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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʚ 

ʢʘʤʝʨʘʭ ʧʨʷʤʦʪʦʯʥʳʭ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ (ʇɺʈɼ) ʠ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʧʨʷʤʦʪʦʯʥʳʭ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ (ɻʇɺʈɼ) 

ʧʨʠʦʙʨʝʪʘʝʪ ʚʩʝ ʙʦʣʴʰʫʶ ʘʢʪʫʘʣʴʥʦʩʪʴ ʚ ʩʚʷʟʠ ʩ ʧʦʧʳʪʢʘʤʠ ʩʦʟʜʘʥʠʷ 

ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ (ɻʃɸ). ʇʨʦʚʝʜʝʥʠʝ ʬʠʟʠʯʝʩʢʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʩʚʷʟʘʥʥʦ ʩ ʤʥʦʞʝʩʪʚʦʤ ʪʝʭʥʠʯʝʩʢʠʭ 

ʪʨʫʜʥʦʩʪʝʡ ʠ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʬʠʥʘʥʩʦʚʳʭ ʟʘʪʨʘʪ. ʉʧʝʮʠʘʣʴʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ 

ʜʦʣʞʥʳ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʪʦʧʣʠʚʦ ʠ ʛʝʦʤʝʪʨʠʷ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ʇʦʵʪʦʤʫ ʚʩʝ 

ʙʦʣʴʰʫʶ ʨʦʣʴ ʥʘʯʠʥʘʶʪ ʠʛʨʘʪʴ ʨʘʩʯʝʪʥʦ-ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʚ ʢʘʤʝʨʘʭ ʇɺʈɼ ʠ ɻʇɺʈɼ. 

ʇʨʠ ʠʟʫʯʝʥʠʠ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʢʠ ɻʇɺʈɼ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʧʦʪʦʢʘ ʚ 

ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʷʚʣʷʝʪʩʷ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʠ ʛʦʨʝʥʠʝ ʪʦʧʣʠʚʘ ʚ ʥʝʤ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʤʥʦʞʝʩʪʚʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ ʚʘʞʥʦʩʪʴ ʧʨʘʚʠʣʴʥʦʛʦ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʜʙʦʨʘ ʠ ʘʥʘʣʠʟʘ ʘʜʝʢʚʘʪʥʳʭ ʤʦʜʝʣʝʡ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. ʆʩʦʙʦ ʦʩʪʨʦ ʩʪʦʠʪ ʧʨʦʙʣʝʤʘ ʩʦʟʜʘʥʠʷ ʬʠʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʩʤʝʰʝʥʠʝ ʪʦʧʣʠʚʘ ʠ ʦʢʠʩʣʠʪʝʣʷ, 

ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʠ ʩʪʘʙʠʣʠʟʘʮʠʶ ʛʦʨʝʥʠʷ. ʈʘʟʨʘʙʦʪʢʘ ʪʘʢʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʤʦʜʝʣʝʡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʚʝʩʴʤʘ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

 ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʭʚʘʪʢʘ ʜʦʩʪʫʧʥʳʭ ʠ ʭʦʨʦʰʦ 

ʜʦʢʫʤʝʥʪʠʨʦʚʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ. ɽʩʪʴ ʪʘʢʞʝ 

ʟʘʜʘʯʘ ʩʦʟʜʘʥʠʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʙʘʟ ʜʘʥʥʳʭ, ʠʤʝʶʱʠʭʩʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʚʳʧʦʣʥʠʪʴ ʚʝʨʠʬʠʢʘʮʠʶ ʠ 

ʚʘʣʠʜʘʮʠʶ, ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʤʦʜʝʣʝʡ.  

 ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʩʪʨʦʝʥʠʠ ʤʦʜʝʣʝʡ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚʥʫʪʨʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʜʚʠʛʘʪʝʣʝʡ ʇɺʈɼ ʠ ɻʇɺʈɼ ʠ 
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ʨʘʟʨʘʙʦʪʢʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠ ʢʦʤʧʴʶʪʝʨʥʳʭ ʢʦʜʦʚ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʨʘʤʢʘʭ ʧʦʩʪʨʦʝʥʥʳʭ ʤʦʜʝʣʝʡ.  

ʆʩʥʦʚʥʳʝ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ: 

1. ʉʦʟʜʘʥʠʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʫʩʪʘʥʦʚʦʢ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʠʟʫʯʝʥʠʷ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʇɺʈɼ ʠ ɻʇɺʈɼ; 

2. ʈʝʘʣʠʟʘʮʠʷ ʧʨʠʙʣʠʞʝʥʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʇɺʈɼ ʠ 

ɻʇɺʈɼ; 

3. ʈʘʟʨʘʙʦʪʢʘ ʠ ʨʝʘʣʠʟʘʮʠʷ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ 

ʫʨʘʚʥʝʥʠʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ; 

4. ʈʘʟʨʘʙʦʪʢʘ ʠ ʨʝʘʣʠʟʘʮʠʷ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ ʤʝʪʦʜʠʢʠ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʷ ʚ ɻʇɺʈɼ ʠ 

ʦʮʝʥʢʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ (ɼʋ); 

5. ʇʨʦʚʝʜʝʥʠʝ ʤʥʦʛʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʨʘʙʦʯʝʤ ʪʨʘʢʪʝ ʠʤʧʫʣʴʩʥʦʛʦ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ʀɼɼ); 

6. ʇʨʦʚʝʜʝʥʠʝ ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʢʘʤʝʨʝ ɻʇɺʈɼ ʩ ʧʦʤʦʱʴʶ ʜʚʫʤʝʨʥʦʛʦ ʢʦʜʘ NERAT-2D. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: 

1. ʉʦʟʜʘʥʘ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘ ̫ ʙʘʟʘ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʫʩʪʘʥʦʚʦʢ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʠʟʫʯʝʥʠʷ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʇɺʈɼ ʠ ɻʇɺʈɼ; 

2. ʈʝʘʣʠʟʦʚʘʥʳ ʧʨʠʙʣʠʞʝʥʥʳʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʇɺʈɼ ʠ 

ɻʇɺʈɼ, ʧʦʟʚʦʣʷʶʱʠʝ ʚʳʧʦʣʥʷʪʴ ʨʘʩʯʝʪʳ ʫʜʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʚʳʩʦʪʘʭ ʠ ʩʢʦʨʦʩʪʷʭ ʧʦʣʝʪʘ; 

3. ʈʘʟʨʘʙʦʪʘʥ ʠ ʨʝʘʣʠʟʦʚʘʥ ʦʙʦʙʱʝʥʥʳʡ ʤʝʪʦʜ ʅʴʶʪʦʥʘ, ʧʨʠʤʝʥʷʝʤʳʡ 

ʜʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʪʦʨʦʛʦ ʚʳʧʦʣʥʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʢʠʥʝʪʠʢʠ ʛʦʨʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʪʦʧʣʠʚ ʜʣʷ ʇɺʈɼ ʠ ɻʇɺʈɼ; 

4. ʈʘʟʨʘʙʦʪʘʥʘ ʠ ʨʝʘʣʠʟʦʚʘʥʘ ʢʚʘʟʠʦʜʥʦʤʝʨʥʘʷ ʤʝʪʦʜʠʢʘ, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʯʝʥʠʷ ʚ ɻʇɺʈɼ, ʩ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʪʦʨʦʡ ʚʳʧʦʣʥʝʥʳ ʦʮʝʥʢʠ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ (ɼʋ); 

5. ʇʨʦʚʝʜʝʥʳ ʤʥʦʛʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʨʘʩʯʝʪ rʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʨʘʙʦʯʝʤ ʪʨʘʢʪʝ ʠʤʧʫʣʴʩʥʦʛʦ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ʀɼɼ). 

ʀʩʩʣʝʜʦʚʘʥʳ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʝʥ ʠʤʧʫʣʴʩʥʳʡ ʨʝʞʠʤ 

ʨʘʙʦʪʳ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ. ʉ ʧʦʤʦʱʴʶ ʚʳʧʦʣʥʝʥʥʳʭ 

ʨʘʩʯʝʪʦʚ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʦʙʣʘʩʪʴ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ, ʚ ʢʦʪʦʨʦʡ 

ʨʝʘʣʠʟʫʝʪʩʷ ʠʤʧʫʣʴʩʥʳʡ ʨʝʞʠʤ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ; 

6. ʇʨʦʚʝʜʝʥ r ʯʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠ ̫ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʢʘʤʝʨʝ ɻʇɺʈɼ ʩ ʧʦʤʦʱʴʶ ʜʚʫʤʝʨʥʦʛʦ ʢʦʜʘ NERAT-2D. 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʤʝʩʪʦ ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʪʦʧʣʠʚʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ɹʘʨʦʫʩʘ - ʂʫʨʢʦʚʘ ʩʦʚʧʘʜʘʝʪ ʩ ʤʝʩʪʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʣʦʷ ʩʤʝʰʝʥʠʷ 

ʠ ʦʪʨʘʞʝʥʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ. ɹʳʣʘ ʯʠʩʣʝʥʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʷʪʴ ʧʨʦʮʝʩʩʦʤ ʛʦʨʝʥʠʷ, ʚʘʨʴʠʨʫʷ ʫʛʦʣ ʧʦʜʘʯʠ 

ʪʦʧʣʠʚʘ. ɺ ʨʘʩʯʝʪʝ ʙʳʣʦ ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ 

ʠʟʤʝʣʴʯʝʥʠʝ ʩʝʪʦʢ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʧʫʣʴʩʘʮʠʡ, ʢʦʪʦʨʳʝ 

ʤʦʞʥʦ ʪʨʘʢʪʦʚʘʪʴ, ʢʘʢ ʪʫʨʙʫʣʝʥʪʥʳʝ ʧʫʣʴʩʘʮʠʠ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʧʦ ʜʚʫʤʝʨʥʦʤʫ ʠ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʤʫ ʢʦʜʫ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ HyShot-2.  

ʆʩʥʦʚʥʳʤʠ ʟʘʱʠʱʘʝʤʳʤʠ ʧʦʣʦʞʝʥʠʷʤʠ ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʷʚʣʷʶʪʩʷ: 

1. ʆʙʦʙʱʝʥʥʳʡ ʤʝʪʦʜ ʅʴʶʪʦʥʘ ʜʣʷ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʠ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ;  

2. ʂʚʘʟʠʦʜʥʦʤʝʨʥʘʷ ʤʝʪʦʜʠʢʘ ʜʣʷ ʨʘʩʯʝʪʘ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ɻʇɺʈɼ. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ ʜʣʷ ʰʝʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ; 

3. ɼʚʫʤʝʨʥʳʡ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʪʝʯʝʥʠʷ ʚ ʢʘʥʘʣʝ ɻʇɺʈɼ. ʉʨʘʚʥʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʧʦ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ ʠ ʜʚʫʤʝʨʥʦʡ ʤʦʜʝʣʠ, ʘ 

ʪʘʢʞʝ ʯʠʩʣʝʥʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ (ʚʘʣʠʜʘʮʠʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ). 
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ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʦʩʪʨʦʝʥʥʘʷ ʚ ʨʘʙʦʪʝ ʤʦʜʝʣʴ ʠ ʨʘʟʨʘʙʦʪʘʥʥʳʝ 

ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʇɺʈɼ ʠ ɻʇɺʈɼ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʨʘʩʯʝʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚʥʫʪʨʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ, ʦʮʝʥʢʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʠʛʘʪʝʣʷ, ʘ ʪʘʢʞʝ ʧʨʠ ʨʘʩʯʝʪʝ 

ʜʘʣʴʥʦʩʪʠ ʧʦʣʝʪʘ ɻʃɸ. ʉʦʟʜʘʥʥʳʡ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʘʙʦʪʳ ʧʨʦʛʨʘʤʤʥʳʡ 

ʢʦʤʧʣʝʢʩ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʮʝʣʳʡ ʨʷʜ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ ʚ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʠʣʠ 

ʧʦʣʫʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ, ʚ ʪʦʤ ʯʠʩʣʝ ʟʘʜʘʯʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʠʣʳ ʪʷʛʠ, 

ʜʘʣʴʥʦʩʪʠ, ʫʜʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʫʜʝʣʴʥʦʡ ʪʷʛʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʦʛʫʪ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʧʨʦʮʝʜʫʨ ʯʠʩʣʝʥʥʦʛʦ ʩʯʝʪʘ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʟʘʜʘʯʘʭ. 

ʅʘʫʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, 

ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʈʌʌʀ-13-01-00537 ʠ ʧʨʦʝʢʪʘ ʈʌʌʀ-16-01-

00379, ʧʨʦʛʨʘʤʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʇʨʝʟʠʜʠʫʤʘ ʈɸʅ 

çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʤʝʭʘʥʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʪʝʭʥʠʯʝʩʢʠʭ ʠ 

ʧʨʠʨʦʜʥʳʭ ʩʠʩʪʝʤʘʭ, ʤʘʪʝʨʠʘʣʘʭ ʠ ʩʨʝʜʘʭè, ʧʨʦʛʨʘʤʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʆʪʜʝʣʝʥʠʷ ʵʥʝʨʛʝʪʠʢʠ, ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ, ʤʝʭʘʥʠʢʠ ʠ ʧʨʦʮʝʩʩʦʚ 

ʫʧʨʘʚʣʝʥʠʷ ʈɸʅ çʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʘʷ ʤʝʭʘʥʠʢʘ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʠʩʪʝʤè. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʬʠʟʠʯʝʩʢʦʡ 

ʦʙʦʩʥʦʚʘʥʥʦʩʪʴʶ ʧʦʩʪʘʥʦʚʦʢ ʟʘʜʘʯ ʠ ʩʪʨʦʛʠʤ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʦʤ ʠʭ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʢʦʥʮʝʧʮʠʡ ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ ʬʠʟʠʯʝʩʢʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ, ʩʨʘʚʥʝʥʠʝʤ 

ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʨʘʩʯʝʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ, ʘ ʪʘʢʞʝ 

ʩʦʦʪʚʝʪʩʪʚʠʝʤ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʚʩʝʨʦʩʩʠʡʩʢʠʭ 

ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʧʨʦʬʠʣʴʥʳʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʩʝʤʠʥʘʨʘʭ: 

1. International School of Quantum Electronics 53rd Course Molecular Physics 

and Plasmas in Hypersonics Ettore Majorana Centre, Erice, Sicily (Italy) 8-15 

September 2012; 
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2. 44th AIAA Thermophysics Conference, 24 ï 27 June 2013, San Diego, 

California, USA; 

3. 50th AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 28 ï 30 July 2014, 

Cleveland, Ohio, USA; 

4. 51st AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 27 ï 29 July 2015, 

Orlando, Florida, USA; 

5. 52nd AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 25 ï 27 July 

2016, Salt Lake City, Utah, USA; 

6. ɺʩʝʨʦʩʩʠʡʩʢʘ ̫ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘ ̫ ʢʦʥʬʝʨʝʥʮʠ ̫ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʠ 

ʩʧʝʮʠʘʣʠʩʪʦʚ çʅʦʚʳʝ ʨʝʰʝʥʠʷ ʠ ʪʝʭʥʦʣʦʛʠʠ ʚ ʛʘʟʦʪʫʨʙʦʩʪʨʦʝʥʠʠè, 26 ï 28 ʤʘʷ, 

ʎʀɸʄ, ʄʦʩʢʚʘ, 2015; 

7. XVII ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʤʝʪʦʜʘʤ ʘʵʨʦʬʠʟʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 30 ʠʶʥʷ ï 06 ʠʶʣʷ 2014; 

8. ʐʢʦʣʘ-ʩʝʤʠʥʘʨ çɸʵʨʦʬʠʟʠʢʘ ʠ ʬʠʟʠʯʝʩʢʘʷ ʤʝʭʘʥʠʢʘ ʢʣʘʩʩʠʯʝʩʢʠʭ ʠ 

ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤè (ɸʌʄ), ʄʦʩʢʚʘ, ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʝʭʘʥʠʢʠ ʠʤ. ɸ.ʖ. 

ʀʰʣʠʥʩʢʦʛʦ ʈɸʅ, 2011 ï 2015 ʛʛ; 

9. ʅʘʫʯʥʘ ̫ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ, ʄʦʩʢʚʘ-ɼʦʣʛʦʧʨʫʜʥʳʡ, ʄʦʩʢʦʚʩʢʠʡ 

ʌʠʟʠʢʦ-ʊʝʭʥʠʯʝʩʢʠʡ ʀʥʩʪʠʪʫʪ, 2011 ï 2015 ʛʛ; 

10. ɸʂɸɼɽʄʀʏɽʉʂʀɽ ʏʊɽʅʀʗ ʇʆ ʂʆʉʄʆʅɸɺʊʀʂɽ, ʧʦʩʚʷʱʝʥʥʳʝ 

ʧʘʤʷʪʠ ʘʢʘʜʝʤʠʢʘ ʉ.ʇ.ʂʦʨʦʣʝʚʘ ʠ ʜʨʫʛʠʭ ʚʳʜʘʶʱʠʭʩʷ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʫʯʝʥʳʭ 

ï ʧʠʦʥʝʨʦʚ ʦʩʚʦʝʥʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʄʦʩʢʚʘ, 2014, 2016 ʛʛ;  

11. ʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çɺʅʀʀɸè, ʄʦʩʢʚʘ, 

2015, 2016ʛʛ. 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 13 ʩʪʘʪʝʡ, 1 ʧʨʝʧʨʠʥʪ ʠ 10 

ʪʝʟʠʩʦʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʡ, 5 ʠʟ ʢʦʪʦʨʳʭ 

ʠʥʜʝʢʩʠʨʦʚʘʥʳ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ çʉʝʪʴ ʥʘʫʢʠè (Web of Science) ʠʣʠ çʉʢʦʧʫʩè 

(Scopus) ʠ ʚʭʦʜʷʪ ʚ ʩʧʠʩʦʢ ʨʝʢʦʤʝʥʜʫʝʤʳʭ ʠʟʜʘʥʠʡ ɺɸʂ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 6 ʛʣʘʚ, 

ʟʘʢʣʶʯʝʥʠʷ, ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ ʠ ʧʨʠʣʦʞʝʥʠʷ. ʆʙʱʠʡ ʦʙʲʝʤ ʨʘʙʦʪʳ 
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ʩʦʩʪʘʚʣʷʝʪ  179  ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 99 ʨʠʩʫʥʢʦʚ ʠ 50 ʪʘʙʣʠʮ. ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

ʩʦʜʝʨʞʠʪ 195 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ɺʦ ʚʚʝʜʝʥʠʠ ʦʙʦʩʥʦʚʘʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʉʬʦʨʤʫʣʠʨʦʚʘʥʘ 

ʮʝʣʴ ʠ ʢʨʘʪʢʦ ʠʟʣʦʞʝʥʘ ʩʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʜʘʥʦ ʦʧʠʩʘʥʠʝ ʩʦʟʜʘʥʥʦʡ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ 

ʙʘʟʳ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʇɺʈɼ ʠ ɻʇɺʈɼ.  

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʦʧʠʩʘʥʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʇɺʈɼ ʠ 

ɻɺʇʈɼ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʤʦʜʝʣʠ ʦʩʥʦʚʘʥʳ ʥʘ ʘʥʘʣʠʟʝ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʦʦʪʥʦʰʝʥʠʡ. ʉ ʧʦʤʦʱʴʶ ʵʪʠʭ ʤʦʜʝʣʝʡ ʥʘ ʥʘʯʘʣʴʥʦʤ 

ʵʪʘʧʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʜʚʠʛʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ (ɼʋ) ʧʨʦʠʟʚʦʜʷʪʩʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʜʝʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ (ʩʠʣʘ ʪʷʛʠ, 

ʫʜʝʣʴʥʳʡ ʠʤʧʫʣʴʩ, ʫʜʝʣʴʥʘʷ ʪʷʛʘ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ). 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʛʦʨʝʥʠʷ 

ʚʦʜʦʨʦʜʘ ʠ ʤʝʪʘʥʘ, ʥʘ ʧʨʠʤʝʨʝ ʟʘʜʘʯʠ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʙʦʤʙr. ɺ ʜʘʥʥʦʡ 

ʛʣʘʚʝ ʧʨʠʚʝʜʝʥ ʦʙʟʦʨ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤ ʫʨʘʚʥʝʥʠʡ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ (ʋʂʍ). ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʦʙʦʙʱʝʥʥʦʤʫ ʤʝʪʦʜʫ 

ʅʴʶʪʦʥʘ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʦʙʣʝʤʘ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ.  

ʏʝʪʚʝʨʪʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʚʳʚʦʜʫ ʠ ʧʦʜʨʦʙʥʦʤʫ ʦʧʠʩʘʥʠʶ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ 

ʤʝʪʦʜʠʢʠ ʨʘʩʯʝʪʘ ʪʝʯʝʥʠʷ ʚ ʢʘʥʘʣʝ ɻʇɺʈɼ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʦʠʟʚʦʜʠʪʩʷ 

ʚʘʣʠʜʘʮʠʷ ʠ ʚʝʨʠʬʠʢʘʮʠʷ ʦʧʠʩʳʚʘʝʤʦʡ ʤʦʜʝʣʠ. ʆʧʠʩʘʥ ʘʣʛʦʨʠʪʤ ʦʮʝʥʢʠ 

ʜʘʣʴʥʦʩʪʠ ʃɸ, ʠ ʦʮʝʥʢʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɻʇɺʈɼ. 

ɺ ʧʷʪʦʡ ʛʣʘʚʝ ʧʨʦʚʦʜʠʪʩʷ ʤʥʦʛʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʝ ʨʘʩʯʝʪ r ʬʠʟʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʚ ʨʘʙʦʯʝʤ ʪʨʘʢʪʝ ʠʤʧʫʣʴʩʥʦʛʦ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ʀɼɼ). 

ʇʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʩʣʦʚʠʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʝʥ ʠʤʧʫʣʴʩʥʳʡ ʨʝʞʠʤ 

ʨʘʙʦʪʳ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ. ʆʙʥʘʨʫʞʝʥʳ ʫʩʣʦʚʠʷ ʨʝʘʣʠʟʘʮʠʠ 

ʠʤʧʫʣʴʩʥʦʛʦ ʨʝʞʠʤʘ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ.  

ɺ ʰʝʩʪʦʡ ʛʣʘʚʝ ʦʧʠʩʳʚʘʝʪʩʷ ʜʚʫʤʝʨʥʘʷ ʤʦʜʝʣʴ ʛʦʨʝʥʠʷ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʤ 

ʧʦʪʦʢʝ. ʇʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʧʦ ʜʚʫʤʝʨʥʦʡ ʤʦʜʝʣʠ, ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 
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ʜʘʥʥʳʤʠ. ʇʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʫʛʣʘ ʚʜʫʚʘ ʪʦʧʣʠʚʘ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ɹʘʨʦʫʩʘ - ʂʫʨʢʦʚʘ ʥʘ ʟʘʜʝʨʞʢʫ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʪʦʧʣʠʚʘ. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʦ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʠʟʤʝʣʴʯʝʥʠʝ ʩʝʪʦʢ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʧʫʣʴʩʘʮʠʡ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʪʨʘʢʪʦʚʘʪʴ, ʢʘʢ ʪʫʨʙʫʣʝʥʪʥʳʝ 

ʧʫʣʴʩʘʮʠʠ. ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ ʚʦʜʦʨʦʜʦ-ʚʦʟʜʫʰʥʦʡ 

ʩʤʝʩʠ ʧʨʠ ʧʝʨʠʦʜʠʯʝʩʢʦʤ ʚʜʫʚʝ ʭʦʣʦʜʥʦʛʦ ʚʦʟʜʫʭʘ ʧʦʧʝʨʝʢ ʦʩʥʦʚʥʦʛʦ 

ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʧʦʪʦʢʘ.  

ɺ ʟʘʢʣʶʯʝʥʠʠ ʢʨʘʪʢʦ ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʦʩʥʦʚʥʳʝ ʚʳʚʦʜʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʜʠʩʩʝʨʪʘʮʠʠ. 



 

 

 

ɻʃɸɺɸ 1. ɹɸɿʓ ɼɸʅʅʓʍ ʕʅɽʈɻɽʊʀʏɽʉʂʀʍ ʋʉʊɸʅʆɺʆʂ, 

ʄʆɼɽʃʀʈʋʖʑʀʍ ʊɽʈʄʆɻɸɿʆɼʀʅɸʄʀʏɽʉʂʀɽ ʇʈʆʎɽʉʉʓ ɺ 

ʇʈʗʄʆʊʆʏʅʓʍ ɺʆɿɼʋʐʅʆ-ʈɽɸʂʊʀɺʅʓʍ ɼɺʀɻɸʊɽʃʗʍ (ʇɺʈɼ) ʀ 

ɻʀʇɽʈɿɺʋʂʆɺʓʍ ʇʈʗʄʆʊʆʏʅʓʍ ɺʆɿɼʋʐʅʆ-ʈɽɸʂʊʀɺʅʓʍ 

ɼɺʀɻɸʊɽʃʗʍ (ɻʇɺʈɼ) 

1.1. ɺʚʝʜʝʥʠʝ 

 ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʛʠʧʝʨʟʚʫʢʦʚʳʝ ʧʨʷʤʦʪʦʯʥʳʝ ʚʦʟʜʫʰʥʦ-ʨʝʘʢʪʠʚʥʳʝ 

ʜʚʠʛʘʪʝʣʠ (ɻʇɺʈɼ) ʠʤʝʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʙʦʣʝʝ ʧʨʦʩʪʫʶ ʩʭʝʤʫ ʨʘʙʦʪʳ, ʯʝʤ 

ʜʨʫʛʠʝ ʪʠʧʳ ʩʠʣʦʚʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, 

ʧʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ɻʇɺʈɼ ʚʝʩʴʤʘ ʩʣʦʞʥʘ ʠʟ-ʟʘ ʨʷʜʘ ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ 

ʧʨʠʯʠʥ. ʉʫʜʷ ʧʦ ʩʦʩʪʦʷʥʠʶ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ, ʜʣʷ ʩʦʟʜʘʥʠʷ 

ɻʇɺʈɼ ʧʦʪʨʝʙʫʝʪʩʷ ʧʦʪʨʘʪʠʪʴ ʥʝʤʘʣʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʠʣ ʠ ʚʨʝʤʝʥʠ. ʆʜʥʦʡ ʠʟ 

ʧʝʨʚʦʦʯʝʨʝʜʥʳʭ ʧʨʦʙʣʝʤ ʩʦʟʜʘʥʠʷ ɻʇɺʈɼ ʷʚʣʷʝʪʩʷ ʦʨʛʘʥʠʟʘʮʠʷ ʛʦʨʝʥʠʷ 

ʪʦʧʣʠʚʘ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ. ʀʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʧʦʪʦʢ ʚ ʢʘʤʝʨʝ ʚ ʦʩʥʦʚʥʦʤ ʷʚʣʷʝʪʩʷ 

ʩʚʝʨʭʟʚʫʢʦʚʳʤ, ʦʩʦʙʦ ʦʩʪʨʦ ʩʪʦʠʪ ʧʨʦʙʣʝʤʘ ʦʨʛʘʥʠʟʘʮʠʠ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʩʤʝʰʝʥʠʷ ʪʦʧʣʠʚʘ ʠ ʦʢʠʩʣʠʪʝʣʷ, ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʛʦʨʝʥʠʷ. 

 ʇʦʧʳʪʢʠ ʨʝʰʝʥʠʷ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʠ ʜʨʫʛʠʭ ʧʨʦʙʣʝʤ ʧʨʠʚʝʣʠ ʢ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩʦʟʜʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ ɻʇɺʈɼ. ʆʜʥʘʢʦ, ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʭʚʘʪʢʘ ʜʦʩʪʫʧʥʳʭ ʠ ʭʦʨʦʰʦ 

ʜʦʢʫʤʝʥʪʠʨʦʚʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ 

ʜʘʥʦ ʦʧʠʩʘʥʠʝ ʩʦʟʜʘʥʥʦʡ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ ʧʨʦʪʦʪʠʧʦʚ ʇɺʈɼ ʠ ɻʇɺʈɼ. ʂʘʞʜʳʡ ʵʣʝʤʝʥʪ 

ʙʘʟʳ ʜʘʥʥʳʭ ʩʦʜʝʨʞʠʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʳʭ ʧʨʠʟʥʘʢʘʭ (ʢʘʚʝʨʥʝ, 

ʫʩʪʫʧʝ, ʜʨʦʩʩʝʣʝ, ʩʪʨʫʝ), ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʦʣʫʯʝʥʥʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʜʘʥʥʳʭ ʠ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʩʯʝʪʥʦ-ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ, ʚ ʢʦʪʦʨʳʭ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ. ʉʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘʷ ʙʘʟʘ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ 

ʚʳʧʦʣʥʠʪʴ ʚʝʨʠʬʠʢʘʮʠʶ ʠ ʚʘʣʠʜʘʮʠʶ, ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʚ ʨʘʙʦʪʝ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʠ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ.  
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1.2. ʆʙʟʦʨ ʨʘʙʦʪ, ʚʢʣʶʯʝʥʥʳʭ ʚ ʙʘʟʫ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʫʩʪʘʥʦʚʦʢ ʇɺʈɼ ʠ ɻʇɺʈɼ 

 ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʙʘʟʫ ʜʘʥʥʳʭ ʚʢʣʶʯʝʥʦ 24 ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʭ, ʧʦ 

ʤʥʝʥʠʶ ʘʚʪʦʨʘ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ ʇɺʈɼ ʠ ɻʇɺʈɼ. ʅʠʞʝ ʜʘʥʦ 

ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʢʘʞʜʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ.  

1.2.1. ʕʢʩʧʝʨʠʤʝʥʪ ɹʘʨʦʫʩʘ - ʂʫʨʢʦʚʘ  

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ɹʘʨʦʫʩʘ - ʂʫʨʢʦʚʘ [1,2] ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ ʚʦʜʦʨʦʜʘ ʚ ʢʘʥʘʣʝ ɻʇɺʈɼ. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ 

ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 1. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʦʜʷʪʩʷ ʢʘʢ ʩ ʛʦʨʝʥʠʝʤ, ʪʘʢ ʠ ʙʝʟ ʥʝʛʦ. ɺ ʵʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠʩʪʝʯʝʥʠʝ ʚ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ ʧʨʠʩʪʝʥʥʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʪʨʫʠ ʚ 

ʩʧʫʪʥʳʡ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʧʦʪʦʢ. ɺʜʫʚ ʪʦʧʣʠʚʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʪʘʥʛʝʥʮʠʘʣʴʥʦ 

ʯʝʨʝʟ 7 ʬʦʨʩʫʥʦʢ ʰʠʨʠʥʦʡ 0.078 ʩʤ ʠ ʚʳʩʦʪʦʡ 0.4 ʩʤ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʚʝʨʭʥʝʡ 

ʯʘʩʪʠ ʫʩʪʫʧʘ. ɺʭʦʜʥʦʡ ʧʦʪʦʢ ʩʦʩʪʦʷʣ ʠʟ 76.8% N2 ʠ 23.3% ʅ2ʆ ʜʣʷ ʩʣʫʯʘʷ ʙʝʟ 

ʛʦʨʝʥʠʷ ʠ 48.6% N2 25.8% O2 25.6% H2O ʜʣʷ ʩʣʫʯʘʷ ʩ ʛʦʨʝʥʠʝʤ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʧʨʦʠʟʚʝʜʝʥʳ ʩʣʝʜʫʶʱʠʝ ʠʟʤʝʨʝʥʠʷ: ʦʙʲʝʤʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ H2, O2, N2, H2O ʚ 

ʚʳʭʦʜʥʦʤ ʩʝʯʝʥʠʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (X=35.6 ʩʤ) ʚʦʟʣʝ ʩʪʝʥʢʠ (ʩ ʛʦʨʝʥʠʝʤ); 

ʦʙʲʝʤʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ H2, O2, N2, H2O ʚ ʚʳʭʦʜʥʦʤ ʩʝʯʝʥʠʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

(X=35.6 ʩʤ) ʚʦʟʣʝ ʩʪʝʥʢʠ (ʙʝʟ ʛʦʨʝʥʠʷ); ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʝʯʝʥʠʷʭ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (X=0, 18.3, 35.6 ʩʤ) ʚʦʟʣʝ ʩʪʝʥʢʠ (ʩ ʛʦʨʝʥʠʝʤ), ʠ ʩʝʯʝʥʠʠ 

X=35.6 ʩʤ (ʙʝʟ ʛʦʨʝʥʠʷ); ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ 

ʛʦʨʝʥʠʝʤ, ʠ ʙʝʟ ʛʦʨʝʥʠʷ; ʜʣʠʥʘ ʠʥʜʫʢʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʪʦʢʘ 

ʚʦʟʜʫʭʘ ʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʚʜʫʚʘ ʚʦʜʦʨʦʜʘ (T = 300 K ʠ ʊ = 700 K); 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʛʦʨʝʥʠʝʤ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʭʦʜʥʦʛʦ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ; ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʘ ʄʘʭʘ ʥʘ ʚʳʭʦʜʝ 

ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʛʦʨʝʥʠʝʤ ʠ ʙʝʟ ʛʦʨʝʥʠʷ; ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʛʦʨʝʥʠʝʤ ʠ ʙʝʟ ʛʦʨʝʥʠʷ.  

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [1,2] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [3ï12]. ɺ ʨʘʙʦʪʝ [13] ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʢʠʥʝʪʠʯʝʩʢʦʡ 
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ʩʭʝʤʳ ʥʘ ʨʝʟʫʣʴʪʘʪ rʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʦʨʝʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʢʘʥʘʣʝ ʠ 

ʧʨʦʚʦʜʠʪʩʷ ʚʝʨʠʬʠʢʘʮʠʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ʕʚʘʥʩʘ - ʐʝʢʩʥʘʡʜʝʨʘ. ɺ ʨʘʙʦʪʝ 

[7] ʧʨʦʠʟʚʦʜʠʪʩʷ ʚʝʨʠʬʠʢʘʮʠʷ ʜʚʫʤʝʨʥʦʛʦ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ ʩ k-Ů ʤʦʜʝʣʴʶ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ [1,2]. ɺ ʨʘʙʦʪʝ [4] ʙʳʣ 

ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ k-Ů ʤʦʜʝʣʠ ʠ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ 

ʜʣʷ ʚʝʨʥʦʛʦ ʦʧʠʩʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʥʝʦʙʭʦʜʠʤʦ ʘʢʢʫʨʘʪʥʦ 

ʟʘʜʘʚʘʪʴ ʥʘʯʘʣʴʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚʦʟʣʝ 

ʩʪʝʥʢʠ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ. ɺ ʨʘʙʦʪʘʭ [3,8,10] ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʤʝʩʪʘ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʭʠʤʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪ ʚʥʫʪʨʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. ɺ ʨʘʙʦʪʝ [6] ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʧʨʝʜʩʢʘʟʳʚʘʝʤʦʛʦ ʤʝʩʪʘ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʦʪ ʚʳʙʦʨʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʤʦʜʝʣʠ (SST ʠ 

k-Ů) ʠ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʯʠʩʣʘ ʇʨʘʥʜʪʣʷ. ɺ ʨʘʙʦʪʝ [5] ʧʨʦʚʦʜʠʪʩʷ ʪʨʝʭʤʝʨʥʦʝ LES 

ʠ RANS ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ LES ʨʘʩʯʝʪʦʚ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʫʩʨʝʜʥʝʥʠʝ ʧʦ ʚʨʝʤʝʥʠ. ɺ ʨʘʙʦʪʝ 

[9] ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜʳ PDF (ʬʫʥʢʮʠʠ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ) ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʨʘʙʦʪʝ [11] ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʷ ʫʛʣʘ 

ʚʜʫʚʘ ʪʦʧʣʠʚʘ ʥʘ ʤʝʩʪʦ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʘ ʪʘʢʞʝ ʦʙʨʘʱʘʝʪʩʷ 

ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʤʝʩʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʪʨʘʞʝʥʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʩʦ 

ʩʪʝʥʦʡ ʢʘʤʝʨʳ ʩʦʚʧʘʜʘʝʪ ʩ ʤʝʩʪʦʤ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʠ. ɺ ʨʘʙʦʪʝ [12] ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʠʙʨʠʜʥʳʡ LES/RANS ʤʝʪʦʜ ʩ Detached 

Eddy Simulation (DES) ʤʦʜʝʣʴʶ.  

ʊʘʙʣ. 1 ʋʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ɹʘʨʦʫʩʘ - ʂʫʨʢʦʚʘ [1,2] . 

 ʉ ʛʦʨʝʥʠʝʤ ɹʝʟ ʛʦʨʝʥʠʷ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 2.44 2.44 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 1.0 1.0 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 1200  1220 1150  

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 1.0   

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʂ 300 800  

ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʄ 1.0  
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ʈʠʩ. 1 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ɹʘʨʦʫʩʘ - ʂʫʨʢʦʚʘ [1,2] . 

1.2.2. ʕʢʩʧʝʨʠʤʝʥʪ ʉʪʘʣʢʝʨʘ - ʄʠʠ - ʐʫʨʘʚʝʨʳ  

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʉʪʘʣʢʝʨʘ - ʄʠʠ - ʐʫʨʘʚʝʨʳ [14] ʧʨʦʚʦʜʷʪʩʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ ʚʦʜʦʨʦʜʘ ʚ ʢʘʥʘʣʝ ɻʇɺʈɼ. ɺʜʫʚ 

ʚʦʜʦʨʦʜʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʠʟ ʫʩʪʫʧʘ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʪʫʨʙʫʣʝʥʪʥʳʡ 

ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʠʟʙʨʦʞʝʥʘ ʥʘ ʨʠʩ. 2. ʂʘʤʝʨʘ ʩʛʦʨʘʥʠʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟ ʩʝʙʷ ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʢʘʥʘʣ ʚʳʩʦʪʦʡ 57 ʤʤ ʜʦ ʫʩʪʫʧʘ ʠ 60 ʤʤ 

ʧʦʩʣʝ. ʇʦʜʘʯʘ ʚʦʜʦʨʦʜʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʠʟ ʱʝʣʠ ʫʩʪʫʧʘ ʚʳʩʦʪʦʡ 3 ʤʤ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʩʪʝʥʦʢ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʠ ʨʘʚʥʦʡ 300 ʂ. ʆʩʥʦʚʥʦʡ 

ʧʦʪʦʢ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ ʩʦʩʪʦʷʣ ʠʟ 76.6% N2 ʠ 23.4% ʆ2 ʜʣʷ ʩʣʫʯʘʷ ʩ ʛʦʨʝʥʠʝʤ 
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ʠ ʠʟ 100% N2 ʜʣʷ ʩʣʫʯʘʷ ʙʝʟ ʛʦʨʝʥʠʷ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʯʝʪʳʨʝʭ 

ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʡ ʚʜʫʚʘ ʪʦʧʣʠʚʘ ʠ ʚʭʦʜʥʦʛʦ ʧʦʪʦʢʘ. ʕʪʠ ʫʩʣʦʚʠʷ ʦʪʣʠʯʘʶʪʩʷ 

ʤʝʞʜʫ ʩʦʙʦʡ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥ ʦʜʠʥ ʠʟ ʚʘʨʠʘʥʪʦʚ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʟʤʝʨʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ ʠ 

ʪʘʢʞʝ ʧʝʨʝʥʦʩ ʪʝʧʣʘ ʢ ʩʪʝʥʢʝ. ʆʧʨʝʜʝʣʷʣʩʷ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ ʢʘʢ ʩ 

ʛʦʨʝʥʠʝʤ, ʪʘʢ ʠ ʙʝʟ ʥʝʛʦ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʫʤʝʥʴʰʝʥʠʝ 

ʧʦʪʝʨʴ ʥʘ ʪʨʝʥʠʝ ʚ ʛʠʧʝʨʟʚʫʢʦʚʦʤ ʧʦʪʦʢʝ ʟʘ ʩʯʝʪ ʥʘʣʠʯʠʷ ʛʦʨʝʥʠʷ ʚʦʜʦʨʦʜʘ ʚ 

ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʳʯʠʩʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ 

ʦ ʩʪʝʥʢʫ ʩʜʚʠʛʦʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠʟʤʝʨʷʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʛʦʪʦʚʣʝʥʥʳʭ 

ʜʘʪʯʠʢʦʚ ʪʨʝʥʠʷ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʜʠʩʢ, ʫʩʪʘʥʦʚʣʝʥʥʳʡ 

ʟʘʧʦʜʣʠʮʦ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʊʦʥʢʦʧʣʝʥʦʯʥʳʝ ʤʘʥʦʤʝʪʨʳ ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ ʥʘ 

ʠʩʩʣʝʜʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʝʥʢʠ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʧʝʨʝʜʘʯʠ.  

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [14] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [8,15]. ɺ ʨʘʙʦʪʝ [8] ʧʨʦʚʦʜʠʪʩʷ ʜʚʫʤʝʨʥʦʝ ʯʠʩʣʝʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ʆʧʨʝʜʝʣʝʥʥʦʝ ʯʠʩʣʝʥʥʦ 

ʤʝʩʪʦ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʤʝʩʠ ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 500 ʤʤ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ 

ʪʦʧʣʠʚʘ, ʯʪʦ ʭʦʨʦʰʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʟʫʣʴʪʘʪʘʤ ʵʢʩʧʝʨʠʤʝʥʪʘ [14]. ɼʚʫʤʝʨʥʳʝ 

ʯʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ ʯʪʦ ʛʦʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚʦʟʣʝ ʥʠʞʥʝʡ ʩʪʝʥʢʠ. ɺ 

ʨʘʙʦʪʝ [15] ʜʣʷ ʨʘʩʯʝʪʘ ʪʨʝʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʘʚʣʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʢʦʤʤʝʨʯʝʩʢʠʡ ʧʨʦʜʫʢʪ ANSYS Fluent. ʕʪʠ ʨʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʛʦʨʝʥʠʝ ʚ 

ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ. 

ʊʘʙʣ. 2 ʋʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʉʪʘʣʢʝʨʘ - ʄʠʠ - ʐʫʨʘʚʝʨʳ [14] . 

 ʉ ʛʦʨʝʥʠʝʤ ɹʝʟ ʛʦʨʝʥʠʷ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 4.42 4.42 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 0.82 0.82 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 1120 1120 

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 0.48  

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʂ 171  

ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʄ 1.9  
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ʈʠʩ. 2 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʉʪʘʣʢʝʨʘ - ʄʠʠ - ʐʫʨʘʚʝʨʳ [14] . 

1.2.3. ʕʢʩʧʝʨʠʤʝʥʪ ɸʥʜʝʨʩʝʥʘ 

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ɸʥʜʝʨʩʝʥʘ [16] ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʩʤʝʰʝʥʠʷ ʠ ʛʦʨʝʥʠʷ ʜʣʷ ʜʚʫʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʠʥʞʝʢʪʦʨʘ: ʩ ʧʘʨʘʣʣʝʣʴʥʳʤ ʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʚʜʫʚʦʤ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʘʤʝʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʧʨʷʤʦʫʛʦʣʴʥʳʡ ʢʘʥʘʣ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʫʯʘʩʪʢʘ ʧʦʩʪʦʷʥʥʦʛʦ ʩʝʯʝʥʠʷ ʠ 

ʨʘʩʰʠʨʷʶʱʝʡʩʷ ʯʘʩʪʠ. ʐʠʨʠʥʘ ʢʘʥʘʣʘ ʧʦʩʪʦʷʥʥʘ ʠ ʨʘʚʥʘ 170 ʤʤ. ʅʘ ʨʠʩ. 3 

ʧʦʢʘʟʘʥʘ ʧʦʜʨʦʙʥʘʷ ʛʝʦʤʝʪʨʠʷ ʠʥʞʝʢʪʦʨʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʢʘʥʘʣʘ. ɺ 

ʢʘʯʝʩʪʚʝ ʠʥʞʝʢʪʦʨʘ ʚʳʩʪʫʧʘʝʪ ʨʘʩʧʦʨʢʘ (ʨʠʩ. 3), ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʚ ʮʝʥʪʨʝ 

ʢʘʥʘʣʘ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʢʘʢ ʩ ʛʦʨʝʥʠʝʤ (ʦʪʜʝʣʴʥʦ ʧʨʠ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʠ ʦʪʜʝʣʴʥʦ ʧʨʠ ʧʘʨʘʣʣʝʣʴʥʦʤ ʚʜʫʚʝ), ʪʘʢ ʠ ʙʝʟ ʛʦʨʝʥʠʷ. 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 3. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʠʟʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʘʭ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʚʠʟʫʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [16] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [17ï20]. ɺ ʨʘʙʦʪʘʭ [17ï20] ʧʦʚʦʜʠʪʩʷ ʚʘʣʠʜʘʮʠʷ 

ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʢʦʜʦʚ ʨʘʩʯʝʪʘ ɻʇɺʈɼ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ.  



 17 

 

ʈʠʩ. 3 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ɸʥʜʝʨʩʝʥʘ [16] . 

ʊʘʙʣ. 3 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ɸʥʜʝʨʩʝʥʘ [16] . 

 
ʉ ʛʦʨʝʥʠʝʤ ɹʝʟ ʛʦʨʝʥʠʷ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 2.7 2.7 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 0.75 0.75 

ʊʝʤʧʝʨʘʪʫʨʘ ʪʦʨʤʦʞʝʥʠʷ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 2050 2200 

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 0 - 40  - 

ʈʘʩʭʦʜ ʪʦʧʣʠʚʘ, ʛ/c 53 - 60 - 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʪʦʧʣʠʚʘ* 0.56 - 0.8 - 

1.2.4. ʕʢʩʧʝʨʠʤʝʥʪ ɹʠʣʣʠʛʘ 

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ɹʠʣʣʠʛʘ [21,22] ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʩʤʝʰʝʥʠʷ ʠ ʛʦʨʝʥʠʷ ʚ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʤ ʢʘʥʘʣʝ ʩ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʚʜʫʚʦʤ 

ʚʦʜʦʨʦʜʘ ʠʟ 8 ʬʦʨʩʫʥʦʢ ʜʠʘʤʝʪʨʦʤ 2.64 ʤʤ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʩʪʝʥʢʝ ʢʘʤʝʨʳ 
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ʩʛʦʨʘʥʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʘʤʝʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʡ 

ʢʘʥʘʣ ʩʦʩʪʦʷʱʠʡ ʠʟ ʫʯʘʩʪʢʘ ʧʦʩʪʦʷʥʥʦʛʦ ʩʝʯʝʥʠʷ ʠ ʨʘʩʰʠʨʷʶʱʝʡʩʷ ʯʘʩʪʠ, ʢʘʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 4. ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʢʘʢ ʩ ʚʜʫʚʦʤ ʪʦʧʣʠʚʘ, ʪʘʢ ʠ ʙʝʟ 

ʥʝʛʦ. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 4. ɺ ʨʘʙʦʪʝ 

ʧʨʦʠʟʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [21,22] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [17ï20,23]. ɺ ʨʘʙʦʪʘʭ [17ï20] ʧʦʚʦʜʠʪʩʷ ʚʘʣʠʜʘʮʠʷ 

ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʢʦʜʦʚ ʨʘʩʯʝʪʘ ɻʇɺʈɼ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

[16] ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ. ɺ ʨʘʙʦʪʝ [23] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʘʥʥʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʠʥʪʝʛʨʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ 

ɻʇɺʈɼ. 

 ɸʥʘʣʦʛʠʯʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ɹʠʣʣʠʛʦʤ ʠ ɺʘʣʪʨʘʧʦʤ [24] 

ʜʣʷ ʢʘʥʘʣʦʚ ʩʣʝʜʫʶʱʝʡ ʛʝʦʤʝʪʨʠʠ: ʢʦʥʫʩ (ʨʠʩ. 5), ʢʦʨʦʪʢʠʡ ʮʠʣʠʥʜʨ 

ʧʝʨʝʭʦʜʷʱʠʡ ʚ ʢʦʥʫʩ (ʨʠʩ. 6) ʠ ʮʠʣʠʥʜʨ ʩ ʫʩʪʫʧʦʤ ʧʝʨʝʭʦʜʷʱʠʡ ʚ ʢʦʥʫʩ  

(ʨʠʩ. 7). ʇʘʨʘʤʝʪʨʳ ʧʨʦʚʝʜʝʥʠʷ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 5, 

ʪʘʙʣ. 6 ʠ ʪʘʙʣ. 7, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʚʩʝʭ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚʜʦʣʴ ʢʘʥʘʣʘ. 

 

ʈʠʩ. 4 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ɹʠʣʣʠʛʘ [21,22]. 
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ʈʠʩ. 5 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ɹʠʣʣʠʛʘ ʠ ɺʘʣʪʨʘʧʘ [24]  ʜʣʷ 

ʢʘʥʘʣʘ ʢʦʥʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ. 

 

ʈʠʩ. 6 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ  ɹʠʣʣʠʛʘ ʠ ɺʘʣʪʨʘʧʘ [24]  ʜʣʷ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ ʧʝʨʝʭʦʜʷʱʝʛʦ ʚ ʢʦʥʫʩ. 

ʊʘʙʣ. 4 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ɹʠʣʣʠʛʘ [21,22]. 

 ʉ ʛʦʨʝʥʠʝʤ ɹʝʟ ʛʦʨʝʥʠʷ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 3.22 3.22 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 0.51 0.51 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 883  883 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʂ 644 - 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʪʦʧʣʠʚʘ 0.49, 0.78 - 
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ʈʠʩ. 7 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ɹʠʣʣʠʛʘ ʠ ɺʘʣʪʨʘʧʘ [24]  ʜʣʷ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ ʩ ʫʩʪʫʧʦʤ ʧʝʨʝʭʦʜʷʱʝʛʦ ʚ ʢʦʥʫʩ. 

ʊʘʙʣ. 5 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ɹʠʣʣʠʛʘ ʠ ɺʘʣʪʨʘʧʘ [24]  

ʜʣʷ ʢʘʥʘʣʘ ʢʦʥʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ. 

 ʉ ʛʦʨʝʥʠʝʤ 

ʇʦʣʥʦʝ ʜʘʚʣʝʥʠʝ, ʘʪʤ 30.55 

ʇʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, K 2222  

ɼʘʚʣʝʥʠʝ, ʘʪʤ 0.5 

ʊʝʤʧʝʨʘʪʫʨʘ, K 842  

ʇʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʪʦʧʣʠʚʘ, ʘʪʤ 287 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʪʦʧʣʠʚʘ 0.8 

ʊʘʙʣ. 6 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ɹʠʣʣʠʛʘ ʠ ɺʘʣʪʨʘʧʘ [24]  

ʜʣʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ ʧʝʨʝʭʦʜʷʱʝʛʦ ʚ ʢʦʥʫʩ. 

 ʉ ʛʦʨʝʥʠʝʤ 

ʇʦʣʥʦʝ ʜʘʚʣʝʥʠʝ, ʘʪʤ 31 

ʇʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, K 1297  

ɼʘʚʣʝʥʠʝ, ʘʪʤ 0.51 

ʊʝʤʧʝʨʘʪʫʨʘ, K 883  

ʇʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʪʦʧʣʠʚʘ, ʘʪʤ 644 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʪʦʧʣʠʚʘ 0.49, 0.78 
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ʊʘʙʣ. 7 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ɹʠʣʣʠʛʘ ʠ ɺʘʣʪʨʘʧʘ [24]  

ʜʣʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʢʘʥʘʣʘ ʩ ʫʩʪʫʧʦʤ ʧʝʨʝʭʦʜʷʱʝʛʦ ʚ ʢʦʥʫʩ. 

 ʉ ʛʦʨʝʥʠʝʤ 

ʇʦʣʥʦʝ ʜʘʚʣʝʥʠʝ, ʘʪʤ 30.6 

ʇʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, K 2205  

ɼʘʚʣʝʥʠʝ, ʘʪʤ 0.5 

ʊʝʤʧʝʨʘʪʫʨʘ, K 833  

ʇʦʣʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʪʦʧʣʠʚʘ, ʘʪʤ 625 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʪʦʧʣʠʚʘ 0.51, 0.93 

1.2.5. ʕʢʩʧʝʨʠʤʝʥʪ ʏʝʥʛʘ 

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʏʝʥʛʘ [25] ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʩʤʝʰʝʥʠʷ ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ ʩʪʨʫʠ ʚʦʜʦʨʦʜʘ ʚ ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʈʘʤʘʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ɺʜʫʚ ʪʦʧʣʠʚʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʥʘ ʦʩʠ ʩʠʤʤʝʪʨʠʠ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 8. ʊʦʣʱʠʥʘ ʪʨʫʙʢʠ, ʧʦ ʢʦʪʦʨʦʡ 

ʧʦʩʪʫʧʘʝʪ ʚʦʜʦʨʦʜ ʨʘʚʥʘ 1 ʤʤ. ɼʠʘʤʝʪʨ ʵʪʦʡ ʪʨʫʙʢʠ ʨʘʚʝʥ D =2.36 ʤʤ. 

ʇʘʨʘʤʝʪʨʳ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 8. ʉʦʩʪʘʚ ʚʜʫʚʘʝʤʦʛʦ 

ʚʦʟʜʫʭʘ ʩʣʝʜʫʶʱʠʡ: 24.5% O2, 58% N2 ʠ 17.5% H2O. ʉʣʝʜʫʝʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʚʜʫʚ 

ʩʪʨʫʡ ʚʦʜʦʨʦʜʘ ʠ ʚʦʟʜʫʭʘ ʚ ʢʘʤʝʨʫ ʧʨʦʠʩʭʦʜʠʪ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ T=300 ʂ, 

ʜʘʚʣʝʥʠʝʤ P = 1 ʘʪʤ ʠ ʩʦʩʪʘʚʦʤ: 23.3 % O2, 75.7% N2 ʠ 0.1% H2O. 

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʠʟʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʪʦʢʘ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʡ H2, O2, N2, O2, OH ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʘʩʩʪʦʷʥʠʠ x/D = 0.85, 10.8, 21.5, 32.3, 43.1, 64.7 ʠ 

86.9, ʛʜʝ x - ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ ʜʦ ʤʝʩʪʘ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʷ. 

ʀʟʤʝʨʝʥʠʝ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʧʦʣʦʞʝʥʠʡ ʜʘʪʯʠʢʘ ʟʘʥʠʤʘʣʦ ʧʦʨʷʜʢʘ 30-40 ʤʠʥʫʪ ʠ 

ʜʘʥʥʳʝ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʦʣʫʯʘʣʠʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ 500 ʣʘʟʝʨʥʳʭ 

ʠʤʧʫʣʴʩʦʚ. ɼʣʷ ʥʝʢʦʪʦʨʳʭ ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʴʰʝʡ ʪʦʯʥʦʩʪʠ 

ʧʦʪʨʝʙʦʚʘʣʦʩʴ 2000 ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʚʦʜʠʣʠʩʴ ʪʘʢʞʝ 

ʚʠʟʫʘʣʴʥʳʝ ʥʘʙʣʶʜʝʥʠʷ. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [25] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-
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ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [3,26ï29]. ɺ ʨʘʙʦʪʝ [3] ʧʦʚʦʜʠʪʩʷ ʚʘʣʠʜʘʮʠʷ ʜʚʫʤʝʨʥʦʛʦ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ ʩ k-Ů ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʚʫʤʝʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ [3] ʩʤʝʰʝʥʠʷ ʨʘʩʰʠʨʷʶʱʝʡʩʷ ʩʤʝʰʠʚʘʶʱʝʡʩʷ ʩʪʨʫʠ [25] 

ʜʝʣʘʝʪʩʷ ʚʳʚʦʜ, ʯʪʦ ʩʤʝʰʝʥʠʝ ʠ ʛʦʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʦʥʢʦʤ ʩʣʦʝ ʥʘ ʦʩʠ 

ʚʦʜʦʨʦʜʥʦʡ ʩʪʨʫʠ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ ʚʦʟʤʫʱʝʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 30 ʤʤ ʦʪ ʦʩʠ. ɺ ʨʘʙʦʪʝ [26] ʧʨʦʚʦʜʠʪʩʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʬʫʥʢʮʠʠ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ 

(PDF). ɺ ʨʘʙʦʪʝ [27] ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʤʝʪʦʜʳ LES ʠ DNS. ɺ ʨʘʙʦʪʝ [28] ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ LES ʩʦʚʤʝʩʪʥʦ ʩ ʤʝʪʦʜʦʤ 

PDF. ɺ ʨʘʙʦʪʝ [29] ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʘ ʬʫʥʢʮʠʠ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ 

(PDF) ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ.  

 

ʈʠʩ. 8 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʏʝʥʛʘ [25] . 
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ʊʘʙʣ. 8 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʏʝʥʛʘ [25] . 

 ʉ ʛʦʨʝʥʠʝʤ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 2.0 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 1.07 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 1250 

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 1.12  

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʂ 545 

ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʄ 1.0 

1.2.6. ʕʢʩʧʝʨʠʤʝʥʪ ʂʦʭʝʥʘ - ɻʫʝʣʷ 

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʂʦʭʝʥʘ - ɻʫʝʣʷ [30,31] ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʩʤʝʰʝʥʠʷ ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ ʩʪʨʫʠ ʚʦʜʦʨʦʜʘ ʚ 

ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ. ɺʜʫʚ ʪʦʧʣʠʚʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʩʦ 

ʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 9. ʀʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʧʦʪʦʢ ʚʜʫʚʘʝʤʦʛʦ 

ʚʦʟʜʫʭʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʦʛʨʝʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʩʛʦʨʘʥʠʷ ʚʦʜʦʨʦʜʘ, ʩʦʩʪʘʚ 

ʚʜʫʚʘʝʤʦʛʦ ʚʦʟʜʫʭʘ ʩʣʝʜʫʶʱʠʡ: 26% O2, 59% N2 ʠ 15% H2O. ɺʜʫʚ ʚʦʜʦʨʦʜʘ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʠʟ ʪʨʫʙʢʠ ʩ ʪʦʣʱʠʥʦʡ ʩʪʝʥʦʢ 0.54 ʤʤ. ɼʠʘʤʝʪʨ ʵʪʦʡ ʪʨʫʙʢʠ 

ʨʘʚʝʥ D = 20 ʤʤ. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 8. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʧʨʦʠʟʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʡ H2O, O2, N2, ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 

x/D = 5.1, 8.9, 12.7 ʠ 17.8, ʛʜʝ x - ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ ʜʦ ʤʝʩʪʘ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʷ. ɺ ʨʘʙʦʪʝ [31] ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʚʠʟʫʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [30,31] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [7,32,33]. ɺ ʨʘʙʦʪʝ [13] ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ʥʘ ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʦʨʝʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ 

ʢʘʥʘʣʝ ʠ ʧʨʦʚʦʜʠʪʩʷ ʚʝʨʠʬʠʢʘʮʠʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ʕʚʘʥʩʘ - ʐʝʢʩʥʘʡʜʝʨʘ. 

ɺ ʨʘʙʦʪʘʭ [7,32] ʧʨʦʠʟʚʦʜʠʪʩʷ ʚʝʨʠʬʠʢʘʮʠʷ ʜʚʫʤʝʨʥʦʛʦ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ ʩ 

k-Ů ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʨʘʙʦʪʝ [33] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʦʧʠʩʳʚʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ k-Ů ʤʦʜʝʣʠ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʛʦʨʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ 

PDF ʠ ʢʠʥʝʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʩʦʩʪʦʷʱʘʷ ʠʟ 32 ʨʝʘʢʮʠʡ, ʧʨʠʯʝʤ ʢʦʥʩʪʘʥʪʳ ʧʨʷʤʳʭ 
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ʠ ʦʙʨʘʪʥʳʭ ʨʝʘʢʮʠʡ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʙʦʪʝ [33]. 

 

ʈʠʩ. 9 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʂʦʭʝʥʘ ɻʫʝʣʷ [30,31]. 

ʊʘʙʣ. 9 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʂʦʭʝʥʘ ɻʫʝʣʷ [30,31]. 

 ʉ ʛʦʨʝʥʠʝʤ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 1.86 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 0.9 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 1140 

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 0.9 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʂ 276 

ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʄ 1.9 

1.2.7. ʕʢʩʧʝʨʠʤʝʥʪ ɹʠʯʘ - ʕʚʘʥʩʘ - ʐʝʢʩʥʘʡʜʝʨʘ  

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ɹʠʯʘ - ʕʚʘʥʩʘ - ʐʝʢʩʥʘʡʜʝʨʘ [7] ʧʨʦʚʦʜʠʪʩʷ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʩʤʝʰʝʥʠʷ ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ ʩʪʨʫʠ 

ʚʦʜʦʨʦʜʘ ʚ ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ. ɺʜʫʚ ʪʦʧʣʠʚʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʦʩʠ ʩʠʤʤʝʪʨʠʠ 

ʩʦ ʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 10. ʀʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʧʦʪʦʢ 

ʚʜʫʚʘʝʤʦʛʦ ʚʦʟʜʫʭʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʦʛʨʝʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʩʛʦʨʘʥʠʷ ʚʦʜʦʨʦʜʘ, 

ʩʦʩʪʘʚ ʚʜʫʚʘʝʤʦʛʦ ʚʦʟʜʫʭʘ ʩʣʝʜʫʶʱʠʡ: 24.1% O2, 47.8% N2 ʠ 28.1% H2O. ɺʜʫʚ 
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ʚʦʜʦʨʦʜʘ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʠʟ ʪʨʫʙʢʠ ʩ ʪʦʣʱʠʥʦʡ ʩʪʝʥʦʢ 1.5 ʤʤ. ɼʠʘʤʝʪʨ ʵʪʦʡ 

ʪʨʫʙʢʠ ʨʘʚʝʥ D = 9.525 ʤʤ. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 10. ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʠʟʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʡ 

H2O, O2, N2,  ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ 

ʥʘ ʨʘʩʩʪʦʷʥʠʠ x/D = 0.33, 6.56, 13.8, 20 ʠ 26.2, ʛʜʝ x - ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ 

ʜʦ ʤʝʩʪʘ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʷ. ɺ ʨʘʙʦʪʝ [31] ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ 

ʚʠʟʫʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [7] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [7,34]. ɺ ʨʘʙʦʪʝ [13] ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʩʭʝʤʳ ʥʘ ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʦʨʝʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʢʘʥʘʣʝ ʠ 

ʧʨʦʚʦʜʠʪʩʷ ʚʝʨʠʬʠʢʘʮʠʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ʕʚʘʥʩʘ - ʐʝʢʩʥʘʡʜʝʨʘ. ɺ 

ʨʘʙʦʪʘʭ [4] ʧʨʦʠʟʚʦʜʠʪʩʷ ʚʝʨʠʬʠʢʘʮʠʷ ʜʚʫʤʝʨʥʦʛʦ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ ʩ k-Ů 

ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʨʘʙʦʪʝ [34] ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʯʠʩʣʝʥʥʳʝ ʩʭʝʤʳ ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʛʠʙʨʠʜʥʳʭ 

LES/RANS ʤʝʪʦʜʘʭ. ʇʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʦʚ ʧʦ ʤʝʪʦʜʫ 3-ʛʦ ʧʦʨʷʜʢʘ 

MUSCL, ʠ ʤʝʪʦʜʘʤ 5-ʛʦ ʧʦʨʷʜʢʘ WENO ʠ oMLP. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʚʘʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʭʝʤʳ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʟʘʜʘʯ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʩʤʝʰʝʥʠʷ ʠ ʛʦʨʝʥʠʷ ʩʪʨʫʡ ʧʨʠ ʦʧʠʩʘʥʠʠ ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʭ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ. ʉʭʝʤʘ oMLP ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʭʦʨʦʰʠʝ 

ʨʝʟʫʣʴʪʘʪʳ ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ. ɸʥʘʣʠʟʠʨʫʷ ʧʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʛʦʨʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚ ʤʝʩʪʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʪʨʘʞʝʥʥʳʭ ʫʜʘʨʥʳʭ ʚʦʣʥ ʥʘ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʢʘʤʝʨʳ. 

ʊʘʙʣ. 10 ʋʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ɹʠʯʘ - ʕʚʘʥʩʘ - ʐʝʢʩʥʘʡʜʝʨʘ [7] . 

 ʉ ʛʦʨʝʥʠʝʤ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 2.0 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 1.0 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 1495 

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 1.0 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʂ 251 

ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʄ 1.9 
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ʈʠʩ. 10 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ɹʠʯʘ ʕʚʘʥʩʘ - ʐʝʢʩʥʘʡʜʝʨʘ [7] . 

1.2.8. ʕʢʩʧʝʨʠʤʝʥʪ ʕʛʛʝʨʩʘ  

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʕʛʛʝʨʩʘ [35] ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʩʤʝʰʝʥʠʷ ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ ʩʪʨʫʠ ʚʦʜʦʨʦʜʘ ʚ ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ. ɺʜʫʚ 

ʪʦʧʣʠʚʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʦʩʠ ʩʠʤʤʝʪʨʠʠ ʩ ʜʦʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ, ʢʘʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 11. ʉʦʩʪʘʚ ʚʜʫʚʘʝʤʦʛʦ ʩʫʨʨʦʛʘʪʥʦʛʦ ʚʦʟʜʫʭʘ ʩʣʝʜʫʶʱʠʡ: 

23.2% O2 ʠ 76.8% N2. ɺʜʫʚ ʚʦʜʦʨʦʜʘ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʠʟ ʪʨʫʙʢʠ ʩ ʪʦʣʱʠʥʦʡ 

ʩʪʝʥʦʢ 0.55 ʤʤ. ɼʠʘʤʝʪʨ ʵʪʦʡ ʪʨʫʙʢʠ ʨʘʚʝʥ D = 11.6 ʤʤ. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 11. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʟ-ʟʘ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʘʯʠ 

ʪʦʧʣʠʚʘ ʠ ʚʦʟʜʫʭʘ ʛʦʨʝʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʧʨʦʠʟʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ 

ʤʝʩʪʘ ʚʜʫʚʘ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʘʩʩʪʦʷʥʠʠ x/D = 0.0, 5.51, 9.58, 15.44, 

25.2, 42.8 ʠ 63.6, ʛʜʝ x - ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ ʜʦ ʤʝʩʪʘ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʷ. ɺ ʨʘʙʦʪʝ [35] ʪʘʢʞʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʚʠʟʫʘʣʴʥʳʭ 

ʥʘʙʣʶʜʝʥʠʡ. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [35] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-
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ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [7,36]. ɺ ʨʘʙʦʪʘʭ [7] ʠ [36] ʧʨʦʠʟʚʦʜʠʪʩʷ ʚʝʨʠʬʠʢʘʮʠʷ 

ʜʚʫʤʝʨʥʦʛʦ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ ʩ k-Ů ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

 

ʈʠʩ. 11 ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʕʛʛʝʨʩʘ [35] .  

ʊʘʙʣ. 11 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʕʛʛʝʨʩʘ [35] .  

 ʉ ʛʦʨʝʥʠʝʤ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 1.32 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 1.0 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 219 

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 1.0 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʂ 255 

ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʄ 0.88 

1.2.9. ʕʢʩʧʝʨʠʤʝʥʪ HyShot-2 

 ɺ 2002 ʛʦʜʫ ʙʳʣ ʧʨʦʚʝʜʝʥ ʫʩʧʝʰʥʳʡ ʟʘʧʫʩʢ ɻʃɸ HyShot [37,38], ʢʦʪʦʨʳʡ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʫʩʧʝʰʥʦʝ ʛʦʨʝʥʠʝ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʥʘ ʩʢʦʨʦʩʪʠ ʘʧʧʘʨʘʪʘ 
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7.8 ʄ ʠ ʚ ʜʠʘʧʘʟʦʥʝ ʚʳʩʦʪ ʦʪ 36 ʢʤ ʜʦ 25 ʢʤ. ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʘʧʧʘʨʘʪ ʧʦʜʥʠʤʘʣʩʷ ʨʘʢʝʪʦʡ Terrier-Orion Mk70 ʥʘ ʚʳʩʦʪʫ 300 ʢʤ ʠ ʩʙʨʘʩʳʚʘʶʪ 

ʩ ʵʪʦʡ ʚʳʩʦʪʳ. ʂʘʢ ʪʦʣʴʢʦ ʘʧʧʘʨʘʪ ʜʦʩʪʠʛʘʝʪ ʩʢʦʨʦʩʪʠ 7.5 ʄ ʥʘʯʠʥʘʝʪʩʷ 

ʧʨʦʮʝʩʩ ʠʟʤʝʨʝʥʠʡ ʨʘʙʦʪʳ ɻʇɺʈɼ. ɸʧʧʘʨʘʪ ʩʦʩʪʦʷʣ ʠʟ ʥʦʩʦʚʦʛʦ ʢʣʠʥʘ, ʠ ʜʚʫʭ 

ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʢʘʤʝʨ ɻʇɺʈɼ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʣʦʩʢʦʩʪʠ ʩʠʤʤʝʪʨʠʠ ʘʧʧʘʨʘʪʘ. ɺʦ ʚʨʝʤʷ ʧʦʣʝʪʘ ʦʜʠʥ ʠʟ ʜʚʠʛʘʪʝʣʝʡ ʨʘʙʦʪʘʣ, ʚ 

ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʜʫʚ ʪʦʧʣʠʚʘ ʚʦ ʚʪʦʨʦʡ ʥʝ ʦʩʫʱʝʩʪʚʣʷʣʩʷ. ʉʭʝʤʘ ʢʘʤʝʨ ɻʇɺʈɼ 

ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 12. ɺʳʩʦʪʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʥʘʣ ʨʘʚʥʘ 9.8 ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʪʦʧʣʠʚʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʦʜʦʨʦʜ, ʚʜʫʚʘʝʤʳʡ ʥʦʨʤʘʣʴʥʦ ʩʦ ʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ. ɺʜʫʚ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʠʟ ʯʝʪʳʨʝʭ ʦʪʜʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʦʪʚʝʨʩʪʠʡ ʜʠʘʤʝʪʨʦʤ 2 

ʤʤ. ɼʘʚʣʝʥʠʝ ʧʦʜʘʚʘʝʤʦʛʦ ʪʦʧʣʠʚʘ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ ʙʳʣ ʨʘʚʝʥ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ű=0.3. ʋʩʣʦʚʠʷ 

ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 12. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʢʘʢ ʩ ʛʦʨʝʥʠʝʤ, ʪʘʢ ʠ ʙʝʟ 

ʥʝʛʦ, ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʧʦʣʝʪʘ (ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʜʘʚʣʝʥʠʷ ʠ 

ʩʢʦʨʦʩʪʠ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ). ʇʝʨʝʜ ʧʦʣʝʪʦʤ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʥʘʟʝʤʥʳʝ ʠʩʧʳʪʘʥʠʷ [39]. ɺ ʨʘʙʦʪʝ [40] ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʣʝʪʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘʟʝʤʥʳʭ ʠʩʧʳʪʘʥʠʡ. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [37ï39] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [20,38,41ï46]. ɺ ʨʘʙʦʪʘʭ [20,42,45,46] ʠ [47] ʧʨʦʚʦʜʠʪʩʷ 

ʚʘʣʠʜʘʮʠʷ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʢʦʜʦʚ ʨʘʩʯʝʪʘ ɻʇɺʈɼ ʥʘ ʦʩʥʦʚʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ [37] ʠ [40] ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ. 

ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʜʣʷ ʚʝʨʥʦʛʦ ʦʧʠʩʘʥʠʷ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ ʚ 

ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ, ʥʦ ʠ 

ʚʭʦʜʥʦʝ ʢʣʠʥʦʚʠʜʥʦʝ ʫʩʪʨʦʡʩʪʚʦ. ɺ ʨʘʙʦʪʝ [44] ʠʩʧʦʣʴʟʫʝʪʩʷ RANS 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʙʝʟ ʛʦʨʝʥʠʷ ʠ ʩ 

ʛʦʨʝʥʠʝʤ. ɺ ʨʘʙʦʪʝ [38] ʠʩʧʦʣʴʟʫʝʪʩʷ 3D RANS ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘ ʦʩʥʦʚʝ 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʢʦʜʘ GASP v3.2. ɺ ʨʘʙʦʪʝ [43] ʧʨʦʚʦʜʠʪʩʷ ʪʨʝʭʤʝʨʥʦʝ 

ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ LES ʠ RANS ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ open-
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FOAM. ʇʨʠʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʩʭʝʤʳ (ʗʢʠʤʦʚʩʢʦʛʦ [48] ʠ ɼʘʚʠʜʝʥʢʦ [49]). ɺ ʨʘʙʦʪʝ [41] ʠʩʧʦʣʴʟʫʝʪʩʷ q-ɤ 

ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʜʣʷ 3D ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ PDF (ʬʫʥʢʮʠʠ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʝʡ). 

ʉʨʘʚʥʠʚʘʶʪʩʷ ʨʝʰʝʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʩʭʝʤ 

(ʕʚʘʥʩʘ-ʐʝʢʩʥʘʡʜʝʨʘ [13] ʠ ʗʢʠʤʦʚʩʢʦʛʦ [46]). 

 

ʈʠʩ. 12 ʉʭʝʤʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ HyShot-2 [37ï

39]. 

ʊʘʙʣ. 12 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ HyShot-2 [37ï39]. 

 ʉ ʛʦʨʝʥʠʝʤ ɹʝʟ ʛʦʨʝʥʠʷ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 2.5 - 3.43 2.6 - 3.45 

ɼʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 0.25 - 0.51 0.25 - 0.5 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 930 - 1328 921 - 1306 

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 0 - 1.4 - 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʪʦʧʣʠʚʘ 0.32 - 0.47 - 

ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʄ 1.0 - 

1.2.10. ʕʢʩʧʝʨʠʤʝʥʪ M11 DHL 

 ɺ ʢɻʩʧʝʨʠʤʝʥʪʝ M11 DHL [50] ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʩʤʝʰʝʥʠʷ ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʛʦʨʝʥʠʷ ʩʪʨʫʠ ʚʦʜʦʨʦʜʘ ʚ ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ. 
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ʉʭʝʤʘʪʠʯʝʩʢʠʡ ʚʠʜ ʩʙʦʢʫ ʥʘ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 13. ʐʠʨʠʥʘ 

ʢʘʤʝʨʳ ʨʘʚʥʘ 40 ʤʤ. ʋʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 13. 

ɺʜʫʚ ʪʦʧʣʠʚʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʦ ʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʪʦʢʫ ʠʟ 15 

ʢʨʫʛʣʳʭ ʦʪʚʝʨʩʪʠʡ ʜʠʘʤʝʪʨʦʤ 1 ʤʤ (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʪʚʝʨʩʪʠʷʤʠ 2.4 ʤʤ), 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʢʣʠʥʦʚʠʜʥʦʡ ʨʘʩʧʦʨʢʝ ʚ ʮʝʥʪʨʝ ʢʘʤʝʨʳ, ʢʘʢ ʧʦʢʘʟʘʥʦ 

ʩʭʝʤʘʪʠʯʝʩʢʠ ʥʘ ʨʠʩ. 14. ɿʘ ʩʯʝʪ ʬʦʨʤʳ ʠʥʞʝʢʪʦʨʘ ʟʘ ʥʠʤ ʚʦʟʥʠʢʘʝʪ ʩʠʩʪʝʤʘ 

ʫʜʘʨʥʳʭ ʚʦʣʥ, ʢʦʪʦʨʘʷ ʫʣʫʯʰʘʝʪ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʩʪʨʫʠ ʚʦʜʦʨʦʜʘ. ʇʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʦʪʨʘʞʝʥʥʳʭ ʦʪ ʩʪʝʥʢʠ ʫʜʘʨʥʳʭ ʚʦʣʥ ʩʦ ʩʣʦʝʤ ʩʤʝʰʝʥʠʷ 

ʦʙʨʘʟʫʶʪʩʷ ʣʦʢʘʣʴʥʳʝ ʦʙʣʘʩʪʠ ʩ ʙʦʣʝʝ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ, ʚ ʢʦʪʦʨʳʭ 

ʧʨʦʠʩʭʦʜʠʪ ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʛʦʨʶʯʝʡ ʩʤʝʩʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʜʝʨʞʠʚʘʪʴ 

ʛʦʨʝʥʠʝ, ʥʦ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʯʪʦ 

ʦʧʨʝʜʝʣʷʝʪ ʦʙʱʫʶ ʩʠʣʫ ʪʷʛʠ ʜʚʠʛʘʪʝʣʷ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʠʟʚʝʜʝʥʳ 

ʠʟʤʝʨʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʥʘ ʦʩʠ ʢʘʤʝʨʳ ʠ ʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʥʘ 

ʩʪʝʥʢʝ ʢʘʤʝʨʳ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʚʠʟʫʘʣʴʥʳʝ ʥʘʙʣʶʜʝʥʠʷ. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [50] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [51ï56]. ɺ ʨʘʙʦʪʝ [51] ʠʩʧʦʣʴʟʫʝʪʩʷ LES ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ TVD ʩʭʝʤʳ. ɺ ʨʘʙʦʪʝ [52] 

ʠʩʧʦʣʴʟʫʝʪʩʷ LES ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ɺ ʨʘʙʦʪʝ [53] ʠʩʧʦʣʴʟʫʝʪʩʷ LES ʤʦʜʝʣʴ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʜʚʫʭ ʤʦʜʝʣʝʡ ʬʫʥʢʮʠʠ 

ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ (PDF) ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʛʦʨʝʥʠʷ (ɓ- ʠ ŭ- 

ʬʫʥʢʮʠʠ). ʀʩʧʦʣʴʟʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʘʜʘʧʪʠʚʥʳʭ ʩʝʪʦʢ ʜʣʷ ʧʦʜʨʦʙʥʦʛʦ 

ʦʧʠʩʘʥʠʷ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʝʚ, ʩʣʦʝʚ ʩʤʝʰʝʥʠʷ ʠ ʩʪʨʫʢʪʫʨʳ ʧʣʘʤʝʥʠ. ɺ ʨʘʙʦʪʝ 

[3] ʠʩʧʦʣʴʟʫʝʪʩʷ k-Ů ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʨʘʙʦʪʝ [54] ʧʨʦʚʦʜʠʪʩʷ 

ʩʨʘʚʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʝʡ: LES, LES-LEM (Linear Eddy 

Mixing) ʠ RANS. ɺ ʨʘʙʦʪʝ ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ LES-LEM ʤʦʜʝʣʴ ʣʫʯʰʝ 

ʦʧʠʩʳʚʘʝʪ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʙʦʣʴʰʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʤʝʩʪʘ ʚʜʫʚʘ. ɺ ʨʘʙʦʪʝ 

[55] ʠʩʧʦʣʴʟʫʝʪʩʷ LES ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩ ʥʦʚʳʤ ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ 

ʧʦʜʩʝʪʦʯʥʳʤ ʟʘʤʳʢʘʥʠʝʤ ʜʣʷ ʩʞʠʤʘʝʤʦʛʦ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ. ɺ 

ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʣʦʙʘʣʴʥʳʡ ʢʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʛʦʨʝʥʠʷ ʚʦʜʦʨʦʜʘ 

[57]. ɺ ʨʘʙʦʪʝ [56] ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʧʦ 2D RANS 
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ʢʦʜʫ FLUENT c ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ ʤʝʪʦʜʠʢʦʡ.  

 

ʈʠʩ. 13 ʉʭʝʤʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ M11 DHL [50] . 

 

ʈʠʩ. 14 ʉʭʝʤʘ ʨʘʩʧʦʨʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘ M11 DHL [50], ʯʝʨʝʟ ʢʦʪʦʨʫʶ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʜʫʚ ʚʦʜʦʨʦʜʘ. 

ʊʘʙʣ. 13 ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ M11 DHL [50] . 

 ʉ ʛʦʨʝʥʠʝʤ ɹʝʟ ʛʦʨʝʥʠʷ 

ʉʢʦʨʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʄ 1.5; 2.0; 2.5  1.5; 2.0; 2.5  

ʇʦʣʥʦʝ ʜʘʚʣʝʥʠʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʘʪʤ 19.7 19.7 

ʊʝʤʧʝʨʘʪʫʨʘ ʪʦʨʤʦʞʝʥʠʷ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ, ʂ 1500 1500 

ɼʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʘʪʤ 59.2 - 138.1  

ʊʝʤʧʝʨʘʪʫʨʘ ʪʦʨʤʦʞʝʥʠʷ ʪʦʧʣʠʚʘ, ʂ 293 - 1000  

ʉʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ, ʄ 1.0  
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1.2.11. ʕʢʩʧʝʨʠʤʝʥʪ SCHOLAR 

 ʕʢʩʧʝʨʠʤʝʥʪ SCHOLAR [58,59] ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʦʜʦʙʨʝʥʥʳʭ NATO Research and Technology Organization ʜʣʷ ʚʘʣʠʜʘʮʠʠ CFD 

ʢʦʜʦʚ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʙʳʣʘ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʘ NASA Langley 

Direct-Connect Supersonic Combustion Test Facility. ɺ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ ʧʦʩʪʫʧʘʝʪ 

ʨʘʟʦʛʨʝʪʳʡ ʟʘ ʩʯʝʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʩʞʠʛʘʥʠʷ ʚʦʜʦʨʦʜʘ ʧʦʪʦʢ ʚʦʟʜʫʭʘ, 

ʢʦʪʦʨʳʡ ʫʩʢʦʨʷʝʪʩʷ ʨʘʩʰʠʨʷʶʱʠʤʩʷ ʩʦʧʣʦʤ ʜʦ ʩʢʦʨʦʩʪʠ 2 ʄʘʭʘ, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʢʦʨʦʩʪʠ ʧʦʣʝʪʘ 6-7 ʄ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʜʚʫʭ 

ʨʘʟʣʠʯʥʳʭ ʪʝʩʪʦʚʳʭ ʤʦʜʝʣʷʭ. ɺ ʦʜʥʦʡ ʚʦʜʦʨʦʜ ʚʜʫʚʘʝʪʩʷ ʧʦʜ ʫʛʣʦʤ 30Á ʢ 

ʧʦʪʦʢʫ ʩʦ ʩʢʦʨʦʩʪʴʶ 2.5 ʄ, ʘ ʚ ʜʨʫʛʦʡ ʚʦʜʦʨʦʜ ʚʜʫʚʘʝʪʩʷ ʥʦʨʤʘʣʴʥʦ ʩʦ 

ʟʚʫʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ. ʉʭʝʤʳ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩ. 15 ʠ ʨʠʩ. 16, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʐʠʨʠʥʘ ʢʘʣʘʥʘ ʚ ʦʙʦʠʭ ʪʝʩʪʦʚʳʭ ʤʦʜʝʣʷʭ 

ʙʳʣʘ ʦʜʠʥʘʢʦʚʦʡ ʠ ʨʘʚʥʦʡ 87.88 ʤʤ. 

 ɺʜʫʚ ʪʦʧʣʠʚʘ ʚ ʧʝʨʚʦʡ ʪʝʩʪʦʚʦʡ ʤʦʜʝʣʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʠʟ ʧʷʪʠ 

ʬʦʨʩʫʥʦʢ ʜʦ ʫʩʪʫʧʘ ʨʘʟʤʝʨʦʤ - 1.27 ʤʤ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʤʝʞʜʫ ʥʠʤʠ 12.7 ʤʤ ʠ 

ʦʜʥʦʡ ʙʦʣʴʰʦʡ ʬʦʨʩʫʥʢʠ ʧʦʩʣʝ ʫʩʪʫʧʘ ʧʦʜ ʫʛʣʦʤ 30Á ʢ ʧʦʪʦʢʫ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩ. 15. ʇʦʜʨʦʙʥʘʷ ʩʭʝʤʘ ʚʪʦʨʦʡ ʪʝʩʪʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 16. 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 14. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʦʠʟʚʝʜʝʥʳ 

ʠʟʤʝʨʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʘʚʣʝʥʠʷ ʥʘ ʩʪʝʥʢʘʭ ʠ ʢʘʤʝʨʳ ʠ ʠʟʤʝʨʷʶʪʩʷ ʧʦʪʦʢʠ 

ʪʝʧʣʘ ʢ ʩʪʝʥʢʝ. ʊʘʢʞʝ ʩ ʧʦʤʦʱʴʶ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (CARS) 

ʧʨʦʠʟʚʦʜʷʪʩʷ ʠʟʤʝʨʝʥʠʷ ʘʙʩʦʣʶʪʥʳʭ ʤʦʣʴʥʳʭ ʬʨʘʢʮʠʡ N2, O2 ʠ H2. 

 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [58,59] ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʚ ʨʘʩʯʝʪʥʦ-

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ [20,56,60ï66]. ɺ ʨʘʙʦʪʝ [20] ʠʩʧʦʣʴʟʫʝʪʩʷ 2D ʢʦʜ 

NERAT ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ SCOLAR, ʥʦ ʚ ʢʘʯʝʩʪʚʝ ʪʦʧʣʠʚʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʵʪʠʣʝʥ (ʉ2H4) ʠ ʧʨʦʚʦʜʠʣʘʩʴ ʦʮʝʥʢʘ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʠ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʪʝʧʣʘ ʢ ʩʪʝʥʢʝ. ɺ ʨʘʙʦʪʝ [63] ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ k-ɝ ʤʦʜʝʣʴ (ʛʜʝ ɝ - ʵʥʩʪʨʦʬʠʷ). ɺ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʚʘ ʢʠʥʝʪʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʘ ʛʦʨʝʥʠʷ ʚʦʜʦʨʦʜʘ: ʗʢʠʤʦʚʩʢʦʛʦ [48] 

ʠ ʂʘʥʥʘʠʨʝ [67]. ɺ ʨʘʙʦʪʝ [62] ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʨʝʭʤʝʨʥʳʡ ʢʦʜ SPARK ʚ ʢʦʪʦʨʦʤ 

ʨʝʰʘʝʪʩʷ ʧʦʣʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ. ɺ ʨʘʙʦʪʝ [64] ʠʩʧʦʣʴʟʫʝʪʩʷ 
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ʛʠʙʨʠʜʥʳʡ LES/RANS ʤʝʪʦʜ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʜʘʝʪʩʷ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʝ ʩʤʝʩʠ. ɺ ʨʘʙʦʪʝ [56] ʧʨʦʚʦʜʠʪʩʷ 

ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʦʚ ʧʦ 2D RANS ʢʦʜʫ FLUENT c ʢʚʘʟʠʦʜʥʦʤʝʨʥʦʡ 

ʤʝʪʦʜʠʢʦʡ. ɺ ʨʘʙʦʪʘʭ [65,66] ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʚʘʣʠʜʘʮʠʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʢʦʜʘ VULCAN. ɺ ʨʘʙʦʪʝ [60] 

ʠʩʧʦʣʴʟʫʝʪʩʷ RANS ʤʝʪʦʜ ʩ ʨʘʟʣʠʯʥʳʤʠ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʩʭʝʤʘʤʠ ʠ PDF 

(ʬʫʥʢʮʠʷ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ) ʤʝʪʦʜʠʢʦʡ ʦʧʠʩʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʛʦʨʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ [61] ʠʩʧʦʣʴʟʫʝʪʩʷ LES ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʩ ʫʧʨʦʱʝʥʥʳʤ ʛʣʦʙʘʣʴʥʳʤ 

ʢʠʥʝʪʠʯʝʩʢʠʤ ʤʝʭʘʥʠʟʤʦʤ ʠ ʤʝʭʘʥʠʟʤʦʤ ʗʢʠʤʦʚʩʢʦʛʦ [48].  

 

 

ʈʠʩ. 15 ʉʭʝʤʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ SCHOLAR 

[58,59] ʩ ʚʜʫʚʦʤ ʧʦʜ ʫʛʣʦʤ 30Á. 

 

ʈʠʩ. 16 ʉʭʝʤʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ SCHOLAR 

[58,59] ʩ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʚʜʫʚʦʤ.  










































































































































































































































































