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ɺʚʝʜʝʥʠʝ 

 ʅʘʩʪʦʷʱʘʷ ʜʠʩʩʝʨʪʘʮʠʷ ʧʦʩʚʷʱʝʥʘ ʦʧʨʝʜʝʣʝʥʠʶ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʫʪʝʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʯʠʩʣʝʥʥʦʤʫ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʥʘ ʥʠʭ ʬʠʟʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʩʪʝʧʝʥʴ ʝʝ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ 

ʀʥʪʝʥʩʠʚʥʦʝ ʨʘʟʚʠʪʠʝ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʧʨʠʚʝʣʦ ʢ 

ʰʠʨʦʢʦʤʫ ʚʥʝʜʨʝʥʠʶ ʤʝʪʦʜʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʠʢʣʘʜʥʳʭ 

ʦʙʣʘʩʪʷʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʩʫʜʦʩʪʨʦʝʥʠʠ [Zhang et al., 2006; Stern et al., 2012; Abhiroop et al., 

2018; ʅʠʢʠʪʠʥ, 2018; ʊʘʨʘʥʦʚ ʠ ʜʨ., 2018; ʇʫʩʪʦʰʥʳʡ, 2020]. ʇʨʠʤʝʥʝʥʠʝ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʢʦʨʘʙʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʝ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʩʫʱʝʩʪʚʝʥʥʦ ʜʦʧʦʣʥʠʪʴ 

ʠ ʨʘʩʰʠʨʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ, ʥʦ ʪʘʢʞʝ ʩʦʢʨʘʪʠʪʴ ʩʨʦʢʠ ʨʘʟʨʘʙʦʪʢʠ ʠ 

ʩʪʦʠʤʦʩʪʴ ʧʨʦʝʢʪʥʳʭ ʨʘʙʦʪ. ʂʨʦʤʝ ʪʦʛʦ, ʦʥʦ ʤʦʞʝʪ ʙʳʪʴ ʚʳʧʦʣʥʝʥʦ ʜʣʷ ʦʙʲʝʢʪʦʚ 

ʥʘʪʫʨʥʳʭ ʨʘʟʤʝʨʦʚ ʠ ʚ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʧʨʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʝʚʦʟʤʦʞʥʦ. ɼʨʫʛʠʤ 

ʚʘʞʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʥʘʪʫʨʥʳʤʠ ʠʩʧʳʪʘʥʠʷʤʠ ʠ ʤʦʜʝʣʴʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦ 

ʙʦʣʴʰʝʛʦ ʦʙʲʝʤʘ ʠʥʬʦʨʤʘʮʠʠ ʦ ʣʦʢʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʧʦʪʦʢʘ [ʃʦʙʘʯʝʚ, 2014]. 

ʄʠʨʦʚʘʷ ʧʨʘʢʪʠʢʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʘ ʧʦʩʣʝʜʥʠʝ 

ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ ʥʘʢʦʧʠʣʘ ʟʥʘʯʠʪʝʣʴʥʳʡ ʦʧʳʪ ʚ ʦʙʣʘʩʪʠ ʢʦʨʘʙʝʣʴʥʦʡ 

ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʪʨʘʜʠʮʠʦʥʥʦ ʧʨʦʚʦʜʷʪʩʷ ʤʝʞʜʫʥʘʨʦʜʥʳʝ ʪʝʤʘʪʠʯʝʩʢʠʝ ʩʠʤʧʦʟʠʫʤʳ ʠ 

ʢʦʥʬʝʨʝʥʮʠʠ, ʪʘʢʠʝ ʢʘʢ Workshop on Verification and Validation of Ship Maneuvering 

Simulation Methods (SIMMAN) [Stern et al., 2011], CFD in Ship Hydrodynamics [Hino, 2005; 

Larsson et al., 2014], ʢʦʪʦʨʳʡ ʧʨʦʭʦʜʠʪ ʢʘʞʜʳʝ ʧʷʪʴ ʣʝʪ ʧʦʦʯʝʨʝʜʥʦ ʚ ɻʝʪʝʙʦʨʛʝ (ʐʚʝʮʠʷ) 

ʠ ʊʦʢʠʦ (ʗʧʦʥʠʷ), International Towing Tank Conference (ITTC) [Proceedings of the 27th ITTC, 

2014], International Symposium on Marine Propulsors (SMP) [Report for the 2nd International 

Symposium on Marine Propulsors, 2011], Numerical Towing Tank Symposium [Bertram, 2009; 

Bensow, 2014]. ʉʦʚʨʝʤʝʥʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʧʦʟʚʦʣʷʶʪ 

ʦʭʚʘʪʠʪʴ ʤʥʦʛʠʝ ʘʢʪʫʘʣʴʥʳʝ ʟʘʜʘʯʠ ʩʫʜʦʩʪʨʦʝʥʠʷ: ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʢʦʨʧʫʩʦʚ 

ʩʫʜʦʚ [Ahmed Y. et al., 2010; Thien et al., 2015; Feng et al., 2020], ʦʧʨʝʜʝʣʝʥʠʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʫʜʦʚʳʭ ʜʚʠʞʠʪʝʣʝʡ [Da-Qing, 2006; Dymarski, 2008; 

Yu et al., 2013], ʜʠʥʘʤʠʢʘ ʩʫʜʦʚ ʥʘ ʚʩʪʨʝʯʥʦʤ ʚʦʣʥʝʥʠʠ [Deng et al., 2010; Guo et al., 2012; 

Sadat-Hosseini et al., 2013; Tezdogann et al.; 2015], ʩʘʤʦʭʦʜʥʳʝ ʠ ʤʘʥʝʚʨʝʥʥʳʝ ʠʩʧʳʪʘʥʠʷ 

[Castro, 2011; Shen, 2015; Simonsen and Stern, 2005; Toxopeus et al., 2013], ʦʮʝʥʢʘ 

ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ [Hochkirch and Mallol, 2013; Lungu, 2019; Liu et al., 2021] ʠ ʤʥʦʛʠʝ 



4 
 

ʜʨʫʛʠʝ. ɺ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʧʨʘʢʪʠʢʝ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʨʘʙʦʪʳ ʢʦʣʣʝʢʪʠʚʘ ʂʨʳʣʦʚʩʢʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʥʘʫʯʥʦʛʦ ʮʝʥʪʨʘ [ʇʘʥʦʚ ʠ ʜʨ., 2013; ɹʘʛʘʝʚ ʠ ʜʨ., 2017; ʊʘʨʘʥʦʚ, 2019; 

ʊʘʨʘʥʦʚ ʠ ʃʦʙʘʯʝʚ, 2013; ɹʣʠʱʠʢ ʠ ʊʘʨʘʥʦʚ, 2018; ʗʢʦʚʣʝʚ, 2019 ʠ ʜʨ.], ʨʘʙʦʪʳ 

ʇʝʯʝʥʶʢʘ ɸ.ɺ. (Digital Marine Technology, ʛ. ʆʜʝʩʩʘ) [ʇʝʯʝʥʶʢ 2006, 2014, 2017ʘ, 2017ʙ, 

2018; ɸʢʩʝʥʦʚ ʠ ʜʨ., 2013], ʘ ʪʘʢʞʝ ʨʘʙʦʪʳ ʈʌʗʎ-ɺʅʀʀʕʌ (ʛ. ʉʘʨʦʚ) [ʇ1-ʇ5; 0; ʇ10; 

ʂʨʫʪʷʢʦʚʘ ʠ ʜʨ., 2021; ʋʪʢʠʥ ʠ ʜʨ., 2021].   

ʆʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʟʘʜʘʯ ʢʦʨʘʙʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʷʚʣʷʝʪʩʷ ʪʦʯʥʦʝ 

ʦʧʨʝʜʝʣʝʥʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ʈʘʙʦʪʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦʡ ʩʣʦʞʥʦʩʪʴʶ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ [Bertram, 2000; ɸʥʪʦʥʝʥʢʦ, 

2007]. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʟʘʜʘʯʘʭ ʪʘʢʦʛʦ ʢʣʘʩʩʘ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʠʪʳʚʘʪʴ ʩʦʯʝʪʘʥʠʝ ʤʥʦʛʠʭ ʬʘʢʪʦʨʦʚ: ʪʫʨʙʫʣʝʥʪʥrʡ ʭʘʨʘʢʪʝʨ ʪʝʯʝʥʠʷ ʩ ʧʝʨʝʭʦʜʥʳʤʠ 

ʟʦʥʘʤʠ, ʚʨʘʱʝʥʠʝ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ ʝʛʦ ʧʝʨʝʤʝʱʝʥʠʝ ʠʟ-ʟʘ ʢʘʯʢʠ ʩʫʜʥʘ, ʧʨʦʮʝʩʩʳ 

ʢʘʚʠʪʘʮʠʠ, ʥʘʣʠʯʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʚʦʣʥʦʦʙʨʘʟʦʚʘʥʠʝʤ. ʂʨʦʤʝ ʪʦʛʦ, ʨʘʩʯʝʪ 

ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʠʤʝʁɦ ʝʛʦ ʩʣʦʞʥʫʶ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ, 

ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ [ɹʦʨʠʩʝʥʢʦ ʠ ʜʨ., 

2018], ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʥʘʢʣʘʜʳʚʘʝʪ ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʥʘ ʨʝʘʣʠʟʘʮʠʶ 

ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ. ɺʩʝ ʵʪʦ ʜʝʣʘʝʪ ʨʘʩʯʝʪ ʪʝʯʝʥʠʷ ʚʦʢʨʫʛ ʚʨʘʱʘʶʱʝʛʦʩʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʢʦʤʧʣʝʢʩʥʦʡ ʟʘʜʘʯʝʡ. 

ʉʨʝʜʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ ʥʘʫʯʥʳʭ ʪʨʫʜʦʚ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʦʧʨʝʜʝʣʝʥʠʶ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʨʘʙʦʪʳ, 

ʚ ʢʦʪʦʨʳʭ ʤʦʜʝʣʠʨʫʝʪʩʷ ʩʧʣʦʰʥʦʝ ʦʙʪʝʢʘʥʠʝ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ 

ʚʦʜʳ [Felicjancik et al., 2016; Guilmineau et al., 2016; Niroumand, 2018; ʂʫʟʥʝʮʦʚʘ ʠ ʊʘʨʘʥʦʚ, 

2022], ʢʘʚʠʪʘʮʠʦʥʥʦʝ ʦʙʪʝʢʘʥʠʝ [Ji et al., 2012; Morgut and Nobile, 2012; Gaggero et al., 2014; 

ɹʘʛʘʝʚ ʠ ʜʨ., 2017; ʊʢʘʯʝʥʢʦ, 2017; ʂʨʫʪʷʢʦʚʘ ʠ ʜʨ., 2021], ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʘʙʦʪʘ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ [Dhinesh et al., 2010; Castro et al., 2011; Liefvendahl and Bensow, 

2014; ʊʘʨʘʥʦʚ, 2019], ʧʨʦʚʦʜʠʪʩʷ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ [Dong et al., 2018; Lungu, 2019; Grlj et 

al., 2022]. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ 

ʤʦʜʝʣʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ 

ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʤʦʜʝʣʴʥʦʤ ʤʘʩʰʪʘʙʝ [ʇʘʥʦʚ ʠ ʜʨ., 2013; ʊʘʨʘʥʦʚ ʠ ʃʦʙʘʯʝʚ, 2013; 

Baltazar et al., 2017], ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʪʠʧʦʚ 

ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʟʘʜʘʯʘʤ ʦʧʨʝʜʝʣʝʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ [Morgut and Nobile, 2012; Bennaya et al., 2013; Sikirica et al., 2019; Tu, 2019; 

Grlj et al., 2022], ʦʙʩʫʞʜʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʧʦʜʭʦʜʦʚ [Asnaghi et al., 

2015; Guilmineau et al., 2016; Ahmed S. et al., 2019; Zhu and Gao, 2019; Lungu, 2020], 
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ʦʮʝʥʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʩʝʪʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʦʥ ʠʟʤʝʣʴʯʝʥʠʷ ʩʝʪʢʠ ʥʘ 

ʪʦʯʥʦʩʪʴ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ [ʊʘʨʘʥʦʚ, 2015]. ʅʝʩʤʦʪʨʷ ʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʩʝʨʴʝʟʥʳʝ ʫʩʧʝʭʠ ʧʨʠʤʝʥʝʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʜʣʷ 

ʨʘʩʯʝʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʩ ʧʦʤʦʱʴʶ ʩʦʚʨʝʤʝʥʥʳʭ 

ʦʪʢʨʳʪʳʭ (OpenFOAM) ʠ ʢʦʤʤʝʨʯʝʩʢʠʭ ʧʘʢʝʪʦʚ ʧʨʦʛʨʘʤʤ (FLUENT, ANSYS CFX, STAR-

CCM), ʥʘʡʪʠ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʧʦʣʥʦʡ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʨʝʘʣʠʟʘʮʠʠ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʪʘʢʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ. ʇʦʵʪʦʤʫ 

ʨʘʟʨʘʙʦʪʢʘ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʩ ʫʯʝʪʦʤ 

ʚʩʝʭ ʟʥʘʯʘʱʠʭ ʬʘʢʪʦʨʦʚ ʠ ʝʸ ʚʥʝʜʨʝʥʠʝ ʚ ʦʪʝʯʝʩʪʚʝʥʥʳʝ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʣʝʢʩʳ ̫ ʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

ʉʦʚʨʝʤʝʥʥʳʡ ʧʦʜʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʨʘʙʦʪʳ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ ʦʩʥʦʚʘʥ 

ʥʘ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʘ VOF ʩʦʚʤʝʩʪʥʦ ʩ ʪʦʡ ʠʣʠ ʠʥʦʡ 

ʤʦʜʝʣʴ ʁʢʘʚʠʪʘʮʠʠ [Kunz et al., 2000; Schnerr and Sauer, 2001; Singhal et al., 2002; Zwart et 

al., 2004]. ɽʛʦ ʧʨʠʤʝʥʝʥʠʝ ʤʦʞʥʦ ʥʘʡʪʠ ʚ [Zhu et al., 2010; Ji et al., 2012; Morgut and Nobile, 

2012; Paik et al., 2013; Gaggero et al., 2014; ɹʘʛʘʝʚ ʠ ʜʨ., 2017; Yilmaz et al., 2017; ʊʢʘʯʝʥʢʦ 

ʠ ʏʝʧʫʨʢʦ, 2017; Viitanen et al., 2020; Zhao et al., 2020; ʂʨʫʪʷʢʦʚʘ ʠ ʜʨ., 2021]. ɺ ʨʘʙʦʪʘʭ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʘʣʠʜʘʮʠʦʥʥʘʷ ʙʘʟʘ, ʧʦʣʫʯʝʥʳ ʯʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʧʨʝʜʩʢʘʟʘʥʠʷ 

ʧʦʷʚʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʢʘʚʠʪʘʮʠʠ. ʂʘʚʠʪʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʧʨʦʪʝʢʘʥʠʷ, ʤʘʣʳʤʠ ʨʘʟʤʝʨʘʤʠ ʠ ʤʘʣʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʢʘʚʝʨʥ [ɹʘʛʘʝʚ ʠ ʜʨ., 2017]. ʇʦʣʫʯʘʝʤʦʝ ʨʝʰʝʥʠʝ ʚ ʪʘʢʠʭ ʟʘʜʘʯʘʭ ʥʝʫʩʪʦʡʯʠʚʦ, ʦʩʦʙʝʥʥʦ ʥʘ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ ʩ ʢʦʥʝʯʥʦ-ʦʙʲʝʤʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-

ʉʪʦʢʩʘ, ʧʦʵʪʦʤʫ ʪʨʝʙʫʪʁʩ ̫ ʘʜʘʧʪʘʮʠ ̫ ʧʨʠʤʝʥʷʝʤʳʭ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠ ʠʭ 

ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʚʘʣʠʜʘʮʠʷ.  

ɼʣʷ ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ ʚʠʥʪʘ ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʦʜʠʥ ʠʟ ʜʚʫʭ ʧʦʜʭʦʜʦʚ: ʧʝʨʝʭʦʜ ʚ 

ʥʝʠʥʝʨʮʠʘʣʴʥʫʶ ʧʦʜʚʠʞʥʫʶ ʩʠʩʪʝʤʫ ʦʪʩʯʝʪʘ [Li  L. et al., 2000; Guo et al., 2014; Baltazar et 

al., 2021; Tu, 2019; Grlj et al., 2022], ʣʠʙʦ ʷʚʥʳʡ ʫʯʸʪ ʚʨʘʱʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʩʢʦʣʴʟʷʱʠʭ 

[Dhinesh et al., 2010; Zhang, 2010; Bugalski and Hoffmann, 2011; Paik et al., 2013; Liefvendahl 

and Bensow, 2014; ʊʘʨʘʥʦʚ, 2019] ʠ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ [Castro et al., 2011; Shen et al., 

2015; Wang et al., 2016]. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʩʯʝʪʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʧʦʪʦʢʦʚ, ʪʠʧʠʯʥʳʡ ʩʧʦʩʦʙ ʥʘʭʦʞʜʝʥʠʷ ʢʦʪʦʨʳʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʚʝʢʪʦʨʥʦʛʦ 

ʧʨʦʠʟʚʝʜʝʥʠʷ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ʠ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ. ʆʜʥʘʢʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʧʨʠʚʦʜʠʪ ʢ 

ʜʠʩʙʘʣʘʥʩʫ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʚʦʟʤʫʱʝʥʠʶ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ [ʇ19], ʯʪʦ ʦʩʦʙʝʥʥʦ 

ʟʘʤʝʪʥʦ ʚ ʟʘʜʘʯʘʭ, ʛʜʝ ʛʨʝʙʥʦʡ ʚʠʥʪ ʨʘʙʦʪʘʝʪ ʥʘ ʰʚʘʨʪʦʚʥʳʭ ʨʝʞʠʤʘʭ. ɼʨʫʛʘʷ ʩʣʦʞʥʦʩʪʴ, 

ʩʚʷʟʘʥʥʘʷ ʩ ʚʨʘʱʝʥʠʝʤ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʝʣʠʯʠʥʝ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʚ ʟʘʜʘʯʝ 

ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʛʨʝʙʥʦʡ ʚʠʥʪ ʨʘʙʦʪʘʝʪ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ. ʊʠʧʠʯʥʦʝ 
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ʚʨʝʤʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʩʫʜʥʘ ï ʜʝʩʷʪʢʠ ʩʝʢʫʥʜ ʠ ʤʠʥʫʪʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʨʘʟʤʝʨ 

ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ ʦʛʨʘʥʠʯʝʥ ʥʝʩʢʦʣʴʢʠʤʠ ʛʨʘʜʫʩʘʤʠ ʧʦʚʦʨʦʪʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ɺ ʩʚʷʟʠ ʩ 

ʵʪʠʤ, ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʘʜʘʧʪʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ ʥʘ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʢʘʭ, ʧʦʟʚʦʣʷʶʱʘ ̫ ʧʦʚʳʩʠʪʴ ʚʝʣʠʯʠʥʫ ʚʨʝʤʝʥʥʦʛʦ 

ʰʘʛʘ ʚ ʟʘʜʘʯʘʭ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ ʠʟʙʝʞʘʪʴ ʦʩʮʠʣʣʷʮʠʠ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ. 

ɺ ʩʣʫʯʘʝ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʢʨʦʤʝ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʥʝʦʙʭʦʜʠʤʦ 

ʪʘʢʞʝ ʫʯʠʪʳʚʘʪʴ ʧʝʨʝʤʝʱʝʥʠʝ ʩʫʜʥʘ, ʢʦʪʦʨʦʝ ʦʙʳʯʥʦ ʠʤʝʝʪ ʥʝʩʢʦʣʴʢʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ. 

ʋʯʝʪ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ. ʂ ʥʘʠʙʦʣʝʝ 

ʧʦʧʫʣʷʨʥʳʤ ʧʦʜʭʦʜʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʜʚʠʞʥʳʭ ʪʝʣ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʪʝʭʥʦʣʦʛʠʶ 

ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ, ʚʩʪʨʝʯʘʶʱʫʶʩʷ ʚ ʨʘʙʦʪʘʭ  [Carrica et al., 2010; Castro et al., 2011; 

Shen et al., 2015; Wang J. et al., 2016; ʇ3; ʇ10], ʠ ʤʝʪʦʜ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ, 

ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ [Liefvendahl and Bensow, 2014; ʊʘʨʘʥʦʚ, 2019; Krasilnikov et al., 2022; ʇ3; 

ʇ10]. ʍʦʪʷ ʚ ʫʢʘʟʘʥʥʳʭ ʨʘʙʦʪʘʭ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʨʝʬʝʨʝʥʩʥʳʤʠ ʜʘʥʥʳʤʠ, ʚʳʙʦʨ ʤʝʪʦʜʘ ʫʯʝʪʘ 

ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ ʚ ʥʠʭ ʥʠʢʘʢ ʥʝ ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ. ʇʦʵʪʦʤʫ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʵʪʠʭ ʜʚʫʭ 

ʤʝʪʦʜʦʚ ʥʫʞʜʘʝʪʩʷ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ, ʢʘʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʦʯʥʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʰʝʥʠʷ, 

ʪʘʢ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʨʝʙʫʝʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʨʘʙʦʪʳ 

ʩʫʜʦʚʳʭ ʜʚʠʞʠʪʝʣʝʡ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʩ ʧʦʤʦʱʴʶ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʤʥʦʛʠʝ ʚʦʧʨʦʩʳ, ʢʘʩʘʶʱʠʝʩʷ ʚʣʠʷʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʦʩʪʘʶʪʩʷ ʦʪʢʨʳʪʳʤʠ [Proceedings of 

the 29th ITTC, 2021]. ʆʜʥʘ ʠʟ ʧʨʦʙʣʝʤ ʩʚʷʟʘʥʘ ʩ ʨʘʙʦʪʦʡ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʤʦʨʩʢʦʛʦ 

ʚʦʣʥʝʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʦʥ ʧʦʜʚʝʨʞʝʥ ʩʣʦʞʥʦʤʫ ʜʚʠʞʝʥʠʶ ʠ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʚ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʢ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʠʣʴʥʦ 

ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʝʛʦ ʧʨʦʧʫʣʴʩʠʚʥʳʭ ʩʚʦʡʩʪʚʘʭ. ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʜʘʥʥʦʤʫ ʚʦʧʨʦʩʫ [Guo et al., 2014; Zhao, 2017; Paik, 2017; Jang et al, 2019; Li  et al, 2019; Eom 

et al., 2021; Zhang et al., 2021; Gamal et al., 2024]. ɿʜʝʩʴ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʠʟ ʥʠʭ ʠʩʩʣʝʜʫʝʪʩʷ ʛʨʝʙʥʦʡ ʚʠʥʪ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ, ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ, ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʢʘʯʢʠ ʩʫʜʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʪʦʣʴʢʦ ʦʜʥʘ 

ʩʪʝʧʝʥʴ ʩʚʦʙʦʜʳ. ʂʨʦʤʝ ʪʦʛʦ, ʚʦ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʨʘʙʦʪʘʭ ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ 

ʧʨʦʚʦʜʷʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʦʙʲʝʢʪʦʚ ʤʦʜʝʣʴʥʳʭ ʨʘʟʤʝʨʦʚ. ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʦʩʪʘʶʪʩʷ 

ʘʢʪʫʘʣʴʥʳʤʠ ʧʦʣʥʦʤʘʩʰʪʘʙʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʢʘʢ ʜʣʷ ʨʘʙʦʪʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ 

ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ, ʪʘʢ ʠ ʜʣʷ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ ʩ ʫʯʝʪʦʤ ʚʩʝʭ ʟʥʘʯʠʤʳʭ ʬʘʢʪʦʨʦʚ. ʊʘʢʠʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʧʦʩʚʷʱʝʥʳ ʧʘʨʘʛʨʘʬʳ ʜʠʩʩʝʨʪʘʮʠʠ. 
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ɺ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʯʠʩʣʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʘʢʝʪ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè, ʬʫʥʢʮʠʦʥʘʣ ʢʦʪʦʨʦʛʦ ʥʘ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʟʚʠʪʳʤ ʩʨʝʜʠ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʠ 

ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʰʠʨʦʢʠʡ ʢʣʘʩʩ ʟʘʜʘʯ. ʇʘʢʝʪ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʫʞʝ ʧʨʠʤʝʥʷʝʪʩʷ ʚʦ 

ʤʥʦʛʠʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʪʘʢʠʭ ʢʘʢ ʘʚʠʘʩʪʨʦʝʥʠʝ, ʨʘʢʝʪʥʦ-ʢʦʩʤʠʯʝʩʢʘʷ ʦʪʨʘʩʣʴ, 

ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʝ, ʘʪʦʤʥʘʷ ʵʥʝʨʛʝʪʠʢʘ, ʧʦʜ ʦʩʦʙʝʥʥʦʩʪʠ ʢʦʪʦʨʳʭ ʙʳʣ ʜʦʧʦʣʥʝʥ ʠ 

ʨʘʩʰʠʨʝʥ ʝʛʦ ʦʩʥʦʚʥʦʡ ʬʫʥʢʮʠʦʥʘʣ [ʂʦʟʝʣʢʦʚ ʠ ʜʨ., 2015; ʂʦʟʝʣʢʦʚ, 2016; ɽʬʨʝʤʦʚ ʠ ʜʨ., 

2019; ʂʦʟʝʣʢʦʚ ʠ ɻʘʣʘʥʦʚ, 2024; Kozelkov et al., 2024]. ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩʫʜʦʩʪʨʦʝʥʠʷ, ʘ 

ʠʤʝʥʥʦ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ ʩ 

ʢʦʥʝʯʥʦ-ʦʙʲʝʤʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʥʝʦʙʭʦʜʠʤʘ ʜʦʨʘʙʦʪʢʘ 

ʙʘʟʦʚʦʡ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè, 

ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʠʪ ʧʨʦʚʝʩʪʠ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠ ̫ɻ ʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ 

ʠ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʝʛʦ ʨʘʙʦʪʫ. 

ʀʟ ʚʩʝʛʦ ʧʨʠʚʝʜʝʥʥʦʛʦ ʚʳʪʝʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʚʳʧʦʣʥʝʥʥʳʭ ʚ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʠ. 

ʎʝʣʠ ʜʠʩʩʝʨʪʘʮʠʠ 

ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʪʨʝʭʤʝʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʠ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʥʘ 

ʥʠʭ ʬʠʟʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ ʙʳʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ 

ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʋʩʪʘʥʦʚʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʝʸ 

ʚʦʣʥʝʥʠʷ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ ʩʠʩʪʝʤʳ çʢʦʨʧʫʩ-

ʚʠʥʪè ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

2. ʋʩʪʘʥʦʚʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. 

3. ʀʩʩʣʝʜʦʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʘ ʠʤʝʥʥʦ 

ʧʨʦʚʝʩʪʠ ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʮʝʥʢʫ ʚʣʠʷʥʠʷ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʝʨʝʭʦʜʘ ʠ ʚʳʙʦʨʘ ʩʭʝʤ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʥʘ ʪʦʯʥʦʩʪʴ ʧʨʦʛʥʦʟʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ ʠ ʢʘʚʠʪʘʮʠʠ. 

4. ʀʩʩʣʝʜʦʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ çʢʦʨʧʫʩ-ʚʠʥʪè: ʚʳʙʨʘʪʴ ʠ 

ʦʙʦʩʥʦʚʘʪʴ ʦʧʪʠʤʘʣʴʥʳʡ ʧʦʜʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ ʚ ʩʘʤʦʭʦʜʥʳʭ 

ʠʩʧʳʪʘʥʠʷʭ ʠ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʥʘ ʪʦʯʥʦʩʪʴ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʧʦʩʘʜʢʠ ʢʦʨʧʫʩʘ. 
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5. ʉʬʦʨʤʫʣʠʨʦʚʘʪʴ ʠ ʚʘʣʠʜʠʨʦʚʘʪʴ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ 

ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʫʯʠʪʳʚʘʶʱʫʶ ʪʫʨʙʫʣʝʥʪʥʳʡ ʭʘʨʘʢʪʝʨ ʪʝʯʝʥʠʷ ʩ ʥʘʣʠʯʠʝʤ 

ʧʝʨʝʭʦʜʥʳʭ ʟʦʥ ʠ ʣʘʤʠʥʘʨʥʳʭ ʫʯʘʩʪʢʦʚ ʚ ʩʣʫʯʘʝ ʤʦʜʝʣʴʥʦʛʦ ʤʘʩʰʪʘʙʘ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ, ʥʘʣʠʯʠʝ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʠʩʫʪʩʪʚʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩ 

ʚʦʣʥʦʦʙʨʘʟʦʚʘʥʠʝʤ, ʘ ʪʘʢʞʝ ʚʨʘʱʝʥʠʝ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʷʚʥʦʤ ʚʠʜʝ. 

6. ʈʘʟʨʘʙʦʪʘʪʴ ʤʦʜʠʬʠʢʘʮʠʠ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʧʦʚʳʰʝʥʠʝ 

ʩʢʦʨʦʩʪʠ ʩʭʦʜʠʤʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʦʚ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʠ ʩʠʩʪʝʤʳ 

çʢʦʨʧʫʩ-ʚʠʥʪè ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʩʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ 

ʯʠʩʣʝʥʥʦʤ ʨʝʰʝʥʠʠ ʧʦʣʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ 

ʈʝʡʥʦʣʴʜʩʫ, ʢʦʪʦʨʘʷ ʫʯʠʪʳʚʘʝʪ ʦʩʥʦʚʥʳʝ ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʭʘʨʘʢʪʝʨ ʠʩʩʣʝʜʫʝʤʳʭ 

ʷʚʣʝʥʠʡ.  

ʊʝʩʪʠʨʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʠʢʠ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʨʝʬʝʨʝʥʩʥʳʤʠ ʜʘʥʥʳʤʠ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ 

ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʘ ʪʘʢʞʝ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. ʍʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʯʠʩʣʝʥʥʳʭ ʠ ʨʝʬʝʨʝʥʩʥʳʭ 

ʜʘʥʥʳʭ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙʦʩʥʦʚʘʥʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʠʤʝʥʷʪʴ ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʤʝʪʦʜʠʢʫ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ. 
 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʣʫʯʝʥʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʡ: 

1. ʄʝʪʦʜʦʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʦʮʝʥʢʠ 

ʚʣʠʷʥʠ ̫ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʜʳ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʪʠʧʦʚʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʤʦʜʝʣʴʥʦʤ ʠ ʧʦʣʥʦʤ ʤʘʩʰʪʘʙʘʭ. 

2. ʅʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ çʢʦʨʧʫʩ-ʚʠʥʪè ʚ ʫʩʣʦʚʠʷʭ ʚʦʣʥʝʥʠʷ 

ʩ ʫʯʝʪʦʤ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ ʚʳʷʚʣʝʥ ʥʝʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʚʣʠʷʥʠʷ ʢʨʫʪʠʟʥʳ ʚʦʣʥʳ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. 

3. ʆʮʝʥʢʠ ʤʘʩʰʪʘʙʥʳʭ ʵʬʬʝʢʪʦʚ ʜʣʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ ʠ ʟʘ 

ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʣʠʷʥʠʝ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʪʘʢʠʭ ʬʠʟʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ, ʢʘʢ ʥʘʣʠʯʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʝʸ ʚʦʣʥʝʥʠʝ, ʩʥʠʞʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʘʩʰʪʘʙʘ. 



9 
 

4. ʇʨʝʜʣʦʞʝʥ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʝ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʳʯʠʩʣʝʥʠʠ ʟʘʤʝʪʘʝʤʦʛʦ ʦʙʲʝʤʘ ʠ 

ʧʨʦʮʝʜʫʨʝ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ, ʢʦʪʦʨʳʡ ʫʩʪʨʘʥʷʝʪ ʜʠʩʙʘʣʘʥʩ ʧʦʪʦʢʦʚ ʠ 

ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ ʚ ʟʘʜʘʯʝ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʜʦ 4 ʨʘʟ ʙʝʟ 

ʧʦʪʝʨʠ ʪʦʯʥʦʩʪʠ. 

5. ʇʦʣʫʯʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʦʮʝʥʢʠ ʠ ʦʙʦʩʥʦʚʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʢʣʶʯʝʚʳʭ 

ʤʦʜʝʣʝʡ ʠ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ (ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ, ʩʭʝʤʳ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ, ʦʛʨʘʥʠʯʠʪʝʣʠ ʧʦʪʦʢʘ, ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ), 

ʦʧʨʝʜʝʣʠʚʰʠʝ ʠʭ ʦʧʪʠʤʘʣʴʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʜʣʷ ʟʘʜʘʯ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ 

ʩʠʩʪʝʤʳ çʢʦʨʧʫʩ-ʚʠʥʪè. 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʠʧʦʚʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ʇʦʣʫʯʝʥʳ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʴʥʦʛʦ ʠ 

ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʦʪ ʦʪʥʦʰʝʥʠʷ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ ʢ ʠʭ 

ʜʠʘʤʝʪʨʫ. 

2. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ çʢʦʨʧʫʩïʚʠʥʪè ʥʘ ʚʦʣʥʝʥʠʠ, 

ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʝ ʥʝʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʚʦʟʨʘʩʪʘʥʠʷ ʧʦʪʝʨʴ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʨʫʪʠʟʥʳ ʚʦʣʥʳ. 

3. ʄʝʪʦʜʠʢʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʫʯʠʪʳʚʘʶʱʘʷ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ, ʢʘʚʠʪʘʮʠʶ, ʚʨʘʱʝʥʠʝ, ʩʚʦʙʦʜʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʝʸ 

ʚʦʣʥʝʥʠʝ, ʠ ʚʢʣʶʯʘʶʱʘʷ ʦʩʦʙʝʥʥʦʩʪʠ ʯʠʩʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ (ʧʨʝʜʣʦʞʝʥʥʳʝ 

ʘʣʛʦʨʠʪʤʳ ʜʣʷ ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ ʠ ʤʦʜʠʬʠʢʘʮʠʷ ʦʛʨʘʥʠʯʠʪʝʣʷ ʧʦʪʦʢʘ). 

4. ʆʙʦʩʥʦʚʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ 

ʤʦʜʝʣʝʡ ʠ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʚʢʣʶʯʘʶʱʠʝ: ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʸʪʘ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʜʣʷ ʤʦʜʝʣʴʥʳʭ ʨʘʩʯʸʪʦʚ; ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 

ʤʝʪʦʜʘ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ; ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʦʜʠʬʠʢʘʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ ʧʦʪʦʢʘ ʚ ʟʘʜʘʯʘʭ ʩʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. 
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ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʇʨʝʜʣʦʞʝʥʥʳʝ ʤʝʪʦʜʳ ʠ ʘʣʛʦʨʠʪʤʳ ʧʦʟʚʦʣʷʶʪ ʧʦʚʳʩʠʪʴ ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ ʠ 

ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʙʦʪʳ ʛʨʝʙʥʳʭ 

ʚʠʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ ʠ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ. 

ɺʩʝ ʨʘʟʨʘʙʦʪʢʠ, ʚʳʧʦʣʥʝʥʥʳʝ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ, ʚʦʰʣʠ ʚ ʩʦʩʪʘʚ ʧʘʢʝʪʘ 

ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè [ʇ23-ʇ27], ʦʜʥʠʤ ʠʟ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʜʠʩʩʝʨʪʘʥʪ. C 

2021 ʛʦʜʘ, ʚ ʩʦʩʪʘʚ ʧʘʢʝʪʘ çʃʦʛʦʩè ʚʭʦʜʷʪ ʤʦʜʝʣʠ ʠ ʘʣʛʦʨʠʪʤʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩʫʜʦʩʪʨʦʝʥʠʷ [ʇ2-ʇ5]. ʋʞʝ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʘʢʝʪ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʧʨʦʰʝʣ ʘʧʨʦʙʘʮʠʶ ʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘ ʤʥʦʛʠʭ 

ʧʨʝʜʧʨʠʷʪʠʷʭ ʈʦʩʩʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʜʘʥʥʳʝ ʦ ʚʣʠʷʥʠʠ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʚʦʣʥʝʥʠʷ ʠ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ 

ʤʝʪʦʜʠʢ ʨʘʩʯʝʪʥʦʛʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʩʫʜʦʚʳʭ ʜʚʠʞʠʪʝʣʴʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 30-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ 

ʛʨʘʬʠʯʝʩʢʠʤ ʠʥʬʦʨʤʘʮʠʦʥʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ ʠ ʩʠʩʪʝʤʘʤ çʂʆɻʈɸʌè (ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, 

2020), XXVII ʠ XXIX ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

çʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ ʠ ʪʝʭʥʦʣʦʛʠʠè (ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, 2021, 2023), 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʝ ʜʥʠ ʚ ʈʦʩʩʠʠè (ʄʦʩʢʚʘ, 

2021), XVI  ʠ XVIII  ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʤʦʣʦʜʝʞʥʘʷ ʥʘʫʯʥʦ-ʠʥʥʦʚʘʮʠʦʥʥʘʷ ʰʢʦʣʘ çʄʘʪʝʤʘʪʠʢʘ 

ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝè (ʉʘʨʦʚ, 2022, 2024), 20-ʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ çʄʦʣʦʜʝʞʴ ʚ ʥʘʫʢʝè (ʉʘʨʦʚ, 2022), I, III  ʠ IV ɺʩʝʨʦʩʩʠʡʩʢʘ ̫ʰʢʦʣʘ-ʩʝʤʠʥʘʨ 

ʅʎʌʄ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘ ʩʫʧʝʨ-ʕɺʄ ʵʢʩʘ- ʠ ʟʝʪʪʘʬʣʦʧʩʥʦʡ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠè (ʉʘʨʦʚ, 2022, 2024), II  ʈʦʩʩʠʡʩʢʘʷ ʤʦʣʦʜʝʞʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

çʅʦʚʳʝ ʛʦʨʠʟʦʥʪʳ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠè (ʄʦʩʢʚʘ, 2025). 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʧʦʣʴʟʫʶʪʩʷ\ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʨʦʩʩʠʡʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʧʨʦʝʢʪʘʭ, ʚʳʧʦʣʥʷʝʤʳʭ ʧʨʠ ʫʯʘʩʪʠʠ ʘʚʪʦʨʘ ʜʠʩʩʝʨʪʘʮʠʠ: 

¶ ʉʏ ʆʂʈ çʈʘʟʨʘʙʦʪʢʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʤʦʜʫʣʷ çʃʆɻʆʉïʉʫʜʦʩʪʨʦʝʥʠʝè ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʚʤʝʩʪʥʦ ʩ ʧʘʢʝʪʦʤ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè, ʨʝʘʣʠʟʫʝʤʘʷ ʚ ʨʘʤʢʘʭ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʢʦʥʪʨʘʢʪʘ ʥʘ ʚʳʧʦʣʥʝʥʠʝ ʆʂʈ çʉʦʟʜʘʥʠʝ ʚʠʨʪʫʘʣʴʥʦʡ 

ʣʘʙʦʨʘʪʦʨʠʠ ʚ ʦʙʝʩʧʝʯʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ, ʩʠʩʪʝʤʘʪʠʟʘʮʠʠ, ʜʦʩʪʫʧʘ ʠ ʜʘʣʴʥʝʡʰʝʛʦ 

ʨʘʟʚʠʪʠʷ ʙʘʟʳ ʟʥʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʪʝʦʨʠʠ ʢʦʨʘʙʣʷè ʰʠʬʨ çɺʠʨʪʫʘʣ-ʊʂè, ʩʦʚʤʝʩʪʥʦ ʩ 

ʌɻʋʇ çʂʨʳʣʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨè; 
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¶ çɼʦʨʘʙʦʪʢʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ ʃʦʛʦʩ ʚ ʯʘʩʪʠ 

ʧʦʜʛʦʪʦʚʢʠ ʨʘʩʯʝʪʥʳʭ ʤʦʜʝʣʝʡ ʠ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʟʘʜʘʯ 

ʌɻʋʇ çʂʨʳʣʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨè, ʨʝʘʣʠʟʫʝʤʘʷ ʚ ʨʘʤʢʘʭ 

ʧʦʩʪʘʥʦʚʣʝʥʠʷ ʧʨʘʚʠʪʝʣʴʩʪʚʘ ʈʌ ˉ550; 

¶ ʅʀʈ çʈʘʟʨʘʙʦʪʢʘ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʤʦʜʫʣʝʡ ʠ ʨʘʩʯʝʪʥʳʭ ʤʝʪʦʜʠʢ 

ʚ ʠʥʪʝʨʝʩʘʭ ʩʦʟʜʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ ʜʚʦʡʥʠʢʦʚ ʧʦʜʚʦʜʥʦʡ 

ʨʘʢʝʪʳè, ʨʝʘʣʠʟʫʝʤʘʷ ʚ ʨʘʤʢʘʭ ʧʦʩʪʘʥʦʚʣʝʥʠʷ ʧʨʘʚʠʪʝʣʴʩʪʚʘ ʈʌ ˉ 707; 

¶ ʉʏ ʅʀʈ çʈʘʟʨʘʙʦʪʢʘ ʠ ʚʘʣʠʜʘʮʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠè, ʨʝʘʣʠʟʫʝʤʘ ̫ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʢʦʥʪʨʘʢʪʘ ʥʘ ʚʳʧʦʣʥʝʥʠʝ 

ʅʀʈ ʰʠʬʨ çʌʘʛʦʪè, ʩʦʚʤʝʩʪʥʦ ʩ ʌɻʋʇ çʂʨʳʣʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ 

ʮʝʥʪʨè; 

¶ ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʨʦʝʢʪ çʅʘʫʢʘ ʠ ʫʥʠʚʝʨʩʠʪʝʪʳè ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʄʠʥʦʙʨʥʘʫʢʠ 

ʈʌ ʧʦ ʩʦʟʜʘʥʠʶ ʤʦʣʦʜʸʞʥʳʭ ʣʘʙʦʨʘʪʦʨʠʡ ˉ FSWE-2021-0009 (ʥʘʫʯʥʘʷ ʪʝʤʘ: 

çʈʘʟʨʘʙʦʪʢʘ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʤʦʜʝʣʝʡ ʠ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʞʠʜʢʦʩʪʝʡ ʠ ʛʘʟʦʚ ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʧʨʠʨʦʜʥʳʭ 

ʫʩʣʦʚʠʷʭ, ʠ ʫʩʣʦʚʠʷʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʚ ʰʪʘʪʥʳʭ ʠ 

ʢʨʠʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘʭ ʧʝʪʘʬʣʦʧʩʥʦʛʦ ʢʣʘʩʩʘè); 

¶ ʅʘʮʠʦʥʘʣʴʥʳʡ ʧʨʦʝʢʪ çʅʘʫʢʘ ʠ ʫʥʠʚʝʨʩʠʪʝʪʳè ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤʳ ʄʠʥʦʙʨʥʘʫʢʠ 

ʈʌ ʧʦ ʩʦʟʜʘʥʠʶ ʤʦʣʦʜʝʞʥʳʭ ʣʘʙʦʨʘʪʦʨʠʡ ˉ FSWE-2024-0001 (ʥʘʫʯʥʘʷ ʪʝʤʘ: 

çʈʘʟʨʘʙʦʪʢʘ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʤʦʜʝʣʝʡ ʠ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʝʯʝʥʠʡ 

ʞʠʜʢʦʩʪʝʡ ʠ ʛʘʟʦʚ ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ, ʠ ʫʩʣʦʚʠʷʭ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʚ ʰʪʘʪʥʳʭ ʠ ʢʨʠʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʥʘ 

ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘʭ ʵʢʩʘ- ʠ ʟʝʪʪʘʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠè). 

ʇʫʙʣʠʢʘʮʠʠ 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 27 ʧʝʯʘʪʥʳʭ ʨʘʙʦʪ, ʚʢʣʶʯʘʷ 7 ʩʪʘʪʝʡ ʚ ʠʟʜʘʥʠʷʭ, 

ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʠ/ʠʣʠ ʚʭʦʜʷʱʠʭ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʝ ʙʘʟʳ ʮʠʪʠʨʦʚʘʥʠʷ WoS ʠ Scopus, 

6 ʩʪʘʪʝʡ ʚ ʪʨʫʜʘʭ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ, 5 ʘʚʪʦʨʩʢʠʭ ʩʚʠʜʝʪʝʣʴʩʪʚ 

ʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʠ ʪʝʟʠʩʳ ʜʦʢʣʘʜʦʚ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ. 

ʉʪʘʪʴʠ ʚ ʠʟʜʘʥʠʷʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʠ/ʠʣʠ ʚʭʦʜʷʱʠʭ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʝ 

ʙʘʟʳ ʮʠʪʠʨʦʚʘʥʠʷ WoS ʠ Scopus: 

ʇ1. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʊʘʨʘʩʦʚʘ ʅ.ɺ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ɻʝʨʘʩʠʤʦʚ ɺ.ʖ. 

ʉʨʘʚʥʝʥʠʝ ʤʝʪʦʜʘ ʜʝʬʦʨʤʠʨʫʶʱʝʡʩʷ ʩʝʪʢʠ ʠ ʤʝʪʦʜʘ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ ʜʣʷ 

ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩ ʧʦʜʚʠʞʥʳʤʠ ʪʝʣʘʤʠ ʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ // 
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ɺʦʧʨʦʩʳ ɸʪʦʤʥʦʡ ʅʘʫʢʠ ʠ ʊʝʭʥʠʢʠ, ʩʝʨ. ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, 2025, ʚʳʧ. 4, ʩ. 71-84. 

ʇ2. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ. ʏʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʠ ʥʘʪʫʨʥʦʛʦ 

ʨʘʟʤʝʨʦʚ // ʉʠʙʠʨʩʢʠʝ ʵʣʝʢʪʨʦʥʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʠʟʚʝʩʪʠʷ. ï 2024. ʊʦʤ 21, ˉ2. 

ʉ. 621-644. 

ʇ3. ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʊʘʨʘʥʦʚ ɸ.ɽ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʈʫʜʥʠʯʝʥʢʦ ɸ.ɸ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., 

ʂʨʫʪʷʢʦʚʘ ʆ.ʃ. ɺʘʣʠʜʘʮʠʷ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʥʘ ʟʘʜʘʯʘʭ ʩʫʜʦʩʪʨʦʠʪʝʣʴʥʦʡ 

ʦʪʨʘʩʣʠ // ʊʨʫʜʳ ʂʨʳʣʦʚʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʥʘʫʯʥʦʛʦ ʮʝʥʪʨʘ. 2023, ʊ. 4, ˉ 406, 

ʉ. 59ï73.  

ʇ4. Kozelkov A., Kurulin V., Kurkin A., Taranov A., Plygunova K., Krutyakova O., 

Korotkov A. Numerical Approach Based on Solving 3D NavierïStokes Equations for 

Simulation of the Marine Propeller Flow Problems // Fluids, 2023, 8, 293.  

ʇ5. Kozelkov A., Kurkin A., Kurulin V., Plygunova K., Krutyakova O. Validation of the 

LOGOS Software Package Methods for the Numerical Simulation of Cavitational Flows // 

Fluids, 2023, 8, 104. 

ʇ6. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʉʪʨʝʣʝʮ ɼ.ʖ., ʋʪʢʠʥ ɼ.ɸ., ʂʫʨʫʣʠʥ ɺ.ɺ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʠ ʩʝʪʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʪʦʯʥʦʩʪʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʦʙʦʜʥʳʭ ʢʦʣʝʙʘʥʠʡ ʮʠʣʠʥʜʨʘ ʥʘ ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ // 

ʌʫʥʜʘʤʝʥʪʘʣʴʥʘʷ ʠ ʧʨʠʢʣʘʜʥʘʷ ʛʠʜʨʦʬʠʟʠʢʘ, 2022. ʊ. 15, ˉ2. ʉ. 33-46. 

ʇ7. Tyatyushkina E.S., Kozelkov A.S., Kurkin A.A., Pelinovsky E.N., Kurulin V.V., 

Plygunova ʂ.S., Utkin D.A., Verification of the LOGOS Software Package for Tsunami 

Simulations // Geosciences. 2020. V. 10. Art. No. 385. 

ʉʪʘʪʴʠ ʚ ʪʨʫʜʘʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʡ: 

ʇ8. ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʨʫʪʷʢʦʚʘ ʆ.ʃ., ʂʦʨʦʪʢʦʚ ɸ.ɺ. 

ʊʝʭʥʦʣʦʛʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ 

ʃʆɻʆʉ // ɺ ʩʙʦʨʥʠʢʝ: ʄʦʣʦʜʝʞʴ ʚ ʥʘʫʢʝ. ʉʙʦʨʥʠʢ ʜʦʢʣʘʜʦʚ 20-ʡ ʥʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ. ʉʘʨʦʚ, 2023. ʉ. 95-102. 

ʇ9. ʂʦʟʝʣʢʦʚ ɸ. ʉ., ʂʫʨʫʣʠʥ ɺ. ɺ., ɾʫʯʢʦʚ ʈ. ʅ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ. ʠ ʜʨ. ʅʘʧʨʘʚʣʝʥʠʷ 

ʨʘʙʦʪʳ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʣʘʙʦʨʘʪʦʨʠʠ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭè // ɺ 

ʩʙʦʨʥʠʢʝ: ʄʦʣʦʜʝʞʴ ʚ ʥʘʫʢʝ. ʉʙʦʨʥʠʢ ʜʦʢʣʘʜʦʚ 20-ʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ. ʉʘʨʦʚ, 2023. ʉ. 74-81. 

ʇ10. ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʊʘʨʘʥʦʚ ɸ.ɽ., ʃʘʰʢʠʥ ʉ.ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., 

ʂʨʫʪʷʢʦʚʘ ʆ.ʃ. ɺʘʣʠʜʘʮʠʷ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ ʃʆɻʆʉ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ 
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ʩʫʜʦʩʪʨʦʠʪʝʣʴʥʦʡ ʦʪʨʘʩʣʠ // ɺ ʩʙʦʨʥʠʢʝ: ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʝ ʜʥʠ ʚ ʈʦʩʩʠʠ = 

Russian Supercomputing Days. ʊʨʫʜʳ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ. ʄʦʩʢʚʘ, 2021. ʉ. 

62-73. 

ʇ11. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʋʪʢʠʥ ɼ.ɸ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʣʘʚʘʥʠʷ ʪʝʣ ʥʘ ʙʘʟʝ ʤʝʪʦʜʘ VOF ʩʦʚʤʝʩʪʥʦ ʩ ʤʝʪʦʜʦʤ ʜʝʬʦʨʤʘʮʠʠ ʩʝʪʢʠ // ʉʙʦʨʥʠʢ 

ʤʘʪʝʨʠʘʣʦʚ XXVII ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

çʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ ʠ ʪʝʭʥʦʣʦʛʠʠè. ʅʠʞʝʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʈ.ɽ. ɸʣʝʢʩʝʝʚʘ, 2021. ʉ. 855-860. 

ʇ12. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʊʷʪʶʰʢʠʥʘ ɽ.ʉ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʋʪʢʠʥ ɼ.ɸ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʣʘʚʘʥʠʷ ʪʝʣ ʥʘ ʙʘʟʝ ʤʝʪʦʜʘ VOF ʩʦʚʤʝʩʪʥʦ ʩ ʤʝʪʦʜʦʤ ʜʝʬʦʨʤʘʮʠʠ 

ʩʝʪʢʠ // ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ 30-ʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

ʧʦ ʛʨʘʬʠʯʝʩʢʠʤ ʠʥʬʦʨʤʘʮʠʦʥʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ ʠ ʩʠʩʪʝʤʘʤ. ʂʆɻʈɸʌ ï 

2020. ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ: ʅɻʊʋ ʠʤ. ʈ.ɽ. ɸʣʝʢʩʝʝʚʘ, 2020. ʉ. 324-329. 

ʇ13. ʊʷʪʶʰʢʠʥʘ ɽ.ʉ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʢʠʥ ɸ.ɸ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., 

ʋʪʢʠʥ ɼ.ɸ.  ɺʝʨʠʬʠʢʘʮʠʷ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ ʃʆɻʆʉ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʮʫʥʘʤʠ // 

ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ 30-ʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ 

ʛʨʘʬʠʯʝʩʢʠʤ ʠʥʬʦʨʤʘʮʠʦʥʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ ʠ ʩʠʩʪʝʤʘʤ ʂʆɻʈɸʌ-2020. ʅʠʞʥʠʡ 

ʅʦʚʛʦʨʦʜ: ʅɻʊʋ ʠʤ. ʈ.ɽ. ɸʣʝʢʩʝʝʚʘ, 2020. ʉ. 340-345. 

ʊʝʟʠʩʳ ʜʦʢʣʘʜʦʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʡ: 

ʇ14. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʂʦʟʝʣʢʦʚ ɸ.ʉ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʦʣʥʝʥʠʷ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, 

ʨʘʙʦʪʘʶʱʝʛʦ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ // ʅʦʚʳʝ ʛʦʨʠʟʦʥʪʳ ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠ: ʪʝʟʠʩʳ 

ʜʦʢʣʘʜʦʚ II ʨʦʩʩʠʡʩʢʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ (17-19 ʘʧʨʝʣʷ 2025 ʛ., 

ʄʦʩʢʚʘ). ð ʄ.: ʀʇʄ ʠʤ. ʄ.ɺ.ʂʝʣʜʳʰʘ, 2025. ʉ. 81. 

ʇ15. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ. ʉʨʘʚʥʝʥʠʝ ʤʝʪʦʜʘ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ 

ʩʝʪʦʢ ʠ ʤʝʪʦʜʘ ʜʝʬʦʨʤʘʮʠʠ ʩʝʪʢʠ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩ ʧʦʜʚʠʞʥʳʤʠ 

ʪʝʣʘʤʠ ʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ // ɺ ʢʥʠʛʝ: ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘ 

ʩʫʧʝʨ-ʕɺʄ ʵʢʩʘ- ʠ ʟʝʪʪʘʬʣʦʧʩʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. III ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ-

ʩʝʤʠʥʘʨ ʅʎʌʄ. ʉʘʨʦʚ, 2024. ʉ. 59-60. 

ʇ16. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ. ʏʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʚʙʣʠʟʠ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ // ɺ ʩʙʦʨʥʠʢʝ: ʄʘʪʝʤʘʪʠʢʘ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʉʙʦʨʥʠʢ 

ʤʘʪʝʨʠʘʣʦʚ XVIII ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʤʦʣʦʜʸʞʥʦʡ ʥʘʫʯʥʦ-ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʰʢʦʣʳ. 

ʉʘʨʦʚ, 2024. ʉ. 318-319. 
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ʇ17. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ. ʏʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 

ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ // 

ʇʨʦʛʨʘʤʤʘ ʠ ʘʥʥʦʪʘʮʠʠ ʜʦʢʣʘʜʦʚ XXIX ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çʀʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ ʠ ʪʝʭʥʦʣʦʛʠʠè ï ʕʣʝʢʪʨʦʥ. ʜʘʥ. ï ʅ. 

ʅʦʚʛʦʨʦʜ: ʅʠʞʝʛʦʨʦʜ. ʛʦʩ. ʪʝʭʥ. ʫʥ-ʪ ʠʤ. ʈ.ɽ. ɸʣʝʢʩʝʝʚʘ, 2023. C. 97. 

ʇ18. ʂʫʨʫʣʠʥ ɺ.ɺ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ɾʫʯʢʦʚ ʈ.ʅ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ. ʠ ʜʨ. ʅʘʧʨʘʚʣʝʥʠʷ 

ʨʘʙʦʪʳ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʣʘʙʦʨʘʪʦʨʠʠ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭè // ɺ ʢʥʠʛʝ: II 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ-ʩʝʤʠʥʘʨ ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʘ ʬʠʟʠʢʠ ʠ ʤʘʪʝʤʘʪʠʢʠ ʠ 

ʀʥʩʪʠʪʫʪʘ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʈʌʗʎ-ɺʅʀʀʕʌ ʜʣʷ ʩʪʫʜʝʥʪʦʚ, 

ʘʩʧʠʨʘʥʪʦʚ, ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʠ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚ ʦʙʣʘʩʪʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʩʫʧʝʨ-ʕɺʄ ʵʢʩʘ- ʠ ʟʝʪʪʘʬʣʦʧʩʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ʊʝʟʠʩʳ. 

ʉʘʨʦʚ: ʌɻʋʇ çʈʌʗʎ-ɺʅʀʀʕʌè, 2023. ʉ. 22-23. 

ʇ19. ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʦʨʦʪʢʦʚ ɸ.ɺ. ʊʝʭʥʦʣʦʛʠʷ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ ʃʆɻʆʉ // ɺ 

ʢʥʠʛʝ: ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘ ʩʫʧʝʨ-ʕɺʄ ʵʢʩʘ- ʠ ʟʝʪʪʘʬʣʦʧʩʥʦʡ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. I ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ-ʩʝʤʠʥʘʨ ʅʎʌʄ. ʉʘʨʦʚ, 2022. ʉ. 48-50. 

ʇ20. ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ.  ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ 

ʤʦʨʩʢʠʭ ʩʫʜʦʚ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ ʃʆɻʆʉ // ʉʙʦʨʥʠʢ ʤʘʪʝʨʠʘʣʦʚ XVI 

ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦ-ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʰʢʦʣʳ çʄʘʪʝʤʘʪʠʢʘ ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝè. ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʷʜʝʨʥʳʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ʄʀʌʀ, ʉʘʨʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ, 2022. ʉ. 12-13. 

ʇ21. ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ɾʫʯʢʦʚ ʈ.ʅ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ. ʠ ʜʨ. ʅʘʧʨʘʚʣʝʥʠʷ 

ʨʘʙʦʪʳ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʣʘʙʦʨʘʪʦʨʠʠ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭè // ɺ ʢʥʠʛʝ: 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘ ʩʫʧʝʨ-ʕɺʄ ʵʢʩʘ- ʠ ʟʝʪʪʘʬʣʦʧʩʥʦʡ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. I ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ-ʩʝʤʠʥʘʨ ʅʎʌʄ. ʉʘʨʦʚ, 2022. ʉ. 46-47. 

ʇ22. ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʋʪʢʠʥ ɼ.ɸ. ʊʨʝʭʤʝʨʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʚʦʣʥ ʥʘ ʧʦʙʝʨʝʞʴʝ, ʚʢʣʶʯʘʷ ʧʣʘʚʘʶʱʠʝ ʦʙʲʝʢʪʳ // 

ʄʘʪʝʨʠʘʣʳ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çɺʦʣʥʳ ʮʫʥʘʤʠ: ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 

ʤʦʥʠʪʦʨʠʥʛ, ʧʨʦʛʥʦʟè, 2021. http://ocean.phys.msu/tsu_conf/. 

ʉʚʠʜʝʪʝʣʴʩʪʚʘ ʦ ʨʝʛʠʩʪʨʘʮʠʠ: 

ʇ23. ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʤʦʜʫʣʴ ʨʘʩʯʝʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʜʝʣʠʷ ʪʠʧʘ AT ʩ ʫʯʝʪʦʤ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʚʣʠʷʥʠʷ ʢʦʨʧʫʩʘ ʇʅ 

ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʠ ʫʧʨʘʚʣʷʝʤʦʩʪʴ ʠʟʜʝʣʠʷ 
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ʪʠʧʘ AT ʧʨʠ ʜʚʠʞʝʥʠʠ ʠʟʜʝʣʠʷ ʪʠʧʘ AT ʚʙʣʠʟʠ ʇʅ ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ ʪʨʘʝʢʪʦʨʠʠ 

ʥʘʚʝʜʝʥʠʷ ʥʘ ʘʪʘʢʫʶʱʫʶ ʮʝʣʴ (ʪʦʨʧʝʜʫ). ʂʦʟʝʣʢʦʚ ɸ.ʉ., ɿʝʣʝʥʩʢʠʡ ɼ.ʂ., ʃʘʰʢʠʥ 

ʉ.ɺ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ. ʠ ʜʨ. ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ 

ʜʣʷ ʕɺʄ RU 2023669191, 11.09.2023. ɿʘʷʚʢʘ ˉ 2023668515 ʦʪ 06.09.2023. 

ʇ24. ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʤʦʜʫʣʴ ʨʘʩʯʝʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʜʝʣʠʷ ʪʠʧʘ AT ʥʘ ʵʪʘʧʝ ʚʳʭʦʜʘ ʠʟ ʪʠʧʦʚʦʛʦ ʊʇʂ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʨʝʞʠʤʘʭ ʜʚʠʞʝʥʠʷ ʇʅ ʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʫʛʣʘʤʠ ʚʳʭʦʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʨʧʫʩʘ ʇʅ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʚ ʨʝʞʠʤʝ ʜʚʠʞʝʥʠʷ ʚʙʣʠʟʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʫʯʝʪʦʤ ʧʨʦʮʝʩʩʦʚ 

ʢʘʚʠʪʘʮʠʠ. ʂʦʟʝʣʢʦʚ ɸ.ʉ., ɿʝʣʝʥʩʢʠʡ ɼ.ʂ., ʃʘʰʢʠʥ ʉ.ɺ., ʂʫʨʫʣʠʥ ɺ.ɺ., 

ʇʣʳʛʫʥʦʚʘ ʂ.ʉ. ʠ ʜʨ. ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ RU 

2023669334, 13.09.2023. ɿʘʷʚʢʘ ˉ 2023668524 ʦʪ 06.09.2023. 

ʇ25. ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʤʦʜʫʣʴ ʨʘʩʯʝʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʜʝʣʠʷ ʪʠʧʘ ɸʊ ʧʨʠ ʜʚʠʞʝʥʠʠ ʚ ʚʦʜʝ ʚ ʨʝʞʠʤʝ ʩʧʣʦʰʥʦʛʦ ʦʙʪʝʢʘʥʠʷ 

ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ. ʂʦʟʝʣʢʦʚ ɸ. ʉ., ɿʝʣʝʥʩʢʠʡ ɼ. ʂ., ʃʘʰʢʠʥ ʉ. 

ɺ., ʂʫʨʫʣʠʥ ɺ. ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ. ʠ ʜʨ. ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ 

ʜʣʷ ʕɺʄ RU 2023669658, 19.09.2023. ɿʘʷʚʢʘ ˉ 2023668490 ʦʪ 06.09.2023. 

ʇ26. ɹʘʟʘ ʜʘʥʥʳʭ ʟʘʜʘʯ ʚʘʣʠʜʘʮʠʠ ʧʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʠ ʥʘʢʘʪʫ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ. 

ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʂʫʨʫʣʠʥ ɺ.ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ., ʊʷʪʶʰʢʠʥʘ ɽ.ʉ., ʂʫʨʢʠʥ ɸ.ɸ. 

ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʨʝʛʠʩʪʨʘʮʠʠ ʙʘʟʳ ʜʘʥʥʳʭ 2022622926, 17.11.2022. ɿʘʷʚʢʘ 

 ̄2022622969 ʦʪ 15.11.2022. 

ʇ27. ʇʨʦʛʨʘʤʤʥʳʡ ʤʦʜʫʣʴ ʃʆɻʆʉ-ʉʋɼʆʉʊʈʆɽʅʀɽ. ʂʦʟʝʣʢʦʚ ɸ.ʉ., ʃʘʰʢʠʥ ʉ.ɺ., 

ʂʫʨʫʣʠʥ ɺ.ɺ., ʇʣʳʛʫʥʦʚʘ ʂ.ʉ. ʠ ʜʨ. ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ 

ʕɺʄ 2021663494, 18.08.2021. ɿʘʷʚʢʘ ˉ 2021662383 ʦʪ 04.08.2021. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ʅʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʢ.ʬ.-ʤ.ʥ. ʂʫʨʫʣʠʥʳʤ ɺ.ɺ. ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʟʘʜʘʯʘ ʠ ʮʝʣʠ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺʦ ʚʩʝʭ ʨʘʙʦʪʘʭ ʘʚʪʦʨ ʜʠʩʩʝʨʪʘʮʠʠ ʚʳʧʦʣʥʷʣ 

ʙʦʣʴʰʠʥʩʪʚʦ ʯʠʩʣʝʥʥʳʭ ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ, ʘ ʪʘʢʞʝ ʧʨʠʥʠʤʘʣ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ ʦʙʩʫʞʜʝʥʠʠ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʦʜ 

ʨʫʢʦʚʦʜʩʪʚʦʤ ʥʘʫʯʥʦʛʦ ʨʫʢʦʚʦʜʠʪʝʣʷ ʨʘʟʨʘʙʦʪʘʥ ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʝ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʳʯʠʩʣʝʥʠʠ 

ʟʘʤʝʪʘʝʤʦʛʦ ʦʙʲʝʤʘ ʠ ʧʨʦʮʝʜʫʨʝ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ, ʧʨʦʚʝʜʝʥʘ ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʘ 

ʤʦʜʠʬʠʢʘʮʠʷ ʦʛʨʘʥʠʯʠʪʝʣʷ ʧʦʪʦʢʘ ʩ ʫʯʝʪʦʤ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʃʠʯʥʦ ʜʠʩʩʝʨʪʘʥʪʦʤ 

ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ ʧʦ ʦʮʝʥʢʝ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʥʘ ʪʦʯʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʨʘʙʦʪʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ ʠ ʚ ʫʩʣʦʚʠʷʭ ʨʘʙʦʪʳ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ. ʉʦʚʤʝʩʪʥʦ 
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ʩ ʩʦʘʚʪʦʨʘʤʠ ʚʳʧʦʣʥʝʥʘ ʚʘʣʠʜʘʮʠʷ ʤʝʪʦʜʠʢʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʛʨʝʙʥʳʭ 

ʚʠʥʪʦʚ. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʜʠʩʩʝʨʪʘʥʪʦʤ ʧʨʦʚʝʜʝʥ r ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ, ʘ ʪʘʢʞʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʚʦʣʥʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠ ʨʘʙʦʪʝ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ. 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʦʩʦʙʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʩʚʦʝʤʫ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ ï ʢʘʥʜʠʜʘʪʫ 

ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ ʂʫʨʫʣʠʥʫ ɺʘʜʠʤʫ ɺʠʢʪʦʨʦʚʠʯʫ ʟʘ ʤʝʪʦʜʠʯʝʩʢʦʝ ʨʫʢʦʚʦʜʩʪʚʦ 

ʠ ʧʦʩʪʦʷʥʥʦʝ ʚʥʠʤʘʥʠʝ ʢ ʨʘʙʦʪʝ, ʘ ʪʘʢʞʝ ʜʦʢʪʦʨʫ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ ʂʦʟʝʣʢʦʚʫ 

ɸʥʜʨʝʶ ʉʝʨʛʝʝʚʠʯʫ ʟʘ ʧʦʤʦʱʴ ʠ ʮʝʥʥʳʝ ʟʘʤʝʯʘʥʠʷ ʢ ʨʘʙʦʪʝ. ʊʘʢʞʝ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ 

ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʊʘʨʘʩʦʚʦʡ ʅʘʪʘʣʴʝ ɺʣʘʜʠʤʠʨʦʚʥʝ ʠ ʂʨʫʪʷʢʦʚʦʡ ʆʣʴʛʝ ʃʝʦʥʠʜʦʚʥʝ ʟʘ 

ʧʦʤʦʱʴ ʚ ʤʝʪʦʜʠʯʝʩʢʠʭ ʚʦʧʨʦʩʘʭ. ɸʚʪʦʨʫ ʧʨʠʷʪʥʦ ʧʦʙʣʘʛʦʜʘʨʠʪʴ ʚʩʝʭ ʩʦʘʚʪʦʨʦʚ, ʘ ʪʘʢʞʝ 

ʢʦʣʣʝʛ ʠʟ ʀʥʩʪʠʪʫʪʘ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʌɻʋʇ çʈʌʗʎ-ɺʅʀʀʕʌè ʠ 

ʢʦʣʣʝʛ ʠʟ ʌɻʋʇ çʂʨʳʣʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨè ʟʘ ʩʦʪʨʫʜʥʠʯʝʩʪʚʦ ʠ 

ʧʦʤʦʱʴ. 
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ɻʣʘʚʘ 1. ʄʝʪʦʜʠʢʘ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʚ ʚʷʟʢʦʡ ʥʝʩʞʠʤʘʝʤʦʡ ʞʠʜʢʦʩʪʠ 

1.1. ɺʚʝʜʝʥʠʝ 

ʈʘʩʯʝʪ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʧʣʝʢʩʥʫʶ ʟʘʜʘʯʫ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʪʨʝʙʫʶʱʫʶ ʫʯʝʪʘ ʤʥʦʞʝʩʪʚʘ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ 

ʬʠʟʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ: ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ ʪʝʯʝʥʠʷ, ʜʚʠʞʝʥʠʝ ʪʝʣ (ʚ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ï 

ʵʪʦ ʩʦʚʤʝʩʪʥʦʝ ʚʨʘʱʝʥʠʝ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ ʧʝʨʝʤʝʱʝʥʠʝ ʩʫʜʥʘ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʠʤʝʪʴ 

ʥʝʩʢʦʣʴʢʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ), ʧʨʦʮʝʩʩʳ ʢʘʚʠʪʘʮʠʠ, ʥʘʣʠʯʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʝʸ 

ʚʦʣʥʝʥʠʝ. ʉʣʦʞʥʘʷ ʛʝʦʤʝʪʨʠʷ ʣʦʧʘʩʪʝʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʜʠʢʪʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ, ʯʪʦ ʧʨʝʜʲʷʚʣʷʝʪ ʚʳʩʦʢʠʝ 

ʪʨʝʙʦʚʘʥʠʷ ʢ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ.  

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʠʚʦʜʠʪʩʷ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʠʢʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʩʠʩʪʝʤʝ ʪʨʝʭʤʝʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ, 

ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ, ʩ ʜʦʨʘʙʦʪʢʘʤʠ, ʢʦʪʦʨʳʝ ʫʯʠʪʳʚʘʶʪ ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʬʠʟʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʘ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʡ ʜʘʥʥʦʡ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ. 

ɺ ʧʘʨʘʛʨʘʬʝ 1.2 ʦʧʠʩʘʥʘ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʦʪʦʢʦʤ 

ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ. ɺ ʧʘʨʘʛʨʘʬʝ 1.3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʙʘʟʦʚʘʷ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè, ʢʦʪʦʨʘʷ ʦʩʥʦʚʘʥʘ ʥʘ ʩʠʩʪʝʤʝ 

ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ, ʩʦʚʤʝʩʪʥʦ ʩ ʫʨʘʚʥʝʥʠʝʤ ʦʙʲʝʤʥʦʡ 

ʜʦʣʠ ʬʘʟ ʚ ʨʘʤʢʘʭ ʤʝʪʦʜʘ VOF ʜʣʷ ʫʯʝʪʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʘʨʘʛʨʘʬ 1.4 ʩʦʜʝʨʞʠʪ 

ʦʧʠʩʘʥʠʝ ʜʦʧʦʣʥʝʥʠʡ ʙʘʟʦʚʦʡ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʨʘʩʯʝʪʘ 

ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ: ʤʦʜʝʣʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ Re tqg- , ʤʦʜʝʣʠ 

ʢʘʚʠʪʘʮʠʠ ʐʥʝʨʨʘ-ɿʘʫʵʨʘ, ʛʝʥʝʨʘʪʦʨʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ, ʤʝʪʦʜʦʚ ʫʯʝʪʘ ʚʨʘʝɦʥʠʷ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ɺ ʧʘʨʘʛʨʘʬʝ 1.5 ʦʧʠʩʘʥ ʦʙʱʠʡ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʠʩʢʨʝʪʠʟʘʮʠʷ ʫʨʘʚʥʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ, 

ʧʨʠʚʦʜʷʪʩʷ ʠʩʧʦʣʴʟʫʝʤʳʝ ʩʭʝʤʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ, ʦʧʠʩʘʥ 

ʘʣʛʦʨʠʪʤ ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʨʝʰʘʪʝʣʷ SIMPLE. ɺ ʧʘʨʘʛʨʘʬʝ 1.6 ʧʨʠʚʦʜʠʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ 

ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʦʧʠʩʘʥʳ ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ 

ʘʣʛʦʨʠʪʤ ʫʯʝʪʘ ʷʚʥʦʛʦ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʧʨʝʜʦʪʚʨʘʱʘʶʱʠʡ ʦʩʮʠʣʣʷʮʠʠ ʨʝʰʝʥʠʷ, 

ʠ ʘʣʛʦʨʠʪʤ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ, ʧʦʟʚʦʣʷʶʱʠʡ ʫʚʝʣʠʯʠʪʴ ʩʢʦʨʦʩʪʴ ʝʛʦ ʩʭʦʜʠʤʦʩʪʠ, 

ʘ ʪʘʢʞʝ ʦʧʠʩʘʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʬʫʥʢʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ Venkatakrishnan ï VOF-limiter, 
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ʢʦʪʦʨʘʷ ʫʯʠʪʳʚʘʝʪ ʩʚʦʙʦʜʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ɺ ʧʘʨʘʛʨʘʬʝ 1.7 ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʚʳʚʦʜʳ 

ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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1.2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʦʪʦʢʦʤ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ 

ʆʧʠʰʝʤ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯʠ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʠ ʚʚʝʜʝʤ 

ʥʝʦʙʭʦʜʠʤʳʝ ʪʝʨʤʠʥʳ ʠ ʦʙʦʟʥʘʯʝʥʠʷ. ɻʨʝʙʥʦʡ ʚʠʥʪ ʩʦʩʪʦʠʪ ʠʟ ʩʪʫʧʠʮʳ ʠ ʣʦʧʘʩʪʝʡ, 

ʷʚʣʷʶʱʠʭʩʷ ʝʛʦ ʨʘʙʦʯʠʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʠ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʚʘʣʫ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪʩʷ ʚ 

ʜʚʠʞʝʥʠʝ ʩʫʜʦʚʳʤ ʜʚʠʛʘʪʝʣʝʤ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʛʨʝʙʥʦʡ ʚʠʥʪ ʜʠʘʤʝʪʨʦʤ D  ʩ 

ʯʘʩʪʦʪʦʡ n  ʚʨʘʱʘʝʪʩʷ ʚʦʢʨʫʛ ʩʚʦʝʡ ʦʩʠ ʠ ʩ ʧʦʩʪʫʧʘʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʴʶ Av  ʧʝʨʝʤʝʱʘʝʪʩʷ 

ʚʜʦʣʴ ʥʝʸ. ɿʘ ʩʯʝʪ ʨʘʟʥʠʮʳ ʜʘʚʣʝʥʠʡ ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʩʪʠ, ʦʙʨʘʱʝʥʥʦʡ 

ʚ ʩʪʦʨʦʥʫ ʜʚʠʞʝʥʠʷ, ʠ ʥʘʛʥʝʪʘʶʱʝʡ, ʚʦʩʧʨʠʥʠʤʘʶʱʝʡ ʨʝʘʢʮʠʶ ʦʪʙʨʦʰʝʥʥʳʭ ʤʘʩʩ ʚʦʜʳ, 

ʩʦʟʜʘʝʪʩʷ ʫʧʦʨ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ T  ʠ ʤʦʤʝʥʪ Q  [ɾʠʥʢʠʥ, 2002].  

ʅʘ ʨʠʩʫʥʢʝ 1.2.1 ʧʦʢʘʟʘʥʘ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. 

 

ʈʠʩʫʥʦʢ 1.2.1 ï ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ [Newman, 2017] 

ʇʫʪʴ, ʧʨʦʭʦʜʠʤʳʡ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ ʚ ʦʩʝʚʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʟʘ ʦʜʠʥ ʦʙʦʨʦʪ, 

ʥʘʟʳʚʘʝʪʩʷ ʧʦʩʪʫʧʴʶ [ɾʠʥʢʠʥ, 2002]: 

/A Ah v n= .         (1.2.1) 

ʇʝʨʝʡʜʷ ʢ ʙʝʟʨʘʟʤʝʨʥʦʡ ʚʝʣʠʯʠʥʝ, ʟʘʧʠʰʝʤ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʦʩʪʫʧʴ ʚ ʩʣʝʜʫʶʱʝʤ 

ʚʠʜʝ: 

A Ah v
J

D nD
= = .           (1.2.2) 

ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʦʩʪʫʧʴ J  ï ʚʘʞʥʝʡʰʘʷ ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ, 

ʦʧʨʝʜʝʣʷʶʱʘʷ ʨʝʞʠʤ ʨʘʙʦʪʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. 

ʆʩʥʦʚʥʳʤʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʷʚʣʷʝʪʩʷ 

ʢʦʵʬʬʠʮʠʝʥʪ ʫʧʦʨʘ TK , ʢʦʵʬʬʠʮʠʝʥʪ ʤʦʤʝʥʪʘ 
QK  ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ h, 

ʢʦʪʦʨʳʝ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʩʦʛʣʘʩʥʦ ʩʣʝʜʫʶʱʠʤ ʬʦʨʤʫʣʘʤ: 
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2 4T

T
K

n D
=
Ö Ör

,  
2 5Q

Q
K

n Dr
=
Ö Ö

 ,   
2

T

Q

KJ

K
h

p
= Ö .  (1.2.3)  

ɿʘʚʠʩʠʤʦʩʪʠ ʵʪʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ ʥʘʟʳʚʘʶʪʩʷ ʢʨʠʚʳʝ 

ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʠʭ ʦʙʱʠʡ ʚʠʜ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 1.2.2.  

 

ʈʠʩʫʥʦʢ 1.2.2 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ [Bertram, 2000] 

ʆʰʠʙʢʠ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʪʨʝʙʣʝʥʠʶ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʩʫʜʥʦʤ ʟʘʜʘʥʥʦʡ ʩʢʦʨʦʩʪʠ, ʯʪʦ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʬʠʥʘʥʩʦʚʳʤ 

ʟʘʪʨʘʪʘʤ [ʇʫʩʪʦʰʥʳʡ, 2020]. 

ɺ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʫʶʪʩʷ ʛʨʝʙʥʳʝ ʚʠʥʪʳ ʚ 

ʤʦʜʝʣʴʥʦʤ ʤʘʩʰʪʘʙʝ, ʠʭ ʜʠʘʤʝʪʨ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʦʩʪʘʚʣʷʝʪ 200 250·  ʤʤ [ɹʘʚʠʥ, 1991]. ʇʨʠ 

ʠʩʧʳʪʘʥʠʠ ʤʦʜʝʣʴʥʳʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʢʨʦʤʝ ʚʳʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʧʦʜʦʙʠʷ, ʥʝʦʙʭʦʜʠʤʦ ʩʦʙʣʶʜʘʪʴ ʢʠʥʝʤʘʪʠʯʝʩʢʦʝ ʧʦʜʦʙʠʝ, ʢʦʪʦʨʦʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʨʘʚʝʥʩʪʚʝ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʝʡ ʤʦʜʝʣʠ ʠ ʥʘʪʫʨʳ. ʊʘʢ ʢʘʢ ʛʨʝʙʥʦʡ ʚʠʥʪ ʨʘʙʦʪʘʝʪ ʚ 

ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ, ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤ ʢʨʠʪʝʨʠʝʤ ʧʦʜʦʙʠʷ ʠ 

ʥʘʭʦʜʠʪʩʷ ʢʘʢ [ɾʠʥʢʠʥ, 2002]: 

2

0

5
Re E

p

A nD

Z A u
= Ö Ö ,      (1.2.4) 

ʛʜʝ 
pZ  ï ʯʠʩʣʦ ʣʦʧʘʩʪʝʡ, 

0

EA

A
 ï ʜʠʩʢʦʚʦʝ ʦʪʥʦʰʝʥʠʝ, ʟʘʚʠʩʷʱʝʝ ʦʪ ʛʝʦʤʝʪʨʠʠ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ, u ï ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʩʨʝʜʳ. 

ʈʘʚʝʥʩʪʚʦ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ ʜʣʷ ʤʦʜʝʣʠ ʠ ʥʘʪʫʨʳ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʧʦʣʥʝʥʦ (ʠʟ-ʟʘ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʯʨʝʟʤʝʨʥʦ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʝʡ ʠ ʦʛʨʦʤʥʳʭ ʫʩʠʣʠʡ ʜʣʷ ʤʦʜʝʣʝʡ), ʧʦʵʪʦʤʫ ʚ 

ʤʦʜʝʣʴʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʛʨʘʥʠʯʠʚʘʶʪʩʷ ʚʳʧʦʣʥʝʥʠʝʤ ʫʩʣʦʚʠʷ Re Rem min> , ʢʦʪʦʨʦʝ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʪʫʨʙʫʣʝʥʪʥʳʡ ʨʝʞʠʤ ʥʘ ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʣʦʧʘʩʪʠ. ʉʦʛʣʘʩʥʦ ʤʝʪʦʜʠʯʝʩʢʦʡ 
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ʧʨʦʮʝʜʫʨʝ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʦʧʳʪʦʚʳʭ ʙʘʩʩʝʡʥʦʚ (ITTC) ʤʠʥʠʤʘʣʴʥʦʝ ʯʠʩʣʦ 

ʈʝʡʥʦʣʴʜʩʘ ʩʦʩʪʘʚʣʷʝʪ 2Ĭ105 [ITTC, 2017]. 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʫʧʦʤʷʥʫʪʦ ʨʘʥʝʝ, ʢ ʩʪʘʥʜʘʨʪʥʳʤ ʠʩʧʳʪʘʥʠʷʤ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʪʥʦʩʷʪ 

ʪʝʩʪʳ ʚ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ, ʚ ʢʦʪʦʨʳʭ ʠʟʦʣʠʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ 

ʨʘʙʦʪʘʝʪ ʚ ʙʝʟʛʨʘʥʠʯʥʦʡ ʞʠʜʢʦʩʪʠ, ʠ ʩʘʤʦʭʦʜʥʳʝ ʠʩʧʳʪʘʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʛʨʝʙʥʦʡ ʚʠʥʪ 

ʨʘʙʦʪʘʝʪ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ [Bertram, 2000; ɾʠʥʢʠʥ, 2002]. ɺ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʛʣʘʚʘʭ 

ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʫʜʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʪʦʣʴʢʦ ʟʘʜʘʯʘ ʦʧʨʝʜʝʣʝʥʠʷ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ, ʧʦʵʪʦʤʫ ʟʜʝʩʴ 

ʦʧʫʩʪʠʤ ʦʧʠʩʘʥʠʝ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʠʤ ʙʫʜʝʪ ʧʦʩʚʷʱʝʥʘ ʧʦʩʣʝʜʥʷʷ ʛʣʘʚʘ 

ʜʠʩʩʝʨʪʘʮʠʠ.  
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1.3. ɹʘʟʦʚʘʷ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʆʙʪʝʢʘʥʠʝ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʩʧʣʦʰʥʳʤ ʧʦʪʦʢʦʤ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʤʦʞʥʦ ʦʧʠʩʘʪʴ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʚʠʜʝ, ʢʦʪʦʨʘʷ 

ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè. ɼʘʥʥʘʷ ʩʠʩʪʝʤʘ ʩʦʩʪʦʠʪ ʠʟ ʫʨʘʚʥʝʥʠʷ 

ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ ʠ ʫʨʘʚʥʝʥʠʷ ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ ʠ ʚ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʬʦʨʤʝ, ʚ 

ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ [Ferziger and Peric, 2002]: 
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µ µ µ µî + =- + +
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   (1.3.1) 

ʛʜʝ t  ï ʚʨʝʤʷ; i , j  ï ʥʠʞʥʠʝ ʠʥʜʝʢʩʳ, ʫʢʘʟʳʚʘʶʱʠʝ ʥʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʚʝʢʪʦʨʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʢ ʜʝʢʘʨʪʦʚʳʤ ʢʦʦʨʜʠʥʘʪʘʤ, i, j = {x, y, z}; iu  ï ʢʦʤʧʦʥʝʥʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ; 

ix  ï ʢʦʤʧʦʥʝʥʪʘ ʚʝʢʪʦʨʘ ʜʝʢʘʨʪʦʚʳʭ ʢʦʦʨʜʠʥʘʪ; 
ijt ï ʪʝʥʟʦʨ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ; ig  ï 

ʢʦʤʧʦʥʝʥʪʘ ʚʝʢʪʦʨʘ ʫʩʢʦʨʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ; p ï ʜʘʚʣʝʥʠʝ; r ï ʧʣʦʪʥʦʩʪʴ ʩʨʝʜʳ. 

ʂʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʨʝʦʣʦʛʠʯʝʩʢʦʛʦ 

ʟʘʢʦʥʘ ʅʴʶʪʦʥʘ [Ferziger and Peric, 2002]: 

ji k
ij ij

j i k

uu u2

x x 3 x
t m d

å õµµ µ
= + -æ öæ öµ µ µç ÷

,    (1.3.2) 

ʛʜʝ m ï ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ, 
ijd ï ʩʠʤʚʦʣ ʂʨʦʥʝʢʝʨʘ (

ijd= 1 ʧʨʠ i j= , 
ijd= 0 ʧʨʠ i j̧ ). 

ɺ ʩʣʫʯʘʝ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʜʥʦʨʦʜʥʳʤ ʧʦʪʦʢʦʤ ʤʦʞʥʦ ʧʨʠʥʷʪʴ, ʯʪʦ 

ʞʠʜʢʦʩʪʴ ʥʝʩʞʠʤʘʝʤʘ, ʪʦʛʜʘ ʩʠʩʪʝʤʘ (1.3.1) ʫʧʨʦʱʘʝʪʩʷ ʜʦ ʚʠʜʘ: 
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   (1.3.3) 

ʉʨʝʜʘ, ʚ ʢʦʪʦʨʦʡ ʨʘʙʦʪʘʝʪ ʛʨʝʙʥʦʡ ʚʠʥʪ, ʤʦʞʝʪ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴʩʷ ʥʘʣʠʯʠʝʤ ʜʚʫʭ 

ʬʘʟ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʘʨʦʚʘʷ ʠ ʞʠʜʢʘʷ ʬʘʟʳ, ʧʨʠ 

ʚʨʘʱʝʥʠʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚʙʣʠʟʠ ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ï ʚʦʜʘ ʠ ʚʦʟʜʫʭ. ɺʦʟʥʠʢʘʶʱʠʡ 

ʤʝʞʬʘʟʥʳʡ ʨʘʟʜʝʣ ʧʨʠ ʵʪʦʤ ʥʘʟʳʚʘʶʪ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʅʘʣʠʯʠʝ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʫʩʣʦʞʥʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʝʤʫʶ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʥʦʛʦʬʘʟʥʳʭ ʪʝʯʝʥʠʡ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʨʠʤʝʥʠʤʳʭ ʥʘ 

ʧʨʘʢʪʠʢʝ ʧʦʜʭʦʜʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ VOF (Volume of Fluid) [Hirt and Nichols, 1981]. ɺ ʥʝʤ ʚ 

ʢʘʯʝʩʪʚʝ ʤʘʨʢʝʨ-ʬʫʥʢʮʠʠ ʚʳʩʪʫʧʘʝʪ ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʬʘʟʳ, ʘ ʜʣʷ ʝʝ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʰʘʝʪʩʷ 
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ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʦʪʩʣʝʞʠʚʘʥʠʷ ʛʨʘʥʠʮʳ ʷʚʣʷʝʪʩʷ ʪʦ, 

ʯʪʦ ʦʥ ʥʝ ʠʤʝʝʪ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ ʬʘʟ ʠ ʧʨʠʤʝʥʷʝʤʳʝ 

ʪʨʝʭʤʝʨʥʳʝ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʚ 

ʧʨʠʢʣʘʜʥʳʭ ʧʘʢʝʪʘʭ ʧʨʦʛʨʘʤʤ. ɺ ʨʘʤʢʘʭ ʤʝʪʦʜʘ VOF ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ 

(1.3.1) ʜʦʧʦʣʥʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʧʝʨʝʥʦʩʘ ʦʙʲʸʤʥʦʡ ʜʦʣʠ ʬʘʟ: 

( )

( )

( )

0,

,

0,

ij

i

i

i
i j i

j i j

i

i

u
t x

u p
u u g

t x x x

u
t x

x x

x x

r
r

r
r t r

r a
r a

ëµ µ
+ =î

µ µî
îµ µ µ µî

+ =- + +ì
µ µ µ µî

îµ µ
î + =
µ µîí

    (1.3.4) 

ʛʜʝ  ï ʠʥʜʝʢʩ, ʫʢʘʟʳʚʘʶʱʠʡ ʥʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ ʦʪʜʝʣʴʥʦʡ ʬʘʟʝ,  ï ʦʙʲʸʤʥʘʷ ʜʦʣʷ 

-ʡ ʬʘʟʳ,  ï ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʧʣʦʪʥʦʩʪʴ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ ʫʩʨʝʜʥʸʥʥʦʝ ʟʥʘʯʝʥʠʝ 

ʧʣʦʪʥʦʩʪʠ ʧʦ ʚʩʝʤ ʬʘʟʘʤ: 

N

1

x x

x

r r a
=

=ä                                                          (1.3.5) 

ʛʜʝ  ï ʢʦʣʠʯʝʩʪʚʦ ʬʘʟ. 

ɺʘʞʥʦʩʪʴ ʫʯʝʪʘ ʵʬʬʝʢʪʦʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʠʩʭʦʜʷ ʠʟ 

ʟʥʘʯʝʥʠʷ ʯʠʩʣʘ ɺʝʙʝʨʘ, ʢʦʪʦʨʦʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʦʪʥʦʰʝʥʠʝ ʠʥʝʨʮʠʦʥʥʳʭ ʩʠʣ ʢ ʩʠʣʘʤ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ: 

2 3n D
We

r

s
= ,      (1.3.6) 

ʛʜʝ s ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ɼʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʝ ʩʣʫʯʘʝʚ We 200> , ʧʦʵʪʦʤʫ ʵʬʬʝʢʪʘʤʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ [Yari and Ghassemi, 2016; Yvin et al., 2017]. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1.3.4) ʜʦʣʞʥʘ ʙʳʪʴ ʜʦʧʦʣʥʝʥʘ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ, 

ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ, ʠʭ ʦʧʠʩʘʥʠʝ ʤʦʞʥʦ ʥʘʡʪʠ ʚ [Ferziger and Peric, 

2002]. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ 

ʪʘʙʣʠʮʝ 1.3.1. 
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ʊʘʙʣʠʮʘ 1.3.1 ï ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ 

ɻʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ 
ɺʝʣʠʯʠʥʘ 

ʉʢʦʨʦʩʪʴ ɼʘʚʣʝʥʠʝ ʆʙʲʝʤʥʘʷ ʜʦʣʷ 

ʉʪʝʥʢʘ ʙʝʟ 

ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ 0u=  
0

p

n

µ
=

µ
 0

n

xaµ
=

µ
 

ʉʪʝʥʢʘ ʩ 

ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʝʤ 

0
u

n

tµ =
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µ
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ʇʣʦʩʢʦʩʪʴ ʩʠʤʤʝʪʨʠʠ 0nu =   0
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n

µ
=

µ
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n

xaµ
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ɺʭʦʜ/ʚʳʭʦʜ   

ʜʦʟʚʫʢʦʚʦʡ bu u=  0
p

n

µ
=

µ
 

0
n

xaµ
=

µ
 ʧʨʠ 0nu >  

bx xa a=  ʧʨʠ 0nu ¢  

ɼʘʚʣʝʥʠʝ 0
u

n

µ
=

µ
 bp p=  

0
n

xaµ
=

µ
 ʧʨʠ 0nu >  

bx xa a=  ʧʨʠ 0nu ¢  

ɺ ʪʘʙʣʠʮʝ 1.3.1 ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ: ut ï ʪʘʥʛʝʥʮʠʘʣʴʥʘʷ 

ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ, nu  ï ʥʦʨʤʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ, n  ï ʥʦʨʤʘʣʴ (ʧʦʣʦʞʠʪʝʣʴʥʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʨʫʞʫ ʦʪ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʵʣʝʤʝʥʪʘ), bu  ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ, ʟʘʜʘʥʥʳʡ ʥʘ 

ʛʨʘʥʠʮʝ, bp  ï ʜʘʚʣʝʥʠʝ, ʟʘʜʘʥʥʦʝ ʥʘ ʛʨʘʥʠʮʝ, 
bxa  ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ -ʡx  ʬʘʟ,r ʟʘʜʘʥʥʘʷ ʥʘ 

ʛʨʘʥʠʮʝ. 

ɼʣʷ ʧʘʨʘʤʝʪʨʦʚ u , p  ʠ xa  ʪʘʢʞʝ ʟʘʜʘʶʪʩʷ ʠʭ ʥʘʯʘʣʴʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. 

ʆʙʪʝʢʘʥʠʝ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʧʦʪʦʢʦʤ ʞʠʜʢʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʜʘ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʪʫʨʙʫʣʝʥʪʥʦʤ ʨʝʞʠʤʝ, ʧʦʵʪʦʤʫ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (1.3.3) ʠʣʠ (1.3.4) ʜʦʣʞʥʳ ʨʝʰʘʪʴʩʷ 

ʚʤʝʩʪʝ ʩ ʢʘʢʠʤ-ʣʠʙʦ ʤʝʪʦʜʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʩʨʝʜʥʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʧʦ ʈʝʡʥʦʣʴʜʩʫ. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʈʝʡʥʦʣʴʜʩʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʧʫʪʝʤ ʦʩʨʝʜʥʝʥʠʷ ʧʦ ʚʨʝʤʝʥʠ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʨʝʭʤʝʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ. ʇʨʠ ʵʪʦʤ ʧʝʨʠʦʜ ʦʩʨʝʜʥʝʥʠʷ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʨʝʤʝʥʥʳʤʠ ʤʘʩʰʪʘʙʘʤʠ ʚʩʝʭ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʪʝʯʝʥʠʠ, ʠ 

ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʚʨʝʤʝʥʥʳʤ ʤʘʩʰʪʘʙʦʤ ʦʩʨʝʜʥʝʥʥʦʛʦ 

ʪʝʯʝʥʠʷ [ɻʘʨʙʘʨʫʢ ʠ ʜʨ., 2016]. ɼʣʷ ʧʨʦʩʪʦʪʳ ʙʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʦʙʪʝʢʘʥʠʝ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʦʜʥʦʬʘʟʥʳʤ ʧʦʪʦʢʦʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʦʩʨʝʜʥʝʥʥʳʝ ʧʦ 

ʈʝʡʥʦʣʴʜʩʫ, ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ (ʟʥʘʢʠ ʦʩʨʝʜʥʝʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ 

ʠ ʜʘʚʣʝʥʠʷ ʦʧʫʩʢʘʶʪʩʷ) [Ferziger and Peric, 2002]: 
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                    (1.3.7)  

ʛʜʝ 
t

ijt ï ʪʝʥʟʦʨ ʨʝʡʥʦʣʴʜʩʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1.3.7) ʷʚʣʷʝʪʩʷ ʥʝʟʘʤʢʥʫʪʦʡ ʠʟ-ʟʘ ʥʝʠʟʚʝʩʪʥʦʡ ʩʚʷʟʠ ʢʦʤʧʦʥʝʥʪ 

ʪʝʥʟʦʨʘ ʨʝʡʥʦʣʴʜʩʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʩ ʦʩʨʝʜʥʝʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʯʝʥʠʷ. ʕʪʘ ʩʚʷʟʴ, 

ʦʪʨʘʞʘʶʱʘʷ ʚʢʣʘʜ ʪʫʨʙʫʣʝʥʪʥʳʭ ʧʫʣʴʩʘʮʠʡ ʚ ʦʩʥʦʚʥʦʡ ʧʦʪʦʢ, ʤʦʞʝʪ ʙʳʪʴ ʫʩʪʘʥʦʚʣʝʥʘ ʩ 

ʧʦʤʦʱʴʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ, ʥʘʟʳʚʘʝʤʳʭ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʤʦʜʝʣʷʤʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʥʦ 

ʥʘʠʙʦʣʝʝ ʧʨʠʤʝʥʠʤʳʤʠ ʥʘ ʧʨʘʢʪʠʢʝ ʷʚʣʷʶʪʩʷ ʣʠʥʝʡʥʳʝ ʤʦʜʝʣʠ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪ 

ʵʤʧʠʨʠʯʝʩʢʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ tm ʠ ʛʠʧʦʪʝʟʫ 

ɹʫʩʩʠʥʝʩʢʘ ʦ ʣʠʥʝʡʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʪʝʥʟʦʨʦʤ ʨʝʡʥʦʣʴʜʩʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʪʝʥʟʦʨʦʤ 

ʩʢʦʨʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʡ 
ijS : 

1 2 1
2

3 3 2

jt k i
ij t ij ij

k j

ij ij

i

uu u
S k , S

x x x

å õµå õµ µ
t = m - d + d = +æ öæ ö æ öµ µ µç ÷ ç ÷

,  (1.3.8) 

ʛʜʝ k  ï ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

ʂʘʢ ʧʦʢʘʟʳʚʘʝʪ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʳ, ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʜʣʷ ʟʘʜʘʯ ʦʙʪʝʢʘʥʠʷ 

ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ [ʥʘʧʨʠʤʝʨ, Felicjancik et al., 2016; Dong, 2018; Tu, 2019; ʂʫʟʥʝʮʦʚʘ ʠ 

ʊʘʨʘʥʦʚ, 2022] ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ k w-  SST (Shear Stress Transport) ʄʝʥʪʝʨʘ [Menter et al., 

2003]. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʝʝ ʫʩʧʝʰʥʳʤ ʧʨʠʤʝʥʝʥʠʝʤ ʜʣʷ 

ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʩʣʦʞʥʳʭ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ [ʂʦʟʝʣʢʦʚ, 2016], ʚʢʣʶʯʘʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ ʪʝʣ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʠ [ʀʩʘʝʚ ʠ ʜʨ., 2007]. ɺ 

ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʪʘʥʜʘʨʪʥʘʷ ʚʝʨʩʠʷ ʤʦʜʝʣʠ SST ʄʝʥʪʝʨʘ 

2003 ʛʦʜʘ, ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʚ ʧʘʢʝʪʝ çʃʦʛʦʩè, ʢʦʪʦʨʘʷ ʧʨʦʰʣʘ ʚʘʣʠʜʘʮʠʶ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʢʣʘʩʩʦʚ ʟʘʜʘʯ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʟʘʜʘʯ ʤʦʨʩʢʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ [ʇ3, ʇ10]. ʇʨʦʚʝʜʝʥʥʳʝ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʨʘʩʯʝʪʳ ʠ ʘʥʘʣʠʟ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʧʦʩʪʘʚʣʝʥʥʳʭ ʚ ʨʘʙʦʪʝ ʮʝʣʝʡ ʧʦ ʦʮʝʥʢʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʦʢʘʟʳʚʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʦʧʨʘʚʦʢ [ʀʩʘʝʚ ʠ ʜʨ., 2014; ʀʩʘʝʚ ʠ ʜʨ., 2023] ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʰʝʥʦ ʚʦʟʜʝʨʞʘʪʴʩʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʜʝʪʘʣʴʥʳʡ 

ʘʥʘʣʠʟ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ ʩʣʝʜʝ ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ. 
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ʄʦʜʝʣʴ SST ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʙʠʥʘʮʠʶ ʜʚʫʭ ʠʟʚʝʩʪʥʳʭ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ï ʩʪʘʥʜʘʨʪʥʦʡ k-e ʤʦʜʝʣʠ  ʃʘʫʥʜʝʨʘ-ʉʧʦʣʜʠʥʛʘ [Launder and Spalding; 

1974] ʠ k w-  ʤʦʜʝʣʠ ʋʠʣʢʦʢʩʘ [Wilcox, 1988]. ɺ ʥʝʡ k-e ʤʦʜʝʣʴ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʚ 

ʪʝʨʤʠʥʘʭ k w-  ʠ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʥʘ ʨʘʟʨʝʰʝʥʠʝ ʤʝʣʢʦʤʘʩʰʪʘʙʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚʦ 

ʚʥʝʰʥʝʡ ʦʙʣʘʩʪʠ ʧʦʪʦʢʘ, ʘ ʤʦʜʝʣʴ k w- , ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ʆʙʲʝʜʠʥʝʥʠʝ ʵʪʠʭ 

ʤʦʜʝʣʝʡ ʚʦʝʜʠʥʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ  ʩ  ʧʦʤʦʱʴʶ ʵʤʧʠʨʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ 1F , ʢʦʪʦʨʘʷ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʣʠʟʦʩʪʴ ʩʫʤʤʘʨʥʦʡ ʤʦʜʝʣʠ ʢ ʤʦʜʝʣʠ k-e ʚʜʘʣʠ ʦʪ ʪʚʝʨʜʳʭ ʩʪʝʥʦʢ ʠ ʢ 

ʤʦʜʝʣʠ k w-  ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ ʧʦʪʦʢʘ: 

2

1

( )( )
( )

( )( )
( ) (1 ) ,

j

k t k k

j j j

j

t k k

j j j t

u kk k
P D

t x x x

u
P F D

t x x x
w w

rr
m s m

r wrw w yr
m s m brw

m

è øµµ µ µ
+ = + + -é ù

µ µ µ µé ùê ú

è øµµ µ µ
+ = + + - + -é ù

µ µ µ µé ùê ú

     (1.3.9) 

ʛʜʝ w = e/k ï ʫʜʝʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, kP  ï ʛʝʥʝʨʘʮʠʦʥʥʳʡ 

ʯʣʝʥ, *

kD kb rw=  ï ʜʠʩʩʠʧʘʪʠʚʥʳʡ ʯʣʝʥ, ks , ws , 
*b , b, y ï ʵʤʧʠʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ 

ʤʦʜʝʣʠ. 

ʈʘʩʯʝʪ ʛʝʥʝʨʘʮʠʦʥʥʦʛʦ ʯʣʝʥʘ ʚ ʫʨʘʚʥʝʥʠʷʭ ʧʝʨʝʥʦʩʘ (1.3.9) ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦ 

ʬʦʨʤʫʣʝ: 

2 *min( ,10 )k tP S km b r w= ,    (1.3.10) 

ʛʜʝ 2 ij ijS S S=  ï ʤʦʜʫʣʴ ʪʝʥʟʦʨʘ ʩʢʦʨʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʠ. 

ʇʦʩʣʝʜʥʠʡ ʯʣʝʥ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠ ̫ʧʝʨʝʥʦʩʘ ɤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ: 

22
k

i i

k
D

x x

w
w

rs w

w

µ µ
=

µ µ
 .    (1.3.11) 

ʊʫʨʙʫʣʝʥʪʥʘ ̫ ʚʷʟʢʦʩʪʴ ʚ SST ʤʦʜʝʣʠ 2003 ʛʦʜʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʠʟʚʝʩʪʥʳʤ 

ʟʥʘʯʝʥʠʷʤ k  ʠ ɤ ʯʝʨʝʟ ʩʦʦʪʥʦʰʝʥʠʝ: 

1

1 2max( , )
t

a k

a SF

r
m

w
= ,      (1.3.12) 

ʛʜʝ 2F  ï ʵʤʧʠʨʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ, ʢʦʪʦʨʘʷ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

2

2 2tanh(arg )F = ,      (1.3.13) 

ʛʜʝ 2 * 2

2 500
arg max ,

k

y y

m

b w wr

å õ
= æ öæ ö

ç ÷
, y  ï ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʩʪʝʥʢʠ.  
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ʕʤʧʠʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʤʦʜʝʣʠ ʦʧʨʝʜʝʣʷʪʩʷ ʯʝʨʝʟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʥʩʪʘʥʪʳ 

k Ů ʠ k ɤ ʤʦʜʝʣʝʡ ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ 1F : 

1 1 1 2

1 1 1 2

1 1 1 2

(1 )

(1 )

(1 )

k k kF F

F F

F F

w w w

s s s

s s s

b b b

= + -

= + -

= + -

,      (1.3.14) 

{ }

4 2
1 1 1 * 2 2

10

4500
tanh(arg ),arg min max , ,

max ,10

k

k k

kk
F

y y CD y

CD D

w

w

w w

rsm

b w wr

-

è øå õ
= = é ùæ öæ ö

é ùç ÷ê ú

=

.

  

(1.3.15) 

ʀʥʜʝʢʩʳ ç1è ʠ ç2è ʚ (1.2.14) ʦʪʥʦʩʷʪʩʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢ ʢʦʥʩʪʘʥʪʘʤ k ɤ ʠ k Ů 

ʤʦʜʝʣʝʡ: 

 

1 1 1

2 2 1

* * 2 *

1

0.85, 0.5, 0.075

1, 0.856, 0.0828

0.09, 0.41, 0.31, / /

k

k

k a k

w

w

s s b

s s b

b a b b sw b

= = =

= = =

= = = = -

.          (1.3.16) 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʠʩʩʝʨʪʘʮʠʠ ʤʦʜʝʣʴ SST ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʦʚʤʝʩʪʥʦ ʩ 

ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʧʨʠʩʪʝʥʦʯʥʳʤʠ ʬʫʥʢʮʠʷʤʠ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʧʨʠʝʤʣʝʤʦʝ ʧʦ 

ʪʦʯʥʦʩʪʠ ʨʝʰʝʥʠʝ ʧʨʠ ʧʨʦʠʟʚʦʣʴʥʦʤ ʩʝʪʦʯʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ʚʥʫʪʨʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. 

ʌʦʨʤʫʣʠʨʦʚʢʘ ʧʨʠʩʪʝʥʦʯʥʳʭ ʬʫʥʢʮʠʡ ʦʧʠʨʘʝʪʩʷ ʥʘ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʚ ʚʷʟʢʦʤ ʧʦʜʩʣʦʝ 

ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚʥʦʩʷʪ ʚʷʟʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʩʢʦʨʦʩʪʴ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʩʪʝʥʢʠ, ʘ ʚ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʩʣʦʝ ʜʦʤʠʥʠʨʫʶʪ ʥʘʧʨʷʞʝʥʠʷ ʈʝʡʥʦʣʴʜʩʘ. ɺ ʨʘʙʦʪʘʭ [Launder and 

Spalding, 1974; Smirnov and Zaitsev, 2005] ʧʨʠʩʪʝʥʦʯʥʳʝ ʬʫʥʢʮʠʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦ ʩʢʦʨʦʩʪʴ, ʚ ʙʣʠʞʘʡʰʝʡ ʦʪ ʩʪʝʥʢʠ ʷʯʝʡʢʝ, ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ: 

1
4 4

1 4

1

( ) ln( )

k
u u

y Ey
t

-

+ +

å õå õ
æ ö= +æ öæ öç ÷ç ÷

 ,     (1.3.17) 

ʛʜʝ wut
t

r
= ï ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ, wt ï ʩʠʣʘ ʪʨʝʥʠʷ, ʧʨʠʭʦʜʷʱʘʩ̫ʷ ʥʘ ʝʜʠʥʠʮʫ 

ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, 
y

y
u

+

t

n
=  ï ʙʝʟʨʘʟʤʝʨʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʩʪʝʥʢʠ, n ï 

ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʩʨʝʜʳ, 0.41k=  ï ʢʦʥʩʪʘʥʪʘ ʂʘʨʤʘʥʘ, E  ï ʵʤʧʠʨʠʯʝʩʢʘʷ 

ʢʦʥʩʪʘʥʪʘ, ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʧʨʠʥʠʤʘʝʪʩʷ 8.4317E= .  

ʀʪʝʨʘʪʠʚʥʦ ʨʝʰʘʷ (1.3.17), ʦʧʨʝʜʝʣʷʶʪ ʟʥʘʯʝʥʠʝ ut, ʧʦ ʥʝʤʫ ʥʘʭʦʜʷʪ ʥʝʦʙʭʦʜʠʤʦʝ 

ʩʜʚʠʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ wt, ʢʦʪʦʨʦʝ ʠʩʧʦʣʴʟʫʶʪ ʚ ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʯʥʦʛʦ ʫʩʣʦʚʠʷ ʜʣʷ ʚʷʟʢʠʭ 

ʯʣʝʥʦʚ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ (1.3.7). ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʚ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʫʜʝʣʴʥʘʷ 

ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ɤ ʚ ʧʝʨʚʦʡ ʨʘʩʯʝʪʥʦʡ ʪʦʯʢʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 
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6 1
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.   (1.3.18) 

ɼʣʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k  ʚ ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʯʥʦʛʦ ʫʩʣʦʚʠʷ ʥʘ 

ʩʪʝʥʢʝ ʟʘʜʘʝʪʩʷ ʥʫʣʝʚʦʡ ʛʨʘʜʠʝʥʪ. 

ʆʧʠʩʘʥʥʘʷ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʷʚʣʷʝʪʩʷ ʙʘʟʦʚʦʡ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ 

çʃʦʛʦʩè, ʦʥʘ ʧʨʦʰʣʘ ʪʱʘʪʝʣʴʥʫʶ ʚʘʣʠʜʘʮʠʶ ʠ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ  

ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʪʘʢʠʭ ʢʘʢ ʘʚʠʘʩʪʨʦʝʥʠʝ [ʂʦʟʝʣʢʦʚ ʠ ɻʘʣʘʥʦʚ, 2024;  

Kozelkov et al., 2024], ʨʘʢʝʪʥʦ-ʢʦʩʤʠʯʝʩʢʘʷ ʦʪʨʘʩʣʴ [ɸʢʩʝʥʦʚ ʠ ʜʨ., 2015], 

ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʝ [ʂʦʟʝʣʢʦʚ, 2016], ʘʪʦʤʥʘʷ ʵʥʝʨʛʝʪʠʢʘ [ʂʦʟʝʣʢʦʚ ʠ ʜʨ., 2015; ɽʬʨʝʤʦʚ 

ʠ ʜʨ., 2019], ʘ ʪʘʢʞʝ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʛʝʦʬʠʟʠʢʠ [Kozelkov et al., 2016; Kozelkov et al., 

2017; Kozelkov et al., 2022]. ɼʠʩʩʝʨʪʘʥʪ ʧʨʠʥʠʤʘʣ ʫʯʘʩʪʠʝ ʚ ʚʝʨʠʬʠʢʘʮʠʠ ʠ ʚʘʣʠʜʘʮʠʠ 

ʤʝʪʦʜʠʢʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʦʣʥ ʮʫʥʘʤʠ [ʇ7, ʇ22-ʇ13, ʇ26], ʘ ʪʘʢʞʝ ʟʘʥʠʤʘʣʩʷ 

ʨʘʟʨʘʙʦʪʢʦʡ ʠ ʚʘʣʠʜʘʮʠʝʡ ʛʝʥʝʨʘʪʦʨʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ ʚʦʣʥ, ʧʦʟʚʦʣʷʶʱʝʛʦ 

ʟʘʜʘʚʘʪʴ ʥʘʯʘʣʴʥʳʝ ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʟʘʜʘʯʘʭ ʩʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʛʜʝ 

ʥʝʦʙʭʦʜʠʤʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʝʪʨʦ-ʚʦʣʥʦʚʳʭ ʥʘʛʨʫʟʦʢ ʥʘ ʦʙʲʝʢʪ [ʇ9, ʇ21].  

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʜʘʥʥʘʷ ʙʘʟʦʚʘʷ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʜʦʣʞʥʘ ʙʳʪʴ ʨʘʩʰʠʨʝʥʘ ʩ ʮʝʣʴʶ ʫʯʝʪʘ ʚʩʝʭ ʟʥʘʯʠʤʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʠʟʠʯʝʩʢʦʛʦ 

ʧʨʦʮʝʩʩʘ, ʯʪʦ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ: 

- ʜʦʧʦʣʥʝʥʠʝ ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k w-  SST ʄʝʥʪʝʨʘ ʤʦʜʝʣʴʶ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ Re tqg-  ʜʣʷ ʫʯʝʪʘ ʧʝʨʝʭʦʜʥʳʭ ʟʦʥ ʠ 

ʣʘʤʠʥʘʨʥʳʭ ʫʯʘʩʪʢʦʚ ʥʘ ʣʦʧʘʩʪʷʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʤʦʜʝʣʴʥʳʭ ʨʘʟʤʝʨʦʚ; 

- ʜʦʙʘʚʣʝʥʠʝ ʚ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʠʩʪʦʯʥʠʢʦʚʳʭ ʩʣʘʛʘʝʤʳʭ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʤʘʩʩʦʧʝʨʝʥʦʩ, ʜʣʷ ʫʯʝʪʘ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʷʚʣʝʥʠʡ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʤʦʜʝʣʴʶ ʐʥʝʨʨʘ-ɿʘʫʵʨʘ; 

- ʛʝʥʝʨʘʪʦʨ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ ʜʣʷ ʫʯʝʪʘ ʫʩʣʦʚʠʡ ʚʦʣʥʝʥʠʷ; 

- ʫʯʝʪ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚʦ ʚʩʝʭ ʫʨʘʚʥʝʥʠʷʭ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʚ 

ʨʘʤʢʘʭ ʷʚʥʦʛʦ ʧʦʜʭʦʜʘ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʛʦ ʜʚʠʞʝʥʠʝʤ ʫʟʣʦʚ ʩʢʦʣʴʟʷʱʝʡ ʨʘʩʯʝʪʥʦʡ 

ʩʝʪʢʠ. 

  



29 
 

1.4.ʌʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣ ɹʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ 

ʋʯʝʪ ʧʝʨʝʭʦʜʥʳʭ ʟʦʥ ʠ ʣʘʤʠʥʘʨʥʳʭ ʫʯʘʩʪʢʦʚ 

ɽʩʣʠ ʧʨʠ ʦʙʪʝʢʘʥʠʠ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʩʯʠʪʘʝʪʩʷ 

ʧʦʣʥʦʩʪʴʶ ʪʫʨʙʫʣʝʥʪʥʳʤ, ʪʦ ʚ ʤʦʜʝʣʴʥʦʤ ʤʘʩʰʪʘʙʝ ʥʘ ʣʦʧʘʩʪʷʭ ʤʦʛʫʪ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʨʘʟʥʳʝ ʨʝʞʠʤʳ ʪʝʯʝʥʠʷ: ʣʘʤʠʥʘʨʥʦʝ, ʧʝʨʝʭʦʜʥʦʝ ʠ ʪʫʨʙʫʣʝʥʪʥʦʝ. ʅʘ 

ʨʠʩʫʥʢʝ 1.4.1 ʧʦʢʘʟʘʥʦ ʩʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʩʪʠ ʤʦʜʝʣʴʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ [Carlton, 

2007]. 

 

ʈʠʩʫʥʦʢ 1.4.1 ï ʍʘʨʘʢʪʝʨ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʩʪʠ 

ʤʦʜʝʣʴʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ: LE (Leading Edge) ï ʧʝʨʝʜʥʷʷ ʢʨʦʤʢʘ ʣʦʧʘʩʪʠ,  

TE (Trailing Edge) ï ʟʘʜʥʷʷ ʢʨʦʤʢʘ ʣʦʧʘʩʪʠ [Carlton, 2007] 

ʅʘ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʝ ʣʦʧʘʩʪʠ, ʛʜʝ ʥʘʛʨʫʟʢʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʘʤʘʷ ʚʳʩʦʢʘʷ, ʚʦʟʥʠʢʘʝʪ 

ʣʘʤʠʥʘʨʥʳʡ ʫʯʘʩʪʦʢ ABCDE, ʦʙʣʘʩʪʴ CD ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡ ʠ ʦʙʳʯʥʦ ʥʘʭʦʜʠʪʩʷ 

ʥʘ ʥʝʢʦʪʦʨʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ, ʥʘ ʦʩʪʘʣʴʥʦʡ ʯʘʩʪʠ ʣʦʧʘʩʪʠ ʨʘʟʚʠʚʘʝʪʩʷ 

ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ. ʈʘʩʧʦʣʦʞʝʥʠʝ ʪʦʯʝʢ B, C ʠ D ʟʘʚʠʩʠʪ ʦʪ ʛʝʦʤʝʪʨʠʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ ʥʘʛʨʫʟʢʠ ʥʘ ʥʝʛʦ, ʘ ʪʘʢʞʝ ʦʪ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʧʦʪʦʢʘ. 

ɺ RANS-ʧʦʜʭʦʜʝ ʧʝʨʝʭʦʜʥʳʝ ʟʦʥʳ ʠ ʣʘʤʠʥʘʨʥʳʝ ʫʯʘʩʪʢʠ ʤʦʞʥʦ ʫʯʝʩʪʴ ʩ ʧʦʤʦʱʴʶ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʝʣʠ ʧʝʨʝʭʦʜʥʳʭ ʪʝʯʝʥʠʡ. ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʢʦʨʘʙʝʣʴʥʦʡ 

ʛʠʜʨʦʜʠʥʘʤʠʢʝ ʥʘʰʣʘ ʤʦʜʝʣʴ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ (ʃʊʇ) Re tqg-  [Menter 

and Langtry, 2009], ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴ ʢʦʪʦʨʦʡ ʚʳʨʘʞʘʝʪʩʷ ʚ ʦʪʩʫʪʩʪʚʠʠ ʥʝʣʦʢʘʣʴʥʳʭ 

ʦʧʝʨʘʮʠʡ, ʘ ʪʘʢʞʝ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʦʧʠʩʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʮʝʥʘʨʠʝʚ ʃʊʇ (ʝʩʪʝʩʪʚʝʥʥʦʛʦ, 

ʙʘʡʧʘʩʥʦʛʦ ʠ ʦʪʨʳʚʥʦʛʦ). 
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ʄʦʜʝʣʴ ʃʊʇ Re tqg-  ʨʘʟʨʘʙʦʪʘʥʘ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʥʘ ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʦʚʤʝʩʪʥʦ ʩ 

ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST. ɼʣʷ ʫʯʝʪʘ ʧʝʨʝʭʦʜʘ ʚʚʦʜʠʪʩʷ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʤʝʞʘʝʤʦʩʪʠ g: 

( ) ( )j t

j j j

u
P E

t x x x
g g

g

r grg m g
m
s

è øµ å õµ µ µ
+ = - + +é ùæ öæ öµ µ µ µé ùç ÷ê ú

,   (1.4.1) 

ʛʜʝ gs  ï ʵʤʧʠʨʠʯʝʩʢʘʷ ʢʦʥʩʪʘʥʪʘ, Pg ʠ Eg ï ʠʩʪʦʯʥʠʢʦʚʳʝ ʩʣʘʛʘʝʤʳʝ, ʢʦʪʦʨʳʝ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʦʦʪʥʦʰʝʥʠʷʤʠ 

[ ]( )
0.5

1 11length a onset eP F c S F cg r g g= -     (1.4.2) 

( )2 2 1a turb eE c F cg gr g g s= W - .    (1.4.3) 

ɻʝʥʝʨʘʮʠʦʥʥʦʝ ʩʣʘʛʘʝʤʦʝ Pg ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʨʠʥʠʤʘʪʴ 

ʥʫʣʝʚʦʝ ʟʥʘʯʝʥʠʝ ʚ ʣʘʤʠʥʘʨʥʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ (ʚʚʝʨʭ ʧʦ ʧʦʪʦʢʫ ʦʪ ʪʦʯʢʠ ʧʝʨʝʭʦʜʘ). 

ɺʝʣʠʯʠʥʘ ʵʪʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʧʦʜʦʙʨʘʥʥʳʤʠ ʬʫʥʢʮʠʷʤʠ, ʦʜʥʘ ʠʟ ʢʦʪʦʨʳʭ 

ʦʪʚʝʪʩʪʚʝʥʥʘ ʟʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʧʝʨʝʭʦʜʘ (onsetF ), ʘ ʜʨʫʛʘʷ (
lengthF ) ʢʦʥʪʨʦʣʠʨʫʝʪ ʜʣʠʥʫ 

ʫʯʘʩʪʢʘ ʧʝʨʝʭʦʜʘ. ɺʪʦʨʦʡ ʠʩʪʦʯʥʠʢʦʚʳʡ ʯʣʝʥ Eg, ʚ ʢʦʪʦʨʳʡ ʚʭʦʜʠʪ ʵʤʧʠʨʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ 

turbF , ʦʪʚʝʯʘʝʪ ʟʘ ʧʦʜʘʚʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʤʝʞʘʝʤʦʩʪʠ ʚ ʣʘʤʠʥʘʨʥʦʤ ʧʦʛʨʘʥʠʯʥʦʤ 

ʩʣʦʝ ʠ ʚ ʚʷʟʢʦʤ ʧʦʜʩʣʦʝ. 1ac , 1ec , 2ac , 2ec  ʚ (1.4.2) ʠ (1.4.3) ï ʵʤʧʠʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʤʝʞʘʝʤʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʚʨʝʤʝʥʠ, ʚ ʪʝʯʝʥʠʝ 

ʢʦʪʦʨʦʛʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʪʦʯʢʝ ʧʦʪʦʢʘ ʥʘʙʣʶʜʘʝʪʩʷ ʪʫʨʙʫʣʝʥʪʥʦʝ ʪʝʯʝʥʠʝ, ʢ ʦʙʱʝʤʫ 

ʚʨʝʤʝʥʠ ʥʘʙʣʶʜʝʥʠʷ: /turbt tg=D D. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ 0g=  ʪʝʯʝʥʠʝ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ 

ʣʘʤʠʥʘʨʥʳʤ, ʧʨʠ 1g=  ï ʧʦʣʥʦʩʪʴʶ ʪʫʨʙʫʣʝʥʪʥʳʤ, ʘ ʧʨʠ 0 1g< < ï ʧʝʨʝʭʦʜʥʳʤ. 

ʋʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʤʝʞʘʝʤʦʩʪʠ ʨʝʰʘʝʪʩʷ ʧʨʠ ʟʘʜʘʥʠʠ ʥʘ 

ʚʭʦʜʝ ʚ ʨʘʩʯʝʪʥʫʶ ʦʙʣʘʩʪʴ ʟʥʘʯʝʥʠʷ   1g= , ʯʪʦʙʳ ʚ ʷʜʨʝ ʧʦʪʦʢʘ ʙʘʟʦʚʘʷ SST ʤʦʜʝʣʴ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʨʘʙʦʪʘʣʘ ʙʳ ʚ ʠʩʭʦʜʥʦʤ ʚʠʜʝ. ʅʘ ʩʪʝʥʢʘʭ ʥʘʢʣʘʜʳʚʘʝʪʩʷ ʫʩʣʦʚʠʝ ʨʘʚʝʥʩʪʚʘ 

ʥʫʣʶ ʧʨʦʠʟʚʦʜʥʦʡ ʧʦ ʥʦʨʤʘʣʠ ʢ ʩʪʝʥʢʝ. 

ʊʘʢʞʝ ʤʦʜʝʣʴ Re tqg-  ʩʦʜʝʨʞʠʪ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʜʣʷ ʢʨʠʪʠʯʝʩʢʦʛʦ ʯʠʩʣʘ 

ʈʝʡʥʦʣʴʜʩʘ ʧʦʪʝʨʠ ʠʤʧʫʣʴʩʘ Re tq : 

( ) ( )
( )

Re Re Ret j t t
t t t

j j j

u
P

t x x x

q q q
q q

r r
s m m

µ µ è øµµ
+ = + +é ù

µ µ µ µé ùê ú

,  (1.4.4) 

ʛʜʝ tPq ï ʛʝʥʝʨʘʮʠʦʥʥʳʡ ʯʣʝʥ, ʢʦʪʦʨʳʡ ʥʘʭʦʜʠʪʩʷ ʢʘʢ 
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( )( )Re Re 1.0t t t t tP c F
t

q q q q q

r
= - - ,    (1.4.5) 

Re tq
 ï ʢʨʠʪʠʯʝʩʢʦʝ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʧʦʪʝʨʠ ʠʤʧʫʣʴʩʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ, Re tq  ï ʢʨʠʪʠʯʝʩʢʦʝ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ, ʦʧʨʝʜʝʣʷʝʤʦʝ 

ʢʦʨʨʝʣʷʮʠʦʥʥʳʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ, ʦʧʠʩʳʚʘʶʱʠʤʠ ʝʛʦ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ 

ʠ ʚʥʝʰʥʝʛʦ ʫʨʦʚʥʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, 
2

500
t

U

m

r
=  ï ʤʘʩʰʪʘʙ ʚʨʝʤʝʥʠ, U  ï ʤʦʜʫʣʴ ʣʦʢʘʣʴʥʦʡ 

ʩʢʦʨʦʩʪʠ, tcq  ï ʵʤʧʠʨʠʯʝʩʢʘ ̫ʢʦʥʩʪʘʥʪʘ, tFq  ï ʬʫʥʢʮʠʷ ʩʤʝʰʠʚʘʥʠʷ. 

ʄʦʜʝʣʴ Re tqg-  ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʚʝʜʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʩʪʦʯʥʠʢʦʚʳʭ ʯʣʝʥʦʚ ʚ 

ʫʨʘʚʥʝʥʠʷʭ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST ʦʪ ʵʬʬʝʢʪʠʚʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʝʨʝʤʝʞʘʝʤʦʩʪʠ 
effg : 

( )( )min max ,0.1 ,1.0 ,

k eff k

k eff k

P P

D D

g

g

=

=
    (1.4.6) 

ʛʜʝ max( , )eff sepg g g= , 1 ,

Re
min max 0, 1 5

3.235Re
sep reattach t

c

s F Fn
q

q

g
å õè øå õ

= -æ öé ùæ öæ ö
ç ÷ê úç ÷

 , 
2

Re
y S

n

r

m
= , 

( )
4

/20TR

reattachF e
-

= , ReT

kr

mw
= , 1s  ï ʵʤʧʠʨʠʯʝʩʢʘ ̫ʢʦʥʩʪʘʥʪʘ. ʕʤʧʠʨʠʯʝʩʢʠʝ ʢʦʨʨʝʣʷʮʠʠ ʠ 

ʢʦʥʩʪʘʥʪʳ ʤʦʜʝʣʠ ʧʨʠʚʦʜʷʪʩʷ ʚ [Menter and Langtry, 2009]. 

ɺ ʪʘʢʦʤ ʚʠʜʝ ʤʦʜʝʣ ɹʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ Re tqg-  ʨʝʘʣʠʟʦʚʘʥʘ ʚ 

ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè [ʋʪʢʠʥʘ, 2022]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ Re tqg-  ʚ ʨʘʩʯʝʪʘʭ 

ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʝʛʦ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [ʇʘʥʦʚ ʠ ʜʨ., 2013; ʊʘʨʘʥʦʚ ʠ ʃʦʙʘʯʝʚ, 2013; Baltazar et 

al., 2017], ʥʦ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʦʨʨʝʢʪʥʦʩʪʴ ʝʸ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʟʘʜʘʥʠʷ 

ʚʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ: ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʪʦʢʘ ʠ ʦʪʥʦʰʝʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʡ ʠ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʝʡ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ [ʊʘʨʘʥʦʚ ʠ ʜʨ., 2018; Baltazar et al., 2021]. ɺ 

ʨʘʩʯʝʪʘʭ ʩ ʯʠʩʣʦʤ ʈʝʡʥʦʣʴʜʩʘ 
5Re 10= , ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʴʥʳʭ ʛʨʝʙʥʳʭ 

ʚʠʥʪʦʚ, ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʚʭʦʜʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ: 2.5%Tu= , / 100tm m=  [Baltazar et al., 2021]. 

ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʦʙʪʝʢʘʥʠʶ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʫʨʘʚʥʝʥʠʷʭ ʤʦʜʝʣʠ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʚʨʘʱʝʥʠʝ, ʯʪʦ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʜʘʣʝʝ ʚ 

ʟʘʢʣʶʯʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʘʥʥʦʛʦ ʧʘʨʘʛʨʘʬʘ. 
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ʋʯʝʪ ʢʘʚʠʪʘʮʠʠ 

ʈʘʙʦʪʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʤʦʞʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʢʘʚʠʪʘʮʠʦʥʥʳʤʠ ʷʚʣʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ 

ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʧʦʷʚʣʝʥʠʠ ʧʫʩʪʦʪ, ʟʘʧʦʣʥʝʥʥʳʭ ʛʘʟʦʚʦʡ ʬʘʟʦʡ, ʚʩʣʝʜʩʪʚʠʝ ʤʝʩʪʥʦʛʦ 

ʧʦʥʠʞʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʞʠʜʢʦʩʪʠ ʜʦ ʥʝʢʦʪʦʨʦʛʦ ʧʨʝʜʝʣʘ [ʀʚʘʥʦʚ, 1980]. ʅʝʛʘʪʠʚʥʳʝ 

ʧʦʩʣʝʜʩʪʚʠʷ, ʢʦʪʦʨʳʝ ʩʦʧʨʦʚʦʞʜʘʶʪ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʢʘʚʠʪʘʮʠʠ, ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʵʨʦʟʠʶ, 

ʚʠʙʨʘʮʠʶ, ʰʫʤ ʠ ʧʘʜʝʥʠʝ ʫʧʦʨʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ [ɸʥʪʦʥʝʥʢʦ, 2007; ʈʦʞʜʝʩʪʚʝʥʩʢʠʡ, 1977]. 

ʂʘʚʠʪʘʮʠʦʥʥʳʝ ʪʝʯʝʥʠʷ ʧʦ ʩʚʦʝʡ ʧʨʠʨʦʜʝ ʦʯʝʥʴ ʨʘʟʥʦʦʙʨʘʟʥʳ, ʨʘʟʣʠʯʘʶʪ ʪʘʢʠʝ ʚʠʜʳ 

ʢʘʚʠʪʘʮʠʠ ʢʘʢ ʧʫʟʳʨʴʢʦʚʘʷ; ʧʣʝʥʦʯʥʘʷ; ʦʙʣʘʯʥʘʷ ʢʘʚʠʪʘʮʠʷ; ʢʘʚʠʪʘʮʠʷ ʢʦʥʮʝʚʦʛʦ ʚʠʭʨʷ ʠ 

ʜʨ. (ʨʠʩʫʥʦʢ 1.4.2), ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʪʨʝʙʫʝʪ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʦʜʭʦʜʘ ʠ ʤʝʪʦʜʘ ʝʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʢʘʚʠʪʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ 

ʧʨʦʪʝʢʘʥʠʷ, ʤʘʣʳʤʠ ʨʘʟʤʝʨʘʤʠ ʠ ʤʘʣʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʢʘʚʝʨʥ [ɹʘʛʘʝʚ ʠ 

ʜʨ., 2017], ʧʦʵʪʦʤʫ ʠʭ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ.  

  

ʈʠʩʫʥʦʢ 1.4.2 ï ʇʨʠʤʝʨʳ ʪʠʧʦʚ ʢʘʚʠʪʘʮʠʠ ʥʘ ʛʨʝʙʥʦʤ ʚʠʥʪʝ [Szantyr, 2006; Carlton, 2007] 

ɺ ʩʣʫʯʘʝ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʪʝʯʝʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʦʣʞʥʘ ʫʯʠʪʳʚʘʪʴ 

ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʠ ʜʚʠʞʝʥʠʝ ʧʘʨʦʚʦʡ ʩʨʝʜʳ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʤʘʩʩʦʦʙʤʝʥʘ 

(ʠʩʧʘʨʝʥʠʷ ʠ ʢʦʥʜʝʥʩʘʮʠʠ) ʚ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʝʣʴ 

ʢʘʚʠʪʘʮʠʠ ʐʥʝʨʨʘ-ɿʘʫʵʨʘ [Schnerr and Sauer, 2001], ʢʦʪʦʨʘʷ ʨʝʘʣʠʟʦʚʘʥʘ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ 

çʃʦʛʦʩè [ʂʨʫʪʷʢʦʚʘ ʠ ʜʨ., 2021] ʠ ʦʩʥʦʚʘʥʘ ʥʘ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʷ ʈʵʣʝʷ-ʇʣʝʩʩʝʪʘ [Brennen, 

2005], ʦʧʠʩʳʚʘʶʱʝʛʦ ʜʠʥʘʤʠʢʫ ʦʜʠʥʦʯʥʦʛʦ ʧʘʨʦʚʦʛʦ ʧʫʟʳʨʷ. ɺ ʨʘʤʢʘʭ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʚ 

ʩʠʩʪʝʤʝ (1.3.4) ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʦʙʲʸʤʥʦʡ ʜʦʣʠ ʦʜʥʦʡ ʠʟ ʬʘʟ, ʥʘʧʨʠʤʝʨ ʧʘʨʦʚʦʡ, 

ʜʦʧʦʣʥʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʚʳʤʠ ʩʣʘʛʘʝʤʳʤʠ: 
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   (1.4.7) 

ʛʜʝ r ï ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʧʣʦʪʥʦʩʪʴ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ 

ʩʦʙʦʡ ʫʩʨʝʜʥʸʥʥʦʝ ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʧʦ ʜʚʫʤ ʬʘʟʘʤ: ll v vr a ar r= + , a ï ʦʙʲʸʤʥʘʷ ʜʦʣʷ 

(v ï ʥʠʞʥʠʡ ʠʥʜʝʢʩ, ʫʢʘʟʳʚʘʶʱʠʡ ʥʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ ʧʘʨʦʚʦʡ ʬʘʟʝ, l ï ʥʠʞʥʠʡ ʠʥʜʝʢʩ, 

ʫʢʘʟʳʚʘʶʱʠʡ ʥʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ ʚʦʜʷʥʦʡ ʬʘʟʝ); ,e cR R  ï ʤʘʩʩʦʚʳʝ ʠʩʪʦʯʥʠʢʠ, 

ʦʧʠʩʳʚʘʶʱʠʝ ʛʝʥʝʨʘʮʠʶ ʠ ʨʘʟʨʫʰʝʥʠʝ ʧʘʨʦʚʳʭ ʚʢʣʶʯʝʥʠʡ.  

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʢʦʥʜʝʥʩʘʮʠʠ ʠ ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʷ eR  ʠ cR  ʚ ʤʦʜʝʣʠ 

ʐʥʝʨʨʘ-ɿʘʫʵʨʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʣʝʜʫʶʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʦʙʲʝʤʥʦʡ ʜʦʣʝʡ ʧʘʨʘ ʠ 

ʯʠʩʣʦʤ ʧʫʟʳʨʴʢʦʚ ʚ ʝʜʠʥʠʮʝ ʦʙʲʝʤʘ: 

 

3

3

4

3
4

1
3

B

v

B

n r

n r

p
a

p

=

+

,     (1.4.8) 

ʛʜʝ n  ï ʯʠʩʣʦ ʧʫʟʳʨʴʢʦʚ ʧʘʨʘ ʚ ʝʜʠʥʠʮʝ ʦʙʲʝʤʘ ʞʠʜʢʦʩʪʠ (ʯʠʩʣʦ ʧʫʟʳʨʴʢʦʚʳʭ ʟʘʨʦʜʳʰʝʡ), 

Br  ï ʨʘʜʠʫʩ ʧʫʟʳʨʴʢʘ. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʧʘʨʘ ʤʝʥʷʝʪʩʷ ʚʦ ʚʨʝʤʝʥʠ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ 

ʠʟʤʝʥʝʥʠʷ ʨʘʜʠʫʩʘ ʧʫʟʳʨʴʢʦʚ, ʪʦʛʜʘ: 

2

2

3

4 3
(1 ) (1 )

4
1

3

v B B B
v v v

B

B

d n r dr drd

dt dt dt r dt
n r

a p
a a a

p

=- - = = -
å õ
+æ ö
ç ÷

.  (1.4.9) 

ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʜʘʚʣʝʥʠʝ ʚ ʦʢʨʫʞʘʶʱʝʡ ʧʫʟʳʨʸʢ ʞʠʜʢʦʩʪʠ p  ʚʳʰʝ ʜʘʚʣʝʥʠʷ 

ʥʘʩʳʱʝʥʥʳʭ ʧʘʨʦʚ Bp  ʠʜʝʪ ʧʨʦʮʝʩʩ ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʷ ʨʘʜʠʫʩʘ ʧʫʟʳʨʴʢʘ Br , 

ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʠʜʝʪ ʧʨʦʮʝʩʩ ʢʦʥʜʝʥʩʘʮʠʠ ʠ ʫʤʝʥʴʰʝʥʠʷ ʨʘʜʠʫʩʘ. ʉʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ 

ʈʵʣʝʷ-ʇʣʝʩʩʝʪʘ ʠʟʤʝʥʝʥʠʝ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ Br  ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʢʘʢ: 

2
( ),

3

2
( ),

3

B
B

lB

B
B

l

p p
p p

dr

dt p p
p p

r

r

ë -
¢î

î
=ì

-î
- >
î
í

    (1.4.10) 

ʉ ʫʯʝʪʦʤ (1.4.9) ʠ (1.4.10) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʧʘʨʘ: 
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( )v v
i e c

i l v

u R R
t x

a a r

rr

µ µ
+ = -

µ µ
.    (1.4.11) 

ɿʜʝʩʴ ʜʣʷ eR  ʠ cR  ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʚʳʨʘʞʝʥʠʷ: 

3 2
(1 ) ( ) ,

3

v l B
e v v B

B l

p p
R p p

r

r r
a a

r r

-
= - <    (1.4.12) 

3 2
(1 ) ( ) ,

3

v l B
c v v B

B l

p p
R p p

r

r r
a a

r r

-
= - >,    (1.4.13) 

ʛʜʝ vr  ʠ lr ï ʧʣʦʪʥʦʩʪʴ ʧʘʨʦʚʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʦʪʦʨʳʝ ʧʨʠʥʠʤʘʶʪʩʷ 

ʧʦʩʪʦʷʥʥʳʤʠ.  

ɼʣʷ ʪʝʯʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʵʬʬʝʢʪʳ ʢʘʚʠʪʘʮʠʠ, ʚ ʢʘʯʝʩʪʚʝ 

ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʧʘʨʘʤʝʪʨʘ ʩʣʫʞʠʪ ʯʠʩʣʦ ʢʘʚʠʪʘʮʠʠ s. ɼʣʷ ʟʘʜʘʯ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʝʛʦ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [Bertram, 2000; ɾʠʥʢʠʥ, 2002]:  

2

( )

/ 2a

Bpp

v
s

r

-
= .      (1.4.14) 

ʏʠʩʣʦ ʢʘʚʠʪʘʮʠʠ ʚ ʠʩʧʳʪʘʥʠʷʭ ʤʦʜʝʣʴʥʳʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʨʝʛʫʣʠʨʫʝʪʩʷ ʧʫʪʝʤ 

ʧʦʥʠʞʝʥʠʷ ʜʘʚʣʝʥʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ (1.4.14), ʯʝʤ ʤʝʥʴʰʝ 

ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʜʘʚʣʝʥʠʝʤ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʠ ʜʘʚʣʝʥʠʝʤ ʥʘʩʳʱʝʥʠʷ ʧʘʨʘ, ʪʝʤ ʤʝʥʴʰʝ 

ʯʠʩʣʦ ʢʘʚʠʪʘʮʠʠ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʨʘʟʚʠʪʘʷ ʢʘʚʠʪʘʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ. 

ʕʤʧʠʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ ʢʘʚʠʪʘʮʠʠ (ʯʠʩʣʦ ʧʫʟʳʨʴʢʦʚʳʭ ʟʘʨʦʜʳʰʝʡ n  ʠ ʠʭ 

ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ 0Br ) ʚ ʟʘʜʘʯʘʭ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʢʘʢ ʧʦʢʘʟʳʚʘʶʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ [Yilmaz et al., 2019; Zhu and Gao, 2019], ʥʝ ʩʠʣʴʥʦ ʚʣʠʷʶʪ ʥʘ ʦʙʲʝʤ ʧʘʨʘ ʚ 

ʨʘʩʯʝʪʘʭ ʧʨʠ ʚʳʙʦʨʝ ʠʭ ʩʪʘʥʜʘʨʪʥʳʭ ʟʥʘʯʝʥʠʡ 
12 14 310 10 1/ʤ-  ʠ 

8 610 10 ʤ- --  

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʩʪʝʤ r (1.4.7), ʧʦʟʚʦʣʷʶʱʝʡ ʤʦʜʝʣʠʨʦʚʘʪʴ ʢʘʚʠʪʘʮʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ, ʚ ʨʘʩʯʝʪʘʭ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ, ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʧʝʨʝʧʠʩʘʪʴ ʝʸ 

ʫʨʘʚʥʝʥʠʷ ʩ ʫʯʝʪʦʤ ʚʨʘʱʝʥʠʷ, ʯʪʦ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʟʘʢʣʶʯʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʘʥʥʦʛʦ 

ʧʘʨʘʛʨʘʬʘ. 

ʋʯʝʪ ʫʩʣʦʚʠʡ ʚʦʣʥʝʥʠʷ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʥʘ ʨʘʙʦʪʫ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʪʘʢʦʛʦ ʬʠʟʠʯʝʩʢʦʛʦ 

ʬʘʢʪʦʨʘ, ʢʘʢ ʤʦʨʩʢʦʝ ʚʦʣʥʝʥʠʝ, ʙʘʟʦʚʘʷ ʤʝʪʦʜʠʢʘ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʙʫʝʪ 

ʜʦʧʦʣʥʝʥʠʷ ʚ ʚʠʜʝ ʛʝʥʝʨʘʪʦʨʘ ʚʦʣʥʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʈʝʛʫʣʷʨʥʦʝ ʤʦʨʩʢʦʝ ʚʦʣʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʦʣʥʘʤʠ ʩ ʧʦʩʪʦʷʥʥʦʡ ʚʳʩʦʪʦʡ ʠ 

ʧʝʨʠʦʜʦʤ, ʢʦʪʦʨʳʝ ʩʦʭʨʘʥʷʶʪ ʩʚʦʶ ʬʦʨʤʫ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ 
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ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʚʦʣʥʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʚʦʣʥʳ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʝʜʠʥʩʪʚʝʥʥʦʡ ʚʥʝʰʥʝʡ ʩʠʣʳ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʠʣʘ ʛʨʘʚʠʪʘʮʠʠ [Mei et al., 2005; Massel, 2018]. 

ɺ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʦʣʥʦʚʳʝ ʪʝʦʨʠʠ ʚʭʦʜʷʪ ʪʨʠ ʧʘʨʘʤʝʪʨʘ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ 

ʤʦʜʝʣʠʨʫʝʪʩʷ ʤʦʨʩʢʘʷ ʧʦʚʝʨʭʥʦʩʪʴ: ʚʳʩʦʪʘ ʚʦʣʥʳ H, ʜʣʠʥʘ ʚʦʣʥʳ L ʠ ʩʨʝʜʥʠʡ ʫʨʦʚʝʥʴ 

ʚʦʜʳ d, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.4.3. 

 
ʈʠʩʫʥʦʢ 1.4.3 ï ʇʘʨʘʤʝʪʨʳ ʚʦʣʥʳ 

ʇʨʦʩʪʝʡʰʠʤ ʤʘʪʝʤʘʪʠʯʝʩʢʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ ʤʦʨʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʷʚʣʷʝʪʩʷ 

ʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ ʚʦʣʥ, ʪʘʢʞʝ ʠʟʚʝʩʪʥʘʷ ʢʘʢ ʪʝʦʨʠʷ ʕʡʨʠ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʦʧʠʩʳʚʘʪʴ ʤʥʦʛʠʝ 

ʪʝʭʥʠʯʝʩʢʠʝ ʟʘʜʘʯʠ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ. ʆʩʥʦʚʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ 

ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚʦʣʥʳ ʠʤʝʶʪ ʤʘʣʳʝ ʘʤʧʣʠʪʫʜʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ʠ ʩʨʝʜʥʝʤ ʫʨʦʚʥʝʤ ʚʦʜʳ. ʃʠʥʝʡʥʳʝ ʚʦʣʥʳ ʠʤʝʶʪ ʩʠʥʫʩʦʠʜʘʣʴʥʳʡ ʧʨʦʬʠʣʴ, 

ʢʦʪʦʨʳʡ ʠʟʤʝʥʷʝʪʩʷ ʚʦ ʚʨʝʤʝʥʠ ʧʦ ʟʘʢʦʥʫ 

cos( )
2

H
kx th w= - ,      (1.4.15) 

ʛʜʝ 
2

k
L

p
=  ï ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ; 

2p
w

t
=  ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ; t ï ʧʝʨʠʦʜ.  

ɼʠʩʧʝʨʩʠʦʥʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ, ʩʚʷʟʳʚʘʶʱʝʝ ʢʨʫʛʦʚʫʶ ʯʘʩʪʦʪʫ ʩ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ 

ʚʳʯʠʩʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

2 tanh( )gk kdw =      (1.4.16) 

ɻʦʨʠʟʦʥʪʘʣʴʥʘʷ ʠ ʚʝʨʪʠʢʘʣʴʥʘʷ ʩʢʦʨʦʩʪʠ ʟʘʜʘʶʪʩʷ ʚʳʨʘʞʝʥʠʷʤʠ (1.4.17) ʠ (1.4.18) 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 

cosh[ ( )]
cos( )

2 sinh( )
x

H k y d
V kx t

kd
w w

+
= - ,   (1.4.17) 

sinh[ ( )]
sin( )

2 sinh( )
y

H k y d
V kx t

kd
w w

+
= - ,   (1.4.18) 

ʛʜʝ y ï ʧʦʣʦʞʝʥʠʝ ʚʦʣʥʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʪʩʯʠʪʳʚʘʝʤʦʝ ʦʪ ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ ʚʦʜʳ. 

ɺ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦʜ ʚʣʠʷʥʠʝʤ ʚʝʪʨʘ ʠ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ ʬʦʨʤʘ ʚʦʣʥ ʤʦʞʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʩʠʥʫʩʦʠʜʳ. ʉ ʨʦʩʪʦʤ ʚʳʩʦʪʳ ʚʦʣʥ ʠʭ ʛʨʝʙʥʠ ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ 
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ʦʩʪʨʳʤʠ, ʧʦʜʦʰʚʳ ï ʙʦʣʝʝ ʧʦʣʦʛʠʤʠ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʪʘʢʠʭ ʚʦʣʥ ʧʨʠʤʝʥʷʶʪʩʷ ʥʝʣʠʥʝʡʥʳʝ 

ʪʝʦʨʠʠ ʚʳʩʦʢʠʭ ʧʦʨʷʜʢʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʪʝʦʨʠʷ ʉʪʦʢʩʘ. ɺʦʣʥʳ ʉʪʦʢʩʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ 

ʵʢʚʠʚʘʣʝʥʪʥʳ ʣʠʥʝʡʥʳʤ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʚʦʣʥʘʤ, ʜʘʣʴʰʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʨʷʜʢʘ 

ʚʦʟʨʘʩʪʘʝʪ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʘʤʧʣʠʪʫʜʦʡ ʚʝʨʰʠʥʳ ʠ ʘʤʧʣʠʪʫʜʦʡ ʚʧʘʜʠʥʳ ʚʦʣʥʳ.  

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʩʪʨʝʯʥʦʛʦ ʚʦʣʥʝʥʠʷ ʚ ʢʦʨʘʙʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʝ ʚʦʣʥʳ 

ʉʪʦʢʩʘ ʧʷʪʦʛʦ ʧʦʨʷʜʢʘ ʥʘʰʣʠ ʥʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ, ʪʘʢ ʢʘʢ ʦʥʠ ʥʘʠʙʦʣʝʝ 

ʧʨʠʙʣʠʞʝʥʳ ʢ ʨʝʘʣʴʥʳʤ ʤʦʨʩʢʠʤ ʚʦʣʥʘʤ [Fenton, 1985]. ʇʨʦʬʠʣʴ ʚʦʣʥʳ ʉʪʦʢʩʘ ʧʷʪʦʛʦ 

ʧʦʨʷʜʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

2 4 3 5

22 24 33 35

4 5

44 55

1
[ cos ( )cos2 ( )cos3

cos4 cos5 ]

B B B B
k

B B

h l q l l q l l q

l q l q

= + + + + +

+ +

,  (1.4.19) 

ʛʜʝ 
2

kH
l=  ï ʢʦʵʬʬʠʮʠʝʥʪ ʢʨʫʪʠʟʥʳ ʚʦʣʥʳ; kx tq w= -  ï ʬʘʟʦʚʳʡ ʫʛʦʣ.  

ʇʘʨʘʤʝʪʨʳ ʥʝʣʠʥʝʡʥʦʡ ʚʦʣʥʳ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʷʤʠ (1.4.20) ʠ (1.4.21) 

3 5

33 35 55

2
[ ( ) ]H B B B

k
l l l= + + + ,    (1.4.20) 

2 2 4

1 2tanh( )[1 C ]gk kd Cw l l= + + .     (1.4.21) 

ɻʦʨʠʟʦʥʪʘʣʴʥʘʷ ʠ ʚʝʨʪʠʢʘʣʴʥʘʷ ʩʢʦʨʦʩʪʠ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ (1.4.22) ʠ 

(1.4.23) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 

3 5

11 13 15

2 4 3 5

22 24 33 35

4 5

44 55

{( )cosh[ ( )]cos

2( )cosh[2 ( )]cos2 3( )cosh[3 ( )]cos3

4 cosh[4 ( )]cos4 5 cosh[5 ( )]cos5 },

xV c A A A k d y

A A k d y A A k d y

A k d y A k d y

= + + + +

+ + + + + + +

+ + + +

l l l q

l l q l l q

l q l q

   (1.4.22) 

3 5

11 13 15

2 4 3 5

22 24 33 35

4 5

44 55

{( )sinh[ ( )]sin

2( )sinh[2 ( )]sin 2 3( )sinh[3 ( )]sin3

4 sinh[4 ( )]sin 4 5 sinh[5 ( )]sin5 },

yV c A A A k d y

A A k d y A A k d y

A k d y A k d y

= + + + +

+ + + + + + +

+ + + +

l l l q

l l q l l q

l q l q

   (1.4.23) 

ʛʜʝ c
k

w
=  ï ʩʢʦʨʦʩʪʴ ʚʦʣʥʳ (ʬʘʟʦʚʘʷ ʩʢʦʨʦʩʪʴ). 

ʂʦʵʬʬʠʮʠʝʥʪʳ, ʚʭʦʜʷʱʠʝ ʚ ʬʦʨʤʫʣʳ (1.4.19)-(1.4.23), ʧʨʠʥʠʤʘʶʪʩʷ 

ʩʣʝʜʫʶʱʠʤʠ [Lin, 2008]: 
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,
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.
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  (1.4.24) 
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1 4

12 10 8 6 4 2
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8 8 9
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8

3840 4096 2592 1008 5944 1830 147
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ch ch
ʉ

sh

ch ch ch ch ch ch
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sh ch
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=
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 (1.4.25) 
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, ,

sh 8sh

1184ch 1440ch 1992ch 1992ch 249ch 18
,
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,
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A

- +

-

- + -
=

-

- + - + -
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- - +

  (1.4.26) 

ʛʜʝ cosh( )ch kd= , sinh( )sh kd= . 

ʇʨʠʤʝʥʠʤʦʩʪʴ ʪʦʡ ʠʣʠ ʠʥʦʡ ʚʦʣʥʦʚʦʡ ʪʝʦʨʠʠ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʥʘ ʦʩʥʦʚʝ ʜʠʘʛʨʘʤʤʳ 

[ʏʠʞʠʫʤʦʚ ʠ ʜʨ., 2016], ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 1.4.4.  
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ʈʠʩʫʥʦʢ 1.4.4 ï ɼʠʘʛʨʘʤʤʘ ʧʨʠʤʝʥʠʤʦʩʪʠ ʚʦʣʥʦʚʳʭ ʪʝʦʨʠʡ [ʏʠʞʠʫʤʦʚ ʠ ʜʨ., 2016] 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʠʘʛʨʘʤʤʳ, ʜʣʷ ʜʣʠʥʥʳʭ ʚʦʣʥ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʛʣʫʙʠʥʦʡ) 

ʧʨʠʤʝʥʠʤʦʩʪʴ ʣʠʥʝʡʥʦʡ ʪʝʦʨʠʠ ʦʛʨʘʥʠʯʝʥʘ ʩʣʫʯʘʝʤ ʤʘʣʳʭ ʘʤʧʣʠʪʫʜ, ʧʨʠ ʦʪʥʦʰʝʥʠʠ 

ʚʳʩʦʪʳ ʚʦʣʥʳ ʢ ʝʝ ʜʣʠʥʝ / 0.06H L>  ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝʣʠʥʝʡʥʫʶ ʪʝʦʨʠʶ 

ʉʪʦʢʩʘ. ʅʘ ʤʝʣʢʦʚʦʜʴʝ ʣʫʯʰʝʝ ʧʨʠʙʣʠʞʝʥʠʝ ʜʘʝʪ ʢʥʦʠʜʘʣʴʥʘʷ ʚʦʣʥʦʚʘʷ ʪʝʦʨʠʷ, ʚ 

ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʠ ʪʘʢʠʝ ʫʩʣʦʚʠʷ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ, ʧʦʵʪʦʤʫ ʦʧʫʩʪʠʤ ʟʜʝʩʴ ʝʸ 

ʦʧʠʩʘʥʠʝ. ɺ ʜʘʣʴʥʝʡʰʠʭ ʨʘʩʯʝʪʘʭ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʣʠʥʝʡʥʳʝ ʚʦʣʥʳ 

ʠ ʚʦʣʥʳ ʉʪʦʢʩʘ ʧʷʪʦʛʦ ʧʦʨʷʜʢʘ. 

ʇʨʠʚʝʜʝʥʥʳʝ ʚ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʬʦʨʤʫʣʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʬʠʣʷ ʠ ʩʢʦʨʦʩʪʠ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʚʦʣʥ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʛʝʥʝʨʘʪʦʨʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ ʜʣʷ ʟʘʜʘʥʠʷ 

ʥʘʯʘʣʴʥʳʭ ʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ.  

ʋʯʝʪ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʪʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʦ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ 

ʝʛʦ ʚʨʘʱʝʥʠʷ. ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʘ ʧʦʜʭʦʜʘ ʫʯʝʪʘ ʚʨʘʱʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʪʝʣʘ, ʧʝʨʚʳʡ 

ʠʟ ʢʦʪʦʨʳʭ ï  ʥʝʷʚʥʦʝ ʚʨʘʱʝʥʠʝ (ʚ ʘʥʛʣʦʷʟʳʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʨʤʠʥ çmoving 

reference frameè ï ʧʦʜʚʠʞʥʘʷ ʩʠʩʪʝʤʘ ʦʪʩʯʸʪʘ) [Li L. et al., 2000]. ʇʨʠ ʪʘʢʦʤ ʩʧʦʩʦʙʝ 

ʩʦʚʝʨʰʘʝʪʩʷ ʧʝʨʝʭʦʜ ʚ ʥʝʠʥʝʨʮʠʘʣʴʥʫʶ ʧʦʜʚʠʞʥʫʶ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ, ʚ ʢʦʪʦʨʦʡ 

ʧʦʣʦʞʝʥʠʝ ʚʠʥʪʘ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ. ɼʦʩʪʦʠʥʩʪʚʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʜʚʠʞʥʦʡ ʩʠʩʪʝʤʳ 

ʢʦʦʨʜʠʥʘʪ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʫʯʠʪʳʚʘʪʴ ʜʚʠʞʝʥʠʝ ʛʨʘʥʠʮ ʪʝʣʘ ʥʘ ʢʘʞʜʦʤ 

ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʠʩʧʳʪʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ [Guo et al., 2014; Baltazar et al., 2021; 

Tu, 2019; Grlj et al., 2022]. ʆʜʥʘʢʦ ʚ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʩʪʘʮʠʦʥʘʨʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ (ʥʘʧʨʠʤʝʨ, 

ʢʦʨʧʫʩʘ ʩʫʜʥʘ) ʤʝʪʦʜ ʥʝʷʚʥʦʛʦ ʚʨʘʱʝʥʠʷ ʥʝ ʧʨʠʤʝʥʠʤ.  

ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʷʚʥʦʛʦ ʚʨʘʱʝʥʠʷ, ʢʦʪʦʨʦʝ ʨʝʘʣʠʟʫʝʪʩʷ 

ʟʘ ʩʯʝʪ ʜʚʠʞʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʩ ʛʨʘʥʠʮʘʤʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ (ʚ ʘʥʛʣʦʷʟʳʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ 
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ʵʢʚʠʚʘʣʝʥʪʥʳʤ ʦʙʦʟʥʘʯʝʥʠʝʤ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʙʫʜʝʪ çsliding meshè ï ʩʢʦʣʴʟʷʱʠʝ ʩʝʪʢʠ). 

ʊʘʢʦʡ ʩʧʦʩʦʙ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʟʘʜʘʯʘʭ, ʛʜʝ, ʢʨʦʤʝ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʢʦʨʧʫʩ ʩʫʜʥʘ [Dhinesh et al., 2010; Zhang, 2010; Bugalski and Hoffmann, 

2011; Paik et al., 2013; Liefvendahl and Bensow, 2014; ʊʘʨʘʥʦʚ, 2019]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʚʳʜʝʣʷʝʪʩʷ ʦʙʣʘʩʪʴ ʚʙʣʠʟʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʚ ʢʦʪʦʨʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʨʘʱʝʥʠʝ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʦʩʪʘʣʴʥʘʷ ʦʙʣʘʩʪʴ ʦʩʪʘʝʪʩʷ ʥʝʧʦʜʚʠʞʥʦʡ (ʨʠʩʫʥʦʢ 1.4.5).  

 

ʈʠʩʫʥʦʢ 1.4.5 ï ʉʭʝʤʘʪʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʙʣʘʩʪʝʡ ʧʨʠ ʷʚʥʦʤ ʚʨʘʱʝʥʠʠ ʚʠʥʪʘ 

ɼʚʠʞʝʥʠʝ ʩʝʪʢʠ ʚ ʦʙʣʘʩʪʠ ʚʨʘʱʝʥʠʷ ʫʯʠʪʳʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʦʦʪʥʦʰʝʥʠʷ 

[ʃʦʡʮʷʥʩʢʠʡ, 1950]: 

*

i

i

d
v

dt t x

j j jµ µ
= +
µ µ

,      (1.4.27) 

ʛʜʝ 
*d

dt

j
 ï ʩʫʙʩʪʘʥʮʠʦʥʘʣʴʥʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʧʝʨʝʥʦʩʠʤʦʛʦ ʩʢʘʣʷʨʘ j ʥʘ ʜʚʠʞʫʱʝʡʩʷ ʩʝʪʢʝ; 

iv  ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʧʝʨʝʤʝʱʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ.  

ʉ ʫʯʝʪʦʤ (1.4.27) ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ, ʩ 

ʫʨʘʚʥʝʥʠʝʤ ʧʝʨʝʥʦʩʘ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʙʝʟ ʫʯʝʪʘ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠʤʝʪ 

ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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 (1.4.28) 

ɸʥʘʣʦʛʠʯʥʦ ʩ ʧʦʤʦʱʴʶ ʚʳʨʘʞʝʥʠʷ (1.4.27) ʫʯʝʪ ʜʚʠʞʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʫʨʘʚʥʝʥʠʷʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʝʨʝʭʦʜʘ. 
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ʀʪʦʛʦʚʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʧʨʠʤʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

( )( ) ( )

( )
( )( ) ( ) ( )

( )
( )( ) ( )

( )
( )( ) ( )

*

*

*

*

*

0,

,

,

( ) , (1.4.29)

i i i i

i i

i t

i j j i j j i

j j i j

i i i i e c

i i

i

i

i i i k t k k

i i j

j ij

j

d
u u

dt x x

d u p
u u u u g

dt x x x x

d
u u R R

dt x x

d k k
k u k u P D

dt x x x x

d

µ µ
+ - - - =
µ µ

µ µ µ µ
+ - - - =- + + +
µ µ µ µ

µ µ
+ - - - = -
µ µ

è øµ µ µ µ
+ - - - = + + -é ù
µ µ µ µé ùê ú

r
r n r n

r
r n r n t t r

ra
ra n ra n

r
r n r n m s m

( )
( )( ) ( )

( )
( )( ) ( )

( )
( )( ) ( )

2

1

*

*

( ) (1 ) ,

,

Re
Re Re

i i i i t k k

i i j j t

t
i i i i

i i j j

t

t i i t i i t

i i j

u u P F D
dt x x x x

d
u u P E

dt x x x x

d
u u P

dt x x x

è øµ µ µ µ
+ - - - = + + - + -é ù
µ µ µ µé ùê ú

è øå õµ µ µ µ
+ - - - = - + +é ùæ öæ öµ µ µ µé ùç ÷ê ú

µ µ µ
+ - - - = +
µ µ µ

w w

g g

g

q

q q q q

rw w yr
rw n rw n m s m brw

m

rg m g
rg n rg n m

s

r
r n r n s( )

Re t
t t

jx

ë
î
î
î
î
î
î
î
î
î
î
î
ì
î
î
î
î
î
î
î
î
î

è øµî +é ùî µé ùê úí

qm m

 

ɼʘʥʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʨʝʰʘʝʪʩʷ ʚʤʝʩʪʝ ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ, 

ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ ʪʘʙʣʠʮʝ 1.3.1. ɺʭʦʜʷʱʠʝ ʚ ʫʨʘʚʥʝʥʠʷ ʩʠʩʪʝʤʳ (1.4.29) ʵʤʧʠʨʠʯʝʩʢʠʝ 

ʢʦʥʩʪʘʥʪʳ ʠ ʢʦʨʨʝʣʷʮʠʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ, ʘ 

ʪʘʢʞʝ ʤʘʩʩʦʚʳʝ ʠʩʪʦʯʥʠʢʠ ʤʦʜʝʣʠ ʢʘʚʠʪʘʮʠʠ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦ ʧʨʠʚʝʜʝʥʥʳʤ ʜʣʷ ʥʠʭ 

ʨʘʥʝʝ ʩʦʦʪʥʦʰʝʥʠʷʤ ʙʝʟ ʠʟʤʝʥʝʥʠʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʪʦʛʦʚʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ: 

- ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʦʩʨʝʜʥʝʥʥʳʝ ʧʦ ʈʝʡʥʦʣʴʜʩʫ; 

- ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʩ ʠʩʪʦʯʥʠʢʦʚʳʤʠ ʩʣʘʛʘʝʤʳʤʠ ʤʦʜʝʣʠ ʢʘʚʠʪʘʮʠʠ 

ʐʥʝʨʨʘ-ɿʘʫʵʨʘ; 

- ʫʨʘʚʥʝʥʠʷ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST ʩ ʫʯʝʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʤʝʞʘʝʤʦʩʪʠ; 

- ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʜʣʷ ʤʦʜʝʣʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ Re tqg- . 

ɺʩʝ ʫʨʘʚʥʝʥʠʷ ʟʘʧʠʩʘʥʳ ʚ ʬʦʨʤʝ, ʫʯʠʪʳʚʘʶʱʝʡ ʜʚʠʞʝʥʠʝ ʩʝʪʢʠ ʩʦʛʣʘʩʥʦ (1.4.27), 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʚʨʘʱʝʥʠʝ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʷʚʥʦʤ ʚʠʜʝ. 

ʉʬʦʨʤʫʣʠʨʦʚʘʥʥʘʷ ʚ ʪʘʢʦʤ ʚʠʜʝ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ 

ʫʯʠʪʳʚʘʪʴ ʦʩʥʦʚʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʦʪʦʢʦʤ 

ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ, ʘ ʠʤʝʥʥʦ ʚʨʘʱʝʥʠʝ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʪʫʨʙʫʣʝʥʪʥʳʡ ʭʘʨʘʢʪʝʨ ʪʝʯʝʥʠʷ ʩ 

ʥʘʣʠʯʠʝʤ ʣʘʤʠʥʘʨʥʳʭ ʫʯʘʩʪʢʦʚ ʠ ʧʝʨʝʭʦʜʥʳʭ ʟʦʥ ʥʘ ʣʦʧʘʩʪʷʭ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʩʣʫʯʘʝ 

ʤʦʜʝʣʴʥʦʛʦ ʤʘʩʰʪʘʙʘ, ʧʨʠʩʫʪʩʪʚʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʝʸ ʚʦʣʥʝʥʠʝ, ʘ ʪʘʢʞʝ ʥʘʣʠʯʠʝ 

ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ.  
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1.5. ʏʠʩʣʝʥʥʳʡ ʤʝʪʦʜ 

ɼʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʟʣʦʞʝʥʠʷ ʧʨʝʜʩʪʘʚʠʤ ʙʘʟʦʚʫʶ ʯʠʩʣʝʥʥʫʶ ʜʠʩʢʨʝʪʠʟʘʮʠʶ 

ʫʨʘʚʥʝʥʠʡ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

ʅʘʚʴʝ-ʉʪʦʢʩʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ, ʢʦʪʦʨʳʡ ʦʙʣʘʜʘʝʪ ʭʦʨʦʰʠʤʠ 

ʢʦʥʩʝʨʚʘʪʠʚʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʚʳʙʦʨʦʤ ʚ ʩʣʫʯʘʝ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ ʩ ʷʯʝʡʢʘʤʠ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ [Jasak, 1996; Ferziger and 

Peric, 2002]. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʦʪʢʨʳʪʳʭ ʠ ʢʦʤʤʝʨʯʝʩʢʠʭ 

ʨʘʩʯʝʪʥʳʭ ʢʦʜʦʚ, ʚʢʣʶʯʘʷ ʧʘʢʝʪ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè. 

ʈʘʩʩʤʦʪʨʠʤ ʠʩʧʦʣʴʟʫʝʤʫʶ ʢʦʥʝʯʥʦ-ʦʙʲʝʤʥʫʶ ʩʭʝʤʫ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʫʨʘʚʥʝʥʠʡ. 

ɹʘʟʦʚʳʤ ʫʨʘʚʥʝʥʠʝʤ ʧʨʠ ʨʝʰʝʥʠʠ ʩʠʩʪʝʤʳ (1.3.4) ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʩʢʘʣʷʨʥʦʡ 

ʚʝʣʠʯʠʥʳ j: 

( )j j
j j

u Q
t x x

rj
rj t

µ µ µ
+ = +

µ µ µ
.    (1.5.1) 

ʇʦʣʫʯʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʧʝʨʝʥʦʩ ʣʶʙʦʡ ʩʢʘʣʷʨʥʦʡ ʚʝʣʠʯʠʥʳ j, ʙʫʜʴ 

ʪʦ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ, ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʠʣʠ ʪʫʨʙʫʣʝʥʪʥʳʝ ʚʝʣʠʯʠʥʳ. ʇʝʨʚʳʡ ʯʣʝʥ ʚ 

ʫʨʘʚʥʝʥʠʠ (1.5.1) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʝ ʩʣʘʛʘʝʤʦʝ, ʚʪʦʨʦʡ ï ʢʦʥʚʝʢʪʠʚʥʦʝ 

ʩʣʘʛʘʝʤʦʝ, ʜʘʣʝʝ ï ʜʠʬʬʫʟʠʦʥʥʦʝ ʩʣʘʛʘʝʤʦʝ. ʊʘʢʞʝ ʚ ʫʨʘʚʥʝʥʠʠ ʤʦʛʫʪ ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ 

ʠʩʪʦʯʥʠʢʠ ʠ ʩʪʦʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʧʦʩʣʝʜʥʠʤ ʯʣʝʥʦʤ Q . ʊʝʥʟʦʨ ijt  ʩʦʜʝʨʞʠʪ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʦʪ ʠʩʢʦʤʦʡ ʚʝʣʠʯʠʥʳ j, ʜʣʷ ʧʨʦʩʪʦʪʳ ʧʨʠʥʠʤʘʝʪʩʷ 

j
jx

j
t m

µ
=
µ

 . 

ɹʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʧʨʦʠʟʚʦʣʴʥʫʶ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʫʶ ʩʝʪʢʫ, ʚʠʜ ʢʦʪʦʨʦʡ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1.5.1. 
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ʈʠʩʫʥʦʢ 1.5.1 ï ʗʯʝʡʢʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ 

ʗʯʝʡʢʘ P  ʠʤʝʝʪ ʤʥʦʞʝʩʪʚʦ ʛʨʘʥʝʡ k, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʚʥʫʪʨʝʥʥʠʝ ʛʨʘʥʠ 

intk  ʠ ʚʥʝʰʥʠʝ ʛʨʘʥʠ extk . ʗʯʝʡʢʘ M  ʷʚʣʷʝʪʩʷ ʩʦʩʝʜʥʝʡ ʧʦ ʚʥʫʪʨʝʥʥʝʡ ʛʨʘʥʠ intk  (ʩ 

ʥʦʨʤʘʣʴʶ 
,k intn ) ʜʣʷ ʷʯʝʡʢʠ P. ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʮʝʥʪʨʘ ʷʯʝʡʢʠ P  ʜʦ ʮʝʥʪʨʘ ʷʯʝʡʢʠ M  

ʥʘʭʦʜʠʪʩʷ ʢʘʢ ,PM M Pd r r= -  ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʮʝʥʪʨʘ ʷʯʝʡʢʠ P  ʜʦ ʮʝʥʪʨʘ ʚʥʝʰʥʝʡ  

ʛʨʘʥʠ extk  ï 
,,Pk ext x Pk e td r r= -, ʛʜʝ Mr , Pr  ʠ 

, tk exr  ï ʨʘʜʠʫʩ-ʚʝʢʪʦʨʳ ʢ ʮʝʥʪʨʘʤ ʷʯʝʝʢ P  ʠ M  

ʠ ʮʝʥʪʨʫ ʚʥʝʰʥʝʡ ʛʨʘʥʠ extk  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɸʥʘʣʦʛʠʯʥʦ ʥʘʭʦʜʷʪʩʷ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʮʝʥʪʨʦʚ 

ʷʯʝʝʢ P  ʠ M  ʢ ʮʝʥʪʨʫ ʚʥʫʪʨʝʥʥʝʡ ʛʨʘʥʠ intk . 

ɺʚʝʜʝʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ l, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʠʥʪʝʨʧʦʣʷʮʠʠ 

ʚʝʣʠʯʠʥ ʠʟ ʮʝʥʪʨʦʚ ʷʯʝʝʢ ʥʘ ʚʥʫʪʨʝʥʥʶʶ ʛʨʘʥʴ: 

, (1 )k int P Mj lj l j= + - ,    (1.5.2) 

ʛʜʝ l ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [Jasak, 1996]: 

,k intM

M P

r r

r r
l

-
=

-
.         (1.5.3) 

ɼʠʩʢʨʝʪʠʟʘʮʠʷ ʧʦ ʚʨʝʤʝʥʠ ʫʨʘʚʥʝʥʠʷ (1.5.1) ʤʦʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʘ ʧʦ ʦʜʥʦʡ ʠʟ 

ʠʟʚʝʩʪʥʳʭ ʩʭʝʤ, ʢʦʪʦʨʳʝ ʜʝʣʷʪʩʷ ʥʘ ʷʚʥʳʝ ʠ ʥʝʷʚʥʳʝ. ɿʜʝʩʴ ʧʨʠʤʝʥʷʪʁʩʷ ʥʝʷʚʥʳʝ ʩʭʝʤʳ, 

ʩʥʠʤʘʶʱʠʝ ʞʝʩʪʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʰʘʛ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ [ʌʣʝʪʯʝʨ, 1991].  

ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʩʭʝʤ ʥʠʟʢʦʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʚʨʝʤʝʥʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʷʚʣʷʝʪʩʷ ʥʝʷʚʥʘʷ ʩʭʝʤʘ ʕʡʣʝʨʘ [ʈʦʫʯ, 1980]: 
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( )
1

1 1
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j
j j j j

j ij
j j

u Q
t x x

r j r j
rj t
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+ + è ø- µ µ

+ - - =é ù
D µ µé ùê ú

,   (1.5.4) 

ʛʜʝ j  ï ʥʦʤʝʨ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, tD  ï ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ. 

ɼʨʫʛʘʷ ʩʭʝʤʘ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ï ʪʨʝʭʩʣʦʡʥʘʷ ʩʭʝʤʘ ɸʜʘʤʩʘ-ɹʝʰʬʦʨʪʘ [ʈʦʫʯ, 1980]: 

( )
1

1 1 1 13 4
0

2

j
j j j j j j

j ij
j j

u Q
t x x

r j r j r j
rj t

+
+ + - -è ø- + µ µ

+ - - =é ù
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. (1.5.5) 

ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʠʟʣʦʞʝʥʠʷ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ 

ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʭʝʤʫ ʕʡʣʝʨʘ ʠ ʦʧʫʩʢʘʪʴ ʚʨʝʤʝʥʥʳʝ ʠʥʜʝʢʩʳ ʪʘʤ, ʛʜʝ ʠʭ ʟʥʘʯʝʥʠʝ 

ʦʯʝʚʠʜʥʦ. ɼʣʷ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʫʨʘʚʥʝʥʠʷ (1.5.1) ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʧʨʦʠʥʪʝʛʨʠʨʫʝʤ ʝʛʦ ʧʦ 

ʦʙʲʝʤʫ ʷʯʝʡʢʠ P  ʠ ʧʦ ʪʝʦʨʝʤʝ ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ-ɻʘʫʩʩʘ ʧʝʨʝʡʜʝʤ ʢ ʠʥʪʝʛʨʠʨʦʚʘʥʠʶ ʧʦ 

ʧʣʦʱʘʜʠ ʜʣʷ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʘʛʘʝʤʳʭ: 

1 1

0

P P P P

j j j j

j j j

jV S S V

dV u dS dS QdV
t x

r j r j j
rj m

+ +- µ
+ - - =

D µñ ñ ñ ñ,  (1.5.6) 

ʛʜʝ PV  ï ʦʙʲʝʤ ʷʯʝʡʢʠ P ,  PS  ï ʧʦʚʝʨʭʥʦʩʪʴ ʷʯʝʡʢʠ P . 

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʥʘ ʢʦʥʝʯʥʦ-ʦʙʲʝʤʥʦʡ ʩʝʪʢʝ ʢʦʥʚʝʢʪʠʚʥʦʝ ʩʣʘʛʘʝʤʦʝ 

ʟʘʧʠʩʳʚʘʶʪ ʚ ʚʠʜʝ: 

, ,

P

j j k k j k j k k k k

k kS

u dS u S Frj rj rjº ºä äñ ,   (1.5.7) 

ʛʜʝ ,j kS  ï ʚʝʢʪʦʨ-ʧʣʦʱʘʜʴ ʛʨʘʥʠ k , kF  ï ʦʙʲʝʤʥʳʡ ʧʦʪʦʢ ʯʝʨʝʟ ʛʨʘʥʴ k. ɿʥʘʯʝʥʠʝ 

ʚʝʣʠʯʠʥʳ ʥʘ ʛʨʘʥʠ kj  ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʠʤʝʥʷʝʤʳʤʠ ʩʭʝʤʘʤʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ, ʢʦʪʦʨʳʝ 

ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʜʘʣʝʝ.  

ɼʠʩʢʨʝʪʥʳʡ ʘʥʘʣʦʛ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʟʘʧʠʩʳʚʘʶʪ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ [Jasak, 

1996]: 

,

P

j j k k k

k kj j kS kk

dS S S
x x n

j j j
m m m

å õ å õµ µ µ
º =æ ö æ öæ öµ µ µç ÷ç ÷
ä äñ ,   (1.5.8) 

ʛʜʝ kn  ï ʥʦʨʤʘʣʴ ʛʨʘʥʠ k.  ɺ ʧʨʘʚʦʡ ʯʘʩʪʠ ʧʦʜ ʟʥʘʢʦʤ ʩʫʤʤʳ ʚ ʧʨʦʠʟʚʝʜʝʥʠʠ ʬʠʛʫʨʠʨʫʝʪ 

ʧʨʦʠʟʚʦʜʥʘʷ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ 
kn

jµ

µ
, ʢʦʪʦʨʫʶ ʚ ʩʣʫʯʘʝ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʤʦʞʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

M P
k k

k k

S S
n d

j jj -µ
=

µ
.    (1.5.9) 
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ɼʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ (1.5.9) ʥʘ ʥʝʦʨʪʦʛʦʥʘʣʴʥʳʭ ʩʝʪʢʘʭ ʚʝʢʪʦʨ 
,k iS  ʨʘʩʢʣʘʜʳʚʘʝʪʩʷ ʥʘ 

ʩʫʤʤʫ ʜʚʫʭ ʚʝʢʪʦʨʦʚ, ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʧʘʨʘʣʣʝʣʝʥ ʚʝʢʪʦʨʫ kd : 

, ,,

ort a

k i k ik iS S S= + ,      (1.5.10) 

ʟʜʝʩʴ ʚʝʢʪʦʨ ,

ort

k iS  ʧʘʨʘʣʣʝʣʝʥ ʚʝʢʪʦʨʫ kd  ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʯʘʩʪʠ ʨʘʟʣʦʞʝʥʠʷ. 

ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʚʠʜʦʚ ʨʘʟʣʦʞʝʥʠʷ: ʤʠʥʠʤʘʣʴʥʘʷ ʢʦʨʨʝʢʮʠʷ (Minimum 

correction approach), ʦʨʪʦʛʦʥʘʣʴʥʘʷ ʢʦʨʨʝʢʮʠʷ (Orthogonal correction approach) ʠ ʤʝʪʦʜ 

ʚʝʨʭʥʝʡ ʨʝʣʘʢʩʘʮʠʠ (Over-relaxed approach) [Jasak, 1996]. ɺ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʚʝʨʭʥʝʡ ʨʝʣʘʢʩʘʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʦʢʦʥʯʘʪʝʣʴʥʳʡ ʚʠʜ ʜʠʬʬʫʟʠʦʥʥʦʛʦ 

ʩʣʘʛʘʝʤʦʛʦ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:   

( )*

,

a

k M P k k i

k ik k

S S S
n x

j j
j j

å õ å õµ µ
= - +æ ö æ ö

µ µç ÷ ç ÷
,   (1.5.11) 

ʛʜʝ 
, ,*

, ,

k i k i

k

k j k j

S S
S

S d
= , 

, ,

, , ,

, ,

k i k ia

k i k i k i

k j k j

S S
S S d

S d
= - . 

ɻʨʘʜʠʝʥʪ ʚʝʣʠʯʠʥʳ ʥʘ ʛʨʘʥʠ 
i k

x

jå õµ
æ ö
µç ÷

 ʥʘʭʦʜʠʪʩʷ ʣʠʥʝʡʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʝʡ (1.5.2) ʧʦ 

ʟʥʘʯʝʥʠʷʤ ʛʨʘʜʠʝʥʪʘ ʚ ʷʯʝʡʢʝ, ʢʦʪʦʨʳʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʦʜʥʠʤ ʠʟ 

ʠʟʚʝʩʪʥʳʭ ʤʝʪʦʜʦʚ, ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜ ɻʨʠʥʘ-ɻʘʫʩʩʘ [Ferziger and Peric, 

2002] ʠ ʤʝʪʦʜ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ [Barth, 1992]. 

ɼʠʩʢʨʝʪʠʟʘʮʠʷ ʠʩʪʦʯʥʠʢʘ ʚʳʧʦʣʥʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

  

P

P P

V

QdV Q V=ñ .     (1.5.12) 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʫʨʘʚʥʝʥʠʝ (1.5.1) ʟʘʤʝʥʷʝʪʩʷ ʩʠʩʪʝʤʦʡ 

ʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ (ʉʃɸʋ), ʟʘʧʠʩʘʥʥʳʭ ʜʣʷ ʢʘʞʜʦʡ ʨʘʩʯʝʪʥʦʡ ʷʯʝʡʢʠ 

(ʥʘ ʧʨʠʤʝʨʝ ʷʯʝʡʢʠ P ): 

, , ,

int

P P k int Mk int i P

k

A A Rj j+ =ä ,    (1.5.13) 

ʛʜʝ PA  ï ʜʠʘʛʦʥʘʣʴʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪ,r 
,k intA  ï ʥʝʜʠʘʛʦʥʘʣʴʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, 

,i PR ï 

ʢʦʤʧʦʥʝʥʪʘ ʚʝʢʪʦʨʘ ʧʨʘʚʦʡ ʯʘʩʪʠ. ʉʫʤʤʠʨʦʚʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʚʩʝʤ ʚʥʫʪʨʝʥʥʠʤ 

ʛʨʘʥʷʤ ʷʯʝʡʢʠ  P, ʩʤʝʞʥʳʤʠ ʩ ʩʦʩʝʜʥʠʤʠ ʷʯʝʡʢʘʤʠ M . 

ʈʝʰʝʥʠʝ ʜʘʥʥʦʡ ʉʃɸʋ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʪʝʭ ʠʣʠ ʠʥʳʭ ʠʪʝʨʘʪʠʚʥʳʭ 

ʨʝʰʘʪʝʣʝʡ. ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʜʣʷ ʚʩʝʭ ʉʃɸʋ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʥʦʛʦʩʝʪʦʯʥʳʡ ʨʝʰʘʪʝʣʴ AMG 

(Algebraic multigrid method) [ɺʦʣʢʦʚ ʠ ʜʨ., 2014; ʂʦʟʝʣʢʦʚ ʠ ʜʨ., 2016]. 
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ɺ ʟʘʜʘʯʘʭ ʚʥʝʰʥʝʛʦ ʦʙʪʝʢʘʥʠʷ ʪʝʣ ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʘʧʧʨʦʢʩʠʤʘʮʠʷ 

ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ, ʧʦʵʪʦʤʫ ʥʠʞʝ ʢʨʘʪʢʦ ʦʧʠʰʝʤ ʠʩʧʦʣʴʟʫʝʤʳʝ ʩʭʝʤʳ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ. 

 ʉʨʝʜʠ ʩʭʝʤ ʜʠʩʢʨʝʪʠʟʘʮʠʠ, ʧʨʠʤʝʥʠʤʳʭ ʥʘ ʧʨʦʠʟʚʦʣʴʥʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʩʝʪʢʘʭ, ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳ: ʧʨʦʪʠʚʦʧʦʪʦʯʥʘʷ ʩʭʝʤʘ (Upwind Differencing, UD), 

ʧʨʦʪʠʚʦʧʦʪʦʯʥʘʷ ʩʭʝʤʘ ʩ ʣʠʥʝʡʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʝʡ (Linear Upwind Differencing, LUD), 

ʮʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʘʷ ʩʭʝʤʘ (Central Differencing, CD), ʩʭʝʤʘ QUICK (Quadratic Upstream 

Interpolation for Convective Kinematics), ʩʭʝʤʳ ʩʝʤʝʡʩʪʚʘ NVD (Normalized Variable 

Diagram) ʠ ʛʠʙʨʠʜʥʳʝ ʩʭʝʤʳ (ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʩʭʝʤʳ, ʩʤʝʰʘʥʥʳʝ ʩ ʧʨʦʪʠʚʦʧʦʪʦʯʥʦʡ 

ʩʭʝʤʦʡ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʤʦʥʦʪʦʥʥʦʩʪʠ). ʂʘʞʜʘʷ ʩʭʝʤʘ ʦʪʣʠʯʘʝʪʩʷ ʩʧʦʩʦʙʦʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʟʥʘʯʝʥʠʷ ʠʩʢʦʤʦʡ ʚʝʣʠʯʠʥʳ ʥʘ ʛʨʘʥʴ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʤʝʝʪ ʨʘʟʥʳʝ ʜʠʩʩʠʧʘʪʠʚʥʳʝ 

ʩʚʦʡʩʪʚʘ [ʧʦʜʨʦʙʥʝʝ ʩʤ. Jasak, 1996; Jasak et al, 1999; Leonard, 1979; Gaskell, 1988].  ɺ 

ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʭʝʤʳ Upwind Differencing ʠ Linear Upwind 

Differencing, ʧʦʵʪʦʤʫ ʜʘʣʝʝ ʢʨʘʪʢʦ ʦʧʠʰʝʤ ʘʣʛʦʨʠʪʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʜʣʷ ʵʪʠʭ ʜʚʫʭ ʩʭʝʤ. 

ʈʘʩʩʤʦʪʨʠʤ ʷʯʝʡʢʠ ʧʨʦʠʟʚʦʣʴʥʦʡ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʠ, ʥʘʧʨʘʚʣʝʥʠʝ 

ʦʙʲʝʤʥʦʛʦ ʧʦʪʦʢʘ kF  ʯʝʨʝʟ ʛʨʘʥʴ k  ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.5.2. 

 

ʈʠʩʫʥʦʢ 1.5.2 ï ʅʘʧʨʘʚʣʝʥʠʝ ʧʦʪʦʢʘ ʚ ʷʯʝʡʢʘʭ 

ʇʨʦʪʠʚʦʧʦʪʦʯʥʘʷ ʩʭʝʤʘ UD ̫ ʚʣʷʝʪʩʷ ʧʨʦʩʪʝʡʰʝʡ ʩʭʝʤʦʡ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ, 

ʦʥʘ ʫʩʪʦʡʯʠʚʘ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ, ʥʦ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʦʡ ʯʠʩʣʝʥʥʦʡ ʜʠʬʬʫʟʠʝʡ 

[Jasak, 1996]: 

, 0
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    (1.5.14) 

ʛʜʝ kj  ï ʟʥʘʯʝʥʠʝ ʚʝʣʠʯʠʥʳ j ʥʘ ʛʨʘʥʠ k, ʧʦʣʫʯʝʥʥʦʝ ʧʫʪʝʤ ʩʥʦʩʘ ʟʥʘʯʝʥʠʷ j ʚ ʮʝʥʪʨʘʭ 

ʷʯʝʝʢ P  ʠ M . 

ʉʭʝʤʘ LUD ʠʤʝʝʪ ʚʪʦʨʦʡ ʧʦʨʷʜʦʢ ʪʦʯʥʦʩʪʠ, ʦʥʘ ʧʦʜʦʙʥʘ ʩʭʝʤʝ UD, ʥʦ ʠʩʧʦʣʴʟʫʝʪ 

ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʚʝʣʠʯʠʥʳ ʥʘ ʛʨʘʥʴ ʩ ʣʠʥʝʡʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʝʡ [Jasak, 1996]: 
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=ì
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    (1.5.15) 

ʛʜʝ 
Pkd  ʠ 

Mkd  ï ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʮʝʥʪʨʦʚ ʷʯʝʝʢ P  ʠ M  ʜʦ ʮʝʥʪʨʘ ʨʘʟʜʝʣʷʶʱʝʡ ʠʭ ʛʨʘʥʠ ,k   

PÐj  ʠ MjÐ  ï ʛʨʘʜʠʝʥʪʳ ʚʝʣʠʯʠʥʳ j ʚ ʷʯʝʡʢʘʭ P  ʠ M . 

ʇʨʠʤʝʥʝʥʠʝ ʩʭʝʤ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʚʪʦʨʦʛʦ ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ 

ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʬʫʥʢʮʠʡ ʦʛʨʘʥʠʯʠʪʝʣʷ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 

ʛʝʥʝʨʘʮʠʠ ʥʝʬʠʟʠʯʥʳʭ ʦʩʮʠʣʣʷʮʠʡ ʠ ʣʦʞʥʳʭ ʨʝʰʝʥʠʡ ʚ ʦʙʣʘʩʪʷʭ ʩ ʚʳʩʦʢʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ 

ʦʩʥʦʚʥʳʭ ʚʝʣʠʯʠʥ: 

u

P Pj b jÐ = ÖÐ,     (1.5.16) 

ʛʜʝ PjÐ  ʠ u

PjÐ  ï ʦʛʨʘʥʠʯʝʥʥʳʡ ʠ ʥʝʦʛʨʘʥʠʯʝʥʥʳʡ ʛʨʘʜʠʝʥʪʳ ʚ ʷʯʝʡʢʝ P, b ï ʬʫʥʢʮʠʷ 

ʦʛʨʘʥʠʯʠʪʝʣʷ. 

ʌʫʥʢʮʠʷ ʦʛʨʘʥʠʯʠʪʝʣʷ ʜʦʣʞʥʘ ʙʳʪʴ ʨʘʚʥʘ ʥʫʣʶ ʧʨʠ ʩʠʣʴʥʳʭ ʨʘʟʨʳʚʘʭ, ʯʪʦʙʳ 

ʧʦʣʫʯʠʪʴ ʩʭʝʤʫ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, ʢʦʪʦʨʘʷ ʛʘʨʘʥʪʠʨʫʝʪ ʤʦʥʦʪʦʥʥʦʩʪʴ. ɺ ʦʙʣʘʩʪʷʭ çʧʣʘʚʥʦʛʦ 

ʧʦʪʦʢʘè ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʟʥʘʯʝʥʠʡ ʥʘ ʛʨʘʥʠ ʜʦʣʞʥʘ ʙʳʪʴ ʥʝ ʦʛʨʘʥʠʯʝʥʘ. 

 ʐʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʷʚʣʷʝʪʩʷ ʦʛʨʘʥʠʯʠʪʝʣʴ Venkatakrishnan 

[Venkatakrishnan, 1993], ʢʦʪʦʨʳʡ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

2 1

(2 1) 1

k

k k

r

r r
b

+
=

+ +
.     (1.5.17) 

ɿʜʝʩʴ ʧʘʨʘʤʝʪʨ kr  ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

max

m

ʜʣʷ 0

ʜʣʷ 0

k
k

k

k
k

im

r

Dë
D >îDî

=ì
Dî D ¢

îDí

,    (1.5.18) 

ɻʜʝ u

k Pk Pd jD = ÖÐ, Pkd  ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʮʝʥʪʨʘ ʷʯʝʡʢʠ P  ʜʦ ʮʝʥʪʨʘ ʛʨʘʥʠ k, ʩʤʝʞʥʦʡ ʩ 

ʩʦʩʝʜʥʝʡ ʷʯʝʡʢʦʡ, max

max P Pj jD = -, min

min P Pj jD = -, max

Pj  ʠ min

Pj  ï ʤʘʢʩʠʤʘʣʴʥʦʝ ʠ 

ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ j ʚʦ ʚʩʝʭ ʩʦʩʝʜʥʠʭ ʷʯʝʡʢʘʭ, ʚʢʣʶʯʘʷ ʟʥʘʯʝʥʠʝ ʚ ʩʘʤʦʡ 

ʷʯʝʡʢʝ P .  

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʦʙʲʝʤʥʦʡ ʜʦʣʠ 

ʠʩʧʦʣʴʟʫʶʪ ʩʧʝʮʠʘʣʴʥʳʝ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ çʩʞʠʤʘʶʱʠʝè ʩʭʝʤʳ [Muzaferija et al., 1998; 

Waclawczyk and Koronowicz, 2008]. ʀʭ ʦʩʦʙʝʥʥʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ ʜʦʣʞʥʳ 

ʦʙʝʩʧʝʯʠʚʘʪʴ ʜʚʘ ʢʣʶʯʝʚʳʭ ʩʚʦʡʩʪʚʘ: ʩʦʭʨʘʥʝʥʠʝ ʤʠʥʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʡ ʪʦʣʱʠʥʳ 

ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʨʝʜ (ʪ.ʝ. ʧʨʝʜʦʪʚʨʘʱʝʥʠʝ ʝʸ ʨʘʟʤʳʪʠʷ) ʠ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʟʥʘʯʝʥʠʷ 

ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʚ ʠʥʪʝʨʚʘʣʝ [0, 1]. ʆʜʥʦʡ ʠʟ ʠʟʚʝʩʪʥʳʭ çʩʞʠʤʘʶʱʠʭè ʩʭʝʤ ʷʚʣʷʝʪʩʷ ʩʭʝʤʘ 
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HRIC (High Resolution Interface Capturing scheme), ʧʦʜʨʦʙʥʫʶ ʬʦʨʤʫʣʠʨʦʚʢʫ ʢʦʪʦʨʦʡ 

ʤʦʞʥʦ ʥʘʡʪʠ ʚ [Muzaferija et al., 1998], ʜʘʥʥʘʷ ʩʭʝʤʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʡ 

ʜʠʩʩʝʨʪʘʮʠʠ. 

ʆʧʠʩʘʥʥʳʝ ʩʭʝʤʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʠ ʦʛʨʘʥʠʯʠʪʝʣʠ ʧʦʪʦʢʘ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʠ ʚ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. 

ɺ ʨʘʩʯʝʪʘʭ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠʥʠʤʘʝʪʩʷ, ʯʪʦ ʞʠʜʢʦʩʪʴ ʥʝʩʞʠʤʘʝʤʘ. ʍʦʪʷ 

ʦʪʩʫʪʩʪʚʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ ʫʧʨʦʱʘʝʪ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (1.3.1), ʦʥʦ 

ʧʨʠʚʦʜʠʪ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʪʨʫʜʥʦʩʪʷʤ. ɺ ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ 

ʩʠʩʪʝʤʳ (1.3.3) ʚʭʦʜʠʪ ʣʠʰʴ ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʪʩʫʪʩʪʚʠʶ ʧʨʷʤʦʡ ʩʚʷʟʠ ʩ 

ʜʘʚʣʝʥʠʝʤ, ʢʦʪʦʨʘʷ ʚ ʩʣʫʯʘʝ ʩʞʠʤʘʝʤʳʭ ʪʝʯʝʥʠʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʧʣʦʪʥʦʩʪʴ.  

ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʜʣʷ ʩʚʷʟʠ ʜʘʚʣʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʧʦʩʦʙ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʦʧʨʝʜʝʣʝʥʠʠ ʧʦʣʷ ʜʘʚʣʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚʳʧʦʣʥʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʥʝʨʘʟʨʳʚʥʦʩʪʠ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʨʝʰʝʥʠʶ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʜʘʚʣʝʥʠʷ ʪʠʧʘ ʇʫʘʩʩʦʥʘ [Ferziger and Peric, 2002], ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ SIMPLE ʘʣʛʦʨʠʪʤ (Semi-Implicit Method for Pressure-Linked Equations) 

[ʌʣʝʪʯʝʨ, 1991]. 

ɼʣʷ ʬʦʨʤʫʣʠʨʦʚʢʠ ʘʣʛʦʨʠʪʤʘ SIMPLE ʟʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʜʚʠʞʝʥʠʷ ʩʠʩʪʝʤʳ (1.3.3) ʩ ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ ʧʦ ʚʨʝʤʝʥʠ ʧʦ ʩʭʝʤʝ ʕʡʣʝʨʘ (ʜʣʷ ʢʨʘʪʢʦʩʪʠ 

ʦʧʫʩʪʠʤ ʨʘʟʣʦʞʝʥʠʝ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʩʣʘʛʘʝʤʦʝ): 

( ) ( )
1 1

1 1
n n j j n

n n n ni i
i j ij

j i j

u u p
u u

t x x x

r r
r t

+ +
+ +- µ µ µ

+ =- +
D µ µ µ

,  (1.5.19) 

ʛʜʝ n  ï ʨʝʰʝʥʠʝ ʩ ʧʨʝʜʳʜʫʱʝʡ ʠʪʝʨʘʮʠʠ, j  ï ʨʝʰʝʥʠʝ ʩ ʧʨʦʰʣʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ. ɼʣʷ 

ʨʝʰʝʥʠʷ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʘʚʣʝʥʠʝ ʠ ʩʢʦʨʦʩʪʴ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚ ʚʠʜʝ: 

1 *

1 1 1( )

n n

i i i

n n n n n n

p p

u u u

p p p p p pa a d

+

+ + +

= +

= + - = +
,   (1.5.20) 

ʛʜʝ 0 1pa¢ ¢ ï ʧʘʨʘʤʝʪʨ ʨʝʣʘʢʩʘʮʠʠ. ʇʦʜʩʪʘʥʦʚʢʘ ʧʦʩʣʝʜʥʝʛʦ ʚʳʨʘʞʝʥʠʷ ʚ (1.5.19) ʜʘʝʪ: 

( )
( )

( )
11

1 1

nn n j j n
n n n ni i

i j ij

j i i j

pu u p
u u

t x x x x

dr r
r t

++
+ +

µ- µ µ µ
+ =- - +

D µ µ µ µ
.  (1.5.21) 

ʇʦʜʩʪʘʥʦʚʢʘ ʧʝʨʚʦʛʦ ʚʳʨʘʞʝʥʠʷ (1.5.20) ʚ (1.5.19) ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʫʶ ʦʮʝʥʢʫ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʥʘ ʩʣʝʜʫʶʱʝʤ ʰʘʛʝ ʠʟ ʫʨʘʚʥʝʥʠʷ: 

( ) ( )
*

* *
n j j n

n ni i
i j ij

j j i

u u p
u u

t x x t x

r r
r t

µ µ µ
+ - = -

D µ µ D µ
.   (1.5.22) 
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ʄʦʣʝʢʫʣʷʨʥʘʷ ʠ ʪʫʨʙʫʣʝʥʪʥʘʷ ʩʦʩʪʘʚʣʷʶʱʠʝ ʪʝʥʟʦʨʘ ʢʘʩʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ 

(1.5.22) ʪʘʢʞʝ ʚʳʯʠʩʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ *

iu . ʅʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦʣʥʦʝ ʟʥʘʯʝʥʠʝ 

ʩʢʦʨʦʩʪʠ ʥʘ 1n+  ʠʪʝʨʘʮʠʠ ʧʫʪʝʤ ʢʦʨʨʝʢʪʠʨʦʚʢʠ, ʠʩʧʦʣʴʟʫʷ ʧʦʧʨʘʚʢʫ ʢ ʜʘʚʣʝʥʠʶ: 

( )1
1 *

i

n

n

i i

p
u u t

x

+

+
µ

= -D
µ

d
.    (1.5.23) 

ʉʘʤʘ ʞʝ ʧʦʧʨʘʚʢʘ ʢ ʜʘʚʣʝʥʠʶ ʥʘʭʦʜʠʪʩʷ ʠʟ ʫʨʘʚʥʝʥʠʷ (1.5.23) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʫʜʦʚʣʝʪʚʦʨʝʥʠʷ ʫʩʣʦʚʠʷ ʥʝʨʘʟʨʳʚʥʦʩʪʠ ʜʣʷ 
1n

iu +
. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʟʷʚ ʧʨʦʠʟʚʦʜʥʫʶ ʦʪ 

ʦʙʝʠʭ ʯʘʩʪʝʡ ʧʦʩʣʝʜʥʝʛʦ ʨʘʚʝʥʩʪʚʘ, ʧʦʣʫʯʠʤ ʫʨʘʚʥʝʥʠʝ ʇʫʘʩʩʦʥʘ ʜʣʷ ʜʘʚʣʝʥʠʷ: 

( )1 *
1

i i i

n

i
p u

x x t x

+å õµ µµ
æ ö=
æ öµ µ D µ
ç ÷

d
.    (1.5.24) 

ɼʘʥʥʘʷ ʠʪʝʨʘʮʠʦʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ, 

ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ (1.3.3).  

ʆʩʦʙʝʥʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ SIMPLE ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʤʦʞʥʦ 

ʥʘʡʪʠ ʚ [ɽʬʨʝʤʦʚ ʠ ʜʨ., 2017; ʂʦʟʝʣʢʦʚ ʠ ʜʨ., 2020]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʜʘʥʥʦʤ ʧʘʨʘʛʨʘʬʝ ʙʳʣ ʦʧʠʩʘʥ ʦʙʱʠʡ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʡ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ɼʘʣʝʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʷ, 

ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ.  
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1.6. ʄʦʜʠʬʠʢʘʮʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ 

ɸʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ ʦʙʲʝʤʥʳʭ ʧʦʪʦʢʦʚ ʜʣʷ ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ  

ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʦʧʠʩʘʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ, ʚʢʣʶʯʘʶʱʝʛʦ 

ʨʘʩʯʝʪ ʦʙʲʝʤʥʳʭ ʧʦʪʦʢʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʜʚʠʞʝʥʠʝʤ ʩʝʪʢʠ, ʧʝʨʝʡʜʝʤ ʢ ʢʦʥʝʯʥʦ-ʦʙʲʝʤʥʦʡ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (1.4.29). ʈʘʩʩʤʦʪʨʠʤ ʧʦʜʨʦʙʥʦ ʥʘ ʧʨʠʤʝʨʝ ʫʨʘʚʥʝʥʠʷ 

ʧʝʨʝʥʦʩʘ ʦʙʲʝʤʥʦʡ ʜʦʣʠ. ʇʝʨʝʧʠʰʝʤ ʝʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦ a ʠ ʦʧʫʩʪʠʤ ʠʩʪʦʯʥʠʢʦʚʦʝ 

ʩʣʘʛʘʝʤʦʝ, ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʢʘʚʠʪʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʦʪʩʫʪʩʪʚʫʶʪ: 

( )( ) ( )i i i i

i i

*d
u v u v 0

dt x x

a
a a

µ µ
+ - - - =
µ µ

.   (1.6.1) 

ʅʘʧʦʤʥʠʤ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʨʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʨʝʛʠʦʥʦʚ: 

ʚʨʘʱʘʶʱʝʡʩʷ ʦʙʣʘʩʪʠ ʩ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ ʠ ʦʩʪʘʣʴʥʦʡ ʥʝʧʦʜʚʠʞʥʦʡ ʦʙʣʘʩʪʠ. ɼʣʷ 

ʩʦʛʣʘʩʦʚʘʥʠʷ ʨʝʰʝʥʠʷ ʥʘ ʩʤʝʞʥʳʭ ʛʨʘʥʠʮʘʭ ʧʨʦʠʟʚʦʣʴʥʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ 

ʵʪʠʭ ʜʚʫʭ ʦʙʣʘʩʪʝʡ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʠʩʧʦʣʴʟʫʝʪʩʷ GGI-ʧʦʜʦʙʥʳʡ ʤʝʪʦʜ 

[Beaudoin and Jasak, 2008; Korotkov and Kozelkov, 2022], ʢʦʪʦʨʳʡ ʦʩʥʦʚʘʥ ʥʘ 

ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʠ ʧʦʪʦʢʦʚ ʯʝʨʝʟ ʥʝʩʦʛʣʘʩʦʚʘʥʥʳʡ ʩʝʪʦʯʥʳʡ ʠʥʪʝʨʬʝʡʩ. 

ɸʣʛʦʨʠʪʤ ʫʯʠʪʳʚʘʝʪ ʩʚʷʟʴ ʷʯʝʝʢ ʥʘ ʩʤʝʞʥʳʭ ʛʨʘʥʠʮʘʭ ʨʝʛʠʦʥʦʚ ʙʝʟ ʤʦʜʠʬʠʢʘʮʠʠ 

ʠʩʭʦʜʥʦʡ ʩʝʪʢʠ ʯʝʨʝʟ ʬʦʨʤʠʨʫʝʤʳʡ ʥʘʙʦʨ ʚʠʨʪʫʘʣʴʥʳʭ ʛʨʘʥʝʡ, ʩʦʟʜʘʚʘʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʩʣʘʛʘʝʤʳʝ ʚ ʉʃɸʋ ʥʘ ʢʘʞʜʦʤ ʨʘʩʯʝʪʥʦʤ ʰʘʛʝ [Korotkov and Kozelkov, 2022]. ʅʘ ʨʠʩʫʥʢʝ 

1.6.1 ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʩʰʠʚʢʠ ʜʚʫʭ ʦʙʣʘʩʪʝʡ.  

 

ʈʠʩʫʥʦʢ 1.6.1 ï ʉʰʠʚʢʘ ʜʚʫʭ ʨʘʩʯʝʪʥʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠ ʧʦʤʦʱʠ ʠʥʪʝʨʬʝʡʩʘ 

ʗʯʝʡʢʘ P  ʠʤʝʝʪ ʤʥʦʞʝʩʪʚʦ ʛʨʘʥʝʡ k, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʚʥʫʪʨʝʥʥʠʝ ʛʨʘʥʠ 

intk , ʚʥʝʰʥʠʝ ʛʨʘʥʠ extk  ʠ ʩʤʝʞʥʳʝ ʛʨʘʥʠ ʜʚʫʭ ʦʙʣʘʩʪʝʡ GGIk , ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪ 

ʥʝʩʦʛʣʘʩʦʚʘʥʥʳʡ ʩʝʪʦʯʥʳʡ ʠʥʪʝʨʬʝʡʩ. ʗʯʝʡʢʘ M  ʧʨʠʥʘʜʣʝʞʠʪ ʪʦʡ ʞʝ ʦʙʣʘʩʪʠ 

(ʆʙʣʘʩʪʴ 1), ʯʪʦ ʠ ʷʯʝʡʢʘ P, ʘ ʷʯʝʡʢʘ N  ʦʪʥʦʩʠʪʩʷ ʢ ʩʦʩʝʜʥʝʡ ʦʙʣʘʩʪʠ (ʆʙʣʘʩʪʴ 2), 

ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʮʝʥʪʨʘ ʷʯʝʡʢʠ P  ʜʦ ʮʝʥʪʨʦʚ ʵʪʠʭ ʜʚʫʭ ʷʯʝʝʢ PMd  ʠ PNd  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 



50 
 

ɼʠʩʢʨʝʪʠʟʘʮʠ ʁ ʧʦ ʚʨʝʤʝʥʠ ʫʨʘʚʥʝʥʠʷ (1.6.1) ʙʫʜʝʤ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʦ ʥʝʷʚʥʦʡ ʩʭʝʤʝ 

ʕʡʣʝʨʘ [ʈʦʫʯ, 1980]: 

( )( ) ( )i i i i

i i

j
j j 1

P P u v u v 0
t x x

a a
a a

D

- è ø- µ µ
+ - - - =é ù
µ µê ú

,   (1.6.2) 

ʛʜʝ 
j

Pa  ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʚ ʮʝʥʪʨʝ ʷʯʝʡʢʠ P  ʥʘ ʪʝʢʫʱʝʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ; 
1j

Pa
-

 ï ʦʙʲʝʤʥʘʷ 

ʜʦʣʷ ʚ ʮʝʥʪʨʝ ʷʯʝʡʢʠ P  ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ. 

ɼʣʷ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʫʨʘʚʥʝʥʠʷ (1.6.1) ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʧʨʦʠʥʪʝʛʨʠʨʫʝʤ ʝʛʦ ʧʦ 

ʦʙʲʝʤʫ PV  ʷʯʝʡʢʠ P, ʜʣʷ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʧʦ ʪʝʦʨʝʤʝ ʆʩʪʨʦʛʨʘʜʩʢʦʛʦ-ɻʘʫʩʩʘ 

ʧʝʨʝʡʜʝʤ ʢ ʠʥʪʝʛʨʘʣʫ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ PS  (ʚʨʝʤʝʥʥʳʝ ʠʥʜʝʢʩʳ ʙʫʜʝʤ ʦʧʫʩʢʘʪʴ ʪʘʤ, ʛʜʝ ʠʭ 

ʟʥʘʯʝʥʠʝ ʦʯʝʚʠʜʥʦ): 

( ) ( )
1

0

P P P

i i

j j

P P
P P

V S S

P i i PdS dSdV u v u v
t

-a -a
+ a - a - =-

Dñ ñ ñ .   (1.6.3) 

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʥʘ ʢʦʥʝʯʥʦ-ʦʙʲʝʤʥʦʡ ʩʝʪʢʝ ʢʦʥʚʝʢʪʠʚʥʦʝ ʩʣʘʛʘʝʤʦʝ ʟʘʧʠʰʝʤ ʚ 

ʚʠʜʝ: 

( ) ( ) ( ) ( )

( ) ( )

, , , ,, ,

,

P P

i i P i i P i k i k i kP k i k P i k

k kS S

v v

k k P k

k k

i k

k k

dS dS u S uu v u v v v

F

S

FF F

a a a a

a a

- - - - -

-

- º º

º --

ä äñ

ä ä

ñ
     (1.6.4) 

ʛʜʝ k  ï ʥʦʤʝʨ ʛʨʘʥʠ; ,i kS  ï ʚʝʢʪʦʨ-ʧʣʦʱʘʜʴ ʛʨʘʥʠ k ; kaï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʥʘ ʛʨʘʥʠ k ; kF  ï 

ʦʙʲʝʤʥʳʡ ʧʦʪʦʢ ʯʝʨʝʟ ʛʨʘʥʴ k, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ 

ʥʝʨʘʟʨʳʚʥʦʩʪʠ ʠ ʩʦʭʨʘʥʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ; 
v

kF  ï ʦʙʲʝʤʥʳʡ ʧʦʪʦʢ, ʩʚʷʟʘʥʥʳʡ ʩ 

ʜʚʠʞʝʥʠʝʤ ʩʝʪʢʠ; ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʧʦ ʚʩʝʤ ʛʨʘʥʷʤ ʷʯʝʡʢʠ P .  

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ 
v

kF  ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʛʥʦʚʝʥʥʫʶ ʧʦʩʪʫʧʘʪʝʣʴʥʫʶ ʩʢʦʨʦʩʪʴ 

ʧʦʪʦʢʘ ʚ ʮʝʥʪʨʝ ʛʨʘʥʠ: 

kv rw= ³,       (1.6.5) 

ʛʜʝ w ï ʚʝʢʪʦʨ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ; r ï ʨʘʜʠʫʩ-ʚʝʢʪʦʨ ʢ ʜʘʥʥʦʡ ʪʦʯʢʝ ʠʟ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʦʩʠ ʚʨʘʱʝʥʠʷ ʪʝʣʘ. ʆʜʥʘʢʦ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ r  ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ 

ʧʦʛʨʝʰʥʦʩʪʠ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʧʦʪʦʢʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʠʩʙʘʣʘʥʩʫ ʧʦʪʦʢʦʚ 
v

kF  ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʚʦʟʤʫʱʝʥʠʶ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ.  

ʀʥʘʯʝ ʧʦʪʦʢ 
v

kF  ʤʦʞʥʦ ʥʘʡʪʠ ʘʥʘʣʠʪʠʯʝʩʢʠ ʪʦʯʥʦ ʧʫʪʝʤ ʚʳʯʠʩʣʝʥʠʷ ʦʙʲʝʤʘ, 

ʢʦʪʦʨʳʡ ʟʘʤʝʪʘʝʪʩʷ ʛʨʘʥʴʶ ʧʨʠ ʚʨʘʱʝʥʠʠ. ʅʘ ʨʠʩʫʥʢʝ 1.6.2 ʧʦʢʘʟʘʥʘ ʛʨʘʥʴ k, ʚʝʨʰʠʥʳ 

ʢʦʪʦʨʦʡ ʦʙʦʟʥʘʯʝʥʳ 1-2-3-4, ʠ ʦʙʨʘʟʫʝʤʳʡ ʦʙʲʝʤ kV  ʧʨʠ ʝʝ ʚʨʘʱʝʥʠʠ ʚʦʢʨʫʛ ʦʩʠ w. 
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ʈʠʩʫʥʦʢ 1.6.2 ï ʆʙʲʝʤ, ʦʙʨʘʟʦʚʘʥʥʳʡ ʚʨʘʱʝʥʠʝʤ ʛʨʘʥʠ k  

ʇʦʪʦʢ 
v

kF  ʤʦʞʥʦ ʥʘʡʪʠ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʦʩʫʤʤʠʨʦʚʘʚ ʦʙʲʝʤʳ ʪʝʣ, 

ʦʛʨʘʥʠʯʝʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʚʨʘʱʝʥʠʷ ʨʝʙʝʨ ʛʨʘʥʠ:  

1

12

N
v

k n n

n

F V
w

p
­ +

=

= ä ,     (1.6.6) 

ʛʜʝ n  ï ʧʦʨʷʜʢʦʚʳʡ ʥʦʤʝʨ ʚʝʨʰʠʥʳ; Nï ʢʦʣʠʯʝʩʪʚʦ ʨʝʙʝʨ.  

ɼʣʷ ʵʪʦʛʦ ʥʘʡʜʝʤ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʢʦʦʨʜʠʥʘʪʳ ʚʝʨʰʠʥ ʢʘʞʜʦʛʦ ʨʝʙʨʘ. ʂʦʦʨʜʠʥʘʪʘ 

ʚʝʨʰʠʥʳ 1 ʧʦ ʦʩʠ z : 

 1 1z d nw= Ö ,      (1.6.7) 

ʛʜʝ 1d  ï ʨʘʜʠʫʩ-ʚʝʢʪʦʨ ʦʪ ʮʝʥʪʨʘ ʚʨʘʱʝʥʠʷ ʢ ʚʝʨʰʠʥʝ 1; nw  ï ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ ʦʩʠ 

ʚʨʘʱʝʥʠʷ w. 

ʂʦʦʨʜʠʥʘʪʘ ʚʝʨʰʠʥʳ 1 ʧʦ ʦʩʠ r : 

1 1 1 1r r d z nw= = - Ö,     (1.6.8) 

ʛʜʝ 1r  ï ʚʝʢʪʦʨ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʡ ʦʩʠ z . 

ɸʥʘʣʦʛʠʯʥʦ ʤʦʞʥʦ ʥʘʡʪʠ ʢʦʦʨʜʠʥʘʪʳ 2z  ʠ ʚʝʨʰʠʥʳ 2. ʆʙʲʝʤ, ʦʙʨʘʟʦʚʘʥʥʳʡ 

ʚʨʘʱʝʥʠʝʤ ʨʝʙʨʘ 1-2, ʤʦʞʥʦ ʧʦʩʯʠʪʘʪʴ ʯʝʨʝʟ ʠʥʪʝʛʨʘʣ: 

2

1

2

1 2 ( )

z

z

V r z dzp- =ñ ,     (1.6.9) 

ʛʜʝ 2 1
1 1

2 1

( ) ( )
r r

r z r z z
z z

-
= + -

-
. 

ʇʨʦʠʥʪʝʛʨʠʨʦʚʘʚ (1.6.9) ʠ ʦʙʦʟʥʘʯʠʚ 2 1

2 1

r r
b

z z

-
=

-
, ʧʦʣʫʯʠʤ: 

2 2 2

1 2 2 1 1 1 2 1 2 1

1
( ) ( ) ( )

3
V z z r rb z z b z zp-

å õ
= - + - + -æ ö

ç ÷
.   (1.6.10) 
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ʀʩʧʦʣʴʟʫʷ ʚʳʨʘʞʝʥʠʝ (1.6.10), ʤʦʞʥʦ ʥʘʡʪʠ ʟʘʤʝʪʘʝʤʳʡ ʦʙʲʝʤ ʜʣʷ ʢʘʞʜʦʛʦ ʨʝʙʨʘ 

ʛʨʘʥʠ k, ʘ ʜʘʣʝʝ ʥʘʡʪʠ 
v

kF  ʠʩʧʦʣʴʟʫʷ (1.6.6). 

ʉʨʘʚʥʠʤ ʜʠʩʙʘʣʘʥʩ ʦʙʲʝʤʥʳʭ ʧʦʪʦʢʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʜʚʠʞʝʥʠʝʤ ʩʝʪʢʠ, ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʩ ʧʦʤʦʱʴʶ ʤʛʥʦʚʝʥʥʦʡ ʧʦʩʪʫʧʘʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ʮʝʥʪʨʝ ʛʨʘʥʠ ʠ ʯʝʨʝʟ 

ʚʳʯʠʩʣʝʥʠʝ ʦʙʲʝʤʘ, ʟʘʤʝʪʘʝʤʦʛʦ ʛʨʘʥʴʶ. ɼʣʷ ʵʪʦʛʦ ʨʘʩʩʤʦʪʨʠʤ ʪʠʧʠʯʥʫʶ ʟʘʜʘʯʫ ʚʨʘʱʝʥʠʷ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ ʧʨʠʤʝʨʝ ʤʦʜʝʣʠ ɸ [ʂʫʟʥʝʮʦʚʘ ʠ ʊʘʨʘʥʦʚ, 2022]. ʈʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ, 

ʧʦʢʘʟʘʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 1.6.3 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʮʠʣʠʥʜʨ, ʚ ʢʦʪʦʨʦʤ ʨʘʩʧʦʣʦʞʝʥ ʛʨʝʙʥʦʡ 

ʚʠʥʪ ʤʦʜʝʣʠ ɸ, ʟʘʢʨʝʧʣʝʥʥʳʡ ʥʘ ʚʘʣʫ.  

 

ʈʠʩʫʥʦʢ 1.6.3 ï ʈʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʩ ʤʦʜʝʣʴʶ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ 

ʅʘ ʨʠʩʫʥʢʝ 1.6.4 ʧʦʢʘʟʘʥʘ ʦʙʝʟʨʘʟʤʝʨʝʥʥʘʷ ʩʫʤʤʘ ʦʙʲʝʤʥʳʭ ʧʦʪʦʢʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʜʚʠʞʝʥʠʝʤ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ,  ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʚ ʩʣʫʯʘʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʛʥʦʚʝʥʥʦʡ ʧʦʩʪʫʧʘʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ʮʝʥʪʨʝ ʛʨʘʥʠ ʜʣʷ ʨʘʩʯʝʪʘ 
v

kF  

ʠ ʚ ʩʣʫʯʘʝ ʨʘʩʯʝʪʘ 
v

kF  ʯʝʨʝʟ ʚʳʯʠʩʣʝʥʠʝ ʦʙʲʝʤʘ, ʟʘʤʝʪʘʝʤʦʛʦ ʛʨʘʥʴʶ.    

  

ʈʠʩʫʥʦʢ 1.6.4 ï ɼʠʩʙʘʣʘʥʩ ʧʦʪʦʢʦʚ: ʩʣʝʚʘ ï ʨʘʩʯʝʪ 
v

kF  ʯʝʨʝʟ ʤʛʥʦʚʝʥʥʫʶ ʧʦʩʪʫʧʘʪʝʣʴʥʫʶ 

ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ ʮʝʥʪʨʝ ʛʨʘʥʠ, ʩʧʨʘʚʘ ï ʨʘʩʯʝʪ 
v

kF  ʯʝʨʝʟ ʚʳʯʠʩʣʝʥʠʝ ʦʙʲʝʤʘ, 

ʟʘʤʝʪʘʝʤʦʛʦ ʛʨʘʥʴʶ 
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ʀʟ ʨʠʩʫʥʢʘ 1.6.4 ʚʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʛʥʦʚʝʥʥʦʡ ʧʦʩʪʫʧʘʪʝʣʴʥʦʡ 

ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ʮʝʥʪʨʝ ʛʨʘʥʠ ʜʣʷ ʨʘʩʯʝʪʘ 
v

kF  ʥʘ ʥʘʠʙʦʣʴʰʝʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʦʩʠ ʚʨʘʱʝʥʠʷ 

ʮʠʣʠʥʜʨʘ ʧʦʷʚʣʷʝʪʩʷ ʜʠʩʙʘʣʘʥʩ ʧʦʪʦʢʦʚ, ʚ ʩʣʫʯʘʝ ʨʘʩʯʝʪʘ 
v

kF  ʯʝʨʝʟ ʚʳʯʠʩʣʝʥʠʝ ʦʙʲʝʤʘ, 

ʟʘʤʝʪʘʝʤʦʛʦ ʛʨʘʥʴʶ, ʜʠʩʙʘʣʘʥʩ ʧʦʪʦʢʦʚ ʨʘʚʝʥ ʥʫʣʶ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʠʩʣʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʜʣʷ ʨʘʩʯʝʪʘ 
v

kF  

ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝ ʤʛʥʦʚʝʥʥʘʷ ʧʦʩʪʫʧʘʪʝʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ ʮʝʥʪʨʝ ʛʨʘʥʠ, ʘ ʚʳʯʠʩʣʷʝʪʩʷ 

ʦʙʲʝʤ, ʟʘʤʝʪʘʝʤʳʡ ʛʨʘʥʴʶ ʧʨʠ ʚʨʘʱʝʥʠʠ, ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʜʠʩʙʘʣʘʥʩʘ ʧʦʪʦʢʦʚ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʦʩʮʠʣʣʷʮʠʠ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʚ ʟʘʜʘʯʘʭ, ʛʜʝ ʛʨʝʙʥʦʡ 

ʚʠʥʪ ʨʘʙʦʪʘʝʪ ʥʘ ʰʚʘʨʪʦʚʥʳʭ ʨʝʞʠʤʘʭ, ʪʦ ʝʩʪʴ ʩ ʥʫʣʝʚʦʡ ʩʢʦʨʦʩʪʴʶ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ. 

ɸʣʛʦʨʠʪʤ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

ʈʘʩʩʤʦʪʨʠʤ ʚʣʠʷʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ ʥʘ ʩʢʦʨʦʩʪʴ 

ʩʭʦʜʠʤʦʩʪʠ ʨʝʰʝʥʠʷ ʪʠʧʠʯʥʦʡ ʟʘʜʘʯʠ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ, ʢʦʪʦʨʘʷ ʙʳʣʘ 

ʫʧʦʤʷʥʫʪʘ ʨʘʥʝʝ. ʅʘ ʨʠʩʫʥʢʝ 1.6.5 ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʫʧʦʨʘ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʪ 

ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʪʝʨʘʮʠʡ ʜʣʷ ʩʣʫʯʘʝʚ 5, 10 ʠ 20 ʚʥʫʪʨʝʥʥʠʭ ʠʪʝʨʘʮʠʡ ʥʘ ʨʘʩʯʝʪʥʦʤ 

ʰʘʛʝ. 

 

ʈʠʩʫʥʦʢ 1.6.5 ï ɿʘʚʠʩʠʤʦʩʪʠ ʫʧʦʨʘ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʪ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʪʝʨʘʮʠʡ 

ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʠʭ ʠʪʝʨʘʮʠʡ ʥʘ ʨʘʩʯʝʪʥʦʤ ʰʘʛʝ 

ɺ ʪʘʙʣʠʮʝ 1.6.1 ʧʨʠʚʦʜʷʪʩʷ ʟʥʘʯʝʥʠʷ ʫʧʦʨʘ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠ ʩʦʰʝʜʰʝʤʩʷ 

ʨʝʰʝʥʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʩʯʝʪʘʭ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ. 

ʊʘʙʣʠʮʘ 1.6.1 ï ɿʥʘʯʝʥʠʷ ʫʧʦʨʘ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʨʘʩʯʝʪʘʭ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ 

ʂʦʣʠʯʝʩʪʚʦ ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ 5 10 20 

ʋʧʦʨ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ, ʅ 369.1 363.4 357.3 
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ʀʟ ʨʠʩʫʥʢʘ 1.6.5 ʚʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʢʦʣʠʯʝʩʪʚʘ ʠʪʝʨʘʮʠʡ 5 ʠ 10 ʨʝʰʝʥʠʝ ʥʝ ʫʩʧʝʚʘʝʪ 

ʩʭʦʜʠʪʴʩʷ ʚʥʫʪʨʠ ʦʜʥʦʛʦ ʰʘʛʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʢʦʣʝʙʘʥʠʷʤ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʦʣʴʰʝʡ 

ʩʭʦʜʠʤʦʩʪʠ ʨʝʰʝʥʠʷ ʚ ʮʝʣʦʤ. ʂʨʦʤʝ ʪʦʛʦ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ 1.6.1, ʟʥʘʯʝʥʠʷ ʫʧʦʨʘ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʢ ʢʦʪʦʨʦʤʫ ʩʭʦʜʷʪʩʷ ʨʝʰʝʥʠʷ ʩ 5, 10 ʠ 20 ʚʥʫʪʨʝʥʥʠʤʠ ʠʪʝʨʘʮʠʷʤʠ, 

ʨʘʟʣʠʯʘʶʪʩʷ. 

ɼʣʷ ʩʦʢʨʘʱʝʥʠʷ ʯʠʩʣʘ ʠʪʝʨʘʮʠʡ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʩʭʦʜʠʤʦʩʪʠ ʥʘ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ, 

ʠ ʧʦʜʘʚʣʝʥʠʷ ʦʩʮʠʣʣʷʮʠʡ ʨʝʰʝʥʠʷ ʧʨʝʜʣʘʛʘʝʪʩʷ ʚʚʝʩʪʠ ʧʨʦʮʝʜʫʨʫ ʧʦʚʦʨʦʪʘ ʚʝʢʪʦʨʥʦʛʦ 

ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʥʘ ʥʝʦʙʭʦʜʠʤʳʡ ʫʛʦʣ, ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʩ ʨʝʘʣʴʥʳʤ ʧʦʚʦʨʦʪʦʤ ʩʝʪʢʠ, ʚ ʥʘʯʘʣʝ 

ʢʘʞʜʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ 
,i Pu  ʚ ʥʝʢʦʪʦʨʦʡ ʷʯʝʡʢʝ P ʧʨʠ ʧʦʚʦʨʦʪʝ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ ʟʘ ʦʜʠʥ ʰʘʛ. ʇʦʚʦʨʦʪ ʧʨʦʠʩʭʦʜʠʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ z, ʠʥʪʝʨʝʩʫʶʱʘʷ ʥʘʩ ʷʯʝʡʢʘ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʦʙʦʟʥʘʯʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.6.6 ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ. 

 

ʈʠʩʫʥʦʢ 1.6.6 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʦʨʦʪʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ  

ʟʘ ʦʜʠʥ ʨʘʩʯʝʪʥʳʡ ʰʘʛ 

ʅʘ ʨʠʩʫʥʢʝ 1.6.6 ʧʦʢʘʟʘʥ rʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ,

j

i Pu  ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʷʯʝʡʢʝʝ ʧʦʩʣʝ 

ʧʦʚʦʨʦʪʘ ʩ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʴʶ w ʥʘ ʫʛʦʣ a, ʥʘʧʨʘʚʣʝʥʠʝ ʢʦʪʦʨʦʛʦ ʦʩʪʘʣʦʩʴ ʧʨʝʞʥʠʤ ʚ 

ʛʣʦʙʘʣʴʥʦʡ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʠ ʠ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʥʳʡ ʚʝʢʪʦʨ ,

j

i Pu ¡. ʇʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ,

j

i Pu , ʢʘʢ ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʥʦʚʦʛʦ ʚʝʢʪʦʨʘ 
1

,

j

i Pu +

ʩʢʦʨʦʩʪʠ, ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʝ ʠʪʝʨʘʮʠʡ ʥʘ ʨʘʩʯʝʪʥʦʤ ʰʘʛʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʝʢʪʦʨʦʤ ,

j

i Pu ¡. 

ʇʦʣʫʯʠʪʴ ʚʝʢʪʦʨ ,

j

i Pu ¡ ʤʦʞʥʦ ʧʫʪʝʤ ʫʤʥʦʞʝʥʠʷ ʚʝʢʪʦʨʘ ,

j

i Pu  ʥʘ ʤʘʪʨʠʮʫ ʧʦʚʦʨʦʪʘ, ʚ 

ʥʘʰʝʤ ʩʣʫʯʘʝ, ʚʦʢʨʫʛ ʦʩʠ z: 

, ,

j j

i P i P zu u M¡= Ö ,     (1.6.11) 

ʛʜʝ 

cos sin 0

sin cos 0

0 0 1

zM

a a

a a

-å õ
æ ö
=æ ö
æ ö
ç ÷

.  



55 
 

ʅʘ ʨʠʩʫʥʢʝ 1.6.7 ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʫʧʦʨʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʪ ʦʙʱʝʛʦ ʯʠʩʣʘ 

ʠʪʝʨʘʮʠʡ ʚ ʨʘʩʯʝʪʘʭ ʩ ʢʦʣʠʯʝʩʪʚʦʤ ʚʥʫʪʨʝʥʥʠʭ ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ 5, 10 ʠ 20 ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ. 

 

ʈʠʩʫʥʦʢ 1.6.7 ï ɿʘʚʠʩʠʤʦʩʪʠ ʫʧʦʨʘ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʪ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʪʝʨʘʮʠʡ 

ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ 

ɺ ʪʘʙʣʠʮʝ 1.6.2 ʧʨʠʚʦʜʷʪʩʷ ʟʥʘʯʝʥʠʷ ʫʧʦʨʘ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠ ʩʦʰʝʜʰʝʤʩʷ 

ʨʝʰʝʥʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʩʯʝʪʘʭ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ. 

ʊʘʙʣʠʮʘ 1.6.2 ï ɿʥʘʯʝʥʠʷ ʫʧʦʨʘ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʨʘʩʯʝʪʘʭ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ 

ʂʦʣʠʯʝʩʪʚʦ ʠʪʝʨʘʮʠʡ ʥʘ ʰʘʛʝ 5 10 20 

ʋʧʦʨ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ, ʅ 352.7 352.7 352.7 

ɺʠʜʥʦ, ʯʪʦ ʩ ʧʨʝʜʣʦʞʝʥʥʦʡ ʧʨʦʮʝʜʫʨʦʡ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʟʘʚʠʩʠʤʦʩʪʠ 

ʫʧʦʨʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʛʣʘʜʢʠʝ ʧʨʠ 5 ʠ 10 ʠʪʝʨʘʮʠʷʭ ʥʘ ʰʘʛʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʟʘʚʠʩʠʤʦʩʪʷʤʠ 

ʥʘ ʨʠʩʫʥʢʝ 1.6.5, ʨʝʰʝʥʠʝ ʚ ʨʘʩʯʝʪʘʭ ʩʭʦʜʠʪʩʷ ʢ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʟʥʘʯʝʥʠʶ. 

ʇʨʦʪʝʩʪʠʨʫʝʤ ʜʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʥʘ ʟʘʜʘʯʝ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʠʚʳʭ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 [Workshop on CFD in Ship Hydrodynamics, 2015] ʠ ʦʮʝʥʠʤ ʚʣʠʷʥʠʝ 

ʚʝʣʠʯʠʥʳ ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ ʥʘ ʪʦʯʥʦʩʪʴ ʨʘʩʩʯʠʪʘʥʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ ʠ ʙʝʟ ʥʝʛʦ. 

ʅʘ ʨʠʩʫʥʢʘʭ 1.6.8-1.6.9 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

KP505, ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʩ ʫʯʝʪʦʤ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ 

ʩʢʦʨʦʩʪʠ ʠ ʙʝʟ ʥʝʛʦ ʜʣʷ ʩʣʫʯʘʝʚ ʚʝʣʠʯʠʥʳ ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʚʦʨʦʪʫ 
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ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ 2, 4 ʠ 8 ʛʨʘʜʫʩʦʚ, ʘ ʪʘʢʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [Workshop on CFD 

in Ship Hydrodynamics, 2015]. 

 

ʈʠʩʫʥʦʢ 1.6.8 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʪʨʝʭ 

ʨʘʟʣʠʯʥʳʭ ʚʨʝʤʝʥʥʳʭ ʰʘʛʦʚ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

 

ʈʠʩʫʥʦʢ 1.6.9 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʪʨʝʭ 

ʨʘʟʣʠʯʥʳʭ ʚʨʝʤʝʥʥʳʭ ʰʘʛʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 
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ʅʘ ʨʠʩʫʥʢʝ 1.6.8 ʚʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʦʚʦʨʦʪʫ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ 8 ʛʨʘʜʫʩʦʚ, ʥʘ ʤʘʣʳʭ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʟʘʥʠʞʝʥʠʝ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʵʪʦ 

ʦʪʢʣʦʥʝʥʠʝ ʩʥʠʞʘʝʪʩʷ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʨʝʤ ʨʘʟʣʠʯʥʳʤ ʚʨʝʤʝʥʥʳʤ ʰʘʛʘʤ, ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ (ʨʠʩʫʥʦʢ 

1.6.9).  

ɺ ʪʘʙʣʠʮʘʭ 1.6.3-1.6.8 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʠ ʠʭ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʝʣʠʯʠʥ ʚʨʝʤʝʥʥʳʭ ʰʘʛʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ 

ʩʢʦʨʦʩʪʠ ʠ ʙʝʟ ʥʝʛʦ. 

ʊʘʙʣʠʮʘ 1.6.3 ï ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʠ ʠʭ 

ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʦʚʦʨʦʪʫ ʥʘ 2 

ʛʨʘʜʫʩʘ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʆʪʢʣʦʥʝʥʠʝ, % 

J KT 10KQ ɖ KT 10KQ ɖ 

0.2 0.442 0.623 0.226 -3.3 -1.6 -1.8 

0.3 0.394 0.564 0.334 -4.1 -2.1 -2.1 

0.4 0.342 0.501 0.434 -4.0 -2.2 -1.7 

0.5 0.288 0.438 0.523 -3.4 -2.4 -0.9 

0.6 0.233 0.371 0.601 -2.1 -1.9 -0.5 

0.7 0.178 0.301 0.659 -0.3 -0.3 0.0 

0.8 0.124 0.229 0.687 1.8 2.6 -0.4 

0.9 0.068 0.152 0.644 9.1 10.2 -1.7 

ʊʘʙʣʠʮʘ 1.6.4 ï ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʠ ʠʭ 

ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʦʚʦʨʦʪʫ ʥʘ 4 

ʛʨʘʜʫʩʘ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʆʪʢʣʦʥʝʥʠʝ, % 

J KT 10KQ ɖ KT 10KQ ɖ 

0.2 0.434 0.613 0.225 -1.4 0.1 -1.3 

0.3 0.387 0.556 0.332 -2.3 -0.7 -1.5 

0.4 0.336 0.496 0.431 -2.2 -1.2 -1.0 

0.5 0.284 0.434 0.52 -1.9 -1.5 -0.3 

0.6 0.23 0.368 0.597 -0.8 -1.0 0.2 

0.7 0.177 0.301 0.655 0.2 -0.3 0.6 

0.8 0.124 0.231 0.684 1.8 1.7 0.0 

0.9 0.069 0.154 0.643 7.8 9.0 -1.6 
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ʊʘʙʣʠʮʘ 1.6.5 ï ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʠ ʠʭ 

ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʦʚʦʨʦʪʫ ʥʘ 8 

ʛʨʘʜʫʩʦʚ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʆʪʢʣʦʥʝʥʠʝ, % 

J KT 10KQ ɖ KT 10KQ ɖ 

0.2 0.387 0.555 0.222 9.6 9.5 0.1 

0.3 0.352 0.513 0.327 7.0 7.1 0.1 

0.4 0.315 0.47 0.429 4.2 4.2 -0.5 

0.5 0.268 0.416 0.512 3.8 2.7 1.2 

0.6 0.222 0.36 0.591 2.7 1.2 1.2 

0.7 0.174 0.298 0.649 1.9 0.7 1.5 

0.8 0.125 0.232 0.685 1.0 1.3 -0.1 

0.9 0.071 0.157 0.65 5.1 7.3 -2.7 

ʊʘʙʣʠʮʘ 1.6.6 ï ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʠ ʠʭ 

ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʦʚʦʨʦʪʫ ʥʘ 2 

ʛʨʘʜʫʩʘ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʆʪʢʣʦʥʝʥʠʝ, % 

J KT 10KQ ɖ KT 10KQ ɖ 

0.2 0.443 0.624 0.226 -3.5 -1.7 -1.8 

0.3 0.394 0.564 0.333 -4.1 -2.1 -1.8 

0.4 0.341 0.500 0.434 -3.7 -2.0 -1.7 

0.5 0.287 0.436 0.524 -3.0 -1.9 -1.1 

0.6 0.232 0.367 0.601 -1.7 -0.8 -0.5 

0.7 0.178 0.300 0.660 -0.3 0.0 -0.2 

0.8 0.123 0.228 0.687 2.6 3.0 -0.4 

0.9 0.068 0.152 0.644 9.1 10.2 -1.7 

ʊʘʙʣʠʮʘ 1.6.7 ï ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʠ ʠʭ 

ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʦʚʦʨʦʪʫ ʥʘ 4 

ʛʨʘʜʫʩʘ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʆʪʢʣʦʥʝʥʠʝ, % 

J KT 10KQ ɖ KT 10KQ ɖ 

0.2 0.443 0.625 0.226 -3.5 -1.9 -1.8 

0.3 0.394 0.564 0.333 -4.1 -2.1 -1.8 

0.4 0.341 0.501 0.434 -3.7 -2.2 -1.7 

0.5 0.284 0.432 0.524 -1.9 -1.0 -1.1 

0.6 0.233 0.370 0.601 -2.1 -1.6 -0.5 

0.7 0.178 0.301 0.660 -0.3 -0.3 -0.2 

0.8 0.124 0.229 0.687 1.8 2.6 -0.4 

0.9 0.068 0.152 0.644 9.1 10.2 -1.7 
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ʊʘʙʣʠʮʘ 1.6.8 ï ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʠ ʠʭ 

ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʦʚʦʨʦʪʫ ʥʘ 8 

ʛʨʘʜʫʩʦʚ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʆʪʢʣʦʥʝʥʠʝ, % 

J KT 10KQ ɖ KT 10KQ ɖ 

0.2 0.443 0.625 0.226 -3.5 -1.9 -1.8 

0.3 0.394 0.564 0.334 -4.1 -2.1 -2.1 

0.4 0.342 0.501 0.434 -4.0 -2.2 -1.7 

0.5 0.288 0.438 0.523 -3.4 -2.4 -0.9 

0.6 0.233 0.371 0.601 -2.1 -1.9 -0.5 

0.7 0.178 0.301 0.659 -0.3 -0.3 0.0 

0.8 0.124 0.229 0.687 1.8 2.6 -0.4 

0.9 0.068 0.152 0.644 9.1 10.2 -1.7 

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʪʘʙʣʠʮ ʚʠʜʥʦ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ 

ʩʢʦʨʦʩʪʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʨʘʩʯʝʪʘʭ ʩ ʨʘʟʥʳʤʠ ʚʨʝʤʝʥʥʳʤʠ ʰʘʛʘʤʠ, ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ, ʘ ʪʘʢʞʝ ʩʦʚʧʘʜʘʶʪ ʩʦ 

ʟʥʘʯʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ, ʥʦ ʩ ʤʘʣʳʤ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ 

(ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʧʦʚʦʨʦʪʫ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ 2 ʛʨʘʜʫʩʘ). ɹʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ 

ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʠ ʙʦʣʴʰʠʤ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʧʦʚʦʨʦʪʫ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ 8 ʛʨʘʜʫʩʦʚ) ʦʪʢʣʦʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʧʦʨʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʦʤʝʥʪʘ 

ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ J=0.2 ʜʦʩʪʠʛʘʪʁ 9.6% ʠ 9.5% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʘʣʛʦʨʠʪʤ ʜʦʚʦʨʦʪʘ 

ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʫʚʝʣʠʯʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʠ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪ ʟʘʜʘʯ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʩ ʫʚʝʣʠʯʝʥʥʳʤ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ (ʜʦ 4 

ʨʘʟ) ʠ ʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʠʪʝʨʘʮʠʡ ʥʘ ʨʘʩʯʝʪʥʦʤ ʰʘʛʝ. 

ʄʦʜʠʬʠʢʘʮʠʷ ʬʫʥʢʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ ʧʦʪʦʢʘ 

ɺ ʟʘʜʘʯʘʭ ʩʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʚ ʯʘʩʪʥʦʩʪʠ ʧʨʠ ʢʘʚʠʪʘʮʠʦʥʥʦʤ ʦʙʪʝʢʘʥʠʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʥʘʠʙʦʣʝʝ çʧʨʦʙʣʝʤʥʦʡè 

ʦʙʣʘʩʪʴʶ ʩ ʚʳʩʦʢʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʦʩʥʦʚʥʳʭ ʚʝʣʠʯʠʥ ʷʚʣʷʶʪʩʷ ʷʯʝʡʢʠ ʤʝʞʬʘʟʥʦʡ 

ʛʨʘʥʠʮʳ. ʐʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʦʛʨʘʥʠʯʠʪʝʣʴ Venkatakrishnan ʥʝ ʫʯʠʪʳʚʘʝʪ ʵʪʦʪ 

ʬʘʢʪʦʨ ʠ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʚʩʝʭ ʷʯʝʝʢ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ 

ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʷ ʠ ʨʝʘʣʠʟʦʚʘʥ ʩʧʝʮʠʘʣʴʥʳʡ ʦʛʨʘʥʠʯʠʪʝʣʴ VOF-limiter, ʢʦʪʦʨʳʡ ʫʯʠʪʳʚʘʝʪ 

ʥʘʣʠʯʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ.  

ɹʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʤʦʜʠʬʠʢʘʮʠʠ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʦʛʨʘʥʠʯʠʪʝʣʴ VOF-

limiter ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 



60 
 

2 1
ʜʣʷ 0.1 0.9

(2 1) 1

1 ʜʣʷ 0ʠ 1

k

k kVOF

r

r r

+ë
¢ ¢î

+ +=ì
î = =í

a
b

a a

    (1.6.12) 

ʛʜʝ ʧʘʨʘʤʝʪʨ kr  ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʛʣʘʩʥʦ (1.5.18). 

ɺ ʩʣʫʯʘʝ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʪʝʯʝʥʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʰʝʥʠʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ: 
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ʛʜʝ va  ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʧʘʨʦʚʦʡ ʬʘʟʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʬʫʥʢʮʠʷ Venkatakrishnan ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʷʯʝʝʢ 

ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ (0.1 0.9a¢ ¢ ), ʚ ʦʩʪʘʣʴʥʳʭ ʷʯʝʡʢʘʭ ʛʨʘʜʠʝʥʪ rʚʝʣʠʯʠʥ ʥʠʯʝʤ ʥʝ 

ʦʛʨʘʥʠʯʝʥʳ. ɼʣʷ ʫʩʣʦʚʠʡ ʢʘʚʠʪʘʮʠʠ, ʩʦʛʣʘʩʥʦ 1.6.13, ʚ ʷʯʝʡʢʘʭ, ʟʘʥʷʪʳʭ ʧʘʨʦʚʦʡ ʬʘʟʦʡ, 

ʧʦʨʷʜʦʢ ʩʭʝʤʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦʥʠʞʠʝʪʩʷ ʜʦ ʧʝʨʚʦʛʦ. 

ʅʘ ʨʠʩʫʥʢʝ 1.6.10 ʧʦʢʘʟʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʥʘʯʝʥʠʷ ʣʠʤʠʪʠʨʫʶʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʜʣʷ ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʚ ʷʯʝʡʢʘʭ ʧʨʠ ʢʘʚʠʪʘʮʠʦʥʥʦʤ ʦʙʪʝʢʘʥʠʠ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʨʘʩʯʝʪʘʭ ʩ ʦʛʨʘʥʠʯʠʪʝʣʝʤ Venkatakrishnan (ʩʣʝʚʘ) ʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʦʛʨʘʥʠʯʠʪʝʣʝʤ VOF-limiter (ʩʧʨʘʚʘ). ɺ ʩʣʫʯʘʝ ʧʨʠʤʝʥʝʥʠʷ 

ʩʪʘʥʜʘʨʪʥʦʡ ʬʫʥʢʮʠʠ Venkatakrishnan ʚʦʢʨʫʛ ʣʦʧʘʩʪʝʡ ʠ ʩʪʫʧʠʮʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ, ʚ ʢʦʪʦʨʳʭ ʣʠʤʠʪʠʨʫʶʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʤʝʥʴʰʝ ʝʜʠʥʠʮʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ VOF-limiter 

ʧʦʥʠʞʝʥʠʝ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʚ ʦʙʣʘʩʪʠ ʧʦʷʚʣʝʥʠʷ ʧʘʨʦʚʦʡ ʢʘʚʝʨʥʳ ʫ 

ʢʦʨʥʷ ʣʦʧʘʩʪʠ.  
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ʈʠʩʫʥʦʢ 1.6.10 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʟʥʘʯʝʥʠʷ ʣʠʤʠʪʠʨʫʶʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʣʷ ʧʨʦʜʦʣʴʥʦʡ 

ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʧʨʠ ʢʘʚʠʪʘʮʠʦʥʥʦʤ ʦʙʪʝʢʘʥʠʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304:  

Venkatakrishnan (ʩʣʝʚʘ) ʠ VOF-limiter (ʩʧʨʘʚʘ) 

ʀʟ ʨʠʩʫʥʢʘ 1.6.10 ʚʠʜʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ 

ʦʙʣʘʩʪʴ ʷʯʝʝʢ, ʚ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʧʦʥʠʞʝʥʠʝ ʧʦʨʷʜʢʘ ʩʭʝʤʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʧʦʚʳʰʘʝʪ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʘ. ʇʦʜʨʦʙʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʘʧʨʦʙʘʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ 

VOF-limiter ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʣʝʝ ʚʦ ʚʪʦʨʦʡ ʠ ʪʨʝʪʴʝʡ ʛʣʘʚʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. 

ɺʩʝ ʦʧʠʩʘʥʥʳʝ ʚ ʥʘʩʪʦʷʱʝʤ ʧʘʨʘʛʨʘʬʝ ʯʠʩʣʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʙʳʣʠ 

ʨʝʘʣʠʟʦʚʘʥ rʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè. 
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1.7. ɺʳʚʦʜʳ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʝʪʦʜʠʢʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʧʦʪʦʢʦʤ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʡ ʣʝʞʠʪ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ, 

ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ, ʠ ʤʝʪʦʜ Volume of Fluid. ʇʨʠʚʦʜʷʪʩʷ ʜʦʨʘʙʦʪʢʠ ʙʘʟʦʚʦʡ 

ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʩʯʝʪʘ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ:  

- ʜʦʧʦʣʥʝʥʠʝ ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k w-  SST ʄʝʥʪʝʨʘ 

ʤʦʜʝʣʴʶ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ Re tqg-  ʜʣʷ ʫʯʝʪʘ ʧʝʨʝʭʦʜʥʳʭ 

ʟʦʥ ʠ ʣʘʤʠʥʘʨʥʳʭ ʫʯʘʩʪʢʦʚ ʥʘ ʣʦʧʘʩʪʷʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʤʦʜʝʣʴʥʳʭ ʨʘʟʤʝʨʦʚ;  

- ʜʦʙʘʚʣʝʥʠʝ ʚ ʫʨʘʚʥʝʥʠʝ ʧʝʨʝʥʦʩʘ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʠʩʪʦʯʥʠʢʦʚʳʭ ʩʣʘʛʘʝʤʳʭ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʤʘʩʩʦʧʝʨʝʥʦʩ, ʜʣʷ ʫʯʝʪʘ ʚʦʟʤʦʞʥʳʭ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʷʚʣʝʥʠʡ, 

ʩʦʛʣʘʩʥʦ ʤʦʜʝʣʠ ʢʘʚʠʪʘʮʠʠ ʐʥʝʨʨʘ-ɿʘʫʵʨʘ;  

- ʛʝʥʝʨʘʪʦʨ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ, ʧʦʟʚʦʣʷʶʱʠʡ ʟʘʜʘʚʘʪʴ ʥʘʯʘʣʴʥʳʝ ʠ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʫʯʝʪʘ ʚʦʣʥʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ; 

- ʫʯʝʪ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚʦ ʚʩʝʭ ʫʨʘʚʥʝʥʠʷʭ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʚ ʨʘʤʢʘʭ ʷʚʥʦʛʦ ʧʦʜʭʦʜʘ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʛʦ ʜʚʠʞʝʥʠʝʤ ʫʟʣʦʚ 

ʩʢʦʣʴʟʷʱʝʡ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ.  

ʆʧʠʩʘʥ ʦʙʱʠʡ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠ ̫ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ:  

- ʘʣʛʦʨʠʪʤ ʫʯʝʪʘ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʚ ʢʦʪʦʨʦʤ ʜʣʷ ʨʘʩʯʝʪʘ ʦʙʲʝʤʥʳʭ 

ʧʦʪʦʢʦʚ, ʚʳʟʚʘʥʥʳʭ ʜʚʠʞʝʥʠʝʤ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝ ʤʛʥʦʚʝʥʥʘʷ 

ʧʦʩʪʫʧʘʪʝʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ ʮʝʥʪʨʝ ʛʨʘʥʠ, ʘ ʚʳʯʠʩʣʷʝʪʩʷ ʦʙʲʝʤ, 

ʟʘʤʝʪʘʝʤʳʡ ʛʨʘʥʴʶ ʧʨʠ ʚʨʘʱʝʥʠʠ;  

- ʘʣʛʦʨʠʪʤ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʧʦʩʣʝ ʢʘʞʜʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ; 

- ʤʦʜʠʬʠʢʘʮʠʷ ʬʫʥʢʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ ʧʦʪʦʢʘ, ʫʯʠʪʳʚʘʶʱʘʷ ʥʘʣʠʯʠʝ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ.  

ʇʨʠʚʦʜʪ̫ʩʷ ʨʝʟʫʣʴʪʘʪʳ ʪʝʩʪʠʨʦʚʘʥʠ ̫ʜʘʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʚʨʘʱʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʜʠʩʙʘʣʘʥʩʘ ʧʦʪʦʢʦʚ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʦʩʮʠʣʣʷʮʠʠ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ, ʘ ʘʣʛʦʨʠʪʤ ʜʦʚʦʨʦʪʘ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ 

ʫʚʝʣʠʯʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪ ʟʘʜʘʯ 

ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʩ ʫʚʝʣʠʯʝʥʥʳʤ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ ʠ ʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ 
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ʠʪʝʨʘʮʠʡ ʥʘ ʨʘʩʯʝʪʥʦʤ ʰʘʛʝ. ʄʦʜʠʬʠʢʘʮʠʷ ʬʫʥʢʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ ʧʦʪʦʢʘ (VOF-limiter) 

ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʘ ʚ ʦʙʣʘʩʪʠ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ. 

ʈʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʡ ʛʣʘʚʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ [ʇ4-ʇ5, ʇ8, ʇ19] ʠ ʩʣʫʞʘʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʠ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʜʣʷ ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ 

ʧʦʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ. 
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ɻʣʘʚʘ 2. ʆʧʨʝʜʝʣʝʥʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ 

2.1. ɺʚʝʜʝʥʠʝ 

ʂʣʘʩʩʠʯʝʩʢʠʤ ʵʪʘʧʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʷʚʣʷʶʪʩʷ ʠʩʧʳʪʘʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ, ʛʜʝ ʠʟʦʣʠʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ ʨʘʙʦʪʘʝʪ 

ʚ ʦʜʥʦʨʦʜʥʦʤ ʙʝʟʛʨʘʥʠʯʥʦʤ ʧʦʪʦʢʝ [Bertram, 2000; ɾʠʥʢʠʥ, 2002]. ʈʝʟʫʣʴʪʘʪʳ ʪʘʢʠʭ 

ʠʩʧʳʪʘʥʠʡ, ʧʨʝʜʩʪʘʚʣʷʝʤʳʝ ʚ ʚʠʜʝ ʙʝʟʨʘʟʤʝʨʥʳʭ ʢʨʠʚʳʭ ʜʝʡʩʪʚʠʷ, ʩʣʫʞʘʪ ʦʩʥʦʚʦʡ ʜʣʷ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʜʚʠʞʠʪʝʣʝʡ. ʆʜʥʘʢʦ ʨʝʘʣʴʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʬʘʢʪʦʨʳ ς ʢʘʚʠʪʘʮʠʷ, ʙʣʠʟʦʩʪʴ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʤʘʩʰʪʘʙʥʳʡ ʵʬʬʝʢʪ ς ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʯʪʦ ʪʨʝʙʫʝʪ ʠʭ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ. 

ʅʘʩʪʦʷʱʘʷ ʛʣʘʚʘ ʩʣʫʞʠʪ ʣʦʛʠʯʝʩʢʠʤ ʧʨʦʜʦʣʞʝʥʠʝʤ ʧʝʨʚʦʡ: ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʠ 

ʦʧʠʩʘʥʥʳʡ ʨʘʥʝʝ ʤʝʪʦʜʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʨʘʙʦʪʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ. ʎʝʣʴʶ ʛʣʘʚʳ ʷʚʣʷʝʪʩʷ ʚʘʣʠʜʘʮʠʷ 

ʤʝʪʦʜʠʢʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʧʨʦʚʝʜʝʥʠʝ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠ ̫

ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʢʣʶʯʝʚʳʭ ʬʠʟʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʠ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. 

ʇʘʨʘʛʨʘʬ 2.2 ʩʦʜʝʨʞʠʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʝʨʝʭʦʜʘ ʠ ʧʦʨʷʜʢʘ ʩʭʝʤʳ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʥʘ ʪʦʯʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʴʥʳʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʩʧʣʦʰʥʦʡ ʠ ʢʘʚʠʪʠʨʫʶʱʝʡ ʩʨʝʜʝ. ɺ ʧʘʨʘʛʨʘʬʝ 2.3 

ʚʳʧʦʣʥʷʝʪʩʷ ʚʘʣʠʜʘʮʠʷ ʤʝʪʦʜʠʢʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʂʨʳʣʦʚʩʢʦʤ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʥʘʫʯʥʦʤ 

ʮʝʥʪʨʝ. ɺ ʧʘʨʘʛʨʘʬʝ 2.4 ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʨʘʙʦʪʘ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚʙʣʠʟʠ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʮʝʥʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ ʝʛʦ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺ ʧʘʨʘʛʨʘʬʝ 2.5 ʧʨʠʚʦʜʠʪʩʷ ʘʥʘʣʦʛʠʯʥʦʝ ʯʠʩʣʝʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʣʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʨʝʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ, ʧʨʦʚʦʜʠʪʩʷ ʦʮʝʥʢʘ ʤʘʩʰʪʘʙʥʦʛʦ 

ʵʬʬʝʢʪʘ. ʇʘʨʘʛʨʘʬ 2.6 ʩʦʜʝʨʞʠʪ ʦʩʥʦʚʥʳʝ ʚʳʚʦʜʳ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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2.2. ʆʩʦʙʝʥʥʦʩʪʠ ʨʘʩʯʝʪʘ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʤʘʩʰʪʘʙʘ ʚ 

ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʢʘʚʠʪʘʮʠʠ 

 ʋʯʝʪ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ ʨʘʥʝʝ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʷʪ ʥʘ 

ʫʤʝʥʴʰʝʥʥʳʭ ʤʦʜʝʣʷʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ. ɺ ʪʘʢʠʭ ʠʩʧʳʪʘʥʠʷʭ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʝʚʦʟʤʦʞʥʦ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʵʬʬʝʢʪʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʚʷʟʢʦʩʪʴʶ, ʧʦʵʪʦʤʫ ʦʛʨʘʥʠʯʠʚʘʶʪʩʷ ʚʳʧʦʣʥʝʥʠʝʤ 

ʫʩʣʦʚʠʷ Re>Remin, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʪʫʨʙʫʣʝʥʪʥʳʡ ʨʝʞʠʤ ʥʘ ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʣʦʧʘʩʪʠ, 

ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʠʯʝʩʢʦʡ ʧʨʦʮʝʜʫʨʝ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʦʧʳʪʦʚʳʭ ʙʘʩʩʝʡʥʦʚ 

(ITTC) ʤʠʥʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʩʦʩʪʘʚʣʷʝʪ 2Ĭ105 [ITTC, 2017]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʥʘ ʣʦʧʘʩʪʷʭ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʨʘʟʤʝʨʘ ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ 

ʪʫʨʙʫʣʝʥʪʥʳʤ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʥʠʤʘʪʴ ʚʦ ʚʥʠʤʘʥʠʝ ʚ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ. ɺ [ʇʘʥʦʚ ʠ 

ʜʨ., 2013; ʊʘʨʘʥʦʚ ʠ ʃʦʙʘʯʝʚ, 2013; Baltazar et al., 2017] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ SST ʩʦʚʤʝʩʪʥʦ ʩ ʤʦʜʝʣʴʶ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ɔ-Reɗ 

ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʴʥʳʭ 

ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ. 

ʈʘʩʩʤʦʪʨʠʤ ʚʣʠʷʥʠʝ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʴʥʳʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ 

ʚʦʜʳ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥʳ ʤʝʞʜʫʥʘʨʦʜʥʳʝ ʪʝʩʪʦʚʳʝ ʤʦʜʝʣʠ ʛʨʝʙʥʳʭ 

ʚʠʥʪʦʚ KP505 [Workshop on CFD in Ship Hydrodynamics, 2015] ʠ VP1304 [Potsdam Propeller 

Test Case, 2011]. ʄʦʜʝʣʴ KP505 ʦʙʪʝʢʘʝʪʩʷ ʩʧʣʦʰʥʳʤ ʧʦʪʦʢʦʤ, ʤʦʜʝʣʴ VP1304 ʨʘʙʦʪʘʝʪ ʚ 

ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ. ɼʠʘʤʝʪʨ ʦʙʝʠʭ ʤʦʜʝʣʝʡ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʩʦʩʪʘʚʣʷʝʪ 0.25 ʤ. 

ʈʘʩʯʝʪʥʳʝ ʩʝʪʢʠ ʧʦʩʪʨʦʝʥʳ ʩʦ ʩʛʫʱʝʥʠʷʤʠ ʷʯʝʝʢ ʚʙʣʠʟʠ ʣʦʧʘʩʪʝʡ, ʧʦ ʭʦʜʫ 

ʜʚʠʞʝʥʠʷ ʟʘʢʨʫʯʝʥʥʦʛʦ ʧʦʪʦʢʘ ʠ ʦʙʣʘʩʪʠ ʧʦʷʚʣʝʥʠʷ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʟʦʥ, ʘ ʪʘʢʞʝ ʚ 

ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ɹʝʟʨʘʟʤʝʨʥʘʷ ʪʦʣʱʠʥʘ ʧʝʨʚʦʛʦ ʩʣʦʷ ʧʨʠʟʤʘʪʠʯʝʩʢʦʛʦ ʧʦʜʩʣʦʷ ʥʘ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 1y+< . ʉʝʪʢʠ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʨʝʛʠʦʥʦʚ ï ʚʨʘʱʘʶʱʝʛʦʩʷ 

ʚʥʫʪʨʝʥʥʝʛʦ ʠ ʥʝʧʦʜʚʠʞʥʦʛʦ ʚʥʝʰʥʝʛʦ. ʆʙʘ ʨʝʛʠʦʥʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʮʠʣʠʥʜʨʳ, 

ʛʨʝʙʥʦʡ ʚʠʥʪ, ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʡ ʥʘ ʢʦʥʮʝ ʚʘʣʘ, ʨʘʩʧʦʣʦʞʝʥ ʚʥʫʪʨʠ ʚʨʘʱʘʶʱʝʛʦʩʷ ʨʝʛʠʦʥʘ. 

ɻʝʦʤʝʪʨʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʠ ʬʨʘʛʤʝʥʪʳ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʧʦʢʘʟʘʥ rʥʘ ʨʠʩʫʥʢʘʭ 2.2.1 ʠ 

2.2.2. 
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ʈʠʩʫʥʦʢ 2.2.1 ï ʄʦʜʝʣ ɹʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 (ʩʣʝʚʘ)  

ʠ ʬʨʘʛʤʝʥʪ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ (ʩʧʨʘʚʘ) 

 

 

ʈʠʩʫʥʦʢ 2.2.2 ï ʄʦʜʝʣ ɹʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 (ʩʣʝʚʘ)  

ʠ ʬʨʘʛʤʝʥʪ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ (ʩʧʨʘʚʘ) 

ʅʘ ʨʠʩʫʥʢʝ 2.2.3 ʧʦʢʘʟʘʥ ʦʙʱʠʡ ʚʠʜ ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʨʘʟʤʝʨʳ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʠʟʙʝʞʘʪʴ ʚʣʠʷʥʠʷ ʩʪʝʥʦʢ, ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʤʳʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʟʘʜʘʯʝ 

ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ. 

 

ʈʠʩʫʥʦʢ 2.2.3 ï ʆʙʱʠʡ ʚʠʜ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ 

ʚ ʟʘʜʘʯʝ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ 
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ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʠʚʳʭ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 

ʧʨʦʚʦʜʠʪʩʷ ʩʝʨʠʷ ʨʘʩʯʝʪʦʚ ʧʨʠ ʯʘʩʪʦʪʝ ʚʨʘʱʝʥʠʷ   20 ʦʙ/cn = . ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʦʩʪʫʧʴ J  ʚ 

ʵʪʠʭ ʨʘʩʯʝʪʘʭ ʠʟʤʝʥʷʝʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ 0.1·0.9 ʩ ʰʘʛʦʤ 0.1, ʠʟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʦʩʪʫʧʠ 

ʚʳʯʠʩʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ. 

ɺ ʪʘʙʣʠʮʝ 2.2.1 ʧʨʠʚʝʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʨʘʩʯʝʪʥʳʭ ʨʝʞʠʤʦʚ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ. ɼʘʚʣʝʥʠʝ ʥʘʩʳʱʝʥʥʦʛʦ ʧʘʨʘ, ʨʘʩʩʯʠʪʘʥʥʦʝ 

ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʚʦʜʳ, ʩʦʩʪʘʚʣʷʝʪ 3540ʇʘʥʘʩP = . ɻʨʝʙʥʦʡ ʚʠʥʪ ʚʨʘʱʘʝʪʩʷ ʩ ʯʘʩʪʦʪʦʡ 25 

ʦʙ/ʩ. 

ʊʘʙʣʠʮʘ 2.2.1 ï ʈʝʞʠʤʳ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 

ʈʝʞʠʤ 1 2 3 

ɼʘʚʣʝʥʠʝ ʚ ʪʨʫʙʝ, ʇʘ 43071 31353 42603 

ʇʦʩʪʫʧʴ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 1.09 1.269 1.408 

ʏʠʩʣʦ ʢʘʚʠʪʘʮʠʠ 2.024 1.424 2.0 

ɺ ʨʘʩʯʝʪʘʭ ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦʜʳ: 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ   0.00114 ʇʘ ʩlµ = Ö, ʧʣʦʪʥʦʩʪʴ 
3 1000ʢʛ/ʤlr= . ɺ ʩʣʫʯʘʝ 

ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʧʘʨʘʤʝʪʨʳ ʚʦʜʷʥʦʛʦ ʧʘʨʘ ʩʦʩʪʘʚʣʷʣʠ: ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ 

5  1.26765 10  ʇʘ ʩvµ -= Ö Ö, ʧʣʦʪʥʦʩʪʴ 3 0.59531ʢʛ/ʤvr= . 

ɺʥʘʯʘʣʝ ʨʘʩʩʤʦʪʨʠʤ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʣʦʰʥʦʛʦ ʦʙʪʝʢʘʥʠʷ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ SST ʠ ʤʦʜʝʣʠ 

k-ɤ SST ʩʦʚʤʝʩʪʥʦ ʩ ʤʦʜʝʣʴʶ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ɔ-Reɗ.  ʅʘ ʨʠʩʫʥʢʘʭ 2.2.4 

ʠ 2.2.5 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ (
2/ 0.5 ( )f wC nDt r p= , ʛʜʝ wt  ï 

ʢʘʩʘʪʝʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʩʪʝʥʢʝ) ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʩʪʠ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʚ ʨʝʞʠʤʘʭ J = 0.2 ʠ J = 0.8.  

 

ʈʠʩʫʥʦʢ 2.2.4 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ ʩʪʦʨʦʥʝ ʣʦʧʘʩʪʝʡ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʚ ʨʝʞʠʤʝ J=0.2: ʩʣʝʚʘ ï k-ɤ SST, ʩʧʨʘʚʘ ï k-ɤ SST+ɔ-Reɗ 
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ʈʠʩʫʥʦʢ 2.2.5 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ ʩʪʦʨʦʥʝ ʣʦʧʘʩʪʝʡ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʚ ʨʝʞʠʤʝ J=0.8: ʩʣʝʚʘ ï k-ɤ SST, ʩʧʨʘʚʘ ï k-ɤ SST+ɔ-Reɗ 

ɸʥʘʣʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʦ 

ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ k-ɤ SST, ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ, ʦʩʦʙʝʥʥʦ ʚ ʨʝʞʠʤʘʭ ʩ ʙʦʣʴʰʝʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʴʶ. 

ʅʘ ʨʠʩʫʥʢʝ 2.2.6 ʧʦʢʘʟʘʥʳ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

KP505, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ, ʘ ʪʘʢʞʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ. 

 

ʈʠʩʫʥʦʢ 2.2.6 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ 
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ɺ ʪʘʙʣʠʮʝ 2.2.2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʪʢʣʦʥʝʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚ ʨʘʩʯʝʪʘʭ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ. 

ʊʘʙʣʠʮʘ 2.2.2 ï ʆʪʢʣʦʥʝʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʩ 

ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ 

J 

ʆʪʢʣʦʥʝʥʠʷ, % 

k-ɤ SST k-ɤ SST+ɔ-Reɗ 

KT 10KQ ɖ KT 10KQ ɖ 

0.2 -3.1 -3.5 0.5 -3.5 -1.9 -1.8 

0.3 -3.3 -3.9 0.7 -4.1 -2.1 -2.1 

0.4 -2.5 -4.0 1.4 -4.0 -2.2 -1.7 

0.5 -1.6 -3.8 2.2 -3.4 -2.4 -0.9 

0.6 0.1 -3.5 3.5 -2.1 -1.9 -0.5 

0.7 2.5 -3.0 5.4 -0.3 -0.3 0.0 

0.8 5.8 -1.3 7.5 1.8 2.6 -0.4 

0.9 15.8 4.9 11.7 9.1 10.2 -1.7 

ʀʟ ʨʠʩʫʥʢʘ 2.2.6 ʠ ʪʘʙʣʠʮʳ 2.2.2 ʭʦʨʦʰʦ ʚʠʜʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ SST ʩʦʚʤʝʩʪʥʦ ʩ ʤʦʜʝʣʴʶ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ɔ-Reɗ 

ʧʦʚʳʰʘʝʪ ʪʦʯʥʦʩʪʴ ʧʨʝʜʩʢʘʟʘʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 

ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ SST, ʯʪʦ ʦʩʦʙʝʥʥʦ ʟʘʤʝʪʥʦ ʥʘ ʙʦʣʴʰʠʭ 

ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ. ɹʦʣʝʝ ʥʠʟʢʦʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʪʨʝʥʠʝ ʚ ʨʘʩʯʝʪʝ ʩ ʧʝʨʝʭʦʜʥʦʡ 

ʤʦʜʝʣʴʶ ɔ-Reɗ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʥʠʟʢʠʤ ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ ʠ, 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʙʦʣʝʝ ʪʦʯʥʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ.  

ɼʘʣʝʝ ʨʘʩʩʤʦʪʨʠʤ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ. 

ʅʘ ʨʠʩʫʥʢʝ 2.2.7 ʩʚʝʨʭʫ ʧʦʢʘʟʘʥʘ ʦʙʨʘʟʦʚʘʚʰʘʷʩʷ ʧʘʨʦʚʘʷ ʢʘʚʝʨʥʘ, ʩʥʠʟʫ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʩʪʠ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʨʝʞʠʤʝ 2. 
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ʈʠʩʫʥʦʢ 2.2.7 ï ʆʙʲʝʤʥʘʷ ʜʦʣʷ ʧʘʨʘ (ʩʚʝʨʭʫ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʥʘ 

ʟʘʩʘʩʳʚʘʶʱʝʡ ʩʪʦʨʦʥʝ ʣʦʧʘʩʪʝʡ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 (ʩʥʠʟʫ) ʚ ʨʝʞʠʤʝ 2:  

ʩʣʝʚʘ ï k-ɤ SST, ʩʧʨʘʚʘ k-ɤ SST+ɔ-Reɗ 

ʀʟ ʨʠʩʫʥʢʘ 2.2.7 ʚʠʜʥʦ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʚ ʩʣʫʯʘʷʭ 

ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʝʣʠ k-ɤ SST ʠ k-ɤ SST ʩʦʚʤʝʩʪʥʦ ʩ ʤʦʜʝʣʴʶ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʝʨʝʭʦʜʘ ʩʦʚʧʘʜʘʶʪ. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʝ ʣʦʧʘʩʪʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʘ ʤʠʥʠʤʘʣʴʥʦʝ ï ʚ ʦʙʣʘʩʪʠ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʘʚʠʪʘʮʠʦʥʥʦʡ ʢʘʚʝʨʥʳ ʫ ʢʦʨʥʷ ʣʦʧʘʩʪʠ ʠ ʥʘ ʢʨʘʶ ʣʦʧʘʩʪʠ ʚ ʟʦʥʝ ʦʪʨʳʚʘ 

ʧʘʨʘ.  

ʅʘ ʨʠʩʫʥʢʝ 2.2.8 ʧʦʢʘʟʘʥʳ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ 

ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʝʨʝʭʦʜʘ, ʠ ɻʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ. ʊʘʢʞʝ ʥʘ ʛʨʘʬʠʢ ʥʘʥʝʩʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʢʘʚʠʪʘʮʠʠ (ʦʙʦʟʥʘʯʝʥʳ ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ). 
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ʈʠʩʫʥʦʢ 2.2.8 ï ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʫʩʣʦʚʠʷʭ 

ʢʘʚʠʪʘʮʠʠ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ 

ɺʠʜʥʦ, ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʨʝʞʠʤʘʭ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʝʛʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʩʯʝʪʘʭ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ, ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠ. ɺ ʪʘʙʣʠʮʝ 2.2.3 ʧʨʠʚʦʜʷʪʩʷ 

ʟʥʘʯʝʥʠʷ ʠʭ ʦʪʢʣʦʥʝʥʠʡ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ.  

ʊʘʙʣʠʮʘ 2.2.3 ï ʆʪʢʣʦʥʝʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ 

ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ 

ʈʝʞʠʤ ů 

ʆʪʢʣʦʥʝʥʠʷ, % 

k-ɤ SST k-ɤ SST+ɔ-Reɗ 

KT 10KQ ɖ KT 10KQ ɖ 

1 2.024 -1.5 -1.9 0.1 -2.0 -2.2 -0.2 

2 1.424 4.1 7.1 -3.2 3.6 5.6 -2.3 

3 2 10.4 8.1 2.4 6.0 5.7 0.5 

ʀʟ ʪʘʙʣʠʮʳ 2.2.3 ʚʠʜʥʦ, ʯʪʦ ʚ ʨʝʞʠʤʘʭ 2 ʠ 3 ʩ ʙʦʣʝʝ ʨʘʟʚʠʪʳʤʠ ʢʘʚʠʪʘʮʠʦʥʥʳʤʠ 

ʪʝʯʝʥʠʷʤʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʠ ɔ-Reɗ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʟʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʧʦʨʘ, ʤʦʤʝʥʪʘ ʠ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ. 

 ɺʣʠʷʥʠʝ ʧʦʨʷʜʢʘ ʩʭʝʤʳ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ 

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʠʩʣʝʥʥʳʭ ʩʭʝʤ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʚ ʨʘʩʯʝʪʝ, ʠ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʩʭʝʤ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ [Jasak, 1996; Ferziger and Peric, 2002]. ɺ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʩʭʝʤʳ ʧʦʚʳʰʝʥʥʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ, ʚ ʢʦʪʦʨʳʭ ʦʪʩʫʪʩʪʚʫʝʪ ʯʠʩʣʝʥʥʘʷ 
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ʜʠʬʬʫʟʠʷ, ʤʦʛʫʪ ʚʳʟʳʚʘʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʦʩʮʠʣʣʷʮʠʠ ʨʝʰʝʥʠʷ ʥʝ ʩʚʦʡʩʪʚʝʥʥʳʝ 

ʬʠʟʠʢʝ ʪʝʯʝʥʠʷ ʠ ʯʠʩʣʝʥʥʫʶ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ. ʇʦʵʪʦʤʫ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʩʭʝʤ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʚʪʦʨʦʛʦ ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪ ʬʫʥʢʮʠʠ 

ʦʛʨʘʥʠʯʠʪʝʣʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʚʝʣʠʯʠʥʫ ʛʨʘʜʠʝʥʪʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, 

ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʠʩʧʦʣʴʟʫʝʤʦʡ ʩʭʝʤʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʠ ʬʫʥʢʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ ʥʘ ʪʦʯʥʦʩʪʴ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʦʙʪʝʢʘʥʠʷ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. 

ʆʮʝʥʢʘ ʚʣʠʷʥʠʷ ʧʦʨʷʜʢʘ ʩʭʝʤʳ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʥʘ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʚʦʜʠʪʩʷ ʥʘ ʤʦʜʝʣʷʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ KP505 ʠ 

VP1304, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʘʥʝʝ. ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʦʥʚʝʢʪʠʚʥʳʭ ʩʣʘʛʘʝʤʳʭ ʚ ʫʨʘʚʥʝʥʠʠ 

ʜʚʠʞʝʥʠʷ ʧʨʠʤʝʥʷʶʪʩʷ ʩʭʝʤʳ UD, LUD ʠ LUD ʩ ʦʛʨʘʥʠʯʠʪʝʣʝʤ Venkatakrishnan, ʚ ʩʣʫʯʘʝ 

ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʭʝʤʘ LUD ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ 

ʦʛʨʘʥʠʯʠʪʝʣʝʤ VOF-limiter. 

ɺʥʘʯʘʣʝ ʨʘʩʩʤʦʪʨʠʤ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʧʣʦʰʥʦʛʦ ʦʙʪʝʢʘʥʠʷ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505. ʅʘ ʨʠʩʫʥʢʝ 2.2.9 ʧʦʢʘʟʘʥʳ ʚʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ, 

ʚʦʟʥʠʢʘʶʱʠʝ ʚʦʢʨʫʛ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505, ʚ ʨʘʩʯʝʪʘʭ ʩʦ ʩʭʝʤʘʤʠ UD, LUD ʠ LUD 

ʩ ʦʛʨʘʥʠʯʠʪʝʣʝʤ Venkatakrishnan. ɺʠʟʫʘʣʠʟʘʮʠʷ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ ʦʩʫʱʝʩʪʚʣʝʥʘ ʧʨʠ 

ʧʦʤʦʱʠ Q-ʢʨʠʪʝʨʠʷ, ʠʟʦʧʦʚʝʨʭʥʦʩʪʴ ʧʦʩʪʨʦʝʥʘ ʜʣʷ Q = 1000 ʠ ʦʢʨʘʰʝʥʘ ʚ ʤʦʜʫʣ ɹ

ʩʢʦʨʦʩʪʠ. 

UD LUD-Venkatakrishnan LUD 

 
  

 

ʈʠʩʫʥʦʢ 2.2.9 ï ɺʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ ʚʦʢʨʫʛ ʤʦʜʝʣʠ  

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 (ʨʝʞʠʤ 0.8J= ) 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʩʭʝʤʳ ʧʝʨʚʦʛʦ 

ʧʦʨʷʜʢʘ ʢʦʥʮʝʚʳʝ ʚʠʭʨʠ ʥʝ ʨʘʟʨʝʰʘʶʪʩʷ. ʇʨʠʤʝʥʝʥʠʝ ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ, ʩ 

ʦʛʨʘʥʠʯʠʪʝʣʝʤ ʠ ʙʝʟ ʥʝʛʦ, ʜʘʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʳʝ ʚʠʭʨʝʚʳʝ ʢʘʨʪʠʥʳ. 
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ʅʘ ʨʠʩʫʥʢʝ 2.2.10 ʧʦʢʘʟʘʥ rʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʛʥʦʚʝʥʥʦʡ ʘʙʩʦʣʶʪʥʦʡ ʩʢʦʨʦʩʪʠ ʟʘ 

ʣʦʧʘʩʪʷʤʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʚ ʨʘʩʯʝʪʘʭ ʩʦ ʩʭʝʤʘʤʠ UD, LUD ʠ LUD ʩ 

ʦʛʨʘʥʠʯʠʪʝʣʝʤ Venkatakrishnan.  

UD LUD-Venkatakrishnan LUD 

   

       

ʈʠʩʫʥʦʢ 2.2.10 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʛʥʦʚʝʥʥʦʡ ʘʙʩʦʣʶʪʥʦʡ ʩʢʦʨʦʩʪʠ ʟʘ ʣʦʧʘʩʪʷʤʠ  

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 (ʨʝʞʠʤ 0.8J= ) 

ʇʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʘʙʩʦʣʶʪʥʦʡ ʩʢʦʨʦʩʪʠ ʪʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʤʳʪʠʶ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʟʘ ʛʨʝʙʥʳʤ 

ʚʠʥʪʦʤ. ɺ ʩʣʫʯʘʷʭ ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩ ʬʫʥʢʮʠʝʡ ʦʛʨʘʥʠʯʠʪʝʣʷ ʠ ʙʝʟ ʥʝʛʦ ʢʦʥʮʝʚʳʝ 

ʚʠʭʨʠ ʷʨʢʦ ʚʳʨʘʞʝʥʳ. 

ʅʘ ʨʠʩʫʥʢʝ 2.2.11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʩʯʝʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʭʝʤ UD, LUD ʠ LUD c ʦʛʨʘʥʠʯʠʪʝʣʝʤ 

Venkatakrishnan, ʘ ʪʘʢʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [Workshop on CFD in Ship 

Hydrodynamics, 2015]. ɺ ʪʘʙʣʠʮʝ 2.2.4 ʧʨʠʚʦʜʷʪʩʷ ʦʪʢʣʦʥʝʥʠʷ ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʢʘʟʘʥʥʳʭ ʩʭʝʤ. 
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ʈʠʩʫʥʦʢ 2.2.11 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʩʯʝʪʘʭ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʩʭʝʤʘʤʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʬʫʥʢʮʠʝʡ ʦʛʨʘʥʠʯʠʪʝʣʷ 

ʊʘʙʣʠʮʘ 2.2.4 ï ʆʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʚ ʨʘʩʯʝʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʭʝʤ UD, LUD ʠ LUD c ʦʛʨʘʥʠʯʠʪʝʣʝʤ 

Venkatakrishnan 

J 

ʆʪʢʣʦʥʝʥʠʷ, % 

UD LUD-Venkatakrishnan LUD 

KT 10KQ ɖ KT 10KQ ɖ KT 10KQ ɖ 

0.2 0.4 1.5 -0.9 -3.5 -1.9 -1.8 -3.8 -1.6 -2.2 

0.3 -0.9 -0.1 -0.9 -4.1 -2.1 -1.8 -4.1 -1.8 -2.4 

0.4 -1.9 -1.4 -0.8 -3.7 -2.2 -1.7 -4.0 -1.8 -2.2 

0.5 -2.3 -1.7 -0.5 -1.9 -1.0 -1.1 -3.0 -1.7 -1.5 

0.6 -2.6 -2.7 0.0 -2.1 -1.6 -0.5 -2.1 -1.0 -0.8 

0.7 -1.5 -2.0 0.6 -0.3 -0.3 -0.2 -0.3 0.3 -0.6 

0.8 0.2 0.4 0.2 1.8 2.6 -0.4 2.6 3.4 -1.0 

0.9 10.7 11.4 -0.8 9.1 10.2 -1.7 9.1 11.4 -2.4 

ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʨʘʟʨʝʰʝʥʠʠ ʚʠʭʨʝʚʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʩʭʝʤʳ ʜʘʶʪ ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ʅʘʠʙʦʣʴʰʝʝ ʦʪʣʠʯʠʝ ʤʝʞʜʫ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʭʝʤ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʦʚ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʩʘʤʦʡ ʤʘʣʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʧʨʠʯʝʤ ʩʭʝʤʘ UD 

ʟʘʥʠʞʘʝʪ ʠʭ ʟʥʘʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʘ ʩʭʝʤʘ LUD ï ʟʘʚʳʰʘʝʪ. 

ʈʘʟʥʠʮʘ ʦʪʢʣʦʥʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ, ʤʦʤʝʥʪʘ ʠ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩ ʦʛʨʘʥʠʯʠʪʝʣʝʤ ʠ ʙʝʟ ʥʝʛʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 1.2%. 
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ʇʨʦʚʝʜʝʤ ʜʘʣʝʝ ʦʮʝʥʢʫ ʚʣʠʷʥʠʷ ʩʭʝʤʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʥʘ ʪʦʯʥʦʩʪʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ. ɼʣʷ ʵʪʦʛʦ ʨʘʩʩʤʦʪʨʠʤ 

ʟʘʜʘʯʫ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʧʦʪʦʢʦʤ ʞʠʜʢʦʩʪʠ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʪʝʩʪʦʚʦʡ ʤʦʜʝʣʠ 

ʧʷʪʠʣʦʧʘʩʪʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 [Potsdam Propeller Test Case, 2011]. ʈʘʩʯʝʪʳ 

ʧʨʦʚʦʜʷʪʩʷ ʩʦ ʩʭʝʤʘʤʠ UD, LUD ʩ ʦʛʨʘʥʠʯʠʪʝʣʝʤ Venkatakrishnan, ʘ ʪʘʢʞʝ LUD ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʦʛʨʘʥʠʯʠʪʝʣʝʤ VOF-limiter. ʇʨʠʤʝʥʝʥʠʝ ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʙʝʟ 

ʦʛʨʘʥʠʯʝʥʠʷ ʧʨʠʚʦʜʠʣʦ ʢ ʥʝʫʩʪʦʡʯʠʚʦʤʫ ʯʠʩʣʝʥʥʦʤʫ ʨʝʰʝʥʠʶ. 

ʅʘ ʨʠʩʫʥʢʝ 2.2.12 ʧʦʢʘʟʘʥʳ ʚʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ ʚʦʢʨʫʛ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ VP1304 ʚ ʪʨʝʭ ʨʝʞʠʤʘʭ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʚ ʨʘʩʯʝʪʘʭ ʩʦ ʩʭʝʤʘʤʠ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ UD ʠ LUD ʩ ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ Venkatakrishnan ʠ VOF-

limiter. ɺʠʟʫʘʣʠʟʘʮʠʷ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ ʦʩʫʱʝʩʪʚʣʝʥʘ ʧʨʠ ʧʦʤʦʱʠ Q-ʢʨʠʪʝʨʠʷ, 

ʠʟʦʧʦʚʝʨʭʥʦʩʪʴ ʧʦʩʪʨʦʝʥʘ ʜʣʷ Q = 1000 ʠ ʦʢʨʘʰʝʥʘ ʚ ʤʦʜʫʣʴ ʩʢʦʨʦʩʪʠ.  

 UD LUD-Venkatakrishnan LUD-VOF-limiter  

ʘ) 

   

 

ʙ) 

   

 

ʚ) 

   

 

 

 

 

ʈʠʩʫʥʦʢ 2.2.12 ï ɺʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ ʚʦʢʨʫʛ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304:  

ʘ) ʨʝʞʠʤ 1, ʙ) ʨʝʞʠʤ 2, ʚ) ʨʝʞʠʤ 3 
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ɸʥʘʣʦʛʠʯʥʦ ʨʠʩʫʥʢʫ 2.2.9, ʧʨʠʤʝʥʝʥʠʝ ʩʭʝʤʳ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʨʘʟʨʝʰʘʪʴ ʚʦʟʥʠʢʘʶʱʠʝ ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ ʢʦʥʮʝʚʳʝ ʚʠʭʨʠ. ɺʠʭʨʝʚʳʝ 

ʩʪʨʫʢʪʫʨʳ ʚ ʨʘʩʯʝʪʘʭ ʩʦ ʩʭʝʤʦʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʠ ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ Venkatakrishnan ʠ VOF-

limiter ʭʦʨʦʰʦ ʨʘʟʨʝʰʘʶʪʩʷ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ. 

ʅʘ ʨʠʩʫʥʢʝ 2.2.13 ʧʨʠʚʝʜʝʥʳ ʧʦʣʷ ʘʙʩʦʣʶʪʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʭʝʤʳ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠ ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩ 

ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ Venkatakrishnan ʠ VOF-limiter.  

 UD LUD-Venkatakrishnan LUD-VOF-limiter 

ʘ) 

    

ʙ) 

   

ʚ) 

   

 

 

ʈʠʩʫʥʦʢ 2.2.13 ï ʇʦʣʝ ʤʛʥʦʚʝʥʥʦʡ ʘʙʩʦʣʶʪʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ ʧʨʠ ʢʘʚʠʪʘʮʠʦʥʥʦʤ ʦʙʪʝʢʘʥʠʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304:  

ʘ) ʨʝʞʠʤ 1, ʙ) ʨʝʞʠʤ 2, ʚ) ʨʝʞʠʤ 3 

ʀʟ ʨʠʩʫʥʢʘ 2.2.13 ʪʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ ʩʭʝʤʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ 

ʨʘʟʤʳʚʘʝʪ ʩʪʨʫʢʪʫʨʫ ʧʦʪʦʢʘ ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ, ʘ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʭʝʤʳ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʘ ʩ ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ ʢʦʥʮʝʚʳʝ ʚʠʭʨʠ ʷʨʢʦ ʚʳʨʘʞʝʥʳ. ʂʘʨʪʠʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʘʙʩʦʣʶʪʥʦʡ ʤʛʥʦʚʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʬʫʥʢʮʠʡ ʦʛʨʘʥʠʯʠʪʝʣʝʡ 
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Venkatakrishnan ʠ VOF-limiter ʚ ʨʝʞʠʤʘʭ 2 ʠ 3 ʩʭʦʞʠ ʤʝʞʜʫ ʩʦʙʦʡ. ɿʘʤʝʪʥʳʝ ʦʪʣʠʯʠʷ 

ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʨʝʞʠʤʝ 1, ʚ ʩʣʫʯʘʝ ʦʛʨʘʥʠʯʠʪʝʣʷ VOF-limiter ʦʙʣʘʩʪʴ ʟʘʢʨʫʪʢʠ ʧʦʪʦʢʘ ʙʦʣʝʝ 

ʯʝʪʢʘʷ.  

ʅʘ ʨʠʩʫʥʢʝ 2.2.14 ʧʨʠʚʝʜʝʥʳ ʬʦʨʤʳ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʟʦʥ ʚ ʨʘʩʯʝʪʘʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʭʝʤʳ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠ ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩ ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ 

Venkatakrishnan ʠ VOF-limiter, ʘ ʪʘʢʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʨʠʩʦʚʢʠ [Potsdam Propeller 

Test Case, 2011]. ɺ ʨʝʞʠʤʘʭ 1 ʠ 2 ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʚʠʪʘʮʠʦʥʥʳʝ ʟʦʥʳ ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ 

ʩʪʦʨʦʥʝ ʣʦʧʘʩʪʠ (suction side), ʚ ʨʝʞʠʤʝ 3 ï ʥʘ ʥʘʛʥʝʪʘʶʱʝʡ (pressure side). 

 UD 
LUD-

Venkatakrishnan 

LUD- 

VOF-limiter 
ʕʢʩʧʝʨʠʤʝʥʪ 

ʘ) 

    

ʙ) 

    

ʚ) 

    

ʈʠʩʫʥʦʢ 2.2.14 ï ʌʦʨʤʳ ʧʘʨʦʚʳʭ ʢʘʚʝʨʥ: ʘ) ʨʝʞʠʤ 1, ʙ) ʨʝʞʠʤ 2, ʚ) ʨʝʞʠʤ 3 

ɺʠʜʥʦ, ʯʪʦ ʚʦ ʚʩʝʭ ʨʝʞʠʤʘʭ ʬʦʨʤʳ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʣʘʢʘ ʩʦʦʪʥʦʩʷʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʟʘʨʠʩʦʚʢʘʤʠ. ʂʘʢ ʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʨʘʩʯʝʪ ʜʣʷ ʧʝʨʚʳʭ ʜʚʫʭ ʨʝʞʠʤʦʚ 

ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʟʦʥ: ʦʜʥʘ ʨʘʩʧʦʣʦʞʝʥʘ ʚʙʣʠʟʠ ʢʦʨʥʷ 

ʣʦʧʘʩʪʠ, ʜʨʫʛʘʷ ς ʚʜʦʣʴ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ. ɼʣʷ ʚʪʦʨʦʛʦ ʨʝʞʠʤʘ ʩ ʥʘʠʤʝʥʴʰʝʡ s 

ʢʘʚʠʪʘʮʠʦʥʥʦʝ ʦʙʣʘʢʦ ʙʦʣʝʝ ʚʳʨʘʞʝʥʦ, ʢʘʢ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʪʘʢ ʠ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɼʣʷ ʪʨʝʪʴʝʛʦ ʨʘʩʯʝʪʥʦʛʦ ʨʝʞʠʤʘ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʨʠʩʦʚʢʦʡ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʘʨʘ ʥʘ ʥʘʛʥʝʪʘʶʱʝʡ ʩʪʦʨʦʥʝ ʣʦʧʘʩʪʠ 

ʨʘʩʯʝʪʥʳʝ ʧʦʣʷ ʥʝʤʥʦʛʦ ʨʘʟʥʷʪʩʷ, ʦʪʩʫʪʩʪʚʫʝʪ ʦʪʨʳʚʥʦʡ ʧʦʪʦʢ ʥʘ ʪʦʨʮʝ ʣʦʧʘʩʪʠ. ʌʦʨʤʳ 

ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʟʦʥ ʩʭʦʞʠ ʚ ʨʘʩʯʝʪʘʭ cʦ ʩʭʝʤʦʡ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠ ʩʭʝʤʦʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ 
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ʩ ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ. ɺ ʧʝʨʚʦʤ ʨʝʞʠʤʝ ʩʭʝʤʘ LUD, ʢʘʢ ʩ ʦʛʨʘʥʠʯʠʪʝʣʝʤ Venkatakrishnan, ʪʘʢ 

ʠ ʩ ʦʛʨʘʥʠʯʠʪʝʣʝʤ VOF-limiter, ʣʫʯʰʝ ʦʧʠʩʳʚʘʝʪ ʦʪʨʳʚʥʦʡ ʧʦʪʦʢ ʧʘʨʘ ʥʘ ʢʨʘʶ ʣʦʧʘʩʪʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʭʝʤʦʡ UD. ɺʦ ʚʪʦʨʦʤ ʨʝʞʠʤʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʫʥʢʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ 

VOF-limiter ʬʦʨʤʘ ʢʘʚʠʪʘʮʠʦʥʥʦʡ ʟʦʥʳ ʫ ʢʦʨʥʷ ʣʦʧʘʩʪʠ ʥʘʠʙʦʣʝʝ ʧʨʠʙʣʠʞʝʥʘ ʢ 

ʵʢʩʧʝʨʠʤʝʥʪʫ. ɺ ʪʨʝʪʴʝʤ ʨʝʞʠʤʝ ʟʥʘʯʠʪʝʣʴʥʳʭ ʨʘʟʣʠʯʠʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. 

ʅʘ ʨʠʩʫʥʢʝ 2.2.15 ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʢʨʠʚʳʭ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304, 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʩʯʝʪʘʭ ʩʦ ʩʭʝʤʘʤʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠ 

ʩʭʝʤʦʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩ ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ Venkatakrishnan ʠ VOF-limiter, ʪʘʢʞʝ ʧʨʠʚʦʜʷʪʩʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ [Potsdam Propeller Test Case, 2011].  

 

ʈʠʩʫʥʦʢ 2.2.15 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ 

ɺ ʪʘʙʣʠʮʝ 2.2.5 ʧʨʠʚʦʜʷʪʩʷ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʭʝʤ UD ʠ LUD c ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ Venkatakrishnan ʠ VOF-limiter. 

ʊʘʙʣʠʮʘ 2.2.5 ï ʆʪʢʣʦʥʝʥʠʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʭʝʤ UD ʠ LUD c 

ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ Venkatakrishnan ʠ VOF-limiter 

ʈʝʞʠʤ 

ʆʪʢʣʦʥʝʥʠʷ, % 

UD LUD-Venkatakrishnan LUD-VOF-limiter 

KT 10KQ ɖ KT 10KQ ɖ KT 10KQ ɖ 

1 -2.8 -7.2 3.3 -2.0 -2.2 -0.2 -1.5 -2.0 0.1 

2 1.2 -0.4 1.8 3.6 5.6 -2.3 4.1 6.0 -2.7 

3 5.3 -0.6 5.7 6.0 5.7 0.5 6.0 6.0 -0.1 
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ʀʟ ʨʠʩʫʥʢʘ 2.2.15 ʠ ʪʘʙʣʠʮʳ 2.2.5 ʚʠʜʥʦ, ʯʪʦ ʩʭʝʤʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʜʘʝʪ ʙʦʣʝʝ 

ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʭʝʤʦʡ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʘ ʩ ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ, ʥʘʠʙʦʣʴʰʝʝ ʦʪʣʠʯʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʨʝʞʠʤʝ 1 ʩ ʩʘʤʦʡ ʤʘʣʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʴ  ʁ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ʈʘʟʥʠʮʘ ʦʪʢʣʦʥʝʥʠʡ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ VP1304 ʚ ʨʘʩʯʝʪʘʭ ʩ ʦʛʨʘʥʠʯʠʪʝʣʷʤʠ Venkatakrishnan 

ʠ VOF-limiter ʥʝ ʧʨʝʚʳʰʘʝʪ 0.5%, ʦʛʨʘʥʠʯʠʪʝʣʴ VOF-limiter ʜʘʝʪ ʙʦʣʝʝ ʪʦʯʥʳʡ ʨʝʟʫʣʴʪʘʪ ʚ 

ʨʝʞʠʤʝ 1, ʚ ʜʚʫʭ ʜʨʫʛʠʭ ï Venkatakrishnan. 

ʇʨʦʚʝʜʝʥʥʳʝ ʚ ʥʘʩʪʦʷʱʝʤ ʧʘʨʘʛʨʘʬʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʯʝʪ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʫʝʤʳʭ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʤʦʜʝʣʴʥʳʭ ʨʘʟʤʝʨʦʚ. ʇʨʠ ʦʙʪʝʢʘʥʠʠ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʩʧʣʦʰʥʳʤ ʧʦʪʦʢʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ SST ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʚʳʩʦʢʦʤʫ ʧʦʚʝʨʭʥʦʩʪʥʦʤʫ ʪʨʝʥʠʶ ʠ ʙʦʣʴʰʠʤ 

ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʣʫʞʠʪ ʧʨʠʯʠʥʦʡ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʂʇɼ ʥʘ ʙʦʣʴʰʠʭ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ (ʜʦ 

11.7%). ɺ ʩʣʫʯʘʝ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʴʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʪʣʠʯʠʷ ʝʛʦ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʨʘʩʯʝʪʘʭ ʩ ʤʦʜʝʣʴ  ʁk-ɤ SST ʠ k-ɤ SST, ʜʦʧʦʣʥʝʥʥʦʡ 

ʤʦʜʝʣʴʶ ɔ-Reɗ, ʥʝ ʪʘʢ ʩʫʱʝʩʪʚʝʥʥʳ. 

ʉʨʘʚʥʝʥʠʝ ʩʭʝʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʚ ʨʘʩʯʝʪʘʭ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʜʥʦʨʦʜʥʳʤ ʧʦʪʦʢʦʤ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩʭʝʤʳ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʜʘʶʪ 

ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠʡ ʨʝʟʫʣʴʪʘʪ ʧʦ ʯʠʩʣʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ, ʤʦʤʝʥʪʘ ʠ 

ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ. ʆʜʥʘʢʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ 

ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʤʳʪʠʶ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʭʝʤʳ ʚʪʦʨʦʛʦ 

ʧʦʨʷʜʢʘ ʩ ʬʫʥʢʮʠʝʡ ʦʛʨʘʥʠʯʠʪʝʣʷ Venkatakrishnan ʠ ʙʝʟ ʥʝʛʦ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʨʘʟʨʝʰʘʪʴ 

ʚʦʟʥʠʢʘʶʱʠʝ ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ ʢʦʥʮʝʚʳʝ ʚʠʭʨʠ. ʏʪʦ ʢʘʩʘʝʪʩʷ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠ ̫

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʪʦ ʩʭʝʤʘ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʙʝʟ ʦʛʨʘʥʠʯʠʪʝʣʷ ʧʦʪʦʢʘ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʫʩʪʦʡʯʠʚʦʤʫ ʯʠʩʣʝʥʥʦʤʫ ʨʝʰʝʥʠʶ. ʉʨʘʚʥʝʥʠʝ ʜʚʫʭ ʬʫʥʢʮʠʡ ʦʛʨʘʥʠʯʠʪʝʣʷ, 

Venkatakrishnan ʠ VOF-limiter, ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʟʥʠʮʘ ʦʪʢʣʦʥʝʥʠʡ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʨʘʩʯʝʪʘʭ ʩ ʢʘʞʜʳʤ ʠʟ ʥʠʭ ʥʝ ʧʨʝʚʳʰʘʝʪ 0.5%.  
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2.3. ɺʘʣʠʜʘʮʠʷ ʤʝʪʦʜʠʢʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʤʦʜʝʣʴʥʦʛʦ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʢʘʚʠʪʘʮʠʠ  

ʇʨʠʤʝʥʝʥʠʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʜʦʣʞʥʘ ʧʨʝʜʰʝʩʪʚʦʚʘʪʴ ʪʱʘʪʝʣʴʥʘʷ ʚʘʣʠʜʘʮʠʷ ʥʘ ʰʠʨʦʢʦʤ ʢʨʫʛʝ ʟʘʜʘʯ. ʉʦʛʣʘʩʥʦ ɻʆʉʊ ʈ 

57188, ʚʘʣʠʜʘʮʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ï ʵʪʦ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʘʜʝʢʚʘʪʥʦʩʪʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʤʦʜʝʣʠʨʫʝʤʦʤʫ ʦʙʲʝʢʪʫ [ɻʆʉʊ ʈ 57188, 2016]. ɺ ʧʨʦʮʝʩʩʝ 

ʚʘʣʠʜʘʮʠʠ ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʚʳʚʦʜʳ ʤʦʜʝʣʠ ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ ʠ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ, ʩʦʛʣʘʩʫʶʪʩʷ ʣʠ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ 

ʬʠʟʠʯʝʩʢʠʤʠ ʨʝʘʣʠʷʤʠ.  

ʅʘʩʪʦʷʱʠʡ ʧʘʨʘʛʨʘʬ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥ ʚʘʣʠʜʘʮʠʠ ʤʝʪʦʜʠʢʠ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ. ɺʘʣʠʜʘʮʠʷ 

ʧʨʦʚʦʜʠʪʩʷ ʥʘ ʟʘʜʘʯʘʭ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ 

ʂʨʳʣʦʚʩʢʠʤ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤ ʥʘʫʯʥʳʤ ʮʝʥʪʨʦʤ [ʊʘʨʘʥʦʚ, 2015; ɹʘʛʘʝʚ ʠ ʜʨ., 2017; 

ʂʫʟʥʝʮʦʚʘ ʠ ʊʘʨʘʥʦʚ, 2022]. 

ɺʥʘʯʘʣʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʟʘʜʘʯʠ ʦʙʪʝʢʘʥʠʷ ʦʜʥʦʨʦʜʥʳʤ ʧʦʪʦʢʦʤ ʞʠʜʢʦʩʪʠ 

ʤʦʜʝʣʝʡ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ɸ ʠ ʃʂ ʙʝʟ ʫʯʝʪʘ ʢʘʚʠʪʘʮʠʠ. ʌʦʨʤʘ ʤʦʜʝʣʠ ɸ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ 

ʙʳʩʪʨʦʭʦʜʥʦʛʦ ʥʘʜʚʦʜʥʦʛʦ ʩʫʜʥʘ, ʃʂ ï ʤʦʜʝʣʴ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʣʝʜʦʢʦʣʘ. ɻʨʝʙʥʳʝ ʚʠʥʪʳ 

ʬʠʢʩʠʨʫʶʪʩʷ ʥʘ ʢʦʥʮʝ ʚʘʣʘ, ʜʠʘʤʝʪʨ ʤʦʜʝʣʠ ɸ ʩʦʩʪʘʚʣʷʝʪ 0.228 ʤ, ʤʦʜʝʣʠ ʃʂ ï 0.2 ʤ. 

ʈʘʩʯʝʪʥʳʝ ʩʝʪʢʠ ʧʦʩʪʨʦʝʥʳ ʩʦ ʩʛʫʱʝʥʠʷʤʠ ʷʯʝʝʢ ʚʙʣʠʟʠ ʣʦʧʘʩʪʝʡ, ʧʦ ʭʦʜʫ ʜʚʠʞʝʥʠʷ 

ʟʘʢʨʫʯʝʥʥʦʛʦ ʧʦʪʦʢʘ, ʘ ʪʘʢʞʝ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʠ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʨʝʛʠʦʥʦʚ ï 

ʚʨʘʱʘʶʱʝʛʦʩʷ ʚʥʫʪʨʝʥʥʝʛʦ ʠ ʥʝʧʦʜʚʠʞʥʦʛʦ ʚʥʝʰʥʝʛʦ. ʆʙʘ ʨʝʛʠʦʥʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʮʠʣʠʥʜʨʳ, ʛʨʝʙʥʦʡ ʚʠʥʪ, ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʡ ʥʘ ʢʦʥʮʝ ʚʘʣʘ, ʨʘʩʧʦʣʦʞʝʥ ʚʥʫʪʨʠ 

ʚʨʘʘɦʶʱʝʛʦʩʷ ʨʝʛʠʦʥʘ. ɻʝʦʤʝʪʨʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʠ ʬʨʘʛʤʝʥʪʳ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʧʦʢʘʟʘʥ r

ʥʘ ʨʠʩʫʥʢʘʭ 2.3.1 ʠ 2.3.2. 

 
 

     ʈʠʩʫʥʦʢ 2.3.1 ï ʄʦʜʝʣʴ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ (ʩʣʝʚʘ) ʠ ʬʨʘʛʤʝʥʪ ʩʝʪʦʯʥʦʡ ʤʦʜʝʣʠ ʚ 

ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ (ʩʧʨʘʚʘ) 
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ʈʠʩʫʥʦʢ 2.3.2 ï ʄʦʜʝʣʴ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʃʂ (ʩʣʝʚʘ) ʠ ʬʨʘʛʤʝʥʪ ʩʝʪʦʯʥʦʡ ʤʦʜʝʣʠ ʚ 

ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ (ʩʧʨʘʚʘ) 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʡ ʠʥʠʮʠʘʣʠʟʘʮʠʠ ʟʘʜʘʥʘ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʳ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ: ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ tI   0.005= , ʦʪʥʦʰʝʥʠʝ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʢ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʦʩʪʘʚʣʷʝʪ t / 100m m= . 

ʅʘ ʚʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʟʘʜʘʝʪʩʷ ʩʢʦʨʦʩʪʴ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʠ ʧʘʨʘʤʝʪʨʳ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ tI   0.025=  ʠ t / 100m m= , ʥʘ ʚʳʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ï ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʥʫʣʝʚʦʝ 

ʜʘʚʣʝʥʠʝ ʠ ʧʘʨʘʤʝʪʨʳ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ tI   0.01=  ʠ t / 10m m= , ʥʘ ʛʨʘʥʠʮʘʭ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʟʘʜʘʥʘ ʩʪʝʥʢʘ ʙʝʟ ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ, ʥʘ ʙʦʢʦʚʦʡ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ï ʩʪʝʥʢʘ ʩ 

ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʝʤ, ʥʘ ʛʨʘʥʠʮʘʭ ʤʝʞʜʫ ʜʚʫʤʷ ʨʝʛʠʦʥʘʤʠ ʫʩʪʘʥʦʚʣʝʥʳ ʚʥʫʪʨʝʥʥʠʝ 

ʠʥʪʝʨʬʝʡʩʳ. 

ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʠʚʳʭ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʧʨʦʚʦʜʠʪʩʷ ʩʝʨʠʷ 

ʨʘʩʯʝʪʦʚ ʧʨʠ ʯʘʩʪʦʪʝ ʚʨʘʱʝʥʠʷ   20 ʦʙ/cn = . ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʦʩʪʫʧʴ J  ʚ ʵʪʠʭ ʨʘʩʯʝʪʘʭ 

ʠʟʤʝʥʷʝʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ 0.1·0.9 ʩ ʰʘʛʦʤ 0.1, ʠʟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʦʩʪʫʧʠ ʚʳʯʠʩʣʷʝʪʩʷ 

ʩʢʦʨʦʩʪʴ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʠʘʧʘʟʦʥ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʢʦʨʦʩʪʝʡ 

ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʩʦʩʪʘʚʣʷʝʪ 0.5 4.1ʤ/ʩ·  ʜʣʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ ʠ 0.4 2.8ʤ/ʩ·  

ʜʣʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʃʂ. 

ɺ ʨʘʩʯʝʪʘʭ ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦʜʳ: 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ   0.00114 ʇʘ ʩlµ = Ö, ʧʣʦʪʥʦʩʪʴ 
3 1000ʢʛ/ʤlr= . 

ʅʘ ʨʠʩʫʥʢʘʭ 2.3.3 ʠ 2.3.4 ʧʨʝʜʩʪʘʚʣʝʥʦ ʤʛʥʦʚʝʥʥʦʝ ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ 

ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 1 ct=  (ʜʣʷ ʦʙʝʠʭ ʤʦʜʝʣʝʡ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ 

ʧʦʢʘʟʘʥ ʨʝʞʠʤ 0.5J= ). 



82 
 

 

ʈʠʩʫʥʦʢ 2.3.3 ï ʄʛʥʦʚʝʥʥʦʝ ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ  

 

ʈʠʩʫʥʦʢ 2.3.4 ï ʄʛʥʦʚʝʥʥʦʝ ʧʦʣʝ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʃʂ 

ʀʟ ʨʠʩʫʥʢʦʚ 2.3.3 ʠ 2.3.4 ʚʠʜʥʘ ʭʘʨʘʢʪʝʨʥʘʷ ʟʘʢʨʫʪʢʘ ʧʦʪʦʢʘ ʟʘ ʤʦʜʝʣʷʤʠ ʛʨʝʙʥʳʭ 

ʚʠʥʪʦʚ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʜʫʣʷ ʩʢʦʨʦʩʪʠ. 

ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʚʦʜʠʪʩʷ ʧʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ: ʢʦʵʬʬʠʮʠʝʥʪʫ ʫʧʦʨʘ 
TK , ʢʦʵʬʬʠʮʠʝʥʪʫ ʤʦʤʝʥʪʘ QK  ʠ 

ʢʦʵʬʬʠʮʠʝʥʪʫ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ h, ʢʦʪʦʨʳʝ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ (1.2.3). 

ʅʘ ʨʠʩʫʥʢʘʭ 2.3.5 ʠ 2.3.6 ʧʦʢʘʟʘʥʦ ʩʨʘʚʥʝʥʠʝ ʢʨʠʚʳʭ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʝʡ ʛʨʝʙʥʳʭ 

ʚʠʥʪʦʚ ɸ ʠ ʃʂ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè, ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [ʊʘʨʘʥʦʚ, 2015; ʂʫʟʥʝʮʦʚʘ ʠ ʊʘʨʘʥʦʚ, 2022]. 
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ʈʠʩʫʥʦʢ 2.3.5 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ 

 

ʈʠʩʫʥʦʢ 2.3.6 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʃʂ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ 2.3.5 ʠ 2.3.6, ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʇʦʛʨʝʰʥʦʩʪʴ ʚ ʧʨʝʜʩʢʘʟʘʥʠʠ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʦʤʝʥʪʘ ʠ ʫʧʦʨʘ ʧʨʠʥʠʤʘʝʪ ʥʘʠʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʳʭ 

ʧʦʩʪʫʧʷʭ, ʙʣʠʟʢʠʭ ʢ ʝʜʠʥʠʮʝ, ʚ ʩʚʷʟʠ ʩ ʤʘʣʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʫʧʦʤʷʥʫʪʳʭ ʚʝʣʠʯʠʥ ʚ ʵʪʠʭ 

ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʦʟʨʘʩʪʘʝʪ ʠ ʧʦʛʨʝʰʥʦʩʪʴ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ. ʆʪʢʣʦʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ ʤʝʥʴʰʝ 0.5 ʩʦʩʪʘʚʣʷʶʪ ʤʝʥʝʝ 5%. 
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ʄʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʚ ʚʳʯʠʩʣʝʥʠʠ ʂʇɼ ʜʣʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʃʂ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʨʠ ʟʥʘʯʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ 0.7J=  (ʚʙʣʠʟʠ ʪʦʯʢʠ ʥʫʣʝʚʦʛʦ ʫʧʦʨʘ) ʠ 

ʩʦʩʪʘʚʣʷʝʪ 7.9%. ʄʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʧʦ ʂʇɼ ʜʣʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ɸ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ 

ʟʥʘʯʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ   0.9J =  ʠ ʩʦʩʪʘʚʣʷʝʪ 4.7%. 

ɼʘʣʝʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʦʙʪʝʢʘʥʠʷ ʧʦʪʦʢʦʤ ʚʨʘʱʘʶʱʝʡʩʷ ʤʦʜʝʣʠ 

ʧʷʪʠʣʦʧʘʩʪʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʉ5. ʄʦʜʝʣʴ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘ ʢʦʥʮʝ ʚʘʣʘ, ʜʠʘʤʝʪʨ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʩʦʩʪʘʚʣʷʝʪ 0.2 ʤ. ʈʘʩʯʸʪʥʘʷ ʩʝʪʢʘ ʧʦʩʪʨʦʝʥʘ ʩ ʜʝʪʘʣʠʟʘʮʠʝʡ ʷʯʝʝʢ ʚʙʣʠʟʠ ʣʦʧʘʩʪʝʡ, 

ʧʦ ʭʦʜʫ ʜʚʠʞʝʥʠʷ ʟʘʢʨʫʯʝʥʥʦʛʦ ʧʦʪʦʢʘ, ʘ ʪʘʢʞʝ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ʅʘ ʨʠʩʫʥʢʝ 2.3.7 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʛʝʦʤʝʪʨʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʉ5 ʠ ʬʨʘʛʤʝʥʪ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚ 

ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ. 

  

ʈʠʩʫʥʦʢ 2.3.7 ï ɻʝʦʤʝʪʨʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʉ5 (ʩʣʝʚʘ)  

ʠ ʬʨʘʛʤʝʥʪ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ (ʩʧʨʘʚʘ) 

ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʢʨʠʚʳʭ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʦʚʦʜʠʪʩʷ ʩʝʨʠʷ 

ʨʘʩʯʝʪʦʚ ʜʣʷ ʯʠʩʝʣ ʢʘʚʠʪʘʮʠʠ ů = 0.9 ʠ ů = 1.2. ʏʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ n ʤʝʥʷʝʪʩʷ 

ʚ ʠʥʪʝʨʚʘʣʝ 30 36ʦʙ/ʩ· , ʩʢʦʨʦʩʪʴ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʩʦʩʪʘʚʣʷʝʪ 5.5 ʤ/ʩ ʜʣʷ ů = 0.9 ʠ 5.2 

ʤ/ʩ ʜʣʷ ů = 1.2. 

ʅʘ ʚʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʟʘʜʘʥʘ ʩʢʦʨʦʩʪʴ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʠ ʧʘʨʘʤʝʪʨʳ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ tI   0.025=  ʠ t / 100m m= , ʥʘ ʚʳʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʳ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ tI   0.01=  ʠ t / 10m m= , ʥʘ 

ʛʨʘʥʠʮʘʭ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʟʘʜʘʥʘ ʩʪʝʥʢʘ ʙʝʟ ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ, ʥʘ ʙʦʢʦʚʦʡ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ ï ʩʪʝʥʢʘ ʩ ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʝʤ, ʥʘ ʛʨʘʥʠʮʘʭ ʤʝʞʜʫ ʜʚʫʤʷ ʨʝʛʠʦʥʘʤʠ ʫʩʪʘʥʦʚʣʝʥʳ 

ʚʥʫʪʨʝʥʥʠʝ ʠʥʪʝʨʬʝʡʩʳ. 

ɺ ʨʘʩʯʝʪʘʭ ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦʜʳ: 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ   0.00114 ʇʘ ʩµ = Ö, ʧʣʦʪʥʦʩʪʴ 3 1000ʢʛ/ʤr= ; ʚʦʜʷʥʦʛʦ ʧʘʨʘ: 
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ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ 5  1.27  ʇʘ ʩµ e-= Ö Ö, ʧʣʦʪʥʦʩʪʴ 3 0.59ʢʛ/ʤr= . ɼʘʚʣʝʥʠʝ 

ʥʘʩʳʱʝʥʥʦʛʦ ʧʘʨʘ ʚ ʨʘʩʯʝʪʘʭ ʩʦʩʪʘʚʣʷʝʪ 2325ʇʘʥʘʩP = .  

ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʚʳʧʦʣʥʷʝʪʩʷ ʨʘʩʯʝʪ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʜʣʷ ʨʝʞʠʤʦʚ 

ʙʝʩʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʪʝʯʝʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 2.3.8 ʧʦʢʘʟʘʥʳ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʉ5 ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ ʙʝʟ ʫʯʝʪʘ ʢʘʚʠʪʘʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ 

çʃʦʛʦʩè, ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [ɹʘʛʘʝʚ ʠ ʜʨ., 2017]. 

 

ʈʠʩʫʥʦʢ 2.3.8 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʉ5 ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ 

 ʙʝʟ ʫʯʝʪʘ ʢʘʚʠʪʘʮʠʠ 

ʇʦʛʨʝʰʥʦʩʪʴ ʚ ʧʨʝʜʩʢʘʟʘʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʧʦʨʘ ʧʨʠʥʠʤʘʝʪ ʥʘʠʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ 

ʥʘ ʙʦʣʴʰʠʭ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʦʟʨʘʩʪʘʝʪ ʧʦʛʨʝʰʥʦʩʪʴ ʧʨʠ 

ʚʳʯʠʩʣʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʂʇɼ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ   1.017J =  ʠ ʩʦʩʪʘʚʣʷʝʪ 4.5%. 

ɼʘʣʝʝ ʧʨʦʚʦʜʷʪʩʷ ʨʘʩʯʝʪʳ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʨʝʞʠʤʦʚ ʪʝʯʝʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 2.3.9 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʦʣʷ ʤʛʥʦʚʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.3.10 ʧʦʢʘʟʘʥʦ ʧʦʣʦʞʝʥʠʝ ʠʟʦʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʘʨʘ, 

ʧʦʣʫʯʝʥʥʦʝ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè, ʜʣʷ ʨʘʟʣʠʯʥʦʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʠ ʨʘʟʣʠʯʥʳʭ ʯʠʩʝʣ ʢʘʚʠʪʘʮʠʠ. 
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ʘ) 

 

ʙ) 

 

ʚ) 

 

ʛ) 

 

 

 

ʈʠʩʫʥʦʢ 2.3.9 ï ʇʦʣʷ ʩʢʦʨʦʩʪʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʉ5:  ʘ) n = 30 ʦʙ/ʩ, ů = 0.9;  

ʙ) n = 30 ʦʙ/ʩ, ů = 1.2; ʚ) n = 36 ʦʙ/ʩ, ů = 0.9; ʛ) n = 36 ʦʙ/ʩ, ů = 1.2 

ʘ) 

 

ʙ) 

 

ʚ) 

 

ʛ) 

 

ʈʠʩʫʥʦʢ 2.3.10 ï ʀʟʦʧʦʚʝʨʭʥʦʩʪʴ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʧʘʨʘ:  

ʘ) n = 30 ʦʙ/ʩ, ů = 0.9; ʙ) n = 30 ʦʙ/ʩ, ů = 1.2; ʚ) n = 36 ʦʙ/ʩ, ů = 0.9; ʛ) n = 36 ʦʙ/ʩ, ů = 1.2 
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ʀʟ ʧʨʠʚʝʜʝʥʥʳʭ ʨʠʩʫʥʢʦʚ ʚʠʜʝʥ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʘ ʤʦʜʝʣʴʶ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʘ ʪʘʢʞʝ ʬʦʨʤʳ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʣʘʢʘ. 

ʅʘ ʨʠʩʫʥʢʘʭ 2.3.11 ʠ 2.3.12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʉ5 ʚ ʫʩʣʦʚʠʷʭ ʢʘʚʠʪʘʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè, ʘ ʪʘʢʞʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [ɹʘʛʘʝʚ ʠ ʜʨ., 2017] ʜʣʷ ʯʠʩʝʣ ʢʘʚʠʪʘʮʠʠ ů = 0.9 ʠ ů = 1.2 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʯʝʨʥʳʤʠ ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʥʘ ʨʠʩʫʥʢʘʭ ʦʙʦʟʥʘʯʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ C5 ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʢʘʚʠʪʘʮʠʠ). 

   

ʈʠʩʫʥʦʢ 2.3.11 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʉ5, ʯʠʩʣʦ ʢʘʚʠʪʘʮʠʠ ů = 0.9 

 

ʈʠʩʫʥʦʢ 2.3.12 ï ʂʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʉ5, ʯʠʩʣʦ ʢʘʚʠʪʘʮʠʠ ů = 1.2 
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ʄʘʢʩʠʤʘʣʴʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ ʯʠʩʣʘ ʢʘʚʠʪʘʮʠʠ ů = 1.2 ʚ ʨʝʞʠʤʝ ʩ 

ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ ʩʦʩʪʘʚʣʷʶʪ 8.8% ʜʣʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʧʦʨʘ, 10.7% ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʦʤʝʥʪʘ ʠ 4.1% ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʦʩʪʘʣʴʥʳʭ ʨʝʞʠʤʘʭ ʦʪʢʣʦʥʝʥʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝ ʧʨʝʚʳʰʘʝʪ 5% ʠ ʚ ʩʨʝʜʥʝʤ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 2.5%. 

ɺ ʜʘʥʥʦʤ ʧʘʨʘʛʨʘʬʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʢʦʤʧʣʝʢʩʥʘʷ ʚʘʣʠʜʘʮʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʡ 

ʤʝʪʦʜʠʢʠ ʥʘ ʪʨʝʭ ʤʦʜʝʣʷʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ (ɸ, ʃʂ, ʉ5) ʜʣʷ ʫʩʣʦʚʠʡ ʙʝʩʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʠ 

ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʨʘʙʦʯʠʭ ʨʝʞʠʤʦʚ ʨʘʩʭʦʞʜʝʥʠʝ 

ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦ ʂʇɼ ʥʝ ʧʨʝʚʳʰʘʝʪ 5%, ʧʦʢʘʟʘʥʘ ʢʦʨʨʝʢʪʥʦʩʪʴ 

ʧʨʝʜʩʢʘʟʘʥʠʷ ʬʦʨʤʳ ʠ ʨʘʟʚʠʪʠʷ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʢʘʚʝʨʥ. ɺ [ʇ3] ʧʨʠ ʫʯʘʩʪʠʠ ʜʠʩʩʝʨʪʘʥʪʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʢʨʦʩʩ-ʚʝʨʠʬʠʢʘʮʠʷ ʧʘʢʝʪʘ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʠ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʘʢʝʪʘ çSTAR-

CCM+è, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʦʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʦʙʦʠʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʦʪʢʣʦʥʝʥʠʷ 

ʢʦʥʪʨʦʣʴʥʳʭ ʚʝʣʠʯʠʥ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ ʟʘʜʘʯʘʭ ʦʙʪʝʢʘʥʠʷ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʠʤʝʶʪ ʦʜʠʥ ʠ 

ʪʦʪ ʞʝ ʧʦʨʷʜʦʢ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʘʣʠʜʘʮʠʷ ʧʦʜʪʚʝʨʜʠʣʘ ʘʜʝʢʚʘʪʥʦʩʪʴ ʠ ʪʦʯʥʦʩʪʴ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʯʠʩʣʝʥʥʦʡ ʤʝʪʦʜʠʢʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʸ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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2.4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʨʘʟʤʝʨʘ 

ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʨʘʙʦʪʳ 

ʜʚʠʞʠʪʝʣʝʡ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʩ ʧʦʤʦʱʴʶ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʛʠʜʨʦʜʠʥʘʤʠʢʠ, ʥʝʢʦʪʦʨʳʝ ʚʦʧʨʦʩʳ, ʢʘʩʘʶʱʠʝʩʷ ʚʣʠʷʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʶʪʩʷ ʦʪʢʨʳʪʳʤʠ. ʈʷʜ 

ʪʘʢʠʭ ʚʦʧʨʦʩʦʚ ʩʦʜʝʨʞʠʪʩʷ ʚ ʦʪʯʝʪʝ 29-ʦʡ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʦʧʳʪʦʚʳʭ 

ʙʘʩʩʝʡʥʦʚ (International Towing Tank Conference ï ITTC) [Proceedings of the 29th ITTC, 2021]. 

ʆʜʥʘ ʠʟ ʧʨʦʙʣʝʤ, ʥʘ ʢʦʪʦʨʫʶ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʩʚʷʟʘʥʘ ʩ 

ʨʘʙʦʪʦʡ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʚʦʣʥʝʥʠʷ. ʇʨʠ ʜʦʩʪʘʪʦʯʥʦʤ ʧʦʛʨʫʞʝʥʠʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʚ ʚʦʜʫ ʩʚʦʙʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʥʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ ʝʛʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʥʘʧʨʠʤʝʨ, ʚ ʫʩʣʦʚʠʷʭ ʤʦʨʩʢʦʛʦ ʚʦʣʥʝʥʠʷ ʧʨʠ 

ʢʘʯʢʝ ʩʫʜʥʘ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʩʠʪʫʘʮʠʷ, ʢʦʛʜʘ ʝʛʦ ʜʚʠʞʠʪʝʣʴ ʦʢʘʟʳʚʘʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ 

ʤʘʣʦʛʦ ʠʣʠ ʜʘʞʝ ʥʝʧʦʣʥʦʛʦ ʧʦʛʨʫʞʝʥʠʷ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʵʥʝʨʛʠʠ ʥʘ 

ʚʦʣʥʦʦʙʨʘʟʦʚʘʥʠʝ ʧʨʠʚʦʜʷʪ ʢ ʩʥʠʞʝʥʠʶ ʂʇɼ ʚʠʥʪʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʚʙʣʠʟʠ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʥʘʛʨʫʟʢʝ ʤʦʞʝʪ ʥʘʩʪʫʧʠʪʴ ʷʚʣʝʥʠʝ 

ʘʵʨʘʮʠʠ ï ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʢʘʚʠʪʘʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʡ ʢʘʚʠʪʘʮʠʦʥʥʳʝ ʧʦʣʦʩʪʠ ʥʘ ʣʦʧʘʩʪʷʭ ʚ 

ʤʦʤʝʥʪ ʥʘʭʦʞʜʝʥʠʷ ʧʦʩʣʝʜʥʠʭ ʚ ʚʦʜʝ ʦʙʨʘʟʦʚʘʥʳ ʟʘʭʚʘʯʝʥʥʳʤ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʟʜʫʭʦʤ, ʠ 

ʜʘʚʣʝʥʠʝ ʚ ʥʠʭ ʨʘʚʥʦ ʘʪʤʦʩʬʝʨʥʦʤʫ, ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʩʚʦʡʩʪʚʝʥʥʦʝ ʢʘʚʠʪʠʨʫʶʱʝʤʫ 

ʚʠʥʪʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʝʛʦ ʧʨʦʧʫʣʴʩʠʚʥʳʭ ʢʘʯʝʩʪʚ [ɹʘʚʠʥ ʠ ʜʨ., 1991].  

ɺʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʨʘʙʦʪʫ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ ʩ 

ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʫʝʪʩʷ ʚ ʨʘʙʦʪʘʭ [Guo et al., 2014; Zhao, 2017; 

Paik, 2017; Eom et al., 2021]. ɺ [Guo et al., 2014] ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʢ ʙʣʠʟʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʠʚʘʣʠʩʴ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ɺ [Zhao, 2017] 

ʦʮʝʥʠʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʚʦʣʥʝʥʠʷ ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʨʘʙʦʪʫ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ɺ [Paik, 

2017] ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚʦʣʥʦʚʘʷ ʢʘʨʪʠʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʪʨʫʢʪʫʨʘ ʦʙʪʝʢʘʥʠʷ, ʘ 

ʪʘʢʞʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʜʚʫʭ ʤʘʩʰʪʘʙʘʭ. ɺ [Eom et al., 

2021] ʧʨʦʚʦʜʠʪʩʷ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ ʠ ʫʩʣʦʚʠʡ ʨʝʛʫʣʷʨʥʦʛʦ ʚʦʣʥʝʥʠʷ ʥʘ 

ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦ ʚʩʝʭ ʵʪʠʭ ʨʘʙʦʪʘʭ 

ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʥʝ ʫʯʠʪʳʚʘʝʪ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ, ʯʪʦ ʚʘʞʥʦ ʧʨʠ 

ʦʙʪʝʢʘʥʠʠ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʤʦʜʝʣʴʥʳʭ ʨʘʟʤʝʨʦʚ [Taranov, 2015; Baltazar, 2017].  ɺ [Califano 

and Steen, 2009] ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʭʘʥʠʟʤʳ ʘʵʨʘʮʠʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ɸʚʪʦʨʘʤ ʫʜʘʣʦʩʴ 

ʯʠʩʣʝʥʥʦ ʧʨʦʤʦʜʝʣʠʨʦʚʘʪʴ ʜʝʬʦʨʤʘʮʠʶ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʥʝʙʦʣʴʰʦʡ ʛʣʫʙʠʥʝ 
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ʧʦʛʨʫʞʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʦʜʥʘʢʦ ʥʝ ʫʜʘʣʦʩʴ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʤʝʭʘʥʠʟʤ ʘʵʨʘʮʠʠ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʧʦʷʚʣʷʝʪʩʷ ʚʦʨʦʥʢʘ ʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʙʦʣʝʝ ʛʣʫʙʦʢʦʤ ʧʦʛʨʫʞʝʥʠʠ, 

ʯʪʦ, ʢʘʢ ʦʪʤʝʯʘʶʪ ʩʘʤʠ ʘʚʪʦʨʳ, ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʦʥʠ ʥʝ ʫʯʝʪʳʚʘʣʠ ʪʫʨʙʫʣʝʥʪʥʳʡ ʭʘʨʘʢʪʝʨ 

ʪʝʯʝʥʠʷ ʚ ʨʘʩʯʝʪʘʭ.  

ɺ ʥʘʩʪʦʷʱʝʤ ʧʘʨʘʛʨʘʬʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʝʣʴʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ.  

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥʘ ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʪʝʩʪʦʚʘʷ ʤʦʜʝʣʴ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

KP505. ɼʠʘʤʝʪʨ ʤʦʜʝʣʠ ʩʦʩʪʘʚʣʷʝʪ 0.25 ʤ, ʤʘʩʰʪʘʙ ï 1:31.6.  ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʙʣʠʟʦʩʪʠ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʯʝʪʳʨʝ ʚʘʨʠʘʥʪʘ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 2.4.1.  

 ʊʘʙʣʠʮʘ 2.4.1 ï ɺʘʨʠʘʥʪʳ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʈʝʞʠʤ 
ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʦ ʦʩʠ ʚʘʣʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ h, ʤ 
ʆʪʥʦʰʝʥʠʝ h/D 

1 0.3 1.2 

2 0.25 1 

3 0.2 0.8 

4 0.15 0.6 

ʅʘ ʨʠʩʫʥʢʝ 2.4.1 ʧʦʢʘʟʘʥʘ ʩʭʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʟʘʜʘʥʥʳʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. 

ɻʨʝʙʥʦʡ ʚʠʥʪ ʨʘʩʧʦʣʦʞʝʥ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 5D ʦʪ ʚʭʦʜʥʦʡ ʛʨʘʥʠʮʳ ʠ 12D ʦʪ ʚʳʭʦʜʥʦʡ 

ʛʨʘʥʠʮʳ, ʜʦ ʥʠʞʥʝʡ, ʚʝʨʭʥʝʡ ʠ ʙʦʢʦʚʳʭ ʛʨʘʥʠʮ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʨʘʩʩʪʦʷʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 

3.5D. 

 
ʈʠʩʫʥʦʢ 2.4.1 ï ʉʭʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 
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ʅʘ ʨʠʩʫʥʢʝ 2.4.2 ʧʦʢʘʟʘʥ ʦʙʱʠʡ ʚʠʜ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ (ʩʣʫʯʘʡ h/D=0.6), ʘ ʪʘʢʞʝ ʝʸ 

ʬʨʘʛʤʝʥʪʳ ʚʙʣʠʟʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʧʨʦʜʦʣʴʥʦʡ ʠ ʧʦʧʝʨʝʯʥʦʡ ʧʣʦʩʢʦʩʪʷʭ. 

   

ʈʠʩʫʥʦʢ 2.4.2 ï ʈʘʩʯʝʪʥʘʷ ʩʝʪʢʘ: ʦʙʱʠʡ ʚʠʜ, ʧʣʦʩʢʦʩʪʴ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ, ʧʣʦʩʢʦʩʪʴ ʚ 

ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ 

ɺ ʨʘʩʯʝʪʘʭ ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦʜʳ ʠ ʚʦʟʜʫʭʘ: 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʚʦʜʳ   0.00114 ʇʘ ʩlµ = Ö, ʧʣʦʪʥʦʩʪʴ ʚʦʜʳ 
3 1000ʢʛ/ʤlr= , 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʚʦʟʜʫʭʘ 
5  1.85 10  ʇʘ ʩgµ -= Ö Ö, ʧʣʦʪʥʦʩʪʴ ʚʦʟʜʫʭʘ 

3 1.2ʢʛ/ʤgr= . 

ʅʘ ʨʠʩʫʥʢʝ 2.4.3 ʧʦʢʘʟʘʥʘ ʬʦʨʤʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚʙʣʠʟʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠ 

ʛʣʫʙʠʥʝ ʧʦʛʨʫʞʝʥʠʷ ʚʘʣʘ h/D=0.6 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ.  

ʘ) 

 

ʙ) 

 

ʚ) 

 

ʛ) 

 

ʈʠʩʫʥʦʢ 2.4.3 ï ʇʦʣʦʞʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʩʣʫʯʘʝ ʧʦʛʨʫʞʝʥʠʷ h/D=0.6: ʘ) J = 0.3, ʙ) J = 0.5, ʚ) J = 0.7, ʛ) J = 0.9 

ɺʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ, ʪʦ ʝʩʪʴ ʩ ʥʘʨʘʩʪʘʥʠʝʤ ʩʢʦʨʦʩʪʠ 

ʥʘʙʝʛʘʶʱʝʛʦ ʥʘ ʛʨʝʙʥʦʡ ʚʠʥʪ ʧʦʪʦʢʘ, ʚʦʟʤʫʱʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʥʠʞʘʝʪʩʷ. ɺ 

ʩʣʫʯʘʝ J=0.3 (ʨʠʩʫʥʦʢ 2.4.3ʘ) ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ ʚʦʟʥʠʢʘʝʪ ʛʣʫʙʦʢʘʷ ʧʦʣʦʩʪʴ, ʝʛʦ ʣʦʧʘʩʪʠ 

ʧʝʨʝʩʝʢʘʶʪ ʨʘʟʜʝʣ ʬʘʟ ʠ ʦʛʦʣʷʶʪʩʷ, ʟʘ ʥʠʤʠ ʚʦʟʥʠʢʘʶʪ ʠ ʨʘʩʭʦʜʷʪʩʷ ʚʦʣʥʳ. ɼʣʷ 
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ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ J=0.5 (ʨʠʩʫʥʦʢ 2.4.3ʙ) ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʘʷ ʧʦʣʦʩʪʴ ʟʘ ʛʨʝʙʥʳʤ 

ʚʠʥʪʦʤ, ʦʛʦʣʝʥʠʝ ʣʦʧʘʩʪʝʡ ʦʪʩʫʪʩʪʚʫʝʪ, ʚ ʩʣʫʯʘʷʭ J=0.7 ʠ J=0.9 (ʨʠʩʫʥʢʠ 2.4.3ʚ ʠ 2.4.3ʛ) 

ʠʟʤʝʥʝʥʠʝ ʬʦʨʤʳ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ. 

ʅʘ ʨʠʩʫʥʢʝ 2.4.4 ʧʦʢʘʟʘʥʳ ʠʟʦʣʠʥʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʯʝʪʳʨʝʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʣʫʯʘʝʚ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʨʝʞʠʤʝ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʧʦʩʪʫʧʴʶ 0.3 (Y ï ʚʝʨʪʠʢʘʣʴʥʘʷ ʢʦʦʨʜʠʥʘʪʘ, Y=0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʩʠ ʚʘʣʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ). 

ʘ) 

 

ʙ) 

 

ʚ) 

 

ʛ) 

 

 

ʈʠʩʫʥʦʢ 2.4.4 ï ʀʟʦʣʠʥʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ:  

ʘ) h/D = 0.6, ʙ) h/D = 0.8, ʚ) h/D = 1, ʛ) h/D = 1.2 

ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʥʘʠʤʝʥʴʰʝʡ ʛʣʫʙʠʥʝ ʧʦʛʨʫʞʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʠʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʥʦʝ ʚʦʣʥʦʦʙʨʘʟʦʚʘʥʠʝ, ʢʦʪʦʨʦʝ ʦʩʣʘʙʝʚʘʝʪ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʦʩʠ 

ʚʘʣʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʜʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʅʘ ʨʠʩʫʥʢʘʭ 2.4.5 ʧʨʠʚʝʜʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʜʫʣʷ ʩʢʦʨʦʩʪʠ u  ʚ ʧʨʦʜʦʣʴʥʦʤ 

ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʯʝʨʥʦʡ ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥ ʨʘʟʜʝʣ ʬʘʟ (ʨʝʞʠʤ J = 0.3). 
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ʘ) 

 

ʙ) 

 
    

ʚ) 

 

ʛ) 

 

        

ʈʠʩʫʥʦʢ 2.4.5 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʘʙʩʦʣʶʪʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʩʝʯʝʥʠʠ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ ʜʣʷ ʯʝʪʳʨʝʭ ʩʣʫʯʘʝʚ ʩ ʨʘʟʣʠʯʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ ʚʘʣʘ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ: ʘ) h/D = 0.6, ʙ) h/D = 0.8, ʚ) h/D = 1, ʛ) h/D = 1.2 

ɺʠʜʥʦ, ʯʪʦ ʚ ʧʝʨʚʳʭ ʜʚʫʭ ʩʣʫʯʘʷʭ (h/D = 0.6 ʠ h/D = 0.8) ʧʨʦʠʩʭʦʜʠʪ ʦʛʦʣʝʥʠʝ 

ʣʦʧʘʩʪʝʡ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʘʵʨʘʮʠʠ ï ʟʘʭʚʘʪʫ ʚʦʟʜʫʭʘ ʣʦʧʘʩʪʷʤʠ. ʇʨʠ 

ʧʦʛʨʫʞʝʥʠʷʭ h/D = 1 ʠ h/D = 1.2 ʣʦʧʘʩʪʠ ʥʝ ʧʝʨʝʩʝʢʘʶʪ ʩʚʦʙʦʜʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʭʘʨʘʢʪʝʨ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʙʩʦʣʶʪʥʦʡ ʩʢʦʨʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʶ ʩʢʦʨʦʩʪʠ, ʥʘʙʣʶʜʘʝʤʦʤʫ ʧʨʠ 

ʦʪʩʫʪʩʪʚʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʅʘ ʨʠʩʫʥʢʝ 2.4.6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ, ʤʦʤʝʥʪʘ ʠ 

ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʦʪ ʚʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ ʚʘʣʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ (ʦʪʤʝʪʠʤ, ʯʪʦ ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ ʛʨʘʬʠʢʘʭ ʟʘʚʠʩʠʤʦʩʪʠ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʷʚʣʷʶʪʩʷ 

ʨʘʩʯʝʪʥʳʤʠ, ʘ ʥʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ). 
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ʘ) ʙ) 

 
ʚ) 

ʈʠʩʫʥʦʢ 2.4.7 ï ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ (ʘ), ʤʦʤʝʥʪʘ (ʙ)  

ʠ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ (ʚ) ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ 

ʀʟ ʨʠʩʫʥʢʘ 2.4.6 ʚʠʜʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʜʣʷ 

ʩʣʫʯʘʝʚ h/D=1.2 ʠ h/D=1.0 ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ ʩ ʟʘʚʠʩʠʤʦʩʪʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʠ 

ʦʪʩʫʪʩʪʚʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʜʥʘʢʦ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚʦ ʚʩʝʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʣʫʯʘʷʭ, ʪʘʢ ʢʘʢ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ ʥʘ ʧʦʩʪʫʧʷʭ, ʥʘʯʠʥʘʷ ʩ J=0.7, ʟʘʥʠʞʝʥ. ʅʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʛʣʫʙʠʥʳ 

ʧʦʛʨʫʞʝʥʠʷ ʚʠʥʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʤʘʣʳʭ ʧʦʩʪʫʧʷʭ: ʜʣʷ ʩʣʫʯʘʷ h/D=0.6 ʧʘʜʝʥʠʝ ʫʧʦʨʘ ʠ 

ʤʦʤʝʥʪʘ ʥʘ ʧʦʩʪʫʧʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ J=0.2 ʜʦʩʪʠʛʘʝʪ ʦʢʦʣʦ 30%, ʜʣʷ ʩʣʫʯʘʷ h/D=0.8 ï ʦʢʦʣʦ 

15%. 

ɼʣʷ ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʦʜʝʣʠ KP505 ʦʪʩʫʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʘʥʥʳʝ ʧʨʠ ʥʘʣʠʯʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʦʩʪʫʧʥʳ ʜʘʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʜʨʫʛʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ [Guo et al., 2014]. ɻʝʦʤʝʪʨʠʠ 

ʤʦʜʝʣʠ ʠʟ ʨʘʙʦʪʳ [Guo et al., 2014] ʥʝʪ ʚ ʦʪʢʨʳʪʦʤ ʜʦʩʪʫʧʝ, ʧʦʵʪʦʤʫ ʧʨʦʚʝʩʪʠ ʯʠʩʣʝʥʥʳʝ 

ʨʘʩʯʝʪʳ ʩ ʥʝʡ ʥʝʪ ʚʦʟʤʦʞʥʦʩʪʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʣʠʰʴ ʢʘʯʝʩʪʚʝʥʥʦʝ 

ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʦʜʝʣʠ KP505 ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʤʦʜʝʣʠ [Guo et al., 2014]. ʇʦʜʦʙʥʦʝ ʩʨʘʚʥʝʥʠʝ ʧʨʘʚʦʤʝʨʥʦ, 
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ʪʘʢ ʢʘʢ ʠʩʩʣʝʜʫʶʪʩʷ ʩʭʦʞʠʝ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ (h/D). ʅʘ ʨʠʩʫʥʢʝ 2.4.7 

ʧʦʢʘʟʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ 

ʯʝʪʳʨʝʭʣʦʧʘʩʪʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠʟ ʨʘʙʦʪʳ [Guo et al., 2014]. 

  
ʘ) ʙ) 

ʈʠʩʫʥʦʢ 2.4.7 ï ɿʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ (ʘ), ʤʦʤʝʥʪʘ (ʙ)  

ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠʟ ʨʘʙʦʪʳ [Guo, 2014] ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 2.4.7, ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʠʤʝʶʪ ʩʭʦʞʠʡ ʭʘʨʘʢʪʝʨ, ʯʪʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʣʷ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ [Guo et al., 2014]. ɼʣʷ ʩʣʫʯʘʝʚ h/D=0.6 ʠ h/D=0.8 ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʘʜʝʥʠʝ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʥʘ ʤʘʣʳʭ ʧʦʩʪʫʧʷʭ, ʚ ʩʣʫʯʘʷʭ h/D=1.2 ʠ h/D=1.5 ʟʘʚʠʩʠʤʦʩʪʠ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʦʚʧʘʜʘʶʪ. 

ʏʪʦ ʢʘʩʘʝʪʩʷ ʧʨʦʮʝʩʩʘ ʘʵʨʘʮʠʠ, ʪʦ ʚ ʯʠʩʣʝʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ [Guo, 2014] ʧʨʠ 

ʤʘʣʦʤ ʧʦʛʨʫʞʝʥʠʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ ʥʘʯʘʣʴʥʦʡ ʧʦʩʪʫʧʠ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʦʛʦʣʝʥʠʷ 

ʣʦʧʘʩʪʝʡ. ɺ ʨʝʞʠʤʝ J=0.1 ʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʦʚʳʚʘʣʩʷ ʚʠʭʨʴ ʠ ʧʨʦʠʩʭʦʜʠʣ 

ʧʦʜʩʦʩ ʚʦʟʜʫʭʘ, ʣʦʧʘʩʪʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʝ ʧʝʨʝʩʝʢʘʣʠ ʩʚʦʙʦʜʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ɿʜʝʩʴ 

ʥʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ [Guo et al., 2014] 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʥʝʠʥʝʨʮʠʘʣʴʥʘ ̫ʧʦʜʚʠʞʥʘ ̫ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ, ʚ ʢʦʪʦʨʦʡ ʧʦʣʦʞʝʥʠʝ ʚʠʥʪʘ 

ʦʩʪʘʚʘʣʦʩʴ ʥʝʠʟʤʝʥʥʳʤ, ʯʪʦ ʥʝ ʩʦʚʩʝʤ ʢʦʨʨʝʢʪʥʦ ʧʨʠ ʥʘʣʠʯʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʂʨʦʤʝ ʪʦʛʦ, ʦʪʣʠʯʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʨʘʟʣʠʯʥʳʤʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ (ʤʦʜʝʣʴ KP505 ʠʤʝʝʪ 5 ʣʦʧʘʩʪʝʡ, ʤʦʜʝʣʴ [Guo et al., 

2014] ï 4, ʜʠʘʤʝʪʨ ʤʦʜʝʣʠ KP505 ʩʦʩʪʘʚʣʷʝʪ 0.25 ʤ, ʤʦʜʝʣʠ [Guo et al., 2014] ï 0.179 ʤ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʥʦʚʠʪʩʷ ʟʘʤʝʪʥʳʤ, ʥʘʯʠʥʘʷ ʩ 

ʦʪʥʦʰʝʥʠʷ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ ʢ ʜʠʘʤʝʪʨʫ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ h/D=0.8, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ 

ʨʘʙʦʪʦʡ [Guo et al., 2014]. ʅʘʠʙʦʣʴʰʝʝ ʠʟʤʝʥʝʥʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʤʦʜʝʣʴʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʤʘʣʳʭ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ. ʇʨʠ 

ʦʪʥʦʰʝʥʠʠ h/D=0.6 ʧʘʜʝʥʠʷ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʥʘ ʥʘʯʘʣʴʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ 

ʜʦʩʪʠʛʘʶʪ 31.7% ʠ 33% ʚʩʣʝʜʩʪʚʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʵʨʘʮʠʠ. 
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2.5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘʪʫʨʥʦʛʦ ʨʘʟʤʝʨʘ 

ɸʢʪʫʘʣʴʥʳʤ ʚʦʧʨʦʩʦʤ ʚ ʢʦʨʘʙʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʝ ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʘ ʤʘʩʰʪʘʙʥʦʛʦ 

ʵʬʬʝʢʪʘ, ʪʦ ʝʩʪʴ ʩʦʧʦʩʪʘʚʠʪʝʣʴʥʳʝ ʨʘʩʯʝʪʳ ʜʣʷ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʤʦʜʝʣʴʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʥʘʪʫʨʥʳʭ ʫʩʣʦʚʠʡ. ʂʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ ʨʘʥʝʝ, ʠʟ-ʟʘ ʟʥʘʯʠʪʝʣʴʥʳʭ 

ʛʘʙʘʨʠʪʦʚ ʚʠʥʪʦʚ ʩʦʚʨʝʤʝʥʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʫʜʦʚ ʧʨʦʚʝʜʝʥʠʝ ʧʦʣʥʦʤʘʩʰʪʘʙʥʳʭ 

ʥʘʪʫʨʥʳʭ ʠʩʧʳʪʘʥʠʡ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ, ʧʦʵʪʦʤʫ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʭ ʨʘʙʦʪʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʫʤʝʥʴʰʝʥʥʳʭ ʤʦʜʝʣʷʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʳʪʦʚʳʭ ʙʘʩʩʝʡʥʦʚ, ʛʠʜʨʦʣʦʪʢʦʚ ʠ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʪʨʫʙ. ʇʦʣʫʯʝʥʥʳʝ ʥʘ 

ʤʦʜʝʣʷʭ ʨʝʟʫʣʴʪʘʪʳ ʟʘʪʝʤ ʵʢʩʪʨʘʧʦʣʠʨʫʶʪʩʷ ʥʘ ʧʦʣʥʦʤʘʩʰʪʘʙʥʳʝ ʦʙʲʝʢʪʳ ʩ ʧʦʤʦʱʴʶ 

ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʠʢ ʧʝʨʝʩʯʝʪʘ. ʍʦʪʷ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʥʘʪʫʨʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʧʨʘʢʪʠʢʝ ʩʫʜʦʩʪʨʦʝʥʠʷ, ʦʥʠ ʥʝ ʚʩʝʛʜʘ 

ʤʦʛʫʪ ʫʯʠʪʳʚʘʪʴ ʩʣʦʞʥʳʝ ʤʘʩʰʪʘʙʥʳʝ ʵʬʬʝʢʪʳ [Bugalski et al., 2013; Helma et al., 2018]. 

ʇʦʵʪʦʤʫ ʥʝʦʩʧʦʨʠʤʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ 

ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʪʦʢʘ ʥʘ ʢʦʨʧʫʩʝ ʩʫʜʥʘ ʠ ʥʘ ʛʨʝʙʥʳʭ 

ʚʠʥʪʘʭ ʥʘʪʫʨʥʳʭ ʨʘʟʤʝʨʦʚ ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʤʘʩʰʪʘʙʘ.  

ʆʮʝʥʢʝ ʚʣʠʷʥʠʷ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʦʩʚʷʱʝʥʳ ʨʘʙʦʪʳ [Paik, 2017; Dong et al., 2018; Grlj et al., 2022]. ɺ [Grlj et 

al., 2022] ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ. ɺ [Dong et al., 2018] ʦʮʝʥʠʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʩ ʥʘʢʣʦʥʥʳʤʠ ʟʘʢʦʥʮʦʚʢʘʤʠ ʥʘ ʝʛʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺ [Paik, 2017] 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʨʘʙʦʪʘ ʚʙʣʠʟʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʨʘʟʥʳʭ ʤʦʜʝʣʴʥʳʭ 

ʤʘʩʰʪʘʙʦʚ, ʦʜʥʘʢʦ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʛʨʝʙʥʦʡ ʚʠʥʪ ʥʘʪʫʨʥʦʛʦ ʨʘʟʤʝʨʘ.  

ɺ ʥʘʩʪʦʷʱʝʤ ʧʘʨʘʛʨʘʬʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʨʘʙʦʪʫ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ KP505 ʥʘʪʫʨʥʦʛʦ ʨʘʟʤʝʨʘ, ʝʛʦ ʜʠʘʤʝʪʨ ʩʦʩʪʘʚʣʷʝʪ 7.9 ʤ.  

ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʙʣʠʟʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʚʘ ʚʘʨʠʘʥʪʘ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ 2.5.1.  

ʊʘʙʣʠʮʘ 2.5.1 ï ɺʘʨʠʘʥʪʳ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʈʝʞʠʤ 
ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʦ ʦʩʠ ʚʘʣʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ h, ʤ 
ʆʪʥʦʰʝʥʠʝ h/D 

1 6.32 0.8 

2 4.74 0.6 
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ʏʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʩʣʝʜʫʶʱʝʛʦ 

ʩʦʦʪʥʦʰʝʥʠʷ: 

 m
f

n
n

l
= ,      (2.5.1) 

ʛʜʝ mn  ï ʯʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʨʘʟʤʝʨʘ, l ï ʤʘʩʰʪʘʙ. 

ʈʘʩʯʝʪʥʘʷ ʩʝʪʢʘ ʜʣʷ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʝʨʝʩʪʨʘʠʚʘʝʪʩʷ ʩ ʫʯʝʪʦʤ 

ʤʘʩʰʪʘʙʘ, ʙʘʟʦʚʳʡ ʨʘʟʤʝʨ ʷʯʝʡʢʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ l ʨʘʟ, ʪʦʣʱʠʥʘ ʧʝʨʚʦʡ ʷʯʝʡʢʠ 

ʧʨʠʟʤʘʪʠʯʝʩʢʦʛʦ ʩʣʦʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ l ʜʣʷ ʩʦʭʨʘʥʝʥʠ ̫ʤʘʣʦʛʦ ʟʥʘʯʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʛʦ 

ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʩʪʝʥʢʠ y+. 

ʅʘ ʨʠʩʫʥʢʝ 2.5.1 ʧʦʢʘʟʘʥ rʧʦʣʷ ʦʙʝʟʨʘʟʤʝʨʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʮʝʥʪʨʘʣʴʥʦʤ ʩʝʯʝʥʠʠ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ ʠ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ (ʨʝʞʠʤ J=0.2, 

ʩʣʫʯʘʡ h/D=0.6). ʏʝʨʥʦʡ ʣʠʥʠʝʡ ʥʘ ʨʠʩʫʥʢʝ 2.5.1 ʦʙʦʟʥʘʯʝʥʦ ʧʦʣʦʞʝʥʠʝ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. 

     

 

ʈʠʩʫʥʦʢ 2.5.1 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʦʙʝʟʨʘʟʤʝʨʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʮʝʥʪʨʘʣʴʥʦʤ ʩʝʯʝʥʠʠ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ: ʩʣʝʚʘ ï ʤʦʜʝʣʴ, ʩʧʨʘʚʘ ï ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ 

ʀʟ ʨʠʩʫʥʢʘ 2.5.1 ʚʠʜʥʦ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʙʝʟʨʘʟʤʝʨʥʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʚ 

ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʩʭʦʞ, ʪʘʢʞʝ ʧʦʭʦʞʘ ʬʦʨʤʘ ʚʦʟʥʠʢʘʶʱʠʭ ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ ʚʦʣʥ. ʆʜʥʘʢʦ ʚ 

ʩʣʫʯʘʝ ʤʦʜʝʣʴʥʦʛʦ ʤʘʩʰʪʘʙʘ ʫʨʦʚʝʥʴ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʭʦʜʠʪ ʥʠʞʝ, ʠ 

ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʴʰʝʝ ʦʛʦʣʝʥʠʝ ʣʦʧʘʩʪʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʥʦʤʘʩʰʪʘʙʥʳʤ 

ʨʘʩʯʝʪʦʤ.  
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ʅʘ ʨʠʩʫʥʢʘʭ 2.5.2 ʠ 2.5.3 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ  

 ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ ʠ ʥʘʛʥʝʪʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʷʭ ʣʦʧʘʩʪʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʜʣʷ ʩʣʫʯʘʷ 

ʧʦʛʨʫʞʝʥʠʷ h/D=0.6, ʨʝʞʠʤ J=0.2. ʏʝʨʥʦʡ ʣʠʥʠʝʡ ʥʘ ʨʠʩʫʥʢʘʭ ʧʦʢʘʟʘʥʦ ʧʦʣʦʞʝʥʠʝ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

 

 

ʈʠʩʫʥʦʢ 2.5.2 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʥʘ ʟʘʩʘʩʳʚʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʣʦʧʘʩʪʠ: ʩʣʝʚʘ ï ʤʦʜʝʣʴʥʳʡ ʤʘʩʰʪʘʙ, ʩʧʨʘʚʘ ï ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ 

 

 

ʈʠʩʫʥʦʢ 2.5.3 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʥʘ ʥʘʛʥʝʪʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʣʦʧʘʩʪʠ: ʩʣʝʚʘ ï ʤʦʜʝʣʴʥʳʡ ʤʘʩʰʪʘʙ, ʩʧʨʘʚʘ ï ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ 

ʀʟ ʨʠʩʫʥʢʦʚ 2.5.2 ʠ 2.5.3 ʚʠʜʥʦ, ʯʪʦ ʚ ʤʦʜʝʣʴʥʦʤ ʤʘʩʰʪʘʙʝ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ 

ʚʳʰʝ, ʯʝʤ ʫ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. ɺ ʦʙʦʠʭ ʤʘʩʰʪʘʙʘʭ ʟʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʥʘʠʤʝʥʴʰʠʝ ʫ ʢʦʨʥʷ ʣʦʧʘʩʪʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʥʘʠʙʦʣʴʰʠʝ ï ʥʘ 

ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʝ. ʅʘ ʢʨʘʷʭ ʣʦʧʘʩʪʝʡ, ʚʳʭʦʜʷʱʠʭ ʠʟ ʚʦʜʳ, ʥʘʙʣʶʜʘʝʪʩʷ ʝʛʦ ʩʥʠʞʝʥʠʝ. 
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ʅʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʥʘ ʚʠʥʪʝ ʤʦʜʝʣʴʥʦʛʦ ʤʘʩʰʪʘʙʘ 

ʩʚʷʟʘʥ rʩ ʟʦʥʘʤʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ. 

ʅʘ ʧʨʘʢʪʠʢʝ ʢʨʠʚʳʝ ʜʝʡʩʪʚʠʷ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʂʦʥʬʝʨʝʥʮʠʠ ʆʧʳʪʦʚʳʭ ɹʘʩʩʝʡʥʦʚ (ITTC), ʧʨʠʥʷʪʦʛʦ ʚ ʢʘʯʝʩʪʚʝ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ 

ʩʪʘʥʜʘʨʪʘ. ʉʦʛʣʘʩʥʦ ʤʝʪʦʜʠʢʝ ITTC-1978, ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʥʘʪʫʨʥʦʛʦ ʨʘʟʤʝʨʘ ʥʘʭʦʜʷʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [ITTC, 2017]: 
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ʛʜʝ Z  ï ʢʦʣʠʯʝʩʪʚʦ ʣʦʧʘʩʪʝʡ, P  ï ʰʘʛ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, c  ï ʜʣʠʥʘ ʭʦʨʜʳ ʣʦʧʘʩʪʠ ʥʘ 0.7 

ʨʘʜʠʫʩʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, D Dm DsC C CD = -  ï ʧʦʧʨʘʚʢʘ ʥʘ ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ: 
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,   (2.5.5) 

ʛʜʝ t  ï ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʦʣʱʠʥʘ ʣʦʧʘʩʪʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, pk  ï ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʢʦʪʦʨʘʷ ʧʨʠʥʠʤʘʝʪʩʷ ʧʦ ʫʤʦʣʯʘʥʠʶ 
53 10-Ö . 

ʅʘ ʨʠʩʫʥʢʘʭ 2.5.4-2.5.6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ, ʤʦʤʝʥʪʘ 

ʠ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ ʤʦʜʝʣʴʥʦʛʦ ʠ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʜʣʷ ʩʣʫʯʘʝʚ 

ʧʦʛʨʫʞʝʥʠʷ h/D=0.6 ʠ h/D=0.8, ʪʘʢʞʝ ʥʘ ʛʨʘʬʠʢʘʭ ʧʨʠʚʦʜʷʪʩʷ ʟʘʚʠʩʠʤʦʩʪʠ ʵʪʠʭ ʞʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 
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ʈʠʩʫʥʦʢ 2.5.4 ï ʂʦʵʬʬʠʮʠʝʥʪʳ ʫʧʦʨʘ ʤʦʜʝʣʴʥʦʛʦ ʠ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ: 

ʙʝʟ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʤʦʜʝʣʴ),  h/D=0.6 (ʤʦʜʝʣʴ),  h/D=0.8 (ʤʦʜʝʣʴ), 

 ITTC,  ʙʝʟ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ), 

 h/D=0.6 (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ),  h/D=0.8 (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ) 

 

ʈʠʩʫʥʦʢ 2.5.5 ï ʂʦʵʬʬʠʮʠʝʥʪʳ ʤʦʤʝʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʠ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ: 

ʙʝʟ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʤʦʜʝʣʴ),  h/D=0.6 (ʤʦʜʝʣʴ),  h/D=0.8 (ʤʦʜʝʣʴ), 

 ITTC,  ʙʝʟ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ), 

 h/D=0.6 (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ),  h/D=0.8 (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ) 
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ʈʠʩʫʥʦʢ 2.5.6 ï ʂʇɼ ʤʦʜʝʣʴʥʦʛʦ ʠ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ: 

ʙʝʟ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʤʦʜʝʣʴ),  h/D=0.6 (ʤʦʜʝʣʴ),  h/D=0.8 (ʤʦʜʝʣʴ), 

 ITTC,  ʙʝʟ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ), 

  h/D=0.6 (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ),  h/D=0.8 (ʧʦʣʥʳʡ ʤʘʩʰʪʘʙ) 

ʉʦʛʣʘʩʥʦ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ITTC, ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʧʦʨʘ ʠ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ 

ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ ʙʝʟ 

ʚʦʜʦʨʘʟʜʝʣʘ, ʚʳʰʝ, ʯʝʤ ʫ ʤʦʜʝʣʠ, ʘ ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ ï ʥʠʞʝ. ɺ 

ʧʨʦʚʝʜʝʥʥʳʭ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ ʧʦʣʫʯʝʥʘ ʪʘʢʘʷ ʞʝ ʪʝʥʜʝʥʮʠʷ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʧʦʨʘ ʠ 

ʂʇɼ, ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʦʤʝʥʪʘ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʥʘ ʤʘʣʳʭ 

ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ, ʛʜʝ ʚʝʣʠʢʦ ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʳʰʝ, ʯʝʤ ʫ 

ʤʦʜʝʣʴʥʦʛʦ, ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ, ʥʘʯʠʥʘʷ ʩ J=0.7 ï ʥʠʞʝ. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʂʇɼ, ʧʦʣʫʯʝʥʥʘʷ ʧʦ ʤʝʪʦʜʠʢʝ ITTC ʜʣʷ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʣʝʞʠʪ ʚʳʰʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʤʦʜʝʣʠ, ʥʦ ʥʠʞʝ, ʯʝʤ ʂʇɼ, ʧʦʣʫʯʝʥʥʳʡ ʚ 

ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʤ ʯʠʩʣʝʥʥʦʤ ʨʘʩʯʝʪʝ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʟʘʤʝʪʥʦ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʤʝʪʦʜʠʢʝ ITTC ʧʨʠʤʝʥʷʶʪʩʷ 

ʧʦʧʨʘʚʢʠ ʥʘ ʰʝʨʦʭʦʚʘʪʦʩʪʴ, ʘ ʚ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʛʣʘʜʢʠʡ ʛʨʝʙʥʦʡ 

ʚʠʥʪ. 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚʚʦʜʷʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ 

ʠ ʤʦʤʝʥʪʘ. ʕʪʠ ʠʟʤʝʥʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʭ ʟʥʘʯʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ 

ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ (ʙʝʟ ʚʣʠʷʥʠʷ ʚʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʛʣʷʜʥʦ ʦʮʝʥʠʪʴ 

ʚʝʣʠʯʠʥʫ ʚʦʟʥʠʢʘʶʱʠʭ ʧʦʪʝʨʴ: 
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ʛʜʝ 0( )TK  ï ʢʦʵʬʬʠʮʠʝʥʪ ʫʧʦʨʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, 

/( )T h DK   ï ʢʦʵʬʬʠʮʠʝʥʪ ʫʧʦʨʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠ ʥʘʣʠʯʠʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 
QKD  

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʦ. 

ɺ ʪʘʙʣʠʮʘʭ 2.5.2 ʠ 2.5.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʠ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʜʣʷ ʩʣʫʯʘʝʚ ʧʦʛʨʫʞʝʥʠʷ 

h/D=0.6 ʠ h/D=0.8. ɿʥʘʯʝʥʠʷ ʧʨʠʚʦʜʷʪʩʷ ʜʣʷ ʨʝʞʠʤʦʚ ʩ ʤʘʣʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʴʶ, ʚ 

ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʊʘʙʣʠʮʘ 2.5.2 ï ʀʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʠ 

ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʩʣʫʯʘʝ ʧʦʛʨʫʞʝʥʠʷ h/D=0.6 

J 
ʄʦʜʝʣʴ ʇʦʣʥʳʡ ʤʘʩʰʪʘʙ 

TKD  QKD  
TKD  QKD  

0.2 31.8 33.0 27.3 29.2 

0.3 18.6 19.5 17.5 17.9 

0.4 10.2 11.3 8.0 8.2 

ʊʘʙʣʠʮʘ 2.5.3 ï ʀʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʤʦʜʝʣʴʥʦʛʦ ʠ 

ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʩʣʫʯʘʝ ʧʦʛʨʫʞʝʥʠʷ h/D=0.8 

J 
ʄʦʜʝʣʴ ʇʦʣʥʳʡ ʤʘʩʰʪʘʙ 

TKD  QKD  
TKD  QKD  

0.2 14.1 15.2 9.7 11.3 

0.3 6.5 7.2 3.0 3.8 

0.4 4.6 4.4 0.9 0.4 

ʀʟ ʪʘʙʣʠʮ 2.5.2 ʠ 2.5.3 ʚʠʜʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʳʝ ʦʪʣʠʯʠʷ ʠʟʤʝʥʝʥʠʡ ʫʧʦʨʘ ʠ 

ʤʦʤʝʥʪʘ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʜʚʫʭ ʤʘʩʰʪʘʙʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʥʘ ʩʘʤʦʡ ʤʘʣʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʧʦʩʪʫʧʠ.  ʇʨʠ ʧʦʛʨʫʞʝʥʠʠ h/D=0.6 ʨʘʟʥʠʮʘ ʠʟʤʝʥʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ ʤʦʜʝʣʴʥʦʛʦ ʠ 

ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ ʩʣʫʯʘʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ J=0.2 ʩʦʩʪʘʚʣʷʝʪ 4.5%, 

ʨʘʟʥʠʮʘ ʠʟʤʝʥʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ ï 3.8%, ʧʨʠ ʧʦʛʨʫʞʝʥʠʠ h/D=0.8 ï 

4.4% ʠ 3.9% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʧʦʜʪʚʝʨʜʠʣʦ ʥʘʣʠʯʠʝ ʤʘʩʰʪʘʙʥʦʛʦ 

ʵʬʬʝʢʪʘ ʧʨʠ ʨʘʙʦʪʝ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚʙʣʠʟʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʣʘʙʝʚʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʘʩʰʪʘʙʘ. ɼʣʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ 

ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ ʨʘʟʤʝʨʘ ʧʘʜʝʥʠʝ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʤʘʣʦʛʦ ʧʦʛʨʫʞʝʥʠʷ 

(h/D=0.6) ʩʦʩʪʘʚʣʷʝʪ ~27-29%, ʯʪʦ ʥʘ 4-5% ʤʝʥʴʰʝ, ʯʝʤ ʫ ʝʛʦ ʤʦʜʝʣʴʥʦʛʦ ʘʥʘʣʦʛʘ (~32-

33%).  
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2.6. ɺʳʚʦʜʳ 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʯʝʪʘ ʤʦʜʝʣʴʥʳʭ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʚ 

ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ ʩ ʫʯʝʪʦʤ ʠ ʙʝʟ ʫʯʝʪʘ ʢʘʚʠʪʘʮʠʠ, ʧʨʦʚʝʜʝʥʘ ʚʘʣʠʜʘʮʠʷ 

ʨʝʘʣʠʟʦʚʘʥʥʦʡ ʯʠʩʣʝʥʥʦʡ ʤʝʪʦʜʠʢʠ ʥʘ ʟʘʜʘʯʘʭ, ʠʤʝʶʱʠʭ ʥʘʜʝʞʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʘʥʥʳʝ, ʘ ʪʘʢʞʝ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʜʚʫʭ ʤʘʩʰʪʘʙʦʚ ï ʤʦʜʝʣʴʥʦʛʦ ʠ 

ʥʘʪʫʨʥʦʛʦ.   

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʫʯʝʪ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ 

ʪʦʯʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʫʝʤʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʳʭ ʚʠʥʪʦʚ ʤʦʜʝʣʴʥʳʭ 

ʨʘʟʤʝʨʦʚ. ʇʨʠ ʦʙʪʝʢʘʥʠʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʩʧʣʦʰʥʳʤ ʧʦʪʦʢʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ SST ʧʨʠʚʦʜʠʪ ʢ ʟʘʚʳʰʝʥʥʦʤʫ ʧʦʚʝʨʭʥʦʩʪʥʦʤʫ 

ʪʨʝʥʠʶ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʙʦʣʴʰʠʤ ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ. ʕʪʦ 

ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʂʇɼ ʥʘ ʙʦʣʴʰʠʭ 

ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ (ʦʢʦʣʦ 10%). ɺ ʩʣʫʯʘʝ ʢʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʴʥʦʛʦ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʪʣʠʯʠʷ ʝʛʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʨʘʩʯʝʪʘʭ ʩ ʤʦʜʝʣʴ  ʁk-ɤ 

SST ʠ k-ɤ SST ʩ ʧʝʨʝʭʦʜʥʦʡ ʤʦʜʝʣʴʶ ʤʝʥʝʝ ʚʳʨʘʞʝʥʳ (ʨʘʟʥʠʮʘ ʦʪʢʣʦʥʝʥʠʡ ʂʇɼ 

ʩʦʩʪʘʚʣʷʝʪ ~2%). 

ʉʨʘʚʥʝʥʠʝ ʩʭʝʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʚ ʨʘʩʯʝʪʘʭ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʦʜʥʦʨʦʜʥʳʤ ʧʦʪʦʢʦʤ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩʭʝʤʳ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʜʘʶʪ 

ʙʣʠʟʢʠʡ ʨʝʟʫʣʴʪʘʪ ʧʦ ʧʦ ʟʥʘʯʝʥʠʷʤ ʠʥʪʝʛʨʘʣʴʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

(ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʧʦʨʘ, ʤʦʤʝʥʪʘ ʠ ʂʇɼ). ʆʜʥʘʢʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʜʠʩʢʨʝʪʠʟʘʮʠʠ 

ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʤʳʪʠʶ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩ ʬʫʥʢʮʠʝʡ ʦʛʨʘʥʠʯʠʪʝʣʷ Venkatakrishnan ʠ ʙʝʟ ʥʝʛʦ, ʢʦʪʦʨʘʷ 

ʧʦʟʚʦʣʷʝʪ ʨʘʟʨʝʰʘʪʴ ʚʦʟʥʠʢʘʶʱʠʝ ʟʘ ʛʨʝʙʥʳʤ ʚʠʥʪʦʤ ʢʦʥʮʝʚʳʝ ʚʠʭʨʠ. ʇʨʠ 

ʢʘʚʠʪʘʮʠʦʥʥʦʤ ʦʙʪʝʢʘʥʠʠ ʤʦʜʝʣʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʩʭʝʤʘ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʙʝʟ ʦʛʨʘʥʠʯʠʪʝʣʷ 

ʧʦʪʦʢʘ ʧʨʠʚʦʜʠʪ ʢ ʥʝʫʩʪʦʡʯʠʚʦʤʫ ʯʠʩʣʝʥʥʦʤʫ ʨʝʰʝʥʠʶ. ʉʨʘʚʥʝʥʠʝ ʜʚʫʭ ʬʫʥʢʮʠʡ 

ʦʛʨʘʥʠʯʠʪʝʣʷ, Venkatakrishnan ʠ VOF-limiter, ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʟʥʠʮʘ ʦʪʢʣʦʥʝʥʠʡ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʚ ʨʘʩʯʝʪʘʭ ʩ ʢʘʞʜʳʤ ʠʟ ʥʠʭ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 0.5%.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʙʣʠʟʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʘʣʘʷ ʛʣʫʙʠʥʘ ʧʦʛʨʫʞʝʥʠʷ ʚʘʣʘ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ ʩʠʣʴʥʝʝ ʚʩʝʛʦ ʚʣʠʷʝʪ ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʥʪʘ ʥʘ ʥʘʯʘʣʴʥʳʭ 

ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʧʦʩʪʫʧʷʭ ʠʟ-ʟʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʵʨʘʮʠʠ. ɿʘʤʝʪʥʳʡ ʵʬʬʝʢʪ ʩʚʦʙʦʜʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʦʢʘʟʳʚʘʝʪ, ʥʘʯʠʥʘʷ ʩ ʦʪʥʦʰʝʥʠʷ ʛʣʫʙʠʥʳ ʧʦʛʨʫʞʝʥʠʷ ʢ ʜʠʘʤʝʪʨʫ ʛʨʝʙʥʦʛʦ 



104 
 

ʚʠʥʪʘ h/D=0.8. ʇʨʠ ʦʪʥʦʰʝʥʠʠ h/D=0.6 ʧʘʜʝʥʠʝ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʥʘ ʥʘʯʘʣʴʥʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ ʜʦʩʪʠʛʘʝʪ 31.7% ʠ 33% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʩʣʫʯʘʝ ʤʦʜʝʣʴʥʦʛʦ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, 27.3% ʠ 29.2% ï ʚ ʩʣʫʯʘʝ ʧʦʣʥʦʤʘʩʰʪʘʙʥʦʛʦ. ʇʨʠ ʦʪʥʦʰʝʥʠʠ h/D=0.8 

ʧʘʜʝʥʠʝ ʫʧʦʨʘ ʠ ʤʦʤʝʥʪʘ ʥʘ ʥʘʯʘʣʴʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʩʪʫʧʠ ʩʦʩʪʘʚʣʷʝʪ 14.1% ʠ 15.2% 

ʜʣʷ ʤʦʜʝʣʠ ʠ 9.7% ʠ 11.3% ʚ ʩʣʫʯʘʝ ʧʦʣʥʦʛʦ ʤʘʩh ʪʘʙʘ. ʇʨʦʚʝʜʝʥʥʦʝ ʩʨʘʚʥʝʥʠʝ 

ʧʦʜʪʚʝʨʜʠʣʦ ʥʘʣʠʯʠʝ ʚʳʨʘʞʝʥʥʦʛʦ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ: ʚʣʠʷʥʠʝ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʥʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʣʘʙʝʚʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʘ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʡ ʛʣʘʚʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ [ʇ2-ʇ5, ʇ10, ʇ17]. 
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ɻʣʘʚʘ 3. ʆʧʨʝʜʝʣʝʥʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, 

ʨʘʙʦʪʘʶʱʝʛʦ ʟʘ ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ 

3.1. ɺʚʝʜʝʥʠʝ 

ʈʘʥʝʝ ʤʳ ʨʘʩʩʤʘʪʨʠʚʘʣʠ ʛʨʝʙʥʦʡ ʚʠʥʪ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʚʦʜʳ, ʦʜʥʘʢʦ ʚ 

ʨʝʘʣʴʥʦʩʪʠ ʦʥ ʨʘʙʦʪʘʝʪ ʚ ʩʠʣʴʥʦ ʥʝʦʜʥʦʨʦʜʥʦʤ ʧʦʪʦʢʝ ʟʘ ʢʦʨʧʫʩʦʤ. ʇʨʠ ʵʪʦʤ ʠʤʝʝʪ ʤʝʩʪʦ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʜʚʠʞʠʪʝʣʝʤ ʠ ʩʫʜʥʦʤ, ʢʦʪʦʨʦʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʠʟʤʝʥʝʥʠʠ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ. ʇʦʵʪʦʤʫ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʥʪʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʟʘ ʢʦʨʧʫʩʦʤ, ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʪʘʢʦʚʳʭ ʚ ʩʚʦʙʦʜʥʦʡ ʚʦʜʝ, ʪʘʢʞʝ ʠʟʤʝʥʷʝʪʩʷ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʫʜʥʘ ʧʦʜ ʚʣʠʷʥʠʝʤ ʨʘʙʦʪʳ 

ʜʚʠʞʠʪʝʣʷ [ɹʘʚʠʥ ʠ ʜʨ., 1991]. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʨʧʫʩʘ ʠ 

ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʚʣʠʷʶʱʠʭ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ, ʚ ʦʧʳʪʦʚʳʭ ʙʘʩʩʝʡʥʘʭ 

ʧʨʦʚʦʜʷʪ ʩʘʤʦʭʦʜʥʳʝ ʤʦʜʝʣʴʥʳʝ ʠʩʧʳʪʘʥʠʷ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʬʠʟʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, 

ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʢʘʢ ʮʝʣʴʥʫʶ ʩʠʩʪʝʤʫ ʢʦʨʧʫʩ-ʚʠʥʪ, ʪʘʢ ʠ 

ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ, ʫʜʝʣʠʚ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ.  

ʅʘʩʪʦʷʱʘʷ ʛʣʘʚʘ ʩʣʫʞʠʪ ʣʦʛʠʯʝʩʢʠʤ ʨʘʟʚʠʪʠʝʤ ʧʨʝʜʳʜʫʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ: ʚ ʥʝʡ 

ʦʧʨʝʜʝʣʷʪʁʩʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʧʨʠ ʝʛʦ ʨʘʙʦʪʝ ʟʘ 

ʢʦʨʧʫʩʦʤ ʩʫʜʥʘ ʚ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʷʭ, ʘ ʪʘʢʞʝ ʧʨʦʚʦʜʠʪʩʷ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʬʠʟʠʯʝʩʢʠʭ 

ʬʘʢʪʦʨʦʚ ʠ ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ ʚ ʵʪʦʡ ʢʦʤʧʣʝʢʩʥʦʡ ʩʠʩʪʝʤʝ. 

ɺ ʧʘʨʘʛʨʘʬʝ 3.2 ʧʨʠʚʝʜʝʥʘ ʤʝʪʦʜʠʢʘ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʘʤʦʭʦʜʥʳʭ 

ʠʩʧʳʪʘʥʠʡ, ʦʧʠʩʘʥʳ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠ ʤʝʪʦʜʳ ʫʯʝʪʘ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ. ɼʣʷ ʦʮʝʥʢʠ 

ʚʣʠʷʥʠʷ ʤʝʪʦʜʘ ʫʯʝʪʘ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ ʚ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʚ ʧʘʨʘʛʨʘʬʝ 3.3 

ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʤʝʪʦʜʘ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʠ ʤʝʪʦʜʘ ʩʝʪʦʢ ʩ ʧʝʨʝʢʨʳʪʠʷʤʠ 

ʥʘ ʟʘʜʘʯʘʭ ʩ ʧʣʘʚʘʶʱʠʤʠ ʪʝʣʘʤʠ. ɺ ʧʘʨʘʛʨʘʬʝ 3.4 ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʤʝʪʦʜʘ ʚʳʯʠʩʣʝʥʠʷ 

ʛʨʘʜʠʝʥʪʘ ʚʝʣʠʯʠʥʳ ʚ ʷʯʝʡʢʝ ʠ ʬʫʥʢʮʠʠ ʦʛʨʘʥʠʯʠʪʝʣʷ ʧʦʪʦʢʘ ʥʘ ʪʦʯʥʦʩʪʴ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ 

ʦʙʪʝʢʘʥʠʷ ʧʦʪʦʢʦʤ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʤʦʜʝʣʠ ʩʫʜʥʘ. ʆʧʨʝʜʝʣʝʥʥʳʝ ʚ ʢʘʯʝʩʪʚʝ ʦʧʪʠʤʘʣʴʥʳʭ 

ʤʝʪʦʜʳ ʠ ʧʘʨʘʤʝʪʨʳ ʯʠʩʣʝʥʥʳʭ ʩʭʝʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʨʘʩʯʝʪʦʚ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. ɺ ʧʘʨʘʛʨʘʬʝ 3.5 ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʚʦʣʥʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ ʠ ʩʫʜʥʘ ʚ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʷʭ, 

ʧʨʦʚʦʜʷʪʩʷ ʩʦʧʦʩʪʘʚʠʪʝʣʴʥʳʝ ʨʘʩʯʝʪʳ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ ʠ ʥʘʪʫʨʥʦʛʦ ʦʙʲʝʢʪʦʚ ʜʣʷ ʦʮʝʥʢʠ 

ʤʘʩʰʪʘʙʥʦʛʦ ʵʬʬʝʢʪʘ. ɺ ʟʘʚʝʨʰʘʶʱʝʤ ʧʘʨʘʛʨʘʬʝ 3.6 ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʦʩʥʦʚʥʳʝ ʚʳʚʦʜʳ ʧʦ 

ʛʣʘʚʝ. 
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3.2. ʄʝʪʦʜʠʢʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ 

ʅʘʯʥʝʤ ʩ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ. ʉʪʘʥʜʘʨʪʥʦ ʤʦʜʝʣʠʨʫʝʪʩʷ 

ʦʙʨʘʱʝʥʥʦʝ ʜʚʠʞʝʥʠʝ, ʪʦ ʝʩʪʴ ʧʝʨʝʤʝʱʘʝʪʩʷ ʨʘʙʦʯʘʷ ʩʨʝʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʦʜʝʣʠ ʩʫʜʥʘ, 

ʩʘʤʦ ʩʫʜʥʦ ʦʙʳʯʥʦ ʠʤʝʝʪ ʜʚʝ ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ: ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ (ʚʝʨʪʠʢʘʣʴʥʘʷ 

ʢʘʯʢʘ) ʠ ʜʠʬʬʝʨʝʥʪ (ʢʠʣʝʚʘʷ ʢʘʯʢʘ). ʅʘ ʨʠʩʫʥʢʝ 3.2.1 ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥʘ ʧʦʩʪʘʥʦʚʢʘ 

ʟʘʜʘʯʠ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ. 

 

ʈʠʩʫʥʦʢ 3.2.1 ï ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʞʠʤʘ ʪʝʯʝʥʠʷ ʚ ʟʘʜʘʯʘʭ ʩʫʜʦʩʪʨʦʝʥʠʷ ʩʦ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʠʩʧʦʣʴʟʫʝʪʩʷ ʯʠʩʣʦ ʌʨʫʜʘ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

/ ppFr v L g=      (3.2.1) 

ʛʜʝ ppL  ï ʜʣʠʥʘ ʤʝʞʜʫ ʧʝʨʧʝʥʜʠʢʫʣ̫ ʨʘʤʠ ʩʫʜʥʘ. 

ɺ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʧʦʤʠʤʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʨʝʙʥʦʛʦ 

ʚʠʥʪʘ, ʨʘʙʦʪʘʶʱʝʛʦ ʟʘ ʢʦʨʧʫʩʦʤ, ʠʟʤʝʨʷʶʪʩʷ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʫʜʥʘ, ʝʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ ʧʘʨʘʤʝʪʨʳ ʧʦʩʘʜʢʠ (ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʮʝʥʪʨʘ ʤʘʩʩ ʠ ʫʛʦʣ 

ʜʠʬʬʝʨʝʥʪʘ). 

ʂʦʵʬʬʠʮʠʝʥʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʫʜʥʘ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

2/ (0.5 )TC R v Sr= ,     (3.2.2) 

ʛʜʝ R ï ʧʦʣʥʘʷ ʩʠʣʘ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ ʩʫʜʥʦ, v  ï ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ, S ï ʧʣʦʱʘʜʴ ʩʤʦʯʝʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʫʜʥʘ. 

ɼʚʠʞʝʥʠʝ ʩʫʜʥʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʳʭ ʢ ʥʝʤʫ ʩʠʣ ʦʧʠʩʳʚʘʝʪʩʷ ʚʪʦʨʳʤ 

ʟʘʢʦʥʦʤ ʅʴʶʪʦʥʘ: 

1

N

i

i

dV
F m

dt=

=ä ,      (3.2.3) 
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P

i

i

d
M T T

dt

w
w w

=

= + ³ä ,     (3.2.4) 

ʛʜʝ m ï ʤʘʩʩʘ ʩʫʜʥʘ, 
i

F  ï ʩʠʣʘ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ ʩʫʜʥʦ, V  ï ʩʢʦʨʦʩʪʴ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ 

ʜʚʠʞʝʥʠʷ, iM  ï ʤʦʤʝʥʪ, ʜʝʡʩʪʚʫʶʱʠʡ ʥʘ ʩʫʜʥʦ, w ï ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ, T  ï ʪʝʥʟʦʨ 
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ʤʦʤʝʥʪʦʚ ʠʥʝʨʮʠʠ. ʅʘʯʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʠ ʧʦʣʦʞʝʥʠʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʧʨʦʮʝʩʩʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʦʩʢʦʣʴʢʫ ʩʫʜʥʦ ʜʚʠʞʝʪʩʷ ʚ ʤʥʦʛʦʬʘʟʥʦʡ ʩʨʝʜʝ, ʚ ʫʨʘʚʥʝʥʠʷʭ 

ʫʯʠʪʳʚʘʝʪʩʷ ʜʝʡʩʪʚʠʝ ʚʥʫʪʨʝʥʥʠʭ ʛʠʜʨʦʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʣ ʠ ʤʦʤʝʥʪʦʚ, ʜʝʡʩʪʚʫʶʱʠʭ 

ʠʥʪʝʛʨʘʣʴʥʦ ʧʦ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʪʝʣʘ ʩʦ ʩʪʦʨʦʥʳ ʚʩʝʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʬʘʟ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʡ (3.2.3) ʠ (3.2.4) ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʦʚʳʝ 

ʢʦʦʨʜʠʥʘʪʳ ʮʝʥʪʨʘ ʤʘʩʩ ʠ ʫʛʦʣ ʧʦʚʦʨʦʪʘ ʩʫʜʥʘ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʚʳʯʠʩʣʷʶʪʩʷ 

ʧʝʨʝʤʝʱʝʥʠʷ ʫʟʣʦʚ ʩʝʪʢʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɼʣʷ ʫʯʝʪʘ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ ʚ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʙʫʜʫʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʚʘ ʧʦʜʭʦʜʘ ï ʤʝʪʦʜ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʠ ʤʝʪʦʜ ʩʝʪʦʢ ʩ 

ʧʝʨʝʢʨʳʪʠʷʤʠ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʦʜʚʠʞʥʳʝ ʵʣʝʤʝʥʪʳ ʢʦʥʩʪʨʫʢʮʠʠ ʟʘʜʘʶʪ ʧʝʨʝʤʝʱʝʥʠʝ 

ʫʟʣʦʚ ʩʝʪʢʠ, ʣʝʞʘʱʠʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ. ʈʘʩʯʝʪʥʘʷ ʩʝʪʢʘ ʜʝʬʦʨʤʠʨʫʝʪʩʷ, 

ʠʩʭʦʜʷ ʠʟ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʫʟʣʦʚ ʥʘ ʧʦʜʚʠʞʥʳʭ ʛʨʘʥʠʮʘʭ. ɼʚʠʞʝʥʠʝ ʜʠʩʢʨʝʪʥʦʡ 

ʤʦʜʝʣʠ ʧʨʦʠʩʭʦʜʠʪ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʢʣʶʯʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʝʪʢʠ, ʪʘʢʠʭ ʢʘʢ: ʢʦʣʠʯʝʩʪʚʦ 

ʫʟʣʦʚ, ʛʨʘʥʝʡ, ʷʯʝʝʢ. ʇʨʠ ʵʪʦʤ ʦʪʥʦʰʝʥʠʷ ʩʦʩʝʜʩʪʚʘ ʷʯʝʝʢ, ʠʥʘʯʝ ʛʦʚʦʨʷ, ʪʦʧʦʣʦʛʠʷ ʩʝʪʢʠ 

ʩʦʭʨʘʥʷʝʪʩʷ. ɺʳʯʠʩʣʝʥʠʝ ʧʝʨʝʤʝʱʝʥʠʡ ʚʥʫʪʨʝʥʥʠʭ ʫʟʣʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʥʪʝʨʧʦʣʷʮʠʝʡ 

ʩʤʝʱʝʥʠʷ ʛʨʘʥʠʯʥʳʭ ʚʝʨʰʠʥ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʦʙʨʘʪʥʳʭ ʚʟʚʝʰʝʥʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ï 

IDW [Witteveen and Bijl , 2009]. ʆʙʱʠʡ ʚʠʜ ʬʫʥʢʮʠʠ ʠʥʪʝʨʧʦʣʷʮʠʠ: 
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s r
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,     (3.2.5) 
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ʛʜʝ js  ï ʧʝʨʝʤʝʱʝʥʠʝ ʫʟʣʘ ʥʘ ʛʨʘʥʠʮʝ, r  ï ʨʘʜʠʫʩ-ʚʝʢʪʦʨ ʚʥʫʪʨʝʥʥʝʛʦ ʫʟʣʘ ʩʝʪʢʠ,  

jb  ʦʙʦʟʥʘʯʘʝʪ ʫʟʝʣ ʥʘ ʧʦʜʚʠʞʥʦʡ ʛʨʘʥʠʮʝ, ( )jw x  ï ʚʝʩʦʚʘʷ ʬʫʥʢʮʠʷ, p  ï ʥʝʢʦʪʦʨʘʷ 

ʢʦʥʩʪʘʥʪʘ. ʇʦʜʨʦʙʥʦʩʪʠ ʤʝʪʦʜʘ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʤʦʞʥʦ ʥʘʡʪʠ ʚ [Luke et al., 

2012], ʘ ʝʛʦ ʦʩʦʙʝʥʥʦʩʪʠ ʯʠʩʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʚ ʧʘʢʝʪʝ ʧʨʦʛʨʘʤʤ çʃʦʛʦʩè ʚ [ʉʘʨʘʟʦʚ ʠ 

ʂʦʟʝʣʢʦʚ, 2024ʘ].  

ʄʝʪʦʜ ʩʝʪʦʢ ʩ ʧʝʨʝʢʨʳʪʠʷʤʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ 

ʥʝʟʘʚʠʩʠʤʳʭ, ʥʝʩʚʷʟʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʲʝʜʠʥʝʥʠʝʤ ʠʭ ʚ ʦʜʥʫ ʦʙʱʫʶ 

ʩʝʪʢʫ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʦʮʝʩʩʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʦʧʦʣʦʛʠʯʝʩʢʠ ʥʝʩʚʷʟʘʥʥʳʭ ʨʝʛʠʦʥʦʚ, 

ʩʪʨʦʠʪʩʷ ʰʘʙʣʦʥ ʧʝʨʝʜʘʯʠ ʨʘʩʯʸʪʥʳʭ ʜʘʥʥʳʭ ʤʝʞʜʫ ʨʘʟʥʳʤʠ ʩʝʪʢʘʤʠ. ʇʦʩʪʨʦʝʥʠʝ ʪʘʢʦʛʦ 

ʰʘʙʣʦʥʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʦʧʨʝʜʝʣʝʥʠʝ ʩʯʝʪʥʳʭ ʠ ʥʝʩʯʝʪʥʳʭ ʷʯʝʝʢ, ʛʝʥʝʨʘʮʠʶ ʥʦʚʳʭ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʷʯʝʝʢ ʜʦʥʦʨʦʚ ʠ ʷʯʝʝʢ ʘʢʮʝʧʪʦʨʦʚ. ʉʦʟʜʘʥʥʳʝ ʚ 

ʧʨʦʮʝʩʩʝ ʧʦʩʪʨʦʝʥʠʷ ʰʘʙʣʦʥʘ ʠ ʤʘʨʢʠʨʦʚʢʠ ʷʯʝʝʢ ʦʙʱʝʡ ʩʝʪʢʠ ʥʦʚʳʝ ʠʥʪʝʨʬʝʡʩʥʳʝ 

ʛʨʘʥʠʮʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʚʷʟʘʥʥʳʭ ʨʝʛʠʦʥʦʚ ʠ 

ʦʙʨʘʟʫʶʪ ʥʝʦʙʭʦʜʠʤʳʝ ʥʘʯʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʦʛʦ ʰʘʙʣʦʥʘ.  ʅʘ ʨʠʩʫʥʢʝ 3.2.2 
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ʩʭʝʤʘʪʠʯʥʦ ʧʨʝʜʩʪʘʚʣʝʥ ʬʨʘʛʤʝʥʪ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ (ʩʝʪʢʘ 1 ï ʦʩʥʦʚʥʘʷ 

ʩʝʪʢʘ ʚʩʝʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʩʝʪʢʘ 2 ï ʩʝʪʢʘ ʚʦʢʨʫʛ ʧʦʜʚʠʞʥʦʛʦ ʪʝʣʘ) ʩ ʠʟʦʙʨʘʞʝʥʠʝʤ 

ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʦʛʦ ʰʘʙʣʦʥʘ ʠ ʦʪʤʝʯʝʥʳ ʦʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤ. 

 

ʈʠʩʫʥʦʢ 3.2.2 ï ʀʥʪʝʨʧʦʣʷʮʠʦʥʥʳʡ ʰʘʙʣʦʥ 

ʂʣʶʯʝʚʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʤʝʪʦʜʘ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ [Benek 

et al., 1985; Benek et al., 1987; ʊʘʨʘʩʦʚʘ, 2020; ʉʘʨʘʟʦʚ ʠ ʂʦʟʝʣʢʦʚ, 2024ʙ].  

ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʫʯʸʪ ʜʚʠʞʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚ ʫʨʘʚʥʝʥʠʷʭ ʬʠʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʫʙʩʪʘʥʮʠʦʥʘʣʴʥʦʡ ʧʨʦʠʟʚʦʜʥʦʡ 

ʧʝʨʝʥʦʩʠʤʦʛʦ ʩʢʘʣʷʨʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ ʪʘʢʞʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1.4.29), ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʚ ʧʝʨʚʦʡ ʛʣʘʚʝ ʜʠʩʩʝʨʪʘʮʠʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʠʩʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʬʦʨʤʠʨʫʝʪ ʦʩʥʦʚʫ ʜʣʷ ʧʦʩʣʝʜʫʶʱʠʭ 

ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ. 
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3.3. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʚʠʞʝʥʠʷ ʩʫʜʥʘ ʚ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʷʭ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ ï ʢʦʤʧʣʝʢʩʥʘʷ ʟʘʜʘʯʘ, ʚ ʢʦʪʦʨʦʡ, ʢʨʦʤʝ 

ʚʨʘʱʝʥʠʷ ʛʨʝʙʥʦʛʦ ʚʠʥʪʘ, ʥʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʫʯʠʪʳʚʘʪʴ ʧʝʨʝʤʝʱʝʥʠʝ ʩʫʜʥʘ, ʟʘʯʘʩʪʫʶ 

ʠʤʝʶʱʝʛʦ ʥʝʩʢʦʣʴʢʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ. ʇʦʵʪʦʤʫ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʚ ʪʘʢʦʤ ʢʣʘʩʩʝ ʟʘʜʘʯ 

ʠʛʨʘʶʪ ʤʝʪʦʜʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʣʘʚʘʶʱʝʛʦ ʦʙʲʝʢʪʘ (ʩʫʜʥʘ), ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʠʣʴʥʦ ʚʣʠʷʪʴ 

ʥʘ ʨʝʟʫʣʴʪʘʪ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʠ ʪʦʯʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʫʝʤʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʂʘʢ ʫʞʝ ʙʳʣʦ 

ʦʪʤʝʯʝʥʦ ʨʘʥʝʝ, ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʫʯʝʪʘ ʧʦʜʚʠʞʥʳʭ ʪʝʣ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʷʚʣʷʶʪʩʷ ʤʝʪʦʜ ʩʝʪʦʢ ʩ ʧʝʨʝʢʨʳʪʠʷʤʠ [Carrica et al., 2010; Castro et al., 2011; Shen et al., 

2015; Wang J. et al., 2016; ʇ3; ʇ10] ʠ ʤʝʪʦʜ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ [Liefvendahl and 

Bensow, 2014; ʊʘʨʘʥʦʚ, 2019; Krasilnikov et al., 2022; ʇ3; ʇ10]. ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ ʤʝʪʦʜ 

ʧʦʛʨʫʞʝʥʥʳʭ ʛʨʘʥʠʮ (Immersed Boundary Method ï IBM) [Peskin, 2002], ʢʦʪʦʨʳʡ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʜʚʠʞʫʱʠʭʩʷ ʪʝʣ ʩʦ 

ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʝʡ [Zhdanova et al., 2018], ʚʢʣʶʯʘʷ ʚʦʟʜʫʰʥʳʡ ʚʠʥʪ [ʎʚʝʪʢʦʚʘ ʠ ʜʨ, 2021]. 

ʆʜʥʘʢʦ ʜʣʷ ʟʘʜʘʯ ʩʦ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʛʜʝ ʢʣʶʯʝʚʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʪʦʯʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʬʘʟ, ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ ʠ ʪʦʥʢʠʭ ʵʬʬʝʢʪʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

çʚʦʟʜʫʭ-ʚʦʜʘ-ʪʝʣʦè, ʦʥ ʥʝ ʥʘʰʝʣ ʰʠʨʦʢʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ʄʝʪʦʜʳ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʠ 

ʜʝʬʦʨʤʠʨʫʶʱʠʭʩʷ ʩʝʪʦʢ ʠʤʝʶʪ ʩʚʦʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ, ʧʦʵʪʦʤʫ ʚʳʙʦʨ ʦʜʥʦʛʦ 

ʠʟ ʥʠʭ ʜʣʷ ʨʝʰʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ ʥʝ ʚʩʝʛʜʘ ʦʯʝʚʠʜʝʥ, ʢʘʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʪʦʯʥʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʰʝʥʠʷ, ʪʘʢ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʨʝʙʫʝʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ. 

ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʦʮʝʥʢʘ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʜʘʥʥʳʭ ʧʦʜʭʦʜʦʚ ʚ ʟʘʜʘʯʘʭ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʘʤʦʭʦʜʥʳʭ ʠʩʧʳʪʘʥʠʡ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ.  

ɺ ʥʘʩʪʦʷʱʝʤ ʧʘʨʘʛʨʘʬʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʤʝʪʦʜʦʚ 

ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʠ ʜʝʬʦʨʤʠʨʫʶʱʠʭʩʷ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩ 

ʧʦʜʚʠʞʥʳʤʠ ʪʝʣʘʤʠ ʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ɼʣʷ ʦʮʝʥʢʠ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ 

ʢʘʞʜʦʛʦ ʠʟ ʤʝʪʦʜʦʚ ʨʘʩʩʤʦʪʨʠʤ ʥʝʩʢʦʣʴʢʦ ʟʘʜʘʯ ʩ ʧʣʘʚʘʶʱʠʤʠ ʪʝʣʘʤʠ, ʥʘʯʠʥʘʷ ʩ 

ʧʨʦʩʪʝʡʰʝʡ ʛʝʦʤʝʪʨʠʠ ʠ ʜʚʫʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʠ, ʚ ʢʦʥʮʝ ʨʘʩʩʤʦʪʨʠʤ ʪʨʝʭʤʝʨʥʫʶ ʟʘʜʘʯʫ ʩ 

ʤʦʜʝʣʴʶ ʨʝʘʣʴʥʦʛʦ ʩʫʜʥʘ.  

ɺʥʘʯʘʣʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʚʫʤʝʨʥʘʷ ʟʘʜʘʯʘ ʦ ʩʚʦʙʦʜʥʦʤ ʜʚʠʞʝʥʠʠ ʮʠʣʠʥʜʨʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʜʳ. ʈʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʩʦʩʪʦʠʪ ʠʟ ʙʘʩʩʝʡʥʘ ʜʣʠʥʦʡ 130d  ʠ ʚʳʩʦʪʦʡ 16d , 

ʟʘʧʦʣʥʝʥʥʦʛʦ ʚʦʜʦʡ ʥʘ 8.17d, ʠ ʮʠʣʠʥʜʨʘ ʜʠʘʤʝʪʨʦʤ 0.1524ʤd= , ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʦʛʦ 

ʨʘʚʥʘ ʧʦʣʦʚʠʥʝ ʧʣʦʪʥʦʩʪʠ ʚʦʜʳ. ɺ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʮʠʣʠʥʜʨ ʧʦʛʨʫʞʝʥ ʚ ʚʦʜʫ 

ʥʘ 0.167d  ʚʳʰʝ ʩʚʦʝʡ ʦʩʠ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 3.3.1, ʟʘʪʝʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ 

ɸʨʭʠʤʝʜʘ ʦʥ ʥʘʯʠʥʘʝʪ ʩʦʚʝʨʰʘʪʴ ʩʚʦʙʦʜʥʳʝ ʟʘʪʫʭʘʶʱʠʝ ʢʦʣʝʙʘʥʠʷ ʥʘ ʚʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɼʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʠʤʝʝʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ [Maskell and Ursell, 1970] 



110 
 

ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [Soichi, 1977] ʧʦ ʧʝʨʝʤʝʱʝʥʠʶ ʮʝʥʪʨʘ ʤʘʩʩ ʮʠʣʠʥʜʨʘ ʦʪ 

ʚʨʝʤʝʥʠ.  

 

ʈʠʩʫʥʦʢ 3.3.1 ï ʅʘʯʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʮʠʣʠʥʜʨʘ 

ɿʘʪʫʭʘʥʠʝ ʜʚʠʞʝʥʠʷ ʮʠʣʠʥʜʨʘ ʦʙʫʩʣʦʚʣʝʥʦ ʚʷʟʢʦʩʪʴʶ ʩʨʝʜʳ ʠ ʵʬʬʝʢʪʦʤ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ʈʦʣʴ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦʩʨʝʜʩʪʚʦʤ 

ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʚʷʟʢʠʤ ʪʨʝʥʠʝʤ ʠ ʩʠʣʘʤʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠ ̫ʯʝʨʝʟ ʯʠʩʣʦ 

ʢʘʧʠʣʣʷʨʥʦʩʪʠ ʉʘ: 

Ca um s= ,      (3.3.1) 

ʛʜʝ  ʅ/ʤ0.073s=  ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ mï ʤʦʣʝʢʫʣʷʨʥʘʷ ʚʷʟʢʦʩʪʴ,

ʤ/ʩu 0,2º  ï ʭʘʨʘʢʪʝʨʥʘʷ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ. ɺ ʟʘʜʘʯʝ ʚʣʠʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʥʘʪʷʞʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦʝ (0.003Caº ). ɼʣʷ ʝʛʦ ʫʯʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ CSF (continuum 

surface force) [Brackbill et al., 1992]. 

ɺ ɻʪʦʤ ʠ ʜʘʣʴʥʝʡʰʠʭ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʚʝʱʝʩʪʚ: 

ʤʦʣʝʢʫʣʷʨʥʘʷ ʚʷʟʢʦʩʪʴ ʚʦʟʜʫʭʘ ( )51.85 10  ʢʛ/ ʤ ʩʚʦʟʜm -= Ö Ö, ʧʣʦʪʥʦʩʪʴ ʚʦʟʜʫʭʘ 

31.205 ʢʛ/ʤʚʦʟʜr = , ʤʦʣʝʢʫʣʷʨʥʘʷ ʚʷʟʢʦʩʪʴ ʚʦʜʳ ( )0.001 ʢʛ/ ʤ ʩʚm= Ö , ʧʣʦʪʥʦʩʪʴ ʚʦʜʳ 

31000 ʢʛ/ʤʚr= . ʊʝʯʝʥʠʝ ʚ ʜʘʥʥʦʡ ʟʘʜʘʯʝ ʧʨʠʥʠʤʘʝʪʩʷ ʣʘʤʠʥʘʨʥʳʤ. 

ʅʘ ʨʠʩʫʥʢʝ 3.3.2 ʧʦʢʘʟʘʥʘ ʨʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʟʘʜʘʯʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ. 

 

ʈʠʩʫʥʦʢ 3.3.2 ï ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʟʘʜʘʯʝ ʩʚʦʙʦʜʥʳʭ ʢʦʣʝʙʘʥʠʡ ʮʠʣʠʥʜʨʘ ʥʘ ʚʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ 

ʅʘ ʨʠʩʫʥʢʝ 3.3.3 ʧʦʢʘʟʘʥʳ ʬʨʘʛʤʝʥʪʳ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʪʠʧʘ ʍʠʤʝʨʘ ʠ ʄʦʨʬʠʥʛ ʚ 

ʦʙʣʘʩʪʠ ʮʠʣʠʥʜʨʘ, ʜʝʬʦʨʤʠʨʫʶʱʘʷ ʩʝʪʢʘ ʩʦʜʝʨʞʠʪ 340 ʪʳʩ. ʷʯʝʝʢ, ʩʝʪʢʘ ʩ ʧʝʨʝʢʨʳʪʠʝʤ ï 

349 ʪʳʩ. ʷʯʝʝʢ. 
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ʈʠʩʫʥʦʢ 3.3.3 ï ʌʨʘʛʤʝʥʪʳ ʜʝʬʦʨʤʠʨʫʶʱʝʡʩʷ ʠ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʚ 

ʦʙʣʘʩʪʠ ʧʦʣʦʞʝʥʠʷ ʮʠʣʠʥʜʨʘ 

ɺ ʢʘʯʝʩʪʚʝ ʩʨʘʚʥʠʪʝʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʝʨʝʤʝʱʝʥʠʝ ʮʝʥʪʨʘ 

ʤʘʩʩ ʚʦ ʚʨʝʤʝʥʠ. ʀʩʧʦʣʴʟʫʶʪʩʷ ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʢʦʦʨʜʠʥʘʪʳ *

0y y y= ʠ ʚʨʝʤʷ 
*t t g r= , 

ʛʜʝ 
0y  ï ʥʘʯʘʣʴʥʘʷ ʢʦʦʨʜʠʥʘʪʘ ʮʝʥʪʨʘ ʤʘʩʩ ʮʠʣʠʥʜʨʘ, g  ï ʫʩʢʦʨʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ, 

r  ï ʨʘʜʠʫʩ ʮʠʣʠʥʜʨʘ. ʅʘ ʨʠʩʫʥʢʝ 3.3.4 ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʦʞʝʥʠʷ ʮʝʥʪʨʘ ʪʷʞʝʩʪʠ 

ʮʠʣʠʥʜʨʘ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ ʨʘʩʯʝʪʦʚ ʩ ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ ʩʝʪʢʘʤʠ ʠ ʜʝʬʦʨʤʠʨʫʶʱʝʡʩʷ 

ʩʝʪʢʦʡ. 

 

ʈʠʩʫʥʦʢ 3.3.4 ï ɿʘʚʠʩʠʤʦʩʪʠ ʧʝʨʝʤʝʱʝʥʠʷ ʮʝʥʪʨʘ ʤʘʩʩ ʮʠʣʠʥʜʨʘ ʦʪ ʚʨʝʤʝʥʠ 

ɸʥʘʣʠʟ ʨʠʩʫʥʢʘ 3.3.4 ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʙʝ ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʠ ʤʝʞʜʫ ʩʦʙʦʡ, ʥʝʙʦʣʴʰʦʝ ʦʪʣʠʯʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʧʠʢʦʚ 

ʢʦʣʝʙʘʥʠʡ ʮʠʣʠʥʜʨʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʝʬʦʨʤʠʨʫʶʱʝʡʩʷ ʩʝʪʢʠ.  

ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʨʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʥʘ 64 ʧʨʦʮʝʩʩʦʨʘʭ, ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʧʘʨʘʤʝʪʨʘʭ 

ʨʝʰʘʪʝʣʷ ʠ ʨʘʚʥʦʤ ʯʠʩʣʝ ʠʪʝʨʘʮʠʡ ʢʘʣʝʥʜʘʨʥʦʝ ʚʨʝʤʷ ʨʘʩʯʝʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʜʝʬʦʨʤʠʨʫʶʱʝʡʩʷ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʩʦʩʪʘʚʠʣʦ 1 ʯʘʩ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʨʘʩʯʝʪ ʥʘ 

ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʢʘʭ ʟʘʥʷʣ 1.5 ʯʘʩʘ. 
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ɼʘʣʝʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʚʫʤʝʨʥʘʷ ʟʘʜʘʯʘ ʧʣʘʚʘʥʠʷ ʊ-ʦʙʨʘʟʥʦʛʦ ʪʝʣʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʝ [Zhao X. and Hu, 2012]. ɺ ʧʨʷʤʦʫʛʦʣʴʥʦʤ ʙʘʩʩʝʡʥʝ ʜʣʠʥʦʡ 18 ʤ ʠ ʚʳʩʦʪʦʡ 0.7 

ʤ, ʟʘʧʦʣʥʝʥʥʦʤ ʚʦʜʦʡ ʥʘ 0.4 ʤ, ʥʘ ʨʘʩʩʪʦʷʥʠʠ 7 ʤ ʦʪ ʣʝʚʦʛʦ ʢʨʘʷ ʨʘʩʧʦʣʦʞʝʥʦ ʊ-ʦʙʨʘʟʥʦʝ 

ʪʝʣʦ. ʅʘ ʣʝʚʦʡ ʛʨʘʥʠʮʝ ʙʘʩʩʝʡʥʘ ʛʝʥʝʨʠʨʫʶʪʩʷ ʨʝʛʫʣʷʨʥʳʝ ʚʦʣʥʳ ʩ ʘʤʧʣʠʪʫʜʦʡ A = 0.031 

ʤ ʠ ʧʝʨʠʦʜʦʤ T = 1 ʩ. ʅʘ ʨʘʩʩʪʦʷʥʠʠ 5.1 ʤ ʦʪ ʣʝʚʦʡ ʛʨʘʥʠʮʳ ʨʘʩʧʦʣʦʞʝʥ ʚʦʣʥʦʚʦʡ ʜʘʪʯʠʢ, 

ʢʦʪʦʨʳʡ ʬʠʢʩʠʨʫʝʪ ʢʦʣʝʙʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʜʳ. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʬʦʪʦʛʨʘʬʠʷ ʊ-

ʦʙʨʘʟʥʦʛʦ ʪʝʣʘ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.3.5.  

 
ʈʠʩʫʥʦʢ 3.3.5 ï ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ [Zhao X. and Hu, 2012]  

ʠ ʬʦʪʦʛʨʘʬʠʷ ʊ-ʦʙʨʘʟʥʦʛʦ ʪʝʣʘ 

ʅʘ ʨʠʩʫʥʢʝ 3.3.6 ʧʦʢʘʟʘʥʘ ʨʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʟʘʜʘʯʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ. 

 
ʈʠʩʫʥʦʢ 3.3.6 ï ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʟʘʜʘʯʝ ʧʣʘʚʘʥʠʷ ʊ-ʦʙʨʘʟʥʦʛʦ ʪʝʣʘ 

ʇʝʨʝʢʨʳʚʘʶʱʠʝʩʷ ʨʘʩʯʝʪʥʳʝ ʩʝʪʢʠ ʩʦʜʝʨʞʘʪ ʦʢʦʣʦ 550 ʪʳʩ. ʷʯʝʝʢ, 

ʜʝʬʦʨʤʠʨʫʶʱʘʷʩʷ ï ʦʢʦʣʦ 440 ʪʳʩ. ʷʯʝʝʢ.  ʉʝʪʢʠ ʠʤʝʪʁ ʩʛʫʱʝʥʠʝ ʚ ʦʙʣʘʩʪʠ ʨʘʟʜʝʣʘ ʬʘʟ ʠ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʊ-ʦʙʨʘʟʥʦʛʦ ʪʝʣʘ, ʠʭ ʬʨʘʛʤʝʥʪʳ ʧʨʝʜʩʪʘʚʣʝʥ rʥʘ ʨʠʩʫʥʢʝ 3.3.7. 

  

ʈʠʩʫʥʦʢ 3.3.7 ï ʌʨʘʛʤʝʥʪ rʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʍʠʤʝʨʘ (ʩʣʝʚʘ) ʠ ʄʦʨʬʠʥʛ (ʩʧʨʘʚʘ)  

ʚ ʦʙʣʘʩʪʠ ʊ-ʦʙʨʘʟʥʦʛʦ ʪʝʣʘ 
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ʅʘ ʨʠʩʫʥʢʝ 3.3.8 ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʬʦʨʤʳ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʧʦʣʦʞʝʥʠʷ ʪʝʣʘ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʨʘʩʯʝʪʥʳʭ ʩʝʪʢʘʭ ʍʠʤʝʨʘ ʠ ʄʦʨʬʠʥʛ, ʩ ʬʦʪʦʛʨʘʬʠʷʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘ.  

ʕʢʩʧʝʨʠʤʝʥʪ ʍʠʤʝʨʘ ʄʦʨʬʠʥʛ 

   
t = T0 

   
t = T0 + 0.2T 

   
t = T0 + 0.4T 

   
t = T0 + 0.6T 

   
t = T0 + 0.8T 

ʈʠʩʫʥʦʢ 3.3.8 ï ʌʦʨʤʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʦʣʦʞʝʥʠʝ ʪʝʣʘ: ʩʣʝʚʘ ï ʬʦʪʦʛʨʘʬʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘ [Zhao X. and Hu, 2012], ʧʦ ʮʝʥʪʨʫ ï ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʧʦʤʦʱʴʶ ʩʝʪʢʠ 

ʍʠʤʝʨʘ, ʩʧʨʘʚʘ ï ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʧʦʤʦʱʴʶ ʩʝʪʢʠ ʄʦʨʬʠʥʛ 

ʉʨʘʚʥʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʦʣʦʞʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʨʘʩʯʝʪʘʭ ʥʘ ʜʝʬʦʨʤʠʨʫʶʱʝʡʩʷ ʠ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʨʘʩʯʝʪʥʳʭ ʩʝʪʢʘʭ, ʭʦʨʦʰʦ ʩʦʦʪʥʦʩʷʪʩʷ 

ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʠ ʤʝʞʜʫ ʩʦʙʦʡ. 
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ʅʘ ʨʠʩʫʥʢʘʭ 3.3.9 ʠ 3.3.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ 

ʮʝʥʪʨʘ ʤʘʩʩ ʪʝʣʘ ʠ ʝʛʦ ʫʛʣʘ ʜʠʬʬʝʨʝʥʪʘ ʦʪ ʚʨʝʤʝʥʠ. ʊʘʢ ʢʘʢ ʧʨʦʮʝʩʩ ʷʚʣʷʝʪʩʷ 

ʧʝʨʠʦʜʠʯʝʩʢʠʤ, ʧʦʢʘʟʘʥʳ ʬʨʘʛʤʝʥʪʳ ʛʨʘʬʠʢʦʚ ʩ 10 ʧʦ 14 ʩʝʢʫʥʜʫ. 

 

ʈʠʩʫʥʦʢ 3.3.9 ï ɺʝʨʪʠʢʘʣʴʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʮʝʥʪʨʘ ʤʘʩʩ ʊ-ʦʙʨʘʟʥʦʛʦ ʪʝʣʘ 

 

ʈʠʩʫʥʦʢ 3.3.10 ï ʋʛʦʣ ʜʠʬʬʝʨʝʥʪʘ ʊ-ʦʙʨʘʟʥʦʛʦ ʪʝʣʘ 

ɿʘʚʠʩʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʩʝʪʢʘʭ ʍʠʤʝʨʘ ʠ ʄʦʨʬʠʥʛ, ʩʭʦʞʠ ʠ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʶʪ ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʪʝʣʘ, ʥʦ ʥʝʜʦʦʮʝʥʠʚʘʶʪ ʝʛʦ ʫʛʦʣ ʜʠʬʬʝʨʝʥʪʘ ʧʨʠ 

ʥʘʢʣʦʥʝ ʚʧʝʨʝʜ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʥʝʜʦʦʮʝʥʢʦʡ ʟʘʧʣʝʩʢʘ ʚʦʜʳ ʥʘ ʧʘʣʫʙʥʫʶ ʯʘʩʪʴ 

ʪʝʣʘ. 

ʈʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʥʘ 96 ʧʨʦʮʝʩʩʦʨʘʭ, ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʧʘʨʘʤʝʪʨʘʭ ʨʝʰʘʪʝʣʷ ʠ 

ʨʘʚʥʦʤ ʯʠʩʣʝ ʠʪʝʨʘʮʠʡ ʢʘʣʝʥʜʘʨʥʦʝ ʚʨʝʤʷ ʨʘʩʯʝʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʝʬʦʨʤʠʨʫʶʱʝʡʩʷ 

ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʩʦʩʪʘʚʠʣʦ 8 ʯʘʩʦʚ, ʨʘʩʯʝʪ ʩ ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ ʩʝʪʢʘʤʠ ï 10 ʯʘʩʦʚ. 

ɼʘʣʝʝ ʧʨʦʚʦʜʠʪʩʷ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʘʯʢʠ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʪʝʩʪʦʚʦʡ ʤʦʜʝʣʠ 

ʢʦʥʪʝʡʥʝʨʦʚʦʟʘ KCS (KRISO container ship) ʥʘ ʚʩʪʨʝʯʥʦʤ ʚʦʣʥʝʥʠʠ. ɼʘʥʥʘʷ ʟʘʜʘʯʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʩʣʦʚʠʷʤ ʪʝʩʪʦʚʦʛʦ ʩʣʫʯʘʷ 2.10 ʩʠʤʧʦʟʠʫʤʘ CFD in Ship Hydrodynamics 2015 

ʛ. ʚ ʊʦʢʠʦ [Workshop on CFD in Ship Hydrodynamics, 2015].  ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʙʘʩʩʝʡʥʝ, ʜʣʠʥʘ ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʣʷʣʘ 70 ʤ, ʰʠʨʠʥʘ ï 12 ʤ, ʚʳʩʦʪʘ ï 13.5 

ʤ. ʄʦʜʝʣʴ ʩʫʜʥʘ ʚ ʤʘʩʰʪʘʙʝ 1:37.9 ʠʤʝʣʘ ʜʚʝ ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ ï ʚʝʨʪʠʢʘʣʴʥʘʷ ʢʘʯʢʘ ʠ 

ʧʨʦʜʦʣʴʥʘʷ ʢʘʯʢʘ. ʄʘʩʩʘ ʩʫʜʥʘ ʩʦʩʪʘʚʣʷʣʘ 955. 8 ʢʛ, ʜʠʘʛʦʥʘʣʴʥʳʝ ʤʦʤʝʥʪʳ ʠʥʝʨʮʠʠ 

(110; 2222; 2222) ʢʛĀʤ2. 

ʆʙʱʠʡ ʚʠʜ ʤʦʜʝʣʠ KCS ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 3.3.11. 



115 
 

 

ʈʠʩʫʥʦʢ 3.3.11 ï ʄʦʜʝʣʴ ʢʦʥʪʝʡʥʝʨʦʚʦʟʘ KCS 

ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʦʜʥʦʛʦ ʨʝʞʠʤʘ ʦʙʪʝʢʘʥʠʷ ʤʦʜʝʣʠ ʩʫʜʥʘ ʧʦʪʦʢʦʤ ʩʦ 

ʩʢʦʨʦʩʪʴʶ 2.017 ʤ/ʩ ʙʝʟ ʚʩʪʨʝʯʥʦʛʦ ʚʦʣʥʝʥʠʷ (ʉ0) ʠ ʜʣʷ 5 ʨʝʞʠʤʦʚ ʚʦʣʥʝʥʠʷ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʪʦʡ ʞʝ ʩʢʦʨʦʩʪʴʶ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ. ʇʘʨʘʤʝʪʨʳ ʨʝʞʠʤʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʪʘʙʣʠʮʝ 3.3.1. 

ʊʘʙʣʠʮʘ 3.3.1 ï ʇʘʨʘʤʝʪʨʳ ʨʝʞʠʤʦʚ ʚʦʣʥʝʥʠʷ 

ʈʝʞʠʤ ɼʣʠʥʘ ʚʦʣʥʳ 
wL , ʤ  ɺʳʩʦʪʘ ʚʦʣʥʳ 

wh , ʤ  

ʉ1 3.949 0.062 

ʉ2 5.164 0.078 

ʉ3 6.979 0.123 

ʉ4 8.321 0.149 

ʉ5 11.840 0.196 

ʈʘʩʯʸʪʥʘʷ ʦʙʣʘʩʪʴ ʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʟʘʜʘʯʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 3.3.12. 

 

ʈʠʩʫʥʦʢ 3.3.12 ï ʉʭʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʟʘʜʘʯʠ ʢʘʯʢʠ ʩʫʜʥʘ 

KCS ʥʘ ʚʩʪʨʝʯʥʦʤ ʚʦʣʥʝʥʠʠ 

ʈʘʩʯʝʪʥʳʝ ʩʝʪʢʠ ʠʤʝʶʪ ʧʨʠʟʤʘʪʠʯʝʩʢʠʡ ʩʣʦʡ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʨʧʫʩʘ, ʘ ʪʘʢʞʝ 

ʩʛʫʱʝʥʠʝ ʥʘ ʨʘʟʜʝʣʝ ʬʘʟ ʠ ʚ ʦʙʣʘʩʪʷʭ ʥʦʩʘ ʠ ʢʦʨʤʳ ʤʦʜʝʣʠ ʩʫʜʥʘ. ɼʝʬʦʨʤʠʨʫʶʱʘʷʩʷ 

ʨʘʩʯʝʪʥʘʷ ʩʝʪʢʘ ʩʦʜʝʨʞʠʪ 11.5 ʤʣʥ ʷʯʝʝʢ, ʩʝʪʢʘ ʩ ʧʝʨʝʢʨʳʪʠʝʤ ï 13 ʤʣʥ ʷʯʝʝʢ. ʅʘ 

ʨʠʩʫʥʢʝ 3.3.13 ʧʦʢʘʟʘʥʳ ʬʨʘʛʤʝʥʪʳ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʚʙʣʠʟʠ ʥʦʩʘ ʠ ʢʦʨʤʳ ʤʦʜʝʣʠ ʩʫʜʥʘ. 


