬʠʛʫʨʘʮʠʝʡ S/S. ʕʢʩʧʝʨʠʤʝʥʪʳ ʚ ʩʣʫʯʘʝ Pr 62=  ʠ ʚ 

ʢʦʥʬʠʛʫʨʘʮʠʠ R/S (ʟʝʣʝʥʳʝ ʪʨʝʫʛʦʣʴʥʠʢʠ) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʯʠʩʣʘ 

ʅʫʩʩʝʣʴʪʘ ʠ ʧʦʢʘʟʘʪʝʣʴ ʩʪʝʧʝʥʠ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ Pr 6.4= . 

ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʇʨʘʥʜʪʣʷ (Pr 2400= ) ʧʨʠʚʝʣʦ ʢ ʥʝ 

ʤʦʥʦʪʦʥʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ( )Nu Raf= . ɼʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʝʥʴʢʠʭ 

ʟʥʘʯʝʥʠʡ Ra ʯʠʩʣʦ ʅʫʩʩʝʣʴʪʘ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʈʝʣʝʷ, ʘ 

ʥʘʯʠʥʘʷ ʩ 
7Ra=7 10Ö  ʯʠʩʣʦ ʅʫʩʩʝʣʴʪʘ ʥʘʯʠʥʘʝʪ ʨʘʩʪʠ, ʧʨʠʯʝʤ ʧʦ ʩʪʝʧʝʥʥʦʤʫ 

ʟʘʢʦʥʫ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʩʪʝʧʝʥʠ ʨʘʚʥʳʤ 0.25. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʢʨʫʧʥʦʛʦ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ (ʩʦʛʣʘʰʝʥʠʝ ˉ 075-15-2024-535 ʦʪ 

23.04.2024). 
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ɺʃʀʗʅʀɽ ʐɽʈʆʍʆɺɸʊʆʉʊʀ ʉʋʇɽʈɻʀɼʈʆʌʆɹʅʆʁ 
ʇʆɺɽʈʍʅʆʉʊʀ ʅɸ ʈɸɿɹʈʓɿɻʀɺɸʅʀɽ ʂɸʇɽʃʔ ɺʆɼʓ 

ʇʈʀ ɺʓʉʆʂʆʉʂʆʈʆʉʊʅʆʄ ʉʆʋɼɸʈɽʅʀʀ  

ɼ. ɸ. ɺʝʨʭʦʜʘʥʦʚa, ʀ. ʉ. ɺʦʞʘʢʦʚb, ʄ. ɺ. ʇʠʩʢʫʥʦʚa, b, ɸ. ʀ. ʉʘʬʦʥʦʚb, 
ʅ. ʀ.  ʉʤʠʨʥʦʚb, ʉ. ɺ. ʉʪʘʨʠʥʩʢʠʡb, ʅ. ɸ. ʍʦʤʫʪʦʚa

  
aʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

634050, ʊʦʤʩʢ, ʧʨ. ʃʝʥʠʥʘ, 30 
bʀʥʩʪʠʪʫʪ ʪʝʧʣʦʬʠʟʠʢʠ ʉʆ ʈɸʅ, 

630090, ʅʦʚʦʩʠʙʠʨʩʢ, ʧʨ. ɸʢʘʜʝʤʠʢʘ ʃʘʚʨʝʥʪʴʝʚʘ, 1 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʝ ʩʦʫʜʘʨʝʥʠʝ ʢʘʧʝʣʴ ʚʦʜʳ 
(ʜʠʘʧʘʟʦʥ ʯʠʩʝʣ ɺʝʙʝʨʘ ʦʪ 450 ʜʦ 2700) ʩ ʪʠʪʘʥʦʚʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ, 
ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʬʪʦʨʧʦʣʠʤʝʨʥʳʤ ʧʦʢʨʳʪʠʝʤ ʩ ʚʘʨʴʠʨʫʝʤʦʡ 
ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ (ʦʪ 0.04 ʜʦ 15.4 ʤʠʢʨʦʤʝʪʨʦʚ) ʠ ʩʤʘʯʠʚʘʝʤʦʩʪʴʶ (ʢʨʘʝʚʳʝ 
ʫʛʣʳ ʦʪ 74 ʜʦ 164 ʛʨʘʜʫʩʦʚ). ʄʝʪʦʜʦʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʩʲʝʤʢʠ (60 000 
ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ) ʠʟʫʯʝʥʘ ʜʠʥʘʤʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʨʦʥʦʦʙʨʘʟʥʦʡ 
ʩʪʨʫʢʪʫʨʳ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʙʘʣʘʥʩʘ ʠʥʝʨʮʠʦʥʥʳʭ ʩʠʣ ʠ ʘʜʛʝʟʠʦʥʥʦʛʦ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ, ʦʧʨʝʜʝʣʷʝʤʳʡ 
ʦʪʥʦʰʝʥʠʝʤ ʫʛʣʘ ʨʘʩʢʨʳʪʠʷ ʢʦʨʦʥʳ ʢ ʩʪʘʪʠʯʝʩʢʦʤʫ ʢʨʘʝʚʦʤʫ ʫʛʣʫ 
ʩʤʘʯʠʚʘʥʠʷ. ʅʘ ʝʛʦ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʚʝʨʠʬʠʮʠʨʦʚʘʥʘ ʵʤʧʠʨʠʯʝʩʢʘʷ 
ʤʦʜʝʣʴ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʜʠʘʤʝʪʨ ʢʦʨʦʥʳ ʚ ʰʠʨʦʢʠʭ ʜʠʘʧʘʟʦʥʘʭ 
ʯʠʩʝʣ ɺʝʙʝʨʘ, ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʫʧʝʨʛʠʜʨʦʬʦʙʥʦʩʪʴ; ʰʝʨʦʭʦʚʘʪʦʩʪʴ; ʢʦʨʦʥʦʦʙʨʘʟʥʦʝ 
ʨʘʟʙʨʳʟʛʠʚʘʥʠʝ; ʩʤʘʯʠʚʘʝʤʦʩʪʴ 

EFFECT OF SUPERHYDROPHOBIC  SURFACE ROUGHNESS 

ON WATER  DROPLET  SPLASHING AT  HIGH -SPEED IMPACT  

D. A. Verkhodanova, I. S. Vozhakovb, M. V. Piskunova, b, A.I. Safonovb,  
N.I. Smirnovb, S.V. Starinskyb, N. A. Khomutova 
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The high-speed impact of water droplets (Weber number range from 450 to 2700) on 
titanium surfaces modified with a fluoropolymer coating of varying roughness (from 
0.04 to 15.4 micrometers) and wettability (contact angles from 74 to 164 degrees) 
was experimentally investigated. High-speed imaging at 60,000 frames per second 
was used to study the dynamics of crown formation. A novel dimensionless 
parameter, defined as the ratio of the crown base angle to the static contact angle, is 
proposed to describe the balance between inertial forces and adhesive interaction. 
Based on this parameter, an empirical model was developed and validated to predict 
the crown diameter across wide ranges of Weber number, surface roughness, and 
contact angle.16 
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ɺʳʩʦʢʦʩʢʦʨʦʩʪʥʦʝ ʩʦʫʜʘʨʝʥʠʝ ʢʘʧʝʣʴ ʞʠʜʢʦʩʪʠ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ (ʯʠʩʣʘ 

ɺʝʙʝʨʘ We > 1000) ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʪʘʢʠʭ ʦʙʣʘʩʪʷʭ, ʢʘʢ ʘʚʠʘʮʠʷ 

(ʦʙʣʝʜʝʥʝʥʠʝ, ʵʨʦʟʠʷ) [1], ʵʥʝʨʛʝʪʠʢʘ (ʚʝʪʨʦʚʳʝ ʪʫʨʙʠʥʳ) ʠ ʤʠʢʨʦʬʣʶʠʜʥʳʝ 

ʩʠʩʪʝʤʳ. ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʛʨʝʩʩ ʚ ʠʟʫʯʝʥʠʠ ʥʠʟʢʦʩʢʦʨʦʩʪʥʳʭ 

ʩʦʫʜʘʨʝʥʠʡ (We < 100), ʚʣʠʷʥʠʝ ʤʠʢʨʦʪʝʢʩʪʫʨʳ ʥʘ ʜʠʥʘʤʠʢʫ ʧʨʦʮʝʩʩʘ ʧʨʠ 

ʚʳʩʦʢʠʭ ʯʠʩʣʘʭ ɺʝʙʝʨʘ ʦʩʪʘʝʪʩʷ ʤʘʣʦʠʟʫʯʝʥʥʳʤ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʙʨʳʟʛʠʚʘʥʠʷ ʢʦʨʦʥʳ (ʧʣʦʩʢʦʡ 

ʯʘʩʪʠ ʢʘʧʣʠ, ʢʦʪʦʨʘʷ ʦʪʨʳʚʘʝʪʩʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʨʘʩʪʝʢʘʥʠʠ ʠ 

ʨʘʟʨʫʰʘʝʪʩʷ ʫʞʝ ʚ ʚʦʟʜʫʭʝ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʧʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʦʫʜʘʨʝʥʠʷ ʠʩʭʦʜʥʦʡ ʢʘʧʣʠ. ɺ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ ʢʘʧʣʠ ʯʘʩʪʦ 

ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʥʘ ʩʢʦʨʦʩʪʷʭ, ʧʨʝʚʳʰʘʶʱʠʭ 10-30 ʤ/ʩ [2], 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʠʩʣʘʤ ɺʝʙʝʨʘ > 500. ʇʨʠ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʠʥʝʨʮʠʦʥʥʳʝ 

ʩʠʣʳ ʩʪʘʥʦʚʷʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤʠ ʥʘʜ ʢʘʧʠʣʣʷʨʥʳʤʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʜʠʥʘʤʠʢʠ ʧʨʦʮʝʩʩʘ ʠ ʬʨʘʛʤʝʥʪʘʮʠʠ ʢʘʧʣʠ 

ʞʠʜʢʦʩʪʠ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʤʦʜʝʣʠ, ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʜʣʷ ʥʠʟʢʦʩʢʦʨʦʩʪʥʳʭ 

ʩʦʫʜʘʨʝʥʠʡ, ʯʘʩʪʦ ʥʝʧʨʠʤʝʥʠʤʳ, ʯʪʦ ʪʨʝʙʫʝʪ ʥʦʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʤʝʪʦʜʠʢʘ, ʦʧʠʩʘʥʥʘʷ ʥʠʞʝ. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʘʵʨʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤ ʩʪʝʥʜʝ (ʨʠʩ. 1) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ 

ʢʘʤʝʨʳ Phantom V411 (60 000 ʢʘʜʨ/ʩ) ʠ ʩʠʩʪʝʤʳ ʛʝʥʝʨʘʮʠʠ ʢʘʧʝʣ.ɹ 

ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʯʝʪʳʨʝ ʪʠʧʘ ʪʠʪʘʥʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩ ʬʪʦʨʧʦʣʠʤʝʨʥʳʤ 

ʧʦʢʨʳʪʠʝʤ: I ï ʤʠʢʨʦʪʝʢʩʪʫʨʠʨʦʚʘʥʥʘʷ ʩ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ (Ra) 15.37 ʤʢʤ ʠ 

ʢʨʘʝʚʳʤ ʫʛʣʦʤ ʩʤʘʯʠʚʘʥʠʷ (ɗ) 164Ñ2Á, II  ï ʤʠʢʨʦʪʝʢʩʪʫʨʠʨʦʚʘʥʥʘʷ (10.62 

ʤʢʤ, 160Ñ1.4Á), III  ï ʧʦʣʠʨʦʚʘʥʥʘʷ (0.04 ʤʢʤ, 74Ñ1.6Á) ʠ IV ï ʥʝʦʙʨʘʙʦʪʘʥʥʘʷ 

(1.05 ʤʢʤ, 94Ñ2.1Á).  

 

ʈʠʩ. 1 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʪʝʥʜ: 1 ï ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʚʠʜʝʦʢʘʤʝʨʘ,  

2 ï ʢʦʤʧʴʶʪʝʨ, 3 ï ʪʝʨʤʦʘʥʝʤʦʤʝʪʨ, 4 ï ʢʠʥʝʤʘʪʠʯʝʩʢʠʡ ʜʝʨʞʘʪʝʣʴ 

ʧʦʚʝʨʭʥʦʩʪʠ, 5 ï ʩʠʩʪʝʤʘ ʛʝʥʝʨʘʮʠʠ ʢʘʧʝʣʴ, 6 ï ʧʨʦʞʝʢʪʦʨ,  

7 ï ʧʝʨʠʩʪʘʣʴʪʠʯʝʩʢʠʡ ʥʘʩʦʩ, 8 ï ʝʤʢʦʩʪʴ ʩ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ,  

9 ï ʮʝʥʪʨʦʙʝʞʥʳʡ ʚʝʥʪʠʣʷʪʦʨ, 10 ï ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʯʘʩʪʦʪʳ,  

11 ï ʚʦʟʜʫʭʦʚʦʜ, 12 ï ʠʩʩʣʝʜʫʝʤʘʷ ʧʦʚʝʨʭʥʦʩʪʴ 
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ʄʠʢʨʦʪʝʢʩʪʫʨʠʨʦʚʘʥʠʝ ʪʠʪʘʥʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʚʳʧʦʣʥʷʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʘ AVESTA TETA20H. ʌʪʦʨʧʦʣʠʤʝʨʥʦʝ 

ʧʦʢʨʳʪʠʝ ʥʘʥʦʩʠʣʦʩʴ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʧʘʨʦʚʦʡ ʬʘʟʳ, 

ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʛʦʨʷʯʝʡ ʥʠʪʴʶ (Hot Wire Chemical Vapor Deposition) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʢʩʘʬʪʦʨʧʨʦʧʠʣʝʥʦʢʩʠʜʘ (C F O) ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ. 

ɼʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʬʦʨʤʠʨʦʚʘʪʴ ʛʠʜʨʦʬʦʙʥʳʡ ʩʣʦʡ ʥʘ 

ʤʠʢʨʦʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ. ʉʨʝʜʥʷʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʠʟʤʝʨʷʣʘʩʴ ʤʝʪʦʜʦʤ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʧʨʦʬʠʣʦʤʝʪʨʠʠ, ʘ ʝʝ 

ʩʤʘʯʠʚʘʝʤʦʩʪʴ ð ʘʥʘʣʠʟʘʪʦʨʦʤ ʬʦʨʤʳ ʢʘʧʝʣʴ Kruss DSA25. ʂʘʧʣʠ ʚʦʜʳ 

ʜʠʘʤʝʪʨʦʤ 0.5ï1.3 ʤʤ ʩʦʫʜʘʨʷʣʠʩʴ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʧʨʠ ʩʢʦʨʦʩʪʷʭ 5ï20 ʤ/ʩ 

(We = 450ï2800). ʇʨʦʚʝʜʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʟʚʦʣʠʣʠ ʚʳʷʚʠʪʴ ʨʘʟʣʠʯʥʳʝ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʨʘʟʙʨʳʟʛʠʚʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ 

ʧʦʚʝʨʭʥʦʩʪʠ. 

ʊʘʢ, ʥʘ ʧʦʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ III ʧʨʠ We å 500 ʥʘʙʣʶʜʘʣʩʷ ʨʝʞʠʤ 

ʨʘʩʪʝʢʘʥʠʷ, ʢʦʪʦʨʳʡ ʩʤʝʥʷʣʩʷ ʨʝʞʠʤʦʤ ʤʛʥʦʚʝʥʥʦʛʦ ʨʘʟʙʨʳʟʛʠʚʘʥʠʷ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ We ʜʦ 1500ï2800 (ʨʠʩ. 2). ʅʝʦʙʨʘʙʦʪʘʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ IV 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʨʝʞʠʤ ʥʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʢʦʨʦʥʥʦʛʦ ʨʘʟʙʨʳʟʛʠʚʘʥʠʷ ʚʦ 

ʚʩʸʤ ʜʠʘʧʘʟʦʥʝ ʥʘʯʘʣʴʥʳʭ ʩʢʦʨʦʩʪʝʡ ʢʘʧʝʣʴ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ 

ʤʠʢʨʦʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ (I ʠ II) ʦʙʝʩʧʝʯʠʚʘʣʠ ʩʠʤʤʝʪʨʠʯʥʦʝ 

ʢʦʨʦʥʦʦʙʨʘʟʥʦʝ ʨʘʟʙʨʳʟʛʠʚʘʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʜʨʦʙʣʝʥʠʝʤ ʧʨʠ We > 1500. 

ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ II ʧʨʠ We å 500 ʧʦʩʣʝ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʢʦʨʦʥʦʦʙʨʘʟʦʚʘʥʠʷ 

ʦʩʪʘʪʦʯʥʘʷ ʞʠʜʢʦʩʪʴ ʧʦʜʚʝʨʛʘʣʘʩʴ ʦʪʩʪʫʧʘʶʱʝʤʫ ʨʘʟʨʳʚʫ, ʩʦʙʠʨʘʷʩʴ ʚ 

ʝʜʠʥʳʡ ʦʙʲʝʢʪ ʫ ʪʦʯʢʠ ʩʦʫʜʘʨʝʥʠʷ, ʢʦʪʦʨʳʡ ʚʳʪʷʛʠʚʘʣʩʷ ʚ ʞʠʜʢʫʶ ʩʪʨʫʶ, 

ʥʦ ʥʝ ʦʪʨʳʚʘʣʩʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ I ʧʨʠ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ 

ʥʘʙʣʶʜʘʣʩʷ ʧʦʣʥʳʡ ʦʪʩʢʦʢ ʵʪʦʡ ʩʪʨʫʠ. ʇʨʠ We > 1500 ʥʘ ʦʙʝʠʭ 

ʤʠʢʨʦʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʦʩʪʘʪʦʯʥʘʷ ʞʠʜʢʦʩʪʴ ʭʦʨʦʰʦ 

ʫʜʝʨʞʠʚʘʣʘʩʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʥʝʛʘʪʠʚʥʳʤ ʵʬʬʝʢʪʦʤ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʫʜʘʣʝʥʠʷ ʚʦʜʳ. 

 

ʘ)                            ʙ)                            ʚ)                            ʛ) 

ʈʠʩ. 2. ʅʘʙʣʶʜʘʝʤʳʝ ʨʝʞʠʤʳ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʩʦʫʜʘʨʝʥʠʷ ʢʘʧʝʣʴ ʩ 

ʧʦʚʝʨʭʥʦʩʪʷʤʠ: I (a) ʠ II  (ʙ) ï ʩʠʤʤʝʪʨʠʯʥʦʝ ʢʦʨʦʥʦʦʙʨʘʟʥʦʝ 

ʨʘʟʙʨʳʟʛʠʚʘʥʠʝ, III  (ʚ) ï ʤʛʥʦʚʝʥʥʦʝ ʨʘʟʙʨʳʟʛʠʚʘʥʠʝ, IV (ʛ) - 

ʥʝʩʠʤʤʝʪʨʠʯʥʦʝ ʢʦʨʦʥʦʦʙʨʘʟʥʦʝ ʨʘʟʙʨʳʟʛʠʚʘʥʠʝ 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʚʳʷʚʣʝʥʥʳʭ ʨʝʞʠʤʦʚ ʠʟʤʝʨʝʥ ʫʛʦʣ 

ʨʘʩʢʨʳʪʠʷ ʢʦʨʦʥʳ (Ŭ) ʠ ʝʸ ʜʠʘʤʝʪʨ (Dcor). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʪʠ ʧʘʨʘʤʝʪʨʳ 

ʨʦʩʣʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʰʝʨʦʭʦʚʘʪʦʩʪʠ  ʠ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ, ʜʦʩʪʠʛʘʷ 

ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ I ʩ Ra = 15.37 ʤʢʤ ʠ ɗ = 164Á. ɹʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʫʛʣʘ Ŭ ʦʪ ɗ ʠ Ra ʥʦʩʠʪ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʜʣʷ 

ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʢʦʨʦʩʪʝʡ. ɼʣʷ ʦʙʦʙʱʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʠ 
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ʦʧʠʩʘʥʠʷ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʠʥʝʨʮʠʦʥʥʳʤʠ ʩʠʣʘʤʠ ʢʘʧʣʠ ʠ ʘʜʛʝʟʠʦʥʥʳʤʠ 

ʩʠʣʘʤʠ, ʦʧʨʝʜʝʣʷʝʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʥʦʚʦʝ 

ʙʝʟʨʘʟʤʝʨʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ Ŭ/ɗ (ʨʠʩ. 3ʘ). ɽʛʦ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ ð 

ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʠʥʝʨʮʠʝʡ ʢʘʧʣʠ ʠ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʘʩʪʝʢʘʥʠʶ (1).  

ʅʘ ʦʩʥʦʚʝ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ Ŭ/ɗ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ 

ʵʤʧʠʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʜʠʘʤʝʪʨʘ ʢʦʨʦʥʳ (4).  

ɼʣʷ ʦʧʠʩʘʥʠʷ ʙʘʣʘʥʩʘ ʠʥʝʨʮʠʦʥʥʳʭ ʠ ʘʜʛʝʟʠʦʥʥʳʭ ʩʠʣ ʧʨʝʜʣʦʞʝʥʦ 

ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʙʝʟʨʘʟʤʝʨʥʳʤ ʧʘʨʘʤʝʪʨʦʤ Ŭ/ɗ ʠ ʯʠʩʣʦʤ ɺʝʙʝʨʘ:  

ὥ ὰὲ .  (1) 

ɼʣʷ ʵʤʧʠʨʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʜʠʘʤʝʪʨʘ 

ʢʦʨʦʥʳ Dcor/D0 ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ʬʫʥʢʮʠʠ ʦʪ ʙʝʟʨʘʟʤʝʨʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ Ŭ/ɗ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʘʜʛʝʟʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ 

(ʈʠʩ. 3ʙ). ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩ 

ʨʘʟʣʠʯʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʬʫʥʢʮʠʝʡ (2) ʧʦʢʘʟʘʣʘ 

ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʜʝʪʝʨʤʠʥʘʮʠʠ R2 = 0.95. ʂʦʥʩʪʘʥʪʘ ɝ ʚ ʜʘʥʥʦʤ ʚʳʨʘʞʝʥʠʠ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ 

ʢʘʢ ʬʫʥʢʮʠʷ ʦʪ ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ ʜʠʘʤʝʪʨ ʢʘʧʣʠ Ra/D0 (3). 

ʇʦʜʩʪʘʥʦʚʢʘ ʚʳʨʘʞʝʥʠʷ 3 ʚ ʚʳʨʘʞʝʥʠʝ 2 ʧʨʠʚʦʜʠʪ ʢ ʦʢʦʥʯʘʪʝʣʴʥʦʤʫ ʚʠʜʫ 

ʤʦʜʝʣʠ (4). 

‚ πȢπρχϽὩὼὴςσ . (2) 

ʛʜʝ ‚ ï ʵʤʧʠʨʠʯʝʩʢʘʷ ʢʦʥʩʪʘʥʪʘ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 
ʥʘʯʘʣʴʥʦʛʦ ʜʠʘʤʝʪʨʘ ʢʘʧʣʠ. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʩʪʘʥʪʳ ‚ ʦʪ ʰʝʨʦʭʦʚʘʪʦʩʪʠ 

ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

‚ υȢσςυȢσπϽὩὼὴτψχ . (3) 

 ɿʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪʳ ɝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʙʝʟʨʘʟʤʝʨʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ 

Ra/D0 (3) ʪʘʢʞʝ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ (R2 = 0.96).  

υȢσςυȢσπὩὼὴτψχ πȢπρχὩὼὴςσ . (4) 

ʇʦʣʫʯʝʥʥʘʷ ʤʦʜʝʣʴ (4) ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʭʦʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʢʘʧʝʣʴ ʚʦʜʳ ʚ ʜʠʘʧʘʟʦʥʘʭ ʚʘʨʴʠʨʫʝʤʳʭ 

ʧʘʨʘʤʝʪʨʦʚ: We = 450ï2800, Ra = 1.05ï38 ʤʢʤ, ɗ = 69ï163.59Á, ʧʨʠ ʦʙʱʝʡ 

ʪʝʥʜʝʥʮʠʠ ʫʚʝʣʠʯʝʥʠʷ Dcor ʩ ʨʦʩʪʦʤ We (ʈʠʩ. 3ʙ). ʉʨʝʜʥʷʷ ʦʪʥʦʩʠʪʝʣʴʥʘʷ 

ʦʰʠʙʢʘ ʩʦʩʪʘʚʠʣʘ 10.7%. ʄʦʜʝʣʴ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʚʳʩʦʢʫʶ 

ʧʨʦʛʥʦʩʪʠʯʝʩʢʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʥʘ ʛʠʜʨʦʬʦʙʥʳʭ ʠ ʩʫʧʝʨʛʠʜʨʦʬʦʙʥʳʭ 

ʧʦʚʝʨʭʥʦʩʪʷʭ, ʛʜʝ ʠʥʝʨʮʠʦʥʥʳʝ ʩʠʣʳ ʜʦʤʠʥʠʨʫʶʪ ʥʘʜ ʘʜʛʝʟʠʝʡ. 
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ʈʠʩ. 3. ʘ) ʂʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ Ŭ/ɗ ʠ We; ʙ) ʉʨʘʚʥʝʥʠʝ ʥʦʨʤʠʨʦʚʘʥʥʳʭ 

ʟʥʘʯʝʥʠʡ ʜʠʘʤʝʪʨʘ ʢʦʨʦʥʳ ʧʨʠ ʨʘʟʙʨʳʟʛʠʚʘʥʠʠ Dcor, ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʠ ʧʨʝʜʩʢʘʟʘʥʥʳʭ ʤʦʜʝʣʴʶ  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʠʢʨʦʪʝʢʩʪʫʨʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ Ra = 10ï15 ʤʢʤ ʠ ɗ > 140Á ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʠʤʤʝʪʨʠʯʥʦʝ 

ʢʦʨʦʥʦʦʙʨʘʟʦʚʘʥʠʝ ʠ ʤʘʢʩʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ ʢʦʨʦʥʳ, ʦʜʥʘʢʦ ʧʨʠʚʦʜʠʪ ʢ 

ʟʘʤʝʜʣʝʥʠʶ ʫʜʘʣʝʥʠʷ ʞʠʜʢʦʩʪʠ ʩ ʧʦʚʝʨʭʥʦʩʪʠ. ɺʳʷʚʣʝʥʥʳʡ ʢʦʤʧʨʦʤʠʩʩ 

ʤʝʞʜʫ ʵʬʬʝʢʪʠʚʥʳʤ ʫʜʘʣʝʥʠʝʤ ʦʩʥʦʚʥʦʡ ʤʘʩʩʳ ʞʠʜʢʦʩʪʠ ʠ ʧʦʚʝʜʝʥʠʝʤ 

ʦʩʪʘʪʦʯʥʦʡ ʧʣʝʥʢʠ ʪʨʝʙʫʝʪ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʜʭʦʜʘ ʧʨʠ ʚʳʙʦʨʝ ʧʦʢʨʳʪʠʡ ʜʣʷ 

ʨʘʙʦʪʳ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʩʦʫʜʘʨʝʥʠʷ. ʈʘʟʨʘʙʦʪʘʥʥʦʝ 

ʙʝʟʨʘʟʤʝʨʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ Ŭ/ɗ ʠ ʵʤʧʠʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʝʜʩʢʘʟʘʥʠʷ Dcor, 

ʫʯʠʪʳʚʘʶʱʘʷ ʙʘʣʘʥʩ ʠʥʝʨʮʠʦʥʥʳʭ ʠ ʘʜʛʝʟʠʦʥʥʳʭ ʩʠʣ, ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ 

ʦʧʪʠʤʠʟʘʮʠʶ ʚʦʜʦʦʪʪʘʣʢʠʚʘʶʱʠʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʘʚʠʘʮʠʠ ʠ ʵʥʝʨʛʝʪʠʢʠ, ʛʜʝ 

ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʝʥ ʫʯʝʪ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʜʣʷ ʙʦʨʴʙʳ ʩ 

ʦʙʣʝʜʝʥʝʥʠʝʤ ʠ ʵʨʦʟʠʝʡ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄23-71-10081, https://rscf.ru/project/23-71-10081/. 
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ʀʉʇʆʃʔɿʆɺɸʅʀɽ ʄɽʊʆɼɸ ʊɽʄʇɽʈɸʊʋʈʅʓʍ ʇʋʃʔʉɸʎʀʁ 

ɼʃʗ ʀʉʉʃɽɼʆɺɸʅʀʗ ʉʊʈʋʂʊʋʈʓ ʕʃɽʂʊʈʆɺʀʍʈɽɺʆɻʆ 

ʊɽʏɽʅʀʗ ʈɸʉʇʃɸɺɸ InGaSn 

ɼ. ɸ. ɺʠʥʦʛʨʘʜʦʚa,b, ʖ. ʇ. ʀʚʦʯʢʠʥa, ʀ. ʆ. ʊʝʧʣʷʢʦʚa,b
  

aʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ 

ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, 

125412, ʄʦʩʢʚʘ, ʫʣ. ʀʞʦʨʩʢʘʷ, ʜ. 13, ʩʪʨ. 2 
bʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ çʅʘʮʠʦʥʘʣʴʥʳʡ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, 

123182, ʄʦʩʢʚʘ, ʧʣ. ɸʢʘʜʝʤʠʢʘ ʂʫʨʯʘʪʦʚʘ, ʜ. 1 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 

ʵʣʝʢʪʨʦʚʠʭʨʝʚʦʛʦ ʪʝʯʝʥʠʷ ʚ ʨʘʩʧʣʘʚʝ In-Ga-Sn ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʦʣʫʩʬʝʨʠʯʝʩʢʠʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʩʪʦʷʥʥʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺʥʝʰʥʝʝ ʧʦʣʝ ʩʦʟʜʘʝʪ ʟʘʢʨʫʪʢʫ ʞʠʜʢʦʩʪʠ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ ʠ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦʡ ʚʝʣʠʯʠʥʝ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʚʪʦʨʠʯʥʦʛʦ 

ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʚʠʭʨʷ. ʉʪʦʣʢʥʦʚʝʥʠʝ ʜʚʫʭ ʚʠʭʨʝʡ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʚ ʞʠʜʢʦʩʪʠ. ʇʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʘʥʘʣʠʟʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʫʣʴʩʘʮʠʡ, ʚʳʟʚʘʥʥʳʭ 

ʘʚʪʦʢʦʣʝʙʘʥʠʷʤʠ. ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʦ ʚʨʝʤʷ ʦʙʨʘʟʦʚʘʥʠʷ 

ʚʪʦʨʠʯʥʦʛʦ ʚʠʭʨʷ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɼʣʷ ʜʠʘʧʘʟʦʥʘ 

ʪʦʢʦʚ 50ï400 ɸ ʠ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʜʦ 1e-4 ʊʣ ʧʦʣʫʯʝʥʘ ʛʨʘʥʠʮʘ, 

ʨʘʟʜʝʣʷʶʱʘʷ ʦʜʥʦ- ʠ ʜʚʫʭʚʠʭʨʝʚʳʝ ʟʦʥʳ ʚ ʢʦʦʨʜʠʥʘʪʘʭ çʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ï 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝè. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʞʠʜʢʠʡ ʤʝʪʘʣʣ; ʪʝʯʝʥʠʝ; ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ; ʧʫʣʴʩʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 
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The hydrodynamic structure of the electrovortex flow in the In-Ga-Sn melt between 

two hemispherical electrodes under the action of a constant vertical magnetic field 

was studied experimentally and numerically. The external field creates a swirl of the 

liquid in the horizontal plane and, if sufficient, leads to the formation of a secondary 

toroidal vortex. The collision of two vortices leads to the occurrence of self-

oscillations in the liquid. A method for determining the flow structure based on the 

analysis of temperature pulsations caused by self-oscillations is proposed. In this 

work, the time of formation of the secondary vortex after switching on the external 
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magnetic field is experimentally determined. For the current range of 50ï400 A and 

external magnetic fields up to 1e-4 T, a boundary is obtained separating the one- and 

two-vortex zones in the coordinates "electric current ï magnetic field". 

Keywords: liquid metal; flow; electric current; temperature pulsations 

ʕʣʝʢʪʨʦʚʠʭʨʝʚʦʝ ʪʝʯʝʥʠʝ (ʕɺʊ) ʦʙʨʘʟʫʝʪʩʷ ʚ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʝʡ ʩʨʝʜʝ 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʠʣʳ, ʚʦʟʥʠʢʘʶʱʝʡ ʧʨʠ  

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ 

ʩʨʝʜʫ, ʩ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ (ʄʇ) ʵʪʦʛʦ ʪʦʢʘ [1]. ʊʘʢʞʝ, ʩʠʣʘ ʧʨʠʚʦʜʷʱʘʷ 

ʞʠʜʢʦʩʪʴ ʚ ʜʚʠʞʝʥʠʝ, ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʪʦʢʘ ʩ ʚʥʝʰʥʠʤʠ 

ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʄʇ ɿʝʤʣʠ ʠʣʠ ʄʇ ʪʦʢʦʚʦʜʚʦʜʦʚ.  

ʕɺʊ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʚʘʨʦʯʥʳʭ ʠ ʵʣʝʢʪʨʦʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ð 

ʪʘʢʠʭ ʢʘʢ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʠ ʵʣʝʢʪʨʦʰʣʘʢʦʚʳʡ ʧʝʨʝʧʣʘʚ, ʛʜʝ ʦʥʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʣʠʷʝʪ ʥʘ ʢʘʯʝʩʪʚʦ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʠ ʩʨʦʢ ʩʣʫʞʙʳ ʧʣʘʚʠʣʴʥʳʭ ʘʛʨʝʛʘʪʦʚ 

[2]. ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʘʩʧʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʕɺʊ ʷʚʣʷʝʪʩʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ 

ʵʣʝʢʪʨʦʣʠʟʝʨʦʚ [3].  

ʈʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ, ʚ ʢʦʪʦʨʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ 

ʯʝʨʝʟ ʞʠʜʢʠʡ ʤʝʪʘʣʣ ʦʪ ʤʘʣʦʛʦ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʛʦ ʵʣʝʢʪʨʦʜʘ ʢ ʙʦʣʴʰʦʤʫ 

ʧʦʣʦʤʫ ʵʣʝʢʪʨʦʜʫ (ʨʠʩ. 1). ʊʘʢʘʷ ʛʝʦʤʝʪʨʠʷ ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ 

ʫʧʨʦʱʝʥʥʘʷ ʤʦʜʝʣʴ ʜʫʛʦʚʦʡ ʧʝʯʠ. ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʩ ʧʣʦʪʥʦʩʪʴʶ J, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʦʪ ʮʝʥʪʨʘʣʴʥʦʛʦ ʵʣʝʢʪʨʦʜʘ, ʩʦʟʜʘʝʪ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ Bʕɺʊ, ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʩʠʣʘ (F=JĬBʕɺʊ) ʧʨʠʚʦʜʠʪ ʞʠʜʢʠʡ ʤʝʪʘʣʣ ʚ 

ʜʚʠʞʝʥʠʝ. 
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ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʘ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʵʣʝʢʪʨʦʚʠʭʨʝʚʦʛʦ ʪʝʯʝʥʠʷ 

ʚ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʤ ʢʦʥʪʝʡʥʝʨʝ 
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ɺ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʩʠʩʪʝʤʝ ʙʝʟ ʚʥʝʰʥʝʛʦ ʦʩʝʚʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʕɺʊ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥʦʯʥʳʡ ʪʦʨʦʠʜʘʣʴʥʳʡ ʚʠʭʨʴ, ʥʘʧʨʘʚʣʝʥʥʳʡ 

ʚʥʠʟ ʚ ʧʦʜʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ (ʨʠʩ. 1ʘ). ʅʘʣʠʯʠʝ ʚʥʝʰʥʝʛʦ ʦʩʝʚʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʦʟʜʘʝʪ ʘʟʠʤʫʪʘʣʴʥʫʶ ʟʘʢʨʫʪʢʫ ʧʦʪʦʢʘ (ʨʠʩ. 1ʙ) ʠ ʧʨʠʚʦʜʠʪ 

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʚʪʦʨʦʛʦ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʚʠʭʨʷ ʟʘʢʨʫʯʝʥʥʦʛʦ ʚ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʨʠʩ. 1ʚ). ʋʚʝʣʠʯʝʥʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʫʩʠʣʠʚʘʝʪ ʟʘʢʨʫʪʢʫ ʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʧʝʨʚʠʯʥʦʛʦ ʚʠʭʨʷ ʚʪʦʨʳʤ 

ʚʠʭʨʝʤ (ʨʠʩ. 1ʛ). ʆʙʨʘʟʦʚʘʥʠʝ ʚʪʦʨʠʯʥʦʛʦ ʚʠʭʨʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʟʘʢʨʫʪʢʠ 

ʷʚʣʷʝʪʩʷ ʯʠʩʪʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ ʥʝ ʩʚʷʟʘʥʥʳʤ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʩʠʣʘʤʠ [4].  

ʕʢʩʧʝʨʠʤʝʥʪs ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ ʩʣʝʜʫʶʱʝʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʚ 

ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʡ ʧʨʦʚʦʜʷʱʝʡ ʞʠʜʢʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʵʚʪʝʢʪʠʯʝʩʢʠʡ ʩʧʣʘʚ 

In-Ga-Sn (ʩʦʩʪʘʚ: Ga ð 67%, In ð 22.5%, Sn ð 12.5%) ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʧʣʘʚʣʝʥʠʷ 10.5ÁC [5]. ʄʝʪʘʣʣ ʟʘʧʦʣʥʷʣ ʧʦʣʫʩʬʝʨʠʯʝʩʢʠʡ ʢʦʥʪʝʡʥʝʨ 

ʜʠʘʤʝʪʨʦʤ 188 ʤʤ, ʢʦʪʦʨʳʡ ʩʣʫʞʠʣ ʙʦʣʴʰʠʤ ʵʣʝʢʪʨʦʜʦʤ. ʏʝʨʝʟ ʞʠʜʢʠʡ 

ʤʝʪʘʣʣ ʧʨʦʧʫʩʢʘʣʩʷ ʧʦʩʪʦʷʥʥʳʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ, ʘ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ ʩʦʟʜʘʚʘʣʦʩʴ ʩʦʣʝʥʦʠʜʦʤ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʧʫʣʴʩʘʮʠʠ ʠʟʤʝʨʷʣʘʩʴ ʧʨʠ 

ʧʦʤʦʱʠ ʟʦʥʜʘ ʩ ʪʨʝʭʧʨʦʚʦʜʥʦʡ ʤʝʜʥʦ-ʢʦʥʩʪʘʥʪʘʥʦʚʦʡ ʤʠʢʨʦʪʝʨʤʦʧʘʨʦʡ 

ʨʘʩʧʦʣʘʛʘʶʱʝʛʦʩʷ ʥʘ ʦʩʠ ʧʦʪʦʢʘ. 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʩʨʝʜʝ Ansys Fluent, 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʢʦʥʪʨʦʣʴʥʦʛʦ ʦʙʲʸʤʘ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ 

ʜʚʫʤʝʨʥʦʡ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʩʝʪʢʝ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ. 

ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʫʩʪʘʥʦʚʢʠ ʠ ʨʘʩʯʝʪʥʦʡ ʤʝʪʦʜʠʢʠ ʧʨʠʚʝʜʝʥʦ [6]. 

ʅʘ ʨʠʩ.2. ʧʨʠʚʝʜʝʥʳ ʨʘʩʯʝʪʥʳʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʦʩʮʠʣʣʦʛʨʘʤʤʳ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʘʥʘʣʠʟ ʦʩʮʠʣʣʦʛʨʘʤʤ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʚʨʝʤʷ ʥʘʯʘʣʘ 

ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʧʦ ʠʟʤʝʥʝʥʠʶ ʭʘʨʘʢʪʝʨʘ ʧʫʣʴʩʘʮʠʡ. 
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ʈʠʩ. 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 

ʚʨʝʤʝʥʠ ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʚʥʝʰʥʝʤ ʘʢʩʠʘʣʴʥʦʤ Bz, ʧʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʪʦʢʝ I = 

50 ɸ, ʛʣʫʙʠʥʘ z = 10 ʤʤ, r = 0 ʤʤ. ʘ) ʨʘʩʯʝʪ, ʙ) ʵʢʩʧʝʨʠʤʝʥʪ. 1 ï0 ʊʣ, 2 ï

5Ĭ10-5 ʊʣ, 3 ï 7Ĭ10-5 ʊʣ, 4 ï 9Ĭ10-5 ʊʣ, 5 ï 2Ĭ10-4 ʊʣ, 6 ï 4Ĭ10-4 ʊʣ 

ʈʘʩʩʯʠʪʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʪʝʯʝʥʠʷ ʦʪ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3a. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʣʥʘʷ 

ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʦʥʫ ʟʘʩʪʦʷ ʧʨʠ ʄʇ ʨʘʚʥʦʤ 5Ĭ10-5 ʊʣ, 
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ʧʦʩʣʝ ʯʝʛʦ ʵʥʝʨʛʠʷ ʚʦʟʨʘʩʪʘʝʪ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʟʥʘʯʝʥʠʷʭ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʟʦʥʘ ʟʘʩʪʦʷ ʤʦʞʝʪ ʧʨʦʩʪʠʨʘʪʴʩʷ ʜʦ  

ʄʇ 5Ĭ10-3 Tʣ (ʘʥʘʣʦʛʠʯʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʣʷ ʮʠʣʠʥʜʨʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ [7]). 

ʅʘ ʨʠʩ. 3ʙ ʩʨʘʚʥʠʚʘʶʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠ ʨʘʩʯʸʪʥʦʝ ʚʨʝʤʷ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚʪʦʨʦʛʦ ʚʠʭʨʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ. ʈʘʩʭʦʞʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʧʝʨʚʫʶ 

ʦʯʝʨʝʜʴ ʦʙʲʷʩʥʷʝʪʩʷ ʥʝʩʪʘʙʠʣʴʥʳʤ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʩʦʩʪʦʷʥʠʝʤ 

ʩʠʩʪʝʤʳ, ʪʘʢ ʧʨʠ ʄʇ ʨʘʚʥʦʤ 5Ĭ10-5 ʊʣ ʚʨʝʤʷ ʦʙʨʘʟʦʚʘʥʠʷ ʚʪʦʨʦʛʦ ʚʠʭʨʷ 

ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 50 ʜʦ 100 ʩ ʚ ʨʘʟʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. 
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ʘ) ʙ) 

ʈʠʩ. 3. (I = 50) ʘ) ʈʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʦʪ ʚʥʝʰʥʝʛʦ ʘʢʩʠʘʣʴʥʦʛʦ ʄʇ Bz, ʙ) ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʦʙʨʘʟʦʚʘʥʠʷ 

ʚʪʦʨʦʛʦ ʚʠʭʨʷ ʦʪ ʚʥʝʰʥʝʛʦ ʘʢʩʠʘʣʴʥʦʛʦ ʄʇ. 1 ï ʨʘʩʯʝʪ, 2 ï ʵʢʩʧʝʨʠʤʝʥʪ 

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʝʪ ʨʘʩʩʤʦʪʨʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʧʦʜ 

ʚʣʠʷʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʣʠʟʢʦʤʫ ʢ ʧʦʣʶ ɿʝʤʣʠ. ʅʘ ʨʠʩ. 4ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʦʩʮʠʣʣʦʛʨʘʤʤʘ ʧʫʣʴʩʘʮʠʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʢʦʤʧʝʥʩʘʮʠʠ ʧʦʣʷ 

ɿʝʤʣʠ ʠ ʪʦʢʝ 200ɸ. ʀʟʤʝʨʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩʦʩʪʘʚʣʷʣʦ ~5.8Ĭ10-5 ʊʣ, ʘ 

ʚʨʝʤʷ ʦʙʨʘʟʦʚʘʥʠʷ ʚʪʦʨʦʛʦ ʚʠʭʨʷ ʩʦʩʪʘʚʠʣʦ ~350 ʩ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʦʛʨʘʥʠʯʝʥʠʷʤ ʧʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʦʜʥʦʚʠʭʨʝʚʦʛʦ ʕɺʊ ʚ ʩʠʩʪʝʤʘʭ ʙʝʟ ʢʦʤʧʝʥʩʘʮʠʠ ʄʇ ɿʝʤʣʠ. 

ʅʘ ʦʩʥʦʚʝ ʦʧʠʩʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʤʝʞʜʫ ʦʜʥʦ- ʠ ʜʚʫʭʚʠʭʨʝʚʳʤʠ ʨʝʞʠʤʘʤʠ ʪʝʯʝʥʠʡ ʜʣʷ ʪʦʢʦʚ 

ʚ ʜʠʘʧʘʟʦʥʝ 50ï400 ɸ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 0ï1Ĭ10-4 ʊʣ (ʨʠʩ. 4ʙ). ɻʨʘʥʠʮʘ ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ Bz ï I, ʦʙʣʘʩʪʴ ʥʠʞʝ ʛʨʘʥʠʮʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʜʥʦʚʠʭʨʝʚʦʡ ʩʪʨʫʢʪʫʨʝ ʕɺʊ, ʘ ʦʙʣʘʩʪʴ ʚʳʰʝ ʛʨʘʥʠʮʳ ð ʜʚʫʭʚʠʭʨʝʚʦʡ 

ʩʪʨʫʢʪʫʨʝ. ʊʦʯʢʠ ʥʘ ʛʨʘʬʠʢʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʧʨʝʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʦʙʨʘʟʫʝʪʩʷ ʚʪʦʨʦʡ ʚʠʭʨʴ ʧʨʠ ʜʘʥʥʦʤ ʪʦʢʝ. ʇʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ (ʧʨʠ ʜʘʥʥʦʤ ʪʦʢʝ) ʚʪʦʨʦʡ ʚʠʭʨʴ ʥʝ ʦʙʨʘʟʫʝʪʩʷ. 

ʊʘʢʞʝ, ʜʣʷ ʩʨʘʚʥʝʥʠʷ, ʥʘ ʛʨʘʬʠʢʝ ʧʨʠʚʝʜʝʥʘ ʛʨʘʥʠʯʥʘʷ ʢʨʠʚʘʷ ʧʦʣʫʯʝʥʥʘʷ 

ʨʘʥʝʝ ʨʘʩʯʝʪʥʳʤ ʤʝʪʦʜʦʤ [8]. 
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ʘ) ʙ) 

ʈʠʩ. 4. ʘ) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʪʦʢʝ I = 200ɸ ʠ ʄʇ ɿʝʤʣʠ (5.8Ĭ10-5 ʊʣ). 

ʙ) ɻʨʘʥʠʮʘ ʤʝʞʜʫ ʟʦʥʘʤʠ ʦʜʥʦʚʠʭʨʝʚʦʛʦ ʠ ʜʚʫʭʚʠʭʨʝʚʦʛʦ ʪʝʯʝʥʠʷ. 

1 ï ʵʢʩʧʝʨʠʤʝʥʪ, 2 - ʨʘʩʯʝʪ [8], ʣʠʥʠʷ ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ 
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ɺʃʀʗʅʀɽ ʋɻʃɸ ʅɸʂʃʆʅɸ ʆʉʀ ɺʈɸʑɽʅʀʗ ʎʀʃʀʅɼʈʀʏɽʉʂʆʁ 

ʇʆʃʆʉʊʀ ʅɸ ɼʀʅɸʄʀʂʋ ʃɽɻʂʆɻʆ ʉʌɽʈʀʏɽʉʂʆɻʆ ʊɽʃɸ 

ɺ ɾʀɼʂʆʉʊʀ 

ʆ. ɸ. ɺʣʘʩʦʚʘ 

ʇʝʨʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʛʫʤʘʥʠʪʘʨʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

614990, ʇʝʨʤʴ, ʉʠʙʠʨʩʢʘʷ, 24 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʜʠʥʘʤʠʢʘ ʣʝʛʢʦʛʦ ʩʬʝʨʠʯʝʩʢʦʛʦ ʪʝʣʘ, 

ʚʩʧʣʳʚʘʶʱʝʛʦ ʚʦ ʚʨʘʱʘʶʱʝʡʩʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʦʣʦʩʪʠ ʩ ʞʠʜʢʦʩʪʴʶ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʚʨʘʱʝʥʠʠ ʧʦʣʦʩʪʠ ʚʦʢʨʫʛ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ ʪʝʣʦ ʩʦʚʝʨʰʘʝʪ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʚʨʘʱʝʥʠʝ, ʥʘʧʨʘʚʣʝʥʠʝ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʦʛʦ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʩʠʤʤʝʪʨʠʝʡ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ ʚ ʚʝʨʭʥʝʤ ʠ ʥʠʞʥʝʤ ʩʪʦʣʙʠʢʘʭ 

ʊʝʡʣʦʨʘ-ʇʨʘʫʜʤʝʥʘ, ʢʦʪʦʨʘʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ʠʭ 

ʚʳʩʦʪ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʦʩʠ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ, ʦʩʮʠʣʣʠʨʫʶʱʝʡ ʚʦ ʚʨʘʱʘʶʱʝʡʩʷ ʩʠʩʪʝʤʝ, 

ʣʝʛʢʦʝ ʪʝʣʦ ʩʤʝʱʘʝʪʩʷ ʦʪ ʦʩʠ ʚʨʘʱʝʥʠʷ ʠ ʩʦʚʝʨʰʘʝʪ ʦʪʩʪʘʶʱʝʝ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʚʨʘʱʝʥʠʝ. ʇʨʠ ʦʪʢʣʦʥʝʥʠʠ ʦʩʠ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ ʦʪ 

ʚʝʨʪʠʢʘʣʠ ʜʚʘ ʤʝʭʘʥʠʟʤʘ, ʟʘʧʫʩʢʘʶʱʠʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʚʨʘʱʝʥʠʝ ʪʝʣʘ, 

ʥʘʢʣʘʜʳʚʘʶʪʩʷ. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʥʘʧʨʘʚʣʝʥʠʝ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ ʩʬʝʨʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʦʩʠ 

ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʬʝʨʠʯʝʩʢʦʝ ʪʝʣʦ; ʚʨʘʱʝʥʠʝ; ʩʪʦʣʙʠʢ ʊʝʡʣʦʨʘ-ʇʨʘʫʜʤʝʥʘ 

INFLU ENCE OF THE  ROTATION  AXIS  ANGLE  

OF A CYLINDRICAL  CAVITY  ON THE  DYNAMICS 

OF A LIGHT  SPHERICAL  BODY IN  A LIQUID  

O. A. Vlasova 

Perm State Humanitarian Pedagogical University,  

24 Sibirskaya St., 614990, Perm 

The dynamics of a light spherical body floating in a rotating cylindrical cavity with 

liquid is experimentally investigated. It is shown that when the cavity rotates around 

a vertical axis, the body performs differential rotation, the direction and intensity of 

which is determined by the asymmetry of the fluid motion in the upper and lower 

Taylor-Proudman columns, which, in turn, is determined by the ratio of their heights. 

It is known that when the cavity rotation axis is horizontal, under the action of gravity 

oscillating in the rotating system, the light body shifts from the rotation axis and 

performs lagging differential rotation. When the cavity rotation axis deviates from 

the vertical, two mechanisms that initiate differential rotation of the body are 

superimposed. The paper investigates the intensity and direction of differential 

rotation of a sphere depending on the inclination angle of the cavity rotation axis and 

the cavity rotation speed. 

Keywords: spherical body; rotation; Taylor-Proudman column18 
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ɺʩʧʣʳʪʠʝ ʩʬʝʨʠʯʝʩʢʦʛʦ ʪʝʣʘ ʚʦ ʚʨʘʱʘʶʱʝʡʩʷ ʚʦʢʨʫʛ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ 

ʞʠʜʢʦʩʪʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʚʦʢʨʫʛ ʥʝʛʦ ʩʪʦʣʙʠʢʘ ʊʝʡʣʦʨʘ-

ʇʨʘʫʜʤʝʥʘ [1]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʩʠʩʪʝʤʝ ʧʦʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʟʘʤʝʜʣʷʶʱʝʝ ʦʩʝʚʦʝ ʜʚʠʞʝʥʠʝ ʪʝʣʘ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʩʪʨʫʢʪʫʨʦʡ ʩʪʦʣʙʠʢʘ ʊʝʡʣʦʨʘ-ʇʨʫʜʤʝʥʘ [2, 3]. ɺ 

ʛʝʦʩʪʨʦʬʠʯʝʩʢʦʤ ʧʨʝʜʝʣʝ ʥʠʟʢʠʭ ʯʠʩʝʣ ʈʦʩʩʙʠ ʠ ʕʢʤʘʥʘ ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ 

ʚ ʩʠʩʪʝʤʝ ʙʫʜʝʪ ʩʦʭʨʘʥʷʪʴ ʜʚʫʭʤʝʨʥʦʩʪʴ ʟʘ ʧʨʝʜʝʣʘʤʠ ʩʜʚʠʛʦʚʳʭ ʩʣʦʝʚ. 

ʎʠʨʢʫʣʷʮʠʷ ʞʠʜʢʦʩʪʠ ʙʫʜʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʪʦʣʴʢʦ ʚ ʩʜʚʠʛʦʚʦʤ ʩʣʦʝ 

ʉʪʶʘʨʪʩʦʥʘ ʥʘ ʛʨʘʥʠʮʝ ʩʪʦʣʙʠʢʘ ʠ ʚ ʚʷʟʢʠʭ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ ʕʢʤʘʥʘ ʥʘ 

ʪʦʨʮʘʭ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʩʠʩʪʝʤʫ. ɺ ʥʝʜʘʚʥʠʭ ʨʘʙʦʪʘʭ [4, 5] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʩʢʦʨʦʩʪʴ ʚʩʧʣʳʪʠʷ ʪʝʣʘ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ 

ʧʦʣʦʩʪʠ ʠ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʩʪʠ. ʊʘʢʞʝ ʚ [5] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦ 

ʤʝʨʝ ʚʩʧʣʳʪʠʷ ʩʬʝʨʳ ʩʢʦʨʦʩʪʴ ʝʝ ʜʚʠʞʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʚ 

ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʧʦʣʦʩʪʠ ʟʘ ʧʨʝʜʝʣʘʤʠ ʨʘʩʩʪʦʷʥʠʷ ʚʷʟʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʪʦʨʮʘʤʠ. ʇʦʤʠʤʦ ʘʢʩʠʘʣʴʥʦ ʜʚʠʞʝʥʠʷ ʩʬʝʨʘ ʩʦʚʝʨʰʘʝʪ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ 

ʚʨʘʱʝʥʠʝ, ʚʳʟʚʘʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩ ʚʝʨʭʥʠʤ ʠ ʥʠʞʥʠʤ ʩʪʦʣʙʠʢʦʤ 

ʊʝʡʣʦʨʘ-ʇʨʘʫʜʤʝʥʘ. ʅʘʧʨʘʚʣʝʥʠʝ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ 

ʚʨʘʱʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ʜʣʠʥ ʩʪʦʣʙʠʢʦʚ: ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ 

ʧʦʣʦʩʪʠ ʪʝʣʦ ʩʦʚʝʨʰʘʝʪ ʦʧʝʨʝʞʘʶʱʝʝ ʚʨʘʱʝʥʠʝ, ʚ ʚʝʨʭʥʝʡ ï ʦʪʩʪʘʶʱʝʝ, ʚ 

ʩʝʨʝʜʠʥʝ ʧʦʣʦʩʪʠ ʚʨʘʱʝʥʠʝ ʦʪʩʫʪʩʪʚʫʝʪ. ɺ ʨʘʙʦʪʝ [6] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ 

ʚʨʘʱʝʥʠʠ ʧʦʣʦʩʪʠ ʚʦʢʨʫʛ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʦʩʠ ʣʝʛʢʦʝ ʩʬʝʨʠʯʝʩʢʦʝ ʪʝʣʦ 

ʩʦʚʝʨʰʘʝʪ ʦʪʩʪʘʶʱʝʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʚʨʘʱʝʥʠʝ, ʚʳʟʚʘʥʥʦʝ ʜʝʡʩʪʚʠʝʤ 

ʩʠʣʳ ʪʷʞʝʩʪʠ: ʯʝʤ ʥʠʞʝ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ, ʪʝʤ ʚʳʰʝ ʩʢʦʨʦʩʪʴ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ ʪʝʣʘ. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʜʠʥʘʤʠʢʠ ʣʝʛʢʦʡ ʩʬʝʨʳ, ʚʩʧʣʳʚʘʶʱʝʡ ʚ ʨʘʚʥʦʤʝʨʥʦ 

ʚʨʘʱʘʶʱʝʡʩʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʦʣʦʩʪʠ ʩ ʞʠʜʢʦʩʪʴʶ. ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ 

ʫʜʝʣʷʝʪʩʷ ʚʣʠʷʥʠ ʁʫʛʣʘ ʥʘʢʣʦʥʘ ʦʩʠ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ ʥʘ ʩʢʦʨʦʩʪʴ ʚʩʧʣʳʪʠʷ 

ʪʝʣʘ ʠ ʩʢʦʨʦʩʪʴ ʝʛʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʩʦʩʪʦʠʪ ʠʟ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʦʣʦʩʪʠ 1, 

ʟʘʧʦʣʥʝʥʥʦʡ ʞʠʜʢʦʩʪʴʶ, ʠ ʩʬʝʨʠʯʝʩʢʦʛʦ ʪʝʣʘ 2 (ʨʠʩ. 1). ɺ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʡ 

ʞʠʜʢʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʦʜʘ (ɜ = 0.95 ʩʉʪ, ɟl = 0.997 ʛ/ʩʤ3). ʉʬʝʨʠʯʝʩʢʦʝ ʪʝʣʦ 

ʨʘʜʠʫʩʦʤ r = 1.25 ʩʤ ʠʟʛʦʪʦʚʣʝʥʦ ʠʟ ʧʣʘʩʪʠʢʘ ʧʣʦʪʥʦʩʪʴʶ ɟs = 0.869 ʛ/ʩʤ3. 

ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʪʝʣʘ ʩʦʩʪʘʚʣʷʝʪ ɟ = 0.872. ɺʳʩʦʪʘ ʧʦʣʦʩʪʠ 

ʩʦʩʪʘʚʣʷʝʪ h = 18 ʩʤ, ʨʘʜʠʫʩ R = 2.60 ʩʤ. ʇʦʣʦʩʪʴ ʚʨʘʱʘʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦ, ʦʩʴ 

ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ ʤʦʞʝʪ ʦʪʢʣʦʥʷʪʴʩʷ ʦʪ ʚʝʨʪʠʢʘʣʠ ʥʘ ʫʛʦʣ Ŭ. ɺ ʥʘʯʘʣʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʟʘʧʦʣʥʝʥʥʘʷ ʢʶʚʝʪʘ ʧʦʚʦʨʘʯʠʚʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦ, ʧʨʠ ʵʪʦʤ ʩʬʝʨʠʯʝʩʢʦʝ ʪʝʣʦ ʧʝʨʝʭʦʜʠʪ ʢ ʪʦʨʮʫ ʧʦʣʦʩʪʠ. ɼʘʣʝʝ 

ʢʶʚʝʪʘ ʨʘʩʢʨʫʯʠʚʘʝʪʩʷ ʜʦ ʥʝʦʙʭʦʜʠʤʦʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ 

ʮʝʥʪʨʦʙʝʞʥʦʡ ʩʠʣʳ ʪʝʣʦ ʩʤʝʱʘʝʪʩʷ ʢ ʦʩʠ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ. ʇʦʩʣʝ ʵʪʦʛʦ 

ʢʶʚʝʪʘ ʧʦʚʦʨʘʯʠʚʘʝʪʩʷ ʥʘ ʫʛʦʣ Ŭ. ʅʘʙʣʶʜʝʥʠʝ ʟʘ ʜʠʥʘʤʠʢʦʡ ʩʬʝʨʳ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʠʜʝʦʢʘʤʝʨʳ, ʯʘʩʪʦʪʘ ʩʲʝʤʢʠ ʢʦʪʦʨʦʡ ʨʘʚʥʘ 

ʯʘʩʪʦʪʝ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ. ɼʣʷ ʦʪʩʣʝʞʠʚʘʥʠʷ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʫʛʣʘ 

ʧʦʚʦʨʦʪʘ ʪʝʣʘ ʥʘ ʥʝʛʦ ʥʘʥʝʩʝʥʳ ʵʢʚʘʪʦʨʠʘʣʴʥʳʝ ʤʝʪʢʠ. 
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ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ʇʨʠ ʚʨʘʱʝʥʠʠ ʧʦʣʦʩʪʠ ʚʦʢʨʫʛ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ (Ŭ = 0) ʩʬʝʨʘ ʚʩʧʣʳʚʘʝʪ 

ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʦʤʝʨʥʦ ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʧʦʣʦʩʪʠ (ʩʚʝʪʣʳʝ ʩʠʤʚʦʣʳ ʥʘ 

ʨʠʩ. 2ʘ). ʅʝʢʦʪʦʨʦʝ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʚʩʧʣʳʪʠʷ ɡ ʥʘʙʣʶʜʘʝʪʩʷ ʚʥʘʯʘʣʝ 

ʜʚʠʞʝʥʠʷ ʧʨʠ ʟʘʪʫʭʘʥʠʠ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʧʦʚʦʨʦʪʝ ʧʦʣʦʩʪʠ ʠ ʚ 

ʢʦʥʮʝ ʜʚʠʞʝʥʠʷ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʪʦʨʮʫ ʥʘ ʨʘʩʩʪʦʷʥʠʝ ʚʷʟʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʨʠ ʵʪʦʤ ʩʬʝʨʘ ʩʦʚʝʨʰʘʝʪ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʚʨʘʱʝʥʠʝ 

(ʪʝʤʥʳʝ ʩʠʤʚʦʣʳ ʥʘ ʨʠʩ. 2ʘ): ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʧʦʣʦʩʪʠ ʦʧʝʨʝʞʘʶʱʝʝ, ʚ 

ʚʝʨʭʥʝʡ ï ʦʪʩʪʘʶʱʝʝ. ɺ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʧʦʣʦʩʪʠ (y å 9 ʩʤ) ʚʨʘʱʝʥʠʝ 

ʦʪʩʫʪʩʪʚʫʝʪ. ɺʝʣʠʯʠʥʘ ʩʢʦʨʦʩʪʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ 

ʧʦ ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ. 

ʇʨʠ ʦʪʢʣʦʥʝʥʠʠ ʦʩʠ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ ʦʪ ʚʝʨʪʠʢʘʣʠ ʩʢʦʨʦʩʪʴ ʚʩʧʣʳʪʠʷ 

ʪʝʣʘ ʩʥʠʞʘʝʪʩʷ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʧʨʦʝʢʮʠʠ ʩʠʣʳ ʧʣʘʚʫʯʝʩʪʠ ʥʘ 

ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʝʚʦʛʦ ʜʚʠʞʝʥʠʷ ʩʬʝʨʳ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ Ŭ Ó 15Ü ʩʢʦʨʦʩʪʴ 

ʚʩʧʣʳʪʠʷ ʪʝʣʘ ʥʘʯʠʥʘʝʪ ʧʝʨʠʦʜʠʯʝʩʢʠ ʠʟʤʝʥʷʪʴʩʷ (ʩʚʝʪʣʳʝ ʩʠʤʚʦʣʳ ʥʘ 

ʨʠʩ. 2ʙ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ ʥʘʢʣʦʥʘ Ŭ ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʚʝʣʠʯʠʥʳ 

ʩʢʦʨʦʩʪʠ ʚʩʧʣʳʪʠʷ ʩʬʝʨʳ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʧʨʠ ʵʪʦʤ ʢʦʣʠʯʝʩʪʚʦ ʢʦʣʝʙʘʥʠʡ 

ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʥʘ ʚʩʝʤ ʠʟʫʯʝʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʚʨʘʱʝʥʠʷ ʠ ʫʛʣʦʚ 

ʥʘʢʣʦʥʘ. ʉʢʦʨʦʩʪʴ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ ʪʝʣʘ ʚ ʥʘʢʣʦʥʥʦʡ ʧʦʣʦʩʪʠ 

ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʩʫʤʤʘʨʥʳʤ ʜʝʡʩʪʚʠʝʤ ʩʪʦʣʠʢʦʚ ʊʝʡʣʦʨʘ-ʇʨʘʫʜʤʝʥʘ ʠ 

ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʪʷʞʝʩʪʠ, ʚʳʟʳʚʘʶʱʝʡ ʦʪʩʪʘʶʱʝʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ 

ʚʨʘʱʝʥʠʝ ʪʝʣʘ. ʏʝʤ ʙʦʣʴʰʝ ʫʛʦʣ ʥʘʢʣʦʥʘ Ŭ, ʪʝʤ ʙʦʣʴʰʠʡ ʚʢʣʘʜ ʙʫʜʝʪ ʚʥʦʩʠʪʴ 

ʩʠʣʘ ʪʷʞʝʩʪʠ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ Ŭ Ó 30Ü ʪʝʣʦ ʩʦʚʝʨʰʘʝʪ ʪʦʣʴʢʦ ʦʪʩʪʘʶʱʝʝ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʚʨʘʱʝʥʠʝ ʚ ʭʦʜʝ ʩʚʦʝʛʦ ʦʩʝʚʦʛʦ ʜʚʠʞʝʥʠʷ. ʅʘʙʣʶʜʝʥʠʷ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʦʣʝʙʘʥʠʷ ʧʦʷʚʣʷʶʪʩʷ ʠ ʚ ʚʝʣʠʯʠʥʝ ʩʢʦʨʦʩʪʠ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ ʩʬʝʨʳ (ʪʝʤʥʳʝ ʩʠʤʚʦʣʳ ʥʘ ʨʠʩ. 2ʙ), 

ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʳʭ ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ Ŭ. ʆʪʤʝʪʠʤ, ʯʪʦ 
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ʠʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥ ʩʢʦʨʦʩʪʠ ʚʩʧʣʳʪʠʷ ʠ ʩʢʦʨʦʩʪʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ 

ʚʨʘʱʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪ ʚ ʧʨʘʢʪʠʯʝʩʢʠ ʚ ʧʨʦʪʠʚʦʬʘʟʝ: ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʢʦʨʦʩʪʠ 

ʚʩʧʣʳʪʠʷ ʩʢʦʨʦʩʪʴ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʚʨʘʱʝʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʥʘʦʙʦʨʦʪ. 

ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʪʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʦʙʫʩʣʦʚʣʝʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘ ʛʨʘʥʠʮʝ ʩʪʦʣʙʠʢʘ ʊʝʡʣʦʨʘ-ʇʨʘʫʜʤʝʥʘ. ɼʘʣʴʥʝʡʰʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʫʪ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ ʚ ʧʦʣʦʩʪʠ 

ʜʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʜʘʥʥʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ. 

 

 

ʘ) 

 

ʙ) 

ʈʠʩ. 2. ʀʟʤʝʥʝʥʠʝ ʩ ʦʩʝʚʦʡ ʢʦʦʨʜʠʥʘʪʦʡ ʩʢʦʨʦʩʪʠ ʚʩʧʣʳʪʠʷ ʩʬʝʨʳ 

(ʩʚʝʪʣʳʝ ʩʠʤʚʦʣʳ) ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʩʬʝʨʳ ʚʦʢʨʫʛ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ (ʪʝʤʥʳʝ ʩʠʤʚʦʣʳ) ʧʨʠ f = 20 ʦʙ/ʩ: ʘ) Ŭ = 0, ʙ) Ŭ = 30Ü 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄24-71-00094, https://rscf.ru/project/ 24-71-00094/. 
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ɺʃʀʗʅʀɽ ʃʀɹʈɸʎʀʁ ʅɸ ʉʊʈʋʂʊʋʈʋ ʂʆʅɺɽʂʎʀʀ 
ʀ ʊɽʇʃʆʇɽʈɽʅʆʉ ɺʆ ɺʈɸʑɸʖʑɽʄʉʗ 
ʎʀʃʀʅɼʈʀʏɽʉʂʆʄ ʉʃʆɽ ɾʀɼʂʆʉʊʀ  

ɸ. ɸ. ɺʷʪʢʠʥ, ɺ. ɻ. ʂʦʟʣʦʚ, ʉ. ɺ. ʇʝʪʫʭʦʚ 
ʇʝʨʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʛʫʤʘʥʠʪʘʨʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

ʃʘʙʦʨʘʪʦʨʠʷ ʚʠʙʨʘʮʠʦʥʥʦʡ ʛʠʜʨʦʤʝʭʘʥʠʢʠ,  
614990, ʇʝʨʤʴ, ʫʣ. ʉʠʙʠʨʩʢʘʷ, 24 

ʀʟʫʯʘʝʪʩʷ ʦʩʨʝʜʥʝʥʥʘʷ ʪʝʧʣʦʚʘʷ ʢʦʥʚʝʢʮʠʷ ʚʦ ʚʨʘʱʘʶʱʝʤʩʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ 
ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʩʣʦʝ, ʚʥʫʪʨʝʥʥʷʷ ʛʨʘʥʠʮʘ ʢʦʪʦʨʦʛʦ ʠʤʝʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 
ʪʝʤʧʝʨʘʪʫʨʫ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʫʯʘʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʳʩʪʨʦʛʦ ʚʨʘʱʝʥʠʷ, 
ʮʝʥʪʨʦʙʝʞʥʘʷ ʩʠʣʘ ʧʨʠ ʵʪʦʤ ʠʛʨʘʝʪ ʩʪʘʙʠʣʠʟʠʨʫʶʱʫʶ ʨʦʣʴ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ 
ʣʠʙʨʘʮʠʠ (ʤʦʜʫʣʷʮʠʷ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ) ʩʫʱʝʩʪʚʝʥʥʦ ʠʥʪʝʥʩʠʬʠʮʠʨʫʶʪ 
ʪʝʧʣʦʧʝʨʝʥʦʩ. ɺ ʦʙʣʘʩʪʠ ʤʘʣʳʭ ʘʤʧʣʠʪʫʜ ʣʠʙʨʘʮʠʡ ʚ ʩʣʦʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ 
ʪʠʧʘ ʢʦʥʚʝʢʪʠʚʥʳʭ ʪʝʯʝʥʠʡ ʚ ʚʠʜʝ ʪʨʝʭʤʝʨʥʳʭ ʪʦʨʦʠʜʘʣʴʥʳʭ ʧʦʪʦʢʦʚ. 
ʄʝʣʢʦʤʘʩʰʪʘʙʥʳʝ ʪʝʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʚʠʭʨʠ ʊʝʡʣʦʨʘ-ɻʸʨʪʣʝʨʘ, 
ʚʦʟʥʠʢʘʶʱʠʝ ʥʘ ʬʦʥʝ ʮʝʥʪʨʦʙʝʞʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʪʝʯʝʥʠʷ 
ʞʠʜʢʦʩʪʠ. ɼʨʫʛʠʝ ʪʨʝʭʤʝʨʥʳʝ ʚʠʭʨʠ, ʦʩʝʚʦʝ ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ ʢʦʪʦʨʳʭ 
ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʘʩʪʦʪʦʡ ʤʦʜʫʣʷʮʠʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ, ʩʚʷʟʘʥʳ ʩ 
ʚʦʟʙʫʞʜʝʥʠʝʤ ʠʥʝʨʮʠʦʥʥʳʭ ʤʦʜ. ɺ ʦʙʣʘʩʪʠ ʙʦʣʴʰʠʭ ʘʤʧʣʠʪʫʜ ʣʠʙʨʘʮʠʡ 
ʩʪʨʫʢʪʫʨʳ ʠʥʝʨʮʠʦʥʥʦ-ʚʦʣʥʦʚʦʡ ʧʨʠʨʦʜʳ ʩʤʝʥʷʶʪʩʷ ʥʝʨʝʛʫʣʷʨʥʦʡ ʩʠʩʪʝʤʦʡ 
ʜʚʫʤʝʨʥʳʭ ʢʦʥʚʝʢʪʠʚʥʳʭ ʚʘʣʦʚ. ʇʨʠʨʦʜʘ ʧʦʩʣʝʜʥʠʭ ʦʩʪʘʝʪʩʷ ʥʝʚʳʷʩʥʝʥʥʦʡ.   

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʝʧʣʦʚʘʷ ʢʦʥʚʝʢʮʠʷ; ʚʨʘʱʝʥʠʝ; ʣʠʙʨʘʮʠʠ 

INFLUENCE  OF LIBRATION  ON CONVECTION  STRUCTURE AND 

HEAT  TRANSFER IN  A ROTATING  CYLINDRICAL  LAYER  OF LIQUID   

ɸ. ɸ. Vjatkin, V. G. Kozlov, S. V. Petuhov 
Perm State Humanitarian-Pedagogical University, 

Laboratory of vibrational hydromechanics, 
24 Sibirskaya St., 614990, Perm 

The averaged thermal convection in a rotating horizontal cylindrical layer, the inner 
boundary of which has a higher temperature, is studied. The case of relatively fast 
rotation is considered, with the centrifugal force playing a stabilizing role. It is found 
that librations (modulation of the rotation speed) significantly intensify heat transfer. 
In the region of small libration amplitudes, two types of convective flows in the form 
of toroidal flows are observed in the layer. Small-scale flows are Taylor-Gortler 
vortices arising against the background of centrifugal instability of the oscillatory 
fluid flow. Other three-dimensional vortices, the axial wave number of which is 
determined by the frequency of the rotation speed modulation, are associated with 
the excitation of inertial modes. In the region of large libration amplitudes, the 
structures of an inertial-wave nature are replaced by an irregular system of two-
dimensional convective rolls. The nature of the latter remains unclear.  

Keywords: thermal convection; rotation; librations19 
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ʂʦʥʚʝʢʪʠʚʥʳʡ ʪʝʧʣʦʦʙʤʝʥ ʚʦ ʚʨʘʱʘʶʱʠʭʩʷ ʧʦʪʦʢʘʭ ʠʤʝʝʪ ʙʦʣʴʰʦʝ 

ʪʝʭʥʠʯʝʩʢʦʝ ʠ ʥʘʫʯʥʦʝ ʟʥʘʯʝʥʠʝ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʰʠʨʦʢʠʤ 

ʩʧʝʢʪʨʦʤ ʩʦʙʩʪʚʝʥʥʳʭ ʯʘʩʪʦʪ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʜʝʡʩʪʚʠʝʤ ʮʝʥʪʨʦʙʝʞʥʦʡ 

ʩʠʣʳ ʠ ʩʠʣʳ ʂʦʨʠʦʣʠʩʘ [1]. ʀʥʪʝʨʝʩʥʳʤ ʚ ʧʨʠʢʣʘʜʥʦʤ ʧʣʘʥʝ ʷʚʣʷʝʪʩʷ 

çʚʢʣʶʯʝʥʠʝè ʚʠʙʨʘʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ ʧʨʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ 

ʦʩʠ ʚʨʘʱʝʥʠʷ, ʢʦʛʜʘ ʨʦʣʴ ʦʩʮʠʣʣʠʨʫʶʱʝʛʦ ʚ ʩʠʩʪʝʤʝ ʦʪʩʯʝʪʘ ʧʦʣʦʩʪʠ 

ʩʠʣʦʚʦʛʦ ʧʦʣʷ ʠʛʨʘʝʪ ʚʥʝʰʥʝʝ ʩʪʘʮʠʦʥʘʨʥʦʝ ʧʦʣʝ ʩʠʣʳ ʪʷʞʝʩʪʠ [2]. 

ɺ ʨʘʙʦʪʘʭ [3,4] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʦ ʚʨʘʱʘʶʱʝʤʩʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʩʣʦʝ 

ʧʨʠ ʨʘʟʦʛʨʝʚʝ ʠʟʥʫʪʨʠ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʦʩʠ ʚʨʘʱʝʥʠʷ 

ʚʦʟʤʦʞʥʦ ʚʦʟʙʫʞʜʝʥʠʝ ʚʠʙʨʘʮʠʦʥʥʦʡ ʪʝʧʣʦʚʦʡ ʢʦʥʚʝʢʮʠʠ [5]. 

ɺʠʙʨʦʢʦʥʚʝʢʪʠʚʥʳʝ ʪʝʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʚʳʪʷʥʫʪʳʝ ʚʜʦʣʴ ʦʩʠ 

ʚʨʘʱʝʥʠʷ ʜʚʫʤʝʨʥʳʝ ʚʘʣr. ʅʘʨʷʜʫ ʩ ʵʪʠʤ ʷʚʣʝʥʠʝʤ ʦʙʥʘʨʫʞʝʥʳ 

ʢʦʥʚʝʢʪʠʚʥʳʝ ʪʝʯʝʥʠʷ ʠʥʝʨʮʠʦʥʥʦ-ʚʦʣʥʦʚʦʡ ʧʨʠʨʦʜʳ [6]. ʉʪʨʫʢʪʫʨʳ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʨʝʭʤʝʨʥʳʝ ʪʦʨʦʠʜʘʣʴʥʳʝ ʚʠʭʨʠ, ʚʦʟʙʫʞʜʘʝʤʳʝ 

ʠʥʝʨʮʠʦʥʥʳʤʠ ʚʦʣʥʘʤʠ, ʢʦʪʦʨʳʝ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʘʩʧʝʢʪʥʳʭ 

ʩʦʦʪʥʦʰʝʥʠʷʭ ʧʦʣʦʩʪʠ ʨʘʟʚʠʚʘʶʪʩʷ ʨʝʟʦʥʘʥʩʥʳʤ ʦʙʨʘʟʦʤ (ʠʥʝʨʮʠʦʥʥʳʝ 

ʤʦʜʳ).  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʧʣʦʚʦʡ 

ʢʦʥʚʝʢʮʠʠ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʠʥʝʨʮʠʦʥʥʦ-

ʚʦʣʥʦʚʳʝ ʢʦʣʝʙʘʥʠʷ ʞʠʜʢʦʩʪʠ ʟʘʜʘʶʪʩʷ 

ʤʦʜʫʣʷʮʠʝʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʧʦʣʦʩʪʠ. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ [4,6]. 

ʉʣʦʡ ʦʙʨʘʟʦʚʘʥ ʚʥʫʪʨʝʥʥʠʤ 

ʘʣʶʤʠʥʠʝʚʳʤ ʪʝʧʣʦʦʙʤʝʥʥʠʢʦʤ 1 ʠ 

ʧʣʝʢʩʠʛʣʘʩʦʚʦʡ ʪʨʫʙʦʡ 2 (ʨʠʩ. 1). ʅʘʛʨʝʚ 

ʩʣʦʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʥʘʛʨʝʚʘʪʝʣʝʤ, ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʥʘ ʦʩʠ 

ʚʨʘʱʝʥʠʷ, ʦʭʣʘʞʜʝʥʠʝ ï ʦʤʳʚʘʥʠʝʤ 

ʪʝʨʤʦʩʪʘʪʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʴʶ ʚʥʝʰʥʝʡ 

ʛʨʘʥʠʮʳ ʪʨʫʙʳ 2. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʷʪʩʷ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʩʢʦʨʦʩʪʠ 

ʚʨʘʱʝʥʠʷ rot rot 2 1.5f ¹W =p  ʦʙ/ʩ ʠ ʤʦʱʥʦʩʪʠ ʪʝʧʣʦʚʳʜʝʣʝʥʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʥʘʯʠʥʘʶʪʩʷ ʩ ʫʩʪʘʥʦʚʣʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʣʦʝ 

ʞʠʜʢʦʩʪʠ. ʈʘʟʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʣʷʝʪ 0 14Q =  0ʉ. ʇʦʩʣʝ ʯʝʛʦ, 

ʟʘʜʘʶʪʩʷ ʣʠʙʨʘʮʠʠ ʩ ʟʘʜʘʥʥʦʡ ʯʘʩʪʦʪʦʡ lib lib 2f ¹W p. ɸʤʧʣʠʪʫʜʘ ʣʠʙʨʘʮʠʡ Ů 

ʤʝʥʷʝʪʩʷ ʧʦʰʘʛʦʚʦ ʩ ʠʟʤʝʨʝʥʠʝʤ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʫʩʪʘʥʦʚʠʚʰʝʡʩʷ ʨʘʟʥʦʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨ Q ʥʘ ʛʨʘʥʠʮʘʭ ʩʣʦʷ. ɼʘʣʝʝ, ʩʝʨʠʷ ʧʦʚʪʦʨʷʝʪʩʷ ʧʨʠ ʜʨʫʛʦʤ 

ʟʥʘʯʝʥʠʠ libf . 

ʅʘ ʨʠʩ. 2 (ʙ) ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʦʪ ʘʤʧʣʠʪʫʜʳ 

ʣʠʙʨʘʮʠʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʙʝʟʨʘʟʤʝʨʥʳʭ ʯʘʩʪʦʪʘʭ ʣʠʙʨʘʮʠʡ lib rotN f f= . 

ʂʨʠʚʳʝ ʪʝʧʣʦʧʝʨʝʥʦʩʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʩʢʦʣʴʢʦ ʢʨʠʟʠʩʦʚ. ɼʣʷ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʝʯʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʶʤʠʥʠʝʚʘʷ ʧʫʜʨʘ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ 

ʘʤʧʣʠʪʫʜʳ ʣʠʙʨʘʮʠʡ ʧʦʨʦʛʦʚʳʤ ʦʙʨʘʟʦʤ ʚ ʩʣʦʝ ʚʦʟʥʠʢʘʶʪ ʢʦʥʚʝʢʪʠʚʥʳʝ 

 

 
 

ʈʠʩ. 1. ʉʭʝʤʘ ʩʣʦʷ 
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ʪʝʯʝʥʠʷ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʪʨʝʭʤʝʨʥʳʭ ʪʦʨʦʠʜʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʨʘʟʣʠʯʥʦʛʦ 

ʤʘʩʰʪʘʙʘ (ʨʠʩ. 2, ʙ). ʉʪʨʫʢʪʫʨʳ ʩ ʙʦʣʴʰʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʧʝʨʠʦʜʦʤ, 

ʟʘʚʠʩʷʱʝʤ ʦʪ ʯʘʩʪʦʪʳ ʤʦʜʫʣʷʮʠʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ, ʩʚʷʟʘʥʳ ʩ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʠʥʝʨʮʠʦʥʥʳʭ ʚʦʣʥ.  

 
 

ʘ) 

  
ʙ) ʚ) 

 

  
ʛ) ʜ) 

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ ʦʪ ʘʤʧʣʠʪʫʜʳ ʣʠʙʨʘʮʠʡ (ʘ), 

ʬʦʪʦʛʨʘʬʠʠ ʩʪʨʫʢʪʫʨ: Q = 14 oC; N = 0.67(ʙ,ʚ) ʠ 1.33 (ʛ,ʜ) 

ʅʘ ʨʠʩ. 2 (ʙ ʠ ʛ) ʧʦʢʘʟʘʥʳ ʥʘʠʙʦʣʝʝ ʷʨʢʠʝ ʚʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ, 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʙʝʟʨʘʟʤʝʨʥʳʭ ʯʘʩʪʦʪʘʭ ʣʠʙʨʘʮʠʡ, ʦʪʚʝʯʘʶʱʠʭ ʫʩʣʦʚʠʷʤ 

ʨʝʟʦʥʘʥʩʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʠʥʝʨʮʠʦʥʥʳʭ ʤʦʜ. ʅʘ ʬʦʥʝ ʠʥʝʨʮʠʦʥʥʦ-

ʚʦʣʥʦʚʳʭ ʩʪʨʫʢʪʫʨ ʥʘʙʣʶʜʘʶʪʩʷ ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʝ ʪʨʝʭʤʝʨʥʳʝ ʪʝʯʝʥʠʷ, 
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ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ ʚʦ ʚʩʝʤ 

ʜʠʘʧʘʟʦʥʝ ʧʘʨʘʤʝʪʨʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʢʦʨʦʪʢʦʚʦʣʥʦʚʳʝ 

ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʚʠʭʨʠ ʊʝʡʣʦʨʘ-ɻʸʨʪʣʝʨʘ [7]. ʇʦʩʣʝʜʥʠʝ 

ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʮʝʥʪʨʦʙʝʞʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ 

ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ.  

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʘʤʧʣʠʪʫʜʳ ʣʠʙʨʘʮʠʡ ʪʝʧʣʦʧʝʨʝʥʦʩ ʚ ʩʣʦʝ ʚʦʟʨʘʩʪʘʝʪ. 

ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ Ů ʯʠʩʣʦ ʅʫʩʩʝʣʴʪʘ ʨʝʟʢʦ 

ʫʤʝʥʴʰʘʝʪʩʷ. ʉʥʠʞʝʥʠʝ ʪʝʧʣʦʧʝʨʝʥʦʩʘ ʩʚʷʟʘʥʦ ʩ ʨʘʟʨʫʰʝʥʠʝʤ 

ʪʦʨʦʠʜʘʣʴʥʳʭ ʚʠʭʨʝʡ ʠʥʝʨʮʠʦʥʥʦ-ʚʦʣʥʦʚʦʡ ʧʨʠʨʦʜʳ. ʉ ʜʘʣʴʥʝʡʰʠʤ 

ʫʚʝʣʠʯʝʥʠʝʤ Ů ʪʝʧʣʦʧʝʨʝʥʦʩ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ. ɺ ʩʣʦʝ ʚʦʟʥʠʢʘʶʪ 

ʜʚʫʤʝʨʥʳʝ ʚʘʣʳ, ʚʳʪʷʥʫʪʳʝ ʚʜʦʣʴ ʦʩʠ ʚʨʘʱʝʥʠʷ (ʨʠʩ. 2, ʚ ʠ ʜ). ʂʨʠʪʠʯʝʩʢʦʝ 

ʟʥʘʯʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʣʠʙʨʘʮʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʩʤʝʥʝ ʨʝʞʠʤʘ ʢʦʥʚʝʢʮʠʠ 

ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʙʝʟʨʘʟʤʝʨʥʦʡ ʘʤʧʣʠʪʫʜʳ ʣʠʙʨʘʮʠʡ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄25-11-00358, https://rscf.ru/project/25-11-00358/. 
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ɺʃʀʗʅʀɽ ʕʃɽʂʊʈʆʄɸɻʅʀʊʅʓʍ ʇʆʃɽʁ 

ʅɸ ʉʃʆɾʅʓɽ ɺʆɼʆʅɽʌʊʗʅʓɽ ʕʄʋʃʔʉʀʀ 

ʈ. ʈ. ɻʘʣʝʝʚ, ɺ. ʀ. ɺʘʣʠʫʣʣʠʥʘ, ʈ. ʈ. ɿʠʥʥʘʪʫʣʣʠʥ 

ʋʬʠʤʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ,  

450076, ʋʬʘ, ɿʘʢʠ ɺʘʣʠʜʠ, 32 

ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʨʦʮʝʩʩʳ ʜʝʩʪʘʙʠʣʠʟʘʮʠʠ ʠ ʨʘʟʜʝʣʝʥʠʷ ʦʙʨʘʪʥʳʭ 

ʵʤʫʣʴʩʠʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ ʧʦʣʷ ʚʳʟʳʚʘʝʪ ʜʠʵʣʝʢʪʨʦʬʦʨʝʪʠʯʝʩʢʦʝ 

ʧʝʨʝʤʝʱʝʥʠʝ ʠ ʢʦʘʣʝʩʮʝʥʮʠʶ ʢʘʧʝʣʴ ʚʦʜʥʦʡ ʬʘʟʳ, ʧʨʠʚʦʜʷʱʝʝ ʢ ʫʩʢʦʨʝʥʥʦʤʫ 

ʨʘʩʩʣʦʝʥʠʶ ʩʠʩʪʝʤʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʪʚʸʨʜʦʛʦ ʜʠʩʧʝʨʩʥʦʛʦ 

ʥʘʧʦʣʥʠʪʝʣʷ (ʛʣʠʥʳ) ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʠʵʣʝʢʪʨʦʬʦʨʝʟʘ, ʥʦ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʙʳʩʪʨʦʡ ʩʝʜʠʤʝʥʪʘʮʠʠ ʘʛʨʝʛʘʪʦʚ çʢʘʧʣʷ-ʯʘʩʪʠʮʘè. 

ʈʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʩʣʦʞʥʳʭ 

ʜʠʩʧʝʨʩʥʳʭ ʩʠʩʪʝʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʝʬʪʝʰʣʘʤʳ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, 

ʵʤʫʣʴʩʠʷ, ʜʝʵʤʫʣʴʩʘʮʠʷ. 

THE  IMPACT  OF ELECTROMAGNETIC  FIELDS 

ON COMPLEX  WATER -OIL  EMULSIONS   

R. R. Galeev, V. I. Valiullina, R. R. Zinnatullin 

Ufa University of Science and Technology 

32 Zaki Walidi St., 450076, Ufa 

The effect of a high-frequency electromagnetic field on the destabilization and 

separation processes of reverse emulsions has been experimentally investigated. The 

study demonstrates that the field induces dielectrophoretic movement and 

coalescence of aqueous phase droplets, leading to faster stratification of the system. 

It was found that the presence of a solid dispersed phase (clay) decreases the 

efficiency of dielectrophoresis but promotes faster settling of droplet-particle 

aggregates. These findings suggest the potential for using electrophysical techniques 

to control the stability of complex dispersions. 

Keywords: oil sludge, electromagnetic field, electrophysical methods, emulsion, demulsation. 

ɺʚʝʜʝʥʠʝ20 

ʅʘʢʦʧʣʝʥʠʝ ʥʝʬʪʝʰʣʘʤʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʝʨʴʸʟʥʫʶ ʵʢʦʣʦʛʠʯʝʩʢʫʶ 

ʧʨʦʙʣʝʤʫ ʠ ʚʝʜʸʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʵʢʦʥʦʤʠʯʝʩʢʠʤ ʧʦʪʝʨʷʤ ʠʟ-ʟʘ ʫʪʨʘʪʳ 

ʦʩʪʘʪʦʯʥʦʡ ʥʝʬʪʠ. ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʫʪʠʣʠʟʘʮʠʠ ʦʪʣʠʯʘʶʪʩʷ ʚʳʩʦʢʦʡ 

ʵʥʝʨʛʦʸʤʢʦʩʪʴʶ ʠ ʦʛʨʘʥʠʯʝʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʯʪʦ ʩʪʠʤʫʣʠʨʫʝʪ ʧʦʠʩʢ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ. ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʚʥʠʤʘʥʠʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʚʣʝʢʘʶʪ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʩ 

                                                           

É ɻʘʣʝʝʚ ʈ.ʈ., ɺʘʣʠʫʣʣʠʥʘ ɺ.ʀ., ɿʠʥʥʘʪʫʣʣʠʥ ʈ.ʈ., 2025 



100 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʤʠ ʜʠʩʧʝʨʩʥʳʤʠ ʩʠʩʪʝʤʘʤʠ, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ 

ʥʝʬʪʝʰʣʘʤʳ [1]. ʕʪʠ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʥʘʧʨʘʚʣʝʥʥʫʶ 

ʜʝʤʫʣʴʩʘʮʠʶ, ʩʝʧʘʨʘʮʠʶ ʬʘʟ, ʧʠʨʦʣʠʟ ʠ ʧʣʘʟʤʝʥʥʫʶ ʜʝʩʪʨʫʢʮʠʶ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ 

ʧʦʩʪʦʷʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʜʣʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʬʘʟʦʚʦʛʦ ʨʘʟʜʝʣʝʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ [2] ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʣʝʢʪʨʦʢʠʥʝʪʠʯʝʩʢʦʡ 

ʜʝʤʫʣʴʩʘʮʠʠ: ʚʥʝʰʥʝʝ ʧʦʣʝ ʠʥʜʫʮʠʨʫʝʪ ʵʣʝʢʪʨʦʬʦʨʝʟ ʠ ʧʦʣʷʨʠʟʘʮʠʶ ʢʘʧʝʣʴ, 

ʫʩʢʦʨʷʷ ʢʦʘʣʝʩʮʝʥʮʠʶ ʠ ʨʘʟʜʝʣʝʥʠʝ ʵʤʫʣʴʩʠʠ. ɺ ʦʙʟʦʨʝ [3] 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʪʤʝʯʝʥʳ ʢʘʢ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʝ, ʩ ʘʢʮʝʥʪʦʤ ʥʘ 

ʩʠʥʝʨʛʠʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʥʘʛʨʝʚʘ, ʨʘʟʨʫʰʘʶʱʝʛʦ 

ʵʤʫʣʴʩʠʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ. 

ʉ ʧʦʟʠʮʠʡ ʤʝʭʘʥʠʢʠ ʧʣʘʟʤʳ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʙʨʘʙʦʪʢʘ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʦʡ [4], ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʧʦʣʥʦʝ ʨʘʟʣʦʞʝʥʠʝ 

ʪʦʢʩʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʙʝʟ ʚʪʦʨʠʯʥʳʭ ʧʨʦʜʫʢʪʦʚ. ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʷʚʣʷʝʪʩʷ 

ʤʠʢʨʦʚʦʣʥʦʚʳʡ ʧʠʨʦʣʠʟ [5], ʛʜʝ ʦʙʲʸʤʥʳʡ ʥʘʛʨʝʚ ʧʦʣʷʨʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ ʧʨʦʮʝʩʩ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʚʳʭʦʜ ʮʝʣʝʚʳʭ ʬʨʘʢʮʠʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʣʶʯʝʚʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʚʢʣʶʯʘʶʪ ʵʣʝʢʪʨʦʢʠʥʝʪʠʯʝʩʢʫʶ 

ʩʝʧʘʨʘʮʠʶ, ʧʣʘʟʤʝʥʥʫʶ ʜʝʩʪʨʫʢʮʠʶ ʠ ʤʠʢʨʦʚʦʣʥʦʚʳʡ ʧʠʨʦʣʠʟ. ʅʝʩʤʦʪʨʷ ʥʘ 

ʧʦʪʝʥʮʠʘʣ, ʦʥʠ ʪʨʝʙʫʶʪ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʨʠʥʮʠʧʦʚ ʧʦʚʝʜʝʥʠʷ ʵʤʫʣʴʩʠʡ 

ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʚʦʟʜʝʡʩʪʚʠʶ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʥʘ ʧʨʦʮʝʩʩʳ ʨʘʩʩʣʦʝʥʠʷ ʜʠʩʧʝʨʩʥʳʭ ʩʠʩʪʝʤ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʩʦʙʨʘʥʘ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ. ɺ ʝʸ ʩʦʩʪʘʚ ʚʭʦʜʷʪ: 

ʮʠʬʨʦʚʘʷ ʢʘʤʝʨʘ Canon EOS 250D ʩ ʦʙʲʝʢʪʠʚʦʤ TAMRON, ʛʝʥʝʨʘʪʦʨ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʠ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʧʦʣʝʡ AG1021, ʠʩʪʦʯʥʠʢ ʩʚʝʪʘ Fiber-Lite 

MH-100, ʨʘʩʩʝʠʚʘʪʝʣʴ ʩʚʝʪʦʚʦʛʦ ʧʦʪʦʢʘ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʷʯʝʡʢʘ, ʘ ʪʘʢʞʝ 

ʩʧʝʮʠʘʣʴʥʦ ʠʟʛʦʪʦʚʣʝʥʥʳʡ ʢʦʞʫʭ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʥʘʙʣʶʜʝʥʠʡ. 

ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. ʆʧʪʠʯʝʩʢʘʷ 

ʩʠʩʪʝʤʘ ʫʩʪʨʦʝʥʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʩʚʝʪ ʦʪ ʠʩʪʦʯʥʠʢʘ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ 

ʨʘʩʩʝʠʚʘʪʝʣʴ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʨʘʚʥʦʤʝʨʥʫʶ ʟʘʩʚʝʪʢʫ ʬʦʥʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʷʯʝʡʢʘ ʧʦʜʢʣʶʯʘʝʪʩʷ ʢ ʛʝʥʝʨʘʪʦʨʫ ɺʏ/ʅʏ ʧʦʣʝʡ, 

ʦʩʥʘʱʸʥʥʦʤʫ ʚʩʪʨʦʝʥʥʳʤ ʫʩʠʣʠʪʝʣʝʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ 

ʘʚʪʦʥʦʤʥʦ. ʂʦʞʫʭ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʦʨʨʝʢʪʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʡ, ʧʨʝʜʦʪʚʨʘʱʘʷ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʩʚʝʪʘ ʠ 

ʦʙʨʘʟʦʚʘʥʠʝ ʪʝʥʝʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʥʠʟʠʪʴ ʢʘʯʝʩʪʚʦ ʨʝʛʠʩʪʨʘʮʠʠ 

ʠʟʦʙʨʘʞʝʥʠʡ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ.  

ʈʝʟʫʣʴʪʘʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʷʚʣʷʶʪʩʷ ʩʝʨʠʠ ʬʦʪʦʩʥʠʤʢʦʚ, 

ʬʠʢʩʠʨʫʝʤʳʭ ʩ ʟʘʜʘʥʥʳʤ ʚʨʝʤʝʥʥʳʤ ʠʥʪʝʨʚʘʣʦʤ t=10 ʩ. ʀʭ ʘʥʘʣʠʟ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʜʠʥʘʤʠʢʫ ʨʘʩʩʣʦʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ, ʚʢʣʶʯʘʷ 

ʭʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʩʪʝʧʝʥʴ ʨʘʟʜʝʣʝʥʠʷ ʬʘʟ. 
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ʈʠʩ.1 ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ʎʝʥʪʨʘʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʫʩʪʘʥʦʚʢʠ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʷʯʝʡʢʘ 

(ʨʠʩ. 2ʘ), ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ ʜʚʘ ʪʦʢʦʧʨʦʚʦʜʷʱʠʭ ʩʪʝʢʣʘ ʩ ʧʨʦʟʨʘʯʥʳʤ 

ʧʦʢʨʳʪʠʝʤ ITO, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ʥʘ ʨʘʩʩʪʦʷʥʠʠ d=3 ʤʤ. ʅʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʩʪʝʢʦʣ ʤʝʪʦʜʦʤ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʞʠʜʢʦʩʪʥʳʤ 

ʪʨʘʚʣʝʥʠʝʤ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʵʣʝʢʪʨʦʜʳ ʧʠʣʦʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʩ 

ʤʝʞʵʣʝʢʪʨʦʜʥʳʤ ʟʘʟʦʨʦʤ 300 ʤʢʤ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʢʦʨʦʪʢʦʛʦ 

ʟʘʤʳʢʘʥʠʷ ʵʣʝʢʪʨʦʜʳ ʧʦʢʨʳʪʳ ʵʣʝʢʪʨʦʠʟʦʣʷʮʠʦʥʥʳʤ ʣʘʢʦʤ (ʨʠʩ. 2ʙ). 

    

ʘ)     ʙ) 

ʈʠʩ. 2. ʘ) 3D ʤʦʜʝʣʴ ʩʦʙʨʘʥʥʦʡ ʷʯʝʡʢʠ; 

ʙ) ʬʦʪʦʛʨʘʬʠʷ ʬʨʘʛʤʝʥʪʘ ʤʘʩʢʠ ʵʣʝʢʪʨʦʜʦʚ ʜʣʷ ʣʠʪʦʛʨʘʬʠʠ 

ʂʦʨʧʫʩ ʷʯʝʡʢʠ ʠʟʛʦʪʦʚʣʝʥ ʤʝʪʦʜʦʤ 3D-ʧʝʯʘʪʠ ʠʟ PLA-ʧʣʘʩʪʠʢʘ. 

ɺʥʫʪʨʝʥʥʠʝ ʨʘʟʤʝʨʳ ʷʯʝʡʢʠ ʩʦʩʪʘʚʠʣʠ 48 Ĭ 48 Ĭ 3 ʤʤ. 

ʈʝʟʫʣʴʪʘʪʳ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʙʨʘʪʥʳʭ ʵʤʫʣʴʩʠʡ ʪʠʧʘ çʚʦʜʘ ʚ ʤʘʩʣʝè. ɺ ʢʘʯʝʩʪʚʝ 

ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʳ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʝ ʤʘʩʣʦ, ʜʠʩʧʝʨʩʥʦʡ 

ʬʘʟʦʡ ʩʣʫʞʠʣʘ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʘʷ ʚʦʜʘ, ʩʪʘʙʠʣʠʟʘʮʠʷ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʥʝʠʦʥʦʛʝʥʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʦʛʦ ʚʝʱʝʩʪʚʘ Span 80. ɺ 

ʦʪʜʝʣʴʥʳʭ ʩʝʨʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʩʠʩʪʝʤʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʚʚʦʜʠʣʘʩʴ ʛʣʠʥʘ 

ʚ ʢʘʯʝʩʪʚʝ ʪʚʸʨʜʦʛʦ ʜʠʩʧʝʨʩʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʫʩʣʦʚʠʷʭ ʚʦʟʜʝʡʩʪʚʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩ ʯʘʩʪʦʪʦʡ 8 ʄɻʮ ʠ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ 5 ɺʪ. 
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ɼʘʥʥʳʡ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ, ʛʜʝ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʨʦʷʚʣʷʶʪʩʷ ʢʘʢ ʜʠʵʣʝʢʪʨʦʬʦʨʝʪʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ 

ʵʬʬʝʢʪʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ ʚ ʦʙʲʸʤʝ 

ʦʙʨʘʪʥʦʡ ʵʤʫʣʴʩʠʠ. 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʵʢʩʧʦʟʠʮʠʠ ʢ ʧʦʣʶ ʢʘʧʣʠ ʚʦʜʥʦʡ ʬʘʟʳ ʚ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʤ ʤʘʩʣʝ ʧʦʜʚʝʨʛʘʶʪʩʷ ʩʤʝʱʝʥʠʶ ʠ ʢʦʥʮʝʥʪʨʠʨʫʶʪʩʷ ʚ 

ʦʙʣʘʩʪʷʭ ʤʘʢʩʠʤʘʣʴʥʦʡ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʧʦʣʷ. ʕʪʦʪ ʧʨʦʮʝʩʩ 

ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʜʝʡʩʪʚʠʷ ʩʠʣ ʜʠʵʣʝʢʪʨʦʬʦʨʝʟʘ, 

ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʢʦʥʪʨʘʩʪʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʚʦʜʳ ʠ 

ʤʘʩʣʷʥʦʡ ʩʨʝʜʳ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘʙʣʶʜʘʣʦʩʴ ʫʢʨʫʧʥʝʥʠʝ ʢʘʧʝʣʴ 

ʚʩʣʝʜʩʪʚʠʝ ʢʦʘʣʝʩʮʝʥʮʠʠ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʨʫʰʝʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʣʷ (ʨʠʩ. 3ʘ). 

     

ʘ)     ʙ) 

ʈʠʩ. 3. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʧʝʣʴ ʚʦʜʳ ʚ ʷʯʝʡʢʝ ʚʦ ʚʨʝʤʷ ʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʘ) ʠ ʧʦʩʣʝ ʝʛʦ ʦʪʢʣʶʯʝʥʠʷ (ʙ) 

ʇʦʩʣʝ ʦʪʢʣʶʯʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʘʛʨʝʛʠʨʦʚʘʥʥʳʝ ʚʦʜʥʳʝ ʚʢʣʶʯʝʥʠʷ 

ʦʩʘʞʜʘʣʠʩʴ ʥʘ ʜʥʦ ʷʯʝʡʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʫʩʢʦʨʝʥʥʦʤʫ ʧʝʨʝʭʦʜʫ ʩʠʩʪʝʤʳ 

ʠʟ ʩʦʩʪʦʷʥʠʷ ʫʩʪʦʡʯʠʚʦʡ ʦʙʨʘʪʥʦʡ ʵʤʫʣʴʩʠʠ ʢ ʧʦʣʥʦʤʫ ʨʘʩʩʣʦʝʥʠʶ ʥʘ 

ʤʘʩʣʷʥʫʶ ʠ ʚʦʜʥʫʶ ʬʘʟʳ (ʨʠʩ. 3ʙ). ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʠ ʭʘʨʘʢʪʝʨ 

ʩʝʛʨʝʛʘʮʠʠ ʟʘʚʠʩʝʣʠ ʦʪ ʦʙʲʸʤʥʦʡ ʜʦʣʠ ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ ʠ ʥʘʣʠʯʠʷ ʪʚʸʨʜʦʛʦ 

ʥʘʧʦʣʥʠʪʝʣʷ (ʛʣʠʥʳ), ʩʧʦʩʦʙʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʠ 

ʠʟʤʝʥʷʪʴ ʢʠʥʝʪʠʢʫ ʢʦʘʣʝʩʮʝʥʮʠʠ. ʇʨʠ ʥʘʣʠʯʠʠ ʛʣʠʥʳ ʢʘʧʣʠ ʚʦʜʳ ʦʙʨʘʟʫʶʪ 

ʢʦʤʧʣʝʢʩʳ çʢʘʧʣʷ - ʯʘʩʪʠʮʘè. ʅʘʙʣʶʜʘʣʦʩʴ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʩʤʝʱʝʥʠʷ ʢ 

ʦʙʣʘʩʪʷʤ ʤʘʢʩʠʤʘʣʴʥʦʡ ʥʘʧʨʷʞʸʥʥʦʩʪʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʫʤʝʥʴʰʝʥʠʝ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʵʣʝʢʪʨʦʬʦʨʝʟʘ.  

ʇʦʩʣʝ ʦʪʢʣʶʯʝʥʠʷ ʧʦʣʷ ʚʦʜʘ ʚʤʝʩʪʝ ʩ ʯʘʩʪʠʮʘʤʠ ʛʣʠʥʳ ʦʙʨʘʟʦʚʳʚʘʣʘ 

ʘʛʨʝʛʘʪʳ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʙʳʩʪʨʝʝ ʦʩʘʞʜʘʣʠʩʴ ʥʘ ʜʥʦ ʷʯʝʡʢʠ 

(ʨʠʩ. 4). 
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʩʦʪʳ ʧʣʦʪʥʦʡ ʫʧʘʢʦʚʢʠ ʢʘʧʝʣʴ ʚ ʵʤʫʣʴʩʠʠ 

ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʕʄʇ 

ʇʨʠ ʵʪʦʤ ʥʘ ʜʥʝ ʷʯʝʡʢʠ ʦʙʨʘʟʦʚʳʚʘʣʘʩʴ ʧʣʦʪʥʘʷ ʫʧʘʢʦʚʢʘ ʢʘʧʝʣʴ ʠ ʥʝ 

ʨʘʩʩʣʘʠʚʘʣʘʩʴ, ʧʦʩʢʦʣʴʢʫ ʢʘʧʣʠ ʦʩʪʘʚʘʣʠʩʴ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʤʠ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ. 

ɺʦʟʜʝʡʩʪʚʠʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʵʬʬʝʢʪʠʚʥʦ 

ʜʝʩʪʘʙʠʣʠʟʠʨʫʝʪ ʵʤʫʣʴʩʠʠ ʪʠʧʘ çʚʦʜʘ ʚ ʤʘʩʣʝè ʟʘ ʩʯʝʪ ʜʠʵʣʝʢʪʨʦʬʦʨʝʟʘ ʠ 

ʢʦʘʣʝʩʮʝʥʮʠʠ ʢʘʧʝʣʴ. ʅʘʣʠʯʠʝ ʛʣʠʥʳ ʦʙʨʘʟʫʝʪ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʝ 

ʢʦʤʧʣʝʢʩʳ, ʢʦʪʦʨʳʝ ʫʩʢʦʨʷʶʪ ʦʩʘʞʜʝʥʠʝ ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ, ʥʦ ʧʨʝʧʷʪʩʪʚʫʶʪ 

ʨʘʩʩʣʦʝʥʠʶ ʵʤʫʣʴʩʠʠ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄25-27-00181, https://rscf.ru/project/25-27-00181/. 
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ʚʟʚʝʰʝʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʠ ʛʘʟʦʚʳʤʠ ʧʫʟʳʨʴʢʘʤʠ, ʦʪʣʠʯʘʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʡ 
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Cavitation effects caused by ultrasound in liquids with suspended particles and gas 

bubbles are highly complex and remain poorly understood, despite their importance 

for the development of ultrasound technologies. In this paper, the effect of ultrasound 

on a liquid containing air bubbles and solid particles is investigated, and the effect of 

inclusions on ultrasound propagation and cavitation activity in such a system is 

considered. The experimental study is carried out using a modified foil test method, 

which makes it possible to visualize the temporal dynamics of cavitation event 

activity in a sonochemical reactor. 
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ɺʚʝʜʝʥʠʝ 

ʋʣʴʪʨʘʟʚʫʢʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ 

ʦʙʣʘʩʪʷʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ; ʦʩʥʦʚʦʡ ʵʪʠʭ ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʶʪʩʷ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ, ʠʥʜʫʮʠʨʫʝʤʳʝ ʚ ʞʠʜʢʦʩʪʷʭ ʠ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʥʪʝʥʩʠʚʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ [1, 2]. ʆʜʥʠʤ ʠʟ 

ʚʘʞʥʝʡʰʠʭ ʪʘʢʠʭ ʧʨʦʮʝʩʩʦʚ ʷʚʣʷʝʪʩʷ ʘʢʫʩʪʠʯʝʩʢʘʷ ʢʘʚʠʪʘʮʠʷ ð 

ʦʙʨʘʟʦʚʘʥʠʝ, ʢʦʣʝʙʘʥʠʝ ʠ ʢʦʣʣʘʧʩ ʤʠʢʨʦʧʫʟʳʨʴʢʦʚ ʚ ʞʠʜʢʦʩʪʠ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʝʩʷ ʵʢʩʪʨʝʤʘʣʴʥʳʤʠ ʣʦʢʘʣʴʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʜʘʚʣʝʥʠʷ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪʨʦʚ 

ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʦʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʪʘʢ ʠ ʩʚʦʡʩʪʚʘʤʠ ʩʘʤʦʡ ʩʨʝʜʳ 

[3]. ɼʠʥʘʤʠʢʘ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫʟʳʨʴʢʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʣʦʞʥʷʝʪʩʷ ʧʨʠ 

ʥʘʣʠʯʠʠ ʚ ʞʠʜʢʦʩʪʠ ʜʠʩʧʝʨʩʥʳʭ ʚʢʣʶʯʝʥʠʡ ð ʛʘʟʦʚʳʭ ʧʫʟʳʨʴʢʦʚ ʠ ʪʚʝʨʜʳʭ 

ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʘʢʪʠʚʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʘʢʫʩʪʠʯʝʩʢʠʤ ʧʦʣʝʤ ʠ ʜʨʫʛ ʩ 

ʜʨʫʛʦʤ. ʊʚʝʨʜʳʝ ʯʘʩʪʠʮʳ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʢʘʢ ʮʝʥʪʨʘʤʠ ʢʘʚʠʪʘʮʠʠ, ʪʘʢ ʠ 

ʩʪʘʙʠʣʠʟʘʪʦʨʘʤʠ ʧʫʟʳʨʴʢʦʚ, ʫʩʠʣʠʚʘʷ ʢʘʚʠʪʘʮʠʦʥʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʟʘ ʩʯʝʪ 

ʦʙʨʘʟʦʚʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʢʣʘʩʪʝʨʦʚ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʛʘʟʦʚʳʝ ʧʫʟʳʨʴʢʠ 

ʩʧʦʩʦʙʥ r ʧʦʛʣʦʱʘʪʴ ʠ ʨʘʩʩʝʠʚʘʪʴ ʘʢʫʩʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ, ʧʨʠʚʦʜʷ ʢ 

ʟʘʪʫʭʘʥʠʶ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʠ ʧʦʜʘʚʣʝʥʠʶ ʢʘʚʠʪʘʮʠʠ ʚ ʦʙʲʝʤʝ [4]. 

ʉʦʚʤʝʩʪʥʦʝ ʞʝ ʧʨʠʩʫʪʩʪʚʠʝ ʯʘʩʪʠʮ ʠ ʧʫʟʳʨʴʢʦʚ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʤ ʵʬʬʝʢʪʘʤ, ʤʝʭʘʥʠʟʤʳ ʢʦʪʦʨʳʭ ʠʟʫʯʝʥʳ ʥʝʜʦʩʪʘʪʦʯʥʦ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʢʘʚʠʪʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʞʠʜʢʦʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʚʦʟʜʫʰʥʳʝ ʧʫʟʳʨʴʢʠ ʠ 

ʪʚʝʨʜʳʝ ʯʘʩʪʠʮʳ, ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʟʚʫʢʘ. 

ʆʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʠ ʤʝʪʦʜʠʢʠ ʠʟʤʝʨʝʥʠʡ 

             

         ʘ) ʙ) 

ʈʠʩ. 1. ʘ) ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ; ʙ) ʊʝʧʣʦʚʘʷ ʢʘʨʪʘ ʘʢʪʠʚʥʦʩʪʠ 

ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʩʦʙʳʪʠʡ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ foil test 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʢʚʘʨʮʝʚʫʶ ʢʶʚʝʪʫ ʚ 

ʬʦʨʤʝ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ (ʨʠʩ. 1ʘ, 1), ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʢʦʪʦʨʦʡ ʨʘʩʧʦʣʘʛʘʣʩʷ 

ʧʣʘʩʪʠʥʘ (ʨʠʩ. 1ʘ, 2) ʩ ʠʩʪʦʯʥʠʢʦʤ ʫʣʴʪʨʘʟʚʫʢʘ ʩ ʯʘʩʪʦʪʦʡ 28 ʢɻʮ (ʨʠʩ. 1ʘ, 3). 

ɼʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʘʚʠʪʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ foil test, ʚ ʢʦʪʦʨʦʤ ʬʦʣʴʛʘ ʟʘʢʨʝʧʣʷʣʘʩʴ ʥʘ 

ʧʣʘʩʪʠʢʦʚʦʡ ʨʘʤʢʝ ʚʥʫʪʨʠ ʢʶʚʝʪʳ (ʨʠʩ. 1ʘ, 4). ʉʠʩʪʝʤʘ ʚʦʜʷʥʳʭ ʥʘʩʦʩʦʚ ʩ 

ʥʘʩʘʜʢʘʤʠ ɺʝʥʪʫʨʠ, ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʥʘ ʙʦʢʦʚʦʡ ʩʪʝʥʢʝ ʢʶʚʝʪʳ (ʨʠʩ. 1ʘ, 5), 

ʦʙʝʩʧʝʯʠʚʘʣʘ ʩʦʟʜʘʥʠʝ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ (0.9 ʠʣʠ 1.2 ʣ/ʤʠʥ) ʠ 

ʦʜʥʦʚʨʝʤʝʥʥʫʶ ʘʵʨʘʮʠʶ, ʜʠʩʧʝʨʛʠʨʫʷ ʚʦʟʜʫʭ ʚ ʚʠʜʝ ʧʫʟʳʨʴʢʦʚ ʩʨʝʜʥʠʤ 

ʜʠʘʤʝʪʨʦʤ 1ï2 ʤʤ. ɼʣʷ ʧʦʜʩʚʝʪʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʩʪʦʯʥʠʢ ʢʦʥʪʨʦʚʦʛʦ ʩʚʝʪʘ 

(ʨʠʩ. 1ʘ, 6), ʘ ʨʝʛʠʩʪʨʘʮʠʷ ʧʨʦʮʝʩʩʘ ʨʘʟʨʫʰʝʥʠʷ ʬʦʣʴʛʠ ʧʨʦʚʦʜʠʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʦʡ (ʨʠʩ. 1, 7). ʉʲʝʤʢʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ 

ʠʥʪʝʨʚʘʣʦʤ 5 ʩ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʣʫʯʝʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʘ Python ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʪʝʧʣʦʚʳʭ ʢʘʨʪ 

(ʨʠʩ. 1ʙ), ʦʪʨʘʞʘʶʱʠʭ ʚʨʝʤʝʥʥʫʶ ʜʠʥʘʤʠʢʫ ʨʘʟʨʫʰʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ 

(ʧʦʜʨʦʙʥʝʝ ʦ ʤʝʪʦʜʠʢʝ ʦʙʨʘʙʦʪʢʠ ʩʤ. ʚ ʩʪʘʪʴʝ [5]). ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʚ 

ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʡ ʞʠʜʢʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʘʷ ʚʦʜʘ, ʘ ʚ 

ʢʘʯʝʩʪʚʝ ʪʚʝʨʜʳʭ ʚʢʣʶʯʝʥʠʡ ð ʯʘʩʪʠʮʳ ʩʦʧʦʣʠʘʤʠʜʘ ʥʦʤʠʥʘʣʴʥʳʤ 

ʨʘʟʤʝʨʦʤ 50 ʤʢʤ. 

ʈʝʟʫʣʴʪʘʪʳ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʡʜʝʥʦ, ʯʪʦ ʢʘʚʠʪʘʮʠʦʥʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʚ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ ʚ ʦʪʩʫʪʩʪʚʠʝ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ ʣʦʢʘʣʠʟʫʝʪʩʷ ʚ 

ʧʫʯʥʦʩʪʷʭ ʩʪʦʷʯʝʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, ʬʦʨʤʠʨʫʷ ʰʝʩʪʴ ʯʝʪʢʠʭ ʟʦʥ 

ʨʘʟʨʫʰʝʥʠʷ ʬʦʣʴʛʠ (ʨʠʩ. 1ʙ).  

        

           ʘ)                                                   ʙ) 

ʈʠʩ. 2. ʊʝʧʣʦʚʳʝ ʢʘʨʪʳ ʘʢʪʠʚʥʦʩʪʠ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʩʦʙʳʪʠʡ ʩʧʫʩʪʷ 300 s 

ʚʦʟʜʝʡʩʪʚʠʷ ʜʣʷ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʩ ʧʦʪʦʢʦʤ 1.2 ʣ/ʤʠʥ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ a) - ʚʦʟʜʫʰʥʳʭ ʧʫʟʳʨʴʢʦʚ; ʙ) ï ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ 

ʅʘʣʠʯʠʝ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ (0.9 ʠ 1.2 ʣ/ʤʠʥ) ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʘʚʠʪʘʮʠʠ ʠ ʥʘʨʫʰʝʥʠʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʟʦʥ 
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ʨʘʟʨʫʰʝʥʠʷ ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝʥʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʫʟʳʨʴʢʦʚ ʚ ʦʙʲʝʤʝ. 

ɼʦʙʘʚʣʝʥʠʝ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ 50 ʤʢʤ ʫʚʝʣʠʯʠʚʘʝʪ ʧʣʦʱʘʜʴ 

ʨʘʟʨʫʰʝʥʠʷ ʬʦʣʴʛʠ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʶ ʟʦʥ ʢʘʚʠʪʘʮʠʦʥʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʙʣʘʛʦʜʘʨʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʯʘʩʪʠʮ ʩ ʧʫʟʳʨʴʢʘʤʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʚʪʦʨʠʯʥʦʡ ʩʠʣʳ ɹʴʝʨʢʥʝʩʘ (ʨʠʩ. 2ʘ). ɺʦʟʜʫʰʥʳʝ ʧʫʟʳʨʴʢʠ ʨʘʟʤʝʨʦʤ 1-2 ʤʤ 

ʧʦʜʘʚʣʷʶʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ, ʚʳʟʳʚʘʷ ʙʳʩʪʨʦʝ 

ʟʘʪʫʭʘʥʠʝ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʠ ʦʛʨʘʥʠʯʠʚʘʷ ʢʘʚʠʪʘʮʠʶ ʦʜʥʦʡ ʟʦʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘʜ ʠʟʣʫʯʘʪʝʣʝʤ (ʨʠʩ. 2ʙ). ʉʦʚʤʝʩʪʥʦʝ 

ʧʨʠʩʫʪʩʪʚʠʝ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ ʠ ʛʘʟʦʚʳʭ ʚʢʣʶʯʝʥʠʡ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʫʩʠʣʠʚʘʷ ʵʨʦʟʠʶ ʬʦʣʴʛʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

(ʧʨʦʝʢʪ ˉ 24-11-00269). 
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ʏʀʉʃɽʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʕʃɽʂʊʈʆʌʆʈɽɿɸ 

ʄʀʂʈʆʏɸʉʊʀʎʓ ʉ ʊʆʅʂʆʁ ʇʆʃʀʕʃɽʂʊʈʆʃʀʊʅʆʁ 

ʆɹʆʃʆʏʂʆʁ 

ɻ. ʉ. ɻʘʥʯʝʥʢʦa, ɽ. ɸ. ɼʝʤʝʭʠʥa,b
 

aʃʘʙʦʨʘʪʦʨʠʷ ʵʣʝʢʪʨʦ- ʠ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʤʠʢʨʦ- ʠ ʥʘʥʦʤʘʩʰʪʘʙʦʚ, 

ʌʠʥʘʥʩʦʚʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʧʨʠ ʇʨʘʚʠʪʝʣʴʩʪʚʝ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ,  

350051, ʂʨʘʩʥʦʜʘʨʩʢʠʡ ʢʨʘʡ, ʂʨʘʩʥʦʜʘʨ, ʫʣ. ʐʦʩʩʝ ʅʝʬʪʷʥʠʢʦʚ, ʜ. 32, ʢʦʤ. 105 
bʅʀʀ ʤʝʭʘʥʠʢʠ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, 

119192, ʄʦʩʢʚʘ, ʄʠʯʫʨʠʥʩʢʠʡ ʧʨ. 1 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʬʦʨʝʟʘ 

ʢʦʤʧʦʟʠʪʥʦʡ ʤʠʢʨʦʯʘʩʪʠʮʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʷʜʨʘ ʠ ʪʦʥʢʦʡ 

ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʦʡ ʦʙʦʣʦʯʢʠ, ʚ ʨʘʩʪʚʦʨʝ ʙʠʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ ʧʨʠ ʜʝʡʩʪʚʠʠ 

ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʈʘʟʨʘʙʦʪʘʥʘ ʧʦʩʪʘʥʦʚʢʘ ʥʘ ʦʩʥʦʚʝ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ ʅʝʨʥʩʪʘïʇʣʘʥʢʘ, ʇʫʘʩʩʦʥʘ ʠ ʅʘʚʴʝïʉʪʦʢʩʘ ʚ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʧʦʚʝʜʝʥʠʝʤ ʧʦʣʥʦʩʪʴʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 

ʠʦʥʦʩʝʣʝʢʪʠʚʥʳʭ ʯʘʩʪʠʮ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʞʝ ʪʦʥʢʘʷ ʦʙʦʣʦʯʢʘ ʚʳʟʳʚʘʝʪ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʫʶ ʧʦʣʷʨʠʟʘʮʠʶ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ; 

ʫʩʪʘʥʦʚʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʨʝʞʠʤʳ ʜʚʠʞʝʥʠʷ ʠ ʫʩʣʦʚʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʵʣʝʢʪʨʦʢʠʥʝʪʠʯʝʩʢʠʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʣʝʢʪʨʦʬʦʨʝʟ; ʢʦʤʧʦʟʠʪʥʘʷ ʤʠʢʨʦʯʘʩʪʠʮʘ; ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʘʷ 

ʦʙʦʣʦʯʢʘ; ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ; ʵʣʝʢʪʨʦʢʠʥʝʪʠʯʝʩʢʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ; 

ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

NUMERI CAL MODELING OF ELECTROPHORESIS  

OF A MICROPARTICLE WITH A THIN POLYELECTROLYTE SHELL  

G. S. Ganchenkoa, E. A. Demekhina,b
 

aLaboratory of Micro- and Nanoscale Electro- and Hydrodynamics, Financial 

University under the Government of the Russian Federation, 
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We present numerical results for the electrophoresis of a composite microparticle 

composed of a dielectric core and a thin polyelectrolyte shell in a binary electrolyte 

under an external electric field. The problem is formulated using the coupled Nernstï

Planck, Poisson, and NavierïStokes equations in axisymmetric geometry. 
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ɺʚʝʜʝʥʠʝ ʠ ʤʦʪʠʚʘʮʠʷ 

ʕʣʝʢʪʨʦʬʦʨʝʟ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʤʠʢʨʦʬʣʶʠʜʠʢʝ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʡ 

ʭʠʤʠʠ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʘʟʜʝʣʝʥʠʷ ʯʘʩʪʠʮ [1]. ʂʣʘʩʩʠʯʝʩʢʘʷ ʪʝʦʨʠʷ 

ʦʧʠʩʳʚʘʝʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʩʢʦʨʦʩʪʴ ʚ ʩʣʘʙʳʭ ʧʦʣʷʭ 

ʣʠʥʝʡʥʦ ʨʘʩʪʸʪ ʩ ʥʘʧʨʷʞʸʥʥʦʩʪʴʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɼʣʷ 

ʠʦʥʦʩʝʣʝʢʪʠʚʥʳʭ ʤʠʢʨʦʛʨʘʥʫʣ ʧʦʚʝʜʝʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦ ʩʣʦʞʥʝʝ: ʚʦʟʥʠʢʘʶʪ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʠ ʵʣʝʢʪʨʦʢʠʥʝʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚʪʦʨʦʛʦ 

ʨʦʜʘ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʥʝʣʠʥʝʡʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ ʩʢʦʨʦʩʪʠ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʠ ʢ 

ʵʣʝʢʪʨʦʢʠʥʝʪʠʯʝʩʢʠʤ ʥʝʫʩʪʦʡʯʠʚʦʩʪʷʤ [2ï5]. ʄʥʦʛʠʝ ʙʠʦʣʦʛʠʯʝʩʢʠʝ 

ʤʠʢʨʦʦʙʲʝʢʪʳ: ʚʠʨʫʩʳ ʙʘʢʪʝʨʠʠ ðʠʤʝʶʪ ʤʥʦʛʦʩʣʦʡʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʚ 

ʢʦʪʦʨʦʡ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ ʩʦʩʪʦʠʪ ʠʟ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ 

ʦʙʣʘʜʘʝʪ ʠʦʥʥʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ [6,7]. ʊʘʢʘʷ çʢʦʤʧʦʟʠʪʥʘʷè ʩʪʨʫʢʪʫʨʘ 

ʪʨʝʙʫʝʪ ʦʪʜʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ. ʎʝʣʴ ʨʘʙʦʪʳ ð ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʪʴ 

ʵʣʝʢʪʨʦʬʦʨʝʟ ʯʘʩʪʠʮʳ ʩ ʪʦʥʢʦʡ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʦʡ ʦʙʦʣʦʯʢʦʡ ʠ ʩʨʘʚʥʠʪʴ ʝʸ 

ʧʦʚʝʜʝʥʠʝ ʩ ʧʨʝʜʝʣʘʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʧʦʣʥʦʩʪʴʶ ʠʦʥʦʩʝʣʝʢʪʠʚʥʦʡ 

ʯʘʩʪʠʮ. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠ ʤʦʜʝʣʴ ʦʙʦʣʦʯʢʠ 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʬʝʨʠʯʝʩʢʘʷ ʯʘʩʪʠʮʘ ʨʘʜʠʫʩʘ  ὶǿ (ʨʘʟʤʝʨʥʳʝ ʚʝʣʠʯʠʥʳ 
ʙʫʜʫʪ ʧʦʤʝʯʘʪʴʩʷ ʪʠʣʴʜʦʡ), ʩʦʩʪʦʷʱʘʷ ʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʷʜʨʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʟʘʨʷʜʦʤ  „ ʠ ʪʦʥʢʦʡ ʠʦʥʦʩʝʣʝʢʪʠʚʥʦʡ ʦʙʦʣʦʯʢʠ 

ʪʦʣʱʠʥʳ  ὒḺὶǿ (ʨʠʩ. 1). ɾʠʜʢʦʩʪʴ ʚʦʢʨʫʛ ʯʘʩʪʠʮʳ ð ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ 

ʙʠʥʘʨʥʦʛʦ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʠʦʥʦʚ 

ʩʦʣʠ  ὅ. ʅʘ ʩʠʩʪʝʤʫ ʜʝʡʩʪʚʫʝʪ ʦʜʥʦʨʦʜʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ 

ʥʘʧʨʷʞʸʥʥʦʩʪʠ  Ὁ . 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʢʦʤʧʦʟʠʪʥʦʡ ʯʘʩʪʠʮʳ. 

ʇʦʚʝʜʝʥʠʝ ʨʘʩʪʚʦʨʘ ʵʣʝʢʪʨʦʣʠʪʘ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʩʠʩʪʝʤʦʡ 

ʫʨʘʚʥʝʥʠʡ 

‬ὅ

‬ὸǿ
ẗɳὅ ╤ Ὀɳ ὅ ᶸ

ὈὊ

ὙὝ
ὅ ɮɳ πȟ 
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‐ǿɳɮ Ὂὅ ὅ ȟ 

ɩɳ ‘ɳ ╤ Ὂὅ ὅ ȟ 

ʟʜʝʩʴ ὅ  ð ʧʣʦʪʥʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ, ɮ ð ʧʦʪʝʥʮʠʘʣ, ╤ ð ʩʢʦʨʦʩʪʴ 

ʞʠʜʢʦʩʪʠ, ɩ ð ʜʘʚʣʝʥʠʝ, Ὀ ð ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ, ‐ǿ ð ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʦʜʳ, ‘ ð ʚʷʟʢʦʩʪʴ; Ὂ, Ὑ, Ὕ ð ʧʦʩʪʦʷʥʥʘʷ ʌʘʨʘʜʝʷ, ʛʘʟʦʚʘʷ 

ʧʦʩʪʦʷʥʥʘʷ ʠ ʪʝʤʧʝʨʘʪʫʨʘ. 

ɺʥʫʪʨʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʷʜʨʘ ʧʦʪʝʥʮʠʘʣ ‰ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʨʘʚʥʝʥʠʶ 

ʃʘʧʣʘʩʘ (​‰ π). ʅʘ ʛʨʘʥʠʮʝ ʷʜʨʘ ʫʯʠʪʳʚʘʝʪʩʷ ʩʢʘʯʦʢ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʟʘʨʷʜʘ, ʢʦʪʦʨʳʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥ ʦʜʥʦʨʦʜʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʟʘʨʷʜʘ ů, 

ʠ ʥʫʣʝʚʦʡ ʧʦʪʦʢ ʠʦʥʦʚ. ʊʦʥʢʘʷ ʦʙʦʣʦʯʢʘ ʥʝʧʨʦʥʠʮʘʝʤʘ ʜʣʷ ʞʠʜʢʦʩʪʠ, ʥʦ 

ʧʨʦʥʠʮʘʝʤʘ ʜʣʷ ʠʦʥʦʚ; ʝʸ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʟʘʜʘʸʪʩʷ ʦʙʲʸʤʥʦʡ ʧʣʦʪʥʦʩʪʴʶ 

ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʟʘʨʷʜʘ ὔ [8]. ʇʨʠ ȿὔȿȾὅ ḻρ ʦʙʦʣʦʯʢʘ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ 
ʠʜʝʘʣʴʥʦʡ ʠʦʥʦʩʝʣʝʢʪʠʚʥʦʩʪʠ. 

ʅʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʦʙʦʣʦʯʢʠ (ὶǿ ὶǿϚ) ʚʳʧʦʣʥʷʶʪʩʷ ʫʩʣʦʚʠʷ 

ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʞʠʜʢʦʩʪʠ ʠ ʥʝʧʨʝʨʳʚʥʦʩʪʠ   ʠ ὅ. ʅʘ ʙʝʩʢʦʥʝʯʥʦʩʪʠ: ὅ ᴼ
ὅ ,   Ὁ  ὶ ὧέί—ȟ╤ᴼ Ὗ  ὧέί— ▄ͅ►Ȣ ʉʢʦʨʦʩʪʴ ʯʘʩʪʠʮʳ Ὗ  

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʫʩʣʦʚʠʷ ʥʫʣʝʚʦʡ ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʣ. 

ɺ ʢʘʯʝʩʪʚʝ ʭʘʨʘʢʪʝʨʥʳʭ ʚʝʣʠʯʠʥ ʧʨʠ ʦʙʝʟʨʘʟʤʝʨʠʚʘʥʠʠ ʙʳʣʠ ʚʳʙʨʘʥʳ: 

ὶǿϚ, ɮ ὙὝȾὊ, ὅ  ʠ Ὗ ὈȾὶǿϚ. ɺʚʦʜʷʪʩʷ Ὁ Ὁ ὶǿὊȾὙὝ, ὔ ὔȾὅ , 

ὒ ὒȾὶǿϚḺρ, ὖὩ Ὗ  ὶǿϚȾὈ. ɼʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ ʚ ʩʣʘʙʳʭ ʧʦʣʷʭ 

ʩʧʨʘʚʝʜʣʠʚ ʟʘʢʦʥ ɻʝʣʴʤʛʦʣʴʮʘïʉʤʦʣʫʭʦʚʩʢʦʛʦ Ὗ Ὁ  [1]. ɼʣʷ 

ʩʠʣʴʥʦʩʝʣʝʢʪʠʚʥʳʭ ʩʠʩʪʝʤ ʚ ʥʝʣʠʥʝʡʥʦʤ ʨʝʞʠʤʝ ʠʟʚʝʩʪʥʳ ʦʮʝʥʢʠ Ὗ ᶿὉ  

ʠ Ὗ ᶿὉ
Ⱦ

 [2ï4]. 

ʏʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʠ ʧʘʨʘʤʝʪʨʳ ʨʘʩʯʸʪʘ 

ʇʦʩʪʘʥʦʚʢʘ ʨʝʰʘʣʘʩʴ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦ ʚ ὶȟ— ʥʘ ʦʙʣʘʩʪʠ ρ ὒ ὶ
Ὑ , Ὑ ḻρ. ʀʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʣʦʢʘʣʴʥʳʤ 
ʩʛʫʱʝʥʠʝʤ ʩʝʪʢʠ ʚʙʣʠʟʠ ʦʙʦʣʦʯʢʠ ʠ ʚ ʩʣʝʜʝ ʟʘ ʯʘʩʪʠʮʝʡ, ʛʜʝ ʬʦʨʤʠʨʫʝʪʩʷ 

ʧʨʦʪʷʞʸʥʥʘʷ ʦʙʣʘʩʪʴ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʦʣʠ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ 

ʟʘʜʘʯʠ ʧʦ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʷʣʦʩʴ ʩ ʘʜʘʧʪʠʚʥʳʤ ʰʘʛʦʤ; UÐ ʥʘʭʦʜʠʣʘʩʴ ʠʟ 

ʫʩʣʦʚʠʷ ʙʘʣʘʥʩʘ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʯʘʩʪʠʮʫ [9]. ɺʝʨʠʬʠʢʘʮʠʷ ʚʢʣʶʯʘʣʘ:  

(i) ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʣʠʥʝʡʥʦʛʦ ʟʘʢʦʥʘ ʜʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ [1];  

(ii) ʨʝʞʠʤʳ Ὗ ᶿὉ  ʠ Ὗ ᶿὉ
Ⱦ

 ʜʣʷ ʠʦʥʦʩʝʣʝʢʪʠʚʥʦʛʦ ʧʨʝʜʝʣʘ [2ï4];  

(iii) ʥʝʟʘʚʠʩʠʤʦʩʪʴ ʦʪ R_max ʠ ʰʘʛʘ ʩʝʪʢʠ. 

ʈʘʟʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ: ςὶǿϚ= 5 ʤʢʤ, 

ὒ= 0.5 ʤʢʤ (ὒ πȢρ), ʨʘʩʪʚʦʨ KCl ʩ ὅ πȢρ ʤʦʣʴ/ʤį, ὔ ρπ 
(ʢʘʪʠʦʥʦʩʝʣʝʢʪʠʚʥʦʩʪʴ), Ὁ = 5ï1000 ʢɺ/ʤ,  „ ɴ φπȟφπ ʤʢʂʣ/ʤĮ. ʕʪʠ 

ʚʝʣʠʯʠʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʙʝʟʨʘʟʤʝʨʥʳʤ ʧʘʨʘʤʝʪʨʘʤ: Ὁ ρππȟ„ ρυ. 

 

 



111 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ʉʢʦʨʦʩʪʴ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʯʘʩʪʠʮ r ʧʦʜʯʠʥʷʝʪʩʷ 

ʣʠʥʝʡʥʦʤʫ ʟʘʢʦʥʫ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʠ ʣʠʰʴ ʚ ʩʠʣʴʥʳʭ 

ʧʦʣʷʭ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʣʘʙʫʶ ʥʝʣʠʥʝʡʥʦʩʪʴ [1]. ʀʦʥʦʩʝʣʝʢʪʠʚʥʘʷ ʯʘʩʪʠʮʘ 

ʧʨʠ ʨʦʩʪʝ ʧʦʣʷ ʧʝʨʝʭʦʜʠʪ ʦʪ Ὗ ᶿὉ  ʢ Ὗ ᶿὉ
Ⱦ

 [2ï4]; ʧʨʠ Ὁ ψ ςπ 
ʚʦʟʥʠʢʘʶʪ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʘ ʧʨʠ Ὁ ṃυπ ð ʭʘʦʪʠʯʝʩʢʠʝ ʨʝʞʠʤʳ [5]. 

ʂʦʤʧʦʟʠʪʥʘʷ ʯʘʩʪʠʮʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʘʢʦʥ Ὗ ᶿὉ
Ⱦ

 (ʨʠʩ. 2), ʥʦ ʧʦʨʦʛʠ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʩʜʚʠʥʫʪʳ ʢ ʙʦʣʴʰʠʤ ʧʦʣʷʤ [10]. 

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʏʝʨʥʘʷ ʣʠʥʠʷ ï ʧʦʣʥʦʩʪʴʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʯʘʩʪʠʮʘ 

ʩ ů=-15 , ʢʨʘʩʥʘʷ ʣʠʥʠʷ ï ʧʦʣʥʦʩʪʴʶ ʠʦʥʦʩʝʣʝʢʪʠʚʥʘʷ ʯʘʩʪʠʮʘ ʩ N=10, 

ʩʠʥʷʷ ʣʠʥʠʷ ï ʢʦʤʧʦʟʠʪʥʘʷ ʯʘʩʪʠʮʘ ʩ ʷʜʨʦʤ ů=-15 ʠ ʦʙʦʣʦʯʢʦʡ L=0.1, 

N=10. 

 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʡ ʯʘʩʪʠʮʘ ʩ ʦʙʦʣʦʯʢʦʡ L=0.1, N=5 ʠ 

ʷʜʨʦʤ ʩ ʨʘʟʣʠʯʥʳʤ ʟʘʨʷʜʦʤ: ʩʠʥʷʷ ʣʠʥʠʷ ï „ ρυ, ʢʨʘʩʥʘʷ ʣʠʥʠʷ ï „
ρυ, ʯʝʨʥʘʷ ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ï „ π. 

ɺ ʩʠʣʴʥʦʤ ʧʦʣʝ (Ὁ υπ) ʠʟʤʝʥʝʥʠʝ „ ʦʪ 0 ʜʦ Ñ15 ʤʝʥʷʝʪ Ὗ  ʥʘ 3ï12% 

(ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʢʘ „, ʨʠʩ. 3), ʪʦʛʜʘ ʢʘʢ ʫ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ ʠʟʤʝʥʝʥʠʝ 
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ʥʘ ~15% ʜʦʩʪʠʛʘʝʪʩʷ ʤʝʥʴʰʝʡ ʚʘʨʠʘʮʠʝʡ „ [11]. ʈʦʩʪ ȿὔȿ ʫʩʠʣʠʚʘʝʪ 
ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʫʶ ʧʦʣʷʨʠʟʘʮʠʶ ʠ ʧʨʠʙʣʠʞʘʝʪ ʧʦʚʝʜʝʥʠʝ ʢ ʧʨʝʜʝʣʫ 

ʧʦʣʥʦʩʪʴʶ ʠʦʥʦʩʝʣʝʢʪʠʚʥʦʡ ʯʘʩʪʠʮʳ (ʠ ʢ ʙʦʣʝʝ ʥʠʟʢʠʤ ʧʦʨʦʛʘʤ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ). 

ʇʝʨʝʜ ʯʘʩʪʠʮʝʡ ʬʦʨʤʠʨʫʝʪʩʷ ʦʙʣʘʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ, 

ʧʦʟʘʜʠ ð ʫʟʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʩʪʨʫʷ. ɼʣʷ ʧʦʣʥʦʩʪʴʶ ʠʦʥʦʩʝʣʝʢʪʠʚʥʦʡ 

ʯʘʩʪʠʮʳ ʩʪʨʫʷ ʪʝʨʷʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʫʞʝ ʧʨʠ Ὁ ςπ [3ï5]. ɼʣʷ ʢʦʤʧʦʟʠʪʥʦʡ 
ʯʘʩʪʠʮʳ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦʥʢʦʩʪʴ ʦʙʦʣʦʯʢʠ (ὒ πȢρ), ʩʪʨʫʷ ʠ ʦʢʦʣʦʩʝʨʜʝʯʥʳʝ 
ʚʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ ʦʩʪʘʶʪʩʷ ʫʩʪʦʡʯʠʚʳʤʠ ʜʦ Ὁ υπφπ, ʯʪʦ ʦʙʲʷʩʥʷʝʪ 
ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʧʦʨʦʛʠ ʧʝʨʝʭʦʜʘ. 

ɿʘʢʣʶʯʝʥʠʝ 

ɼʘʞʝ ʪʦʥʢʘʷ ʧʦʣʠʵʣʝʢʪʨʦʣʠʪʥʘʷ ʦʙʦʣʦʯʢʘ ʨʘʜʠʢʘʣʴʥʦ ʤʦʜʠʬʠʮʠʨʫʝʪ 

ʵʣʝʢʪʨʦʬʦʨʝʪʠʯʝʩʢʦʝ ʜʚʠʞʝʥʠʝ ʤʠʢʨʦʯʘʩʪʠʮʳ:  

(i) ʚʳʟʳʚʘʝʪ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʫʶ ʧʦʣʷʨʠʟʘʮʠʶ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ;  

(ii)  ʧʝʨʝʚʦʜʠʪ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʚ ʨʝʞʠʤ Ὗ ᶿὉ
Ⱦ

 ʚ ʠhʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʧʦʣʝʡ;  

(iii)   ʩʥʠʞʘʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʢʦʨʦʩʪʠ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʢ ʟʘʨʷʜy ʷʜʨʘ;  

(iv) ʧʦʚʳʰʘʝʪ ʧʦʨʦʛʠ ʵʣʝʢʪʨʦʢʠʥʝʪʠʯʝʩʢʠʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʥʦʩʪʴʶ ʠʦʥʦʩʝʣʝʢʪʠʚʥʳʤʠ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄22-79-10085. 
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ʂʆʃɽɹɸʅʀʗ ʊʆʅʂʀʍ ʉɺʆɹʆɼʅʓʍ ʂʆʃʃʆʀɼʅʓʍ ʇʃɽʅʆʂ 

ʇʈʀ ʀʍ ʇʆɼʒɽʄɽ ɺ ʂʆʅʀʏɽʉʂʀʍ ʊʈʋɹʂɸʍ 

ʊ. ɸ. ɻʝʨʮʝʥ, ʅ. ʖ. ʃʶʙʠʤʦʚʘ, ɸ. ɸ. ʃʶʙʠʤʦʚʘ 

ʇʝʨʤʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

614990, ʇʝʨʤʴ, ʂʦʤʩʦʤʦʣʴʩʢʠʡ ʧʨʦʩʧʝʢʪ, 29 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʨʘʥʝʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʧʣʝʥʢʠ, ʟʘʢʨʝʧʣʝʥʥʦʡ ʥʘ 

ʧʨʦʚʦʣʦʯʥʳʭ ʢʦʥʪʫʨʘʭ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʢʦʥʪʫʨʦʤ ʷʚʣʷʝʪʩʷ ʛʨʘʥʠʮʘ ʧʣʝʥʢʠ ʠ 

ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʥʢʠ ʪʨʫʙʢʠ. ʕʪʦʪ çʢʦʥʪʫʨè ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦ ʜʚʠʞʝʪʩʷ ʚʤʝʩʪʝ ʩ 

ʧʣʝʥʢʦʡ ʚ ʩʪʦʨʦʥʫ ʫʟʢʦʡ ʯʘʩʪʠ ʪʨʫʙʢʠ. ʇʨʠ ʵʪʦʤ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʤʘʣʳʝ 

ʢʦʣʝʙʘʥʠʷ ʧʣʝʥʢʠ. ʈʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʩʣʫʯʘʷ: ʢʦʣʝʙʘʥʠʷ ʩʘʤʦʡ ʧʣʝʥʢʠ ʧʦʩʣʝ 

ʥʝʙʦʣʴʰʦʛʦ ʪʦʣʯʢʘ ʪʨʫʙʢʠ ʠ ʢʦʣʝʙʘʥʠʷ ʛʨʫʟʘ ʧʦʜʚʝʰʝʥʥʦʛʦ ʢ ʧʣʝʥʢʝ. ʉ 

ʧʦʤʦʱʴʶ ʚʠʜʝʦʟʘʧʠʩʠ ʦʧʨʝʜʝʣʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʣʝʙʘʥʠʡ ʠ ʚʣʠʷʥʠʷ ʥʘ 

ʥʠʭ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʦʬʠʣʷ ʪʨʫʙʢʠ, ʜʦʙʘʚʢʠ ʞʝʣʘʪʠʥʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʦʥʢʠʝ ʢʦʣʣʦʠʜʥʳʝ ʧʣʝʥʢʠ; ʢʦʥʠʯʝʩʢʠʝ ʪʨʫʙʢʠ; ʢʦʣʝʙʘʥʠʷ 

OSCILLATIO NS OF THIN FREE COLLOIDAL FILMS  

DURING THEIR LIFTING IN CONICAL  TUBES 

T.A. Gertzen, N.Yu. Lyubimova, A.A. Lyubimova 

Perm National Research Poytechnic University 

29 Komsomolsky Pr, 614990, Perm 

Unlike the previously considered oscillations of a film fixed on wire contours, in this 

case the contour is the border of the film and the inner wall of the tube. This "contour" 

moves spontaneously together with the film towards the narrow part of the tube. At 

the same time, small oscillations of the film can be observed. Two cases are 

considered: oscillations of the film itself after a slight push of the tube and 

oscillations of a load suspended to the film. Using video recording, the characteristics 

of oscillations and their influence on temperature, tube profile, and gelatin addition 

are determined. 

Keywords: thin colloidal films; conical tubes; oscillations.23 

ʇʨʦʮʝʩʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠ ʜʠʥʘʤʠʢʦʡ ʩʚʦʙʦʜʥʳʭ 

ʢʦʣʣʦʠʜʥʳʭ ʧʣʝʥʦʢ, ʩʪʘʥʦʚʷʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʘʧʧʣʠʢʘʪʦʨʦʚ, 

ʢʦʩʤʝʪʠʯʝʩʢʠʭ ʠ ʣʝʯʝʙʥʳʭ ʤʘʩʦʢ, ʙʠʦʩʦʚʤʝʩʪʠʤʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʠʤʝʪʠʢʦʚ [1]. ʅʝʜʘʚʥʦ ʚʦʟʥʠʢʰʠʝ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʬʣʶʠʜʠʢʘ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʦʙʨʘʱʘʶʪʩʷ ʢ ʪʝʭʥʦʣʦʛʠʷʤ, 

ʩʚʷʟʘʥʥʳʤ ʩ ʪʦʥʢʠʤʠ ʧʣʝʥʢʘʤʠ [2]. ɺ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʢʦʤʧʦʥʝʥʪʳ, ʙʣʠʟʢʠʝ ʢ ʪʝʤ, ʯʪʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʤʝʜʠʮʠʥʝ, ʬʘʨʤʘʮʠʠ, 

ʢʦʩʤʝʪʠʢʝ (ʤʳʣʴʥʦ-ʞʝʣʘʪʠʥʦʚʳʝ ʨʘʩʪʚʦʨʳ).  

ʇʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʣʝʥʢʠ ʤʦʛʫʪ ʧʨʝʪʝʨʧʝʚʘʪʴ 

ʨʘʟʣʠʯʥʳʭ ʚʠʜʳ ʵʚʦʣʶʮʠʠ: ʜʝʛʨʘʜʘʮʠʶ, ʚʳʩʳʭʘʥʠʝ, ʢʦʣʝʙʘʥʠʷ [3]. ɺ ʨʘʥʝʝ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʨʘʙʦʪʘʭ ʠʩʩʣʝʜʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʧʦʚʝʜʝʥʠʷ ʪʦʥʢʠʭ 

                                                           

É ɻʝʨʮʝʥ ʊ.ɸ., ʃʶʙʠʤʦʚʘ ʅ.ʖ., ʃʶʙʠʤʦʚʘ ɸ.ɸ., 2025 
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ʧʣʝʥʦʢ [4, 5, 6], ʚ ʪʦʤ ʯʠʩʣʝ ʢʦʣʝʙʘʥʠʷ ʧʦʜʚʝʰʝʥʥʦʛʦ ʥʘ ʧʣʝʥʢʝ ʛʨʫʟʘ, ʘ ʪʘʢʞʝ 

ʢʦʣʝʙʘʥʠʷ ʥʘ ʥʝʧʦʜʚʠʞʥʳʭ ʢʦʥʪʫʨʘʭ ʧʣʝʥʦʢ, ʠʤʝʶʱʠʭ ʬʦʨʤʫ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʚ ʚʠʜʝ ʢʘʪʝʥʦʠʜʦʚ [7]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʥʘʙʣʶʜʝʥʠʷ ʜʚʠʞʝʥʠʷ 

ʪʦʥʢʠʭ ʤʳʣʴʥʦ-ʞʝʣʘʪʠʥʦʚʳʭ ʧʣʝʥʦʢ ʧʦ ʚʥʫʪʨʝʥʥʠʤ ʧʦʚʝʨʭʥʦʩʪʷʤ 

ʢʦʥʠʯʝʩʢʠʭ ʪʨʫʙʦʢ. ʇʨʠ ʦʧʫʩʢʘʥʠʠ ʰʠʨʦʢʦʛʦ ʢʦʥʮʘ ʢʦʥʫʩʘ ʚ ʨʘʩʪʚʦʨ ʇɸɺ 

ʝʛʦ ʟʘʪʷʛʠʚʘʝʪ ʩʤʘʯʠʚʘʶʱʘʷ ʪʦʥʢʘʷ ʧʣʝʥʢʘ, ʢʦʪʦʨʘʷ ʥʘʯʠʥʘʝʪ ʜʚʠʛʘʪʴʩʷ ʚ 

ʩʪʦʨʦʥʫ ʩʫʞʝʥʠʷ ʧʨʠ ʣʶʙʦʤ ʥʘʢʣʦʥʝ ʪʨʫʙʢʠ. ʇʨʠ ʧʦʜʲʝʤʝ ʧʣʝʥʢʠ ʜʝʡʩʪʚʠʝ 

ʩʠʣ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʩʠʣʳ ʪʷʞʝʩʪʠ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʤʠʥʠʤʠʟʘʮʠʶ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʧʣʦʱʘʜʠ ʧʣʝʥʢʠ. 

ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʛʨʘʥʠʮ r ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʢʨʘʝʚ ʧʣʝʥʢʠ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʨʫʙʢʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ çʢʦʥʪʫʨʘʤʠè ʩ ʥʝʧʨʝʨʳʚʥʦ 

ʤʝʥʷʶʱʠʤʠʩʷ ʜʠʘʤʝʪʨʘʤʠ, ʠ ʥʘʙʣʶʜʘʪʴ ʢʦʣʝʙʘʥʠʷ ʧʣʝʥʢʠ ʧʨʠ ʝʝ 

ʧʝʨʝʤʝʱʝʥʠʠ.    

ɼʚʠʞʝʥʠʝ ʧʣʝʥʦʢ ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʨʘʟʥʳʭ ʩʦʩʫʜʘʭ ʧʝʨʝʤʝʥʥʦʛʦ ʩʝʯʝʥʠʷ. 

ɺ ʦʩʥʦʚʥʦʤ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʩʪʳʝ ʢʨʫʛʦʚʳʝ ʢʦʥʫʩʳ, ʘ ʪʘʢʞʝ ʢʦʥʫʩʳ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʢʨʠʚʦʣʠʥʝʡʥʳʤʠ ʧʨʦʬʠʣʷʤʠ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [6]. 

ʌʦʨʤʳ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʫʙʦʢ ʟʘʤʝʪʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʧʦʚʝʜʝʥʠʝ ʧʣʝʥʦʢ 

ʥʝ ʦʢʘʟʳʚʘʣʠ. ɺʘʞʥʳʤ ʙʳʣʦ ʩʦʦʪʥʦʰʝʥʠʝ ʰʠʨʦʢʦʛʦ ʠ ʫʟʢʦʛʦ ʦʪʚʝʨʩʪʠʡ. ʆʪ 

ʵʪʦʛʦ ʟʘʚʠʩʝʣʘ ʩʢʦʨʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ ʧʣʝʥʢʠ ʠ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʧʦʜʲʝʤʝ ʝʝ 

ʚʳʩʦʪʘ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʨʘʚʥʦʚʝʩʠʷ. 

ʇʨʠ ʥʝʙʦʣʴʰʦʡ ʨʘʟʥʠʮʝ ʜʠʘʤʝʪʨʦʚ ʧʣʝʥʢʘ ʜʚʠʛʘʣʘʩʴ ʩʣʠʰʢʦʤ ʤʝʜʣʝʥʥʦ 

ʠ ʫʞʝ ʥʘ ʩʝʨʝʜʠʥʝ ʧʫʪʠ ʪʝʨʷʣʘ ʫʩʪʦʡʯʠʚʦʩʪʴ, ʨʘʟʨʳʚʘʣʘʩʴ. ʇʨʠ ʨʘʟʥʠʮʝ 

ʜʠʘʤʝʪʨʦʚ, ʥʘʧʨʠʤʝʨ, 1:10, ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʧʣʝʥʢʠ, ʥʘʦʙʦʨʦʪ ʚʳʩʦʢʘʷ, ʠ 

ʫʜʘʚʘʣʦʩʴ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʣʠʰʴ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʢʦʣʝʙʘʥʠʡ, ʧʨʠ ʵʪʦʤ ʧʣʝʥʢʘ 

ʪʘʢʞʝ ʙʳʩʪʨʦ ʪʝʨʷʣʘ ʫʩʪʦʡʯʠʚʦʩʪʴ. ʇʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʧʨʦʚʦʜʠʪʴ 

ʧʦʠʩʢ ʩʦʯʝʪʘʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʫʩʪʘʥʦʚʢʠ. 

ɿʘʤʝʪʥʫʶ ʨʦʣʴ ʠʛʨʘʣ ʤʘʪʝʨʠʘʣ ʪʨʫʙʦʢ. ʀʩʧʦʣʴʟʦʚʘʥʳ ʙʳʣʠ 

ʧʦʣʠʵʪʠʣʝʥʦʚʳʝ ʠ ʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʝ ʩʪʝʢʣʷʥʥʳʝ ʪʨʫʙʢʠ. ʉʫʱʝʩʪʚʝʥʥʳʤ 

ʪʘʢʞʝ ʙʳʣ ʩʦʩʪʘʚ ʤʳʣʴʥʦ-ʞʝʣʘʪʠʥʦʚʦʡ ʩʤʝʩʪʠ. ɺ ʢʘʯʝʩʪʚʝ ʇɸɺ ʚʟʷʪʳ 

ʦʙʳʯʥʳʝ ʤʦʶʱʠʝ ʩʨʝʜʩʪʚʘ (Fairy), ʞʝʣʘʪʠʥ ʙʳʣ ʦʙʳʯʥʳʡ ʧʠʱʝʚʦʡ. ɺ 

ʧʝʨʩʧʝʢʪʠʚʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʜʦʣʞʠʪʴ ʧʦʜʙʦʨ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʨʫʛʠʭ ʚʠʜʦʚ ʇɸɺ ʠ ʞʝʣʘʪʠʥʘ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʪʨʝʙʦʚʘʣʠ ʙʦʣʴʰʦʡ 

ʪʱʘʪʝʣʴʥʦʩʪʠ ʠ ʘʢʢʫʨʘʪʥʦʩʪʠ. ɺʥʫʪʨʝʥʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ ʪʨʫʙʦʢ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʝʦʙʭʦʜʠʤʦ ʩʤʦʯʠʪʴ ʨʘʩʪʚʦʨʦʤ, ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʧʝʥʳ.  

ʅʘʙʣʶʜʝʥʠʝ ʢʦʣʝʙʘʥʠʡ ʛʨʫʟʘ ʥʘ ʧʣʝʥʢʝ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʣʦ ʨʷʜ 

ʪʨʫʜʥʦʩʪʝʡ. ʅʫʞʥʦ ʙʳʣʦ ʩʜʝʣʘʪʴ ʦʧʪʠʤʘʣʴʥʳʡ ʧʦʜʙʦʨ ʤʘʩʩʳ, ʬʦʨʤʳ 

(ʢʨʫʛʣʘʷ), ʩʧʦʩʦʙʘ ʧʦʜʚʝʰʠʚʘʥʠʷ ʛʨʫʟʘ (ʩʚʝʨʭʫ ʠʣʠ ʩʥʠʟʫ ʧʣʝʥʢʠ).  

ʇʨʠ ʤʘʣʦʡ ʤʘʩʩʝ ʧʨʦʚʠʩ ʧʣʝʥʢʠ ʥʝʟʥʘʯʠʪʝʣʝʥ ʠʣʠ ʚʦʦʙʱʝ ʦʪʩʫʪʩʪʚʫʝʪ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʦʣʝʙʘʥʠʷ ʩʣʘʙʦ ʚʳʨʘʞʝʥʳ ʠ ʙʳʩʪʨʦ ʟʘʪʫʭʘʶʪ. ʇʨʠ ʙʦʣʴʰʦʡ 

ʤʘʩʩʝ ʛʨʫʟʠʢʘ ʧʨʦʚʠʩ ʙʦʣʴʰʦʡ, ʥʦ ʧʣʝʥʢʘ ʧʨʠ ʵʪʦʤ ʥʝʧʨʦʯʥʘʷ. ɽʩʣʠ ʚ ʩʦʩʪʘʚʝ 

ʧʣʝʥʢʠ ʧʨʝʦʙʣʘʜʘʝʪ ʞʝʣʘʪʠʥ, ʪʦ ʛʨʫʟ (ʧʣʘʩʪʠʣʠʥʦʚʳʝ ʰʘʨʠʢʠ) ʫʜʘʝʪʩʷ 

ʧʦʤʝʩʪʠʪʴ ʩʚʝʨʭʫ. 

ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʠʥʪʝʨʚʘʣ ʚ ʧʨʦʮʝʩʩʝ ʥʘʙʣʶʜʝʥʠʡ ʠ ʠʟʤʝʨʝʥʠʡ ʩʦʩʪʘʚʣʷʣ 

15 ï 400ʉ. ʉ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʝʥʢʘ ʩʪʘʥʦʚʠʣʘʩʴ ʤʝʥʝʝ ʫʧʨʫʛʦʡ, ʠ 
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ʢʦʣʝʙʘʥʠʷ ʙʳʩʪʨʦ ʧʨʝʢʨʘʱʘʣʠʩʴ. ʇʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʛʫʩʪʝʚʘʣ 

ʞʝʣʘʪʠʥ.  ʆʧʪʠʤʘʣʴʥʦʡ ʜʣʷ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʩʪʚʦʨʦʚ ʦʢʘʟʘʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ 

20-22-220ʉ. 

ʇʨʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʧʦʣʦʞʝʥʠʠ ʪʨʫʙʢʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʝʝ ʜʚʠʞʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʥ ʚʪʦʨʦʡ ʟʘʢʦʥ ʅʴʶʪʦʥʘ ʩ ʫʯʝʪʦʤ ʪʦʣʴʢʦ ʩʠʣ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ, ʘ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʧʦʜʲʝʤʝ - ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ 

(ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʠ ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ), ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ, ʭʦʪʷ ʝʛʦ 

ʚʣʠʷʥʠʝ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʟʘʤʝʪʥʳʤ, ʦʩʦʙʝʥʥʦ ʚ ʧʣʘʩʪʠʢʦʚʳʭ ʪʨʫʙʢʘʭ. ɺʦ 

ʚʩʝʭ ʦʧʳʪʘʭ ʢʦʣʝʙʘʥʠʷ ʙʳʣʠ ʟʘʪʫʭʘʶʱʠʤʠ. 
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ʂʦʥʚʝʢʪʠʚʥʳʝ ʪʝʯʝʥʠʷ ʠʩʧʘʨʷʶʱʝʡʩʷ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʦʧʘʨʦʚʦʡ ʩʤʝʩʠ ʠʟʫʯʘʶʪʩʷ 

ʥʘ ʦʩʥʦʚʝ ʯʘʩʪʠʯʥʦ ʠʥʚʘʨʠʘʥʪʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʢʦʥʚʝʢʮʠʠ, ʜʦʧʦʣʥʝʥʥʳʭ 

ʫʨʘʚʥʝʥʠʝʤ ʜʠʬʬʫʟʠʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʧʘʨʘ ʚ ʛʘʟʝ. ʋʨʘʚʥʝʥʠʷ ʠ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʦʙʦʙʱʝʥʳ ʜʣʷ ʫʯʸʪʘ ʵʬʬʝʢʪʦʚ ʪʝʨʤʦʜʠʬʬʫʟʠʠ, ʧʨʦʮʝʩʩʦʚ 

ʠʩʧʘʨʝʥʠʷ/ʢʦʥʜʝʥʩʘʮʠʠ ʠ ʪʝʧʣʦʚʦʛʦ ʜʝʬʝʢʪʘ, ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʪʨʘʪ ʵʥʝʨʛʠʠ 

ʥʘ ʜʝʬʦʨʤʘʮʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʚ ʧʨʦʜʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʜʝʡʩʪʚʠʷ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ.  ʇʨʝʜʩʪʘʚʣʝʥʳ ʘʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʜʚʫʭʩʣʦʡʥʳʭ 

ʪʨʸʭʤʝʨʥʳʭ ʪʝʯʝʥʠʡ ʚ ʢʘʥʘʣʘʭ, ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʡ, 

ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʸʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ.   

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʥʚʝʢʮʠʷ; ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʘʷ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ; ʠʩʧʘʨʝʥʠʝ; 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

THREE-DIMENSIONAL CO NVECTION WITH EVAPOR ATION  

IN A TWO -LAYER SYSTEM:  

MODELLING  WITH REFINED BOUNDAR Y CONDITION  

O. N. Goncharova 

Altai State University, 

61 Lenina Pr., 656049, Barnaul 

Convective flows of evaporative liquid and gas-vapor mixture are studied on the 

basis of a partially invariant solution of the convection equations coupled with the 

diffusion equation for the vapor transfer process in the gas phase. Equations and 

boundary conditions are generalized to take into account the thermal diffusion 

effects, evaporation/condensation processes and heat defect as a characteristic of the 

energy consumption for interface deformation in the longitudinal direction as a result 

of the action of the thermocapillary forces. Analysis of structure of the two-layer 

three-dimensional flows in channels, quantitative flow characteristics, comparison of 

the computational and experimental data, are presented. 

Keywords: convection; thermocapillary interface; evaporation; modelling24 

ʂʦʥʚʝʢʪʠʚʥʳʝ ʪʝʯʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʦʧʘʨʦʚʦʡ ʩʤʝʩʠ, 

ʟʘʧʦʣʥʷʶʱʝʡ ʙʝʩʢʦʥʝʯʥʳʡ ʢʘʥʘʣ ʩ ʧʨʷʤʦʫʛʦʣʴʥʳʤ ʩʝʯʝʥʠʝʤ, ʠʟʫʯʘʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʪʨʸʭʤʝʨʥʦʛʦ ʦʙʦʙʱʝʥʠʷ ʨʝʰʝʥʠʷ ʆʩʪʨʦʫʤʦʚʘ ï ɹʠʨʠʭʘ. ɼʘʥʥʦʝ 

ʨʝʰʝʥʠʝ, ʥʘʟʳʚʘʝʤʦʝ ʪʦʯʥʳʤ ʚ ʪʝʦʨʝʪʠʢʦ-ʛʨʫʧʧʦʚʦʤ ʩʤʳʩʣʝ, ʧʦʩʪʨʦʝʥʦ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʢʦʥʚʝʢʮʠʠ ʩ ʫʯʸʪʦʤ ʧʨʦʮʝʩʩʦʚ ʠʩʧʘʨʝʥʠʷ/ʢʦʥʜʝʥʩʘʮʠʠ ʥʘ 

ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʜʝʡʩʪʚʠʠ ʥʘ 

ʩʠʩʪʝʤʫ ʧʦʧʝʨʝʯʥʦ ʥʘʧʨʘʚʣʝʥʥʦʡ ʩʠʣʳ ʪʷʞʝʩʪʠ ʠ ʧʨʦʜʦʣʴʥʦʛʦ ʛʨʘʜʠʝʥʪʘ 
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ʪʝʤʧʝʨʘʪʫʨʳ. ʋʨʘʚʥʝʥʠʷ ʢʦʥʚʝʢʮʠʠ, ʣʝʞʘʱʠʝ ʚ ʦʩʥʦʚʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʆʙʝʨʙʝʢʘïɹʫʩʩʠʥʝʩʢʘ 

ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝïʉʪʦʢʩʘ ʚʷʟʢʦʡ ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ; ʦʥʠ ʜʦʧʦʣʥʝʥʳ 

ʫʨʘʚʥʝʥʠʝʤ ʜʠʬʬʫʟʠʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʧʘʨʘ (ʧʘʩʩʠʚʥʦʡ 

ʧʨʠʤʝʩʠ ʚ ʛʘʟʝ) [1, 2]. ʋʨʘʚʥʝʥʠʷ ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʦʙʦʙʱʝʥʳ ʜʣʷ ʫʯʸʪʘ 

ʚʟʘʠʤʦʦʙʨʘʪʥʳʭ ʵʬʬʝʢʪʦʚ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʠ ʜʠʬʬʫʟʠʦʥʥʦʡ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʘ ʫʩʣʦʚʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʩʢʘʯʦʢ 

ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ, ʚʢʣʶʯʘʝʪ ʩʣʘʛʘʝʤʦʝ, ʦʪʚʝʪʩʪʚʝʥʥʦʝ ʟʘ ʟʘʪʨʘʪʳ ʵʥʝʨʛʠʠ ʥʘ 

ʧʨʝʦʜʦʣʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʳʤʠ ʩʠʣʘʤʠ ʚ 

ʧʨʦʜʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ [1, 3]. ʋʪʦʯʥʸʥʥʦʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʪʝʧʣʦʚʦʝ ʫʩʣʦʚʠʝ 

ʩʪʨʦʛʦ ʦʪʚʝʯʘʝʪ ʟʘʢʦʥʫ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʧʨʠ ʚʳʚʦʜʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ 

ʫʩʣʦʚʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ.  

ʆʪʤʝʪʠʤ, ʯʪʦ ʩʧʝʮʠʘʣʴʥʳʡ ʚʠʜ  ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ ʪʨʝʙʫʝʪ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ (ʢʘʢ ʞʠʜʢʦʩʪʠ, ʪʘʢ ʠ ʛʘʟʦʧʘʨʦʚʦʡ ʩʤʝʩʠ), ʘ ʪʘʢʞʝ 

ʘʜʜʠʪʠʚʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʬʫʥʢʮʠʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʘʨʘ ʠ 

ʜʘʚʣʝʥʠʷ ʦʪ ʧʦʧʝʨʝʯʥʳʭ ʢʦʦʨʜʠʥʘʪ. ɿʘʜʘʯʘ ʧʦʩʪʨʦʝʥʠʷ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ 

ʟʘʤʳʢʘʝʪʩʷ ʧʨʠʥʷʪʠʝʤ ʫʨʘʚʥʝʥʠʷ, ʟʘʜʘʶʱʝʛʦ ʧʣʦʩʢʠʡ ʭʘʨʘʢʪʝʨ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʘʟʜʝʣʘ. ɼʘʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʘʤʠʤ ʨʝʰʝʥʠʝʤ. ʇʣʦʩʢʘʷ ʬʦʨʤʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ ʜʦʧʫʩʢʘʝʪʩʷ ʢʘʢ ʦʜʥʦ ʠʟ ʨʝʰʝʥʠʡ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ. 

(cʤ. ʧʦʜʨʦʙʥʳʝ ʧʦʷʩʥʝʥʠʷ ʚ [4].) ʋʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʜʫʢʮʠʠ 

ʠʩʭʦʜʥʦʡ ʧʨʦʙʣʝʤʳ ʢ ʮʝʧʦʯʢʝ ʢʦʨʨʝʢʪʥʦ ʧʦʩʪʘʚʣʝʥʥʳʭ ʜʚʫʤʝʨʥʳʭ ʢʨʘʝʚʳʭ 

ʟʘʜʘʯ [5, 6], ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʨʝʘʣʴʥʳʝ 

ʢʦʥʚʝʢʪʠʚʥʳʝ ʪʝʯʝʥʠʷ, ʠʟʫʯʘʪʴ ʠʭ ʪʦʧʦʣʦʛʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʫʩʣʦʚʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʘʣʠʢʦʚʦʡ 

ʢʦʥʚʝʢʮʠʠ, ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʛʦʨʷʯʠʭ ʠ ʭʦʣʦʜʥʳʭ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʧʣʝʥʦʢ ʠ 

ʪʝʨʤʦʢʣʠʥʦʚ. (cʤ. ʧʨʠʤʝʨ ʜʚʫʭʩʣʦʡʥʦʛʦ ʪʝʯʝʥʠʷ ʥʘ ʨʠʩ. 1 ʜʣʷ ʩʠʩʪʝʤʳ 

çʵʪʘʥʦʣïʚʦʟʜʫʭè; ʨʠʩʫʥʦʢ ʧʨʝʜʩʪʘʚʣʝʥ ʜʣʷ ʠʣʣʶʩʪʨʘʮʠʠ ʪʝʯʝʥʠʷ ʧʨʠ 

ʥʦʨʤʘʣʴʥʦʡ ʛʨʘʚʠʪʘʮʠʠ, ʠʩʭʦʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʠʩʪʝʤʳ 
inT =40ÜC, 

ʧʨʦʜʦʣʴʥʦʤ ʛʨʘʜʠʝʥʪʝ ʪʝʤʧʝʨʘʪʫʨʳ  180.49A=  ÜC /ʤ, ʩʢʦʨʦʩʪʠ ʧʨʦʢʘʯʢʠ 

ʛʘʟʘ *   0.1389v =  ʤ/ʩ, ʪʦʣʱʠʥʘʭ ʩʣʦʸʚ 
1 2 h h= = 3 ʤʤ). 

ɼʣʷ ʜʚʫʭʩʣʦʡʥʳʭ ʩʠʩʪʝʤ çʵʪʘʥʦʣïʚʦʟʜʫʭè ʠʩʩʣʝʜʦʚʘʥʳ ʧʦʚʝʨʭʥʦʩʪʥʳʝ 

ʷʚʣʝʥʠʷ: ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʢʦʨʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʤʘʩʩʦʚʦʡ 

ʩʢʦʨʦʩʪʠ ʠʩʧʘʨʝʥʠʷ ʦʪ ʩʢʦʨʦʩʪʠ ʧʨʦʢʘʯʢʠ ʛʘʟʘ ʠ ʠʩʭʦʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʠʩʪʝʤʳ ʧʨʠ ʥʦʨʤʘʣʴʥʦʡ ʠ ʧʦʥʠʞʝʥʥʦʡ ʛʨʘʚʠʪʘʮʠʠ. ʇʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʢʘʟʘʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩ ʫʯʸʪʦʤ ʫʪʦʯʥʷʶʱʝʡ ʢʦʤʧʦʥʝʥʪʳ ʚ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʫʩʣʦʚʠʠ. ʇʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʚʢʣʶʯʘʷ ʜʠʥʘʤʠʯʝʩʢʠʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʜʚʠʞʝʥʠʷ. ʆʧʠʩʘʥʳ ʨʝʞʠʤʳ ʤʦʜʝʣʠʨʫʝʤʳʭ ʪʝʯʝʥʠʡ ʠ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʦʪʣʠʯʠʷ ʚ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʤʦʛʫʪ ʜʦʩʪʠʛʘʪʴ ʥʝʩʢʦʣʴʢʠʭ 

ʧʨʦʮʝʥʪʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʪʦʯʥʸʥʥʦʛʦ ʫʩʣʦʚʠʷ ʜʣʷ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ. 
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ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʥʘʣʴʥʳʭ ʚʦʣʥʦʚʦʜʦʚ, 
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The effect of the hydrodynamic flow motion on the characteristics of channel 
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ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʰʠʨʦʢʦ ʚʦʩʪʨʝʙʦʚʘʥʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʢʘʥʘʣʴʥʳʭ 

ʚʦʣʥʦʚʦʜʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʠʥʪʝʛʨʘʣʴʥʦ-ʦʧʪʠʯʝʩʢʠʭ 

ʬʘʟʦʚʳʭ ʤʦʜʫʣʷʪʦʨʦʚ. ɿʘʯʘʩʪʫʶ ʚʦʣʥʦʚʦʜʳ ʧʨʦʠʟʚʦʜʷʪʩʷ ʤʝʪʦʜʦʤ ʠʦʥʥʦʛʦ 

ʦʙʤʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʠʦʙʘʪʘ ʣʠʪʠʷ (LiNbO3) [1-4]. ɺ 

ʧʨʦʮʝʩʩʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʦʣʥʦʚʦʜʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ 

ʧʨʦʠʩʭʦʜʠʪ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ ʜʦʥʦʨʥʳʤʠ ʘʪʦʤʘʤʠ ʩʦʣʝʡ ʠʣʠ ʢʠʩʣʦʪ, 

ʥʘʧʨʠʤʝʨ, ʙʝʥʟʦʡʥʦʡ ʢʠʩʣʦʪʳ. ʇʨʠ ʵʪʦʤ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ 

ʦʙʨʘʟʫʝʪʩʷ ʠʦʥʥʳʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ. ɺ ʥʝʤ ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʧʨʦʪʦʥʥʦʛʦ 

ʦʙʤʝʥʘ, ʘ ʠʤʝʥʥʦ: ʠʦʥʳ ʣʠʪʠʷ ʠ ʙʝʥʟʦʘʪ-ʠʦʥʳ, ʨʝʢʦʤʙʠʥʠʨʫʶʪ, ʚ ʩʣʝʜʩʪʚʠʠ 

ʯʝʛʦ ʚ ʨʘʩʧʣʘʚʝ ʧʦʷʚʣʷʝʪʩʷ ʧʨʠʤʝʩʴ ʙʝʥʟʦʘʪʘ ʣʠʪʠʷ. ɽʸ ʥʘʣʠʯʠʝ ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ ʤʦʞʝʪ ʧʦʩʣʫʞʠʪʴ ʧʨʠʯʠʥʦʡ ʩʥʠʞʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ [5]. 
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ʇʦʪʝʥʮʠʘʣʴʥʦ, ʪʦʣʱʠʥʦʡ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʧʫʪʝʤ 

ʩʦʟʜʘʥʠʷ ʚ ʨʝʘʢʪʦʨʝ ʪʝʨʤʦʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʢʦʥʚʝʢʮʠʠ.  

ʉ ʮʝʣʴʶ ʧʨʦʚʝʨʢʠ ʛʠʧʦʪʝʟʳ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʟʘʧʠʨʘʶʱʝʛʦ ʠʦʥʥʦʛʦ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʨʘʙʦʪʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʪʝʨʤʦʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʪʝʯʝʥʠʷ, ʚʦʟʙʫʞʜʘʝʤʦʛʦ ʚ 

ʨʘʩʧʣʘʚʝ ʙʝʥʟʦʡʥʦʡ ʢʠʩʣʦʪʳ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʧʨʠ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʧʣʘʥʘʨʥʳʭ ʚʦʣʥʦʚʦʜʦʚ. ɺ ʨʘʙʦʪʝ ʧʨʦʪʦʥʥʳʡ ʦʙʤʝʥ ʧʨʦʚʦʜʠʣʩʷ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʙʲʝʤʥʦʛʦ ʥʠʦʙʘʪʘ ʣʠʪʠʷ Z ʠ X-ʩʨʝʟʦʚ ʪʦʣʱʠʥʦʡ 
1h=  ʤʤ ʨʘʟʤʝʨʦʤ 10 x 15 ʤʤ (ʌʦʤʦʩ) ʩʦ ʩʪʝʧʝʥʴʶ ʰʝʨʦʭʦʚʘʪʦʩʪʠ Ra < 1 ʥʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʜʥʦʨʦʜʥʦʩʪʠ ʧʨʦʪʦʥʦʦʙʤʝʥʥʳʭ ʚʦʣʥʦʚʦʜʦʚ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ 

ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʧʫʪʝʤ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʚ ʧʷʪʠ ʨʘʟʣʠʯʥʳʭ ʪʦʯʢʘʭ ʥʘ ʦʙʨʘʟʮʝ: ʚ ʮʝʥʪʨʝ ʦʙʨʘʟʮʘ ʠ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 1 ʤʤ 

ʦʪ ʝʛʦ ʢʨʘʷ ʚ ʩʝʨʝʜʠʥʝ ʢʘʞʜʦʡ ʠʟ ʛʨʘʥʝʡ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ 

ʦʮʝʥʠʚʘʣʘʩʴ ʧʫʪʝʤ ʧʦʜʩʯʸʪʘ ʢʦʣʠʯʝʩʪʚʘ ʧʨʦʪʦʥʦʚ N, ʧʨʦʥʠʢʘʶʱʠʭ ʚ 

ʢʨʠʩʪʘʣʣ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʛʣʫʙʠʥʳ ʠ ʧʨʠʨʘʱʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ, ʦʧʨʝʜʝʣʷʝʤʳʭ ʤʝʪʦʜʦʤ ʧʨʠʟʤʝʥʥʦʛʦ ʚʚʦʜʘ [6]. ʇʦʩʣʝ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʳ ʧʨʦʭʦʜʠʣʠ ʧʨʦʮʝʜʫʨʫ ʦʪʞʠʛʘ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 370Áʉ ʚ ʩʫʭʦʡ ʘʪʤʦʩʬʝʨʝ ʚ ʪʝʯʝʥʠʝ 5 ʯʘʩʦʚ ʠ ʩʥʦʚʘ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʫʢʘʟʘʥʥʳʤʠ ʤʝʪʦʜʘʤʠ.  

ʇʦʩʣʝ ʚʳʷʚʣʝʥʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚ ʨʘʙʦʪʝ ʪʘʢʞʝ ʙʳʣ ʧʨʦʚʝʜʝʥ 

ʧʨʦʪʦʥʥʳʡ ʦʙʤʝʥ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʩ ʥʘʥʝʩʝʥʥʦʡ ʥʘ 

ʦʙʨʘʟʮʳ ʟʘʱʠʪʥʦʡ ʤʘʩʢʦʡ. ʂʘʯʝʩʪʚʦ ʧʦʣʫʯʘʝʤʳʭ ʢʘʥʘʣʴʥʳʭ ʚʦʣʥʦʚʦʜʦʚ ʠ 

ʚr ʷʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʤʝʞʜʫ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠ ʚʭʦʜʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʥʪʝʛʨʘʣʴʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʩʭʝʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʦʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʣʥʦʚʦʜʦʚ I, 

ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ Imax, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʥʘ 

ʢʨʠʩʪʘʣʣʘʭ ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʍ-ʩʨʝʟʘ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʪʝʯʝʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʝʬʦʨʤʘʮʠʠ Ů ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 1. ʎʚʝʪʦʤ ʚʳʜʝʣʝʥʳ ʧʠʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ʩʠʛʥʘʣʘ 

I/Imax(Ů) ʚ ʧʨʦʛʨʘʤʤʝ Fityk. ɸʥʘʣʦʛʠʯʥʫʶ ʜʠʥʘʤʠʢʫ ʧʨʦʷʚʣʷʶʪ ʚʦʣʥʦʚʦʜʳ, 

ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʢʨʠʩʪʘʣʣʘʭ Z-ʩʨʝʟʘ, ʥʦ ʩ ʤʝʥʴʰʝʡ ʚʘʨʠʘʮʠʝʡ ʚʝʣʠʯʠʥʳ I/Imax. 

ɸʥʘʣʠʟ ʨʘʟʣʦʞʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʪ ʩʜʚʠʛʘ ʥʘ ʧʠʢʠ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʩʦ 

ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʦʡ ʧʨʦʪʦʥʥʦʦʙʤʝʥʥʳʭ ʚʦʣʥʦʚʦʜʥʳʭ ʩʣʦʝʚ [6] 

ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʩʣʝ ʧʨʦʪʦʥʥʦʛʦ ʦʙʤʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ 

ʬʦʨʤʠʨʫʶʪʩʷ ʚʦʣʥʦʚʦʜʳ ʩʦʜʝʨʞʘʱʠʝ ɓ1 ʠ ɓ2-ʬʘʟʳ. ɻʨʘʬʠʢʠ I/Imax ʦʪ Ů ʥʘ 

ʨʠʩʫʥʢʝ 1 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʫʯʘʶ ʧʨʦʪʦʥʥʦʛʦ ʦʙʤʝʥʘ, ʧʨʦʚʝʜʝʥʥʦʛʦ ʙʝʟ 

(ʩʣʝʚʘ) ʠ ʩ ʬʠʢʩʘʮʠʝʡ ʦʙʨʘʟʮʦʚ (ʩʧʨʘʚʘ). ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʚʠʜʥʦ, 

ʯʪʦ ʚ ʪʦʯʢʝ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ ʦʜʥʦʡ ʠʟ ʙʦʢʦʚʳʭ ʛʨʘʥʝʡ ʢʨʠʩʪʘʣʣʘ (ʩʧʣʦʰʥʘʷ 

ʢʨʠʚʘʷ), ʜʝʪʝʢʪʠʨʫʝʪʩʷ ʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʫʯʢʘ 

ʯʝʤ ʚ ʪʦʯʢʝ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚ ʮʝʥʪʨʝ ʦʙʨʘʟʮʘ ï ʢʨʠʚʘʷ 1, ʠ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 2 

ʤʤ ʦʪ ʢʨʘʷ ʚ ʮʝʥʪʨʝ ʪʨʝʭ ʜʨʫʛʠʭ ʛʨʘʥʝʡ ï ʢʨʠʚʳʝ 2, 3, 4. ʅʘʣʠʯʠʝ 

ʬʠʢʩʠʨʫʶʱʝʛʦ ʚʢʣʘʜʳʰʘ ʪʦʣʱʠʥʦʡ 0.8 ʤʤ ʫʩʠʣʠʣʦ ʵʬʬʝʢʪ ʥʝʦʜʥʦʨʦʜʥʦʛʦ 
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ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʚ ʫʢʘʟʘʥʥʦʡ ʪʦʯʢʝ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʫʤʝʥʴʰʘʷ ʨʘʟʥʠʮʫ ʤʝʞʜʫ 

ʧʦʢʘʟʘʥʠʷʤʠ ʦʩʪʘʣʴʥʳʭ ʦʙʣʘʩʪʝʡ (ʈʠʩ. 1ʙ). ʇʨʠ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʤ 

ʦʤʳʚʘʶʱʝʤ ʦʙʨʘʟʮʳ ʪʝʯʝʥʠʠ ʨʘʟʥʠʮʘ ʚ ʟʥʘʯʝʥʠʷʭ I/Imax ʥʘʙʣʶʜʘʣʘʩʴ ʫʞʝ ʜʣʷ 

ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʦʙʣʘʩʪʝʡ (ʈʠʩ. 1ʚ) ï ʚ ʪʦʯʢʝ ʥʘ ʨʝʙʨʝ ʙʣʠʞʘʡʰʝʤʫ ʧʦ ʭʦʜʫ 

ʪʝʯʝʥʠʷ ʠ ʚ ʮʝʥʪʨʝ ʦʙʨʘʟʮʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʬʠʢʩʠʨʫʶʱʝʛʦ ʚʢʣʘʜʳʰʘ 

ʧʦʟʚʦʣʷʣʦ ʥʠʚʝʣʠʨʦʚʘʪʴ ʜʘʥʥʳʡ ʵʬʬʝʢʪ (ʈʠʩ. 1ʛ). 

 

 
ʘ) 

 
ʙ) 

 

ʚ) 

 

ʛ) 

ʈʠʩ. 1. ʅʦʨʤʠʨʦʚʘʥʥʘʷ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪ ʚʝʣʠʯʠʥʳ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʢʨʠʩʪʘʣʣʘʭ ʍ-ʩʨʝʟʘ ʥʠʦʙʘʪʘ ʣʠʪʠʷ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʧʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʪʦʥʥʦʛʦ ʦʙʤʝʥʘ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ (ʩʣʝʚʘ) ʠ ʥʘʣʠʯʠʠ 

(ʩʧʨʘʚʘ) ʬʠʢʩʠʨʫʶʱʝʛʦ ʚʢʣʘʜʳʰʘ. ʇʝʨʝʧʘʜ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚ ʨʝʘʢʪʦʨʝ, Áʉ/ʩʤ: ʘ, ʙ) ï 0.5, ʚ, ʜ) ï 1.4 

ʆʮʝʥʢʘ ʚʣʠʷʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʥʘ ʧʨʦʮʝʩʩ 

ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʫʪʝʤ ʨʘʩʯʝʪʘ ʢʦʣʠʯʝʩʪʚʘ ʧʨʦʪʦʥʦʚ N ʚ 

ʦʙʲʝʤʝ ʧʦʜ ʝʜʠʥʠʯʥʦʡ ʧʣʦʱʘʜʴʶ ʧʣʘʥʘʨʥʦʛʦ ʚʦʣʥʦʚʦʜʘ ʚ 1 cʤ2 ʧʦ ʬʦʨʤʫʣʝ

/AN VʉN Mr= , ʛʜʝ NA ï ʯʠʩʣʦ ɸʚʦʛʘʜʨʦ, ɟ ï ʧʣʦʪʥʦʩʪʴ ʚʦʣʥʦʚʦʜʘ, V ï ʦʙʲʝʤ 

ʚʦʣʥʦʚʦʜʘ, ʄ ï ʤʦʣʷʨʥʘʷ ʤʘʩʩʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ HxLi1īxNbO3 ʧʨʠ 
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ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʦʪʦʥʦʚ ʉ ʚ ʚʦʣʥʦʚʦʜʝ. ɿʥʘʯʝʥʠʝ ʉ ʦʧʨʝʜʝʣʷʣʦʩʴ ʠʟ ʛʨʘʬʠʢʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠʨʘʱʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ æn ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʧʨʦʪʦʥʦʚ ʚ ʚʦʣʥʦʚʦʜʝ, ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ ʨʘʙʦʪʝ [6]. ʈʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʦʚ N 

ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 2. ʉʧʣʦʰʥʘʷ ʢʨʠʚʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʤʝʨʝʥʠʷʤ, 

ʧʨʦʚʦʜʠʤʳʤ ʜʦ, ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ ï ʧʦʩʣʝ, ʧʷʪʠʯʘʩʦʚʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 370Á ʉ. 

 
ʘ) 

 
ʙ) 

ʈʠʩ. 2. ʂʦʣʠʯʝʩʪʚʦ ʧʨʦʪʦʥʦʚ, ʧʨʦʥʠʢʘʶʱʠʭ ʚ ʢʨʠʩʪʘʣʣ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʟʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʦ (ʩʧʣʦʰʥʘʷ ʢʨʠʚʘʷ) ʠ ʧʦʩʣʝ 

ʧʷʪʠʯʘʩʦʚʦʛʦ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 370Á ʉ (ʧʫʥʢʪʠʨʥʘʷ ʢʨʠʚʘʷ):  

ʘ ï ʍ-ʩʨʝʟ, b ï Z-ʩʨʝʟ. 

ʀʟ ʛʨʘʬʠʢʦʚ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʧʝʨʝʧʘʜʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ 

ʧʨʠʤʝʨʥʦ ʚ 1 Áʉ/cʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʘʜʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʧʨʦʪʦʥʦʚ, 

ʧʨʦʥʠʢʘʶʱʠʭ ʚ ʢʨʠʩʪʘʣʣ ʚ ʧʨʦʮʝʩʩʝ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʪʝʤ, ʯʪʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʦʤʳʚʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʪʝʯʝʥʠʝ, ʫʜʘʣʷʷ ʠʟ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʙʝʥʟʦʘʪ ʣʠʪʠʷ, ʦʩʫʱʝʩʪʚʣʷʝʪ ʧʦʜʥʦʩ ʩʚʝʞʝʛʦ 

ʨʝʘʛʝʥʪʘ ï ʯʠʩʪʫʶ ʙʝʥʟʦʡʥʫʶ ʢʠʩʣʦʪʫ, ʧʨʦʪʦʥʳ ʢʦʪʦʨʦʡ ʥʘʯʠʥʘʶʪ ʘʢʪʠʚʥʦ 

ʧʨʦʥʠʢʘʪʴ ʚʥʫʪʨʴ ʢʨʠʩʪʘʣʣʘ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʩʨʘʚʥʠʤʦʡ ʩ ʥʘʯʘʣʴʥʳʤʠ 

ʵʪʘʧʘʤʠ ʧʨʦʪʦʥʥʦʛʦ ʦʙʤʝʥʘ, ʬʦʨʤʠʨʫʷ ʚʦʣʥʦʚʦʜ. ʆʜʥʘʢʦ, ʧʨʠ ʙʦʣʴʰʠʭ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʧʨʦʪʦʥʦʚ ʚ ʚʦʣʥʦʚʦʜʝ ʜʠʬʬʫʟʠʷ ʥʝ ʫʩʧʝʚʘʝʪ 

ʧʝʨʝʥʝʩʪʠ ʘʪʦʤʳ ʚʦʜʦʨʦʜʘ ʚʛʣʫʙʴ ʢʨʠʩʪʘʣʣʘ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʠ ʧʨʠʚʦʜʠʪ 

ʢ ʧʘʜʝʥʠʶ ʩʢʦʨʦʩʪʠ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ. ɼʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʢʦʩʚʝʥʥʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʧʨʦʪʦʥʥʦʛʦ ʦʙʤʝʥʘ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʢʨʠʩʪʘʣʣʘ ʚ ʦʙʲʝʤʝ ʙʝʥʟʦʡʥʦʡ ʢʠʩʣʦʪʳ ʚʦʟʤʦʞʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʣʦʷ ʩ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʠʦʥʦʚ ʣʠʪʠʷ, ʪʦʣʱʠʥʦʡ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʩ 

ʧʦʤʦʱʴʶ ʢʦʥʚʝʢʪʠʚʥʳʭ ʧʦʪʦʢʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʘʥʘʣʴʥʳʭ ʚʦʣʥʦʚʦʜʦʚ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʧʨʦʪʦʥʥʳʤ 

ʦʙʤʝʥʦʤ, ʧʫʪʝʤ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʧʨʠ ʚʚʦʜʝ ʠʟʣʫʯʝʥʠʷ ʚʦʣʦʢʥʦ-ʚʦʣʥʦʚʦʜ 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʦʪʝʨʠ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʷʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʦʤʳʚʘʶʱʝʛʦ ʦʙʨʘʟʝʮ ʪʝʯʝʥʠʷ, ʥʦ ʠ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʣʠʥʠʡ ʪʦʢʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ. ʊʘʢ, ʢʨʠʩʪʘʣʣʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʧʨʠ 
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ʧʨʦʪʦʥʠʨʦʚʘʥʠʠ ʟʘʱʠʪʥʦʡ ʢʨʝʤʥʝʚʦʡ ʤʘʩʢʦʡ, ʥʘʥʝʩʝʥʥʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʦʙʨʘʟʮʘ, ʚʜʦʣʴ ʪʝʯʝʥʠʷ, ʧʦʢʘʟʳʚʘʶʪ ʤʝʥʴʰʠʝ ʧʦʪʝʨʠ, ʯʝʤ ʦʙʨʘʟʮʳ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʧʦʧʝʨʝʢ ʧʦʪʦʢʘ. ɼʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʪʘʢʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʦ ʪʦʤ, ʯʪʦ ʦʙʤʳʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠ ʁʪʦʣʱʠʥʳ ʩʣʦʷ ʩ 

ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʠʦʥʦʚ ʣʠʪʠʷ, ʫʩʢʦʨʷʷ ʧʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʚʦʣʥʦʚʦʜʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ 

ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ʠ ʇʝʨʤʩʢʦʛʦ ʢʨʘʷ (ʛʨʘʥʪ ˉ 24-29-20277). 
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ɺʆʃʆʂʆʅʅʆ-ʆʇʊʀʏɽʉʂʀʁ ɼɸʊʏʀʂ ʅɸʇʈʗɾɽʅʅʆʉʊʀ 

ʕʃɽʂʊʈʆʄɸɻʅʀʊʅʆɻʆ ʇʆʃʗ ʅɸ ʆʉʅʆɺɽ ʅɽʄɸʊʀʂʆ-

ʍʆʃɽʉʊɽʈʀʏɽʉʂʆʁ ʉʄɽʉʀ 

ɸ. ʀ. ɻʦʨʜʝʝʚʘ, ɼ. ʀ. ʅʫʨʤʫʭʘʤʝʪʦʚ, ɸ. ʉ. ʇʘʥʴʢʦʚ, ʈ. ʉ. ʇʦʥʦʤʘʨʸʚ  

ʇʝʨʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

614990, ʇʝʨʤʴ, ɹʫʢʠʨʝʚʘ, 15 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʚʦʣʦʢʦʥʥʦ-

ʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʠʟʛʦʪʦʚʣʝʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʧʦʣʦʩʪʠ 

ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ, ʟʘʧʦʣʥʝʥʥʦʡ ʥʝʤʘʪʠʢʦ-ʭʦʣʝʩʪʝʨʠʯʝʩʢʦʡ ʩʤʝʩʴʶ. 

ʆʧʨʝʜʝʣʝʥʘ ʝʛʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʧʨʝʜʣʦʞʝʥʳ ʚʘʨʠʘʥʪʳ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʜʠʩʪʘʥʮʠʦʥʥʦʤ ʤʦʥʠʪʦʨʠʥʛʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʂʣʁ ʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ; ʥʝʤʘʪʠʢʦ-ʭʦʣʝʩʪʝʨʠʯʝʩʢʘ ̫ ʩʤʝʩʴ; 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 

FIBER-OPTIC  ELECTROMAGNETIC  FIELD  SENSOR 

BASED ON NEMATIC -CHOLESTEROL  MIXTURE  

ɸ. I. Gordeeva, D. I. Nurmuhametov, A. S. Pankov, R.S. Ponomarev,  

Perm State University, 

15 Bukireva St., 614990, Perm 

A fiber-optic electromagnetic field sensor based on a micron-sized cavity filled with 

a nematic-cholesterol mixture is proposed and experimentally tested. Its sensitivity 

has been determined, and practical applications in remote monitoring of the magnetic 

field have been proposed. 

Keywords: fiber-optic sensor; nematic-cholesterol mixture; magnetic field26 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʚʳʩʦʢʦʡ ʧʦʧʫʣʷʨʥʦʩʪʴ ʁ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ 

ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʧʦʣʴʟʫʶʪʩʷ ʤʠʢʨʦʨʝʟʦʥʘʥʩʥʳʝ 

ʦʧʪʦʚʦʣʦʢʦʥʥʳʝ ʜʘʪʯʠʢʠ, ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ-ʇʝʨʦ. ʊʘʢʠʝ ʜʘʪʯʠʢʠ ʢʦʤʧʘʢʪʥ,r 

ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥ,r ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʝʡ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ, ʚʳʩʦʢʦʡ 

ʩʢʦʨʦʩʪʴ ʁ ʧʨʠʝʤʘ ʠ ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʘ. ɼʦʩʪʘʪʦʯʥʦ ʯʘʩʪʦ ʧʨʠ ʨʘʙʦʪʝ ʩ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ ʙʘʟʫ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʟʘʧʦʣʥʷʶʪ ʞʠʜʢʠʤʠ 

ʢʨʠʩʪʘʣʣʘʤʠ ʠʣʠ ʠʭ ʩʤʝʩʴʶ [1-6]. 

ʅʝʤʘʪʠʢʦ-ʭʦʣʝʩʪʝʨʠʯʝʩʢʘʷ ʩʤʝʩʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʩʪʚʦʨ 

ʭʦʣʝʩʪʝʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʥʝʤʘʪʠʯʝʩʢʦʤ ʞʠʜʢʦʤ ʢʨʠʩʪʘʣʣʝ, ʚ ʢʦʪʦʨʦʤ 

ʤʦʣʝʢʫʣʳ ʭʦʣʝʩʪʝʨʠʢʦʚ ʚʩʪʨʘʠʚʘʶʪʩʷ ʚ ʥʝʤʘʪʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ, ʦʙʨʘʟʫʷ 

ʩʧʠʨʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ. ʂʦʥʮʝʥʪʨʘʮʠ ̫ ʭʦʣʝʩʪʝʨʠʢʘ ʚ ʩʤʝʩʠ ʦʧʨʝʜʝʣʷʝʪ 

ʧʝʨʠʦʜ ʩʧʠʨʘʣʠ. ʅʝʤʘʪʠʯʝʩʢʠʝ ʞʠʜʢʠʝ ʢʨʠʩʪʘʣʣʳ, ʤʝʥʷʶʱʠʝ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ, ʠʩʧʦʣʴʟʫʶʪ ʚ ʜʘʪʯʠʢʘʭ ʪʝʤʧʝʨʘʪʫʨʳ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʭʦʣʝʩʪʝʨʠʢʠ, ʩʧʦʩʦʙʥʳʝ ʚʨʘʘɦʪʴ ʧʣʦʩʢʦʩʪ ɹ ʧʦʣʷʨʠʟʘʮʠʠ 

                                                           

É ɻʦʨʜʝʝʚʘ ɸ.ʀ., ʅʫʨʤʫʭʘʤʝʪʦʚ ɼ.ʀ., ʇʘʥʴʢʦʚ ɸ.ʉ., ʇʦʥʦʤʘʨʸʚ ʈ.ʉ., 2025 
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ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʥʝʛʦ ʩʚʝʪʘ, ʯʘʱʝ ʧʨʠʤʝʥʷʶʪ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʦʪʝʩʪʠʨʦʚʘʥ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʠʟʛʦʪʦʚʣʝʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʧʦʣʦʩʪʠ ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ, ʟʘʧʦʣʥʝʥʥʦʡ 

ʥʝʤʘʪʠʢʦ-ʭʦʣʝʩʪʝʨʠʯʝʩʢʦʡ ʩʤʝʩʴʶ. ʏʫʚʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʜʘʪʯʠʢʘ ʚʳʧʦʣʥʝʥʘ 

ʥʘ ʙʘʟʝ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʦʜʥʦʤʦʜʦʚʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʪʠʧʘ "Panda", 

ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʪ̫ʴ ʧʦʣʷʨʠʟʘʮʠʶ ʚʚʝʜʝʥʥʦʛʦ ʚ ʥʝʛʦ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʄʠʢʨʦʥʥʘʷ ʧʦʣʦʩʪʴ ʥʘ ʪʦʨʮʝ ʚʦʣʦʢʥʘ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦ ʤʝʪʦʜʠʢʝ, 

ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʙʦʪʘʭ [7, 8]. ɺʚʦʜ ʥʝʤʘʪʠʢʦ-ʭʦʣʝʩʪʝʨʠʯʝʩʢʦʡ ʩʤʝʩʠ ʚ ʨʘʙʦʯʫʶ 

ʧʦʣʦʩʪʴ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʢʘʧʠʣʣʷʨʘ Femtotip Eppendorf 

ʚʥʝʰʥʠʤ ʜʠʘʤʝʪʨʦʤ 2 ʤʢʤ. ʂʘʧʠʣʣʷʨ ʨʘʩʧʦʣʘʛʘʣʩʷ ʥʘʧʨʦʪʠʚ ʤʠʢʨʦʧʦʣʦʩʪʠ. 

ʉʦʦʩʥʦʩʪʴ ʠ ʨʘʩʩʪʦʷʥʠʝ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠʩʴ ʧʨʠ ʧʦʤʦʱʠ ʪʨʝʭʦʩʥʦʛʦ 

ʤʠʢʨʦʧʦʟʠʮʠʦʥʝʨʘ. ʇʦʩʣʝ ʶʩʪʠʨʦʚʢʠ ʢʦʥʯʠʢ ʢʘʧʠʣʣʷʨʘ ʚʚʦʜʠʣʩʷ ʚ ʧʦʣʦʩʪʴ 

ʠ ʧʦʜ ʢʦʥʪʨʦʣʝʤ ʚʠʜʝʦʢʘʤʝʨʳ ʩ ʧʦʤʦʱʴʶ ʰʧʨʠʮʝʚʦʛʦ ʥʘʩʦʩʘ LongerPump 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʟʘʧʦʣʥʝʥʠʝ ʢʘʚʝʨʥʳ ʥʝʤʘʪʠʢʦ-ʭʦʣʝʩʪʝʨʠʯʝʩʢʦʡ ʩʤʝʩʴʶ 

(ʨʠʩ.1ʘ) [9].  

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʜʘʪʯʠʢʘ ʠ ʩʥʷʪʠʷ ʘʤʧʣʠʪʫʜʥʦ-

ʯʘʩʪʦʪʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ ʧʦʤʝʱʘʣʦʩʴ ʚ ʦʙʣʘʩʪʴ 

ʦʜʥʦʨʦʜʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʷʨʠʟʦʚʘʥʥʦʝ 

ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ 1 ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1550 ʥʤ ʧʨʠ ʧʦʤʦʱʠ ʮʠʨʢʫʣʷʪʦʨʘ 2 

ʥʘʧʨʘʚʣʷʣʦʩʴ ʚ ʤʠʢʨʦʧʦʣʦʩʪʴ, ʟʘʧʦʣʥʝʥʥʫʶ ʞʠʜʢʠʤʠ ʢʨʠʩʪʘʣʣʘʤʠ 3, 

ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʥʘʭʦʜʠʣʘʩʴ ʤʝʞʜʫ ʦʙʢʣʘʜʢʘʤʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʘ 4. 

ʆʧʪʠʯʝʩʢʠʡ ʩʠʛʥʘʣ, ʧʨʦʰʝʜʰʠʡ ʯʝʨʝʟ ʩʤʝʩ ɹ ʠ ʦʪʨʘʞʝʥʥʳʡ ʦʪ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ ʞʠʜʢʠʡ ʢʨʠʩʪʘʣʣ-ʚʦʟʜʫʭ, ʜʝʪʝʢʪʠʨʦʚʘʣʩʷ ʧʦʣʷʨʠʤʝʪʨʦʤ 5. ʇʦʩʣʝ 

ʯʝʛʦ ʦʙʨʘʙʘʪʳʚʘʣʩʷ ʥʘ ʧʝʨʩʦʥʘʣʴʥʦʤ ʢʦʤʧʴʶʪʝʨʝ 6. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ 

ʫʩʪʘʥʦʚʢʠ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1ʙ. 

 

 

ʘ) ʙ) 

ʈʠʩ. 1. ʘ) ʌʦʪʦ ʟʘʧʦʣʥʝʥʠʷ ʤʠʢʨʦʧʦʣʦʩʪʠ ʥʝʤʘʪʠʢʦ-ʭʦʣʝʩʪʝʨʠʯʝʩʢʦʡ 

ʩʤʝʩʴʶ, ʙ) ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

ʉʪʦʢʩʘ: 1 ï ʠʩʪʦʯʥʠʢ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, 2 ï ʮʠʨʢʫʣʷʪʦʨ, 3 ï ʧʦʣʦʩʪʴ, 

ʟʘʧʦʣʥʝʥʥʘʷ ʥʝʤʘʪʠʢʦ-ʭʦʣʝʩʪʝʨʠʯʝʩʢʦʡ ʩʤʝʩʴʶ, 4 ï ʦʙʢʣʘʜʢʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʘ, 5 ï ʧʦʣʷʨʠʤʝʪʨ, 6 ï ʇʂ 
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʨʝʥʠʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʘʨʘʤʝʪʨʳ ʉʪʦʢʩʘ S1, S2, S3, 

ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʥʘʠʙʦʣʝʝ ʧʦʣʥʦ ʦʧʠʩʘʪʴ ʩʦʩʪʦʷʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʟʥʘʯʝʥʠʷʭ 

ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘʙʣʶʜʘʣʘʩʴ ʩʤʝʥʘ ʦʨʠʝʥʪʘʮʠʠ ʫʛʣʘ 

ʚʨʘʱʝʥʠʷ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʝʪʘ. ʀʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʫ ʵʣʣʠʧʪʠʯʥʦʩʪʠ: 

Ὡ ὛȾρ Ὓ Ὓ , ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʝ ʠ ʧʦʩʪʨʦʝʥ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʝʣʠʯʠʥʳ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʅ (ʨʠʩ. 2).  

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʵʣʣʠʧʪʠʯʥʦʩʪʠ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʤʝʥʘ ʥʝʤʘʪʠʢʘ ʥʘ ʥʝʤʘʪʠʢʦ-

ʭʦʣʝʩʪʝʨʠʯʝʩʢʫ  ʁ ʩʤʝʩʴ ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ ʢʦʤʧʘʢʪʥʳʡ, 

ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʦʙʣʘʜʘʶʱʠʡ ʚʩʝʤʠ ʧʣʶʩʘʤʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʚʳʧʦʣʥʝʥʥʳʭ ʥʘ 

ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʌʘʙʨʠ-ʇʝʨʦ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ 

ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ (ˉ FSNF-2024-0001). 
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ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʉʊʈʋʂʊʋʈʀʈʆɺɸʅʀʗ ʇʆʃʀʄɽʈʅʓʍ 

ʇʃɽʅʆʂ ʉ ʇʆʄʆʑʔʖ ʀʉʇɸʈʀʊɽʃʔʅʆʁ ʃʀʊʆɻʈɸʌʀʀ: 

ʉʃʋʏɸʁ ʏɸʉʊʀʏʅʆɻʆ ɿɸʂʈʓʊʀʗ ʇʆɺɽʈʍʅʆʉʊʀ ʊʆʅʂʆɻʆ 

ʉʃʆʗ ɾʀɼʂʆʉʊʀ ʇʆʂʈʆɺʅʓʄ ʉʊɽʂʃʆʄ 

ɺ. ʖ. ɻʦʨʜʝʝʚʘ, ʂ. ʉ. ʂʦʣʝʛʦʚ  

ɸʩʪʨʘʭʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɺ.ʅ. ʊʘʪʠʱʝʚʘ,  

414056, ɸʩʪʨʘʭʘʥʴ, ʊʘʪʠʱʝʚʘ, 20ʘ 

ʀʩʧʘʨʝʥʠʝ ʪʦʥʢʠʭ ʩʣʦʝʚ ʜʚʫʭʬʘʟʥʳʭ ʞʠʜʢʦʩʪʝʡ (ʩʫʩʧʝʥʟʠʡ, ʵʤʫʣʴʩʠʡ) 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʚʦ ʤʥʦʛʠʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʥʘʧʨʠʤʝʨ, ʚ 

ʠʩʧʘʨʠʪʝʣʴʥʦʡ ʣʠʪʦʛʨʘʬʠʠ, ʢʦʪʦʨʘʷ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʣʦʝʚ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʪʦʣʱʠʥʳ. ʂʦʥʪʨʦʣʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ ʧʨʦʮʝʩʩʘ 

ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʩʣʦʠ ʢʘʢ ʧʦʩʪʦʷʥʥʦʡ, ʪʘʢ ʠ ʧʝʨʝʤʝʥʥʦʡ ʪʦʣʱʠʥʳ ʩ ʟʘʜʘʥʥʳʤ 

ʨʠʩʫʥʢʦʤ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠʩʧʘʨʷʶʱʝʛʦʩʷ 

ʪʦʥʢʦʛʦ ʩʣʦʷ ʨʘʩʪʚʦʨʘ ʧʦʣʠʤʝʨʦʚ ʩ ʯʘʩʪʠʯʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʠʩʧʘʨʝʥʠʷ. 

ʄʦʜʝʣʴ ʨʘʟʨʘʙʦʪʘʥʘ ʥʘ ʦʩʥʦʚʝ ʧʨʠʙʣʠʞʝʥʠʷ ʩʤʘʟʢʠ ʩ ʫʩʨʝʜʥʝʥʥʳʤʠ ʧʦ 

ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ ʟʥʘʯʝʥʠʷʤʠ ʩʢʦʨʦʩʪʠ, ʧʣʦʪʥʦʩʪʠ, ʚʷʟʢʦʩʪʠ ʠ ʜʨʫʛʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʞʠʜʢʦʩʪʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʩʧʘʨʝʥʠʷ 

ʦʙʨʘʟʫʝʪʩʷ ʩʣʦʡ ʥʝʦʜʥʦʨʦʜʥʦʡ ʪʦʣʱʠʥʳ, ʠ ʤʘʢʩʠʤʫʤ ʪʦʣʱʠʥʳ ʦʢʘʟʳʚʘʝʪʩʷ 

ʧʦʜ ʢʨʘʝʤ ʦʛʨʘʥʠʯʠʪʝʣʷ ʠʩʧʘʨʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʦʥʢʠʝ ʧʣʝʥʢʠ; ʜʚʫʭʬʘʟʥʘʷ ʞʠʜʢʦʩʪʴ; ʦʛʨʘʥʠʯʝʥʠʝ ʠʩʧʘʨʝʥʠʷ 

SIMULATION  OF POLYMER  FILM  STRUCTURING  VIA  

EVAPORATIVE  LITHOGRAPHY : CASE OF PARTIAL  COVERING  

OF A THIN  LIQUID  LAYER  WITH  AN OBSTACLE 

V. Yu. Gordeeva, K. S. Kolegov 

Astrakhan Tatishchev State University, 

20a Tatishcheva, 414056, Astrakhan 

Evaporation of thin layers of two-phase liquids (suspensions, emulsions) is of interest 

in many technological processes, for example, in evaporative lithography, which is 

used to produce layers of microscopic thickness. Various factors allow to control 

production of layers with constant or variable thickness, as well as layers with a 

desired pattern. This paper presents a theoretical model of an evaporating thin layer 

of polymer solution with partial evaporation limitation. The model is developed 

based on the lubrication approximation with values of velocity, density, viscosity and 

other liquid parameters averaged over the film thickness. The simulation showed that 

a layer of uneven thickness is formed as a result of evaporation, and the maximum 

thickness is under the edge of the evaporation limiter. The simulation results are 

qualitatively consistent with the experimental data. 

Keywords: thin films; two-phase liquid; evaporation limitation27 
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ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʩ ʝʛʦ ʪʝʥʜʝʥʮʠʝʡ ʢ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʨʘʟʣʠʯʥʳʭ 

ʦʙʲʝʢʪʦʚ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʧʨʦʠʟʚʦʜʩʪʚʦ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʩ ʪʦʥʯʘʡʰʠʤʠ ʩʣʦʷʤʠ ʧʨʦʚʦʜʷʱʝʛʦ ʠʣʠ ʠʟʦʣʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʆʜʥʠʤ ʠʟ ʧʨʦʮʝʩʩʦʚ ʩʦʟʜʘʥʠʷ ʪʘʢʠʭ ʩʣʦʝʚ ʷʚʣʷʝʪʩʷ ʠʩʧʘʨʠʪʝʣʴʥʘʷ 

ʣʠʪʦʛʨʘʬʠʷ, ʧʨʠ ʢʦʪʦʨʦʡ ʞʠʜʢʠʡ ʥʦʩʠʪʝʣʴ ʥʝʢʦʪʦʨʦʡ ʚʟʚʝʩʠ ʠʩʧʘʨʷʝʪʩʷ, 

ʦʩʪʘʚʣʷʷ ʧʦʩʣʝ ʩʝʙʷ ʩʣʦʡ ʢʦʛʜʘ-ʪʦ ʚʟʚʝʰʝʥʥʳʭ ʯʘʩʪʠʮ. ʇʦʣʫʯʝʥʥʳʡ ʩʣʦʡ 

ʜʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʥʫʞʜʘʤ: ʥʝʨʦʚʥʦʩʪʠ ʠ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʪʘʤ, ʛʜʝ ʥʫʞʝʥ ʠʜʝʘʣʴʥʦ ʛʣʘʜʢʠʡ ʩʣʦʡ, ʣʠʙʦ ʥʘʣʠʯʠʝ ʯʘʩʪʠʮ 

ʪʘʤ, ʛʜʝ ʥʫʞʥʦ ʙʳʣʦ ʦʩʪʘʚʠʪʴ ʧʫʩʪʫʶ ʧʦʜʣʦʞʢʫ. ʉʦʟʜʘʥʠʝ ʧʦʢʨʳʪʠʷ ʧʫʪʝʤ 

ʠʩʧʘʨʠʪʝʣʴʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʛʠʭ ʵʬʬʝʢʪʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ 

ʠʩʧʘʨʷʶʱʝʡʩʷ ʞʠʜʢʦʩʪʠ, ʥʘʧʨʠʤʝʨ, ʢʘʧʠʣʣʷʨʥʳʭ ʪʝʯʝʥʠʡ, ʜʠʬʬʫʟʠʠ, 

ʩʝʜʠʤʝʥʪʘʮʠʠ ʠ ʪ.ʜ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʯʠʩʣʝʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʠʤʝʨʥʦʛʦ ʧʦʢʨʳʪʠʷ, ʠʤʝʶʱʝʛʦ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʘʩʪʠʯʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʠʩʧʘʨʝʥʠʷ, ʢʘʢ ʨʘʥʝʝ 

ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ [1]. 

ʈʘʩʩʤʦʪʨʠʤ ʩʣʦʡ ʨʘʩʪʚʦʨʘ ʧʦʣʠ(ʚʠʥʠʣ)ʘʮʝʪʘʪʘ ʚ ʤʝʪʘʥʦʣʝ, ʯʘʩʪʠʯʥʦ 

ʥʘʢʨʳʪʳʡ ʩʚʝʨʭʫ ʧʣʘʩʪʠʥʦʡ, ʢʦʪʦʨʘʷ ʥʝ ʢʘʩʘʝʪʩʷ ʤʝʞʬʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

çʞʠʜʢʦʩʪʴïʛʘʟè (ʨʠʩ. 1). ʉʣʦʡ ʜʦʩʪʘʪʦʯʥʦ ʪʦʥʢʠʡ, ʯʪʦʙʳ ʤʦʞʥʦ ʙʳʣʦ 

ʧʣʦʪʥʦʩʪʴ, ʚʷʟʢʦʩʪʴ, ʩʢʦʨʦʩʪʴ ʠ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ ʞʠʜʢʦʩʪʠ ʩʯʠʪʘʪʴ 

ʨʘʚʥʦʤʝʨʥʳʤʠ ʧʦ ʪʦʣʱʠʥʝ. ʐʠʨʠʥʘ ʩʣʦʷ ʙʝʩʢʦʥʝʯʥʘ ʚʧʨʘʚʦ ʠ ʚʣʝʚʦ. 

ʇʣʘʩʪʠʥʘ ʥʘʜ ʩʣʦʝʤ ʧʦʣʫʙʝʩʢʦʥʝʯʥʘ ʚʣʝʚʦ, ʧʨʠ ʵʪʦʤ ʚʥʘʯʘʣʝ ʦʪʩʪʦʠʪ ʦʪ 

ʤʝʞʬʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʨʘʩʩʪʦʷʥʠʠ Ὤ πȢυ ʤʤ. ɺʳʩʦʪʘ Ὤ  ʤʦʞʝʪ 

ʤʝʥʷʪʴʩʷ, ʧʦʩʢʦʣʴʢʫ ʧʣʘʩʪʠʥʘ ʟʘʢʨʝʧʣʝʥʘ, ʘ ʩʣʦʡ ʞʠʜʢʦʩʪʠ ʠʩʪʦʥʯʘʝʪʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʠʩʧʘʨʝʥʠʷ. ɿʘʜʘʯʘ ʩʯʠʪʘʝʪʩʷ ʦʜʥʦʤʝʨʥʦʡ, ʪʘʢ ʢʘʢ ʪʦʣʱʠʥʘ ʩʣʦʷ 

ʚʳʨʘʞʝʪʩʷ ʢʦʦʨʜʠʥʘʪʦʡ ʤʝʞʬʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ z = h(x, t) ʠ ʧʦʩʪʦʷʥʥʘ ʚʜʦʣʴ 

ʦʩʠ ʆy. ʇʣʘʩʪʠʥʘ ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʩʧʘʨʝʥʠʝ ʞʠʜʢʦʩʪʠ, ʠʟ-ʟʘ ʯʝʛʦ ʚ ʦʙʣʘʩʪʠ 

ʛʨʘʥʠʮʳ ʧʣʘʩʪʠʥʳ ʚʦʟʥʠʢʘʝʪ ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʘʨʘ, ʧʨʠʚʦʜʷʱʠʡ ʢ 

ʫʩʠʣʝʥʠʶ ʠʩʧʘʨʝʥʠʷ. ʂʨʘʡ ʧʣʘʩʪʠʥʳ ʧʨʠʤʝʤ ʟʘ ʥʫʣʝʚʫʶ ʢʦʦʨʜʠʥʘʪʫ ʧʦ x, 

ʨʘʩʩʤʘʪʨʠʚʘʷ ʦʙʣʘʩʪʴ ʦʪ ïX ʜʦ X (X = 6 ʤʤ), ʥʘʯʘʣʴʥʘʷ ʪʦʣʱʠʥʘ ʩʣʦʷ h0 = 150 

ʤʢʤ. ɿʘ ʢʦʥʝʯʥʳʡ ʤʦʤʝʥʪ ʠʩʧʘʨʝʥʠʷ tmax ʚʦʟʴʤʝʤ ʪʦ ʚʨʝʤʷ, ʟʘ ʢʦʪʦʨʦʝ 

ʨʘʩʪʚʦʨʠʪʝʣʴ ʧʦʣʥʦʩʪʴʶ ʠʩʧʘʨʠʪʩʷ, ʤʘʩʩʦʚʘʷ ʜʦʣʷ ʧʦʣʠʤʝʨʘ ʩʪʘʥʝʪ ʨʘʚʥʦʡ 1 

ʥʘ ʚʩʝʡ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ, ʘ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʩʪʘʥʝʪ ʥʫʣʝʚʦʡ. 

ʉʦʛʣʘʩʥʦ ʵʢʩʧʝʨʠʤʝʥʪʫ [1] ʚʨʝʤʷ ʧʦʣʥʦʛʦ ʠʩʧʘʨʝʥʠʷ tmax = 400 ʩ. ʅʝʢʦʪʦʨʳʝ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʠ ʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʚʟʷʪʳ ʠʟ ʨʘʙʦʪ [1ï3]. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʘʨʝʥʠʷ ʨʝʰʘʣʘʩʴ ʩʠʩʪʝʤʘ ʠʟ ʪʨʝʭ ʫʨʘʚʥʝʥʠʡ: 

1) ʫʨʘʚʥʝʥʠʝ ʵʚʦʣʶʮʠʠ ʠʩʧʘʨʷʶʱʝʡʩʷ ʧʣʝʥʢʠ 

‬Ὤ”

‬ὸ

‬Ὤό”

‬ὼ
ὐȟ (1) 

ʛʜʝ u, h, ɟ ï ʵʪʦ ʩʢʦʨʦʩʪʴ, ʪʦʣʱʠʥʘ ʠ ʧʣʦʪʥʦʩʪʴ ʞʠʜʢʦʩʪʠ, ʟʘʚʠʩʷʱʠʝ ʦʪ 

ʢʦʦʨʜʠʥʘʪʳ x ʠ ʚʨʝʤʝʥʠ t, ʘ J ï ʵʪʦ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʧʘʨʘ, ʨʘʩʩʯʠʪʳʚʘʝʤʘʷ 

ʧʦ ʬʦʨʤʫʣʝ (5) ʥʠʞʝ (ʚʩʝ ʚʝʣʠʯʠʥʳ ʙʝʟʨʘʟʤʝʨʥʳʝ); 

2) ʫʨʘʚʥʝʥʠʝ ʵʚʦʣʶʮʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʣʠʤʝʨʘ ʚ ʨʘʩʪʚʦʨʝ 
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‬ὧ

‬ὸ
ό
‬ὧ

‬ὼ

Ὄὧ ὧ

”Ὤ 0Å

‬

‬ὼ
ὈὬ”

‬ὧ

‬ὼ

ὐὧ

Ὤ”
ȟ (2) 

ʛʜʝ Ὄὧ ὧ ï ʵʪʦ ʬʫʥʢʮʠʷ ʍʵʚʠʩʘʡʜʘ, ʦʛʨʘʥʠʯʠʚʘʶʱʘʷ ʜʠʬʬʫʟʠʶ ʧʨʠ 

ʜʦʩʪʠʞʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʝʣʝʦʙʨʘʟʦʚʘʥʠʷ cg, Pe ï ʵʪʦ ʯʠʩʣʦ ʇʝʢʣʝ, ʘ D ï 

ʙʝʟʨʘʟʤʝʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ, ʟʘʚʠʩʷʱʠʡ ʦʪ ʣʦʢʘʣʴʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʣʠʤʝʨʘ. 

 

ʈʠʩ. 1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʉʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ ʤʝʥʷʝʪʩʷ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʦʣʠʤʝʨʘ, 

ʧʦʵʪʦʤʫ ʝʝ ʨʘʩʩʯʠʪʳʚʘʣʠ ʥʘ ʢʘʞʜʦʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ ʧʦ ʩʣʝʜʫʶʱʝʡ 

ʬʦʨʤʫʣʝ: 

ό . (3) 

ɿʜʝʩʴ ů ʠ ɖ ʦʙʦʟʥʘʯʘʶʪ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʠ ʚʷʟʢʦʩʪʴ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʀʩʧʘʨʝʥʠʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʘʨʘ ʥʘʜ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʣʝʥʢʠ. ʇʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʩʯʠʪʳʚʘʣʠ ʩ ʧʦʤʦʱʴʶ  

ʫʨʘʚʥʝʥʠʷ ʃʘʧʣʘʩʘ (4), ʧʨʝʜʧʦʣʘʛʘʷ ʜʠʬʬʫʟʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʠʩʧʘʨʝʥʠʷ, 

ʩʨʝʜʩʪʚʘʤʠ ʧʨʦʛʨʘʤʤʳ FlexPDE,  

ɝ• π. (4) 

ʇʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʧʘʨʘ J(x) ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʜʣʷ ʥʘʯʘʣʘ ʠʩʧʘʨʝʥʠʷ ʧʦ 

ʬʦʨʤʫʣʝ (5) ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʩʯʠʪʘʣʘʩʴ ʥʝ ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʨʝʤʝʥʠ, 

ὐ Ὀ
‬•

‬ὲᴆ
, (5) 

ʛʜʝ Dv ï ʜʠʬʬʫʟʠʷ ʧʘʨʘ ʚ ʚʦʟʜʫʭʝ, ʘ ὲᴆ ï ʚʝʢʪʦʨ ʥʦʨʤʘʣʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ. 
ɼʣʷ ʠʤʠʪʘʮʠʠ ʩʣʘʙʦʛʦ ʠʩʧʘʨʝʥʠʷ ʧʦʜ ʧʨʝʧʷʪʩʪʚʠʝʤ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʦʙʘʚʢʘ 
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Jadd = Jmax/10, ʘ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʧʘʨʘ ʧʝʨʝʩʯʠʪʳʚʘʣʘʩʴ ʧʦ ʬʦʨʤʫʣʝ J = J + 

Jadd. 

ɺʷʟʢʦʩʪʴ ʨʘʩʪʚʦʨʘ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 

ʄʫʥʠ (6), ʛʜʝ ʵʤʧʠʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ S ʠ K ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʚ ʧʨʝʜʳʜʫʱʝʡ 

ʨʘʙʦʪʝ [4],  

– –ÅØÐ . (6) 

ʂʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʨʘʩʪʚʦʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʵʤʧʠʨʠʯʝʩʢʦʡ 

ʬʦʨʤʫʣʝ (7) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʣʠʤʝʨʘ, 

Ὀ ÅØÐ
 Ⱦ

Ⱦ
. (7) 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. ʇʦʩʢʦʣʴʢʫ ʠʩʧʘʨʝʥʠʝ 

ʥʘʜ ʥʝʟʘʢʨʳʪʦʡ ʯʘʩʪʴʶ ʧʣʝʥʢʠ ʧʨʦʠʩʭʦʜʠʪ ʩʫʱʝʩʪʚʝʥʥʦ ʙʳʩʪʨʝʝ, ʨʘʩʯʝʪ ʙʳʣ 

ʚʳʧʦʣʥʝʥ ʚ ʜʚʘ ʵʪʘʧʘ: (1) ʤʝʥʴʰʠʡ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ, ʜʦ ʧʦʣʥʦʛʦ ʠʩʧʘʨʝʥʠʷ 

ʥʘʜ ʦʪʢʨʳʪʦʡ ʯʘʩʪʴʶ ʧʣʝʥʢʠ, (2) ʜʦ ʧʦʣʥʦʛʦ ʠʩʧʘʨʝʥʠʷ ʥʘʜ ʟʘʢʨʳʪʦʡ ʯʘʩʪʴʶ 

ʩ ʙʦʣʴʰʠʤ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ. ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʝʜʩʪʘʚʣʝʥ ʨʝʟʫʣʴʪʘʪ ʚʪʦʨʦʛʦ 

ʵʪʘʧʘ, ʪ.ʝ. ʦʢʦʥʯʘʥʠʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

 

ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʥʘʯʠʥʘʷ ʩ ʤʦʤʝʥʪʘ ʧʦʣʥʦʛʦ ʠʩʧʘʨʝʥʠʷ 

ʧʣʝʥʢʠ ʚ ʦʪʢʨʳʪʦʡ ʯʘʩʪʠ). ʉʣʝʚʘ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ h(x), ʩʧʨʘʚʘ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʦʣʠʤʝʨʘ ʩ(ʭ) 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʤʦʜʝʣʠ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ (ʨʠʩ. 3). ɺ ʦʙʣʘʩʪʠ ʧʦʜ ʢʨʘʝʤ ʦʛʨʘʥʠʯʠʪʝʣʷ ʦʙʨʘʟʫʝʪʩʷ 

ʫʪʦʣʱʝʥʠʝ ʧʦʣʠʤʝʨʥʦʡ ʧʣʝʥʢʠ. ʂʦʣʠʯʝʩʪʚʝʥʥʦ ʨʝʟʫʣʴʪʘʪ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ. ɺʦ-ʧʝʨʚʳʭ, ʢʦʥʝʯʥʘʷ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʚ ʩʨʝʜʥʝʤ 

ʩʦʩʪʘʚʠʣʘ 40 ʤʢʤ, ʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ [1] ï ʦʢʦʣʦ 20 ʤʢʤ. ʂʨʦʤʝ ʪʦʛʦ, ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʙʨʘʟʦʚʘʚʰʠʡʩʷ ʭʦʣʤʠʢ ʙʳʣ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʚʳʰʝ. ɺʦ-ʚʪʦʨʳʭ, 
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ʧʦʣʥʦʝ ʠʩʧʘʨʝʥʠʝ ʧʣʝʥʢʠ ʧʨʦʠʟʦʰʣʦ ʟʘ 4100 ʩʝʢʫʥʜ, ʯʪʦ ʥʘ ʧʦʨʷʜʦʢ ʙʦʣʴʰʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ. ʉʢʦʨʝʝ ʚʩʝʛʦ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ ʪʦʯʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʢʦʥʚʝʢʮʠʶ ʧʘʨʘ ʧʨʠ ʨʘʩʯʝʪʝ ʧʣʦʪʥʦʩʪʠ 

ʧʦʪʦʢʘ ʧʘʨʘ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

 ̄22-79-10216, https://rscf.ru/project/22-79-10216/. 

 
ʈʠʩ. 3. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ [1]  

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Cavadini P., Erz J., Sachsenheimer D., Kowalczyk A., Willenbacher N., 

Scharfer P., Schabel W. Investigation of the flow field in thin polymer films 

due to inhomogeneous drying // Journal of Coatings Technology and Research. 

2015. Vol. 12. P. 921ï926. 

2. Cavadini P., Krenn J., Scharfer P., Schabel W. Investigation of surface 

deformation during drying of thin polymer films due to Marangoni convection 

// Chemical Engineering and Processing: Process Intensification. 2013. 

Vol. 64. P. 24ï30. 

3. Tºnsmann M., Scharfer P., Schabel W. Transient three-dimensional flow field 
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thin films subject to short-scale Marangoni instabilities // Polymers. 2021. 

Vol. 13. P. 1223. 

4. Kolegov K. Simulation aspects of patterning polymer films via evaporative 

lithography and composite substrates // Physics of Fluids. 2024. Vol. 36, 

P. 042002. 
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ʆɹ ʆʊʃʀʏʀʀ ʊɽʄʇɽʈɸʊʋʈʅʆɻʆ ʀ ʂʆʅʎɽʅʊʈɸʎʀʆʅʅʆɻʆ 

ʇʆʃɽʁ ɺ ʈɸɹʆʏɽʄ ʇʈʆʉʊʈɸʅʉʊɺɽ ʇɽʏʀ 

ɺ ʍʆɼɽ ʇɸʈʆʌɸɿʅʆɻʆ ʉʀʃʀʎʀʈʆɺɸʅʀʗ  

ɺ. ɸ. ɼʝʤʠʥa, ʊ. ɺ. ɼʝʤʠʥʘa,b, ʊ. ʇ. ʃʶʙʠʤʦʚʘa,b  

aʇʝʨʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 

614990, ʇʝʨʤʴ, ɹʫʢʠʨʝʚʘ, 15  

bʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʇʌʀʎ, 

614013, ʇʝʨʤʴ, ʫʣ. ʂʦʨʦʣʝʚʘ, 1 

ʅʘ ʦʩʥʦʚʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ 

ʜʠʥʘʤʠʢʘ ʦʜʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʨʝʪʦʨʪʝ ʚ ʫʩʣʦʚʠʷʭ 

ʩʨʝʜʥʝʛʦ ʚʘʢʫʫʤʘ. ʈʝʰʝʥʘ ʩʦʧʨʷʞʝʥʥʘʷ ʪʝʧʣʦʚʘʷ ʟʘʜʘʯʘ, ʫʯʠʪʳʚʘʶʱʘʷ 

ʩʦʚʤʝʩʪʥʳʡ ʧʨʦʛʨʝʚ ʨʘʟʨʝʞʝʥʥʦʡ ʛʘʟʦʚʦʡ ʩʤʝʩʠ (ʘʨʛʦʥ ʧʣʶʩ ʧʘʨʳ ʢʨʝʤʥʠʷ) ʠ 

ʫʛʣʝʨʦʜʥʦʛʦ ʠʟʜʝʣʠʷ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʨʝʪʦʨʪʝ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʨʦʚʝʜʝʥʦ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʩ ʫʯʝʪʦʤ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʠ ʢʦʥʜʫʢʪʠʚʥʦʛʦ 

ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʥʦʩʘ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʨʝʤʥʠʷ ʚ ʨʘʙʦʯʝʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʝʯʠ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 

ʚʧʣʦʪʴ ʜʦ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ. ɼʘʥʦ ʦʙʲʷʩʥʝʥʠʝ, ʧʦʯʝʤʫ 

ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʚ ʨʝʪʦʨʪʝ ʪʨʝʙʫʝʪ ʢʘʨʜʠʥʘʣʴʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ ʚ ʩʘʤʦʤ ʧʨʦʩʪʦʤ ʚʠʜʝ (ʩ 

ʫʯʝʪʦʤ ʪʦʣʴʢʦ ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʧʝʨʝʥʦʩʘ) ʜʘʝʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ 

ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʘʨʦʬʘʟʥʳʡ ʤʝʪʦʜ ʩʠʣʠʮʠʨʦʚʘʥʠʷ, ʜʠʬʬʫʟʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, 

ʢʦʥʚʝʢʪʠʚʥʳʡ ʧʝʨʝʥʦʩ, ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 
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The dynamics of one-dimensional temperature distribution in a retort under medium 

vacuum conditions is analyzed. The ibvestigation is based on the modified heat transfer 

equation. The conjugate heat problem is solved, taking into account the joint heating of 

a rarefied gas mixture (argon plus silicon vapor) and a carbon product located in the 

retort. Numerical modeling is performed using the finite difference method, taking into 

account the convective and conductive transfer mechanisms. The behavior of the 

temperature field and silicon concentration in the working space of the furnace at 

different moments of time is compared until steady-state distributions are established. 

An explanation is given why the equation for silicon vapor concentration in the retort 

                                                           

É ɼʝʤʠʥ ɺ. ɸ., ɼʝʤʠʥʘ ʊ. ɺ., ʃʶʙʠʤʦʚʘ ʊ. ʇ., 2025 



135 

requires a radical modification, while the heat transfer equation in its simplest form 

(taking into account only the heat-conducting transfer mechanism) gives satisfactory 

agreement with the experimental data. 

Keywords: vapor-phase method of siliconizing, diffusive processes, convective transfer, 

numerical modeling 

ɺ ʨʘʙʦʪʘʭ [1,2] ʚʳʚʝʜʝʥʦ ʥʦʚʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ, 

ʦʧʠʩʳʚʘʶʱʝʝ ʤʘʩʩʦʧʝʨʝʥʦʩ ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʦʪ ʟʝʨʢʘʣʘ ʨʘʩʧʣʘʚʘ ʢ 

ʫʛʣʝʨʦʜʥʦʤʫ ʠʟʜʝʣʠʶ ʚ ʫʩʣʦʚʠʷʭ ʩʨʝʜʥʝʛʦ ʚʘʢʫʫʤʘ ʚ ʭʦʜʝ ʨʝʘʣʠʟʘʮʠʠ, ʪʘʢ 

ʥʘʟʳʚʘʝʤʦʛʦ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʘʨʦʬʘʟʥʦʛʦ ʩʠʣʠʮʠʨʦʚʘʥʠʷ. ʕʪʦ 

ʫʨʘʚʥʝʥʠʝ ʫʯʠʪʳʚʘʝʪ ʜʚʘ ʥʝʟʘʚʠʩʠʤʳʭ ʤʝʭʘʥʠʟʤʘ ʪʨʘʥʩʧʦʨʪʘ: 

ʜʠʬʬʫʟʠʦʥʥʳʡ ʠ ʢʦʥʚʝʢʪʠʚʥʳʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʠ ʤʝʭʘʥʠʟʤʳ ʩʦʧʦʩʪʘʚʠʤʳ 

ʠ ʜʣʷ ʘʜʝʢʚʘʪʥʦʛʦ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʪʨʝʙʫʶʪ 

ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʫʯʝʪʘ. ʉ ʯʠʩʪʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʘʥʥʦʝ 

ʫʨʘʚʥʝʥʠʝ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʜʘʚʥʦ ʠʟʚʝʩʪʥʦ [3]. ʆʥʦ ʧʨʠʥʘʜʣʝʞʠʪ ʢ 

ʢʣʘʩʩʫ ʢʚʘʟʠʣʠʥʝʡʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ 

ʧʘʨʘʙʦʣʠʯʝʩʢʦʛʦ ʪʠʧʘ ʠ ʘʥʘʣʠʟʠʨʦʚʘʣʦʩʴ ʨʘʥʝʝ ʙʝʟ ʧʨʠʚʷʟʢʠ ʢ ʢʦʥʢʨʝʪʥʳʤ 

ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʷʤ [4]. 

ɺ ʨʘʙʦʪʘʭ [1,2] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʥʘʩʢʦʣʴʢʦ ʩʫʱʝʩʪʚʝʥʥʳʤ ʷʚʣʷʝʪʩʷ 

ʢʦʥʚʝʢʪʠʚʥʳʡ ʤʘʩʩʦʧʝʨʝʥʦʩ ʚ ʫʩʣʦʚʠʷʭ ʧʘʨʦʬʘʟʥʦʛʦ ʩʠʣʠʮʠʨʦʚʘʥʠʷ. 

ʆʜʥʘʢʦ, ʧʨʠ ʚʥʠʤʘʪʝʣʴʥʦʤ ʨʘʩʩʤʦʪʨʝʥʠʠ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʜʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʷ 

ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʫʩʧʝʰʥʦ ʦʧʠʩʘʥʘ ʩ ʧʦʤʦʱʴʶ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʙʝʟ ʫʯʝʪʘ ʢʦʥʚʝʢʪʠʚʥʦʛʦ 

ʩʣʘʛʘʝʤʦʛʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʢʦʥʦʤʝʨʥʦ ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ, ʧʦʯʝʤʫ ʜʣʷ 

ʘʜʝʢʚʘʪʥʦʛʦ ʦʧʠʩʘʥʠʷ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʪʨʝʙʫʝʪʩʷ ʫʯʝʪ 

ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʘ ʜʣʷ ʨʘʩʯʝʪʘ ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ ʚʧʦʣʥʝ ʛʦʜʠʪʩʷ 

ʧʨʦʩʪʝʡʰʝʝ ʣʠʥʝʡʥʦʝ ʫʨʘʚʥʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ? ʋʨʘʚʥʝʥʠʝ ʜʣʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʩ ʫʯʝʪʦʤ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʤʘʩʩʦʧʝʨʝʥʦʩʘ, 

ʧʦʣʫʯʝʥʥʦʝ ʨʘʥʝʝ ʚ [1,2], ʠʤʝʝʪ ʚʠʜ: 

 ( )
2

c
C

D C D C
t

µ
- Ð = D

µ
. (1) 

ɿʜʝʩʴ C ï ʤʘʩʩʦʚʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ, D ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ, Dc ï ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ ʧʘʨʘʤʝʪʨ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ [1,2]. ʇʦ ʘʥʘʣʦʛʠʠ ʤʦʞʥʦ 

ʧʨʦʚʝʩʪʠ ʚʳʚʦʜ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ:  

 ( )( )t
T

D C T T
t

c
µ
- Ð Ö Ð = D

µ
,  (2) 

ʛʜʝ T ï ʧʦʣʝ ʪʝʤʧʝʨʘʪʫʨʳ, c ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʠ, Dt ï 

ʧʘʨʘʤʝʪʨ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ. ɺʪʦʨʦʝ ʩʣʘʛʘʝʤʦʝ ʚ ʣʝʚʦʡ ʯʘʩʪʠ 

ʫʨʘʚʥʝʥʠʷ (2) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʚʠʞʝʥʠʝ ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʝʨʝʥʦʩʦʤ ʪʝʧʣʘ. ʇʨʠ Dt = 0 ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʭʦʜʠʪ ʚ 

ʢʣʘʩʩʠʯʝʩʢʦʝ ʣʠʥʝʡʥʦʝ ʫʨʘʚʥʝʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. 

ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʦʜʥʦʤʝʨʥʦʤ ʩʣʫʯʘʝ ʜʣʷ ʜʚʫʭ 

ʩʚʷʟʘʥʥʳʭ ʦʙʣʘʩʪʝʡ: ʨʝʪʦʨʪʳ ʰʠʨʠʥʦʡ L = 0.9 ʤ ʠ ʧʦʨʠʩʪʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʪʦʣʱʠʥʦʡ l = 2 ʩʤ. ʅʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʛʘʟʦʚʘʷ ʩʨʝʜʘ ï ʪʚʝʨʜʳʡ 
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ʤʘʪʝʨʠʘʣ ʩʪʘʚʠʣʠʩʴ ʫʩʣʦʚʠʷ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʋʨʘʚʥʝʥʠʝ (1) ʨʝʰʘʣʦʩʴ ʪʦʣʴʢʦ ʚ ʛʘʟʝ ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ 

ʪʠʧʘ ɼʠʨʠʭʣʝ [1,2]. ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʨʝʘʣʴʥʦʤʫ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤʫ ʧʨʦʮʝʩʩʫ ʠ ʧʨʠʥʠʤʘʣʠʩʴ ʨʘʚʥʳʤʠ D = 0.7 ʤ2/ʩ, Dt = Dc = 

58 ʤ2/ʩ, c = 0.3 ʤ2/ʩ (ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʦʜʥʦʩʪʴ ʨʘʟʨʝʞʝʥʥʦʡ ʩʤʝʩʠ ʘʨʛʦʥʘ ʠ 

ʢʨʝʤʥʠʷ).  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʜʠʥʘʤʠʢʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ 

ʧʦʣʝʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1 ʠ 2. ʇʦʜ ʪʚʝʨʜʳʡ ʤʘʩʩʠʚ ʚʳʜʝʣʷʣʦʩʴ N = 37 

ʫʟʣʦʚ, ʦʙʣʘʩʪʴ ʨʝʪʦʨʪʳ ʩʦʜʝʨʞʘʣʘ N = 85 ʫʟʣʦʚ. 

    

ʈʠʩ. 1, 2. ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ (I) ʜʣʷ ʨʘʟʥʳʭ ʤʦʤʝʥʪʦʚ 

ʚʨʝʤʝʥʠ: 1 ï t = 0.01 ʩ, 2 ï t = 0.1 ʩ, 3 ï t = 10 ʩ; ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʨʝʤʥʠʷ ʚ 

ʨʝʪʦʨʪʝ (II) ʥʘ ʤʦʤʝʥʪ ʫʩʪʘʥʦʚʣʝʥʠʷ t = 10 c, ʩʣʝʚʘ ʧʦ ʛʦʨʠʟʦʥʪʘʣʠ ʦʙʱʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʫʟʣʦʚ, ʩʧʨʘʚʘ ï ʨʘʩʩʪʦʷʥʠʝ ʚ ʤʝʪʨʘʭ 

ɺʠʜʥʦ, ʯʪʦ ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʠʩʪʝʤʘ ʧʨʠʭʦʜʠʪ ʚ ʪʝʧʣʦʚʦʝ ʨʘʚʥʦʚʝʩʠʝ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʨʝʪʦʨʪʝ ʠ ʪʚʝʨʜʦʤ ʤʘʩʩʠʚʝ ʚʳʨʘʚʥʠʚʘʝʪʩʷ, 

ʧʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʦʙʨʝʪʘʝʪ ʚʳʧʫʢʣʫʶ ʬʦʨʤʫ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʥʘ 

ʠʟʜʝʣʠʠ ʠʤʝʝʪ ʤʝʩʪʦ ʧʦʣʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʢʨʝʤʥʠʷ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, 

ʢʦʥʚʝʢʪʠʚʥʳʡ ʪʝʧʣʦʧʝʨʝʥʦʩ ʪʦʣʴʢʦ ʣʠʰʴ ʫʩʢʦʨʷʝʪ ʧʨʦʮʝʩʩ ʚʳʨʘʚʥʠʚʘʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʢʘʯʝʩʪʚʝʥʥʦ ʧʨʠʚʦʜʷ ʢ ʪʦʤʫ ʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʶ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ɺʨʝʤʷ ʫʩʪʘʥʦʚʣʝʥʠʷ, 

ʦʪʚʝʯʘʶʱʝʝ ʧʦʣʥʦʤʫ ʧʨʦʛʨʝʚʫ ʩʠʩʪʝʤʳ, ʥʝʚʝʣʠʢʦ t ~ 10 ʩ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʘ 
ʙʦʣɹh ʠʭ ʚʨʝʤʝʥʘʭ ʥʝʪ ʨʘʟʥʠʮʳ ʩ ʧʦʤʦʱʴʶ ʢʘʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʪʝʧʣʘ 

ʥʘʭʦʜʠʪʩʷ ʧʦʣʝ ʪʝʤʧʝʨʘʪʫʨʳ. ʌʠʥʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʢ ʢʦʪʦʨʦʤʫ ʩʪʨʝʤʠʪʩʷ 

ʩʠʩʪʝʤʘ, ʙʫʜʝʪ ʦʜʥʠʤ ʠ ʪʝʤ ʞʝ, ʘ ʠʤʝʥʥʦ, ʙʫʜʝʪ ʦʪʚʝʯʘʪʴ ʦʜʥʦʨʦʜʥʦʤʫ 

ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ.  

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʙʶʜʞʝʪʥʦʡ ʪʝʤʦʡ ˉ 124021600038-9. 
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ɺ ʨʘʙʦʪʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʦʮʝʩʩ ʜʦʩʪʘʚʢʠ ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʢ 

ʠʟʜʝʣʠʶ ʚ ʫʩʣʦʚʠʷʭ ʩʨʝʜʥʝʛʦ ʚʘʢʫʫʤʘ. ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʫʩʪʘʥʦʚʣʝʥʠʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʜʦ 

ʠʟʜʝʣʠʷ ʚ ʭʦʜʝ ʩʠʣʠʮʠʨʦʚʘʥʠʷ. ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʥʳʝ ʤʦʜʝʣʠ ʩ ʫʯʝʪʦʤ 

ʦʩʣʦʞʥʷʶʱʠʭ ʬʘʢʪʦʨʦʚ, ʜʝʣʘʶʱʠʝ ʧʦʩʪʘʥʦʚʢʫ ʙʦʣʝʝ ʨʝʘʣʠʩʪʠʯʥʦʡ. 

ʆʜʥʦʚʨʝʤʝʥʥʦ ʚʳʧʦʣʥʷʝʪʩʷ ʘʥʘʣʠʟ ʠ ʧʨʦʚʝʨʢʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʧʦʜʭʦʜʦʚ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ ʫʯʝʪʦʤ 

ʨʝʘʣʠʩʪʠʯʥʳʭ ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʦ ʪʝʧʣʦʚʳʭ ʫʩʣʦʚʠʷʭ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʦʮʝʩʩ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ; ʧʘʨʳ ʢʨʝʤʥʠʷ; ʜʠʬʬʫʟʠʦʥʥʳʡ ʪʨʘʥʩʧʦʨʪ; 
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aPerm State University, 

15 Bukireva St., 614990, Perm 
bInstitute of Continuous Media Mechanics UB RAS,  

1 Academician Korolev St., 614013, Perm29 

The paper considers a theoretical model of the process of delivering silicon vapor to 

a product under medium vacuum conditions. The purpose of the study is to establish 

the patterns of the silicon vapor delivery process to the product during silicification. 

Different models are considered, taking into account the complicating factors that 

make the formulation more realistic. At the same time, the analysis and verification 

of existing theoretical approaches is carried out. The numerical simulation of the 

process was carried out taking into account realistic assumptions about the thermal 

conditions under which the process is carried out. 
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ɺʚʝʜʝʥʠʝ 

ʇʨʦʮʝʩʩ ʩʠʣʠʮʠʨʦʚʘʥʠʷ ʪʨʝʙʫʝʪ ʩʪʨʦʛʦʛʦ ʢʦʥʪʨʦʣʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʨʝʞʠʤʘ, ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʩʨʝʜʳ ʠ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ, ʯʪʦ ʜʝʣʘʝʪ ʢʨʘʡʥʝ 

ʚʘʞʥʳʤ ʧʨʦʚʝʜʝʥʠʝ ʪʝʧʣʦʬʠʟʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʘʤʦʛʦ ʧʨʦʮʝʩʩʘ ʜʦʩʪʘʚʢʠ ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʜʦ ʠʟʜʝʣʠʷ. ʇʨʠʤʝʥʷʝʤʳʝ ʨʘʥʝʝ 

ʤʦʜʝʣʠ [1], ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʝʨʝʥʦʩʘ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʢʨʝʤʥʠʷ ʚ ʨʘʙʦʯʝʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʦʤʳʰʣʝʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʚ ʭʦʜʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʩʠʣʠʮʠʨʦʚʘʥʠʷ, ʦʛʨʘʥʠʯʠʚʘʣʠʩʴ ʧʨʦʩʪʝʡʰʠʤʠ ʧʦʜʭʦʜʘʤʠ ʠ ʪʨʝʙʫʶʪ 

ʜʦʨʘʙʦʪʢʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʫʩʪʘʥʦʚʣʝʥʠʠ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʮʝʩʩʘ ʩʠʣʠʮʠʨʦʚʘʥʠʷ ʚ ʙʦʣʝʝ ʨʝʘʣʠʩʪʠʯʥʳʭ 

ʧʦʩʪʘʥʦʚʢʘʭ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ.  

ɺʦʟʜʝʡʩʪʚʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʟʝʨʢʘʣʘ ʨʘʩʧʣʘʚʘ 

ʈʘʥʝʝ ʧʦʜʦʙʥʘʷ ʟʘʜʘʯʘ ʨʝʰʘʣʘʩʴ ʚ ʩʣʫʯʘʝ ʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ [2]. ʈʘʩʩʤʦʪʨʠʤ ʜʚʫʤʝʨʥʫʶ ʟʘʜʘʯʫ ʩ 

ʥʝʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʨʝʪʦʨʪʝ. ʇʫʩʪʴ ʥʘ ʧʨʘʚʦʡ 

ʛʨʘʥʠʮʝ ʨʝʪʦʨʪʳ ʧʘʨʳ ʢʨʝʤʥʠʷ ʛʝʥʝʨʠʨʫʶʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T2, 

ʧʝʨʝʥʦʩʷʪʩʷ ʟʘ ʩʯʝʪ ʜʠʬʬʫʟʠʠ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʥʝʩʫʱʝʛʦ ʛʘʟʘ ʠ ʧʦʣʥʦʩʪʴʶ 

ʧʦʛʣʦʱʘʶʪʩʷ ʥʘ ʣʝʚʦʡ ʛʨʘʥʠʮʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T1 (ʨʠʩ. 1). ʇʨʦʘʥʘʣʠʟʠʨʫʝʤ 

ʢʘʢ ʙʫʜʝʪ ʤʝʥʷʪʴʩʷ ʧʦʪʦʢ ʢʨʝʤʥʠʷ ʚ ʦʙʨʘʟʝʮ ʩ ʠʟʤʝʥʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ d 

ʤʝʞʜʫ ʟʝʨʢʘʣʦʤ ʨʘʩʧʣʘʚʘ ʠ ʠʟʜʝʣʠʝʤ. 

 
ʈʠʩ. 1. ɼʚʫʭʢʦʤʧʦʥʝʥʪʥʳʡ ʛʘʟ: ʢʨʫʞʢʠ ï ʘʪʦʤʳ ʘʨʛʦʥʘ, ʨʦʤʙʠʢʠ ï ʘʪʦʤʳ 

ʢʨʝʤʥʠʷ; 1 ï ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ, 2 ï ʟʝʨʢʘʣʦ ʨʘʩʧʣʘʚʘ 

ʇʨʠ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ (1) ʩ ʫʯʝʪʦʤ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ 

ʨʘʟʥʦʩʪʝʡ. ʆʙʩʫʞʜʝʥʠʝ ʥʝʪʨʠʚʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʨʘʟʨʝʞʝʥʥʦʡ ʛʘʟʦʚʦʡ 

ʩʨʝʜʳ ʧʨʠʚʝʜʝʥʦ ʚ ʨʘʙʦʪʝ [3] 

 ( )2ʢ

ʢ

( )
C R

T C C T C D C
t

kr

hm

µ
- Ð + Ð ÖÐ = D

µ
. (1) 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʩ 

ʧʨʠʙʣʠʞʝʥʠʝʤ ʨʘʩʧʣʘʚʘ ʢ ʠʟʜʝʣʠʶ, ʚ ʣʝʚʦʡ ʯʘʩʪʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

ʛʨʘʜʠʝʥʪ ʢʨʝʤʥʠʷ ʚʦʟʨʘʩʪʘʝʪ, ʝʛʦ ʧʨʦʠʟʚʦʜʥʘʷ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʴʰʝ (ʨʠʩ. 2). ʀʟ 
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ʵʪʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʠʤʝʝʪ ʤʝʩʪʦ ʚʩʸ ʙ·ʣʴʰʘʷ ʢʨʫʪʠʟʥʘ ʛʨʘʬʠʢʘ ʥʘ ʚʭʦʜʝ ʚ 

ʠʟʜʝʣʠʝ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʦʪʦʢ ʢʨʝʤʥʠʷ ʚ ʦʙʨʘʟʝʮ ʚʦʟʨʘʩʪʘʝʪ. 

 

ʈʠʩ. 2. ɼʚʫʤʝʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʩʣʝʚʘ) ʠ ʠʟʦʣʠʥʠʠ (ʩʧʨʘʚʘ) ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʧʘʨʦʚ ʢʨʝʤʥʠʷ ʚ ʨʝʪʦʨʪʝ ʚ ʩʣʫʯʘʝ ʨʘʟʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ d ʤʝʞʜʫ ʟʝʨʢʘʣʦʤ 

ʨʘʩʧʣʘʚʘ ʠ ʠʟʜʝʣʠʝʤ: a) d = 0.8 ʤ, b) d = 0.7 ʤ, c) d = 0.6 ʤ 

ɺʣʠʷʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʝʨʢʘʣʘ ʨʘʩʧʣʘʚʘ ʧʨʠ ʥʘʣʠʯʠʠ ʩʪʦʢʘ 

ʊʝʧʝʨʴ ʧʦʤʝʩʪʠʤ ʚ ʨʝʪʦʨʪʫ ʥʘʩʦʩ, ʢʦʪʦʨʳʡ ʧʦʛʣʦʱʘʝʪ ʧʘʨʳ ʢʨʝʤʥʠʷ. ʉ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ï ʵʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʩʪʦʢ (ʨʠʩ. 3). ɹʫʜʝʤ 

ʧʝʨʝʤʝʱʘʪʴ ʟʝʨʢʘʣʦ ʨʘʩʧʣʘʚʘ ʚ ʨʝʪʦʨʪʝ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʢ ʠʟʜʝʣʠʶ ʠ ʦʙʨʘʪʥʦ.  

 
ʈʠʩ. 3. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ: 1 ï ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ, 2 ï ʟʝʨʢʘʣʦ ʨʘʩʧʣʘʚʘ, 

3 ï ʥʘʩʦʩ  

ʅʝʪʨʫʜʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʩ ʧʨʠʙʣʠʞʝʥʠʝʤ ʨʘʩʧʣʘʚʘ ʢ ʠʟʜʝʣʠʶ ʚ ʣʝʚʦʡ ʯʘʩʪʠ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʦʪʦʢ ʢʨʝʤʥʠʷ ʚ ʠʟʜʝʣʠʝ ʚʦʟʨʘʩʪʘʝʪ (ʨʠʩ. 4).  
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