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ʄʦʩʢʚʘ, 30 ʠʶʥʷ ï 04 ʠʶʣʷ 2025 ʛ. 

 

ʋɼʂ 621.3.038.8 
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1 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʕʀè, ʈʦʩʩʠʷ, 

111250, ʄʦʩʢʚʘ, ʂʨʘʩʥʦʢʘʟʘʨʤʝʥʥʘʷ ʫʣ., 14, E-mail: zverevpg@mpei.ru 
2 ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈɸʅ, ʈʦʩʩʠʷ, 

119991, ʄʦʩʢʚʘ, ɺʘʚʠʣʦʚʘ ʫʣ., 38, E-mail: zverev@lst.gpi.ru  

 

ʄʅʆɻʆɺʆʃʅʆɺɸʗ ɻɽʅɽʈɸʎʀʗ ʅɽʆɼʀʄʆɺʓʍ ʃɸɿɽʈʆɺ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʄʥʦʛʦʚʦʣʥʦʚʳʝ ʣʘʟʝʨʳ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʝ 

ʙʣʘʛʦʜʘʨʷ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ ʠʭ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪ ʤʦʥʠʪʦʨʠʥʛ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʩʦʟʜʘʥʠʝ ʣʠʜʘʨʦʚ, ʛʝʥʝʨʘʮʠʶ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʦʧʪʠʯʝʩʢʫʶ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʶ. ʊʘʢʠʝ ʣʘʟʝʨʳ ʜʘʶʪ ʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥʥʦʝ ʧʦ ʚʨʝʤʝʥʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʫ 

ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʜʚʫʭ, ʪʨʝʭ ʠʣʠ ʙʦʣʝʝ ʜʣʠʥʘʭ ʚʦʣʥ, ʠʩʧʦʣʴʟʫʷ ʪʦʣʴʢʦ ʦʜʠʥ ʘʢʪʠʚʥʳʡ 

ʵʣʝʤʝʥʪ. ɺ ʨʘʙʦʪʝ ʩʦʟʜʘʥ ʤʥʦʛʦʚʦʣʥʦʚʦʡ ʣʘʟʝʨ ʥʘ ʦʩʥʦʚʝ ʘʥʠʟʦʪʨʦʧʥʦʡ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ 

Nd3+:YAlO3, ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʜʚʫʭ ʠ ʪʨʝʭ ʜʣʠʥʘʭ ʚʦʣʥ 1064, 1073 ʠ 1079 ʥʤ. ʇʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʟʦʪʨʦʧʥʦʛʦ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ Nd3+:Y3Al5O12 ʩʦʟʜʘʥ ʣʘʟʝʨ ʩ ʧʝʨʝʢʣʶʯʘʝʤʳʤ 

ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʜʚʫʭ ʜʣʠʥʘʭ ʚʦʣʥ ʠʟ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 1319-1444 ʥʤ. ʈʘʩʩʤʦʪʨʝʥʳ 

ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʫʧʨʘʚʣʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʳʤʠ ʧʦʪʝʨʷʤʠ ʚ ʦʧʪʠʯʝʩʢʦʤ 

ʨʝʟʦʥʘʪʦʨʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʥʦʛʦʚʦʣʥʦʚʦʛʦ ʣʘʟʝʨʘ. 

 

ʊɺɽʈɼʆʊɽʃʔʅʓʁ ʃɸɿɽʈ; ʄʅʆɻʆɺʆʃʅʆɺɸʗ ɻɽʅɽʈɸʎʀʗ; ʅɽʆɼʀʄʆɺʓʁ ʃɸɿɽʈ; 

ɼʀʆɼʅɸʗ ʅɸʂɸʏʂɸ; ʉʇɽʂʊʈɸʃʔʅʆ-ʉɽʃɽʂʊʀɺʅʓɽ ʇʆʊɽʈʀ  

 

ɺɺɽɼɽʅʀɽ 

 

ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ, ʢʦʤʧʘʢʪʥʳʭ, ʤʥʦʛʦʚʦʣʥʦʚʳʭ ʣʘʟʝʨʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʙʣʠʞʥʝʤ 

ʠʥʬʨʘʢʨʘʩʥʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʧʨʠʚʣʝʢʘʝʪ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʠʟ-ʟʘ ʰʠʨʦʢʦʛʦ 

ʩʧʝʢʪʨʘ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ [1-3]. ʕʪʠ ʣʘʟʝʨʳ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [4], ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʯʘʩʪʦʪʳ [5], ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ [6], ʚ ʤʝʜʠʮʠʥʝ [7], ʜʣʷ ʦʧʪʠʯʝʩʢʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 

ʧʦʪʦʢʦʚ ʯʘʩʪʠʮ [8, 9]. ʄʥʦʛʦʦʙʨʘʟʠʝ ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʚ 

ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʦʤ ʜʠʘʧʘʟʦʥʝ ʥʘʭʦʜʷʪʩʷ ʦʩʥʦʚʥʳʝ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ ʚʦʜʳ, 

ʘʪʤʦʩʬʝʨʥʳʭ ʛʘʟʦʚ, ʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʃʘʟʝʨʳ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʘʶʱʠʝ ʢʦʛʝʨʝʥʪʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʜʚʫʭ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪʘʭ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤʠ ʠ ʚʨʝʤʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʤʦʛʫʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʫʪʝʤ ʥʝʣʠʥʝʡʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʛʝʥʝʨʘʮʠʠ ʨʘʟʥʦʩʪʥʦʡ ʯʘʩʪʦʪʳ (ɻʈʏ) [10]. ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʠʟʣʫʯʝʥʠʷ ʜʚʫʭʚʦʣʥʦʚʦʛʦ ʣʘʟʝʨʘ ʚ ʪʝʨʘʛʝʨʮʦʚʦʝ ʚ ʧʨʦʮʝʩʩʝ ɻʈʏ ʧʦʚʳʰʘʝʪʩʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʟʣʫʯʝʥʠʷ ʚ ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʂʨʦʤʝ ʵʪʦʛʦ, ʤʥʦʛʠʝ ʥʝʣʠʥʝʡʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʜʣʷ ɻʈʏ ʧʨʦʟʨʘʯʥʳ ʚ ʵʪʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ [11]. ʇʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʢʘ 

ʤʦʱʥʳʭ ʠʤʧʫʣʴʩʥʳʭ ʣʘʟʝʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʜʚʫʭ ʠ ʙʦʣʝʝ ʜʣʠʥʘʭ ʚʦʣʥ ʚ 

ʙʣʠʞʥʝʡ ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʣʘʟʝʨʥʦʡ ʬʠʟʠʢʠ. 
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ɼʚʫʭ ʠ ʤʥʦʛʦʚʦʣʥʦʚʘʷ ʛʝʥʝʨʘʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʛʦ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʣʘʟʝʨʘ 

ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ, ʝʩʣʠ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʧʨʠ ʧʦʣʥʦʤ ʦʙʭʦʜʝ ʨʝʟʦʥʘʪʦʨʘ ʦʜʠʥʘʢʦʚ ʜʣʷ 

ʠʟʣʫʯʝʥʠʷ ʩ ʨʘʟʥʳʤʠ ʜʣʠʥʘʤʠ ʚʦʣʥ. ɼʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʚ ʣʘʟʝʨʝ ʩ 

ʘʥʠʟʦʪʨʦʧʥʳʤ ʘʢʪʠʚʥʳʤ ʵʣʝʤʝʥʪʦʤ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʧʝʢʪʨʘʣʴʥʦ ʩʝʣʝʢʪʠʚʥʳʝ ʩʚʷʟʘʥʥʳʝ 

ʨʝʟʦʥʘʪʦʨʳ ʩ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʡ ʨʘʟʚʷʟʢʦʡ, ʧʦʣʷʨʠʟʫʶʱʠʝ ʵʣʝʤʝʥʪʳ ʠʣʠ ʬʘʟʦʚʳʝ ʧʣʘʩʪʠʥʢʠ 

[12, 13]. ɺ ʨʝʟʦʥʘʪʦʨʝ ʩ ʠʟʦʪʨʦʧʥʳʤ ʘʢʪʠʚʥʳʤ ʵʣʝʤʝʥʪʦʤ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʘʢʪʠʚʥʳʤʠ ʠ 

ʧʘʩʩʠʚʥʳʤʠ ʧʦʪʝʨʷʤʠ ʚ ʨʝʟʦʥʘʪʦʨʝ, ʠʟʤʝʥʷʷ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʚʳʭʦʜʥʦʛʦ ʟʝʨʢʘʣʘ, 

ʠʩʧʦʣʴʟʫʷ ʩʧʝʢʪʨʘʣʴʥʦ ʩʝʣʝʢʪʠʚʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ [14, 15], ʚʢʣʶʯʘʷ ʜʠʩʧʝʨʩʠʦʥʥʳʝ 

ʧʨʠʟʤʳ ʠʣʠ ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʵʪʘʣʦʥʳ ʌʘʙʨʠ-ʇʝʨʦ ʪʦʣʱʠʥʦʡ ʚ ʩʦʪʥʠ ʤʠʢʨʦʥ [16].  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʚʦʟʤʦʞʥʦʩʪʝʡ ʩʦʟʜʘʥʠʷ ʤʥʦʛʦʚʦʣʥʦʚʳʭ ʥʝʦʜʠʤʦʚʳʭ 

ʣʘʟʝʨʦʚ ʠ ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ ʠʭ ʨʝʘʣʠʟʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʩʧʝʢʪʨʘʣʴʥʦ ʩʝʣʝʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʝ ʬʘʟʦʚʫʶ ʧʣʘʩʪʠʥʢʫ, ʜʠʩʧʝʨʩʠʦʥʥʫʶ ʧʨʠʟʤʫ, 

ʵʪʘʣʦʥ ʌʘʙʨʠ-ʇʝʨʦ. ɺ ʣʘʟʝʨʝ ʩ ʘʥʠʟʦʪʨʦʧʥʦʡ ʘʢʪʠʚʥʦʡ ʩʨʝʜʦʡ Nd3+:YAlO3 ʠ ʬʘʟʦʚʦʡ 

ʧʣʘʩʪʠʥʢʦʡ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʪʨʝʭʚʦʣʥʦʚʘʷ ʥʝʧʨʝʨʳʚʥʘʷ ʛʝʥʝʨʘʮʠʷ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 1064, 1073 ʠ 

1079 ʥʤ. ʇʝʨʝʢʣʶʯʘʝʤʘʷ ʜʚʫʭʚʦʣʥʦʚʘʷ ʛʝʥʝʨʘʮʠʷ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚ ʣʘʟʝʨʝ ʩ ʜʠʦʜʥʦʡ ʥʘʢʘʯʢʦʡ 

ʥʘ ʢʨʠʩʪʘʣʣʝ Nd3+:YAG ʩ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʡ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʨʠʟʤʦʡ ʥʘ ʜʚʫʭ ʩʦʩʝʜʥʠʭ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ ʩʧʝʢʪʨʘ ʫʩʠʣʝʥʠʷ ʠʦʥʦʚ Nd3+ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1319 ʜʦ 1444 ʥʤ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʩʧʝʢʪʨʘʣʴʥʦ ʩʝʣʝʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʛʦ ʵʪʘʣʦʥʘ 

ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʤʦʱʥʦʝ ʠʤʧʫʣʴʩʥʦʝ ʪʨʝʭʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ Nd3+:YAG ʣʘʟʝʨʘ ʥʘ ʜʣʠʥʘʭ 

ʚʦʣʥ 1319, 1338 ʠ 1356 ʥʤ. ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʢʦʥʪʨʦʣʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ 

ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʡ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʨʠʟʤʳ, ʪʚʝʨʜʦʪʝʣʴʥʦʛʦ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʠ ʬʘʟʦʚʦʡ ʧʣʘʩʪʠʥʢʠ.  

 

ʀʆʅʓ ʅɽʆɼʀʄɸ ɼʃʗ ʄʅʆɻʆɺʆʃʅʆɺʓʍ ʃɸɿɽʈʆɺ 

 

ʀʦʥ Nd3+ ʷʚʣʷʝʪʩʷ ʠʟʚʝʩʪʥʳʤ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʣʘʟʝʨʥʦ-ʘʢʪʠʚʥʳʤ ʠʦʥʦʤ, ʥʘ ʦʩʥʦʚʝ 

ʢʦʪʦʨʦʛʦ ʩʦʟʜʘʥʦ ʙʦʣʴʰʠʥʩʪʚʦ ʵʬʬʝʢʪʠʚʥʳʭ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʣʘʟʝʨʦʚ, ʤʥʦʛʠʝ ʠʟ ʢʦʪʦʨʳʭ ʚ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʫʶʪ ʵʬʬʝʢʪʠʚʥʫʶ ʥʘʢʘʯʢʫ ʣʘʟʝʨʥʳʤʠ ʜʠʦʜʘʤʠ. ʄʥʦʛʦʚʦʣʥʦʚʘʷ 

ʣʘʟʝʨʥʘʷ ʛʝʥʝʨʘʮʠʷ ʥʘ ʠʦʥʘʭ Nd3+ ʚʦʟʤʦʞʥʘ ʩ ʙʦʣʴʰʠʤ ʯʘʩʪʦʪʥʳʤ ʩʜʚʠʛʦʤ ʧʨʠ ʧʝʨʝʭʦʜʘʭ ʩ 

ʚʝʨʭʥʝʛʦ ʣʘʟʝʨʥʦʛʦ ʫʨʦʚʥʷ 4F3/2 ʥʘ ʨʘʟʣʠʯʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ: 
4I9/2, 

4I11/2, 
4I13/2 ʠ ʩ ʤʘʣʳʤ ʯʘʩʪʦʪʥʳʤ ʩʜʚʠʛʦʤ ʧʨʠ ʧʝʨʝʭʦʜʘʭ ʥʘ ʨʘʟʥʳʝ ʰʪʘʨʢʦʚʩʢʠʝ ʧʦʜʫʨʦʚʥʠ ʫʨʦʚʥʝʡ 
4I11/2 ʠ 

4I13/2. ʈʘʟʣʠʯʠʷ ʩʝʯʝʥʠʡ ʫʩʠʣʝʥʠʷ ʜʣʷ ʵʪʠʭ ʧʝʨʝʭʦʜʦʚ ʥʝʙʦʣʴʰʦʝ ʠ ʦʥʦ ʤʦʞʝʪ ʙʳʪʴ 

ʩʢʦʤʧʝʥʩʠʨʦʚʘʥʦ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʳʤʠ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʤʠ ʧʦʪʝʨʷʤʠ. ʇʦʣʦʞʝʥʠʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʝʯʝʥʠʷ ʫʩʠʣʝʥʠʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʝʨʝʭʦʜʘʭ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʣʠʷʥʠʝʤ ʣʦʢʘʣʴʥʦʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʣʷ ʣʘʟʝʨʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʘʢʪʠʚʥʳʡ 

ʠʦʥ. ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʩʧʝʢʪʨʘʭ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʦʪʜʝʣʴʥʳʝ ʣʠʥʠʠ ʵʤʠʩʩʠʠ ʤʦʛʫʪ 

ʫʰʠʨʷʪʴʩʷ ʠ ʧʝʨʝʢʨʳʚʘʪʴʩʷ ʤʝʞʜʫ ʩʦʙʦʡ, ʦʙʨʘʟʫʷ ʦʙʱʠʡ ʩʧʝʢʪʨ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʰʠʨʦʢʠʭ ʧʦʣʦʩ 

ʩ ʫʟʢʠʤʠ ʧʠʢʘʤʠ.  

ʉʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʦʥʦʚ Nd3+ ʚ ʢʨʠʩʪʘʣʣʘʭ ʥʘ ʧʝʨʝʭʦʜʝ 4F3/2 Ą 4I11/2 ʩʦʩʪʦʠʪ ʠʟ 12 

ʣʠʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʝʨʝʭʦʜʘʤ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʰʪʘʨʢʦʚʩʢʠʤʠ ʧʦʜʫʨʦʚʥʷʤʠ: ʜʚʫʤ 

ʧʦʜʫʨʦʚʥʷʤ ʚʝʨʭʥʝʛʦ ʣʘʟʝʨʥʦʛʦ ʫʨʦʚʥʷ 4F3/2 (R1, R2) ʠ ʰʝʩʪʠ ʢʦʤʧʦʥʝʥʪʘʤ ʥʠʞʥʝʛʦ ʫʨʦʚʥʷ 
4I11/2 (Y1-Y6). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʝʪʩʷ ʩʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʟ 12 ʣʠʥʠʡ, ʥʘ ʢʦʪʦʨʳʭ 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʦʜʥʦ- ʠ ʤʥʦʛʦʚʦʣʥʦʚʫʶ ʛʝʥʝʨʘʮʠʶ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 1,04-1,12 ʤʢʤ. 

ʅʘ ʨʠʩʫʥʢʝ 1(ʘ) ʧʦʢʘʟʘʥ ʩʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʦʥʦʚ Nd3+ ʚ ʢʨʠʩʪʘʣʣʝ YAG, ʥʘʠʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʥʳʝ ʧʠʢʠ ʢʦʪʦʨʦʛʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ R2 Ą Y1 (1), R1 Ą Y1 (2), R2 Ą Y2 (3), 

R2 Ą Y3 (4), R2 Ą Y4 (5), R1 Ą Y3 (6) ʠ R1 Ą Y4 (7), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʣʠʥʘʤ ʚʦʣʥ 1052, 

1054, 1062, 1064, 1068, 1071, ʠ 1074 ʥʤ [17]. 

ʉʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʦʥʦʚ Nd3+ ʧʨʠ ʧʝʨʝʭʦʜʝ 4F3/2 Ą 4I13/2 ʩʦʩʪʦʠʪ ʠʟ 14 ʣʠʥʠʡ, 

ʧʦʩʢʦʣʴʢʫ ʝʩʪʴ ʜʚʘ ʧʦʜʫʨʦʚʥʷ ʚʝʨʭʥʝʛʦ ʣʘʟʝʨʥʦʛʦ ʫʨʦʚʥʷ 4F3/2 (R1, R2) ʠ ʩʝʤʴ ʧʦʜʫʨʦʚʥʝʡ 

ʥʠʞʥʝʛʦ ʣʘʟʝʨʥʦʛʦ ʫʨʦʚʥʷ 4I11/2 (X1-X7). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʛʝʥʝʨʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,3 ʜʦ 1,45 ʤʢʤ. ʅʘ ʨʠʩ. 1(ʙ) ʧʦʢʘʟʘʥ ʩʧʝʢʪʨ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠʦʥʦʚ 

Nd3+ ʚ ʢʨʠʩʪʘʣʣʝ YAG ʥʘ ʧʝʨʝʭʦʜʝ 4F3/2 Ą 4I11/2. ʀʥʪʝʥʩʠʚʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ 
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R2 Ą ʍ1 (8), R2 Ą ʍ3 (9), R1 Ą ʍ4 (10), R2 Ą ʍ6 (11), R1 Ą ʍ6 (12) ʠ R1 Ą ʍ7 (13) ʩ 

ʜʣʠʥʘʤʠ ʚʦʣʥ 1319, 1338, 1356, 1415, 1432, ʠ 1444 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [17]. ɿʥʘʯʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʧʠʢʘʭ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʩʝʯʝʥʠʡ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘ ʵʪʠʭ ʧʝʨʝʭʦʜʘʭ [18].  

 

 
ʈʠʩ. 1. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʠʦʥʦʚ Nd3+ ʚ ʢʨʠʩʪʘʣʣʝ YAG ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʜʠʘʧʘʟʦʥʝ 1,04-1,09 ʤʢʤ 

(ʘ) ʠ 1,31-1,47 ʤʢʤ (ʙ) ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʣʘʟʝʨʥʳʤ ʜʠʦʜʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʛʝʥʝʨʘʮʠʠ 808 ʥʤ 

 

ʀʟ ʨʠʩ. 1 ʩʣʝʜʫʝʪ, ʯʪʦ ʢʨʠʩʪʘʣʣ Nd3+:YAG ʠʤʝʝʪ ʦʜʥʫ ʜʦʤʠʥʠʨʫʶʱʫʶ ʣʠʥʠʶ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘ ʧʝʨʝʭʦʜʝ 4F3/2 Ą 4I11/2 ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1064 ʥʤ. ʅʘ ʧʝʨʝʭʦʜʝ 
4F3/2 Ą 4I13/2 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʚʝ ʛʨʫʧʧʳ ʣʠʥʠʡ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʤʥʦʛʦʚʦʣʥʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 1,04-1,09 ʤʢʤ ʥʝʦʙʭʦʜʠʤʦ ʚʚʝʩʪʠ 

ʚʳʩʦʢʠʝ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʳʝ ʧʦʪʝʨʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1064 ʥʤ, ʯʪʦʙʳ ʧʦʜʘʚʠʪʴ ʚʳʩʦʢʦʝ 

ʫʩʠʣʝʥʠʝ ʥʘ ʵʪʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ʠ ʫʨʘʚʥʷʪʴ ʝʛʦ ʩ ʫʩʠʣʝʥʠʝʤ ʥʘ ʜʨʫʛʠʭ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪʘʭ, ʯʪʦ ʙʫʜʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʥʠʞʝʥʠʶ ʦʙʱʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʘʢʦʛʦ ʣʘʟʝʨʘ. ʆʜʥʘʢʦ, 

ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 1,3-1,45 ʤʢʤ ʤʥʦʛʦʚʦʣʥʦʚʘʷ ʛʝʥʝʨʘʮʠʷ Nd3+:YAG ʣʘʟʝʨʘ ʤʦʞʝʪ 

ʙʳʪʴ ʜʦʚʦʣʴʥʦ ʣʝʛʢʦ ʧʦʣʫʯʝʥʘ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʧʦʪʝʨʷʤʠ ʥʘ ʩʧʝʢʪʨʘʣʴʥʫʶ ʩʝʣʝʢʮʠʶ.  

ʄʥʦʛʦʚʦʣʥʦʚʘʷ ʛʝʥʝʨʘʮʠʷ Nd-ʣʘʟʝʨʦʚ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 1,04-1,09 ʤʢʤ 

ʚʦʟʤʦʞʥʘ ʚ ʘʢʪʠʚʥʦʤ ʵʣʝʤʝʥʪʝ ʠʟ ʘʥʠʟʦʪʨʦʧʥʦʡ ʤʘʪʨʠʮʳ, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʘʤʝʪʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ ʨʘʟʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ. ʆʜʥʦʡ ʠʟ ʪʘʢʠʭ ʩʨʝʜ 

ʷʚʣʷʝʪʩʷ ʘʥʠʟʦʪʨʦʧʥʳʡ ʢʨʠʩʪʘʣʣ Nd3+:YAlO3, ʚʳʨʝʟʘʥʥʳʡ ʚʜʦʣʴ ʦʩʠ b, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʚ ʣʘʟʝʨʘʭ, ʛʝʥʝʨʠʨʫʶʱʠʭ ʧʦʣʷʨʠʟʦʚʘʥʥʦʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1079 ʥʤ [19]. 

ʇʦʣʷʨʠʟʦʚʘʥʥʳʝ ʩʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʥʝʤ ʥʘ ʧʝʨʝʭʦʜʝ 4F3/2 Ą 4I11/2 ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 2. 

ʇʠʢʠ ʣʠʥʠʡ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʭʦʜʘʤ R1 Ą Y1 ʠ R2 Ą Y3 (1), R1 Ą Y2 (2), R1 Ą Y2 ʠ 

R2 Ą Y3 (3), R2 Ą Y5 (4), R2 Ą ʋ6 (5) ʠ R1 Ą ʋ4 (6), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʣʠʥʘʤ ʚʦʣʥ 1064, 

1073, 1079, 1084, 1091, ʠ 1092 ʥʤ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʩʝʯʝʥʠʝ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ 

ʜʣʠʥʝ ʚʦʣʥʳ 1079 ʥʤ ʜʣʷ ʠʟʣʫʯʝʥʠʷ, ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʚʜʦʣʴ ʦʩʠ a. ʉʝʯʝʥʠʝ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1073 ʥʤ ʤʝʥʴʰʝ, ʯʝʤ ʥʘ 1079 ʥʤ. ɼʣʷ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʣʷʨʠʟʘʮʠʝʡ ʚʜʦʣʴ ʦʩʠ ʩ, 

ʧʠʢʦʚʦʝ ʩʝʯʝʥʠʝ ʥʘ 1064 ʥʤ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʴʰʝ, ʯʝʤ ʥʘ 1079 ʠ 1073 ʥʤ. ʀʟʤʝʥʝʥʠʝ ʩʝʯʝʥʠʡ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ ʧʦʚʦʨʦʪʝ ʧʦʣʷʨʠʟʘʮʠʠ ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʬʘʟʦʚʦʡ 

ʧʣʘʩʪʠʥʢʠ ʦʪ ʦʩʠ ʘ ʢ ʦʩʠ ʩ ʧʦʟʚʦʣʷʝʪ ʚʳʙʨʘʪʴ ʧʦʣʷʨʠʟʘʮʠʶ, ʢʦʛʜʘ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʚ 

ʘʢʪʠʚʥʦʤ ʵʣʝʤʝʥʪʝ ʙʫʜʝʪ ʦʜʠʥʘʢʦʚʳʤ ʜʣʷ ʜʚʫʭ ʠʣʠ ʪʨʝʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ, ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʚʦʟʤʦʞʥʘ ʤʥʦʛʦʚʦʣʥʦʚʘʷ ʛʝʥʝʨʘʮʠʷ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 1064, 1073 ʠ 1079 ʥʤ. 

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʦʜʠʤʦʚʦʡ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʤʥʦʛʦʚʦʣʥʦʚʫʶ ʣʘʟʝʨʥʫʶ ʛʝʥʝʨʘʮʠʶ. ʆʜʥʘʢʦ, ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 

1,04-1,1 ʤʢʤ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʥʠʟʦʪʨʦʧʥʳʝ ʤʘʪʨʠʮʳ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ 

ʠʟʤʝʥʝʥʠʝʤ ʩʧʝʢʪʨʘ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʩ ʨʘʟʥʳʤʠ ʧʦʣʷʨʠʟʘʮʠʷʤʠ. ʀʟʦʪʨʦʧʥʳʡ 

ʢʨʠʩʪʘʣʣ Nd3+:YAG ʭʦʨʦʰʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʥʦʛʦʚʦʣʥʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 1,3-1,45 ʤʢʤ. 

ʙ ʘ 
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ʈʠʩ. 2. ʉʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʠʦʥʦʚ Nd3+ ʚ ʘʥʠʟʦʪʨʦʧʥʦʤ ʢʨʠʩʪʘʣʣʝ YAlO3, ʚʳʨʝʟʘʥʥʦʤ ʚʜʦʣʴ ʦʩʠ b ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʣʠʥ ʚʦʣʥ 1,06-1,1 ʤʢʤ ʜʣʷ ʧʦʣʷʨʠʟʘʮʠʡ, ʧʘʨʘʣʣʝʣʴʥʳʭ ʦʩʠ ʘ ʠ ʦʩʠ ʩ, ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʣʘʟʝʨʥʳʤ ʜʠʦʜʦʤ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ 808 ʥʤ 

 

ʊɽʆʈʀʗ ʄʅʆɻʆɺʆʃʅʆɺʆʁ ʃɸɿɽʈʅʆʁ ɻɽʅɽʈɸʎʀʀ 

 

ʀʩʧʦʣʴʟʫʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʝ ʛʝʥʝʨʘʮʠʠ ʪʚʝʨʜʦʪʝʣʴʥʦʛʦ ʣʘʟʝʨʘ ʩ ʜʠʦʜʥʦʡ 

ʥʘʢʘʯʢʦʡ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʧʣʦʩʢʠʭ ʚʦʣʥ, ʨʘʩʩʤʘʪʨʠʚʘʷ ʩʪʘʮʠʦʥʘʨʥʳʡ ʩʣʫʯʘʡ ʠ ʨʘʚʥʦʤʝʨʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ, ʯʪʦ ʫʩʣʦʚʠʝʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʤʥʦʛʦʚʦʣʥʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʷʚʣʷʝʪʩʷ ʨʘʚʝʥʩʪʚʦ 

ʧʦʨʦʛʦʚʳʭ ʟʥʘʯʝʥʠʡ ʥʘʢʘʯʢʠ ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ Pi. ɿʥʘʯʝʥʠʝ Pi ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [20]:  
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ʛʜʝ ɖLD - ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʣʘʟʝʨʥʳʭ ʜʠʦʜʦʚ, ɖabs ï ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʚ ʘʢʪʠʚʥʦʤ 

ʵʣʝʤʝʥʪʝ, hɜp ï ʵʥʝʨʛʠʷ ʬʦʪʦʥʦʚ ʥʘʢʘʯʢʠ, † ï ʚʨʝʤʷ ʞʠʟʥʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʚʝʨʭʥʝʤ 
ʣʘʟʝʨʥʦʤ ʫʨʦʚʥʝ, ůi ï ʩʝʯʝʥʠʝ ʚʳʥʫʞʜʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ i-ʦʡ ʩʧʝʢʪʨʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ, ɖi ï 

ʢʚʘʥʪʦʚʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʣʷ ʥʝʝ, l ï ʜʣʠʥʘ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ, R1 ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ 

ʛʣʫʭʦʛʦ ʟʝʨʢʘʣʘ, ʘ Ri ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʨʘʞʝʥʠʷ ʚʳʭʦʜʥʦʛʦ ʟʝʨʢʘʣʘ ʜʣʷ i-ʦʡ ʢʦʤʧʦʥʝʥʪʳ ʠ Li ï 

ʧʦʪʝʨʠ ʟʘ ʜʚʦʡʥʦʡ ʦʙʭʦʜ ʨʝʟʦʥʘʪʦʨʘ ʜʣʷ ʥʝʸ.  

ʀʟ (1) ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʥʦʛʦʚʦʣʥʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʚʳʨʦʚʥʷʪʴ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʩʠʣʝʥʠʷ ʟʘ ʜʚʦʡʥʦʡ ʦʙʭʦʜ ʨʝʟʦʥʘʪʦʨʘ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪʘʭ, ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʨʘʚʝʥʩʪʚʫ ʧʦʨʦʛʦʚʳʭ ʟʥʘʯʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʘʯʢʠ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʥʘ ʵʪʠʭ ʜʣʠʥʘʭ ʚʦʣʥ. ɼʣʷ ʜʚʫʭʚʦʣʥʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʥʫʞʥʦ ʯʪʦʙʳ ʦʪʥʦʰʝʥʠʝ 

ʧʦʨʦʛʦʚʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ɔ, ʢʦʪʦʨʦʝ ʨʘʚʥʦ: 
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ʨʘʚʥʷʣʦʩʴ ʝʜʠʥʠʮʝ. ʀʟ ʫʨʘʚʥʝʥʠʷ (2) ʚʠʜʥʦ, ʯʪʦ ʦʪʥʦʰʝʥʠʝ ʧʦʨʦʛʦʚʦʡ ʤʦʱʥʦʩʪʠ ʥʘʢʘʯʢʠ 

ʤʦʞʝʪ ʙʳʪʴ ʩʢʦʤʧʝʥʩʠʨʦʚʘʥʦ ʣʠʙʦ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʩʝʯʝʥʠʷ ʛʝʥʝʨʘʮʠʠ si, ʣʠʙʦ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʠʟʤʝʥʝʥʠʝʤ ʘʢʪʠʚʥʳʭ ʠʣʠ ʧʘʩʩʠʚʥʳʭ ʧʦʪʝʨʴ ʚ ʨʝʟʦʥʘʪʦʨʝ. ɸʢʪʠʚʥʳʤʠ 

ʧʦʪʝʨʷʤʠ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʚʳʙʦʨʦʤ ʜʠʭʨʦʠʯʥʳʭ ʟʝʨʢʘʣ ʨʝʟʦʥʘʪʦʨʘ. ʇʘʩʩʠʚʥʳʝ ʧʦʪʝʨʠ 

ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ ʧʫʪʝʤ ʫʩʪʘʥʦʚʢʠ ʚ ʨʝʟʦʥʘʪʦʨ ʣʘʟʝʨʘ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʜʠʩʧʝʨʩʠʦʥʥʘʷ ʧʨʠʟʤʘ, ʬʘʟʦʚʘʷ ʧʣʘʩʪʠʥʢʘ ʠʣʠ ʵʪʘʣʦʥ ʌʘʙʨʠ-ʇʝʨʦ. 
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ɺʅʋʊʈʀʈɽɿʆʅɸʊʆʈʅʓɽ ʉʇɽʂʊʈɸʃʔʅʆ-ʉɽʃɽʂʊʀɺʅʓɽ ʕʃɽʄɽʅʊʓ ɼʃʗ 

ʋʇʈɸɺʃɽʅʀʗ ʂʆʕʌʌʀʎʀɽʅʊʆʄ ʋʉʀʃɽʅʀʗ  

 

ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʘʩʩʠʚʥʳʤʠ ʧʦʪʝʨʷʤʠ ʚ ʤʥʦʛʦʚʦʣʥʦʚʦʤ ʣʘʟʝʨʝ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʪʠʧ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʢʨʝʪʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ 

ʣʘʟʝʨʫ. ʄʥʦʛʦʚʦʣʥʦʚʦʡ ʣʘʟʝʨ ʤʦʞʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʠʟʣʫʯʝʥʠʷ ʢʘʢ ʩ ʤʘʣʦʡ, ʪʘʢ ʠ ʩ ʙʦʣʴʰʦʡ 

ʨʘʟʥʠʮʝʡ ʯʘʩʪʦʪ. ʉʧʝʢʪʨʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʤʦʛʫʪ ʠʤʝʪʴ ʦʜʠʥʘʢʦʚʫʶ ʠʣʠ ʨʘʟʥʳʝ 

ʧʦʣʷʨʠʟʘʮʠʠ. ʅʘʧʨʘʚʣʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ, ʢʘʢ ʦʜʠʥʘʢʦʚʳʤ, ʪʘʢ ʠ ʨʘʟʥʳʤ. 

ʇʨʘʚʠʣʴʥʳʡ ʚʳʙʦʨ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʤʥʦʛʦʚʦʣʥʦʚʦʡ 

ʣʘʟʝʨ ʩ ʪʨʝʙʫʝʤʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

 

ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʧʨʠʟʤʘ 

 

ɼʠʩʧʝʨʩʠʦʥʥʫʶ ʧʨʠʟʤʫ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ, ʢʦʛʜʘ ʪʨʝʙʫʝʪʩʷ ʧʦʣʫʯʠʪʴ ʜʚʫʭʚʦʣʥʦʚʦʝ 

ʠʟʣʫʯʝʥʠʝ ʩ ʙʦʣʴʰʦʡ ʨʘʟʥʠʮʝʡ ʯʘʩʪʦʪ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʫʛʣʦʚʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʠʤʤʝʪʨʠʯʥʦʡ 

60-ʪʠ ʛʨʘʜʫʩʥʦʡ ʧʨʠʟʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ: 
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ʟʜʝʩʴ n - ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʧʨʠʟʤʳ. ʋʨʘʚʥʝʥʠʝ (3) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʫʛʣʦʚʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʟʘʚʠʩʠʪ ʦʪ ʜʠʩʧʝʨʩʠʠ ʤʘʪʝʨʠʘʣʘ ʧʨʠʟʤʳ ʥʘ ʛʝʥʝʨʠʨʫʶʱʠʭ ʜʣʠʥʘʭ ʚʦʣʥ. ɼʣʷ 

ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʦʢʦʣʦ 1 ʤʢʤ ʫʛʣʦʚʘʷ ʜʠʩʧʝʨʩʠʷ ʧʨʠʟʤʳ ʠʟ ʧʣʘʚʣʝʥʦʛʦ ʢʚʘʨʮʘ ʙʫʜʝʪ 

ʩʦʩʪʘʚʣʷʪʴ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 1,7Ŀ10-2 ʤʈʘʜ/ʥʤ. ʅʝʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʫʛʣʦʚʦʡ ʜʠʩʧʝʨʩʠʠ 

ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʳʝ ʧʦʪʝʨʠ ʚ ʨʝʟʦʥʘʪʦʨʝ ʜʣʷ ʜʣʠʥ ʚʦʣʥ ʩ 

ʨʘʟʥʠʮʝʡ ʥʝ ʤʝʥʝʝ 10 ʥʤ. ɼʠʩʧʝʨʩʠʷ ʧʣʘʚʣʝʥʦʛʦ ʢʚʘʨʮʘ ʚ ʙʣʠʞʥʝʡ ʠʥʬʨʘʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ 

ʩʥʠʞʘʝʪʩʷ, ʧʦʵʪʦʤʫ ʚ ʦʙʣʘʩʪʠ 1,5 ʤʢʤ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝʣʴʟʷ.  

ɺʨʘʱʝʥʠʝ ʧʨʠʟʤʳ ʠʣʠ ʟʝʨʢʘʣʘ ʨʝʟʦʥʘʪʦʨʘ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʢʣʶʯʘʪʴ ʜʣʠʥʫ ʚʦʣʥʳ 

ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʠʟ-ʟʘ ʤʘʣʦʡ ʫʛʣʦʚʦʡ ʜʠʩʧʝʨʩʠʠ ʠ ʢʦʥʝʯʥʦʡ 

ʨʘʩʭʦʜʠʤʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʚ ʚʳʭʦʜʥʦʤ ʧʫʯʢʝ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʣʠʯʥʦ. 

 

ɺʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʡ ʧʦʣʷʨʠʟʘʪʦʨ 

 

ɺ ʘʥʠʟʦʪʨʦʧʥʦʡ ʘʢʪʠʚʥʦʡ ʩʨʝʜʝ ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʥʳʤ ʜʣʷ 

ʠʟʣʫʯʝʥʠʷ ʩ ʨʘʟʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ, ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʡ 

ʧʦʣʷʨʠʟʘʪʦʨ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʥʘ ʜʚʘ ʢʘʥʘʣʘ ʛʝʥʝʨʘʮʠʠ ʩ ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʝʡ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʥʝʟʘʚʠʩʠʤʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʧʦʪʝʨʠ ʚ ʢʘʞʜʦʤ ʠʟ ʥʠʭ [16]. ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʘʟʦʚʫʶ ʧʣʘʩʪʠʥʢʫ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʦʪʝʨʷʤʠ ʠʟʣʫʯʝʥʠʷ ʩ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ [12]. 

 

ʀʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ-ʇʝʨʦ 

 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʠʟʤʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʠʤʝʝʪ ʙʦʣʴʰʫʶ ʫʛʣʦʚʫʶ ʜʠʩʧʝʨʩʠʶ, ʨʘʚʥʫʶ:  
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ʟʜʝʩʴ ɗ ï ʵʪʦ ʫʛʦʣ ʥʘʢʣʦʥʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ. ʆʜʥʘʢʦ, ʨʘʙʦʪʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʦʛʨʘʥʠʯʝʥʘ 

ʦʙʣʘʩʪʴʶ ʩʚʦʙʦʜʥʦʡ ʜʠʩʧʝʨʩʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʥʘʣʦʞʝʥʠʝʤ ʨʘʟʥʳʭ ʧʦʨʷʜʢʦʚ ʠʥʪʝʨʬʝʨʝʥʮʠʠ.  

ʋʩʪʘʥʦʚʢʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʚ ʨʝʟʦʥʘʪʦʨ ʧʨʠʚʦʜʠʪ ʢ ʩʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʳʤ 

ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʤ ʧʦʪʝʨʷʤ, ʧʦʩʢʦʣʴʢʫ ʜʣʠʥʘ ʚʦʣʥʳ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʧʨʦʧʫʩʢʘʥʠʝʤ 
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ʵʪʘʣʦʥʘ ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ɗ, ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʟʝʨʢʘʣʘʤʠ L ʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

ʩʨʝʜʳ n ʚʥʫʪʨʠ ʥʝʛʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

 

max

2 cosL n

q

q
l

Ö Ö Ö
= ,       (5) 

 

ʛʜʝ q ï ʧʦʨʷʜʦʢ ʠʥʪʝʨʬʝʨʝʥʮʠʠ. ʆʧʪʠʤʘʣʴʥʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʛʦ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʷʚʣʷʝʪʩʷ ʪʦʥʢʘʷ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʘʷ ʧʣʘʩʪʠʥʘ, ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʠʟ ʤʘʪʝʨʠʘʣʘ ʩ 

ʚʳʩʦʢʠʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʬʨʝʥʝʣʝʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ 

ʦʪ ʝʛʦ ʛʨʘʥʝʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʘʪʦʯʥʫʶ ʩʧʝʢʪʨʘʣʴʥʫʶ ʠʟʙʠʨʘʪʝʣʴʥʦʩʪʴ. ʂʦʵʬʬʠʮʠʝʥʪ 

ʧʨʦʧʫʩʢʘʥʠʷ T ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʣʠʥʝ ʚʦʣʥʳ ɚ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥ ʢʘʢ [19]:  
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,       (6) 

 

ʟʜʝʩʴ R ï ʢʦʵʬʬʠʮʠʝʥʪ ʬʨʝʥʝʣʝʚʩʢʦʛʦ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʩ ʚʥʝʰʥʠʤ ʫʛʣʦʤ ʧʘʜʝʥʠʷ ɗ, 

ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ: 
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,     (7) 

 

ʛʜʝ y ï ʚʥʫʪʨʝʥʥʠʡ ʫʛʦʣ ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʚ ʵʪʘʣʦʥʝ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʢʘʢ: y=arcsin(n-1·sin(ɗ)), ʘ 

d - ʨʘʟʥʦʩʪʴ ʬʘʟ ʤʝʞʜʫ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʣʫʯʘʤʠ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʠʩʷ ʚ ʵʪʘʣʦʥʝ: 
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.     (8) 

 

ʄʦʜʝʣʠʨʫʷ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʧʫʩʢʘʥʠʷ ʵʪʘʣʦʥʘ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ʜʣʷ ʜʚʫʭ ʠʣʠ ʙʦʣʝʝ ʜʣʠʥ ʚʦʣʥ, 

ʤʦʞʥʦ ʥʘʡʪʠ ʫʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʚ ʨʝʟʦʥʘʪʦʨʝ ʠ ʫʛʣʳ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʚʥʳʤ ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʚ ʣʘʟʝʨʝ. ʇʦʜʨʦʙʥʦʩʪʠ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʧʠʩʘʥʳ ʚ ʨʘʙʦʪʝ [22]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʨʠʟʤʳ, 

ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ-ʇʝʨʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʛʝʥʝʨʘʮʠʶ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʘ ʪʨʝʭ ʜʣʠʥʘʭ ʚʦʣʥ. 

 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓɽ ʈɽɿʋʃʔʊɸʊʓ ʀ ɺʓɺʆɼʓ 

 

ʅʘʤʠ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʨʘʙʦʪʘ ʥʝʩʢʦʣʴʢʠʭ ʩʭʝʤ ʤʥʦʛʦʚʦʣʥʦʚʳʭ ʥʝʦʜʠʤʦʚʳʭ ʣʘʟʝʨʦʚ. 

ɹʳʣ ʩʦʟʜʘʥ ʠʤʧʫʣʴʩʥʳʡ ʣʘʟʝʨ ʩ ʧʦʧʝʨʝʯʥʦʡ ʜʠʦʜʥʦʡ ʥʘʢʘʯʢʦʡ ʥʘ ʦʩʥʦʚʝ ʠʟʦʪʨʦʧʥʦʛʦ 

ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ Nd3+:YAG (Ï5ʤʤ x 100 ʤʤ) ʩ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʡ ʧʨʠʟʤʦʡ ʇʝʣʣʠʥ-

ɹʨʦʢʘ, ʩ ʚʳʩʦʢʦʡ ʚʳʭʦʜʥʦʡ ʵʥʝʨʛʠʝʡ, ʨʘʙʦʪʘʶʱʠʡ ʚ ʦʜʥʦ ʠ ʜʚʫʭʚʦʣʥʦʚʦʤ ʨʝʞʠʤʝ ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʣʠʥ ʚʦʣʥ 1,3-1,44 ʤʢʤ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʥʘʢʘʯʢʠ ʩ ʵʥʝʨʛʠʝʡ 

3,6 ɼʞ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʣʘʟʝʨʥʳʝ ʠʤʧʫʣʴʩʳ ʩ ʵʥʝʨʛʠʝʡ 400 ʤɼʞ ʠ ʂʇɼ 11,2%. ʇʨʠ ʚʨʘʱʝʥʠʠ 

ʚʳʭʦʜʥʦʛʦ ʟʝʨʢʘʣʘ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʛʝʥʝʨʘʮʠʷ ʥʘ ʰʝʩʪʠ ʦʜʠʥʦʯʥʳʭ ʜʣʠʥʘʭ ʚʦʣʥ 1319, 1338, 

1356, 1415, 1432 ʠ 1444 ʥʤ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʦʪ 20 ʜʦ 4,8%. ɼʣʷ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʦʣʦʞʝʥʠʡ 

ʚʳʭʦʜʥʦʛʦ ʟʝʨʢʘʣʘ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʜʚʫʭʚʦʣʥʦʚʘʷ ʛʝʥʝʨʘʮʠʷ ʥʘ 1319 ʠ 1338, 1338 ʠ 1356, 

1415 ʠ 1432, 1432 ʠ 1444 ʥʤ ʩ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤ ʂʇɼ ʦʪ 21,7 ʜʦ 2,65%. ʀʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ Nd:YAG-ʣʘʟʝʨ ʩ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʡ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʨʠʟʤʦʡ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ 

ʫʧʨʘʚʣʝʥʠʷ ʩʧʝʢʪʨʦʤ ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʧʝʨʝʢʣʶʯʘʪʴ ʦʜʥʦ- ʠ ʜʚʫʭʚʦʣʥʦʚʦʡ ʨʝʞʠʤ 

ʛʝʥʝʨʘʮʠʠ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 1,3-1,44 ʤʢʤ [15].  
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ʅʘ ʦʩʥʦʚʝ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ Nd3+:YAlO3 (Ï6,3ʤʤ x 12ʤʤ) ʩ ʧʨʦʜʦʣʴʥʦʡ 

ʜʠʦʜʥʦʡ ʥʘʢʘʯʢʦʡ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʡ ʬʘʟʦʚʦʡ ʧʣʘʩʪʠʥʢʠ ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ 

ʥʝʧʨʝʨʳʚʥʦʡ ʣʘʟʝʨ ʜʘʶʱʠʡ ʜʚʫʭ ʠ ʪʨʝʭʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ [22]. ʇʦʣʫʯʝʥʘ ʜʚʫʭʚʦʣʥʦʚʘ ̫

ʛʝʥʝʨʘʮʠʷ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 1064 ʠ 1073 ʥʤ ʩ ʦʨʪʦʛʦʥʘʣʴʥʳʤʠ ʧʦʣʷʨʠʟʘʮʠʷʤʠ ʠ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 

1073 ʠ 1079 ʥʤ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʧʦʣʷʨʠʟʘʮʠʷʤʠ. ʅʠʟʢʠʝ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʝ ʧʦʪʝʨʠ ʚ ʬʘʟʦʚʦʡ 

ʧʣʘʩʪʠʥʢʝ ʧʦʟʚʦʣʠʣʠ ʧʦʣʫʯʠʪʴ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʙʣʠʟʢʫʶ ʢ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʣʘʟʝʨʘ ʩ 

ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʦʜʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ. ʋʧʨʘʚʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʫʩʠʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʬʘʟʦʚʦʡ 

ʧʣʘʩʪʠʥʢʠ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʛʝʥʝʨʘʮʠʶ ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʘ ʪʨʝʭ ʜʣʠʥʘʭ ʚʦʣʥ 1064, 1073 ʠ 

1079 ʥʤ. ʂʇɼ ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʘ ʩ ʪʨʝʤʷ ʜʣʠʥʘʤʠ ʚʦʣʥ ʧʦ ʦʧʪʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʠ ʧʨʠ ʥʘʢʘʯʢʝ 

6,7 ɺʪ ʩʦʩʪʘʚʠʣ 26,1%, ʧʨʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʤ ʂʇɼ 32,3%. 

ʅʘ ʦʩʥʦʚʝ ʘʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ Nd3+:YAG (Ï5x100 ʤʤ) ʩ ʧʦʧʝʨʝʯʥʦʡ ʜʠʦʜʥʦʡ ʥʘʢʘʯʢʦʡ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʌʘʙʨʠ-ʇʝʨʦ ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ 

ʤʦʜʫʣʷʪʦʨʘ ʜʦʙʨʦʪʥʦʩʪʠ ʙʳʣ ʩʦʟʜʘʥ ʤʦʱʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʣʘʟʝʨ, ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʜʚʫʭ ʠ ʪʨʝʭ 

ʜʣʠʥʘʭ ʚʦʣʥ 1319 ʥʤ, 1338 ʥʤ ʠ 1356 ʥʤ [21]. ɺ ʢʘʯʝʩʪʚʝ ʵʪʘʣʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʘʷ ʧʣʘʩʪʠʥʢʘ ʠʟ ʢʨʠʩʪʘʣʣʘ YAG ʪʦʣʱʠʥʦʡ 100 ʤʢʤ. ʇʨʠ ʥʘʢʘʯʢʝ ʦʩʚʝʪʠʪʝʣʷ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠʤʧʫʣʴʩʘʤʠ ʩ ʵʥʝʨʛʠʝʡ 8,7 ɼʞ ʣʘʟʝʨ ʛʝʥʝʨʠʨʦʚʘʣ ʠʤʧʫʣʴʩʳ ʜʚʫʭʚʦʣʥʦʚʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 1319 ʠ 1338 ʥʤ ʩ ʵʥʝʨʛʠʝʡ 150 ʤɼʞ, ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤ ʂʇɼ 3,5% 

ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 35 ʥʩ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʧʠʢʦʚʘʷ ʤʦʱʥʦʩʪʴ ʚ ʵʪʦʤ ʨʝʞʠʤʝ ʜʦʩʪʠʛʘʣʘ 

4,1 ʄɺʪ. ɺ ʪʨʝʭʚʦʣʥʦʚʦʤ ʨʝʞʠʤʝ ʩ ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 1319, 1338 ʠ 1356 ʥʤ ʵʥʝʨʛʠʷ 

ʠʤʧʫʣʴʩʦʚ ʣʘʟʝʨʘ ʜʦʩʪʠʛʘʣʘ 96 ʤɼʞ ʧʨʠ ʂʇɼ 2,4% ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ ʪʘʢʞʝ 35 ʥʩ. 

ʇʠʢʦʚʘʷ ʤʦʱʥʦʩʪʴ ʚ ʪʨʝʭʚʦʣʥʦʚʦʤ ʨʝʞʠʤʝ ʛʝʥʝʨʘʮʠʠ ʜʦʩʪʠʛʘʣʘ 2,6 ʄɺʪ.  

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʭ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʤʦʞʥʦ 

ʧʦʣʫʯʘʪʴ ʠ ʫʧʨʘʚʣʷʪʴ ʩʧʝʢʪʨʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ ʠʟʣʫʯʝʥʠʷ ʥʝʦʜʠʤʦʚʳʭ ʣʘʟʝʨʦʚ, ʧʦʣʫʯʘʪʴ ʦʜʥʦ, 

ʜʚʫʭ ʠʣʠ ʤʥʦʛʦʚʦʣʥʦʚʦʡ ʨʝʞʠʤ ʛʝʥʝʨʘʮʠʠ. ʉʧʝʢʪʨʘʣʴʥʦ-ʩʝʣʝʢʪʠʚʥʳʝ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʝ 

ʧʦʪʝʨʠ ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʩ ʧʦʤʦʱʴʶ ʬʘʟʦʚʦʡ ʧʣʘʩʪʠʥʢʠ, ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʨʠʟʤʳ ʠʣʠ 

ʪʚʝʨʜʦʪʝʣʴʥʦʛʦ ʵʪʘʣʦʥʘ. ʀʩʧʦʣʴʟʫʷ ʘʥʠʟʦʪʨʦʧʥʫʶ ʘʢʪʠʚʥʫʶ ʩʨʝʜʫ Nd3+:YAlO3 ʠ 

ʪʚʝʨʜʦʪʝʣʴʥʦʛʦ ʵʪʘʣʦʥʘ ʌʘʙʨʠ-ʇʝʨʦ, ʤʳ ʧʦʣʫʯʠʣʠ ʧʝʨʝʢʣʶʯʘʝʤʫʶ ʜʚʫʭ ʠ ʪʨʝʭʚʦʣʥʦʚʫʶ 

ʛʝʥʝʨʘʮʠʶ ʥʘ ʜʣʠʥʘʭ ʚʦʣʥ 1064, 1073 ʠ 1079 ʥʤ. ʊʘʢʞʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʧʝʨʝʢʣʶʯʘʝʤʘʷ 

ʜʚʫʭʚʦʣʥʦʚʘʷ ʛʝʥʝʨʘʮʠʷ Nd3+:YAG ʣʘʟʝʨʘ ʩ ʜʠʦʜʥʦʡ ʥʘʢʘʯʢʦʡ ʩ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʦʡ 

ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʨʠʟʤʦʡ, ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʣʶʙʳʭ ʜʚʫʭ ʩʤʝʞʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 1319 ʜʦ 1444 ʥʤ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ 

ʧʨʝʜʣʦʞʠʪʴ ʥʝʦʜʠʤʦʚʫʶ ʣʘʟʝʨʥʫʶ ʩʠʩʪʝʤʫ ʩ ʚʥʫʪʨʠʨʝʟʦʥʘʪʦʨʥʳʤ ʜʠʩʧʝʨʩʠʦʥʥʳʤ 

ʵʣʝʤʝʥʪʦʤ, ʨʘʙʦʪʘʶʱʫʶ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,06 ʜʦ 1,44 ʤʢʤ ʠ ʛʝʥʝʨʠʨʫʶʱʫʶ ʠʟʣʫʯʝʥʠʝ ʩ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʩʧʝʢʪʨʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ, ʜʘʶʱʝʝ ʠʟʣʫʯʝʥʠʝ ʥʘ ʦʜʥʦʡ, ʜʚʫʭ ʠ ʪʨʝʭ ʜʣʠʥʘʭ 

ʚʦʣʥ ʦʜʥʦʚʨʝʤʝʥʥʦ.  

 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʷʪ ʧʨʦʬʝʩʩʦʨʘ ʉʠʨʦʪʢʠʥʘ ɸ.ɸ. ʟʘ ʧʦʤʦʱʴ ʚ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʧʦ ʤʥʦʛʦʚʦʣʥʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʣʘʟʝʨʘ ʩ ʜʠʦʜʥʦʡ ʥʘʢʘʯʢʦʡ.  
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MULTIWAVE OSCILLATION OF NEODYMIUM LASERS  

 

ABSTRACT 

 

Multiwave lasers are an important area of research in laser physics due to their wide range of 

practical applications, which include environmental monitoring, lidar applications, terahertz 

generation, and optical interferometry. Such lasers produce time- and space-synchronized laser 

radiation at two, three, or more wavelengths using only one active element. A three-wave laser based 

on an anisotropic active medium Nd3+:YAlO3 simultaneously operating at three wavelengths of 1064, 

1073 and 1079 nm has been developed. Using an isotropic active element Nd3+:Y3Al5O12, a laser with 

switchable radiation at two wavelengths from the spectral range of 1319-1444 nm was created. 

Various methods of controlling spectral-selective losses in an optical resonator for creating a 

multiwave laser are considered. 

 

SOLID-STATE LASER; MULTIWAVE OSCILLATION; NEODYMIUM LASER; DIODE 

PUMPING; SPECTRALLY SELECTIVE LOSSES 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʃʀʗʅʀʗ ʂʆʃɽɹʃʖʑɽʁʉʗ ʉʊʈʋʀ 

ʅɸ ʉʄɽʐɽʅʀɽ ʀ ʉʊʈʋʂʊʋʈʋ ʊɽʏɽʅʀʗ ɺ ʋɿʂʆʄ ɿɸɿʆʈɽ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʊʝʯʝʥʠʷ ʚ ʫʟʢʠʭ ʟʘʟʦʨʘʭ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʥʘʧʨʠʤʝʨ, 

ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʭ ʩʙʦʨʦʢ. ɺ ʧʫʯʢʘʭ ʩ ʧʣʦʪʥʦʡ ʫʧʘʢʦʚʢʦʡ ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ ʩʠʣʴʥʦ 

ʘʥʠʟʦʪʨʦʧʥʘ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʤʠ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʧʫʣʴʩʘʮʠʷʤʠ 

ʧʨʦʜʦʣʴʥʦʡ ʠ ʧʦʧʝʨʝʯʥʦʡ ʩʢʦʨʦʩʪʠ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʩʤʝʰʝʥʠʝ ʚ ʟʘʟʦʨʘʭ ʤʝʞʜʫ 

ʧʦʜʢʘʥʘʣʘʤʠ. ɺ ʨʘʙʦʪʝ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʦʚ PIV ʠ PLIF 

ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ, ʩʦʟʜʘʚʘʝʤʦʡ ʩʪʨʫʡʥʳʤ ʦʩʮʠʣʣʷʪʦʨʦʤ, ʥʘ 

ʩʤʝʰʝʥʠʝ ʠ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʪʝʯʝʥʠʷ ʚ ʫʟʢʦʤ ʟʘʟʦʨʝ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʢʦʣʝʙʣʶʱʘʷʩʷ ʩʪʨʫʷ ʵʬʬʝʢʪʠʚʥʦ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʘ ʧʨʦʮʝʩʩʳ ʩʤʝʰʝʥʠʷ ʠ ʩʪʨʫʢʪʫʨʫ 

ʪʝʯʝʥʠʷ. ʆʜʥʘʢʦ ʠʟ-ʟʘ ʤʘʣʦʡ ʜʘʣʴʥʦʙʦʡʥʦʩʪʠ ʩʪʨʫʠ ʦʙʣʘʩʪʴ ʝʸ ʚʣʠʷʥʠʷ ʦʛʨʘʥʠʯʝʥʘ ʠ ʟʘʚʠʩʠʪ 

ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʟʘʟʦʨʘ, ʨʝʞʠʤʘ ʪʝʯʝʥʠʷ ʚ ʢʘʥʘʣʘʭ ʠ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʩʪʨʫʠ. 

 

ʄɽʊʆɼ PIV, ʄɽʊʆɼ PLIF, ʂɸʅɸʃʓ ʉʃʆɾʅʆʁ ʌʆʈʄʓ, ʋʇʈɸɺʃɽʅʀɽ ʇʆʊʆʂʆʄ, 

ʋɿʂʀʁ ɿɸɿʆʈ, ʉʊʈʋʁʅʓʁ ʆʉʎʀʃʃʗʊʆʈ, ʂʆʃɽɹʃʖʑɸʗʉʗ ʉʊʈʋʗ 

 

ɺɺɽɼɽʅʀɽ 

 

ʇʨʦʮʝʩʩʳ ʩʤʝʰʝʥʠʷ ʠʛʨʘʶʪ ʦʧʨʝʜʝʣʷʶʱʫʶ ʨʦʣʴ ʚ ʦʙʝʩʧʝʯʝʥʠʠ ʙʝʟʦʧʘʩʥʦʡ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʝʘʢʪʦʨʥʳʭ ʫʩʪʘʥʦʚʦʢ, ʛʜʝ ʜʦʩʪʠʞʝʥʠʝ ʨʘʚʥʦʤʝʨʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʤʝʜʣʠʪʝʣʷ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ. ɺ 

ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʭ ʩʙʦʨʢʘʭ ʚʳʨʘʚʥʠʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʪʝʧʣʦʥʦʩʠʪʝʣʷ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ 

ʜʠʩʪʘʥʮʠʨʫʶʱʠʭ ʠ ʠʥʪʝʥʩʠʬʠʮʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʧʨʦʚʦʣʦʯʥʘʷ ʥʘʚʠʚʢʘ, 

ʜʝʬʣʝʢʪʦʨʳ ʜʠʩʪʘʥʮʠʨʫʶʱʠʭ ʨʝʰʝʪʦʢ ʠ ʜʨʫʛʠʝ ʚʠʜʳ ʟʘʚʠʭʨʠʪʝʣʝʡ ʧʦʪʦʢʘ. ʆʜʥʘʢʦ ʵʪʠ 

ʧʘʩʩʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʦʙʣʘʜʘʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ - ʦʥʠ ʥʝ ʧʦʟʚʦʣʷʶʪ 

ʦʧʝʨʘʪʠʚʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʨʝʞʠʤʦʚ 

ʪʝʯʝʥʠʷ. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩʘ 

ʩʪʘʣʠ ʧʨʠʤʝʥʷʪʴ ʩʪʨʫʡʥʳʝ ʦʩʮʠʣʣʷʪʦʨʳ. ʕʪʠ ʫʩʪʨʦʡʩʪʚʘ ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʚ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʷʭ, ʚʢʣʶʯʘʷ ʫʧʨʘʚʣʝʥʠʝ ʦʪʨʳʚʦʤ ʧʦʪʦʢʘ [1], ʩʥʠʞʝʥʠʝ ʪʨʝʥʠʷ [2], 

ʦʭʣʘʞʜʝʥʠʝ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ [3], ʠʥʪʝʥʩʠʬʠʢʘʮʠʶ ʛʦʨʝʥʠʷ [4] ʠ ʪʝʧʣʦʦʙʤʝʥʘ [5]. ʀʥʪʝʨʝʩ ʢ 

ʩʪʨʫʡʥʳʤ ʦʩʮʠʣʣʷʪʦʨʘʤ ʦʙʫʩʣʦʚʣʝʥ ʠʭ ʩʧʦʩʦʙʥʦʩʪʴʶ ʦʙʝʩʧʝʯʠʚʘʪʴ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ 

ʩʢʦʨʦʩʪʝʡ ʠ ʯʘʩʪʦʪ ʢʦʣʝʙʘʥʠʡ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʜʚʠʞʫʱʠʭʩʷ ʯʘʩʪʝʡ. ʅʘʠʙʦʣʴʰʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʩʪʨʫʡʥʳʝ ʦʩʮʠʣʣʷʪʦʨʳ ʩ ʜʚʫʤʷ ʢʘʥʘʣʘʤʠ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʚ 

ʢʦʪʦʨʳʭ ʯʘʩʪʦʪʘ ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʩʪʨʫʠ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʭʦʜʘ ʞʠʜʢʦʩʪʠ [6]. 

ʉʦʚʨʝʤʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ ʠ ʧʨʦʮʝʩʩʦʚ 

ʩʤʝʰʝʥʠʷ ʚ ʤʦʜʝʣʴʥʳʭ ʫʩʪʘʥʦʚʢʘʭ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪ ʧʘʥʦʨʘʤʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ PIV 
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(Particle Image Velocimetry) [7] ʠ PLIF (Planar Laser Induced Fluorescence) [8-11]. ʀʭ ʩʠʥʭʨʦʥʥʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʦʤʧʣʝʢʩʥʳʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʜʘʥʥʳʝ, ʚʢʣʶʯʘʷ ʤʛʥʦʚʝʥʥʳʝ 

ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʘ ʪʘʢʞʝ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʝ 

ʢʦʨʨʝʣʷʮʠʠ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ 

ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ, ʛʝʥʝʨʠʨʫʝʤʦʡ ʩʪʨʫʡʥʳʤ ʦʩʮʠʣʣʷʪʦʨʦʤ, ʥʘ ʩʪʨʫʢʪʫʨʫ ʪʝʯʝʥʠʷ ʠ 

ʧʨʦʮʝʩʩʳ ʩʤʝʰʝʥʠʷ ʚ ʫʟʢʦʤ ʤʝʞʢʘʥʘʣʴʥʦʤ ʟʘʟʦʨʝ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʘʥʘʣʠʟʫ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʘʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘʤʠ ʩʤʝʰʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʠʟʤʝʥʷʶʱʠʭʩʷ 

ʨʝʞʠʤʦʚ ʪʝʯʝʥʠʷ. 

 

ʆʇʀʉɸʅʀɽ ʕʂʉʇɽʈʀʄɽʅʊɸ 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ ʥʘ ʩʪʨʫʢʪʫʨʫ ʪʝʯʝʥʠʷ ʠ 

ʩʤʝʰʝʥʠʝ ʚ ʫʟʢʦʤ ʟʘʟʦʨʝ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʨʷʤʦʫʛʦʣʴʥʦʤ ʢʘʥʘʣʝ ʜʣʠʥʦʡ 800 ʤʤ, ʩʦʩʪʦʷʱʝʤ ʠʟ 

ʧʨʦʟʨʘʯʥʦʡ ʠ ʥʝʧʨʦʟʨʘʯʥʦʡ ʯʘʩʪʝʡ ʨʘʚʥʦʡ ʜʣʠʥʳ. ɺ ʧʨʦʟʨʘʯʥʦʡ ʯʘʩʪʠ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ 

ʊ-ʦʙʨʘʟʥʘʷ ʚʩʪʘʚʢʘ ʜʣʠʥʦʡ 360 ʤʤ, ʬʦʨʤʠʨʫʶʱʘʷ ʮʝʥʪʨʘʣʴʥʳʡ ʟʘʟʦʨ ʛʣʫʙʠʥʦʡ 2 ʤʤ ʠ 

ʰʠʨʠʥʦʡ 15 ʤʤ, ʢʦʪʦʨʳʡ ʨʘʟʜʝʣʷʣ ʢʘʥʘʣ ʥʘ ʜʚʘ ʧʦʜʢʘʥʘʣʘ ʠ ʦʙʝʩʧʝʯʠʚʘʣ ʞʠʜʢʦʩʪʥʳʡ ʦʙʤʝʥ 

ʤʝʞʜʫ ʥʠʤʠ. ʅʝʧʨʦʟʨʘʯʥʘʷ ʯʘʩʪʴ ʩʦʜʝʨʞʘʣʘ ʜʚʘ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʢʘʥʘʣʘ (ʨʠʩ. 1ʘ). 

 

 

ʅʘ ʚʭʦʜʝ ʧʨʦʟʨʘʯʥʦʛʦ ʫʯʘʩʪʢʘ ʚʜʦʣʴ ʚʩʝʡ ʰʠʨʠʥʳ ʟʘʟʦʨʘ ʨʘʟʤʝʱʘʣʩʷ ʩʪʨʫʡʥʳʡ 

ʦʩʮʠʣʣʷʪʦʨ ʩ ʩʦʧʣʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʛʣʫʙʠʥʝ ʟʘʟʦʨʘ (2 ʤʤ) ʠ ʫʛʣʦʤ ʨʘʩʪʚʦʨʘ 100Á. 

ʋʩʪʘʥʦʚʢʘ ʙʳʣʘ ʠʥʪʝʛʨʠʨʦʚʘʥʘ ʚ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʡ ʢʦʥʪʫʨ ʩ ʩʠʩʪʝʤʦʡ ʪʝʨʤʦʩʪʘʙʠʣʠʟʘʮʠʠ, 

ʥʘʩʦʩʦʤ ʠ ʨʘʩʭʦʜʦʤʝʨʦʤ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʫʶ ʚʦʜʫ ʚ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʡ 

ʞʠʜʢʦʩʪʠ. ʆʩʥʦʚʥʦʡ ʧʦʪʦʢ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʩʷ ʯʠʩʣʦʤ ʈʝʡʥʦʣʴʜʩʘ Re = 8400, ʨʘʩʩʯʠʪʘʥʥʳʤ ʧʦ 

ʛʠʜʨʘʚʣʠʯʝʩʢʦʤʫ ʜʠʘʤʝʪʨʫ ʠ ʩʨʝʜʥʝʨʘʩʭʦʜʥʦʡ ʩʢʦʨʦʩʪʠ. ʂʦʣʝʙʣʶʱʘʷʩʷ ʩʪʨʫʷ ʩʦʟʜʘʚʘʣʘʩʴ 

ʩʪʨʫʡʥʳʤ ʦʩʮʠʣʣʷʪʦʨʦʤ, ʧʠʪʘʝʤʳʤ ʦʪ ʰʧʨʠʮʝʚʦʛʦ ʥʘʩʦʩʘ Cole-Parmer (ʦʙʲʝʤ ʰʧʨʠʮʘ 

150 ʤʣ). ʅʘʩʦʩ ʦʙʝʩʧʝʯʠʚʘʣ ʧʦʜʘʯʫ ʞʠʜʢʦʩʪʠ ʚ ʦʩʮʠʣʣʷʪʦʨ ʩ ʧʦʩʪʦʷʥʥʳʤ ʨʘʩʭʦʜʦʤ 

200 ʤʣ/ʤʠʥ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʯʠʩʣʫ ʈʝʡʥʦʣʴʜʩʘ ʩʪʨʫʠ Re = 1850. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʣʠʷʥʠʷ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ ʥʘ ʧʨʦʮʝʩʩʳ ʩʤʝʰʝʥʠʷ ʚ ʫʟʢʦʤ ʟʘʟʦʨʝ ʚ ʦʜʠʥ ʠʟ ʢʘʥʘʣʦʚ 

ʧʦʜʘʚʘʣʩʷ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ ʬʣʶʦʨʦʬʦʨʘ ʈʦʜʘʤʠʥ 6ɾ. ʂʨʘʩʠʪʝʣʴ ʩ ʨʘʩʭʦʜʦʤ 50 ʤʣ/ʤʠʥ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ 120 ʤʛ/ʣ ʧʦʜʘʚʘʣʩʷ ʯʝʨʝʟ ʠʛʣʫ, ʚʤʦʥʪʠʨʦʚʘʥʥʫʶ ʚ ʙʦʢʦʚʫʶ ʩʪʝʥʢʫ 

ʘ)  ʙ)  
ʈʠʩ. 1. ʉʭʝʤʘ (ʘ) ʠ ʬʦʪʦʛʨʘʬʠʷ (ʙ) ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 
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ʥʝʧʨʦʟʨʘʯʥʦʡ ʯʘʩʪʠ ʨʘʙʦʯʝʛʦ ʫʯʘʩʪʢʘ. ɼʣʷ ʩʦʙʣʶʜʝʥʠʷ ʨʘʚʝʥʩʪʚʘ ʨʘʩʭʦʜʦʚ ʚ ʩʦʩʝʜʥʠʡ ʢʘʥʘʣ 

ʜʣʷ ʙʘʣʘʥʩʠʨʦʚʢʠ ʧʦʪʦʢʦʚ ʚʚʦʜʠʣʩʷ ʨʘʚʥʳʡ ʦʙʲʝʤ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. 

 

ʀɿʄɽʈʀʊɽʃʔʅɸʗ ʉʀʉʊɽʄɸ 

 

ʆʜʥʦʚʨʝʤʝʥʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ 

ʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥʥʳʭ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʩʠʩʪʝʤ PIV ʠ PLIF, ʩʦʧʨʷʞʝʥʥʳʭ ʯʝʨʝʟ ʜʠʭʨʦʠʯʥʦʝ 

ʟʝʨʢʘʣʦ. ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ ʚʢʣʶʯʘʣʘ ʥʝʧʨʝʨʳʚʥʳʡ ʣʘʟʝʨ CNI MGL-D-532 (532 ʥʤ, 

30 ɺʪ), ʜʚʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʝ ʢʘʤʝʨʳ Photron FASTCAM SA5 ʩ ʦʙʲʝʢʪʠʚʘʤʠ SIGMA 

(f = 105 ʤʤ) ʠ ʦʧʪʠʯʝʩʢʠʤʠ ʬʠʣʴʪʨʘʤʠ (550-560 ʥʤ ʠ 500-550 ʥʤ), ʘ ʪʘʢʞʝ ʩʠʥʭʨʦʥʠʟʠʨʫʶʱʠʡ 

ʧʨʦʮʝʩʩʦʨ BNC (Berkeley). ʃʘʟʝʨʥʳʡ ʣʫʯ ʬʦʨʤʠʨʦʚʘʣʩʷ ʚ ʩʚʝʪʦʚʦʡ ʥʦʞ ʪʦʣʱʠʥʦʡ 0,5 ʤʤ ʚ 

ʦʙʣʘʩʪʠ ʠʟʤʝʨʝʥʠʡ. ɺ ʢʘʯʝʩʪʚʝ ʪʨʘʩʩʝʨʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʠʘʤʠʜʥʳʝ ʯʘʩʪʠʮʳ ʜʠʘʤʝʪʨʦʤ 

20 ʤʢʤ ʠ ʧʣʦʪʥʦʩʪʴʶ 1,05 ʛ/ʩʤ3. ɼʣʷ ʩʦʚʤʝʱʝʥʠʷ ʧʣʦʩʢʦʩʪʝʡ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʥʷʣʘʩʴ ʢʘʣʠʙʨʦʚʦʯʥʘʷ ʤʠʰʝʥʴ ʩ ʤʘʨʢʝʨʘʤʠ (ʰʘʛ 1 ʤʤ, ʜʠʘʤʝʪʨ 0,5 ʤʤ). 

ʂʘʣʠʙʨʦʚʢʘ ʤʝʪʦʜʘ PLIF ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʠʟʚʝʩʪʥʳʤ ʢʦʥʮʝʥʪʨʘʮʠʷʤ ʬʣʶʦʨʝʩʮʝʥʪʥʦʛʦ 

ʢʨʘʩʠʪʝʣʷ (CϚ = 0 ʠ Cϛ = 0,5 ʤʛ/ʣ), ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʫʩʪʘʥʦʚʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʟʥʘʯʝʥʠʝʤ 
ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʢʘʞʜʦʤ ʧʠʢʩʝʣʝ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʟʥʘʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʀʟʤʝʨʝʥʠʷ 

ʚʳʧʦʣʥʷʣʠʩʴ ʚ ʯʝʪʳʨʝʭ ʦʙʣʘʩʪʷʭ ʚ ʩʨʝʜʥʝʡ ʧʣʦʩʢʦʩʪʠ ʫʟʢʦʛʦ ʟʘʟʦʨʘ (ʨʠʩ. 1ʘ) ʩ ʯʘʩʪʦʪʦʡ 

2000 ʢʘʜʨ/ʩ. ɺ ʢʘʞʜʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʧʦ 16 380 ʠʟʦʙʨʘʞʝʥʠʡ ʪʨʘʩʩʝʨʦʚ 

(1024Ĭ1024 ʧʠʢʩ) ʠ ʬʣʶʦʨʝʩʮʝʥʪʥʦʛʦ ʢʨʘʩʠʪʝʣʷ. ʆʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʧʨʦʚʦʜʠʣʘʩʴ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʦʙʝʩʧʝʯʝʥʠʠ çActualFlowè ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʪʝʨʘʮʠʦʥʥʦʛʦ ʤʥʦʛʦʩʝʪʦʯʥʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʤʝʱʝʥʠʷ ʨʘʩʯʝʪʥʦʛʦ ʦʢʥʘ. ɺʳʯʠʩʣʝʥʠʝ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ 

ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʜʚʝ ʠʪʝʨʘʮʠʠ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 64Ĭ64 ʧʠʢʩʝʣʷ, ʯʪʦ ʦʙʝʩʧʝʯʠʣʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ 0,66Ĭ0,66 ʤʤĮ ʥʘ ʦʜʠʥ ʚʝʢʪʦʨ. 

 

ʈɽɿʋʃʔʊɸʊʓ 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʩʪʨʫʡʥʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ ʚ ʫʟʢʦʤ ʟʘʟʦʨʝ 

ʤʝʪʦʜʦʤ PIV ʩ ʚʳʩʦʢʠʤ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦʜʪʚʝʨʜʠʣʦ ʥʘʣʠʯʠʝ ʫʩʪʦʡʯʠʚʳʭ 

ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʩʪʨʫʠ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʨʘʙʦʪʳ [12]. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2, 

ʚʦʟʙʫʞʜʝʥʠʝ ʢʦʣʝʙʘʥʠʡ ʩʪʨʫʠ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ. 

ɺ ʦʪʩʫʪʩʪʚʠʝ ʛʝʥʝʨʘʮʠʠ ʢʦʣʝʙʘʥʠʡ (ʨʠʩ. 2ʘ) ʚ ʟʘʟʦʨʝ ʬʦʨʤʠʨʫʝʪʩʷ ʤʝʘʥʜʨʠʨʫʶʱʝʝ ʪʝʯʝʥʠʝ, 

ʘʥʘʣʦʛʠʯʥʦʝ ʩʣʝʜʫ ʟʘ ʦʙʪʝʢʘʝʤʳʤ ʪʝʣʦʤ ʚ ʤʝʣʢʦʡ ʚʦʜʝ [13, 14], ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʚʦʣʥʦʦʙʨʘʟʥʦʡ 

ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ ʯʠʩʪʦʡ ʞʠʜʢʦʩʪʠ ʠ ʢʨʘʩʠʪʝʣʷ (ʜʣʠʥʘ ʚʦʣʥʳ ~3D) ʠ ʨʘʚʥʦʤʝʨʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʨʘʩʠʪʝʣʷ. ʇʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʢʦʣʝʙʘʥʠʡ ʩʪʨʫʠ (ʨʠʩ. 2ʙ) ʧʦʧʝʨʝʯʥʳʝ ʜʚʠʞʝʥʠʷ 

ʚʳʟʳʚʘʶʪ ʪʫʨʙʫʣʠʟʘʮʠʶ ʪʝʯʝʥʠʷ ʙʣʘʛʦʜʘʨʷ ʦʙʨʘʟʦʚʘʥʠʶ ʩʜʚʠʛʦʚʳʭ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ ʥʘ 

ʛʨʘʥʠʮʘʭ ʩʪʨʫʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʬʨʘʛʤʝʥʪʘʮʠʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʧʦʷʚʣʝʥʠʶ ʚʳʨʘʞʝʥʥʳʭ 

ʛʨʘʜʠʝʥʪʥʳʭ ʦʙʣʘʩʪʝʡ ʠ ʫʤʝʥʴʰʝʥʠʶ ʭʘʨʘʢʪʝʨʥʦʛʦ ʤʘʩʰʪʘʙʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ. 

ʅʘʙʣʶʜʘʝʤʳʝ ʠʟʤʝʥʝʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʩʤʝʰʝʥʠʷ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʚʠʭʨʝʚʳʤ ʧʝʨʝʥʦʩʦʤ ʞʠʜʢʦʩʪʠ ʠ ʨʝʚʝʨʩʠʚʥʳʤʠ ʪʝʯʝʥʠʷʤʠ ʚ ʫʟʢʦʤ ʟʘʟʦʨʝ. 

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʠʥʭʨʦʥʥʦ ʠʟʤʝʨʝʥʥʳʝ ʤʛʥʦʚʝʥʥʳʝ ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪ ʠʭ ʩʦʚʤʝʱʝʥʠʷ. ɺ ʦʪʩʫʪʩʪʚʠʝ ʢʦʣʝʙʘʥʠʡ ʩʪʨʫʠ ʚ ʩʪʨʫʢʪʫʨʝ 

ʪʝʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʩʣʝʜʦʚ ʦʙʣʘʩʪʴ ʧʦʥʠʞʝʥʥʦʡ ʩʢʦʨʦʩʪʠ (ʜʝʬʝʢʪ ʩʢʦʨʦʩʪʠ) 

(ʨʠʩ. 3ʘ). ʆʙʣʘʩʪʴ ʧʦʥʠʞʝʥʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʟʘʟʦʨʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʣʳʤ 

ʣʦʢʘʣʴʥʳʤ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʯʠʩʪʦʡ ʠ ʦʢʨʘʰʝʥʥʦʡ ʞʠʜʢʦʩʪʠ 

ʠʤʝʝʪ ʯʝʪʢʠʝ ʦʯʝʨʪʘʥʠʷ ʩ ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤʠ 

ʛʨʘʜʠʝʥʪʘʤʠ (ʨʠʩ. 3ʙ). ɺʚʝʜʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚ ʚʠʜʝ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ 

ʢʦʤʧʝʥʩʠʨʫʝʪ ʜʝʬʝʢʪ ʩʢʦʨʦʩʪʠ ʠ ʪʫʨʙʫʣʠʟʠʨʫʝʪ ʧʦʪʦʢ ʚ ʫʟʢʦʤ ʢʘʥʘʣʝ (ʨʠʩ. 3ʛ). ʂʦʣʝʙʘʪʝʣʴʥʦʝ 

ʜʚʠʞʝʥʠʝ ʩʪʨʫʠ ʠ ʩʚʷʟʘʥʥʦʝ ʩ ʥʠʤ ʫʚʝʣʠʯʝʥʠʝ ʫʨʦʚʥʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʠʚʦʜʷʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩ ʚʳʩʦʢʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ, ʯʪʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ ʧʨʦʮʝʩʩ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ. 
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ʘ)  ʙ)  
ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʬʣʦʁʨʦʬʦʨʘ ʚ ʟʘʟʦʨʝ: ʘ) ʪʝʯʝʥʠʝ ʙʝʟ ʩʪʨʫʠ, ʙ) ʪʝʯʝʥʠʝ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʩʪʨʫʠ. 

ʇʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʦ ʮʝʥʪʨʘʣʴʥʦʝ ʩʝʯʝʥʠʝ ʟʘʟʦʨʘ 
 

ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʨʝʤʝʥʥʳʝ ʦʩʮʠʣʣʦʛʨʘʤʤʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʚʣʠʷʥʠʝ 

ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ ʥʘ ʜʠʥʘʤʠʢʫ ʪʝʯʝʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʮʝʥʪʨʘʣʴʥʦʡ 

ʯʘʩʪʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ. ʉʨʘʚʥʝʥʠʝ ʦʩʮʠʣʣʦʛʨʘʤʤ ʜʣʷ ʩʣʫʯʘʝʚ ʙʝʟ ʩʪʨʫʠ (ʩʠʥʷʷ ʣʠʥʠʷ) 

ʠ ʩ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʝʡ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ) ʚʳʷʚʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʧʦʚʝʜʝʥʠʠ 

ʧʘʨʘʤʝʪʨʦʚ ʪʝʯʝʥʠʷ. ɺ ʦʪʩʫʪʩʪʚʠʝ ʩʪʨʫʠ ʠʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʡ 

ʭʘʨʘʢʪʝʨ ʩ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,2 ʜʦ 1,15 ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ 0,8 (ʧʫʥʢʪʠʨʥʘʷ ʩʠʥʷʷ ʣʠʥʠʷ) (ʨʠʩ.4ʘ). ʇʨʠ ʥʘʣʠʯʠʠ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ 

ʢʘʨʪʠʥʘ ʠʟʤʝʥʷʝʪʩʷ: ʥʘʙʣʶʜʘʶʪʩʷ ʙʦʣʝʝ ʢʦʨʦʪʢʠʝ ʢʚʘʟʠʨʝʛʫʣʷʨʥʳʝ ʚʩʧʣʝʩʢʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʘʤʧʣʠʪʫʜʳ ʧʫʣʴʩʘʮʠʡ, ʥʦ ʩʦ ʩʥʠʞʝʥʠʝʤ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʚ ʜʚʘ ʨʘʟʘ ʜʦ 0,4 

(ʧʫʥʢʪʠʨʥʘʷ ʢʨʘʩʥʘʷ ʣʠʥʠʷ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ ʩʤʝʰʝʥʠʷ. 

 

 

ʘ) ʙ) 
 

ʚ) 

 
ʛ) 

 
ʜ) ʝ) 

ʈʠʩ. 3. ʉʣʝʚʘ ʥʘʧʨʘʚʦ: ʤʛʥʦʚʝʥʥʦʝ ʧʦʣʝ ʩʢʦʨʦʩʪʠ, ʧʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʩʦʚʤʝʱʸʥʥʳʝ ʧʦʣʷ. 

ʉʚʝʨʭʫ ʪʝʯʝʥʠʝ ʙʝʟ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ, ʩʥʠʟʫ ʪʝʯʝʥʠʝ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʩʪʨʫʠ 
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ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʧʦʧʝʨʝʯʥʦʡ ʩʢʦʨʦʩʪʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʠʤʤʝʪʨʠʯʥʳʝ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʠʝ 

ʢʦʣʝʙʘʥʠʷ, ʧʨʠʯʝʤ ʚʦʟʜʝʡʩʪʚʠʝ ʩʪʨʫʠ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʯʘʩʪʦʪʳ ʧʫʣʴʩʘʮʠʡ (ʨʠʩ.  4ʙ). 

ʉʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʪʦ ʥʘʙʣʶʜʝʥʠʝ, ʧʦʢʘʟʳʚʘʷ ʜʣʷ ʩʣʫʯʘʷ ʩʦ ʩʪʨʫʝʡ ʜʚʘ 

ʜʦʤʠʥʠʨʫʶʱʠʭ ʧʠʢʘ ʥʘ ʯʘʩʪʦʪʘʭ 12,5 ɻʮ ʠ 20,5 ɻʮ, ʪʦʛʜʘ ʢʘʢ ʙʝʟ ʩʪʨʫʠ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʪʦʣʴʢʦ 

ʦʜʠʥ ʧʠʢ ʥʘ ʙʦʣʝʝ ʥʠʟʢʦʡ ʯʘʩʪʦʪʝ 9,6 ɻʮ. 

 

ʘ)  

ʙ)  

ʈʠʩ. 4. ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʤʛʥʦʚʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʘ) ʠ ʩʢʦʨʦʩʪʠ (ʙ), ʧʦʩʪʨʦʝʥʥʳʝ ʚ 

ʪʦʯʢʘʭ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʦʩʠ ʫʟʢʦʛʦ ʟʘʟʦʨʘ ʚ ʮʝʥʪʨʝ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ 
 

 

ɸʥʘʣʠʟ ʦʩʨʝʜʥʸʥʥʳʭ ʧʨʦʬʠʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʝʸ ʧʫʣʴʩʘʮʠʡ (ʨʠʩ. 5ʘ-ʙ) ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʤʝʰʝʥʠʷ. ʅʘʙʣʶʜʘʝʪʩʷ 

ʩʥʠʞʝʥʠʝ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʨʥʦ ʥʘ 15% ʚ ʦʙʣʘʩʪʠ ʩʧʨʘʚʘ ʦʪ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʩʝʯʝʥʠʷ ʟʘʟʦʨʘ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʠʥʪʝʥʩʠʬʠʢʘʮʠʝʡ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʤʝʰʠʚʘʥʠʷ. ʂʦʣʝʙʘʥʠʷ 

ʩʪʨʫʠ ʩʧʦʩʦʙʩʪʚʫʶʪ ʟʘʭʚʘʪʫ ʠ ʧʝʨʝʥʦʩʫ ʦʢʨʘʰʝʥʥʦʡ ʞʠʜʢʦʩʪʠ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʢʘʥʘʣ, ʦ 

ʯʸʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʰʠʨʠʥʘ ʧʨʦʬʠʣʷ ʧʫʣʴʩʘʮʠʡ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʢʦʪʦʨʘʷ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʟʘ 

ʧʨʝʜʝʣʳ ʟʘʟʦʨʘ (|x/D| > 0,5). ʇʨʦʬʠʣʴ ʧʫʣʴʩʘʮʠʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʤʝʝʪ ʘʩʠʤʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ, 

ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʜʦʙʘʚʣʝʥʠʝʤ ʚ ʧʦʪʦʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʯʠʩʪʦʡ ʞʠʜʢʦʩʪʠ ʠʟ ʩʪʨʫʡʥʦʛʦ 

ʦʩʮʠʣʣʷʪʦʨʘ. ʇʦ ʥʘʧʨʘʚʣʝʥʠʶ ʧʦʪʦʢʘ ʧʠʢ ʧʫʣʴʩʘʮʠʡ ʩʤʝʱʘʝʪʩʷ ʟʘ ʛʨʘʥʠʮʫ ʟʘʟʦʨʘ ʩ 

ʧʦʩʪʝʧʝʥʥʳʤ ʟʘʪʫʭʘʥʠʝʤ (ʨʠʩ. 5ʙ). ɺ ʦʪʩʫʪʩʪʚʠʝ ʢʦʣʝʙʘʥʠʡ ʩʪʨʫʠ ʧʨʦʬʠʣʴ ʧʫʣʴʩʘʮʠʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʠʤʤʝʪʨʠʯʝʥ ʩ ʤʘʢʩʠʤʫʤʦʤ ʚ ʮʝʥʪʨʝ ʟʘʟʦʨʘ (x/D = 0), ʯʪʦ ʩʚʷʟʘʥʦ ʩ 

ʤʝʘʥʜʨʠʨʦʚʘʥʠʝʤ ʛʨʘʥʠʮʳ ʚʦʜʘ ï ʢʨʘʩʠʪʝʣʴ, ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʩʣʝʜʦʚ. ɼʘʣʝʝ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ 

ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʩʰʠʨʝʥʠʝ ʧʨʦʬʠʣʷ ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʚʠʪʠʷ ʩʣʦʸʚ ʩʤʝʰʝʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʷ 

ʘʤʧʣʠʪʫʜʳ ʤʝʘʥʜʨʠʨʦʚʘʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ (ʨʠʩ. 5ʚ-ʛ) ʚʳʷʚʠʣʦ ʢʘʨʜʠʥʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʭʘʨʘʢʪʝʨʘ 

ʧʦʧʝʨʝʯʥʳʭ ʜʚʠʞʝʥʠʡ ʧʨʠ ʛʝʥʝʨʘʮʠʠ ʢʦʣʝʙʘʥʠʡ ʩʪʨʫʠ. ɺ ʦʪʩʫʪʩʪʚʠʝ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ 

ʧʨʦʬʠʣʴ ʧʦʧʝʨʝʯʥʦʡ ʩʢʦʨʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʦʟʚʨʘʪʥʳʤ ʪʝʯʝʥʠʷʤ ʚ ʦʛʨʘʥʠʯʝʥʥʦʤ ʩʣʝʜʝ ʩ 

ʚʦʚʣʝʯʝʥʠʝʤ ʚʥʝʰʥʝʡ ʞʠʜʢʦʩʪʠ ʚ ʟʘʟʦʨ [15], ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʳʭ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ 

ʥʘʧʨʘʚʣʝʥʠʶ ʧʦʪʦʢʘ. ʇʨʠ ʥʘʣʠʯʠʠ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʧʝʨʝʯʥʦʛʦ ʪʝʯʝʥʠʷ 

ʠʟʤʝʥʷʝʪʩʷ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʣʘʙʦʤ ʠʩʪʝʯʝʥʠʠ ʞʠʜʢʦʩʪʠ ʠʟ ʟʘʟʦʨʘ, 

ʚʳʟʚʘʥʥʦʤ ʧʦʧʝʨʝʯʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʩʪʨʫʠ. ɺ ʦʪʩʫʪʩʪʚʠʝ ʩʪʨʫʠ ʚ ʙʣʠʞʥʝʡ ʟʦʥʝ (y/D = 2) 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʠʤʤʝʪʨʠʯʥʳʡ ʧʨʦʬʠʣʴ ʧʫʣʴʩʘʮʠʡ ʧʦʧʝʨʝʯʥʦʡ ʩʢʦʨʦʩʪʠ ʩ ʤʘʢʩʠʤʫʤʦʤ ʥʘ ʦʩʠ 
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ʟʘʟʦʨʘ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʡ ʚ ʧʨʝʜʝʣʘʭ ʝʛʦ ʰʠʨʠʥʳ. ʇʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʦʪ ʦʩʮʠʣʣʷʪʦʨʘ ʧʨʦʬʠʣʴ 

ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʧʦʣʦʛʠʤ ʠ ʨʘʩʰʠʨʷʝʪʩʷ ʥʘ ʚʩʶ ʰʠʨʠʥʫ ʟʘʟʦʨʘ, ʯʪʦ ʦʪʨʘʞʘʝʪ ʨʘʟʚʠʪʠʝ 

ʧʨʦʮʝʩʩʦʚ ʩʤʝʰʝʥʠʷ: ʨʘʩʰʠʨʝʥʠʝ ʩʜʚʠʛʦʚʳʭ ʩʣʦʝʚ, ʚʦʚʣʝʯʝʥʠʝ ʚʥʝʰʥʝʡ ʞʠʜʢʦʩʪʠ ʠʟ 

ʧʨʠʤʳʢʘʶʱʠʭ ʢʘʥʘʣʦʚ ʠ ʫʚʝʣʠʯʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʤʝʘʥʜʨʠʨʦʚʘʥʠʷ ʛʨʘʥʠʮʳ ʚʦʜʘ ï ʢʨʘʩʠʪʝʣʴ. 

ʇʨʠ ʨʘʙʦʪʝ ʩʪʨʫʡʥʦʛʦ ʦʩʮʠʣʣʷʪʦʨʘ ʢʘʨʪʠʥʘ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʝʪʩʷ ï ʰʠʨʠʥʘ ʧʨʦʬʠʣʷ 

ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ ʧʨʝʚʳʰʘʝʪ ʰʠʨʠʥʫ ʟʘʟʦʨʘ, ʘ ʝʛʦ ʬʦʨʤʘ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʟʘʧʦʣʥʝʥʥʦʡ. 

ɺʦʟʥʠʢʘʶʱʘʷ ʘʩʠʤʤʝʪʨʠʷ ʧʨʦʬʠʣʷ ʩʚʷʟʘʥʘ ʩ 10%-ʥʦʡ ʨʘʟʥʠʮʝʡ ʩʢʦʨʦʩʪʝʡ ʚ ʧʨʠʣʝʛʘʶʱʠʭ 

ʢʘʥʘʣʘʭ. ʅʘ ʨʘʩʩʪʦʷʥʠʠ y/D = 4 ʘʤʧʣʠʪʫʜʘ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ ʫʤʝʥʴʰʘʝʪʩʷ ʚʜʚʦʝ, ʧʨʠ ʵʪʦʤ 

ʧʨʦʬʠʣʴ ʧʨʠʦʙʨʝʪʘʝʪ ʩʠʤʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ ʩ ʯʝʪʳʨʴʤʷ ʚʳʨʘʞʝʥʥʳʤʠ ʤʘʢʩʠʤʫʤʘʤʠ: ʜʚʫʤʷ 

ʚʙʣʠʟʠ ʛʨʘʥʠʮ ʟʘʟʦʨʘ ʠ ʜʚʫʤʷ ʚ ʮʝʥʪʨʘʣʴʥʳʭ ʦʙʣʘʩʪʷʭ ʢʘʥʘʣʦʚ. 

 
  

ʘ)  ʙ)  

ʚ)  ʛ)  

ʈʠʩ. 5. ʇʨʦʬʠʣʠ ʦʩʨʝʜʥʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʘ) ʠ ʧʦʧʝʨʝʯʥʦʡ ʩʢʦʨʦʩʪʠ (ʚ) 

ʠ ʧʨʦʬʠʣʠ ʧʫʣʴʩʘʮʠʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʙ) ʠ ʩʢʦʨʦʩʪʠ (ʛ) 

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ʇʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʘʤʠ PIV ʠ PLIF ʩ ʚʳʩʦʢʠʤ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 

ʧʦʟʚʦʣʠʣʦ ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ ʥʘ ʩʪʨʫʢʪʫʨʫ ʪʝʯʝʥʠʷ ʠ ʧʨʦʮʝʩʩʳ ʩʤʝʰʝʥʠʷ 

ʚ ʫʟʢʦʤ ʟʘʟʦʨʝ. ʉʠʥʭʨʦʥʥʳʝ ʠʟʤʝʨʝʥʠʷ ʤʛʥʦʚʝʥʥʳʭ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʩʢʦʨʦʩʪʠ ʚ 

ʮʝʥʪʨʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʟʘʟʦʨʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʦʣʝʙʘʥʠʷ ʩʪʨʫʠ ʩʫʱʝʩʪʚʝʥʥʦ ʠʥʪʝʥʩʠʬʠʮʠʨʫʶʪ 

ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʟʘ ʩʯʝʪ ʥʝʩʢʦʣʴʢʠʭ ʤʝʭʘʥʠʟʤʦʚ: ʛʝʥʝʨʘʮʠʠ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʚʦʟʤʫʱʝʥʠʡ, 

ʪʫʨʙʫʣʠʟʘʮʠʠ ʧʦʪʦʢʘ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʩʜʚʠʛʦʚʳʭ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ ʩ ʚʳʩʦʢʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ 

ʫʚʣʝʯʝʥʠʶ ʞʠʜʢʦʩʪʠ. ʆʜʥʘʢʦ ʦʙʣʘʩʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʩʤʝʰʝʥʠʷ ʦʢʘʟʳʚʘʝʪʩʷ ʦʛʨʘʥʠʯʝʥʥʦʡ ʠʟ-

ʟʘ ʤʘʣʦʡ ʜʘʣʴʥʦʙʦʡʥʦʩʪʠ ʢʦʣʝʙʣʶʱʝʡʩʷ ʩʪʨʫʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʟʤʝʨʳ 

ʵʪʦʡ ʟʦʥʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʟʘʟʦʨʘ, ʨʝʞʠʤʦʤ ʪʝʯʝʥʠʷ ʚ ʢʘʥʘʣʘʭ ʠ 

ʟʥʘʯʝʥʠʷʤʠ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ ʩʪʨʫʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʤʝʶʪ ʧʨʘʢʪʠʯʝʩʢʫʶ 

ʟʥʘʯʠʤʦʩʪʴ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʛʜʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʪʝʧʣʦʦʙʤʝʥʘ ʠ ʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʫʟʢʠʭ ʟʘʟʦʨʘʭ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʜʝʨʞʘʥʦ ʛʨʘʥʪʦʤ ʈʅʌ (ʛʨʘʥʪ ˉ 24-29-20223, https://rscf.ru/project/24-
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STUDY OF OSCILLATING JET EFFECTS  

ON MIXING AND THE FLOW STRUCTURE  IN A NARROW GAP 

 

ABSTRACT 

 

Flows in narrow gaps are characteristic of power engineering equipment, particularly fuel 

assemblies. In densely packed rod bundles, the flow structure is highly anisotropic and exhibits large-

scale quasi-periodic fluctuations in both longitudinal and transverse velocities, which significantly 

affect inter-subchannel mixing processes. The study employed simultaneous PIV and PLIF 

measurements to investigate the effect of an oscillating jet, generated by a fluidic oscillator, on mixing 

and quasi-periodic flow structure in a narrow gap. Experimental results demonstrate that the 

oscillating jet effectively modifies both mixing processes and flow structure. However, due to the jet's 

limited penetration range, its area of influence remains constrained and depends on gap parameters, 

flow regime in the channels, and jet Reynolds number. 
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ʆʇʈɽɼɽʃɽʅʀɽ ɻʈɸʅʀʎ ʇʈʀʄɽʅʀʄʆʉʊʀ ʂʆʄʇʃɽʂʉɸ ɼʀɸɻʅʆʉʊʀʂʀ 

ʇʆʊʆʂʆɺ ʄɽʊʆɼʆʄ ʄʋʃʔʊʀʎɺɽʊʅʆʁ ɸʅɽʄʆʄɽʊʈʀʀ ʇʆ 

ʀɿʆɹʈɸɾɽʅʀʗʄ ʏɸʉʊʀʎ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʦʧʨʝʜʝʣʝʥʠʶ ʛʨʘʥʠʮ ʧʨʠʤʝʥʠʤʦʩʪʠ ʨʘʥʝʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʦʧʪʠʢʦ-

ʵʣʝʢʪʨʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 3D ʜʠʘʛʥʦʩʪʠʢʠ ʧʦʪʦʢʘ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʤʫʣʴʪʠʮʚʝʪʥʦʡ 

ʘʥʝʤʦʤʝʪʨʠʠ ʧʦ ʠʟʦʙʨʘʞʝʥʠʷʤ ʯʘʩʪʠʮ. ʄʝʪʦʜ ʤʫʣʴʪʠʮʚʝʪʥʦʡ ʘʥʝʤʦʤʝʪʨʠʠ ʧʦ 

ʠʟʦʙʨʘʞʝʥʠʷʤ ʯʘʩʪʠʮ (ʄɸʀʏ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʫ ʠʟ ʩʦʚʨʝʤʝʥʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ 

ʤʝʪʦʜʘ ʘʥʝʤʦʤʝʪʨʠʠ ʧʦ ʠʟʦʙʨʘʞʝʥʠʷʤ ʯʘʩʪʠʮ (ɸʀʏ). ɻʣʘʚʥʦʝ ʦʪʣʠʯʠʝ ʤʝʪʦʜʘ ʄɸʀʏ 

ʜʨʫʛʠʭ ʙʣʠʟʢʠʭ ʧʦ ʩʫʱʥʦʩʪʠ ʤʦʜʠʬʠʢʘʮʠʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʢʦʣʠʯʝʩʪʚʝ ʟʦʥʜʠʨʫʶʱʠʭ 

ʧʣʦʩʢʦʩʪʝʡ, ʜʣʷ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʧʨʠʤʝʥʷʪʴ ʪʨʠ ʣʘʟʝʨʥʳʭ ʧʣʦʩʢʦʩʪʠ ʩ 

ʜʣʠʥʘʤʠ ʚʦʣʥ 450, 550 ʠ 650 ʥʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʜʦʙʥʘʷ ʤʦʜʝʨʥʠʟʘʮʠʷ ʧʦʟʚʦʣʷʝʪ 

ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʫ ʧʦʪʦʢʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʪʨʝʭ ʧʣʦʩʢʦʩʪʷʭ. ɺ ʨʘʙʦʪʝ ʦʧʠʩʘʥ 

ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥ ʘʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʛʨʘʥʠʮ ʧʨʠʤʝʥʠʤʦʩʪʠ ʢʦʤʧʣʝʢʩʘ ʚ 

ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʚʦʜʥʳʡ ʧʦʪʦʢ, ʩʦʟʜʘʥʥʳʡ ʚ ʩʪʝʢʣʷʥʥʦʡ 

ʪʨʫʙʢʝ ʩ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ 8,6 ʤʤ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʪʨʫʙʢʝ ʧʦʪʦʢʘ ʙʳʣʘ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʠʩʪʝʤʘ ʩʦʦʙʱʘʶʱʠʭ ʩʦʩʫʜʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʜʚʝ ʩʪʝʢʣʷʥʥʳʭ ʢʶʚʝʪʳ, 

ʠ ʚʦʜʘ ʩʘʤʦʪʝʢʦʤ ʧʫʩʢʘʣʘʩʴ ʧʦ ʪʨʫʙʢʝ ʠʟ ʦʜʥʦʡ ʢʶʚʝʪʳ ʚ ʜʨʫʛʫʶ. ɼʣʷ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ 

ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ ʚʦ ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʪʘʢʞʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʧʦʣʦʞʝʥʠʝ ʫʨʦʚʥʷ ʚʦʜʳ ʚ 

ʢʶʚʝʪʘʭ. ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʜʚʫʤʷ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʙʳʣʘ 

ʨʘʩʩʯʠʪʘʥʘ ʦʙʲʸʤʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ ʢʶʚʝʪʝ ʠ ʦʙʲʝʤʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʪʨʫʙʢʝ. 

 

ʄʋʃʔʊʀʎɺɽʊʅɸʗ ɸʅɽʄʆʄɽʊʈʀʗ ʇʆ ʀɿʆɹʈɸɾɽʅʀʗʄ ʏɸʉʊʀʎ, 3D 

ɼʀɸɻʅʆʉʊʀʂɸ ʇʆʊʆʂʆɺ, ɼʀɸɻʅʆʉʊʀʂɸ ʇʆʊʆʂʆɺ ɺ ɾʀɼʂʀʍ ʉʈɽɼɸʍ, 

ɺʀɿʋɸʃʀɿɸʎʀʗ ʉʊʈʋʂʊʈʋʈʓ ʇʆʊʆʂʆɺ 

 

ɺɺɽɼɽʅʀɽ 

ʄʥʦʛʦʦʙʨʘʟʠʝ ʩʦʚʨʝʤʝʥʥʳʭ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʦʤʳʰʣʝʥʥʳʤʠ ʪʝʭʥʦʣʦʛʠʷʤʠ, 

ʤʦʥʠʪʦʨʠʥʛʦʤ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝʤ ʩʦʩʪʦʷʥʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ 

ʥʘʫʯʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ, ʚ ʢʦʪʦʨʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʷʚʣʷʶʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤ 

ʬʘʢʪʦʨʦʤ ʧʦʩʪʦʷʥʥʦ ʨʘʩʰʠʨʷʝʪʩʷ. ʇʨʠʤʝʨʦʚ ʦʙʣʘʩʪʝʡ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ: ʘʚʠʘ-, ʘʚʪʦ-, 

ʩʫʜʦʩʪʨʦʝʥʠʝ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʩʪʘʥʦʚʢʠ ʚʢʣʶʯʘʷ ʷʜʝʨʥʳʝ, ʭʠʤʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ, ʣʘʙʦʨʘʪʦʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʨʠʨʦʜʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 

ʠ ʧʨ.  

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʙʝʟʦʧʘʩʥʦʩʪʴ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʧʨʠʤʝʥʝʥʠʠ 

ʧʦʪʦʢʦʚ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʦʪ ʪʦʛʦ ʥʘʩʢʦʣʴʢʦ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳ 



 27 

ʠʭ ʧʘʨʘʤʝʪʨʳ ʠ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʪʝʯʝʥʠʷ ï ʦʩʥʦʚʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʇʦʵʪʦʤʫ ʥʘʣʠʯʠʝ ʩʨʝʜʩʪʚ ʠ ʩʧʦʩʦʙʦʚ 

ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʠʟʤʝʨʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʪʦʢʦʚ ʞʠʜʢʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʟʘʣʦʛʦʤ ʫʩʧʝʰʥʦʛʦ 

ʨʝhʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ. 

ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ ʜʠʘʛʥʦʩʪʠʢʠ ʧʦʪʦʢʦʚ, ʥʦ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʦʝ ʤʝʩʪʦ 

ʩʨʝʜʠ ʥʠʭ ʟʘʥʠʤʘʶʪ ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʙʝʩʢʦʥʪʘʢʪʥʳ, ʜʠʩʪʘʥʮʠʦʥʥʳ ʠ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳ [1-3]. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʜʥʠʤ ʠʟ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʙʝʩʢʦʥʪʘʢʪʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʦʪʦʢʦʚ ʚ ʛʘʟʦʚʳʭ ʠ ʞʠʜʢʠʭ 

ʩʨʝʜʘʭ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʘʥʝʤʦʤʝʪʨʠʠ ʧʦ ʠʟʦʙʨʘʞʝʥʠʶ ʯʘʩʪʠʮ (ɸʀʏ). ʆʩʥʦʚʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ 

ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʠ ʝʛʦ ʚʠʟʫʘʣʠʟʘʮʠʠ ʚ 

ʧʣʦʩʢʦʩʪʠ ʚ ʥʝʢʦʪʦʨʦʤ ʩʝʯʝʥʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʤʘ. ʅʦ ʥʘʠʙʦʣʝʝ ʧʦʣʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʩʪʨʫʢʪʫʨʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʦʪʦʢʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʧʣʘʥʘʨʥʳʤ ʤʝʪʦʜʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ɸʀʏ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩ ʧʦʤʦʱʴʶ ʦʩʥʦʚʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʤʝʪʦʜʘ ɸʀʏ, 

ʪʘʢʠʭ ʢʘʢ ʩʪʝʨʝʦ ʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ɸʀʏ [4-6]. 

ʄʝʪʦʜ ʤʫʣʴʪʠʮʚʝʪʥʦʡ ʘʥʝʤʦʤʝʪʨʠʠ ʧʦ ʠʟʦʙʨʘʞʝʥʠʷʤ ʯʘʩʪʠʮ (ʄɸʀʏ) ʷʚʣʷʝʪʩʷ ʝʱʝ 

ʦʜʥʦʡ ʩʦʚʨʝʤʝʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ ʤʝʪʦʜʘ ɸʀʏ. ʆʩʥʦʚʥʦʝ ʦʪʣʠʯʠʝ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʤʝʪʦʜʘ 

ʄɸʀʏ ʦʪ ʩʫʱʝʩʪʚʫʶʱʠʭ ʟʘʨʫʙʝʞʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʤʝʪʦʜʘ ɸʀʏ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝ ʦʜʥʫ ʣʘʟʝʨʥʫʶ 

ʧʣʦʩʢʦʩʪʴ, ʘ ʪʨʠ, ʧʨʠʯʸʤ ʨʘʟʥʳʭ ʜʣʠʥ ʚʦʣʥ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʠʥʝʤʫ, ʟʝʣʝʥʦʤʫ ʠ ʢʨʘʩʥʦʤʫ 

ʮʚʝʪʫ. ʇʦʜʦʙʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʧʦʣʫʯʝʥʠʠ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʪʨʸʭ ʧʣʦʩʢʦʩʪʷʭ ʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʠʥʬʦʨʤʘʮʠʠ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʚ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʦʙʣʘʩʪʷʭ, 

ʟʘʢʣʶʯʝʥʥʳʭ ʤʝʞʜʫ ʟʦʥʜʠʨʫʶʱʠʤʠ ʧʣʦʩʢʦʩʪʷʤʠ. ʊʘʢʞʝ ʤʝʪʦʜ ʥʝ ʪʨʝʙʫʝʪ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ. ʅʝʩʤʦʪʨʷ ʥʘ ʚʩʝ ʜʦʩʪʦʠʥʩʪʚʘ ʤʝʪʦʜʘ ʄɸʀʏ, ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʥ 

ʥʘʭʦʜʠʪʩʷ ʪʦʣʴʢʦ ʚ ʩʪʘʜʠʠ ʨʘʟʨʘʙʦʪʢʠ ʠ ʜʦ ʩʠʭ ʧʦʨ ʥʘ ʤʠʨʦʚʦʤ ʠ ʦʪʝʯʝʩʪʚʝʥʥʦʤ ʨʳʥʢʝ 

ʦʪʩʫʪʩʪʚʫʶʪ ʛʦʪʦʚʳʝ ʧʨʠʙʦʨʳ, ʧʦʟʚʦʣʷʶʱʠʡ ʧʨʦʚʦʜʠʪʴ ʄɸʀʏ ʠʟʤʝʨʝʥʠʷ. ʇʦʵʪʦʤʫ 

ʨʘʟʨʘʙʦʪʢʘ ʧʦʜʦʙʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ [7-12]. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʷʚʣʷʝʪʩʷ ʧʨʦʜʦʣʞʝʥʠʝʤ ʨʘʙʦʪʳ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʦʧʪʠʢʦ-ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ 3D-2ʉ ʜʠʘʛʥʦʩʪʠʢʠ ʧʦʪʦʢʦʚ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʄɸʀʏ ʠ ʧʦʩʚʷʱʝʥʘ ʦʧʨʝʜʝʣʝʥʠʶ 

ʚʦʟʤʦʞʥʦʩʪʠ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʦʪʦʢ ʚ ʩʧʣʦʰʥʳʭ ʩʨʝʜʘʭ. 

 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʋʉʊɸʅʆɺʂɸ ʀ ʄɽʊʆɼʀʂɸ ʀɿʄɽʈɽʅʀʁ 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʛʨʘʥʠʮ ʧʨʠʤʝʥʠʤʦʩʪʠ ʨʘʥʝʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʦʧʪʠʢʦ-ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʚʦʜʥʳʡ ʧʦʪʦʢ, ʩʦʟʜʘʥʥʳʡ ʚ 

ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʝ U-ʦʙʨʘʟʥʦʡ ʬʦʨʤʳ (ʪʘʙʣ. 1). 

 
ʊʘʙʣ. 1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʝʢʣʷʥʥʦʡ U-ʦʙʨʘʟʥʦʡ ʪʨʫʙʢʠ 

ɺʥʝʰʥʠʡ ʜʠʘʤʝʪʨ, 

ʤʤ 

ɺʥʫʪʨʝʥʥʠʡ 

ʜʠʘʤʝʪʨ, ʤʤ 
ɺʳʩʦʪʘ, ʤʤ ʊʠʧ ʩʪʝʢʣʘ 

12 8,6 200 Simax 

 

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʟʘ ʦʙʣʘʩʪʴ ʠʟʤʝʨʝʥʠʷ ʙʳʣʘ ʧʨʠʥʷʪʘ ʦʙʣʘʩʪʴ ʪʨʫʙʢʠ, 

ʚʳʜʝʣʝʥʥʘʷ ʥʘ ʨʠʩ. 1. ʢʨʘʩʥʳʤ ʢʚʘʜʨʘʪʦʤ, ʠ ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʥʘ ʤʥʦʛʦ ʙʦʣʴʰʝʤ, 

ʯʝʤ ʧʷʪʴ ʜʠʘʤʝʪʨʦʚ ʪʨʫʙʢʠ ʦʪ ʤʝʩʪʘ ʧʝʨʝʛʠʙʘ. 

ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʪʨʫʙʢʝ ʚʦʜʥʦʛʦ ʧʦʪʦʢʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʠʩʪʝʤʘ ʩʦʦʙʱʘʶʱʠʭ 

ʩʦʩʫʜʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʜʚʝ ʩʪʝʢʣʷʥʥʳʭ ʢʶʚʝʪʳ, ʠ ʚʦʜʘ ʩʘʤʦʪʸʢʦʤ ʧʫʩʢʘʣʘʩʴ ʧʦ 

ʪʨʫʙʢʝ 1 ʠʟ ʢʶʚʝʪʳ 3 ʚ ʢʶʚʝʪʫ 2. ʇʦʩʢʦʣʴʢʫ ʩʪʝʢʣʷʥʥʘʷ ʪʨʫʙʢʘ ʨʘʙʦʪʘʣʘ ʢʘʢ ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ 

ʣʠʥʟʘ ʚ ʩʠʣʫ ʩʚʦʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʪʦ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʝʝ ʦʧʪʠʯʝʩʢʦʡ ʩʠʣʳ 

ʪʨʫʙʢʘ ʙʳʣʘ ʧʦʤʝʱʝʥʘ ʚ ʢʶʚʝʪʫ ʩ ʚʦʜʦʡ. ʊʘʢʞʝ ʚʦʜʘ ʚ ʢʶʚʝʪʝ 3 ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘʩʝʠʚʘʣʘʩʴ 

ʯʘʩʪʠʮʘʤʠ-ʪʨʘʩʩʝʨʘʤʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʤʠ ʩʦʙʦʡ ʯʘʩʪʠʮʳ ʩʘʞʠ ʩ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʚ 

ʧʨʝʜʝʣʘʭ ʦʪ 70 ʜʦ 100 ʤʢʤ.  
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ʈʠʩ. 1. ʉʠʩʪʝʤʘ ʩʦʦʙʱʘʶʱʠʭ ʩʦʩʫʜʦʚ 

 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ ʧʨʠʚʝʜʝʥʘ ʥʘ 

ʨʠʩ. 2. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʘʨʘʣʣʝʣʴʥʳʭ ʣʘʟʝʨʥʳʭ ʧʣʦʩʢʦʩʪʝʡ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚʥʫʪʨʠ ʪʨʫʙʢʠ, ʚ ʩʦʩʪʘʚ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʢʦʤʧʣʝʢʩʘ ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʜʚʝ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʣʠʥʟʳ ʩ ʬʦʢʫʩʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ ʨʘʚʥʳʤʠ 45 ʤʤ (f = 45 ʤʤ). 

ɼʣʷ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʣʘʟʝʨʥʳʤʠ ʧʣʦʩʢʦʩʪʷʤʠ ʧʦʩʣʝ ʶʩʪʠʨʦʚʢʠ 

ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʙʳʣ ʩʜʝʣʘʥ ʢʘʣʠʙʨʦʚʦʯʥʳʡ ʢʘʜʨ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʜʳ ʚʥʫʪʨʠ ʪʨʫʙʢʠ ʠ 

ʣʠʥʝʡʢʠ ʩ ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ, ʙʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʢʘʣʠʙʨʦʚʦʯʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʙʳʣ ʨʘʚʝʥ 0,019 ʤʤ/ʧʠʢʩ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ ʢʨʘʩʥʦʡ ʠ ʟʝʣʸʥʦʡ 

ʣʘʟʝʨʥʳʤʠ ʧʣʦʩʢʦʩʪʷʤʠ ʩʦʩʪʘʚʠʣʦ 81 ʧʠʢʩʝʣʴ = 1,539 ʤʤ å 1,5 ʤʤ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʮʝʥʪʨʘʤʠ ʟʝʣʸʥʦʡ ʠ ʩʠʥʝʡ ʣʘʟʝʨʥʳʤʠ ʧʣʦʩʢʦʩʪʷʤʠ ʩʦʩʪʘʚʠʣʦ 83 ʧʠʢʩʝʣʷ = 1,577 ʤʤ å 1,6 ʤʤ. 

ʊʘʢʞʝ ʮʝʥʪʨ ʟʝʣʝʥʦʡ ʣʘʟʝʨʥʦʡ ʧʣʦʩʢʦʩʪʠ ʙʳʣ ʨʘʩʧʦʣʦʞʝʥ ʧʦ ʮʝʥʪʨʫ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʠ. 

ʊʦʣʱʠʥʘ ʣʘʟʝʨʥʳʭ ʧʣʦʩʢʦʩʪʝʡ ʩʦʩʪʘʚʣʷʣʘ 0,5 ʤʤ. 

 

 
ʈʠʩ. 2. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ: 

1 ï ʣʘʟʝʨʥʳʝ ʤʦʜʫʣʠ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 450, 550 ʠ 650 ʥʤ; 2 ï ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʳʭ 

ʧʣʦʩʢʦʩʪʝʡ; 3 ï ʮʚʝʪʥʘʷ ʮʠʬʨʦʚʘʷ ʢʘʤʝʨʘ Nikon 1 J5; 4 ï ʩʪʝʢʣʷʥʥʘʷ ʪʨʫʙʢʘ 

 

ʈʝʛʠʩʪʨʘʮʠʷ ʧʦʣʦʞʝʥʠʷ ʯʘʩʪʠʮ ʩʘʞʠ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴ ʮʠʬʨʦʚʦʡ ʬʦʪʦʢʘʤʝʨʳ ʩ 

ʮʚʝʪʥʦʡ ʂʄʆʇ ʤʘʪʨʠʮʝʡ Nikon 1 J5 ʠ ʦʙʲʝʢʪʠʚʘ ʩ ʬʦʢʫʩʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ 10-30 ʩʤ. ɿʘʧʠʩʴ 

ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʩ ʯʘʩʪʦʪʦʡ ʩʲʸʤʢʠ 60 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ. ɼʣʷ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ 
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ʚʦ ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʪʘʢʞʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʧʦʣʦʞʝʥʠʝ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʶʚʝʪʘʭ 2 ʠ 3 

(ʨʠʩ. 1) ʩ ʧʦʤʦʱʴʶ ʚʠʜʝʦʢʘʤʝʨʳ. ɿʘʧʠʩʴ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 4K 

3840×2160 ʧʠʢʩʝʣʝʡ ʩ ʯʘʩʪʦʪʦʡ ʩʲʸʤʢʠ 60 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ ʚ ʪʝʯʝʥʠʝ ʦʜʥʦʡ ʤʠʥʫʪʳ. ɺ ʧʝʨʠʦʜ 

ʵʪʦʛʦ ʚʨʝʤʝʥʠ ʥʘ ʢʘʤʝʨʫ Nikon 1 J5 ʙʳʣʘ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʩʝʨʠʷ ʠʟ 16 ʢʘʜʨʦʚ. ʉʝʨʘʷ ʙʳʣʘ 

ʩʜʝʣʘʥʘ ʯʝʨʝʟ 26 ʩʝʢʫʥʜ ʧʦʩʣʝ ʥʘʯʘʣʘ ʩʲʸʤʢʠ ʚʠʜʝʦʢʘʤʝʨʦʡ.  

 

ʆɹʈɸɹʆʊʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓʍ ʈɽɿʋʃʔʊɸʊʆɺ 

 

ɺ ʭʦʜʝ ʦʙʨʘʙʦʪʢʠ ʚʠʜʝʦʟʘʧʠʩʠ, ʩʦʜʝʨʞʘʱʝʡ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʫʨʦʚʥʝ ʚʦʜʳ ʚ ʢʶʚʝʪʘʭ, ʥʘ 

ʧʝʨʚʦʤ ʵʪʘʧʝ ʦʥʦ ʙʳʣʦ ʨʘʟʜʝʣʝʥʦ ʥʘ ʢʘʜʨʳ ʩ ʰʘʛʦʤ ʚ ʦʜʥʫ ʩʝʢʫʥʜʫ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

çVirtualDubè. ɼʘʣʝʝ ʧʦ ʢʘʞʜʦʤʫ ʠʟʦʙʨʘʞʝʥʠʶ ʦʧʨʝʜʝʣʷʣʦʩʴ ʨʘʩʩʪʦʷʥʠʝ ʚʜʦʣʴ ʣʠʥʝʡʢʠ ʦʪ 110 

ʤʤ ʜʦ ʪʦʯʢʠ ʧʝʨʝʩʝʯʝʥʠʷ ʫʨʦʚʥʷ ʚʦʜʳ ʚʦ ʚʪʦʨʦʡ ʢʶʚʝʪʝ ʚ ʧʠʢʩʝʣʷʭ ʩ ʧʦʤʦʱʴʶ ʛʨʘʬʠʯʝʩʢʦʛʦ 

ʨʝʜʘʢʪʦʨʘ. ʃʠʥʝʡʢʘ ʠ ʚʠʜʝʦʢʘʤʝʨʘ ʙʳʣʠ ʥʘʢʣʦʥʝʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʶʚʝʪʝ 2. 

ʇʦʵʪʦʤʫ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʧʠʢʩʝʣʷʭ ʙʳʣʠ ʫʤʥʦʞʝʥʳ ʥʝ ʪʦʣʴʢʦ 

ʥʘ ʢʘʣʠʙʨʦʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʘ ʝʱʸ ʠ ʥʘ ʢʦʩʠʥʫʩ ʩʫʤʤʳ ʫʛʣʦʚ ʥʘʢʣʦʥʘ ʢʘʤʝʨʳ ʠ ʣʠʥʝʡʢʠ 

(ʬʦʨʤʫʣʘ 1).  

 

 Ὄ ὬϽὯϽÃÏÓ ɻ ɻ , (1) 

 

ʛʜʝ H ï ʫʨʦʚʝʥʴ ʚʦʜʳ ʚ ʢʶʚʝʪʝ 2 ʚ ʤʤ; h ï ʨʘʩʩʪʦʷʥʠʝ ʚʜʦʣʴ ʣʠʥʝʡʢʠ ʦʪ 110 ʤʤ ʜʦ ʪʦʯʢʠ 

ʧʝʨʝʩʝʯʝʥʠʷ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʧʠʢʩʝʣʷʭ; k ï ʢʘʣʠʙʨʦʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʚʥʳʡ 0,018 ʤʤ/ʧʠʢʩ.; 

Ŭ1 ï ʫʛʦʣ ʥʘʢʣʦʥʘ ʣʠʥʝʡʢʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʨʦʚʥʷ ʚʦʜʳ ʨʘʚʥʳʡ 2,36ę; Ŭ2 ï ʫʛʦʣ ʥʘʢʣʦʥʘ ʢʘʤʝʨʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʨʦʚʥʷ ʚʦʜʳ ʨʘʚʥʳʡ 1,47ę. 

ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʫʨʦʚʥʷ ʚʦʜʳ ʦʪ ʚʨʝʤʝʥʠ ʚ ʢʶʚʝʪʝ ʧʦʩʪʨʦʝʥʥʳʡ 

ʚ ʩʨʝʜʝ çMathcadè ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʘ ʦʙʨʘʙʦʪʢʠ ʚʠʜʝʦʟʘʧʠʩʠ. ɺʝʨʪʠʢʘʣʴʥʦʡ ʧʫʥʢʪʠʨʥʦʡ 

ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥ ʤʦʤʝʥʪ ʩʲʸʤʢʠ ʩʝʨʠʠ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʡ ʢʘʤʝʨʦʡ Nikon 1 J5.  

 

 
ʈʠʩ. 3. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʶʚʝʪʝ ʦʪ ʚʨʝʤʝʥʠ 

 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʠʟʤʝʨʝʥʠʷ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʶʚʝʪʝ, ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʦʡ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʦʙʲʸʤʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʝ ʧʦ ʬʦʨʤʫʣʝ 

 

 ὗ ϽὥϽὦ, (2) 

 

ʛʜʝ H(t) ï ʟʘʚʠʩʠʤʦʩʪʴ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʶʚʝʪʝ ʚ ʤʤ; a ï ʜʣʠʥʘ ʦʩʥʦʚʘʥʠʷ ʢʶʚʝʪʳ ʨʘʚʥʘʷ 158 ʤʤ; 

b ï ʰʠʨʠʥʘ ʦʩʥʦʚʘʥʠʷ ʢʶʚʝʪʳ ʨʘʚʥʘʷ 256 ʤʤ. 

ɺ ʭʦʜʝ ʨʘʩʯʸʪʘ ʙʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʦʙʲʝʤʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ Q ʩʦʩʪʘʚʠʣʘ 
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 ὗ χσψ 
̍̍

̒
.  

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ ʢʘʞʜʦʝ ʨʝʛʠʩʪʨʠʨʫʝʤʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʦʜʝʨʞʘʣʦ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʦʣʦʞʝʥʠʠ ʯʘʩʪʠʮ ʪʨʘʩʩʝʨʦʚ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʪʨʝʭ ʧʣʦʩʢʦʩʪʷʭ. ʇʦʵʪʦʤʫ ʥʘ 

ʧʝʨʚʦʤ ʵʪʘʧʝ ʦʙʨʘʙʦʪʢʠ ʢʘʞʜʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʟ ʢʘʞʜʦʡ ʩʝʨʠʠ ʙʳʣʦ ʨʘʟʣʦʞʝʥʦ ʧʦ ʪʨʸʤ 

ʮʚʝʪʦʚʳʤ RGB ʢʘʥʘʣʘʤ ʚ ʩʨʝʜʝ çMathcadè. ɼʘʣʝʝ ʢ ʢʘʞʜʦʡ ʧʘʨʝ ʠʟʦʙʨʘʞʝʥʠʡ ʠʟ ʢʘʞʜʦʡ ʩʝʨʠʠ 

ʧʦ ʢʘʞʜʦʤʫ ʮʚʝʪʦʚʦʤʫ ʢʘʥʘʣʫ ʧʨʠʤʝʥʷʣʩʷ ʩʪʘʥʜʘʨʪʥʳʡ ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʦʙʨʘʙʦʪʢʠ ʚ ʧʨʦʛʨʘʤʤʝ PIVviewd2C. ʇʝʨʝʢʨʳʪʠʝ ʩʦʩʪʘʚʣʷʣʦ 75%. ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʨʦʩʩ-

ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʚʳʚʦʜʠʣʠʩʴ ʠʟ ʧʨʦʛʨʘʤʤʳ ʚ ʚʠʜʝ 

ʪʝʢʩʪʦʚʦʛʦ ʬʘʡʣʘ, ʠ ʥʘ ʠʭ ʦʩʥʦʚʝ ʧʨʦʠʟʚʦʜʠʣʩʷ ʜʘʣʴʥʝʡʰʠʡ ʘʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ. ʅʘ 

ʨʠʩ. 4 ʧʨʠʚʝʜʝʥ ʧʨʠʤʝʨ ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʦʜʥʦʡ ʠʟ ʧʘʨ ʄɸʀʏ ʠʟʦʙʨʘʞʝʥʠʡ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʚʝʢʪʦʨʥʳʭ ʧʦʣʝʡ ʩʢʦʨʦʩʪʝʡ, ʜʣʷ ʢʘʞʜʦʛʦ ʮʚʝʪʦʚʦʛʦ ʢʘʥʘʣʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʠʟʤʝʥʝʥʠʝ ʩʢʦʨʦʩʪʠ ʩʤʝʱʝʥʠʷ ʪʨʘʩʩʠʨʫʶʱʠʭ ʯʘʩʪʠʮ. ʇʨʠ ʵʪʦʤ ʥʘʠʙʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʮʝʥʪʨʝ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʠ, ʘ ʧʦ ʢʨʘʷʤ ʩʢʦʨʦʩʪʴ ʧʘʜʘʝʪ.  

 

   
ʘ ʙ ʚ 

ʈʠʩ. 4. ʈʝʟʫʣʴʪʘʪ ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʄɸʀʏ ʠʟʦʙʨʘʞʝʥʠʡ: 

ʘ ï ʩʠʥʷʷ ʧʣʦʩʢʦʩʪʴ; ʙ ïʟʝʣʸʥʘʷ ʧʣʦʩʢʦʩʪʴ; ʚ ï ʢʨʘʩʥʘʷ ʧʣʦʩʢʦʩʪʴ 

 

ʇʦʩʣʝ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʣʴʥʝʡʰʠʡ ʘʥʘʣʠʟ ʄɸʀʏ 

ʠʟʤʝʨʝʥʠʡ ʧʨʦʠʟʚʦʜʠʣʩʷ ʥʘ ʦʩʥʦʚʝ ʦʜʥʦʡ ʠʟ ʧʘʨ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʨʝʜʘʢʪʦʨʝ 

«Visual Studio Codeè ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ çPythonè. ɼʣʷ ʨʘʩʯʸʪʘ ʦʙʲʝʤʥʦʡ ʩʢʦʨʦʩʪʠ 

ʧʦʪʦʢʘ ʚ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʝ ʩʥʘʯʘʣʘ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚʜʦʣʴ ʦʩʠ 

ʍ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʢʦʦʨʜʠʥʘʪʝ ʚʜʦʣʴ ʦʩʠ Y, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʣʷʣʘ y = 960 ʧʠʢʩʝʣʝʡ = 9,402 

ʤʤ å 9 ʤʤ ʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʦ ʧʦʣʠʥʦʤʦʤ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ (ʨʠʩ. 5). 

ɼʘʣʝʝ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʬʫʥʢʮʠʠ ʙʳʣʠ ʜʠʩʢʨʝʪʠʟʠʨʦʚʘʥʳ ʩ ʰʘʛʦʤ 0,086 ʤʤ ʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʤʘʪʨʠʮʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʠʟʦʙʨʘʞʝʥʠʡ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʧʦ 

ʪʨʠ ʤʘʪʨʠʮʳ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʦʧʨʝʜʝʣʝʥʥʦʡ ʣʘʟʝʨʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʇʦʩʣʝ 

ʯʝʛʦ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʨʠʮ ʧʨʦʠʟʚʦʜʠʣʩʷ ʜʘʣʴʥʝʡʰʠʡ ʧʨʦʮʝʩʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʚʜʦʣʴ ʦʩʠ Z ʧʦ ʚʩʝʤʫ ʩʝʯʝʥʠʶ ʪʨʫʙʢʠ ʩ ʰʘʛʦʤ 0,086 ʤʤ ʥʘ ʦʩʥʦʚʝ 

ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʠʥʦʤʘ ʚʪʦʨʦʡ ʩʪʝʧʝʥʠ ʚ ʢʘʯʝʩʪʚʝ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ ʬʫʥʢʮʠʠ, ʢʦʪʦʨʳʡ 

ʧʦʜʙʠʨʘʣʩʷ ʧʦ ʤʝʪʦʜʫ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. 
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ʘ ʙ 

 
ʚ 

ʈʠʩ. 5. ɸʧʧʨʦʢʩʠʤʠʨʦʚʘʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʚʜʦʣʴ ʦʩʠ ʍ: 

ʘ ï ʩʠʥʷʷ ʣʘʟʝʨʥʘʷ ʧʣʦʩʢʦʩʪʴ; ʙ ï ʟʝʣʝʥʘʷ ʣʘʟʝʨʥʘʷ ʧʣʦʩʢʦʩʪʴ; ʚ ï ʢʨʘʩʥʘʷ ʣʘʟʝʨʥʘʷ ʧʣʦʩʢʦʩʪʴ 

 

ʈʘʩʯʸʪ ʦʙʲʸʤʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʝ ʙʳʣ ʧʨʦʠʟʚʝʜʝʥ ʧʦ ʬʦʨʤʫʣʝ  

 

 ὗ ὛόάϽ
Ͻ

, (3) 

 

ʛʜʝ Sum ï ʩʫʤʤʘ ʟʥʘʯʝʥʠʡ ʩʢʦʨʦʩʪʠ ʧʦ ʚʩʝʤʫ ʩʝʯʝʥʠʶ ʪʨʫʙʢʠ ʚ ʤʤ/c; k ï ʢʦʣʠʯʝʩʪʚʦ 

ʩʣʦʞʝʥʥʳʭ ʧʦ ʚʩʝʤʫ ʩʝʯʝʥʠʶ ʪʨʫʙʢʠ ʟʥʘʯʝʥʠʡ ʩʢʦʨʦʩʪʠ (ʜʣʷ ʢʘʞʜʦʡ ʧʘʨʳ ʠʟʦʙʨʘʞʝʥʠʡ 

k = 1829); R ï ʨʘʜʠʫʩ ʪʨʫʙʢʠ ʨʘʚʥʳʡ 4,3 ʤʤ. 

ɺ ʭʦʜʝ ʨʘʩʯʸʪʘ ʙʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʦʙʲʝʤʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʩʦʩʪʘʚʠʣʘ  

 

 ὗ-0)6 χφτ 
̍̍

̒
.  

 

ɼʘʣʝʝ ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ ʦʪʢʣʦʥʝʥʠʝ ʦʙʲʸʤʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʝ, ʧʦʣʫʯʝʥʥʦʡ 

ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ʄɸʀʏ ʦʪ ʦʙʲʸʤʥʦʡ ʩʢʦʨʦʩʪʠ, ʧʦʣʫʯʝʥʥʦʡ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʡ 

ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʶʚʝʪʝ 

 

 ɿὗ
ȿ1  -0)6ȿ

-0)6
ϽρππτϷ .  

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ ʙʳʣʘ ʫʩʧʝʰʥʦ ʜʦʢʘʟʘʥʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʨʘʥʝʝ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʦʪʦʢʦʚ ʚ ʞʠʜʢʠʭ 
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ʩʨʝʜʘʭ ʥʘ ʦʩʥʦʚʝ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ. ɼʣʷ ʵʪʦʛʦ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ 

ʨʘʩʩʤʦʪʨʝʥ ʚʦʜʥʳʡ ʧʦʪʦʢ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʧʦʤʦʱʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ ʧʦʣʦʞʝʥʠʷ ʯʘʩʪʠʮ-ʪʨʘʩʩʝʨʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ 

ʯʘʩʪʠʮʳ ʩʘʞʠ ʩ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 70 ʜʦ 100 ʤʢʤ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʪʨʸʭ 

ʩʝʯʝʥʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʪʨʫʙʢʠ. ɼʣʷ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʄɸʀʏ ʠʟʤʝʨʝʥʠʡ ʚʦ ʚʨʝʤʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʪʘʢʞʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʧʦʣʦʞʝʥʠʝ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʶʚʝʪʘʭ ʩ ʧʦʤʦʱʴʶ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʚʠʜʝʦʢʘʤʝʨʳ. ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʜʚʫʤʷ 

ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʦʙʲʸʤʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ ʢʶʚʝʪʝ ʠ ʦʙʲʝʤʥʘʷ ʩʢʦʨʦʩʪʴ 

ʧʦʪʦʢʘ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʪʨʫʙʢʝ ʜʣʷ ʢʘʞʜʦʡ ʩʝʨʠʠ. ʇʦʩʢʦʣʴʢʫ ʦʪʢʣʦʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʄɸʀʏ 

ʠʟʤʝʨʝʥʠʡ ʦʪ ʠʟʤʝʨʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʨʝʛʠʩʪʨʘʮʠʠ ʧʦʣʦʞʝʥʠʷ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʢʶʚʝʪʝ, 

ʩʦʩʪʘʚʠʣʦ 4%, ʪʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʝʨʠʬʠʢʘʮʠʷ ʤʝʪʦʜʘ ʄɸʀʏ ʧʨʦʰʣʘ ʫʩʧʝʰʥʦ, ʠ ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʜʦʢʘʟʘʥʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʦʧʪʠʢʦ-ʵʣʝʢʪʨʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʧʦʪʦʢʦʚ ʚ ʞʠʜʢʠʭ ʩʨʝʜʘʭ. 
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DETERMINATION OF APPLICABILITY LIMITS OF FLOW DIAGNOSTICS COMPLEX 

BASED ON MULTICOLOR PARTICLE IMAGE VELOCIMETRY  

 

ABSTRACT 

 

The work is devoted to determining applicability limits of the previously developed optical 

electronic complex for 3D flow diagnostics based on multicolor particle image velocimetry. 

Multicolor particle image velocimetry (MPIV) is one of the modern modifications of the particle 

image velocimetry (PIV). The main difference between MPIV and other similar modifications is the 

number of probing planes; for MPIV measurements, three laser planes with wavelengths of 450, 550 

and 650 nm are supposed to be used. As a result, such an upgrade makes it possible to visualize the 

flow structure simultaneously in three planes. The paper describes operation principle of the 

developed complex and formulates an algorithm for processing experimental results. To determine 

complex applicability limits, a water stream created in a glass tube with an inner diameter of 8,6 mm 

has been considered as an object of research. To form a flow in the tube, a system of communicating 

vessels was used, consisting of two glass cuvettes, and the water was gravity-fed through the tube 

from one cuvette to the other. To assess MPIV measurements accuracy, the position of the water level 

in the cuvettes was also recorded during the experiment. Based on experimental data obtained by two 

different methods, the volumetric flow rate in a cuvette and the volumetric flow rate in a cylindrical 

tube were calculated. 
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ʀɿʄɽʈɽʅʀɽ ʇʆɺɽʈʍʅʆʉʊʅʆɻʆ ʊʈɽʅʀʗ ʅɸ ɻʆʈʀɿʆʅʊɸʃʔʅʆʁ 

ʇʆɺɽʈʍʅʆʉʊʀ ʄɽʊʆɼʆʄ ʀʅʊɽʈʌɽʈɽʅʎʀʀ ɺ ʊʆʅʂʆʁ ʄɸʉʃʗʅʆʁ ʇʃɽʅʂʀ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥ ʤʝʪʦʜ ʨʝʛʠʩʪʨʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʦʧʪʠʯʝʩʢʠʤ 

ʤʝʪʦʜʦʤ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚ ʪʦʥʢʦʡ ʤʘʩʣʷʥʦʡ ʧʣʝʥʢʝ ʥʘ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʩʥʦʚʥʦʝ 

ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʚʳʙʦʨʫ ʩʭʝʤʳ ʵʢʩʧʝʨʠʤʝʥʪʘ: ʦʩʚʝʪʠʪʝʣʷ, ʤʘʪʝʨʠʘʣʘ ʠʩʩʣʝʜʫʝʤʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʲʝʢʪʠʚʘ ʢʘʤʝʨʳ ʨʝʛʠʩʪʨʘʮʠʠ. ʉʨʘʚʥʠʚʘʝʪʩʷ ʢʘʯʝʩʪʚʦ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ 

ʢʘʨʪʠʥʳ, ʧʦʣʫʯʝʥʥʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʢʣʠʥʦʚʠʜʥʦʩʪʠ ʢʘʧʣʠ ʚʙʣʠʟʠ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ. 

 

ʇʆɺɽʈʍʅʆʉʊʅʆɽ ʊʈɽʅʀɽ, ʀɿʄɽʈɽʅʀʗ, ʆʇʊʀʏɽʉʂʀɽ ʄɽʊʆɼʓ, 

ʀʅʊɽʈʌɽʈɽʅʎʀʗ, ʄɸʉʃʗʅɸʗ ʇʃɽʅʂɸ, ʇʆɺɽʈʍʅʆʉʊʔ, ʆʉɺɽʊʀʊɽʃʔ, 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʋʉʊɸʅʆɺʂɸ 

 

ɺɺɽɼɽʅʀɽ  

 

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʪʨʝʥʠʝ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤ ʪʝʣʦ ʚ 

ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ. ʊʦʯʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʤʝʩʪʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʚʘʞʥʦ, ʢʘʢ ʜʣʷ 

ʘʚʠʘʮʠʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʪʨʝʥʠʷ ʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪʴ ʩʫʱʝʩʪʚʝʥʥʫʶ 

ʯʘʩʪʴ ʧʦʣʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʝʣʘ, ʪʘʢ ʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʪʨʦʝʥʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. 

ʉ ʮʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʤʝʪʦʜʦʚ. ʀʭ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʧʨʷʤʳʝ ʤʝʪʦʜʳ (ʤʝʪʦʜ ʧʣʘʚʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ, ʦʧʪʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ), ʤʝʪʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʘʥʘʣʦʛʠʠ ʈʝʡʥʦʣʴʜʩʘ, ʤʘʥʦʤʝʪʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠ ʤʝʪʦʜʳ, 

ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʘʥʘʣʠʟʝ ʧʨʦʬʠʣʷ ʩʢʦʨʦʩʪʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ.  

ɺ ʥʝʧʨʷʤʳʭ ʤʝʪʦʜʘʭ ʪʨʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʩʭʦʜʷ ʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʘʚʣʝʥʠʷ ʠʣʠ 

ʩʢʦʨʦʩʪʠ ʫ ʩʪʝʥʢʠ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʠʭ ʟʥʘʯʝʥʠʷ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʠʥʪʝʨʧʦʣʷʮʠʶ, 

ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʢʘʢʠʭ-ʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʚʝʣʠʯʠʥ. ʊʘʢʠʝ 

ʤʝʪʦʜʳ ʧʦʜʭʦʜʷʪ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʚ ʫʞʝ ʠʟʫʯʝʥʥʳʭ ʪʝʯʝʥʠʷʭ, ʥʦ ʠʟʤʝʨʝʥʠʷ ʚ ʙʦʣʝʝ ʩʣʦʞʥʳʭ 

ʧʦʪʦʢʘʭ ʥʝʦʙʭʦʜʠʤʦ ʚʝʩʪʠ ʧʨʷʤʳʤʠ ʤʝʪʦʜʘʤʠ.  

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʣʘʚʘʶʱʠʡ ʵʣʝʤʝʥʪ ʠʤʝʝʪ ʨʷʜ ʥʝʜʦʩʪʘʪʢʦʚ: ʦʥ ʜʦʨʦʛ, ʩʣʦʞʝʥ ʚ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʠ ʥʘʩʪʨʦʡʢʝ, ʜʦʣʞʝʥ ʙʳʪʴ ʟʘʨʘʥʝʝ ʚʩʪʨʦʝʥ ʚ ʧʦʚʝʨʭʥʦʩʪʴ. ɺʩʝ ʵʪʠ ʥʝʫʜʦʙʩʪʚʘ 

ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʘʭ.  

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʦʧʠʩʳʚʘʝʪʩʷ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʥʘ 

ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʝ ʚ ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʚ 

ʤʘʩʣʷʥʦʡ ʢʘʧʣʝ, ʥʘʥʝʩʝʥʥʦʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ. 
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ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʥʘʯʘʣʘ ʨʘʙʦʪʳ ʧʦʩʣʫʞʠʣʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʤʝʪʴ ʧʨʷʤʳʝ ʠ 

ʥʝʟʘʚʠʩʠʤʳʝ ʠʟʤʝʨʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʪʨʝʥʠʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. 

 

ʆʉʅʆɺʅɸʗ ʀɼɽʗ ʀ ʊɽʆʈɽʊʀʏɽʉʂʆɽ ʆɹʆʉʅʆɺɸʅʀɽ ʄɽʊʆɼɸ 

 

ʆʩʥʦʚʘ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʙʣʶʜʝʥʠʠ ʪʦʛʦ, ʢʘʢ ʤʘʩʣʷʥʘʷ ʧʣʝʥʢʘ ʜʝʬʦʨʤʠʨʫʝʪʩʷ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ. ʅʘ ʤʘʩʣʦ ʙʫʜʫʪ ʜʝʡʩʪʚʦʚʘʪʴ ʩʠʣʘ ʪʨʝʥʠʷ, ʛʨʘʜʠʝʥʪ ʜʘʚʣʝʥʠʷ, 

ʩʠʣʘ ʪʷʞʝʩʪʠ ʠ ʩʠʣʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ. ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʩʠʣʳ ʪʷʞʝʩʪʠ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳ. ʊʘʢʞʝ ʧʨʠʤʝʤ ʩʣʝʜʫʶʱʠʝ ʧʨʝʜʧʦʣʦʞʝʥʠʷ: 

1) ʉʢʦʨʦʩʪʴ ʧʦ ʦʩʠ y ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʘ. 

2) ʇʦʪʦʢ ʩʪʘʮʠʦʥʘʨʝʥ, ʪ.ʝ. π 

3) ʇʣʦʪʥʦʩʪʴ ʠ ʚʷʟʢʦʩʪʴ ʤʘʩʣʘ ʧʦʩʪʦʷʥʥʳ 

4)  ʧʦʩʪʦʷʥʝʥ ʠ  ʦʯʝʥʴ ʤʘʣʘ, ʪʦ ʝʩʪʴ ʜʘʚʣʝʥʠʝ ʧʦ ʚʝʨʪʠʢʘʣʝ ʥʝ ʤʝʥʷʝʪʩʷ. 

5) ʜʚʠʞʝʥʠʝ ʚ ʮʝʣʦʤ ʜʦʩʪʘʪʦʯʥʦ ʤʝʜʣʝʥʥʦʝ, ʯʪʦʙʳ ʢʦʥʚʝʢʮʠʦʥʥʳʝ ʩʣʘʛʘʝʤʳʝ ʤʦʞʥʦ 

ʙʳʣʦ ʦʧʫʩʪʠʪʴ 

ʊʦʛʜʘ ʫʨʘʚʥʝʥʠʷ ʧʦʣʟʫʱʝʛʦ ʜʚʠʞʝʥʠʷ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʫʧʨʦʱʘʶʪʩʷ ʜʦ ʦʜʥʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʧʦ ʦʩʠ x [1]: 

 

‘
‬ὺ

‬ώ

‬ὖ

‬ὼ
Ȣ 

 

ʀʥʪʝʛʨʠʨʫʝʤ ʜʚʘ ʨʘʟʘ, ʫʯʠʪʳʚʘʷ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʤʘʩʣʘ ʫ ʩʪʝʥʢʠ ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʦʣʴ ʠ 

ʧʦʣʫʯʠʤ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʩʢʦʨʦʩʪʠ ʚ ʧʦʪʦʢʝ ʤʘʩʣʘ: 
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ʅʘʡʜʝʤ ʦʙʲʸʤʥʳʡ ʧʦʪʦʢ ʯʝʨʝʟ ʩʝʯʝʥʠʝ x: 
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ʊʘʢ ʢʘʢ ʪʦʣʱʠʥʘ ʧʣʝʥʢʠ ʦʯʝʥʴ ʤʘʣʘ, ʪʦ ʚʪʦʨʳʤ ʩʣʘʛʘʝʤʳʤ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ, ʝʩʣʠ  

ʥʝ ʦʯʝʥʴ ʚʝʣʠʢʦ: 
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‘
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ʈʘʩʭʦʜ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʧʨʷʤʦʡ ὼ  ὼ  ὠ ὸ ὸ, ʛʜʝ 

ὠ  ï ʩʢʦʨʦʩʪʴ ʧʝʨʝʥʦʩʘ ʧʦʩʪʦʷʥʥʦʡ ʚʳʩʦʪʳ, ʘ ʟʥʘʯʠʪ ʠ ʧʦʩʪʦʷʥʥʦʛʦ ʨʘʩʭʦʜʘ. ʊʦʛʜʘ  
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Ўὼ
Ὤ †

‘
Ѝ†ὨὸȢ 

 

ɽʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʧʨʷʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ, 

ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ὸ ʠ ʪʦʯʢʘ ʦʪʩʯʝʪʘ ὼ ʥʫʣʝʚʳʝ, ʪʦʛʜʘ: 

 

ὼ
Ὤ†

‘
ὸ ᵼ †

ὼ

Ὤ
‘
ρ

ὸ
Ȣ 

 

ɺ ʨʘʙʦʪʘʭ [2-4] ʧʨʦʚʦʜʠʪʩʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ, ʯʪʦ ʤʘʩʣʷʥʘʷ ʧʣʝʥʢʘ ʚ ʧʦʪʦʢʝ ʧʨʠʥʠʤʘʝʪ 

ʬʦʨʤʫ, ʟʘʚʠʩʷʱʫʶ ʪʦʣʴʢʦ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʧʦ ʠʩʩʣʝʜʫʝʤʦʡ ʧʣʘʩʪʠʥʝ. 

ʇʨʠ ʧʦʩʪʦʷʥʥʦʤ ʪʨʝʥʠʠ ʪʘʢʦʡ ʬʦʨʤʦʡ ʧʨʦʬʠʣʷ ʷʚʣʷʝʪʩʷ ʢʣʠʥ. ʇʦʵʪʦʤʫ ʚʳʩʦʪʫ ʧʣʝʥʢʠ ʤʦʞʥʦ 

ʥʘʡʪʠ ʩ ʧʦʤʦʱʴʶ ʠʥʪʝʨʬʝʨʝʥʮʠʠ. 

ʇʨʠ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚ ʢʣʠʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʧʦʣʦʩʳ ʨʘʚʥʦʡ ʪʦʣʱʠʥʳ, ʧʨʠ ʵʪʦʤ ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʥʠʤʠ ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ ʢʣʠʥʘ. 

ʈʘʟʥʦʩʪʴ ʭʦʜʘ ʣʫʯʝʡ ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ Ўὰ ςὲὬϽÃÏÓ‪ȟÓÉÎ•ȾÓÉÎ‪ ὲ, 
ʛʜʝ ű ï ʫʛʦʣ ʧʘʜʝʥʠʷ ʣʫʯʘ, ʘ ɣ ï ʫʛʦʣ ʦʪʨʘʞʝʥʠʷ. ʄʘʢʩʠʤʫʤʳ ʦʩʚʝʱʝʥʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʨʘʟʥʠʮʝ ʭʦʜʘ ʚ ʮʝʣʦʝ ʯʠʩʣʦ ʚʦʣʥ, ʯʪʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ 

 

Ὤ
‗ά

ςὲϽÓÉÎ‪
Ȣ 

 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʋʉʊɸʅʆɺʂɸ 

 

ʋʩʪʘʥʦʚʢʘ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪ: ʤʘʩʣʦ, ʦʩʚʝʪʠʪʝʣʴ, ʧʦʜʣʦʞʢʘ ʧʦʜ ʤʘʩʣʦ ʠ 

ʢʘʤʝʨʘ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʧʨʠʤʝʥʷʝʪʩʷ ʢʦʤʧʨʝʩʩʦʨ. ʉʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 1. 

 

 
ʈʠʩ. 1. ʆʙʦʨʫʜʦʚʘʥʠʝ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚ ʧʣʝʥʢʝ: 

1 ï ʢʦʤʧʨʝʩʩʦʨ, 2 ï ʦʩʚʝʪʠʪʝʣʴ, 3 ï ʢʘʤʝʨʘ ʩ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʤ ʬʠʣʴʪʨʦʤ, 4 ï ʇʂ ʜʣʷ ʩʙʦʨʘ ʜʘʥʥʳʭ, 

5 ï ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜ ʢʘʧʣʶ 

 

ʄʘʩʣʦ 

 

ʉʠʣʠʢʦʥʦʚʦʝ ʤʘʩʣʦ (ʧʦʣʠʤʝʪʠʣʩʠʣʦʢʩʘʥʦʚʘʷ ʞʠʜʢʦʩʪʴ, ɻʆʉʊ 13032-77[5]) ʇʄʉ-50 

ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: 

ʇʣʦʪʥʦʩʪʴ: 0,96 ʛ/ʩʤ3 
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ʂʠʥʝʤʘʪʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ: 45-55 ʩʉʪ 

ʂʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ: 1,4015 

ʇʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ: 20,8 ʅ/ʤ 

ʉʦʭʨʘʥʷʝʪ ʨʘʙʦʯʠʝ ʩʚʦʡʩʪʚʘ ʜʦ 220 ʉ°. ʀʟ-ʟʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʚʷʟʢʦʩʪʠ ʧʦʜʭʦʜʠʪ 

ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʜʣʝʥʥʳʭ ʧʦʪʦʢʦʚ. 

 

ɺʳʙʦʨ ʦʩʚʝʪʠʪʝʣʷ 

 

ʆʩʚʝʪʠʪʝʣʠ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʦʩʥʦʚʥʳʭ ʢʣʘʩʩʘ: ʢʦʛʝʨʝʥʪʥʳʝ ʠ ʥʝʢʦʛʝʨʝʥʪʥʳʝ. 

ʂʦʛʝʨʝʥʪʥʦʝ ʠʟʣʫʯʝʥʠʝ ʛʝʥʝʨʠʨʫʝʪʩʷ ʣʘʟʝʨʘʤʠ ʠ ʠʤʝʝʪ ʜʣʠʥʫ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʧʦʨʷʜʢʘ 

ʤʝʪʨʘ ʠ ʙʦʣʝʝ, ʦʜʥʘʢʦ, ʯʪʦʙʳ ʦʩʚʝʪʠʪʴ ʵʣʝʤʝʥʪ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʢʘʧʣʝʡ ʨʘʚʥʦʤʝʨʥʦ, ʥʝʦʙʭʦʜʠʤʦ 

ʨʘʩʰʠʨʠʪʴ ʧʫʯʦʢ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʣʠʥʟ. ʃʘʟʝʨʥʳʡ ʣʫʯ ʜʠʬʨʘʛʠʨʫʝʪ ʥʘ ʚʩʝʭ ʵʣʝʤʝʥʪʘʭ 

ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ ʥʘ ʝʛʦ ʧʫʪʠ, ʧʦʵʪʦʤʫ ʥʘ ʠʥʪʝʨʝʩʫʶʱʫʶ ʥʘʩ ʢʘʨʪʠʥʫ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʩʣʫʯʘʡʥʳʝ ʤʠʥʠʤʫʤʳ ʠ ʤʘʢʩʠʤʫʤʳ, ʥʘʟʳʚʘʝʤʳʝ ʩʧʝʢʣʘʤʠ. 

ʉʧʝʢʣʳ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʣʦʞʥʷʪʴ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʵʪʦʤʫ ʧʨʠʤʝʥʝʥʠʝ 

ʣʘʟʝʨʘ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʝʞʝʣʘʪʝʣʴʥʦ. 

ɽʩʣʠ ʧʣʘʩʪʠʥʢʘ ʦʩʚʝʱʘʝʪʩʷ ʠʟʣʫʯʝʥʠʝʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʧʨʠʤʝʨʥʦ 500 ʥʤ ʠ ʥʘʙʣʶʜʘʝʪʩʷ 

10 ʧʦʣʦʩ, ʪʦ ʜʣʠʥʘ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʜʦʣʞʥʘ ʙʳʪʴ 5ʤʢʤ. ʆʮʝʥʠʤ ʜʦʧʫʩʪʠʤʫʶ ʰʠʨʠʥʫ ʩʧʝʢʪʨʘ 

ʠʟʣʫʯʝʥʠʷ ʠʩʭʦʜʷ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʝʡ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʝʡ ʜʣʷ ʵʥʝʨʛʠʠ ʠ ʚʨʝʤʝʥʠ ʟʘʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ‏ὉϽ† ͯ Ὤ, ʛʜʝ 
 Ὁ ï ʰʠʨʠʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʫʨʦʚʥʷ, † ï ʚʨʝʤʷ ʞʠʟʥʠ ʯʘʩʪʠʮʳ ʥʘ ʵʪʦʤ ʫʨʦʚʥʝ (ʚʨʝʤʷ‏

ʠʟʣʫʯʝʥʠʷ). ʊʘʢ ʢʘʢ Ὁ  ’Ὤ, ʪʦ ‏’Ͻ† ͯ ρ, ʦʪʢʫʜʘ ʩʣʝʜʫʝʪ ‏’ ͯ , ʛʜʝ l ï ʜʣʠʥʘ 

ʢʦʛʝʨʝʥʪʥʦʩʪʠ, c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ‏’ , ʧʝʨʝʡʜʝʤ ʦʪ ʯʘʩʪʦʪʳ ʢ ʜʣʠʥʝ 

ʚʦʣʥʳ. ɼʣʷ ʜʣʠʥʳ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʧʦʣʫʯʠʤ ʦʮʝʥʢʫ 

 

ὰͯ
‗

‗‏
 
ςυπ̎̍

‗‏
̍̋̍υ̍̋Ȣ̍ 

 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ï 50 ʥʤ, ʝʸ ʤʦʞʥʦ ʣʝʛʢʦ ʦʙʝʩʧʝʯʠʪʴ ʩ ʧʦʤʦʱʴʶ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʬʠʣʴʪʨʘ, ʧʦʵʪʦʤʫ ʧʨʝʜʧʦʯʪʝʥʠʝ ʦʪʜʘʝʪʩʷ ʥʝʢʦʛʝʨʝʥʪʥʳʤ ʠʩʪʦʯʥʠʢʘʤ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʱʥʘʷ ʜʠʦʜʥʘʷ ʣʘʤʧʘ. ɺ ʢʥʠʛʝ [6] ʘʚʪʦʨʳ ʩʨʘʚʥʠʚʘʶʪ 

ʢʘʨʪʠʥʳ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚ ʜʠʬʬʫʟʥʦʤ ʠ ʦʪʨʘʞʝʥʥʦʤ ʩʚʝʪʝ ʠ ʧʨʠʭʦʜʷʪ ʢ ʚʳʚʦʜʫ, ʯʪʦ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʨʘʩʩʝʷʥʥʦʤ ʩʚʝʪʝ ʦʙʣʘʜʘʶʪ ʣʫʯʰʠʤ ʢʘʯʝʩʪʚʦʤ ʠ ʧʦʟʚʦʣʷʶʪ ʥʘʙʣʶʜʘʪʴ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʫʶ ʢʘʨʪʠʥʫ ʥʘ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʧʣʦʩʢʦʩʪʷʭ. ɼʣʷ ʥʘʙʣʶʜʝʥʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

ʚ ʨʘʩʩʝʷʥʥʳʭ ʣʫʯʘʭ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʝʷʪʴ ʠʟʣʫʯʝʥʠʝ ʦʪ ʣʘʤʧʳ. ɺ ʢʘʯʝʩʪʚʝ ʨʘʩʩʝʠʚʘʶʱʝʛʦ 

ʵʣʝʤʝʥʪʘ ʧʨʠʤʝʥʷʝʪʩʷ ʙʫʤʘʛʘ, ʢʦʪʦʨʘʷ ʢʨʝʧʠʪʩʷ ʢ ʣʘʤʧʝ. 

 

ɺʳʙʦʨ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜ ʤʘʩʣʦ 

 

ʇʦʜʭʦʜʷʱʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʚʳʙʠʨʘʝʪʩʷ ʠʩʭʦʜʷ ʠʟ ʪʨʝʙʦʚʘʥʠʷ ʭʦʨʦʰʝʡ ʚʠʜʠʤʦʩʪʠ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʧʦʣʦʩ. 

ɺʦ-ʧʝʨʚʳʭ, ʧʦʚʝʨʭʥʦʩʪʴ ʜʦʣʞʥʘ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʛʣʘʜʢʘʷ, ʝʸ ʩʨʝʜʥʷʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʥʝ 

ʜʦʣʞʥʘ ʧʨʝʚʳʰʘʪʴ ʯʝʪʚʝʨʪʠ ʜʣʠʥʳ ʚʦʣʥʳ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ, ʪʦ ʝʩʪʴ ‏ πȟρ ̍̋.̍ ɼʣʷ ʩʪʘʣʠ 

ʫʩʣʦʚʠʝ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʠ ʧʦʣʠʨʦʚʢʝ 13-14 ʢʣʘʩʩʦʚ, ʪʦ ʝʩʪʴ ʥʝʦʙʭʦʜʠʤʘ ʧʦʯʪʠ ʟʝʨʢʘʣʴʥʘʷ 

ʧʦʣʠʨʦʚʢʘ. 

ɺʦ-ʚʪʦʨʳʭ, ʦʪʨʘʞʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʜʦʣʞʥʘ ʙʳʪʴ ʪʘʢʦʡ, ʯʪʦʙʳ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʤʘʩʣʦ-ʚʦʟʜʫʭ ʙʳʣʘ ʩʦʧʦʩʪʘʚʠʤʘ ʩ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠʟʣʫʯʝʥʠʷ, ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʫʩʪʴ ʚʠʜʠʤʦʩʪʴ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ ὠ . ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [7], 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʚʠʜʠʤʦʩʪʴ ʧʦʣʦʩ (V = 1) ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʧʨʝʣʦʤʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ 

ʧʦʜʣʦʞʢʠ ʨʘʚʥʳʤ ʜʚʫʤ n = 2, ʝʩʣʠ ʜʣʷ ʩʠʣʠʢʦʥʦʚʦʛʦ ʤʘʩʣʘ ʧʨʠʥʷʪʴ n = 1,4. 
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ɺ ʧʦʩʣʝʜʫʶʱʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʧʝʨʝʥʝʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʫʶ ʪʨʫʙʫ, ʛʜʝ 

ʙʫʜʫʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʦʚʦʜʠʪʴʩʷ ʠʟʤʝʨʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʪʨʝʥʠʷ (ʤʝʪʦʜʦʤ ʪʦʥʢʦʡ ʤʘʩʣʷʥʦʡ 

ʧʣʝʥʢʠ) ʠ ʧʨʦʬʠʣʷ ʩʢʦʨʦʩʪʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʡ ʧʨʦʚʦʣʦʢʠ. ʇʦʵʪʦʤʫ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʪʨʝʙʦʚʘʥʠʷ ʢ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʦʡʢʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɺ ʧʨʦʮʝʩʩʝ ʧʝʨʝʙʦʨʘ ʜʦʩʪʫʧʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʩʣʝʜʫʶʱʠʝ ʧʦʚʝʨʭʥʦʩʪʠ: 

 

ʉʪʝʢʣʦʪʝʢʩʪʦʣʠʪ 

 

ʇʦʚʝʨʭʥʦʩʪʴ ʪʝʢʩʪʦʣʠʪʘ ʦʙʣʘʜʘʝʪ ʥʝʦʙʭʦʜʠʤʦʡ ʛʣʘʜʢʦʩʪʴʶ, ʦʜʥʘʢʦ ʥʘ ʥʝʡ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʙʫʛʦʨʢʠ ʥʘ ʨʘʚʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʆʥʠ ʧʨʝʧʷʪʩʪʚʫʶʪ ʪʝʯʝʥʠʶ 

ʤʘʩʣʘ, ʠ ʯʝʤ ʪʦʥʴʰʝ ʩʪʘʥʦʚʠʪʩʷ ʧʣʝʥʢʘ, ʪʝʤ ʩʠʣʴʥʝʝ ʙʫʛʦʨʢʠ ʥʘʯʠʥʘʶʪ ʠʩʢʘʞʘʪʴ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʫʶ ʢʘʨʪʠʥʫ ʥʘ ʥʝʡ, ʚ ʠʪʦʛʝ, ʧʦʣʦʩʳ ʧʦʣʥʦʩʪʴʶ ʨʘʟʤʳʚʘʶʪʩʷ ʩʦ ʚʨʝʤʝʥʝʤ 

ʧʨʠ ʜʣʠʪʝʣʴʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ (ʨʠʩ.2). 

ʅʘ ʛʨʘʬʠʢʝ ʥʘʥʝʩʝʥʳ ʟʥʘʯʝʥʠʷ ʪʦʯʝʢ, ʚʟʷʪʳʭ ʩ ʦʩʠ ʢʘʧʣʠ ʚ ʤʦʤʝʥʪ 25 ʩ, ʧʦ ʥʝʤʫ ʣʝʛʢʦ 

ʥʘʡʪʠ ʚʠʜʥʦʩʪʴ ʧʝʨʚʳʭ ʧʦʨʷʜʢʦʚ ʠʥʪʝʨʬʝʨʝʥʮʠʠ: 

ɼʣʷ ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʩʥʠʤʢʘ: ὠ πȟςχȟὠ πȟςςȟὠ πȟρσ. 
ɼʣʷ ʢʘʜʨʘ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ: ὠ πȟψȟὠ πȟφχȟὠ πȟτυ. 
 

 
 

 
 

ʈʠʩ. 2. ʀʥʪʝʨʬʝʨʝʥʮʠʷ ʚ ʤʘʩʣʷʥʦʡ ʢʘʧʣʝ ʥʘ ʪʝʢʩʪʦʣʠʪʝ. 

 

ʅʦʨʤʘʣʠʟʘʮʠʷ ʛʠʩʪʦʛʨʘʤʤʳ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʤʦʛʘʝʪ ʩʜʝʣʘʪʴ ʧʦʣʦʩʳ ʙʦʣʝʝ ʚʠʜʥʳʤʠ, 

ʦʜʥʘʢʦ ʢʘʯʝʩʪʚʝʥʥʦ ʢʘʨʪʠʥʘ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʥʝ ʤʝʥʷʝʪʩʷ. ʂʦʣʠʯʝʩʪʚʦ ʤʘʢʩʠʤʫʤʦʚ, ʚʠʜʠʤʳʭ 

ʥʘ ʪʝʢʩʪʦʣʠʪʝ ʥʝ ʧʨʝʚʳʰʘʝʪ 3ï4, ʯʪʦ ʚʠʜʥʦ ʥʘ ʨʠʩ.3. ʕʪʦʛʦ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʫʙʝʜʠʪʴʩʷ ʚ ʣʠʥʝʡʥʦʩʪʠ ʧʨʦʬʠʣʷ, ʧʦʵʪʦʤʫ ʤʘʪʝʨʠʘʣ ʥʝ ʧʦʜʭʦʜʠʪ ʚ ʢʘʯʝʩʪʚʝ ʧʦʚʝʨʭʥʦʩʪʠ. 

 

 

   

 
ʈʠʩ. 3. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦ ʦʩʠ ʢʘʧʣʠ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 25 ʩ, ʧʦʩʪʨʦʝʥʦ ʧʦ ʩʥʠʤʢʫ. 

 

ɻʝʪʠʥʘʢʩ 
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ʇʦʣʦʩ ʥʝ ʚʠʜʥʦ (ʨʠʩ. 4). 

 

 
ʈʠʩ. 4. ʈʘʩʪʝʢʘʥʠʝ ʢʘʧʣʠ ʧʦ ʛʝʪʠʥʘʢʩʫ, ʛʝʪʠʥʘʢʩ ʥʝ ʦʙʣʘʜʘʝʪ ʜʦʩʪʘʪʦʯʥʦʡ ʛʣʘʜʢʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʦʪʨʘʞʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ, ʧʦʵʪʦʤʫ ʧʦʣʦʩ ʥʝʪ 

ʉʪʝʢʣʦ 

 

ʆʪʨʘʞʝʥʠʝ ʦʪ ʛʨʘʥʠʮʳ ʤʘʩʣʦ-ʩʪʝʢʣʦ ʤʘʣʦ, ʧʦʵʪʦʤʫ ʚʠʜʠʤʳʝ ʧʦʣʦʩʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʣʫʯʝʡ, ʦʪʨʘʞʝʥʥʳʭ ʦʪ ʛʨʘʥʠʮʳ ʤʘʩʣʦ-ʚʦʟʜʫʭ ʠ ʥʠʞʥʝʡ ʛʨʘʥʠ ʩʪʝʢʣʷʥʥʦʡ 

ʧʣʘʩʪʠʥʢʠ. ɽʩʣʠ ʧʣʘʩʪʠʥʢʘ ʪʦʣʩʪʘʷ, ʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʨʘʟʥʦʩʪʴ ʭʦʜʘ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ ʜʣʠʥʫ 

ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʥʝʢʦʛʝʨʝʥʪʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʘʟʝʨ ʚ ʢʘʯʝʩʪʚʝ 

ʦʩʚʝʪʠʪʝʣʷ. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʚʦʟʤʦʞʥʫʶ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʧʣʘʩʪʠʥʢʠ ʧʦ 

ʪʦʣʱʠʥʝ. 

 

ɸʤʧʣʠʪʫʜʥʳʡ ʩʪʝʢʣʷʥʥʳʡ ʩʚʝʪʦʬʠʣʴʪʨ 

 

ʀʥʪʝʨʬʝʨʝʥʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʤʝʞʜʫ ʦʪʨʘʞʝʥʥʳʤʠ ʦʪ ʛʨʘʥʠʮ ʤʘʩʣʦ-ʚʦʟʜʫʭ ʠ ʩʪʝʢʣʦ-

ʤʘʩʣʦ ʣʫʯʘʤʠ. ʇʨʦʰʝʜʰʝʝ ʚʥʫʪʨʴ ʠʟʣʫʯʝʥʠʝ ʧʦʯʪʠ ʧʦʣʥʦʩʪʴʶ ʧʦʛʣʦʱʘʝʪʩʷ. ʆʪʣʠʯʥʘʷ 

ʚʠʜʠʤʦʩʪʴ ʧʦʣʦʩ (ʨʠʩ. 5-6), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʚʠʜʝʪʴ, ʛʜʝ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʦʙʣʘʩʪʴ ʣʠʥʝʡʥʦʛʦ 

ʧʨʦʬʠʣʷ (ʨʠʩ. 7).  

 

 
ʈʠʩ. 5. ʕʚʦʣʶʮʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʚ ʢʘʧʣʝ ʥʘ ʩʪʝʢʣʷʥʥʦʡ ʧʣʘʩʪʠʥʝ ʚ ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ, ʢʘʜʨʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʨʝʤʝʥʠ: 20 ʩ, 25 ʩ, 30 ʩ, 40 ʩ; ʧʦʪʦʢ ʥʘʧʨʘʚʣʝʥ ʩʣʝʚʘ ʥʘʧʨʘʚʦ 

 

 
ʈʠʩ. 6. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦ ʦʩʠ ʢʘʧʣʠ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 25 ʩ 
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ʈʠʩ. 7. ɿʘʚʠʩʠʤʦʩʪʴ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʝʸ ʢʨʦʤʢʠ ʧʨʠ ʨʘʩʪʝʢʘʥʠʠ ʥʘ ʘʤʧʣʠʪʫʜʥʦʤ ʩʚʝʪʦʬʠʣʴʪʨʝ 

ʇʦʣʠʨʦʚʘʥʥʘʷ ʩʪʘʣʴ 

 

ʀʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʦʪ ʩʪʘʣʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʤʠʥʠʤʫʤʘʭ 

ʥʝʥʫʣʝʚʘʷ, ʦʜʥʘʢʦ ʧʦʣʦʩʳ ʚʩʝ ʨʘʚʥʦ ʚʠʜʥʳ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ (ʨʠʩ. 8). 

 

 
ʈʠʩ. 8. ʕʚʦʣʶʮʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʚ ʢʘʧʣʝ ʥʘ ʩʪʘʣʴʥʦʡ ʧʣʘʩʪʠʥʝ ʚ ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ, ʢʘʜʨʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʨʝʤʝʥʠ: 15 ʩ, 20 ʩ, 25 ʩ, 30 ʩ; ʧʦʪʦʢ ʥʘʧʨʘʚʣʝʥ ʩʣʝʚʘ ʥʘʧʨʘʚʦ 

 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʛʨʘʬʠʢʝ (ʨʠʩ.9) ʠʟʦʙʨʘʞʝʥʦ, ʢʘʢ ʤʝʥʷʝʪʩʷ ʟʥʘʯʝʥʠʝ ʷʨʢʦʩʪʠ ʧʠʢʩʝʣʝʡ ʥʘ 

ʧʨʷʤʦʡ ɸɺ. ɺʠʜʥʦ, ʯʪʦ ʦʪʯʝʪʣʠʚʦ ʨʘʟʣʠʯʘʶʪʩʷ 7-8 ʤʘʢʩʠʤʫʤʦʚ. 

ɽʩʣʠ ʚʟʷʪʴ ʧʦʣʦʞʝʥʠʷ ʵʪʠʭ ʤʘʢʩʠʤʫʤʦʚ ʠ ʧʦʩʪʨʦʠʪʴ ʠʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʨʷʜʢʘ 

ʤʘʢʩʠʤʫʤʘ, ʪʦ ʜʣʷ ʪʦʯʝʢ ʚʨʝʤʝʥʠ 20, 25, 30 ʩ ʧʦʣʫʯʘʪʩʷ ʛʨʘʬʠʢʠ, ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩ. 10. 

ʇʦʥʷʪʥʦ, ʯʪʦ ʤʳ ʥʘʙʣʶʜʘʝʤ ʧʦʣʦʩʳ ʨʘʚʥʦʡ ʰʠʨʠʥʳ ʥʘ ʫʯʘʩʪʢʘʭ, ʛʜʝ ʛʨʘʬʠʢ ʦʧʠʩʳʚʘʝʪʩʷ 

ʧʨʷʤʦʡ: ʜʣʷ ʚʨʝʤʝʥʠ 20 ʩ ʵʪʦ ʧʨʦʤʝʞʫʪʦʢ ʤʝʞʜʫ 2-ʤ ʠ 14-ʤ ʤʘʢʩʠʤʫʤʘʤʠ, ʜʣʷ 25 ʠ 30 ï ʤʝʞʜʫ 

2-ʤ ʠ 8-ʤ. ʅʘ ʵʪʠʭ ʫʯʘʩʪʢʘʭ ʢʘʧʣʷ ʧʨʠʥʠʤʘʝʪ ʢʣʠʥʦʚʠʜʥʫʶ ʬʦʨʤʫ. 

 

 
ʈʠʩ. 4. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦ ʧʨʷʤʦʡ ɸɺ 
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ʈʠʩ. 10. ʊʦʣʱʠʥʘ ʧʣʝʥʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʧʝʨʚʦʛʦ ʤʘʢʩʠʤʫʤʘ ʦʩʚʝʱʝʥʥʦʩʪʠ. ʇʨʷʤʳʝ 

ʧʦʩʯʠʪʘʥʳ ʩ ʧʦʤʦʱʴʶ ʄʅʂ, ʧʦ ʜʘʥʥʳʤ ʦ ʧʦʣʦʞʝʥʠʷʭ 2-8 ʧʠʢʦʚ 

 

ɿʘʩʚʝʯʝʥʥʘʷ ʬʦʪʦʧʣʝʥʢʘ 

 

ʅʝʦʞʠʜʘʥʥʦ ʭʦʨʦʰʘʷ ʚʠʜʠʤʦʩʪʴ ʧʦʣʦʩ (ʨʠʩ.11), ʦʜʥʘʢʦ ʤʘʪʝʨʠʘʣ ʣʝʛʢʦ ʧʣʘʚʠʪʩʷ, 

ʚʜʦʙʘʚʦʢ ʝʩʪʴ ʧʨʦʙʣʝʤʳ ʚ ʪʝʭʥʦʣʦʛʠʠ ʝʸ ʟʘʢʨʝʧʣʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

 

 
ʈʠʩ. 11. ʕʚʦʣʶʮʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʚ ʢʘʧʣʝ ʥʘ ʬʦʪʦʧʣʝʥʢʝ, ʥʘʢʣʝʝʥʥʦʡ ʥʘ ʛʝʪʠʥʘʢʩ, ʚ ʚʦʟʜʫʰʥʦʤ 

ʧʦʪʦʢʝ, ʢʘʜʨʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʨʝʤʝʥʠ: 15ʩ, 20ʩ, 25ʩ, 30ʩ; ʧʦʪʦʢ ʥʘʧʨʘʚʣʝʥ ʩʣʝʚʘ ʥʘʧʨʘʚʦ 

 

ʈʝʛʠʩʪʨʘʮʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

 

ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʮʝʩʩʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʤʝʨʘ TUCSEA DHYANA  2100 sCMOS camera 

ʩ ʨʘʟʨʝʰʝʥʠʝʤ 5120×4096, ʦʙʦʨʫʜʦʚʘʥʥʘʷ ʩʚʝʪʦʩʠʣʴʥʳʤ ʦʙʲʝʢʪʠʚʦʤ ZENIT 1,2/50s ʩʦ 

ʚʩʪʨʦʝʥʥʦʡ ʜʠʘʬʨʘʛʤʦʡ ʦʪ 22 ʜʦ 1,2 ʠ ʤʠʥʠʤʘʣʴʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ ʬʦʢʫʩʠʨʦʚʢʠ 0,45 ʤ.  ɼʣʷ 

ʚʳʜʝʣʝʥʠʷ ʫʟʢʦʡ ʧʦʣʦʩʳ ʩʧʝʢʪʨʘ ʧʝʨʝʜ ʦʙʲʝʢʪʠʚʦʤ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ 

ʬʠʣʴʪʨ SL 443\16 ʜʣʷ ʜʣʠʥʳ ʚʦʣʥʳ ʚ 443 ʤʢʤ. 

ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʂʘʧʣʷ ʤʘʩʣʘ ʩ ʧʦʤʦʱʴʶ ʠʛʣʳ ʥʘʥʦʩʠʣʘʩʴ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʣʦʞʢʠ, ʚʳʞʠʜʘʣʦʩʴ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ, ʯʪʦʙʳ ʢʘʧʣʷ ʫʩʧʝʣʘ ʨʘʩʪʝʯʴʩʷ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɿʘʪʝʤ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʨʝʩʩʦʨʘ ʩʦʟʜʘʚʘʣʩʷ ʧʦʪʦʢ ʚʦʟʜʫʭʘ, ʧʘʨʘʣʣʝʣʴʥʳʡ 

ʧʣʘʩʪʠʥʝ. ɼʝʬʦʨʤʘʮʠʷ ʢʘʧʣʠ ʨʝʛʠʩʪʨʠʨʦʚʘʣʘʩʴ ʚ ʩʝʨʠʶ ʢʘʜʨʦʚ, ʩʥʷʪʳʭ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʢ ʚ 1 

ʩ. 

ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʧʠʢʩʝʣʝʡ ʥʘ ʤʠʣʣʠʤʝʪʨ ʙʳʣʘ ʩʬʦʪʦʛʨʘʬʠʨʦʚʘʥʘ ʣʠʥʝʡʢʘ 

(ʨʠʩ. 12). 
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ʈʠʩ.12. ʄʠʣʣʠʤʝʪʨʦʚʘʷ ʣʠʥʝʡʢʘ, ʩʥʷʪʘ ʥʘ ʨʘʙʦʯʫʶ ʢʘʤʝʨʫ ʩ ʨʘʩʩʪʦʷʥʠʷ 45 ʩʤ 

 

 ʉʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʤʠʣʣʠʤʝʪʨʦʚʳʤʠ ʜʝʣʝʥʠʷʤʠ ʩʦʩʪʘʚʠʣʦ 

22,5 ʧʠʢʩʝʣʝʡ. 

 

ɺʓɺʆɼʓ 

 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʙʦʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʨʘʙʦʪʳ ʧʦ 

ʦʧʪʠʯʝʩʢʦʤʫ ʦʧʨʝʜʝʣʝʥʠʶ ʥʘʧʨʷʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ. 

ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʨʘʙʦʪʳ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʣʷ ʝʛʦ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʨʦʚʝʜʝʥʠʷ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ. ɼʣʷ ʚʦʟʤʦʞʥʦʩʪʠ ʥʘʙʣʶʜʝʥʠʷ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚ ʢʘʧʣʷʭ ʥʘ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʭʝʤʘ ʩ ʨʘʩʩʝʷʥʥʳʤ 

ʠʩʪʦʯʥʠʢʦʤ ʩʚʝʪʘ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʚʦʟʤʦʞʥʳʝ ʪʠʧʳ ʨʘʙʦʯʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʧʦʜ ʤʘʩʣʦ. 

ɺʳʷʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʯʝʪʢʠʝ ʢʘʨʪʠʥʳ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʧʨʠ 

ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ: 

1) ʈʘʙʦʯʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ï ʧʦʣʠʨʦʚʘʥʥʘʷ ʩʪʘʣʴ; 

2) ʀʩʪʦʯʥʠʢ ʦʩʚʝʱʝʥʠʷ ʧʨʦʪʷʞʝʥʥʳʡ ʥʝʢʦʛʝʨʝʥʪʥʳʡ; 

ʇʦʩʢʦʣʴʢʫ ʦʩʥʦʚʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʛʨʘʥʩʣʦʷ ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʦʚʦʜʠʪʴ ʩ ʧʦʤʦʱʴʶ 

ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ, ʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʜʦʣʞʥʘ ʙʳʪʴ ʪʝʨʤʦʩʪʦʡʢʦʡ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʛʦʪʦʚʠʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʜʦʟʚʫʢʦʚʦʡ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ ï 

ʵʪʘʣʦʥʝ ʩʢʦʨʦʩʪʠ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ. 
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FRINGE IMAGING TECHNIQUE FOR MEASURING SKIN -FRICTION ON A PLANE 

SURFACE 

 

ABSTRACT 

 

This paper concerns itself with fringe imaging skin-friction (FISF) technique ï an optical 

method of measuring skin friction based on interference in oil films, here in the case of a plane 

surface. The focus is on choosing the following components of experimental set-up: lights source, 

surface material, camera parameters. Fringe visibilities on several common materials are compared, 

the profile of an oil drop near the leading edge is experimentally proved to take a wedge shape.     
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ʋʃʋʏʐɽʅʀɽ ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʊɽʅɽɺʆɻʆ ʌʆʅʆɺʆɻʆ ʄɽʊʆɼɸ ʉ 

ʇɽʈʀʆɼʀʏɽʉʂʀʄ ʎɺɽʊʅʓʄ ʌʆʅʆʄ ʀ ʆʇʈɽɼɽʃɽʅʀɽʄ ʉʄɽʑɽʅʀʗ 

ʄɽʊʆɼʆʄ ʉɼɺʀɻɸ ʌɸɿʓ  

 

ɸʅʅʆʊɸʎʀʗ 

 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʥʦʚʳʡ ʚʘʨʠʘʥʪ ʪʝʥʝʚʦʛʦ ʬʦʥʦʚʦʛʦ ʤʝʪʦʜʘ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤ 

ʮʚʝʪʥʳʤ ʬʦʥʦʤ ʠ ʦʧʨʝʜʝʣʝʥʠʝʤ ʧʦʣʷ ʩʤʝʱʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ. ʆʥ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʜʦʩʪʦʚʝʨʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʝʯʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭ 

ʦʙʣʘʩʪʠ ʩʠʣʴʥʦʡ ʨʝʬʨʘʢʮʠʠ ʩ ʛʨʘʜʠʝʥʪʦʤ ʩʤʝʱʝʥʠʷ ʙʦʣʝʝ 1 ʧʠʢʩ/ʧʠʢʩ, ʪʘʢʠʝ ʢʘʢ ʬʨʦʥʪʳ 

ʫʜʘʨʥʳʭ ʚʦʣʥ ʠʣʠ ʪʦʥʢʠʝ ʪʝʧʣʦʚʳʝ ʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ. ʈʘʩʩʤʦʪʨʝʥʳ 

ʧʦʛʨʝʰʥʦʩʪʠ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʩʤʝʰʝʥʠʝʤ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʠʟʦʙʨʘʞʝʥʠʷ, ʥʝʣʠʥʝʡʥʦʡ 

ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʝʡ ʬʦʪʦʢʘʤʝʨʳ ʠ ʩʣʫʯʘʡʥʳʤ ʰʫʤʦʤ ʤʘʪʨʠʮʳ. ʇʨʝʜʣʦʞʝʥʳ ʩʧʦʩʦʙʳ 

ʢʦʨʨʝʢʮʠʠ ʵʪʠʭ ʧʦʛʨʝʰʥʦʩʪʝʡ ʙʝʟ ʧʦʪʝʨʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʤʝʪʦʜʘ ʠ 

ʩʢʦʨʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʳʭ ʫʣʫʯʰʝʥʠʡ 

ʧʦʜʪʚʝʨʞʜʝʥʘ ʩ ʧʦʤʦʱʴʶ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʠʟʚʝʩʪʥʳʤ ʧʦʣʝʤ ʩʤʝʱʝʥʠʷ. 

ʇʨʦʚʝʜʝʥ ʨʝʘʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʜʣʷ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʚ ʩʠʩʪʝʤʝ ʚʦʜʘ-ʛʣʠʮʝʨʠʥ. ʉʨʘʚʥʝʥʠʝ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʯʠʩʣʝʥʥʳʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʧʦʢʘʟʘʣʦ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ 

ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ.  

 

ʊɽʅɽɺʆʁ ʌʆʅʆɺʓʁ ʄɽʊʆɼ, ʆɹʈɸɹʆʊʂɸ ʀɿʆɹʈɸɾɽʅʀʁ, ʄɽʊʆɼ ʉɼɺʀɻɸ ʌɸɿʓ 

 

ɺɺɽɼɽʅʀɽ 

 

ɹʣʘʛʦʜʘʨʷ ʧʨʦʩʪʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʭʦʨʦʰʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ, ʪʝʥʝʚʦʡ ʬʦʥʦʚʳʡ 

ʤʝʪʦʜ (ʊʌʄ) [1, 2] ʚʩʝ ʯʘʱʝ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʝʯʝʥʠʡ ʧʨʦʟʨʘʯʥʳʭ ʩʨʝʜ, 

ʚ ʢʦʪʦʨʳʭ ʠʟ-ʟʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʣʦʪʥʦʩʪʠ ʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʢʦʤʧʦʥʝʥʪ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʬʨʘʢʮʠʷ. ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʪʨʝʙʫʶʪʩʷ ʪʦʣʴʢʦ ʬʦʪʦʢʘʤʝʨʘ, 

ʦʩʚʝʱʝʥʥʳʡ ʬʦʥʦʚʳʡ ʵʢʨʘʥ ʠ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʲʝʢʪ. ʂʘʤʝʨʘ ʬʦʪʦʛʨʘʬʠʨʫʝʪ ʬʦʥ ʯʝʨʝʟ 

ʠʩʩʣʝʜʫʝʤʦʝ ʪʝʯʝʥʠʝ. ʀʟ-ʟʘ ʨʝʬʨʘʢʮʠʠ ʜʝʪʘʣʠ ʬʦʥʘ ʚ ʧʦʣʫʯʝʥʥʳʭ ʨʘʙʦʯʠʭ ʩʥʠʤʢʘʭ 

ʦʢʘʟʳʚʘʶʪʩʷ ʩʤʝʱʝʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʧʦʨʥʳʤ ʩʥʠʤʢʦʤ, ʩʜʝʣʘʥʥʳʤ ʚ ʦʪʩʫʪʩʪʚʠʝ ʛʨʘʜʠʝʥʪʦʚ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ʅʘʡʜʷ ʚʝʢʪʦʨʥʦʝ ʧʦʣʝ ʩʤʝʱʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʴʶʪʝʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ, ʤʦʞʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʤʛʥʦʚʝʥʥʦʝ ʧʦʣʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, 

ʫʩʨʝʜʥʝʥʥʦʝ ʚʜʦʣʴ ʧʫʪʠ ʣʫʯʘ, ʠʟ ʧʦʣʝʡ ʝʛʦ ʧʝʨʚʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʠ ʦʧʦʨʥʦʛʦ 

ʟʥʘʯʝʥʠʷ, ʟʘʜʘʥʥʦʛʦ ʚ ʢʘʢʦʡ-ʪʦ ʪʦʯʢʝ ʠʣʠ ʥʘ ʦʜʥʦʡ ʠʟ ʛʨʘʥʠʮ ʦʙʣʘʩʪʠ ʠʟʤʝʨʝʥʠʷ. ɿʘʪʝʤ, ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʳ ʠ ʭʘʨʘʢʪʝʨʘ ʪʝʯʝʥʠʷ, ʠʟ ʧʦʣʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʷ ʧʣʦʪʥʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʳ ʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʝʩʣʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʘʷ ʩʨʝʜʘ. 
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ʂʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʦʙʨʘʙʦʪʢʘ ʠʟʦʙʨʘʞʝʥʠʡ, ʟʘʠʤʩʪʚʦʚʘʥʥʘʷ ʠʟ ʤʝʪʦʜʘ ʮʠʬʨʦʚʦʡ 

ʪʨʘʩʩʝʨʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʦʥʦʚ ʠʟ ʩʣʫʯʘʡʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʷʪʝʥ 

ʨʘʟʤʝʨʦʤ 2-3 ʧʠʢʩ ʧʦʟʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ ʧʦʣʷ ʩʤʝʱʝʥʠʷ ʩ ʪʦʯʥʦʩʪʴʶ 0,1-0,2 ʧʠʢʩ. ʆʜʥʘʢʦ ʠʟ-ʟʘ 

ʢʦʥʝʯʥʦʛʦ ʨʘʟʤʝʨʘ ʦʙʣʘʩʪʠ ʦʧʨʦʩʘ, ʚ ʢʦʪʦʨʦʡ ʜʦʣʞʥʦ ʥʘʭʦʜʠʪʴʩʷ ʭʦʪʷ ʙʳ 5-7 ʧʷʪʝʥ, 

ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʤʝʪʦʜ ʨʘʟʨʝʰʘʝʪ ʚʦʟʤʫʱʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʥʝ ʤʝʥʝʝ 20-25 ʧʠʢʩ. 

ɹʦʣʝʝ ʪʦʛʦ, ʧʨʠ ʥʘʣʠʯʠʠ ʚ ʪʝʯʝʥʠʠ ʟʦʥ ʩ ʨʝʟʢʠʤ ʧʝʨʝʧʘʜʦʤ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ (ʫʜʘʨʥʳʝ 

ʚʦʣʥʳ, ʪʦʥʢʠʝ ʪʝʧʣʦʚʳʝ ʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʧʦʛʨʘʥʠʯʥʳʝ ʩʣʦʠ) ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʷ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʟʘʤʝʪʥʦ ʟʘʥʠʞʘʝʪ ʧʠʢʦʚʦʝ ʟʥʘʯʝʥʠʝ ʩʤʝʱʝʥʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʨʘʟʣʠʯʥʳʤ 

ʩʤʝʱʝʥʠʝʤ ʩʦʩʝʜʥʠʭ ʧʷʪʝʥ, ʪʘʢ ʠ ʩ ʜʝʬʦʨʤʘʮʠʝʡ ʠʟʦʙʨʘʞʝʥʠʷ ʢʘʞʜʦʛʦ ʧʷʪʥʘ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ 

ʣʫʯʠ ʦʪ ʥʝʛʦ, ʧʦʧʘʜʘʶʱʠʝ ʚ ʦʙʲʝʢʪʠʚ ʢʘʤʝʨʳ, ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʫʯʘʩʪʢʠ ʪʝʯʝʥʠʷ ʩ ʨʘʟʣʠʯʥʳʤ 

ʛʨʘʜʠʝʥʪʦʤ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʠʩʧʳʪʳʚʘʶʪ ʨʘʟʣʠʯʥʦʝ ʧʨʝʣʦʤʣʝʥʠʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠ 

ʛʨʘʜʠʝʥʪʝ ʩʤʝʱʝʥʠʷ ʙʦʣʝʝ 0,4 ʧʠʢʩ/ʧʠʢʩ ʟʘʤʝʪʥʦ ʟʘʥʠʞʘʝʪʩʷ ʧʝʨʝʧʘʜ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʪʘʢʫʶ ʟʦʥʫ. ʕʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʊʌʄ, ʦʩʦʙʝʥʥʦ ʚ ʞʠʜʢʦʩʪʷʭ (ʛʜʝ ʠʟʤʝʥʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʟʘʤʝʪʥʦ 

ʙʦʣʴʰʝ, ʯʝʤ ʚ ʛʘʟʘʭ) ʠ ʚ ʪʝʯʝʥʠʷʭ, ʩʦʜʝʨʞʘʱʠʭ ʫʜʘʨʥʳʝ ʚʦʣʥʳ. 

ɺ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʝʮʠʘʣʴʥʳʭ ʬʦʥʦʚʳʭ ʵʢʨʘʥʦʚ ʠ 

ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʩʤʝʱʝʥʠʷ, ʘʜʘʧʪʠʨʦʚʘʥʥʳʭ ʢ ʢʦʥʢʨʝʪʥʦʤʫ ʪʠʧʫ ʠʟʦʙʨʘʞʝʥʠʡ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʬʦʥʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʩʤʝʱʝʥʠʝ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʘʟʥʦʩʪʠ ʬʘʟ ʧʦʣʦʩ ʚ ʨʘʙʦʯʝʤ ʠ ʦʧʦʨʥʦʤ ʩʥʠʤʢʘʭ. ʅʝʜʘʚʥʦ ʚ ʊʌʄ ʙʳʣʠ 

ʧʨʠʤʝʥʝʥʳ ʜʚʘ ʪʘʢʠʭ ʤʝʪʦʜʘ  ʬʫʨʴʝ-ʧʨʦʬʠʣʦʤʝʪʨʠʷ ʠ ʤʝʪʦʜ ʩʜʚʠʛʘ ʬʘʟʳ ʩ ʮʚʝʪʥʳʤ ʬʦʥʦʤ 

(Color Phase-Shifting Profilometry, CPSP [3]). ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʥʠ ʧʨʝʚʦʩʭʦʜʷʪ 

ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʤʝʪʦʜ ʠ ʤʝʪʦʜʳ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤʫ 

ʨʘʟʨʝʰʝʥʠʶ ʠ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʟʦʥʘʭ ʩ ʙʦʣʴʰʠʤ ʛʨʘʜʠʝʥʪʦʤ 

ʩʤʝʱʝʥʠʷ  ʜʦ 0,8-0,9 ʧʠʢʩ/ʧʠʢʩ ʜʣʷ ʬʫʨʴʝ-ʧʨʦʬʠʣʦʤʝʪʨʠʠ ʠ ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʜʦ 8 ʧʠʢʩ/ʧʠʢʩ 

ʜʣʷ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ ʩ ʮʚʝʪʥʳʤ ʬʦʥʦʤ ʩ ʧʝʨʠʦʜʦʤ 50 ʧʠʢʩ ʠ ʙʦʣʝʝ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʢʨʘʪʢʦ ʦʧʠʩʘʥ ʤʝʪʦʜ CPSP ʠ ʧʨʝʜʣʦʞʝʥʳ ʝʛʦ ʫʣʫʯʰʝʥʠʷ, ʢʘʩʘʶʱʠʝʩʷ ʫʯʝʪʘ ʩʤʝʰʝʥʠʷ 

ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ, ʢʦʨʨʝʢʮʠʠ ʥʝʣʠʥʝʡʥʦʡ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʬʦʪʦʢʘʤʝʨʳ ʠ ʩʥʠʞʝʥʠʷ 

ʧʦʛʨʝʰʥʦʩʪʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʰʫʤʦʤ ʤʘʪʨʠʮʳ ʬʦʪʦʢʘʤʝʨʳ. 

 

ʄɽʊʆɼ ʉɼɺʀɻɸ ʌɸɿʓ ʉ ʎɺɽʊʅʓʄ ʌʆʅʆʄ 

 

ʕʪʦʪ ʤʝʪʦʜ ʜʘʚʥʦ ʠ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʠ ʧʨʠ ʠʟʤʝʨʝʥʠʠ 

ʪʨʝʭʤʝʨʥʦʡ ʬʦʨʤʳ ʧʨʝʜʤʝʪʦʚ [4]. ʆʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʬʦʥ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʧʘʨʘʣʣʝʣʴʥʳʭ 

ʧʦʣʦʩ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʧʨʦʬʠʣʝʤ ʷʨʢʦʩʪʠ, ʧʦʟʚʦʣʷʶʱʠʡ ʠʟʤʝʨʷʪʴ ʪʦʣʴʢʦ ʩʤʝʱʝʥʠʝ ʧʦʧʝʨʝʢ 

ʧʦʣʦʩʳ. ɺ ʊʌʄ ʞʝʣʘʪʝʣʴʥʦ ʠʟʤʝʨʷʪʴ ʦʙʝ ʢʦʤʧʦʥʝʥʪʳ ʩʤʝʱʝʥʠʷ, ʧʦʵʪʦʤʫ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʚʫʤʝʨʥʳʡ ʬʦʥ 

 

Ὅὼȟώ ὃ ὄ ÃÏÓ
ςʌὼ

‗̕ ̏̎
ÃÏÓ

ςʌώ

‗̕ ̏̎
Ȣ ρ 

 

ʉʤʝʱʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʬʦʥʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʬʘʟʳ ʧʦʣʦʩ ʚ ʨʘʙʦʯʝʤ ʩʥʠʤʢʝ, ʢʦʪʦʨʦʝ 

ʩʚʷʟʘʥʦ ʩʦ ʩʤʝʱʝʥʠʝʤ ɝ ʩʦʦʪʥʦʰʝʥʠʝʤ 

 

‚
‗̕ ̏̎

ς“
ɝ•ȟ        Ὥ ὼȟώȢ ς 

 

ɺ ʢʣʘʩʩʠʯʝʩʢʦʤ ʤʥʦʛʦʢʘʜʨʦʚʦʤ ʚʘʨʠʘʥʪʝ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʘʟʳ ʧʦʣʦʩ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʟʥʘʯʝʥʠʡ ʷʨʢʦʩʪʠ ʢʘʞʜʦʛʦ ʧʠʢʩʝʣʘ ʚ N Ó 3 ʠʟʦʙʨʘʞʝʥʠʷʭ ʬʦʥʘ, ʩʜʚʠʥʫʪʳʭ ʧʦ 

ʬʘʟʝ ʥʘ 2/́N. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʦʙʝʠʭ ʢʦʤʧʦʥʝʥʪ ʩʤʝʱʝʥʠʷ ʚ ʊʌʄ ʥʝʦʙʭʦʜʠʤʦ 

ʩʜʝʣʘʪʴ ʤʠʥʠʤʫʤ 6 ʦʧʦʨʥʳʭ ʠ 6 ʨʘʙʦʯʠʭ ʩʥʠʤʢʦʚ. ʌʦʥ ʧʨʠ ʵʪʦʤ ʩʦʟʜʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʥʠʪʦʨʘ ʠʣʠ ʧʨʦʝʢʪʦʨʘ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ 

ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʲʝʢʪʝ ʜʦʣʞʥʦ ʦʩʪʘʚʘʪʴʩʷ ʥʝʠʟʤʝʥʥʳʤ ʚ ʭʦʜʝ ʩʲʝʤʢʠ ʨʘʙʦʯʠʭ ʩʥʠʤʢʦʚ. 
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ʇʦʩʢʦʣʴʢʫ ʵʪʦ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʭ ʪʝʯʝʥʠʡ, ʚ [3] ʙʳʣ 

ʧʨʠʤʝʥʝʥ ʮʚʝʪʥʦʡ ʚʘʨʠʘʥʪ ʤʝʪʦʜʘ (CPSP), ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ [5]. ɺ ʥʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʮʚʝʪʥʦʡ 

ʬʦʥ, ʢʘʥʘʣʳ ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʣʷʶʪ ʪʨʠ ʩʝʨʳʭ ʠʟʦʙʨʘʞʝʥʠʷ (1), ʩʜʚʠʥʫʪʳʭ ʧʦ ʦʙʝʠʤ ʦʩʷʤ ʥʘ 

2 /́3. ɻʦʨʠʟʦʥʪʘʣʴʥʳʝ ʠ ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʦʣʦʩʳ ʢʘʞʜʦʛʦ ʮʚʝʪʘ ʨʘʟʜʝʣʷʶʪʩʷ ʧʨʠ ʧʦʤʦʱʠ 

ʬʠʣʴʪʨʘʮʠʠ ʩʧʝʢʪʨʘ ʌʫʨʴʝ (ʨʠʩ. 1). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʟʚʣʝʢʘʪʴ ʥʝʦʙʭʦʜʠʤʳʝ 6 ʠʟʦʙʨʘʞʝʥʠʡ 

ʧʦʣʦʩ ʠʟ ʦʜʥʦʛʦ ʩʥʠʤʢʘ ʠ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʝʯʝʥʠʡ, ʠʩʧʦʣʴʟʫʷ 

ʩʪʘʪʠʯʥʳʡ ʬʦʥ, ʥʘʧʝʯʘʪʘʥʥʳʡ ʥʘ ʙʫʤʘʛʝ ʠʣʠ ʧʨʦʟʨʘʯʥʦʡ ʧʣʝʥʢʝ. 

 

 
ʈʠʩ. 1. ɺʳʜʝʣʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʧʦʣʦʩ ʚ ʮʚʝʪʥʦʤ ʚʘʨʠʘʥʪʝ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ 

 

ʗʨʢʦʩʪʴ ʠʟʦʙʨʘʞʝʥʠʡ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʷʤʠ 

 

Ὅ ̃ ̆̑ὼ̓ȟώ ὥὼȟώ ὦὼȟώÃÏÓʒ ὼȟώ
ςʌὲ

ὔ
ȟ   ὲ πȢȢὔ ρȢ σ 

 

ʌʘʟʘ ʧʦʣʦʩ, ʢʘʢ ʜʣʷ ʦʧʦʨʥʦʛʦ, ʪʘʢ ʠ ʜʣʷ ʨʘʙʦʯʝʛʦ ʩʥʠʤʢʦʚ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʝʰʝʥʠʝʤ ʵʪʦʡ 

ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ 

 

ʒ ὼȟώ ÁÒÃÔÇ
В Ὅ ̃ ̆̑ὼ̓ȟώÓÉÎ

ςʌὲ
ὔ

В Ὅ ̃ ̆̑ὼ̓ȟώÃÏÓ
ςʌὲ
ὔ

Ȣ τ 

 

ʇʨʠ ʵʪʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʚʝʨʥʫʪʘʷ ʬʘʟʘ, ʟʘʢʣʶʯʝʥʥʘʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ ḯ  ʜʦ ˊ. ɽʩʣʠ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʧʨʝʚʳʰʘʝʪ ʧʦʣʦʚʠʥʫ ʧʝʨʠʦʜʘ ʬʦʥʘ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʤʝʱʝʥʠʷ ʩ 

ʧʦʤʦʱʴʶ (2) ʥʝʦʙʭʦʜʠʤʘ ʨʘʟʚʝʨʪʢʘ ʨʘʟʥʦʩʪʠ ʬʘʟ ʤʝʞʜʫ ʨʘʙʦʯʠʤ ʠ ʦʧʦʨʥʳʤ ʩʥʠʤʢʘʤʠ. ɺ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʨʘʟʚʝʨʪʢʘ ʬʘʟʳ [6], ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʙʳʩʪʨʦʤ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʌʫʨʴʝ. ʀʟ ʨʘʟʚʝʨʥʫʪʦʡ ʨʘʟʥʦʩʪʠ ʬʘʟ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ. ɸʥʘʣʦʛʠʯʥʦ ʠʟ ʨʘʟʚʝʨʥʫʪʦʡ ʨʘʟʥʦʩʪʠ ʬʘʟ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʧʦʣʦʩ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʨʪʠʢʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ. ɿʘ ʠʩʢʣʶʯʝʥʠʝʤ ʨʘʟʚʝʨʪʢʠ ʬʘʟʳ, ʦʩʪʘʣʴʥʳʝ 

ʚʳʯʠʩʣʝʥʠʷ ʚʳʧʦʣʥʷʶʪʩʷ ʦʪʜʝʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʧʠʢʩʝʣʘ, ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʠʟ 

ʩʦʩʝʜʥʠʭ ʧʠʢʩʝʣʦʚ. ʕʪʠʤ ʦʙʫʩʣʦʚʣʝʥʳ ʦʩʦʙʳʝ ʩʚʦʡʩʪʚʘ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ  ʩʧʦʩʦʙʥʦʩʪʴ 

ʨʘʟʨʝʰʘʪʴ ʚʦʟʤʫʱʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʥʝ ʤʝʥʝʝ 6 ʧʠʢʩ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʚ ʟʦʥʘʭ ʩ ʛʨʘʜʠʝʥʪʦʤ 

ʩʤʝʱʝʥʠʷ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʶʱʠʤ 1 ʧʠʢʩ/ʧʠʢʩ [3]. ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʤʝʪʦʜʘ ʩʜʚʠʛʘ 

ʬʘʟʳ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʩʣʫʯʘʡʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩ ʰʫʤʦʤ ʤʘʪʨʠʮʳ ʬʦʪʦʢʘʤʝʨʳ. 

ʇʦʛʨʝʰʥʦʩʪʴ ʬʘʟʳ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʦʪʥʦʰʝʥʠʶ ʰʫʤʘ ʤʘʪʨʠʮʳ ʢ ʢʦʥʪʨʘʩʪʫ ʧʦʣʦʩ b [4] ʠ ʥʝ 

ʟʘʚʠʩʠʪ ʦʪ ʧʝʨʠʦʜʘ ʬʦʥʘ, ʧʦʵʪʦʤʫ ʧʦʛʨʝʰʥʦʩʪʴ ʩʤʝʱʝʥʠʷ ʨʘʩʪʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʧʝʨʠʦʜʫ 
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ʬʦʥʘ. ʆʜʥʘʢʦ ʨʘʟʚʝʨʪʢʘ ʬʘʟʳ, ʥʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʤʝʱʝʥʠʡ, ʧʨʝʚʳʰʘʶʱʠʭ 

ʧʦʣʦʚʠʥʫ ʧʝʨʠʦʜʘ ʬʦʥʘ, ʣʫʯʰʝ ʨʘʙʦʪʘʝʪ ʧʨʠ ʙʦʣʴʰʦʤ ʧʝʨʠʦʜʝ ʬʦʥʘ. ʆʧʪʠʤʘʣʴʥʳʡ ʧʝʨʠʦʜ 

ʬʦʥʘ ʜʣʷ CPSP ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 30 ʜʦ 100 ʧʠʢʩ. 

 

ʇʈɽɼʃʆɾɽʅʅʓɽ ʋʃʋʏʐɽʅʀʗ 
 

ʇʦʩʢʦʣʴʢʫ ʤʝʪʦʜ ʩʜʚʠʛʘ ʬʘʟʳ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʷʨʢʦʩʪʴ ʧʦʣʦʩ ʦʧʠʩʳʚʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʷʤʠ (3), ʦʪʣʠʯʠʷ ʨʝʘʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʦʪ ʵʪʦʡ ʤʦʜʝʣʠ ʧʨʠʚʦʜʷʪ ʢ ʧʦʛʨʝʰʥʦʩʪʷʤ 

ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʳ ʠ ʩʤʝʱʝʥʠʷ, ʪʨʝʙʫʶʱʠʤ ʢʦʨʨʝʢʮʠʠ. ɺʦ-ʧʝʨʚʳʭ, ʮʚʝʪʥʳʝ ʢʘʥʘʣʳ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʩʥʷʪʦʛʦ ʬʦʪʦʢʘʤʝʨʦʡ, ʤʦʛʫʪ ʠʤʝʪʴ ʨʘʟʣʠʯʥʫʶ ʷʨʢʦʩʪʴ ʠ ʢʦʥʪʨʘʩʪ. ʀʭ ʩʧʝʢʪʨʳ 

ʧʝʨʝʢʨʳʚʘʶʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʰʝʥʠʶ ʠʟʦʙʨʘʞʝʥʠʡ, ʟʘʜʘʥʥʳʭ ʚ ʩʦʩʝʜʥʠʭ ʢʘʥʘʣʘʭ, ʠ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʳʭ ʩʜʚʠʛʦʚ ʧʦ ʬʘʟʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦ ʟʘʜʘʥʥʳʤ ʩʜʚʠʛʦʤ 2ˊ/3. 

ɺ [3] ʜʣʷ ʥʦʨʤʠʨʦʚʢʠ ʷʨʢʦʩʪʠ ʠ ʢʦʥʪʨʘʩʪʘ ʨʘʟʥʳʭ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʦʮʝʜʫʨʘ, 

ʧʨʝʜʣʦʞʝʥʥʘʷ ʚ [7]. ɼʣʷ ʫʯʝʪʘ ʩʤʝʰʝʥʠʷ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʙʳʣ ʧʨʠʤʝʥʝʥ ʚʘʨʠʘʥʪ ʤʝʪʦʜʘ 

ʩʜʚʠʛʘ ʬʘʟʳ [8], ʧʦʟʚʦʣʷʶʱʠʡ ʥʘʭʦʜʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʘʟʳ ʧʨʠ ʧʨʦʠʟʚʦʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʩʜʚʠʛʦʚ ʤʝʞʜʫ ʠʟʦʙʨʘʞʝʥʠʷʤʠ. ɺʝʣʠʯʠʥʳ ʩʜʚʠʛʦʚ ʧʨʠ ʵʪʦʤ ʦʧʨʝʜʝʣʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʬʫʨʴʝ-

ʧʨʦʬʠʣʦʤʝʪʨʠʠ ʢʘʥʘʣʦʚ ʦʧʦʨʥʦʛʦ ʩʥʠʤʢʘ. ʕʪʘ ʧʨʦʮʝʜʫʨʘ ʫʩʪʨʘʥʷʝʪ ʧʦʛʨʝʰʥʦʩʪʴ, ʩʚʷʟʘʥʥʫʶ 

ʩʦ ʩʤʝʰʝʥʠʝʤ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ, ʥʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʨʝʤʝʥʠ ʦʙʨʘʙʦʪʢʠ ʧʘʨʳ ʩʥʠʤʢʦʚ 

ʧʨʠʤʝʨʥʦ ʚ 9 ʨʘʟ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʪʨʝʭ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ 

ʢʘʞʜʦʛʦ ʧʠʢʩʝʣʘ ʩʥʠʤʢʘ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚʤʝʩʪʦ ʵʪʦʛʦ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ, ʧʨʝʜʣʦʞʝʥʥʳʡ 

ʚ [9]. ʆʥ ʦʩʥʦʚʘʥ ʥʘ ʠʟʚʝʩʪʥʦʤ ʬʘʢʪʝ, ʯʪʦ ʣʠʥʝʡʥʘʷ ʢʦʤʙʠʥʘʮʠʷ ʩʠʥʫʩʦʠʜ ʩ ʦʜʥʦʡ ʯʘʩʪʦʪʦʡ, 

ʥʦ ʩ ʨʘʟʥʳʤʠ ʬʘʟʘʤʠ ʠ ʘʤʧʣʠʪʫʜʘʤʠ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʩʠʥʫʩʦʠʜʦʡ ʩ ʵʪʦʡ ʯʘʩʪʦʪʦʡ. ʇʨʝʜʧʦʣʘʛʘʷ, 

ʯʪʦ ʠʟʦʙʨʘʞʝʥʠʝ ʩʦʜʝʨʞʠʪ ʯʠʩʣʦ ʧʝʨʠʦʜʦʚ ʧʦʣʦʩ, ʜʦʩʪʘʪʦʯʥʦʝ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩʨʝʜʥʝʝ ʦʪ 

ʢʦʩʠʥʫʩʘ ʬʘʟʳ ʙʳʣʦ ʙʣʠʟʢʦ ʢ ʥʫʣʶ, ʘ ʩʨʝʜʥʝʝ ʦʪ ʢʚʘʜʨʘʪʘ ʢʦʩʠʥʫʩʘ ʬʘʟʳ ʙʳʣʦ ʙʣʠʟʢʦ ʢ 1/2, 

ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʷʨʢʦʩʪʠ ʚ ʮʚʝʪʥʳʭ ʢʘʥʘʣʘʭ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʠʭ ʩʨʝʜʥʠʭ 

ʟʥʘʯʝʥʠʡ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʬʘʟʳ ʧʦʣʦʩ, ʥʝ ʟʘʚʠʩʷʱʝʝ ʦʪ ʩʜʚʠʛʦʚ ʬʘʟʳ ʤʝʞʜʫ ʢʘʥʘʣʘʤʠ. ʇʨʠ ʵʪʦʤ 

ʫʩʪʨʘʥʷʝʪʩʷ ʧʦʛʨʝʰʥʦʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩʦ ʩʤʝʰʝʥʠʝʤ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ, ʘ ʚʨʝʤʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʬʘʟʳ ʩʥʠʞʘʝʪʩʷ ʚ 20-30 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʦʤ [8]. ʇʦʣʥʦʝ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ ʧʘʨʳ 

ʩʥʠʤʢʦʚ ʥʝʥʘʤʥʦʛʦ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʝ ʜʣʷ ʩʪʘʥʜʘʨʪʥʦʛʦ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ (4).     

ɺʦ-ʚʪʦʨʳʭ, ʘʧʧʘʨʘʪʥʘʷ ʬʫʥʢʮʠʷ ʩʠʩʪʝʤʳ ʬʦʥ-ʢʘʤʝʨʘ ʥʝʣʠʥʝʡʥʘ, ʪ.ʝ. ʝʩʣʠ ʧʨʠ ʧʝʯʘʪʠ 

ʬʦʥʘ ʟʘʜʘʥʦ ʩʠʥʫʩʦʠʜʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʷʨʢʦʩʪʠ, ʩʧʝʢʪʨ ʠʟʦʙʨʘʞʝʥʠʷ, ʩʥʷʪʦʛʦ ʢʘʤʝʨʦʡ, 

ʙʫʜʝʪ ʩʦʜʝʨʞʘʪʴ ʪʘʢʞʝ ʢʨʘʪʥʳʝ ʛʘʨʤʦʥʠʢʠ ʠ ʧʝʨʝʢʨʝʩʪʥʳʡ ʯʣʝʥ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʡ 

ʧʨʦʠʟʚʝʜʝʥʠʶ ʢʦʩʠʥʫʩʦʚ ʧʦ x ʠ y. ʋ ʢʘʞʜʦʛʦ ʮʚʝʪʥʦʛʦ ʢʘʥʘʣʘ ʩʚʦʷ ʢʘʣʠʙʨʦʚʦʯʥʘʷ ʬʫʥʢʮʠʷ, 

ʧʦʵʪʦʤʫ ʢʦʨʨʝʢʮʠʷ ʥʝʣʠʥʝʡʥʦʩʪʠ (ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʛʘʤʤʘ-ʢʦʨʨʝʢʮʠʷ) ʩ ʧʦʤʦʱʴʶ 

ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʪʨʝʙʫʝʪ ʩʲʝʤʢʠ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʨʘʟʣʠʯʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʚʩʝʭ ʪʨʝʭ ʮʚʝʪʦʚ, ʯʪʦ ʚʦʟʤʦʞʥʦ ʧʨʠ ʩʦʟʜʘʥʠʠ ʬʦʥʘ ʩ ʧʦʤʦʱʴʶ ʤʦʥʠʪʦʨʘ ʠʣʠ 

ʧʨʦʝʢʪʦʨʘ, ʥʦ ʥʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʪʘʪʠʯʥʦʛʦ ʥʘʧʝʯʘʪʘʥʥʦʛʦ ʬʦʥʘ. ʇʦʵʪʦʤʫ ʚ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʢʦʨʨʝʢʮʠʠ ʥʝʣʠʥʝʡʥʦʩʪʠ ʧʦ ʦʧʦʨʥʦʤʫ ʩʥʠʤʢʫ. ʆʥ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʚʩʝʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʷʨʢʦʩʪʠ ʚ ʢʘʞʜʦʤ ʢʘʥʘʣʝ ʦʧʦʨʥʦʛʦ ʩʥʠʤʢʘ ʬʫʥʢʮʠʝʡ 
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ʇʨʠ ʵʪʦʤ ʧʝʨʠʦʜ ʬʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʜʚʫʤʝʨʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ, ʘ 

ʢʦʵʬʬʠʮʠʝʥʪʳ c1, c2, c3 ʠ ʥʘʯʘʣʴʥʳʝ ʬʘʟʳ ʷʚʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. ɼʣʷ 

ʢʦʨʨʝʢʮʠʠ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚ ʢʘʞʜʦʤ ʢʘʥʘʣʝ ʢʘʞʜʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʩʥʘʯʘʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʥʝʠʩʢʘʞʝʥʥʘʷ ʷʨʢʦʩʪʴ (6) (ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʢʦʨʝʥʴ ʢʚʘʜʨʘʪʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (5)), ʟʘʪʝʤ 

ʠʟʦʙʨʘʞʝʥʠʝ ʥʦʨʤʠʨʫʝʪʩʷ ʜʦ ʟʘʜʘʥʥʦʡ ʷʨʢʦʩʪʠ ʠ ʢʦʥʪʨʘʩʪʘ. ʈʘʩʯʝʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦ 
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ʬʦʨʤʫʣʘʤ (5), (6) ʚʳʧʦʣʥʷʝʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʦʧʦʨʥʦʛʦ ʩʥʠʤʢʘ, ʧʦʵʪʦʤʫ ʦʙʱʝʝ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ 

ʩʝʨʠʠ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʨʘʙʦʯʠʭ ʩʥʠʤʢʦʚ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. 

ɺ-ʪʨʝʪʴʠʭ, ʢʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ, ʦʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ ʷʚʣʷʝʪʩʷ 

ʙʦʣʴʰʘʷ ʧʦʛʨʝʰʥʦʩʪʴ, ʩʚʷʟʘʥʥʘʷ ʩ ʰʫʤʦʤ ʤʘʪʨʠʮʳ ʢʘʤʝʨʳ. ɺ [3] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʨʠʤʝʥʝʥʠʝ ʜʚʫʤʝʨʥʦʛʦ ʬʠʣʴʪʨʘ ʥʠʞʥʠʭ ʯʘʩʪʦʪ ʢ ʠʩʭʦʜʥʳʤ ʠʟʦʙʨʘʞʝʥʠʷʤ, ʭʦʪʷ ʠ ʧʦʜʘʚʣʷʝʪ 

ʰʫʤ, ʩʫʱʝʩʪʚʝʥʥʦ ʫʭʫʜʰʘʝʪ ʢʘʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ, ʪʘʢ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ 

ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʟʦʥʘʭ ʩ ʙʦʣʴʰʠʤ ʛʨʘʜʠʝʥʪʦʤ ʩʤʝʱʝʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʠʣʴʪʨ ʥʠʞʥʠʭ ʯʘʩʪʦʪ ʠʣʠ ʜʨʫʛʦʡ ʩʛʣʘʞʠʚʘʶʱʠʡ ʬʠʣʴʪʨ, ʥʦ ʪʦʣʴʢʦ 

ʦʜʥʦʤʝʨʥʳʡ, ʠ ʧʨʠʤʝʥʷʪʴ ʝʛʦ ʦʪʜʝʣʴʥʦ ʢ ʫʞʝ ʨʘʟʜʝʣʝʥʥʳʤ ʠʟʦʙʨʘʞʝʥʠʷʤ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ 

ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ ʜʣʷ ʩʛʣʘʞʠʚʘʥʠʷ ʚʜʦʣʴ ʧʦʣʦʩʳ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʠʞʝ, ʪʘʢʦʡ ʬʠʣʴʪʨ ʥʝ 

ʫʭʫʜʰʘʝʪ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʨʝʟʢʠʭ ʠʟʤʝʥʝʥʠʡ ʩʤʝʱʝʥʠʷ ɝx(x) ʠʣʠ ɝy(y), ʢʦʪʦʨʳʝ ʯʘʩʪʦ 

ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʊʌʄ. ʆʜʥʘʢʦ ʦʥ ʚʣʠʷʝʪ ʥʘ ʩʧʦʩʦʙʥʦʩʪʴ ʤʝʪʦʜʘ ʠʟʤʝʨʷʪʴ ʨʝʟʢʠʝ ʠʟʤʝʥʝʥʠʷ 

ʩʤʝʱʝʥʠʷ ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʪ.ʝ. ɝx(y) ʠʣʠ ɝy(x). ɹʦʣʴʰʠʝ ʛʨʘʜʠʝʥʪʳ 

ʩʤʝʱʝʥʠʷ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʝ ʩʤʝʱʝʥʠʶ, ʯʘʱʝ ʚʩʪʨʝʯʘʶʪʩʷ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʧʦʣʷ ʩʢʦʨʦʩʪʠ 

ʤʝʪʦʜʦʤ ʮʠʬʨʦʚʦʡ ʪʨʘʩʩʝʨʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʯʝʤ ʚ ʊʌʄ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʵʪʦʪ ʚʦʧʨʦʩ 

ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ. ʉ ʥʠʤ ʩʚʷʟʘʥʘ ʝʱʝ ʦʜʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʤʝʪʦʜʘ ʩʜʚʠʛʘ 

ʬʘʟʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ [3] ï ʠʟʤʝʥʝʥʠʝ ʬʠʣʴʪʨʦʚ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ 

ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ. ɻʨʘʥʠʮʳ ʪʨʝʫʛʦʣʴʥʳʭ ʦʙʣʘʩʪʝʡ ʬʠʣʴʪʨʦʚ, ʧʦʢʘʟʘʥʥʳʭ ʥʘ ʨʠʩ. 1 

(ñʛʘʣʩʪʫʢ-ʙʘʙʦʯʢʘò ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ ʠ ñʧʝʩʦʯʥʳʝ ʯʘʩʳò ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʧʦʣʦʩ), 

ʤʦʛʫʪ ʧʨʦʚʦʜʠʪʴʩʷ ʥʝ ʧʦʜ 45Á, ʘ ʧʦʜ ʣʶʙʳʤ ʟʘʜʘʥʥʳʤ ʫʛʣʦʤ Ŭ ʢ ʛʦʨʠʟʦʥʪʘʣʠ. ʅʘʧʨʠʤʝʨ, ʥʘ 

ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʩʧʝʢʪʨʳ ʨʘʙʦʯʠʭ ʩʥʠʤʢʦʚ ʩ ʬʠʣʴʪʨʦʤ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʤ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʨʝʟʢʠʭ ʠʟʤʝʥʝʥʠʡ ɝx(y).  

 

 
ʈʠʩ. 2. ʉʧʝʢʪʨʳ ʨʘʙʦʯʠʭ ʩʥʠʤʢʦʚ ʜʣʷ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ ʩ ʬʦʥʦʤ ʩ ʧʝʨʠʦʜʦʤ 50 ʧʠʢʩ:  

ʘ  ʩʠʥʫʩʦʠʜʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʤʝʱʝʥʠʷ ɝx(y) ʩ ʘʤʧʣʠʪʫʜʦʡ 2 ʧʠʢʩ ʠ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 10 ʧʠʢʩ, ʙ  ʧʦʣʝ 

ʩʤʝʱʝʥʠʷ ʩ ʛʨʘʜʠʝʥʪʦʤ Öɝx/Öy = 3 ʧʠʢʩ/ʧʠʢʩ. f0 = 1/ɚʬʦʥ, tg(Ŭ) = 10 

 

ʇʠʢʠ ʚ ʪʦʯʢʘʭ (Ñf0, 0), ʛʜʝ f0 = 1/ɚʬʦʥ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʠʦʜʫ ʥʝʚʦʟʤʫʱʝʥʥʳʭ 

ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ. ɼʣʠʥʘ ʚʦʣʥʳ ʚʦʟʤʫʱʝʥʠʷ ɚ ʩʦʟʜʘʝʪ ʚ ʩʧʝʢʪʨʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʠʢʠ ʚ 

ʪʦʯʢʘʭ (Ñf0, Ñ1/ɚ), ʘ ʛʨʘʜʠʝʥʪ ʩʤʝʱʝʥʠʷ Öɝx/Öy ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʵʪʠʭ ʧʠʢʦʚ ʧʦ ʚʝʨʪʠʢʘʣʠ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʬʠʣʴʪʨʘ ʩ tg(Ŭ) > 1 ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ ʩʧʝʢʪʨ ʩʠʛʥʘʣʘ ʚʥʫʪʨʠ ʦʙʣʘʩʪʠ 

ʬʠʣʴʪʨʘ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ. ʇʨʠ ʵʪʦʤ ʫʤʝʥʴʰʘʝʪʩʷ ʦʙʣʘʩʪʴ ʬʠʣʴʪʨʘ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ 

ʧʦʣʦʩ ʠ ʫʭʫʜʰʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʨʝʟʢʠʭ ʠʟʤʝʥʝʥʠʡ ɝy(x). 

 

ʈɽɿʋʃʔʊɸʊʓ ʊɽʉʊʆɺ ʉ ʉʀʅʊɽʊʀʏɽʉʂʀʄʀ ʀɿʆɹʈɸɾɽʅʀʗʄʀ 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʯʥʦʩʪʠ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʚ ʟʦʥʘʭ ʩ ʙʦʣʴʰʠʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʩʤʝʱʝʥʠʷ, ʢʘʢ ʠ ʚ [3], ʧʨʦʚʦʜʠʣʠʩʴ ʪʝʩʪʳ ʩ ʩʠʥʪʝʪʠʯʝʩʢʠʤʠ 

ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʩ ʟʘʜʘʥʥʳʤʠ ʧʦʣʷʤʠ ʩʤʝʱʝʥʠʷ ʨʘʟʥʳʭ ʪʠʧʦʚ: ʧʦʩʪʦʷʥʥʳʤ ʩʤʝʱʝʥʠʝʤ, 

ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʩʤʝʱʝʥʠʝʤ ɝx = AĀsin(2ˊx/ɚ), ʪʨʝʫʛʦʣʴʥʳʤ ʧʨʦʬʠʣʝʤ ʩʤʝʱʝʥʠʷ, 

ʠʤʠʪʠʨʫʶʱʠʤ ʪʦʥʢʠʡ ʩʣʦʡ ʩ ʙʦʣʴʰʠʤ ʛʨʘʜʠʝʥʪʦʤ ʩʤʝʱʝʥʠʷ. ʊʘʢʞʝ ʟʘʜʘʚʘʣʠʩʴ 
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ʩʠʥʫʩʦʠʜʘʣʴʥʳʝ ʠ ʪʨʝʫʛʦʣʴʥʳʝ ʧʨʦʬʠʣʠ ʩʤʝʱʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ 

ʚʝʢʪʦʨʫ ʩʤʝʱʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʤʝʨ ʧʦʛʨʝʰʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʘʙʩʦʣʶʪʥʘʷ ʠ ʥʦʨʤʠʨʦʚʘʥʥʘʷ 

ʥʘ 2

xx  ʧʦʣʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʩʤʝʱʝʥʠʷ, ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʛʨʘʣʘ ʦʪ ʥʘʡʜʝʥʥʦʛʦ ʩʤʝʱʝʥʠʷ 

Úɝx(x)dx ʢ ʝʛʦ ʪʦʯʥʦʤʫ ʟʥʘʯʝʥʠʶ (ʚ ʩʣʫʯʘʝ ʪʨʝʫʛʦʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ɝx(x)) ʠ ʘʥʘʣʦʛʠʯʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʜʣʷ ʠʥʪʝʛʨʘʣʘ Úɝx(y)dy ʚ ʩʣʫʯʘʝ ʪʨʝʫʛʦʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ɝx(y). ʇʝʨʝʧʘʜ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʩʣʦʡ ʩ ʙʦʣʴʰʠʤ ʛʨʘʜʠʝʥʪʦʤ ʩʤʝʱʝʥʠʷ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʠʥʪʝʛʨʘʣʫ Úɝx(x)dx, ʧʦʵʪʦʤʫ ʪʦʯʥʦʩʪʴ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʵʪʦʛʦ ʠʥʪʝʛʨʘʣʘ ʠʤʝʝʪ ʦʛʨʦʤʥʫʶ 

ʚʘʞʥʦʩʪʴ ʜʣʷ ʊʌʄ. 

ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʘ ʧʦʛʨʝʰʥʦʩʪʴ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ ʩ ʮʚʝʪʥʳʤ ʬʦʥʦʤ ʧʨʠ ʨʘʟʣʠʯʥʦʡ 

ʚʝʣʠʯʠʥʝ ʩʤʝʰʝʥʠʷ ʩʦʩʝʜʥʠʭ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʜʣʷ ʨʘʩʯʝʪʦʚ ʧʦ ʩʪʘʥʜʘʨʪʥʦʤʫ ʘʣʛʦʨʠʪʤʫ (4) ʠ 

ʧʨʠ ʫʯʝʪʝ ʩʤʝʰʝʥʠʷ ʢʘʥʘʣʦʚ ʧʦ ʤʝʪʦʜʫ [9]. ʄʝʪʦʜ [9] ʵʬʬʝʢʪʠʚʥʦ ʫʩʪʨʘʥʷʝʪ ʧʦʛʨʝʰʥʦʩʪʴ, 

ʩʚ̫ʟʘʥʥʫʶ ʩʦ ʩʤʝʰʝʥʠʝʤ ʢʘʥʘʣʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦʣʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʧʨʦʮʝʥʪʘ ʩʤʝʰʝʥʠʷ ʠʟ-ʟʘ ʫʤʝʥʴʰʝʥʠʷ ʢʦʥʪʨʘʩʪʘ ʠʟʦʙʨʘʞʝʥʠʷ. ʄʝʪʦʜ [8] ʜʘʝʪ ʥʝʦʪʣʠʯʠʤʳʝ 

ʨʝʟʫʣʴʪʘʪʳ, ʥʦ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝʛʦ ʚʨʝʤʝʥʠ ʥʘ ʦʙʨʘʙʦʪʢʫ ʠʟʦʙʨʘʞʝʥʠʡ. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʝʨʝʢʨʳʪʠʠ ʩʦʩʝʜʥʠʭ ʢʘʥʘʣʦʚ ʥʘ ʪʨʝʪʴ ʢʦʥʪʨʘʩʪ ʟʝʣʝʥʦʛʦ ʢʘʥʘʣʘ ʦʙʨʘʱʘʝʪʩʷ 

ʚ ʥʦʣʴ ʠ ʠʟʤʝʨʝʥʠʝ ʩʤʝʱʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ. ʄʝʪʦʜʳ [8] ʠ [9] ʜʘʶʪ ʧʨʘʚʠʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʩʤʝʱʝʥʠʷ ʠ ʧʨʠ ʙʦʣʴʰʝʤ ʧʨʦʮʝʥʪʝ ʩʤʝʰʝʥʠʷ ʢʘʥʘʣʦʚ, ʢʦʛʜʘ ʢʦʥʪʨʘʩʪ ʟʝʣʝʥʦʛʦ 

ʢʘʥʘʣʘ ʩʥʦʚʘ ʩʪʘʥʦʚʠʪʩʷ ʥʝʥʫʣʝʚʳʤ. 

 

 
ʈʠʩ. 3. ʇʦʛʨʝʰʥʦʩʪʴ CPSP, ʩʚʷʟʘʥʥʘʷ ʩʦ ʩʤʝʰʝʥʠʝʤ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ. ʊʝʩʪʳ ʩ ʧʦʩʪʦʷʥʥʳʤ ʩʤʝʱʝʥʠʝʤ, ʧʝʨʠʦʜ 

ʬʦʥʘ 50 ʧʠʢʩ 

 

ɺ ʪʝʩʪʘʭ ʧʦʛʨʝʰʥʦʩʪʠ CPSP, ʩʚʷʟʘʥʥʦʡ ʩ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʩʠʩʪʝʤʳ 

ʬʦʥ-ʢʘʤʝʨʘ, ʩʠʥʪʝʪʠʯʝʩʢʠʝ 8-ʙʠʪʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʩʢʘʞʘʣʠʩʴ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ 

 

ὪὍ ρπ πȟτὍ ὯὍȢ χ 

 

ɺʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ k ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ -5Ā10-4 ʜʦ 1,5Ā10-3, ʧʦʩʢʦʣʴʢʫ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʩ ʬʦʥʦʤ, ʥʘʧʝʯʘʪʘʥʥʳʤ ʥʘ ʙʵʢʣʠʪʝ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʣʷ ʨʘʟʥʳʭ 

ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʚʦʟʤʦʞʥʳ ʢʘʣʠʙʨʦʚʦʯʥʳʝ ʬʫʥʢʮʠʠ ʢʘʢ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʚʪʦʨʦʡ 

ʧʨʦʠʟʚʦʜʥʦʡ, ʪʘʢ ʠ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 4. ʇʦʛʨʝʰʥʦʩʪʴ, 

ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ, ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ ʦʪ 0,5 ʜʦ 2 ʧʠʢʩ. 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʢʦʨʨʝʢʮʠʷ ʩ ʧʦʤʦʱʴʶ ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ (5) ʧʦʟʚʦʣʷʝʪ 

ʫʤʝʥʴʰʠʪʴ ʝʝ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ. ʆʩʪʘʪʦʯʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʜʣʷ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʳ k 

ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʧʦʣʦʞʠʪʝʣʴʥʦʡ, ʠʟ-ʟʘ ʤʝʥʴʰʝʛʦ ʢʦʥʪʨʘʩʪʘ ʠʟʦʙʨʘʞʝʥʠʷ.  
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ʈʠʩ. 4. ʇʦʛʨʝʰʥʦʩʪʴ CPSP, ʩʚʷʟʘʥʥʘʷ ʩ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ. ʊʝʩʪʳ ʩ ʧʦʩʪʦʷʥʥʳʤ ʩʤʝʱʝʥʠʝʤ, 

ʧʝʨʠʦʜ ʬʦʥʘ 50 ʧʠʢʩ 

 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʦʚ CPSP ʦʜʥʦʤʝʨʥʳʤ ʬʠʣʴʪʨʦʤ ʥʠʞʥʠʭ 

ʯʘʩʪʦʪ ʢ ʩʠʥʪʝʪʠʯʝʩʢʠʤ ʠʟʦʙʨʘʞʝʥʠʷʤ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʩʤʝʱʝʥʠʷ 

ʜʦʙʘʚʣʷʣʩʷ ʩʣʫʯʘʡʥʳʡ ʰʫʤ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʤ ʢʦʨʥʶ ʠʟ 

ʣʦʢʘʣʴʥʦʡ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʷʨʢʦʩʪʠ (ʤʦʜʝʣʴ ʜʨʦʙʥʦʛʦ ʰʫʤʘ). ʊʝʩʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʣʷ 

ʫʨʦʚʥʷ ʰʫʤʘ ʦʪ 0 ʜʦ πȟρϽςυυẗὍȾςυυ. ʊʝʩʪʳ ʩ ʧʨʦʬʠʣʝʤ ʩʤʝʱʝʥʠʷ ɝx = AĀsin(2ˊx/ɚ), 

ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 5, ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʬʠʣʴʪʨ, ʜʘʞʝ ʩ ʧʦʨʦʛʦʚʦʡ 

ʯʘʩʪʦʪʦʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʣʠʥʝ ʚʦʣʥʳ 50 ʧʠʢʩ, ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ.  

 

 
ʈʠʩ. 5. ʈʝʟʫʣʴʪʘʪʳ ʪʝʩʪʦʚ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʧʨʦʬʠʣʝʤ ʩʤʝʱʝʥʠʷ ɝx = AĀsin(2ˊx/ɚ). A = 2 ʧʠʢʩ 

 

ɹʦʣʴʰʠʥʩʪʚʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʦʧʨʝʜʝʣʝʥʠʝʤ ʬʘʟʳ ʧʦ 

ʩʪʘʥʜʘʨʪʥʦʤʫ ʘʣʛʦʨʠʪʤʫ (4) ʩ ʨʘʟʜʝʣʝʥʠʝʤ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ ʬʠʣʴʪʨʦʤ 

ʩ Ŭ = 45Á. ʇʨʠʤʝʥʝʥʠʝ ʬʠʣʴʪʨʘ ʩ tg(Ŭ) = 10 ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʪʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʨʝʟʫʣʴʪʘʪʦʚ, 

ʧʦʩʢʦʣʴʢʫ ʜʣʷ ʩʤʝʱʝʥʠʷ ɝx(x) ʨʘʩʰʠʨʝʥʠʝ ʧʠʢʘ ʚ ʩʧʝʢʪʨʝ ʧʨʦʠʩʭʦʜʠʪ ʚʜʦʣʴ ʦʩʠ x. ʂʨʠʚʘʷ, 

ʧʦʣʫʯʝʥʥʘʷ ʜʣʷ ʫʯʝʪʘ ʩʤʝʰʝʥʠʷ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʧʦ ʤʝʪʦʜʫ [9], ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʨʦʩʪ 

ʧʦʛʨʝʰʥʦʩʪʠ ʚʙʣʠʟʠ ʨʝʟʦʥʘʥʩʥʳʭ ʜʣʠʥ ʚʦʣʥ 25 ʠ 50 ʧʠʢʩ. ʇʨʠ ʵʪʠʭ ʜʣʠʥʘʭ ʚʦʣʥ, ʘ ʪʘʢʞʝ ʧʨʠ 

ʜʣʠʥʘʭ ʚʦʣʥ, ʢʨʘʪʥʳʭ ʧʝʨʠʦʜʫ ʬʦʥʘ 50 ʧʠʢʩ, ʥʘʨʫʰʘʶʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʷ, ʯʪʦ ʩʨʝʜʥʝʝ ʦʪ 

ʢʦʩʠʥʫʩʘ ʬʘʟʳ ʙʣʠʟʢʦ ʢ ʥʫʣʶ (ʧʨʠ ɚ = 50 ʧʠʢʩ ʠ ʧʨʠ ʢʨʘʪʥʳʭ) ʠ ʯʪʦ ʩʨʝʜʥʝʝ ʦʪ ʢʚʘʜʨʘʪʘ 

ʢʦʩʠʥʫʩʘ ʬʘʟʳ ʙʣʠʟʢʦ ʢ 1/2 (ʧʨʠ ɚ = 25 ʧʠʢʩ). ɺ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʧʦʣʷʭ ʩʤʝʱʝʥʠʷ, ʠʟʤʝʨʷʝʤʳʭ 

ʚ ʨʝʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʵʪʠ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʚʳʧʦʣʥʷʶʪʩʷ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʩʥʠʤʦʢ 

ʩʦʜʝʨʞʠʪ ʜʦʩʪʘʪʦʯʥʦʝ ʯʠʩʣʦ ʧʝʨʠʦʜʦʚ ʬʦʥʘ. 
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ʊʝʩʪʳ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʩʤʝʱʝʥʠʷ ɝx(y) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʠʟ-ʟʘ 

ʨʘʩʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘ ʚʜʦʣʴ ʦʩʠ y (ʩʤ. ʨʠʩ. 2) ʨʘʟʜʝʣʝʥʠʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ 

ʦʪʩʝʢʘʝʪ ʚʩʝ ʜʣʠʥʳ ʚʦʣʥ ʚʦʟʤʫʱʝʥʠʷ, ʤʝʥʴʰʠʝ, ʯʝʤ ɚʬʦʥ/tg(Ŭ). ɺ ʨʝʟʫʣʴʪʘʪʝ CPSP ʩ ʧʝʨʠʦʜʦʤ 

ʬʦʥʘ 50 ʧʠʢʩ ʠ tg(Ŭ) = 1 ʥʝ ʨʘʟʨʝʰʘʝʪ ʚʦʟʤʫʱʝʥʠʷ ɝx(y) ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʤʝʥʝʝ 50 ʧʠʢʩ (ʭʦʪʷ 

ʨʘʟʨʝʰʘʝʪ ʚʦʟʤʫʱʝʥʠʷ ɝx(x) ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 6 ʧʠʢʩ). ɺʦʟʤʦʞʥʦʝ ʥʘʣʠʯʠʝ ʤʝʣʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʣʷ ʩʤʝʱʝʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʦʩʥʦʚʥʦʡ ʢʦʤʧʦʥʝʥʪʝ ʩʤʝʱʝʥʠʷ, ʩʣʝʜʫʝʪ 

ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʬʠʣʴʪʨʘ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ. 

ʏʪʦ ʢʘʩʘʝʪʩʷ ʚʣʠʷʥʠʷ ʩʛʣʘʞʠʚʘʶʱʝʛʦ ʬʠʣʴʪʨʘ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʚ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʪʦ ʧʨʠʤʝʥʝʥʠʝ ʬʠʣʴʪʨʘ ʩ ʧʦʨʦʛʦʚʦʡ ʯʘʩʪʦʪʦʡ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʦʧʨʝʜʝʣʝʥʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ ɚʬʠʣʴʪʨ, ʦʪʩʝʢʘʝʪ ʚʩʝ ʜʣʠʥʳ ʚʦʣʥ ʚʦʟʤʫʱʝʥʠʷ 

ɝx(y), ʤʝʥʴʰʠʝ ʵʪʦʡ ʜʣʠʥʳ ʚʦʣʥʳ. ʕʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʘ. ɿʘʚʝʜʦʤʦ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʠʣʴʪʨ ʩ ɚʬʠʣʴʪʨ = ɚʬʦʥ/tg(Ŭ), ʧʦʩʢʦʣʴʢʫ ʤʝʥʴʰʠʝ ʜʣʠʥʳ ʚʦʣʥ ʚ ʣʶʙʦʤ 

ʩʣʫʯʘʝ ʦʪʩʝʢʘʶʪʩʷ ʬʠʣʴʪʨʦʤ ʨʘʟʜʝʣʝʥʠʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ. ʊʝʩʪʳ ʩ 

ʪʨʝʫʛʦʣʴʥʳʤ ʧʨʦʬʠʣʝʤ ʩʤʝʱʝʥʠʷ ɝx(y) ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʥʠʞʝʥʠʝ ʧʦʨʦʛʦʚʦʡ ʯʘʩʪʦʪʳ 

ʬʠʣʴʪʨʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʥʠʞʝʥʠʶ ʧʨʝʜʝʣʴʥʦʛʦ ʜʦʩʪʦʚʝʨʥʦ ʠʟʤʝʨʠʤʦʛʦ ʛʨʘʜʠʝʥʪʘ ʩʤʝʱʝʥʠʷ 

Öɝx/Öy ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʜʦ ɚʬʦʥ/ɚʬʠʣʴʪʨ. 
 

ʈɽɸʃʔʅʓʁ ʕʂʉʇɽʈʀʄɽʅʊ: ɼʀʌʌʋɿʀʗ ɺ ʉʀʉʊɽʄɽ ɺʆɼɸ-ɻʃʀʎɽʈʀʅ 

 

ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʜʠʬʬʫʟʠʠ ʚ ʩʠʩʪʝʤʝ 

ʚʦʜʘ-ʛʣʠʮʝʨʠʥ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ ʩ ʮʚʝʪʥʳʤ ʬʦʥʦʤ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʚ 

ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʩʪʝʢʣʷʥʥʦʡ ʢʶʚʝʪʝ ʨʘʟʤʝʨʦʤ 100x100x13 ʤʤ. ʉ ʧʦʤʦʱʴʶ ʪʨʫʙʢʠ, ʦʧʫʱʝʥʥʦʡ 

ʥʘ ʜʥʦ ʢʶʚʝʪʳ, ʧʦʜ ʩʣʦʡ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʙʳʣ ʟʘʣʠʪ ʩʣʦʡ ʛʣʠʮʝʨʠʥʘ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ 

ʩʦʟʜʘʪʴ ʨʝʟʢʫʶ ʛʨʘʥʠʮʫ ʤʝʞʜʫ ʞʠʜʢʦʩʪʷʤʠ. ʇʝʨʠʦʜ ʬʦʥʘ 48 ʧʠʢʩ, ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʬʦʥʘ ʜʦ 

ʢʶʚʝʪʳ 11 ʤʤ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʠ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʚʳʧʦʣʥʝʥʥʦʝ ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʊʌʄ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ [3]. ʇʦʣʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʙʳʣʦ 

ʦʧʨʝʜʝʣʝʥʦ ʩ ʧʦʤʦʱʴʶ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ ʩ ʦʧʦʨʥʳʤ ʟʥʘʯʝʥʠʝʤ ʜʣʷ ʚʦʜʳ, 

ʟʘʜʘʥʥʳʤ ʥʘ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ ʠʟʤʝʨʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ 

ʤʦʞʥʦ ʧʨʦʚʝʨʠʪʴ ʧʦ ʧʦʣʫʯʝʥʥʦʤʫ ʟʥʘʯʝʥʠʶ ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʛʣʠʮʝʨʠʥʘ ʥʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ. 

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩ. 6, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʨʘʙʦʯʝʛʦ ʩʥʠʤʢʘ, ʩʜʝʣʘʥʥʦʛʦ 

ʯʝʨʝʟ 35 ʤʠʥʫʪ ʧʦʩʣʝ ʥʘʯʘʣʘ ʜʠʬʬʫʟʠʠ, ʩ ʫʯʝʪʦʤ ʩʤʝʰʝʥʠʷ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʧʦ ʤʝʪʦʜʫ [9]. 

ʇʦʩʢʦʣʴʢʫ ʠʩʩʣʝʜʫʝʤʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʙʣʠʟʢʦ ʢ ʦʜʥʦʤʝʨʥʦʤʫ, 

ʨʘʟʜʝʣʝʥʠʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʣʦʩ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʬʠʣʴʪʨʘ ʩ 

tg(Ŭ) = 1, ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʜʥʦʤʝʨʥʳʝ ʬʠʣʴʪʨʳ ʥʠʞʥʠʭ ʯʘʩʪʦʪ ʩ 

ʧʦʨʦʛʦʚʦʡ ʜʣʠʥʦʡ ʚʦʣʥʳ ʜʦ 400 ʧʠʢʩ. ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 6ʙ-ʝ, ʧʦʣʫʯʝʥʳ ʜʣʷ 

ʬʠʣʴʪʨʘ ʩ ɚʬʠʣʴʪʨ = 400 ʧʠʢʩ. ɺʠʜʥʦ, ʯʪʦ ʩʠʣʴʥʦʝ ʩʛʣʘʞʠʚʘʥʠʝ ʚʜʦʣʴ ʧʦʣʦʩ ʬʦʥʘ ʥʝ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʪʦʯʥʦʤʫ ʠʟʤʝʨʝʥʠʶ ʛʨʘʜʠʝʥʪʘ ʩʤʝʱʝʥʠʷ, ʜʦʩʪʠʛʘʶʱʝʛʦ ʧʦʯʪʠ 8 ʧʠʢʩ/ʧʠʢʩ. 

ʅʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʍʦʨʦʰʦ ʟʘʤʝʪʥʘ 

ʘʩʠʤʤʝʪʨʠʷ ʧʠʢʘ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ, ʩʚʷʟʘʥʥʘʷ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʜʠʬʬʫʟʠʠ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʣʠʮʝʨʠʥʘ. ʇʦʣʫʯʝʥʥʦʝ ʤʘʢʩʠʤʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʦʢʦʣʦ 290 

ʧʠʢʩ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʙʦʣʴʰʠʭ ʩʤʝʱʝʥʠʡ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʘʟʚʝʨʪʢʠ ʬʘʟʳ. ʅʘ ʚʢʣʘʜʢʝ ʢ ʨʠʩ. 6ʞ ʧʦʢʘʟʘʥʳ ʬʨʘʛʤʝʥʪʳ ʚʝʨʪʠʢʘʣʴʥʳʭ 

ʧʨʦʬʠʣʝʡ ʩʤʝʱʝʥʠʷ ʧʨʠ x = 3 ʩʤ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʘʣʛʦʨʠʪʤʘ ʠ ʬʠʣʴʪʨʦʚ ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʘ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩ. 3 ʠ 4, ʧʦʛʨʝʰʥʦʩʪʠ, ʩʚʷʟʘʥʥʳʝ ʩʦ 

ʩʤʝʰʝʥʠʝʤ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʠ ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʢʘʤʝʨʳ, ʩʨʘʚʥʠʪʝʣʴʥʦ 

ʥʝʚʝʣʠʢʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʫʯʝʪ ʩʤʝʰʝʥʠʷ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʧʦ ʤʝʪʦʜʫ [9] ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ 

ʘʤʧʣʠʪʫʜʫ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʦʩʮʠʣʣʷʮʠʡ ʩʤʝʱʝʥʠʷ, ʥʘʙʣʶʜʘʶʱʠʭʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ (4). ɽʱʝ ʩʠʣʴʥʝʝ ʥʝʬʠʟʠʯʝʩʢʠʝ ʦʩʮʠʣʣʷʮʠʠ ʧʦʜʘʚʣʷʝʪ ʬʠʣʴʪʨ 

ʥʠʞʥʠʭ ʯʘʩʪʦʪ. 
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ʈʠʩ. 6. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʚ ʩʠʩʪʝʤʝ ʚʦʜʘ-ʛʣʠʮʝʨʠʥ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ ʩ 

ʮʚʝʪʥʳʤ ʬʦʥʦʤ:  

ʘ  ʬʨʘʛʤʝʥʪ ʨʘʙʦʯʝʛʦ ʩʥʠʤʢʘ, ʙ  ʧʦʣʝ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ (ʧʠʢʩ), ʚ  ʧʦʣʝ ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʛʣʠʮʝʨʠʥʘ, ʛ-

ʝ  ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʨʦʬʠʣʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ, ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʛʣʠʮʝʨʠʥʘ ʠ ʛʨʘʜʠʝʥʪʘ ʩʤʝʱʝʥʠʷ, 

ʫʩʨʝʜʥʝʥʥʳʝ ʧʦ ʧʦʣʦʩʝ x = 1-6 ʩʤ, ʞ  ʣʦʢʘʣʴʥʳʡ ʚʝʨʪʠʢʘʣʴʥʳʡ ʧʨʦʬʠʣʴ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ ʧʨʠ x = 3 ʩʤ 

ʠ ʩʨʘʚʥʝʥʠʝ ʰʫʤʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʙʦʪʢʠ. ʂʨʠʚʳʝ ʥʘ ʚʢʣʘʜʢʝ ʧʦʣʫʯʝʥʳ: 1 ï ʧʦ 

ʘʣʛʦʨʠʪʤʫ (4) ʙʝʟ ʬʠʣʴʪʨʘʮʠʠ ʰʫʤʦʚ, 2 ï ʩ ʫʯʝʪʦʤ ʩʤʝʰʝʥʠʷ ʮʚʝʪʥʳʭ ʢʘʥʘʣʦʚ ʧʦ ʤʝʪʦʜʫ [9] ʙʝʟ ʬʠʣʴʪʨʘʮʠʠ 

ʰʫʤʦʚ, 3-5 ï ʧʦ ʤʝʪʦʜʫ [9] ʩ ʬʠʣʴʪʨʦʤ ʩ ɚʬʠʣʴʪʨ = 50 ʧʠʢʩ, 100 ʧʠʢʩ ʠ 400 ʧʠʢʩ. 

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʦʧʠʩʘʥ ʥʦʚʳʡ ʚʘʨʠʘʥʪ ʪʝʥʝʚʦʛʦ ʬʦʥʦʚʦʛʦ ʤʝʪʦʜʘ ʩ ʦʧʨʝʜʝʣʝʥʠʝʤ 

ʩʤʝʱʝʥʠʷ ʤʝʪʦʜʦʤ ʩʜʚʠʛʘ ʬʘʟʳ. ɺ ʥʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʡ ʬʦʥ ʠ ʩʤʝʱʝʥʠʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʨʘʟʥʦʩʪʠ ʬʘʟ ʧʦʣʦʩ ʚ ʨʘʙʦʯʝʤ ʠ ʦʧʦʨʥʦʤ ʩʥʠʤʢʘʭ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʝʩʣʠ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʧʨʝʚʳʰʘʝʪ ʧʦʣʦʚʠʥʫ ʧʝʨʠʦʜʘ ʬʦʥʘ, ʚʦʟʥʠʢʘʝʪ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴ, 

ʨʘʟʨʝʰʠʤʘʷ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʦʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʘʟʚʝʨʪʢʠ ʬʘʟʳ. ʄʝʪʦʜ ʩʜʚʠʛʘ ʬʘʟʳ 

ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʢʘʜʨʦʚʳʤ ʤʝʪʦʜʦʤ, ʦʜʥʘʢʦ ʤʠʥʠʤʘʣʴʥʳʡ ʥʘʙʦʨ ʠʟ ʪʨʝʭ ʩʜʚʠʥʫʪʳʭ ʧʦ ʬʘʟʝ 

ʩʝʨʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ ʦʜʥʦʛʦ ʮʚʝʪʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʝʯʝʥʠʡ, ʠʩʧʦʣʴʟʫʷ ʩʪʘʪʠʯʥʳʡ ʬʦʥ. ɼʘʥʥʳʡ 

ʤʝʪʦʜ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʫʶ ʦʙʨʘʙʦʪʢʫ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʤʠʥʠʤʘʣʴʥʦʡ ʨʘʟʨʝʰʠʤʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʚʦʟʤʫʱʝʥʠʷ ʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʠʟʤʝʨʠʤʦʛʦ ʛʨʘʜʠʝʥʪʘ 

ʩʤʝʱʝʥʠʷ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʦʥʘ ʩ ʧʝʨʠʦʜʦʤ 50 ʧʠʢʩ ʠ ʙʦʣʝʝ ʨʘʟʨʝʰʘʶʪʩʷ ʚʦʟʤʫʱʝʥʠʷ ʩ 
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ʜʣʠʥʦʡ ʚʦʣʥʳ ʥʝ ʤʝʥʝʝ 6 ʧʠʢʩ, ʘ ʧʨʝʜʝʣʴʥʳʡ ʛʨʘʜʠʝʥʪ ʩʤʝʱʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʤʝʥʝʝ 8 

ʧʠʢʩ/ʧʠʢʩ. ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʤʝʪʦʜʘ ʩʜʚʠʛʘ ʬʘʟʳ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʩʣʫʯʘʡʥʘʷ 

ʧʦʛʨʝʰʥʦʩʪʴ ʩʤʝʱʝʥʠʷ, ʩʚʷʟʘʥʥʘʷ ʩ ʰʫʤʦʤ ʤʘʪʨʠʮʳ ʬʦʪʦʢʘʤʝʨʳ ʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ 

ʧʝʨʠʦʜʫ ʬʦʥʘ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʧʦʛʨʝʰʥʦʩʪʠ ʷʚʣʷʶʪʩʷ ʩʤʝʰʝʥʠʝ ʮʚʝʪʥʳʭ 

ʢʘʥʘʣʦʚ ʠ ʥʝʣʠʥʝʡʥʦʩʪʴ ʘʧʧʘʨʘʪʥʦʡ ʬʫʥʢʮʠʠ ʩʠʩʪʝʤʳ ʬʦʥ-ʢʘʤʝʨʘ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʳ ʠ 

ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʧʨʦʮʝʜʫʨʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʫʤʝʥʴʰʠʪʴ ʵʪʠ ʧʦʛʨʝʰʥʦʩʪʠ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʙʝʟ 

ʩʲʝʤʢʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʦʩʥʦʚʥʦʡ ʢʦʤʧʦʥʝʥʪʝ ʩʤʝʱʝʥʠʷ. ʅʘ ʧʨʠʤʝʨʝ 

ʠʟʤʝʨʝʥʠʡ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʚ ʩʠʩʪʝʤʝ ʚʦʜʘ-ʛʣʠʮʝʨʠʥ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʣʫʯʘʪʴ ʜʦʩʪʦʚʝʨʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʝ ʩʤʝʱʝʥʠʷ ʠ ʛʨʘʜʠʝʥʪʝ ʩʤʝʱʝʥʠʷ, 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʶʱʝʤ 1 ʧʠʢʩ/ʧʠʢʩ. ʊʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʧʦʜʘʚʣʝʥʠʝ ʩʣʫʯʘʡʥʦʛʦ 

ʰʫʤʘ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦʤʝʨʥʦʛʦ ʬʠʣʴʪʨʘ ʥʠʞʥʠʭ ʯʘʩʪʦʪ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ ʵʪʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄɻʋ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

ʠ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʅʘʫʯʥʦʛʦ ʌʦʥʜʘ (ʛʨʘʥʪ ˉ 24-79-00137). ʖ.ʂ. ʈʫʜʝʥʢʦ ʪʘʢʞʝ 

ʙʣʘʛʦʜʘʨʠʪ ʌʦʥʜ ʨʘʟʚʠʪʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠ ʤʘʪʝʤʘʪʠʢʠ çɹʘʟʠʩè ʟʘ ʧʝʨʩʦʥʘʣʴʥʫʶ 

ʬʠʥʘʥʩʦʚʫʶ ʧʦʜʜʝʨʞʢʫ. 
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IMPROVEMENT OF PERFORMANCE FOR BACKGROUND ORIENTED SCHLIEREN 

WITH PERIODIC COLOR PATTERN AND DISPLACEMENT DETERMINATION 

USING PHASE-SHIFTING PROFILOMETRY  

 

ABSTRACT 

 

We consider new variant of Background Oriented Schlieren technique with periodic color 

pattern and displacement determination using Phase-Shifting Profilometry. It allows reliable 

measurements of unsteady flows, which contain regions of strong refraction leading to displacement 

gradient above 1 pix/pix, such as shock fronts or thin thermal and diffusion boundary layers. Errors, 

related to the color cross-talk, nonlinear response of the camera and random noise of the sensor, are 

considered.  Corrections are proposed, which do not sacrifice the spatial resolution of the technique 

or the image processing rate. The performance of the proposed improvements is confirmed using 

synthetic images with known displacement field. Real experiment is performed for diffusion layer in 

water-glycerol system. Comparison of the obtained results with numerical simulation demonstrates 

high accuracy of the proposed technique. 
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ʄɽʊʆɼʓ ʆʇʈɽɼɽʃɽʅʀʗ ɻɽʆʄɽʊʈʀʏɽʉʂʀʍ ʇɸʈɸʄɽʊʈʆɺ 

ʀʉʇɸʈʗʖʑʀʍʉʗ ʂɸʇɽʃʔ ʇʆ ʎʀʌʈʆɺʓʄ ʀɿʆɹʈɸɾɽʅʀʗʄ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʫʘʣʴʥʳʤʠ ʟʘʜʘʯʘʤʠ ʷʚʣʷʶʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʩʧʨʝʡʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʘʧʝʣʴ ʩʦ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ, 

ʠʩʧʘʨʝʥʠʷ ʢʘʧʝʣʴ ʨʘʟʣʠʯʥʳʭ ʞʠʜʢʦʩʪʝʡ ʩ ʪʚʸʨʜʦʡ ʩʪʝʥʢʠ ʠ ʪ.ʧ. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʪʘʢʦʛʦ ʨʦʜʘ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʪʨʝʙʫʶʱʠʭ ʟʘʧʠʩʠ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʠʜʝʦʜʘʥʥʳʭ, ʢʣʶʯʝʚʫʶ ʨʦʣʴ 

ʠʛʨʘʶʪ ʤʝʪʦʜʳ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. ʇʨʝʜʣʦʞʝʥʳ ʤʝʪʦʜʳ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʢʘʧʝʣʴ ʞʠʜʢʦʩʪʠ ʥʘ ʮʠʬʨʦʚʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʲʝʢʪʘ ʚ ʫʩʣʦʚʠʷʭ ʥʝ ʪʝʥʝʚʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʈʘʟʨʘʙʦʪʘʥʳ ʥʦʚʳʝ 

ʘʣʛʦʨʠʪʤʳ ʚʳʜʝʣʝʥʠʷ ʠ ʟʘʤʳʢʘʥʠʷ ʛʨʘʥʠʮ ʦʙʲʝʢʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʥʝʜʦʩʪʘʪʦʯʥʦʡ 

ʢʦʥʪʨʘʩʪʥʦʩʪʠ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʝʥʳ ʠʟʤʝʨʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʠʩʧʘʨʷʶʱʠʭʩʷ ʢʘʧʝʣʴ. ʇʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʚʦʩʩʦʟʜʘʥʠʶ ʪʨʝʭʤʝʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʚʠʩʘʶʱʠʭ ʢʘʧʝʣʴ ʠ ʢʘʧʝʣʴ ʥʘ ʥʘʢʣʦʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʜʘʥʥʳʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ ʨʫʯʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʫʩʣʦʚʠʷ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ. 

 

ʎʀʌʈʆɺɸʗ ʆɹʈɸɹʆʊʂɸ ʀɿʆɹʈɸɾɽʅʀʁ, ʀʉʇɸʈʗʖʑʀɽʉʗ ʂɸʇʃʀ, ʄɽʊʆɼ 

ɺʓʇʋʂʃʆʁ ʆɹʆʃʆʏʂʀ, ʈɽʂʆʅʉʊʈʋʂʎʀʗ ʇʆɺɽʈʍʅʆʉʊʀ 

 

ɺɺɽɼɽʅʀɽ 

 

ʀʥʪʝʨʝʩ ʢ ʠʟʫʯʝʥʠʶ ʠʩʧʘʨʝʥʠʷ ʢʘʧʝʣʴ ʥʘ ʥʘʢʣʦʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʦʙʫʩʣʦʚʣʝʥ ʨʷʜʦʤ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ, ʚʢʣʶʯʘʷ ʢʘʧʝʣʴʥʦʝ ʦʭʣʘʞʜʝʥʠʝ. ʇʦʩʣʝʜʥʝʝ ʩʯʠʪʘʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʦʪʚʦʜʘ ʪʝʧʣʘ ʚ ʪʝʧʣʦʥʘʛʨʫʞʝʥʥʳʭ ʩʠʩʪʝʤʘʭ [1, 2, 3]. ɻʣʘʚʥʦʝ 

ʧʨʝʠʤʫʱʝʩʪʚʦ ʵʪʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʥʝʨʛʠʠ, ʟʘʪʨʘʯʠʚʘʝʤʦʡ ʥʘ ʬʘʟʦʚʳʡ 

ʧʝʨʝʭʦʜ ʞʠʜʢʦʩʪʠ, ʯʪʦ ʤʠʥʠʤʠʟʠʨʫʝʪ ʨʘʩʭʦʜ ʭʣʘʜʘʛʝʥʪʘ ʠ ʧʦʜʛʦʪʘʚʣʠʚʘʝʪ ʧʦʚʝʨʭʥʦʩʪʴ ʜʣʷ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʙʦʨʘ ʢʦʥʜʝʥʩʘʪʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ ʢʦʥʪʫʨʥʳʭ ʩʠʩʪʝʤ, ʩʧʨʝʡʥʦʝ 

ʦʭʣʘʞʜʝʥʠʝ ʪʨʝʙʫʝʪ ʧʨʦʩʪʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʠʣʠ ʨʘʙʦʪʝ ʩ ʤʘʣʳʤʠ ʦʙʲʝʤʘʤʠ ʞʠʜʢʦʩʪʠ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʤʦʨʬʦʣʦʛʠʠ ʢʘʧʝʣʴ ʷʚʣʷʝʪʩʷ ʢʦʤʧʴʶʪʝʨʥʳʡ ʘʥʘʣʠʟ ʠʭ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ 

ʩʦʚʨʝʤʝʥʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʚʠʟʫʘʣʠʟʘʮʠʠ. ʕʪʦʪ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʝ ʜʘʥʥʳʝ ʦ ʙʦʣʴʰʠʭ ʘʥʩʘʤʙʣʷʭ ʢʘʧʝʣʴ ʟʘ ʢʦʨʦʪʢʠʡ ʩʨʦʢ. ʆʜʥʘʢʦ ʥʘ 

ʧʨʘʢʪʠʢʝ ʚʦʟʥʠʢʘʝʪ ʮʝʣʳʡ ʨʷʜ ʩʣʦʞʥʦʩʪʝʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʢʘʯʝʩʪʚʦʤ 

ʠʟʦʙʨʘʞʝʥʠʡ ʨʝʘʣʴʥʳʭ ʧʦʣʠʜʠʩʧʝʨʩʥʳʭ ʩʠʩʪʝʤ, ʢ ʢʦʪʦʨʳʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʨʘʟʤʳʪʳʝ ʢʦʥʪʫʨʳ 

ʢʘʧʝʣʴ, ʠʭ ʚʟʘʠʤʥʳʝ ʥʘʣʦʞʝʥʠʷ ʠ ʩʣʠʷʥʠʷ, ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʦʩʚʝʱʝʥʠʷ ʧʦʣʷ ʟʨʝʥʠʷ, 
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ʦʪʨʘʞʝʥʠʷ ʠ ʙʣʠʢʠ ʥʘ ʢʨʠʚʦʣʠʥʝʡʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʝʣʴ, ʦʛʨʘʥʠʯʝʥʥʫʶ ʨʘʟʨʝʰʘʶʱʫʶ 

ʩʧʦʩʦʙʥʦʩʪʴ ʦʧʪʠʢʠ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ. 

ɿʘʯʘʩʪʫʶ ʦʧʨʝʜʝʣʝʥʠʝ ʬʦʨʤʳ ʢʘʧʣʠ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʦʠʩʭʦʜʠʪ 

ʪʝʥʝʚʳʤ ʤʝʪʦʜʦʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʨʝʛʠʩʪʨʘʮʠʠ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʪʝʥʝʡ ʦʪ ʦʩʚʝʱʸʥʥʳʭ 

ʢʘʧʝʣʴ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʢʦʤʧʴʶʪʝʨʥʦʡ ʦʙʨʘʙʦʪʢʦʡ [4-7]. ʆʜʥʘʢʦ ʵʪʦʪ ʤʝʪʦʜ ʥʝ ʚʩʝʛʜʘ 

ʧʨʠʤʝʥʠʤ ʠ ʠʤʝʝʪ ʨʷʜ ʦʛʨʘʥʠʯʝʥʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʪʝʥʝʚʦʡ ʤʝʪʦʜ ʪʨʝʙʫʝʪ ʥʘʣʠʯʠʷ ʤʦʱʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʦʩʚʝʱʝʥʠʷ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʧʦʚʣʠʷʪʴ ʥʘ ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʢʘʧʝʣʴ, ʢʨʦʤʝ ʪʦʛʦ, 

ʵʪʦʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʛʦ ʤʝʪʦʜʘ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʚ ʟʘʤʢʥʫʪʳʭ ʩʠʩʪʝʤʘʭ, ʛʜʝ ʥʝʪ ʚʦʟʤʦʞʥʦʩʪʠ 

ʦʨʛʘʥʠʟʦʚʘʪʴ ʦʩʚʝʱʝʥʠʝ. ɺ ʜʘʥʥʳʭ ʩʠʪʫʘʮʠʷʭ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʧʦʜʭʦʜ ʥʘ 

ʦʩʥʦʚʝ ʢʦʤʧʴʶʪʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʷʤʳʭ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. ʆʜʥʘʢʦ ʪʘʢʘʷ ʧʦʩʪʘʥʦʚʢʘ 

ʟʘʜʘʯʠ ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʷʜ ʩʣʦʞʥʦʩʪʝʡ ʧʨʠ ʨʘʩʧʦʟʥʘʚʘʥʠʠ ʢʦʥʪʫʨʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ.  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʳ ʘʣʛʦʨʠʪʤʳ ʩʝʛʤʝʥʪʘʮʠʠ ʠʩʧʘʨʷʶʱʠʭʩʷ ʢʘʧʝʣʴ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ 

ʟʘʤʳʢʘʥʠʠ ʢʦʥʪʫʨʦʚ ʤʝʪʦʜʦʤ ʚʳʧʫʢʣʦʡ ʦʙʦʣʦʯʢʠ. ɼʘʣʴʥʝʡʰʝʝ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʪʨʝʭʤʝʨʥʳʭ ʤʦʜʝʣʝʡ ʢʘʧʝʣʴ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʨʦʣʠʪʴ ʩʚʝʪ ʥʘ ʤʝʭʘʥʠʟʤʳ ʠʩʧʘʨʝʥʠʷ ʢʘʧʝʣʴ ʥʘ 

ʥʘʢʣʦʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʫʩʣʦʚʠʷʭ ʩʚʦʙʦʜʥʦʡ ʢʦʥʚʝʢʮʠʠ. ɼʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 

ʩʝʛʤʝʥʪʘʮʠʠ ʢʘʧʝʣʴ ʧʨʦʰʣʠ ʩʨʘʚʥʝʥʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʨʫʯʥʳʤ 

ʤʝʪʦʜʦʤ. 

 

ʆʇʀʉɸʅʀɽ ʕʂʉʇɽʈʀʄɽʅʊʆɺ  

 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 1 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʟʘʢʨʳʪʘʷ 

ʢʘʤʝʨʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʩʪʘʙʠʣʴʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʠʩʧʘʨʝʥʠʷ ʢʘʧʝʣʴ. ɼʣʷ ʩʦʟʜʘʥʠʷ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʫʩʣʦʚʠʡ ʠʩʧʘʨʝʥʠʷ ʩ ʟʘʜʘʥʥʦʡ ʚʣʘʞʥʦʩʪʴʶ ʚ ʥʘʯʘʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ ʢʘʤʝʨʫ 

ʧʦʤʝʱʘʣʩʷ ʦʩʫʰʠʪʝʣʴ. ʄʝʜʥʘʷ ʧʣʘʩʪʠʥʘ ʢʨʝʧʠʣʘʩʴ ʢ ʦʩʠ ʰʘʛʦʚʦʛʦ ʜʚʠʛʘʪʝʣʷ, ʧʦʩʣʝ ʯʝʛʦ ʥʘ 

ʝʸ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘʥʦʩʠʣʩʷ ʩʣʦʡ ʪʝʨʤʦʧʘʩʪʳ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʢʦʥʪʘʢʪʘ. ʅʘ 

ʧʦʜʛʦʪʦʚʣʝʥʥʫʶ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʚʝʨʭʥʦʩʪʴ ʬʠʢʩʠʨʦʚʘʣʩʷ ʙʠʬʠʣʴʥʳʡ ʢʨʝʤʥʠʝʚʳʡ ʩʫʙʩʪʨʘʪ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ. ɹʠʬʠʣʴʥʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʙʠʥʘʮʠʠ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʠ 

ʬʪʦʨʧʦʣʠʤʝʨʥʦʛʦ ʧʦʢʨʳʪʠʷ ʤʝʪʦʜʦʤ HW CVD [8]. ʂʘʧʣʷ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʥʘʥʦʩʠʣʘʩʴ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʣʦʞʢʠ ʩ ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʪʦʯʥʦʛʦ ʜʦʟʘʪʦʨʘ. ʋʛʦʣ ʥʘʢʣʦʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʦʨʠʟʦʥʪʘ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ Ñ0,1Á ʟʘʜʘʚʘʣʩʷ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʦʡ ʫʧʨʘʚʣʝʥʠʷ ʰʘʛʦʚʳʤ ʜʚʠʛʘʪʝʣʝʤ. 

ɼʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 3D ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʠʟʦʙʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʢʘʤʝʨ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʨʫʛ ʜʨʫʛʫ ʠ ʨʘʙʦʪʘʶʱʠʭ ʩʠʥʭʨʦʥʥʦ 

ʦʪ ʚʥʝʰʥʝʛʦ ʪʨʠʛʛʝʨʘ. ɼʣʷ ʩʲʝʤʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʮʠʬʨʦʚʘʷ ʢʘʤʝʨʘ Baumer VCXU-04M ʩ 

ʯʘʩʪʦʪʦʡ ʩʲʝʤʢʠ ʜʦ 2 ʢɻʮ ʨʘʟʨʝʰʝʥʠʝʤ 720 Ĭ 540 ʧʠʢʩʝʣʝʡ ʠ ʢʘʤʝʨʘ Phantom VEO-E 310S ʩ 

ʯʘʩʪʦʪʦʡ ʩʲʝʤʢʠ ʜʦ 3,2 ʢɻʮ ʨʘʟʨʝʰʝʥʠʝʤ 1280 Ĭ 800 ʧʠʢʩʝʣʝʡ. ʆʩʚʝʱʝʥʥʦʩʪʴ ʨʘʙʦʯʝʛʦ ʫʯʘʩʪʢʘ 

ʩʦʩʪʘʚʣʷʣʘ 300 ʣʢ. 

 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ʐʘʛʦʚʳʡ 

ʜʚʠʛʘʪʝʣʴ 

ʂʘʤʝʨʘ 1 

ʂʘʤʝʨʘ 2 

ʇʦʜʣʦʞʢʘ 

ʄʝʜʥʘʷ 

ʧʣʘʩʪʠʥʘ 

ʂʘʧʣʷ 

ɻʝʨʤʝʪʠʯʥʳʡ 

ʢʦʥʪʝʡʥʝʨ 
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ʈɽɸʃʀɿʆɺɸʅʅʓʁ ɸʃɻʆʈʀʊʄ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʩʝʛʤʝʥʪʘʮʠʠ ʢʘʧʝʣʴ ʚʦʜʳ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʜʦʤʠʥʠʨʫʶʱʝʡ 

ʪʝʭʥʠʢʦʡ ʷʚʣʷʝʪʩʷ ʢʦʤʙʠʥʘʮʠʷ ʤʝʪʦʜʦʚ ʂʵʥʥʠ [9] ʠ ʘʜʘʧʪʠʚʥʦʡ ʙʠʥʘʨʠʟʘʮʠʠ ʆʮʫ [10]. ɺ 

[11, 12] ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʚ ʪʝʥʝʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, 

ʦʜʥʘʢʦ ʧʨʠ ʥʝʜʦʩʪʘʪʦʯʥʦʤ ʦʩʚʝʱʝʥʠʠ ʦʙʲʝʢʪʘ ʩ ʠʭ ʧʦʤʦʱʴʶ ʥʝʚʦʟʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʟʘʤʢʥʫʪʫʶ ʣʠʥʠʶ, ʦʧʠʩʳʚʘʶʱʫʶ ʢʦʥʪʫʨ ʢʘʧʣʠ. ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʘ ʟʘʤʳʢʘʥʠʷ ʢʦʥʪʫʨʦʚ ʙʳʣʦ 

ʧʨʝʜʣʦʞʝʥʦ ʚʳʜʝʣʝʥʠʝ ʚʳʧʫʢʣʦʛʦ ʤʥʦʛʦʫʛʦʣʴʥʠʢʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʚ ʩʝʙʷ ʚʩʝ ʪʦʯʢʠ ʛʨʘʥʠʮʳ 

ʦʙʲʝʢʪʘ, ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʪʝʨʧʦʣʷʮʠʝʡ ʢʦʥʪʫʨʘ ʢʘʧʣʠ ʢʫʙʠʯʝʩʢʠʤ ʩʧʣʘʡʥʦʤ. 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʛʠʧʦʪʝʟʳ ʦ 

ʚʳʧʫʢʣʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. ʇʝʨʚʳʡ ʵʪʘʧ ʦʙʨʘʙʦʪʢʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʢʦʥʚʝʨʪʠʨʦʚʘʥʠʝ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʦʪʪʝʥʢʠ ʩʝʨʦʛʦ ʠ ʧʨʠʤʝʥʝʥʠʝ ʬʠʣʴʪʨʘ ɻʘʫʩʩʘ, ʷʚʣʷʶʱʝʝʩʷ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʡ 

ʪʝʭʥʠʢʦʡ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʰʫʤʦʚ ʤʘʪʨʠʮʳ ʢʘʤʝʨʳ. ɼʣʷ ʫʩʣʦʚʠʡ ʦʩʚʝʱʝʥʠʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʜʘʣʝʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʛʘʫʩʩʦʚ ʬʠʣʴʪʨ ʩ ʙʦʣʴʰʠʤ ʷʜʨʦʤ 9Ĭ9 ʜʣʷ ʦʩʣʘʙʣʝʥʠʷ 

ʰʫʤʘ ʤʘʪʨʠʮʳ ʠ ʩʛʣʘʞʠʚʘʥʠʷ ʤʝʣʢʠʭ ʜʝʪʘʣʝʡ ʬʦʥʘ. ʉʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʘʣʛʦʨʠʪʤʘ ʷʚʣʷʝʪʩʷ 

ʙʠʥʘʨʠʟʘʮʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʘ ʪʘʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʢʘʢ ʦʙʳʢʥʦʚʝʥʥʳʡ ʦʪʩʝʚ ʧʦ 

ʷʨʢʦʩʪʠ ʧʠʢʩʝʣʝʡ, ʘʜʘʧʪʠʚʥʘʷ ʙʠʥʘʨʠʟʘʮʠʷ ʩ ʚʳʙʦʨʦʤ ʢʨʠʪʝʨʠʷ ʧʦ ʚʟʚʝʰʝʥʥʦʤʫ ʟʥʘʯʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʩʝʣʝʡ, ʤʝʪʦʜ ʆʮʫ [10], ʤʝʪʦʜ ʂʵʥʥʠ [9] ʠʣʠ ʢʦʤʙʠʥʘʮʠʝʡ ʵʪʠʭ ʤʝʪʦʜʦʚ. 

ʇʦʩʪʨʦʝʥʠʝ ʧʨʦʮʝʩʩʘ ʙʠʥʘʨʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʚ ʚʳʜʝʣʝʥʠʠ ʢʦʥʪʫʨʦʚ ʦʙʲʝʢʪʘ ʠ 

ʟʘʚʠʩʠʪ ʦʪ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɹʠʥʘʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʜʦʣʞʥʦ ʚʢʣʶʯʘʪʴ ʚ ʩʝʙʷ 

ʢʘʢ ʤʦʞʥʦ ʙʦʣʴʰʝ ʜʝʪʘʣʝʡ ʢʦʥʪʫʨʘ ʦʙʲʝʢʪʘ ʠʣʠ ʝʛʦ ʩʦʜʝʨʞʠʤʦʛʦ. ɺ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʤʝʪʦʜʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʤʙʠʥʘʮʠʷ ʤʝʪʦʜʘ ʂʵʥʥʠ [9] ʠ ʦʪʩʝʚʘ ʧʦ ʧʦʨʦʛʦʚʦʤʫ ʟʥʘʯʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʠʣʴʪʨʘ ʉʦʙʝʣʷ. 

ɺ ʤʝʪʦʜʝ ʂʵʥʥʠ ʛʨʘʥʠʮʘ ʦʙʲʝʢʪʘ ʥʘʭʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʣʦʢʘʣʴʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʛʨʘʜʠʝʥʪʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʩʝʣʝʡ. ʕʪʦʪ ʤʝʪʦʜ ʧʨʠʤʝʥʷʝʪ ʜʚʘ ʧʦʨʦʛʦʚʳʭ ʟʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʛʨʘʜʠʝʥʪʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʳʭ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʠ ʣʦʞʥʳʭ ʛʨʘʥʠʮ. ʇʦʜʙʦʨ ʵʪʠʭ 

ʧʦʨʦʛʦʚʳʭ ʟʥʘʯʝʥʠʡ ʥʝ ʚʩʝʛʜʘ ʧʨʠʚʦʜʠʪ ʢ ʫʩʧʝʰʥʦʤʫ ʦʪʜʝʣʝʥʠʶ ʦʙʲʝʢʪʘ ʦʪ ʬʦʥʘ, ʧʦʩʢʦʣʴʢʫ 

ʟʘʯʘʩʪʫʶ ʟʘʭʚʘʪʳʚʘʝʪ ʜʝʪʘʣʠ ʦʢʨʫʞʝʥʠʷ ʢʘʧʣʠ. ʇʦʵʪʦʤʫ ʚ ʧʨʝʜʣʦʞʝʥʥʦʤ ʤʝʪʦʜʝ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʦʪʩʝʚ ʧʠʢʩʝʣʝʡ ʢʦʥʪʫʨʦʚ ʧʦ ʧʦʨʦʛʦʚʦʤʫ ʟʥʘʯʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʉʦʙʝʣʷ, ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʘʤ 
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Ὑ  Ὓ Ὅz Ὓ Ὅz  Ὕ, 

 

ʛʜʝ Ὓ ï ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʦʧʝʨʘʪʦʨ Sobel, Ὓ ï ʚʝʨʪʠʢʘʣʴʥʳʡ ʦʧʝʨʘʪʦʨ Sobel, Ὅ ï ʩʛʣʘʞʝʥʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ,  zï ʦʧʝʨʘʪʦʨ ʩʚʝʨʪʢʠ, Ὕ ï ʟʥʘʯʝʥʠʝ ʧʦʨʦʛʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, R ï ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ 

ʤʘʪʨʠʮʘ. ʄʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ ʦʧʝʨʘʮʠʡ ʂʵʥʥʠ ʠ ʉʦʙʝʣʷ ʧʨʦʠʩʭʦʜʠʪ ʧʦʙʠʪʦʚʦʝ 

ʧʝʨʝʤʥʦʞʝʥʠʝ. ɿʘʜʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʙʠʥʘʨʠʟʘʮʠʠ ʇʦʜʙʦʨ ʧʦʨʦʛʦʚʳʭ ʟʥʘʯʝʥʠʡ ʜʣʷ ʤʝʪʦʜʦʚ 

ʂʵʥʥʠ ʠ ʉʦʙʝʣʷ ʧʨʦʠʩʭʦʜʠʪ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ: ʨʝʟʫʣʴʪʘʪ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʷ 

ʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷ, ʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʘʯʝʩʪʚʘ ʦʙʨʘʙʦʪʢʠ, ʚʳʙʠʨʘʶʪʩʷ ʧʦʨʦʛʦʚʳʝ ʟʥʘʯʝʥʠʷ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʜʣʷ ʧʦʜʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʧʝʨʚʦʝ, ʧʦʩʣʝʜʥʝʝ ʠ ʮʝʥʪʨʘʣʴʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʚʳʙʦʨʢʝ, ʠ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʥʘ ʚʩʶ ʚʳʙʦʨʢʫ ʧʨʠ 

ʦʙʨʘʙʦʪʢʝ. 

ɿʘʪʝʤ, ʧʨʠ ʥʘʣʠʯʠʠ ʧʠʢʩʝʣʝʡ, ʢʦʪʦʨʳʝ ʥʝ ʦʪʥʦʩʷʪʩʷ ʢ ʦʙʲʝʢʪʫ, ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʦʮʝʜʫʨʘ 

ʠʩʢʣʶʯʝʥʠʷ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʨʝʛʠʦʥʦʚ ʧʠʢʩʝʣʝʡ. ɼʣʷ ʵʪʦʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʷʜʨʦ ʧʦʠʩʢʘ 9×9, 

ʚʳʜʝʣʷʝʪʩʷ ʧʘʪʪʝʨʥ, ʧʨʠ ʢʦʪʦʨʦʤ ʚ ʨʝʛʠʦʥʝ 5×5 ʚʦʢʨʫʛ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʧʠʢʩʝʣʷ ʤʦʛʫʪ 

ʩʦʜʝʨʞʘʪʴʩʷ ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʳʝ, ʪʘʢ ʠ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ, ʥʦ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʧʠʢʩʝʣʠ 

ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʦʩʪʘʣʴʥʦʡ ʯʘʩʪʠ ʦʢʥʘ ʦʧʨʦʩʘ. ɺ ʥʘʡʜʝʥʥʳʭ ʨʝʛʠʦʥʘʭ, ʦʙʣʘʩʪʴ 5×5 ʚ ʮʝʥʪʨʝ ʦʢʥʘ 

ʦʧʨʦʩʘ ʟʘʥʫʣʷʝʪʩʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʘʥʥʦʡ ʤʦʨʬʦʣʦʛʠʯʝʩʢʦʡ ʦʧʝʨʘʮʠʠ, ʙʠʥʘʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʦʯʠʱʘʝʪʩʷ ʦʪ ʤʘʣʳʭ ʵʣʝʤʝʥʪʦʚ ʬʦʥʘ, ʢʦʪʦʨʳʝ ʦʰʠʙʦʯʥʦ ʧʨʠʥʠʤʘʶʪʩʷ ʟʘ ʛʨʘʥʠʮʳ ʦʙʲʝʢʪʘ. 
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ʉʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʘʣʛʦʨʠʪʤʘ ʷʚʣʷʝʪʩʷ ʪʦʥʢʘʷ ʥʘʩʪʨʦʡʢʘ ʧʦʣʫʯʝʥʥʦʡ ʙʠʥʘʨʥʦʡ ʤʘʩʢʠ 

ʚʙʣʠʟʠ ʦʩʥʦʚʘʥʠʷ ʢʘʧʣʠ. ɿʘʯʘʩʪʫʶ ʧʦʩʣʝ ʙʠʥʘʨʠʟʘʮʠʠ ʦʩʪʘʝʪʩʷ ʧʣʦʭʦ ʨʘʟʨʝʰʝʥʥʦʡ 

ʤʝʞʬʘʟʥʘʷ ʛʨʘʥʠʮʘ ʞʠʜʢʦʩʪʴ ï ʚʦʟʜʫʭ ï ʪʚʝʨʜʦʝ ʪʝʣʦ, ʧʨʠ ʵʪʦʤ ʣʦʞʥʦ ʧʨʦʭʦʜʷʪ ʙʠʥʘʨʠʟʘʮʠʶ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ ʧʳʣʠ ʧʦʧʘʜʘʶʱʠʝ ʚ ʦʙʣʘʩʪʴ ʚʠʜʠʤʦʩʪʠ ʚʙʣʠʟʠ ʢʨʘʝʚ ʢʘʧʣʠ, ʠʣʠ 

ʞʝ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʠʞʝ ʣʠʥʠʠ ʢʦʥʪʘʢʪʘ ʢʘʧʣʠ ʩ ʧʦʜʣʦʞʢʦʡ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ 

ʪʨʝʙʫʝʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʧʦʣʫʯʝʥʥʦʡ ʙʠʥʘʨʥʦʡ ʤʘʩʢʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʦ 

ʤʘʥʫʘʣʴʥʦ ʟʘʜʘʪʴ ʧʨʠʤʝʨʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʠ ʣʠʥʠʠ ʢʦʥʪʘʢʪʘ ʠ ʟʘʥʫʣʠʪʴ ʢʘʢ ʧʨʘʚʠʣʦ ʦʢʦʣʦ 5 

ʨʷʜʦʚ ʧʠʢʩʝʣʝʡ ʥʘʜ ʣʠʥʠʝʡ ʢʦʥʪʘʢʪʘ ʠ ʚʩʝ ʧʠʢʩʝʣʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʠʞʝ ʝʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ 

ʪʨʦʡʥʘʷ ʛʨʘʥʠʮʘ ʢʘʧʣʠ ʙʫʜʝʪ ʜʦʩʪʨʦʝʥʘ ʟʘ ʩʯʝʪ ʠʥʪʝʨʧʦʣʷʮʠʠ ʧʦʣʫʯʘʝʤʳʭ ʜʘʣʝʝ ʢʦʥʪʫʨʦʚ. ʅʝ 

ʩʤʦʪʨʷ ʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʟʘʜʘʥʠʷ ʣʠʥʠʠ ʢʦʥʪʘʢʪʘ ʦʧʝʨʘʪʦʨʦʤ, ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʢʦʥʪʫʨʦʚ 

ʢʘʧʣʠ ʦʩʪʘʝʪʩʷ ʚ ʜʦʩʪʘʪʦʯʥʦʡ ʩʪʝʧʝʥʠ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʠʩʧʘʨʝʥʠʠ ʢʘʧʣʠ 

ʣʠʥʠʷ ʢʦʥʪʘʢʪʘ ʥʝ ʠʟʤʝʥʷʝʪ ʩʚʦʝ ʧʦʣʦʞʝʥʠʝ, ʧʨʠ ʵʪʦʤ ʝʝ ʜʣʠʥʘ ʪʘʢʞʝ ʤʝʥʷʝʪʩʷ ʩʣʘʙʦ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʨʠ ʟʘʜʘʥʠʠ ʣʠʥʠʠ ʢʦʥʪʘʢʪʘ, ʢʘʢ ʧʨʘʚʠʣʦ ʚʳʙʠʨʘʝʪʩʷ ʝʝ ʤʝʥʴʰʘʷ ʥʘʠʤʝʥʴʰʘʷ ʜʣʠʥʘ 

ʚʭʦʜʝ ʧʨʦʮʝʩʩʘ ʠʩʧʘʨʝʥʠʷ. ɼʘʥʥʘʷ ʦʧʝʨʘʮʠʷ ʚʳʧʦʣʥʷʝʪʩʷ ʦʜʠʥ ʨʘʟ ʜʣʷ ʦʜʥʦʛʦ ʥʘʙʦʨʘ 

ʠʟʦʙʨʘʞʝʥʠʡ. 

ʂ ʧʦʣʫʯʝʥʥʦʤʫ ʥʘʙʦʨʫ ʧʠʢʩʝʣʝʡ ʧʨʠʤʝʥʷʝʪʩʷ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʚʳʧʫʢʣʦʡ ʦʙʦʣʦʯʢʠ [13], 

ʢʦʪʦʨʳʡ ʥʘʭʦʜʠʪ ʥʘʠʤʝʥʴʰʫʶ ʟʘʤʢʥʫʪʫʶ ʚʳʧʫʢʣʫʶ ʦʙʣʘʩʪʴ, ʩʦʜʝʨʞʘʱʫʶ ʚ ʩʝʙʝ ʚʩʝ 

ʵʢʩʪʨʘʛʠʨʦʚʘʥʥʳʝ ʧʠʢʩʝʣʠ. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʨʝʘʣʠʟʫʝʪ ʛʠʧʦʪʝʟʫ ʦ ʚʳʧʫʢʣʦʩʪʠ ʦʙʲʝʢʪʘ ʠ 

ʧʦʟʚʦʣʷʝʪ ʧʨʠʙʣʠʞʝʥʥʦ ʦʧʨʝʜʝʣʠʪʴ ʝʛʦ ʢʦʥʪʫʨ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʯʝʪʢʦʡ ʚʠʜʠʤʦʡ ʛʨʘʥʠʮʳ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʚʳʧʫʢʣʦʡ ʦʙʦʣʦʯʢʠ ʷʚʣʷʝʪʩʷ ʥʘʙʦʨ ʚʝʨʰʠʥ ʚʳʧʫʢʣʦʛʦ 

ʤʥʦʛʦʫʛʦʣʴʥʠʢʘ, ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʛʦ ʠʩʢʦʤʳʡ ʢʦʥʪʫʨ. ʅʘ ʧʨʠʤʝʨʝ ʢʘʧʝʣʴ ʚʦʜʳ, ʥʘʠʙʦʣʴʰʘʷ 

ʩʪʦʨʦʥʘ ʜʘʥʥʦʛʦ ʤʥʦʛʦʫʛʦʣʴʥʠʢʘ ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʦʡ ʦʩʥʦʚʘʥʠʷ ʢʘʧʣʠ. ʇʦʣʫʯʝʥʥʳʝ ʚʝʨʰʠʥʳ 

ʢʦʥʪʫʨʘ ʟʘʪʝʤ ʠʥʪʝʨʧʦʣʠʨʫʶʪʩʷ ʢʫʙʠʯʝʩʢʠʤ ʩʧʣʘʡʥʦʤ, ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʛʣʘʜʢʦʩʪʠ ʠ 

ʫʚʝʣʠʯʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ. ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʤʝʪʦʜʘ ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. 

 

 
ʈʠʩ. 2. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ 

 

ʇʦʣʫʯʝʥʥʳʡ ʢʦʥʪʫʨ ʟʘʪʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʮʝʥʢʠ ʦʙʲʝʤʘ ʠ ʚʳʩʦʪʳ ʦʙʲʝʢʪʘ. ɺʳʩʦʪʘ 

ʢʘʧʣʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʥʘʠʙʦʣʝʝ ʫʜʘʣʝʥʥʘʷ ʦʪ ʦʩʥʦʚʘʥʠʷ ʪʦʯʢʘ ʢʦʥʪʫʨʘ. ʆʙʲʝʤ ʚʳʯʠʩʣʷʝʪʩʷ 

ʠʥʪʝʛʨʘʣʦʤ ʚʨʘʱʝʥʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʢʦʥʪʫʨʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʥʦʚʘʥʠʶ ʢʘʧʣʠ ʚ ʜʚʫʤʝʨʥʦʤ 

ʩʣʫʯʘʝ. 

ɼʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʨʝʭʤʝʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʠʟʦʙʨʘʞʝʥʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʢʘʤʝʨ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʨʫʛ ʜʨʫʛʫ ʠ 

ʨʘʙʦʪʘʶʱʠʭ ʩʠʥʭʨʦʥʥʦ ʦʪ ʚʥʝʰʥʝʛʦ ʪʨʠʛʛʝʨʘ. ʂ ʢʘʜʨʘʤ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʚʠʜʝʦʨʷʜʘ 

ʧʨʠʤʝʥʷʣʩʷ ʘʣʛʦʨʠʪʤ ʚʳʜʝʣʝʥʠʷ ʢʦʥʪʫʨʦʚ ʢʘʧʝʣʴ, ʨʘʩʩʤʦʪʨʝʥʥʳʡ ʨʘʥʝʝ. ɿʘʪʝʤ, ʧʦʣʫʯʝʥʥʳʝ 

ʩ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʨʘʢʫʨʩʦʚ ʢʦʥʪʫʨʳ ʢʘʧʣʠ ʧʨʠʚʦʜʷʪʩʷ ʢ ʝʜʠʥʦʤʫ ʤʘʩʰʪʘʙʫ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʪʦʙʳ ʚʳʩʦʪʘ ʢʘʧʝʣʴ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʩ ʨʘʟʥʦʛʦ ʨʘʢʫʨʩʘ ʩʦʚʧʘʜʘʣʘ, ʧʦʩʢʦʣʴʢʫ ʚ ʜʘʥʥʦʡ 

ʧʦʩʪʘʥʦʚʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚʳʩʦʪʘ ʢʘʧʣʠ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʥʝ ʜʦʣʞʥʘʷ ʟʘʚʠʩʝʪʴ ʦʪ ʘʟʠʤʫʪʘʣʴʥʦʛʦ 

ʫʛʣʘ ʩʲʝʤʢʠ. ʇʨʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʢʦʥʪʫʨʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʠʣʠʥʝʡʥʘʷ ʠʥʪʝʨʧʦʣʷʮʠʷ, ʧʨʠ ʵʪʦʤ 

ʢʦʥʪʫʨʳ ʦʩʪʘʶʪʩʷ ʜʠʩʢʨʝʪʥʳʤʠ, ʪʦ ʝʩʪʴ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʪʘʢ ʤʘʩʢʠ ʦʪ ʠʩʭʦʜʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. 

ɺ ʠʪʦʛʝ ʤʳ ʧʦʣʫʯʘʝʤ ʢʦʥʪʫʨʳ ʩ ʦʜʠʥʘʢʦʚʳʤ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʦʩʥʦʚʘʥʠʷ ʢʘʧʣʠ ʜʦ ʝʝ ʚʝʨʭʫʰʢʠ 

ʚ ʧʠʢʩʝʣʷʭ (ʨʠʩ. 3ʘ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʢʦʥʪʫʨʳ ʢʘʧʣʠ ʙʳʣʠ ʨʘʟʙʠʪʳ ʥʘ ʩʣʦʠ ʧʠʢʩʝʣʝʡ, ʢʦʪʦʨʳʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʨʝʘʣʴʥʦʤʫ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤʫ ʩʣʦʶ ʢʘʧʣʠ, ʥʦ ʩ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʨʘʢʫʨʩʦʚ. 

ʆʪʩʝʚ ʧʦ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ Sobel 

ʄʝʪʦʜ Canny 

ɺʳʧʫʢʣʘʷ 

ʦʙʦʣʦʯʢʘ 
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ʊʨʝʭʤʝʨʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʧʣʠ ʟʘʪʝʤ ʙʳʣʘ ʚʦʩʩʪʘʥʦʚʣʝʥʘ ʩ ʧʦʤʦʱʴʶ ʧʦʣʫʯʝʥʥʳʭ ʧʘʨ 

ʩʣʦʝʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ ʜʚʫʭ ʧʦʣʫʦʩʝʡ ʵʣʣʠʧʩʘ, ʦʧʠʩʳʚʘʶʱʝʛʦ ʨʝʘʣʴʥʳʡ 

ʩʨʝʟ ʢʘʧʣʠ. ʀʤʝʷ ʧʦʜʦʙʥʫʶ ʜʠʩʢʨʝʪʠʟʘʮʠʶ ʠʟʦʙʨʘʞʝʥʠʡ ʢʘʧʣʠ, ʤʳ ʫʞʝ ʥʝ ʦʙʷʟʘʥʳ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʦʙʲʝʤ ʢʘʧʣʠ ʬʠʛʫʨʦʡ ʚʨʘʱʝʥʠʷ, ʘ ʤʦʞʝʤ ʯʠʩʣʝʥʥʦ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʪʴ 

ʧʦʣʫʯʝʥʥʳʝ ʵʣʣʠʧʪʠʯʝʩʢʠʝ ʩʣʦʠ ʢʘʧʣʠ (ʨʠʩ. 3ʙ). ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʦʙʲʸʤʘ 

ʢʘʧʣʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʪʨʘʧʝʮʠʡ.  

 

   
ʘ ʙ ʚ 

ʈʠʩ 3. ʉʭʝʤʘ ʘʣʛʦʨʠʪʤʘ ʧʦʩʪʨʦʝʥʠʷ ʪʨʝʭʤʝʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʣʠ: ʘ ï ʚʳʜʝʣʝʥʠʝ ʢʦʥʪʫʨʦʚ ʢʘʧʣʠ, ʠʭ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʝ ʠ ʩʦʦʪʥʝʩʝʥʠʝ, ʙ ï ʧʦʩʣʦʡʥʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʬʦʨʤʳ ʢʘʧʣʠ, ʢʘʞʜʳʡ ʩʣʦʡ ʧʨʠʙʣʠʞʘʝʪʩʷ 

ʧʣʦʩʢʠʤ ʵʣʣʠʧʩʦʤ ʩ ʧʦʣʫʦʩʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʵʪʘʧʝ ʘʣʛʦʨʠʪʤʘ, ʚ ï 3D ʤʦʜʝʣʴ ʢʘʧʣʠ 

  

ɺɸʃʀɼɸʎʀʗ ʈɸɿʈɸɹʆʊɸʅʅʆɻʆ ʄɽʊʆɼɸ 

 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʫʯʥʦʛʦ ʤʝʪʦʜʘ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʙʘʪʳʚʘʶʪʩʷ ʦʧʝʨʘʪʦʨʦʤ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ ImageJ. ʇʦʩʢʦʣʴʢʫ ʚ ʧʨʦʮʝʩʩʝ ʠʩʧʘʨʝʥʠʷ ʢʘʧʣʷ ʧʨʠʥʠʤʘʝʪ ʨʘʟʣʠʯʥʫʶ 

ʬʦʨʤʫ (ʰʘʨ, ʵʣʣʠʧʩʦʠʜ, ʰʘʨʦʚʦʡ ʩʝʛʤʝʥʪ), ʪʦ ʘʥʘʣʠʟ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʳʤ ʧʨʦʮʝʩʩʦʤ ʠ ʪʨʝʙʫʝʪ ʦʪ ʦʧʝʨʘʪʦʨʘ ʢʦʥʪʨʦʣʷ ʟʘ ʪʝʢʫʱʝʡ ʬʦʨʤʦʡ ʦʙʲʝʢʪʘ. 

ʂʨʦʤʝ ʪʦʛʦ, ʦʮʝʥʢʘ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʢʘʢ ʦʙʲʝʤʣʠ ʚʦʟʤʦʞʥʘ ʜʣʷ ʦʧʝʨʘʪʦʨʘ ʪʦʣʴʢʦ ʧʨʠ 

ʵʣʣʠʧʪʠʯʝʩʢʦʡ ʬʦʨʤʝ ʢʘʧʣʠ, ʢʦʛʜʘ ʦʙʲʝʤ ʤʦʞʥʦ ʧʨʠʙʣʠʟʠʪʴ ʬʠʛʫʨʦʡ ʚʨʘʱʝʥʠʷ. ɼʣʷ 

ʨʘʟʣʠʯʥʳʭ ʵʪʘʧʦʚ ʠʩʧʘʨʝʥʠʷ ʢʘʧʣʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʦʮʝʥʢʘ ʦʙʲʸʤʘ ʞʠʜʢʦʩʪʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʚʠʜʠʤʦʡ ʬʦʨʤʝ ʢʘʧʣʠ. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʨʘʟʤʝʨʦʚ ʢʘʧʣʠ 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʩ ʫʯʸʪʦʤ ʩʣʝʜʫʶʱʠʭ ʩʦʩʪʘʚʣʷʶʱʠʭ: ʧʦʛʨʝʰʥʦʩʪʴ ʦʪ ʨʘʟʨʝʰʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ 

ɿ = 0,0035 ʤʤ ʚʳʯʠʩʣʷʝʪʩʷ ʩ ʫʯʸʪʦʤ ʣʠʥʝʡʥʦʛʦ ʨʘʟʤʝʨʘ ʦʜʥʦʛʦ ʧʠʢʩʝʣʷ (0,012 ʤʤ); 

ʩʫʙʲʝʢʪʠʚʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ, ʚʦʟʥʠʢʘʶʱʘʷ ʧʨʠ ʨʫʯʥʦʤ ʠʟʤʝʨʝʥʠʠ ʜʠʘʤʝʪʨʘ ʚ ʛʨʘʬʠʯʝʩʢʦʤ 

ʨʝʜʘʢʪʦʨʝ ʠʟ-ʟʘ ʦʰʠʙʢʠ ʩʫʙʲʝʢʪʠʚʥʦʩʪʠ ʠ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʯʥʦʩʪʠ çʟʘʭʚʘʪʘè ʣʠʥʠʠ, 

ʦʮʝʥʠʚʘʣʘʩʴ ʢʘʢ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʧʨʠ ʩʝʨʠʠ ʧʦʚʪʦʨʥʳʭ ʠʟʤʝʨʝʥʠʡ ʦʜʥʦʛʦ 

ʨʘʟʤʝʨʘ ʨʘʟʥʳʤʠ ʦʧʝʨʘʪʦʨʘʤʠ (ɿ  = 0,005 ʤʤ); ʧʦʛʨʝʰʥʦʩʪʴ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ɿ , ʜʣʷ 

ʦʮʝʥʢʠ ʢʦʪʦʨʦʡ ʥʫʞʥʦ ʪʦʯʥʦ ʟʥʘʪʴ ʤʘʩʰʪʘʙ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʧʠʢʩʝʣʷʭ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ (ʤʤ), 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʢʘʢ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʧʨʠ ʩʝʨʠʠ ʧʦʚʪʦʨʥʳʭ ʠʟʤʝʨʝʥʠʡ 

ʵʪʘʣʦʥʥʦʛʦ ʨʘʟʤʝʨʘ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ (ɿ = 0,005 ʤʤ); ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʜʠʘʤʝʪʨʘ 

ʢʘʧʣʠ, ʚʳʟʚʘʥʥʘʷ ʥʝʨʝʟʢʦʩʪʴʶ ʝʸ ʢʨʘʝʚ ‏ = 0,05 ʤʤ. ʇʦʣʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ 

ʨʘʟʤʝʨʘ ʢʘʧʣʠ ʩʦʩʪʘʚʣʷʝʪ: ɿ  ɿ ɿ ɿ ɿ πȟπυ ʤʤ. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʪʦʯʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʲʸʤʢʘ 500 ʠʟʦʙʨʘʞʝʥʠʡ 

ʠʩʧʘʨʷʶʱʝʡʩʷ ʢʘʧʣʠ ʚ ʩʠʜʷʯʝʤ ʠ ʧʦʜʚʝʰʝʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ ʚ ʫʩʣʦʚʠʷʭ ʥʠʟʢʦʡ ʢʦʥʪʨʘʩʪʥʦʩʪʠ. 

ʆʰʠʙʢʘ ʤʝʪʦʜʘ ʨʫʯʥʦʡ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩʯʠʪʘʣʘʩʴ ʥʘʤʥʦʛʦ ʥʠʞʝ, ʯʝʤ ʦʰʠʙʢʠ 

ʘʚʪʦʤʘʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʛʨʝʰʥʦʩʪʴ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʝʪʦʜʦʚ ʩʯʠʪʘʣʘʩʴ ʢʘʢ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʨʫʯʥʦʡ ʦʙʨʘʙʦʪʢʦʡ. ʅʘ 

ʨʠʩ. 4 ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʦʮʝʥʢʠ ʚʳʩʦʪʳ (ʨʠʩ. 4ʘ) ʠ ʦʙʲʸʤʘ (ʨʠʩ. 4ʙ) ʢʘʧʣʠ ʜʣʷ ʤʝʪʦʜʘ 

ʟʘʤʳʢʘʥʠʷ ʢʦʥʪʫʨʘ ʚʳʧʫʢʣʦʡ ʦʙʦʣʦʯʢʦʡ ʠ ʨʫʯʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ɿʥʘʯʝʥʠʝ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʚʳʩʦʪʳ ʢʘʧʣʠ ʦʢʘʟʘʣʦʩʴ ʨʘʚʥʳʤ 

1,7% ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʚʳʩʦʪʳ ʢʘʧʣʠ. ʆʪʢʣʦʥʝʥʠʝ ʤʝʪʦʜʘ ʚʳʧʫʢʣʦʡ ʦʙʦʣʦʯʢʠ ʩʦʩʪʘʚʠʣʦ 
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2,6% ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʦʙʲʸʤʘ ʢʘʧʣʠ. ʅʘ ʨʠʩ. 4 ʪʘʢʞʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʥʘ ʧʦʩʣʝʜʥʠʭ 

ʵʪʘʧʘʭ ʠʩʧʘʨʝʥʠʷ ʧʨʠ ʤʘʣʦʤ ʨʘʟʤʝʨʝ ʢʘʧʣʠ ʨʘʟʦʙʨʘʥʥʳʡ ʤʝʪʦʜ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʦʮʝʥʢʠ 

ʧʝʨʝʩʪʘʝʪ ʨʘʙʦʪʘʪʴ. ʕʪʦ ʩʚʷʟʘʥʦ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʘʜʝʥʠʝʤ ʚʠʜʠʤʦʩʪʠ ʛʨʘʥʠʮʳ ʢʘʧʣʠ ʧʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʝʸ ʨʘʟʤʝʨʦʚ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʣʦʚʠʷʤʠ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. ɼʣʷ ʦʮʝʥʢʠ ʢʨʠʪʝʨʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʝʪʦʜʘ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʜʠʥʘʤʠʢʘ 

ʩʨʝʜʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʛʨʘʜʠʝʥʪʘ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʪʦʯʢʘʭ, ʚʳʜʝʣʝʥʥʳʭ ʘʣʛʦʨʠʪʤʦʤ ʚʳʧʫʢʣʦʡ 

ʦʙʣʘʩʪʠ. ɼʘʥʥʳʡ ʢʨʠʪʝʨʠʡ ʙʳʣ ʚʳʙʨʘʥ, ʧʦʩʢʦʣʴʢʫ ʘʣʛʦʨʠʪʤ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʠʟʤʝʥʝʥʠʶ 

ʛʨʘʜʠʝʥʪʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʝʪʦʜ ʧʝʨʝʩʪʘʝʪ ʨʘʙʦʪʘʪʴ ʧʨʠ ʧʘʜʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʛʨʘʜʠʝʥʪʘ ʜʦ ʦʪʤʝʪʢʠ ʚ 48,1% ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ. 

 

  
ʘ ʙ 

ʈʠʩ 4. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʩʧʦʩʦʙʦʚ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʘ ï ʚʳʩʦʪʳ ʠ ʙ ï ʦʙʲʸʤʘ 

ʠʩʧʘʨʷʶʱʝʡʩʷ ʢʘʧʣʠ 

 

  
ʘ ʙ 

ʈʠʩ 5. ʉʨʘʚʥʝʥʠʝ ʜʠʥʘʤʠʢʠ ʠʟʤʝʥʝʥʠʷ: ʘ ï ʦʙʲʝʤʘ ʠ ʙ ï ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʝʣʴ ʥʘ ʥʘʢʣʦʥʥʳʭ 

ʧʦʚʝʨʭʥʦʩʪʷʭ ʧʦʜ ʫʛʣʦʤ 90Á ʠ 135Á 

 

ʆʇʈɽɼɽʃɽʅʀɽ ʇɸʈɸʄɽʊʈʆɺ ʂɸʇʃʀ ʅɸ ʅɸʂʃʆʅʅʆʁ ʇʆɺɽʈʍʅʆʉʊʀ 

 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʤʝʪʦʜʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʨʝʭʤʝʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʣʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʠʩʩʝʣʜʦʚʘʥʠʝ ʠʩʧʘʨʝʥʠʷ ʢʘʧʝʣʴ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʥʘ ʙʠʬʠʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʧʦʜ ʫʛʣʘʤʠ 90Á ʠ 135Á ʢ ʛʦʨʠʟʦʥʪʫ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʢʘʧʣʷ ʚʦʜʳ ʥʘ 

ʩʫʧʝʨʛʠʜʨʦʬʦʙʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʨʝʤʠʪʩʷ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʧʣʦʱʘʜʴ ʩʚʦʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʧʨʠʥʠʤʘʷ ʬʦʨʤʫ, ʙʣʠʟʢʫʶ ʢ ʩʬʝʨʠʯʝʩʢʦʡ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʩʠʣ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʥʘʜ ʩʠʣʘʤʠ ʘʜʛʝʟʠʠ. ʆʜʥʘʢʦ ʧʨʠ ʥʘʢʣʦʥʝ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʨʤʘ 

ʢʘʧʣʠ ʩʫʱʝʩʪʚʝʥʥʦ ʠʩʢʘʞʘʝʪʩʷ ʠʟ-ʟʘ ʚʦʟʜʝʡʩʪʚʠʷ ʛʨʘʚʠʪʘʮʠʠ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʘʩʠʤʤʝʪʨʠʯʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ. ʇʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʢʘʧʣʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʣʦʱʘʜʠ ʝʝ 
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ʧʦʚʝʨʭʥʦʩʪʠ, ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ ʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʨʠ 

ʨʘʟʣʠʯʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʢʘʧʣʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʅʘ ʨʠʩ. 5ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʷ 

ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʧʘʨʷʶʱʠʭʩʷ ʢʘʧʝʣʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʩ ʫʛʣʘʤʠ ʥʘʢʣʦʥʘ 90Á ʠ135Á. 

ʅʘʠʙʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʫ ʢʘʧʣʠ, ʥʘʭʦʜʷʱʝʡʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʫʛʣʦʤ 

ʥʘʢʣʦʥʘ 90Á, ʨʠʩ. 5ʙ. ʂʨʦʤʝ ʪʦʛʦ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʫʛʣʝ ʥʘʢʣʦʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 90Á 

ʢʘʧʣʷ ʠʤʝʝʪ ʤʝʥʴʰʫʶ ʥʘʯʘʣʴʥʫʶ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʪʦʤ ʞʝ ʟʥʘʯʝʥʠʠ ʦʙʲʝʤʘ. ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʪʘʢʦʤ ʧʦʣʦʞʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʧʣʠ ʠʤʝʝʪ ʙʦʣʴʰʫʶ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ ʩ 

ʪʚʝʨʜʦʡ ʩʪʝʥʢʦʡ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ ʠʩʧʘʨʝʥʠʷ. 

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʬʦʨʤʳ ʢʘʧʣʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʩ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʢʦʥʪʨʘʩʪʥʦʩʪʴʶ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʥʘ ʦʩʥʦʚʝ ʘʣʛʦʨʠʪʤʘ ʧʦʠʩʢʘ ʚʳʧʫʢʣʦʡ 

ʦʙʦʣʦʯʢʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʨʝʭʤʝʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʝʣʴ. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʦʙʨʘʙʦʪʢʠ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʘʧʨʦʙʠʨʦʚʘʥ ʥʘ 

ʨʝʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʘʨʷʶʱʠʭʩʷ ʩ ʪʚʸʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʝʣʴ ʧʦʜ ʨʘʟʣʠʯʥʳʤ ʫʛʣʦʤ 

ʢ ʛʨʘʚʠʪʘʮʠʦʥʥʦʡ ʩʠʣʝ. ʇʦʢʘʟʘʥʳ ʛʨʘʥʠʮʳ ʧʨʠʤʝʥʠʤʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ. ɹʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ ʩ ʜʘʥʥʳʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʫʯʥʦʡ ʦʙʨʘʙʦʪʢʠ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʊ ʉʆ ʈɸʅ ˉ 
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DROPLETS FROM DIGITAL IMAGES  

 

ABSTRACT 

 

Currently, urgent tasks include research in the field of spray cooling, droplet interaction with 

complexly structured surfaces, evaporation of droplets of various liquids from a solid wall, etc. When 

conducting such experiments that require recording a large amount of video data, automatic digital 

image processing methods play a key role. Methods for recognizing liquid droplets on a digital image 

are proposed to obtain geometric characteristics of an object in a non-shadow experiment. New 

algorithms have been developed for selecting and closing the boundaries of objects in conditions of 

insufficient contrast, which are used to measure the geometric parameters of evaporating droplets. 

Experiments have been conducted to recreate the three-dimensional surface of hanging droplets and 

droplets on an inclined surface. A comparison is made with the data obtained by manual image 

processing, and the conditions of applicability of the proposed algorithms are demonstrated. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʉʊʈɸʊʀʌʀʎʀʈʆɺɸʅʅʆʁ ɾʀɼʂʆʉʊʀ ʄɽʊʆɼɸʄʀ 

ʃɸɿɽʈʅʆʁ ʈɽʌʈɸʂʊʆɻʈɸʌʀʀ ʀ ʅɸʈʋʐɽʅʅʆɻʆ ʇʆʃʅʆɻʆ ɺʅʋʊʈɽʅʅɽɻʆ 

ʆʊʈɸɾɽʅʀʗ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʜʳ ʧʦ 

ʚʳʩʦʪʝ ʚʥʫʪʨʠ ʢʶʚʝʪʳ, ʧʦʣʫʯʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭ ʤʝʪʦʜʦʚ: ʣʘʟʝʨʥʦʡ ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ ʠ 

ʤʝʪʦʜʘ ʥʘʨʫʰʝʥʥʦʛʦ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ 

ʩʦʟʜʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʥʘʛʨʝʚʘʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʦʤ ʚʦʜʳ ʚ ʞʝʩʪʷʥʦʡ ʝʤʢʦʩʪʠ. ɺ ʭʦʜʝ ʨʘʙʦʪʳ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʦʪ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ 

ʨʘʟʥʳʭ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ. 

 

ʄɽʊʆɼ ʅɸʈʋʐɽʅʅʆɻʆ ʇʆʃʅʆɻʆ ɺʅʋʊʈɽʅʅɽɻʆ ʆʊʈɸɾɽʅʀʗ, ʃɸɿɽʈʅɸʗ 

ʈɽʌʈɸʂʊʆɻʈɸʌʀʗ, ʆʇʊʀʏɽʉʂɸʗ ʊɽʄʇɽʈɸʊʋʈʅɸʗ ʅɽʆɼʅʆʈʆɼʅʆʉʊʔ 

 

ɺɺɽɼɽʅʀɽ 

 

ʆʩʥʦʚʥʳʤʠ ʤʝʪʦʜʘʤʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʟʨʘʯʥʦʡ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʠ 

ʷʚʣʷʶʪʩʷ ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ. ʆʥʠ ʩʦʜʝʨʞʘʪ ʚ ʩʝʙʝ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʪʦʯʥʦʩʪʴ, 

ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠ ʩʧʦʩʦʙʥʦʩʪʴ ʦʩʫʱʝʩʪʚʣʷʪʴ ʚʠʟʫʘʣʠʟʘʮʠʶ ʧʨʦʮʝʩʩʘ. ʊʘʢʞʝ 

ʚʘʞʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʩʫʱʝʩʪʚʣʷʪʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʦʪ 

ʦʙʲʝʢʪʘ ʠʥʪʝʨʝʩʘ. ɽʱʝ ʦʜʥʠʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ, ʧʨʠʩʫʱʠʤ ʦʧʪʠʯʝʩʢʠʤ ʤʝʪʦʜʘʤ, ʷʚʣʷʝʪʩʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʤʛʥʦʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʷ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʲʝʢʪʝ. ʉʫʱʝʩʪʚʫʶʱʠʝ 

ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠ ʥʝʦʜʥʦʨʦʜʥʳʭ ʩʨʝʜ ʦʪʣʠʯʘʶʪʩʷ ʙʦʣʴʰʠʤ ʨʘʟʥʦʦʙʨʘʟʠʝʤ. 

ʆʜʥʠʤʠ ʠʟ ʦʩʥʦʚʥʳʭ ï ʷʚʣʷʶʪʩʷ ʤʝʪʦʜ ʥʘʨʫʰʝʥʥʦʛʦ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ 

(ʅʇɺʆ), ʤʝʪʦʜ ʣʘʟʝʨʥʦʡ ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ ʠ, ʧʦʭʦʞʠʝ ʥʘ ʥʝʛʦ, ʤʝʪʦʜ ʣʘʟʝʨʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʠ 

ʤʝʪʦʜ ɺʠʥʝʨʘ [1]. ʊʘʢʞʝ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʝ ʤʝʪʦʜʳ. ɺ ʨʘʙʦʪʘʭ [2] 

ʠ [3] ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʭʘ-ʎʝʥʜʝʨʘ. ɺ ʨʘʙʦʪʝ [4] ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ 

ʚʳʧʦʣʥʝʥ ʚ ʚʠʜʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʈʵʣʝʷ. ɺ ʤʝʪʦʜʝ ʣʘʟʝʨʥʦʡ ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ ʧʦʢʘʟʘʪʝʣʴ 

ʧʨʝʣʦʤʣʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʨʘʚʥʝʥʠʷ ʨʘʩʯʝʪʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ.  

ʆʜʥʦʡ ʠʟ ʟʘʜʘʯ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʩʦʟʜʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʧʪʠʯʝʩʢʦʡ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʠʟʤʝʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʢʦʦʨʜʠʥʘʪʳ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʩʦʟʜʘʥʘ ʥʘʛʨʝʚʘʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ 

ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʞʝʩʪʷʥʦʡ ʝʤʢʦʩʪʠ ʠ ʢʠʧʷʪʠʣʴʥʠʢʘ. ʅʘʛʨʝʚʘʥʠʝ ʚʦʜʳ ʚ ʢʶʚʝʪʝ ʧʨʦʠʩʭʦʜʠʣʦ ʟʘ 

ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʞʝʩʪʷʥʦʡ ʝʤʢʦʩʪʠ. 
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ʆʉʅʆɺʅɸʗ ʏɸʉʊʔ 

 

ʄʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 

ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʩʦʩʪʦʠʪ ʠʟ 

ʣʘʟʝʨʥʦʛʦ ʤʦʜʫʣʷ 1 ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 670 ʥʤ ʠ ʤʦʱʥʦʩʪʴʶ 5 ʤɺʪ, ʦʧʪʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 2, ʩʪʝʢʣʷʥʥʦʡ ʢʶʚʝʪʳ 3, 

ʦʜʥʦʡ ʠʟ ʩʪʝʥʦʢ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʩʪʝʢʣʷʥʥʘʷ ʧʨʠʟʤʘ ʩ ʠʟʚʝʩʪʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ, 

ʵʢʨʘʥʘ 5 ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ, ʬʦʪʦʢʘʤʝʨʳ 6 ʜʣʷ ʝʝ ʨʝʛʠʩʪʨʘʮʠʠ, ʣʘʟʝʨʥʦʛʦ 

ʤʦʜʫʣʷ 7 ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 658 ʥʤ ʠ ʤʦʱʥʦʩʪʴʶ 30 ʤɺʪ, ʪʝʣʝʩʢʦʧʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʰʠʨʦʢʦʛʦ ʢʦʣʣʠʤʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ 8, ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʩʦʙʠʨʘʶʱʠʭ ʣʠʥʟ ʩ 

ʨʘʟʥʳʤʠ ʬʦʢʫʩʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ ʠ ʪʦʯʝʯʥʦʡ ʜʠʘʬʨʘʛʤʳ ʚ ʬʦʢʫʩʝ ʤʝʞʜʫ ʥʠʤʠ, 

ʧʦʣʷʨʠʟʘʪʦʨʘ 9 ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʳ, ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ, ʵʢʨʘʥʘ 10 ʜʣʷ 

ʥʘʙʣʶʜʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ʦʪʨʘʞʝʥʥʦʛʦ ʰʠʨʦʢʦʛʦ ʢʦʣʣʠʤʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ, ʚʠʜʝʦʢʘʤʝʨʳ 11 

ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʵʪʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʢʦʤʧʴʶʪʝʨʘ 12 ʜʣʷ ʭʨʘʥʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʝʥʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʘ ʪʘʢʞʝ ʝʤʢʦʩʪʠ 4 ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʠ ʢʠʧʷʪʠʣʴʥʠʢʘ.  

ʆʜʥʘ ʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʩʨʘʚʥʠʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʜʳ ʧʦ ʚʳʩʦʪʝ ʚʥʫʪʨʠ ʢʶʚʝʪʳ, ʧʦʣʫʯʝʥʥʦʝ ʩ 

ʧʦʤʦʱʴʶ ʜʚʫʭ ʤʝʪʦʜʦʚ: ʤʝʪʦʜʘ ʣʘʟʝʨʥʦʡ ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ ʠ ʤʝʪʦʜʘ ʥʘʨʫʰʝʥʥʦʛʦ ʧʦʣʥʦʛʦ 

ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ. ʌʦʪʦʛʨʘʬʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. 

 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

1 ï ʣʘʟʝʨʥʳʡ ʤʦʜʫʣʴ 1, 2 ï ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʦʡ ʧʣʦʩʢʦʩʪʠ, 3 ï ʢʶʚʝʪʘ, 

4 ï ʞʝʩʪʷʥʘʷ ʝʤʢʦʩʪʴ, 5 ï ʵʢʨʘʥ 1, 6 ï ʚʠʜʝʦʢʘʤʝʨʘ 1, 7 ï ʣʘʟʝʨʥʳʡ ʤʦʜʫʣʴ 2, 8 ï ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʰʠʨʦʢʦʛʦ ʢʦʣʣʠʤʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ, 9 ï ʧʦʣʷʨʠʟʘʪʦʨ, 10 ï ʵʢʨʘʥ 2, 11 ï ʚʠʜʝʦʢʘʤʝʨʘ 2, 12 ï ʢʦʤʧʴʶʪʝʨ 

 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʧʨʦʠʟʚʝʩʪʠ ʶʩʪʠʨʦʚʢʫ ʫʩʪʘʥʦʚʢʠ.  

ʌʠʢʩʘʮʠʷ ʢʶʚʝʪʳ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʝʦʜʠʤʦʚʳʭ ʤʘʛʥʠʪʦʚ, ʜʚʘ ʠʟ ʢʦʪʦʨʳʭ 

ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʧʦʜ ʩʪʦʣʠʢʦʤ, ʘ ʜʚʘ ʜʨʫʛʠʭ ï ʥʘʜ ʩʪʦʣʠʢʦʤ. ɼʘʥʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʦʟʚʦʣʷʣʘ 

ʫʜʝʨʞʠʚʘʪʴ ʢʶʚʝʪʫ ʚ ʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. ɺ ʩʣʫʯʘʝ ʩʜʚʠʛʘ ʢʶʚʝʪʳ ʚ ʦʜʥʦʤ ʠʟ ʩʚʦʙʦʜʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ, ʝʝ ʤʦʞʥʦ ʚʝʨʥʫʪʴ ʚ ʧʨʝʞʥʝʝ ʤʝʩʪʦ, ʪʝʤ ʩʘʤʳʤ ʠʟʙʝʞʘʚ ʧʦʚʪʦʨʥʦʡ ʶʩʪʠʨʦʚʢʠ. 

ʊʘʢʞʝ ʜʘʥʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʦʟʚʦʣʷʝʪ ʩʥʠʤʘʪʴ ʢʶʚʝʪʫ ʩʦ ʩʪʦʣʠʢʘ, ʯʪʦ ʩʠʣʴʥʦ ʫʧʨʦʱʘʝʪ ʩʣʠʚ 

ʚʦʜʳ ʠʟ ʥʝʝ ʠ, ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʦʯʠʩʪʢʫ ʩʪʝʥʦʢ ʦʪ ʟʘʛʨʷʟʥʝʥʠʡ. 
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ʈʠʩ. 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ  

1 ï ʣʘʟʝʨʥʳʡ ʤʦʜʫʣʴ 1, 2 ï ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʘʟʝʨʥʦʡ ʧʣʦʩʢʦʩʪʠ, 3 ï ʢʶʚʝʪʘ, 

4 ï ʞʝʩʪʷʥʘʷ ʝʤʢʦʩʪʴ, 5 ï ʵʢʨʘʥ 1, 6 ï ʚʠʜʝʦʢʘʤʝʨʘ 1, 7 ï ʣʘʟʝʨʥʳʡ ʤʦʜʫʣʴ 2, 8 ï ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʰʠʨʦʢʦʛʦ ʢʦʣʣʠʤʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ, 9 ï ʧʦʣʷʨʠʟʘʪʦʨ, 10 ï ʵʢʨʘʥ 2, 11 ï ʚʠʜʝʦʢʘʤʝʨʘ 2 

 

ʂʘʢ ʙʳʣʦ ʦʧʠʩʘʥʦ ʚʳʰʝ, ʩʦʟʜʘʥʠʝ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʩʨʝʜʳ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʞʝʩʪʷʥʦʡ ʝʤʢʦʩʪʠ, ʧʦʤʝʱʝʥʥʦʡ ʚ ʢʶʚʝʪʫ. ʆʜʥʠʤ ʠʟ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ ʧʦʩʣʦʡʥʦʡ 

ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʩʨʝʜʳ ʙʳʣʘ ʬʠʢʩʘʮʠʷ ʝʤʢʦʩʪʠ ʪʘʢ, ʯʪʦʙʳ ʝʝ ʜʥʦ ʢʘʩʘʣʦʩʴ ʫʨʦʚʥʷ ʚʦʜʳ. ɼʨʫʛʠʤ 

ʫʩʣʦʚʠʝʤ ʷʚʣʷʣʦʩʴ ʧʘʨʘʣʣʝʣʴʥʦʩʪʴ ʜʥʘ ʝʤʢʦʩʪʠ ʠ ʫʨʦʚʥʷ ʚʦʜʳ. ɽʤʢʦʩʪʴ ʩʦʟʜʘʚʘʣʦʩʴ ʠʟ 

ʞʝʩʪʷʥʦʛʦ ʣʠʩʪʘ ʧʦʩʨʝʜʩʪʚʦʤ ʝʛʦ ʩʛʠʙʘʥʠʷ ʠ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʝʨʤʝʪʠʯʥʦʡ ʝʤʢʦʩʪʠ, ʩʧʘʡʢʠ 

ʩʣʦʞʝʥʥʳʭ ʢʨʘʝʚ. ʊʘʢ ʢʘʢ ʜʥʦ ʝʤʢʦʩʪʠ ʨʦʚʥʦʝ, ʪʦ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʜʳ ʤʝʥʷʝʪʩʷ ʦʪ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʜʳ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 0,6328 ʤʢʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ [5] 

 

ὲὝ ρȟσσςψπȟππππυρὝ πȟπππππρρὝȟ                               ρ 

 

ʛʜʝ T ï ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʛʨʘʜʫʩʘʭ ʎʝʣʴʩʠʷ [5]. 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʬʨʘʢʮʠʠ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʧʦʣʝ 

ʥʘʛʨʝʪʦʡ ʝʤʢʦʩʪʠ ʰʠʨʠʥʦʡ R, ʧʦʤʝʱʝʥʥʦʛʦ ʚ ʢʶʚʝʪʫ ʩ ʚʦʜʦʡ, ʧʨʦʚʦʜʠʪʩʷ ʜʣʷ ʟʘʚʠʩʠʤʦʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ [5]. 

 

Ὕὼ Ὕ ЎὝ Ὡ
Ў

ȟ                                                   ς 

 

ʛʜʝ T0, DT, DR, a ï ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ. ʇʘʨʘʤʝʪʨ T0 ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʪʝʥʦʢ ʢʶʚʝʪʳ ʩ ʞʠʜʢʦʩʪʴʶ, ʟʥʘʯʝʥʠʝ Ὕὶ ʨʘʚʥʦ ʪʝʤʧʝʨʘʪʫʨʝ ʜʥʘ ʝʤʢʦʩʪʠ, ʘ 
ʦʪʥʦʰʝʥʠʝ DT/a ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʨʘʜʠʝʥʪʫ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ 

ʪʦʣʱʠʥʦʡ ʘ. 

ʉʭʝʤʘ ʩʦʟʜʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3. 
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ʈʠʩ. 3. ʉʭʝʤʘ ʩʦʟʜʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

1 ï ʢʠʧʷʪʠʣʴʥʠʢ, 2 ï ʞʝʩʪʷʥʘʷ ʝʤʢʦʩʪʴ, 3 ï ʩʪʝʢʣʷʥʥʘʷ ʢʶʚʝʪʘ 

 

ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ 

 

ʇʦʩʣʝ ʚʳʧʦʣʥʝʥʠʷ ʜʝʡʩʪʚʠʡ ʧʦ ʶʩʪʠʨʦʚʢʝ ʫʩʪʘʥʦʚʢʠ, ʚʠʜʝʦʢʘʤʝʨʦʡ 2 ʬʠʢʩʠʨʦʚʘʣʦʩʴ 

ʠʟʦʙʨʘʞʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʨʘʞʝʥʥʦʛʦ ʧʫʯʢʘ ʧʨʠ ʧʫʩʪʦʡ ʢʶʚʝʪʝ. ʆʥʦ 

ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʨʘʩʯʝʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. 

ʇʦʩʣʝ ʵʪʦʛʦ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘʧʦʣʥʝʥʠʝ ʢʶʚʝʪʳ ʯʠʩʪʦʡ ʚʦʜʦʡ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʇʝʨʝʜ ʪʝʤ, ʢʘʢ ʧʦʩʪʘʚʠʪʴ ʞʝʩʪʷʥʫʶ ʝʤʢʦʩʪʴ ʥʘ ʢʶʚʝʪʫ, ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʨʝʛʠʩʪʨʘʮʠʷ ʥʘ 

ʚʠʜʝʦʢʘʤʝʨʫ 1 ʠ ʚʠʜʝʦʢʘʤʝʨʫ 2. ʕʪʦ ʚʳʧʦʣʥʷʣʦʩʴ ʜʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ ʠ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʥʘʨʫʰʝʥʥʦʛʦ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ. 

 

 

ʈʠʩ. 4. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʠʥʬʦʨʤʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ 

ʘ ï ʜʣʷ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ, ʙ ï ʩʨʘʟʫ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ,  

ʚ ï ʯʝʨʝʟ 50 ʩʝʢʫʥʜ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, ʛ ï ʧʦʩʣʝ ʟʘʢʠʧʘʥʠʷ ʚʦʜʳ ʚ ʝʤʢʦʩʪʠ 
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ɿʘʪʝʤ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʜʝʡʩʪʚʠʷ ʧʦ ʩʦʟʜʘʥʠʶ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, ʪʘʢʠʝ ʢʘʢ 

ʥʘʧʦʣʥʝʥʠʝ ʝʤʢʦʩʪʠ ʚʦʜʦʡ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʦʤʝʱʝʥʠʝ ʚ ʝʤʢʦʩʪʴ ʢʠʧʷʪʠʣʴʥʠʢʘ. 

ʇʝʨʝʜ ʚʢʣʶʯʝʥʠʝʤ ʝʛʦ ʚ ʩʝʪʴ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʚʢʣʶʯʝʥʠʝ ʫʩʪʨʦʡʩʪʚ ʨʝʛʠʩʪʨʘʮʠʠ. ɺ ʤʦʤʝʥʪ 

ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ ʚ ʩʝʪʴ ʚʳʧʦʣʥʷʣʘʩʴ ʦʪʤʘʰʢʘ, ʢʦʪʦʨʘʷ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʤʦʤʝʥʪʘ ʩʪʘʨʪʘ ʥʘ ʧʦʣʫʯʝʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʷʭ. ʈʝʛʠʩʪʨʘʮʠʷ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʜʦ ʤʦʤʝʥʪʘ 

ʟʘʢʠʧʘʥʠʷ ʚʦʜʳ ʚ ʝʤʢʦʩʪʠ. ɺʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʦʩʪʘʚʠʣʦ 1 ʤʠʥʫʪʫ 50 ʩʝʢʫʥʜ. ɼʣʷ ʦʙʨʘʙʦʪʢʠ 

ʙʳʣʦ ʚʳʙʨʘʥʦ 3 ʤʦʤʝʥʪʘ ʚʨʝʤʝʥʠ: ʩʨʘʟʫ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, ʯʝʨʝʟ 50 ʩʝʢʫʥʜ 

ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, ʧʦʩʣʝ ʟʘʢʠʧʘʥʠʷ ʚʦʜʳ ʚ ʝʤʢʦʩʪʠ. 

ɺ ʧʨʦʮʝʩʩʝ ʚʳʧʦʣʥʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ 

ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. ʇʦʩʣʝ ʯʝʛʦ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʚʳʜʝʣʷʣʘʩʴ 

ʠʥʬʦʨʤʘʪʠʚʥʘʷ ʦʙʣʘʩʪʴ, ʧʦ ʢʦʪʦʨʦʡ ʠ ʧʨʦʠʩʭʦʜʠʣʦ ʫʩʨʝʜʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʕʪʦ 

ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʨʘʩʯʝʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ. ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʠʥʬʦʨʤʘʪʠʚʥʦʡ ʦʙʣʘʩʪʠ. 

ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. 
 

 
ʈʠʩ. 5. ʇʦʣʫʯʝʥʥʘʷ ʨʝʬʨʘʢʪʦʛʨʘʤʤʘ 

ʘ ï ʩʨʘʟʫ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, ʙ ï ʯʝʨʝʟ 50 ʩʝʢʫʥʜ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, 

ʚ ï ʧʦʩʣʝ ʟʘʢʠʧʘʥʠʷ ʚʦʜʳ ʚ ʝʤʢʦʩʪʠ 

 

 
ʈʠʩ. 6. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ  

ʘ ï ʩʨʘʟʫ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, ʙ ï ʯʝʨʝʟ 50 ʩʝʢʫʥʜ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, 

ʚ ï ʧʦʩʣʝ ʟʘʢʠʧʘʥʠʷ ʚʦʜʳ ʚ ʝʤʢʦʩʪʠ 
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ʈʝʟʫʣʴʪʘʪʳ ʦʙʨʘʙʦʪʢʠ 

 

ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʨʝʬʨʘʢʪʦʛʨʘʤʤ ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʜʩʪʘʚʠʪʴ ʠʭ ʚ ʚʠʜʝ ʪʦʥʢʦʡ ʣʠʥʠʠ. ʇʝʨʝʜ 

ʪʝʤ, ʢʘʢ ʦʮʠʬʨʦʚʳʚʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ, ʥʫʞʥʦ ʦʙʨʝʟʘʪʴ ʯʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ, ʥʝ ʥʝʩʫʱʠʝ 

ʠʥʬʦʨʤʘʮʠʶ. ɼʣʷ ʦʮʠʬʨʦʚʢʠ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʩʪʠ ʙʠʥʘʨʠʟʘʮʠʶ ʧʦʣʫʯʝʥʥʳʭ ʢʘʨʪʠʥ, ʘ ʟʘʪʝʤ 

ʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʚ ʪʦʥʢʫʶ ʣʠʥʠʶ. ʇʦʣʫʯʝʥʠʝ ʪʦʥʢʦʡ ʣʠʥʠʠ ʧʨʦʠʩʭʦʜʠʣʦ ʧʦ ʮʝʥʪʨʘʣʴʥʦʡ 

ʣʠʥʠʠ ʩʝʯʝʥʠʷ. ɿʘʪʝʤ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʬʨʘʢʪʦʛʨʘʤʤ. ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʬʨʘʢʪʦʛʨʘʤʤ. 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʬʨʘʢʪʦʛʨʘʤʤʘʭ ʚʠʜʥʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ 

ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʦʨʝʪʠʯʝʩʢʠʤ. 

ʅʘ ʨʠʩ. 7 ʧʨʠʚʝʜʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ 

ʣʘʟʝʨʥʦʡ ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ ʠ ʤʝʪʦʜʦʤ ʥʘʨʫʰʝʥʥʦʛʦ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ ʚ ʨʘʟʥʳʝ 

ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. 

 

 
ʈʠʩ. 7. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʦʪ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ 

ʘ ï ʩʨʘʟʫ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, ʙ ï ʯʝʨʝʟ 50 ʩʝʢʫʥʜ ʧʦʩʣʝ ʚʢʣʶʯʝʥʠʷ ʢʠʧʷʪʠʣʴʥʠʢʘ, 

ʚ ï ʧʦʩʣʝ ʟʘʢʠʧʘʥʠʷ ʚʦʜʳ ʚ ʝʤʢʦʩʪʠ 

 

ɺ ʭʦʜʝ ʩʨʘʚʥʝʥʠʷ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ 

ʩʦʚʧʘʜʘʝʪ ʪʦʣʴʢʦ ʜʦ ʩʝʨʝʜʠʥʳ ʩʣʦʷ. 

 

ɿɸʂʃʖʏɽʅʀɽ 
 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʘ ʩʦʙʨʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʜʣʷ 

ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʡ ʞʠʜʢʦʩʪʠ ʚ ʢʶʚʝʪʝ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ 

ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ ʠ ʤʝʪʦʜʦʤ ʥʘʨʫʰʝʥʥʦʛʦ ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ. ʈʝʘʣʠʟʦʚʘʥ ʩʧʦʩʦʙ 

ʩʦʟʜʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʩʨʝʜʩʪʚʦʤ ʥʘʛʨʝʚʘʥʠʷ ʚʦʜʳ ʚ ʝʤʢʦʩʪʠ, ʧʦʣʫʯʝʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʦʪ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʳ ʜʣʷ ʨʘʟʥʳʭ ʚʨʝʤʝʥʥʳʭ 

ʪʦʯʝʢ. ʉ ʧʦʤʦʱʴʶ ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʨʘʟʥʳʭ ʩʣʦʷʭ 

ʞʠʜʢʦʩʪʠ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʣʦʷ ʞʠʜʢʦʩʪʠ, ʥʘʭʦʜʠʚʰʝʛʦʩʷ ʚʙʣʠʟʠ ʝʤʢʦʩʪʠ, 

ʫʚʝʣʠʯʠʣʘʩʴ ʥʘ 15,4 ʛʨʘʜʫʩʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʜʚʫʭ 

ʤʝʪʦʜʦʚ ʥʘ ʧʨʠʤʝʨʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʚ ʞʠʜʢʦʩʪʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʦʙʘ ʤʝʪʦʜʘ 

ʜʘʶʪ ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʆʪʣʠʯʠʷ ʩʚʷʟʘʥʳ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʙʦʪʳ ʢʘʞʜʦʛʦ 

ʠʟ ʤʝʪʦʜʦʚ. ʊʘʢ, ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʤʝʪʦʜʘ ʅʇɺʆ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʢʘʯʝʩʪʚʦ ʠʩʧʦʣʴʟʫʝʤʦʛʦ 

ʰʠʨʦʢʦʛʦ ʢʦʣʣʠʤʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ, ʢʘʯʝʩʪʚʦ ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʳ ʠ ʬʦʥʦʚʘʷ ʟʘʩʚʝʪʢʘ, ʘ 

ʢʣʶʯʝʚʦʡ ʧʨʦʙʣʝʤʦʡ ʤʝʪʦʜʘ ʣʘʟʝʨʥʦʡ ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ ʷʚʣʷʝʪʩʷ ʧʨʘʚʠʣʴʥʳʡ ʚʳʙʦʨ ʤʦʜʝʣʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʡ ʦʧʪʠʯʝʩʢʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. 
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ABSTRACT 

 

The aim of the work is to compare the distribution of the refractive index of water along the 

height inside the cuvette, obtained using two methods: laser refractography and the method of 

frustrated total internal reflection. Temperature heterogeneity is created by heating water in a tin 

container with a boiler. In the course of the work, distributions of the refractive index from the vertical 

coordinate were obtained for different time points. 
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ʎɺɽʊʅʓɽ ʇɸʅʆʈɸʄʅʓɽ ʀ ʋɿʂʆʇʆʃʔʅʓɽ ʊɽʅɽɺʓɽ ʅɸɹʃʖɼɽʅʀʗ 

ʊɽʏɽʅʀʁ ɻɽʊɽʈʆɻɽʅʅʓʍ ɾʀɼʂʆʉʊɽʁ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʆʧʠʩʘʥʠʝ ʜʠʥʘʤʠʢʠ ʠ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʡ ʛʝʪʝʨʦʛʝʥʥʳʭ ʞʠʜʢʦʩʪʝʡ ʠ ʛʘʟʦʚ ʥʘ ʦʩʥʦʚʝ 

ʩʠʩʪʝʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʤʝʭʘʥʠʢʠ ʞʠʜʢʦʩʪʝʡ ʩʪʠʤʫʣʠʨʦʚʘʣʦ ʨʘʟʚʠʪʠʝ ʠ ʥʦʚʦʡ 

ʪʝʭʥʠʢʠ ʥʘʙʣʶʜʝʥʠʡ, ʠ ʢʣʘʩʩʠʯʝʩʢʠʭ ʪʝʥʝʚʳʭ ʤʝʪʦʜʦʚ. ʉʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʯʠʩʣʝʥʥʳʭ 

ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ, ʠʩʪʦʯʥʠʢʦʚ ʠ ʧʨʠʝʤʥʠʢʦʚ ʩʚʝʪʘ ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʨʘʩʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʠ ʘʥʘʣʠʟʘ ʚʠʟʫʘʣʴʥʳʭ ʦʙʨʘʟʦʚ ʪʝʯʝʥʠʡ. ʅʦʚʳʝ 

ʢʘʯʝʩʪʚʘ ʧʨʠʦʙʨʝʪʘʶʪ ʢʘʢ ʢʣʘʩʩʠʯʝʩʢʠʝ ʪʝʥʝʚʳʝ ʧʨʠʙʦʨʳ ʩʝʨʠʠ ʀɸɹ, ʪʘʢ ʠ ʦʨʠʛʠʥʘʣʴʥʳʝ 

ʨʘʟʨʘʙʦʪʢʠ. ʇʦʜʙʦʨ ʬʦʨʤʳ ʠʩʪʦʯʥʠʢʘ ʠ ʚʠʟʫʘʣʠʟʠʨʫʶʱʝʡ ʜʠʘʬʨʘʛʤʳ ʧʦʟʚʦʣʷʝʪ 

ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʦʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʛʨʘʜʠʝʥʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ʠ 

ʧʣʦʪʥʦʩʪʠ ʚ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʝʯʝʥʠʷʭ (ʧʨʠʚʦʜʷʪʩʷ ʧʨʠʤʝʨʳ). ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʨʘʟʨʘʙʦʪʢʘ ʠʥʩʪʨʫʤʝʥʪʦʚ ʩ ʚʳʩʦʢʠʤ ʚʨʝʤʝʥʥʳʤ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ, ʧʦʟʚʦʣʷʶʱʠʤ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʠ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ 

ʢʦʤʧʦʥʝʥʪʳ ï ʩʪʨʫʠ, ʩʣʝʜʳ, ʚʠʭʨʠ, ʚʦʣʥʳ, ʠ ʣʠʛʘʤʝʥʪʳ ï ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʙʨʘʟʳ ʪʦʥʢʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʝʯʝʥʠʡ. ʇʨʠʚʦʜʷʪʩʷ ʧʨʠʤʝʨʳ ʪʝʥʝʚʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʧʫʪʥʳʭ ʪʝʯʝʥʠʡ ʠ ʠʭ ʨʘʩʯʝʪʦʚ ʥʘ ʦʩʥʦʚʝ ʨʝʜʫʮʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ.  
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ɺɺɽɼɽʅʀɽ 

 

ʇʨʦʦʙʨʘʟʳ ʪʝʥʝʚʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʯʝʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʨʘʙʦʪʘʭ 

ʈ. ɻʫʢʘ, ɾ.-ʇ. ʄʘʨʘʪʘ ʠ ʜʨʫʛʠʭ ʫʯʝʥʳʭ, ʩʪʘʣʠ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʪʴʩʷ ʚʦ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʝ XIX  

ʚʝʢʘ ʧʦʩʣʝ ʠʟʦʙʨʝʪʝʥʠʷ çʥʦʞʘ ʌʫʢʦè, ʯʘʩʪʠʯʥʦ ʧʝʨʝʢʨʳʚʘʚʰʝʛʦ ʜʠʘʬʨʘʛʤʦʡ ʠʟʦʙʨʘʞʝʥʠʝ 

ʠʩʪʦʯʥʠʢʘ ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʣʠʥʟʳ c ʮʝʣʴʶ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʜʝʪʘʣʝʡ ʦʧʪʠʯʝʩʢʠʭ 

ʠʥʩʪʨʫʤʝʥʪʦʚ [1]. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ ʬʠʟʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦʢʘʟʘʣʠ 

ʨʘʙʦʪʳ ʕ. ʄʘʭʘ ʠ ʈ. ɺʫʜʘ ʧʦ ʚʠʟʫʘʣʠʟʘʮʠʠ ʫʜʘʨʥʳʭ ʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ. ʐʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʪʝʥʝʚʳʭ ʧʨʠʙʦʨʦʚ ʚ ʩʝʨʝʜʠʥʝ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʩʦʚʧʘʣʦ ʩ ʨʘʟʚʠʪʠʝʤ 

ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ [2] ʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʨʠʙʦʨʦʚ ʜʣʷ ʨʝʰʝʥʠʷ 

ʧʨʦʙʣʝʤ ʘʵʨʦʜʠʥʘʤʠʢʠ ʧʦʣʝʪʘ [3]. ɹʳʩʪʨʳʡ ʨʦʩʪ ʩʢʦʨʦʩʪʝʡ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ 

ʩʦʧʨʦʚʦʞʜʘʣʩʷ ʨʘʟʚʠʪʠʝʤ ʤʝʪʦʜʦʚ ʚʠʟʫʘʣʠʟʘʮʠʠ ʦʙʪʝʢʘʥʠʷ ʚ h ʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʩʢʦʨʦʩʪʝʡ ʚ 

ʜʦʟʚʫʢʦʚʦʤ, ʪʨʘʥʩ-, ʩʚʝʨʭ- ʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʨʝʞʠʤʘʭ.  

ʈʘʩʰʠʨʝʥʠʝ ʜʠʘʧʘʟʦʥʘ ʜʣʠʥ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʚʦʣʥ ʧʦʜʩʚʝʪʢʠ, ʢʦʪʦʨʳʡ ʚʢʣʶʯʘʝʪ ʠ 

ʨʘʜʠʦʚʦʣʥʳ, ʠ ʦʧʪʠʯʝʩʢʠʝ, ʠ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʣʫʯʠ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʠ 

ʤʦʜʫʣʠʨʦʚʘʥʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʦʙʲʝʤʘ ʜʘʥʥʳʭ, ʜʦʧʫʩʢʘʶʱʠʭ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʩʨʘʚʥʝʥʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʚ ʨʘʤʢʘʭ 
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ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʪʝʯʝʥʠʡ. ʇʦ ʤʝʨʝ ʨʘʩʰʠʨʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʥʝʚʳʝ ʠʥʩʪʨʫʤʝʥʪʳ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʣʠʩʴ ʠ ʘʜʘʧʪʠʨʦʚʘʣʠʩʴ ʜʣʷ ʠʟʫʯʝʥʠʷ ʢʘʨʪʠʥʳ ʪʝʯʝʥʠʡ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʪʨʫʙʘʭ [3], ʙʘʣʣʠʩʪʠʯʝʩʢʠʭ ʪʨʘʩʩʘʭ [4], ʚ ʝʩʪʝʩʪʚʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ï ʚ ʘʪʤʦʩʬʝʨʝ ʠ ʦʢʝʘʥʝ [5].  

ɼʣʷ ʨʘʩʰʠʨʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠʥʩʪʨʫʤʝʥʪʦʚ ʥʘʨʷʜʫ ʩ 

ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʦʥʦ- ʠ ʧʦʣʠʭʨʦʤʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʩʚʝʪʘ, ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʜʠʘʬʨʘʛʤʘʤʠ, 

ʬʦʨʤʠʨʫʶʱʠʤʠ ʪʝʥʝʚʳʝ ʠʟʦʙʨʘʞʝʥʠ,̫ ʩʪʘʣʠ ʨʘʟʨʘʙʘʪʳʚʘʪʴʩʷ ʣʘʟʝʨʥʳʝ ʠ ʩʚʝʪʦʜʠʦʜʥʳʝ 

ʦʩʚʝʪʠʪʝʣʠ, ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʧʦʣʠʭʨʦʤʥʳʝ ʠ ʬʦʪʦʭʨʦʤʥʳʝ ʩʚʝʪʦʬʠʣʴʪʨʳ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ [6].  

ʉʦʟʜʘʥʥʳʝ ʜʣʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʥʝʚʳʝ ʧʨʠʙʦʨʳ ʩ ʥʝʢʦʪʦʨʳʤ 

ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʩʪʘʣʠ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʪʝʯʝʥʠʡ ʚ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʙʘʩʩʝʡʥʘʭ, ʚ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʚʘʨʠʘʮʠʠ ʧʦʢʘʟʘʪʝʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ 

ʥʘ ʧʦʨʷʜʢʠ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʚʦʟʜʫʭʝ [7]. ʉʪʘʙʠʣʴʥʘʷ ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ (ʙʣʠʟʢʘʷ ʢ ʣʠʥʝʡʥʦʡ) ʩʚʷʟʴ 

ʧʣʦʪʥʦʩʪʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʜʝʞʥʦʩʪʴ 

ʬʠʟʠʯʝʩʢʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘʙʣʶʜʝʥʠʡ. ɺʳʨʘʞʝʥʥʘʷ ʝʩʪʝʩʪʚʝʥʥʘʷ ʜʠʩʧʝʨʩʠʷ 

ʩʚʝʪʘ ʚ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʵʣʝʢʪʨʦʣʠʪʦʚ ʧʦʟʚʦʣʠʣʘ ʩʦʟʜʘʪʴ ʠʥʬʦʨʤʘʪʠʚʥʳʡ ʮʚʝʪʥʦʡ ʪʝʥʝʚʦʡ 

ʤʝʪʦʜ ʙʝʟ ʚʚʝʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʚʝʪʦʜʝʣʠʪʝʣʴʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ, ʧʦʟʚʦʣʷʶʱʠʡ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʘʙʣʶʜʘʪʴ ʠ ʢʨʫʧʥʳʝ, ʠ ʪʦʥʢʠʝ ʢʦʤʧʦʥʝʥʪʳ ʩʪʨʫʢʪʫʨʳ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ 

ʧʦʣʝʡ [8]. ʆʧʳʪʳ ʚʳʷʚʠʣʠ ʛʣʫʙʦʢʦʝ ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘʙʣʶʜʝʥʠʡ ʪʝʯʝʥʠʡ 

ʨʝʘʣʴʥʳʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʨʝʜʠ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʪʝʦʨʠʡ ʪʝʯʝʥʠʡ ʦʜʥʦʨʦʜʥʳʭ ʞʠʜʢʦʩʪʝʡ ï 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʘʙʩʪʨʘʢʮʠʠ, ʥʝ ʨʝʘʣʠʟʫʝʤʦʡ ʚ ʧʨʠʨʦʜʝ. 

ʈʘʟʚʠʪʠʝ ʪʝʦʨʠʠ ʪʝʯʝʥʠʡ ʞʠʜʢʦʩʪʝʡ ʠ ʛʘʟʦʚ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʩʠʩʪʝʤʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʤʝʭʘʥʠʢʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʞʠʜʢʦʩʪʝʡ [9, 10] ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪ ʠʥʪʝʨʝʩ ʢ ʨʝʛʠʩʪʨʘʮʠʠ 

ʧʦʣʝʡ ʙʘʟʦʚʳʭ ʥʝʟʘʚʠʩʠʤʳʭ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ ï ʧʣʦʪʥʦʩʪʠ, ʠʤʧʫʣʴʩʘ, ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ. 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʣʠʛʘʤʝʥʪʦʚ ï ʪʦʥʢʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, 

ʨʘʟʜʝʣʷʶʱʠʭ ʚʦʣʥʳ ʠ ʚʠʭʨʠ ï ʩʪʨʫʢʪʫʨʥʦ ʚʳʜʝʣʝʥʥʳʝ ʦʙʣʘʩʪʠ ʪʝʯʝʥʠʡ [11], ʧʨʝʜʲʷʚʣʷʝʪ 

ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʤʫ ʨʘʟʨʝʰʝʥʠʶ ʠʥʩʪʨʫʤʝʥʪʦʚ. ɿʜʝʩʴ 

ʙʦʣʴʰʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʦʪʢʨʳʚʘʝʪ ʜʦʩʪʫʧʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʪʝʥʝʚʳʭ ʧʨʠʙʦʨʦʚ 

[4]. ɺ ʜʦʢʣʘʜʝ ʧʨʠʚʦʜʷʪʩʷ ʤʝʪʦʜʠʢʠ ʠ ʥʝʢʦʪʦʨʳʝ ʧʨʠʤʝʨʳ ʯʝʨʥʦ-ʙʝʣʦʡ ʠ ʮʚʝʪʥʦʡ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʝʯʝʥʠʡ ʥʘ ʩʪʝʥʜʘʭ ʋʀʋ çɻʌʂ ʀʇʄʝʭ ʈɸʅè [12]. 

 

ʊɽʅɽɺʓɽ ʄɽʊʆɼʓ ʀʉʉʃɽɼʆɺɸʅʀʁ ʊɽʏɽʅʀʁ ɻɽʊɽʈʆɻɽʅʅʓʍ ɾʀɼʂʆʉʊɽʁ 

 

ʈʘʟʚʠʪʠʝ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʪʝʤʘʪʠʢʠ ʚʦʟʨʦʞʜʘʝʪ ʠʥʪʝʨʝʩ ʢ ʦʧʠʩʘʥʠʶ 

ʜʠʥʘʤʠʢʠ ʪʝʯʝʥʠʡ ʛʝʪʝʨʦʛʝʥʥʳʭ ʞʠʜʢʦʩʪʝʡ, ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʜʘʚʣʝʥʠʷ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʪʚʦʨʝʥʥʳʭ ʚʝʱʝʩʪʚ ʠ ʚʟʚʝʰʝʥʥʳʭ ʯʘʩʪʠʮ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʫʨʘʚʥʝʥʠʷʤʠ ʩʦʩʪʦʷʥʠʷ [13] ʚ ʨʘʤʢʘʭ ʧʦʣʥʦʡ ʩʠʩʪʝʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʤʝʭʘʥʠʢʠ 

ʞʠʜʢʦʩʪʝʡ [9], ʚʢʣʶʯʘʶʱʝʡ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʧʦʪʝʥʮʠʘʣʘ ɻʠʙʙʩʘ [13]. ɺʢʣʶʯʝʥʠʝ ʚ 

ʦʧʠʩʘʥʠʝ ʪʝʯʝʥʠʡ ʧʦʪʝʥʮʠʘʣʘ ɻʠʙʙʩʘ ʧʦʟʚʦʣʷʝʪ ʫʯʝʩʪʴ ʚʩʝ ʤʝʭʘʥʠʟʤʳ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ï ʠ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩ ʪʝʯʝʥʠʷʤʠ, ʚʦʣʥʘʤʠ, ʚʠʭʨʷʤʠ, ʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ï ʜʠʩʩʠʧʘʪʠʚʥʦ-

ʢʦʥʚʝʨʩʠʦʥʥʳʝ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʪʨʘʥʩʬʦʨʤʘʮʠʝʡ ʟʝʨʥʠʩʪʦʡ ʩʫʧʨʘʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʪʝʢʫʯʠʭ ʩʨʝʜ [10].  

ʆʜʥʠ ʵʣʝʤʝʥʪʳ ʩʫʧʨʘʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ï ʘʩʩʦʮʠʘʪʳ ʬʠʟʠʯʝʩʢʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ 

ʧʨʠʨʦʜʳ, ʦʙʣʘʜʘʶʱʠʝ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʝʡ (ʇʇʕ), ʨʘʩʧʘʜʘʶʪʩʷ, ʜʨʫʛʠʝ 

ʷʯʝʡʢʠ ʤʝʜʣʝʥʥʦ ʬʦʨʤʠʨʫʶʪʩʷ, ʟʘʭʚʘʪʳʚʘʷ ʚʥʫʪʨʝʥʥʶʶ ʵʥʝʨʛʠʶ ʩʨʝʜʳ ʠ ʢʠʥʝʪʠʯʝʩʢʫʶ 

ʵʥʝʨʛʠʶ ʣʦʢʘʣʴʥʦʛʦ ʪʝʯʝʥʠʷ. ʇʨʠ ʫʥʠʯʪʦʞʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʘʩʩʦʮʠʘʪʦʚ ʇʇʕ ʙʳʩʪʨʦ 

ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʜʨʫʛʠʝ ʬʦʨʤʳ ï ʬʣʫʢʪʫʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ 

ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʤʝʣʴʯʘʡʰʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʪʝʯʝʥʠʡ. ʇʨʦʮʝʩʩʳ ʢʦʥʚʝʨʩʠʠ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʣʠʛʘʤʝʥʪʦʚ ï ʥʘʠʙʦʣʝʝ ʪʦʥʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʪʝʯʝʥʠʡ.  

ʊʝʯʝʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʞʠʜʢʦʩʪʝʡ ʦʙʣʘʜʘʶʪ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʚʢʣʶʯʘʶʱʝʡ ʪʦʣʩʪʳʝ 

ʩʣʦʠ, ʨʘʟʜʝʣʝʥʥʳʝ ʨʝʟʢʠʤʠ ʧʨʦʩʣʦʡʢʘʤʠ. ʇʨʦʩʣʦʡʢʠ ʦʧʠʩʳʚʘʶʪʩʷ ʩʠʥʛʫʣʷʨʥʳʤʠ ʨʝʰʝʥʠʷʤʠ 

ʩʠʩʪʝʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʢʨʫʧʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ï ʚʦʣʥʳ, ʚʠʭʨʠ, ʩʪʨʫʠ ï 

ʨʝʛʫʣʷʨʥʳʤʠ ʨʝʰʝʥʠʷʤʠ [11]. ʄʘʣʦʩʪʴ ʭʘʨʘʢʪʝʨʥʳʭ ʤʘʩʰʪʘʙʦʚ ʣʠʛʘʤʝʥʪʦʚ ʧʨʝʜʲʷʚʣʷʝʪ 
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ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʨʝʛʠʩʪʨʠʨʫʶʱʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ. 

ʆʜʥʦʚʨʝʤʝʥʥʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ ʩʦʩʫʱʝʩʪʚʫʶʱʠʭ ʢʨʫʧʥʳʭ ʠ ʪʦʥʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʪʝʯʝʥʠʡ 

ʧʨʦʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʰʠʨʦʢʠʤ ʜʠʥʘʤʠʯʝʩʢʠʤ 

ʜʠʘʧʘʟʦʥʦʤ [12].  

ʉʚʷʟʴ ʧʣʦʪʥʦʩʪʠ ʙʦʣʴʰʦʡ ʛʨʫʧʧʳ ʚʝʱʝʩʪʚ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʩʚʝʪʘ ʚ 

ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ (ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ï ʣʠʥʝʡʥʳʤ) 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʦʙʦʩʥʦʚʳʚʘʝʪ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. ʀʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠ ʚʠʟʫʘʣʠʟʘʮʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʢʘʨʪʠʥʳ ʪʝʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʧʘʥʦʨʘʤʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ [1, 3], ʠ ʨʝʛʠʩʪʨʘʮʠʷ ʣʦʢʘʣʴʥʳʭ ʚʘʨʠʘʮʠʡ ʛʨʘʜʠʝʥʪʘ ʧʣʦʪʥʦʩʪʠ ʩ 

ʧʦʤʦʱʴʶ ʫʟʢʦʧʦʣʴʥʳʭ ʪʝʥʝʚʳʭ ʧʨʠʙʦʨʦʚ [5], ʠ ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ, 

ʦʙʲʝʜʠʥʷʶʱʠʭ ʠ ʧʘʥʦʨʘʤʥʳʝ, ʠ ʣʦʢʘʣʴʥʳʝ ʤʝʪʦʜʳ ʥʘʙʣʶʜʝʥʠʡ [13]. 

 

ʄɽʊʆɼʓ ʃɸɹʆʈɸʊʆʈʅʓʍ ʀʉʉʃɽɼʆɺɸʅʀʁ ʉʊʈɸʊʀʌʀʎʀʈʆɺɸʅʅʓʍ 

ʊɽʏɽʅʀʁ  

 

ɺʳʙʦʨ ʩʠʩʪʝʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʤʝʭʘʥʠʢʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʞʠʜʢʦʩʪʝʡ ʩ 

ʬʠʟʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʳʤʠ ʥʘʯʘʣʴʥʳʤʠ ʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʚ ʢʘʯʝʩʪʚʝ ʣʦʛʠʯʝʩʢʦʡ ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʦʩʥʦʚʳ ʤʝʪʦʜʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʢʘʨʪʠʥ ʦʙʪʝʢʘʥʠʷ ʪʝʣ 

ʥʝʧʨʝʨʳʚʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʴʶ ʩ ʧʝʨʠʦʜʦʤ ʧʣʘʚʫʯʝʩʪʠ 
1

2 2 lnbT N g d dz
-

= p = p r  ʠ ʤʘʩʰʪʘʙʦʤ 
1

lnd dz
-

= rL  (ʦʩʴ 0z  ʥʘʧʨʘʚʣʝʥʘ ʚʝʨʪʠʢʘʣʴʥʦ 

ʚʚʝʨʭ, ɟ ï ʧʣʦʪʥʦʩʪʴ, g ï ʫʩʢʦʨʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ) ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʠʪʴ ʩʦʙʩʪʚʝʥʥʳʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʠ ʚʨʝʤʝʥʥʳʝ ʤʘʩʰʪʘʙʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʨʘʟʤʝʨ ʧʦʣʷ ʥʘʙʣʶʜʝʥʠʷ, 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʮʝʩʩʘ ʵʚʦʣʶʮʠʠ ʪʝʯʝʥʠʡ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʠ ʚʨʝʤʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʠʥʩʪʨʫʤʝʥʪʦʚ. 

ɺ ʜʘʥʥʳʭ ʦʧʳʪʘʭ ʪʝʣʦ ʜʠʘʤʝʪʨʦʤ  (ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ) D  ʙʫʢʩʠʨʫʝʪʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ 

U  ʚ ʙʘʩʩʝʡʥʝ, ʟʘʧʦʣʥʝʥʥʦʤ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʧʦʚʘʨʝʥʥʦʡ ʩʦʣʠ ʧʝʨʝʤʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩ 

ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʴʶ n= 0,01
2cʤ c ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʠʬʬʫʟʠʠ  5 21,41 10 cʤ cS

-k = Ö . 

ɹʘʟʦʚʳʝ ʤʘʢʨʦʤʘʩʰʪʘʙʳ ʟʘʜʘʯʠ ï ʜʠʘʤʝʪʨ ʪʝʣʘ D, ʜʣʠʥʘ ʧʨʠʩʦʝʜʠʥʝʥʥʦʡ ʚʥʫʪʨʝʥʥʝʡ ʚʦʣʥʳ 

bUTl= , ʤʘʩʰʪʘʙ ʧʣʘʚʫʯʝʩʪʠ L, ʤʠʢʨʦʤʘʩʰʪʘʙʳ ï ʪʦʣʱʠʥʳ ʧʣʦʪʥʦʩʪʥʦʛʦ /n

N Nd = n   

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ /S

N S N
k
d = k  ʣʠʛʘʤʝʥʪʦʚ, ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʷʟʢʦʛʦ /U Und =n  ʠ 

ʧʣʦʪʥʦʩʪʥʦʛʦ ʣʠʛʘʤʝʥʪʦʚ /S
U S U
k
d =k . ʍʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ ï ʧʝʨʠʦʜ ʧʣʘʚʫʯʝʩʪʠ bT  ʠ 

ʦʪʥʦʰʝʥʠʷ ʩʦʙʩʪʚʝʥʥʳʭ ʤʘʩʰʪʘʙʦʚ ʢ ʩʢʦʨʦʩʪʠ ʪʝʣʘ. ɹʘʟʦʚʳʤʠ ʙʝʟʨʘʟʤʝʨʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʪʨʘʜʠʮʠʦʥʥʦ ʚʳʙʠʨʘʶʪʩʷ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ Re UD= n, ʌʨʫʜʘ Fr 2U ND D= =l p

ʦʪʥʦʰʝʥʠʝ ʤʘʩʰʪʘʙʦʚ ʉ D=L . 

ʉʪʝʥʜ ʜʣʷ ʠʟʫʯʝʥʠʷ ʜʠʥʘʤʠʢʠ ʠ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʝʯʝʥʠʡ ʀʇʄʝʭ 

ʈɸʅ [12], ʩʭʝʤʘ ʢʦʪʦʨʦʛʦ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 1, ʚʢʣʶʯʘʝʪ ʦʧʪʠʯʝʩʢʠʡ ʠ ʛʠʜʨʘʚʣʠʯʝʩʢʠʡ ʙʣʦʢʠ.  

ʆʧʪʠʯʝʩʢʠʡ ʙʣʦʢ ʥʘ ʦʩʥʦʚʝ ʪʝʥʝʚʦʛʦ ʧʨʠʙʦʨʘ ʀɸɹ-458 ʩʦʩʪʦʠʪ ʠʟ ʨʘʟʥʝʩʝʥʥʳʭ 

ʦʩʚʝʪʠʪʝʣʴʥʦʡ ʠ ʧʨʠʝʤʥʦʡ ʯʘʩʪʝʡ. ɺ ʦʩʚʝʪʠʪʝʣʴʥʫʶ ʯʘʩʪʴ ʚʭʦʜʠʪ ʠʩʪʦʯʥʠʢ ʩʚʝʪʘ 1, ʢʦʥʜʝʥʩʦʨ 

2 ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʝʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘ ʜʠʘʬʨʘʛʤʝ 3, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ 

ʟʝʨʢʘʣʘ 5, ʧʦʚʦʨʦʪʥʦʝ ʟʝʨʢʘʣʦ 4, ʦʩʥʦʚʥʦʝ ʟʝʨʢʘʣʦ 5, ʤʝʥʠʩʢ 6 . ʉʠʤʤʝʪʨʠʯʥʘʷ ʧʨʠʝʤʥʘʷ ʯʘʩʪʴ 

ʚʢʣʶʯʘʝʪ ʤʝʥʠʩʢ 7, ʦʩʥʦʚʥʦʝ ʟʝʨʢʘʣʦ 8, ʧʦʚʦʨʦʪʥʦʝ ʟʝʨʢʘʣʦ 9, ʚʠʟʫʘʣʠʟʠʨʫʶʱʫʶ ʜʠʘʬʨʘʛʤʫ 

10, ʩʦʛʣʘʩʫʶʱʠʡ ʦʙʲʝʢʪʠʚ 11 ʠ ʨʝʛʠʩʪʨʠʨʫʶʱʠʡ ʠʥʩʪʨʫʤʝʥʪ 12 (ʬʦʪʦʘʧʧʘʨʘʪ ʠʣʠ 

ʚʠʜʝʦʢʘʤʝʨʘ).  

ɻʠʜʨʘʚʣʠʯʝʩʢʠʡ ʙʣʦʢ ʚʢʣʶʯʘʝʪ ʥʘʢʦʧʠʪʝʣʴʥʳʝ ʙʘʢʠ 13, ʟʘʧʦʣʥʝʥʥʳʝ ʧʨʝʩʥʦʡ ʚʦʜʦʡ ʠ 

ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʧʦʚʘʨʝʥʥʦʡ ʩʦʣʠ, ʧʦʜʚʦʜʷʱʠʝ ʪʨʫʙʦʧʨʦʚʦʜʳ ʩ ʟʘʧʠʨʘʶʱʠʤʠ 

ʫʩʪʨʦʡʩʪʚʘʤʠ 14 ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ ʙʘʩʩʝʡʥʘ ʩ ʦʧʪʠʯʝʩʢʠʤʠ ʠʣʣʶʤʠʥʘʪʦʨʘʤʠ 

ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʴʶ ï ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʧʦʚʘʨʝʥʥʦʡ ʩʦʣʠ ʧʝʨʝʤʝʥʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ.  
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ʈʠʩ. 1. ʉʭʝʤʘ ʩʪʝʥʜʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʜʠʥʘʤʠʢʠ ʠ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʡ ʛʝʪʝʨʦʛʝʥʥʳʭ ʞʠʜʢʦʩʪʝʡ 

 

ʅʘʙʣʶʜʝʥʠʷ ʪʝʯʝʥʠʡ ʚ ʪʦʣʱʝ ʞʠʜʢʦʩʪʠ ʦʙʳʯʥʦ ʧʨʦʚʦʜʠʪʩʷ ʚ ʙʦʢʦʚʦʡ ʧʨʦʝʢʮʠʠ, 

ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʝʥʝʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʢʘʨʪʠʥ ʪʝʯʝʥʠʡ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʥʘʩʪʨʦʡʢʠ, ʧʨʠʙʦʨ ʀɸɹ-458 ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʨʷʤʳʝ ʪʝʥʝʚʳʝ ʠʟʦʙʨʘʞʝʥʠʷ, ʚ ʢʦʪʦʨʳʭ 

ʚʠʟʫʘʣʠʟʠʨʫʶʪʩʷ ʧʦʣʷ ʚʪʦʨʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ, 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʝ (ʧʦʣʷ ʧʣʦʪʥʦʩʪʠ) ʠ ʢʣʘʩʩʠʯʝʩʢʠʝ ʪʝʥʝʚʳʝ ʩ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʨʘʟʣʠʯʥʳʭ 

ʢʦʤʧʦʥʝʥʪ ʛʨʘʜʠʝʥʪʘ ʧʣʦʪʥʦʩʪʠ. ɺʠʜ ʥʘʙʣʶʜʘʝʤʦʛʦ ʧʦʣʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʙʦʨʦʤ ʬʦʨʤʳ ʠ 

ʦʨʠʝʥʪʘʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ (ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʨʫʛʣʦʝ ʦʪʚʝʨʩʪʠʝ ʠ 

ʱʝʣʴ ʄʘʢʩʫʪʦʚʘ [2]), ʘ ʪʘʢʞʝ ʬʦʨʤʳ ʠ ʦʨʠʝʥʪʘʮʠʠ ʚʠʟʫʘʣʠʟʠʨʫʶʱʝʡ ʜʠʘʬʨʘʛʤʳ (çʥʦʞʘ ʌʫʢʦ 

ï çʣʝʟʚʠʷ ʙʨʠʪʚʳè, ʥʠʪʠ ʠʣʠ ʱʝʣʠ [3]). 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʮʚʝʪʥʦʛʦ ʪʝʥʝʚʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ (natural rainbow schlieren image [8]) 

ʚʤʝʩʪʦ ʥʦʞʘ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʣʠʥʝʡʥʘʷ ʨʝʰʝʪʢʘ. ʇʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʱʝʣʠ ʠ 

ʥʦʞʘ ʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷ ʧʦʣʝ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʛʨʘʜʠʝʥʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʨʝʣʦʤʣʝʥʠʷ, ʧʨʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ï ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ. ɺʘʞʥʦʝ ʜʦʩʪʦʠʥʩʪʚʦ ʮʚʝʪʥʦʛʦ 

ʪʝʥʝʚʦʛʦ ʤʝʪʦʜʘ ï ʚʳʩʦʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʠ ʰʠʨʦʢʠʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʥʘʙʣʶʜʘʪʴ ʥʘ ʦʜʥʦʤ ʢʘʜʨʝ ʠ ʩʣʘʙʳʝ, ʠ ʩʠʣʴʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʦʜʥʦʚʨʝʤʝʥʥʦ. 

ʌʦʪʦʛʨʘʬʠʷ ʉʪʝʥʜʘ çʃʘʙʦʨʘʪʦʨʥʳʡ ʧʝʨʝʜʚʠʞʥʦʡ ʙʘʩʩʝʡʥ (ʃʇɹ)è ʩ ʪʝʥʝʚʳʤ ʧʨʠʙʦʨʦʤ 

ʀɸɹ-458 ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 2.  

 

 
ʈʠʩ. 2. ʌʦʪʦʛʨʘʬʠʷ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʧʝʨʝʜʚʠʞʥʦʛʦ ʙʘʩʩʝʡʥʘ ʩ ʪʝʥʝʚʳʤ ʧʨʠʙʦʨʦʤ ʀɸɹ-458 (I), ʢʘʨʝʪʢʦʡ (II), 

ʛʝʥʝʨʘʪʦʨʦʤ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ (III), ʢʦʥʪʨʦʣʣʝʨʦʤ (IV) 

 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʧʨʦʟʨʘʯʥʳʝ ʩʪʝʥʢʠ ʨʘʙʦʯʝʛʦ ʙʘʩʩʝʡʥʘ ʚʩʪʨʦʝʥʳ 

ʠʣʣʶʤʠʥʘʪʦʨʳ ʠʟ ʦʧʪʠʯʝʩʢʦʛʦ ʩʪʝʢʣʘ. ɺ ʮʝʥʪʨʝ ʠʟʦʙʨʘʞʝʥʠʷ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʧʨʠʝʤʥʘʷ ʯʘʩʪʴ 
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ʪʝʥʝʚʦʛʦ ʧʨʠʙʦʨʘ I. ʅʘʜ ʙʘʩʩʝʡʥʦʤ ʥʘʭʦʜʠʪʩʷ ʢʘʨʝʪʢʘ II  ʜʣʷ ʨʘʟʤʝʱʝʥʠʷ ʜʘʪʯʠʢʦʚ ʠ 

ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʤʦʜʝʣʝʡ. ʅʘ ʙʘʩʩʝʡʥʝ ʫʩʪʘʥʦʚʣʝʥ ʤʝʭʘʥʠʟʤ ʛʝʥʝʨʘʪʦʨʘ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ III . 

ʉʧʨʘʚʘ ʧʦʟʘʜʠ ʙʘʩʩʝʡʥʘ ʥʘʭʦʜʠʪʩʷ ʩʪʦʡʢʘ ʫʧʨʘʚʣʝʥʠʷ IV. ʊʝʭʥʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʪʝʥʜʘ ʃɹʇ 

ʧʨʠʚʝʜʝʥʳ ʚ [12]. 

 

ʇʈʀʄɽʈʓ ʊɽʅɽɺʓʍ ʂɸʈʊʀʅ ʊɽʏɽʅʀʁ, ɺʆɿʅʀʂɸʖʑʀʍ ʇʈʀ ɹʋʂʉʀʈʆɺʂɽ 

ʊɽʃ ɺ ʅɽʇʈɽʈʓɺʅʆ ʉʊʈɸʊʀʌʀʎʀʈʆɺɸʅʅʆʁ ɾʀɼʂʆʉʊʀ 

 

ʊʝʥʝʚʳʝ ʬʦʪʦʛʨʘʬʠʠ ʠʣʣʶʩʪʨʠʨʫʶʪ ʩʣʦʞʥʦʩʪʴ ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʝʯʝʥʠʡ ʠ ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʪʣʠʯʠʷ ʪʝʥʝʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʩʧʦʩʦʙʦʚ ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʘʨʪʠʥʳ ʦʙʪʝʢʘʥʠʷ ʧʣʘʩʪʠʥʳ, ʨʘʚʥʦʤʝʨʥʦ 

ʜʚʠʞʫʱʝʡʩʷ ʚʜʦʣʴ ʠʟʦʧʠʢʥʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʥʝʧʨʝʨʳʚʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ 

ʞʠʜʢʦʩʪʠ. ʂʣʘʩʩʠʯʝʩʢʠʡ ʤʝʪʦʜ ʩ ʚʝʨʪʠʢʘʣʴʥʳʤ ʥʦʞʦʤ ʌʫʢʦ ʧʨʠ ʮʚʝʪʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʯʝʪʢʦ 

ʧʨʦʨʠʩʦʚʳʚʘʝʪ ʢʦʥʪʫʨʳ ʬʘʟʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʨʠʩʦʝʜʠʥʝʥʥʳʭ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ, ʚʳʜʝʣʷʝʪ 

ʣʠʥʠʠ ʩʤʝʥʳ ʩʪʨʫʢʪʫʨʳ ʧʦʣʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʠʥʪʝʨʬʝʨʝʥʮʠʝʡ ʚʦʣʥ, ʧʦʨʦʞʜʘʝʤʳʭ ʧʝʨʝʜʥʝʡ 

ʠ ʟʘʜʥʝʡ ʢʨʦʤʢʦʡ ʪʝʣʘ (ʨʠʩ. 3ʘ). ʃʠʛʘʤʝʥʪʳ ï ʪʦʥʢʠʝ ʧʨʦʩʣʦʡʢʠ, ʩʣʘʙʦ ʚʳʨʘʞʝʥʳ ʚ ʦʪʩʪʘʶʱʝʤ 

ʩʣʝʜʝ. 

 

   
ʈʠʩ.3 ʊʝʥʝʚʳʝ ʢʘʨʪʠʥʳ ʚʦʟʤʫʱʝʥʠʡ ʧʨʠ ʜʚʠʞʝʥʠʠ ʧʦʣʦʩʳ ʜʣʠʥʦʡ  ὒ χȟυ ʩʤ, ʚ ʞʠʜʢʦʩʪʠ ʩ ʧʝʨʠʦʜʦʤ 

ʧʣʘʚʫʯʝʩʪʠ Ὕ χȟφ ʩ: a) ï Ὗ πȟςχ ʩʤ/ʩ (ʚʝʨʪʠʢʘʣʴʥʘʷ ʱʝʣʴ ï ʥʦʞ ʌʫʢʦ), ʙ) ï Ὗ πȟσω ʩʤ/ʩ, ʚʝʨʪʠʢʘʣʴʥʘʷ 
ʱʝʣʴ ï ʥʠʪʴ ʄʘʢʩʫʪʦʚʘ), ʚ) ï Ὗ πȟςω ʩʤ/ʩ (ʮʚʝʪʥʦʡ ʪʝʥʝʚʦʡ ʤʝʪʦʜ ï ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʱʝʣʴ ï ʨʝʰʝʪʢʘ) 

 

ʇʨʠ ʨʝʛʠʩʪʨʘʮʠʷ ʮʚʝʪʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʪʝʭʥʠʢʝ ɼ.ɼ. ʄʘʢʩʫʪʦʚʘ (ʚʝʨʪʠʢʘʣʴʥʘʷ ʱʝʣʴ ï 

ʥʠʪʴ) ʬʘʟʦʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ ʥʝ ʟʘʪʝʥʷʶʪ ʠʟʦʙʨʘʞʝʥʠʷ ʧʣʦʪʥʦʩʪʥʳʭ ʤʝʪʦʢ, 

ʩʤʝʱʝʥʠʷ ʢʦʪʦʨʳʭ ʚʠʟʫʘʣʠʟʠʨʫʶʪ ʧʨʦʬʠʣʴ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ, 

ʧʦʢʘʟʳʚʘʶʪ ʩʪʨʫʢʪʫʨʫ ʦʙʣʘʩʪʠ ʩʤʝʥʳ ʛʝʦʤʝʪʨʠʠ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʭ ʬʘʟʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʠʭ ʠʩʢʘʞʝʥʠʝ ʚ ʩʧʫʪʥʦʤ ʪʝʯʝʥʠʠ ʠ ʩʜʚʠʛ ʥʘ ʣʠʛʘʤʝʥʪʘʭ ʩʣʝʜʘ (ʨʠʩ. 3ʙ).  

ʎʚʝʪʥʦʝ ʪʝʥʝʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʧʦʣʫʯʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʱʝʣʠ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʣʠʥʝʡʥʦʡ ʨʝʰʝʪʢʠ, ʧʨʦʷʚʣʷʝʪ ʚʣʠʷʥʠʝ ʚʦʟʤʫʱʝʥʠʡ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʢʦʤʧʦʥʝʥʪʳ ʛʨʘʜʠʝʥʪʘ ʧʣʦʪʥʦʩʪʠ, ʠʣʣʶʩʪʨʠʨʫʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʘʤʧʣʠʪʫʜ ʚ ʧʨʠʩʦʝʜʠʥʝʥʥʳʭ ʚʦʣʥʘʭ ʠ ʦʧʝʨʝʞʘʶʱʝʤ ʚʦʟʤʫʱʝʥʠʠ. ʄʝʪʦʜ ʚʠʟʫʘʣʠʟʠʨʫʝʪ 

ʩʣʦʞʥʫʶ ʤʝʣʢʦʤʘʩʰʪʘʙʥʫʶ ʢʘʨʪʠʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥʘʭ ʠ 

ʣʠʛʘʤʝʥʪʘʭ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʝʣʘ, ʚʳʜʝʣʷʝʪ ʛʨʘʥʠʮʳ ʧʣʦʪʥʦʩʪʥʦʛʦ ʩʣʝʜʘ ʧʦʟʘʜʠ ʧʣʘʩʪʠʥʳ ʠ ʝʛʦ 

ʚʥʫʪʨʝʥʥʶʶ ʣʠʥʝʡʯʘʪʫʶ ʩʪʨʫʢʪʫʨʫ (ʨʠʩ. 3ʚ). 

ʂʣʘʩʩʠʯʝʩʢʦʝ ʯʝʨʥʦ-ʙʝʣʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʥʦʞʦʤ ʌʫʢʦ ʚʠʟʫʘʣʠʟʠʨʫʝʪ ʤʥʦʛʦʤʘʩʰʪʘʙʥʫʶ 

ʢʘʨʪʠʥʫ ʦʙʪʝʢʘʥʠʷ ʨʘʚʥʦʤʝʨʥʦ ʜʚʠʞʫʱʝʛʦʩʷ ʧʦʣʦʛʦ ʮʠʣʠʥʜʨʘ ʚ ʧʦʣʟʫʯʝʤ ʨʝʞʠʤʝ ʧʨʠ 

Re 100< , ʚ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʧʝʨʝʞʘʶʱʝʝ ʚʦʟʤʫʱʝʥʠʝ, ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʚʥʫʪʨʝʥʥʠʝ 

ʚʦʣʥʳ, ʚʳʩʦʢʦʛʨʘʜʠʝʥʪʥʳʝ ʧʨʦʩʣʦʡʢʠ ʠ ʚʦʣʦʢʥʘ ï ʣʠʛʘʤʝʥʪʳ (ʨʠʩ. 4ʘ). ʆʜʥʠ ʧʨʦʩʣʦʡʢʠ, 

ʦʢʦʥʪʫʨʠʚʘʶʱʠʝ ʩʣʝʜ, ʢʦʥʪʘʢʪʠʨʫʶʪ ʩ ʜʦʥʥʦʡ ʯʘʩʪʴʶ ʪʝʣʘ. ɼʨʫʛʠʝ, çʚʠʩʷʱʠʝè, ʧʦʷʚʣʷʶʪʩʷ 

ʚ ʧʦʣʝ ʧʨʠʩʦʝʜʠʥʝʥʥʳʭ ʚʦʣʥ ʠ ʥʝ ʩʦʧʨʠʢʘʩʘʶʪʩʷ ʩ ʪʝʣʦʤ.  

ʄʝʪʦʜ ʄʘʢʩʫʪʦʚʘ ʚʳʜʝʣʷʝʪ ʙʦʛʘʪʫʶ ʩʪʨʫʢʪʫʨʫ ʣʠʛʘʤʝʥʪʦʚ ï ʚʳʩʦʢʦʛʨʘʜʠʝʥʪʥʳʭ 

ʧʨʦʩʣʦʝʢ ʢʘʢ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʩ ʪʝʣʦʤ, ʪʘʢ ʠ ʚʠʩʷʱʠʭ ʚ ʧʦʣʝ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ. ʅʘ ʧʝʨʝʜʥʝʡ 

ʢʨʦʤʢʝ ʥʠʞʥʝʡ ʚʠʩʷʱʝʡ ʧʨʦʩʣʦʡʢʠ ʚʳʨʘʞʝʥ çʟʘʚʠʪʦʢè ï ʟʘʨʦʜʳʰ ʚʠʭʨʷ, ʢʦʪʦʨʳʡ 

ʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ ʪʝʣʘ.  



 76 

ʘ)  ʙ)   ʚ) 
ʈʠʩ.4. ʂʘʨʪʠʥʘ ʚʦʟʤʫʱʝʥʠʡ ʚ ʥʝʧʨʝʨʳʚʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʜʚʠʞʝʥʠʠ ʧʦʣʦʛʦ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʮʠʣʠʥʜʨʘ (Ὕ ςπȟυÃȟὈ χȟφʩʤȟ Ὗ πȟπτ ̒ Ⱦ̍̒, 2Å σπȟ &Òπȟπρχȟ ὅ ρσχπ): ï ʘ) ï 

ʚʝʨʪʠʢʘʣʴʥʳʝ ʱʝʣʴ ï ʥʦʞ ʌʫʢʦ, ʙ) ï ʚʝʨʪʠʢʘʣʴʥʘʷ ʱʝʣʴ ï ʥʠʪʴ ʄʘʢʩʫʪʦʚʘ, ʚ) ï ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʱʝʣʴ ï ʨʝʰʝʪʢʘ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʚʠʟʫʘʣʠʟʘʮʠʶ ʜʠʩʧʝʨʩʠʠ ʙʝʣʦʛʦ ʩʚʝʪʘ ʚ ʚʦʜʝ (Ὕ 6,1 ʩ, Ὀ χȟφʩʤȟ Ὗ πȟςτ ʩʤȾʩ, 
2Å ρψς, &Òπȟπσ) 

 

ʅʘʠʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʦʢʘʟʳʚʘʝʪʩʷ ʮʚʝʪʥʦʝ ʪʝʥʝʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ, ʧʨʠʚʝʜʝʥʥʦʝ ʥʘ 

ʨʠʩ. 4ʚ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʟʦʣʠʥʠʡ ʠʣʣʶʩʪʨʠʨʫʝʪ ʦʧʝʨʝʞʘʶʱʝʝ ʚʦʟʤʫʱʝʥʠʝ, ʦʢʦʥʪʫʨʝʥʥʦʝ 

ʛʨʫʧʧʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʚʦʣʥ; ʩʝʤʝʡʩʪʚʦ ʧʨʠʩʦʝʜʠʥʝʥʥʳʭ ʚʦʣʥ, ʧʨʦʜʦʣʞʘʶʱʝʝʩʷ ʚʠʩʷʱʠʤ 

ʨʘʟʨʳʚʦʤ, ʩʧʫʪʥʳʡ ʩʣʝʜ ʩ ʛʣʘʜʢʠʤ ʷʜʨʦʤ; ʩʝʤʝʡʩʪʚʦ ʥʘʢʣʦʥʥʳʭ ʣʠʛʘʤʝʥʪʦʚ, ʩʪʘʨʪʫʶʱʠʭ ʚ 

ʦʙʣʘʩʪʠ ʦʪʨʳʚʘ ʩʧʫʪʥʦʛʦ ʩʣʝʜʘ ʦʪ ʪʝʣʘ, ʜʦʭʦʜʷʱʝʝ ʜʦ ʚʠʩʷʱʝʛʦ ʨʘʟʨʳʚʘ [14].  

ʊʝʥʝʚʘ ̫ʚʠʟʫʘʣʠʟʘʮʠʷ ʢʘʨʪʠʥʳ ʦʙʪʝʢʘʥʠʷ ʚʝʨʪʠʢʣʴʥʦʡ ʧʣʘʩʪʠʥʳ ʠ ʚ ʮʝʣʦʤ, ʠ ʚ ʪʦʥʢʠʭ 

ʜʝʪʘʣʷʭ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʘ ʥʘ ʦʩʥʦʚʝ ʨʝʜʫʮʠʨʦʚʥʥʦʡ ʩʠʩʪʝʤʳ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ɹʫʩʩʠʥʝʩʢʘ, ʢʦʛʜʘ ʚʘʨʠʘʮʠʠ ʧʣʦʪʥʦʩʪʠ 

ʫʯʠʪʳʚʘʶʪʩʷ ʪʦʣʴʢʦ ʚ ʯʣʝʥʘʭ ʫʨʘʚʥʝʥʠʡ ʩ ʙʦʣʴʰʠʤʠ ʢʦʵʬʬʠʮʠʥʪʘʤʠ [15]. ɺ ʧʦʣʟʫʯʝʤ ʨʝʞʠʤʝ 

ʦʪʨʳʚ ʣʠʛʘʤʝʥʪʦʚ ï ʦʙʦʣʦʯʝʢ ʧʣʦʪʥʦʩʪʥʦʛʦ ʩʣʝʜʘ ʩʤʝʱʘʝʪʩʷ ʩ ʦʩʪʨʳʭ ʢʨʦʤʦʢ ʧʣʘʩʪʠʥʳ ʥʘ 

ʜʦʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʚ ʪʝʥʝʚʦʡ, ʠ ʚ ʨʘʩʯʝʪʥʦʡ ʢʘʨʪʠʥʝ ʪʝʯʝʥʠʷ (ʨʠʩ. 5ʘ). ʇʦʟʘʜʠ ʧʣʘʩʪʠʥʳ 

ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʩʧʫʪʥʳʡ ʩʣʝʜ. 

 

 

 

ʈʠʩ.5. ʉʨʘʚʥʝʥʠʝ ʪʝʥʝʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʨʘʩʯʠʪʘʥʥʳʭ ʢʘʨʪʠʥ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʛʨʘʜʠʝʥʪʘ 

ʧʣʦʪʥʦʩʪʠ ʥʝʧʨʝʨʳʚʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʠ (Ὕ ρςȟυ ʩ) ʦʢʦʣʦ ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʣʘʩʪʠʥʳ ʚʳʩʦʪʦʡ 
Ὄ ςȟυ ʩʤ, ʙʫʢʩʠʨʫʝʤʦʡ ʩ ʧʦʩʪʦʷʥʥʦʡ  ʩʢʦʨʦʩʪʴʶ:  

ʘ ï ʚ) ï Ὗ πȟπσȠπȟρψȠπȟχυ ʩʤ/ʩ (ʣʝʚʘʷ ʯʘʩʪʴ ʨʠʩʫʥʢʘ ï ʪʝʥʝʚʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ ʛʨʘʜʠʝʥʪʘ  ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʨʝʣʦʤʣʝʥʠʷ ʤʝʪʦʜʦʤ çʚʝʨʪʠʢʘʣʴʥʘʷ ʱʝʣʴ-ʥʠʪʴè, ʧʨʘʚʘʷ ï ʨʘʩʯʝʪ) 

 

ɺ ʚʦʣʥʦʚʦʤ ʨʝʞʠʤʝ ʚ ʦʧʝʨʝʞʘʶʱʝʤ ʚʦʟʤʫʱʝʥʠʠ ʚʳʨʘʞʝʥʦ ʦʪʜʝʣʴʥʦʝ ʷʜʨʦ (ʨʠʩ. 5ʙ). ɺ 

ʚʠʭʨʝʚʦʤ ʨʝʞʠʤʝ ʚʘʨʠʘʮʠʠ ʧʦʣʦʞʝʥʠʷ ʛʨʘʥʠʮ ʩʣʝʜʘ ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʬʘʟʦʚʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ 

ʧʨʠʩʦʝʜʠʝʥʥʳʭ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ. ɿʘ ʧʣʘʩʪʠʥʦʡ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʜʦʥʥʳʡ ʚʠʭʨʴ, 

ʥʘ ʨʘʟʤʝʨʳ ʠ ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʛʦ ʪʘʢʞʝ ʚʣʠʷʝʪ ʪʝʢʫʱʘʷ ʬʘʟʘ ʚʦʣʥʳ.  

ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʪʫʥʪʴ, ʯʪʦ ʧʨʠʨʦʜʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʠʛʘʤʝʥʪʦʚ ʚ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʨʝʜʝ 

ʫʥʠʚʝʨʩʘʣʴʥʘ, ʦʥʠ ʧʨʦʷʚʣʷʪʁʩʷ ʚ ʪʝʯʝʥʠʷʭ ʠ ʞʠʜʢʦʩʪʝʡ, ʠ ʛʘʟʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʠʣʣʶʩʪʨʘʮʠʠ ʥʘ 

ʨʠʩ. 6 ʧʨʠʚʦʜʷʪʩʷ ʪʝʥʝʚʳʝ ʢʘʨʪʠʥʳ ʦʙʪʝʢʘʥʠʷ ʢʨʳʣʘ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ, ʛʜʝ 
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ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʩʦʟʜʘʝʪʩʷ ʛʣʦʙʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʝʡ ʠ ʝʝ 

ʣʦʢʘʣʴʥʳʤʠ ʚʘʨʠʘʮʠʷʤʠ, ʠ ʧʨʠ ʙʫʢʩʠʨʦʚʢʝ ʥʘʢʣʦʥʥʦʡ ʧʣʘʩʪʠʥʳ ʚ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʤ 

ʙʘʩʩʝʡʥʝ, ʟʘʧʦʣʥʝʥʥʦʤ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʤ ʨʘʩʪʚʦʨʦʤ ʧʦʚʘʨʝʥʥʦʡ ʩʦʣʠ. 

 
 

 ʘ)  ʙ) 

 ʚ)  ʛ) 
 

ʈʠʩ. 6. ʊʝʥʝʚʳʝ ʬʦʪʦʛʨʘʬʠʠ ʢʘʨʪʠʥʳ ʦʙʪʝʢʘʥʠʷ: ʘ) ï ʤʦʜʝʣʠ ʢʨʳʣʘ ʧʨʷʤʳʤ ʚʦʟʜʫʰʥʳʤ ʧʦʪʦʢʦʤ ʚ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ ʧʨʠ ʯʠʩʣʝ ʄʘʭʘ Ma = 0,77; ʙ) ï ʥʘʢʣʦʥʥʦʡ ʧʣʘʩʪʠʥʳ, ʙʫʢʩʠʨʫʝʤʦʡ ʚ ʙʘʩʩʝʡʥʝ ʩʦ 

ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʴʶ, ʚ, ʛ) ï ʫʚʝʣʠʯʝʥʥʳʝ ʫʯʘʩʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʩʣʦʞʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ʣʠʛʘʤʝʥʪʦʚ ï ʪʦʥʢʠʭ ʚʳʩʦʢʦʛʨʘʜʠʝʥʪʥʳʭ ʚʦʣʦʢʦʥ ʠ ʧʨʦʩʣʦʝʢ 

 

ʃʠʛʘʤʝʥʪʳ ʦʙʨʘʟʫʶʪ ʩʣʦʞʥʫʶ ʩʝʪʴ ʚʦʣʦʢʦʥ ʥʘʜ ʢʨʳʣʦʤ (ʨʠʩ. 6ʘ). ʋʚʝʣʠʯʝʥʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʦʚ ʣʠʛʘʤʝʥʪʦʚ ʩ ʪʝʣʦʤ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩ. 6ʚ. ɺ ʪʝʯʝʥʠʠ ʥʘʜ 

ʧʣʘʩʪʠʥʦʡ ʚʳʨʘʞʝʥʥʦʝ ʩʝʤʝʡʩʪʚʦ ʣʠʛʘʤʝʥʪʦʚ ʧʦʩʪʝʧʝʥʥʦ ʩʚʦʨʘʯʠʚʘʝʪʩʷ ʚ ʪʦʥʢʠʝ ʚʠʭʨʝʚʳʝ 

ʩʪʨʫʢʪʫʨʳ, ʬʦʨʤʠʨʫʶʱʠʝ ʨʝʛʫʣʷʨʥʫʶ ʜʦʨʦʞʢʫ (ʨʠʩ. 6ʙ). ʅʘ ʫʚʝʣʠʯʝʥʥʦʡ ʯʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ 

ʤʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʥʘʢʣʦʥʥʳʝ ʣʠʛʘʤʝʥʪʳ ʚʥʘʯʘʣʝ ʚʳʪʷʛʠʚʘʶʪʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩʨʝʜʥʝʛʦ 

ʪʝʯʝʥʠʷ, ʘ ʟʘʪʝʤ ʜʝʬʦʨʤʠʨʫʶʪʩʷ ʠ ʦʙʨʘʟʫʶʪ ʚʠʭʨʠ (ʨʠʩ. 6ʛ). 

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ʈʘʟʚʠʪʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʠʩʪʝʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʤʝʭʘʥʠʢʠ 

ʛʝʪʝʨʦʛʝʥʥʳʭ ʞʠʜʢʦʩʪʝʡ, ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ, ʤʝʪʦʜʦʚ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ, ʦʧʪʠʯʝʩʢʠʭ 

ʠʥʩʪʨʫʤʝʥʪʦʚ ʩʦʟʜʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʝʯʝʥʠʡ 

ʞʠʜʢʦʩʪʠ. ʇʨʠʤʝʥʝʥʠʝ ʥʦʚʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʩ ʫʯʝʪʦʤ ʨʝʟʫʣʴʪʘʪʦʚ ʘʥʘʣʠʟʘ ʧʦʣʥʳʭ ʨʝʰʝʥʠʡ 

ʩʠʩʪʝʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʧʦʟʚʦʣʠʪ ʫʪʦʯʥʠʪʴ ʠʟʚʝʩʪʥʳʝ ʠ ʧʦʣʫʯʠʪʴ ʥʦʚʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʚ ʠʟʫʯʝʥʠʠ ʜʠʥʘʤʠʢʠ ʠ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʡ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʘʨʘʤʝʪʨʦʚ, 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴ ʤʝʪʦʜʠʢʠ ʧʝʨʝʥʦʩʘ ʜʘʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʪʝʭʥʠʯʝʩʢʠʝ ʠ 

ʧʨʠʨʦʜʥʳʝ ʫʩʣʦʚʠʷ. 

 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʪʝʥʝʚʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʚʥʫʪʨʝʥʥʠʭ ʚʦʣʥ ʧʨʦʚʝʜʝʥʳ ʥʘ ʩʪʝʥʜʘʭ ʋʀʋ 

çɻʌʂ ʀʇʄʝʭ ʈɸʅè. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʦ ʛʦʩʟʘʜʘʥʠʶ, ʥʦʤʝʨ ʛʦʩʨʝʛʠʩʪʨʘʮʠʠ: 124012500442-3.  
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COLOR PANORAMIC AND NARROW -FIELD SCHLIEREN OBSERVATIONS OF 

HETEROGENEOUS FLUID FLOWS  

 

ABSTRACT 

 

Description of the dynamics and structure of heterogeneous liquid and gas flows based on the 

system of fundamental equations of fluid mechanics stimulated the development of both new 

observation techniques and classical schlieren instruments. Developments of numerical methods for 

data processing, sources and receivers of light in a wide spectral range expands the possibilities of 

obtaining and analyzing visual images of flows. Both classical schlieren instruments and original 

developments acquire new qualities. Selection of the shape of the source and the visualizing 

diaphragm allows recording the fields of various components of the refractive index and density 

gradient in stratified flows (examples are given). Of particular interest is the development of 

instruments with high temporal and spatial resolution, allowing simultaneous recording of large-

scale components - jets, wakes, vortices, waves, and ligaments - mathematical images of thin 

components of stratified flows. Examples of schlieren visualization of 2D stratified wakes and their 

calculations based on a reduced system of fundamental equations are given. 
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ʆʇʊʀʏɽʉʂɸʗ ɻʀʃʔɹɽʈʊ-ʊʆʄʆɻʈɸʌʀʗ ɻɸɿʆɺʓʍ, ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʓʍ ʀ 

ʈɽɸɻʀʈʋʖʑʀʍ ʉʈɽɼ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ɺ ʨʘʙʦʪʝ ʥʘ ʧʨʠʤʝʨʝ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ 

ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ ʚ ʟʘʜʘʯʝ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʬʘʟʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʳ ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʛʠʣʴʙʝʨʪ-ʪʦʤʦʛʨʘʬʠʠ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʥʘ ʙʘʟʝ ʰʠʨʦʢʦʘʧʝʨʪʫʨʥʦʛʦ ʪʝʥʝʚʦʛʦ 

ʧʨʠʙʦʨʘ ʀɸɹ-463ʄ ʤʝʪʦʜ ʛʠʣʴʙʝʨʪ-ʪʦʤʦʛʨʘʬʠʠ ʧʦʣʝʡ ʬʘʟʦʚʦʡ ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ 

ʚʳʧʦʣʥʷʝʪ ʯʝʪʳʨʸʭʨʘʢʫʨʩʥʦʝ ʟʦʥʜʠʨʦʚʘʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʚʝʪʦʚʳʭ 

ʧʫʯʢʦʚ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦʜ ʫʛʣʘʤʠ 0, ˊ/4, ˊ/2 ʠ 3ˊ/4 ʢ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ʧʨʠʙʦʨʘ, ʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʝʛʠʩʪʨʠʨʫʝʪ ʥʘ ʇɿʉ-ʤʘʪʨʠʮʝ ʢʘʤʝʨʳ ʚʩʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʝʢʮʠʠ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʬʠʢʩʠʨʦʚʘʪʴ ʬʨʘʛʤʝʥʪʳ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʪʦʯʢʘʭ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʠʥʪʝʛʨʘʣʘʤ ʈʘʜʦʥʘ ʚʜʦʣʴ ʧʨʷʤʳʭ, ʧʨʦʭʦʜʷʱʠʭ ʯʝʨʝʟ ʫʟʣʳ ʩʝʪʢʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʨʘʟʨʝʰʝʥʠʶ ʬʦʪʦʤʘʪʨʠʮʳ, ʠ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚ ʬʦʨʤʫʣʘʭ ʦʙʨʘʱʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʠ. ʇʨʠʚʝʜʸʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ.  

 

ʆʇʊʀʏɽʉʂɸʗ ɼʀɸɻʅʆʉʊʀʂɸ, ɻʀʃʔɹɽʈʊ-ʊʆʄʆɻʈɸʌʀʗ, ɸʃɻʆʈʀʊʄ ɻɽʈʐɹɽʈɻɸ-

ʇɸʇʋʃʀʉɸ 

 

ɺɺɽɼɽʅʀɽ 

 

ʄʝʪʦʜʳ ʦʧʪʠʯʝʩʢʦʡ ʪʦʤʦʛʨʘʬʠʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʜʠʘʛʥʦʩʪʠʢʝ ʛʘʟʦʚʳʭ, 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʠ ʨʝʘʛʠʨʫʶʱʠʭ ʩʨʝʜ [1, 2]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʦʝʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ ʦʙʳʯʥʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʝ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʝ ʠ ʪʝʥʝʚʳʝ ʩʧʦʩʦʙ r ʠʟʤʝʨʝʥʠʡ [3]. 

ɸʣʛʦʨʠʪʤʳ ʦʙʨʘʙʦʪʢʠ ʪʦʤʦʛʨʘʤʤ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʯʠʩʣʘ ʧʨʦʝʢʮʠʡ 

[4].  

ʀʟʚʝʩʪʥʳ ʤʝʪʦʜʳ ʛʠʣʴʙʝʨʪ-ʦʧʪʠʢʠ [5], ʨʝʘʣʠʟʫʶʱʠʝ ʚʠʟʫʘʣʠʟʘʮʠʶ ʠʩʩʣʝʜʫʝʤʳʭ ʩʨʝʜ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʬʘʟʦʚʦʛʦ ʛʠʣʴʙʝʨʪ-ʬʠʣʴʪʨʘ, ʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʩʦ ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʦʣʦʩʦʡ ʠʟʣʫʯʝʥʠʷ 

ʩʚʝʪʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ, ʬʦʨʤʠʨʫʶʱʝʛʦ ʟʦʥʜʠʨʫʶʱʝʝ ʧʦʣʝ. ʇʨʠʤʝʥʝʥʠʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ɻʠʣʴʙʝʨʪʘ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʪʘʚʠʪʴ ʪʝʦʨʠʶ ʢʣʘʩʩʠʯʝʩʢʠʭ ʪʝʥʝʚʳʭ ʧʨʠʙʦʨʦʚ ʚ ʚʠʜʝ ʢʦʤʧʘʢʪʥʦʛʦ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʩʠʩʪʝʤʳ ʛʠʣʴʙʝʨʪ-

ʜʠʘʛʥʦʩʪʠʢʠ ʥʝ ʩʦʜʝʨʞʘʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʟʥʝʩʸʥʥʳʭ ʢʘʥʘʣʦʚ, ʯʝʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʙʦʣʴʰʘʷ 

ʥʘʜʸʞʥʦʩʪʴ ʨʘʙʦʪʳ. 
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ʀʪʝʨʘʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ 

ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ ʚ ʤʘʣʦʨʘʢʫʨʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ 

[6, 7]. ʆʥ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʲʝʢʪʝ ʚ 

ʢʦʦʨʜʠʥʘʪʥʦʤ ʠ ʯʘʩʪʦʪʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʘʭ, ʢʦʪʦʨʘʷ ʚʳʯʠʩʣʷʝʪʩʷ ʠʟ ʜʘʥʥʳʭ ʈʘʜʦʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʝʤʳ ʦ ʮʝʥʪʨʘʣʴʥʦʤ ʩʝʯʝʥʠʠ [8]. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ 

ʘʜʘʧʪʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ ʢ ʟʘʜʘʯʝ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʬʘʟʦʚʦʡ ʩʪʨʫʢʪʫʨʳ 

ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʳ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʛʠʣʴʙʝʨʪ-ʪʦʤʦʛʨʘʬʠʠ ʚ ʩʣʫʯʘʝ ʤʘʣʦʛʦ ʯʠʩʣʘ ʨʘʢʫʨʩʦʚ 

ʥʘʙʣʶʜʝʥʠʷ.  

 

ɻʀʃʔɹɽʈʊ-ʊʆʄʆɻʈɸʌ 

 

ʈʘʥʝʝ ʥʘ ʢʦʥʬʝʨʝʥʮʠʠ çʆʄʀʇ-2023è ʙʳʣʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʥʘ 

ʙʘʟʝ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʛʦ ʰʠʨʦʢʦʘʧʝʨʪʫʨʥʦʛʦ ʪʝʥʝʚʦʛʦ ʧʨʠʙʦʨʘ ʀɸɹ-463ʄ ʛʠʣʴʙʝʨʪ-

ʪʦʤʦʛʨʘʬʘ (ʨʠʩ. 1), ʧʦʟʚʦʣʷʶʱʝʛʦ ʩʠʥʭʨʦʥʥʦ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʥʳʝ ʬʘʟʦʚʳʝ 

ʩʪʨʫʢʪʫʨʳ ʛʘʟʦʚʳʭ, ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʠ ʨʝʘʛʠʨʫʶʱʠʭ ʩʨʝʜ ï ʛʠʣʴʙʝʨʪʦʛʨʘʤʤʳ ʩ ʯʝʪʳʨʸʭ 

ʨʘʢʫʨʩʦʚ ɗk = ḱ/4 (k = 0, ..., 3) ʦʜʥʦʡ ʬʦʪʦ-ʚʠʜʝʦʢʘʤʝʨʦʡ [9]. 

 

 
ʈʠʩ. 1. ɻʠʣʴʙʝʨʪ-ʪʦʤʦʛʨʘʬ: 1 ï ʦʩʚʝʪʠʪʝʣʴʥʳʡ ʤʦʜʫʣʴ; 2 ï ʱʝʣʝʚʘʷ ʜʠʘʬʨʘʛʤʘ; 3 ʠ 3ô ï ʜʠʘʛʦʥʘʣʴʥʳʝ ʟʝʨʢʘʣʘ; 4 

ʠ 4ô ï ʵʣʝʤʝʥʪʳ ʘʬʦʢʘʣʴʥʳʭ ʢʦʤʧʝʥʩʘʪʦʨʦʚ; 5 ʠ 5ô ï ʩʬʝʨʠʯʝʩʢʠʝ ʢʦʣʣʠʤʘʪʦʨʥʳʝ ʟʝʨʢʘʣʘ; 6 ʠ 6ô ï ʟʘʱʠʪʥʳʝ 

ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʝ ʩʪʸʢʣʘ ʢʦʣʣʠʤʘʪʦʨʦʚ; 7, 7ô, 8, 8ô ʠ 9, 9ô ï ʧʘʨʳ ʟʝʨʢʘʣ, ʬʦʨʤʠʨʫʶʱʠʝ ʟʦʥʜʠʨʫʶʱʠʝ 

ʩʚʝʪʦʚʳʝ ʧʫʯʢʠ; 10 ï ʛʠʣʴʙʝʨʪ-ʬʠʣʴʪʨ ʚ ʯʘʩʪʦʪʥʦʡ ʧʣʦʩʢʦʩʪʠ; 11 ï ʬʦʪʦ-ʚʠʜʝʦʢʘʤʝʨʘ  

 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʠʩʪʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʝʨʢʘʣ 7, 7ô, 8, 8ô ʠ 9, 9ô ʠ ʨʝʛʠʩʪʨʘʮʠʷ 

ʚʳʭʦʜʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʦʜʥʦʡ ʬʦʪʦ-ʚʠʜʝʦʢʘʤʝʨʦʡ ʧʦʟʚʦʣʷʶʪ ʬʠʢʩʠʨʦʚʘʪʴ ʛʠʣʴʙʝʨʪ-

ʧʨʦʝʢʮʠʠ ʜʣʷ ʚʩʝʭ ʯʝʪʳʨʭy ʨʘʢʫʨʩʦʚ ʚ ʪʦʯʢʘʭ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʠʥʪʝʛʨʘʣʘʤ ʈʘʜʦʥʘ 

ʚʜʦʣʴ ʧʨʷʤʳʭ, ʧʨʦʭʦʜʷʱʠʭ ʯʝʨʝʟ ʫʟʣʳ ʩʝʪʢʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʨʘʟʨʝʰʝʥʠʶ 

ʬʦʪʦʤʘʪʨʠʮʳ. ʕʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʬʦʨʤʫʣ ʦʙʨʘʱʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʠ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʯʘʩʪʦʪʥʳʡ ʬʫʨʴʝ-ʩʧʝʢʪʨ ʬʘʟʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ, 

ʠʥʜʫʮʠʨʫʝʤʳʭ ʚ ʟʦʥʜʠʨʫʶʱʠʭ ʧʦʣʷʭ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʦʡ ʠ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʚ ʢʘʞʜʦʡ 

ʧʨʦʝʢʮʠʠ, ʣʦʢʘʣʠʟʫʝʪʩʷ ʚ ʬʫʨʴʝ-ʧʣʦʩʢʦʩʪʠ 10, ʩʦʚʤʝʱʸʥʥʦʡ ʩ ʧʣʦʩʢʦʩʪʴʶ ʠʟʦʙʨʘʞʝʥʠʷ 

ʠʩʪʦʯʥʠʢʘ 1. ɺ ʵʪʦʡ ʧʣʦʩʢʦʩʪʠ ʧʦʤʝʱʸʥ ʢʚʘʜʨʘʥʪʥʳʡ ʛʠʣʴʙʝʨʪ-ʬʠʣʴʪʨ [5]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʣʠʥʝʡʥʦʛʦ ʩʚʝʪʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʬʠʣʴʪʨʦʤ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʦʚʘʪʴ 

ʦʜʥʦʤʝʨʥʦʝ ʛʠʣʴʙʝʨʪ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʚʦʟʤʫʱʸʥʥʦʛʦ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʦʡ ʧʦʣʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʚʠʟʫʘʣʠʟʘʮʠʠ ʬʘʟʦʚʦʡ ʬʫʥʢʮʠʠ ʒ ὼȟώ ʚ 

ʢʘʞʜʦʡ ʧʨʦʝʢʮʠʠ k, ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʯʝʨʝʟ ʠʥʪʝʛʨʘʣʴʥʳʡ ʦʧʝʨʘʪʦʨ  

 

Ὅὼȟώ
ρ

ʌ

ÃÏÓʒ ὼᴂȟώ

ὼ ὼᴂ
Ὠὼᴂ

ρ

ʌ

ÓÉÎʒ ὼᴂȟώ

ὼ ὼᴂ
Ὠὼᴂȟ 
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ʛʜʝ Ὅὼȟώ ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʣʷ, ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʬʦʪʦ-ʚʠʜʝʦʢʘʤʝʨʦʡ. ʌʫʥʢʮʠʷ ʒ ὼȟώ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʈʘʜʦʥʘ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ὲὼȟώȟᾀ  

ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʝ 

 

ʒ ὼȟώ ᷿ ὲὼȟώȟᾀ ὲ Ὠᾀȟ    (1) 

 

̄̅̆ ‗ ï ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ, ὲ  ï ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʟʜʫʭʘ, ᾀᴂ ʠ ᾀᴂᴂ ï ʢʦʦʨʜʠʥʘʪʳ 
ʚʭʦʜʘ ʠ ʚʳʭʦʜʘ ʢʦʤʧʦʥʝʥʪ ʟʦʥʜʠʨʫʶʱʝʛʦ ʧʦʣʷ. ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦʙʳ ʠʟ 

ʟʥʘʯʝʥʠʡ Ὅὼȟώ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʪʴ ʬʫʥʢʮʠʠ ʒ ὼȟώ ʜʣʷ 

ʢʘʞʜʦʡ ʧʨʦʝʢʮʠʠ. 

ɺ ʨʘʙʦʪʘʭ [10, 11] ʜʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʩ ʫʯʸʪʦʤ ʬʠʟʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʚ ʩʣʫʯʘʝ 

ʣʠʥʝʡʥʳʭ ὲ ὲὼ ʠ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ (ὲ ὲὼȟ ὶ ὼ ᾀ) ʦʙʲʝʢʪʦʚ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʧʘʨʘʤʝʪʨʠʟʦʚʘʪʴ ʬʘʟʦʚʫʶ ʬʫʥʢʮʠʶ ʢʨʠʚʳʤʠ ɹʝʟʴʝ [12] ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ɻʘʫʩʩʘ-

ʅʴʶʪʦʥʘ [13] ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʬʫʥʢʮʠʦʥʘʣ  

 

ὪὍ ȟὍ ᴼÍÉÎȟ 

 

ʨʘʚʥʳʡ ʩʫʤʤʝ ʢʚʘʜʨʘʪʦʚ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʪʦʯʢʘʤʠ ʵʢʩʪʨʝʤʫʤʦʚ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ Ὅ  ʠ 

ʤʦʜʝʣʴʥʦʡ Ὅ  ʛʠʣʴʙʝʨʪʦʛʨʘʤʤʘʭ.  

ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʬʘʟʦʚʘʷ ʬʫʥʢʮʠʷ ʒὼȟώ  ʚ ʩʝʯʝʥʠʠ ώ ʣʠʥʝʡʥʳʭ ʠ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ 

ʦʙʲʝʢʪʦʚ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʧʦʣʠʥʦʤʦʤ ɹʝʟʴʝ, ʯʪʦ ʠ ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝʤ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ. 

ɺ ʩʣʫʯʘʝ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʦʙʲʝʢʪʘ ʠʥʪʝʛʨʘʣʴʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʈʘʜʦʥʘ (1) ʚ ʩʝʯʝʥʠʠ ώ 

ʦʙʨʘʱʘʝʪʩʷ ʚ ʠʥʪʝʛʨʘʣ ɸʙʝʣʷ [11]. ɽʩʣʠ ʦʙʲʝʢʪ ʥʝ ʦʙʣʘʜʘʝʪ ʦʩʝʚʦʡ ʩʠʤʤʝʪʨʠʝʡ (ʠ ʥʝ ʷʚʣʷʝʪʩʷ 

ʣʠʥʝʡʥʳʤ), ʥʝʦʙʭʦʜʠʤʦ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʈʘʜʦʥʘ ʩ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠ ʜʣʷ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʠʤʝʥʷʪʴ ʤʝʪʦʜʳ ʪʦʤʦʛʨʘʬʠʠ. 

 

ʆɹʈɸɹʆʊʂɸ ʄʆɼɽʃʔʅʓʍ ʌʋʅʂʎʀʁ 

 

ɸʣʛʦʨʠʪʤ ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ 

ʠʪʝʨʘʮʠʦʥʥʳʭ ʩʧʦʩʦʙʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʬʫʥʢʮʠʡ ʧʦ ʧʨʦʝʢʮʠʷʤ ʈʘʜʦʥʘ, ʦʩʦʙʝʥʥʦ ʚ ʪʝʭ 

ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʯʠʩʣʦ ʥʘʧʨʘʚʣʝʥʠʡ ʩʢʘʥʠʨʦʚʘʥʠʷ ʥʝʚʝʣʠʢʦ ʠʣʠ ʦʛʨʘʥʠʯʝʥ ʠʭ ʫʛʣʦʚʦʡ ʜʠʘʧʘʟʦʥ. 

ʉʫʪʴ ʝʛʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʘʧʨʠʦʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʠʩʢʦʤʦʡ ʬʫʥʢʮʠʠ ὲ ʠ ʝʸ ʠʟʚʝʩʪʥʳʭ 
ʧʨʦʝʢʮʠʷʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʚ 

ʢʦʦʨʜʠʥʘʪʥʦʡ ʠ ʯʘʩʪʦʪʥʦʡ ʧʣʦʩʢʦʩʪʷʭ.  

ɸʣʛʦʨʠʪʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʩʢʦʤʦʡ ʬʫʥʢʮʠʠ ʧʦ ʤʝʪʦʜʫ ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ [9] ʤʦʞʥʦ 

ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 

 

ὲ ὅὊ Ὓ Ὂ ὲ ρ Ὄ ȟ 
 

ὲ ὅὊ Ὓ ȟ 
(2) 

 

ʛʜʝ Ὂ  ʠ Ὂ  ï ʦʧʝʨʘʪʦʨʳ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

ά ï h ʘʛ ʠʪʝʨʘʮʠʠ; ὅ  ï ʦʧʝʨʘʪʦʨ ʘʧʨʠʦʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʦʙʲʝʢʪʝ; Ὓ  ï ʩʧʝʢʪʨ ʠʟʤʝʨʷʝʤʦʛʦ 

ʩʫʤʤʘʨʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ; Ὄ  ï ʦʧʝʨʘʪʦʨ ʠʩʢʘʞʝʥʠʡ. ʂʨʠʪʝʨʠʝʤ ʦʢʦʥʯʘʥʠʷ ʠʪʝʨʘʮʠʦʥʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʤʘʣʦʩʪʴ ʥʦʨʤʳ ʦʪʢʣʦʥʝʥʠʷ ʧʦʣʫʯʝʥʥʦʡ ʪʦʤʦʛʨʘʤʤʳ Ў  ʦʪ ʝʸ ʦʮʝʥʢʠ ʥʘ 

ʧʨʝʜʳʜʫʱʝʤ ʵʪʘʧʝ 

 

Ў
ВВ ὲȟ ὲȟ

ВВ ὲȟ

Ȣ 
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʡ ʩʧʝʢʪʨ ʙʫʜʝʪ ʧʦʣʫʯʝʥ ʥʘ ʚʩʝʡ 

ʯʘʩʪʦʪʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʢʘʯʝʩʪʚʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʙʫʜʝʪ ʟʘʚʠʩʝʪ ɹʦʪ ʩʚʦʡʩʪʚ ʩʘʤʦʡ 

ʬʫʥʢʮʠʠ ὲᾀȟὼ ʠ ʝʸ ʩʧʝʢʪʨʘ, ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʝʨʘʪʦʨʦʚ ὅ  ʠ Ὓ .  

ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʝʪʦʜʘ ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ (2) ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ 

ʤʦʜʝʣʴʥʳʝ ʬʫʥʢʮʠʠ ὲᾀȟὼ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 2ʘ ʠ 3ʘ. ʈʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʝ ʬʫʥʢʮʠʠ ὲ 
ʩ ʫʢʘʟʘʥʠʝʤ ʥʘ ʛʨʘʬʠʢʘʭ ʯʠʩʣʘ ʠʪʝʨʘʮʠʡ ʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ ʧʦʢʘʟʘʥʳ ʥʘ  

ʨʠʩ. 2ʙ ʠ 3ʙ, ʛʠʣʴʙʝʨʪʦʛʨʘʤʤʳ ʠʟ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʧʨʦʝʢʮʠʡ ʩ ʢʨʠʪʝʨʠʝʤ ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʠ 

ὗ  ʠʩʭʦʜʥʳʭ ʬʫʥʢʮʠʡ ὲ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 4. ɺʩʝ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʫʛʣʘʭ 

ʩʢʘʥʠʨʦʚʘʥʠʷ ɗk = 0, ˊ/4, ˊ/2 ʠ 3ˊ/4. 

 

 
ʘ ʙ 

ʈʠʩ. 2. ʇʝʨʚʘʷ ʤʦʜʝʣʴʥʘʷ ʬʫʥʢʮʠʷ: ʘ ï ʥʘʯʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ὲ ᾀȟὼ ʦʙʲʝʢʪʘ; ʙ ï ʨʝʟʫʣʴʪʘʪ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ὲ ᾀȟὼ ʤʝʪʦʜʦʤ ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ, ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ Ў  = 1,6%, ʯʠʩʣʦ 

ʠʪʝʨʘʮʠʡ ά = 141 

 

 
ʘ ʙ 

ʈʠʩ. 3. ɺʪʦʨʘʷ ʤʦʜʝʣʴʥʘʷ ʬʫʥʢʮʠʷ: ʘ ï ʥʘʯʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ὲ ᾀȟὼ ʦʙʲʝʢʪʘ; ʙ ï ʨʝʟʫʣʴʪʘʪ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ὲ ᾀȟὼ ʤʝʪʦʜʦʤ ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ, ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ Ў  = 19,5%, ʯʠʩʣʦ 

ʠʪʝʨʘʮʠʡ ά = 274 
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ʘ 

 
ʙ 

ʈʠʩ. 4. ɻʠʣʴʙʝʨʪʦʛʨʘʤʤʳ ʠʟ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʧʨʦʝʢʮʠʡ ʩ ʢʨʠʪʝʨʠʝʤ ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʠ ὗ :  

ʘ ï ʠʩʭʦʜʥʦʡ ʬʫʥʢʮʠʠ ὲ ᾀȟὼ; ʙ ï ʠʩʭʦʜʥʦʡ ʬʫʥʢʮʠʠ ὲ ᾀȟὼ 
 

ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʨʘʙʦʪʝ ʥʘ ʧʨʠʤʝʨʝ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ 

ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʤʘʣʦʨʘʢʫʨʩʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʛʠʣʴʙʝʨʪ-

ʜʠʘʛʥʦʩʪʠʢʠ. ʄʝʪʦʜ ɻʝʨʰʙʝʨʛʘ-ʇʘʧʫʣʠʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʘʞʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʚ ʦʙʣʘʩʪʠ 

ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʠ ʦʧʪʠʢʠ. ʆʥ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ 
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ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʧʨʦʝʢʮʠʡ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ 

ʨʝʟʫʣʴʪʘʪʳ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʊ ʉʆ ʈɸʅ 

 ̄121031800217-8, ʧʨʦʚʝʜʝʥʠʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ 
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CONDENSED AND REACTIVE MEDIA  

 

ABSTRACT 

 

The possibility of using the Gershberg-Papoulis algorithm in the problem of phase structure 

reconstructing of the studied medium based on the Hilbert tomography results using numerical 

models as an example is shown in the paper. The Hilbert tomography method of phase optical density 

fields, developed on the basis of the wide-aperture shadow device IAB-463M, performs four-angle 

probing of the studied medium using light beams oriented at angles of 0, ˊ/4, ˊ/2 and 3ˊ/4 to the 

device optical axis, and simultaneously records all tomographic projections on the camera's CCD 

matrix. This allows images fragments to be fixed at points that correspond to Radon integrals along 

straight lines passing through the nodes of the sampling grid corresponding to the photomatrix 

resolution, and makes it possible to use the original data in the inversion formulas without 

preliminary interpolation. The presented results will be used to process experimental data. 
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ɻʀʃʔɹɽʈʊ-ɺʀɿʋɸʃʀɿɸʎʀʗ ʆʊʉʆɽɼʀʅɪʅʅʆɻʆ ʇʃɸʄɽʅʀ ɺ 

ʕʃɽʂʊʈʀʏɽʉʂʆʄ ʇʆʃɽ  

 

ɸʅʅʆʊɸʎʀʗ 

 

ɺʥʝʰʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʫʧʨʘʚʣʝʥʠʷ 

ʧʨʦʮʝʩʩʘʤʠ ʛʦʨʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʨʝʰʘʶʪʩʷ ʟʘʜʘʯʠ ʢʘʢ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʪʘʢ ʠ 

ʧʦʚʳʰʝʥʠʷ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ. ɻʠʣʴʙʝʨʪ ï ʜʠʘʛʥʦʩʪʠʢʘ 

ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʤʝʥʠ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ ʚʥʝʩʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʟʘʨʷʜʦʚ ʠ ʧʨʦʪʝʢʘʥʠʠ ʪʦʢʦʚ ʧʨʠ ʥʘʣʠʯʠʠ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɺ 

ʨʘʙʦʪʝ ʦʙʩʫʞʜʘʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʣʘʤʝʥʠ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ 

ʧʨʦʜʦʣʴʥʳʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ. ɸʜʘʧʪʠʨʦʚʘʥʥʘʷ ʢ ʠʟʫʯʝʥʠʶ ʧʨʦʙʣʝʤ ʛʦʨʝʥʠʷ ʦʧʪʠʯʝʩʢʘʷ 

ʜʠʘʛʥʦʩʪʠʢʘ ʦʩʥʦʚʘʥʘ ʥʘ ʚʠʟʫʘʣʠʟʘʮʠʠ ʬʘʟʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʚ ʟʦʥʜʠʨʫʶʱʝʤ 

ʩʚʝʪʦʚʦʤ ʧʦʣʝ ʠʟʫʯʘʝʤʦʡ ʩʨʝʜʦʡ, ʤʝʪʦʜʘʤʠ ʛʠʣʴʙʝʨʪ-ʦʧʪʠʢʠ. ɼʠʘʛʥʦʩʪʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ 

ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʦʩʥʦʚʝ ʪʝʥʝʚʦʛʦ ʧʨʠʙʦʨʘ ʀɸɹï463ʄ ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʫʟʣʘʤʠ ʦʧʪʠʯʝʩʢʦʡ 

ʬʠʣʴʪʨʘʮʠʠ, ʩʚʝʪʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ, ʨʝʛʠʩʪʨʘʮʠʠ ʠ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ. 

 

ʊʆʇʃʀɺʅɸʗ ʉʄɽʉʔ ʉʅ4/ʅ2, ɼʀʌʌʋɿʀʆʅʅʆɽ ʇʃɸʄʗ, ʕʃɽʂʊʈʀʏɽʉʂʆɽ ʇʆʃɽ, 

ɻʀʃʔɹɽʈʊ-ɺʀɿʋɸʃʀɿɸʎʀʗ 

 

ɺɺɽɼɽʅʀɽ 

 

ʆʜʥʠʤ ʠʟ ʧʨʠʦʨʠʪʝʪʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʤʠʨʦʚʦʡ ʥʘʫʢʠ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʨʝʰʝʥʠʡ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʙʝʟʦʧʘʩʥʦʩʪʴ ʠ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʫʩʪʘʥʦʚʦʢ. ɿʥʘʯʠʪʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʚʦʧʨʦʩʫ ʜʝʢʘʨʙʦʥʠʟʘʮʠʠ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, 

ʵʥʝʨʛʝʪʠʢʝ ʠ ʪʨʘʥʩʧʦʨʪʝ [1-4]. ɼʣʷ ʩʥʠʞʝʥʠʷ çʫʛʣʝʨʦʜʥʦʛʦ ʩʣʝʜʘè ʧʨʝʜʣʘʛʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʨʝʰʝʥʠʷ ʦʪ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠ ̫ʤʝʪʘʥʘ ʥʘ ʅ2 ʠ ʉ, ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʧʝʨʝʨʘʙʦʪʢʦʡ ʫʛʣʝʨʦʜʘ 

ʥʘ ʫʜʦʙʨʝʥʠʷ, ʜʦ ʩʦʟʜʘʥʠ ̫ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʪʦʧʣʠʚʥʳʭ ʩʤʝʩʝʡ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʠ 

ʘʤʤʠʘʢʘ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ. ʇʝʨʩʧʝʢʪʠʚʳ ʠʩʧʦʣʴʟʦʚʘʥʠ ̫ NH3 ʩʚʷʟʘʥʳ ʩ ʧʨʦʩʪʦʪʦʡ 

ʭʨʘʥʝʥʠʷ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʚʦʜʦʨʦʜʦʩʦʜʝʨʞʘʱʝʛʦ ʪʦʧʣʠʚʘ, ʩʞʠʛʘʥʠʝ ʢʦʪʦʨʦʛʦ ʥʝ ʥʝʩʝʪ 

ʚʳʨʘʙʦʪʢʫ ʉʆ2. ɺ [5] ʧʨʝʜʩʪʘʚʣʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʤʤʠʘʢʘ ʠ 

ʚʦʜʦʨʦʜʘ ʧʨʠ ʩʞʠʛʘʥʠʠ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʛʦ ʪʦʧʣʠʚʘ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʘʣʠʟʫʶʪʩʷ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳʝ ʨʝʞʠʤʳ ʛʦʨʝʥʠʷ 

ʘʤʤʠʘʢʘʤ. ɿʘʤʝʪʠʤ, ʯʪʦ ʧʦʣʥʳʡ ʦʪʢʘʟ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʧʦʢʘ ʥʝ ʚʳʛʣʷʜʠʪ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ. ʇʦʵʪʦʤʫ ʧʦʚʳʰʝʥʥʳʡ ʠʥʪʝʨʝʩ ʪʘʢʞʝ 

ʚʳʟʳʚʘʶʪ ʨʘʟʨʘʙʦʪʢʠ ʛʘʟʦʪʫʨʙʠʥʥʳʭ ʩʠʩʪʝʤ, ʩʧʦʩʦʙʥʳʭ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʪʴ ʥʘ ʩʤʝʩʷʭ 
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ʫʛʣʝʚʦʜʦʨʦʜʥʦʛʦ ʪʦʧʣʠʚʘ ʩ ʚʦʜʦʨʦʜʦʤ [6] ʚ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚʦʜʦʨʦʜʘ ʚ ʪʦʧʣʠʚʥʦʡ 

ʩʤʝʩʠ 0...100%. ʀʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʝʡ ʥʘ ʩʤʝʩʷʭ ʚʦʜʦʨʦʜʘ ʩ 

ʧʨʠʨʦʜʥʳʤ ʛʘʟʦʤ ʧʨʠ ʠʩʢʨʦʚʦʤ ʟʘʞʠʛʘʥʠʠ [7, 8] ʧʦʢʘʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʳʰʝʥʠʷ ʂʇɼ 

ʜʚʠʛʘʪʝʣʝʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ʚʦʜʦʨʦʜʦʤ. ʋʛʣʝʚʦʜʦʨʦʜʥʳʝ ʧʣʘʤʝʥʘ ʦʙʣʘʜʘʶʪ 

ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ (~ 1012ï1014 ʩʤï3), ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ 

ʩʯʝʪ ʨʝʘʢʮʠʡ ʭʝʤʦʠʦʥʠʟʘʮʠʠ [9-13]. ɼʣʷ ʩʣʘʙʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ (ɽ[ɺ/ʩʤ]/ʈ[ʪʦʨ] < 2) 

ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʚʦʚʣʝʯʝʥʠʝ ʠʦʥʘʤʠ ʥʝʡʪʨʘʣʴʥʳʭ ʯʘʩʪʠʮ ʚ ʜʨʝʡʬ, ʪ.ʥ. ʠʦʥʥʳʡ ʚʝʪʝʨ. 

ʆʜʥʠʤ ʠʟ ʧʝʨʚʳʭ ʵʪʦʪ ʵʬʬʝʢʪ ʦʧʠʩʘʣ ʄʘʨʢʰʪʝʡʥ ɻ. ʚ ʨʘʙʦʪʝ [14]. ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʘ ʧʨʠ 

ɽɻɼ-ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ɺʘʪʘʞʠʥʳʤ ɸ.ɹ. ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ, ʚ ʢʦʪʦʨʦʡ ʜʣʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʧʨʠʥʠʤʘʣʦʩʴ ʨʘʚʝʥʩʪʚʦ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʠʥʝʨʮʠʦʥʥʳʭ ʩʠʣ [15]. ɺʣʠʷʥʠʝ ʠʦʥʥʦʛʦ 

ʚʝʪʨʘ ʠʟʫʯʘʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʯʠʩʣʝʥʥʦ [16-19]. ɺ ʨʘʙʦʪʝ [20] ʙʳʣʘ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ 

ʛʠʧʦʪʝʟʘ ʦ ʣʦʢʘʣʠʟʘʮʠʠ ʚʦʟʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʦʙʣʘʩʪʠ ʛʦʨʝʥʠʷ, ʯʪʦ 

ʧʦʜʪʚʝʨʜʠʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ [21-23]. ʉʦʛʣʘʩʥʦ [24] ʨʘʩʯʝʪʳ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʠ ʠʟʤʝʥʝʥʠʝ 

ʩʢʦʨʦʩʪʠ ʚʳʜʝʣʝʥʠʷ ʵʥʝʨʛʠʠ, ʯʪʦ ʚʝʜʝʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʣʦʢʘʣʴʥʦʡ ʩʢʦʨʦʩʪʴ ʛʦʨʝʥʠʷ ʚ 

ʜʠʬʬʫʟʠʦʥʥʦʤ ʬʘʢʝʣʝ. ʊʝʤ ʩʘʤʳʤ ʜʠʘʧʘʟʦʥ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʣʘʤʝʥʠ ʨʘʩʰʠʨʷʝʪʩʷ ʟʘ ʩʯʝʪ 

ʵʣʝʢʪʨʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. 

ɼʦʙʘʚʢʘ ʅ2 ʚ ʫʛʣʝʚʦʜʦʨʦʜʥʳʝ ʪʦʧʣʠʚʘ ʚʣʠʷʝʪ ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʧʣʘʤʝʥʠ [25]. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʩʤʝʩʝʡ ʩ ʦʙʲʝʤʥʦʡ ʜʦʣʝʡ ʤʝʪʘʥʘ ʚ ʪʦʧʣʠʚʝ ʙʦʣʝʝ 40% 

ʚʝʣʠʯʠʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʤʝʪʘʥʘ. ʈʝʛʠʩʪʨʘʮʠʷ 

ʭʝʤʠʣʶʤʠʥʝʩʮʝʥʮʠʠ ʨʘʜʠʢʘʣʘ CH* ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʥʘʣʦʛʠʯʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʚʝʯʝʥʠʷ ʧʣʘʤʝʥʠ ʦʪ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʤʝʪʘʥʘ ʚ ʪʦʧʣʠʚʝ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʥʠʞʝʥʠʠ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʦʥʦʚ ʚ ʨʝʘʢʮʠʷʭ ʭʝʤʦʠʦʥʠʟʘʮʠʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚ ʪʦʧʣʠʚʥʦʡ ʩʤʝʩʠ ʜʦʣʠ 

ʚʦʜʦʨʦʜʘ. ʇʨʦʪʝʢʘʶʱʠʝ ʪʦʢʠ ʚʝʜʫʪ ʢ ʠʟʤʝʥʝʥʠʶ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʪʝʯʝʥʠʷ ʩ ʨʝʘʢʮʠʷʤʠ, ʯʪʦ 

ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʫʩʣʦʚʠʷʭ ʩʪʘʙʠʣʠʟʘʮʠʠ ʬʘʢʝʣʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʨʘʟʙʘʚʣʝʥʠʠ ʤʝʪʘʥʘ ʚʦʜʦʨʦʜʦʤ ʧʦʣʫʯʘʶʪʩʷ ʩʤʝʩʠ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʙʦʣʝʝ ʙʝʟʦʧʘʩʥʳʝ ʩ ʪʦʯʠ ʟʨʝʥʠʷ ʵʢʦʣʦʛʠʠ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʩʣʘʙʣʷʝʪʩʷ ʩʪʘʙʠʣʠʟʠʨʫʶʱʘʷ 

ʨʦʣʴ ʚʥʝʰʥʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ. ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʣʦʩʴ 

ʚʣʠʷʥʠʝ ʩʦʩʪʘʚʘ ʤʝʪʘʥʦ-ʚʦʜʦʨʦʜʥʦʡ ʩʤʝʩʠ ʥʘ ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ ʵʬʬʝʢʪ ʩʣʘʙʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɼʣʷ ʵʪʦʛʦ ʥʘ ʨʷʜʫ ʩ ʠʟʤʝʨʝʥʠʝʤ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

(ʧʨʦʪʝʢʘʶʱʠʡ ʪʦʢ, ʩʢʦʨʦʩʪʴ ʠʩʪʝʯʝʥʠʷ ʪʦʧʣʠʚʥʦʡ ʩʤʝʩʠ, ʩʦʩʪʘʚ) ʚʳʧʦʣʥʷʣʘʩʴ ɻʠʣʴʙʝʨʪ ï 

ʜʠʘʛʥʦʩʪʠʢʘ ʧʣʘʤʝʥʠ, ʧʦʟʚʦʣʷʶʱʘʷ ʠʩʢʣʶʯʠʪʴ ʚʥʝʩʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʟʘʨʷʜʦʚ ʠ ʧʨʦʪʝʢʘʥʠʠ ʪʦʢʦʚ ʧʨʠ ʥʘʣʠʯʠʠ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. 

 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʫʧʨʦʱʝʥʥʘʷ ʩʭʝʤʘ ʦʧʪʠʯʝʩʢʦʛʦ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ, 

ʨʝʘʣʠʟʫʶʱʝʛʦ ʤʝʪʦʜ ʛʠʣʴʙʝʨʪïʚʠʟʫʘʣʠʟʘʮʠʠ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʳ. ɼʠʘʛʥʦʩʪʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ 

ʚʳʧʦʣʥʝʥ ʥʘ ʙʘʟʝ ʦʧʪʠʯʝʩʢʦʛʦ ʟʘʪʝʥʷʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ ʀɸɹ-451 [26]. ʂʦʤʧʣʝʢʩ ʩʦʜʝʨʞʠʪ 

ʤʦʜʫʣʴ ʦʩʚʝʱʝʥʠʷ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ 1 ï ʩʚʝʪʦʜʠʦʜ ʩ ʨʘʙʦʯʝʡ ʜʣʠʥʦʡ ʚʦʣʥ r

636 ʥʤ, ʢʦʣʣʠʤʘʪʦʨʥʦʡ ʣʠʥʟʳ 2 ʠ ʱʝʣʝʚʦʡ ʜʠʘʬʨʘʛʤʳ 3. ʑʝʣʝʚʘʷ ʜʠʘʬʨʘʛʤʘ ʨʘʟʤʝʱʝʥʘ ʚ 

ʧʝʨʝʜʥʝʡ ʬʫʨʴʝ-ʧʣʦʩʢʦʩʪʠ ʦʙʲʝʢʪʠʚʘ 4. ʕʪʦʪ ʦʙʲʝʢʪʠʚ ʬʦʨʤʠʨʫʝʪ ʟʦʥʜʠʨʫʶʱʝʝ ʩʚʝʪʦʚʦʝ 

ʧʦʣʝ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʝ. ʌʫʨʴʝ-ʩʧʝʢʪʨ ʬʘʟʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʥʘʚʦʜʠʤʳʭ ʚ ʟʦʥʜʠʨʫʶʱʝʤ 

ʧʦʣʝ ʛʦʨʝʣʢʦʡ 9, ʣʦʢʘʣʠʟʫʝʪʩʷ ʚ ʯʘʩʪʦʪʥʦʡ ʧʣʦʩʢʦʩʪʠ ʦʙʲʝʢʪʠʚʘ 5, ʛʜʝ ʨʘʟʤʝʱʝʥ ʢʚʘʜʨʘʥʪʥʳʡ 

ʬʠʣʴʪʨ ɻʠʣʴʙʝʨʪʘ 6, ʦʨʠʝʥʪʘʮʠʷ ʢʦʪʦʨʦʛʦ ʩʦʛʣʘʩʦʚʘʥʘ ʩ ʜʠʘʬʨʘʛʤʦʡ 3. ʃʠʥʟʘ 7 ʦʩʫʱʝʩʪʚʣʷʝʪ 

ʦʙʨʘʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʦʪʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʧʦʣʷ, ʬʦʨʤʠʨʫʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʠʣʠ ʩʚʷʟʘʥʥʳʡ ʧʦ ɻʠʣʴʙʝʨʪʫ 

ʦʧʪʠʯʝʩʢʠʡ ʩʠʛʥʘʣ [27]. ʕʪʦʪ ʩʠʛʥʘʣ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʮʠʬʨʦʚʦʡ ʚʠʜʝʦʢʘʤʝʨʦʡ 8, 

ʧʦʜʢʣʶʯʝʥʥʦʡ ʢ ʢʦʤʧʴʶʪʝʨʫ 16. ʉʠʩʪʝʤʘ ʧʦʜʘʯʠ ʚʦʟʜʫʭʘ ʠ ʪʦʧʣʠʚʘ 10ï15 ʦʙʝʩʧʝʯʠʚʘʣʘ 

ʧʦʜʜʝʨʞʘʥʠʝ ʪʨʝʙʫʝʤʳʭ ʨʘʩʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʝʪʘʥʘ ʠ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ. ɻʦʨʝʣʦʯʥʦʝ 

ʫʩʪʨʦʡʩʪʚʦ 9 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʘ ʩʦʦʩʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʘʥʘʣʘ 

ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʤʝʪʘʣʣʘ. ɺʥʫʪʨʝʥʥʠʡ ʢʘʥʘʣ, ʯʝʨʝʟ ʢʦʪʦʨʳʡ ʧʦʜʘʸʪʩʷ ʯʠʩʪʳʡ ʤʝʪʘʥ, ʵʪʦ 
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ʪʨʫʙʢʘ ʚʥʫʪʨʝʥʥʠʤ ʜʠʘʤʝʪʨʦʤ 2 ʤʤ (ʪʦʣʱʠʥʘ ʩʪʝʥʢʠ 2 ʤʤ, ʜʣʠʥʘ ʪʨʫʙʢʠ 53 ʤʤ). ɺʥʫʪʨʝʥʥʠʡ 

ʜʠʘʤʝʪʨ ʚʥʝʰʥʝʛʦ ʢʘʥʘʣʘ, ʯʝʨʝʟ ʢʦʪʦʨʳʡ ʧʦʜʘʚʘʣʩʷ ʩʧʫʪʥʳʡ ʧʦʪʦʢ ʚʦʟʜʫʭʘ, ʩʦʩʪʘʚʣʷʣ 20 ʤʤ.  

 

ʈʠʩ. 1. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ 

 

ʊʫʨʙʫʣʝʥʪʥʘʷ ʩʪʨʫʷ ʪʦʧʣʠʚʘ ʧʨʠ ʯʠʩʣʝ ʈʝʡʥʦʣʴʜʩʘ Re = 3900 (30 ʤ/ʩ) ʚʳʪʝʢʘʝʪ ʠʟ ʪʨʫʙʢʠ 

ʜʠʘʤʝʪʨʦʤ d = 2 ʤʤ ʚ ʩʧʫʪʥʳʡ ʧʦʪʦʢ ʚʦʟʜʫʭʘ ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʫʩʣʦʚʠʷʭ 25Üʉ ʠ ʘʪʤʦʩʬʝʨʥʦʤ 

ʜʘʚʣʝʥʠʠ. ɺ ʥʘʰʠʭ ʦʧʳʪʘʭ ʧʘʨʘʤʝʪʨ ʩʧʫʪʥʦʩʪʠ s (ʦʪʥʦʰʝʥʠʝ ʩʢʦʨʦʩʪʝʡ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ ʢ 

ʩʢʦʨʦʩʪʠ ʠʩʪʝʯʝʥʠʷ ʪʦʧʣʠʚʘ) s < 0,017. ʉʢʦʨʦʩʪʴ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʚ 

ʜʠʘʧʘʟʦʥʝ 0,3é0,6 ʤ/ʩ. ʅʘ ʨʘʩʩʪʦʷʥʠʠ 200 ʤʤ ʦʪ ʩʨʝʟʘ ʛʦʨʝʣʢʠ ʥʘ ʦʩʠ ʧʦʪʦʢʘ ʨʘʟʤʝʱʘʣʩʷ 

ʵʣʝʢʪʨʦʜ, ʥʘ ʢʦʪʦʨʳʡ ʦʪ ʠʩʪʦʯʥʠʢʘ ʧʦʜʘʚʘʣʦʩʴ ʧʦʩʪʦʷʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ V = 0é3,8 ʢɺ. 

 

ʈɽɿʋʃʔʊɸʊʓ ʀ ɸʅɸʃʀɿ 

 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʥʘ ʨʠʩ. 2 ʧʦʢʘʟʳʚʘʝʪ ʪʠʧʠʯʥʫʶ ʜʣʷ ʦʪʩʦʝʜʠʥʸʥʥʦʛʦ ʜʠʬʬʫʟʠʦʥʥʦʛʦ 

ʬʘʢʝʣʘ ʢʘʨʪʠʥʫ ʪʝʯʝʥʠʷ. ʅʘ ʨʘʩʩʪʦʷʥʠʠ h ʦʪ ʩʨʝʟʘ ʛʦʨʝʣʢʠ (h/d = 25...30) ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ 

ʬʨʦʥʪ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʛʦʨʝʥʠʷ. ʈʘʩʩʪʦʷʥʠʝ ʧʣʘʤʝʥʠ ʦʪ ʩʨʝʟʘ ʩʦʧʣʘ ʩʦʚʝʨʰʘʝʪ 

ʢʚʘʟʠʧʝʨʠʦʜʠʯʝʩʢʦʝ ʢʦʣʝʙʘʥʠʷ. ɼʠʥʘʤʠʢʘ ʵʪʠʭ ʧʝʨʝʤʝʱʝʥʠʡ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʟʘʚʠʩʠʪ ʦʪ 

ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʣʘʤʝʥʠ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʪʦʧʣʠʚʥʦ-ʚʦʟʜʫʰʥʦʡ ʩʤʝʩʠ.  

 

 
ʈʠʩ. 2. ʆʪʩʦʝʜʠʥʸʥʥʦʝ ʧʣʘʤʷ ʤʝʪʘʥʘ ʚ ʩʧʫʪʥʦʤ ʧʦʪʦʢʝ ʚʦʟʜʫʭʘ, V=0 ɺ 
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ʇʦʩʣʝ ʧʦʜʘʯʠ ʥʘʧʨʷʞʝʥʠʷ ʚʳʰʝ 0,8 ʢɺ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠʩʦʝʜʠʥʝʥʠʝ ʧʣʘʤʝʥʠ. ɿʦʥʘ 

ʛʦʨʝʥʠʷ ʥʘʯʠʥʘʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʪ ʩʨʝʟʘ ʛʦʨʝʣʢʠ (ʨʠʩ. 3). ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʣʫʯʰʝʥʠʶ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʣʘʤʝʥʠ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʝʯʝʥʠʷ, ʚ ʦʙʣʘʩʪʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʧʨʠʤʳʢʘʶʱʝʡ ʢ ʩʨʝʟʫ ʛʦʨʝʣʦʯʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 

ʨʘʟʚʠʪʦʛʦ ʚʠʭʨʝʚʦʛʦ ʪʝʯʝʥʠʷ, ʘʥʘʣʦʛʠʯʥʘʷ ʢʘʨʪʠʥʝ ʥʘʪʝʢʘʥʠʷ ʩʪʨʫʠ ʥʘ ʧʨʝʛʨʘʜʫ. ʇʦ-

ʚʠʜʠʤʦʤʫ, ʚ ʬʘʢʝʣʝ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ çʠʦʥʥʳʡ ʚʝʪʝʨè 

ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʟʦʥʳ ʚʦʟʚʨʘʪʥʦʛʦ ʧʦʪʦʢʘ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʯʠʥʦʡ ʥʘʨʫʰʝʥʠʷ 

ʩʠʤʤʝʪʨʠʠ ʪʝʯʝʥʠʷ ʠ ʧʦʷʚʣʝʥʠʶ çʚʳʙʨʦʩʦʚè ʛʦʨʷʯʝʛʦ ʛʘʟʘ ʚ ʨʘʜʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɺ 

ʦʪʩʫʪʩʪʚʠʠ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ (ʨʠʩ. 4) ʪʝʯʝʥʠʝ ʠʤʝʝʪ ʙʦʣʝʝ ʫʧʦʨʷʜʦʯʝʥʥʳʡ ʭʘʨʘʢʪʝʨ, 

ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʚʳʙʨʦʩʦʚ ʚʝʱʝʩʪʚʘ ʚ ʨʘʜʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʟʘʤʝʪʥʦ ʩʥʠʞʘʝʪʩʷ. 

ʇʨʠʤʝʥʝʥʠʝ ʟʦʥʜʦʚʳʭ ʤʝʪʦʜʦʚ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʲʝʢʪʝ ʢʨʘʡʥʝ 

ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. 

 

 
ʈʠʩ. 3. ʇʨʠʩʦʝʜʠʥʸʥʥʦʝ ʧʣʘʤʷ ʤʝʪʘʥʘ ʚ ʩʧʫʪʥʦʤ ʧʦʪʦʢʝ ʚʦʟʜʫʭʘ, V = 3,8 ʢɺ, s = 0,017 

 

 
ʈʠʩ. 4. ʇʨʠʩʦʝʜʠʥʸʥʥʦʝ ʧʣʘʤʷ ʤʝʪʘʥʘ ʙʝʟ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ, V =3,8 ʢɺ, s = 0 

 

ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʧʪʠʯʝʩʢʠʝ ʩʨʝʜʩʪʚʘ ʜʠʘʛʥʦʩʪʠʢʠ ʚʥʝ ʢʦʥʢʫʨʝʥʮʠʠ. ɼʣʷ 

ʛʠʣʴʙʝʨʪʦʛʨʘʤʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʩʣʝʚʘ ʥʘ ʨʠʩ. 3 ʠ ʨʠʩ. 4 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʤ 

ʩʝʯʝʥʠʠ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ʛʘʟʦʚʦʡ ʩʤʝʩʠ 

ʨʝʘʛʠʨʫʶʱʝʛʦ ʧʦʪʦʢʘ ʠ ʟʘʪʝʤ ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜʠʢʫ ʠʟ ʨʘʙʦʪʳ [28] ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 5. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʪ.ʥ. 



 90 

çʧʨʠʙʣʠʞʝʥʠʝ ʚʦʟʜʫʭʘè, ʢʦʛʜʘ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʧʨʠʥʠʤʘʝʪʩʷ 

ʟʘʚʠʩʷʱʠʤ ʪʦʣʴʢʦ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ, ʥʘʣʠʯʠʝ ʩʧʫʪʥʦʛʦ 

ʧʦʪʦʢʘ ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʟʦʥʳ ʩʤʝʰʝʥʠʷ ʪʦʧʣʠʚʥʦʡ ʩʪʨʫʠ ʩ ʚʦʟʜʫʭʦʤ ʠ ʩʤʝʱʝʥʠʶ 

ʧʦʣʦʞʝʥʠʷ ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ ʢ ʦʩʠ ʪʝʯʝʥʠʷ. 

 

 
ʈʠʩ. 5. ʄʛʥʦʚʝʥʥʳʝ ʧʨʦʬʠʣʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʜʠʬʬʫʟʠʦʥʥʦʤ ʬʘʢʝʣʝ ʤʝʪʘʥʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ, V = 3,8 ʢɺ 

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ʇʨʠʤʝʥʝʥʠʝ ʛʠʣʴʙʝʨʪ-ʚʠʟʫʘʣʠʟʘʮʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʤʝʪʘʥʦ-

ʚʦʟʜʫʰʥʦʛʦ ʬʘʢʝʣʘ ʚ ʧʦʩʪʦʷʥʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʧʦʟʚʦʣʠʣʦ ʜʝʪʘʣʠʟʠʨʦʚʘʪʴ ʭʘʨʘʢʪʝʨ 

ʨʝʘʛʠʨʫʶʱʝʛʦ ʪʝʯʝʥʠʷ. ɺʣʠʷʥʠʝ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ ʥʘ ʪʦʧʦʣʦʛʠʶ ʦʙʣʘʩʪʠ ʭʠʤʠʯʝʩʢʦʛʦ 

ʨʝʘʛʠʨʦʚʘʥʠʷ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʪʝʯʝʥʠʷ ʠʟ-ʟʘ ʜʚʠʞʝʥʠʷ ʠʦʥʦʚ ʚʜʦʣʴ 

ʬʨʦʥʪʘ ʧʣʘʤʝʥʠ. ɺ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʠʦʥʥʳʡ ʚʝʪʝʨ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʩʣʦʞʥʦʛʦ ʚʠʭʨʝʚʦʛʦ ʪʝʯʝʥʠʷ ʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʪʦʢʘ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʘʥʘʣʠʟʝ 

ʬʘʢʪʦʨʦʚ, ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʭ ʛʦʨʝʥʠʝ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʛʨʘʥʪ ˉ 075-15-2020-806. 
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GILBERT VISUALIZATION OF A DETACHED FLAME IN AN ELECTRIC FIELD  

 

ABSTRACT 

 

External electric fields are one of the effective ways to control combustion processes. At the 

same time, the problems of both environmental safety and increasing the energy efficiency of process 

plants are solved. Gilbert diagnostics of flame parameters allows to exclude additional changes in 

the distribution of charges and the flow of currents in the presence of an external electric field. The 

paper discusses the study of the structure of a diffusion flame stabilized by a longitudinal electric 

field. Optical diagnostics adapted to the study of combustion problems is based on the visualization 

of phase disturbances induced in the probing light field of the studied medium, using Gilbert optics 

methods. The diagnostic complex is implemented on the basis of the IAB-463M shadow device with 

modified units of optical filtration, a light source, registration and processing of information. 
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ʇʈʀʄɽʅɽʅʀɽ ʄɽʊʆɼɸ ʂɸʋʉʊʀʂ ʃɸɿɽʈʅʆɻʆ ʀɿʃʋʏɽʅʀʗ  

ɼʃʗ ʈɽʐɽʅʀʗ ɿɸɼɸʏ ʈɽʌʈɸʂʎʀʀ ɺ ʄʋʊʅʓʍ ʉʈɽɼɸʍ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʥʝʦʜʥʦʨʦʜʥʳʭ ʤʫʪʥʳʭ ʩʨʝʜʘʭ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʣʦʞʥʫʶ ʟʘʜʘʯʫ ʠʟ-ʟʘ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʩʥʠʞʝʥʠʶ 

ʪʦʯʥʦʩʪʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʜʠʘʛʥʦʩʪʠʢʠ. ɸʚʪʦʨʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʢʘʫʩʪʠʢ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʦʧʪʠʯʝʩʢʠʭ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʩʨʝʜʳ. ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʨʘʩʩʝʷʥʠʝ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʤʫʪʥʳʭ ʩʨʝʜʘʭ, ʢʘʫʩʪʠʢʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ 

ʩʦʙʦʡ ʦʩʦʙʳʝ ʣʠʥʠʠ ʠ ʦʩʦʙʳʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʚʙʣʠʟʠ ʢʦʪʦʨʳʭ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʩʚʝʪʦʚʦʛʦ ʧʦʣʷ, ʥʝʩʫʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ɺ ʟʘʜʘʯʘʭ, ʛʜʝ 

ʠʟʣʫʯʝʥʠʝ, ʧʨʦʭʦʜʷʱʝʝ ʯʝʨʝʟ ʦʧʪʠʯʝʩʢʫʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ, ʟʥʘʯʠʪʝʣʴʥʦ ʪʝʨʷʝʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟ-ʟʘ ʵʬʬʝʢʪʘ ʨʘʩʩʝʷʥʠʷ, ʨʝʛʠʩʪʨʘʮʠʷ ʢʘʫʩʪʠʢ ʥʘ ʨʝʬʨʘʢʮʠʦʥʥʳʭ ʢʘʨʪʠʥʘʭ 

ʚʦʟʤʦʞʥʘ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʘ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʢʘʫʩʪʠʢ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʳ ʚ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʜʠʬʬʫʟʠʦʥʥʳʡ ʩʣʦʡ ʞʠʜʢʦʩʪʠ, ʩʦʜʝʨʞʘʱʠʡ ʯʘʩʪʠʮʳ ʢʘʦʣʠʥʘ.  

 

ʄɽʊʆɼ ʂɸʋʉʊʀʂ, ʃɸɿɽʈʅɸʗ ʈɽʌʈɸʂʊʆɻʈɸʌʀʗ, ɼʀʀʌʌʋɿʀʆʅʅʓʁ ʉʃʆʁ 

ɾʀɼʂʆʉʊʀ, ʈɸʉʉɽʗʅʀɽ 

 

ɺɺɽɼɽʅʀɽ 

 

ʆʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ 

ʠ ʠʥʬʦʨʤʘʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʧʨʠ ʠʟʫʯʝʥʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʜʠʥʘʤʠʢʠ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʩʨʝʜʘʭ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. ʆʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʳ ʦʥʠ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯ 

ʜʠʘʛʥʦʩʪʠʢʠ ʞʠʜʢʠʭ ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʷʪ ʜʠʬʬʫʟʠʦʥʥʳʝ ʠʣʠ ʪʝʧʣʦ- ʠ 

ʤʘʩʩʦʦʙʤʝʥʥʳʝ ʧʨʦʮʝʩʩʳ. ʆʜʥʘʢʦ ʧʨʠ ʨʘʙʦʪʝ ʩ ʤʫʪʥʳʤʠ ʩʨʝʜʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʚʟʚʝʰʝʥʥʳʝ 

ʯʘʩʪʠʮʳ, ʧʨʠʤʝʥʠʤʦʩʪʴ ʠ ʪʦʯʥʦʩʪʴ ʢʣʘʩʩʠʯʝʩʢʠʭ ʨʝʬʨʘʢʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʤʦʛʫʪ ʙʳʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʝʥʳ. ʈʘʩʩʝʷʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʨʝʬʨʘʢʮʠʦʥʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʠʩʢʘʞʝʥʠʶ ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʨʝʣʦʤʣʷʶʱʠʭ ʩʚʦʡʩʪʚʘʭ ʩʨʝʜʳ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʝʛʦ ʛʨʘʜʠʝʥʪʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʪʘʢʠʭ 

ʫʩʣʦʚʠʷʭ ʩʦʭʨʘʥʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʠʩʪʨʘʮʠʠ ʦʩʦʙʳʭ ʦʙʣʘʩʪʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʝʪʦʚʦʛʦ 
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ʧʦʪʦʢʘ, ʢʘʫʩʪʠʢ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʝʣʦʤʣʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ. 

ʂʘʫʩʪʠʢʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʦʛʠʙʘʶʱʠʝ ʩʝʤʝʡʩʪʚʘ ʣʫʯʝʡ [1], ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ 

ʭʘʨʘʢʪʝʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ: ʚ ʠʭ ʦʙʣʘʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʦʚʦʛʦ ʧʦʣʷ, ʦʥʠ ʫʩʪʦʡʯʠʚʳ ʢ ʚʦʟʤʫʱʝʥʠʷʤ ʠ ʤʦʛʫʪ ʙʳʪʴ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ 

ʧʨʠ ʥʘʣʠʯʠʠ ʨʘʩʩʝʷʥʠʷ. ʕʪʠ ʩʚʦʡʩʪʚʘ ʜʝʣʘʶʪ ʤʝʪʦʜ ʢʘʫʩʪʠʢ ʦʩʦʙʝʥʥʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ 

ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʠ ʘʥʘʣʠʟʦʤ ʦʧʪʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʫʩʣʦʚʠʷʭ 

ʦʛʨʘʥʠʯʝʥʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʝʥʝʚʳʭ ʠ ʛʨʘʜʠʝʥʪʥʳʭ ʤʝʪʦʜʦʚ, ʥʝ 

ʧʨʝʜʧʦʣʘʛʘʶʱʠʭ ʨʝʛʠʩʪʨʘʮʠʶ ʪʘʢʠʭ ʦʩʦʙʳʭ ʦʙʣʘʩʪʝʡ, ʤʝʪʦʜʠʢʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʘʥʘʣʠʟʝ 

ʬʦʨʤʳ ʠ ʧʦʣʦʞʝʥʠʷ ʢʘʫʩʪʠʢ, ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʣʷʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ, ʝʩʣʠ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʧʫʯʢʘ ʠʩʧʳʪʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʧʦʪʝʨʠ.  

ɺ ʢʦʥʪʝʢʩʪʝ ʤʫʪʥʳʭ ʩʨʝʜ, ʥʘʧʨʠʤʝʨ, ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ ʩ ʜʠʩʧʝʨʩʥʳʤʠ ʧʨʠʤʝʩʷʤʠ (ʚ 

ʯʘʩʪʥʦʩʪʠ, ʩʫʩʧʝʥʟʠʡ ʢʘʦʣʠʥʘ), ʤʝʪʦʜ ʢʘʫʩʪʠʢ ʦʢʘʟʳʚʘʝʪʩʷ ʦʩʦʙʝʥʥʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ. ʊʘʢʘʷ 

ʩʨʝʜʘ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴʥʦʡ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʨʝʘʣʴʥʳʭ 

ʧʨʦʤʳʰʣʝʥʥʳʭ, ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʠʣʠ ʧʨʠʨʦʜʥʳʭ ʩʠʩʪʝʤʘʭ. ʇʨʠ ʵʪʦʤ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʚʝʪʦʨʘʩʩʝʷʥʠʝ, ʢʘʫʩʪʠʯʝʩʢʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦʭʨʘʥʷʶʪʩʷ ʠ ʤʦʛʫʪ ʙʳʪʴ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʩʪʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ, ʚʢʣʶʯʘʶʱʝʡ 

ʣʘʟʝʨʥʳʡ ʠʩʪʦʯʥʠʢ, ʧʣʦʩʢʠʡ ʵʢʨʘʥ ʠ ʮʠʬʨʦʚʫʶ ʢʘʤʝʨʫ. ɺʠʟʫʘʣʠʟʘʮʠʷ ʠ ʧʦʩʣʝʜʫʶʱʠʡ ʘʥʘʣʠʟ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʢʘʫʩʪʠʢ ʧʦʟʚʦʣʷʶʪ ʦʮʝʥʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʩʨʝʜʝ. 

ʄʝʪʦʜ ʢʘʫʩʪʠʢ ʥʘʭʦʜʠʪ ʩʚʦʝ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʚ ʨʘʤʢʘʭ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ 

ʦʧʪʠʢʠ ʠ ʪʝʦʨʠʠ ʩʠʥʛʫʣʷʨʥʦʩʪʝʡ [2-4]. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ, ʢʘʫʩʪʠʢʠ 

ʚʦʟʥʠʢʘʶʪ ʚ ʪʝʭ ʦʙʣʘʩʪʷʭ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʚʝʪʦʚʳʭ ʣʫʯʝʡ, ʠ ʠʤʝʥʥʦ ʵʪʠ ʦʙʣʘʩʪʠ 

ʥʝʩʫʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʩʨʝʜʝ, ʯʪʦ ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ 

ʤʝʪʦʜʘ ʢʘʫʩʪʠʢ. ʕʪʦʪ ʧʦʜʭʦʜ, ʨʘʥʝʝ ʥʘʰʝʜʰʠʡ ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʝʭʘʥʠʢʝ ʨʘʟʨʫʰʝʥʠʷ ʠ ʧʨʠ 

ʠʟʫʯʝʥʠʠ ʥʘʧʨʷʞʝʥʠʡ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ [5-7], ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʘʯʘʣ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʠ ʢʘʢ 

ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʦʧʪʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʞʠʜʢʠʭ ʩʠʩʪʝʤ. ɽʛʦ ʧʨʠʤʝʥʝʥʠʝ ʥʝ ʪʨʝʙʫʝʪ ʩʣʦʞʥʦʛʦ 

ʠʣʠ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʤʝʪʦʜ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʥʘʙʦʨʦʤ 

ʦʧʪʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʫʩʣʦʚʠʡ ʧʨʦʟʨʘʯʥʦʩʪʠ.  

 

ʆɻʈɸʅʀʏɽʅʀʗ ʇʈʀʄɽʅɽʅʀʗ ʂʃɸʉʉʀʏɽʉʂʆʁ ʃɸɿɽʈʅʆʁ 

ʈɽʌʈɸʂʊʆɻʈɸʌʀʀ ɺ ʄʋʊʅʓʍ ʉʈɽɼɸʍ 

 

ʃʘʟʝʨʥʘʷ ʨʝʬʨʘʢʪʦʛʨʘʬʠʷ [8] ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʧʪʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ʚʠʟʫʘʣʠʟʘʮʠʠ ʛʨʘʜʠʝʥʪʦʚ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʞʠʜʢʠʭ 

ʩʨʝʜʘʭ. ɽʸ ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʠʟʤʝʥʝʥʠʷʤ ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʘʷ 

ʧʨʦʩʪʦʪʘ ʨʝʘʣʠʟʘʮʠʠ ʧʦʟʚʦʣʷʶʪ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜ ʧʨʠ ʠʟʫʯʝʥʠʠ ʧʨʦʮʝʩʩʦʚ 

ʤʘʩʩʦʧʝʨʝʥʦʩʘ, ʤʦʜʝʣʠʨʫʝʤʳʭ, ʥʘʧʨʠʤʝʨ, ʚ ʚʠʜʝ ʚʦʜʥʦ-ʩʦʣʝʚʳʭ ʩʣʦʸʚ. ʆʜʥʘʢʦ ʧʨʠ ʥʘʣʠʯʠʠ ʚ 

ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʝ ʨʘʩʩʝʠʚʘʶʱʠʭ ʧʨʠʤʝʩʝʡ, ʪʘʢʠʭ ʢʘʢ ʯʘʩʪʠʮʳ ʢʘʦʣʠʥʘ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʤʝʪʦʜʘ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʩʚʝʪ, ʧʨʦʭʦʜʷ ʯʝʨʝʟ ʤʫʪʥʫʶ ʩʨʝʜʫ, 

ʤʥʦʛʦʢʨʘʪʥʦ ʨʘʩʩʝʠʚʘʝʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʯʸʪʢʦʩʪʠ ʨʝʬʨʘʢʮʠʦʥʥʦʡ 

ʢʘʨʪʠʥʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ. 

ɺ ʨʷʜʝ ʨʘʥʝʝ ʚʳʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [9-11] ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

ʤʝʪʦʜʠʢʘ ʨʝʛʠʩʪʨʘʮʠʠ ʨʝʬʨʘʢʪʦʛʨʘʤʤ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʧʣʦʩʢʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʯʝʨʝʟ 

ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʫʶ ʞʠʜʢʦʩʪʴ ʙʝʟ ʨʘʩʩʝʠʚʘʶʱʠʭ ʧʨʠʤʝʩʝʡ. ɺ ʵʪʠʭ ʨʘʙʦʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʠʩʪʦʯʥʠʢ ʢʦʛʝʨʝʥʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 532 ʥʤ, ʬʦʨʤʠʨʫʶʱʠʡ ʩ ʧʦʤʦʱʴʶ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʣʠʥʟʳ ʣʘʟʝʨʥʫʶ ʧʣʦʩʢʦʩʪʴ, ʧʨʦʭʦʜʷʱʫʶ ʯʝʨʝʟ ʠʩʩʣʝʜʫʝʤʫʶ ʢʶʚʝʪʫ. ʇʦʩʣʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʦʧʪʠʯʝʩʢʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʦʡ ʠʟʦʙʨʘʞʝʥʠʝ ʧʫʯʢʘ ʧʨʦʝʮʠʨʦʚʘʣʦʩʴ ʥʘ 

ʵʢʨʘʥ ʠ ʬʠʢʩʠʨʦʚʘʣʦʩʴ ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʦʡ ʩ ʰʠʨʦʢʠʤ ʜʠʥʘʤʠʯʝʩʢʠʤ ʜʠʘʧʘʟʦʥʦʤ, ʯʪʦ 

ʧʦʟʚʦʣʷʣʦ ʧʦʣʫʯʘʪʴ ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ ʩ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. 
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ʇʦʣʫʯʝʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʩʣʫʞʠʣʠ ʵʪʘʣʦʥʦʤ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʨʘʚʥʝʥʠʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, 

ʧʦʣʫʯʘʝʤʳʤʠ ʧʨʠ ʥʘʣʠʯʠʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. 

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ, ʚ ʫʩʣʦʚʠʷʭ ʧʨʦʟʨʘʯʥʦʡ ʩʨʝʜʳ ʩ ʜʠʬʬʫʟʠʦʥʥʳʤ 

ʛʨʘʜʠʝʥʪʦʤ (ʥʘʧʨʠʤʝʨ, ʚ ʩʠʩʪʝʤʝ ʠʟ ʩʦʣʝʚʦʛʦ ʨʘʩʪʚʦʨʘ ʠ ʯʠʩʪʦʡ ʚʦʜʳ) ʢʣʘʩʩʠʯʝʩʢʘʷ ʣʘʟʝʨʥʘʷ 

ʨʝʬʨʘʢʪʦʛʨʘʬʠʷ ʧʦʟʚʦʣʷʝʪ ʥʘʜʸʞʥʦ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʨʝʬʨʘʢʮʠʦʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ, 

ʦʪʨʘʞʘʶʱʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʧʝʨʝʭʦʜʥʦʤ ʩʣʦʝ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʝʪʦʜʘ ʢ ʛʨʘʜʠʝʥʪʘʤ ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʝʛʦ ʧʨʠʤʝʥʠʤʦʩʪʴ ʚ 

ʩʠʩʪʝʤʘʭ ʩ ʭʦʨʦʰʝʡ ʧʨʦʟʨʘʯʥʦʩʪʴʶ. 

ɼʣʷ ʦʮʝʥʢʠ ʛʨʘʥʠʮ ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʝʪʦʜʘ ʚ ʤʫʪʥʦʡ ʩʨʝʜʝ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʧʦ 

ʦʧʨʝʜʝʣʝʥʠʶ ʧʨʝʜʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʦʣʠʥʘ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʚ ʩʝʨʠʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʫʪʸʤ ʜʦʙʘʚʣʝʥʠʷ ʟʘʨʘʥʝʝ ʧʦʜʛʦʪʦʚʣʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ 

ʢʘʦʣʠʥʘ ʚ ʠʩʩʣʝʜʫʝʤʫʶ ʢʶʚʝʪʫ. ʇʨʠ ʵʪʦʤ ʤʘʩʩʘ ʜʦʙʘʚʣʷʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ʠ ʦʙʲʸʤ ʞʠʜʢʦʩʪʠ 

ʪʦʯʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠʩʴ. ɺʟʚʝʰʠʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 0,001 ʛ, ʘ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʝ ʯʘʩʪʠʮ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʤʠʥʠʤʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ ʬʨʘʢʮʠʡ ʠ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʦʙʲʸʤʝ ʞʠʜʢʦʩʪʠ.  

ʈʝʟʫʣʴʪʘʪʳ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʛʨʝʩʩʠʨʫʶʱʝʝ ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʘʟʝʨʥʦʡ 

ʧʣʦʩʢʦʩʪʠ ʠ ʜʝʛʨʘʜʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ. ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʢʘʦʣʠʥʘ.  

 

 
8,59 ʤʛ/ʣ 

 
14,31 ʤʛ/ʣ 

 
25,76 ʤʛ/ʣ 

 
37,21 ʤʛ/ʣ 

ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʢʘʦʣʠʥʘ 
 

ɸʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʬʨʘʢʪʦʛʨʘʤʤ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʛʨʝʩʩʠʨʫʶʱʝʝ ʫʭʫʜʰʝʥʠʝ ʢʘʯʝʩʪʚʘ 

ʠʟʦʙʨʘʞʝʥʠʷ: ʦʪʜʝʣʴʥʳʝ ʫʯʘʩʪʢʠ ʨʝʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʥʘʯʠʥʘʶʪ ʠʩʯʝʟʘʪʴ, ʘ ʧʨʠ 

ʜʦʩʪʠʞʝʥʠʠ ʧʨʝʜʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʚʦʚʩʝ ʥʝ 

ʦʪʦʙʨʘʞʘʝʪʩʷ ʥʘ ʵʢʨʘʥʝ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʩʚʝʪ ʨʘʩʩʝʠʚʘʝʪʩʷ ʚ ʦʙʲʸʤʝ ʩʨʝʜʳ ʜʦ ʪʦʛʦ, ʢʘʢ 

ʜʦʩʪʠʛʘʝʪ ʦʙʣʘʩʪʠ ʨʝʛʠʩʪʨʘʮʠʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʣʦʢʘʣʴʥʳʝ ʛʨʘʜʠʝʥʪʳ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʩʪʘʥʦʚʷʪʩʷ ʚʠʟʫʘʣʴʥʦ ʥʝʨʘʟʣʠʯʠʤʳʤʠ ʠ ʥʝʜʦʩʪʫʧʥʳʤʠ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ 

ʘʥʘʣʠʟʘ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʦʙʲʷʩʥʷʝʪʩʷ ʧʝʨʝʭʦʜʦʤ ʩʨʝʜʳ ʚ ʨʝʞʠʤ ʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʢʦʛʜʘ 
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ʩʚʝʪ, ʧʨʝʞʜʝ ʯʝʤ ʜʦʩʪʠʯʴ ʧʣʦʩʢʦʩʪʠ ʨʝʛʠʩʪʨʘʮʠʠ, ʤʥʦʛʦʢʨʘʪʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʯʘʩʪʠʮʘʤʠ, 

ʪʝʨʷʷ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʥʝʚʦʟʤʦʞʥʦ ʢʦʨʨʝʢʪʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʬʦʨʤʳ 

ʣʫʯʝʚʳʭ ʪʨʘʝʢʪʦʨʠʡ, ʘ ʟʥʘʯʠʪ, ʠ ʧʦʣʫʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʫʚʝʣʠʯʝʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʠʩʪʝʤʳ ʨʝʛʠʩʪʨʘʮʠʠ ʥʝ 

ʢʦʤʧʝʥʩʠʨʫʝʪ ʧʦʪʝʨʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʯʸʪʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʣʘʩʩʠʯʝʩʢʘʷ ʣʘʟʝʨʥʘʷ ʨʝʬʨʘʢʪʦʛʨʘʬʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʠʤʘ ʚ 

ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʨʘʩʩʝʠʚʘʶʱʠʝ ʧʨʠʤʝʩʠ ʥʝ ʧʨʝʚʳʰʘʶʪ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ ʧʦʨʦʛ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʨʝʞʠʤʫ ʦʜʥʦʢʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ɿʘ ʧʨʝʜʝʣʘʤʠ ʵʪʦʛʦ ʨʝʞʠʤʘ ʤʝʪʦʜ ʪʝʨʷʝʪ 

ʜʠʘʛʥʦʩʪʠʯʝʩʢʫʶ ʮʝʥʥʦʩʪʴ. ʕʪʦ ʦʛʨʘʥʠʯʝʥʠʝ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʧʨʠʨʦʜʥʳʭ ʠʣʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʩʦʜʝʨʞʘʱʠʭ ʚʟʚʝʰʝʥʥʳʝ ʯʘʩʪʠʮʳ, ʪʘʢʠʭ ʢʘʢ 

ʩʪʦʯʥʳʝ ʚʦʜʳ, ʩʫʩʧʝʥʟʠʠ ʠʣʠ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʞʠʜʢʦʩʪʠ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʝʨʝʭʦʜʘ ʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʤʝʪʦʜʘʤ 

ʦʧʪʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ, ʫʩʪʦʡʯʠʚʳʤ ʢ ʨʘʩʩʝʷʥʠʶ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʧʦʜʭʦʜʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ 

ʘʥʘʣʠʟʘ ʢʘʫʩʪʠʢ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʨʝʛʠʩʪʨʘʮʠʷ ʣʦʢʘʣʴʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, 

ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʬʦʢʫʩʠʨʦʚʢʠ ʩʚʝʪʦʚʳʭ ʣʫʯʝʡ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʡ 

ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ, ʤʝʪʦʜ ʢʘʫʩʪʠʢ ʦʩʪʘʸʪʩʷ ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦʤ ʦʩʣʘʙʣʝʥʠʠ 

ʦʙʱʝʛʦ ʩʚʝʪʦʚʦʛʦ ʧʦʪʦʢʘ ʠ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʘʨʘʤʝʪʨʳ ʧʨʝʣʦʤʣʷʶʱʝʡ ʩʨʝʜʳ ʟʘ ʩʯʸʪ 

ʘʥʘʣʠʟʘ ʛʝʦʤʝʪʨʠʠ ʠ ʧʦʣʦʞʝʥʠʷ ʢʘʫʩʪʠʢ.  

 

ʄɽʊʆɼ ʂɸʋʉʊʀʂ ɺ ʋʉʃʆɺʀʗʍ ʉʀʃʔʅʆɻʆ ʈɸʉʉɽʗʅʀʗ ɺ ʄʋʊʅʓʍ ʉʈɽɼɸʍ 

 

ɺ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʪʨʘʜʠʮʠʦʥʥʘʷ ʨʝʬʨʘʢʪʦʛʨʘʬʠʷ ʩʪʘʥʦʚʠʪʩʷ ʥʝʵʬʬʝʢʪʠʚʥʦʡ ʠʟ-ʟʘ 

ʩʠʣʴʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʚ ʤʫʪʥʦʡ ʩʨʝʜʝ, ʤʝʪʦʜ ʢʘʫʩʪʠʢ ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ ʧʨʠʤʝʥʠʤʦʩʪʴ 

ʙʣʘʛʦʜʘʨʷ ʩʧʝʮʠʬʠʢʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʙʣʶʜʘʝʤʦʡ ʢʘʨʪʠʥʳ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [12], ʧʨʠ 

ʧʨʦʜʦʣʴʥʦʤ ʟʦʥʜʠʨʦʚʘʥʠʠ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʦʧʪʠʯʝʩʢʠ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʳ ʢʘʫʩʪʠʢʠ, 

ʦʙʣʘʩʪʠ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʣʫʯʝʡ, ʚ ʧʣʦʩʢʦʩʪʠ ʥʘʙʣʶʜʝʥʠʷ 

ʦʪʦʙʨʘʞʘʶʪʩʷ ʢʘʢ ʦʛʠʙʘʶʱʠʝ ʵʢʩʪʨʝʤʫʤʦʚ ʨʝʬʨʘʢʮʠʦʥʥʦʛʦ ʠʩʢʘʞʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʫʯʢʘ. ʕʪʦ 

ʢʣʶʯʝʚʦʝ ʩʚʦʡʩʪʚʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʘʥʘʣʠʟʘ ʚ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʦʙʱʘʷ ʩʪʨʫʢʪʫʨʘ 

ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ ʪʝʨʷʝʪʩʷ. 

ʉ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ, 

ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʤʫʪʥʫʶ ʩʨʝʜʫ, ʧʦʣʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʢʘʞʝʥʦ ʠʣʠ ʯʘʩʪʠʯʥʦ 

ʫʪʨʘʯʝʥʦ, ʦʜʥʘʢʦ ʣʦʢʘʣʴʥʳʝ ʫʯʘʩʪʢʠ ʩ ʧʦʚʳʰʝʥʥʦʡ ʷʨʢʦʩʪʴʶ (ʵʢʩʪʨʝʤʫʤʳ) ʤʦʛʫʪ ʙʳʪʴ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ. ʕʪʠ ʫʯʘʩʪʢʠ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʨʦʝʢʮʠʷʤ ʢʘʫʩʪʠʯʝʩʢʠʭ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʥʘ ʵʢʨʘʥ ʥʘʙʣʶʜʝʥʠʷ ʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ 

ʢʘʫʩʪʠʢ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʥʘ ʵʢʨʘʥʝ ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʨʝʬʨʘʢʪʦʛʨʘʤʤʳ ʠʟ-ʟʘ 

ʩʠʣʴʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ, ʩʦʭʨʘʥʝʥʠʝ ʠ ʘʥʘʣʠʟ ʵʢʩʪʨʝʤʫʤʦʚ ʧʦʟʚʦʣʷʝʪ ʟʘʬʠʢʩʠʨʦʚʘʪʴ 

ʧʨʦʝʢʮʠʶ ʢʘʫʩʪʠʢ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʸ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ.  

ɺ ʨʘʙʦʪʘʭ [11, 14] ʦʧʠʩʘʥʘ ʤʝʪʦʜʠʢʘ ʨʝʛʠʩʪʨʘʮʠʠ ʢʘʫʩʪʠʢ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ 

ʧʨʦʭʦʞʜʝʥʠʠ ʩʚʝʪʘ ʯʝʨʝʟ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʫʶ ʞʠʜʢʦʩʪʴ. ɺ ʵʪʠʭ ʨʘʙʦʪʘʭ ʧʨʠʤʝʥʷʣʘʩʴ 

ʦʧʪʠʢʦ-ʵʣʝʢʪʨʦʥʥʘʷ ʫʩʪʘʥʦʚʢʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʟʦʥʜʠʨʦʚʘʥʠʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʰʠʨʦʢʠʤ 

ʢʦʣʣʠʤʠʨʦʚʘʥʥʳʤ ʣʘʟʝʨʥʳʤ ʧʫʯʢʦʤ. ʈʝʛʠʩʪʨʘʮʠʷ ʨʝʬʨʘʢʪʦʛʨʘʤʤ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʯʝʨʝʟ 

ʬʨʦʥʪʘʣʴʥʫʶ ʩʪʝʥʢʫ ʢʶʚʝʪʳ. ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʢʘʫʩʪʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʩ ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʡ ʬʦʪʦʢʘʤʝʨʳ, ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʨʘʩʯʸʪʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ (ʨʠʩ. 2).  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ 

ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʘʷ ʦʩʥʦʚʘ ʜʣʷ ʘʥʘʣʠʟʘ ʧʦʚʝʜʝʥʠʷ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʤʫʪʥʦʡ ʩʨʝʜʝ, 

ʩʦʜʝʨʞʘʱʝʡ ʨʘʩʩʝʠʚʘʶʱʠʝ ʯʘʩʪʠʮʳ ʢʘʦʣʠʥʘ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʫʭʫʜʰʝʥʠʝ ʚʠʜʠʤʦʩʪʠ ʧʦʣʥʦʡ ʨʝʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʨʘʩʩʝʷʥʠʝ, ʚ 

ʧʨʦʝʢʮʠʷʭ ʥʘ ʵʢʨʘʥ ʩʦʭʨʘʥʷʝʪʩʷ ʚʠʜʠʤʦʩʪʴ ʣʦʢʘʣʴʥʳʭ ʵʢʩʪʨʝʤʫʤʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʢʦʪʦʨʳʝ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʝʢʮʠʠ ʢʘʫʩʪʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ.  
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1 ï ʣʘʟʝʨ, 2 ï ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ, 3 ï ʢʶʚʝʪʘ, 4 ï ʮʠʬʨʦʚʘʷ ʬʦʪʦʢʘʤʝʨʘ 

ʈʠʩ. 2. ɺʥʝʰʥʠʡ ʚʠʜ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ  

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʞʠʜʢʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʢʘʫʩʪʠʢ 
 

ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 3 ʜʣʷ 

ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʨʝʜ, ʧʦʟʚʦʣʷʶʪ ʥʘʛʣʷʜʥʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ 

ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʜʠʬʬʫʟʠʦʥʥʳʡ ʩʣʦʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʦʢʘʣʴʥʳʝ 

ʵʢʩʪʨʝʤʫʤʳ ʥʘ ʨʝʬʨʘʢʪʦʛʨʘʤʤʘʭ ʩʦʚʧʘʜʘʶʪ ʩ ʦʙʣʘʩʪʷʤʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʣʫʯʝʡ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʨʦʝʢʮʠʷʤ ʢʘʫʩʪʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. 

 

  

  
 

ʈʠʩ. 3. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 3D-ʨʝʬʨʘʢʪʦʛʨʘʤʤ ʧʣʦʩʢʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʫʯʢʘ ʚ ʜʠʬʬʫʟʠʦʥʥʦʤ ʩʣʦʝ 

ʞʠʜʢʦʩʪʠ (ʫʛʦʣ ʥʘʢʣʦʥʘ 45Á ʠ 90Á) ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ ʩʦʣʝʚʦʛʦ ʨʘʩʪʚʦʨʘ 

 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʫʪʨʘʪʝ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʳ 

ʨʝʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʥʘ ʚʳʭʦʜʝ ʩʨʝʜʳ, ʧʨʦʝʢʮʠʠ ʢʘʫʩʪʠʢ ʦʩʪʘʶʪʩʷ ʠʥʬʦʨʤʘʪʠʚʥʳʤʠ ʜʣʷ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʨʝʣʦʤʣʷʶʱʝʡ ʩʨʝʜʳ. 

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʢʘʫʩʪʠʢ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ 

ʜʠʘʛʥʦʩʪʠʢʠ ʦʧʪʠʯʝʩʢʠ ʥʝʦʜʥʦʨʦʜʥʳʭ ʤʫʪʥʳʭ ʩʨʝʜ, ʛʜʝ ʢʣʘʩʩʠʯʝʩʢʠʡ ʤʝʪʦʜ ʣʘʟʝʨʥʦʡ 

ʨʝʬʨʘʢʪʦʛʨʘʬʠʠ ʪʝʨʷʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʩʝʷʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʯʘʩʪʠʯʥʦʡ 

ʫʪʨʘʪʝ ʨʝʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʥʘ ʵʢʨʘʥʝ ʩʦʭʨʘʥʷʶʪʩʷ ʵʢʩʪʨʝʤʫʤʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʧʨʦʝʢʮʠʠ ʢʘʫʩʪʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. ʕʪʠ ʧʨʦʝʢʮʠʠ ʥʝʩʫʪ 

ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʝʛʦ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩ ʜʦʧʫʩʪʠʤʦʡ ʪʦʯʥʦʩʪʴʶ. 
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ʉʨʘʚʥʝʥʠʝ ʩ ʨʘʥʝʝ ʚʳʧʦʣʥʝʥʥʳʤʠ ʯʠʩʣʝʥʥʳʤʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʘʙʦʪʘʤʠ 

ʧʦʜʪʚʝʨʜʠʣʦ, ʯʪʦ ʛʝʦʤʝʪʨʠʷ ʢʘʫʩʪʠʯʝʩʢʠʭ ʚʝʪʚʝʡ ʦʩʪʘʸʪʩʷ ʫʩʪʦʡʯʠʚʦʡ ʢ ʨʘʩʩʝʷʥʠʶ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʝʪʦʜ ʢʘʫʩʪʠʢ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʦʧʪʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʠ 

ʚ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʸʥ ʧʨʠ ʠʟʫʯʝʥʠʠ ʜʠʬʬʫʟʠʦʥʥʳʭ 

ʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʞʠʜʢʠʭ ʩʠʩʪʝʤ, ʛʜʝ ʢʣʘʩʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʤʝʶʪ ʩʫʱʝʩʪʚʝʥʥʳʝ 

ʦʛʨʘʥʠʯʝʥʠʷ. 
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CAUSTIC LASER RADIATION METHOD APPLICATION  

FOR SOLVING OF THE REFRACTION PROBLEMS IN TURBID MEDIA  

The study of refractive index distribution in inhomogeneous turbid media presents a significant 

challenge due to strong light scattering, which reduces the accuracy of traditional optical diagnostic 

methods. This paper explores the application of the laser radiation caustics method for diagnosing 

optical inhomogeneities under conditions of limited transparency. It is shown that, despite scattering 

in turbid media, causticsðdefined as specific lines and surfaces where the intensity of the light field 

increases sharplyðretain information about the refractive index distribution. In cases where the 

intensity of radiation is substantially attenuated while passing through an optically inhomogeneous 

medium, caustics can still be observed in refraction patterns without the need for specialized 

equipment. Furthermore, the geometric characteristics of the caustics can be used to reconstruct the 

refractive index profile. A diffusion layer containing suspended kaolin particles is used in this study 

as the model turbid medium. 

 

CAUSTIC METHOD, LASER REFRACTOGRAPHY, LIQUID DIFFUSION LAYER, 

SCATTERING 
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ɺʦʩʝʤʥʘʜʮʘʪʘʷ ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

çʆʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʪʦʢʦʚè 

ʄʦʩʢʚʘ, 30 ʠʶʥʷ ï 04 ʠʶʣʷ 2025 ʛ. 
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ʆʉʆɹɽʅʅʆʉʊʀ ɺʀɿʋɸʃʀɿɸʎʀʀ ɺʀʍʈɽɺʓʍ ʅʀʊɽʁ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʈʘʩʩʤʦʪʨʝʥ ʨʷʜ ʚʠʭʨʝʚʳʭ ʪʝʯʝʥʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʘʵʨʦʬʠʟʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʇʨʠʚʝʜʝʥʳ ʪʘʢʠʝ ʩʧʦʩʦʙʳ ʠʭ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʢʘʢ ʪʝʥʝʚʦʡ ʠ ʧʨʷʤʦʪʝʥʝʚʦʡ ʤʝʪʦʜʳ, ʪʝʥʝʚʦʡ 

ʬʦʥʦʚʳʡ ʤʝʪʦʜ (BOS), ʤʝʪʦʜ ʣʘʟʝʨʥʦʛʦ ʥʦʞʘ ʠ ʩʜʚʠʛʦʚʘʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʷ. ɼʘʥʳ ʩʭʝʤʳ 

ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʦʜʦʚ ʠ ʦʧʠʩʘʥʳ ʜʦʨʘʙʦʪʢʠ ʩʠʩʪʝʤ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʘʜʘʧʪʠʨʦʚʘʥʥʳʭ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʥʘ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʪʝʥʜʘʭ. ʇʨʠʚʝʜʝʥʳ ʢʘʨʪʠʥʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʦʨʦʠʜʘʣʴʥʳʭ 

ʚʠʭʨʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʜʥʦʚʨʝʤʝʥʥʦ ʪʝʥʝʚʳʤ ʬʦʥʦʚʳʤ ʤʝʪʦʜʦʤ ʠ ʤʝʪʦʜʦʤ ʩʜʚʠʛʦʚʦʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ, ʘ ʪʘʢʞʝ ʚʠʭʨʝʡ ʩ ʥʘʧʣʳʚʦʚ ʢʨʳʣʴʝʚ ʠ ʢʦʥʮʝʚʳʭ ʚʠʭʨʝʡ. ɼʘʥʳ ʦʙʱʠʝ 

ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʧʘʨʘʤʝʪʨʦʚ ʩʭʝʤ. 

 

ɺʀʍʈɽɺʓɽ ʊɽʏɽʅʀʗ, ɸʕʈʆʌʀɿʀʏɽʉʂʀʁ ʕʂʉʇɽʈʀʄɽʅʊ, ʄɽʊʆɼʓ 

ɺʀɿʋɸʃʀɿɸʎʀʀ 

 

ɺɺɽɼɽʅʀɽ 

 

ɺʠʭʨʝʚʳʝ ʪʝʯʝʥʠʷ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʪʩʷ ʢʘʢ ʚ ʧʨʠʨʦʜʝ, ʪʘʢ ʠ ʚ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. 

ɺ ʨʘʙʦʪʝ [1] ʧʨʠʚʝʜʝʥʘ ʠʭ ʩʠʩʪʝʤʘʪʠʟʘʮʠʷ, ʩʦʛʣʘʩʥʦ ʝʡ, ʚʠʭʨʠ ʩʫʱʝʩʪʚʫʶʪ ʚ ʪʨʸʭ ʚʠʜʘʭ: 

ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʚʠʭʨʠ, ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʠ ʚʠʭʨʝʚʳʝ ʥʠʪʠ. ʇʦ ʧʨʠʯʠʥʝ ʠʭ ʧʨʠʢʣʘʜʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ ʦʛʨʘʥʠʯʠʤʩʷ ʢʣʘʩʩʦʤ çʚʠʭʨʝʚʳʝ ʥʠʪʠè, ʘ ʚ ʥʠʭ ʪʝʯʝʥʠʷʤʠ ʜʚʫʭ ʪʠʧʦʚ ï 

ʣʠʥʝʡʥʦʡ ʚʠʭʨʝʚʦʡ ʥʠʪʠ ʠ ʪʦʨʦʠʜʘʣʴʥʳʤ ʚʠʭʨʝʤ. ɼʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʚʳʜʝʣʠʪʴ ʪʝ 

ʚʦʟʤʫʱʝʥʠʷ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪʩʷ ʚ ʠʩʭʦʜʥʦʤ ʦʜʥʦʨʦʜʥʦʤ ʧʦʪʦʢʝ ʵʪʠʤʠ ʚʠʭʨʷʤʠ. ʀʥʦʛʜʘ ʵʪʠ 

ʚʦʟʤʫʱʝʥʠʷ ʚʠʜʥʳ ʩʘʤʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʣʠʙʦ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʡ ʘʧʧʘʨʘʪʫʨʳ, ʘ ʠʥʦʛʜʘ 

ʪʨʝʙʫʶʪʩʷ ʚʠʟʫʘʣʠʟʠʨʫʶʱʠʝ ʜʦʙʘʚʢʠ. 

 

ɺʀɿʋɸʃʀɿɸʎʀʗ ʃʀʅɽʁʅʆʁ ɺʀʍʈɽɺʆʁ ʅʀʊʀ 

 

ɼʘʥʥʳʡ ʚʠʭʨʴ ʦʙʨʘʟʫʝʪʩʷ ʥʘ ʦʩʪʨʦʡ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʝ ʩʪʨʝʣʦʚʠʜʥʦʛʦ ʢʨʳʣʘ, ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ çʚʠʭʨʴ ʥʘʜ ʥʘʧʣʳʚʦʤè. ʆʥ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʦʤʧʦʥʦʚʢʘʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ 

ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʠʭ ʤʘʥʝʚʨʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʨʠʩ. 1 ʠʟ [2]). 

ɼʝʪʘʣʴʥʦ ʦʥ ʙʳʣ ʠʟʫʯʝʥ ʚ 60-80-ʭ ʛʦʜʘʭ ʧʨʦʰʣʦʛʦ ʚʝʢʘ. ɺ ʨʘʙʦʪʝ [3] ʜʘʥ ʪʝʦʨʝʪʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʵʪʦʛʦ ʪʝʯʝʥʠʷ ʠ ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤʠ. ʗʜʨʦʤ ʚʠʭʨʷ 

ʥʘʟʳʚʘʝʪʩʷ ʦʙʣʘʩʪʴ, ʛʜʝ ʦʢʨʫʞʥʘʷ ʩʢʦʨʦʩʪʴ ʤʝʥʷʝʪʩʷ ʣʠʥʝʡʥʦ (ʪ. ʝ. ʧʨʦʠʩʭʦʜʠʪ ʚʨʘʱʝʥʠʝ ʧʦ 

ʟʘʢʦʥʫ ʪʚʸʨʜʦʛʦ ʪʝʣʘ), ʘ ʚʥʝ ʷʜʨʘ ʦʢʨʫʞʥʘʷ ʩʢʦʨʦʩʪʴ ʩʧʘʜʘʝʪ ʧʦ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ. 

(ʨʠʩ. 2)  
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ʈʠʩ. 1. [2] 

 

ʆʩʝʚʘʷ ʩʢʦʨʦʩʪʴ ʚ ʮʝʥʪʨʝ ʷʜʨʘ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ ʚ 3,5-4 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʩʢʦʨʦʩʪʴ 

ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ (ʨʠʩ. 3ʘ), ʥʘ ʦʩʠ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʵʪʦʤ ʩʠʣʴʥʦʝ ʨʘʟʨʝʞʝʥʠʝ (ʨʠʩ. 3ʙ). 

ʇʦʜʦʙʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʳʯʥʦ ʨʝʘʣʠʟʫʝʪʩʷ ʜʦ ʜʦʩʪʠʞʝʥʠʷ ʢʨʠʪʝʨʠʷ ɹʦʩʩʝʣʘ (ʩʪʝʧʝʥʴ ʟʘʢʨʫʪʢʠ 

ʧʦʪʦʢʘ arctg(vŰ/vx) ~ 40ʦ [3]), ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʪ. ʥ. çʚʟʨʳʚè ʚʠʭʨʷ ʩ ʨʘʟʨʫʰʝʥʠʝʤ ʷʜʨʘ, 

ʧʠʢ ʦʩʝʚʦʡ ʩʢʦʨʦʩʪʠ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ ʟʥʘʯʝʥʠʷ < 1, ʨʘʟʨʝʞʝʥʠʝ ʧʨʠ ʵʪʦʤ ʧʘʜʘʝʪ. ʉʣʫʯʘʶʪʩʷ ʠ 

ʥʝʢʦʪʦʨʳʝ ʠʩʢʣʶʯʝʥʠʷ ʠʟ ʵʪʦʛʦ ʧʨʘʚʠʣʘ [4]. ɺʦʧʨʦʩʘʤ ʨʘʟʨʫʰʝʥʠʷ ʚʠʭʨʷ ʫʜʝʣʷʣʦʩʴ ʙʦʣʴʰʦʝ 

ʚʥʠʤʘʥʠʝ, ʪʘʢ ʢʘʢ ʧʦʚʳʰʝʥʠʝ ʥʝʩʫʱʠʭ ʩʚʦʡʩʪʚ ʢʨʳʣʘ ʧʨʦʠʩʭʦʜʠʪ ʠʤʝʥʥʦ ʚʩʣʝʜʩʪʚʠʝ ʦʙʣʘʩʪʠ 

ʨʘʟʨʝʞʝʥʠʷ ʥʘʜ ʢʨʳʣʦʤ, ʚʟʦʨʚʘʚʰʠʡʩʷ ʚʠʭʨʴ ʧʝʨʝʩʪʘʸʪ ʫʣʫʯʰʘʪʴ ʥʝʩʫʱʠʝ ʩʚʦʡʩʪʚʘ ʢʨʳʣʘ. 

 

  
ʈʠʩ. 2. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʧʨʦʬʠʣʠ ʙʝʟʨʘʟʤʝʨʥʦʡ ʦʢʨʫʞʥʦʡ ʩʢʦʨʦʩʪʠ [3] 

 

ɺʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʪʝʯʝʥʠʝ ʤʦʞʥʦ ʣʠʙʦ ʧʦ ʧʦʥʠʞʝʥʥʦʤʫ ʜʘʚʣʝʥʠʶ (ʘ ʟʥʘʯʠʪ ʠ ʧʣʦʪʥʦʩʪʠ) 

ʚ ʷʜʨʝ ʚʠʭʨʷ, ʣʠʙʦ ʧʦ ʦʢʨʫʞʥʦʡ ʩʢʦʨʦʩʪʠ, ʜʦʩʪʠʛʘʶʱʝʡ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʥʘ ʝʛʦ 

ʛʨʘʥʠʮʝ. ʊʝʥʝʚʳʤʠ ʠ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʚʧʦʣʥʝ ʤʦʞʥʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ 

ʦʙʣʘʩʪʴ ʧʦʥʠʞʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʷʜʨʝ ʚʠʭʨʷ, ʥʦ ʠʟ-ʟʘ ʤʘʣʦʛʦ ʧʦʣʷ ʟʨʝʥʠʷ ʦʙʦʨʫʜʦʚʘʥʠʷ 

(ʩʪʘʥʜʘʨʪʥʳʡ ʪʝʥʝʚʦʡ ʧʨʠʙʦʨ ʀɸɹ-451 ʠʤʝʝʪ ʧʦʣʝ ʟʨʝʥʠʷ 230 ʤʤ) ʠ ʟʥʘʯʠʪʝʣʴʥʳʭ 

ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʦʥʠ ʦʙʳʯʥʦ ʜʣʷ ʵʪʠʭ ʮʝʣʝʡ ʥʝ ʠʩʧʦʣʴʟʫʶʪʩʷ. ʉʪʘʥʜʘʨʪʥʦ ʜʣʷ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʣʘʟʝʨʥʦʛʦ ʥʦʞʘ [5]. 
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ʘ)       ʙ) 

ʘ) ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʦʡ ʦʩʝʚʦʡ ʩʢʦʨʦʩʪʠ ʥʘ ʨʘʟʣʠʯʥʳʭ ʙʝʟʨʘʟʤʝʨʥʳʭ 

ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʮʝʥʪʨʘ ʷʜʨʘ ʚʠʭʨʷ, 

ʙ) - ʧʨʦʬʠʣʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ CP [3]. ὅ   [3] 

ʈʠʩ. 3. 

 

ɼʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʣʘʟʝʨʥʳʤ ʥʦʞʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʦ ʩʚʦʡʩʪʚʦ, ʯʪʦ ʮʝʥʪʨʦʙʝʞʥʦʡ ʩʠʣʦʡ 

ʠʟ-ʟʘ ʟʥʘʯʠʪʝʣʴʥʦʡ ʦʢʨʫʞʥʦʡ ʩʢʦʨʦʩʪʠ ʚʩʝ ʨʘʩʩʝʠʚʘʶʱʠʝ ʯʘʩʪʠʮʳ ʚʳʥʦʩʷʪʩʷ ʠʟ ʷʜʨʘ, ʧʨʠ 

ʵʪʦʤ ʷʜʨʦ ʚʳʛʣʷʜʠʪ ʪʸʤʥʦʡ ʦʙʣʘʩʪʴʶ (ʨʠʩ. 4). ʈʘʩʩʝʠʚʘʶʱʠʤʠ ʯʘʩʪʠʮʘʤʠ ʤʦʞʝʪ ʙʳʪʴ ʣʠʙʦ 

ʛʝʥʝʨʘʪʦʨ ʘʵʨʦʟʦʣʷ (ʦʙʳʯʥʦ ʩʮʝʥʠʯʝʩʢʠʡ), ʣʠʙʦ ʚʦʟʜʫʰʥʳʡ ʢʦʥʜʝʥʩʘʪ (ʚ ʪʨʘʥʩʟʚʫʢʦʚʳʭ 

ʪʨʫʙʘʭ), ʣʠʙʦ ʪʝʪʨʘʭʣʦʨʠʜ ʪʠʪʘʥʘ, ʧʦʜʘʚʘʝʤʳʡ ʚ ʦʙʣʘʩʪʴ ʟʘʨʦʞʜʝʥʠʷ ʚʠʭʨʝʚʦʛʦ ʪʝʯʝʥʠʷ. ɺ 

ʨʘʙʦʪʝ [4] ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʪʘʣʴʢ. ɺ ʛʠʜʨʦʪʨʫʙʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʦʛʦ ʚʠʭʨʷ ʧʨʦʠʩʭʦʜʠʪ 

ʪʨʘʜʠʮʠʦʥʥʦ ʩ ʧʦʤʦʱʴʶ ʢʨʘʩʠʪʝʣʝʡ (ʨʠʩ. 5) [6]. 

 

 

  
ʈʠʩ. 4. ɺʠʟʫʘʣʠʟʘʮʠʷ ʚʠʭʨʝʡ ʣʘʟʝʨʥʳʤ ʥʦʞʦʤ [5] 

 

 

  
ʈʠʩ. 5. ɼʚʘ ʪʠʧʘ ʚʟʨʳʚʘ ʚʠʭʨʷ ʚ ʛʠʜʨʦʪʨʫʙʝ [6] 
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ʀʟʤʝʨʝʥʠʝ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʚ 60-ʝ ʛʦʜʘ ʧʥʝʚʤʦʤʝʪʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ 

(ʨʠʩ. 2-3 [3]), ʚ ʥʘʯʘʣʝ 80-ʭ ʛʦʜʦʚ ʩ ʧʦʤʦʱʴʶ ʃɼʀʉʘ (ʨʠʩ. 6ʚ) [4]), ʘ ʧʦʟʞʝ ï PIV ʤʝʪʦʜʦʤ (ʨʠʩ. 

6ʙ) [7] ʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʦʤ (ʨʠʩ. 14ʙ) [8]. 

 

  
        ʘ)            ʙ) 

  
ʚ) 

ʈʠʩ. 6. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʙʝʟʨʘʟʤʝʨʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʷʜʨʝ ʚʠʭʨʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʟʣʠʯʥʳʭ ʩʝʯʝʥʠʷʭ ʤʝʪʦʜʦʤ PIV ʙ) 

[7], ʠ ʃɼʀʉ ʚ) [4] 

 

ʇʨʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʘʢ ʣʘʟʝʨʥʳʤ ʥʦʞʦʤ, ʪʘʢ ʠ PIV ʩ ʜʳʤʦʚʳʤʠ ʤʝʪʦʜʘʤʠ ʦʩʦʙʦʡ ʟʘʜʘʯʝʡ 

ʩʪʘʥʦʚʠʪʩʷ ʟʘʩʝʚ ʧʦʪʦʢʘ ʨʘʩʩʝʠʚʘʶʱʠʤʠ ʩʚʝʪ ʯʘʩʪʠʮʘʤʠ ʠ ʨʝʛʠʩʪʨʘʮʠʷ ʢʘʨʪʠʥʳ ʦʙʪʝʢʘʥʠʷ, 

ʞʝʣʘʪʝʣʴʥʦ ʚ ʧʣʦʩʢʦʩʪʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʧʣʦʩʢʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʥʦʞʘ. ʋʯʠʪʳʚʘʷ ʤʘʣʳʝ 

ʨʘʟʤʝʨʳ ʠʣʣʶʤʠʥʘʪʦʨʦʚ ʚ ɸɼʊ ʩ ʟʘʢʨʳʪʳʤʠ ʨʘʙʦʯʠʤʠ ʯʘʩʪʷʤʠ, ʵʪʦ ʠʥʦʡ ʨʘʟ ʩʪʘʥʦʚʠʪʩʷ 

ʥʝʧʨʦʩʪʦʡ ʟʘʜʘʯʝʡ. 

 

ʂʆʅʎɽɺʆʁ ɺʀʍʈʔ 

 

ɺʠʭʨʴ ʜʘʥʥʦʛʦ ʪʠʧʘ ʘʥʘʣʦʛʠʯʝʥ ʚʠʭʨʶ ʥʘ ʥʘʧʣʳʚʝ ʠ ʯʘʩʪʦ ʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷ ʚ ʥʘʪʫʨʥʳʭ 

ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦ ʚʣʘʞʥʦʤ ʚʦʟʜʫʭʝ ʙʣʠʟʢʘ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʪʦʯʢʠ ʨʦʩʳ (ʨʠʩ. 7). 

ʊʦʯʥʦ ʪʘʢ ʞʝ ʢʘʧʣʠ ʢʦʥʜʝʥʩʘʪʘ ʚʳʥʦʩʷʪʩʷ ʥʘ ʧʝʨʠʬʝʨʠʶ, ʚʠʟʫʘʣʠʟʠʨʫʷ ʪʝʤ ʩʘʤʳʤ ʷʜʨʦ 

ʧʦʪʦʢʘ. 

 

  
ʈʠʩ. 7. 
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ʆʙʣʘʯʥʦʩʪʴ ʪʦʞʝ ʷʚʣʷʝʪʩʷ ʧʨʝʢʨʘʩʥʳʤ ʚʠʟʫʘʣʠʟʘʪʦʨʦʤ ʚʠʭʨʝʚʦʛʦ ʪʝʯʝʥʠʷ (ʨʠʩ. 8). 

 

 
ɺʠʭʨʝʚʦʡ ʩʣʝʜ ʟʘ ʩʘʤʦʣʸʪʦʤ 

  
ɼʦʨʦʞʢʘ ʂʘʨʤʘʥʘ ʧʨʠ ʦʙʪʝʢʘʥʠʠ ʚʝʪʨʦʤ ʛʦʨʥʳʭ ʚʝʨʰʠʥ. ʉʥʠʤʦʢ ʩ ʦʨʙʠʪʳ. 

ʈʠʩ. 8. ʆʙʣʘʢʘ ʢʘʢ ʩʨʝʜʩʪʚʦ ʚʠʟʫʘʣʠʟʘʮʠʠ 

 

ɺ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ ʢʦʥʮʝʚʳʝ ʚʠʭʨʠ ʪʨʘʜʠʮʠʦʥʥʦ ʚʠʟʫʘʣʠʟʠʨʫʶʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʣʘʟʝʨʥʦʛʦ ʥʦʞʘ, ʧʨʦʙʣʝʤʦʡ ʷʚʣʷʝʪʩʷ ʣʠʰʴ ʜʦʩʪʘʪʦʯʥʳʡ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʟʘʩʝʚ ʧʦʪʦʢʘ 

ʨʘʩʩʝʠʚʘʶʱʠʤʠ ʯʘʩʪʠʮʘʤʠ. ɼʣʷ ʜʦʟʚʫʢʦʚʳʭ ʪʨʫʙ ʩ ʜʠʘʤʝʪʨʦʤ ʨʘʙʦʯʠʭ ʯʘʩʪʝʡ ʜʦ 4 ʤ ʦʙʳʯʥʦ 

ʚʧʦʣʥʝ ʭʚʘʪʘʝʪ ʦʜʥʦʛʦ ʩʮʝʥʠʯʝʩʢʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʘʵʨʦʟʦʣʷ. ʅʘ ʨʠʩ. 9 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʠʥʳ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʢʦʥʮʝʚʳʭ ʚʠʭʨʝʡ ʩ ʧʨʷʤʦʛʦ ʢʨʳʣʘ. ʄʦʜʝʣʴ ʙʳʣʘ ʚ ʪʨʫʙʥʦʤ ʧʦʣʦʞʝʥʠʠ 

(ʧʝʨʝʚʸʨʥʫʪʘʷ). ʗʜʨʘ ʚʠʭʨʝʡ ï ʪʸʤʥʳʝ ʦʢʨʫʞʥʦʩʪʠ, ʚʦʢʨʫʛ ʢʦʪʦʨʳʭ ʜʘʞʝ ʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷ 

ʟʘʢʨʫʯʝʥʥʦʝ ʧʦʪʝʥʮʠʘʣʴʥʦʝ ʪʝʯʝʥʠʝ. ɼʣʷ ʤʘʩʰʪʘʙʘ ï ʜʠʘʤʝʪʨ ʪʨʫʙʢʠ ʧʦʜʘʯʠ ʜʳʤʘ ʚ ʣʝʚʦʤ 

ʥʠʞʥʝʤ ʫʛʣʫ 50 ʤʤ, ʜʠʘʤʝʪʨ ʷʜʝʨ 11 ʤʤ. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʘʥʘʣʦʛʠʯʥʘ ʧʦʢʘʟʘʥʥʦʡ ʥʘ 

ʨʠʩ. 5. 

 

 
ɼʠʘʤʝʪʨ ʷʜʨʘ ʚʠʭʨʷ 11 ʤʤ 

ʈʠʩ. 9. 
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ʊʆʈʆʀɼɸʃʔʅʓʁ ɺʀʍʈʔ 

 

ɺʠʭʨʠ ʜʘʥʥʦʛʦ ʚʠʜʘ ʪʘʢʞʝ ʜʦʚʦʣʴʥʦ ʦʙʳʯʥʳ ʚ ʦʢʨʫʞʘʶʱʝʡ ʥʘʩ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ. ʆʥʠ 

ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʨʝʟʢʦʤ ʥʘʯʘʣʝ ʠʩʪʝʯʝʥʠʷ ʛʘʟʘ ʠʟ ʪʨʫʙʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʘʨʪʠʣʣʝʨʠʡʩʢʠʭ 

ʚʳʩʪʨʝʣʘʭ (ʨʠʩ. 10) ʠʣʠ ʠʩʪʝʯʝʥʠʠ ʧʣʘʟʤʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ ʠʟ ʪʨʫʙʳ (ʨʠʩ. 11). 

 

 
ʈʠʩ. 10. 

 

   
ʈʠʩ. 11. 

 

ɽʩʣʠ ʪʦʨʦʠʜʘʣʴʥʳʡ ʚʠʭʨʴ ʜʦʩʪʘʪʦʯʥʦ ʛʦʨʷʯʠʡ, ʪʦ ʝʛʦ ʩʘʤʦʩʚʝʯʝʥʠʷ ʭʚʘʪʘʝʪ ʜʣʷ 

ʨʝʛʠʩʪʨʘʮʠʠ, (ʨʠʩ. 10-11), ʛʜʝ ʥʘ ʧʝʨʚʦʤ ʠʟʦʙʨʘʞʸʥ ʚʳʩʪʨʝʣ ʠʟ ʤʠʥʦʤʸʪʘ çʊʶʣʴʧʘʥè, ʥʘ 

ʚʪʦʨʦʤ ïïʬʦʨʤʠʨʦʚʘʥʠʝ ʚʠʭʨʝʚʦʛʦ ʢʦʣʴʮʘ ʠʟ ʧʣʘʟʤʦʠʜʘ, ʚʦʟʥʠʢʰʝʛʦ ʧʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ 

ʨʘʟʨʷʜʝ ʚ ʪʨʫʙʢʝ. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʩʲʸʤʢʘ ʚʝʣʘʩʴ ʥʘ ʢʘʤʝʨʫ çɺʠʜʝʦʩʧʨʠʥʪè ʩ ʯʘʩʪʦʪʦʡ 2500 

ʢ/ʩ.  

ɺ ʩʣʫʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʩʘʤʦʩʚʝʯʝʥʠʷ ʩʪʨʫʢʪʫʨʫ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʚʠʭʨʷ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʣʠʰʴ 

ʩ ʧʦʤʦʱʴʶ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʤʝʪʦʜʘ ʚʠʟʫʘʣʠʟʘʮʠʠ. ʅʘ ʨʠʩ. 12 ʧʨʝʜʩʪʘʚʣʝʥ ʚʠʜ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʚʠʭʨʝʚʦʛʦ ʢʦʣʴʮʘ ʠ ʝʛʦ ʦʪʨʘʞʝʥʠʷ ʧʨʠ ʥʘʯʘʣʝ ʠʩʪʝʯʝʥʠʷ ʚʦʟʜʫʭʘ ʠʟ ʩʦʧʣʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ 

ʥʘʧʨʦʪʠʚ ʧʣʦʩʢʦʡ ʧʨʝʛʨʘʜʳ. ʉʥʠʤʢʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʣʠʥʟʦʚʦʛʦ ʧʨʠʙʦʨʘ ʊʝʧʣʝʨʘ, 

ʨʝʛʠʩʪʨʘʮʠʷ ʚʝʣʘʩʴ ʢʘʤʝʨʦʡ çɺʠʜʝʦʩʧʨʠʥʪè ʩ ʯʘʩʪʦʪʦʡ ʩʲʸʤʢʠ 488 ʢ/ʩ. 

 

   
ʈʠʩ. 12. 

 

ʇʨʷʤʦʪʝʥʝʚʦʡ ʤʝʪʦʜ ʪʦʞʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ. ʅʘ 

ʨʠʩ. 13 ʧʦʢʘʟʘʥ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʠʭʨʝʚʦʛʦ ʢʦʣʴʮʘ, ʩʥʷʪʳʡ ʧʨʷʤʦʪʝʥʝʚʳʤ 

ʤʝʪʦʜʦʤ ʥʘ ʦʪʢʨʳʪʳʡ ʟʘʪʚʦʨ ʩ ʧʦʤʦʱʴʶ ʪʦʯʝʯʥʦʛʦ ʠʩʢʨʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

1 ʤʢʩ.  
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ʈʠʩ. 13. ʌʦʨʤʠʨʦʚʘʥʠʝ ʚʠʭʨʝʚʦʛʦ ʢʦʣʴʮʘ, ʧʨʷʤʦʪʝʥʝʚʦʡ ʤʝʪʦʜ 

 

ɺ ʨʘʙʦʪʝ [8], ʠʟʣʦʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʚʦʡʩʪʚ ʚʠʭʨʝʚʳʭ 

ʢʦʣʝʮ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʫʠ ʚʦʟʜʫʭʘ, ʚʳʪʘʣʢʠʚʘʝʤʦʡ ʠʟ ʢʨʫʛʣʦʛʦ ʩʦʧʣʘ 

ʩʧʝʮʠʘʣʴʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʧʦʣʶ ʩʢʦʨʦʩʪʝʡ, 

ʠʟʤʝʨʝʥʥʦʤʫ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ. ʊʘʤ ʞʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʚʠʭʨʝʚʦʛʦ ʢʦʣʴʮʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʟʘʢʦʥʘʭ ʩʦʭʨʘʥʝʥʠʷ. ɺʠʟʫʘʣʠʟʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʜʳʤʦʚʳʤ 

ʤʝʪʦʜʦʤ. ʅʘ ʨʠʩ. 14ʘ ʠʟ [8] ʧʨʠʚʝʜʝʥʘ ʩʭʝʤʘ ʚʠʭʨʝʚʦʛʦ ʢʦʣʴʮʘ, ʥʘ ʨʠʩ. 14ʙ ï ʨʝʟʫʣʴʪʘʪʳ 

ʠʟʤʝʨʝʥʠʡ ʩʢʦʨʦʩʪʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʦʤ, 14ʚ-ʜ ʜʘʥʳ ʩʝʯʝʥʠʷ ʢʦʣʴʮʘ, ʬʨʦʥʪʘʣʴʥʦʝ ʠ 

ʤʝʨʠʜʠʦʥʘʣʴʥʦʝ, ʧʦʣʫʯʝʥʥʳʝ ʜʳʤʦʚʳʤ ʤʝʪʦʜʦʤ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ. 

 

 
         ʘ)                    ʙ)   ʚ)  ʛ)  ʜ) 

ʈʠʩ. 14. [8] ʘ) ʩʭʝʤʘ ʢʦʣʴʮʘ, ʙ) ʩʢʦʨʦʩʪʴ ʚ) Re Ò (1õ2)Ŀ104 ʛ) Re > 2·104 ʜ) ʬʨʦʥʪʘʣʴʥʦʝ ʩʝʯʝʥʠʝ 

 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʩʪʨʫʠ ʬʦʨʤʠʨʫʝʪʩʷ ʣʘʤʠʥʘʨʥʦʝ ʣʠʙʦ ʪʫʨʙʫʣʝʥʪʥʦʝ 

ʢʦʣʴʮʦ. ɽʩʣʠ Re Ò (1 õ 2)Ŀ104, ʪʦ ʦʙʨʘʟʫʶʪʩʷ ʣʘʤʠʥʘʨʥʳʝ ʚʠʭʨʠ (ʨʠʩ. 14ʚ), ʝʩʣʠ ʯʠʩʣʦ Re 

ʧʨʝʚʳʰʘʝʪ ʵʪʦ ʟʥʘʯʝʥʠʝ, ʪʦ ʚʠʭʨʴ ʩʪʘʥʦʚʠʪʩʷ ʪʫʨʙʫʣʝʥʪʥʳʤ (ʨʠʩ. 14ʛ-ʜ) (Re = V·R0Ŀɟ/ɛ, ʛʜʝ R0 

ï ʨʘʜʠʫʩ ʩʦʧʣʘ, V ï ʩʢʦʨʦʩʪʴ ʩʪʨʫʠ). ʂʘʢ ʠ ʨʘʥʝʝ, ʷʜʨʦ ʚʠʭʨʷ ʦʪʯʸʪʣʠʚʦ ʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷ ʟʘ 

ʩʯʸʪ ʚʳʥʦʩʘ ʯʘʩʪʠʮ ʜʳʤʘ ʥʘ ʝʛʦ ʧʝʨʠʬʝʨʠʶ. 

ʅʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʧʨʠʙʦʨʦʤ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ 

ʷʚʣʷʝʪʩʷ ʩʜʚʠʛʦʚʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ (ʨʠʩ. 15).  

 

   
ʀʊ-228          ʉʬʝʨʠʯʝʩʢʦʝ ʟʝʨʢʘʣʦ  ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʈʠʩ. 15. ʆʙʦʨʫʜʦʚʘʥʠʝ ʠ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʨʝʛʠʩʪʨʘʮʠʠ ʢʦʛʝʨʝʥʪʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʘʢʫʩʪʠʯʝʩʢʠ 

ʚʦʟʙʫʞʜʸʥʥʦʡ ʩʪʨʫʝ ʚ ʟʘʛʣʫʰʝʥʥʦʡ ʢʘʤʝʨʝ 
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ʉ ʧʦʤʦʱʴʶ ʟʝʨʢʘʣʴʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʙʦʢʦʚʦʛʦ ʩʜʚʠʛʘ ʀʊ-228 ʚ ʎɸɻʀ ʙʳʣʠ ʚʧʝʨʚʳʝ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʪʦʨʦʠʜʘʣʴʥʳʝ ʚʠʭʨʠ ʚ ʩʣʦʝ ʩʤʝʰʝʥʠʷ ʚ ʘʢʫʩʪʠʯʝʩʢʠ ʚʦʟʙʫʞʜʸʥʥʦʡ 

ʟʘʪʦʧʣʝʥʥʦʡ ʜʦʟʚʫʢʦʚʦʡ ʩʪʨʫʝ (ʨʠʩ. 15-16 [9]).  

 

  
ʈʠʩ. 16. ʂʦʛʝʨʝʥʪʥʳʝ ʚʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ 

 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʩʪʨʦʙʦʩʢʦʧʠʯʝʩʢʦʤ ʦʩʚʝʱʝʥʠʠ, ʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥʥʦʤ ʩ 

ʯʘʩʪʦʪʦʡ ʚʦʟʙʫʞʜʝʥʠʷ ʩʪʨʫʠ. ɹʣʘʛʦʜʘʨʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʪʦʨʦʠʜʘʣʴʥʳʝ 

ʚʠʭʨʠ ʚʠʟʫʘʣʠʟʠʨʦʚʘʣʠʩʴ ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʚʠʟʫʘʣʠʟʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʚ ʩʪʨʫʶ ʠ ʙʝʟ ʥʘʛʨʝʚʘ 

(ʦʭʣʘʞʜʝʥʠʷ) ʩʪʨʫʠ.  

ɺ ʎɸɻʀ ʪʘʢʞʝ ʨʝʛʫʣʷʨʥʦ ʧʨʦʚʦʜʠʣʠʩʴ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʪʦʨʦʠʜʘʣʴʥʳʤʠ ʚʠʭʨʷʤʠ, 

ʛʝʥʝʨʘʪʦʨʦʤ ʢʦʪʦʨʳʭ ʙʳʣʦ ʫʩʪʨʦʡʩʪʚʦ, ʘʥʘʣʦʛʠʯʥʦʝ ʧʨʠʤʝʥʸʥʥʦʤʫ ʚ [8]. ʅʘ ʨʠʩ. 17 [10] 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʬʦʪʦ ʚʠʭʨʝʚʦʛʦ ʢʦʣʴʮʘ ʧʨʠ ʝʛʦ ʩʦʫʜʘʨʝʥʠʠ ʩ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʆʪʯʸʪʣʠʚʦ 

ʚʠʜʥʦ ʝʛʦ ʷʜʨʦ. ʂʘʢ ʠ ʨʘʥʝʝ, ʥʠʢʘʢʠʭ ʚʠʟʫʘʣʠʟʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʟʜʝʩʴ ʥʝ ʙʳʣʦ. 

 

    

ʈʠʩ. 17. [9] 

 

ɺ ʩʣʫʯʘʝ ʛʦʨʷʯʝʛʦ ʚʠʭʨʷ ʧʨʦʙʣʝʤ ʩ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʚʦʦʙʱʝ ʥʝ ʚʦʟʥʠʢʘʝʪ, ʥʘ ʨʠʩ. 18 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʜʨʳ ʚʳʣʝʪʘ ʢʦʣʴʮʘ ʠʟ ʧʣʘʟʤʦʪʨʦʥʘ, ʧʨʠʯʸʤ ʵʪʦʪ ʚʠʭʨʴ ʥʝ ʩʘʤʦʩʚʝʪʷʱʠʡʩʷ. 

ɺʧʝʨʝʜʠ ʥʝʛʦ ï ʫʜʘʨʥʘʷ ʚʦʣʥʘ. 

 

   

ʈʠʩ. 18. 

 

ɼʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʚʠʭʨʷ ʭʦʨʦʰʦ ʩʝʙʷ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣ ʪʝʥʝʚʦʡ ʬʦʥʦʚʳʡ 

ʤʝʪʦʜ (ʊʌʄ, BOS ʚ ʘʥʛʣʠʡʩʢʦʡ ʪʨʘʥʩʢʨʠʧʮʠʠ), ʢʦʪʦʨʳʡ, ʢʘʢ ʠ ʪʝʥʝʚʳʝ ʩ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʦʪʥʦʩʠʪʩʷ ʢ ʨʝʬʨʘʢʪʦʤʝʪʨʠʯʝʩʢʠʤ ʤʝʪʦʜʘʤ [11].  
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ʈʠʩ 19. ʇʨʠʥʮʠʧ ʪʝʥʝʚʦʛʦ ʬʦʥʦʚʦʛʦ ʤʝʪʦʜʘ 

 

ɽʛʦ ʧʨʠʥʮʠʧ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʩʥʘʯʘʣʘ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʥʝʠʩʢʘʞʸʥʥʦʝ ʧʦʣʝ 

ʤʘʨʢʝʨʦʚ, ʘ ʟʘʪʝʤ ï ʠʩʢʘʞʸʥʥʦʝ, ʠ ʧʦ ʨʘʟʣʠʯʠʷʤ ʚ ʠʭ ʧʦʣʦʞʝʥʠʠ ʥʘʭʦʜʠʪʩʷ ʠʟʦʙʨʘʞʝʥʠʝ 

ʬʘʟʦʚʦʛʦ ʦʙʲʝʢʪʘ, ʢʦʪʦʨʳʡ ʵʪʦ ʠʩʢʘʞʝʥʠʝ ʚʳʟʚʘʣ. ʅʘ ʨʠʩ. 20 ʧʨʝʜʩʪʘʚʣʝʥʦ ʬʦʪʦ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʚʠʭʨʷ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʜʝʣʘʥʥʦʛʦ ʊʌʄ ʤʝʪʦʜʦʤ ʠ ʩʜʚʠʛʦʚʦʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʝʡ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʦʟʜʫʭ ʚʥʫʪʨʠ ʚʠʭʨʝʛʝʥʝʨʘʪʦʨʘ ʧʨʠʰʣʦʩʴ ʛʨʝʪʴ, 

ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʛʘʟʘ ʝʛʦ ʧʣʦʪʥʦʩʪʴ ʨʘʩʪʸʪ, ʘ ʚ ʷʜʨʝ ï ʧʘʜʘʝʪ, ʧʦʵʪʦʤʫ ʬʘʢʪʦʨʳ 

ʙʫʜʫʪ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴʩʷ. ʇʨʠ ʥʘʛʨʝʚʝ ʦʥʠ ʨʘʙʦʪʘʶʪ ʚ ʦʜʥʫ ʩʪʦʨʦʥʫ ï ʧʣʦʪʥʦʩʪʴ ʙʫʜʝʪ 

ʫʤʝʥʴʰʘʪʴʩʷ ʠ ʠʟ-ʟʘ ʥʘʛʨʝʚʘ, ʠ ʠʟ-ʟʘ ʧʦʥʠʞʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ. 

 

  

ʊʌʄ ʤʝʪʦʜ ʀʥʪʝʨʬʝʨʦʤʝʪʨʠʷ 

ʈʠʩ. 20. ɺʠʟʫʘʣʠʟʘʮʠʷ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʚʠʭʨʷ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ 

 

ʊʌʄ ʤʝʪʦʜ ʦʙʣʘʜʘʝʪ ʤʘʣʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ, ʥʦ ʚ ʨʝʘʣʠʟʘʮʠʠ ʚʝʩʴʤʘ ʧʨʦʩʪ, ʤʦʞʝʪ 

ʠʤʝʪʴ ʦʯʝʥʴ ʙʦʣʴʰʫʶ ʦʙʣʘʩʪʴ ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʥʝ ʪʨʝʙʫʝʪ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

 

ɺʓɺʆɼʓ 

 

¶ ʄʝʪʦʜʳ ʣʘʟʝʨʥʦʛʦ ʥʦʞʘ ʠ PIV ʪʨʝʙʫʶʪ ʚʚʝʜʝʥʠʷ ʚ ʪʝʯʝʥʠʝ ʨʘʩʩʝʠʚʘʶʱʠʭ ʩʚʝʪ 

ʜʦʙʘʚʦʢ. 

¶ ʊʘʢʠʝ ʨʝʬʨʘʢʪʦʤʝʪʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʢʘʢ ʪʝʥʝʚʦʡ, ʧʨʷʤʦʪʝʥʝʚʦʡ ʠ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʡ ʥʘʜʸʞʥʦ ʚʳʜʝʣʷʶʪ ʩʪʨʫʢʪʫʨʫ ʚʠʭʨʝʚʦʛʦ ʪʝʯʝʥʠʷ ʙʝʟ ʜʦʙʘʚʦʢ. 

¶ ʅʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʤʝʪʦʜʦʤ ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ. ɽʛʦ ʧʦʣʝ 
ʚʠʟʫʘʣʠʟʘʮʠʠ ʦʛʨʘʥʠʯʝʥʦ ʣʠʰʴ ʨʘʟʤʝʨʘʤʠ ʩʬʝʨʠʯʝʩʢʦʛʦ ʟʝʨʢʘʣʘ ʠ ʚ ʤʦʙʠʣʴʥʦʤ 

ʚʘʨʠʘʥʪʝ ʜʦʩʪʠʛʘʝʪ 500 ʤʤ. ʆʥ ʥʝ ʪʨʝʙʫʝʪ ʚʚʝʜʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚ ʪʝʯʝʥʠʝ. 

¶ ʊʝʥʝʚʦʡ ʬʦʥʦʚʳʡ ʤʝʪʦʜ ʫʩʪʫʧʘʝʪ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʦʤʫ ʚ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʥʦ 
ʧʨʝʚʦʩʭʦʜʠʪ ʧʦ ʨʘʟʤʝʨʫ ʧʦʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʣʠʰʴ ʧʦʣʝʤ ʟʨʝʥʠʷ 

ʨʝʛʠʩʪʨʠʨʫʶʱʝʡ ʘʧʧʘʨʘʪʫʨʳ, ʘ ʪʘʢʞʝ ʪʨʝʙʫʝʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʘʛʨʝʚʘ ʩʪʨʫʠ, 

ʬʦʨʤʠʨʫʶʱʝʡ ʚʠʭʨʝʚʦʝ ʢʦʣʴʮʦ 

¶ ɸʚʪʦʨʫ ʥʝ ʫʜʘʣʦʩʴ ʥʘʡʪʠ ʜʘʥʥʳʝ ʧʦ ʧʨʷʤʳʤ ʠʟʤʝʨʝʥʠʷʤ ʦʩʝʚʦʡ ʩʢʦʨʦʩʪʠ ʚ 
ʪʦʨʦʠʜʘʣʴʥʦʤ ʚʠʭʨʝ, ʭʦʪʷ ʠʟ ʢʘʨʪʠʥ ʚʠʟʫʘʣʠʟʘʮʠʠ ʵʪʘ ʩʢʦʨʦʩʪʴ ʷʚʥʦ ʜʦʣʞʥʘ ʙʳʪʴ 

(ʧʷʪʥʦ ʨʘʟʨʝʞʝʥʠʷ ʚ ʷʜʨʝ). ɺ ʣʠʥʝʡʥʦʤ ʚʠʭʨʝ ʪʘʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʠʟʚʦʜʠʣʠʩʴ. 
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ABSTRACT 

 

A number of vortex flows characteristic of the aerophysical experiment are considered. Such 

visualization methods as schlieren and direct shadow methods, background oriented schlieren 

method (BOS), laser knife method and shear interferometry are given. Schemes for the 

implementation of methods are given and improvements to visualization systems adapted for use on 

aerodynamic stands are described. The visualization patterns of toroidal vortices, including both the 

background oriented schlieren method and the method of shear interferometry, as well as vortices 

with inflows of wings and end vortices, are presented. General recommendations on the selection of 

circuit parameters are given. 
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ʆʇʊʀʏɽʉʂɸʗ ɺʀɿʋɸʃʀɿɸʎʀʗ ʉʊɸʎʀʆʅɸʈʅʆɻʆ ʉɺɽʈʍɿɺʋʂʆɺʆɻʆ 

ʊɽʏɽʅʀʗ ʆʂʆʃʆ ʆɹʊɽʂɸɽʄʆɻʆ ʊɽʃɸ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʪʝʯʝʥʠʷ 

ʚ ʢʘʥʘʣʝ ʫʜʘʨʥʦʡ ʪʨʫʙʳ ʧʨʠ ʩʪʘʮʠʦʥʘʨʥʦʤ ʦʙʪʝʢʘʥʠʠ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʟʘʪʫʧʣʝʥʥʦʛʦ ʪʝʣʘ. 

ʏʠʩʣʘ ʄʘʭʘ ʧʦʪʦʢʦʚ ʚʦʟʜʫʭʘ ʩʦʩʪʘʚʣʷʣʠ 1,36-1,60. ʉʪʘʮʠʦʥʘʨʥʦʝ ʪʝʯʝʥʠʝ ʦʢʦʣʦ ʪʝʣʘ 

ʬʦʨʤʠʨʦʚʘʣʦʩʴ ʚ ʪʝʯʝʥʠʝ 30 ʤʢʩ ʚ ʧʨʦʮʝʩʩʝ ʜʠʬʨʘʢʮʠʠ ʧʣʦʩʢʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʠ ʜʣʠʣʦʩʴ ʜʦ 

300 ʤʢʩ. ʊʝʯʝʥʠʝ ʚʠʟʫʘʣʠʟʠʨʦʚʘʣʦʩʴ ʧʫʪʝʤ ʨʝʛʠʩʪʨʘʮʠʠ ʩʚʝʯʝʥʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ 

ʦʙʲʝʤʥʦʛʦ ʨʘʟʨʷʜʘ ʠ ʧʨʷʤʳʤ ʪʝʥʝʚʳʤ ʤʝʪʦʜʦʤ. ʂʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʦʙʲʝʤʥʳʡ ʨʘʟʨʷʜ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 500 ʥʩ ʨʝʘʣʠʟʦʚʘʣʩʷ ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʥʘʧʨʷʞʝʥʠʠ 25 ʢɺ ʚ ʦʙʲʝʤʝ 

ʧʨʦʪʷʞʝʥʥʦʩʪʴʶ 100 ʤʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʪʦʢʘ. ɺʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʪʝʥʝʚʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʯʘʩʪʦʪʦʡ 150 000 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʩʚʝʯʝʥʠʷ 

ʨʘʟʨʷʜʘ ʩ ʢʘʜʨʘʤʠ ʪʝʥʝʚʦʡ ʩʲʝʤʢʠ ʧʦʟʚʦʣʠʣʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʪʨʝʭʤʝʨʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʪʝʯʝʥʠʷ ʩ ʛʦʣʦʚʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ ʠ ʥʘʢʣʦʥʥʳʤʠ ʩʢʘʯʢʘʤʠ ʫʧʣʦʪʥʝʥʠʷ. 

 

ʋɼɸʈʅɸʗ ɺʆʃʅɸ, ʉɺɽʈʍɿɺʋʂʆɺʆʁ ʇʆʊʆʂ, ʅɸʅʆʉɽʂʋʅɼʅʓʁ 

ʂʆʄɹʀʅʀʈʆɺɸʅʅʓʁ ʆɹʒɽʄʅʓʁ ʈɸɿʈʗɼ, ɻɸɿʆʈɸɿʈʗɼʅɸʗ ɺʀɿʋɸʃʀɿɸʎʀʗ, 

ʊɽʅɽɺɸʗ ɺʀɿʋɸʃʀɿɸʎʀʗ 

 

ɺɺɽɼɽʅʀɽ 

 

ʄʝʪʦʜʳ ʚʠʟʫʘʣʠʟʘʮʠʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʪʦʢʦʚ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʨʘʟʨʷʜʦʚ 

ʧʨʠʦʙʨʝʣʠ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʨʝʰʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʟʘʜʘʯ ʧʣʘʟʤʝʥʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ 

[1-4]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʨʷʜʦʚ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʦʨʛʘʥʠʟʦʚʘʪʴ ʨʘʟʥʳʝ 

ʨʝʞʠʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʦʪʦʢʦʚ, ʥʦ ʠ ʧʦʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʭ ʩʪʨʫʢʪʫʨʝ [2, 4]. 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʪʘʢʠʝ ʢʘʢ ʧʨʷʤʦʡ ʪʝʥʝʚʦʡ ʤʝʪʦʜ, ʰʣʠʨʝʥ-ʤʝʪʦʜ ʠ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʡ ʤʝʪʦʜ, ʜʦʢʘʟʘʣʠ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩʚʝʨʭʟʚʫʢʦʚʳʭ 

ʪʝʯʝʥʠʡ ʚ ʪʨʫʙʘʭ, ʛʜʝ ʥʘʙʣʶʜʘʶʪʩʷ ʨʝʟʢʠʝ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜʳ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ [1, 4, 5]. ɺ ʢʦʤʙʠʥʘʮʠʠ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ 

ʨʝʛʠʩʪʨʘʮʠʷ ʩʚʝʯʝʥʠʷ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫ  ʁʠʥʬʦʨʤʘʮʠ ʁʦ 

ʪʝʯʝʥʠʠ, ʚʢʣʶʯʘʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʪʨʸʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʇʦʤʠʤʦ ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʟʘ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʨʘʟʚʠʚʘʶʪʩʷ ʩʧʦʩʦʙʳ 

ʚʠʟʫʘʣʠʟʘʮʠʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʨʝʛʠʩʪʨʘʮʠʠ ʩʚʝʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʛʘʟʦʚʳʭ ʨʘʟʨʷʜʦʚ [1-4]. 

ʊʘʢʠʝ ʤʝʪʦʜʳ ʦʩʦʙʝʥʥʦ ʧʦʣʝʟʥʳ ʧʨʠ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ ʛʘʟʘ, ʧʦʩʢʦʣʴʢʫ ʣʦʢʘʣʴʥʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʯʝʥʠʷ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʧʣʘʟʤʳ ʤʦʞʝʪ ʙʳʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥʘ ʩ 

ʚʝʣʠʯʠʥʘʤʠ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʧʣʦʪʥʦʩʪʴʶ ʛʘʟʘ [5, 2, 4]. ʆʙʲʝʤʥʳʝ 
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ʥʘʥʦʩʝʢʫʥʜʥʳʝ ʨʘʟʨʷʜʳ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʢʦʪʦʨʳʭ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʭʘʨʘʢʪʝʨʥʳʭ 

ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʚʨʝʤʸʥ, ʧʦʟʚʦʣʷʶʪ ʬʠʢʩʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʵʣʝʤʝʥʪʳ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ 

ʧʦʪʦʢʦʚ, ʪʘʢʠʝ ʢʘʢ ʛʦʣʦʚʥʳʝ, ʢʦʩʳʝ ʩʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ ʠ ʜʨʫʛʠʝ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʪʝʯʝʥʠʷ [4, 6]. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʘʩʴ ʦʧʨʝʜʝʣʝʥʠʝ ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨ rʩʚʝʨʭʟʚʫʢʦʚʦʛʦ 

ʧʦʪʦʢʘ ʩ ʯʠʩʣʘʤʠ ʄʘʭʘ 1,36-1,60, ʦʙʪʝʢʘʶʱʝʛʦ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʝ ʟʘʪʫʧʣʝʥʥʦʝ ʪʝʣʦ. 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʪʝʯʝʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʧʫʪʝʤ ʨʝʛʠʩʪʨʘʮʠʠ ʩʚʝʯʝʥʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ 

ʦʙʲʝʤʥʦʛʦ ʨʘʟʨʷʜʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 500 ʥʩ ʚ ʨʘʟʨʷʜʥʦʡ ʩʝʢʮʠʠ ʫʜʘʨʥʦʡ ʪʨʫʙʳ.  

 

ʇʆʉʊɸʅʆɺʂɸ ʕʂʉʇɽʈʀʄɽʅʊʆɺ 

 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʜʘʨʥʦʡ ʪʨʫʙʝ ʩ ʨʘʟʨʷʜʥʦʡ ʩʝʢʮʠʝʡ, ʠʤʝʶʱʝʡ 

ʚʥʫʪʨʝʥʥʝʝ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʩʝʯʝʥʠʝ 24Ĭ48 ʤʤĮ (y³z) [6]. ɺ ʢʘʯʝʩʪʚʝ ʨʘʙʦʯʝʛʦ ʛʘʟʘ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʦʟʜʫʭ ʧʨʠ ʥʘʯʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ p  = 10-30 ʪʦʨʨ. ʇʦʩʣʝ ʨʘʟʨʳʚʘ ʜʠʘʬʨʘʛʤʳ ʚ 

ʢʘʥʘʣʝ ʬʦʨʤʠʨʦʚʘʣʦʩʴ ʪʝʯʝʥʠʝ ʩ ʧʣʦʩʢʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ, ʟʘ ʢʦʪʦʨʦʡ ʩʣʝʜʦʚʘʣ ʦʜʥʦʨʦʜʥʳʡ 

ʩʧʫʪʥʳʡ ʧʦʪʦʢ [4, 6]. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʯʠʩʣʘʭ ʄʘʭʘ ʧʣʦʩʢʠʭ ʫʜʘʨʥʳʭ ʚʦʣʥ 

3,0-4,2 ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʠʩʣʘʭ ʄʘʭʘ ʧʦʪʦʢʦʚ ʟʘ ʥʠʤʠ 1,36-1,60.  

ʇʦ ʮʝʥʪʨʫ ʨʘʟʨʷʜʥʦʡ ʩʝʢʮʠʠ ʧʦʜ ʥʫʣʝʚʳʤ ʫʛʣʦʤ ʘʪʘʢʠ ʢ ʥʘʙʝʛʘʶʱʝʤʫ ʧʦʪʦʢʫ ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʝ ʪʝʣʦ ï ʮʠʣʠʥʜʨ ʜʠʘʤʝʪʨʦʤ 7.5 ʤʤ ʩʦ ʩʬʝʨʠʯʝʩʢʠʤ ʟʘʪʫʧʣʝʥʠʝʤ, 

ʜʣʠʥʦʡ 200 ʤʤ. ʇʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʧʨʦʠʩʭʦʜʠʣʘ ʜʠʬʨʘʢʮʠʷ, ʟʘʚʝʨʰʘʶʱʘʷʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʦʣʦʚʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʠ ʫʩʪʘʥʦʚʣʝʥʠʝʤ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʦʙʪʝʢʘʥʠʷ (ʨʠʩ. 1). 

ʉʪʘʮʠʦʥʘʨʥʦʝ ʪʝʯʝʥʠʝ ʬʦʨʤʠʨʦʚʘʣʦʩʴ ʚ ʪʝʯʝʥʠʝ 30-50 ʤʢʩ ʚ ʧʨʦʮʝʩʩʝ ʜʠʬʨʘʢʮʠʠ ʧʣʦʩʢʦʡ 

ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʠ ʧʨʦʜʦʣʞʘʣʦʩʴ ʜʦ 300 ʤʢʩ ʚ ʧʨʝʜʝʣʘʭ ʜʣʠʪʝʣʴʥʦʩʪʠ ʦʜʥʦʨʦʜʥʦʛʦ ʩʧʫʪʥʦʛʦ 

ʪʝʯʝʥʠʷ. ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʦ ʪʝʥʝʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʪʝʯʝʥʠʷ ʦʢʦʣʦ ʪʝʣʘ ʥʘ ʩʪʘʮʠʦʥʘʨʥʦʡ ʩʪʘʜʠʠ 

ʦʙʪʝʢʘʥʠʷ, ʚʢʣʶʯʘʶʱʝʝ ʛʦʣʦʚʥʫʶ ʫʜʘʨʥʫʶ ʚʦʣʥʫ, ʢʦʩʳʝ, ʘ ʪʘʢʞʝ ʦʪʨʘʞʝʥʥʳʝ ʦʪ ʩʪʝʥʦʢ ʠ ʦʪ 

ʪʝʣʘ ʥʘʢʣʦʥʥʳʝ ʩʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ. ʇʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʡ ʩʪʘʜʠʠ ʪʝʯʝʥʠʝ 

ʧʝʨʝʩʪʨʘʠʚʘʣʦʩʴ ʩ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʬʠʛʫʨʘʮʠʠ ʚʩʝʭ ʫʜʘʨʥʳʭ ʚʦʣʥ.  

ɺʠʟʫʘʣʠʟʘʮʠʷ ʪʝʯʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʯʝʨʝʟ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʝ ʢʚʘʨʮʝʚʳʝ ʙʦʢʦʚʳʝ 

ʩʪʝʥʢʠ ʨʘʟʨʷʜʥʦʡ ʩʝʢʮʠʠ. ʊʝʥʝʚʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʘʤʝʨʦʡ 

ʩ ʯʘʩʪʦʪʦʡ 150 000 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʩʚʝʪʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʝʧʨʝʨʳʚʥʳʡ 

ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 532 ʥʤ. ʆʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʣʘ ʧʘʨʘʣʣʝʣʴʥʳʡ ʧʫʯʦʢ ʩʚʝʪʘ 

ʰʠʨʠʥʦʡ ʦʢʦʣʦ 40 ʤʤ, ʢʦʪʦʨʳʡ ʧʨʦʭʦʜʠʣ ʯʝʨʝʟ ʩʪʝʢʣʘ ʨʘʟʨʷʜʥʦʡ ʩʝʢʮʠʠ ʠ ʟʦʥʜʠʨʦʚʘʣ ʧʦʣʝ 

ʪʝʯʝʥʠʷ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʠ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʧʴʝʟʦʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ, ʧʦʜʢʣʶʯʸʥʥʳʝ ʢ ʦʩʮʠʣʣʦʛʨʘʬʫ. 

 

  
ʈʠʩ. 1. ʊʝʥʝʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʪʝʯʝʥʠʷ ʦʢʦʣʦ ʤʦʜʝʣʠ ʧʨʠ ʯʠʩʣʝ ʄʘʭʘ ʧʦʪʦʢʘ 1,6 ʠ 

ʧʣʦʪʥʦʩʪʠ ʧʦʪʦʢʘ ”1 = 0,10 ʢʛ/ʤ3, ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʘ ʦʙʣʘʩʪʴ ʧʨʠʣʦʞʝʥʠʷ ʠʤʧʫʣʴʩʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ 
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ɺ ʦʩʥʦʚʥʦʡ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘʥʦʩʝʢʫʥʜʥʳʡ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʦʙʲʝʤʥʳʡ ʛʘʟʦʚʳʡ 

ʨʘʟʨʷʜ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʵʣʝʤʝʥʪʦʚ ʪʝʯʝʥʠʷ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʨʷʜʘ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʧʝʮʠʘʣʴʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʥʘʥʦʩʝʢʫʥʜʥʦʛʦ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ 

ʦʙʲʝʤʥʦʛʦ ʨʘʟʨʷʜʘ, ʚʢʣʶʯʘʶʱʘʷ ʜʚʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʢʦʣʴʟʷʱʠʭ ʨʘʟʨʷʜʘ [6]. ʅʘ ʚʝʨʭʥʝʡ ʠ 

ʥʠʞʥʝʡ ʩʪʝʥʢʘʭ ʨʘʟʨʷʜʥʦʡ ʩʝʢʮʠʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 24 ʤʤ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʧʨʠ 

ʧʨʠʣʦʞʝʥʠʠ ʠʤʧʫʣʴʩʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʦʟʜʘʚʘʣʘʩʴ ʩʠʩʪʝʤʘ ʢʘʥʘʣʦʚ ʩʢʦʣʴʟʷʱʠʭ ʨʘʟʨʷʜʦʚ, 

ʢʦʪʦʨʳʝ ʬʦʨʤʠʨʦʚʘʣʠ ʚʝʨʭʥʠʡ ʠ ʥʠʞʥʠʡ ʧʣʘʟʤʝʥʥʳʝ ʵʣʝʢʪʨʦʜʳ ʧʣʦʱʘʜʴʶ 30Ĭ100 ʤʤĮ, 

ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʫʶ ʠʦʥʠʟʘʮʠʶ ʦʙʲʝʤʘ ʋʌ-ʠʟʣʫʯʝʥʠʝʤ. ʈʘʟʨʷʜʥʳʡ ʦʙʲʸʤ ʠʤʝʣ 

ʧʨʦʪʷʞʸʥʥʦʩʪʴ 100 ʤʤ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʪʦʢʘ. ʅʦʩʦʚʘʷ ʯʘʩʪʴ ʪʝʣʘ ʜʣʠʥʦʡ 25 ʤʤ 

ʨʘʩʧʦʣʘʛʘʣʘʩʴ ʚʥʫʪʨʠ ʨʘʟʨʷʜʥʦʛʦ ʦʙʲʝʤʘ (ʨʠʩ. 1). ʇʨʠ ʠʤʧʫʣʴʩʥʦʡ ʨʘʟʨʷʜʢʝ ʢʦʥʜʝʥʩʘʪʦʨʘ, 

ʟʘʨʷʞʘʝʤʦʛʦ ʜʦ ʨʘʙʦʯʝʛʦ ʥʘʧʨʷʞʝʥʠʷ 25 ʢɺ, ʧʨʦʠʩʭʦʜʠʣ ʦʙʲʝʤʥʳʡ ʧʨʦʙʦʡ ʛʘʟʘ. ʊʦʢ ʨʘʟʨʷʜʘ 

ʜʦʩʪʠʛʘʣ 1 ʢɸ, ʘ ʝʛʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʩʦʩʪʘʚʣʷʣʘ ʤʝʥʝʝ 500 ʥʩ. ɿʘʧʫʩʢ ʨʘʟʨʷʜʘ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʯʝʨʝʟ ʛʝʥʝʨʘʪʦʨ ʠʤʧʫʣʴʩʦʚ, ʟʘʧʫʩʢʘʝʤʳʡ ʩʠʛʥʘʣʦʤ ʦʪ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʜʘʪʯʠʢʘ ʜʘʚʣʝʥʠʷ.  

 

 
ʈʠʩ. 2. ʉʚʝʯʝʥʠʝ ʨʘʟʨʷʜʘ ʧʨʠ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʦʙʪʝʢʘʥʠʠ ʪʝʣʘ ʧʦʪʦʢʦʤ ʩ ʯʠʩʣʦʤ ʄʘʭʘ 1,52 ʠ 

ʧʣʦʪʥʦʩʪʠ ”1 = 0,09 ʢʛ/ʤ3 ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ 

 

ʉʚʝʯʝʥʠʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʦʙʲʝʤʥʦʛʦ ʨʘʟʨʷʜʘ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʬʦʪʦʢʘʤʝʨʘʤʠ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʩ ʜʚʫʭ ʩʪʦʨʦʥ ʨʘʟʨʷʜʥʦʡ ʩʝʢʮʠʠ ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ. ɺʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ 
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ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʚʨʝʤʝʥʠ ʠʟʣʫʯʝʥʠʷ ʨʘʟʨʷʜʘ [4, 6]. ʌʦʪʦʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʛʨʘʬʠʯʝʩʢʦʛʦ ʨʝʜʘʢʪʦʨʘ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʨʝʟʢʦʩʪʠ ʠ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ.  

ʈɽɿʋʃʔʊɸʊʓ ʀʉʉʃɽɼʆɺɸʅʀʗ 

 

ʇʦʩʣʝ ʜʠʬʨʘʢʮʠʠ ʧʣʦʩʢʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʪʝʯʝʥʠʝ ʦʢʦʣʦ ʪʝʣʘ ʫʩʪʘʥʘʚʣʠʚʘʣʦʩʴ ʚ ʪʝʯʝʥʠʝ 

30-50 ʤʢʩ. ɺ ʵʪʦʪ ʧʝʨʠʦʜ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʫʩʪʦʡʯʠʚʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʵʣʝʤʝʥʪʳ ʪʝʯʝʥʠʷ, ʚʢʣʶʯʘʷ 

ʛʦʣʦʚʥʫʶ ʫʜʘʨʥʫʶ ʚʦʣʥʫ ʠ ʥʘʢʣʦʥʥʳʝ ʩʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ. ʉʪʘʮʠʦʥʘʨʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʩʦʭʨʘʥʷʣʦʩʴ ʜʦ 300-400 ʤʢʩ ʚ ʧʨʝʜʝʣʘʭ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ. 

ɺ ʥʝʧʦʜʚʠʞʥʦʤ ʚʦʟʜʫʭʝ ʩʚʝʯʝʥʠʝ ʦʙʲʝʤʥʦʡ ʬʘʟʳ ʨʘʟʨʷʜʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ 

ʦʜʥʦʨʦʜʥʦʩʪʴʶ [6]. ʉʝʨʠʷ ʬʦʪʦʠʟʦʙʨʘʞʝʥʠʡ ʩʚʝʯʝʥʠʷ ʨʘʟʨʷʜʘ ʚ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʧʦʪʦʢʘʭ ʧʨʠ 

ʦʙʪʝʢʘʥʠʠ ʪʝʣʘ (ʨʠʩ. 2) ʜʘʣʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʩʚʷʟʘʥʥʦʝ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʦʪʝʢʘʥʠʷ ʨʘʟʨʷʜʥʦʛʦ ʪʦʢʘ. ɺ ʦʙʲʝʤʥʦʡ ʯʘʩʪʠ 

ʩʚʝʯʝʥʠʝ ʚ ʦʩʥʦʚʥʦʤ ʦʜʥʦʨʦʜʥʦ (1) (ʨʠʩ. 2ʙ). ʇʨʠ ʵʪʦʤ ʦʙʣʘʩʪʴ ʤʝʞʜʫ ʛʦʣʦʚʥʦʡ ʫʜʘʨʥʦʡ 

ʚʦʣʥʦʡ ʠ ʥʦʩʦʚʦʡ ʯʘʩʪʴʶ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ (2) ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʘʩʴ ʧʦʥʠʞʝʥʥʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠʟʣʫʯʝʥʠʷ (ʨʠʩ. 2a, 2ʚ). ɺ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʦʥʘʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʚʝʯʝʥʠʷ 

ʩʢʦʣʴʟʷʱʠʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʨʘʟʨʷʜʦʚ ʪʘʢ ʞʝ ʙʳʣʦ ʥʝʦʜʥʦʨʦʜʥʳʤ (ʨʠʩ. 2a, 2ʚ). ʊʘʢ, ʚ ʦʙʣʘʩʪʠ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʝʯʝʥʠʷ ʜʦ ʛʦʣʦʚʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʩʚʝʯʝʥʠʝ ʨʘʟʨʷʜʘ ʧʨʦʷʚʣʷʣʦʩʴ 

ʨʘʚʥʦʤʝʨʥʦ (1), ʦʙʣʘʩʪʴ ʤʝʞʜʫ ʛʦʣʦʚʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ ʠ ʥʦʩʦʤ (2) ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʘʩʴ 

ʩʥʠʞʝʥʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠʟʣʫʯʝʥʠʷ, ʘ ʚ ʟʦʥʘʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʩʳʭ ʩʢʘʯʢʦʚ ʫʧʣʦʪʥʝʥʠʷ 

ʩ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ (3) ʩʚʝʯʝʥʠʝ ʚʥʦʚʴ ʫʩʠʣʠʚʘʣʦʩʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʚʝʯʝʥʠʷ ʚʠʟʫʘʣʠʟʠʨʫʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ: ʦʙʣʘʩʪʠ ʙʦʣʝʝ ʥʠʟʢʦʡ 

ʧʣʦʪʥʦʩʪʠ ʠ ʜʘʚʣʝʥʠʷ, ʚ ʢʦʪʦʨʳʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʫʚʝʣʠʯʝʥʘ ʢʦʥʮʝʥʪʨʘʮʠʷ ɻʣʝʢʪʨʦʥʦʚ, 

ʠʟʣʫʯʘʶʪ ʠʥʪʝʥʩʠʚʥʝʝ, ʘ ʦʙʣʘʩʪʠ ʩ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ï ʤʝʥʝʝ ʠʥʪʝʥʩʠʚʥʦ. 

 

ɿɸʂʃʖʏɽʅʀɽ 

 

ʇʨʠʤʝʥʝʥʠʝ ʥʘʥʦʩʝʢʫʥʜʥʦʛʦ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʦʙʲʝʤʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʢʘʯʝʩʪʚʝ 

ʦʧʪʠʯʝʩʢʦʛʦ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʧʦʢʘʟʘʣʦ ʩʚʦʶ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʧʦʪʦʢʦʚ. ʂʦʤʧʣʝʢʩʥʳʡ ʤʝʪʦʜ, 

ʩʦʯʝʪʘʶʱʠʡ ʨʝʛʠʩʪʨʘʮʠʶ ʩʚʝʯʝʥʠʷ ʨʘʟʨʷʜʘ ʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʫʶ ʪʝʥʝʚʫʶ ʩʲʝʤʢʫ, ʧʦʟʚʦʣʠʣ 

ʧʦʣʫʯʠʪʴ ʧʦʜʨʦʙʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʪʨʫʢʪʫʨʘʭ ʚ ʧʦʪʦʢʝ, ʚʢʣʶʯʘʷ ʫʜʘʨʥʳʝ ʚʦʣʥʳ, ʢʦʩʳʝ 

ʩʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ ʠ ʦʙʣʘʩʪʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʧʣʘʟʤʝʥʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ ʠ ʤʦʛʫʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʧʦʜʭʦʜʦʚ ʢ 

ʜʠʘʛʥʦʩʪʠʢʝ ʠ ʢʦʥʪʨʦʣʶ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ. 

 

ʀʚʘʥʦʚʘ ɸ.ɸ. ʙʣʘʛʦʜʘʨʠʪ ʌʦʥʜ ʨʘʟʚʠʪʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠ ʤʘʪʝʤʘʪʠʢʠ çɹɸɿʀʉè 

ʟʘ ʧʦʜʜʝʨʞʢʫ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʛʨʘʥʪ 24-2-10-54-1. 
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GAS DISCHARGE VISUALIZATION OF STEADY SUPERSONIC FLOW AROUND A 

BLUNT BODY  

 

ABSTRACT 

 

The spatial structure of a supersonic flow in a shock tube channel under steady state oblique 

flow around an axisymmetric blunt body was investigated experimentally. The Mach numbers of the 

airflow behind the diffracted planar shock wave ranged from 1.36 to 1.60. The steady flow around 

the model formed within 30 ɛs after shock wave diffraction and persisted up to 300 ɛs, remaining 

within the duration of the uniform driver flow. Visualization was performed by recording the glow of 

a combined volume discharge and by the direct shadowgraph method. The volume discharge, with a 

duration of up to 500 ns, was generated by a 25 kV pulsed voltage applied over a 100 mm long region 

aligned with the flow. High speed shadowgraphy was carried out at 150 000 fps. Correlating 

discharge glow images with shadowgraph frames made it possible to reconstruct the 

three dimensional structure of the supersonic flow, revealing the bow shock in front of the body and 

the oblique compression waves downstream. 

 

SHOCK WAVE, SUPERSONIC FLOW, NANOSECOND COMBINED VOLUME DISCHARGE, 

GAS DISCHARGE VIZUALIZATION, SHADOWGRAPHY VIZUALIZATION 
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119991, ʄʦʩʢʚʘ, ʃʝʥʠʥʩʢʠʝ ʛʦʨʳ, ʜ. 1, E-mail: as.sazonov@physics.msu.ru 
2 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʕʀè, ʈʦʩʩʠʷ, 

111250, ʄʦʩʢʚʘ, ʂʨʘʩʥʦʢʘʟʘʨʤʝʥʥʘʷ ʫʣ., 14 

 

ʈɸʉʇʈɽɼɽʃɽʅʀɽ ʉɺɽʏɽʅʀʗ ʀʄʇʋʃʔʉʅʆɻʆ ʇʆɺɽʈʍʅʆʉʊʅʆɻʆ 

ʉʂʆʃʔɿʗʑɽɻʆ ʈɸɿʈʗɼɸ ɺ ʉɺɽʈʍɿɺʋʂʆɺʆʄ ʇʆʊʆʂɽ ʉ ʆɹʊɽʂɸɽʄʓʄ 

ʊɽʃʆʄ 

 

ɸʅʅʆʊɸʎʀʗ 

 

ʇʨʦʚʝʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʠʟʣʫʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʢʦʣʴʟʷʱʝʛʦ ʨʘʟʨʷʜʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 500 ʥʘʥʦʩʝʢʫʥʜ ʚ 

ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʧʦʪʦʢʘʭ ʚʦʟʜʫʭʘ ʩ ʦʙʪʝʢʘʝʤʳʤ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʤ ʪʝʣʦʤ. ʉʚʝʨʭʟʚʫʢʦʚʳʝ 

ʧʦʪʦʢʠ ʩ ʯʠʩʣʘʤʠ ʄʘʭʘ 1,36-1,55 ʩʦʟʜʘʚʘʣʠʩʴ ʟʘ ʧʣʦʩʢʠʤʠ ʫʜʘʨʥʳʤʠ ʚʦʣʥʘʤʠ ʩ ʯʠʩʣʘʤʠ ʄʘʭʘ 

3,0-4,0 ʚ ʢʘʥʘʣʝ ʫʜʘʨʥʦʡ ʪʨʫʙʳ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʩʝʯʝʥʠʷ. ʊʝʯʝʥʠʝ ʚ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ ʚʢʣʶʯʘʣʦ 

ʫʜʘʨʥʳʝ ʚʦʣʥʳ, ʛʝʥʝʨʠʨʫʝʤʳʝ ʧʨʠ ʦʙʪʝʢʘʥʠʠ ʧʦʪʦʢʦʤ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʝʣʘ, ʠ 

ʦʪʨʘʞʝʥʥʳʝ ʦʪ ʩʪʝʥʦʢ ʫʜʘʨʥʦʡ ʪʨʫʙʳ. ʇʦʚʝʨʭʥʦʩʪʥʳʡ ʩʢʦʣʴʟʷʱʠʡ ʨʘʟʨʷʜ 

ʧʨʦʪʷʞʝʥʥʦʩʪʴʶ 100 ʤʤ ʠʥʠʮʠʠʨʦʚʘʣʩʷ ʥʘ ʥʠʞʥʝʡ ʩʪʝʥʢʝ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ ʚ ʟʘʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʣʫʯʝʥʠʷ ʨʘʟʨʷʜʘ, 

ʠʥʠʮʠʠʨʦʚʘʥʥʦʛʦ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʪʝʯʝʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʪʝʥʝʚʘʷ 

ʚʠʟʫʘʣʠʟʘʮʠʷ ʪʝʯʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ 150000 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ. ʇʨʦʚʝʜʝʥʳ ʮʠʬʨʦʚʘʷ ʦʙʨʘʙʦʪʢʘ 

ʠ ʘʥʘʣʠʟ ʠʟʦʙʨʘʞʝʥʠʡ ʩʚʝʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʚʠʪʠʠ ʨʘʟʨʷʜʘ ʚ ʟʦʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʫʜʘʨʥʳʭ ʚʦʣʥ ʩ ʣʘʤʠʥʘʨʥʳʤ ʠ ʪʫʨʙʫʣʝʥʪʥʳʤ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ, ʘ ʪʘʢʞʝ ʠʭ ʩʨʘʚʥʝʥʠʝ ʩ 

ʪʝʥʝʚʳʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʣʷ ʪʝʯʝʥʠʷ ʚ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʟʣʫʯʝʥʠʶ ʨʘʟʨʷʜʘ. ʇʦʢʘʟʘʥʘ ʩʚʷʟʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʯʝʥʠʷ ʩʢʦʣʴʟʷʱʝʛʦ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʧʦʪʦʢʘʭ ʩ ʭʘʨʘʢʪʝʨʦʤ ʠ ʩʦʩʪʦʷʥʠʝʤ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ, ʚ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʚʠʪʠʝ ʨʘʟʨʷʜʘ. 

 

ʅɸʅʆʉɽʂʋʅɼʅʓʁ ʇʆɺɽʈʍʅʆʉʊʅʓʁ ʉʂʆʃʔɿʗʑʀʁ ʈɸɿʈʗɼ, ʉɺɽʈʍɿɺʋʂʆɺʆʁ 

ʇʆʊʆʂ, ʇʆɻʈɸʅʀʏʅʓʁ ʉʃʆʁ, ʊɽʅɽɺɸʗ ɺʀɿʋɸʃʀɿɸʎʀʗ, ʎʀʌʈʆɺɸʗ ʆɹʈɸɹʆʊʂɸ 

ʀɿʆɹʈɸɾɽʅʀʁ 

 

ɺɺɽɼɽʅʀɽ 

 

ʅʘʥʦʩʝʢʫʥʜʥʳʡ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʢʦʣʴʟʷʱʠʡ ʨʘʟʨʷʜ ï ʠʤʧʫʣʴʩʥʳʡ ʛʘʟʦʚʳʡ ʨʘʟʨʷʜ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʜʦʣʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʥ ʧʨʠʚʣʝʢʘʝʪ ʚʥʠʤʘʥʠʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʤʫ ʧʦʪʝʥʮʠʘʣʫ ʚ ʧʣʘʟʤʝʥʥʦʤ ʫʧʨʘʚʣʝʥʠʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʤʠ 

ʧʦʪʦʢʘʤʠ. ʅʘʥʦʩʝʢʫʥʜʥʳʡ ʩʢʦʣʴʟʷʱʠʡ ʨʘʟʨʷʜ ʬʦʨʤʠʨʫʝʪ ʢʚʘʟʠʦʜʥʦʨʦʜʥʫʶ ʧʣʘʟʤʫ, 

ʨʘʩʧʨʝʜʝʣʝʥʥʫʶ ʧʦ ʧʣʦʱʘʜʠ ʜʠʵʣʝʢʪʨʠʢʘ [1, 2]. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʪʠʧʘʤʠ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʨʘʟʨʷʜʦʚ, ʩʢʦʣʴʟʷʱʠʡ ʨʘʟʨʷʜ ʩʦʟʜʘʸʪ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʰʠʨʦʢʫʶ ʟʦʥʫ 
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ʚʦʟʜʝʡʩʪʚʠʷ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʫʜʦʙʥʳʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʪʦʢʘʭ [1-3]. 

ʀʟʣʫʯʝʥʠʝ ʨʘʟʨʷʜʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʪʦʨʦʡ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʦʡ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʘʟʦʪʘ, 

ʩʧʝʢʪʨ ʩʚʝʯʝʥʠʷ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʚ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ [4].  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʟʫʯʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʯʝʥʠʷ ʠʤʧʫʣʴʩʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʢʦʣʴʟʷʱʝʛʦ ʨʘʟʨʷʜʘ ʚ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʧʦʪʦʢʘʭ ʚʦʟʜʫʭʘ ʩ ʦʙʪʝʢʘʝʤʳʤ ʪʝʣʦʤ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʨʘʟʨʷʜʘ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʪʝʯʝʥʠʷ. ɺʩʣʝʜʩʪʚʠʝ ʤʘʣʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʨʘʟʨʷʜʘ (~500 ʥʩ) ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʤʠ 

ʚʨʝʤʝʥʘʤʠ ʨʝʛʠʩʪʨʘʮʠʷ ʩʚʝʯʝʥʠʷ ʨʘʟʨʷʜʘ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʩʧʦʩʦʙʦʤ ʚʠʟʫʘʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ 

ʪʝʯʝʥʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʜʘʨʥʳʭ ʚʦʣʥ ʩ ʧʦʛʨʘʥʠʯʥʳʤʠ ʩʣʦʷʤʠ ʩʦʟʜʘʝʪ ʩʣʦʞʥʦʝ 

ʧʦʣʝ ʪʝʯʝʥʠʷ (ʩʢʘʯʢʠ ʫʧʣʦʪʥʝʥʠʷ, ʟʦʥʳ ʨʘʟʨʝʞʝʥʠʷ, ʦʪʨʳʚ ʧʦʪʦʢʘ), ʢʦʪʦʨʦʝ ʤʦʞʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʬʦʨʤʫ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʯʝʥʠʷ ʩʢʦʣʴʟʷʱʝʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʨʘʟʨʷʜʘ 

ʟʘ ʩʯʝʪ ʝʸ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʩʚʷʟʠ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʧʨʠʚʝʜʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ E/N  

(E ï ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, N ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʦʣʝʢʫʣ ʛʘʟʘ) [1, 5].  

 

ʇʆʈʗɼʆʂ ʇʈʆɺɽɼɽʅʀʗ ʕʂʉʇɽʈʀʄɽʅʊʆɺ 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʜʘʨʥʦʡ ʪʨʫʙʝ ʩ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʦʡ 

ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʩʝʯʝʥʠʷ 24Ĭ48 ʤʤĮ (ʨʠʩ. 1) [1, 6]. ʉʚʝʨʭʟʚʫʢʦʚʳʝ ʧʦʪʦʢʠ ʚʦʟʜʫʭʘ ʩ ʯʠʩʣʘʤʠ 

ʄʘʭʘ 1,36-1,55 ʛʝʥʝʨʠʨʦʚʘʣʠʩʴ ʟʘ ʬʨʦʥʪʦʤ ʧʣʦʩʢʠʭ ʫʜʘʨʥʳʭ ʚʦʣʥ ʩ ʯʠʩʣʘʤʠ ʄʘʭʘ 3,0-4,0. 

ʋʜʘʨʥʳʝ ʚʦʣʥʳ ʩʦʟʜʘʚʘʣʠʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʨʳʚʘ ʜʠʘʬʨʘʛʤʳ, ʨʘʟʤʝʱʝʥʥʦʡ ʤʝʞʜʫ ʢʘʤʝʨʦʡ 

ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʢʘʤʝʨʦʡ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʚ ʢʦʪʦʨʦʡ ʥʘʭʦʜʠʣʩʷ ʚʦʟʜʫʭ ʧʨʠ ʜʘʚʣʝʥʠʷʭ 

ʜʦ 30 ʊʦʨʨ. ʆʜʥʦʨʦʜʥʳʡ ʩʧʫʪʥʳʡ ʧʦʪʦʢ ʟʘ ʬʨʦʥʪʦʤ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʠʤʝʣ ʜʣʠʪʝʣʴʥʦʩʪʴ 

200-500 ʤʢʩ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ ʚ ʧʦʪʦʢʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʟʘʪʫʧʣʝʥʥʳʡ ʮʠʣʠʥʜʨ 

ʜʠʘʤʝʪʨʦʤ 7,5 ʤʤ, ʨʘʟʤʝʱʝʥʥʳʡ ʚ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ ʧʦʜ ʥʫʣʝʚʳʤ ʫʛʣʦʤ ʘʪʘʢʠ ʢ ʥʘʙʝʛʘʶʱʝʤʫ 

ʧʦʪʦʢʫ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʨʘʟʨʷʜ ʨʝʘʣʠʟʦʚʳʚʘʣʩʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʪʝʯʝʥʠʷ ʦʪ ʥʘʯʘʣʘ ʜʠʬʨʘʢʮʠʠ ʧʣʦʩʢʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʥʘ ʪʝʣʝ ʜʦ ʦʢʦʥʯʘʥʠʷ ʩʧʫʪʥʦʛʦ ʧʦʪʦʢʘ. 

ɺ ʫʜʘʨʥʦʡ ʪʨʫʙʝ ʪʦʣʱʠʥʘ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚʦʟʨʘʩʪʘʝʪ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʢ ʢʦʥʪʘʢʪʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʠ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʬʨʦʥʪʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʠʟ 

ʣʘʤʠʥʘʨʥʦʛʦ ʩʪʘʥʦʚʠʪʩʷ ʪʫʨʙʫʣʝʥʪʥʳʤ [6].  

ʊʝʯʝʥʠʝ ʚ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ ʚʙʣʠʟʠ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ ʚʠʟʫʘʣʠʟʠʨʦʚʘʣʦʩʴ ʧʨʷʤʳʤ 

ʪʝʥʝʚʳʤ ʤʝʪʦʜʦʤ [7]. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʧʨʷʤʦʛʦ ʪʝʥʝʚʦʛʦ ʤʝʪʦʜʘ ʚʢʣʶʯʘʣʘ ʩʦʟʜʘʥʠʝ 

ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʫʯʢʘ ʣʫʯʝʡ, ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʠʩʩʣʝʜʫʝʤʫʶ ʦʙʣʘʩʪʴ ʚʙʣʠʟʠ 

ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ. ʈʝʛʠʩʪʨʘʮʠʷ ʪʝʥʝʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʦʚʦʜʠʣʘʩʴ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʘʤʝʨʦʡ 

ʩ ʯʘʩʪʦʪʦʡ 150000 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ.  

ʅʘ ʥʠʞʥʝʡ ʩʪʝʥʢʝ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ ʚ ʟʘʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʠʥʠʮʠʠʨʦʚʘʣʩʷ 

ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʢʦʣʴʟʷʱʠʡ ʨʘʟʨʷʜ ʧʨʦʪʷʞʝʥʥʦʩʪʴʶ 100 ʤʤ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʪʦʢʘ. ʅʦʩʦʚʘʷ 

ʯʘʩʪʴ ʦʙʪʝʢʘʝʤʦʛʦ ʪʝʣʘ ʜʣʠʥʦʡ 25 ʤʤ ʨʘʩʧʦʣʘʛʘʣʘʩʴ ʥʘʜ ʨʘʟʨʷʜʥʳʤ ʧʨʦʤʝʞʫʪʢʦʤ. ʇʨʠ 

ʠʤʧʫʣʴʩʥʦʤ ʥʘʧʨʷʞʝʥʠʠ 25 ʢɺ ʪʦʢ ʨʘʟʨʷʜʘ ~1-2 ʢɸ. ʄʦʤʝʥʪ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʨʘʟʨʷʜʘ 

ʟʘʜʘʚʘʣʩʷ ʛʝʥʝʨʘʪʦʨʦʤ ʠʤʧʫʣʴʩʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʭʦʞʜʝʥʠʷ ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʘʪʯʠʢʘ ʜʘʚʣʝʥʠʷ, ʨʘʟʤʝʱʝʥʥʦʛʦ ʚ ʢʘʥʘʣʝ ʫʜʘʨʥʦʡ ʪʨʫʙʳ (ʨʠʩ. 1). 

ʉʚʝʯʝʥʠʝ ʨʘʟʨʷʜʘ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʧʝʢʪʨʘʣʴʥʦʤ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ ʬʦʪʦʘʧʧʘʨʘʪʦʤ ʯʝʨʝʟ 

ʧʨʦʟʨʘʯʥʳʝ ʢʚʘʨʮʝʚʳʝ ʩʪʝʢʣʘ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ ʧʦʜ ʟʥʘʯʠʪʝʣʴʥʳʤ ʫʛʣʦʤ ʥʘʢʣʦʥʘ ʢ 

ʧʣʦʩʢʦʩʪʠ ʨʘʟʨʷʜʘ; ʚʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʚʨʝʤʝʥʠ ʠʟʣʫʯʝʥʠʷ ʨʘʟʨʷʜʘ. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʩʚʝʯʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʢʦʣʴʟʷʱʝʛʦ ʨʘʟʨʷʜʘ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʝʥʝʚʳʭ ʢʘʨʪʠʥ ʪʝʯʝʥʠʷ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʚʷʟʠ ʠʟʣʫʯʝʥʠʷ 

ʧʣʘʟʤʳ ʨʘʟʨʷʜʘ ʩ ʭʘʨʘʢʪʝʨʦʤ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʦʢʦʣʦ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʥʘʣʘ. 

 

ʈɽɿʋʃʔʊɸʊʓ ʕʂʉʇɽʈʀʄɽʅʊʆɺ 

 

ɺʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʪʝʥʝʚʘʷ ʩʲʝʤʢʘ ʧʦʢʘʟʘʣʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʣʦʞʥʦʡ ʩʠʩʪʝʤʳ ʫʜʘʨʥʳʭ 

ʚʦʣʥ ʧʨʠ ʫʩʪʘʥʦʚʣʝʥʠʠ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʦʙʪʝʢʘʥʠʷ ʪʝʣʘ ʚ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʝ, ʦʙʣʘʩʪʝʡ ʦʪʨʳʚʘ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ʇʨʠ ʵʪʦʤ ʧʦʩʣʝ ʜʠʬʨʘʢʮʠʠ ʧʣʦʩʢʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʥʘ ʪʝʣʝ ʫʩʪʘʥʦʚʣʝʥʠʝ 










































































































































































































































































































































































































































































































































































































































































































































































































































