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1. ɺʚʝʜʝʥʠʝ 

ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʫʱʝʩʪʚʫʝʪ ʧʦʪʨʝʙʥʦʩʪʴ 

ʚ ʧʨʦʚʝʜʝʥʠʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʠʟʤʝʨʝʥʠʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙrʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʪʝʯʝʥʠʷʭ. ʊʨʘʜʠʮʠʦʥʥʦ ʜʣʷ 

ʪʘʢʠʭ ʠʟʤʝʨʝʥʠʡ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʠʠ -  ʢʦʩʚʝʥʥʳʡ ʤʝʪʦʜ 

ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʦʚ ʞʠʜʢʦʩʪʠ ʠʣʠ ʛʘʟʘ. ʆʥ ʦʩʥʦʚʘʥ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ 

ʪʝʧʣʦʦʪʜʘʯʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʘʪʯʠʢʘ ʦʪ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ, 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʦʩʪʘʚʘ ʜʚʠʞʫʱʝʡʩʷ ʩʨʝʜʳ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʝʪʦʜ 

ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʠʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʠʡ ʯʘʩʪʦʪʥʳʡ ʜʠʘʧʘʟʦʥ 

ʠʟʤʝʨʝʥʠʡ. ɺ ʪʦʞʝ ʚʨʝʤʷ, ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʠʷ ʠʤʝʝʪ ʨʷʜ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʥʝʜʦʩʪʘʪʢʦʚ. ʊʝʨʤʦʘʥʝʤʦʤʝʪʨʠʷ ï ʢʦʥʪʘʢʪʥʳʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ.  

ɼʘʪʯʠʢ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʪʦʣʴʢʦ ʚ ʦʜʥʦʡ 

ʪʦʯʢʝ ʠ ʧʦʣʫʯʝʥʠʝ ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʧʨʠ ʧʦʤʦʱʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʩʦʧʨʷʞʝʥʦ ʩ 

ʙʦʣʴʰʠʤʠ ʪʨʫʜʥʦʩʪʷʤʠ. ʂ ʜʨʫʛʠʤ ʥʝʜʦʩʪʘʪʢʘʤ ʦʪʥʦʩʷʪʩʷ ʚʩrʦʢʘʷ 

ʪʨʫʜʦʝʤʢʦʩʪʴ ʠʟʤʝʨʝʥʠʡ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʯʘʩʪʳʭ ʢʘʣʠʙʨʦʚʦʢ ʠʟ-ʟʘ 

ʟʘʛʨʷʟʥʝʥʠʷ ʜʘʪʯʠʢʦʚ ʠʣʠ ʠʟʤʝʥʝʥʠʷ ʢʦʥʪʘʢʪʥʳʭ ʩʦʧʨʦʪʠʚʣʝʥʠʡ ʚ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʝ, ʤʘʣʘʷ ʩʪʦʡʢʦʩʪʴ ʜʘʪʯʠʢʦʚ ʢ ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ, 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʪʨʫʜʥʦʩʪʠ ʚ ʨʘʩʰʠʬʨʦʚʢʝ ʧʦʢʘʟʘʥʠʡ ʧʨʠʙʦʨʘ. 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʩʫʱʝʩʪʚʫʝʪ ʦʧʪʠʯʝʩʢʠʡ ʤʝʪʦʜ PIV (particle 

image velocimetry) ï ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʟʤʝʨʝʥʠʠ ʩʢʦʨʦʩʪʠ ʚʟʚʝʰʝʥʥʳʭ ʚ 

ʧʦʪʦʢʝ ʩʚʝʪʦʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ. ʂ ʜʦʩʪʦʠʥʩʪʚʘʤ ʤʝʪʦʜʘ ʦʪʥʦʩʷʪʩʷ 

ʧʘʥʦʨʘʤʥʦʩʪʴ ʠ ʥʝʠʥʚʘʟʠʚʥʦʩʪʴ, ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʩʪʦʪʘ ʢʘʣʠʙʨʦʚʢʠ. ʂʨʦʤʝ 

ʪʦʛʦ, ʨʝʟʫʣʴʪʘʪ ʠʟʤʝʨʝʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʦʯʝʥʴ ʥʘʛʣʷʜʥʦʤ ʚʠʜʝ, ʙʣʘʛʦʜʘʨʷ 

ʯʝʤʫ ʤʝʪʦʜ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʥʝ ʪʦʣʴʢʦ ʠʟʤʝʨʠʪʝʣʴʥʳʤ, ʥʦ ʠ ʚʠʟʫʘʣʠʟʘʮʠʦʥʥʳʤ. 

ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʤʝʪʦʜ PIV ʠʟʤʝʨʷʝʪ ʩʢʦʨʦʩʪʴ ʯʘʩʪʠʮ ʧʨʠʤʝʩʠ, ʘ ʥʝ ʩʘʤʦʛʦ 

ʛʘʟʘ. ʕʪʦ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʜʣʷ ʧʦʪʦʢʦʚ ʩ ʙʦʣʴʰʠʤʠ 

ʛʨʘʜʠʝʥʪʘʤʠ ʩʢʦʨʦʩʪʠ. ʉ ʨʘʟʚʠʪʠʝʤ ʤʝʪʦʜʦʚ ʮʠʬʨʦʚʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 

ʠʟʦʙʨʘʞʝʥʠʡ ʧʦʷʚʠʣʩʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʤʝʪʦʜ PIV ï ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ  

time resolved PIV, (TRPIV). ʅʘ ʪʨʫʙʝ ɸʊ-3 ʌɸʃʊ ʄʌʊʀ ʫʩʪʘʥʦʚʣʝʥʘ ʩʠʩʪʝʤʘ, 

ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʧʦ ʤʝʪʦʜʫ TRPIV.  
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ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 

ʩʠʩʪʝʤʳ PIV ʩ ʚʳʩʦʢʠʤ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ. ɼʣʷ ʵʪʦʛʦ ʧʨʦʚʝʜʝʥʦ ʧʨʷʤʦʝ ʩʨʘʚʥʝʥʠʝ 

ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʠʯʝʩʢʠʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ.  

2. ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʳ TRPIV ʙʳʣ 

ʥʝʦʙʭʦʜʠʤ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʡ ʧʨʦʮʝʩʩ. ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ 

ʚʳʙʨʘʥʘ ʩʝʪʦʯʥʘʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ, ʪʘʢ ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʩʚʦʡʩʪʚʘ ʪʘʢʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʭʦʨʦʰʦ ʠʟʫʯʝʥʳ [1]. ʏʪʦʙʳ ʧʨʦʚʝʩʪʠ ʥʝʦʙʭʦʜʠʤʳʝ ʠʟʤʝʨʝʥʠʷ, 

ʧʝʨʝʜ ʨʘʙʦʯʝʡ ʯʘʩʪʴʶ ʙʳʣʘ ʟʘʢʨʝʧʣʝʥʘ ʪʫʨʙʫʣʠʟʠʨʫʶʱʘʷ ʩʝʪʢʘ c ʨʘʟʤʝʨʦʤ 

ʷʯʝʡʢʠ 10 ʤʤ ʠ ʜʠʘʤʝʪʨʦʤ ʧʨʦʚʦʣʦʢʠ 0,5 ʤʤ. ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʪʨʠ ʩʝʨʠʠ 

ʠʟʤʝʨʝʥʠʡ. ɼʚʝ ʩʝʨʠʠ ʚʳʧʦʣʥʝʥʳ ʩ ʪʫʨʙʫʣʠʟʠʨʫʶʱʝʡ ʩʝʪʢʦʡ ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʧʦʪʦʢʘ 5,2  ʠ 9,5 ʤ/ʩ. ɺ ʪʨʝʪʴʝʡ ʩʝʨʠʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʚʦʟʤʫʱʝʥʠʡ ʚ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʧʝʨʝʜ ʜʘʪʯʠʢʦʤ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʚʳʰʝ ʧʦ ʧʦʪʦʢʫ 

ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ ʮʠʣʠʥʜʨ ʜʠʘʤʝʪʨʦʤ 4 ʤʤ (Re=2000). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ 5 ʤ/ʩ.  

2.1. ʇʨʠʥʮʠʧ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʠʠ  

ʊʝʨʤʦʘʥʝʤʦʤʝʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ 

ʪʝʧʣʦʦʪʜʘʯʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʘʪʯʠʢʘ ʦʪ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ, 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʦʩʪʘʚʘ ʜʚʠʞʫʱʝʡʩʷ ʩʨʝʜʳ [2]. ʇʨʦʩʪʝʡʰʠʡ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨ 

ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʧʦʤʝʱʝʥʥʦʛʦ ʚ ʧʦʪʦʢ ʜʘʪʯʠʢʘ (ʪʦʥʢʦʡ ʧʨʦʚʦʣʦʢʠ), 

ʧʦʜʢʣʶʯʝʥʥʦʛʦ ʢ ʠʩʪʦʯʥʠʢʫ ʧʠʪʘʥʠʷ ʩ ʙʦʣʴʰʠʤ ʚʥʫʪʨʝʥʥʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ. 

ʊʘʢʦʡ ʠʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʩʪʦʷʥʩʪʚʦ ʩʠʣʳ ʪʦʢʘ, ʧʨʦʪʝʢʘʶʱʝʛʦ 

ʯʝʨʝʟ ʜʘʪʯʠʢ ʠ ʥʘʛʨʝʚʘʶʱʝʛʦ ʝʛʦ. ʆʭʣʘʞʜʘʝʤʳʡ ʧʦʪʦʢʦʤ ʜʘʪʯʠʢ ʠʟʤʝʥʷʝʪ ʩʚʦʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ ʪʝʯʝʥʠʷ. ʇʦʩʢʦʣʴʢʫ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʜʘʪʯʠʢʘ ʟʘʚʠʩʠʪ ʦʪ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʳ, ʪʦ ʠʟʤʝʨʷʷ ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 

ʜʘʪʯʠʢʝ ʠ ʚʳʯʠʩʣʷʷ ʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʤʦʞʥʦ, ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʘʣʠʙʨʦʚʢʠ ʚ ʵʪʘʣʦʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʚʳʯʠʩʣʠʪʴ ʩʢʦʨʦʩʪʴ 
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ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʦʪʦʢʘ. ʊʝʨʤʦʘʥʝʤʦʤʝʪʨ, ʨʘʙʦʪʘʶʱʠʡ ʚ ʪʘʢʦʤ ʨʝʞʠʤʝ, ʧʦʣʫʯʠʣ 

ʥʘʟʚʘʥʠʝ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʜʣʠʥʘ ʥʠʪʠ ʜʘʪʯʠʢʘ l ʠʤʝʝʪ ʦʙʳʯʥʦ ʚʝʣʠʯʠʥʫ ʥʝ ʙʦʣʝʝ 1-2 ʤʤ. ɺʳʩʦʢʘʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʜʘʪʯʠʢʘ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʡ ʪʝʧʣʦʚʦʡ ʠʥʝʨʮʠʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʧʨʠʤʝʥʝʥʠʝʤ ʥʠʪʝʡ ʤʘʣʦʛʦ ʜʠʘʤʝʪʨʘ d = 3-20 ʤʢʤ. 

ɺ ʣʠʥʝʡʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʥʠʪʠ Rw ʩʚʷʟʘʥʦ ʩ ʝʝ 

ʪʝʤʧʝʨʘʪʫʨʦʡ Tw ʚʳʨʘʞʝʥʠʝʤ  

 Rw = R1[1 + a1(Tw ï T1) ],  

 

(1) 

ʛʜʝ R1 ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʥʠʪʠ ʧʨʠ ʥʝʢʦʪʦʨʦʡ ʪʝʤʧʝʨʘʪʫʨʝ T1 (ʦʙʳʯʥʦ T1 = 20 

ÜC), a1 ï ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ɺʝʣʠʯʠʥʳ R1 ʠ a1   ʤʦʛʫʪ 

ʙʳʪʴ ʥʘʡʜʝʥʳ ʚ ʪʘʙʣʠʮʘʭ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ ʣʠʙʦ ʫʢʘʟʘʥʳ ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ 

ʚʦʣʴʬʨʘʤʘ. ʌʠʨʤʦʡ Dantec ʧʨʠʚʦʜʷʪʩʷ ʜʣʷ ʟʦʣʦʯʝʥʦʛʦ ʚʦʣʴʬʨʘʤʘ ʜʠʘʤʝʪʨʦʤ 5 

ʤʢʤ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʚ ʠʤʝʚʰʠʭʩʷ ʜʘʪʯʠʢʘʭ, ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ:  

 

R1 = 2,953 ʆʤ/ʤʤ,  a1 = 3,6Ö10-3 1/ʂ ʧʨʠ ʊ1 = 20 ̄ʉ. 

 

ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʯʘʱʝ ʚʩʝʛʦ ʧʦʣʴʟʫʶʪʩʷ ʥʘʛʨʝʪʦʡ ʥʠʪʴʶ, ʫʜʦʙʥʦ 

ʚʚʝʩʪʠ ʚʝʣʠʯʠʥʫ ʪʘʢ ʥʘʟʳʚʘʝʤʦʛʦ ʧʝʨʝʛʨʝʚʘ ʥʠʪʠ, ʨʘʚʥʫʶ ʦʪʥʦʰʝʥʠʶ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʠʪʠ ʥʘʛʨʝʪʦʡ ʜʦ Tw ʢ ʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʨʘʚʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ Te:  

 w e
w

e

R R
a

R

-
=  (2) 

 

 

ɿʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʘ 

 Qe = Qconv + Qt,  (3) 
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ʛʜʝ Qe ï ʧʦʜʚʦʜʠʤʘʷ ʢ ʥʠʪʠ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ, Qconv ï ʪʝʧʣʦ, 

ʪʝʨʷʝʤʦʝ ʥʠʪʴʶ ʚʩʣʝʜʩʪʚʠʝ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʝʥʘ (ʪ.ʝ. ʪʦ ʪʝʧʣʦ, ʢʦʪʦʨʦʝ 

ʦʪʚʦʜʠʪʩʷ ʦʪ ʥʠʪʠ ʧʦʪʦʢʦʤ), Qt ï ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʦʪʳ, ʧʦʛʣʦʱʘʝʤʦʝ ʥʠʪʴʶ.  

ʇʦʜʚʦʜʠʤʘʷ ʤʦʱʥʦʩʪʴ ʨʘʚʥʘ Qe = EI = I2Rw, ʛʜʝ E ʠ I ï ʧʘʜʝʥʠʝ 

ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʥʠʪʠ ʠ ʪʦʢ ʯʝʨʝʟ ʥʠʪʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʝʧʣʦ, ʦʪʚʦʜʠʤʦʝ ʦʪ ʥʠʪʠ 

ʧʦʪʦʢʦʤ ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʧʨʠ ʧʦʤʦʱʠ ʬʦʨʤʫʣʳ  

 Qconv = apdl(Tw ï Te).  (4) 

   

ʂʦʵʬʬʠʮʠʝʥʪ a ʚ ʵʪʦʤ ʚʳʨʘʞʝʥʠʠ ʥʘʟʳʚʘʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʪʝʧʣʦʦʪʜʘʯʠ. ʆʥ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʦʙʪʝʢʘʥʠʷ 

ʮʠʣʠʥʜʨʘ (ʥʠʪʠ) ʧʦʧʝʨʝʯʥʳʤ ʧʦʪʦʢʦʤ ʠ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʣʠʙʦ ʪʝʦʨʝʪʠʯʝʩʢʠ. ʕʪʦʪ ʢʦʵʬʬʠʮʠʝʥʪ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʠ 

ʧʦʤʦʱʠ ʟʘʢʦʥʘ ʂʠʥʛʘ: 

 a = A1+B1U n. (5) 

ʊʦʛʜʘ ʢʦʥʚʝʢʪʠʚʥʦʝ ʪʝʧʣʦ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 

 Qconv = pdl(Tw ï Te)( A1+B1U n). (6) 

 

ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʧʦʛʣʦʱʝʥʥʦʛʦ ʥʠʪʴʶ ʪʝʧʣʘ ʠʤʝʝʪ ʚʠʜ 

 2

4

w
t w w

dTd
Q c l

dt

p
r= . (7) 

 

ɿʜʝʩʴ cw ʠ rw ï ʪʝʧʣʦʝʤʢʦʩʪʴ ʠ ʧʣʦʪʥʦʩʪʴ ʥʠʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, t ï ʚʨʝʤʷ. 

ʕʪʦʪ ʯʣʝʥ ʦʧʠʩʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʠʪʠ ʚʦ ʚʨʝʤʝʥʠ, ʢʦʪʦʨʦʝ ʠʤʝʝʪ 

ʤʝʩʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʢʦʨʦʩʪʠ ʦʙʪʝʢʘʶʱʝʛʦ ʥʠʪʴ ʧʦʪʦʢʘ (ʠʟʤʝʥʝʥʠʠ Qconv), ʪ.ʝ. 

ʝʝ ʪʝʧʣʦʚʫʶ ʠʥʝʨʮʠʶ. ʕʪʦ ʩʣʘʛʘʝʤʦʝ ʩʠʣʴʥʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʦʣʦʩʫ ʧʨʦʧʫʩʢʘʥʠʷ 

ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ, ʧʦʵʪʦʤʫ ʝʛʦ ʢʦʤʧʝʥʩʠʨʫʶʪ ʘʧʧʘʨʘʪʥʦ ʧʨʠ ʧʦʤʦʱʠ 

ʫʩʠʣʠʪʝʣʷ ʩ ʥʘʩʪʨʘʠʚʘʝʤʦʡ ɸʏʍ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʜʘʝʪʩʷ ʨʘʩʰʠʨʠʪʴ ʯʘʩʪʦʪʥʳʡ 

ʜʠʘʧʘʟʦʥ ʜʦ ʩʦʪʝʥ ʢʠʣʦʛʝʨʮ. ʇʨʠʥʠʤʘʶʪ, ʯʪʦ ʯʣʝʥ Qt  ʩʢʦʤʧʝʥʩʠʨʦʚʘʥ ʠ ʥʝ 

ʫʯʠʪʳʚʘʶʪ ʝʛʦ ʚ ʨʘʩʯʝʪʘʭ. 

ʋʯʠʪʳʚʘʷ ʩʢʘʟʘʥʥʦʝ, ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ  
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ʇʨʝʦʙʨʘʟʦʚʘʚ 8 ʧʦʣʫʯʘʝʤ 

 2

1 1

1 1

( )ne
w w

dlR
E R a A BU

R

p

a
= +  (9) 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨ ʧʦʩʪʦʷʥʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ (CTA, constant temperature anemometer). ɽʛʦ ʩʭʝʤʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʨʠʩʫʥʢʝ 1. 

 

ʈʠʩ. 1. ʉʭʝʤʘ CTA. 

ɼʘʪʯʠʢ ʚʢʣʶʯʘʝʪʩʷ ʚ ʦʜʥʦ ʠʟ ʧʣʝʯ ʤʦʩʪʘ ʋʠʥʩʪʦʥʘ. ʀʟʤʝʥʝʥʠʝʤ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ R3 ʧʝʨʝʜ ʥʘʯʘʣʦʤ ʠʟʤʝʨʝʥʠʡ ʤʦʞʝʪ ʣʝʛʢʦ ʨʝʛʫʣʠʨʦʚʘʪʴʩʷ 

ʧʝʨʝʛʨʝʚ ʜʘʪʯʠʢʘ. ɺ ʩʭʝʤʝ CTA ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʜʘʪʯʠʢʘ Rw ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ 

ʧʦʩʪʦʷʥʥʳʤ, ʘ ʪʦʢ ʯʝʨʝʟ ʥʝʛʦ ʠʟʤʝʥʷʝʪʩʷ. ɼʠʘʛʦʥʘʣʴ ʤʦʩʪʘ ʩʦʝʜʠʥʝʥʘ ʩ 

ʫʩʠʣʠʪʝʣʝʤ, ʚʳʭʦʜ ʢʦʪʦʨʦʛʦ ʩʦʝʜʠʥʝʥ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ ʩ ʚʝʨʰʠʥʦʡ ʤʦʩʪʘ. 

ʀʟʤʝʨʷʝʤʦʡ ʚʝʣʠʯʠʥʦʡ ʷʚʣʷʝʪʩʷ ʥʘʧʨʷʞʝʥʠʝ ʚ ʮʝʧʠ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, 

ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʙʘʣʘʥʩʠʨʦʚʢʠ ʤʦʩʪʘ. ʇʫʩʪʴ ʧʨʠ ʥʫʣʝʚʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ 

ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʨʘʚʥʦ E0. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚʦʟʨʦʩʣʘ. 

ʋʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ 

ʦʪʚʦʜʠʤʦʛʦ ʪʝʧʣʘ ʦʪ ʜʘʪʯʠʢʘ, ʫʤʝʥʴʰʝʥʠʝ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʳ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ Rw. ʋʤʝʥʴʰʝʥʠʝ Rw ʧʨʠʚʝʜʝʪ ʢ ʨʘʟʙʘʣʘʥʩʫ ʤʦʩʪʘ ʠ 

ʧʦʷʚʣʝʥʠʶ ʚ ʜʠʘʛʦʥʘʣʠ ʤʦʩʪʘ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʨʘʟʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʘʷ 
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ʧʦʩʪʫʧʘʝʪ ʥʘ ʫʩʠʣʠʪʝʣʴ ʠ ʚʦʟʚʨʘʱʘʝʪʩʷ ʩ ʦʙʨʘʪʥʳʤ ʟʥʘʢʦʤ ʥʘ ʚʝʨʭ ʤʦʩʪʘ. ʏʝʨʝʟ 

ʜʘʪʯʠʢ ʧʦʪʝʯʝʪ ʙʦʣʴʰʠʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʚʳʜʝʣʝʥʠʶ 

ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʝʧʣʘ ʥʘ ʥʠʪʠ, ʚʦʟʨʘʩʪʘʥʠʶ ʝʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʦʧʨʦʪʠʚʣʝʥʠʷ Rw. ʕʪʦʪ ʧʨʦʮʝʩʩ ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʦ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʙʘʣʘʥʩʘ ʤʦʩʪʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʦʙʣʶʜʘʝʪʩʷ ʫʩʣʦʚʠʝ Rw = const. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ CTA ʙʫʜʝʪ E > E0. ɺ ʩʣʫʯʘʝ ʫʤʝʥʴʰʝʥʠʷ 

ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚʩʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʙʨʘʪʥʦʤ ʧʦʨʷʜʢʝ.  

ʊ.ʢ. Rw = const, ʪʦ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʪʦʢʘ ʧʝʨʝʛʨʝʚ aw = const. 

ʊʦʛʜʘ ʚʩʝ ʚʝʣʠʯʠʥʳ, ʩʪʦʷʱʠʝ ʚ (9) ʧʝʨʝʜ ʩʢʦʙʢʘʤʠ, ʪʘʢʞʝ ʤʦʞʥʦ ʚʢʣʶʯʠʪʴ ʚ 

ʢʦʥʩʪʘʥʪʳ A1 ʠ B1. ʇʦʣʘʛʘʷ n = 0,5 ʚʳʨʘʞʝʥʠʝ (9) ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ ʢʘʢ 

 

E2 = A + BU 0,5. 

ʕʪʠʤ ʚʳʨʘʞʝʥʠʝʤ ʤʦʞʥʦ ʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ. 

ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʩʣʝʜʫʶʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʦʪ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ 

1 1

2 2 2
1 0 2 0( ) ( )nU k E E k E E= - + - , 

 

ʛʜʝ E - ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ CTA ʧʨʠ ʩʢʦʨʦʩʪʠ U, E0 - ʚʳʭʦʜʥʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʧʨʠ ʥʫʣʝʚʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ, k1, k2 ʠ n - ʢʦʥʩʪʘʥʪʳ ʢʘʣʠʙʨʦʚʢʠ. 

ʇʝʨʚʳʡ ʯʣʝʥ ʵʪʦʛʦ ʚʳʨʘʞʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʘʢʦʥ ʂʠʥʛʘ, ʚʪʦʨʦʡ 

ʷʚʣʷʝʪʩʷ ʵʤʧʠʨʠʯʝʩʢʦʡ ʜʦʙʘʚʢʦʡ, ʚʚʝʜʝʥʥʦʡ ʩ ʮʝʣʴʶ ʫʯʝʪʘ ʩʚʦʙʦʜʥʦʡ 

ʢʦʥʚʝʢʮʠʠ ʦʪ ʜʘʪʯʠʢʘ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʧʨʠ ʤʘʣʳʭ ʩʢʦʨʦʩʪʷʭ ʧʦʪʦʢʘ. 

ʂʘʣʠʙʨʦʚʦʯʥʳʝ ʧʦʩʪʦʷʥʥʳʝ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʧʦ 

ʟʘʧʠʩʘʥʥʳʤ ʚ ʧʘʤʷʪʴ ʇʂ ʩʨʝʜʥʠʤ ʟʥʘʯʝʥʠʷʤ ʠʟʤʝʨʝʥʥʦʡ ʥʘʩʘʜʢʦʤ ʇʨʘʥʜʪʣʷ 

ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʠ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ CTA. ʂʘʣʠʙʨʦʚʢʠ ʜʘʪʯʠʢʘ CTA 

ʚʳʧʦʣʥʷʣʠʩʴ ʧʝʨʝʜ ʢʘʞʜʳʤ ʨʝʞʠʤʦʤ ʠʟʤʝʨʝʥʠʡ PIV. ʊʠʧʠʯʥʳʝ ʢʘʣʠʙʨʦʚʢʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʟʥʳʝ ʜʥʠ, ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 2.  



8 

 

 

ʈʠʩ. 2  

ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦʛʨʝʰʥʦʩʪʴʶ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ 

ʧʨʠ ʢʘʣʠʙʨʦʚʢʝ. ʂʨʦʤʝ ʪʦʛʦ, ʚʩʣʝʜʩʪʚʠʝ ʜʨʝʡʬʘ ʩʚʦʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʧʦʛʨʝʰʥʦʩʪʠ ʚʥʦʩʠʪ ʩʘʤ CTA. ʊʠʧʠʯʥʳʝ ʚʝʣʠʯʠʥʳ ʦʪʥʦʩʠʪʝʣʴʥʳʭ 

ʧʦʛʨʝʰʥʦʩʪʝʡ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʦʤ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ ʦʢʦʣʦ 10-5, 

ʘ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʥʝ ʭʫʞʝ 1%. 

2.2. ʇʨʠʥʮʠʧ PIV 

ʆʧʪʠʯʝʩʢʠʡ ʤʝʪʦʜ PIV (Particle image velocimetry) ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ 

ʧʘʥʦʨʘʤʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʧʫʪʝʤ ʮʠʬʨʦʚʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 

ʠʟʦʙʨʘʞʝʥʠʡ ʚʟʚʝʰʝʥʥʳʭ ʚ ʞʠʜʢʦʩʪʠ ʠʣʠ ʛʘʟʝ ʤʝʣʢʠʭ ʯʘʩʪʠʮ ʧʨʠʤʝʩʠ. 

ʀʩʩʣʝʜʫʝʤʫʶ ʧʣʦʩʢʦʩʪʴ ʧʦʜʩʚʝʯʠʚʘʶʪ ʣʘʟʝʨʥʳʤ ʥʦʞʦʤ. ʇʨʠ ʧʦʤʦʱʠ 

ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʳ ʬʠʢʩʠʨʫʶʪ ʜʚʘ ʠʟʦʙʨʘʞʝʥʠʷ ʯʘʩʪʠʮ ʯʝʨʝʟ ʟʘʜʘʥʥʳʡ 

ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ, ʢʦʪʦʨʳʝ ʚʳʙʠʨʘʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ. 

ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʧʦ ʤʝʪʦʜʫ 

PIV ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3. 
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ʈʠʩ. 3 

 

ʇʦʣʫʯʝʥʥʘʷ ʧʘʨʘ ʠʟʦʙʨʘʞʝʥʠʡ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʥʝʙʦʣʴʰʠʝ ʨʘʩʯʝʪʥʳʝ 

ʦʙʣʘʩʪʠ, ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʤʝʱʝʥʠʝ ʚ ʧʠʢʩʝʣʷʭ ʧʨʠ 

ʧʦʤʦʱʠ ʧʨʦʮʝʜʫʨʳ ʢʨʦʩʩ-ʢʦʨʨʝʣʝʣʷʮʠʠ. ʂʘʣʠʙʨʦʚʢʘ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ 

ʤʘʩʰʪʘʙʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠ ʧʦʣʫʯʠʪʴ ʠʟ ʩʤʝʱʝʥʠʷ ʯʘʩʪʠʮ ʚ ʧʠʢʩʝʣʷʭ 

ʩʤʝʱʝʥʠʷ ʯʘʩʪʠʮ ʚ ʝʜʠʥʠʮʘʭ ʜʣʠʥʳ. ʇʦ ʠʟʚʝʩʪʥʦʡ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʝ ʠ 

ʩʤʝʱʝʥʠʶ ʚʳʯʠʩʣʷʶʪ ʧʨʦʝʢʮʠʶ ʚʝʢʪʦʨʘ ʤʝʩʪʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʥʘ 

ʧʣʦʩʢʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʥʦʞʘ. ʇʨʦʮʝʜʫʨʘ ʧʦʚʪʦʨʷʝʪʩʷ ʜʣʷ ʢʘʞʜʦʡ ʨʘʩʯʝʪʥʦʡ 

ʦʙʣʘʩʪʠ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʯʝʪʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʯʘʩʪʠʮ ʥʝʦʙʭʦʜʠʤ ʜʦʩʪʘʪʦʯʥʦ 

ʢʦʨʦʪʢʠʡ ʩʚʝʪʦʚʦʡ ʠʤʧʫʣʴʩ, ʯʪʦʙʳ ʯʘʩʪʠʮʳ ʥʝ ʫʩʧʝʣʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʤʝʩʪʠʪʴʩʷ 

ʟʘ ʚʨʝʤʷ ʠʤʧʫʣʴʩʘ. ʏʘʱʝ ʚʩʝʛʦ ʧʨʠʤʝʥʷʶʪ ʪʚʝʨʜʦʪʝʣʴʥʳʝ Nd:YAG ʣʘʟʝʨʳ ʩ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 4 ï 10 ʥʩ.  

ɺʳʙʦʨ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʠʤʧʫʣʴʩʘʤʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ 

ʫʩʣʦʚʠʷʤʠ. ɺʦ-ʧʝʨʚʳʭ, ʟʘʜʝʨʞʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ, ʯʪʦʙʳ 
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ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮ ʤʦʞʥʦ ʙʳʣʦ ʦʧʨʝʜʝʣʠʪʴ. ɺʦ-ʚʪʦʨʳʭ, ʩʣʠʰʢʦʤ ʙʦʣʴʰʦʝ ʚʨʝʤʷ 

ʟʘʜʝʨʞʢʠ ʧʦʟʚʦʣʠʪ ʯʘʩʪʠʮʘʤ ʩ ʙʦʣʴʰʦʡ ʧʦʧʝʨʝʯʥʦʡ ʢʦʤʧʦʥʝʥʪʦʡ ʩʢʦʨʦʩʪʠ 

ʚʳʣʝʪʝʪʴ ʠʟ ʧʣʦʩʢʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʥʦʞʘ. ʂʨʦʤʝ ʪʦʛʦ, ʨʘʩʯʝʪ ʚʝʜʝʪʩʷ ʚ 

ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʯʘʩʪʠʮʳ ʩʣʘʙʦ ʩʤʝʱʘʶʪʩʷ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʚʥʫʪʨʠ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʥʝʚʝʨʥʦ ʜʣʷ ʙʦʣʴʰʦʡ ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʠ. 

ʆʙʳʯʥʦ ʵʪʦʪ ʧʘʨʘʤʝʪʨ ʚʳʙʠʨʘʶʪ ʪʘʢʠʤ, ʯʪʦʙʳ ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʠ ʥʝ ʧʨʝʚʳʰʘʣʦ 0,75 ʦʪ ʨʘʟʤʝʨʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ.  

ʈʘʟʤʝʨ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʦʣʞʝʥ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʤ, ʯʪʦʙʳ 

ʨʘʟʣʠʯʥʳʝ ʩʢʦʨʦʩʪʠ ʚ ʧʨʝʜʝʣʘʭ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝ ʚʣʠʷʣʠ ʥʘ 

ʨʝʟʫʣʴʪʘʪʳ. ʂʨʦʤʝ ʪʦʛʦ, ʨʘʟʤʝʨ ʦʧʨʝʜʝʣʷʝʪ ʯʠʩʣʦ ʥʝʟʘʚʠʩʠʤʳʭ ʚʝʢʪʦʨʦʚ 

ʩʢʦʨʦʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʧʦʣʷ 

ʩʢʦʨʦʩʪʝʡ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʧʨʠ ʜʘʥʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤ 

ʨʘʟʨʝʰʝʥʠʠ ʢʘʤʝʨʳ. 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ ʷʚʣʷʝʪʩʷ ʮʠʬʨʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ. ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʤʦʜʠʬʠʢʘʮʠʡ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ 

ʩʪʨʦʙʦʩʢʦʧʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʯʘʩʪʠʮ ʠ 

ʤʝʪʦʜʦʤ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ. ɺ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʘʨʘʤʝʪʨ 

Ni ï ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʦʚ ʯʘʩʪʠʮ. 
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ʛʜʝ C ï ʩʯʝʪʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ-ʤʝʪʦʢ, 
0zD  ï ʪʦʣʱʠʥʘ ʣʘʟʝʨʥʦʛʦ 

ʥʦʞʘ, 
iDï ʨʘʟʤʝʨ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, 0M ï ʢʦʵʬʬʠʮʠʝʥʪ ʫʚʝʣʠʯʝʥʠʷ. ʇʨʠ iN

 << l ʧʨʠʤʝʥʷʶʪʩʷ ʧʦʜʭʦʜʳ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʣʝʞʠʪ ʘʥʘʣʠʟ ʧʝʨʝʤʝʱʝʥʠʡ 

ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ (Particle Tracking Velocimetry ï PTV), ʧʨʠ 
iN  >> 10 ʧʨʦʚʦʜʠʪʩʷ 

ʘʥʘʣʠʟ ʩʧʝʢʣʦʚʳʭ ʢʘʨʪʠʥ (Laser Speckle Velocimetry ï LSV). ʄʝʪʦʜ PIV, ʜʣʷ 

ʢʦʪʦʨʦʛʦ 10iN , ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ 

ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ ʯʘʩʪʠʮ. ʅʘ ʨʠʩʫʥʢʝ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʨʠʤʝʨʳ 

ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʨʘʟʣʠʯʥʳʤ ʧʘʨʘʤʝʪʨʦʤ Ni  
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ʈʠʩ. 4 

ʉʫʱʝʩʪʚʫʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʘʣʛʦʨʠʪʤʘ: 

ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ï ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘ ʦʜʥʦʤ ʢʘʜʨʝ ʟʘʧʠʩʘʥʳ ʢʘʢ ʥʘʯʘʣʴʥʳʝ 

ʧʦʣʦʞʝʥʠʷ ʯʘʩʪʠʮ-ʤʝʪʦʢ, ʪʘʢ ʠ ʢʦʥʝʯʥʳʝ; ʠ ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʳʡ, ʢʦʛʜʘ 

ʥʘʯʘʣʴʥʳʝ ʠ ʢʦʥʝʯʥʳʝ ʧʦʣʦʞʝʥʠʷ ʯʘʩʪʠʮ-ʤʝʪʦʢ ʬʠʢʩʠʨʫʶʪʩʷ ʥʘ ʨʘʟʥʳʝ ʢʘʜʨʳ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ, 

ʧʦʩʢʦʣʴʢʫ ʚ ʘʚʪʦʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʘʣʛʦʨʠʪʤʘʭ ʥʘʯʘʣʴʥʳʝ ʠ ʢʦʥʝʯʥʳʝ 

ʧʦʣʦʞʝʥʠʷ ʯʘʩʪʠʮ-ʤʝʪʦʢ ʨʘʚʥʦʟʥʘʯʥʳ ʠ ʩʤʝʱʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʪʦʯʥʦʩʪʴʶ 

ʜʦ ʟʥʘʢʘ. ɼʣʷ ʦʜʥʦʟʥʘʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʥʝʦʙʭʦʜʠʤʦ ʣʠʙʦ ʧʨʠʚʣʝʢʘʪʴ ʘʧʨʠʦʨʥʳʝ ʟʥʘʥʠʷ ʦ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʪʦʢʘ, ʣʠʙʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ (ʨʘʟʜʝʣʝʥʠʝ ʜʚʫʭ ʢʘʜʨʦʚ 

ʧʦ ʜʣʠʥʝ ʚʦʣʥʳ ʨʘʩʩʝʠʚʘʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʤʥʦʛʦʠʤʧʫʣʴʩʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʚʨʝʤʝʥʥʳʤʠ ʟʘʜʝʨʞʢʘʤʠ ʠ ʪ.ʜ.). 

ʉʫʪʴ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʧʦʜʭʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ. 

ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʜʚʘ ʠʟʦʙʨʘʞʝʥʠʷ ʯʘʩʪʠʮ ʯʝʨʝʟ ʟʘʜʘʥʥʳʡ ʧʨʦʤʝʞʫʪʦʢ 

ʚʨʝʤʝʥʠ. ʂʘʞʜʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʨʘʩʯʝʪʥʳʝ ʦʙʣʘʩʪʠ ʨʘʟʤʝʨʘʤʠ 

x yd d³ . ʆʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʘʟʙʠʝʥʠʝ ʩ ʥʝʢʦʪʦʨʦʡ ʩʪʝʧʝʥʴʶ ʧʝʨʝʢʨʳʪʠʷ 

ʷʯʝʝʢ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʯʘʩʪʠʮ ʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʛʦ ʢʘʤʝʨʦʡ 

ʩʚʝʪʘ (ʩʪʝʧʝʥʴ ʩʝʨʦʛʦ) ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʜʠʩʢʨʝʪʥʦʡ ʬʫʥʢʮʠʝʡ ʜʚʫʭ 

ʧʝʨʝʤʝʥʥʳʭ ʭ ʠ ʫ: ( )1 ,I x y  ʠ ( )2 ,I x y  ʜʣʷ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʢʘʜʨʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʈʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ 

( ) ( ) ( )
/2 /2

1, 2 1 2

/2 /2

, , ,
y x

y x

d d

I I

l d k d

C m n I k l I k m l n
=- =-

= ³ + +ä ä  
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ʀʥʦʛʜʘ ʚʤʝʩʪʦ ʥʝʸ ʠʩʧʦʣʴʟʫʶʪ ʥʦʨʤʠʨʦʚʘʥʥʫʶ ʢʦʨʨʝʣʷʮʠʦʥʥʫʶ 

ʬʫʥʢʮʠʶ.  

 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʥʝʨʘʚʥʦʤʝʨʥʦʡ ʦʩʚʝʱʝʥʥʦʩʪʠ ʯʘʩʪʠʮ ʠ ʬʦʥʘ. 

ʈʘʩʯʝʪ ʧʨʠ ʧʦʤʦʱʠ ʚʟʚʝʰʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʟʘʥʠʤʘʝʪ ʙʦʣʝʝ ʯʝʤ ʚ 

ʜʚʘ ʨʘʟʘ ʙʦʣʴʰʝ ʚʨʝʤʝʥʠ [3].  

ʄʘʢʩʠʤʫʤ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦʤʫ 

ʩʜʚʠʛʫ ʯʘʩʪʠʮ ʚ ʜʘʥʥʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚʩʝ ʯʘʩʪʠʮʳ ʚ 

ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʚʠʛʘʶʪʩʷ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʩʢʦʨʦʩʪʷʤʠ, ʠ ʚʩʝ ʯʘʩʪʠʮʳ 

ʩʦʚʝʨʰʘʶʪ ʦʜʠʥʘʢʦʚʦʝ ʧʝʨʝʤʝʱʝʥʠʝ. ʊʦʛʜʘ ʫ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ 

ʩʫʱʝʩʪʚʫʝʪ ʦʜʠʥ ʥʘʠʙʦʣʝʝ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ ʤʘʢʩʠʤʫʤ. ʄʘʢʩʠʤʫʤ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦʤʫ ʩʜʚʠʛʫ ʯʘʩʪʠʮ ʚ 

ʜʘʥʥʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ (ʨʠʩ. 5).  

 

ʈʠʩ. 5  

 

ɼʣʷ ʨʘʩʯʝʪʘ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʪʘʥʜʘʨʪʥʳʡ 

ʘʣʛʦʨʠʪʤ ʙʳʩʪʨʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ 

ʪʝʦʨʝʤʳ 

˞ ȟ Ὂ ὊὍ ὊὍᶻȟ 
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ʛʜʝ F  ʠ 1F-  ï ʧʨʷʤʦʝ ʠ ʦʙʨʘʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʦʣʫʯʠʚ ʩʤʝʱʝʥʠʝ ʛʨʫʧʧʳ ʯʘʩʪʠʮ D, ʠ ʟʥʘʷ ʚʨʝʤʝʥʥʫʶ ʟʘʜʝʨʞʢʫ ʤʝʞʜʫ 

ʢʘʜʨʘʤʠ dt, ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʩʢʦʨʦʩʪʴ ʧʦ ʬʦʨʤʫʣʝ  

S D
V

dt

Ö
= , 

ʛʜʝ S ï ʤʘʩʰʪʘʙʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʣʷ ʧʝʨʝʩʯʝʪʘ ʩʤʝʱʝʥʠʷ ʚ ʝʜʠʥʠʮʳ 

ʜʣʠʥʳ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʧʨʠ ʧʦʤʦʱʠ ʢʘʣʠʙʨʦʚʢʠ. 

ʕʪʘ ʦʧʝʨʘʮʠʷ ʧʨʦʚʦʜʠʪʩʷ ʜʣʷ ʢʘʞʜʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʧʦʣʫʯʘʝʪʩʷ ʧʦʣʝ ʩʢʦʨʦʩʪʠ, ʫʩʨʝʜʥʝʥʥʦʡ ʟʘ ʚʨʝʤʷ ʤʝʞʜʫ ʢʘʜʨʘʤʠ dt. 

ʊʘʢʦʡ ʤʝʪʦʜ ʦʙʨʘʙʦʪʢʠ ʜʘʝʪ ʟʥʘʯʝʥʠʷ ʩʜʚʠʛʦʚ ʯʘʩʪʠʮ, ʨʘʚʥʳʝ ʮʝʣʳʤ 

ʟʥʘʯʝʥʠʷʤ (ʚ ʧʠʢʩʝʣʷʭ). ʊʘʢʦʡ ʪʦʯʥʦʩʪʠ ʦʙʳʯʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦ. ɽʩʣʠ 

ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʧʠʢ ʟʘʥʠʤʘʝʪ ʙʦʣʴʰʝ ʦʜʥʦʛʦ ʧʠʢʩʝʣʷ ʤʦʞʥʦ ʧʨʠʤʝʥʠʪʴ 

ʠʥʪʝʨʧʦʣʷʮʠʶ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ, ʧʦʟʚʦʣʷʶʱʫʶ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʦʞʝʥʠʝ 

ʝʸ ʤʘʢʩʠʤʫʤʘ ʩ ʩʫʙʧʠʢʩʝʣʴʥʦʡ ʪʦʯʥʦʩʪʴʶ. ʅʘ ʨʠʩʫʥʢʝ 6 ʠʟʦʙʨʘʞʝʥʘ ʬʦʨʤʘ 

ʧʠʢʘ ʜʣʷ ʠʟʦʙʨʘʞʝʥʠʷ ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʚ 1,6 ʧ. ʠ ʨʘʟʣʠʯʥʦʡ ʚʝʣʠʯʠʥʳ ʜʨʦʙʥʦʛʦ 

ʩʤʝʱʝʥʠʷ. 

 

ʈʠʩ. 6  

ʆʙʳʯʥʦ, ʪʦʣʴʢʦ ʩʦʩʝʜʥʠʝ ʢ ʧʠʢʫ ʟʥʘʯʝʥʠʷ ʧʨʝʚʳʰʘʶʪ ʫʨʦʚʝʥʴ ʰʫʤʘ, 

ʧʦʵʪʦʤʫ ʜʣʷ ʠʥʪʝʨʧʦʣʷʮʠʠ ʧʦʣʴʟʫʶʪʩʷ ʪʨʝʭʪʦʯʝʯʥʳʤʠ ʦʮʝʥʢʘʤʠ. ʅʘʠʣʫʯʰʠʝ 

ʨʝʟʫʣʴʪʘʪʳ ʜʘʝʪ ʠʥʪʝʨʧʦʣʷʮʠʷ ʢʨʠʚʦʡ ɻʘʫʩʩʘ [4]: 

 
Ὢὼ ὅϽÅØÐ

ὼπ ὼς

“
Ƞ (10) 
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ừ
Ử
Ừ

Ử
ứὼπ Ὥ

ÌÎὙὭ ρȟὮ ÌÎὙὭ ρȟὮ

ςϽÌÎὙὭ ρȟὮ τϽÌÎὙὭȟὮ ςϽÌÎὙὭ ρȟὮ

ώπ Ὥ
ÌÎὙὭȟὮ ρ ÌÎὙὭȟὮ ρ

ςϽÌÎὙὭȟὮ ρ τϽÌÎὙὭȟὮ ςϽÌÎὙὭȟὮ ρ
Ȣ

 

   

ɺ ʬʦʨʤʫʣʝ 10 R(i,j) ï ʟʥʘʯʝʥʠʝ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʚ ʪʦʯʢʝ ʩ 

ʮʝʣʦʯʠʩʣʝʥʥʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʥʪʝʨʧʦʣʷʮʠʠ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʢʦʥʯʘʪʝʣʴʥʦ ʠʟʙʘʚʠʪʴʩʷ ʦʪ 

ʮʝʣʦʯʠʩʣʝʥʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ, ʯʪʦ ʚʳʨʘʞʘʝʪʩʷ ʚ 

ʵʬʬʝʢʪʝ peak locking ï ʚ ʧʦʣʫʯʝʥʥʳʭ ʩʤʝʱʝʥʠʷʭ ʯʘʩʪʠʮ ʧʨʝʦʙʣʘʜʘʶʪ 

ʮʝʣʦʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ. ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʧʦʣʴʟʫʶʪʩʷ 

ʧʣʦʪʥʦʩʪʴʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ ʪʦʛʦ, ʯʪʦ ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮ æx  ʚʜʦʣʴ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʦʩʠ ʣʝʞʠʪ ʚ ʥʝʢʦʪʦʨʦʤ ʜʠʘʧʘʟʦʥʝ.  ʇʨʠ ʵʪʦʤ ʦʪ ʩʤʝʱʝʥʠʷ ʙʝʨʫʪ 

ʪʦʣʴʢʦ ʜʨʦʙʥʫʶ ʯʘʩʪʴ. ɽʩʣʠ ʜʨʦʙʥʘʷ ʯʘʩʪʴ æx<0,5, ʪʦ ʚʤʝʩʪʦ ʥʝʸ ʙʝʨʝʪʩʷ  

1 ï æx. ʅʘ ʨʠʩʫʥʢʝ 7  ʧʨʠʤʝʨ ʪʘʢʦʡ ʛʠʩʪʦʛʨʘʤʤʳ  . ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʵʬʬʝʢʪʘ 

peak locking ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʦʣʞʥʦ ʙʳʪʴ ʨʘʚʥʦʤʝʨʥʳʤ, ʧʦʵʪʦʤʫ ʮʝʥʪʨ ʤʘʩʩ 

ʜʦʣʞʝʥ ʥʘʭʦʜʠʪʴʩʷ ʙʣʠʟʢʦ ʢ 0,25. ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʵʬʬʝʢʪʘ peak locking 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʘʨʘʤʝʪʨ ὴ τϽπȢςυ ὢx ˙. ʇʨʠ p=0 ʵʬʬʝʢʪ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ, ʧʨʠ p=1 ʚʩʝ ʩʤʝʱʝʥʠʷ ʚ ʧʦʣʝ ʠʤʝʶʪ ʮʝʣʳʝ ʟʥʘʯʝʥʠʷ. 

 

ʈʠʩ. 7. ʀʟʦʙʨʘʞʝʥʠʝ ʯʘʩʪʠʮʳ, ʧʣʦʪʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʤʝʱʝʥʠʡ ʠ 

ʧʦʩʪʨʦʝʥʥʳʝ ʛʠʩʪʦʛʨʘʤʤʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʣʠʷʥʠʷ ʵʬʬʝʢʪʘ peak locking 
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ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʫʚʝʣʠʯʝʥʠʷ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʘ ʩʤʝʱʝʥʠʡ ʠʩʧʦʣʴʟʫʶʪ 

ʠʪʝʨʘʮʠʦʥʥʳʝ ʤʝʪʦʜʳ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʢʦʤʧʝʥʩʘʮʠʶ ʩʤʝʱʝʥʠʡ ʯʘʩʪʠʮ. 

ʇʨʦʠʟʚʦʜʠʪʩʷ ʦʙʨʘʙʦʪʢʘ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʥʝʩʢʦʣʴʢʦ ʨʘʟ, 

ʧʨʠʯʝʤ ʥʦʚʳʝ ʨʘʩʯʝʪʥʳʝ ʦʙʣʘʩʪʠ ʧʦʣʫʯʘʶʪʩʷ ʩʤʝʱʝʥʠʝʤ ʩʪʘʨʳʭ ʥʘ ʚʝʢʪʦʨ, 

ʧʦʣʫʯʝʥʥʳʡ ʚ ʧʨʝʜʳʜʫʱʝʡ ʠʪʝʨʘʮʠʠ. ʅʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʪʩʝʚ 

ʦʰʠʙʦʯʥʳʭ ʚʝʢʪʦʨʦʚ, ʠʭ ʠʥʪʝʨʧʦʣʷʮʠʷ, ʠ, ʚʦʟʤʦʞʥʦ, ʨʘʟʙʠʝʥʠʝ ʫʯʘʩʪʢʘ ʥʘ 

ʤʝʥʴʰʠʝ ʦʢʥʘ ʤʝʥʴʰʝʛʦ ʨʘʟʤʝʨʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦʧʨʘʚʢʘ ʢ ʫʞʝ ʧʦʣʫʯʝʥʥʦʤʫ ʚʝʢʪʦʨʫ ʩʤʝʱʝʥʠʷ. ʉʤʝʱʝʥʠʝ 

ʦʢʦʥ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʵʬʬʝʢʪ ʧʦʪʝʨʠ ʧʘʨʳ ʠ ʜʦʙʠʪʴʩʷ 

ʣʫʯʰʝʛʦ ʩʦʚʧʘʜʝʥʠʷ ʥʘʯʘʣʴʥʦʡ ʠ ʢʦʥʝʯʥʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʋʤʝʥʴʰʝʥʠʝ 

ʨʘʟʤʝʨʘ ʨʘʩʯʝʪʥʦʛʦ ʦʢʥʘ ʧʦʟʚʦʣʷʝʪ ʪʘʢʞʝ ʫʚʝʣʠʯʠʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʤʝʪʦʜʘ. ʆʩʥʦʚʥʦʡ ʥʝʜʦʩʪʘʪʦʢ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʫʚʝʣʠʯʝʥʥʦʤ 

ʚʨʝʤʝʥʠ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ. 

ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʵʬʬʝʢʪʦʚ ʢʦʥʝʯʥʦʩʪʠ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʦʙʲʝʤʘ ʧʨʠ ʌʫʨʴʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʪʘʥʜʘʨʪʥʘʷ ʪʝʭʥʠʢʘ ʥʘʣʦʞʝʥʠʷ ʦʢʦʥ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʠʟʦʙʨʘʞʝʥʠʷ ʯʘʩʪʠʮ, ʣʝʞʘʱʠʝ ʙʣʠʟʢʦ ʢ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʛʦ ʦʢʥʘ 

ʫʯʠʪʳʚʘʶʪʩʷ ʩ ʤʝʥʴʰʠʤ ʚʝʩʦʤ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʵʬʬʝʢʪ "ʧʦʪʝʨʠ 

ʧʘʨʳ". ʇʨʠ ʦʙʨʘʙʦʪʢʝ ʜʘʥʥʳʭ ʚ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʨʠʤʝʥʷʣʦʩʴ ʦʢʥʦ 

ɻʘʫʩʩʘ. 
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ɼʣʷ ʫʯʝʪʘ ʛʨʘʜʠʝʥʪʦʚ ʩʢʦʨʦʩʪʠ ʚʥʫʪʨʠ ʦʜʥʦʛʦ ʨʘʩʯʝʪʥʦʛʦ ʦʢʥʘ 

ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʢʦʨʨʝʢʮʠʠ ʜʝʬʦʨʤʘʮʠʠ ʰʘʙʣʦʥʘ ʯʘʩʪʠʮ. ʏʪʦʙʳ ʫʣʫʯʰʠʪʴ 

ʩʦʚʧʘʜʝʥʠʝ ʤʝʞʜʫ ʥʘʯʘʣʴʥʳʤ ʠ ʢʦʥʝʯʥʳʤ ʦʢʥʘʤʠ, ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜʳ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʜʝʬʦʨʤʘʮʠʶ ʰʘʙʣʦʥʘ. ʆʙʣʘʩʪʴ ʜʝʬʦʨʤʠʨʫʝʪʩʷ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʛʨʘʜʠʝʥʪʦʤ ʩʢʦʨʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʳʤ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʩ 

ʧʨʠʣʝʞʘʱʠʭ ʦʙʣʘʩʪʝʡ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʜʝʬʦʨʤʘʮʠʠ 

ʦʙʣʘʩʪʠ ʩ ʧʦʵʪʘʧʥʳʤ ʫʣʫʯʰʝʥʠʝʤ ʨʘʟʨʝʰʝʥʠʷ ʠ B-spline ʠʥʪʝʨʧʦʣʷʮʠʝʡ. 
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ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ PIV ʚʣʠʷʶʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʩʠʩʪʝʤʳ. ʆʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʧʦʛʨʝʰʥʦʩʪʴ PIV ʚʥʦʩʠʪ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ 

ʩʤʝʱʝʥʠʡ ʯʘʩʪʠʮ, ʥʘ ʢʦʪʦʨʫʶ ʚʣʠʷʶʪ ʩʣʝʜʫʶʱʠʝ ʬʘʢʪʦʨʳ [5, 6, 7, 8]: 

1.  ʃʦʢʘʣʴʥʳʡ ʛʨʘʜʠʝʥʪ ʩʢʦʨʦʩʪʠ. ʇʨʠ ʙʦʣʴʰʠʭ ʛʨʘʜʠʝʥʪʘʭ ʩʢʦʨʦʩʪʠ 

ʩʤʝʱʝʥʠʷ ʯʘʩʪʠʮ ʚʥʫʪʨʠ ʦʜʥʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ 

ʦʪʣʠʯʘʶʪʩʷ. ʊʦʛʜʘ, ʫ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ ʚʦʟʥʠʢʘʶʪ ʥʝʩʢʦʣʴʢʦ 

ʧʠʢʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʟʣʠʯʥʳʤ ʩʤʝʱʝʥʠʷʤ; 

2.  ɸʙʩʦʣʶʪʥʘʷ ʚʝʣʠʯʠʥʘ ʩʤʝʱʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʯʘʩʪʠʮ. ʆʰʠʙʢʘ 

ʨʘʩʪʝʪ ʩ ʨʦʩʪʦʤ ʚʝʣʠʯʠʥʳ ʩʤʝʱʝʥʠʷ. ʀʪʝʨʘʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʦʙʨʘʙʦʪʢʠ 

ʧʦʟʚʦʣʷʶʪ ʩʚʝʩʪʠ ʢ ʤʠʥʠʤʫʤʫ ʵʪʫ ʦʰʠʙʢʫ, ʪʘʢ ʢʘʢ ʪʦʣʴʢʦ ʜʣʷ ʧʝʨʚʦʡ 

ʠʪʝʨʘʮʠʠ ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮ ʙʫʜʝʪ ʟʥʘʯʠʪʝʣʴʥʳʤ; 

3.  ʈʘʟʨʷʜʥʦʩʪʴ ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʳ. ʋʚʝʣʠʯʝʥʠʝ ʨʘʟʨʷʜʥʦʩʪʠ ʙʦʣʴʰʝ 8 

ʙʠʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʪʦʯʥʦʩʪʴ; 

4.  ʌʦʥʦʚʳʝ ʰʫʤʳ. ʐʫʤʳ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʝ 10% ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʶʪ ʥʘ ʪʦʯʥʦʩʪʴ. 

5.  ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ. ɼʣʷ ʨʘʟʤʝʨʘ ʠʟʦʙʨʘʞʝʥʠʡ ʯʘʩʪʠʮ 

ʩʫʱʝʩʪʚʫʶʪ ʜʚʘ ʧʨʦʪʠʚʦʨʝʯʠʚʳʭ ʪʨʝʙʦʚʘʥʠʷ ï ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʨʘʟʤʝʨ 

ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʣʞʝʥ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤ, ʜʣʷ ʭʦʨʦʰʝʡ 

ʠʥʪʝʨʧʦʣʷʮʠʠ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʜʦʣʞʥʘ 

ʦʙʝʩʧʝʯʠʚʘʪʴʩʷ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʣʦʢʘʣʴʥʦʩʪʠ. ʅʘʠʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ 

ʜʘʝʪ ʨʘʟʤʝʨ ʠʟʦʙʨʘʞʝʥʠʷ ʯʘʩʪʠʮʳ ʧʨʠʤʝʨʥʦ ʚ 1,5 ʧʠʢʩʝʣʷ 

6.  ʈʘʟʤʝʨ ʠ ʧʣʘʚʫʯʝʩʪʴ ʪʨʘʩʩʝʨʦʚ. ʅʘ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʚʣʠʷʝʪ 

ʟʘʧʘʟʜʳʚʘʥʠʝ ʯʘʩʪʠʮ ʚ ʧʦʪʦʢʝ. ʆʧʨʝʜʝʣʷʶʱʠʤ ʧʘʨʘʤʝʪʨʦʤ ʷʚʣʷʝʪʩʷ 

ʯʠʩʣʦ ʉʪʦʢʩʘ. ʇʨʠ St <<  1 ʯʘʩʪʠʮʳ ʩʯʠʪʘʶʪʩʷ ʭʦʨʦʰʦ ʩʣʝʜʫʶʱʠʤʠ ʟʘ 

ʧʦʪʦʢʦʤ. ɺ ʧʨʦʚʝʜʝʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʮʝʥʢʘ ʜʣʷ ʯʠʩʣʘ ʩʪʦʢʩʘ ὛὸρȢωϽ

ρπ ,  ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʳʭ ʯʘʩʪʠʮ ʜʣʷ 

ʠʟʤʝʨʝʥʠʡ [5].  
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3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ 

ʉʭʝʤʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʜʘʪʯʠʢʦʚ ʚ ɸɼʊ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 8. ʅʘ ʨʠʩʫʥʢʝ ʠʟʦʙʨʘʞʝʥʦ ʩʝʯʝʥʠʝ ʪʨʫʙʳ, ʚ ʢʦʪʦʨʦʤ 

ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʧʨʠʙʦʨʳ. ʂ ʥʠʞʥʝʡ ʩʪʝʥʢʝ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʙʳʣ 

ʧʨʠʢʨʝʧʣʝʥ ʧʥʝʚʤʦʤʝʪʨʠʯʝʩʢʠʡ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʥʘʩʘʜʦʢ ʇʨʘʥʜʪʣʷ ʜʣʷ 

ʠʟʤʝʨʝʥʠʷ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʠ ʢʘʣʠʙʨʦʚʢʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ. ʅʠʞʥʷʷ ʠ 

ʦʜʥʘ ʠʟ ʙʦʢʦʚʳʭ ʩʤʝʥʥʳʭ ʩʪʝʥʦʢ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʠʟ ʬʘʥʝʨʳ. ʅʘ ʙʦʢʦʚʦʡ 

ʩʪʝʥʢʝ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ ʥʘʩʘʜʦʢ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʩ ʢʦʦʨʜʠʥʘʪʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ 

ʅʘ ʨʠʩʫʥʢʝ 9 ʧʦʢʘʟʘʥ ʚʥʝʰʥʠʡ ʚʠʜ ʨʘʙʦʯʝʡ ʯʘʩʪʠ. ʂʦʥʩʪʨʫʢʮʠʷ ʨʘʙʦʯʝʡ ʯʘʩʪʠ 

ʥʝ ʧʦʟʚʦʣʠʣʘ ʧʦʤʝʩʪʠʪʴ ʜʘʪʯʠʢ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ 

ʦʪ ʩʚʝʪʦʚʦʡ ʧʣʦʩʢʦʩʪʠ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ ʙʳʣʦ ʦʢʦʣʦ 50 ʤʤ. 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʙʳʣʦ ʧʨʠʤʝʥʝʥʦ ʩʣʝʜʫʶʱʝʝ ʦʙʦʨʫʜʦʚʘʥʠʝ. 

1. ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʘʷ ʪʨʫʙʘ AT-3 

2. ʊʝʨʤʦʘʥʝʤʦʤʝʪʨ ʧʦʩʪʦʷʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

3. ʇʥʝʚʤʦʤʝʪʨʠʯʝʩʢʠʡ ʥʘʩʘʜʦʢ ʠ ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ 

4. ʉʠʩʪʝʤʘ PIV ʧʨʦʠʟʚʦʜʩʪʚʘ LaVison 

 

ʈʠʩ. 8 . ʈʘʩʧʦʣʦʞʝʥʠʝ ʜʘʪʯʠʢʦʚ ʚ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʠ ʦʙʣʘʩʪʴ ʠʟʤʝʨʝʥʠʷ 

ʩʠʩʪʝʤʳ PIV 
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ʈʠʩ. 9. ʂʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʥʘʩʘʜʦʢ ʇʨʘʥʜʪʣʷ ʠ ʜʘʪʯʠʢ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʚ 

ʨʘʙʦʯʝʡ ʯʘʩʪʠ ɸɼʊ 

 

3.1.  ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʘʷ ʪʨʫʙʘ 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʪʨʫʙʝ ɸʊ-3 ʌɸʃʊ ʄʌʊʀ. ɸʵʨʦʜʠʥʘʤʠʯʝʩʢʘʷ 

ʪʨʫʙʘ (ɸɼʊ) ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʜʦ 35 ʤ/ʩ. ʈʘʙʦʯʘʷ ʯʘʩʪʴ (ʈʏ) 

ʠʤʝʝʪ ʚʦʩʴʤʠʫʛʦʣʴʥʦʝ ʩʝʯʝʥʠʝ, ʧʨʦʟʨʘʯʥʳʝ ʩʪʝʥʢʠ, ʠ ʨʘʟʤʝʨʳ 800ʭ800 ʤʤ. 

ʇʝʨʝʜ ʩʦʧʣʦʤ ʪʨʫʙʳ ʫʩʪʘʥʦʚʣʝʥʘ ʩʠʩʪʝʤʘ ʟʘʩʝʚʘ ʯʘʩʪʠʮ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʡ ʧʦ ʤʝʪʦʜʫ PIV. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʪʨʫʙʳ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 10. 

 

ʈʠʩ. 10 
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ʀʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʠ ʢʘʣʠʙʨʦʚʢʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʫʩʪʦʡ ʈʏ ɸɼʊ. ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩ ɹʩʠʩʪʝʤʘ ʩʙʦʨʘ, 

ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʜʣʷ ɸɼʊ ɸʊ-1 ʌɸʃʊ ʄʌʊʀ ʚ ʩʦʩʪʘʚʝ ʜʚʫʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʜʘʪʯʠʢʦʚ ʜʘʚʣʝʥʠʷ Honeywell DC01NDR4, ʜʘʪʯʠʢʘ ʘʙʩʦʣʶʪʥʦʛʦ ʜʘʚʣʝʥʠʷ 

Honeywell 142PC15A, ʪʝʨʤʦʤʝʪʨʘ ʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʚ ʩʨʝʜʝ 

LabView. ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʜʘʪʯʠʢʠ ʧʦʜʢʣʶʯʘʣʠʩʴ ʢ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤʫ 

ʥʘʩʘʜʢʫ ʇʨʘʥʜʪʣʷ, ʧʦʩʪʫʧʠʚʰʝʤʫ ʚʤʝʩʪʝ ʩ ɸɼʊ ɸʊ-3 ʠʟ ɺɺʀɸ ʠʤ. ʅ.ɽ. 

ɾʫʢʦʚʩʢʦʛʦ. 

ɺʳʯʠʩʣʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʧʦ ʬʦʨʤʫʣʘʤ 
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ʛʜʝ ʈʩʪ, Q ʠ Tair - ʠʟʤʝʨʝʥʥʳʝ ʚʝʣʠʯʠʥʳ ʩʪʘʪʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ, 

ʩʢʦʨʦʩʪʥʦʛʦ ʥʘʧʦʨʘ ʚ ʤʤ. ʚ. ʩʪ. ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ ʚ ʉ̄. ʍʦʪʷ ʧʦʧʨʘʚʢʘ ʢ 

ʠʤʝʶʱʝʤʫʩʷ ʥʘʩʘʜʢʫ ʇʨʘʥʜʪʣʷ ʙʳʣʘ ʥʝʠʟʚʝʩʪʥʘ, ʦʥʘ ʚʨʷʜ ʣʠ ʧʨʝʚʳʰʘʣʘ 0,005 

ʠ ʥʝ ʤʦʛʣʘ ʩʠʣʴʥʦ ʩʢʘʟʳʚʘʪʴʩʷ ʥʘ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ. 

ʀʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ɸɼʊ ʧʨʦʚʦʜʠʣʠʩʴ ʩʥʘʯʘʣʘ ʧʨʠ ʨʘʙʦʪʝ 

ʛʣʘʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ɸɼʊ, ʟʘʪʝʤ ʚʢʣʶʯʘʣʩʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʡ ʜʚʠʛʘʪʝʣʴ, 

ʦʙʦʨʦʪʳ ʛʣʘʚʥʦʛʦ ʧʨʠ ʵʪʦʤ ʩʥʠʞʘʣʠʩʴ ʜʦ ʥʫʣʷ ʠ ʜʘʣʝʝ ʥʘʨʘʱʠʚʘʣʠʩʴ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ɸɼʊ ɸʊ-3 ʧʨʠ ʧʦʤʦʱʠ ʥʘʩʘʜʢʘ 

ʇʨʘʥʜʪʣʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 11. 
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ʇʨʠ ʨʘʙʦʪʝ ʛʣʘʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ 

ʦʙʦʨʦʪʦʚ, ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʜʚʠʛʘʪʝʣʷ, ʨʘʙʦʪʘʶʱʝʛʦ ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʤ ʯʠʩʣʝ ʦʙʦʨʦʪʦʚ,  ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʟʘʚʠʩʠʪ ʦʪ ʦʙʦʨʦʪʦʚ ʛʣʘʚʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ ʢʚʘʜʨʘʪʠʯʥʦ. 

ʅʘʠʙʦʣʴʰʘʷ ʧʦʣʫʯʝʥʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚ ɸɼʊ ɸʊ-3 ʩʦʩʪʘʚʠʣʘ 13 ʤ/ʩ, ʯʪʦ 

ʧʨʠʤʝʨʥʦ ʚ 2,5 ʨʘʟʘ ʤʝʥʴʰʝ ʧʘʩʧʦʨʪʥʦʛʦ ʟʥʘʯʝʥʠʷ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʙʳʣ 

ʧʦʜʪʚʝʨʞʜʝʥ ʥʝʟʘʚʠʩʠʤʳʤʠ ʠʟʤʝʨʝʥʠʷʤʠ ʧʨʠ ʧʦʤʦʱʠ ʤʘʥʦʤʝʪʨʘ ɼʄʎ-01ʄ ʩ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ ʥʘʩʘʜʢʦʤ ʎɸɻʀ.  

 

3.2. ʊʝʨʤʦʘʥʝʤʦʤʝʪʨ 

ɺ ʈʏ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ ʦʜʥʦʥʠʪʦʯʥʳʡ ʜʘʪʯʠʢ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʧʦʩʪʦʷʥʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ (CTA ʠʣʠ CTA (constant temperature anemometer)) MiniCTA 

54T30 ʧʨʦʠʟʚʦʜʩʪʚʘ Dantec. ʇʦʣʦʩʘ ʧʨʦʧʫʩʢʘʥʠʷ  ʥʝ ʨʝʛʫʣʠʨʫʝʪʩʷ ʠ ʨʘʚʥʘ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 10 ʢɻʮ. ɼʘʥʥʳʝ ʩ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʩʦʙʠʨʘʣʠʩʴ ʩ ʯʘʩʪʦʪʦʡ 

20 ʢɻʮ. ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʥʘʩʘʜʦʢ ʇʨʘʥʜʪʣʷ. 

ɼʘʥʥʳʝ ʩ CTA ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʜʘʪʯʠʢʦʚ ʜʘʚʣʝʥʠʷ ʧʦʩʪʫʧʘʶʪ ʥʘ ɸʎʇ ʠ 

ʜʘʣʝʝ ʥʘ ʧʝʨʩʦʥʘʣʴʥʳʡ ʢʦʤʧʴʶʪʝʨ. ʉʙʦʨ ʜʘʥʥʳʭ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚ ʩʨʝʜʝ 

LabView. ʉʭʝʤʘ ʠʟʤʝʨʝʥʠʡ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 13. 
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3.3. ʉʠʩʪʝʤʘ PIV 

ɺ ɸʊ-3 ʫʩʪʘʥʦʚʣʝʥʘ ʩʠʩʪʝʤʘ PIV ʬʠʨʤʳ LaVision. ʉʠʩʪʝʤʘ ʚʢʣʶʯʘʝʪ ʚ 

ʩʝʙʷ ʠʤʧʫʣʴʩʥʳʡ ʣʘʟʝʨ Litron LDY303 HE ʩ ʵʥʝʨʛʠʝʡ ʠʤʧʫʣʴʩʘ ʜʦ 22,5 ʤɼʞ ʠ 

ʯʘʩʪʦʪʦʡ ʧʦʚʪʦʨʝʥʠʷ 0,2 ï 20 ʢɻʮ. ɼʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʘʝʤʦʛʦ ʩʚʝʪʘ 527 ʥʤ. ɼʚʝ 

CMOS ʢʘʤʝʨʳ Photron FASTCAM SA1.1 type 675K-M1 ʨʘʟʨʝʰʝʥʠʝʤ 1024ʭ1024 

ʧʠʢʩʝʣʷ ʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʯʘʩʪʦʪʦʡ ʩʲʝʤʢʠ 5400 ɻʮ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʤ 

ʨʘʟʨʝʰʝʥʠʠ. ʂʘʤʝʨʳ ʠ ʣʘʟʝʨ ʩʠʥʭʨʦʥʠʟʠʨʦʚʘʥʳ ʧʨʠ ʧʦʤʦʱʠ ʫʩʪʨʦʡʩʪʚʘ 

LaVision High Speed Controller HSC Standard ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 10 ʥʩ ʠ 

ʨʘʙʦʪʘʶʪ ʧʦʜ ʫʧʨʘʚʣʝʥʠʝʤ ʧʝʨʩʦʥʘʣʴʥʦʛʦ ʢʦʤʧʴʶʪʝʨʘ. ʇʝʨʝʜʘʯʘ ʠʟʦʙʨʘʞʝʥʠʡ 

ʩ ʢʘʤʝʨ  ʚʝʜʝʪʩʷ ʧʦ ʦʪʜʝʣʴʥʦʤʫ ʢʘʥʘʣʫ. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 13.  
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ɼʣʷ ʟʘʧʳʣʝʥʠʷ ʧʦʪʦʢʘ ʯʘʩʪʠʮʘʤʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʵʨʦʟʦʣʴʥʳʡ ʛʝʥʝʨʘʪʦʨ 

LaVision, ʨʘʙʦʪʘʶʱʠʡ ʦʪ ʢʦʤʧʨʝʩʩʦʨʘ. ʇʦ ʜʘʥʥʳʤ ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʘʵʨʦʟʦʣʴ ʥʝ 

ʷʚʣʷʝʪʩʷ ʤʦʥʦʜʠʩʧʝʨʩʥʳʤ ʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʩʦʩʪʘʚ (ʪʘʙʣʠʮʘ 1): 

ʊʘʙʣ. 1. 

ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʂʦʥʮʝʥʪʨʘʮʠʷ 

0,2 ʤʢʤ ς ρπχ ʯʘʩʪʠʮ/ʩʤ3 

0,5 ʤʢʤ   υ ρπχ ʯʘʩʪʠʮ/ʩʤ3 

1,0 ʤʢʤ   ρ ρπσ ʯʘʩʪʠʮ/ʩʤ3 

0,3 ï 0,5 ʤʢʤ      ρȟυ ρπχ ʯʘʩʪʠʮ/ʩʤ3 

0,5 ï 1,0 ʤʢʤ    ψ ρπφ ʯʘʩʪʠʮ/ʩʤ3 

ɺʩʝʛʦ ρπψ ʯʘʩʪʠʮ/ʩʤ3 

 

ʏʘʱʝ ʚʩʝʛʦ ʚʩʪʨʝʯʘʶʪʩʷ ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ 0,25 ʤʢʤ. 

ʂʘʣʠʙʨʦʚʢʘ ʩʠʩʪʝʤʳ PIV ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʨʦ ʧʦʤʦʱʠ ʩʧʝʮʠʘʣʴʥʦʡ 

ʢʘʣʠʙʨʦʚʦʯʥʦʡ ʤʠʰʝʥʠ (ʨʠʩʫʥʦʢ 8).  

 



23 

 

 

ʈʠʩ. 14. ʄʠʰʝʥʴ ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʩʠʩʪʝʤʳ PIV 

 

ʇʘʨʘʤʝʪʨʳ ʩʲʝʤʢʠ ʠ ʦʙʨʘʙʦʪʢʠ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʧʨʦʚʝʜʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʫʢʘʟʘʥʳ ʚ ʪʘʙʣʠʮʘʭ 2 ʠ 3. 

ʊʘʙʣʠʮʘ 2. ʇʘʨʘʤʝʪʨʳ ʩʲʝʤʢʠ 

 ʕʢʩʧʝʨʠʤʝʥʪ 1 

(U=5,2 ʤ/ʩ) 

ʕʢʩʧʝʨʠʤʝʥʪ 2 

(U=9,5 ʤ/ʩ) 

ʕʢʩʧʝʨʠʤʝʥʪ 2  

(U=5 ʤ/ʩ, 

ʮʠʣʠʥʜʨ) 

ʈʘʟʤʝʨ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʦʙʣʘʩʪʠ 

ρςπρςψ ̍  ̍ ωυ ρρς ̍  ̍ ωυ ρρς ̍  ̍

ʈʘʟʤʝʨ ʠʟʦʙʨʘʞʝʥʠʷ υρςυρς ὴὭὼ ςσπςυφ ὴὭὼ ςσπςυφ ὴὭὼ 

ʄʘʩʰʪʘʙʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ 

0,178891 ʤʤ/ʧʠʢʩ 

ɿʘʜʝʨʞʢʘ ʤʝʞʜʫ ʧʘʨʘʤʠ 

ʠʤʧʫʣʴʩʦʚ 

150 ʤʢʩ 100 ʤʢʩ 150 ʤʢʩ 

ʏʘʩʪʦʪʘ 2000 ɻʮ 2000 ɻʮ 2000 ɻʮ 

ʂʦʣʠʯʝʩʪʚʦ ʠʟʤʝʨʝʥʠʡ 118110 98428 111979 
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ʊʘʙʣʠʮʘ 3. ʇʘʨʘʤʝʪʨʳ ʦʙʨʘʙʦʪʢʠ 

 ʕʢʩʧʝʨʠʤʝʥʪ 1  

ʩʝʪʢʘ,  

U=5,2 ʤ/ʩ 

ʕʢʩʧʝʨʠʤʝʥʪ 2  

ʩʝʪʢʘ,  

U=9,5 ʤ/ʩ 

ʕʢʩʧʝʨʠʤʝʥʪ 2  

U=5 ʤ/ʩ,  

ʮʠʣʠʥʜʨ 

ɸʣʛʦʨʠʪʤ ʂʨʦʩʩʢʦʨʝʣʷʮʠʦʥʥʳʡ ʩ ʧʝʨʝʨʘʟʙʠʝʥʠʝʤ 

ʨʘʩʯʝʪʥʦʛʦ ʦʢʥʘ, ʚʟʚʝʰʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ 

ʬʫʥʢʮʠʝʡ ʠ ʜʝʬʦʨʤʘʮʠʝʡ ʨʘʩʯʝʪʥʦʛʦ ʦʢʥʘ. 

ʅʘʯʘʣʴʥʳʡ ʨʘʟʤʝʨ ʦʢʥʘ φτφτ ὴὭὼ, ʢʨʫʛʣʦʝ ʚʟʚʝʰʝʥʥʦʝ (Gaussian) ʦʢʥʦ  

ʂʦʥʝʯʥʳʡ ʨʘʟʤʝʨ ʦʢʥʘ τψτψ ὴὭὼ, ʢʨʫʛʣʦʝ ʚʟʚʝʰʝʥʥʦʝ (Gaussian) ʦʢʥʦ  

ʇʝʨʝʢʨʳʪʠʝ 50% 

ʂʦʣʠʯʝʩʪʚʦ ʚʝʢʪʦʨʦʚ ρτρυ ρρρσ ρρρσ 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ 

4.29 ʤʤ 4.29 ʤʤ 4.29 ʤʤ 

 

ʊʘʢ ʢʘʢ ʤʦʱʥʦʩʪʴ ʣʘʟʝʨʥʳʭ ʠʤʧʫʣʴʩʦʚ ʧʘʜʘʝʪ ʩ ʯʘʩʪʦʪʦʡ ʠʤʧʫʣʴʩʦʚ, 

ʯʘʩʪʦʪʘ ʩʲʝʤʢʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʯʘʩʪʦʪʦʡ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʦʩʚʝʱʝʥʥʦʩʪʴ ʢʘʜʨʘ ʙʳʣʘ ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʢʦʨʨʝʢʪʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ. 

ʆʧʳʪʥʳʤ ʧʫʪʝʤ ʙʳʣʦ ʚʳʷʩʥʝʥʦ, ʯʪʦ ʚ ʠʤʝʚʰʠʭʩʷ ʫʩʣʦʚʠʷʭ ʩʲʝʤʢʘ ʠ ʧʦʣʫʯʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʚʦʟʤʦʞʥʘ ʥʘ ʯʘʩʪʦʪʘʭ ʜʦ 2 ʢɻʮ. 

ʆʙʱʠʡ ʚʠʜ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 15. 

 

ʈʠʩ. 15 
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ɼʣʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʟʘʧʳʣʝʥʠʷ ʈʏ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʧʝʮʠʘʣʴʥʘʷ ʩʠʩʪʝʤʘ 

ʪʨʫʙʦʢ, ʧʨʠʩʦʝʜʠʥʝʥʥʘʷ ʢ ʛʝʥʝʨʘʪʦʨʫ ʘʵʨʦʟʦʣʷ (ʨʠʩʫʥʦʢ 16). 

 

ʈʠʩ. 16. ɻʝʥʝʨʘʪʦʨ ʘʵʨʦʟʦʣʷ ʠ ʩʠʩʪʝʤʘ ʜʣʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʟʘʧʳʣʝʥʠʷ ʈʏ 

4. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ɺ ʭʦʜʝ ʢʘʞʜʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʦʜʥʦʚʨʝʤʝʥʥʳʝ ʠʟʤʝʨʝʥʠʷ 

ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ ʧʨʠ ʧʦʤʦʱʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʠ ʩʠʩʪʝʤʳ PIV. ɼʣʷ ʨʘʩʯʝʪʘ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʫʣʴʩʘʮʠʡ ʩʢʦʨʦʩʪʠ (PSD) ʧʦ ʜʘʥʥʳʤ PIV ʥʘ ʧʦʣʝ 

ʩʢʦʨʦʩʪʠ ʚʳʙʠʨʘʣʘʩʴ ʪʦʯʢʘ, ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʘʷ ʢ ʧʦʣʦʞʝʥʠʶ ʜʘʪʯʠʢʘ 

ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ, ʠ ʜʣʷ ʵʪʦʡ ʪʦʯʢʠ ʙʳʣʠ ʩʦʩʪʘʚʣʝʥʳ ʦʩʮʠʣʣʦʛʨʘʤʤʳ 

ʧʨʦʜʦʣʴʥʦʡ ʠ ʧʦʧʝʨʝʯʥʦʡ ʩʢʦʨʦʩʪʝʡ. ɼʣʷ ʜʘʣʴʥʝʡʰʠʭ ʨʘʩʯʝʪʦʚ 

ʦʩʮʠʣʣʦʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʧʦʤʦʱʠ PIV ʠ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʘ ʨʘʟʙʠʚʘʣʠʩʴ 

ʥʘ ʯʘʩʪʠ ʜʣʠʥʦʡ ʚ 1 ʩʝʢʫʥʜʫ. ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʨʝʞʠʤʦʚ ʦʙʱʝʝ ʯʠʩʣʦ ʪʘʢʠʭ 

ʦʩʮʠʣʣʦʛʨʘʤʤ ʙʳʣʦ ʥʝ ʤʝʥʝʝ 50. ʀʟ ʢʘʞʜʦʡ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʚʳʯʠʪʘʣʦʩʴ 
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ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʠ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʥʦʨʤʠʨʦʚʢʘ ʥʘ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 

ʩʢʦʨʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʙʝʟʨʘʟʤʝʨʥʳʝ ʟʥʘʯʝʥʠʷ ʧʫʣʴʩʘʮʠʠ 

ʩʢʦʨʦʩʪʠ. ʇʨʠʤʝʨ rʦʩʮʠʣʣʦʛʨʘʤʤ ʧʦ ʜʘʥʥʳʤ PIV ʠ CTA ʧʨʝʜʩʪʘʚʣʝʥ rʥʘ 

ʨʠʩʫʥʢʘʭ 17 ʠ 18. 

 

ʈʠʩ. 17. ʇʨʠʤʝʨ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʧʦ ʜʘʥʥʳʤ PIV (ʩʝʪʢʘ, U=5,2 ʤ/ʩ). 

 

ʈʠʩ. 18. ʇʨʠʤʝʨ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʧʦ ʜʘʥʥʳʤ CTA (ʩʝʪʢʘ, U=5,2 ʤ/ʩ). 
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4.1. ʉʧʝʢʪʨʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ 

ɼʣʷ ʢʘʞʜʦʡ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʩʧʝʢʪʨʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ 

ʤʦʱʥʦʩʪʠ ʧʫʣʴʩʘʮʠʡ ʧʨʦʜʦʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʠ ʥʘʡʜʝʥʦ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ PSD ʧʦ 

ʘʥʩʘʤʙʣʶ ʨʝʘʣʠʟʘʮʠʡ. ʅʘ ʨʠʩʫʥʢʝ 19 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʪʝʨʤʦʘʥʝʤʦʤʝʪʨʦʤ. 

 

ʈʠʩ. 19  

ʅʘ ʯʘʩʪʦʪʘʭ ʦʪ 10 ʜʦ 2000 ɻʮ ʩʧʝʢʪʨʳ ʩʦʚʧʘʜʘʶʪ ʩ ʦʞʠʜʘʝʤʳʤ ʩʧʝʢʪʨʦʤ 

ʧʫʣʴʩʘʮʠʡ ʜʣʷ ʩʝʪʦʯʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ [1]. ʇʠʢ ʥʘ ʫʨʦʚʥʝ 30 ɻʮ ʦʙʲʷʩʥʷʝʪʩʷ 

ʧʫʣʴʩʘʮʠʷʤʠ, ʚʳʟʚʘʥʥʳʤʠ ʚʨʘʱʝʥʠʝʤ ʣʦʧʘʩʪʝʡ ʚʝʥʪʠʣʷʪʦʨʘ. 
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ʅʘ ʨʠʩʫʥʢʝ 20 ʠʟʦʙʨʘʞʝʥ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʤʦʱʥʦʩʪʠ ʧʫʣʴʩʘʮʠʡ 

ʩʢʦʨʦʩʪʠ ʚ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʟʘ ʩʝʪʢʦʡ [1]. 

 

ʈʠʩ. 20. ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ 

ʤʦʱʥʦʩʪʠ ʧʫʣʴʩʘʮʠʡ ʧʨʦʜʦʣʴʥʦʡ 

ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ 

 

ʈʠʩ. 21. ʉʧʝʢʪʨ ʤʦʱʥʦʩʪʠ ʧʫʣʴʩʘʮʠʡ 

ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʧʦʤʦʱʠ CTA ʩ ʩʝʪʢʦʡ 

ʚ ʈʏ ʧʨʠ U=9,5 ʤ/ʩ 

ʉʧʝʢʪʨ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʦ ʧʦʣʫʯʝʥʥʳʤ ʧʨʠ ʧʦʤʦʱʠ CTA ʚ ʨʘʙʦʪʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ, ʠʤʝʝʪ ʧʦʜʲʝʤ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʯʘʩʪʦʪ, ʢʦʪʦʨʦʛʦ 

ʥʝʪ ʚ ʩʧʝʢʪʨʝ ʩʝʪʦʯʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʝʱʝ ʦʜʥʦʛʦ 

ʤʝʜʣʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ (ʨʠʩ. 21). ʕʪʠ ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ ʢʦʣʝʙʘʥʠʷ ʚʳʟʚʘʥʳ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʠ, ʠʭ ʧʨʠʨʦʜʘ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ 

ʫʩʪʘʥʦʚʣʝʥʘ. ʅʘ ʧʦʣʫʯʘʝʤʳʝ ʜʘʥʥʳʝ ʪʘʢʞʝ ʥʘʣʦʞʝʥ ʰʫʤ ʠʟʤʝʨʠʪʝʣʴʥʳʭ 

ʩʠʩʪʝʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʪʨʠ 

ʩʣʫʯʘʡʥʳʭ ʧʨʦʮʝʩʩʘ: ʩʝʪʦʯʥʘʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ, ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ ʧʫʣʴʩʘʮʠʠ, 

ʚʳʟʚʘʥʥʳʝ ʵʣʝʤʝʥʪʘʤʠ ɸɼʊ ʠ ʰʫʤ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ. 

ɺ ʪʘʙʣʠʮʝ 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʪʝʧʝʥʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ Tu, ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ 

ʧʦʤʦʱʠ PIV ʠ CTA ʚ ʢʘʞʜʦʤ ʠʟ ʯʝʪʳʨʝʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ, ʘ 

ʪʘʢʞʝ ʦʰʠʙʢʘ ʧʦʜʩʯʝʪʘ ʩʪʝʧʝʥʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʦ ʜʘʥʥʳʤ PIV, ʨʘʚʥʘʷ 

ȿ ȿ
ϽρππϷ . ʈʘʩʯʝʪ ʧʨʦʠʟʚʦʜʠʣʩʷ ʪʦʣʴʢʦ ʧʦ ʧʨʦʜʦʣʴʥʦʡ ʩʢʦʨʦʩʪʠ U.  
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ʊʘʙʣ. 4. 

ʕʢʩʧʝʨʠʤʝʥʪ TuCTA (%) TuPIV (%) ʆʰʠʙʢʘ TuPIV (%) 

ʇʫʩʪʘʷ ʈʏ, U=5,5 

ʤ/ʩ. 

0.7855 - - 

ʉʝʪʢʘ, U=5,2 ʤ/ʩ. 1.0349  1.1561 11.7 

ʉʝʪʢʘ, U=9,5 ʤ/ʩ. 1.2506   1.1687 6.6 

ʎʠʣʠʥʜʨ, U=5,0 

ʤ/ʩ. 

4.9967 4.3287 13.4 

ʀʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʘʞʝ ʚ ʧʫʩʪʦʡ ʈʏ ʩʪʝʧʝʥʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ  

ɸɼʊ-3 ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʘʷ ʠ ʩʨʘʚʥʠʤʘ ʩ ʜʦʩʪʠʛʘʝʤʦʡ ʧʨʠ ʧʦʤʦʱʠ ʩʝʪʢʠ. ʇʦ 

ʵʪʦʡ ʧʨʠʯʠʥʝ ʠʟʤʝʨʝʥʠʷ PIV ʚ ʧʫʩʪʦʡ ʈʏ ʥʝ ʧʨʦʚʦʜʠʣʠʩʴ. 

ʈʘʩʯʝʪ ʩʧʝʢʪʨʘʣʴʥʳʭ ʧʣʦʪʥʦʩʪʝʡ ʪʘʢʞʝ ʙʳʣ ʧʨʦʠʟʚʝʜʝʥ ʧʦ 

ʦʩʮʠʣʣʦʛʨʘʤʤʘʤ ʩʢʦʨʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʤ ʧʨʠ ʧʦʤʦʱʠ PIV. ɼʣʷ ʧʨʦʚʝʨʢʠ ʨʘʙʦʪʳ 

ʧʨʦʛʨʘʤʤ ʜʣʷ ʢʘʞʜʦʡ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʉʂʆ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ ï 

ʥʘʧʨʷʤʫʶ ʠʟ ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʠ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʩʧʝʢʪʨʘ. ɿʥʘʯʝʥʠʷ ʉʂʆ ʭʦʨʦʰʦ 

ʩʦʚʧʘʜʘʣʠ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʨʘʚʠʣʴʥʦʩʪʠ ʨʘʩʯʝʪʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʧʣʦʪʥʦʩʪʝʡ. 

ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʧʣʦʪʥʦʩʪʝʡ ʧʦ ʜʘʥʥʳʤ PIV ʠ CTA 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʘʭ 22-24. ɺ ʮʝʣʦʤ ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ ʭʦʨʦʰʦ 

ʩʦʚʧʘʜʘʶʪ ʜʦ 400 ɻʮ. ʅʘ ʯʘʩʪʦʪʘʭ ʚʳʰʝ 400 ɻʮ ʧʨʦʷʚʣʷʝʪʩʷ ʙʝʣʳʡ ʰʫʤ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ PIV. ɺʦ ʚʪʦʨʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ 

ʩʦʚʧʘʜʘʶʪ ʭʦʨʦʰʦ ʜʦ ʯʘʩʪʦʪʳ ʧʨʠʤʝʨʥʦ 350 ɻʮ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩ ʮʠʣʠʥʜʨʦʤ 

ʟʘʤʝʪʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʥʘʯʠʥʘʝʪʩʷ ʩ 200 ɻʮ.  

ʅʝʩʦʚʧʘʜʝʥʠʝ ʩʧʝʢʪʨʦʚ ʚʳʰʝ ʫʢʘʟʘʥʥʳʭ ʚʦ ʚʪʦʨʦʤ ʠ ʪʨʝʪʴʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʚʳʟʚʘʥʦ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʦʪʩʪʘʚʘʥʠʝʤ ʯʘʩʪʠʮ.  

ʇʦ ʜʘʥʥʳʤ PIV ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʩʧʝʢʪʨʳ ʜʣʷ ʪʦʯʝʢ ʩ ʨʘʟʣʠʯʥʦʡ 

ʧʦʧʝʨʝʯʥʦʡ (ʚʝʨʪʠʢʘʣʴʥʦʡ) ʢʦʦʨʜʠʥʘʪʦʡ. ɼʣʷ ʠʤʝʶʱʝʡʩʷ ʩʝʪʦʯʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʦʜʥʦʨʦʜʥʦʡ ʚʜʦʣʴ ʧʦʧʝʨʝʯʥʦʡ ʦʩʠ, ʩʧʝʢʪʨʳ ʜʦʣʞʥʳ 

ʩʦʚʧʘʜʘʪʴ. ʅʘ ʨʠʩʫʥʢʝ 25 ʧʨʠʚʝʜʝʥʳ ʚʳʯʠʩʣʝʥʥʳʝ ʩʧʝʢʪʨʳ, ʢʦʪʦʨʳʝ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʦʜʥʦʨʦʜʥʦʩʪʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʠʟʤʝʨʝʥʠʡ. 



30 

 

ʈʠʩ. 22 

 

ʈʠʩ. 23  



31 

 

 

ʈʠʩ. 24  

 

ʈʠʩ. 25  

ɺ ʪʨʝʪʴʝʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩ ʮʠʣʠʥʜʨʦʤ ʠʤʝʣʘʩʴ ʩʠʣʴʥʘʷ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ 

ʩʨʝʜʥʝʡ ʧʨʦʜʦʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ. ʅʘ ʨʠʩʫʥʢʝ 26 ʧʦʢʘʟʘʥʦ ʧʦʣʝ ʩʨʝʜʥʝʡ 

ʩʢʦʨʦʩʪʠ U ʧʦʪʦʢʘ ʥʘ ʛʨʘʥʠʮʝ ʟʦʥʳ ʩʤʝʰʝʥʠʷ ʧʦʪʦʢʘ ʟʘ ʮʠʣʠʥʜʨʦʤ ʚ ʧʦʣʝ 

ʟʨʝʥʠʷ ʢʘʤʝʨʳ. ʅʘ ʨʠʩʫʥʢʝ 27 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʜʣʷ ʪʦʯʝʢ ʩ ʨʘʟʣʠʯʥʦʡ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʦʡ Y ʚ ʵʪʦʡ ʟʦʥʝ. ɻʨʘʬʠʢʠ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ, ʯʪʦ 


































