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ɺɺɽɼɽʅʀɽ 

 

ʉʦʚʨʝʤʝʥʥʳʡ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʡ ʜʚʫʭʢʦʥʪʫʨʥʳʡ ʘʚʠʘʮʠʦʥʥʳʡ ʜʚʠʛʘʪʝʣʴ 

(ʊʈɼɼ) ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʩʘʤʳʭ ʩʣʦʞʥʳʭ ʤʘʰʠʥ ʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʤʥʦʞʝʩʪʚʦ 

ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ. ʆʩʥʦʚʦʡ ʊʈɼɼ ʷʚʣʷʶʪʩʷ ʛʘʟʦʛʝʥʝʨʘʪʦʨ, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʢʦʤʧʨʝʩʩʦʨʘ, ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʠ ʪʫʨʙʠʥʳ, ʘ ʪʘʢʞʝ ʚʝʥʪʠʣʷʪʦʨ ʠ ʩʦʧʣʦ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʤ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʜʘʥʥʳʭ ʫʟʣʦʚ ʠ 

ʜʚʠʛʘʪʝʣʷ ʚ ʮʝʣʦʤ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʢʘʢ ʩ 

ʧʦʤʦʱʴʶ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʠʢ, ʫʯʠʪʳʚʘʶʱʠʭ ʨʘʟʣʠʯʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʜʚʠʛʘʪʝʣʷ ʠ ʨʝʞʠʤ r ʝʛʦ ʨʘʙʦʪʳ, ʪʘʢ ʠ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʠ ʤʝʪʦʜʦʚ ʛʠʜʨʦʛʘʟʦʜʠʥʘʤʠʢʠ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʫʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʤʝʥʴʰʠʪʴ ʯʠʩʣʦ ʥʝʦʙʭʦʜʠʤʳʭ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʠʩʧʳʪʘʥʠʡ, ʘ ʪʘʢʞʝ ʙʝʟ ʥʝʛʦ ʙʳʣʦ 

ʙʳ ʥʝʚʦʟʤʦʞʥʦ ʩʣʦʞʥʦʝ ʪʨʝʭʤʝʨʥʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʫʟʣʦʚ, ʧʦʟʚʦʣʷʶʱʝʝ 

ʜʦʙʠʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ: ʚʳʩʦʢʦʛʦ ʂʇɼ ʠ 

ʥʠʟʢʦʛʦ ʫʜʝʣʴʥʦʛʦ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ. ʉʦ ʚʨʝʤʝʥʝʤ ʪʨʝʙʦʚʘʥʠʷ ʢ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʘ 

ʪʘʢʞʝ ʵʢʦʣʦʛʠʯʥʦʩʪʠ ʜʚʠʛʘʪʝʣʝʡ (ʥʠʟʢʦʤʫ ʫʨʦʚʥʶ ʰʫʤʘ ʠ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ 

ʚʝʱʝʩʪʚ) ʫʞʝʩʪʦʯʘʶʪʩʷ. ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʩʪʘʥʦʚʠʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʚʩʝ ʙʦʣʝʝ 

ʪʦʯʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʡ ʚ ʜʚʠʛʘʪʝʣʝ, ʘ ʪʘʢʞʝ ʫʯʝʪ ʪʝʭ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ, 

ʚʣʠʷʥʠʝ ʢʦʪʦʨʳʭ ʨʘʥʝʝ ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ, ʠʣʠ ʫʯʠʪʳʚʘʣʦʩʴ ʥʝ ʚ ʧʦʣʥʦʡ ʤʝʨʝ. ʊʘʢʘʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚʦʟʥʠʢʘʝʪ ʬʘʢʪʠʯʝʩʢʠ ʜʣʷ ʚʩʝʭ ʫʟʣʦʚ ʜʚʠʛʘʪʝʣʷ, ʧʦʩʢʦʣʴʢʫ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʦʜʥʦʛʦ ʫʟʣʘ ʟʘʯʘʩʪʫʶ ʥʝʚʦʟʤʦʞʥʦ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʜʨʫʛʠʭ. ɺ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʝʯʝʥʠʷ ʚ ʦʩʥʦʚʥʳʭ ʫʟʣʘʭ ʜʚʠʛʘʪʝʣʷ ʠ 

ʤʝʪʦʜʳ ʜʣʷ ʠʭ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʰʫʤʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʘʥʥʳʭ ʫʟʣʦʚ. ʅʠʞʝ ʧʨʠʚʦʜʠʪʩʷ 

ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ ʧʦ ʜʘʥʥʳʤ ʪʝʯʝʥʠʷʤ ʠ ʩʧʦʩʦʙʦʤ ʠʭ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

 

ʆʙʪʝʢʘʥʠʝ ʣʦʧʘʪʦʯʥʳʭ ʧʨʦʬʠʣʝʡ 

ʂʦʤʧʨʝʩʩʦʨ ʠ ʪʫʨʙʠʥʘ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩʦʩʪʦʷʪ ʠʟ ʢʦʣʝʩ ʣʦʧʘʪʦʢ, 

ʯʘʩʪʴ ʠʟ ʢʦʪʦʨʳʭ ʚʨʘʱʘʝʪʩʷ (ʨʘʙʦʯʠʝ ʢʦʣʝʩʘ), ʘ ʯʘʩʪʴ ï ʥʝʧʦʜʚʠʞʥʳ 



4 

 

(ʥʘʧʨʘʚʣʷʶʱʠʝ ʘʧʧʘʨʘʪʳ ʚ ʢʦʤʧʨʝʩʩʦʨʝ ʠ ʩʦʧʣʦʚʳʝ ʘʧʧʘʨʘʪʳ ʚ ʪʫʨʙʠʥʝ). ʊʘʢʘʷ 

ʢʦʥʬʠʛʫʨʘʮʠʷ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʩʫʞʘʶʱʠʤʩʷ ʢʘʥʘʣʦʤ, ʚ ʢʦʪʦʨʦʤ ʨʘʩʧʦʣʦʞʝʥʳ 

ʣʦʧʘʪʢʠ (ʧʨʦʪʦʯʥʦʡ ʯʘʩʪʴʶ) ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʞʘʪʠʝ ʚʦʟʜʫʭʘ ʚ ʢʦʤʧʨʝʩʩʦʨʝ. ɺ 

ʪʫʨʙʠʥʝ ʧʨʦʪʦʯʥʘʷ ʯʘʩʪʴ ʨʘʩʰʠʨʷʝʪʩʷ, ʘ ʚʨʘʱʝʥʠʝ, ʥʘʦʙʦʨʦʪ, ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ 

ʩʯʝʪ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʨʘʟʥʳʝ ʤʝʭʘʥʠʟʤʳ ʨʘʙʦʪʳ, ʢʣʶʯʝʚʫʶ 

ʨʦʣʴ ʢʘʢ ʚ ʢʦʤʧʨʝʩʩʦʨʝ, ʪʘʢ ʠ ʚ ʪʫʨʙʠʥʝ, ʠʛʨʘʶʪ ʣʦʧʘʪʢʠ: ʠʭ ʢʦʣʠʯʝʩʪʚʦ, ʬʦʨʤʘ 

(ʧʨʦʬʠʣʴ), ʫʛʦʣ ʥʘʙʝʛʘʶʱʝʛʦ ʥʘ ʥʠʭ ʧʦʪʦʢʘ ʠ ʪ.ʜ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʪʝʯʝʥʠʷ ʚ ʜʘʥʥʳʭ ʫʟʣʘʭ ʥʝʦʙʭʦʜʠʤʦ ʤʦʜʝʣʠʨʦʚʘʪʴ 

ʦʙʪʝʢʘʥʠʝ ʣʦʧʘʪʦʢ. 

ʅʘʯʘʣʴʥʳʤ ʪʦʣʯʢʦʤ ʢ ʨʘʟʨʘʙʦʪʢʝ ʪʝʦʨʠʠ ʣʦʧʘʪʦʯʥʳʭ ʤʘʰʠʥ (ʢʦʤʧʨʝʩʩʦʨʘ ʠ 

ʪʫʨʙʠʥʳ) ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʠʟʣʦʞʝʥʥʳʝ ʚ [1] ʨʘʙʦʪʳ ʅ.ɽ ɾʫʢʦʚʩʢʦʛʦ ʠ ʉ.ɸ. 

ʏʘʧʣʳʛʠʥʘ, ʚ ʢʦʪʦʨʳʭ ʪʝʯʝʥʠʝ ʚʦʢʨʫʛ ʧʨʦʬʠʣʷ ʩʯʠʪʘʣʦʩʴ ʧʦʪʝʥʮʠʘʣʴʥʳʤ, ʠ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʪʝʦʨʠʷ ʬʫʥʢʮʠʡ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ. ɿʘ ʜʘʥʥʳʤʠ 

ʨʘʙʦʪʘʤʠ ʧʦʩʣʝʜʦʚʘʣʘ ʪʝʦʨʠʷ ʨʝʰʝʪʦʢ ʪʦʥʢʠʭ ʧʨʦʬʠʣʝʡ ʄ. ɺ. ʂʝʣʜʳʰʘ ʠ ʃ. ʀ. 

ʉʝʜʦʚʘ, ʦʙʟʦʨ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥ ʚ [2]. ɺ ʩʚʷʟʠ ʩ ʨʘʟʚʠʪʠʝʤ ʪʫʨʙʦʨʝʘʢʪʠʚʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ ʧʦʷʚʠʣʘʩʴ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʙʦʣʝʝ ʧʦʣʥʦʤ ʫʯʝʪʝ ʬʦʨʤʳ ʧʨʦʬʠʣʝʡ 

ʣʦʧʘʪʦʢ, ʠ ʅ.ɽ ʂʦʯʠʥʳʤ ʙʳʣʘ ʨʘʟʚʠʪʘ ʪʝʦʨʠʷ ʨʝʰʝʪʦʢ ʧʨʦʬʠʣʝʡ ʧʨʦʠʟʚʦʣʴʥʦʡ 

ʬʦʨʤʳ [3]. ʆʜʥʘʢʦ ʧʦʣʫʯʝʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʦʡ ʪʝʦʨʠʠ 

ʙʳʣʦ ʟʘʪʨʫʜʥʝʥʦ ʠʣʠ ʥʝʚʦʟʤʦʞʥʦ, ʠ ʜʦ ʨʘʟʨʘʙʦʪʢʠ ʜʦʩʪʘʪʦʯʥʦ ʵʬʬʝʢʪʠʚʥʳʭ 

ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠ ʧʦʷʚʣʝʥʠʷ ʕɺʄ ʝʜʠʥʩʪʚʝʥʥʳʤ ʧʨʠʛʦʜʥʳʤ ʜʣʷ ʨʝʰʝʪʦʢ 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ ʤʝʪʦʜʦʤ ʷʚʣʷʣʦʩʴ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ [4]. ɼʘʥʥʘʷ 

ʪʝʦʨʠʷ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʣʘʩʴ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʊʝʦʨʠʷ ʨʝʰʝʪʦʢ ʧʨʦʬʠʣʝʡ 

ʧʦʟʚʦʣʷʣʘ ʤʦʜʝʣʠʨʦʚʘʪʴ ʠʭ ʙʝʟʚʠʭʨʝʚʦʝ ʦʙʪʝʢʘʥʠʝ ʠʜʝʘʣʴʥʦʡ ʞʠʜʢʦʩʪʴʶ, ʦʜʥʘʢʦ 

ʚ ʨʝʘʣʴʥʦʩʪʠ ʚʦʟʜʫʭ ʦʙʣʘʜʘʝʪ ʚʷʟʢʦʩʪʴʶ ʠ ʩʞʠʤʘʝʤʦʩʪʴʶ, ʢʦʪʦʨʳʝ ʩʫʱʝʩʪʚʝʥʥʳʤ 

ʦʙʨʘʟʦʤ ʩʢʘʟʳʚʘʶʪʩʷ ʥʘ ʪʝʯʝʥʠʠ. ɼʣʷ ʠʭ ʫʯʝʪʘ ʩʞʠʤʘʝʤʦʩʪʠ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ 

ʨʘʟʣʠʯʥʳʝ ʧʨʠʙʣʠʞʝʥʥʳʝ ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʦʧʨʘʚʢʘʭ ʫʛʣʦʚ ʧʦʪʦʢʘ ʥʘ 

ʠʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʠ ʜʨ. ʋʯʝʪ ʚʷʟʢʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʬʦʨʤʫʣ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʪʝʨʴ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ z [4]. 
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ʇʦ ʤʝʨʝ ʨʦʩʪʘ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʦʱʥʦʩʪʝʡ ʕɺʄ ʬʦʢʫʩ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʦʙʪʝʢʘʥʠʷ ʣʦʧʘʪʦʢ ʧʦʩʪʝʧʝʥʥʦ ʥʘʯʘʣ ʩʤʝʱʘʪʴʩʷ ʢ ʧʨʠʤʝʥʝʥʠʶ ʯʠʩʣʝʥʥʳʭ 

ʤʝʪʦʜʦʚ. ʉʪʘʣ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ. ɺʥʘʯʘʣʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʠʜʝʘʣʴʥʦʛʦ ʥʝʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ ʚ ʜʚʫʤʝʨʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ [5]. ɺʧʦʩʣʝʜʩʪʚʠʠ ʨʘʩʯʝʪʳ ʩʪʘʣʠ ʧʨʦʚʦʜʠʪʴʩʷ ʠ ʜʣʷ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ ʚ 

ʩʣʫʯʘʝ ʪʨʘʥʩʟʚʫʢʦʚʳʭ ʪʝʯʝʥʠʡ. ʉʪʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʠ ʪʨʝʭʤʝʨʥʳʝ ʧʦʩʪʘʥʦʚʢʠ 

[6], ʧʦʷʚʠʣʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʴ 

(ʯʠʩʣʝʥʥʦʝ ʚʳʧʦʣʥʝʥʠʝ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ) [7,8].  

ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʝʡ, 

ʜʘʚʣʝʥʠʡ ʠ ʧʦʪʝʨʴ ʥʘ ʣʦʧʘʪʢʘʭ, ʘ ʪʘʢʞʝ ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʤʦʱʥʦʩʪʝʡ ʕɺʄ 

ʧʨʠʚʝʣʠ ʢ ʧʦʩʪʝʧʝʥʥʦʤʫ ʧʝʨʝʭʦʜʫ ʦʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ (ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠʤʝʥʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠ ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ) ʢ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʚʷʟʢʦʛʦ ʛʘʟʘ ʠ ʫʨʘʚʥʝʥʠʷʤ ʅʘʚʴʝ-ʉʪʦʢʩʘ. ʇʦʩʢʦʣʴʢʫ ʯʠʩʣʘ 

ʈʝʡʥʦʣʴʜʩʘ ʧʦʪʦʢʘ ʚ ʢʦʤʧʨʝʩʩʦʨʝ ʠ ʪʫʨʙʠʥʝ ʟʘʯʘʩʪʫʶ ʚʳʩʦʢʠ, ʠ ʪʝʯʝʥʠʝ ʠʤʝʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʪʫʨʙʫʣʝʥʪʥʳʡ ʭʘʨʘʢʪʝʨ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘʯʘʣʠ 

ʧʨʠʤʝʥʷʪʴʩʷ ʦʩʨʝʜʥʝʥʥʳʝ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ (RANS). ʅʘ 

ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʧʨʠʤʝʥʝʥʠʷ RANS-ʧʦʜʭʦʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʨʦʩʪʳʝ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ (ʤʦʜʝʣʴ ʜʣʠʥʳ ʧʫʪʠ ʩʤʝʰʝʥʠʷ ʇʨʘʥʜʪʣʷ, ʧʨʠʩʪʝʥʦʯʥʳʝ 

ʬʫʥʢʮʠʠ) [9]. ɺʧʦʩʣʝʜʩʪʚʠʠ ʧʦʷʚʠʣʠʩʴ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʤʦʜʝʣʠ, ʪʘʢʠʝ, ʢʘʢ 

ʘʣʛʝʙʨʘʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ɹʦʣʜʚʠʥʘ-ʃʦʤʘʢʩʘ [10], ʤʦʜʝʣʴ ʉʧʘʣʣʘʨʪʘ-ɸʣʤʘʨʘʩʘ [11] ʩ 

ʦʜʥʠʤ ʫʨʘʚʥʝʥʠʝʤ ʧʝʨʝʥʦʩʘ, ʘ ʪʘʢʞʝ ʤʦʜʝʣʠ k-Ů [12] ʠ k-ɤ [13] ʩ ʜʚʫʤʷ 

ʫʨʘʚʥʝʥʠʷʤʠ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʤʦʜʝʣʴ k-ɤ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦʝ ʨʝʰʝʥʠʝ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʚʙʣʠʟʠ ʣʦʧʘʪʢʠ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʤʦʜʝʣʴ k-Ů ʜʘʝʪ ʩʣʘʙʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʫʨʦʚʥʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʠ ʣʫʯʰʝ ʨʘʙʦʪʘʝʪ ʚʜʘʣʠ ʦʪ ʩʪʝʥʦʢ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʄʝʥʪʦʨʦʤ 

ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ SST (Shear Stress Transport), ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ 

ʢʦʤʙʠʥʘʮʠʶ ʠʟ ʜʘʥʥʳʭ ʤʦʜʝʣʝʡ [14].  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʡ ʚ ʢʦʤʧʨʝʩʩʦʨʘʭ ʠ ʪʫʨʙʠʥʘʭ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ RANS-ʧʦʜʭʦʜ. ʐʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʧʦʣʫʯʠʣʘ ʠ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ RANS ʷʚʣʷʶʪʩʷ ʤʘʣʦʝ 
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ʚʨʝʤʷ ʩʯʝʪʘ ʠ ʚʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʦʪʨʳʚʘ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ɼʘʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʦʷʚʣʷʶʪʩʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʦʙʪʝʢʘʥʠʷ ʣʦʧʘʪʦʢ ʥʘ ʥʦʤʠʥʘʣʴʥʦʤ, ʠʣʠ ʨʘʩʯʝʪʥʦʤ, ʨʝʞʠʤʝ ï ʪʦʤ ʨʝʞʠʤʝ, ʜʣʷ 

ʤʘʢʩʠʤʘʣʴʥʦ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʥʘ ʢʦʪʦʨʦʤ ʠ ʩʧʨʦʝʢʪʠʨʦʚʘʥʳ ʢʦʤʧʨʝʩʩʦʨ ʠʣʠ 

ʪʫʨʙʠʥʘ. ʅʘ ʥʦʤʠʥʘʣʴʥʦʤ ʨʝʞʠʤʝ ʦʪʨʳʚʳ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʦʪ ʣʦʧʘʪʦʢ 

ʦʪʩʫʪʩʪʚʫʶʪ ʠʣʠ ʤʠʥʠʤʘʣʴʥʳ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʥʘ ʣʦʧʘʪʢʘʭ ʩ ʧʦʤʦʱʴʶ RANS. ʆʜʥʘʢʦ, ʧʦʩʢʦʣʴʢʫ 

ʪʨʝʙʦʚʘʥʠʷ ʢ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʚʠʛʘʪʝʣʷ ʧʦʩʪʦʷʥʥʦ ʚʦʟʨʘʩʪʘʶʪ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʪʦʤʫ, ʯʪʦ ʢʦʤʧʨʝʩʩʦʨ ʠ ʪʫʨʙʠʥʘ ʧʨʦʝʢʪʠʨʫʶʪʩʷ ʜʣʷ ʨʘʙʦʪʳ ʥʘ ʙʦʣʝʝ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ, ʯʝʤ ʨʘʥʝʝ, ʨʝʞʠʤʘʭ, ʙʣʠʟʢʠʭ ʢ ʛʨʘʥʠʮʝ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

ʅʝʦʧʪʠʤʘʣʴʥʳʝ ʫʛʣʳ ʥʘʪʝʢʘʥʠʷ ʠ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʛʨʘʥʠʮʝ 

ʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʦʪʨʳʚʫ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʦʪ ʣʦʧʘʪʢʠ.  

ʆʪʨʳʚ ʦʪʨʠʮʘʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʂʇɼ ʚ ʩʠʣʫ ʧʦʚʳʰʝʥʠʷ ʧʦʪʝʨʴ, ʘ ʜʣʷ 

ʢʦʤʧʨʝʩʩʦʨʘ, ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʦʥ ʟʘʥʠʤʘʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʯʘʩʪʴ ʢʘʥʘʣʘ, ʤʦʞʝʪ 

ʧʨʠʚʝʩʪʠ ʢ ʙʣʦʢʠʨʦʚʘʥʠʶ  ʧʦʪʦʢʘ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʧʦʤʧʘʞ [15]) ʠ ʧʦʣʦʤʢʝ 

ʜʚʠʛʘʪʝʣʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʢʦʤʧʨʝʩʩʦʨʘ ʠ ʪʫʨʙʠʥʳ ʥʫʞʥʦ 

ʢʘʢ ʤʦʞʥʦ ʙʦʣʝʝ ʪʦʯʥʦ ʦʧʨʝʜʝʣʷʪʴ ʛʨʘʥʠʮʫ ʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ ʠ ʧʨʦʚʦʜʠʪʴ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʙʣʠʟʠ ʥʝʝ. RANS-ʧʦʜʭʦʜ, ʧʨʠ ʥʘʣʠʯʠʠ ʩʫʱʝʩʪʚʝʥʥʳʭ ʦʪʨʳʚʦʚ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʟʘʯʘʩʪʫʶ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦʛʦ ʨʝʰʝʥʠʷ 

[16], ʧʦʵʪʦʤʫ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʣʦʧʘʪʦʢ ʧʨʠ ʥʘʣʠʯʠʠ ʦʪʨʳʚʘ ʚ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʥʘʯʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʝ ʤʝʪʦʜʳ, ʪʘʢʠʝ ʢʘʢ 

ʤʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ (LES) [17] ʠ ʤʝʪʦʜ ʦʪʩʦʝʜʠʥʝʥʥʳʭ ʚʠʭʨʝʡ (DES) [18], 

ʧʦʟʚʦʣʷʶʱʠʝ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʦʧʠʩʳʚʘʪʴ ʪʝʯʝʥʠʷ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʦʪʨʳʚʘʤʠ. 

ɿʘʯʘʩʪʫʶ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʧʨʠʤʝʥʷʶʪʩʷ ʩʭʝʤʳ ʥʠʟʢʦʛʦ 

ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʩ ʥʠʟʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ [19, 20], ʯʪʦ 

ʧʨʠʚʦʜʠʪ  ʢ ʥʝʜʦʩʪʘʪʦʯʥʦʤʫ ʨʘʟʨʝʰʝʥʠʶ ʪʫʨʙʫʣʝʥʪʥʳʭ ʚʠʭʨʝʡ [21, 22]. ɺ Ä3.1 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʙʪʝʢʘʥʠʝ ʪʫʨʙʠʥʥʦʡ ʣʦʧʘʪʢʠ ʥʘ 

ʨʝʞʠʤʘʭ ʩʦ ʩʨʳʚʦʤ ʠ ʙʣʠʟʢʠʭ ʢ ʩʨʳʚʫ ʩ ʧʦʤʦʱʴʶ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʧʦʜʭʦʜʘ ʠ 

ʤʝʪʦʜʦʚ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʛʣʘʚʝ 2. 
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ʊʝʯʝʥʠʝ ʚ ʩʤʝʩʠʪʝʣʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʂʘʤʝʨʘ ʩʛʦʨʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʫʟʣʦʚ ʘʚʠʘʮʠʦʥʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ. ɺ ʥʝʡ ʧʨʦʠʩʭʦʜʠʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʩʛʦʨʘʥʠʝ ʪʦʧʣʠʚʘ, ʧʦʜʘʚʘʝʤʦʛʦ ʚ 

ʩʞʘʪʳʡ ʢʦʤʧʨʝʩʩʦʨʦʤ ʚʦʟʜʫʭ. ʇʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ ʪʦʧʣʠʚʥʦ-ʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ 

ʧʦʩʪʫʧʘʶʪ ʚ ʪʫʨʙʠʥʫ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʝʝ ʚʨʘʱʝʥʠʝ, ʯʪʦ ʧʦʜʜʝʨʞʠʚʘʝʪ ʨʘʙʦʪʫ 

ʜʚʠʛʘʪʝʣʷ. ʂʘʤʝʨʘ ʩʛʦʨʘʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ (ʩʤʝʩʠʪʝʣʷ) ʠ 

ʞʘʨʦʚʦʡ ʪʨʫʙʳ. ʌʨʦʥʪʦʚʦʝ ʫʩʪʨʦʡʩʪʚʦ ʩʦʜʝʨʞʠʪ ʪʦʧʣʠʚʥʳʝ ʬʦʨʩʫʥʢʠ ʠ 

ʟʘʚʠʭʨʠʪʝʣʠ, ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʜʘʯʫ ʪʦʧʣʠʚʘ ʚ ʢʘʤʝʨʫ ʠ ʝʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʩ 

ʚʦʟʜʫʭʦʤ. ʉʘʤʦ ʛʦʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʞʘʨʦʚʦʡ ʪʨʫʙʝ, ʢʦʪʦʨʘʷ ʩʣʝʜʫʝʪ ʟʘ 

ʬʨʦʥʪʦʚʳʤ ʫʩʪʨʦʡʩʪʚʦʤ [23]. ʇʦʩʢʦʣʴʢʫ ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʦʛʨʘʥʠʯʝʥʘ ʩʚʦʡʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʨʛʘʥʠʟʘʮʠʝʡ ʦʭʣʘʞʜʝʥʠʷ ʪʫʨʙʠʥʳ, 

ʥʝʦʙʭʦʜʠʤʳ ʩʧʝʮʠʘʣʴʥʳʝ ʩʧʦʩʦʙʳ ʦʨʛʘʥʠʟʘʮʠʠ ʛʦʨʝʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ ʩʥʠʞʘʪʴ 

ʪʝʤʧʝʨʘʪʫʨʫ ʥʘ ʚʳʭʦʜʝ ʜʦ ʜʦʧʫʩʪʠʤʦʡ. ʂʨʦʤʝ ʪʦʛʦ, ʚ  ʩʠʣʫ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʫʞʝʩʪʦʯʝʥʠʷ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʥʦʨʤ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʛʨʘʞʜʘʥʩʢʦʡ 

ʘʚʠʘʮʠʠ (ʀʂɸʆ), ʛʦʨʝʥʠʝ ʜʦʣʞʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʚʳʙʨʦʩʘʤʠ 

ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ (ʦʢʩʠʜʦʚ ʘʟʦʪʘ). 

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʦʜʥʠʤ ʠʟ ʩʪʘʥʜʘʨʪʥʳʭ ʩʧʦʩʦʙʦʚ ʦʨʛʘʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ 

ʛʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ çʙʦʛʘʪʦ-ʙʝʜʥʘʷè ʩʭʝʤʘ [23]. ʇʨʠ ʪʘʢʦʡ 

ʦʨʛʘʥʠʟʘʮʠʠ ʚʙʣʠʟʠ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʧʨʦʠʩʭʦʜʠʪ ʛʦʨʝʥʠʝ ʙʦʛʘʪʦʡ 

ʪʦʧʣʠʚʥʦ-ʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ (ʪ.ʝ. ʩʤʝʩʠ ʩ ʠʟʙʳʪʢʦʤ ʪʦʧʣʠʚʘ). ʅʘ ʦʪʜʘʣʝʥʠʠ ʦʪ 

ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʚ ʢʘʤʝʨʫ ʧʦʜʘʝʪʩʷ ʦʭʣʘʞʜʘʶʱʠʡ ʚʦʟʜʫʭ, ʟʘ ʩʯʝʪ  ʢʦʪʦʨʦʛʦ 

ʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʥʝʦʙʭʦʜʠʤʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʳʭʦʜʝ. ɺ ʙʦʛʘʪʦʡ ʟʦʥʝ ʦʢʩʠʜʳ 

ʘʟʦʪʘ ʥʝ ʦʙʨʘʟʫʶʪʩʷ, ʧʦʩʢʦʣʴʢʫ ʚʦʟʜʫʭ ʧʦʣʥʦʩʪʴʶ ʧʦʜʚʝʨʛʘʝʪʩʷ ʨʝʘʢʮʠʠ ʛʦʨʝʥʠʷ. 

ʇʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʙʦʛʘʪʦʡ ʟʦʥʳ ʢ ʙʝʜʥʦʡ (ʩ ʠʟʙʳʪʢʦʤ ʚʦʟʜʫʭʘ ʚ ʩʤʝʩʠ) ʦʙʨʘʟʫʝʪʩʷ 

ʦʙʣʘʩʪʴ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʪʦʧʣʠʚʘ ʠ ʚʦʟʜʫʭʘ, ʪ.ʝ. ʪʘʢʠʤ 

ʩʦʦʪʥʦʰʝʥʠʝʤ, ʧʨʠ ʢʦʪʦʨʦʤ ʚʦʟʜʫʭʘ ʨʦʚʥʦ ʩʪʦʣʴʢʦ, ʩʢʦʣʴʢʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ 

ʧʦʣʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʪʦʧʣʠʚʘ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʥʦʪʫ ʩʛʦʨʘʥʠʷ ʠ ʤʘʢʩʠʤʘʣʴʥʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʛʘʟʘ. ʇʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʘʟʦʪʘ ʟʘʚʠʩʠʪ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ, ʪʦ ʦʥʠ ʥʘʯʠʥʘʶʪ ʚ ʙʦʣʴʰʦʤ ʦʙʲʝʤʝ 

ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʚʙʣʠʟʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ʩ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ.  
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ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʳʙʨʦʩʦʚ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʩʝ ʰʠʨʝ ʥʘʯʠʥʘʝʪ 

ʧʨʠʤʝʥʷʪʴʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʙʝʜʥʘʷ ʩʭʝʤʘ ʦʨʛʘʥʠʟʘʮʠʠ ʛʦʨʝʥʠʷ [25]. ʇʨʠ ʜʘʥʥʦʡ 

ʦʨʛʘʥʠʟʘʮʠʠ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʝʜʥʘʷ ʚʦʟʜʫʰʥʦ-ʪʦʧʣʠʚʥʘʷ ʩʤʝʩʴ, 

ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʥʠʞʝʥʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ ʠ ʤʘʣʳʝ ʚʳʙʨʦʩʳ ʦʢʩʠʜʦʚ 

ʘʟʦʪʘ. ʅʝʜʦʩʪʘʪʢʦʤ ʧʨʠʤʝʥʝʥʠʷ ʙʝʜʥʦʡ ʩʤʝʩʠ ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʛʦʨʝʥʠʷ. ʇʦʩʢʦʣʴʢʫ ʢʦʥʮʝʥʪʨʘʮʠʷ ʪʦʧʣʠʚʘ ʤʘʣʘ, ʪʦ ʚ ʩʣʫʯʘʝ ʝʛʦ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʩ ʚʦʟʜʫʭʦʤ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʟʦʥʳ ʩʦ ʩʣʠʰʢʦʤ 

ʙʝʜʥʦʡ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʛʦʨʝʥʠʷ ʩʤʝʩʴʶ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʨʳʚʫ (ʟʘʪʫʭʘʥʠʶ) 

ʧʣʘʤʝʥʠ ʠ ʦʩʪʘʥʦʚʢʝ ʜʚʠʛʘʪʝʣʷ. ʂʨʦʤʝ ʪʦʛʦ, ʢʘʯʝʩʪʚʝʥʥʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ 

ʥʝʦʙʭʦʜʠʤʦ ʠ ʚʦ ʠʟʙʝʞʘʥʠʝ ʦʙʨʘʟʦʚʘʥʠʷ ʟʦʥ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʪʦʧʣʠʚʘ, ʙʣʠʟʢʦʡ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ, ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʛʦʨʝʥʠʷ, ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʘʟʦʪʘ.  

ʇʦʩʢʦʣʴʢʫ ʢʘʯʝʩʪʚʝʥʥʘʷ ʧʦʜʛʦʪʦʚʢʘ (ʧʝʨʝʤʝʰʠʚʘʥʠʝ) ʚʦʟʜʫʰʥʦ-ʪʦʧʣʠʚʥʦʡ 

ʩʤʝʩʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʩʤʝʩʠʪʝʣʝ, ʥʝʦʙʭʦʜʠʤʦ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʟʳʚʘʝʤʦʛʦ ʠʤ ʟʘʢʨʫʯʝʥʥʦʛʦ ʪʝʯʝʥʠʷ. ʂʦʨʨʝʢʪʥʦʝ ʦʧʠʩʘʥʠʝ 

ʟʘʢʨʫʯʝʥʥʳʭ ʧʦʪʦʢʦʚ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʪʨʫʜʥʦ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʝʡ ʚ ʢʦʥʪʝʢʩʪʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩ ʧʦʤʦʱʴʶ RANS [26], ʦʜʥʘʢʦ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʨʘʥʥʠʭ ʨʘʙʦʪ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʤʝʥʥʦ ʜʘʥʥʳʡ ʧʦʜʭʦʜ. ɺ ʨʘʙʦʪʝ [27] ʩ ʧʦʤʦʱʴʶ 

ʩʪʘʥʜʘʨʪʥʦʡ ʚʝʨʩʠʠ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-Ů ʙʳʣʦ ʧʦʣʫʯʝʥʦ 

ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʦʜʥʘʢʦ ʜʦʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ 

(k-Ů RNG ï Re-Normalization Group) [28] ʧʦʟʚʦʣʠʣʘ ʫʣʫʯʰʠʪʴ ʨʝʟʫʣʴʪʘʪʳ. ɺ ʩʠʣʫ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʪʝʯʝʥʠʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʟʘʚʠʭʨʠʪʝʣʝʤ, ʥʘʨʷʜʫ ʩ 

ʤʦʜʝʣʷʤʠ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ ʫʨʘʚʥʝʥʠʡ ʧʝʨʝʥʦʩʘ (ʪʘʢʠʭ, ʢʘʢ ʤʦʜʝʣʴ k-Ů) 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʠ ʤʦʜʝʣʴ ʥʘʧʨʷʞʝʥʠʡ ʈʝʡʥʦʣʴʜʩʘ (RSM ï Reynolds Stress Model) 

[29]. ɺ ʨʘʙʦʪʝ [30] ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʧʨʝʚʦʩʭʦʜʩʪʚʦ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʥʘʜ ʤʦʜʝʣʷʤʠ k-Ů 

ʠ k-Ů RNG. ɺ ʙʦʣʝʝ ʧʦʟʜʥʝʡ ʨʘʙʦʪʝ [31] ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʧʦʪʦʢ ʦʪ ʦʩʝʚʦʛʦ 

ʟʘʚʠʭʨʠʪʝʣʷ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʦʪʦʨʦʛʦ ʧʨʦʚʦʜʠʣʦʩʴ ʨʘʟʣʠʯʥʳʤʠ ʤʦʜʝʣʷʤʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩ ʜʚʫʤʷ ʫʨʘʚʥʝʥʠʷʤʠ (k-Ů, k-Ů RNG, SST) ʠ ʤʦʜʝʣʴʶ RSM. ɹʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʟʘʜʘʯʠ ʥʠ ʦʜʥʘ ʤʦʜʝʣʴ ʥʝ ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʷ ʚ 
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ʩʤʝʩʠʪʝʣʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ 

ʧʦʜʭʦʜʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ DES (Detached Eddy Simulation) ʠʣʠ 

SAS (Scale-Adaptive Simulation) [32], ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʨʘʙʦʪʝ [33]. ʂʨʦʤʝ ʪʦʛʦ, ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʛʦʚʦʨʠʪʩʷ ʦ ʚʘʞʥʦʩʪʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʷ ʚ 

ʩʠʣʫ ʪʦʛʦ, ʯʪʦ, ʢʨʦʤʝ ʦʩʥʦʚʥʦʛʦ ʟʘʢʨʫʯʝʥʥʦʛʦ ʧʦʪʦʢʘ, ʚ ʩʤʝʩʠʪʝʣʝ ʚʦʟʥʠʢʘʶʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʨʝʮʝʩʩʠʨʫʶʱʠʝ ʚʠʭʨʠ. ɺʨʘʱʝʥʠʝ ʜʘʥʥʳʭ ʚʠʭʨʝʡ ʤʦʞʝʪ 

ʧʨʠʚʝʩʪʠ ʢ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʛʦʨʝʥʠʷ (ʚ ʩʣʫʯʘʝ ʩʦʚʧʘʜʝʥʠʷ ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ ʩ 

ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʦʡ ʢʘʤʝʨʳ) ʠ ʪʘʢʦʤʫ ʦʧʘʩʥʦʤʫ ʷʚʣʝʥʠʶ, ʢʘʢ ʚʠʙʨʦʛʦʨʝʥʠʝ 

[34], ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʚʳʟʚʘʪʴ ʦʩʪʘʥʦʚʢʫ ʜʚʠʛʘʪʝʣʷ. ɺ ʩʠʣʫ ʵʪʦʛʦ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ 

ʦʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ, ʯʪʦ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʪʦʣʴʢʦ ʩ ʧʦʤʦʱʴʶ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺ ʨʘʙʦʪʝ [35] ʧʦʢʘʟʳʚʘʝʪʩʷ ʧʨʝʚʦʩʭʦʜʩʪʚʦ 

ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ (LES) ʥʘʜ ʥʝʩʪʘʮʠʦʥʘʨʥʳʤ ʧʦʜʭʦʜʦʤ ʥʘ ʦʩʥʦʚʝ 

ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ (uRANS) ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʘʢʨʫʯʝʥʥʦʛʦ ʧʦʪʦʢʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʨʦʚʥʝʡ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʦʙʪʝʢʘʥʠʷ ʣʦʧʘʪʦʢ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʨʘʙʦʪ ʧʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʪʝʯʝʥʠʷ ʚ ʩʤʝʩʠʪʝʣʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʤʝʪʦʜʦʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʭʝʤʳ ʩ ʥʠʟʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʠ ʟʘʯʘʩʪʫʶ ï ʥʠʟʢʦʛʦ 

ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ, ʯʪʦ ʤʦʞʝʪ ʦʪʨʠʮʘʪʝʣʴʥʦ ʩʢʘʟʘʪʴʩʷ ʥʘ ʩʧʝʢʪʨʘʣʴʥʦʤ 

ʩʦʩʪʘʚʝ ʧʦʣʫʯʘʝʤʦʛʦ ʨʝʰʝʥʠʷ. ɺ Ä3.2 ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʝ ʪʝʯʝʥʠʝ ʚ ʩʤʝʩʠʪʝʣʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʠ ʧʨʦʚʦʜʠʪʩʷ ʝʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʦʩʥʦʚʘʥʥʦʝ ʥʘ ʩʭʝʤʘʭ ʠ ʤʝʪʦʜʘʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʛʣʘʚʝ 2. 

 

ɸʵʨʦʜʠʥʘʤʠʢʘ ʠ ʰʫʤ ʨʝʘʢʪʠʚʥʳʭ ʩʪʨʫʡ 

ʉʦʧʣʦ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʫʟʣʦʚ ʜʚʠʛʘʪʝʣʷ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʩʦʟʜʘʶʱʠʤ ʝʛʦ ʪʷʛʫ ʟʘ ʩʯʝʪ ʠʩʪʝʢʘʶʱʝʡ ʠʟ ʥʝʛʦ ʨʝʘʢʪʠʚʥʦʡ ʩʪʨʫʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʨʝʘʢʪʠʚʥʘʷ ʩʪʨʫʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʰʫʤʘ ʩʘʤʦʣʝʪʘ, 

ʢʦʪʦʨʳʡ ʨʝʛʫʣʠʨʫʝʪʩʷ ʧʦʩʪʦʷʥʥʦ ʫʞʝʩʪʦʯʘʶʱʠʤʠʩʷ ʥʦʨʤʘʤʠ ʀʂɸʆ. ʉʦʧʣʘ 

ʩʦʚʨʝʤʝʥʥʳʭ ʩʘʤʦʣʝʪʦʚ ʧʨʦʝʢʪʠʨʫʶʪʩʷ ʢʘʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʦʩʪʠʞʝʥʠʷ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʪʘʢ ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʫʤʝʥʴʰʝʥʠʷ 

ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʤʠ ʰʫʤʘ. ʄʥʦʛʠʝ ʛʦʜʳ ʚ ʨʘʤʢʘʭ ʢʣʘʩʩʠʯʝʩʢʦʡ ʘʵʨʦʘʢʫʩʪʠʢʠ 
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ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ ʤʝʪʦʜʳ ʜʣʷ ʪʦʯʥʦʛʦ ʨʘʩʯʝʪʘ ʰʫʤʘ ʩʪʨʫʡ ʥʘ ʦʩʥʦʚʝ ʚʦʣʥʦʚʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʩ ʠʩʪʦʯʥʠʢʦʚʳʤʠ ʯʣʝʥʘʤʠ ʥʘ ʙʘʟʝ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ 

[36-39], ʦʜʥʘʢʦ ʨʘʙʦʪʳ ʚ ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʥʝ ʧʨʠʚʝʣʠ ʢ ʩʦʟʜʘʥʠʶ ʜʦʩʪʘʪʦʯʥʦ  

ʪʦʯʥʦʛʦ ʠ ʫʥʠʚʝʨʩʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʰʫʤʘ ʩʪʨʫʡ. ʊʨʫʜʥʦʩʪʠ ʚ 

ʢʣʘʩʩʠʯʝʩʢʦʤ ʧʦʜʭʦʜʝ ʙʳʣʠ ʩʚʷʟʘʥʳ ʢʘʢ ʩ ʥʝʚʦʟʤʦʞʥʦʩʪʴʶ ʚʳʜʝʣʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʫʣʴʩʘʮʠʡ ʥʘ ʬʦʥʝ ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʩʪʨʫʝ ʚʠʭʨʝʚʳʭ ʠ 

ʵʥʪʨʦʧʠʡʥʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʪʘʢ ʠ ʩ ʤʘʪʝʤʘʪʠʯʝʩʢʠʤʠ ʧʨʦʙʣʝʤʘʤʠ ʚ ʥʘʭʦʞʜʝʥʠʠ 

ʷʚʥʦʛʦ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʬʫʥʢʮʠʠ ɻʨʠʥʘ ʚ ʩʣʫʯʘʝ ʨʝʘʣʴʥʳʭ ʩʪʨʫʡ ʠ ʜʨ. [40]. ʂʨʦʤʝ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ, ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ ʠ ʨʘʟʣʠʯʥʳʝ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʢ 

ʦʧʨʝʜʝʣʝʥʠʶ ʰʫʤʘ ʩʪʨʫʡ [41,42], ʚ ʢʦʪʦʨʳʭ ʩʧʝʢʪʨ ʠ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ ʰʫʤʘ 

ʦʧʨʝʜʝʣʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʭʘʨʘʢʪʝʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʫʠ (ʯʠʩʣʘ ʄʘʭʘ, ʜʠʘʤʝʪʨʘ 

ʩʦʧʣʘ, ʩʢʦʨʦʩʪʠ ʚʥʝʰʥʝʛʦ ʧʦʪʦʢʘ ʠ ʪ.ʧ.).  ɼʘʣʴʥʝʡʰʠʤ ʨʘʟʚʠʪʠʝʤ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ ʩʪʘʣ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʦʩʨʝʜʥʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʨʫʡ ʩ ʧʦʤʦʱʴʶ RANS, ʦʩʥʦʚʳ ʢʦʪʦʨʦʛʦ ʙʳʣʠ 

ʟʘʣʦʞʝʥʳ ʚ ʨʘʙʦʪʘʭ [43,44]. ʇʨʠʤʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʤʦʞʥʦ ʥʘʡʪʠ ʚ 

ʨʘʙʦʪʝ [45]. ʇʨʠ ʜʘʥʥʦʤ ʧʦʜʭʦʜʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʰʫʤ ʩʪʨʫʠ ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʩʫʧʝʨʧʦʟʠʮʠʠ ʤʥʦʞʝʩʪʚʘ ʣʦʢʘʣʴʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʠʤʝʶʱʠʭ 

ʩʚʦʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʩʧʝʢʪʨ ʠ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ. ʇʘʨʘʤʝʪʨʳ ʠʩʪʦʯʥʠʢʦʚ 

ʚʧʦʩʣʝʜʩʪʚʠʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʧʦʣʫʯʘʝʤʳʭ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʪʨʫʠ ʩ ʧʦʤʦʱʴʶ RANS, ʘ ʪʘʢʞʝ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʩʦʦʪʥʦʰʝʥʠʡ, 

ʠ ʚʧʦʩʣʝʜʩʪʚʠʠ ʚʢʣʘʜ ʠʩʪʦʯʥʠʢʦʚ ʩʫʤʤʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʦʙʲʝʤʥʦʛʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘ ʧʨʘʢʪʠʢʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʰʫʤʘ ʩʪʨʫʡ ʚ 

ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʘ ʪʘʢʞʝ 

ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ. ʕʤʧʠʨʠʯʝʩʢʘʷ ʦʩʥʦʚʘ ʪʘʢʠʭ 

ʤʝʪʦʜʦʚ ʠ ʫʧʨʦʱʝʥʥʦʝ ʦʧʠʩʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʦʪʚʝʪʩʪʚʝʥʥʦʡ ʟʘ ʛʝʥʝʨʘʮʠʶ 

ʰʫʤʘ, ʜʝʣʘʝʪ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʦʚʳʭ 

ʢʦʥʩʪʨʫʢʮʠʡ ʩʦʧʝʣ ʠ ʨʝʰʝʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʩʥʠʞʝʥʠʝ ʰʫʤʘ ʩʪʨʫʡ. ʊʘʢ, ʚ 

ʨʘʙʦʪʝ [46] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʘʩʰʠʨʝʥʠʷ ʢʨʫʛʣʦʡ ʟʘʪʦʧʣʝʥʥʦʡ (ʙʝʟ 

ʚʥʝʰʥʝʛʦ ʧʦʪʦʢʘ) ʩʪʨʫʠ ʚ ʨʘʩʯʝʪʘʭ ʩ ʧʦʤʦʱʴʶ RANS ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʦʜʝʣʷʤʠ 
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ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʥʘ ʚʝʣʠʯʠʥʫ ʜʦ 30-300%. 

ʋʢʘʟʘʥʥʳʝ ʧʨʝʧʷʪʩʪʚʠʷ ʧʨʠʚʝʣʠ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʢ ʧʨʠʤʝʥʝʥʠʶ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʰʫʤʘ ʩʪʨʫʠ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʧʦʜʭʦʜʦʚ [47]. ʇʦʜʦʙʥʳʝ 

ʧʦʜʭʦʜʳ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʛʨʫʧʧʘʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢʘʢ ʚ ʈʦʩʩʠʠ [47-49, 45], 

ʪʘʢ ʠ ʟʘ ʨʫʙʝʞʦʤ [50, 51], ʧʨʠ ʵʪʦʤ ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʝʛʦ 

ʩʦʛʣʘʩʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʜʣʷ ʩʦʧʝʣ ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. ʊʘʢ, ʚ ʨʘʙʦʪʝ [47] 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʦʤʙʠʥʘʮʠʷ ʠʟ ʩʠʤʤʝʪʨʠʯʥʦʡ ʩʭʝʤʳ 4-ʛʦ ʧʦʨʷʜʢʘ ʠ 

ʧʨʦʪʠʚʦʧʦʪʦʯʥʦʡ ʩʭʝʤʳ 5-ʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ʊʘʢʘʷ ʢʦʤʙʠʥʘʮʠʷ 

ʧʦʟʚʦʣʠʣʘ ʦʙʝʩʧʝʯʠʪʴ ʥʝʦʙʭʦʜʠʤʫʶ ʯʠʩʣʝʥʥʫʶ ʜʠʩʩʠʧʘʮʠʶ ʜʣʷ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʩʯʝʪʘ, ʧʨʠ ʵʪʦʤ ʦʩʪʘʚʣʷʷ ʝʝ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʦʤ ʫʨʦʚʥʝ. ɺ [48] ʧʨʠʤʝʥʷʣʘʩʴ 

ʧʨʦʪʠʚʦʧʦʪʦʯʥʘʷ ʩʭʝʤʘ 5-ʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ɺ [50] ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʢʦʤʧʘʢʪʥʘʷ ʨʘʟʥʦʩʪʥʘʷ ʩʭʝʤʘ 6-ʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ɺ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ 

ʧʦʣʫʯʝʥʦ ʙʦʣʝʝ ʙʳʩʪʨʦʝ, ʯʝʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʧʘʜʝʥʠʝ ʩʢʦʨʦʩʪʠ ʩʪʨʫʠ (ʤʝʥʴʰʘʷ 

ʜʣʠʥʘ ʣʘʤʠʥʘʨʥʦʛʦ ʷʜʨʘ). ʂʘʢ ʦʪʤʝʯʘʝʪʩʷ ʚ [50], ʛʜʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʠ ʨʘʩʯʝʪʳ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ ʩ ʧʦʜʦʙʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʪʘʢʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʨʘʥʥʝʛʦ ʨʘʟʚʠʪʠʷ ʩʣʦʷ 

ʩʤʝʰʝʥʠʷ ʚʙʣʠʟʠ ʢʨʦʤʢʠ ʩʦʧʣʘ. ɺ ʨʘʙʦʪʝ [52] ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʨʘʥʥʝʡ 

ʪʫʨʙʫʣʠʟʘʮʠʠ ʩʣʦʷ ʩʤʝʰʝʥʠʷ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʙʦʣʝʝ ʨʘʥʥʝʡ ʪʫʨʙʫʣʠʟʘʮʠʠ ʚ 

ʨʘʙʦʪʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚʥʫʪʨʠ ʩʦʧʣʘ 

ʩ ʧʦʤʦʱʴʶ ʩʣʫʯʘʡʥʳʭ ʧʫʣʴʩʘʮʠʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʦʟʙʫʞʜʝʥʠʷ, 

ʢʘʢ ʠ ʚ ʜʨʫʛʠʭ ʨʘʙʦʪʘʭ, ʧʨʦʠʩʭʦʜʠʪ ʙʦʣʝʝ ʙʳʩʪʨʦʝ, ʯʝʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʧʘʜʝʥʠʝ 

ʩʢʦʨʦʩʪʠ ʩʪʨʫʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʚʦʟʙʫʞʜʝʥʠʝʤ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ ʪʘʢʦʛʦ ʵʬʬʝʢʪʘ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʠ ʧʦʣʫʯʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʯʪʦ ʧʦʢʘʟʳʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʙʳʩʪʨʦʡ ʪʫʨʙʫʣʠʟʘʮʠʠ 

ʩʣʦʷ ʩʤʝʰʝʥʠʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ. ʇʨʠʯʠʥʦʡ ʤʝʜʣʝʥʥʦʡ ʪʫʨʙʫʣʠʟʘʮʠʠ ʩʣʦʷ 

ʩʤʝʰʝʥʠʷ ʚ ʨʘʩʯʝʪʘʭ ʷʚʣʷʝʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦʝ ʩʝʪʦʯʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʚʙʣʠʟʠ ʩʨʝʟʘ 

ʩʦʧʣʘ ʠ ʥʠʟʢʘʷ ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʭʝʤ (ʦʩʦʙʝʥʥʦ ʚ ʩʣʫʯʘʝ 

ʧʨʦʪʠʚʦʧʦʪʦʯʥʳʭ ʩʭʝʤ, ʚ ʩʠʣʫ ʠʭ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʯʠʩʣʝʥʥʦʡ ʜʠʩʩʠʧʘʮʠʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʤʤʝʪʨʠʯʥʳʤʠ ʩʭʝʤʘʤʠ ʪʦʛʦ ʞʝ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ). 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʠʩʢʫʩʩʪʚʝʥʥʘʷ ʪʫʨʙʫʣʠʟʘʮʠʷ ʠʤʝʝʪ ʧʦʜ ʩʦʙʦʡ ʦʩʥʦʚʫ 
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(ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʚʥʫʪʨʠ ʩʦʧʣʘ ʧʨʠ ʜʦʩʪʘʪʦʯʥʳʭ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʪʫʨʙʫʣʝʥʪʝʥ), ʥʦ ʦʥʘ ʤʦʞʝʪ ʧʦʚʣʠʷʪʴ ʥʘ ʧʦʣʫʯʘʝʤʳʝ ʰʫʤʦʚʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʩʠʣʫ ʥʝʩʦʚʝʨʰʝʥʩʪʚʘ ʩʠʥʪʝʟʠʨʫʝʤʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʧʫʣʴʩʘʮʠʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʣʫʯʰʝʛʦ ʨʘʟʨʝʰʝʥʠʷ ʪʫʨʙʫʣʝʥʪʥʳʭ ʚʠʭʨʝʡ ʚ ʩʣʦʝ ʩʤʝʰʝʥʠʷ 

ʚʙʣʠʟʠ ʚʳʭʦʜʘ ʠʟ ʩʦʧʣʘ ʪʨʝʙʫʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʙʦʣʝʝ ʧʦʜʨʦʙʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ.  

ɺ Ä3.3 ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʠʩʩʣʝʜʫʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʙʦʣʝʝ ʙʳʩʪʨʦʡ 

ʪʫʨʙʫʣʠʟʘʮʠʠ ʩʣʦʷ ʩʤʝʰʝʥʠʷ ʙʝʟ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ 

ʩ ʧʦʤʦʱʴʶ ʧʨʠʤʝʥʝʥʠʷ ʩʭʝʤ ʩ ʚʳʩʦʢʦʡ ʨʘʟʨʝʰʘʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʠ ʧʦʥʠʞʝʥʥʦʡ 

ʜʠʩʩʠʧʘʮʠʝʡ ʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʰʫʤʦʚʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʝʘʢʪʠʚʥʳʭ ʩʪʨʫʡ ʩ ʧʦʤʦʱʴʶ ʪʘʢʠʭ ʤʝʪʦʜʦʚ. 

 

ʐʫʤ ʚʝʥʪʠʣʷʪʦʨʘ 

ʂʘʢ ʠ ʩʦʧʣʦ, ʚʝʥʪʠʣʷʪʦʨ ʩʦʚʨʝʤʝʥʥʦʛʦ ʊʈɼɼ ʥʝ ʪʦʣʴʢʦ ʚʳʧʦʣʥʷʝʪ ʩʚʦʶ 

ʦʩʥʦʚʥʫʶ ʬʫʥʢʮʠʶ ʧʦ ʩʞʘʪʠʶ ʚʦʟʜʫʭʘ, ʥʦ ʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ ʝʛʦ ʰʫʤʘ. ɹʦʣʝʝ ʪʦʛʦ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ ʝʛʦ ʜʦʤʠʥʠʨʫʶʱʫʶ 

ʨʦʣʴ ʚ ʰʫʤʝ ʩʘʤʦʣʝʪʘ [53]. ʐʫʤ ʚʝʥʪʠʣʷʪʦʨʘ ʤʦʞʥʦ ʨʘʟʣʦʞʠʪʴ ʥʘ ʜʚʝ 

ʢʦʤʧʦʥʝʥʪʳ: ʪʦʥʘʣʴʥʫʶ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʫʶ. ʊʦʥʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʰʫʤʘ ʩʚʷʟʘʥʘ 

ʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩʣʝʜʦʚ ʦʪ ʚʨʘʱʘʶʱʠʭʩʷ ʣʦʧʘʪʦʢ ʚʝʥʪʠʣʷʪʦʨʘ ʩ 

ʥʝʧʦʜʚʠʞʥʳʤʠ ʣʦʧʘʪʢʘʤʠ ʩʧʨʷʤʣʷʶʱʝʛʦ ʘʧʧʘʨʘʪʘ ʥʘʨʫʞʥʦʛʦ ʢʦʥʪʫʨʘ (ʉɸ) ʠ 

ʥʘʧʨʘʚʣʷʶʱʝʛʦ ʘʧʧʘʨʘʪʘ ʚʥʫʪʨʝʥʥʝʛʦ ʢʦʥʪʫʨʘ (ʅɸ). ʊʦʥʘʣʴʥʳʡ ʰʫʤ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʠ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʷʚʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴ 

ʚʨʘʱʝʥʠʷ. ʅʘ ʟʘʨʝ ʊʈɼɼ ʜʣʷ ʛʨʘʞʜʘʥʩʢʦʡ ʘʚʠʘʮʠʠ, ʢʦʛʜʘ ʩʪʝʧʝʥʴ 

ʜʚʫʭʢʦʥʪʫʨʥʦʩʪʠ (ʩʦʦʪʥʦʰʝʥʠʝ ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ ʯʝʨʝʟ ʥʘʨʫʞʥʳʡ ʠ ʚʥʫʪʨʝʥʥʠʡ 

ʢʦʥʪʫʨʳ ʜʚʠʛʘʪʝʣʷ) ʙʳʣʘ ʤʘʣʘ, ʘ ʪʘʢʞʝ ʚ ʚʦʝʥʥʦʡ ʘʚʠʘʮʠʠ, ʜʠʘʤʝʪʨ ʚʝʥʪʠʣʷʪʦʨʘ 

ʙʳʣ ʥʝʙʦʣʴʰʠʤ, ʠ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦʛʦ ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ ʙʳʣʘ 

ʥʝʦʙʭʦʜʠʤʘ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʚʝʥʪʠʣʷʪʦʨʘ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʣʘ ʢ 

ʚʳʩʦʢʠʤ ʫʨʦʚʥʷʤ ʪʦʥʘʣʴʥʦʛʦ ʰʫʤʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʩʪʝʧʝʥʴ 

ʜʚʫʭʢʦʥʪʫʨʥʦʩʪʠ ʧʦʩʪʝʧʝʥʥʦ ʫʚʝʣʠʯʠʚʘʣʘʩʴ (ʚʤʝʩʪʝ ʩ ʜʠʘʤʝʪʨʦʤ ʚʝʥʪʠʣʷʪʦʨʘ), 

ʯʪʦ ʜʘʚʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʫʤʝʥʴʰʠʪʴ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʪʦʥʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʦʩʪʘʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʝʡ ʚ ʦʙʱʝʤ ʫʨʦʚʥʝ ʰʫʤʘ 
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ʚʝʥʪʠʣʷʪʦʨʘ [53]. ʂʘʢ ʠ ʜʣʷ ʚʩʝʭ ʫʟʣʦʚ, ʦʧʠʩʘʥʥʳʭ ʨʘʥʝʝ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʫʨʦʚʥʷ 

ʪʦʥʘʣʴʥʦʛʦ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ ʥʘʯʠʥʘʣʦʩʴ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ 

ʤʝʪʦʜʠʢ  [54,55]. ɼʘʥʥʳʝ ʤʝʪʦʜʠʢʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠ ʧʦ ʩʝʡ ʜʝʥʴ [56,57], ʦʜʥʘʢʦ 

ʦʥʠ ʤʘʣʦʧʨʠʛʦʜʥʳ ʠʣʠ ʥʝʧʨʠʛʦʜʥʳ ʜʣʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ, ʘ 

ʪʘʢʞʝ ʥʝ ʧʦʟʚʦʣʷʶʪ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʦʪʩʣʝʞʠʚʘʪʴ ʚʣʠʷʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʣʦʧʘʪʦʢ ʥʘ ʫʨʦʚʝʥʴ ʰʫʤʘ. ʋʯʝʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʣʦʧʘʪʦʢ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʝʨ ʧʦ ʩʥʠʞʝʥʠʶ ʰʫʤʘ 

ʚʝʥʪʠʣʷʪʦʨʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʧʦʩʪʝʧʝʥʥʦʝ ʨʘʟʚʠʪʠʝ ʟʚʫʢʦʧʦʛʣʦʱʘʶʱʠʭ ʢʦʥʩʪʨʫʢʮʠʡ 

(ɿʇʂ), ʧʨʠʤʝʥʷʝʤʳʭ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʪʦʥʘʣʴʥʦʛʦ ʰʫʤʘ,  ʦʜʥʠʭ ʣʠʰʴ ʠʭ 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʩʥʠʞʝʥʠʷ ʝʛʦ ʫʨʦʚʥʷ ʚ ʙʫʜʫʱʝʤ. ɼʣʷ ʵʪʠʭ ʮʝʣʝʡ 

ʪʨʝʙʫʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʰʫʤʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʠʩʪʦʯʥʠʢʝ ʟʘ ʩʯʝʪ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʧʨʦʬʠʣʠʨʦʚʘʥʠʷ ʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʣʦʧʘʪʦʢ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦ ʨʘʟʚʠʚʘʝʪʩʷ ʧʦʜʭʦʜ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʪʦʥʘʣʴʥʦʛʦ 

ʰʫʤʘ ʥʘ ʦʩʥʦʚʝ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ RANS-ʤʦʜʝʣʠʨʦʚʘʥʠʷ  [58-61]. ɺ ʩʦʯʝʪʘʥʠʠ ʩ 

ʧʦʣʥʦʡ ʧʦʩʪʘʥʦʚʢʦʡ  (ʧʦʣʥʳʝ ʢʦʣʝʩʘ ʣʦʧʘʪʦʢ, ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʫʩʣʦʚʠʡ 

ʧʝʨʠʦʜʠʯʥʦʩʪʠ) ʪʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ ʰʫʤ ʨʘʟʣʠʯʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ 

ʣʦʧʘʪʦʢ ʚʝʥʪʠʣʷʪʦʨʘ ʠ ʉɸ\ʅɸ ʩ ʫʯʝʪʦʤ ʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʟʘʪʨʘʪʥʳʤ, 

ʧʦʩʢʦʣʴʢʫ ʪʨʝʙʫʝʪ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʦʙʦʨʦʪʦʚ 

ʚʝʥʪʠʣʷʪʦʨʘ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦʡ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ (ʜʝʩʷʪʢʠ ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ) 

ʜʣʷ ʙʦʣʴʰʦʡ ʦʙʣʘʩʪʠ (ʚ ʩʣʫʯʘʝ ʧʦʣʥʦʡ ʧʦʩʪʘʥʦʚʢʠ). ʊʘʢʠʝ ʨʘʩʯʝʪʳ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʤʦʛʫʪ ʟʘʥʠʤʘʪʴ ʧʦʨʷʜʢʘ ʤʝʩʷʮʘ ʥʘ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ (ʩʦʪʥʷʭ) 

ʧʨʦʮʝʩʩʦʨʥʳʭ ʷʜʝʨ [60], ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʠʥʞʝʥʝʨʥʳʭ ʮʝʣʷʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʦʙʭʦʜʠʤ ʧʦʜʭʦʜ, ʧʦʟʚʦʣʷʶʱʠʡ ʚ ʢʦʨʦʪʢʠʝ ʩʨʦʢʠ ʦʧʨʝʜʝʣʷʪʴ 

ʫʨʦʚʥʠ ʪʦʥʘʣʴʥʦʛʦ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ ʚ ʨʘʤʢʘʭ ʧʦʣʥʦʡ ʧʦʩʪʘʥʦʚʢʠ, ʫʯʠʪʳʚʘʶʱʝʡ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʣʦʧʘʪʦʢ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʰʫʤʝ ʚʝʥʪʠʣʷʪʦʨʘ ʜʦʤʠʥʠʨʫʝʪ 

ʪʦʥʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ, ʚʩʝ ʙʦʣʝʝ ʘʢʪʫʘʣʴʥʦʡ ʩʪʘʥʦʚʠʪʩʷ ʧʨʦʙʣʝʤʘ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ. ʀʩʪʦʯʥʠʢʘʤʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ ʷʚʣʷʶʪʩʷ 

ʪʫʨʙʫʣʝʥʪʥʳʝ ʚʠʭʨʠ ʚ ʩʣʝʜʝ ʟʘ ʣʦʧʘʪʢʘʤʠ, ʚ ʨʘʜʠʘʣʴʥʦʤ ʟʘʟʦʨʝ ʚʝʥʪʠʣʷʪʦʨʘ ʠ 
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ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʚʦʟʜʫʭʦʟʘʙʦʨʥʠʢʘ. ɺ ʩʠʣʫ ʧʦʩʪʝʧʝʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʜʠʘʤʝʪʨʘ 

ʚʝʥʪʠʣʷʪʦʨʘ, ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ɿʇʂ ʠ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʝʨ (ʩʧʝʮʠʘʣʴʥʦ 

ʩʧʨʦʬʠʣʠʨʦʚʘʥʥʳʝ ʣʦʧʘʪʢʠ ʉɸ ʠ ʪ.ʜ.), ʪʦʥʘʣʴʥʳʡ ʰʫʤ ʚʝʥʪʠʣʷʪʦʨʘ ʫʤʝʥʴʰʘʝʪʩʷ. 

ʆʜʥʘʢʦ ʜʘʥʥʳʝ ʤʝʨʳ ʥʝ ʩʥʠʞʘʶʪ ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʰʫʤ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʦʥ 

ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʚʘʞʥʦʡ ʧʨʦʙʣʝʤʦʡ [62]. ʇʦʩʢʦʣʴʢʫ ʨʘʟʣʠʯʥʳʝ ʠʩʪʦʯʥʠʢʠ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ ʠʤʝʶʪ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʛʝʥʝʨʠʨʫʝʤʳʭ 

ʯʘʩʪʦʪ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʚʢʣʘʜʘ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ ʩ 

ʮʝʣʴʶ ʜʘʣʴʥʝʡʰʝʡ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʥʩʪʨʫʢʮʠʠ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. ɺ 

ʜʘʥʥʦʡ ʩʠʪʫʘʮʠʠ ʘʢʪʫʘʣʴʥʳʤ ʩʪʘʥʦʚʠʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʠʢʠ [63-65], ʚ ʢʦʪʦʨʳʭ 

ʟʘʯʘʩʪʫʶ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʦʜʝʣʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʦʪʦʢʘ ʩ 

ʢʘʩʢʘʜʦʤ ʣʦʧʘʪʦʢ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʜʣʷ ʠʟʦʣʠʨʦʚʘʥʥʦʡ 

ʣʦʧʘʪʢʠ. ʊʘʢʠʝ ʤʝʪʦʜʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʩʣʫʯʘʝ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʣʦʧʘʪʦʢ ʜʘʞʝ ʩ ʫʯʝʪʦʤ ʠʭ ʚʦʟʤʦʞʥʦʛʦ ʥʘʢʣʦʥʘ [65]. ʆʜʥʘʢʦ ʚ 

ʩʦʚʨʝʤʝʥʥʳʭ ʜʚʠʛʘʪʝʣʷʭ ʟʘʯʘʩʪʫʶ ʣʦʧʘʪʢʠ ʩʧʨʷʤʣʷʶʱʝʛʦ ʘʧʧʘʨʘʪʘ ʨʘʟʥʦʨʦʜʥʳ ʠ 

ʥʝʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʦʣʦʞʝʥʳ ʧʦ ʦʩʠ, ʯʪʦ ʩʦʟʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʩʣʦʞʥʦʩʪʠ ʜʣʷ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ. ɼʣʷ ʤʘʢʩʠʤʘʣʴʥʦ ʧʦʣʥʦʛʦ ʫʯʝʪʘ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʦʥʩʪʨʫʢʮʠʡ ʚʝʥʪʠʣʷʪʦʨʘ ʥʝʦʙʭʦʜʠʤʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʧʦʣʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ ʥʘ ʦʩʥʦʚʝ ʚʠʭʨʝʨʘʟʨʝʱʘʶʱʠʭ ʤʝʪʦʜʦʚ, ʚ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʷʚʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠʩʪʦʯʥʠʢʦʚ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ. ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ 

ʧʦʜʦʙʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʚʦʶ ʘʢʪʫʘʣʴʥʦʩʪʴ, ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʪʨʫʜʥʦʩʪʠ ʚ ʩʠʣʫ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʭʝʤ ʚʳʩʦʢʦʛʦ 

ʧʦʨʷʜʢʘ ʠ ʚʳʩʦʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ (ʪʘʢʠʭ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʩʭʝʤʳ DRP 

[66] ʜʣʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʠ EBR [67] ï ʜʣʷ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ), ʘ ʪʘʢʞʝ ʧʦʜʨʦʙʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ, ʯʪʦ ʚʝʜʝʪ ʢ ʦʯʝʥʴ 

ʚʳʩʦʢʠʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʟʘʪʨʘʪʘʤ ʠ ʪʨʫʜʥʦʩʪʷʤ ʨʝʘʣʠʟʘʮʠʠ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʚʝʥʪʠʣʷʪʦʨʘ ʠ ʣʦʧʘʪʦʢ ʉɸ\ʅɸ. ɼʘʥʥʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠ ʦʪʯʝʪʦʤ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʟʘʩʝʜʘʥʠʷ 2014 ʛʦʜʘ ʧʦ ʚʝʨʠʬʠʢʘʮʠʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ [68], ʛʜʝ ʫʯʘʩʪʥʠʢʘʤʠ, 
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ʥʝʩʤʦʪʨʷ ʥʘ ʦʞʠʜʘʝʤʦʝ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ, ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʪʦʣʴʢʦ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʠ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʶ ʢʘʢ ʪʦʥʘʣʴʥʦʛʦ, ʪʘʢ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ ʊʈɼɼ 

ʚ ʧʦʣʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʧʦʩʚʷʱʝʥ Ä3.4 ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. 

ʎʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ ʚ ʨʘʟʣʠʯʥʳʭ ʫʟʣʘʭ 

ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʝʪʦʜʘ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʢʘ ʠ ʘʥʘʣʠʟ ʤʝʪʦʜʦʚ ʠ ʩʭʝʤ 

ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ, ʠ ʩʦʟʜʘʥʠʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ ʪʝʯʝʥʠʡ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʩʚʷʟʘʥʘ ʩ ʥʝʧʨʝʨʳʚʥʳʤ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝʤ 

ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʠ ʧʦʚʳʰʝʥʠʝʤ ʪʨʝʙʦʚʘʥʠʡ ʢ ʥʠʤ ʢʘʢ ʧʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, 

ʪʘʢ ʠ ʧʦ ʵʢʦʣʦʛʠʯʥʦʩʪʠ, ʜʣʷ ʫʜʦʚʣʝʪʚʦʨʝʥʠʷ ʢʦʪʦʨʳʭ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʦʞʝʪ 

ʪʨʝʙʦʚʘʪʴʩʷ ʩʦʟʜʘʥʠʝ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʫʟʣʦʚ. ɼʣʷ ʥʦʚʳʭ 

ʢʦʥʩʪʨʫʢʮʠʡ ʥʝʦʙʭʦʜʠʤʦ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʡ ʚ ʥʠʭ, ʯʪʦ 

ʧʦʩʪʝʧʝʥʥʦ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʦʜʭʦʜʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʨʝʙʫʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʘʥʘʣʠʟ ʥʦʚʳʭ 

ʧʦʜʭʦʜʦʚ, ʫʯʠʪʳʚʘʶʱʠʭ ʚʩʝ ʙʦʣʴʰʝ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʢʦʥʩʪʨʫʢʮʠʡ.  

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʝʯʝʥʠʡ ʛʘʟʘ ʧʨʦʚʦʜʠʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʜʣʷ 

ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʧʘʨʘʣʣʝʣʴʥʦʤ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ ʥʝʡ: 

¶ ʈʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ ʚ ʦʙʣʘʩʪʷʭ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʤʝʪʦʜʝ 

ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʛʦ ʧʨʝʜʣʦʞʝʥʳ:  

o ʧʝʨʝʤʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʩʠʣʳ ʫʟʢʦʧʦʣʦʩʥʦʛʦ ʬʠʣʴʪʨʘ ʠ 

ʬʦʨʤʫʣʘ ʜʣʷ ʝʛʦ ʦʧʨʝʜʝʣʝʥʠʷ; 

o ʧʦʜʭʦʜ ʢ ʥʘʭʦʞʜʝʥʠʶ ʩʠʣʳ ʬʠʣʴʪʨʘ ʩ ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ ʜʣʷ 

ʪʨʘʥʩʟʚʫʢʦʚʳʭ ʪʝʯʝʥʠʡ; 
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o ʬʦʨʤʫʣʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʥʝʦʪʨʘʞʘʶʱʠʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʚ ʚʠʜʝ ʧʦʛʣʦʱʘʶʱʝʛʦ 

ʩʣʦʷ.  

¶ ʈʘʟʨʘʙʦʪʘʥ ʧʘʨʘʣʣʝʣʴʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ʜʣʷ ʛʨʘʬʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʨʦʚ GHOST CFD, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ ʚ ʦʙʣʘʩʪʷʭ ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʭʝʤ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʚʳʩʦʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪʠ 

¶ ɼʣʷ ʟʘʜʘʯʠ ʦʙ ʦʙʪʝʢʘʥʠʠ ʪʫʨʙʠʥʥʦʡ ʣʦʧʘʪʢʠ ʧʦʣʫʯʝʥʦ ʙʦʣʝʝ ʙʣʠʟʢʦʝ 

ʢ ʵʢʩʧʝʨʠʤʝʥʪʫ ʦʧʠʩʘʥʠʝ ʨʦʩʪʘ ʧʦʪʝʨʴ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʧʨʠ ʧʦʚʳʰʝʥʠʠ 

ʨʝʞʠʤʘ ʦʙʪʝʢʘʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʜʭʦʜʦʤ RANS 

¶ ɼʣʷ ʩʦʧʣʘ JEAN ʧʦʣʫʯʝʥʳ ʙʣʠʟʢʠʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʨʝʜʥʝʡ ʠ ʧʫʣʴʩʘʮʠʦʥʥʦʡ ʩʢʦʨʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʨʘʥʝʝ ʧʦʣʫʯʘʣʠʩʴ 

ʜʨʫʛʠʤʠ ʘʚʪʦʨʘʤʠ ʪʦʣʴʢʦ ʩ  ʠʩʢʫʩʩʪʚʝʥʥʳʤ ʚʦʟʙʫʞʜʝʥʠʝʤ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ 

ʚʥʫʪʨʠ ʩʦʧʣʘ ʠ ʥʘ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʡ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ 

¶ ɺʧʝʨʚʳʝ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʠʢ ʧʦʣʫʯʝʥ 

ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʰʫʤ ʚʝʥʪʠʣʷʪʦʨʘ ʊʈɼɼ 

¶ ʇʦʣʫʯʝʥʳ ʙʦʣʝʝ ʙʣʠʟʢʠʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʫʨʦʚʥʠ ʪʦʥʘʣʴʥʦʛʦ 

ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ ʊʈɼɼ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ uRANS ʠ ʩʭʝʤ 2ʛʦ 

ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʥʘ ʘʥʘʣʦʛʠʯʥʦʡ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʦʛʣʘʩʠʝʤ ʢʘʢ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ (ʚ ʩʣʫʯʘʝ ʥʘʣʠʯʠʷ), ʪʘʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ. ʄʝʪʦʜʳ ʠ ʩʭʝʤʳ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʨʘʙʦʪʝ, ʙʳʣʠ ʪʘʢʞʝ ʚʝʨʠʬʠʮʠʨʦʚʘʥʳ 

ʥʘ ʧʨʦʩʪʳʭ ʟʘʜʘʯʘʭ ʩ ʠʟʚʝʩʪʥʳʤʠ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʠʣʠ ʯʠʩʣʝʥʥʳʤʠ 

(ʧʦʣʫʯʝʥʥʳʤʠ ʥʘ ʧʦʜʨʦʙʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʢʘʭ ʚʳʩʦʢʦʪʦʯʥʳʤʠ ʤʝʪʦʜʘʤʠ) 

ʨʝʰʝʥʠʷʤʠ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ ʠ ʧʘʨʘʣʣʝʣʴʥʳʡ 

ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʦʮʝʥʢʝ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟʣʠʯʥʳʭ 

ʫʟʣʦʚ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩ ʮʝʣʴʶ ʠʭ ʜʘʣʴʥʝʡʰʝʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ.  
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ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ, ʢʨʘʪʢʦʝ ʩʦʜʝʨʞʘʥʠʝ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ 

ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʪʨʝʭ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ (131 

ʥʘʠʤʝʥʦʚʘʥʠʝ). ʈʘʙʦʪʘ ʩʦʜʝʨʞʠʪ 66 ʨʠʩʫʥʦʚ ʠ 9 ʪʘʙʣʠʮ. ʆʙʱʠʡ ʦʙʲʝʤ 

ʜʠʩʩʝʨʪʘʮʠʠ ï 173 ʩʪʨʘʥʠʮ.r 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʷʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʝ ʫʨʘʚʥʝʥʠʷ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʡ ʛʘʟʘ ʚ ʫʟʣʘʭ ʘʚʠʘʮʠʦʥʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ. ɺ Ä1.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʜʣʷ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ 

ʛʘʟʘ. ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʥʠʭ ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʚ Ä1.2. ɺ Ä1.3. ʧʨʝʜʩʪʘʚʣʝʥ 

ʧʦʜʭʦʜ ʩ ʧʦʛʣʦʱʘʶʱʠʤ ʩʣʦʝʤ, ʧʨʠʤʝʥʷʝʤʳʡ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʘʨʘʟʠʪʥʳʭ 

ʦʪʨʘʞʝʥʠʡ ʦʪ ʚʥʝʰʥʠʭ ʛʨʘʥʠʮ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʠ ʧʨʝʜʣʦʞʝʥʘ ʬʦʨʤʫʣʘ ʜʣʷ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ, ʧʨʠʤʝʥʷʝʤʦʛʦ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ 

ʧʦʜʭʦʜʘ. 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʦʧʠʩʳʚʘʶʪʩʷ ʩʭʝʤʳ ʠ ʤʝʪʦʜʳ, ʧʨʠʤʝʥʷʝʤʳʝ ʜʣʷ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʧʝʨʚʦʡ ʛʣʘʚʝ. ɺ Ä2.1 ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʦʥʝʯʥʦ-

ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ DRP (Dispersion Relation Preserving) ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʩ ʚʳʩʦʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʫʟʢʦʧʦʣʦʩʥʳʝ 

ʬʠʣʴʪʨʳ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʥʠʤʠ. ɺ Ä2.2. ʦʙʩʫʞʜʘʝʪʩʷ ʤʝʪʦʜ ʢʨʫʧʥʳʭ 

ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ (LES-RF), ʧʨʠʤʝʥʷʝʤʳʡ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ ʨʘʙʦʪʝ, ʧʦʢʘʟʳʚʘʝʪʩʷ ʝʛʦ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʨʘʟʤʝʨʘ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, ʘ ʪʘʢʞʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʬʦʨʤʫʣʘ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʩʠʣʳ 

ʬʠʣʴʪʨʘ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʜʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʤʝʥʴʰʝʥʠʷ 

ʜʠʩʩʠʧʘʮʠʠ. ɺ Ä2.3 ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʬʠʣʴʪʨʘʮʠʷ ʩ ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʘʥʩʟʚʫʢʦʚʳʭ  ʪʝʯʝʥʠʡ, ʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ ʢ 

ʥʘʭʦʞʜʝʥʠʶ ʩʠʣʳ ʬʠʣʴʪʨʘ ʩ ʮʝʣʴʶ ʫʤʝʥʴʰʝʥʠʷ ʝʛʦ ʚʣʠʷʥʠʷ ʥʘ ʨʝʰʝʥʠʝ ʚ 

ʦʙʣʘʩʪʷʭ ʙʝʟ ʩʢʘʯʢʦʚ.  ɺ Ä2.4. ʦʙʩʫʞʜʘʝʪʩʷ ʤʝʪʦʜ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ, 

ʧʨʠʤʝʥʷʝʤʳʡ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʡ ʩ ʪʝʣʘʤʠ ʚ 

ʦʪʥʦʩʠʪʝʣʴʥʦʤ ʜʚʠʞʝʥʠʠ, ʘ ʪʘʢʞʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʘʣʛʦʨʠʪʤ ʜʣʷ ʩʙʦʨʢʠ ʜʘʥʥʳʭ 

ʩʝʪʦʢ. ɺ Ä2.5. ʦʧʠʩʘʥ ʧʘʨʘʣʣʝʣʴʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ GHOST CFD ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʚ ʫʟʣʘʭ 

ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ, ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ (ɻʇʋ), 
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ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠ ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʫʨʘʚʥʝʥʠʷʭ, ʩʭʝʤʘʭ ʠ 

ʤʝʪʦʜʘʭ, ʦʧʠʩʘʥʥʳʭ ʚ ʛʣʘʚʝ 1 ʠ ÄÄ2.1-2.4. 

ʊʨʝʪʴʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʪʝʯʝʥʠʡ ʚ ʨʘʟʣʠʯʥʳʭ ʫʟʣʘʭ ʊʈɼɼ 

ʩ ʧʦʤʦʱʴʶ ʧʦʜʭʦʜʘ, ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʚ ʛʣʘʚʝ 2 ʠ ʩ ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪʥʳʭ 

ʧʦʜʭʦʜʦʚ ʥʘ ʦʩʥʦʚʝ RANS, LES ʠ DES. ɺ Ä3.1 ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʙʪʝʢʘʥʠʝ 

ʧʨʦʬʠʣʷ ʪʫʨʙʠʥʥʦʡ ʣʦʧʘʪʢʠ ʥʘ ʨʝʞʠʤʘʭ ʩ ʦʪʨʳʚʦʤ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʠ ʙʣʠʟʢʠʭ 

ʢ ʥʠʤ ʨʝʞʠʤʘʭ. ʆʧʨʝʜʝʣʷʶʪʩʷ ʫʨʦʚʥʠ ʧʦʪʝʨʴ. ɸʥʘʣʠʟʠʨʫʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʦʪʨʳʚʘ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʚʳʩʦʢʠʭ ʨʝʞʠʤʘʭ ʦʙʪʝʢʘʥʠʷ ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʪʝʨʴ 

ʦʪ ʨʝʞʠʤʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʦʜʭʦʜʦʚ. ɺ Ä3.2 ʧʨʦʚʦʜʠʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʷ ʚ 

ʩʤʝʩʠʪʝʣʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ɸʥʘʣʠʟʠʨʫʶʪʩʷ ʧʦʣʫʯʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʨʝʜʥʠʭ 

ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʝʮʝʩʩʠʨʫʶʱʠʭ ʚʠʭʨʝʡ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʩʤʝʩʠʪʝʣʝ. ʇʨʦʚʦʜʠʪʩʷ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʩ 

ʠʤʝʶʱʠʤʠʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. ɺ 

Ä3.3 ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʜʚʘ ʨʘʟʣʠʯʥʳʭ ʜʦʟʚʫʢʦʚʳʭ ʩʦʧʣʘ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʘʢʪʠʚʥʦʡ ʩʪʨʫʠ, ʠʩʪʝʢʘʶʱʝʡ ʠʟ ʥʠʭ. ɸʥʘʣʠʟʠʨʫʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʚ ʨʘʩʯʝʪʘʭ ʘʥʘʣʦʛʠʯʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʫ ʙʳʩʪʨʦʡ 

ʪʫʨʙʫʣʠʟʘʮʠʠ ʩʣʦʷ ʩʤʝʰʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʠʟ ʩʦʧʣʘ ʙʝʟ ʚʚʝʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʚʦʟʙʫʞʜʝʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚʥʫʪʨʠ ʩʦʧʣʘ. ʇʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ 

ʠ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʦʩʨʝʜʥʝʥʥʳʭ ʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ  ʩʪʨʫʠ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. 

ʆʧʨʝʜʝʣʷʶʪʩʷ ʠ ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʘ ʚ 

ʢʦʤʤʝʨʯʝʩʢʦʤ ʧʘʢʝʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʰʫʤʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʩʪʨʫʝʡ. ɺ Ä3.4 

ʧʨʦʚʦʜʠʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ (ʢʘʢ ʪʦʥʘʣʴʥʦʡ, ʪʘʢ ʠ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ). ʇʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʨʘʩʩʯʠʪʘʥʥʳʭ ʫʨʦʚʥʝʡ 

ʰʫʤʘ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʫʨʦʚʥʷʤʠ, ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʧʦʤʦʱʴʶ 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʘʢʝʪʘ. ʇʨʦʚʦʜʠʪʩʷ ʘʥʘʣʠʟ ʤʦʜʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʣʫʯʝʥʥʦʛʦ ʰʫʤʘ 

ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʦʣʫʯʝʥʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ 

ʰʫʤʘ ʝʛʦ ʨʘʟʣʠʯʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʠ ʠʩʪʦʯʥʠʢʘʤʠ. 

ɺ ʟʘʢʣʶʯʝʥʠʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪ r ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʟʣʦʞʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʠ ʧʣʘʥʳ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʳ. 
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ʅʘ ʟʘʱʠʪʫ ʚʳʥʦʩʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ: 

¶ ʈʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʠ ʘʥʘʣʠʟʘ ʩʭʝʤ ʠ ʤʝʪʦʜʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ ʚ ʦʙʣʘʩʪʷʭ ʩʣʦʞʥʦʡ 

ʬʦʨʤʳ. 

¶ ʇʘʨʘʣʣʝʣʴʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ ʚ ʦʙʣʘʩʪʷʭ ʩʣʦʞʥʦʡ ʬʦʨʤʳ. 

¶ ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʧʨʦʬʠʣʷ ʪʫʨʙʠʥʥʦʡ 

ʣʦʧʘʪʢʠ ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ. 

¶ ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʷ ʚ ʩʤʝʩʠʪʝʣʝ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ. 

¶ ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʰʫʤʦʚʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʭ ʜʦʟʚʫʢʦʚʳʭ ʩʦʧʝʣ. 

¶ ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ  ʪʦʥʘʣʴʥʦʛʦ ʠ 

ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ ʊʈɼɼ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʩʣʝʜʫʶʱʠʭ 

ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ:  

¶ 50-ʷ ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʩʪʫʜʝʥʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

(ʅʦʚʦʩʠʙʠʨʩʢ, 2012) (2-ʝ ʤʝʩʪʦ ʚ ʢʦʥʢʫʨʩʝ ʥʘ ʣʫʯʰʠʡ ʜʦʢʣʘʜ) 

¶ ʇʝʨʚʘʷ ʠ ʚʪʦʨʘʷ ɺʩʝʨʦʩʩʠʡʩʢʠʝ ʢʦʥʬʝʨʝʥʮʠʠ 

çɺʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʥʘ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭè (ʇʝʨʤʴ, 

2012, 2014) 

¶ ʏʝʪʚʝʨʪʘʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɺʳʯʠʩʣʠʪʝʣʴʥʳʡ 

ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʘʵʨʦʘʢʫʩʪʠʢʝè (ʉʚʝʪʣʦʛʦʨʩʢ, 2012) 

¶ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʅʝʨʘʚʥʦʚʝʩʥʳʝ 

ʧʨʦʮʝʩʩʳ ʚ ʩʧʣʦʰʥʳʭ ʩʨʝʜʘʭè (ʇʝʨʤʴ, 2012) (ʇʦʙʝʜʠʪʝʣʴ ʢʦʥʢʫʨʩʘ ʥʘ ʣʫʯʰʠʡ 

ʜʦʢʣʘʜ) 

¶ GPU Technology Conference (San Jose , USA, 2013, 2014) 

¶ ʊʨʝʪʴʷ ʠ ʯʝʪʚʝʨʪʘʷ ʦʪʢʨʳʪʳʝ ɺʩʝʨʦʩʩʠʡʩʢʠʝ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ 

ʘʵʨʦʘʢʫʩʪʠʢʝ, (ɿʚʝʥʠʛʦʨʦʜ, 2013, 2015) 
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¶ XXVII ʩʝʩʩʠʷ ʈʦʩʩʠʡʩʢʦʛʦ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʦʙʱʝʩʪʚʘ (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

2014) 

¶ Third International Workshop ñComputational Experiment in 

Aeroacousticsò (Svetlogorsk, Russia, 2014) (2-ʝ ʤʝʩʪʦ ʚ ʢʦʥʢʫʨʩʝ ʥʘ ʣʫʯʰʠʡ ʜʦʢʣʘʜ) 

¶ XIV  ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɺʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ 

ʧʘʨʘʣʣʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʥʘ ʢʣʘʩʪʝʨʥʳʭ ʩʠʩʪʝʤʘʭè (ʇʝʨʤʴ, 2014) 

¶ ʇʝʨʤʩʢʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʫʯʥʳʝ ʯʪʝʥʠʷ (ʇʝʨʤʴ, 2014) 

¶ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɸʚʠʘʜʚʠʛʘʪʝʣʠ XXI  

ʚʝʢʘè (ʄʦʩʢʚʘ, 2015) 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, ʙʳʣʠ 

ʧʦʜʜʝʨʞʘʥʳ ʛʨʘʥʪʘʤʠ ʈʌʌʀ 12-00-952775, 12-01-161101, ʛʨʘʥʪʦʤ ʋʄʅʀʂ 

ˉ6183ɻʋ2015, ʧʨʦʝʢʪʦʤ ʄʀɻ çʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʩʤʝʰʝʥʠʷ ʪʦʧʣʠʚʘ ʠ ʚʦʟʜʫʭʘ ʚ ʤʘʣʦʵʤʠʩʩʠʦʥʥʦʡ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʛʘʟʦʪʫʨʙʠʥʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ ʠ ʝʛʦ ʨʝʘʣʠʟʘʮʠʷ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʫʩʢʦʨʠʪʝʣʝʡè. 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʘʚʪʦʨʦʤ ʙʳʣ ʚʳʠʛʨʘʥ ɺʩʝʨʦʩʩʠʡʩʢʠʡ ʢʦʥʢʫʨʩ 

çʕʬʬʝʢʪʠʚʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ GPU-ʫʩʢʦʨʠʪʝʣʝʡ ʧʨʠ ʨʝʰʝʥʠʠ ʙʦʣʴʰʠʭ ʟʘʜʘʯè. 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 15 ʨʘʙʦʪ, ʚ ʪʦʤ ʯʠʩʣʝ 3 

ʩʪʘʪʴʠ ʚ ʞʫʨʥʘʣʘʭ ʠʟ ʧʝʨʝʯʥʷ ɺɸʂ [117-119], 3 ʩʪʘʪʴʠ ʚ ʩʙʦʨʥʠʢʘʭ ʥʘʫʯʥʳʭ 

ʪʨʫʜʦʚ ʠ ʤʘʪʝʨʠʘʣʦʚ ʢʦʥʬʝʨʝʥʮʠʡ [120-122], 9 ʪʝʟʠʩʦʚ ʢʦʥʬʝʨʝʥʮʠʡ [123-131]. 

ʃʠʯʥʳʡ ʚʢʣʘʜ. ɸʚʪʦʨʦʤ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʧʦʜʭʦʜ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ ʚ 

ʦʙʣʘʩʪʷʭ ʩʣʦʞʥʦʡ ʬʦʨʤʳ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʘʥʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʚʠʜʝ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ʧʘʨʘʣʣʝʣʴʥʳʝ ʘʣʛʦʨʠʪʤʳ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ 

ʪʝʯʝʥʠʡ. ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚ ʨʘʙʦʪʝ ʟʘʜʘʯ ʩ ʧʦʤʦʱʴʶ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ. ʈʘʩʯʝʪʳ ʚ ʢʦʤʤʝʨʯʝʩʢʠʭ ʧʨʦʛʨʘʤʤʥʳʭ 

ʧʘʢʝʪʘʭ ʠ ʘʢʫʩʪʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ (ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʰʫʤʘ ʩʪʨʫʠ ʠ 

ʚʝʥʪʠʣʷʪʦʨʘ) ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʘʚʪʦʨʦʤ ʩʦʚʤʝʩʪʥʦ ʩ ʋʩʘʥʠʥʳʤ ʄ.ɺ. ʇʦʩʪʘʥʦʚʢʘ 

ʟʘʜʘʯ ʠ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʩʷ ʘʚʪʦʨʦʤ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ 

ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʠ ʩʦʘʚʪʦʨʘʤʠ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪ. 
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ɻʃɸɺɸ 1. ʄɸʊɽʄɸʊʀʏɽʉʂʀɽ ʄʆɼɽʃʀ ɼʃʗ ʆʇʀʉɸʅʀʗ 

ʊʈɽʍʄɽʈʅʓʍ ʅɽʉʊɸʎʀʆʅɸʈʅʓʍ ʊʋʈɹʋʃɽʅʊʅʓʍ 

ʊɽʏɽʅʀʁ ɺʗɿʂʆɻʆ ɻɸɿɸ 

 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ  

ʨʘʙʦʪʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ 

ʛʘʟʘ ʚ ʫʟʣʘʭ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ.  

ɺ Ä1.1. ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʫʨʘʚʥʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʝ ʪʨʝʭʤʝʨʥʳʝ 

ʪʝʯʝʥʠʷ ʛʘʟʦʚ. 

ɺ Ä1.2. ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʥʘʯʘʣʴʥʳʝ ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʫʨʘʚʥʝʥʠʡ ʠʟ 

Ä1.1 

ɺ Ä1.3. ʧʨʝʜʩʪʘʚʣʝʥ ʧʦʜʭʦʜ, ʧʨʠʤʝʥʷʝʤʳʡ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʘʨʘʟʠʪʥʳʭ 

ʦʪʨʘʞʝʥʠʡ ʦʪ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʳ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʦʜʝʣʠ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʚ ʜʘʥʥʦʤ ʧʦʜʭʦʜʝ, ʧʨʝʜʣʦʞʝʥʘ ʘʚʪʦʨʩʢʘʷ 

ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʤʝʪʦʜʠʢʘ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʪʘʢʞʝ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʘʤʦʛʦ ʧʦʜʭʦʜʘ. 

 

1.1 ʆʧʨʝʜʝʣʷʶʱʠʝ ʫʨʘʚʥʝʥʠʷ 

 

ʈʘʩʩʤʦʪʨʠʤ ʪʨʝʭʤʝʨʥʳʝ ʪʝʯʝʥʠʷ ʛʘʟʘ ʚ ʦʪʩʫʪʩʪʚʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ. ʊʘʢʠʝ ʪʝʯʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝï

ʉʪʦʢʩʘ [69]. ɺ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʬʦʨʤʝ ʜʘʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʚʠʜʝ 
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ʩʦʩʪʘʚʣʝʥʥʳʡ ʠʟ ʧʣʦʪʥʦʩʪʠ r, ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ u , v , w, ʠ ʫʜʝʣʴʥʦʡ ʧʦʣʥʦʡ 

ʵʥʝʨʛʠʠ E , 
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ʢʦʥʚʝʢʪʠʚʥʳʝ ʩʣʘʛʘʝʤʳʝ, ʚ ʢʦʪʦʨʳʭ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʘʚʣʝʥʠʝ p ,  
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ʚʷʟʢʠʝ ʩʣʘʛʘʝʤʳʝ, ʚ ʢʦʪʦʨʳʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʝʤʧʝʨʘʪʫʨʘ T , ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ k , ʠ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ 
ijt , ʛʜʝ 

),,(),,,( zyxjzyxi == . 

ɼʣʷ ʟʘʤʳʢʘʥʠʷ ʩʠʩʪʝʤʳ (1.1) ʥʝʦʙʭʦʜʠʤʦ ʜʦʙʘʚʠʪʴ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ 

ʚʠʜʘ ( )epp ,r= , ( )eTT ,r= , ʛʜʝ ( )222
5.0 wvuEe ++-=  ï ʫʜʝʣʴʥʘʷ ʚʥʫʪʨʝʥʥʷʷ 

ʵʥʝʨʛʠʷ. ɺ ʩʣʫʯʘʝ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ ʦʥʠ ʧʨʠʥʠʤʘʶʪ ʚʠʜ [69]: 

( )ep rg 1-= ,  

( )
R

e
T

1-
=
g

,  

ʛʜʝ g ï ʧʦʢʘʟʘʪʝʣʴ ʘʜʠʘʙʘʪʳ (ʜʣʷ ʚʦʟʜʫʭʘ 4.1=g ), R  ï ʠʥʜʠʚʠʜʫʘʣʴʥʘʷ ʛʘʟʦʚʘʷ 

ʧʦʩʪʦʷʥʥʘʷ. 

ɼʣʷ ʩʦʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ ʩʧʨʘʚʝʜʣʠʚʦ ʫʨʘʚʥʝʥʠʝ ʄʝʥʜʝʣʝʝʚʘ-ʂʣʘʧʝʡʨʦʥʘ 

RTp r=  ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʦʦʪʥʦʰʝʥʠʷ [69] 
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ɼʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ m  ʩʯʠʪʘʣʘʩʴ ʟʘʚʠʩʷʱʝʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʚʳʯʠʩʣʷʣʘʩʴ ʧʦ ʟʘʢʦʥʫ ʉʘʟʝʨʣʝʥʜʘ [71] 

2

2/3

1)(
CT

T
CT

+
=m ,  

ʛʜʝ 1C  ʠ 2C  ï ʵʤʧʠʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ (ʜʣʷ ʚʦʟʜʫʭʘ 

)/(10458.1 6

1 KʩʤʢʛC ÖÖÖ= - , KC 4.1102 = ). 

ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʯʠʩʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠ ʫʩʢʦʨʝʥʠʷ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʚ 

ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʚ ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʬʦʨʤʝ. ʏʪʦʙʳ ʧʦʣʫʯʠʪʴ 

ʜʘʥʥʫʶ ʬʦʨʤʫ, ʧʝʨʝʡʜʝʤ ʚ ʩʠʩʪʝʤʝ (1.1) ʦʪ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ 
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ʏʪʦʙʳ ʧʦʣʫʯʠʪʴ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʚ ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʦʡ 

ʬʦʨʤʝ, ʫʤʥʦʞʠʤ (1.2) ʩʣʝʚʘ ʥʘ ʤʘʪʨʠʮʫ, ʦʙʨʘʪʥʫʶ UQ , ʪ.ʝ. 
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ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʦʚ ʚ ʦʙʣʘʩʪʷʭ ʩ ʢʨʠʚʦʣʠʥʝʡʥʳʤʠ ʛʨʘʥʠʮʘʤʠ, ʪʘʢʠʤʠ 

ʢʘʢ ʤʝʞʣʦʧʘʪʦʯʥʳʝ ʢʘʥʘʣʳ ʪʫʨʙʦʤʘʰʠʥʳ, ʚ ʨʘʙʦʪʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʝʨʝʭʦʜ ʦʪ 

ʬʠʟʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪ ( )zyx ,,  ʢ ʨʘʩʯʝʪʥʳʤ ( )zhx ,,  (ʨʠʩ. 1.1) [71]. ʈʘʩʯʝʪʥʘʷ 

ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ( )zhx ,,  ʩʪʨʦʠʪʩʷ ʜʣʷ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦ ʰʘʛʠ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚ ʥʝʡ ʧʦʣʫʯʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ ʠ ʨʘʚʥʳʤʠ 

ʝʜʠʥʠʮʝ, ʪ.ʝ. 1=D=D=D zhx  (ʨʠʩ. 1.1).  

ɼʚʝ ʩʠʩʪʝʤʳ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʷʤʠ ʚʠʜʘ 

),,(

),,(

),,(

zyx

zyx

zyx

zz

hh

xx

=

=

=

.     (1.4) 

ʏʪʦʙʳ ʧʦʣʫʯʠʪʴ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (1.3) ʚ ʨʘʩʯʝʪʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ 

( )zhx ,, , ʥʝʦʙʭʦʜʠʤʦ ʚʳʨʘʟʠʪʴ ʧʨʦʠʟʚʦʜʥʳʝ ʥʝʠʟʚʝʩʪʥʳʭ ʬʫʥʢʮʠʡ ʚ ʩʠʩʪʝʤʝ 

ʢʦʦʨʜʠʥʘʪ ( )zyx ,,  ʯʝʨʝʟ ʧʨʦʠʟʚʦʜʥʳʝ ʚ ʩʠʩʪʝʤʝ ( )zhx ,, . ɼʣʷ ʵʪʦʛʦ ʙʫʜʝʤ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʝʠʟʚʝʩʪʥʳʝ ʬʫʥʢʮʠʠ ʢʘʢ ʩʣʦʞʥʳʝ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʢʦʦʨʜʠʥʘʪ ʚ 

ʨʘʩʯʝʪʥʦʡ ʩʠʩʪʝʤʝ, ʪ.ʝ. zhx ,, . ʅʘʧʨʠʤʝʨ, ʢʦʤʧʦʥʝʥʪʫ ʩʢʦʨʦʩʪʠ u  ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʬʫʥʢʮʠʶ ( )zhx ,,uu= , ʛʜʝ x, h ʠ z, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʷʪ 

ʦʪ ʬʠʟʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪ x , y  ʠ z ʩʦʛʣʘʩʥʦ ʨʘʚʝʥʩʪʚʘʤ (1.4). 
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ʆʜʥʘʢʦ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ (1.3) ʧʨʠʩʫʪʩʪʚʫʶʪ 
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ʩʚʷʟʳʚʘʶʱʠʭ ʨʘʩʯʝʪʥʳʝ ʠ ʬʠʟʠʯʝʩʢʠʝ ʢʦʦʨʜʠʥʘʪʳ, ʤʝʪʨʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 
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ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʝʩʣʠ ʨʘʩʩʤʦʪʨʝʪʴ ʦʙʨʘʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʢʦʦʨʜʠʥʘʪ 
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ʪʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʧʦʣʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʦʚ ʧʨʠʤʝʪ ʚʠʜ: 



29 

 

ù
ù
ù

ú

ø

é
é
é

ê

è

ù
ù
ù
ù
ù
ù

ú

ø

é
é
é
é
é
é

ê

è

µ

µ

µ

µ

µ

µ
µ

µ

µ

µ

µ

µ

µ

µ

µ

µ

µ

µ

=

ù
ù
ù

ú

ø

é
é
é

ê

è

z

h

x

zhx

zhx

zhx

d

d

d

zzz

yyy

xxx

dz

dy

dx

.     (1.7) 

ɺʳʨʘʟʠʤ zhx ddd ,,  ʠʟ (1.7). ɼʣʷ ʵʪʦʛʦ ʫʤʥʦʞʠʤ (1.7) ʩʣʝʚʘ ʥʘ ʦʙʨʘʪʥʫʶ 
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ʠʣʠ ʚ ʧʦʢʦʤʧʦʥʝʥʪʥʦʤ ʚʠʜʝ: 
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ʛʜʝ J  ï ʦʧʨʝʜʝʣʠʪʝʣʴ ʤʘʪʨʠʮʳ ʠʟ (1.7) (ʷʢʦʙʠʘʥ), ʠʤʝʶʱʠʡ ʚʠʜ 
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ʇʦʜʩʪʘʚʣʷʷ (1.9) ʚ (1.5), ʧʦʣʫʯʠʤ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʧʨʦʠʟʚʦʜʥʳʭ ʚ ʩʠʩʪʝʤʝ 
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ɸʥʘʣʦʛʠʯʥʳʝ ʬʦʨʤʫʣʳ ʩʧʨʘʚʝʜʣʠʚʳ ʠ ʜʣʷ ʜʨʫʛʠʭ ʥʝʟʘʚʠʩʠʤʳʭ ʧʝʨʝʤʝʥʥʳʭ 

pwv ,,,r . ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʫʷ ʚʳʨʘʞʝʥʠʷ (1.10), ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʠʩʪʝʤʫ 

ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝïʉʪʦʢʩʘ (1.3) ʚ ʨʘʩʯʝʪʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ( )zhx ,,  ʚ ʚʠʜʝ 
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ʠʣʠ, ʧʝʨʝʛʨʫʧʧʠʨʦʚʘʚ ʩʣʘʛʘʝʤʳʝ, 
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ʇʨʦʠʟʚʦʜʥʳʝ ʦʪ ʢʦʦʨʜʠʥʘʪ ʧʦ ʚʨʝʤʝʥʠ tztytx µµµµµµ /,/,/  (ʪ.ʝ. ʢʦʤʧʦʥʝʥʪʳ 

ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʫʟʣʦʚ ʩʝʪʢʠ) ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʢʘʢ ʘʥʘʣʠʪʠʯʝʩʢʠ, 

ʟʥʘʷ ʟʘʢʦʥ ʜʚʠʞʝʥʠʷ ʩʝʪʢʠ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʜʚʠʞʝʥʠʷ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ ʠ 

ʫʩʢʦʨʝʥʠʝʤ ʠʣʠ ʚʨʘʱʝʥʠʷ ʚʦʢʨʫʛ ʦʩʠ ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʴʶ ʠ 

ʫʩʢʦʨʝʥʠʝʤ), ʪʘʢ ʠ ʯʠʩʣʝʥʥʦ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʠʭ ʯʠʩʣʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʦʨʜʠʥʘʪʳ ʫʟʣʦʚ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʚ ʦʜʠʥ ʠʣʠ 

ʥʝʩʢʦʣʴʢʦ ʧʨʝʜʳʜʫʱʠʭ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ. 

ʈʘʩʩʤʦʪʨʝʥʠʝ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʢʣʘʩʩʠʯʝʩʢʠʭ, ʥʝ ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ 

ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʬʬʝʢʪʦʚ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ (LES-RF) 

[72], ʢʦʪʦʨʳʡ ʚʭʦʜʠʪ ʚ ʢʣʘʩʩ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʥʝʷʚʥʳʭ ʤʝʪʦʜʦʚ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ 

(ILES) [73]. ʊʫʨʙʫʣʝʥʪʥʘʷ ʜʠʩʩʠʧʘʮʠʷ ʵʥʝʨʛʠʠ ʤʝʣʢʠʭ ʤʘʩʰʪʘʙʦʚ ʚ ʜʘʥʥʦʤ 

ʩʣʫʯʘʝ ʫʯʠʪʳʚʘʣʘʩʴ ʟʘ ʩʯʝʪ ʫʟʢʦʧʦʣʦʩʥʦʡ ʬʠʣʴʪʨʘʮʠʠ ʨʝʰʝʥʠʷ. ʇʦʜʨʦʙʥʝʝ ʤʝʪʦʜ 

LES-RF ʦʧʠʩʘʥ ʚ Ä2.2. 

 

1.2 ʅʘʯʘʣʴʥʳʝ ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ 

 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1.12) ʜʦʧʦʣʥʷʝʪʩʷ ʥʘʯʘʣʴʥʳʤʠ ʠ ʛʨʘʥʠʯʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʚʳʩʪʫʧʘʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʝʡ 

ʧʣʦʪʥʦʩʪʠ, ʩʢʦʨʦʩʪʠ, ʜʘʚʣʝʥʠʷ ʠ ʤʘʩʩʦʚʳʭ ʜʦʣʝʡ ʢʦʤʧʦʥʝʥʪʦʚ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʚ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0=t : 

[ ] [ ]000000 pwvupwvu t rr == . 

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʤʦʞʥʦ ʧʦʜʝʣʠʪʴ ʥʘ  ʥʝʩʢʦʣʴʢʦ ʪʠʧʦʚ: ʫʩʣʦʚʠʷ ʥʘ ʚʭʦʜʝ, 

ʚʳʭʦʜʝ (ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ) ʠ ʩʪʝʥʢʝ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʚʭʦʜʝ ʟʘʜʘʶʪʩʷ ʧʦʣʥʦʝ ʜʘʚʣʝʥʠʝ, ʧʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, 

ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʪʦʢʘ ʠ ʤʘʩʩʦʚʳʝ ʜʦʣʠ ʢʦʤʧʦʥʝʥʪ ʩʤʝʩʠ: 

*** ,, ssTTPP SStSt === , 
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ʛʜʝ S ï ʛʨʘʥʠʮʘ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ, ʥʘ ʢʦʪʦʨʦʡ ʟʘʜʘʝʪʩʷ ʫʩʣʦʚʠʝ, Pt ï ʧʦʣʥʦʝ 

ʜʘʚʣʝʥʠʝ, Tt ï ʧʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, s  ï ʝʜʠʥʠʯʥʳʡ ʚʝʢʪʦʨ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʪʦʢʘ ʥʘ 

ʛʨʘʥʠʮʝ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʚʣʝʥʠʝ p, ʠ ʪʝʤʧʝʨʘʪʫʨʘ T, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ 

ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ (1.12), ʷʚʣʷʶʪʩʷ ʩʪʘʪʠʯʝʩʢʠʤʠ. ʇʦʣʥʳʝ ʠ 

ʩʪʘʪʠʯʝʩʢʠʝ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʩʞʠʤʘʝʤʳʭ ʪʝʯʝʥʠʡ ʩʚʷʟʘʥʳ 

ʩʣʝʜʫʶʱʠʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ: 

1
2

1

2

1
1

--

ö
÷

õ
æ
ç

å -
+=ö

÷

õ
æ
ç

å
=

g

g

g

g

g
M

T

T

p

P tt , 

ʛʜʝ cVM /=  ï ʯʠʩʣʦ ʄʘʭʘ, Vï ʤʦʜʫʣʴ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ, rgg /pRTc ==  ï 

ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ. ʀʩʧʦʣʴʟʫʷ ʜʘʥʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ, ʠʟ ʟʘʜʘʥʥʳʭ 

ʧʦʣʥʳʭ ʚʝʣʠʯʠʥ ʠ ʚʝʢʪʦʨʘ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʪʦʢʘ s  ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʟʥʘʯʝʥʠʷ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ 
Sp , ʧʣʦʪʥʦʩʪʠ

Sr, ʠ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ SSS wvu ,,  

ʧʦ ʩʣʝʜʫʶʱʠʤ ʬʦʨʤʫʣʘʤ: 
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g SS ppM , SS
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RTMV g=
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sVwvuV
SSSSs

CC
Ö== },,{  

ʛʜʝ 1p  ï ʪʝʢʫʱʝʝ ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʥʘ ʛʨʘʥʠʮʝ (ʦʧʨʝʜʝʣʸʥʥʦʝ ʣʠʙʦ 

ʥʘʯʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ, ʣʠʙʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʫʨʘʚʥʝʥʠʡ ʥʘ ʛʨʘʥʠʮʝ), 
ST  ï ʩʪʘʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, 

SM  ï  ʠʟʵʥʪʨʦʧʠʯʝʩʢʦʝ 

ʯʠʩʣʦ ʄʘʭʘ, 
sV
C

 ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ ʥʘ ʛʨʘʥʠʮʝ. 

ʅʘ ʚʳʭʦʜʝ ʟʘʜʘʝʪʩʷ ʜʘʚʣʝʥʠʝ 'pp S= . ʉʢʦʨʦʩʪʴ ʠ ʧʣʦʪʥʦʩʪʴ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʠʟ ʟʘʧʠʩʠ ʦʧʨʝʜʝʣʷʶʱʠʭ ʫʨʘʚʥʝʥʠʡ ʥʘ ʛʨʘʥʠʮʝ. 

ʉʪʘʥʜʘʨʪʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʥʘ ʩʪʝʥʢʝ ʜʣʷ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʷʚʣʷʝʪʩʷ 

ʫʩʣʦʚʠʝ ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ ʠ ʥʫʣʝʚʦʛʦ ʛʨʘʜʠʝʥʪʘ ʜʣʷ ʜʘʚʣʝʥʠʷ: 
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;0=== wvu  0=
µ

µ
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n

p
C , 

ʛʜʝ n
C
 ï ʥʦʨʤʘʣʴ ʢ ʩʪʝʥʢʝ. 

ɼʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʩʪʝʥʢʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʫʩʣʦʚʠʝ ʘʜʠʘʙʘʪʠʯʥʦʩʪʠ (ʪʝʧʣʦʚʦʡ 

ʧʦʪʦʢ ʯʝʨʝʟ ʩʪʝʥʢʫ ʨʘʚʝʥ ʥʫʣʶ): 
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T
C ,  

ʠʟ ʯʝʛʦ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ RTp r=  ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʟʥʘʯʝʥʠʠ 

ʠʥʜʠʚʠʜʫʘʣʴʥʦʡ ʛʘʟʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ R ʧʦʣʫʯʘʝʤ ʫʩʣʦʚʠʝ ʜʣʷ ʧʣʦʪʥʦʩʪʠ: 

0=
µ

µ
S

n
C
r

. 

ɺ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʚʷʟʢʦʩʪʠ (0=m ) ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ  (1.12) 

ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ ʫʨʘʚʥʝʥʠʷ ʕʡʣʝʨʘ, ʘ ʫʩʣʦʚʠʝ ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ ʥʘ ʩʪʝʥʢʝ 

ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʫʩʣʦʚʠʝ ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ: 

0=ÖnVS

CC
. 

 

1.3 ʄʠʥʠʤʠʟʘʮʠʷ ʦʪʨʘʞʝʥʠʷ ʦʪ ʚʥʝʰʥʠʭ ʛʨʘʥʠʮ 

 

ɺ ʟʘʜʘʯʘʭ ʘʵʨʦʘʢʫʩʪʠʢʠ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʦʪʨʘʞʝʥʠʷ ʟʚʫʢʦʚʳʭ 

ʚʦʣʥ ʦʪ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʛʨʘʥʠʮ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ (ʦʪʢʨʳʪʳʭ ʛʨʘʥʠʮ). ɼʘʥʥʦʝ 

ʦʪʨʘʞʝʥʠʝ ʷʚʣʷʝʪʩʷ ʥʝʬʠʟʠʯʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʚʥʝʰʥʠʝ ʛʨʘʥʠʮʳ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʟʘʜʘʯ ʥʘʭʦʜʷʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʜʘʣʝʢʦ (ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʟʝʤʣʷ ʜʣʷ ʜʚʠʛʘʪʝʣʷ ʣʝʪʷʱʝʛʦ 

ʩʘʤʦʣʸʪʘ), ʠ ʠʭ ʚʣʠʷʥʠʝʤ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘʣʠʯʠʝ ʪʘʢʦʛʦ 

ʦʪʨʘʞʝʥʠʷ ʤʦʞʝʪ ʩʢʘʟʘʪʴʩʷ ʥʘ ʨʝʰʝʥʠʠ ʚʥʫʪʨʠ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ. ɼʣʷ ʪʦʛʦ 

ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʜʘʥʥʳʡ ʵʬʬʝʢʪ, ʚʙʣʠʟʠ ʚʥʝʰʥʠʭ ʛʨʘʥʠʮ ʯʘʩʪʦ ʚʚʦʜʠʪʩʷ ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ ʧʦʛʣʦʱʘʶʱʠʡ ʩʣʦʡ (Absorbing Sponge Layer\Zone, ASZ) (ʨʠʩ. 1.2) 

[74]. ɺʥʫʪʨʠ ʧʦʛʣʦʱʘʶʱʝʛʦ ʩʣʦʷ ʚ ʧʨʘʚʳʭ ʯʘʩʪʷʭ ʫʨʘʚʥʝʥʠʡ ʩʠʩʪʝʤʳ (1.12) 

ʜʦʙʘʚʣʷʶʪʩʷ ʩʣʘʛʘʝʤʳʝ ( )*UU --s : 
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   (1.13) 

ʛʜʝ [ ]TpwvuU ****** r=
C

 ï ʚʝʢʪʦʨ ʟʘʜʘʥʥʳʭ ʥʘ ʛʨʘʥʠʮʝ ʧʦʣʝʡ ʧʣʦʪʥʦʩʪʠ, 

ʩʢʦʨʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ, 

b

ss ö
÷

õ
æ
ç

å
=

D

d
m  ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʘʶʱʝʛʦ ʩʣʦʷ, ʛʜʝ d  ï 

ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʪʝʢʫʱʝʡ ʪʦʯʢʠ ʜʦ ʛʨʘʥʠʮʳ, D  ï ʪʦʣʱʠʥʘ ʩʣʦʷ, b ï ʧʦʢʘʟʘʪʝʣʴ 

ʩʪʝʧʝʥʠ ʜʣʷ ʩʣʦʷ, ʘ ms  ï ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ s. ʇʨʠʤʝʨ 

ʧʦʛʣʦʱʘʶʱʝʛʦ ʩʣʦʷ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1.2. 

ɺʝʣʠʯʠʥʳ ***** ,,,, pwvur  ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. ʅʘʧʨʠʤʝʨ, 

ʜʣʷ ʩʪʘʥʜʘʨʪʥʦʡ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʳ, ʟʘʜʘʥʥʦʡ ʩʪʘʪʠʯʝʩʢʠʤ ʜʘʚʣʝʥʠʝʤ, *p  

ʨʘʚʥʷʝʪʩʷ ʜʘʥʥʦʤʫ ʩʪʘʪʠʯʝʩʢʦʤʫ ʜʘʚʣʝʥʠʶ, *r  ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʠʟ *p  ʠ 

ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʚʳʭʦʜʝ, ʘ ʩʢʦʨʦʩʪʠ ***
,, wvu  ʦʙʳʯʥʦ ʥʝ 

ʫʯʘʩʪʚʫʶʪ ʚ ʫʨʘʚʥʝʥʠʷʭ (ʩʣʘʛʘʝʤʳʝ ʩ ʥʠʤʠ ʥʝ ʜʦʙʘʚʣʷʶʪʩʷ ʚ ʧʨʘʚʳʝ ʯʘʩʪʠ 

ʩʠʩʪʝʤʳ (1.12)). ʊʦʣʱʠʥʘ ʩʣʦʷ D  ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʩʭʦʜʷ ʠʟ ʠʤʝʶʱʝʡʩʷ ʨʘʩʯʸʪʥʦʡ 

ʩʝʪʢʠ, ʘ ʧʘʨʘʤʝʪʨ b (ʝʩʣʠ ʥʝ ʦʛʦʚʦʨʝʥʦ ʠʥʦʝ) ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪ ʨʘʙʦʪʝ 

ʧʨʠʥʠʤʘʝʪʩʷ ʨʘʚʥʳʤ 1.8.  

ɿʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ms  ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʥʘ 

ʦʩʥʦʚʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʨʘʩʯʝʪʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ms  ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʚʪʦʨʩʢʫʶ 

ʤʝʪʦʜʠʢʫ, ʦʧʠʩʘʥʥʫʶ ʥʠʞʝ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ms , ʨʘʩʩʤʦʪʨʠʤ 

ʫʧʨʦʱʝʥʥʫʶ ʤʦʜʝʣʴ ʜʚʠʞʝʥʠʷ ʚʥʫʪʨʠ ʧʦʛʣʦʱʘʶʱʝʛʦ ʩʣʦʷ. ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ 

ʜʚʠʞʝʥʠʝ ʚʥʫʪʨʠ ʩʣʦʷ ʨʘʚʥʦʤʝʨʥʦ ʠ ʦʜʥʦʤʝʨʥʦ, ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ ʣʝʞʠʪ ʥʘ 

ʛʨʘʥʠʮʝ ʩʣʦʷ, ʘ ʜʠʩʩʠʧʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʜʦʙʘʚʦʯʥʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʩ 

s. ɼʣʷ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʫʥʢʮʠʠ ),( txf  ʧʦʣʫʯʠʤ 
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s ,     (1.14) 

ʛʜʝ c  ï ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʛʥʘʣʘ ʚʥʫʪʨʠ ʩʣʦʷ (ʜʣʷ ʨʝʘʣʴʥʳʭ ʟʘʜʘʯ 

ʦʥʘ ʨʘʚʥʘ ʩʫʤʤʝ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʠ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʛʨʘʥʠʮʳ), 

b

ss ö
÷

õ
æ
ç

å
=

D

x
m   ï ʧʘʨʘʤʝʪʨ ʩʣʦʷ, *f   ï ʪʨʝʙʫʝʤʦʝ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʧʦʩʣʝ 

ʧʨʦʭʦʞʜʝʥʠʷ ʩʣʦʷ. 

 

ʈʠʩ. 1.2 ï ʇʨʠʤʝʨ ʧʦʛʣʦʱʘʶʱʝʛʦ ʩʣʦʷ (ASZ) 

  

ʇʦʩʢʦʣʴʢʫ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʝ ʜʚʠʞʝʥʠʝ ʨʘʚʥʦʤʝʨʥʦ, ʢʦʦʨʜʠʥʘʪʘ x  ʠ ʚʨʝʤʷ t  

ʩʚʷʟʘʥʳ ʣʠʥʝʡʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ctx= . ʇʦʜʩʪʘʚʠʚ ʜʘʥʥʦʝ ʚʳʨʘʞʝʥʠʝ, ʘ ʪʘʢʞʝ 

ʚʳʨʘʞʝʥʠʝ ʜʣʷ s  ʚ (1.14), ʧʦʣʫʯʠʤ 

)(5.0 *ff
D

ct

dt

df
m -ö

÷

õ
æ
ç

å
-=

b

s , 

ʠʣʠ, ʚʚʝʜʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʦʙʦʟʥʘʯʝʥʠʝ ʠ ʧʝʨʝʥʝʩʷ ʩʣʘʛʘʝʤʳʝ ʚ ʣʝʚʫʶ ʯʘʩʪʴ, 

0)( * =-+ ffkt
dt

df b ,     (1.15)  

ʛʜʝ )(tff = , 

b

s ö
÷

õ
æ
ç

å
=

D

c
k m5.0 . 

ɺʥʫʪʨʝʥʥʷʷ 

ʯʘʩʪʴ 

ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ ASZ 

d 

D 

ʪʦʯʢʘ ʚ 

ASZ 

ʛʨʘʥʠʮʘ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ 
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 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʧʦʣʫʯʠʣʠ ʦʙʳʢʥʦʚʝʥʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ 

ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ɼʦʧʦʣʥʠʚ ʝʛʦ ʥʘʯʘʣʴʥʳʤ ʫʩʣʦʚʠʝʤ 0)0( ff =  ʠ ʥʘʡʜʷ ʨʝʰʝʥʠʝ, 

ʧʦʣʫʯʠʤ ʟʘʢʦʥ ʠʟʤʝʥʝʥʠʷ f  ʧʦ ʤʝʨʝ ʜʚʠʞʝʥʠʷ ʚ ʩʣʦʝ: 

.)()( **

0

1

1

fffetf

kt

+-= +

- +

b

b

    (1.16) 

ʀʟ (1.16) ʚʠʜʥʦ, ʯʪʦ ʚʥʫʪʨʠ ʩʣʦʷ ʬʫʥʢʮʠʷ f  ʘʩʠʤʧʪʦʪʠʯʝʩʢʠ ʩʪʨʝʤʠʪʩʷ ʦʪ 

ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 0f  ʥʘ ʚʭʦʜʝ ʚ ʩʣʦʡ ʢ ʟʥʘʯʝʥʠʶ *f  ʧʨʠ ¤­t . ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʳ ʤʦʞʝʤ ʧʦʣʫʯʠʪʴ ʥʝʦʙʭʦʜʠʤʦʝ ʟʥʘʯʝʥʠʝ f  ʪʦʣʴʢʦ ʥʘ ʙʝʩʢʦʥʝʯʥʦʩʪʠ 

(ʧʨʠ ¤­t  ʠʤʝʝʤ ¤­x  ʚ ʩʠʣʫ ctx= ). ʇʦ ʦʧʨʝʜʝʣʝʥʠʶ, ʨʘʟʤʝʨ ʩʣʦʷ ʚ ʟʘʜʘʯʘʭ 

ʢʦʥʝʯʝʥ ʠ ʦʛʨʘʥʠʯʝʥ ʝʛʦ ʰʠʨʠʥʦʡ D  (ʨʠʩ. 1.2). ʇʨʠ ʵʪʦʤ ʤʘʢʩʠʤʘʣʴʥʳʡ ʧʘʨʘʤʝʪʨ 

ʩʣʦʷ ms  ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʙʠʨʘʪʴ ʪʘʢ, ʯʪʦʙʳ ʬʫʥʢʮʠʷ f  ʥʘ ʚʳʭʦʜʝ ʙʳʣʘ 

ʤʘʢʩʠʤʘʣʴʥʦ ʙʣʠʟʢʘ ʢ *f , ʠʟʤʝʥʷʷʩʴ ʚʥʫʪʨʠ ʩʣʦʷ ʧʣʘʚʥʦ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ 

ʦʪʨʘʞʝʥʠʷ ʚʦʣʥ ʦʪ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʳ ʩʘʤʦʛʦ ʩʣʦʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʨʝʙʫʝʪʩʷ 

ʦʧʨʝʜʝʣʠʪʴ ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ms , ʧʨʠ ʢʦʪʦʨʦʤ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʩʣʦʷ ʬʫʥʢʮʠʷ f  ʙʫʜʝʪ ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʘ ʢ *f . ʇʦʪʨʝʙʫʝʤ, ʯʪʦʙʳ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʩʣʦʷ ʬʫʥʢʮʠʷ f  ʜʦʩʪʠʛʘʣʘ ʟʥʘʯʝʥʠʷ outf , ʨʘʚʥʦʛʦ 

)( *

0

* ffffout -+= e ,     (1.17) 

ʛʜʝ 0>e  ï ʤʘʣʘʷ ʚʝʣʠʯʠʥʘ (ʧʦʛʨʝʰʥʦʩʪʴ), )( *

0 ff -  ï ʥʘʯʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 

ʬʫʥʢʮʠʠ ʦʪ ʪʨʝʙʫʝʤʦʛʦ ʟʥʘʯʝʥʠʷ.  

ʀʣʠ, ʝʩʣʠ ʚʳʨʘʟʠʪʴ e, 

.
*

0

*

ff

ffout

-

-
=e  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʘʨʘʤʝʪʨ e ʦʟʥʘʯʘʝʪ, ʯʪʦ ʦʪʢʣʦʥʝʥʠʝ ʬʫʥʢʮʠʠ ʦʪ ʪʨʝʙʫʝʤʦʛʦ 

ʟʥʘʯʝʥʠʷ  ʥʘ ʚʳʭʦʜʝ ʠʟ ʩʣʦʷ )( *ffout-  ʫʤʝʥʴʰʠʪʩʷ ʚ e/1  ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʠʩʭʦʜʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ʥʘ ʚʭʦʜʝ ʚ ʩʣʦʡ )( *

0 ff - . ʂ ʧʨʠʤʝʨʫ, ʝʩʣʠ ʚʟʷʪʴ ʚ 

ʢʘʯʝʩʪʚʝ f  ʜʘʚʣʝʥʠʝ, ʪʦ ʧʨʠ ʚʭʦʜʥʦʤ ʚʦʟʤʫʱʝʥʠʠ ʚ 100 ʇʘ ʠ 01.0=e  ʦʪʢʣʦʥʝʥʠʝ 

ʥʘ ʚʳʭʦʜʝ ʠʟ ʩʣʦʷ ʩʦʩʪʘʚʠʪ ʧʦʨʷʜʢʘ 1 ʇʘ. 



38 

 

ʇʦʜʩʪʘʚʠʚ (1.17) ʚ (1.16), ʘ ʪʘʢʞʝ ʫʯʠʪʳʚʘʷ, ʯʪʦ ʚʨʝʤʷ t  ʥʘ ʚʳʭʦʜʝ ʠʟ ʩʣʦʷ 

ʨʘʚʥʷʝʪʩʷ  cDtout= , ʧʦʣʫʯʘʝʤ: 

eb

b

ln)1(

)1( +

ö
÷

õ
æ
ç

å
+-=

D

c
k . 

ʇʦʜʩʪʘʚʠʚ ʩʶʜʘ ʚʳʨʘʞʝʥʠʝ ʜʣʷ k  ʠʟ (1.15), ʧʦʣʫʯʠʤ ʠʪʦʛʦʚʦʝ ʚʳʨʘʞʝʥʠʝ 

ʜʣʷ ms : 

ebs ln)1(2 ö
÷

õ
æ
ç

å
+-=

D

c
m .     (1.18) 

 ʀʟ (1.18) ʚʠʜʥʦ, ʯʪʦ ʚ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʢʦʵʬʬʠʮʠʝʥʪ ms  ʟʘʚʠʩʠʪ 

ʪʦʣʴʢʦ ʦʪ ʪʨʝʭ ʚʝʣʠʯʠʥ: ʧʦʢʘʟʘʪʝʣʷ ʩʪʝʧʝʥʠ b (ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʥ ʧʨʠʥʠʤʘʣʩʷ 

ʨʘʚʥʳʤ 1.8), ʦʪʥʦʰʝʥʠʷ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ c  ʢ ʜʣʠʥʝ ʩʣʦʷ D  (c  ʟʘʚʠʩʠʪ 

ʦʪ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʜʘʯʠ, D  ï ʦʪ ʬʠʟʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʩʝʪʢʠ) ʠ 

ʪʨʝʙʫʝʤʦʡ ʧʦʛʨʝʰʥʦʩʪʠ (ʩʪʝʧʝʥʠ ʟʘʪʫʭʘʥʠʷ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ) e. ʈʘʩʧʨʝʜʝʣʝʥʠʷ 

f  ʧʦ ʜʣʠʥʝ ʩʣʦʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ e ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1.3. 

 

ʈʠʩ. 1.3 ï ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʬʫʥʢʮʠʠ f (1.16) ʧʦ ʜʣʠʥʝ ʩʣʦʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ e (ʧʨʠ 

100/ =Dc ) 

 

ʀʟ (1.18) ʪʘʢʞʝ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʟʘʪʫʭʘʥʠʷ ʚ 

ʧʦʛʣʦʱʘʶʱʝʤ ʩʣʦʝ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʬʦʨʤʳ ʚʭʦʜʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʠ ʝʛʦ ʘʤʧʣʠʪʫʜʳ. 

ʇʨʠ ʵʪʦʤ ʘʤʧʣʠʪʫʜʘ ʣʶʙʦʛʦ ʚʭʦʜʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ ʫʤʝʥʴʰʠʪʩʷ ʚ e/1  ʨʘʟ ʢ 
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ʚʳʭʦʜʫ ʠʟ ʩʣʦʷ. ʇʨʠʤʝʨ ʟʘʪʫʭʘʥʠʷ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʚ 

ʧʦʛʣʦʱʘʶʱʝʤ ʩʣʦʝ ʜʣʷ ʨʝʘʣʴʥʦʛʦ ʨʘʩʯʝʪʘ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ 

(1.13)  ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1.4. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʚʷʟʢʦʛʦ ʛʘʟʘ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1.13), ʜʦʧʦʣʥʝʥʥʘʷ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʠʟ Ä1.2. ɼʣʷ 

ʫʤʝʥʴʰʝʥʠʷ ʧʘʨʘʟʠʪʥʳʭ ʦʪʨʘʞʝʥʠʡ ʦʪ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʳ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

ʧʨʠʤʝʥʷʝʪʩʷ ʧʦʛʣʦʱʘʶʱʠʡ ʩʣʦʡ, ʟʘʧʠʩʘʥʥʳʡ ʚ ʚʠʜʝ ʧʨʘʚʳʭ ʯʘʩʪʝʡ ʫʨʘʚʥʝʥʠʡ 

ʩʠʩʪʝʤʳ (1.13), ʤʘʢʩʠʤʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ms  ʢʦʪʦʨʦʛʦ ʥʘʭʦʜʠʪʩʷ 

ʩ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʚʳʨʘʞʝʥʠʷ (1.18) 

 

ʈʠʩ. 1.4 ï ʇʨʠʤʝʨ ʟʘʪʫʭʘʥʠʷ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʚ ʧʦʛʣʦʱʘʶʱʝʤ ʩʣʦʝ 

( 2105.0 -Ö=e ). ʐʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥ ʧʨʦʬʠʣʴ ʟʘʪʫʭʘʥʠʷ ʩʦʛʣʘʩʥʦ (1.16) 
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ɻʃɸɺɸ 2. ʏʀʉʃɽʅʅʓɽ ʉʍɽʄʓ ʀ ʄɽʊʆɼʓ ʈɸʉʏɽʊɸ 

ʊʋʈɹʋʃɽʅʊʅʓʍ ʅɽʉʊɸʎʀʆʅɸʈʅʓʍ ʊɽʏɽʅʀʁ ɻɸɿɸ ɺ 

ʋɿʃɸʍ ɸɺʀɸʎʀʆʅʅʆɻʆ ɼɺʀɻɸʊɽʃʗ 

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʫʨʙʫʣʝʥʪʥʳʝ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ 

ʪʝʯʝʥʠʷ ʛʘʟʘ ʚ ʫʟʣʘʭ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ. ʌʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ, 

ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʚ ʜʘʥʥʳʭ ʪʝʯʝʥʠʷʭ, ʠʤʝʶʪ ʨʘʟʣʠʯʥʫʶ ʧʨʠʨʦʜʫ, 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʠ ʚʨʝʤʝʥʥʳʝ ʤʘʩʰʪʘʙʳ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʦʧʠʩʘʥʠʝ ʜʦʩʪʘʪʦʯʥʦ 

ʩʣʦʞʥʳʤ ʠ ʪʨʝʙʫʝʪ ʥʘʣʠʯʠʷ ʦʧʨʝʜʝʣʝʥʥʳʭ ʩʚʦʡʩʪʚ ʫ ʧʨʠʤʝʥʷʝʤʳʭ ʯʠʩʣʝʥʥʳʭ 

ʩʭʝʤ. ʇʨʠʤʝʨʦʤ ʟʘʜʘʯʠ, ʚ ʢʦʪʦʨʦʡ ʧʨʠʩʫʪʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʤʘʩʰʪʘʙʳ ʠ 

ʬʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ, ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʟʘʜʘʯʘ ʦ ʛʝʥʝʨʘʮʠʠ ʰʫʤʘ ʪʫʨʙʫʣʝʥʪʥʦʡ 

ʩʪʨʫʝʡ, ʠʩʪʝʢʘʶʱʝʡ ʠʟ ʩʦʧʣʘ ʜʚʠʛʘʪʝʣʷ. ʇʨʠ ʨʝʰʝʥʠʠ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʪʨʝʙʫʝʪʩʷ 

ʦʧʠʩʳʚʘʪʴ ʢʘʢ ʩʘʤʫ ʪʫʨʙʫʣʝʥʪʥʫʶ ʩʪʨʫʶ ʩ ʚʠʭʨʷʤʠ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ ʠ 

ʚʳʩʦʢʠʤʠ ʘʤʧʣʠʪʫʜʘʤʠ ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚʥʫʪʨʠ ʥʝʝ, ʪʘʢ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʛʝʥʝʨʠʨʫʝʤʳʭ ʝʶ ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʩ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʦʡ ʜʘʚʣʝʥʠʷ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʦʪ ʧʨʠʤʝʥʷʝʤʦʡ ʯʠʩʣʝʥʥʦʡ ʩʭʝʤʳ ʪʨʝʙʫʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʜʦʩʪʘʪʦʯʥʳʡ ʧʦʨʷʜʦʢ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ, ʥʦ ʠ ʤʘʣʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʠ ʜʠʩʧʝʨʩʠʠ, ʠʩʢʘʞʘʶʱʠʭ ʬʦʨʤʫ 

ʛʝʥʝʨʠʨʫʝʤʳʭ ʚʦʣʥ. ʂʨʦʤʝ ʪʦʛʦ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʷʚʣʝʥʠʷ ʟʘʯʘʩʪʫʶ ʪʨʝʙʫʶʪ 

ʧʦʜʨʦʙʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʜʣʷ ʩʚʦʝʛʦ ʦʧʠʩʘʥʠʷ, ʯʪʦ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʴʶ ʚʝʜʝʪ ʢ ʚʳʩʦʢʠʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʟʘʪʨʘʪʘʤ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʙʦʣʴʰʦʤʫ ʚʨʝʤʝʥʠ ʩʯʝʪʘ. ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʦʙʦʟʥʘʯʝʥʥʳʭ ʧʨʦʙʣʝʤ ʚ ʨʘʙʦʪʝ 

ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʥʘ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʨʠʚʦʣʠʥʝʡʥʳʭ 

ʤʥʦʛʦʙʣʦʯʥʳʭ ʩʝʪʢʘʭ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʦ ʜʦʩʪʠʛʘʪʴ 

ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʝʥʴʰʝʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʩʣʦʞʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʪʘʢʠʤʠ, ʢʘʢ ʤʝʪʦʜ 

ʢʦʥʝʯʥʳʭ ʦʙʲʝʤʦʚ [75].  

ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ 

(1.12), ʚ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʶʪʩʷ ʩʭʝʤʳ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʩ ʫʣʫʯʰʝʥʥʳʤʠ 

ʜʠʩʩʠʧʘʪʠʚʥʳʤʠ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ï ʩʭʝʤʳ ʪʠʧʘ DRP (Dispersion 

Relation Preserving). ʎʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ DRP ʠ ʩʧʝʮʠʘʣʴʥʘʷ 
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ʬʠʣʴʪʨʘʮʠʷ, ʧʨʠʤʝʥʷʝʤʘʷ ʜʣʷ ʥʠʭ, ʦʧʠʩʘʥʳ ʚ Ä2.1.1 ʠ Ä2.1.2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉʭʝʤʳ DRP ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ, ʧʨʠʤʝʥʷʝʤʳʝ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ, ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʬʠʣʴʪʨʳ ʜʣʷ ʥʠʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ Ä2.1.3. ɼʣʷ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʘʷ 

ʤʥʦʛʦʵʪʘʧʥʘʷ ʩʭʝʤʘ ʈʫʥʛʝ-ʂʫʪʪʳ LDDRK (Low Dissipation and Dispersion Runge-

Kutta), ʪʘʢʞʝ ʠʤʝʶʱʘʷ ʚʳʩʦʢʠʡ ʧʦʨʷʜʦʢ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʫʣʫʯʰʝʥʥʳʝ ʚʦʣʥʦʚʳʝ 

ʩʚʦʡʩʪʚʘ (ʤʘʣʫʶ ʜʠʩʩʠʧʘʮʠʶ ʠ ʜʠʩʧʝʨʩʠʶ). ɼʘʥʥʘʷ ʩʭʝʤʘ ʦʧʠʩʳʚʘʝʪʩʷ ʚ Ä2.1.4. 

ʉʧʝʮʠʘʣʴʥʘʷ ʬʠʣʴʪʨʘʮʠʷ, ʧʨʠʤʝʥʷʝʤʘʷ ʜʣʷ ʩʭʝʤ DRP, ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʠ ʢʘʢ 

ʚʘʨʠʘʥʪ ʥʝʷʚʥʦʛʦ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʥʘʟʳʚʘʝʪʩʷ ʤʝʪʦʜʦʤ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ 

ʬʠʣʴʪʨʘʮʠʝʡ (LES-RF) ʠ ʦʧʠʩʘʥ ʚʤʝʩʪʝ ʩ ʪʝʩʪʦʚʦʡ ʟʘʜʘʯʝʡ ʚ Ä2.2. 

ɺ ʩʣʫʯʘʝ ʪʨʘʥʩʟʚʫʢʦʚʳʭ ʪʝʯʝʥʠʡ ʦʧʠʩʘʥʥʳʝ ʩʭʝʤʳ ʷʚʣʷʶʪʩʷ ʥʝʫʩʪʦʡʯʠʚʳʤʠ, 

ʚ ʩʠʣʫ ʯʝʛʦ ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʨʘʩʯʝʪʥʦʛʦ ʤʝʪʦʜʘ ʚʙʣʠʟʠ 

ʨʘʟʨʳʚʦʚ ʨʝʰʝʥʠʷ. ɺ ʨʘʙʦʪʝ ʜʣʷ ʵʪʦʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʬʠʣʴʪʨ ʩ ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ 

(Shock-Capturing), ʦʧʠʩʘʥʥʳʡ ʚ Ä2.3. 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩ ʦʙʣʘʩʪʷʤʠ, ʥʘʭʦʜʷʱʠʤʠʩʷ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦʤ ʜʚʠʞʝʥʠʠ, ʘ 

ʪʘʢʞʝ ʜʣʷ ʩʣʦʞʥʳʭ ʦʙʣʘʩʪʝʡ, ʩʦʟʜʘʥʠʝ ʤʥʦʛʦʙʣʦʯʥʦʡ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ 

ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʜʣʷ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʣʦʞʥʳʤ, ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʤʝʪʦʜ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ (Overset\CHIMERA grids). ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʦʧʠʩʘʥ 

ʚ Ä2.4. 

ʆʧʠʩʘʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʳ ʚ ʨʘʙʦʪʝ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʚʠʜʝ ʧʘʨʘʣʣʝʣʴʥʦʛʦ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ GHOST CFD ʜʣʷ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ (ɻʇʋ). 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʪʠʧʘ ʧʨʦʮʝʩʩʦʨʦʚ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʠʪʴ 

ʨʘʩʯʝʪʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʮʝʥʪʨʘʣʴʥʳʤʠ ʧʨʦʮʝʩʩʦʨʘʤʠ (ʎʇʋ).  

ʆʩʦʙʝʥʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʧʘʢʝʪʘ ʦʧʠʩʘʥʳ ʚ Ä2.5. 
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2.1. ʉʭʝʤʳ DRP ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʧʨʦʠʟʚʦʜʥʳʭ 

 

ʇʦʜʭʦʜ DRP (Dispersion Relation Preserving) ʢ ʧʦʩʪʨʦʝʥʠʶ ʢʦʥʝʯʥʦ-

ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ ʙʳʣ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥ ʂ. ʊʵʤʦʤ ʠ ɼʞ. ɺʵʙʙʦʤ ʚ ʨʘʙʦʪʝ [76]. ɺ 

ʨʘʙʦʪʝ [76] ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʩʭʝʤʘ 4-ʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ ʩ 7-ʪʦʯʝʯʥʳʤ ʰʘʙʣʦʥʦʤ. 

ʆʩʥʦʚʥʦʡ ʠʜʝʝʡ ʧʦʜʭʦʜʘ DRP ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʭʝʤʳ ʥʝ ʪʦʣʴʢʦ ʠʟ 

ʫʩʣʦʚʠʷ ʜʦʩʪʠʞʝʥʠʷ ʪʨʝʙʫʝʤʦʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ, ʥʦ ʠ ʠʟ ʫʩʣʦʚʠʷ 

ʧʦʣʫʯʝʥʠʷ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ, ʤʘʢʩʠʤʘʣʴʥʦ ʙʣʠʟʢʦʛʦ ʢ 

ʜʠʩʧʝʨʩʠʦʥʥʦʤʫ ʩʦʦʪʥʦʰʝʥʠʶ ʠʩʭʦʜʥʦʛʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʮʠʠ ʩʭʝʤ DRP, ʚ ʪʦʤ ʯʠʩʣʝ ʷʚʥʳʝ 

[66], ʥʝʷʚʥʳʝ (ʢʦʤʧʘʢʪʥʳʝ) [77] ʠ ʢʦʥʝʯʥʦ-ʦʙʲʝʤʥʳʝ [78]. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʶʪʩʷ ʷʚʥʳʝ ʩʭʝʤʳ ʚ ʩʠʣʫ ʧʨʦʩʪʦʪʳ ʠʭ ʨʝʘʣʠʟʘʮʠʠ, ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʙʦʣʴʰʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʣʦʞʥʦʩʪʠ ʠ ʥʘʣʠʯʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʩʚʦʡʩʪʚ ʤʘʣʦʡ 

ʜʠʩʧʝʨʩʠʠ ʠ ʜʠʩʩʠʧʘʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʯʠʩʣʝʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʩʯʝʪʘ, ʘ ʪʘʢʞʝ ʢʘʢ ʩʧʦʩʦʙ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʩʧʝʮʠʘʣʴʥʘʷ ʫʟʢʦʧʦʣʦʩʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʨʝʰʝʥʠʷ. 

 

2.1.1. ʎʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ DRP  

 

ʎʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʫʶ ʩʭʝʤʫ ʜʣʷ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʬʫʥʢʮʠʠ F  ʚ ʪʦʯʢʝ 

lx  ʥʘ ʨʘʚʥʦʤʝʨʥʦʡ ʩʝʪʢʝ ʩ ʰʘʛʦʤ xD  ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 
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ʛʜʝ N ï ʮʝʣʦʝ ʯʠʩʣʦ, 
ja  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʭʝʤʳ. 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʩʪʘʥʜʘʨʪʥʳʭ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ ʢʦʵʬʬʠʮʠʝʥʪʳ 
ja  

ʚʳʙʠʨʘʶʪ ʪʘʢ, ʯʪʦʙʳ ʦʥʠ ʦʙʝʩʧʝʯʠʚʘʣʠ ʤʘʢʩʠʤʘʣʴʥʳʡ ʚʦʟʤʦʞʥʳʡ ʧʦʨʷʜʦʢ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʨʦʠʟʚʦʜʥʦʡ xF µµ  ʜʣʷ ʜʘʥʥʦʛʦ ʰʘʙʣʦʥʘ. ɼʣʷ ʵʪʦʛʦ ʬʫʥʢʮʠʷ F  ʚ 

ʪʦʯʢʘʭ ʰʘʙʣʦʥʘ ʨʘʩʢʣʘʜʳʚʘʝʪʩʷ ʚ ʨʷʜ ʊʝʡʣʦʨʘ. ɼʘʣʝʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 
ja  
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ʚʳʙʠʨʘʶʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚ ʜʘʥʥʦʤ ʨʘʟʣʦʞʝʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʦʢʨʘʱʝʥʠʡ 

ʦʩʪʘʣʦʩʴ ʤʠʥʠʤʘʣʴʥʦʝ ʚʦʟʤʦʞʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʣʘʛʘʝʤʳʭ ʥʠʟʢʦʛʦ ʧʦʨʷʜʢʘ. ʇʨʠ 

ʵʪʦʤ ʤʘʢʩʠʤʘʣʴʥʳʡ ʧʦʨʷʜʦʢ ʘʧʧʨʦʢʩʠʤʘʮʠʠ, ʜʦʩʪʠʞʠʤʳʡ ʜʣʷ (2N+1)-ʪʦʯʝʯʥʦʛʦ 

ʰʘʙʣʦʥʘ, ʙʫʜʝʪ ʨʘʚʝʥ 2N. 

ʇʦʜʩʪʘʚʣʷʷ ʨʘʟʣʦʞʝʥʠʝ ʬʫʥʢʮʠʠ F  ʚ ʨʷʜ ʊʝʡʣʦʨʘ ʚ ʪʦʯʢʘʭ 
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ʇʝʨʝʛʨʫʧʧʠʨʦʚʘʚ ʩʣʘʛʘʝʤʳʝ ʠ ʚʳʥʦʩʷ ʧʨʦʠʟʚʦʜʥʳʝ ʟʘ ʩʢʦʙʢʠ, ʧʦʣʫʯʘʝʤ 
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ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʵʪʦ ʨʘʚʝʥʩʪʚʦ ʚʳʧʦʣʥʷʣʦʩʴ, ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʨʠ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʙʳʣ ʨʘʚʝʥ ʝʜʠʥʠʮʝ, ʘ ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʙʳʣʠ ʨʘʚʥʳ ʥʫʣʶ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʫʶ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ: 
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    (2.2) 

ʈʝʰʘʷ ʩʠʩʪʝʤʫ (2.2), ʧʦʣʫʯʠʤ ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʪʘʥʜʘʨʪʥʳʭ ʮʝʥʪʨʘʣʴʥʦ-
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ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ N, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʘʟʣʠʯʥʦʛʦ ʯʠʩʣʘ ʪʦʯʝʢ ʚ 

ʰʘʙʣʦʥʝ 2N+1. ɺ ʪʘʙʣʠʮʝ 2.1 ʧʨʠʚʝʜʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʘʥʥʳʭ ʩʭʝʤ ʜʣʷ N=1,..,6. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ, ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʫʩʣʦʚʠʷʤ 
jj aaa --== ,00
. 

 

ʊʘʙʣʠʮʘ 2.1.  

ʂʦʵʬʬʠʮʠʝʥʪʳ ʮʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ 

           N  

      
ja  

1 

(CD2) 

2 

(CD4) 

3 

(CD6) 

4 

(CD8) 

5 

(CD10) 

6 

(CD12) 

0a  0 0 0 0 0 0 

11 --= aa  1/2 2/3 3/4 4/5 5/6 6/7 

22 --= aa  ï -1/12 -3/20 -1/5 -5/21 -15/56 

33 --= aa  ï ï 1/60 4/105 5/84 5/63 

44 --= aa  ï ï ï -1/280 -5/504 -1/56 

55 --= aa  ï ï ï ï 1/1260 1/385 

66 --= aa  ï ï ï ï ï -1/5544 

 

ʇʦʨʷʜʦʢ ʘʧʧʨʦʢʩʠʤʘʮʠʠ P  ʧʦʩʪʨʦʝʥʥʳʭ ʩʭʝʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ 

NP 2=  ʠ ʫʢʘʟʘʥ ʯʠʩʣʦʤ ʚ ʠʭ ʥʘʟʚʘʥʠʠ. ʂ ʧʨʠʤʝʨʫ, ʜʣʷ 13-ʪʦʯʝʯʥʦʛʦ ʰʘʙʣʦʥʘ 

(N=6) ʦʥ ʨʘʚʝʥ 12. 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʭʝʤ DRP ʦʧʨʝʜʝʣʠʤ ʫʩʣʦʚʠʷ ʤʠʥʠʤʠʟʘʮʠʠ ʜʠʩʧʝʨʩʠʦʥʥʳʭ 

ʦʰʠʙʦʢ. ɼʣʷ ʵʪʦʛʦ ʧʨʠʤʝʥʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ  ʢ 

ʚʳʨʘʞʝʥʠʶ (2.1). ʀʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʳ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ )(Ĕ/Ĕ kfikxf =µµ  ʠ 

ʩʜʚʠʛʘ )(Ĕ)(Ĕ kfexf ikll=+  ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝfĔ, ʧʦʣʫʯʠʤ 
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ʛʜʝ k ï ʬʠʟʠʯʝʩʢʦʝ ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ, *k  ï ʵʬʬʝʢʪʠʚʥʦʝ (ʯʠʩʣʝʥʥʦʝ) ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ 

ʨʘʟʥʦʩʪʥʦʛʦ ʘʥʘʣʦʛʘ ʧʨʦʠʟʚʦʜʥʦʡ (2.1). 

ʀʟ ʩʨʘʚʥʝʥʠʷ ʣʝʚʦʡ ʠ ʧʨʘʚʦʡ ʯʘʩʪʝʡ (2.3) ʩʣʝʜʫʝʪ, ʯʪʦ ʬʠʟʠʯʝʩʢʦʝ ʠ 

ʵʬʬʝʢʪʠʚʥʦʝ ʚʦʣʥʦʚʳʝ ʯʠʩʣʘ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʭʝʤʳ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝʥʠʝʤ 
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* .     (2.4) 
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ʇʦʩʢʦʣʴʢʫ *k  ï ʚʝʱʝʩʪʚʝʥʥʦʝ ʯʠʩʣʦ, ʪʦ ʢʦʵʬʬʠʮʠʝʥʪʳ 
ja  ʜʦʣʞʥʳ 

ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʩʦʦʪʥʦʰʝʥʠʷʤ 00=a , jj aa -=- , ʠ ʚʳʨʘʞʝʥʠʝ (2.4) ʫʧʨʦʩʪʠʪʩʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʪʦʛʦʚʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 
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j xjkaxea
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* sin2 ,   (2.5) 

ʛʜʝ ʧʨʦʠʟʚʝʜʝʥʠʷ xkD  ʠ xk D*  ʥʘʟʳʚʘʶʪʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʬʠʟʠʯʝʩʢʠʤ ʠ 

ʵʬʬʝʢʪʠʚʥʳʤ (ʯʠʩʣʝʥʥʳʤ) ʙʝʟʨʘʟʤʝʨʥʳʤʠ ʚʦʣʥʦʚʳʤʠ ʯʠʩʣʘʤʠ.  ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

xk D*  ʷʚʣʷʝʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ xkD  ʩ ʧʝʨʠʦʜʦʤ p2 .  

ʀʟ-ʟʘ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʬʠʟʠʯʝʩʢʠʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ ʚʦʣʥʦʚʳʤʠ ʯʠʩʣʘʤʠ 

ʥʝʢʦʪʦʨʳʝ ʚʦʣʥʳ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʙʳʩʪʨʝʝ ʠʣʠ ʤʝʜʣʝʥʥʝʝ, ʯʝʤ ʵʪʦ 

ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʚ ʠʩʭʦʜʥʦʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʤ 

ʫʨʘʚʥʝʥʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʠʩʧʝʨʩʠʦʥʥʳʤ ʦʰʠʙʢʘʤ. 

ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʜʘʥʥʳʭ ʦʰʠʙʦʢ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʵʬʬʝʢʪʠʚʥʦʝ 

ʙʝʟʨʘʟʤʝʨʥʦʝ ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ xkD*  ʙʳʣʦ ʢʘʢ ʤʦʞʥʦ ʙʣʠʞʝ ʢ ʬʠʟʠʯʝʩʢʦʤʫ xkD  ʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʠʟʤʝʥʝʥʠʷ xkD . ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʤʠʥʠʤʘʣʴʥʳʭ 

ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʦʰʠʙʦʢ ʚ ʨʘʙʦʪʝ [76] ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʥʘʠʤʝʥʴʰʠʭ 

ʢʚʘʜʨʘʪʦʚ. ʂʦʵʬʬʠʮʠʝʥʪʳ 
ja  ʥʘʭʦʜʠʣʠʩʴ ʠʟ ʫʩʣʦʚʠʷ ʤʠʥʠʤʠʟʘʮʠʠ ʩʣʝʜʫʶʱʝʛʦ 

ʬʫʥʢʮʠʦʥʘʣʘ: 

min)(
2

1

2
* ­DD-D=ñ

D

D

xk

xk

xkdxkxkE ,    (2.6) 

ʛʜʝ xkD1 , xk D2  ï ʛʨʘʥʠʮʳ ʜʠʘʧʘʟʦʥʘ ʤʠʥʠʤʠʟʘʮʠʠ. 

ɺ ʩʣʫʯʘʝ N=3 ʠʤʝʶʪʩʷ ʪʨʠ ʥʝʟʘʚʠʩʠʤʳʭ ʢʦʵʬʬʠʮʠʝʥʪʘ. ɼʚʘ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʠʭ 

ʥʘʭʦʞʜʝʥʠʷ ʧʦʣʫʯʘʶʪʩʷ ʠʟ ʫʩʣʦʚʠʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠʩʭʦʜʥʦʛʦ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʩ ʯʝʪʚʝʨʪʳʤ ʧʦʨʷʜʢʦʤ ʪʦʯʥʦʩʪʠ (ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʯʘʩʪʴʶ ʫʨʘʚʥʝʥʠʡ ʩʠʩʪʝʤʳ (2.2)), ʘ ʦʩʪʘʚʰʝʝʩʷ ʪʨʝʪʴʝ ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʫʩʣʦʚʠʡ 

ʤʠʥʠʤʫʤʘ ʬʫʥʢʮʠʦʥʘʣʘ (2.6). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʤ ʩʠʩʪʝʤʫ ʣʠʥʝʡʥʳʭ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 1a , 2a , 3a : 
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ʈʝʰʝʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʩʠʩʪʝʤʳ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ ʧʨʝʜʝʣʦʚ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʚ 

(2.6), ʪ.ʝ. ʪʦʛʦ ʜʠʘʧʘʟʦʥʘ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʙʫʜʝʪ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴʩʷ 

ʠʥʪʝʛʨʘʣʴʥʘʷ ʦʰʠʙʢʘ. ɺ ʨʘʙʦʪʝ [76] ʜʣʷ ʥʠʭ ʙʳʣʠ ʚʳʙʨʘʥʳ ʟʥʘʯʝʥʠʷ ,01 =Dxk  

22 p=Dxk . 

ʈʘʟʚʠʚʘʷ ʧʦʜʭʦʜ ʂ. ʊʵʤʘ, ʂ. ɹʫʞʝ ʠ ʂ. ɹʘʡʠ ʚ ʨʘʙʦʪʝ [66] ʧʨʝʜʣʦʞʠʣʠ ʩʭʝʤʳ 

DRP 4ʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ 9, 11 ʠ 13-ʪʦʯʝʯʥʳʤʠ ʰʘʙʣʦʥʘʤʠ (N=4,5,6, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʦʙʣʘʜʘʶʱʠʝ ʤʝʥʴʰʝʡ ʜʠʩʧʝʨʩʠʝʡ, ʯʝʤ 7-ʪʦʯʝʯʥʘʷ ʩʭʝʤʘ. ɺʤʝʩʪʦ 

ʘʙʩʦʣʶʪʥʦʡ ʨʘʟʥʦʩʪʠ ʤʝʞʜʫ xk D*  ʠ xkD  ʦʥʠ ʤʠʥʠʤʠʟʠʨʦʚʘʣʠ ʦʪʥʦʩʠʪʝʣʴʥʫʶ 

ʨʘʟʥʦʩʪʴ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʦʰʠʙʢʠ 

ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʩʣʝʜʫʶʱʠʡ ʬʫʥʢʮʠʦʥʘʣ: 

min))(ln()(

)ln(

)ln(

*

* 2

1

2

1

­DD-D=D
D

D-D
= ññ

D

D

D

D

xk

xk

xk

xk

xkdxkxkxkd
xk

xkxk
E . (2.8) 

ɼʣʷ ʩʭʝʤ ʩ N=4,5 ʤʠʥʠʤʠʟʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 16/1 p=Dxk , 

2/2 p=Dxk , ʜʣʷ ʩʭʝʤʳ ʩ N=6 ʜʠʘʧʘʟʦʥ ʩʦʩʪʘʚʣʷʣ 16/1 p=Dxk , 5/32 p=Dxk . ɼʚʘ 

ʫʨʘʚʥʝʥʠʷ ʧʦ-ʧʨʝʞʥʝʤʫ ʧʦʣʫʯʘʣʠʩʴ ʠʟ ʫʩʣʦʚʠʷ ʦʙʝʩʧʝʯʝʥʠʷ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ, ʘ ʦʩʪʘʣʴʥʳʝ ï ʠʟ ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ (2.8). 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʮʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ ʜʣʷ N=3-6 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.2. ʎʠʬʨʘ ʚ ʥʘʟʚʘʥʠʠ ʩʭʝʤ ʦʪʨʘʞʘʝʪ ʟʥʘʯʝʥʠʝ N ʜʣʷ ʢʘʞʜʦʡ 

ʠʟ ʥʠʭ. 

ʅʘ ʨʠʩ. 2.1 ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʚʦʣʥʦʚʦʛʦ 

ʯʠʩʣʘ xk D*  ʦʪ ʬʠʟʠʯʝʩʢʦʛʦ xkD  ʜʣʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʪʘʥʜʘʨʪʥʳʭ ʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʮʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ xk D*  

ʘʧʧʨʦʢʩʠʤʠʨʫʝʪ xkD  ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ ʪʦʣʴʢʦ ʜʣʷ ʦʛʨʘʥʠʯʝʥʥʦʛʦ 
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ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʚʦʣʥ, ʘ ʪʘʢʞʝ, ʯʪʦ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʩʭʝʤʳ ʦʧʠʩʳʚʘʶʪ ʛʦʨʘʟʜʦ 

ʙʦʣʴʰʠʡ ʜʠʘʧʘʟʦʥ ʜʣʠʥ ʚʦʣʥ, ʭʦʪʷ ʠ ʠʤʝʶʪ ʬʦʨʤʘʣʴʥʦ ʤʝʥʴʰʠʡ ʧʦʨʷʜʦʢ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ʅʫʞʥʦ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦʣʥʳ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ 

ʙʝʟʨʘʟʤʝʨʥʳʤ ʚʦʣʥʦʚʳʤ ʯʠʩʣʦʤ p=Dxk , ʩʦʛʣʘʩʥʦ ʪʝʦʨʝʤʝ ʐʝʥʦʥʘ, ʥʝ ʤʦʛʫʪ 

ʙʳʪʴ ʧʨʘʚʠʣʴʥʦ ʨʘʟʨʝʰʝʥʳ. 

ʊʘʙʣʠʮʘ 2.2. 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʩʭʝʤ (
jj aaa -== -,00
) 

       N          

    
ja  

3 

(DRP3) 

4 

(DRP4) 

5 

(DRP5) 

6 

(DRP6) 

1a  0.79926643 0.841570125482 0.872756993962 0.907646591371 

2a  -0.18941314 -0.244678931765 -0.286511173973 -0.337048393268 

3a  0.02651995 0.059463584768 0.090320001280 0.133442885327 

4a  ï -0.007650904064 -0.020779405824 -0.045246480208 

5a  ï ï 0.002484594688 0.011169294114 

6a  ï ï ï -0.001456501759 

 

ʅʘ ʨʠʩ. 2.2 ʧʦʢʘʟʘʥʘ ʚʝʣʠʯʠʥʘ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ )()( * xkxkG DµDµ= , ʥʘ 

ʦʩʥʦʚʝ ʢʦʪʦʨʦʡ ʤʦʞʥʦ ʧʨʦʚʝʩʪʠ ʢʣʘʩʩʠʬʠʢʘʮʠʶ ʚʦʣʥ, ʩʦʩʪʘʚʣʷʶʱʠʭ ʯʠʩʣʝʥʥʦʝ 

ʨʝʰʝʥʠʝ. 

 

ʈʠʩ. 2.1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ xk D*  ʦʪ 

ʬʠʟʠʯʝʩʢʦʛʦ xkD ʜʣʷ ʩʪʘʥʜʘʨʪʥʳʭ (ʩʣʝʚʘ) ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ (ʩʧʨʘʚʘ) 

ʮʝʥʪʨʘʣʴʥʦïʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ 
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ʈʠʩ. 2.2 ï ɻʨʫʧʧʦʚʘʷ ʩʢʦʨʦʩʪʴ )()( * xkxkG DµDµ=  ʜʣʷ ʩʪʘʥʜʘʨʪʥʳʭ (ʩʣʝʚʘ) ʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ (ʩʧʨʘʚʘ) ʮʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ 

 

ɺʩʝ ʚʦʣʥʳ (ʜʣʷ ʟʘʜʘʥʥʦʡ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʠ ʨʘʟʤʝʨʘ ʷʯʝʡʢʠ ʩʝʪʢʠ) 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʪʠʧʘ (ʨʠʩ. 2.3). 

 

ʈʠʩ. 2.3 ï ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʚʦʣʥ ʥʘ ʧʨʠʤʝʨʝ ʩʭʝʤʳ DRP3 

 

ʇʝʨʚʳʡ ʪʠʧ ï ʜʣʠʥʥʳʝ ʚʦʣʥʳ. ɼʣʷ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʭ ʙʝʟʨʘʟʤʝʨʥʳʭ 

ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ (ʣʝʞʘʱʠʭ ʚ ʜʠʘʧʘʟʦʥʝ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 2.1¢Dxk  ʚ ʩʣʫʯʘʝ ʩʭʝʤʳ 

DRP3) ʛʨʫʧʧʦʚʘʷ ʩʢʦʨʦʩʪʴ G  ʙʣʠʟʢʘ ʢ ʝʜʠʥʠʮʝ. ɼʠʩʧʝʨʩʠʦʥʥʳʝ ʦʰʠʙʢʠ ʚ ʵʪʦʤ 

ʜʣʠʥʥʳʝ ʚʦʣʥʳ ʜʠʩʧʝʨʛʠʨʫ-

ʶʱʠʝ ʚʦʣʥʳ 
ʧʘʨʘʟʠʪʥʳʝ ʚʦʣʥʳ 
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ʜʠʘʧʘʟʦʥʝ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ ʤʘʣʳ. 

ɺʪʦʨʦʡ ʪʠʧ ï ʜʠʩʧʝʨʛʠʨʫʶʱʠʝ ʚʦʣʥʳ. ʉʶʜʘ ʦʪʥʦʩʷʪʩʷ ʚʩʝ ʚʦʣʥʳ, ʠʤʝʶʱʠʝ 

ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʚʝʣʠʯʠʥʫ ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ, ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʥʫʶ ʦʪ 

ʝʜʠʥʠʮʳ. ɼʣʷ ʩʭʝʤʳ DRP3 ʜʠʘʧʘʟʦʥ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ ʫ ʜʘʥʥʦʛʦ ʪʠʧʘ ʚʦʣʥ 

ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 22.1 <D< xk . 

ʊʨʝʪʠʡ ʪʠʧ ï ʵʪʦ ʧʘʨʘʟʠʪʥʳʝ ʚʦʣʥʳ. ʆʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʚʦʣʥʳ (ʜʣʷ ʩʭʝʤʳ DRP3 ï ʧʦʨʷʜʢʘ 2²Dxk ), ʠʤʝʶʱʠʝ 

ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʛʨʫʧʧʦʚʫʶ ʩʢʦʨʦʩʪʴ. ɺʦʣʥʳ ʵʪʦʛʦ ʪʠʧʘ ʷʚʣʷʶʪʩʷ ʩʣʝʜʩʪʚʠʝʤ 

ʦʰʠʙʦʢ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʛʝʥʝʨʠʨʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʘʣʠʯʠʷ 

ʨʘʟʨʳʚʦʚ ʚ ʥʘʯʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʥʘʣʠʯʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʠ ʪ.ʧ. 

ɺʪʦʨʦʡ ʠ ʪʨʝʪʠʡ ʪʠʧʳ ʚʦʣʥ ʥʝ ʷʚʣʷʶʪʩʷ ʨʝʰʝʥʠʷʤʠ ʠʩʭʦʜʥʦʛʦ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʠ ʧʦʷʚʣʷʶʪʩʷ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʜʠʩʧʝʨʩʠʦʥʥʳʭ 

ʦʰʠʙʦʢ ʯʠʩʣʝʥʥʦʡ ʩʭʝʤʳ. ʂʨʦʤʝ ʪʦʛʦ, ʪʘʢʠʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʧʫʣʴʩʘʮʠʠ ʚʝʜʫʪ ʢ 

ʯʠʩʣʝʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʧʦʵʪʦʤʫ ʦʪ ʥʠʭ ʥʝʦʙʭʦʜʠʤʦ ʠʟʙʘʚʣʷʪʴʩʷ. 

ʉʪʘʥʜʘʨʪʥʳʤ ʩʧʦʩʦʙʦʤ ʫʜʘʣʝʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʜʣʷ 

ʮʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʫʟʢʦʧʦʣʦʩʥʦʡ 

ʬʠʣʴʪʨʘʮʠʠ, ʦʧʠʩʘʥʥʦʡ ʥʠʞʝ. 

 

2.1.2. ʋʟʢʦʧʦʣʦʩʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʨʝʰʝʥʠʷ.  

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ 2.1-2.3, ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʙʝʟʨʘʟʤʝʨʥʦʤʫ ʚʦʣʥʦʚʦʤʫ 

ʯʠʩʣʫ p=Dxk  ʪʦʯʥʦʩʪʴ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʭʝʤ ʥʘʯʠʥʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʧʘʜʘʪʴ. ʇʨʠ 

ʵʪʦʤ ʛʝʥʝʨʠʨʫʝʤʳʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʧʫʣʴʩʘʮʠʠ ʩʦ ʚʨʝʤʝʥʝʤ ʥʘʨʘʩʪʘʶʪ ʠ 

ʧʨʠʚʦʜʷʪ ʢ ʯʠʩʣʝʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʠʩʢʣʶʯʠʪʴ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʨʝʰʝʥʠʷ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʢʘʢ ʜʣʷ 

ʩʪʘʥʜʘʨʪʥʳʭ ʮʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ, ʪʘʢ ʠ ʜʣʷ ʩʭʝʤ DRP ʧʨʠʤʝʥʷʝʪʩʷ 

ʫʟʢʦʧʦʣʦʩʥʘʷ ʬʠʣʴʪʨʘʮʠʷ. ʉʫʱʝʩʪʚʫʝʪ ʪʘʢʞʝ ʤʝʪʦʜ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʚʷʟʢʦʩʪʠ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʚ ʫʨʘʚʥʝʥʠʝ ʜʦʙʘʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʚʷʟʢʠʡ ʯʣʝʥ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ, 

ʟʘʚʠʩʷʱʠʤ ʦʪ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʪʦʯʢʝ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ 
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ʨʘʙʦʪʝ, ʧʦʩʢʦʣʴʢʫ ʦʥ ʚ ʙʦʣʴʰʦʡ ʩʪʝʧʝʥʠ ʚʣʠʷʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ, ʥʦ 

ʠ ʥʘ ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʨʝʰʝʥʠʷ [66]. 

ɼʣʷ ʣʫʯʰʝʛʦ ʧʦʥʠʤʘʥʠʷ ʙʝʟʨʘʟʤʝʨʥʳʭ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʨʠ ʯʠʩʣʝʥʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ʚ M  ʪʦʯʝʢ ʩʝʪʢʠ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ ʙʝʟʨʘʟʤʝʨʥʦʝ 

ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ ʨʘʚʥʦ Mxk /2p=D . ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʣʥʦʚʦʤʫ ʯʠʩʣʫ p=Dxk  

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʟʨʝʰʝʥʠʝ ʚ 2 ʪʦʯʢʠ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ, ʘ ʪʘʢʠʝ ʚʦʣʥʳ, ʧʦ ʪʝʦʨʝʤʝ 

ʐʝʥʦʥʘ, ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʢʦʨʨʝʢʪʥʦ ʨʘʟʨʝʰʝʥʳ. ʂ ʧʨʠʤʝʨʫ, 13-ʪʦʯʝʯʥʘʷ ʩʭʝʤʘ 

DRP6, ʧʨʠʤʝʥʷʝʤʘʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʤʦʞʝʪ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 4105 -Ö=kE  (ʛʜʝ 

p/* xkxkEk D-D= ) ʨʘʟʨʝʰʠʪʴ ʚʦʣʥʳ ʩ ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ ʚ 3.36 ʪʦʯʝʢ ʥʘ ʧʝʨʠʦʜ 

[66], ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʩʪʘʥʜʘʨʪʥʦʡ 13-ʪʦʯʝʯʥʦʡ ʩʭʝʤʳ ʜʣʷ ʵʪʦʛʦ ʧʦʪʨʝʙʫʝʪʩʷ 

4.72 ʪʦʯʢʠ ʥʘ ʧʝʨʠʦʜ, ʘ ʜʣʷ ʮʝʥʪʨʘʣʴʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ 2ʛʦ ʧʦʨʷʜʢʘ ï ʦʢʦʣʦ 32 

ʪʦʯʝʢ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʬʠʣʴʪʨʘʮʠʶ ʪʝʭ ʚʦʣʥ, ʨʘʟʨʝʰʝʥʠʝ 

ʢʦʪʦʨʳʭ ʤʝʥʴʰʝ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʢʨʠʪʝʨʠʝʚ ʜʣʷ ʢʘʞʜʦʡ ʩʭʝʤʳ. 

ɹʫʜʝʤ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʬʠʣʴʪʨ ʚʠʜʘ 
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ʧʨʦʠʟʚʦʜʥʳʤʠ ʠ ʩʘʤʦʡ ʬʫʥʢʮʠʝʡ. 
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ʏʪʦʙʳ ʩʦʭʨʘʥʠʪʴ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʜʣʷ ʬʫʥʢʮʠʠ F  ʩʦʛʣʘʩʥʦ ʚʳʨʘʞʝʥʠʶ (2.9), 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʨʘʚʥʷʪʴ ʚʩʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʠ ʥʝʡ ʠ ʧʨʦʠʟʚʦʜʥʳʭ ʢ ʥʫʣʶ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʦʣʫʯʠʤ ʩʣʝʜʫʶʱʫʶ ʩʠʩʪʝʤʫ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
jd : 

î
î
î
î

í

î
î
î
î

ì

ë

=

=

==

ä

ä

ää

-=

-

-=

-=-=

.0

,0

,0,0

)1(2

2

N

Nj

j

N

N

Nj

j

N

Nj

j

N

Nj

j

dj

dj

jdd

4

    (2.10) 

ʇʨʠ ʫʯʝʪʝ ʫʩʣʦʚʠʡ ʩʠʤʤʝʪʨʠʠ 
jj dd -= , ʚʩʝ ʫʨʘʚʥʝʥʠʷ ʚ ʩʠʩʪʝʤʝ (2.10), ʚ 
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ʢʦʪʦʨʳʭ ʧʨʠʩʫʪʩʪʚʫʝʪ j ʚ ʥʝʯʝʪʥʦʡ ʩʪʝʧʝʥʠ, ʫʜʦʚʣʝʪʚʦʨʷʶʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ. ɺ 

ʠʪʦʛʝ ʦʩʪʘʝʪʩʷ N ʥʝʟʘʚʠʩʠʤʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ N+1 ʥʝʠʟʚʝʩʪʥʳʭ: 

î
î
î
î

í

î
î
î
î

ì

ë

=

=

=+

ä

ä

ä

=

-

=

=

.0

,0

,02

1

)1(2

1

2

1

0

N

j

j

N

N

j

j

N

j

j

dj

dj

dd

4

     (2.11) 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
jd  ʥʝ ʭʚʘʪʘʝʪ ʝʱʝ ʦʜʥʦʛʦ ʫʩʣʦʚʠʷ. ɼʘʥʥʦʝ 

ʚʳʙʠʨʘʝʪʩʷ ʠʩʭʦʜʷ ʠʟ ʪʦʛʦ, ʯʪʦ ʬʠʣʴʪʨ ʜʦʣʞʝʥ ʧʦʣʥʦʩʪʴʶ ʧʦʜʘʚʣʷʪʴ ʚʦʟʤʫʱʝʥʠʷ 

ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʡ ʯʘʩʪʦʪʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ p=Dxk , ʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ 

ʚʠʜʝ 

.1)1( =-ä
-=

N

Nj

j

j d      (2.12) 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʩʪʘʥʜʘʨʪʥʳʭ ʬʠʣʴʪʨʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ N, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ (2.11-2.12), ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.3 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʬʠʣʴʪʨʦʚ, ʢ )( iF xD  ʚ (2.9) ʧʨʠʤʝʥʷʝʪʩʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʠ ʧʨʦʚʦʜʠʪʩʷ ʦʧʪʠʤʠʟʘʮʠʷ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ. 

ʊʘʙʣʠʮʘ 2.3.  

ʂʦʵʬʬʠʮʠʝʥʪʳ ʩʪʘʥʜʘʨʪʥʳʭ ʬʠʣʴʪʨʦʚ (
jj dd =- ) 

   N          

  
jd  

1  

(SF1) 

2 

(SF2) 

3 

(SF3) 

4 

(SF4) 

5 

(SF5) 

6 

(SF6) 

0d  1/2 3/8 5/16 35/128 63/256 231/1024 

1d  -1/4 -1/4 -15/64 -7/32 -105/512 -99/512 

2d  ï 1/16 3/32 7/64 15/128 495/4096 

3d  ï ï -1/64 -1/32 -45/1024 -55/1024 

4d  ï ï ï 1/256 5/512 33/2048 

5d  ï ï ï ï -1/1024 -3/1024 

6d  ï ï ï ï ï 1/4096 
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ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʌʫʨʴʝïʦʙʨʘʟʘ )( 0xDF  ʠʤʝʝʪ ʚʠʜ [66] 

( ) ä
=

D+=D
N

j

jk xjkddxkD
1

0 )cos(2 .    (2.13) 

( )xkDk D  ʥʘʟʳʚʘʝʪʩʷ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʝʡ ʠ ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ (ʦʪ 0 ʜʦ 1) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʙʝʟʨʘʟʤʝʨʥʳʭ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ xkD . 

ʇʦʜʦʙʨʘʚ ʦʧʨʝʜʝʣʝʥʥʳʤ ʦʙʨʘʟʦʤ ʢʦʵʬʬʠʮʠʝʥʪʳ ʬʠʣʴʪʨʘ 
jd  ʚ (2.13), ʤʦʞʥʦ 

ʜʦʙʠʪʴʩʷ ʟʘʪʫʭʘʥʠʷ ʪʦʣʴʢʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʚʦʣʥ. 

ɺ ʨʘʙʦʪʝ [76] ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 
jd  ʧʨʠ N=3 ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʫʩʣʦʚʠʷ 

ʤʠʥʠʤʠʟʘʮʠʠ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ( )xkDk D  ʦʪ 

ʠʜʝʘʣʴʥʦʡ ʜʝʤʧʬʠʨʫʶʱʝʡ ʢʨʠʚʦʡ ( )xkDid D  

( ) ( )

( )
( ) Njdxkd

xk

xkDxkD
j

idk
...1,0/

0

2

==µ
ö
ö

÷

õ

æ
æ

ç

å
D

D

D-D
µñ
p

.  

ɺ ʢʘʯʝʩʪʚʝ ʠʜʝʘʣʴʥʦʡ ʜʝʤʧʬʠʨʫʶʱʝʡ ʢʨʠʚʦʡ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʬʫʥʢʮʠʷ ɻʘʫʩʩʘ  

( )

2

)2ln( ö
÷

õ
æ
ç

å -D
-

=D s

pxk

id exkD ,  

ʛʜʝ s ï ʧʦʣʫʰʠʨʠʥʘ, ʜʣʷ ʢʦʪʦʨʦʡ ʙʳʣʠ ʚʳʙʨʘʥʳ ʜʚʘ ʟʥʘʯʝʥʠʷ: ps 2.0=  ʠ 

ps 3.0= . ʇʨʠ ʥʘʭʦʞʜʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʬʠʣʴʪʨʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʫʩʣʦʚʠʷ ʩʠʤʤʝʪʨʠʠ (
jj dd -= ) ʠ ʥʦʨʤʠʨʦʚʢʠ 0)0( =D , 1)( =pD .  

ɺ ʨʘʙʦʪʝ [66] ʧʨʠ ʥʘʭʦʞʜʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʬʠʣʴʪʨʘ 
jd  ʜʣʷ N=4,5,6 

ʤʠʥʠʤʠʟʠʨʦʚʘʣʘʩʴ ʠʥʪʝʛʨʘʣʴʥʘʷ ʦʰʠʙʢʘ ʚʠʜʘ 

( )( ) .min)ln(

)2/ln(

)16/ln(

½­½DDñ
p

p

xkdxkDk  

ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʬʠʣʴʪʨʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ N ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʪʘʙʣʠʮʝ 2.4.  
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ʊʘʙʣʠʮʘ 2.4.  

ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʬʠʣʴʪʨʦʚ (
jj dd =- ) 

   N          

      

 
jd  

3  

(SF3o1,

p=s 20. ) 

3 

(SF3o2, 

p=s 30. ) 

4  

(SF4o) 

5  

(SF5o) 

6 

(SF6o) 

0d  0.287392842460 0.3276986608 0.24352749312 0.215044884112 0.190899511506 

1d  -0.226146951809 -0.235718815 -0.20478888064 -0.187772883589 -0.171503832236 

2d  0.106303578770 0.0861506696 0.12000759168 0.123755948787 0.123632891797 

3d  -0.023853048191 -0.0142811847 -0.04521111936 -0.059227575576 -0.069975429105 

4d  ï ï 0.00822866176 0.018721609157 0.029662754736 

5d  ï ï ï -0.002999540835 -0.008520738659 

6d  ï ï ï ï 0.001254597714 

 

ɺʠʜ ʬʫʥʢʮʠʡ ( )xkDk D  (2.13), ʧʦʣʫʯʘʝʤʳʭ ʜʣʷ ʩʪʘʥʜʘʨʪʥʳʭ ʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʬʠʣʴʪʨʦʚ ʧʦʢʘʟʘʥ ʚ ʣʠʥʝʡʥʦʤ ʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʘʭ 

ʥʘ ʨʠʩ. 2.4.  

ʀʟ ʨʠʩʫʥʢʘ 2.4 ʚʠʜʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʤʠʥʠʤʘʣʴʥʘ ʚ ʦʙʣʘʩʪʠ, 

ʛʜʝ ʚʦʣʥʳ ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʨʘʟʨʝʰʝʥʳ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʩʭʝʤʳ, ʠ ʤʘʢʩʠʤʘʣʴʥʘ ʜʣʷ p=Dxk , ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʟʨʝʰʝʥʠʶ ʚ 2 ʪʦʯʢʠ ʥʘ 

ʜʣʠʥʫ ʚʦʣʥʳ. ʇʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ 

ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ (ʫʤʝʥʴʰʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ 

xkD ). ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʩʭʝʤ ʦʙʣʘʩʪʴ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʝʛʦ 

ʨʘʟʨʝʰʝʥʠʷ ʧʦʢʨʳʚʘʝʪ ʙʦʣʴʰʠʡ ʜʠʘʧʘʟʦʥ ʙʝʟʨʘʟʤʝʨʥʳʭ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ, ʪʦ ʠ 

ʧʝʨʝʜʘʪʦʯʥʳʝ ʬʫʥʢʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʤ ʬʠʣʴʪʨʦʚ ʩʤʝʱʝʥʳ ʚ ʙʦʣʝʝ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ ʦʙʣʘʩʪʴ. 

ɺ ʩʠʣʫ ʦʩʦʙʝʥʥʦʩʪʝʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʜʝʤʧʬʠʨʦʚʘʥʠʝ ʥʠʟʢʠʭ ʯʘʩʪʦʪ 

(ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʘʣʳʤ ʟʥʘʯʝʥʠʷʤ xkD ) ʫ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʬʠʣʴʪʨʦʚ 

ʩʠʣʴʥʝʝ, ʭʦʪʷ ʠ ʦʩʪʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʥʝʙʦʣʴʰʠʤ, ʠ ʚ ʩʣʫʯʘʝ 11 ʠ 13-ʪʦʯʝʯʥʳʭ 

ʰʘʙʣʦʥʦʚ (SF5o, SF6o) ʥʝ ʧʨʝʚʳʰʘʝʪ 410~ -

kD . 
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ʈʠʩ. 2.4 ï ʇʝʨʝʜʘʪʦʯʥʳʝ ʬʫʥʢʮʠʠ ( )xkDk D  ʩʪʘʥʜʘʨʪʥʳʭ (ʩʣʝʚʘ) ʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ (ʩʧʨʘʚʘ) ʬʠʣʴʪʨʦʚ ʚ ʣʠʥʝʡʥʦʤ (ʩʚʝʨʭʫ) ʠ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ 

(ʩʥʠʟʫ) ʤʘʩʰʪʘʙʘʭ 

 

2.1.3. ʉʭʝʤʳ DRP ʠ ʬʠʣʴʪʨʘʮʠʷ ʩʦ ʩʤʝʱʝʥʥʳʤʠ ʰʘʙʣʦʥʘʤʠ 

 

ʉʭʝʤʳ ʠ ʬʠʣʴʪʨʳ, ʦʧʠʩʘʥʥʳʝ ʚ Ä2.1.1 ʠ Ä2.1.2, ʧʨʠʤʝʥʠʤʳ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ 

ʪʦʣʴʢʦ ʚʜʘʣʠ ʦʪ ʛʨʘʥʠʮ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʇʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʛʨʘʥʠʮʝ ʜʣʷ 

ʜʘʥʥʳʭ ʩʭʝʤ ʥʝ ʭʚʘʪʘʝʪ ʪʦʯʝʢ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʚʳʯʠʩʣʝʥʠʷ 

ʧʨʦʠʟʚʦʜʥʦʡ ʠ ʬʠʣʴʪʨʘʮʠʠ ʚ ʥʦʨʤʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʇʦʩʢʦʣʴʢʫ ʠʩʩʣʝʜʫʝʤʳʝ ʚ 

ʨʘʙʦʪʝ ʪʝʯʝʥʠʷ ʛʘʟʘ ʚ ʫʟʣʘʭ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʚ ʧʦʜʘʚʣʷʶʱʝʤ 
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ʙʦʣʴʰʠʥʩʪʚʝ ʦʛʨʘʥʠʯʝʥʳ ʩʪʝʥʢʘʤʠ ʢʘʥʘʣʦʚ ʠ ʧʨʝʧʷʪʩʪʚʠʷʤʠ ʨʘʟʣʠʯʥʦʛʦ 

ʭʘʨʘʢʪʝʨʘ, ʥʝʦʙʭʦʜʠʤ ʩʧʦʩʦʙ ʚʳʯʠʩʣʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ ʚʙʣʠʟʠ ʛʨʘʥʠʮ. ʆʜʥʠʤ ʠʟ 

ʦʩʥʦʚʥʳʭ ʩʧʦʩʦʙʦʚ ʚʳʯʠʩʣʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ ʥʘ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

ʷʚʣʷʝʪʩʷ ʜʦʙʘʚʣʝʥʠʝ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʬʠʢʪʠʚʥʳʭ ʷʯʝʝʢ [71] ʟʘ ʝʸ ʧʨʝʜʝʣʘʤʠ. 

ʌʠʢʪʠʚʥʳʝ ʷʯʝʡʢʠ ʜʦʙʘʚʣʷʶʪʩʷ ʟʘ ʧʨʝʜʝʣʘʤʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ (ʥʘʧʨʠʤʝʨ, 

çʚʥʫʪʨʠè ʩʪʝʥʢʠ, ʝʩʣʠ ʦʙʣʘʩʪʴ ʦʛʨʘʥʠʯʝʥʘ ʝʶ). 

ʇʦʩʢʦʣʴʢʫ ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʩʯʝʪʘ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ, ʧʣʦʪʥʦʩʪʠ ʠ 

ʜʘʚʣʝʥʠʷ ʚ ʬʠʢʪʠʚʥʳʭ ʷʯʝʡʢʘʭ ʥʝʠʟʚʝʩʪʥʳ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʝʝ ʦʜʥʦʛʦ ʩʣʦʷ 

ʬʠʢʪʠʚʥʳʭ ʷʯʝʝʢ ʩʦʟʜʘʝʪ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. ɺ 

ʩʠʣʫ ʜʘʥʥʦʡ ʦʩʦʙʝʥʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʦʣʴʢʦ ʦʜʠʥ ʩʣʦʡ ʬʠʢʪʠʚʥʳʭ 

ʷʯʝʝʢ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.5. 

 

 

ʈʠʩ. 2.5 ï ʈʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʩ ʬʠʢʪʠʚʥʳʤʠ ʷʯʝʡʢʘʤʠ. 1 ï ʚʥʫʪʨʝʥʥʷʷ ʯʘʩʪʴ 

ʦʙʣʘʩʪʠ, 2 ï ʬʠʢʪʠʚʥʳʝ ʷʯʝʡʢʠ, 3 ï ʪʦʯʢʘ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʩ 7-ʪʦʯʝʯʥʳʤ 

ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ 

 

ʅʘ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ 7-ʪʦʯʝʯʥʦʛʦ ʩʤʝʱʝʥʥʦʛʦ ʰʘʙʣʦʥʘ ʜʣʷ ʪʦʯʢʠ 3. 

ʉʪʦʨʦʥʘ ʰʘʙʣʦʥʘ ʩ ʦʜʥʦʡ ʷʯʝʡʢʦʡ ʧʨʠ ʵʪʦʤ ʧʦʧʘʜʘʝʪ ʥʘ ʬʠʢʪʠʚʥʳʝ ʷʯʝʡʢʠ, ʘ 

ʩʪʦʨʦʥʘ ʩ ʧʷʪʴʶ ï ʚʥʫʪʨʴ ʦʙʣʘʩʪʠ, ʯʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪ 

ʧʨʦʠʟʚʦʜʥʦʡ ʚ ʥʦʨʤʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʢ ʛʨʘʥʠʮʝ. ɺ ʨʘʙʦʪʝ ʥʝʦʙʭʦʜʠʤʳʝ 

ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ, ʧʣʦʪʥʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ ʭʨʘʥʷʪʩʷ ʚ ʮʝʥʪʨʘʭ ʷʯʝʝʢ ʨʘʩʯʝʪʥʦʡ 
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ʩʝʪʢʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʯʠʩʣʝʥʠʝ ʧʨʦʠʟʚʦʜʥʦʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʛʨʘʥʠʮʝ ʥʝ 

ʪʨʝʙʫʝʪʩʷ. ɺ ʩʣʫʯʘʝ ʭʨʘʥʝʥʠʷ ʧʦʣʝʡ ʚ ʫʟʣʘʭ ʩʝʪʢʠ ʬʠʢʪʠʚʥʳʝ ʷʯʝʡʢʠ 

ʧʨʠʤʝʥʷʶʪʩʷ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ. 

ɸʧʧʨʦʢʩʠʤʘʮʠʶ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʬʫʥʢʮʠʠ F  ʚ ʪʦʯʢʝ lx  ʥʘ ʨʘʚʥʦʤʝʨʥʦʡ 

ʩʝʪʢʝ ʩ ʰʘʛʦʤ xD  ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ, ʘʥʘʣʦʛʠʯʥʦ (2.1), ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ 

ʚʠʜʝ 

,)(
1
ä
-=

D+
D
ºö
÷

õ
æ
ç

å

µ

µ Q

Pj

lj

l

xjxFa
xx

F
    (2.14) 

ʛʜʝ 
ja  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʭʝʤʳ, P ʠ Q ï ʢʦʣʠʯʝʩʪʚʦ ʪʦʯʝʢ ʰʘʙʣʦʥʘ ʩ ʢʘʞʜʦʡ ʠʟ 

ʩʪʦʨʦʥ. ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ, ʘʥʘʣʦʛʠʯʥʳʭ ʦʧʠʩʘʥʥʳʤ ʚ Ä2.1.1, ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ 

[79] ʙʳʣʠ ʧʦʣʫʯʝʥʳ 11-ʪʦʯʝʯʥʳʝ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʩʭʝʤʳ DRP ʩʦ ʩʤʝʱʝʥʥʳʤ 

ʰʘʙʣʦʥʦʤ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʜʘʥʥʳʭ ʩʭʝʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.5. 

ʊʘʙʣʠʮʘ 2.5.  

ʂʦʵʬʬʠʮʠʝʥʪʳ 11-ʪʦʯʝʯʥʳʭ ʩʭʝʤ DRP ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ 

   P-Q          

      

    aj 

0-10  

(DRP010) 

1-9 

(DRP19) 

2-8  

(DRP28) 

3-7  

(DRP37) 

4-6 

(DRP46) 

a-4 ï ï ï ï 0.016756572303 

a-3 ï ï ï -0.01327727381 -0.117478455239 

a-2 ï ï 0.057982271137 0.11597607292 0.411034935097 

a-1 ï -0.180022054228 -0.536135360383 -0.617479187931 -1.130286765151 

a0 -2.391602219538 -1.237550583044 -0.264089548965 -0.274113948204 0.341435872099 

a1 5.832490322294 2.48473169299 0.917445877604 1.086208764653 0.556396830543 

a2 -7.650218001182 -1.810320814061 -0.169688364841 -0.402951626982 -0.082525734207 

a3 7.907810563576 1.11299004844 -0.02971632617 0.131066986242 0.003565834658 

a4 -5.922599052629 -0.481086916514 0.029681617641 -0.028154858354 0.001173034777 

a5 3.071037015445 0.12659869023 -0.005222483773 0.002596328316 -7.1772607Ŀ10
-5
 

a6 -1.014956769726 -0.015510730165 -1.1880626Ŀ10
-4
 1.2874315Ŀ10

-4
 -3.52273Ŀ10

-7
 

a7 0.170022256519 2.1609059Ŀ10
-5
 -1.1880626Ŀ10

-4
 0 ï 

a8 0.002819958377 1.5644757Ŀ10
-4
 -2.006973Ŀ10

-5
 ï ï 

a9 -0.004791009708 -7.390277Ŀ10
-6
 ï ï ï 

a10 -1.3063429Ŀ10
-5
 ï ï ï ï 

 

ɿʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ xkD*  ʦʪ 

ʬʠʟʠʯʝʩʢʦʛʦ xkD  ʜʣʷ ʩʭʝʤ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ ʠʤʝʝʪ ʚʠʜ 
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ä
-=

D-=D
Q

Pj

xijk

j eaixk ,*  

ʛʜʝ i ïʢʦʤʧʣʝʢʩʥʘʷ ʝʜʠʥʠʮʘ. 

ɿʘʚʠʩʠʤʦʩʪʠ )(* xkxk DD , ʘ ʪʘʢʞʝ ʛʨʫʧʧʦʚʳʝ ʩʢʦʨʦʩʪʠ )())(Re( * xkxkG DµDµ=  

ʜʣʷ ʨʘʟʣʠʯʥʳʭ 11-ʪʦʯʝʯʥʳʭ ʩʭʝʤ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 2.6. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʩʭʝʤ ʩʦ ʩʤʝʱʝʥʥʳʤ 

ʰʘʙʣʦʥʦʤ ʭʫʞʝ, ʯʝʤ ʩʚʦʡʩʪʚʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ (ʧʦ ʦʙʱʝʤʫ ʢʦʣʠʯʝʩʪʚʫ ʪʦʯʝʢ ʚ 

ʰʘʙʣʦʥʝ) ʮʝʥʪʨʘʣʴʥʦʡ ʩʭʝʤʳ. ʇʨʠ ʵʪʦʤ ʫ ʩʭʝʤ ʩ P=0 ʠ P=1 ʥʘʙʣʶʜʘʶʪʩʷ 

ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʦʪ ʬʠʟʠʯʝʩʢʦʛʦ ʠ 

ʛʨʫʧʧʦʚʦʡ ʩʢʦʨʦʩʪʠ ʦʪ ʝʜʠʥʠʮʳ ʜʣʷ 1>Dxk . ʊʘʢʦʝ ʦʪʢʣʦʥʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ 

ʛʝʥʝʨʘʮʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʠ ʯʠʩʣʝʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʨʝʰʝʥʠʷ. 

ɼʣʷ ʜʘʥʥʳʭ ʩʭʝʤ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [79] ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʠʣʴʪʨʳ 

ʧʦʥʠʞʝʥʥʦʛʦ ʧʦʨʷʜʢʘ ʩ ʫʤʝʥʴʰʝʥʥʳʤ ʰʘʙʣʦʥʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʯʠʩʣʝʥʥʫʶ 

ʫʩʪʦʡʯʠʚʦʩʪʴ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʩʭʝʤ ʩ PÓ2 ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 11-ʪʦʯʝʯʥʳʝ ʬʠʣʴʪʨʳ.  

 

    

ʈʠʩ. 2.6 ï ɿʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʙʝʟʨʘʟʤʝʨʥʦʛʦ 

ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ xk D*  ʦʪ ʬʠʟʠʯʝʩʢʦʛʦ xkD  (ʩʣʝʚʘ) ʠ ʛʨʫʧʧʦʚʘʷ ʩʢʦʨʦʩʪʴ 

)())(Re( * xkxkG DµDµ=  (ʩʧʨʘʚʘ) ʜʣʷ ʩʭʝʤ DRP ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ 

 

ʌʠʣʴʪʨʳ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ, ʘʥʘʣʦʛʠʯʥʦ (2.9), ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 
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ä
-=

+=-=
Q

Pj

jijiFiFdii xFdxDxDxFxF )()(),()()( s ,    

ʛʜʝ )( ixF  ï ʬʠʣʴʪʨʦʚʘʥʥʘʷ ʬʫʥʢʮʠʷ F  ʚ ʪʦʯʢʝ ix , )( iF xD  ï ʚʝʣʠʯʠʥʘ ʧʦʧʨʘʚʢʠ ʢ 

F  ʚ ʪʦʯʢʝ ix , [ ]1,0Íds  ï ʢʦʥʩʪʘʥʪʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ, 
jd  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʬʠʣʴʪʨʘ, 

P ʠ Q ï ʢʦʣʠʯʝʩʪʚʦ ʪʦʯʝʢ ʰʘʙʣʦʥʘ ʩ ʢʘʞʜʦʡ ʠʟ ʩʪʦʨʦʥ. 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʣʠʯʥʳʭ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʬʠʣʴʪʨʦʚ ʩʦ ʩʤʝʱʝʥʥʳʤ 

ʰʘʙʣʦʥʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [79], ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.6 

ɼʣʷ ʬʠʣʴʪʨʦʚ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʜʝʤʧʬʠʨʫʶʱʫʶ 

ʬʫʥʢʮʠʶ ( )xkG D  [79] ʚ ʚʠʜʝ 

( ) ä
-=

D-=D
Q

Pj

xijk

jedxkG 1

 

ʇʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ ( )xkDk D  ʧʨʠ ʵʪʦʤ ʠʤʝʝʪ ʚʠʜ 

( ) ( )xkGxkDk D-=D 1      (2.15) 

ʊʘʙʣʠʮʘ 2.6. 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʬʠʣʴʪʨʦʚ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ 

   P-Q          

      

    dj 

0-3  

(SF03o) 

1-5 

(SF15o) 

2-8  

(SF28o) 

3-7  

(SF37o) 

4-6 

(SF46o) 

d-4 ï ï ï ï 
0.008391235145 

d-3 ï ï ï -0.00005459601 -0.047402506444 

d-2 ï ï 0.0307159855992469 0.042124772446 0.121438547725 

d-1 ï -0.085777408971 -0.148395705486028 -0.173103107841 -0.200063042812 

d0 0.320882352941 0.277628171524 0.312055385963757 0.299615871352 0.240069047836 

d1 -0.465 -0.356848072173 -0.363202245195514 -0.276543612935 -0.207269200141 

d2 0.179117647059 0.223119093072 0.230145457063431 0.131223506571 0.122263107843 

d3 -0.035 -0.057347064865 -0.0412316564605079 -0.023424966418 -0.047121062819 

d4 ï -7.47264596Ŀ10
-4
 -0.0531024700805787 0.013937561779 0.009014891495 

d5 ï -2.7453993Ŀ10
-5
 0.0494343261171287 -0.024565095706 0.001855812216 

d6 ï ï -0.019814358545856 0.013098287852 -0.001176830044 

d7 ï ï 0.00339528102492129 -0.00230862109 ï 

d8 ï ï 0 ï ï 

 

ɻʨʘʬʠʢʠ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ (2.15) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʬʠʣʴʪʨʦʚ ʩʦ 

ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.7. 
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ʈʠʩ. 2.7 ï ʇʝʨʝʜʘʪʦʯʥʳʝ ʬʫʥʢʮʠʠ ( )xkDk D  ʬʠʣʴʪʨʦʚ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʬʠʣʴʪʨʳ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʦʣʝʝ ʜʠʩʩʠʧʘʪʠʚʥʳ, ʯʝʤ ʠʭ ʮʝʥʪʨʘʣʴʥʳʝ ʘʥʘʣʦʛʠ ʩ ʪʝʤ ʞʝ ʢʦʣʠʯʝʩʪʚʦʤ ʪʦʯʝʢ. 

 

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʪʦʯʝʢ ʦʙʣʘʩʪʠ, ʣʝʞʘʱʠʭ ʜʦʩʪʘʪʦʯʥʦ ʜʘʣʝʢʦ ʦʪ 

ʛʨʘʥʠʮʳ, ʠʩʧʦʣʴʟʫʶʪʩʷ 13-ʪʦʯʝʯʥʘʷ ʩʭʝʤʘ DRP6 ʠ 13-ʪʦʯʝʯʥʳʡ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʡ ʬʠʣʴʪʨ SF6o. ʇʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʛʨʘʥʠʮʝ ʧʨʦʠʩʭʦʜʠʪ 

ʧʝʨʝʭʦʜ ʩʥʘʯʘʣʘ ʢ ʮʝʥʪʨʘʣʴʥʦʡ 11-ʪʦʯʝʯʥʦʡ ʩʭʝʤʝ, ʘ ʟʘʪʝʤ ʠ ʢ 11-ʪʦʯʝʯʥʳʤ 

ʩʭʝʤʘʤ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ. ʇʨʠ ʵʪʦʤ ʩʭʝʤʘ ʩ ʧʦʣʥʦʩʪʴʶ ʩʤʝʱʝʥʥʳʤ 

ʰʘʙʣʦʥʦʤ (SF010) ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʧʨʦʠʟʚʦʜʥʳʭ ʦʪ 

ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʫʨʘʚʥʝʥʠʠ (1.12) ʥʘ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ. 

ʌʠʣʴʪʨ ʩ ʧʦʣʥʦʩʪʴʶ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ (SF03o)  ʚ ʨʘʙʦʪʝ ʥʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ 

ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʜʣʷ ʢʘʞʜʦʡ ʪʦʯʢʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʙʳʣʘ ʜʦʩʪʫʧʥʘ ʭʦʪʷ ʙʳ ʦʜʥʘ 

ʩʦʩʝʜʥʷʷ ʪʦʯʢʘ (ʚʥʫʪʨʝʥʥʷʷ ʠʣʠ ʬʠʢʪʠʚʥʘʷ). ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ, ʢʘʢ ʙʳʣʦ 

ʦʪʤʝʯʝʥʦ ʨʘʥʝʝ, ʩʭʝʤʳ ʩʦ ʩʤʝʱʝʥʥʳʤ ʰʘʙʣʦʥʦʤ ʠʤʝʶʪ ʭʫʜʰʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, 

ʯʝʤ ʮʝʥʪʨʘʣʴʥʳʝ ʩʭʝʤʳ ʩ ʪʝʤ ʞʝ ʢʦʣʠʯʝʩʪʚʦʤ ʪʦʯʝʢ, ʠʭ ʧʨʝʠʤʫʱʝʩʪʚʘ ʦʪʯʝʪʣʠʚʦ 

ʧʨʦʷʚʣʷʶʪʩʷ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʛʜʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʮʝʥʪʨʘʣʴʥʳʭ 

ʩʭʝʤ ʙʝʟ ʫʤʝʥʴʰʝʥʠʷ ʠʭ ʰʘʙʣʦʥʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ 

ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʪʦʯʢʫ, ʦʪʩʪʘʶʱʫʶ ʥʘ ʦʜʥʫ ʷʯʝʡʢʫ ʦʪ ʛʨʘʥʠʮʳ: ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ 
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ʜʦʩʪʫʧʥʳ ʪʦʣʴʢʦ ʜʚʝ ʩʦʩʝʜʥʠʝ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʠ ʧʨʦʠʟʚʦʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ï ʩ 

ʜʨʫʛʦʡ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʦʣʴʢʦ ʮʝʥʪʨʘʣʴʥʫʶ ʩʭʝʤʫ CD4. 

ɿʘʤʝʥʠʚ ʝʸ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʭʝʤʦʡ DRP28, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʫʣʫʯʰʝʥʠʝ ʪʦʯʥʦʩʪʠ. ɸʥʘʣʦʛʠʯʥʳʝ ʫʪʚʝʨʞʜʝʥʠʷ ʩʧʨʘʚʝʜʣʠʚʳ ʠ ʜʣʷ ʜʨʫʛʠʭ ʪʦʯʝʢ 

ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ, ʚ ʦʪʥʦʰʝʥʠʠ ʢʘʢ ʩʭʝʤ, ʪʘʢ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʤ ʬʠʣʴʪʨʦʚ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫʟʢʦʧʦʣʦʩʥʘʷ ʬʠʣʴʪʨʘʮʠʷ, ʧʨʠʤʝʥʷʝʤʘʷ ʜʣʷ ʩʭʝʤ 

DRP, ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʯʝʪʘ, ʥʦ ʠ 

ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʩʨʝʜʩʪʚʦʤ ʦʪʩʝʢʘʥʠʷ ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʭ 

ʚʠʭʨʝʡ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʜʨʦʙʥʝʝ ʦʧʠʩʘʥ ʚ Ä2.2. 

 

2.1.4. ʆʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʤʥʦʛʦʵʪʘʧʥʳʝ ʩʭʝʤʳ ʈʫʥʛʝ-ʂʫʪʪʳ LDDRK  

 

ɺ ʩʠʣʫ ʩʚʦʝʡ ʥʠʟʢʦʡ ʜʠʩʧʝʨʩʠʠ ʠ ʜʠʩʩʠʧʘʮʠʠ, ʩʭʝʤʳ DRP, ʦʧʠʩʘʥʥʳʝ ʚ Ä2.1, 

ʪʨʝʙʫʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʚʦʡʩʪʚ ʠ ʦʪ ʤʝʪʦʜʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ. ɺ 

ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʥʦʛʦʵʪʘʧʥʳʡ ʥʠʟʢʦʜʠʩʩʠʧʘʪʠʚʥʳʡ 

ʠ ʤʘʣʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʤʝʪʦʜ ʈʫʥʛʝ-ʂʫʪʪʳ LDDRK (Low Dispersion and Dissipation 

Runge-Kutta) [80]. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʦʙʲʝʤʘ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ, 

ʪʨʝʙʫʝʤʦʡ ʜʣʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʜʭʦʜ ɺʠʣʴʷʤʩʘ 

(ʩʭʝʤʳ Low-Storage), ʚ ʢʦʪʦʨʦʤ ʥʝʦʙʭʦʜʠʤʳʝ ʧʦʣʷ ʭʨʘʥʷʪʩʷ ʚʦ ʚʨʝʤʷ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ ʚ ʚʠʜʝ ʜʚʫʭ ʥʘʙʦʨʦʚ: ʦʩʥʦʚʥʦʛʦ ʠ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ.  

ʈʘʩʩʤʦʪʨʠʤ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ ʚʠʜʘ 

),,( tUF
t
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 ï ʚʝʢʪʦʨ ʥʝʠʟʚʝʩʪʥʳʭ, F ï ʬʫʥʢʮʠʷ, ʟʘʚʠʩʷʱʘʷ ʦʪ U
C

  ʠ ʚʨʝʤʝʥʠ. 

ʄʥʦʛʦʵʪʘʧʥʫʶ ʩʭʝʤʫ ʩ ʥʠʟʢʠʤʠ ʟʘʪʨʘʪʘʤʠ ʧʘʤʷʪʠ ʜʣʷ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ 
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ʛʜʝ Uj ʠ Vj ï ʦʩʥʦʚʥʦʡ ʠ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʥʘʙʦʨʳ ʧʦʣʝʡ ʥʝʠʟʚʝʩʪʥʳʭ ʥʘ j-ʤ ʵʪʘʧʝ, 

S ï ʢʦʣʠʯʝʩʪʚʦ ʵʪʘʧʦʚ ʩʭʝʤʳ, tcnt jj D+= )( , 
ja ,

jb ʠ 
jc  ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʭʝʤʳ, 

tD  ï ʚʝʣʠʯʠʥʘ ʰʘʛʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦ ʚʨʝʤʝʥʠ. ɺ ʢʘʯʝʩʪʚʝ U0 ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʟʥʘʯʝʥʠʷ ʧʦʣʝʡ ʚ ʥʘʯʘʣʝ ʪʝʢʫʱʝʛʦ (n-ʦʛʦ) ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, nUU =0
. ʇʦʣʷ ʥʘ 

ʩʣʝʜʫʶʱʝʤ ʰʘʛʝ (ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ tD) 1+nU  ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ Uj ʧʦʩʣʝ 

ʚʩʝʭ ʵʪʘʧʦʚ ʩʭʝʤʳ: 
S

n UU =+1 . 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʩʭʝʤʳ LDDRK ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʮʝʜʫʨʳ, 

ʧʦʜʦʙʥʦʡ ʦʧʠʩʘʥʥʦʡ ʨʘʥʝʝ ʜʣʷ ʩʭʝʤ DRP. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʩʣʦʚʠʷ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩ ʯʝʪʚʝʨʪʳʤ ʧʦʨʷʜʢʦʤ ʠ ʫʩʣʦʚʠʷ ʤʠʥʠʤʠʟʘʮʠʷ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʠ 

ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʦʰʠʙʦʢ. ɼʘʥʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʜʦʧʫʩʢʘʝʪ ʨʘʟʣʠʯʥʳʝ ʩʭʝʤʳ, 

ʧʦʣʫʯʘʝʤʳʝ ʥʘ ʚʳʭʦʜʝ. ʉʨʝʜʠ ʥʠʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʰʝʩʪʠʵʪʘʧʥʫʶ  

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʫʶ ʩʭʝʤʫ 2-ʛʦ ʧʦʨʷʜʢʘ ʚ ʩʪʘʥʜʘʨʪʥʦʡ ʟʘʧʠʩʠ (RK26o) ʠʟ ʨʘʙʦʪʳ 

[66], ʰʝʩʪʠʵʪʘʧʥʳʝ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʩʭʝʤʳ 4-ʛʦ ʧʦʨʷʜʢʘ ʠʟ ʨʘʙʦʪ [81] 

(RK46oL) ʠ [80] (RK46oNL) ʚ ʟʘʧʠʩʠ ʩ ʥʠʟʢʠʤʠ ʟʘʪʨʘʪʘʤʠ ʧʘʤʷʪʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʠ ʩʪʘʥʜʘʨʪʥʫʶ ʯʝʪʳʨʝʭʵʪʘʧʥʫʶ ʩʭʝʤʫ ʈʫʥʛʝ-ʂʫʪʪʳ 4-ʛʦ ʧʦʨʷʜʢʘ 

(RK44s). ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʭʝʤʘ RK46oNL, ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʩʦʭʨʘʥʷʝʪ 4ʡ 

ʧʦʨʷʜʦʢ ʜʣʷ ʥʝʣʠʥʝʡʥʳʭ ʬʫʥʢʮʠʡ ),( tUF  ʠ ʠʤʝʝʪ ʙʦʣʝʝ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ 

ʫʩʪʦʡʯʠʚʦʩʪʠ, ʯʝʤ RK46o. ʇʨʠ ʵʪʦʤ ʧʦʨʷʜʦʢ ʩʪʘʥʜʘʨʪʥʦʡ ʩʭʝʤʳ RK44s ʚ ʩʣʫʯʘʝ 

ʥʝʣʠʥʝʡʥʦʡ ),( tUF  ʧʘʜʘʝʪ ʜʦ 2-ʛʦ.  

ɼʣʷ ʩʭʝʤ ʈʫʥʛʝ-ʂʫʪʪʳ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ )( tG Dw , ʛʜʝ 

tDw  ï ʙʝʟʨʘʟʤʝʨʥʦʝ ʚʦʣʥʦʚʦʝ ʯʠʩʣʦ. ɼʘʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ 

ʣʠʥʝʡʥʦʩʪʠ ),,( tUF  ʠʤʝʝʪ ʚʠʜ 

ä
=

D+=D
S

j

j

j titG
1

)(1)( wgw , 

ʛʜʝ 
jg ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʭʝʤ, ʟʘʧʠʩʘʥʥʳʭ ʚ ʩʪʘʥʜʘʨʪʥʦʤ ʚʠʜʝ.  

ʂʦʵʬʬʠʮʠʝʥʪʳ ʩʪʘʥʜʘʨʪʥʦʡ ʟʘʧʠʩʠ 
jg ʠ ʟʘʧʠʩʠ ʩ ʥʠʟʢʠʤʠ ʟʘʪʨʘʪʘʤʠ ʧʘʤʷʪʠ 

ja ,
jb ʠ 

jc  ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ ʩʭʝʤʳ RK46oNL ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.7. 
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ʊʘʙʣʠʮʘ 2.7 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʰʝʩʪʠʵʪʘʧʥʦʡ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʡ  

ʩʭʝʤʳ ʈʫʥʛʝ-ʂʫʪʪʳ 4-ʛʦ ʧʦʨʷʜʢʘ RK46oNL. 

j aj bj ʩj gj 

1 0.0 0.032918605146 0.0 1 

2 -0.737101392796 0.823256998200 0.032918605146 1/2 

3 -1.634740794341 0.381530948900 0.249351723343 1/6 

4 -0.744739003780 0.200092213184 0.466911705055 1/24 

5 -1.469897351522 1.718581042715 0.582030414044 0.007856772044 

6 -2.813971388035 0.27 0.847252983783 9.59998595Ŀ10
-4

 

 

ʅʘ ʨʠʩʫʥʢʝ 2.8 ʧʨʝʜʩʪʘʚʣʝʥʘ ʘʤʧʣʠʪʫʜʥʘʷ ʦʰʠʙʢʘ )(1)( tGtDa D-=D ww  

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʭʝʤ. 

 

ʈʠʩ. 2.8 ï ɸʤʧʣʠʪʫʜʥʘʷ ʦʰʠʙʢʘ )( tDa Dw  ʨʘʟʣʠʯʥʳʭ ʩʭʝʤ ʈʫʥʛʝ-ʂʫʪʪʳ 

 

2.2. ʄʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ 

 

ʄʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ (Large Eddy Simulation ï LES) [17] ï ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʝʪʦʜʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ 
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ʪʝʯʝʥʠʡ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʘ. ʕʪʦʪ ʤʝʪʦʜ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʮʝʣʦʛʦ ʨʷʜʘ ʟʘʜʘʯ, ʢʦʪʦʨʳʝ 

ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʠʣʠ ʥʝʚʦʟʤʦʞʥʦ ʨʝʰʠʪʴ ʩ ʧʦʤʦʱʴʶ ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ 

ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ (RANS). ʊʘʢʠʝ ʟʘʜʘʯʠ ʚʢʣʶʯʘʶʪ ʪʝʯʝʥʠʷ ʩ 

ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʦʪʨʳʚʘʤʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʦʙʪʝʢʘʥʠʝ ʧʣʦʭʦ ʦʙʪʝʢʘʝʤʳʭ 

ʦʙʲʝʢʪʦʚ, ʟʘʜʘʯʠ ʘʵʨʦʘʢʫʩʪʠʢʠ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʥʘʧʨʷʤʫʶ ʤʦʜʝʣʠʨʦʚʘʪʴ ʛʝʥʝʨʘʮʠʶ 

ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʪʫʨʙʫʣʝʥʪʥʳʤʠ ʚʠʭʨʷʤʠ ʠ ʜʨ.  

ʆʩʥʦʚʥʦʡ ʠʜʝʝʡ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʷʚʣʷʝʪʩʷ ʧʨʷʤʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʭ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʚʠʭʨʝʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʥʘ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ, ʠ ʫʯʝʪ 

ʙʦʣʝʝ ʤʝʣʢʠʭ ʚʠʭʨʝʡ, ʢʦʪʦʨʳʝ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʨʝʰʝʥʳ ʥʘʧʨʷʤʫʶ ʩʝʪʢʦʡ, ʩ 

ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʧʦʜʩʝʪʦʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʠʟʥʘʯʘʣʴʥʦʡ 

ʩʪʘʥʜʘʨʪʥʦʡ ʬʦʨʤʫʣʠʨʦʚʢʝ ʤʝʪʦʜʘ  ʦʪʜʝʣʝʥʠʝ ʤʘʩʰʪʘʙʦʚ ʚʠʭʨʝʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʨʠʤʝʥʝʥʠʠ ʦʧʝʨʘʮʠʠ ʬʠʣʴʪʨʘʮʠʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢ ʨʝʰʘʝʤʳʤ ʫʨʘʚʥʝʥʠʷʤ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʣʢʠʭ ʤʘʩʰʪʘʙʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʚʝʜʝʥʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʜʠʩʩʠʧʘʮʠʠ ʠʭ ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ ʚʠʭʨʝʚʦʡ ʚʷʟʢʦʩʪʠ. ɿʥʘʯʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʠʭʨʝʚʦʡ ʚʷʟʢʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ 

ʧʦʜʩʝʪʦʯʥʳʭ ʤʦʜʝʣʝʡ, ʪʘʢʠʭ ʢʘʢ ʤʦʜʝʣʴ ʉʤʘʛʦʨʠʥʩʢʦʛʦ [82] ʠ ʝʸ ʜʠʥʘʤʠʯʝʩʢʘʷ 

ʚʝʨʩʠʷ [83], ʤʦʜʝʣʴ WALE (Wall Adaptive Large Eddy) [84], ʥʝʣʠʥʝʡʥʳʝ ʤʦʜʝʣʠ 

[85], ʤʦʜʝʣʠ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ [86] ʠ ʪ.ʧ. ʂʨʦʤʝ ʪʘʢʦʛʦ 

ʩʪʘʥʜʘʨʪʥʦʛʦ (ʷʚʥʦʛʦ) ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩʫʱʝʩʪʚʫʝʪ ʪʘʢʞʝ ʢʣʘʩʩ ʤʝʪʦʜʦʚ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʜʣʷ ʧʦʜʩʝʪʦʯʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʢʦʵʬʬʠʮʠʝʥʪʳ, ʘ ʩʚʦʡʩʪʚʘ ʩʘʤʦʡ ʩʭʝʤʳ. ʊʘʢʠʝ ʤʝʪʦʜʳ ʥʘʟʳʚʘʶʪʩʷ ʥʝʷʚʥʳʤʠ 

ʤʝʪʦʜʘʤʠ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ (ILES ï Implicit LES) [73]. ɺ ʜʘʥʥʳʭ ʤʝʪʦʜʘʭ ʩʘʤʘ 

ʯʠʩʣʝʥʥʘʷ ʩʭʝʤʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʫʟʢʦʧʦʣʦʩʥʳʡ ʬʠʣʴʪʨ, ʦʪʩʝʢʘʶʱʠʡ ʚʠʭʨʠ, 

ʢʦʪʦʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʨʘʟʨʝʰʠʪʴ ʥʘ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ. ʇʨʠ ʵʪʦʤ ʜʠʩʩʠʧʘʮʠʷ ʵʥʝʨʛʠʠ 

ʥʘ ʤʝʣʢʠʭ ʤʘʩʰʪʘʙʘʭ ʧʨʦʠʩʭʦʜʠʪ ʪʘʢʞʝ ʟʘ ʩʯʝʪ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʩʚʦʡʩʪʚ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʩʭʝʤʳ. ɼʘʥʥʳʝ ʤʝʪʦʜʳ, ʧʨʠ ʤʝʥʴʰʝʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʣʦʞʥʦʩʪʠ ʚ 

ʩʠʣʫ ʦʪʩʫʪʩʪʚʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʦʜʝʣʝʡ ʚʠʭʨʝʚʦʡ ʚʷʟʢʦʩʪʠ, ʧʦʢʘʟʳʚʘʶʪ 

ʨʝʟʫʣʴʪʘʪʳ, ʩʭʦʞʠʝ, ʠ ʠʥʦʛʜʘ ï ʣʫʯʰʠʝ, ʯʝʤ ʨʝʟʫʣʴʪʘʪʳ ʷʚʥʦʛʦ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ 

ʚʠʭʨʝʡ [73]. ɺ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʥʝʷʚʥʳʭ ʤʝʪʦʜʦʚ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʧʨʠʤʝʥʷʝʤʳʡ ʚ ʨʘʙʦʪʝ ʤʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ 
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(LES-Relaxation Filtering ï LES-RF) [72]. ɼʣʷ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ ʥʘ ʤʝʣʢʠʭ 

ʤʘʩʰʪʘʙʘʭ ʚ ʤʝʪʦʜʝ LES-RF ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʟʢʦʧʦʣʦʩʥʳʝ ʬʠʣʴʪʨʳ. ʇʨʠ ʵʪʦʤ 

ʚʘʞʥʦ, ʯʪʦʙʳ ʧʨʠʤʝʥʷʝʤʘʷ ʩʭʝʤʘ ʙʳʣʘ ʩʧʦʩʦʙʥʘ ʨʘʟʨʝʰʘʪʴ ʤʘʢʩʠʤʘʣʴʥʳʡ 

ʜʠʘʧʘʟʦʥ ʤʘʩʰʪʘʙʦʚ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ, ʘ ʬʠʣʴʪʨ ï ʦʪʩʝʢʘʪʴ ʪʦʣʴʢʦ ʪʝ 

ʤʘʩʰʪʘʙʳ, ʢʦʪʦʨʳʝ ʥʝʩʧʦʩʦʙʥʘ ʨʘʟʨʝʰʠʪʴ ʩʭʝʤʘ, ʧʨʠ ʵʪʦʤ ʤʠʥʠʤʘʣʴʥʦ ʚʣʠʷʷ ʥʘ 

ʙʦʣʝʝ ʢʨʫʧʥʳʝ. ʇʦʜ ʜʘʥʥʳʝ ʢʨʠʪʝʨʠʠ, ʚ ʩʠʣʫ ʩʚʦʝʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʭʦʨʦʰʦ 

ʧʦʜʭʦʜʷʪ ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʨʘʙʦʪʝ ʩʭʝʤʘ DRP ʠ ʫʟʢʦʧʦʣʦʩʥʳʝ ʬʠʣʴʪʨʳ, ʦʧʠʩʘʥʥʳʝ 

ʚ Ä2.1.1 - Ä2.1.3. 

ʄʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ ʠʤʝʝʪ ʨʷʜ 

ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʠʭʨʝʚʦʡ ʚʷʟʢʦʩʪʠ. 

ʕʪʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʦʪʩʫʪʩʪʚʠʝ ʵʤʧʠʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʢʨʦʤʝ 

ʩʠʣʳ ʬʠʣʴʪʨʘ), ʯʪʦ ʚʝʜʸʪ ʢ ʙʦʣʴʰʝʡ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʠ ʤʝʪʦʜʘ, ʦʪʩʫʪʩʪʚʠʝ 

ʠʟʤʝʥʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʪʝʯʝʥʠʷ [87, 88], ʘ ʪʘʢʞʝ ʧʨʦʩʪʦʪʫ 

ʨʝʘʣʠʟʘʮʠʠ. ɼʣʷ ʦʮʝʥʢʠ ʩʚʦʡʩʪʚ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʨʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ ʦ ʨʘʩʧʘʜʝ ʚʠʭʨʷ ʊʝʡʣʦʨʘ-ɻʨʠʥʘ. ɼʘʥʥʘʷ 

ʟʘʜʘʯʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʊʝʡʣʦʨʦʤ ʠ ɻʨʠʥʦʤ ʚ 1937 ʛʦʜʫ [89], ʰʠʨʦʢʦ 

ʠʩʩʣʝʜʦʚʘʥʘ ʪʝʦʨʝʪʠʯʝʩʢʠ, ʚ ʩʠʣʫ ʯʝʛʦ ʤʥʦʛʠʝ ʘʚʪʦʨʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʝʝ ʜʣʷ 

ʪʝʩʪʠʨʦʚʘʥʠʷ ʘʜʝʢʚʘʪʥʦʩʪʠ ʦʧʠʩʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʘʭ  [90, 91] ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʩʧʝʢʪʨʘʣʴʥʳʝ ʤʝʪʦʜʳ, ʨʘʙʦʪʳ [92, 

93] ʙʳʣʠ ʧʦʩʚʷʱʝʥʳ ʧʨʠʤʝʥʝʥʠʶ ʨʘʟʣʠʯʥʳʭ ʥʝʷʚʥʳʭ ʤʝʪʦʜʦʚ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ. ɺ 

ʨʘʙʦʪʝ [94] ʜʘʥʥʘʷ ʟʘʜʘʯʘ ʨʝʰʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪʥʳʭ ʮʝʥʪʨʘʣʴʥʳʭ 

ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ɺ ʨʘʙʦʪʝ [95] ʚʠʭʨʴ 

ʊʝʡʣʦʨʘ-ɻʨʠʥʘ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʧʩʝʚʜʦʩʧʝʢʪʨʘʣʴʥʳʭ ʠ ʚʠʭʨʝʚʳʭ 

ʤʝʪʦʜʦʚ ʥʘ ʧʦʜʨʦʙʥʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʪʢʘʭ.  

ɺʠʭʨʴ ʊʝʡʣʦʨʘ-ɻʨʠʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʝʯʝʥʠʝ, ʨʘʟʚʠʚʘʶʱʝʝʩʷ ʚ 

ʢʫʙʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ʨʘʟʤʝʨʘʤʠ LzyxL pp ¢¢- ,,  ʠʟ ʩʣʝʜʫʶʱʠʭ ʥʘʯʘʣʴʥʳʭ 

ʫʩʣʦʚʠʡ: 
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  (2.18) 

ʛʜʝ L  ï ʧʘʨʘʤʝʪʨ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʨʘʟʤʝʨ ʦʙʣʘʩʪʠ, 0V ï ʤʘʢʩʠʤʘʣʴʥʘʷ ʥʘʯʘʣʴʥʘʷ 

ʩʢʦʨʦʩʪʴ, 0r ʠ 0p  ï ʩʨʝʜʥʠʝ ʧʣʦʪʥʦʩʪʴ ʠ ʜʘʚʣʝʥʠʝ. ʅʘ ʛʨʘʥʠʮʘʭ ʦʙʣʘʩʪʠ ʟʘʜʘʶʪʩʷ 

ʫʩʣʦʚʠʷ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. 

ɺʠʭʨʴ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʫʩʣʦʚʠʷʤʠ (2.18), ʷʚʣʷʝʪʩʷ ʥʝʫʩʪʦʡʯʠʚʳʤ, ʚ ʩʠʣʫ ʯʝʛʦ 

ʧʨʦʠʩʭʦʜʠʪ ʝʛʦ ʨʘʩʧʘʜ, ʠ ʚ ʦʧʨʝʜʝʣʸʥʥʳʡ ʤʦʤʝʥʪ ʪʝʯʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ 

ʪʫʨʙʫʣʝʥʪʥʳʤ. ʇʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʤʘʩʰʪʘʙʦʚ 

ʚʠʭʨʝʡ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʦʙʣʘʩʪʠ, ʠ ʜʠʩʩʠʧʘʮʠʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ.  

ʈʘʩʩʤʦʪʨʠʤ ʜʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʜʚʘ ʩʣʫʯʘʷ ʩ ʨʘʟʣʠʯʥʳʤʠ ʯʠʩʣʘʤʠ 

ʈʝʡʥʦʣʴʜʩʘ: 1600Re=  ʠ 3000Re= . ʅʘ ʨʠʩʫʥʢʝ 2.9 ʧʦʢʘʟʘʥʘ ʵʚʦʣʶʮʠʷ ʪʝʯʝʥʠʷ 

ʜʣʷ 3000Re= . ɺʠʜʥʦ, ʯʪʦ ʠʟʥʘʯʘʣʴʥʦ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʪʦʣʴʢʦ 

ʢʨʫʧʥʳʝ ʚʠʭʨʠ (ʘ). ɺʧʦʩʣʝʜʩʪʚʠʠ ʥʘʙʣʶʜʘʣʩʷ ʠʭ ʨʘʩʧʘʜ ʥʘ ʙʦʣʝʝ ʤʝʣʢʠʝ 

ʩʪʨʫʢʪʫʨʳ (ʙ) ʚ ʣʦʢʘʣʴʥʳʭ ʦʙʣʘʩʪʷʭ, ʢʦʪʦʨʳʡ ʧʨʠʚʝʣ ʢ ʧʦʣʥʦʤʫ ʨʘʩʧʘʜʫ 

ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʚʠʭʨʝʡ ʠ ʪʫʨʙʫʣʠʟʘʮʠʠ ʚʩʝʡ ʦʙʣʘʩʪʠ (ʚ). 

ɸʥʘʣʦʛʠʯʥʘʷ ʢʘʨʪʠʥʘ ʥʘʙʣʶʜʘʣʘʩʴ ʠ ʜʣʷ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ 1600Re= . 

ʏʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʜʘʥʥʦʛʦ ʪʝʯʝʥʠʷ ʚʳʯʠʩʣʷʣʦʩʴ ʧʦ ʭʘʨʘʢʪʝʨʥʦʤʫ ʨʘʟʤʝʨʫ 

ʦʙʣʘʩʪʠ L , ʤʘʢʩʠʤʘʣʴʥʦʡ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ 0V , ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ 0r  ʠ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ï ʧʦʩʪʦʷʥʥʦʡ) m. ɺʠʭʨʴ ʊʝʡʣʦʨʘ-ɻʨʠʥʘ 

ʷʚʣʷʝʪʩʷ ʥʝʩʞʠʤʘʝʤʳʤ ʪʝʯʝʥʠʝʤ. ʇʨʠ ʵʪʦʤ ʧʦʩʪʘʥʦʚʢʘ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʚ 

ʨʘʙʦʪʝ, ʷʚʣʷʝʪʩʷ ʩʞʠʤʘʝʤʦʡ. ʏʪʦʙʳ ʧʨʝʦʜʦʣʝʪʴ ʜʘʥʥʦʝ ʧʨʦʪʠʚʦʨʝʯʠʝ, 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʘʣʳʝ ʯʠʩʣʘ ʄʘʭʘ 09.0/ 00 ==M cV , ʛʜʝ 000 /rgpc = . ʂʘʢ 

ʠʟʚʝʩʪʥʦ, ʚʣʠʷʥʠʝ ʩʞʠʤʘʝʤʦʩʪʠ ʩʨʝʜʳ ʥʘ ʝʸ ʪʝʯʝʥʠʝ ʜʣʷ ʤʘʣʳʭ ʯʠʩʝʣ ʄʘʭʘ 

( 3.0<Ma ) ʷʚʣʷʝʪʩʷ ʩʣʘʙʳʤ. ʌʘʢʪʠʯʝʩʢʠ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʩʦʩʪʘʚʣʷʣʦ ʧʦʨʷʜʢʘ 0.4%. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 
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ʚʣʠʷʥʠʝ ʩʞʠʤʘʝʤʦʩʪʠ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʚ ʜʘʥʥʦʡ ʧʦʩʪʘʥʦʚʢʝ 

ʧʨʝʥʝʙʨʝʛʘʣʦʩʴ. ʏʠʩʣʦ ʇʨʘʥʜʪʣʷ km /Pr pc=  ʨʘʚʥʷʣʦʩʴ 0.71 (ʛʜʝ k  ï 

ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ), ʘ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ 4.1=g . ɺ ʨʘʩʩʤʦʪʨʝʥʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ ʥʘʠʙʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ 

ʜʦʩʪʠʛʘʣʘʩʴ ʚ ʙʝʟʨʘʟʤʝʨʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 9/* 0 º= LtVt , ʧʨʠ ʵʪʦʤ ʩʘʤ ʨʘʩʯʸʪ 

ʧʨʦʚʦʜʠʪʩʷ ʜʦ ʚʨʝʤʝʥʠ 20*=t .  

ʘ) ʙ) ʚ)  

ʈʠʩ. 2.9 ï ʕʚʦʣʶʮʠʷ ʚʠʭʨʷ ʊʝʡʣʦʨʘ-ɻʨʠʥʘ ʜʣʷ Re=3000 ʠ ʤʦʤʝʥʪʦʚ 

ʚʨʝʤʝʥʠ t*=0 (ʘ), t*=9 (ʙ), t*=20 (ʚ). ʇʦʢʘʟʘʥʳ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʠʟʦʧʦʚʝʨʭʥʦʩʪʠ 

Q-ʢʨʠʪʝʨʠʷ, ʦʢʨʘʰʝʥʥʳʝ z-ʢʦʤʧʦʥʝʥʪʦʡ ʚʝʢʪʦʨʘ ʟʘʚʠʭʨʝʥʥʦʩʪʠ. 

 

ʇʨʠ ʨʝʰʝʥʠʠ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʘʚʥʦʤʝʨʥʳʝ ʨʘʩʯʸʪʥʳʝ ʩʝʪʢʠ 

ʨʘʟʤʝʨʥʦʩʪʴʶ 32
3
, 64

3
, 128

3
 ʠ 256

3
 ʷʯʝʝʢ. ʊʘʢʞʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʚʣʠʷʥʠʷ ʩʠʣʳ ʬʠʣʴʪʨʘ ds  (2.9)  ʥʘ ʧʦʣʫʯʘʝʤʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʅʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʦʝ ʚʣʠʷʥʠʝ ʜʦʣʞʥʦ ʙʳʪʴ ʤʠʥʠʤʘʣʴʥʳʤ ʜʣʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʫʩʧʝʰʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʦʧʠʩʘʥʥʳʭ ʩʭʝʤ ʚ ʨʘʩʯʸʪʘʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ. ɽʩʣʠ 

ʥʝ ʩʢʘʟʘʥʦ ʦʙʨʘʪʥʦʛʦ, ʪʦ ʨʘʩʯʸʪ ʧʨʦʚʦʜʠʣʩʷ ʩ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ, ʚʳʙʨʘʥʥʳʤ ʠʟ 

ʫʩʣʦʚʠʷ ʨʘʚʝʥʩʪʚʘ ʯʠʩʣʘ ʂʫʨʘʥʪʘ CFLå0.45. 

ʂʘʢ ʠʟʚʝʩʪʥʦ ʠʟ ʪʝʦʨʠʠ, ʜʣʷ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʪʝʯʝʥʠʷ ʨʘʩʯʸʪʥʘʷ ʦʙʣʘʩʪʴ (ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʤʝʪʦʜʦʚ) ʜʦʣʞʥʘ ʩʦʜʝʨʞʘʪʴ ʧʦʨʷʜʢʘ 4/9Re  ʷʯʝʝʢ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʝʪʢʝ ʧʦʨʷʜʢʘ 

253
3
 ʷʯʝʝʢ ʚ ʩʣʫʯʘʝ 1600Re=  ʠ 406

3
 ʷʯʝʝʢ  ʚ ʩʣʫʯʘʝ 3000Re= . ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, 

ʨʘʩʯʝʪ ʜʣʷ 1600Re=  ʩ ʩʝʪʢʦʡ 256
3
 ʷʚʣʷʝʪʩʷ ʧʨʷʤʳʤ ʯʠʩʣʝʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. 
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ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʫʯʝʩʪʴ ʠ ʨʘʟʨʝʰʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʦʡ ʩʭʝʤʳ: 

ʧʦʩʢʦʣʴʢʫ ʪʦʯʥʦʩʪʴ ʨʝʰʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʫʭʫʜʰʘʝʪʩʷ ʜʣʷ ʩʘʤʳʭ ʚʳʩʦʢʠʭ 

ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ, ʵʬʬʝʢʪʠʚʥʦʝ ʩʝʪʦʯʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʜʣʷ ʤʝʣʢʠʭ ʩʪʨʫʢʪʫʨ 

ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʳʡ ʨʘʩʯʸʪ ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʠ ʢʘʢ 

ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʤʝʪʦʜʫ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʦʩʪʘʣʴʥʳʝ ʩʣʫʯʘʠ ʩ ʩʝʪʢʦʡ 

ʤʝʥʴʰʝʡ ʨʘʟʤʝʨʥʦʩʪʠ ʪʘʢʞʝ ʥʝ ʷʚʣʷʶʪʩʷ ʧʨʷʤʳʤ ʯʠʩʣʝʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. 

ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ʧʨʦʬʠʣʶ ʙʝʟʨʘʟʤʝʨʥʦʡ ʩʢʦʨʦʩʪʠ 

ʜʠʩʩʠʧʘʮʠʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ e. ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ e  ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ 

ʩʣʝʜʫʶʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ: 

*dt

dEk-=e , 

ʛʜʝ kE ï ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʚ ʦʙʣʘʩʪʠ, ʦʧʨʝʜʝʣʷʝʤʘʷ ʬʦʨʤʫʣʦʡ 

ñ
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ʛʜʝ W ï ʦʙʲʸʤ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ, ʦʛʨʘʥʠʯʝʥʥʦʡ LzyxL pp ¢¢- ,, . 

ʅʘ ʨʠʩʫʥʢʝ 2.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʝʪʦʢ ʠ 

ʩʠʣʳ ʬʠʣʴʪʨʘ ʚ ʩʣʫʯʘʝ 1600Re= . ʉʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʨʦʚʝʜʸʥʥʦʛʦ ʚ ʨʘʙʦʪʝ [95] ʩ ʧʦʤʦʱʴʶ  

ʧʩʝʚʜʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʥʘ ʩʝʪʢʝ ʨʘʟʤʝʨʥʦʩʪʴʶ 512
3
 ʷʯʝʝʢ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, 

ʯʪʦ ʚ ʩʣʫʯʘʝ ʩ ʩʝʪʢʦʡ ʨʘʟʤʝʨʥʦʩʪʴʶ 256
3
 ʷʯʝʝʢ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʝ 

ʩʦʚʧʘʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʧʝʢʪʨʘʣʴʥʦʡ ʩʭʝʤʳ, ʘ ʪʘʢʞʝ 

ʤʠʥʠʤʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʩʠʣʳ ʬʠʣʴʪʨʘ. ʇʦʩʢʦʣʴʢʫ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʝʣʢʠʝ 

ʤʘʩʰʪʘʙʳ ʨʘʟʨʝʰʘʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʥʘ ʧʨʠʤʝʥʷʝʤʦʡ ʩʝʪʢʝ, ʪʦ 

ʥʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ ʚ ʨʝʰʝʥʠʝ ʚʥʦʩʠʪ ʤʦʣʝʢʫʣʷʨʥʘʷ ʚʷʟʢʦʩʪʴ, ʘ ʚʢʣʘʜ ʬʠʣʴʪʨʘʮʠʠ 

ʟʘʤʝʪʥʦ ʫʤʝʥʴʰʘʝʪʩʷ. ʊʘʢʞʝ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʥʝʧʣʦʭʫʶ ʨʘʟʨʝʰʘʶʱʫʶ 

ʩʧʦʩʦʙʥʦʩʪʴ ʩʭʝʤʳ: ʚʧʣʦʪʴ ʜʦ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʤʦʤʝʥʪʘ ʚʨʝʤʝʥʠ ʧʦʨʷʜʢʘ 13* ºt  

ʨʘʩʭʦʞʜʝʥʠʝ ʩʦ ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʝʰʝʥʠʝʤ ʤʠʥʠʤʘʣʴʥʦ.  ɼʘʥʥʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ 

ʛʦʚʦʨʠʪ ʠ ʦ ʪʦʤ, ʯʪʦ ʨʘʟʤʝʨ ʦʩʥʦʚʥʳʭ ʵʥʝʨʛʦʥʝʩʫʱʠʭ ʚʠʭʨʝʡ ʦʩʪʘʸʪʩʷ ʜʦʩʪʘʪʦʯʥʦ 

ʙʦʣʴʰʠʤ ʜʦ ʵʪʦʛʦ ʤʦʤʝʥʪʘ. ʆʩʥʦʚʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʜʣʷ ʩʝʪʢʠ 256
3
 ʷʯʝʝʢ ʩʚʷʟʘʥʦ ʩ 
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ʜʠʩʩʠʧʘʮʠʝʡ ʵʥʝʨʛʠʠ ʤʝʣʢʠʭ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ, ʟʘʧʦʣʥʷʶʱʠʭ ʦʙʣʘʩʪʴ ʙʣʠʞʝ ʢ 

ʢʦʥʮʫ ʨʘʩʯʸʪʘ. ʅʘ ʩʝʪʢʝ ʨʘʟʤʝʨʥʦʩʪʴʶ 128
3
 ʷʯʝʝʢ ʨʘʟʣʠʯʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʸʪʦʚ ʩ 

ʨʘʟʥʦʡ ʩʠʣʦʡ ʬʠʣʴʪʨʘ ʥʝʩʢʦʣʴʢʦ ʫʩʠʣʠʚʘʝʪʩʷ, ʘ ʥʘ ʩʝʪʢʝ ʚ 64
3
 ʷʯʝʝʢ ʩʪʘʥʦʚʠʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʟʘʤʝʪʥʳʤ, ʭʦʪʷ ʠ ʥʝʙʦʣʴʰʠʤ. ʇʨʠ ʵʪʦʤ ʚʠʜʥʦ, ʯʪʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʨʘʟʤʝʨʥʦʩʪʠ ʩʝʪʢʠ ʜʠʩʩʠʧʘʮʠʷ ʵʥʝʨʛʠʠ ʥʘ ʨʘʥʥʠʭ ʵʪʘʧʘʭ ʫʩʠʣʠʚʘʝʪʩʷ, ʯʪʦ 

ʚʳʟʚʘʥʦ ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ ʠ ʫʩʠʣʝʥʠʝʤ ʚʣʠʷʥʠʷ 

ʬʠʣʴʪʨʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʚʧʣʦʪʴ ʜʦ ʨʘʟʤʝʨʘ ʩʝʪʢʠ ʚ 64
3
 ʷʯʝʝʢ ʬʦʨʤʘ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʧʠʢʘ ʩʢʦʨʦʩʪʠ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ ʩʦʭʨʘʥʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ, ʭʦʪʷ ʦʥ ʠ 

çʨʘʟʜʚʘʠʚʘʝʪʩʷè ʜʣʷ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʩʠʣʳ ʬʠʣʴʪʨʘ ds . 

 

 

 

ʈʠʩ. 2.10 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʜʣʷ Re=1600. ɹʝʟʨʘʟʤʝʨʥʘʷ ʩʢʦʨʦʩʪʴ 

ʜʠʩʩʠʧʘʮʠʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ Ů  ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ 
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ʧʩʝʚʜʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʝʪʦʜʘ [95] (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ ʩʭʝʤʳ DRP ʩ ʨʘʩʯʸʪʥʳʤʠ 

ʩʝʪʢʘʤʠ ʨʘʟʤʝʨʥʦʩʪʴʶ 256
3
 (ʩʚʝʨʭʫ-ʩʣʝʚʘ), 128

3
 (ʩʚʝʨʭʫ-ʩʧʨʘʚʘ) ʠ 64

3
 (ʩʥʠʟʫ-

ʩʣʝʚʘ) ʷʯʝʝʢ ʠ ʩʠʣʦʡ ʬʠʣʴʪʨʘ ů = 0.2 ( )ɳ, ů = 0.4 (ȹ), ů = 0.6 (ƺ), ů = 0.9 (Ǐ), ʘ 

ʪʘʢʞʝ ʨʘʟʤʝʨʥʦʩʪʴʶ 32
3
 ʠ ʩʠʣʦʡ ʬʠʣʴʪʨʘ ů = 0.2 (ʩʥʠʟʫ-ʩʣʝʚʘ, ʧʨʝʨʳʚʠʩʪʘʷ 

ʣʠʥʠʷ). ʂʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ Ek ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ ʩʝʪʢʠ 

ʨʘʟʤʝʨʥʦʩʪʴʶ 256
3
 ʷʯʝʝʢ ʠ ʨʘʟʣʠʯʥʦʡ ʩʠʣʳ ʬʠʣʴʪʨʘ (ʩʥʠʟʫ-ʩʧʨʘʚʘ). 

 

ʅʘ ʩʝʪʢʝ ʚ 32
3
 ʷʯʝʝʢ, ʧʨʠʚʝʜʸʥʥʦʡ ʜʣʷ ʩʨʘʚʥʝʥʠʷ, ʚʠʜʥʦ, ʯʪʦ ʧʠʢ ʩʢʦʨʦʩʪʠ 

ʜʠʩʩʠʧʘʮʠʠ ʩʠʣʴʥʦ ʩʜʚʠʥʫʪ ʚʣʝʚʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʠʩʩʠʧʘʮʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʨʘʥʴʰʝ ʠ ʥʘ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʤʘʩʰʪʘʙʘʭ, ʧʦʩʢʦʣʴʢʫ ʜʦʩʪʘʪʦʯʥʦ ʤʝʣʢʠʝ 

ʤʘʩʰʪʘʙʳ ʥʘ ʜʘʥʥʦʡ ʩʝʪʢʝ ʦʪʩʫʪʩʪʚʫʶʪ ʢʘʢ ʪʘʢʦʚʳʝ. ʇʨʠ ʵʪʦʤ ʚʠʜʥʦ, ʯʪʦ 

ʘʤʧʣʠʪʫʜʘ ʧʠʢʘ ʩʦʭʨʘʥʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʜʣʷ 3000Re=  ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.11. ɼʣʷ 

ʩʨʘʚʥʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʝʟʫʣʴʪʘʪʳ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʩʝʚʜʦʩʧʝʢʪʨʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʥʘ ʨʘʩʯʸʪʥʳʭ ʩʝʪʢʘʭ ʨʘʟʤʝʨʥʦʩʪʴʶ 256
3
 [90] ʠ 384

3
 

[94] ʷʯʝʝʢ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʫʞʝ ʥʘ ʩʝʪʢʝ ʚ 256
3
 ʷʯʝʝʢ ʨʝʰʝʥʠʝ ʥʘʯʠʥʘʝʪ 

ʟʘʚʠʩʝʪʴ ʦʪ ʩʠʣʳ ʬʠʣʴʪʨʘ. ɼʣʷ ʬʠʣʴʪʨʦʚ ʩ ʩʠʣʦʡ 2.0>ds  ʧʠʢ ʩʢʦʨʦʩʪʠ 

ʜʠʩʩʠʧʘʮʠʠ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 9* ºt  ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʘʤʧʣʠʪʫʜʝ ʠ çʧʝʨʝʪʝʢʘʝʪè ʥʘ 

ʙʦʣʝʝ ʧʦʟʜʥʠʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 1210 * <<t . ɸʥʘʣʦʛʠʯʥʦʝ ʷʚʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʠ 

ʜʣʷ ʩʝʪʢʠ ʩ 128
3
 ʷʯʝʝʢ, ʪʦʣʴʢʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʣʷ ʬʠʣʴʪʨʦʚ ʩ ʩʠʣʦʡ 2.0>ds  

ʘʤʧʣʠʪʫʜʘ ʧʠʢʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ ʜʠʩʩʠʧʘʮʠʷ ʚ ʮʝʣʦʤ ʧʨʦʠʩʭʦʜʠʪ ʥʝʩʢʦʣʴʢʦ 

ʨʘʥʴʰʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʝʸ ʟʘʤʝʪʥʦʤʫ ʩʥʠʞʝʥʠʶ ʧʨʠ 1812 * <<t . ɼʣʷ ʬʠʣʴʪʨʦʚ ʩ 

ʩʠʣʦʡ 2.0=ds  ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ (ʚ 

ʯʘʩʪʥʦʩʪʠ ï ʧʦ ʧʦʣʦʞʝʥʠʶ ʠ ʘʤʧʣʠʪʫʜʝ ʧʠʢʘ) ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʧʩʝʚʜʦʩʧʝʢʪʨʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʢʘʢ ʜʣʷ ʩʝʪʢʠ ʩ 256
3
, ʪʘʢ ʠ ʩ 128

3
 ʷʯʝʝʢ.  

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ 1600Re=  ʠ 3000Re= ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ 

ʟʥʘʯʝʥʠʠ ʨʘʟʤʝʨʘ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʠʟ ʫʩʣʦʚʠʷ CFLå0.45. ʇʨʠ 

ʵʪʦʤ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʦʪ ʩʠʣʳ ʬʠʣʴʪʨʘ (ʚ ʚʳʙʨʘʥʥʦʤ 

ʜʠʘʧʘʟʦʥʝ 0.2ÒůÒ 0.9) ʙʳʣʘ ʤʠʥʠʤʘʣʴʥʘ.  
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çʆʙʱʠʡ ʦʙʲʸʤè ʬʠʣʴʪʨʘʮʠʠ c ʟʘ ʚʨʝʤʷ t  ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʢʘʢ  

nd Ö=sc ,      (2.19) 

ʛʜʝ ttn D= / ï ʢʦʣʠʯʝʩʪʚʦ ʰʘʛʦʚ ʟʘ ʚʨʝʤʷ t , tD ï ʨʘʟʤʝʨ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ [94]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ tD  ʦʙʱʘʷ 

ʜʠʩʩʠʧʘʮʠʷ  ʚ ʦʙʣʘʩʪʠ c ʟʘ ʪʦ ʞʝ ʚʨʝʤʷ ʙʫʜʝʪ ʙʦʣʴʰʝ, ʯʪʦ ʤʦʞʝʪ ʧʦʚʣʠʷʪʴ ʥʘ 

ʨʝʰʝʥʠʝ. 

 

 

 

ʈʠʩ. 2.11 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʜʣʷ Re=3000. ɹʝʟʨʘʟʤʝʨʥʘʷ ʩʢʦʨʦʩʪʴ 

ʜʠʩʩʠʧʘʮʠʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ Ů  ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ 

ʧʩʝʚʜʦʩʧʝʢʪʨʘʣʴʥʦʡ ʩʭʝʤʳ ʥʘ ʩʝʪʢʝ 384
3
 [94] (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ), 256

3  
[90] (ǅ) ʠ 

ʩʭʝʤʳ DRP ʩ ʨʘʩʯʸʪʥʳʤʠ ʩʝʪʢʘʤʠ ʨʘʟʤʝʨʥʦʩʪʴʶ 256
3
 (ʩʚʝʨʭʫ-ʩʣʝʚʘ), 128

3
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(ʩʚʝʨʭʫ-ʩʧʨʘʚʘ) ʠ 64
3
 (ʩʥʠʟʫ-ʩʣʝʚʘ) ʷʯʝʝʢ ʠ ʩʠʣʦʡ ʬʠʣʴʪʨʘ ů = 0.2 ( )ɳ, ů = 0.4 (ȹ), 

ů = 0.6 (ƺ), ů = 0.9 (Ǐ), ʘ ʪʘʢʞʝ ʨʘʟʤʝʨʥʦʩʪʴʶ 32
3
 ʠ ʩʠʣʦʡ ʬʠʣʴʪʨʘ ů = 0.2 (ʩʥʠʟʫ-

ʩʣʝʚʘ, ʧʨʝʨʳʚʠʩʪʘʷ ʣʠʥʠʷ). ʂʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ Ek ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ 

ʜʣʷ ʩʝʪʢʠ ʨʘʟʤʝʨʥʦʩʪʴʶ 256
3
 ʷʯʝʝʢ ʠ ʨʘʟʣʠʯʥʦʡ ʩʠʣʦʡ ʬʠʣʴʪʨʘ (ʩʥʠʟʫ-ʩʧʨʘʚʘ). 

 

ʅʘ ʨʠʩʫʥʢʝ  2.12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʥʘ ʩʝʪʢʝ ʩ 128
3
 ʷʯʝʝʢ ʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʩʠʣʦʡ ʬʠʣʴʪʨʘ 6.0=ds  ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ʰʘʛʘ ʧʦ 

ʚʨʝʤʝʥʠ, ʦʧʨʝʜʝʣʷʝʤʳʤʠ ʯʠʩʣʘʤʠ ʂʫʨʘʥʪʘ  CFL å 0.06, 0.11, 0.22, 0.45.  

 

 

ʈʠʩ. 2.12 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʜʣʷ Re=3000 ʩ ʨʘʟʣʠʯʥʳʤʠ ʰʘʛʘʤʠ ʧʦ 

ʚʨʝʤʝʥʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʩʠʣʝ ʬʠʣʴʪʨʘ. ɹʝʟʨʘʟʤʝʨʥʘʷ ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ Ů  ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦʡ ʩʭʝʤʳ 

ʥʘ ʩʝʪʢʝ 384
3
 (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ), 256

3 
(ǅ) ʠ ʩʭʝʤʳ DRP ʩ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʦʡ 

ʨʘʟʤʝʨʥʦʩʪʴʶ 128
3
 ʷʯʝʝʢ ʠ ʩʠʣʦʡ ʬʠʣʴʪʨʘ ůd = 0.6 ʜʣʷ CFLå0.06 ( )ɳ, 

CFLå0.11 (ȹ), CFLå0.22 (ƺ), CFLå0.45 (Ǐ).  

 

ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʜʦ ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʚʨʝʤʝʥʠ 8* ºt  ʨʝʰʝʥʠʷ ʜʣʷ ʨʘʟʥʳʭ 

ʰʘʛʦʚ ʧʦ ʚʨʝʤʝʥʠ ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠ, ʘ ʧʦʩʣʝ ʥʘʯʠʥʘʶʪ ʟʘʤʝʪʥʦ ʨʘʩʭʦʜʠʪʴʩʷ, 

ʧʨʠʯʝʤ ʜʘʞʝ ʩʠʣʴʥʝʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʠʣʳ ʬʠʣʴʪʨʘ ds  (ʈʠʩ. 2.11, 
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ʩʚʝʨʭʫ-ʩʧʨʘʚʘ). ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʤʘʩʰʪʘʙʳ ʩʪʨʫʢʪʫʨ, 

ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʦʙʣʘʩʪʠ, ʧʦʩʣʝ ʤʦʤʝʥʪʘ ʚʨʝʤʝʥʠ 8* ºt  ʫʞʝ ʧʣʦʭʦ ʨʘʟʨʝʰʘʶʪʩʷ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʩʭʝʤʦʡ ʥʘ ʜʘʥʥʦʡ ʩʝʪʢʝ ʠ ʥʘʯʠʥʘʶʪ ʧʦʜʚʝʨʛʘʪʴʩʷ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʚʣʠʷʥʠʶ ʬʠʣʴʪʨʘʮʠʠ. ʀʟ ʬʦʨʤʫʣʳ 2.19 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʚʝʣʠʯʠʥʳ ʰʘʛʘ 

ʧʦ ʚʨʝʤʝʥʠ ʚ m ʨʘʟ, ʦʙʱʘʷ ʜʠʩʩʠʧʘʮʠʷ ʟʘ ʩʯʸʪ ʬʠʣʴʪʨʘ ʙʫʜʝʪ ʦʪʣʠʯʘʪʴʩʷ ʪʘʢʞʝ ʚ 

m ʨʘʟ. ʂ ʧʨʠʤʝʨʫ, ʨʘʩʯʸʪ ʩ CFL=0.2 ʠ 5.0=ds , ʠʩʭʦʜʷ ʠʟ (2.19), ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʦʙʲʸʤʘ ʬʠʣʴʪʨʘʮʠʠ ʙʫʜʝʪ ʵʢʚʠʚʘʣʝʥʪʝʥ ʨʘʩʯʸʪʫ ʩ CFL=0.4 ʠ 0.1=ds . ʍʦʪʷ 

ʬʠʣʴʪʨʘʮʠʷ ʠ ʠʤʝʝʪ ʤʘʣʦʝ ʚʣʠʷʥʠʝ ʥʘ ʢʨʫʧʥʳʝ ʤʘʩʰʪʘʙʳ, ʥʦ ʜʘʥʥʦʝ ʚʣʠʷʥʠʝ 

ʢʦʥʝʯʥʦ. ʇʨʠ ʙʦʣʴʰʦʤ ʝʸ ʦʙʲʝʤʝ (ʥʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʘʤʠʭ ʰʘʛʦʚ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʴʰʝ) ʬʠʣʴʪʨʘʮʠʷ 

ʤʦʞʝʪ ʧʦʚʣʠʷʪʴ ʠ ʥʘ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʤʘʩʰʪʘʙʳ. ʊʘʢʘʷ ʩʠʪʫʘʮʠʷ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ 

ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ, ʛʜʝ ʩʝʪʢʘ ʤʦʞʝʪ ʙʳʪʴ ʩʠʣʴʥʦ 

ʥʝʨʘʚʥʦʤʝʨʥʦʡ ʠ ʠʤʝʪʴ ʚʘʨʠʘʮʠʠ ʨʘʟʤʝʨʦʚ ʷʯʝʝʢ ʚ ʜʝʩʷʪʢʠ, ʩʦʪʥʠ ʠ ʙʦʣʝʝ ʨʘʟ, ʧʨʠ 

ʵʪʦʤ ʨʘʟʤʝʨ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʜʣʷ ʷʚʥʦʡ ʩʭʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʤʝʨʦʤ ʩʘʤʦʡ 

ʤʘʣʝʥʴʢʦʡ ʷʯʝʡʢʠ. 

ɼʣʷ ʨʝʛʫʣʷʨʠʟʘʮʠʠ ʨʝʰʝʥʠʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʚ ʨʘʙʦʪʝ 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʧʝʨʝʤʝʥʥʘʷ ʚʝʣʠʯʠʥʘ ʩʠʣʳ ʬʠʣʴʪʨʘ ds , ʠ ʜʣʷ ʝʸ ʦʧʨʝʜʝʣʝʥʠʷ ʚ 

ʢʘʞʜʦʡ ʪʦʯʢʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʦʧʠʩʘʥʥʘʷ ʥʠʞʝ ʘʚʪʦʨʩʢʫʶ ʤʝʪʦʜʠʢʫ. 

ʇʝʨʝʧʠʩʘʚ (2.19) ʚ ʚʠʜʝ  

,t
t

d D=
c

s         (2.20) 

ʠ ʧʦʪʨʝʙʦʚʘʚ, ʯʪʦʙʳ ʦʙʱʘʷ ʜʠʩʩʠʧʘʮʠʷ c ʟʘ ʚʨʝʤʷ tʥʝ ʟʘʚʠʩʝʣʘ ʦʪ tD, ʧʦʣʫʯʠʤ, 

ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʩʠʣʳ ʬʠʣʴʪʨʘ ds  ʦʪ tD  ʣʠʥʝʡʥʘ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ t . ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʜʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʙʫʜʝʤ ʠʩʭʦʜʠʪʴ ʠʟ ʢʨʠʪʝʨʠʝʚ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʭʝʤʳ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚʦʟʤʫʱʝʥʠʷ, ʚʥʦʩʠʤʳʝ ʚ ʧʦʣʷ ʥʝʠʟʚʝʩʪʥʳʭ 

ʜʣʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʟʘ ʦʜʠʥ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʤʝʨʘ 

ʰʘʛʘ, ʨʘʟʤʝʨʘ ʩʘʤʦʡ ʷʯʝʡʢʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʪʝʯʝʥʠʷ. ɼʣʷ ʷʚʥʳʭ ʧʦ ʚʨʝʤʝʥʠ ʩʭʝʤ, 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʨʘʙʦʪʝ, ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʠʩʣʦʤ ʂʫʨʘʥʪʘ 
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xtucCFL DD+= /)( , ʛʜʝ c  ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ, u  ï ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʥʘʧʨʘʚʣʝʥʠʶ ʩʘʤʦʛʦ ʤʘʣʝʥʴʢʦʛʦ ʨʝʙʨʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʷʯʝʡʢʠ ʠ xD  ï ʜʣʠʥʘ ʜʘʥʥʦʛʦ ʨʝʙʨʘ. ʇʦʩʢʦʣʴʢʫ ʟʘʚʠʩʠʤʦʩʪʴ ʯʠʩʣʘ ʂʫʨʘʥʪʘ ʦʪ tD 

ʣʠʥʝʡʥʘ (ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʠʠ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ), ʤʦʞʥʦ ʥʘʡʪʠ ʟʘʚʠʩʠʤʦʩʪʴ ds  ʦʪ 

CFL ʚ ʚʠʜʝ 

.)( bCFLaCFLd +Ö=s      (2.21) 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʝʠʟʚʝʩʪʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ a ʠ b ʥʝʦʙʭʦʜʠʤʳ 2 ʫʩʣʦʚʠʷ. ʂʘʢ 

ʠʟʚʝʩʪʥʦ, ʚʝʣʠʯʠʥʘ ds  ʦʧʨʝʜʝʣʷʝʪ ʩʠʣʫ ʬʠʣʴʪʨʘʮʠʠ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʧʦʜʘʚʣʝʥʠʷ ʧʘʨʘʟʠʪʥʳʭ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʩʭʝʤʦʡ. 

ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʜʘʥʥʳʭ ʚʦʟʤʫʱʝʥʠʡ (CFL=0) ʬʠʣʴʪʨʘʮʠʷ ʥʝ ʪʨʝʙʫʝʪʩʷ, ʠʟ ʯʝʛʦ 

ʩʣʝʜʫʝʪ ʧʝʨʚʦʝ ʫʩʣʦʚʠʝ: 0)0( =ds . ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʘʤʧʣʠʪʫʜʳ ʚʥʦʩʠʤʳʭ 

ʚʦʟʤʫʱʝʥʠʡ ʩʠʣʘ ʬʠʣʴʪʨʘʮʠʠ ʜʦʣʞʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʘʩʪʠ, ʯʪʦʙʳ 

ʦʙʝʩʧʝʯʠʚʘʪʴ ʠʭ ʧʦʜʘʚʣʝʥʠʝ. ʉʜʝʣʘʚ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʩʠʣʘ ʬʠʣʴʪʨʘʮʠʠ 

ʜʦʣʞʥʘ ʙʳʪʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʧʦʣʫʯʠʤ 

ʚʪʦʨʦʝ ʫʩʣʦʚʠʝ: 1)1( =ds . ʀʩʧʦʣʴʟʫʷ ʜʘʥʥʳʝ ʫʩʣʦʚʠʷ, ʠʟ (2.21) ʧʦʣʫʯʠʤ ʧʨʦʩʪʦʝ 

ʫʩʣʦʚʠʝ CFLd =s . ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʣʘ ʬʠʣʴʪʨʘ ds  ʚ ʢʘʞʜʦʡ ʷʯʝʡʢʝ ʨʘʩʯʝʪʥʦʡ 

ʩʝʪʢʠ ʨʘʚʥʘ ʣʦʢʘʣʴʥʦʤʫ ʯʠʩʣʫ ʂʫʨʘʥʪʘ, ʦʧʨʝʜʝʣʷʝʤʦʤʫ ʧʦ ʨʘʟʤʝʨʘʤ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʷʯʝʡʢʠ. ʋʯʠʪʳʚʘʷ, ʯʪʦ 10 ¢¢ ds , ʘ ʯʠʩʣʦ ʂʫʨʘʥʪʘ ʚ ʨʘʩʯʝʪʘʭ ʥʘ 

ʧʨʘʢʪʠʢʝ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ 1 ʚ ʥʝʢʦʪʦʨʳʭ ʷʯʝʡʢʘʭ, ʧʝʨʝʧʠʰʝʤ ʜʘʥʥʦʝ ʫʩʣʦʚʠʝ ʚ 

ʚʠʜʝ 

).1,min(CFLd =s      (2.22) 

ʇʨʠʤʝʥʠʤ ʚʳʨʘʞʝʥʠʝ (2.22) ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʩʠʣʳ ʬʠʣʴʪʨʘ ds  ʚ ʩʣʫʯʘʝ ʩ 

3000Re=  ʜʣʷ ʩʝʪʢʠ ʩ 128
3
 ʷʯʝʝʢ. ʈʘʩʩʤʦʪʨʠʤ ʧʨʠ ʵʪʦʤ ʨʘʟʣʠʯʥʳʝ ʚʝʣʠʯʠʥʳ ʰʘʛʘ 

ʧʦ ʚʨʝʤʝʥʠ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʯʠʩʣʘʤʠ ʂʫʨʘʥʪʘ CFL å 0.06, 0.11, 0.22, 0.45. 

ʈʝʟʫʣʴʪʘʪʳ ʜʘʥʥʳʭ ʨʘʩʯʸʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.13. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, 

ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʰʘʛʦʚ ʧʦ ʚʨʝʤʝʥʠ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʣʥʦʩʪʴʶ ʩʦʚʧʘʜʘʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʩʣʦʚʠʷ 

(2.22)  ʧʦʣʫʯʘʝʤʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠ ʢ ʨʝʟʫʣʴʪʘʪʘʤ ʩ ůd = 0.6 ʠ 
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CFLå0.45 (ʨʠʩ. 2.12), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʨʤʫʣʝ (2.19) ʜʣʷ ʦʙʱʝʡ ʜʠʩʩʠʧʘʮʠʠ 

(ʩʦʛʣʘʩʥʦ (2.19), ʨʘʩʯʝʪ ʥʘ ʨʠʩʫʥʢʝ 2.13 ʧʦ ʫʨʦʚʥʶ ʦʙʱʝʡ ʜʠʩʩʠʧʘʮʠʠ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʙʳ ʩʣʫʯʘʶ ůd = 0.45 ʠ CFLå0.45). ɺʳʨʘʞʝʥʠʝ (2.22) ʧʦʟʚʦʣʷʝʪ 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʩʭʝʤʥʫʶ ʜʠʩʩʠʧʘʮʠʶ, ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʯʝʪʘ ʚ 

ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʠ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʩ ʰʠʨʦʢʠʤ 

ʨʘʟʙʨʦʩʦʤ ʧʦ ʨʘʟʤʝʨʫ ʷʯʝʝʢ ʩʝʪʢʠ. ɿʘ ʩʯʝʪ ʪʘʢʦʡ ʤʠʥʠʤʠʟʘʮʠʠ, ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ 

ʬʠʣʴʪʨʘʮʠʝʡ ʤʝʪʦʜʘ LES-RF ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʩʪʘʥʜʘʨʪʥʳʡ ʤʝʪʦʜ ʢʨʫʧʥʳʭ 

ʚʠʭʨʝʡ ʩ ʢʘʢʦʡ-ʣʠʙʦ ʤʦʜʝʣʴʶ ʚʠʭʨʝʚʦʡ ʚʷʟʢʦʩʪʠ. 

 

 

ʈʠʩ. 2.13 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʜʣʷ Re=3000 ʩ ʨʘʟʣʠʯʥʳʤʠ ʰʘʛʘʤʠ ʧʦ 

ʚʨʝʤʝʥʠ ʧʨʠ ʧʝʨʝʤʝʥʥʦʡ ʩʠʣʝ ʬʠʣʴʪʨʘ. ɹʝʟʨʘʟʤʝʨʥʘʷ ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ Ů  ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦʡ ʩʭʝʤʳ 

ʥʘ ʩʝʪʢʝ 384
3
 (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ), 256

3 
(ǅ) ʠ ʩʭʝʤʳ DRP ʩ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʦʡ 

ʨʘʟʤʝʨʥʦʩʪʴʶ 128
3
 ʷʯʝʝʢ ʠ ʧʝʨʝʤʝʥʥʦʡ ʩʠʣʦʡ ʬʠʣʴʪʨʘ ůd ʜʣʷ CFLå0.06 ( )ɳ, 

CFLå0.11 (ȹ), CFLå0.22 (ƺ), CFLå0.45 (Ǐ)  

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʤʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ 

ʬʠʣʴʪʨʘʮʠʝʡ LES-RF ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʦʧʠʩʘʪʴ ʜʠʩʩʠʧʘʮʠʶ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠ ʵʪʦʤ 

ʩʣʘʙʦ ʟʘʚʠʩʷʪ ʦʪ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ï ʩʠʣʳ ʬʠʣʴʪʨʘʮʠʠ ůd, 
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ʘ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʝʨʝʤʝʥʥʦʡ ʩʠʣʳ ʬʠʣʴʪʨʘ ʠ ʚʳʨʘʞʝʥʠʷ (2.22), 

ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʚ ʨʘʙʦʪʝ ʜʣʷ ʝʝ ʥʘʭʦʞʜʝʥʠʷ, ʚ ʤʝʪʦʜʝ ʥʝ ʦʩʪʘʝʪʩʷ ʥʝʠʟʚʝʩʪʥʳʭ 

ʢʦʥʩʪʘʥʪ. ʂʨʦʤʝ ʪʦʛʦ, ʟʘ ʩʯʝʪ (2.22) ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʤʠʥʠʤʘʣʴʥʘʷ ʬʠʣʴʪʨʘʮʠʷ, 

ʧʨʠ ʢʦʪʦʨʦʡ ʩʦʭʨʘʥʷʝʪʩʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʯʝʪʘ ʚ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʟʘʜʘʯ, 

ʚ ʩʠʣʫ ʯʝʛʦ ʩ ʤʝʪʦʜʦʤ LES-RF ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʦʞʥʦ ʧʨʠʤʝʥʷʪʴ ʠ 

ʩʪʘʥʜʘʨʪʥʳʡ ʤʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʤʦʜʝʣʷʤʠ ʚʠʭʨʝʚʦʡ ʚʷʟʢʦʩʪʠ. 

 

2.3. ʌʠʣʴʪʨʘʮʠʷ ʩ ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ ʜʣʷ ʪʨʘʥʩʟʚʫʢʦʚʳʭ 

ʪʝʯʝʥʠʡ 

 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʫʟʣʘ ʠ ʨʝʞʠʤʘ ʨʘʙʦʪʳ, ʪʝʯʝʥʠʷ ʚ 

ʘʚʠʘʮʠʦʥʥʦʤ ʜʚʠʛʘʪʝʣʝ ʤʦʛʫʪ ʙʳʪʴ ʜʦ-, ʪʨʘʥʩ- ʠ ʩʚʝʨʭʟʚʫʢʦʚʳʤʠ. ɺ ʩʣʫʯʘʝ 

ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʪʝʯʝʥʠʡ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʷʚʣʝʥʠʡ ʤʦʞʝʪ 

ʫʧʨʦʱʘʪʴʩʷ ʙʣʘʛʦʜʘʨʷ ʪʦʤʫ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʭ ʧʫʣʴʩʘʮʠʡ 

ʠʩʯʝʟʘʝʪ ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʥʝ 

ʧʨʝʚʳʰʘʝʪ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ, ʠ ʦʥʠ ʥʝ ʤʦʛʫʪ ʧʝʨʝʤʝʱʘʪʴʩʷ ʚʚʝʨʭ ʧʦ ʧʦʪʦʢʫ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʘʢʠʭ ʪʝʯʝʥʠʡ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʩ ʧʦʤʦʱʴʶ ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ 

ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ (RANS) ʠ ʠʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʘʥʘʣʦʛʘ 

uRANS (unsteady RANS). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʚʝʨʭʟʚʫʢʦʚʳʝ ʪʝʯʝʥʠʷ ʥʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ, ʚ ʩʠʣʫ ʯʝʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʘʷ ʧʦʩʪʘʥʦʚʢʘ, 

ʥʝʩʧʨʘʚʝʜʣʠʚʘʷ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʜʣʷ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʟʘʜʘʯ. 

ʅʘʠʙʦʣʴʰʫʶ ʩʣʦʞʥʦʩʪʴ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ 

ʦʢʦʣʦʟʚʫʢʦʚʳʝ (ʜʦʟʚʫʢʦʚʳʝ ʩ ʯʠʩʣʦʤ ʄʘʭʘ, ʙʣʠʟʢʠʤ ʢ ʝʜʠʥʠʮʝ) ʠ ʪʨʘʥʩʟʚʫʢʦʚʳʝ 

ʪʝʯʝʥʠʷ. ɸʤʧʣʠʪʫʜʳ ʨʘʟʣʠʯʥʳʭ ʧʫʣʴʩʘʮʠʡ (ʪʫʨʙʫʣʝʥʪʥʳʭ ʚʠʭʨʝʡ, ʟʚʫʢʦʚʳʭ ʚʦʣʥ 

ʠ ʜʨ.) ʚ ʪʘʢʠʭ ʪʝʯʝʥʠʷʭ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʠ, ʠ ʦʧʠʩʘʥʠʝ ʠʭ ʛʝʥʝʨʘʮʠʠ ʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʠ ʛʨʘʥʠʮʘʤʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʟʘʯʘʩʪʫʶ 

ʩʪʘʥʦʚʠʪʩʷ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. ɺ Ä2.1 ʠ Ä2.2 ʦʧʠʩʘʥʳ ʩʭʝʤʳ, ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʫʣʴʩʘʮʠʡ (ʠʟʥʘʯʘʣʴʥʦ ʦʥʠ ʧʨʠʤʝʥʷʣʠʩʴ 

ʜʣʷ ʦʧʠʩʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚ ʘʢʫʩʪʠʢʝ). ɼʘʥʥʳʝ ʩʭʝʤʳ 
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ʧʦʟʚʦʣʷʶʪ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʪʴ ʜʦʟʚʫʢʦʚʳʝ ʪʫʨʙʫʣʝʥʪʥʳʝ ʪʝʯʝʥʠʷ. ɺ 

ʩʣʫʯʘʝ ʪʨʘʥʩʟʚʫʢʦʚʳʭ ʪʝʯʝʥʠʡ ʩʭʝʤʳ ʠʟ Ä2.1 ʠ Ä2.2. ʩʪʘʥʦʚʷʪʩʷ ʥʝʫʩʪʦʡʯʠʚʳʤʠ ʚ 

ʩʠʣʫ ʧʨʠʩʫʪʩʪʚʠʷ ʩʢʘʯʢʦʚ ʫʧʣʦʪʥʝʥʠʷ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʥʘ ʢʦʪʦʨʳʭ ʥʝ 

ʩʫʱʝʩʪʚʫʶʪ ʧʨʦʠʟʚʦʜʥʳʝ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʯʝʪʘ ʥʘ ʩʢʘʯʢʘʭ ʜʣʷ 

ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʤʝʪʦʜʦʚ ʟʘʯʘʩʪʫʶ ʧʨʠʤʝʥʷʶʪʩʷ ʩʧʝʮʠʘʣʴʥʳʝ ʩʭʝʤʳ ʪʠʧʘ 

TVD (Total Variation Diminishing) [96], ENO (Essential Non-Oscillatory) [97], 

WENO (Weighted Essential Non-Oscillatory) [98] ʠ ʜʨ. ɼʘʥʥʳʝ ʩʭʝʤʳ ʭʦʨʦʰʦ 

ʧʦʜʭʦʜʷʪ ʜʣʷ ʟʘʜʘʯ ʩ ʙʦʣʴʰʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʠ ʨʘʟʨʳʚʘʤʠ, ʥʦ ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʦʣʴʰʠʝ ʜʠʩʩʠʧʘʮʠʶ ʠ ʜʠʩʧʝʨʩʠʶ, ʯʝʤ ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʨʘʙʦʪʝ ʩʭʝʤʳ DRP. ɺ 

ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʟʘʜʘʯʘʭ ʯʠʩʣʘ ʄʘʭʘ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʪ 

ʝʜʠʥʠʮʫ, ʘ ʩʘʤʠ ʦʙʣʘʩʪʠ ʪʘʢʦʛʦ ʧʨʝʚʳʰʝʥʠʷ ʟʘʥʠʤʘʶʪ ʥʝʙʦʣʴʰʫʶ ʯʘʩʪʴ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʞʝʣʘʝʤʳʤ ʧʦʜʭʦʜʦʤ ʙʳʣʦ ʙʳ ʦʙʝʩʧʝʯʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʭʝʤ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʩʢʘʯʢʘʭ, ʧʨʠ ʵʪʦʤ ʥʠʢʘʢ ʥʝ ʤʦʜʠʬʠʮʠʨʫʷ ʠʭ ʚ ʦʩʪʘʣʴʥʦʡ 

ʦʙʣʘʩʪʠ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʪʘʢʠʭ ʩʣʫʯʘʷʭ ʟʘʯʘʩʪʫʶ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʠʩʢʫʩʩʪʚʝʥʥʘʷ ʚʷʟʢʦʩʪʴ, ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʪʦʨʦʡ ʚʳʯʠʩʣʷʝʪʩʷ ʜʣʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʥʘ 

ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ ʠʩʭʦʜʷ ʠʟ ʧʘʨʘʤʝʪʨʦʚ ʪʝʯʝʥʠʷ [99]. ɺ ʨʘʙʦʪʝ [100] 

ʚʤʝʩʪʦ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʚʷʟʢʦʩʪʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʧʝʮʠʘʣʴʥʳʡ ʬʠʣʴʪʨ ʩ 

ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ (Shock-capturing), ʧʦʟʚʦʣʷʶʱʠʡ ʥʝʩʢʦʣʴʢʦ çʩʛʣʘʞʠʚʘʪʴè 

ʩʢʘʯʢʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʯʝʪʘ. ʇʨʠ ʵʪʦʤ ʩʠʣʘ ʬʠʣʴʪʨʘʮʠʠ ʪʘʢʞʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʪʝʯʝʥʠʷ. 

ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʬʠʣʴʪʨʘʮʠʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʜʥʦʡ ʯʠʩʣʝʥʥʦʡ ʩʭʝʤʳ ʚʦ 

ʚʩʝʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʚʥʝʩʝʥʠʷ ʤʝʥʴʰʝʡ ʬʘʟʦʚʦʡ ʦʰʠʙʢʠ, ʯʝʤ ʚ 

ʩʣʫʯʘʝ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʚʷʟʢʦʩʪʠ. 

ʌʠʣʴʪʨ ʩ ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʬʦʨʤʝ ʚ 

ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 
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sc DDxFxF --++ --= ss    (2.23) 

ʛʜʝ )( i

sc xF  ï ʬʠʣʴʪʨʦʚʘʥʥʘʷ ʬʫʥʢʮʠʷ F  ʚ ʪʦʯʢʝ ix , 10 2/1 ¢¢ °

sc

is  ï ʩʠʣʘ 

ʬʠʣʴʪʨʘʮʠʠ ʚ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʪʦʯʢʘʭ 2/1°ix , sc

iD 2/1°
 ï ʜʝʤʧʬʠʨʫʶʱʠʝ ʬʫʥʢʮʠʠ, 

ʦʧʨʝʜʝʣʷʝʤʳʝ ʚʳʨʘʞʝʥʠʷʤʠ 
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ʛʜʝ cj ï  ʢʦʵʬʬʠʮʠʝʥʪʳ ʬʠʣʴʪʨʘ, N ï ʯʠʩʣʦ ʪʦʯʝʢ ʚ ʰʘʙʣʦʥʝ ʬʠʣʴʪʨʘ, ʧʦʜʝʣʝʥʥʦʝ 

ʥʘ 2. 

ɺ ʨʘʙʦʪʝ [100] ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ 3 ʬʠʣʴʪʨʘ: ʩʪʘʥʜʘʨʪʥʳʝ 2-ʛʦ (SC2) ʠ 4-ʛʦ 

(SC4) ʧʦʨʷʜʢʘ, ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʡ 2-ʛʦ ʧʦʨʷʜʢʘ (SCo2). ʂʦʵʬʬʠʮʠʝʥʪʳ ʜʘʥʥʳʭ 

ʬʠʣʴʪʨʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.8. 

ʊʘʙʣʠʮʘ 2.8. 

ʂʦʵʬʬʠʮʠʝʥʪʳ Shock-capturing ʬʠʣʴʪʨʦʚ (
jj cc -=-1 ). 

 j              cj SC2 SC4 SCo2 

1 -1/4 -3/16 -0.210383 

2 0 1/16 0.039617 

 

ʉʪʘʥʜʘʨʪʥʳʡ ʬʠʣʴʪʨ 2-ʛʦ ʧʦʨʷʜʢʘ SC2 ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʜʠʩʩʠʧʘʮʠʶ ʠ 

ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʚʘʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʯʝʪʘ ʜʘʞʝ ʥʘ ʩʠʣʴʥʳʭ ʩʢʘʯʢʘʭ, ʥʦ ʧʨʠ ʵʪʦʤ 

ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʜʠʩʧʝʨʩʠʦʥʥʫʶ ʦʰʠʙʢʫ. ʌʠʣʴʪʨ SC4 ʠʤʝʝʪ ʤʝʥʴʰʫʶ 

ʜʠʩʧʝʨʩʠʦʥʥʫʶ ʦʰʠʙʢʫ, ʥʦ ʝʛʦ ʜʠʩʩʠʧʘʮʠʠ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʫʩʪʦʡʯʠʚʦʛʦ ʩʯʝʪʘ. ɺ ʩʠʣʫ ʜʘʥʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʬʠʣʴʪʨʘ ʚ ʨʘʙʦʪʝ [100] ʧʦʜʙʠʨʘʣʠʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʥ 

ʙʳʣ ʜʦʩʪʘʪʦʯʥʦ ʜʠʩʩʠʧʘʪʠʚʥʳʤ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʯʝʪʘ ʥʘ ʩʠʣʴʥʳʭ 

ʩʢʘʯʢʘʭ (ʢʘʢ ʩʪʘʥʜʘʨʪʥʳʡ ʬʠʣʴʪʨ 2-ʛʦ ʧʦʨʷʜʢʘ), ʥʦ ʧʨʠ ʵʪʦʤ ʠʤʝʣ ʤʠʥʠʤʘʣʴʥʦ 

ʚʦʟʤʦʞʥʫʶ ʬʘʟʦʚʫʶ ʦʰʠʙʢʫ ʜʣʷ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʚʦʣʥ (ʥʘ ʫʨʦʚʥʝ ʩʪʘʥʜʘʨʪʥʦʛʦ 

ʬʠʣʴʪʨʘ 4-ʛʦ ʧʦʨʷʜʢʘ). ʅʘ ʨʠʩʫʥʢʝ 2.14 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʝʨʝʜʘʪʦʯʥʳʝ ʬʫʥʢʮʠʠ 

)( xkDk D  ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʦʰʠʙʢʠ )( xkDdisp D  ʬʠʣʴʪʨʦʚ ʠʟ ʪʘʙʣʠʮʳ 2.8, 

ʦʧʨʝʜʝʣʷʝʤʳʝ ʩʣʝʜʫʶʱʠʤʠ ʩʦʦʪʥʦʰʝʥʠʷʤʠ (N=1 ʜʣʷ ʬʠʣʴʪʨʘ SC2, ʜʣʷ 

ʦʩʪʘʣʴʥʳʭ ʬʠʣʴʪʨʦʚ N=2) [100]: 

.)sin(2)sin()(2)(

,)cos(2)cos()(22)(
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ʈʠʩ. 2.14 ï ʇʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ )( xkDk D  (ʩʣʝʚʘ) ʠ ʜʠʩʧʝʨʩʠʦʥʥʘʷ 

ʦʰʠʙʢʘ )( xkDdisp D  (ʩʧʨʘʚʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ Shock-Capturing ʬʠʣʴʪʨʦʚ 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʬʠʣʴʪʨʘ scs  ʚ [100] ʧʨʝʜʣʘʛʘʝʪʩʷ 2 ʚʘʨʠʘʥʪʘ 

ʜʝʪʝʢʪʦʨʘ ʩʢʘʯʢʦʚ r : ʧʦ ʜʘʚʣʝʥʠʶ p  ʠ ʜʠʚʝʨʛʝʥʮʠʠ ʩʢʦʨʦʩʪʠ Twvu ),,(ÖÐ=Q . 

ʇʝʨʚʳʡ ʷʚʣʷʝʪʩʷ ʤʝʥʝʝ ʪʦʯʥʳʤ, ʠ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ. ɼʣʷ 

ʚʪʦʨʦʛʦ ʚʘʨʠʘʥʪʘ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚ ʨʘʙʦʪʝ, ʚʝʣʠʯʠʥʘ ʜʝʪʝʢʪʦʨʘ ʩʢʘʯʢʦʚ ir  ʚ 

ʪʦʯʢʝ ix  ʧʦ ʠʥʜʝʢʩʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ i ʙʣʦʢʘ ʩʝʪʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʜʠʚʝʨʛʝʥʮʠʠ 

ʩʢʦʨʦʩʪʠ Q ʧʦ ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʷʤ: 
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  (2.24) 

ʛʜʝ iii pc rg /=  ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʪʦʯʢʝ ix , xD  ï ʬʠʟʠʯʝʩʢʠʡ ʨʘʟʤʝʨ ʷʯʝʡʢʠ 

ʚʜʦʣʴ ʠʥʜʝʢʩʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ i, 16

1 10-=e  ï ʤʘʣʦʝ ʯʠʩʣʦ. 

ʇʦʩʣʝ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ ʜʝʪʝʢʪʦʨʘ ir , ʩʠʣʘ ʬʠʣʴʪʨʘ 
sc

is  ʚ  ʪʦʯʢʝ ix  

ʥʘʭʦʜʠʪʩʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ  
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ʛʜʝ thr  ï ʧʦʨʦʛʦʚʦʝ ʟʥʘʯʝʥʠʝ ʜʝʪʝʢʪʦʨʘ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʘʚʪʦʨʘʤʠ [100] ʙʳʣʦ 

ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʟʥʘʯʝʥʠʝ 510-=thr . ʂʦʵʬʬʠʮʠʝʥʪʳ ʬʠʣʴʪʨʘ ʚ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʪʦʯʢʘʭ sc

i 2/1°s , ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ (2.23), ʥʘʭʦʜʷʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʪʦʡ 

ʠʥʪʝʨʧʦʣʷʮʠʠ: 

.2/)(

,2/)(
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sc
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ʌʠʣʴʪʨʘʮʠʷ ʧʨʦʚʦʜʠʪʩʷ ʦʪʜʝʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʠʥʜʝʢʩʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ (i,j,k). 

ʌʦʨʤʫʣʳ ʜʣʷ ʥʘʧʨʘʚʣʝʥʠʡ j ʠ k ʟʘʧʠʩʳʚʘʶʪʩʷ ʘʥʘʣʦʛʠʯʥʦ. 

ɼʝʪʝʢʪʦʨ ʩʢʘʯʢʦʚ ʠʟ [100], ʦʧʨʝʜʝʣʷʝʤʳʡ ʚʳʨʘʞʝʥʠʷʤʠ (2.24) ʠ (2.25), ʭʦʪʷ ʠ 

ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʠʪʴ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʩʢʘʯʢʘ ʠ ʦʙʝʩʧʝʯʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʯʝʪʘ ʚ 

ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʬʠʣʴʪʨʦʤ SCo2, ʥʦ ʟʘʯʘʩʪʫʶ ʤʦʞʝʪ ʟʘʪʨʘʛʠʚʘʪʴ ʦʙʣʘʩʪʠ ʪʝʯʝʥʠʷ, 

ʚ ʢʦʪʦʨʳʭ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʥʝ ʪʨʝʙʫʝʪʩʷ, ʪʝʤ ʩʘʤʳʤ ʦʢʘʟʳʚʘʷ ʚʣʠʷʥʠʝ 

ʥʘ ʧʦʣʫʯʘʝʤʦʝ ʨʝʰʝʥʠʝ. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʬʠʣʴʪʨʘʮʠʠ ʥʘ ʪʝʯʝʥʠʝ ʩ 

ʩʦʭʨʘʥʝʥʠʝʤ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʯʝʪʘ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʜʨʫʛʦʡ ʧʦʜʭʦʜ ʢ 

ʥʘʭʦʞʜʝʥʠʶ ʩʠʣʳ ʬʠʣʴʪʨʘ. 

ʈʘʩʩʤʦʪʨʠʤ ʜʝʪʝʢʪʦʨ ʩʢʘʯʢʦʚ, ʧʨʝʜʣʦʞʝʥʥʳʡ ɼʶʢʨʦ ʠ ʜʨ. ʚ ʨʘʙʦʪʝ [99]. 

ɺʝʣʠʯʠʥʘ ʜʝʪʝʢʪʦʨʘ ir  ʚ ʪʦʯʢʝ ixʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ 

      FÖY=ir ,      (2.26) 

ʛʜʝ  
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     (2.27) 

ï ʩʪʘʥʜʘʨʪʥʳʡ ʜʝʪʝʢʪʦʨ ʩʢʘʯʢʦʚ ɼʞʝʡʤʩʦʥʘ ʥʘ ʦʩʥʦʚʝ ʜʘʚʣʝʥʠʷ, 

2

22

2

ew ++Q

Q
=F       (2.28) 

ï ʜʝʪʝʢʪʦʨ ʩʞʠʤʘʝʤʦʩʪʠ, ʛʜʝ Twvu ),,(³Ð=w  ï ʤʦʜʫʣʴ ʟʘʚʠʭʨʝʥʥʦʩʪʠ, 

30

2 10-=e ï ʤʘʣʘʷ ʚʝʣʠʯʠʥʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʯʠʩʣʝʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ. ɼʝʪʝʢʪʦʨ, 

ʦʧʨʝʜʝʣʝʥʥʳʡ ʚʳʨʘʞʝʥʠʷʤʠ (2.26)-(2.28), ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʙʠʥʘʮʠʶ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʜʝʪʝʢʪʦʨʘ ʧʦ ʜʘʚʣʝʥʠʶ ɼʞʝʡʤʩʦʥʘ ʠ ʜʝʪʝʢʪʦʨʘ ʩʞʠʤʘʝʤʦʩʪʠ. 
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ɹʣʘʛʦʜʘʨʷ ʜʘʥʥʦʡ ʢʦʤʙʠʥʘʮʠʠ, ʜʝʪʝʢʪʦʨ (2.26)-(2.28) ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʝʘʛʠʨʫʝʪ ʥʘ 

ʙʦʣʴʰʠʝ ʛʨʘʜʠʝʥʪʳ ʜʘʚʣʝʥʠʷ ʠ ʚʠʭʨʠ, ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʝʥ ʦʪ ʥʫʣʷ ʪʦʣʴʢʦ 

ʚʙʣʠʟʠ ʩʢʘʯʢʦʚ. ɺ ʨʘʙʦʪʝ [99] ʜʝʪʝʢʪʦʨ (2.26)-(2.28) ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ 

ʩ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʚʷʟʢʦʩʪʴʶ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʩʦʚʤʝʩʪʥʦ ʩ 

ʬʠʣʴʪʨʘʮʠʝʡ, ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ scs . ʀʩʧʦʣʴʟʫʝʤ ʧʦʨʦʛʦʚʦʝ ʟʥʘʯʝʥʠʝ thr  

ʜʣʷ ʦʪʩʝʯʝʥʠʷ ʪʦʯʝʢ, ʚ ʢʦʪʦʨʳʭ ʚʝʣʠʯʠʥʘ ʜʝʪʝʢʪʦʨʘ ʤʝʥʴʰʝ thr . ɺ ʦʩʪʘʣʴʥʳʭ 

ʪʦʯʢʘʭ ʠʩʧʦʣʴʟʫʝʤ ʩʪʝʧʝʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʯʪʦʙʳ ʧʨʠʙʣʠʟʠʪʴ ʚʝʣʠʯʠʥʫ ʩʠʣʳ 

ʬʠʣʴʪʨʘ ʢ 1. ʊʘʢʦʡ ʧʨʠʝʤ ʧʦʟʚʦʣʷʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʦʪʩʝʯʴ ʪʦʯʢʠ, ʚ 

ʢʦʪʦʨʳʭ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʥʝ ʪʨʝʙʫʝʪʩʷ, ʧʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠʚ ʩʠʣʫ 

ʬʠʣʴʪʨʘ ʠ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʚ ʬʠʣʴʪʨʘʮʠʶ ʚ ʪʝʭ ʪʦʯʢʘʭ, ʛʜʝ ʦʥʘ ʥʫʞʥʘ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʯʝʪʘ. ʀʪʦʛʦʚʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʠʣʳ ʬʠʣʴʪʨʘ sc

is  ʚ  

ʪʦʯʢʝ ix  ʧʨʠʤʝʪ ʚʠʜ 
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ʛʜʝ b ï ʧʦʢʘʟʘʪʝʣʴ ʩʪʝʧʝʥʠ. ʈʝʢʦʤʝʥʜʫʝʤʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʧʦʨʦʛʘ thr  ʠ ʧʦʢʘʟʘʪʝʣʷ 

ʩʪʝʧʝʥʠ b  ʩʦʩʪʘʚʣʷʶʪ 210-=thr , 15.0=b . ɼʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʟʚʦʣʠʣʠ 

ʦʙʝʩʧʝʯʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʯʝʪʘ ʧʨʠ ʨʝʰʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʪʝʩʪʦʚʳʭ ʟʘʜʘʯ ʚ 

ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʝ ʯʠʩʝʣ ʄʘʭʘ, ʧʨʠ ʵʪʦʤ ʬʠʣʴʪʨʘʮʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʟʘʪʨʘʛʠʚʘʣʘ ʪʫʨʙʫʣʝʥʪʥʳʝ ʚʠʭʨʠ ʠ ʜʦʟʚʫʢʦʚʳʝ ʦʙʣʘʩʪʠ ʩ ʙʦʣʴʰʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ.  

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʩʠʣʳ ʬʠʣʴʪʨʘ (2.26)-

(2.29) ʨʘʩʩʤʦʪʨʠʤ 2 ʟʘʜʘʯʠ. 

ʇʝʨʚʘʷ ʟʘʜʘʯʘ ï ʥʝʣʠʥʝʡʥʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʦʜʥʦʤʝʨʥʦʡ ʚʦʣʥʳ, 

ʦʧʨʝʜʝʣʷʝʤʦʡ ʩʣʝʜʫʶʱʠʤʠ ʥʘʯʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ: 
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ɼʘʥʥʘʷ ʟʘʜʘʯʘ ʦʙʩʫʞʜʘʣʘʩʴ ʥʘ ʧʝʨʚʦʤ ʩʝʤʠʥʘʨʝ ʧʦ ʘʵʨʦʘʢʫʩʪʠʢʝ (1
st
 CAA 

Workshop [101]). ʆʥʘ ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʢʘʢ ʦʜʠʥ ʠʟ ʪʝʩʪʦʚ ʬʠʣʴʪʨʘʮʠʠ ʩ 

ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ ɹʫʞʝ ʠ ʢʦʣʣʝʛʘʤʠ ʚ [100]. ɿʘʜʘʯʘ ʨʝʰʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʫʨʘʚʥʝʥʠʡ ʕʡʣʝʨʘ (ʢʦʵʬʬʠʮʠʝʥʪ ʚʷʟʢʦʩʪʠ ʜʣʷ ʥʝʸ ʙʳʣ ʨʘʚʝʥ ʥʫʣʶ) ʚ ʦʜʥʦʤʝʨʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ ʥʘ ʨʘʚʥʦʤʝʨʥʦʡ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ ʩ ʰʘʛʦʤ 0=Dx , ʦʧʨʝʜʝʣʝʥʥʦʡ ʚ 

ʦʙʣʘʩʪʠ 30050 ¢¢- x . ɺ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʚ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʨʝʭʤʝʨʥʳʝ 

ʫʨʘʚʥʝʥʠʷ, ʜʘʥʥʘʷ ʟʘʜʘʯʘ ʙʳʣʘ  ʨʝʰʝʥʘ ʚ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ: ʨʘʩʯʝʪʥʘʷ 

ʦʙʣʘʩʪʴ ʧʦ ʢʦʦʨʜʠʥʘʪʘʤ y ʠ z ʠʤʝʣʘ ʨʘʟʤʝʨ 7,7 ¢¢- zy  ʩ ʰʘʛʘʤʠ 1=D=D zy . 

ʊʘʢʦʝ ʨʘʩʰʠʨʝʥʠʝ ʙʳʣʦ ʥʝʦʙʭʦʜʠʤʦ ʚ ʩʠʣʫ 13-ʪʦʯʝʯʥʦʛʦ ʰʘʙʣʦʥʘ ʠʩʧʦʣʴʟʫʝʤʦʡ 

ʚ ʨʘʙʦʪʝ ʩʭʝʤʳ DRP6.  ʅʘ ʚʩʝʭ ʛʨʘʥʠʮʘʭ ʦʙʣʘʩʪʠ ʙʳʣʦ ʟʘʜʘʥʦ ʫʩʣʦʚʠʝ 

ʧʝʨʠʦʜʠʯʥʦʩʪʠ. ʐʘʛ ʧʦ ʚʨʝʤʝʥʠ ʚ ʨʘʩʯʝʪʘʭ ʙʳʣ ʨʘʚʝʥ 5.0=Dt . ɺʝʣʠʯʠʥʳ 

ʩʢʦʨʦʩʪʝʡ  v ʠ w ʧʦ ʦʩʷʤ y ʠ z, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ,  ʘ ʪʘʢʞʝ ʛʨʘʜʠʝʥʪʳ ʜʘʚʣʝʥʠʷ ʠ 

ʧʣʦʪʥʦʩʪʠ ʙʳʣʠ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳ. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʠʣʴʪʨʘ SCo2. ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʩʠʣʳ ʬʠʣʴʪʨʘ scs   ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʘʢ ʧʦʜʭʦʜ 

ɹʫʞʝ ʠ ʢʦʣʣʝʛ (2.24)-(2.25) [100], ʪʘʢ ʠ ʧʦʜʭʦʜ (2.26)-(2.29), ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠ ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʜʝʪʝʢʪʦʨʝ ʩʢʘʯʢʦʚ ɼʶʢʨʦ ʠ ʜʨ.  

ɺʦʣʥʘ, ʟʘʜʘʥʥʘʷ ʫʩʣʦʚʠʷʤʠ (2.28), ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ, ʨʘʚʥʦʡ 

ʧʦʣʦʚʠʥʝ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ. ɺ ʩʠʣʫ ʥʝʣʠʥʝʡʥʦʩʪʠ ʫʨʘʚʥʝʥʠʡ ʠ ʩʚʦʡʩʪʚ ʩʘʤʦʡ ʚʦʣʥʳ 

ʠʟ ʥʘʯʘʣʴʥʦʡ ʬʦʨʤʳ ʚ ʚʠʜʝ ɻʘʫʩʩʦʚʘ ʠʤʧʫʣʴʩʘ ʧʦ ʤʝʨʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʥʘ 

ʧʨʠʥʠʤʘʝʪ ʪʨʝʫʛʦʣʴʥʫʶ ʬʦʨʤʫ ʩ ʧʨʷʤʳʤ ʬʨʦʥʪʦʤ. ʅʘ ʨʠʩʫʥʢʝ 2.15 ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʜʘʥʥʘʷ ʚʦʣʥʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t=200. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘ ʨʠʩʫʥʢʝ ʪʘʢʞʝ ʧʦʢʘʟʘʥ 

ʧʨʦʬʠʣʴ ʚʦʣʥʳ, ʧʦʣʫʯʝʥʥʳʡ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʠʣʴʪʨʘʮʠʠ ʩ ʜʝʪʝʢʪʦʨʦʤ 

ʩʢʘʯʢʦʚ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʙʝʟ ʬʠʣʴʪʨʘʮʠʠ ʩ ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ 

ʧʨʦʬʠʣʴ ʚʦʣʥʳ ʠʩʢʘʞʘʝʪʩʷ ʠ ʠʤʝʝʪ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʮʠʣʣʷʮʠʠ. ɺ ʩʣʫʯʘʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʣʴʪʨʘʮʠʠ ʦʩʮʠʣʣʷʮʠʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʧʨʠ ʵʪʦʤ ʬʨʦʥʪ 

ʥʝʩʢʦʣʴʢʦ ʩʛʣʘʞʠʚʘʝʪʩʷ. ʆʙʘ ʧʦʜʭʦʜʘ ʩ ʬʠʣʴʪʨʘʮʠʝʡ ʢʦʨʨʝʢʪʥʦ ʦʧʨʝʜʝʣʷʶʪ 

ʧʦʣʦʞʝʥʠʝ ʬʨʦʥʪʘ ʚʦʣʥʳ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʯʝʪʘ. ɺʝʣʠʯʠʥʘ ʩʠʣʳ 

ʬʠʣʴʪʨʘ scs  ʚ ʩʣʫʯʘʝ ʧʦʜʭʦʜʘ ɹʫʞʝ ʠ ʢʦʣʣʝʛ ʧʦʣʫʯʘʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʯʝʤ ʚ 
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ʧʦʜʭʦʜʝ, ʧʨʝʜʣʦʞʝʥʥʦʤ ʚ ʨʘʙʦʪʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʩʛʣʘʞʠʚʘʥʠʶ 

ʬʨʦʥʪʘ, ʥʘʙʣʶʜʘʝʤʦʤ ʥʘ ʨʠʩʫʥʢʝ 2.15ʘ. 

 

    

ʈʠʩ. 2.15 ï ʇʨʦʬʠʣʴ ʚʦʣʥʳ (2.28), ʦʧʨʝʜʝʣʷʝʤʳʡ ʚʝʣʠʯʠʥʦʡ 1-pg  (ʩʣʝʚʘ) ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʠʣʳ ʬʠʣʴʪʨʘ scs  (ʩʧʨʘʚʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʨʘʩʯʝʪʦʚ ʚ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ t=200. 

 

ɺʪʦʨʘʷ ʟʘʜʘʯʘ ï ʪʨʘʥʩʟʚʫʢʦʚʦʝ ʦʙʪʝʢʘʥʠʝ ʮʠʣʠʥʜʨʘ ʜʠʘʤʝʪʨʦʤ D. ʉʭʝʤʘ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.16.   

 

ʈʠʩ. 2.16 ï ʉʭʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʪʨʘʥʩʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ 

ʮʠʣʠʥʜʨʘ.  

 

ɿʘʜʘʯʘ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʚ ʪʨʝʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ. ʈʘʟʤʝʨ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

ʧʦ ʦʩʠ z ʩʦʩʪʘʚʣʷʣ 2D. ʅʘ ʙʦʢʦʚʳʭ, ʘ ʪʘʢʞʝ ʥʘ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʷʭ 
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ʦʙʣʘʩʪʠ ʟʘʜʘʚʘʣʦʩʴ ʫʩʣʦʚʠʝ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. ʅʘ ʚʭʦʜʝ ʟʘʜʘʚʘʣʠʩʴ ʧʦʣʥʦʝ ʜʘʚʣʝʥʠʝ 

ʠ ʪʝʤʧʝʨʘʪʫʨʘ, ʥʘ ʚʳʭʦʜʝ ï ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ. ʏʠʩʣʦ ʄʘʭʘ ʥʘʙʝʛʘʶʱʝʛʦ 

ʧʦʪʦʢʘ ʩʦʩʪʘʚʣʷʣʦ M=0.58, ʘ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ, ʨʘʩʩʯʠʪʘʥʥʦʝ ʧʦ ʜʠʘʤʝʪʨʫ D, 

ʨʘʚʥʷʣʦʩʴ 610Re= . ʈʘʩʯʝʪʥʘʷ ʩʝʪʢʘ ʚʢʣʶʯʘʣʘ ʧʦʨʷʜʢʘ 2.2 ʤʣʥ ʷʯʝʝʢ. ʅʘ ʨʠʩʫʥʢʝ 

2.17 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʦʙʪʝʢʘʥʠʷ ʮʠʣʠʥʜʨʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʠʣʴʪʨʘ  SCo2 ʩ ʧʦʜʭʦʜʦʤ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʠʣʳ ʬʠʣʴʪʨʘ scs , ʧʨʝʜʣʦʞʝʥʥʳʤ ʚ 

ʨʘʙʦʪʝ (ʩʣʝʚʘ), ʠ ʧʦʜʭʦʜʦʤ ɹʫʞʝ ʠ ʢʦʣʣʝʛ (ʩʧʨʘʚʘ). 

 

ʈʠʩ. 2.17 ï ʄʛʥʦʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ (ʘ), ʯʠʩʣʝʥʥʳʡ ʘʥʘʣʦʛ 

ʪʝʥʝʚʦʡ ʬʦʪʦʛʨʘʬʠʠ (ʙ) ʠ ʢʦʥʪʫʨʳ ʩʠʣʳ ʬʠʣʴʪʨʘ ů
sc
 ʦʪ 0.05 ʜʦ 0.95 ʩ ʰʘʛʦʤ 0.05 

(ʚ) ʜʣʷ ʧʦʜʭʦʜʘ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ů
sc
, ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʚ ʨʘʙʦʪʝ (ʩʣʝʚʘ) ʠ ʧʦʜʭʦʜʘ 

ɹʫʞʝ ʠ ʢʦʣʣʝʛ (ʩʧʨʘʚʘ). 

ʘ 

ʙ 

ʚ 
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ʎʠʣʠʥʜʨ çʧʦʜʞʠʤʘʣè ʥʘʙʝʛʘʶʱʠʡ ʧʦʪʦʢ ʚʙʣʠʟʠ ʩʝʙʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ ʫʜʘʨʥʳʝ ʚʦʣʥʳ ʠ ʥʝʙʦʣʴʰʠʝ ʩʚʝʨʭʟʚʫʢʦʚʳʝ ʦʙʣʘʩʪʠ. ʊʝʯʝʥʠʝ 

ʠʤʝʣʦ ʧʝʨʠʦʜʠʯʥʳʡ ʭʘʨʘʢʪʝʨ: ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʩʮʠʣʣʷʮʠʡ ʜʘʚʣʝʥʠʷ ʫʜʘʨʥʳʝ ʚʦʣʥʳ 

ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ ʧʦʧʝʨʝʤʝʥʥʦ ʥʘ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʷʭ ʮʠʣʠʥʜʨʘ ʠ 

ʚʧʦʩʣʝʜʩʪʚʠʠ ʦʪʨʳʚʘʣʠʩʴ ʦʪ ʥʝʛʦ, ʨʘʩʧʨʦʩʪʨʘʥʷʷʩʴ ʚʧʝʨʝʜ. ʂʦʥʪʫʨʳ ʩʠʣʳ 

ʬʠʣʴʪʨʘ (ʨʠʩ. 2.17ʚ, ʩʧʨʘʚʘ) ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʜʭʦʜ, ʧʨʝʜʣʦʞʝʥʥʳʡ ɹʫʞʝ ʠ 

ʢʦʣʣʝʛʘʤʠ, ʧʨʠʚʦʜʠʪ ʢ ʰʠʨʦʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʬʠʣʴʪʨʘʮʠʠ ʠ ʩʛʣʘʞʠʚʘʥʠʶ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʚʩʝʭ ʤʝʣʢʠʭ ʚʠʭʨʝʡ ʟʘ ʮʠʣʠʥʜʨʦʤ (ʨʠʩ. 2.17ʘ, ʩʧʨʘʚʘ). ʇʦʜʭʦʜ, 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʠʛʥʦʨʠʨʫʝʪ 

ʚʠʭʨʠ ʚ ʩʣʝʜʝ ʟʘ ʮʠʣʠʥʜʨʦʤ (ʨʠʩ. 2.17ʚ, ʩʣʝʚʘ), ʠ ʩʠʣʘ ʬʠʣʴʪʨʘ ʦʪʣʠʯʥʘ ʦʪ ʥʫʣʷ ʚ 

ʦʩʥʦʚʥʦʤ ʪʦʣʴʢʦ ʥʘ ʩʠʣʴʥʳʭ ʫʜʘʨʥʳʭ ʚʦʣʥʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʩʣʝʜ ʦʪ ʮʠʣʠʥʜʨʘ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʩʢʘʞʘʝʪʩʷ (ʨʠʩ. 2.17ʘ, ʩʣʝʚʘ), ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʝʪʩʷ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʩʯʝʪʘ, ʜʣʷ ʢʦʪʦʨʦʡ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʠ ʚʚʦʜʠʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʩ 

ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ. ʆʪʣʠʯʠʝ ʜʚʫʭ ʧʦʜʭʦʜʦʚ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʯʠʩʣʝʥʥʦʤ 

ʘʥʘʣʦʛʝ ʪʝʥʝʚʦʡ ʬʦʪʦʛʨʘʬʠʠ, ʧʦʩʪʨʦʝʥʥʦʡ ʧʦ ʃʘʧʣʘʩʠʘʥʫ ʧʣʦʪʥʦʩʪʠ (ʨʠʩ. 2.17ʙ). 

ɺʠʜʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʧʦʜʭʦʜʘ ɹʫʞʝ ʠ ʢʦʣʣʝʛ (ʩʧʨʘʚʘ) ʟʥʘʯʠʪʝʣʴʥʳʝ ʛʨʘʜʠʝʥʪʳ 

ʧʣʦʪʥʦʩʪʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʦʣʴʢʦ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ ʮʠʣʠʥʜʨʘ ʠ ʥʘ 

ʫʜʘʨʥʳʭ ʚʦʣʥʘʭ. ɼʣʷ ʧʦʜʭʦʜʘ, ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʚ ʨʘʙʦʪʝ, ʟʥʘʯʠʪʝʣʴʥʳʝ ʛʨʘʜʠʝʥʪʳ 

ʩʦʭʨʘʥʷʶʪʩʷ ʠ ʚ ʩʘʤʦʤ ʩʣʝʜʝ ʟʘ ʮʠʣʠʥʜʨʦʤ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʠʣʳ ʬʠʣʴʪʨʘ scs  ʥʘ 

ʦʩʥʦʚʝ ʩʝʥʩʦʨʘ ɼʶʢʨʦ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʤ ʬʠʣʴʪʨʦʤ SCo2 

ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʷʪʴ ʯʠʩʣʝʥʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʜʣʷ ʟʘʜʘʯ ʩ ʪʨʘʥʩʟʚʫʢʦʚʳʤʠ 

ʪʝʯʝʥʠʷʤʠ, ʧʨʠ ʵʪʦʤ ʦʪʜʝʣʷʷ ʫʜʘʨʥʳʝ ʚʦʣʥʳ ʦʪ ʩʠʣʴʥʳʭ ʚʠʭʨʝʡ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʥʝʦʙʭʦʜʠʤʫʶ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʜʠʩʩʠʧʘʮʠʶ ʪʦʣʴʢʦ ʜʣʷ ʧʝʨʚʳʭ ʠ ʤʠʥʠʤʘʣʴʥʦ 

ʚʣʠʷʷ ʥʘ ʦʩʪʘʣʴʥʦʝ ʪʝʯʝʥʠʝ. 
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2.4. ʄʝʪʦʜ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ 

 

ʉʭʝʤʳ ʠ ʤʝʪʦʜʳ, ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ, ʧʨʠʤʝʥʠʤʳ ʢ ʤʥʦʛʦʙʣʦʯʥʳʤ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤ ʨʘʩʯʝʪʥʳʤ ʩʝʪʢʘʤ. ɼʘʥʥʳʡ ʪʠʧ ʩʝʪʦʢ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ 

ʨʘʩʯʝʪʳ ʚ ʦʙʣʘʩʪʷʭ ʩ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʝʡ, ʚ ʢʦʪʦʨʳʭ ʤʦʛʫʪ 

ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʥʝʧʦʜʚʠʞʥʳʝ ʪʝʣʘ, ʣʠʙʦ ʦʙʣʘʩʪʷʭ, ʢʦʪʦʨʳʝ ʜʚʠʞʫʪʩʷ ʚʤʝʩʪʝ ʩ 

ʪʝʣʘʤʠ, ʥʘʭʦʜʷʱʠʤʠʩʷ ʚ ʥʠʭ (ʥʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ ʦʜʠʥʦʯʥʦʛʦ ʨʦʪʦʨʘ 

ʪʫʨʙʦʤʘʰʠʥʳ). ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ ʪʝʣ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦʤ ʜʚʠʞʝʥʠʠ 

(ʥʘʧʨʠʤʝʨ, ʨʦʪʦʨ-ʩʪʘʪʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʪʫʨʙʦʤʘʰʠʥʘʭ) ʪʨʝʙʫʶʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʜʭʦʜʳ. ɺ ʩʣʫʯʘʝ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ ʜʣʷ ʟʘʜʘʯ ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʜʚʠʞʝʥʠʝʤ ʦʙʲʝʢʪʦʚ ʟʘʯʘʩʪʫʶ ʧʨʠʤʝʥʷʝʪʩʷ 

ʜʝʬʦʨʤʘʮʠʷ/ʧʝʨʝʩʪʨʦʝʥʠʝ ʩʝʪʢʠ [71]. ɺ ʜʘʥʥʦʤ ʧʦʜʭʦʜʝ ʨʘʩʯʝʪʥʘʷ ʩʝʪʢʘ 

ʧʝʨʝʩʪʨʘʠʚʘʝʪʩʷ ʜʣʷ ʚʩʝʡ ʦʙʣʘʩʪʠ ʠʣʠ ʝʝ ʯʘʩʪʠ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ. ʊʘʢʦʝ 

ʧʝʨʝʩʪʨʦʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʰʠʨʦʢʠʡ ʢʣʘʩʩ ʟʘʜʘʯ, ʥʦ ʟʘʯʘʩʪʫʶ ʪʨʝʙʫʝʪ 

ʚʳʩʦʢʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʤʝʜʣʷʝʪ ʨʘʩʯʝʪ. ɹʦʣʝʝ ʪʦʛʦ, 

ʧʝʨʝʩʪʨʦʝʥʠʝ ʩʝʪʢʠ ʦʟʥʘʯʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʥʪʝʨʧʦʣʷʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʩʦ ʩʪʘʨʦʡ 

ʥʘ ʥʦʚʫʶ ʩʝʪʢʫ ʚʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʠʣʠ ʟʥʘʯʠʪʝʣʴʥʦʡ ʝʝ ʯʘʩʪʠ, ʯʪʦ ʦʪʨʠʮʘʪʝʣʴʥʦ 

ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʪʦʯʥʦʩʪʠ. ɼʨʫʛʠʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ, ʘ ʪʘʢʞʝ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ ʚ ʩʣʫʯʘʝ ʤʘʣʳʭ ʧʝʨʝʤʝʱʝʥʠʡ ʦʙʲʝʢʪʦʚ ʚ ʦʙʣʘʩʪʠ 

ʷʚʣʷʝʪʩʷ ʜʝʬʦʨʤʘʮʠʷ ʩʝʪʢʠ [102]. ʇʨʠ ʜʘʥʥʦʤ ʧʦʜʭʦʜʝ ʨʘʩʯʝʪʥʘʷ ʩʝʪʢʘ ʥʝ 

ʧʝʨʝʩʪʨʘʠʚʘʝʪʩʷ ʟʘʥʦʚʦ, ʘ ʜʝʬʦʨʤʠʨʫʝʪʩʷ, ʪ.ʝ. ʫʟʣʳ ʩʝʪʢʠ ʩʜʚʠʛʘʶʪʩʷ ʥʘ ʤʘʣʫʶ 

ʚʝʣʠʯʠʥʫ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ. ɼʝʬʦʨʤʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʪʦʯʥʦʩʪʴ 

ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʚʤʝʩʪʦ ʠʥʪʝʨʧʦʣʷʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʫʨʘʚʥʝʥʠʷ ʚʚʦʜʷʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʯʣʝʥʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʝʨʝʤʝʱʝʥʠʝʤ ʫʟʣʦʚ ʩʝʪʢʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʪʘʢʦʡ ʧʦʜʭʦʜ ʪʨʝʙʫʝʪ ʤʝʥʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ. ʅʝʜʦʩʪʘʪʢʦʤ ʜʝʬʦʨʤʘʮʠʠ 

ʷʚʣʷʶʪʩʷ ʧʨʦʙʣʝʤʳ ʩ ʠʟʣʠʰʥʝ ʧʝʨʝʢʦʰʝʥʥʳʤʠ ʷʯʝʡʢʘʤʠ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʳʭ 

ʧʝʨʝʤʝʱʝʥʠʷʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʦʙʲʝʢʪʦʚ. ɼʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʘ 

ʜʣʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ ʧʫʪʝʤ ʠʭ ʧʦʣʥʦʛʦ ʧʝʨʝʩʪʨʦʝʥʠʷ, ʥʦ ʷʚʣʷʝʪʩʷ 

ʩʫʱʝʩʪʚʝʥʥʦʡ ʜʣʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʨʘʙʦʪʝ, ʧʦʩʢʦʣʴʢʫ ʚ 

ʦʙʱʝʤ ʩʣʫʯʘʝ ʦʥʠ ʥʝ ʜʦʧʫʩʢʘʶʪ ʧʝʨʝʩʪʨʦʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʩʯʝʪʘ. ɺ 
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ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʩ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʜʚʠʞʝʥʠʝʤ ʪʝʣ ʚ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʩʦʩʪʘʚʥʳʭ (ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ) ʩʝʪʦʢ 

(Overset/CHIMERA mesh [103]), ʢʦʪʦʨʳʡ ʩʧʨʘʚʝʜʣʠʚ ʢʘʢ ʜʣʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ, 

ʪʘʢ ʠ ʜʣʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ. 

ʄʝʪʦʜ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ ʧʨʠʤʝʥʷʝʪʩʷ ʠ ʚ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʧʦʩʪʨʦʝʥʠʝ 

ʙʣʦʯʥʦ-ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʩʣʦʞʥʦʩʪʴ 

(ʥʘʧʨʠʤʝʨ, ʚ ʟʘʜʘʯʘʭ ʦʙ ʦʙʪʝʢʘʥʠʠ ʦʙʲʝʢʪʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʤʥʦʞʝʩʪʚʘ ʤʝʣʢʠʭ 

ʵʣʝʤʝʥʪʦʚ). ʉʫʪʴ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʲʝʢʪʘ ʚ 

ʦʙʣʘʩʪʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʩʘʤʦʡ ʦʙʣʘʩʪʠ, ʩʪʨʦʷʪʩʷ ʦʪʜʝʣʴʥʳʝ ʩʝʪʢʠ. ɺʧʦʩʣʝʜʩʪʚʠʠ ʵʪʠ 

ʩʝʪʢʠ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʦʜʥʫ ʩ ʧʦʤʦʱʴʶ ʧʨʦʮʝʜʫʨʳ, ʥʘʟʳʚʘʝʤʦʡ ʩʙʦʨʢʦʡ ʩʝʪʢʠ. 

ɼʘʥʥʳʡ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ, ʪʘʢʠʭ ʢʘʢ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʦʙʪʝʢʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʢʨʳʣʘ, ʩʙʨʦʩʘ ʩʥʘʨʷʜʘ [104], ʘ ʪʘʢʞʝ ʦʙʪʝʢʘʥʠʷ 

ʩʣʦʞʥʳʭ ʦʙʲʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʩʘʤʦʣʝʪ r[105] ʠ ʜʨ. ʇʨʠʤʝʨ ʦʪʜʝʣʴʥʳʭ ʩʝʪʦʢ ʠ ʠʭ 

ʩʙʦʨʢʠ ʜʣʷ ʟʘʜʘʯʠ ʦʙ ʦʙʪʝʢʘʥʠʠ ʮʠʣʠʥʜʨʘ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.18.  

 

   

ʈʠʩ. 2.18 ï ʇʨʠʤʝʨ ʩʙʦʨʢʠ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ. ʉʝʪʢʘ ʜʣʷ 

ʚʥʫʪʨʝʥʥʦʩʪʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ (ʘ), ʩʝʪʢʘ ʜʣʷ ʮʠʣʠʥʜʨʘ (ʙ), ʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ 

ʩʝʪʢʠ ʚ ʩʦʙʨʘʥʥʦʤ ʚʠʜʝ (ʚ). 

 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʙʣʦʢʦʚ ʜʣʷ ʤʥʦʛʦʙʣʦʯʥʦʡ ʩʝʪʢʠ, ʨʘʩʯʝʪ ʜʣʷ ʢʘʞʜʦʡ ʯʘʩʪʠ 

ʧʝʨʝʢʨʳʚʘʶʱʝʡʩʷ ʩʝʪʢʠ ʧʨʦʠʩʭʦʜʠʪ ʦʪʜʝʣʴʥʦ. ʇʦʩʣʝ ʢʘʞʜʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ 

(ʠʣʠ ʵʪʘʧʘ ʚ ʩʣʫʯʘʝ ʤʥʦʛʦʵʪʘʧʥʦʡ ʩʭʝʤʳ ʈʫʥʛʝ-ʂʫʪʪʳ) ʯʘʩʪʠ ʩʝʪʢʠ ʩʦʝʜʠʥʷʶʪʩʷ 

ʘ ʙ ʚ 
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ʧʫʪʝʤ ʠʥʪʝʨʧʦʣʷʮʠʠ. ɺ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʝʪʩʷ ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʳʡ ʧʦʣʠʥʦʤ 

ʃʘʛʨʘʥʞʘ L, ʠʤʝʶʱʠʡ ʜʣʷ k+1 ʠʟʚʝʩʪʥʳʭ ʪʦʯʝʢ )( jxf  ʬʫʥʢʮʠʠ f(x) ʚʠʜ 
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ï ʙʘʟʠʩʥʳʝ ʧʦʣʠʥʦʤʳ ʃʘʛʨʘʥʞʘ. 

ʀʥʪʝʨʧʦʣʷʮʠʷ ʧʨʦʚʦʜʠʪʩʷ ʚ ʨʘʩʯʝʪʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ (1.4) 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʠʥʜʝʢʩʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ. ʇʦʣʠʥʦʤʳ ʃʘʛʨʘʥʞʘ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʩʣʫʯʘʝ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ [104]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʯʠʩʣʦ k+1 ʪʦʯʝʢ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʧʦʣʠʥʦʤʘ ʃʘʛʨʘʥʞʘ L ʩʦʩʪʘʚʣʷʣʦ 3, ʯʪʦ ʜʘʝʪ 2-ʡ 

ʧʦʨʷʜʦʢ ʠʥʪʝʨʧʦʣʷʮʠʠ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʨʷʜʦʢ ʠʥʪʝʨʧʦʣʷʮʠʠ ʚ 

ʨʘʙʦʪʝ ʤʝʥʴʰʝ ʧʦʨʷʜʢʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ (4-ʛʦ). ʊʘʢʦʡ 

ʚʳʙʦʨ ʧʦʨʷʜʢʘ ʠʥʪʝʨʧʦʣʷʮʠʠ ʦʙʫʩʣʦʚʣʝʥ ʥʝʦʧʪʠʤʘʣʴʥʦʩʪʴʶ ʘʣʛʦʨʠʪʤʦʚ 

ʠʥʪʝʨʧʦʣʷʮʠʠ ʜʣʷ ʧʨʠʤʝʥʷʝʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ (ʛʨʘʬʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʨʦʚ) ʠ ʩʫʱʝʩʪʚʝʥʥʳʤ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʩʯʝʪʘ, ʘ ʪʘʢʞʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʩʣʦʞʥʦʩʪʴʶ ʨʝʘʣʠʟʘʮʠʠ ʠʥʪʝʨʧʦʣʷʮʠʠ ʚʙʣʠʟʠ ʩʪʝʥʦʢ ʚ ʩʣʫʯʘʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʠʥʦʤʦʚ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ. ʊʘʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ 

ʩʯʝʪʘ ʩʜʝʣʘʣʦ ʙʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʳʤ ʨʝʰʝʥʠʝ ʟʘʜʘʯ ʩ ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ 

ʩʝʪʢʘʤʠ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʨʘʙʦʪʝ (ʥʘʧʨʠʤʝʨ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ 

ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ). ʂʨʦʤʝ ʪʦʛʦ, ʠʥʪʝʨʧʦʣʷʮʠʷ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʜʦʙʘʚʣʷʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʯʠʩʣʝʥʥʫʶ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ, ʚ ʪʦʤ ʯʠʩʣʝ ï ʠʟ-ʟʘ ʬʝʥʦʤʝʥʘ ʈʫʥʛʝ 

[106]. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʧʦʥʠʞʝʥʥʦʛʦ ʧʦʨʷʜʢʘ 

ʠʥʪʝʨʧʦʣʷʮʠʠ, ʠʥʪʝʨʬʝʡʩʳ ʤʝʞʜʫ ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ ʩʝʪʢʘʤʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʜʘʣʝʢʦ ʦʪ ʠʩʪʦʯʥʠʢʦʚ ʚʦʟʤʫʱʝʥʠʡ, ʘ ʨʘʟʤʝʨ ʷʯʝʝʢ ʚʳʙʠʨʘʝʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʤ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʦʰʠʙʢʠ 

ʠʥʪʝʨʧʦʣʷʮʠʷ ʧʨʦʚʦʜʠʪʩʷ  ʚ ʯʝʪʳʨʝʭ ʪʦʯʢʘʭ ʩ ʢʘʞʜʦʡ ʠʟ ʩʪʦʨʦʥ ʠʥʪʝʨʬʝʡʩʘ 

ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ. 
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ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʤʝʪʦʜʘ ʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʩʝʪʦʢ ʷʚʣʷʝʪʩʷ ʪʘʢ 

ʥʘʟʳʚʘʝʤʘʷ ʩʙʦʨʢʘ ʩʝʪʢʠ. ɺ ʧʨʦʮʝʩʩʝ ʩʙʦʨʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦ, ʢʘʢʠʝ ʪʦʯʢʠ 

ʦʙʣʘʩʪʠ ʙʫʜʫʪ ʨʘʩʩʯʠʪʳʚʘʪʴʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ ʧʦʤʦʱʴʶ ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʫʨʘʚʥʝʥʠʡ ʠ ʩʭʝʤ (ʨʘʩʯʝʪʥʳʝ ʪʦʯʢʠ), ʜʣʷ ʢʘʢʠʭ ʙʫʜʝʪ ʧʨʦʚʦʜʠʪʴʩʷ ʠʥʪʝʨʧʦʣʷʮʠʷ, 

ʘ ʢʘʢʠʝ ʠʩʢʣʶʯʘʶʪʩʷ ʠʟ ʨʘʩʯʝʪʘ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ çʜʳʨʳè - mesh hole). ɺ ʨʘʙʦʪʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ ʩʝʪʢʠ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʜʚʫʭ ʩʣʦʝʚ. ʇʝʨʚʳʡ ʩʣʦʡ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʝʪʢʫ ʜʣʷ ʩʘʤʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʟʘʯʘʩʪʫʶ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʚ ʥʝʡ (ʨʠʩ. 2.18ʘ), ʥʘ ʚʪʦʨʦʤ ʩʣʦʝ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʩʘʤʠ 

ʦʙʲʝʢʪʳ (ʨʠʩ. 2.18ʙ). ʂʘʞʜʳʡ ʩʣʦʡ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʪʝʡ ʩʝʪʢʠ 

(ʥʘʧʨʠʤʝʨ, ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʦʙʪʝʢʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ  ʮʠʣʠʥʜʨʦʚ, ʩʝʪʢʘ ʜʣʷ 

ʢʘʞʜʦʛʦ ʠʟ ʢʦʪʦʨʳʭ ʧʝʨʝʢʨʳʚʘʝʪ ʯʘʩʪʴ ʩʝʪʢʠ ʜʣʷ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ). ʇʨʠ ʵʪʦʤ 

ʧʝʨʝʩʝʯʝʥʠʝ ʩʝʪʦʢ ʚʥʫʪʨʠ ʦʜʥʦʛʦ ʩʣʦʷ ʥʝʜʦʧʫʩʪʠʤʦ. ʉʫʱʝʩʪʚʫʶʪ ʠ ʜʨʫʛʠʝ 

ʧʦʜʭʦʜʳ: ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʝʚ [105] ʠʣʠ ʤʝʪʦʜ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ 

ʩʙʦʨʢʠ [104], ʥʦ ʜʣʷ ʟʘʜʘʯ, ʨʝʰʘʝʤʳʭ ʚ ʨʘʙʦʪʝ, ʤʝʪʦʜʘ ʩ 2-ʤʷ ʩʣʦʷʤʠ ʙʳʣʦ 

ʜʦʩʪʘʪʦʯʥʦ. 

ʉʙʦʨʢʘ ʩʝʪʢʠ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʠʟʚʦʜʠʪʩʷ  ʧʦ ʩʣʝʜʫʶʱʝʡ 

ʧʨʦʮʝʜʫʨʝ (ʥʘ ʨʠʩʫʥʢʝ 2.19 ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʩʙʦʨʢʠ ʜʣʷ ʟʘʜʘʯʠ ʦʙ ʦʙʪʝʢʘʥʠʠ 

ʮʠʣʠʥʜʨʘ): 

1. ʗʯʝʡʢʠ, ʥʘʭʦʜʷʱʠʝʩʷ ʚʙʣʠʟʠ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʛʨʘʥʠʮ (ʠʥʪʝʨʬʝʡʩʦʚ) ʩʝʪʦʢ 

ʠʟ ʚʪʦʨʦʛʦ ʩʣʦʷ, ʧʦʤʝʯʘʶʪʩʷ ʢʘʢ ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʝ (ʨʠʩ. 2.19ʘ). ɺʙʣʠʟʠ 

ʠʥʪʝʨʬʝʡʩʦʚ ʰʘʙʣʦʥ ʩʭʝʤʳ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 13-ʪʠ ʜʦ 11- ʠ 9-ʪʦʯʝʯʥʦʛʦ, ʚ ʩʠʣʫ 

ʯʝʛʦ ʠʥʪʝʨʧʦʣʷʮʠʷ ʧʨʦʠʟʚʦʜʠʪʩʷ ʜʣʷ 4 ʩʣʦʝʚ ʷʯʝʝʢ. 

2. ɺ ʩʝʪʢʘʭ ʠʟ ʧʝʨʚʦʛʦ ʩʣʦʷ ʠʱʫʪʩʷ ʷʯʝʡʢʠ, ʙʣʠʞʘʡʰʠʝ ʢ ʦʪʤʝʯʝʥʥʳʤ ʚ ʧ.1 

ʷʯʝʡʢʘʤ ʠʟ ʩʝʪʦʢ ʚʪʦʨʦʛʦ ʩʣʦʷ. ɼʘʥʥʳʝ ʷʯʝʡʢʠ ʦʪʤʝʯʘʶʪʩʷ ʢʘʢ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʠ ʷʚʣʷʶʪʩʷ ʮʝʥʪʨʘʣʴʥʳʤʠ ʪʦʯʢʘʤʠ ʚ ʠʥʪʝʨʧʦʣʷʮʠʦʥʥʦʤ 

ʰʘʙʣʦʥʝ. ʊʘʢʞʝ ʚ ʩʝʪʢʝ ʠʟ ʧʝʨʚʦʛʦ ʩʣʦʷ ʠʱʫʪʩʷ ʷʯʝʡʢʠ, ʙʣʠʞʘʡʰʠʝ ʢ 

ʛʨʘʥʠʮʘʤ, ʧʦʤʝʯʝʥʥʳʤ ʚ ʩʝʪʢʘʭ ʚʪʦʨʦʛʦ ʩʣʦʷ ʢʘʢ ʩʪʝʥʢʠ. ʊʘʢʠʝ ʷʯʝʡʢʠ 

ʦʪʤʝʯʘʶʪʩʷ ʢʘʢ ʠʩʢʣʶʯʘʝʤʳʝ (ʨʠʩ. 2.19ʙ). 

3. ɺ ʩʝʪʢʘʭ ʠʟ ʧʝʨʚʦʛʦ ʩʣʦʷ ʚʩʝ ʷʯʝʡʢʠ ʚʦʢʨʫʛ ʦʪʤʝʯʝʥʥʳʭ ʢʘʢ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ 

ʪʘʢʞʝ ʦʪʤʝʯʘʶʪʩʷ ʢʘʢ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ (ʥʘ ʰʠʨʠʥʫ ʰʘʙʣʦʥʘ ʠʥʪʝʨʧʦʣʷʮʠʠ, 
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ʪ.ʝ. ʜʣʷ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʥʘ ʦʜʥʫ ʷʯʝʡʢʫ ʚ ʢʘʞʜʫʶ ʩʪʦʨʦʥʫ ʠ ʧʦ ʜʠʘʛʦʥʘʣʠ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʘʢ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʪʝʧʝʨʴ ʦʪʤʝʯʝʥʳ ʚʩʝ ʷʯʝʡʢʠ, 

ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʠʥʪʝʨʧʦʣʷʮʠʠ ʟʥʘʯʝʥʠʡ ʠʟ ʧʝʨʚʦʛʦ ʩʣʦʷ ʩʝʪʢʠ ʥʘ ʚʪʦʨʦʡ.  

 

   

   

ʈʠʩ. 2.19 ï ʕʪʘʧʳ ʩʙʦʨʢʠ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ. ɹʝʣʳʤ ʮʚʝʪʦʤ 

ʦʙʦʟʥʘʯʝʥʳ ʨʘʩʯʝʪʥʳʝ ʷʯʝʡʢʠ, ʪʝʤʥʦ-ʩʠʥʠʤ ï ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʝ, ʩʚʝʪʣʦ-ʩʠʥʠʤ 

ï ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ (ʥʫʞʥʳ ʪʦʣʴʢʦ ʜʣʷ ʩʙʦʨʢʠ ʠ ʚʧʦʩʣʝʜʩʪʚʠʠ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ 

ʨʘʩʯʝʪʥʳʝ), ʢʨʘʩʥʳʤ ï ʠʩʢʣʶʯʘʝʤʳʝ ʷʯʝʡʢʠ. 

 

ɼʘʣʝʝ ʚʩʝ ʨʘʩʯʝʪʥʳʝ ʷʯʝʡʢʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚʦʢʨʫʛ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ, ʠ 

ʫʜʘʣʸʥʥʳʝ ʦʪ ʥʠʭ ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ ʚʝʣʠʯʠʥʫ ʰʘʙʣʦʥʘ (ʚ ʨʘʙʦʪʝ ï 4 ʷʯʝʡʢʠ) ʧʦ 

ʢʘʢʦʤʫ-ʣʠʙʦ ʠʟ ʠʥʜʝʢʩʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʦʪʤʝʯʘʶʪʩʷ ʢʘʢ ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʝ. 

(ʨʠʩ. 2.19ʚ) ɼʘʥʥʳʝ ʦʧʝʨʘʮʠʠ ʠʩʢʣʶʯʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʠʥʪʝʨʧʦʣʷʮʠʠ ʩ ʧʝʨʚʦʛʦ ʩʣʦʷ ʩʝʪʢʠ ʥʘ ʚʪʦʨʦʡ ʙʫʜʫʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʷʯʝʡʢʠ, ʚ ʢʦʪʦʨʳʭ ʫʞʝ ʧʨʦʚʦʜʠʣʘʩʴ ʠʥʪʝʨʧʦʣʷʮʠʷ (ʩʦ 

ʚʪʦʨʦʛʦ ʩʣʦʷ ʥʝ ʧʝʨʚʳʡ). 

ʘ ʙ ʚ 

ʛ ʜ ʝ 
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4. ʇʨʦʠʟʚʦʜʠʪʩʷ ʨʘʩʰʠʨʝʥʠʝ ʠʩʢʣʶʯʘʝʤʳʭ ʷʯʝʝʢ ʚʧʣʦʪʴ ʜʦ ʙʣʠʞʘʡʰʠʭ 

ʦʢʨʫʞʘʶʱʠʭ ʠʭ ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʭ ʷʯʝʝʢ. ʊʘʢʦʡ ʧʨʦʮʝʩʩ ʥʘʟʳʚʘʝʪʩʷ 

çʚʳʨʝʟʘʥʠʝʤ ʜʳʨè (hole cutting) (ʨʠʩ. 2.19ʛ). 

5. ɺʩʝ ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʝ ʷʯʝʡʢʠ, ʥʘʭʦʜʷʱʠʝʩʷ ʦʪ ʠʩʢʣʶʯʘʝʤʳʭ ʜʘʣʝʝ, ʯʝʤ ʥʘ 

ʚʝʣʠʯʠʥʫ ʰʘʙʣʦʥʘ (ʚ ʨʘʙʦʪʝ ï 4 ʷʯʝʡʢʠ) ʧʦ ʢʘʢʦʤʫ-ʣʠʙʦ ʠʟ ʠʥʜʝʢʩʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʧʦʤʝʯʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʯʝʪʥʳʭ ʢʘʢ ʠʟʙʳʪʦʯʥʳʝ 

(ʠʥʪʝʨʧʦʣʷʮʠʷ ʚ ʥʠʭ ʥʝ ʪʨʝʙʫʝʪʩʷ) (ʨʠʩ. 2.19ʜ). 

6. ɼʣʷ ʩʝʪʦʢ ʥʘ ʧʝʨʚʦʤ ʩʣʦʝ ʧʨʦʚʝʨʷʝʪʩʷ, ʥʝ ʩʦʜʝʨʞʘʪʩʷ ʣʠ ʚ ʥʠʭ ʨʘʩʯʝʪʥʳʝ 

ʷʯʝʡʢʠ, ʥʘʭʦʜʷʱʠʝʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʥʝ ʙʦʣʝʝ ʰʠʨʠʥʳ ʰʘʙʣʦʥʘ ʧʦ ʢʘʢʦʤʫ-

ʣʠʙʦ ʠʟ ʠʥʜʝʢʩʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʦʪ ʠʩʢʣʶʯʘʝʤʳʭ ʷʯʝʝʢ. ɽʩʣʠ ʪʘʢʠʝ ʷʯʝʡʢʠ 

(ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʷʯʝʡʢʠ-çʩʠʨʦʪʳè ï orphan cells) ʥʘʭʦʜʷʪʩʷ, ʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʩʢʣʶʯʘʝʤʳʝ ʷʯʝʡʢʠ ʧʦʤʝʯʘʶʪʩʷ ʢʘʢ ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʝ. 

ʇʨʦʮʝʩʩ ʧʦʚʪʦʨʷʝʪʩʷ ʜʦ ʠʩʯʝʟʥʦʚʝʥʠʷ ʷʯʝʝʢ-çʩʠʨʦʪè ʠʣʠ ʜʦ ʧʨʝʚʳʰʝʥʠʷ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʯʠʩʣʘ ʠʪʝʨʘʮʠʡ (ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʩʙʦʨʢʘ ʩʝʪʢʠ ʟʘʚʝʨʰʘʝʪʩʷ 

ʦʰʠʙʢʦʡ). ʂʘʢ ʧʨʘʚʠʣʦ, ʷʯʝʡʢʠ-çʩʠʨʦʪʳè ʧʦʷʚʣʷʶʪʩʷ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ 

ʨʘʟʤʝʨʳ ʷʯʝʝʢ ʩʝʪʦʢ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʩʣʦʷ ʚʙʣʠʟʠ ʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʛʨʘʥʠʮ 

(ʠʥʪʝʨʬʝʡʩʦʚ) ʟʥʘʯʠʪʝʣʴʥʦ (ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ) ʦʪʣʠʯʘʶʪʩʷ, ʧʦʵʪʦʤʫ 

ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʦʙʝʩʧʝʯʠʚʘʪʴ ʙʣʠʟʢʠʝ ʨʘʟʤʝʨʳ ʷʯʝʝʢ ʥʘ ʠʥʪʝʨʬʝʡʩʘʭ. 

7. ɺʩʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʷʯʝʡʢʠ ʧʦʤʝʯʘʶʪʩʷ ʢʘʢ ʨʘʩʯʝʪʥʳʝ (ʨʠʩ. 2.19ʝ). ʅʘ ʵʪʦʤ 

ʦʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʭ ʠ ʠʩʢʣʶʯʘʝʤʳʭ ʷʯʝʝʢ ʟʘʚʝʨʰʘʝʪʩʷ. 

8. ʇʨʦʮʝʩʩ ʩʙʦʨʢʠ ʟʘʚʝʨʰʘʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝʤ ʷʯʝʝʢ ʠʟ ʩʝʪʦʢ ʚʪʦʨʦʛʦ ʩʣʦʷ, 

ʙʣʠʞʘʡʰʠʭ ʢ ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʤ ʷʯʝʡʢʘʤ ʠʟ ʩʝʪʦʢ ʧʝʨʚʦʛʦ ʩʣʦʷ. ʇʦʩʣʝ ʵʪʦʛʦ 

ʚʳʯʠʩʣʷʶʪʩʷ ʨʘʩʩʪʦʷʥʠʷ (ʦʪʩʪʫʧʳ) ʦʪ ʚʩʝʭ ʠʥʪʝʨʧʦʣʠʨʫʝʤʳʭ ʷʯʝʝʢ ʜʦ 

ʙʣʠʞʘʡʰʠʭ ʢ ʥʠʤ ʷʯʝʝʢ ʠʟ ʩʝʪʦʢ ʜʨʫʛʦʛʦ ʩʣʦʷ ʚ ʨʘʩʯʝʪʥʦʡ ʩʠʩʪʝʤʝ 

ʢʦʦʨʜʠʥʘʪ. 

ɼʣʷ ʧʦʠʩʢʘ ʙʣʠʞʘʡʰʠʭ ʷʯʝʝʢ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʥʘʣʦʛ ʤʝʪʦʜʘ ʛʨʘʜʠʝʥʪʥʦʛʦ 

ʩʧʫʩʢʘ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʙʣʦʢʘ ʩʝʪʢʠ ʙʨʘʣʩʷ ʝʛʦ 

ʮʝʥʪʨ. ʇʨʠ ʩʣʠʰʢʦʤ ʙʦʣʴʰʦʤ ʬʠʥʘʣʴʥʦʤ ʨʘʩʩʪʦʷʥʠʠ (ʙʦʣʝʝ 1 ʷʯʝʡʢʠ) ʧʨʦʮʝʜʫʨʘ 

ʧʦʚʪʦʨʷʣʘʩʴ ʜʦ 6 ʨʘʟ, ʧʨʠ ʵʪʦʤ ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʨʝʜʥʠʝ ʪʦʯʢʠ ʚʩʝʭ ʛʨʘʥʝʡ ʙʣʦʢʘ ʧʦ ʦʯʝʨʝʜʠ. ɹʣʠʞʘʡʰʠʝ ʷʯʝʡʢʠ 
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ʥʘʭʦʜʠʣʠʩʴ ʚʦ ʚʩʝʭ ʙʣʦʢʘʭ ʩʝʪʦʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʣʦʷ, ʧʦʩʣʝ ʯʝʛʦ ʚʳʙʠʨʘʣʩʷ 

ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʡ ʚʘʨʠʘʥʪ ʠʟ ʚʩʝʭ ʥʘʡʜʝʥʥʳʭ. 

ɺʦʟʤʦʞʥʳ ʠ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʚ ʢʦʪʦʨʳʭ ʩʝʪʢʠ ʚʪʦʨʦʛʦ ʩʣʦʷ ʥʝ ʣʝʞʘʪ ʚʥʫʪʨʠ 

ʩʝʪʦʢ ʧʝʨʚʦʛʦ ʩʣʦʷ, ʘ ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʩ ʥʠʤʠ ʪʦʨʝʮ ʚ ʪʦʨʝʮ (ʢʘʢ ʚ ʩʣʫʯʘʝ ʩʝʪʦʢ ʜʣʷ 

ʨʦʪʦʨʘ ʠ ʩʪʘʪʦʨʘ ʧʨʠ ʨʦʪʦʨ-ʩʪʘʪʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚ ʪʫʨʙʦʤʘʰʠʥʘʭ). ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʥʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʩʙʦʨʢʠ ʥʘ ʧʝʨʚʦʤ ʩʣʦʝ ʠʩʢʣʶʯʘʝʤʳʤʠ ʦʪʤʝʯʘʶʪʩʷ ʥʝ 

ʷʯʝʡʢʠ ʚʙʣʠʟʠ ʩʪʝʥʦʢ, ʘ ʷʯʝʡʢʠ ʚʙʣʠʟʠ ʠʥʪʝʨʬʝʡʩʘ. ʆʩʪʘʣʴʥʳʝ ʵʪʘʧʳ ʧʨʦʭʦʜʷʪ 

ʙʝʟ ʠʟʤʝʥʝʥʠʡ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʠʥʪʝʨʬʝʡʩʘ ʤʝʞʜʫ ʨʦʪʦʨʦʤ 

ʠ ʩʪʘʪʦʨʦʤ ʟʘʯʘʩʪʫʶ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʤʝʪʦʜ ʩʢʦʣʴʟʷʱʠʭ ʩʝʪʦʢ 

(sliding mesh) [107], ʥʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʦʙʱʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʧʝʨʝʢʨʳʚʘʶʱʠʝʩʷ ʩʝʪʢʠ. ʇʨʦʮʝʜʫʨʘ ʩʙʦʨʢʠ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʜʠʥ ʨʘʟ ʧʝʨʝʜ 

ʨʘʩʯʝʪʦʤ (ʜʣʷ ʟʘʜʘʯ ʩ ʥʝʧʦʜʚʠʞʥʳʤʠ ʪʝʣʘʤʠ), ʣʠʙʦ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ 

(ʜʣʷ ʟʘʜʘʯ ʩ ʧʦʜʚʠʞʥʳʤʠ ʪʝʣʘʤʠ). 

ʇʨʠʤʝʨ ʪʝʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ (ʜʣʷ 

ʟʘʜʘʯʠ ʦʙ ʦʙʪʝʢʘʥʠʠ ʮʠʣʠʥʜʨʘ) ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.20. ʗʚʥʳʝ ʛʨʘʥʠʮʳ ʠ 

ʠʥʪʝʨʬʝʡʩʳ ʜʣʷ ʩʝʪʢʠ ʚ ʩʦʙʨʘʥʥʦʤ ʚʠʜʝ (ʨʠʩ. 2.20ʚ) ʥʝ ʚʠʜʥʳ. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʧʝʨʝʜʘʯʠ ʚʦʣʥ ʯʝʨʝʟ ʠʥʪʝʨʬʝʡʩ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ, 

ʦʧʠʩʘʥʥʳʡ ʚʳʰʝ, ʨʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ ʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚʦʣʥʳ ʚ ʢʦʣʴʮʝʚʦʤ 

ʢʘʥʘʣʝ (ʨʠʩ. 2.21). ʂʦʣʴʮʝʚʦʡ ʢʘʥʘʣ ʠʤʝʝʪ ʚʥʫʪʨʝʥʥʠʡ ʨʘʜʠʫʩ 0.3 ʤ ʠ ʚʥʝʰʥʠʡ ï 

0.5 ʤ. ɼʣʠʥʘ ʢʘʥʘʣʘ ʩʦʩʪʘʚʣʷʝʪ 1 ʤ. ɺ ʢʘʥʘʣʝ ʥʘʭʦʜʠʪʩʷ ʚʦʟʜʫʭ, ʢʦʪʦʨʳʡ ʚ 

ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʧʦʢʦʠʪʩʷ. ɼʘʚʣʝʥʠʝ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 

ʩʦʩʪʘʚʣʷʝʪ  101325 ʇʘ, ʪʝʤʧʝʨʘʪʫʨʘ ï 288 K. ʅʘ ʩʪʝʥʢʘʭ ʢʘʥʘʣʘ ʟʘʜʘʥʦ ʫʩʣʦʚʠʝ 

ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ, ʥʘ ʚʳʭʦʜʝ ï ʜʘʚʣʝʥʠʝ 101325 ʇʘ, ʥʘ ʚʭʦʜʝ ʟʘʜʘʥʦ ʜʘʚʣʝʥʠʝʚʭP , 

ʠʟʤʝʥʷʶʱʝʝʩʷ ʧʦ ʟʘʢʦʥʫ 

    )2sin(101325 fAPʚʭ p+= , 

ʛʜʝ 10=A  ï ʘʤʧʣʠʪʫʜʘ ʚʦʣʥʳ, f  ï ʯʘʩʪʦʪʘ, ʜʣʷ ʢʦʪʦʨʦʡ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ 2 

ʟʥʘʯʝʥʠʷ: 1ʢɻʮ ʠ 5 ʢɻʮ.  

 



93 

 

       

 

    ʈʠʩ. 2.20 ï ʇʨʠʤʝʨ ʪʝʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ 

ʜʣʷ ʟʘʜʘʯʠ ʦʙ ʦʙʪʝʢʘʥʠʠ ʮʠʣʠʥʜʨʘ. ʊʝʯʝʥʠʝ ʥʘ ʩʝʪʢʝ ʜʣʷ ʮʠʣʠʥʜʨʘ (ʠʟ ʚʪʦʨʦʛʦ 

ʩʣʦʷ) (ʘ), ʩʝʪʢʝ ʜʣʷ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ (ʠʟ ʧʝʨʚʦʛʦ ʩʣʦʷ) ʙʝʟ ʠʩʢʣʶʯʘʝʤʳʭ ʷʯʝʝʢ 

(ʙ) ʠ ʦʙʱʠʡ ʚʠʜ ʪʝʯʝʥʠʷ ʜʣʷ ʩʝʪʢʠ ʚ ʩʦʙʨʘʥʥʦʤ ʚʠʜʝ (ʚ). 

 

 

ʈʠʩ. 2.21 ï ʉʭʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʳ ʚ ʢʦʣʴʮʝʚʦʤ 

ʢʘʥʘʣʝ. ɺʠʜ ʩ ʪʦʨʮʘ (ʩʣʝʚʘ) ʠ ʚ ʩʝʯʝʥʠʠ YZ (ʩʧʨʘʚʘ). ʆʙʦʟʥʘʯʝʥʘ ʪʦʯʢʘ (0, 0.4, 

0.7), ʚ ʢʦʪʦʨʦʡ ʩʥʠʤʘʣʩʷ ʩʠʛʥʘʣ ʜʣʷ ʨʠʩ. 2.22. 

ʘ ʙ 

ʚ 
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ɼʣʷ ʢʘʞʜʦʡ ʯʘʩʪʦʪʳ ʨʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʚ 3ʭ ʚʘʨʠʘʥʪʘʭ: ʥʝʧʦʜʚʠʞʥʳʡ ʢʘʥʘʣ 

ʙʝʟ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ, ʥʝʧʦʜʚʠʞʥʳʡ ʢʘʥʘʣ ʩ ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ ʩʝʪʢʘʤʠ 

(ʩʝʪʢʠ ʧʝʨʝʢʨʳʚʘʣʠʩʴ ʚʙʣʠʟʠ Z=0.5), ʘ ʪʘʢʞʝ ʩ ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ ʩʝʪʢʘʤʠ, ʦʜʥʘ 

ʠʟ ʢʦʪʦʨʳʭ (ʥʘʭʦʜʷʱʘʷʩʷ ʜʘʣʴʰʝ ʦʪ ʚʳʭʦʜʘ) ʚʨʘʱʘʣʘʩʴ ʩ ʯʘʩʪʦʪʦʡ 50 ɻʮ. ʅʘ 

ʚʳʭʦʜʝ ʙʳʣ ʜʦʙʘʚʣʝʥ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʙʫʬʝʨ ʜʣʠʥʦʡ 1.5 ʤ ʠ ʨʘʟʨʝʞʝʥʠʝʤ ʩʝʪʢʠ 

ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʦʪʨʘʞʝʥʠʷ ʚʦʣʥ. ʉʝʪʢʘ ʜʣʷ ʢʘʥʘʣʘ ʙʳʣʘ ʨʘʚʥʦʤʝʨʥʦʡ. 

ʂʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ ʩʝʪʢʠ ʚ ʘʟʠʤʫʪʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʩʦʩʪʘʚʣʷʣʦ 256, ʚ 

ʨʘʜʠʘʣʴʥʦʤ ï 32, ʚ ʦʩʝʚʦʤ ï 128, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʧʨʠʤʝʨʥʦ 45 ʠ 9 ʪʦʯʢʘʤ ʥʘ 

ʜʣʠʥʫ ʚʦʣʥʳ ʜʣʷ ʯʘʩʪʦʪ 1ʢɻʮ ʠ 5ʢɻʮ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʊʘʢʘʷ ʧʦʩʪʘʥʦʚʢʘ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʨʘʩʯʝʪʦʚ ʨʦʪʦʨ-ʩʪʘʪʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ 

ʛʨʫʙʦʡ ʠ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʘʭ (ʜʣʷ 1ʢɻʮ ʠ 5ʢɻʮ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɺ ʩʠʣʫ 

ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ ʥʘ ʩʪʝʥʢʘʭ, ʨʝʰʝʥʠʷ ʜʣʷ ʚʩʝʭ ʪʨʝʭ ʧʦʩʪʘʥʦʚʦʢ ʟʘʜʘʯʠ ʜʦʣʞʥʳ 

ʩʦʚʧʘʜʘʪʴ ʥʘ ʢʘʞʜʦʡ ʠʟ ʯʘʩʪʦʪ ʚ ʩʣʫʯʘʝ ʠʜʝʘʣʴʥʦʛʦ ʠʥʪʝʨʬʝʡʩʘ. ʅʘ ʨʠʩʫʥʢʝ 2.22 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʠʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʴʥʦʛʦ) ʩʦ ʚʨʝʤʝʥʝʤ ʚ ʪʦʯʢʝ 

(0, 0.4, 0.7) (ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʪʦʯʢʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.21). 

 

ʈʠʩ. 2.22 ï ʀʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚ ʪʦʯʢʝ (0, 0.4, 0.7) ʜʣʷ ʟʘʜʘʯʠ ʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʚʦʣʥʳ ʚ ʢʦʣʴʮʝʚʦʤ ʢʘʥʘʣʝ ʜʣʷ ʩʝʪʢʠ ʙʝʟ ʧʝʨʝʢʨʳʪʠʷ (Not 

Overset) ʠ ʧʝʨʝʢʨʳʪʠʝʤ (Overset) ʩ ʚʨʘʱʝʥʠʝʤ (+rotation) ʠ ʙʝʟ (no rotation) ʥʘ 

ʨʘʟʥʳʭ ʯʘʩʪʦʪʘʭ. 
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ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʘʥʘʣʦʛʘ ʛʨʫʙʦʡ ʩʝʪʢʠ (ʜʣʷ ʯʘʩʪʦʪʳ 5 ʢɻʮ) ʘʤʧʣʠʪʫʜʘ ʚʦʣʥʳ ʥʘ 

ʩʝʪʢʝ ʩ ʧʝʨʝʢʨʳʪʠʝʤ ʥʝʩʢʦʣʴʢʦ ʫʤʝʥʴʰʘʝʪʩʷ (ʧʨʠʤʝʨʥʦ ʥʘ 5%) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʩʝʪʢʦʡ ʙʝʟ ʧʝʨʝʢʨʳʪʠʷ, ʧʨʠ ʵʪʦʤ ʬʘʟʘ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. ɼʣʷ ʘʥʘʣʦʛʘ ʧʦʜʨʦʙʥʦʡ 

ʩʝʪʢʠ (ʜʣʷ ʯʘʩʪʦʪʳ 1ʢɻʮ) ʘʤʧʣʠʪʫʜʘ ʠ ʬʘʟʘ ʥʘ ʧʝʨʝʢʨʳʚʘʶʱʝʡʩʷ ʩʝʪʢʝ ʩʦʚʧʘʜʘʶʪ 

ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘ ʩʝʪʢʝ ʙʝʟ ʧʝʨʝʢʨʳʪʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʚʠʜʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ 

ʚʨʘʱʝʥʠʷ ʦʜʥʦʡ ʠʟ ʯʘʩʪʝʡ ʩʝʪʢʠ ʥʝ ʚʥʦʩʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʰʠʙʦʢ ʚ ʨʝʰʝʥʠʝ. 

ʈʘʟʣʠʯʠʝ ʚ ʘʤʧʣʠʪʫʜʘʭ ʜʣʷ ʯʘʩʪʦʪ 1 ʢɻʮ ʠ 5 ʢɻʮ, ʢʦʪʦʨʦʝ ʚʠʜʥʦ ʥʘ ʨʠʩ. 2.22 

ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʥʘ ʚʭʦʜʝ ʟʘʜʘʝʪʩʷ ʪʦʣʴʢʦ ʜʘʚʣʝʥʠʝ, ʧʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʶʪ 

ʢʦʣʝʙʘʥʠʷ ʦʩʝʚʦʡ ʩʢʦʨʦʩʪʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʦ-ʨʘʟʥʦʤʫ ʧʨʦʷʚʣʷʪʴʩʷ ʥʘ ʨʘʟʥʳʭ 

ʯʘʩʪʦʪʘʭ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʧʦʜʭʦʜ ʢ ʩʙʦʨʢʝ ʠ ʠʥʪʝʨʧʦʣʷʮʠʠ ʜʣʷ 

ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʦʧʠʩʳʚʘʪʴ ʪʝʯʝʥʠʷ ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʜʚʠʞʝʥʠʝʤ ʦʙʲʝʢʪʦʚ ʚʥʫʪʨʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ɺʦʟʤʫʱʝʥʠʷ 

ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʠʥʪʝʨʬʝʡʩ ʧʝʨʝʢʨʳʪʠʷ ʩ ʤʘʣʳʤʠ ʠʩʢʘʞʝʥʠʷʤʠ, ʣʠʰʴ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʷʩʴ ʚ ʘʤʧʣʠʪʫʜʝ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʢʦʤʧʝʥʩʠʨʦʚʘʥʦ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʠʥʪʝʨʬʝʡʩʘ (ʝʛʦ ʫʜʘʣʝʥʠʝʤ ʦʪ ʠʩʪʦʯʥʠʢʦʚ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʫʣʴʩʘʮʠʡ, ʪʘʢʠʭ, ʢʘʢ ʟʘʜʥʠʝ ʢʨʦʤʢʠ ʣʦʧʘʪʦʢ ʚ ʩʣʫʯʘʝ ʨʦʪʦʨ-

ʩʪʘʪʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ), ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ ʷʯʝʝʢ ʚʙʣʠʟʠ ʥʝʛʦ. 

 

2.5. ʇʘʨʘʣʣʝʣʴʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ GHOST CFD 

 

ʆʧʠʩʘʥʥʳʝ ʚʳʰʝ ʫʨʘʚʥʝʥʠʷ, ʩʭʝʤʳ ʠ ʤʝʪʦʜʳ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ ʚ ʚʠʜʝ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ GHOST CFD (GPU High Order Structured Computational Fluid 

Dynamics). ɹʦʣʴʰʠʥʩʪʚʦ ʟʘʜʘʯ, ʨʝʰʘʝʤʳʭ ʚ ʨʘʙʦʪʝ ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʳʭ ʩʭʝʤ ʠ 

ʤʝʪʦʜʦʚ ʪʨʝʙʫʶʪ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʠʤʝʥʝʥʠʷ 

ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʨʝʜʩʪʚ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ ʩʨʝʜʩʪʚ ʚ 

GHOST CFD ʠʩʧʦʣʴʟʫʶʪʩʷ ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʳ (ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʥʳʝ 

ʫʩʪʨʦʡʩʪʚʘ - ɻʇʋ). ʉʦʚʨʝʤʝʥʥʳʝ ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʳ ʠʤʝʶʪ ʩʦʪʥʠ ʠ ʪʳʩʷʯʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʷʜʝʨ (2880 ʷʜʝʨ ʚ Nvidia Tesla K40). ʇʦ ʩʚʦʝʡ ʩʫʪʠ ï ʵʪʦ 

ʧʨʦʮʝʩʩʦʨʳ ʚʠʜʝʦʢʘʨʪ, ʚʳʚʦʜʷʱʠʭ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʤʦʥʠʪʦʨʳ ʢʦʤʧʴʶʪʝʨʦʚ. ɺ 
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ʩʠʣʫ ʨʦʩʪʘ ʧʦʪʨʝʙʥʦʩʪʝʡ ʚ ʪʨʝʭʤʝʨʥʳʭ ʛʨʘʬʠʯʝʩʢʠʭ ʚʳʯʠʩʣʝʥʠʷʭ, ʩʦ ʚʨʝʤʝʥʝʤ 

ʦʥʠ ʧʨʝʚʨʘʪʠʣʠʩʴ ʚ ʤʦʱʥʳʡ ʠʥʩʪʨʫʤʝʥʪ, ʧʦʟʚʦʣʷʶʱʠʡ ʙʳʩʪʨʦ ʧʨʦʚʦʜʠʪʴ 

ʨʘʩʯʝʪʳ ʦʙʱʝʛʦ ʥʘʟʥʘʯʝʥʠʷ [108]. ʇʠʢʦʚʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ɻʇʋ ʚ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʝʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʤʥʦʛʦʷʜʝʨʥʳʭ ʮʝʥʪʨʘʣʴʥʳʭ 

ʧʨʦʮʝʩʩʦʨʦʚ (ʮʝʥʪʨʘʣʴʥʳʝ ʧʨʦʮʝʩʩʦʨʥʳʝ ʫʩʪʨʦʡʩʪʚʘ - ʎʇʋ). 

ʈʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʜʣʷ ɻʇʋ ʚ GHOST CFD ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʪʝʭʥʦʣʦʛʠʠ Nvidia CUDA [108], ʧʦʟʚʦʣʷʶʱʝʡ ʜʦʙʠʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʷ ʧʨʦʮʝʩʩʦʨʦʚ Nvidia. ʋʩʢʦʨʝʥʠʝ, ʜʦʩʪʠʛʥʫʪʦʝ ʚ GHOST CFD ʥʘ 1 

ɻʇʋ Nvidia Tesla M2090 (512 ʷʜʝʨ, ʧʠʢʦʚʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 665 ɻʬʣʦʧʩ) ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ 1 ʎʇʋ Intel Xeon E5-2680 (8 ʷʜʝʨ, ʧʠʢʦʚʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʧʦʨʷʜʢʘ 200 ɻʬʣʦʧʩ) ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 12-14 ʨʘʟ. ʎʇʋ-ʚʝʨʩʠʷ 

ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ OpenMP. ɿʘʛʨʫʟʢʘ ʢʘʢ ʜʣʷ ʎʇʋ (ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʚʩʝ ʷʜʨʘ), ʪʘʢ ʠ ʜʣʷ ɻʇʋ ʚʦ ʚʨʝʤʷ ʪʝʩʪʦʚ ʙʳʣʘ ʧʦʨʷʜʢʘ 100%. ʈʘʟʥʠʮʘ ʚ 

ʩʦʦʪʥʦʰʝʥʠʷʭ ʩʢʦʨʦʩʪʠ ʨʘʩʯʝʪʘ ʠ ʩʦʦʪʥʦʰʝʥʠʷʭ ʧʠʢʦʚʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʎʇʋ ʠ ɻʇʋ ʦʙʫʩʣʦʚʣʝʥʘ ʪʝʤ, ʯʪʦ ʜʣʷ ʧʨʠʤʝʥʷʝʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʭʝʤ 

ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʜʦʩʪʫʧʘ ʢ ʧʘʤʷʪʠ (ʩʯʠʪʳʚʘʥʠʷ ʟʥʘʯʝʥʠʡ 

ʧʦʣʝʡ ʥʝʠʟʚʝʩʪʥʳʭ). ɼʘʥʥʳʝ ʦʧʝʨʘʮʠʠ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʥʘ ɻʇʋ ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʳʩʪʨʝʝ, ʯʝʤ ʥʘ ʎʇʋ ʟʘ ʩʯʝʪ ʙʦʣʴʰʝʡ ʚʝʢʪʦʨʥʦʩʪʠ ʧʨʦʮʝʩʩʦʨʘ, ʨʘʟʨʷʜʥʦʩʪʠ 

ʰʠʥʳ ʧʘʤʷʪʠ ʠ ʝʸ ʯʘʩʪʦʪʳ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʠʤʝʥʥʦ ʜʦʩʪʫʧ ʢ ʧʘʤʷʪʠ ʷʚʣʷʝʪʩʷ 

ʣʠʤʠʪʠʨʫʶʱʠʤ ʬʘʢʪʦʨʦʤ ʩʢʦʨʦʩʪʠ ʨʘʩʯʝʪʘ, ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʦʧʝʨʘʮʠʡ ʩ 

ʧʣʘʚʘʶʱʝʡ ʪʦʯʢʦʡ ʠʛʨʘʝʪ ʤʝʥʴʰʫʶ ʨʦʣʴ. 

ɺ ʧʘʢʝʪʝ ʪʘʢʞʝ ʨʝʘʣʠʟʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʯʝʪʘ ʥʘ ʥʝʩʢʦʣʴʢʠʭ ɻʇʋ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʧʦʣʦʞʝʥʳ ʢʘʢ ʥʘ ʦʜʥʦʤ, ʪʘʢ ʠ ʥʘ ʥʝʩʢʦʣʴʢʠʭ ʫʟʣʘʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʢʣʘʩʪʝʨʘ. ɼʣʷ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ ʤʝʞʜʫ ɻʇʋ ʚʥʫʪʨʠ ʦʜʥʦʛʦ ʫʟʣʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ GPUDirect [108]. ʄʝʞʜʫ ʫʟʣʘʤʠ ʜʘʥʥʳʝ ʧʝʨʝʜʘʶʪʩʷ 

ʧʦʩʨʝʜʩʪʚʦʤ MPI. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ GHOST CFD ʥʘ 

ʥʝʩʢʦʣʴʢʦ ɻʇʋ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.23. ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʦʧʨʝʜʝʣʷʣʘʩʴ 

ʧʦ ʬʦʨʤʫʣʝ  SMP Ö= , ʛʜʝ M  - ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ ʩʝʪʢʠ (ʚ ʤʠʣʣʠʦʥʘʭ), S ï 

ʩʢʦʨʦʩʪʴ ʨʘʩʯʝʪʘ (ʚ ʰʘʛʘʭ ʧʦ ʚʨʝʤʝʥʠ ʚ ʩʝʢʫʥʜʫ). ɼʣʷ ʎʇʋ-ʚʝʨʩʠʠ ʧʘʢʝʪʘ ʦʥʘ 

ʩʦʩʪʘʚʣʷʣʘ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ, ʯʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ ʩʝʪʢʝ ʨʘʟʤʝʨʥʦʩʪʴʶ ʚ 1 
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ʤʠʣʣʠʦʥ ʷʯʝʝʢ ʨʘʩʯʝʪ ʙʫʜʝʪ ʠʜʪʠ ʩʦ ʩʢʦʨʦʩʪʴʶ ʦʜʠʥ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ ʚ ʩʝʢʫʥʜʫ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʣʠʯʠʥʫ P ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʠ ʢʘʢ ʫʩʢʦʨʝʥʠʝ GHOST CFD 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ɻʇʋ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 8 ʷʜʨʘʤʠ ʎʇʋ Intel Xeon E5-2680.   

ʉʧʣʦʰʥʘʷ ʠ ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʥʘ ʛʨʘʬʠʢʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʘʙʦʡ ʠ ʩʠʣʴʥʦʡ 

ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʠ GHOST CFD. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩʣʘʙʦʡ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʠ 

ʨʘʟʤʝʨʥʦʩʪʴ ʩʝʪʢʠ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʯʠʩʣʫ ʠʩʧʦʣʴʟʫʝʤʳʭ ɻʇʋ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʛʨʫʟʢʘ ʥʘ ʢʘʞʜʳʡ ɻʇʋ ʦʩʪʘʚʘʣʘʩʴ ʦʜʠʥʘʢʦʚʦʡ. ʅʘ ʨʠʩʫʥʢʝ 2.23 

ʤʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʧʨʠ ʵʪʦʤ ʦʩʪʘʚʘʣʘʩʴ 

ʧʦʨʷʜʢʘ 100%. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩʠʣʴʥʦʡ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʩʝʪʢʘ ʨʘʟʤʝʨʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 11 ʤʠʣʣʠʦʥʦʚ ʷʯʝʝʢ, ʢʦʪʦʨʘʷ ʥʝ ʤʝʥʷʣʘʩʴ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ɻʇʋ.  

  

ʈʠʩ. 2.23 ï ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ (ʩʣʝʚʘ) ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ (ʚ ʧʨʦʮʝʥʪʘʭ) (ʩʧʨʘʚʘ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ ʚ GHOST CFD. 

ʇʨʠ ʵʪʦʤ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʧʘʜʘʣʘ, ʥʦ ʦʩʪʘʚʘʣʘʩʴ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʤʠʥʠʤʫʤ ʜʣʷ 4  ɻʇʋ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘ ʨʠʩʫʥʢʝ 2.23 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʘʢʞʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʜʣʷ 

ʥʝʢʦʪʦʨʳʭ ʟʘʜʘʯ ʠʟ ʦʧʠʩʘʥʥʳʭ ʚ ʛʣʘʚʝ 3: ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʪʝʯʝʥʠʷ ʩʪʨʫʡ ʠʟ 

ʩʦʧʣʘ, ʠʩʩʣʝʜʦʚʘʥʥʦʛʦ ʚ ʨʘʤʢʘʭ ʝʚʨʦʧʝʡʩʢʦʛʦ ʧʨʦʝʢʪʘ JEAN, ʘ ʪʘʢʞʝ ʢʦʥʠʯʝʩʢʦʛʦ 

ʩʦʧʣʘ (Conical). ʈʘʟʤʝʨʥʦʩʪʴ ʩʝʪʦʢ ʜʣʷ ʜʘʥʥʳʭ ʟʘʜʘʯ ʩʦʩʪʘʚʣʷʣʘ ʧʦʨʷʜʢʘ 12 ʤʣʥ 

ʷʯʝʝʢ. 
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ʈʘʩʯʝʪʥʳʝ ʩʝʪʢʠ ʜʣʷ GHOST CFD ʭʨʘʥʷʪʩʷ ʚ ʦʪʢʨʳʪʦʤ ʬʦʨʤʘʪʝ CGNS. 

ɿʘʧʠʩʴ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʧʦʩʪʧʨʦʮʝʩʩʠʥʛʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʬʦʨʤʘʪʝ Tecplot. ɼʣʷ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʬʘʡʣʘ, ʚ ʢʦʪʦʨʦʤ ʟʘʜʘʶʪʩʷ ʚʩʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʯʝʪʘ, 

ʠʩʧʦʣʴʟʫʝʪʩʷ çʯʝʣʦʚʝʢʦʯʠʪʘʝʤʳʡè ʷʟʳʢ ʨʘʟʤʝʪʢʠ YAML. ɺʩʝ ʨʘʩʯʝʪʥʳʝ ʤʦʜʫʣʠ, 

ʚʢʣʶʯʘʷ ʩʙʦʨʢʫ ʠ ʠʥʪʝʨʧʦʣʷʮʠʶ ʜʣʷ ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ, ʨʘʩʯʝʪ 

ʤʝʪʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠ ʪ.ʜ., ʨʝʘʣʠʟʦʚʘʥʳ ʜʣʷ ɻʇʋ. ɺʳʯʠʩʣʝʥʠʝ 

ʧʨʦʠʟʚʦʜʥʳʭ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭʧʨʦʭʦʜʥʦʛʦ ʤʝʪʦʜʘ, ʦʧʠʩʘʥʥʦʛʦ ʚ 

ʨʘʙʦʪʝ [109]. ʂʘʢ ʵʪʦ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʩ ʮʝʣʴʶ ʫʤʝʥʴʰʝʥʠʷ ʟʘʜʝʨʞʝʢ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ MPI ʠ GPUDirect, ʨʘʩʯʝʪ ʠ ʧʝʨʝʜʘʯʘ ʜʘʥʥʳʭ ʤʝʞʜʫ ɻʇʋ, ʛʜʝ 

ʚʦʟʤʦʞʥʦ, ʧʨʦʠʟʚʦʜʷʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ. ʅʘ ʨʠʩʫʥʢʝ 2.24 ʧʨʝʜʩʪʘʚʣʝʥʘ ʙʣʦʢ-ʩʭʝʤʘ 

ʜʣʷ ʨʘʩʯʝʪʘ ʦʜʥʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʚ GHOST CFD. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʩʭʝʤʳ ʠ ʤʝʪʦʜʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʡ ʛʘʟʘ, 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ. ʆʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʩʭʝʤʳ DRP ʠ 

LDDRK, ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚ Ä2.1, ʧʦʟʚʦʣʷʶʪ ʦʧʠʩʳʚʘʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ 

ʚʦʣʥ ʠ ʚʦʟʤʫʱʝʥʠʡ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʠʩʢʘʞʝʥʠʷʤʠ, ʙʫʜʴ ʪʦ ʪʫʨʙʫʣʝʥʪʥʳʝ 

ʧʫʣʴʩʘʮʠʠ ʠʣʠ ʟʚʫʢʦʚʳʝ ʚʦʣʥʳ. ɼʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʧʦʟʚʦʣʷʝʪ ʫʩʧʝʰʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʝʯʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ 

ʦʙʪʝʢʘʥʠʝ ʣʦʧʘʪʦʢ ʪʫʨʙʦʤʘʰʠʥ ʥʘ ʥʝʨʘʩʯʝʪʥʳʭ ʨʝʞʠʤʘʭ ʩ ʦʪʨʳʚʦʤ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ, ʟʘʢʨʫʯʝʥʥʳʭ ʧʦʪʦʢʦʚ ʩʦ ʩʤʝʰʝʥʠʝʤ, ʨʝʘʢʪʠʚʥʳʭ ʩʪʨʫʡ ʠ ʜʨ. ʂʨʦʤʝ ʪʦʛʦ, 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ ʩʭʝʤʳ ʭʦʨʦʰʦ ʧʨʠʤʝʥʠʤʳ ʠ ʜʣʷ ʟʘʜʘʯ ʘʵʨʦʘʢʫʩʪʠʢʠ, ʪʘʢʠʭ, 

ʢʘʢ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʥʝʨʘʮʠʠ ʰʫʤʘ ʩʪʨʫʠ ʠ ʚʝʥʪʠʣʷʪʦʨʘ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ. 

ʉʭʝʤʳ DRP ʠ LDDRK ʪʘʢʞʝ ʩʦʩʪʘʚʣʷʶʪ ʙʘʟʠʩ ʜʣʷ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ 

ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ, ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʚ Ä2.2. ɼʘʥʥʳʡ ʤʝʪʦʜ ʪʨʝʙʫʝʪ ʦʪ 

ʧʨʠʤʝʥʷʝʤʦʡ ʩʭʝʤʳ ʤʠʥʠʤʘʣʴʥʳʭ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʠ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʦʰʠʙʦʢ, ʧʨʠ 

ʵʪʦʤ ʧʦʟʚʦʣʷʷ ʨʘʟʜʝʣʠʪʴ ʭʦʨʦʰʦ ʦʧʠʩʘʥʥʳʝ ʩʭʝʤʦʡ ʪʫʨʙʫʣʝʥʪʥʳʝ ʧʫʣʴʩʘʮʠʠ ʠ 

ʥʝʜʦʨʘʟʨʝʰʝʥʥʳʝ ʧʫʣʴʩʘʮʠʠ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʫʜʘʣʷʪʴ ʠʟ ʨʝʰʝʥʠʷ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʯʝʪʘ ʠ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ ʤʝʣʢʠʭ ʤʘʩʰʪʘʙʦʚ. ʄʝʪʦʜ 

ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ ʠʤʝʝʪ ʦʜʠʥ ʩʚʦʙʦʜʥʳʡ ʧʘʨʘʤʝʪʨ 

ï ʩʠʣʫ ʬʠʣʴʪʨʘ, ʩʣʘʙʦ ʚʣʠʷʶʱʠʡ ʥʘ ʭʦʨʦʰʦ ʨʘʟʨʝʰʝʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʨʝʰʝʥʠʷ. 

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʬʠʣʴʪʨʘʮʠʠ ʥʘ ʤʘʩʰʪʘʙʳ, ʙʣʠʟʢʠʝ ʢ ʥʝʨʘʟʨʝʰʝʥʥʳʤ, 



99 

 

ʯʪʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʚʝʣʠʯʠʥʳ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ, 

ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʥʘʭʦʞʜʝʥʠʷ ʩʠʣʳ ʬʠʣʴʪʨʘ. 

ʊʨʘʥʩʟʚʫʢʦʚʳʝ ʪʝʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʟʘʯʘʩʪʫʶ ʚʦʟʥʠʢʘʶʪ ʚ ʘʚʠʘʮʠʦʥʥʳʭ 

ʜʚʠʛʘʪʝʣʷʭ, ʪʨʝʙʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʩʯʝʪʥʳʭ 

ʤʝʪʦʜʦʚ. ɺ Ä2.3 ʨʘʩʩʤʦʪʨʝʥʘ ʬʠʣʴʪʨʘʮʠʷ ʩ ʜʝʪʝʢʪʦʨʦʤ ʩʢʘʯʢʦʚ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ 

ʦʙʝʩʧʝʯʠʚʘʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʯʝʪʘ ʜʣʷ ʜʘʥʥʳʭ ʪʝʯʝʥʠʡ.   

 

 

ʈʠʩ. 2.24 ï ɹʣʦʢ-ʩʭʝʤʘ ʨʘʩʯʝʪʘ ʦʜʥʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʚ GHOST CFD. 
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ʆʢʦʥʯʘʥʠʝ ʨʠʩʫʥʢʘ 2.24 

 

 

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʧʦʜʭʦʜ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʩʠʣʳ ʬʠʣʴʪʨʘ 

ʥʘ ʦʩʥʦʚʝ ʜʝʪʝʢʪʦʨʘ ʩʢʘʯʢʦʚ ɼʶʢʨʦ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʥʝʦʙʭʦʜʠʤʫʶ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʬʠʣʴʪʨʘʮʠʶ ʪʦʣʴʢʦ ʚ ʦʙʣʘʩʪʷʭ, ʛʜʝ ʵʪʦ ʪʨʝʙʫʝʪʩʷ, 

ʥʝ ʟʘʪʨʘʛʠʚʘʷʦʩʪʘʣʴʥʦʝ ʪʝʯʝʥʠʝ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʪʘʢʞʝ ʩʨʘʚʥʠʚʘʣʩʷ ʩ 

ʧʦʜʭʦʜʦʤ ɹʫʞʝ ʠ ʢʦʣʣʝʛ. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʪʝʯʝʥʠʡ (ʨʦʪʦʨ-ʩʪʘʪʦʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʚ ʢʦʤʧʨʝʩʩʦʨʝ ʠ ʪʫʨʙʠʥʝ) ʚ ʘʚʠʘʮʠʦʥʥʦʤ ʜʚʠʛʘʪʝʣʝ ʪʨʝʙʫʝʪʩʷ ʦʧʠʩʘʥʠʝ 
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ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʪʝʣ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ɺ Ä2.4 ʨʘʩʩʤʦʪʨʝʥ ʤʝʪʦʜ 

ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʩʝʪʦʢ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʪʝʯʝʥʠʷ, ʘ 

ʪʘʢʞʝ ʦʧʠʩʘʥʘ ʧʨʦʮʝʜʫʨʘ ʩʙʦʨʢʠ ʩʝʪʢʠ ʜʣʷ ʥʝʛʦ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ ʨʘʙʦʪʝ ʟʘʜʘʯʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤʠ 

ʯʠʩʣʘʤʠ ʈʝʡʥʦʣʴʜʩʘ (ʟʘʯʘʩʪʫʶ ï ʧʦʨʷʜʢʘ 10
6
), ʠ ʪʨʝʙʫʶʪ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʠ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʜʣʷ ʧʦʜʨʦʙʥʳʭ ʩʝʪʦʢ 

ʥʝʦʙʭʦʜʠʤʳ ʟʥʘʯʠʪʝʣʴʥʳʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʯʝʪʘ ʟʘ ʧʨʠʝʤʣʝʤʦʝ ʚʨʝʤʷ. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ 

ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʳ. ʇʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ 

GHOST CFD ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ, ʚ ʢʦʪʦʨʦʤ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ 

ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʩʭʝʤʳ ʠ ʤʝʪʦʜʳ, ʦʧʠʩʘʥ ʚ Ä2.5. ɺ ʜʘʥʥʦʤ ʧʘʢʝʪʝ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʩʢʦʨʝʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʝʤʠ ʞʝ ʤʝʪʦʜʘʤʠ, 

ʨʝʘʣʠʟʦʚʘʥʥʳʤʠ ʥʘ ʦʙʳʯʥʳʭ ʮʝʥʪʨʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʨʘʭ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʟʘ 

ʧʨʠʝʤʣʝʤʦʝ ʚʨʝʤʷ ʨʝʰʘʪʴ ʩʣʦʞʥʳʝ ʟʘʜʘʯʠ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʜʘʣʝʝ ʚ 

ʛʣʘʚʝ 3. 
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ɻʃɸɺɸ 3. ʊɽʏɽʅʀʗ ɻɸɿɸ ɺ ʋɿʃɸʍ ɸɺʀɸʎʀʆʅʅʆɻʆ 

ɼɺʀɻɸʊɽʃʗ 

 

ɺ ʧʨʝʜʳʜʫʱʠʭ ʛʣʘʚʘʭ ʙʳʣʠ ʦʧʠʩʘʥʳ ʫʨʘʚʥʝʥʠʷ, ʩʭʝʤʳ ʠ ʤʝʪʦʜʳ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʛʘʟʘ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʪʝʯʝʥʠʷ ʚ ʫʟʣʘʭ 

ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʦʧʠʩʘʥʥʳʭ ʩʭʝʤ. 

ʆʜʥʠʤʠ ʠʟ ʦʩʥʦʚʥʳʭ ʫʟʣʦʚ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʷʚʣʷʶʪʩʷ ʣʦʧʘʪʦʯʥʳʝ 

ʤʘʰʠʥʳ: ʢʦʤʧʨʝʩʩʦʨ ʠ ʪʫʨʙʠʥʘ. ʃʦʧʘʪʦʯʥʳʝ ʤʘʰʠʥʳ ʩʦʩʪʦʷʪ ʠʟ ʚʨʘʱʘʶʱʠʭʩʷ ʠ 

ʥʝʧʦʜʚʠʞʥʳʭ ʨʷʜʦʚ ʣʦʧʘʪʦʢ, ʠʤʝʶʱʠʭ ʨʘʟʣʠʯʥʳʝ ʧʨʦʬʠʣʠ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʝʯʝʥʠʡ ʚ ʜʘʥʥʳʭ ʫʟʣʘʭ ʥʘ ʨʘʩʯʝʪʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ 

ʧʦʜʭʦʜ ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ (RANS). ɼʣʷ ʵʪʠʭ 

ʨʝʞʠʤʦʚ ʧʦʜʭʦʜ RANS ʧʦʟʚʦʣʷʝʪ  ʧʦʣʫʯʠʪʴ ʭʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʩʠʣʫ ʚʳʩʦʢʠʭ 

ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ, ʨʘʟʚʠʪʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʙʣʠʟʢʠʭ ʢ ʦʧʪʠʤʘʣʴʥʳʤ  ʫʛʣʦʚ 

ʥʘʪʝʢʘʥʠʷ ʥʘ ʣʦʧʘʪʢʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʦʙʪʝʢʘʥʠʝ ʙʝʟ ʦʪʨʳʚʘ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ 

ʠʣʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʦʪʨʳʚʦʤ. ɺ ʩʣʫʯʘʝ ʞʝ ʧʨʝʜʝʣʴʥʳʭ (ʥʝʨʘʩʯʝʪʥʳʭ) ʨʝʞʠʤʦʚ 

ʦʙʪʝʢʘʥʠʷ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʦʪʨʳʚʘʝʪʩʷ ʦʪ ʣʦʧʘʪʦʢ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ 

ʧʦʪʝʨʴ ʠ ʫʤʝʥʴʰʝʥʠʶ ʂʇɼ ʣʦʧʘʪʦʯʥʳʭ ʤʘʰʠʥ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʜʭʦʜ RANS 

ʯʘʩʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʷ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ 

[16]. ɺ Ä3.1 ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʙʪʝʢʘʥʠʝ ʧʨʦʬʠʣʷ ʪʫʨʙʠʥʥʦʡ ʣʦʧʘʪʢʠ ʥʘ 

ʧʨʝʜʝʣʴʥʳʭ ʨʝʞʠʤʘʭ. ʆʙʪʝʢʘʥʠʝ ʤʦʜʝʣʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʨʘʩʩʤʦʪʨʝʥʥʦʛʦ ʚʳʰʝ 

ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ (Ä2.2). 

ʂ ʦʩʥʦʚʥʳʤ ʫʟʣʘʤ ʜʚʠʛʘʪʝʣʷ ʪʘʢʞʝ ʦʪʥʦʩʠʪʩʷ ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ. ʇʦʩʪʦʷʥʥʦʝ 

ʫʞʝʩʪʦʯʝʥʠʝ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʥʦʨʤ ʧʦ ʚʳʙʨʦʩʘʤ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ (ʦʢʩʠʜʦʚ ʘʟʦʪʘ) 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʨʝʰʝʥʠʡ ʧʨʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ. ɼʣʷ ʩʥʠʞʝʥʠʷ ʚʳʙʨʦʩʦʚ ʚʤʝʩʪʦ ʩʪʘʥʜʘʨʪʥʦʡ 

ʙʦʛʘʪʦ-ʙʝʜʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʩʞʠʛʘʥʠʷ ʪʦʧʣʠʚʘ ʚʩʸ ʙʦʣʝʝ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʝʜʥʘʷ ʩʭʝʤʘ [25]. ʅʝʜʦʩʪʘʪʢʦʤ ʪʘʢʦʡ ʩʭʝʤʳ ʷʚʣʷʝʪʩʷ 
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ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʧʣʘʤʝʥʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʠʙʨʘʮʠʦʥʥʳʭ ʠ ʩʨʳʚʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʦʩʪʘʥʦʚʢʝ ʜʚʠʛʘʪʝʣʷ. ʈʝʰʝʥʠʝʤ ʵʪʦʡ 

ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʢʘʯʝʩʪʚʝʥʥʘʷ ʧʦʜʛʦʪʦʚʢʘ (ʧʝʨʝʤʝʰʠʚʘʥʠʝ) ʪʦʧʣʠʚʦ-

ʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ, ʦʙʝʩʧʝʯʠʚʘʝʤʘʷ ʬʨʦʥʪʦʚʳʤ ʫʩʪʨʦʡʩʪʚʦʤ (ʩʤʝʩʠʪʝʣʝʤ) ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʟʘʢʨʫʯʝʥʥʦʛʦ ʧʦʪʦʢʘ ʩ ʧʨʝʮʝʩʩʠʨʫʶʱʠʤʠ ʚʠʭʨʷʤʠ, 

ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʩʤʝʩʠʪʝʣʝʤ, ʨʘʩʩʤʦʪʨʝʥʦ ʚ Ä3.2. 

ʄʝʞʜʫʥʘʨʦʜʥʳʝ ʵʢʦʣʦʛʠʯʝʩʢʠʝ ʩʪʘʥʜʘʨʪʳ ʨʝʛʣʘʤʝʥʪʠʨʫʶʪ ʠ ʜʦʧʫʩʪʠʤʳʝ 

ʫʨʦʚʥʠ ʰʫʤʘ. ʆʩʥʦʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʰʫʤʘ ʜʚʠʛʘʪʝʣʷ ʷʚʣʷʶʪʩʷ ʚʝʥʪʠʣʷʪʦʨ ʠ 

ʩʦʧʣʦ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʰʫʤʘ ʩʦʧʣʘ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ ʚ ʩʠʣʫ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦʛʦ ʦʧʠʩʘʥʠʷ ʢʘʢ ʪʫʨʙʫʣʝʥʪʥʦʡ ʩʪʨʫʠ ʩ ʙʦʣʴʰʠʤʠ 

ʛʨʘʜʠʝʥʪʘʤʠ ʜʘʚʣʝʥʠʷ, ʠʩʪʝʢʘʶʱʝʡ ʠʟ ʥʝʛʦ, ʪʘʢ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʛʝʥʝʨʠʨʫʝʤʳʭ 

ʝʶ ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʳ. ɿʘʜʘʯʠ ʦʙ ʦʧʨʝʜʝʣʝʥʠʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ 

ʰʫʤʦʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʨʙʫʣʝʥʪʥʳʭ ʩʪʨʫʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ Ä3.3.  

ʅʘʠʙʦʣʝʝ ʢʦʤʧʣʝʢʩʥʦʡ ʟʘʜʘʯʝʡ ʠʟ ʚʩʝʭ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʨʘʙʦʪʝ, ʷʚʣʷʝʪʩʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʥʝʨʘʮʠʠ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ. 

ʊʨʘʜʠʮʠʦʥʥʦ ʜʣʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʧʨʦʱʝʥʥʳʝ ʵʤʧʠʨʠʯʝʩʢʠʝ ʠʣʠ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʠʢʠ, ʥʝʜʦʩʪʘʪʢʠ ʢʦʪʦʨʳʭ ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʦʧʦʩʨʝʜʦʚʘʥʥʦʤ 

ʫʯʝʪʝ ʛʝʦʤʝʪʨʠʠ ʩʘʤʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʩʣʦʞʥʦʩʪʠ ʠʣʠ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 

ʢ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʤ ʢʦʥʩʪʨʫʢʮʠʷʤ ʠ ʪ.ʜ. ɼʣʷ ʜʦʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʣʦʧʘʪʦʢ 

ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʘ ʪʠʧʘ ʰʫʤʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʚʝʥʪʠʣʷʪʦʨʦʤ: ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ 

ʠ ʪʦʥʘʣʴʥʳʡ. ʊʦʥʘʣʴʥʳʡ ʰʫʤ ʚʦʟʥʠʢʘʝʪ ʦʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʣʝʜʦʚ ʣʦʧʘʪʦʢ 

ʚʝʥʪʠʣʷʪʦʨʘ ʩ ʣʦʧʘʪʢʘʤʠ ʩʧʨʷʤʣʷʶʱʝʛʦ (ʉɸ) ʠ ʥʘʧʨʘʚʣʷʶʱʝʛʦ (ʅɸ) ʘʧʧʘʨʘʪʦʚ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʟʘ ʥʠʤ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʦʥʘʣʴʥʦʛʦ ʰʫʤʘ ʦʙʳʯʥʦ ʧʨʦʚʦʜʠʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʠʢ, ʣʠʙʦ ʩ ʧʦʤʦʱʴʶ RANS-ʧʦʜʭʦʜʘ. ʇʨʠ ʵʪʦʤ 

ʚ ʩʣʫʯʘʝ RANS ʟʘʯʘʩʪʫʶ ʪʨʝʙʫʝʪʩʷ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʦʣʴʢʦ ʥʝʩʢʦʣʴʢʦ ʣʦʧʘʪʦʢ ʠ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʫʩʣʦʚʠʝ ʧʝʨʠʦʜʠʯʥʦʩʪʠ, ʘ ʤʦʜʝʣʠʨʦʚʘʪʴ ʚʝʥʪʠʣʷʪʦʨ ʧʦʣʥʦʩʪʴʶ, 

ʯʪʦʙʳ ʫʯʝʩʪʴ ʚʢʣʘʜ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʦʜ, ʘ ʪʘʢʞʝ ʧʦʪʝʥʮʠʘʣʴʥʦ ï 

ʥʝʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʠ ʨʘʟʥʦʨʦʜʥʳʭ ʣʦʧʘʪʦʢ ʉɸ. ʇʦʣʥʘʷ ʧʦʩʪʘʥʦʚʢʘ 

ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʠ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʩʯʝʪʘ. ʅʘ 

ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʩʪʘʥʦʚʠʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ 
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ʰʫʤʘ, ʠʩʪʦʯʥʠʢʦʤ ʢʦʪʦʨʦʛʦ ʷʚʣʷʶʪʩʷ ʪʫʨʙʫʣʝʥʪʥʳʝ ʚʠʭʨʠ, ʪʘʢʠʝ, ʢʘʢ ʚʠʭʨʠ ʚ 

ʩʣʝʜʘʭ ʟʘ ʣʦʧʘʪʢʘʤʠ ʚʝʥʪʠʣʷʪʦʨʘ (ʩʦʙʩʪʚʝʥʥʳʡ ʰʫʤ ʚʝʥʪʠʣʷʪʦʨʘ), ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʣʦʧʘʪʢʘʤʠ ʉɸ (ʰʫʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ), ʘ ʪʘʢʞʝ ʪʫʨʙʫʣʝʥʪʥʳʝ 

ʚʠʭʨʠ ʚ ʩʣʝʜʘʭ ʟʘ ʣʦʧʘʪʢʘʤʠ ʉɸ (ʩʦʙʩʪʚʝʥʥʳʡ ʰʫʤ ʉɸ) ʠ ʜʨ. ɺ ʩʠʣʫ 

ʧʦʩʪʝʧʝʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʨʘʟʤʝʨʘ ʚʝʥʪʠʣʷʪʦʨʘ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʠ 

ʧʦʚʳʰʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʟʚʫʢʦʧʦʛʣʦʱʘʶʱʠʭ ʢʦʥʩʪʨʫʢʮʠʡ (ɿʇʂ), ʪʦʥʘʣʴʥʳʡ 

ʰʫʤ ʚʝʥʪʠʣʷʪʦʨʘ ʫʤʝʥʴʰʘʝʪʩʷ. ʅʘʟʚʘʥʥʳʝ ʤʝʨʳ, ʦʜʥʘʢʦ, ʥʝ ʩʥʠʞʘʶʪ 

ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʰʫʤ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʦʥ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʚʘʞʥʦʡ 

ʧʨʦʙʣʝʤʦʡ [62]. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʰʫʤʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʧʨʦʚʦʜʠʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʪʦʣʴʢʦ ʩ ʧʦʤʦʱʴʶ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʤʝʪʦʜʠʢ [63-65], 

ʧʦʩʢʦʣʴʢʫ ʧʨʠʤʝʥʝʥʠʝ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʤʝʪʦʜʦʚ ʪʠʧʘ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ 

ʧʨʠʚʦʜʠʪ ʢ ʦʯʝʥʴ ʟʥʘʯʠʪʝʣʴʥʳʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʟʘʪʨʘʪʘʤ. ɺ Ä3.4 ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʟʘʜʘʯʘ ʦ ʛʝʥʝʨʘʮʠʠ ʰʫʤʘ ʚʝʥʪʠʣʷʪʦʨʘ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ, ʚ ʢʦʪʦʨʦʡ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʪʦʥʘʣʴʥʳʡ, ʪʘʢ ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʰʫʤ ʚ ʧʦʣʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ. 

 

3.1 ʆʙʪʝʢʘʥʠʝ ʣʦʧʘʪʦʯʥʦʛʦ ʧʨʦʬʠʣʷ ʥʘ ʧʨʝʜʝʣʴʥʳʭ ʨʝʞʠʤʘʭ 

 

ʂʦʤʧʨʝʩʩʦʨ ʠ ʪʫʨʙʠʥʘ ʦʪʥʦʩʷʪʩʷ ʢ ʦʩʥʦʚʥʳʤ ʫʟʣʘʤ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ, 

ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʂʘʞʜʳʡ ʠʟ ʜʘʥʥʳʭ ʫʟʣʦʚ ʠʤʝʝʪ ʩʚʦʡ 

ʂʇɼ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʧʦʪʝʨʷʤʠ (ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʠ ʪ.ʜ.). 

ʏʝʤ ʥʠʞʝ ʧʦʪʝʨʠ ï ʪʝʤ ʚʳʰʝ ʂʇɼ, ʧʨʠ ʵʪʦʤ ʚʳʩʦʢʠʡ ʂʇɼ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʤʝʥʴʰʠʡ ʨʘʩʭʦʜ ʪʦʧʣʠʚʘ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʦʩʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʘʭ. ʇʨʦʬʠʣʠ 

ʣʦʧʘʪʦʢ ʪʫʨʙʠʥʳ ʠ ʢʦʤʧʨʝʩʩʦʨʘ ʩʦʟʜʘʶʪʩʷ ʧʦʜ ʢʦʥʢʨʝʪʥʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ 

ʜʚʠʛʘʪʝʣʷ, ʥʘʟʳʚʘʝʤʳʡ ʥʦʤʠʥʘʣʴʥʳʤ ʠʣʠ ʨʘʩʯʝʪʥʳʤ. ʇʨʠ ʜʘʥʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ 

ʫʛʣʳ ʠ ʩʢʦʨʦʩʪʴ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʦʧʪʠʤʘʣʴʥʳ, ʚ ʩʠʣʫ ʯʝʛʦ ʦʪʨʳʚ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʦʪ ʣʦʧʘʪʦʢ ʦʪʩʫʪʩʪʚʫʝʪ (ʠʣʠ ʤʠʥʠʤʘʣʝʥ), ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʤʝʥʴʰʠʝ ʧʦʪʝʨʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʫʚʝʣʠʯʠʚʘʝʪ ʂʇɼ. ʇʨʠ ʜʨʫʛʠʭ ʨʝʞʠʤʘʭ 

ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ ʫʛʣʳ ʥʘʙʝʛʘʶʱʝʛʦ ʥʘ ʣʦʧʘʪʢʠ ʧʦʪʦʢʘ ʠ ʝʛʦ ʩʢʦʨʦʩʪʴ ʩʪʘʥʦʚʷʪʩʷ 

ʥʝʦʧʪʠʤʘʣʴʥʳʤʠ, ʠ ʧʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʦʪ ʥʦʤʠʥʘʣʴʥʦʛʦ ʨʝʞʠʤʘ ʚʦʟʥʠʢʘʝʪ ʠ 
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ʚʧʦʩʣʝʜʩʪʚʠʠ ʚʦʟʨʘʩʪʘʝʪ ʦʪʨʳʚ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ɺ ʪʫʨʙʠʥʝ ʵʪʦ ʚʳʟʳʚʘʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʧʦʪʝʨʴ ʠ ʧʘʜʝʥʠʝ ʂʇɼ, ʘ ʚ ʢʦʤʧʨʝʩʩʦʨʝ ʧʦʩʣʝ 

ʧʨʝʚʳʰʝʥʠʷ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʘ, ʥʘʟʳʚʘʝʤʦʛʦ ʛʨʘʥʠʮʝʡ ʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ, 

ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʷʚʣʝʥʠʶ, ʥʘʟʳʚʘʝʤʦʤʫ ʧʦʤʧʘʞʝʤ [15], ʢʦʛʜʘ ʦʪʨʳʚʘʶʱʠʝʩʷ ʦʪ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚʠʭʨʠ ʙʣʦʢʠʨʠʫʶʪ ʧʦʪʦʢ ʚʦʟʜʫʭʘ, ʯʪʦ ʚʝʜʝʪ ʢ ʝʛʦ ʦʩʪʘʥʦʚʢʝ ʠ 

ʧʦʩʣʝʜʫʶʱʝʤʫ ʧʦʚʨʝʞʜʝʥʠʶ ʜʚʠʛʘʪʝʣʷ ʦʪ ʥʘʛʨʝʚʘ ʠ ʜʨʫʛʠʭ ʬʘʢʪʦʨʦʚ. 

ɺ ʩʦʚʨʝʤʝʥʥʳʭ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʷʭ ʚ ʩʠʣʫ ʥʝʧʨʝʨʳʚʥʦʛʦ ʧʦʚʳʰʝʥʠʷ 

ʪʨʝʙʦʚʘʥʠʡ ʢ ʨʘʩʭʦʜʫ ʪʦʧʣʠʚʘ, ʂʇɼ ʠ ʵʢʦʣʦʛʠʯʥʦʩʪʠ ʫʟʣʳ ʨʘʙʦʪʘʶʪ ʥʘ ʚʩʝ ʙʦʣʝʝ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʨʝʞʠʤʘʭ: ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʪʝʧʝʥʴ ʧʦʚʳʰʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ 

ʢʦʤʧʨʝʩʩʦʨʝ, ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʠ ʪ.ʜ. ɼʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ ʧʨʠʤʝʥʷʶʪʩʷ ʧʦʚʦʨʦʪʥʳʝ ʣʦʧʘʪʢʠ, 

ʧʝʨʝʧʫʩʢ ʚʦʟʜʫʭʘ ʠ ʜʨʫʛʠʝ ʤʝʨʳ, ʥʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʥʦʤʠʥʘʣʴʥʳʡ ʨʝʞʠʤ 

ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʛʨʘʥʠʮʝ ʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ. ɼʣʷ ʣʦʧʘʪʦʯʥʳʭ ʤʘʰʠʥ ʧʨʠ ʵʪʦʤ 

ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʘʢʪʫʘʣʴʥʳʤ ʪʦʯʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʙʪʝʢʘʥʠʷ ʣʦʧʘʪʦʢ ʥʘ 

ʨʝʞʠʤʘʭ, ʙʣʠʟʢʠʭ ʢ ʛʨʘʥʠʮʝ ʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ. ʉʪʘʥʜʘʨʪʥʳʡ ʧʦʜʭʦʜ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʷʭ ʅʘʚʴʝ-ʉʪʦʢʩʘ (RANS) ʠ 

ʧʨʠʤʝʥʷʝʤʳʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʦʙʪʝʢʘʥʠʷ ʣʦʧʘʪʦʢ ʢʦʤʧʨʝʩʩʦʨʘ ʠ ʪʫʨʙʠʥʳ, ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʜʘʚʘʪʴ ʟʥʘʯʠʪʝʣʴʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʚ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ RANS, ʥʝ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʨʘʩʯʝʪʘ ʪʝʯʝʥʠʡ ʩ 

ʩʠʣʴʥʳʤʠ ʦʪʨʳʚʘʤʠ [16]. ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʦʙʪʝʢʘʥʠʷ ʣʦʧʘʪʦʢ ʥʘ ʧʨʝʜʝʣʴʥʳʭ ʨʝʞʠʤʘʭ, ʙʣʠʟʢʠʭ ʢ ʛʨʘʥʠʮʘʤ ʫʩʪʦʡʯʠʚʦʡ 

ʨʘʙʦʪʳ, ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ, 

ʦʧʠʩʘʥʥʳʡ ʚ Ä2.2. 

ʈʘʩʩʤʦʪʨʠʤ ʦʙʪʝʢʘʥʠʝ ʤʦʜʝʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʪʫʨʙʠʥʥʦʡ ʣʦʧʘʪʢʠ. ɺʥʝʰʥʠʡ 

ʚʠʜ ʧʨʦʬʠʣʷ ʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 3.1. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʧʣʦʩʢʘʷ ʨʝʰʝʪʢʘ ʧʨʦʬʠʣʝʡ, ʧʨʠ ʵʪʦʤ ʚ ʨʘʩʯʝʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʥʘ ʣʦʧʘʪʢʘ, ʘ ʥʘ 

ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʛʨʘʥʠʮʘʭ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʟʘʜʘʝʪʩʷ ʫʩʣʦʚʠʝ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. 

ʈʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʷʚʣʷʝʪʩʷ ʪʨʝʭʤʝʨʥʦʡ. ʈʘʟʤʝʨ ʦʙʣʘʩʪʠ ʧʦ ʦʩʠ z ʩʦʩʪʘʚʣʷʝʪ 

z/L=0.4 (ʛʜʝ L ï ʜʣʠʥʘ ʭʦʨʜʳ ʧʨʦʬʠʣʷ), ʥʘ ʙʦʢʦʚʳʭ ʛʨʘʥʠʮʘʭ ʧʦ ʦʩʠ z ʟʘʜʘʝʪʩʷ 
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ʫʩʣʦʚʠʝ ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ. ʂʘʢ ʵʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʪʫʨʙʠʥʳ, ʧʨʦʬʠʣʴ ʠʤʝʣ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʫʶ ʪʦʣʱʠʥʫ. 

 

ʈʠʩ. 3.1 ï ɺʥʝʰʥʠʡ ʚʠʜ ʧʨʦʬʠʣʷ ʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʟʘʜʘʯʠ ʦʙ 

ʦʙʪʝʢʘʥʠʠ ʪʫʨʙʠʥʥʦʡ ʣʦʧʘʪʢʠ. Ŭ=42Á ï ʫʛʦʣ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, L ï ʜʣʠʥʘ 

ʭʦʨʜʳ ʧʨʦʬʠʣʷ (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʪʦʯʢʘʤʠ A ʠ B) 

 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʥʝʩʢʦʣʴʢʦ ʨʝʞʠʤʦʚ ʦʙʪʝʢʘʥʠʷ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 3.1. 

ʊʘʙʣʠʮʘ 3.1.  

ʈʝʞʠʤʳ ʦʙʪʝʢʘʥʠʷ ʪʫʨʙʠʥʥʦʡ ʣʦʧʘʪʢʠ 

 ̄ ɚ M Re 

1 0.6 0.2 2.44Ŀ10
5
 

2 0.7 0.225 2.67Ŀ10
5
 

3 0.8 0.24 2.83Ŀ10
5
 

4 0.9 0.25 2.9Ŀ10
5
 

5 1.0 0.259 3.04Ŀ10
5
 

6 1.1 0.262 3.06Ŀ10
5
 

 

ɺ ʪʘʙʣʠʮʝ 3.1 ( ) 2/12
)1(5.01)1(5.0

-

-++= ii MM ggl  ï  ʢʦʵʬʬʠʮʠʝʥʪ 

ʩʢʦʨʦʩʪʠ, ʛʜʝ ( )( )1/)1/(2
/)1(
--=

- gg
g ppM ti  ï ʠʟʵʥʪʨʦʧʠʯʝʩʢʦʝ ʯʠʩʣʦ ʄʘʭʘ, tp  ï 
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ʧʦʣʥʦʝ ʜʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʨʘʩʯʝʪʥʫʶ ʦʙʣʘʩʪʴ, pï ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʦʙʣʘʩʪʠ. ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʚ ʢʘʯʝʩʪʚʝ ʭʘʨʘʢʪʝʨʥʦʛʦ 

ʨʘʟʤʝʨʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʠʥʘ ʭʦʨʜʳ ʧʨʦʬʠʣʷ L. ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʧʨʦʬʠʣʴ 

ʭʘʨʘʢʪʝʨʝʥ ʪʝʤ, ʯʪʦ ʥʘ ʨʝʞʠʤʘʭ 8.06.0 ¢¢l  ʧʦʪʝʨʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʳ. ɼʘʥʥʳʝ ʨʝʞʠʤʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʦʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ 

ʦʙʪʝʢʘʥʠʷ ʠ ʦʪʩʫʪʩʪʚʠʝʤ ʦʪʨʳʚʘ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ʅʘ ʨʝʞʠʤʝ 9.0=l  ʪʝʯʝʥʠʝ 

ʩʪʘʥʦʚʠʪʩʷ ʪʨʘʥʩʟʚʫʢʦʚʳʤ, ʧʦʷʚʣʷʝʪʩʷ ʦʪʨʳʚ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʠ ʧʦʪʝʨʠ 

ʥʘʯʠʥʘʶʪ ʟʘʤʝʪʥʦ ʚʦʟʨʘʩʪʘʪʴ. ʅʘ ʨʝʞʠʤʘʭ  1=l  ʠ 1.1=l  ʦʪʨʳʚ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʘʣʴʥʝʡʰʝʤʫ ʧʦʚʳʰʝʥʠʶ ʧʦʪʝʨʴ. 

ʀ ʚ ʨʘʩʯʝʪʘʭ, ʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʎʀɸʄ ʜʣʷ ʜʘʥʥʦʛʦ ʧʨʦʬʠʣʷ, ʧʦʣʥʦʝ 

ʜʘʚʣʝʥʠʝ ʠ ʫʛʦʣ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ Ŭ=42Á ʥʘ ʚʭʦʜʝ ʙʳʣʠ ʬʠʢʩʠʨʦʚʘʥʳ. ʈʝʞʠʤʳ 

ʦʙʪʝʢʘʥʠʷ (ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʝ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʩʢʦʨʦʩʪʠ l) ʨʝʛʫʣʠʨʦʚʘʣʠʩʴ ʟʘ ʩʯʝʪ 

ʧʦʥʠʞʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʚʳʭʦʜʝ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟʤʝʨʷʣʠʩʴ ʧʦʣʥʦʝ ʠ 

ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʷ ʚ ʢʘʥʘʣʝ ʟʘ ʣʦʧʘʪʢʦʡ ʥʘ ʨʘʩʩʪʦʷʥʠʠ d/L=0.435 ʧʦ ʦʩʠ ʭ ʦʪ 

ʟʘʜʥʝʡ ʢʨʦʤʢʠ ʧʨʦʬʠʣʷ (ʪʦʯʢʠ B ʥʘ ʨʠʩʫʥʢʝ 3.1.), ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ 

ʚʧʦʩʣʝʜʩʪʚʠʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦʪʝʨʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ 

ʥʝʢʦʪʦʨʳʭ ʨʝʞʠʤʦʚ ʦʧʨʝʜʝʣʷʣʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ʩʢʦʨʦʩʪʠ ʚʜʦʣʴ ʧʨʦʬʠʣʷ 
pl  

(ʠʟʵʥʪʨʦʧʠʯʝʩʢʦʝ ʯʠʩʣʦ ʄʘʭʘ iM  ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʳʯʠʩʣʷʣʦʩʴ ʥʝ ʧʦ 

ʩʪʘʪʠʯʝʩʢʦʤʫ ʜʘʚʣʝʥʠʶ ʥʘ ʚʳʭʦʜʝ, ʘ ʧʦ ʩʪʘʪʠʯʝʩʢʦʤʫ ʜʘʚʣʝʥʠʶ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʦʯʢʝ ʥʘ ʧʨʦʬʠʣʝ). 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʪʝʯʝʥʠʷ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʣʠʩʴ 

ʪʨʘʜʠʮʠʦʥʥʳʡ RANS-ʧʦʜʭʦʜ ʩ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST (Shear Stress 

Transport), ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʩʦʙʦʡ ʚʟʚʝʰʝʥʥʫʶ ʢʦʤʙʠʥʘʮʠʶ  ʤʦʜʝʣʝʡ k-Ů ʠ k-ɤ 

[14], ʘ ʪʘʢʞʝ ʤʝʪʦʜ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ, ʦʧʠʩʘʥʥʳʡ ʚ 

Ä2.2. ʄʦʜʝʣʴ SST ʜʦʩʪʘʪʦʯʥʦ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʪʝʢʘʥʠʷ 

ʣʦʧʘʪʦʢ [110]. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʢʘʢ ʩʪʘʥʜʘʨʪʥʘʷ ʝʝ ʚʝʨʩʠʷ, ʪʘʢ ʠ ʚʝʨʩʠʷ ʩ 

ʫʯʝʪʦʤ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʦ ʤʦʜʝʣʠ ɻʘʤʤʘ-ʊʝʪʘ (Gamma Theta 

Model - GTM) [111]. ʈʘʩʯʝʪʳ ʩ ʤʦʜʝʣʴʶ SST ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʘʢʝʪʝ ANSYS CFX ʚ 

ʩʪʘʮʠʦʥʘʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʩʦ ʩʭʝʤʦʡ High Resolution 2-ʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ. ɼʣʷ 
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GHOST CFD ʠ ANSYS CFX ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʝʪʢʠ ʨʘʟʤʝʨʥʦʩʪʴʶ 7.5 ʤʣʥ ʷʯʝʝʢ. 

ɼʣʷ ʤʦʜʝʣʠ SST ʪʨʝʙʫʝʪʩʷ ʭʦʨʦʰʝʝ ʨʘʟʨʝʰʝʥʠʝ ʩʝʪʢʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ, 

ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ  ʧʨʠ ʨʘʩʯʝʪʘʭ ʚ ANSYS CFX ʨʘʟʤʝʨ ʧʝʨʚʦʡ ʷʯʝʡʢʠ ʩʝʪʢʠ ʚʙʣʠʟʠ 

ʣʦʧʘʪʢʠ ʙʳʣ ʚʳʙʨʘʥ ʠʟ ʫʩʣʦʚʠʷ y+ å 1. ʇʨʠ ʨʘʩʯʝʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ GHOST 

CFD ʨʘʟʤʝʨ ʤʠʥʠʤʘʣʴʥʦʡ ʷʯʝʡʢʠ ʦʛʨʘʥʠʯʠʚʘʝʪ ʜʦʧʫʩʪʠʤʳʡ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ, ʠ 

ʩʣʠʰʢʦʤ ʤʘʣʳʡ ʨʘʟʤʝʨ ʷʯʝʝʢ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪʴ ʚʨʝʤʷ ʩʯʝʪʘ, ʧʦʵʪʦʤʫ 

ʧʝʨʚʘʷ ʷʯʝʡʢʘ ʩʝʪʢʠ ʚʙʣʠʟʠ ʣʦʧʘʪʢʠ ʠʤʝʣʘ y+ å 10. ʂʨʦʤʝ ʨʘʟʤʝʨʘ ʤʠʥʠʤʘʣʴʥʦʡ 

ʷʯʝʡʢʠ ʚʙʣʠʟʠ ʣʦʧʘʪʢʠ (ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʝʩʢʦʣʴʢʠʭ ʩʣʝʜʫʶʱʠʭ ʷʯʝʝʢ) ʩʝʪʢʠ 

ʥʠʯʝʤ ʥʝ ʦʪʣʠʯʘʣʠʩʴ. 

ʅʘ ʨʠʩʫʥʢʝ 3.2 ʧʨʝʜʩʪʘʚʣʝʥʦ ʤʛʥʦʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ ʚ 

ʦʙʣʘʩʪʠ ʜʣʷ ʨʘʩʯʝʪʦʚ ʩ ʧʦʤʦʱʴʶ GHOST CFD ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʦʙʪʝʢʘʥʠʷ. 

 

 

ʈʠʩ. 3.2 ï ʄʛʥʦʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ ʜʣʷ ʨʘʩʯʝʪʘ ʚ GHOST CFD 

ʥʘ ʨʝʞʠʤʘʭ ɚ=0.8 (ʘ), 0.9 (ʙ), 1.0 (ʚ), 1.1 (ʛ) 

ʘ ʙ 

ʚ ʛ 
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ɺʠʜʥʦ, ʯʪʦ ʥʘ ʨʝʞʠʤʝ ɚ=0.9 ʥʘ ʩʧʠʥʢʝ (ʚʳʧʫʢʣʦʡ ʯʘʩʪʠ) ʣʦʧʘʪʢʠ ʚʦʟʥʠʢʘʝʪ 

ʩʚʝʨʭʟʚʫʢʦʚʘʷ ʦʙʣʘʩʪʴ, ʢʦʪʦʨʘʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ ʠ 

ʧʨʠʚʦʜʠʪ ʢ ʝʛʦ ʦʪʨʳʚʫ. ʉʢʦʨʦʩʪʠ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʟʦʥʝ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ɚ ʪʘʢʞʝ 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ, ʘ ʦʪʨʳʚ ï ʫʩʠʣʠʚʘʝʪʩʷ. ʅʘ ʨʠʩʫʥʢʝ 3.3. ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ ʜʣʷ ʨʘʩʯʝʪʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʚ 

GHOST CFD (ʦʩʨʝʜʥʝʥʥʦʝ ʧʦ ʚʨʝʤʝʥʠ) ʠ RANS ʚ ANSYS CFX ʩʦ ʩʪʘʥʜʘʨʪʥʦʡ 

ʤʦʜʝʣʴʶ SST ʠ ʤʦʜʝʣʴʶ SST GTM ʜʣʷ ʨʝʞʠʤʘ ɚ=0.9.  

    

ʈʠʩ. 3.3 ï ʆʩʨʝʜʥʝʥʥʦʝ ʧʦ ʚʨʝʤʝʥʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ ʜʣʷ ʨʘʩʯʝʪʘ ʚ 

GHOST CFD (ʘ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʣʷ ʨʝʟʫʣʴʪʘʪʦʚ ANSYS CFX, ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ SST (ʙ) ʠ ʤʦʜʝʣʠ SST GTM (ʚ), ʘ ʪʘʢʞʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʫʚʝʣʠʯʝʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʚʙʣʠʟʠ ʟʘʜʥʝʡ ʢʨʦʤʢʠ ʣʦʧʘʪʢʠ 

(ʘ*,ʙ*,ʚ*) 

 

ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ GHOST CFD ʠ 

ʤʦʜʝʣʠ SST GTM ʚ ANSYS CFX ʙʣʠʟʢʠ: ʦʪʨʳʚ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʧʨʦʷʚʣʷʝʪʩʷ 

ʘ ʙ 

ʚ ʘ* ʙ* ʚ* ʙ 



110 

 

ʜʦʩʪʘʪʦʯʥʦ ʩʣʘʙʦ. ɼʣʷ GHOST CFX ʩʢʦʨʦʩʪʠ ʚ ʟʦʥʝ ʦʪʨʳʚʘ ʚʙʣʠʟʠ ʟʘʜʥʝʡ ʢʨʦʤʢʠ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠ ʚ ʩʠʣʫ ʝʛʦ ʙʳʩʪʨʦʡ ʪʫʨʙʫʣʠʟʘʮʠʠ, ʧʨʠ ʵʪʦʤ ʪʦʣʱʠʥʘ ʩʣʝʜʘ ʟʘ 

ʣʦʧʘʪʢʦʡ ʟʘ ʩʯʝʪ ʪʘʢʦʡ ʪʫʨʙʫʣʠʟʘʮʠʠ ʧʦʣʫʯʘʝʪʩʷ ʙʦʣʴʰʝʡ, ʯʝʤ ʜʣʷ SST GTM, ʥʦ 

ʩʘʤ ʩʣʝʜ ʤʝʥʝʝ ʠʥʪʝʥʩʠʚʝʥ.ɺ ʩʣʫʯʘʝ ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ SST ʦʪʨʳʚ ʧʨʦʷʚʣʷʝʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʠʣʴʥʝʝ ʠ ʠʟʥʘʯʘʣʴʥʦ ʪʫʨʙʫʣʝʥʪʝʥ, ʧʨʠ ʵʪʦʤ ʩʣʝʜ ʠʤʝʝʪ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʪʦʣʱʠʥʫ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ. 

ʅʘ ʨʠʩʫʥʢʝ 3.4 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʢʦʨʦʩʪʠ ɚp ʚʜʦʣʴ 

ʧʨʦʬʠʣʷ ʣʦʧʘʪʢʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʠ ʨʝʞʠʤʦʚ ʦʙʪʝʢʘʥʠʷ. ɹʝʟʨʘʟʤʝʨʥʘʷ 

ʢʦʦʨʜʠʥʘʪʘ s ʚʜʦʣʴ ʧʨʦʬʠʣʷ ʦʪʩʯʠʪʳʚʘʣʘʩʴ ʦʪ ʟʘʜʥʝʡ ʢʨʦʤʢʠ (ʪʦʯʢʠ B ʥʘ ʨʠʩ. 

3.1.) ʚ ʩʪʦʨʦʥʫ ʩʧʠʥʢʠ ʠ ʟʘʢʘʥʯʠʚʘʣʘʩʴ ʪʘʢʞʝ ʥʘ ʟʘʜʥʝʡ ʢʨʦʤʢʝ. ɺʠʜʥʦ, ʯʪʦ ʥʘ 

ʨʝʞʠʤʘʭ ɚ=0.7 ʠ ɚ=0.8 ʧʦʣʫʯʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʝʡ ʙʣʠʟʢʠ 

ʤʝʞʜʫ ʩʦʙʦʡ ʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʅʘ ʨʝʞʠʤʝ ɚ=0.9 

ʤʦʞʥʦ ʚʠʜʝʪʴ ʨʘʩʭʦʞʜʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ 0.1ÒsÒ0.15, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ 

ʥʘ ʩʧʠʥʢʝ ʣʦʧʘʪʢʠ ʚʙʣʠʟʠ ʟʘʜʥʝʡ ʢʨʦʤʢʠ, ʛʜʝ ʥʘʙʣʶʜʘʝʪʩʷ ʦʪʨʳʚ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ. ɼʣʷ ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ SST ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʠʤʝʝʪ ʤʝʩʪʦ ʩʢʘʯʢʦʦʙʨʘʟʥʦʝ 

ʧʘʜʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʢʦʨʦʩʪʠ, ʚʳʟʚʘʥʥʦʝ ʩʢʘʯʢʦʤ ʫʧʣʦʪʥʝʥʠʷ. ʉʢʘʯʦʢ 

ʫʧʣʦʪʥʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʜʣʷ ʜʨʫʛʠʭ ʤʦʜʝʣʝʡ, ʥʦ ʚ ʩʣʫʯʘʝ SST ʦʥ ʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʝʥ ʚʩʣʝʜʩʪʚʠʝ ʣʦʢʘʣʴʥʦʛʦ ʧʦʚʳʰʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʘ ʩʯʝʪ ʧʦʜʞʘʪʠʷ ʧʦʪʦʢʘ 

ʩʠʣʴʥʳʤ ʦʪʨʳʚʦʤ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ʈʝʟʫʣʴʪʘʪʳ ʜʣʷ ʤʦʜʝʣʠ SST GTM ʠ GHOST 

CFD ʜʦʩʪʘʪʦʯʥʦ ʩʭʦʞʠ, ʧʨʠ ʵʪʦʤ ʚ GHOST CFD ʪʫʨʙʫʣʠʟʘʮʠʷ ʦʪʨʳʚʘ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʧʨʦʠʩʭʦʜʠʪ ʥʝʩʢʦʣʴʢʦ ʨʘʥʴʰʝ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʢʦʨʦʩʪʠ ɚp ʚʙʣʠʟʠ ʦʪʨʳʚʘ ʧʦʣʫʯʘʝʪʩʷ ʙʦʣʝʝ ʧʣʘʚʥʳʤ, ʯʪʦ ʣʫʯʰʝ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. 

ʅʘ ʨʠʩʫʥʢʝ 3.5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʛʨʘʬʠʢʠ ʧʦʪʝʨʴ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ɕ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ ʦʙʪʝʢʘʥʠʷ. ʇʦʪʝʨʠ 

ʚʳʯʠʩʣʷʣʠʩʴ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ 

      2

1 )(1 adVV --=z , 

ʛʜʝ 1V  ï ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ (ʚ ʩʣʫʯʘʝ GHOST CFD ï ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʩʨʝʜʥʝʥʥʘʷ ʧʦ 

ʚʨʝʤʝʥʠ) ʚ ʩʝʯʝʥʠʠ YZ ʥʘ ʨʘʩʩʪʦʷʥʠʠ d/L=0.435 ʧʦ ʦʩʠ ʭ ʦʪ ʟʘʜʥʝʡ ʢʨʦʤʢʠ 
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ʧʨʦʬʠʣʷ (ʪʦʯʢʠ B ʥʘ ʨʠʩʫʥʢʝ 3.1.), adV  ï ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʧʨʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ 

ʪʝʯʝʥʠʠ, ʚʳʯʠʩʣʷʝʤʘʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ 

( )( )gg
gg

/)1(

1 /1)1/(2
-

--= ttad ppRTV , 

ʛʜʝ tp  ʠ tT  - ʧʦʣʥʦʝ ʜʘʚʣʝʥʠʝ ʠ ʧʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 1p ï ʩʨʝʜʥʝʝ ʜʘʚʣʝʥʠʝ (ʩʪʘʪʠʯʝʩʢʦʝ) ʚ ʪʦʤ ʞʝ ʩʝʯʝʥʠʠ, ʛʜʝ 

ʚʳʯʠʩʣʷʝʪʩʷ 1V . 

 

 

ʈʠʩ. 3.4 ï  ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʢʦʨʦʩʪʠ ɚp ʚʜʦʣʴ ʧʨʦʬʠʣʷ 

ʣʦʧʘʪʢʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʨʘʩʯʝʪʦʚ ʥʘ ʨʝʞʠʤʘʭ ɚ=0.7 (ʘ), 0.8 (ʙ), 0.9 (ʚ) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

 

ʀʟ ʨʠʩʫʥʢʘ 3.5 ʚʠʜʥʦ, ʯʪʦ ʩʪʘʥʜʘʨʪʥʘʷ ʤʦʜʝʣʴ SST ʟʘʚrh ʘʝʪ ʧʦʪʝʨʠ ʥʘ 

ʥʠʟʢʠʭ ʨʝʞʠʤʘʭ (ɚÒ0.8) ʠ ʜʘʝʪ ʤʘʣʳʡ ʧʨʠʨʦʩʪ ʧʦʪʝʨʴ ʥʘ ʨʝʞʠʤʘʭ ɚÓ0.9. ʄʦʜʝʣʴ 

ʘ ʙ 

ʚ 
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SST GTM ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʥʘ ʥʠʟʢʠʭ ʨʝʞʠʤʘʭ. ʅʘ ʨʝʞʠʤʘʭ 

ɚÓ0.9  ʜʣʷ SST GTM ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʧʦʪʝʨʴ, ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʣʫʯʝʥʥʦʤʫ ʩ 

ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ SST, ʧʨʠ ʵʪʦʤ ʜʣʷ SST GTM ʨʦʩʪ ʧʦʪʝʨʴ 

ʧʨʦʠʩʭʦʜʠʪ ʠ ʥʘ ʨʝʞʠʤʝ ɚ=1.1, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʩʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ SST 

ʧʦʪʝʨʠ ʜʘʞʝ ʥʝʩʢʦʣʴʢʦ ʧʘʜʘʶʪ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ ɚ=1.1. 

 

ʈʠʩ. 3.5 ï  ʇʦʪʝʨʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ɕ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ 

ʦʙʪʝʢʘʥʠʷ (ʚʝʣʠʯʠʥʳ ɚ) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ 

 

ɼʣʷ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ, ʨʝʘʣʠʟʦʚʘʥʥʦʛʦ 

ʚ GHOST CFD,  ʧʦʪʝʨʠ ʥʘ ʥʠʟʢʠʭ ʨʝʞʠʤʘʭ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʧʨʠ 

ʵʪʦʤ ʥʘ ʚʳʩʦʢʠʭ ʨʝʞʠʤʘʭ ʦʥʠ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʪʫʪ. ʈʦʩʪ ʧʦʪʝʨʴ ʧʨʦʜʦʣʞʘʝʪʩʷ ʠ 

ʧʦʩʣʝ ʨʝʞʠʤʘ  ɚ=0.9, ʧʨʠ ʵʪʦʤ ʩʘʤʠ ʧʦʪʝʨʠ ʙʣʠʞʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ, ʯʝʤ ʚ 

RANS-ʤʦʜʝʣʷʭ. ʈʦʩʪ ʧʦʪʝʨʴ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʨʝʞʠʤʘ ɚ=1.0 ʢ ɚ=1.1 ʜʣʷ GHOST 

CFD ʪʘʢʞʝ ʧʨʦʜʦʣʞʘʝʪʩʷ, ʧʨʠ ʵʪʦʤ ʦʥ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʝʥ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʤʦʜʝʣʠ SST 

GTM ʚ ANSYS CFX. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ RANS-ʤʦʜʝʣʝʡ ʥʘ ʥʠʟʢʠʭ 

ʨʝʞʠʤʘʭ (ɚ<0.9) ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʪʦʣʴʢʦ ʧʨʠ ʫʯʝʪʝ 

ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ. ʅʘ ʚʳʩʦʢʠʭ ʨʝʞʠʤʘʭ (ɚÓ0.9) ʫʯʝʪ ʜʘʥʥʦʛʦ 

ʧʝʨʝʭʦʜʘ ʧʦʟʚʦʣʠʣ ʧʦʣʫʯʠʪʴ ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʦʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʢʦʨʦʩʪʠ ʚʜʦʣʴ ʣʦʧʘʪʢʠ, ʘ ʪʘʢʞʝ ʥʝʢʦʪʦʨʳʡ ʨʦʩʪ 

ʧʦʪʝʨʴ.  
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ʇʨʝʜʣʦʞʝʥʥʳʡ ʚ ʨʘʙʦʪʝ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ 

ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ ʧʦʟʚʦʣʠʣ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ ʧʨʦʚʝʩʪʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʘʢ ʥʠʟʢʠʭ, ʪʘʢ ʠ ʚʳʩʦʢʠʭ ʨʝʞʠʤʦʚ ʦʙʪʝʢʘʥʠʷ ʧʨʦʬʠʣʷ ʪʫʨʙʠʥʥʦʡ 

ʣʦʧʘʪʢʠ. ʅʘ ʥʠʟʢʠʭ ʨʝʞʠʤʘʭ, ʛʜʝ ʥʝʪ ʦʪʨʳʚʦʚ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʨʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʛʣʘʩʦʚʘʣʠʩʴ ʢʘʢ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ RANS ʩ ʤʦʜʝʣʴʶ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST GTM, ʪʘʢ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʇʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʚʳʩʦʢʠʭ ʨʝʞʠʤʦʚ 

ʧʦʣʫʯʝʥʦ ʙʦʣʝʝ ʙʣʠʟʢʦʝ ʢ ʵʢʩʧʝʨʠʤʝʥʪʫ ʦʧʠʩʘʥʠʝ ʨʦʩʪʘ ʧʦʪʝʨʴ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ, ʯʝʤ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST GTM.  

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʘʙʦʪʝ ʥʝ ʫʯʠʪʳʚʘʣʠʩʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʧʦʪʝʨʠ, ʪʘʢʠʝ, ʢʘʢ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ. 

ʋʯʝʪ ʜʘʥʥʳʭ ʬʘʢʪʦʨʦʚ, ʥʘʨʷʜʫ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʡ ʩʝʪʢʠ ʚʙʣʠʟʠ 

ʩʢʘʯʢʘ, ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʫʣʫʯʰʠʪʴ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʧʦʤʦʱʴʶ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʚ ʨʘʙʦʪʝ ʧʦʜʭʦʜʘ ʥʘ ʦʩʥʦʚʝ 

ʤʝʪʦʜʘ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ 

ʦʧʨʝʜʝʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʢʦʨʦʩʪʠ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʣʦʧʘʪʢʠ ʜʣʷ 

ʥʠʟʢʠʭ ʠ ʚʳʩʦʢʠʭ ʨʝʞʠʤʦʚ ʦʙʪʝʢʘʥʠʷ, ʘ ʪʘʢʞʝ ʚʳʷʚʣʝʥ ʨʝʞʠʤ, ʥʘ ʢʦʪʦʨʦʤ 

ʥʘʯʠʥʘʝʪʩʷ ʨʦʩʪ ʧʦʪʝʨʴ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʤʦʞʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʦʮʝʥʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʪʝʢʘʥʠʷ ʣʦʧʘʪʦʢ ʥʘ ʧʨʝʜʝʣʴʥʳʭ 

ʨʝʞʠʤʘʭ ʩ ʦʪʨʳʚʘʤʠ. ʇʨʝʠʤʫʱʝʩʪʚʘ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʤʦʛʫʪ ʧʨʦʷʚʠʪʴʩʷ ʝʱʝ 

ʩʠʣʴʥʝʡ ʜʣʷ ʨʝʘʣʴʥʳʭ ʢʦʣʝʩ ʣʦʧʘʪʦʢ, ʛʜʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʨʘʜʠʘʣʴʥʳʝ ʟʘʟʦʨʳ, ʘ 

ʪʘʢʞʝ ʚ ʩʣʫʯʘʝ ʤʝʥʴʰʠʭ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʥʳ, ʥʘʧʨʠʤʝʨ, ʜʣʷ 

ʪʫʨʙʠʥʳ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ. 

 

3.2 ʊʝʯʝʥʠʝ ʚ ʩʤʝʩʠʪʝʣʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʵʢʦʣʦʛʠʯʥʦʩʪʠ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʠ ʝʛʦ ʩʦʦʪʚʝʪʩʪʚʠʷ 

ʥʦʨʤʘʤ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʛʨʘʞʜʘʥʩʢʦʡ ʘʚʠʘʮʠʠ (ʀʂɸʆ) ʥʝʦʙʭʦʜʠʤʦ 

ʫʤʝʥʴʰʘʪʴ ʢʘʢ ʛʝʥʝʨʠʨʫʝʤʳʡ ʠʤ ʰʫʤ, ʪʘʢ ʠ ʚʳʙʨʦʩʳ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ï ʦʢʩʠʜʦʚ 

ʘʟʦʪʘ. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʫʤʝʥʴʰʝʥʠʷ ʚʳʙʨʦʩʦʚ ʷʚʣʷʝʪʩʷ ʦʨʛʘʥʠʟʘʮʠʷ ʪʘʢ 
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ʥʘʟʳʚʘʝʤʦʛʦ ʙʝʜʥʦʛʦ ʛʦʨʝʥʠʷ [25], ʪ.ʝ. ʪʘʢʦʛʦ ʛʦʨʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʚ ʪʦʧʣʠʚʦ-

ʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ ʠʤʝʝʪʩʷ ʠʟʙʳʪʦʢ ʚʦʟʜʫʭʘ (ʙʝʜʥʘʷ ʩʤʝʩʴ). ʇʨʠ ʙʝʜʥʦʡ ʩʤʝʩʠ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʧʦʣʫʯʘʝʪʩʷ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʪʦʧʣʠʚʘ ʠ ʛʘʟʘ (ʪ.ʝ. ʪʘʢʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʚʦʟʜʫʭʘ ʨʦʚʥʦ ʩʪʦʣʴʢʦ, ʩʢʦʣʴʢʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʦʣʥʦʛʦ ʦʢʠʩʣʝʥʠʷ 

ʪʦʧʣʠʚʘ). ʇʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʘʟʦʪʘ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ 

ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʫʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘ ʩʯʝʪ ʙʝʜʥʦʛʦ ʛʦʨʝʥʠʷ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ. ʅʝʜʦʩʪʘʪʢʦʤ ʧʨʠʤʝʥʝʥʠʷ 

ʙʝʜʥʦʡ ʩʤʝʩʠ ʷʚʣʷʝʪʩʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʛʦʨʝʥʠʷ: ʚ ʩʣʫʯʘʝ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʪʦʧʣʠʚʘ ʩ ʚʦʟʜʫʭʦʤ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʟʦʥʳ, ʚ 

ʢʦʪʦʨʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷ ʪʦʧʣʠʚʘ ʩʣʠʰʢʦʤ ʤʘʣʘ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʛʦʨʝʥʠʷ, ʯʪʦ 

ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʨʳʚʫ (ʟʘʪʫʭʘʥʠʶ) ʧʣʘʤʝʥʠ ʠ ʦʩʪʘʥʦʚʢʝ ʜʚʠʛʘʪʝʣʷ. ʂʨʦʤʝ ʪʦʛʦ, 

ʢʘʯʝʩʪʚʝʥʥʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʟʦʥ ʩ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʪʦʧʣʠʚʘ, ʙʣʠʟʢʦʡ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ, ʢʦʪʦʨʳʝ 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʫʚʝʣʠʯʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʳʙʨʦʩʦʚ. ʇʦʜʘʯʘ 

ʪʦʧʣʠʚʘ ʠ ʝʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʚ ʘʚʠʘʮʠʦʥʥʦʤ ʜʚʠʛʘʪʝʣʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ (ʩʤʝʩʠʪʝʣʷ) [23], ʚ ʩʦʩʪʘʚ 

ʢʦʪʦʨʦʛʦ ʚʭʦʜʷʪ ʬʦʨʩʫʥʢʠ ʠ ʟʘʚʠʭʨʠʪʝʣʠ. ɿʘʚʠʭʨʠʪʝʣʴ ʟʘʢʨʫʯʠʚʘʝʪ ʧʦʜʘʚʘʝʤʳʡ ʚ 

ʥʝʛʦ ʚʦʟʜʫʭ ʚʦʢʨʫʛ ʬʦʨʩʫʥʢʠ ʟʘ ʩʯʝʪ ʣʦʧʘʪʦʢ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʧʦʜ ʫʛʣʦʤ. ʇʨʠ ʵʪʦʤ 

ʟʘʢʨʫʯʝʥʥʳʡ ʚʦʟʜʫʭ, ʧʦʧʘʜʘʷ ʚ ʞʘʨʦʚʫʶ ʪʨʫʙʫ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʟʘ ʩʯʝʪ 

ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ ʦʪʙʨʘʩʳʚʘʝʪʩʷ ʢ ʥʘʨʫʞʥʦʡ ʩʪʝʥʢʝ, ʪʝʤ ʩʘʤʳʤ ʩʦʟʜʘʚʘʷ ʟʦʥʳ 

ʚʦʟʚʨʘʪʥʳʭ ʪʦʢʦʚ ʩ ʤʘʣʳʤʠ ʩʢʦʨʦʩʪʷʤʠ, ʚ ʢʦʪʦʨʳʭ ʠ ʧʨʦʠʩʭʦʜʠʪ ʛʦʨʝʥʠʝ. ʇʨʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʩʤʝʩʠʪʝʣʷ ʥʝʦʙʭʦʜʠʤʦ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʦʮʝʥʠʚʘʪʴ ʧʘʨʘʤʝʪʨʳ 

ʪʝʯʝʥʠʷ ʚ ʥʝʤ. ɼʘʥʥʘʷ ʟʘʜʘʯʘ ʦʩʣʦʞʥʷʝʪʩʷ ʩʠʣʴʥʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʴʶ ʪʝʯʝʥʠʷ ʠ 

ʥʘʣʠʯʠʝʤ ʟʘʢʨʫʯʝʥʥʳʭ ʧʦʪʦʢʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʩʨʝʜʥʝʥʥʳʝ ʧʦ ʈʝʡʥʦʣʴʜʩʫ 

ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʩ ʤʦʜʝʣʷʤʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ (RANS) ʤʦʛʫʪ ʜʘʚʘʪʴ 

ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [16]. 

ʈʘʩʩʤʦʪʨʠʤ ʤʦʜʝʣʴ ʩʤʝʩʠʪʝʣʷ, ʩʦʟʜʘʥʥʫʶ ʠ ʠʩʧʳʪʘʥʥʫʶ ʚ ʫʥʠʚʝʨʩʠʪʝʪʝ 

ʃʘʬʙʦʨʦ, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ [112]. ʉʭʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʜʘʥʥʦʛʦ ʩʤʝʩʠʪʝʣʷ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.6. ɼʣʷ ʩʤʝʩʠʪʝʣʷ ʦʮʝʥʠʚʘʣʠʩʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʘʤʠ 
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ʧʦʣʷ ʩʢʦʨʦʩʪʠ, ʚ ʩʠʣʫ ʯʝʛʦ ʧʦʜʘʯʘ ʪʦʧʣʠʚʘ (ʢʘʢ ʠ ʛʦʨʝʥʠʝ) ʦʪʩʫʪʩʪʚʦʚʘʣʘ, ʘ ʨʦʣʴ 

ʬʦʨʩʫʥʢʠ ʚʳʧʦʣʥʷʣʘ ʮʝʥʪʨʘʣʴʥʘʷ ʩʪʨʫʷ, ʦʙʦʟʥʘʯʝʥʥʘʷ ʮʠʬʨʦʡ 3 ʥʘ ʨʠʩʫʥʢʝ 3.6.  

 

ʈʠʩ. 3.6 ï  ʉʭʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʩʤʝʩʠʪʝʣʷ ʃʘʬʙʦʨʦ. ʉʝʯʝʥʠʝ ʚ 

ʧʣʦʩʢʦʩʪʠ XY (ʩʚʝʨʭʫ) ʠ ʚʠʜ ʩ ʪʦʨʮʘ ʟʘʚʠʭʨʠʪʝʣʷ (ʩʥʠʟʫ). ɿʘʚʠʭʨʠʪʝʣʴ (1), ʢʘʥʘʣ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ (2), ʮʝʥʪʨʘʣʴʥʳʡ ʢʘʥʘʣ (3), ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ï ʘʥʘʣʦʛ ʞʘʨʦʚʦʡ ʪʨʫʙʳ (4), ʠ ʚʳʭʦʜ ʠʟ ʦʙʣʘʩʪʠ (5). Dj=37.63 

ʤʤ ï ʚʥʝʰʥʠʡ ʜʠʘʤʝʪʨ ʢʘʥʘʣʘ ʩʤʝʰʝʥʠʷ ʥʘ ʚʳʭʦʜʝ, Dj=5.4 ʤʤ ï ʜʠʘʤʝʪʨ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʢʘʥʘʣʘ. Ŭ=59.5Á ï ʵʬʬʝʢʪʠʚʥʳʡ ʫʛʦʣ ʟʘʢʨʫʪʢʠ ʧʦʪʦʢʘ ʚ ʟʘʚʠʭʨʠʪʝʣʝ 

 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʩʦʢʦʛʦ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʧʨʠ ʤʘʣʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʃʘʬʙʦʨʦ ʚ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʚʦʜʘ, ʢʦʪʦʨʘʷ 

ʧʦʜʘʚʘʣʘʩʴ ʯʝʨʝʟ ʟʘʚʠʭʨʠʪʝʣʴ (ʮʠʬʨʘ 1 ʥʘ ʨʠʩʫʥʢʝ 3.6) ʚ ʢʘʥʘʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ 

Ŭ 
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ʧʝʨʝʤʝʰʠʚʘʥʠʷ (ʮʠʬʨʘ 2 ʥʘ ʨʠʩʫʥʢʝ 3.6), ʘ ʪʘʢʞʝ ʚ ʮʝʥʪʨʘʣʴʥʳʡ ʢʘʥʘʣ. ʏʠʩʣʦ 

ʈʝʡʥʦʣʴʜʩʘ ʟʘʚʠʭʨʠʪʝʣʷ Res, ʨʘʩʩʯʠʪʘʥʥʦʝ ʧʦ ʩʨʝʜʥʝʡ ʦʩʝʚʦʡ ʩʢʦʨʦʩʪʠ Us ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʢʘʥʘʣʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ (ʩʝʯʝʥʠʷ x/Ds=0), ʠ ʝʛʦ 

ʜʠʘʤʝʪʨʫ Ds=37.63 ʤʤ ʩʦʩʪʘʚʣʷʣʦ Res=8Ŀ10
4
. ʏʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʮʝʥʪʨʘʣʴʥʦʡ 

ʩʪʨʫʠ Rej, ʨʘʩʩʯʠʪʘʥʥʦʝ ʧʦ ʜʠʘʤʝʪʨʫ ʮʝʥʪʨʘʣʴʥʦʛʦ ʢʘʥʘʣʘ Dj=5.4 ʤʤ ʠ ʩʨʝʜʥʝʡ 

ʩʢʦʨʦʩʪʠ Uj ʥʘ ʚʳʭʦʜʝ ʠʟ ʥʝʛʦ, ʩʦʩʪʘʚʣʷʣʦ Res=2.63Ŀ10
4
. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʟʘʚʠʭʨʠʪʝʣʴ ʩʦʩʪʦʷʣ ʠʟ 12 ʣʦʧʘʪʦʢ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʦʜ ʫʛʣʦʤ ʢ ʨʘʜʠʫʩʫ. 

ʇʦʩʢʦʣʴʢʫ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʧʦʪʦʢʘ, ʚʥʦʩʠʤʘʷ ʜʘʥʥʳʤʠ ʣʦʧʘʪʢʘʤʠ, ʜʦʩʪʘʪʦʯʥʦ 

ʙʳʩʪʨʦ ʫʤʝʥʴʰʘʣʘʩʴ ʚ ʢʘʥʘʣʝ ʩʤʝʰʝʥʠʷ [33], ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʚ 

ʨʘʙʦʪʝ ʜʝʡʩʪʚʠʝ ʣʦʧʘʪʦʢ ʙʳʣʦ ʟʘʤʝʥʝʥʦ ʵʬʬʝʢʪʠʚʥʳʤ ʫʛʣʦʤ ʧʦʚʦʨʦʪʘ ʧʦʪʦʢʘ Ŭ, 

ʩʦʩʪʘʚʣʷʶʱʠʤ Ŭ=59.5Á ʢ ʨʘʜʠʫʩʫ ʟʘʚʠʭʨʠʪʝʣʷ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʪʝʯʝʥʠʷ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ ʩ 

ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʬʠʣʴʪʨʘʮʠʝʡ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ GHOST CFD. 

ɺ ʩʠʣʫ ʪʦʛʦ, ʯʪʦ ʚ GHOST CFD ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʚ 

ʩʞʠʤʘʝʤʦʡ ʧʦʩʪʘʥʦʚʢʝ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʛʘʟ, ʘ ʥʝ ʚʦʜʘ, 

ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʦʜʦʙʠʷ ʧʦ ʯʠʩʣʫ ʈʝʡʥʦʣʴʜʩʫ ʠ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʤ ʯʠʩʣʦʤ ʄʘʭʘ 

(ʄ<0.3) ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʵʬʬʝʢʪʦʚ ʩʞʠʤʘʝʤʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʛʘʟ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠ 

ʚ ʨʝʘʣʴʥʳʭ ʜʚʠʛʘʪʝʣʷʭ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʧʨʘʚʜʳʚʘʝʪ ʪʘʢʫʶ ʧʦʩʪʘʥʦʚʢʫ. ʅʘ 

ʚʭʦʜʝ ʚ ʟʘʚʠʭʨʠʪʝʣʴ ʠ ʮʝʥʪʨʘʣʴʥʳʡ ʢʘʥʘʣ ʟʘʜʘʚʘʣʠʩʴ ʧʦʣʥʳʝ ʜʘʚʣʝʥʠʷ, ʥʘ ʚʳʭʦʜʝ 

ï ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ. ɿʥʘʯʝʥʠʷ ʜʘʚʣʝʥʠʡ ʧʦʜʙʠʨʘʣʠʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ 

ʩʦʦʪʥʦʰʝʥʠʝ ʦʩʝʚʳʭ ʩʢʦʨʦʩʪʝʡ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʥʘʣʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʢʘʥʘʣʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ, ʧʨʠ 

ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʳʝ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʦʙʝʩʧʝʯʠʚʘʣʠʩʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʟʥʘʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʷʟʢʦʩʪʠ. ʉʨʝʜʥʷʷ ʦʩʝʚʘʷ ʩʢʦʨʦʩʪʴ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʥʘʣʘ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʜʣʷ GHOST CFD ʩʦʩʪʘʚʣʷʣʘ Us=42.85 ʤ/ʩ. 

ʆʙʲʝʤ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʩʦʩʪʘʚʣʷʣ ʧʦʨʷʜʢʘ 11 ʤʣʥ. ʷʯʝʝʢ. ɺʥʝʰʥʠʡ ʚʠʜ ʨʘʩʯʝʪʥʦʡ 

ʩʝʪʢʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 3.7. ʅʘ ʨʠʩʫʥʢʝ 3.8. ʧʨʝʜʩʪʘʚʣʝʥʳ ʣʠʥʠʠ ʪʦʢʘ ʜʣʷ 

ʦʩʨʝʜʥʝʥʥʦʛʦ ʧʦ ʚʨʝʤʝʥʠ ʪʝʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ GHOST CFD. ɺʠʜʥʦ, ʢʘʢ 

ʟʘʢʨʫʯʝʥʥʳʡ ʧʦʪʦʢ ʧʨʦʭʦʜʠʪ ʧʦ ʢʘʥʘʣʫ ʩʤʝʰʝʥʠʷ ʠ ʧʦʧʘʜʘʝʪ ʚ ʦʩʥʦʚʥʫʶ ʦʙʣʘʩʪʴ, 

ʩʦʟʜʘʚʘʷ ʟʦʥʫ ʚʦʟʚʨʘʪʥʳʭ ʪʦʢʦʚ ʚʙʣʠʟʠ ʚʳʭʦʜʘ ʠʟ ʢʘʥʘʣʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ 
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ʧʝʨʝʤʝʰʠʚʘʥʠʷ. ɿʘ ʜʘʥʥʦʡ ʟʦʥʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʢʨʫʪʢʘ ʧʦʪʦʢʘ ʚʜʦʣʴ ʦʩʠ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʚʳʭʦʜʦʤ ʠʟ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. 

  

ʈʠʩ. 3.7 ï  ɺʥʝʰʥʠʡ ʚʠʜ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ (ʧʦʢʘʟʘʥʘ ʢʘʞʜʘʷ 4-ʷ ʩʝʪʦʯʥʘʷ 

ʣʠʥʠʷ). ʈʘʜʠʘʣʴʥʦʝ (ʩʣʝʚʘ) ʠ ʦʩʝʚʦʝ (ʩʧʨʘʚʘ) ʩʝʯʝʥʠʷ. ʐʪʨʠʭʦʚʦʡ ʣʠʥʠʝʡ 

ʦʙʦʟʥʘʯʝʥʦ ʧʦʣʦʞʝʥʠʝ ʦʩʝʚʦʛʦ ʩʝʯʝʥʠʷ 

 

 

 

ʈʠʩ. 3.8 ï  ʃʠʥʠʠ ʪʦʢʘ ʜʣʷ ʦʩʨʝʜʥʝʥʥʦʛʦ ʧʦ ʚʨʝʤʝʥʠ ʪʝʯʝʥʠʷ, ʨʘʩʢʨʘʰʝʥʥʳʝ 

ʤʦʜʫʣʝʤ ʩʢʦʨʦʩʪʠ, ʦʙʝʟʨʘʟʤʝʨʝʥʥʳʤ ʧʦ Us  

 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʛʥʦʚʝʥʥʦʛʦ ʠ ʦʩʨʝʜʥʝʥʥʦʛʦ ʧʦ ʚʨʝʤʝʥʠ ʤʦʜʫʣʷ ʩʢʦʨʦʩʪʠ ʚ 

ʩʝʯʝʥʠʠ XY ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 3.9. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʨʘʩʯʝʪʝ ʚ 

ʦʙʣʘʩʪʠ ʨʘʟʨʝʰʘʣʠʩʴ ʤʝʣʢʠʝ ʚʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ, ʧʨʠ ʵʪʦʤ ʧʦʩʣʝ ʦʩʨʝʜʥʝʥʠʷ ʧʦ 

ʚʨʝʤʝʥʠ ʧʦʣʫʯʠʣʦʩʴ ʜʦʩʪʘʪʦʯʥʦ ʩʠʤʤʝʪʨʠʯʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ. ʇʦʣʦʞʝʥʠʝ ʪʦʯʢʠ 

ʧʦʚʪʦʨʥʦʛʦ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʧʦʪʦʢʘ Lr/Ds (ʛʨʘʥʠʮʳ ʟʦʥʳ ʚʦʟʚʨʘʪʥʳʭ ʪʦʢʦʚ ʥʘ 
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ʥʘʨʫʞʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʥʦʚʥʦʡ ʦʙʣʘʩʪʠ) ʚ GHOST CFD ʩʦʩʪʘʚʣʷʣʦ Lr/Ds=1.37, 

ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʛʜʝ ʜʘʥʥʘʷ ʚʝʣʠʯʠʥʘ 

ʦʮʝʥʠʚʘʣʘʩʴ ʢʘʢ 1.17ÒLr/DsÒ1.35. 

 

 

 

ʈʠʩ. 3.9 ï  ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʛʥʦʚʝʥʥʦʛʦ (ʩʚʝʨʭʫ) ʠ ʦʩʨʝʜʥʝʥʥʦʛʦ ʧʦ ʚʨʝʤʝʥʠ 

(ʩʥʠʟʫ) ʤʦʜʫʣʷ ʩʢʦʨʦʩʪʠ ʚ ʩʝʯʝʥʠʠ XY, ʦʙʝʟʨʘʟʤʝʨʝʥʥʦʛʦ ʧʦ Us 

 

ʅʘ ʨʠʩʫʥʢʝ 3.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʝʢʪʦʨʥʳʝ ʧʦʣʷ ʤʛʥʦʚʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʩ 

ʚʳʯʪʝʥʥʳʤʠ ʠʟ ʥʠʭ ʩʨʝʜʥʠʤʠ ʧʦ ʚʨʝʤʝʥʠ ʟʥʘʯʝʥʠʷʤʠ (ʪ.ʝ. ʧʫʣʴʩʘʮʠʠ ʚ 

ʨʘʟʣʦʞʝʥʠʠ ʧʦ ʈʝʡʥʦʣʴʜʩʫ) ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʨʘʩʯʝʪʘ ʚ GHOST CFD. ɺ GHOST 

CFD ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʘʨʪʠʥʘ ʪʝʯʝʥʠʷ ʩ ʢʨʫʧʥʳʤʠ 

ʚʠʭʨʝʚʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ, ʦʙʨʘʟʫʶʱʠʤʠʩʷ ʟʘ ʢʘʥʘʣʦʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʠʩʷ ʧʦʜ ʘʥʘʣʦʛʠʯʥʳʤ ʫʛʣʦʤ.  
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ʈʠʩ. 3.10 ï  ʄʛʥʦʚʝʥʥʳʝ ʚʝʢʪʦʨʘ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ (ʚ ʨʘʟʣʦʞʝʥʠʠ ʧʦ 

ʈʝʡʥʦʣʴʜʩʫ), ʧʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ ʨʘʙʦʪʝ [112] (ʩʣʝʚʘ) ʠ 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ GHOST CFD (ʩʧʨʘʚʘ). ʏʝʨʥʦʡ ʪʦʯʢʦʡ ʩʧʨʘʚʘ ʦʙʦʟʥʘʯʝʥʦ 

ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʟʘʧʠʩʠ ʩʠʛʥʘʣʦʚ ʜʣʷ ʨʠʩ. 3.14  

 

ʅʘ ʨʠʩʫʥʢʝ 3.11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʛʨʘʬʠʢʠ ʦʩʝʚʦʡ ʩʢʦʨʦʩʪʠ ʚ YZ-ʩʝʯʝʥʠʷʭ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʚʳʭʦʜʘ ʠʟ ʢʘʥʘʣʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ. 

ʈʝʟʫʣʴʪʘʪʳ GHOST CFD ʩʨʘʚʥʠʚʘʶʪʩʷ ʢʘʢ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʪʘʢ ʠ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪʳ [33]. ɺ ʨʘʙʦʪʝ [33] ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 

ʢʦʤʤʝʨʯʝʩʢʦʤ ʧʘʢʝʪʝ ANSYS CFX ʯʠʩʣʝʥʥʳʤʠ ʩʭʝʤʘʤʠ 2-ʛʦ ʧʦʨʷʜʢʘ ʢʘʢ ʧʦ 

ʧʨʦʩʪʨʘʥʩʪʚʫ, ʪʘʢ ʠ ʧʦ ʚʨʝʤʝʥʠ (ʚ ʩʣʫʯʘʝ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʘʩʯʝʪʦʚ). ɼʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ [33] ʧʨʠʤʝʥʷʣʩʷ ʢʘʢ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ RANS ʚ 

ʩʪʘʮʠʦʥʘʨʥʦʡ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ (uRANS) ʚʝʨʩʠʷʭ ʩ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

SST, ʪʘʢ ʠ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʡ ʧʦʜʭʦʜ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʦʪʩʦʝʜʠʥʝʥʥʳʭ ʚʠʭʨʝʡ 

(Detatched Eddy Simulation - DES) [18]. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʘʢ ʧʦʣʥʘʷ 

ʚʝʨʩʠʷ ʛʝʦʤʝʪʨʠʠ ʟʘʚʠʭʨʠʪʝʣʷ (ʩ 12-ʶ ʣʦʧʘʪʢʘʤʠ), ʪʘʢ ʠ ʫʩʝʯʝʥʥʘʷ (ʙʝʟ ʣʦʧʘʪʦʢ, ʩ 

ʟʘʜʘʥʥʳʤ ʵʬʬʝʢʪʠʚʥʳʤ ʫʛʣʦʤ ʟʘʢʨʫʪʢʠ ʧʦʪʦʢʘ), ʧʨʠ ʵʪʦʤ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʛʝʦʤʝʪʨʠʡ ʨʘʟʣʠʯʘʣʠʩʴ ʜʦʩʪʘʪʦʯʥʦ ʩʣʘʙʦ.  


