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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʄʠʨʦʚʦʡ ʨʳʥʦʢ ʜʚʠʛʘʪʝʣʝʡ ʤʘʛʠʩʪʨʘʣʴʥʳʭ 

ʩʘʤʦʣʸʪʦʚ ʜʦ 2033 ʛʦʜʘ ʦʮʝʥʠʚʘʝʪʩʷ ʚ 7400 ʰʪʫʢ ʦʙʱʝʡ ʩʪʦʠʤʦʩʪʴʶ $1028 ʤʣʨʜ [39]. ʉ ʮʝʣʴʶ 

ʟʘʢʨʝʧʣʝʥʠʷ ʨʦʩʩʠʡʩʢʦʡ ʘʚʠʘʮʠʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʥʘ ʤʠʨʦʚʦʤ ʨʳʥʢʝ ʇʨʘʚʠʪʝʣʴʩʪʚʦʤ ʈʌ 

ʧʨʠʥʷʪʘ ɻʦʩʫʜʘʨʩʪʚʝʥʥʘʷ ʧʨʦʛʨʘʤʤʘ çʈʘʟʚʠʪʠʝ ʘʚʠʘʮʠʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʥʘ 2013é2025 

ʛʦʜʳè [23]. ʉʦʛʣʘʩʥʦ ʜʘʥʥʦʡ ʧʨʦʛʨʘʤʤʝ ʮʝʣʴʶ ʨʘʟʚʠʪʠʷ ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʛʣʦʙʘʣʴʥʦ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʡ ʜʚʠʛʘʪʝʣʝʩʪʨʦʠʪʝʣʴʥʦʡ ʦʪʨʘʩʣʠ ʤʠʨʦʚʦʛʦ 

ʫʨʦʚʥʷ, ʘ ʦʩʥʦʚʥʳʤʠ ʟʘʜʘʯʘʤʠ ï ʨʘʟʨʘʙʦʪʢʘ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʳʭ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʠ 

ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʨʫʜʘ ʚ ʦʪʨʘʩʣʠ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʦʢʨʘʱʝʥʠʝ ʩʨʦʢʦʚ ʥʘ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ, ʜʦʚʦʜʢʫ ʠ ʧʨʦʠʟʚʦʜʩʪʚʦ ʜʚʠʛʘʪʝʣʝʡ. 

ʂʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʜʚʠʛʘʪʝʣʝʡ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʭ ʵʢʦʥʦʤʠʯʥʦʩʪʴʶ. ʇʨʠ 

ʵʪʦʤ ʵʢʦʥʦʤʠʯʥʦʩʪʴ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʫʨʙʠʥ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʩʚʦʙʦʜʥʳʭ ʪʫʨʙʠʥ. ʋʚʝʣʠʯʝʥʠʝ ʂʇɼ ʜʘʥʥʳʭ ʪʫʨʙʠʥ ʥʘ 1% ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʥʠʞʝʥʠ ʁ

ʫʜʝʣʴʥʦʛʦ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ ʥʘ ʪʘʢʫʶ ʞʝ ʚʝʣʠʯʠʥʫ [44].  

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʂʇɼ ʪʫʨʙʠʥ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜʳ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ [15, 44, 101]. ʆʥʠ ʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʚʘʪʴ ʜʦʚʦʣʴʥʦ 

ʧʦʜʨʦʙʥʳʝ ʯʠʩʣʝʥʥʳʝ ʤʦʜʝʣʠ ʧʦʪʦʢʘ ʚ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ. 

ʆʜʥʘʢʦ, ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʜʦʚʦʜʢʝ ʜʚʠʛʘʪʝʣʝʡ ʧʦʢʘ 

ʩʚʷʟʘʥʦ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ ʚʨʝʤʝʥʥʳʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʨʝʤʷ 

ʥʘ ʨʝʰʝʥʠʝ ʟʘʜʘʯ ʦʧʪʠʤʠʟʘʮʠʠ ʪʫʨʙʦʤʘʰʠʥ ʜʦʩʪʠʛʘʝʪ ʥʝʩʢʦʣʴʢʠʭ ʤʝʩʷʮʝʚ ʜʘʞʝ ʥʘ ʩʦʚʨʝʤʝʥʥʳʭ 

ʢʣʘʩʪʝʨʘʭ, ʘ ʧʦʛʨʝʰʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʤʦʞʝʪ ʙʳʪʴ ʟʥʘʯʠʪʝʣʴʥʦʡ. ɺ 

ʩʦʚʦʢʫʧʥʦʩʪʠ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʠʟʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ 

ʜʦʚʦʜʢʠ ʪʫʨʙʦʤʘʰʠʥ, ʚ ʮʝʣʦʤ, ʪʫʨʙʠʥ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʩʚʦʙʦʜʥʳʭ ʪʫʨʙʠʥ, ʚ ʯʘʩʪʥʦʩʪʠ. 

ʀʩʭʦʜʷ ʠʟ ʩʢʘʟʘʥʥʦʛʦ ʚʳʰʝ, ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʧʨʠ ʠʭ 

ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʜʦʚʦʜʢʝ. ʇʨʠ ʵʪʦʤ ʧʦʜ ʧʦʚʳʰʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʥʠʤʘʝʪʩʷ 

ʧʦʚʳʰʝʥʠʝ ʪʦʯʥʦʩʪʠ ʠ ʩʥʠʞʝʥʠʝ ʚʨʝʤʝʥʠ (ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ) ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʪʫʨʙʠʥ. ɺ ʨʘʟʨʘʙʦʪʢʫ ʤʝʪʦʜʠʢ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʦʤʘʰʠʥ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚʥʝʩʣʠ ʢʦʣʣʝʢʪʠʚʳ ʬʠʨʤ ʠ ʫʥʠʚʝʨʩʠʪʝʪʦʚ 

Numeca (ɹʝʣʴʛʠʷ), ANSYS (ʉʐɸ), ʇɸʆ çʆɼʂ-ʉɸʊʋʈʅè, ɸʆ çʆɼʂ-ɸʚʠʘʜʚʠʛʘʪʝʣʴè, ʇɸʆ 

çʂʋɿʅɽʎʆɺè, ʈɻɸʊʋ, ʋɻɸʊʋ, ʇʅʀʇʋ, ɺʋʅʎ ɺɺʉ çɺɺɸè, ʉʘʤʘʨʩʢʦʛʦ ʋʥʠʚʝʨʩʠʪʝʪʘ ʠ ʜʨ., 
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ʘ ʪʘʢʞʝ ʪʘʢʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ, ʢʘʢ ʏ. ʍʠʨʰ, ɼʞ. ɼʝʥʪʦʥ, ʃ. ʃʘʥʛʩʪʦʥ, ɼʞ. ʍʦʨʣʦʢ, ʐʤʦʪʠʥ ʖ.ʅ., 

ʈʝʤʠʟʦʚ ɸ.ɽ., ʌʝʜʝʯʢʠʥ ʂ.ʉ., ʄʠʭʝʝʚ ʄ.ɻ., ɻʨʘʥʦʚʩʢʠʡ ɸ.ɺ., ɹʘʪʫʨʠʥ ʆ.ɺ., ʊʠʭʦʥʦʚ ɸ.ʉ. ʠ 

ʜʨʫʛʠʝ. ɸʥʘʣʠʟ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʣ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʰʠʨʦʢʦʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʥʝ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʸʥ 

ʢʦʤʧʣʝʢʩ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʨʘʩʯʸʪʥʫʶ ʩʝʪʢʫ. ʂ ʪʦʤʫ ʞʝ, ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʦʩʚʝʱʝʥʦ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʥʝ ʪʦʣʴʢʦ ʥʘ 

ʪʦʯʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʥʦ ʠ ʥʘ ʪʨʝʙʫʝʤʳʝ ʚʨʝʤʝʥʥʳʝ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʦʪʩʫʪʩʪʚʫʶʪ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʠ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ 

ʧʦ ʢʨʠʪʝʨʠʷʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʫʯʠʪʳʚʘʶʱʠʝ ʢʘʢ ʧʦʛʨʝʰʥʦʩʪʴ, ʪʘʢ ʠ ʩʢʦʨʦʩʪʴ 

ʨʘʩʯʸʪʘ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ. 

ʎʝʣʴ ʨʘʙʦʪʳ: ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʜʦʚʦʜʢʠ 

ʘʚʠʘʮʠʦʥʥʳʭ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ʟʘ ʩʯʸʪ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʠʩʣʝʥʥʳʭ 

ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʦʩʝʚʳʭ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʘʚʠʘʮʠʦʥʥʳʭ ʪʫʨʙʠʥ ʜʣʷ ʠʭ ʜʦʚʦʜʢʠ ʠ 

ʦʧʪʠʤʠʟʘʮʠʠ, ʘ ʪʘʢʞʝ ʚʳʧʦʣʥʝʥʠʷ ʧʦʚʝʨʦʯʥʳʭ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ. 

ɿʘʜʘʯʠ ʨʘʙʦʪʳ: 

1. ʈʘʟʨʘʙʦʪʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʧʦʣʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ. 

2. ʈʘʟʨʘʙʦʪʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʥʘ 

ʦʩʥʦʚʝ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʪʨʸʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ. 

3. ʀʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ, ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ 

ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʦʢ ʣʦʧʘʪʦʢ ʠ ʪʫʨʙʠʥ, ʘ ʪʘʢʞʝ ʥʘ ʪʨʝʙʫʝʤʳʝ 

ʜʣʷ ʵʪʦʛʦ ʚʨʝʤʝʥʥʳʝ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ. 

4. ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜʳ ʩʦʟʜʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʜʦʚʦʜʢʠ ʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ. 

5. ʈʘʟʨʘʙʦʪʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʩʦʢʨʘʱʝʥʠʶ ʚʨʝʤʝʥʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʜʦʚʦʜʢʠ ʠ 

ʦʧʪʠʤʠʟʘʮʠʠ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʦʚ ʩʦʟʜʘʥʠʷ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʠʭ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ. 

ʆʙʲʝʢʪ ʠ ʧʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʯʠʭ 

ʧʨʦʮʝʩʩʦʚ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ. ʇʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʤʝʪʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʠʩʣʝʥʥʳʭ 

ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ: 

1. ʇʨʝʜʣʦʞʝʥ ʢʦʤʧʣʝʢʩ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ 

ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʦʪʣʠʯʘʶʱʠʡʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʨʘʜʠʫʩʫ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ, ʢʦʪʦʨʳʝ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʚʳʩʦʪʳ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ. ʕʪʠ 
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ʧʘʨʘʤʝʪʨʳ ʧʦʟʚʦʣʷʶʪ ʥʘʩʪʨʘʠʚʘʪʴ ʛʫʩʪʦʪʫ ʩʝʪʢʠ ʧʦ ʨʘʜʠʫʩʫ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʩ ʫʯʸʪʦʤ 

ʭʘʨʘʢʪʝʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʣʦʧʘʪʢʠ. 

2. ʉʬʦʨʤʫʣʠʨʦʚʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʧʦʣʥʝʥʠʶ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʮʝʣʴʶ ʚʳʙʦʨʘ ʟʥʘʯʝʥʠʡ 

ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʢʦʪʦʨʳʝ 

ʦʪʣʠʯʘʶʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʨʦʚʝʜʝʥʠʷ ʦʪʜʝʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʚʳʙʦʨʫ ʟʥʘʯʝʥʠʡ 

ʧʘʨʘʤʝʪʨʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʠ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ, 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʙʣʘʛʦʜʘʨʷ ʫʯʸʪʫ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ ʠ ʜʝʢʦʤʧʦʟʠʮʠʠ ʧʦʪʝʨʴ 

ʥʘ ʧʨʦʬʠʣʴʥʳʝ ʠ ʚʪʦʨʠʯʥʳʝ. 

3. ɺʧʝʨʚʳʝ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʥʘ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʸʪʦʢ ʠ ʪʫʨʙʠʥ ʩ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠ ʜʣʠʥʥʳʤʠ ʣʦʧʘʪʢʘʤʠ, ʘ ʪʘʢʞʝ ʥʘ ʩʢʦʨʦʩʪʴ ʠ ʚʨʝʤʷ ʨʘʩʯʸʪʦʚ, 

ʧʦʟʚʦʣʠʚʰʠʝ ʩʦʩʪʘʚʠʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ 

ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ. 

4. ʈʘʟʨʘʙʦʪʘʥʳ ʤʝʪʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʠ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ, 

ʦʪʣʠʯʘʶʱʠʝʩʷ ʦʪ ʠʟʚʝʩʪʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʷʤʠ ʧʦ ʚʳʙʦʨʫ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ 

ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʩʥʠʞʝʥʠʝ ʚʨʝʤʝʥʠ ʩʯʸʪʘ (ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʨʘʩʯʸʪʦʚ) ʠ ʧʦʛʨʝʰʥʦʩʪʠ (ʜʣʷ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ). 

5. ʈʘʟʨʘʙʦʪʘʥʳ ʠ ʘʧʨʦʙʠʨʦʚʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʩʦʚʤʝʩʪʥʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʜʚʫʭ 

ʧʨʝʜʣʦʞʝʥʥʳʭ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ, 

ʧʦʟʚʦʣʠʚʰʠʝ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʜʦʚʦʜʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʥʝʦʭʣʘʞʜʘʝʤʳʭ 

ʪʫʨʙʠʥ ʚ 3 é 10 ʨʘʟ.  

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʟʚʠʪʠʠ ʤʝʪʦʜʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, 

ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʟʨʘʙʦʪʢʝ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʚʳʙʦʨʫ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ 

ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʧʦʟʚʦʣʷʶʱʠʭ ʵʬʬʝʢʪʠʚʥʦ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʸʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʣʠʷʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʠ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʰʸʪʦʢ ʣʦʧʘʪʦʢ ʠ ʪʫʨʙʠʥ.  

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʚ ʧʨʦʮʝʩʩʝ 

ʜʦʚʦʜʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʪʫʨʙʠʥ, ʘ ʪʘʢʞʝ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʘʢʨʦʩʦʚ ʠ ʧʨʦʛʨʘʤʤ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʩʥʠʟʠʪʴ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʥʘ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ, ʜʦʚʦʜʢʫ ʠ ʦʧʪʠʤʠʟʘʮʠʶ ʪʫʨʙʠʥ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʤʝʪʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ 

ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʷʜʘ ʭʦʟʜʦʛʦʚʦʨʥʳʭ ʨʘʙʦʪ ʩ ʇɸʆ çʂʫʟʥʝʮʦʚè ʠ ʆɸʆ 
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çʇʝʥʟʘʜʠʟʝʣʴʤʘʰè, ʘ ʪʘʢʞʝ ʚʥʝʜʨʝʥʳ ʚ ʫʯʝʙʥʳʡ ʧʨʦʮʝʩʩ ʠʥʩʪʠʪʫʪʘ ʜʚʠʛʘʪʝʣʝʡ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʩʪʘʥʦʚʦʢ ʉʘʤʘʨʩʢʦʛʦ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤʝʥʠ ʉ. ʇ. ʂʦʨʦʣʸʚʘ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʚʳʧʦʣʥʷʣʦʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʩʨʝʜʥʸʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ, ʘ ʪʘʢʞʝ ʤʝʪʦʜʦʚ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ. ʆʮʝʥʢʘ ʘʜʝʢʚʘʪʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʨʙʠʥ ʚʳʧʦʣʥʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʩʪʘʪʠʩʪʠʢʠ.  

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ʂʦʤʧʣʝʢʩ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ. 

2. ʈʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ 

ʪʫʨʙʠʥ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʪʨʸʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ 

ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ ʠ ʜʝʢʦʤʧʦʟʠʮʠʠ ʧʦʪʝʨʴ ʥʘ ʧʨʦʬʠʣʴʥʳʝ ʠ ʚʪʦʨʠʯʥʳʝ.  

3. ʈʝʟʫʣʴʪʘʪʳ ʢʦʤʧʣʝʢʩʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʚʣʠʷʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ 

ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʥʘ ʧʦʛʨʝʰʥʦʩʪʴ ʠ ʩʢʦʨʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ 

ʪʫʨʙʠʥ.  

4. ʄʝʪʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʠ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ.  

5. ʈʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʩʥʠʞʝʥʠʶ ʚʨʝʤʝʥʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʜʦʚʦʜʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ 

ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʦʚ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʭ ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʫʩʣʦʚʣʝʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʝʨʪʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Numeca FineTurbo (ɹʝʣʴʛʠʷ), 

ʙʘʟʠʨʫʶʱʝʛʦʩʷ ʥʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʘʭ ʦʩʨʝʜʥʸʥʥʳʭ ʧʦ 

ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʷʭ ʅʘʚʴʝ-ʉʪʦʢʩʘ, ʘ ʪʘʢʞʝ ʩʦʚʧʘʜʝʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʪʨʸʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ: 

ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʇʨʦʙʣʝʤʳ ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ 

ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʷè (2011ʛ., 2014ʛ., 2016ʛ.); çASME Turbo Expo: Turbomachinery Technical 

Conference & Expositionè (2015ʛ., 2016ʛ., 2017ʛ.); ç51st AIAA/ASME/SAE/ASEE Joint Propulsion 

Conferenceè (ʆʨʣʘʥʜʦ, 2015 ʛ.); ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

çɸʚʠʘʜʚʠʛʘʪʝʣʠ XXI ʚʝʢʘè (ʄʦʩʢʚʘ, 2015 ʛ.) ʠ ʜʨʫʛʠʭ. 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 7 ʩʪʘʪʝʡ ʚ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʠʟʜʘʥʠʷʭ, 

ʚʢʣʶʯʸʥʥʳʭ ʚ ʩʧʠʩʦʢ ɺɸʂ ʈʌ, ʠ 6 ʩʪʘʪʝʡ ʚ ʠʟʜʘʥʠʷʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʝ ʜʘʥʥʳʭ Scopus. 
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ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʸʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʧʷʪʠ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ, 

ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ ʠʟ 151 ʥʘʠʤʝʥʦʚʘʥʠ ̫ʠ ʪʨʸʭ ʧʨʠʣʦʞʝʥʠʡ. ʆʩʥʦʚʥʦʡ ʪʝʢʩʪ ʩʦʜʝʨʞʠʪ 176 

ʩʪʨʘʥʠʮ, 150 ʠʣʣʶʩʪʨʘʮʠʡ ʠ 15 ʪʘʙʣʠʮ. 
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1 ɸʅɸʃʀɿ ʉʆʉʊʆʗʅʀʗ ʀʉʉʃɽɼʋɽʄʆɻʆ ɺʆʇʈʆʉɸ 

ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʦ ʚʚʝʜʝʥʠʠ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʚ ʭʦʜʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʜʦʚʦʜʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʦʣʫʯʠʣʠ ʤʝʪʦʜʳ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ (CFD), ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʯʠʩʣʝʥʥʦʤ ʨʝʰʝʥʠʠ 

ʦʩʨʝʜʥʸʥʥʳʭ ʧʦ ʚʨʝʤʝʥʠ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ (RANS). 

ʂʘʢ ʧʨʘʚʠʣʦ, ʯʠʩʣʝʥʥʳʝ ʤʦʜʝʣʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʧʨʦʮʝʩʩʝ ʠʭ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʜʦʚʦʜʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ, ʩʦʟʜʘʶʪʩʷ ʩ ʫʯʸʪʦʤ ʩʣʝʜʫʶʱʠʭ ʜʦʧʫʱʝʥʠʡ: 

1. ʆ ʧʝʨʠʦʜʠʯʥʦʩʪʠ ʪʝʯʝʥʠʷ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʪʫʨʙʠʥʳ. 

ɼʘʥʥʦʝ ʜʦʧʫʱʝʥʠʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʪʦ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʪʝʯʝʥʠʷ ʚʦ ʚʩʝʭ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ 

ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʷʚʣʷʝʪʩʷ ʦʜʠʥʘʢʦʚʳʤ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʟʘʤʝʪʥʦ ʫʤʝʥʴʰʠʪʴ 

ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʨʘʟʤʝʨʳ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʝʪʠ, ʧʫʪʸʤ ʟʘʤʝʥʳ 

çʧʦʣʥʦʡ ʦʢʨʫʞʥʦʩʪʠè ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʥʘ ʦʜʠʥ ʤʝʞʣʦʧʘʪʦʯʥʳʡ ʢʘʥʘʣ ʠʣʠ ʦʙʣʘʩʪʴ 

ʚʦʢʨʫʛ ʦʜʥʦʡ ʣʦʧʘʪʢʠ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ, ʩ ʥʘʣʦʞʝʥʥʳʤʠ ʥʘ ʙʦʢʦʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʫʩʣʦʚʠʷʤʠ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. 

2. ʆ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥʳ. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʵʬʬʝʢʪʳ ʚ ʪʫʨʙʠʥʝ, ʥʘʧʨʠʤʝʨ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʤʝʞʜʫ ʨʦʪʦʨʥʳʤʠ ʠ ʩʪʘʪʦʨʥʳʤʠ ʣʦʧʘʪʢʘʤʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʠʭ ʚʟʘʠʤʥʳʤ ʧʝʨʝʤʝʱʝʥʠʝʤ, 

ʥʝ ʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʣʠʷʥʠ ̫ʥʘ ʝʸ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʘ ʚʨʝʤʝʥʥʦʡ ʠʥʪʝʨʚʘʣ, ʧʦ 

ʢʦʪʦʨʦʤʫ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʩʨʝʜʥʝʥʠʝ, ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ ʭʘʨʘʢʪʝʨʥʳʭ ʤʘʩʰʪʘʙʦʚ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ [9]. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʨʘʩʯʸʪ ʚ ʩʪʘʮʠʦʥʘʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ RANS ï ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

3. ʆʙ ʠʟʦʪʨʦʧʥʦʩʪʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ [9, 22]. 

ɼʘʥʥʦʝ ʜʦʧʫʱʝʥʠʝ ʚʳʪʝʢʘʝʪ ʠʟ ʛʠʧʦʪʝʟʳ ɹʫʩʩʠʥʝʩʢʘ [22], ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ 

ʧʦʣʝ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʈʝʡʥʦʣʴʜʩʘ †  (6 ʢʦʤʧʦʥʝʥʪ) ʧʫʪʸʤ ʥʘʭʦʞʜʝʥʠʷ ʚʩʝʛʦ ʦʜʥʦʡ 

ʩʢʘʣʷʨʥʦʡ ʚʝʣʠʯʠʥʳ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ‘̓. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʠ CFD ï ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

(Spalart-Allmaras, k-Ů, k-ɤ ʠ ʜʨ.). 

4. ʆ ʜʦʧʫʩʪʠʤʦʩʪʠ ʦʧʠʩʘʥʠʷ ʩʚʦʡʩʪʚ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʤʦʜʝʣʴʶ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ ʩ ʧʝʨʝʤʝʥʥʦʡ 

ʪʝʧʣʦʸʤʢʦʩʪʴʶ ʠ ʚʷʟʢʦʩʪʴʶ. 

5. ʆʙ ʦʪʩʫʪʩʪʚʠʠ ʪʝʧʣʦʦʙʤʝʥʘ ʤʝʞʜʫ ʩʪʝʥʢʘʤʠ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ. 

ʄʝʪʦʜʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʧʨʠ ʪʘʢʦʤ 

ʧʦʜʭʦʜʝ ʠ ʜʦʧʫʱʝʥʠʷʭ ʩʦʩʪʦʠʪ ʠʟ ʧʷʪʠ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ [2, 35]. 
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ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ ʛʝʦʤʝʪʨʠʠ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʘʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟ ʩʝʙʷ ʦʙʣʘʩʪʠ ʪʝʯʝʥʠʷ ʚʦʢʨʫʛ ʦʜʥʦʡ ʣʦʧʘʪʢʠ ʢʘʞʜʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʪʫʨʙʠʥʳ 

(ʨʠʩʫʥʦʢ 1.1). 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ (ʨʠʩʫʥʦʢ 1.2). ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʛʝʦʤʝʪʨʠʠ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʩʦʟʜʘʥʠʷ ʩʝʪʢʠ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʪʘʢʠʭ ʢʘʢ Numeca AutoGrid5 [105] ʠ ANSYS 

TurboGrid [47]. 

  

ʈʠʩʫʥʦʢ 1.1 ï ɻʝʦʤʝʪʨʠʷ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ 

ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʪʫʨʙʠʥʳ  

ʈʠʩʫʥʦʢ 1.2 ï ʈʘʩʯʸʪʥʘʷ ʩʝʪʢʘ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ 

ʪʫʨʙʠʥʳ  

ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʝʪʩʷ ʥʘʩʪʨʦʡʢʘ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʘʪʝʣʷ. ʅʘ 

ʜʘʥʥʦʤ ʵʪʘʧʝ ʟʘʜʘʶʪʩʷ: 

- ʩʚʦʡʩʪʚʘ ʨʘʙʦʯʝʛʦ ʪʝʣʘ (ʠʜʝʘʣʴʥʳʡ ʛʘʟ ʩ ʧʝʨʝʤʝʥʥʳʤʠ ʪʝʧʣʦʸʤʢʦʩʪʴʶ ʠ ʚʷʟʢʦʩʪʴʶ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ); 

- ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ; 

- ʟʘʜʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʚʨʘʱʝʥʠʷ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ. ɼʦʤʝʥʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʙʦʯʠʤ 

ʢʦʣʸʩʘʤ, ʤʦʜʝʣʠʨʫʶʪʩʷ ʚʦ ʚʨʘʱʘʶʱʝʡʩʷ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʢʦʪʦʨʦʡ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ ʪʫʨʙʠʥʳ. ɼʣʷ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʤʝʞʜʫ 

ʥʝʧʦʜʚʠʞʥʳʤʠ ʠ ʚʨʘʱʘʶʱʠʤʠʩʷ ʜʦʤʝʥʘʤʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʥʪʝʨʬʝʡʩ, ʦʩʨʝʜʥʷʶʱʠʡ 

ʧʘʨʘʤʝʪʨʳ ʧʦʪʦʢʘ ʚ ʦʢʨʫʞʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ; 

- ʟʘʜʘʶʪʩʷ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʠʩʧʦʣʴʟʫʶʪʩʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʦʣʥʦʝ ʜʘʚʣʝʥʠʝ ʠ ʧʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ 

ʚʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʠ ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʥʘ ʚʳʭʦʜʥʦʡ. ʅʘ ʙʦʢʦʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʘʩʯʸʪʥʳʭ ʦʙʣʘʩʪʝʡ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʫʩʣʦʚʠʷ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. ɼʣʷ ʩʪʝʥʦʢ ʟʘʜʘʸʪʩʷ 

ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ; 
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- ʟʘʜʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʘʪʝʣʷ, ʪʘʢʠʝ ʢʘʢ ʢʨʠʪʝʨʠʡ ʂʫʨʘʥʪʘ - ʌʨʠʜʨʠʭʩʘ - ʃʝʚʠ 

ʠʣʠ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʭʝʤʘ ʨʝʰʝʥʠʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʧʦʨʷʜʦʢ 

ʪʦʯʥʦʩʪʠ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʯʠʩʣʦ ʠʪʝʨʘʮʠʡ ʠ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ. 

ʅʘ ʯʝʪʚʸʨʪʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʨʘʩʯʸʪ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ. ʅʘ ʜʘʥʥʦʤ 

ʵʪʘʧʝ ʟʘʜʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʥʦʛʦʧʨʦʮʝʩʩʦʨʥʳʭ 

ʩʠʩʪʝʤ. ʈʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʩʢʦʨʦʩʪʴ ʚʳʧʦʣʥʝʥʠʷ ʨʘʩʯʸʪʦʚ. 

ʅʘ ʧʷʪʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʝʪʩʷ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

ʂ ʯʠʩʣʝʥʥʳʤ ʤʦʜʝʣʷʤ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʩʦʟʜʘʚʘʝʤʳʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʜʦʙʥʦʡ ʤʝʪʦʜʠʢʠ ʠ ʠʩʧʦʣʴʟʫʝʤʳʤ ʧʨʠ ʜʦʚʦʜʢʝ ʠ ʦʧʪʠʤʠʟʘʮʠʠ, ʚʳʜʚʠʛʘʶʪʩʷ ʜʚʘ ʦʩʥʦʚʥʳʭ 

ʪʨʝʙʦʚʘʥʠʷ. ʇʝʨʚʦʝ ʪʨʝʙʦʚʘʥʠʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʦʣʞʥʘ ʩ ʜʦʩʪʘʪʦʯʥʦʡ 

ʪʦʯʥʦʩʪʴʶ ʦʧʠʩʳʚʘʪʴ ʨʘʙʦʯʠʝ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʪʫʨʙʠʥʝ. ʇʦʥʷʪʠʝ çʜʦʩʪʘʪʦʯʥʘʷ 

ʪʦʯʥʦʩʪʴè, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, ʟʘʢʣʶʯʘʝʪ ʚ ʩʝʙʝ ʜʚʘ ʧʦʣʦʞʝʥʠʷ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʧʘʨʘʤʝʪʨʳ 

ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥʳ, ʨʘʩʩʯʠʪʳʚʘʝʤʳʝ ʩ ʧʦʤʦʱʴʶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʜʦʣʞʥʳ ʙʳʪʴ 

ʩʦʧʦʩʪʘʚʠʤʳ ʩ ʨʝʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥʳ, ʧʦʣʫʯʝʥʥʳʤʠ, ʢ ʧʨʠʤʝʨʫ, ʚ 

ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʦʣʞʥʘ ʧʦʟʚʦʣʷʪʴ ʦʮʝʥʠʚʘʪʴ 

ʚʣʠʷʥʠʝ ʠʟʤʝʥʝʥʠʷ ʚʘʨʴʠʨʫʝʤʳʭ ʚ ʭʦʜʝ ʦʧʪʠʤʠʟʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʪʫʨʙʠʥʳ (ʢʘʢ ʧʨʘʚʠʣʦ, 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ) ʥʘ ʧʘʨʘʤʝʪʨʳ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʝʩʣʠ ʥʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦ, ʪʦ, ʭʦʪʷ 

ʙʳ, ʢʘʯʝʩʪʚʝʥʥʦ, ʥʘ ʫʨʦʚʥʝ ʪʝʥʜʝʥʮʠʡ [2, 35].  

ɺʪʦʨʦʝ ʪʨʝʙʦʚʘʥʠʝ ʢ ʯʠʩʣʝʥʥʳʤ ʤʦʜʝʣʷʤ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ 

ʚʨʝʤʷ, ʥʝʦʙʭʦʜʠʤʦʝ ʥʘ ʨʘʩʯʸʪ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʜʦʣʞʥʦ ʙʳʪʴ ʤʠʥʠʤʘʣʴʥʳʤ, ʥʘʩʢʦʣʴʢʦ 

ʵʪʦ ʚʦʟʤʦʞʥʦ. ɼʘʥʥʦʝ ʪʨʝʙʦʚʘʥʠʝ ʦʙʲʷʩʥʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ ʯʠʩʣʦʤ ʦʙʨʘʱʝʥʠʡ ʦʧʪʠʤʠʟʘʪʦʨʘ 

ʢ ʨʘʩʯʸʪʥʦʡ ʤʦʜʝʣʠ ʚ ʭʦʜʝ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʩʫʤʤʘʨʥʦʤ ʚʨʝʤʝʥʠ, 

ʥʝʦʙʭʦʜʠʤʦʤ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ.  

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʤʘʪʝʤʘʪʠʯʝʩʢʠʤ ʤʦʜʝʣʷʤ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʷʚʣʷʶʪʩʷ ʧʨʦʪʠʚʦʨʝʯʘʱʠʤʠ ʜʨʫʛ ʜʨʫʛʫ, ʪʘʢ ʢʘʢ ʫʚʝʣʠʯʝʥʠʝ ʪʦʯʥʦʩʪʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʚʝʜʸʪ ʢ ʝʸ ʫʩʣʦʞʥʝʥʠʶ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʨʝʤʝʥʠ, 

ʥʝʦʙʭʦʜʠʤʦʤʫ ʥʘ ʝʸ ʨʘʩʯʸʪ.  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʙʳʣʦ ʚʚʝʜʝʥʦ ʧʦʥʷʪʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ - ʦʙʝʩʧʝʯʝʥʠʝ ʧʨʠʝʤʣʝʤʦʡ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠ 

ʥʘʠʤʝʥʴʰʝʤ ʚʨʝʤʝʥʠ ʨʘʩʯʸʪʘ (ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʨʘʩʯʸʪʘ). ʉʨʝʜʠ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʥʘʩʪʨʘʠʚʘʝʤʳʭ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ, ʥʘʠʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʚ ʣʠʪʝʨʘʪʫʨʥʳʭ 

ʠʩʪʦʯʥʠʢʘʭ (ʇʨʠʣʦʞʝʥʠʝ ɸ) ʫʜʝʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʘʤ ʩʝʪʢʠ ʠ ʚʳʙʠʨʘʝʤʳʤ ʤʦʜʝʣʷʤ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʇʘʨʘʤʝʪʨʳ ʩʝʪʢʠ ʠ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʢʘʢ ʥʘ ʪʦʯʥʦʩʪʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʪʘʢ ʠ ʥʘ ʩʢʦʨʦʩʪʴ ʨʘʩʯʸʪʘ. ʊʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʢʦʨʦʩʪʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʢʘʟʳʚʘʶʪ ʧʘʨʘʤʝʪʨʳ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ. ʉʭʝʤʘʪʠʯʥʦ ʤʝʪʦʜʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 



12 

 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʠʥ ʠ ʟʘʜʘʚʘʝʤʳʝ ʥʘ ʝʸ ʵʪʘʧʘʭ ʥʘʩʪʨʦʡʢʠ, ʚʣʠʷʶʱʠʝ ʥʘ ʪʦʯʥʦʩʪʴ ʠ 

ʩʢʦʨʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʦʧʨʝʜʝʣʷʶʱʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 1.3. 

 

ʈʠʩʫʥʦʢ 1.3 ï ʉʫʱʝʩʪʚʫʶʱʘʷ ʤʝʪʦʜʠʢʘ ʩʦʟʜʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʠ ʧʘʨʘʤʝʪʨʳ, 

ʚʣʠʷʶʱʠʝ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʳʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʩʝʪʢʠ ʠ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ̫ ʚʣʷʝʪʩʷ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʤ: ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʩʝʪʢʠ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ ʢ ʧʨʠʤʝʥʝʥʠʶ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

[104]. ʇʦʥʷʪʠʝ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʠʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʟʘʤʳʢʘʥʠʷ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ ʈʝʡʥʦʣʴʜʩʘ ʧʫʪʸʤ ʦʧʨʝʜʝʣʝʥʠʷ ʩʚʷʟʠ ʤʝʞʜʫ ʪʝʥʟʦʨʦʤ ʨʝʡʥʦʣʴʜʩʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʦʩʨʝʜʥʸʥʥʦʛʦ ʪʝʯʝʥʠʷ. ʕʪʘ ʩʚʷʟʴ ʠ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ [10]. ɺʳʙʦʨ 

ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʜʘʯʝʡ, ʚ ʢʦʪʦʨʦʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʝʸ ʠʩʧʦʣʴʟʦʚʘʥʠʝ. ɺ 

ʪʘʙʣʠʮʝ 1.1 ʧʨʠʚʝʜʸʥ ʩʧʠʩʦʢ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʦʙʣʘʩʪʠ ʠʭ ʚʦʟʤʦʞʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. 

ʇʦ ʩʧʦʩʦʙʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʷʟʢʦʩʪʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʦʙʣʘʩʪʠ ʩʪʝʥʢʠ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʜʝʣʝʥʳ ʥʘ ʜʚʘ ʪʠʧʘ: ʚʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʝ (High Reynolds ʠʣʠ 

High-Re) ʠ ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʝ (Low Reynolds ʠʣʠ Low ï Re). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʧʦʥʷʪʠʷ çʚʳʩʦʢʦʝ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘè ʠ çʥʠʟʢʦʝ ʯʠʩʣʦ ʈʝʡʦʥʦʣʴʜʩʘè ʦʪʥʦʩʷʪʩʷ ʢ 

ʣʦʢʘʣʴʥʦʤʫ ʯʠʩʣʫ ʈʝʡʥʦʣʴʜʩʘ ὙὩ όὰ’ϳ, ʚʳʯʠʩʣʷʝʤʦʤʫ ʥʘ ʦʩʥʦʚʝ ʪʫʨʙʫʣʝʥʪʥʦʡ ʬʣʫʢʪʫʘʮʠʠ 

ʩʢʦʨʦʩʪʠ ό, ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʤʘʩʰʪʘʙʘ ʜʣʠʥʳ ὰ ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ’.  

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʜʝʣʘʝʪʩʷ ʜʦʧʫʱʝʥʠʝ 

ʦ ʪʦʤ, ʯʪʦ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʦʢʦʣʦ ʩʪʝʥʦʢ ʷʚʣʷʝʪʩʷ ʩʫʛʫʙʦ ʪʫʨʙʫʣʝʥʪʥʳʤ, ʧʦʵʪʦʤʫ 
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ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚʝʜʸʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʬʫʥʢʮʠʡ ʩʪʝʥʢʠ, ʘ 

ʚʷʟʢʠʡ ʧʦʜʩʣʦʡ ʧʨʠ ʵʪʦʤ ʥʝ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ.  

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚʳʧʦʣʥʷʝʪʩʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʡ ʨʘʩʯʸʪ ʚʩʝʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʚ ʪʦʤ ʯʠʩʣʝ, ʠ ʚʷʟʢʦʛʦ ʧʦʜʩʣʦʷ. ʇʦ ʵʪʦʡ 

ʧʨʠʯʠʥʝ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʠ ʚʥʫʪʨʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʜʣʷ 

ʚʳʯʠʩʣʝʥʠʷ ʨʝʟʢʠʭ ʛʨʘʜʠʝʥʪʦʚ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ. 

ʆʩʥʦʚʥʳʝ ʚʠʜʳ ʜʦʩʪʫʧʥʳʭ ʠ ʰʠʨʦʢʦʠʩʧʦʣʴʟʫʝʤʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩʣʝʜʫʶʱʠʝ: 

- ɸʣʛʝʙʨʘʠʯʝʩʢʠʝ ʤʦʜʝʣʠ (ʥʘʧʨʠʤʝʨ, ʤʦʜʝʣʴ Baldwin-Lomax); 

- ʄʦʜʝʣʠ ʩ ʦʜʥʠʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤ ʫʨʘʚʥʝʥʠʝʤ ʧʝʨʝʥʦʩʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠʣʠ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʤʦʜʝʣʠ (Spalart-Allmaras, SARC); 

- ʄʦʜʝʣʠ ʩ ʜʚʫʤʷ (ʯʝʪʳʨʴʤʷ) ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʧʝʨʝʥʦʩʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠʣʠ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʤʦʜʝʣʠ (k-Ů, k-ɤ, v2-f). 

ɸʣʛʝʙʨʘʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Baldwin-Lomax ʭʦʨʦʰʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʙʳʩʪʨʳʭ 

(ʦʮʝʥʦʯʥʳʭ) ʨʘʩʯʸʪʦʚ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ɼʘʥʥʘʷ ʤʦʜʝʣʴ ʦʙʣʘʜʘʝʪ ʭʦʨʦʰʝʡ 

ʩʭʦʜʠʤʦʩʪʴʶ ʠ ʥʝ ʪʨʝʙʫʝʪ ʤʥʦʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

ʆʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-Allmaras (SA) ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʩ ʙʦʣʴʰʝʡ ʪʦʯʥʦʩʪʴʶ ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴʶ, 

ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʭʦʨʦʰʫʶ ʩʭʦʜʠʤʦʩʪʴ ʠ ʥʝ ʪʨʝʙʫʷ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ. ʂʘʢ 

ʦʪʤʝʯʝʥʦ ʚ [10], ʤʦʜʝʣʴ SA ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʩʘʤʳʭ ʫʜʘʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʟʘʜʘʯ. ʉʝʢʨʝʪ ʫʩʧʝʭʘ ʢʨʦʠʪʩʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʪʦʤ, 

ʯʪʦ ʢʘʣʠʙʨʦʚʢʘ ʤʦʜʝʣʠ ʚʳʧʦʣʥʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʨʘʟʥʦʦʙʨʘʟʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʄʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SARC ʷʚʣʷʝʪʩʷ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʤʦʜʝʣʠ SA 

ʠ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʥʝʸ ʚʚʝʜʝʥʠʝʤ ʧʦʧʨʘʚʢʠ ʥʘ ʢʨʠʚʠʟʥʫ ʣʠʥʠʡ ʪʦʢʘ ʠ ʚʨʘʱʝʥʠʝ.    

ɼʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů ̫ ʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʩʘʤʳʭ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʠ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʭ [104, 22]. ʉʪʘʥʜʘʨʪʥʘʷ ʤʦʜʝʣʴ k-Ů ʠʩʧʦʣʴʟʫʝʪ 

ʵʤʧʠʨʠʯʝʩʢʠ ʥʘʡʜʝʥʥʫʶ ʣʦʛʘʨʠʬʤʠʯʝʩʢʫʶ ʬʫʥʢʮʠʶ ʩʪʝʥʢʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʷ ʚ 

ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʠ ʧʦʵʪʦʤʫ ʥʝ ʪʨʝʙʫʝʪ ʭʦʨʦʰʝʡ ʩʝʪʢʠ ʦʢʦʣʦ ʩʪʝʥʢʠ. ʅʝʜʦʩʪʘʪʦʢ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʩʪʘʥʜʘʨʪʥʳʝ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ ʩʪʝʥʢʠ ʥʝ ʧʦʟʚʦʣʷʶʪ ʢʦʨʨʝʢʪʥʦ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʪʝʯʝʥʠʷ ʩ ʦʪʨʳʚʦʤ ʧʦʪʦʢʘ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʜʘʥʥʦʛʦ ʥʝʜʦʩʪʘʪʢʘ ʙʳʣʘ ʜʦʙʘʚʣʝʥʘ ʪʘʢ 

ʥʘʟʳʚʘʝʤʘʷ ʨʘʩʰʠʨʝʥʥʘʷ ʬʫʥʢʮʠʷ ʩʪʝʥʢʠ (Extended Wall Function), ʘ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů 

(Extended Wall Function) ʧʨʠ ʜʦʩʪʘʪʦʯʥʦʡ ʩʝʪʢʝ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʨʘʙʦʪʘʝʪ ʪʘʢʞʝ, ʢʘʢ ʠ 

ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʘʷ ʤʦʜʝʣʴ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʥʠʟʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʠʬʠʢʘʮʠʡ 

ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů, ʥʘʧʨʠʤʝʨ: k-Ů (Low Re Yang-Shih), 1993 ʛʦʜ; k-Ů (Low Re Chien), 1982 

ʛʦʜ; k-Ů (Low Launder-Sharma), 1974 ʛʦʜ.  
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ʊʘʙʣʠʮʘ 1.1 ï ʈʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʝʯʝʥʠʡ [104] 

 ɺʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʝ (High-Re) ʅʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʝ (Low-Re) 

ʄʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

Spalart-Allmaras (Extended Wall 

Function) 

SARC (Extended Wall Function)  

k-Ů (Extended wall function) 

k-Ů (Standard wall function) 

SST (Extended wall function) 

EARSM (Extended wall function) 

Baldwin-Lomax 

Spalart-Allmaras 

Spalart-Allmaras (Extended Wall 

Function) 

SARC 

SARC (Extended Wall Function) 

k-Ů (Extended wall function) 

k-Ů (Low Re Yang-Shih) 

k-Ů (Low Re Chien) 

k-Ů (Low Re Launder-Sharma) 

Shear Stress Transport (SST) 

SST (Extended wall function) 

EARSM 

EARSM (Extended wall function) 

k-ɤ(Wilcox) 

v2-f (code friendly) 

ʈʝʢʦʤʝʥʜʫʝʤʘʷ 

ʦʙʣʘʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ 

ʂʚʘʟʠʜʚʫʭʤʝʨʥʳʝ ʧʦʪʦʢʠ 

ʊʝʯʝʥʠʷ ʩʦ ʩʣʘʙʳʤ ʛʨʘʜʠʝʥʪʦʤ 

ʜʘʚʣʝʥʠʷ 

ʆʮʝʥʦʯʥʳʝ ʨʘʩʯʸʪʳ 

ʊʨʸʭʤʝʨʥʳʝ ʧʦʪʦʢʠ 

ʊʝʯʝʥʠʷ ʩ ʩʠʣʴʥʳʤ ʛʨʘʜʠʝʥʪʦʤ 

ʜʘʚʣʝʥʠʷ 

ʊʝʯʝʥʠʷ ʩ ʢʨʠʚʠʟʥʦʡ ʣʠʥʠʡ ʪʦʢʘ 

ʊʝʯʝʥʠʷ ʩ ʦʪʨʳʚʦʤ 

ώ  20 - 50 <10 

ʄʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʚ 1988 ʛʦʜʫ ʠ ʧʦʟʚʦʣʷʝʪ ʭʦʨʦʰʦ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ ʠ ʩʣʦʞʥʳʝ ʦʪʨʳʚʥʳʝ ʪʝʯʝʥʠʷ, ʦʜʥʘʢʦ ʫʩʪʫʧʘʝʪ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů ʚ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʜʨʘ ʧʦʪʦʢʘ.  

ʄʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Shear Stress Transport (SST) k-ɤ ʦʙʲʝʜʠʥʷʝʪ ʧʨʝʠʤʫʱʝʩʪʚʘ 

ʤʦʜʝʣʝʡ k-ɤ ʠ k-Ů ʠ ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʚ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʠ ʦʪʨʳʚʦʚ ʧʦʪʦʢʘ [17, 104]. ɺ SST 

ʤʦʜʝʣʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʩʪʝʥʦʯʥʳʭ ʪʝʯʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʝʣʴ k-ɤ, ʘ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʜʨʘ ʧʦʪʦʢʘ ï ʤʦʜʝʣʴ k-Ů. ʄʦʜʝʣʴ SST ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʘʢ 

ʧʨʦʠʟʚʦʜʠʪʝʣʷʤʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʦʙʝʩʧʝʯʝʥʠʡ [46, 104], ʪʘʢ ʠ ʤʥʦʛʠʤʠ 

ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ [7, 40, 41].  
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ɼʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʧʝʨʚʳʡ ʫʟʝʣ 

ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʨʘʩʧʦʣʘʛʘʣʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʩʪʝʥʢʠ ώ. ɼʘʥʥʦʝ 

ʪʨʝʙʦʚʘʥʠʝ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʷʚʣʷʝʪʩʷ ʦʙʣʘʩʪʴʶ ʧʦʚʳʰʝʥʥʳʭ ʛʨʘʜʠʝʥʪʦʚ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ, ʘ ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʦʣʴʰʠʭ ʛʨʘʜʠʝʥʪʦʚ ʪʨʝʙʫʝʪʩʷ ʚʳʩʦʢʘʷ 

ʧʣʦʪʥʦʩʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʝʪʠ.   

ɼʣʷ ʦʮʝʥʢʠ ʥʝʦʙʭʦʜʠʤʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ώ ʠʩʧʦʣʴʟʫʶʪ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ώ. ɼʘʥʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʚʟʘʠʤʦʩʚʷʟʘʥʳ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʧʨʠ ʧʦʤʦʱʠ ʩʦʦʪʥʦʰʝʥʠʷ (1.1): 

ώ
ώ’ᶻ

’
 (1.1) 

ɺ ʚʳʨʘʞʝʥʠʠ (1.1) ’  ï ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ,  ’ᶻ - ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ: 

’ᶻ
†

”
ȟ† ’

‬ό

‬ώ
 (1.2) 

ɺ ʚʳʨʘʞʝʥʠʠ (1.2) ” ï ʧʣʦʪʥʦʩʪʴ,  †  ï ʥʘʧʨʷʞʝʥʠʝ ʪʨʝʥʠʷ ʥʘ ʩʪʝʥʢʝ, u ï ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ.  

ɹʝʟʨʘʟʤʝʨʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ό  ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ: 

ό
ό

’z
 (1.3) 

ɹʝʟʨʘʟʤʝʨʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ό  ʠ ʙʝʟʨʘʟʤʝʨʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʩʪʝʥʢʠ ώʥʦʩʷʪ ʥʘʟʚʘʥʠʝ 

ʧʝʨʝʤʝʥʥʳʭ ʟʘʢʦʥʘ ʩʪʝʥʢʠ. ʇʨʦʬʠʣʴ ʩʢʦʨʦʩʪʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʚ ʧʝʨʝʤʝʥʥʳʭ ʟʘʢʦʥʘ ʩʪʝʥʢʠ 

ʠʟʦʙʨʘʞʸʥ ʥʘ ʨʠʩʫʥʢʝ 1.4. 

ɺ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʨʠ ʧʦʜʩʣʦʷ: 

1. ɺʷʟʢʠʡ ʧʦʜʩʣʦʡ. ʇʨʦʪʷʞʸʥʥʦʩʪʴ ʚʷʟʢʦʛʦ ʧʦʜʩʣʦʷ ʜʦ ʟʥʘʯʝʥʠʷ ώ υ. ʇʨʠ ʵʪʦʤ ʚ [104] 

ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʚ ʠʥʞʝʥʝʨʥʳʭ ʨʘʩʯʸʪʘʭ ʜʦʧʫʩʪʠʤʦ ʧʨʠʥʠʤʘʪʴ ʧʨʦʪʷʞʸʥʥʦʩʪʴ ʚʷʟʢʦʛʦ 

ʧʦʜʩʣʦʷ ʜʦ ʟʥʘʯʝʥʠʷ ώ ρπ. 

ʕʪʦʪ ʧʦʜʩʣʦʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʪʝʤ, ʯʪʦ ʚ ʥʸʤ ʤʦʣʝʢʫʣʷʨʥʳʡ ʧʝʨʝʥʦʩ ʧʨʝʦʙʣʘʜʘʝʪ ʥʘʜ 

ʪʫʨʙʫʣʝʥʪʥʳʤ. ʊʘʢʞʝ ʚ ʚʷʟʢʦʤ ʧʦʜʩʣʦʝ ό ώ . 

2. ɹʫʬʝʨʥʳʡ ʧʦʜʩʣʦʡ. ɽʛʦ ʧʨʦʪʷʞʸʥʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ ʦʪ ʟʥʘʯʝʥʠʷ ώ υȣρπ ʜʦ 

ʟʥʘʯʝʥʠʷ ώ σπ. ɺ ʙʫʬʝʨʥʦʤ ʧʦʜʩʣʦʝ ʤʦʣʝʢʫʣʷʨʥʳʡ ʠ ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʥʦʩʳ 

ʩʦʧʦʩʪʘʚʠʤʳ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. 

3. ʃʦʛʘʨʠʬʤʠʯʝʩʢʠʡ ʧʦʜʩʣʦʡ. ʆʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʟʥʘʯʝʥʠʝʤ ώ σπ. ɺ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʧʦʜʩʣʦʝ ʩʧʨʘʚʝʜʣʠʚʦ ʩʦʦʪʥʦʰʝʥʠʝ: 

ό
ρ

‖
ÌÎώ ὄ

ρ

‖
ÌÎὉώ  (1.4) 

ɺ (1.4) ‖ πȢτρ πȢτ πȢτσφȟὄ  υȢυυȢπ φȢςȟὉ ωȢπ. 

ɺ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʧʦʜʩʣʦʝ ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʥʦʩ ʧʨʝʦʙʣʘʜʘʝʪ ʥʘʜ ʤʦʣʝʢʫʣʷʨʥʳʤ. 
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ʈʠʩʫʥʦʢ 1.4 ï ʇʨʦʬʠʣʴ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ [141, 104] 

ɺ [104] ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʜʣʷ ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʢʦʪʦʨʳʝ 

ʨʘʩʩʯʠʪʳʚʘʶʪ ʚʷʟʢʠʡ ʧʦʜʩʣʦʡ, ʩʣʝʜʫʝʪ ʦʙʝʩʧʝʯʠʪʴ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  ʜʣʷ ʧʝʨʚʦʡ ʷʯʝʡʢʠ 

ʤʝʥʝʝ 10 (ʠʥʳʤʠ ʩʣʦʚʘʤʠ, ʧʝʨʚʘʷ ʷʯʝʡʢʘ ʜʦʣʞʥʘ ʥʘʭʦʜʠʪʴʩʷ ʚʥʫʪʨʠ ʚʷʟʢʦʛʦ ʧʦʜʩʣʦʷ). ɼʣʷ 

ʚʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʜʣʷ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʛʦ ʧʦʜʩʣʦʷ, ʧʦʜʭʦʜʷʱʠʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ώ  ʣʝʞʘʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 20 ʜʦ 50, 

ʠʣʠ ʜʘʞʝ ʙʦʣʝʝ (ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʙʫʬʝʨʥʦʛʦ ʧʦʜʩʣʦʷ ʜʣʷ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʪʝʯʝʥʠʷ). ʇʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʩʰʠʨʝʥʥʳʭ ʬʫʥʢʮʠʡ ʩʪʝʥʦʢ (Extended Wall Function) ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ 

ʧʝʨʚʳʡ ʫʟʝʣ ʨʘʩʧʦʣʘʛʘʣʩʷ ʚʥʫʪʨʠ ʚʷʟʢʦʛʦ ʧʦʜʩʣʦʷ (ώ υ), ʣʠʙʦ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʧʦʜʩʣʦʝ 

(ώ ρπ). ʇʨʠ ʵʪʦʤ ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʚ ʬʫʥʢʮʠʷʭ ʩʪʝʥʢʠ, ʥʝ ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʦʪʨʳʚʳ ʧʦʪʦʢʘ. ɼʘʥʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ 

ʚʳʙʦʨʫ ʨʘʟʤʝʨʘ ʧʝʨʚʦʡ ʷʯʝʡʢʠ ʜʣʷ ʢʦʥʢʨʝʪʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 

1.1. 

ʊʘʢʞʝ ʚ [104] ʜʘʶʪʩʷ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʩʝʪʢʘʤ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʫʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʝʰʝʥʠʷ, ʥʝʟʘʚʠʩʠʤʦʛʦ ʦʪ ʩʝʪʢʠ (ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ 

ʩʝʪʦʯʥʫʶ ʩʭʦʜʠʤʦʩʪʴ), ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʣʝʞʘʣʦ ʥʝ ʤʝʥʝʝ 15 ʵʣʝʤʝʥʪʦʚ. 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʫʥʢʮʠʡ ʩʪʝʥʢʠ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘʭʦʜʠʣʦʩʴ ʥʝ ʤʝʥʝʝ 

9 ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʵʪʦʤ ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʚʦ ʚʩʝʡ ʩʝʪʢʝ ʩʣʝʜʫʝʪ ʠʟʙʝʛʘʪʴ ʩʠʣʴʥʦ ʩʢʦʰʝʥʥʳʭ 

ʵʣʝʤʝʥʪʦʚ (ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʫʛʣʦʤ ʷʯʝʡʢʠ ʤʝʥʝʝ 10 ʛʨʘʜʫʩʦʚ), ʘ ʪʘʢʞʝ ʚ ʤʝʩʪʘʭ ʩ ʩʠʣʴʥʳʤʠ 

ʛʨʘʜʠʝʥʪʘʤʠ (ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ, ʩʜʚʠʛʦʚʳʝ ʪʝʯʝʥʠʷ, ʩʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ) ʩʣʝʜʫʝʪ ʦʙʝʩʧʝʯʠʪʴ 
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ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ Expansion Ratio (ʬʘʢʪʦʨ ʨʦʩʪʘ, ʦʪʥʦʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʩʦʩʝʜʥʠʭ ʷʯʝʝʢ ʚ ʩʝʪʢʝ) 

ʚ ʧʨʝʜʝʣʘʭ ʦʪ 1 ʜʦ 1,6.  

ɺ [46] ʜʘʶʪʩʷ, ʚ ʮʝʣʦʤ, ʩʭʦʞʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʩʝʪʢʝ, ʘ ʠʤʝʥʥʦ: 

- ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ ʬʫʥʢʮʠʷʤʠ 

ʩʪʝʥʢʠ ʨʘʟʤʝʨ ʧʝʨʚʦʛʦ ʵʣʝʤʝʥʪʘ ʜʦʣʞʝʥ ʦʙʝʩʧʝʯʠʚʘʪʴ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  

ʙʦʣʝʝ 20; 

- ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʨʘʟʤʝʨ ʧʝʨʚʦʛʦ 

ʵʣʝʤʝʥʪʘ ʜʦʣʞʝʥ ʦʙʝʩʧʝʯʠʚʘʪʴ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ   ώ  ʤʝʥʝʝ 2; 

- ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ ʚʥʫʪʨʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʜʦʣʞʥʦ ʙʳʪʴ ʥʝ ʤʝʥʝʝ 10 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʫʥʢʮʠʡ ʩʪʝʥʢʠ ʠ ʥʝ ʤʝʥʝʝ 15 ʧʨʠ ʝʛʦ ʧʨʷʤʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ. 

ɺ ʨʘʙʦʪʝ [11] ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʜʣʷ ʧʨʘʚʠʣʴʥʦʛʦ ʦʧʠʩʘʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʧʝʨʚʳʡ ʫʟʝʣ ʦʪ ʩʪʝʥʢʠ ʜʦʣʞʝʥ 

ʥʘʭʦʜʠʪʴʩʷ ʚ ʚʷʟʢʦʤ ʧʦʜʩʣʦʝ (ώ υ), ʘ ʜʣʷ ʪʦʯʥʦʛʦ ʦʧʠʩʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʩʯʠʪʘʝʪʩʷ, 

ʯʪʦ ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʩʦʦʪʥʦʰʝʥʠʝ ώ ρ (3-4 ʫʟʣʘ ʚ ʧʦʜʩʣʦʝ). ʂʨʦʤʝ ʪʦʛʦ, ʩʣʝʜʫʝʪ ʠʟʙʝʛʘʪʴ 

ʩʣʠʰʢʦʤ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ ʬʘʢʪʦʨʘ ʨʦʩʪʘ (ʥʝ ʙʦʣʝʝ 1,3), ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʟʘʤʝʪʥʦʡ ʧʦʪʝʨʠ ʪʦʯʥʦʩʪʠ. ʂʘʩʘʪʝʣʴʥʦ ʚʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʪʨʝʙʦʚʘʥʠʷ ʩʭʦʞʠ ʩ [46] ʠ [104]: σπ ώ ρππρπππ. 

ɺ ʨʘʙʦʪʝ [22] ʫʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ ʠ SST ʜʣʷ 

ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʪʝʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ώ ρ ʠ ʥʝ ʤʝʥʝʝ 10 ʷʯʝʝʢ ʚ 

ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. 

ʋʢʘʟʘʥʥʳʝ ʚʳʰʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʩʝʪʢʠ 

ʷʚʣʷʶʪʩʷ ʦʙʱʠʤʠ ʠ ʧʨʠʤʝʥʠʤʳ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʥʦ ʠ 

ʜʣʷ ʣʶʙʳʭ ʟʘʜʘʯ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ (ʦʙʪʝʢʘʥʠʝ ʢʨʳʣʘ ʩʘʤʦʣʸʪʘ, ʘʵʨʦʜʠʥʘʤʠʢʘ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʠ ʜʨ.). ʀʟ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʦʙʱʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ 

ʚʳʚʦʜʳ: 

- ʥʝʚʦʟʤʦʞʥʦ ʦʜʥʦʟʥʘʯʥʦ ʚʳʜʝʣʠʪʴ ʣʫʯʰʫʶ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦ ʢʨʠʪʝʨʠʷʤ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ: ʢʘʢ ʪʦʯʥʦʩʪʠ, ʪʘʢ ʠ ʩʢʦʨʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ; 

- ʚr ʙʦʨ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥ ʩ ʚʳʙʦʨʦʤ ʧʘʨʘʤʝʪʨʦʚ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʝʪʠ. ʇʨʠ ʵʪʦʤ ʢʦʥʢʨʝʪʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʦʡ ʩʝʪʠ ʟʘʚʠʩʷʪ ʦʪ ʪʦʛʦ, ʢʘʢʦʝ ʧʨʦʛʨʘʤʤʥʦʝ 

ʦʙʝʩʧʝʯʝʥʠʝ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ;  

- ʚ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʝʪʢʘʭ ʥʝʦʙʭʦʜʠʤʦ ʠʟʙʝʛʘʪʴ ʩʢʦʰʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʟʥʘʯʝʥʠʝ 

ʤʠʥʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʛʦ ʫʛʣʘ 10 ʛʨʘʜʫʩʦʚ), ʘ ʪʘʢʞʝ ʨʝʟʢʦʛʦ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʘ 

ʩʦʩʝʜʥʠʭ ʵʣʝʤʝʥʪʦʚ (ʨʝʢʦʤʝʥʜʫʝʤʦʝ ʟʥʘʯʝʥʠʝ ʬʘʢʪʦʨʘ ʨʦʩʪʘ ʦʪ 1 ʜʦ 1,6); 
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- ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ 

ʩʢʦʨʦʩʪʴ ʨʘʩʯʸʪʘ ʠ ʝʛʦ ʩʭʦʜʠʤʦʩʪʴ ʟʘ ʩʯʸʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʫʥʢʮʠʡ ʩʪʝʥʢʠ 

(ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʥʝ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ, ʘ ʤʦʜʝʣʠʨʫʝʪʩʷ) ʠ ʤʝʥʴʰʝʛʦ ʪʨʝʙʫʝʤʦʛʦ ʯʠʩʣʘ 

ʵʣʝʤʝʥʪʦʚ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ, ʥʦ ʩʥʠʞʘʝʪ ʪʦʯʥʦʩʪʴ ʨʘʩʯʸʪʘ. ɺʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʝ 

ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʝ ʧʦʟʚʦʣʷʶʪ ʢʦʨʨʝʢʪʥʦ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʦʪʨʳʚʥʳʝ ʪʝʯʝʥʠʷ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʠʤʝʪʴ ʤʝʩʪʦ ʚ ʣʦʧʘʪʦʯʥʳʭ ʤʘʰʠʥʘʭ. ʈʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʧʘʨʘʤʝʪʨʘʤ 

ʩʝʪʢʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳ ʜʣʷ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʩʣʫʯʘʷ; 

- ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚʳʧʦʣʥʷʝʪʩʷ ʨʘʩʯʸʪ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ çʬʠʟʠʯʥʦʤʫè ʦʧʠʩʘʥʠʶ ʪʝʯʝʥʠʷ. ʇʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʫʟʝʣ, ʙʣʠʞʘʡʰʠʡ ʦʪ 

ʩʪʝʥʢʠ, ʜʦʣʞʝʥ ʣʝʞʘʪʴ ʚʥʫʪʨʠ ʚʷʟʢʦʛʦ ʧʦʜʩʣʦʷ: ώ ρπ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʇʆ 

Numeca FineTurbo;  ώ ς  ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʇʆ ANSYS CFX. 

ʆʪʥʦʩʠʪʝʣʴʥʦ ʩʪʨʫʢʪʫʨʳ ʩʝʪʦʢ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʘʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʪʦʣʴʢʦ 

ʦ ʯʠʩʣʝ ʵʣʝʤʝʥʪʦʚ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ʇʨʠ ʵʪʦʤ ʦʪʩʫʪʩʪʚʫʶʪ ʢʦʥʢʨʝʪʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ 

ʥʝʦʙʭʦʜʠʤʦʤʫ ʯʠʩʣʫ ʵʣʝʤʝʥʪʦʚ ʚ ʷʜʨʝ ʧʦʪʦʢʘ, ʯʠʩʣʫ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʩʪʝʥʢʠ. ʇʦʵʪʦʤʫ 

ʫʢʘʟʘʥʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʥʝʦʙʭʦʜʠʤʳʤʠ, ʥʦ ʥʝʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʢʦʨʨʝʢʪʥʳʭ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʦʩʝʚʳʭ ʪʫʨʙʠʥ. 

ɼʣʷ ʦʙʟʦʨʘ ʩʫʱʝʩʪʚʫʶʱʝʛʦ ʦʧʳʪʘ ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʢʪʦʨʥʳʭ ʨʘʩʯʸʪʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʠʥ ʙʳʣ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʙʦʣʝʝ ʯʝʤ 80-ʪʠ 

ʧʫʙʣʠʢʘʮʠʡ ʟʘ ʧʦʩʣʝʜʥʠʝ 5 ʣʝʪ (ʩ 2011 ʛʦʜʘ ʧʦ 2016 ʛʦʜ). ɺʳʙʦʨ ʪʘʢʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ 

ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʩʣʦʞʥʦʩʪʴ ʠ ʨʘʟʤʝʨʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʩʯʸʪʥʳʭ ʤʦʜʝʣʝʡ ʚʦ ʤʥʦʛʦʤ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʨʝʩʫʨʩʘʤʠ. ʀʥʪʝʥʩʠʚʥʦʝ ʨʘʟʚʠʪʠʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ 

ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʜʦʩʪʫʧʥʳʡ ʫʨʦʚʝʥʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʥʝʧʨʝʨʳʚʥʦ ʨʘʩʪʸʪ, ʘ ɻʪʦ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ ʫʩʣʦʞʥʝʥʠʶ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʩʯʸʪʥʳʭ ʤʦʜʝʣʝʡ, ʚ ʯʘʩʪʥʦʩʪʠ, ʠ 

ʨʘʩʯʸʪʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʠʥ.  

ʉʚʦʜʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʧʫʙʣʠʢʘʮʠʡ ʩʦ ʩʩʳʣʢʘʤʠ ʥʘ ʠʩʪʦʯʥʠʢʠ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 

ɸ.1 ʇʨʠʣʦʞʝʥʠʷ ɸ. ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʘʥʘʣʠʟʘ ʧʫʙʣʠʢʘʮʠʡ ʫʜʝʣʷʣʦʩʴ ʚʥʠʤʘʥʠʝ ʩʣʝʜʫʶʱʠʤ 

ʦʩʦʙʝʥʥʦʩʪʷʤ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ: 

- ʠʩʧʦʣʴʟʫʝʤʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʩʯʸʪʥʦʡ ʤʦʜʝʣʠ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ; 

- ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ; 

- ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  ʜʣʷ ʵʣʝʤʝʥʪʘ, ʙʣʠʞʘʡʰʝʛʦ ʢ ʩʪʝʥʢʝ; 

- ʧʘʨʘʤʝʪʨʳ ʠʩʧʦʣʴʟʫʝʤʦʡ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ:  
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¶ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʢʠ, ʧʨʠʭʦʜʷʱʝʝʩʷ ʥʘ ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ 

ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ;  

¶ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ;  

¶ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ; 

¶ ʦʪʥʦʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʩʦʩʝʜʥʠʭ ʷʯʝʝʢ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ; 

- ʩʩʳʣʢʠ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʥʝʢʦʪʦʨʳʭ ʠʩʪʦʯʥʠʢʘʭ ʩʦʜʝʨʞʘʣʘʩʴ ʠʥʬʦʨʤʘʮʠʷ ʥʝ ʦ ʢʦʣʠʯʝʩʪʚʝ 

ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ, ʘ ʦʙ ʦʙʱʝʡ ʨʘʟʤʝʨʥʦʩʪʠ ʩʝʪʢʠ ʚʦ ʚʩʝʡ 

ʨʘʩʯʸʪʥʦʡ ʤʦʜʝʣʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ, ʧʨʠʭʦʜʷʱʝʝʩʷ ʥʘ ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ 

ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ, ʚʳʯʠʩʣʷʣʦʩʴ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʩʫʤʤʘʨʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ 

ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʢ ʢʦʣʠʯʝʩʪʚʫ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥʳ.  

ʊʘʢʞʝ ʚ ʭʦʜʝ ʘʥʘʣʠʟʘ ʚʳʧʦʣʥʷʣʘʩʴ ʦʮʝʥʢʘ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʧʫʪʸʤ ʜʝʣʝʥʠʷ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʪʨʸʭʤʝʨʥʦʡ ʨʘʩʯʸʪʥʦʡ 

ʦʙʣʘʩʪʠ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ.  

ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʢʠ ʠ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʩʧʦʩʦʙʦʚ ʦʮʝʥʢʠ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʚ ʪʘʙʣʠʮʝ ɸ.1 ʧʦʤʝʯʝʥʳ ʩʠʤʚʦʣʦʤ ç*è. 

ɼʣʷ ʥʘʛʣʷʜʥʦʩʪʠ ʠ ʫʜʦʙʩʪʚʘ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʳ ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʚʠʜʝ ʛʠʩʪʦʛʨʘʤʤ.  

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʦʩʣʦ ʢʦʣʠʯʝʩʪʚʦ ʥʘʠʤʝʥʦʚʘʥʠʡ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʪʝʯʝʥʠʡ ʤʝʪʦʜʘʤʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ. ʇʦʵʪʦʤʫ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʧʨʠ ʦʙʟʦʨʝ ʜʦʩʪʫʧʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ ʫʜʝʣʷʣʦʩʴ ʚʥʠʤʘʥʠʝ ʧʨʦʛʨʘʤʤʥʦʤʫ ʦʙʝʩʧʝʯʝʥʠʶ, ʧʨʠʤʝʥʷʝʤʦʤʫ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʪʫʨʙʠʥʘʭ. ʅʘ ʨʠʩʫʥʢʝ 1.5 ʧʨʝʜʩʪʘʚʣʝʥʘ ʛʠʩʪʦʛʨʘʤʤʘ ʩʩʳʣʦʢ ʥʘ 

ʠʩʧʦʣʴʟʦʚʘʥʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ. ʉʨʝʜʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʢʘʢ ʫʥʠʚʝʨʩʘʣʴʥʝr, ʧʨʠʤʝʥʠʤʝr ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʟʘʜʘʯ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ, ʪʘʢʠʝ ʢʘʢ ANSYS CFX ʠ ANSYS Fluent, ʪʘʢ ʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʝr ʧʦʜ ʨʝʰʝʥʠʝ 

ʟʘʜʘʯ ʪʫʨʙʦʤʘʰʠʥʦʩʪʨʦʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ Numeca FineTurbo, TRACE ʠ HYDRA. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ANSYS CFX, ANSYS Fluent ʠ Numeca FineTurbo ʷʚʣʷʶʪʩʷ ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʳʤʠ ʢʦʤʤʝʨʯʝʩʢʠʤʠ 

ʧʨʦʜʫʢʪʘʤʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ TRACE (Turbomachinery Research 

Aerodynamic Computational Environment, ʇʝʨʝʚʦʜ: çɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʨʝʜʘ ʜʣʷ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʫʨʙʦʤʘʰʠʥè) ʨʘʟʨʘʙʦʪʘʥ ʥʝʤʝʮʢʠʤ ʥʘʮʠʦʥʘʣʴʥʳʤ ʮʝʥʪʨʦʤ 

ʘʵʨʦʥʘʚʪʠʢʠ ʠ ʢʦʩʤʦʥʘʚʪʠʢʠ DLR [71] ʠ ʚʩʪʨʝʯʘʝʪʩʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʧʫʙʣʠʢʘʮʠʷʭ ʥʝʤʝʮʢʠʭ 

ʫʥʠʚʝʨʩʠʪʝʪʦʚ, ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʮʝʥʪʨʦʚ ʠ ʧʨʝʜʧʨʠʷʪʠʡ. ʇʂ HYDRA, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʨʘʟʨʘʙʦʪʘʥ ʠʟʚʝʩʪʥʦʡ ʜʚʠʛʘʪʝʣʝʩʪʨʦʠʪʝʣʴʥʦʡ ʢʦʨʧʦʨʘʮʠʝʡ Rolls-Royce [120] ʚ ʩʦʪʨʫʜʥʠʯʝʩʪʚʝ ʩ 

ʥʝʢʦʪʦʨʳʤʠ ʘʥʛʣʠʡʩʢʠʤʠ ʫʥʠʚʝʨʩʠʪʝʪʘʤʠ ʠ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʇʂ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 
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ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʪʫʨʙʦʤʘʰʠʥ ʚ ʢʦʤʧʘʥʠʠ Rolls-Royce. ʇʨʠ ʥʝʢʦʪʦʨʳʭ ʨʘʟʣʠʯʠʷʭ, 

ʚʩʝ ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʣʝʢʩʳ ʠʤʝʶʪ ʩʭʦʜʥʳʡ ʧʦʜʭʦʜ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʨʘʙʦʯʠʭ 

ʧʨʦʮʝʩʩʦʚ ʪʫʨʙʦʤʘʰʠʥ. 

 

ʈʠʩʫʥʦʢ 1.5 ï ʂʦʣʠʯʝʩʪʚʦ ʩʩʳʣʦʢ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʚ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮ rɸ.1, ʧʨʠʣʦʞʝʥʠʝ ɸ  

ʅʘ ʨʠʩʫʥʢʝ 1.6 ʧʨʠʚʝʜʝʥʘ ʛʠʩʪʦʛʨʘʤʤʘ ʢʦʣʠʯʝʩʪʚʘ ʩʩʳʣʦʢ ʚ ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮʳ ɸ.1 

ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʤʝʶʪ ʤʦʜʝʣʠ ʢʣʘʩʩʘ      

k-ɤ (ʢʘʢ ʩʪʘʥʜʘʨʪʥʘʷ, ʪʘʢ ʠ SST), ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʠʭ ʩʧʦʩʦʙʥʦʩʪʴʶ ʜʦʩʪʦʚʝʨʥʦ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʘʨʘʤʝʪʨʳ ʧʦʪʦʢʘ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʠ ʦʪʨʳʚʥʳʝ ʪʝʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʦʪʩʫʪʩʪʚʫʝʪ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʧʦ ʢʨʠʪʝʨʠʷʤ ʪʦʯʥʦʩʪʠ ʠ ʩʢʦʨʦʩʪʠ ʨʘʩʯʸʪʘ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʝʢʦʪʦʨʳʭ ʨʘʙʦʪ, 

ʥʘʧʨʠʤʝʨ, [113]), ʘ ʚʳʙʦʨ ʢʦʥʢʨʝʪʥʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠʣʠ ʥʠʢʘʢ ʥʝ ʦʙʦʩʥʦʚʳʚʘʝʪʩʷ, ʠʣʠ 

ʧʨʠʚʦʜʷʪʩʷ ʩʩʳʣʢʠ ʥʘ ʦʙʱʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʠʭ ʧʨʠʤʝʥʝʥʠʶ, ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ. ʕʪʦ ʤʦʞʝʪ 

ʦʙʲʷʩʥʷʪʴ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʪʫʨʙʠʥ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST, ʢʦʪʦʨʘʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʢ ʧʨʠʤʝʥʝʥʠʶ ʚ ʨʘʟʣʠʯʥʳʭ 

ʠʩʪʦʯʥʠʢʘʭ, ʢʘʢ ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʟʘʜʘʯ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʜʠʥ ʠʟ ʤʥʦʛʠʭ ʧʦʢʘʟʘʪʝʣʴʥʳʭ ʧʨʠʤʝʨʦʚ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʩʦʟʥʘʥʥʦʛʦ ʚʳʙʦʨʘ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʠ ʨʝʰʝʥʠʠ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ 

ʟʘʜʘʯʠ, ʧʨʠʚʝʜʸʥ ʚ ʨʘʙʦʪʝ [53]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʷʝʪʩʷ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʣʦʩʢʦʡ ʨʝʰʸʪʢʝ ʪʫʨʙʠʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʭʦʨʦʰʦ ʚʠʜʥʦ (ʨʠʩʫʥʦʢ 1.7), ʯʪʦ ʥʘʠʣʫʯʰʝʝ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʘʸʪ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ, ʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ 

(ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʢʘʯʢʘ ʫʧʣʦʪʥʝʥʠʷ ʠ ʩʣʝʜʫʶʱʝʛʦ ʟʘ ʥʠʤ ʦʪʨʳʚʘ ʧʦʪʦʢʘ), ʧʦʣʫʯʝʥʥʳʤʠ ʩ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-Allmaras ʠ 

ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ SST, ʩʦʚʧʘʜʘʝʪ ʩ ʨʘʟʥʠʮʝʡ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ SST ʤʦʜʝʣʠ ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʤʝʥʝʝ 

ʨʝʩʫʨʩʦʟʘʪʨʘʪʥʘʷ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-Allmaras ʠʤʝʝʪ ʪʦʯʥʦʩʪʴ, 

ʩʦʧʦʩʪʘʚʠʤʫʶ ʩ ʙʦʣʝʝ ʨʝʩʫʨʩʦʟʘʪʨʘʪʥʦʡ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST 

k- ɤ.  

 

ʈʠʩʫʥʦʢ 1.6 ï ʂʦʣʠʯʝʩʪʚʦ ʩʩʳʣʦʢ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʚ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮ rɸ.1, ʧʨʠʣʦʞʝʥʠʝ ɸ  

ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʚʳʙʦʨ ʪʦʡ ʠʣʠ ʠʥʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘʢʣʘʜʳʚʘʝʪ 

ʦʧʨʝʜʝʣʸʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʝ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʪʨʝʙʦʚʘʥʠʷ ʢ ʧʘʨʘʤʝʪʨʘʤ ʩʝʪʢʠ 

ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʠ ʨʘʟʤʝʨʫ ʵʣʝʤʝʥʪʘ, ʙʣʠʞʘʡʰʝʛʦ ʢ ʩʪʝʥʢʝ ʨʘʩʯʸʪʥʦʡ ʤʦʜʝʣʠ, 

ʭʘʨʘʢʪʝʨʠʟʫʝʤʦʛʦ ʧʘʨʘʤʝʪʨʦʤ ώ . ɻʠʩʪʦʛʨʘʤʤʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ  ώ  

ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʚ ʠʩʪʦʯʥʠʢʘʭ ʠʟ 

ʪʘʙʣʠʮʳ ɸ.1, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.8. ɸʥʘʣʠʟ ʛʠʩʪʦʛʨʘʤʤʳ ʧʦʢʘʟʳʚʘʝʪ ʷʚʥʦʝ ʧʨʝʦʙʣʘʜʘʥʠʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʩ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ ʨʘʩʯʸʪʦʤ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ (ώ ς) ʩ 

ʧʦʤʦʱʴʶ ʥʠʟʢʦʨʝʡʥʦʣʴʜʩʦʚʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘʜ ʯʠʩʣʝʥʥʳʤʠ ʤʦʜʝʣʷʤʠ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʧʨʠʩʪʝʥʦʯʥʳʝ ʬʫʥʢʮʠʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ 

(ώ ρπ, ʚʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʳʝ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ). ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʦʯʥʦʩʪʠ ʧʨʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʨʘʩʯʸʪʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʝʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ, ʢʘʢ ʵʪʦ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʳʰʝ. 
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ʈʠʩʫʥʦʢ 1.7 ï ɺʣʠʷʥʠʝ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ ʨʘʩʩʯʠʪʳʚʘʝʤʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʛʦ ʯʠʩʣʘ ʄʘʭʘ 

ʚʜʦʣʴ ʧʨʦʬʠʣʷ [53].  

ɺ [22] ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ ʚʦʟʥʠʢʘʶʪ 

ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʧʦʛʨʝʰʥʦʩʪʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʨʘʟʥʠʮʝʡ ʤʝʞʜʫ ʪʦʯʥʳʤ ʨʝʰʝʥʠʝʤ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʫʨʘʚʥʝʥʠʡ, ʠ ʠʭ ʯʠʩʣʝʥʥʳʤ ʨʝʰʝʥʠʝʤ ʥʘ ʩʝʪʢʝ ʩ ʢʦʥʝʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʫʟʣʦʚ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʫʟʣʦʚ (ʪʦ ʝʩʪʴ ʨʘʟʤʝʨʥʦʩʪʠ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ) ʧʨʠʙʣʠʞʘʝʪ 

ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʢ ʪʦʯʥʦʤʫ, ʥʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʪʨʝʙʫʝʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʠ 

ʚʨʝʤʝʥʥʳʭ ʨʝʩʫʨʩʦʚ.  

 

ʈʠʩʫʥʦʢ 1.8 ï ʂʦʣʠʯʝʩʪʚʦ ʩʩʳʣʦʢ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʟʥʘʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ώ  ʚ ʨʘʙʦʪʘʭ ʠʟ 

ʪʘʙʣʠʮ rɸ.1, ʧʨʠʣʦʞʝʥʠʝ ɸ 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʦʢ ʣʦʧʘʪʦʯʥʳʭ ʤʘʰʠʥ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʪʫʨʙʠʥ ʠʩʧʦʣʴʟʫʶʪʩʷ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʣʝʢʩʳ, ʪʘʢʠʝ ʢʘʢ ANSYS TurboGrid ʠ Numeca 

AutoGrid5 [105] (ʧʦʣʫʯʠʣ ʥʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ). ʇʨʝʠʤʫʱʝʩʪʚʦ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ 
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ʢʦʤʧʣʝʢʩʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ ʧʦʟʚʦʣʷʶʪ ʚ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʨʝʞʠʤʝ ʩʦʟʜʘʚʘʪʴ 

ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ ʚʦʢʨʫʛ ʣʦʧʘʪʦʢ, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʶʪ ʥʘʢʣʘʜʳʚʘʪʴ ʥʘ ʩʦʟʜʘʥʥʳʝ ʨʘʩʯʸʪʥʳʝ 

ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ. ʇʦʜʭʦʜ ʢ ʧʦʩʪʨʦʝʥʠʶ ʪʨʸʭʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʚ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʩʦʟʜʘʸʪʩʷ 

ʜʚʫʭʤʝʨʥʘʷ ʩʝʪʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ, ʢʦʪʦʨʘʷ ʟʘʪʝʤ ʚʳʪʷʛʠʚʘʝʪʩʷ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ 

ʯʘʩʪʠ ʩ ʟʘʜʘʥʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʣʦʸʚ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʠ. ɼʚʫʭʤʝʨʥʘʷ ʩʝʪʢʘ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʢʦʤʧʣʝʢʩʝ Numeca AutʦGrid5 ʥʘʟʳʚʘʝʪʩʷ B2B (ʩʦʢʨʘʱʸʥʥʦ ʦʪ Blade to Blade, ʇʝʨʝʚʦʜ: çʃʦʧʘʪʢʘ 

ʢ ʣʦʧʘʪʢʝè). ʂʦʣʠʯʝʩʪʚʦ ʩʣʦʸʚ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʢʠ (ʠʥʳʤʠ ʩʣʦʚʘʤʠ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ) ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ Numeca AutʦGrid5 ʦʙʦʟʥʘʯʘʝʪʩʷ ʢʘʢ 

FlowPath Number (ʇʝʨʝʚʦʜ: çʂʦʣʠʯʝʩʪʚʦ ʣʠʥʠʡ ʪʦʢʘè, ʩʦʢʨʘʱʸʥʥʦ FP). ʉʭʝʤʘʪʠʯʥʦ ʦʧʠʩʘʥʥʳʡ 

ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʦʢ ʜʣʷ ʜʦʤʝʥʦʚ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 1.9.   

 

ʈʠʩʫʥʦʢ 1.9 ï ʇʨʠʤʝʨ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʦʩʝʚʦʡ ʪʫʨʙʠʥʳ 

ɻʠʩʪʦʛʨʘʤʤʘ ʨʘʟʤʝʨʥʦʩʪʠ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʘʭ 

ʠʟ ʪʘʙʣʠʮʳ ɸ.1, ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.10. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʥʘʣʠʟ ʨʘʟʤʝʨʥʦʩʪʠ ʩʝʪʦʢ 

ʚʳʧʦʣʥʷʣʩʷ ʥʝ ʧʦ ʦʙʱʝʤʫ ʢʦʣʠʯʝʩʪʚʫ ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʝ ʚʩʝʡ ʤʦʜʝʣʠ, ʘ ʧʦ ʢʦʣʠʯʝʩʪʚʫ 

ʵʣʝʤʝʥʪʦʚ, ʧʨʠʭʦʜʷʱʝʤʫʩʷ ʥʘ ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ, ʵʢʚʠʚʘʣʝʥʪʥʫʶ ʦʜʥʦʤʫ ʤʝʞʣʦʧʘʪʦʯʥʦʤʫ 

ʢʘʥʘʣʫ ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ. 

ʀʟ ʘʥʘʣʠʟʘ ʛʠʩʪʦʛʨʘʤʤʳ ʥʘ ʨʠʩʫʥʢʝ 1.10 ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʧʨʝʦʙʣʘʜʘʶʱʝʤ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʨʸʭʤʝʨʥʳʭ ʩʝʪʦʢ ʩ ʨʘʟʤʝʨʥʦʩʪʴʶ ʥʝ ʙʦʣʝʝ 2 ʤʣʥ ɻ ʣʝʤʝʥʪʦʚ ʥʘ ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ 

ʦʜʥʦʛʦ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ (58 ʩʣʫʯʘʝʚ ʠʟ ʨʘʩʩʤʦʪʨʝʥʥʳʭ). ʇʨʠ ʵʪʦʤ ʷʚʥʳʡ ʤʘʢʩʠʤʫʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʝʪʦʢ ʩ ʨʘʟʤʝʨʥʦʩʪʴʶ ʦʪ 0,5 ʤʣʥ ɻ ʣʝʤʝʥʪʦʚ ʜʦ 1,5 ʤʣʥ ɻ ʣʝʤʝʥʪʦʚ 

ʥʘ ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʪʫʨʙʠʥʳ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ 

ʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʠ (ʙʦʣʝʝ 4 ʤʣʥ ʵʣʝʤʝʥʪʦʚ ʥʘ ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ) 
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ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʨʘʙʦʪʘʭ, ʧʨʝʜʧʦʣʘʛʘʚʰʠʭ ʝʜʠʥʠʯʥʳʡ ʨʘʩʯʸʪ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʪʫʨʙʠʥʳ ʠ 

ʜʘʣʴʥʝʡʰʝʝ ʠʟʫʯʝʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ [56, 84, 85, 94, 145, 147, 149]. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʧʨʝʜʧʦʣʘʛʘʚʰʠʭ ʤʥʦʛʦʢʨʘʪʥʦʝ ʦʙʨʘʱʝʥʠʝ ʢ ʨʘʩʯʸʪʥʦʡ ʤʦʜʝʣʠ 

(ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ), ʢʘʢ ʧʨʘʚʠʣʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʩʝʪʢʠ ʥʝʙʦʣʴʰʦʡ ʨʘʟʤʝʨʥʦʩʪʠ (ʤʝʥʝʝ 1 ʤʣʥ ɻ ʣʝʤʝʥʪʦʚ ʥʘ ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ 

ʚʝʥʮʘ) [60, 107, 113, 114, 130, 150].  

 

ʈʠʩʫʥʦʢ 1.10 ï ʂʦʣʠʯʝʩʪʚʦ ʩʩʳʣʦʢ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʨʘʟʣʠʯʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʚ ʠʩʪʦʯʥʠʢʘʭ ʠʟ 

ʪʘʙʣʠʮʳ ɸ.1, ʧʨʠʣʦʞʝʥʠʝ ɸ (ʚ ʨʘʩʯʸʪʝ ʥʘ ʦʜʠʥ ʣʦʧʘʪʦʯʥʳʡ ʚʝʥʝʮ) 

ɺ ʨʘʙʦʪʘʭ [113, 143, 150] ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ ʨʘʟʣʠʯʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ. ʇʨʠ 

ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʦʩʥʦʚʥʘʷ ʤʘʩʩʘ ʨʘʩʯʸʪʦʚ ʚʳʧʦʣʥʷʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʥʝʝ ʧʦʜʨʦʙʥʳʭ, ʤʝʥʝʝ 

ʪʦʯʥʳʭ, ʥʦ ʙʦʣʝʝ ʙʳʩʪʨʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʙʦʣʝʝ ʧʦʜʨʦʙʥʳʝ ʠ ʪʦʯʥʳʝ ʩʝʪʢʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʧʨʦʚʝʨʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʣʠ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʢʘʢʠʭ-ʣʠʙʦ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʝʯʝʥʠʷ. ʊʘʢ ʚ ʨʘʙʦʪʝ [143] ʨʘʩʯʸʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʫʨʙʠʥʳ (18 ʪʦʯʝʢ) ʚʳʧʦʣʥʷʝʪʩʷ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʪʢʠ ʨʘʟʤʝʨʥʦʩʪʴʶ 1 ʤʣʥ ʵʣʝʤʝʥʪʦʚ ʥʘ ʦʜʠʥ ʣʦʧʘʪʦʯʥʳʡ ʚʝʥʝʮ, ʘ ʩʝʪʢʘ ʩ 

ʨʘʟʤʝʨʥʦʩʪʴʶ 8 ʤʣʥ ʵʣʝʤʝʥʪʦʚ ʥʘ ʦʜʠʥ ʣʦʧʘʪʦʯʥʳʡ ʚʝʥʝʮ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʦʣʴʢʦ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥʳ ʚ ʨʘʩʯʸʪʥʦʡ ʪʦʯʢʝ (ʨʠʩʫʥʦʢ 1.11). ɺ ʨʘʙʦʪʝ [113] 

ʙʦʣʝʝ ʛʨʫʙʘʷ ʩʝʪʴ ʨʘʟʤʝʨʥʦʩʪʴʶ 0,46 ʤʣʥ ʵʣʝʤʝʥʪʦʚ ʥʘ ʣʦʧʘʪʦʯʥʳʡ ʚʝʥʝʮ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʛʝʦʤʝʪʨʠʠ ʪʫʨʙʠʥʳ, ʘ ʙʦʣʝʝ ʧʦʜʨʦʙʥʘʷ ʩʝʪʢʘ ʨʘʟʤʝʨʥʦʩʪʴʶ 3,66 ʤʣʥ ʵʣʝʤʝʥʪʦʚ ʥʘ 

ʣʦʧʘʪʦʯʥʳʡ ʚʝʥʝʮ ï ʜʣʷ ʧʨʦʚʝʨʢʠ ʠ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʦʧʪʠʤʠʟʘʮʠʠ. 

ɺ ʨʘʙʦʪʘʭ [75, 108, 126, 128] ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʤʙʠʥʘʮʠʷ ʨʘʩʯʸʪʥʳʭ ʩʝʪʝʡ ʨʘʟʣʠʯʥʦʡ 

ʨʘʟʤʝʨʥʦʩʪʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥʳ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʚ ʜʦʤʝʥʘʭ 

ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ, ʢʦʪʦʨʳʝ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʣʠ ʚ ʢʦʪʦʨʳʭ 
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ʚʳʧʦʣʥʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʦʣʝʝ ʧʦʜʨʦʙʥʘʷ ʨʘʩʯʸʪʥʘʷ 

ʩʝʪʴ, ʚ ʜʦʤʝʥʘʭ ʦʩʪʘʣʴʥʳʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥʳ ï ʤʝʥʝʝ ʧʦʜʨʦʙʥʘʷ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ 

[108], ʧʦʩʚʷʱʸʥʥʦʡ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʥʝʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ ʙʘʥʜʘʞʥʳʭ ʧʦʣʦʢ ʥʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʫʨʙʠʥ, ʜʣʷ ʜʦʤʝʥʘ ʩʦʧʣʦʚʦʛʦ ʘʧʧʘʨʘʪʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʘʩʯʸʪʥʘʷ ʩʝʪʢʘ 

ʨʘʟʤʝʨʥʦʩʪʴʶ 0,6 ʤʣʥ ʵʣʝʤʝʥʪʦʚ, ʘ ʜʣʷ ʜʦʤʝʥʘ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ ï 1,3 ʤʣʥ ʵʣʝʤʝʥʪʦʚ, ʙʝʟ ʫʯʸʪʘ 

ʜʦʤʝʥʘ ʧʦʣʦʩʪʠ ʥʘʜ ʨʘʙʦʯʠʤ ʢʦʣʝʩʦʤ, ʩ ʩʝʪʢʦʡ ʨʘʟʤʝʨʥʦʩʪʴʶ 1,5 ʤʣʥ ʵʣʝʤʝʥʪʦʚ (ʨʠʩʫʥʦʢ 1.12).  

 
 

ʈʠʩʫʥʦʢ 1.11 ï ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ 

ʨʘʩʯʸʪʥʳʭ ʨʘʩʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʫʨʙʠʥʳ [143]. 

MG level 0 ï çʧʦʜʨʦʙʥʘʷè ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʝʪʴ,  

MG level 1 ï çʛʨʫʙʘʷè ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʝʪʴ 

ʈʠʩʫʥʦʢ 1.12 ï ʈʘʩʯʸʪʥʳʝ ʦʙʣʘʩʪʠ ʩʦʧʣʦʚʦʛʦ ʘʧʧʘʨʘʪʘ, 

ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ ʠ ʥʘʜʙʘʥʜʘʞʥʦʡ ʧʦʣʦʩʪʠ [108] 

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʚʳʙʨʘʪʴ ʨʘʟʤʝʨʥʦʩʪʠ ʩʝʪʢʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʷʚʣʷʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ. ʉʫʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʚʳʧʦʣʥʝʥʠʝ ʨʘʩʯʸʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʧʦ ʨʘʟʤʝʨʥʦʩʪʠ ʨʘʩʯʸʪʥʳʭ ʩʝʪʝʡ. 

ɾʝʣʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʢʦʣʠʯʝʩʪʚʦ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʙʳʣʦ ʥʝ ʤʝʥʴʰʝ 3. ʉʝʪʦʯʥʘʷ ʩʭʦʜʠʤʦʩʪʴ 

ʩʯʠʪʘʝʪʩʷ ʜʦʩʪʠʛʥʫʪʦʡ, ʝʩʣʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ ʥʝ ʧʨʦʠʩʭʦʜʠʪ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʝʤʦʛʦ ʧʘʨʘʤʝʪʨʘ (ʥʘʧʨʠʤʝʨ, ʂʇɼ ʠʣʠ ʧʨʦʧʫʩʢʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʚ ʩʣʫʯʘʝ ʪʫʨʙʠʥʳ). ʋʧʦʤʠʥʘʥʠʝ ʦ ʚʳʧʦʣʥʝʥʠʠ ʧʦʜʦʙʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʜʝʨʞʠʪʩʷ 

ʚ 18 ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮʳ ɸ.1 (ʧʦʜ çʫʧʦʤʠʥʘʥʠʝʤ ʦ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠè ʟʜʝʩʴ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʠʣʠ ʚʳʧʦʣʥʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʩʘʤʦʡ ʨʘʙʦʪʝ, ʣʠʙʦ ʩʩʳʣʢʘ ʥʘ ʙʦʣʝʝ ʨʘʥʥʶʶ 

ʨʘʙʦʪʫ, ʚ ʢʦʪʦʨʦʡ ʜʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʷʚʣʷʝʪʩʷ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʚʳʙʦʨʘ 

ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʦʡ ʩʝʪʠ.  

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ï ʝʛʦ ʩʫʙʲʝʢʪʠʚʥʦʩʪʴ. ɺ 

ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʥʘʡʜʝʥʦ ʝʜʠʥʦʛʦ ʢʨʠʪʝʨʠʷ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʩʯʠʪʘʪʴ ʩʝʪʦʯʥʫʶ ʩʭʦʜʠʤʦʩʪʴ 

ʜʦʩʪʠʛʥʫʪʦʡ: ʘ ʠʤʝʥʥʦ, ʢʘʢʫʶ ʚʝʣʠʯʠʥʫ (0.5%, 1% ʠʣʠ 2%, ʥʘʧʨʠʤʝʨ) ʥʝ ʜʦʣʞʥʦ ʧʨʝʚʳʰʘʪʴ 

ʠʟʤʝʥʝʥʠʝ ʨʘʩʩʯʠʪʳʚʘʝʤʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʨʘʟʤʝʨʥʦʩʪʠ ʩʝʪʢʠ, ʘ ʪʘʢʞʝ ʢʘʢʦʚʦ ʧʨʠ 

ʵʪʦʤ ʜʦʣʞʥʦ ʙʳʪʴ ʠʟʤʝʥʝʥʠʝ ʨʘʟʤʝʨʥʦʩʪʠ ʩʝʪʢʠ (ʚ 1,5 ʨʘʟʘ, ʚ 2 ʨʘʟʘ ʠʣʠ ʚ 3 ʨʘʟʘ, ʥʘʧʨʠʤʝʨ).  
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ɺ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʧʨʠ ʦʧʠʩʘʥʠʠ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʧʨʠʚʦʜʷʪʩʷ ʠʣʠ 

ʨʘʟʤʝʨʳ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʠʣʠ ʢʦʵʬʬʠʮʠʝʥʪ, 

ʧʦʢʘʟʳʚʘʶʱʠʡ ʩʦʦʪʥʦʰʝʥʠʝ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʝʪʦʢ. ʆʜʥʘʢʦ, ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ 

ʦ ʪʦʤ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʚʳʧʦʣʥʷʣʦʩʴ ʠʟʤʝʣʴʯʝʥʠʝ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ: ʟʘ ʩʯʸʪ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʵʣʝʤʝʥʪʦʚ ʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ, ʠʣʠ ʟʘ ʩʯʸʪ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʠʣʠ ʜʚʫʤʷ ʵʪʠʤʠ ʩʧʦʩʦʙʘʤʠ (ʠʩʢʣʶʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 

ʨʘʙʦʪʘ [42], ʚ ʢʦʪʦʨʦʡ ʩʝʪʦʯʥʘʷ ʩʭʦʜʠʤʦʩʪʴ ʚʳʧʦʣʥʷʝʪʩʷ ʟʘ ʩʯʸʪ ʠʟʤʝʥʝʥʠʷ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ). ɺʤʝʩʪʝ ʩ ʪʝʤ, ʵʪʦʪ ʚʦʧʨʦʩ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ, ʪʘʢ ʢʘʢ ʩʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ 

ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ ʠʤʝʝʪ ʩʣʦʞʥʳʡ ʥʝʦʜʥʦʨʦʜʥʳʡ ʭʘʨʘʢʪʝʨ, ʠ ʨʘʚʥʦʤʝʨʥʦʝ 

ʠʟʤʝʣʴʯʝʥʠʝ ʩʝʪʢʠ ʧʦ ʚʩʝʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʘʚʳʰʝʥʥʦʤʫ ʯʠʩʣʫ ʵʣʝʤʝʥʪʦʚ ʚ 

ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʣʦʛʠʯʥʳʤ ʷʚʣʷʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʩʝʪʦʯʥʦʡ 

ʩʭʦʜʠʤʦʩʪʠ ʩ ʫʯʸʪʦʤ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʘʭ ʪʫʨʙʠʥʳ.  

ɺ ʨʘʙʦʪʘʭ [55, 81, 122] ʜʣʷ ʦʮʝʥʢʠ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʘʨʘʤʝʪʨ GCI (Grid 

Convergence Index, ʇʝʨʝʚʦʜ: çʀʥʜʝʢʩ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠè). ɼʘʥʥʳʡ ʤʝʪʦʜ [58] ʧʦʜʨʘʟʫʤʝʚʘʝʪ 

ʨʘʩʯʸʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʸʭ ʩʝʪʦʢ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ ʵʣʝʤʝʥʪʘ ʧʨʠʤʝʨʥʦ 

ʚ 1,3 ʨʘʟʘ, ʠ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʯʠʩʣʝʥʥʫʶ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʴ (ʧʦʛʨʝʰʥʦʩʪʴ), ʚʳʟʚʘʥʥʫʶ 

ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʚ ʦʪʢʨʳʪʦʡ ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʥʘʡʜʝʥʦ ʥʠʢʘʢʠʭ 

ʢʦʥʢʨʝʪʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʚʝʣʠʯʠʥʝ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ, ʧʦʟʚʦʣʷʶʱʠʭ ʩʯʠʪʘʪʴ ʠʩʧʦʣʴʟʫʝʤʫʶ 

ʨʘʩʯʸʪʥʫʶ ʩʝʪʢʫ ʧʨʠʛʦʜʥʦʡ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦʡ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʧʦʤʠʤʦ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ, 

ʧʨʠʭʦʜʷʱʝʛʦʩʷ ʥʘ ʨʘʩʯʸʪʥʫʶ ʦʙʣʘʩʪʴ, ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʧʘʨʘʤʝʪʨʘʭ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʷʯʝʝʢ ʚ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʝ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʢ 

ʪʘʢʠʤ ʧʘʨʘʤʝʪʨʘʤ ʦʪʥʦʩʷʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ 

B2B ʠ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ FP (ʨʠʩʫʥʦʢ 1.9). ɺ ʨʷʜʝ ʣʠʪʝʨʘʪʫʨʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ, ʧʨʠʚʝʜʸʥʥʳʭ ʚ ʪʘʙʣʠʮʝ ɸ.1, ʩʦʜʝʨʞʘʣʘʩʴ ʠʥʬʦʨʤʘʮʠʷ ʦ ʢʦʣʠʯʝʩʪʚʝ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚ ʜʦʤʝʥʘʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥʳ. ɻʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.13. ʂʘʢ ʚʠʜʥʦ ʠʟ ʘʥʘʣʠʟʘ ʨʠʩʫʥʢʘ 1.13, ʥʘʠʙʦʣʴʰʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʤʝʶʪ ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ ʩ ʢʦʣʠʯʝʩʪʚʦʤ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʦʪ 

50 ʜʦ 150 (9 ʩʣʫʯʘʝʚ ʠʟ 13 ʠʟʚʝʩʪʥʳʭ). ʆʜʥʘʢʦ, ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ 

ʤʦʞʝʪ ʩʠʣʴʥʦ ʟʘʚʠʩʝʪʴ ʦʪ ʚʳʩʦʪʳ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ: ʯʝʤ ʙʦʣʴʰʝ ʚʳʩʦʪʘ, ʪʝʤ ʙʦʣʴʰʝ ʪʨʝʙʫʝʪʩʷ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ. ʇʦʵʪʦʤʫ ʜʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʥʝ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ 

ʫʥʠʚʝʨʩʘʣʴʥʳʤ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤ ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ ʜʣʷ ʚʩʝʛʦ ʤʥʦʛʦʦʙʨʘʟʠʷ ʪʫʨʙʠʥ. ɹʦʣʝʝ 

ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ 

ʢʘʥʘʣʘ B2B. ʆʮʝʥʢʘ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʚ ʧʣʦʩʢʦʡ ʩʝʪʢʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ B2B 
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ʚʳʧʦʣʥʷʣʘʩʴ ʧʫʪʸʤ ʜʝʣʝʥʠʷ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʢʠ N ʨʘʩʯʸʪʥʦʡ 

ʦʙʣʘʩʪʠ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ FP: 

ὄςὄ
ὔ

Ὂὖ
 (1.5) 

ɻʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ B2B ʚ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʢʘʭ 

ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮʳ ɸ.1, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 

1.14. ʀʟ ʘʥʘʣʠʟʘ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ʩʣʝʜʫʝʪ, ʯʪʦ ʥʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʤʝʶʪ ʨʘʩʯʸʪʥʳʝ 

ʩʝʪʢʠ ʩ ʢʦʣʠʯʝʩʪʚʦʤ ʵʣʝʤʝʥʪʦʚ ʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʦʪ 10 ʜʦ 20 ʪʳʩʷʯ. 

 

ʈʠʩʫʥʦʢ 1.13 ï ʂʦʣʠʯʝʩʪʚʦ ʩʩʳʣʦʢ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚ ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮʳ ɸ.1, ʧʨʠʣʦʞʝʥʠʝ ɸ 

ɺ ʨʘʙʦʪʘʭ [55, 56, 97, 102, 123, 144, 147] ʩʦʜʝʨʞʠʪʩʷ ʫʧʦʤʠʥʘʥʠʝ ʦ ʤʘʢʩʠʤʘʣʴʥʦʤ 

ʩʦʦʪʥʦʰʝʥʠʠ ʨʘʟʤʝʨʦʚ ʩʦʩʝʜʥʠʭ ʵʣʝʤʝʥʪʦʚ (ʧʘʨʘʤʝʪʨ Expansion Ratio (ER), ʇʝʨʝʚʦʜ: 

çʢʦʵʬʬʠʮʠʝʥʪ ʫʚʝʣʠʯʝʥʠʷè) ʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʪʢʘʭ. ʋʧʦʤʠʥʘʝʤʦʝ ʟʥʘʯʝʥʠʝ 

ʧʘʨʘʤʝʪʨʘ ER ʚʦ ʚʩʝʭ ʨʘʙʦʪʘʭ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦʝ ʠ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,2 ʜʦ 1,4. 

ʋʧʦʤʠʥʘʥʠʝ ʦ ʧʦʜʦʙʥʳʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʘʭ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʨʘʩʯʸʪʥʫʶ 

ʩʝʪʢʫ, ʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮʳ ɸ.1 ʚʩʪʨʝʯʘʝʪʩʷ ʜʘʣʝʢʦ ʥʝ ʯʘʩʪʦ 

(ʚʩʝʛʦ 21 ʫʧʦʤʠʥʘʥʠʝ). ɺʤʝʩʪʝ ʩ ʪʝʤ, ʜʘʞʝ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʜʥʦʟʥʘʯʥʦʛʦ 

ʧʦʩʪʨʦʝʥʠʷ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʪʫʨʙʠʥ, ʪʘʢ ʢʘʢ ʦʪʩʫʪʩʪʚʫʶʪ ʨʝʢʦʤʝʥʜʘʮʠʠ, ʥʘʧʨʠʤʝʨ, ʧʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʭʘʨʘʢʪʝʨʥʳʭ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʩʪʦʨʦʥ ʜʦʤʝʥʦʚ ʣʦʧʘʪʦʯʥʳʭ 

ʚʝʥʮʦʚ ʪʫʨʙʠʥ. 
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ʈʠʩʫʥʦʢ 1.14 ï ʂʦʣʠʯʝʩʪʚʦ ʩʩʳʣʦʢ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʯʠʩʣʦʤ ʵʣʝʤʝʥʪʦʚ ʚ 

ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʢʘʭ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ ʚ ʨʘʙʦʪʘʭ ʚ ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮʳ ɸ.1, ʧʨʠʣʦʞʝʥʠʝ ɸ 

ɺ 11 ʠʩʪʦʯʥʠʢʘʭ ʠʟ ʪʘʙʣʠʮʳ ɸ.1 ʫʧʦʤʠʥʘʝʪʩʷ ʦ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʷʭ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ 

ʪʫʨʙʠʥ, ʩʦʜʝʨʞʘʱʠʭ ʧʦʤʠʤʦ ʜʦʤʝʥʦʚ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥ, ʜʦʤʝʥʳ ʧʨʠʪʨʘʢʪʦʚʳʭ 

ʧʦʣʦʩʪʝʡ (ʥʘʜʙʘʥʜʘʞʥʳʝ ʧʦʣʦʩʪʠ, ʧʨʠʩʦʝʜʠʥʸʥʥʳʝ ʦʙʲʸʤʳ ʠ ʜʨ.). ɺʢʣʶʯʝʥʠʝ ʚ ʤʦʜʝʣʠ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʧʨʠʪʨʘʢʪʦʚʳʭ ʧʦʣʦʩʪʝʡ ʥʝ ʩʦʩʪʘʚʣʷʝʪ ʦʩʦʙʦʛʦ ʪʨʫʜʘ (ʢ ʧʨʠʤʝʨʫ, ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʢʦʤʧʣʝʢʩʝ Numeca AutoGrid5 ʝʩʪʴ ʩʧʝʮʠʘʣʴʥʳʡ ʰʘʙʣʦʥ çZR ï Effectè, ʧʦʟʚʦʣʷʶʱʠʡ ʩʦʟʜʘʚʘʪʴ 

ʜʦʤʝʥʳ ʧʨʠʪʨʘʢʪʦʚʳʭ ʧʦʣʦʩʪʝʡ ʠ ʩʝʪʢʠ ʚ ʥʠʭ), ʥʦ ʚʝʜʸʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ 

ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ. ʂʘʢ ʧʨʘʚʠʣʦ, ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚ ʩʝʪʢʘʭ ʜʦʤʝʥʦʚ ʧʨʠʪʨʘʢʪʦʚʳʭ ʧʦʣʦʩʪʝʡ 

ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʯʠʩʣʦʤ ʵʣʝʤʝʥʪʦʚ ʚ ʩʝʪʢʘʭ ʜʦʤʝʥʦʚ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [124] 

ʩʫʤʤʘʨʥʦʝ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʚʩʝʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʩʦʩʪʘʚʣʷʝʪ 5,7 ʤʣʥ, ʘ 

ʩʫʤʤʘʨʥʦʝ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ ʧʦʣʥʦʡ ʤʦʜʝʣʠ ʩ ʫʯʸʪʦʤ ʧʨʠʪʨʘʢʪʦʚʳʭ ʧʦʣʦʩʪʝʡ ï 7,5 ʤʣʥ 

(ʨʠʩʫʥʦʢ 1.15). ɺ ʨʘʙʦʪʝ [108] ʩʝʪʢʘ ʜʦʤʝʥʘ ʧʨʠʪʨʘʢʪʦʚʦʡ ʧʦʣʦʩʪʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 1,5 ʤʣʥ 

ʵʣʝʤʝʥʪʦʚ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʝʪʢʠ ʜʦʤʝʥʦʚ ʩʦʧʣʦʚʦʛʦ ʘʧʧʘʨʘʪʘ ʠ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ ʚʩʝʛʦ ʧʦ 0,6 ʤʣʥ 

ʠ 1,3 ʤʣʥ ʵʣʝʤʝʥʪʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟ ʘʥʘʣʠʟʘ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʟ ʪʘʙʣʠʮʳ ɸ.1, ʚ ʢʦʪʦʨʳʭ 

ʫʧʦʤʠʥʘʝʪʩʷ ʦ CFD ï ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ 

ʚʳʚʦʜʳ. 

1. CFD ï ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʜʦʚʦʜʢʠ. 

2. ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʧʨʠʤʝʥʷʶʱʠʭʩʷ ʜʣʷ CFD ï ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʪʫʨʙʠʥ. ɺʳʙʦʨ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʚʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʦʩʪʫʧʥʦʩʪʴʶ ʣʠʮʝʥʟʠʠ ʥʘ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʞʜʦʤ ʢʦʥʢʨʝʪʥʦʤ 

ʩʣʫʯʘʝ. ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ 
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ʠʤʝʶʪ ʧʨʦʛʨʘʤʤʥʳʝ ʢʦʤʧʣʝʢʩʳ ANSYS CFX ʠ Numeca FineTurbo. ʉʨʝʜʠ ʧʨʦʛʨʘʤʤʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʪʫʨʙʦʤʘʰʠʥ, ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ Numeca AutoGrid5. 

  

ʈʠʩʫʥʦʢ 1.15 ï ʕʩʢʠʟ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥʳ ʩ ʧʨʠʪʨʘʢʪʦʚʳʤʠ ʧʦʣʦʩʪʷʤʠ 

[124] 

3. ʆʪʩʫʪʩʪʚʫʝʪ ʧʦʣʥʳʡ ʢʦʤʧʣʝʢʩ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʜʥʦʟʥʘʯʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʢʦʥʬʠʛʫʨʘʮʠʶ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʜʦʤʝʥʦʚ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥ, ʘ 

ʠʤʝʥʥʦ, ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʟʘʜʘʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʜʣʷ ʪʫʨʙʠʥ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʚʳʩʦʪʘʤʠ ʣʦʧʘʪʦʢ. 

4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʩʧʦʩʦʙʦʤ ʜʣʷ 

ʚʳʙʦʨʘ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ 

ʪʫʨʙʠʥ. ʇʨʠ ʵʪʦʤ ʦʪʩʫʪʩʪʚʫʶʪ ʢʦʥʢʨʝʪʥʳʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʢʨʠʪʝʨʠʠ ʠ ʨʝʢʦʤʝʥʜʘʮʠʠ 

ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ. ʊʘʢʞʝ ʦʪʩʫʪʩʪʚʫʝʪ ʤʝʪʦʜ ʚʳʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʩʝʪʦʢ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʠʥ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʬʠʟʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʷʭ ʦ ʩʪʨʫʢʪʫʨʝ 

ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ. 

5. ʀʟʚʝʩʪʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ 

ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʥʳ ʠ ʥʝ ʧʦʟʚʦʣʷʶʪ ʦʜʥʦʟʥʘʯʥʦ ʚʳʙʨʘʪʴ 

ʟʥʘʯʝʥʠʝ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʧʘʨʘʤʝʪʨʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʟʦʨʘ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ: 

- ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʢʝ ʦʜʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ: ʦʪ 0,5 ʤʣʥ ʜʦ 

1,5 ʤʣʥ; 

- ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ: ʦʪ 10 ʪʳʩ. ʜʦ 20 

ʪʳʩ. ʵʣʝʤʝʥʪʦʚ; 
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- ʟʥʘʯʝʥʠʝ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ y+ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʪʦʨʮʝʚʳʭ ʩʪʝʥʦʢ ʠ ʣʦʧʘʪʦʢ: 

ώ ρ; 

- ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ, SST ʠʣʠ Spalart ï Allmaras. ʇʨʠ ʵʪʦʤ ʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʠʩʪʦʯʥʠʢʘʭ ʥʝ ʦʙʥʘʨʫʞʝʥʦ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʘʝʤʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʘ ʚʳʙʦʨ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʙʦʩʥʦʚʳʚʘʝʪʩʷ ʦʙʱʠʤʠ ʨʝʢʦʤʝʥʜʘʮʠʷʤʠ [46, 104, 

142]; 

- ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʦʩʪʘ ʷʯʝʝʢ (Expansion Ratio): ʜʦ 1,4. 

6. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʪʫʨʙʠʥ ʠʤʝʶʪ ʤʝʩʪʦ ʧʦʜʭʦʜʳ, ʩʦʯʝʪʘʶʱʠʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʪʫʨʙʠʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʸʪʥʳʭ ʩʝʪʝʡ 

ʨʘʟʣʠʯʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ (ʛʨʫʙʳʭ ʠ ʧʦʜʨʦʙʥʳʭ).  

ʇʝʨʚʳʡ ʠʟ ʵʪʠʭ ʧʦʜʭʦʜʦʚ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʚʳʧʦʣʥʝʥʠʝ ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʨʘʩʯʸʪʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʪʝʡ ʩ ʤʝʥʴʰʠʤ ʯʠʩʣʦʤ ʵʣʝʤʝʥʪʦʚ, ʢʘʢ ʙʦʣʝʝ çʙʳʩʪʨʳʭè ʠ çʛʨʫʙʳʭè, 

ʥʦ ʤʝʥʝʝ çʪʦʯʥʳʭè, ʠ ʧʨʦʚʝʨʢʫ ʬʠʥʘʣʴʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʪʝʡ 

ʙʦʣʴʰʝʡ ʨʘʟʤʝʨʥʦʩʪʠ, ʢʘʢ ʙʦʣʝʝ çʪʦʯʥʳʭè. 

ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ çʧʦʜʨʦʙʥʳʭè ʩʝʪʝʡ ʙʦʣʴʰʝʡ 

ʨʘʟʤʝʨʥʦʩʪʠ ʪʦʣʴʢʦ ʚ ʪʝʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʘʭ ʪʫʨʙʠʥʳ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ 

ʚ ʢʦʥʢʨʝʪʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ. ɺ ʦʩʪʘʣʴʥʳʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʘʭ ʪʫʨʙʠʥʳ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʩʝʪʢʠ ʤʝʥʝʝ çʧʦʜʨʦʙʥʳʝè, çʛʨʫʙʳʝè ʩʝʪʢʠ ʩ ʤʝʥʴʰʠʤ ʯʠʩʣʦʤ ʵʣʝʤʝʥʪʦʚ. 

ʋʢʘʟʘʥʥʳʝ ʧʦʜʭʦʜʳ ʧʦʟʚʦʣʷʶʪ ʩʫʱʝʩʪʚʝʥʥʦ ʵʢʦʥʦʤʠʪʴ ʚʨʝʤʷ, ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʜʥʘʢʦ, ʚ ʨʘʙʦʪʘʭ ʥʝ ʩʦʜʝʨʞʠʪʩʷ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʜʦʧʫʩʪʠʤʦʡ ʩʪʝʧʝʥʠ 

ʫʤʝʥʴʰʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʚ çʛʨʫʙʳʭè ʩʝʪʢʘʭ, ʘ ʪʘʢʞʝ ʥʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ 

ʦʮʝʥʢʠ ʩʥʠʞʝʥʠʷ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ çʛʨʫʙʳʭè ʩʝʪʦʢ. 

7. ɺʢʣʶʯʝʥʠʝ ʚ ʨʘʩʯʸʪʥʫʶ ʤʦʜʝʣʴ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʧʨʠʪʨʘʢʪʦʚʳʭ ʧʦʣʦʩʪʝʡ 

ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ. 

8. ʅʝ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʨʘʙʦʪʘʥ ʚʦʧʨʦʩ ʦ ʚʣʠʷʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʠʥ 

ʥʝ ʪʦʣʴʢʦ ʥʘ ʪʦʯʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʥʦ ʪʘʢʞʝ ʠ ʥʘ ʝʛʦ ʩʢʦʨʦʩʪʴ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʸʥʥʦʛʦ ʘʥʘʣʠʟʘ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʮʝʣʴ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ: ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ 

ʜʦʚʦʜʢʠ ʘʚʠʘʮʠʦʥʥʳʭ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ʟʘ ʩʯʸʪ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʦʩʝʚʳʭ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʘʚʠʘʮʠʦʥʥʳʭ ʪʫʨʙʠʥ ʜʣʷ ʠʭ 

ʜʦʚʦʜʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ, ʘ ʪʘʢʞʝ ʚʳʧʦʣʥʝʥʠʷ ʧʦʚʝʨʦʯʥʳʭ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʫʢʘʟʘʥʥʦʡ ʮʝʣʠ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʈʘʟʨʘʙʦʪʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʧʦʣʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ. 



31 

 

2. ʈʘʟʨʘʙʦʪʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʩʝʪʦʯʥʦʡ ʩʭʦʜʠʤʦʩʪʠ ʥʘ 

ʦʩʥʦʚʝ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʪʨʸʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ 

ʪʫʨʙʠʥ. 

3. ʀʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ, ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ 

ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʦʢ ʣʦʧʘʪʦʢ ʠ ʪʫʨʙʠʥ, ʘ ʪʘʢʞʝ ʥʘ 

ʪʨʝʙʫʝʤʳʝ ʜʣʷ ʵʪʦʛʦ ʚʨʝʤʝʥʥʳʝ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ. 

4. ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜʳ ʩʦʟʜʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʜʦʚʦʜʢʠ ʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ. 

5. ʈʘʟʨʘʙʦʪʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʩʦʢʨʘʱʝʥʠʶ ʚʨʝʤʝʥʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʜʦʚʦʜʢʠ ʠ 

ʦʧʪʠʤʠʟʘʮʠʠ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʦʚ 

ʩʦʟʜʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʠʭ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ. 
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2 ʈɸɿʈɸɹʆʊʂɸ ʈɽʂʆʄɽʅɼɸʎʀʁ ʇʆ ɺʓɹʆʈʋ ʇɸʈɸʄɽʊʈʆɺ 

ʈɸʉʏɪʊʅʓʍ ʉɽʊʆʂ ʏʀʉʃɽʅʅʓʍ ʄʆɼɽʃɽʁ ʈɸɹʆʏɽɻʆ 

ʇʈʆʎɽʉʉɸ ʊʋʈɹʀʅ 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʩʪʨʫʢʪʫʨʝ ʧʦʪʦʢʘ ʚ ʠʭ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʩ ʮʝʣʴʶ ʢʦʨʨʝʢʪʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʩʝʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʝʯʝʥʠʷ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʦʥʠʤʘʥʠʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ 

ʩʪʨʫʢʪʫʨʦʡ ʧʦʪʦʢʘ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ (ʧʘʨʘʤʝʪʨʘʤʠ ʩʝʪʦʢ, ʤʦʜʝʣʷʤʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ) ʧʦʟʚʦʣʠʪ ʩʦʟʜʘʚʘʪʴ ʨʘʮʠʦʥʘʣʴʥʳʝ ʯʠʩʣʝʥʥʳʝ ʤʦʜʝʣʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ 

ʧʦ ʢʨʠʪʝʨʠʷʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

2.1 ʉʊʈʋʂʊʋʈɸ ʇʆʊʆʂɸ ɺ ʄɽɾʃʆʇɸʊʆʏʅʓʍ ʂɸʅɸʃɸʍ ʊʋʈɹʀʅ 

ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʘ 

ʥʘ ʧʨʠʤʝʨʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʩʦʧʣʦʚʦʛʦ ʘʧʧʘʨʘʪʘ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ, ʚ 

ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʩʦʧʣʦʚʳʭ ʘʧʧʘʨʘʪʦʚ (ʨʠʩʫʥʦʢ 2.1) ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʭʘʨʘʢʪʝʨʥʳʝ 

ʦʙʣʘʩʪʠ ʪʝʯʝʥʠʷ [16, 51]: ʦʙʣʘʩʪʴ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ (Primary Region), ʣʦʢʘʣʠʟʦʚʘʥʥʘʷ ʚ ʩʨʝʜʥʝʡ 

ʯʘʩʪʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ, ʠ ʦʙʣʘʩʪʠ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ (Secondary Region), ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ 

ʦʢʦʣʦ ʪʦʨʮʝʚʳʭ ʩʪʝʥʦʢ. ʋʢʘʟʘʥʥʳʝ ʦʙʣʘʩʪʠ ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.2 ʚ ʚʠʜʝ 

ʩʧʨʦʝʮʠʨʦʚʘʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʩʧʠʥʢʠ ʣʠʥʠʡ ʪʦʢʘ [51]. ʆʙʣʘʩʪʴ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʦʪʦʢʘ ʩ ʨʝʰʸʪʢʦʡ ʧʨʦʬʠʣʝʡ ʪʫʨʙʠʥʳ. ɺ ʦʙʣʘʩʪʷʭ ʚʪʦʨʠʯʥʳʭ 

ʪʝʯʝʥʠʡ ʩʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʦʪʦʢʘ ʩ ʨʝʰʸʪʢʦʡ ʧʨʦʬʠʣʝʡ, 

ʥʦ ʪʘʢʞʝ ʠ ʢʦʥʮʝʚʳʤʠ ʩʪʝʥʢʘʤʠ. 

 
 

ʈʠʩʫʥʦʢ 2.1 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ [16] 

ʈʠʩʫʥʦʢ 2.2 ï ʆʙʣʘʩʪʠ ʪʝʯʝʥʠʷ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ 

ʢʘʥʘʣʝ ʪʫʨʙʠʥʳ [51] 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦ ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʚʳʩʦʪʳ ʨʝʰʸʪʢʠ ʦʙʣʘʩʪʠ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ 

ʤʦʛʫʪ ʩʤʳʢʘʪʴʩʷ, ʠ ʚʩʸ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚ ʨʝʰʸʪʢʝ ʩʪʘʥʦʚʠʪʩʷ ʧʨʦʥʠʟʘʥʥʳʤ ʚʪʦʨʠʯʥʳʤ ʪʝʯʝʥʠʝʤ 

[16]. ʆʜʥʘʢʦ, ʣʦʧʘʪʢʠ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʊʅɼ ʠ ʉʊ ʩʦʚʨʝʤʝʥʥʳʭ ɻʊɼ, ʢʘʢ ʧʨʘʚʠʣʦ, ʷʚʣʷʶʪʩʷ 

çʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠ ʜʣʠʥʥʳʤʠè ʠ ʧʦʜʦʙʥʳʝ ʷʚʣʝʥʠʷ ʚ ʥʠʭ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ.  
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ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʦʪʦʢʘ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʩ ʨʝʰʸʪʢʦʡ ʧʨʦʬʠʣʝʡ ʚ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ: 

- ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʦʢ; 

- ʦʙʨʘʟʦʚʘʥʠʝ ʚʠʭʨʝʚʦʛʦ ʩʣʝʜʘ ʟʘ ʚʳʭʦʜʥʦʡ ʢʨʦʤʢʦʡ ʣʦʧʘʪʢʠ; 

- ʦʪʨʳʚʦʤ ʧʦʪʦʢʘ (ʚ ʩʣʫʯʘʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʫʛʣʘ ʘʪʘʢʠ ʦʪ ʦʧʪʠʤʘʣʴʥʦʛʦ); 

- ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʢʘʯʢʦʚ ʫʧʣʦʪʥʝʥʠʷ (ʚ ʩʣʫʯʘʝ ʪʨʘʥʩ- ʠ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʚ 

ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ). 

ʅʘ ʨʠʩʫʥʢʝ 2.3 ʧʦʢʘʟʘʥ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʧʨʠ ʦʙʪʝʢʘʥʠʠ ʣʦʧʘʪʢʠ 

ʪʫʨʙʠʥʳ. ʂʘʢ ʦʪʤʝʯʝʥʦ ʚ [12, 33], ʧʦʪʦʢ ʥʘʙʝʛʘʝʪ ʥʘ ʚʭʦʜʥʫʶ ʢʨʦʤʢʫ ʣʦʧʘʪʢʠ ʠ ʨʘʟʜʝʣʷʝʪʩʷ, 

ʧʨʠʯʸʤ ʧʦ ʦʙʝ ʩʪʦʨʦʥʳ ʣʦʧʘʪʢʠ ʩʥʘʯʘʣʘ ʦʙʨʘʟʫʝʪʩʷ ʣʘʤʠʥʘʨʥʳʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ. ʅʘ ʢʦʨʳʪʮʝ 

ʪʦʣʱʠʥʘ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚʥʘʯʘʣʝ ʧʣʘʚʥʦ ʥʘʨʘʩʪʘʝʪ, ʘ ʟʘʪʝʤ ʫʤʝʥʴʰʘʝʪʩʷ. ʅʘ ʩʧʠʥʢʝ 

ʣʘʤʠʥʘʨʥʳʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʙʳʩʪʨʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʨʘʟʤʝʨʘʭ ʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʝʨʝʭʦʜʠʪ ʚ 

ʪʫʨʙʫʣʝʥʪʥʳʡ ʩ ʥʝʙʦʣʴʰʠʤ ʣʦʢʘʣʴʥʳʤ ʦʪʨʳʚʦʤ ʧʦʪʦʢʘ (ʨʠʩʫʥʦʢ 2.4). ʋʪʦʣʱʝʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ ʥʘ ʩʧʠʥʢʝ ʥʘʙʣʶʜʘʝʪʩʷ ʪʘʢʞʝ ʚ ʦʙʣʘʩʪʠ ʢʦʩʦʛʦ ʩʨʝʟʘ ʠʟ-ʟʘ ʜʠʬʬʫʟʦʨʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʪʝʯʝʥʠʷ. 

ʅʘ ʵʪʦʤ ʫʯʘʩʪʢʝ ʤʦʛʫʪ ʧʦʷʚʠʪʴʩʷ ʦʙʨʘʪʥʳʝ ʪʝʯʝʥʠʷ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ, ʯʪʦ ʦʙʳʯʥʦ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʪʨʳʚʦʤ ʧʦʩʣʝʜʥʝʛʦ. ʉʣʦʞʥʦʩʪʴ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ 

ʥʘ ʩʧʠʥʢʝ ʣʦʧʘʪʢʝ, ʦʙʲʷʩʥʷʝʪʩʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʦʡ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ: ʩ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ, ʚʳʛʥʫʪʦʡ ʬʦʨʤʳ ʩʧʠʥʢʠ (ʧʨʠ ʦʙʪʝʢʘʥʠʠ ʚʳʛʥʫʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʠʥʢʠ ʥʘ ʧʦʪʦʢ 

ʜʝʡʩʪʚʫʶʪ ʮʝʥʪʨʦʙʝʞʥʳʝ ʩʠʣʳ, ʦʪʞʠʤʘʶʱʠʝ ʝʛʦ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ), ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʘʣʠʯʠʝʤ 

ʢʦʩʦʛʦ ʩʨʝʟʘ, ʬʦʨʤʠʨʫʶʱʝʛʦ ʜʠʬʬʫʟʦʨʥʳʡ ʫʯʘʩʪʦʢ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ. ʇʨʦʮʝʩʩʳ, 

ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʦʢ, ʧʨʠʚʦʜʷʪ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʧʦʪʝʨʷʤ ʵʥʝʨʛʠʠ, ʥʘʟʳʚʘʝʤʳʤʠ ʧʦʪʝʨʷʤʠ ʥʘ ʪʨʝʥʠʝ z̓ .̑  

ʆʙʨʘʟʦʚʘʥʠʝ ʚʠʭʨʝʚʦʛʦ ʩʣʝʜʘ ʟʘ ʚʳʭʦʜʥʦʡ ʢʨʦʤʢʦʡ ʣʦʧʘʪʢʠ ʦʙʲʷʩʥʷʝʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ 

ʨʘʟʨʷʞʝʥʠʷ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʜʦʥʥʳʡ ʵʬʬʝʢʪ) ʟʘ ʚʳʭʦʜʥʳʤʠ ʢʨʦʤʢʘʤʠ ʣʦʧʘʪʦʢ ʢʦʥʝʯʥʦʡ 

ʪʦʣʱʠʥʳ (ʨʠʩʫʥʦʢ 2.5). ʌʦʨʤʠʨʦʚʘʥʠʝ ʚʠʭʨʝʚʦʛʦ ʩʣʝʜʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʪʝʨʷʤʠ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ, ʥʘʟʳʚʘʝʤʳʤʠ ʢʨʦʤʦʯʥʳʤʠ ʧʦʪʝʨʷʤʠ z̋ .̑ 

ʆʪʨʳʚ ʧʦʪʦʢʘ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʦʪʢʣʦʥʝʥʠʷ ʫʛʣʘ ʥʘʪʝʢʘʥʠʷ ʦʪ ʨʘʩʯʝʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʪʫʨʙʦʤʘʰʠʥʳ ʠʣʠ ʥʝʦʧʪʠʤʘʣʴʥʦʛʦ ʧʨʦʬʠʣʠʨʦʚʘʥʠʷ ʣʦʧʘʪʢʠ. ɺ 

ʤʝʩʪʘʭ ʦʪʨʳʚʘ ʠ ʟʘ ʥʠʤʠ ʦʙʨʘʟʫʶʪʩʷ ʚʠʭʨʠ (ʨʠʩʫʥʦʢ 2.6), ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʪʝʨʷʤʠ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʦʩʥʦʚʥʦʛʦ ʧʦʪʦʢʘ. ʊʘʢʠʝ ʧʦʪʝʨʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʥʘʟʳʚʘʶʪʩʷ 

ʧʦʪʝʨʷʤʠ ʥʘ ʦʪʨʳʚ ʧʦʪʦʢʘ z̏
̓̑
. 
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ʈʠʩʫʥʦʢ 2.3 ï ʄʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ ʥʘ ʣʦʧʘʪʢʘʭ [33] 

ʈʠʩʫʥʦʢ 2.4 ï ʇʝʨʝʭʦʜ ʣʘʤʠʥʘʨʥʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ 

ʪʫʨʙʫʣʝʥʪʥʳʡ ʥʘ ʩʧʠʥʢʝ ʣʦʧʘʪʢʠ ʊʅɼ [44] 

  

ʈʠʩʫʥʦʢ 2.5 ï ɿʘʢʨʦʤʦʯʥʳʝ ʩʣʝʜʳ ʟʘ ʣʦʧʘʪʢʘʤʠ 

ʪʫʨʙʠʥ 

ʈʠʩʫʥʦʢ 2.6 ï ɺʦʟʥʠʢʥʦʚʝʥʠʷ ʦʪʨʳʚʘ ʧʦʪʦʢʘ ʚ 

ʪʫʨʙʠʥʥʳʭ ʨʝʰʸʪʢʘʭ [33]  

ʉʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ ʚʦʟʥʠʢʘʶʪ ʚ ʦʙʣʘʩʪʠ ʢʦʩʦʛʦ ʩʨʝʟʘ 

ʧʨʠ ʪʨʘʥʩ- ʠ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʷʭ ʧʦʪʦʢʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʢʘʯʢʦʚ 

ʫʧʣʦʪʥʝʥʠʷ ʩ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʦʢ ʟʘʯʘʩʪʫʶ ʧʨʠʚʦʜʠʪ ʢ ʦʪʨʳʚʫ 

ʧʦʩʣʝʜʥʝʛʦ. ʆʙʨʘʟʦʚʘʥʠʝ ʩʢʘʯʢʦʚ ʫʧʣʦʪʥʝʥʠʷ ʚ ʧʦʪʦʢʝ ʚʩʝʛʜʘ ʧʨʠʚʦʜʠʪ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʧʦʪʝʨʷʤ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʳʝ ʥʘʟʳʚʘʶʪʩʷ ʚʦʣʥʦʚʳʤʠ z̃
̏̌̎

.  

ʇʦʪʦʢ ʚ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʢʚʘʟʠʜʚʫʭʤʝʨʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʨʘʟʚʠʪʠʝ 

ʦʩʥʦʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ (ʦʙʨʘʟʦʚʘʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʩʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ ʠ 

ʪ.ʜ.), ʘ ʪʘʢʞʝ ʜʝʡʩʪʚʠʝ ʛʨʘʜʠʝʥʪʦʚ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ (ʜʘʚʣʝʥʠʝ, ʩʢʦʨʦʩʪʴ ʠ ʪ.ʜ.) ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʵʣʝʤʝʥʪʘʨʥʳʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʘʭ ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʪʦʢʘ (ʨʠʩʫʥʦʢ 2.7). 

ʉʦʚʦʢʫʧʥʦʩʪʴ ʧʦʪʝʨʴ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʦʙʪʝʢʘʥʠʠ ʧʦʪʦʢʦʤ ʨʝʰʸʪʢʠ ʧʨʦʬʠʣʝʡ ʚ ʦʙʣʘʩʪʠ 

ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ, ʥʘʟʳʚʘʶʪʩʷ ʧʨʦʬʠʣʴʥʳʤʠ ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʦʬʠʣʴʥʳʭ 

ʧʦʪʝʨʴ  z̃  ̋[1, 34] (2.1): 

z̃
˝
z̓
̑
z̏
̓̑
z̃
̏̌̎

z̋  ̑ (2.1) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʬʠʣʴʥʳʝ ʧʦʪʝʨʠ z̃  ̋ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʦʪʦʢʘ ʩ 

ʨʝʰʸʪʢʦʡ ʧʨʦʬʠʣʝʡ ʚ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ.  
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ʈʠʩʫʥʦʢ 2.7 ï ʌʨʘʛʤʝʥʪ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ 

ɺ ʦʙʣʘʩʪʠ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʩʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʦʙʫʩʣʦʚʣʝʥʘ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʪʝʯʝʥʠʡ ʩ ʥʠʟʢʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ, ʠʤʝʶʱʠʭ ʤʝʩʪʦ ʚ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ 

ʥʘ ʪʦʨʮʝʚʳʭ ʩʪʝʥʢʘʭ ʠ ʣʦʧʘʪʢʘʭ, ʩ ʜʝʡʩʪʚʫʶʱʠʤʠ ʥʘ ʥʠʭ ʛʨʘʜʠʝʥʪʘʤʠ ʜʘʚʣʝʥʠʷ: ʦʪ ʢʦʨʳʪʮʘ ʢ 

ʩʧʠʥʢʝ ʠ ʦʪ ʧʝʨʠʬʝʨʠʠ ʢʦ ʚʪʫʣʢʝ [113]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ ʥʘ ʪʦʨʮʝʚʳʭ ʩʪʝʥʢʘʭ 

ʬʦʨʤʠʨʫʶʪʩʷ ʧʘʨʘʟʠʪʥʳʝ ʢʨʦʩʩ-ʢʘʥʘʣʴʥʳʝ ʪʝʯʝʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʦʪ ʢʦʨʳʪʮʘ ʢ ʩʧʠʥʢʝ ʠ 

ʦʙʦʟʥʘʯʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 2.8 ʢʘʢ CPF (Cross Passage Flow). ɺ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʣʦʧʘʪʢʝ 

ʬʦʨʤʠʨʫʶʪʩʷ ʧʘʨʘʟʠʪʥʳʝ ʢʨʦʩʩ-ʣʦʧʘʪʦʯʥʳʝ ʪʝʯʝʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʦʪ ʧʝʨʠʬʝʨʠʠ ʢʦ ʚʪʫʣʢʝ ʠ 

ʦʙʦʟʥʘʯʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 2.8 ʢʘʢ CBF (Cross Blade Flow). ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʧʘʨʘʟʠʪʥʳʭ ʪʝʯʝʥʠʡ CPF ʠ CBF ʩ ʦʩʥʦʚʥʳʤ ʧʦʪʦʢʦʤ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʥʘʣʴʥʦʛʦ ʚʠʭʨʷ 

PV (Passage Vortex). 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘʪʝʢʘʶʱʝʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ IBL (Inlet Boundary Layer) ʩ ʚʭʦʜʥʦʡ 

ʢʨʦʤʢʦʡ ʣʦʧʘʪʢʠ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʜʢʦʚʦʦʙʨʘʟʥʦʛʦ ʚʠʭʨʷ HV (horseshoe vortex), 

ʢʦʪʦʨʳʡ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʜʚʘ ʚʠʭʨʝʚʳʭ ʞʛʫʪʘ (ʨʠʩʫʥʦʢ 2.9): ʧʦʜʢʦʚʦʦʙʨʘʟʥʳʡ ʚʠʭʨʴ ʩʦ ʩʪʦʨʦʥʳ 

ʩʧʠʥʢʠ HVss (horseshoe vortex suction side) ʠ ʧʦʜʢʦʚʦʦʙʨʘʟʥʳʡ ʚʠʭʨʴ ʩʦ ʩʪʦʨʦʥʳ ʢʦʨʳʪʮʘ HVps 

(horseshoe vortex pressure side). ʋʢʘʟʘʥʥʳʝ ʚʠʭʨʝʚʳʝ ʞʛʫʪʳ ʧʦʜʢʦʚʦʦʙʨʘʟʥʦʛʦ ʚʠʭʨʷ HVss ʠ HVps 

ʪʘʢʞʝ ʜʚʠʞʫʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ ʦʪ ʢʦʨʳʪʮʘ ʢ ʩʧʠʥʢʝ ʠ ʦʪ ʧʝʨʠʬʝʨʠʠ ʢʦ 

ʚʪʫʣʢʝ, çʥʘʤʘʪʳʚʘʷè ʥʘ ʩʝʙʷ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ, ʠ, ʚ ʢʦʥʝʯʥʦʤ ʩʯʸʪʝ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ 

ʢʘʥʘʣʴʥʳʤ ʚʠʭʨʝʤ PV. 

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʧʘʨʘʟʠʪʥʳʝ ʪʝʯʝʥʠʷ ʠ ʚʠʭʨʠ (CPF, CBF, PV, HVss, HVps) ʥʦʩʷʪ ʥʘʟʚʘʥʠʝ 

ʚʪʦʨʠʯʥʳʭ, ʘ ʧʦʪʝʨʠ, ʚʳʟʚʘʥʥʳʝ ʠʤʠ ï ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ zˏ .˟ ʇʦʩʢʦʣʴʢʫ ʚ ʦʙʣʘʩʪʠ ʚʪʦʨʠʯʥʳʭ 

ʪʝʯʝʥʠʡ ʚʩʸ ʞʝ ʩʦʭʨʘʥʷʝʪʩʷ ʦʩʥʦʚʥʦʝ ʪʝʯʝʥʠʝ, ʭʦʪʴ ʠ ʚ ʥʝʩʢʦʣʴʢʦ ʠʩʢʘʞʸʥʥʦʤ ʚʠʜʝ, ʚ ʥʝʡ ʪʘʢʞʝ 

ʩʦʭʨʘʥʷʝʪʩʷ ʜʝʡʩʪʚʠʝ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ z̃  ̋(ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʪʦʨʮʝʚʳʭ 

ʧʦʚʝʨʭʥʦʩʪʷʭ).  
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ʈʠʩʫʥʦʢ 2.8 ï ʄʦʜʝʣʴ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʚ ʩʦʧʣʦʚʦʤ 

ʘʧʧʘʨʘʪʝ ʪʫʨʙʠʥʳ [113] 

ʈʠʩʫʥʦʢ 2.9 ï ʈʘʟʜʝʣʝʥʠʝ ʧʦʜʢʦʚʦʦʙʨʘʟʥʦʛʦ ʚʠʭʨʷ 

ʧʝʨʝʜ ʚʭʦʜʥʦʡ ʢʨʦʤʢʦʡ [25]  

ɺ ʦʙʣʘʩʪʠ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʩʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʷʚʣʷʝʪʩʷ ʪʨʸʭʤʝʨʥʦʡ (ʨʠʩʫʥʦʢ 2.8) ʠ 

ʨʘʟʚʠʚʘʝʪʩʷ ʢʘʢ ʚ ʧʣʦʩʢʦʩʪʠ ʵʣʝʤʝʥʪʘʨʥʳʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ (ʵʣʝʤʝʥʪʳ ʦʩʥʦʚʥʦʛʦ 

ʤʘʛʠʩʪʨʘʣʴʥʦʛʦ ʪʝʯʝʥʠʷ, ʢʨʦʩʩ-ʢʘʥʘʣʴʥʳʝ ʪʝʯʝʥʠʷ), ʪʘʢ ʠ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ (ʢʘʥʘʣʴʥʳʝ 

ʚʠʭʨʠ, ʞʛʫʪʳ ʧʦʜʢʦʚʦʦʙʨʘʟʥʦʛʦ ʚʠʭʨʷ, ʢʨʦʩʩ-ʣʦʧʘʪʦʯʥʳʝ ʪʝʯʝʥʠʷ). 

ʈʘʩʩʤʦʪʨʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘ ʚʳʭʦʜʝ ʠʟ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʥʝʦʜʥʦʨʦʜʥʦʡ ʵʧʶʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʧʦ 

ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ (ʨʠʩʫʥʦʢ 2.10). ɺ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʤʠʥʠʤʫʤ 

ʧʦʪʝʨʴ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʪʦʣʴʢʦ ʧʨʦʬʠʣʴʥʳʤʠ ʧʦʪʝʨʷʤʠ z̃ .̋ ʇʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʪʦʨʮʝʚʳʤ 

ʩʪʝʥʢʘʤ ʚ ʦʙʣʘʩʪʷʭ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʧʦʪʝʨʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ, ʧʦʩʢʦʣʴʢʫ ʚ ʜʘʥʥʳʭ ʦʙʣʘʩʪʷʭ 

ʧʦʤʠʤʦ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ z̃  ̋ʠʤʝʶʪ ʤʝʩʪʦ ʪʘʢʞʝ ʚʪʦʨʠʯʥʳʝ ʧʦʪʝʨʠ zˏ .˟ ʇʨʠ ʵʪʦʤ ʚ ʨʷʜʝ ʨʘʙʦʪ 

[48, 64, 79, 90, 111, 112] ʩ ʮʝʣʴʶ ʜʝʢʦʤʧʦʟʠʮʠʠ ʚʪʦʨʠʯʥʳʭ ʠ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʧʨʠ ʘʥʘʣʠʟʝ 

ʵʧʶʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʟʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠ ʜʣʠʥʥʳʤʠ 

ʪʫʨʙʠʥʥʳʤʠ ʨʝʰʸʪʢʘʤʠ ʠʩʧʦʣʴʟʫʶʪ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ: 

zˏ
˟
z˞
ˠ˙
z̃  ̋ (2.2) 

ɺ (2.2) z˞
ˠ

 ̇ï ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʧʨʦʠʟʚʦʣʴʥʦʡ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ 

ʚ ʩʝʯʝʥʠʠ ʥʘ ʚʳʭʦʜʝ ʠʟ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ ʪʫʨʙʠʥʳ. ʇʨʠ ʵʪʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʦʬʠʣʴʥʳʝ 

ʧʦʪʝʨʠ  z̃  ̋ʠʤʝʶʪ ʧʦʩʪʦʷʥʥʫʶ ʚʝʣʠʯʠʥʫ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚ ʩʣʫʯʘʝ ʧʣʦʩʢʦʡ ʨʝʰʸʪʢʠ 

ʩ ʧʦʩʪʦʷʥʥʳʤ ʧʦ ʚʳʩʦʪʝ ʧʨʦʬʠʣʝʤ. ʉʭʝʤʘʪʠʯʥʦ ʧʦʜʦʙʥʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ ʧʦʪʝʨʴ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.10. ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʚʢʣʘʜ ʢʘʞʜʦʛʦ ʚʠʜʘ ʧʦʪʝʨʴ 

(ʧʨʦʬʠʣʴʥʳʭ ʠ ʚʪʦʨʠʯʥʳʭ) ʚ ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ ʪʫʨʙʠʥʳ. 
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ʈʠʩʫʥʦʢ 2.10 ï ɼʝʢʦʤʧʦʟʠʮʠʷ ʵʧʶʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ 

ʪʫʨʙʠʥʳ 

ʂʘʯʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʨʘʙʦʯʠʭ ʢʦʣʸʩ ʦʩʝʚʳʭ 

ʪʫʨʙʠʥ ʦʪ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʩʦʧʣʦʚʳʭ ʘʧʧʘʨʘʪʦʚ ʦʙʲʷʩʥʷʝʪʩʷ 

ʜʝʡʩʪʚʠʝʤ ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ ʠ ʥʘʣʠʯʠʝʤ ʨʘʜʠʘʣʴʥʦʛʦ ʟʘʟʦʨʘ. 

ɼʝʡʩʪʚʠʝ ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʘʟʚʠʪʠʶ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʚ ʦʙʣʘʩʪʠ 

ʚʪʫʣʦʯʥʦʛʦ ʦʙʚʦʜʘ (ʮʝʥʪʨʦʙʝʞʥʳʝ ʩʠʣʳ ʦʪʞʠʤʘʶʪ ʠʭ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʚʪʫʣʢʠ) ʠ ʩʥʠʞʘʶʪ ʠʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘ ʧʝʨʠʬʝʨʠʠ (ʧʦʜʞʠʤʘʶʪ ʢ ʧʝʨʠʬʝʨʠʡʥʦʤʫ ʦʙʚʦʜʫ). ʅʘ ʨʠʩʫʥʢʝ 2.11 ʧʦʢʘʟʘʥʦ 

ʨʘʟʚʠʪʠʝ ʚʪʫʣʦʯʥʦʛʦ ʢʘʥʘʣʴʥʦʛʦ ʚʠʭʨʷ [25]. 

ɺʣʠʷʥʠʝ ʨʘʜʠʘʣʴʥʦʛʦ ʟʘʟʦʨʘ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʦʪʦʢʘ ʟʘʚʠʩʠʪ ʦʪ ʠʩʧʦʣʥʝʥʠʷ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ: 

ʩ ʙʘʥʜʘʞʥʦʡ ʧʦʣʢʦʡ ʠʣʠ ʙʝʟ ʥʝʸ. ɺ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ ʢʣʘʩʩʠʯʝʩʢʦʡ ʙʘʥʜʘʞʥʦʡ ʧʦʣʢʠ (ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʨʘʙʦʯʠʭ ʣʦʧʘʪʦʢ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʊʅɼ ʠ ʉʊ ʩʦʚʨʝʤʝʥʥʳʭ ɻʊɼ) 

ʤʝʞʣʦʧʘʪʦʯʥʳʡ ʢʘʥʘʣ ʨʘʙʦʯʝʛʦ ʢʦʣʸʩʘ ʧʦʭʦʞ ʥʘ ʤʝʞʣʦʧʘʪʦʯʥʳʡ ʢʘʥʘʣ ʩʦʧʣʦʚʦʛʦ ʘʧʧʘʨʘʪʘ, 

ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʧʦʣʝ ʜʝʡʩʪʚʠʷ ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ ʩ ʧʝʨʠʬʝʨʠʡʥʳʤ ʦʙʚʦʜʦʤ, ʦʙʨʘʟʦʚʘʥʥʳʤ 

ʙʘʥʜʘʞʥʳʤʠ ʧʦʣʢʘʤʠ (ʨʠʩʫʥʦʢ 2.12). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʘʢʦʤ ʞʝ ʢʘʯʝʩʪʚʝʥʥʦʤ 

ʭʘʨʘʢʪʝʨʝ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʥʫʪʨʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʙʘʥʜʘʞʠʨʦʚʘʥʥʦʛʦ 

ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ, ʯʪʦ ʠ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʩʦʧʣʦʚʳʭ ʘʧʧʘʨʘʪʦʚ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʧʦʧʨʘʚʢʠ 

ʥʘ ʚʣʠʷʥʠʝ ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʥʘʣʠʯʠʝ ʙʘʥʜʘʞʥʳʭ ʧʦʣʦʢ ʚʣʠʷʝʪ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʧʝʨʠʬʝʨʠʡʥʦʛʦ ʧʦʪʦʢʘ ʧʝʨʝʜ ʨʘʙʦʯʠʤ ʢʦʣʝʩʦʤ ʠ ʟʘ ʥʠʤ ʧʦ ʧʨʠʯʠʥʝ ʥʘʣʠʯʠʷ ʧʝʨʝʪʝʯʝʢ ʨʘʙʦʯʝʛʦ 

ʪʝʣʘ ʥʘʜ ʙʘʥʜʘʞʥʦʡ ʧʦʣʢʦʡ, ʘ ʪʘʢʞʝ ʧʨʠʩʦʝʜʠʥʸʥʥʳʭ ʦʙʲʸʤʦʚ (ʨʠʩʫʥʦʢ 2.13). 

ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʨʘʙʦʯʠʭ ʢʦʣʸʩ ʙʝʟ ʙʘʥʜʘʞʥʦʡ ʧʦʣʢʠ 

ʫʩʣʦʞʥʷʝʪʩʷ ʫʪʝʯʢʘʤʠ ʯʝʨʝʟ ʨʘʜʠʘʣʴʥʳʡ ʟʘʟʦʨ, ʚʠʭʨʝʤ, ʚʳʟʚʘʥʥʳʤʠ ʜʘʥʥʳʤʠ ʫʪʝʯʢʘʤʠ, ʘ ʪʘʢʞʝ 

ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩʦ ʚʪʦʨʠʯʥʳʤʠ ʪʝʯʝʥʠʷʤʠ [25] (ʨʠʩʫʥʦʢ 2.14). 
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ʈʠʩʫʥʦʢ 2.11 ï ʈʘʟʚʠʪʠʝ ʚʪʫʣʦʯʥʦʛʦ ʢʘʥʘʣʴʥʦʛʦ ʚʠʭʨ ̫

ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ [25] 

ʈʠʩʫʥʦʢ 2.12 ï ʄʝʞʣʦʧʘʪʦʯʥʳʝ ʢʘʥʘʣʳ 

ʙʘʥʜʘʞʠʨʦʚʘʥʥʦʛʦ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ [101]  

 

  

ʈʠʩʫʥʦʢ 2.13 ï ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʚ ʨʘʜʠʘʣʴʥʦʤ ʟʘʟʦʨʝ 

ʥʘʜ ʙʘʥʜʘʞʥʦʡ ʧʦʣʢʦʡ ʠ  

ʚ ʧʨʠʩʦʝʜʠʥʸʥʥʳʭ ʧʦʣʦʩʪʷʭ [3] 

ʈʠʩʫʥʦʢ 2.14 ï ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʚ ʦʙʣʘʩʪʠ 

ʨʘʜʠʘʣʴʥʦʛʦ ʟʘʟʦʨʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ 

ʙʝʟʙʘʥʜʘʞʥʳʭ ʨʘʙʦʯʠʭ ʢʦʣʸʩ [25] 

ɼʣʷ ʊʅɼ ʠ ʉʊ ʩ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠ ʜʣʠʥʥʳʤʠ ʣʦʧʘʪʢʘʤʠ ʧʨʝʦʙʣʘʜʘʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ 

ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ z˞
ˠ

 ̇ ʚ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʘʭ ʦʢʘʟʳʚʘʶʪ ʧʨʦʬʠʣʴʥʳʝ ʧʦʪʝʨʠ z̃  ̋ [44], 

ʜʝʡʩʪʚʫʶʱʠʝ ʧʦ ʚʩʝʡ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ. ɺʪʦʨʠʯʥʳʝ ʞʝ ʧʦʪʝʨʠ zˏ  ˟ʜʦʧʦʣʥʷʶʪ ʧʨʦʬʠʣʴʥʳʝ 

ʚ ʦʙʣʘʩʪʠ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ, ʚʣʠʷʷ ʥʘ ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ, ʥʦ ʚ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ, ʯʝʤ 

ʧʨʦʬʠʣʴʥʳʝ ʧʦʪʝʨʠ. 

ʋʯʠʪʳʚʘʷ ʪʦ, ʯʪʦ ʧʦʪʝʨʠ ʚ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʘʭ ʪʫʨʙʠʥ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʥʘ ʨʷʜ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʫʨʙʠʥ, ʪʘʢʠʭ ʢʘʢ ʂʇɼ, ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʠ ʜʨʫʛʠʝ, ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʥʘ ʠʥʪʝʛʨʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʪʫʨʙʠʥ ʩ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠ ʜʣʠʥʥʳʤʠ 

ʣʦʧʘʪʢʘʤʠ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʧʨʦʬʠʣʴʥʳʝ ʧʦʪʝʨʠ, ʚ ʤʝʥʴʰʝʡ ï ʚʪʦʨʠʯʥʳʝ. 
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2.2 ʇɸʈɸʄɽʊʈʓ ʈɸʉʏɪʊʅʓʍ ʉɽʊʆʂ ʃʆʇɸʊʆʏʅʓʍ ɺɽʅʎʆɺ ʅɽʆʍʃɸɾɼɸɽʄʓʍ ʊʋʈɹʀʅ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ (ʛʣʘʚʘ 1) ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʪʘʢʠʭ ʢʘʢ Numeca AutoGrid5 ʠ ANSYS TurboGrid. 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʧʦʜʭʦʜ ʢ ʧʦʩʪʨʦʝʥʠʶ ʪʨʸʭʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ 

ʚ ʜʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʩʦʟʜʘʸʪʩʷ ʜʚʫʭʤʝʨʥʘʷ ʩʝʪʢʘ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ B2B, ʢʦʪʦʨʘʷ ʟʘʪʝʤ ʚʳʪʷʛʠʚʘʝʪʩʷ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʩ ʟʘʜʘʥʥʳʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʩʣʦʸʚ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʠ FP (ʨʠʩʫʥʦʢ 1.9, ʛʣʘʚʘ 1). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʚʣʠʷʶʱʠʤʠ ʥʘ ʪʨʸʭʤʝʨʥʫʶ ʩʝʪʢʫ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥ, ʷʚʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʳ 

ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ B2B, ʘ ʪʘʢʞʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ. ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʧʘʨʘʤʝʪʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʠ 

ʜʚʫʭʤʝʨʥʫʶ ʩʝʪʢʫ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ B2B, ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ 

ʯʘʩʪʠ, ʙʳʣʠ ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʠ ʤʦʛʣʠ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʝʪʦʢ ʣʶʙʳʭ ʣʦʧʘʪʦʯʥʳʭ 

ʚʝʥʮʦʚ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ. 

ɼʚʫʭʤʝʨʥʳʝ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ ʜʚʫʭʤʝʨʥʳʤʠ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʜʦʩʪʘʪʦʯʥʦ 

ʫʩʣʦʚʥʦ, ʪʘʢ ʢʘʢ ʣʝʞʘʪ ʦʥʠ ʥʝ ʚ ʧʣʦʩʢʦʩʪʠ, ʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʚʨʘʱʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʭ 

ʧʦʩʪʦʷʥʥʳʤ ʟʥʘʯʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʳʩʦʪʳ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ (ʨʠʩʫʥʦʢ 2.15). ʇʦʩʢʦʣʴʢʫ ʧʨʠ 

ʥʘʩʪʨʦʡʢʝ ʧʘʨʘʤʝʪʨʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʣʦʩʢʠʝ 

ʨʘʟʚʸʨʪʢʠ ʫʢʘʟʘʥʥʳʭ ʧʣʦʩʢʦʩʪʝʡ ʚʨʘʱʝʥʠʷ, ʜʘʥʥʳʝ ʩʝʪʢʠ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʜʚʫʭʤʝʨʥʳʤʠ ʠʣʠ 

ʧʣʦʩʢʠʤʠ. ʇʦʜʦʙʥʳʝ ʥʘʟʚʘʥʠʷ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʠ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ. 

 

ʈʠʩʫʥʦʢ 2.15 ï ɼʚʫʭʤʝʨʥʳʝ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʧʦʩʪʦʷʥʥʦʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʳʩʦʪʳ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ 
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ɼʣʷ ʩʦʟʜʘʥʠʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʦʧʦʣʦʛʠʠ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʅ-, O-, L- ʙʣʦʢʦʚ (ʨʠʩʫʥʦʢ 2.16) ʠʣʠ ʠʟ ʅ-, O-, ʉ- ʙʣʦʢʦʚ 

(ʨʠʩʫʥʦʢ 2.17). O ï ʙʣʦʢʠ ʚ ʪʦʧʦʣʦʛʠʷʭ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚʦʢʨʫʛ ʣʦʧʘʪʢʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʦʢʨʫʛ 

ʧʨʦʬʠʣʷ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʩʝʪʢʠ ʙʝʟ ʩʢʦʰʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʨʠʩʫʥʦʢ 2.18, ʘ), ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ 

ʢʦʨʨʝʢʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚʦʢʨʫʛ ʣʦʧʘʪʢʠ. H ï ʙʣʦʢʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʩʝʪʦʢ ʧʝʨʝʜ ʚʭʦʜʥʦʡ ʢʨʦʤʢʦʡ, ʟʘ ʚʳʭʦʜʥʦʡ ʢʨʦʤʢʦʡ, ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ ʩʦ 

ʩʪʦʨʦʥʳ ʢʦʨʳʪʮʘ, ʘ ʪʘʢʞʝ ʚʦ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʦʙʣʘʩʪʷʭ ʧʝʨʝʜ ʠ ʟʘ ʨʝʰʸʪʢʦʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʨʠʩʫʥʦʢ 2.18, ʙ). L- ʠʣʠ C- ʙʣʦʢʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʝʪʢʠ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ 

ʢʘʥʘʣʝ ʩʦ ʩʪʦʨʦʥʳ ʩʧʠʥʢʠ. ɺʳʙʦʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ L- ʠʣʠ C- ʙʣʦʢʘ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ 

Numeca AutoGrid5 ʚʳʧʦʣʥʷʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʠʩʭʦʜʷ ʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ ʛʝʦʤʝʪʨʠʠ ʣʦʧʘʪʦʯʥʦʛʦ 

ʚʝʥʮʘ: ʜʣʷ ʚʝʥʮʦʚ ʩ ʙʦʣʴʰʠʤʠ ʫʛʣʘʤʠ ʧʦʚʦʨʦʪʘ ʧʦʪʦʢʘ ʠʩʧʦʣʴʟʫʝʪʩʷ C- ʙʣʦʢ (ʨʠʩʫʥʦʢ 2.17), ʩ 

ʤʝʥʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʫʛʣʦʚ ʧʦʚʦʨʦʪʘ ʧʦʪʦʢʘ ï L- ʙʣʦʢ (ʨʠʩʫʥʦʢ 2.18, ʚ). 

  

ʈʠʩʫʥʦʢ 2.16 ï H-, O-, L- ʪʦʧʦʣʦʛʠʷ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ 

ʈʠʩʫʥʦʢ 2.17 ï H-, O-, ʉ- ʪʦʧʦʣʦʛʠʷ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ 

   

ʘ ï ʉʝʪʢʘ O- ʙʣʦʢʘ ʙ ï ʉʝʪʢʘ H- ʙʣʦʢʦʚ ʚ ï ʉʝʪʢʘ L- ʙʣʦʢʘ 

ʈʠʩʫʥʦʢ 2.18 ï ʉʝʪʢʠ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ  
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ʆʩʥʦʚʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʷʚʣʷʶʪʩʷ ʨʘʟʤʝʨ 

ʵʣʝʤʝʥʪʘ, ʙʣʠʞʘʡʰʝʛʦ ʢ ʩʪʝʥʢʝ, ʢʦʵʬʬʠʮʠʝʥʪ ʨʦʩʪʘ ʷʯʝʝʢ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʚʦʢʨʫʛ ʣʦʧʘʪʦʢ 

ὉὙ , ʘ ʪʘʢʞʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ ʚʜʦʣʴ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ. 

ʈʘʟʤʝʨ ʵʣʝʤʝʥʪʘ, ʙʣʠʞʘʡʰʝʛʦ ʢ ʩʪʝʥʢʝ, ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʝʟʨʘʟʤʝʨʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ώ , ʠ 

ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ. ʇʦʜʨʦʙʥʦ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʘ ʧʝʨʚʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʷ 

ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʛʣʘʚʝ 1. 

ʂʦʵʬʬʠʮʠʝʥʪ ʨʦʩʪʘ ʷʯʝʝʢ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ὉὙ  ʪʘʢʞʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ. ɼʘʥʥʳʡ ʧʘʨʘʤʝʪʨ ʥʝ 

ʜʦʣʞʥʦ ʧʨʝʚʳʰʘʪʴ ʚʝʣʠʯʠʥʳ 1,3 [11]. 

ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʦʧʨʝʜʝʣʷʝʪ ʨʘʟʤʝʨʥʦʩʪʴ ʠ 

ʧʣʦʪʥʦʩʪʴ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʢʘʢ, ʚ ʮʝʣʦʤ, ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ, ʪʘʢ ʠ ʚ ʦʪʜʝʣʴʥʳʭ ʝʛʦ 

ʦʙʣʘʩʪʷʭ, ʧʦʩʢʦʣʴʢʫ ʩʪʦʨʦʥʳ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʤ ʠʣʠ 

ʠʥʳʤ ʵʣʝʤʝʥʪʘʤ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ (ʨʠʩʫʥʦʢ 2.19), ʚʜʦʣʴ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 2.19 ï ʉʦʦʪʚʝʪʩʪʚʠʝ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʩ 

ʧʦʤʦʱʴʶ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʢʦʥʬʠʛʫʨʘʮʠʶ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ (ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʙʱʝʛʦ ʯʠʩʣʘ 

ʵʣʝʤʝʥʪʦʚ ʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ), ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʦʟʚʦʣʷʝʪ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʧʦʜʦʙʥʳʝ 

ʜʚʫʭʤʝʨʥʳʝ ʩʝʪʢʠ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ (ʨʘʟʣʠʯʥʳʭ ʪʫʨʙʠʥ) ʟʘ ʩʯʸʪ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʦʪʚʝʪʩʪʚʠʷ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʵʣʝʤʝʥʪʘʤ ʤʝʞʣʦʧʘʪʦʯʥʳʭ 

ʢʘʥʘʣʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ.   
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ʆʩʥʦʚʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʢʦʪʦʨʳʝ ʟʘʜʘʶʪʩʷ 

ʥʘ ʵʪʘʧʝ ʩʦʟʜʘʥʠʷ ʩʝʪʢʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʷʚʣʷʶʪʩʷ ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʘ, ʙʣʠʞʘʡʰʝʛʦ ʢ ʩʪʝʥʢʝ, 

ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʘ ʪʘʢʞʝ ʧʨʦʮʝʥʪ ʵʣʝʤʝʥʪʦʚ ʦʪ ʦʙʱʝʛʦ ʯʠʩʣʘ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ (ʧʦ ʚʳʩʦʪʝ) ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ (ʨʠʩʫʥʦʢ 2.20). ʕʣʝʤʝʥʪʳ, 

ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʘʚʥʦʡ ʚʳʩʦʪʦʡ. 

ʋʧʨʘʚʣʷʷ ʧʨʦʮʝʥʪʦʤ ʵʣʝʤʝʥʪʦʚ ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʤʦʞʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ 

ʩʛʫʱʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʣʘʩʪʠ ʪʦʨʮʝʚʳʭ ʩʪʝʥʦʢ, ʘ ʪʘʢʞʝ ʚʳʩʦʪʫ ʵʣʝʤʝʥʪʦʚ ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ. ʅʘʧʨʠʤʝʨ, ʥʘ ʨʠʩʫʥʢʝ 2.21 ʧʦʢʘʟʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʜʣʷ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʪʫʨʙʠʥʳ. ɺʦ ʚʩʝʭ ʪʨʸʭ ʩʝʪʢʘʭ ʥʘ ʨʠʩʫʥʢʝ 

2.21 ʦʜʠʥʘʢʦʚʦʝ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʥʦ ʨʘʟʥʳʡ ʧʨʦʮʝʥʪ ʵʣʝʤʝʥʪʦʚ ʚ 

ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ: 0%, 20% ʠ 100%. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 2.21, ʫʚʝʣʠʯʝʥʠʝ 

ʧʨʦʮʝʥʪʘ ʵʣʝʤʝʥʪʦʚ ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʩ 0% ʜʦ 100% ʩʥʠʞʘʝʪ 

ʤʘʢʩʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʘʝʪ ʩʛʫʱʝʥʠʝ ʩʝʪʢʠ 

ʚ ʦʙʣʘʩʪʠ ʪʦʨʮʝʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. 

 

ʈʠʩʫʥʦʢ 2.20 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚ ʩʝʪʢʠ ʪʨʸʭʩʪʫʧʝʥʯʘʪʦʡ ʪʫʨʙʠʥʳ 

 

ʈʠʩʫʥʦʢ 2.21 ï ɺʣʠʷʥʠʝ ʜʦʣʠ ʵʣʝʤʝʥʪʦʚ ʚ ʩʝʨʝʜʠʥʥʦʡ ʯʘʩʪʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ 

ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ 
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ʇʨʠ ʵʪʦʤ ʨʘʩʩʤʦʪʨʝʥʥʫʶ ʛʨʫʧʧʫ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ 

ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʥʝʣʴʟʷ ʥʘʟʚʘʪʴ ʫʥʠʚʝʨʩʘʣʴʥʦʡ. ɻʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ 

ʚʳʙʦʨ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʚʳʩʦʪʳ ʣʦʧʘʪʢʠ. ʂ 

ʧʨʠʤʝʨʫ, ʥʘ ʨʠʩʫʥʢʝ 2.20 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʦʪʦʯʥʘʷ ʯʘʩʪʴ ʪʨʸʭʩʪʫʧʝʥʯʘʪʦʡ ʪʫʨʙʠʥʳ. ɺʠʜʥʦ, ʯʪʦ 

ʚʳʩʦʪʘ ʣʦʧʘʪʢʠ ʧʝʨʚʦʛʦ ʩʦʧʣʦʚʦʛʦ ʘʧʧʘʨʘʪʘ ʚ ʜʚʘ ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʚʳʩʦʪʘ ʣʦʧʘʪʢʠ ʪʨʝʪʴʝʛʦ 

ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ. ɽʩʪʝʩʪʚʝʥʥʦ, ʯʪʦ ʚ ʩʝʪʢʝ ʜʣʷ ʪʨʝʪʴʝʛʦ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʝʝ ʯʠʩʣʦ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʯʝʤ ʚ ʩʝʪʢʝ ʜʣʷ ʧʝʨʚʦʛʦ ʩʦʧʣʦʚʦʛʦ ʘʧʧʘʨʘʪʘ. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʧʨʠʚʷʟʢʠ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢ ʚʳʩʦʪʝ ʣʦʧʘʪʢʠ, 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʣʝʜʫʶʱʠʝ ʫʥʠʚʝʨʩʘʣʴʥʳʝ ʙʝʟʨʘʟʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ:  

- ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ώ  , ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʘ, ʙʣʠʞʘʡʰʝʛʦ ʢ 

ʪʦʨʮʝʚʳʤ ʩʪʝʥʢʘʤ ώ  ; 

- ʢʦʵʬʬʠʮʠʝʥʪ ʨʦʩʪʘ ʷʯʝʝʢ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὉὙ ; 

- ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʷʯʝʝʢ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὓὙ . 

ʊʘʢʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ, ʨʘʟʤʝʨ ʙʣʠʞʘʡʰʝʛʦ ʢ 

ʩʪʝʥʢʝ ʵʣʝʤʝʥʪʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʝʟʨʘʟʤʝʨʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ώ.  ʂʘʢ ʧʨʘʚʠʣʦ, ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ώ  ʜʣʷ ʧʝʨʚʳʭ ʦʪ ʩʪʝʥʢʠ ʵʣʝʤʝʥʪʦʚ ʥʘ ʣʦʧʘʪʢʝ ʠ ʪʦʨʮʝʚʳʭ ʩʪʝʥʢʘʭ ʩʦʧʦʩʪʘʚʠʤʳ ʧʨʠ 

ʦʜʠʥʘʢʦʚʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʪʦʣʱʠʥʘʭ ώ ʧʝʨʚʳʭ ʦʪ ʩʪʝʥʢʠ ʵʣʝʤʝʥʪʦʚ ʥʘ ʣʦʧʘʪʢʝ ʠ ʪʦʨʮʝʚʳʭ 

ʩʪʝʥʢʘʭ (ʨʠʩʫʥʦʢ 2.22): 

ώ  ḙώ   ʧʨʠ ώ  ώ   (2.3) 

ɺ ʜʘʥʥʦʡ ʬʦʨʤʫʣʝ ʠ ʜʘʣʝʝ ʧʦ ʪʝʢʩʪʫ ʠʥʜʝʢʩ çFPè ʦʙʦʟʥʘʯʘʝʪ ʧʘʨʘʤʝʪʨ, ʦʪʥʦʩʷʱʠʡʩʷ ʢ 

ʧʘʨʘʤʝʪʨʘʤ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤ ʩʝʪʢʫ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, ʘ ʠʥʜʝʢʩ çB2Bè - ʧʘʨʘʤʝʪʨʳ, 

ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʩʦʩʝʜʥʠʭ ʷʯʝʝʢ ὉὙ  (Expansion Ratio ʇʝʨʝʚʦʜ: 

çʂʦʵʬʬʠʮʠʝʥʪ ʫʚʝʣʠʯʝʥʠʷè) ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʥʝ ʪʦʣʴʢʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ ʧʦ ʚʳʩʦʪʝ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʪʦʨʮʝʚʳʭ ʩʪʝʥʢʘʭ, ʥʦ ʠ ʚ ʮʝʣʦʤ ʩʛʫʱʝʥʠʝ ʩʝʪʢʠ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ 

ʚ ʦʙʣʘʩʪʠ ʪʦʨʮʝʚʳʭ ʩʪʝʥʦʢ (ʨʠʩʫʥʦʢ 2.23): 

ὉὙ
ώ   

ώ   
 (2.4) 

ʆʪʥʦʰʝʥʠʝ ʨʘʟʤʝʨʦʚ (ʚʳʩʦʪ) ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʠ ʤʠʥʠʤʘʣʴʥʦʛʦ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ 

ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ MR (Max Ratio ʇʝʨʝʚʦʜ: çʄʘʢʩʠʤʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝè) ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʥʘʠʙʦʣʴʰʝʡ ʚʳʩʦʪʳ ʵʣʝʤʝʥʪʘ ʚ ʩʝʨʝʜʠʥʥʦʡ ʯʘʩʪʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ώ   ʢ 

ʚʳʩʦʪʝ ʙʣʠʞʘʡʰʝʛʦ ʢ ʪʦʨʮʝʚʦʡ ʩʪʝʥʢʝ ʵʣʝʤʝʥʪʘ ώ   (ʨʠʩʫʥʦʢ 2.23): 

ὓὙ
ώ  

ώ  
 (2.5) 
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ɼʣʷ ʩʦʟʜʘʥʠʷ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʪʫʨʙʠʥ ʩ ʟʘʜʘʥʥʳʤʠ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ Numeca AutoGrid5 ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʧʨʦʛʨʘʤʤʘ ʥʘ ʷʟʳʢʝ Python, ʪʝʢʩʪ 

ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʇʨʠʣʦʞʝʥʠʠ ɹ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʧʦʣʥʳʡ ʢʦʤʧʣʝʢʩ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʥʝʟʘʚʠʩʷʱʠʡ ʦʪ ʠʭ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠ ʚʢʣʶʯʘʶʱʠʡ:  

- ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʭʘʨʘʢʪʝʨʥʳʭ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ; 

- ʢʦʵʬʬʠʮʠʝʥʪ ʨʦʩʪʘ ʷʯʝʝʢ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ ὉὙ ; 

- ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ώ  (ʦʧʨʝʜʝʣʷʝʪ ώ ʠ ώ );  

- ʢʦʵʬʬʠʮʠʝʥʪ ʨʦʩʪʘ ʷʯʝʝʢ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὉὙ ,  

- ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʷʯʝʝʢ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὓὙ . 

 

  

ʈʠʩʫʥʦʢ 2.22 ï ʇʦʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ώ  

ʥʘ ʩʪʝʥʢʘʭ 4-ʭ ʩʪʫʧʝʥʯʘʪʦʡ ʪʫʨʙʠʥʳ ʧʨʠ ώ  ώ   

ʈʠʩʫʥʦʢ 2.23 ï ʇʦʷʩʥʝʥʠʝ ʢ ʦʧʨʝʜʝʣʝʥʠʶ 

ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  

2.3 ʈɸɿʈɸɹʆʊʂɸ ʈɽʂʆʄɽʅɼɸʎʀʁ ɼʃʗ ʇʈʆɺɽɼɽʅʀʗ ʀʉʉʃɽɼʆɺɸʅʀʁ ʇʆ ɺʓɹʆʈʋ 

ʇɸʈɸʄɽʊʈʆɺ ʈɸʉʏɪʊʅʓʍ ʉɽʊʆʂ ʊʋʈɹʀʅ 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ (ʨʘʟʜʝʣ 2.1) ʠ 

ʧʨʝʜʣʦʞʝʥʥʳʭ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ (ʨʘʟʜʝʣ 2.2) ʧʦʟʚʦʣʷʝʪ ʫʩʪʘʥʦʚʠʪʴ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʩʝʪʢʠ ʠ ʵʣʝʤʝʥʪʘʤʠ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ, ʘ ʪʘʢʞʝ ʝʛʦ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʦʥʠ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ. 

ʇʦʩʢʦʣʴʢʫ ʚ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ ʧʦʪʦʢ ʷʚʣʷʝʪʩʷ ʢʚʘʟʠʜʚʫʭʤʝʨʥʳʤ (ʨʠʩʫʥʦʢ 2.24), 

ʧʨʝʦʙʣʘʜʘʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʠ ʨʘʩʯʸʪ ʝʛʦ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ (ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ‒̃ ,̋ ʫʛʦʣ ʧʦʪʦʢʘ ʥʘ ʚʳʭʦʜʝ ‍ ʠ ʪ.ʜ.) ʚ ʦʙʣʘʩʪʠ 

ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ ʦʢʘʟʳʚʘʶʪ ʠʤʝʥʥʦ ʧʘʨʘʤʝʪʨʳ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ B2B: 

ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ώ  , ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʭʘʨʘʢʪʝʨʥʳʭ ʩʪʦʨʦʥ 

ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ (ʨʠʩʫʥʦʢ 2.25). ʇʨʠ ʵʪʦʤ ʦʧʨʝʜʝʣʸʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ 
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ʦʢʘʟʳʚʘʪʁ ʚʣʠʷʥʠʝ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʧʨʝʜʝʣʸʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ 

ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ (ʨʠʩʫʥʦʢ 2.27). ʉʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ 

ʠ ʵʣʝʤʝʥʪʘʤʠ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ ʧʨʠʚʝʜʝʥʦ ʚ ʪʘʙʣʠʮʝ 2.1. 

  

ʈʠʩʫʥʦʢ 2.24 ï ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʚ 

ʭʘʨʘʢʪʝʨʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʯʝʥʠʷ 

ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ 

ʈʠʩʫʥʦʢ 2.25 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʪʨʸʭʤʝʨʥʦʡ ʩʝʪʢʠ ʩ 

ʵʧʶʨʦʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ 

 

  

ʈʠʩʫʥʦʢ 2.26 ï ʍʘʨʘʢʪʝʨʥʳʝ ʩʪʦʨʦʥʳ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ 

ʙʣʦʢʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ 

ʈʠʩʫʥʦʢ 2.27 ï ʇʦʣʝ ʯʠʩʣʘ ʄʘʭʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ 

ʢʘʥʘʣʝ ʪʫʨʙʠʥʳ ʠ ʵʣʝʤʝʥʪʳ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ 

ɺ ʦʙʣʘʩʪʠ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʩʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʷʚʣʷʝʪʩʷ ʪʨʸʭʤʝʨʥʦʡ (ʨʠʩʫʥʦʢ 2.24), ʘ 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʝ ʛʨʘʜʠʝʥʪʳ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, 

ʥʘʧʨʠʤʝʨ, ʦʩʨʝʜʥʸʥʥʦʛʦ ʧʦ ʰʘʛʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʪʝʨʴ (ʨʠʩʫʥʦʢ 2.25). ʇʦʵʪʦʤʫ ʥʘ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʠ ʨʘʩʯʸʪ ʠʥʪʝʛʨʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʧʦʪʦʢʘ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʩʫʤʤʘʨʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʬʠʣʴʥʳʭ ʠ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ) ʦʢʘʟʳʚʘʶʪ 

ʚʣʠʷʥʠʝ ʢʘʢ ʧʘʨʘʤʝʪʨʳ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ, ʪʘʢ ʠ ʧʘʨʘʤʝʪʨʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ: ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ώ   

(ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʫʩʣʦʚʠʡ (2.3), ʢʦʵʬʬʠʮʠʝʥʪ ʨʦʩʪʘ ʷʯʝʝʢ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὉὙ  ʠ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʷʯʝʝʢ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὓὙ . 
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ʊʘʙʣʠʮʘ 2.1 ï ʉʦʦʪʚʝʪʩʪʚʠʝ ʧʘʨʘʤʝʪʨʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʠ ʤʦʜʝʣʠʨʫʝʤʳʭ ʵʣʝʤʝʥʪʦʚ 

ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ 

ʇʘʨʘʤʝʪʨ 

ʕʣʝʤʝʥʪ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ 
ʆʙʦʟʥʘʯʝʥʠʝ 

ʥʘ ʨʠʩʫʥʢʝ 

2.26 

ʅʘʠʤʝʥʦʚʘʥʠʝ 

1 

ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚ  

O ï ʧʦʜʩʣʦʝ ʚʦʢʨʫʛ 

ʣʦʧʘʪʢʠ 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʦʪʨʳʚʦʚ ʧʦʪʦʢʘ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʢʘʯʢʦʚ ʫʧʣʦʪʥʝʥʠʷ ʩ 

ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ. 
ώ   

ɹʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ  

ώ  ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ 

2 
ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ 

ʚʜʦʣʴ ʩʧʠʥʢʠ 

ʇʨʦʮʝʩʩʳ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʩʧʠʥʢʝ 

ʣʦʧʘʪʢʠ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʦʪʨʳʚʦʚ ʧʦʪʦʢʘ ʩʦ ʩʧʠʥʢʠ 

ʣʦʧʘʪʢʠ. 

ʋʩʢʦʨʝʥʠʝ ʧʦʪʦʢʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʢʘʯʢʦʚ 

ʫʧʣʦʪʥʝʥʠʷ. 

3ʩ 

ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʰʠʨʠʥʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ 

ʢʘʥʘʣʘ ʩʦ ʩʪʦʨʦʥʳ ʩʧʠʥʢʠ 

ʊʝʯʝʥʠʝ ʚ ʷʜʨʝ ʧʦʪʦʢʘ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʩʠʣʴʥʳʭ ʦʪʨʳʚʥʳʭ 

ʪʝʯʝʥʠʡ. 

ʋʩʢʦʨʝʥʠʝ ʧʦʪʦʢʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʢʘʯʢʦʚ 

ʫʧʣʦʪʥʝʥʠʷ. 
3ʢ 

ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʰʠʨʠʥʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ 

ʢʘʥʘʣʘ ʩʦ ʩʪʦʨʦʥʳ ʢʦʨʳʪʮʘ 

4 
ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ 

ʚʜʦʣʴ ʚʭʦʜʥʦʡ ʢʨʦʤʢʠ 

ʅʘʯʘʣʴʥʳʡ ʵʪʘʧ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ. 

ʈʘʟʜʝʣʝʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. 

5 
ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ 

ʚʜʦʣʴ ʚʳʭʦʜʥʦʡ ʢʨʦʤʢʠ 
ʌʦʨʤʠʨʦʚʘʥʠʝ ʟʘʢʨʦʤʦʯʥʦʛʦ ʩʣʝʜʘ. 

6 
ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ 

ʚʜʦʣʴ ʢʦʨʳʪʮʘ 

ʇʨʦʮʝʩʩʳ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʢʦʨʳʪʮʝ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʦʪʨʳʚʦʚ ʧʦʪʦʢʘ ʩ ʢʦʨʳʪʮʘ. 

7 
ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʢʦʩʦʛʦ ʩʨʝʟʘ  

ʋʩʢʦʨʝʥʠʝ ʧʦʪʦʢʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʢʘʯʢʦʚ 

ʫʧʣʦʪʥʝʥʠʷ. 

ʈʘʩʩʤʘʪʨʠʚʘʷ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʩʝʪʢʠ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨ r ʧʦʪʦʢʘ ʚ 

ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʧʦʪʝʨʴ ʩ ʫʯʸʪʦʤ ʠʭ ʜʝʢʦʤʧʦʟʠʮʠʠ (ʬʦʨʤʫʣʘ (2.2), 

ʨʠʩʫʥʦʢ 2.10) ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʦʢʘʟʳʚʘʶʪ 
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ʧʨʝʦʙʣʘʜʘʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʦʧʨʝʜʝʣʝʥʠʝ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ z̃  ̋ ʧʦ ʚʩʝʡ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ 

ʯʘʩʪʠ, ʧʦʟʚʦʣʷʷ ʚ ʮʝʣʦʤ ʥʘʡʪʠ ʫʨʦʚʝʥʴ ʧʦʪʝʨʴ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ 

ʩ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠ ʜʣʠʥʥʳʤʠ ʣʦʧʘʪʢʘʤʠ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʘʨʘʤʝʪʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚʣʠʷʶʪ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʠ ʦʧʨʝʜʝʣʝʥʠʝ 

ʢʦʥʮʝʚʳʭ ʧʦʪʝʨʴ (ʜʦʙʘʚʦʯʥʳʭ ʢ ʧʨʦʬʠʣʴʥʳʤ ʚ ʦʙʣʘʩʪʠ ʧʝʨʠʬʝʨʠʠ ʠ ʚʪʫʣʢʠ).  

ʋʯʠʪʳʚʘʷ ʪʘʢʞʝ ʪʦ, ʯʪʦ ʧʨʦʬʠʣʴʥʳʝ ʧʦʪʝʨʠ ʦʢʘʟʳʚʘʶʪ ʧʨʝʦʙʣʘʜʘʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ 

ʠʥʪʝʛʨʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʪʫʨʙʠʥ, ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʚʳʙʦʨʫ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ: 

- ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʚʳʙʦʨʫ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ʥʝʦʙʭʦʜʠʤʦ 

ʚʳʧʦʣʥʷʪʴ ʦʪʜʝʣʴʥʦ ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʠ 

ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ;  

- ʚʳʙʦʨ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ ʥʝʦʙʭʦʜʠʤʦ 

ʚʳʧʦʣʥʷʪʴ ʠʩʭʦʜʷ ʠʟ ʦʮʝʥʢʠ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʦʧʨʝʜʝʣʷʝʤʳʝ ʚ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʨʦʬʠʣʴʥʳʝ ʧʦʪʝʨʠ z̃  ̋ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʚʝʥʮʦʚ ʠʣʠ ʥʘ ʠʥʪʝʛʨʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʪʫʨʙʠʥ, 

ʪʘʢʠʝ ʢʘʢ ʂʇɼ ʠ ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ; 

- ʧʨʠ ʚʳʙʦʨʝ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ 

ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʷʪʴ ʦʮʝʥʢʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ (ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʪʝʨʴ, 

ʫʛʣʘ ʧʦʪʦʢʘ, ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʜʨʫʛʠʭ) ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʢʘʢ ʦʪʜʝʣʴʥʳʭ, ʪʘʢ ʠ ʨʘʙʦʪʘʶʱʠʭ ʚ ʩʦʩʪʘʚʝ ʪʫʨʙʠʥ.  

ʉʭʝʤʘʪʠʯʥʦ ʜʘʥʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.28. 

 

ʈʠʩʫʥʦʢ 2.28 ï ʈʝʢʦʤʝʥʜʫʝʤʳʡ ʧʦʜʭʦʜ ʢ ʚʳʧʦʣʥʝʥʠʶ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʚʳʙʦʨʫ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ 

ʪʫʨʙʠʥ 
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ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʚʳʙʦʨʫ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ 

ʩʝʪʦʢ ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʧʦ ʧʨʦʚʝʜʝʥʠʶ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʨʘʮʠʦʥʘʣʴʥʳʭ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ 

ʢʘʢ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ, ʪʘʢ ʠ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʝʨʚʦʛʦ ʵʪʘʧʘ ʙʳʣʠ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʦʮʝʥʢʝ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʝʪʢʠ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʨʸʭ ʨʝʰʸʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ, ʠʩʧʳʪʘʥʥʳʭ ʚ 

ʎʀɸʄ [4, 5, 6], ʜʣʷ ʰʝʩʪʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ (ʚ ʩʢʦʙʢʘʭ ʧʨʠʚʝʜʝʥʳ ʩʦʢʨʘʱʸʥʥʳʝ 

ʥʘʠʤʝʥʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʨʘʙʦʪʝ): 

- Spalart-Allmaras (SA); 

- Spalart-Allmaras Extended Wall Function (SA_Ext); 

- SARC (SARC); 

- k-Ů (Low Re Yang-Shih) (k-e_Y-Sh); 

- Shear Stress Transport (SST); 

- k-ɤ Wilcox (k-ɤ); 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʦʚʝʨʢʘ ʚʳʨʘʙʦʪʘʥʥʳʭ ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ 

ʨʝʢʦʤʝʥʜʘʮʠʡ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʜʝʩʷʪʠ ʧʦʣʥʦʨʘʟʤʝʨʥʳʭ ʪʫʨʙʠʥ ʠ ʪʨʸʭ 

ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

ɺʳʙʦʨ ʢʦʥʢʨʝʪʥʳʭ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ (ʨʝʰʸʪʦʢ ʪʫʨʙʠʥ, ʦʜʥʦʩʪʫʧʝʥʯʘʪʳʭ ʠ 

ʤʥʦʛʦʩʪʫʧʝʯʘʪʳʭ ʪʫʨʙʠʥ) ʦʙʲʷʩʥʷʝʪʩʷ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʥʘʣʠʯʠʝʤ ʥʝʦʙʭʦʜʠʤʳʭ ʜʘʥʥʳʭ ʦʙ ʠʭ 

ʛʝʦʤʝʪʨʠʠ, ʘ ʪʘʢʞʝ ʧʘʨʘʤʝʪʨʘʭ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ (ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʣʠ ʚʝʨʠʬʠʮʠʨʦʚʘʥʥʳʝ 

ʨʘʩʯʸʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ), ʩ ʢʦʪʦʨʳʤʠ ʚʦʟʤʦʞʥʦ ʩʨʘʚʥʠʚʘʪʴ ʧʦʣʫʯʘʝʤʳʝ ʚ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʨʝʟʫʣʴʪʘʪʳ ʩ ʮʝʣʴʶ ʦʮʝʥʢʠ ʧʦʛʨʝʰʥʦʩʪʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʳʧʦʣʥʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʧʨʠʥʮʠʧʫ çʦʪ ʧʨʦʩʪʦʛʦ ʢ ʩʣʦʞʥʦʤʫè: ʠʟʫʯʝʥʠʝ ʥʘ 

ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠ ̫

ʪʝʯʝʥʠʷ ʚ ʦʪʜʝʣʴʥʳʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʘʭ (ʨʝʰʸʪʢʠ ʪʫʨʙʠʥ), ʟʘʪʝʤ ʚ ʦʜʥʦʩʪʫʧʝʥʯʘʪʳʭ ʪʫʨʙʠʥʘʭ, 

ʠ, ʥʘʢʦʥʝʮ, ʚ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʳʭ ʪʫʨʙʠʥʘʭ. ʊʘʢʞʝ ʩʪʦʣʴ ʨʘʟʥʳʝ ʦʙʲʝʢʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ 

ʦʧʨʦʙʦʚʘʪʴ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʚʳʙʨʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ, ʘ ʪʘʢʞʝ 

ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʚʳʙʦʨʫ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ.   
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3 ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʃʀʗʅʀʗ ʇɸʈɸʄɽʊʈʆɺ ʉɽʊʆʂ ʀ ʄʆɼɽʃɽʁ 

ʊʋʈɹʋʃɽʅʊʅʆʉʊʀ ʅɸ ʕʌʌɽʂʊʀɺʅʆʉʊʔ ʄʆɼɽʃʀʈʆɺɸʅʀʗ 

ʈɸɹʆʏɽɻʆ ʇʈʆʎɽʉʉɸ ʈɽʐɪʊʆʂ  

ɻɸɿʆɺʓʍ ʊʋʈɹʀʅ 

ɺʳʙʦʨ ʨʝʰʸʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʙʳʣ 

ʧʨʦʜʠʢʪʦʚʘʥ ʩʣʝʜʫʶʱʠʤʠ ʧʨʠʯʠʥʘʤʠ.  

ɺʦ-ʧʝʨʚʳʭ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʦʪʜʝʣʴʥʦ ʩʪʦʷʱʝʡ ʨʝʰʸʪʢʠ, ʥʝ ʠʤʝʶʱʝʡ 

ʥʠʢʘʢʠʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʧʝʨʝʜ ʠ ʟʘ ʩʦʙʦʡ, ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ ʚʣʠʷʥʠʝ ʥʘ ʨʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʥʪʝʨʬʝʡʩʦʚ ʤʝʞʜʫ ʣʦʧʘʪʦʯʥʳʤʠ ʚʝʥʮʘʤʠ, ʘ ʪʘʢʞʝ ʥʘʢʦʧʣʝʥʠʷ ʧʦʛʨʝʰʥʦʩʪʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʤʝʩʪʦ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʚʫʭ ʠ ʙʦʣʝʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ.  

ɺʦ-ʚʪʦʨʳʭ, ʚʳʙʦʨ ʨʝʰʸʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ 

ʧʨʦʜʠʢʪʦʚʘʥ ʥʘʣʠʯʠʝʤ ʜʦʩʪʘʪʦʯʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʘʥʥʳʭ ʚ ʦʪʢʨʳʪʳʭ ʠʩʪʦʯʥʠʢʘʭ ʦ ʨʝʟʫʣʴʪʘʪʘʭ 

ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʊʘʢ, ʚ [6] ʩʦʜʝʨʞʠʪʩʷ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʧʨʦʜʫʚʢʘʭ 177 

ʨʝʰʸʪʦʢ ʪʫʨʙʠʥ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʢʘʞʜʦʡ ʨʝʰʸʪʢʠ ʠʟʚʝʩʪʥʳ ʝʸ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʚ ʚʠʜʝ 

ʧʘʨʘʤʝʪʨʦʚ ʪʫʨʙʠʥʥʦʛʦ ʧʨʦʬʠʣʷ, ʘ ʪʘʢʞʝ ʪʘʙʣʠʮʳ ʢʦʦʨʜʠʥʘʪ ʩʧʠʥʢʠ ʠ ʢʦʨʳʪʮʘ. ʕʪʠʭ ʜʘʥʥʳʭ 

ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʚ ʭʦʜʝ ʯʠʩʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʂ ʪʦʤʫ ʞʝ, ʜʣʷ ʨʝʰʸʪʦʢ ʙʳʣʠ ʠʟʚʝʩʪʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʸʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ï ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʦʪ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʡ ʧʨʠʚʝʜʸʥʥʦʡ ʩʢʦʨʦʩʪʠ ʥʘ ʚʳʭʦʜʝ ‒̃˝

Ὢ‗ , ʘ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʨʝʰʸʪʦʢ ʙʳʣʠ ʠʟʚʝʩʪʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʚʠʜʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʛʣʘ ʧʦʪʦʢʘ 

ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ: ‍ Ὢ‗ . ʊʘʢʞʝ, ʜʣʷ ʨʷʜʘ ʨʝʰʸʪʦʢ ʙʳʣʠ ʜʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʦʧʨʝʜʝʣʸʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʣʦʧʘʪʢʠ ‒ ὪὬ. 

ʅʘʣʠʯʠʝ ʧʦʜʦʙʥʳʭ ʧʦʜʨʦʙʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʧʨʦʜʫʚʦʢ ʨʝʰʸʪʦʢ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʩʪʠ ʜʝʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠ ̫ ʧʘʨʘʤʝʪʨʦʚ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʥʘ 

ʨʘʩʯʸʪʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ‒̃˝ Ὢ‗  ʠ ‒ ὪὬ ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʨʝʜʣʦʞʝʥʥʳʭ ʚ 

ʛʣʘʚʝ 2 ʨʝʢʦʤʝʥʜʘʮʠʡ. 

3.1 ɺʓɹʈɸʅʅʓɽ ʈɽʐɪʊʂʀ ɻɸɿʆɺʓʍ ʊʋʈɹʀʅ ʀ  

ʆʉʆɹɽʅʅʆʉʊʀ ʀʍ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓʍ ʀʉʉʃɽɼʆɺɸʅʀʁ 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʪʨʠ ʨʝʰʸʪʢʠ ʠʟ [6] ʩ ʧʦʨʷʜʢʦʚʳʤʠ 

ʥʦʤʝʨʘʤʠ 1, 34 ʠ 168. ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʚʳʙʨʘʥʥʳʭ ʨʝʰʸʪʦʢ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.1, 

ʘ ʧʨʦʬʠʣʷ ʨʝʰʸʪʦʢ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.1. 
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ɺʳʙʦʨ ʜʘʥʥʳʭ ʨʝʰʸʪʦʢ ʙʳʣ ʦʙʫʩʣʦʚʣʝʥ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ. ʅʝʪʨʫʜʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʵʪʠ ʨʝʰʸʪʢʠ ʠʤʝʶʪ ʢʘʯʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʥʳʝ ʟʥʘʯʝʥʠʷ 

ʣʦʧʘʪʦʯʥʦʛʦ ʫʛʣʘ ʥʘ ʚʭʦʜʝ ‍ .̌ ɼʣʷ ʨʝʰʸʪʢʠ ˉ 1 ‍ ̌  ωπ, ʜʣʷ ʨʝʰʸʪʢʠ ˉ 34 ‍ ̌  ωπ, ʘ ʜʣʷ 

ʨʝʰʸʪʢʠ ˉ 168 ‍ ̌  ωπ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʦʙʨʘʟʦʤ ʚ ʜʘʥʥʳʭ ʨʝʰʸʪʢʘʭ ʚʘʨʴʠʨʫʶʪʩʷ ʠ ʫʛʣʳ 

ʧʦʚʦʨʦʪʘ ʧʦʪʦʢʘ: ʦʪ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ ( υχȟυ ʜʣʷ ʨʝʰʸʪʢʠ ˉ 1), ʜʦ ʚʳʩʦʢʠʭ (ρςτȟρʜʣʷ ʨʝʰʸʪʢʠ 

ˉ 168). ʄʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʚʳʙʨʘʥʥʳʝ ʧʨʦʬʠʣʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚʩʝ ʚʠʜʳ ʧʨʦʬʠʣʝʡ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʟʣʠʯʥʳʭ ʩʝʯʝʥʠʷʭ ʣʦʧʘʪʦʢ ʩʦʧʣʦʚʳʭ ʘʧʧʘʨʘʪʦʚ ʠ ʨʘʙʦʯʠʭ ʢʦʣʸʩ 

ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʪʫʨʙʠʥ ɻʊɼ. 

ʊʘʙʣʠʮʘ 3.1 ï ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʨʝʰʸʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ 

ʇʘʨʘʤʝʪʨ 
ʈʝʰʸʪʢʘ 

ˉ 1 ˉ 34 ˉ 168 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʡ ʫʛʦʣ ʨʝʰʸʪʢʠ ʥʘ ʚʭʦʜʝ  ‍  ̌ 105,54 89,47 38,05 

ʕʬʬʝʢʪʠʚʥʳʡ ʫʛʦʣ ʨʝʰʸʪʢʠ ʥʘ ʚʳʭʦʜʝ ‍ ̞  ̕ 16,95 8,99 17,88 

ʋʛʦʣ ʫʩʪʘʥʦʚʢʠ ʧʨʦʬʠʣʷ ʚ ʨʝʰʸʪʢʝ ‎ 34,76 31,17 62,50 

ʍʦʨʜʘ ʨʝʰʸʪʢʠ l, ʤʤ 82,05 72,40 72,60 

ʐʘʛ ʨʝʰʸʪʢʠ b, ʤʤ  55,52 49,09 46,97 

ʆʪʥʦʩʠʪʝʣʴʥʳʡ ʰʘʛ ʨʝʰʸʪʢʠ ὸ ὸὦϳ  0,673 0,678 0,647 

ʊʦʣʱʠʥʘ ʚʭʦʜʥʦʡ ʢʨʦʤʢʠ Ὠȟ̍  ̍ 7,71 6,23 5,74 

ʊʦʣʱʠʥʘ ʚʳʭʦʜʥʦʡ ʢʨʦʤʢʠ Ὠȟ̍  ̍ 1,32 1,04 2,84 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʪʦʣʱʠʥʘ ʧʨʦʬʠʣʷ ὧ ȟ̍  ̍ 10,50 13,18 16,04 

ʉʪʝʧʝʥʴ ʢʦʥʬʫʟʦʨʥʦʩʪʠ ὑ ÓÉÎ‍ ̌ÓÉÎ‍ ̌ϳ  3,305 6,4 1,917 

ʋʛʦʣ ʠʟʛʠʙʘ ʧʨʦʬʠʣʷ — ρψπ ‍ ̌ ‍  ̌ 57,51 81,54 124,07 

 

 
 

ʘ) ʈʝʰʸʪʢʘ ˉ1 ʙ) ʈʝʰʸʪʢʘ ˉ34 

 
ʚ) ʈʝʰʸʪʢʘ ˉ168 

ʈʠʩʫʥʦʢ 3.1 ï ɺʳʙʨʘʥʥʳʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʣʦʩʢʠʝ ʨʝʰʸʪʢʠ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ [6] 
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ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠ ʚʳʙʦʨʝ ʨʝʰʸʪʦʢ ʫʯʠʪʳʚʘʣʠʩʴ ʠʤʝʶʱʠʝʩʷ ʜʣʷ ʥʠʭ ʜʘʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʩ ʮʝʣʴʶ ʚʳʧʦʣʥʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦ ʧʦʣʥʦʛʦ ʦʙʲʸʤʘ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. ʉʚʝʜʝʥʠʷ ʧʦ ʠʤʝʶʱʠʤʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʧʦ ʫʨʦʚʥʶ ʧʦʪʝʨ ɹ ʚ 

ʚʳʙʨʘʥʥʳʭ ʨʝʰʸʪʢʘʭ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.2. 

ʊʘʙʣʠʮʘ 3.2 ï ʉʚʦʜʥʘʷ ʪʘʙʣʠʮʘ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʚʳʙʨʘʥʥʳʭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʰʸʪʦʢ 

ʈʝʰʸʪʢʘ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪ ɹz̃
˝
Ὢ‗  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ z ὪὬ 

ʋʛʦʣ ʧʦʪʦʢʘ 

ʥʘ ʚʭʦʜʝ ‍  

ɼʠʘʧʘʟʦʥʳ 

ʠʟʤʝʥʝʥʠʷ ‗  
ʈʠʩʫʥʦʢ ɿʥʘʯʝʥʠʷ ‗  ʈʠʩʫʥʦʢ 

ˉ 1 105 0,6 é 1,3 3.2 0,88; 0,925 3.3 

ˉ 34 89 0,6 é 1,4 3.4 0,9; 1,25 3.5 

ˉ 168 
40 0,7 é 1,3 

3.6 
1,0 

3.7 
30 0,7 é 1,3 1,0 

 

 
 

ʈʠʩʫʥʦʢ 3.2 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ      

z̃
˝
Ὢ‗  ʜʣʷ ʨʝʰʸʪʢʠ ˉ 1 

ʈʠʩʫʥʦʢ 3.3 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ        

z ὪὬ ʜʣʷ ʨʝʰʸʪʢʠ ˉ 1 

 

  

ʈʠʩʫʥʦʢ 3.4 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ        

z̃
˝
Ὢ‗  ʜʣʷ ʨʝʰʸʪʢʠ ˉ 34 

ʈʠʩʫʥʦʢ 3.5 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ     

z ὪὬ ʜʣʷ ʨʝʰʸʪʢʠ ˉ 34 
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ʈʠʩʫʥʦʢ 3.6 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ       

z̃
˝
Ὢ‗  ʜʣʷ ʨʝʰʸʪʢʠ ˉ 168 

ʈʠʩʫʥʦʢ 3.7 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ      

z ὪὬ ʜʣʷ ʨʝʰʸʪʢʠ ˉ 168 

ʇʦ ʟʘʚʠʩʠʤʦʩʪʷʤ ‒ ὪὬ  ʥʘ ʨʠʩʫʥʢʘʭ 3.3, 3.5 ʠ 3.7 ʭʦʨʦʰʦ ʚʠʜʥʦ, ʯʪʦ ʚʳʙʨʘʥʥʳʝ 

ʨʝʰʸʪʢʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠ ʜʣʠʥʥʳʤʠ, ʧʦʩʢʦʣʴʢʫ ʧʠʢʠ ʧʦʪʝʨʴ, ʩʚʷʟʘʥʥʳʝ ʩʦ 

ʚʪʦʨʠʯʥʳʤʠ ʪʝʯʝʥʠʷʤʠ, ʥʝ ʢʘʩʘʶʪʩʷ ʜʨʫʛ ʜʨʫʛʘ, ʘ ʚ ʦʙʣʘʩʪʠ ʩʨʝʜʥʝʡ ʚʳʩʦʪʳ ʧʦʪʝʨʠ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʩʪʦʷʥʥʳ ʠ ʥʝ ʤʝʥʷʪʁʩʷ ʧʦ ʚʳʩʦʪʝ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʚ ʚʳʙʨʘʥʥʳʭ 

ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʘʭ ʥʘ ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ ʠʤʝʶʪ ʤʝʩʪʦ ʪʦʣʴʢʦ ʧʨʦʬʠʣʴʥʳʝ ʧʦʪʝʨʠ z̃ ,̋ ʘ ʚ ʦʙʣʘʩʪʠ 

ʪʦʨʮʝʚʳʭ ʩʪʝʥʦʢ ʠʤʝʶʪ ʤʝʩʪʦ ʢʘʢ ʧʨʦʬʠʣʴʥʳʝ z̃ ,̋ ʪʘʢ ʠ ʚʪʦʨʠʯʥʳʝ ʧʦʪʝʨʠ zˏ .˟ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʰʸʪʦʢ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʩʧʝʮʠʘʣʴʥʦʤ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʩʪʝʥʜʝ, ʩʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʞʸʥʥʦʤ ʥʘ ʨʠʩʫʥʢʝ 3.8. ʉʪʝʥʜ ʨʘʙʦʪʘʣ ʥʘ 

ʵʢʩʛʘʫʩʪʝʨʥʦʤ ʨʝʞʠʤʝ: ʥʘ ʚʭʦʜʝ ʚ ʨʝʰʸʪʢʫ ʜʘʚʣʝʥʠʝ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʪʦʢʘ ʙʳʣʠ ʙʣʠʟʢʠ ʢ 

ʘʪʤʦʩʬʝʨʥʳʤ, ʫʨʦʚʝʥʴ ʪʫʨʙʫʣʝʥʪʥʳʭ ʧʫʣʴʩʘʮʠʡ ʥʝ ʧʨʝʚʳʰʘʣ ‐ πȟπςȣπȟπυ. ʇʨʠ ʠʟʤʝʥʝʥʠʠ 

ʧʨʠʚʝʜʸʥʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʟʘ ʨʝʰʸʪʢʦʡ ʚ ʧʨʝʜʝʣʘʭ ‗ πȟψȣρȟτ ʠ ʭʦʨʜʝ ʧʨʦʬʠʣʷ                       

ὦ υπȣψπ ̍  ̍ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʣʝʞʘʣʦ ʚ ʜʠʘʧʘʟʦʥʝ ὙὩ πȟφȣρȟπẗρπ. ʇʦʣʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʟʜʫʭʘ ʥʘ ʚʭʦʜʝ ʚ ʩʪʝʥʜ ʩʦʩʪʘʚʣʷʣʘ Ὕ̃ᶻ ςωυ ̠ [5]. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʰʸʪʢʠ ʩʦʙʠʨʘʣʠʩʴ ʠʟ 8 é 9 ʣʦʧʘʪʦʢ ʧʦʩʪʦʷʥʥʦʛʦ ʩʝʯʝʥʠʷ ʚʳʩʦʪʦʡ 

125 ʤʤ. ɼʣʷ ʦʪʩʝʯʢʠ ʠ ʩʣʠʚʘ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʥʘ ʩʪʝʥʢʘʭ ʫʩʪʘʥʦʚʢʠ ʜʦ ʚʭʦʜʘ 

ʚ ʨʝʰʸʪʢʫ, ʥʘ ʣʦʧʘʪʢʠ ʫʩʪʘʥʘʚʣʠʚʘʣʠʩʴ ʦʪʩʝʯʥʳʝ ʧʣʘʩʪʠʥʳ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 5 é 40 ʤʤ ʦʪ ʪʦʨʮʝʚʳʭ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ. ʌʘʢʪʠʯʝʩʢʘʷ ʚʳʩʦʪʘ ʣʦʧʘʪʦʢ ʤʝʞʜʫ ʦʪʩʝʯʥʳʤʠ 

ʧʣʘʩʪʠʥʘʤʠ ʩʦʩʪʘʚʣʷʣʘ Ὤ σπȣρππ ̍ .̍ 

ʇʨʠ ʠʩʧʳʪʘʥʠʷʭ ʠʟʤʝʨʷʣʠʩʴ ʧʦʣʷ ʧʦʣʥʳʭ ʠ ʩʪʘʪʠʯʝʩʢʠʭ ʜʘʚʣʝʥʠʡ ʟʘ ʨʝʰʸʪʢʘʤʠ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ ᾀ πȢσȣρȢυὥ ʦʪ ʚʳʭʦʜʥʳʭ ʢʨʦʤʦʢ (ὥ ï ʛʦʨʣʦ ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ). ʉʪʘʪʠʯʝʩʢʦʝ 

ʜʘʚʣʝʥʠʝ ʟʘʤʝʨʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʦʪʙʦʨʘ ʜʘʚʣʝʥʠʷ ʯʝʨʝʟ ʦʪʚʝʨʩʪʠʷ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʦʪʩʝʯʥʦʡ 

ʧʣʘʩʪʠʥʝ ʚ ʢʦʣʠʯʝʩʪʚʝ 20 é 35 ʰʪʫʢ, ʘ ʪʘʢʞʝ ʚ ʧʦʪʦʢʝ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʛʦ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʥʘʩʘʜʢʘ (ʨʠʩʫʥʦʢ 3.9). 
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ʈʠʩʫʥʦʢ 3.8 ï ʉʭʝʤʘ ʩʪʝʥʜʘ ʜʣʷ ʧʨʦʜʫʚʦʢ 

ʨʝʰʸʪʦʢ  

ʈʠʩʫʥʦʢ 3.9 ï ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʟʘ ʪʨʘʥʩʟʚʫʢʦʚʦʡ ʨʝʰʸʪʢʦʡ ʠ 

ʥʘʩʘʜʦʢ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ 

ʇʝʨʝʤʝʱʝʥʠʝ ʥʘʩʘʜʢʘ ʚʜʦʣʴ ʬʨʦʥʪʘ ʤʝʞʜʫ ʟʘʨʘʥʝʝ ʫʩʪʘʥʦʚʣʝʥʥʳʤʠ ʢʦʥʮʝʚʳʤʠ 

ʚʳʢʣʶʯʘʪʝʣʷʤʠ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ ʤʘʣʦʡ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ ὺ̎́̒ρȣσ ̍ Ⱦ̍̒, ʧʨʠ ʢʦʪʦʨʦʡ 

ʦʪʩʫʪʩʪʚʦʚʘʣ ʛʠʩʪʝʨʝʟʠʩ ʚ ʧʦʢʘʟʘʥʠʷʭ ʧʨʠʙʦʨʦʚ. ɺʩʝ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ὴᶻȠ ὴȠ ‍ȣ  ʚ ʧʨʦʮʝʩʩʝ ʜʚʠʞʝʥʠʷ ʥʘʩʘʜʢʘ ʠʟʤʝʨʷʣʠʩʴ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʜʘʪʯʠʢʘʤʠ ʜʘʚʣʝʥʠʷ 

ʪʠʧʘ ʀʂɼ-27, ɼʄʀ ʠ ʜʨ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʩ ʯʘʩʪʦʪʦʡ ʦʧʨʦʩʘ ʢʘʞʜʦʛʦ ʜʘʪʯʠʢʘ ’ ρπ ː  ̗

ʟʘʧʠʩʳʚʘʣʠʩʴ ʥʘ ʤʘʛʥʠʪʥʫʶ ʣʝʥʪʫ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʙʦʪʢʠ.  

ʇʨʠ ʦʙʨʘʙʦʪʢʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʷ ʥʘ ʪʨʘʥʩʟʚʫʢʦʚʳʭ ʨʝʞʠʤʘʭ ʪʝʯʝʥʠʷ ʫʯʠʪʳʚʘʣʦʩʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʦʪʦʢʘ ʩ ʥʘʩʘʜʢʦʤ, ʩʦʧʨʦʚʦʞʜʘʚʰʝʝʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʩʢʘʯʢʘ ʫʧʣʦʪʥʝʥʠʷ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʚʚʦʜʠʣʘʩʴ ʩʧʝʮʠʘʣʴʥʘʷ ʧʦʧʨʘʚʢʘ, ʫʯʠʪʳʚʘʚʰʘʷ ʨʘʟʥʠʮʫ ʤʝʞʜʫ ʟʘʤʝʨʝʥʥʳʤ ʪʨʫʙʢʦʡ 

ʇʠʪʦ ʧʦʣʥʳʤ ʜʘʚʣʝʥʠʝʤ ὴ ̉̈̍
ᶻ  ʠ ʧʦʣʥʳʤ ʜʘʚʣʝʥʠʝʤ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ὴᶻ, ʦʙʫʩʣʦʚʣʝʥʥʫʶ 

ʧʨʷʤʳʤ ʩʢʘʯʢʦʤ ʫʧʣʦʪʥʝʥʠʷ. 

ɺʘʞʥʳʤ ʤʦʤʝʥʪʦʤ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʳʪʘʥʠʡ ʷʚʣʷʣʦʩʴ ʦʩʨʝʜʥʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ ʚʜʦʣʴ ʬʨʦʥʪʘ ʨʝʰʸʪʢʠ. ʉʨʝʜʥʠʝ ʧʘʨʘʤʝʪʨʳ ʧʦʪʦʢʘ ʟʘ ʨʝʰʸʪʢʦʡ ʥʘʭʦʜʠʣʠʩʴ 

ʦʩʨʝʜʥʝʥʠʝʤ ʧʦ ʬʨʦʥʪʫ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ ʫʩʣʦʚʠʠ ʩʦʭʨʘʥʝʥʠʷ ʵʥʪʘʣʴʧʠʠ 

ʪʦʨʤʦʞʝʥʠʷ Ὥᶻ, ʧʦʣʥʦʛʦ ʠʤʧʫʣʴʩʘ ὖ ʠ ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ ὑ ʚ ʠʩʭʦʜʥʦʤ ʥʝʦʜʥʦʨʦʜʥʦʤ ʠ 

ʫʩʣʦʚʥʦʤ ʦʩʨʝʜʥʸʥʥʦʤ ʧʦʪʦʢʘʭ [6]. ɼʣʷ ʧʣʦʩʢʦʛʦ ʧʦʪʦʢʘ çʝʜʠʥʠʯʥʦʡè ʚʳʩʦʪʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʟʘ 

ʩʦʧʣʦʚʦʡ ʨʝʰʸʪʢʦʡ, ʵʪʠ ʫʩʣʦʚʠʷ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ (ʫʨʘʚʥʝʥʠʝ ʧʦʣʥʦʛʦ ʠʤʧʫʣʴʩʘ 

ʟʘʧʠʩʘʥʦ ʚ ʧʨʦʝʢʮʠʷʭ ʥʘ ʦʢʨʫʞʥʦʝ ʠ ʦʩʝʚʦʝ ʥʘʧʨʘʚʣʝʥʠʷ; ʚʩʝ ʠʥʪʝʛʨʘʣʳ ʙʝʨʫʪʩʷ ʧʦ ʰʘʛʫ    

ʨʝʰʸʪʢʠ t): 

̒Ὕᶻ”ὧÓÉÎ‌Ὠώ ̒ ̒ Ὕ̑ ̒̑
ᶻ Ὃ Ὥᶻ (3.1) 

”ὧÓÉÎ‌ÃÏÓ‌Ὠώ  ̒̒ Ã̑ÏÓ‌ ̒ Ὃ̑ ὖÃÏÓ‌ ̒̑ ὖ (3.2) 
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”ὧÓÉÎ‌ ὴ Ὠώ  ̒̒ Ó̑ÉÎ‌ ̒ Ὃ̑ ὴ ̒ ὸ̑ ὖÓÉÎ‌ ̒̑ ὖ (3.3) 

”ὧÓÉÎ‌ Ὠώ  ̒̒  ̑Ὃ ὑ (3.4) 

ʛʜʝ 

Ὕᶻ Ὕ
ὧ

ςὧ
 - ʪʝʤʧʝʨʘʪʫʨʘ ʪʦʨʤʦʞʝʥʠʷ ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ ʧʦ ʬʨʦʥʪʫ; 

ὧ ʠ ” 
- ʩʢʦʨʦʩʪʴ ʠ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ ʧʦ ʬʨʦʥʪʫ, ʧʦʜʩʯʠʪʘʥʥʳʝ 

ʧʦ ʤʝʩʪʥʳʤ ʟʥʘʯʝʥʠʷʤ ὴȠ ὴᶻ ʠ Ὕᶻ; 

ὧ ̒  ̑ʠ ὴ ̒  ̑ - ʩʢʦʨʦʩʪʴ ʠ ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʦʩʨʝʜʥʸʥʥʦʛʦ ʧʦʪʦʢʘ; 

‌ ̒  ̑ - ʩʨʝʜʥʠʡ ʫʛʦʣ ʧʦʪʦʢʘ ʟʘ ʨʝʰʸʪʢʦʡ; 

ὧ ̒  ̑ʠ Ὕ ̒̑
ᶻ  

- ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʪʝʧʣʦʸʤʢʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʪʦʨʤʦʞʝʥʠʷ ʧʦʪʦʢʘ ʟʘ 

ʨʝʰʸʪʢʦʡ; 

Ὃ - ʜʝʡʩʪʚʠʪʝʣʴʥʳʡ ʨʘʩʭʦʜ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʟʘ ʨʝʰʸʪʢʦʡ. 

ɿʥʘʯʝʥʠʷ  ;̒ ”; ὧ ̒ ;̑ Ὕ ̒̑
ᶻ  ʠ Ὃ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʬʦʨʤʫʣʘʤ: 

ὧ
ςὯ

Ὧ ρ
ὙὝᶻρ

ὴ

ὴᶻ
 (3.5) 

”
ὴ

ὙὝ

ὴᶻ

ὙὝᶻ
ὴ

ὴᶻ
 (3.6) 

ὧ ̒̑
ὧ᷿”ὧÓÉÎ‌Ὠώ

Ὃ
 (3.7) 

Ὕ ̒̑
ᶻ

Ὅᶻ

ὧ ̒ Ὃ̑

᷿̒ Ὕᶻ”ὧÓÉÎ‌Ὠώ

ὧ ̒ Ὃ̑
 (3.8) 

Ὃ ”ὧÓÉÎ‌Ὠώ (3.9) 

ʀʟ ʫʩʣʦʚʠʷ ʧʦʩʪʦʷʥʩʪʚʘ ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚʳʨʘʞʘʣʘʩʴ ʚ ʚʠʜʝ 

ὧ ̒̑
ὑ

Ὃ

”᷿ὧÓÉÎ‌ Ὠώ

”᷿ὧÓÉÎ‌Ὠώ
 (3.10) 

ʀʟʦʵʥʪʨʦʧʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʧʦ ʧʦʣʥʳʤ ʧʘʨʘʤʝʪʨʘʤ ʧʦʪʦʢʘ ʧʝʨʝʜ ʨʝʰʸʪʢʦʡ 

ʠ ʩʨʝʜʥʝʤʫ ʜʘʚʣʝʥʠʶ ʟʘ ʨʝʰʸʪʢʦʡ, ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʚʳʨʘʞʝʥʠʶ 

ὧ
ςὯ

Ὧ ρ
ὙὝᶻρ

ὴ ̒̑

ὴᶻ
 (3.11) 

ʀʟ ʫʨʘʚʥʝʥʠʷ (3.3) ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʣʝʜʫʝʪ 
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ὴ ̒̑
ρ

ὸ
ὴὨώ (3.12) 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʨʝʜʥʠʡ ʫʛʦʣ ʧʦʪʦʢʘ ʦʧʨʝʜʝʣʷʣʩʷ ʠʟ ʩʣʝʜʫʶʱʝʛʦ ʚʳʨʘʞʝʥʠʷ 

‌ ̒̑ ὥὶὧὸὫ  
”᷿ὧÓÉÎ‌ÓÉÎ‌Ὠώ

”᷿ὧÓÉÎ‌ÃÏÓ‌ Ὠώ
 (3.13) 

ʂʦʵʬʬʠʮʠʝʥʪ ʩʢʦʨʦʩʪʠ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʪʝʨʴ ʠ ʂʇɼ ʜʣʷ ʨʝʰʸʪʢʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ 

ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʷʤ 

•
ὧ

ὧ
 (3.14) 

‒ ρ •  (3.15) 

–̑ ρ ‒ •  (3.16) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚʳʧʦʣʥʷʣʠʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʧʨʦʜʫʚʢʠ ʨʝʰʸʪʦʢ, ʘ ʪʘʢʞʝ ʦʙʨʘʙʦʪʢʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ.  

ɺ [4] ʪʘʢʞʝ ʫʢʘʟʘʥʦ, ʯʪʦ ʧʦʛʨʝʰʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʬʠʣʴʥʳʭ 

ʧʦʪʝʨʴ ʧʦ ʨʝʰʸʪʢʘʤ ʩʦʩʪʘʚʣʷʝʪ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ „ πȟππψȣπȟπρ. 

3.2 ɹɸɿʆɺʓɽ ʏʀʉʃɽʅʅʓɽ ʄʆɼɽʃʀ ʈɸɹʆʏɽɻʆ ʇʈʆʎɽʉʉɸ ʈɽʐɪʊʆʂ ɻɸɿʆɺʓʍ ʊʋʈɹʀʅ ʀ 

ʄɽʊʆɼʀʂɸ ʆɹʈɸɹʆʊʂʀ ʈɽɿʋʃʔʊɸʊʆɺ ʄʆɼɽʃʀʈʆɺɸʅʀʗ 

ɹʘʟʦʚʳʝ ʯʠʩʣʝʥʥʳʝ ʤʦʜʝʣʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʨʝʰʸʪʦʢ ʪʫʨʙʠʥ ʙʳʣʠ ʩʦʟʜʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʢʦʤʝʥʜʘʮʠʡ, ʚʳʷʚʣʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ 

(ʛʣʘʚʘ 1). ɺʩʝ ʯʠʩʣʝʥʥʳʝ ʤʦʜʝʣʠ, ʠʩʧʦʣʴʟʫʶʱʠʝʩʷ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʙʳʣʠ ʩʦʟʜʘʥʳ ʥʘ ʦʩʥʦʚʝ 

ʙʘʟʦʚʳʭ. ʊʝ ʧʘʨʘʤʝʪʨʳ ʙʘʟʦʚʳʭ ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʝ ʤʝʥʷʣʠʩʴ ʚ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʦʛʦʚʦʨʝʥʳ 

ʦʪʜʝʣʴʥʦ. 

ʉʦʟʜʘʥʠʝ ʛʝʦʤʝʪʨʠʠ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʚʳʧʦʣʥʷʣʦʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ Numeca 

AutoGrid5. ɼʣʷ ʠʤʧʦʨʪʘ ʛʝʦʤʝʪʨʠʠ ʨʝʰʸʪʦʢ ʚ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ Numeca AutoGrid5 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ Profiler [36, 37, 38], ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʠ 

ʟʘʧʘʪʝʥʪʦʚʘʥʥʳʡ ʢʦʤʧʣʝʢʩ Profiler 3D (ʇʨʠʣʦʞʝʥʠʝ ɺ) [30, 98]. ʉʦʟʜʘʥʥʳʝ ʨʘʩʯʸʪʥʳʝ ʦʙʣʘʩʪʠ 

ʩʦʜʝʨʞʘʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʙʣʘʩʪʴ ʪʝʯʝʥʠʷ ʚʦʢʨʫʛ ʦʜʥʦʡ ʣʦʧʘʪʢʠ ʢʘʞʜʦʡ ʠʟ ʨʝʰʸʪʦʢ, ʘ ʪʘʢʞʝ 

ʚʭʦʜʥʳʝ ʠ ʚʳʭʦʜʥʳʝ ʫʯʘʩʪʢʠ (ʨʠʩʫʥʦʢ 3.10). 

ʊʦʧʦʣʦʛʠʠ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʜʣʷ ʚʩʝʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʩʦʜʝʨʞʘʣʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ H-

ʙʣʦʢʠ ʥʘ ʚʭʦʜʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʫʯʘʩʪʢʘʭ. ʊʦʧʦʣʦʛʠʠ ʩʝʪʦʢ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʦʪʣʠʯʘʣʠʩʴ 

ʚʠʜʦʤ ʙʣʦʢʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʦʢʦʣʦ ʩʧʠʥʢʠ: ʚ ʨʝʰʸʪʢʘʭ ˉ 1 ʠ ˉ 34 ʦʢʦʣʦ ʩʧʠʥʢʠ ʙʳʣ 

ʨʘʩʧʦʣʦʞʝʥ L-ʙʣʦʢ, ʚ ʨʝʰʸʪʢʝ ˉ 168 ï C-ʙʣʦʢ. ɺʳʙʦʨ ʪʠʧʘ ʙʣʦʢʘ ʦʢʦʣʦ ʩʧʠʥʢʠ ʚʳʧʦʣʥʷʣʩʷ 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʨʦʛʨʘʤʤʦʡ Numeca AutoGrid5 ʠ ʙʳʣ ʦʙʫʩʣʦʚʣʝʥ ʟʥʘʯʝʥʠʝʤ ʫʛʣʘ ʠʟʛʠʙʘ ʧʨʦʬʠʣʷ 

ʣʦʧʘʪʦʯʥʦʛʦ ʚʝʥʮʘ. ʉʦʟʜʘʥʥʳʝ ʪʦʧʦʣʦʛʠʠ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʨʝʰʸʪʦʢ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.11. 
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ʈʠʩʫʥʦʢ 3.10 ï ʂʦʥʬʠʛʫʨʘʮʠʷ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʨʝʰʸʪʢʠ ˉ 34 (ʙʦʢʦʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ ʧʦʢʘʟʘʥʳ ʜʣʷ ʙʦʣʴʰʝʡ 

ʥʘʛʣʷʜʥʦʩʪʠ) 

 

ʈʠʩʫʥʦʢ 3.11 ï ʉʦʟʜʘʥʥʳʝ ʪʦʧʦʣʦʛʠʠ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʨʝʰʸʪʦʢ ʪʫʨʙʠʥ 

ʈʘʟʤʝʨ ʵʣʝʤʝʥʪʘ ώ , ʙʣʠʞʘʡʰʝʛʦ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʦʢ, ʦʙʝʩʧʝʯʠʚʘʣ ʟʥʘʯʝʥʠʝ 

ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ώ  ʨʘʚʥʦʝ 1, ʘ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʦʩʪʘ ʷʯʝʝʢ ʚ ʧʦʛʨʘʥʠʯʥʦʤ 

ʩʣʦʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ ʥʝ ʧʨʝʚʳʰʘʣʦ 1,3. 

ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ, ʦʙʦʟʥʘʯʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 

3.11, ʧʨʠʚʝʜʝʥʦ ʚ ʪʘʙʣʠʮʝ 3.2. ʏʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʩʪʦʨʦʥ ʥʝʢʦʪʦʨʳʭ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ 

ʦʪʣʠʯʘʝʪʩʷ ʚ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʢʘʭ ʜʣʷ ʨʝʰʸʪʦʢ ˉ 1, ˉ 34 ʠ ˉ 168. ʕʪʦ ʦʪʣʠʯʠʝ ʦʙʲʷʩʥʷʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʨʘʟʣʠʯʥʳʭ ʪʦʧʦʣʦʛʠʡ: ʜʣʷ ʨʝʰʸʪʦʢ ˉ 1 ʠ      

ˉ 34 ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʪʦʧʦʣʦʛʠʷ ʩ H-, O- ʠ L- ʙʣʦʢʘʤʠ, ʘ ʜʣʷ ʨʝʰʸʪʢʠ ˉ 168 ï c H-, O- ʠ C- 

ʙʣʦʢʘʤʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʦʟʜʘʥʥʳʝ ʩʝʪʢʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʨʘʚʥʦʟʥʘʯʥʳʤʠ, ʧʦʩʢʦʣʴʢʫ ʯʠʩʣʘ 

ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʙʦʣʴʰʠʥʩʪʚʘ ʭʘʨʘʢʪʝʨʥʳʭ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ (ʚ O ï ʧʦʜʩʣʦʝ ʚʦʢʨʫʛ 

ʣʦʧʘʪʢʠ, ʚʜʦʣʴ ʩʧʠʥʢʠ, ʧʦ ʰʠʨʠʥʝ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ, ʚʜʦʣʴ ʢʨʦʤʦʢ), ʚʣʠʷʶʱʠʭ ʥʘ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʩʥʦʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ, ʷʚʣʷʶʪʩʷ ʦʜʠʥʘʢʦʚʳʤʠ, ʠʣʠ 

ʦʪʣʠʯʘʶʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ.  
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ʊʘʙʣʠʮʘ 3.2 ï ʇʘʨʘʤʝʪʨʳ ʙʘʟʦʚʳʭ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ 
ʈ
ʝ
ʰ
ʸ
ʪ
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ʘ

 

ʏʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʩʪʦʨʦʥ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ (ʦʙʦʟʥʘʯʝʥʠʷ ʩ ʨʠʩʫʥʢʘ 3.11) ʂʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ 
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ˉ 1 177 42 25 17 (17) 81 77 17 - 37 (37) 14233 20671 

ˉ 34 177 42 25 17 (17) 81 77 17 - 37 (37) 14233 20671 

ˉ 168 181 42 25 17 (17) 73 37 - 33 37 (37) 13865 19267 
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ʇʨʠ ʥʘʩʪʨʦʡʢʝ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʨʘʟʤʝʨ 

ʧʝʨʚʦʛʦ ʵʣʝʤʝʥʪʘ ʦʪ ʪʦʨʮʝʚʳʭ ʩʪʝʥʦʢ ώ   ʟʘʜʘʚʘʣʩʷ ʨʘʚʥʳʤ ʨʘʟʤʝʨʫ ʧʝʨʚʦʛʦ ʵʣʝʤʝʥʪʘ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ ώ  : ώ  =ώ  . ʂʘʢ ʧʦʢʘʟʘʣʠ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʟʥʘʯʝʥʠʝ 

ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ώ   ʥʘ ʪʦʨʮʝʚʳʭ ʩʪʝʥʢʘʭ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʠʣʦ 1. 

ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʦʩʪʘ ʷʯʝʝʢ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὉὙ  ʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʫʜʣʠʥʝʥʠʷ ʷʯʝʝʢ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὓὙ  ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ ʩʦʩʪʘʚʣʷʣʠ 1,4 ʠ 1000 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʫʤʤʘʨʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʪʨʸʭʤʝʨʥʦʡ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʜʣʷ ʨʝʰʸʪʢʠ ˉ1 

ʩʦʩʪʘʚʠʣʦ 1 ʤʣʥ, ʜʣʷ ʨʝʰʸʪʢʠ ˉ34 ï 1,2 ʤʣʥ, ʜʣʷ ʨʝʰʸʪʢʠ ˉ168 ï 1,25 ʤʣʥ. 

ʂʘʢ ʚʠʜʥʦ, ʧʘʨʘʤʝʪʨʳ ʩʦʟʜʘʥʥʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʫʜʦʚʣʝʪʚʦʨʷʣʠ ʥʘʡʜʝʥʥʳʤ 

ʨʝʢʦʤʝʥʜʘʮʠʷʤ. 

ʅʘʩʪʨʦʡʢʘ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʘʪʝʣʷ ʚʳʧʦʣʥʷʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ NUMECA 

FineTurbo. ɺ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʜʝʘʣʴʥʳʡ ʛʘʟ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʩʫʭʦʛʦ ʚʦʟʜʫʭʘ: 

ʩ ʧʝʨʝʤʝʥʥʳʤʠ ʪʝʧʣʦʸʤʢʦʩʪʴʶ, ʚʷʟʢʦʩʪʴʶ ʠ ʛʘʟʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ Ὑ ςψχ 
ˑ̇

̋Ͻ̠̄
. 

ɺ ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʥʘ ʚʭʦʜʝ ʚ ʨʝʰʝʪʢʠ ʟʘʜʘʚʘʣʠʩʴ ʟʥʘʯʝʥʠʷ ʜʘʚʣʝʥʠʷ 

ʪʦʨʤʦʞʝʥʠʷ ὴᶻ ρπρσςυ ̃ ,́ ʪʝʤʧʝʨʘʪʫʨʳ ʪʦʨʤʦʞʝʥʠʷ Ὕᶻ ςωυ ὑ, ʧʘʨʘʤʝʪʨʦʚ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʥʘʧʨʘʚʣʷʶʱʠʭ ʢʦʩʠʥʫʩʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʪʦʢʘ. 

ɿʥʘʯʝʥʠʷ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʚʭʦʜʝ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ. 

ʅʘ ʚʳʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʟʘʜʘʚʘʣʦʩʴ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʩʪʘʪʠʯʝʩʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʠʩʭʦʜʷ ʠʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʪʦʡ ʠʣʠ ʠʥʦʡ ʪʦʯʢʠ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʨʝʰʸʪʢʠ. 

ʅʘ ʙʦʢʦʚʳʝ ʛʨʘʥʠʮʳ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʙʳʣʦ ʥʘʣʦʞʝʥʦ ʫʩʣʦʚʠʝ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. 

ʈʘʩʯʸʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʚ ʩʪʘʮʠʦʥʘʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʣʦʞʝʥʥʳʭ ʩʝʪʝʡ ʠ 

ʮʝʥʪʨʘʣʴʥʦ ï ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤ rʜʠʩʢʨʝʪʠʟʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʡ ʠʟ ʦʙʦʟʥʘʯʝʥʥʳʭ ʚ 

ʨʘʟʜʝʣʝ 2.3 ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

ʆʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʸʪʘ ʚʳʧʦʣʥʷʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ NUMECA CFview 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʘʢʨʦʩʦʚ. ɸʣʛʦʨʠʪʤ ʨʘʙʦʪʳ ʤʘʢʨʦʩʘ ʧʦ ʦʙʨʘʙʦʪʢʝ 

ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʟʘʢʣʶʯʘʣʩʷ ʚ ʩʣʝʜʫʶʱʝʤ. ɺ ʧʣʦʩʢʦʩʪʠ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʛʦʨʣʘ 

ὥ ʨʝʰʸʪʢʠ ʦʪ ʚʳʭʦʜʥʳʭ ʢʨʦʤʦʢ ʥʘ ʚʳʩʦʪʝ h/2 ʦʪ ʪʦʨʮʝʚʳʭ ʩʪʝʥʦʢ (ʥʘ ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ) ʚ n ʪʦʯʢʘʭ 

(ὲ ρππ) ʚ ʧʨʝʜʝʣʘʭ ʰʘʛʘ ʨʝʰʸʪʢʠ t (ʨʠʩʫʥʦʢ 2.64), ʚʳʧʦʣʥʷʣʠʩʴ ʨʘʩʯʸʪʳ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ: 

ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ” , ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ὧ , ʜʘʚʣʝʥʠʷ ʧʦʪʦʢʘ ὴ , ʘ ʪʘʢʞʝ ʫʛʣʘ ʧʦʪʦʢʘ ‌ . 

ʉʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʟʘ ʨʝʰʸʪʢʦʡ ʥʘʭʦʜʠʣʘʩʴ ʧʫʪʸʤ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 

ʤʝʪʦʜʦʤ ʪʨʘʧʝʮʠʡ [8] ʚʳʨʘʞʝʥʠʷ (3.10): 
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ὧ ̒ ̑

В
” ὧ ÓÉÎ‌ ” ὧ ÓÉÎ‌ 

ς
 ώ ώ

 В
” ὧ ÓÉÎ‌   ” ὧ ÓÉÎ‌ 

ς  ώ ώ
 

(3.17) 

ʉʨʝʜʥʝʝ ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ ʥʘʭʦʜʠʣʦʩʴ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ 

ʧʫʪʸʤ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʚʳʨʘʞʝʥʠʷ (3.12): 

ὴ ̒̑
ρ

ὸ

ὴ ὴ 
ς

ώ ώ  (3.18) 

ʇʦ ʥʘʡʜʝʥʥʦʤʫ ʩʨʝʜʥʝʤʫ ʩʪʘʪʠʯʝʩʢʦʤʫ ʜʘʚʣʝʥʠʶ ὴ ̒  ̑ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʨʘʞʝʥʠʷ 

(3.11) ʦʧʨʝʜʝʣʷʣʦʩʴ ʟʥʘʯʝʥʠʝ ʠʟʦʵʥʪʨʦʧʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ ʥʘ ʚʳʭʦʜʝ ὧ. ʇʦ ʬʦʨʤʫʣʝ (3.14) 

ʦʧʨʝʜʝʣʷʣʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ʩʢʦʨʦʩʪʠ •, ʘ ʧʦ ʬʦʨʤʫʣʝ (3.15) ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ 

‒̃ .̋ 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʫʛʣʘ ʧʦʪʦʢʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ ʪʘʢʞʝ ʦʧʨʝʜʝʣʷʣʦʩʴ ʧʫʪʸʤ 

ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʚʳʨʘʞʝʥʠʷ (3.13): 

‌ ̒̑ ὥὶὧὸὫ  
В

” ὧ ÓÉÎ‌ ÓÉÎ‌ ” ὧ ÓÉÎ‌  ÓÉÎ‌ 
ς ώ ώ

В
” ὧ ÓÉÎ‌ ÃÏÓ‌ ” ὧ ÓÉÎ‌  ÃÏÓ‌ 

ς ώ ώ

 (3.19) 

ʊʘʢʠʤ ʩʧʦʩʦʙʦʤ ʚʳʧʦʣʥʷʣʘʩʴ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʤʘʢʨʦʩʘ ʷʚʣʷʣʠʩʴ ʪʘʙʫʣʠʨʦʚʘʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʰʸʪʦʢ ʚ ʚʠʜʝ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ‒̃˝ Ὢ‗  ʠ ‌ ̒̑ Ὢ‗ . 

ʇʨʠ ʘʥʘʣʠʟʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ 

ʪʘʢʞʝ ʚʳʧʦʣʥʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʤʘʢʨʦʩʘ, ʩʦʟʜʘʥʥʦʛʦ ʥʘ ʦʩʥʦʚʝ 

ʤʘʢʨʦʩʘ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ. ʆʪʣʠʯʠʝ ʟʘʢʣʶʯʘʣʦʩʴ ʚ ʪʦʤ, ʯʪʦ ʟʘʤʝʨ ʧʘʨʘʤʝʪʨʦʚ ʚ 

n ʪʦʯʢʘʭ ʧʦ ʬʨʦʥʪʫ ʠ ʦʙʨʘʙʦʪʢʘ ʠʭ ʧʦ ʧʨʠʚʝʜʸʥʥʳʤ ʚʳʰʝ ʬʦʨʤʫʣʘʤ ʚʳʧʦʣʥʷʣʘʩʴ ʥʝ ʜʣʷ ʦʜʥʦʡ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʚʳʩʦʪʳ h/2, ʘ ʜʣʷ m ʚʳʩʦʪ (ά σπ), ʣʝʞʘʱʠʭ ʚ ʜʠʘʧʘʟʦʥʝ πȠὬȾς. ʂʘʢ ʨʝʟʫʣʴʪʘʪ 

ʨʘʙʦʪʳ ʤʘʢʨʦʩʘ ʧʦʣʫʯʘʣʠʩʴ ʪʘʙʫʣʠʨʦʚʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʠʜʘ ‒ ὪὬ ʠ ‌ ὪὬ. 

ʉ ʮʝʣʴʶ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʨʘʩʩʯʠʪʘʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʦʢ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʥʘ 

ʤʝʪʦʜʠʢʘ ʠʭ ʦʙʨʘʙʦʪʢʠ ʠ ʦʮʝʥʢʠ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʦʩʥʦʚʥʳʭ ʧʦʣʦʞʝʥʠʷʭ ʨʝʛʨʝʩʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ 

[14]. ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʠʢʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʧʦʩʦʙʳ ʦʮʝʥʢʠ ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʩʦʧʣʦʚʳʭ ʘʧʧʘʨʘʪʦʚ ʠ ʪʨʫʙʦʧʨʠʚʦʜʦʚ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ ʨʘʙʦʪʘʭ [4, 6, 13, 19, 35]. 

ʅʘ ʨʠʩʫʥʢʝ 3.13 ʧʦʢʘʟʘʥʳ ʪʦʯʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʦʩʢʦʡ ʨʝʰʸʪʢʠ ʩʦ 

ʟʥʘʯʝʥʠʷʤʠ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ‒˪˗˞ ̃, ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʪʦʯʢʠ ʨʘʩʯʸʪʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ‒̃  ̋, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʨʠ ʪʝʭ ʞʝ ʟʥʘʯʝʥʠʷʭ ʧʨʠʚʝʜʸʥʥʦʡ 

ʠʟʦɻʥʪʨʦʧʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʥʘ ʚʳʭʦʜʝ ‗  (i ï ʥʦʤʝʨ ʪʦʯʢʠ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ). 
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ʈʠʩʫʥʦʢ 3.12 ï ʈʘʩʧʦʣʦʞʝʥʠʝ ʪʦʯʝʢ ʨʘʩʯʸʪʘ 

ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ 

ʈʠʩʫʥʦʢ 3.13 ï ʉʭʝʤʘʪʠʯʥʦʝ ʩʦʧʦʩʪʘʚʣʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʠ ʥʘʪʫʨʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʆʩʪʘʪʦʯʥʘʷ ʜʠʩʧʝʨʩʠʷ „̏ ̒̓ [4, 6] ʠʣʠ ʩʨʝʜʥʠʡ ʢʚʘʜʨʘʪ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʥʝʘʜʝʢʚʘʪʥʦʩʪʴʶ 

ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ MSE ʜʣʷ ʚʩʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚʳʯʠʩʣʷʣʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

„̏ ̒‒̓̃˝ ὓὛὉ ‒̃˝  
ρ

ὲ ά
‒˪˗˞ ̃ ‒̃  ̋  (3.20) 

ɺ ʬʦʨʤʫʣʝ (3.14) n ï ʯʠʩʣʦ ʪʦʯʝʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʨʘʩʯʸʪʥʦʡ ʠʣʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ), 

ʣʝʞʘʱʠʭ ʚʥʫʪʨʠ ʜʠʘʧʘʟʦʥʘ, ʘ m ï ʯʠʩʣʦ ʯʣʝʥʦʚ ʚ ʫʨʘʚʥʝʥʠʠ ʨʝʛʨʝʩʩʠʠ. ʇʦʩʢʦʣʴʢʫ ʨʘʩʯʸʪʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʡ ʨʝʛʨʝʩʩʠʠ ʠ ʥʝ ʦʙʨʘʙʘʪʳʚʘʣʘʩʴ ʩ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ, ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ m = 0. 

ʇʨʦʚʝʨʢʘ ʘʜʝʢʚʘʪʥʦʩʪʠ ʨʘʩʯʸʪʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʦʣʫʯʝʥʥʦʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ, ʚʳʧʦʣʥʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʢʨʠʪʝʨʠʷ ʌʠʰʝʨʘ [4, 6, 14]: 

Ὂ
„̏ ̒̓

„
 (3.21) 

ʈʘʩʯʸʪʥʫʶ ʤʦʜʝʣʴ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʘʜʝʢʚʘʪʥʦʡ, ʝʩʣʠ Ὂ Ὂ̋ ,̑ ʛʜʝ Ὂ̋  ̑ ï ʢʨʠʪʠʯʝʩʢʦʝ 

ʟʥʘʯʝʥʠʝ ʢʨʠʪʝʨʠʷ F, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝ ʦʜʥʦʨʦʜʥʦʩʪʴ ʜʠʩʧʝʨʩʠʡ ʠ ʦʧʨʝʜʝʣʷʶʱʝʝʩʷ ʧʦ ʪʘʙʣʠʮʝ 

[14] ʧʨʠ ʯʠʩʣʝ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ὲȾЊ ʠ ʜʦʚʝʨʠʪʝʣʴʥʦʡ ʚʝʨʦʷʪʥʦʩʪʠ ὖ πȟωυ. ʏʠʩʣʦ ʩʪʝʧʝʥʝʡ 

ʩʚʦʙʦʜʳ n ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʩʪʘʪʦʯʥʦʡ ʜʠʩʧʝʨʩʠʠ „̏ ̒,̓ ʧʦʩʢʦʣʴʢʫ m = 0. ʏʠʩʣʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ 

Њ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʠʩʧʝʨʩʠʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ „, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʧʦʛʨʝʰʥʦʩʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ (ʢʘʢ ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʪʘʢ ʠ ʩ 

ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ) ʥʘʭʦʜʠʣʦʩʴ ʧʦ ʬʦʨʤʫʣʝ: 

‒˪˗˞ ̃̒̑
ρ

ὲ
‒˪˗˞ ̃ (3.22) 
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‒̃  ̋̒ ̑

ρ

ὲ
‒̃  ̋ (3.23) 

 ʊʘʢ ʥʘʟʳʚʘʝʤʳʡ ʩʨʝʜʥʠʡ ʦʩʪʘʪʦʢ ʤʦʜʝʣʠ qMSE [18], ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʩʨʝʜʥʝʝ 

ʦʪʢʣʦʥʝʥʠʝ ʨʘʩʯʸʪʥʳʭ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʣʠ ʠʥʪʝʛʨʘʣʴʥʫʶ (ʧʦ ʚʩʝʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ) ʘʙʩʦʣʶʪʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ, ʚʳʯʠʩʣʷʣʩʷ ʧʦ 

ʬʦʨʤʫʣʝ: 

ήὓὛὉ ‒̃˝ ὓὛὉ ‒̃  ̋ (3.24) 

 ʉʨʝʜʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʦʩʪʘʪʦʢ ήὓὛὉ ‒̃˝, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʦʪʥʦʩʠʪʝʣʴʥʫʶ 

ʨʘʟʥʠʮʫ ʤʝʞʜʫ ʨʘʩʯʸʪʥʳʤʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠʣʠ ʠʥʪʝʛʨʘʣʴʥʫʶ ʦʪʥʦʩʠʪʝʣʴʥʫʶ 

ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ, ʦʧʨʝʜʝʣʷʣʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

ήὓὛὉ̓̏‒̎̃˝
ήὓὛὉ ‒̃˝
‒˪˗˞ ̃̒̑

ϽρππϷ (3.25) 

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ ʧʘʨʘʤʝʪʨʳ ʷʚʣʷʶʪʩʷ ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʜʣʷ ʚʩʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʚʩʶ ʩʦʚʦʢʫʧʥʦʩʪʴ ʪʦʯʝʢ. 

ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʦʮʝʥʢʝ ʩʦʚʝʨʰʝʥʩʪʚʘ ʪʫʨʙʠʥ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʪʝʨʴ, 

ʥʦ ʠ ʂʇɼ ʨʝʰʸʪʢʠ, ʪʦ ʚ ʭʦʜʝ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʸʪʘ ʦʮʝʥʠʚʘʣʩʷ ʪʘʢʞʝ ʨʷʜ ʧʘʨʘʤʝʪʨʦʚ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʪʦʯʥʦʩʪʴ ʧʨʝʜʩʢʘʟʘʥʠʷ ʂʇɼ ʨʝʰʸʪʢʠ. ʉ ʫʯʸʪʦʤ ʚʳʨʘʞʝʥʠʡ (3.16) ʠ (3.20): 

ὓὛὉ –̃ ˝

ρ

ὲ ά
–̃  ̋˪ ˗˞ ̃ –̃  ̋

ρ

ὲ ά
ρ ‒̃  ̋˪ ˗˞ ̃ ρ ‒̃  ̋ 

ρ

ὲ ά
‒̃  ̋ ‒̃  ̋˪ ˗˞ ̃ ὓὛὉ ‒̃  ̋

(3.26) 

ʀʟ ʚʳʨʘʞʝʥʠʷ (3.26) ʪʘʢʞʝ ʩʣʝʜʫʝʪ, ʯʪʦ: 

ήὓὛὉ–̃ ˝ ήὓὛὉ‒̃  ̋ (3.27) 

ʉʨʝʜʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʦʩʪʘʪʦʢ  ήὓὛὉ –̃ ˝, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʠʥʪʝʛʨʘʣʴʥʫʶ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʨʘʟʥʠʮʫ ʤʝʞʜʫ ʨʘʩʯʸʪʥʳʤʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʂʇɼ ï ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʨʝʰʸʪʢʠ, ʥʘʭʦʜʠʣʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

ήὓὛὉ̓̏–̎̃ ˝

ήὓὛὉ –̃ ˝

–̃  ̋˪ ˗˞ ̃̒̑
ϽρππϷ

ήὓὛὉ –̃ ˝

ρ ‒̃  ̋˪ ˗˞ ̃̒̑
ϽρππϷ (3.28) 

ɸʥʘʣʠʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʠʜʘ ‍ ̒̑ Ὢ‗  ʚʳʧʦʣʥʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʥʘʣʦʛʠʯʥʦʛʦ 

ʧʦʜʭʦʜʘ, ʯʪʦ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʠʜʘ ‒̃˝ Ὢ‗ . 

ʇʦʩʢʦʣʴʢʫ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʪʫʨʙʠʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʝ 

ʪʦʣʴʢʦ ʧʦʛʨʝʰʥʦʩʪʷʤʠ ʦʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʫʨʙʠʥ, ʥʦ ʪʘʢʞʝ ʠ ʩʢʦʨʦʩʪʴʶ 
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ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʝʱʸ ʦʜʠʥ ʧʘʨʘʤʝʪʨ. ʆʮʝʥʢʫ ʩʢʦʨʦʩʪʠ ʨʘʩʯʸʪʘ ʙʳʣʦ ʨʝʰʝʥʦ 

ʚʳʧʦʣʥʷʪʴ ʧʨʠ ʧʦʤʦʱʠ ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʸʪʘ S (speed up), ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʣʦʩʴ ʢʘʢ ʦʪʥʦʰʝʥʠʝ 

ʚʨʝʤʝʥʠ ʨʘʩʯʸʪʘ ʦʜʥʦʡ ʠʪʝʨʘʮʠʠ ὸˎˍȟ̝  ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ c ʙʘʟʦʚʦʡ ʩʝʪʢʦʡ ʠ ʤʦʜʝʣʴʶ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart ï Allmaras ʢ ʚʨʝʤʝʥʠ ʨʘʩʯʸʪʘ ʦʜʥʦʡ ʠʪʝʨʘʮʠʠ ὸ˞̆̓̋́ ȟ ˟ ̔̑̂  ʯʠʩʣʝʥʥʦʡ 

ʤʦʜʝʣʠ ʩ iïʦʡ ʩʝʪʢʦʡ ʠ jïʦʡ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ: 

3
ὸˎˍȟ̝   

ὸ˞̆̓̋́ ȟ   ˟ ̔̑̂ 
 (3.29) 

ʇʨʠ ʟʥʘʯʝʥʠʷʭ ʫʩʢʦʨʝʥʠʷ S ʙʦʣʴʰʝ 1 ʨʘʩʯʸʪ ʫʩʢʦʨʷʝʪʩʷ, ʧʨʠ S ʤʝʥʴʰʝ 1 ï ʨʘʩʯʸʪ 

ʟʘʤʝʜʣʷʝʪʩʷ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʠ 

ʰʝʩʪʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʩʝ 24 ʨʘʩʯʸʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʜʘ ‒̃˝ Ὢ‗  

(ʨʠʩʫʥʦʢ 3.14) ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʚʪʦʨʷʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ, ʘ ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʘʜʝʢʚʘʪʥʳʤʠ ʠʤ: 

ʟʥʘʯʝʥʠʷ ʢʨʠʪʝʨʠʝʚ ʌʠh ʝʨʘ ʜʣʷ ʚʩʝʭ ʨʘʩʯʸʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʝʥʴʰʝ ʢʨʠʪʠʯʝʩʢʠʭ (ʪʘʙʣʠʮʘ 

3.3). ʇʨʠ ʵʪʦʤ ʠʟʤʝʥʝʥʠʝ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʝ ʤʝʥʷʝʪ ʧʦʚʝʜʝʥʠʷ ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, 

ʘ ʣʠʰʴ ʥʝʤʥʦʛʦ ʩʜʚʠʛʘʝʪ ʠʭ ʚʜʦʣʴ ʦʩʠ ʦʨʜʠʥʘʪ. 

ʊʘʙʣʠʮʘ 3.3 ï ɿʥʘʯʝʥʠʷ ʢʨʠʪʝʨʠʝʚ ʌʠʰʝʨʘ ʜʣʷ ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʠʜʘ  ‒̃˝ Ὢ‗ , ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʳʭ ʩʝʪʦʢ ʠ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʄʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʈʝʰʸʪʢʘ 

ˉ1 ˉ34 
ˉ168, 

‍ τπ 

ˉ168, 

‍ σπ 

k-e_Y-Sh 1,08 0,33 1,06 1,70 

k-ɤ 1,33 0,74 0,41 0,66 

SA_Ext 1,34 0,29 0,67 1,16 

SA 1,35 0,29 0,67 1,16 

SARC 1,18 0,29 1,10 1,79 

SST 1,27 0,30 0,33 0,68 

ʂʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʢʨʠʪʝʨʠʷ ʌʠʰʝʨʘ Ὂ̋  ̑ 1,75 1,88 

 



 

 

 

 

6
3 

  

ʘ) ʈʝʰʸʪʢʘ ˉ1 ʙ) ʈʝʰʸʪʢʘ ˉ34 

  

ʚ) ʈʝʰʸʪʢʘ ˉ168, ‍ τπ ʚ) ʈʝʰʸʪʢʘ ˉ168, ‍ σπ 

 
ʈʠʩʫʥʦʢ 3.14 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ‒̃˝ Ὢ‗  ʨʝʰʸʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʙʘʟʦʚʳʭ ʩʝʪʦʢ ʠ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 
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ɺ ʪʘʙʣʠʮʘʭ 3.4 ʠ 3.5 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʦʩʪʘʪʢʘ ήὓὛὉ‒̃˝, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ 

ʠʥʪʝʛʨʘʣʴʥʫʶ ʘʙʩʦʣʶʪʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ‒̃ ,̋ ʘ 

ʪʘʢʞʝ ʩʨʝʜʥʝʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʩʪʘʪʢʘ ήὓὛὉ̓̏–̎̃ ˝, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʠʥʪʝʛʨʘʣʴʥʫʶ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʂʇɼ ʨʝʰʸʪʦʢ –̃ .̋ ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮ 3.4 ʠ 3.6, 

ʥʘʠʤʝʥʴʰʠʝ ʧʦʛʨʝʰʥʦʩʪʠ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST ʠ k-ɤ. 

ʊʘʙʣʠʮʘ 3.4 ï ɿʥʘʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʦʩʪʘʪʢʘ ήὓὛὉ‒̃  ̋ʜʣʷ ʨʘʩʯʸʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ‒̃˝ Ὢ‗ , ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʳʭ ʩʝʪʦʢ ʠ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʄʦʜʝʣʴ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʈʝʰʸʪʢʘ ʆʩʨʝʜʥʸʥʥʦʝ 

ʟʥʘʯʝʥʠʝ ʧʦ 

ʚʩʝʤ ʨʝʰʸʪʢʘʤ 
ˉ1 ˉ34 

ˉ168, 

 ‍ τπ 

ˉ168,  

‍ σπ 

k-e_Y-Sh 0,0104 0,0057 0,0103 0,0130 0,0099 

k-w 0,0115 0,0086 0,0064 0,0081 0,0087 

SA_Ext 0,0116 0,0054 0,0082 0,0108 0,0090 

SA 0,0116 0,0054 0,0082 0,0108 0,0090 

SARC 0,0108 0,0054 0,0105 0,0134 0,0100 

SST 0,0113 0,0054 0,0057 0,0082 0,0077 

ʊʘʙʣʠʮʘ 3.5 ï ɿʥʘʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʩʪʘʪʢʘ ήὓὛὉ̓̏–̎̃ ˝, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʳʭ 

ʩʝʪʦʢ ʠ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, % 

ʄʦʜʝʣʴ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʈʝʰʸʪʢʘ ʆʩʨʝʜʥʸʥʥʦʝ 

ʟʥʘʯʝʥʠʝ ʧʦ 

ʚʩʝʤ ʨʝʰʸʪʢʘʤ 
ˉ1 ˉ34 

ˉ168, 

 ‍ τπ 

ˉ168,  

‍ σπ 

k-e_Y-Sh 1,09 0,61 1,09 1,38 1,04 

k-w 1,21 0,93 0,68 0,86 0,92 

SA_Ext 1,21 0,58 0,87 1,14 0,95 

SA 1,21 0,58 0,87 1,14 0,95 

SARC 1,13 0,58 1,11 1,42 1,06 

SST 1,18 0,59 0,61 0,88 0,82 

ɺʩʝ ʨʘʩʯʸʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʜʘ ‍ ̒̑Ὢ‗ςὛ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʨʝʰʸʪʢʠ ˉ1 ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʦʡ ʩʝʪʢʠ ʠ ʰʝʩʪʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ (ʨʠʩʫʥʦʢ 3.15), ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ 

ʘʜʝʢʚʘʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ. ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ήὓὛὉ‍ ̒ ,̑ 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʠʥʪʝʛʨʘʣʴʥʫʶ ʘʙʩʦʣʶʪʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ ʧʦʪʦʢʘ ʥʘ ʚʳʭʦʜʝ 

ʠʟ ʨʝʰʸʪʢʠ ‍ ̒̑, ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʝ ʧʨʝʚʳʰʘʣʠ ʚʝʣʠʯʠʥʳ ʚ ρ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ, ʯʠʩʣʝʥʥʳʝ ʤʦʜʝʣʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʩ ʙʘʟʦʚʳʤʠ ʩʝʪʢʘʤʠ ʧʦʟʚʦʣʷʶʪ 

ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʳʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ  ‒ˏ˟ ὪὬ 
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ʥʝ ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ. ʊʘʢ, ʧʦʣʫʯʝʥʥʳʝ ʨʘʩʯʸʪʥʳʝ ʵʧʶʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ 

ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʜʣʷ ʨʝʰʸʪʦʢ ˉ1 ʠ ˉ34 (ʨʠʩʫʥʦʢ 3.16 ʘ) ʥʝ ʠʤʝʶʪ ʭʘʨʘʢʪʝʨʥʦʛʦ ʧʠʢʘ 

ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʢʘʥʘʣʴʥʳʤ ʚʠʭʨʝʤ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʭʘʨʘʢʪʝʨʥʳʝ ʧʠʢʠ ʥʘ 

ʨʘʩʯʸʪʥʳʭ ʵʧʶʨʘʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʨʝʰʸʪʢʠ ˉ168 

ʧʨʠ ʫʛʣʝ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ ‍ σπ ʠ ‍ τπ ʧʨʠʩʫʪʩʪʚʫʶʪ (ʨʠʩʫʥʦʢ 3.16 ʙ), ʥʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʨʘʩʪʷʥʫʪʳ ʧʦ ʚʳʩʦʪʝ ʣʦʧʘʪʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ.  

 

 

ʈʠʩʫʥʦʢ 3.15 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʠʜʘ ‍ ̒ ̑ Ὢ‗  ʨʝʰʸʪʢʠ ˉ1, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʦʡ ʩʝʪʢʠ ʠ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

 

  
ʘ) ʈʝʰʸʪʢʘ ˉ34 ʙ) ʈʝʰʸʪʢʘ ˉ168, ‍ τπ 

ʈʠʩʫʥʦʢ 3.16 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʸʪʥʳʭ ʵʧʶʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚʪʦʨʠʯʥʳʭ 

ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ‒ˏ˟ ὪὬ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʳʭ ʩʝʪʦʢ ʠ ʨʘʟʣʠʯʥʳʭ 

ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 
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ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʳʙʦʨ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʢʘʟʳʚʘʝʪ ʥʠ 

ʢʘʯʝʩʪʚʝʥʥʦʛʦ, ʥʠ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʨʘʩʩʯʠʪʳʚʘʝʤʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ‒ˏ˟ ὪὬ (ʨʠʩʫʥʦʢ 3.16).  

ɺ ʪʘʙʣʠʮʝ 3.6 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʫʩʢʦʨʝʥʠʷ S, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʘʟʦʚʳʭ 

ʩʝʪʦʢ ʠ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʂʘʢ ʚʠʜʥʦ, ʥʘʠʙʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ ʨʘʩʯʸʪʘ 

ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-Allmaras ʠ Spalart-Allmaras 

Extended Wall Function, ʘ ʥʘʠʤʝʥʴʰʘʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST. 

ʊʘʙʣʠʮʘ 3.6 ï ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʫʩʢʦʨʝʥʠʷ S, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʳʭ ʩʝʪʦʢ ʠ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ  
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ˉ1 1,01 0,85 0,84 1,00 1,00 0,88 0,85 

ˉ34 1,18 0,81 0,85 1,05 1,00 0,97 0,81 

ˉ168, ‍ τπ 1,25 0,83 0,84 0,99 1,00 0,86 0,74 

ˉ168, ‍ σπ 1,25 0,81 0,85 1,01 1,00 0,88 0,75 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 0,83 0,85 1,01 1,00 0,90 0,79 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʨʝʰʸʪʦʢ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʳʭ ʩʝʪʦʢ ʠ ʰʝʩʪʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ 

ʚʳʚʦʜʳ: 

1. ɺʩʝ ʨʘʩʯʸʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʰʸʪʦʢ ʚʠʜʘ ‒̃˝ Ὢ‗  ʠ ‍ ̒̑ Ὢ‗  ʷʚʣʷʶʪʩʷ 

ʘʜʝʢʚʘʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. 

2. ʅʘʠʤʝʥʴʰʠʝ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ‒̃  ̋ ʠ ʂʇɼ ʨʝʰʸʪʦʢ –̃  ̋

ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST ʠ k-ɤ. 

3. ʇʦʛʨʝʰʥʦʩʪ ɹʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ ʧʦʪʦʢʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ ‍ ̒̑ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʘ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʶʙʦʡ ʠʟ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʥʝ ʧʨʝʚʳʰʘʝʪ ρ. 

4. ʏʠʩʣʝʥʥʳʝ ʤʦʜʝʣʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʨʝʰʸʪʦʢ ʩ ʙʘʟʦʚʳʤʠ ʨʘʩʯʸʪʥʳʤʠ ʩʝʪʢʘʤʠ 

ʧʦʟʚʦʣʷʪʁ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʧʠʢʠ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʪʦʣʴʢʦ ʚ ʨʝʰʸʪʢʘʭ ʩ ʚʳʩʦʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʫʛʣʘ ʠʟʛʠʙʘ ʧʨʦʬʠʣʷ (— ρςτ). 

5. ʅʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʸʪʘ S ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-Allmaras ʠ Spalart-Allmaras Extended Wall Function, ʥʘʠʤʝʥʴʰʝʝ ï 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST. 



67 

 

 

6

7 

3.3 ɺʃʀʗʅʀɽ ʏʀʉʃɸ ʕʃɽʄɽʅʊʆɺ ɼɺʋʍʄɽʈʅʆʁ ʉɽʊʂʀ ʅɸ ʕʌʌɽʂʊʀɺʅʆʉʊʔ 

ʄʆɼɽʃʀʈʆɺɸʅʀʗ ʈɸɹʆʏɽɻʆ ʇʈʆʎɽʉʉɸ ʈɽʐɪʊʆʂ ɻɸɿʆɺʓʍ ʊʋʈɹʀʅ 

ɺ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʚʣʠʷʥʠʶ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʨʝʰʸʪʦʢ ʙʳʣʦ ʩʦʟʜʘʥʦ ʧʦ 

ʯʝʪʳʨʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ ʩʦʟʜʘʚʘʣʠʩʴ ʥʘ 

ʦʩʥʦʚʝ ʙʘʟʦʚʳʭ ʠ ʦʪʣʠʯʘʣʠʩʴ ʦʪ ʥʠʭ ʯʠʩʣʦʤ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʭʘʨʘʢʪʝʨʥʳʭ ʩʪʦʨʦʥ 

ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ. ʇʨʠ ʵʪʦʤ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ ʩʪʦʨʦʥ 

ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʙʣʦʢʦʚ ʩʦʟʜʘʚʘʝʤʳʭ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʦʧʨʝʜʝʣʷʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʣʝʜʫʶʱʝʛʦ ʚʳʨʘʞʝʥʠʷ: 

ὲȟ ὲȟ ϽρȢςυ (3.30) 

ɺ ʚʳʨʘʞʝʥʠʠ (3.30) ὲȟ  ï ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ p-ʛʦ ʪʦʧʦʣʦʛʠʯʝʩʢʦʛʦ ʙʣʦʢʘ ʚ ʙʘʟʦʚʦʡ 

ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ B2B0, ὲȟ  ï ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚʜʦʣʴ p-ʛʦ ʪʦʧʦʣʦʛʠʯʝʩʢʦʛʦ ʙʣʦʢʘ ʚ 

ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ i-ʛʦ ʫʨʦʚʥʷ B2Bi (i=-2, -1, 0, 1, 2). 

ɼʣʷ ʧʨʠʤʝʨʘ ʚ ʪʘʙʣʠʮʝ 3.7 ʧʨʠʚʝʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ, ʩʦʟʜʘʥʥʳʭ ʜʣʷ 

ʨʝʰʸʪʦʢ ˉ1 ʠ ˉ34, ʘ ʥʘ ʨʠʩʫʥʢʝ 3.17 ï ʩʦʟʜʘʥʥʳʝ ʜʚʫʭʤʝʨʥʳʝ ʩʝʪʢʠ ʜʣʷ ʨʝʰʸʪʢʠ ˉ1. 

   

ʘ) B2B-2 ʙ) B2B0 (ʙʘʟʦʚʘʷ) ʙ) B2B2 

ʈʠʩʫʥʦʢ 3.17 ï ʅʝʢʦʪʦʨʳʝ ʩʦʟʜʘʥʥʳʝ ʜʚʫʭʤʝʨʥʳʝ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʦʚ ʨʝʰʸʪʢʠ ˉ1 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʟʜʘʥʥʳʭ ʩʝʪʦʢ ʙʳʣ ʚʳʧʦʣʥʝʥ ʨʘʩʯʸʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʦʢ ʛʘʟʦʚʳʭ 

ʪʫʨʙʠʥ. ʇʨʠ ʵʪʦʤ ʢʘʞʜʘʷ ʠʟ ʩʝʪʦʢ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʩʝʭ ʰʝʩʪʠ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

ɺʩʝʛʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ 120 ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʠʜʘ ‒̃˝ Ὢ‗ , ʧʨʠ ʵʪʦʤ 117 ʠʟ 

ʥʠʭ (97,5%) ʦʢʘʟʘʣʠʩʴ ʘʜʝʢʚʘʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. ʅʝʘʜʝʢʚʘʪʥʳʤʠ ʦʢʘʟʘʣʠʩʴ 

ʨʘʩʯʸʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʰʸʪʢʠ ˉ168 ʧʨʠ ʫʛʣʝ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ ‍ σπ, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů (Low Re Yang-Shih) ʠ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ B2B1 ʠ B2B2, 

ʘ ʪʘʢʞʝ ʨʘʩʯʸʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʰʸʪʢʠ ˉ168 ʧʨʠ ʫʛʣʝ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ ‍ τπ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů (Low Re Yang-Shih) ʠ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ 

B2B2. 
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B2B-2 113 26 17 17 (17) 53 49 13 - 37 (37) 6269 10783 0,6 

B2B-1 141 34 21 17 (17) 65 61 13 - 37 (37) 9521 14923 0,8 

B2B0 

(ʙʘʟʦʚʘʷ) 
177 42 25 17 (17) 81 77 17 - 37 (37) 14233 20671 1,2 

B2B1 221 50 29 25 (25) 101 97 21 - 37 (37) 21353 29567 1,7 

B2B2 277 66 37 33 (33) 125 121 25 - 37 (37) 33821 43811 2,5 
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ɸʥʘʣʠʟ ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʦʢ ʚʠʜʘ ‒̃˝ Ὢ‗ , ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ, ʧʦʢʘʟʘʣ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ 

ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʥʝ ʤʝʥʷʝʪ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʘ ʣʠʰʴ ʩʜʚʠʛʘʝʪ ʠʭ ʚʜʦʣʴ 

ʦʩʠ ʦʨʜʠʥʘʪ. ɼʣʷ ʧʨʠʤʝʨʘ, ʥʘ ʨʠʩʫʥʢʝ 3.18 ʧʦʢʘʟʘʥʳ ʨʘʩʯʸʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʜʘ                            

‒̃˝ Ὢ‗ , ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʨʝʰʸʪʢʠ ˉ34 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-

Allmaras ʠ ʨʘʟʣʠʯʥʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ. 

ɼʣʷ ʦʮʝʥʢʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʥʘ 

ʦʧʨʝʜʝʣʷʝʤʳʝ ʚ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʰʸʪʦʢ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʨʘʩʩʯʠʪʳʚʘʝʤʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʚ ʪʦʯʢʝ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʦ ʟʥʘʯʝʥʠʝʤ 

‗ ρ ʦʪ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B: ‒̃ ȟ̋ Ὢὄςὄ. ɼʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ ʠ ʚʩʝʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʅʘ ʨʠʩʫʥʢʝ 3.19 ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʠʤʝʨʘ ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ‒̃ ȟ̋ Ὢὄςὄ, ʧʦʩʪʨʦʝʥʥʳʝ ʜʣʷ ʨʝʰʸʪʢʠ ˉ34 ʠ ʥʝʢʦʪʦʨʳʭ 

ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʜʦʙʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʝʡ                

‒̃ ȟ̋ Ὢὄςὄ, ʢʘʢ ʥʘ ʨʠʩʫʥʢʝ 3.19, ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʪʠʧʦʚʳʤ ʜʣʷ ʣʶʙʳʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʨʝʰʸʪʦʢ ʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

  
ʈʠʩʫʥʦʢ 3.18 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʢʠ ˉ34, ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ             

Spalart-Allmaras ʠ ʨʘʟʣʠʯʥʳʭ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ 

ʈʠʩʫʥʦʢ 3.19 ï ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʝʤʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʚ ʪʦʯʢʝ ʥʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʦ ʟʥʘʯʝʥʠʝʤ ‗ ρ ʦʪ ʯʠʩʣʘ 

ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ‒̃ ȟ̋ Ὢὄςὄ  

ʜʣʷ ʨʝʰʸʪʢʠ ˉ34  

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ‒̃ ȟ̋ Ὢὄςὄ  ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ ʠ ʚʩʝʭ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʟʚʦʣʠʣ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

1. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ ʥʘ 

ʩʥʠʞʝʥʠʝ ʦʧʨʝʜʝʣʷʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ. 

ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʨʘʩʯʸʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʜʘ ‒̃˝ Ὢ‗  ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ 

ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʩʜʚʠʛʘʶʪʩʷ ʚʥʠʟ ʚʜʦʣʴ ʦʩʠ ʦʨʜʠʥʘʪ (ʨʠʩʫʥʦʢ 3.18). 



70 

 

 

 

7

0 

2. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʩʚʳʰʝ å21000 (ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʝ B2B1), ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʥʘ 

ʦʧʨʝʜʝʣʷʝʤʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʩʪʘʥʦʚʠʪʩʷ 

ʢʨʘʡʥʝ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ. 

ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʥʘ ʘʙʩʦʣʶʪʥʳʝ ʠ 

ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʚ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʬʠʣʴʥʳʭ 

ʧʦʪʝʨʴ ʠ ʂʇɼ ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ ʠ ʚʩʝʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʧʦʩʪʨʦʝʥʠʝ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʠʜʘ ήὓὛὉ‒̃˝ Ὢὄςὄ, ʘ ʪʘʢʞʝ ήὓὛὉ̓̏–̎̃ ˝ Ὢὄςὄ. ʊʠʧʦʚʦʝ ʧʦʚʝʜʝʥʠʝ 

ʜʘʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 3.20 ʜʣʷ ʨʝʰʸʪʢʠ ˉ168 ʧʨʠ ʟʥʘʯʝʥʠʠ ʫʛʣʘ ʧʦʪʦʢʘ ʥʘ 

ʚʭʦʜʝ ‍ σπ. 

 

  

ʘ) ήὓὛὉ‒̃˝ Ὢὄςὄ  ʙ) ήὓὛὉ̓̏–̎̃ ˝ Ὢὄςὄ  

ʈʠʩʫʥʦʢ 3.20 ï ɺʣʠʷʥʠʝ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʥʘ ʘʙʩʦʣʶʪʥʳʝ ʠ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʚ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʠ ʂʇɼ ʨʝʰʸʪʢʠ ˉ168  

ʧʨʠ ʟʥʘʯʝʥʠʠ ʫʛʣʘ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ ‍ σπ 

ɸʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʠʜʘ ήὓὛὉ‒̃˝ Ὢὄςὄ  ʠ ήὓὛὉ̓̏–̎̃ ˝ Ὢὄςὄ  ʜʣʷ ʚʩʝʭ 

ʨʝʰʸʪʦʢ ʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʢʘʟʘʣ, ʯʪʦ, ʚ ʮʝʣʦʤ, ʠʟʤʝʥʝʥʠʝ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ 

ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ ʥʝ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʠ ʂʇɼ ʨʝʰʸʪʦʢ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ 

ʨʦʩʪ ʧʦʛʨʝʰʥʦʩʪʝʡ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ, ʯʪʦ, ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, 

ʥʝ ʷʚʣʷʝʪʩʷ ʣʦʛʠʯʥʳʤ. ʉʣʝʜʫʝʪ ʧʦʥʠʤʘʪʴ, ʯʪʦ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʢʘʢʠʭ-ʣʠʙʦ ʧʘʨʘʤʝʪʨʦʚ 

ʧʨʠ CFD-ʤʦʜʝʣʠʨʦʚʘʥʠʠ, ʥʘ ʩʘʤʦʤ ʜʝʣʝ, ʷʚʣʷʶʪʩʷ ʩʫʤʦʡ ʜʝʡʩʪʚʠʷ ʨʘʟʣʠʯʥʳʭ ʛʨʫʧʧ 

ʧʦʛʨʝʰʥʦʩʪʝʡ ʠ ʦʰʠʙʦʢ [22, 54]: 

- ʩʚʷʟʘʥʥʳʭ ʩ ʚʳʙʦʨʦʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ; 

- ʧʦʛʨʝʰʥʦʩʪʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ; 

- ʧʦʛʨʝʰʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʧʨʦʙʣʝʤʘʤʠ ʩʭʦʜʠʤʦʩʪʠ; 

- ʦʰʠʙʢʠ ʦʢʨʫʛʣʝʥʠʷ; 



71 

 

 

 

7

1 

- ʦʰʠʙʢʠ ʧʦʣʴʟʦʚʘʪʝʣʷ; 

- ʦʰʠʙʢʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ. 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʣʠʷʥʠʝ ʫʢʘʟʘʥʥʳʭ ʛʨʫʧʧ ʧʦʛʨʝʰʥʦʩʪʝʡ ʥʘ ʦʙʱʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʤʦʞʝʪ 

ʙʳʪʴ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʳʤ. ʀʤʝʥʥʦ ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʩʥʠʞʝʥʠʝ ʧʦʛʨʝʰʥʦʩʪʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B, ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʦʙʱʝʡ ʧʦʛʨʝʰʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ ʠ ʚʩʝʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ 

ήὓὛὉ‒̃  ̋ʥʝ ʧʨʝʚʳʰʘʣʠ 0,014, ʘ ʧʘʨʘʤʝʪʨʘ ήὓὛὉ̓̏–̎̃  ̋ï  ʦʨʠʝʥʪʠʨʦʚʦʯʥʦ 1,4%. 

ʅʘ ʦʧʨʝʜʝʣʷʝʤʳʝ ʚ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʰʸʪʦʢ ʚʠʜʘ ‍ ̒̑ Ὢ‗  

ʠʟʤʝʥʝʥʠʝ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʥʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ, ʥʠ ʢʘʯʝʩʪʚʝʥʥʦʛʦ 

ʚʣʠʷʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʢʘʟʳʚʘʝʪ: ʜʣʷ ʢʘʞʜʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʢʘʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʚʧʘʜʘʶʪ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʘʟʦʚʳʭ ʩʝʪʦʢ (ʨʠʩʫʥʦʢ 3.21). 

ʇʦʩʪʨʦʝʥʥʳʝ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʸʪʘ S ʦʪ ʯʠʩʣʘ 

ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ ʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʫʩʢʦʨʝʥʠʝ ʨʘʩʯʸʪʘ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ. ʇʨʠ ʵʪʦʤ 

ʟʥʘʯʝʥʠʝ ʫʩʢʦʨʝʥʠʷ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʚʝʣʠʯʠʥʫ 2.0 ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

Spalart-Allmaras ʠ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B-2 (ʦʢʦʣʦ 6000 ʵʣʝʤʝʥʪʦʚ) (ʨʠʩʫʥʦʢ 3.22). 

  
ʈʠʩʫʥʦʢ 3.21 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ‍ ̒̑ Ὢ‗  ʨʝʰʸʪʢʠ ˉ1, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ ʠ ʨʘʟʣʠʯʥʳʭ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʢʘʭ 

ʤʝʞʣʦʧʘʪʦʯʥʦʛʦ ʢʘʥʘʣʘ 

ʈʠʩʫʥʦʢ 3.22 ï ɿʘʚʠʩʠʤʦʩʪʠ ʫʩʢʦʨʝʥʠʷ S ʦʪ ʯʠʩʣʘ 

ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʜʣʷ ʨʝʰʸʪʢʠ ˉ34 ʠ 

ʥʝʢʦʪʦʨʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ 

ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʨʝʰʸʪʢʠ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʠʟʚʝʩʪʥʳʤ ʬʠʟʠʯʝʩʢʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ ʦ ʩʪʨʫʢʪʫʨʝ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ 

ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ ʚ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ ʪʝʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ɻ ʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ 
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ʩʝʪʢʠ B2B ʧʨʠʚʦʜʠʪ ʣʠʰʴ ʢ ʣʦʢʘʣʴʥʦʤʫ ʫʪʦʯʥʝʥʠʶ ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ 

ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ, ʥʝ ʦʢʘʟʳʚʘʷ ʚʣʠʷʥʠʷ ʥʘ ʦʙʱʫʶ ʢʘʨʪʠʥʫ ʪʝʯʝʥʠʷ (ʨʠʩʫʥʦʢ 3.23). 

  

ɺ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ ɺ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ 

  
ɺ ʦʙʣʘʩʪʠ ʛʦʨʣʘ ɺ ʦʙʣʘʩʪʠ ʛʦʨʣʘ 

ʘ) ɼʚʫʭʤʝʨʥʘʷ ʩʝʪʢʘ B2B-2 ʙ) ɼʚʫʭʤʝʨʥʘʷ ʩʝʪʢʘ B2B2 

ʈʠʩʫʥʦʢ 3.23 ï ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

SARC ʠ ʨʘʟʣʠʯʥʳʭ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʧʦʣʷ ʯʠʩʣʘ ʄʘʭʘ ʚ ʩʨʝʜʥʝʤ ʩʝʯʝʥʠʠ ʨʝʰʸʪʢʠ ˉ34 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʪ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B ʜʣʷ ʨʘʩʯʸʪʘ 

ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʚ ʨʝʰʸʪʢʘʭ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʚʫʭʤʝʨʥʳʝ ʩʝʪʢʠ 

1-ʛʦ ʫʨʦʚʥʷ B2B1 (ʦʢʦʣʦ 21000 ʵʣʝʤʝʥʪʦʚ). ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʣʠʷʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ 

ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʥʘ ʧʦʛʨʝʰʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ 
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ʣʶʙʦʛʦ ʫʨʦʚʥʷ: ʦʪ -2 (B2B-2 ï ʦʢʦʣʦ 6000 ʵʣʝʤʝʥʪʦʚ) ʜʦ 2 (B2B2 ï ʦʢʦʣʦ 34000 ʵʣʝʤʝʥʪʦʚ). ʉ 

ʫʯʸʪʦʤ ʪʦʛʦ, ʯʪʦ ʧʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʩʦʟʜʘʥʥʳʭ ʚ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʯʠʩʣʝʥʥʳʭ 

ʤʦʜʝʣʝʡ ʧʨʠ ʣʶʙʳʭ ʫʨʦʚʥʷʭ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ ʧʦʟʚʦʣʷʶʪ ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʳʚʘʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ 

ʧʘʨʘʤʝʪʨʦʚ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʚ ʨʝʰʸʪʢʘʭ ʛʘʟʦʚʳʭ 

ʪʫʨʙʠʥ:  

- ʜʣʷ ʦʮʝʥʦʯʥʳʭ ʠ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʨʘʩʯʸʪʦʚ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʭʤʝʨʥʳʭ 

ʩʝʪʦʢ B2B-2, ʪʘʢ ʢʘʢ ʦʥʠ ʠʤʝʶʪ ʩʘʤʦʝ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʸʪʘ S 

(ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ 2); 

- ʜʣʷ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ B2B1, ʪʘʢ ʢʘʢ 

ʦʥʠ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʜʝʪʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʪʦʢʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʪʫʨʙʠʥ. 

3.4 ɺʃʀʗʅʀɽ ʇɸʈɸʄɽʊʈɸ ώ  ʅɸ ʕʌʌɽʂʊʀɺʅʆʉʊʔ ʄʆɼɽʃʀʈʆɺɸʅʀʗ ʈɸɹʆʏɽɻʆ 

ʇʈʆʎɽʉʉɸ ʈɽʐɪʊʆʂ ɻɸɿʆɺʓʍ ʊʋʈɹʀʅ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʚʣʠʷʥʠʶ ʧʘʨʘʤʝʪʨʘ ώ  ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʨʝʰʸʪʦʢ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ʘʣʛʦʨʠʪʤʫ, ʘʥʘʣʦʛʠʯʥʦʤʫ ʪʦʤʫ, ʯʪʦ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʣʠʷʥʠʷ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʳʭ ʩʝʪʦʢ. ɺ ʨʘʤʢʘʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʨʝʰʸʪʦʢ ʥʘ ʦʩʥʦʚʝ ʙʘʟʦʚʳʭ ʩʝʪʦʢ ʙʳʣʦ ʩʦʟʜʘʥʦ ʧʦ 4 ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ ʩ ʨʘʟʣʠʯʥʳʤ ʟʥʘʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ώ  ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʦʢ:                        

ώ πȟςȠπȟυȠςȟπȠυȟπ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 3.24 ʧʦʢʘʟʘʥʳ ʧʦʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫

ʧʘʨʘʤʝʪʨʘ ώ  ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ ʨʝʰʸʪʢʠ ˉ34 ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʩʦʟʜʘʥʥʳʭ ʩʝʪʦʢ.  

   
ʘ) ώ πȟς ʙ) ώ ρȟπ (ʙʘʟʦʚʘʷ) ʘ) ώ υȟπ 

ʈʠʩʫʥʦʢ 3.24 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ ʚ ʥʝʢʦʪʦʨʳʭ ʩʦʟʜʘʥʥʳʭ ʩʝʪʢʘʭ ʜʣʷ 

ʨʝʰʸʪʢʠ ˉ34 

ʂʘʞʜʘʷ ʠʟ ʩʦʟʜʘʥʥʳʭ ʩʝʪʦʢ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʰʝʩʪʠ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺʩʝʛʦ ʚ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʩʦʟʜʘʥʦ 120 ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʨʝʰʸʪʦʢ (ʚʢʣʶʯʘʷ ʙʘʟʦʚʳʝ). 
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ɺʳʧʦʣʥʠʪʴ ʨʘʩʯʸʪ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ ʩʦ ʟʥʘʯʝʥʠʝʤ 

ʧʘʨʘʤʝʪʨʘ ώ υ ʠ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ, ʥʝ ʫʜʘʣʦʩʴ ʧʦ ʧʨʠʯʠʥʝ çʨʘʟʚʘʣʘè ʨʝʰʝʥʠʷ. 

ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʥʝʜʦʧʫʩʪʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ       

k-ɤ ʩ ʨʘʩʯʸʪʥʳʤʠ ʩʝʪʢʘʤʠ, ʚ ʢʦʪʦʨʳʭ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ υ. 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʦʢ ʚʠʜʘ ‒̃˝ Ὢ‗  ʧʦʢʘʟʘʣ, ʯʪʦ 

ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʝ ʤʝʥʷʝʪ ʭʘʨʘʢʪʝʨʘ ʠʭ ʧʦʚʝʜʝʥʠʷ, ʘ ʣʠʰʴ ʦʢʘʟʳʚʘʝʪ 

ʥʘ ʥʠʭ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ (ʨʠʩʫʥʦʢ 3.25). ʇʨʠ ʵʪʦʤ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʷʜ ʨʘʩʯʸʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʦʢ ˉ1 ʠ ˉ34 ‒̃˝ Ὢ‗ , ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ, 

ʚ ʢʦʪʦʨʳʭ ώ ς, ʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů (Low Re Yang-Shih), k-ɤ, Spalart-Allmaras, 

Spalart-Allmaras Extended Wall Function, ʥʝ ʷʚʣʷʶʪʩʷ ʘʜʝʢʚʘʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. 

ʆʮʝʥʢʘ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʘ ώ  ʥʘ ʨʘʩʩʯʠʪʳʚʘʝʤʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʝʰʸʪʦʢ ʦʮʝʥʠʚʘʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʘʚʠʩʠʤʦʩʪʝʡ ‒̃ ȟ̋ Ὢώ , ʛʜʝ ‒̃ ȟ̋  ï 

ʦʧʨʝʜʝʣʷʝʤʳʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʚ ʪʦʯʢʝ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʩ ‗ ρ. ʋʢʘʟʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ ʠ ʚʩʝʭ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʍʘʨʘʢʪʝʨʥʦʝ ʧʨʦʪʝʢʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ‒̃ ȟ̋ Ὢώ  ʧʦʢʘʟʘʥʦ ʥʘ 

ʧʨʠʤʝʨʝ ʨʝʰʸʪʢʠ ˉ168 ʧʨʠ ʫʛʣʝ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ ‍ σπ ʠ ʥʝʢʦʪʦʨʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

(ʨʠʩʫʥʦʢ 3.26). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 3.26, ʧʨʠ ʩʥʠʞʝʥʠʠ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ώ  ʥʘʙʣʶʜʘʝʪʩʷ 

ʫʤʝʥʴʰʝʥʠʝ ʟʥʘʯʝʥʠʡ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ. ʇʨʠ ʵʪʦʤ ʚ 

ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ πȟς ώ ρȟπ ʝʛʦ ʚʣʠʷʥʠʝ ʥʘ ʦʧʨʝʜʝʣʷʝʤʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʢʨʘʡʥʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. 

  

ʈʠʩʫʥʦʢ 3.25 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʰʸʪʢʠ ˉ168 ʧʨʠ         

‍ σπ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů (Low Re Yang-Shih) ʠ ʩʝʪʦʢ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ώ  

ʈʠʩʫʥʦʢ 3.26 ï ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʝʤʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʚ ʪʦʯʢʝ ʥʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʦ ʟʥʘʯʝʥʠʝʤ ‗ ρ ʦʪ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʘ ώ  

‒̃ ȟ̋ Ὢώ   ʜʣʷ ʨʝʰʸʪʢʠ ˉ168 ʧʨʠ ‍ σπ 

ɸʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ήὓὛὉ‒̃˝ Ὢώ  ʠ ήὓὛὉ–̃ ˝ Ὢώ  ʜʣʷ ʚʩʝʭ ʨʝʰʸʪʦʢ ʠ 

ʚʩʝʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
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ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʠ ʂʇɼ ʨʝʰʸʪʦʢ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʶʪ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ώ  

ʩʚʳʰʝ 1. ʇʨʠ ʵʪʦʤ ʚ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ πȟς ώ ρȟπ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ήὓὛὉ‒̃  ̋ ʠ ήὓὛὉ–̃  ̋ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʳ. ʍʘʨʘʢʪʝʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ήὓὛὉ‒̃˝ Ὢώ  ʠ ήὓὛὉ–̃˝ Ὢώ  ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 3.27 ʥʘ ʧʨʠʤʝʨʝ ʨʝʰʸʪʢʠ 

ˉ34 ʠ ʥʝʢʦʪʦʨʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ.  

  
ʘ) ήὓὛὉ‒̃˝ Ὢώ  ʙ) ήὓὛὉ̓̏–̎̃ ˝ Ὢώ  

ʈʠʩʫʥʦʢ 3.27 ï ɺʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  ʥʘ ʘʙʩʦʣʶʪʥʳʝ ʠ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʧʦʛʨʝʰʥʦʩʪʠ ʦʧʨʝʜʝʣʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʠ ʂʇɼ ʨʝʰʸʪʢʠ ˉ34 

ʊʘʢʞʝ, ʢʘʢ ʠ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʜʚʫʭʤʝʨʥʦʡ ʩʝʪʢʠ B2B, ʧʘʨʘʤʝʪʨ ώ  ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ ʨʘʩʩʯʠʪʳʚʘʝʤʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʰʸʪʦʢ ʚʠʜʘ ‍ ̒̑ Ὢ‗  (3.28): ʚʩʝ 

ʧʦʣʫʯʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʷʚʣʷʶʪʩʷ ʘʜʝʢʚʘʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ ʠʤʝʶʪ ʠʥʪʝʛʨʘʣʴʥʫʶ 

ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ ʧʦʪʦʢʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ ήὓὛὉ‍ ̒̑ ρ. 

ʅʘ ʫʩʢʦʨʝʥʠʝ ʨʘʩʯʸʪʦʚ S ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  ʚʣʠʷʥʠʷ ʥʝ ʦʢʘʟʳʚʘʝʪ (ʨʠʩʫʥʦʢ 3.29). 

ʆʯʝʚʠʜʥʦ, ʵʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ώ  ʥʝ ʤʝʥʷʝʪʩʷ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ 

ʚ ʨʘʩʯʸʪʥʳʭ ʩʝʪʢʘʭ. 

ɸʥʘʣʠʟ ʨʘʩʯʸʪʥʳʭ ʧʦʣʝʡ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ ʚ ʩʝʯʝʥʠʷʭ ʥʘ ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ 

ʯʘʩʪʠ ʨʝʰʸʪʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʟʜʘʥʥʳʭ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ, ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʫʢʘʟʘʥʥʳʭ 

ʩʝʯʝʥʠʷʭ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ώ  ʥʝ ʧʨʦʠʩʭʦʜʠʪ (ʨʠʩʫʥʦʢ 3.30). ʆʜʥʘʢʦ ʠʟʤʝʥʝʥʠʝ 

ʧʘʨʘʤʝʪʨʘ ώ  ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʨʘʩʯʸʪ ʚʷʟʢʦʩʪʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʧʦʛʨʘʥʠʯʥʦʤ 

ʩʣʦʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ: ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʨʘʩʩʯʠʪʳʚʘʝʤʦʡ ʚʷʟʢʦʩʪʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʩʝʪʦʢ ʧʦʣʷʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ 

ʣʦʧʘʪʢʠ ʥʦʨʤʘʣʠʟʦʚʘʥʥʦʛʦ ʪʘʥʛʝʥʮʠʘʣʴʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ὅ ʚʷʟʢʦʩʪʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʩʪʝʥʢʝ 

(ʨʠʩʫʥʦʢ 3.31). ʀʤʝʥʥʦ ʵʪʠʤ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩʥʠʞʝʥʠʝ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʟʥʘʯʝʥʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ώ  (ʨʠʩʫʥʦʢ 3.31). 

ʇʘʨʘʤʝʪʨ ὅ ʦʧʨʝʜʝʣʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʣʝʜʫʶʱʝʛʦ ʚʳʨʘʞʝʥʠʷ [104]: 
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ɺ ʚʳʨʘʞʝʥʠʠ (3.31) † ï ʚʷʟʢʦʩʪʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʦʪʦʢʝ, ” ï ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ, ὠ ï 

ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ. 

 

  
ʈʠʩʫʥʦʢ 3.28 ï ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʨʘʩʯʸʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ‍ ̒̑ Ὢ‗  ʨʝʰʸʪʢʠ ˉ1, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

k-ɤ ʠ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ώ  

 

ʈʠʩʫʥʦʢ 3.29 ï ɿʘʚʠʩʠʤʦʩʪʠ ʫʩʢʦʨʝʥʠʷ S ʦʪ ʧʘʨʘʤʝʪʨʘ 

ώ  ʜʣʷ ʨʝʰʸʪʢʠ ˉ34 ʠ ʥʝʢʦʪʦʨʳʭ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

  
ʘ) ώ πȟς ʙ) ώ υȟπ 

ʈʠʩʫʥʦʢ 3.30 ï ʇʦʣʷ ʯʠʩʣʘ ʄʘʭʘ ʚ ʤʝʞʣʦʧʘʪʦʯʥʳʭ ʢʘʥʘʣʘʭ ʨʝʰʸʪʢʠ ˉ 1, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů (Low Re Yang-Shih) ʠ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ώ  
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ʘ) ώ πȟς ʙ) ώ υȟπ 

ʈʠʩʫʥʦʢ 3.31 ï ʇʦʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ ʨʝʰʸʪʢʠ ˉ 1 ʥʦʨʤʘʣʠʟʦʚʘʥʥʦʛʦ ʪʘʥʛʝʥʮʠʘʣʴʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ὅ ʚʷʟʢʦʩʪʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʩʪʝʥʢʝ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ          

k-Ů (Low Re Yang-Shih) ʠ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ώ  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ, ʠ ʜʣʷ ʧʦʚʝʨʦʯʥʳʭ ʨʘʩʯʸʪʦʚ ʩʝʪʦʢ, ʚ 

ʢʦʪʦʨʳʭ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ  ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,2 ʜʦ 1,0, ʦʜʥʘʢʦ ʜʣʷ ʫʥʠʬʠʢʘʮʠʠ 

ʨʘʩʯʸʪʥʳʭ ʧʨʦʮʝʜʫʨ ʫʜʦʙʥʦ ʧʨʠʥʠʤʘʪʴ ώ ρ. 

3.5 ɺʃʀʗʅʀɽ ʇɸʈɸʄɽʊʈʆɺ ʈɸʉʇʈɽɼɽʃɽʅʀʗ ʕʃɽʄɽʅʊʆɺ ʇʆ ɺʓʉʆʊɽ ʇʈʆʊʆʏʅʆʁ 

ʏɸʉʊʀ ʅɸ ʕʌʌɽʂʊʀɺʅʆʉʊʔ ʄʆɼɽʃʀʈʆɺɸʅʀʗ ʈɸɹʆʏɽɻʆ ʇʈʆʎɽʉʉɸ  

ʈɽʐɪʊʆʂ ɻɸɿʆɺʓʍ ʊʋʈɹʀʅ 

ɺ ʛʣʘʚʝ 2 ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚ 

ʪʨʸʭʤʝʨʥʳʭ ʩʝʪʢʘʭ ʣʦʧʘʪʦʯʥʳʭ ʚʝʥʮʦʚ ʪʫʨʙʠʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. 

1. ɹʝʟʨʘʟʤʝʨʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ώ  , ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤ ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʘ, ʙʣʠʞʘʡʰʝʛʦ ʢ 

ʪʦʨʮʝʚʳʤ ʩʪʝʥʢʘʤ ώ  . 

2. ʄʘʢʩʠʤʘʣʴʥʳʤ ʦʪʥʦʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʩʦʩʝʜʥʠʭ ʵʣʝʤʝʥʪʦʚ ὉὙ .  

3. ʆʪʥʦʰʝʥʠʝʤ ʨʘʟʤʝʨʦʚ (ʚʳʩʦʪ) ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʠ ʤʠʥʠʤʘʣʴʥʦʛʦ ʵʣʝʤʝʥʪʦʚ ὓὙ .  

ʇʨʝʦʙʣʘʜʘʶʱʝʝ ʚʣʠʷʥʠʝ ʜʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʦʢʘʟʳʚʘʶʪ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʪʦʨʠʯʥʳʭ 

ʪʝʯʝʥʠʡ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʦʜʥʦʠʤʸʥʥʳʭ ʧʦʪʝʨʴ. 

ɺ ʨʘʟʜʝʣʝ 3.4 ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʧʨʦʬʠʣʴʥʳʭ ʧʦʪʝʨʴ ʚ ʨʝʰʸʪʢʘʭ ʛʘʟʦʚʳʭ 

ʪʫʨʙʠʥ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʩʦ ʟʥʘʯʝʥʠʝʤ ʙʝʟʨʘʟʤʝʨʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ώ ρ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʠ 
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ʦʧʨʝʜʝʣʝʥʠʝ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʙʳʣʦ ʪʘʢʞʝ ʧʨʠʥʷʪʦ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ώ   ʨʘʚʥʦʝ 1:          

ώ  ρ. ʀʟ ʨʘʚʝʥʩʪʚʘ ʧʘʨʘʤʝʪʨʦʚ ώ  ʠ ώ   ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʩʣʝʜʫʝʪ ʨʘʚʝʥʩʪʚʦ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʙʣʠʞʘʡʰʠʭ ʢ ʣʦʧʘʪʢʘʤ ʠ ʪʦʨʮʝʚʳʤ ʩʪʝʥʢʘʤ ʵʣʝʤʝʥʪʦʚ ώ   ʠ ώ  . 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠ ̫ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ. 

ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʨʝʰʸʪʦʢ ʙʳʣʦ ʩʦʟʜʘʥʦ ʧʦ ʚʦʩʝʤʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ. ɺʩʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʝʪʢʠ ʩʦʟʜʘʚʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʙʘʟʦʚʳʭ ʠ 

ʦʪʣʠʯʘʣʠʩʴ ʦʪ ʥʠʭ ʣʠʰʴ ʧʘʨʘʤʝʪʨʘʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ὉὙ  

ʠ ὓὙ . ɺ ʩʦʟʜʘʥʥʳʭ ʩʝʪʢʘʭ ʧʘʨʘʤʝʪʨ ὉὙ  ʚʘʨʴʠʨʦʚʘʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,2 ʜʦ 1,7, ʘ ʧʘʨʘʤʝʪʨ 

ὓὙ  ï ʦʪ 250 ʜʦ 4000. ʇʨʠ ʵʪʦʤ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʩʦʯʝʪʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ 

ὓὙ , ʘ ʜʣʷ ʩʦʟʜʘʥʥʳʭ ʩʝʪʦʢ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʦʟʥʘʯʝʥʠʷ ʚʠʜʘ ER<ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ 

ὉὙ >_MR<ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ὓὙ >. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʚ ʪʘʙʣʠʮʘʭ 3.8 ʠ 3.9 ʧʨʠʚʝʜʝʥʳ 

ʩʦʟʜʘʥʥʳʝ ʩʝʪʢʠ ʜʣʷ ʨʝʰʸʪʦʢ ˉ34 ʠ ˉ168 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ ʫʢʘʟʘʥʠʝʤ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʚ ʥʠʭ, ʘ 

ʥʘ ʨʠʩʫʥʢʝ 3.32 ʧʦʢʘʟʘʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚ ʪʨʸʭ ʩʝʪʢʘʭ, 

ʩʦʟʜʘʥʥʳʭ ʜʣʷ ʨʝʰʸʪʢʠ ˉ168. 

ʊʘʙʣʠʮʘ 3.8 ï ʉʦʟʜʘʥʥʳʝ ʩʝʪʢʠ ʜʣʷ ʨʝʰʸʪʢʠ ˉ34 ʠ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʚ ʥʠʭ 

 ὉὙ ρȟς ὉὙ ρȟτ ὉὙ ρȟχ 

ὓὙ ςυπ 
ER1,2_MR250 ER1,4_MR250 ER1,7_MR250 

2,6 ʤʣʥ 2,2 ʤʣʥ 1,8 ʤʣʥ 

ὓὙ ρπππ 
ER1,2_MR1000 

ER1,4_MR1000 

(ʙʘʟʦʚʘʷ) 
ER1,7_MR1000 

1,8 ʤʣʥ 1,2 ʤʣʥ 0,9 ʤʣʥ 

ὓὙ ςπππ 
ER1,2_MR2000 ER1,4_MR3000 ER1,7_MR4000 

1,6 ʤʣʥ 1,0 ʤʣʥ 0,7 ʤʣʥ 

ʊʘʙʣʠʮʘ 3.9 ï ʉʦʟʜʘʥʥʳʝ ʩʝʪʢʠ ʜʣʷ ʨʝʰʸʪʢʠ ˉ168 ʠ ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʚ ʥʠʭ 

 ὉὙ ρȟς ὉὙ ρȟτ ὉὙ ρȟχ 

ὓὙ ςυπ 
ER1,2_MR250 ER1,4_MR250 ER1,7_MR250 

2,7 ʤʣʥ 2,3 ʤʣʥ 2,2 ʤʣʥ 

ὓὙ ρπππ 
ER1,2_MR1000 

ER1,4_MR1000 

(ʙʘʟʦʚʘʷ) 
ER1,7_MR1000 

1,8 ʤʣʥ 1,3 ʤʣʥ 0,9 ʤʣʥ 

ὓὙ τπππ 
ER1,2_MR4000 ER1,4_MR4000 ER1,7_MR4000 

1,6 ʤʣʥ 1,0 ʤʣʥ 0,7 ʤʣʥ 
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ʘ) ER1.2_MR250 ʙ) ER1.4_MR1000 ʚ) ER1.7_MR4000 

ʈʠʩʫʥʦʢ 3.32 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʚ ʪʨʸʭ ʩʝʪʢʘʭ, ʩʦʟʜʘʥʥʳʭ ʜʣʷ ʨʝʰʸʪʢʠ ˉ168 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʟʜʘʥʥʳʭ ʩʝʪʦʢ ʠ ʰʝʩʪʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʨʝʰʸʪʦʢ. ɺʩʝʛʦ ʚ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʩʦʟʜʘʥʦ 216 

ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʸʪʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʛʨʘʬʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ‒ˏ  ˟ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ‒ˏ˟ ὪὬ̌ . 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʛʨʘʬʠʢʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʣʶʙʦʡ ʨʝʰʸʪʢʠ ʠ ʣʶʙʦʡ ʠʟ 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʛʨʘʬʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ 

ʣʦʧʘʪʢʠ ‒ˏ˟ ὪὬ̌ , ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʠ 

ʣʶʙʳʭ ʩʦʯʝʪʘʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ , ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʳʡ ʢʘʯʝʩʪʚʝʥʥʳʡ ʭʘʨʘʢʪʝʨ, ʘ ʠʭ 

ʦʪʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʣʠʰʴ ʚ ʥʝʙʦʣʴʰʦʡ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʨʘʟʥʠʮʝ ʚ ʧʨʝʜʩʢʘʟʘʥʠʠ ʚʝʣʠʯʠʥʳ ʧʠʢʘ 

ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʠ ʚʳʩʦʪʳ ʝʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ. ɼʘʥʥʳʡ ʬʘʢʪ ʫʞʝ ʦʪʤʝʯʘʣʩʷ ʚ ʨʘʟʜʝʣʝ 3.2 ʧʨʠ 

ʘʥʘʣʠʟʝ ʨʘʩʯʸʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʦʚʳʭ ʩʝʪʦʢ (ʨʠʩʫʥʦʢ 3.16).  

ʊʝʨʤʠʥʦʣʦʛʠʷ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʧʨʠ ʘʥʘʣʠʟʝ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  ʥʘ 

ʦʧʨʝʜʝʣʷʝʤʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ 

ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ‒ˏ˟ ὪὬ̌ , ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.33. ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʘʥʥʦʛʦ ʨʠʩʫʥʢʘ, ʧʨʠ 

ʘʥʘʣʠʟʝ ʫʜʝʣʷʣʦʩʴ ʚʥʠʤʘʥʠʝ ʪʘʢʠʤ ʧʘʨʘʤʝʪʨʘʤ, ʢʘʢ ʬʦʨʤʘ ʧʠʢʘ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ (ʝʛʦ 

ʦʩʥʦʚʘʥʠʝ ʠ ʚʳʩʦʪʘ), ʘ ʪʘʢʞʝ ʧʣʦʱʘʜʴ ʟʦʥʳ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ ʪʨʝʥʠʝʤ ʧʦʪʦʢʘ ʦ ʪʦʨʮʝʚʫʶ ʩʪʝʥʢʫ. 

ʋʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ὉὙ  ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʟʥʘʯʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ὓὙ  ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʚʳʩʦʪʳ ʧʠʢʘ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ, ʫʚʝʣʠʯʝʥʠʶ ʝʛʦ ʦʩʥʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ 

ʢ ʫʚʝʣʠʯʝʥʠʶ ʟʦʥʳ ʧʦʪʝʨʴ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʪʨʝʥʠʝʤ ʧʦʪʦʢʘ ʦ ʪʦʨʮʝʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ (ʨʠʩʫʥʦʢ 

3.34). 

ʋʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ὓὙ  ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʟʥʘʯʝʥʠʠ ʧʘʨʘʤʝʪʨʘ ὉὙ  ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʚʳʩʦʪʳ ʧʠʢʘ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʠ ʫʚʝʣʠʯʝʥʠʶ ʝʛʦ ʦʩʥʦʚʘʥʠʷ 

(ʨʠʩʫʥʦʢ 3.35). 
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ʈʠʩʫʥʦʢ 3.33 ï ʇʘʨʘʤʝʪʨʳ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʘʥʘʣʠʟʘ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʵʧʶʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ 

ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ‒ˏ˟ ὪὬ̌  

  
ʘ) ʈʝʰʸʪʢʘ ˉ34,  

Spalart-Allmaras, ὓὙ ςυπ 
ʙ) ʈʝʰʸʪʢʘ ˉ168, ‍ τπ,  

k-Ů (Low Re Yang-Shih), ὓὙ ρπππ 

ʈʠʩʫʥʦʢ 3.34 ï ʈʘʩʧʨʝʜʝʣʝʥʠ ̫ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʜʚʫʭ ʨʝʰʸʪʦʢ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ὓὙ  ʠ ʨʘʟʣʠʯʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ὉὙ  
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ʘ) ʈʝʰʸʪʢʘ ˉ1,  

k-ɤ, ὉὙ ρȟς 
ʙ) ʈʝʰʸʪʢʘ ˉ168, ‍ τπ,  

SST, ὉὙ ρȟτ 

ʈʠʩʫʥʦʢ 3.35 ï ʈʘʩʧʨʝʜʝʣʝʥʠ ̫ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʜʚʫʭ ʨʝʰʸʪʦʢ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʯʸʪʥʳʭ ʩʝʪʦʢ ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ὉὙ  ʠ ʨʘʟʣʠʯʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʘ ὓὙ  

ʀʩʭʦʜʷ ʠʟ ʘʥʘʣʠʟʘ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʧʶʨ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ‒ˏ˟ ὪὬ̌  ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʜʦʧʫʩʪʠʤʳʝ 

ʩʦʯʝʪʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ , ʧʦʟʚʦʣʷʶʱʠʝ ʘʜʝʢʚʘʪʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ 

ʦʧʠʩʳʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʣʦʧʘʪʢʠ: ὉὙ ρȟς,                              

ὓὙ ςυπȣςπππ, ʘ ʪʘʢʞʝ  ὉὙ ρȟςȣρȟχ, ὓὙ ςυπ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʜʣʷ ʨʝʰʸʪʢʠ ˉ168 

ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʧʠʢʠ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʪʘʢʞʝ ʧʦʟʚʦʣʷʶʪ ʙʘʟʦʚʳʝ ʩʝʪʢʠ, ʚ ʢʦʪʦʨʳʭ ὉὙ ρȟτ,               

ὓὙ ρπππ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʚ 

ʨʝʰʸʪʢʝ ˉ168 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʰʸʪʢʘʤʠ ˉ1 ʠ ˉ34 ʠʟ-ʟʘ ʙʦʣʴʰʝʛʦ ʟʥʘʯʝʥʠʷ ʫʛʣʘ ʠʟʛʠʙʘ 

ʧʨʦʬʠʣʷ (ʪʘʙʣʠʮʘ 3.1). ʂʘʢ ʠʟʚʝʩʪʥʦ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʚ ʨʝʰʸʪʢʘʭ ʪʫʨʙʠʥ 

ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ ʠʟʛʠʙʘ ʧʨʦʬʠʣʷ, ʚʦʟʨʘʩʪʘʷ ʧʨʠ ʝʛʦ ʫʚʝʣʠʯʝʥʠʠ [45, 72, 88, 101]. 

ɺʳʚʦʜʳ ʦ ʢʘʯʝʩʪʚʝʥʥʦʤ ʚʣʠʷʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  ʥʘ ʨʘʩʩʯʠʪʳʚʘʝʤʳʝ ʵʧʶʨʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʪʘʢʞʝ ʢʘʨʪʠʥʘʤʠ 

ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ. ʅʘ ʨʠʩʫʥʢʝ 3.36 ʧʦʢʘʟʘʥʳ ʧʦʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ ˉ34, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ . ʅʘ ʧʦʣʷʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʝʪʦʢ ʩ ʜʦʧʫʩʪʠʤʳʤʠ ʩʦʯʝʪʘʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ , ʦʪʯʸʪʣʠʚʦ 



82 

 

 

 

8

2 

ʧʨʦʩʣʝʞʠʚʘʶʪʩʷ ʦʙʣʘʩʪʠ ʧʦʥʠʞʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʢʘʥʘʣʴʥʳʤʠ ʚʠʭʨʷʤʠ. ʇʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  ʧʨʦʠʩʭʦʜʠʪ ʚʳʨʘʚʥʠʚʘʥʠʝ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʧʦʣʝʡ ʧʦʣʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʟʘ ʨʝʰʸʪʢʦʡ. 

   

ʘ) ER1,2_MR250 ʙ) ER1,4_MR250 ʚ) ER1,7_MR250 

   

ʛ) ER1,2_MR1000 ʜ) ER1,4_MR1000 ʝ) ER1,7_MR1000 

   

ʞ) ER1,2_MR2000 ʟ) ER1,4_MR3000 ʠ) ER1,7_MR4000 

ʈʠʩʫʥʦʢ 3.36 ï ʇʦʣʷ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʝʯʝʥʠʠ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ ˉ34, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-Allmaras, ʘ ʪʘʢʞʝ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  
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ɸʥʘʣʦʛʠʯʥʦʝ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʠ ʥʘ ʨʘʩʩʯʠʪʳʚʘʝʤʳʝ 

ʧʦʣʷ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʚ ʩʝʯʝʥʠʠ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ ˉ168 ʧʨʠ ʫʛʣʝ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ  

‍ σπ (ʨʠʩʫʥʦʢ 3.37). 

   

ʘ) ER1,2_MR250 ʙ) ER1,4_MR250 ʚ) ER1,7_MR250 

   

ʛ) ER1,2_MR1000 ʜ) ER1,4_MR1000 ʝ) ER1,7_MR1000 

   

ʞ) ER1,2_MR4000 ʟ) ER1,4_MR4000 ʠ) ER1,7_MR4000 

ʈʠʩʫʥʦʢ 3.37 ï ʇʦʣʷ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʚ ʩʝʯʝʥʠʠ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʢʠ ˉ168 ʧʨʠ ʫʛʣʝ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ    

‍ σπ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST, ʘ ʪʘʢʞʝ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤʠ               

ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  
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ʇʨʦʚʝʜʸʥʥʳʡ ʘʥʘʣʠʟ ʩʪʨʫʝʢ ʪʦʢʘ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʚ 

ʨʝʰʸʪʢʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʩʝʪʦʢ, ʧʦʢʘʟʘʣ, ʯʪʦ, ʚ ʮʝʣʦʤ, ʚʩʝ ʩʦʟʜʘʥʥʳʝ ʨʘʩʯʸʪʥʳʝ 

ʩʝʪʢʠ ʩ ʣʶʙʳʤ ʩʦʯʝʪʘʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  ʧʦʟʚʦʣʷʶʪ ʩ ʪʦʡ ʠʣʠ ʠʥʦʡ ʪʦʯʥʦʩʪʴʶ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʪʝ ʠʣʠ ʠʥʳʝ ʵʣʝʤʝʥʪʳ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ. ʅʘ ʨʠʩʫʥʢʝ 3.38 ʧʦʢʘʟʘʥʳ ʧʨʦʝʢʮʠʠ 

ʣʠʥʠʡ ʪʦʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʩʧʠʥʢʠ ʣʦʧʘʪʢʠ ʨʝʰʸʪʢʠ ˉ34, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʘʤʦʡ 

ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʠ ER1,2_MR250 ʠ ʩʘʤʦʡ ʛʨʫʙʦʡ ʩʝʪʢʦʡ ER1,7_MR4000. ʂʘʢ ʚʠʜʥʦ, ʚ ʦʙʦʠʭ 

ʩʣʫʯʘʷʭ ʥʘ ʩʧʠʥʢʝ ʚʠʟʫʘʣʠʟʠʨʫʶʪʩʷ ʦʙʣʘʩʪʠ ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ ʚ ʚʠʜʝ ʧʨʦʝʢʮʠʡ ʩʪʨʫʝʢ ʪʦʢʘ, 

ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ.   

ɸʥʘʣʦʛʠʯʥʘʷ ʢʘʨʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʩʝʪʦʢ, ʩʦʟʜʘʥʥʳʭ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʨʝʰʸʪʢʠ ˉ168(ʢʘʢ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʧʥʠʠ ʩʘʤʦʡ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʠ ER1,2_MR250, ʪʘʢ ʠ 

ʩʘʤʦʡ ʛʨʫʙʦʡ ʩʝʪʢʠ ER1,7_MR4000). ɺ ʤʝʞʣʦʧʘʪʦʯʥʦʤ ʢʘʥʘʣʝ ʤʦʞʥʦ ʦʙʥʘʨʫʞʠʪʴ ʵʣʝʤʝʥʪʳ 

ʚʪʦʨʠʯʥʳʭ ʪʝʯʝʥʠʡ, ʪʘʢʠʝ ʢʘʢ ʢʨʦʩʢʘʥʘʣʴʥʳʝ ʪʝʯʝʥʠʷ, ʧʦʜʢʦʚʦʦʙʨʘʟʥʳʝ ʚʠʭʨʠ, ʧʘʨʘʟʠʪʥʳʝ 

ʪʝʯʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʧʠʥʢʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʦʪʯʸʪʣʠʚʦ ʚʠʜʥʦ, ʯʪʦ ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʧʣʦʪʥʦʩʪʴ 

ʩʝʪʢʠ ER1,7_MR4000 ʥʝ ʧʦʟʚʦʣʷʝʪ ʩʬʦʨʤʠʨʦʚʘʪʴʩʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʢʘʥʘʣʴʥʦʤʫ ʚʠʭʨʶ, 

ʢʦʪʦʨʳʡ ʢʘʢ ʨʘʟ ʠ ʬʦʨʤʠʨʫʝʪ ʧʠʢ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʚ ʵʧʶʨʝ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʚʳʩʦʪʝ 

ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ (ʨʠʩʫʥʦʢ 3.39). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʦʩʥʦʚʥʦʝ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʳ ὉὙ  ʠ 

ὓὙ  ʦʢʘʟʳʚʘʶʪ ʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠʤʝʥʥʦ ʢʘʥʘʣʴʥʳʭ ʚʠʭʨʝʡ ʠ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ. ʉ 

ʫʚʝʣʠʯʝʥʠʝʤ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʦʜʝʣʠʨʫʝʤʳʭ ʢʘʥʘʣʴʥʳʭ 

ʚʠʭʨʝʡ ʫʤʝʥʴʰʘʝʪʩʷ ʚʧʣʦʪʴ ʜʦ ʧʦʣʥʦʛʦ ʠʭ ʠʩʯʝʟʥʦʚʝʥʠʷ, ʯʝʤ ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʵʧʶʨ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʧʦʪʝʨʴ ʧʦ ʚʳʩʦʪʝ ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʠ ‒ˏ˟ ὪὬ̌ , ʘ ʪʘʢʞʝ ʧʦʣʝʡ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ ʚ ʩʝʯʝʥʠʷʭ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʰʸʪʦʢ.  

   
ʘ) ER1,2_MR250 ʙ) ER1,7_MR4000  

ʈʠʩʫʥʦʢ 3.38 ï ʇʨʦʝʢʮʠʠ ʩʪʨʫʝʢ ʪʦʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʩʧʠʥʢʠ ʣʦʧʘʪʢʠ ʨʝʰʸʪʢʠ ˉ34, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Spalart-Allmaras, ʘ ʪʘʢʞʝ ʩʝʪʦʢ ʩ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ὉὙ  ʠ ὓὙ  


























































































































































































