
ʌɽɼɽʈɸʃʔʅʆɽ ɻʆʉʋɼɸʈʉʊɺɽʅʅʆɽ ɹʖɼɾɽʊʅʆɽ ʆɹʈɸɿʆɺɸʊɽʃʔʅʆɽ 

ʋʏʈɽɾɼɽʅʀɽ ɺʓʉʐɽɻʆ ʆɹʈɸɿʆɺɸʅʀʗ  

çʋʌʀʄʉʂʀʁ ʋʅʀɺɽʈʉʀʊɽʊ ʅɸʋʂʀ ʀ ʊɽʍʅʆʃʆɻʀʁè 

(ʌɻɹʆʋ ɺʆ çʋʋʅʠʊè) 

 

 ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ 

 

 

 

ʂʫʪʣʫʤʫʭʘʤʝʜʦʚ ɸʨʪʫʨ ʈʘʤʠʣʝʚʠʯ 

 

ʄɽʊʆɼ ʈɸʉʏɪʊɸ ɺʓɹʈʆʉʆɺ ʄʆʅʆʆʂʉʀɼɸ ʋɻʃɽʈʆɼɸ 

 ʉ ʌʆʈʄɸʃʀɿʆɺɸʅʅʓʄ ɺʓɼɽʃɽʅʀɽʄ ɿʆʅ,  

ʃʀʄʀʊʀʈʋʖʑʀʍ ɽɻʆ ʆʂʀʉʃɽʅʀɽ ɺ ʂɸʄɽʈɸʍ ʉɻʆʈɸʅʀʗ 

ɻɸɿʆʊʋʈɹʀʅʅʓʍ ɼɺʀɻɸʊɽʃɽʁ 

 

 

2.5.15. ʊʝʧʣʦʚʳʝ, ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʝ ʜʚʠʛʘʪʝʣʠ  

ʠ ʵʥʝʨʛʦʫʩʪʘʥʦʚʢʠ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ 

 

 

ɼʠʩʩʝʨʪʘʮʠʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʸʥʦʡ ʩʪʝʧʝʥʠ  

ʢʘʥʜʠʜʘʪʘ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ 

 

 

 

 ʅʘʫʯʥʳʡ ʨʫʢʦʚʦʜʠʪʝʣʴ: 

ɹʘʢʠʨʦʚ ʌʸʜʦʨ ɻʘʡʬʫʣʣʦʚʠʯ 

ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ 

 

 

 

 

ʋʬʘ ï 2024 
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4 
 

ɺɺɽɼɽʅʀɽ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠ ʩʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʂ 

ʘʚʠʘʮʠʦʥʥʳʤ ɻʊɼ ʛʨʘʞʜʘʥʩʢʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʠ ʥʘʟʝʤʥʳʤ ɻʊʋ ʧʨʝʜʲʷʚʣʷʶʪʩʷ 

ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʜʦʧʫʩʪʠʤʳʤ ʢʦʥʮʝʥʪʨʘʮʠʷʤ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ. 

ʕʪʠ ʪʨʝʙʦʚʘʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʫʞʝʩʪʦʯʘʶʪʩʷ. 

ʂ ʚʨʝʜʥʳʤ ʚʝʱʝʩʪʚʘʤ ʦʪʥʦʩʷʪ ï ʦʢʩʠʜʳ ʘʟʦʪʘ NOx, ʤʦʥʦʦʢʩʠʜ ʫʛʣʝʨʦʜʘ ʉʆ 

(ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʥʘʠʤʝʥʦʚʘʥʠʝ ï ʦʢʩʠʜ ʫʛʣʝʨʦʜʘ (II)), ʥʝʩʛʦʨʝʚʰʠʝ ʫʛʣʝʚʦʜʦʨʦʜʳ 

uʉʅ, ʯʘʩʪʠʮʳ ʩʘʞʠ ʠ ʜʨ. ʂʦʣʠʯʝʩʪʚʦ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ ʧʨʦʜʫʢʪʘʭ ʚʳʭʣʦʧʘ, 

ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʙʦʯʠʤ ʧʨʦʮʝʩʩʦʤ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ. ʀʟʚʝʩʪʥʦ, 

ʯʪʦ ʤʝʭʘʥʠʟʤʳ ʦʙʨʘʟʦʚʘʥʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʦʪʣʠʯʥʳ ʤʝʞʜʫ ʩʦʙʦʡ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʤʝʨʦʧʨʠʷʪʠʷ ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʫʩʪʨʘʥʝʥʠʝ ʪʝʭ ʠʣʠ 

ʠʥʳʭ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ, ʘ ʪʘʢʞʝ ʤʝʪʦʜʳ ʦʮʝʥʢʠ ʠʭ ʢʦʣʠʯʝʩʪʚʘ ʚ ʧʨʦʜʫʢʪʘʭ 

ʩʛʦʨʘʥʠʷ.  

ɺʳʜʝʣʷʶʪ ʪʨʠ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʘ ʨʘʩʯʝʪʥʦʡ ʦʮʝʥʢʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚʨʝʜʥʳʭ 

ʚʝʱʝʩʪʚ: ʨʘʩʯʝʪ ʧʦ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤ ʟʘʚʠʩʠʤʦʩʪʷʤ ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤ ʜʘʥʥʳʤ; 

ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʛʘʟʦʚʘʷ ʜʠʥʘʤʠʢʘ (CFD). ʉʫʱʝʩʪʚʫʶʪ ʪʘʢʞʝ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ. 

ʄʝʪʦʜ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʧʦ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤ 

ʟʘʚʠʩʠʤʦʩʪʷʤ ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤ ʜʘʥʥʳʤ çʦʧʠʨʘʝʪʩʷè ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʙʘʟʫ 

ʠ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʳʩʪʨʳʝ ʚʳʯʠʩʣʝʥʠʷ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ 

ʩʣʦʞʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʦʜʫʢʪʦʚ. ʆʜʥʘʢʦ ʧʨʠʤʝʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ, ʧʦʣʫʯʝʥʥʳʭ 

ʧʦ ʵʤʧʠʨʠʯʝʩʢʠʤ ʜʘʥʥʳʤ, ʦʛʨʘʥʠʯʝʥʦ ʢʦʥʩʪʨʫʢʮʠʝʡ ʠ ʫʩʣʦʚʠʷʤʠ ʨʘʙʦʪʳ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ. 

CFD ï ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʡ ʠ ʨʘʟʚʠʪʳʡ ʤʝʪʦʜ ʨʘʩʯʝʪʥʦʡ ʦʮʝʥʢʠ ʚʨʝʜʥʳʭ 

ʚʳʙʨʦʩʦʚ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʪ.ʢ. ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʜʝʨʞʠʪ 

ʪʨʝʭʤʝʨʥʫʶ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʠ ʨʝʘʛʝʥʪʦʚ ʚ ʨʘʙʦʯʝʡ ʦʙʣʘʩʪʠ. 

ʆʜʥʘʢʦ ʩʣʦʞʥʦʩʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ 

ʤʦʱʥʦʩʪʴ ʩʦʚʨʝʤʝʥʥʦʡ ʪʝʭʥʠʢʠ ʦʛʨʘʥʠʯʠʚʘʶʪ ʧʨʷʤʦʝ ʧʨʠʤʝʥʝʥʠʝ ʜʝʪʘʣʴʥʳʭ 

(ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ) ʤʝʭʘʥʠʟʤʦʚ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ, ʯʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ 
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ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʘ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʚʳʥʫʞʜʝʥʳ 

ʩʪʨʦʠʪʴ ʤʦʜʝʣʠ ʛʦʨʝʥʠʷ ʥʘ ʜʦʧʫʱʝʥʠʷʭ, ʢʦʪʦʨʳʝ çʦʪʜʝʣʷʶʪ ʭʠʤʠʶ ʦʪ 

ʛʘʟʦʜʠʥʘʤʠʢʠè.  

ɺ ʨʝʘʢʪʦʨʥʦʤ ʤʝʪʦʜʝ ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ ʤʦʜʝʣʠʨʫʝʪʩʷ ʮʝʧʴʶ (ʩʝʪʴʶ) 

ʨʝʘʢʪʦʨʦʚ. ʄʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʨʝʘʢʪʦʨʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʳ ʠ ʧʦʟʚʦʣʷʶʪ 

ʧʨʦʚʦʜʠʪʴ ʙʳʩʪʨʳʝ ʚʳʯʠʩʣʝʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ (ʩ ʪʦʯʥʳʤ ʨʘʩʯʝʪʦʤ ʩʢʦʨʦʩʪʝʡ ʨʝʘʢʮʠʡ). ʆʜʥʘʢʦ ʩʪʨʫʢʪʫʨʘ 

ʪʝʯʝʥʠʷ ʚ ʵʪʠʭ ʤʦʜʝʣʷʭ ʯʨʝʟʤʝʨʥʦ ʫʧʨʦʱʝʥʘ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʨʘʩʯʸʪʘ ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ 

ʩʛʦʨʘʥʠʷ ɻʊɼ ʚ ʨʘʤʢʘʭ ʨʘʟʚʠʪʠʷ ʢʦʥʮʝʧʮʠʠ çʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚè ʨʘʩʯʸʪʘ 

ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ [31, 24, 22, 45, 46, 54, 70, 74, 79-82, 84-86, 91, 95, 99, 100]. 

ʂʦʤʙʠʥʠʨʫʶʪʩʷ CFD ʠ ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʪʨʦʠʪʩʷ ʥʘ ʙʘʟʝ ʨʝʟʫʣʴʪʘʪʦʚ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʩ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʦʡ ʠ ʙʦʣʝʝ ʪʦʯʥʦʡ 

ʦʮʝʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ. 

ʈʘʟʚʠʪʠʶ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ ʠ ʠʭ ʙʘʟʦʚʳʭ ʧʦʣʦʞʝʥʠʡ ʧʦʩʚʷʱʝʥʦ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʨʘʙʦʪʘʭ ɿʘʭʘʨʦʚʘ ɺ.ʄ., ʃʝʙʝʜʝʚʘ ɸ.ɹ, ʉʝʢʫʥʜʦʚʘ ɸ.ʅ., 

ʉʪʘʨʠʢʘ ɸ.ʄ., ʂʘʰʘʧʦʚʘ ʈ.ʉ., ʄʘʢʩʠʤʦʚʘ ɼ.ɸ., ʉʢʠʙʳ ɼ.ɺ., ɹʘʢʠʨʦʚʘ ʌ.ɻ., 

ʃʫʢʘʯʚyʘ ʉ.ɺ., ɼʠʜʝʥʢʦ ɸ.ɸ., ɿʫʙʨʠʣʠʥʘ ʀ.ɸ., ʄʘʪʚʝʝʚʘ ʉ.ʉ., ʏʝʯʝʪʘ ʀ.ɺ., 

ʉʝʤʝʥʠʭʠʥʘ ɸ.ʉ.,  ʄʠʥʛʘʟʦʚʘ ɹ.ɻ., ʎʘʪʠʘʰʚʠʣʠ ɺ.ɺ., ʘ ʪʘʢʞʝ Turns S.R., 

Marchand M.D., Novosselov I.V., Rutar T., Malte P.C., Nicol D.G., Fichet V. ʠ ʜʨ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʟʦʨʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʣʠʪʝʨʘʪʫʨʳ, ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ 

ʟʘʜʘʯʝ ʦʮʝʥʢʠ ʫʨʦʚʥʷ ʚʳʙʨʦʩʦʚ ʉʆ ʧʦ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤʫ ʤʝʪʦʜʫ, ʦʪʤʝʯʝʥʦ 

ʩʣʝʜʫʶʱʝʝ: 

- ʙʦʣʴʰʠʥʩʪʚʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʦ ʨʘʩʯʝʪʫ ʚʳʙʨʦʩʦʚ ʦʢʩʠʜʦʚ ʘʟʦʪʘ (NOx); 

- ʥʝʦʙʭʦʜʠʤʦ ʧʦʚʳʰʝʥʠʝ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʦʚ ʚʳʙʨʦʩʦʚ ʉʆ ʧʦ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤʫ ʤʝʪʦʜʫ; 
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- ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʪʦʯʥʦʩʪʴ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ ʦʢʘʟʳʚʘʝʪ ʫʯʝʪ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʩʪʘʚʘ ʩʤʝʩʠ (ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ); 

- ʪʨʝʙʫʝʪʩʷ ʬʦʨʤʘʣʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʧʦ ʩʪʨʫʢʪʫʨʝ ʪʝʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʡ ʠʟ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʨʘʙʦʪʘʶʱʠʭ 

ʥʘ ʧʨʠʨʦʜʥʦʤ ʛʘʟʝ (ʤʝʪʘʥʝ). ʕʪʦ ʪʦʧʣʠʚʦ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʥʘʟʝʤʥʳʭ ɻʊʋ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʳʭ ʠʟ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ. ɺ ʢʘʯʝʩʪʚʝ 

ʘʚʠʘʮʠʦʥʥʦʛʦ ʪʦʧʣʠʚʘ ʩʞʠʞʝʥʥʳʡ ʧʨʠʨʦʜʥʳʡ ʛʘʟ (ʉʇɻ) ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ 

ʧʨʝʠʤʫʱʝʩʪʚ ʪ.ʢ. ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʉʆ2 ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ (ʚʚʠʜʫ 

ʤʝʥʴʰʝʛʦ ʦʪʥʦʰʝʥʠʷ ʉ/ʅ) ʠ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʠʤ ʭʣʘʜʦʨʝʩʫʨʩʦʤ (ʪʝʤʧʝʨʘʪʫʨʘ 

ʦʞʠʞʝʥʠʷ ʧʦʨʷʜʢʘ 112 ʂ [26]). ɺʦʟʤʦʞʥʦʩʪʴ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʤʝʥʝʥʠʷ 

ʉʇɻ ʚ ʘʚʠʘʮʠʠ ʚʧʝʨʚʳʝ ʧʦʜʪʚʝʨʞʜʝʥʘ ʣʸʪʥʳʤʠ ʠʩʧʳʪʘʥʠʷʤʠ ʩʘʤʦʣʸʪʘ ʊʫ-156 ʩ 

ʜʚʠʛʘʪʝʣʷʤʠ ʅʂ-89 [35, 52]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʤʘ ʨʘʙʦʪʳ ʘʢʪʫʘʣʴʥʘ ʚʚʠʜʫ ʧʦʩʪʦʷʥʥʦʛʦ ʫʞʝʩʪʦʯʝʥʠʷ 

ʪʨʝʙʦʚʘʥʠʡ ʧʦ ʚʨʝʜʥʳʤ ʚʳʙʨʦʩʘʤ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ ʢʦʣʠʯʝʩʪʚʘ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʚ ʧʨʦʜʫʢʪʘʭ 

ʩʛʦʨʘʥʠʷ ɻʊɼ. 

ʎʝʣʴ ʨʘʙʦʪʳ: ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

ʛʘʟʦʪʫʨʙʠʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʧʨʠʨʦʜʥʦʤ ʛʘʟʝ, ʧʨʠ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʟʘ ʩʯʸʪ ʬʦʨʤʘʣʠʟʦʚʘʥʥʦʛʦ ʚʳʜʝʣʝʥʠʷ ʟʦʥ, ʣʠʤʠʪʠʨʫʶʱʠʭ 

ʝʛʦ ʦʢʠʩʣʝʥʠʝ. 

ɿʘʜʘʯʠ ʨʘʙʦʪʳ: 

1 ʀʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʥʘ ʧʨʦʮʝʩʩʳ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʚʳʛʦʨʘʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. 

2 ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜ ʨʘʩʯʸʪʘ ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʧʦ 

ʬʦʨʤʘʣʠʟʦʚʘʥʥʦʡ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʩ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʦʡ ʠ 

ʩʭʝʤʘʪʠʯʥʳʤ ʦʧʠʩʘʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʦʟʜʫʭʘ ʠ 

ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ. 
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3 ʈʘʟʨʘʙʦʪʘʪʴ ʢʨʠʪʝʨʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʨʘʙʦʪʢʠ ʪʨʸʭʤʝʨʥʦʛʦ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

4 ɺʳʧʦʣʥʠʪʴ ʘʧʨʦʙʘʮʠʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʥʘ ʠʩʭʦʜʥʦʡ ʠ 

ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʡ ʤʘʣʦʵʤʠʩʩʠʦʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ 

ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ ʨʘʩʯʸʪʥʳʭ ʚʳʙʨʦʩʦʚ ʉʆ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠ ʥʘʪʫʨʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʧʨʠ ʨʘʙʦʪʝ ʥʘ ʧʨʠʨʦʜʥʦʤ ʛʘʟʝ. 

ʆʙʲʝʢʪ ʠ ʧʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʧʨʦʮʝʩʩʳ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʚʳʛʦʨʘʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʚ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ. ʇʨʝʜʤʝʪ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ  

1 ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʤʝʪʦʜ ʨʘʩʯʸʪʘ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ (ʉʆ) ʠʟ 

ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ, 

ʦʪʣʠʯʘʶʱʠʡʩʷ ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʤ ʧʦʩʪʨʦʝʥʠʝʤ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʨʸʭʤʝʨʥʦʛʦ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦ ʩʭʝʤʘʪʠʯʥʳʤ 

ʦʧʠʩʘʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʦʟʜʫʭʘ ʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ. 

2 ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʢʨʠʪʝʨʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ, ʦʪʣʠʯʘʶʱʠʡʩʷ ʦʙʦʙʱʝʥʠʝʤ çʙʝʜʥʳʭè ʟʦʥ, ʥʝʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʚ ʨʘʙʦʯʝʤ ʦʙʲʸʤʝ, ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ çʙʝʜʥʳʝè ʩʪʨʫʡʢʠ ʩ 

ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ ʦʢʠʩʣʝʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ.  

3 ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʢʨʠʪʝʨʠʡ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʢʪʦʨʘʤʠ ʟʦʥʳ ʧʣʘʤʝʥʠ, 

ʦʪʣʠʯʘʶʱʠʡʩʷ ʚʳʜʝʣʝʥʠʝʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʳ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤ ʩʜʚʠʛʦʤ 

ʨʘʚʥʦʚʝʩʠʷ ʚ ʩʪʦʨʦʥʫ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. 

4 ʇʨʝʜʩʪʘʚʣʝʥʳ ʥʦʚʳʝ ʨʘʩʯʸʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʣʠʷʥʠʷ ʥʘ ʚʳʙʨʦʩʳ ʉʆ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ 

ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʡ çʙʦʛʘʪʦ-ʙʝʜʥʦʡè ʤʘʣʦʵʤʠʩʩʠʦʥʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, 

ʦʪʣʠʯʘʶʱʠʝʩʷ ʟʘʢʦʥʦʤ ʧʦʜʚʦʜʘ ʚʦʟʜʫʭʘ ʠ ʨʝʞʠʤʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʩʦʚʤʝʩʪʥʦ ʩ 

ʜʘʥʥʳʤʠ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʸʪʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 
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ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʨʘʩʯʸʪʘ 

ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʟʘʢʦʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʦʟʜʫʭʘ ʧʦ ʞʘʨʦʚʦʡ ʪʨʫʙʝ, 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʩʪʘʚʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʦʥ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (ʟʦʥʘ 

ʧʣʘʤʝʥʠ, ʩʤʝʰʝʥʠʷ, ɿʆʊ) ʥʘ ʧʨʦʮʝʩʩʳ ʦʙʨʘʟʦʚʘʥʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ, ʚ ʯʘʩʪʥʦʩʪʠ 

ʉʆ, ʚ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ.  

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʨʘʩʯʝʪʥʦʤ 

ʤʝʪʦʜʝ, ʧʦʟʚʦʣʷʶʱʠʤ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʚʳʙʨʦʩʳ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʥʘ ʵʪʘʧʝ 

ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʦʟʜʫʭʘ ʧʦ ʜʣʠʥʝ, ʯʪʦ ʩʥʠʞʘʝʪ ʤʘʪʝʨʠʘʣʴʥʳʝ ʠ 

ʚʨʝʤʝʥʥʳʝ ʟʘʪʨʘʪʳ ʧʦ ʜʦʚʦʜʢʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʰʣʠ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ: 

- ʚ ʆʂɹ çʄʦʪʦʨè ʇɸʆ çʆɼʂ-ʋʄʇʆè ʚ ʨʘʤʢʘʭ ʨʘʩʯʸʪʦʚ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʥʘʟʝʤʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʠ ɻʊʕ-10/953, ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʠʯʝʩʢʦʛʦ 

ʧʨʝʜʣʦʞʝʥʠʷ ʧʦ ʛʘʟʦʪʫʨʙʠʥʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʝ ɻʊʋ-2ʋ ʤʦʱʥʦʩʪʴʶ 

2,5 ʄɺʪ, ʦʮʝʥʢʝ ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ ʧʨʠ ʩʪʝʥʜʦʚʳʭ ʠʩʧʳʪʘʥʠʷʭ ʘʚʠʘʮʠʦʥʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʘʢʪʦʤ ʚʥʝʜʨʝʥʠʷ ʦʪ 08.10.2024; 

- ʚ ʫʯʝʙʥʦʤ ʧʨʦʮʝʩʩʝ ʋʋʅʠʊ ʚ ʨʘʤʢʘʭ ʧʨʝʧʦʜʘʚʘʥʠʷ ʜʠʩʮʠʧʣʠʥʳ 

çʉʦʚʨʝʤʝʥʥʳʝ ʧʨʦʙʣʝʤʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʠ 

ʵʥʝʨʛʦʫʩʪʘʥʦʚʦʢè ʩʧʝʮʠʘʣʴʥʦʩʪʠ 25.05.02 çʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʘʚʠʘʮʠʦʥʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡè ʠ çʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʚ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼè ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʠʩʪʨʘʪʫʨʳ 24.04.05 çɼʚʠʛʘʪʝʣʠ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚè, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʘʢʪʦʤ ʚʥʝʜʨʝʥʠʷ ʦʪ 08.10.2024; 

- ʚ ʆʆʆ çʅʇʌ çʊʝʧʣʦʬʠʟʠʢʘè ʚ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ 

ʤʘʣʦʵʤʠʩʩʠʦʥʥʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʛʘʟʦʪʫʨʙʠʥʥʳʭ ʛʘʟʦʧʝʨʝʢʘʯʠʚʘʶʱʠʭ ʘʛʨʝʛʘʪʦʚ 

ɻʊʂ-10ʀʈ, ɻʊʂ-25ʀʈ, ɼɻ-90, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʘʢʪʦʤ ʚʥʝʜʨʝʥʠʷ ʦʪ 08.10.2024. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

1 ʄʝʪʦʜʳ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʛʦʨʝʥʠʷ ʚ 

ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ ʩʨʝʜʩʪʚʘʤʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ (CFD) ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʇʂ ANSYS CFX v.16.1. 

2 ʂʠʥʝʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʝʪʴʶ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ 

ʨʝʘʢʪʦʨʦʚ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ CANTERA 2.4.0. 
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3 ʇʨʠʤʝʥʝʥʠʝ ʜʝʪʘʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʦʢʠʩʣʝʥʠʷ 

ʤʝʪʘʥʘ GRI-Mech 3.0 (53 ʢʦʤʧʦʥʝʥʪʘ, 325 ʨʝʘʢʮʠʡ) ʧʨʠ ʨʘʩʯʝʪʝ ʨʝʘʢʪʦʨʥʳʭ 

ʤʦʜʝʣʝʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

4 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʦʪ ʢʘʤʝʨ 

ʩʛʦʨʘʥʠʷ ɻʊɼ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʪʪʝʩʪʦʚʘʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ʇʦʣʦʞʝʥʠʷ, ʚʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1 ʄʝʪʦʜ ʨʘʩʯʸʪʘ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ (ʉʆ) ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ, ʦʪʣʠʯʘʶʱʠʡʩʷ ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʤ 

ʧʦʩʪʨʦʝʥʠʝʤ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʨʸʭʤʝʨʥʦʛʦ 

CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦ ʩʭʝʤʘʪʠʯʥʳʤ ʦʧʠʩʘʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ, 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʦʟʜʫʭʘ ʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ. 

2 ʂʨʠʪʝʨʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, 

ʦʪʣʠʯʘʶʱʠʡʩʷ ʦʙʦʙʱʝʥʠʝʤ çʙʝʜʥʳʭè ʟʦʥ, ʥʝʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʚ 

ʨʘʙʦʯʝʤ ʦʙʲʸʤʝ, ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ çʙʝʜʥʳʝè ʩʪʨʫʡʢʠ ʩ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ 

ʦʢʠʩʣʝʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ.  

3 ʂʨʠʪʝʨʠʡ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʢʪʦʨʘʤʠ ʟʦʥʳ ʧʣʘʤʝʥʠ, ʦʪʣʠʯʘʶʱʠʡʩʷ 

ʚʳʜʝʣʝʥʠʝʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʳ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤ ʩʜʚʠʛʦʤ ʨʘʚʥʦʚʝʩʠʷ ʚ 

ʩʪʦʨʦʥʫ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. 

4 ʈʘʩʯʸʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʣʠʷʥʠʷ ʥʘ ʚʳʙʨʦʩʳ ʉʆ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʡ 

çʙʦʛʘʪʦ-ʙʝʜʥʦʡè ʤʘʣʦʵʤʠʩʩʠʦʥʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʦʪʣʠʯʘʶʱʠʝʩʷ ʟʘʢʦʥʦʤ 

ʧʦʜʚʦʜʘ ʚʦʟʜʫʭʘ ʠ ʨʝʞʠʤʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʩʦʚʤʝʩʪʥʦ ʩ ʜʘʥʥʳʤʠ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ 

ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʸʪʦʚ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ:  

- ʧʨʠʤʝʥʝʥʠʝʤ ʩʝʨʪʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʨʦʜʫʢʪʘ 

ANSYS CFX v.16.1 (ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʛʘʟʦʚʘʷ ʜʠʥʘʤʠʢʘ) ʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ 

CANTERA 2.4.0 (ʪʝʨʤʦʭʠʤʠʷ), ʚʝʨʠʬʠʮʠʨʦʚʘʥʥʳʭ ʨʘʟʨʘʙʦʪʯʠʢʘʤʠ ʠ 

ʘʧʨʦʙʠʨʦʚʘʥʥʳʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʥʘ ʪʠʧʦʚʳʭ ʟʘʜʘʯʘʭ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʢʘʤʝʨ 

ʩʛʦʨʘʥʠʷ ɻʊɼ; 
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-  ʧʨʠʤʝʥʝʥʠʝʤ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʠ ʰʠʨʦʢʦ ʩʝʙʷ ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʝʛʦ 

ʤʝʭʘʥʠʟʤʘ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ GRI-Mech 3.0 [71], ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʦʛʦ ʜʣʷ ʨʘʩʯʝʪʦʚ ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʥʘ (ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ); 

- ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠ ʘʪʪʝʩʪʦʚʘʥʥʦʛʦ ʠ ʧʦʚʝʨʝʥʥʦʛʦ 

ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ; 

- ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʩʦʦʪʚʝʪʩʪʚʠʷ ʨʘʩʯʸʪʥʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʦʪ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

([CO] = f(Ŭ)). 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ 

ʧʨʦʨʘʙʘʪʳʚʘʣʠʩʴ ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

- ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çɸʚʠʘʜʚʠʛʘʪʝʣʠ XXI  

ʚʝʢʘè (ʄʦʩʢʚʘ, ʎʀɸʄ, 2015); 

- ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʝ 

ʧʨʦʙʣʝʤʳ ʩʦʚʨʝʤʝʥʥʦʛʦ ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʷè (ʋʬʘ, ʋɻɸʊʋ, 2016 ʛ.); 

- 10-ʦʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʟʠʤʥʝʡ ʰʢʦʣʝ-ʩʝʤʠʥʘʨʝ ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠè (ʋʬʘ, ʋɻɸʊʋ, 2017 ʛ.); 

- ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʇʨʦʙʣʝʤʳ ʠ 

ʧʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʷè (ʉʘʤʘʨʘ, ʉɻɸʋ, 2018 ʛ.); 

- IX ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ 

ʩʧʝʮʠʘʣʠʩʪʦʚ (ʋʬʘ, ʇɸʆ çʆɼʂ-ʋʄʇʆè, 2018 ʛ.); 

- 12-ʦʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʟʠʤʥʝʡ ʰʢʦʣʝ-ʩʝʤʠʥʘʨʝ ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠè (ʋʬʘ, ʋɻɸʊʋ, 2019 ʛ.); 

- 13-ʦʡ ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʟʠʤʥʝʡ ʰʢʦʣʝ-ʩʝʤʠʥʘʨʝ ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠè (ʋʬʘ, ʋɻɸʊʋ, 2020 ʛ.); 

- ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʇʨʦʙʣʝʤʳ ʠ 

ʧʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʷè (ʉʘʤʘʨʘ, ʉɻɸʋ, 2021 ʛ.). 

ʉʦʦʪʚʝʪʩʪʚʠʝ ʧʘʩʧʦʨʪʫ ʩʧʝʮʠʘʣʴʥʦʩʪʠ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʘʩʧʦʨʪʫ ʥʘʫʯʥʦʡ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 2.5.15. ʊʝʧʣʦʚʳʝ, ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʝ 

ʜʚʠʛʘʪʝʣʠ ʠ ʵʥʝʨʛʦʫʩʪʘʥʦʚʢʠ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʧʦ ʩʣʝʜʫʶʱʠʤ ʧʫʥʢʪʘʤ: ʧ. 4 

- ʈʘʙʦʯʠʝ ʧʨʦʮʝʩʩʳ ʚ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʷʭ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʢʘʭ ʜʣʷ 



11 
 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʠ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʙʨʦʩʘ ʵʥʝʨʛʠʠ ʠ ʠʭ ʧʦʜʩʠʩʪʝʤʘʭ, ʘ ʪʘʢʞʝ 

ʚ ʩʭʦʜʥʳʭ ʧʦ ʨʘʙʦʯʝʤʫ ʧʨʦʮʝʩʩʫ ʫʩʪʨʦʡʩʪʚʘʭ: ʚ ʛʝʥʝʨʘʪʦʨʘʭ ʠ ʫʩʢʦʨʠʪʝʣʷʭ ʧʣʘʟʤʳ 

ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ, ʤʘʢʨʦʯʘʩʪʠʮ; ʚ ʵʥʝʨʛʦʠʟʣʫʯʘʶʱʠʭ ʫʩʪʘʥʦʚʢʘʭ; ʧ. 6 - ʄʝʪʦʜʳ 

ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʪʝʧʣʦʚʳʭ ʠ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, 

ʠʭ ʫʟʣʦʚ ʠ ʩʠʩʪʝʤ, ʚʢʣʶʯʘʷ ʤʝʪʦʜʳ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ 

ʜʚʠʛʘʪʝʣʝʡ ʩ ʧʦʤʦʱʴʶ ʕɺʄ; ʧ. 13 - ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʙʦʯʠʭ 

ʧʨʦʮʝʩʩʦʚ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʨʘʙʦʯʠʭ ʩʦʩʪʦʷʥʠʡ 

ʜʚʠʛʘʪʝʣʝʡ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ, ʩʪʘʜʠʡ ʠ ʵʪʘʧʦʚ ʠʭ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ 

(ʩʦʟʜʘʥʠʷ, ʧʨʦʠʟʚʦʜʩʪʚʘ, ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ ʫʪʠʣʠʟʘʮʠʠ); ʧ. 16 - ʄʝʪʦʜʳ ʨʘʩʯʸʪʦʚ 

ʚʦʟʜʝʡʩʪʚʠʷ ʪʝʧʣʦʚʳʭ ʠ ʵʣʝʢʪʨʦʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʠ 

ʘʥʘʣʠʟ ʧʫʪʝʡ ʝʛʦ ʫʤʝʥʴʰʝʥʠʷ; ʧ. 18 - ʇʨʦʮʝʩʩʳ ʩʦʟʜʘʥʠʷ ʠ ʜʦʚʦʜʢʠ ʜʚʠʛʘʪʝʣʝʡ 

ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ. ʉʧʦʩʦʙʳ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʦʩʥʦʚʥʳʭ ʜʘʥʥʳʭ 

ʜʚʠʛʘʪʝʣʝʡ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʩʝʨʠʡʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ; ʧ. 23 - 

ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʨʘʩʯʸʪʘ ʪʝʨʤʦʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 

ʚ ʜʚʠʛʘʪʝʣʷʭ ʠ ʵʥʝʨʛʦʩʠʣʦʚʳʭ ʫʩʪʘʥʦʚʢʘʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ, ʠʭ ʵʣʝʤʝʥʪʘʭ. 

ʇʫʙʣʠʢʘʮʠʠ. ʇʦ ʪʝʤʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʫʙʣʠʢʦʚʘʥʦ 11 ʩʪʘʪʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ  

ʪʨʠ ʩʪʘʪʴʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʠʟʜʘʥʠʷʭ, ʚʢʣʶʯʝʥʥʳʭ ʚ ʩʧʠʩʦʢ ɺɸʂ ʈʌ, ʠ ʦʜʥʘ ʩʪʘʪʴʷ 

ʦʧʫʙʣʠʢʦʚʘʥʘ ʚ ʠʟʜʘʥʠʠ ʙʘʟʳ ʜʘʥʥʳʭ SCOPUS. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʯʝʪʳʨʝʭ ʛʣʘʚ, 

ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ ʥʘ 100 ʥʘʠʤʝʥʦʚʘʥʠʡ. ʊʝʢʩʪ ʩʦʜʝʨʞʠʪ 

150 ʩʪʨʘʥʠʮ, 61 ʠʣʣʶʩʪʨʘʮʠ ʁʠ 16 ʪʘʙʣʠʮ.  

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ ʜ.ʪ.ʥ., 

ʧʨʦʬʝʩʩʦʨʫ ɹʘʢʠʨʦʚʫ ʌ.ɻ. ʠ  ʢ.ʪ.ʥ. ʉʢʠʙʝ ɼ.ɺ. ʟʘ ʚʳʩʦʢʦʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʳʝ 

ʥʘʫʯʥʳʝ ʢʦʥʩʫʣʴʪʘʮʠʠ ʠ ʧʦʤʦʱʴ ʚ ʨʘʙʦʪʝ. 
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ɻʃɸɺɸ 1 ɸʂʊʋɸʃʔʅʆʉʊʔ ʇʈʆɹʃɽʄʓ ʉʅʀɾɽʅʀʗ ɺʓɹʈʆʉʆɺ 

ʄʆʅʆʆʂʉʀɼɸ ʋɻʃɽʈʆɼɸ ʀɿ ʂɸʄɽʈ ʉɻʆʈɸʅʀʗ ɻʊɼ 

 

1.1 ʕʢʦʣʦʛʠʯʝʩʢʠʝ ʪʨʝʙʦʚʘʥʠʷ, ʧʨʝʜʲʷʚʣʷʝʤʳʝ ʢ ʢʘʤʝʨʘʤ ʩʛʦʨʘʥʠʷ ɻʊɼ 

 

ʉʦʜʝʨʞʘʥʠʝ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʥʘ ʚʳʭʦʜʝ ʠʟ ɻʊɼ ʦʛʨʘʥʠʯʝʥʦ ʞʝʩʪʢʠʤʠ 

ʥʦʨʤʘʤʠ (ʪʘʙʣʠʮʘ 1.1). ʂ ʚʨʝʜʥʳʤ ʚʝʱʝʩʪʚʘʤ ʦʪʥʦʩʷʪ: ʦʢʩʠʜʳ ʘʟʦʪʘ (NOx), 

ʤʦʥʦʦʢʩʠʜ ʫʛʣʝʨʦʜʘ (ʉʆ), ʦʢʩʠʜʳ ʩʝʨʳ (SOx), ʩʘʞʫ ʠ ʜʨ.  

ʊʘʙʣʠʮʘ 1.1 ï ʅʦʨʤʳ ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ ɻʊɼ (ʈʦʩʩʠʷ) 

ɸɺʀɸʎʀʆʅʅʓɽ ɼɺʀɻɸʊɽʃʀ 

ɻʈɸɾɼɸʅʉʂʆɻʆ ʅɸɿʅɸʏɽʅʀʗ 

(ɸɼ) 

ɻɸɿʆʇɽʈɽʂɸʏʀɺɸʖʑʀɽ 

ɸɻʈɽɻɸʊʓ ʉ ɻɸɿʆʊʋʈɹʀʅʅʓʄ 

ʇʈʀɺʆɼʆʄ 

(ɻʇɸ) 

ɻɸɿʆʊʋʈɹʀʅʅʓɽ 

ʋʉʊɸʅʆɺʂʀ ɼʃʗ ʇʈʀɺʆɼɸ 

ʊʋʈɹʆɻɽʅɽʈɸʊʆʈʆɺ 

(ɻʊʕʋ) 

ɻʆʉʊ 17.2.2.04 (ʀʂɸʆ [28]) ɻʆʉʊ 28775 ɻʆʉʊ 29328 

[ ]

ö
ö
ö
ö

÷

õ

æ
æ
æ
æ

ç

å

=

ʇʆʃɽʊɸ

ʢ

V

ʠʷʠʟʛʦʪʦʚʣʝʥʜʘʪʘ 

ˊ

ʪʷʛʘ

NOx f  

 

 

 

[ ] ʛ/ʢʅ 118 ʉʆ¢ - ʜʦʟʚʫʢʦʚʳʝ 

ʧʦʣʝʪʳ 

[ ] 3ʤʛ/ʥʤ 150 NOx ¢  - ʜʣʷ ɻʇɸ 

ʙʝʟ ʨʝʛʝʥʝʨʘʮʠʠ ʪʝʧʣʦʪʳ; 

[ ] 3ʤʛ/ʥʤ 200 NOx ¢  - ʜʣʷ ɻʇɸ ʩ 

ʨʝʛʝʥʝʨʘʮʠʝʡ ʪʝʧʣʦʪʳ; 

 

 

[ ] 3ʤʛ/ʥʤ 300 ʉʆ¢ . 

ʜʣʷ ɻʊʕʋ ʵʢʩʧʣʫʘʪʠʨʫʝʤʳʭ ʩ 

1995 ʛ: 

[ ] 3ʤʛ/ʥʤ 50 NOx ¢  - 

ʛʘʟʦʦʙʨʘʟʥʦʝ ʪʦʧʣʠʚʦ; 

[ ] 3ʤʛ/ʥʤ 100 NOx ¢  - ʞʠʜʢʦʝ 

ʪʦʧʣʠʚʦ; 

 

ʅʝʪ ʪʨʝʙʦʚʘʥʠʡ ʧʦ [ ]ʉʆ. 

 

ɸʚʠʘʮʠʦʥʥʳʝ ʠ ʥʘʟʝʤʥʳʝ ɻʊɼ ʜʦʣʞʥʳ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʪʨʝʙʦʚʘʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʭ ʩʪʘʥʜʘʨʪʦʚ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʟʘʢʘʟʯʠʢ ʤʦʞʝʪ 

ʧʨʝʜʲʷʚʣʷʪʴ ʙʦʣʝʝ ʩʪʨʦʛʠʝ ʥʦʨʤʳ ʧʦ ʜʦʧʫʩʪʠʤʳʤ ʢʦʥʮʝʥʪʨʘʮʠʷʤ ʚʨʝʜʥʳʭ 

ʚʝʱʝʩʪʚ. ʅʘʧʨʠʤʝʨ, ʇɸʆ çɻʘʟʧʨʦʤè ʫʪʚʝʨʜʠʣ ʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʫʶ ʧʦʣʠʪʠʢʫ, 

ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ NOx ʥʝ ʜʦʣʞʥʳ ʧʨʝʚʳʰʘʪʴ 25é30 ʤʛ/ʥʤ3, 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʉʆ ʥʝ ʜʦʣʞʥʳ ʧʨʝʚʳʰʘʪʴ 100 ʤʛ/ʥʤ3 [41]. 

ʅʦʨʤʳ ʚʳʙʨʦʩʦʚ NOx ɸʛʝʥʪʩʪʚʘ ʧʦ ʆʭʨʘʥʝ ʆʢʨʫʞʘʶʱʝʡ ʉʨʝʜʳ ʉʐɸ 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1.2 [76]. ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʉʆ, ʦʛʨʘʥʠʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 10-

40 ʤʣʥ-1 (12-50 ʤʛ/ʥʤ3) [76]. 
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ʊʘʙʣʠʮʘ 1.2 ï ʅʦʨʤʳ ʚʳʙʨʦʩʦʚ NOx ʩʦʛʣʘʩʥʦ ʪʨʝʙʦʚʘʥʠʷʤ ɸʛʝʥʩʪʚʘ ʧʦ 

ʆʭʨʘʥʝ ʆʢʨʫʞʘʶʱʝʡ ʉʨʝʜʳ ʉʐɸ 

ʊʠʧ ɻʊɼ ʄʦʱʥʦʩʪʴ ʅʦʨʤʘ ʧʦ NOx, ʤʣʥ-1 

ʅʦʚʳʝ ʛʘʟʦʪʫʨʙʠʥʥʳʝ 

ʜʚʠʛʘʪʝʣʠ ʜʣʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ. 

ʊʦʧʣʠʚʦ: ʧʨʠʨʦʜʥʳʡ ʛʘʟ. 

ʜʦ 3 ʄɺʪ 42 

3-110 ʄɺʪ  25 

ʙʦʣʝʝ 110 ʄɺʪ 15 

ʅʦʚʳʝ ʛʘʟʦʪʫʨʙʠʥʥʳʝ 

ʜʚʠʛʘʪʝʣʠ ʜʣʷ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʨʠʚʦʜʦʚ. 

ʊʦʧʣʠʚʦ: ʧʨʠʨʦʜʥʳʡ ʛʘʟ.  

ʥʝ ʙʦʣʝʝ 3,5 ʄɺʪ  100 

 

ʅʦʨʤʳ ʩʦʜʝʨʞʘʥʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ ʝʚʨʦʧʝʡʩʢʠʭ ʩʪʨʘʥʘʭ ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 1.3 [78]. 

 

ʊʘʙʣʠʮʘ 1.3 ï ʅʦʨʤʳ ʵʤʠʩʩʠʠ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ ʝʚʨʦʧʝʡʩʢʠʭ ʩʪʨʘʥʘʭ (ɻʊʋ) 

ʉʪʨʘʥʘ ʄʦʱʥʦʩʪʴ NOx, ʤʛ/ʥʤ3 CO, ʤʛ/ʥʤ3 

ɸʚʩʪʨʠʷ 
< 50 ʄɺʪ(ʪ) 

> 50 ʄɺʪ(ʪ) 

150 

150 

100 

100 

ʌʨʘʥʮʠʷ 
2-20 ʄɺʪ(ʪ) 

20-100 ʄɺʪ(ʪ) 

150 

100 

100 

100 

ɻʝʨʤʘʥʠʷ 
< 100 ʄɺʪ(ʵ) 

>100 ʄɺʪ(ʵ) 

150 

100 

100 

100 

ʅʠʜʝʨʣʘʥʜʳ 
15-50 ʄɺʪ(ʪ) 

>50 ʄɺʪ(ʪ) 

80 

60 

60 

50 

ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ 
< 50 ʄɺʪ(ʪ) 

> 50 ʄɺʪ(ʪ) 

105 

60 

100 

100 

ʇʨʠʤʝʯʘʥʠʝ ï (ʪ) ï ʪʝʧʣʦʚʘʷ ʤʦʱʥʦʩʪʴ, (ʵ) ï ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ 

 

ʀʤʝʝʪʩʷ ʧʦʩʪʦʷʥʥʘʷ ʪʝʥʜʝʥʮʠʷ ʢ ʫʞʝʩʪʦʯʝʥʠʶ ʥʦʨʤ ʧʦ ʵʤʠʩʩʠʠ ʚʨʝʜʥʳʭ 

ʚʝʱʝʩʪʚ [6]. ʕʪʦ ʚʳʟʚʘʥʦ ʝʩʪʝʩʪʚʝʥʥʦʡ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʩʥʠʞʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ ʧʨʠ ʨʦʩʪʝ ʧʦʪʨʝʙʣʝʥʠʠ ʵʥʝʨʛʠʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʫʛʣʝʚʦʜʦʨʦʜʥʦʛʦ ʪʦʧʣʠʚʘ (ʨʠʩʫʥʦʢ 1.1). 
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International Energy Outlook 2021 (IEO 2021) 

 

ʈʠʩʫʥʦʢ 1.1 ï ʄʠʨʦʚʦʝ ʧʦʪʨʝʙʣʝʥʠʝ ʵʥʝʨʛʠʠ  

(BTU å 252 ʢʘʣ) 

 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ ʧʨʦʜʫʢʪʘʭ ʚʳʭʣʦʧʘ ʦʧʨʝʜʝʣʷʝʪ ʢʦʣʠʯʝʩʪʚʦ 

ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ ʟʘ ʚʨʝʤʷ ʵʢʩʧʣʫʘʪʘʮʠʠ. ɿʘʚʠʩʠʤʦʩʪʴ ʛʦʜʦʚʳʭ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ 

ʚʝɦʝʩʪʚ ɻʊɼ ʦʪ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʛʨʘʬʠʢʝ 

ʨʠʩʫʥʢʘ 1.2 (ʧʨʠʥ̫ ʪʦ, ʯʪʦ ʟʘ ʛʦʜ ɻʊɼ ʦʪʨʘʙʦʪʘʣʦ 8000 ʯ). ɻʨʘʬʠʢ ʧʦʩʪʨʦʝʥ ʥʘ ʙʘʟʝ 

ʜʘʥʥʳʭ ʢʘʪʘʣʦʛʘ ʫʜʝʣʴʥʳʭ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʛʘʟʦʪʫʨʙʠʥʥʳʭ 

ʛʘʟʦʧʝʨʝʢʘʯʠʚʘʶʱʠʭ ʘʛʨʝʛʘʪʦʚ (ʉʊʆ ɻɸɿʇʈʆʄ 2-3.5-039-2005). 
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ʈʠʩʫʥʦʢ 1.2 ï ɻʦʜʦʚʳʝ ʚʳʙʨʦʩʳ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʦʪ ɻʊɼ ʨʘʟʣʠʯʥʦʡ ʤʦʱʥʦʩʪʠ 

 

ʀʟ ʨʠʩʫʥʢʘ 1.2 ʚʠʜʥʦ, ʥʘʧʨʠʤʝʨ, ʯʪʦ ʜʣʷ ʫʩʪʘʥʦʚʢʠ ʤʦʱʥʦʩʪʴʶ 10 ʄɺʪ 

ʩʥʠʞʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʉʆ ʩ 300 ʤʛ/ʥʤ3 ʜʦ 100 ʤʛ/ʥʤ3 ʫʤʝʥʴʰʘʝʪ ʛʦʜʦʚʦʡ ʚʳʙʨʦʩ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʥʘ 190 ʪ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʚʠʜʫ ʧʦʩʪʦʷʥʥʦʛʦ ʨʦʩʪʘ ʧʦʪʨʝʙʣʝʥʠʷ ʪʦʧʣʠʚʘ ʠ 

ʫʞʝʩʪʦʯʝʥʠʷ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʥʦʨʤ, ʩʥʠʞʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ 

ʧʨʦʜʫʢʪʘʭ ʚʳʭʣʦʧʘ ɻʊɼ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

 

1.2 ʅʝʢʦʪʦʨʳʝ ʘʩʧʝʢʪʳ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʚʳʛʦʨʘʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ 

 

ʆʙʨʘʟʦʚʘʥʠʝ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ 

 ʈʘʩʯʝʪʥʳʝ ʨʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʉʆ ʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʤʝʪʘʥʦ- ʠ ʢʝʨʦʩʠʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ ʚ 
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ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ, ʜʘʚʣʝʥʠʷ ʠ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩʫʥʢʘʭ 1.3, 1.4. 

  

 

ʈʠʩʫʥʦʢ 1.3 ï ʈʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʉʆ ʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ, ʜʘʚʣʝʥʠʷ ʠ ʥʘʯʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ 

 

  
 

ʈʠʩʫʥʦʢ 1.4 ï ʈʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʉʆ ʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ, ʜʘʚʣʝʥʠʷ ʠ ʥʘʯʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʝʨʦʩʠʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ 

 

ɼʣʷ ʤʝʪʘʥʘ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʘ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ GRI-Mech 3.0, ʜʣʷ ʢʝʨʦʩʠʥʘ ï ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʭʘʥʠʟʤʘ 

Dagaut [65] (ʢʝʨʦʩʠʥ ʟʘʜʘʚʘʣʩʷ ʚ ʚʠʜʝ ʢʦʤʧʦʥʝʥʪʘ NC10H22). 
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ʆʪʤʝʪʠʤ ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʉʆ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ ʛʦʨʶʯʠʭ ʩʤʝʩʝʡ 

ʙʣʠʟʢʠʭ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ Ŭ å 1,0. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʩʤʝʱʝʥʠʝʤ 

ʨʘʚʥʦʚʝʩʠʷ ʚ ʩʪʦʨʦʥʫ ʉʆ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʪʝʨʤʠʯʝʩʢʦʡ ʜʠʩʩʦʮʠʘʮʠʝʡ 

ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ). 

ɺ ʪʘʙʣʠʮʝ 1.4 ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʧʦ ʩʪʝʧʝʥʠ ʜʠʩʩʦʮʠʘʮʠʠ ʧʨʦʜʫʢʪʦʚ 

ʩʛʦʨʘʥʠʷ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʪʦʧʣʠʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ [55]. 

ɺʠʜʥʦ, ʯʪʦ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ 0,5-10 ʄʇʘ ʜʠʩʩʦʮʠʘʮʠʷ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ~ ʊ Ó 

1900 ʂ. 

 

ʊʘʙʣʠʮʘ 1.4 ï ʉʚʷʟʴ ʤʝʞʜʫ ʜʘʚʣʝʥʠʝʤ, ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʩʪʝʧʝʥʴʶ 

ʜʠʩʩʦʮʠʘʮʠʠ 

ɼʠʘʧʘʟʦʥʳ ʜʘʚʣʝʥʠʡ, 

ʄʇʘ 

ʆʪʩʫʪʩʪʚʠʝ 

ʜʠʩʩʦʮʠʘʮʠʠ 
ʉʣʘʙʘʷ ʜʠʩʩʦʮʠʘʮʠʷ ʉʠʣʴʥʘʷ ʜʠʩʩʦʮʠʘʮʠʷ 

ɼʠʘʧʘʟʦʥʳ ʪʝʤʧʝʨʘʪʫʨ, ʂ 

0,01-0,5 

0,5-2,5 

2,5-10,0 

10,0-50,0 

< 1600 

< 1800 

< 2000 

< 2200 

1600-2400 

1800-2600 

2000-2800 

2200-3000 

> 2400 

> 2600 

> 2800 

> 3000 

 

ɺ ʨʘʙʦʪʘʭ [3, 4] ʪʘʢʞʝ ʦʪʤʝʯʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʪʝʨʤʠʯʝʩʢʦʡ 

ʜʠʩʩʦʮʠʘʮʠʠ ʚ ʦʩʥʦʚʥʳʭ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ʧʨʠ ʊ*
ʛ Ó 1900 ʂ (ʩʥʠʞʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦʩʪʠʛʘʝʪ 20-50 ʂ). 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ ʉʆ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʵʬʬʝʢʪʳ 

ʪʝʨʤʠʯʝʩʢʦʡ ʜʠʩʩʦʮʠʘʮʠʠ ʚ ʟʦʥʘʭ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʙʦʣʝʝ 1900 ʂ. 

ʆʪʜʝʣʴʥʦ ʦʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ Ŭ > 2 ʨʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ ʉʆ ʥʝ ʧʨʝʚʳʰʘʶʪ ~ 

100 ʤʣʥ-1, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ Ŭ ʙʦʣʝʝ ~ 2 ʠʤʝʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʙʝʩʧʝʯʝʥʠʷ ʥʠʟʢʠʭ ʫʨʦʚʥʝʡ ʚʳʙʨʦʩʘ ʉʆ. ʆʜʥʘʢʦ, ʚ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ 

ʩʦʜʝʨʞʘʥʠʝ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ ʚʩʝʛʜʘ ʚʳʰʝ ʠʭ 

ʨʘʚʥʦʚʝʩʥʳʭ ʟʥʘʯʝʥʠʡ.  

ɸ. ʃʝʬʝʚʨ [26] ʚʳʜʝʣʷʝʪ ʩʣʝʜʫʶʱʠʝ ʧʨʠʯʠʥʳ ʧʦʚʳʰʝʥʥʦʛʦ ʫʨʦʚʥʷ ʉʆ: 
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- çʥʠʟʢʘʷ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʚ ʧʝʨʚʠʯʥʦʡ ʟʦʥʝ ʚʩʣʝʜʩʪʚʠʝ ʥʝʜʦʩʪʘʪʢʘ ʪʦʧʣʠʚʘ 

ʠ (ʠʣʠ) ʥʝʭʚʘʪʢʠ ʚʨʝʤʝʥʠ ʧʨʝʙʳʚʘʥʠʷ; 

- ʥʝʜʦʩʪʘʪʦʯʥʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʪʦʧʣʠʚʘ ʠ ʚʦʟʜʫʭʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʦʙʨʘʟʫʶʪʩʷ ʟʦʥʳ, ʚ ʢʦʪʦʨʳʭ ʩʤʝʩʴ ʩʣʠʰʢʦʤ ʙʝʜʥʘ, ʯʪʦʙʳ ʚ ʥʠʭ ʧʦʜʜʝʨʞʠʚʘʣʦʩʴ 

ʛʦʨʝʥʠʝ, ʘ ʪʘʢʞʝ ʟʦʥʳ ʩ ʠʟʣʠʰʥʝ ʙʦʛʘʪʦʡ ʩʤʝʩʴʶ, ʛʦʨʝʥʠʝ ʚ ʢʦʪʦʨʳʭ ʧʨʠʚʦʜʠʪ ʢ 

ʚʳʩʦʢʠʤ ʤʝʩʪʥʳʤ ʢʦʥʮʝʥʪʨʘʮʠʷʤ ʉʆ; 

- çʟʘʤʦʨʘʞʠʚʘʥʠʝè ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ, ʚʦʚʣʝʢʘʝʤʳʭ ʚ ʩʣʦʠ ʚʦʟʜʫʭʘ, 

ʦʭʣʘʞʜʘʶʱʠʝ ʩʪʝʥʢʠ ʞʘʨʦʚʦʡ ʪʨʫʙʳ (ʢʦʣʴʮʝʚʳʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʫ ʢʦʪʦʨʳʭ 

ʦʪʥʦʰʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʢ ʦʙʲʝʤʫ ʤʝʥʴʰʝ, ʚʳʙʨʘʩʳʚʘʶʪ, ʚʦʦʙʱʝ 

ʛʦʚʦʨʷ, ʤʝʥʴʰʝ ʉʆ, ʯʝʤ ʪʨʫʙʯʘʪʳʝ ʢʘʤʝʨʳ)è. 

ʖ. ɺʘʨʥʘʪʮ [5] ʦʪʤʝʪʠʣ ʩʣʝʜʫʶʱʠʝ ʧʨʠʯʠʥʳ ʦʙʨʘʟʦʚʘʥʠʷ ʉʆ: 

- çʪʫʰʝʥʠʝ (ʠʣʠ ʨʘʩʩʝʷʥʠʝ) ʧʣʘʤʝʥʠ ʟʘ ʩʯʝʪ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʩʪʷʞʝʥʠʷ 

ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ; 

- ʪʫʰʝʥʠʝ ʧʣʘʤʝʥʠ ʥʘ ʩʪʝʥʢʘʭ ʠ ʚ ʟʘʟʦʨʘʭè. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ Ŭʂʉ > 2,0 (ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʩʥʦʚʥʳʤ ʨʘʙʦʯʠʤ 

ʨʝʞʠʤʘʤ) ʚ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ, ʧʦʚʳʰʝʥʥʳʡ ʫʨʦʚʝʥʴ ʉʆ ʦʙʫʩʣʦʚʣʝʥ 

ʥʝʧʦʣʥʳʤ ʩʛʦʨʘʥʠʝʤ ʪʦʧʣʠʚʘ ʠ ʤʝʨʦʧʨʠʷʪʠʷ ʧʦ ʫʤʝʥʴʰʝʥʠʶ ʚʳʙʨʦʩʦʚ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʜʦʣʞʥʳ ʙʳʪʴ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʚʳʰʝʥʠʝ ʧʦʣʥʦʪʳ ʩʛʦʨʘʥʠʷ 

ʪʦʧʣʠʚʘ [26]. 

ɺʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘ ʫʨʦʚʝʥʴ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ 

ʚʦʟʜʫʭʘ Ŭ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.5. ʂʘʢ ʯʨʝʟʤʝʨʥʦ çʙʦʛʘʪʳʝè, ʪʘʢ 

ʠ ʯʨʝʟʤʝʨʥʦ çʙʝʜʥʳʝè ʊɺʉ ʧʨʠʚʦʜʷʪ ʢ ʚʳʩʦʢʠʤ ʢʦʥʮʝʥʪʨʘʮʠʷʤ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ ʚ ʧʨʦʜʫʢʪʘʭ ʚʳʭʣʦʧʘ.  
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ʈʠʩʫʥʦʢ 1.5 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʩʦʩʪʘʚʘ ʩʤʝʩʠ [26] 

(ʊʚʭ = 573 ʂ,  - 0,76 ʄʇʘ, - 1,01 ʄʇʘ,  - 1,27 ʄʇʘ, ʪʦʧʣʠʚʦ ï DF 2) 

 

ʏʝʤ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʟʜʫʭʘ ʧʝʨʝʜ ʢʘʤʝʨʦʡ, ʪʝʤ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ. ʈʦʩʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʫʩʢʦʨʝʥʠʶ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ, ʯʪʦ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʚʳʛʦʨʘʥʠʠ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ (ʧʨʠ Ŭ 

ʙʦʣʝʝ ~ 2).  

ʅʘ ʨʠʩʫʥʢʝ 1.6 ʧʨʠʚʝʜʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ɻʊʋ 

ʅʂ-38ʉʊ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʦʚ ʧʝʨʝʜ ʩʚʦʙʦʜʥʦʡ ʪʫʨʙʠʥʦʡ ʜʣʷ ʜʚʫʭ ʟʥʘʯʝʥʠʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ: tʥ = - 3 Áʉ ʠ tʥ = +13 Áʉ. ɺʠʜʥʦ, ʯʪʦ ʩ ʧʦʥʠʞʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʘ ʟʥʘʯʠʪ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʜ ʢʘʤʝʨʦʡ ʩʛʦʨʘʥʠʷ, 

ʚʳʙʨʦʩʳ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʨʘʩʪʫʪ.  



20 
 

 

ʈʠʩʫʥʦʢ 1.6 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ 

ʧʝʨʝʜ ʩʚʦʙʦʜʥʦʡ ʪʫʨʙʠʥʦʡ [42] 

 

ɺʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ Ű ʊɺʉ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ɻʊɼ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪ 

ʧʦʣʥʦʪʫ ʩʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ, ʧʦʵʪʦʤʫ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʚʳʙʨʦʩʳ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ. ʏʝʤ ʙʦʣʴʰʝ Ű, ʪʝʤ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʉʆ ʫʩʧʝʚʘʝʪ ʦʢʠʩʣʠʪʴʩʷ ʜʦ ʉʆ2 

(ʨʠʩʫʥʦʢ 1.7). 

 

ʈʠʩʫʥʦʢ 1.7 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʦʪ 

ʚʨʝʤʝʥʠ ʧʨʝʙʳʚʘʥʠʷ ʊɺʉ ʚ ʛʦʤʦʛʝʥʥʦʤ ʨʝʘʢʪʦʨʝ [92] 
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ʇʨʠ ʥʝʢʘʯʝʩʪʚʝʥʥʦʡ ʧʦʜʛʦʪʦʚʢʝ ʊɺʉ ʤʦʛʫʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʯʨʝʟʤʝʨʥʦ 

çʙʦʛʘʪʳʝè, ʣʠʙʦ çʙʝʜʥʳʝè ʟʦʥʳ, ʢʦʪʦʨʳʝ, ʚʚʠʜʫ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʧʨʠʯʠʥ, ʙʫʜʫʪ 

ʷʚʣʷʪʴʩʷ ʠʩʪʦʯʥʠʢʘʤʠ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. 

ʊʝʧʣʦʦʪʚʦʜ ʚ ʭʦʣʦʜʥʫʶ ʧʨʠʩʪʝʥʦʯʥʫʶ ʦʙʣʘʩʪʴ ʦʪ ʧʣʘʤʝʥʠ ʠ ʧʨʦʜʫʢʪʦʚ 

ʥʝʧʦʣʥʦʛʦ ʩʛʦʨʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ çʟʘʤʦʨʘʞʠʚʘʥʠʶè ʨʝʘʢʮʠʡ ʦʢʠʩʣʝʥʠʷ ʠ ʢ 

ʧʦʚʳʰʝʥʠʶ ʫʨʦʚʥʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. ɺ ʦʩʦʙʝʥʥʦʩʪʠ ʵʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ 

ʟʘʛʨʘʜʠʪʝʣʴʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʩʪʝʥʢʠ ʧʝʣʝʥʦʡ ʭʦʣʦʜʥʦʛʦ ʚʦʟʜʫʭʘ [37, 26, 89]. 

ʉ ʨʦʩʪʦʤ ʜʘʚʣʝʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ  ʤʦʣʝʢʫʣʘʤʠ ʨʝʘʛʝʥʪʦʚ. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʩʢʦʨʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʯʪʦ ʧʦʣʦʞʠʪʝʣʴʥʦ 

ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʚʳʛʦʨʘʥʠʠ ʉʆ [76].  

ʂʠʥʝʪʠʢʘ ʦʢʠʩʣʝʥʠʷ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʠ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ 

ʂʦʣʠʯʝʩʪʚʦ ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʢʦʨʦʩʪʴʶ ʨʝʘʢʮʠʡ ʦʢʠʩʣʝʥʠʷ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʪʦʧʣʠʚ.  

ʀʟ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʛʦʨʝʥʠʝ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʪʦʧʣʠʚ 

ʤʦʞʥʦ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʩʪʘʜʠʠ: ʦʢʠʩʣʝʥʠʝ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʜʦ ʉʆ ʠ 

ʜʦʛʦʨʘʥʠʝ ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʉʆ ʜʦ ʉʆ2 [96]. 

ʆʢʠʩʣʝʥʠʝ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʪʦʧʣʠʚ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʩʣʦʞʥʦʤʫ ʮʝʧʥʦʤʫ 

ʤʝʭʘʥʠʟʤʫ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʨʝʘʢʮʠʡ. ʆʜʥʘʢʦ, ʠʟ ʚʩʝʛʦ 

ʤʥʦʞʝʩʪʚʘ ʨʝʘʢʮʠʡ, ʥʘʠʙʦʣʴʰʠʤ ʚʣʠʷʥʠʝʤ ʥʘ ʨʘʟʚʠʪʠʝ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ 

ʦʙʣʘʜʘʝʪ ʨʝʘʢʮʠʷ: 

 ʅ + ʆ2 Ÿ ʆʅ + ʆ.                                                  (1.1) 

ʕʪʦ ʨʝʘʢʮʠʷ ʨʘʟʚʝʪʚʣʝʥʠʷ ʮʝʧʠ, ʧʦʩʣʝ ʢʦʪʦʨʦʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ 

ʨʘʜʠʢʘʣʦʚ. ʆʙʨʘʟʦʚʘʚʰʠʝʩʷ ʨʘʜʠʢʘʣʳ ʟʘʪʝʤ ʘʢʪʠʚʥʦ ʨʝʘʛʠʨʫʶʪ ʩ ʜʨʫʛʠʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ. (ɼʦ ʨʝʘʢʮʠʠ ï ʦʜʠʥ ʨʘʜʠʢʘʣ, ʧʦʩʣʝ ï ʜʚʘ ʨʘʜʠʢʘʣʘ, ʧʨʠ ʵʪʦʤ H. 

Pitsch ʨʝʢʦʤʝʥʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʨʘʜʠʢʘʣ ʆ çʟʘ ʜʚʦʠʭè [88])  

ʆʩʥʦʚʥʳʤ çʢʦʥʢʫʨʝʥʪʦʤè ʨʝʘʢʮʠʠ (1.1) ʷʚʣʷʝʪʩʷ ʨʝʘʢʮʠʷ: 

ʅ + ʆ2 + ʄ Ÿ ʅʆ2 + ʄ,                                             (1.2) 

ʛʜʝ ʄ ï ʘʢʪʠʚʥʘʷ ʯʘʩʪʠʮʘ. 

ʆʙʨʘʟʦʚʘʚʰʠʡʩʷ ʨʘʜʠʢʘʣ ʅʆ2 ʟʘʪʝʤ ʚʩʪʫʧʘʝʪ ʚ ʨʝʘʢʮʠʠ çʛʠʙʝʣʠè ʮʝʧʠ (ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʨʘʜʠʢʘʣʦʚ). 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʘʣʘʥʩ ʨʘʜʠʢʘʣʦʚ ʚ ʩʠʩʪʝʤʝ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʥʘʧʨʘʚʣʝʥʠʝ 

ʨʘʟʚʠʪʠʷ ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ (ʛʦʨʝʥʠʝ ï ʧʦʛʘʩʘʥʠʝ), ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ʨʝʘʢʮʠʡ (1.1) ʠ (1.2). 

ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʦʢʠʩʣʝʥʠʶ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ 

ʩʣʝʜʫʶʱʝʝ. 

1 ʉʫʭʠʝ (ʙʝʟ ʚʦʜʷʥʳʭ ʧʘʨʦʚ) ʉʆ+ʆ2 ʨʝʘʛʠʨʫʶʪ ʢʨʘʡʥʝ ʤʝʜʣʝʥʥʦ. 

ʇʨʠʩʫʪʩʪʚʠʝ ʚʦʜʳ/ʚʦʜʦʨʦʜʘ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ [36]. 

2 ʆʩʥʦʚʥʘʷ ʨʝʘʢʮʠʷ ʦʢʠʩʣʝʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ [96]: 

 

ʉʆ + ʆʅ Ÿ ʉʆ2 + ʅ.                                            (1.3) 

 

3 ʈʝʘʢʮʠʷ ʦʢʠʩʣʝʥʠʷ ʉʆ ʚʥʦʩʠʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʦʙʱʝʝ ʚʳʜʝʣʝʥʠʝ 

ʪʝʧʣʦʪʳ ʧʨʠ ʛʦʨʝʥʠʠ. 

 

ɺʳʛʦʨʘʥʠʝ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʚ ʣʘʤʠʥʘʨʥʦʤ ʧʣʘʤʝʥʠ 

ʈʘʩʩʤʦʪʨʠʤ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʜʥʦʤʝʨʥʦʛʦ ʧʣʦʩʢʦʛʦ 

ʣʘʤʠʥʘʨʥʦʛʦ ʧʣʘʤʝʥʠ ʚ ʟʘʨʘʥʝʝ ʧʦʜʛʦʪʦʚʣʝʥʥʦʡ ʊɺʉ.  

ʊɺʉ ʜʚʠʞʝʪʩʷ ʥʘ ʚʩʪʨʝʯʫ ʣʘʤʠʥʘʨʥʦʤʫ ʬʨʦʥʪʫ ʧʣʘʤʝʥʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 

Vʍ =VL, ʪʘʢ, ʯʪʦ ʬʨʦʥʪ ʧʣʘʤʝʥʠ ʥʝʧʦʜʚʠʞʝʥ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʚ ʪʘʢʦʡ ʩʠʩʪʝʤʝ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.8.  

ʆʪʤʝʪʠʤ ʩʣʝʜʫʶʱʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩ ʧʦʟʠʮʠʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʦʙʨʘʟʦʚʘʥʠʷ/ʚʳʛʦʨʘʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ: 

- ʢʦʥʮʝʥʪʨʘʮʠʷ ʉʆ ʤʘʢʩʠʤʘʣʴʥʘ ʥʘ ʪʦʡ ʞʝ ʢʦʦʨʜʠʥʘʪʝ, ʛʜʝ [ʉʅ4] Ÿ 0 (ʪ.ʝ. 

ʩʥʘʯʘʣʘ ʧʦʣʥʦʩʪʴʶ ʨʘʩʭʦʜʫʝʪʩʷ ʤʝʪʘʥ, ʣʠʰʴ ʟʘʪʝʤ ʥʘʯʠʥʘʝʪʩʷ ʦʢʠʩʣʝʥʠʝ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ); 

- ʢʦʥʮʝʥʪʨʘʮʠʷ ʉʆ2 ʨʘʩʪʝʪ ʧʦ ʤʝʨʝ ʚʳʛʦʨʘʥʠʷ ʉʆ; 

- ʭʘʨʘʢʪʝʨʥʳʡ ʚʨʝʤʝʥʥʦʡ ʤʘʩʰʪʘʙ ʦʢʠʩʣʝʥʠʷ ʉʆ ʙʦʣʴʰʝ ʤʘʩʰʪʘʙʘ 

ʦʢʠʩʣʝʥʠʷ ʫʛʣʝʚʦʜʦʨʦʜʦʚ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʤʝʪʘʥʘ); 
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ʨ = 0,1 ʄʇʘ, ʊʠʩʭ = 473 ʂ, Ŭ = 1,5, ʤʝʪʘʥ-ʚʦʟʜʫʭ, 

ʤʝʭʘʥʠʟʤ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ï GRI-Mech 3.0 

 

 

ʈʠʩʫʥʦʢ 1.8 ï ʇʣʦʩʢʠʡ ʣʘʤʠʥʘʨʥʳʡ ʬʨʦʥʪ ʧʣʘʤʝʥʠ 
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- ʨʝʘʢʮʠʷ ʦʢʠʩʣʝʥʠʷ ʉʆ Ÿ ʉʆ2 ʚʥʦʩʠʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʜʦʣʶ ʚ ʦʙʱʝʤ 

ʪʝʧʣʦʧʦʜʚʦʜʝ (ʥʘ ʫʯʘʩʪʢʝ ʚʳʛʦʨʘʥʠʷ ʉʆ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʟʨʘʩʪʘʝʪ ʩ 1620 ʜʦ 1912 ʂ); 

- ʟʘ ʧʣʘʤʝʥʝʤ ʪʝʤʧʝʨʘʪʫʨʘ ʫʚʝʣʠʯʠʣʘʩʴ ʚ 4 ʨʘʟʘ (ʊʛ/ʊʭ = 4), ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ 

ʪʘʢʞʝ ʫʚʝʣʠʯʠʣʘʩʴ ʚ 4 ʨʘʟʘ (Vʛ/Vʭ = 4); 

- ʜʣʷ ʉʆ ʭʘʨʘʢʪʝʨʥʳ ʜʚʘ ʚʨʝʤʝʥʥʳʭ ʤʘʩʰʪʘʙʘ: ʙʳʩʪʨʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʚ 

ʧʣʘʤʝʥʠ ʠ ʤʝʜʣʝʥʥʦʝ ʚʳʛʦʨʘʥʠʝ ʚ ʧʦʩʪʧʣʘʤʝʥʥʦʡ ʟʦʥʝ; 

- ʪʦʣʱʠʥʘ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ (ʫʯʘʩʪʢʘ ʩ ʥʘʠʙʦʣʴʰʠʤʠ ʩʢʦʨʦʩʪʷʤʠ ʦʢʠʩʣʝʥʠʷ 

ʪʦʧʣʠʚʘ) ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 1 ʤʤ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʨʘʩʯʝʪʝ ʩʢʦʨʦʩʪʠ ʣʘʤʠʥʘʨʥʦʛʦ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ 

ʚʘʞʥʘ ʢʦʨʨʝʢʪʥʘʷ ʦʮʝʥʢʘ ʢʘʢ ʩʢʦʨʦʩʪʝʡ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ (R), ʪʘʢ ʠ ʧʨʦʮʝʩʩʦʚ 

ʩʤʝʰʝʥʠʷ ʨʝʘʛʝʥʪʦʚ (D) [1, 40]: 

RDvL Ö´ .                                                   (1.4) 

ɺʨʝʤʷ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ 

ʈʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ Ű ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ 

ʩʤʝʩʠ ʦʪ ʠʩʭʦʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.9. 

 

ʈʠʩʫʥʦʢ 1.9 ï ɺʨʝʤʷ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ 

(ʨ = 0,5 ʄʇʘ, Ŭ = 2,0, GRI-Mech 3.0) 

ʆʪʤʝʯʝʥʦ, ʯʪʦ ʜʝʬʣʘʛʨʘʮʠʦʥʥʦʝ ʛʦʨʝʥʠʝ ʪʨʝʙʫʝʪ ʤʝʥʝʝ 1 ʤʩ ʜʣʷ ʟʘʚʝʨʰʝʥʠʷ 

ʥʘ 80 % [26]. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ ʚʨʝʤʝʥʠ ʟʘʜʝʨʞʢʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ Ű > 1 ʤʩ 
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ʣʦʢʘʣʴʥʦʝ ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ 

ʟʘʚʝʨʰʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ.  ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʵʪʦʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʪʝʤʧʝʨʘʪʫʨʘ ʊ < 1400 K. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʊ å 1400 ʂ ʤʦʞʥʦ 

ʧʨʠʥʷʪʴ ʚ ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʮʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʥʘʯʘʣʫ ʧʦʚʳʰʝʥʥʦʛʦ ʩʦʜʝʨʞʘʥʠ ̫

ʉʆ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ. 

 

1.3 ʆʩʥʦʚʥʳʝ ʢʦʥʮʝʧʮʠʠ ʩʦʟʜʘʥʠʷ ʤʘʣʦʵʤʠʩʩʠʦʥʥʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʠ 

ʩʦʧʫʪʩʪʚʫʶʱʠʝ ʪʨʫʜʥʦʩʪʠ ʩʥʠʞʝʥʠʷ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ 

 

ɼʣʷ ʥʘʯʘʣʘ ʨʘʩʩʤʦʪʨʠʤ ʦʩʦʙʝʥʥʦʩʪʠ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ çʪʨʘʜʠʮʠʦʥʥʦʛʦè ʪʠʧʘ. 

ɺ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ çʪʨʘʜʠʮʠʦʥʥʦʛʦè ʪʠʧʘ ʪʦʧʣʠʚʦ ʠ ʚʦʟʜʫʭ ʧʦʜʘʶʪʩʷ 

ʨʘʟʜʝʣʴʥʦ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ. ʃʦʢʘʣʴʥʳʡ ʩʦʩʪʘʚ ʊɺʉ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ çʯʠʩʪʦʛʦè 

ʚʦʟʜʫʭʘ (Ŭ=Ð) ʜʦ çʯʠʩʪʦʛʦè ʪʦʧʣʠʚʘ (Ŭ=0). ʌʨʦʥʪ ʧʣʘʤʝʥʠ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʟʦʥʝ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʩʤʝʩʠ (Ŭ=1). ʅʘʣʠʯʠʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʟʦʥ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʦʢʩʠʜʦʚ 

ʘʟʦʪʘ ʚ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ʜʘʥʥʦʛʦ ʪʠʧʘ. 

ɺ ʪʦʞʝ ʚʨʝʤʷ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʟʦʥʝ ʛʦʨʝʥʠʷ ʠ ʪʫʨʙʫʣʝʥʪʥʦʝ ʩʤʝʰʝʥʠʝ 

ʨʝʘʛʝʥʪʦʚ ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʫʩʪʦʡʯʠʚʳʡ ʨʦʟʞʠʛ ʠ ʨʘʙʦʪʫ ʢʘʤʝʨʳ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʚʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʚʳʩʦʢʫʶ ʧʦʣʥʦʪʫ ʩʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ ʠ ʥʠʟʢʠʡ 

ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ ʉʆ. 

ɺʚʝʜʝʥʠʝ ʚʦʜʳ/ʧʘʨʘ/ʚʳʭʣʦʧʥʳʭ ʛʘʟʦʚ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʢʘʢ 

ʧʝʨʚʫʶ ʢʦʥʮʝʧʮʠʶ ʩʥʠʞʝʥʠʷ ʚʳʙʨʦʩʦʚ ʦʢʩʠʜʦʚ ʘʟʦʪʘ ʦʪ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ. ʀʜʝʷ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʟʦʥʝ ʛʦʨʝʥʠʷ ʟʘ ʩʯʝʪ ʧʦʜʚʦʜʘ ʠʥʝʨʪʥʦʛʦ 

ʨʘʟʙʘʚʠʪʝʣʷ. ʕʪʦ ʫʤʝʥʴʰʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ NOx ʧʦ ʪʝʨʤʠʯʝʩʢʦʤʫ ʤʝʭʘʥʠʟʤʫ ʗ.ɹ. 

ɿʝʣʴʜʦʚʠʯʘ.   

ʅʝʜʦʩʪʘʪʢʠ ʢʦʥʮʝʧʮʠʠ:  

- ʫʩʣʦʞʥʝʥʠʝ ʩʠʩʪʝʤʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ; 

- ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʜʛʦʪʦʚʢʠ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʨʘʟʙʘʚʠʪʝʣʷ (ʪʘʢ 

ʦʪʥʦʰʝʥʠʝ ʨʘʩʭʦʜʘ ʚʦʜʳ ʢ ʨʘʩʭʦʜʫ ʪʦʧʣʠʚʘ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ, ʜʣʷ ʧʘʨʘ 

ï 2-3 [72]); 



26 
 

- ʧʦʚʳʰʝʥʠʝ ʫʨʦʚʥʷ ʚʳʙʨʦʩʦʚ ʉʆ ʚʚʠʜʫ ʩʥʠʞʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʦʢʠʩʣʝʥʠʷ 

ʪʦʧʣʠʚʘ. 

ʇʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʧʦʜʛʦʪʦʚʢʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ  ï ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʘʷ 

ʢʦʥʮʝʧʮʠʷ ʩʦʟʜʘʥʠʷ ʤʘʣʦʵʤʠʩʩʠʦʥʥʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ. ɼʦ ʧʦʜʘʯʠ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ 

ʪʦʧʣʠʚʦ ʩʤʝʰʠʚʘʶʪ ʩ ʚʦʟʜʫʭʦʤ ʚ ʩʧʝʮʠʘʣʴʥʳʭ ʧʨʝʤʠʢʩʝʨʘʭ, ʦʙʨʘʟʫʷ çʙʝʜʥʫʶè 

ʊɺʉ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʩʦʩʪʘʚʘ. ʉʦʩʪʘʚ ʩʤʝʩʠ ʧʦʜʙʠʨʘʝʪʩʷ ʪʘʢ, ʯʪʦʙʳ ʪʝʤʧʝʨʘʪʫʨʘ ʚ 

ʟʦʥʝ ʛʦʨʝʥʠʷ ʥʝ ʧʨʝʚʳʰʘʣʘ ~ 1800 ʂ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʚʳʙʨʦʩʳ 

NOx ʧʦ ʪʝʨʤʠʯʝʩʢʦʤʫ ʤʝʭʘʥʠʟʤʫ. 

ʅʝʜʦʩʪʘʪʢʠ ʠ ʧʨʦʙʣʝʤʳ ʢʦʥʮʝʧʮʠʠ: 

- ʧʫʣʴʩʘʮʠʠ ʜʘʚʣʝʥʠʷ; 

- ʧʨʦʠʟʚʦʣʴʥʦʝ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʝ ʠ ʧʨʦʩʢʦʢ ʧʣʘʤʝʥʠ ʚʚʝʨʭ ʧʦ ʧʦʪʦʢʫ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʛʦʨʘʥʠʶ ʵʣʝʤʝʥʪʦʚ ʧʨʝʤʠʢʩʝʨʘ; 

- ʩʫʞʝʥʠʝ ʜʠʘʧʘʟʦʥʘ ʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ; 

- ʧʨʦʙʣʝʤʘ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʨʦʟʞʠʛʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (ʚʦ ʬʨʦʥʪ 

ʧʦʜʘʝʪʩʷ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʟʜʫʭʘ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʪʝʯʝʥʠʷ ʠ 

ʟʘʪʨʫʜʥʷʝʪ ʚʦʩʧʣʘʤʝʥʝʥʠʝ); 

- ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʟʦʥʝ ʛʦʨʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʫʚʝʣʠʯʝʥʠʷ ʦʙʲʸʤʘ ʂʉ ʜʣʷ ʧʦʣʥʦʛʦ ʚʳʛʦʨʘʥʠʷ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ (ʥʘʧʨʠʤʝʨ, ʦʙʲʝʤ ʤʘʣʦʵʤʠʩʩʠʦʥʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ General Electric 

LM6000+ ʚ ʜʚʘ ʨʘʟʘ ʙʦʣʴʰʝ ʠʩʭʦʜʥʦʛʦ ʚʘʨʠʘʥʪʘ [39]). 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʚ ʢʘʤʝʨʘʭ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʩʤʝʰʝʥʠʝʤ 

ʪʦʧʣʠʚʘ ʫʩʣʦʞʥʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʦʮʝʥʢʠ ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʘʤʝʥʠ 

ʚ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʪʦʢʝ [5, 58, 59]. 

ɺ çʙʦʛʘʪʦ-ʙʝʜʥʳʭè ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ (RQL ï Rich-Quench-Lean) ï 

ʦʨʛʘʥʠʟʫʝʪʩʷ ʧʦʵʪʘʧʥʦʝ ʛʦʨʝʥʠʝ ʪʦʧʣʠʚʘ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʛʦʨʠʪ çʙʦʛʘʪʘʷè ʊɺʉ. 

ɺʚʠʜʫ ʦʪʩʫʪʩʪʚʠʷ ʩʚʦʙʦʜʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʟʦʥʝ 

ʛʦʨʝʥʠʷ ʦʢʩʠʜʳ ʘʟʦʪʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʙʨʘʟʫʶʪʩʷ. ɺʪʦʨʦʡ ʵʪʘʧ ï ʙʳʩʪʨʦʝ ʩʤʝʰʝʥʠʝ 

ʩ ʚʦʟʜʫʭʦʤ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ çʙʝʜʥʦʡè ʩʤʝʩʠ. ʀʤʝʥʥʦ ʚʪʦʨʦʡ ʵʪʘʧ ʚʦ ʤʥʦʛʦʤ 

ʦʧʨʝʜʝʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ RQL-ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ɻʦʨʶʯʘʷ ʩʤʝʩʴ 

ʥʝʠʟʙʝʞʥʦ çʧʨʦʭʦʜʠʪè ʟʦʥʳ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʪ 
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ʙʳʩʪʨʦʪʳ ʠ ʢʘʯʝʩʪʚʘ ʧʨʦʮʝʩʩʦʚ ʩʤʝʰʝʥʠʷ ʟʘʚʠʩʠʪ ʢʦʣʠʯʝʩʪʚʦ ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ 

NOx. ʊʨʝʪʠʡ ʵʪʘʧ ï ʛʦʨʝʥʠʝ çʙʝʜʥʦʡè ʩʤʝʩʠ. ɿʜʝʩʴ ʜʦʛʦʨʘʶʪ ʦʩʪʘʪʢʠ ʪʦʧʣʠʚʘ ʠ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. 

ʂ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʢʦʥʮʝʧʮʠʠ ʦʪʥʦʩʷʪ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʫʩʪʦʡʯʠʚʦʛʦ 

ʨʦʟʞʠʛʘ ʠ ʨʘʙʦʪʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ʊʘʢʞʝ ʧʨʠ ʢʦʥʚʝʨʪʠʨʦʚʘʥʠʠ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

ʘʚʠʘʮʠʦʥʥʳʭ ɻʊɼ ʚ ʥʘʟʝʤʥʳʝ ʥʝ ʪʨʝʙʫʶʪʩʷ ʫʚʝʣʠʯʝʥʠʷ ʦʙʲʝʤʘ ʟʦʥʳ ʛʦʨʝʥʠʷ ʠ 

ʢʦʣʠʯʝʩʪʚʘ ʧʦʜʚʦʜʦʚ ʪʦʧʣʠʚʘ [76]. 

ʆʩʥʦʚʥʦʡ ʥʝʜʦʩʪʘʪʦʢ ʢʦʥʮʝʧʮʠʠ - ʩʣʦʞʥʦʩʪʴ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʛʦ 

ʠ ʙʳʩʪʨʦʛʦ ʩʤʝʰʝʥʠʷ çʙʦʛʘʪʦʡè ʩʤʝʩʠ ʩ ʚʦʟʜʫʭʦʤ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʟʘʜʘʥʥʳʭ 

ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʆʧʪʠʤʠʟʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʩʤʝʰʝʥʠʷ ʪʨʝʙʫʝʪ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʦʚʦʜʦʯʥʳʭ ʨʘʙʦʪ.   

ɺ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʠʟʤʝʥʷʝʤʦʡ ʛʝʦʤʝʪʨʠʠ ʧʨʝʜʫʩʤʦʪʨʝʥʳ ʵʣʝʤʝʥʪʳ, 

ʨʝʛʫʣʠʨʫʶʱʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʦʟʜʫʭʘ ʚ ʞʘʨʦʚʦʡ ʪʨʫʙʝ. ʅʘʧʨʠʤʝʨ, ʫʤʝʥʴʰʝʥʠʝ 

ʧʣʦʱʘʜʠ ʧʨʦʭʦʜʥʦʛʦ ʩʝʯʝʥʠʷ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʨʝʞʠʤʘʭ ʤʘʣʦʡ ʪʷʛʠ 

ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʦʧʪʠʤʘʣʴʥʳʡ ʩʦʩʪʘʚ ʩʤʝʩʠ ʚ ʟʦʥʝ ʛʦʨʝʥʠʷ, ʧʦʚʳʩʠʪʴ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʠ ʩʥʠʟʠʪʴ ʪʦʢʩʠʯʥʦʩʪʴ ʨʘʙʦʪʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ʆʩʥʦʚʥʦʡ 

ʥʝʜʦʩʪʘʪʦʢ ʢʦʥʮʝʧʮʠʠ ï ʫʩʣʦʞʥʝʥʠʝ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʩʠʩʪʝʤʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ, ʯʪʦ 

ʥʝʙʣʘʛʦʧʨʠʷʪʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʥʘʜʝʞʥʦʩʪʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

ʂʦʥʮʝʧʮʠʷ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʟʦʥʥʦʡ ʧʦʜʘʯʝʡ ʪʦʧʣʠʚʘ ʧʦʜʨʘʟʫʤʝʚʘʝʪ 

ʨʘʟʜʝʣʝʥʠʝ ʦʙʲʝʤʘ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʥʘ ʫʯʘʩʪʢʠ (ʟʦʥʳ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʨʘʙʦʯʠʡ ʧʨʦʮʝʩʩ ʥʘ ʨʝʞʠʤʘʭ ʤʘʣʦʡ ʠ ʧʦʣʥʦʡ ʤʦʱʥʦʩʪʠ. ʂʘʢ 

ʧʨʘʚʠʣʦ, ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʟʦʥ ʛʦʨʝʥʠʷ: ʜʝʞʫʨʥʦʡ ʠ ʦʩʥʦʚʥʦʡ. 

ɼʝʞʫʨʥʘʷ ʟʦʥʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʚʳʩʦʢʫʶ ʧʦʣʥʦʪʫ ʩʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ ʥʘ ʨʝʞʠʤʘʭ 

ʤʘʣʦʛʦ ʛʘʟʘ. ʆʩʥʦʚʥʘʷ ʟʦʥʘ ʧʨʦʝʢʪʠʨʫʝʪʩʷ ʜʣʷ ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ ʥʘ ʥʘʛʨʫʞʝʥʥʳʭ 

ʨʝʞʠʤʘʭ.  

ʅʝʜʦʩʪʘʪʢʠ ʢʦʥʮʝʧʮʠʠ: ʫʩʣʦʞʥʝʥʠʝ ʢʦʥʩʪʨʫʢʮʠʠ, ʫʚʝʣʠʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʞʘʨʦʚʦʡ ʪʨʫʙʳ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (ʧʨʠ ʦʩʝʚʦʤ 

ʨʘʩʧʦʣʦʞʝʥʠʠ ʟʦʥ) ʠ ʧʨʦʙʣʝʤʳ c ʵʧʶʨʦʡ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ʚʳʭʦʜʝ (ʧʨʠ ʨʘʜʠʘʣʴʥʦʤ 

ʨʘʩʧʦʣʦʞʝʥʠʠ ʟʦʥ ʛʦʨʝʥʠʷ) [76]. 
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ɺ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʦʨʛʘʥʠʟʦʚʘʥʦ ʛʦʨʝʥʠʝ ʫʣʴʪʨʘ çʙʝʜʥʦʡè 

ʊɺʉ, ʯʪʦ ʩʥʠʞʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʚʳʙʨʦʩʳ NOx. 

ʋʩʪʦʡʯʠʚʦʛʦ ʛʦʨʝʥʠʷ ʜʦʙʠʚʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ï ʚʝʱʝʩʪʚ, ʢʦʪʦʨʳʝ 

ʫʩʢʦʨʷʶʪ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ, ʥʦ ʥʝ ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʥʠʭ.  

ʂʣʘʩʩʠʯʝʩʢʘʷ ʩʭʝʤʘ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ 

ʫʯʘʩʪʢʦʚ. ɺ ʧʝʨʚʦʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʜʛʦʪʦʚʢʘ çʙʝʜʥʦʡè ʛʦʨʶʯʝʡ ʩʤʝʩʠ. ɼʘʣʝʝ 

ʩʤʝʩʴ ʧʦʩʪʫʧʘʝʪ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʚʦʩʧʣʘʤʝʥʝʥʠʝ ʠ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʛʦʨʝʥʠʝ. ʇʦʩʣʝ ʨʘʩʧʦʣʦʞʝʥʘ ʟʦʥʘ ʜʦʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ ʠ ʉʆ. 

ʂʘʪʘʣʠʪʠʯʝʩʢʠʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʜʦʙʠʪʴʩʷ ʥʠʟʢʠʭ ʚʳʙʨʦʩʦʚ 

ʦʢʩʠʜʦʚ ʘʟʦʪʘ ï ʤʝʥʝʝ 5 ʤʣʥ-1. ʆʜʥʘʢʦ, ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ ʨʝʰʠʪʴ ʨʷʜ 

ʧʨʦʙʣʝʤ: ʦʙʝʩʧʝʯʠʪʴ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʤʝʰʝʥʠʝ ʪʦʧʣʠʚʘ (ʣʦʢʘʣʴʥʳʝ çʙʦʛʘʪʳʝè ʟʦʥʳ 

ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʧʨʦʛʘʨʘʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʣʦʢʘʣʴʥʳʝ çʙʝʜʥʳʝè ʟʦʥʳ ï ʢ 

ʧʨʦʙʣʝʤʝ ʚʳʙʨʦʩʦʚ ʉʆ); ʦʙʝʩʧʝʯʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʦʢʨʳʪʠʷ ʢ 

çʚʳʚʝʪʨʠʚʘʥʠʶè ʠ ʨʘʩʪʨʝʩʢʠʚʘʥʠʶ ʚ ʪʝʯʝʥʠʠ ʟʘʜʘʥʥʦʛʦ ʨʝʩʫʨʩʘ; ʦʙʝʩʧʝʯʠʪʴ 

ʫʩʪʦʡʯʠʚʳʡ ʨʦʟʞʠʛ ʧʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚʦʟʜʫʭʘ ʧʝʨʝʜ ʢʘʤʝʨʦʡ; ʦʙʝʩʧʝʯʠʪʴ 

ʧʦʣʥʦʝ ʚʳʛʦʨʘʥʠʝ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʟʘ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ. 

ʇʨʠʤʝʥʝʥʠʝ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʥʦʛʦ ʛʘʟʘ (çʩʠʥʪʝʟ-ʛʘʟʘè) ʪʘʢʞʝ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʢʦʥʮʝʧʮʠʶ ʩʦʟʜʘʥʠʷ ʤʘʣʦʵʤʠʩʩʠʦʥʥʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ. ʉʠʥʪʝʟ-

ʛʘʟ ʧʦʣʫʯʘʶʪ ʦʙʨʘʙʦʪʢʦʡ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʪʦʧʣʠʚ (ʫʛʣʷ, ʢʦʢʩʘ, ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ ʠ 

ʜʨ.). ʆʩʥʦʚʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʩʠʥʪʝʟ-ʛʘʟʘ: ʚʦʜʦʨʦʜ (ʅ2), ʤʦʥʦʢʩʠʜ ʫʛʣʝʨʦʜʘ (ʉʆ) ʠ 

ʠʥʝʨʪʥʳʡ ʨʘʟʙʘʚʠʪʝʣʴ - ʢʘʢ ʧʨʘʚʠʣʦ, ʘʟʦʪ N2, ʣʠʙʦ ʧʘʨʳ ʚʦʜʳ. ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʩʚʦʡʩʪʚʘ ʪʦʧʣʠʚʘ ʚʘʨʴʠʨʫʝʪʩʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʭʦʜʥʦʛʦ ʩʳʨʴʷ ʠ ʪʝʭʥʦʣʦʛʠʠ ʝʛʦ ʦʙʨʘʙʦʪʢʠ.   

ʅʘʣʠʯʠʝ ʣʝʛʢʦʛʦ ʠ çʘʢʪʠʚʥʦʛʦè ʚʦʜʦʨʦʜʘ ʧʦʟʚʦʣʷʝʪ ʦʨʛʘʥʠʟʦʚʘʪʴ ʫʩʪʦʡʯʠʚʦʝ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʛʦʨʝʥʠʝ, ʯʝʤ ʠ ʦʙʫʩʣʦʚʣʝʥʦ ʩʥʠʞʝʥʠʝ ʚʳʙʨʦʩʦʚ NOx. ʂʨʦʤʝ 

ʪʦʛʦ, ʚ ʨʘʙʦʪʝ [77] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʠʥʪʝʟ-ʛʘʟ ʤʝʥʴʰʝ ʩʢʣʦʥʝʥ ʢ ʧʫʣʴʩʘʮʠʦʥʥʦʤʫ 

ʛʦʨʝʥʠʶ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʧʨʠʨʦʜʥʳʤ ʛʘʟʦʤ. 

 ʇʨʠ ʩʦʟʜʘʥʠʠ ʤʘʣʦʵʤʠʩʩʠʦʥʥʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʩʠʥʪʝʟ-

ʛʘʟʝ, ʨʘʟʨʘʙʦʪʯʠʢʠ ʩʪʘʣʢʠʚʘʶʪʩʷ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠ ʧʨʦʙʣʝʤʘʤʠ: 
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- ʧʦʚʳʰʝʥʥʳʡ ʨʘʩʭʦʜ ʪʦʧʣʠʚʘ (ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʪʚʦʨʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʩʠʥʪʝʟ-

ʛʘʟʘ ʚ 9-11 ʨʘʟ ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʠʨʦʜʥʳʤ ʛʘʟʦʤ [50]); 

- ʧʦʚʳʰʝʥʥʘʷ ʩʢʣʦʥʥʦʩʪʴ ʢ ʧʨʦʩʢʦʢʫ ʧʣʘʤʝʥʠ (ʚʚʠʜʫ ʥʘʣʠʯʠʷ ʚʦʜʦʨʦʜʘ)  

ʟʘʩʪʘʚʣʷʝʪ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʣʦʢʘʣʴʥʦ ʧʦʚʳʰʘʪʴ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ 

ʛʠʜʨʘʚʣʠʯʝʩʢʠʝ ʧʦʪʝʨʠ; 

- ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʧʘʨʦʚ ʚʦʜʳ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ 

ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ ʪʝʧʣʦʦʙʤʝʥ ʦʪ ʛʘʟʘ ʢ ʵʣʝʤʝʥʪʘʤ ʢʘʤʝʨʳ ʠ ʫʩʣʦʞʥʷʝʪ ʠʭ 

ʦʭʣʘʞʜʝʥʠʝ; 

- ʩʣʦʞʥʦʩʪʴ ʦʙʝʩʧʝʯʝʥʠʷ ʥʠʟʢʠʭ ʚʳʙʨʦʩʦʚ ʉʆ ʚʚʠʜʫ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʟʦʥʝ ʛʦʨʝʥʠʷ ʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʧʣʦʚʳʭ ʧʦʪʝʨʴ ʢ ʩʪʝʥʢʘʤ ʢʘʤʝʨʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʤʝʝʪʩʷ ʥʝʤʘʣʦ ʢʦʥʮʝʧʮʠʡ ʩʦʟʜʘʥʠʷ ʤʘʣʦʵʤʠʩʩʠʦʥʥʳʭ 

ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ. ʆʜʥʘʢʦ, ʚʩʝʤ ʠʤ ʩʚʦʡʩʪʚʝʥʥʦ ʦʩʥʦʚʥʦʝ ʧʨʦʪʠʚʦʨʝʯʠʝ: ʥʠʟʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʟʦʥʝ ʛʦʨʝʥʠʷ ʩʥʠʞʘʝʪ ʚʳʙʨʦʩʳ ʦʢʩʠʜʦʚ ʘʟʦʪʘ, ʥʦ ʫʚʝʣʠʯʠʚʘʝʪ 

ʚʳʙʨʦʩʳ ʧʨʦʜʫʢʪʦʚ ʥʝʧʦʣʥʦʛʦ ʩʛʦʨʘʥʠʷ ʠ ʥʘʦʙʦʨʦʪ ï ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʟʦʥʝ 

ʛʦʨʝʥʠʷ ʧʦʚʳʰʘʝʪ ʫʨʦʚʝʥʴ NOx, ʥʦ ʩʥʠʞʘʝʪ CO ʠ uCH. 

 

1.4 ʇʨʦʙʣʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨ 

ʩʛʦʨʘʥʠʷ ɻʊɼ 

 

1.4.1 ʈʘʩʯʝʪ ʧʦ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤ ʟʘʚʠʩʠʤʦʩʪʷʤ 

 

ʆʛʨʘʥʠʯʝʥʠʝ ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ ʠʥʠʮʠʠʨʦʚʘʣʦ ʨʘʟʨʘʙʦʪʢʫ ʩʧʝʮʠʘʣʴʥʳʭ 

ʬʦʨʤʫʣ (ʟʘʚʠʩʠʤʦʩʪʝʡ), ʧʦʟʚʦʣʷʶʱʠʭ ʦʮʝʥʠʪʴ ʚʳʙʨʦʩʳ NOx ʠ ʉʆ ʥʘ ʵʪʘʧʝ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ. ʊʘʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʩʪʨʦʝʥʳ ʥʘ ʙʘʟʝ ʪʝʦʨʠʠ 

ʨʘʙʦʯʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ, ʧʦʵʪʦʤʫ, ʷʚʣʷʶʪʩʷ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤʠ [51, 7, 26, 27]. 

ʇʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ 

ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ ʢʘʢ ʟʘʨʫʙʝʞʥʳʤʠ, ʪʘʢ ʠ ʦʪʝʯʝʩʪʚʝʥʥʳʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʣʠʰʴ ʥʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ. 

ɺ ʨʘʙʦʪʝ [51] ʧʨʝʜʣʦʞʝʥʘ ʩʣʝʜʫʶʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʉʆ: 
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ɿʘʚʠʩʠʤʦʩʪʴ 1.5 ʧʦʩʪʨʦʝʥʘ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʧʦ 30 ʢʘʤʝʨʘʤ 

ʩʛʦʨʘʥʠʷ. ʆʥʘ ʫʯʠʪʳʚʘʝʪ ʚʣʠʷʥʠʝ ʨʝʞʠʤʥʳʭ ʠ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ 

ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ ʉʆ. ɿʘʚʠʩʠʤʦʩʪʴ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʰʠʨʦʢʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʨʝʞʠʤʦʚ: ʦʪ ʤʘʣʦʛʦ ʛʘʟʘ ʜʦ ʤʘʢʩʠʤʘʣʘ.  

ɿʘ ʨʫʙʝʞʦʤ ʙʦʣʴʰʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ ʧʨʠʦʙʨʝʣʘ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ, 

ʧʨʝʜʣʦʞʝʥʥʘʷ ɸ. ʃʝʬʝʚʨʦʤ [26, 76]: 

ὉὍὅὕ
ẗ ȟ

ȟ

.                                         (1.6) 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʚʳʨʘʞʝʥʠʷ 1.6 ʚ ʢʘʯʝʩʪʚʝ ʛʣʘʚʥʳʭ ʬʘʢʪʦʨʦʚ, 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ ʉʆ, ʙʳʣʠ ʚʳʙʨʘʥʳ:  

- ʨʘʟʙʘʚʣʝʥʠʝ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʚʦʟʜʫʭʦʤ ʟʘ ʟʦʥʦʡ ʛʦʨʝʥʠʷ; 

- ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʪʦʧʣʠʚʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ ʚ ʟʦʥʝ ʛʦʨʝʥʠʷ; 

- ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʡ ʛʦʨʝʥʠʷ; 

- ʩʢʦʨʦʩʪʴ ʩʤʝʰʝʥʠʷ. 

ɿʘ ʭʘʨʘʢʪʝʨʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʧʨʠʥʷʪʘ ʩʨʝʜʥʷʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʟʦʥʝ ʛʦʨʝʥʠʷ.  

ɺ ʨʘʙʦʪʝ [76] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʳʨʘʞʝʥʠʝ 1.6 ʥʝʧʣʦʭʦ ʧʨʝʜʩʢʘʟʘʣʦ ʫʨʦʚʝʥʴ 

ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʜʚʠʛʘʪʝʣʝʡ F100 ʠ F101. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʛʘʟʦʪʫʨʙʠʥʥʦʡ 

ʫʩʪʘʥʦʚʢʠ ɻʊʕ-10/953 ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ 1.6 ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.24. 

ʆʩʥʦʚʥʦʝ ʜʦʩʪʦʠʥʩʪʚʦ ʨʘʩʯʝʪʦʚ ʧʦ ʛʦʪʦʚʳʤ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤ 

ʟʘʚʠʩʠʤʦʩʪʷʤ ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʩʪʦʪʘ ʠ ʙʳʩʪʨʦʪʘ ʚʳʯʠʩʣʝʥʠʡ. ɼʣʷ ʦʮʝʥʢʠ 
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ʫʨʦʚʥʝʡ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʥʝ ʪʨʝʙʫʶʪʩʷ çʪʷʞʝʣʳʝè ʧʨʦʛʨʘʤʤʥʳʝ 

ʧʨʦʜʫʢʪʳ.  

ʅʘʣʠʯʠʝ ʚ ʚʳʨʘʞʝʥʠʷʭ ʧʦʧʨʘʚʦʯʥʳʭ ʵʤʧʠʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʦʞʝʪ 

ʠʤʝʪʴ ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʳʡ, ʪʘʢ ʠ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʭʘʨʘʢʪʝʨ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ 

ʢʦʥʩʪʨʫʢʮʠʷ ʠʩʩʣʝʜʫʝʤʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʭʦʞʘ ʩ ʢʘʤʝʨʘʤʠ, çʟʘʣʦʞʝʥʥʳʤʠè ʚ 

ʚʳʨʘʞʝʥʠʠ, ʨʘʩʯʝʪʥʘʷ ʦʮʝʥʢʘ çʦʧʠʨʘʝʪʩʷè ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ. 

ʅʘʧʨʦʪʠʚ, ʩʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʚ ʢʦʥʩʪʨʫʢʮʠʷʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʦʛʨʘʥʠʯʠʚʘʝʪ 

ʧʨʠʤʝʥʝʥʠʝ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ. 

ʂʨʦʤʝ ʪʦʛʦ, ʪʘʢʠʝ ʚʳʨʘʞʝʥʠʷ ʤʦʛʫʪ ʥʝ ʫʯʠʪʳʚʘʪ ɹʣʦʢʘʣʴʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʪʝʯʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʯʨʝʟʤʝʨʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʚʳʰʝʥʥʦʤʫ ʫʨʦʚʥʶ ʉʆ. 

 

1.4.2 ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʛʘʟʦʚʘʷ ʜʠʥʘʤʠʢʘ (CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ) 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʫ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

ʧʦʣʫʯʠʣʠ ʧʨʦʛʨʘʤʤʥʳʝ ʧʨʦʜʫʢʪʳ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ 

(Computational Fluid Dynamics ï CFD) [32, 16, 25, 38, 56, 89 ʠ ʜʨ.]. ʅʘʠʙʦʣʝʝ 

ʠʟʚʝʩʪʥʳʝ ʠʟ ʥʠʭ: ANSYS Fluent, ANSYS CFX, ʃʦʛʦʩ, FlowVision, Star-CCM+, Star-

CD, OpenFOAM. ʊʘʢʠʝ ʧʨʦʛʨʘʤʤʥʳʝ ʧʨʦʜʫʢʪʳ ʧʦʟʚʦʣʷʶʪ ʚʳʧʦʣʥʷʪʴ ʪʨʝʭʤʝʨʥʳʝ 

ʨʘʩʯʝʪʳ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʠ ʩʥʘʙʞʝʥʳ ʠʥʩʪʨʫʤʝʥʪʦʤ ʦʙʨʘʙʦʪʢʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

ɺ CFD ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ ʨʝʰʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ï ʵʪʦ ʩʠʩʪʝʤʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʟʘʢʦʥʦʚ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ, ʵʥʝʨʛʠʠ, ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ ʠ ʪ.ʜ.  

ʈʘʟʨʘʙʦʪʢʘ ʥʘʜʝʞʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ɻʊɼ ʜʣʷ 

ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ. ʅʝʦʙʭʦʜʠʤʦ ʦʮʝʥʠʪʴ 

ʧʘʨʘʤʝʪʨʳ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦʪʦʢʘ, ʩʢʦʨʦʩʪʠ ʩʤʝʰʝʥʠʷ ʪʦʧʣʠʚʘ ʠ ʚʦʟʜʫʭʘ, 

ʩʢʦʨʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʘʛʠʨʫʶʱʝʛʦ ʧʦʪʦʢʘ ʩ 

ʪʫʨʙʫʣʝʥʪʥʳʤ ʪʝʯʝʥʠʝʤ ʠ ʪʝʯʝʥʠʝʤ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ, ʧʘʨʘʤʝʪʨʳ 
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ʪʝʧʣʦʦʪʚʦʜʘ ʦʪ ʛʘʟʘ ʢ ʩʪʝʥʢʘʤ ʢʘʤʝʨʳ ʠ ʜʨ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʚ CFD-ʧʨʦʛʨʘʤʤʘʭ 

ʟʘʣʦʞʝʥʦ ʥʝʤʘʣʦ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ. 

ʆʪʤʝʪʠʤ ʥʝʢʦʪʦʨʳʝ ʧʨʦʙʣʝʤʳ ʠ ʩʣʦʞʥʦʩʪʠ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʟʘʜʘʯʝ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

ɻʊɼ. 

ʇʝʨʚʦʝ, ʵʪʦ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʧʨʷʤʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʜʝʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʩʦʚʨʝʤʝʥʥʦʡ ʪʝʭʥʠʢʠ. 

ʇʨʷʤʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʧʝʨʝʥʦʩʘ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ 

ʢʦʤʧʦʥʝʥʪʦʚ. ʕʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʣʦʞʥʷʝʪ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ. ʊʘʢ, ʧʨʠ 

ʧʨʠʤʝʥʝʥʠʠ ʤʝʭʘʥʠʟʤʘ GRI-Mech 3.0 ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʙʫʜʝʪ ʩʦʩʪʦʷʪʴ ʙʦʣʝʝ 

ʯʝʤ ʠʟ 60 ʫʨʘʚʥʝʥʠʡ (53 ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʢʦʤʧʦʥʝʥʪʦʚ + 3 ʫʨʘʚʥʝʥʠʷ ʟʘʢʦʥʘ 

ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ ʜʣʷ ʪʨʝʭ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ + ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ 

ʵʥʝʨʛʠʠ + ʫʨʘʚʥʝʥʠʷ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʜʨ.). 

ʆʜʠʥ ʠʟ ʩʧʦʩʦʙʦʚ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ï ʵʪʦ ʨʘʟʨʘʙʦʪʢʘ ʤʦʜʝʣʝʡ ʛʦʨʝʥʠʷ ʩ 

ʜʦʧʫʱʝʥʠʷʤʠ, ʦʪʜʝʣʷʶʱʠʤʠ çʭʠʤʠʶè ʦʪ çʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠè ï ʥʘʧʨʠʤʝʨ, ʤʦʜʝʣʠ 

ʩʝʤʝʡʩʪʚʘ çFlameletè (ʤʦʜʝʣʴ ʪʦʥʢʦʛʦ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ). ʆʜʥʘʢʦ, ʟʜʝʩʴ ʚʦʟʥʠʢʘʶʪ 

ʚʦʧʨʦʩʳ ʢʘʩʘʝʤʦ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʪʘʢʠʭ ʜʦʧʫʱʝʥʠʡ ʠ ʦ ʩʪʝʧʝʥʠ ʠʭ ʚʣʠʷʥʠʷ ʥʘ 

ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ. 

ɼʣʷ ʧʨʠʤʝʨʘ ʢʨʘʪʢʦ ʠ ʫʧʨʦʱʝʥʥʦ (ʙʳʪʴ ʤʦʞʝʪ ʩ ʥʝʢʦʪʦʨʦʡ ʧʦʪʝʨʝʡ 

ʪʦʯʥʦʩʪʠ) ʦʧʠʰʝʤ ʦʩʥʦʚʥʳʝ ʢʦʥʮʝʧʮʠʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ Flamelet ʛʦʨʝʥʠʷ 

ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʣʘʤʝʥ.  

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ Flamelet ʚʚʦʜʠʪʩʷ ʧʘʨʘʤʝʪʨ ï ʧʝʨʝʤʝʥʥʘʷ ʩʤʝʰʝʥʠʷ 

Z (mixture fraction). ʕʪʦʪ ʧʘʨʘʤʝʪʨ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʩʦʩʪʘʚ ʩʤʝʩʠ ʚ ʢʘʞʜʦʡ ʷʯʝʡʢʝ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ (N, 

O, C, H é). ɺ ʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʵʣʝʤʝʥʪʳ ʥʝ ʠʩʯʝʟʘʶʪ ʠ ʥʝ ʦʙʨʘʟʫʶʪʩʷ, ʚ ʫʨʘʚʥʝʥʠʠ 

ʧʝʨʝʥʦʩʘ Z ʦʪʩʫʪʩʪʚʫʝʪ ʠʩʪʦʯʥʠʢʦʚʳʡ ʯʣʝʥ. ʕʪʦ ʙʦʣʴʰʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʪʘʢʦʛʦ 

ʧʦʜʭʦʜʘ ï ʦʪʧʘʜʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʪʦʯʥʠʢʦʚʦʛʦ ʯʣʝʥʘ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʘʝʪ ʨʘʩʯʝʪʳ. 

ɺʪʦʨʦʡ ʚʚʦʜʠʤʳʡ ʧʘʨʘʤʝʪʨ ï ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʩʢʘʣʷʨʘ ɢ (ʩʢʦʨʦʩʪʴ 

ʜʠʩʩʠʧʘʮʠʠ Z). ʕʪʦʪ ʧʘʨʘʤʝʪʨ ʦʮʝʥʠʚʘʝʪ ʚʣʠʷʥʠʝ ʧʦʣʷ ʪʝʯʝʥʠʷ ʥʘ ʧʨʦʮʝʩʩʳ 
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ʛʦʨʝʥʠʷ ʠ ʢʦʩʚʝʥʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʣʦʢʘʣʴʥʦʝ ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ. 

ʇʨʠ ʢʨʠʪʠʯʝʩʢʦʤ ʟʥʘʯʝʥʠʠ ɢ ʧʣʘʤʷ ʧʦʛʘʩʘʝʪ. 

ʅʘ ʙʘʟʝ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʣʠʙʦ ʩ ʧʦʤʦʱʴʶ ʧʨʷʤʦʛʦ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʜʝʨʞʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʦʪ 

Z ʠ ɢ (g(i) = f(Z, ɢ)). ʕʪʠ ʢʦʤʧʦʥʝʥʪʳ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʦʩʥʦʚʥʳʝ ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ, 

ʘ ʪʘʢʞʝ ʚʨʝʜʥʳʝ ʚʝʱʝʩʪʚʘ (NO, NO2, CO, uCH ʠ ʜʨ) ʠ ʨʘʜʠʢʘʣʳ (ʆ, ʅ, ʆʅ ʠ ʜʨ.). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʟʥʘʯʝʥʠʷʤ Z ʠ ɢ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʜʝʪʘʣʴʥʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ 

ʩʛʦʨʘʥʠʷ.  

ʆʜʥʘʢʦ, ʥʘʣʠʯʠʝ ʚ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʪʦʢʝ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ ʠ ʩʦʩʪʘʚʘ ʩʤʝʩʠ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʩʨʝʜʥʝʥʠʷ ʧʦ Z ʠ ɢ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ 

ʢʦʣʠʯʝʩʪʚʘ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʚʚʦʜʠʪʩʷ ʬʫʥʢʮʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʝʡ (PDF ï Probability Density Function). ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ 

ʜʣʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ (ʦʩʨʝʜʥʝʥʠʷ) ʯʝʨʝʟ PDF ʬʫʥʢʮʠʶ ʥʝʦʙʭʦʜʠʤʦ ʚʚʝʩʪʠ ʪʨʝʪʠʡ 

ʧʘʨʘʤʝʪʨ ï ʜʠʩʧʝʨʩʠʶ ʧʝʨʝʤʝʥʥʦʡ ʩʤʝʰʝʥʠʷ (Zò2). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʤʦʜʝʣʠ ʛʦʨʝʥʠʷ Flamelet, ʚ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ Z, Zò2 ʠ ɢ. ʕʪʦ ʙʦʣʴʰʦʝ 

ʜʦʩʪʠʞʝʥʠʝ, ʪ.ʢ. ʢʦʣʠʯʝʩʪʚʦ ʫʨʘʚʥʝʥʠʡ ʧʝʨʝʥʦʩʘ ʩʦʢʨʘʪʠʣʦʩʴ ʩ ʜʝʩʷʪʢʦʚ/ʩʦʪʝʥ ʜʦ 

ʪʨʝʭ. ɼʝʪʘʣʴʥʳʡ ʞʝ ʩʦʩʪʘʚ ʩʤʝʩʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʟʘʨʘʥʝʝ ʧʦʜʛʦʪʦʚʣʝʥʥʳʤ 

ʟʘʚʠʩʠʤʦʩʪʷʤ (ʪʘʙʣʠʮʘʤ) g(i) = f(Z, Zò2, ɢ). 

ʊʝʧʝʨʴ ʨʘʩʩʤʦʪʨʠʤ ʥʝʢʦʪʦʨʳʝ ʧʨʦʙʣʝʤʳ ʤʦʜʝʣʠ Flamelet ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ 

ʟʘʜʘʯʝ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʉʆ [89]. 

1. ʇʦʩʪʨʦʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʣʠʙʦ ʨʘʩʯʝʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ g(i) = f(Z, ɢ) 

ʚʳʧʦʣʥʷʶʪ ʜʣʷ ʘʜʠʘʙʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʙʦʣʴʰʠʥʩʪʚʦ 

ʢʦʤʤʝʨʯʝʩʢʠʭ CFD ʧʘʢʝʪʦʚ ʥʝ ʫʯʠʪʳʚʘʝʪ ʚʣʠʷʥʠʝ ʦʪʚʦʜʘ ʪʝʧʣʦʪʳ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ 

ʚʝʱʝʩʪʚ. ʆʪʚʦʜ ʪʝʧʣʦʪʳ ʚʣʠʷʝʪ ʪʦʣʴʢʦ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʛʘʟʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘ 

ʝʛʦ ʧʣʦʪʥʦʩʪʴ ʠ ʩʢʦʨʦʩʪʴ [59]. ʆʜʥʘʢʦ, ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʟʘʜʘʯʝ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ 

ʉʆ, ʪʘʢʦʝ ʜʦʧʫʱʝʥʠʝ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʥʝʪʦʯʥʦʩʪʷʤ. ɺ ʦʩʦʙʝʥʥʦʩʪʠ 

ʵʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʭʦʣʦʜʥʦʡ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ. 

2. ɼʝʣʘʝʪʩʷ ʜʦʧʫʱʝʥʠʝ ʦ ʞʝʩʪʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʩʦʩʪʘʚʦʤ ʩʤʝʩʠ (g(i))  

ʠ ʧʘʨʘʤʝʪʨʘʤʠ Z ʠ ɢ. ʅʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʚʨʝʜʥʳʤ ʚʝʱʝʩʪʚʘʤ ʩ 
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ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ (NO, CO ʠ ʜʨ.), ʪʘʢʦʝ ʜʦʧʫʱʝʥʠʝ ʯʘʩʪʦ ʚʳʧʦʣʥʷʝʪʩʷ ʥʝ ʜʣʷ 

ʚʩʝʛʦ ʜʠʘʧʘʟʦʥʘ ʠʟʤʝʥʝʥʠʡ Z ʠ ɢ. ʀʤʝʶʪʩʷ ʚʦʧʨʦʩʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʚʪʦʨʷʝʤʦʩʪʠ 

(ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ) ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʧʨʦʙʣʝʤʳ 

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ (ʩʦʚʧʘʜʝʥʠʷ) ʨʝʟʫʣʴʪʘʪʦʚ ʫ ʨʘʟʣʠʯʥʳʭ ʘʚʪʦʨʦʚ.  

 3. ʏʘʩʪʦ ʧʨʠ ʦʩʨʝʜʥʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʚʝʱʝʩʪʚʘ ʜʝʣʘʝʪʩʷ 

ʜʦʧʫʱʝʥʠʝ ʦ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʢʦʣʠʯʝʩʪʚʘ ʵʪʦʛʦ ʚʝʱʝʩʪʚʘ ʦʪ ʜʨʫʛʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʧʘʨʘʤʝʪʨʦʚ. ɺ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ, ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʦʩʨʝʜʥʝʥʥʳʡ 

ʫʨʦʚʝʥʴ ʉʆ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʫʣʴʩʘʮʠʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ, ʯʪʦ 

ʚʝʩʴʤʘ ʩʧʦʨʥʦʝ ʜʦʧʫʱʝʥʠʝ. ʆʜʥʘʢʦ ʫʯʝʪ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʠʪ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʥʘʩʪʦʣʴʢʦ, ʯʪʦ ʤʦʜʝʣʴ ʛʦʨʝʥʠʷ 

Flamelet ʧʦʪʝʨʷʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʚ ʵʢʦʥʦʤʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

ɸʥʘʣʦʛʠʯʥʦʤʫ ʘʥʘʣʠʟʫ ʤʦʞʥʦ ʧʦʜʚʝʨʛʥʫʪʴ ʠ ʜʨʫʛʠʝ ʧʨʦʜʚʠʥʫʪʳʝ CFD 

ʤʦʜʝʣʠ ʛʦʨʝʥʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʚʪʦʨʦʡ ʦʙʱʝʡ ʧʨʦʙʣʝʤʳ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʯʘʩʪʠ ʨʘʩʯʝʪʘ 

ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʰʠʨʦʢʠʡ 

ʜʠʘʧʘʟʦʥ ʠʟʤʝʥʝʥʠʷ ʚʨʝʤʝʥʥʦʛʦ ʤʘʩʰʪʘʙʘ ʦʙʨʘʟʦʚʘʥʠʷ/ʚʳʛʦʨʘʥʠʷ ʉʆ. 

ʋʩʣʦʚʥʦ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ ʟʦʥʳ ï ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʦʥʫ ʧʣʘʤʝʥʠ ʠ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʧʦʩʪʧʣʘʤʝʥʥʫʶ (ʧʦʩʣʝʧʣʘʤʝʥʥʫʶ) ʟʦʥʫ. ɺ ʟʦʥʝ ʧʣʘʤʝʥʠ 

ʧʨʦʮʝʩʩʳ ʦʙʨʘʟʦʚʘʥʠʷ/ʚʳʛʦʨʘʥʠʷ ʉʆ ʙʳʩʪʨʳ. ɺ ʧʦʩʪʧʣʘʤʝʥʥʦʡ ʞʝ ʟʦʥʝ 

ʧʨʦʠʩʭʦʜʠʪ ʤʝʜʣʝʥʥʦʝ ʦʙʲʝʤʥʦʝ ʜʦʛʦʨʘʥʠʝ ʉʆ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʦʜʝʣʠ ʪʦʥʢʦʛʦ 

ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ ʪʠʧʘ Flamelet ʥʝʪʦʯʥʦ ʤʦʜʝʣʠʨʫʶʪ ʧʦʩʪʧʣʘʤʝʥʥʦʝ ï ʦʙʲʝʤʥʦʝ 

ʛʦʨʝʥʠʝ, ʘ ʤʦʜʝʣʠ ʦʙʲʝʤʥʦʛʦ ʛʦʨʝʥʠʷ (ʥʘʧʨʠʤʝʨ, EDC) ʪʨʝʙʫʶʪ ʯʨʝʟʤʝʨʥʦʛʦ 

ʠʟʤʝʣʴʯʝʥʠʷ ʩʝʪʢʠ ʚ ʟʦʥʝ ʧʣʘʤʝʥʠ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʥʘʛʨʫʟʢʫ.  

ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʨʷʜʦʤ ʘʚʪʦʨʦʤ ʨʘʟʨʘʙʦʪʘʥʳ ʛʠʙʨʠʜʥʳʝ ʤʦʜʝʣʠ 

[25, 67], ʢʦʪʦʨʳʝ ʪʨʝʙʫʶʪ ʤʦʜʠʬʠʢʘʮʠʠ ʠʩʭʦʜʥʳʭ (çʩʪʘʥʜʘʨʪʥʳʭè) ʤʦʜʝʣʝʡ 

ʛʦʨʝʥʠʷ. 

ʊʨʝʪʴʷ ʧʨʦʙʣʝʤʘ ï ʩʣʦʞʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ ʢʘʤʝʨʘʭ 

ʩʛʦʨʘʥʠʷ ɻʊɼ. 

ʅʘʠʙʦʣʝʝ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ RANS ʤʦʜʝʣʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʪʠʧʘ k-Ů, SST ʠ ʠʭ ʤʦʜʠʬʠʢʘʮʠʠ. ʕʪʠ ʤʦʜʝʣʠ ʧʦʩʪʨʦʝʥʳ ʥʘ 
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ʜʦʧʫʱʝʥʠʠ ʦ ʨʘʟʚʠʪʦʡ ʠʟʦʪʨʦʧʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʯʪʦ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʪʝʯʝʥʠʡ 

ʚʦ ʤʥʦʛʠʭ ʪʝʭʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ. ʆʜʥʘʢʦ ʚ ʦʩʥʦʚʥʳʭ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ ʜʣʷ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʣʘʤʝʥʠ ʦʨʛʘʥʠʟʦʚʳʚʘʶʪ ʟʦʥʫ ʦʙʨʘʪʥʳʭ ʪʦʢʦʚ (ɿʆʊ). ɿʆʊ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʫʩʣʦʚʥʦʡ ʣʠʥʠʝʡ ʥʫʣʝʚʳʭ ʩʢʦʨʦʩʪʝʡ, ʛʜʝ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʪʦʢʘ 

ʠʟʤʝʥʷʝʪʩʷ ʥʘ ʦʙʨʘʪʥʦʝ. ʂʨʦʤʝ ʪʦʛʦ ʛʨʘʥʠʮʘ ɿʆʊ - ʵʪʦ ʟʦʥʘ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʛʘʟ ʟʜʝʩʴ ʛʦʨʷʯʠʡ ï ʚʷʟʢʠʡ (ʣʦʢʘʣʴʥʦʝ ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʤʦʞʝʪ 

ʩʥʠʟʠʪʴʩʷ ʚ ʧʷʪʴ ʨʘʟ ʠʟ-ʟʘ ʧʦʜʚʦʜʘ ʪʝʧʣʦʪʳ [83]). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʛʨʘʥʠʮʳ ɿʆʊ ʦʩʣʦʞʥʷʝʪʩʷ ʤʘʣʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʠ ʙʦʣʴʰʦʡ ʚʷʟʢʦʩʪʴʶ ʛʘʟʘ ï ʵʪʦ 

ʩʦʩʪʦʷʥʠʝ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʦʧʫʱʝʥʠʶ ʦ ʠʟʦʪʨʦʧʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ RANS 

ʤʦʜʝʣʝʡ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʣʦʞʥʦʩʪʠ ʠ ʥʝʪʦʯʥʦʩʪʠ ʦʮʝʥʢʠ ʧʦʣʷ 

ʩʢʦʨʦʩʪʝʡ ʟʘ ɿʆʊ [83], ʯʪʦ ʪʘʢʞʝ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ. 

ʈʘʩʩʤʦʪʨʝʥʳ ʜʘʣʝʢʦ ʥʝ ʚʩʝ ʧʨʦʙʣʝʤʳ CFD ʚ ʧʣʘʥʝ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ 

ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ. ʆʜʥʘʢʦ, ʮʝʣʴ ʥʘʩʪʦʷʱʝʛʦ ʨʘʟʜʝʣʘ ʥʝ ʘʢʮʝʥʪʠʨʦʚʘʪʴ 

ʥʝʜʦʩʪʘʪʢʠ CFD, ʘ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ CFD ʚʩʪʨʝʯʘʝʪ ʩʚʦʠ ʪʨʫʜʥʦʩʪʠ ʠ ʥʝ ʷʚʣʷʝʪʩʷ 

ʝʜʠʥʩʪʚʝʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʥʦʡ ʦʮʝʥʢʠ ʢʦʣʠʯʝʩʪʚʘ 

ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ. ɸʢʪʫʘʣʴʥʦ ʨʘʟʚʠʪʠʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ 

ʤʝʪʦʜʦʚ. 

 

1.4.3 ʈʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ 

 

ɺ ʨʝʘʢʪʦʨʥʦʤ ʤʝʪʦʜʝ ʨʘʙʦʯʠʡ ʦʙʲʝʤ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʜʝʣʠʪʩʷ ʥʘ ʟʦʥʳ, 

ʢʦʪʦʨʳʝ ʤʦʜʝʣʠʨʫʶʪʩʷ ʦʪʜʝʣʴʥʳʤʠ ʨʝʘʢʪʦʨʘʤʠ [53, 57]. ʅʘʠʙʦʣʴʰʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʤʦʜʝʣʠ ʨʝʘʢʪʦʨʦʚ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ (PSR ï 

Perfectly Stirred Reactor [96]) ʠ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ (PFR ï Plug Flow Reactor 

[96]). ʄʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʨʝʘʢʪʦʨʦʚ PSR ʠ PFR ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʳ, ʪ.ʢ. 

ʧʦʩʪʨʦʝʥʳ ʥʘ ʜʦʧʫʱʝʥʠʷʭ, ʩʠʣʴʥʦ ʫʧʨʦʱʘʶʱʠʭ ʩʪʨʫʢʪʫʨʫ ʪʝʯʝʥʠʷ ʨʝʘʛʝʥʪʦʚ. 

ʇʨʦʩʪʦʪʘ ʤʦʜʝʣʝʡ ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ ʚ ʚʳʯʠʩʣʝʥʠʷʭ çʪʷʞʝʣʳʝè ʜʝʪʘʣʴʥʳʝ 

ʤʝʭʘʥʠʟʤʳ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ, ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ ʨʘʩʩʯʠʪʳʚʘʶʱʠʝ ʩʢʦʨʦʩʪʴ 

ʨʝʘʢʮʠʡ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʯʨʝʟʤʝʨʥʦʝ ʫʧʨʦʱʝʥʠʝ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʣʦʞʥʦʡ ʪʨʝʭʤʝʨʥʦʡ ʢʘʨʪʠʥʝ ʪʝʯʝʥʠʷ ʚ çʨʝʘʣʴʥʳʭè ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ. ʕʪʦ 
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ʦʛʨʘʥʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʧʨʦʩʪʳʭ ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ ʜʣʷ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ [29]. ɺ ʦʩʦʙʝʥʥʦʩʪʠ ʵʪʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ 

ʉʆ. ʅʘ ʚʳʙʨʦʩʳ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʚʣʠʷʝʪ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʘ ʦʥʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʣʦʢʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʩʤʝʰʝʥʠʷ ʛʘʟʦʚ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪʨʝʙʫʶʪʩʷ 

ʤʝʨʦʧʨʠʷʪʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʙʦʣʝʝ ʪʦʯʥʦ ʫʯʠʪʳʚʘʪʴ ʩʪʨʫʢʪʫʨʫ 

ʪʝʯʝʥʠʷ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʘʞʝ ʧʨʦʩʪʳʝ ʦʜʥʦ-ʜʚʫʭ ʨʝʘʢʪʦʨʥʳʝ ʤʦʜʝʣʠ ʥʘʰʣʠ ʩʚʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʫ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ. ʂʣʘʩʩʠʯʝʩʢʠʡ 

ʧʨʠʤʝʨ ʪʘʢʦʡ ʤʦʜʝʣʠ ï ʤʦʜʝʣʴ ʩʦʩʪʦʷʱʘʷ ʠʟ ʨʝʘʢʪʦʨʘ PSR ʠ PFR. ʈʝʘʢʪʦʨ 

ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ ʤʦʜʝʣʠʨʫʝʪ ʟʦʥʫ ʛʦʨʝʥʠʷ, ʩʣʝʜʫʶʱʠʡ ʟʘ ʥʠʤ ʨʝʘʢʪʦʨ 

ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ ʤʦʜʝʣʠʨʫʝʪ ʟʦʥʫ ʜʦʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ. ʊʘʢʠʝ ʤʦʜʝʣʠ 

ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ ʦʮʝʥʦʯʥʳʡ (ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ) ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ 

ʚʝʱʝʩʪʚ ʠ ʢʘʯʝʩʪʚʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʭ ʚʳʙʨʦʩʦʚ ʦʪ ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ. ʊʘʢʞʝ 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʳʡ ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʘ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ 

ʢʦʤʧʦʥʝʥʪʘ (ʥʘʧʨʠʤʝʨ, ʝʩʣʠ ʩʜʝʣʘʪʴ ʜʦʧʫʱʝʥʠʝ, ʯʪʦ ʚʩʝ ʪʦʧʣʠʚʦ ʩʞʠʛʘʝʪʩʷ ʚ 

ʧʣʘʤʝʥʠ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ, ʪʦ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦ 

ʚʦʟʤʦʞʥʳʡ ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ NOx).  

 

 

1.4.4 ɼʝʪʘʣʴʥʳʝ ʠ ʛʣʦʙʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ 
 

ʈʘʟʣʠʯʘʶʪ ʜʝʪʘʣʴʥʳʝ ʠ ʛʣʦʙʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. 

ɼʝʪʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʜʝʩʷʪʢʠ ʠ 

ʩʦʪʥʠ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʪʳʩʷʯʠ ʨʝʘʢʮʠʡ. ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʤʝʭʘʥʠʟʤʦʚ ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʨʘʩʩʯʠʪʘʪʴ ʩʢʦʨʦʩʪʴ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʩʢʦʨʦʩʪʴ ʣʘʤʠʥʘʨʥʦʛʦ 

ʧʣʘʤʝʥʠ, ʚʨʝʤʷ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ, ʥʝʦʙʭʦʜʠʤʳʝ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʛʦʨʝʥʠʷ.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʝʪʩʷ ʜʝʪʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ GRI-Mech 3.0 [71] 

ʩʦʩʪʦʷʱʠʡ ʠʟ 53 ʢʦʤʧʦʥʝʥʪʦʚ ʠ 325 ʨʝʘʢʮʠʡ. ʆʥ ʩʦʟʜʘʥ ʜʣʷ ʨʘʩʯʝʪʘ ʦʢʠʩʣʝʥʠʷ 

ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ (ʤʝʪʘʥʘ) ʠ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʜʣʷ 
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ʵʪʦʛʦ ʪʦʧʣʠʚʘ. GRI-Mech 3.0 ʦʧʪʠʤʠʟʠʨʦʚʘʥ ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʜʠʘʧʘʟʦʥʦʚ 

ʧʘʨʘʤʝʪʨʦʚ: ʊ=1000-2500 ʂ; ʨ Ò 1,0 ʄʇʘ; Ŭ = 0,2-10,0 [90]. 

ʇʨʠ ʨʝʰʝʥʠʠ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ ʤʦʞʥʦ ʦʙʦʡʪʠʩʴ çʣʝʛʢʠʤʠè ς 

ʛʣʦʙʘʣʴʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. ʅʘʧʨʠʤʝʨ, ʤʝʭʘʥʠʟʤʳ ʩʞʠʛʘʥʠʷ 

ʤʝʪʘʥʘ BFER [60], Westbrook C.K. ʠ Dryer F.L. [97] ʩʦʩʪʦʷʪ ʠʟ ʰʝʩʪʠ (c N2) 

ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʜʚʫʭ ʨʝʘʢʮʠʡ: 

ʉʅ4 + 1,5ʆ2 Ÿʉʆ + ʅ2ʆ;                                      (1.7) 

ʉʆ+0,5ʆ2 Ÿ ʉʆ2.                                           (1.8) 

ʊʘʢʠʝ ʤʝʭʘʥʠʟʤ ʧʦʟʚʦʣʷʶʪ ʧʨʦʠʟʚʦʜʠʪʴ ʙʳʩʪʨʳʝ ʨʘʩʯʝʪʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

CFD, ʩ ʥʝʧʣʦʭʦʡ ʦʮʝʥʢʦʡ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʛʦʨʶʯʝʡ ʩʤʝʩʠ (ʘʜʠʘʙʘʪʠʯʝʩʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʤʝʥʠ, ʩʦʩʪʘʚ ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʠ ʜʨ.). 

ʆʜʥʘʢʦ, ʛʣʦʙʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʧʣʦʭʦ ʧʨʠʤʝʥʠʤʳ ʜʣʷ ʦʮʝʥʢʠ ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ. 

ʅʘ ʨʠʩʫʥʢʝ 1.10 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʊ = f (Ŭ) ʠ [CO] = f (Ŭ) ʧʦʣʫʯʝʥʥʳʝ 

ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ ʦʙʲʝʤʦʤ 4500 ʩʤ3 ʧʨʠ 

ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʛʦʨʶʯʝʡ ʩʤʝʩʠ 470 ʂ, ʜʘʚʣʝʥʠʠ 0,4 ʄʇʘ ʠ ʤʘʩʩʦʚʦʤ 

ʨʘʩʭʦʜʝ 2 ʢʛ/ʩ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʜʚʫʭ ʤʝʭʘʥʠʟʤʦʚ ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʥʘ ʚ 

ʚʦʟʜʫʭʝ ï ʜʝʪʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ GRI-Mech 3.0 ʠ ʛʣʦʙʘʣʴʥʳʡ BFER (ʛʣʦʙʘʣʴʥʳʡ 

ʤʝʭʘʥʠʟʤ BFER ʦʧʪʠʤʠʟʠʨʦʚʘʥ ʧʦ ʦʮʝʥʢʝ ʩʢʦʨʦʩʪʠ ʣʘʤʠʥʘʨʥʦʛʦ ʧʣʘʤʝʥʠ ʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʜʣʷ ʜʠʘʧʘʟʦʥʦʚ ʧʘʨʘʤʝʪʨʦʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ: ʊ = 

300-700 ʂ, ʨ = 0,1-1,2 ʄʇʘ, Ŭ = 0,7-1,7). 

ʀʟ ʨʠʩʫʥʢʘ 1.10 ʚʠʜʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʤʝʞʜʫ ʛʣʦʙʘʣʴʥʳʤ ʠ 

ʜʝʪʘʣʴʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʚ ʯʘʩʪʠ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ. 

ʅʘʧʨʠʤʝʨ, ʧʨʠ Ŭ å 1,6 ʫʨʦʚʝʥʴ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʦʪʣʠʯʘʝʪʩʷ ʥʘ ʧʦʨʷʜʦʢ. 
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     BFER (ʛʣʦʙʘʣʴʥʳʡ)  GRI-Mech 3.0 (ʜʝʪʘʣʴʥʳʡ) 

 

ʈʠʩʫʥʦʢ 1.10 ï ʈʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʉʆ ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ ʦʪ ʩʦʩʪʘʚʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʠ ʤʝʭʘʥʠʟʤʘ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʪʦʯʥʦʡ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʷʪʴ çʪʷʞʝʣʳʝè ʜʝʪʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. 

 

 

ɺʳʚʦʜʳ ʢ ʧʝʨʚʦʡ ʛʣʘʚʝ 

 

1 ɺʚʠʜʫ ʧʦʩʪʦʷʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʧʦʪʨʝʙʣʝʥʠʷ ʫʛʣʝʚʦʜʦʨʦʜʥʦʛʦ ʪʦʧʣʠʚʘ ʠ 

ʫʞʝʩʪʦʯʝʥʠʷ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʥʦʨʤ ʜʦʧʫʩʪʠʤʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʉʆ, ʚ ʦʪʨʘʙʦʪʘʚʰʠʭ ʛʘʟʘʭ ɻʊɼ ʘʢʪʫʘʣʴʥʦ ʨʘʟʚʠʪʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ, ʪ.ʢ. ʠʤʝʥʥʦ ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪ ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ ʵʢʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʚʠʛʘʪʝʣʷ. 
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2 ʈʘʩʩʤʦʪʨʝʥʳ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʚʳʙʨʦʩʳ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ (ʉʆ) ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ. ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʟʘʜʘʯʝ ʨʘʩʯʝʪʘ 

ʠ ʩʥʠʞʝʥʠʷ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪʤʝʯʝʥʦ ʩʣʝʜʫʶʱʝʝ: 

2.1 ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ 

ʧʦʣʫʯʝʥʦ, ʯʪʦ ʧʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ Ŭ 

> 2 ʨʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ  ʉʆ ʥʝ ʧʨʝʚʳʰʘʶʪ 1-100 ʤʣʥ-1 (1,3-125 ʤʛ/ʥʤ3) ʧʨʠ 

ʠʩʭʦʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʛʦʨʶʯʝʡ ʩʤʝʩʠ 300-1060 ʂ (ʪ.ʝ. ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʦʪʝʯʝʩʪʚʝʥʥʳʤ ɻʆʉʊ). ʆʜʥʘʢʦ, ʚ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ ʩʦʜʝʨʞʘʥʠʝ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ ʚʩʝʛʜʘ ʧʨʝʚʳʰʘʝʪ ʠʭ ʨʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ, ʯʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʥʝʧʦʣʥʳʤ ʩʛʦʨʘʥʠʝʤ ʪʦʧʣʠʚʘ. 

2.2 ʇʨʠ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ ʉʆ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʵʬʬʝʢʪʳ ʪʝʨʤʠʯʝʩʢʦʡ 

ʜʠʩʩʦʮʠʘʮʠʠ ʚ ʟʦʥʘʭ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʙʦʣʝʝ 1900 ʂ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ 0,5-

10,0 ʄʇʘ. 

2.3 ʇʦʩʪʨʦʝʥʘ ʨʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ 

ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ ʦʪ ʠʩʭʦʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʘ GRI-Mech 3.0. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʧʨʠ ʊ < 1400 K 

ʚʨʝʤʷ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʧʨʝʚʳʰʘʝʪ ~ 1,0 ʤʩ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʣʦʢʘʣʴʥʦʝ ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ 

ʟʘʚʝʨʰʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʊ å 1400 ʂ 

ʤʦʞʥʦ ʧʨʠʥʷʪʴ ʚ ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʮʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʥʘʯʘʣʫ ʧʦʚʳʰʝʥʥʦʛʦ 

ʩʦʜʝʨʞʘʥʠʷ ʉʆ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ. 

3 ʆʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʨʘʩʯʝʪʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʉʆ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ ʤʦʞʝʪ 

ʦʪʣʠʯʘʪʴʩʷ ʥʘ ʧʦʨʷʜʦʢ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʛʣʦʙʘʣʴʥʦʛʦ ʠ ʜʝʪʘʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʦʚ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. 
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ɻʃɸɺɸ 2 ʂʆʄɹʀʅʀʈʆɺɸʅʅʓɽ ʄɽʊʆɼʓ ʈɸʉʏɽʊɸ ɺʓɹʈʆʉʆɺ 

ʄʆʅʆʆʂʉʀɼɸ ʋɻʃɽʈʆɼɸ ʀɿ ʂɸʄɽʈ ʉɻʆʈɸʅʀʗ ɻʊɼ 

 

 

 2.1 ɺʳʙʦʨ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ (CFD ʠ ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ) ʚ 

ʢʘʯʝʩʪʚʝ ʧʨʠʦʨʠʪʝʪʥʦʛʦ 

 

ɺʳʰʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʚʳʜʝʣʷʶʪ ʪʨʠ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʘ ʨʘʩʯʝʪʥʦʡ ʦʮʝʥʢʠ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ: ʨʘʩʯʝʪ ʧʦ 

ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤ ʟʘʚʠʩʠʤʦʩʪʷʤ ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤ ʜʘʥʥʳʤ; ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ ʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʛʘʟʦʚʘʷ ʜʠʥʘʤʠʢʘ (CFD). 

ʂʘʞʜʳʡ ʤʝʪʦʜ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩʦ ʩʣʦʞʥʦʩʪʷʤʠ ʧʨʠ ʨʘʩʯʝʪʝ ʚʳʙʨʦʩʦʚ ʉʆ. 

ʄʝʪʦʜ ʨʘʩʯʝʪʘ ʧʦ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤ ʟʘʚʠʩʠʤʦʩʪʷʤ çʟʘʚʷʟʘʥè ʩ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʠ ʨʝʞʠʤʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ, ʥʘ ʙʘʟʝ ʢʦʪʦʨʳʭ 

ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʮʝʥʢʠ ʚʳʙʨʦʩʘ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ. 

ɺ CFD ʧʨʷʤʦʝ ʧʨʠʤʝʥʝʥʠʝ ʜʝʪʘʣʴʥʳʭ (ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ) ʤʝʭʘʥʠʟʤʦʚ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʪʨʝʙʫʝʪ ʯʨʝʟʤʝʨʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ, ʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʩ ʛʣʦʙʘʣʴʥʦʡ (ʫʧʨʦʱʝʥʥʦʡ) ʢʠʥʝʪʠʢʦʡ ʠʣʠ ʩ çʨʘʟʜʝʣʝʥʠʝʤ 

ʭʠʤʠʠ ʦʪ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠè ʥʝʪʦʯʥʦ ʦʮʝʥʠʚʘʶʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʢʦʨʦʩʪʠ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʧʨʦʮʝʩʩʳ ʦʙʨʘʟʦʚʘʥʠʝ/ʚʳʛʦʨʘʥʠʝ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʚ 

ʦʙʲʝʤʝ ʧʦʩʪʧʣʘʤʝʥʥʦʡ ʟʦʥʳ. 

ɺ ʨʝʘʢʪʦʨʥʦʤ ʤʝʪʦʜʝ ʯʨʝʟʤʝʨʥʦʝ ʫʧʨʦʱʝʥʠʝ ʩʣʦʞʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʰʠʙʢʘʤ ʧʨʠ ʦʮʝʥʢʝ 

ʚʳʙʨʦʩʦʚ ʉʆ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʦʨʠʪʝʪʥʦʡ ʚʳʙʨʘʥʘ ʢʦʥʮʝʧʮʠʷ ʩʦʟʜʘʥʠʷ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ ʨʘʩʯʸʪʘ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

(ʢʦʤʙʠʥʠʨʫʶʪʩʷ CFD ʠ ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ). 

ɺ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʘʭ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʠʟ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ɻʊɼ ʝ yʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʩʪʨʦʠʪʩʷ ʥʘ ʙʘʟʝ ʨʝʟʫʣʴʪʘʪʦʚ ʪʨʝʭʤʝʨʥʦʛʦ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʨʠʩʫʥʦʢ 2.1). ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʪʦʯʥʝʝ ʫʯʝʩʪʴ ʩʪʨʫʢʪʫʨʫ 



41 
 

ʪʝʯʝʥʠʷ ʛʘʟʦʚ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʨʦʚʝʜʝʥʠʷ ʙʳʩʪʨʳʭ ʚʳʯʠʩʣʝʥʠʡ 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ [31, 15, 17, 18, 20, 24, 

27, 45, 46, 54, 70, 74, 79-82, 84-86 ,92, 95, 99, 100 ʠ ʜʨ.]. 

 
*ɺɺ ï ʚʨʝʜʥʳʝ ʚʝʱʝʩʪʚʘ 
 

ʈʠʩʫʥʦʢ 2.1 ï ʂʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʤʝʪʦʜ rʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ 

 

 

ʈʘʩʯʝʪ ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ ʚʳʧʦʣʥʷʶʪ ʚ ʩʧʝʮʠʘʣʴʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ 

ʧʨʦʜʫʢʪʘʭ ʪʠʧʘ CANTERA, CHEMKIN, Chemical Workbench (ʂʠʥʪʝʭ ʃʘʙ) ʠ ʜʨ. 

ʅʝʢʦʪʦʨʳʝ ʥʘʫʯʥʳʝ ʦʨʛʘʥʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʶʪ ʧʨʦʛʨʘʤʤʳ ʩʦʙʩʪʚʝʥʥʦʡ ʨʘʟʨʘʙʦʪʢʠ. 

 

2.2 ʆʙʟʦʨ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʠʟ 

ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʧʦ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤʫ ʤʝʪʦʜʫ 

 

ʇʨʝʞʜʝ, ʯʝʤ ʧʝʨʝʭʦʜʠʪʴ ʢ ʨʘʟʙʦʨʫ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ 

ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ, ʨʘʩʩʤʦʪʨʠʤ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ 

ʤʦʜʝʣʠʨʫʶʪʩʷ ʫʩʪʨʦʡʩʪʚʘ, ʧʨʠʙʣʠʞʝʥʥʳʝ ʧʦ ʫʩʣʦʚʠʷʤ ʨʘʙʦʪʳ ʢ ʛʦʤʦʛʝʥʥʦʤʫ 

ʨʝʘʢʪʦʨʫ. ʕʪʠ ʨʘʙʦʪʳ ʠʥʪʝʨʝʩʥʳ ʪʝʤ, ʯʪʦ ʧʦʢʘʟʳʚʘʶʪ ʥʘʩʢʦʣʴʢʦ ʫʩʧʝʰʥʦ ʦʜʥʦ- 

ʜʚʫʭʨʝʘʢʪʦʨʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʩʧʨʘʚʣʷʶʪʩʷ ʩ ʨʘʩʯʝʪʦʤ ʛʦʨʝʣʦʯʥʳʭ 

ʫʩʪʨʦʡʩʪʚ ʠʥʪʝʥʩʠʚʥʦʛʦ ʩʤʝʰʝʥʠʷ. 
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ɺ ʨʘʙʦʪʘʭ [92, 93, 61] ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʜʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʦʜʝʣʠ ʨʝʘʢʪʦʨʘ 

ʠʥʪʝʥʩʠʚʥʦʛʦ ʩʤʝʰʝʥʠʷ: ʦʜʥʦʩʪʨʫʡʥʳʡ ʠ ʤʥʦʛʦʩʪʨʫʡʥʳʡ (ʨʠʩʫʥʦʢ 2.2). ʆʙʝ 

ʤʦʜʝʣʠ ʨʘʙʦʪʘʣʠ ʥʘ ʟʘʨʘʥʝʝ ʧʦʜʛʦʪʦʚʣʝʥʥʦʡ ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ. 

        

 
ʘ) 

 
ʙ) 

 

ʘ) ï ʦʜʥʦʩʪʨʫʡʥʳʡ ʨʝʘʢʪʦʨ, ʙ) ï ʤʥʦʛʦʩʪʨʫʡʥʳʡ ʨʝʘʢʪʦʨ 

 

ʈʠʩʫʥʦʢ 2.2 ï ɻʦʨʝʣʦʯʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʠʥʪʝʥʩʠʚʥʦʛʦ ʩʤʝʰʝʥʠʷ 
 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʜʥʦʩʪʨʫʡʥʦʛʦ ʨʝʘʢʪʦʨʘ ʧʨʦʚʝʜʝʥʳ ʧʨʠ 

ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ: ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʨʝʘʢʪʦʨʝ ~1800 ʂ; ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ 

ʩʤʝʩʠ Ű = 0,5-4,0 ʤʩ; ʜʘʚʣʝʥʠʝ ï 0,3, 0,47 ʠ 0,65 ʄʇʘ. ʈʘʙʦʪʘʣʠ ʢʘʢ ʩ ʧʦʜʦʛʨʝʚʦʤ 

ʠʩʭʦʜʥʦʡ ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʪʘʢ ʠ ʙʝʟ ʧʦʜʦʛʨʝʚʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʛʘʟʦʚ ʚ ʨʝʘʢʪʦʨʝ 

ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʥʦʛʦʩʪʨʫʡʥʦʛʦ ʨʝʘʢʪʦʨʘ ʧʨʦʚʝʜʝʥʳ ʧʨʠ 

ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ: ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʨʝʘʢʪʦʨʝ ~1800 ʂ; ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ 

ʩʤʝʩʠ Ű = 1,0-2,0 ʤʩ; ʜʘʚʣʝʥʠʝ ʨ = 0,1-2,0 ʄʇʘ; ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ Ŭ = 

1,82. ʈʘʙʦʪʳ ʧʨʦʚʝʜʝʥʳ ʩ ʧʦʜʦʛʨʝʚʦʤ ʠʩʭʦʜʥʦʡ ʊɺʉ. 
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ʀʟʤʝʨʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʉʆ ʚ ʧʨʦʜʫʢʪʘʭ ʚʳʭʣʦʧʘ ʩʦʩʪʘʚʠʣʦ 100-6700 ʤʣʥ-1. 

ʆʜʥʦʩʪʨʫʡʥʳʡ ʨʝʘʢʪʦʨ ʧʨʠ ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ Ű ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʦʜʥʠʤ 

ʨʝʘʢʪʦʨʦʤ PSR. ʇʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʚʨʝʤʝʥʠ ʧʨʝʙʳʚʘʥʠʷ ʨʝʘʢʪʦʨ 

ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʜʚʫʤʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ PSR ï ʧʝʨʚʳʡ ʜʣʷ ʟʦʥʳ 

ʧʣʘʤʝʥʠ, ʚʪʦʨʦʡ ʜʣʷ ʧʦʩʪʧʣʘʤʝʥʥʦʡ ʟʦʥʳ. 

ʄʥʦʛʦʩʪʨʫʡʥʳʡ ʨʝʘʢʪʦʨ ʤʦʜʝʣʠʨʦʚʘʣʩʷ ʮʝʧʴʶ PSR ï PFR  (PSR ï ʟʦʥʘ 

ʧʣʘʤʝʥʠ, PFR ï ʧʦʩʪʧʣʘʤʝʥʥʘʷ ʟʦʥʘ ʠ ʚʳʭʣʦʧʥʳʝ ʧʘʪʨʫʙʢʠ ʜʦ ʩʝʯʝʥʠʷ ʦʪʙʦʨʘ ʧʨʦʙ 

ʛʘʟʘ). 

ɺ ʨʘʩʯʝʪʘʭ ʧʨʠʤʝʥʷʣʩʷ ʜʝʪʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ 

ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʥʘ ï GRI-Mech 3.0. 

ʇʦʣʫʯʝʥʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʨʘʩʯʝʪʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʉʆ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʥʘ ʨʝʞʠʤʘʭ ʩ ʜʘʚʣʝʥʠʝʤ ʚʳʰʝ 0,5 ʄʇʘ.  

ʋʩʧʝʰʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ ʪʠʧʘ PSR ʠ PFR ʧʨʠ 

ʨʘʩʯʝʪʝ ʛʦʨʝʣʦʯʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠʥʪʝʥʩʠʚʥʦʛʦ ʩʤʝʰʝʥʠʷ ʧʦʢʘʟʘʣʦ ʧʦʪʝʥʮʠʘʣʴʥʫʶ 

ʚʦʟʤʦʞʥʦʩʪʴ ʫʩʧʝʰʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩ ʧʦʤʦʱʴʶ ʵʪʠʭ 

ʤʦʜʝʣʝʡ. 

ʈʝʟʫʣʴʪʘʪʳ ʦʙʟʦʨʘ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʧʦ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤʫ ʤʝʪʦʜʫ, ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 2.1.  

ɺ ʪʘʙʣʠʮʝ 2.1 ʚʳʜʝʣʝʥʦ ʜʚʘ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʟʨʘʙʦʪʢʠ ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ 

ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ. 

ʇʝʨʚʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ï ʨʘʟʨʘʙʦʪʢʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʥʘ ʙʘʟʝ ʪʨʝʭʤʝʨʥʦʡ 

ʨʘʩʯʝʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ. ɿʜʝʩʴ ʦʩʥʦʚʥʳʝ ʟʦʥʳ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ (ʟʦʥʘ 

ʧʣʘʤʝʥʠ, ʟʦʥʘ ʨʝʮʠʨʢʫʣʷʮʠʠ, ʧʨʠʩʪʝʥʦʯʥʘʷ ʟʦʥʘ, ʟʦʥʘ ʨʘʟʙʘʚʣʝʥʠʷ ʠ ʜʨ.) 

ʚʳʷʚʣʷʶʪʩʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD-ʨʘʩʯʝʪʘ ʠ, ʚ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ, ʚʳʜʝʣʷʶʪʩʷ 

ʦʪʜʝʣʴʥʳʤʠ ʨʝʘʢʪʦʨʘʤʠ ʠʣʠ ʛʨʫʧʧʘʤʠ ʨʝʘʢʪʦʨʦʚ. 

ɺʪʦʨʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ï çʘʣʛʦʨʠʪʤʠʯʝʩʢʦʝè ʠʣʠ çʘʚʪʦʤʘʪʠʯʝʩʢʦʝè, ʧʨʠ 

ʢʦʪʦʨʦʤ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʩʧʝʮʠʘʣʴʥʘʷ ʧʨʦʛʨʘʤʤʘ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʨʦʛʨʘʤʤʘ ʦʙʲʝʜʠʥʷʝʪ ʩʦʩʝʜʥʠʝ ʨʘʩʯʝʪʥʳʝ ʷʯʝʡʢʠ ʚ ʨʝʘʢʪʦʨʳ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʜʘʥʥʳʭ ʢʨʠʪʝʨʠʝʚ ʩʝʣʝʢʮʠʠ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʳʭ ʚʳʩʪʫʧʘʶʪ 
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ʠʥʪʝʨʚʘʣʳ ʟʥʘʯʝʥʠʡ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʦʚ, ʩʦʩʪʘʚʫ ʩʤʝʩʠ ʠ ʜʨ. ï ʷʯʝʡʢʠ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ ʛʘʟʘ ʚ ʟʘʜʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʦʜʠʥ ʨʝʘʢʪʦʨ. 
 

 

ʊʘʙʣʠʮʘ 2.1 ï ʉʚʦʜʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʙʟʦʨʘ ʨʘʩʯʝʪʦʚ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

ʈʘʙʦʪʘ ʂʦʥʩʪʨʫʢʮʠʷ ʊʦʧʣʠʚʦ 
ʈʘʟʣʠʯʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ 

Nʵʣ 
NOx CO 

ʄʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʦ ʩʪʨʫʢʪʫʨʝ ʧʦʪʦʢʘ 

[79] 
çʧʨʦʩʪʘʷè1 

ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ ɸ 
ʤʝʪʘʥ - ŭ = 15 % 8 

[79] 
çʩʣʦʞʥʘʷè2 

ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ ɺ 
jet A - 

ŭ < 20 %  

ʨʝʞʠʤ ʤʘʣʦʛʦ ʛʘʟʘ 

 

ŭ > 100 % 

ʨʝʞʠʤ ʧʦʣʥʦʡ ʪʷʛʠ 

15+15 

[79] 
çʩʣʦʞʥʘʷè 

ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ D 
jet A - 

ŭ < 20 %  

ʨʝʞʠʤ ʤʘʣʦʛʦ ʛʘʟʘ 

 

ŭ > 100 % 

ʨʝʞʠʤ ʧʦʣʥʦʡ ʪʷʛʠ 

18 

[85] çʩʣʦʞʥʘʷè 
ʧʨʠʨʦʜʥʳʡ 

ʛʘʟ 
ŭ < 10 % ŭ < 1 % 3,8 31 

[84] çʩʣʦʞʥʘʷè ʤʝʪʘʥ - 

ŭ < 50 % 

Ŭ > 1,54 

 

ŭ > 100 % 

Ŭ < 1,54 

16 

[86] çʩʣʦʞʥʘʷè 
ʧʨʠʨʦʜʥʳʡ 

ʛʘʟ 
ŭ < 25 % 

ŭ > 100 %  

ʚ ʦʪʜʝʣʴʥʳʭ ʪʦʯʢʘʭ 
18 

[45] çʩʣʦʞʥʘʷè ʢʝʨʦʩʠʥ ŭ < 8 % 4 - 5 6 

[68] çʩʣʦʞʥʘʷè ʩʠʥʪʝʟ-ʛʘʟ ŭ < 27 % ŭ = 40-60 % 12 

[19] çʧʨʦʩʪʘʷè ʧʨʦʧʘʥ - ŭ = 16 % 4 

[82] çʧʨʦʩʪʘʷè 
ʧʨʠʨʦʜʥʳʡ 

ʛʘʟ 
ŭ = 0-50 % 

ŭ > 40 %  

ʨʝʞʠʤ ʤʘʣʦʛʦ ʛʘʟʘ 

 

ŭ < 7 % 

ʨʝʞʠʤ ʧʦʣʥʦʡ ʪʷʛʠ 

11 

[82] çʧʨʦʩʪʘʷè ʩʠʥʪʝʟ-ʛʘʟ ŭ = 235 % ŭ = 28 % 8 11 

[73] çʧʨʦʩʪʘʷè ʤʝʪʘʥ ȹ å 5 ʤʣʥ-1 ŭ = 9 - 80 % 5 

çɸʚʪʦʤʘʪʠʯʝʩʢʠʡè ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ 

[27]6 çʧʨʦʩʪʘʷè 

ʧʨʠʨʦʜʥʳʡ 

ʛʘʟ; 

ʩʫʨʨʦʛʘʪ 

ʢʝʨʦʩʠʥʘ 

- ŭ = 10-20 % 320 

[27]6 çʩʣʦʞʥʘʷè 
ʩʫʨʨʦʛʘʪ 

ʢʝʨʦʩʠʥʘ 
- ŭ å 20 % 8 100 

[66]7 çʩʣʦʞʥʘʷè ʤʝʪʘʥ - ŭ > 50 % 5551 

[73] çʧʨʦʩʪʘʷè ʤʝʪʘʥ ȹ å 5 ʤʣʥ-1 ŭ = 7 - 80 % 7, 16, 62 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 2.1 

ʇʨʠʤʝʯʘʥʠʝ  

1 çʧʨʦʩʪʘʷè ʢʦʥʩʪʨʫʢʮʠʷ ï ʙʝʟ ʧʦʜʚʦʜʘ ʚʪʦʨʠʯʥʦʛʦ ʚʦʟʜʫʭʘ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ 

2 çʩʣʦʞʥʘʷè ʢʦʥʩʪʨʫʢʮʠʷ ï ʩ ʧʦʜʚʦʜʦʤ ʚʪʦʨʠʯʥʦʛʦ ʚʦʟʜʫʭʘ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ  

3 [CO]ʨʘʩʯ å [CO]ʵʢʩ å 2 ʤʣʥ-1 

4 ʥʘ ʨʝʞʠʤʘʭ ʩ ʤʘʣʳʤ ʩʦʜʝʨʞʘʥʠʝʤ NOx (EINOx < 2) ʨʘʟʣʠʯʠʝ ʜʦʩʪʠʛʘʝʪ ~ 30 % 

5 ʘʚʪʦʨʳ ʨʘʙʦʪʳ [45] ʦʪʤʝʯʘʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʦʚ ʚʳʙʨʦʩʦʚ ʉʆ 

6 ʨʝʘʢʪʦʨʳ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʪʦʧʣʠʚʘ 

7 ʨʝʘʢʪʦʨʳ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʩʝʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ 

8 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʚʳʙʨʦʩʦʚ ʉʆ ʜʣʷ ʦʪʜʝʣʴʥʦʛʦ (ʝʜʠʥʠʯʥʦʛʦ) ʨʝʞʠʤʘ 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʟʦʨʘ ʦʪʤʝʪʠʤ ʩʣʝʜʫʶʱʝʝ [24]. 

1. ʍʦʨʦʰʝʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʨʘʩʯʝʪʥʳʭ ʚʳʙʨʦʩʦʚ ʉʆ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ 

(ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʥʝʝ 25 %) ʧʦʣʫʯʝʥʦ ʜʣʷ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʩ ʫʧʨʦʱʝʥʥʦʡ 

ʢʦʥʩʪʨʫʢʮʠʝʡ (ʙʝʟ ʧʦʜʚʦʜʘ ʚʪʦʨʠʯʥʦʛʦ ʚʦʟʜʫʭʘ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ). ɼʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʦʜʝʣʝʡ, ʙʣʠʟʢʠʭ ʧʦ ʩʣʦʞʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ʢ ʢʘʤʝʨʘʤ 

ʩʛʦʨʘʥʠʷ ɻʊɼ, ʩʦʛʣʘʩʦʚʘʥʠʝ ʨʘʩʯʝʪʘ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ, ʣʠʙʦ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʣʠʰʴ ʥʘ ʦʜʥʦʤ ʨʝʞʠʤʝ.  

2. ʈʷʜʦʤ ʘʚʪʦʨʦʚ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʥʦʡ ʦʮʝʥʢʠ 

ʚʳʙʨʦʩʦʚ ʉʆ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʧʦ ʩʦʩʪʘʚʫ 

[68, 84-86]. ʊʘʢ ʚ ʨʘʙʦʪʘʭ [68, 85] ʪʝʯʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʠʟ ʛʦʨʝʣʢʠ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʪʨʠ 

ʧʦʪʦʢʘ ʜʣʷ ʫʯʝʪʘ ʨʘʜʠʘʣʴʥʦʡ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ. ʊʘʢʞʝ ʤʥʦʛʠʝ ʘʚʪʦʨʳ ʦʪʜʝʣʴʥʦ 

ʤʦʜʝʣʠʨʫʶʪ çʙʝʜʥʫʶè ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʧʨʠʩʪʝʥʦʯʥʫʶ ʟʦʥʫ. 

3. ɺ ʨʘʙʦʪʝ [79], ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʢʦʣʴʮʝʚʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ çɺè 

ʨʝʘʢʪʦʨʥʘʷ ʩʝʪʴ ʩʪʨʦʠʣʘʩʴ ʜʣʷ ʜʚʫʭ ʧʨʦʜʦʣʴʥʳʭ ʩʝʯʝʥʠʡ: ʧʝʨʚʦʝ ï ʚ ʩʣʝʜʝ ʟʘ 

ʛʦʨʝʣʢʘʤʠ; ʚʪʦʨʦʝ ï ʚ ʟʦʥʝ ʤʝʞʜʫ ʛʦʨʝʣʢʘʤʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ 

ʜʝʪʘʣʴʥʦ ʫʯʝʩʪʴ ʥʝʜʦʛʦʨʘʥʠʝ ʉʆ ʚ çʙʝʜʥʦʡè ʟʦʥʝ ʤʝʞʜʫ ʛʦʨʝʣʢʘʤʠ ʧʨʠ ʙʦʣʴʰʦʤ 

ʨʘʩʩʪʦʷʥʠʠ ʤʝʞʜʫ ʥʠʤʠ. 

4. ɺʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʚ ʵʣʝʤʝʥʪʘʭ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ 

ʩʦʩʪʘʚʣʷʝʪ 1-3 ʤʩ, ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʫʩʪʦʡʯʠʚʦʝ ʛʦʨʝʥʠʝ ʜʘʞʝ ʚ ʩʘʤʳʭ 

çʙʝʜʥʳʭè ʨʝʘʢʪʦʨʘʭ [45, 84]. 

5. ɸʚʪʦʨʳ ʨʘʙʦʪʳ [45] ʚʳʜʝʣʷʶʪ ʜʚʝ ʦʩʥʦʚʥʳʝ ʧʨʦʙʣʝʤʳ ʩʦʟʜʘʥʠʷ 

ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ ʜʠʬʬʫʟʠʦʥʥʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ: ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʟʦʥʳ ʧʣʘʤʝʥʠ 

ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ.  
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ʇʨʠʩʪʝʥʦʯʥʘʷ ʦʙʣʘʩʪʴ, ʚ ʨʘʙʦʪʝ [45], ʤʦʜʝʣʠʨʫʝʪʩʷ ʜʚʫʤʷ ʧʘʨʘʣʣʝʣʴʥʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʨʝʘʢʪʦʨʘʤʠ. ʇʝʨʚʳʡ ʤʦʜʝʣʠʨʫʝʪ ʟʦʥʫ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫ ʩʪʝʥʢʠ, 

ʚʪʦʨʦʡ ʙʦʣʝʝ çʙʦʛʘʪʫʶè ʟʦʥʫ ʥʘ ʥʝʢʦʪʦʨʦʤ ʫʜʘʣʝʥʠʠ ʦʪ ʩʪʝʥʢʠ. 

6. ɺ ʨʘʙʦʪʝ [19] ʦʪʤʝʯʝʥʦ, ʯʪʦ ʧʨʠ Ŭ > 1,5-1,8 ʚʳʙʨʦʩʳ ʉʆ ʠʟ ʠʩʩʣʝʜʫʝʤʦʡ 

ʤʘʣʦʛʘʙʘʨʠʪʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʙʦʣʴʰʝʡ ʯʘʩʪʴʶ ʚʳʟʚʘʥʳ çʟʘʤʦʨʘʞʠʚʘʥʠʝʤè 

ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʚ çʙʝʜʥʦʡè ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʭʦʣʦʜʥʦʡ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ. 

7. ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʩʯʝʪʳ ʪʨʫʙʯʘʪʳʭ ʠ ʢʦʣʴʮʝʚʳʭ, ʧʨʷʤʦʪʦʯʥʳʭ ʠ 

ʧʨʦʪʠʚʦʪʦʯʥʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ, ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʩ ʨʘʟʜʝʣʴʥʦʡ ʧʦʜʘʯʝʡ ʪʦʧʣʠʚʘ ʠ 

ʧʦʜʘʯʝʡ ʧʦʜʛʦʪʦʚʣʝʥʥʦʡ ʊɺʉ, ʘ ʪʘʢʞʝ ʢʘʤʝʨ ʩʦ ʩʣʦʞʥʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʬʨʦʥʪʦʚʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ï ʩ ʦʨʛʘʥʠʟʘʮʠʝʡ ʧʦʜʚʦʜʘ ʧʠʣʦʪʥʦʛʦ ʪʦʧʣʠʚʘ, ʩ ʥʝʩʢʦʣʴʢʠʤʠ 

ʟʘʚʠʭʨʠʪʝʣʷʤʠ ʠ ʪ.ʜ. 

8. ɼʠʘʧʘʟʦʥʳ ʠʟʤʝʥʝʥʠʷ ʨʘʙʦʯʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ: 

ʨ = 0,1-2,0 ʄʇʘ; ʊʚʭ = 300-733 ʂ; Ŭ× = 1,1-3,0.  

ɺ ʢʘʯʝʩʪʚʝ ʪʦʧʣʠʚʘ ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʘʥ, ʧʨʠʨʦʜʥʳʡ ʛʘʟ, ʧʨʦʧʘʥ, ʩʠʥʪʝʟ-ʛʘʟ, 

ʘʚʠʘʮʠʦʥʥʳʡ ʢʝʨʦʩʠʥ, ʩʫʨʨʦʛʘʪ ʢʝʨʦʩʠʥʘ.  

9. ɺ CFD ʥʘʠʙʦʣʴʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʥʘʰʣʠ RANS ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

10. ʄʝʭʘʥʠʟʤ GRI-Mech 3.0 ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥ ʚ ʨʘʩʯʝʪʘʭ ʨʝʘʢʪʦʨʥʳʭ 

ʤʦʜʝʣʝʡ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʤʝʪʘʥʝ ʠ ʧʨʠʨʦʜʥʦʤ ʛʘʟʝ. 

11.    ɺ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʨʘʙʦʪʘʭ ʨʘʩʯʝʪʥʳʝ ʤʦʜʝʣʠ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʧʦʩʪʨʦʝʥʳ 

ʩ ʧʦʤʦʱʴʶ ʨʝʘʢʪʦʨʦʚ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ PSR ʠ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ PFR. 

(ʉʫʱʝʩʪʚʫʶʪ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʮʠʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʨʝʘʢʪʦʨʘ 

ʥʝʧʦʣʥʦʛʦ ʩʤʝʰʝʥʠʷ PaSR (Partially Stirred Reactor). PaSR ʧʦʟʚʦʣʷʝʪ ʫʯʝʩʪʴ 

ʚʣʠʷʥʠʝ ʧʨʦʮʝʩʩʦʚ ʩʤʝʰʝʥʠʷ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ. ʆʜʥʘʢʦ, 

ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʪʘʢʦʛʦ ʨʝʘʢʪʦʨʘ ʤʝʥʝʝ ʦʜʥʦʟʥʘʯʥʘ, ʩʫʱʝʩʪʚʝʥʥʦ ʩʣʦʞʥʝʝ ʠ 

ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ (ʚʝʨʦʷʪʥʦʩʪʥʳʭ) ʧʨʦʮʝʩʩʦʚ. ʕʪʦ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪ ʨʘʩʯʝʪʥʦʝ ʚʨʝʤʷ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ʨʝʘʢʪʦʨ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʤʝʥʝʝ ʯʝʤ ʟʘ ʦʜʥʫ ʩʝʢʫʥʜʫ, ʪʦ ʧʨʠ ʧʨʦʯʠʭ ʨʘʚʥʳʭ, ʨʘʩʯʝʪ ʨʝʘʢʪʦʨʘ 

ʥʝʧʦʣʥʦʛʦ ʩʤʝʰʝʥʠʷ ʟʘʡʤʝʪ ʥʝʩʢʦʣʴʢʦ ʤʠʥʫʪ [70]. ɺʚʠʜʫ ʵʪʠʭ ʧʨʠʯʠʥ, ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ, PaSR ʤʝʥʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥ.) 
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12. ʂʦʣʠʯʝʩʪʚʦ ʨʝʘʢʪʦʨʦʚ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 4 ʜʦ 31 ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʨʝʘʢʪʦʨʥʦʡ 

ʤʦʜʝʣʠ ʥʘ ʙʘʟʝ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʠ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ ʧʨʠ 

çʘʚʪʦʤʘʪʠʯʝʩʢʦʤè ʧʦʩʪʨʦʝʥʠʠ. ʆʜʥʘʢʦ ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʨʝʘʢʪʦʨʦʚ 

ʥʝʦʙʷʟʘʪʝʣʴʥʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʪʦʯʥʦʩʪʠ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ. 

ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʵʪʦ ʚʳʟʚʘʥʦ ʥʝʢʦʨʨʝʢʪʥʦʡ ʦʮʝʥʢʦʡ ʨʦʟʞʠʛʘ/ʥʝʨʦʟʞʠʛʘ ʩʤʝʩʠ 

ʚ çʙʝʜʥʳʭè ʨʝʘʢʪʦʨʘʭ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʘʢʠʭ ʨʝʘʢʪʦʨʦʚ ʚ çʘʚʪʦʤʘʪʠʯʝʩʢʠè 

ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ ʤʦʞʝʪ ʫʩʣʦʞʥʠʪʴ ʦʮʝʥʢʫ ʦʙʨʘʟʦʚʘʥʠʷ/ʚʳʛʦʨʘʥʠʷ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ. 

ɺ ʨʘʙʦʪʝ [73] ʪʘʢʞʝ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʨʝʘʢʪʦʨʦʚ ʥʝ 

ʧʨʠʚʝʣʦ ʢ ʧʦʚʳʰʝʥʠʶ ʪʦʯʥʦʩʪʠ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ. ʉʨʘʚʥʠʚʘʣʠʩʴ ʨʝʘʢʪʦʨʥʳʝ 

ʤʦʜʝʣʠ ʧʦʩʪʨʦʝʥʥʳʝ çʚʨʫʯʥʫʶè (Nʵʣ = 5) ʠ çʘʚʪʦʤʘʪʠʯʝʩʢʠè ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ANSYS Energico (Nʵʣ = 7, 16, 62). ʇʨʝʜʧʦʯʪʝʥʠʝ ʦʪʜʘʥʦ 

ʤʦʜʝʣʷʤ ʩ ʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʨʝʘʢʪʦʨʦʚ.   

ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʨʘʙʦʪʘʤ, ʫʢʘʟʘʥʥʳʤ ʚ ʪʘʙʣʠʮʝ 2.1, ʤʦʞʥʦ ʧʨʠʚʝʩʪʠ ʨʘʙʦʪʳ 

[91, 95] ʚ ʢʦʪʦʨʳʭ ʦʪʤʝʯʝʥʳ ʩʣʦʞʥʦʩʪʠ ʢʦʨʨʝʢʪʥʦʡ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ. 

ɺ ʨʘʙʦʪʘʭ [45, 84, 85] ʠʩʧʦʣʴʟʦʚʘʥ ʥʝʢʦʤʤʝʨʯʝʩʢʠʡ ʢʦʜ ʩʦʙʩʪʚʝʥʥʦʡ 

ʨʘʟʨʘʙʦʪʢʠ, ʚ ʨʘʙʦʪʘʭ [68, 73, 86, 91, 95] ʠʩʧʦʣʴʟʦʚʘʥ CHEMKIN, ʚ ʨʘʙʦʪʘʭ [19, 79] 

ʠʩʧʦʣʴʟʦʚʘʥʘ CANTERA, ʚ ʨʘʙʦʪʝ [27] ʠʩʧʦʣʴʟʦʚʘʥ ANSYS Fluent, ʚ ʨʘʙʦʪʝ [73] 

ANSYS Energico, ʚ [82] ï Simulink, ʚ [66] ï KPPSMOKE. 

ʈʝʟʫʣʴʪʘʪʳ ʦʙʟʦʨʘ ʧʦʢʘʟʘʣʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʬʦʨʤʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ 

ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʦ ʩʪʨʫʢʪʫʨʝ ʪʝʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʡ 

ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʅʝʦʙʭʦʜʠʤʦ ʩʬʦʨʤʠʨʦʚʘʪʴ ʠ 

ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʪʴ ʢʨʠʪʝʨʠʠ ʠ ʧʨʦʮʝʜʫʨʳ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ (ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʮʝʩʩ ʨʘʟʨʘʙʦʪʢʠ ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ ʚʦ ʤʥʦʛʦʤ ʦʩʥʦʚʘʥ ʥʘ 

ʣʠʯʥʦʤ ʦʧʳʪʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʫʘʣʴʥʘ ʟʘʜʘʯʘ ʨʘʟʚʠʪʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ (CFD ʠ 

ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ) ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʩ ʮʝʣʴʶ 

ʧʦʚʳʰʝʥʠʷ ʝʛʦ ʪʦʯʥʦʩʪʠ, ʜʣʷ ʯʝʛʦ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʥʝʦʙʭʦʜʠʤʦ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ 

ʫʯʠʪʳʚʘʪʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʧʦ ʩʦʩʪʘʚʫ. 
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2.3 ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ (PSR) 

 

ɺ ʤʦʜʝʣʠ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ PSR (Perfectly Stirred Reactor) 

ʜʝʣʘʝʪʩʷ ʜʦʧʫʱʝʥʠʝ ʦʙ ʠʜʝʘʣʴʥʦʤ (ʙʝʩʢʦʥʝʯʥʦ ʙʳʩʪʨʦʤ ʠ ʧʦʣʥʦʤ) ʩʤʝʰʝʥʠʠ 

ʨʝʘʛʝʥʪʦʚ ʚʦ ʚʩʝʤ ʦʙʲʝʤʝ ʨʝʘʢʪʦʨʘ (ʨʠʩʫʥʦʢ 2.3). ʆʪ ʨʝʘʢʪʦʨʘ ʚ ʦʢʨʫʞʘʶʱʝʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʤʦʞʝʪ ʦʪʚʦʜʠʪʴʩʷ ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʦʪʳ qw, ʠʣʠ ʥʘʦʙʦʨʦʪ, 

ʧʦʜʚʦʜʠʪʴʩʷ ʢ ʥʝʤʫ. ʇʨʦʮʝʩʩʳ ʛʦʨʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʘ, ʩʦʩʪʘʚ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʚ ʪʘʢʦʤ 

ʨʝʘʢʪʦʨʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʢʦʨʦʩʪʴʶ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʚʨʝʤʝʥʝʤ ʧʨʝʙʳʚʘʥʠʷ 

ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʠ ʪʝʧʣʦʦʙʤʝʥʦʤ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ PSR ʩʦʩʪʦʠʪ ʠʟ ʫʨʘʚʥʝʥʠʡ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ ʠ 

ʵʥʝʨʛʠʠ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ [96]. 

ɿʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ ʜʣʷ i-ʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʤʝʩʠ ʚ 

ʢʦʥʪʨʦʣʴʥʦʤ ʦʙʲʝʤʝ (ʚ ʦʙʲʝʤʝ ʨʝʘʢʪʦʨʘ) 

outiini
s
i

cvi
mmVm

dt

dm
,,

, ### -+= .                                           (2.1) 

 

ʈʠʩʫʥʦʢ 2.3 ï ʈʝʘʢʪʦʨ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ 

 

ɿʜʝʩʴ, 
dt

dm cvi ,
 ï ʩʢʦʨʦʩʪʴ, ʩ ʢʦʪʦʨʦʡ i-ʪʳʡ ʢʦʤʧʦʥʝʥʪ ʘʢʢʫʤʫʣʠʨʫʝʪʩʷ ʚ 

ʢʦʥʪʨʦʣʴʥʦʤ ʦʙʲʝʤʝ, Vms
i# ï ʩʢʦʨʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ/ʚʳʛʦʨʘʥʠʷ i-ʛʦ ʢʦʤʧʦʥʝʥʪʘ 

ʊʦʧʣʠʚʦ 

+ 

ʆʢʠʩʣʠʪʝʣʴ 

ʇʨʦʜʫʢʪʳ  

ʩʛʦʨʘʥʠʷ  

V, 

P,  

ʊcʤ 

qw 
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ʚʚʠʜʫ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, inim ,#  ʠ outim ,#  ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ i-ʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘ ʚʭʦʜʝ 

ʠ ʚʳʭʦʜʝ ʠʟ ʨʝʘʢʪʦʨʘ. 

ʇʨʠ ʩʪʘʮʠʦʥʘʨʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʨʝʘʢʪʦʨʘ 0
,
=

dt

dm cvi
. 

ʈʘʩʧʠʰʝʤ ʯʣʝʥ Vms
i#  ʯʝʨʝʟ ʦʙʲʝʤʥʫʶ ʩʢʦʨʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ i-ʛʦ ʢʦʤʧʦʥʝʥʪʘ 

iw  (ʢʤʦʣʴ/(ʤ3ʩ)): 

VMVm ii
s
i Ö=Ö w# ,                                                     (2.2) 

ʛʜʝ iM  ï ʤʦʣʷʨʥʘʷ ʤʘʩʩʘ i-ʛʦ ʢʦʤʧʦʥʝʥʪʘ; 

V ï ʦʙʲʝʤ. 

ʈʘʩʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ 2.1 ʩ ʫʯʝʪʦʤ 2.2 ʠ ʪʦʛʦ, ʯʪʦ mgm ii ## Ö= : 

( )0,, =-+Ö outiiniii ggmVM #w .                                         (2.3) 

ʋʨʘʚʥʝʥʠʝ ʵʥʝʨʛʠʠ: 

( )
ö
ö

÷

õ

æ
æ

ç

å
-=-= ää
==

N

i
iniini

N

i
outioutiinout hghgmhhmQ

1
,,

1
,,### .                    (2.4) 

ɺʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʚ ʦʙʲʝʤʝ ʨʝʘʢʪʦʨʘ: 

m

V

#

r
t= .                                                                        (2.5) 

ʋʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ: 

RT

p
=r .                                                                      (2.6) 

ʈʝʘʢʪʦʨʦʤ PSR ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʪʴ ʟʦʥʳ ʩ ʠʥʪʝʥʩʠʚʥʳʤ 

ʩʤʝʰʝʥʠʝʤ ʠ ʙʦʣʴʰʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʩʢʦʨʦʩʪʝʡ ï ʟʦʥʘ ʧʣʘʤʝʥʠ, ɿʆʊ, ʟʦʥʳ ʧʦʜʚʦʜʘ 

ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʟʘʨʫʙʝʞʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʪʘʢʞʝ ʚʩʪʨʝʯʘʝʪʩʷ ʦʙʦʟʥʘʯʝʥʠʝ 

ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ ʢʘʢ CSTR (Continuous Stirred-Tank Reactor) ʠʣʠ 

WSR (Well Stirred Reactor). 
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2.4 ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ (PFR) 

 

ʈʝʘʢʪʦʨ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ PFR (Plug Flow Reactor) [96] ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʪʨʫʙʯʘʪʦʛʦ ʢʘʥʘʣʘ, ʚ ʢʦʪʦʨʳʡ ʧʦʜʘʝʪʩʷ ʛʦʪʦʚʘʷ ʊɺʉ 

(ʨʠʩʫʥʦʢ 2.4). ʇʨʠ ʜʚʠʞʝʥʠʠ ʚʜʦʣʴ ʪʨʫʙʯʘʪʦʛʦ ʢʘʥʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʦʝ 

ʚʳʛʦʨʘʥʠʝ ʩʤʝʩʠ. ʇʨʠ ʵʪʦʤ ʜʝʣʘʝʪʩʷ ʜʦʧʫʱʝʥʠʝ ʦʙ ʠʜʝʘʣʴʥʦʤ ʩʤʝʰʝʥʠʠ ʚ 

ʧʦʧʝʨʝʯʥʳʭ ʩʝʯʝʥʠʷʭ, ʪ.ʝ. ʚ ʧʦʧʝʨʝʯʥʳʭ ʩʝʯʝʥʠʷʭ ʩʦʩʪʘʚ ʩʤʝʩʠ ʦʜʥʦʨʦʜʝʥ, ʘ 

ʧʘʨʘʤʝʪʨʳ ʦʜʠʥʘʢʦʚʳ (ʦʜʥʦʤʝʨʥʦʝ ʪʝʯʝʥʠʝ). ʇʨʠʥʠʤʘʝʪʩʷ ʜʦʧʫʱʝʥʠʝ ʦʙ 

ʦʪʩʫʪʩʪʚʠʠ ʪʨʝʥʠʷ. 

 

 

ʈʠʩʫʥʦʢ 2.4 ï ʈʝʘʢʪʦʨ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ 

 

ʆʪ ʨʝʘʢʪʦʨʘ ʚ ʦʢʨʫʞʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʤʦʞʝʪ ʦʪʚʦʜʠʪʴʩʷ ʥʝʢʦʪʦʨʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʦʪʳ qw ʠʣʠ ʥʘʦʙʦʨʦʪ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʨʝʘʢʪʦʨʘ PFR ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʫʨʘʚʥʝʥʠʷ ʩʦʭʨʘʥʝʥʠʷ 

ʤʘʩʩʳ, ʠʤʧʫʣʴʩʘ, ʵʥʝʨʛʠʠ, ʙʘʣʘʥʩʘ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ 

ʩʦʩʪʦʷʥʠʷ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ [96]. 

ʋʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ: 

 
( )

0=
dx

uAd r
.                                                                          (2.7) 

ʋʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʠʤʧʫʣʴʩʘ: 

0=+
dx

du
u

dx

dp
r  .                                                                    (2.8) 

ʋʨʘʚʥʝʥʠʝ ʵʥʝʨʛʠʠ: 

g(i)in 

g(i)out 

g(i)1 
g(i)2 

g(i)3 

qw 
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( )
0

2/2

=
Ö

+
+

m

ʇq
u

dx

uhd w

#
r .                                                    (2.9) 

ɿʜʝʩʴ wq  ï  ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ, ʇ ï ʣʦʢʘʣʴʥʳʡ ʧʝʨʠʤʝʪʨ ʨʝʘʢʪʦʨʘ. 

ɹʘʣʘʥʩ ʢʦʤʧʦʥʝʥʪʦʚ: 

0=-
u

M

dx

dg iii

r

w#
.                                                               (2.10) 

ʈʝʘʢʪʦʨʦʤ PFR ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʪʴ ʟʦʥʳ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʨʘʚʥʦʥʘʧʨʘʚʣʝʥʥʳʤ ʪʝʯʝʥʠʝʤ ï ʛʘʟʦʩʙʦʨʥʠʢ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʩʝʢʮʠʠ ʙʝʟ 

ʦʪʚʝʨʩʪʠʡ ʧʦʜʚʦʜʘ ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ. 

 

2.5 ʈʘʩʯʝʪʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʦʪʜʝʣʴʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘ ʫʨʦʚʝʥʴ 

ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʩ ʧʦʤʦʱʴʶ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ 

(CFD ʠ ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ) 

 

ʅʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʚʳʧʦʣʥʝʥʦ ʨʘʩʯʝʪʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʚʣʠʷʥʠʷ ʦʪʜʝʣʴʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘ ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨ 

ʩʛʦʨʘʥʠʷ ɻʊɼ [19]. 

ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʤʦʜʝʣʠ ʤʘʣʦʛʘʙʘʨʠʪʥʦʡ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ (ʨʠʩʫʥʦʢ 2.5).  

 

ʈʠʩʫʥʦʢ 2.5 ï ʉʭʝʤʘ ʠʩʩʣʝʜʫʝʤʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 
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CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʩ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST ʠ ʤʦʜʝʣʴʶ 

ʛʦʨʝʥʠʷ Eddy Dissipation ï Finite Rate Chemistry (EDM/FRC) ʩ ʜʚʫʭʰʘʛʦʚʳʤ 

ʤʝʭʘʥʠʟʤʦʤ ʦʢʠʩʣʝʥʠʷ ʧʨʦʧʘʥʘ [97]. ʉʫʤʤʘʨʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʩʯʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʩʦʩʪʘʚʠʣʦ ʧʦʨʷʜʢʘ 5 ʤʣʥ. 

ʅʘ ʙʘʟʝ ʨʝʟʫʣʴʪʘʪʦʚ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʩʪʨʦʝʥʘ ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʯʝʪʳʨʝʭ ʨʝʘʢʪʦʨʦʚ (ʨʠʩʫʥʦʢ 2.6). ʈʝʘʢʪʦʨ PSR 

ʤʦʜʝʣʠʨʦʚʘʣ ɿʆʊ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʩʣʝʜʦʤ ʟʘ ʥʠʤ ʨʝʘʢʪʦʨ PFR ʤʦʜʝʣʠʨʦʚʘʣ ʟʦʥʫ 

ʜʦʛʦʨʘʥʠʷ. ɺ ʤʦʜʝʣʠ ʦʪʜʝʣʴʥʦ ʚʳʜʝʣʷʝʪʩʷ ʧʨʠʩʪʝʥʦʯʥʘʷ ʟʦʥʘ ʜʣʷ ʧʦʚʳʰʝʥʠʷ 

ʪʦʯʥʦʩʪʠ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ (ʨʝʘʢʪʦʨ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ çPSRwè ʠ ʨʝʘʢʪʦʨ 

ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ çPFRwè). 

 

ɺ ʧʨʠʩʪʝʥʦʯʥʦʤ ʨʝʘʢʪʦʨʝ PSRw ʛʦʨʶʯʘʷ ʩʤʝʩʴ ʨʘʟʞʠʛʘʣʘʩʴ, ʘ ʚ ʨʝʘʢʪʦʨʝ 

PFRw ʫʯʠʪʳʚʘʣʩʷ ʪʝʧʣʦʦʪʚʦʜ ʚ ʩʪʝʥʢʫ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʨʠʪʝʨʠʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʪʝʯʝʥʠʠ ʛʘʟʦʚ ʚʥʫʪʨʠ ʠ ʩʥʘʨʫʞʠ 

ʪʨʫʙʳ [30, 33] ʩ ʫʯʝʪʦʤ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʛʘʟʦʚ (ʉʆ2+ʅ2ʆ) ʢ ʩʪʝʥʢʘʤ ʞʘʨʦʚʦʡ 

ʪʨʫʙʳ [26]. ʉʜʝʣʘʥʦ ʜʦʧʫʱʝʥʠʝ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠʩʪʝʥʦʯʥʦʛʦ ʛʘʟʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʩʦʩʪʘʚ ʢʦʪʦʨʦʡ 

ʧʦʣʫʯʝʥ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɺ ʨʘʩʯʝʪʘʭ ʧʨʠʤʝʥʷʣʩʷ ʜʝʪʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ 

ʦʢʠʩʣʝʥʠʷ ʧʨʦʧʘʥʘ San Diego 2005 [62], ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ 46 ʢʦʤʧʦʥʝʥʪʦʚ ʠ 235 

ʨʝʘʢʮʠʡ. 

ʅʝʢʦʪʦʨʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.2. 

 

    ʊʘʙʣʠʮʘ 2.2 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ (ʨ = 0,1 ʄʇʘ; Ŭ× = 2,0; ʊʚʭ = 300 ʂ) 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʢʘʤʝʨʳ [CO]ʚʳʭ, ʤʣʥ
-1 

84 

 

ʈʠʩʫʥʦʢ 2.6 - ɺʝʢʪʦʨʘ ʩʢʦʨʦʩʪʝʡ ʠ ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 2.2 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʈʘʚʥʦʚʝʩʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ [CO]ʨʘʚʥ, ʤʣʥ-1 
1 

ʆʙʲʝʤʥʘʷ ʜʦʣʷ O2 ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ 0,105 

ʆʙʲʝʤʥʘʷ ʜʦʣʷ ʅ2ʆ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ 0,078 

ʆʙʲʝʤʥʘʷ ʜʦʣʷ ʉO2 ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ 0,058 

ɸʜʠʘʙʘʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʢʘʤʝʨʳ Tadia, ʂ 
1511 

ʊʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ Tw gas, K 1355 

ʂʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʝʨʝʜʘʯʠ k, ɺʪ/(ʤ2ʂ) 10,4 

 

ʀʟʤʝʨʝʥʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʩʦʩʪʘʚʠʣʘ ʧʦʨʷʜʢʘ 100 ʤʣʥ-1 [98], ʪ.ʝ. ʨʘʩʭʦʞʜʝʥʠʝ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ ï ʦʢʦʣʦ 15 %. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʩ ʛʣʦʙʘʣʴʥʦʡ 

ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʦʡ, [CO]ʚʳʭ = 5700 ʤʣʥ-1. 

ʇʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʚʳʧʦʣʥʝʥʦ ʨʘʩʯʝʪʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʦʪʜʝʣʴʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘ ʚʳʙʨʦʩʳ ʉʆ. 

ʈʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʦʪ ʩʦʩʪʘʚʘ ʩʤʝʩʠ ʠ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 2.7, 2.8 ʠ 

ʚ ʪʘʙʣʠʮʘʭ 2.3, 2.4. 

ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʜʚʫʭ ʟʥʘʯʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ ʥʘ ʚʭʦʜʝ ʚ 

ʢʘʤʝʨʫ ï 300 ʂ ʠ 600 ʂ. ʇʨʠ ʵʪʦʤ ʫʩʣʦʚʥʦʝ ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʪʦʧʣʠʚʘ ʠ ʜʘʚʣʝʥʠʝ 

ʚ ʞʘʨʦʚʦʡ ʪʨʫʙʝ ʩʦʭʨʘʥʷʣʦʩʴ ʧʦʩʪʦʷʥʥʳʤ (Ű = 36 ʤʩ, ʈ = 0,1 ʄʇʘ), ʜʣʷ ʯʝʛʦ ʨʘʩʭʦʜ 

ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʥʘ ʨʝʞʠʤʝ ʩ ʊʚʭ=600 ʂ ʙʳʣ ʫʤʝʥʴʰʝʥ (ʪʘʢ ʢʘʢ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʫʤʝʥʴʰʘʝʪʩʷ ʧʣʦʪʥʦʩʪʴ ʩʤʝʩʠ). 

ʋʩʣʦʚʠʷ ʦʭʣʘʞʜʝʥʠʷ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ï ʝʩʪʝʩʪʚʝʥʥʘʷ ʢʦʥʚʝʢʮʠʷ ʚ 

ʘʪʤʦʩʬʝʨʥʳʭ ʫʩʣʦʚʠʷʭ (ʊʦʭʣ = 300 ʂ). 

ɺ ʨʘʩʯʝʪʘʭ ʥʘ ʨʝʞʠʤʘʭ ʩ çʙʝʜʥʳʤè ʩʦʩʪʘʚʦʤ ʩʤʝʩʠ ʤʠʥʠʤʘʣʴʥʳʡ ʦʙʲʝʤ 

ʨʝʘʢʪʦʨʘ PSRw ʧʦʜʙʠʨʘʣʩʷ, ʠʩʭʦʜʷ ʠʟ ʦʙʝʩʧʝʯʝʥʠʷ ʨʦʟʞʠʛʘ ʩʤʝʩʠ. ʏʝʤ çʙʝʜʥʝʝè 

ʩʤʝʩʴ, ʪʝʤ ʙʦʣʴʰʝ ʦʪʥʦʰʝʥʠʝ ʦʙʲʝʤʘ ʨʝʘʢʪʦʨʘ PSRw (VPSRw) ʢ ʦʙʲʝʤʫ ʚʩʝʡ 

ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ Vw.  
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ʈʠʩʫʥʦʢ 2.7 - ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʩʫʤʤʘʨʥʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ ʥʘ ʚʭʦʜʝ ʚ 

ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ 

ʈʠʩʫʥʦʢ 2.8 - ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʦʚ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 
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ʊʘʙʣʠʮʘ 2.3 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʩʦʩʪʘʚʘ ʩʤʝʩʠ (ʊʚʭ = 300 ʂ, ʊʦʭʣ = 300 ʂ) 

Ŭ× 
[CO]ʚʳʭ,  

ʤʣʥ-1 

[CO]ʨʘʚʥ, 

ʤʣʥ-1 
[CO]w/[CO]ʚʳʭ VPSRw/Vw Tadia, K Tw gas, K 

k, 

ɺʪ/(ʤ2ʂ) 

1,1 2938 4245 0,58 0,278 2195 1961 13,7 

1,2 1120 1516 0,61 0,278 2097 1867 12,9 

1,35 307 345 0,74 0,278 1954 1738 12,3 

1,4 212 212 0,80 0,278 1909 1702 11,9 

1,5 110 84 0,93 0,278 1827 1628 11,7 

1,6 67 33 1,06 0,278 1751 1565 11,1 

1,65 55 21 1,13 0,278 1716 1533 11,2 

1,8 45 6 1,29 0,278 1621 1453 10,5 

2 84 1 1,42 0,278 1511 1355 10,4 

2,015 88 1 1,43 0,307 1503 1350 10,3 

2,03 99 1 1,44 0,321 1497 1343 10,3 

2,045 112 1 1,45 0,335 1488 1337 10,2 

2,06 127 1 1,46 0,362 1480 1332 10,1 

2,075 156 1 1,46 0,404 1474 1324 10,1 

2,09 183 1 1,46 0,432 1466 1318 10 

2,105 221 0 1,47 0,474 1460 1312 10 

2,12 273 0 1,47 0,516 1454 1306 10 

2,135 374 0 1,47 0,558 1446 1299 9,9 

2,15 460 0 1,48 0,613 1440 1292 9,8 

2,165 636 0 1,48 0,669 1434 1285 9,8 

2,18 998 0 1,48 0,753 1427 1274 9,8 

2,2 1892 0 1,48 0,836 1419 1255 9,7 

 

ʊʘʙʣʠʮʘ 2.4 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʩʦʩʪʘʚʘ ʩʤʝʩʠ (ʊʚʭ = 600 ʂ, ʊʦʭʣ = 300 ʂ) 

Ŭ× 
[CO]ʚʳʭ, 

ʤʣʥ-1 

[CO]ʨʘʚʥ, 

ʤʣʥ-1 
[CO]w/[CO]ʚʳʭ VPSRw/Vw Tadia, K Tw gas, K 

k, 

ɺʪ/(ʤ2ʂ) 

1,1 5085 10269 0,32 0,278 2352 1991 16,4 

1,2 2469 5091 0,27 0,278 2279 1910 15,8 

1,35 843 1751 0,24 0,278 2162 1790 15,6 

1,4 599 1216 0,25 0,278 2122 1762 15,3 

1,5 304 605 0,28 0,278 2049 1705 14,7 

1,6 160 301 0,33 0,278 1979 1644 14,7 

1,65 117 215 0,36 0,278 1946 1620 14,5 

1,8 50 81 0,48 0,278 1856 1550 14,3 

2 20 23 0,75 0,278 1751 1478 13,5 

2,2 11 7 1,09 0,278 1663 1411 13,2 

2,4 11 2 1,27 0,278 1587 1352 13 

2,6 16 1 1,44 0,278 1521 1301 12,9 

2,8 28 0 1,46 0,278 1462 1261 12,5 

2,825 39 0 1,46 0,278 1456 1256 12,4 

2,85 41 0 1,46 0,278 1450 1254 12,2 

2,875 37 0 1,43 0,278 1443 1246 12,4 

2,9 40 0 1,45 0,278 1437 1241 12,3 

2,925 43 0 1,47 0,278 1431 1235 12,5 

2,95 47 0 1,47 0,278 1424 1230 12,5 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 2.4 

Ŭ× 
[CO]ʚʳʭ, 

ʤʣʥ-1 
[CO]ʨʘʚʥ, ʤʣʥ-1 [CO]w/[CO]ʚʳʭ VPSRw/Vw Tadia, K Tw gas, K k, ɺʪ/(ʤ2ʂ) 

2,975 52 0 1,48 0,278 1418 1225 12,5 

3 57 0 1,46 0,278 1411 1222 12,4 

3,025 67 0 1,46 0,307 1407 1216 12,4 

3,05 80 0 1,48 0,335 1400 1211 12,4 

3,075 91 0 1,48 0,362 1394 1208 12,3 

3,1 115 0 1,47 0,404 1390 1202 12,3 

3,125 136 0 1,49 0,432 1383 1200 12,2 

3,15 162 0 1,48 0,474 1377 1195 12,2 

3,175 226 0 1,48 0,544 1372 1189 12,2 

3,2 301 0 1,48 0,599 1368 1182 12,4 

3,225 406 0 1,48 0,655 1361 1178 12,3 

3,25 568 0 1,48 0,711 1357 1172 12,3 

3,275 1100 0 1,48 0,808 1351 1160 12,3 

3,3 1973 0 1,48 0,892 1346 1146 12,3 

3,325 3438 0 1,48 0,990 1342 1120 12,2 

 

ʆʪʤʝʪʠʤ, ʯʪʦ ʨʘʩʯʝʪʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ Ŭ× ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʦʤ. ʕʪʦ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʥʦʪʳ 

ʩʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ ʦʪ ʩʦʩʪʘʚʘ ʩʤʝʩʠ, ʧʨʠʚʝʜʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [98] (ʜʣʷ ʊʚʭ = 300 ʂ): 

- ʧʨʠ Ŭ× = 1,6-2,0 ʧʦʣʫʯʝʥʘ ʚʳʩʦʢʘʷ ʧʦʣʥʦʪʘ ʩʛʦʨʘʥʠʷ (ɖʛ å 0,999); 

- ʧʨʠ Ŭ× = 2,2 ʧʦʣʥʦʪʘ ʩʛʦʨʘʥʠʷ ʧʦʥʠʞʘʝʪʩʷ ʜʦ ɖʛ å 0,996; 

- ʧʨʠ Ŭ× > 2,2 ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʧʦʣʥʦʪʳ ʩʛʦʨʘʥʠʷ (ʚʚʠʜʫ 

ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʛʨʘʥʠʮʝ çʙʝʜʥʦʛʦè ʩʨʳʚʘ ʧʣʘʤʝʥʠ). 

ʀʟ ʨʠʩʫʥʢʘ 2.8 ʚʠʜʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʊʚʭ ʩ 300 ʜʦ 600 ʂ ʨʘʩʰʠʨʠʣʦ ʛʨʘʥʠʮʳ 

ʨʘʙʦʪʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʨʠ ʥʠʟʢʠʭ ʚʳʙʨʦʩʘʭ ʉʆ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, ʨʘʥʝʝ ʨʘʩʩʤʦʪʨʝʥʥʳʤʠ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ. 

ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʦʚ ʚ 

ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.9 (ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʩʪʨʦʝʥʘ ʧʦ 

ʜʘʥʥʳʤ ʪʘʙʣʠʮ 2.3 ʠ 2.4). 
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ʈʠʩʫʥʦʢ 2.9 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʦʚ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ 

ʦʙʣʘʩʪʠ 

ʉʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʦʚ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ ʤʝʥʝʝ 

~1350 ʂ ʜʣʷ ʊʚʭ = 300 ʂ ʠ ~1250 ʂ ʜʣʷ ʊʚʭ = 600 ʂ ʧʦʣʫʯʝʥʦ ʙʳʩʪʨʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʫʨʦʚʥʷ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʥʝʝ ʧʨʦʚʝʜʝʥʥʳʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [64] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʦʩʥʦʚʥʦʡ 

ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʉʆ+ʆʅ Ÿʉʆ2+ʅ ʧʘʜʘʝʪ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ 

ʧʨʠ ʩʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩ 1800 ʂ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʟʦʥʳ ʛʦʨʝʥʠʷ, ʜʦ 1100-

1200 ʂ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ. 

ɺ ʪʘʙʣʠʮʘʭ 2.3, 2.4 ʧʨʠʚʝʜʝʥʦ ʦʪʥʦʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ [CO]w ʢ ʢʦʥʮʝʥʪʨʘʮʠʷʤ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ 

[CO]ʚʳʭ. ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʠʩʩʣʝʜʫʝʤʦʡ ʤʘʣʦʛʘʙʘʨʠʪʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

çʟʘʤʦʨʘʞʠʚʘʥʠʝè ʨʝʘʢʮʠʡ ʛʦʨʝʥʠʷ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ 

ʧʨʠʯʠʥʦʡ ʚʳʙʨʦʩʦʚ ʉʆ ʧʨʠ Ŭ× > 1,5-1,8. 

ʈʘʩʯʝʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʦʪ ʜʘʚʣʝʥʠʷ ʚ ʢʘʤʝʨʝ 

ʩʛʦʨʘʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.10 ʠ ʚ ʪʘʙʣʠʮʝ 2.5. ɺ ʨʘʩʯʝʪʘʭ ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʜʘʚʣʝʥʠʷ ʫʚʝʣʠʯʠʚʘʣʩʷ ʨʘʩʭʦʜ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʪʘʢ, ʯʪʦʙʳ ʫʩʣʦʚʥʦʝ ʚʨʝʤʷ 

ʧʨʝʙʳʚʘʥʠʷ ʪʦʧʣʠʚʘ ʚ ʞʘʨʦʚʦʡ ʪʨʫʙʝ ʦʩʪʘʚʘʣʦʩʴ ʧʦʩʪʦʷʥʥʳʤ. 
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ʈʠʩʫʥʦʢ 2.10 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʜʘʚʣʝʥʠʷ ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ 

ʊʘʙʣʠʮʘ 2.5 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʙʨʦʩʦʚ ʉʆ ʦʪ ʜʘʚʣʝʥʠʷ (ʨ) ʚ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ 

Ŭ× ʇʘʨʘʤʝʪʨ 
ʨ, ʄʇʘ 

0,1 0,3 0,5 1,0 1,5 2,0 3,0 5,0 10,0 

1,35 

[CO]ʚʳʭ, ʤʣʥ
-1 307 121 95 63 53 47 40 33 24 

[CO]ʨʘʚʥ, ʤʣʥ-1 340 201 157 112 92 80 66 51 36 

Tadia, K 1953 1955 1956 1957 1958 1958 1959 1959 1960 

k, ɺʪ/(ʤ2ʂ) 12 22 30 89 106 118 135 153 177 

1,60 

[CO]ʚʳʭ, ʤʣʥ
-1 67 14 9 6 5 4,5 3,8 3 2 

[CO]ʨʘʚʥ, ʤʣʥ-1 33 19 15 11 9 8 6 5 3 

Tadia, K 1751 1751 1752 1752 1752 1752 1752 1752 1752 

k, ɺʪ/(ʤ2ʂ) 11 20 58 81 95 105 119 134 145 

1,80 

[CO]ʚʳʭ, ʤʣʥ
-1 45 8 5 3 4 3 2 1 1 

[CO]ʨʘʚʥ, ʤʣʥ-1 6 3 3 2 2 1 1 1 1 

Tadia, K 1621 1621 1621 1621 1621 1621 1621 1621 1621 

k, ɺʪ/(ʤ2ʂ) 11 18 55 76 88 97 109 121 134 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʦʚ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʜʘʚʣʝʥʠʷ ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʫʤʝʥʴʰʘʝʪʩʷ.  

ʈʘʩʩʤʦʪʨʝʥʥʘʷ ʚʳʰʝ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ɿʜʝʩʴ ʨʘʩʯʝʪʳ ʥʝ ʩʦʜʝʨʞʘʪ ʤʝʨʦʧʨʠʷʪʠʷ ʧʦ ʫʪʦʯʥʝʥʠʶ ʚʣʠʷʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʩʦʩʪʘʚʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʥʘ ʚʳʙʨʦʩʳ ʉʆ (ʥʝʪ ʦʪʩʣʝʞʠʚʘʥʠʷ çʙʝʜʥʳʭè ʩʪʨʫʝʢ). 

ʆʜʥʘʢʦ, ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʣʠ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ 

ʨʘʟʚʠʪʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʠʟ ʢʘʤʝʨ 

ʩʛʦʨʘʥʠʷ ɻʊɼ. 
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ɺʳʚʦʜʳ ʢʦ ʚʪʦʨʦʡ ʛʣʘʚʝ 

 

1 ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʦʨʠʪʝʪʥʦʡ ʚʳʙʨʘʥʘ ʢʦʥʮʝʧʮʠʷ ʩʦʟʜʘʥʠʷ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ ʨʘʩʯʸʪʘ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

(ʢʦʤʙʠʥʠʨʫʶʪʩʷ CFD ʠ ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ). 

ɺ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤ ʤʝʪʦʜʝ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʠʟ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ɻʊɼ ʝʝ ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʩʪʨʦʠʪʩʷ ʥʘ ʙʘʟʝ ʨʝʟʫʣʴʪʘʪʦʚ ʪʨʝʭʤʝʨʥʦʛʦ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʪʦʯʥʝʝ ʫʯʝʩʪʴ ʩʪʨʫʢʪʫʨʫ ʪʝʯʝʥʠʷ ʛʘʟʦʚ ʚ 

ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʨʦʚʝʜʝʥʠʷ ʙʳʩʪʨʳʭ ʚʳʯʠʩʣʝʥʠʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʜʝʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. 

2 ɺʳʧʦʣʥʝʥ ʦʙʟʦʨ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʦʮʝʥʢʝ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʧʦ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤʫ ʤʝʪʦʜʫ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʦʙʟʦʨʘ ʦʪʤʝʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠ ʥʝʜʦʩʪʘʪʢʠ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʤʝʪʦʜʦʚ. 

2.1 ʍʦʨʦʰʝʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʨʘʩʯʝʪʥʳʭ ʚʳʙʨʦʩʦʚ ʉʆ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ 

(ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʥʝʝ 25 %) ʧʦʣʫʯʝʥʦ ʜʣʷ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʩ ʫʧʨʦʱʝʥʥʦʡ 

ʢʦʥʩʪʨʫʢʮʠʝʡ (ʙʝʟ ʧʦʜʚʦʜʘ ʚʪʦʨʠʯʥʦʛʦ ʚʦʟʜʫʭʘ ʚ ʟʦʥʫ ʛʦʨʝʥʠʷ). ɼʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʦʜʝʣʝʡ, ʙʣʠʟʢʠʭ ʧʦ ʩʣʦʞʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ʢ ʢʘʤʝʨʘʤ 

ʩʛʦʨʘʥʠʷ ɻʊɼ, ʩʦʛʣʘʩʦʚʘʥʠʝ ʨʘʩʯʝʪʘ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ, ʣʠʙʦ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʣʠʰʴ ʥʘ ʦʜʥʦʤ ʨʝʞʠʤʝ. 

2.2 ʈʷʜʦʤ ʘʚʪʦʨʦʚ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʥʦʡ ʦʮʝʥʢʠ 

ʚʳʙʨʦʩʦʚ ʉʆ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʧʦ ʩʦʩʪʘʚʫ.  

2.3 ʊʨʝʙʫʝʪʩʷ ʬʦʨʤʘʣʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʦ ʩʪʨʫʢʪʫʨʝ ʪʝʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʡ ʠʟ ʪʨʝʭʤʝʨʥʦʛʦ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʅʝʦʙʭʦʜʠʤʦ ʩʬʦʨʤʠʨʦʚʘʪʴ ʠ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʪʴ ʧʨʦʮʝʜʫʨʳ 

ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ. 

3 ɺʳʧʦʣʥʝʥʦ ʨʘʩʯʝʪʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʦʪʜʝʣʴʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘ 

ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʧʦ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʤʘʣʦʵʤʠʩʩʠʦʥʥʦʡ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ʇʦʣʫʯʝʥʳ ʥʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʣʠʷʥʠʷ ʥʘ ʚʳʙʨʦʩʳ ʉʆ ʩʦʩʪʘʚʘ 

ʩʤʝʩʠ (Ŭ = 1,1-3,3), ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ (300 ʂ ʠ 600 ʂ), 
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ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʦʚ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ (1120 ʂ - 1990 ʂ) ʠ ʜʘʚʣʝʥʠʷ ʚ ʢʘʤʝʨʝ 

ʩʛʦʨʘʥʠʷ (0,1-10 ʄʇʘ) ʩ ʫʯʝʪʦʤ ʪʝʧʣʦʦʪʚʦʜʘ ʦʪ ʛʘʟʘ ʢ ʩʪʝʥʢʘʤ. 

ʋʧʦʤʷʥʫʪʦʝ ʚʳʰʝ ʨʘʩʯʝʪʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ 

ʨʘʙʦʪʳ ʠ ʥʝ ʩʦʜʝʨʞʠʪ ʤʝʨʦʧʨʠʷʪʠʷ ʧʦ ʫʪʦʯʥʝʥʠʶ ʚʣʠʷʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʩʪʘʚʘ 

ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʥʘ ʚʳʙʨʦʩʳ ʉʆ. ʆʜʥʘʢʦ, ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʣʠ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʨʘʟʚʠʪʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ 

ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ. 
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ɻʃɸɺɸ 3 ʄɽʊʆɼ ʈɸʉʏɽʊɸ ɺʓɹʈʆʉʆɺ ʄʆʅʆʆʂʉʀɼɸ ʋɻʃɽʈʆɼɸ  

ʉ ʌʆʈʄɸʃʀɿʆɺɸʅʅʓʄ ɺʓɼɽʃɽʅʀɽʄ ɿʆʅ, ʃʀʄʀʊʀʈʋʖʑʀʍ ɽɻʆ 

ʆʂʀʉʃɽʅʀɽ ɺ ʂɸʄɽʈɸʍ ʉɻʆʈɸʅʀʗ ɻʊɼ  

 

ɺ ʨʘʤʢʘʭ ʢʦʥʮʝʧʮʠʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ (CFD ʠ ʨʝʘʢʪʦʨʥʳʡ ʤʝʪʦʜ), 

ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʩ ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʤ 

ʚʳʜʝʣʝʥʠʝʤ ʟʦʥ, ʣʠʤʠʪʠʨʫʶʱʠʭ ʝʛʦ ʦʢʠʩʣʝʥʠʝ ʚ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ [22, 23, 2, 

75].  

ʉʬʦʨʤʠʨʦʚʘʥʦ ʜʚʘ ʢʨʠʪʝʨʠʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʢʪʦʨʘʤʠ ʟʦʥ ʩ ʚʳʩʦʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʉʆ: ʢʨʠʪʝʨʠʡ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʦʥ ʠ ʢʨʠʪʝʨʠʡ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʦʥʳ ʧʣʘʤʝʥʠ. ʕʪʠ ʟʦʥʳ 

ʣʠʤʠʪʠʨʫʶʪ ʦʢʠʩʣʝʥʠʝ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. 

ʅʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʊ < 1400 ʂ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʉʆ ʚ 

ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ ʤʝʪʘʥʦʚʦʟʜʫʰʥʳʭ ʩʤʝʩʝʡ ʚʚʠʜʫ ʫʤʝʥʴʰʝʥʠʷ ʩʢʦʨʦʩʪʝʡ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʛʨʘʥʠʮʝ çʙʝʜʥʦʛʦè ʩʨʳʚʘ. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʵʪʦʛʦ, ʜʣʷ ʫʯʸʪʘ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ ʠ ʧʦʚʳʰʝʥʠʷ 

ʪʦʯʥʦʩʪʠ ʨʘʩʯʸʪʦʚ, ʨʘʟʨʘʙʦʪʘʥ ʢʨʠʪʝʨʠʡ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʥʝʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʚ ʨʘʙʦʯʝʤ ʦʙʲʸʤʝ çʙʝʜʥʳʝè ʟʦʥʳ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ çʙʝʜʥʳʝè 

ʩʪʨʫʡʢʠ ʩ ʩʦʩʪʘʚʦʤ ʩʤʝʩʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ Tadia = 1450Ñ50 ʂ. çɹʝʜʥʳʝè ʩʪʨʫʡʢʠ ʤʦʜʝʣʠʨʫʶʪʩʷ 

ʦʪʜʝʣʴʥʳʤʠ ʨʝʘʢʪʦʨʘʤʠ, ʠʤʝʥʥʦ ʚ ʥʠʭ ʦʮʝʥʠʚʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʉʆ, ʥʝ ʫʩʧʝʚʰʝʝ 

ʦʢʠʩʣʠʪʴʩʷ ʜʦ ʉʆ2. ɼʠʘʧʘʟʦʥ ʧʦ Tadia ʚʳʙʨʘʥ ʩ ʥʝʙʦʣʴʰʠʤ ʟʘʧʘʩʦʤ ʜʣʷ 

ʫʩʪʦʡʯʠʚʦʛʦ ʨʦʟʞʠʛʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʚ ʨʝʘʢʪʦʨʘʭ çʙʝʜʥʳʭè ʩʪʨʫʝʢ. 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʦʥʳ ʧʣʘʤʝʥʠ ʨʘʟʨʘʙʦʪʘʥ ʢʨʠʪʝʨʠʡ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ 

ʚʳʜʝʣʷʝʪʩʷ ʟʦʥʘ, ʚ ʢʦʪʦʨʦʡ ʩʫʱʝʩʪʚʝʥʝʥ ʩʜʚʠʛ ʨʘʚʥʦʚʝʩʠʷ ʚ ʩʪʦʨʦʥʫ ʉʆ 

(ʩʫʱʝʩʪʚʝʥʥʘ ʜʠʩʩʦʮʠʘʮʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ), ʯʝʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʘ 

Tadia > 1900 ʂ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʥʘʣʠʟʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʣʘʤʸʥ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʷ 0,5-10,0 ʄʇʘ. 

ʆʧʠʰʝʤ ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ ʤʝʪʦʜʘ ʩ ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʤ ʧʦʩʪʨʦʝʥʠʝʤ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ.  
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1. ʊʨʝʭʤʝʨʥʦʝ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʣʝ ʩʢʦʨʦʩʪʝʡ (ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ), ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʝʘʛʝʥʪʦʚ ʚ 

ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ. 

2. ɺr ʙʦʨ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʡ.  

3. ɺʳʷʚʣʝʥʠʝ çʙʝʜʥʳʭè ʩʪʨʫʝʢ ʚ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʷʭ (ʩ ʦʮʝʥʢʦʡ ʨʘʩʭʦʜʘ ʛʘʟʘ 

ʠ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ), ʦʮʝʥʢʘ ʧʘʨʘʤʝʪʨʦʚ ʦʩʪʘʚʰʝʡʩʷ ï ʦʩʥʦʚʥʦʡ ʩʪʨʫʡʢʠ. 

4. ʆʮʝʥʢʘ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ: ʦʙʲʝʤʘ ʟʦʥʳ ʦʙʨʘʪʥʳʭ ʪʦʢʦʚ; ʦʙʲʝʤʘ ʠ 

ʨʘʩʭʦʜʘ ʛʘʟʘ ʚ ʟʦʥʝ ʧʣʘʤʝʥʠ; ʧʘʨʘʤʝʪʨʦʚ çʙʝʜʥʦʡè ʠ ʦʩʥʦʚʥʦʡ ʩʪʨʫʝʢ. 

5. ʆʮʝʥʢʘ ʤʘʩʩʦʦʙʤʝʥʘ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʦ ʧʨʠʥʮʠʧʫ 

ʩʦʭʨʘʥʝʥʠʷ ʙʘʣʘʥʩʘ ʨʘʩʭʦʜʦʚ. 

6. ʈʘʩʯʝʪ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʚ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʤ 

ʧʨʦʛʨʘʤʤʥʦʤ ʧʨʦʜʫʢʪʝ. 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʧʦ ʧʨʝʜʣʘʛʘʝʤʦʤʫ ʤʝʪʦʜʫ ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʥʝ ʪʨʝʙʫʝʪ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʘʥʜʘʨʪʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʚʚʦʜʘ 

ʢʦʨʨʝʢʪʠʨʫʶʱʠʭ ʵʤʧʠʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. 

 

3.1 CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

 

3.1.1 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

 

ɺ ʢʘʤʝʨʘʭ ʩʛʦʨʘʥʠʷ ɻʊɼ ʨʝʞʠʤ ʪʝʯʝʥʠʷ ʛʘʟʦʚ ʪʫʨʙʫʣʝʥʪʥʳʡ. ʇʘʨʘʤʝʪʨʳ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʨʝʘʛʠʨʫʶʱʝʛʦ ʧʦʪʦʢʘ (ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʤʘʩʰʪʘʙ ʠ ʜʨ.) ʚʦ ʤʥʦʛʦʤ 

ʦʧʨʝʜʝʣʷʶʪ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʪʝʯʝʥʠʷ, ʧʦʣʝ ʩʢʦʨʦʩʪʝʡ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʝʘʛʝʥʪʦʚ ʚ ʨʘʙʦʯʝʤ ʦʙʲʝʤʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

ɺ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʝ (CFD) ʨʘʟʨʘʙʦʪʘʥʦ ʥʝʤʘʣʦ ʧʦʜʭʦʜʦʚ ʢ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ (RANS, LES, DES, DNS ʠ ʜʨ. [34, 58]). 

ɺ ʨʘʤʢʘʭ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʪyʘ ʚʳʙʨʦʩʦʚ ʉʆ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʠʤʝʥʠʤ RANS ʧʦʜʭʦʜ (Reynolds Average Navies-Stock Equation 

ï ʦʩʨʝʜʥʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʧʦ ʈʝʡʥʦʣʴʜʩʫ). ʆʩʥʦʚʥʳʝ ʜʦʩʪʦʠʥʩʪʚʘ 

RANS:  
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- ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʩʪʦʪʘ ʤʦʜʝʣʝʡ; 

- ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʦʜʝʣʝʡ; 

- ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʦʚ ʚ ʩʪʘʮʠʦʥʘʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ (ʚ ʦʪʣʠʯʠʝ ʦʪ 

LES, DES ʠ ʜʨ.); 

- ʙʳʩʪʨʦʪʘ ʚʳʯʠʩʣʝʥʠʷ (ʚʨʝʤʝʥʥʳʝ ʟʘʪʨʘʪʳ ʨʘʩʯʝʪʦʚ LES ʚ 100-1000 ʨʘʟ 

ʧʨʝʚʳʰʘʶʪ ʟʘʪʨʘʪʳ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ RANS [89]);  

- ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ï ʦʧʫʙʣʠʢʦʚʘʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ RANS ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ.  

ɺ ʨʘʤʢʘʭ RANS ʧʦʜʭʦʜʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʨʝʰʝʥʠʝ ʦʩʨʝʜʥʝʥʥʳʭ ʧʦ ʚʨʝʤʝʥʠ 

ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ. ʄʛʥʦʚʝʥʥʫʶ ʩʢʦʨʦʩʪʴ u  (ʠ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ) ʨʘʟʜʝʣʷʶʪ ʥʘ 

ʦʩʨʝʜʥʝʥʥʫʶ u  ʠ ʧʫʣʴʩʘʮʠʦʥʥʫʶ 'u  ʩʦʩʪʘʚʣʷʶʱʠʝ (ʨʠʩʫʥʦʢ 3.1): 

 

'uuu += .                                                    (3.1) 

 

 ʈʠʩʫʥʦʢ 3.1 ï ʇʫʣʴʩʘʮʠʦʥʥʘʷ ʠ ʦʩʨʝʜʥʝʥʥʘʷ ʩʢʦʨʦʩʪʠ 

ʇʦʢʘʞʝʤ, ʢʘʢ ʫʯʝʪ ʧʫʣʴʩʘʮʠʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ ʧʨʝʦʙʨʘʟʫʝʪ 

ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ, ʜʣʷ ʵʪʦʛʦ ʨʘʩʧʠʰʝʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-

ʉʪʦʢʩʘ [47]: 

1 1

3

v 1 1
v

3

1 1

3

du p
X u divW

dt x x

d p
Y divW

dt y y

dw p
Z w divW

dt z z

n n
r

n n
r

n n
r

ûµ µ
= - + D + î

µ µ
î
îµ µ

= - + D + ü
µ µ î

îµ µ
= - + D + î

µ µ ý

                             (3.2) 
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ɿʜʝʩʴ, 
...d

dt
 ï ʧʦʣʥʘʷ (ʩʫʙʩʪʘʥʮʠʦʥʘʣʴʥʘʷ) ʧʨʦʠʟʚʦʜʥʘʷ, X, Y, Z ï ʤʘʩʩʦʚʳʝ 

ʩʠʣʳ, ɲ ï ʦʧʝʨʘʪʦʨ ʃʘʧʣʘʩʘ. 

ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ 3.2 ʦʧʠʩʳʚʘʝʪ ʥʝʫʩʪʘʥʦʚʠʚʰʝʝʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʜʚʠʞʝʥʠʝ ʩʞʠʤʘʝʤʦʡ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ. ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʚʳʢʣʘʜʦʢ, 

ʧʨʝʦʙʨʘʟʫʝʤ ʵʪʦ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʩʣʫʯʘʷ ʢʚʘʟʠʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʜʚʠʞʝʥʠʷ ʥʝʩʞʠʤʘʝʤʦʡ (0divW= ) ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʤʘʩʩʦʚʳʭ ʩʠʣ 

(X=Y=Z=0): 

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

2

2

2

v

vv vv
v

wv

u u uwu p
u

t x y z x

u w p

t x y z y

wwuw p
w

t x y z z

r m

r m

r m

ûè øµ µ µµ µ
î+ + + =- + Dé ù

µ µ µ µ µ îé ùê ú
î

è ø îµµ µµ µ î
+ + + =- + Dé ù ü

µ µ µ µ µé ù îê ú
î

è øµµ µ îµ µ
+ + + =- + Dé ù î

µ µ µ µ µé ù îê ú ý

                  (3.3) 

ɺ ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ 3.3, ʚʳʨʘʟʠʚ ʠʩʪʠʥʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ (u, 

v, w) ʯʝʨʝʟ ʦʩʨʝʜʥʝʥʥʳʝ ʠ ʧʫʣʴʩʘʮʠʦʥʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ, ʘ ʪʘʢʞʝ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, 

ʯʪʦ v 0u¡ ¡̧, ()
2

0u¡¸ , 0u¡= , 0
u

t

µ
=

µ
 ʠ ʪ.ʜ., ʧʦʣʫʯʠʤ: 

2

2

2

v
v

v v v v v v
v v

v
v

u u u p u u u w
u w u

x y z x x y z

p u w
u w

x y z y x y z

w w w p u w w w
u w w

x y z z x y z

r m r

r m r

r m r

ûè øå õ ¡ ¡ ¡ ¡µ µ µ µ µ µ µ
+ + =- + D - + +îé ùæ ö

µ µ µ µ µ µ µé ùç ÷ ê ú

è øå õ ¡ ¡ ¡ ¡ ¡µ µ µ µ µ µ µ
+ + =- + D - + +é ùüæ ö

µ µ µ µ µ µ µé ùç ÷ ê ú

è øå õ ¡ ¡ ¡ ¡ ¡µ µ µ µ µ µ µ
+ + =- + D - + +é ùæ ö

µ µ µ µ µ µ µé ùç ÷ ê ú

î
î
î

î
î
î
î
ý

     (3.4) 

ɺʳʨʘʞʝʥʠʝ 3.4 ʩʦʜʝʨʞʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʯʣʝʥʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ 

ʪʫʨʙʫʣʝʥʪʥʳʤʠ ʧʫʣʴʩʘʮʠʷʤʠ. ʕʪʦ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ çʢʘʞʫʱʠʝʩʷ ʪʫʨʙʫʣʝʥʪʥʳʝ 

ʥʘʧʨʷʞʝʥʠʷè - 2ur¡, 2vr¡, 2wr ¡, vur¡ ¡, u wr¡ ¡, v wr¡ ¡. ʀʭ ʚʣʠʷʥʠʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 

ʫʩʣʦʚʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʚʷʟʢʦʩʪʠ ʦʩʨʝʜʥʝʥʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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ʤʦʣʝʢʫʣʷʨʥʦʡ ʚʷʟʢʦʩʪʴʶ [47]. ɿʘʜʘʯʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʟʘʢʣʶʯʘʝʪʩʷ 

ʚ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʝ ʢʘʞʫʱʠʭʩʷ ʪʫʨʙʫʣʝʥʪʥʳʭ ʥʘʧʨʷʞʝʥʠʡ.  

RANS ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʢʨʫʧʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʷ: ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʠ ʤʦʜʝʣʠ ʧʝʨʝʥʦʩʘ ʥʘʧʨʷʞʝʥʠʡ 

ʈʝʡʥʦʣʴʜʩʘ (ʢʘʞʫʱʠʭʩʷ ʪʫʨʙʫʣʝʥʪʥʳʭ ʥʘʧʨʷʞʝʥʠʡ). 

ɺ ʤʦʜʝʣʷʭ ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ ʢʘʞʫʱʠʝʩʷ ʪʫʨʙʫʣʝʥʪʥʳʝ ʥʘʧʨʷʞʝʥʠʷ 

ʦʧʨʝʜʝʣʷʶʪ ʯʝʨʝʟ ʚʳʨʘʞʝʥʠʝ ʚʠʜʘ [47]: 

dy

ud
ʊʊ mt = ,                                                 (3.5) 

ʛʜʝ 
ʊm  - ʪʫʨʙʫʣʝʥʪʥʘʷ (ʚʠʭʨʝʚʘʷ) ʚʷʟʢʦʩʪʴ; 

dy

ud
 - ʛʨʘʜʠʝʥʪ ʦʩʨʝʜʥʝʥʥʦʡ ʩʢʦʨʦʩʪʠ. 

ʋ ʢʘʞʜʦʡ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩʚʦʠ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʧʦʧʫʣʷʨʥʦʡ ʤʦʜʝʣʠ k-Ů: 

e
m m

2k
Cʊ= .                                              (3.6) 

ɿʜʝʩʴ mC  - ɻ ʤʧʠʨʠʯʝʩʢʘʷ ʢʦʥʩʪʘʥʪʘ, k ï ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, Ů ï ʜʠʩʩʠʧʘʮʠʷ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. 

ʇʨʠ ʧʨʠʤʝʥʝʥʠʠ ʤʦʜʝʣʠ k-Ů ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʫʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ k ʠ Ů (ʯʝʨʪʘ ʥʘʜ ʦʩʨʝʜʥʝʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʦʧʫʱʝʥʘ) [34]: 

,
t i

j i j

j j k j j

uk k k
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t x x x x

m
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s

è øå õ µµ µ µ µ
+ = + Ö + -é ùæ ö
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,                  (3.7) 
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j i j
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,           (3.8) 

ʟʜʝʩʴ 
ks , 

es ,
1Ce , 

2Ce - ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ. 

ɺ ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ k-ɤ ʪʫʨʙʫʣʝʥʪʥʘʷ ʚʷʟʢʦʩʪʴ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʯʝʨʝʟ 

ʚʳʨʘʞʝʥʠʝ: 

*

ʊ

k
m a

w
= ,                                                        (3.9) 
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ʟʜʝʩʴ 
*a  - ʜʝʤʧʬʠʨʫʶʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ.  

ʋʨʘʚʥʝʥʠʷ ʧʝʨʝʥʦʩʘ ʜʣʷ k ʠ ɤ: 

( ) ( ) t
j k k k

j j k j

k
k ku G Y S

t x x x

m
r r m

s

è øå õµ µ µ µ
+ = + Ö + - +é ùæ ö
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,          (3.10) 

( ) ( ) t
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u G Y S
t x x x

w w w

w

m w
rw rw m

s

è øå õµ µ µ µ
+ = + Ö + - +é ùæ ö

µ µ µ µé ùç ÷ê ú

,         (3.11) 

ʟʜʝʩʴ 
kG  ʠ Gw- ʛʝʥʝʨʘʮʠʷ ʪʫʨʙʫʣʝʥʪʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʠ ʫʜʝʣʴʥʦʡ 

ʩʢʦʨʦʩʪʠ ʜʠʩʩʠʧʘʮʠʠ, 
kY  ʠ Yw- ʜʠʩʩʠʧʘʮʠʷ k ʠ ɤ, 

kS  ʠ Sw - ʠʩʪʦʯʥʠʢʦʚʳʝ ʯʣʝʥʳ, 

ks  ʠ 
ws  - ʪʫʨʙʫʣʝʥʪʥʳʝ ʯʠʩʣʘ ʇʨʘʥʜʪʣʷ ʜʣʷ k ʠ ɤ. 

k-Ů ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʘ ʩʝʙʷ ʫʩʧʝʰʥʦʡ ʚ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʦʩʥʦʚʥʦʛʦ ʧʦʪʦʢʘ 

(ʚʜʘʣʠ ʦʪ ʩʪʝʥʦʢ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʦʜʝʣʴ k-ɤ ʨʘʟʨʘʙʘʪʳʚʘʣʘʩʴ ʙʦʣʴʰʝʡ ʯʘʩʪʴʶ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʩʪʝʥʦʯʥʳʭ ʪʝʯʝʥʠʡ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʤʝʥʷʣʘʩʴ ʤʦʜʝʣʴ 

SST, ʢʦʪʦʨʘʷ ʦʙʲʝʜʠʥʷʝʪ ʜʦʩʪʦʠʥʩʪʚʘ k-Ů ʠ k-ɤ. 

ʄʦʜʝʣʠ ʧʝʨʝʥʦʩʘ ʥʘʧʨʷʞʝʥʠʡ ʈʝʡʥʦʣʴʜʩʘ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʦʜʝʣʝʡ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʚʷʟʢʦʩʪʠ, ʧʦʟʚʦʣʷʶʪ ʫʯʝʩʪʴ ʘʥʠʟʦʪʨʦʧʠʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʆʜʥʘʢʦ 

ʦʥʠ ʩʣʦʞʥʝʝ ʠ çʪʷʞʝʣʝʝè, ʪ.ʢ. ʧʨʝʜʧʦʣʘʛʘʶʪ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʡ ʧʝʨʝʥʦʩʘ 

ʨʝʡʥʦʣʴʜʩʝʚʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʠ ʥʘʰʣʠ ʤʝʥʴʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʚ CFD. 

 

3.1.2 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʛʦʨʝʥʠʷ 

 

ʄʦʜʝʣʴ ʛʦʨʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʷʝʪ ʚʣʠʷʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ 

ʧʨʦʮʝʩʩʳ ʛʦʨʝʥʠʷ.  

ʆʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʤʦʜʝʣʝʡ ʛʦʨʝʥʠʷ ï ʨʘʩʯʝʪ ʩʢʦʨʦʩʪʠ ʚʳʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ ʚ 

ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʪʦʢʝ (ʩ ʫʯʝʪʦʤ ʚʣʠʷʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ). ʈʝʰʝʥʠʝ ʵʪʦʡ ʟʘʜʘʯʠ 

ʦʩʣʦʞʥʷʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʩʢʦʨʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʠ ʪʘʢʦʡ ʥʝʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʝʣʴʟʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʦʩʨʝʜʥʝʥʥʫʶ ʧʦ ʚʨʝʤʝʥʠ ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ 

ʧʫʣʴʩʘʮʠʦʥʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʪʦʢʝ.  
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ʀʛʥʦʨʠʨʦʚʘʥʠʝ ʧʫʣʴʩʘʮʠʡ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʰʠʙʢʘʤ ʧʨʠ ʨʘʩʯʝʪʝ 

ʫʨʦʚʥʷ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ [25, 89].  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ ʛʦʨʝʥʠʷ ʩʝʤʝʡʩʪʚʘ EDM/FRC 

(Eddy Dissipation/Finite Rate Chemistry Model [87]). ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʜʚʘ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ. 

ʇʝʨʚʦʝ ʚʳʨʘʞʝʥʠʝ: 
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FEDMEDM ,                      (3.12) 

ʛʜʝ EDMEDM BA ,  ï ʢʦʵʬʬʠʮʠʝʥʪʳ; 

ɟ ï ʧʣʦʪʥʦʩʪʴ; 

k

e
 ï ʩʢʦʨʦʩʪʴ ʩʤʝʰʝʥʠʷ ʚ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʪʦʢʝ; 

FC , OxC , PrC  ï ʩʨʝʜʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʦʧʣʠʚʘ (F), ʦʢʠʩʣʠʪʝʣʷ (Ox) ʠ 

ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ (Pr) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

n ï ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʚ ʨʝʘʢʮʠʠ ʚʠʜʘ: F + nĿʆʭ Ÿ(1+n)Pr. 

ʉʦʛʣʘʩʥʦ ʧʝʨʚʦʤʫ ʚʳʨʘʞʝʥʠʶ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʣʠʤʠʪʠʨʫʝʪʩʷ ʧʨʦʮʝʩʩʘʤʠ 
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ɺʪʦʨʦʝ ʚʳʨʘʞʝʥʠʝ ï ʫʨʘʚʥʝʥʠʝ ɸʨʨʝʥʠʫʩʘ: 

( )[][ ]exp /
a b

Arr
R AT E RT F Oxb= - Ö  ,                        (3.13) 

ʟʜʝʩʴ ɸ- ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʬʘʢʪʦʨ, ɽ ï ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ. 

ɿʘ ʨʝʟʫʣʴʪʠʨʫʶʱʫʶ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʧʨʠʥʠʤʘʶʪ ʤʠʥʠʤʘʣʴʥʫʶ ʠʟ EDMR  ʠ 

Rɸrr [58, 59]. 

ʄʦʜʝʣʴ ʛʦʨʝʥʠʷ EDM/FRC ʥʝ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʜʝʪʘʣʴʥʦʡ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ 

ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʚʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʚ ʥʝʡ ʧʨʠʤʝʥʷʶʪʩʷ 

ʛʣʦʙʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. ɼʦʩʪʦʠʥʩʪʚʦ ʵʪʦʡ ʤʦʜʝʣʠ ï 

ʙʳʩʪʨʦʪʘ ʚʳʯʠʩʣʝʥʠʡ ʩ ʦʮʝʥʢʦʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʠ ʦʩʥʦʚʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. 
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ɹʳʣʘ ʚʳʧʦʣʥʝʥʘ ʵʢʩʧʨʝʩʩ-ʦʮʝʥʢʘ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʦʜʝʣʝʡ 

ʛʦʨʝʥʠʷ ʩʝʤʝʡʩʪʚʘ EDM/FRC. ɼʣʷ ʵʪʦʛʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ çʪʷʞʝʣʦʡè 

ʤʦʜʝʣʴʶ ʛʦʨʝʥʠʷ EDC (Eddy Dissipation Concept), ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʦʮʝʥʢʠ 

ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʠʪʝʣʴʥʳʭ ʨʘʩʯʝʪʦʚ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʨʘʙʦʪʘʶʱʝʡ ʥʘ ʧʨʠʨʦʜʥʦʤ 

ʛʘʟʝ, ʩ ʫʧʨʦʱʝʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʤʦʜʝʣʠ ʛʦʨʝʥʠʷ ʪʠʧʘ EDM/FRC 

ʪʨʝʙʫʶʪ ʚ 20 ʨʘʟ ʤʝʥʴʰʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʜʝʣʴʶ EDC 

ʧʨʠ ʧʨʦʯʠʭ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ. 

 

3.1.3 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ 

 

ʅʘʠʙʦʣʝʝ ʧʦʜʨʦʙʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʧʦʣʷ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ I ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ. ɺʝʣʠʯʠʥʘ I 

ʦʧʨʝʜʝʣʷʝʪ ʧʦʪʦʢ ʵʥʝʨʛʠʠ ʠʟʣʫʯʝʥʠʷ, ʧʝʨʝʩʝʢʘʶʱʠʡ ʝʜʠʥʠʯʥʫʶ ʧʣʦʱʘʜʢʫ ʠ 

ʨʘʩʧʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʥʦʨʤʘʣʠ ʢ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ʚʥʫʪʨʠ 

ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʪʝʣʝʩʥʦʛʦ ʫʛʣʘ [30]. 

ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʪʝʧʣʦʚʦʛʦ ʣʫʯʘ 

ʨʘʩʩʪʦʷʥʠʷ ds ʚ ʛʘʟʝ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʊ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʦʛʣʦɦ ʝʥʠʷ ʂ ʦʧʠʩʳʚʘʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [94]: 

 

4dI K T
KI

ds

s

p
=- + ,                                            (3.14) 

ʛʜʝ ů ï ʢʦʥʩʪʘʥʪʘ ʉʪʝʬʘʥʘ-ɹʦʣʴʮʤʘʥʘ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟʣʫʯʝʥʠʷ  ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʧʨʠʤʝʥʷʣʘʩʴ ʤʦʜʝʣʴ Discrete Transfer (DT) [58, 94]. ɺ ʵʪʦʡ 

ʤʦʜʝʣʠ ʥʝʧʨʝʨʳʚʥʦʝ ʧʦʣʫʩʬʝʨʠʯʝʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʩ ʧʦʚʝʨʭʥʦʩʪʝʡ ʟʘʤʝʥʷʝʪʩʷ ʥʘ 

ʜʠʩʢʨʝʪʥʦʝ ʩ ʟʘʜʘʥʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʪʝʣʝʩʥʳʭ ʫʛʣʦʚ. 

ɺ ʤʦʜʝʣʠ ʦʮʝʥʠʚʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʧʦ ʤʝʨʝ 

ʜʚʠʞʝʥʠʷ ʣʫʯʝʡ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ. ʇʫʩʪʴ ʩ ʧʦʚʝʨʭʥʦʩʪʠ 1 ʠʟʣʫʯʝʥʠʝ ʧʘʜʘʝʪ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 2 (ʨʠʩʫʥʦʢ 3.2). ʇʨʠ ʵʪʦʤ ʪʝʧʣʦʚʦʡ ʣʫʯ ʧʝʨʝʩʝʢʘʝʪ ʧʨʦʩʪʨʘʥʩʪʚʦ 
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ʜʠʩʢʨʝʪʥʦ ʨʘʟʙʠʪʦʝ ʥʘ ʷʯʝʡʢʠ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʛʘʟ ʚ ʢʘʞʜʦʡ ʷʯʝʡʢʝ ʠʤʝʝʪ ʩʚʦʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ. ʇʨʦʠʥʪʝʛʨʠʨʦʚʘʚ ʚʳʨʘʞʝʥʠʝ (3.14), 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʨʘʩʯʝʪʘ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʧʦ 

ʤʝʨʝ ʜʚʠʞʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʣʫʯʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ:  
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= - + .                                (3.15) 

 

 

ʈʠʩʫʥʦʢ 3.2 ï ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 

 

ʇʦ ʠʟʚʝʩʪʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʚ ʷʯʝʡʢʘʭ 

çʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡè ʩʝʪʢʠ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʠʩʪʦʯʥʠʢʠ/ʩʪʦʢʠ ʵʥʝʨʛʠʠ, ʚʳʟʚʘʥʥʳʝ 

ʪʝʧʣʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ.  

ʆʪʜʝʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ, ʷʚʣʷʝʪʩʷ 

ʦʮʝʥʢʘ ʨʘʜʠʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʢʘʤʝʨʘʭ 

ʩʛʦʨʘʥʠʷ ɻʊɼ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʪʝʧʣʦʦʙʤʝʥ ʠʟʣʫʯʝʥʠʝʤ ʚʥʦʩʷʪ ʩʘʞʘ,  ʩʣʝʜʫʶʱʠʝ 

ʛʘʟʳ ï ʅ2ʆ, ʉʆ2, ʉʆ ʠ ʥʝʩʛʦʨʝʚʰʠʝ ʫʛʣʝʚʦʜʦʨʦʜʳ [30]. ʇʨʠ ʵʪʦʤ ʛʘʟʳ ʠʟʣʫʯʘʶʪ ʠ 

ʧʦʛʣʦʱʘʶʪ ʵʥʝʨʠʶ ʥʝ ʚʦ ʚʩʝʤ ʩʧʝʢʪʨʝ (ʧʦ ʜʣʠʥʝ ʚʦʣʥʳ), ʘ ʚ ʜʠʩʢʨʝʪʥʳʭ ʧʦʣʦʩʘʭ 

ʩʧʝʢʪʨʘ. ɼʣʷ ʦʮʝʥʢʠ ʨʘʜʠʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʨʝʢʦʤʝʥʜʫʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʦʜʝʣʴ ɺʟʚʝʰʝʥʥʦʡ ʉʫʤʤʳ ʉʝʨʳʭ ɻʘʟʦʚ (Weigted Sum of Gray Gases 

ï WSGG [58]). 
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ɺ ʤʦʜʝʣʠ WSGG ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠʙʣʠʞʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʛʘʟʦʚ ʢ 

ʠʟʣʫʯʝʥʠʶ ʦʪʜʝʣʴʥʳʭ ʩʝʨʳʭ ʛʘʟʦʚ [49]. ʉʪʝʧʝʥʴ ʯʝʨʥʦʪʳ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ [58]:    
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ê ú
ä .  (3.16) 

ɿʜʝʩʴ, 1ib , 2ib , iK , ʅʉiK  - ʢʦʵʬʬʠʮʠʝʥʪʳ [58]. 

2ʅ ʆp é - ʧʘʨʮʠʘʣʴʥʳʝ ʜʘʚʣʝʥʠʷ. 

ʊʛ ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ. 

L ï ʜʣʠʥʘ ʧʫʪʠ ʣʫʯʘ. 

ɺʳʧʦʣʥʠʤ ʥʝʙʦʣʴʰʦʝ ʨʘʩʯʝʪʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʦʜʝʣʝʡ DT ʠ 

WSGG. ʎʝʣʴ ʵʪʦʛʦ ï ʩʨʘʚʥʠʪʴ ʨʝʟʫʣʴʪʘʪʳ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʨʘʩʯʝʪʦʤ 

ʪʝʧʣʦʦʙʤʝʥʘ ʧʦ ʵʤʧʠʨʠʯʝʩʢʠʤ ʟʘʚʠʩʠʤʦʩʪʷʤ (ʩ çʨʫʯʥʳʤè ʨʘʩʯʝʪʦʤ). ɼʣʷ ʵʪʦʛʦ 

ʨʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ, ʫʩʣʦʚʠʷ ʢʦʪʦʨʦʡ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.3. 

 

ʈʠʩʫʥʦʢ 3.3 ï ʊʝʧʣʦʚʦʡ ʙʘʣʘʥʩ ʩʪʝʥʢʠ ʪʨʫʙʳ 

ɺ ʪʨʫʙʝ ʩ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ 150 ʤʤ ʠ ʜʣʠʥʦʡ 500 ʤʤ ʧʨʦʪʝʢʘʶʪ 

ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ ʩ ʧʘʨʘʤʝʪʨʘʤʠ: g(CO2) = 0,117, g(H2O) = 0,097, g(O2) = 0,108, 

g(N2) = 0,678, Wʛʦʨ= 30 ʤ/ʩ, ʨʛʦʨ = 0,5 ʄʇʘ, T*
ʛʦʨ= var (873, 1073, 1273, 1473, 1773 ʠ 

2073 ʂ). ʉʥʘʨʫʞʠ ʪʨʫʙʘ ʦʭʣʘʞʜʘʝʪʩʷ ʚʦʟʜʫʭʦʤ ʩ ʧʘʨʘʤʝʪʨʘʤʠ: Wʭʦʣ= 30 ʤ/ʩ, ʨʭʦʣ = 

0,5 ʄʇʘ, ʪʝʤʧʝʨʘʪʫʨʘ ʟʘʜʘʚʘʣʘʩʴ ʠʟ ʫʩʣʦʚʠʷ ʧʦʩʪʦʷʥʩʪʚʘ ʦʪʥʦʰʝʥʠʷ T*
ʭʦʣ / T

*
ʛʦʨ= 

0,41. ʊʦʣʱʠʥʘ ʩʪʝʥʢʠ ʪʨʫʙʳ ŭ = 1,5 ʤʤ. ʄʘʪʝʨʠʘʣ ʪʨʫʙʳ ï ʤʝʪʘʣʣ ʩ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ɚ = 65 ɺʪ/(ʤ2ʂ). ʉʪʝʧʝʥʴ ʯʝʨʥʦʪʳ ʩʪʝʥʢʠ ï Ůw = 0,8. 
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ʋʨʘʚʥʝʥʠʝ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʘ ʜʣʷ ʩʪʝʥʢʠ ʪʨʫʙʳ ʟʘʧʠʰʝʤ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ (ʙʝʟ ʫʯʝʪʘ ʠʟʣʫʯʝʥʠʷ ʚ ʦʢʨʫʞʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ): 

    .ʢ.ʭʦʣʣ.ʛʢ.ʛʦʨ qqq =+                                          (3.17) 

ɿʜʝʩʴ, ʢ.ʛʦʨq
 - ʢʦʥʚʝʢʪʠʚʥʳʡ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʦʪ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʢ ʩʪʝʥʢʝ, 

ʣ.ʛq
 - ʣʫʯʠʩʪʳʡ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʦʪ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʢ ʩʪʝʥʢʠ, ʢ.ʭʦʣq

 - 

ʢʦʥʚʝʢʪʠʚʥʳʡ ʪʝʧʣʦʚʦʡ ʧʦʪʦʢ ʦʪ ʩʪʝʥʢʠ ʢ ʦʭʣʘʞʜʘʶʱʝʤʫ ʚʦʟʜʫʭʫ. 

ʋʜʝʣʴʥʳʝ ʪʝʧʣʦʚʳʝ ʧʦʪʦʢʠ ʤʦʞʥʦ ʨʘʩʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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   (3.18)

 

 

ɿʜʝʩʴ, ʭʦʣa  - ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʦʪʜʘʯʠ ʩʦ ʩʪʦʨʦʥʳ ʚʦʟʜʫʭʘ, ʛʦʨa  - 

ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʦʪʜʘʯʠ ʩʦ ʩʪʦʨʦʥʳ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ, ʣʫʯa  - ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʝʧʣʦʦʪʜʘʯʠ ʠʟʣʫʯʝʥʠʝʤ [30]. 

ʂʦʵʬʬʠʮʠʝʥʪʳ ʪʝʧʣʦʦʪʜʘʯʠ ʩʦ ʩʪʦʨʦʥʳ ʭʦʣʦʜʥʦʛʦ ʠ ʛʦʨʷʯʝʛʦ ʧʦʪʦʢʦʚ 

ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʢʨʠʪʝʨʠʘʣʴʥʦʤʫ ʫʨʘʚʥʝʥʠʶ ʦʙʜʫʚʘ ʧʣʘʩʪʠʥʳ Nu = f(Re, Pr) [30]. 

(ʇʨʠ ʨʘʩʯʝʪʝ ʪʝʧʣʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʞʘʨʦʚʳʭ ʪʨʫʙ ʠ ʢʦʨʧʫʩʦʚ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʶʪ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʪʝʧʣʦʦʙʤʝʥʘ ʧʨʠ ʦʙʪʝʢʘʥʠʠ ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʳ, ʪʘʢʦʝ 

ʫʧʨʦʱʝʥʠʝ ʩʧʨʘʚʝʜʣʠʚʦ, ʪ.ʢ. ʚʚʠʜʫ ʤʘʣʳʭ ʜʣʠʥ ʢʘʥʘʣʦʚ ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ ʥʝ 

ʫʩʧʝʚʘʶʪ ʩʦʤʢʥʫʪʴʩʷ [9, 12, 40 ʠ ʜʨ.]). 

ʉʪʝʧʝʥʴ ʯʝʨʥʦʪʳ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʵʤʧʠʨʠʯʝʩʢʦʡ 

ʬʦʨʤʫʣʝ [26]: 

[ ]5,1ʛ5,0
ʛ )(2901 -Ö--= TLpʝʭp ce .                                  (3.19) 

ɿʜʝʩʴ, cï ʤʘʩʩʦʚʦʝ ʦʪʥʦʰʝʥʠʝ ʪʦʧʣʠʚʦ/ʚʦʟʜʫʭ. 

ʉʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (3.18) ʤʦʞʥʦ ʨʝʰʠʪʴ ʤʝʪʦʜʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 

ʧʦʜʙʦʨʘ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʥʢʠ. 
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CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʇʂ ANSYS CFX v 16.1. ʂʦʣʠʯʝʩʪʚʦ 

ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʝ ï ʧʦʨʷʜʢʘ 10,5 ʤʣʥ (Yplus = 3-19). ʄʦʜʝʣʴ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ï SST. ʄʦʜʝʣʴ ʣʫʯʠʩʪʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ ï DT (ʥʘʩʪʨʦʡʢʠ ʧʨʠʥʷʪʳ 

ʧʦ ʫʤʦʣʯʘʥʠʶ). ʉʧʝʢʪʨʘʣʴʥʘʷ ʤʦʜʝʣʴ ï WSGG. ʅʘ ʛʨʘʥʠʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ 

ʤʦʜʝʣʠ (ʚʭʦʜ ʠ ʚʳʭʦʜ ʛʘʟʦʚʦʛʦ ʠ ʚʦʟʜʫʰʥʦʛʦ ʪʨʘʢʪʘ) ʟʘʜʘʥʦ ʫʩʣʦʚʠʝ ʠʟʣʫʯʝʥʠʷ 

ʘʙʩʦʣʶʪʥʦʛʦ ʯʝʨʥʦʛʦ ʪʝʣʘ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʪʝʥʢʠ 

ʪʨʫʙʳ, ʨʘʩʩʯʠʪʘʥʥʦʡ çʨʫʯʥʳʤè ʤʝʪʦʜʦʤ ï ʪʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʠʟʣʫʯʝʥʠʷ ʛʨʘʥʠʯʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ 

ʩʪʝʥʢʠ (ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ʪʨʝʙʫʝʪ ʟʘʜʘʥʠʷ ʫʩʣʦʚʠʡ ʠʟʣʫʯʝʥʠʷ ʥʘ ʛʨʘʥʠʯʥʳʭ 

ʧʦʚʝʨʭʥʦʩʪʷʭ). 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ ʧʨʠ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʦʙʜʫʚʘ, ʥʦ ʙʝʟ ʫʯʝʪʘ 

ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.4. 

 

ʈʠʩʫʥʦʢ 3.4 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʥʢʠ 

 

ʅʘ ʛʨʘʬʠʢʝ Tw ï ʦʩʨʝʜʥʝʥʥʘʷ ʧʦ ʜʣʠʥʝ ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʝʥʢʠ. 
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ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʦʚʘʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 

ʨʘʩʯʝʪʦʚ ʧʦ ʵʤʧʠʨʠʯʝʩʢʠʤ ʟʘʚʠʩʠʤʦʩʪʷʤ. ʇʨʠ ʫʯʝʪʝ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʛʘʟʦʚ, 

ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ CFD ʠ çʨʫʯʥʳʤè ʨʘʩʯʝʪʦʤ ʥʝ ʧʨʝʚʳʩʠʣʦ 1,7 %. ʕʪʦ ʢʦʩʚʝʥʥʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʜʝʞʥʦʩʪʠ ʤʦʜʝʣʝʡ DT ʠ WSGG. 

 

3.2 ʇʦʩʪʨʦʝʥʠʝ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

 

3.2.1 ʈʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ 

 

ɺ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʦʪʜʝʣʴʥʦ ʚʳʜʝʣʷʶʪʩʷ çʙʝʜʥʳʝè 

ʩʪʨʫʡʢʠ ʠ ʟʦʥʘ ʧʣʘʤʝʥʠ. ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʠʭ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʳʧʦʣʥʠʪʴ ʨʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʪʦʚ 

ʩʛʦʨʘʥʠʷ.  

ɼʣʷ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʤʝʪʘʥʦʚʦʟʜʫʰʥʫʶ ʩʤʝʩʴ ʩ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ 

460 ʂ ʠ ʜʘʚʣʝʥʠʝʤ 0,5 ʄʇʘ. ɼʣʷ ʜʘʥʥʦʡ ʩʤʝʩʠ, ʚ ʪʘʙʣʠʮʝ 3.1, ʧʨʠʚʝʜʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʠ ʢʦʣʠʯʝʩʪʚʘ ʘʟʦʪʘ 

ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ. ɺ ʪʘʙʣʠʮʝ ʧʨʠʚʝʜʝʥʳ ʦʙʲʝʤʥʳʝ ʜʦʣʠ ʘʟʦʪʘ ʜʣʷ 

ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ (ʜʦ ʛʦʨʝʥʠʷ), ʪ.ʢ. ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʚ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʛʣʦʙʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ, ʚ ʢʦʪʦʨʳʭ ʘʟʦʪ ʥʝ 

ʫʯʘʩʪʚʫʝʪ ʚ ʨʝʘʢʮʠʷʭ ʛʦʨʝʥʠʷ. 

 

ʊʘʙʣʠʮʘ 3.1 ï ʈʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ (ʤʝʪʘʥ-

ʚʦʟʜʫʭ, ʊʠʩʭ = 460 ʂ, ʨ = 0,5 ʄʇʘ) 

Ŭ r(N2) Tadia, K 

0,50 0,653 1677 

0,60 0,672 1898 

0,70 0,687 2071 

0,80 0,698 2211 

0,90 0,708 2319 

1,00 0,715 2342 

1,10 0,721 2260 

1,20 0,726 2160 

1,30 0,731 2065 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 3.1 

Ŭ r(N2) Tadia, K 

1,40 0,735 1979 

1,50 0,738 1902 

1,60 0,741 1831 

1,70 0,744 1766 

1,80 0,746 1709 

1,90 0,749 1654 

2,00 0,751 1606 

2,10 0,752 1560 

2,20 0,754 1520 

2,30 0,755 1481 

2,40 0,757 1445 

2,50 0,758 1411 

2,70 0,760 1349 

 

ʅʠʞʝ ʙʫʜʝʪ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʧʦʜ çʟʦʥʦʡ ʧʣʘʤʝʥʠè ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʛʦʨʶʯʘʷ ʩʤʝʩʴ ʩ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʦʜʫʢʪʦʚ 

ʩʛʦʨʘʥʠʷ ʚʳʰʝ 1900 ʂ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦ ʪʘʙʣʠʮʝ 3.1 ʤʦʞʥʦ ʚʳʷʚʠʪʴ ʜʠʘʧʘʟʦʥ 

r(N2), ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʪʨʝʙʫʝʤʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʜʣʷ ʜʘʥʥʦʛʦ ʧʨʠʤʝʨʘ 

r(N2) ʦʪ 0,672 ʜʦ 0,738). ɿʥʘʯʝʥʠʷ ʜʠʘʧʘʟʦʥʘ r(N2) ʚ ʜʘʣʴʥʝʡʰʝʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠ 

ʚʳʷʚʣʝʥʠʠ ʟʦʥʳ ʧʣʘʤʝʥʠ ʚ ʨʝʟʫʣʴʪʘʪʝ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʇʦ ʪʘʙʣʠʮʝ 3.1 ʚʳʷʚʣʷʝʪʩʷ ʩʦʜʝʨʞʘʥʠʝ ʘʟʦʪʘ, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʪʝʤʧʝʨʘʪʫʨʝ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ï ʊadia å 1450 ʂ (ʜʣʷ ʜʘʥʥʦʛʦ ʧʨʠʤʝʨʘ r(N2) = 0,757 

ʧʨʠ ʊ = 1445 ʂ). ʕʪʦ ʟʥʘʯʝʥʠʝ r(N2)ʎɽʃɽɺʆɽ ʚ ʜʘʣʴʥʝʡʰʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʚʳʷʚʣʝʥʠʷ çʙʝʜʥʳʭè ʩʪʨʫʝʢ ʚ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʷʭ. 

 

3.2.2 ɺʳʙʦʨ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʡ 

 

ʈʘʩʯʝʪʥʳʝ ʩʝʯʝʥʠʷ ʚʳʙʠʨʘʶʪʩʷ, ʠʩʭʦʜʷ ʠʟ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ï ʚ ʩʝʯʝʥʠʷʭ ʥʘʯʘʣʘ ʩʝʢʮʠʡ ʠ ʛʘʟʦʩʙʦʨʥʠʢʘ ʞʘʨʦʚʦʡ ʪʨʫʙʳ, 

ʧʦʜʚʦʜʘ ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ (ʠ ʜʨ.) ʠ ʨʘʩʯʝʪʥʦʡ ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ. 

ʇʨʠʤʝʨ ʨʘʟʙʠʝʥʠʷ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʥʘ ʨʘʩʯʝʪʥʳʝ ʩʝʯʝʥʠʷ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 3.5. 

ɺ ʧʦʩʣʝʜʫʶʱʝʤ, ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʪʨʦʠʪʩʷ ʥʘ ʙʘʟʝ ʦʙʨʘʙʦʪʢʠ 

ʧʘʨʘʤʝʪʨʦʚ CFD ʨʝʟʫʣʴʪʘʪʘ ʚ ʵʪʠʭ ʩʝʯʝʥʠʷʭ. 
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ʈʠʩʫʥʦʢ 3.5 ï ʇʨʠʤʝʨ ʨʘʟʙʠʝʥʠʷ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʥʘ ʨʘʩʯʝʪʥʳʝ ʩʝʯʝʥʠʷ 

 

ʉʝʯʝʥʠʝ çʌʋè (ʟʘ ʬʨʦʥʪʦʚʳʤ ʫʩʪʨʦʡʩʪʚʦʤ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʨʘʩʯʝʪʥʦʛʦ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʦʥʳ ʦʙʨʘʪʥʳʭ ʪʦʢʦʚ (ɿʆʊ). ʈʝʢʦʤʝʥʜʫʝʪʩʷ ʨʘʩʧʦʣʘʛʘʪʴ ʩʝʯʝʥʠʝ ʟʘ 

ʪʦʯʢʦʡ ʧʝʨʝʛʠʙʘ ɿʆʊ (ʪʦʯʢʘ ʛʨʘʥʠʮʳ ɿʆʊ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʨʘʜʠʘʣʴʥʦʡ 

ʢʦʦʨʜʠʥʘʪʦʡ). 

ʉʝʯʝʥʠʷ ç1è-ç5è, ʚ ʜʘʥʥʦʤ ʧʨʠʤʝʨʝ, ʦʧʨʝʜʝʣʷʶʪ ʛʨʘʥʠʮʳ ʩʝʢʮʠʡ ʞʘʨʦʚʦʡ 

ʪʨʫʙʳ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʨʝʢʦʤʝʥʜʫʝʤʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʝʯʝʥʠʷʤʠ ï ʥʝ ʙʦʣʝʝ 50-

70 ʤʤ. 

ɺ ʟʦʥʝ ʛʘʟʦʩʙʦʨʥʠʢʘ  ʜʦʧʫʩʢʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʨʘʩʩʪʦʷʥʠʷ ʜʦ 200 ʤʤ (ʤʝʞʜʫ 

ʩʝʯʝʥʠʷʤʠ ç5è - çɻʉè). 

 

3.2.3 ɺʳʷʚʣʝʥʠʝ çʙʝʜʥʳʭè ʩʪʨʫʝʢ ʪʦʧʣʠʚʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ 
 

ɺ ʚʳʙʨʘʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʷʭ ʧʦʪʦʢ ʛʘʟʦʚ ʥʝʦʜʥʦʨʦʜʝʥ ʧʦ ʩʦʩʪʘʚʫ (ʚ 

ʦʩʦʙʝʥʥʦʩʪʠ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ ʠ ʚ ʩʣʝʜʘʭ ʧʦʜʚʦʜʘ ʚʦʟʜʫʭʘ). ʇʨʠʤʝʨ 

ʨʘʩʯʝʪʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 3.6.  

 

ʈʠʩʫʥʦʢ 3.6 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʘʟʦʪʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʞʘʨʦʚʦʡ ʪʨʫʙʝ 

ʪʨʫʙʯʘʪʦ-ʢʦʣʴʮʝʚʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 
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ɼʣʷ ʫʯʝʪʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʩʪʘʚʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʦʙʲʝʜʠʥʷʪʴ 

ʥʝʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ çʙʝʜʥʳʝè ʟʦʥʳ ʚ ʦʜʥʫ çʙʝʜʥʫʶè ʩʪʨʫʡʢʫ, ʩʦʩʪʘʚ 

ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ Tadia = 

1450Ñ50 K (ʩʪʨʫʡʢʘ ï ʛʘʟ, ʜʚʠʞʫʱʠʡʩʷ ʚʥʫʪʨʠ ʪʨʫʙʢʠ ʪʦʢʘ [8]). ʇʨʠ ʵʪʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʉʆ ʤʘʣʘ, ʦʜʥʘʢʦ ʥʝʪ ʧʦʣʥʦʛʦ çʟʘʤʦʨʘʞʠʚʘʥʠʷè 

ʧʣʘʤʝʥʠ [21, 26]. ʉʦʩʪʘʚ ʛʦʨʶʯʝʡ ʩʤʝʩʠ (Ŭ) ʧʨʠ ʟʘʜʘʥʥʦʡ Tadia ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ 

ʜʘʚʣʝʥʠʶ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʠʩʭʦʜʥʦʡ ʊɺʉ. 

çɹʝʜʥʳʝè ʩʪʨʫʡʢʠ ʚʳʷʚʣʷʶʪʩʷ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʦʙʲʝʤʥʦʡ ʜʦʣʠ 

ʩʦʜʝʨʞʘʥʠʷ ʘʟʦʪʘ r(N2) ʚ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʷʭ. ʇʨʠ ʧʨʠʤʝʥʝʥʠʠ ʚ CFD ʛʣʦʙʘʣʴʥʳʭ 

ʤʝʭʘʥʠʟʤʦʚ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʘʟʦʪ ʥʝ ʫʯʘʩʪʚʫʝʪ ʚ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ ʠ, 

ʧʦʵʪʦʤʫ, ʝʛʦ ʢʦʣʠʯʝʩʪʚʦ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʷʝʪ ʩʦʩʪʘʚ ʛʦʨʶʯʝʡ ʩʤʝʩʠ.  

ʆʪʜʝʣʴʥʦ ʦʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʜʝʪʘʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʭʠʤʠʯʝʩʢʦʡ 

ʢʠʥʝʪʠʢʠ, ʧʦ ʘʟʦʪʫ ʪʘʢʞʝ ʤʦʞʥʦ ʦʧʨʝʜʝʣʷʪʴ ʩʦʩʪʘʚ ʩʤʝʩʠ. ʆʜʥʘʢʦ ʚ ʯʨʝʟʤʝʨʥʦ 

çʙʦʛʘʪʳʭè ʩʤʝʩʷʭ ʩʦʜʝʨʞʘʥʠʝ ʘʟʦʪʘ N2 ʧʦʩʣʝ ʩʞʠʛʘʥʠʷ ʪʦʧʣʠʚʘ ʠʟʤʝʥʷʝʪʩʷ. ʕʪʦ 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝʤ ʘʟʦʪʦʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ NH3, HCN, 

HNCO ʠ ʜʨ. ʚ ʫʩʣʦʚʠʷʭ ʜʝʬʠʮʠʪʘ ʢʠʩʣʦʨʦʜʘ. ʀʟ ʨʠʩʫʥʢʘ 3.7 ʚʠʜʥʦ, ʯʪʦ ʜʣʷ 

ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ, ʥʘʯʠʥʘʷ ʩ Ŭ < 0,7, ʨʘʩʭʦʞʜʝʥʠʝ ʧʦ r(N2) ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ 

5 %. ʊ.ʝ. ʚ ʵʪʦʤ ʩʣʫʯʘʝ, ʩʦʩʪʘʚ ʩʤʝʩʠ ʦʮʝʥʠʚʘʝʪʩʷ ʥʝ ʧʦ ʩʦʜʝʨʞʘʥʠʶ 

ʜʚʫʭʘʪʦʤʘʨʥʦʛʦ N2, ʘ ʧʦ ʙʘʣʘʥʩʫ ʵʣʝʤʝʥʪʘ N.  

 

ʈʠʩʫʥʦʢ 3.7 ï ʆʪʥʦʰʝʥʠʝ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʘʟʦʪʘ ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʠ ʨʘʚʥʦʚʝʩʥʳʭ 

ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ  

(ʤʝʪʘʥ-ʚʦʟʜʫʭ, ʜʝʪʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ GRI-Mech 3.0, ʊʠʩʭ =470 ʂ, ʨ = 0,5 ʄʇʘ) 
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ʇʨʦʮʝʜʫʨʘ ʚʳʷʚʣʝʥʠʷ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʚ ʨʘʩʯʝʪʥʦʤ ʩʝʯʝʥʠʠ ʩʣʝʜʫʶʱʘʷ. ʀʟ 

ʨʝʟʫʣʴʪʘʪʘ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟ ʨʘʩʯʸʪʥʳʭ ʷʯʝʝʢ, ʧʝʨʝʩʝʢʘʶʱʠʭ ʨʘʩʯʸʪʥʦʝ 

ʩʝʯʝʥʠʝ, ʵʢʩʧʦʨʪʠʨʫʝʪʩʷ ʤʘʩʩʠʚ ʦʙʲʸʤʥʳʭ ʜʦʣʝʡ ʘʟʦʪʘ ʠ ʤʘʩʩʦʚʳʭ ʨʘʩʭʦʜʦʚ. ɼʘʣʝʝ 

ʵʪʦʪ ʤʘʩʩʠʚ ʩʦʨʪʠʨʫʝʪ ʧʦ ʫʙʳʚʘʥʠʶ r(N2) ï ʦʪ çʙʝʜʥʳʭè ʩʪʨʫʝʢ ʢ ʙʦʣʝʝ çʙʦʛʘʪʳʤè. 

ɿʘʪʝʤ, ʚ ʦʪʩʦʨʪʠʨʦʚʘʥʥʦʤ ʤʘʩʩʠʚʝ çʙʝʜʥʳʝè ʩʪʨʫʡʢʠ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʦʜʥʫ ʩ 

ʩʦʩʪʘʚʦʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ Tadia å 1450 K. ʇʨʠ ʵʪʦʤ ʩʦʩʪʘʚ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʦʜʝʨʞʘʥʠʝʤ r(N2): 

                                     

ὶὔ ʎɽʃɽɺʆɽ

Ὃẗὶὔ Ὃẗὶὔ Ễ Ὃ ẗὶὔ

Ὃ Ὃ Ễ Ὃ
Ȣ 

(3.20) 

ʈʘʩʭʦʜ ʦʙʲʝʜʠʥʝʥʥʦʡ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʙʫʜʝʪ ʨʘʚʝʥ: 

Ὃɹɼ Ὃ Ὃ Ễ Ὃ .                                       (3.21) 

ɼʘʣʝʝ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʨʘʩʭʦʜ ʠ ʩʦʩʪʘʚ ʦʩʪʘʚʰʝʡʩʷ (ʦʩʥʦʚʥʦʡ) ʩʪʨʫʡʢʠ ʊɺʉ ʚ 

ʜʘʥʥʦʤ ʨʘʩʯʝʪʥʦʤ ʩʝʯʝʥʠʠ.  

ʇʨʠʤʝʨ ʤʘʩʩʠʚʘ, ʦʪʩʦʨʪʠʨʦʚʘʥʥʦʛʦ ʧʦ ʫʙʳʚʘʥʠʶ r(N2), ʧʨʠʚʝʜʝʥ ʥʘ 

ʨʠʩʫʥʢʝ 3.8.  

 

ʈʠʩʫʥʦʢ 3.8 ï ʇʨʠʤʝʨ ʤʘʩʩʠʚʘ ʦʪʩʦʨʪʠʨʦʚʘʥʥʦʛʦ ʧʦ ʫʙʳʚʘʥʠʶ r(N2)  
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ʆʙʲʝʤʳ çʙʝʜʥʦʡè ʠ ʦʩʥʦʚʥʦʡ ʩʪʨʫʝʢ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ ʠʭ 

ʤʘʩʩʦʚʳʭ ʨʘʩʭʦʜʦʚ. 

çɹʝʜʥʳʝè ʩʪʨʫʡʢʠ ʤʦʜʝʣʠʨʫʶʪʩʷ ʚ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʦʪʜʝʣʴʥʳʤʠ ʨʝʘʢʪʦʨʘʤʠ. ɼʣʷ ʢʦʨʨʝʢʪʥʦʡ ʦʮʝʥʢʠ ʢʦʣʠʯʝʩʪʚʘ ʉʆ ʚ ʦʙʲʝʤʝ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʪʨʝʙʫʝʪʩʷ ʫʯʝʪ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ 

ʢʠʥʝʪʠʢʠ [11]. 

 

3.2.4 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʟʦʥʳ ʧʣʘʤʝʥʠ 

 

ɺ ʨʘʙʦʪʝ ʎʀɸʄ [45] ʦʪʤʝʯʝʥʦ, ʯʪʦ ʦʜʥʘ ʠʟ ʧʨʦʙʣʝʤ ʨʘʩʯʝʪʘ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

ʧʦ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ï ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʟʦʥʳ ʧʣʘʤʝʥʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʧʦʜ ʟʦʥʦʡ ʧʣʘʤʝʥʠ ʧʨʠʥʠʤʘʝʪʩʷ ʛʦʨʶʯʘʷ ʩʤʝʩʴ ʩ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʙʦʣʝʝ 1900 ʂ. ʇʨʠ ʪʘʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʫʞʝ ʩʫʱʝʩʪʚʝʥʥʘ ʜʠʩʩʦʮʠʘʮʠʷ ʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʘ ʚ ʤʦʥʦʦʢʩʠʜ ʫʛʣʝʨʦʜʘ 

[19]. ʈʘʩʧʦʣʦʞʝʥʠʝ ʟʦʥʳ ʧʣʘʤʝʥʠ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ, ʝʝ ʦʙʲʝʤ ʠ ʨʘʩʭʦʜ ʛʘʟʘ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʠʟʦʦʙʲʝʤʘ ʧʦ ʟʘʜʘʥʥʦʤʫ ʜʠʘʧʘʟʦʥʫ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʘʟʦʪʘ 

(ʚ Post-ʧʨʦʮʝʩʩʦʨʝ CFD ʧʨʦʛʨʘʤʤʳ ʢʦʥʩʪʨʫʠʨʫʝʪʩʷ ʧʘʨʘʤʝʪʨ, ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʛʦ 

ʙʫʜʝʪ ʠʤʝʪʴ ʦʜʥʫ ʚʝʣʠʯʠʥʫ ʜʣʷ ʟʘʜʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʦ r(N2)). ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʠʩʭʦʜʥʦʡ ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ 470 ʂ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʤʝʥʠ ʊ > 

1900 ʂ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʠʘʧʘʟʦʥ r(N2) ʦʪ  0,738 ʜʦ 0,715.  

ʇʨʠʤʝʨ ʚʳʷʚʣʝʥʥʦʡ ʟʦʥʳ ʧʣʘʤʝʥʠ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ ʧʨʠʚʝʜʝʥ ʥʘ 

ʨʠʩʫʥʢʝ 3.9. ɿʦʥʘ ʧʣʘʤʝʥʠ ʦʛʨʘʥʠʯʝʥʘ ʩʝʯʝʥʠʝʤ ʥʘʯʘʣʘ ʧʝʨʚʦʡ ʩʝʢʮʠʠ ʞʘʨʦʚʦʡ 

ʪʨʫʙʳ. 
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ʈʠʩʫʥʦʢ 3.9 ï ɿʦʥʘ ʧʣʘʤʝʥʠ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ, ʚʳʷʚʣʝʥʥʘʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

 

ɺʳʷʚʣʝʥʥʳʡ ʠʟʦʦʙʲʝʤ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʚ 

ʟʦʥʝ ʧʣʘʤʝʥʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʤʝʥʝʥ ʩʣʝʜʫʶʱʠʡ ʩʧʦʩʦʙ ʦʮʝʥʢʠ ʨʘʩʭʦʜʘ ʩʤʝʩʠ ʚ 

ʟʦʥʝ ʧʣʘʤʝʥʠ. 

1. ʆʮʝʥʠʚʘʝʪʩʷ ʜʣʠʥʘ ʟʦʥʳ ʧʣʘʤʝʥʠ L ï ʦʪ ʥʘʯʘʣʘ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʦ 

ʧʝʨʚʦʛʦ ʨʘʩʯʝʪʥʦʛʦ ʩʝʯʝʥʠʷ (ʚ ʩʣʫʯʘʝ ʧʨʠʤʝʨʘ ʨʠʩʫʥʢʘ 3.9 ï ʜʦ ʥʘʯʘʣʘ ʧʝʨʚʦʡ 

ʩʝʢʮʠʠ ʞʘʨʦʚʦʡ ʪʨʫʙʳ). 

2. ʆʮʝʥʠʚʘʝʪʩʷ ʦʙʲʝʤ ʟʦʥʳ ʧʣʘʤʝʥʠ V. 

3. ʆʮʝʥʠʚʘʝʪʩʷ ʫʩʣʦʚʥʘʷ ʧʣʦʱʘʜʴ ʧʨʦʭʦʜʥʦʛʦ ʩʝʯʝʥʠʷ ʟʦʥʳ ʧʣʘʤʝʥʠ                 

F = V/L. 

4. ʆʮʝʥʠʚʘʝʪʩʷ ʦʩʨʝʜʥʝʥʥʘʷ ʧʦ ʦʙʲʝʤʫ ʦʩʝʚʘʷ ʩʢʦʨʦʩʪʴ u ʠ ʧʣʦʪʥʦʩʪʴ ɟ ʟʦʥʳ 

ʧʣʘʤʝʥʠ.  

5. ʆʮʝʥʠʚʘʝʪʩʷ ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ ʟʦʥʳ ʧʣʘʤʝʥʠ G = ɟĿuĿF. 

 

3.2.5 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ  

 

ʆʪʜʝʣʴʥʦ ʨʘʩʩʤʦʪʨʠʤ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʩʭʝʤʳ ʚ ʧʝʨʚʦʤ 

ʭʘʨʘʢʪʝʨʥʦʤ ʩʝʯʝʥʠʠ ʚ ʩʣʝʜʝ ʟʘ ʬʨʦʥʪʦʚʳʤ ʫʩʪʨʦʡʩʪʚʦʤ. ʕʪʦ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʘʷ 
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ʟʦʥʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʪ.ʢ. ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʟʜʝʩʴ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ: ʟʦʥʫ ʦʙʨʘʪʥʳʭ 

ʪʦʢʦʚ, ʟʦʥʫ ʧʣʘʤʝʥʠ, ʦʩʥʦʚʥʫʶ ʠ çʙʝʜʥʫʶè ʩʪʨʫʡʢʠ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ, ʘ ʪʘʢʞʝ 

ʦʩʪʘʪʢʠ çʯʠʩʪʦʛʦè ʚʦʟʜʫʭʘ (ʨʠʩʫʥʦʢ 3.10). 

 

ʈʠʩʫʥʦʢ 3.10 ï ʉʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ 

ʆʪʤʝʪʠʤ, ʯʪʦ ʩʝʯʝʥʠʝ 1-1 ʚʳʙʨʘʥʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʧʝʨʝʩʝʢʘʝʪ ʟʦʥʫ 

ʦʙʨʘʪʥʳʭ ʪʦʢʦʚ (ʨʠʩʫʥʦʢ 3.10). ɺ ʧʦʩʪʧʨʦʮʝʩʩʦʨʝ CFD ʧʨʦʛʨʘʤʤʳ ʚ ʵʪʦʤ ʩʝʯʝʥʠʠ 

ʩʪʨʦʷʪʩʷ ʜʚʝ ʥʝʧʝʨʝʩʝʢʘʶʱʠʝʩʷ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʝʨʚʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ï ʢʦʣʴʮʝʚʘʷ ʥʘʜ 

ʟʦʥʦʡ ʦʙʨʘʪʥʳʭ ʪʦʢʦʚ (ɿʆʊ). ɺ ʥʝʡ ʧʨʦʪʝʢʘʶʪ ʦʩʥʦʚʥʘʷ, çʙʝʜʥʘʷè ʩʪʨʫʡʢʠ ʠ 

ʦʩʪʘʪʢʠ çʯʠʩʪʦʛʦè ʚʦʟʜʫʭʘ. ɺʪʦʨʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʩʝʢʘʝʪ ɿʆʊ. 

ɽʝ ʛʨʘʥʠʮʳ ʥʝʩʢʦʣʴʢʦ ʧʨʝʚʳʰʘʶʪ ʛʨʘʥʠʮʳ ɿʆʊ, ʪʘʢ ʯʪʦʙʳ ʩʨʝʜʥʝʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ 

ʛʘʟʘ ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʚ ʩʪʦʨʦʥʫ ʚʳʭʦʜʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʩʪʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ɿʆʊ ï ɿʆʊ ʤʦʜʝʣʠʨʫʝʪʩʷ ʦʜʥʠʤ ʨʝʘʢʪʦʨʦʤ 

ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ ʩ ʧʦʪʦʢʦʤ ʤʘʣʦʛʦ ʨʘʩʭʦʜʘ (ʙʝʟ ʦʨʛʘʥʠʟʘʮʠʠ ʨʝʮʠʨʢʫʣʷʮʠʠ 

ʤʝʞʜʫ ʨʝʘʢʪʦʨʘʤʠ). 

ʇʨʠʤʝʨ ʢʦʣʴʮʝʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʜ ɿʆʊ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 3.11. 
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ʈʠʩʫʥʦʢ 3.11 ï ʂʦʣʴʮʝʚʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘʜ ɿʆʊ 

 

ʆʙʲʝʤ ɿʆʊ ʦʪ ʥʘʯʘʣʘ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʦ ʩʝʯʝʥʠʷ 1-1 ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʆʜʠʥ ʠʟ ʩʧʦʩʦʙʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʲʝʤʘ ɿʆʊ ï ʧʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʦʩʝʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ (ʨʠʩʫʥʦʢ 3.12). 

 

ʈʠʩʫʥʦʢ 3.12 ï ʇʨʠʤʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʩʝʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ 

ʈʘʩʩʤʦʪʨʠʤ ʧʦʵʪʘʧʥʦ ʧʨʦʮʝʜʫʨʫ çʨʘʟʙʠʝʥʠʷè ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʘ 

ʨʝʘʢʪʦʨʳ. 

1. ɺʳʙʠʨʘʝʤ ʩʝʯʝʥʠʝ 0-0 ʪʘʢ, ʯʪʦʙʳ ʦʥʦ ʧʝʨʝʩʝʢʘʣʦ ɿʆʊ (ʨʠʩʫʥʦʢ 3.10). 

2. ɺ ʟʦʥʝ ʦʪ ʥʘʯʘʣʘ ʌʋ ʜʦ ʩʝʯʝʥʠʷ 0-0 ʚʳʷʚʣʷʝʤ ʟʦʥʫ ʧʣʘʤʝʥʠ, ʦʮʝʥʠʚʘʝʤ ʝʝ 

ʦʙʲʝʤ ʠ ʨʘʩʭʦʜ ʛʦʨʶʯʝʡ ʩʤʝʩʠ. 
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ɺ ʜʘʣʴʥʝʡʰʝʤ ʟʦʥʘ ʧʣʘʤʝʥʠ ʙʫʜʝʪ ʨʘʟʜʝʣʝʥʘ ʥʘ ʪʨʠ ʯʘʩʪʠ ʇʃ.I, ʇʃ.II  ʠ 

ʇʃ.III, ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ ʢʦʪʦʨʳʭ ʫʯʘʩʪʚʫʶʪ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ, 

ʦʩʥʦʚʥʦʡ ʩʪʨʫʡʢʠ ʠ ɿʆʊ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

3. ɺ ʟʦʥʝ ʦʪ ʥʘʯʘʣʘ ʌʋ ʜʦ ʩʝʯʝʥʠʷ 0-0 ʦʮʝʥʠʚʘʝʤ ʦʙʲʝʤ ɿʆʊ. 

4. ɺ Post-ʧʨʦʮʝʩʩʦʨʝ CFD ʧʨʦʛʨʘʤʤʳ ʚ ʩʝʯʝʥʠʠ 0-0 ʩʪʨʦʠʤ ʜʚʝ 

ʥʝʧʝʨʝʩʝʢʘʶʱʠʝʩʷ ʧʦʚʝʨʭʥʦʩʪʠ (ʨʠʩʫʥʦʢ 3.10):  

- ʧʝʨʚʘʷ ï ʢʦʣʴʮʝʚʘʷ ʥʘʜ ɿʆʊ (ʨʝʢʦʤʝʥʜʫʝʪʩʷ, ʯʪʦʙʳ ʚ ʧʦʚʝʨʭʥʦʩʪʠ 1 

ʦʪʩʫʪʩʪʚʦʚʘʣʠ ʟʦʥʳ ʩ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʦʩʝʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ); 

- ʚʪʦʨʘʷ ï ʧʝʨʝʩʝʢʘʝʪ ɿʆʊ (ʝʝ ʛʨʘʥʠʮʳ ʥʝʩʢʦʣʴʢʦ ʧʨʝʚʳʰʘʶʪ ʛʨʘʥʠʮʳ ɿʆʊ, 

ʪʘʢ ʯʪʦʙʳ ʩʨʝʜʥʝʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ ʛʘʟʘ ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʚ ʩʪʦʨʦʥʫ ʚʳʭʦʜʘ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ). 

5. ɺ ʢʦʣʴʮʝʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 1 ʦʮʝʥʠʚʘʝʤ ʨʘʩʭʦʜ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ Gɹɼ.0. 

6. ʆʧʨʝʜʝʣʷʝʤ ʨʘʩʭʦʜ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ (ʛʘʟʘ) ʠʟ ʟʦʥʳ ʧʣʘʤʝʥʠ, ʢʦʪʦʨʳʝ 

ʩʤʝʰʠʚʘʶʪʩʷ ʩ ʚʦʟʜʫʭʦʤ ʠ ʬʦʨʤʠʨʫʶʪ çʙʝʜʥʫʶè ʩʪʨʫʡʢʫ (ʨʠʩʫʥʦʢ 3.13). 

ʉʦʦʪʥʦʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʛʘʟʘ ʠ ʚʦʟʜʫʭʘ ʦʧʨʝʜʝʣʷʝʤ ʠʟ ʙʘʣʘʥʩʘ r(N2): 

ʛʘʟ 2 ʛʘʟ ʚʦʟʜ 2 ʚʦʟʜ
2 ɹɼ.0

ʛʘʟ ʚʦʟʜ

( ) ( )
( )

G r N G r N
r N

G G

Ö + Ö
=

+
,                    (3.22) 

ʛʜʝ ʛʘʟ ʚʦʟʜ ɹɼ.0G G G+ = . 

 

ʈʠʩʫʥʦʢ 3.13 ï ʌʦʨʤʠʨʦʚʘʥʠʝ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʚʦ ʬʨʦʥʪʦʚʦʡ ʫʩʪʨʦʡʩʪʚʝ 

 

r(N2) ʧʣʘʤʝʥʠ (ʛʘʟʘ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʩʨʝʜʥʝʥʠʝʤ ʧʦ ʦʙʲʝʤʫ ʟʦʥʳ ʧʣʘʤʝʥʠ ʚ 

Post-ʧʨʦʮʝʩʩʦʨʝ CFD ʧʨʦʛʨʘʤʤʳ. 

R(N2)ʚʦʟʜ = 0,79. 

ʉʦʜʝʨʞʘʥʠʝ ʘʟʦʪʘ r(N2)ɹɼ.0 ʠ ʨʘʩʭʦʜ Gɹɼ.0 çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʠʟʚʝʩʪʥʳ (ʩʤ. 

ʨʘʟʜʝʣ 3.2.3). 
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ʇʦ ʠʟʚʝʩʪʥʦʤʫ ʩʦʩʪʘʚʫ ʠ ʨʘʩʭʦʜʫ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʟʦʥʳ ʧʣʘʤʝʥʠ (ʯʘʩʪʴ ʇʃ.I) 

ʦʧʨʝʜʝʣʷʝʤ ʢʦʣʠʯʝʩʪʚʦ ʪʦʧʣʠʚʘ ʠ ʚʦʟʜʫʭʘ, ʠʟ ʢʦʪʦʨʳʭ ʦʥʘ ʬʦʨʤʠʨʫʝʪʩʷ. 

ʆʩʪʘʚʰʝʝʩʷ ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʘ ʟʦʥʳ ʧʣʘʤʝʥʠ ʬʦʨʤʠʨʫʝʪ ʦʩʥʦʚʥʫʶ ʩʪʨʫʡʢʫ 

(ʆʉʅ.0) ʠ ɿʆʊ (ʨʠʩʫʥʦʢ 3.14). ʇʨʠʥʠʤʘʝʤ ʜʦʧʫʱʝʥʠʝ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʘ ʠʟ ʟʦʥʳ 

ʧʣʘʤʝʥʠ ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʤʘʩʩʦʚʳʤ ʨʘʩʭʦʜʘʤ ʦʩʥʦʚʥʦʡ ʩʪʨʫʡʢʠ 

ʠ ɿʆʊ. (ʈʘʩʭʦʜ ʛʘʟʘ ʯʝʨʝʟ ɿʆʊ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʩʭʦʜʫ ʯʝʨʝʟ ʧʦʚʝʨʭʥʦʩʪʴ 2, Gʆʉʅ.0 = 

G0-0 ï Gɿʆʊ ï Gɹɼ.0) 

 

ʈʠʩʫʥʦʢ 3.14 ï ʌʦʨʤʠʨʦʚʘʥʠʝ ʦʩʥʦʚʥʦʡ ʩʪʨʫʡʢʠ ʠ ɿʆʊ 

 

ʆʩʥʦʚʥʘʷ ʩʪʨʫʡʢʘ ʆʉʅ.0 ʬʦʨʤʠʨʫʝʪʩʷ: 

- ʧʨʦʜʫʢʪʘʤʠ ʩʛʦʨʘʥʠʷ ʟʦʥʳ ʧʣʘʤʝʥʠ (ʯʘʩʪʴ ʟʦʥʳ ʧʣʘʤʝʥʠ ʇʃ.II); 

- ʚʦʟʜʫʭʦʤ ʠ ʪʦʧʣʠʚʦʤ (ʫʩʣʦʚʥʦ ʦʙʲʝʜʠʥʝʥʳ ʚ ʧʦʪʦʢ ʊɺʉ ï ʩʤ. ʨʠʩʫʥʦʢ 3.14).  

ʂʦʣʠʯʝʩʪʚʦ ʚʦʟʜʫʭʘ ʠ ʪʦʧʣʠʚʘ (ʊɺʉ), ʨʘʩʭʦʜʫʝʤʳʭ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʆʉʅ.0, 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʯʝʨʝʟ ʙʘʣʘʥʩ ʤʘʩʩʦʚʳʭ ʨʘʩʭʦʜʦʚ: 

Gʊɺʉ = Gʆʉʅ.0 ï Gʛʘʟ.ʇʃ.II.                                   (3.23) 

ʆʙʲʝʤʥʘʷ ʜʦʣʷ ʘʟʦʪʘ ʊɺʉ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʚʳʨʘʞʝʥʠʶ: 

ʆʉʅ.0 2 ʆʉʅ.0 ʛʘʟ.ʇʃ.II 2 ʛʘʟ.ʇʃ.II
2 ʊɺʉ

ʊɺʉ

( ) ( )
( )

G r N G r N
r N

G

Ö - Ö
= .    (3.24) 
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ʂʦʣʠʯʝʩʪʚʦ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʟʦʥʳ ʧʣʘʤʝʥʠ, ʚʦʟʜʫʭʘ ʠ ʪʦʧʣʠʚʘ, 

ʬʦʨʤʠʨʫʶʱʠʭ ɿʆʊ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʙʘʣʘʥʩʘ ʨʘʩʭʦʜʦʚ (ʚ ɿʆʊ ʧʦʩʪʫʧʘʶʪ 

çʦʩʪʘʪʢʠè ʚʦʟʜʫʭʘ ʠ ʪʦʧʣʠʚʘ). 

ʀʪʦʛʦʚʘʷ ʩʭʝʤʘ çʨʘʟʙʠʝʥʠʷè ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʨʝʘʢʪʦʨʳ ʧʨʠʚʝʜʝʥʘ 

ʥʘ ʨʠʩʫʥʢʝ 3.15. 

 

ʈʠʩʫʥʦʢ 3.15 ï ʉʭʝʤʘ çʨʘʟʙʠʝʥʠʷè ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʨʝʘʢʪʦʨʳ 

 

ʆʙʲʝʤʳ ʨʝʘʢʪʦʨʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ ʠʭ ʤʘʩʩʦʚʳʭ ʨʘʩʭʦʜʦʚ 

(ʢʨʦʤʝ ʦʙʲʝʤʘ ɿʆʊ ʠ ʟʦʥʳ ʧʣʘʤʝʥʠ ï ʦʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʙʨʘʙʦʪʢʦʡ ʨʝʟʫʣʴʪʘʪʦʚ 

CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ). 

 

3.2.6 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʤʝʰʝʥʠʷ ʠ ʤʘʩʩʦʦʙʤʝʥʘ ʤʝʞʜʫ ʨʝʘʢʪʦʨʘʤʠ 

 

ʇʨʦʮʝʩʩʳ ʩʤʝʰʝʥʠʷ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʶʪ ʨʘʙʦʯʠʡ ʧʨʦʮʝʩʩ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ. ɺʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ, ʧʝʨʝʜ ʨʦʟʞʠʛʦʤ, ʪʦʧʣʠʚʦ ʩʤʝʰʠʚʘʝʪʩʷ ʩ 

ʚʦʟʜʫʭʦʤ. ɼʘʣʝʝ, ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ, ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ ʩʤʝʰʠʚʘʶʪʩʷ ʩ 

ʚʪʦʨʠʯʥʳʤ ʚʦʟʜʫʭʦʤ. 

ʈʘʩʩʤʦʪʨʠʤ ʨʝʘʢʪʦʨʥʫʶ ʩʭʝʤʫ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʧʨʠʚʝʜʝʥʥʫʶ ʥʘ 

ʨʠʩʫʥʢʝ 3.16, ʚ ʯʘʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʤʝʰʝʥʠʷ ʧʦʪʦʢʦʚ ʚ ʩʝʢʮʠʷʭ 1 ʠ 2. 
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ʈʠʩʫʥʦʢ 3.16 ï ʈʝʘʢʪʦʨʥʘʷ ʩʭʝʤʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

 

  ʉʤʝʰʝʥʠʝ ʚ ʩʝʢʮʠʠ 1 ʤʦʜʝʣʠʨʫʶʪʩʷ ʩ ʜʦʧʫʱʝʥʠʝʤ, ʯʪʦ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʩʤʝʰʠʚʘʶʪʩʷ ʩʪʨʫʠ ʛʘʟʘ ʟʘ ʬʨʦʥʪʦʚʳʤ ʫʩʪʨʦʡʩʪʚʦʤ (ɹɼ.0, ʆʉʅ.0, ɿʆʊ), ʟʘʪʝʤ 

ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʰʝʥʠʝ ʛʘʟʦʚ ʩ ʦʩʥʦʚʥʳʤ ʠ ʦʭʣʘʞʜʘʶʱʠʤ ʚʦʟʜʫʭʦʤ. ʕʪʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʊʘʢʦʝ ʫʧʨʦʱʝʥʠʝ ʧʨʠʝʤʣʝʤʦ ʚʚʠʜʫ 

ʠʥʪʝʥʩʠʚʥʦʛʦ ʩʤʝʰʝʥʠʷ ʚ ʩʝʢʮʠʠ 1, ʚʳʟʚʘʥʥʦʝ ʪʝʯʝʥʠʝʤ ʚ ʩʣʝʜʝ ʟʘ ɿʆʊ ʠ ʥʘʣʠʯʠʝʤ 

ʚʳʩʦʢʦʥʘʧʦʨʥʳʭ ʩʪʨʫʡ ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ.  

çɹʝʜʥʘʷè ʩʪʨʫʡʢʘ ʩʝʢʮʠʠ 1 ɹɼ.1 ʬʦʨʤʠʨʫʝʪʩʷ ʛʘʟʦʤ ʠʟ ʬʨʦʥʪʦʚʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʠ ʚʪʦʨʠʯʥʳʤ ʚʦʟʜʫʭʦʤ. ʈʘʩʭʦʜʳ ʛʘʟʘ ʠ ʚʦʟʜʫʭʘ, ʬʦʨʤʠʨʫʶʱʠʭ 

çʙʝʜʥʫʶè ʩʪʨʫʡʢʫ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ: 

( )2 2 2( ) ( ) ( )ɹɼ ɹɼ ɺʆɿɼ ɺʆɿɼ ɹɼ ɺʆɿɼ ɻG r N G r N G G r NÖ = Ö + - .     (3.25) 

ɿʜʝʩʴ, ɹɼG  ï ʠʟʚʝʩʪʥʦʝ ʟʥʘʯʝʥʠʝ ʨʘʩʭʦʜʘ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ, ʩʧʦʩʦʙ ʨʘʩʯʝʪʘ 

ʢʦʪʦʨʦʛʦ ʧʨʠʚʝʜʝʥ ʚʳʰʝ. 2( )ɹɼr N  ï ʠʟʚʝʩʪʥʦʝ ʟʥʘʯʝʥʠʝ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʘʟʦʪʘ 

çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ (ʩʦʦʪʚʝʪʩʪʚʫʝʪ Tadia å 1450 K). ɺʆɿɼG  ï ʨʘʩʭʦʜ ʚʦʟʜʫʭʘ, 
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ʠʜʫʱʝʛʦ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ. 2( )ɺʆɿɼr N =0,79 ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ 

ʘʟʦʪʘ ʚ ʚʦʟʜʫʭʝ. ( )ɹɼ ɺʆɿɼ ɻG G G- =  ï ʨʘʩʭʦʜ ʛʘʟʘ, ʠʜʫʱʝʛʦ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ. 2( )ɻr N  ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʩʦʜʝʨʞʘʥʠʷ ʘʟʦʪʘ ʚ ʛʘʟʝ, ʠʟʚʝʩʪʥʘʷ ʠʟ 

CFD ʨʝʟʫʣʴʪʘʪʘ ï ʩʝʯʝʥʠʝ ʌʋ. 

ɿʥʘʷ ʢʦʣʠʯʝʩʪʚʦ ʚʦʟʜʫʭʘ ʠ ʛʘʟʘ, ʠʜʫʱʝʛʦ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ 

ɹɼ.1, ʠʟ ʙʘʣʘʥʩʘ ʨʘʩʭʦʜʦʚ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʭʦʜʳ ʚʦʟʜʫʭʘ ʠ ʛʘʟʘ, ʠʜʫʱʠʭ ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʩʥʦʚʥʦʛʦ ʧʦʪʦʢʘ ʆʉʅ.1. 

ʉʧʦʩʦʙ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʘʩʩʦʦʙʤʝʥʘ ʩʝʢʮʠʠ 1 ʩ ʫʧʨʦʱʝʥʠʝʤ ʦʙ ʧʦʵʪʘʧʥʦʤ 

ʩʤʝʰʝʥʠʠ ʥʝʧʨʠʝʤʣʝʤ ʢ ʩʝʢʮʠʠ 2. ɺ ʩʝʢʮʠʠ 2 ʦʪʩʫʪʩʪʚʫʶʪ ʦʪʚʝʨʩʪʠʷ ʧʦʜʚʦʜʘ 

ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ, ʘ ʟʥʘʯʠʪ ʪʝʯʝʥʠʝ ʙʦʣʝʝ ʨʘʚʥʦʥʘʧʨʘʚʣʝʥʦ. 

çɹʝʜʥʘʷè ʩʪʨʫʡʢʘ ɹɼ.2 ʩʝʢʮʠʠ 2 ʬʦʨʤʠʨʫʝʪʩʷ: 

- ʛʘʟʦʤ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʩʝʢʮʠʠ 1 ï ɹɼ.1; 

- ʦʭʣʘʞʜʘʶʱʠʤ ʚʦʟʜʫʭʦʤ ʩʝʢʮʠʠ 2; 

- ʛʘʟʦʤ ʦʩʥʦʚʥʦʡ ʩʪʨʫʡʢʠ ʩʝʢʮʠʠ 1 ï ʆʉʅ.1. 

ɺʥʘʯʘʣʝ ʥʘʭʦʜʠʤ ʯʘʩʪʴ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ɹɼ.2, ʢʦʪʦʨʘʷ ʬʦʨʤʠʨʫʝʪʩʷ 

ʦʭʣʘʞʜʘʶʱʠʤ ʚʦʟʜʫʭʦʤ ʠ ʛʘʟʦʤ ʦʩʥʦʚʥʦʡ ʩʪʨʫʡʢʠ ʆʉʅ.1 (ʦʭʣʘʞʜʘʶʱʠʡ ʚʦʟʜʫʭ 

ʧʦʣʥʦʩʪʴʶ ʨʘʩʭʦʜʫʝʪʩʷ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ). ʀʩʧʦʣʴʟʫʝʤ 

ʚʳʨʘʞʝʥʠʝ: 

( )2 2 ʯʘʩʪʴ1 2 1
2 ʯʘʩʪʴ1

2

. . .
.

( ) ( )

( )

ʆʍʃ ɺʆɿɼ ɹɼ ʆʍʃ ɻ ʆʉʅ
ɹɼ

ɹɼ

G r N G G r N
G

r N

Ö + -
= . (3.26) 

ɿʜʝʩʴ, ( )2 ʯʘʩʪʴ1 1. . .ɹɼ ʆʍʃ ɻ ʆʉʅ ʏɸʉʊʔG G G -- =  - ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʘ ʦʩʥʦʚʥʦʡ 

ʩʪʨʫʡʢʠ ʆʉʅ.1, ʨʘʩʭʦʜʫʝʤʦʛʦ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ɹɼ.2. 

ʏʘʩʪʴ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʩʝʢʮʠʠ 1 ɹɼ.1, ʨʘʩʭʦʜʫʝʤʘʷ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʩʝʢʮʠʠ 2, ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʚʳʨʘʞʝʥʠʶ: 

2 ʯʘʩʪʴ2 2 2 ʯʘʩʪʴ1. . .ɹɼ ɹɼ ɹɼG G G= - .                        (3.27) 

ʈʘʩʭʦʜ ʛʘʟʘ ʦʩʥʦʚʥʦʡ ʩʪʨʫʡʢʠ ʆʉʅ.2 ʦʧʨʝʜʝʣʷʝʤ ʠʟ ʙʘʣʘʥʩʘ ʨʘʩʭʦʜʦʚ. 
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3.3 ʂʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ 

ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ 

 

ʈʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ 

ɻʊɼ, ʚ ʢʦʪʦʨʦʤ ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʠʩʩʣʝʜʫʝʤʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʪʨʦʠʪʩʷ ʥʘ ʙʘʟʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʪʨʝʭʤʝʨʥʦʛʦ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʦʙʲʝʜʠʥʷʶʪʩʷ ʜʦʩʪʦʠʥʩʪʚʘ 

ʨʝʘʢʪʦʨʥʦʛʦ ʤʝʪʦʜʘ ʠ CFD). ʆʩʦʙʝʥʥʦʩʪʴ ʤʝʪʦʜʘ ʚ ʚʳʜʝʣʝʥʠʠ ʟʦʥ, ʣʠʤʠʪʠʨʫʶʱʠʭ 

ʦʢʠʩʣʝʥʠʝ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ.  

ʅʠʞʝ ʧʨʠʚʝʜʝʥʘ ʙʣʦʢ-ʩʭʝʤʘ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ (ʨʠʩʫʥʦʢ 3.17) ʠ ʢʨʘʪʢʦʝ 

ʝʛʦ ʦʧʠʩʘʥʠʝ ʚ ʚʠʜʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʜʝʡʩʪʚʠʡ. 

1 ʊʨʸʭʤʝʨʥʦʝ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ɺʳʧʦʣʥʷʝʪʩʷ ʪʨʸʭʤʝʨʥʦʝ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʥʘ ʠʩʩʣʝʜʫʝʤʦʤ ʨʝʞʠʤʝ. ʇʨʠʤʝʥʠʤʳ 

ʩʪʘʮʠʦʥʘʨʥʳʝ RANS ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ (SST, k-Ů ʠ ʜʨ.) ʠ ʵʢʦʥʦʤʠʯʥʳʝ 

ʤʦʜʝʣʠ ʛʦʨʝʥʠʷ (ʥʘʧʨʠʤʝʨ, Eddy Dissipation Model (EDM) ʩ ʛʣʦʙʘʣʴʥʳʤ 

ʤʝʭʘʥʠʟʤʦʤ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ, ʤʦʜʝʣʠ ʩʝʤʝʡʩʪʚʘ Flamelet). 

ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʩʪʘʮʠʦʥʘʨʥʳʭ RANS ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ 

ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ URANS (Unsteady RANS) ʤʦʜʝʣʝʡ ʠ ʚ 100-1000 

ʨʘʟ ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ LES (Large Eddy Simulation) ʤʦʜʝʣʷʤʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ʪʘʢ ʢʘʢ LES ʧʦʜʭʦʜ ʪʨʝʙʫʝʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ (ʤʝʥʴʰʠʝ ʨʘʟʤʝʨʳ 

ʨʘʩʯʸʪʥʳʭ ʷʯʝʝʢ ʠ ʰʘʛʦʚ ʧʦ ʚʨʝʤʝʥʠ). 

2 çʈʘʟʙʠʚʢʘè ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʥʘ ʨʘʩʯʸʪʥʳʝ ʩʝʯʝʥʠʷ. ɾʘʨʦʚʘʷ ʪʨʫʙʘ 

çʨʘʟʙʠʚʘʝʪʩʷè ʥʘ ʨʘʩʯʸʪʥʳʝ ʩʝʯʝʥʠʷ, ʠʩʭʦʜʷ ʠʟ ʝʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠ 

ʨʘʩʯʸʪʥʦʡ ʪʨʸʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ. ʅʘ ʙʘʟʝ ʚʳʙʨʘʥʥʳʭ ʨʘʩʯʸʪʥʳʭ ʩʝʯʝʥʠʡ 

ʚ ʜʘʣʴʥʝʡʰʝʤ ʩʪʨʦʠʪʩʷ ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

3 ʕʢʩʧʦʨʪ ʜʘʥʥʳʭ ʠʟ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʀʟ ʨʘʩʯʸʪʥʳʭ ʩʝʯʝʥʠʡ ʨʝʟʫʣʴʪʘʪʘ 

CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʦʨʪʠʨʫʶʪʩʷ ʤʘʩʩʠʚʳ ʜʘʥʥʳʭ ʩ ʩʦʩʪʘʚʦʤ ʩʤʝʩʠ ʠ 

ʤʘʩʩʦʚʳʤʠ ʨʘʩʭʦʜʘʤʠ ʚ ʵʣʝʤʝʥʪʘʭ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ. 
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4 ɺʳʙʦʨ ʜʝʪʘʣʴʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. ɼʣʷ ʨʘʩʯʸʪʘ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʪʨʝʙʫʝʪʩʷ ʜʝʪʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ ʭʠʤʠʯʝʩʢʦʡ 

ʢʠʥʝʪʠʢʠ ʦʢʠʩʣʝʥʠʷ ʪʦʧʣʠʚʘ. ʄʝʭʘʥʠʟʤ ʚʳʙʠʨʘʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʦʜʘ ʪʦʧʣʠʚʘ 

ʠ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʧʘʨʘʤʝʪʨʦʚ (ʜʘʚʣʝʥʠʝ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʟʜʫʭʘ ʥʘ ʚʭʦʜʝ ʚ 

ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ ʜʦʣʞʥʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʵʪʦʤʫ ʜʠʘʧʘʟʦʥʫ). 

5 ʈʘʩʯʸʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ. ʅʘ ʠʩʩʣʝʜʫʝʤʦʤ 

ʨʝʞʠʤʝ, ʧʨʠ ʟʘʜʘʥʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ, 

ʚʳʧʦʣʥʷʝʪʩʷ ʨʘʩʯʸʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʜʣʷ ʰʠʨʦʢʦʛʦ 

ʜʠʘʧʘʟʦʥʘ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ (Ŭ å 0,5-3,0).  

6 ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʸʪʘ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʜʝʨʞʘʥʠʝ 

ʘʟʦʪʘ, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ çʙʝʜʥʦʡè ʩʪʨʫʡʢʝ (Tadia = 1450Ñ50 ʂ) ʠ ʟʦʥʝ ʧʣʘʤʝʥʠ 

(ʊadia Ó 1900 ʂ) ʩʦʛʣʘʩʥʦ ʚʥʝʜʨʸʥʥʳʤ ʥʦʚʳʤ ʢʨʠʪʝʨʠʷʤ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

7 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʷ ʟʘ ʬʨʦʥʪʦʚʳʤ ʫʩʪʨʦʡʩʪʚʦʤ. ʌʨʦʥʪʦʚʦʝ ʫʩʪʨʦʡʩʪʚʦ 

ʤʦʜʝʣʠʨʫʝʪʩʷ ʧʝʨʚʳʤ ʨʘʩʯʸʪʥʳʤ ʩʝʯʝʥʠʝʤ ʨʝʘʢʪʦʨʥʦʡ ʩʭʝʤʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

(ʨʠʩʫʥʦʢ 3.10). ʇʝʨʚʦʝ ʩʝʯʝʥʠʝ ʚʳʙʠʨʘʝʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʧʝʨʝʩʝʢʘʝʪ ɿʆʊ. ɺ 

ʧʦʩʪʧʨʦʮʝʩʩʦʨʝ CFD ʧʨʦʛʨʘʤʤʳ ʚ ʵʪʦʤ ʩʝʯʝʥʠʠ ʩʪʨʦʷʪʩʷ ʜʚʝ ʥʝʧʝʨʝʩʝʢʘʶʱʠʝʩʷ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʇʝʨʚʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ï ʢʦʣʴʮʝʚʘʷ ʥʘʜ ɿʆʊ. ɺ ʥʝʡ ʧʨʦʪʝʢʘʶʪ ʦʩʥʦʚʥʘʷ, 

çʙʝʜʥʘʷè ʩʪʨʫʡʢʠ ʠ ʦʩʪʘʪʢʠ çʯʠʩʪʦʛʦè ʚʦʟʜʫʭʘ. ɺʪʦʨʘʷ ʧʦʚʝʨʭʥʦʩʪʴ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʩʝʢʘʝʪ ɿʆʊ. ɽʸ ʛʨʘʥʠʮʳ ʥʝʩʢʦʣʴʢʦ ʧʨʝʚʳʰʘʶʪ ʛʨʘʥʠʮʳ ɿʆʊ 

ʪʘʢ, ʯʪʦʙʳ ʩʨʝʜʥʝʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ ʛʘʟʘ ʙʳʣ ʥʘʧʨʘʚʣʝʥ ʚ ʩʪʦʨʦʥʫ ʚʳʭʦʜʘ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʩʪʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ɿʆʊ ï 

ɿʆʊ ʤʦʜʝʣʠʨʫʝʪʩʷ ʦʜʥʠʤ ʨʝʘʢʪʦʨʦʤ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ ʩ ʧʦʪʦʢʦʤ ʤʘʣʦʛʦ 

ʨʘʩʭʦʜʘ (ʙʝʟ ʦʨʛʘʥʠʟʘʮʠʠ ʨʝʮʠʨʢʫʣʷʮʠʠ ʤʝʞʜʫ ʨʝʘʢʪʦʨʘʤʠ). 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʩʭʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʦʮʝʥʠʪʴ ʦʙʲʝʤ ɿʆʊ, 

ʧʘʨʘʤʝʪʨʳ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʠ ʟʦʥʳ ʧʣʘʤʝʥʠ.  

7.1 ʆʮʝʥʢʘ ʦʙʲʸʤʘ ɿʆʊ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʮʝʥʠʚʘʝʪʩʷ 

ʦʙʲʸʤ ɿʆʊ ʦʪ ʥʘʯʘʣʘ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʦ ʧʝʨʚʦʛʦ ʨʘʩʯʸʪʥʦʛʦ ʩʝʯʝʥʠʷ 

(ʥʘʧʨʠʤʝʨ, ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʦʩʝʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ).  
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7.2 ʆʮʝʥʢʘ ʦʙʲʸʤʘ ʠ ʨʘʩʭʦʜʘ ʛʘʟʘ ʚ ʟʦʥʝ ʧʣʘʤʝʥʠ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʮʝʥʠʚʘʝʪʩʷ ʨʘʩʧʦʣʦʞʝʥʠʝ ʟʦʥʳ ʧʣʘʤʝʥʠ, ʝʸ ʦʙʲʸʤ ʠ ʨʘʩʭʦʜ ʛʘʟʘ. 

ɼʣʷ ʵʪʦʛʦ ʚ ʧʦʩʪʧʨʦʮʝʩʩʦʨʝ CFD ʧʨʦʛʨʘʤʤʳ ʩʪʨʦʠʪʩʷ ʠʟʦʦʙʲʸʤ, ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ 

ʢʦʪʦʨʦʛʦ ʩʦʜʝʨʞʘʥʠʝ ʘʟʦʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʥʝʝ ʨʘʩʩʯʠʪʘʥʥʦʤʫ ʜʠʘʧʘʟʦʥʫ 

ʦʙʲʸʤʥʦʡ ʜʦʣʠ ʘʟʦʪʘ r(N2) ʧʨʠ ʊadia Ó 1900 ʂ. 

ʆʮʝʥʢʘ ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ ʟʦʥʳ ʦʪ ʥʘʯʘʣʘ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʦ ʧʝʨʚʦʛʦ 

ʨʘʩʯʸʪʥʦʛʦ ʩʝʯʝʥʠʷ. 

7.3 ɺʳʷʚʣʝʥʠʝ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʪʦʧʣʠʚʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ (ʊɺʉ). ɺ 

ʧʨʝʜʣʘʛʘʝʤʦʤ ʤʝʪʦʜʝ, ʚ ʨʘʩʯʸʪʥʦʤ ʩʝʯʝʥʠʠ, çʙʝʜʥʳʝè ʟʦʥʳ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʦʜʥʫ 

çʙʝʜʥʫʶè ʩʪʨʫʡʢʫ ʩ ʩʦʩʪʘʚʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ Tadia = 1450Ñ50 K. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ 

ʫʯʝʩʪʴ ʥʘʣʠʯʠʝ çʙʝʜʥʳʭè ʩʪʨʫʝʢ, ʙʫʜʴ ʪʦ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ ʠʣʠ ʚ ʩʣʝʜʝ ʟʘ 

ʩʪʨʫʷʤʠ ʧʦʜʚʦʜʘ ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ, ʠ ʧʦʚʳʰʘʝʪ ʪʦʯʥʦʩʪʴ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ. 

ʇʨʦʮʝʜʫʨʘ ʚʳʷʚʣʝʥʠʷ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʩʣʝʜʫʶʱʘʷ. ʀʟ ʨʝʟʫʣʴʪʘʪʘ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟ ʨʘʩʯʸʪʥʳʭ ʷʯʝʝʢ, ʧʝʨʝʩʝʢʘʶʱʠʭ ʨʘʩʯʸʪʥʦʝ ʩʝʯʝʥʠʝ, 

ʵʢʩʧʦʨʪʠʨʫʝʪʩʷ ʤʘʩʩʠʚ ʦʙʲʸʤʥʳʭ ʜʦʣʝʡ ʘʟʦʪʘ ʠ ʤʘʩʩʦʚʳʭ ʨʘʩʭʦʜʦʚ. ɼʘʣʝʝ ʵʪʦʪ 

ʤʘʩʩʠʚ ʩʦʨʪʠʨʫʝʪʩʷ ʧʦ ʫʙʳʚʘʥʠʶ r(N2) ï ʦʪ çʙʝʜʥʳʭè ʩʪʨʫʝʢ ʢ ʙʦʣʝʝ çʙʦʛʘʪʳʤè. 

ɿʘʪʝʤ, ʚ ʦʪʩʦʨʪʠʨʦʚʘʥʥʦʤ ʤʘʩʩʠʚʝ çʙʝʜʥʳʝè ʩʪʨʫʡʢʠ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʦʜʥʫ ʩ 

ʩʦʩʪʘʚʦʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ Tadia = 1450Ñ50 K (ʦʩʨʝʜʥʸʥʥʦʝ ʟʥʘʯʝʥʠʝ r(N2), 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʟʘʨʘʥʝʝ ʦʧʨʝʜʝʣʝʥʦ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʸʪʘ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ). 

ɺ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩ ʛʣʦʙʘʣʴʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʘʟʦʪ 

ʥʝ ʫʯʘʩʪʚʫʝʪ ʚ ʛʦʨʝʥʠʠ ʠ, ʧʦʵʪʦʤʫ, ʧʦ ʝʛʦ ʩʦʜʝʨʞʘʥʠʶ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩʦʩʪʘʚ 

ʛʦʨʶʯʝʡ ʩʤʝʩʠ. ɺʳʙʦʨ r(N2) ʚ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʘ, ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʩʦʩʪʘʚ ʩʤʝʩʠ, 

ʩʦʢʨʘʱʘʝʪ ʦʙʲʸʤ ʠ ʧʦʛʨʝʰʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʨʝʟʫʣʴʪʘʪʘ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ.  

8 ɺʳʷʚʣʷʶʪʩʷ çʙʝʜʥʳʝè ʩʪʨʫʡʢʠ ʚʦ ʚʪʦʨʦʤ ʠ ʧʦʩʣʝʜʫʶʱʠʭ ʨʘʩʯʸʪʥʳʭ 

ʩʝʯʝʥʠʷʭ. çɹʝʜʥʳʝè ʩʪʨʫʡʢʠ ʚʦ ʚʪʦʨʦʤ ʠ ʧʦʩʣʝʜʫʶʱʠʭ ʨʘʩʯʸʪʥʳʭ ʩʝʯʝʥʠʷʭ 

ʚʳʷʚʣʷʶʪʩʷ ʧʦ ʨʘʥʝʝ ʦʧʠʩʘʥʥʦʤʫ ʧʨʠʥʮʠʧʫ. 
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9 ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ʅʘ ʙʘʟʝ 

ʜʘʥʥʳʭ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʨʘʩʭʦʜʦʚ ʚʦʟʜʫʭʘ ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ, ʨʘʩʭʦʜʦʚ ʚ 

çʙʝʜʥʳʭè ʩʪʨʫʡʢʘʭ ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

ʆʩʥʦʚʥʦʡ ʧʨʠʥʮʠʧ ï ʩʦʭʨʘʥʝʥʠʝ ʙʘʣʘʥʩʘ ʨʘʩʭʦʜʘ ʧʨʠ ʦʮʝʥʢʝ ʩʤʝʰʝʥʠʷ ʠ 

ʤʘʩʩʦʦʙʤʝʥʘ ʤʝʞʜʫ ʨʝʘʢʪʦʨʘʤʠ.  

ʉʦʦʪʥʦʰʝʥʠʝ ʦʙʲʸʤʦʚ ʨʝʘʢʪʦʨʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ ʠʭ ʤʘʩʩʦʚʳʭ 

ʨʘʩʭʦʜʦʚ. ʇʨʠ ʵʪʦʤ ʩʫʤʤʘʨʥʳʡ ʦʙʲʸʤ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʲʸʤʫ 

ʞʘʨʦʚʦʡ ʪʨʫʙʳ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʩʣʝ ʧʦʜʚʦʜʘ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʚ ʞʘʨʦʚʫʶ 

ʪʨʫʙʫ çʙʝʜʥʘʷè ʩʪʨʫʡʢʘ ʚʳʨʦʞʜʘʝʪʩʷ ï ʚʝʩʴ ʧʦʪʦʢ ʩʪʘʥʦʚʠʪʩʷ çʙʝʜʥʳʤè. 

10 ʆʧʨʝʜʝʣʝʥʠʝ ʪʠʧʘ ʨʝʘʢʪʦʨʦʚ. ɿʦʥʳ ʩ ʠʥʪʝʥʩʠʚʥʳʤ ʩʤʝʰʝʥʠʝʤ ʠ 

ʙʦʣʴʰʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʩʢʦʨʦʩʪʝʡ ʤʦʜʝʣʠʨʫʶʪʩʷ ʨʝʘʢʪʦʨʦʤ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ 

PSR ï ʟʦʥʘ ʧʣʘʤʝʥʠ, ɿʆʊ, ʟʦʥʘ ʧʦʜʚʦʜʘ ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ. ɿʦʥʳ ʩ ʙʦʣʝʝ 

ʨʘʚʥʦʥʘʧʨʘʚʣʝʥʥʳʤ ʪʝʯʝʥʠʝʤ ʤʦʜʝʣʠʨʫʶʪʩʷ ʨʝʘʢʪʦʨʦʤ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ 

PFR ï ʛʘʟʦʩʙʦʨʥʠʢ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʩʝʢʮʠʠ ʙʝʟ ʦʪʚʝʨʩʪʠʡ ʧʦʜʚʦʜʘ ʦʩʥʦʚʥʦʛʦ 

ʚʦʟʜʫʭʘ. 

11 ʈʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʛʨʘʬʠʯʝʩʢʘʷ ʩʭʝʤʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʩ ʚʳʜʝʣʝʥʠʝʤ ʟʦʥʳ ʧʣʘʤʝʥʠ ʠ çʙʝʜʥʳʭè ʩʪʨʫʝʢ. 

12 ʈʘʩʯʸʪ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ. ʇʦʩʪʨʦʝʥʠʝ ʠ ʨʘʩʯʸʪ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ 

ʚʳʧʦʣʥʷʶʪ ʚ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʦʜʫʢʪʘʭ ʪʠʧʘ Chemkin-PRO, 

CANTERA, Kintech Chemical Workbench ʠ ʜʨ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʸʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʉʆ ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʠʩʩʣʝʜʫʝʤʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚʳʯʠʩʣʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʦʜʫʢʪʘʭ 

ANSYS CFX ʠ CANTERA. ʇʨʠ ʵʪʦʤ ʜʣʷ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʩ ʧʦʤʦʱʴʶ 

CANTERA ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʦʪʘʪʴ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ ʩ ʚʳʟʦʚʦʤ ʠʟ ʩʪʘʥʜʘʨʪʥʳʭ 

ʙʠʙʣʠʦʪʝʢ ʧʦʜʧʨʦʛʨʘʤʤ ʨʘʩʯʝʪʘ ʟʘʜʘʯ ʪʝʨʤʦʭʠʤʠʠ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ 

ʢʦʜ ʫʥʠʢʘʣʝʥ ʜʣʷ ʢʘʞʜʦʡ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ. 
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 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʤʢʘʭ ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʧʦ 

ʨʘʟʨʘʙʦʪʘʥʥʦʤʫ ʤʝʪʦʜʫ, ʙʳʣʘ ʪʘʢʞʝ ʦʪʨʘʙʦʪʘʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ.  

ʅʘ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʚʳʙʨʦʩʦʚ ʉʆ ʧʦ ʧʨʝʜʣʘʛʘʝʤʦʤʫ ʤʝʪʦʜʫ ʚʣʠʷʶʪ, ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʣʦʢʘʣʴʥʳʡ ʩʦʩʪʘʚ ʠ ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʩʢʦʨʦʩʪʴ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʚ ʟʦʥʘʭ, ʣʠʤʠʪʠʨʫʶʱʠʭ ʦʢʠʩʣʝʥʠʝ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ. ʕʪʠ 

ʬʘʢʪʦʨʳ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʦʥʩʪʨʫʢʮʠʝʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʚʦʟʜʫʭʘ), ʨʝʞʠʤʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʨʦʜʦʤ ʪʦʧʣʠʚʘ. 

 

3.4 ʂʨʠʪʝʨʠʠ ʠ ʘʣʛʦʨʠʪʤʳ ʬʦʨʤʘʣʠʟʦʚʘʥʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ 

ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

 

ʂʨʠʪʝʨʠʠ ʠ ʘʣʛʦʨʠʪʤʳ ʬʦʨʤʘʣʠʟʦʚʘʥʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.2. 

 

ʊʘʙʣʠʮʘ 3.2 ï ʂʨʠʪʝʨʠʠ ʠ ʘʣʛʦʨʠʪʤʳ ʬʦʨʤʘʣʠʟʦʚʘʥʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ɿʘʜʘʯʘ, ʚʦʟʥʠʢʘʶʱʘʷ 

ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʂʨʠʪʝʨʠʠ ʠ ʘʣʛʦʨʠʪʤʳ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ 

1 ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʝʪʘ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʩʦʩʪʘʚʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ 

ʜʣʷ ʧʦʚʳʰʝʥʠʷ 

ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʥʦʡ 

ʦʮʝʥʢʠ ʚʳʙʨʦʩʦʚ ʉʆ 

ɼʣʷ ʫʯʝʪʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʦʩʪʘʚʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ (ʧʦʣʫʯʝʥʥʦʡ 

ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ) ʚ ʚʳʙʨʘʥʥʳʭ ʨʘʩʯʝʪʥʳʭ 

ʩʝʯʝʥʠʷʭ ʥʝʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ çʙʝʜʥʳʝè ʟʦʥʳ 

ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʦʜʥʫ çʙʝʜʥʫʶè ʩʪʨʫʡʢʫ. ʕʪʘ ʩʪʨʫʡʢʘ ʟʘʪʝʤ 

ʤʦʜʝʣʠʨʫʝʪʩʷ ʦʪʜʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʚ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ. 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʫʯʝʩʪʴ ʥʘʣʠʯʠʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

çʙʝʜʥʳʭè ʟʦʥ ʙʫʜʴ ʪʦ ʚ ʧʨʠʩʪʝʥʦʯʥʦʡ ʦʙʣʘʩʪʠ ʠʣʠ ʚ ʩʣʝʜʝ ʟʘ 

ʩʪʨʫʷʤʠ ʧʦʜʚʦʜʘ ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ.  

ʅʝ ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʨʝʘʢʪʦʨʦʚ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦ ʩʦʩʪʘʚʫ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ çʫʜʦʙʦʯʠʪʘʝʤʘʷè ʩʭʝʤʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ. 
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ɿʘʜʘʯʘ, ʚʦʟʥʠʢʘʶʱʘʷ 

ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʂʨʠʪʝʨʠʠ ʠ ʩʧʦʩʦʙʳ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ 

2 ɺʳʷʚʣʝʥʠʝ ʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

çʙʝʜʥʳʭè ʩʪʨʫʝʢ ʊɺʉ 

ɺ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʷʭ çʙʝʜʥʳʝè ʟʦʥʳ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʦʜʥʫ 

çʙʝʜʥʫʶè ʩʪʨʫʡʢʫ ʩ ʩʦʩʪʘʚʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ Tadia å 1450Ñ50 K . 

ʇʨʠʥʷʪʳʡ ʜʠʘʧʘʟʦʥ ʩʦʦʪʚʝʪʩʪʚʫʝʪ çʙʝʜʥʦʤʫè ʧʨʝʜʝʣʫ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʤʠʥʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʤʝʥʠ (ʧʦʨʷʜʢʘ 

1400 ʂ ʜʣʷ ʤʝʪʘʥʘ [26]). ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘ ʛʨʘʥʠʮʝ çʙʝʜʥʦʛʦè ʩʨʳʚʘ 

ʧʣʘʤʝʥʠ ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ ʩʦʜʝʨʞʘʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʉʆ 

ʚʚʠʜʫ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʡ ʦʢʠʩʣʝʥʠʷ. 

ʊʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʝ ʊ < 1400 K ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ ʟʘʜʝʨʞʢʠ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ 

ʩʤʝʩʠ (ʩʤ. ʨʘʟʜʝʣ 1.2). 

ʇʨʠ ʵʪʦʤ ʜʠʘʧʘʟʦʥ ʧʦ Tadia å 1450Ñ50 K ʚʳʙʨʘʥ ʩ ʥʝʙʦʣʴʰʠʤ 

ʟʘʧʘʩʦʤ ʜʣʷ ʫʩʪʦʡʯʠʚʦʛʦ ʨʦʟʞʠʛʘ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʚ ʨʝʘʢʪʦʨʝ, 

ʢʦʪʦʨʳʡ ʤʦʜʝʣʠʨʫʝʪ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ çʙʝʜʥʫʶè ʩʪʨʫʡʢʫ. 

3 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʟʦʥʳ 

ʧʣʘʤʝʥʠ 

ʇʦʜ ʟʦʥʦʡ ʧʣʘʤʝʥʠ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ ʧʨʠʥʠʤʘʝʪʩʷ 

ʛʦʨʶʯʘʷ ʩʤʝʩʴ ʩ ʩʦʩʪʘʚʦʤ ʩʤʝʩʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ Tadia > 1900 K . 

ʇʨʠ ʪʘʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʫʞʝ ʩʫʱʝʩʪʚʝʥʥʳ ʜʠʩʩʦʮʠʘʮʠʷ CO2 ʚ ʉʆ 

(ʩʤ. ʨʘʟʜʝʣ 1.2 ʠ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʤʘʣʦʛʘʙʘʨʠʪʥʦʡ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ï ʪʘʙʣʠʮʳ 2.3, 2.4). 

ʈʘʩʧʦʣʦʞʝʥʠʝ ʟʦʥʳ ʧʣʘʤʝʥʠ ʚ CFD ʨʝʟʫʣʴʪʘʪʝ, ʝʝ ʦʙʲʝʤ ʠ 

ʨʘʩʭʦʜ ʛʘʟʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʦʩʪʨʦʝʥʠʷ ʩʧʝʮʠʘʣʴʥʦʛʦ 

ʠʟʦʦʙʲʝʤʘ ʩ ʬʠʣʴʪʨʘʮʠʝʡ ʧʦ ʪʨʝʙʫʝʤʦʤʫ ʜʠʘʧʘʟʦʥʫ ʩʦʩʪʘʚʘ 

ʛʦʨʶʯʝʡ ʩʤʝʩʠ. 

4 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ɿʆʊ ɿʆʊ ʤʦʜʝʣʠʨʫʝʪʩʷ ʦʜʥʠʤ ʨʝʘʢʪʦʨʦʤ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ ʩ 

ʧʦʪʦʢʦʤ ʤʘʣʦʛʦ ʨʘʩʭʦʜʘ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʛʘʟʘ ʚ CFD ʧʨʦʛʨʘʤʤʝ ʩʪʨʦʠʪʩʷ 

ʧʦʚʝʨʭʥʦʩʪʴ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʩʝʢʘʶʱʘʷ ɿʆʊ. ɻʨʘʥʠʮʳ ʵʪʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʩʢʦʣʴʢʦ ʧʨʝʚʳʰʘʶʪ ʛʨʘʥʠʮʳ ɿʆʊ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʫʩʣʦʚʠʝʤ ʪʝʯʝʥʠʷ ʩʨʝʜʥʝʤʘʩʩʦʚʦʛʦ ʧʦʪʦʢʘ ʚ ʩʪʦʨʦʥʫ ʚʳʭʦʜʘ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (ʠʪʦʛʦʚʳʡ, ʩ ʫʯʝʪʦʤ ʧʨʦʪʠʚʦʪʦʢʘ, ʨʘʩʭʦʜ ʛʘʟʘ 

ʤʦʞʝʪ ʙʳʪʴ ʩʢʦʣʴ ʫʛʦʜʥʦ ʤʘʣʳʤ, ʥʦ ʥʘʧʨʘʚʣʝʥʥʳʤ ʧʦ ʦʩʥʦʚʥʦʤʫ 

ʧʦʪʦʢʫ). 

ʆʧʨʝʜʝʣʷʝʪʩʷ ʦʙʲʝʤ ɿʆʊ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʦʩʝʚʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʢʦʨʦʩʪʠ (ʜʦʧʫʩʢʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʜʨʫʛʠʭ 

ʩʧʦʩʦʙʦʚ). 
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ɿʘʜʘʯʘ, ʚʦʟʥʠʢʘʶʱʘʷ 

ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ 
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ʂʨʠʪʝʨʠʠ ʠ ʩʧʦʩʦʙʳ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ 

5 ʆʮʝʥʢʘ ʩʦʩʪʘʚʘ 

ʛʦʨʶʯʝʡ ʩʤʝʩʠ (Ŭ) ʚ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ CFD 

ʨʝʟʫʣʴʪʘʪʘ 

ɺ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʘ, ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʩʦʩʪʘʚ ʩʤʝʩʠ, 

ʚʳʙʨʘʥ r(N2) ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʘʟʦʪʘ. ʇʨʠ ʵʪʦʤ ʪʘʙʣʠʮʳ 

ʩʦʧʦʩʪʘʚʣʝʥʠʷ çʢʦʣʠʯʝʩʪʚʦ ʘʟʦʪʘ ï ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘè 

ʟʘʨʘʥʝʝ ʩʦʩʪʘʚʣʷʶʪʩʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʘ ʨʘʚʥʦʚʝʩʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ. 

ɺʳʙʦʨ r(N2) ʩʦʢʨʘʱʘʝʪ ʦʙʲʝʤ ʠ ʧʦʛʨʝʰʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ ʧʨʠ 

ʦʙʨʘʙʦʪʢʝ CFD ʨʝʟʫʣʴʪʘʪʘ (ʫʤʝʥʴʰʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʩʫʤʤʠʨʦʚʘʥʠʡ 

ʧʦʛʨʝʰʥʦʩʪʝʡ ʦʩʨʝʜʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʥʝʨʘʚʥʦʤʝʨʥʦʛʦ ʧʦʪʦʢʘ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ). 

 

6 ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʩʤʝʰʝʥʠʷ ʧʦʪʦʢʦʚ 

ɿʘʜʘʯʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʤʝʰʝʥʠʷ ʩʚʦʜʠʪʩʷ ʢ ʦʮʝʥʢʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʚ ʵʣʝʤʝʥʪʘʭ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʜʚʠʞʝʥʠʠ ʛʦʨʶʯʝʡ ʩʤʝʩʠ 

ʧʦ ʧʦʪʦʢʫ (ʥʝʧʨʝʨʳʚʥʦʝ ʩʤʝʰʝʥʠʝ ʧʦʪʦʢʦʚ ʟʘʤʝʥʝʥʦ ʥʘ 

ʜʠʩʢʨʝʪʥʦʝ). 

ʆʮʝʥʢʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʦʢʦʚ ʙʘʟʠʨʫʝʪʩʷ ʥʘ: 

- ʚʳʷʚʣʝʥʥʳʭ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 

ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʷʭ ʤʘʩʩʦʚʳʭ ʨʘʩʭʦʜʦʚ ʠ ʩʦʜʝʨʞʘʥʠʷ 

N2 ʚ ʵʣʝʤʝʥʪʘʭ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ; 

- ʫʩʣʦʚʠʠ ʩʦʙʣʶʜʝʥʠʷ ʙʘʣʘʥʩʘ ʨʘʩʭʦʜʦʚ  

G1 + G2 = Gʩʤ; 

- ʫʨʘʚʥʝʥʠʠ ʦʩʨʝʜʥʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ N2 ʧʦ ʤʘʩʩʦʚʦʤʫ 

ʨʘʩʭʦʜʫ 

Gʩʤr(N2)ʩʤ = G1r(N2)1 + G2r(N2)2. 

 

7 ʆʮʝʥʢʘ ʦʙʲʝʤʦʚ 

ʨʝʘʢʪʦʨʦʚ 

ʉʦʦʪʥʦʰʝʥʠʝ ʦʙʲʝʤʦʚ ʨʝʘʢʪʦʨʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ 

ʩʦʦʪʥʦʰʝʥʠʷ ʠʭ ʤʘʩʩʦʚʳʭ ʨʘʩʭʦʜʦʚ. ʇʨʠ ʵʪʦʤ ʩʫʤʤʘʨʥʳʡ ʦʙʲʝʤ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʲʝʤʫ ʞʘʨʦʚʦʡ ʪʨʫʙʳ. 
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ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʂʨʠʪʝʨʠʠ ʠ ʩʧʦʩʦʙʳ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ 

8 ɺʳʙʦʨ ʪʠʧʘ ʨʝʘʢʪʦʨʦʚ ɿʦʥʳ ʩ ʠʥʪʝʥʩʠʚʥʳʤ ʩʤʝʰʝʥʠʝʤ ʠ ʙʦʣʴʰʠʤʠ 

ʛʨʘʜʠʝʥʪʘʤʠ ʩʢʦʨʦʩʪʝʡ ʤʦʜʝʣʠʨʫʶʪʩʷ ʨʝʘʢʪʦʨʦʤ ʠʜʝʘʣʴʥʦʛʦ 

ʩʤʝʰʝʥʠʷ PSR ï ʟʦʥʘ ʧʣʘʤʝʥʠ, ɿʆʊ, ʟʦʥʘ ʧʦʜʚʦʜʘ ʦʩʥʦʚʥʦʛʦ 

ʚʦʟʜʫʭʘ. ɿʦʥʳ ʩ ʙʦʣʝʝ ʨʘʚʥʦʥʘʧʨʘʚʣʝʥʥʳʤ ʪʝʯʝʥʠʝʤ 

ʤʦʜʝʣʠʨʫʶʪʩʷ ʨʝʘʢʪʦʨʦʤ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ PFR ï 

ʛʘʟʦʩʙʦʨʥʠʢ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʩʝʢʮʠʠ ʙʝʟ ʦʪʚʝʨʩʪʠʡ ʧʦʜʚʦʜʘ 

ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ. 

ɺ ʩʝʢʮʠʷʭ ʙʝʟ ʧʦʜʚʦʜʘ ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ ʜʦʧʫʩʢʘʝʪʩʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʨʝʘʢʪʦʨʦʤ PSR ʚ ʩʣʫʯʘʝ 

ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʛʦʨʝʥʠʷ ʚ ʨʝʘʢʪʦʨʝ PFR. 

 

9 ʂʦʨʨʝʢʪʠʨʦʚʢʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʨʘʩʭʦʜʦʚ ʚ ʨʝʘʢʪʦʨʥʦʡ 

ʤʦʜʝʣʠ (ʧʨʠ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ) 

ɽʩʣʠ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʪʝʤʧʝʨʘʪʫʨʘ 

çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʚʳʭʦʜʠʪ ʠʟ ʜʠʘʧʘʟʦʥʘ ʊ = 1450 Ñ 50 ʂ, ʪʦ 

ʜʦʧʫʩʢʘʝʪʩʷ ʥʝʙʦʣʴʰʘʷ ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʭʦʜʦʚ ʛʘʟʘ 

ʤʝʞʜʫ ʨʝʘʢʪʦʨʘʤʠ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ ʚ ʨʝʘʢʪʦʨʝ 

çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʠʟʤʝʥʷʝʪʩʷ ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ 10 % ʦʪ ʠʩʭʦʜʥʦʛʦ 

ʟʥʘʯʝʥʠʷ. 

 

ʇʨʠʚʝʜʝʥʥʳʝ ʚʳʰʝ ʢʨʠʪʝʨʠʠ ʠ ʘʣʛʦʨʠʪʤʳ ʥʝ ʠʩʧʦʣʴʟʫʶʪ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʥʝ ʪʨʝʙʫʶʪ ʚʚʦʜʘ ʵʤʧʠʨʠʯʝʩʢʠʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ, ʥʝ ʚʚʦʜʷʪ ʦʛʨʘʥʠʯʝʥʠʡ ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʥʘ ʚʭʦʜʝ - ɻ ʪʦ ʧʦʪʝʥʮʠʘʣʴʥʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʨʘʟʣʠʯʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ (ʪ.ʝ. ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʫʥʠʚʝʨʩʘʣʝʥ). 

ɺ ʪʦʞʝ ʚʨʝʤʷ ʦʪʤʝʪʠʤ, ʯʪʦ ʧʨʠʚʝʜʝʥʥʳʝ ʢʨʠʪʝʨʠʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ çʙʝʜʥʳʭè 

ʩʪʨʫʝʢ ʠ ʟʦʥʳ ʧʣʘʤʝʥʠ ʦʩʥʦʚʘʥʳ ʥʘ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʝ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ 

ʤʝʪʘʥʦʚʦʟʜʫʰʥʳʭ ʩʤʝʩʝʡ, ʪ.ʝ. ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ. ɺ ʩʣʫʯʘʝ 

ʨʘʙʦʪʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʥʘ ʢʝʨʦʩʠʥʝ, ʣʠʙʦ ʜʨʫʛʦʤ ʪʦʧʣʠʚʝ, ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʜʝʥʠʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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ɺʳʚʦʜʳ ʢ ʪʨʝʪʴʝʡ ʛʣʘʚʝ  

 

1 ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʤʝʪʦʜ ʨʘʩʯʸʪʘ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ (ʉʆ) ʠʟ 

ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ, 

ʦʪʣʠʯʘʶʱʠʡʩʷ ʬʦʨʤʘʣʠʟʦʚʘʥʥʳʤ ʧʦʩʪʨʦʝʥʠʝʤ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʨʸʭʤʝʨʥʦʛʦ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦ ʩʭʝʤʘʪʠʯʥʳʤ 

ʦʧʠʩʘʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʦʟʜʫʭʘ ʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ.  

ʄʝʪʦʜ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʨʘʩʯʝʪʦʚ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʨʘʟʣʠʯʥʦʡ 

ʢʦʥʩʪʨʫʢʮʠʠ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʨʘʙʦʯʠʭ ʨʝʞʠʤʦʚ. 

2 ɼʣʷ ʫʯʝʪʘ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ 

(Ŭ) ʠ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʦʚ ʨʘʟʨʘʙʦʪʘʥ ʢʨʠʪʝʨʠʡ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ 

ʥʝʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ çʙʝʜʥʳʝè ʟʦʥʳ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ çʙʝʜʥʳʝè ʩʪʨʫʡʢʠ 

ʠ ʤʦʜʝʣʠʨʫʶʪʩʷ ʦʪʜʝʣʴʥʳʤʠ ʨʝʘʢʪʦʨʘʤʠ ʩ ʩʦʩʪʘʚʦʤ ʩʤʝʩʠ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʉʆ ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ, ʯʝʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ Tadia = 1450Ñ50 K. ʂʨʠʪʝʨʠʡ 

ʨʘʟʨʘʙʦʪʘʥ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʚʝʜʝʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʧʣʘʤʸʥ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. 

ɺ ʨʝʘʢʪʦʨʘʭ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ çʙʝʜʥʳʝè ʩʪʨʫʡʢʠ, ʩ ʧʦʤʦʱʴʶ ʜʝʪʘʣʴʥʦʡ 

ʢʠʥʝʪʠʢʠ ʦʮʝʥʠʚʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʉʆ, ʥʝ ʫʩʧʝʚʰʝʝ ʦʢʠʩʣʠʪʴʩʷ ʜʦ ʉʆ2. 

3 ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʢʨʠʪʝʨʠʡ ʚʳʷʚʣʝʥʠʷ ʠʟ CFD ʨʝʟʫʣʴʪʘʪʘ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʨʝʘʢʪʦʨʘʤʠ ʟʦʥʳ ʧʣʘʤʝʥʠ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʚʳʜʝʣʷʝʪʩʷ ʟʦʥʘ, ʚ ʢʦʪʦʨʦʡ 

ʩʫʱʝʩʪʚʝʥʝʥ ʩʜʚʠʛ ʨʘʚʥʦʚʝʩʠʷ ʚ ʩʪʦʨʦʥʫ ʉʆ (ʩʫʱʝʩʪʚʝʥʥʘ ʜʠʩʩʦʮʠʘʮʠʷ ʧʨʦʜʫʢʪʦʚ 

ʩʛʦʨʘʥʠʷ), ʯʝʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʘ ʊadia > 1900 K ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ 0,5-10,0 ʄʇʘ. 

4 ʇʨʦʮʝʩʩ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʬʦʨʤʘʣʠʟʦʚʘʥ ʠ 

ʩʦʜʝʨʞʠʪ ʩʣʝʜʫʶʱʠʝ ʢʣʶʯʝʚʳʝ ʧʨʦʮʝʜʫʨʳ: 

- CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ; 

- ʚʳʙʦʨ ʭʘʨʘʢʪʝʨʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʡ; 

- ʚʳʷʚʣʝʥʠʝ çʙʝʜʥʳʭè ʩʪʨʫʝʢ ʚ ʨʘʩʯʝʪʥʳʭ ʩʝʯʝʥʠʷʭ (ʩ ʦʮʝʥʢʦʡ ʨʘʩʭʦʜʘ ʛʘʟʘ 

ʠ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ), ʦʮʝʥʢʘ ʧʘʨʘʤʝʪʨʦʚ ʦʩʪʘʚʰʝʡʩʷ ï ʦʩʥʦʚʥʦʡ ʩʪʨʫʡʢʠ; 
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- ʦʮʝʥʢʘ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ: ʦʙʲʝʤʘ ʟʦʥʳ ʦʙʨʘʪʥʳʭ ʪʦʢʦʚ; ʦʙʲʝʤʘ ʠ 

ʨʘʩʭʦʜʘ ʛʘʟʘ ʚ ʟʦʥʝ ʧʣʘʤʝʥʠ; ʧʘʨʘʤʝʪʨʦʚ çʙʝʜʥʦʡè ʠ ʦʩʥʦʚʥʦʡ ʩʪʨʫʝʢ; 

- ʦʮʝʥʢʘ ʤʘʩʩʦʦʙʤʝʥʘ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʦ ʧʨʠʥʮʠʧʫ 

ʩʦʭʨʘʥʝʥʠʷ ʙʘʣʘʥʩʘ ʨʘʩʭʦʜʦʚ. 

ɺʦʟʤʦʞʥʦ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʧʦʩʪʨʦʝʥʠʝ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʠʩʩʣʝʜʫʝʤʦʡ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʧʨʦʛʨʘʤʤʳ ʦʙʨʘʙʦʪʢʠ 

ʨʝʟʫʣʴʪʘʪʦʚ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

5 ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʢʨʠʪʝʨʠʠ ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʥʝ ʠʩʧʦʣʴʟʫʶʪ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʥʝ ʪʨʝʙʫʶʪ 

ʚʚʦʜʘ ʢʦʨʨʝʢʪʠʨʫʶʱʠʭ ʵʤʧʠʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠ ʤʦʜʠʬʠʢʘʮʠʠ 

ʩʪʘʥʜʘʨʪʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʥʝ ʚʚʦʜʷʪ ʦʛʨʘʥʠʯʝʥʠʡ ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʥʘ 

ʚʭʦʜʝ - ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʨʘʟʣʠʯʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ 

ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ. 

6 ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʢʨʠʪʝʨʠʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ çʙʝʜʥʳʭè ʩʪʨʫʝʢ ʠ ʟʦʥʳ ʧʣʘʤʝʥʠ 

ʦʩʥʦʚʘʥʳ ʥʘ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʝ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʤʝʪʘʥʦʚʦʟʜʫʰʥʳʭ ʩʤʝʩʝʡ 

(ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ). ɺ ʩʣʫʯʘʝ ʧʨʠʤʝʥʝʥʠʷ ʜʨʫʛʦʛʦ ʪʦʧʣʠʚʘ ʤʦʛʫʪ ʧʦʪʨʝʙʦʚʘʪʴʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʯʪʦ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʥʘʧʨʘʚʣʝʥʠʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ. 
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4 ɸʇʈʆɹɸʎʀʗ ʈɸɿʈɸɹʆʊɸʅʅʆɻʆ ʄɽʊʆɼɸ ʈɸʉʏɽʊɸ 

ɺʓɹʈʆʉʆɺ ʄʆʅʆʆʂʉʀɼɸ ʋɻʃɽʈʆɼɸ ʀɿ ʂɸʄɽʈ ʉɻʆʈɸʅʀʗ ɻʊɼ 

 

4.1 ʇʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ CANTERA  

 

ʈʘʩʯʝʪ ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʚʳʧʦʣʥʷʶʪ ʚ ʩʧʝʮʠʘʣʴʥʳʭ 

ʧʨʦʛʨʘʤʤʥʳʭ ʧʨʦʜʫʢʪʘʭ ʪʠʧʘ Chemkin-PRO, Chemical Workbech, CANTERA ʠ ʜʨ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥ ʧʨʦʛʨʘʤʤʥʳʡ ʧʨʦʜʫʢʪ CANTERA 2.4.0 ʩ 

ʦʪʢʨʳʪʳʤ ʠʩʭʦʜʥʳʤ ʢʦʜʦʤ (ʥʝʢʦʤʤʝʨʯʝʩʢʠʡ ʧʨʦʜʫʢʪ) [63]. ɺ ʢʘʯʝʩʪʚʝ 

çʠʥʪʝʨʬʝʡʩʘè ʨʘʙʦʪʳ ʩ CANTERA ʚʳʙʨʘʥ ʷʟʳʢ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Python 3.7. 

 CANTERA ï ʵʪʦ ʙʠʙʣʠʦʪʝʢʘ ʧʨʦʛʨʘʤʤ (ʧʦʜʧʨʦʛʨʘʤʤ) ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ 

ʪʝʨʤʦʜʠʥʘʤʠʢʠ, ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʠ ʧʝʨʝʥʦʩʘ ʢʦʤʧʦʥʝʥʪʦʚ ʛʦʨʶʯʝʡ ʩʤʝʩʠ. 

ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʟʘʜʘʯʝ ʨʘʩʯʝʪʘ ʚʳʙʨʦʩʦʚ ʉʆ ʠʟ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ ʩ ʧʦʤʦʱʴʶ 

ʵʪʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʨʦʜʫʢʪʘ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ: ʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʜʫʢʪʦʚ 

ʩʛʦʨʘʥʠʷ; ʛʦʨʝʥʠʝ ʚ ʨʝʘʢʪʦʨʘʭ PSR ʠ PFR; ʩʤʝʰʝʥʠʝ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ. 

ɼʣʷ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ 

ʫʥʠʢʘʣʴʥʳʡ (ʜʣʷ ʢʘʞʜʦʡ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ) ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ ʩ ʚʳʟʦʚʦʤ ʠʟ 

ʩʪʘʥʜʘʨʪʥʳʭ ʙʠʙʣʠʦʪʝʢ ʥʝʦʙʭʦʜʠʤʳʭ ʧʦʜʧʨʦʛʨʘʤʤ. 

 

4.1.1 ʈʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

 

ʅʠʞʝ, ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ, ʧʨʠʚʝʜʝʥ ʢʦʜ ʧʨʦʛʨʘʤʤʳ ʨʘʩʯʝʪʘ ʨʘʚʥʦʚʝʩʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʝʪʘʥʦʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ. ʇʘʨʘʤʝʪʨʳ ʩʤʝʩʠ: ʠʩʭʦʜʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

470 ʂ; ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ Ŭ = 2,7 (ʵʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʵʬʬʠʮʠʝʥʪʫ 

ʠʟʙʳʪʢʘ ʪʦʧʣʠʚʘ ◖=1/Ŭ = 0,37); ʜʘʚʣʝʥʠʝ 0,5 ʄʇʘ. 

 

І͙͙͔ͣͨͦͪͭͪͯͣ ͎ͨͪͦͪ͊ͣͣͤ·͚ ͨͪͦ͒ͯͭ͟ /!b¢9w! 
import cantera as ct 
 
І ͔ͫͦ͒͊ͣ͘ ͔͙ͣ͊ͭͪ͊͡ ϦƎŀǎϦΣ ͔ͣͻ͙͊ͤͣ͘ DwL-Mech 3.0 
gas = ct.Solution('gri30.xml') 
 
І ͔͊͒͊ͣ͘ ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ ͙͋͘·ͭ͊͟ ͙͍ͭͦͨ͊͡Σ ͍ͫͦͫͭ͊ ͙͍ͭͦͨ͊͡ ͙ ͙͙͔ͦͫͭ͟͡͡Ύ 
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gas.set_equivalence_ratio(phi=0.37, fuel="CH4:1", oxidizer="O2:0.21,N2:0.79") 
 
І ͔͊͒͊ͣ͘ ͔͔ͭͣͨͪ͊ͭͯͪͯ ͙ ͍͔͙͔͒͊ͤ͡ ͙ͫͻ͚ͦ͒ͤͦ ͔͙ͫͣͫ 
gas.TP = 470.0, 5e5 
 
І ͦͣ͊ͤ͒͊͟ ͤ͊ ͪ͊ͫ;͔ͭ ͍͍͔͎ͪ͊ͤͦͫͤͦͦ ͫͦͫͭͦΎ͙ͤΎ όH=const; p = const) 
gas.equilibrate('HP') 
 
І ͍·͍ͦ͒ ͔ͪͯ͘͡Έ͍ͭ͊ͭͦ ͪ͊ͫ;͔ͭ͊ 
gas () 

 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.1. 

 

 

ʈʠʩʫʥʦʢ 4.1 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ɿʜʝʩʴ ʠ ʜʘʣʝʝ ʥʘ ʨʠʩʫʥʢʘʭ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʦʚ: ʍ ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ i-ʛʦ 

ʢʦʤʧʦʥʝʥʪʘ; Y ï ʤʘʩʩʦʚʘʷ ʜʦʣʷ. 
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4.1.2 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ 

 

ʈʝʘʢʪʦʨ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ PSR ʤʦʜʝʣʠʨʫʝʪʩʷ ʚ ʧʘʢʝʪʝ CANTERA ʧʦ 

ʩʣʝʜʫʶʱʝʡ ʩʭʝʤʝ (ʩʤ. ʨʠʩʫʥʦʢ 4.2) [63, 69]. 

ɺ ʥʘʯʘʣʝ, ʚ ʦʙʲʝʢʪʝ çʈʝʟʝʨʚʫʘʨ 1è (çReservoirè)  ʟʘʜʘʶʪʩʷ ʧʘʨʘʤʝʪʨʳ 

ʠʩʭʦʜʥʦʡ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ï ʪʝʤʧʝʨʘʪʫʨʘ, ʜʘʚʣʝʥʠʝ ʠ ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ. 

ʈʝʟʝʨʚʫʘʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʩʣʦʚʥʳʡ ʩʦʩʫʜ ʥʝʦʛʨʘʥʠʯʝʥʥʦʛʦ ʦʙʲʝʤʘ ʩ ʞʝʩʪʢʦ 

ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʛʘʟʘ (ʪ.ʝ. ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʛʘʟʘ ʨʝʟʝʨʚʫʘʨʘ ʥʝ 

ʠʟʤʝʥʷʶʪʩʷ ʚ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ).  

ɼʘʣʝʝ ʩʣʝʜʫʝʪ çʨʝʛʫʣʷʪʦʨ ʨʘʩʭʦʜʘè (çMass Flow Controllerè), ʢʦʪʦʨʳʡ 

ʦʧʨʝʜʝʣʷʝʪ ʢʦʣʠʯʝʩʪʚʦ ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʧʦʩʪʫʧʘʶʱʝʡ ʠʟ ʨʝʟʝʨʚʫʘʨʘ 1 ʚ ʨʝʘʢʪʦʨ. 

ʇʦʩʪʦʷʥʥʦʝ ʜʘʚʣʝʥʠʝ ʚ ʨʝʘʢʪʦʨʝ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʦʙʲʝʢʪʘ çʨʝʛʫʣʷʪʦʨ 

ʜʘʚʣʝʥʠʷè (çPressure Controllerè). ɿʘ ʨʝʛʫʣʷʪʦʨʦʤ ʜʘʚʣʝʥʠʷ ʫʩʪʘʥʦʚʣʝʥ ʨʝʟʝʨʚʫʘʨ 2, 

ʚ ʢʦʪʦʨʳʡ ʧʦʩʪʫʧʘʶʪ ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ. 

 

ʈʠʩʫʥʦʢ 4.2 ï ʉʭʝʤʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ ʚ CANTERA 

 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʚʳʧʦʣʥʠʤ ʨʘʩʯʝʪ PSR ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: 

- ʪʝʤʧʝʨʘʪʫʨʘ ʠʩʭʦʜʥʦʡ ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʊ = 400 ʂ; 

- ʜʘʚʣʝʥʠʝ ʨ = 0,3 ʄʇʘ; 

- ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ Ŭ = 1,8 (◖=1/Ŭ = 0,556); 

- ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ ʛʦʨʶʯʝʡ ʩʤʝʩʠ G = 0,025 ʢʛ/ʩ; 

- ʦʙʲʝʤ ʨʝʘʢʪʦʨʘ V = 10-4 ʤ3. 

ʅʠʞʝ ʧʨʠʚʝʜʝʥ ʢʦʜ ʧʨʦʛʨʘʤʤʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʘ. 
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І ͙͙͔ͣͨͦͪͭͪͯͣ ͎ͨͪͦͪ͊ͣͣͤ·͚ ͨͪͦ͒ͯͭ͟ /!b¢9w! 
import cantera as ct 
 
І ͔ͫͦ͒͊ͣ͘ ͦ͋Ά͔ͭ͟ ό͔͙ͣ͊ͭͪ͊͡ύ ϦƎŀǎϦΣ ͔ͣͻ͙͊ͤͣ͘ DwL-Mech 3.0 
gas = ct.Solution('gri30.xml') 
 
І ͔͊͒͊ͣ͘ ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ ͙͋͘·ͭ͊͟ ͙͍ͭͦͨ͊͡Σ ͍ͫͦͫͭ͊ ͙͍ͭͦͨ͊͡ ͙ ͙͙͔ͦͫͭ͟͡͡Ύ 
gas.set_equivalence_ratio(phi=0.556, fuel="CH4:1", oxidizer="O2:0.21,N2:0.79") 
 
І ͔͊͒͊ͣ͘ ͔͔ͭͣͨͪ͊ͭͯͪͯ ͙ ͍͔͙͔͒͊ͤ͡ ͙ͫͻ͚ͦ͒ͤͦ ͔͙ͫͣͫ 
gas.TP = 400.0, 3e5 
 
І ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘ м ͒͡Ύ ͙ͫͻ͚ͦ͒ͤͦ ͔͙ͫͣͫ 
Reservoir1 = ct.Reservoir(gas) 
 
І ͙͍͙ͨͪͦ͒ͣ ͦ͋Ά͔ͭ͟ ϦƎŀǎϦ ͍ ͍͍͔͔ͪ͊ͤͦͫͤͦ ͫͦͫͭͦΎ͙͔ͤ όH=const; p = const) 
gas.equilibrate('HP') 
 
І ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘ н  
Reservoir2 = ct.Reservoir(gas) 
 
І ͔ͫͦ͒͊ͣ͘ ͦ͋Ά͔ͭ͟ Ϧ˾͔͊ͭͦͪ͟Ϧ 
RCT = ct.IdealGasReactor(gas) 
 
І͔͔ͦͨͪ͒͡Ύ͔ͣ ͦ͋Ά͔ͣ ͔ͪ͊ͭͦͪ͊͟ 
RCT.volume = 10e-4 
 
І ͔ͫͦ͒͊ͣ͘ ͔͎ͪͯ͡Ύͭͦͪ ͪ͊ͫͻͦ͒͊ ͙ ͔͊͒͊ͣ͘ ͍ͣ͊ͫͫͦ·͚ ͪ͊ͫͻͦ͒ 
inlet_RCT = ct.MassFlowController(Reservoir1, RCT, mdot = 0.025 ) 
 
# ͫ ͔ͦ͒͊ͣ͘ ͪ ͔͎ͯ͡Ύͭͦͪ ͒ ͍͔͙͊ͤ͡Ύ 
outlet_RCT = ct.PressureController(RCT, Reservoir2, master=inlet_RCT, K=0.01) 
 
І ͊ͨͯͫ͘͟ ͪ͊ͫ;͔ͭ͊ ͔ͪ͊ͭͦͪ͊͟ ͒ͦ ͍͔͙ͯͫͭ͊ͤͦͤ͡Ύ ͫͭ͊ͼ͙͎ͦͤ͊ͪͤͦͦ ͔ͪ΄͔͙ͤΎ 
sim = ct.ReactorNet([RCT]) 
sim.set_initial_time(0.0) 
sim.advance_to_steady_state() 
 
І ͍·͍ͦ͒ ͔ͪͯ͘͡Έ͍ͭ͊ͭͦ ͪ͊ͫ;͔ͭ͊ 
gas () 

 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.3. 
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ʈʠʩʫʥʦʢ 4.3 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʘ PSR 
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4.1.3 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ 

 

ʀʟʚʝʩʪʝʥ ʩʧʦʩʦʙ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʢʪʦʨʘ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʮʝʧʠ ʠʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ PSR [63, 79] (ʨʠʩʫʥʦʢ 4.4). ɺ ʨʘʙʦʪʝ [79] 

ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʟʘʜʘʯʝ ʦʮʝʥʢʠ ʦʙʨʘʟʦʚʘʥʠʷ/ʚʳʛʦʨʘʥʠʷ ʉʆ, 

ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʮʝʧʴ ʩʦʩʪʦʷʣʘ ʥʝ ʤʝʥʝʝ ʯʝʤ ʠʟ 25 ʨʝʘʢʪʦʨʦʚ PSR. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʮʝʧʠ ï 2000. 

 

 

ʈʠʩʫʥʦʢ 4.4 ï ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʢʪʦʨʘ PFR ʩ ʧʦʤʦʱʴʶ ʩʝʪʠ ʠʟ ʨʝʘʢʪʦʨʦʚ PSR 

 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ PFR ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: 

- ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʪʦʢʘ ʥʘ ʚʭʦʜʝ 1345 ʂ; 

- ʩʦʩʪʘʚ: g(CH4) = 0,0013; g(O2) = 0,137; g(CO2) = 0,061; g(H2O) = 0,051; 

g(CO) = 0,00081; g(N2) = 0,74889; 

- ʜʘʚʣʝʥʠʝ 0,45 ʄʇʘ; 

- ʤʘʩʩʦʚʳʡ ʨʘʩʭʦʜ ʛʦʨʶʯʝʡ ʩʤʝʩʠ G = 0,025 ʢʛ/ʩ; 

- ʦʙʲʝʤ ʨʝʘʢʪʦʨʘ V = 10-4 ʤ3. 

ʅʠʞʝ ʧʨʠʚʝʜʝʥ ʢʦʜ ʧʨʦʛʨʘʤʤʳ ʨʘʩʯʝʪʘ ʜʘʥʥʦʛʦ ʨʝʘʢʪʦʨʘ. 

 

І͙͙͔ͣͨͦͪͭͪͯͣ ͎ͨͪͦͪ͊ͣͣͤ·͚ ͨͪͦ͒ͯͭ͟ /!b¢9w! 
import cantera as ct 
 
І ͔ͫͦ͒͊ͣ͘ ͦ͋Ά͔ͭ͟ ό͔͙ͣ͊ͭͪ͊͡ύ ϦƎŀǎϦΣ ͔ͣͻ͙͊ͤͣ͘ DwL-Mech 3.0 
gas = ct.Solution('gri30.xml') 
 
# ͘ ͔͊͒͊ͣ ͫ ͍ͦͫͭ͊ ͎ ͦͪΌ;͔͚ ͫ ͔͙ͣͫ 
gas.Y = 'CH4:0.0013, O2:0.137, CO2:0.061, H2O:0.051, CO:0.00081, N2:0.74889' 
 
І ͔͊͒͊ͣ͘ ͔͔ͭͣͨͪ͊ͭͯͪͯ ͙ ͍͔͙͔͒͊ͤ͡ ͙ͫͻ͚ͦ͒ͤͦ ͔͙ͫͣͫ 
gas.TP = 1345.0, 4.5e5 
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І ͪ͊ͫͻͦ͒ ͎ͦͪΌ;͔͚ ͔͙ͫͣͫ 
G = 0.025 
 
# ͟ ͙ͦ͡;͔͍ͫͭͦ Ή͔͔͍ͣͤͭͦ͡ ͍ ͼ͔͙ͨ ͙͘ t{w 
n_steps = 2000 
 
І ͦ͋Ά͔ͣ ͔͙͙͒ͤ;͎ͤͦͦ t{w 
r_vol=10e-4/n_steps 
 
І ͔ͫͦ͒͊ͣ͘ ͦ͋Ά͔ͭ͟ ˾͔͊ͭͦͪ͟ 
KS = ct.IdealGasReactor(gas) 
KS.volume = r_vol 
 
І ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘· ͒͡Ύ ͍ͻͦ͒͊ ͙ ͍·ͻͦ͒͊ 
upstream = ct.Reservoir(gas, name='upstream') 
downstream = ct.Reservoir(gas, name='downstream') 
 
# ͪ ͔͎ͯ͡Ύͭͦͪ· ͪ ͊ͫͻͦ͒͊  ͙͒ ͍͔͙͊ͤ͡Ύ 
m = ct.MassFlowController(upstream, KS, mdot=G) 
v = ct.PressureController(KS, downstream, master=m,K=1e-5) 
 
# ͣ ͔͙͍͙͔ͦ͒ͪͦ͊ͤ͡ PFR ͼ͔ͨΈΌ ͙  ͘2000 PSR 
sim2 = ct.ReactorNet([KS]) 
 
for n in range(n_steps): 
    gas.TDY = KS.thermo.TDY 
    upstream.syncState() 
    sim2.reinitialize() 
    sim2.advance_to_steady_state() 
     
gas() 

 

ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ï ʧʘʨʘʤʝʪʨʳ ʥʘ ʚʳʭʦʜʝ ʠʟ ʨʝʘʢʪʦʨʘ PFR 

(ʨʠʩʫʥʦʢ 4.5). 
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ʈʠʩʫʥʦʢ 4.5 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ PFR (ʧʘʨʘʤʝʪʨʳ ʥʘ ʚʳʭʦʜʝ) 

 

4.1.4 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʩʤʝʰʝʥʠʷ ʧʦʪʦʢʦʚ 

 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ʯʘʩʪʦ ʚʦʟʥʠʢʘʝʪ ʟʘʜʘʯʘ 

ʨʘʩʯʝʪʘ ʩʤʝʰʝʥʠʷ ʧʦʪʦʢʦʚ (ʥʘʧʨʠʤʝʨ, ʩʤʝʰʝʥʠʝ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʩ ʚʦʟʜʫʭʦʤ).  



106 
 

ʈʘʩʩʤʦʪʨʠʤ ʟʘʜʘʯʫ ʩʤʝʰʝʥʠʷ ʧʦʪʦʢʦʚ, ʫʩʣʦʚʠʷ ʢʦʪʦʨʦʡ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 4.6. 

 

ʈʠʩʫʥʦʢ 4.6 ï ʉʤʝʰʝʥʠʝ ʧʦʪʦʢʦʚ 

ʅʠʞʝ ʧʨʠʚʝʜʝʥ ʢʦʜ ʧʨʦʛʨʘʤʤʳ ʨʘʩʯʝʪʘ. 

import cantera as ct 
 
# ͫ ͔ͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘ ͒͡Ύ ͎͊͊͘ όмрнл ͎ͪΦ˿ Ґ мтфо ˴ύ 
gas = ct.Solution('gri30.xml') 
gas.TPY = 1793.0, 101325,'O2:0.17, CO2:0.06, H2O:0.05, N2:0.72' 
R_PS = ct.Reservoir(gas) 
 
# ͫ ͔ͦ͒͊ͣ͘ ͪ ͔͔͍ͪͯ͊ͪ͘ ͒ ͡Ύ ͍ ͦ͒ͯ͘ͻ͊ 
air = ct.Solution('gri30.xml') 
air.TPX = 293, 101325,'O2:0.21, N2:0.79' 
R_air = ct.Reservoir(air) 
 
І ͔͔ͦͨͪ͒͡Ύ͔ͣ ͪ͊ͫͻͦ͒· ͎͊͊͘ ͙ ͍ͦ͒ͯ͘ͻ͊ 
G_gas = 21 
G_air = 100 
 
І ͔ͫͦ͒͊ͣ͘ ͔͙ͣ͊ͭͪ͊͡ ͒͡Ύ ͍ͨͪͦ͒ͯͭͦ͟ ͔ͫͣ΄͔͙ͤΎ 
PS = ct.Solution('gri30.xml') 
 
І ͔ͫͣ΄͙͍͔͊ͣ ͎͊͘ ͫ ͍ͦ͒ͯ͘ͻͦͣ ͙ ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘ ͒͡Ύ ͍ͨͪͦ͒ͯͭͦ͟ ͔ͫͣ΄͔͙ͤΎ 
G = ct.Quantity(gas, constant = 'HP') 
A = ct.Quantity(air, constant = 'HP') 
G.mass = G_gas 
A.mass = G_air 
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M =  G + A 
PS.TPX = M.TPX 
R_PS = ct.Reservoir(PS) 
 
PS() 

 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.7. 

 

 

 

ʈʠʩʫʥʦʢ 4.7 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩʤʝʰʝʥʠʷ ʧʦʪʦʢʦʚ 

 

 

4.1.5 ʈʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

 

ʈʘʩʩʤʦʪʨʠʤ ʨʝʘʢʪʦʨʥʫʶ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ɻʊɼ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʜʚʫʭ 

ʵʣʝʤʝʥʪʦʚ (ʨʠʩʫʥʦʢ 4.8). ʇʝʨʚʳʡ ï ʨʝʘʢʪʦʨ PSR, ʢʦʪʦʨʳʡ ʤʦʜʝʣʠʨʫʝʪ ʦʩʥʦʚʥʫʶ 

ʟʦʥʫ ʛʦʨʝʥʠʷ. ɺʪʦʨʦʡ ï ʨʝʘʢʪʦʨ PFR, ʢʦʪʦʨʳʡ ʤʦʜʝʣʠʨʫʝʪ ʜʦʛʦʨʘʥʠʝ ʪʦʧʣʠʚʘ ʧʦʩʣʝ 

ʩʤʝʰʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʥʝʧʦʣʥʦʛʦ ʩʛʦʨʘʥʠʷ ʩ ʚʦʟʜʫʭʦʤ (ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʩʭʝʤʳ 

ʩʤʝʰʝʥʠʝ ʧʦʪʦʢʦʚ ʥʝ ʚʳʜʝʣʷʝʪʩʷ ʚ ʦʪʜʝʣʴʥʳʡ ʵʣʝʤʝʥʪ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ).  
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ʈʠʩʫʥʦʢ 4.8 ï ʈʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʦʯʝʚʠʜʥʫʶ ʧʨʦʩʪʦʪʫ ʪʘʢʦʡ ʤʦʜʝʣʠ, ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʨʝʰʠʪʴ ʨʷʜ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʠ ʥʘʰʣʘ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʥʥʠʭ 

ʨʘʩʯʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʅʘʧʨʠʤʝʨ, ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʭʘʨʘʢʪʝʨ 

ʠʟʤʝʥʝʥʠʷ ʪʨʝʥʜʦʚ ʧʘʨʘʤʝʪʨʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ.  

ʅʘ ʨʠʩʫʥʢʝ 4.8 ʪʘʢʞʝ ʨʘʩʧʠʩʘʥʳ ʫʩʣʦʚʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ. ʅʠʞʝ 

ʧʨʠʚʝʜʝʥ ʢʦʜ ʧʨʦʛʨʘʤʤʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

 

І͙͙͔ͣͨͦͪͭͪͯͣ ͎ͨͪͦͪ͊ͣͣͤ·͚ ͨͪͦ͒ͯͭ͟ /!b¢9w! 
import cantera as ct 
 
І ϝϝϝϝϝϝϝϝϝ Ґ ˾˩ˢ˴́˻˾ t{wм Ґ ϝϝϝϝϝϝϝϝϝ 
 
І ͔ͫͦ͒͊ͣ͘ ͦ͋Ά͔ͭ͟ ό͔͙ͣ͊ͭͪ͊͡ύ ϦƎŀǎϦΣ ͔ͣͻ͙͊ͤͣ͘ DwL-M͔hͫ 3.0 
gas = ct.Solution('gri30.xml') 
 
І ͔͊͒͊ͣ͘ ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ ͙͋͘·ͭ͊͟ ͙͍ͭͦͨ͊͡ όphi = 1/alfa) 
gas.set_equivalence_ratio(phi=0.7143, fuel="CH4:1", oxidizer="O2:0.21,N2:0.79") 
 
І ͔͊͒͊ͣ͘ ͔͔ͭͣͨͪ͊ͭͯͪͯ ͙ ͍͔͙͔͒͊ͤ͡ ͙ͫͻ͚ͦ͒ͤͦ ͔͙ͫͣͫ 
gas.TP = 470.0, 5e5 
 
І ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘ м ͒͡Ύ ͙ͫͻ͚ͦ͒ͤͦ ͔͙ͫͣͫ 
Reservoir1 = ct.Reservoir(gas) 
 
І ͙͍͙ͨͪͦ͒ͣ ͦ͋Ά͔ͭ͟ ϦƎŀǎϦ ͍ ͍͍͔͔ͪ͊ͤͦͫͤͦ ͫͦͫͭͦΎ͙͔ͤ -  
І ͍͍͔ͪ͊ͤͦͫͤ·͔ ͨͪͦ͒ͯͭ͟· ͎͙ͫͦͪ͊ͤΎ ͋ͯ͒ͯͭ ͤ͊;͊͡Έͤ·ͣ ͫͦͫͭͦΎ͙͔ͤͣ ͔ͪ͊ͭͦͪ͊͟ 
gas.equilibrate('HP') 
 
І ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘ н ͒͡Ύ ͍·ͻͦͨ͊͡ ͍ͨͪͦ͒ͯͭͦ͟ ͎͙ͫͦͪ͊ͤΎ 
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Reservoir2 = ct.Reservoir(gas) 
 
І ͔ͫͦ͒͊ͣ͘ ͦ͋Ά͔ͭ͟ Ϧ˾͔͊ͭͦͪ͟Ϧ 
PSR1 = ct.IdealGasReactor(gas) 
 
І͔͔ͦͨͪ͒͡Ύ͔ͣ ͦ͋Ά͔ͣ ͔ͪ͊ͭͦͪ͟ 
PSR1.volume = 0.005 
 
І ͔ͫͦ͒͊ͣ͘ ͔͎ͪͯ͡Ύͭͦͪ ͪ͊ͫͻͦ͒͊ ͙ ͔͊͒͊ͣ͘ ͍ͣ͊ͫͫͦ·͚ ͪ͊ͫͻͦ͒ 
inlet_PSR1 = ct.MassFlowController(Reservoir1, PSR1, mdot = 2.0) 
 
# ͫ ͔ͦ͒͊ͣ͘ ͪ ͔͎ͯ͡Ύͭͦͪ ͒ ͍͔͙͊ͤ͡Ύ 
outlet_PSR1 = ct.PressureController(PSR1, Reservoir2, master=inlet_PSR1, K=0.01) 
 
І ͊ͨͯͫ͘͟ ͪ͊ͫ;͔ͭ͊ ͔ͪ͊ͭͦͪ͊͟ ͒ͦ ͍͔͙ͯͫͭ͊ͤͦͤ͡Ύ ͫͭ͊ͼ͙͎ͦͤ͊ͪͤͦͦ ͔ͪ΄͔͙ͤΎ 
sim = ct.ReactorNet([PSR1]) 
sim.set_initial_time(0.0) 
sim.advance_to_steady_state() 
 
І ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘ ͒͡Ύ ͍ͨͪͦ͒ͯͭͦ͟ ͎͙ͫͦͪ͊ͤΎ  PSR1 
Res_outPSR1 = ct.Reservoir(gas) 
 
І ͍·͍ͦ͒ ͔ͪͯ͘͡Έ͍ͭ͊ͭͦ ͪ͊ͫ;͔ͭ͊ PSR1 
gas () 
 
І ϝϝϝϝϝϝϝϝϝ Ґ ˿˸˩̊˩˹ˮ˩ ˽˻́˻˴˻ˤ Ґ ϝϝϝϝϝϝϝϝϝ 
 
# ͫ ͔ͦ͒͊ͣ͘ ͦ͋Ά͔ͭ͟ ό͔͙ͣ͊ͭͪ͊͡ύ ͍ͦ͒ͯ͘ͻ - "air" 
air = ct.Solution('gri30.xml') 
 
І ͔͊͒͊ͣ͘ ͔ͨ͊ͪ͊ͣͭͪ· ͙ ͍ͫͦͫͭ͊ ͍ͦ͒ͯ͘ͻ͊ 
air.TPX = 470, 5e5,'O2:0.21, N2:0.79' 
R_air = ct.Reservoir(air) 
 
І ͔͔ͦͨͪ͒͡Ύ͔ͣ ͪ͊ͫͻͦ͒· ͎͊͊͘ ͙ ͍ͦ͒ͯ͘ͻ͊ 
G_gas = 2.0 
G_air = 1.5 
 
І ͔ͫͦ͒͊ͣ͘ ͔͙ͣ͊ͭͪ͊͡ ͒͡Ύ ͍ͨͪͦ͒ͯͭͦ͟ ͔ͫͣ΄͔͙ͤΎ 
PS = ct.Solution('gri30.xml') 
 
І ͔ͫͣ΄͙͍͔͊ͣ ͎͊͘ ͫ ͍ͦ͒ͯ͘ͻͦͣ ͙ ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘ ͒͡Ύ ͍ͨͪͦ͒ͯͭͦ͟ ͔ͫͣ΄͔͙ͤΎ 
G = ct.Quantity(gas, constant = 'HP') 
A = ct.Quantity(air, constant = 'HP') 
G.mass = G_gas 
A.mass = G_air 
M =  G + A 
PS.TPX = M.TPX 
R_PS = ct.Reservoir(PS) 
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PS() 
 
І ϝϝϝϝϝϝϝϝϝ Ґ ˸˻˨˩˶ˮ˾˻ˤˢ˹ˮ˩ tCwм Ґ ϝϝϝϝϝϝϝϝϝ 
 
І ͪ͊ͫͻͦ͒ ͎ͦͪΌ;͔͚ ͔͙ͫͣͫ 
G = G_gas + G_air 
 
І ͙ͦ͟͡;͔͍ͫͭͦ Ή͔͔͍ͣͤͭͦ͡ ͍ ͼ͔͙ͨ ͙͘ t{w 
n_steps = 2000 
 
І ͦ͋Ά͔ͣ ͔͙͙͒ͤ;͎ͤͦͦ t{w 
r_vol=0.004/n_steps 
 
І ͔ͫͦ͒͊ͣ͘ ͦ͋Ά͔ͭ͟ ˾͔͊ͭͦͪ͟ (i-ͭ·͚ ͔ͪ͊ͭͦͪ͟ ͼ͔͙ͨύ 
KS = ct.IdealGasReactor(gas) 
KS.volume = r_vol 
 
І ͔ͫͦ͒͊ͣ͘ ͔͔͍ͪͪͯ͊ͪ͘· ͒͡Ύ ͍ͻͦ͒͊ ͙ ͍·ͻͦ͒͊ 
upstream = ct.Reservoir(gas, name='upstream') 
downstream = ct.Reservoir(gas, name='downstream') 
 
# ͪ ͔͎ͯ͡Ύͭͦͪ· ͪ ͊ͫͻͦ͒͊  ͙͒ ͍͔͙͊ͤ͡Ύ 
m = ct.MassFlowController(upstream, KS, mdot=G) 
v = ct.PressureController(KS, downstream, master=m,K=1e-5) 
 
# ͣ ͔͙͍͙͔ͦ͒ͪͦ͊ͤ͡ PFR ͼ͔ͨΈΌ ͙  ͘2000 PSR 
sim2 = ct.ReactorNet([KS]) 
 
for n in range(n_steps): 
    gas.TDY = KS.thermo.TDY 
    upstream.syncState() 
    sim2.reinitialize() 
    sim2.advance_to_steady_state() 
     
gas() 

 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.9. 
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ʈʠʩʫʥʦʢ 4.9 ï ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, 

ʧʘʨʘʤʝʪʨʳ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

 



112 
 

4.2 ʈʘʩʯʝʪ ʚʳʙʨʦʩʦʚ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʥʘʟʝʤʥʦʡ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʠ 

 

4.2.1 ʀʩʩʣʝʜʫʝʤʘʷ ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ 

 

ʀʩʩʣʝʜʦʚʘʣʘʩʴ ʢʘʤʝʨʘ ʩʛʦʨʘʥʠʷ ʥʘʟʝʤʥʦʡ ʛʘʟʦʪʫʨʙʠʥʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ 

ʫʩʪʘʥʦʚʢʠ ɻʊʕ-10/953 ʥʦʤʠʥʘʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ 8 ʄɺʪ [37].  ɻʊʕ-10/953 ʩʦʟʜʘʥʘ 

ʥʘ ʙʘʟʝ ʚʳʩʦʢʦʥʘʜʝʞʥʦʛʦ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʪʠʧʘ ʈ-95ʐ. ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ 

ʧʨʠ ʢʦʥʚʝʨʪʠʨʦʚʘʥʠʠ ʘʚʠʘʮʠʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʚ ʥʘʟʝʤʥʫʶ ʫʩʪʘʥʦʚʢʫ ʙʳʣ ʧʝʨʝʚʦʜ 

ʨʘʙʦʪʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʞʠʜʢʦʛʦ ʪʦʧʣʠʚʘ ʥʘ ʧʨʠʨʦʜʥʳʡ ʛʘʟ ʩ ʦʙʝʩʧʝʯʝʥʠʝʤ 

ʪʨʝʙʦʚʘʥʠʡ ɻʆʉʊ 29328 ʧʦ ʜʦʧʫʩʪʠʤʦʤʫ ʩʦʜʝʨʞʘʥʠʶ ʦʢʩʠʜʦʚ ʘʟʦʪʘ NOx ʚ 

ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ (ʥʝ ʙʦʣʝʝ 50 ʤʛ/ʥʤ3). ʈʘʙʦʪʳ ʧʦ ʢʦʥʚʝʨʪʠʨʦʚʘʥʠʶ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʆʂɹ çʄʦʪʦʨè ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʢ.ʪ.ʥ. ɻʨʝʙʝʥʶʢʘ ɻ.ʇ. [37, 

10, 14, 43, 44]. 

ɼʦʚʦʜʢʘ ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʚʳʧʦʣʥʝʥʘ ʥʘ ʦʜʥʦʛʦʨʝʣʦʯʥʦʤ 

ʦʪʩʝʢʝ ʥʘ ʩʪʝʥʜʝ ʛʦʨʷʯʠʭ ʧʨʦʜʫʚʦʢ ʆʂɹ çʄʦʪʦʨè ʚ ʧʝʨʠʦʜ 2000-2001 ʛʛ. 

ʇʦʜʪʚʝʨʞʜʝʥʠʝ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʚʳʧʦʣʥʝʥʦ ʥʘ 

ʩʪʝʥʜʦʚʦʡ ʙʘʟʝ ɸʆ çɸʚʠʘʜʚʠʛʘʪʝʣʴè ʠʩʧʳʪʘʥʠʷʤʠ ʥʘ çʯʠʩʪʦʤè ʧʦʜʦʛʨʝʪʦʤ 

ʚʦʟʜʫʭʝ [37, 44]. ɺ ʭʦʜʝ ʨʘʙʦʪ ʦʧʨʝʜʝʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ: 

- ʧʦʣʥʦʪʘ ʩʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ (ɖʛ = f(Ŭ)); 

- ʧʦʪʝʨʠ ʧʦʣʥʦʛʦ ʜʘʚʣʝʥʠʷ; 

- ʨʘʜʠʘʣʴʥʘʷ ʠ ʦʢʨʫʞʥʘʷ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʛʘʟʦʚ ʥʘ 

ʚʳʭʦʜʝ; 

- ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʝʥʦʢ ʞʘʨʦʚʦʡ ʪʨʫʙʳ (ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʩ ʧʦʤʦʱʴʶ ʍɸ 

ʪʝʨʤʦʧʘʨ ʠ ʪʝʨʤʦʠʥʜʠʢʘʪʦʨʥʳʭ ʢʨʘʩʦʢ ʊʈ-10 ï ʩʤ. ʨʠʩʫʥʦʢ 4.10); 

- ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʥʘ ʚʳʭʦʜʝ (NOx, CO); 

- ʜʠʘʧʘʟʦʥ ʫʩʪʦʡʯʠʚʦʛʦ ʛʦʨʝʥʠʷ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ; 

- ʧʫʣʴʩʘʮʠʠ ʜʘʚʣʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 4.10 ï ɾʘʨʦʚʘʷ ʪʨʫʙʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ɻʊʕ-10/953 ʩ ʥʘʥʝʩʝʥʥʦʡ 

ʪʝʨʤʦʠʥʜʠʢʘʪʦʨʥʦʡ ʢʨʘʩʢʦʡ [13, 44] 

 

ʀʟʤʝʨʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʚʳʧʦʣʥʷʣʦʩʴ 

ʩ ʧʦʤʦʱʴʶ ʛʘʟʦʘʥʘʣʠʟʘʪʦʨʦʚ IMR 3010P ʠ Testo 350.  ʇʨʦʙʳ ʛʘʟʘ ʠʟ ʧʦʪʦʢʘ 

ʦʪʙʠʨʘʣʠʩʴ ʪʨʝʤʷ ʦʭʣʘʞʜʘʝʤʳʤʠ ʚʦʜʦʡ ʧʨʦʙʦʦʪʙʦʨʥʠʢʘʤʠ. ɺ ʩʪʝʥʢʝ 

ʧʨʦʙʦʦʪʙʦʨʥʠʢʘ ʠʤʝʣʦʩʴ ʧʷʪʴ ʦʪʚʝʨʩʪʠʡ, ʪ.ʝ. ʧʨʦʙʳ ʛʘʟʘ ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʦʪʙʠʨʘʣʠʩʴ ʚ 15 ʢʦʦʨʜʠʥʘʪʘʭ. ɸʥʘʣʠʟʠʨʫʝʤʳʡ ʛʘʟ ʧʦʜʘʚʘʣʩʷ ʚ ʧʨʠʙʦʨʳ 

ʧʦ ʦʙʦʛʨʝʚʘʝʤʦʤʫ ʪʨʫʙʦʧʨʦʚʦʜʫ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʪʝʥʢʠ ʧʦʨʷʜʢʘ 150 Áʉ.  

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ-ʨʘʩʯʝʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʳʙʨʘʥʘ 

ʢʦʥʩʪʨʫʢʮʠʷ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʦʧʪʠʤʘʣʴʥʳʤ ʟʘʢʦʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʘ ʊɺʉ 

ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ, ʦʙʝʩʧʝʯʠʚʰʠʤ ʫʩʪʦʡʯʠʚʦʝ ʛʦʨʝʥʠʝ ʩ ʚʳʩʦʢʦʡ ʧʦʣʥʦʪʦʡ 

ʩʛʦʨʘʥʠʷ ʥʘ ʨʘʙʦʯʠʭ ʨʝʞʠʤʘʭ (ɖɻ Ó 0,99) ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʡ ʧʨʠʚʝʜʝʥʥʦʡ ʩʢʦʨʦʩʪʠ 

ʚʦʟʜʫʭʘ ʥʘ ʚʭʦʜʝ ʚ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ ɚʂ=0,4. ʇʦʣʫʯʝʥʘ ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʢʩʠʜʦʚ ʘʟʦʪʘ 

ʚ ʧʨʦʜʫʢʪʘʭ ʩʛʦʨʘʥʠʷ, ʧʨʠ ʫʩʣʦʚʥʦʤ ʩʦʜʝʨʞʘʥʠʠ 15 % ʢʠʩʣʦʨʦʜʘ, [NOx] = 

38 ʤʛ/ʥʤ3. ʇʦʩʣʝʜʫʶʱʠʝ ʤʥʦʛʦʢʨʘʪʥʳʝ ʠʟʤʝʨʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʜʫʢʪʦʚ 

ʩʛʦʨʘʥʠʷ ɻʊɼ ʧʦʜʪʚʝʨʜʠʣʠ ʜʦʩʪʠʛʥʫʪʳʡ ʫʨʦʚʝʥʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʢʩʠʜʦʚ ʘʟʦʪʘ 

[NOx] Ò 50 ʤʛ/ʥʤ3. 

ɼʦʧʫʩʪʠʤʳʡ ʧʦ ɻʆʉʊ 29328 ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ NOx ʧʦʣʫʯʝʥ ʟʘ ʩʯʝʪ 

ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʩʞʠʛʘʥʠʷ ʪʦʧʣʠʚʘ ʧʦ ʢʦʥʮʝʧʮʠʠ çʙʦʛʘʪʦ-ʙʝʜʥʦʛʦè ʛʦʨʝʥʠʷ 

(RQL ï Rich-Quench-Lean) ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʊɺʉ. ʋʩʧʝʰʥʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʜʘʥʥʦʡ ʢʦʥʮʝʧʮʠʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʧʨʝʝʤʩʪʚʝʥʥʦʩʪʴ 
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ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʙʘʟʦʚʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʚ ʪʝʭ ʞʝ ʛʘʙʘʨʠʪʥʳʭ 

ʨʘʟʤʝʨʘʭ, ʠ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʫʩʪʦʡʯʠʚʦʛʦ ʛʦʨʝʥʠʷ. 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʜʥʦʛʦʨʝʣʦʯʥʦʛʦ ʦʪʩʝʢʘ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 4.11. ɾʘʨʦʚʘʷ ʪʨʫʙʘ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʩ 

ʧʝʨʠʬʝʨʠʡʥʳʤ ʟʘʚʠʭʨʠʪʝʣʝʤ, ʧʷʪʠ ʩʝʢʮʠʡ ʠ ʛʘʟʦʩʙʦʨʥʠʢʘ. ʌʦʨʩʫʥʢʘ ï 

ʦʜʥʦʢʦʥʪʫʨʥʘʷ ʩʦ ʩʪʨʫʡʥʦʡ ʧʦʜʘʯʝʡ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ. ʉʠʩʪʝʤʘ ʦʭʣʘʞʜʝʥʠʷ ï 

ʢʦʥʚʝʢʪʠʚʥʦ-ʧʣʝʥʦʯʥʘʷ.  

 

ʈʠʩʫʥʦʢ 4.11 - ʆʜʥʦʛʦʨʝʣʦʯʥʳʡ ʦʪʩʝʢ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ɻʊʕ-10/953 

 

ɺ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ ʦʙʝʩʧʝʯʝʥʦ 

ʩʞʠʛʘʥʠʝ ʦʩʥʦʚʥʦʡ ʤʘʩʩʳ ʪʦʧʣʠʚʘ ʢʦ ʚʪʦʨʦʤʫ ʨʷʜʫ ʦʪʚʝʨʩʪʠʡ ʟʘ ʩʯʝʪ ʠʥʪʝʥʩʠʚʥʦʛʦ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʊɺʉ ʩ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʢʠʩʣʝʥʠʷ, ʛʝʥʝʨʠʨʫʝʤʦʡ ʟʘʢʨʫʪʢʦʡ 

ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʧʝʨʠʬʝʨʠʡʥʳʤ ʟʘʚʠʭʨʠʪʝʣʝʤ [2]. ʅʘ ʨʠʩʫʥʢʝ 4.12 ʧʦʢʘʟʘʥʳ 

ʠʟʤʝʥʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ɿʆʊ ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʜʣʷ ʜʚʫʭ ʪʠʧʦʚ 

ʟʘʚʠʭʨʠʪʝʣʝʡ ï ʦʩʝʚʦʡ ʮʝʥʪʨʘʣʴʥʳʡ ʟʘʚʠʭʨʠʪʝʣʴ ʠ ʧʝʨʠʬʝʨʠʡʥʳʡ ʟʘʚʠʭʨʠʪʝʣʴ. 

ɺʠʜʥʦ, ʯʪʦ ʧʝʨʠʬʝʨʠʡʥʳʡ ʟʘʚʠʭʨʠʪʝʣʴ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚ ʟʦʥʝ ʛʦʨʝʥʠʷ ʙʦʣʴʰʫʶ ʥʘ ~ 

20 % ʧʣʦʱʘʜʴ ɿʆʊ. ʆʙʰʠʨʥʘʷ ɿʆʊ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʡ ʧʨʦʮʝʩʩ 

ʛʦʨʝʥʠʷ ʪʦʧʣʠʚʥʦʛʦ ʛʘʟʘ [10]. 
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ʈʠʩʫʥʦʢ 4.12 ï ɺʣʠʷʥʠʝ ʪʠʧʘ ʟʘʚʠʭʨʠʪʝʣʷ ʬʨʦʥʪʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʥʘ 

ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʧʣʦʱʘʜʴ ɿʆʊ [10] 

 

4.2.2 ʈʘʩʯʝʪ ʠ ʧʨʠʤʝʨ ʜʦʨʘʙʦʪʢʠ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʝʨʠʡʥʦʡ (ʠʩʭʦʜʥʦʡ) 

ʢʦʤʧʦʥʦʚʢʠ 

 

ʇʦ ʨʘʟʨʘʙʦʪʘʥʥʦʤʫ ʤʝʪʦʜʫ ʚʳʧʦʣʥʝʥʘ ʨʘʩʯʝʪʥʘʷ ʦʮʝʥʢʘ ʚʳʙʨʦʩʦʚ ʉʆ ʥʘ 

ʚʳʭʦʜʝ ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʠʩʭʦʜʥʦʡ ʢʦʤʧʦʥʦʚʢʠ ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʦʟʜʫʭʘ ʧʦ 

ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʝʨʠʡʥʦʡ ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ, ʢʝʨʦʩʠʥʦʚʘʷ 

ʬʦʨʩʫʥʢʘ ʟʘʤʝʥʝʥʘ ʥʘ ʛʘʟʦʚʫʶ. 

ʈʘʩʯʝʪ ʚʳʧʦʣʥʝʥ ʥʘ ʨʝʞʠʤʝ Ŭʢʩ = 3,93 (ʩʤ. ʪʘʙʣʠʮʫ 4.1). 

ʇʦʣʫʯʝʥʥʦʝ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʛʘʟʦʚ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.13 (ʤʘʪ. ʤʦʜʝʣʴ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʥʘʣʦʛʠʯʥʘ 

ʦʧʠʩʘʥʥʦʡ ʥʠʞʝ ʚ ʨʘʟʜʝʣʝ 4.2.3). ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 4.14. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʜʣʠʥʝ ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.15. ɼʘʥʥʳʝ ʧʦ 

ʨʘʩʯʝʪʫ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.1.  
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ʈʠʩʫʥʦʢ 4.13 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ (ʩʝʨʠʡʥʘʷ ʢʦʤʧʦʥʦʚʢʘ, 

Ŭʢʩ = 3,93) 

 

 

 

 

ʈʠʩʫʥʦʢ 4.14 ï ʈʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩʝʨʠʡʥʦʡ ʢʦʤʧʦʥʦʚʢʠ 
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ʈʠʩʫʥʦʢ 4.15 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ (Ŭ=3,93) 
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ʊʘʙʣʠʮʘ 4.1 - ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ (ʩʝʨʠʡʥʘʷ ʢʦʤʧʦʥʦʚʢʘ, ʨʝʞʠʤ 

Ŭ = 3,94, ʊʢ=460 ʂ, ʈ*ʢ=3,6 ʙʘʨ, ɚʢ=0,41) 

ɿʦʥʘ ʈʝʘʢʪʦʨ 
ʊʠʧ 

ʨʝʘʢʪʦʨʘ 

[CO], 

ʤʣʥ-1 

[NOx], 

ʤʣʥ-1 
Ŭ T, K Ű, ʤʩ g(i) 

ʬʨʦʥʪʦʚʦʝ 

ʫʩʪʨʦʡʩʪʚʦ 

ʇʃ.I 

PSR 

5,23Ŀ104 340 0,81 2172 1,56 0,0004 

ɹɼ.I 2363 147 2,30 1452 1,79 0,001 

ʇʃ.II  5,19Ŀ104 343 0,81 2173 1,56 0,0229 

ʆʉʅ.I 1,55Ŀ104 101 0,28 - 2,48 0,074 

ʇʃ.III  5,16Ŀ104 345 0,81 2174 1,56 0,0007 

ɿʆʊ 1,11Ŀ104 67 0,02 - 83,9 0,002 

ʩʝʢʮʠʷ 1 
ɹɼ.1 

PSR 
7871 17 2,06 1488 1,0 0,09 

ʆʉʅ.1 8287 55 0,55 - 1,9 0,13 

ʩʝʢʮʠʷ 2 
ɹɼ.2 PSR 1,26Ŀ104 18 2,03 1447 0,87 0,03 

ʆʉʅ.2 PFR 7705 38 0,88 1023 1,27 0,22 

ʩʝʢʮʠʷ 3 
ɹɼ.3 PSR 1,04Ŀ104 18 1,97 1499 0,47 0,38 

ʆʉʅ.3 PSR 3,77Ŀ104 340 0,88 2202 0,47 0,06 

ʩʝʢʮʠʷ 4 ʆʉʅ.4 PSR 6023 44 2,59 1323 0,38 0,66 

ʩʝʢʮʠʷ 5 ʆʉʅ.5 PSR 4238 32 3,56 1119 0,42 0,90 

ʛʘʟʦʩʙʦʨʥʠʢ ɻʉ PFR 3778 30 3,94 1062 0,98 1,0 
 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʦʚ ʧʦʣʫʯʝʥ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʚʳʙʨʦʩʦʚ ʉʆ ʥʘ ʚʳʭʦʜʝ 

ʠʟ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʦʣʥʦʪʝ ʩʛʦʨʘʥʠʷ ʪʦʧʣʠʚʘ ɖ = 0,89. ʕʪʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ (ʨʠʩʫʥʦʢ 4.16 [37]), ʛʜʝ ʧʦʣʥʦʪʘ ʩʛʦʨʘʥʠʷ ʩʦʩʪʘʚʠʣʘ 

ʧʦʨʷʜʢʘ ɖ å 0,87 (ʦʪʤʝʪʠʤ, ʯʪʦ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʝʥʳ ʩ ʫʩʣʦʚʠʝʤ ʧʦʜʚʦʜʘ çʯʠʩʪʦʛʦè 

ʚʦʟʜʫʭʘ ʚ ʢʘʤʝʨʫ ʩʛʦʨʘʥʠʷ, ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʦʜʦʛʨʝʚ ʚʦʟʜʫʭʘ ʩ 

ʧʦʤʦʱʴʶ ʛʘʟʦʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ). 

 
 - ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

ʈʠʩʫʥʦʢ 4.16 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʠ ʨʘʩʯʝʪʥʘʷ ʧʦʣʥʦʪʘ ʩʛʦʨʘʥʠʷ 
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ʈʘʩʩʤʦʪʨʠʤ ʨʝʘʢʪʦʨʥʫʶ ʤʦʜʝʣʴ ʠʩʭʦʜʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ ʧʦʟʠʮʠʠ 

ʫʤʝʥʴʰʝʥʠʷ ʚʳʙʨʦʩʦʚ ʉʆ ʠ ʧʦʚʳʰʝʥʠʷ ʧʦʣʥʦʪʳ ʩʛʦʨʘʥʠʷ.  

ɺʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ ʠ ʚ ʩʝʢʮʠʠ 1 ʠʤʝʶʪʩʷ ʟʦʥʳ ʩ ʯʨʝʟʤʝʨʥʦ çʙʦʛʘʪʦʡè 

ʛʦʨʶʯʝʡ ʩʤʝʩʴʶ, ʯʪʦ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ (ʩʤ. ʨʝʘʢʪʦʨʳ  

ʆʉʅI ʠ ʆʉʅ1 ʩ Ŭ = 0,28-0,55). 

ɺ ʩʝʢʮʠʠ 2 ʙʦʣʴʰʝʡ ʯʘʩʪʴʶ ʧʨʦʪʝʢʘʝʪ ʛʘʟ ʩ çʙʦʛʘʪʳʤè (Ŭ < 1) ʩʦʩʪʘʚʦʤ 

ʛʦʨʶʯʝʡ ʩʤʝʩʠ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʥʮʝʧʮʠʠ çʙʦʛʘʪʦ-ʙʝʜʥʦʡè ʤʘʣʦʵʤʠʩʩʠʦʥʥʦʡ 

ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. 

ɺ ʩʝʢʮʠʷʭ 3 ʠ 4 ʧʦʜʚʝʜʝʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʪʦʨʠʯʥʦʛʦ ʚʦʟʜʫʭʘ, ʯʪʦ 

ʧʨʠʚʝʣʦ ʢ ʯʨʝʟʤʝʨʥʦʤʫ çʦʙʝʜʥʝʥʠʶè ʛʦʨʶʯʝʡ ʩʤʝʩʠ ʠ ʥʝʵʬʬʝʢʪʠʚʥʦʤʫ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʦʙʲʝʤʦʚ ʵʪʠʭ ʟʦʥ. 

ɺ ʩʝʢʮʠʠ 5 ʠ ʛʘʟʦʩʙʦʨʥʠʢʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʦʩʪʘʪʢʠ ʚʪʦʨʠʯʥʦʛʦ ʚʦʟʜʫʭʘ 

ʩʤʝʰʠʚʘʶʪʩʷ ʩ ʛʘʟʦʤ, ʧʨʦʠʩʭʦʜʠʪ ʤʝʜʣʝʥʥʦʝ ʦʢʠʩʣʝʥʠʝ ʉʆ ʚ ʉʆ2, ʧʨʦʮʝʩʩʳ 

ʛʦʨʝʥʠʷ ʚʦ ʤʥʦʛʦʤ ʟʘʚʝʨʰʝʥʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʧʦʣʥʦʪʳ ʩʛʦʨʘʥʠʷ ʠ ʩʥʠʞʝʥʠʷ ʚʳʙʨʦʩʦʚ ʉʆ 

ʠʩʩʣʝʜʫʝʤʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʫʣʫʯʰʠʪʴ ʧʨʦʮʝʩʩʳ ʩʤʝʰʝʥʠʷ ʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʦʟʜʫʭʘ ʧʦ ʜʣʠʥʝ.  

ɼʣʷ ʧʨʠʤʝʨʘ, ʚʚʝʜʝʤ ʥʝʢʦʪʦʨʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʦʟʜʫʭʘ ʧʦ ʜʣʠʥʝ 

ʠ ʦʮʝʥʠʤ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ.  

ʇʝʨʝʥʘʧʨʘʚʠʤ 20 % ʚʦʟʜʫʭʘ ʠʟ ʩʝʢʮʠʡ 3 ʠ 4 ʚ ʩʝʢʮʠʶ 5. ʕʪʦ ʫʤʝʥʴʰʠʪ ʦʙʲʝʤ 

çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʚ ʩʝʢʮʠʠ 3 ʠ ʥʝʩʢʦʣʴʢʦ çʦʙʦʛʘʪʠʪè ʯʨʝʟʤʝʨʥʦ çʙʝʜʥʫʶè  (Ŭ = 

2,59) ʛʦʨʶʯʫʶ ʩʤʝʩʴ ʚ ʩʝʢʮʠʠ 4, ʯʪʦ ʜʦʣʞʥʦ ʧʨʠʚʝʩʪʠ ʢ ʧʦʚʳʰʝʥʠʶ ʧʦʣʥʦʪʳ 

ʩʛʦʨʘʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʚ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ, ʧʦʤʠʤʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʭʦʜʦʚ 

ʚʦʟʜʫʭʘ ʠ ʛʘʟʘ, ʧʦʪʨʝʙʫʝʪʩʷ ʪʘʢʞʝ ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʦʙʲʝʤʦʚ ʨʝʘʢʪʦʨʦʚ ɹɼ3 ʠ ʆʉʅ3 

(ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʠʟʤʝʥʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ 

ʧʦʜʚʦʜʠʤʦʛʦ ʨʘʙʦʯʝʛʦ ʪʝʣʘ). 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.2 (ʟʦʥʳ ʜʦ ʩʝʢʮʠʠ 3 ʥʝ ʧʦʢʘʟʘʥʳ 

ʪ.ʢ. ʚ ʥʠʭ ʥʝʪ ʠʟʤʝʥʝʥʠʡ). ɺʠʜʥʦ, ʯʪʦ ʨʘʩʯʝʪʥʳʝ ʚʳʙʨʦʩʳ ʉʆ ʟʥʘʯʠʪʝʣʴʥʦ 

ʩʥʠʟʠʣʠʩʴ (ʥʘ 45 %). 
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ʊʘʙʣʠʮʘ 4.2 - ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʜʦʨʘʙʦʪʘʥʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (ʨʝʞʠʤ Ŭ = 3,94, 

ʊʢ=460 ʂ, ʈ*ʢ=3,6 ʙʘʨ, ɚʢ=0,41) 

ɿʦʥʘ ʈʝʘʢʪʦʨ 
ʊʠʧ 

ʨʝʘʢʪʦʨʘ 
[CO], ʤʣʥ-1 

[NOx], 

ʤʣʥ-1 
Ŭ T, K Ű, ʤʩ g(i) 

ʩʝʢʮʠʷ 3 
ɹɼ.3 PSR 1,097Ŀ104 18 1,98 1492 0,46 0,31 

ʆʉʅ.3 PSR 3,74Ŀ104 349 0,88 2207 0,55 0,09 

ʩʝʢʮʠʷ 4 ʆʉʅ.4 PSR 4176 71 2,26 1450 0,39 0,58 

ʩʝʢʮʠʷ 5 ʆʉʅ.5 PSR 2368 46 3,56 1136 0,41 0,90 

ʛʘʟʦʩʙʦʨʥʠʢ ɻʉ PFR 2074 41 3,94 1077 0,96 1,0 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʧʨʠʤʝʥʠʤ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʧʦʣʥʦʪʳ ʩʛʦʨʘʥʠʷ ʠ ʩʥʠʞʝʥʠʷ ʚʳʙʨʦʩʦʚ ʉʆ ʚ ʢʦʤʧʣʝʢʩʥʦʤ ʧʨʦʮʝʩʩʝ 

ʩʦʟʜʘʥʠʷ ʢʘʤʝʨ ʩʛʦʨʘʥʠʷ ɻʊɼ.  

 

4.2.3 ʈʝʟʫʣʴʪʘʪʳ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʡ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ 

 

ʊʨʝʭʤʝʨʥʘʷ ʨʘʩʯʝʪʥʘʷ ʤʦʜʝʣʴ ʠʩʩʣʝʜʫʝʤʦʡ ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʡ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 4.17. 

 

ʈʠʩʫʥʦʢ 4.17 ï ʊʨʝʭʤʝʨʥʘʷ ʨʘʩʯʝʪʥʘʷ ʤʦʜʝʣʴ ʠʩʩʣʝʜʫʝʤʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ 

 

ʊʨʝʭʤʝʨʥʦʝ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ 

ANSYS CFX v.16.1.  

ʄʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ - SST (Shear Stress Transport). ʄʦʜʝʣʴ ʣʫʯʠʩʪʦʛʦ 

ʪʝʧʣʦʦʙʤʝʥʘ - Discrete Transfer, ʩʧʝʢʪʨʘʣʴʥʘʷ ʤʦʜʝʣʴ ï Weighted Sum of Gray Gases. 

ɻʦʨʝʥʠʝ ʤʦʜʝʣʠʨʦʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ EDM (Eddy Dissipation Model) ʠ 
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ʛʣʦʙʘʣʴʥʦʛʦ ʜʚʫʭʰʘʛʦʚʦʛʦ ʤʝʭʘʥʠʟʤʘ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʦʢʠʩʣʝʥʠʷ 

ʤʝʪʘʥʘ [97]. 

ʊʵʪʨʘʵʜʨʠʯʝʩʢʘʷ ʨʘʩʯʝʪʥʘʷ ʩʝʪʢʘ ʧʦʩʪʨʦʝʥʘ ʚ ANSYS Meshing ʠ ʩʦʩʪʦʠʪ ʠʟ 

13,5 ʤʣʥ ʵʣʝʤʝʥʪʦʚ. 

ʈʝʞʠʤʳ ʨʘʙʦʪʳ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ, ʜʣʷ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʝʥʦ CFD 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.3. 

ʊʘʙʣʠʮʘ 4.3 ï ʈʘʩʯʝʪʥʳʝ ʨʝʞʠʤʳ 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

Ŭʢʩ 2,7 3,93 4,81 5,47 

ʊ*
ʢ, ʂ 469 460 463 453 

ʨ*
ʢ, ʄʇʘ 0,515 0,398 0,471 0,375 

ɚʢ 0,357 0,405 0,412 0,446 
 

ʈʘʩʯʝʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʢʪʦʨʦʚ ʩʢʦʨʦʩʪʝʡ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʦʚ ʥʘ 

ʨʝʞʠʤʘʭ Ŭ = 2,7 ʠ Ŭ = 5,5 ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 4.18, 4.19 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 
ʘ 

 
ʙ 

ʈʠʩʫʥʦʢ 4.18 - ʈʘʩʯʝʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʢʪʦʨʦʚ ʩʢʦʨʦʩʪʝʡ: 

ʘ ï ʨʝʞʠʤ Ŭ = 2,7; ʙ ï ʨʝʞʠʤ Ŭ = 5,5 
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ʘ 
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ʈʠʩʫʥʦʢ 4.19 - ʈʘʩʯʝʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʦʚ: 

ʘ ï ʨʝʞʠʤ Ŭ = 2,7; ʙ ï ʨʝʞʠʤ Ŭ = 5,5 

 

ʀʟ ʨʠʩʫʥʢʦʚ ʚʠʜʥʦ, ʯʪʦ ʜʚʫʢʨʘʪʥʦʝ ʬʦʨʩʠʨʦʚʘʥʠʝ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʩ Ŭ=5,5 

ʜʦ Ŭ=2,7 ʧʨʠʚʝʣʦ ʢ ʠʟʤʝʥʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ ʠ ʛʦʨʝʥʠʷ ʛʘʟʦʚ ʚ ʠʩʩʣʝʜʫʝʤʦʡ 

ʢʘʤʝʨʝ ʩʛʦʨʘʥʠʷ.  

ʉʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʚʳʙʨʦʩʦʚ ʉʆ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠʚʝʜʝʥʦ 

ʥʘ ʨʠʩʫʥʢʝ 4.20. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʨʘʩʯʝʪʥʳʝ ʚʳʙʨʦʩʳ ʤʦʥʦʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ 

ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʚ CFD 

ʤʦʜʝʣʠ ʛʦʨʝʥʠʷ EDM ʩ ʛʣʦʙʘʣʴʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ. 
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- ʵʢʩʧʝʨʠʤʝʥʪ 

- ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʣʠʥʠʷ ʪʨʝʥʜʘ 

- CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

 

ʈʠʩʫʥʦʢ 4.20 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʯʝʪʥʳʝ (CFD) ʚʳʙʨʦʩʳ ʤʦʥʦʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ ʠʟ ʠʩʩʣʝʜʫʝʤʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ (ʧʨʠ 15 % ʆ2 ʚ çʩʫʭʠʭè ʧʨʦʜʫʢʪʘʭ 

ʩʛʦʨʘʥʠʷ) 

 

 

4.2.4 ʈʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʨʘʩʯʝʪʘ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ 

 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʧʦ ʧʨʝʜʣʘʛʘʝʤʦʤʫ ʤʝʪʦʜʫ ʨʝʘʢʪʦʨʥʳʝ ʤʦʜʝʣʠ 

ʢʦʥʚʝʨʪʠʨʦʚʘʥʥʦʡ ʢʘʤʝʨʳ ʩʛʦʨʘʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.21. 

ʅʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʝʘʢʪʦʨʥʳʝ ʤʦʜʝʣʠ ʜʣʷ çʙʝʜʥʳʭè ʨʝʞʠʤʦʚ (Ŭ = 3,9-5,5) 

ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʤʦʜʝʣʠ ʜʣʷ çʙʦʛʘʪʦʛʦè ʨʝʞʠʤʘ (Ŭ = 2,7). ʕʪʦ ʩʚʷʟʘʥʦ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʛʦʨʝʥʠʷ ʧʨʠ ʜʚʫʢʨʘʪʥʦʤ ʫʤʝʥʴʰʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʪʦʧʣʠʚʘ 

ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʙʣʶʜʝʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʧʨʠʥʮʠʧʦʚ 

ʧʦʩʪʨʦʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʨʝʘʢʪʦʨʥʦʡ 

ʤʦʜʝʣʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʝʘʛʝʥʪʦʚ ʚ ʢʘʤʝʨʝ 

ʩʛʦʨʘʥʠʷ. 
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ʈʠʩʫʥʦʢ 4.21 - ʈʘʩʯʝʪʥʳʝ ʩʝʯʝʥʠʷ ʠ ʨʝʘʢʪʦʨʥʳʝ ʤʦʜʝʣʠ ʠʩʩʣʝʜʫʝʤʦʡ ʢʘʤʝʨʳ 

ʩʛʦʨʘʥʠʷ: 

ʘ ï ʨʘʩʯʝʪʥʳʝ ʩʝʯʝʥʠʷ; ʙ ï ʨʝʞʠʤ Ŭ = 2,7; ʚ ï ʨʝʞʠʤʳ Ŭ = 3,9; 4,8; 5,5 

 

ʅʘ ʩʭʝʤʝ ʨʝʘʢʪʦʨʳ ʠʜʝʘʣʴʥʦʛʦ ʩʤʝʰʝʥʠʷ PSR ʦʙʦʟʥʘʯʝʥʳ ʦʢʨʫʞʥʦʩʪʷʤʠ, 

ʨʝʘʢʪʦʨʳ ʠʜʝʘʣʴʥʦʛʦ ʚʳʪʝʩʥʝʥʠʷ PFR ʧʨʷʤʦʫʛʦʣʴʥʠʢʘʤʠ. ʄʘʨʢʠʨʦʚʢʠ ɺ ʠ ʊ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʜʚʦʜʘʤ ʚʦʟʜʫʭʘ ʠ ʪʦʧʣʠʚʘ, ʇʃ ï ʟʦʥʘ ʧʣʘʤʝʥʠ (ʟʦʥʘ ʧʣʘʤʝʥʠ 

ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʝʥʘ ʥʘ ʪʨʠ ʟʦʥʳ), ɹɼ ï çʙʝʜʥʘʷè ʩʪʨʫʡʢʘ, ɹɻ ï çʙʦʛʘʪʘʷè ʩʪʨʫʡʢʘ 

(ʟʦʥʘ), ʆʉʅ ï ʦʩʥʦʚʥʦʡ ʧʦʪʦʢ, ɿʆʊ ï ʟʦʥʘ ʦʙʨʘʪʥʳʭ ʪʦʢʦʚ, ɻʉ ï ʛʘʟʦʩʙʦʨʥʠʢ. ɺ 

ʤʘʨʢʠʨʦʚʢʘʭ ʨʝʘʢʪʦʨʦʚ ʧʦʩʣʝ ʪʦʯʢʠ ʫʢʘʟʳʚʘʝʪʩʷ ʧʦʨʷʜʢʦʚʳʡ ʥʦʤʝʨ ʧʦ 
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ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʢ ʬʨʦʥʪʦʚʦʤʫ ʫʩʪʨʦʡʩʪʚʫ ï ʨʠʤʩʢʠʝ ʮʠʬʨʳ, ʣʠʙʦ ʧʦ 

ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʢ ʩʝʢʮʠʷʤ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ï ʘʨʘʙʩʢʠʝ ʮʠʬʨʳ. 

ʆʪʤʝʪʠʤ ʥʝʢʦʪʦʨʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ: 

- çʙʝʜʥʘʷè ʩʪʨʫʡʢʘ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ ʬʦʨʤʠʨʫʝʪʩʷ ʛʘʟʦʤ ʦʪ ʟʦʥʳ 

ʧʣʘʤʝʥʠ ʠ ʚʦʟʜʫʭʦʤ; 

- ʠʥʪʝʥʩʠʚʥʦʝ ʩʤʝʰʝʥʠʝ ʚ ʩʝʢʮʠʠ 1 ʤʦʜʝʣʠʨʫʶʪʩʷ ʩ ʜʦʧʫʱʝʥʠʝʤ, ʯʪʦ ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩʤʝʰʠʚʘʶʪʩʷ ʩʪʨʫʠ ʛʘʟʘ ʟʘ ʬʨʦʥʪʦʚʳʤ ʫʩʪʨʦʡʩʪʚʦʤ, ʟʘʪʝʤ 

ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʰʝʥʠʝ ʛʘʟʦʚ ʩ ʦʩʥʦʚʥʳʤ ʠ ʦʭʣʘʞʜʘʶʱʠʤ ʚʦʟʜʫʭʦʤ; 

- ʧʦʩʣʝ ʧʦʜʚʦʜʘ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʦʩʥʦʚʥʦʛʦ ʚʦʟʜʫʭʘ çʙʝʜʥʘʷè 

ʩʪʨʫʡʢʘ ʚʳʨʦʞʜʘʝʪʩʷ ʠ ʦʪʜʝʣʴʥʦ ʥʝ ʤʦʜʝʣʠʨʫʝʪʩʷ ï ʚʝʩʴ ʧʦʪʦʢ ʩʪʘʥʦʚʠʪʩʷ 

çʙʝʜʥʳʤè; 

- ʚʚʠʜʫ ʯʨʝʟʤʝʨʥʦ çʙʦʛʘʪʦʡè ʩʤʝʩʠ ʚʦ ʬʨʦʥʪʦʚʦʤ ʫʩʪʨʦʡʩʪʚʝ ʥʘ ʨʝʞʠʤʝ Ŭ = 

2,7 ʧʦʪʨʝʙʦʚʘʣʦʩʴ ʦʪʜʝʣʴʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ çʙʦʛʘʪʫʶè ʩʪʨʫʡʢʫ ɹɻ, ʠʩʭʦʜʷ ʠʟ 

ʫʩʪʦʡʯʠʚʦʛʦ ʨʦʟʞʠʛʘ ʨʝʘʢʪʦʨʘ ʆʉʅ.I.   

ɺ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʜʦʧʫʩʢʘʝʪʩʷ ʥʝʙʦʣʴʰʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʩʭʦʜʦʚ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʛʦ (ʧʦʣʫʯʝʥʥʦʛʦ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ) ʜʣʷ 

ʧʦʜʜʝʨʞʘʥʠʷ ʛʦʨʝʥʠʷ ʚ çʙʝʜʥʳʭè ʩʪʨʫʡʢʘʭ (ʨʝʘʢʪʦʨʳ ʤʦʜʝʣʠʨʫʶʱʠʝ çʙʝʜʥʳʝè 

ʩʪʨʫʡʢʠ ʙʣʠʟʢʠ ʢ ʛʨʘʥʠʮʝ ʩʨʳʚʘ ʧʣʘʤʝʥʠ). ʊʘʢ, ʥʘ ʨʝʞʠʤʘʭ Ŭ =2,7, Ŭ =3,9 ʠ Ŭ =5,5 

ʦʪ ʨʝʘʢʪʦʨʘ ʆʉʅ.1 ʦʪʙʠʨʘʝʪʩʷ ʥʝʙʦʣʴʰʘʷ ʯʘʩʪʴ ʛʘʟʘ ʚ ʨʝʘʢʪʦʨ ɹɼ.1 (ʥʝ ʧʦʢʘʟʘʥʦ ʥʘ 

ʩʭʝʤʝ). ʇʨʠ ʵʪʦʤ ʨʘʩʭʦʜ ʛʘʟʘ ʚ çʙʝʜʥʦʤè ʨʝʘʢʪʦʨʝ ɹɼ.1 ʦʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ 

ʠʟʤʝʥʠʣʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ï ʚ ʧʨʝʜʝʣʘʭ 0,7-2,8 %.  

ʊʘʢʞʝ ʦʪʜʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʪʨʝʙʫʶʪ ʨʝʘʢʪʦʨʳ ɹɼ.4 (ʨʠʩ. 4.21ʙ) ʠ ɹɼ.2 (ʨʠʩ. 

4.21ʚ). ɿʜʝʩʴ ʩʣʦʞʥʘʷ ʢʘʨʪʠʥʘ ʩʤʝʰʝʥʠʷ ï ʨʝʘʢʪʦʨʳ ʬʦʨʤʠʨʫʝʪʩʷ ʪʨʝʤʷ ʧʦʪʦʢʘʤʠ: 

ʦʭʣʘʞʜʘʶʱʠʡ ʚʦʟʜʫʭ; ʯʘʩʪʴ ʛʘʟʘ ʦʪ ʧʨʝʜʳʜʫʱʝʡ çʙʝʜʥʦʡè ʩʪʨʫʡʢʠ ʠ ʯʘʩʪʴ ʛʘʟʘ ʦʪ 

ʧʨʝʜʳʜʫʱʝʛʦ ʦʩʥʦʚʥʦʛʦ ʧʦʪʦʢʘ. ɺ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʧʦʪʨʝʙʦʚʘʣʘʩʴ 

ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʭʦʜʦʚ ʤʝʞʜʫ ʪʨʝʤʷ ʧʦʪʦʢʘʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʠʩʭʦʜʥʦʛʦ, ʪʘʢ ʯʪʦʙʳ ʚʳʜʝʨʞʘʪʴ ʪʨʝʙʫʝʤʳʡ ʩʦʩʪʘʚ ʛʘʟʘ ʚ çʙʝʜʥʦʡè ʩʪʨʫʡʢʝ. ʇʨʠ 

ʵʪʦʤ ʧʦʩʣʝ ʢʦʨʨʝʢʪʠʨʦʚʦʢ ʨʘʩʭʦʜ ʛʘʟʘ ʚ çʙʝʜʥʳʭè ʩʪʨʫʡʢʘʭ ʠʟʤʝʥʠʣʩʷ ʥʝ ʙʦʣʝʝ ʯʝʤ 

ʥʘ 10 %. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʧʫʩʢʘʝʪʩʷ ʣʦʢʘʣʴʥʘʷ ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʨʘʩʭʦʜʦʚ, ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʨʘʩʭʦʜ ʛʘʟʘ ʚ çʙʝʜʥʳʭè ʩʪʨʫʡʢʘʭ ʠʟʤʝʥʷʝʪʩʷ ʥʝ ʙʦʣʝʝ 

ʯʝʤ ~ 10 % ʦʪ ʠʩʭʦʜʥʦʛʦ ʠ ʩʦʩʪʘʚ ʩʤʝʩʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʊ = 1450Ñ50 K. ʆʙʲʝʤʳ 

çʙʝʜʥʳʭè ʠ ʦʩʥʦʚʥʳʭ ʩʪʨʫʝʢ (ʨʝʘʢʪʦʨʦʚ) ï ʙʝʟ ʠʟʤʝʥʝʥʠʡ.  

ʈʘʩʯʝʪʳ ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ ʚʳʧʦʣʥʝʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʜʝʪʘʣʴʥʦʛʦ 

ʤʝʭʘʥʠʟʤʘ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʠ ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʥʘ GRI-Mech 3.0 (53 ʢʦʤʧʦʥʝʥʪʘ 

ʠ 325 ʨʝʘʢʮʠʡ). 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʥʘ ʨʝʞʠʤʘʭ Ŭ=2,7 ʠ Ŭ=5,5 ʧʨʠʚʝʜʝʥʳ 

ʚ ʪʘʙʣʠʮʘʭ 4.4, 4.5. 

 

ʊʘʙʣʠʮʘ 4.4 - ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ (ʨʝʞʠʤ Ŭ=2,7, ʊʢ=469 ʂ, 

ʈ*ʢ = 0,515 ʄʇʘ, ɚʢ = 0,36) 

ɿʦʥʘ ʈʝʘʢʪʦʨ 
ʊʠʧ 

ʨʝʘʢʪʦʨʘ 

[CO], 

ʤʣʥ-1 

[NOx], 

ʤʣʥ-1 
Ŭ T, K Ű, ʤʩ g(i) 

ʬʨʦʥʪʦʚʦʝ 

ʫʩʪʨʦʡʩʪʚʦ 

ʇʃ.I 

PSR 

5,92Ŀ104 176 0,78 2132 0,58 0,006 

ɹɼ.I 5002 101 2,33 1421 0,82 0,018 

ʇʃ.II  5,93Ŀ104 183 0,78 2136 0,57 0,022 

ʆʉʅ.I 1,52Ŀ104 47 0,19 825 1,2 0,080 

ʇʃ.III  5,91Ŀ104 177 0,78 2133 0,58 0,002 

ɿʆʊ 2,5Ŀ104 73 0,06 - 35,0 0,004 

ʆʉʅ.II  6,97Ŀ104 39 0,68 2039 2,2 0,030 

ɹɻ 1,58Ŀ104 48 0,18 - 1,8 0,075 

ʩʝʢʮʠʷ 1 
ɹɼ.1 

PSR 
9989 14 2,05 1473 1,0 0,109 

ʆʉʅ.1 1,93Ŀ104 30 0,43 933 1,5 0,153 

ʩʝʢʮʠʷ 2 ʆʉʅ.2 PFR 1,49Ŀ104 22 0,70 1114 1,3 0,274 

ʩʝʢʮʠʷ 3 
ɹɼ.3 

PSR 
1,13Ŀ104 39 2,0 1486 0,5 0,335 

ʆʉʅ.3 5,01Ŀ104 284 0,82 2179 0,35 0,203 

ʩʝʢʮʠʷ 4 
ɹɼ.4 PFR 1232 50 2,26 1486 0,53 0,111 

ʆʉʅ.4 PFR 449 181 1,27 2087 0,37 0,417 

ʩʝʢʮʠʷ 5 ʆʉʅ.5 PSR 175 93 2,40 1442 0,41 0,885 

ʛʘʟʦʩʙʦʨʥʠʢ ɻʉ PFR 81 83 2,72 1345 0,96 1,000 
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ʊʘʙʣʠʮʘ 4.5 - ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ (ʨʝʞʠʤ Ŭ = 5,5, 

ʊʢ=453 ʂ, ʈ*ʢ=0,375 ʄʇʘ, ɚʢ=0,45) 

ɿʦʥʘ ʈʝʘʢʪʦʨ 
ʊʠʧ 

ʨʝʘʢʪʦʨʘ 
[CO], ʤʣʥ-1 

[NOx], 

ʤʣʥ-1 
Ŭ T, K Ű, ʤʩ g(i) 

ʬʨʦʥʪʦʚʦʝ 

ʫʩʪʨʦʡʩʪʚʦ 

ʇʃ.I 

PSR 

4,28Ŀ104 394 0,85 2191 1,1 0,008 

ɹɼ.I 2,73Ŀ103 164 2,35 1425 1,36 0,022 

ʇʃ.II  4,32Ŀ104 393 0,85 2190 1,1 0,019 

ʆʉʅ.I 4,66Ŀ104 381 0,83 2182 0,83 0,052 

ʇʃ.III  4,33Ŀ104 392 0,85 2189 1,1 0,006 

ɿʆʊ 1,29Ŀ104 65 0,07 - 12,8 0,015 

ʩʝʢʮʠʷ 1 
ɹɼ.1 

PSR 
1,26Ŀ104 67 2,13 1399 0,79 0,204 

ʆʉʅ.1 5,74Ŀ104 80 0,55 1811 0,56 0,059 

ʩʝʢʮʠʷ 2 
ɹɼ.2 PSR 3593 65 2,27 1448 0,82 0,108 

ʆʉʅ.2 PFR 1539 151 1,17 2175 0,48 0,164 

ʩʝʢʮʠʷ 3 ʆʉʅ.3 PSR 757 64 2,79 1306 0,45 0,513 

ʩʝʢʮʠʷ 4 ʆʉʅ.4 PFR 552 61 2,89 1283 0,44 0,531 

ʩʝʢʮʠʷ 5 ʆʉʅ.5 PSR 321 37 4,87 976 0,44 0,887 

ʛʘʟʦʩʙʦʨʥʠʢ ɻʉ PFR 279 33 5,50 921 1,02 1,000 

 

ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʪʘʙʣʠʮʘʤ 4.4, 4.5 ʥʫʞʥʦ ʦʪʤʝʪʠʪʴ ʩʣʝʜʫʶʱʝʝ: 

- ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ ʛʦʨʶʯʝʡ ʩʤʝʩʠ Ű ʨʘʩʩʯʠʪʘʥʦ ʧʦ ʧʣʦʪʥʦʩʪʠ ʛʦʨʷʯʠʭ 

ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ; 

- ʜʣʷ ʨʝʘʢʪʦʨʦʚ ʪʠʧʘ PFR ʧʘʨʘʤʝʪʨʳ [CO], [NOx] ʠ T ʫʢʘʟʘʥʳ ʥʘ ʚʳʭʦʜʝ ʠʟ 

ʨʝʘʢʪʦʨʘ; 

- ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ çʚʣʘʞʥʳʭè ʧʨʦʜʫʢʪʦʚ ʩʛʦʨʘʥʠʷ ʙʝʟ 

ʧʨʠʚʝʜʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʉʆ ʠ NOx ʢ ʩʪʘʥʜʘʨʪʥʳʤ 15 % ʆ2. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʦʚ ʚʠʜʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʉʆ, ʚ ʟʦʥʘʭ 

ʙʣʠʟʢʠʭ ʢ ʟʘʚʝʨʰʝʥʠʶ ʛʦʨʝʥʠʷ, ʷʚʣʷʶʪʩʷ çʙʝʜʥʳʝè ʩʪʨʫʡʢʠ ʊɺʉ (ʩʤ. ʩʝʢʮʠʶ 4 ʥʘ 

ʨʝʞʠʤʝ Ŭ=2,7 ʠ ʩʝʢʮʠʶ 2 ʥʘ ʨʝʞʠʤʝ Ŭ=5,5). 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʘ 

ʨʝʘʢʪʦʨʥʳʭ ʤʦʜʝʣʝʡ ʠ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʘʭ 4.22 ʠ 4.23. 

ʆʩʨʝʜʥʝʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʦ ʤʘʩʩʦʚʦʤʫ ʨʘʩʭʦʜʫ (ʧʘʨʘʤʝʪʨʳ ʥʝʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʩʝʯʝʥʠʷʤ). ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠʟʙʳʪʢʘ ʚʦʟʜʫʭʘ Ŭ ʧʦ 

ʨʝʘʢʪʦʨʥʦʡ ʤʦʜʝʣʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʧʦ CFD ʤʦʜʝʣʠʨʦʚʘʥʠʶ. 
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- ʨʝʘʢʪʦʨʥʘʷ ʤʦʜʝʣʴ;  - CFD ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʈʠʩʫʥʦʢ 4.22 ï ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʜʣʠʥʝ ʞʘʨʦʚʦʡ ʪʨʫʙʳ (Ŭ=2,7) 

 












































