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ɼʝʨʞʘʚʥʝ ʢʦʩʤʽʯʥʝ ʘʛʝʥʪʩʪʚʦ ʋʢʨʘʾʥʠ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʮʝʥʪʨ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʦʩʚʽʪʠ ʤʦʣʦʜʽ ʽʤʝʥʽ ʆ.ʄ. ʄʘʢʘʨʦʚʘ 

¶ ɼʥʽʧʨʦʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ʆʣʝʩʷ ɻʦʥʯʘʨʘ. 

¶ ɼʝʨʞʘʚʥʝ ʧʽʜʧʨʠʻʤʩʪʚʦ çʂʦʥʩʪʨʫʢʪʦʨʩʴʢʝ ʙʶʨʦ çʇʽʚʜʝʥʥʝè 
ʽʤʝʥʽ ʄ.ʂ. ʗʥʛʝʣʷè. 

¶ ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ 

ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè. 

¶ ʅʘʮʽʦʥʘʣʴʥʠʡ ʘʝʨʦʢʦʩʤʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʍʘʨʢʽʚʩʴʢʠʡ ʘʚʽʘʮʽʡʥʠʡ 
ʽʥʩʪʠʪʫʪè. 

¶ ɼʝʨʞʘʚʥʝ ʧʽʜʧʨʠʻʤʩʪʚʦ çɺʠʨʦʙʥʠʯʝ ʦʙôʻʜʥʘʥʥʷ ʇʽʚʜʝʥʥʠʡ 
ʤʘʰʠʥʦʙʫʜʽʚʥʠʡ ʟʘʚʦʜ ʽʤʝʥʽ ʆ.ʄ. ʄʘʢʘʨʦʚʘè. 

¶ ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʽ ɼʂɸ ʋʢʨʘʾʥʠ. 

¶ ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʇʦʣʪʘʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘ ʽʤʝʥʽ ʖʨʽʷ 
ʂʦʥʜʨʘʪʶʢʘè. 

¶ ʋʢʨʘʾʥʩʴʢʠʡ ʜʝʨʞʘʚʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʥʘʫʢʠ ʽ ʪʝʭʥʦʣʦʛʽʡ. 

¶ ʋʞʛʦʨʦʜʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ. 

¶ ʇʨʠʜʥʽʧʨʦʚʩʴʢʠʡ ʥʘʫʢʦʚʠʡ ʮʝʥʪʨ ʅɸʅ ʋʢʨʘʾʥʠ ʪʘ ʄʆʅ ʋʢʨʘʾʥʠ. 

¶ ʄʽʥʽʩʪʝʨʩʪʚʦ ʦʩʚʽʪʠ ʽ ʥʘʫʢʠ ʋʢʨʘʾʥʠ. 

¶ ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢʘ ʦʙʣʘʩʥʘ ʨʘʜʘ. 

¶ ɺʠʢʦʥʘʚʯʠʡ ʢʦʤʽʪʝʪ ɼʥʽʧʨʦʚʩʴʢʦʾ ʤʽʩʴʢʦʾ ʨʘʜʠ. 

¶ ɼʝʧʘʨʪʘʤʝʥʪ ʦʩʚʽʪʠ ʪʘ ʥʘʫʢʠ ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢʦʾ ʦʙʣʘʩʥʦʾ ʜʝʨʞʘʚʥʦʾ 
ʘʜʤʽʥʽʩʪʨʘʮʽʾ. 

¶ ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢʠʡ ʦʙʣʘʩʥʠʡ ʮʝʥʪʨ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʪʚʦʨʯʦʩʪʽ 

 ̔ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫʯʥʽʚʩʴʢʦʾ ʤʦʣʦʜʽ. 

¶ ʋʢʨʘʾʥʩʴʢʝ ʤʦʣʦʜʽʞʥʝ ʘʝʨʦʢʦʩʤʽʯʥʝ ʦʙôʻʜʥʘʥʥʷ çʉʫʟʽʨôʷè. 

¶ ɸʝʨʦʢʦʩʤʽʯʥʠʡ ʢʦʤʽʪʝʪ ʄʽʥʽʩʪʝʨʩʪʚʘ ʮʠʬʨʦʚʦʛʦ ʨʦʟʚʠʪʢʫ, ʽʥʥʦʚʘʮʽʡ ʪʘ 
ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʈʝʩʧʫʙʣʽʢʠ ʂʘʟʘʭʩʪʘʥ. 

¶ ʊʆʆ GHALAM, ʈʝʩʧʫʙʣʽʢʘ ʂʘʟʘʭʩʪʘʥ. 

¶ Institute for Q-shu Pioneers of Space, Inc,Tenjin, Chuo-ku, Fukuoka, Japan. 

¶ Laboratory of Aerospace Structures at the University of Brasilia, Brasilia, 

Brazil. 
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ʄɸʈʂʋ ʌɯɿʀʂʆ-ʊɽʍʅɯʏʅʆɻʆ ʌɸʂʋʃʔʊɽʊʋ  

ʊʈʀʄɸɭʄʆ ɺʀʉʆʂʆ! 

ʌʽʟʠʢʦ-ʪʝʭʥʽʯʥʠʡ ʬʘʢʫʣʴʪʝʪ ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ 

ʙʫʚ ʦʨʛʘʥʽʟʦʚʘʥʠʡ ʫ 1951 ʨʦʮʽ ʟʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦʶ ʫʯʘʩʪʶ ɺʘʩʠʣʷ ʉʝʨʛʽʡʦʚʠʯʘ 

ɹʫʜʥʠʢʘ ʟ ʤʝʪʦʶ ʧʽʜʛʦʪʦʚʢʠ ʬʘʭʽʚʮʽʚ ʜʣʷ ʧʽʜʧʨʠʻʤʩʪʚ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ 

ʛʘʣʫʟʽ, ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʪʘ ʝʥʝʨʛʝʪʠʢʠ.  

ʋ 50-60 ʨʦʢʠ, ʨʦʢʠ ʧʝʨʰʠʭ ʚʠʧʫʩʢʽʚ ʬʽʟʪʝʭʫ, ʙʫʨʭʣʠʚʦ ʨʦʟʚʠʚʘʻʪʴʩʷ 

ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʘ ʛʘʣʫʟʴ ʢʨʘʾʥʠ. ɺʽʜʯʫʚʘʻʪʴʩʷ ʛʦʩʪʨʠʡ ʜʝʬʽʮʠʪ ʢʘʜʨʽʚ ð 

ʥʝʦʙʭʽʜʥʽ ʙʫʣʠ ʤʦʣʦʜʽ, ʟʫʭʚʘʣʽ ʫʤʠ ʽ ʚʤʽʣʽ ʨʫʢʠ. ʇʦʪʨʽʙʥʽ ʙʫʣʠ 

ʧʨʦʝʢʪʫʚʘʣʴʥʠʢʠ, ʢʦʥʩʪʨʫʢʪʦʨʠ, ʪʝʭʥʦʣʦʛʠ, ʘʝʨʦʜʠʥʘʤʽʢʠ, ʙʘʣʽʩʪʠʢʠ, ʬʘʭʽʚʮʽ 

ʟ ʤʽʮʥʦʩʪʽ, ʟ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʪʝʭʥʽʢʠ, ʟ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʧʨʦʝʢʪʫʚʘʥʥʷ 

ʜʚʠʛʫʥʽʚ. 

ʊʘʢʠʤʠ ʥʝʦʙʭʽʜʥʠʤʠ ʢʘʜʨʘʤʠ ʽ ʤʘʚ ʟʘʙʝʟʧʝʯʠʪʠ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʠʡ 

ʬʘʢʫʣʴʪʝʪ ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ. 

ʆʬʽʮʽʡʥʦ ʚʚʘʞʘʻʪʴʩʷ, ʰʦ ʜʘʪʦʶ ʩʪʚʦʨʝʥʥʷ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʛʦ ʬʘʢʫʣʴʪʝʪʫ 

 ̒1 ʯʝʨʚʥʷ 1951 ʨʦʢʫ. ʎʝ ʪʚʝʨʜʞʝʥʥʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʧʦʩʪʘʥʦʚʽ ˉ1852-855 ʈʘʜʠ 

ʤʽʥʽʩʪʨʽʚ ʉʈʉʈ, ʜʝ ʫ ʜʦʜʘʪʢʫ ˉ1 ʩʢʘʟʘʥʦ: çʆʨʛʘʥʽʟʫʚʘʪʠ ʜʦ 1.09.51 ʨ. ʥʘ 

ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʜʝʨʞʘʚʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ 

ʚʽʜʜʽʣʝʥʥʷ ʢʝʨʦʚʘʥʠʭ ʨʘʢʝʪè. ʎʝʡ ʜʝʨʞʘʚʥʠʡ ʜʦʢʫʤʝʥʪ ʩʪʘʚ ʦʩʥʦʚʦʧʦʣʦʞʥʠʤ 

ʚ ʽʩʪʦʨʽʾ ʟʘʩʥʫʚʘʥʥʷ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʛʦ ʬʘʢʫʣʴʪʝʪʫ. 
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ʋ 1951-1952 ʥʘʚʯʘʣʴʥʦʤʫ ʨʦʮʽ ʥʘ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ, ʫ 

ʤʝʞʘʭ ʡʦʛʦ ʰʪʘʪʥʦʛʦ ʨʦʟʧʠʩʫ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʚʽʜʜʽʣʝʥʥʷ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʛʦ 

ʬʘʢʫʣʴʪʝʪʫ, ʘ ʧʝʨʰʠʤ ʜʝʢʘʥʦʤ ʧʨʠʟʥʘʯʝʥʦ ʄʠʢʦʣʫ ɯʩʠʜʦʨʦʚʠʯʘ ɺʘʨʠʯʘ. 

ɼʦʚʛʽ ʜʝʩʷʪʠʣʽʪʪʷ ʬʘʢʫʣʴʪʝʪ ʙʫʚ ʟʘʢʨʠʪʠʤ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʪʫʪ ʛʦʪʫʚʘʣʠ 

ʢʘʜʨʠ ʜʣʷ ʦʙʦʨʦʥʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. 

ʉʧʦʯʘʪʢʫ ʥʘ ʬʘʢʫʣʴʪʝʪʽ ʽʩʥʫʚʘʣʦ 3-ʠ ʚʠʧʫʩʢʘʶʯʽ ʢʘʬʝʜʨʠ (ʥʘʧʨʷʤʠ): 

ˉ1 - ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʘ ʢʦʥʩʪʨʫʢʮʽʾ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ, ʟʘʚʽʜʫʚʘʯ ï ʜʦʮʝʥʪ  

ɺ. ʅ. ʉʘʣʦʚ; 

ˉ 2 - ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ, ʟʘʚʽʜʫʚʘʯ-ʧʨʦʬʝʩʦʨ ʄ. ʉ. ʐʥʷʢʽʥ; 

ˉ 3 - ʘʚʪʦʤʘʪʠʢʠ, ʟʘʚʽʜʫʚʘʯ ï ʜʦʮʝʥʪ ɻ. ʄ. ʇʘʪʝʶʢ. 

ɸ ʪʘʢʦʞ ʢʘʬʝʜʨʘ, ʷʢʘ ʦʙʩʣʫʛʦʚʫʚʘʣʘ ʚʩʽ ʥʘʧʨʷʤʢʠ: 

ˉ 4 - ʪʝʭʥʦʣʦʛʽʾ ʚʠʨʦʙʥʠʮʪʚʘ, ʟʘʚʽʜʫʚʘʯ ï ʧʨʦʬʝʩʦʨ ʄ. ɯ. ɺʘʨʠʯ. 

ʉʴʦʛʦʜʥʽ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʠʡ ʬʘʢʫʣʴʪʝʪ ɼʅʋ ï ʧʨʦʚʽʜʥʠʡ ʮʝʥʪʨ ʧʽʜʛʦʪʦʚʢʠ 

ʢʘʜʨʽʚ ʜʣʷ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ. ʆʯʦʣʶʻ ʬʘʢʫʣʴʪʝʪ ʜʝʢʘʥ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʦʨ 

ʉʘʥʽʥ ɸʥʘʪʦʣʽʡ ʌʝʜʦʨʦʚʠʯ. 

ɼʦ ʩʢʣʘʜʫ ʚʭʦʜʷʪʴ 5 ʢʘʬʝʜʨ (ʧʦʯʠʥʘʶʯʠ ʟ 1 ʣʶʪʦʛʦ 2023 ʨʦʢʫ), ʜʝ 

ʧʨʘʮʶʶʪʴ ʢʚʘʣʽʬʽʢʦʚʘʥʽ ʧʨʦʬʝʩʦʨʠ, ʜʦʮʝʥʪʠ ʪʘ ʚʠʢʣʘʜʘʯʽ, ʘ ʪʘʢʦʞ ʽʥʞʝʥʝʨʠ 

ʪʘ ʣʘʙʦʨʘʥʪʠ. 

ʂʘʬʝʜʨʘ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʠʭ ʪʘ ʽʥʥʦʚʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʟʘʚ. ï ʂʘʨʧʦʚʠʯ 

ɯʚʘʥ ɯʚʘʥʦʚʠʯ, ʢ.ʪ.ʥ., ʜʦʮʝʥʪ 

ʂʘʬʝʜʨʘ ʜʚʠʛʫʥʦʙʫʜʫʚʘʥʥʷ, ʟʘʚ. ʇʦʥʦʤʘʨʴʦʚ ʆʣʝʢʩʘʥʜʨ ʄʠʢʦʣʘʡʦʚʠʯ, 

ʢ.ʪ.ʥ., ʜʦʮʝʥʪ 

ʂʘʬʝʜʨʘ ʤʝʭʘʥʦʪʨʦʥʽʢʠ, ʟʘʚ. ʂʘʜʠʣʴʥʠʢʦʚʘ ʊʝʪʷʥʘ ʄʠʭʘʡʣʽʚʥʘ, ʜ.ʪ.ʥ., 

ʧʨʦʬʝʩʦʨʢʘ 

ʂʘʬʝʜʨʘ ʢʽʙʝʨʙʝʟʧʝʢʠ ʪʘ ʢʦʤʧôʶʪʝʨʥʦ-ʽʥʪʝʛʨʦʚʘʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʟʘʚ. ï 

ʂʣʠʤʝʥʢʦ ʉʚʽʪʣʘʥʘ ɺʦʣʦʜʠʤʠʨʽʚʥʘ, ʢ.ʪ.ʥ., ʜʦʮʝʥʪ 

ʂʘʬʝʜʨʘ ʙʝʟʧʝʢʠ ʞʠʪʪʻʜʽʷʣʴʥʦʩʪʽ ʟʘʚ. ï ʈʫʩʘʢʦʚʘ ʊʝʪʷʥʘ ɯʚʘʥʽʚʥʘ, ʜ.ʪ.ʥ., 

ʧʨʦʬʝʩʦʨʢʘ 

ʊʨʘʜʠʮʽʡʥʠʤʠ ʤʽʩʮʷʤʠ ʧʨʘʮʝʚʣʘʰʪʫʚʘʥʥʷ ʚʠʧʫʩʢʥʠʢʽʚ ʬʘʢʫʣʴʪʝʪʫ ʻ 

ʙʘʟʦʚʽ ʧʽʜʧʨʠʻʤʩʪʚʘ ï ɼʝʨʞʘʚʥʝ ʧʽʜʧʨʠʻʤʩʪʚʦ çʂʦʥʩʪʨʫʢʪʦʨʩʴʢʝ ʙʶʨʦ 

çʇʽʚʜʝʥʥʝè ʽʤʝʥʽ ʄ.ʂ. ʗʥʛʝʣʷ", ɺʠʨʦʙʥʠʯʝ ʦʙôʻʜʥʘʥʥʷ çʇʽʚʜʝʥʥʠʡ 

ʤʘʰʠʥʦʙʫʜʽʚʥʠʡ ʟʘʚʦʜ ʽʤʝʥʽ ʆ.ʄ. ʄʘʢʘʨʦʚʘè, ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʤʝʭʘʥʽʢʠ 

ʅʘʮʽʦʥʘʣʴʥʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ ʋʢʨʘʾʥʠ ʪʘ ɼʝʨʞʘʚʥʦʛʦ ʢʦʩʤʽʯʥʦʛʦ ʘʛʝʥʪʩʪʚʘ 

ʋʢʨʘʾʥʠ, ʘ ʪʘʢʦʞ ʽʥʰʽ ʢʦʤʧʘʥʽʾ ʪʘ ʧʽʜʧʨʠʻʤʩʪʚʘ. ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʫ ɼʥʽʧʨʽ ʫ 

ʚʠʧʫʩʢʥʠʢʘʭ ʬʽʟʪʝʭʫ ʟʘʮʽʢʘʚʣʝʥʘ ʽ ʥʝʜʝʨʞʘʚʥʽ ʧʽʜʧʨʠʻʤʩʪʚʘ ʽ ʦʨʛʘʥʽʟʘʮʽʾ, 

ʥʘʧʨʠʢʣʘʜ ʢʦʤʧʘʥʽʷ çʅʦʦʩʬʝʨʘè. 

ʇʽʜʛʦʪʦʚʢʘ ʬʘʭʽʚʮʽʚ ʟʘ ʪʨʘʜʠʮʽʡʥʠʤʠ ʥʘʧʨʷʤʘʤʠ ʪʘ ʩʧʝʮʽʘʣʴʥʦʩʪʷʤʠ 

ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʛʦ ʬʘʢʫʣʴʪʝʪʫ ʚʽʜʧʦʚʽʜʘʻ ʩʫʯʘʩʥʠʤ ʪʝʥʜʝʥʮʽʷʤ ʧʨʦʻʢʪʫʚʘʥʥʷ, 

ʚʠʨʦʙʥʠʮʪʚʘ ʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʨʘʢʝʪ-ʥʦʩʽʾʚ ʽ ʢʦʩʤʽʯʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ. ʅʘ 

ʬʘʢʫʣʴʪʝʪʽ ʚʧʨʦʚʘʜʞʫʶʪʴʩʷ ʥʦʚʽ ʜʠʩʮʠʧʣʽʥʠ, ʩʧʝʮʽʘʣʴʥʦʩʪʽ ʽ ʦʩʚʽʪʥʽ ʧʨʦʛʨʘʤʠ, 

ʷʢʽ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʧʽʜʛʦʪʦʚʢʫ ʽʥʞʝʥʝʨʥʠʭ ʪʘ ʥʘʫʢʦʚʠʭ ʢʘʜʨʽʚ ʥʝ ʪʽʣʴʢʠ ʜʣʷ 

ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ, ʘ ʪʘʢʦʞ ʜʣʷ ʽʥʰʠʭ ʛʘʣʫʟʝʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ɿʥʘʥʥʷ 

ʚʠʧʫʩʢʥʠʢʽʚ ʬʘʢʫʣʴʪʝʪʫ ʜʘʶʪʴ ʾʤ ʟʤʦʛʫ ʚʠʨʽʰʫʚʘʪʠ ʩʢʣʘʜʥʽ ʪʝʭʥʽʯʥʽ ʟʘʜʘʯʽ, 

ʧʨʘʮʶʚʘʪʠ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʘʭ, ʢʦʣʦ ʷʢʠʭ ʥʝ ʦʙʤʝʞʫʻʪʴʩʷ ʢʦʩʤʽʯʥʦʶ ʛʘʣʫʟʟʶ. 
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ʎʝ ʨʦʟʨʦʙʢʘ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽ ʪʝʭʥʦʣʦʛʽʡ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʷ, ʘʚʪʦʤʘʪʠʟʘʮʽʷ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʽ ʚʠʨʦʙʥʠʮʪʚ, ʟʘʜʘʯʽ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʟʚôʷʟʢʫ, ʟʘʭʠʩʪ 

ʽʥʬʦʨʤʘʮʽʾ, ʩʪʚʦʨʝʥʥʷ ʨʦʙʦʪʦ-ʪʝʭʥʽʯʥʠʭ ʩʠʩʪʝʤ ʽ ʢʦʤʧʣʝʢʩʽʚ, ʚʠʨʽʰʝʥʥʷ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʟʘʜʘʯ ʝʥʝʨʛʝʪʠʢʠ ʪʘ ʽʥʰʽ.  

ʌʽʟʠʢʦ-ʪʝʭʥʽʯʥʠʡ ʬʘʢʫʣʴʪʝʪ ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ 

ʽʤʝʥʽ ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʩʪʘʚ ʢʫʟʥʝʶ ʢʘʜʨʽʚ ʜʣʷ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʽ ʥʘʫʢʠ ʋʢʨʘʾʥʠ. 

ɿʘ ʨʦʢʠ ʽʩʥʫʚʘʥʥʷ ʌʊʌ ʦʩʚʽʪʫ ʥʘ ʮʴʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʦʪʨʠʤʘʣʠ ʙʣʠʟʴʢʦ 

20000 ʬʘʭʽʚʮʽʚ, ʮʝ ʪʘʣʘʥʦʚʠʪʽ ʢʦʥʩʪʨʫʢʪʦʨʠ, ʽʥʞʝʥʝʨʠ, ʚʯʝʥʽ, ʟʘʩʣʫʞʝʥʽ 

ʧʨʘʮʽʚʥʠʢʠ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ ʢʨʘʾʥʠ. 

ʇʝʨʝʧʣʽʪʘʶʯʠ ʟʝʤʥʽ ʜʦʨʦʛʠ ʟ ʢʦʩʤʽʯʥʠʤʠ ʦʨʙʽʪʘʤʠ, ʚʠʧʫʩʢʥʠʢʠ ʬʽʟʪʝʭʫ 

ʨʦʟʣʝʪʽʣʠʩʷ ʧʦ ʨʽʟʥʠʤ ʤʽʩʪʘʤ. ʅʘʟʚʘʪʠ ʫʩʽʭ ʚʠʧʫʩʢʥʠʢʽʚ ʽ ʾʭʥʽ ʜʦʩʷʛʥʝʥʥʷ 

ʥʝʤʦʞʣʠʚʦ, ʥʘʟʚʝʤʦ ʭʦʯʘ ʙ ʢʽʣʴʢʦʭ: 

ʃʝʦʥʽʜ ɼʘʥʠʣʦʚʠʯ ʂʫʯʤʘ ï ʚʠʧʫʩʢʥʠʢ 1960 ʨʦʢʫ, ʇʨʝʟʠʜʝʥʪ ʋʢʨʘʾʥʠ 

(1995-2005 ʨʦʢʠ), ʧʝʨʰʠʡ ʟʘʩʪʫʧʥʠʢ ɻʝʥʝʨʘʣʴʥʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʘ  

ʂɹ "ʇʽʚʜʝʥʥʝ" (1982-1986 ʨʦʢʠ), ɻʝʥʝʨʘʣʴʥʠʡ ʜʠʨʝʢʪʦʨ ʇʽʚʜʝʥʥʦʛʦ 

ʤʘʰʠʥʦʙʫʜʽʚʥʦʛʦ ʟʘʚʦʜʫ (1986-1992 ʨʦʢʠ); ʇʨʝʤ'ʻʨ-ʤʽʥʽʩʪʨ ʋʢʨʘʾʥʠ (1992-

1993), ʘʢʘʜʝʤʽʢ ʄɸɸ, ʢ.ʪ.ʥ.; 

ɺʦʣʦʜʠʤʠʨ ʇʘʚʣʦʚʠʯ ɻʦʨʙʫʣʽʥ ï ʚʠʧʫʩʢʥʠʢ 1962 ʨʦʢʫ, ɻʝʨʦʡ ʋʢʨʘʾʥʠ, 

ʧʝʨʰʠʡ ɻʝʥʝʨʘʣʴʥʠʡ ʜʠʨʝʢʪʦʨ ʅʂɸʋ (1992-1994 ʨʦʢʠ), ʨʘʜʥʠʢ ʇʨʝʟʠʜʝʥʪʘ 

ʋʢʨʘʾʥʠ; ʧʝʨʰʠʡ ɺ̔ ʮʝʧʨʝʟʠʜʝʥʪ ʅɸʅ ʋʢʨʘʾʥʠ, ʘʢʘʜʝʤʽʢ ʅɸʅ ʋʢʨʘʾʥʠ, ʜ.ʪ.ʥ.; 

ʆʣʝʢʩʘʥʜʨ ʆʣʝʢʩʽʡʦʚʠʯ ʅʝʛʦʜʘ ï ʚʠʧʫʩʢʥʠʢ 1972 ʨʦʢʫ, ʧʨʦʡʰʦʚ 

ʧʨʦʬʝʩʽʡʥʠʡ ʰʣʷʭ ʚʽʜ ʽʥʞʝʥʝʨʘ ʜʦ ʟʘʩʪʫʧʥʠʢʘ ɻʝʥʝʨʘʣʴʥʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʘ  

ʂɹ "ʇʽʚʜʝʥʥʝ" (1972-1995 ʨʦʢʠ), ɻʝʥʝʨʘʣʴʥʠʡ ʜʠʨʝʢʪʦʨ ʅʘʮʽʦʥʘʣʴʥʦʛʦ 

ʢʦʩʤʽʯʥʦʛʦ ʘʛʝʥʪʩʪʚʦ ʋʢʨʘʾʥʠ (1972 ʜʦ 1995 ʨʦʢʠ), ʜ.ʪ.ʥ.; 

ʖʨʽʡ ʉʝʨʛʽʡʦʚʠʯ ɸʣʝʢʩʻʻʚ ï ʚʠʧʫʩʢʥʠʢ 1972 ʨʦʢʫ, ɻʝʨʦʡ ʋʢʨʘʾʥʠ, 

ʜʠʨʝʢʪʦʨ ʇʽʚʜʝʥʤʘʰʫ (1992-2005 ʨʦʢʠ), ɻʝʥʝʨʘʣʴʥʠʡ ʜʠʨʝʢʪʦʨ ʅʘʮʽʦʥʘʣʴʥʦʛʦ 

ʢʦʩʤʽʯʥʦʛʦ ʘʛʝʥʪʩʪʚʘ ʋʢʨʘʾʥʠ (2005-2009 ʨʦʢʠ), ɻʦʣʦʚʘ ʅʘʮʽʦʥʘʣʴʥʦʛʦ 

ʢʦʩʤʽʯʥʦʛʦ ʘʛʝʥʪʩʪʚʘ ʋʢʨʘʾʥʠ (2010-2014 ʨʦʢʠ), ʘʢʘʜʝʤʽʢ ʄɸɸ; 

ʉʪʘʥʽʩʣʘʚ ʄʠʢʦʣʘʡʦʚʠʯ ʂʦʥʶʭʦʚ ï ʚʠʧʫʩʢʥʠʢ 1959 ʨʦʢʫ, ɻʝʨʦʡ 

ʋʢʨʘʾʥʠ, ɻʝʥʝʨʘʣʴʥʠʡ ʢʦʥʩʪʨʫʢʪʦʨ ï ɻʝʥʝʨʘʣʴʥʠʡ ʜʠʨʝʢʪʦʨ ʂɹ "ʇʽʚʜʝʥʥʝ" 

(1990-2010 ʨʦʢʠ), ʘʢʘʜʝʤʽʢ ʅɸʅ ʋʢʨʘʾʥʠ, ʘʢʘʜʝʤʽʢ ʄɸɸ; 

ɺʽʢʪʦʨ ɺʘʩʠʣʴʦʚʠʯ ʇʠʣʠʧʝʥʢʦ ï ʚʠʧʫʩʢʥʠʢ 1959 ʨʦʢʫ, ʜʠʨʝʢʪʦʨ 

ɯʥʩʪʠʪʫʪʫ ʪʝʭʥʽʯʥʦʾ ʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʽ ʅʂɸʋ (1980-2003 ʨʦʢʠ), 

ʘʢʘʜʝʤʽʢ ʅɸʅʋ, ʘʢʘʜʝʤʽʢ ʄɸɸ; 

ɻʝʥʥʘʜʽʡ ɻʝʥʥʘʜʽʡʦʚʠʯ ʂʦʤʘʥʦʚ ï ʚʠʧʫʩʢʥʠʢ 1954 ʨʦʢʫ, ɻʝʨʦʡ 

ʉʦʮʽʘʣʽʩʪʠʯʥʦʾ ʧʨʘʮʽ, ʧʨʦʡʰʦʚ ʰʣʷʭ ʚʽʜ ʟʘʩʪʫʧʥʠʢʘ ʥʘʯʘʣʴʥʠʢʘ ʮʝʭʫ ʜʦ 

ɻʦʣʦʚʥʦʛʦ ʽʥʞʝʥʝʨʘ ʇʽʚʜʝʥʤʘʰʫ, ʜʠʨʝʢʪʦʨ ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢʦʾ ʬʽʣʽʾ ʥʘʫʢʦʚʦ-

ʜʦʩʣʽʜʥʦʛʦ ʽʥʩʪʠʪʫʪʫ ʊʝʭʥʦʣʦʛʽʾ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ (1982-1987 ʨʦʢʠ), ʧʝʨʰʠʡ 

ʜʠʨʝʢʪʦʨ ʅʎɸʆʄ (1996-1997 ʨʦʢʠ), ʢ.ʪ.ʥ.; 

ɺʦʣʦʜʠʤʠʨ ɻʝʥʥʘʜʽʡʦʚʠʯ ʂʦʤʘʥʦʚ ï ʚʠʧʫʩʢʥʠʢ 1960 ʨʦʢʫ, ɻʝʨʦʡ 

ʋʢʨʘʾʥʠ, ʧʨʦʚʽʜʥʠʡ ʢʦʥʩʪʨʫʢʪʦʨ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʠʭ ʢʦʤʧʣʝʢʩʽʚ "ɿʝʥʽʪ" ʽ 

"ʎʠʢʣʦʥò, ʜʠʨʝʢʪʦʨ ʧʨʦʛʨʘʤʠ "ʄʦʨʩʴʢʠʡ ʩʪʘʨʪ", ʟʘʩʣʫʞʝʥʠʡ ʤʘʰʠʥʦʙʫʜʽʚʥʠʢ 

ʋʢʨʘʾʥʠ; 
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ɺʽʢʪʦʨ ɺʘʩʠʣʴʦʚʠʯ ʍʫʪʦʨʥʠʡ ï ʚʠʧʫʩʢʥʠʢ 1990 ʨʦʢʫ, ɻʝʥʝʨʘʣʴʥʠʡ 

ʜʠʨʝʢʪʦʨ ʅʎɸʆʄ ʽʤ. ʆ.ʄ. ʄʘʢʘʨʦʚʘ (1997-2016ʨ.ʨ.), ʟʘʩʣʫʞʝʥʠʡ ʧʨʘʮʽʚʥʠʢ 

ʦʩʚʽʪʠ ʋʢʨʘʾʥʠ, ʢ.ʪ.ʥ.; 

ʆʣʝʢʩʽʡ ɺʦʣʦʜʠʤʠʨʦʚʠʯ ʂʫʣʠʢ ï ʚʠʧʫʩʢʥʠʢ 1996 ʨʦʢʫ, ɻʝʥʝʨʘʣʴʥʠʡ 

ʜʠʨʝʢʪʦʨ ʅʎɸʆʄ ʽʤ. ʆ.ʄ. ʄʘʢʘʨʦʚʘ ʟ 2016 ʨʦʢʫ ʧʦ ʪʝʧʝʨʽʰʥʽʡ ʯʘʩ, ʢ.ʪ.ʥ.; 

ʆʣʝʢʩʘʥʜʨ ʆʣʝʢʩʘʥʜʨʦʚʠʯ ʄʘʢʘʨʦʚ ï ʚʠʧʫʩʢʥʠʢ 1958 ʨʦʢʫ, ʜʠʨʝʢʪʦʨ 

ʩʧʝʮʽʘʣʴʥʦʛʦ ʧʨʦʝʢʪʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʛʦ ʙʶʨʦ çʆʨʙʽʪʘè (1984-1998ʨ.ʨ.), 

ɻʝʥʝʨʘʣʴʥʠʡ ʜʠʨʝʢʪʦʨ ʜʝʨʞʘʚʥʦʛʦ ʧʽʜʧʨʠʻʤʩʪʚʘ çʋʢʨʢʦʩʤʦʩè (1998-2010 

ʨ.ʨ.), ʃʘʫʨʝʘʪ ɼʝʨʞʘʚʥʦʾ ʧʨʝʤʽʾ ʋʢʨʘʾʥʠ ʫ ʛʘʣʫʟʽ ʥʘʫʢʠ ʪʘ ʪʝʭʥʽʢʠ (1999); 

ɺʦʣʦʜʠʤʠʨ ɺʦʣʦʜʠʤʠʨʦʚʠʯ ʊʘʬʪʘʡ ï ʚʠʧʫʩʢʥʠʢ 1997 ʨʦʢʫ, ʟ 1997 ʜʦ 

ʣʠʧʥʷ 2019 ʨʦʢʠ ʦʙʽʡʤʘʚ ʨʽʟʥʽ ʧʦʩʘʜʠ ʥʘ ʇʽʚʜʝʥʤʘʰʽ, ʛʦʣʦʚʘ ɼʝʨʞʘʚʥʦʛʦ 

ʢʦʩʤʽʯʥʦʛʦ ʘʛʝʥʪʩʪʚʘ ʋʢʨʘʾʥʠ (2021-2022 ʨʦʢʠ), ʢ.ʪ.ʥ.; 

ɯʛʦʨ ɻʨʠʛʦʨʦʚʠʯ ʍʘʥʽʥ ï ʚʠʧʫʩʢʥʠʢ 1959 ʨʦʢʫ, ʧʝʨʰʠʡ ʟʘʩʪʫʧʥʠʢ 

ʜʠʨʝʢʪʦʨʘ ʟ ʥʘʫʢʠ-ʛʦʣʦʚʥʠʡ ʽʥʞʝʥʝʨ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʥʦ-

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʛʦ ʙʶʨʦ çʆʨʙʽʪʘè (1977-1984 ʨʦʢʠ), ʟʘʩʣʫʞʝʥʠʡ ʚʠʥʘʭʽʜʥʠʢ 

ʋʢʨʘʾʥʠ; 

ɺʦʣʦʜʠʤʠʨ ʌʝʜʦʨʦʚʠʯ ʇʨʽʩʥʷʢʦʚ ï ʚʠʧʫʩʢʥʠʢ 1960 ʨʦʢʫ, ʨʝʢʪʦʨ 

ɼʥʽʧʨʦ-ʧʝʪʨʦʚʩʴʢʦʛʦ ʜʝʨʞʘʚʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ (1986-1998 ʨʦʢʠ), ɿʘʩʣʫʞʝʥʠʡ 

ʜʽʷʯ ʥʘʫʢʠ ʽ ʪʝʭʥʽʢʠ ʋʢʨʘʾʥʠ, ʜ.ʪ.ʥ, ʧʨʦʬʝʩʦʨ, ʘʢʘʜʝʤʽʢ ʅɸʅ ʋʢʨʘʾʥʠ; 

ɺʽʪʘʣʽʡ ʄʠʭʘʡʣʦʚʠʯ ʐʢʫʨʝӢʥʢʦï ʚʠʧʫʩʢʥʠʢ 1954 ʨʦʢʫ, ʧʨʦʡʰʦʚ ʰʣʷʭ 

ʚʽʜ ʩʪʘʨʰʦʛʦ ʤʘʡʩʪʨʘ ʜʦ ʜʠʨʝʢʪʦʨʘ ʇʘʚʣʦʛʨʘʜʩʴʢʦʛʦ ʤʝʭʘʥʽʯʥʦʛʦ ʟʘʚʦʜʫ 

(1965-1995 ʨʦʢʠ). 

 

ʗʩʢʨʘʚʠʡ ʩʣʽʜ ʫ ʚʜʷʯʥʽʡ ʩʚʽʜʦʤʦʩʪʽ ʬʽʟʪʝʭʽʚʮʽʚ ʨʽʟʥʠʭ ʧʦʢʦʣʽʥʴ ʟʘʣʠʰʠʣʠ 

ʚʠʢʣʘʜʘʯʽ ï ʯʣʝʥʠ-ʢʦʨʝʩʧʦʥʜʝʥʪʠ ɸʅ ʋʈʉʈ ɺ.ʄ. ʂʦʚʪʫʥʝʥʢʦ, ʄ.ʌ. ɻʝʨʘʩʶʪʘ 

ʽ ʖ.ʆ. ʉʤʝʪʘʥʽʥ, ʚʠʢʣʘʜʘʯʽ ɺ.ɸ. ʄʘʭʽʥ, ɸ.ɻ. ʄʘʢʘʨʝʥʢʦʚ, ɺ.ɭ. ɼʘʚʽʜʩʦʥ, 

ʌ.ʇ. ʉʘʥʽʥ, ʆ.ʄ. ʂʚʘʰʘ, ɺ.ʇ. ʄʘʣʘʡʯʫʢ, ɺ.ʌ. ʅʘʪʫʰʢʽʥ, ʚʠʢʣʘʜʘʯʽ ʩʧʝʮʢʫʨʩʽʚ 

ɭ.ʈ. ɸʙʨʘʤʦʚʩʴʢʠʡ, ɺ.ʊ. ʂʫʣʽʙʘʙʘ, ɻ.ʉ. ʐʘʥʜʦʨʦʚ, ɯ.ɯ. ʄʦʨʦʟʦʚ, ʄ.ʄ. ɹʻʣʷʻʚ, 

ʄ.ɯ. ɼʫʧʣʽʱʝʚ, ɺ.ɸ. ʄʘʭʽʥ, ɺ.ɯ. ʇʝʨʣʽʢ, ʫʣʶʙʣʝʥʠʡ ʚʠʢʣʘʜʘʯ ɺʦʣʦʜʠʤʠʨ 

ʄʠʢʦʣʘʡʦʚʠʯ ʇʨʠʜʘʥʮʝʚ ʪʘ ʙʘʛʘʪʦ ʽʥʰʠʭ. 

ʎʝ ʚʦʥʠ ʬʦʨʤʫʚʘʣʠ ʽ ʛʘʨʪʫʚʘʣʠ ʤʘʡʙʫʪʥʽʭ ʧʽʜʢʦʨʶʚʘʯʽʚ ʟʦʨʷʥʠʭ ʪʨʘʩ, ʟʘ 

ʱʦ ʾʤ ʛʣʠʙʦʢʘ ʚʜʷʯʥʽʩʪʴ! 

ʅʘ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʧʨʘʮʶʻ ʩʪʫʜʝʥʪʩʴʢʝ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʝ 

ʙʶʨʦ. 

ʋ ʣʶʪʦʤʫ 2018 ʨʦʢʫ ʛʨʫʧʘ ʩʪʫʜʝʥʪʽʚ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʛʦ ʬʘʢʫʣʴʪʝʪʫ 

ʟʘʭʦʧʠʣʘʩʴ ʽʜʝʻʶ ʨʦʟʨʦʙʢʠ ʚʣʘʩʥʦʾ ʨʘʢʝʪʠ. ɺʞʝ ʟʘ ʪʨʠ ʤʽʩʷʮʽ ʢʦʤʘʥʜʘ 

ʩʪʫʜʝʥʪʽʚ ʬʽʟʪʝʭʫ ʥʘ ʙʘʟʽ Noosphere Engineering School, ʟʘ ʧʽʜʪʨʠʤʢʠ 

ʛʨʦʤʘʜʩʴʢʦʾ ʦʨʛʘʥʽʟʘʮʽʾ çɸʩʦʮʽʘʮʽʷ ʅʦʦʩʬʝʨʘè ʪʘ ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʮʝʥʪʨʫ 

ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʦʩʚʽʪʠ ʤʦʣʦʜʽ ʽʤ. ʆ.ʄ. ʄʘʢʘʨʦʚʘ, ʧʽʜ ʢʝʨʽʚʥʠʮʪʚʦʤ ʤʝʥʪʦʨʽʚ ʽ 

ʚʠʢʣʘʜʘʯʽʚ ʧʽʜʛʦʪʫʚʘʣʠ ʜʦ ʟʘʧʫʩʢʫ ʩʫʙʦʨʙʽʪʘʣʴʥʫ ʨʘʢʝʪʫ-ʥʦʩʽʡ ʥʘʜʣʝʛʢʦʛʦ 

ʢʣʘʩʫ ʟ ʪʝʩʪʦʚʠʤ ʜʦʩʣʽʜʥʠʮʴʢʠʤ ʘʧʘʨʘʪʦʤ ʪʠʧʫ CanSat ʧʽʜ ʨʦʙʦʯʦʶ ʥʘʟʚʦʶ 

çʂʘʣʽʙʨ 76è. ʇʨʦʝʢʪ ʥʘʟʚʘʣʠ çʉʪʫʜʝʥʪʩʴʢʘ ʨʘʢʝʪʘè ï ʥʘʰʘ ʛʦʨʜʽʩʪʴ.  

https://uk.wikipedia.org/wiki/%D0%94%D0%B5%D1%80%D0%B6%D0%B0%D0%B2%D0%BD%D0%B5_%D0%BA%D0%BE%D1%81%D0%BC%D1%96%D1%87%D0%BD%D0%B5_%D0%B0%D0%B3%D0%B5%D0%BD%D1%82%D1%81%D1%82%D0%B2%D0%BE_%D0%A3%D0%BA%D1%80%D0%B0%D1%97%D0%BD%D0%B8
https://uk.wikipedia.org/wiki/%D0%94%D0%B5%D1%80%D0%B6%D0%B0%D0%B2%D0%BD%D0%B5_%D0%BA%D0%BE%D1%81%D0%BC%D1%96%D1%87%D0%BD%D0%B5_%D0%B0%D0%B3%D0%B5%D0%BD%D1%82%D1%81%D1%82%D0%B2%D0%BE_%D0%A3%D0%BA%D1%80%D0%B0%D1%97%D0%BD%D0%B8
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ʅʘ ʬʽʟʪʝʩʽ ʧʨʦʭʦʜʠʣʠ ʪʚʦʨʯʽ ʚʝʯʦʨʠ, ʩʪʫʜʝʥʪʩʴʢʽ ʢʘʧʫʩʥʠʢʠ, ʙʫʚ ʧʝʨʰʠʡ 

ʝʩʪʨʘʜʥʠʡ ʦʨʢʝʩʪʨ, ʪʦʞ ʥʘ ʪʘʥʮʽ ʩʪʦʷʣʘ ʯʝʨʛʘ ʜʽʚʯʘʪ ʟ ʬʽʣʦʣʦʛʽʯʥʦʛʦ ʪʘ 

ʙʽʦʣʦʛʽʯʥʦʛʦ ʬʘʢʫʣʴʪʝʪʽʚ.  

ʌʽʟʪʝʭʚ̔ʮʽ ʟʛʘʜʫʶʪʴ: çʄʠ ʙʫʣʠ ʤʦʣʦʜʠʤʠ, ʥʘʩ ʟʽʛʨʽʚʘʣʦ ʚʽʜʯʫʪʪʷ 

ʧʨʠʯʝʪʥʦʩʪʽ ʜʦ ʧʦʙʫʜʦʚʠ ʥʦʚʦʛʦ, ʢʨʘʱʦʛʦ ʩʫʩʧʽʣʴʩʪʚʘ. ʄʠ ʫʩʽ ʭʦʪʽʣʠ 

ʧʨʘʮʶʚʘʪʠ ʫ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʙʶʨʦ, ʧʨʦʝʢʪʫʚʘʪʠ, ʩʪʚʦʨʶʚʘʪʠ ʥʦʚʫ ʪʝʭʥʽʢʫ, 

ʤʨʽʷʣʠ ʧʨʦ ʥʘʫʢʦʚʽ ʚʽʜʢʨʠʪʪʷè. 

ʌʽʟʪʝʭʽʚʮʽ ʫʩʽʭ ʨʦʢʽʚ ʜʣʷ ʩʴʦʛʦʜʥʽʰʥʽʭ ʩʪʫʜʝʥʪʽʚ ʻ ʧʨʠʢʣʘʜʦʤ 

ʥʘʧʦʣʝʛʣʠʚʦʩʪʽ ʚ ʦʚʦʣʦʜʽʥʥʽ ʟʥʘʥʥʷʤʠ, ʚʽʜʧʦʚʽʜʘʣʴʥʦʩʪʽ, ʟʘʮʽʢʘʚʣʝʥʦʩʪʽ, 

ʟʘʢʦʭʘʥʦʩʪʽ ʫ ʩʚʦʶ ʩʧʝʮʽʘʣʴʥʽʩʪʴ.  

ʌʽʟʪʝʭ ʟʘʚʞʜʠ ʧʝʨʰʠʡ ð ʫ ʥʘʫʢʦʚʽʡ ʨʦʙʦʪʽ ̔ ʥʘʚʯʘʥʥʽ.  

 
 

ɭʚʛʝʥ ʆʣʝʢʩʽʡʦʚʠʯ ɼʞʫʨ ï ʚʽʜʦʤʠʡ 

ʚʯʝʥʠʡ ʪʘ ʚʠʢʣʘʜʘʯ ɼʥʽʧʨʦʚʩʴʢʦʛʦ 

ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤʝʥʽ ʆʣʝʩʷ ɻʦʥʯʘʨʘ, 

ʷʢʠʡ ʚʽʜʜʘʚ ʨʽʜʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʫ ʪʘ ʬʘʢʫʣʴʪʝʪʫ 

55 ʨʦʢʽʚ ʞʠʪʪʷ.  

ɭʚʛʝʥ ʆʣʝʢʩʽʡʦʚʠʯ ï ʟʘʩʣʫʞʝʥʠʡ ʜʽʷʯ 

ʥʘʫʢʠ ʪʘ ʪʝʭʥʽʢʠ ʋʢʨʘʾʥʠ, ʣʘʫʨʝʘʪ ɼʝʨʞʘʚʥʦʾ 

ʧʨʝʤʽʾ ʋʢʨʘʾʥʠ, ʥʘʛʦʨʦʜʞʝʥʠʡ ʦʨʜʝʥʦʤ çɿʘ 

ʟʘʩʣʫʛʠè ɯɯɯ ʩʪʫʧʝʥʷ, ʟʘʩʣʫʞʝʥʠʡ ʧʨʦʬʝʩʦʨ ɼʅʋ, 

ʻʜʠʥʠʡ ʚ ʋʢʨʘʾʥʽ ʥʘʛʦʨʦʜʞʝʥʠʡ ʤʝʜʘʣʣʶ 

ʽʤ. ʌ. ʄʦʣʽʥʘ ʟʘ ʧʽʜʛʦʪʦʚʢʫ ʢʘʜʨʽʚ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. 

ɭʚʛʝʥ ʆʣʝʢʩʽʡʦʚʠʯ 20 ʨʦʢʽʚ ʦʯʦʣʶʚʘʚ 

ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʠʡ ʬʘʢʫʣʴʪʝʪ ʟ 1985 ʜʦ 2005 ʨʦʢʫ. 

 

ʋ 1999 ʨʦʮʽ ʙʫʚ ʦʜʥʠʤ ʟ ʽʥʽʮʽʘʪʦʨʽʚ ʧʨʦʚʝʜʝʥʥʷ ʄʽʞʥʘʨʦʜʥʦʾ 

ʤʦʣʦʜʽʞʥʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʃʶʜʠʥʘ ʽ ʂʦʩʤʦʩè. ʄʘʡʞʝ 20 

ʨʦʢʽʚ ʦʯʦʣʶʚʘʚ ʆʨʛʘʥʽʟʘʮʽʡʥʠʡ ʢʦʤʽʪʝʪ ʂʦʥʬʝʨʝʥʮʽʾ. 

ɿʘ 28 ʨʦʢʽʚ ʄʽʞʥʘʨʦʜʥʘ ʤʦʣʦʜʽʞʥʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ 

çʃʶʜʠʥʘ ʽ ʂʦʩʤʦʩè ʩʪʘʣʘ ʦʜʥʽʻʶ ʟ ʢʣʶʯʦʚʠʭ ʧʣʘʪʬʦʨʤ ʚ ʋʢʨʘʾʥʽ ʜʣʷ ʦʙʛʦʚʦ-

ʨʝʥʥʷ ʘʢʪʫʘʣʴʥʠʭ ʧʨʦʙʣʝʤ ʢʦʩʤʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʧʦʧʫʣʷʨʠʟʘʮʽʾ ʥʘʫʢʠ ʩʝʨʝʜ 

ʤʦʣʦʜʽ ʪʘ ʩʪʫʜʝʥʪʽʚ, ʥʘʣʘʛʦʜʞʝʥʥʷ ʩʧʽʚʧʨʘʮʽ ʤʽʞ ʥʘʫʢʦʚʮʷʤʠ, ʽʥʞʝʥʝʨʘʤʠ ʪʘ 

ʦʩʚʽʪʷʥʘʤʠ. 

ʈʦʣʴ ɭʚʛʝʥʘ ʆʣʝʢʩʽʡʦʚʠʯʘ ɼʞʫʨʘ ʧʦʣʷʛʘʻ ʥʝ ʣʠʰʝ ʚ ʽʥʽʮʽʶʚʘʥʥʽ ʢʦʥʬʝ-

ʨʝʥʮʽʾ, ʘ ʡ ʫ ʬʦʨʤʫʚʘʥʥʽ ʮʽʣʦʛʦ ʥʘʫʢʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʱʦ ʩʧʨʠʷʻ ʨʦʟʚʠʪʢʫ 

ʢʦʩʤʽʯʥʦʾ ʥʘʫʢʠ ʪʘ ʦʩʚʽʪʠ ʚ ʋʢʨʘʾʥʽ. 
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ɹʘʪʫʪʽʥʘ ʊʝʪʷʥʘ ʗʢʽʚʥʘ  

ʥʘʯʘʣʴʥʠʢ ʩʝʢʪʦʨʫ, ʂɹ çʇʽʚʜʝʥʥʝè 
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ɺʀɿʅɸʏɽʅʅʗ ʅɸʇʈʋɾɽʅʆ-ɼɽʌʆʈʄʆɺɸʅʆɻʆ ʉʊɸʅʋ ɿɸʍʀʉʊʋ 

ɽʃɽʄɽʅʊɯɺ ʇʋʉʂʆɺʆɰ ʋʉʊɸʅʆɺʂʀ ɺɯɼ ɼɯɰ 

ɻɸɿʆɼʀʅɸʄɯʏʅʆɻʆ ɺʇʃʀɺʋ ʇʈʀ ʉʊɸʈʊɯ ʈɸʂɽʊʀ 

ɸʥʦʪʘʮʽʷ. ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʟʘʭʠʩʪʫ 

ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ʧʫʩʢʦʚʦʾ ʫʩʪʘʥʦʚʢʠ ʚʽʜ ʜʽʾ ʛʘʟʦʜʠʥʘʤʽʯʥʦʛʦ ʚʧʣʠʚʫ ʧʨʠ 

ʩʪʘʨʪʽ ʨʘʢʝʪʠ. ɹʫʣʦ ʨʦʟʛʣʷʥʫʪʦ ʜʚʘ ʚʘʨʽʘʥʪʘ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʚʠʢʦʥʘʥʥʷ 

ʟʘʭʠʩʪʫ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ʧʫʩʢʦʚʦʾ ʫʩʪʘʥʦʚʢʠ. ʇʝʨʰʠʡ ʚʘʨʽʘʥʪ - 

ʚʝʨʪʠʢʘʣʴʥʠʡ ʟʘʭʠʩʪ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʫʤʦʚʦʾ ʩʪʨʽʯʢʠ. ɼʨʫʛʠʡ ʚʘʨʽʘʥʪ - 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʛʘʟʦʚʽʜʙʠʚʥʦʾ ʩʪʽʥʢʠ ʥʘ ʢʦʥʩʪʨʫʢʮʽʶ ʧʫʩʢʦʚʦʾ ʫʩʪʘʥʦʚʢʠ. ʇʽʩʣʷ 

ʘʥʘʣʽʟʫ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʙʫʣʦ ʧʨʠʡʥʷʪʦ ʦʙˇʨʫʥʪʦʚʘʥʝ ʪʝʭʥʽʯʥʝ ʨʽʰʝʥʥʷ 

ʧʨʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʟʘʭʠʩʪʫ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ʧʫʩʢʦʚʦʾ ʫʩʪʘʥʦʚʢʠ ʚʽʜ 

ʜʽʾ ʛʘʟʦʜʠʥʘʤʽʯʥʦʛʦ ʚʧʣʠʚʫ ʧʨʠ ʩʪʘʨʪʽ ʨʘʢʝʪʠ, ʢʦʥʩʪʨʫʢʮʽʾ ʥʘ ʦʩʥʦʚʽ ʛʫʤʦʚʦʾ 

ʩʪʨʽʯʢʠ. ʈʝʟʫʣʴʪʘʪʠ ʣʴʦʪʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʟʘʜʦʚʽʣʴʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʢʽʥʯʝʥʥʦ-ʝʣʝʤʝʥʪʥʘ ʤʦʜʝʣʴ, ʟʘʭʠʩʪ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ 

ʧʫʩʢʦʚʦʾ ʫʩʪʘʥʦʚʢʠ, ʛʘʟʦʜʠʥʘʤʽʯʥʠʡ ʚʧʣʠʚ ʧʨʠ ʩʪʘʨʪʽ ʨʘʢʝʪʠ, ʥʘʧʨʫʞʝʥʦ-

ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ, ʣʴʦʪʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ.  
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DETERMINATION OF THE STRESS -STRAIN STATE OF THE 

PROTECTION OF LAUNCHER  ELEMENTS FROM GAS -DYNAMIC 

IMPACT DURING ROCKET LAUNCH  

Annotation. An analysis of the stress-strain state of the protection of launcher 

structural elements under gas-dynamic impact during rocket launch was conducted. 

Two variants of the structural design for the protection of launcher elements were 

considered. The first variant is vertical protection using a rubber strip. The second 

variant involves the installation of a gas-deflecting wall on the launcher structure. 

After analyzing the results obtained, a justified technical decision was made to use 

a structure based on a rubber strip to protect the launcher structural elements from 

gas-dynamic impact during rocket launch. The flight test results are satisfactory. 

Keywords: finite element model, protection of launcher structural elements, gas-

dynamic impact during rocket launch, stress-strain state, flight tests. 

 

ʅʘ ʝʣʝʤʝʥʪʠ ʧʫʩʢʦʚʦʾ ʫʩʪʘʥʦʚʢʠ ʧʨʠ ʩʪʘʨʽ ʨʘʢʝʪʠ ʜʽʻ ʛʘʟʦʜʠʥʘʤʽʯʥʠʡ 

ʚʧʣʠʚ ʪʘ ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ ʚʽʜ ʤʘʨʰʦʚʦʛʦ ʜʚʠʛʫʥʘ (ʄɼ) ʨʘʢʝʪʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʧʦʰʢʦʜʞʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʧʫʩʢʦʚʦʾ ʫʩʪʘʥʦʚʢʠ (ʇʋ), ʥʘʡʙʽʣʴʰ ʢʨʠʪʠʯʥʠʤʠ ʟ 

ʷʢʠʭ, ʻ ʧʦʰʢʦʜʞʝʥʥʷ ʟʘʜʥʽʭ ʘʫʪʨʠʛʝʨʽʚ. ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʚʧʣʠʚʫ ʩʪʨʫʤʝʥʷ ʥʘ 

ʝʣʝʤʝʥʪʠ ʇʋ ʙʫʣʠ ʨʦʟʛʣʷʥʫʪʽ ʥʘʩʪʫʧʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʨʽʰʝʥʥʷ [1]: 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʟʘʭʠʩʪʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʫʤʦʚʦʾ ʩʪʨʽʯʢʠ; 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʛʘʟʦʚʽʜʙʠʚʥʦʾ ʩʪʽʥʢʠ. 

ʄʝʪʘ ʜʘʥʦʾ ʨʦʙʦʪʠ ï ʚʠʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ 

ʚʘʨʽʘʥʪʽʚ ʟʘʭʠʩʪʫ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʚʧʣʠʚʫ ʩʪʨʫʤʝʥʷ ʥʘ ʝʣʝʤʝʥʪʠ ʇʋ ʪʘ 

ʧʨʠʡʥʷʪʪʷ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʨʽʰʝʥʥʷ ʧʨʦ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʧʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ 

ʣʴʦʪʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ. 

ɺʘʨʽʘʥʪ 1: ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʚʧʣʠʚʫ ʚʽʜ ʩʪʨʫʤʝʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʝ ʥʘʩʪʫʧʥʝ 

ʢʦʥʩʪʨʫʢʪʠʚʥʝ ʨʽʰʝʥʥʷ: ʚʩʪʘʥʦʚʣʝʥʥʷ ʟʘʭʠʩʪʫ ʟ ʛʫʤʦʚʦʾ ʩʪʨʽʯʢʠ ʟʤʽʥʥʦʾ 

ʪʦʚʱʠʥʠ d1 = 20 ʤʤ - d2 = 14 ʤʤ ʪʘ d1 = 25 ʤʤ - d2 = 18 ʤʤ. 

ʇʦʙʫʜʦʚʘʥʦ ʩʢʽʥʯʝʥʥʦ-ʝʣʝʤʝʥʪʥʫ ʤʦʜʝʣʴ ʟʘʭʠʩʪʫ ʪʘ ʚʠʟʥʘʯʝʥʦ ʡʦʛʦ 

ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ ʧʽʜ ʯʘʩ ʜʽʾ ʛʘʟʦʜʠʥʘʤʽʯʥʦʛʦ ʚʧʣʠʚʫ ʧʨʠ ʩʪʘʨʪʽ 

ʨʘʢʝʪʠ [2]. 

ɺʘʨʽʘʥʪ 2: ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʚʧʣʠʚʫ ʚʽʜ ʩʪʨʫʤʝʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʝ ʥʘʩʪʫʧʥʝ 

ʢʦʥʩʪʨʫʢʪʠʚʥʝ ʨʽʰʝʥʥʷ: ʚʩʪʘʥʦʚʣʝʥʥʷ ʛʘʟʦʚʽʜʙʠʚʥʦʾ ʩʪʽʥʢʠ ʟʽ ʩʪʘʣʽ 3. 

ʇʦʙʫʜʦʚʘʥʦ ʩʢʽʥʯʝʥʥʦ-ʝʣʝʤʝʥʪʥʫ ʤʦʜʝʣʴ ʛʘʟʦʚʽʜʙʠʚʥʦʾ ʩʪʽʥʢʠ ʪʘ ʚʠʟʥʘʯʝʥʦ ʾʾ 

ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ. 

ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʚʘʨʽʘʥʪʽʚ ʟʘʭʠʩʪʫ ʝʣʝʤʝʥʪʽʚ 

ʇʋ. ɺʘʨʽʘʥʪ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʫʤʦʚʦʾ ʩʪʨʽʯʢʠ ʧʦʢʘʟʘʚ ʱʦ ʥʘʧʨʫʞʝʥʥʷ ʪʘ 

ʧʝʨʝʤʽʱʝʥʥʷ ʥʝ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʨʫʡʥʫʚʘʥʥʷ ʪʘ ʧʦʨʫʰʝʥʥʷ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʇʋ 

ʧʽʜ ʯʘʩ ʜʽʾ ʛʘʟʦʜʠʥʘʤʽʯʥʦʛʦ ʚʧʣʠʚʫ ʧʨʠ ʩʪʘʨʪʽ ʨʘʢʝʪʠ. ɸʥʘʣʽʟ ʥʘʧʨʫʞʝʥʦ-

ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʟʘʭʠʩʪʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʘʟʦʚʽʜʙʠʚʥʦʾ ʩʪʽʥʢʠ ʧʦʢʘʟʘʚ 

ʱʦ ʤʽʮʥʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʾ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʧʣʦʚʦʛʦ ʚʧʣʠʚʫ, ʥʝ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

[3]. 
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ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʪʘ ʧʦʨʽʚʥʷʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʥʘʧʨʫʞʝʥʦ-

ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ, ʧʦʢʘʟʘʣʠ, ʱʦ ʤʽʥʽʤʘʣʴʥʠʤ ʪʘ ʜʦʩʪʘʪʥʽʤ ʚʘʨʽʘʥʪʦʤ ʜʣʷ 

ʇʋ ʻ ʚʩʪʘʥʦʚʣʝʥʥʷ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʟʘʭʠʩʪʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʫʤʦʚʦʾ ʩʪʨʽʯʢʠ. 

ʇʨʦʚʝʜʝʥʽ ʣʴʦʪʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʚʠʙʨʘʥʠʡ ʽ ʚʩʪʘʥʦʚʣʝʥʠʡ ʚʘʨʽʘʥʪ 

ʟʘʭʠʩʪʫ ʟʥʠʞʫʻ ʧʦʰʢʦʜʞʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʇʋ. 
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TO THE ANALYSIS OF THE STRESS-STRAIN STATE AND STRENGTH 

OF CONTACT STRUCTURES 

Annotation:  An analysis of the stress-stain state and strength calculations of 

aerodynamic steering wheel with a tongue-and-groove type attachment to the 

steering drive shaft was performed, taking into account geometric and physical 

nonlinearity and contact interaction. Comparison of the obtained experimental and 

calculated data is carried out. The test results are positive and confirm the possibility 

of implementing the considered design of an aerodynamic steering wheel with a 

tongue-and-groove fastening, subject to passing static tests. 

Keywords: finite element model, shaft, aerodynamic steering wheel, stress-strain 

state, experimental data. 

 

ɺ ʢʦʥʩʪʨʫʢʮʽʷʭ ʩʫʯʘʩʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʡ 

ʘʚʽʘʮʽʡʥʦʾ ʪʝʭʥʽʢʠ ʪʘ ʽʥʰʠʭ ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʢʦʥʩʪʨʫʢʮʽʾ ʩʢʣʘʜʥʦʾ ʬʦʨʤʠ, ʘʥʘʣʽʟ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʪʘ 

ʤʽʮʥʦʩʪʽ ʷʢʠʭ ʥʝ ʤʦʞʝ ʙʫʪʠ ʧʨʦʚʝʜʝʥʦ ʙʝʟ ʤʦʜʝʣʶʚʘʥʥʷ ʫʤʦʚ ʢʦʥʪʘʢʪʥʦʾ 

ʚʟʘʻʤʦʜʽʾ ʾʭ ʩʢʣʘʜʦʚʠʭ ʝʣʝʤʝʥʪʽʚ. 

ʈʦʟʛʣʷʥʝʤʦ ʨʽʰʝʥʥʷ ʜʘʥʦʾ ʟʘʜʘʯʽ ʥʘ ʧʨʠʢʣʘʜʽ ʨʦʟʨʦʙʢʠ ʢʦʥʩʪʨʫʢʮʽʾ ɸɼʈ 

ʟ ʢʨʽʧʣʝʥʥʷʤ ʪʠʧʫ çʰʠʧ-ʧʘʟè ʜʦ ʚʘʣʫ ʨʫʣʴʦʚʦʛʦ ʧʨʠʚʦʜʫ.  

ɸɼʈ ʷʚʣʷʻ ʩʦʙʦʶ ʤʦʥʦʣʽʪʥʫ ʧʣʘʩʪʠʥʯʘʪʫ ʢʦʥʩʪʨʫʢʮʽʶ, ʚʠʢʦʥʘʥʫ ʟ ʧʣʠʪʠ 

25 ɺʊ20, ʷʢʘ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʚ ʧʘʟ ʚʠʭʽʜʥʦʛʦ ʚʘʣʫ ʨʫʣʴʦʚʦʛʦ ʧʨʠʚʦʜʫ. 

ɺʠʭʽʜʥʠʡ ʚʘʣ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʩʠʣʦʚʠʡ ʝʣʝʤʝʥʪ ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ɸɼʈ ʽ 

ʷʢʠʡ ʩʣʫʛʫʻ ʜʣʷ ʧʝʨʝʜʘʯʽ ʟʫʩʠʣʣʷ ʚʽʜ ʨʫʣʴʦʚʦʛʦ ʧʨʠʚʦʜʫ ʥʘ ɸɼʈ. çʑʽʯʢʠè ʧʘʟʫ 

ʟôʻʜʥʫʶʪʴʩʷ ʟ ɸɼʈ ʪʘ ʤʽʞ ʩʦʙʦʶ ʪʨʴʦʤʘ ʛʚʠʥʪʘʤʠ. ʄʘʪʝʨʽʘʣ ʚʘʣʫ ï ʩʪʘʣʴ 

ʤʘʨʢʠ 09ʍ16ʅ4ɹ. ɿʘʟʦʨʠ ʤʽʞ ɸɼʈ ʪʘ ʦʧʦʨʥʠʭ ʧʦʚʝʨʭʥʷʭ ʧʘʟʫ ʚʘʣʫ ʤʽʥʽʤʘʣʴʥʽ.   

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʅɼʉ ʪʘ ʧʦʧʝʨʝʜʥʽʭ 

ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʤʽʮʥʽʩʪʴ ɸɼʈ ʟ ʢʨʽʧʣʝʥʥʷʤ ʪʠʧʫ çʰʠʧ-ʧʘʟè. ʇʨʦʚʝʜʝʥʦ 

ʧʦʨʽʚʥʷʥʥʷ ʦʪʨʠʤʘʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʜʘʥʠʭ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʥʽ ʨʦʟʨʘʭʫʥʢʽʚ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʽ ʦʩʥʦʚʘʥʠʡ ʥʘ ʥʴʦʤʫ ʧʨʦʛʨʘʤʥʠʡ ʢʦʤʧʣʝʢʩ MSC.NASTRAN [1-3].  

ɺʠʟʥʘʯʘʣʴʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʣʷ ɸɼʈ ʪʘ ʡʦʛʦ ʢʨʽʧʣʝʥʥʷ ʜʦ 

ʚʘʣʫ ʻ ʜʽʷ ʘʝʨʦʜʠʥʘʤʽʯʥʦʾ ʩʠʣʠ ʥʘ ɸɼʈ ʪʘ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ ʚʠʥʠʢʘʶʯʠʡ ʚʽʜ ʜʽʾ 

ʧʨʠʚʦʜʫ. 

ʈʦʟʨʘʭʫʥʢʠ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʧʨʦʚʦʜʠʣʠʩʴ ʟ ʚʨʘʭʫʚʘʥʥʷʤ 

ʛʝʦʤʝʪʨʠʯʥʦʾ ʪʘ ʬʽʟʠʯʥʦʾ ʥʝʣʽʥʽʡʥʦʩʪʽ ʡ ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ɸɼʈ ʪʘ 

ʚʘʣʦʤ, ʚʘʣʦʤ ʪʘ ʛʚʠʥʪʘʤʠ, ɸɼʈ ʪʘ ʛʚʠʥʪʘʤʠ (ʪʠʧ ʘʥʘʣʽʟʫ Multi -Step Structural). 

ʇʨʠ ʩʢʽʥʯʝʥʥʦ-ʝʣʝʤʝʥʪʥʦʤʫ ʤʦʜʝʣʶʚʘʥʥʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʪʠʧ ʩʢʽʥʯʝʥʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ï Solid. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʽʚ ʤʽʮʥʽʩʪʴ ɸɼʈ, ʚʘʣʫ ʨʫʣʴʦʚʦʛʦ ʧʨʠʚʦʜʫ ʪʘ ʾʭ 

ʢʨʽʧʣʝʥʥʷ ʚʽʜʥʦʩʥʦ ʤʝʞʠ ʤʽʮʥʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʜʦʩʪʘʪʥʷ. ʄʽʥʽʤʘʣʴʥʽ ʟʘʧʘʩʠ 

ʤʽʮʥʦʩʪʽ ʨʝʘʣʽʟʫʶʪʴʩʷ ʫ ʚʘʣʫ ʚ ʟʦʥʽ ʚʩʪʘʥʦʚʣʝʥʥʷ ɸɼʈ ʪʘ ʚ ʛʚʠʥʪʘʭ ʢʨʽʧʣʝʥʥʷ 

ɸɼʈ ʜʦ ʚʘʣʫ ʧʨʠ ʥʘʚʘʥʪʘʞʝʥʥʽ ʘʝʨʦʜʠʥʘʤʽʯʥʦʶ ʩʠʣʦʶ. 
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ʇʨʦʚʝʜʝʥʽ ʧʦʧʝʨʝʜʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʚʘʣʫ ʚ ʟʦʥʽ ʚʩʪʘʥʦʚʣʝʥʥʷ ɸɼʈ ʪʘ 

ʛʚʠʥʪʽʚ ʾʭ ʢʨʽʧʣʝʥʥʷ ʧʨʠ ʥʘʚʘʥʪʘʞʝʥʥʽ ʘʝʨʦʜʠʥʘʤʽʯʥʦʶ ʩʠʣʦʶ, ʢʨʫʪʥʠʤ 

ʤʦʤʝʥʪʦʤ ʪʘ ʾʭ ʩʫʤʽʩʥʦʶ ʜʽʻʶ. ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʧʦʟʠʪʠʚʥʽ ʪʘ 

ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʦʟʛʣʷʥʫʪʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ɸɼʈ ʟ 

ʢʨʽʧʣʝʥʥʷʤ çʰʠʧ-ʧʘʟè ʟ ʧʨʦʚʝʜʝʥʥʷʤ ʟʘʣʽʢʦʚʠʭ ʩʪʘʪʠʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ.  
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IMPACT OF CHANGES IN UAV DESIGN ON NOISE LEVELS  

ɸnnotation. The noise level of quadcopter engines was measured when using 

propellers with three and eight blades. 

Keywords: quadrocopter, blades, noise. 

 

ʉʴʦʛʦʜʥʽ ʙʝʟʧʽʣʦʪʥʽ ʣʽʪʘʣʴʥʽ ʘʧʘʨʘʪʠ (ɹʇʃɸ) ʥʘʙʫʣʠ ʰʠʨʦʢʦʛʦ 

ʧʦʰʠʨʝʥʥʷ ʪʘ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʨʽʟʥʠʭ ʩʬʝʨʘʭ ʜʽʷʣʴʥʦʩʪʽ ʣʶʜʠʥʠ. ɼʨʦʥʠ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʫ ʮʠʚʽʣʴʥʠʭ, ʪʘʢ ʽ ʫ ʚʽʡʩʴʢʦʚʠʭ ʮʽʣʷʭ. ɺʦʥʠ ʤʦʞʫʪʴ 

ʩʧʨʠʷʪʠ ʧʽʜʚʠʱʝʥʥʶ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʢʦʥʘʥʥʷ ʟʘʚʜʘʥʴ ʫ ʧʦʚʩʷʢʜʝʥʥʦʤʫ ʞʠʪʪʽ, 

ʟʦʢʨʝʤʘ ʧʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʨʷʪʫʚʘʣʴʥʠʭ ʦʧʝʨʘʮʽʡ, ʫ ʙʫʜʽʚʥʠʮʪʚʽ, ʜʣʷ 

ʤʦʥʽʪʦʨʠʥʛʫ ʚʘʞʢʦʜʦʩʪʫʧʥʠʭ ʪʝʨʠʪʦʨʽʡ, ʘ ʪʘʢʦʞ ʤʦʞʫʪʴ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʟ 

ʜʝʩʪʨʫʢʪʠʚʥʦʶ ʤʝʪʦʶ, ʩʪʚʦʨʶʶʯʠ ʟʘʛʨʦʟʫ ʜʣʷ ʮʠʚʽʣʴʥʦʛʦ ʥʘʩʝʣʝʥʥʷ. 

ʅʘ ʩʫʯʘʩʥʦʤʫ ʨʠʥʢʫ ʧʨʝʜʩʪʘʚʣʝʥʦ ʰʠʨʦʢʠʡ ʚʠʙʽʨ ʜʨʦʥʽʚ ʢʦʧʪʝʨʥʦʛʦ ʪʠʧʫ 

ʨʽʟʥʦʾ ʚʘʨʪʦʩʪʽ ʪʘ ʪʝʭʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʅʝʟʘʣʝʞʥʦ ʚʽʜ ʢʦʥʬʽʛʫʨʘʮʽʾ, ʙʫʜʴ-
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ʷʢʠʡ ʜʨʦʥ ʻ ʜʞʝʨʝʣʦʤ ʘʢʫʩʪʠʯʥʦʛʦ ʰʫʤʫ, ʱʦ ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ ʥʘʚʢʦʣʠʰʥʻ 

ʩʝʨʝʜʦʚʠʱʝ ʪʘ ʣʶʜʠʥʫ. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʽʥʠ ʨʽʚʥʷ ʰʫʤʫ ʧʽʜ ʯʘʩ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʦʧʝʣʝʨʽʚ ʽʟ ʨʽʟʥʦʶ ʢʽʣʴʢʽʩʪʶ ʣʦʧʘʪʝʡ ʜʣʷ ʜʚʠʛʫʥʽʚ 

ʢʚʘʜʨʦʢʦʧʪʝʨʘ. ɿʘ ʦʩʥʦʚʫ ʜʦʩʣʽʜʞʝʥʥʷ ʚʟʷʪʦ ʨʦʙʦʪʫ [1]. 

ɿʘʚʜʘʥʥʷ ʨʦʙʦʪʠ ʧʦʣʷʛʘʣʦ ʫ ʧʨʦʚʝʜʝʥʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʚʠʤʽʨʶʚʘʥʴ 

ʨʽʚʥʷ ʰʫʤʫ, ʱʦ ʩʪʚʦʨʶʻʪʴʩʷ ʜʚʠʛʫʥʘʤʠ ʢʚʘʜʨʦʢʦʧʪʝʨʘ, ʥʘ ʨʽʟʥʠʭ ʚʽʜʩʪʘʥʷʭ ʧʽʜ 

ʯʘʩ ʧʦʣʴʦʪʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʧʝʣʝʨʽʚ ʽʟ ʨʽʟʥʦʶ ʢʽʣʴʢʽʩʪʶ ʣʦʧʘʪʝʡ. ɿʘʤʽʨʠ 

ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʜʦʜʘʪʢʦʤ Sound Meter HQ ʥʘ ʩʤʘʨʪʬʦʥʽ ʤʦʜʝʣʽ Apple iPhone 

13. ʋ ʜʦʩʣʽʜʞʝʥʥʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʧʨʦʧʝʣʝʨʠ ʟ ʪʨʴʦʤʘ ʪʘ ʚʽʩʴʤʦʤʘ 

ʣʦʧʘʪʷʤʠ, ʘ ʪʘʢʦʞ ʢʚʘʜʨʦʢʦʧʪʝʨ ʤʦʜʝʣʽ iFlight ProTek35.  

ʋ ʨʝʟʫʣʴʪʘʪʽ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʽʚʝʥʴ ʰʫʤʫ ʟʤʽʥʶʻʪʴʩʷ ʚ ʦʙʦʭ ʚʠʧʘʜʢʘʭ 

ʟʘʣʝʞʥʦ ʚʽʜ ʚʽʜʩʪʘʥʽ ʜʦ ʜʞʝʨʝʣʘ ʰʫʤʫ: ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʚʽʜʩʪʘʥʽ ʨʽʚʝʥʴ ʰʫʤʫ 

ʟʤʝʥʰʫʻʪʴʩʷ, ʘ ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ ð ʟʨʦʩʪʘʻ. ɼʨʦʥ ʟ ʪʨʴʦʭ ʣʦʧʘʪʥʠʤʠ 

ʧʨʦʧʝʣʝʨʘʤʠ ʛʝʥʝʨʫʻ ʙʽʣʴʰʠʡ ʰʫʤ (ʪʘʙʣ. 1).  

 

               ɺʽʜʩʪʘʥʴ        

(ʤ)   

 ʃʦʧʘʪʽ  

0ʤ 2ʤ 5ʤ 

3 75dB 69dB 68dB 

8 71dB 67dB 68dB 

ʊʘʙʣʠʮʷ 1- ʨʝʟʫʣʴʪʘʪ ʚʠʧʨʦʙʫʚʘʥʥʷ. 
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ʤʫʤʽʚ. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1. ʉʦʢʦʣ ɻ. ɯ., ɾʤʫʨʢʦ ɺ. ʉ.  ʈʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʥʠʢʽʚ ʘʢʫʩʪʠʯʥʦʛʦ ʧʦʣʷ 

ʛʚʠʥʪʽʚ ʢʚʘʜʨʦʢʦʧʪʝʨʘ / XXVII ʄʽʞʥʘʨʦʜʥʘ ʤʦʣʦʜʽʞʥʘ ʥʘʫʢʦʚʦ-

ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ ʃʶʜʠʥʘ ʽ ʂʦʩʤʦʩ. ɿʙʽʨʥʠʢ ʪʝʟ ī 2025. ī ʉ. 33-

34.  

2. ʉʦʢʦʣ ɻ. ɯ., ʅʝʢʨʘʩʦʚ ɺ. ɽ., ɾʤʫʨʢʦ ɺ. ʉ.         ɼʦ ʨʦʟʨʘʭʫʥʢʫ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ  ʘʢʫʩʪʠʯʥʦʛʦ ʧʦʣʷ ʛʚʠʥʪʽʚ ʢʚʘʜʨʦʢʦʧʪʝʨʫ / ɺʽʩʥʠʢ 

ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ. ʉʝʨʽʷ: ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʘ 

ʪʝʭʥʽʢʘ: ʥʘʫʢʦʚʠʡ ʞʫʨʥʘʣ. ī 2019. ɺʠʧ. 22, ˉ 4, ʪ. 27. ī ʉ. 42-

51. doi:10.15421/451907. ISSN 2409-4056. 

3. ʉʦʢʦʣ ɻ. ɯ., ʂʽʨʽʯʝʥʢʦ ʉ. ʖ., ʂʫʯʝʨ ʈ. ʉ.    ʉʪʠʩʣʠʡ ʢʦʥʩʧʝʢʪ ʣʝʢʮʽʡ ʽʟ 

ʜʠʩʮʠʧʣʽʥʠ ñɸʢʫʩʪʠʢʘ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʚʽʙʨʘʮʽʡ ʫ ʤʘʰʠʥʘʭò ï 2020.      

 

https://doi.org/10.15407/knit%202020.03.020


˸˱̇˹˱˿́̎ ˾ˢ˴˩́˹ˮ̆ ˴˻˹˿́˾̂˴̇˱˯Σ ˤ˱ˣ˾ˢ̇˱̒Σ ˢ˴̂˿́ˮ̉˹˱ ̆ˤˮ˶˱ ́ˢ ̊̂˸˻ˤ˱ ˩̅˩˴́ˮ 

38 

ʋɼʂ 621.771.06 

DOI:10.62717/3083-7057-2026-1-004 

ʂʦʨʝʥʥʦʡ ɺ.ɺ., 
ɯʥʩʪʠʪʫʪ ʯʦʨʥʦʾ ʤʝʪʘʣʫʨʛʽʾ ʽʤ. ɿ.ɯ. ʅʝʢʨʘʩʦʚʘ ʅɸʅʋ 

ORCID 0000-0002-8329-781X 

E-mail:koren_noy@ukr.net 

ɺʝʨʝʥʴʦʚ ɺ.ɺ., 
ɯʥʩʪʠʪʫʪ ʯʦʨʥʦʾ ʤʝʪʘʣʫʨʛʽʾ ʽʤ. ɿ.ɯ. ʅʝʢʨʘʩʦʚʘ ʅɸʅʋ 

ORCID 0000-0002-2561-5365 

E-mail:verenev0704@gmail.com 

ʆʉʆɹʃʀɺʆʉʊɯ ɼʀʅɸʄɯʏʅʀʍ ʗɺʀʑ ɺ ʆɹʃɸɼʅɸʅʅɯ 

ʇʈʆʂɸʊʅʀʍ ʉʊɸʅɯɺ 

ɸʥʦʪʘʮʽʷ. ɺʠʢʦʥʘʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʚ ʧʨʦʢʘʪʥʠʭ ʢʣʽʪʷʭ 

ʩʪʘʥʽʚ ʨʽʟʥʦʛʦ ʪʠʧʫ ʽ ʪʝʭʥʦʣʦʛʽʾ ʧʨʦʢʘʪʢʠ ʧʽʜ ʯʘʩ ʟʘʭʚʘʪʫ ʟʘʛʦʪʦʚʢʠ. 

ɺʩʪʘʥʦʚʣʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʢʦʣʠʚʘʣʴʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʧʨʦʢʘʪʥʦʤʫ ʦʙʣʘʜʥʘʥʥʽ ʣʽʥʽʾ 

ʛʦʣʦʚʥʦʛʦ ʧʨʠʚʦʜʫ ʧʨʦʢʘʪʥʠʭ ʢʣʽʪʝʡ. ʈʦʟʨʦʙʣʝʥʽ ʤʝʪʦʜʠ ʟʤʝʥʰʝʥʥʷ 

ʤʘʢʩʠʤʘʣʴʥʠʭ ʜʠʥʘʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʧʽʜ ʯʘʩ ʟʘʭʚʘʪʫ ʟʘʛʦʪʦʚʢʠ ʧʨʦʢʘʪʥʠʤʠ 

ʚʘʣʢʘʤʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʧʨʦʢʘʪʥʘ ʢʣʽʪʴ, ʣʽʥʽʷ ʧʨʠʚʦʜʫ, ʜʠʥʘʤʽʯʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ, 

ʢʫʪʦʚʠʡ ʟʘʟʦʨ, ʪʝʭʥʽʯʥʠʡ ʩʪʘʥ, ʪʝʭʥʦʣʦʛʽʷ ʧʨʦʢʘʪʢʠ. 

V. Korennoi, 
Iron and Steel Institute of National Academy of Sciences of Ukraine 

ORCID 0000-0002-8329-781X 

E-mail:koren_noy@ukr.net 

V. Verenev, 
Iron and Steel Institute of National Academy of Sciences of Ukraine 

ORCID 0000-0002-2561-5365 

E-mail:verenev0704@gmail.com 

FEATURES OF DYNAMIC PHENOMENA  

 IN ROLLING MILL EQUIPMENT  

Abstract. Studies of dynamic processes in rolling stands of various types of mills 

and rolling technology during workpiece gripping have been carried out. 

Peculiarities of oscillatory processes in the rolling equipment of the main drive line 

of rolling stands have been established. Methods for reducing maximum dynamic 

loads during workpiece gripping by rolling rolls have been developed. 
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ɺ ɯʥʩʪʠʪʫʪʽ ʯʦʨʥʦʾ ʤʝʪʘʣʫʨʛʽʾ ʽʤ. ɿ.ɯ. ʅʝʢʨʘʩʦʚʘ ʅɸʅ ʋʢʨʘʾʥʠ ʰʣʷʭʦʤ 

ʚʠʤʽʨʶʚʘʥʴ ʚ ʧʨʦʤʠʩʣʦʚʠʭ ʫʤʦʚʘʭ, ʚʠʢʦʥʘʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʠʥʘʤʽʯʥʠʭ 

ʧʨʦʮʝʩʽʚ ʚ ʧʨʦʢʘʪʥʠʭ ʢʣʽʪʷʭ ʩʪʘʥʽʚ ʨʽʟʥʦʛʦ ʪʠʧʫ ʽ ʪʝʭʥʦʣʦʛʽʾ ʧʨʦʢʘʪʢʠ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʾʭ ʨʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʜʠʥʘʤʽʯʥʽ ʷʚʠʱʘ ʧʽʜ ʯʘʩ ʟʘʭʚʘʪʫ ʪʘ ʧʨʦʢʘʪʢʠ 

ʟʘʛʦʪʦʚʦʢ ʤʘʶʪʴ ʜʝʢʽʣʴʢʘ ʩʧʽʣʴʥʠʭ ʨʠʩ, ʷʢʽ ʥʘʚʝʜʝʥʽ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ.  

1. ʇʝʨʝʭʽʜ ʨʦʙʦʪʠ ʢʣʽʪʝʡ ʩʪʘʥʘ ʟ ʭʦʣʦʩʪʦʛʦ ʨʝʞʠʤʫ ʜʦ ʨʝʞʠʤʫ ʧʨʦʢʘʪʢʠ, 

ʪʦʙʪʦ ʜʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʤʘʡʞʝ ʤʠʪʪʻʚʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʥʘ ʫʩʽʭ ʜʽʣʷʥʢʘʭ ʣʽʥʽʾ 

ʧʨʠʚʦʜʫ ʨʦʙʦʯʠʭ ʚʘʣʢʽʚ ʚʽʜʙʫʚʘʶʪʴʩʷ ʟʥʘʯʥʽ ʪʘ ʷʩʢʨʘʚʦ ʚʠʨʘʞʝʥʽ ʟʘʪʫʭʘʶʯʽ 

ʢʦʣʠʚʘʥʥʷ ʤʦʤʝʥʪʫ ʩʠʣ ʧʨʫʞʥʦʩʪʽ, ʟʫʩʠʣʣʷ ʧʨʦʢʘʪʢʠ, ʚʽʙʨʘʮʽ ʾʦʙʣʘʜʥʘʥʥʷ. 

ʄʘʢʩʠʤʘʣʴʥʠʡ ʧʽʢʦʚʠʡ ʤʦʤʝʥʪ ʩʠʣ ʧʨʫʞʥʦʩʪʽ ʥʘ ʧʨʦʤʽʞʥʦʤʫ ʚʘʣʫ  ʧʝʨʝʚʠʱʫʻ 

ʤʦʤʝʥʪ ʚ ʩʪʘʣʦʤʫ ʨʝʞʠʤʽ ʧʨʦʢʘʪʢʠ ʫ 3é5 ʨʘʟ, ʘ ʥʘ ʰʧʠʥʜʝʣʷʭ - ʫ  2é3 ʨʘʟʠ. 

ʏʘʩʪʦʪʘ ʢʦʣʠʚʘʥʴ ʩʢʣʘʜʘʻ 10é20 ɻʮ. ʇʦʜʽʙʥʠʡ ʨʝʞʠʤ ʨʦʙʦʪʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʥʦʩʫ ʟʯʣʝʥʫʚʘʥʴ, ʟʙʽʣʴʰʝʥʥʷ ʢʫʪʦʚʠʭ ʽ ʨʘʜʽʘʣʴʥʠʭ ʟʘʟʦʨʽʚ ʽ ʾʭ ʚʧʣʠʚʫ ʥʘ 

ʜʠʥʘʤʽʯʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʢʽʣʴʢʽʩʪʴ ʧʦʣʘʤʦʢ ʝʣʝʤʝʥʪʽʚ ʦʙʣʘʜʥʘʥʥʷ [1]. 

2. ʇʽʜ ʯʘʩ ʙʝʟʧʝʨʝʨʚʥʦʾ ʧʨʦʢʘʪʢʠ, ʢʦʣʠ ʚ ʥʘʩʪʫʧʥʽʡ ʢʣʽʪʽ ʚʽʜʙʫʚʘʻʪʴʩʷ  

ʟʘʭʚʘʪ, ʤʘʻ ʤʽʩʮʝ ʜʠʥʘʤʽʯʥʘ ʚʟʘʻʤʦʜʽʷ ʣʽʥʽʡ ʧʨʠʚʦʜʫ ʩʫʤʽʞʥʠʭ ʢʣʽʪʝʡ ʯʝʨʝʟ 

ʪʽʣʦ ʟʘʛʦʪʦʚʢʠ. ʄʘʢʩʠʤʘʣʴʥʠʡ ʜʠʥʘʤʽʯʥʠʡ ʤʦʤʝʥʪ ʩʠʣ ʧʨʫʞʥʦʩʪʽ ʤʦʞʝ 

ʟʙʽʣʴʰʫʚʘʪʠʩʴ ʫʜʚʽʯʽ. ʇʦʜʽʙʥʽ ʷʚʠʱʘ  ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʢʦʣʠʚʘʥʴ ʪʦʚʱʠʥʠ ʧʦʣʦʩ.  

3. ɺ 5-ʪʠʢʣʽʪʴʦʚʠʭ  ʙʝʟʧʝʨʝʨʚʥʠʭ ʩʪʘʥʘʭ ʧʨʦʢʘʪʢʘ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ  

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʫʜʘʨʘʤʠ ʚ ʧʨʦʢʘʪʥʠʭ ʢʣʽʪʷʭ, ʟʤʝʥʰʝʥʥʷʤ ʪʦʚʱʠʥʠ ʜʽʣʷʥʢʠ 

ʧʦʣʦʩʠ ʙʽʣʷ ʰʚʘ, ʘ ʪʘʢʦʞ ʚʠʧʘʜʢʘʤʠ ʧʦʨʠʚʫ ʰʪʘʙʠ ʟ ʥʝʧʨʠʻʤʥʠʤʠ ʥʘʩʣʽʜʢʘʤʠ 

ʜʣʷ ʦʙʣʘʜʥʘʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʥʘ ʟʥʘʯʥʽʡ ʧʝʚʥʽʡ ʰʚʠʜʢʦʩʪʽ ʦʙʝʨʪʘʥʥʷ ʚ ʢʣʽʪʷʭ 

ʥʘʩʪʫʧʘʻ ʨʝʞʠʤ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʨʝʟʦʥʘʥʩʥʠʭ ʢʦʣʠʚʘʥʴ ʟ ʚʧʣʠʚʦʤ ʥʘ ʪʦʚʱʠʥʫ 

ʰʪʘʙʠ ̔  ʧʦʷʚʦʶ ʥʘ ʾ ʾ ʧʦʚʝʨʭʥʽ ʚʽʜʧʦʚʽʜʥʦʾ ʙʨʠʞʽ, ʷʢʘ ʧʨʦʷʚʣʷʻ ʩʝʙʝ ʥʘ ʧʦʚʝʨʭʥʽ 

ʣʝʛʢʦʚʦʛʦ ʘʚʪʦʤʦʙʽʣʷ ʧʽʩʣʷ ʥʘʥʝʩʝʥʥʷ ʬʘʨʙʠ [2]. 

4. ʉʢʣʘʜʥʘ ʚʟʘʻʤʦʜʽʷ ʣʽʥʽʡ ʧʨʠʚʦʜʫ ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ ʽ ʚʝʨʪʠʢʘʣʴʥʠʭ  

ʚʘʣʢʽʚ ʩʣʷʙʽʥʛʫ 1150 ʧʽʜ ʯʘʩ ʨʝʚʝʨʩʥʦʾ ʧʨʦʢʘʪʢʠ 15-ʪʦʥʥʠʭ ʟʣʠʚʢʽʚ.  ʂʦʞʥʠʡ 

ʚʝʨʪʠʢʘʣʴʥʠʡ ʚʘʣʦʢ  ʤʘʻ ʧʨʠʚʜ̔ ʚʽʜ ʜʚʦʭ ʝʣʝʢʪʨʦʜʚʠʛʫʥʽʚ ʯʝʨʝʟ ʜʚʘ 

ʚʝʨʪʠʢʘʣʴʥʠʭ ʨʝʜʫʢʪʦʨʘ. ɿʘʭʚʘʪ ʟʣʠʚʢʘ ʧʨʠ ʡʦʛʦ ʧʨʦʭʦʜ ̔ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ    

ʧʽʢʦʚʠʤʠ ʩʧʣʝʩʢʘʤʠ ʤʦʤʝʥʪʫ ʩʠʣ ʧʨʫʞʥʦʩʪʽ ʚ ʦʙʦʭ ʣʽʥʽʷʭ ʚ 2é2,5 ʨʘʟʠ.  

ɺʽʜʟʥʘʯʝʥʘ ʩʫʪʪʻʚʘ ʚʟʘʻʤʦʜʽʷ ʦʙʦʭ ʣʽʥʽʡ ʯʝʨʝʟ ʟʣʠʚʦʢ, ʜʦʚʞʠʥʘ ʷʢʦʛʦ ʚ 

ʦʩʪʘʥʥʽʭ ʧʨʦʭʦʜʘʭ ʟʙʽʣʴʰʫʻʪʴʩʷ ʫ 5é10 ʨʘʟ, ʷʢ ʽ ʯʘʩ ʨʝʟʦʥʘʥʩʥʠʭ ʢʦʣʠʚʘʥ ɹ

ʤʦʤʝʥʪʫ ʩʠʣ ʧʨʫʞʥʦʩʪʽ.  ʈʝʚʝʨʩʥʠʡ ʨʝʞʠʤ ʨʦʙʦʪʠ ʧʨʦʢʘʪʥʦʛʦ ʩʪʘʥʫ ʪʘ 

ʫʜʘʨʥʠʡ ʪʠʧ ʥʘʚʘʥʪʘʞʝʥʴ ʧʨʠʟʚʦʜʠʪ ɹʜʦ ʩʫʪʪʻʚʠʭ ʧʦʣʦʤʦʢ ʟʫʙʯʘʪʠʭ ʟʯʝʧʣʝʥʴ 

ʚʝʨʪʠʢʘʣʴʥʠʭ ʨʝʜʫʢʪʦʨʽʚ. 

5. ʇʽʜ ʯʘʩ ʚʠʭʦʜʫ ʰʪʘʙʠ ʟ ʨʦʙʦʯʠʭ ʚʘʣʢʽʚ ʫ ʥʠʟʮʽ ʢʣʽʪʝʡ ʧʨʦʢʘʪʥʠʭ ʩʪʘʥʽʚ 

ʧʩ̔ʣʷ ʧʘʜʽʥʥʷ ʤʦʤʝʥʪʫ ʩʠʣ ʧʨʫʞʥʦʩʪʽ ʤʽʞ ʜʚʠʛʫʥʦʤ ʽ ʨʝʜʫʢʪʦʨʦʤ ʜʦ ʥʫʣʷ, 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʡʦʛʦ ʩʠʩʪʝʤʘʪʠʯʥʝ ʧʽʢʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚ ʟʚʦʨʦʪʥʦʤʫ 

ʥʘʧʨʷʤʢʫ. ʊʦʙʪʦ ʧʝʨʝʜʘʪʦʯʥʝ ʟʫʩʠʣʣʷ ʜʽʻ ʥʝ ʥʘ ʨʦʙʦʯʫ ʩʪʦʨʦʥʫ ʟʫʙʮʽʚ 

ʨʝʜʫʢʪʦʨʘ, ʘ ʥʘ ʧʨʦʪʠʣʝʞʥʫ. ʇʦʪʽʤ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʧʽʢʠ ʤʝʥʰʦʾ ʘʤʧʣʽʪʫʜʠ ʚ 

ʨʽʟʥʽ ʙʦʢʠ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʨʦʟʚʠʪʦʢ ʟʥʦʩʫ ʪʘ ʢʫʪʦʚʠʭ ʟʘʟʦʨʽʚ ʥʘ ʮʽʡ ʜʽʣʷʥʮʽ ʣʽʥʽʾ 

ʧʨʠʚʦʜʫ. 
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6. ɺʩʪʘʥʦʚʣʝʥʽ  ʦʩʦʙʣʠʚʦʩʪʽ  çʛʦʨʙʦʧʦʜʽʙʥʦʛʦè ʚʠʜʫ ʟʙʽʣʴʰʝʥʥʷ ʤʦʤʝʥʪʫ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʨʦʙʦʯʠʭ ʚʘʣʢʘʭ, ʱʦ ʦʙʫʤʦʚʣʝʥʦ ʚʟʘʻʤʦʜʽʻʶ ʧʨʫʞʥʠʭ ʩʠʩʪʝʤ 

ʩʪʘʥʠʥʠ ʢʣʽʪʽ ʽ ʣʽʥʽʾ ʧʨʠʚʦʜʫ ʧʽʜ ʯʘʩ ʧʨʦʢʘʪʢʠ ʪʦʥʢʠʭ ʰʪʘʙ.  

7. ɺʧʝʨʰʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʪʘ ʰʣʷʭʦʤ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʚʩʪʘʥʦʚʣʝʥʘ ʩʪʘʪʠʩʪʠʯʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʜʠʥʘʤʽʯʥʦʛʦ ʤʦʤʝʥʪʫ ʩʠʣ 

ʧʨʫʞʥʦʩʪʽ ʧʽʜ ʯʘʩ ʟʘʭʚʘʪʫ ʤʝʪʘʣʘ ʚʘʣʢʘʤʠ ʚʽʜ ʤʦʤʝʥʪʫ ʩʠʣ ʧʨʫʞʥʦʩʪʽ ʫ 

ʩʪʘʣʦʤʫ ʨʝʞʠʤʽ ʧʨʦʢʘʪʢʠ. ʈʦʟʛʣʷʥʫʪʦ ʽ ʚʢʘʟʘʥʦ, ʷʢʠʤ ʯʠʥʦʤ ʚʧʣʠʚʘʶʪʴ 

ʧʝʨʝʭʽʜʥʽ ʧʨʦʮʝʩʠ ʥʘ ʢʦʣʠʚʘʥʥʷ ʧʦʚʟʜʦʚʞʥʴʦʾ ʪʦʚʱʠʥʠ ʰʪʘʙ, ʱʦ 

ʧʨʦʢʘʪʫʶʪʴʩʷ [3].  

8. ʈʦʟʨʦʙʣʝʥʦ ʥʠʟʢʫ ʤʘʪʝʤʘʪʠʯʥʠʭ ʢʦʤʧôʶʪʝʨʥʠʭ ʤʦʜʝʣʝʡ: ʟʘʭʚʘʪ ʰʪʘʙʠ 

ʨʦʙʦʯʠʤʠ ʚʘʣʢʘʤʠ; ʚʟʘʻʤʦʜʽʷ ʢʣʽʪʝʡ  ʙʘʛʘʪʦʢʣʽʪʴʦʚʦʛʦ ʩʪʘʥʫ ʯʝʨʝʟ ʰʪʘʙʫ, ʱʦ 

ʧʨʦʢʘʪʫʻʪʴʩʷ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʧʝʨʝʥʦʩʫ ʾʾ ʪʦʚʱʠʥʠ; ʚʠʟʥʘʯʝʥʽ 

ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʜʠʥʘʤʽʢʠ ʤʽʞʢʣʽʪʴʦʚʠʭ ʥʘʪʷʛʽʚ ʪʘ ʢʦʣʠʚʘʥʥʷ 

ʪʦʚʱʠʥʠ ʰʪʘʙʠ, ʜʦʩʣʽʜʞʝʥʘ ʜʠʥʘʤʽʢʘ ʙʝʟʧʝʨʝʨʚʥʦʾ ʭʦʣʦʜʥʦʾ ʧʨʦʢʘʪʢʠ ʰʪʘʙ ʟ̔ 

ʟʚʘʨʥʠʤʠ ʰʚʘʤʠ; ʜʠʥʘʤʽʢʘ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʨʝʜʫʢʪʦʨʘ ʚʝʨʪʠʢʘʣʴʥʠʭ ʚʘʣʢʽʚ 

ʩʣʷʙʽʥʛʘ ʽ ʨʝʟʦʥʘʥʩʥʠʭ ʨʝʞʠʤʽʚ ʡʦʛʦ ʨʦʙʦʪʠ ʟ̔ ʚʟʘʻʤʦʜʽʻʶ ʟ ʣʽʥʽʻʶ ʧʨʠʚʦʜʫ 

ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ ʚʘʣʢʽʚ; ʩʪʘʪʠʩʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʥʘʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʢʫʪʦʚʠʭ ʟʘʟʦʨʽʚ ʥʘ ʤʦʪʦʨʥʽʡ ʽ ʰʧʠʥʜʝʣʴʥʽʡ ʜʽʣʷʥʢʘʭ [4, 5].   

9. ʈʦʟʨʦʙʣʝʥʽ ʩʧʦʩʦʙʠ ʟʤʝʥʰʝʥʥʷ ʜʠʥʘʤʽʯʥʠʭ ʧʽʢʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʧʽʜ 

ʯʘʩ ʟʘʭʚʘʪʫ ʰʪʘʙʠ ʨʦʙʦʯʠʤʠ ʚʘʣʢʘʤʠ, ʰʣʷʭʦʤ: ʦʧʪʠʤʽʟʘʮʽʾ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʧʨʦʢʘʪʢʠ ʩʣʷʙʽʚ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʧʝʨʝʜʥʴʦʾ ʬʽʛʫʨʥʦʾ ʢʨʦʤʢʠ ʟ 

ʦʧʨʦʙʫʚʘʥʥʷʤ ʥʘ ʜʽʶʯʠʭ ʩʪʘʥʘʭ, ʟʤʝʥʰʝʥʥʷ ʟʥʦʩʫ ʪʘ ʟʘʟʦʨʽʚ ʚ ʟʯʣʝʥʫʚʘʥʥʷʭ 

ʣʽʥʽʾ ʧʨʠʚʦʜʫ [6].  
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ʤʘʰʠʥ ï ʦʩʥʦʚʥʘ ʩʢʣʘʜʦʚʘ ʧʨʠʢʣʘʜʥʦʾ ʤʘʭʘʥʽʢʠè, ʯʘʩʪʠʥʘ 2 : ʤʘʪʝʨʽʘʣʠ 
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CALCULATIONS OF THE ACOUSTIC FIELD INDICATORS OF THE 

GEKSOPTER PROPELLERS 

ɸnnotation. A mathematical model for calculating the field from 6 propellers of a 

geksocopter is created. The calculations were performed using Python, and the acoustic 

field directivity patterns were plotted. 

Keywords: geksocopter, radiation pattern, indicators, acoustic field. 
 

ʂʦʧʪʝʨʥʽ ʩʠʩʪʝʤʠ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʻ 

ʥʘʡʨʦʟʧʦʚʩʶʜʞʝʥʽʰʠʤ ʪʠʧʦʤ ʃɸ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʟʘʨʘʟ ʫ ʩʚʽʪʽ [1-4]. ɿʘ 

ʯʘʩ ʘʛʨʝʩʽʾ ʨʬ ʧʨʦʪʠ ʋʢʨʘʾʥʠ, ʮʝʡ ʪʠʧ ʃɸ ʩʪʘʚ ʦʩʥʦʚʥʦʶ ʟʙʨʦʻʶ ʫ ʮʽʡ ʚʽʡʥʽ. ʋ 

2020 ʨʦʮʽ ʂʦʤʧʘʥʽʷ ñPricewaterhouseCoopersò ʦʮʽʥʶʚʘʣʘ ʨʠʥʦʢ ɹʇʃɸ ʚ 127 

ʤʽʣʴʷʨʜʽʚ ʜʦʣʘʨʽʚ, ʧʨʠ ʡʦʛʦ ʟʨʦʩʪʘʥʥʽ 15-18% ʥʘ ʨʽʢ.  

ʆʩʥʦʚʥʠʤ ʜʞʝʨʝʣʦʤ ʰʫʤʫ ɹʇʃɸ ï ʻ ʛʚʠʥʪʠ ʤʫʣʴʪʠʢʦʧʪʝʨʘ, ʜʣʷ ʚʩʽʭ 

ʪʠʧʽʚ ʢʦʧʪʝʨʥʠʭ ʩʠʩʪʝʤ. ɼʣʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ɹʇʃɸ ʷʢ ʛʝʢʩʦʢʦʧʪʝʨ, ʨʽʚʝʥʴ ʮʽʻʾ 

ʩʢʣʘʜʦʚʦʾ ʻ ʜʦʩʠʪʴ ʚʧʣʠʚʦʚʦʶ ʩʢʣʘʜʦʚʦʶ. ʋ ʥʘʚʝʜʝʥʠʭ ʨʦʙʦʪʘʭ [1-3] 

ʨʦʟʛʣʷʥʫʪʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʢʫʩʪʠʯʥʦʛʦ ʧʦʣʷ ʛʚʠʥʪʽʚ ʢʚʘʜʨʦʢʦʧʪʝʨʫ, ʘʣʝ 

ʛʝʢʩʦʢʦʧʪʝʨ ʥʝ ʨʦʟʛʣʷʜʘʚʩʷ. ʊʦʤʫ ʤʝʪʦʶ ʜʽʡʩʥʦʾ ʨʦʙʦʪʠ ʩʪʘʣʘ ʨʦʟʨʦʙʢʘ 

ʚʜʦʩʢʦʥʘʣʝʥʦʾ ʤʝʪʦʜʠʢʠ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʘʢʫʩʪʠʯʥʦʛʦ ʧʦʣʷ ʛʚʠʥʪʽʚ ʛʝʢʩʦʢʦʧʪʝʨʫ.  ʈʦʟʛʣʷʜʘʣʘʩʷ ʟʘʜʘʯʘ ʩʪʚʦʨʝʥʥʷ 

ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʨʦʚʝʩʪʠ ʨʦʟʨʘʭʫʥʢʠ ʨʽʚʥʽʚ ʘʢʫʩʪʠʯʥʠʭ 

ʰʫʤʽʚ ʚʽʜ ʰʝʩʪʠ ʪʘ ʙʽʣʴʰʝ ʛʚʠʥʪʽʚ ʛʝʢʩʦʢʦʧʪʝʨʫ ʚ ʯʘʩ ʟʜʽʡʩʥʝʥʥʷ ʥʠʤ ʧʦʣʴʦʪʫ. 

ʊʝʦʨʝʪʠʯʥʽ ʚʽʜʦʤʦʩʪʽ, ʘʣʛʦʨʠʪʤ ʨʦʟʨʘʭʫʥʢʫ, ʚʠʭʽʜʥʽ ʜʘʥʽ ʥʘʚʝʜʝʥʽ ʚ [4]. 

ʈʦʟʨʘʭʫʥʢʠ ʚʠʢʦʥʘʥʽ ʫ ʨʦʙʦʯʦʤʫ ʧʨʦʩʪʦʨʽ ʧʨʦʛʨʘʤʠ Python. ʈʦʟʨʘʭʦʚʘʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʧʨʷʤʦʚʘʥʦʩʪʽ ʟʘʛʘʣʴʥʦʛʦ ʟʚʫʢʦʚʦʛʦ ʧʦʣʷ ʜʚʦʣʦʧʘʪʝʚʠʭ 

ʛʚʠʥʪʽʚ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʥʘ ʧʨʠʢʣʘʜʽ ʛʝʢʩʦʢʦʧʪʝʨʘ. 

ɺʠʜʥʦ, ʱʦ ʘʢʫʩʪʠʯʥʘ ʧʦʪʫʞʥʽʩʪʴ ʟʤʝʥʰʫʻʪʴʩʷ ʧʦ ʤʽʨʽ ʚʽʜʜʘʣʝʥʥʷ ʚʽʜ 

ʜʞʝʨʝʣʘ ʰʫʤʫ ʟʘ ʟʘʢʦʥʦʤ ʦʙʝʨʥʝʥʠʭ ʢʚʘʜʨʘʪʽʚ. ɼʦʤʽʥʫʶʯʠʤʠ ʻ ʧʝʨʰʘ ʪʘ ʜʨʫʛʘ 

ʛʘʨʤʦʥʽʢʠ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʙʽʣʴʰʝ 2/3 ʟʘʛʘʣʴʥʦʛʦ ʰʫʤʫ. 

 

ɺʠʩʥʦʚʢʠ: 

ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʪʠʯʥʠʡ ʦʛʣʷʜ ʽʩʥʫʶʯʠʭ ʤʦʜʝʣʝʡ ɹʇʃɸ ʪʠʧʫ 

ʤʫʣʴʪʠʢʦʧʪʝʨ. ʅʘʚʝʜʝʥʦ ʟʘʛʘʣʴʥʽ ʧʨʠʢʣʘʜʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ɹʇʃɸ, ʾʭ 

ʧʨʠʟʥʘʯʝʥʥʷ ʪʘ ʩʬʝʨʠ ʟʘʩʪʦʩʫʚʘʥʥʷ. ʈʦʟʛʣʷʥʫʪʽ ʦʩʥʦʚʥʽ ʜʞʝʨʝʣʘ ʰʫʤʫ, ʱʦ 

ʩʪʚʦʨʶʶʪʴ ʚʫʟʣʠ ʤʫʣʴʪʠʢʦʧʪʝʨʫ.  ʈʦʟʰʠʨʝʥʦ ʤʝʪʦʜʠʢʫ ʨʦʟʨʘʭʫʥʢʫ ʩʫʢʫʧʥʦʛʦ 

ʘʢʫʩʪʠʯʥʦʛʦ ʧʦʣʷ ʩʠʩʪʝʤ ʚʽʜ 2 ʜʦ 8 ʛʚʠʥʪʽʚ, ʱʦ ʟʥʘʭʦʜʷʪʴʩʷ ʫ ʩʫʧʝʨʧʦʟʠʮʽʾ. 

ɺʠʢʦʥʘʥʦ ʨʦʟʨʘʭʫʥʦʢ ʜʣʷ ʢʦʞʥʦʾ ʟ ʛʘʨʤʦʥʽʢ, ʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ. 

ʈʦʟʧʦʚʩʶʜʞʝʥʥʷ ʰʫʤʽʚ ʨʽʟʥʦʾ ʯʘʩʪʦʪʠ ʫ ʧʨʦʩʪʦʨʽ ʧʦʢʘʟʘʥʽ ʥʘ ʚʽʜʧʦʚʽʜʥʠʭ 

ʛʨʘʬʽʢʘʭ. 

mailto:zhmurkovlad@ukr.net


˸˱̇˹˱˿́̎ ˾ˢ˴˩́˹ˮ̆ ˴˻˹˿́˾̂˴̇˱˯Σ ˤ˱ˣ˾ˢ̇˱̒Σ ˢ˴̂˿́ˮ̉˹˱ ̆ˤˮ˶˱ ́ˢ ̊̂˸˻ˤ˱ ˩̅˩˴́ˮ 

44 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1. ʂʦʨʯʝʥʢʦ ɸ. ɻ., ʀʣʴʷʰ ʆ. ʉ. ʆʙʦʙʱʸʥʥʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʙʝʩʧʠʣʦʪʥʳʭ 

ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ: ʉʙʦʨʥʠʢ ʥʘʫʯʥʳʭ ʨʘʙʦʪ. ʍʘʨʴʢʦʚʩʢʠʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ɺʦʟʜʫʰʥʳʭ ʉʠʣ. 2012. ˉ 4 (33). ʉ. 27-36.  

2. Gupta L., Jain R., Vaszkun G. Survey of Important Issues in UAV 

Communication Networks // IEEE Communications Surveys & Tutorials. 

2016. Vol. 18 (2). pp. 1123 ï 1152. 11. 

3. Villasenor J. ñDronesò and the Future of Domestic Aviation // Proceedings 
of the IEEE. 2014. Vol. 102. No. 3. pp. 235 ï 238. DOI: 

10.1109/JPROC.2014.2302875.  

4. ʉʦʢʦʣ ɻ. ɯ., ʅʝʢʨʘʩʦʚ ɺ. ɽ., ɾʤʫʨʢʦ ɺ. ʉ.         ɼʦ ʨʦʟʨʘʭʫʥʢʫ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ  ʘʢʫʩʪʠʯʥʦʛʦ ʧʦʣʷ ʛʚʠʥʪʽʚ ʢʚʘʜʨʦʢʦʧʪʝʨʫ / ɺʽʩʥʠʢ 

ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ. ʉʝʨʽʷ: ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʘ 

ʪʝʭʥʽʢʘ: ʥʘʫʢʦʚʠʡ ʞʫʨʥʘʣ. ī 2019. ɺʠʧ. 22, ˉ 4, ʪ. 27. ī ʉ. 42-

51. doi:10.15421/451907. ISSN 2409-4056. 

  

 

https://doi.org/10.15407/knit%202020.03.020


··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

45 

ʋɼʂ 534.231; 621.0 

DOI:10.62717/3083-7057-2026-1-006 

ʅʘʭʦʜ ʄ.ɯ., 
ɼʥʽʧʨʦʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ 

ORCID 0009-0001-6658-6185 

E-mail:maxim.nakhod@gmail.com 

ʉʦʢʦʣ ɻ.ɯ., 
ɼʥʽʧʨʦʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ 

ORCID 0000-0002-6183-9155 

E-mail:gsokol@ukr.net 

ʈʆɿʈɸʍʋʅʂʀ ʂʆʃʀɺɸʅʔ ʋ ʄɽʊɸʃʆʆɹʈʆɹʃʖɺɸʃʔʅʀʍ 

ɺɽʈʉʊɸʊɸʍ 

ɸʥʦʪʘʮʽʷ. ʉʪʚʦʨʝʥʘ ʨʦʟʨʘʭʫʥʢʦʚʘ ʤʦʜʝʣʴ ʚʝʨʩʪʘʪʘ ʟ ʛʦʨʠʟʦʥʪʘʣʴʥʦʶ 

ʦʙʨʦʙʢʦʶ.  ʇʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʦʢ ʚʣʘʩʥʦʾ ʪʘ ʚʠʤʫʰʝʥʦʾ ʯʘʩʪʦʪʠ ʚʝʨʩʪʘʪʫ, 

ʟʨʦʙʣʝʥʦ ʚʠʩʥʦʚʦʢ ʱʦʜʦ ʜʦʙʨʦʪʥʦʩʪʽ ʢʦʣʠʚʘʣʴʥʦʾ ʩʠʩʪʝʤʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʝʪʘʣʦʦʙʨʦʙʢʘ, ʚʝʨʩʪʘʪ, ʢʦʣʠʚʘʣʴʥʽ ʧʨʦʮʝʩʠ, ʜʦʙʨʦʪʥʽʩʪʴ 

M. Nakhod, 
Oles Honchar Dnipro National University 

ORCID 0009-0001-6658-6185 

E-mail:maxim.nakhod@gmail.com 

G. Sokol, 
Oles Honchar Dnipro National University 

ORCID 0000-0002-6183-9155 

E-mail:gsokol@ukr.net 

CALCULATION OF OSCILLATION IN METAL MILLING MACHINES  

ɸnnotation. A computational model of a horizontal machining center (HMC) has been 

developed. Calculations of the natural and forced frequencies of the machine were performed, 

and a conclusion was drawn regarding the Q-Factor of the oscilartory system. 
Keywords: milling, oscillations, Q-Factor, HMC. 

 

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʤʦʞʣʠʚʦʩʪʝʡ ʚʝʨʩʪʘʪʽʚ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ 

ʜʝʪʘʣʝʡ ʽʟ ʚʘʞʢʦʦʙʨʦʙʣʶʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʩʢʣʘʜʥʦʶ ʬʦʨʤʦʶ ʙʘʛʘʪʴʦʭ 

ʧʦʚʝʨʭʦʥʴ, ʧʽʜʚʠʱʝʥʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʪʦʯʥʦʩʪʽ ʪʘ ʰʦʨʩʪʢʦʩʪʽ ʨʦʙʦʯʠʭ 

ʧʦʚʝʨʭʦʥʴ, ʘ ʪʘʢʦʞ ʜʦ ʥʘʜʽʡʥʦʩʪʽ ʡ ʨʝʩʫʨʩʫ ʜʝʪʘʣʝʡ ʽ ʚʫʟʣʽʚ, ʚʠʩʫʚʘʶʪʴʩʷ 

ʦʩʦʙʣʠʚʦ ʚʠʩʦʢʽ ʚʠʤʦʛʠ ʜʦ ʧʣʘʚʥʦʩʪʽ ʪʘ ʩʪʽʡʢʦʩʪʽ ʨʫʭʫ ʽʥʩʪʨʫʤʝʥʪʘ ʚʽʜʥʦʩʥʦ 

ʟʘʛʦʪʦʚʢʠ ʚ ʫʩʴʦʤʫ ʜʽʘʧʘʟʦʥʽ ʨʦʙʦʯʠʭ ʨʝʞʠʤʽʚ ʚʝʨʩʪʘʪʘ. ʆʜʥʠʤ ʽʟ ʬʘʢʪʦʨʽʚ, 

ʷʢʠʡ ʤʦʞʝ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʪʠ ʥʘ ʨʝʟʫʣʴʪʘʪ ʦʙʨʦʙʢʠ, ̒  ʢʦʣʠʚʘʣʴʥʽ ʧʨʦʮʝʩʠ (ʷʢ 
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ʚʠʤʫʰʝʥʽ ʪʘʢ ʽ ʘʚʪʦʢʦʣʠʚʘʥʥʷ), ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ ʚ  ʤʝʪʘʣʦʦʙʨʦʙʥʠʭ ʚʝʨʩʪʘʪʘʭ 

ʧʽʜ ʯʘʩ ʨʦʙʦʪʠ. 
ʈʝʟʫʣʴʪʘʪʦʤ ʮʠʭ ʢʦʣʠʚʘʥʴ ʤʦʞʝ ʙʫʪʠ ʥʝ ʣʠʰʝ ʟʥʠʞʝʥʥʷ ʷʢʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʩʣʦʶ ʦʙʨʦʙʣʶʚʘʥʦʾ ʜʝʪʘʣʽ, ʘʣʝ ʡ ʟʙʽʣʴʰʝʥʥʷ ʟʥʦʩʫ ʝʣʝʤʝʥʪʽʚ ʚʝʨʩʪʘʪʫ ʽ, ʷʢ ʨʝʟʫʣʴʪʘʪ,  

ʧʽʜʚʠʱʝʥʥʷ ʰʫʤʫ ʪʘ ʚʽʙʨʘʮʽʡ ʘʛʨʝʛʘʪʫ. ʊʦʤʫ ʘʢʪʫʘʣʴʥʽʩʪʴ ʦʙʨʘʥʦʾ ʪʝʤʠ ʜʦʩʣʽʜʞʝʥʴ 

ʩʫʤʥʽʚʽʚ ʥʝ ʚʠʢʣʠʢʘʻ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʩʢʣʘʜʘʥʥʷ ʤʝʪʦʜʠʢʠ ʨʦʟʨʘʭʫʥʢʽʚ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʣʠʚʘʣʴʥʦʾ 

ʩʠʩʪʝʤʠ ʘʛʨʝʛʘʪʥʦ-ʩʚʝʨʜʣʠʣʴʥʦʛʦ ʚʝʨʩʪʘʪʫ, ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʙʨʦʪʥʦʩʪʽ. 

ʏʝʨʝʟ ʥʘʜʚʠʩʦʢʫ ʩʢʣʘʜʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ ʢʦʣʠʚʘʣʴʥʠʭ ʷʚʠʱ ʜʣʷ ʨʝʘʣʴʥʦʛʦ 

ʚʝʨʩʪʘʪʘ, ʥʝʦʙʭʽʜʥʦ ʩʪʚʦʨʠʪʠ ʤʦʜʝʣʴ, ʱʦ ʙʫʜʝ ʚʢʣʶʯʘʪʠ ʣʠʰʝ ʚʘʛʦʤʽ ʣʘʥʢʠ, ʟ ʾʭ 

ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʪʘʢʫ ʤʦʜʝʣʴ ʨʦʟʨʘʭʦʚʫʻʤʦ 

ʞʦʨʩʪʢʽʩʪʴ ʚʝʨʩʪʘʪʫ, ʡʦʛʦ ʚʣʘʩʥʫ ʪʘ ʚʠʤʫʰʝʥʫ ʯʘʩʪʦʪʠ ʜʣʷ ʚʩʽʭ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ. 

ʇʦʩʣʽʜʦʚʥʽʩʪʴ ʤʝʪʦʜʠʢʠ ʜʦʩʣʽʜʞʝʥʴ: 

1) ɺʠʟʥʘʯʠʪʠʩʷ ʟ ʧʦʥʷʪʪʷʤ ʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʤʝʭʘʥʽʟʤʘʭ 

ʤʝʪʘʣʦʨʽʟʘʣʴʥʠʭ ʚʝʨʩʪʘʪʽʚ. 

2) ɿôʷʩʫʚʘʪʠ, ʷʢʠʡ ʚʧʣʠʚ ʤʘʻ ʥʘʷʚʥʽʩʪʴ ʢʦʣʠʚʘʥʴ ʥʘ ʤʝʭʘʥʽʯʥʫ ʩʠʩʪʝʤʫ 

ʚʝʨʩʪʘʪʫ. 

3) ɿôʷʩʫʚʘʪʠ ʥʘʷʚʥʽʩʪʴ ʧʝʨʝʭʽʜʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʬʦʨʤʫʚʘʥʥʽ ʢʦʣʠʚʘʥʴ. 

4) ʇʨʦʚʝʩʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʯʘʩʪʠʥ ʚʝʨʩʪʘʪʘ ʷʢ ʩʢʣʘʜʥʦʾ ʩʠʩʪʝʤʠ ʟ ʦʢʨʝʤʠʭ 
ʤʘʩ ʪʘ ʝʣʝʤʝʥʪʽʚ ʞʦʨʩʪʢʦʩʪʽ, ʩʢʣʘʩʪʠ ʨʦʟʨʘʭʫʥʢʦʚʫ ʩʭʝʤʫ. 

5) ʇʨʦʚʝʩʪʠ ʜʠʥʘʤʽʯʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʧʨʠʚʦʜʫ ʚʝʨʩʪʘʪʘ, ʷʢʠʡ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚ 

ʥʘʩʪʫʧʥʽʡ ʧʦʩʣʽʜʦʚʥʦʩʪʽ: 

a) ɿʤʝʥʰʝʥʥʷ ʯʠʩʣʘ ʩʪʫʧʝʥʽʚ ʩʚʦʙʦʜʠ ʚ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʭʝʤʘʭ.  

b) ʉʢʣʘʜʘʥʥʷ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʩʠʩʪʝʤʠ ʧʨʠʚʦʜʫ. 

c) ɺʠʟʥʘʯʝʥʥʷ ʧʝʨʝʜʘʚʘʣʴʥʦʾ ʬʫʥʢʮʽʾ ʩʠʩʪʝʤʠ.  

d) ʈʦʟʨʘʭʫʥʦʢ ʯʘʩʪʦʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʠ.  

e) ʈʦʟʨʘʭʫʥʦʢ ʚʣʘʩʥʠʭ ʯʘʩʪʦʪ ʽ ʚʠʟʥʘʯʝʥʥʷ ʬʦʨʤ ʢʦʣʠʚʘʥʴ ʩʠʩʪʝʤʠ.  

f) ɸʥʘʣʽʟ ʯʘʩʪʦʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʠ.  

g) ʇʦʙʫʜʦʚʘ ʧʝʨʝʭʽʜʥʠʭ ʪʘ ʽʤʧʫʣʴʩʥʠʭ ʧʝʨʝʭʽʜʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
ʩʠʩʪʝʤʠ. 

h) ɺʠʟʥʘʯʝʥʥʷ ʨʝʘʢʮʽʾ ʩʠʩʪʝʤʠ ʥʘ ʚʭʽʜʥʠʡ ʚʧʣʠʚ.  

i) ʆʮʽʥʢʘ ʧʦʢʘʟʥʠʢʽʚ ʜʠʥʘʤʽʯʥʦʾ ʷʢʦʩʪʽ ʩʠʩʪʝʤʠ. 

 

ɺʠʩʥʦʚʢʠ: 
ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʪʠʯʥʠʡ ʦʛʣʷʜ ʢʦʤʧʦʥʝʥʪʽʚ, ʟ ʷʢʠʭ ʩʢʣʘʜʘʻʪʴʩʷ 

ʘʛʨʝʛʘʪʥʦ-ʩʚʝʨʜʣʠʣʴʥʠʡ ʚʝʨʩʪʘʪ, ʪʘ ʩʧʦʩʽʙ ʾʭ ʟôʻʜʥʘʥʥʷ 

ʉʪʚʦʨʝʥʘ ʽʜʝʘʣʽʟʦʚʘʥʘ ʤʦʜʝʣʴ, ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ  

ʇʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʦʢ ʞʦʨʩʪʢʦʩʪʽ ʚʝʨʩʪʘʪʫ, ʚʣʘʩʥʦʾ ʪʘ ʚʠʤʫʰʝʥʦʾ 

ʯʘʩʪʦʪʠ 

ɼʦʩʣʽʜʞʝʥʘ ʜʦʙʨʦʪʥʽʩʪʴ ʢʦʣʠʚʘʣʴʥʦʾ ʩʠʩʪʝʤʠ 

ɼʘʥʘ ʨʦʙʦʪʘ ʤʘʻ ʧʝʨʩʧʝʢʪʠʚʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʨʦʙʦʪʘʭ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ 

ʽʥʩʪʠʪʫʪʽʚ, ʫ ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ ʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʠʭ ʬʘʢʫʣʴʪʝʪʘʭ, ʘ ʪʘʢʦʞ ʚ 

ʝʢʦʣʦʛʽʾ. 
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ʩʠʥʭʨʦʥʥʦ ʟʘʧʠʩʫʚʘʪʠ ʚ ʯʘʩʦʚʦʤʫ ʨʝʞʠʤʽ ʫ ʚʠʛʣʷʜʽ ʘʤʧʣʽʪʫʜʥʦ-ʯʘʩʪʦʪʥʦʛʦ 

ʩʧʝʢʪʨʘ ʟ ʧʦʜʘʣʴʰʦʶ ʘʨʭʽʚʘʮʽʻʶ ʪʘ ʜʝʪʘʣʴʥʠʤ ʘʥʘʣʽʟʦʤ. ɿʘʚʜʷʢʠ ʜʽʘʛʥʦʩʪʠʯʥʦʾ 

ʘʧʘʨʘʪʫʨʠ ʧʨʦʚʦʜʠʪʴʩʷ ʩʧʝʮʽʘʣʴʥʘ ʦʙʨʦʙʢʘ ʚʽʙʨʘʮʽʡʥʦʛʦ ʩʠʛʥʘʣʫ ʪʘ 

ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʚʽʙʨʘʮʽʾ, ʜʠʩʢʨʝʪʠʟʘʮʽʷ ʪʘ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʝ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʫ, ʟʥʷʪʪʷ ʘʤʧʣʽʪʫʜʥʦ-ʬʘʟʦʯʘʩʪʦʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʚʽʙʨʘʮʽʾ, ʚʠʟʥʘʯʝʥʥʷ ʛʘʨʤʦʥʽʯʥʦʛʦ ʩʧʝʢʪʨʫ ʚʽʙʨʘʮʽʾ ʚ ʣʽʥʽʡʥʦʤʫ ʪʘ 

ʣʦʛʘʨʠʬʤʽʯʥʦʤʫ ʤʘʩʰʪʘʙʘʭ, ʘʤʧʣʽʪʫʜ ʪʘ ʬʘʟ ʛʘʨʤʦʥʽʢʠ. ʂʦʤʧʣʝʢʩ ʧʘʨʘʤʝʪʨʽʚ 

ʚʽʙʨʘʮʽʾ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʽʩʪʶ ʭʘʨʘʢʪʝʨʠʟʫʻ ʪʝʭʥʽʯʥʠʡ ʩʪʘʥ ʧʨʘʮʶʶʯʦʛʦ 

ʤʝʭʘʥʽʟʤʫ ʪʘ ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʚʠʥʠʢʥʝʥʥʷ ʪʘ ʨʦʟʚʠʪʦʢ ʥʝʩʧʨʘʚʥʦʩʪʝʡ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʝʭʘʥʦʪʨʦʥʥʘʘ ʩʠʩʪʝʤʘ, ʤʝʪʦʜʠ ʢʦʥʪʨʦʣʶ, ʧʨʦʛʥʦʟʫʚʘʥʥʷ, 

ʪʝʭʥʽʯʥʠʡ ʩʪʘʥ, ʜʽʘʛʥʦʩʪʫʚʘʥʥʷ.  
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CONTINUOUS MONITORING OF MECHANOTRONIC SYSTEMS 

USING THE METHOD OF VIBROACOUSTIC DIAGNOSTICS  

Annotation.A promising method of technical diagnostics of mechatronic systems is 

vibroacoustic diagnostics, which allows the received signals from sensors to be 
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synchronously recorded in time mode in the form of an amplitude-frequency spec-

trum with subsequent archiving and detailed analysis. Thanks to diagnostic equip-

ment, special processing of the vibration signal and measurement of vibration pa-

rameters, signal discretization and analog-to-digital conversion, measurement of am-

plitude-phase-frequency characteristics of vibration, determination of the harmonic 

spectrum of vibration in linear and logarithmic scales, amplitudes and phases of har-

monics are performed. The set of vibration parameters almost completely 

characterizes the technical condition of the working mechanism and allows 

predicting the occurrence and development of malfunctions. 

Keywords: mechatronic system , control methods, forecasting, technical condition, 

diagnostics. 

 

ʆʜʥʠʤ ʽʟ ʦʩʥʦʚʥʠʭ ʘʢʪʫʘʣʴʥʠʭ ʥʘʧʨʷʤʢʽʚ ʫ ʛʘʣʫʟʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʭʘ-

ʥʦʪʨʦʥʥʠʭ ʩʠʩʪʝʤ ʻ ʟʘʚʜʘʥʥʷ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʰʣʷʭʦʤ ʢʦʤʧʣʝʢʩʥʦʾ ʦʮʽ-

ʥʢʠ ʩʪʘʥʫ ʤʦʜʫʣʽʚ ʥʘ ʦʩʥʦʚʽ ʟʙʦʨʫ ʪʘ ʘʥʘʣʽʟʫ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. ʇʝʨʩ-

ʧʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʪʝʭʥʽʯʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʤʝʭʘʥʦʪʨʦʥʥʠʭ ʩʠʩʪʝʤ ʻ ʚʽʙʨʦʘʢʫʩ-

ʪʠʯʥʘ ʜʽʘʛʥʦʩʪʠʢʘ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʧʨʠ ʚʽʜʧʦʚʽʜʥʽʡ ʘʧʘʨʘʪʫʨʽ, ʱʦ ʨʝʻʩʪʨʫʻ, ʚʠ-

ʷʚʣʷʪʠ ʨʦʟʚʠʪ ʢ ʜʝʬʝʢʪʽʚ ʤʦʜʫʣʽʚ ʥʘ ʨʘʥʥʴʦʤʫ ʝʪʘʧʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ [1]. 

ʇʨʠʡʥʷʪʽ ʩʠʛʥʘʣʠ ʟ ʜʘʪʯʠʢʽʚ ʩʠʥʭʨʦʥʥʦ ʟʘʧʠʩʫʶʪʴʩʷ ʚ ʯʘʩʦʚʦʤʫ ʨʝʞʠʤʽ ʫ ʚʠ-

ʛʣʷʜʽ ʘʤʧʣʽʪʫʜʥʦ-ʯʘʩʪʦʪʥʦʛʦ ʩʧʝʢʪʨʘ ʟ ʧʦʜʘʣʴʰʦʶ ʘʨʭʽʚʘʮʽʻʶ ʪʘ ʧʦʜʘʣʴʰʠʤ 

ʜʝʪʘʣʴʥʠʤ ʘʥʘʣʽʟʦʤ ʩʠʛʥʘʣʽʚ, ʱʦ ʤʦʞʣʠʚʦ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ 

ʝʢʩʧʝʨʪʥʠʭ ʧʨʦʛʨʘʤ. 

ɼʽʘʛʥʦʩʪʠʯʥʘ ʘʧʘʨʘʪʫʨʘ ʧʨʠʟʥʘʯʘʻʪʴʩʷ ʜʣʷ ʩʧʝʮʽʘʣʴʥʦʾ ʦʙʨʦʙʢʠ ʚʽʙʨʘ-

ʮʽʡʥʦʛʦ ʩʠʛʥʘʣʫ ʪʘ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʚʽʙʨʘʮʽʾ, ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʪʘ ʘʥʘʣʦʛʦ-

ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʩʠʛʥʘʣʫ, ʟʥʷʪʪʷ ʘʤʧʣʽʪʫʜʥʦ-ʬʘʟʦʯʘʩʪʦʪʥʠʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ ʚʽʙʨʘʮʽʾ, ʚʠʟʥʘʯʝʥʥʷ ʛʘʨʤʦʥʽʯʥʦʛʦ ʩʧʝʢʪʨʫ ʚʽʙʨʘʮʽʾ ʚ ʣʽʥʽʡʥʦʤʫ ʪʘ ʣʦ-

ʛʘʨʠʬʤʽʯʥʦʤʫ ʤʘʩʰʪʘʙʘʭ, ʘʤʧʣʽʪʫʜ ʪʘ ʬʘʟ ʛʘʨʤʦʥʽʢʠ, ʘ ʪʘʢʦʞ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ 

ʚʠʭʽʜʥʠʭ ʜʘʥʠʭ ʪʘ ʨʝʟʫʣʴʪʘʪʽʚ ʾʭ ʦʙʨʦʙʢʠ. ʇʨʠ ʮʴʦʤʫ ʜʦʮʽʣʴʥʦ ʧʨʦʚʦʜʠʪʠ ʧʦ-

ʧʝʨʝʜʥʻ ʜʦʩʣʽʜʞʝʥʥʷ ʚʽʙʨʘʮʽʡʥʦʛʦ ʩʪʘʥʫ, ʫ ʧʨʦʮʝʩʽ ʷʢʦʛʦ ʫʪʦʯʥʶʶʪʴʩʷ ʥʝʦʙ-

ʭʽʜʥʽ ʜʣʷ ʢʦʥʪʨʦʣʶ ʧʘʨʘʤʝʪʨʠ, ʤʦʜʠʬʽʢʫʶʪʴʩʷ ʘʣʛʦʨʠʪʤʠ ʚʽʙʨʦʟʘʭʠʩʪʫ, ʬʦʨ-

ʤʫʶʪʴʩʷ ʜʽʘʛʥʦʩʪʠʯʥʽ ʢʨʠʪʝʨʽʾ ʪʘ ʧʨʘʚʠʣʘ, ʢʦʨʠʛʫʶʪʴʩʷ ʥʘʣʘʰʪʫʚʘʥʥʷ ʪʘ ʢʦʥ-
ʬʽʛʫʨʘʮʽʷ ʩʠʩʪʝʤʠ ʪʘ ʚʥʦʩʷʪʴʩʷ ʚʩʽ ʥʝʦʙʭʽʜʥʽ ʟʤʽʥʠ [2]. ʇʦʜʽʙʥʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦ-

ʣʷʻ ʤʘʢʩʠʤʘʣʴʥʦ ʘʜʘʧʪʫʚʘʪʠ ʩʠʩʪʝʤʫ ʜʦ ʫʤʦʚ ʨʦʙʦʪʠ ʪʘ ʦʩʦʙʣʠʚʦʩʪʝʡ ʢʦʥʪʨʦ-

ʣʴʦʚʘʥʠʭ ʤʦʜʫʣʽʚ, ʱʦ ʩʫʪʪʻʚʦ ʨʦʟʰʠʨʶʻ ʤʦʞʣʠʚʦʩʪʽ ʾʾ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ɹʫʜʴ-ʷʢʘ ʤʝʭʘʥʦʪʨʦʥʥʘ ʩʠʩʪʝʤʘ, ʱʦ ʤʘʻ ʯʘʩʪʠʥʠ, ʱʦ ʦʙʝʨʪʘʶʪʴʩʷ ʘʙʦ 

ʧʝʨʝʤʽʱʘʶʪʴʩʷ, ʩʪʚʦʨʶʻ ʤʝʭʘʥʽʯʥʽ ʢʦʣʠʚʘʥʥʷ (ʚʽʙʨʘʮʽʶ), ʱʦ ʻ ʧʨʠʯʠʥʦʶ ʙʘ-

ʛʘʪʴʦʭ ʜʝʬʝʢʪʽʚ ʽ ʧʝʨʝʜʯʘʩʥʦʛʦ ʟʥʦʩʫ ʤʝʭʘʥʽʟʤʽʚ. ʂʦʤʧʣʝʢʩ ʧʘʨʘʤʝʪʨʽʚ ʚʽʙʨʘ-

ʮʽʾ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʽʩʪʶ ʭʘʨʘʢʪʝʨʠʟʫʻ ʪʝʭʥʽʯʥʠʡ ʩʪʘʥ ʧʨʘʮʶʶʯʦʛʦ ʝʣʝʤʝʥʪʘ ʪʘ 

ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʚʠʥʠʢʥʝʥʥʷ ʥʝʩʧʨʘʚʥʦʩʪʝʡ. ʋ ʪʘʢʠʭ ʫʤʦʚʘʭ ʜʦʮʽʣʴʥʦ 

ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʤʝʪʦʜ ʘʢʫʩʪʠʯʥʦʾ ʝʤʽʩʽʾ, ʱʦ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝ-

ʩʽʚ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʩʧʦʩʪʝʨʽʛʘʪʠ ʪʘ ʚʠʚʯʘʪʠ ʜʠʥʘʤʽʢʫ ʧʝʨʝʙʽʛʫ ʨʽʟʥʦʤʘʥʽʪʥʠʭ 

ʬʽʟʠʯʥʠʭ ʪʘ ʭʽʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʜʝʪʘʣʴʥʦ ʚʠʚʯʘʪʠ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʧʨʦʮʝʩʠ ʜʝ-
ʬʦʨʤʘʮʽʾ, ʧʝʨʝʙʫʜʦʚʠ ʩʪʨʫʢʪʫʨʠ, ʫʪʚʦʨʝʥʥʷ ʪʘ ʟʨʦʩʪʘʥʥʷ ʜʝʬʝʢʪʽʚ, ʨʫʡʥʫʚʘʥʥʷ 

ʢʦʥʩʪʨʫʢʮʽʡ, ʭʽʤʽʯʥʠʭ ʨʝʘʢʮʽʡ [3]. ʇʨʠ ʟʨʦʩʪʘʥʥʽ ʪʨʽʱʠʥʠ ʯʠ ʙʫʜʴ-ʷʢʦʛʦ 
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ʜʝʬʝʢʪʫ, ʩʘʤʝ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʾʭ ʨʦʟʤʽʨʽʚ, ʚʠʜʽʣʷʻʪʴʩʷ ʝʥʝʨʛʽʷ ʷʢ ʭʚʠʣʷ ʥʘʧʨʫʛʠ 

ʯʠ ʘʢʫʩʪʠʯʥʦʾ ʝʤʽʩʽʾ. ʅʘʚʽʪʴ, ʷʢʱʦ ʜʝʬʝʢʪ ʻ ʤʽʢʨʦʩʢʦʧʽʯʥʠʤ, ʧʽʜ ʜʽʻʶ ʣʦʢʘʣʴʥʦʾ 

ʥʘʧʨʫʛʠ ʯʠ ʜʝʬʦʨʤʘʮʽʾ ʚʽʥ ʛʝʥʝʨʫʻ ʭʚʠʣʽ ʥʘʧʨʫʛʠ. 

ʄʝʪʦʜ ʘʢʫʩʪʠʯʥʦʾ ʝʤʽʩʽʾ ʤʘʻ ʜʫʞʝ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ ʜʦ ʜʝʬʝʢʪʽʚ, ʷʢʽ ʧʦ-

ʛʽʨʰʫʶʪʴʩʷ ʽ ʟʙʽʣʴʰʫʶʪʴʩʷ: ʟʘ ʨʦʟʨʘʭʫʥʢʦʚʠʤʠ ʦʮʽʥʢʘʤʠ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 

1,10-6 ʤʤ2, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʚʠʷʚʣʝʥʥʶ ʩʪʨʠʙʢʘ ʪʨʽʱʠʥʠ ʧʨʦʪʷʞʥʽʩʪʶ 1 ʤʢʤ ʥʘ 

ʚʝʣʠʯʠʥʫ 1 ʤʢʤ. ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʤʝʪʦʜʫ ʘʢʫʩʪʠʯʥʦʾ ʝʤʽʩʽʾ ʻ ʽʥʪʝʛʨʘ-

ʣʴʥʽʩʪʴ, ʷʢʘ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʦʜʠʥ ʘʙʦ ʢʽʣʴʢʘ ʧʝʨʝʪʚʦʨʶ-

ʚʘʯʽʚ, ʚʩʪʘʥʦʚʣʝʥʠʭ ʥʝʨʫʭʦʤʦ ʥʘ ʧʦʚʝʨʭʥʽ ʦʙ'ʻʢʪʘ, ʤʦʞʥʘ ʧʨʦʢʦʥʪʨʦʣʶʚʘʪʠ 

ʚʝʩʴ ʦʙ'ʻʢʪ. ʄʝʪʦʜ ʘʢʫʩʪʠʯʥʦʾ ʝʤʽʩʽʾ ʤʘʻ ʤʝʥʰʝ ʦʙʤʝʞʝʥʴ, ʧʦʚ'ʷʟʘʥʠʭ ʽʟ ʚʣʘʩ-

ʪʠʚʦʩʪʷʤʠ ʪʘ ʩʪʨʫʢʪʫʨʦʶ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʥʽʞ ʽʥʰʽ ʤʝʪʦʜʠ ʥʝʨʫʡ-

ʥʽʚʥʦʛʦ ʢʦʥʪʨʦʣʶ. 

ʅʝʦʜʥʦʨʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ, ʩʢʣʘʜʥʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʾ ʜʫʞʝ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʨʝʟʫʣʴʪʘʪʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʘʜʽʦʛʨʘʬʽʯʥʦʛʦ ʪʘ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʤʝʪʦʜʽʚ, ʪʦʜʽ ʷʢ 

ʜʣʷ ʤʝʪʦʜʫ ʘʢʫʩʪʠʯʥʦʾ ʝʤʽʩʽʾ ʜʘʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʥʝ ʤʘʶʪʴ ʽʩʪʦʪʥʦʛʦ 

ʟʥʘʯʝʥʥʷ. ɽʣʝʤʝʥʪʘʨʥʠʤ ʜʞʝʨʝʣʦʤ ʘʢʫʩʪʠʯʥʦʾ ʝʤʽʩʽʾ ʻ ʨʦʟʨʠʚ ʘʪʦʤʥʦʛʦ ʟʚ'ʷ-

ʟʢʫ, ʷʢʠʡ ʥʦʩʠʪʴ ʩʪʨʠʙʢʦʧʦʜʽʙʥʠʡ ʭʘʨʘʢʪʝʨ ʪʘ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʨʝʣʘʢʩʘʮʽʻʶ 

ʽʥʰʠʭ ʘʪʦʤʥʠʭ ʟʚ'ʷʟʢʽʚ ʪʘ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ ʽʤʧʫʣʴʩʫ ʧʨʫʞʥʠʭ ʢʦʣʠʚʘʥʴ ʫ ʤʽ-

ʩʮʽ ʨʦʟʨʠʚʫ. ʇʨʠ ʧʣʘʩʪʠʯʥʽʡ ʜʝʬʦʨʤʘʮʽʾ, ʱʦ ʻ ʧʨʦʮʝʩʦʤ ʤʘʩʦʚʦʾ ʦʩʚʽʪʠ ʪʘ ʨʫʭʫ 

ʜʠʩʣʦʢʘʮʽʡ, ʛʝʥʝʨʫʻʪʴʩʷ ʘʢʫʩʪʠʯʥʠʡ ʩʠʛʥʘʣ, ʷʢʠʡ ʚʠʷʚʣʷʻʪʴʩʷ ʜʦʩʠʪʴ ʷʚʥʦ ʽ 

ʤʦʞʝ ʙʫʪʠ ʜʝʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʠʡ ʧʨʠʣʘʜʘʤʠ. ʇʨʠ ʫʪʚʦʨʝʥʥʽ ʪʘ ʟʨʦʩʪʘʥʥʽ ʪʨʽ-

ʱʠʥ, ʷʢʽ ʻ ʽʤʧʫʣʴʩʥʠʤʠ ʧʨʦʮʝʩʘʤʠ, ʦʩʥʦʚʥʠʤ ʝʣʝʤʝʥʪʦʤ ʩʠʛʥʘʣʫ ʘʢʫʩʪʠʯʥʦʾ 

ʝʤʽʩʽʾ ʻ ʦʜʠʥʠʯʥʠʡ ʽʤʧʫʣʴʩ, ʷʢʠʡ ʥʝʩʝ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʦʜʥʦʨʘʟʦʚʫ ʜʽʶ ʜʞʝʨʝʣʘ 

ʘʢʫʩʪʠʯʥʦʾ ʝʤʽʩʽʾ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ʜʦʟʚʦʣʠʪʴ ʚʠʢʦʥʫʚʘʪʠ ʙʽʣʴʰ ʧʦʛʣʠʙʣʝʥʫ ʪʘ 

ʷʢʽʩʥʫ ʜʽʘʛʥʦʩʪʠʢʫ ʨʽʟʥʠʭ ʤʦʜʫʣʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʠʢʣʘʜʥʠʭ ʝʢʩʧʝʨʪʥʠʭ ʧʨʦ-

ʛʨʘʤ ʷʢ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʧʝʨʝʚʽʨʢʠ ʪʝʭʥʽʯʥʦʛʦ ʩʪʘʥʫ, ʪʘʢ ʽ ʥʘ ʟʘʢʣʶʯʥʦʤʫ 

ʟ ʤʝʪʦʶ ʧʝʨʝʚʽʨʢʠ ʷʢʦʩʪʽ ʚʠʢʦʥʘʥʠʭ ʨʦʙʽʪ ʟ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʨʝ-

ʤʦʥʪʫ. 
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ɺʃɸʉʅʀʍ ʏɸʉʊʆʊ ʊɯʃɸ ʃʀʏʀʅʂʀ ʂʆʃʆʈɸɼʉʔʂʆɻʆ ɾʋʂɸ ɺ 

ʇʈʆɻʈɸʄʅʆʄʋ ʉɽʈɽɼʆɺʀʑɯ ANSYS 

ɸʥʦʪʘʮʽʷ. ɺʠʟʥʘʯʝʥʦ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʽʣʘ ʣʠʯʠʥʢʠ ʢʦʣʦʨʘʜʩʴʢʦʛʦ ʞʫʢʘ 

ʪʘ ʚʠʟʥʘʯʝʥʦ ʡʦʛʦ ʚʣʘʩʥʽ ʨʝʟʦʥʘʥʩʥʽ ʯʘʩʪʦʪʠ. ʄʦʜʫʣʴ ʧʦʟʜʦʚʞʥʴʦʾ ʧʨʫʞʥʦʩʪʽ 

ʪʘ ʞʦʨʩʪʢʽʩʪʴ ʪʽʣʘ ʣʠʯʠʥʢʠ ʨʦʟʨʘʭʦʚʘʥʽ ʥʘ ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʚʠʤʽʨʶʚʘʥʴ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʜʝʬʦʨʤʘʮʽʡ ʧʽʜ ʯʘʩ ʩʪʠʩʥʝʥʥʷ. 

ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʧʦʙʫʜʦʚʠ ʩʧʨʦʱʝʥʦʾ ʛʝʦʤʝʪʨʠʯʥʦʾ ʤʦʜʝʣʽ ʚ 

ʧʨʦʛʨʘʤʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ANSYS. ʄʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʠʣʦ ʚʠʟʥʘʯʠʪʠ ʚʣʘʩʥʽ 

ʯʘʩʪʦʪʠ ʩʠʩʪʝʤʠ, ʟʤʽʱʝʥʥʷ ʪʘ ʨʦʟʧʦʜʽʣ ʜʝʬʦʨʤʘʮʽʡ. ʏʠʩʝʣʴʥʠʡ ʘʥʘʣʽʟ ʪʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʦʨʽʚʥʷʥʥʷ ʟʙʽʛʘʣʠʩʷ. ʆʪʨʠʤʘʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʽ ʚ ʤʘʡʙʫʪʥʽʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʚʧʣʠʚʫ ʚʽʙʨʘʮʽʾ 

ʪʘ ʘʢʫʩʪʠʯʥʠʭ ʧʦʣʽʚ ʥʘ ʰʢʽʜʣʠʚʠʭ ʢʦʤʘʭ.  
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ASSESSMENT OF THE TECHNICAL CONDITION OF NODES  

MODELING OF THE COMPRESSION PROCESS AND CALCULATION 

OF NATURAL FREQUENCIES OF THE COLORADO POTATO BEETLE 

LARVA BODY IN THE ANSYS SOFTWARE ENVIRONMENT  

Annotation. This study investigates the mechanical properties of the Colorado 

potato beetle larvaôs body and determines its natural resonant frequencies. The 

modulus of longitudinal elasticity and the stiffness of the larva's body were 

computed using experimental measurements of geometric parameters and 

deformations under compression. The acquired data were utilised to perform 

numerical simulation using the finite element method and to build a simplified 

geometric model in the ANSYS software environment. The simulation led to the 

determination of the system's natural frequencies, displacements, and deformation 

distributions. The numerical analysis and the experimental results agreed 

satisfactorily when compared. The findings can be applied to future research on how 

vibration and acoustic fields affect dangerous insects. 

Keywords: ANSYS, Colorado potato beetle, larva, natural frequencies, resonance, 

mechanical properties, modeling, finite element method, deformation, 

biomechanics. 

ʄʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʞʠʚʠʭ ʙʽʦʣʦʛʽʯʥʠʭ ʦʙ'ʻʢʪʽʚ ʚʽʜʽʛʨʘʶʪʴ ʚʘʞʣʠʚʫ 

ʨʦʣʴ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʾʭ ʜʠʥʘʤʽʯʥʦʾ ʧʦʚʝʜʽʥʢʠ ʪʘ ʚʠʟʥʘʯʝʥʥʽ ʨʝʟʦʥʘʥʩʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺʽʜʦʤʦ, ʱʦ ʟʥʘʯʥʘ ʜʝʬʦʨʤʘʮʽʷ ʪʘ ʨʫʡʥʫʚʘʥʥʷ ʪʢʘʥʠʥ ʤʦʞʫʪʴ 

ʚʽʜʙʫʚʘʪʠʩʷ, ʢʦʣʠ ʯʘʩʪʦʪʠ ʟʦʚʥʽʰʥʽʭ ʢʦʣʠʚʘʥʴ ʟʙʽʛʘʶʪʴʩʷ ʟ ʚʣʘʩʥʠʤʠ 

ʯʘʩʪʦʪʘʤʠ ʪʽʣʘ ʞʠʚʦʛʦ ʦʨʛʘʥʽʟʤʫ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʢʦʣʠʚʘʣʴʥʽ ʘʙʦ ʘʢʫʩʪʠʯʥʽ 

ʧʦʣʷ, ʮʝ ʷʚʠʱʝ ʤʦʞʥʘ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʜʣʷ ʙʦʨʦʪʴʙʠ ʟ ʥʝʙʝʟʧʝʯʥʠʤʠ ʢʦʤʘʭʘʤʠ. 

ʋ ʮʝʥʪʨʽ ʫʚʘʛʠ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʣʠʯʠʥʢʠ ʢʦʣʦʨʘʜʩʴʢʦʛʦ ʞʫʢʘ. ʇʨʠ 

ʝʢʩʧʝʨʠʤʝʥʪʽ  ʚʠʤʽʨʷʥʦ ʜʦʚʞʠʥʫ, ʚʘʛʫ ʪʘ ʤʘʢʩʠʤʘʣʴʥʠʡ ʜʽʘʤʝʪʨ ʧʦʧʝʨʝʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ ʢʦʞʥʦʾ ʣʠʯʠʥʢʠ. ʋ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʪʽʣʦ ʣʠʯʠʥʢʠ ʩʪʠʩʢʘʣʠ ʧʽʜ ʜʽʻʶ 

ʥʝʚʝʣʠʢʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʧʨʠʣʘʜʽʚ ʬʽʢʩʫʚʘʣʠ 

ʟʤʽʥʠ ʨʦʟʤʽʨʽʚ ʪʽʣʘ, ʟʦʢʨʝʤʘ ʡʦʛʦ ʫʢʦʨʦʯʝʥʥʷ, ʧʽʜ ʯʘʩ ʧʦʩʣʽʜʦʚʥʦʛʦ 

ʧʨʠʢʣʘʜʘʥʥʷ ʩʠʣ ʟʚʝʨʭʫ ʚʥʠʟ. ɿʘʚʜʷʢʠ ʦʪʨʠʤʘʥʠʤ ʨʝʟʫʣʴʪʘʪʘʤ ʚʜʘʣʦʩʷ 

ʦʙʯʠʩʣʠʪʠ ʤʦʜʫʣʴ ʧʦʟʜʦʚʞʥʴʦʾ ʧʨʫʞʥʦʩʪʽ, ʞʦʨʩʪʢʽʩʪʴ ʪʽʣʘ ʣʠʯʠʥʢʠ ʪʘ ʚʣʘʩʥʽ 

ʯʘʩʪʦʪʠ. 

ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʚʣʘʩʥʦʾ ʯʘʩʪʦʪʠ ʪʽʣʘ 

ʣʠʯʠʥʢʠ ʚʠʢʦʨʠʩʪʘʥʦ ʧʨʦʛʨʘʤʥʝ ʩʝʨʝʜʦʚʠʱʝ ANSYS, ʟʘ ʦʩʥʦʚʫ ʚʟʷʣʠ ʽ ʟʽʙʨʘʥʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ. ʉʪʚʦʨʝʥʦ ʩʧʨʦʱʝʥʫ ʛʝʦʤʝʪʨʠʯʥʫ ʤʦʜʝʣʴ ʣʠʯʠʥʢʠ ʫ 

ʬʦʨʤʽ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʪʽʣʘ ʪʘ ʧʦʙʫʜʦʚʘʥʦ ʚʽʜʧʦʚʽʜʥʫ ʤʦʜʝʣʴ ʥʘ ʦʩʥʦʚʽ 

ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ. ɻʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʪʘ ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʘʪʝʨʽʘʣʫ, ʚʩʪʘʥʦʚʣʝʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ, ʽʥʪʝʛʨʦʚʘʥʽ ʚ ʤʦʜʝʣʴ. ɿʘ 

ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʥʦʛʦ ʧʘʢʝʪʫ ANSYS ʨʦʟʨʘʭʦʚʘʥʦ ʜʝʬʦʨʤʘʮʽʾ. 

ʇʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʩʪʚʦʨʝʥʽ ʢʘʨʪʠ ʨʦʟʧʦʜʽʣʫ ʟʤʽʱʝʥʴ ʪʘ ʜʝʬʦʨʤʘʮʽʡ ʪʽʣʘ 

ʣʠʯʠʥʢʠ ʧʽʜ ʨʽʟʥʠʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ. ɼʘʥʽ ʧʦʚʥʦʤʘʩʰʪʘʙʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ  

ʧʦʨʽʚʥʷʥʽ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. ɸʥʘʣʽʟ ʧʦʢʘʟʘʚ, ʱʦ 
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ʦʙʯʠʩʣʝʥʽ ʨʝʟʦʥʘʥʩʥʽ ʯʘʩʪʦʪʠ ʪʘ ʦʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʜʝʬʦʨʤʘʮʽʾ ʟʘʜʦʚʽʣʴʥʦ 

ʟʙʽʛʘʶʪʴʩʷ. 

ʆʪʞʝ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ANSYS ʤʦʞʥʘ ʝʬʝʢʪʠʚʥʦ 

ʤʦʜʝʣʶʚʘʪʠ ʤʝʭʘʥʽʯʥʫ ʧʦʚʝʜʽʥʢʫ ʙʽʦʣʦʛʽʯʥʠʭ ʦʙôʻʢʪʽʚ ʪʘ ʚʠʟʥʘʯʘʪʠ ʾʭʥʽ 

ʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʥʘ ʟʘʩʪʦʩʫʚʘʪʠ ʚ 

ʤʘʡʙʫʪʥʽʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʚʧʣʠʚʫ ʚʽʙʨʘʮʽʡʥʠʭ ʪʘ ʘʢʫʩʪʠʯʥʠʭ ʧʦʣʽʚ ʥʘ ʪʽʣʘ 

ʰʢʽʜʣʠʚʠʭ ʢʦʤʘʭ. 
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FATIGUE M ODELS FOR DETERMINING THE LIFE OF CRITICAL 

ELEMENTS OF LAUNCH VEHICLES  

Abstract. The application of fatigue models for determining the service life of 

critical elements of launch vehicles is considered. Results of fatigue tests of wrought 

aluminum alloys of different systems are presented. A general durability equation 

that accounts for stress amplitude, mean stress, and stress concentration is proposed 

for interpreting the results. Specific features of structural strength under cyclic 

loading are demonstrated. 
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ʆʜʥʘ ʟ ʛʦʣʦʚʥʠʭ ʧʨʦʙʣʝʤ ʤʘʰʠʥʦʟʥʘʚʩʪʚʘ ï ʟʙʽʣʴʰʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ 

ʚʠʨʦʙʽʚ ʟ ʦʜʥʦʯʘʩʥʠʤ ʟʤʝʥʰʝʥʥʷʤ ʾʭʥʴʦʾ ʤʘʩʠ, ʥʘʡʙʽʣʴʰ ʷʩʢʨʘʚʦ 

ʧʨʦ̫ʚʣʷʻʪʴʩʷ ʚ ʘʚʽʘʮʽʡʥʦ-ʨʘʢʝʪʥʽʡ ʪʝʭʥʽʮʽ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʘʚʽʘʮʽʡʥʠʭ 

ʢʦʥʩʪʨʫʢʮʽʡ, ʜʝ ʪʨʘʜʠʮʽʡʥʦ ʧʨʠʜʽʣʷʣʘʩʴ ʫʚʘʛʘ ʘʣʛʦʨʠʪʤʘʤ ʦʮʽʥʢʠ ʚʪʦʤʥʦʾ 

ʤʽʮʥʦʩʪʽ, ʚ ʨʘʢʝʪʥʽʡ ʪʝʭʥʽʮʽ ʥʘʜʽʡʥʽʩʪʴ ʟʘʙʝʟʧʝʯʫʚʘʣʘʩʷ ʨʦʟʨʘʭʫʥʢʘʤʠ ʥʘ 

ʥʝʩʫʯʫ ʟʜʘʪʥʽʩʪʴ, ʟʦʢʨʝʤʘ, ʟʘ ʜʝʬʦʨʤʘʮʽʡʥʠʤʠ ʢʨʠʪʝʨʽʷʤʠ. ɸʢʪʫʘʣʴʥʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʪʦʤʥʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʚʫʟʣʽʚ ʨʘʢʝʪʦʥʦʩʽʾʚ ʧʦʩʪʘʣʘ, ʛʦʣʦʚʥʠʤ 

ʯʠʥʦʤ, ʚ ʧʝʨʽʦʜ ʩʪʚʦʨʝʥʥʷ ʤʦʙʽʣʴʥʠʭ ʨʘʢʝʪʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʟʘʣʽʟʥʠʯʥʦʛʦ 

ʙʘʟʫʚʘʥʥʷ ʚ ʩʝʨʝʜʠʥʽ 80-ʭ ʨʦʢʽʚ ʤʠʥʫʣʦʛʦ ʩʪʦʨʽʯʯʷ. 

ɿʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʰʢʦʜʠ ʚʽʜ ʘʚʘʨʽʡ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʘ ʪʝʭʥʽʢʘ ʟʘʡʤʘʻ 

ʧʝʨʰʝ ʤʽʩʮʝ ʚ ʩʚʽʪʽ. ʊʦʤʫ ʜʣʷ ʨʘʢʝʪʦʥʦʩʽʾʚ ʙʝʟʧʝʢʦʚʠʡ ʩʪʘʥ, ʢʦʣʠ ʚʩʽ ʨʠʟʠʢʠ ʥʝ 

ʧʝʨʝʚʠʱʫʶʪʴ ʧʨʠʧʫʩʪʠʤʠʭ, ʻ ʚʝʣʴʤʠ ʚʘʞʣʠʚʠʤ. ɺʽʥ ʚʠʟʥʘʯʘʻʪʴʩʷ ʙʝʟʧʝʢʦʶ 

ʢʨʠʪʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʇʽʜ ʢʨʠʪʠʯʥʠʤʠ ʘʙʦ ʚʽʜʧʦʚʽʜʘʣʴʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ 

ʘʚʪʦʨʠ ʨʦʟʫʤʽʶʪʴ ʯʘʩʪʠʥʠ ʢʦʥʩʪʨʫʢʮʽʾ, ʚʘʨʪʽʩʪʴ ʷʢʠʭ ʫ ʜʝʩʷʪʢʠ ʽ ʩʦʪʥʽ ʨʘʟʽʚ 

ʤʝʥʰʘ ʟʘ ʚʪʨʘʪʠ, ʜʦ ʷʢʠʭ ʧʨʠʟʚʦʜʠʪʴ ʾʭʥʷ ʚʽʜʤʦʚʘ [1,2]. ʇʨʦʻʢʪʫʚʘʥʥʶ ʽ 

ʚʠʛʦʪʦʚʣʝʥʥʶ ʪʘʢʠʭ ʝʣʝʤʝʥʪʽʚ ʧʨʠʜʽʣʷʶʪʴ ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ. ʅʘ ʩʪʘʜʽʾ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʝʩʫʨʩʫ ʢʨʠʪʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʧʝʨʝʚʘʞʥʦ ʟʘ ʽʤʦʚʽʨʥʽʩʥʦ-ʬʽʟʠʯʥʠʤʠ ʤʦʜʝʣʷʤʠ ʘʙʦ ʥʘ ʧʽʜʩʪʘʚʽ ʬʽʟʠʢʠ ʚʽʜʤʦʚ 

(physics-of-failure). ʊʘʢʠʡ ʧʽʜʭʽʜ ʣʝʞʠʪʴ ʚ ʦʩʥʦʚʽ ʪʝʦʨʽʾ ʽʥʜʠʚʽʜʫʘʣʴʥʦʾ 

ʢʦʥʩʪʨʫʢʮʽʡʥʦʾ ʥʘʜʽʡʥʦʩʪʽ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ ʙʝʟʧʝʢʫ ʝʢʩʧʣʫʘʪʘʮʽʾ.  ʗʢ ʧʦʢʘʟʫʻ 

ʘʥʘʣʽʟ ʘʚʘʨʽʡ, ʜʦ ʢʨʠʪʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʤʦʞʫʪʴ ʙʫʪʠ ʚʽʜʥʝʩʝʥʽ ʥʝ ʪʽʣʴʢʠ ʙʘʟʦʚʽ 

ʢʦʥʩʪʨʫʢʮʽʾ ʽ ʦʩʥʦʚʥʽ ʤʝʭʘʥʽʟʤʠ, ʘʣʝ ʽ ʚʫʟʣʠ ʢʨʽʧʣʝʥʥʷ, ʟôʻʜʥʘʥʥʷ ʪʘ 

ʫʱʽʣʴʥʝʥʥʷ. ʉʘʤʝ ʚʦʥʠ ʤʦʞʫʪʴ ʧʨʠʚʝʩʪʠ ʜʦ ʽʥʽʮʽʶʶʯʦʾ ʚʽʜʤʦʚʠ, ʧʽʩʣʷ ʷʢʦʾ 

çʟʘʧʫʩʢʘʻʪʴʩʷè ʧʝʚʥʠʡ ʩʮʝʥʘʨʽʡ ʘʚʘʨʽʾ. 

ɺ ʨʘʢʝʪʦʥʦʩʽʷʭ ʚʽʜʧʦʚʽʜʘʣʴʥʽ ʝʣʝʤʝʥʪʠ ʚʠʛʦʪʦʚʣʷʶʪʴ ʟ ʤʘʪʝʨʽʘʣʽʚ ʚʠʩʦʢʦʾ 

ʧʠʪʦʤʦʾ ʤʽʮʥʦʩʪʽ. ɼʦ ʪʘʢʠʭ ʚʽʜʥʦʩʷʪʴʩʷ, ʟʦʢʨʝʤʘ, ʜʝʬʦʨʤʦʚʘʥʽ ʘʣʶʤʽʥʽʻʚʽ 

ʩʧʣʘʚʠ. ʇʠʪʦʤʘ ʤʽʮʥʽʩʪʴ ʚʠʟʥʘʯʘʻʪʴʩʷ ʯʝʨʝʟ ʚʽʜʥʦʰʝʥʥʷ ʤʝʞʽ ʩʪʘʪʠʯʥʦʾ 

ʤʽʮʥʦʩʪʽ ʜʦ ʛʫʩʪʠʥʠ ʤʘʪʝʨʽʘʣʫ. ɺʠʩʦʢʘ ʧʠʪʦʤʘ ʩʪʘʪʠʯʥʘ ʤʽʮʥʽʩʪʴ ʧʽʜ ʜʽʻʶ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʬʘʢʪʦʨʽʚ ʤʦʞʝ ʙʫʪʠ ʟʥʽʚʝʣʴʦʚʘʥʘ ʧʽʜ ʯʘʩ 

ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʊʦʤʫ ʚʪʦʤʥʽ ʤʦʜʝʣʽ ʘʣʶʤʽʥʽʻʚʠʭ ʩʧʣʘʚʽʚ ʥʝʦʙʭʽʜʥʽ 

ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʛʘʨʘʥʪʦʚʘʥʦʛʦ ʨʝʩʫʨʩʫ, ʟʘʚʜʷʯʫʶʯʠ ʷʢʦʤʫ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʙʝʟʧʝʯʥʘ ʝʢʩʧʣʫʘʪʘʮʽʷ ʨʘʢʝʪʦʥʦʩʽʷ.  

ɺ ʜʦʧʦʚʽʜʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʚʪʦʤʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʟʨʘʟʢʽʚ 

ʘʣʶʤʽʥʽʻʚʠʭ ʩʧʣʘʚʽʚ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʟ ʨʽʟʥʠʭ ʥʘʧʽʚʬʘʙʨʠʢʘʪʽʚ. ʉʧʣʘʚʠ ʩʠʩʪʝʤʠ 

- Al -Mg: ɸʄʛ6ʄ, ɸʄʛ6ʅ, ɸʄʛ6ʅʇʇ; Al-Mg-Sc:  01570ʄ, 01570ʅ, 

01570ʅʇʇ; Al-Zn-Mg-Cu-Zr: ɺ93, 1911. ɿʘʛʦʪʦʚʢʘʤʠ ʩʣʫʛʫʚʘʣʠ ʣʠʩʪ 

(ʧʦʧʝʨʝʯʥʠʡ ʽ ʧʦʟʜʦʚʞʥʽʡ ʥʘʧʨʷʤʦʢ ʚʽʜʥʦʩʥʦ ʦʩʽ ʧʨʦʢʘʪʢʠ), ʧʣʠʪʘ, ʧʨʝʩʦʚʘʥʽ 

ʧʨʫʪʢʠ ʽ ʧʘʥʝʣʽ, ʨʦʟʢʘʪʘʥʽ ʢʽʣʴʮʷ. 

ʇʨʠ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ ʚʪʦʤʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʘʣʶʤʽʥʽʻʚʠʭ ʩʧʣʘ-

ʚʽʚ ʚʧʝʨʰʝ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʚ ʷʢʦʩʪʽ ʙʘʟʦʚʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʦʧʦʨʫ ʚʪʦʤʽ ʟʘʛʘʣʴʥʝ ʨʽʚʥʷʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ (ɿʈɼ), ʜʝ ʘʨʛʫʤʝʥʪʘʤʠ 
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ʚʠʩʪʫʧʘʶʪʴ ʦʩʥʦʚʥʽ ʬʘʢʪʦʨʠ ï ʘʤʧʣʽʪʫʜʥʝ ʥʘʧʨʫʞʝʥʥʷ ůʘ, ʩʝʨʝʜʥʻ ʥʘʧʨʫ-

ʞʝʥʥʷ ʮʠʢʣʫ ům ʘʙʦ ʢʦʝʬʽʮʽʻʥʪ ʘʩʠʤʝʪʨʽʾ ʮʠʢʣʫ R, ʪʝʦʨʝʪʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ Ŭů [3]. ʄʘʪʝʤʘʪʠʯʥʘ ʬʦʨʤʘ ɿʈɼ ʧʨʝʜʩʪʘʚʣʷʻ ʧʦʣʽʥʦʤ 

ʜʨʫʛʦʛʦ ʩʪʫʧʝʥʷ:   

ÌÇ. Â ÍẗÌÇʎ Â ẗʎ  Âẗɻ Â ẗʎ Â ẗɻ  

                                     Â ẗɻÌÇʎȟ  

͔͒ Â Â Â - ʢʦʝʬʽʮʽʻʥʪʠ ʯʫʪʣʠʚʦʩʪʽ ʜʦ ʚʧʣʠʚʫ ʬʘʢʪʦʨʽʚ, m - ʧʦʢʘʟʥʠʢ 

ʥʘʭʠʣʫ ʢʨʠʚʦʾ ʚʪʦʤʠ ʘʙʦ ʯʫʪʣʠʚʽʩʪʴ ʜʦ ʘʤʧʣʽʪʫʜʠ ʥʘʧʨʫʞʝʥʴ. 

ɼʣʷ ʬʽʢʩʦʚʘʥʠʭ ʟʥʘʯʝʥʴ R ʽ ům   ɿʈɼ ʪʨʘʥʩʬʦʨʤʫʶʪʴʩʷ ʚ ʢʨʠʚʽ ʚʪʦʤʠ (I, 

ʨʠʩ.); ʜʣʷ ʬʽʢʩʦʚʘʥʠʭ ʟʥʘʯʝʥʴ N ʽ Ŭů  ʟ ɿʈɼ ʧʦʣʫʯʘʶʪʩʷ ʜʽʘʛʨʘʤʠ ʛʨʘʥʠʯʥʠʭ 

ʘʤʧʣʽʪʫʜ (IV, ʨʠʩ.); ʜʣʷ ʬʽʢʩʦʚʘʥʠʭ ʟʥʘʯʝʥʴ ůʘ ̔   ům (ʘʙʦ R) ʧʦ ʬʫʥʢʮʽʾ N(Ŭů) (II, 

ʨʠʩ.) ʦʙʯʠʩʣʶʶʪʴʩʷ ʵʬʝʢʪʠʚʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ. 

 

 

ʈʠʩ. ʊʨʘʥʩʬʦʨʤʘʮʽʷ ɿʈɼ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʢʦʥʩʪʨʫʢʪʠʚʥʘ ʤʽʮʥʦʩʪʴ ʤʘʪʝʨʽʘʣʽʚ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʚʫʞʯʦʤʫ 

ʜʽʘʧʘʟʦʥʽ, ʥʽʞ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʭʥʽʯʥʦʾ (ʩʪʘʪʠʯʥʦʾ) ʤʽʮʥʦʩʪʽ. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʩʧʨʠʷʪʣʠʚʠʡ ʚʧʣʠʚ ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ, ʦʪʨʠʤʘʥʠʡ ʟʘ ʨʘʭʫʥʦʢ 

ʪʝʨʤʦʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ) ʥʠʚʽʣʶʻʪʴʩʷ ʚ ʢʦʥʩʪʨʫʢʮʽʾ ʧʽʜ ʯʘʩ ʨʦʙʦʯʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. 
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ɸɽʈʆɼʀʅɸʄɯʏʅʀʁ ʐʋʄ ʉɽɻʄɽʅʊɸ ʃʆʇɸʊɯ ɿ 

ʄʆɼʀʌɯʂʆɺɸʅʆʖ ɿɸɿʋɹʈɽʅʆʖ ɿɸɼʅʔʆʖ ʂʈɸʁʂʆʖ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʛʝʦʤʝʪʨʠʯʥʦʾ ʤʦʜʠʬʽʢʘʮʽʾ ʟʘʜʥʴʦʾ 

ʢʨʘʡʢʠ ʩʝʛʤʝʥʪʘ ʣʦʧʘʪʽ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʰʫʤʫ. ʈʦʟʛʣʷʥʫʪʦ 

ʩʝʛʤʝʥʪ ʽʟ ʩʠʤʝʪʨʠʯʥʠʤ ʧʨʦʬʽʣʝʤ NACA 0012 ʫ ʙʘʟʦʚʦʤʫ ʚʠʢʦʥʘʥʥʽ ʪʘ ʚʘʨʽʘʥʪ 

ʽʟ ʤʦʜʠʬʽʢʦʚʘʥʦʶ ʟʘʟʫʙʨʝʥʦʶ ʢʨʘʡʢʦʶ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ 

ʧʨʦʚʝʜʝʥʦ ʚ ʙʝʟʣʫʥʥʽʡ ʢʘʤʝʨʽ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 3D-ʜʨʫʢʦʚʘʥʠʭ ʤʦʜʝʣʝʡ ʫ 

ʜʽʘʧʘʟʦʥʽ ʰʚʠʜʢʦʩʪʝʡ ʧʦʪʦʢʫ 7,5-20 ʤ/ʩ ʪʘ ʢʫʪʽʚ ʘʪʘʢʠ 0-15Á. ɸʥʘʣʽʟ 

ʘʢʫʩʪʠʯʥʠʭ ʩʠʛʥʘʣʽʚ ʟʜʽʡʩʥʝʥʦ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʰʚʠʜʢʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ 

ʌʫʨôʻ. ʆʪʨʠʤʘʥʽ ʩʧʝʢʪʨʠ ʟʚʫʢʦʚʦʛʦ ʪʠʩʢʫ ʟʘʩʚʽʜʯʠʣʠ ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ SPL ʜʣʷ 

ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʧʨʦʬʽʣʶ ʜʦ 4 ʜɹ ʫ ʚʠʟʥʘʯʝʥʠʭ ʯʘʩʪʦʪʥʠʭ ʜʽʘʧʘʟʦʥʘʭ, 

ʥʘʡʙʽʣʴʰ ʧʦʤʽʪʥʝ ʟʘ ʤʘʣʠʭ ʢʫʪʽʚ ʘʪʘʢʠ ʪʘ ʧʦʤʽʨʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʧʦʪʦʢʫ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʪʘ ʢʫʪʘ ʘʪʘʢʠ ʨʽʚʝʥʴ ʰʫʤʫ 

ʟʙʽʣʴʰʫʻʪʴʩʷ, ʦʜʥʘʢ ʫ ʚʩʽʭ ʜʦʩʣʽʜʞʝʥʠʭ ʨʝʞʠʤʘʭ ʤʦʜʠʬʽʢʦʚʘʥʘ ʢʨʘʡʢʘ 

ʟʘʙʝʟʧʝʯʫʻ ʥʠʞʯʠʡ ʨʽʚʝʥʴ ʘʢʫʩʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʦʨʽʚʥʷʥʦ ʟ ʙʘʟʦʚʠʤ 

ʧʨʦʬʽʣʝʤ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ ʤʘʣʦʰʫʤʥʠʭ 

ʣʦʧʘʪʝʡ ʚʽʪʨʦʚʠʭ ʪʫʨʙʽʥ, ʧʨʦʧʝʣʝʨʽʚ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʽ 

ʚʝʥʪʠʣʷʪʦʨʥʠʭ ʩʠʩʪʝʤ. 
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AERODYNAMIC NOISE OF A BLADE SEGMENT WITH A MODIFIED 

SERRATED TRAILING EDGE  

Annotation. The work investigates the effect of geometric modification of the 

trailing edge of the blade segment on the characteristics of aerodynamic noise. A 

segment with a symmetrical NACA 0012 profile in the baseline configuration and 

with a modified serrated trailing edge is considered. Experimental studies were 

carried out in an anechoic chamber using 3D-printed models in the range of flow 

velocities of 7.5-20 m/s and angles of attack of 0-15Á. Analysis of acoustic signals 

was carried out using fast Fourier transform. The obtained sound pressure spectra 

showed a decrease in the SPL level for the modified profile of up to 4 dB in certain 

frequency ranges, most noticeable at small angles of attack and moderate flow 

velocities. It is shown that with increasing flow velocity and angle of attack, the 

overall noise level increases; however, in all investigated regimes the modified 

serrated trailing edge provides a lower level of acoustic radiation compared to the 

baseline profile. The results can be used in the design of low-noise wind turbine 

blades, unmanned aerial vehicle propellers, and fan systems. 

Keywords: aeroacoustics, aerodynamic noise, serrated edge, blade systems, spectral 

analysis 

 

ɸʝʨʦʜʠʥʘʤʽʯʥʠʡ ʰʫʤ ʣʦʧʘʪʝʡ ʚʽʪʨʦʚʠʭ ʪʫʨʙʽʥ ʻ ʦʜʥʠʤ ʽʟ ʬʘʢʪʦʨʽʚ, ʱʦ 

ʦʙʤʝʞʫʶʪʴ ʨʦʟʤʽʱʝʥʥʷ ʚʽʪʨʦʝʥʝʨʛʝʪʠʯʥʠʭ ʫʩʪʘʥʦʚʦʢ ʫ ʨʘʡʦʥʘʭ ʽʟ ʧʽʜʚʠʱʝʥʠʤʠ 

ʚʠʤʦʛʘʤʠ ʜʦ ʘʢʫʩʪʠʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʜʥʠʤ ʽʟ ʦʩʥʦʚʥʠʭ ʤʝʭʘʥʽʟʤʽʚ 

ʛʝʥʝʨʘʮʽʾ ʰʫʤʫ ʻ ʚʟʘʻʤʦʜʽʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʽʟ ʟʘʜʥʴʦʶ 

ʢʨʘʡʢʦʶ ʧʨʦʬʽʣʶ, ʱʦ ʟʫʤʦʚʣʶʻ ʬʦʨʤʫʚʘʥʥʷ ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ ʘʢʫʩʪʠʯʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʧʘʩʠʚʥʠʤ ʤʝʪʦʜʦʤ ʟʥʠʞʝʥʥʷ ʰʫʤʫ ʻ 

ʛʝʦʤʝʪʨʠʯʥʘ ʤʦʜʠʬʽʢʘʮʽʷ ʟʘʜʥʴʦʾ ʢʨʘʡʢʠ ʰʣʷʭʦʤ ʬʦʨʤʫʚʘʥʥʷ ʧʝʨʽʦʜʠʯʥʠʭ 

ʟʘʟʫʙʨʠʥ [1-3]. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʦ ʩʝʛʤʝʥʪ ʣʦʧʘʪʽ ʟ ʧʨʦʬʽʣʝʤ NACA 0012 ʫ 

ʙʘʟʦʚʦʤʫ ʚʠʢʦʥʘʥʥʽ ʪʘ ʟ ʤʦʜʠʬʽʢʦʚʘʥʦʶ ʟʘʟʫʙʨʝʥʦʶ ʢʨʘʡʢʦʶ. ɼʦʩʣʽʜʞʝʥʥʷ 

ʧʨʦʚʝʜʝʥʦ ʚ ʙʝʟʣʫʥʥʽʡ ʢʘʤʝʨʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʙʝʨʪʦʚʦʾ ʫʩʪʘʥʦʚʢʠ, ʱʦ 

ʜʦʟʚʦʣʷʣʦ ʚʽʜʪʚʦʨʠʪʠ ʫʤʦʚʠ ʦʙʪʽʢʘʥʥʷ, ʙʣʠʟʴʢʽ ʜʦ ʨʝʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ 

ʣʦʧʘʪʝʡ. ɺʠʤʽʨʶʚʘʥʥʷ ʘʢʫʩʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʜʽʡʩʥʶʚʘʣʠʩʷ ʫ ʜʽʘʧʘʟʦʥʽ 

ʰʚʠʜʢʦʩʪʝʡ 7,5-20 ʤ/ʩ ʪʘ ʢʫʪʽʚ ʘʪʘʢʠ 0-15Á. ʆʙʨʦʙʢʘ ʩʠʛʥʘʣʽʚ ʚʠʢʦʥʫʚʘʣʘʩʷ 

ʤʝʪʦʜʦʤ ʰʚʠʜʢʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨôʻ ʟ ʚʠʟʥʘʯʝʥʥʷʤ ʩʧʝʢʪʨʽʚ ʟʚʫʢʦʚʦʛʦ ʪʠʩʢʫ 

ʪʘ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʨʽʚʥʷ ʰʫʤʫ [4]. 

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʩʧʝʢʪʨʽʚ ʧʦʢʘʟʘʚ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʘʟʫʙʨʝʥʦʾ ʢʨʘʡʢʠ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʟʚʫʢʦʚʦʛʦ ʪʠʩʢʫ ʚ ʦʢʨʝʤʠʭ ʯʘʩʪʦʪʥʠʭ ʜʽʘʧʘʟʦʥʘʭ 

ʜʦ 4 ʜɹ ʧʦʨʽʚʥʷʥʦ ʟ ʙʘʟʦʚʠʤ ʧʨʦʬʽʣʝʤ. ʅʘʡʙʽʣʴʰ ʚʠʨʘʞʝʥʠʡ ʝʬʝʢʪ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʘ ʤʘʣʠʭ ʢʫʪʽʚ ʘʪʘʢʠ ʪʘ ʰʚʠʜʢʦʩʪʝʡ ʜʦ 15 ʤ/ʩ. ɯʟ ʟʨʦʩʪʘʥʥʷʤ 

ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ ʪʘ ʢʫʪʘ ʘʪʘʢʠ ʟʘʛʘʣʴʥʠʡ ʨʽʚʝʥʴ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʰʫʤʫ 

ʧʽʜʚʠʱʫʻʪʴʩʷ, ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʽʥʪʝʥʩʠʬʽʢʘʮʽʻʶ ʪʫʨʙʫʣʝʥʪʥʠʭ ʧʨʦʮʝʩʽʚ, ʧʨʦʪʝ ʫ 

ʚʩʽʭ ʜʦʩʣʽʜʞʝʥʠʭ ʨʝʞʠʤʘʭ ʤʦʜʠʬʽʢʦʚʘʥʘ ʢʨʘʡʢʘ ʟʘʙʝʟʧʝʯʫʻ ʥʠʞʯʠʡ ʨʽʚʝʥʴ 

ʟʚʫʢʦʚʦʛʦ ʪʠʩʢʫ ʧʦʨʽʚʥʷʥʦ ʟ ʙʘʟʦʚʠʤ ʧʨʦʬʽʣʝʤ. 
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ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʛʝʦʤʝʪʨʠʯʥʦʾ 

ʤʦʜʠʬʽʢʘʮʽʾ ʟʘʜʥʴʦʾ ʢʨʘʡʢʠ ʷʢ ʧʘʩʠʚʥʦʛʦ ʟʘʩʦʙʫ ʟʤʝʥʰʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ 

ʰʫʤʫ ʪʘ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʦʧʪʠʤʽʟʘʮʽʾ ʢʦʥʩʪʨʫʢʮʽʾ ʣʦʧʘʪʝʚʠʭ ʩʠʩʪʝʤ 

ʽʟ ʧʽʜʚʠʱʝʥʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʘʢʫʩʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
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OPTIMIZATION OF CPU HEAT SINK GEOMETRY FOR EFFECTIVE 

THERMAL MANAGEMENT  

Annotation. The author presents the results of development and optimization of the 

radiator design for cooling modern CPUs. The influence of the triangular shape of 

the radiator teeth on the efficiency of heat transfer is investigated. Modeling 

confirmed the possibility of maintaining the temperature within 60ÁC.  
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ʇʦʥʘʜ 50% ʚʽʜʤʦʚ ʝʣʝʢʪʨʦʥʽʢʠ ʟʫʤʦʚʣʝʥʽ ʪʝʤʧʝʨʘʪʫʨʥʠʤʠ ʬʘʢʪʦʨʘʤʠ [2]. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʧʨʦʝʢʪʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʦʭʦʣʦʜʞʝʥʥʷ, ʷʢʘ ʤʽʥʽʤʽʟʫʻ 
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ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʟ ʧʨʦʮʝʩʦʨʦʤ ʟʘ ʨʘʭʫʥʦʢ ʦʧʪʠʤʽʟʘʮʽʾ ʛʝʦʤʝʪʨʽʾ 

ʪʝʧʣʦʚʽʜʚʦʜʫ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʧʨʦʛʨʘʤʥʽ ʢʦʤʧʣʝʢʩʠ 

SolidWorks ʪʘ MathCad [1,5]. ʆʩʥʦʚʥʠʤ ʨʽʰʝʥʥʷʤ, ʱʦ ʧʨʦʧʦʥʫʻʪʴʩʷ ʚ 

ʜʦʩʣʽʜʞʝʥʥʽ, ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʘʜʽʘʪʦʨʘ ʟ ʟʫʙʮʷʤʠ ʪʨʠʢʫʪʥʦʾ ʬʦʨʤʠ. ʎʝ 

ʨʽʰʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻ: 

1. ɿʙʽʣʴʰʝʥʫ ʧʣʦʱʫ ʧʦʚʝʨʭʥʽ: ʊʨʠʢʫʪʥʽ ʟʫʙʮʽ ʜʦʟʚʦʣʷʶʪʴ ʝʬʝʢʪʠʚʥʽʰʝ 

ʨʦʟʩʽʶʚʘʪʠ ʪʝʧʣʦ ʟʘʚʜʷʢʠ ʙʽʣʴʰʽʡ ʧʣʦʱʽ ʢʦʥʪʘʢʪʫ ʟ ʧʦʚʽʪʨʷʤ. 

2.ʊʫʨʙʫʣʝʥʪʥʽʩʪʴ ʧʦʪʦʢʫ: ʊʘʢʘ ʬʦʨʤʘ ʩʧʨʠʷʻ ʩʪʚʦʨʝʥʥʶ ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ, ʱʦ ʟʥʘʯʥʦ ʧʦʢʨʘʱʫʻ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ ʧʦʨʽʚʥʷʥʦ ʟ 

ʣʘʤʽʥʘʨʥʠʤ ʨʫʭʦʤ ʧʦʚʽʪʨʷ. 

3.ɿʥʠʞʝʥʥʷ ʚʘʛʠ: ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʨʠʢʫʪʥʦʾ ʛʝʦʤʝʪʨʽʾ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ 

ʟʘʛʘʣʴʥʫ ʤʘʩʫ ʨʘʜʽʘʪʦʨʘ ʙʝʟ ʚʪʨʘʪʠ ʡʦʛʦ ʝʬʝʢʪʠʚʥʦʩʪʽ [3]. 

ʋ ʧʨʦʮʝʩʽ ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʣʦ ʦʙʨʘʥʦ ʤʘʪʝʨʽʘʣ ʘʣʶʤʽʥʽʻʚʠʡ ʩʧʣʘʚ ɼ16 ʪʘ 

ʪʝʨʤʦʧʘʩʪʫ Arctic MX-4. ʈʝʟʫʣʴʪʘʪʠ ʯʠʩʝʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ, 

ʱʦ ʦʙʨʘʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʟ ʢʨʦʢʦʤ ʟʫʙʮʽʚ 1,5 ʤʤ ʜʦʟʚʦʣʷʻ ʧʽʜʪʨʠʤʫʚʘʪʠ ʨʦʙʦʯʫ 

ʪʝʤʧʝʨʘʪʫʨʫ ʥʘ ʨʽʚʥʽ 58-60ÁC [4]. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʦʜʝʨʥʽʟʘʮʽʷ ʻ ʧʨʦʩʪʦʶ ʫ 

ʚʧʨʦʚʘʜʞʝʥʥʽ ʪʘ ʥʝ ʚʠʤʘʛʘʻ ʫʩʢʣʘʜʥʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ 

ʚʠʨʦʙʥʠʮʪʚʘ. 
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A METHOD FOR AUTOMATED DESIGN OF HEAT EXCHANGE 

STRUCTURES FOR THERMAL CONTROL SYSTEMS OF ONBOARD 

ELECTRONICS  

Annotation. The paper addresses the problem of designing heat exchange structures 

for cooling systems of low-power electronic devices. Particular attention is given to 

applications in compact technical systems, including onboard electronics of 

spacecraft, where strict limitations on mass, size, and power consumption exist. A 

method for automated design of finned heat sinks based on parametric geometry 

generation and simplified thermophysical models is proposed. The method allows 

generating multiple configurations of heat exchange structures, evaluating their 

thermal performance, and determining optimal design parameters. The results 

demonstrate that the automation of the design process significantly reduces the time 

required to identify efficient solutions. 

Keywords: heat transfer, cooling systems, heat sinks, automated design, onboard 

electronics 

 

ʉʫʯʘʩʥʽ ʝʣʝʢʪʨʦʥʥʽ ʩʠʩʪʝʤʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ 

ʢʦʤʧʦʥʫʚʘʥʥʷ ʪʘ ʟʨʦʩʪʘʥʥʷʤ ʪʝʧʣʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʱʦ ʧʽʜʚʠʱʫʻ ʚʠʤʦʛʠ ʜʦ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʩʠʩʪʝʤ ʦʭʦʣʦʜʞʝʥʥʷ. ʆʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦʶ ʮʷ ʧʨʦʙʣʝʤʘ ʻ ʜʣʷ 

ʢʦʤʧʘʢʪʥʠʭ ʪʝʭʥʽʯʥʠʭ ʩʠʩʪʝʤ, ʟʦʢʨʝʤʘ ʙʦʨʪʦʚʦʾ ʝʣʝʢʪʨʦʥʽʢʠ ʢʦʩʤʽʯʥʠʭ 

ʘʧʘʨʘʪʽʚ ʽ ʤʘʣʠʭ ʩʫʧʫʪʥʠʢʽʚ, ʜʝ ʽʩʥʫʶʪʴ ʞʦʨʩʪʢʽ ʦʙʤʝʞʝʥʥʷ ʟʘ ʤʘʩʦʶ, 

ʛʘʙʘʨʠʪʘʤʠ ʪʘ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷʤ. ʅʘʚʽʪʴ ʜʣʷ ʤʘʣʦʧʦʪʫʞʥʠʭ ʧʨʦʮʝʩʦʨʽʚ ʽʟ 

ʪʝʧʣʦʚʠʜʽʣʝʥʥʷʤ ʫ ʜʽʘʧʘʟʦʥʽ 5-45 ɺʪ ʝʬʝʢʪʠʚʥʝ ʚʽʜʚʝʜʝʥʥʷ ʪʝʧʣʘ ʻ ʚʘʞʣʠʚʦʶ 

ʫʤʦʚʦʶ ʩʪʘʙʽʣʴʥʦʾ ʨʦʙʦʪʠ ʝʣʝʢʪʨʦʥʥʠʭ ʩʠʩʪʝʤ. 

ʋ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʜʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʝʣʝʢʪʨʦʥʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʨʝʙʨʠʩʪʽ ʨʘʜʽʘʪʦʨʠ, ʝʬʝʢʪʠʚʥʽʩʪʴ ʷʢʠʭ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʛʝʦʤʝʪʨʠʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ʚʠʩʦʪʦʶ, ʪʦʚʱʠʥʦʶ ʪʘ ʢʽʣʴʢʽʩʪʶ ʨʝʙʝʨ, 

ʤʽʞʨʝʙʝʨʥʦʶ ʚʽʜʩʪʘʥʥʶ, ʤʘʪʝʨʽʘʣʦʤ ʪʘ ʫʤʦʚʘʤʠ ʪʝʧʣʦʦʙʤʽʥʫ. ʇʨʘʚʠʣʴʥʠʡ 

ʧʽʜʙʽʨ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ ʻ ʩʢʣʘʜʥʦʶ ʙʘʛʘʪʦʧʘʨʘʤʝʪʨʠʯʥʦʶ ʟʘʜʘʯʝʶ, ʦʩʦʙʣʠʚʦ ʚ 

ʫʤʦʚʘʭ ʦʙʤʝʞʝʥʦʛʦ ʧʨʦʩʪʦʨʫ ʪʘ ʧʽʜʚʠʱʝʥʠʭ ʚʠʤʦʛ ʜʦ ʥʘʜʽʡʥʦʩʪʽ, ʭʘʨʘʢʪʝʨʥʠʭ 

ʜʣʷ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ [2]. 

ʊʨʘʜʠʮʽʡʥʠʡ ʧʨʦʮʝʩ ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʩʪʨʫʢʪʫʨ ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʚʠʢʦʨʠʩʪʘʥʥʽ CAD- ʪʘ CFD-ʩʠʩʪʝʤ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʧʨʦʚʦʜʠʪʠ ʜʝʪʘʣʴʥʠʡ 

ʘʥʘʣʽʟ ʪʝʧʣʦʚʠʭ ʧʨʦʮʝʩʽʚ. ʇʨʦʪʝ ʧʽʜʙʽʨ ʦʧʪʠʤʘʣʴʥʦʾ ʛʝʦʤʝʪʨʽʾ ʨʘʜʽʘʪʦʨʘ 

ʟʜʝʙʽʣʴʰʦʛʦ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚʨʫʯʥʫ ʘʙʦ ʥʘʧʽʚʘʚʪʦʤʘʪʠʯʥʦ, ʱʦ ʟʥʘʯʥʦ ʟʙʽʣʴʰʫʻ 

ʪʨʠʚʘʣʽʩʪʴ ʨʦʟʨʦʙʢʠ. ʏʝʨʝʟ ʚʝʣʠʢʠʡ ʧʨʦʩʪʽʨ ʤʦʞʣʠʚʠʭ ʧʘʨʘʤʝʪʨʽʚ ʽʥʞʝʥʝʨ 

ʟʘʟʚʠʯʘʡ ʧʝʨʝʚʽʨʷʻ ʣʠʰʝ ʢʽʣʴʢʘ ʚʘʨʽʘʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ, ʱʦ ʥʝ ʛʘʨʘʥʪʫʻ 

ʦʪʨʠʤʘʥʥʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʽʰʝʥʥʷ [1]. ʋ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʧʽʜʭʽʜ ʜʦ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʽ 

ʧʘʨʘʤʝʪʨʠʯʥʦʾ ʛʝʥʝʨʘʮʽʾ ʛʝʦʤʝʪʨʽʾ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʨʦʱʝʥʠʭ ʪʝʧʣʦʬʽʟʠʯʥʠʭ 

ʤʦʜʝʣʝʡ. ʈʦʟʨʦʙʣʝʥʠʡ ʘʣʛʦʨʠʪʤ ʜʦʟʚʦʣʷʻ ʘʚʪʦʤʘʪʠʯʥʦ ʬʦʨʤʫʚʘʪʠ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʨʝʙʨʠʩʪʠʭ ʨʘʜʽʘʪʦʨʽʚ ʥʘ ʦʩʥʦʚʽ ʟʘʜʘʥʠʭ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʪʘʢʠʭ 
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ʷʢ ʪʝʧʣʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʜʦʧʫʩʪʠʤʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʛʝʦʤʝʪʨʠʯʥʽ ʦʙʤʝʞʝʥʥʷ ʪʘ 

ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ. 

ʇʨʦʛʨʘʤʥʘ ʩʠʩʪʝʤʘ ʟʜʽʡʩʥʶʻ ʚʘʨʽʶʚʘʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʨʘʜʽʘʪʦʨʘ (ʪʦʚʱʠʥʘ ʦʩʥʦʚʠ, ʢʽʣʴʢʽʩʪʴ ʽ ʚʠʩʦʪʘ ʨʝʙʝʨ, ʚʽʜʩʪʘʥʴ ʤʽʞ ʥʠʤʠ), ʧʽʩʣʷ 

ʯʦʛʦ ʚʠʢʦʥʫʻ ʦʮʽʥʢʫ ʪʝʧʣʦʚʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʧʣʦʚʦʛʦ ʦʧʦʨʫ, 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʙʝʨ, ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ ʪʘ ʽʥʰʠʭ ʬʘʢʪʦʨʽʚ 

ʪʝʧʣʦʚʽʜʚʝʜʝʥʥʷ. ʆʪʨʠʤʘʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʨʘʥʞʫʶʪʴʩʷ ʟʘ ʽʥʪʝʛʨʘʣʴʥʠʤ 

ʢʨʠʪʝʨʽʻʤ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʱʦ ʜʦʟʚʦʣʷʻ ʘʚʪʦʤʘʪʠʯʥʦ ʚʠʟʥʘʯʘʪʠ ʥʘʡʙʽʣʴʰ 

ʜʦʮʽʣʴʥʽ ʚʘʨʽʘʥʪʠ ʢʦʥʩʪʨʫʢʮʽʾ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʢʦʥʮʝʧʪʫʘʣʴʥʦʛʦ 

ʧʨʦʻʢʪʫʚʘʥʥʷ. ʗʢʱʦ ʧʨʠ ʪʨʘʜʠʮʽʡʥʦʤʫ ʨʫʯʥʦʤʫ ʧʽʜʙʦʨʽ ʽʥʞʝʥʝʨ ʤʦʞʝ 

ʧʝʨʝʚʽʨʠʪʠ ʣʠʰʝ ʜʝʢʽʣʴʢʘ ʚʘʨʽʘʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʦʪʷʛʦʤ ʨʦʙʦʯʦʛʦ ʜʥʷ, ʪʦ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʘ ʩʠʩʪʝʤʘ ʟʜʘʪʥʘ ʟʛʝʥʝʨʫʚʘʪʠ ʪʘ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʜʝʩʷʪʢʠ ʘʙʦ 

ʩʦʪʥʽ ʢʦʥʬʽʛʫʨʘʮʽʡ ʟʘ ʢʦʨʦʪʢʠʡ ʯʘʩ. ʎʝ ʩʪʚʦʨʶʻ ʤʦʞʣʠʚʽʩʪʴ ʝʬʝʢʪʠʚʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʙʘʛʘʪʦʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʧʨʦʩʪʦʨʫ ʢʦʥʩʪʨʫʢʮʽʡ ʪʘ ʧʦʰʫʢʫ ʨʽʰʝʥʴ, 

ʱʦ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʧʨʠ ʨʦʟʨʦʙʮʽ ʚʠʩʦʢʦʥʘʜʽʡʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʘʝʨʦʢʦʩʤʽʯʥʦʾ 

ʪʝʭʥʽʢʠ [3]. 

ɸʚʪʦʤʘʪʠʟʘʮʽʷ ʧʨʦʮʝʩʫ ʛʝʥʝʨʘʮʽʾ ʪʝʧʣʦʦʙʤʽʥʥʠʭ ʩʪʨʫʢʪʫʨ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ 

ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʩʠʩʪʝʤ ʪʝʧʣʦʚʦʛʦ ʢʝʨʫʚʘʥʥʷ ʝʣʝʢʪʨʦʥʽʢʦʶ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʷʢ ʽʥʩʪʨʫʤʝʥʪ ʧʦʧʝʨʝʜʥʴʦʛʦ 

ʽʥʞʝʥʝʨʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʢʦʤʧʘʢʪʥʠʭ ʩʠʩʪʝʤ ʦʭʦʣʦʜʞʝʥʥʷ ʜʣʷ 

ʝʣʝʢʪʨʦʥʥʠʭ ʤʦʜʫʣʽʚ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʜʣʷ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʘʝʨʦʢʦʩʤʽʯʥʠʭ 

ʟʘʩʪʦʩʫʚʘʥʴ. 
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MATHEMATICAL MODELING OF THERMAL PROCESSES IN THE 

AIRSPACE OF A TRANSPORT VEHICLE IN THE PRESENCE OF 

SPECIAL COVERS 

Annotation. During stationary operation of a vehicle, there is an urgent need to 

comply with strict conditions regarding the payload. It is extremely important to 

predict the temperature field inside the air compartment of the vehicle during forced 

ventilation. The use of a special cover in the air compartment is proposed to ensure 

the necessary thermal regime near the payload. 

Keywords: air compartment, temperature field, steady state, thermal fields. 

 

ʋʩʝʨʝʜʠʥʽ ʧʦʚʽʪʨʷʥʦʛʦ ʦʙ'ʻʤʫ ʫʪʚʦʨʶʻʪʴʩʷ ʧʝʚʥʠʡ ʪʝʨʤʽʯʥʠʡ ʨʝʞʠʤ ʜʣʷ 

ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʅʝ ʟʘʚʞʜʠ ʻ ʤʦʞʣʠʚʽʩʪʴ ʧʽʜʪʨʠʤʢʠ ʥʝʦʙʭʽʜʥʦʛʦ 

ʨʝʞʠʤʫ, ʟʙʽʣʴʰʫʶʯʠ ʘʙʦ ʟʤʝʥʰʫʶʯʠ ʧʦʜʘʯʫ ʧʽʜʛʦʪʦʚʣʝʥʦʛʦ ʧʦʚʽʪʨʷ ʚ ʤʽʩʮʝ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʦʛʦ ʢʦʞʫʭʘ 

ʚʩʝʨʝʜʠʥʽ ʧʦʚʽʪʨʷʥʦʛʦ ʦʙ'ʻʤʫ ʜʦʟʚʦʣʷʻ ʟʤʽʥʠʪʠ ʚ ʥʴʦʤʫ ʪʝʧʣʦʚʠʡ ʨʝʞʠʤ ʽ 

ʟʘʭʠʩʪʠʪʠ ʦʩʦʙʣʠʚʽ ʧʦʚʝʨʭʥʽ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚʽʜ ʧʝʨʝʛʨʽʚʫ.  

ɺʠʚʯʝʥʥʷ ʧʨʦʮʝʩʽʚ ʧʨʠʤʫʩʦʚʦʾ ʢʦʥʚʝʢʮʽʾ ʚ ʧʦʚʽʪʨʷʥʠʭ ʦʙʩʷʛʘʭ 

ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʜʦʩʽ ʻ ʘʢʪʫʘʣʴʥʦʶ ʧʨʦʙʣʝʤʦʶ. ʊʘʢ, ʚ ʨʦʙʦʪʽ [1] 

ʚʠʚʯʘʻʪʴʩʷ ʧʨʦʮʝʩ ʧʨʠʤʫʩʦʚʦʾ ʢʦʥʚʝʢʮʽʾ ʚ ʧʨʷʤʦʢʫʪʥʦʤʫ ʢʦʨʧʫʩʽ ʟ ʧʦʩʪʽʡʥʠʤ 

ʜʞʝʨʝʣʦʤ ʪʝʧʣʘ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʝʨʮʽʡʥʦʛʦ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ FluentÉ. ʋ ʨʦʙʦʪʽ [2] ʧʨʦʚʦʜʠʪʴʩʷ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʟ ʤʦʜʝʣʶʚʘʥʥʷʤ ʧʨʠʤʫʩʦʚʦʾ ʢʦʥʚʝʢʮʽʾ. ʋ 

ʜʦʩʣʽʜʞʝʥʥʽ ʚʠʢʣʘʜʝʥʦ ʢʣʘʩʠʯʥʠʡ ʚʘʨʽʘʥʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʥʘʛʨʽʚʘʥʥʷ ʽ 

ʦʭʦʣʦʜʞʝʥʥʷ ʤʽʜʥʦʾ ʧʣʘʩʪʠʥʠ. ʄʝʪʦʶ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʘʣʦ 

ʚʠʚʯʝʥʥʷ ʭʘʨʘʢʪʝʨʥʦʛʦ ʯʘʩʫ ʦʭʦʣʦʜʞʝʥʥʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʩʝʨʝʜʥʴʦʾ 

ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ ʧʦʚʽʪʨʷ. ʆʜʥʘʢ, ʮʷ ʨʦʙʦʪʘ ʥʝ ʚʠʚʯʘʻ ʚʟʘʻʤʦʜʽʶ 

ʛʘʟʦʜʠʥʘʤʽʯʥʠʭ ʚʠʭʦʨʽʚ ʽ ʟʘʩʪʽʡʥʠʭ ʟʦʥ, ʷʢʽ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʯʘʩ 

ʦʭʦʣʦʜʞʝʥʥʷ ʘʙʦ ʥʘʛʨʽʚʘʥʥʷ ʧʦʚʝʨʭʥʽ. ʋ ʩʪʘʪʪʽ [3] ʙʫʣʦ ʟʤʦʜʝʣʴʦʚʘʥʦ 

ʟʘʤʢʥʫʪʠʡ ʦʙ'ʻʤ ʟ ʥʘʛʨʽʚʘʣʴʥʠʤ ʝʣʝʤʝʥʪʦʤ ʚʩʝʨʝʜʠʥʽ. ʇʨʦʚʦʜʠʣʦʩʷ ʧʨʠʤʫʩʦʚʝ 

ʚʝʥʪʠʣʶʚʘʥʥʷ ʟ ʤʝʪʦʶ ʦʮʽʥʢʠ ʚʧʣʠʚʫ ʰʚʠʜʢʦʩʪʽ ʧʦʚʽʪʨʷ ʥʘ ʪʝʧʣʦʧʝʨʝʜʘʯʫ. 

ɽʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʠ ʜʣʷ ʨʽʟʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩʪʦʨʽʥ ʢʦʨʧʫʩʫ ʧʨʠ 

ʧʦʩʪʽʡʥʽʡ ʧʦʪʫʞʥʦʩʪʽ ʜʞʝʨʝʣʘ ʪʝʧʣʘ. ʋ ʨʦʙʦʪʽ [4] ʧʨʦʧʦʥʫʻʪʴʩʷ ʥʦʚʠʡ ʪʠʧ 

ʩʠʩʪʝʤʠ ʧʦʚʽʪʨʷʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʟ ʤʘʣʠʤʠ ʨʦʟʤʽʨʘʤʠ ʽ ʛʥʫʯʢʦʶ 

ʢʦʤʧʦʥʦʚʢʦʶ, ʘ ʩʘʤʝ ʤʽʢʨʦʧʦʚʽʪʨʦʚʦʜʠ ʟ ʚʝʥʪʠʣʷʮʽʡʥʠʤʠ ʦʪʚʦʨʘʤʠ ʨʦʟʤʽʨʦʤ 

ʟ ʪʦʯʢʦʚʠʡ ʦʪʚʽʨ. ʏʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ANSYS Fluent CFD ʩʠʩʪʝʤʠ ʧʦʚʽʪʨʷʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ. ʋ ʩʪʘʪʪʽ 

[5] ʦʪʨʠʤʘʥʦ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨ ʽ ʧʦʣʷ ʰʚʠʜʢʦʩʪʝʡ ʚ ʧʦʚʽʪʨʷʥʦʤʫ ʦʙʩʷʟʽ 

ʛʦʣʦʚʥʦʛʦ ʦʙʪʽʯʥʠʢʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʨʦʟʤʽʱʝʥʥʷ ʚ ʥʴʦʤʫ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʘ. 

ɼʣʷ ʮʴʦʛʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʧʨʠʤʫʩʦʚʦʾ ʚʝʥʪʠʣʷʮʽʾ ʚ 

ʩʝʨʝʜʦʚʠʱʽ ANSYS CFD. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʨʷʜ ʟʘʭʦʜʽʚ ʟ ʙʝʟʧʝʢʠ, ʟʦʢʨʝʤʘ 

ʨʝʛʫʣʶʚʘʥʥʷ ʧʦʚʽʪʨʷʥʦʛʦ ʽʥʪʝʨʬʝʡʩʫ ʢʦʥʜʠʮʽʦʥʫʚʘʥʥʷ ʚʩʝʨʝʜʠʥʽ ʧʝʨʝʛʦʨʦʜʢʠ 

ʦʙʪʽʯʥʠʢʘ.  
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ʆʪʞʝ, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ ʧʨʦ ʘʢʪʫʘʣʴʥʽʩʪʴ ʜʦʩʣʽʜʞʝʥʴ 

ʪʝʧʣʦʤʘʩʦʦʙʤʽʥʥʠʭ ʧʨʦʮʝʩʽʚ ʷʢ ʩʘʤʠʭ ʧʦ ʩʦʙʽ [2], ʪʘʢ ʽ ʱʦʜʦ ʧʨʘʢʪʠʯʥʠʭ 

ʟʘʚʜʘʥʴ [1, 3-5]. ʆʜʥʘʢ ʽʩʥʫʶʯʽ ʤʝʪʦʜʠ ʤʦʜʝʣʶʚʘʥʥʷ, ʚ ʙʽʣʴʰʽʡ ʩʚʦʾʡ ʯʘʩʪʠʥʽ, 

ʟʘʩʥʦʚʘʥʽ ʥʘ ʯʠʩʝʣʴʥʦʤʫ ʚʠʨʽʰʝʥʥʽ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʤʝʭʘʥʽʢʠ 

ʩʫʮʽʣʴʥʠʭ ʩʝʨʝʜʦʚʠʱ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʢʽʥʮʝʚʠʭ ʦʙ'ʻʤʽʚ ʘʙʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ. ɯʩʥʫʻ ʧʦʪʨʝʙʘ ʫ ʬʦʨʤʫʚʘʥʥʽ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʨʦʟʨʘʭʫʥʢʽʚ, ʟʘʩʥʦʚʘʥʠʭ, ʥʘʧʨʠʢʣʘʜ, ʥʘ ʯʠʩʝʣʴʥʦʤʫ 

ʽʥʪʝʛʨʫʚʘʥʥʽ ʤʦʜʝʣʶʶʯʠʭ ʨʽʚʥʷʥʴ ʝʥʝʨʛʽʾ ʪʘ ʘʝʨʦʜʠʥʘʤʽʢʠ ʤʝʪʦʜʦʤ ʢʽʥʮʝʚʠʭ 

ʨʽʟʥʠʮʴ. 

ʋ ʨʦʙʦʪ ̔ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʽʣʴʢʘ ʚʘʨʽʘʥʪʽʚ ʩʧʝʮʽʘʣʴʥʠʭ ʢʦʞʫʭʽʚ, ʘ ʩʘʤʝ: 

ï ʦʜʠʥ ʩʧʝʮʽʘʣʴʥʠʡ ʢʦʞʫʭ, ʷʢʠʡ ʟʘʢʨʠʚʘʻ ʩʦʙʦʶ ʧʦʚʥʽʩʪʶ ʜʚʘ ʪʘʥʜʝʤʥʦ 

ʨʦʟʪʘʰʦʚʘʥʠʭ ʩʫʧʫʪʥʠʢʘ; 

ï ʜʚʘ ʩʧʝʮʽʘʣʴʥʠʭ ʢʦʞʫʭʠ, ʢʦʞʝʥ ʟ ʷʢʠʭ ʨʦʟʪʘʰʦʚʘʥʠʡ ʪʘʢ, ʱʦʙ 

çʟʘʪʽʥʶʚʘʪʠè ʪʽʣʴʢʠ ʥʘʚʧʨʦʪʠ ʨʦʟʪʘʰʦʚʘʥʠʡ ʩʫʧʫʪʥʠʢ; 

ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʢʽʣʴʢʘ ʥʘʡʙʽʣʴʰ ʡʤʦʚʽʨʥʠʭ ʩʮʝʥʘʨʽʾʚ, ʢʦʣʠ 

ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʨʧʫʩʫ ʧʦʚʽʪʨʷʥʦʛʦ ʦʙ'ʻʤʫ ʩʪʘʥʦʚʠʪʴ +40 ÁC ʽ ʧʦʚʽʪʨʷʥʝ 

ʩʝʨʝʜʦʚʠʱʝ ʚʩʝʨʝʜʠʥʽ ʢʦʨʧʫʩʫ ʥʘʛʨʽʚʘʻʪʴʩʷ. ʄʦʜʝʣʶʚʘʣʘʩʷ ʧʦʜʘʯʘ ʧʦʚʽʪʨʷ ʚ 

ʧʦʚʽʪʨʷʥʠʡ ʦʙ'ʻʤ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʟʘʩʦʙʫ, ʟ ʧʨʠʤʫʩʦʚʦʶ ʧʦʜʘʯʝʶ ʧʦʚʽʪʨʷ ʧʨʠ 

ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 
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ʇʈʆʎɽʉʀ ɿ ʅɽʇɸʈʅʀʄʀ ɺɽʈʐʀʅɸʄʀ ɺ ʂɺɸʈʂ-ɻʃʖʆʅʅɯʁ 

ʇʃɸɿʄɯ. ʄɽʍɸʅɯɿʄʀ ʋʊɺʆʈɽʅʅʗ ʊɸ ɺʅɽʉʂʀ ɺɯɼ ʇʆʈʋʐɽʅʅʗ 

ʊɽʆʈɽʄʀ ʌɸʈʈɯ 

ɸʥʦʪʘʮʽʷ. ɼʦʩʣʽʜʞʫʶʪʴʩʷ ʤʝʭʘʥʽʟʤʠ ʫʪʚʦʨʝʥʥʷ ʥʝʥʫʣʴʦʚʠʭ ʚʥʝʩʢʽʚ ʚʽʜ 

ʧʨʦʮʝʩʽʚ ʟ ʥʝʧʘʨʥʠʤʠ ʚʝʨʰʠʥʘʤʠ ʚ ʢʚʘʨʢ-ʛʣʶʦʥʥʽʡ ʧʣʘʟʤʽ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ 

ʚʥʘʩʣʽʜʦʢ ʧʦʨʫʰʝʥʥʷ ʫʤʦʚ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʪʝʦʨʝʤʠ ʌʘʨʨʽ ʚ ʧʨʠʩʫʪʥʦʩʪʽ 

ʩʧʦʥʪʘʥʥʦ ʟʛʝʥʝʨʦʚʘʥʠʭ ʭʨʦʤʦʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ Ὄ Ὕ, Ὄ Ὕ ʪʘ ʢʦʥʜʝʥʩʘʪʫ 

ὃ Ὕ. ɺ ʨʘʤʢʘʭ ʬʦʨʤʘʣʽʟʤʫ ʄʘʮʫʙʘʨʠ ʪʘ ʜʚʦʭʧʝʪʣʴʦʚʦʛʦ ʝʬʝʢʪʠʚʥʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ ʜʣʷ ὛὟς ʢʘʣʽʙʨʫʚʘʣʴʥʦʾ ʛʨʫʧʠ ʦʙʯʠʩʣʝʥʦ ʽʥʜʫʢʦʚʘʥʠʡ 

ʢʦʣʴʦʨʦʚʠʡ ʟʘʨʷʜ ὗ  ʪʘ ʝʬʝʢʪʠʚʥʫ ʪʨʴʦʭʭʚʦʩʪʫ ʚʝʨʰʠʥʫ Ὃ‎‎. ʈʝʟʫʣʴʪʘʪʠ 
ʷʢʽʩʥʦ ʟʘʩʪʦʩʦʚʥʽ ʜʦ ʧʦʚʥʦʾ ὛὟσ ʢʚʘʥʪʦʚʦʾ ʭʨʦʤʦʜʠʥʘʤʽʢʠ. 
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ODD-VERTEX PROCESSES IN QUARK-GLUON PLASMA. 

FORMATION MECHANISMS AND CONTRIBUTION S FROM FURRY 

THEOREM VIOLATION  

Annotation. The formation mechanisms of non-zero contributions from odd-vertex 

processes in quark-gluon plasma arising due to violation of applicability conditions 

of Furry's theorem in the presence of spontaneously generated chromomagnetic 
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fields Ὄ Ὕ, Ὄ Ὕ and ὃ Ὕ condensate are investigated. Within the Matsubara 

formalism and two-loop effective potential approach for ὛὟς gauge group, the 

induced color charge ὗ  and effective three-vertex Ὃ‎‎ are calculated. The results 

are qualitatively applicable to full ὛὟσ quantum chromodynamics. 

Keywords: quark-gluon plasma (QGP), Furry theorem, chromomagnetic fields, 

effective vertices, induced color charge, Polyakov loop. 

 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʢʦʣʘʙʦʨʘʮʽʡ PHENIX ʪʘ ALICE ʚʢʘʟʫʶʪʴ ʥʘ 

ʥʘʜʣʠʰʦʢ ʧʨʷʤʠʭ ʬʦʪʦʥʽʚ ʧʨʠ ʥʠʟʴʢʠʭ ʧʦʧʝʨʝʯʥʠʭ ʽʤʧʫʣʴʩʘʭ ʫ 

ʩʪʦʣʢʥʦʚʝʥʥʷʭ ʚʘʞʢʠʭ ʽʦʥʽʚ. ʆʜʥʠʤ ʟ ʤʦʞʣʠʚʠʭ ʧʦʷʩʥʝʥʴ ʻ ʚʨʘʭʫʚʘʥʥʷ 

ʧʨʦʮʝʩʽʚ ʟ ʥʝʧʘʨʥʠʤʠ ʚʝʨʰʠʥʘʤʠ, ʷʢʽ ʩʪʘʶʪʴ ʜʦʟʚʦʣʝʥʠʤʠ ʚʥʘʩʣʽʜʦʢ 

ʧʦʨʫʰʝʥʥʷ ʫʤʦʚ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʪʝʦʨʝʤʠ ʌʘʨʨʽ ʚ ʧʨʠʩʫʪʥʦʩʪʽ ʬʦʥʦʚʠʭ ʧʦʣʽʚ 

ʢʚʘʨʢ-ʛʣʶʦʥʥʦʾ ʧʣʘʟʤʠ (ʂɻʇ). 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʘʥʘʣʽʟ ʤʝʭʘʥʽʟʤʽʚ ʫʪʚʦʨʝʥʥʷ ʥʝʥʫʣʴʦʚʠʭ ʚʥʝʩʢʽʚ ʚʽʜ 

ʧʨʦʮʝʩʽʚ ʟ ʥʝʧʘʨʥʠʤʠ ʚʝʨʰʠʥʘʤʠ ʪʘ ʦʙʯʠʩʣʝʥʥʷ ʝʬʝʢʪʠʚʥʠʭ ʚʝʨʰʠʥ ʫ 

ʥʘʤʘʛʥʽʯʝʥʽʡ ʂɻʇ. ʈʦʟʛʣʷʜʘʶʪʴʩʷ ʦʜʥʦʭʚʦʩʪʽ ʚʝʨʰʠʥʠ ʪʠʧʫ "ʛʦʣʦʚʘʩʪʠʢʘ" ʪʘ 

ʪʨʴʦʭʭʚʦʩʪʽ ʚʝʨʰʠʥʠ Ὃ‎‎, ʷʢʽ ʚʠʥʠʢʘʶʪʴ ʫ ʬʦʥʦʚʦʤʫ ʧʦʣʽ ʧʝʪʣʽ ʇʦʣʷʢʦʚʘ 
ὃ Ὕ. 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʟʘʩʪʦʩʦʚʘʥʦ ʬʦʨʤʘʣʽʟʤ ʄʘʮʫʙʘʨʠ ʧʨʠ ʩʢʽʥʯʝʥʥʽʡ 

ʪʝʤʧʝʨʘʪʫʨʽ ʚ ʧʦʻʜʥʘʥʥʽ ʟ ʤʝʪʦʜʦʤ ʜʚʦʭʧʝʪʣʴʦʚʦʛʦ ʝʬʝʢʪʠʚʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ  

ʜʣʷ ὛὟς ʢʘʣʽʙʨʫʚʘʣʴʥʦʾ ʪʝʦʨʽʾ ʟ ʧʦʜʘʣʴʰʠʤ ʷʢʽʩʥʠʤ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʜʦ ὛὟσ 

ʢʚʘʥʪʦʚʦʾ ʭʨʦʤʦʜʠʥʘʤʽʢʠ. ɺʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʥʘʙʣʠʞʝʥʥʷ ʥʠʟʴʢʦʛʦ ʨʽʚʥʷ 

ʃʘʥʜʘʫ ὲ πȟ„ ρ ʜʣʷ ʩʧʝʢʪʨʫ ʢʚʘʨʢʽʚ ʫ ʩʠʣʴʥʠʭ ʤʘʛʥʽʪʥʠʭ ʧʦʣʷʭ ʧʨʠ 

ʫʤʦʚʽ ὩὄḻὝό. ɺʨʘʭʦʚʫʻʪʴʩʷ ʩʧʦʥʪʘʥʥʘ ʛʝʥʝʨʘʮʽʷ ʢʦʥʜʝʥʩʘʪʫ ὃ Ὕ, 

ʧʦʚ'ʷʟʘʥʦʛʦ ʟ ʧʝʪʣʝʶ ʇʦʣʷʢʦʚʘ, ʷʢʠʡ ʤʦʜʠʬʽʢʫʻ ʫʤʦʚʠ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʪʝʦʨʝʤʠ 

ʌʘʨʨʽ ʪʘ ʜʦʟʚʦʣʷʻ ʧʨʦʮʝʩʠ ʟ ʥʝʧʘʨʥʦʶ ʢʽʣʴʢʽʩʪʶ ʬʦʪʦʥʥʠʭ ʣʽʥʽʡ. 

ʆʪʨʠʤʘʥʦ ʚʠʨʘʟ ʜʣʷ ʽʥʜʫʢʦʚʘʥʦʛʦ ʢʦʣʴʦʨʦʚʦʛʦ ʟʘʨʷʜʫ ʫ ʧʨʠʩʫʪʥʦʩʪʽ 

ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ: ὗ ὌȟὝ ẗὫὃ ẗρ χ‍ά ‒ᴂ ς , ʜʝ ‍ ȟ‒

πȢπσπτττψυ. ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʠʩʫʪʥʽʩʪʴ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʩʫʪʪʻʚʦ ʤʦʜʠʬʽʢʫʻ 

ʚʝʣʠʯʠʥʫ ʽʥʜʫʢʦʚʘʥʦʛʦ ʟʘʨʷʜʫ ʧʦʨʽʚʥʷʥʦ ʟ ʚʠʧʘʜʢʦʤ ʥʫʣʴʦʚʦʛʦ ʧʦʣʷ, ʜʝ 

ὗ ὌȟὝ Ὣὃ . ʊʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʽʥʜʫʢʦʚʘʥʦʛʦ ʟʘʨʷʜʫ ʚ 

ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʝʤʧʝʨʘʪʫʨʥʦʶ ʝʚʦʣʶʮʽʻʶ ʭʨʦʤʦʤʘʛʥʽʪʥʦʛʦ 

ʧʦʣʷ ʪʠʧʫ ʚʘʢʫʫʤʫ ʉʘʚʚʽʜʽ, ʷʢʘ ʚ ʜʚʦʭʧʝʪʣʴʦʚʦʤʫ ʥʘʙʣʠʞʝʥʥʽ ʤʘʻ ʚʠʛʣʷʜ 

ὫὌ ͯ Ⱦ , ʜʝ ‌ - ʙʽʞʫʯʘ ʢʦʥʩʪʘʥʪʘ ʟʚ'ʷʟʢʫ. ɼʣʷ ʪʨʴʦʭʭʚʦʩʪʦʾ ʚʝʨʰʠʥʠ 

Ὃ‎‎ ʦʪʨʠʤʘʥʦ ʯʘʩʪʢʦʚʠʡ ʨʝʟʫʣʴʪʘʪ ʚ ʥʘʙʣʠʞʝʥʥʽ ʚʠʩʦʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʯʝʨʝʟ 
ʢʚʘʨʢʦʚʫ ʧʝʪʣʶ ʟ ʝʣʝʢʪʨʠʯʥʠʤ ʟʘʨʷʜʦʤ, ʷʢʠʡ ʜʝʤʦʥʩʪʨʫʻ ʥʝʥʫʣʴʦʚʠʡ ʚʥʝʩʦʢ 

ʫ ʬʦʪʦʥʥʫ ʧʨʦʜʫʢʮʽʶ. 

ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʫʤʦʚ ʩʪʘʙʽʣʴʥʦʩʪʽ ʥʘʤʘʛʥʽʯʝʥʦʛʦ ʚʘʢʫʫʤʫ ʂɻʇ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʢʦʥʜʝʥʩʘʪ ὃ Ὕ ʚ̔ ʜʽʛʨʘʻ ʢʨʠʪʠʯʥʫ ʨʦʣʴ ʫ ʤʦʜʠʬʽʢʘʮʽʾ ʩʧʝʢʪʨʫ 

ʛʣʶʦʥʥʠʭ ʤʦʜ ʪʘ ʩʪʘʙʽʣʽʟʘʮʽʾ ʭʨʦʤʦʤʘʛʥʽʪʥʦʛʦ ʢʦʥʜʝʥʩʘʪʫ ʧʨʠ ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʋʤʦʚʘ ʩʪʘʙʽʣʴʥʦʩʪʽ ʚʘʢʫʫʤʫ ʜʣʷ ʜʚʦʭʧʝʪʣʴʦʚʦʛʦ ʚʠʧʘʜʢʫ ʤʘʻ 

ʚʠʛʣʷʜ Ὣ ςὥ‌ Ⱦ“Ⱦ, ʜʝ ὥ ρȢψυφ - ʯʠʩʣʦʚʠʡ ʢʦʝʬʽʮʽʻʥʪ, ʦʪʨʠʤʘʥʠʡ 
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ʟ ʨʦʟʨʘʭʫʥʢʽʚ ʝʬʝʢʪʠʚʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ. ʎʝ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʨʝʰʽʪʢʦʚʠʭ ʩʠʤʫʣʷʮʽʡ ʄʦʥʪʝ-ʂʘʨʣʦ, ʷʢʽ ʧʦʢʘʟʘʣʠ ʩʧʽʣʴʥʫ ʩʧʦʥʪʘʥʥʫ 

ʛʝʥʝʨʘʮʽʶ ʦʙʦʭ ʪʠʧʽʚ ʢʦʥʜʝʥʩʘʪʽʚ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʢʘʟʫʶʪʴ ʥʘ ʽʩʥʫʚʘʥʥʷ ʥʦʚʠʭ ʢʘʥʘʣʽʚ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʧʨʦʜʫʢʮʽʾ ʚ ʂɻʇ ʯʝʨʝʟ ʧʨʦʮʝʩʠ ʟ ʧʦʨʫʰʝʥʥʷʤ ʫʤʦʚ ʪʝʦʨʝʤʠ 

ʌʘʨʨʽ, ʷʢʽ ʥʝ ʚʨʘʭʦʚʫʶʪʴʩʷ ʚ ʩʪʘʥʜʘʨʪʥʠʭ ʤʦʜʝʣʷʭ ʥʘ ʦʩʥʦʚʽ AMY ʬʦʨʤʘʣʽʟʤʫ 

ʘʙʦ EPOS3. ʈʦʟʨʦʙʣʝʥʠʡ ʜʚʦʭʧʝʪʣʴʦʚʠʡ ʬʦʨʤʘʣʽʟʤ ʤʦʞʝ ʙʫʪʠ ʫʟʘʛʘʣʴʥʝʥʠʡ 

ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʽʥʰʠʭ ʝʬʝʢʪʠʚʥʠʭ ʚʝʨʰʠʥ ʟ ʥʝʧʘʨʥʦʶ ʢʽʣʴʢʽʩʪʶ ʬʦʪʦʥʽʚ ʪʘ 

ʟʘʩʪʦʩʦʚʘʥʠʡ ʜʦ ʘʥʘʣʽʟʫ ʽʥʰʠʭ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʩʧʦʩʪʝʨʝʞʫʚʘʥʠʭ. 

ʂʘʣʽʙʨʫʚʘʣʴʥʘ ʽʥʚʘʨʽʘʥʪʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʤʝʪʦʜʦʤ 

ʽʜʝʥʪʠʯʥʦʩʪʽ ʅʽʣʴʩʝʥʘ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʠʥʥʽ ʚʢʣʶʯʘʪʠ ʢʽʣʴʢʽʩʥʽ 

ʦʮʽʥʢʠ ʚʥʝʩʢʽʚ ʮʠʭ ʧʨʦʮʝʩʽʚ ʫ ʩʧʝʢʪʨʠ ʧʨʷʤʠʭ ʬʦʪʦʥʽʚ ʪʘ ʝʣʽʧʪʠʯʥʠʡ ʧʦʪʽʢ ὺ 

ʜʣʷ ʧʨʷʤʦʛʦ ʧʦʨʽʚʥʷʥʥʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ALICE ʪʘ PHENIX. 
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PARAMETRIC SPACE ON 2HDM AT HIGH TEMPERATURE   

Annotation.We discuss electroweak phase transition beyond Standard Model with 

spontaneous generation magnetic and chronomantic fields 

Keywords: Two Higgs boson model, electroweak phase transition, spontaneous 

magnetization 

 

We discuss theoretical and phenomenological aspects of two-Higgs-doublet 

extensions of the Standard Model. In modern notation the h2HDM is the model with 

mh=125.26 GeV, where the lightest neutral scalar particle in 2HDM is the usual 

Higgs boson in Standard Model.  

The parametric space of this model is very rich and admits many scenarios of 

phenomenology of New Physics. But the many restrictions and conditions should be 

satisfied.  

Another point is the Sakharov's conditions for the formation of the baryon 

asymmetry of the Universe in models with extra scalar fields, we try to show that we 

can satisfy them in h2HDM and find the region of parametric space where the phase 

transition is first order. The Sakharov's conditions are not satisfied in Standard 

Model but it is fundamental problem of modeling the Universe so the searching the 

New physics this way is relevant.  

We present the numerical simulations of parametric space of model. 
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INVESTIGATION OF ELASTIC COLLISIONS IN A ONE -DIMENSIONAL 

SYSTEM 

Annotation. Particle motion in a one-dimensional system which initially consists of 

two particle groups moving towards each other is described. The mass of each 

particle in the first and in the second group is m1 and m2, respectively. The collisions 

are perfectly elastic. This problem is a generalization of the problem of the Dnipro 

city physics Olympiad of the 2015 year. 

Keywords: one-dimensional system,  perfectly elastic collisions, numerical 

modelling, mass ratio. 
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ɼʆʉʃɯɼɾɽʅʅʗ ʇʈʋɾʅʀʍ ɿɯʊʂʅɽʅʔ ɺ ʆɼʅʆɺʀʄɯʈʅɯʁ 

ʉʀʉʊɽʄɯ 

ɸʥʦʪʘʮʽʷ. ʆʧʠʩʘʥʦ ʨʫʭ ʯʘʩʪʠʥʦʢ ʚ ʦʜʥʦʚʠʤʽʨʥʽʡ ʩʠʩʪʝʤʽ, ʷʢʘ ʧʦʯʘʪʢʦʚʦ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʛʨʫʧ ʯʘʩʪʠʥʦʢ, ʱʦ ʨʫʭʘʶʪʴʩʷ ʥʘʟʫʩʪʨʽʯ ʦʜʥʘ ʦʜʥʽʡ. ʄʘʩʘ 

ʢʦʞʥʦʾ ʯʘʩʪʠʥʢʠ ʚ ʧʝʨʰʽʡ ʪʘ ʜʨʫʛʽʡ ʛʨʫʧʽ m1 ʪʘ m2, ʚʽʜʧʦʚʽʜʥʦ.  ɿʽʪʢʥʝʥʥʷ 

ʘʙʩʦʣʶʪʥʦ ʧʨʫʞʥʽ. ʎʷ ʟʘʜʘʯʘ ʻ ʫʟʘʛʘʣʴʥʝʥʥʷʤ ʚʽʜʧʦʚʽʜʥʦʾ ʟʘʜʘʯʽ ʤʽʩʴʢʦʾ 

ʦʣʽʤʧʽʘʜʠ ɼʥʽʧʨʘ ʟ ʬʽʟʠʢʠ 2015 ʨʦʢʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʦʜʥʦʚʠʤʽʨʥʘ ʩʠʩʪʝʤʘ, ʘʙʩʦʣʶʪʥʦ ʧʨʫʞʥʽ ʟʽʪʢʥʝʥʥʷ, ʯʠʩʣʦʚʝ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʚʽʜʥʦʰʝʥʥʷ ʤʘʩ. 

 

Introduction . In 2015 at the Dnipro city physics Olympiad a problem of a particle 

motion description a one-dimensional system was proposed where the system 
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initially consists of a group of identical particles which moves towards another one 

particle (problem No. 5, 8 grade [1]). In this work we propose a generalization of the 

corresponding problem for the case where the system initially consists of two 

particle groups moving towards each other. The particle size and the absolute value 

of the velocity of each particle are equal; the number of particles in the groups is 

equal. The mass of each particle in the first and in the second group is m1 and m2, 

respectively; m2Óm1. Let us consider that initially the first group is moving to the 

right and the second group is moving to the left. The dependence Nleft(N) is 

investigated where Nleft is the number of particles which move to the left after all 

collisions, N  is the total number of particles in the system. 

Numerical algorithm . The time is counted from the moment of the first collision. 

The number of particles in each group n=n1=n2. Absolute values of initial velocities: 

ɡ=ɡ1=ɡ2. Distance between particle centers in each group l=l1=l2.  

1. Fill the mass array: mi:=m1,1ÒiÒn1; mi:=m2,n1+1ÒiÒn1+n2; fill the array of 

particle center coordinates by initial values: x1:=0; x :̔=x -̔1+l 1,2ÒiÒn1; xn1+1:=xn1+d; 

x :̔=x -̔1+l 2,n1+2ÒiÒn1+n2; fill the velocity array by initial values: Vi:=ɡ1,1ÒiÒn1ï1; 

Vi:=ïɡ2,n1+2ÒiÒn1+n2; := is the assignment operation, d is the particle diameter, 
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formulas (1) are consequences of the well-known results for the particle 

velocities after the perfectly elastic collisions [2, 3]. 

2. At each iteration:  

2.1. Rewrite the velocity array to another array: Ui:=V i, 1ÒiÒn1+n2. 

2.2. Find the time to the next collision in the system: for each  

neighboring particle pair if Vj>Vj+1  then Űj:=(x j+1ïxjïd)/(VjïVj+1), all the neighboring 

pairs (1ÒjÒn1+n2ï1) should be checked; time to the next collsion Ű=min(Űj). 

2.3. Rewrite array of particle center coordinates: x :̔=x +̔VŰ̔,1ÒiÒn1+n2; 

2.4. Check all the neighboring particle pairs if the collision between the particle 

in the pair took place. So, for 1ÒiÒn1+n2ï1 if  xʽ+1=x +̔d, then the collision took place, 

and rewrite the velocities of these particles according to [2,3]: 
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The algorithm termination condition is the absence of collisions at the current 

iteration. It should be stressed that the proposed algorithm works adequately only of 

all the collisions in the system are two-particle ones. 

Results and conclusions. The obtained results are shown on Fig. 1 and 

Table 1, the number x0å3,38028 in Table 1 is the root of the equation 
4 3 2

0 0 0 010 52 22 3 0x x x x+ - + + =Φ όоύ 

The numerical investigation is made for the mass ratios 1Òx=m2/m1Ò100 with 

the step equal to 0.001. However, the exact values of the range limits in Table 1 are 

derived on the basis of the investigation of the sequence of collisions in the system. 

The situation is the same for 8,695ÒxÒ100, so we may hypothesize that Nleft=N if 
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x>100. It should be stressed that if N is fixed, Nleft is not necessarily increasing with 

increasing of x, because the sequence of collisions plays a significant role.  

  

Figure 1. Obtained dependencies Nleft(N) for different mass ratios 

 

 Table 1. Intervals of the mass ratios for different graphs on Fig. 1.  

 

DǊŀǇ
Ƙ bƻΦ 
ƻƴ 
CƛƎΦ м 

wŀƴƎŜ ƻŦ ǘƘŜ Ƴŀǎǎ Ǌŀǝƻ

2 1x m m=  

DǊŀǇƘ 
bƻΦ ƻƴ 
CƛƎΦ м 

wŀƴƎŜ ƻŦ ǘƘŜ Ƴŀǎǎ Ǌŀǝƻ

2 1x m m=  

м [ )1;3xÍ  р ( )( )5 2 7 3;3 2 2xÍ + +  

н ( )3;2 2 2 2 2 1xÍ - + - с ( )3 2 2;4 13xÍ + +  

о ( )02 2 2 2 2 1;x xÍ - + -  т ( )3 34 13;2 2 2 2 4xÍ + + +  

п ( )( )0; 5 2 7 3x xÍ +  у 3 32 2 2 2 4x> + +  
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ʊɽʈʄɯʏʅɸ ɼʀʉʆʎɯɸʎɯʗ ɸʄɯɸʂʋ ʊɸ ɻɯɼʈɸɿʀʅʋ ɺ 

ɽʃɽʂʊʈʆɼʋɻʆɺʀʍ ɼɺʀɻʋʅɸʍ ʂʆʉʄɯʏʅʀʍ ɸʇɸʈɸʊɯɺ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʪʝʨʤʽʯʥʦʾ ʜʠʩʦʮʽʘʮʽʾ ʘʤʽʘʢʫ ʪʘ 

ʛʽʜʨʘʟʠʥʫ ʷʢ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʘʟʦʪʦʚʤʽʩʥʠʭ ʨʦʙʦʯʠʭ ʪʽʣ ʜʣʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʽ 

ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʢʽʥʝʪʠʯʥʠʭ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʽ ʤʝʭʘʥʽʟʤʽʚ ʨʦʟʢʣʘʜʫ ʟʘʟʥʘʯʝʥʠʭ ʩʧʦʣʫʢ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʚʧʣʠʚʫ ʪʝʤʧʝʨʘʪʫʨʠ, ʪʠʩʢʫ ʪʘ ʢʘʪʘʣʽʪʠʯʥʠʭ ʬʘʢʪʦʨʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʘʤʽʘʢ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʪʝʨʤʽʯʥʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʪʘ ʝʥʜʦʪʝʨʤʽʯʥʠʤ 

ʭʘʨʘʢʪʝʨʦʤ ʜʠʩʦʮʽʘʮʽʾ, ʪʦʜʽ ʷʢ ʛʽʜʨʘʟʠʥ ʚʽʜʟʥʘʯʘʻʪʴʩʷ ʤʝʥʰʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʽ 

ʟʜʘʪʥʽʩʪʶ ʜʦ ʝʢʟʦʪʝʨʤʽʯʥʦʛʦ ʨʦʟʢʣʘʜʫ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʦʜʫʢʪʽʚ ʜʠʩʦʮʽʘʮʽʾ ʮʠʭ ʨʝʯʦʚʠʥ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʣʘʟʤʦʚʦʛʦ 

ʧʦʪʦʢʫ ʚ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʜʚʠʛʫʥʘʭ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʽ ʧʨʠ ʨʦʟʨʦʙʮʽ ʥʦʚʠʭ ʪʠʧʽʚ ʝʣʝʢʪʨʦʧʣʘʟʤʦʚʠʭ 

ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ. 
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THERMAL DISSOCIATION OF AMMONIA AND HYDRAZINE IN 

ARCJET THRUSTERS OF SPACECRAFT 

Annotation. The paper considers the features of thermal dissociation of ammonia 

and hydrazine as promising nitrogen-containing working media for power and 

rocket-space applications. A comparative analysis of the kinetic regularities and 
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decomposition mechanisms of these compounds is carried out taking into account 

the influence of temperature, pressure and catalytic factors. It is shown that ammonia 

is characterized by high thermal stability and an endothermic dissociation process, 

while hydrazine has lower stability and the ability for exothermic decomposition. 

The possibility of using the dissociation products of these substances for the 

formation of a plasma flow in arcjet thrusters of spacecraft is substantiated. The 

obtained results can be used in the development of new types of electrothermal 

propulsion systems. 

Keywords: thermal dissociation, ammonia, hydrazine, reaction kinetics, arcjet 

thruster, plasma, spacecraft. 

 

ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʪʝʨʤʽʯʥʦʾ ʜʠʩʦʮʽʘʮʽʾ ʘʤʽʘʢʫ ʪʘ ʛʽʜʨʘʟʠʥʫ 

ʷʢ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʘʟʦʪʦʚʤʽʩʥʠʭ ʨʦʙʦʯʠʭ ʪʽʣ ʜʣʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʽ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʢʽʥʝʪʠʯʥʠʭ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʽ ʤʝʭʘʥʽʟʤʽʚ ʨʦʟʢʣʘʜʫ ʟʘʟʥʘʯʝʥʠʭ ʩʧʦʣʫʢ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʚʧʣʠʚʫ ʪʝʤʧʝʨʘʪʫʨʠ, ʪʠʩʢʫ ʪʘ ʢʘʪʘʣʽʪʠʯʥʠʭ ʬʘʢʪʦʨʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʘʤʽʘʢ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʪʝʨʤʽʯʥʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʪʘ ʝʥʜʦʪʝʨʤʽʯʥʠʤ 

ʭʘʨʘʢʪʝʨʦʤ ʜʠʩʦʮʽʘʮʽʾ, ʪʦʜʽ ʷʢ ʛʽʜʨʘʟʠʥ ʚʽʜʟʥʘʯʘʻʪʴʩʷ ʤʝʥʰʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʽ 

ʟʜʘʪʥʽʩʪʶ ʜʦ ʝʢʟʦʪʝʨʤʽʯʥʦʛʦ ʨʦʟʢʣʘʜʫ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʦʜʫʢʪʽʚ ʜʠʩʦʮʽʘʮʽʾ ʮʠʭ ʨʝʯʦʚʠʥ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʣʘʟʤʦʚʦʛʦ 

ʧʦʪʦʢʫ ʚ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʜʚʠʛʫʥʘʭ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʽ ʧʨʠ ʨʦʟʨʦʙʮʽ ʥʦʚʠʭ ʪʠʧʽʚ ʝʣʝʢʪʨʦʧʣʘʟʤʦʚʠʭ 

ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ ʟ ʧʽʜʚʠʱʝʥʦʶ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʶ ʪʘ ʧʦʢʨʘʱʝʥʠʤʠ 

ʪʷʛʦʚʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 

ʊʝʨʤʽʯʥʘ ʜʠʩʦʮʽʘʮʽʷ ʘʤʽʘʢʫ ʪʘ ʛʽʜʨʘʟʠʥʫ: ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʢʽʥʝʪʠʢʠ ʪʘ 

ʤʝʭʘʥʽʟʤʽʚ ʨʦʟʢʣʘʜʫ 

ʊʝʨʤʽʯʥʘ ʜʠʩʦʮʽʘʮʽʷ ʘʟʦʪʦʚʤʽʩʥʠʭ ʩʧʦʣʫʢ ʩʪʘʥʦʚʠʪʴ ʟʥʘʯʥʠʡ ʽʥʪʝʨʝʩ ʜʣʷ 

ʩʫʯʘʩʥʦʾ ʭʽʤʽʾ, ʝʥʝʨʛʝʪʠʢʠ ʪʘ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ʆʩʦʙʣʠʚʝ ʤʽʩʮʝ ʩʝʨʝʜ 

ʪʘʢʠʭ ʩʧʦʣʫʢ ʟʘʡʤʘʶʪʴ ʘʤʽʘʢ ʽ ʛʽʜʨʘʟʠʥ ð ʧʨʦʩʪʽ ʛʽʜʨʠʜʠ ʘʟʦʪʫ, ʱʦ 

ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʟʘ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʪʝʨʤʽʯʥʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʪʘ 

ʢʽʥʝʪʠʢʦʶ ʨʦʟʢʣʘʜʫ. ɼʦʩʣʽʜʞʝʥʥʷ ʤʝʭʘʥʽʟʤʽʚ ʾʭʥʴʦʾ ʜʠʩʦʮʽʘʮʽʾ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ 

ʦʧʪʠʤʽʟʘʮʽʾ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʦʪʨʠʤʘʥʥʷ ʚʦʜʥʶ, ʩʪʚʦʨʝʥʥʷ ʝʬʝʢʪʠʚʥʠʭ 

ʢʘʪʘʣʽʪʠʯʥʠʭ ʩʠʩʪʝʤ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʝʟʧʝʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʨʝʯʦʚʠʥ ʫ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʪʘ ʢʦʩʤʽʯʥʽʡ ʪʝʭʥʽʮʽ. ʋ ʩʫʯʘʩʥʠʭ ʫʤʦʚʘʭ ʦʩʦʙʣʠʚʫ ʘʢʪʫʘʣʴʥʽʩʪʴ 

ʥʘʙʫʚʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʤʽʘʢʫ ʪʘ ʛʽʜʨʘʟʠʥʫ ʷʢ ʨʦʙʦʯʠʭ ʪʽʣ ʽ ʧʘʣʠʚ ʫ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʜʚʠʛʫʥʘʭ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ, ʜʝ ʧʨʦʮʝʩʠ 

ʪʝʨʤʽʯʥʦʛʦ ʪʘ ʧʣʘʟʤʦʚʦʛʦ ʨʦʟʢʣʘʜʫ ʚʠʟʥʘʯʘʶʪʴ ʝʥʝʨʛʝʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʪʷʛʠ. 

ɸʤʽʘʢ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʪʝʨʤʽʯʥʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ, ʱʦ ʟʫʤʦʚʣʝʥʦ 

ʟʥʘʯʥʦʶ ʝʥʝʨʛʽʻʶ ʟʚôʷʟʢʫ ʘʟʦʪïʚʦʜʝʥʴ. ʇʦʤʽʪʥʘ ʜʠʩʦʮʽʘʮʽʷ ʮʽʻʾ ʩʧʦʣʫʢʠ 

ʨʦʟʧʦʯʠʥʘʻʪʴʩʷ ʣʠʰʝ ʟʘ ʪʝʤʧʝʨʘʪʫʨ ʧʦʥʘʜ 400 ÁC, ʪʦʜʽ ʷʢ ̔ ʥʪʝʥʩʠʚʥʠʡ ʨʦʟʢʣʘʜ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫ ʜʽʘʧʘʟʦʥʽ 600ï700 ÁC. ʇʨʦʮʝʩ ʤʘʻ ʝʥʜʦʪʝʨʤʽʯʥʠʡ ʭʘʨʘʢʪʝʨ ʽ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʘʟʦʪʫ ʪʘ ʚʦʜʥʶ. ʂʽʥʝʪʠʢʘ 

ʜʠʩʦʮʽʘʮʽʾ ʘʤʽʘʢʫ ʻ ʩʢʣʘʜʥʦʶ ʽ ʟʘʣʝʞʠʪʴ ʥʝ ʪʽʣʴʢʠ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʘ ʡ ʚʽʜ 
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ʧʨʠʨʦʜʠ ʧʦʚʝʨʭʥʽ ʨʝʘʢʪʦʨʘ ʪʘ ʥʘʷʚʥʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʽʚ. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʤʝʪʘʣʝʚʠʭ ʢʘʪʘʣʽʟʘʪʦʨʽʚ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʟʥʠʟʠʪʠ ʝʥʝʨʛʽʶ ʘʢʪʠʚʘʮʽʾ ʪʘ 

ʧʽʜʚʠʱʠʪʠ ʰʚʠʜʢʽʩʪʴ ʨʝʘʢʮʽʾ, ʱʦ ʤʘʻ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ 

ʩʪʘʙʽʣʴʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʜʚʠʛʫʥʽʚ, ʫ ʷʢʠʭ ʥʝʦʙʭʽʜʥʦ 

ʟʘʙʝʟʧʝʯʠʪʠ ʝʬʝʢʪʠʚʥʫ ʽʦʥʽʟʘʮʽʶ ʧʨʦʜʫʢʪʽʚ ʨʦʟʢʣʘʜʫ ʪʘ ʬʦʨʤʫʚʘʥʥʷ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʧʣʘʟʤʠ. 

ɻʽʜʨʘʟʠʥ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʘʤʽʘʢʫ, ʻ ʟʥʘʯʥʦ ʤʝʥʰ ʪʝʨʤʽʯʥʦ ʩʪʘʙʽʣʴʥʦʶ 

ʩʧʦʣʫʢʦʶ ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʚʽʜʥʦʩʥʦ ʩʣʘʙʢʦʛʦ ʟʚôʷʟʢʫ ʤʽʞ ʘʪʦʤʘʤʠ ʘʟʦʪʫ. ʁʦʛʦ 

ʨʦʟʢʣʘʜ ʤʦʞʝ ʨʦʟʧʦʯʠʥʘʪʠʩʷ ʚʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 200ï300 ÁC, ʘ ʽʥʪʝʥʩʠʚʥʽ 

ʧʨʦʮʝʩʠ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʫ ʜʽʘʧʘʟʦʥʽ 350ï400 ÁC. ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʻ 

ʝʢʟʦʪʝʨʤʽʯʥʽʩʪʴ ʨʝʘʢʮʽʾ ʜʠʩʧʨʦʧʦʨʮʽʦʥʫʚʘʥʥʷ, ʫ ʨʝʟʫʣʴʪʘʪʽ ʷʢʦʾ ʫʪʚʦʨʶʶʪʴʩʷ 

ʘʤʽʘʢ ʽ ʤʦʣʝʢʫʣʷʨʥʠʡ ʘʟʦʪ. ɿʘ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʤʦʞʣʠʚʠʡ ʧʦʚʥʠʡ 

ʨʦʟʢʣʘʜ ʽʟ ʬʦʨʤʫʚʘʥʥʷʤ ʘʟʦʪʫ ʪʘ ʚʦʜʥʶ. ʋ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʜʚʠʛʫʥʘʭ ʪʘʢʘ 

ʚʣʘʩʪʠʚʽʩʪʴ ʻ ʚʘʞʣʠʚʦʶ ʧʝʨʝʚʘʛʦʶ, ʦʩʢʽʣʴʢʠ ʝʢʟʦʪʝʨʤʽʯʥʽʩʪʴ ʧʨʦʮʝʩʫ ʩʧʨʠʷʻ 

ʜʦʜʘʪʢʦʚʦʤʫ ʝʥʝʨʛʝʪʠʯʥʦʤʫ ʧʽʜʞʠʚʣʝʥʥʶ ʧʣʘʟʤʦʚʦʛʦ ʧʦʪʦʢʫ ʪʘ ʧʽʜʚʠʱʝʥʥʶ 

ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ ʪʷʛʠ. ɺʦʜʥʦʯʘʩ ʚʠʩʦʢʘ ʨʝʘʢʮʽʡʥʘ ʟʜʘʪʥʽʩʪʴ ʛʽʜʨʘʟʠʥʫ 

ʧʦʪʨʝʙʫʻ ʨʝʪʝʣʴʥʦʛʦ ʢʦʥʪʨʦʣʶ ʫʤʦʚ ʧʦʜʘʯʽ ʪʘ ʨʦʟʢʣʘʜʫ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʙʝʟʧʝʯʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʜʚʠʛʫʥʽʚ. 

 

ɺʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ, ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʜʠʩʦʮʽʘʮʽʶ ʦʙʦʭ ʩʧʦʣʫʢ, ʻ ʪʠʩʢ. ɼʣʷ 

ʘʤʽʘʢʫ ʧʽʜʚʠʱʝʥʥʷ ʪʠʩʢʫ ʟʤʽʱʫʻ ʨʽʚʥʦʚʘʛʫ ʫ ʙʽʢ ʚʠʭʽʜʥʦʾ ʨʝʯʦʚʠʥʠ, ʪʦʜʽ ʷʢ 

ʟʥʠʞʝʥʥʷ ʪʠʩʢʫ ʩʧʨʠʷʻ ʟʨʦʩʪʘʥʥʶ ʩʪʫʧʝʥʷ ʨʦʟʢʣʘʜʫ ʪʘ ʟʙʽʣʴʰʝʥʥʶ ʚʠʭʦʜʫ 

ʚʦʜʥʶ. ɼʣʷ ʛʽʜʨʘʟʠʥʫ ʚʧʣʠʚ ʪʠʩʢʫ ʤʘʻ ʩʢʣʘʜʥʽʰʠʡ ʭʘʨʘʢʪʝʨ, ʱʦ ʧʦʚôʷʟʘʥʦ ʟ 

ʤʦʞʣʠʚʽʩʪʶ ʧʨʦʪʽʢʘʥʥʷ ʨʽʟʥʠʭ ʨʝʘʢʮʽʡʥʠʭ ʰʣʷʭʽʚ. ʋ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʜʚʠʛʫʥʘʭ 

ʦʧʪʠʤʘʣʴʥʠʡ ʚʠʙʽʨ ʪʠʩʢʫ ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʜʦʟʚʦʣʷʻ ʨʝʛʫʣʶʚʘʪʠ ʩʪʫʧʽʥʴ 

ʜʠʩʦʮʽʘʮʽʾ, ʩʪʘʙʽʣʴʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ ʪʘ ʝʥʝʨʛʝʪʠʯʥʽ ʧʘʨʘʤʝʪʨʠ 

ʧʣʘʟʤʦʚʦʛʦ ʩʪʨʫʤʝʥʷ. 
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ʏʘʩʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʮʝʩʽʚ ʨʦʟʢʣʘʜʫ ʘʤʽʘʢʫ ʽ ʛʽʜʨʘʟʠʥʫ ʽʩʪʦʪʥʦ 

ʚʽʜʨʽʟʥʷʶʪʴʩʷ. ɸʤʽʘʢ ʧʦʪʨʝʙʫʻ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʘʙʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʢʘʪʘʣʽʟʘʪʦʨʽʚ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʟʥʘʯʥʦʛʦ ʩʪʫʧʝʥʷ ʜʠʩʦʮʽʘʮʽʾ, ʪʦʜʽ ʷʢ ʛʽʜʨʘʟʠʥ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʢʦʨʦʪʰʠʤʠ ʧʝʨʽʦʜʘʤʠ ʽʥʜʫʢʮʽʾ ʪʘ ʰʚʠʜʰʠʤ ʧʝʨʝʙʽʛʦʤ 

ʨʝʘʢʮʽʡ. ɽʢʟʦʪʝʨʤʽʯʥʽʩʪʴ ʨʦʟʢʣʘʜʫ ʛʽʜʨʘʟʠʥʫ ʤʦʞʝ ʩʧʨʠʯʠʥʷʪʠ 

ʩʘʤʦʧʨʠʩʢʦʨʝʥʥʷ ʧʨʦʮʝʩʫ, ʱʦ ʚ ʫʤʦʚʘʭ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ ʜʚʠʛʫʥʽʚ ʤʦʞʝ ʷʢ 

ʧʽʜʚʠʱʫʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʷʛʠ, ʪʘʢ ʽ ʩʪʚʦʨʶʚʘʪʠ ʨʠʟʠʢʠ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ 

ʨʦʟʨʷʜʫ. 

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʧʦʢʘʟʫʻ, ʱʦ ʘʤʽʘʢ ʻ ʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʤ ʽ ʧʨʠʜʘʪʥʠʤ 

ʜʣʷ ʜʦʚʛʦʪʨʠʚʘʣʦʛʦ ʟʙʝʨʽʛʘʥʥʷ, ʪʦʜʽ ʷʢ ʛʽʜʨʘʟʠʥ ʟʘʙʝʟʧʝʯʫʻ ʚʠʱʫ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʚ ʨʝʘʢʪʠʚʥʠʭ ʪʘ ʝʣʝʢʪʨʦʧʣʘʟʤʦʚʠʭ 

ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʢʘʭ. ʈʦʟʫʤʽʥʥʷ ʢʽʥʝʪʠʢʠ ʽ ʤʝʭʘʥʽʟʤʽʚ ʪʝʨʤʽʯʥʦʾ ʜʠʩʦʮʽʘʮʽʾ 

ʮʠʭ ʩʧʦʣʫʢ ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʪʠʧʽʚ ʝʣʝʢʪʨʦʜʫʛʦʚʠʭ 

ʜʚʠʛʫʥʽʚ ʟ ʧʽʜʚʠʱʝʥʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ ʢʦʨʠʩʥʦʾ ʜʽʾ ʪʘ ʧʦʢʨʘʱʝʥʠʤʠ ʪʷʛʦʚʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 
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ʈʆɹʆʏʆɰ ʈɽʏʆɺʀʅʀ ɽʃɽʂʊʈʆʈɸʂɽʊʅʀʍ ʈʋʐɯʁʅʀʍ 

ʋʉʊɸʅʆɺʆʂ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʨʝʪʨʦʩʧʝʢʪʠʚʥʦʛʦ ʦʛʣʷʜʫ ʩʠʩʪʝʤ 

ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʧʦʜʘʯʽ ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ ʝʣʝʢʪʨʦʨʘʢʝʪʥʠʭ ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ 

ʥʘ ʙʘʟʽ ʭʦʣʣʦʚʩʴʢʠʭ ʪʘ ʽʦʥʥʠʭ ʜʚʠʛʫʥʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʽʥʝʨʪʥʠʭ ʛʘʟʘʭ. ʋ 

ʤʝʞʘʭ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʜʘʥʽ ʱʦʜʦ 103 ʩʠʩʪʝʤ ʟʘ ʧʝʨʽʦʜ ʟ 1988 

ʧʦ 2025 ʨʨ. ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ, ʚʠʜʽʣʝʥʦ ʩʠʩʪʝʤʥʽ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ, ʧʝʨʩʧʝʢʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʪʽ, ʱʦ ʤʘʡʞʝ ʥʝ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʥʘ 
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ʦʧʪʠʤʘʣʴʥʠʭ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ ʫ ʤʘʡʙʫʪʥʽʭ ʩʠʩʪʝʤʘʭ, ʘ ʪʘʢʦʞ ʷʢ ʙʘʟʘ ʜʣʷ 
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RETROSPECTIVE REVIEW OF STORAGE AND FEED SYSTEMS OF 

ELECTRIC PROPULSION SYSTEMS 

Annotation. The paper presents the results of a retrospective review of propellant 

storage and feed systems for electric propulsion based on Hall-effect and ion 

thrusters operating on inert gases. Within the framework of the study, 103 systems 

developed during the period from 1988 to 2025 were analyzed. The main 

development trends were identified, systemic patterns were determined, as well as 

advanced technologies and those that are currently rarely used. The obtained results 

can be applied to the selection of optimal technical solutions for future systems and 

may also serve as a basis for further research. 

Keywords: storage system, feed system, electric propulsion system, propellant 

management assembly, propellant flow controller 

 

ɽʣʝʢʪʨʦʨʘʢʝʪʥʽ ʨʫʰʽʡʥʽ ʫʩʪʘʥʦʚʢʠ (ɽʈʈʋ) ʥʘ ʙʘʟʽ ʭʦʣʣʦʚʩʴʢʠʭ ʪʘ ʽʦʥʥʠʭ 

ʜʚʠʛʫʥʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʽʥʝʨʪʥʠʭ ʛʘʟʘʭ, ʥʘʙʫʣʠ ʟʥʘʯʥʦʛʦ ʧʦʰʠʨʝʥʥʷ 

ʟʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ [1]. ʉʠʩʪʝʤʠ 

ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʧʦʜʘʯʽ ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ ʻ ʚʘʞʣʠʚʠʤʠ ʩʢʣʘʜʦʚʠʤʠ ɽʈʈʋ, ʷʢʽ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʘʜʽʡʥʝ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʥʝʦʙʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʤʘʩʦʚʦʾ ʚʠʪʨʘʪʠ 

ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ ʥʘ ʚʭʦʜʽ ʜʦ ʜʚʠʛʫʥʘ [2]. ʎʝ ʧʽʜʢʨʝʩʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʦʛʣʷʜʫ 

ʨʦʟʚʠʪʢʫ ʮʠʭ ʩʠʩʪʝʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʮʽʥʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʘʥʽʰʝ ʟʘʩʪʦʩʦʚʘʥʠʭ 

ʨʽʰʝʥʴ ʜʣʷ ʾʭ ʧʦʜʘʣʴʰʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ.  

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʧʦʢʘʟʘʚ ʥʘʷʚʥʽʩʪʴ ʨʦʙʽʪ, ʫ ʷʢʠʭ ʥʘʚʝʜʝʥʦ 

ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʩʠʩʪʝʤʠ, ʨʦʟʨʦʙʣʝʥʽ ʪʘʢʠʤʠ ʢʦʤʧʘʥʽʷʤʠ, ʷʢ Advanced Space 

Technologies, Airbus, Moog, Rafael, Thales ʪʘ ʽʥ. [3-7]. ʇʨʦʪʝ ʮʽ ʨʦʙʦʪʠ 

ʩʪʦʩʫʶʪʴʩʷ ʨʦʟʚʠʪʢʫ ʩʠʩʪʝʤ ʣʠʰʝ ʫ ʤʝʞʘʭ ʢʦʥʢʨʝʪʥʠʭ ʢʦʤʧʘʥʽʡ ʽ ʥʝ ʜʘʶʪʴ 

ʮʽʣʽʩʥʦʛʦ ʫʷʚʣʝʥʥʷ ʧʨʦ ʨʦʟʚʠʪʦʢ ʩʠʩʪʝʤ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʧʦʜʘʯʽ ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ 

ʟʘʛʘʣʦʤ. ʊʘʢʦʞ ʻ ʧʫʙʣʽʢʘʮʽʾ [8, 9], ʫ ʷʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʛʣʷʜ ʨʽʟʥʠʭ ʩʠʩʪʝʤ 

ʧʦʜʘʯʽ ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ ɽʈʈʋ. ʆʜʥʘʢ ʫ ʥʠʭ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʣʠʰʝ ʦʙʤʝʞʝʥʘ 

ʢʽʣʴʢʽʩʪʴ ʩʠʩʪʝʤ ʧʦʜʘʯʽ, ʽ ʥʝ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʩʠʩʪʝʤʠ ʟʙʝʨʽʛʘʥʥʷ ʨʦʙʦʯʦʾ 

ʨʝʯʦʚʠʥʠ. 

ɺʽʜʧʦʚʽʜʥʦ, ʤʝʪʦʶ ʨʦʙʦʪʠ ʙʫʣʦ ʧʨʦʚʝʜʝʥʥʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʦʛʣʷʜʫ 

ʨʦʟʚʠʪʢʫ ʩʠʩʪʝʤ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʧʦʜʘʯʽ ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ ɽʈʈʋ, ʷʢʠʡ ʦʭʦʧʣʶʻ 

ʥʝ ʣʠʰʝ ʛʦʪʦʚʽ ʨʽʰʝʥʥʷ, ʘ ʡ ʪʽ, ʱʦ ʟʥʘʭʦʜʠʣʠʩʴ ʥʘ ʝʪʘʧʽ ʧʨʦʝʢʪʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ 

ʾʭ ʪʝʭʥʦʣʦʛʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʪʘ ʟʘʛʘʣʴʥʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʥʘʫʢʦʚʠʭ ʜʞʝʨʝʣ ʟʘ ʧʝʨʽʦʜ ʟ 1988 ʧʦ 2025 ʨʨ. 

ʙʫʣʦ ʟʥʘʡʜʝʥʦ ʽ ʦʧʨʘʮʴʦʚʘʥʦ ʽʥʬʦʨʤʘʮʽʶ ʱʦʜʦ 103 ʩʠʩʪʝʤ. ɿ ʥʠʭ 47 ʤʘʣʠ 

ʣʴʦʪʥʫ ʽʩʪʦʨʽʶ ʽ ʙʫʣʠ ʟʘʩʪʦʩʦʚʘʥʽ ʙʽʣʴʰ ʥʽʞ ʥʘ 1060 ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʘʭ.  

mailto:bohdanyurkov@gmail.com
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ʉʠʩʪʝʤʘʪʠʟʘʮʽʷ ʜʘʥʠʭ ʪʘ ʛʨʘʬʽʯʥʠʡ ʘʥʘʣʽʟ ʮʠʭ ʜʘʥʠʭ ʜʦʟʚʦʣʠʣʠ 

ʩʬʦʨʤʫʚʘʪʠ ʫʟʘʛʘʣʴʥʝʥʝ ʫʷʚʣʝʥʥʷ ʧʨʦ ʨʦʟʚʠʪʦʢ ʩʠʩʪʝʤ ʟʙʝʨʽʛʘʥʥʷ ʪʘ ʧʦʜʘʯʽ 

ʨʦʙʦʯʦʾ ʨʝʯʦʚʠʥʠ ɽʈʈʋ, ʾʭ ʩʢʣʘʜʦʚʠʭ ʩʠʩʪʝʤ ʪʘ ʝʣʝʤʝʥʪʽʚ. ʇʨʦʚʝʜʝʥʦ ʾʭ 

ʢʣʘʩʠʬʽʢʘʮʽʶ, ʘ ʪʘʢʦʞ ʥʘʚʝʜʝʥʦ ʾʭʥʽ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ. ɺʠʜʽʣʝʥʦ ʩʠʩʪʝʤʥʽ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ, ʧʝʨʩʧʝʢʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʪʽ, ʱʦ ʤʘʡʞʝ ʥʝ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʥʘ 

ʪʝʧʝʨʽʰʥʽʡ ʯʘʩ. ɿʘʟʥʘʯʝʥʦ ʢʣʶʯʦʚʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ ʮʠʭ ʩʠʩʪʝʤ, ʷʢʽ ʻ 

ʚʽʜʧʦʚʽʜʜʶ ʥʘ ʩʫʯʘʩʥʽ ʚʠʢʣʠʢʠ ʢʦʩʤʽʯʥʦʾ ʽʥʜʫʩʪʨʽʾ. 
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ɼʥʽʧʨʦʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ 
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ɹʽʣʦʛʫʨʦʚ ʉ.ʆ., 
ɼʥʽʧʨʦʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ 

ɸʅɸʃɯɿ ɽʅɽʈɻʆʉʇʆɾʀɺɸʅʅʗ ʉʀʉʊɽʄʀ ʇʆɼɸʏɯ ʈʋʐɯʁʅʆɰ 

ʋʉʊɸʅʆɺʂʀ ʅɸ çɿɽʃɽʅʆʄʋè ʇɸʃʀɺɯ ɼʃʗ ʂʆʉʄɯʏʅʀʍ 

ɸʇɸʈɸʊɯɺ ʊʀʇʋ CUBESAT 

ɸʥʦʪʘʮʽʷ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʠʩʚʷʯʝʥʝ ʘʥʘʣʽʟʫ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʩʠʩʪʝʤʠ ʧʦʜʘʯʽ 

ʨʫʰʽʡʥʦʾ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʪʠʧʫ CubeSat [1] ʥʘ ʦʩʥʦʚʽ 

çʟʝʣʝʥʦʛʦè ʤʦʥʦʧʘʣʠʚʘ. ʈʦʙʦʪʘ ʻ ʧʨʦʜʦʚʞʝʥʥʷʤ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ, 

ʩʧʨʷʤʦʚʘʥʠʭ ʥʘ ʧʽʜʚʠʱʝʥʥʷ ʙʝʟʧʝʢʠ ʪʘ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ 

ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʚʝʨʜʠʭ ʭʽʤʽʯʥʠʭ ʩʧʦʣʫʢ ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʛʘʟʫ ʥʘʜʜʫʚʫ. 

ʆʩʥʦʚʥʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʦʮʽʥʮʽ ʝʥʝʨʛʝʪʠʯʥʠʭ ʚʠʪʨʘʪ ʥʘ ʥʘʛʨʽʚ, ʘʢʪʠʚʘʮʽʶ 

ʪʘ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʩʠʩʪʝʤʠ ʚ ʫʤʦʚʘʭ ʦʙʤʝʞʝʥʦʛʦ 

ʝʥʝʨʛʦʙʶʜʞʝʪʫ ʥʘʥʦʩʫʧʫʪʥʠʢʽʚ.. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: CubeSat, ʨʫʰʽʡʥʘ ʫʩʪʘʥʦʚʢʘ, ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ, çʟʝʣʝʥʝè 

ʧʘʣʠʚʦ, ʩʠʩʪʝʤʘ ʧʦʜʘʯʽ, ʛʝʥʝʨʘʮʽʷ ʛʘʟʫ, ʪʝʨʤʽʯʥʠʡ ʨʦʟʢʣʘʜ 
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ENERGY CONSUMPTION ANALYSIS OF A FEED SYSTEM FOR 

GREEN PROPULSION OF CUBESAT SPACECRAFT  

Annotation. The study is devoted to the analysis of energy consumption in 

propulsion system feed architectures for CubeSat-class spacecraft using green 

monopropellants. The paper continues previous research focused on improving the 

safety and efficiency of propulsion systems through the use of solid-state chemical 

compounds for gas generation. Particular attention is given to the evaluation of 

energy requirements associated with heating, activation, and operation of the 

proposed feed system. The results are aimed at optimizing power consumption under 

strict onboard energy constraints typical for nanosatellites. 

Keywords: CubeSat, propulsion system, energy consumption, green 

monopropellant, feed system, solid-state gas generation, thermal decomposition 

mailto:lexandro88@gmail.com
mailto:lexandro88@gmail.com


··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

91 

ʉʪʨʽʤʢʠʡ ʨʦʟʚʠʪʦʢ ʤʘʣʠʭ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ 

ʚʠʤʦʛ ʜʦ ʝʬʝʢʪʠʚʥʦʩʪʽ ʾʭʥʽʭ ʙʦʨʪʦʚʠʭ ʩʠʩʪʝʤ, ʟʦʢʨʝʤʘ ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ. 

ʂʦʩʤʽʯʥʽ ʘʧʘʨʘʪʠ ʪʠʧʫ CubeSat [1] ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʞʦʨʩʪʢʠʤʠ 

ʦʙʤʝʞʝʥʥʷʤʠ ʟʘ ʤʘʩʦʶ, ʛʘʙʘʨʠʪʘʤʠ ʪʘ ʦʩʦʙʣʠʚʦ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷʤ, ʱʦ 

ʨʦʙʠʪʴ ʝʥʝʨʛʝʪʠʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʜʥʠʤ ʽʟ ʚʠʟʥʘʯʘʣʴʥʠʭ ʬʘʢʪʦʨʽʚ ʧʨʠ 

ʧʨʦʝʢʪʫʚʘʥʥʽ ʨʫʰʽʡʥʠʭ ʩʠʩʪʝʤ. 

ʉʫʯʘʩʥʽ ʨʫʰʽʡʥʽ ʫʩʪʘʥʦʚʢʠ ʧʦʚʠʥʥʽ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʥʝ ʣʠʰʝ ʥʝʦʙʭʽʜʥʽ 

ʪʷʛʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʘʣʝ ʡ ʚʽʜʧʦʚʽʜʘʪʠ ʚʠʤʦʛʘʤ ʙʝʟʧʝʢʠ ʧʫʩʢʦʚʠʭ 

ʦʧʝʨʘʪʦʨʽʚ [4]. ɿʦʢʨʝʤʘ, ʦʙʤʝʞʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʩʦʢʦʪʠʩʢʦʚʠʭ ʻʤʥʦʩʪʝʡ 

ʪʘ ʪʦʢʩʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ [6], ʱʦ ʩʪʠʤʫʣʶʻ ʨʦʟʚʠʪʦʢ ʨʫʰʽʡʥʠʭ 

ʫʩʪʘʥʦʚʦʢ ʥʘ çʟʝʣʝʥʦʤʫè ʤʦʥʦʧʘʣʠʚʽ, ʪʘʢʠʭ ʷʢ ʩʧʦʣʫʢʠ ʥʘ ʦʩʥʦʚʽ HAN ʪʘ 

ADN. 

ʋ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʜʦʩʢʦʥʘʣʝʥʫ ʩʠʩʪʝʤʫ 

ʧʦʜʘʯʽ ʨʦʙʦʯʦʛʦ ʪʽʣʘ, ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʪʚʝʨʜʠʭ ʭʽʤʽʯʥʠʭ ʩʧʦʣʫʢ, 

ʟʜʘʪʥʠʭ ʚʠʜʽʣʷʪʠ ʛʘʟ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ 

ʛʝʥʝʨʘʮʽʶ ʛʘʟʫ ʥʘʜʜʫʚʫ ʟʘ ʧʦʪʨʝʙʦʶ ʪʘ ʚʽʜʤʦʚʠʪʠʩʴ ʚʽʜ ʪʨʘʜʠʮʽʡʥʠʭ 

ʤʝʪʦʜʽʚ[2] ʟʙʝʨʽʛʘʥʥʷ ʛʘʟʫ ʧʽʜ ʚʠʩʦʢʠʤ ʪʠʩʢʦʤ. ʆʜʥʘʢ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʦʛʦ 

ʨʽʰʝʥʥʷ ʚʠʩʫʚʘʻ ʥʦʚʫ ʚʘʞʣʠʚʫ ʚʠʤʦʛʫ ï ʦʮʽʥʢʫ ʝʥʝʨʛʝʪʠʯʥʠʭ ʚʠʪʨʘʪ ʥʘ ʡʦʛʦ 

ʨʝʘʣʽʟʘʮʽʶ. 

ʆʩʥʦʚʥʦʶ ʤʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʘʥʘʣʽʟ ʪʘ ʦʮʽʥʢʘ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʩʠʩʪʝʤʠ ʧʦʜʘʯʽ. ɿʘʛʘʣʴʥʽ ʚʠʪʨʘʪʠ ʝʥʝʨʛʽʾ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʢʽʣʴʢʦʤʘ ʩʢʣʘʜʦʚʠʤʠ: ʝʥʝʨʛʽʻʶ ʥʘʛʨʽʚʫ ʪʚʝʨʜʦʾ ʨʝʯʦʚʠʥʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 

ʨʦʟʢʣʘʜʫ, ʝʥʝʨʛʽʻʶ ʩʘʤʦʛʦ ʧʨʦʮʝʩʫ ʭʽʤʽʯʥʦʛʦ ʨʦʟʢʣʘʜʫ, ʘ ʪʘʢʦʞ ʪʝʧʣʦʚʠʤʠ 

ʚʪʨʘʪʘʤʠ ʫ ʥʘʚʢʦʣʠʰʥʻ ʩʝʨʝʜʦʚʠʱʝ. 

ɼʣʷ ʦʮʽʥʢʠ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʧʨʦʱʝʥʘ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ ʤʦʜʝʣʴ, ʫ ʷʢʽʡ ʥʝʦʙʭʽʜʥʘ ʝʥʝʨʛʽʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʩʫʤʘ ʪʝʧʣʦʪʠ 

ʥʘʛʨʽʚʫ ʪʘ ʝʥʝʨʛʽʾ ʨʦʟʢʣʘʜʫ [5]. ʆʩʥʦʚʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ, ʻ ʤʘʩʘ ʨʝʯʦʚʠʥʠ, ʾʾ ʪʝʧʣʦʻʤʥʽʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʘʢʪʠʚʘʮʽʾ ʪʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʧʝʨʝʜʘʯʽ. 

ʉʝʨʝʜ ʨʦʟʛʣʷʥʫʪʠʭ ʩʧʦʣʫʢ ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʢʘʨʙʦʥʘʪʫ ʘʤʦʥʽʶ 

((NH ) CO ), ʷʢʠʡ ʤʘʻ ʥʠʟʴʢʫ ʪʝʤʧʝʨʘʪʫʨʫ ʨʦʟʢʣʘʜʫ (ʧʨʠʙʣʠʟʥʦ 36ï60 ÁC) ʪʘ 

ʚʠʩʦʢʠʡ ʚʠʭʽʜ ʛʘʟʫ [3]. ʎʝ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʝʥʝʨʛʝʪʠʯʥʽ ʚʠʪʨʘʪʠ ʥʘ ʘʢʪʠʚʘʮʽʶ 

ʩʠʩʪʝʤʠ ʧʦʨʽʚʥʷʥʦ ʟ ʽʥʰʠʤʠ ʨʝʯʦʚʠʥʘʤʠ ʪʘ ʨʦʙʠʪʴ ʡʦʛʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʝʥʝʨʛʝʪʠʯʥʦ ʦʙʤʝʞʝʥʠʭ ʧʣʘʪʬʦʨʤʘʭ CubeSat. 

ʋ ʧʦʨʽʚʥʷʥʥʽ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʩʠʩʪʝʤʘʤʠ ʧʦʜʘʯʽ, ʪʘʢʠʤʠ ʷʢ ʩʠʩʪʝʤʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʩʠʯʝʥʠʭ ʧʘʨʽʚ (ʽʟʦʙʫʪʘʥ) ʘʙʦ ʙʘʣʦʥʽʚ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ [2], 

ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʦʩʪʽʡʥʦʛʦ 

ʪʝʨʤʦʩʪʘʪʫʚʘʥʥʷ ʻʤʥʦʩʪʽ ʨʦʙʦʯʦʛʦ ʪʽʣʘ ʪʘ ʟʤʝʥʰʠʪʠ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʚ 

ʨʝʞʠʤʽ ʦʯʽʢʫʚʘʥʥʷ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʧʦʯʘʪʢʦʚʠʡ ʝʪʘʧ ʘʢʪʠʚʘʮʽʾ ʤʦʞʝ 

ʚʠʤʘʛʘʪʠ ʧʽʜʚʠʱʝʥʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʟʘʛʘʣʴʥʠʡ ʝʥʝʨʛʝʪʠʯʥʠʡ ʙʘʣʘʥʩ ʩʠʩʪʝʤʠ 

ʧʨʦʪʷʛʦʤ ʤʽʩʽʾ ʤʦʞʝ ʙʫʪʠ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤ ʟʘ ʨʘʭʫʥʦʢ ʽʤʧʫʣʴʩʥʦʛʦ ʨʝʞʠʤʫ 

ʨʦʙʦʪʠ. 
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ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʠʩʪʝʤ 

ʛʝʥʝʨʘʮʽʾ ʛʘʟʫ ʟ ʪʚʝʨʜʠʭ ʭʽʤʽʯʥʠʭ ʩʧʦʣʫʢ ʷʢ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʾ ʪʘ ʙʝʟʧʝʯʥʦʾ 

ʘʣʴʪʝʨʥʘʪʠʚʠ ʜʣʷ ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʪʠʧʫ CubeSat. 

ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʜʫʪʴ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʫʪʦʯʥʝʥʥʷ ʨʦʟʨʘʭʫʥʢʦʚʠʭ 

ʤʦʜʝʣʝʡ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʧʝʨʝʚʽʨʢʫ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʪʘ ʦʧʪʠʤʽʟʘʮʽʶ 

ʪʝʧʣʦʚʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʩʠʩʪʝʤʠ ʟ ʤʝʪʦʶ ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʚʪʨʘʪ. 
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CURRENT STATE AND CHALLENGES OF CATALYSTS FOR 

UNITIZED REGENERATIVE FUEL CELLS  

Annotations. A unified regenerative fuel cell (URFC) is an electrochemical device 

that can function both as an electrolyzer and as a fuel cell, enabling energy storage 

from renewable sources. Excess electricity is used to produce hydrogen, which is 

subsequently converted back into electricity. This enhances the stability and 

reliability of power systems, but widespread adoption is limited by high costs. The 

main challenges are the use of expensive noble metals and the insufficient stability 

of cheaper catalysts. This paper summarizes current research, examines degradation 

mechanisms, and identifies promising directions for improving the efficiency and 

durability of UREF. 

Keywords: Unitized regenerative fuel cell, hydrogen energy, electrolysis, fuel cells, 

catalysts. 

 

ʋʥʽʬʽʢʦʚʘʥʽ ʨʝʛʝʥʝʨʘʪʠʚʥʽ ʧʘʣʠʚʥʽ ʝʣʝʤʝʥʪʠ (ʋʈʇɽ) ʻ ʧʝʨʩʧʝʢʪʠʚʥʦʶ 

ʪʝʭʥʦʣʦʛʽʻʶ ʜʣʷ ʥʘʢʦʧʠʯʝʥʥʷ ʝʥʝʨʛʽʾ ʫ ʩʠʩʪʝʤʘʭ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ 

ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣʘʭ. ɰʭ ʢʣʶʯʦʚʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʻ ʟʜʘʪʥʽʩʪʴ ʧʨʘʮʶʚʘʪʠ ʷʢ 

ʫ ʨʝʞʠʤʽ ʝʣʝʢʪʨʦʣʽʟʝʨʘ, ʪʘʢ ʽ ʚ ʨʝʞʠʤʽ ʧʘʣʠʚʥʦʛʦ ʝʣʝʤʝʥʪʘ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʥʘʜʣʠʰʢʦʚʦʾ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʫ ʚʦʜʝʥʴ ʪʘ ʡʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʣʷ 

ʛʝʥʝʨʘʮʽʾ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ [1]. ɿʘʚʜʷʢʠ ʬʫʥʢʮʽʦʥʘʣʴʥʽʡ ʽʥʪʝʛʨʘʮʽʾ ʜʚʦʭ ʧʨʦʮʝʩʽʚ 

ʚ ʦʜʥʦʤʫ ʧʨʠʩʪʨʦʾ ʧʽʜʚʠʱʫʻʪʴʩʷ ʛʥʫʯʢʽʩʪʴ, ʢʦʤʧʘʢʪʥʽʩʪʴ ʟʘ ʧʝʚʥʦʛʦ 

ʟʙʝʨʝʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʦʞ ʟʤʝʥʰʫʻʪʴʩʷ ʾʭʥʷ 

ʩʪʨʫʢʪʫʨʥʘ ʩʢʣʘʜʥʽʩʪʴ [2].  

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʠʡ ʧʦʪʝʥʮʽʘʣ, ʰʠʨʦʢʝ ʚʧʨʦʚʘʜʞʝʥʥʷ ʋʈʇɽ 

ʦʙʤʝʞʫʻʪʴʩʷ ʟʥʘʯʥʦʶ ʚʘʨʪʽʩʪʶ ʪʘ ʟʤʝʥʰʝʥʥʷʤ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʽʜ ʨʦʟʧʦʜʽʣʝʥʠʭ 

ʽʩʥʫʶʯʠʭ ʩʠʩʪʝʤ [3]. ʆʩʥʦʚʥʦʶ ʧʨʠʯʠʥʦʶ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʣʘʛʦʨʦʜʥʠʭ 

ʤʝʪʘʣʽʚ, ʟʦʢʨʝʤʘ ʧʣʘʪʠʥʠ, ʽʨʠʜʽʶ ʪʘ ʨʫʪʝʥʽʶ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝʦʙʭʽʜʥʫ 

ʙʽʬʫʥʢʮʽʦʥʘʣʴʥʫ ʢʘʪʘʣʽʟʘʪʦʨʥʫ ʘʢʪʠʚʥʽʩʪʴ ʫ ʨʝʚʝʨʩʠʚʥʠʭ ʫʤʦʚʘʭ ʨʦʙʦʪʠ [4]. 

ɺʦʜʥʦʯʘʩ ʪʘʢʽ ʢʘʪʘʣʽʟʘʪʦʨʠ ʩʭʠʣʴʥʽ ʜʦ ʜʝʛʨʘʜʘʮʽʾ ʧʽʜ ʯʘʩ ʮʠʢʣʽʯʥʦʛʦ 

ʧʝʨʝʤʠʢʘʥʥʷ ʤʽʞ ʨʝʞʠʤʘʤʠ ʝʣʝʢʪʨʦʣʽʟʫ ʪʘ ʛʝʥʝʨʘʮʽʾ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ, ʱʦ 

ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ [5].  

ɼʦ ʦʩʥʦʚʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʜʝʛʨʘʜʘʮʽʾ ʥʘʣʝʞʘʪʴ ʢʦʨʦʟʽʷ ʤʘʪʝʨʽʘʣʽʚ, 

ʨʦʟʯʠʥʝʥʥʷ ʪʘ ʘʛʣʦʤʝʨʘʮʽʷ ʥʘʥʦʯʘʩʪʠʥʦʢ ʢʘʪʘʣʽʟʘʪʦʨʘ, ʘ ʪʘʢʦʞ ʨʫʡʥʫʚʘʥʥʷ 

ʚʫʛʣʝʮʝʚʠʭ ʥʦʩʽʾʚ ʧʨʠ ʚʠʩʦʢʠʭ ʧʦʪʝʥʮʽʘʣʘʭ [6]. ɼʦʜʘʪʢʦʚʦ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʩʠʩʪʝʤʠ ʟʥʠʞʫʻʪʴʩʷ ʯʝʨʝʟ ʧʦʚʽʣʴʥʫ ʢʽʥʝʪʠʢʫ ʨʝʘʢʮʽʡ ʚʠʜʽʣʝʥʥʷ ʪʘ ʚʽʜʥʦʚʣʝʥʥʷ 

ʢʠʩʥʶ, ʱʦ ʧʦʪʨʝʙʫʻ ʚʠʩʦʢʦ ʾʧʝʨʝʥʘʧʨʫʛʠ.  

ʉʫʯʘʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟʦʩʝʨʝʜʞʝʥʽ ʥʘ ʧʽʜʚʠʱʝʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʋʈʇɽ ʰʣʷʭʦʤ ʦʧʪʠʤʽʟʘʮʽʾ ʩʢʣʘʜʫ, ʩʪʨʫʢʪʫʨʠ ʪʘ ʢʦʥʬʽʛʫʨʘʮʽʾ 

ʢʘʪʘʣʽʟʘʪʦʨʽʚ, ʘ ʪʘʢʦʞ ʧʦʰʫʢʫ ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ 

ʥʝʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ ʽ ʥʦʚʠʭ ʥʦʩʽʾʚ [7]. ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʻ 

ʩʪʚʦʨʝʥʥʷ ʙʽʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʢʘʪʘʣʽʟʘʪʦʨʽʚ ʽʟ ʧʽʜʚʠʱʝʥʦʶ ʩʪʽʡʢʽʩʪʶ ʜʦ 

ʜʝʛʨʘʜʘʮʽʾ ʪʘ ʧʦʢʨʘʱʝʥʠʤʠ ʢʽʥʝʪʠʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ.  
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ʊʘʢʠʤ ʯʠʥʦʤ, ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʋʈʇɽ ʧʦʚôʷʟʘʥʠʡ ʽʟ ʨʦʟʚôʷʟʘʥʥʷʤ 

ʧʨʦʙʣʝʤ ʚʘʨʪʦʩʪʽ, ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʪʘ ʧʽʜʚʠʱʝʥʦʾ ʝʥʝʨʛʝʪʠʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʱʦ 

ʻ ʢʣʶʯʦʚʠʤʠ ʫʤʦʚʘʤʠ ʾʭ ʰʠʨʦʢʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʚʦʜʥʝʚʽʡ ʝʥʝʨʛʝʪʠʮʽ. 
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ʉʊɽʅɼʆɺɽ ʆɹʃɸɼʅɸʅʅʗ ɼʃʗ ɺʀɿʅɸʏɽʅʅʗ ʍɸʈɸʂʊɽʈʀʉʊʀʂ 

ʊɺɽʈɼʀʍ ʇɸʃʀɺ 

ɸʥʦʪʘʮʽʷ.  ʇʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʛʦʨʽʥʥʷ ʪʚʝʨʜʠʭ ʧʘʣʠʚ 

ʚ ʫʤʦʚʘʭ ʢʦʥʪʨʦʣʴʦʚʘʥʦʛʦ ʩʪʘʣʦʛʦ ʪʠʩʢʫ ʘʙʦ ʦʙôʻʤʫ ʪʘ ʚʧʣʠʚ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʰʚʠʜʢʽʩʪʴ ʨʝʘʢʮʽʾ, ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʪʘ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ. ʈʦʟʛʣʷʜʘʶʪʴʩʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʪʘ ʨʦʟʨʘʭʫʥʢʦʚʽ 

ʤʝʪʦʜʠ ʚʠʟʥʘʯʝʥʥʷ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ, ʚʢʣʶʯʘʶʯʠ ʟʤʽʥʫ ʪʠʩʢʫ ʚ 

ʟʘʤʢʥʝʥʦʤʫ ʦʙôʻʤʽ, ʰʚʠʜʢʽʩʪʴ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʪʘ ʢʦʝʬʽʮʽʻʥʪʠ ʤʘʩʦʦʙʤʽʥʫ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʟʚʦʣʷʶʪʴ ʫʪʦʯʥʠʪʠ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʛʦʨʽʥʥʷ 

ʪʚʝʨʜʠʭ ʧʘʣʠʚ ʪʘ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʫʤʦʚ ʧʝʨʝʙʽʛʫ ʧʨʦʮʝʩʫ ʥʘ ʡʦʛʦ ʩʪʘʙʽʣʴʥʽʩʪʴ ʽ 

ʝʬʝʢʪʠʚʥʽʩʪʴ. 
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TEST BENCH EQUIPMENT FOR DETERMINING THE 

CHARACTERISTICS OF SOLID PROPELLANTS  

Annotation. The subject of the study is the regularities of solid fuel combustion 

under conditions of controlled constant pressure or constant volume, as well as the 

influence of thermodynamic and physicochemical parameters on the reaction rate, 
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heat release, and process stability. Experimental and computational methods for 

determining the main process parameters are considered, including pressure 

variation in a closed volume, heat release rate, and mass transfer coefficients. The 

obtained results make it possible to refine mathematical models of solid fuel 

combustion and to assess the influence of operating conditions on process stability 

and efficiency. 

Keywords: rocket solid propellant engine, solid fuels, combustion processes, 

combustion kinetics, constant volume, constant pressure, thermodynamic 

parameters, heat release, heat and mass transfer 

 

The design of a solid propellant rocket engine (SPRE) is based on a set of key 

design parameters, among which the total impulse, maximum combustion chamber 

pressure, thrust, operating time, and engine mass are the most significant. These 

parameters largely depend on the physicochemical and mechanical properties of the 

propellant, its composition, and the geometry of the burning surface. The mechanical 

properties of solid propellants (such as strength, stiffness, brittleness, homogeneity, 

adhesion, and viscosity) are typically determined during the stage of developing the 

engine manufacturing technology. This stage generally requires a series of full-scale 

experimental tests aimed at evaluating these characteristics using manufactured 

propellant samples. In contrast, physicochemical properties serve as initial input data 

at the preliminary stage of engine design (zero approximation). Therefore, the more 

accurately these parameters are determined, the more efficient the iterative process 

of selecting the optimal propellant composition becomes. As a result, the engine 

operating process can be predicted with greater certainty, which ultimately 

accelerates the development cycle and reduces associated resource expenditures. 

In the absence of an experimental basis for determining the physicochemical 

properties of the propellant, the only available approach is to rely on data reported 

in the scientific literature or on results obtained in previous developments. However, 

this approach introduces a large number of uncertainties, and verification of such 

data is only possible through the manufacture and testing of a prototype engine 

equipped with structural components, a nozzle, an ignition system, and other 

necessary subsystems. Furthermore, the geometric dimensions of the combustion 

chamber also act as variables in the equations used to determine the engine design 

parameters. In addition, the variability of propellant properties is influenced by the 

composition and concentration of chemical compounds, as well as by the 

granulometric characteristics of the components (particle shape, size, and specific 

surface area). These parameters may vary between different manufacturers and even 

between different production batches from the same manufacturer. As a 

consequence, the presence of numerous variables that may vary within certain limits 

leads to a significant dispersion of the final performance parameters, which 

necessitates a longer experimental cycle involving both simplified and full-scale 

prototypes. 

To reduce this variability, experimental methods for determining the 

physicochemical properties of propellants can be employed. For instance, propellant 
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samples may be tested in a closed combustion chamber, commonly referred to as a 

constant-pressure bomb or a sealed constant-volume bomb. Such experiments allow 

the determination of key parameters including the calorific value, combustion 

temperature, adiabatic index at constant volume, and burning rate at various chamber 

pressures. These data are subsequently used to determine the combustion profile of 

the propellant grain, the maximum combustion chamber pressure, and the specific 

impulse of the propellant. Consequently, the number of unknown design parameters 

in the calculations is reduced, which significantly simplifies the subsequent process 

of solid propellant rocket engine development. 
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Oʇʊʀʄɯɿɸʎɯʗ ɺʀʊʈɸʊ ʊɸ ʇɯɼɺʀʑɽʅʅʗ ʉʊʈʆʂɯɺ ʉʃʋɾɹʀ 

ʉʆʅʗʏʅʀʍ ʉʀʉʊɽʄ ɿɸʃɽɾʅʆ ɺɯɼ ʋʄʆɺ ɽʂʉʇʃʋɸʊɸʎɯɰ ɺ 

ʂʆʉʄʆʉɯ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʤʝʪʦʜʠ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʢʦʩʤʽʯʥʠʭ 

ʩʦʥʷʯʥʠʭ ʩʠʩʪʝʤ ʰʣʷʭʦʤ ʦʧʪʠʤʽʟʘʮʽʾ ʚʠʪʨʘʪ ʪʘ ʧʦʜʦʚʞʝʥʥʷ ʪʝʨʤʽʥʫ ʾʭ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʚ ʫʤʦʚʘʭ ʢʦʩʤʦʩʫ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʦʩʥʦʚʥʽ ʬʘʢʪʦʨʠ ʜʝʛʨʘʜʘʮʽʾ 

ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ (ʨʘʜʽʘʮʽʷ, ʪʝʨʤʦʮʠʢʣʽʯʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ) ʪʘ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʤʧʣʝʢʩ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ (K, Etotal, LCC) ʜʣʷ ʦʮʽʥʢʠ 

ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʦʝʢʪʥʠʭ ʨʽʰʝʥʴ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʙʘʛʘʪʦʧʝʨʝʭʽʜʥʠʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ɸįɺ  ʪʘ ʽʥʥʦʚʘʮʽʡʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʨʘʜʽʘʮʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʟʚʦʣʷʶʪʴ ʥʘ 
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ʜʦʚʛʦʚʽʯʥʽʩʪʶ ʩʠʩʪʝʤ ʜʣʷ ʜʦʚʛʦʪʨʠʚʘʣʠʭ ʢʦʩʤʽʯʥʠʭ ʤʽʩʽʡ. 
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ɺʩʪʫʧ. ʉʫʯʘʩʥʠʡ ʝʪʘʧ ʦʩʚʦʻʥʥʷ ʢʦʩʤʦʩʫ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷʤ 

ʪʨʠʚʘʣʦʩʪʽ ʘʚʪʦʥʦʤʥʠʭ ʤʽʩʽʡ, ʱʦ ʚʠʩʫʚʘʻ ʧʽʜʚʠʱʝʥʽ ʚʠʤʦʛʠ ʜʦ ʩʠʩʪʝʤ 

ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ. ʆʩʥʦʚʥʠʤ ʜʞʝʨʝʣʦʤ ʝʥʝʨʛʽʾ ʜʣʷ 

ʧʝʨʝʚʘʞʥʦʾ ʙʽʣʴʰʦʩʪʽ ʩʫʧʫʪʥʠʢʽʚ ʪʘ ʦʨʙʽʪʘʣʴʥʠʭ ʩʪʘʥʮʽʡ ʟʘʣʠʰʘʶʪʴʩʷ ʩʦʥʷʯʥʽ 

ʙʘʪʘʨʝʾ [1]. ʇʨʦʪʝ ʝʢʩʪʨʝʤʘʣʴʥʽ ʫʤʦʚʠ ʢʦʩʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ ð ʚʧʣʠʚ 

ʞʦʨʩʪʢʦʛʦ ʽʦʥʽʟʫʶʯʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʟʥʘʯʥʽ ʧʝʨʝʧʘʜʠ ʪʝʤʧʝʨʘʪʫʨ (ʚʽʜ -

150ÁC ʜʦ +120ÁC ʥʘ ʥʘʚʢʦʣʦʟʝʤʥʽʡ ʦʨʙʽʪʽ), ʤʽʢʨʦʤʝʪʝʦʨʠʪʥʘ ʝʨʦʟʽʷ ʪʘ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʝ ʦʧʨʦʤʽʥʝʥʥʷ ð ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʥʝʟʚʦʨʦʪʥʦʾ ʜʝʛʨʘʜʘʮʽʾ 

ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ [4; 7]. ʎʝ ʩʧʨʠʯʠʥʷʻ ʟʥʠʞʝʥʥʷ ʚʠʭʽʜʥʦʾ 

ʧʦʪʫʞʥʦʩʪʽ ʪʘ ʩʢʦʨʦʯʝʥʥʷ ʘʢʪʠʚʥʦʛʦ ʪʝʨʤʽʥʫ ʝʢʩʧʣʫʘʪʘʮʽʾ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ. 

ʋ ʪʘʢʠʭ ʫʤʦʚʘʭ ʦʩʦʙʣʠʚʦʾ ʘʢʪʫʘʣʴʥʦʩʪʽ ʥʘʙʫʚʘʻ ʧʨʦʙʣʝʤʘ ʧʦʰʫʢʫ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʙʘʣʘʥʩʫ ʤʽʞ ʧʦʯʘʪʢʦʚʠʤʠ ʢʘʧʽʪʘʣʴʥʠʤʠ ʚʠʪʨʘʪʘʤʠ ʥʘ ʩʪʚʦʨʝʥʥʷ 

ʩʦʥʷʯʥʦʾ ʩʠʩʪʝʤʠ (S) ʪʘ ʾʾ ʜʦʚʛʦʪʨʠʚʘʣʦʶ ʝʥʝʨʛʝʪʠʯʥʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ (VĿT), 

ʜʝ V ð ʦʙʩʷʛ ʛʝʥʝʨʦʚʘʥʦʾ ʝʥʝʨʛʽʾ, ʘ T ð ʪʝʨʤʽʥ ʩʣʫʞʙʠ. ʅʘ ʨʽʚʝʥʴ ʢʘʧʽʪʘʣʴʥʠʭ 

ʚʠʪʨʘʪ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘʩʘʤʧʝʨʝʜ ʚʘʨʪʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, 

ʦʩʦʙʣʠʚʦ ʢʨʝʤʥʽʶ. ɼʝʬʽʮʠʪ ʢʨʝʤʥʽʶ ï ʮʝ ʧʨʦʩʪʦ ʧʨʦʙʣʝʤʘ, ʢʦʣʠ ʤʦʚʘ ʡʜʝ ʧʨʦ 

ʢʦʤʝʨʮʽʘʣʽʟʘʮʽʶ ʩʦʥʷʯʥʠʭ ʙʘʪʘʨʝʡ. ʅʘʩʧʨʘʚʜʽ, ʢʨʝʤʥʽʡ ʻ ʦʜʥʠʤ ʟ 

ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʟʝʤʥʽʡ ʢʦʨʽ, ʘʣʝ ʩʢʣʘʜʥʽʰʝ ʤʘʩʰʪʘʙʫʚʘʪʠ 

ʦʯʠʱʝʥʥʷ ʢʨʝʤʥʽʶ, ʱʦʙ ʩʪʚʦʨʠʪʠ ʚʝʣʠʢʽ ʢʨʠʩʪʘʣʽʯʥʽ ʪʘ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʽ 

ʰʤʘʪʢʠ, ʽ ʮʝ ʚʧʣʠʚʘʻ ʥʘ ʧʦʯʘʪʢʦʚʽ ʢʘʧʽʪʘʣʴʥʽ ʚʠʪʨʘʪʠ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʦʙʩʷʛʽʚ 

ʚʠʨʦʙʥʠʮʪʚʘ. ʅʝʦʙʭʽʜʥʽʩʪʴ ʚʨʘʭʫʚʘʥʥʷ ʮʠʭ ʬʘʢʪʦʨʽʚ ʚʠʤʘʛʘʻ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ 

ʧʽʜʭʦʜʽʚ ʜʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʢʦʩʤʽʯʥʠʭ ʩʦʥʷʯʥʠʭ ʩʠʩʪʝʤ, ʦʨʽʻʥʪʦʚʘʥʠʭ ʥʘ 

ʤʘʢʩʠʤʽʟʘʮʽʶ ʾʭʥʴʦʾ ʝʢʦʥʦʤʽʯʥʦʾ ʚʽʜʜʘʯʽ ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ. 
ɸʥʘʣʽʟ ʬʘʢʪʦʨʽʚ ʚʧʣʠʚʫ ʥʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ. ʆʩʥʦʚʥʠʤʠ 

ʜʝʩʪʘʙʽʣʽʟʫʶʯʠʤʠ ʬʘʢʪʦʨʘʤʠ ʢʦʩʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ ʩʦʥʷʯʥʠʭ ʙʘʪʘʨʝʡ, ʻ:  
ʈʘʜʽʘʮʽʡʥʝ ʩʪʘʨʽʥʥʷ: ʥʘʢʦʧʠʯʝʥʥʷ ʜʝʬʝʢʪʽʚ ʫ ʢʨʠʩʪʘʣʽʯʥʽʡ ʩʪʨʫʢʪʫʨʽ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʽʜ ʜʽʻʶ ʧʨʦʪʦʥʽʚ ʪʘ ʝʣʝʢʪʨʦʥʽʚ ʚʠʩʦʢʠʭ 

ʝʥʝʨʛʽʡ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʢʦʨʠʩʥʦʾ ʜʽʾ (ʂʂɼ) [2; 5]. 

ʊʝʨʤʦʮʠʢʣʽʯʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ: ʙʘʛʘʪʦʨʘʟʦʚʽ ʧʝʨʝʭʦʜʠ ʯʝʨʝʟ ʪʽʥʴʦʚʽ 

ʜʽʣʷʥʢʠ ʦʨʙʽʪʠ ʚʠʢʣʠʢʘʶʪʴ ʤʝʭʘʥʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚ ʤʘʪʝʨʽʘʣʘʭ, ʱʦ ʤʦʞʝ 

ʩʧʨʠʯʠʥʠʪʠ ʤʽʢʨʦʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʪʘ ʧʦʨʫʰʝʥʥʷ ʝʣʝʢʪʨʠʯʥʠʭ ʢʦʥʪʘʢʪʽʚ [4]. 

ʐʚʠʜʢʽʩʪʴ ʜʝʛʨʘʜʘʮʽʾ (ʢʦʝʬʽʮʽʻʥʪ d) ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʽʩʮʷ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ. ʗʢ ʧʦʢʘʟʘʥʦ ʚ ʜʦʩʣʽʜʞʝʥʥʽ Peters ʪʘ ʽʥʰʠʭ, 

ʜʣʷ ʩʝʨʝʜʥʴʦʾ ʥʘʚʢʦʣʦʟʝʤʥʦʾ ʦʨʙʽʪʠ (MEO) ʥʘ ʚʠʩʦʪʽ 10 000 ʢʤ ʚʪʨʘʪʠ 

ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ (Pmax) ʚʽʜ ʧʨʦʪʦʥʽʚ ʩʪʘʥʦʚʣʷʪʴ 23%, ʪʦʜʽ ʷʢ ʥʘ 

ʛʝʦʩʪʘʮʽʦʥʘʨʥʽʡ ʦʨʙʽʪʽ (GEO) ð ʣʠʰʝ 1% [5]. ɼʣʷ ʘʧʘʨʘʪʽʚ ʥʘ ʛʝʦʩʪʘʮʽʦʥʘʨʥʽʡ 

ʦʨʙʽʪʽ ʦʩʥʦʚʥʠʤʠ ʻ ʨʘʜʽʘʮʽʡʥʽ ʧʦʰʢʦʜʞʝʥʥʷ, ʪʦʜʽ ʷʢ ʜʣʷ ʥʠʟʴʢʦʦʨʙʽʪʘʣʴʥʠʭ 

ʩʫʧʫʪʥʠʢʽʚ ʢʨʠʪʠʯʥʠʤʠ ʩʪʘʶʪʴ ʪʝʨʤʦʮʠʢʣʽʯʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʝʨʦʟʽʷ ʧʽʜ ʜʽʻʶ 

ʘʪʦʤʘʨʥʦʛʦ ʢʠʩʥʶ [7]. ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʤʽʥʽʤʽʟʘʮʽʷ ʚʘʨʪʦʩʪʽ ʞʠʪʪʻʚʦʛʦ 

ʮʠʢʣʫ (Life Cycle Cost, LCC) ʢʦʩʤʽʯʥʦʾ ʩʦʥʷʯʥʦʾ ʩʠʩʪʝʤʠ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ 

ʟʘʜʘʥʠʭ ʚʠʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʦʪʫʞʥʦʩʪʽ. 
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ʄʝʪʦʜʦʣʦʛʽʷ ʜʦʩʣʽʜʞʝʥʥʷ. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʟʘʜʘʯʽ 
ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧʣʝʢʩʫ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʱʦ 

ʜʦʟʚʦʣʷʶʪʴ ʢʽʣʴʢʽʩʥʦ ʦʮʽʥʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʝʢʪʥʠʭ ʨʽʰʝʥʴ. 

ʇʦ-ʧʝʨʰʝ, ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪ ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ (K), ʷʢʠʡ 

ʜʘʻ ʟʤʦʛʫ ʧʦʨʽʚʥʶʚʘʪʠ ʨʽʟʥʽ ʧʨʦʝʢʪʠ ʟʘ ʧʦʢʘʟʥʠʢʦʤ ʝʥʝʨʛʦʚʽʜʜʘʯʽ ʥʘ ʦʜʠʥʠʮʶ 

ʚʢʣʘʜʝʥʠʭ ʢʦʰʪʽʚ: 

ὑ
ὠϽὝ

Ὓ
 

ʜʝ V ð ʩʝʨʝʜʥʴʦʨʽʯʥʠʡ ʦʙʩʷʛ ʛʝʥʝʨʦʚʘʥʦʾ ʝʥʝʨʛʽʾ (ʢɺʪĿʛʦʜ), T ð 

ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʪʝʨʤʽʥ ʩʣʫʞʙʠ (ʨʦʢʽʚ), S ð ʧʦʯʘʪʢʦʚʽ ʚʠʪʨʘʪʠ ʥʘ ʩʪʚʦʨʝʥʥʷ 

ʩʠʩʪʝʤʠ (ʛʨʦʰʦʚʽ ʦʜʠʥʠʮʽ). ʄʘʢʩʠʤʽʟʘʮʽʷ ʮʴʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʻ ʢʨʠʪʝʨʽʻʤ 

ʦʧʪʠʤʘʣʴʥʦʩʪʽ. 

ʇʦ-ʜʨʫʛʝ, ʜʣʷ ʚʨʘʭʫʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʩʪʘʨʽʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʦʜʝʣʴ 

ʩʫʤʘʨʥʦʛʦ ʝʥʝʨʛʦʚʠʨʦʙʽʪʢʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʱʦʨʽʯʥʦʾ ʜʝʛʨʘʜʘʮʽʾ, ʜʝ ʨʽʯʥʠʡ 

ʢʦʝʬʽʮʽʻʥʪ ʜʝʛʨʘʜʘʮʽʾ d ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʤʝʪʦʜʦʣʦʛʽʻʶ ʜʦʟʠ ʟʤʽʱʝʥʴ 

(Displacement Damage Dose) [1; 5]: 

Ὁ ὖϽὌϽὃϽ ρ Ὠ  

ʜʝ P0 ð ʧʦʯʘʪʢʦʚʘ ʧʠʪʦʤʘ ʧʦʪʫʞʥʽʩʪʴ ʧʘʥʝʣʽ (ʢɺʪ/ʤĮ), H ð ʨʽʯʥʘ 

ʽʥʩʦʣʷʮʽʷ ʚ ʣʦʢʘʮʽʾ (ʢɺʪĿʛʦʜ/ʤĮ/ʨʽʢ), A ð ʧʣʦʱʘ ʧʘʥʝʣʝʡ (ʤĮ), d ð ʨʽʯʥʠʡ 

ʢʦʝʬʽʮʽʻʥʪ ʜʝʛʨʘʜʘʮʽʾ (ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʘʪʝʨʽʘʣʫ ʪʘ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ). 

ʇʦ-ʪʨʝʪʻ, ʜʣʷ ʢʦʤʧʣʝʢʩʥʦʾ ʦʮʽʥʢʠ ʝʢʦʥʦʤʽʯʥʦʾ ʜʦʮʽʣʴʥʦʩʪʽ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʤʦʜʝʣʴ ʚʘʨʪʦʩʪʽ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ (LCC), ʷʢʘ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʨʠ ʦʧʪʠʤʽʟʘʮʽʾ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʩʠʩʪʝʤ [3]: 

ὒὅὅὛ
ὓ Ὑ

ρ ὶ
 

ʜʝ Mt ð ʨʽʯʥʽ ʚʠʪʨʘʪʠ ʥʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʤʦʥʽʪʦʨʠʥʛ, Rt ð ʚʠʪʨʘʪʠ ʥʘ 

ʨʝʤʦʥʪ ʘʙʦ ʟʘʤʽʥʫ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʨʦʮʽ t, r ð ʜʠʩʢʦʥʪʥʘ ʩʪʘʚʢʘ. ʊʘʢʠʡ ʧʽʜʭʽʜ 

ʜʦʟʚʦʣʷʻ ʚʨʘʭʫʚʘʪʠ ʥʝ ʣʠʰʝ ʧʦʯʘʪʢʦʚʽ ʽʥʚʝʩʪʠʮʽʾ, ʘ ʡ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʠʪʨʘʪʠ 

ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʪʝʨʤʽʥʫ ʩʣʫʞʙʠ. 

 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ. ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʷʛʘʻ ʚ 

ʢʦʤʧʣʝʢʩʥʦʤʫ ʟʘʩʪʦʩʫʚʘʥʥʽ ʝʢʦʥʦʤʽʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʜʣʷ 

ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʽʥʥʦʚʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʢʦʩʤʽʯʥʽʡ ʝʥʝʨʛʝʪʠʮʽ: 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʥʦʚʽʪʥʽʭ ʤʘʪʝʨʽʘʣʽʚ: ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʘʛʘʪʦʧʝʨʝʭʽʜʥʠʭ 

ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ ʥʘ ʦʩʥʦʚʽ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ɸįɺ  (ʥʘʧʨʠʢʣʘʜ, 

GaInP/GaAs/Ge), ʷʢʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʟʥʘʯʥʦ ʥʠʞʯʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ 

ʨʘʜʽʘʮʽʡʥʦʾ ʜʝʛʨʘʜʘʮʽʾ ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤ ʢʨʝʤʥʽʻʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ 

ʟʙʽʣʴʰʠʪʠ ʪʝʨʤʽʥ ʘʢʪʠʚʥʦʛʦ ʽʩʥʫʚʘʥʥʷ [1; 10]. ʗʢ ʟʘʟʥʘʯʘʶʪʴ Aierken ʪʘ ʽʥʰʽ, 

ʟʘʜʦʚʦʣʝʥʥʷ ʫʤʦʚ ʫʟʛʦʜʞʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ˇʨʘʪʢʠ ʪʘ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 
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ʻ ʢʣʶʯʝʤ ʜʦ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʾ ʢʨʠʩʪʘʣʽʯʥʦʾ ʷʢʦʩʪʽ ʪʘ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘʢʠʭ ʝʣʝʤʝʥʪʽʚ [1]. 

ʊʝʭʥʦʣʦʛʽʾ ʦʨʙʽʪʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ: ʧʝʨʝʭʽʜ ʜʦ ʢʦʥʮʝʧʮʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʪʘ ʨʦʟʛʦʨʪʘʥʥʷ ʩʦʥʷʯʥʠʭ ʧʘʥʝʣʝʡ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʢʦʩʤʦʩʽ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ 

ʤʘʩʫ ʢʦʥʩʪʨʫʢʮʽʡ, ʱʦ ʟʘʧʫʩʢʘʶʪʴʩʷ, ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʟʥʠʟʠʪʠ ʧʦʯʘʪʢʦʚʽ ʚʠʪʨʘʪʠ 

ʯʝʨʝʟ ʚʽʜʩʫʪʥʽʩʪʴ ʥʝʦʙʭʽʜʥʦʩʪʽ ʫ ʥʘʜʤʽʮʥʠʭ ʤʝʭʘʥʽʟʤʘʭ ʩʢʣʘʜʘʥʥʷ, ʩʪʽʡʢʠʭ ʜʦ 

ʧʝʨʝʚʘʥʪʘʞʝʥʴ ʩʪʘʨʪʫ [4]. 

ɯʥʪʝʣʝʢʪʫʘʣʴʥʽ ʩʠʩʪʝʤʠ ʦʨʽʻʥʪʘʮʽʾ: ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʜʣʷ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʥʘʚʝʜʝʥʥʷ ʧʘʥʝʣʝʡ ʥʘ ʉʦʥʮʝ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʪʘʥʫ ʩʠʩʪʝʤʠ 

ʜʦʟʚʦʣʷʻ ʤʘʢʩʠʤʽʟʫʚʘʪʠ P0 ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʥʘ ʨʽʟʥʠʭ ʦʨʙʽʪʘʭ [2]. 

 

ɺʠʩʥʦʚʢʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʫ ʨʦʙʦʪʽ ʤʝʪʦʜʦʣʦʛʽʯʥʠʡ ʧʽʜʭʽʜ, ʱʦ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʢʦʤʧʣʝʢʩʥʦʤʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʢʦʝʬʽʮʽʻʥʪʘ ʝʢʦʥʦʤʽʯʥʦʾ 

ʝʬʝʢʪʠʚʥʦʩʪʽ (K) ʪʘ ʘʥʘʣʽʟʫ ʚʘʨʪʦʩʪʽ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ (LCC), ʜʦʟʚʦʣʷʻ ʱʝ ʥʘ 

ʝʪʘʧʽ ʧʨʦʝʢʪʫʚʘʥʥʷ ʢʦʩʤʽʯʥʠʭ ʩʦʥʷʯʥʠʭ ʩʠʩʪʝʤ ʢʽʣʴʢʽʩʥʦ ʦʙˇʨʫʥʪʫʚʘʪʠ ʚʠʙʽʨ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʾʭʥʴʦʶ ʚʘʨʪʽʩʪʶ ʪʘ ʜʦʚʛʦʚʽʯʥʽʩʪʶ. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʽʜʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʥʥʦʚʘʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ (ʟʦʢʨʝʤʘ, ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ɸįɺ ) ʪʘ ʚʨʘʭʫʚʘʥʥʷ ʩʧʝʮʠʬʽʢʠ 

ʨʘʜʽʘʮʽʡʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ʨʽʟʥʠʭ ʦʨʙʽʪʘʭ [5] ʻ ʚʠʟʥʘʯʘʣʴʥʠʤʠ ʬʘʢʪʦʨʘʤʠ 

ʧʽʜʚʠʱʝʥʥʷ ʪʝʨʤʽʥʫ ʩʣʫʞʙʠ ʜʣʷ ʜʦʚʛʦʪʨʠʚʘʣʠʭ ʢʦʩʤʽʯʥʠʭ ʤʽʩʽʡ. ʇʦʜʘʣʴʰʽ 

ʥʘʫʢʦʚʽ ʨʦʟʨʦʙʢʠ ʜʦʮʽʣʴʥʦ ʟʦʩʝʨʝʜʠʪʠ ʥʘ ʚʠʨʽʰʝʥʥʽ ʧʨʦʙʣʝʤ ʧʽʜʚʠʱʝʥʥʷ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʙʝʟʜʨʦʪʦʚʦʾ ʧʝʨʝʜʘʯʽ ʝʥʝʨʛʽʾ ʟ ʢʦʩʤʽʯʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʥʘ 

ɿʝʤʣʶ.  
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ʚʦʛʥʝʚʠʤʠ ʚʠʧʨʦʙʫʚʘʥʥʷʤʠ ʜʚʠʛʫʥʽʚ ʤʘʣʦʾ ʨʦʟʤʽʨʥʦʩʪʽ. ʄʝʪʦʜʠʢʘ ʜʦʟʚʦʣʷʻ ʟ 

ʜʦʩʪʘʪʥʴʦʶ ʪʦʯʥʽʩʪʶ ʚʠʟʥʘʯʘʪʠ ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ, ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʽʥʥʷ, ʟʘʢʦʥ 

ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʪʘ ʚʨʘʭʦʚʫʚʘʪʠ ʚʧʣʠʚ ʢʦʥʜʝʥʩʦʚʘʥʦʾ ʬʘʟʠ ʫ ʧʨʦʜʫʢʪʘʭ 

ʟʛʦʨʘʥʥʷ. ɺʝʨʠʬʽʢʘʮʽʷ ʥʘ ʜʚʦʭ ʪʠʧʘʭ ʧʘʣʠʚ ʟ ʨʽʟʥʠʤ ʚʤʽʩʪʦʤ ʘʣʶʤʽʥʽʶ 

ʧʽʜʪʚʝʨʜʠʣʘ ʚʽʜʭʠʣʝʥʥʷ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʜʘʥʠʭ ʚʽʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʫ ʤʝʞʘʭ 

2,5%. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʜʚʠʛʫʥʽʚ ʪʷʛʦʶ ʜʦ 5000 ʅ ʦʙʦʚ'ʷʟʢʦʚʠʤ ʻ ʚʨʘʭʫʚʘʥʥʷ 

ʜʚʦʬʘʟʥʦʛʦ ʭʘʨʘʢʪʝʨʫ ʧʦʪʦʢʫ, ʦʩʢʽʣʴʢʠ ʟʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ ʤʝʪʘʣʝʚʦʛʦ 

ʧʘʣʴʥʦʛʦ ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʨʦʧʦʨʮʽʡʥʦʛʦ ʟʨʦʩʪʘʥʥʷ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ ʯʝʨʝʟ 

ʚʪʨʘʪʠ ʥʘ ʢʦʥʜʝʥʩʦʚʘʥʫ ʬʘʟʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʪʚʝʨʜʝ ʨʘʢʝʪʥʝ ʧʘʣʠʚʦ, ʩʪʝʥʜʦʚʽ ʚʠʧʨʦʙʫʚʘʥʥʷ, ʧʠʪʦʤʠʡ 

ʽʤʧʫʣʴʩ, ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʽʥʥʷ, ʟʘʢʦʥ ʛʦʨʽʥʥʷ, ʜʚʦʬʘʟʥʠʡ ʧʦʪʽʢ, ʚʝʨʠʬʽʢʘʮʽʷ. 
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SIMPLIFIED METHODOLOGY FOR EXPERIMENTAL STUDY OF THE 

PROPERTIES OF SOLID ROCKET PROPELLANTS   

Abstract.A simplified method for experimental investigation of the main properties 

of composite solid rocket propellants is proposed, combining thermodynamic 

modeling in ProPEP 3 software with bench fire tests of small-scale motors. The 

method allows determining specific impulse, combustion temperature, burning rate 

law, and accounting for the influence of the condensed phase in combustion products 

with sufficient accuracy. Verification on two types of propellants with different 

aluminum content confirmed the deviation of calculated data from experimental 

ones within 2.5%. It is shown that for motors with thrust up to 5000 N, it is 

mandatory to consider the two-phase flow nature, since an increase in the metallic 

fuel content does not lead to a proportional increase in specific impulse due to losses 

on the condensed phase. 

Keywords: solid rocket propellant, bench tests, specific impulse, combustion 

temperature, burning rate law, two-phase flow, verification. 

 

ʇʨʦʝʢʪʫʚʘʥʥʷ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ ʪʚʝʨʜʦʛʦ ʧʘʣʠʚʘ ʧʦʪʨʝʙʫʻ ʜʦʩʪʦʚʽʨʥʦʛʦ 

ʟʥʘʥʥʷ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʪʘ ʙʘʣʽʩʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʘʣʠʚʥʦʾ ʢʦʤʧʦʟʠʮʽʾ. ɼʦ 

ʢʣʶʯʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʜʚʠʛʫʥʘ, ʥʘʣʝʞʘʪʴ 

ʪʝʧʣʦʪʚʦʨʥʘ ʟʜʘʪʥʽʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʽʥʥʷ ʚ ʢʘʤʝʨʽ, ʟʘʢʦʥ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ, 

ʛʫʩʪʠʥʘ ʧʘʣʠʚʘ, ʘ ʪʘʢʦʞ ʚʤʽʩʪ ʪʘ ʚʧʣʠʚ ʢʦʥʜʝʥʩʦʚʘʥʦʾ ʬʘʟʠ ʫ ʧʨʦʜʫʢʪʘʭ 

ʟʛʦʨʘʥʥʷ. ɺ ʫʤʦʚʘʭ ʦʙʤʝʞʝʥʦʛʦ ʜʦʩʪʫʧʫ ʜʦ ʩʢʣʘʜʥʦʛʦ ʜʦʩʣʽʜʥʠʮʴʢʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʘʢʪʫʘʣʴʥʠʤ ʻ ʧʦʰʫʢ ʩʧʨʦʱʝʥʠʭ, ʘʣʝ ʜʦʩʪʘʪʥʴʦ ʪʦʯʥʠʭ ʤʝʪʦʜʠʢ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʮʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ 

ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʪʘ ʚʝʨʠʬʽʢʘʮʽʷ ʧʽʜʭʦʜʫ, ʱʦ ʧʦʻʜʥʫʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʜʦʩʪʫʧʥʠʤʠ ʩʪʝʥʜʦʚʠʤʠ ʚʠʧʨʦʙʫʚʘʥʥʷʤʠ ʜʣʷ ʦʮʽʥʢʠ ʦʩʥʦʚʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʚʝʨʜʠʭ ʩʫʤʽʰʝʚʠʭ ʨʘʢʝʪʥʠʭ ʧʘʣʠʚ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʩʧʨʦʱʝʥʘ ʤʝʪʦʜʠʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʢʦʤʧʣʝʢʩʥʦʤʫ ʧʽʜʭʦʜʽ, 

ʱʦ ʚʢʣʶʯʘʻ ʪʨʠ ʦʩʥʦʚʥʽ ʝʪʘʧʠ. ʇʝʨʰʠʤ ʝʪʘʧʦʤ ʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʽʣʴʥʦ ʜʦʩʪʫʧʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ProPEP 3 ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʨʽʚʥʷʥʥʷ ʧʦʚʥʦʛʦ ʟʛʦʨʷʥʥʷ ʧʘʣʠʚʘ. ɺʠʭʽʜʥʠʤʠ 

ʜʘʥʠʤʠ ʩʣʫʛʫʶʪʴ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʧʘʣʠʚʘ ʪʘ ʪʠʩʢ ʫ ʢʘʤʝʨʽ ʟʛʦʨʘʥʥʷ, ʘ 

ʨʝʟʫʣʴʪʘʪʦʤ ï ʪʝʦʨʝʪʠʯʥʽ ʟʥʘʯʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʢʘʤʝʨʽ, ʩʢʣʘʜʫ ʪʘ ʢʽʣʴʢʦʩʪʽ 

ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʘʥʥʷ, ʚʢʣʶʯʘʶʯʠ ʢʦʥʜʝʥʩʦʚʘʥʫ ʬʘʟʫ, ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦʾ 

ʰʚʠʜʢʦʩʪʽ ʪʘ ʽʜʝʘʣʴʥʦʛʦ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ. ɼʨʫʛʠʤ ʝʪʘʧʦʤ ʻ ʧʨʦʚʝʜʝʥʥʷ 

ʩʪʝʥʜʦʚʠʭ ʚʦʛʥʝʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʜʦʩʣʽʜʥʠʭ ʟʨʘʟʢʽʚ ʜʚʠʛʫʥʽʚ, ʧʽʜ ʯʘʩ ʷʢʠʭ ʚ 

ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʚʠʤʽʨʶʶʪʴʩʷ ʪʷʛʘ ʪʘ ʪʠʩʢ ʫ ʢʘʤʝʨʽ ʟʛʦʨʘʥʥʷ. ʂʦʥʩʪʨʫʢʮʽʷ 

ʩʪʝʥʜʫ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʴ ʪʘ ʙʝʟʧʝʢʫ ʧʝʨʩʦʥʘʣʫ. ʊʨʝʪʽʤ 

ʝʪʘʧʦʤ ʻ ʢʦʨʠʛʫʚʘʥʥʷ ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʜʚʦʬʘʟʥʦʛʦ 
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ʭʘʨʘʢʪʝʨʫ ʧʦʪʦʢʫ, ʦʩʢʽʣʴʢʠ ʜʣʷ ʜʚʠʛʫʥʽʚ ʥʝʚʝʣʠʢʦʾ ʨʦʟʤʽʨʥʦʩʪʽ ʧʨʠʧʫʱʝʥʥʷ 

ʧʨʦ ʽʜʝʘʣʴʥʠʡ ʛʘʟ ʜʘʻ ʟʘʚʠʱʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʢʦʥʜʝʥʩʦʚʘʥʦʾ ʬʘʟʠ 

ʫ ʧʨʦʜʫʢʪʘʭ ʟʛʦʨʘʥʥʷ. 

ɼʣʷ ʚʝʨʠʬʽʢʘʮʽʾ ʤʝʪʦʜʠʢʠ ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʜʚʘ ʨʽʟʥʠʭ ʩʢʣʘʜʠ ʧʘʣʠʚ ʟ 

ʨʽʟʥʠʤ ʚʤʽʩʪʦʤ ʘʣʶʤʽʥʽʶ ʪʘ ʪʠʧʦʤ ʟʚ'ʷʟʫʶʯʦʛʦ. ʊʝʦʨʝʪʠʯʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʜʣʷ 

ʧʘʣʠʚʘ ʟ ʙʽʣʴʰʠʤ ʚʤʽʩʪʦʤ ʘʣʶʤʽʥʽʶ ʧʨʦʛʥʦʟʫʚʘʚ ʚʠʱʠʡ ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ ʟʘ 

ʫʤʦʚʠ ʽʜʝʘʣʴʥʦʛʦ ʛʘʟʫ ʟʘʚʜʷʢʠ ʚʠʱʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʛʦʨʽʥʥʷ, ʦʜʥʘʢ ʚʨʘʭʫʚʘʥʥʷ 

ʜʚʦʬʘʟʥʦʛʦ ʧʦʪʦʢʫ ʩʫʪʪʻʚʦ ʥʽʚʝʣʶʚʘʣʦ ʮʶ ʨʽʟʥʠʮʶ ʯʝʨʝʟ ʙʽʣʴʰʠʡ ʚʤʽʩʪ 

ʢʦʥʜʝʥʩʦʚʘʥʦʾ ʬʘʟʠ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ, ʦʪʨʠʤʘʥʽ 

ʧʽʜ ʯʘʩ ʩʪʝʥʜʦʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ, ʩʢʣʘʣʠ 215,9 ʩ ʜʣʷ ʜʚʠʛʫʥʘ ʟ ʤʝʥʰʠʤ ʚʤʽʩʪʦʤ 

ʘʣʶʤʽʥʽʶ ʪʘ 215,3 ʩ ʜʣʷ ʜʚʠʛʫʥʘ ʟ ʙʽʣʴʰʠʤ ʡʦʛʦ ʚʤʽʩʪʦʤ. ɺʽʜʥʦʩʥʝ ʚʽʜʭʠʣʝʥʥʷ 

ʤʽʞ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ʪʘ ʨʦʟʨʘʭʫʥʢʘʤʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʜʚʦʬʘʟʥʦʩʪʽ 

ʥʝ ʧʝʨʝʚʠʱʠʣʦ 2,5%, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʚʠʩʦʢʫ ʧʨʦʛʥʦʩʪʠʯʥʫ ʟʜʘʪʥʽʩʪʴ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʩʧʨʦʱʝʥʦʾ ʤʝʪʦʜʠʢʠ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʟʥʘʯʝʥʦ ʟʘʢʦʥʠ 

ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ: ʜʣʷ ʧʘʣʠʚʘ, ʧʨʠʟʥʘʯʝʥʦʛʦ ʜʣʷ ʧʨʠʩʢʦʨʶʚʘʯʽʚ, ʰʚʠʜʢʽʩʪʴ 

ʛʦʨʽʥʥʷ ʩʢʣʘʣʘ 5,2 ʤʤ/ʩ, ʘ ʜʣʷ ʤʘʨʰʦʚʦʛʦ ʧʘʣʠʚʘ ï 2,97 ʤʤ/ʩ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʩʧʨʦʱʝʥʘ ʤʝʪʦʜʠʢʘ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʻʜʥʘʥʥʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʙʘʟʦʚʠʭ ʩʪʝʥʜʦʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʟ 

ʚʠʤʽʨʶʚʘʥʥʷʤ ʪʷʛʠ ʽ ʪʠʩʢʫ, ʜʦʟʚʦʣʷʻ ʟ ʜʦʩʪʘʪʥʴʦʶ ʜʣʷ ʽʥʞʝʥʝʨʥʦʾ ʧʨʘʢʪʠʢʠ 

ʪʦʯʥʽʩʪʶ ʚʠʟʥʘʯʠʪʠ ʢʣʶʯʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʚʝʨʜʠʭ ʨʘʢʝʪʥʠʭ ʧʘʣʠʚ. ʄʝʪʦʜʠʢʘ 

ʧʽʜʪʚʝʨʜʞʫʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʨʘʭʫʚʘʥʥʷ ʜʚʦʬʘʟʥʦʛʦ ʭʘʨʘʢʪʝʨʫ ʧʦʪʦʢʫ ʜʣʷ 

ʜʚʠʛʫʥʽʚ ʥʝʚʝʣʠʢʦʾ ʨʦʟʤʽʨʥʦʩʪʽ, ʦʩʢʽʣʴʢʠ ʽʛʥʦʨʫʚʘʥʥʷ ʮʴʦʛʦ ʬʘʢʪʦʨʘ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʫʪʪʻʚʦʛʦ ʟʘʚʠʱʝʥʥʷ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʇʦʢʘʟʘʥʦ, 

ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ ʤʝʪʘʣʝʚʦʛʦ ʧʘʣʴʥʦʛʦ ʫ ʩʢʣʘʜʽ ʧʘʣʠʚʘ ʜʣʷ ʜʚʠʛʫʥʽʚ 

ʜʘʥʦʛʦ ʢʣʘʩʫ ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʨʦʧʦʨʮʽʡʥʦʛʦ ʟʨʦʩʪʘʥʥʷ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ 

ʯʝʨʝʟ ʟʙʽʣʴʰʝʥʥʷ ʚʪʨʘʪ ʥʘ ʜʚʦʬʘʟʥʽʩʪʴ, ʘ ʣʠʰʝ ʧʽʜʚʠʱʫʻ ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʢʘʤʝʨʽ 

ʟʛʦʨʘʥʥʷ. 
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Cʇʈʆʑɽʅɽ CFD ʄʆɼɽʃʖɺɸʅʅʗ ɻʆʈɯʅʅʗ ʄʄɻ ʊɸ 

ʊɽʇʃʆʆɹʄɯʅʋ ɺ ʂɸʄɽʈɯ ʈʈɼ ʄɸʃʆɰ ʊʗɻʀ  

ɸʥʦʪʘʮʽʷ. ʈʽʜʠʥʥʽ ʨʘʢʝʪʥʽ ʜʚʠʛʫʥʠ (ʈʈɼ) ʤʘʣʦʾ ʪʷʛʠ ʟʘʡʥʷʣʠ ʜʦʩʠʪʴ ʚʫʟʴʢʫ, 

ʦʜʥʘʢ ʚʢʨʘʡ ʟʥʘʯʫʱʫ ʥʽʰʫ ï ʦʨʙʽʪʘʣʴʥʽ ʤʘʥʝʚʨʫʚʘʥʥʷ ʪʘ ʦʨʽʻʥʪʘʮʽʷ ʃɸ. 

ʇʦʪʨʝʙʘ ʚ ʜʦʚʛʦʩʪʨʦʢʦʚʦʤʫ ʟʙʝʨʽʛʘʥʥʷ ʧʘʣʠʚʘ ʚ ʙʘʢʘʭ ʃɸ ʥʝ ʟʘʣʠʰʘʻ 

ʰʠʨʦʢʦʛʦ ʚʠʙʦʨʫ ʧʘʣʠʚ. ʇʨʦʩʪʦʪʘ ʟʙʝʨʽʛʘʥʥʷ, ʝʥʝʨʛʝʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘ 

ʩʘʤʦʟʘʡʤʠʩʪʽʩʪʴ ʨʦʙʣʷʪʴ ʧʘʣʠʚʘ ʥʘ ʦʩʥʦʚʽ ʛʽʜʨʘʟʠʥʘ (ʤʦʥʦʤʝʪʠʣʛʽʜʨʘʟʠʥʫ 

ʦʩʦʙʣʠʚʦ) ʛʘʨʥʠʤ ʚʠʙʦʨʦʤ ʜʣʷ ʈʈɼ ʤʘʣʦʾ ʪʷʛʠ. ʆʜʥʘʢ ʩʧʝʮʠʬʽʢʘ ʭʽʤʽʯʥʠʭ 

ʨʝʘʢʮʽʡ ʛʦʨʽʥʥʷ ʄʄɻ ʨʦʙʠʪʴ ʡʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʚʢʨʘʡ ʩʢʣʘʜʥʦʶ ʪʘ 

ʙʘʛʘʪʦʛʨʘʥʥʦʶ ʟʘʜʘʯʝʶ. ʋ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜʢʘʭ ʜʦʨʝʯʥʠʤ ʙʫʜʝ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʩʧʨʦʱʝʥʠʭ ʤʦʜʝʣʝʡ. 
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SIMPLIFIED CFD MODELING OF MONOMETHYLHYDRAZINE 

COMBUSTION AND HEAT TRANSFER IN A SMALL ROCKET ENGINE  

Annotation. Low-thrust liquid rocket engines (LRE) have occupied a narrow, but 

extremely significant role - orbital maneuvering and orientation of spacecraft. The 

demand of long-term storage of fuel in the spacecraft tanks doesnôt leave a wide 

choice of fuels. Easy storage, energy characteristics and self-ignition make 

hydrazine-based fuels (monomethylhydrazine in particular) a good choice for low-

thrust rocket engines. However, the specificity of the chemical reactions of MMH 

combustion makes its modeling an extremely complex task. In many cases, it will 

be appropriate to use simplified models. 
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ɿʛʦʨʷʥʥʷ ʧʘʣʠʚʘ ʚ ʨʘʢʝʪʥʦʤʫ ʜʚʠʛʫʥʽ ʻ ʙʘʛʘʪʦʝʪʘʧʥʠʤ ʧʨʦʮʝʩʦʤ, ʷʢʠʡ 

ʚʢʣʶʯʘʻ ʨʦʟʧʠʣ, ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʧʝʨʝʤʽʰʫʚʘʥʥʷ, ʪʫʨʙʫʣʝʥʪʥʝ ʟʛʦʨʷʥʥʷ ʪʘ 

ʪʝʧʣʦʧʝʨʝʜʘʯʫ. ʆʩʥʦʚʥʘ ʩʢʣʘʜʥʽʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʛʦʨʽʥʥʷ 

ʚʠʩʦʢʦʢʠʧʣʷʯʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʧʦʣʷʛʘʻ ʫ ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʧʨʦʤʽʞʥʠʭ ʨʝʘʢʮʽʡ ï 

ʙʣʠʟʴʢʦ 400 ʝʣʝʤʝʥʪʘʨʥʠʭ ʨʝʘʢʮʽʡ [1]. ʇʨʦʮʝʩ ʛʦʨʽʥʥʷ ʧʦʯʠʥʘʻʪʴʩʷ ʥʘ ʤʝʞʽ 

ʨʦʟʧʦʜʽʣʫ ʢʨʘʧʝʣʴ ʯʝʨʝʟ ʥʘʥʦʩʝʢʫʥʜʠ ʧʽʩʣʷ ʾʭ ʢʦʥʪʘʢʪʫ. ɯʩʥʫʶʯʽ ʤʘʪʝʤʘʪʠʯʥʽ 

ʤʦʜʝʣʽ ʤʦʞʫʪʴ ʜʦʚʦʣʽ ʯʽʪʢʦ ʦʧʠʩʫʚʘʪʠ ʧʨʦʮʝʩʠ ʟʛʦʨʷʥʥʷ ʛʽʜʨʘʟʠʥʫ, ʦʜʥʘʢ ʚʦʥʠ 

ʜʦʩʠʪʴ ʚʫʟʴʢʦʩʧʝʮʽʘʣʽʟʦʚʘʥʽ ʪʘ ʜʫʞʝ ʯʫʪʣʠʚʽ ʜʦ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʪʘ ʧʘʨʘʤʝʪʨʽʚ 

ʤʦʜʝʣʽ. ʆʜʥʘʢ ʽʩʥʫʶʪʴ ʟʘʜʘʯʽ, ʜʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʤʦʜʝʣʝʡ ʥʝ ʻ ʜʦʨʝʯʥʠʤ, ʘ 

ʩʧʨʦʱʝʥʥʷ ʤʘʻ ʩʝʥʩ. ʋ ʨʦʙʦʪʽ ʙʫʚ ʜʦʩʣʽʜʞʝʥʠʡ ʤʝʭʘʥʽʟʤ ʪʘʢʦʛʦ ʩʧʨʦʱʝʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʛʦʨʽʥʥʷ ʧʘʣʠʚʥʦʾ ʧʘʨʠ ʄʄɻ/ɸʊ ʫ ʢʘʤʝʨʽ ʚʘʢʫʫʤʥʦʛʦ ʈʈɼ ʤʘʣʦʾ 

ʪʷʛʠ. 

ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʛʘʟʦʜʠʥʘʤʽʯʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʢʘʤʝʨʠ ʽ 

ʩʦʧʣʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ RPA v2.3 (evaluation copy) [2]. 

ʊʷʛʘ ʜʚʠʛʫʥʘ ï 200 ʅ; ʪʠʩʢ ʚ ʢʘʤʝʨʽ ï 0,8 ʄʇʘ; ʩʪʫʧʽʥʴ ʨʦʟʰʠʨʝʥʥʷ ʩʦʧʣʘ  ʟʘ 

ʪʠʩʢʦʤ ï 300; ʧʘʣʠʚʦ - CH6N2/N2O4; ʢʦʝʬʽʮʽʻʥʪ ʥʘʜʣʠʰʢʫ ʦʢʠʩʣʶʚʘʯʘ ï 0,8. 

ʊʘʢʦʞ ʙʫʣʠ ʟʘʜʘʥʽ ʧʘʨʘʤʝʪʨʠ ʨʘʜʽʘʮʽʡʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ. ʋ ʜʦʩʣʽʜʞʫʚʘʥʽʡ 

ʤʦʜʝʣʽ ʚ ʧʨʦʛʨʘʤʽ Ansys Fluent ʙʫʣʠ ʦʙʨʘʥʽ ʥʘʩʪʫʧʥʽ ʧʘʨʘʤʝʪʨʠ: ʩʪʘʮʽʦʥʘʨʥʘ 

2d ʟʘʜʘʯʘ ʟ ʚʠʨʽʰʫʚʘʯʝʤ ʥʘ ʦʩʥʦʚʽ ʪʠʩʢʫ, ʪʫʨʙʫʣʝʥʪʥʽʩʪʴ SST k-omega, 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ P1, ʤʦʜʝʣʴ ʛʦʨʽʥʥʷ ï Non-premixed combustion (18 species 

PDF table). ʇʘʣʴʥʝ - CH6N2; ʦʢʠʩʣʶʚʘʯ - N2O4; ʪʨʝʪʽʡ ʢʦʤʧʦʥʝʥʪ ï He [3].  

ʆʙʨʘʥʘ ʤʦʜʝʣʴ ʛʦʨʽʥʥʷ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʰʠʨʦʢʦ ʚʞʠʚʘʥʦʾ Species transport, 

ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʭʽʤʽʯʥʠʭ ʨʝʘʢʮʽʡ ʜʠʩʦʮʽʘʮʽʾ, ʭʘʨʘʢʪʝʨʥʠʭ 

ʜʣʷ ʢʘʤʝʨ ʈɼ, ʽʛʥʦʨʫʚʘʥʥʷ ʷʢʠʭ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʘʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʛʦʨʽʥʥʷ 

ʫ ʜʚʘ ʨʘʟʠ. ʆʜʥʘʢ ʥʝʦʙʭʽʜʥʦʛʦ ʧʘʣʴʥʦʛʦ, ʘ ʩʘʤʝ CH6N2 ʥʝʤʘʻ ʫ ʩʪʘʥʜʘʨʪʥʽʡ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʽʡ ʙʘʟʽ ʜʘʥʠʭ Fluent. ɹʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʧʦʣʽʥʦʤʠ ʩʪʦʨʦʥʥʴʦʾ ʙʘʟʠ, ʧʝʨʝʚʝʜʝʥʽ ʟ ʬʦʨʤʘʪʫ ʧʦʣʽʥʦʤʽʚ NASA-9 ʫ ʬʦʨʤʘʪ 

NASA-7 [4]. ʈʦʟʨʘʭʫʥʦʢ ʧʨʦʚʦʜʠʚʩʷ ʟʘ ʩʧʨʦʱʝʥʦʶ ʩʭʝʤʦʶ ʫ ʩʪʘʥʽ ʭʽʤʽʯʥʦʾ 

ʨʽʚʥʦʚʘʛʠ, ʟʘʟʜʘʣʝʛʽʜʴ ʧʝʨʝʤʽʰʘʚʰʠ ʢʦʤʧʦʥʝʥʪʠ ʫ ʪʘʢʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ, 

ʱʦʙ ʚʭʽʜʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʦʜʫʢʪʽʚ Equilibrium-ʤʦʜʝʣʽ ʥʝ ʧʝʨʝʚʠʱʫʚʘʣʘ 

ʨʦʟʨʘʭʫʥʢʦʚʫ. ʎʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʨʦʟʨʘʭʫʥʢʦʚʦʛʦ ʪʦʤʫ,  ʱʦ 

Equilibrium ʨʦʟʨʘʭʫʥʦʢ ʪʘʙʣʠʮʽ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ ʤʘʻ ʨʦʟʙʽʞʥʦʩʪʽ ʟ 

ʪʝʦʨʝʪʠʯʥʠʤ CEA ʨʦʟʨʘʭʫʥʢʦʤ. ɹʫʚ ʜʦʜʘʥʠʡ ʪʨʝʪʽʡ ʽʥʝʨʪʥʠʡ ʢʦʤʧʦʥʝʥʪ ʜʣʷ 

ʪʦʛʦ, ʱʦʙ ʚʠʢʣʶʯʠʪʠ ʜʦʛʦʨʘʥʥʷ ʧʨʦʜʫʢʪʽʚ ʽʟ ʥʘʜʣʠʰʢʦʤ ʧʘʣʴʥʦʛʦ. 

ʆʪʨʠʤʘʥʽ ʫ ʨʝʟʫʣʴʪʘʪʽ CFD ʩʠʤʫʣʷʮʽʾ ʜʘʥʽ ʢʦʨʝʣʶʶʪʴ ʟ ʪʝʦʨʝʪʠʯʥʠʤ 

ʨʦʟʨʘʭʫʥʢʦʤ (ʈʠʩ.1). ʆʜʥʘʢ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʪʝʧʣʦʚʽ ʧʦʪʦʢʠ ʻ ʥʠʞʯʠʤʠ. ɹʣʠʞʯʝ 

ʜʦ ʟʨʽʟʫ ʩʦʧʣʘ ʥʘʷʚʥʝ ʾʾ ʨʽʟʢʝ ʟʥʠʞʝʥʥʷ ʯʝʨʝʟ ʚʧʣʠʚ ʩʪʽʥʢʠ ʟʦʚʥʽʰʥʴʦʾ 

ʧʨʦʪʦʯʥʦʾ ʟʦʥʠ ʤʦʜʝʣʽ.  ʇʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʩʠʤʫʣʷʮʽʾ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ, ʱʦ 

ʧʣʦʩʢʠʡ ʟʨʽʟ ʩʦʧʣʘ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʨʽʟʢʠʤ ʨʦʟʰʠʨʝʥʥʷʤ ʪʘ ʟʘʚʠʭʨʝʥʥʷʤ ʥʘ 

ʚʠʭʦʜʽ ʟ ʩʠʣʴʥʦ ʥʝʜʦʨʦʟʰʠʨʝʥʦʛʦ ʩʦʧʣʘ. ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʽʚʥʦʤʽʨʥʦʩʪʽ 

ʧʦʪʦʢʫ ʥʘ ʚʠʭʦʜʽ ʟ ʥʝʜʦʨʦʟʰʠʨʝʥʦʛʦ ʩʦʧʣʘ ʚʘʢʫʫʤʥʦʛʦ ʜʚʠʛʫʥʘ, ʥʘ ʡʦʛʦ ʟʨʽʟʽ 
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ʦʨʛʘʥʽʟʦʚʘʥʦ ʨʦʟʚʘʣʴʮʶʚʘʥʥʷ. ʅʘ ʥʴʦʤʫ ʤʘʻ ʤʽʩʮʝ ʣʦʢʘʣʴʥʠʡ ʪʝʤʧʝʨʘʪʫʨʥʠʡ 

ʩʪʨʠʙʦʢ. 
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Annotation. This paper presents a comparative analysis of the energy efficiency of 

liquid rocket engines for small underwater drones. The study investigates the impact 

of hydrostatic pressure on the specific impulse degradation of non-condensable fuels 

versus systems with phase-transition combustion products. The thrust preservation 
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coefficient is introduced to justify the advantages of using hydrogen peroxide for 

depths exceeding 10 meters. 

Keywords: underwater drone, liquid rocket engine, specific impulse, phase 

transition of combustion products, hydrostatic pressure. 

 

ʈʦʟʚʠʪʦʢ ʤʦʨʩʴʢʠʭ ʜʨʦʥʽʚ ʚ ʋʢʨʘʾʥʽ ʘʢʪʫʘʣʽʟʫʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʽʜʠʥʥʠʭ 

ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ (ʈʈɼ) ʯʝʨʝʟ ʤʦʞʣʠʚʽʩʪʴ ʛʥʫʯʢʦʛʦ ʨʝʛʫʣʶʚʘʥʥʷ ʪʷʛʠ. 

ɻʦʣʦʚʥʦʶ ʧʝʨʝʰʢʦʜʦʶ ʻ ʛʽʜʨʦʩʪʘʪʠʯʥʠʡ ʪʠʩʢ ʥʘ ʟʨʽʟʽ ʩʦʧʣʘ, ʱʦ ʥʘ ʛʣʠʙʠʥʽ 

ʢʨʠʪʠʯʥʦ ʟʥʠʞʫʻ ʂʂɼ. ɺ ʫʤʦʚʘʭ ʦʙʤʝʞʝʥʠʭ ʛʘʙʘʨʠʪʽʚ ʘʧʘʨʘʪʘ (2ï4 ʤ) 

ʧʨʽʦʨʠʪʝʪʥʠʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʘʣʠʚʥʠʭ ʧʘʨ ʽʟ ʧʨʦʜʫʢʪʘʤʠ ʟʛʦʨʷʥʥʷ, ʟʜʘʪʥʠʤʠ 

ʜʦ ʧʦʚʥʦʾ ʢʦʥʜʝʥʩʘʮʽʾ. ʌʘʟʦʚʠʡ ʧʝʨʝʭʽʜ ʚʠʭʣʦʧʫ ʚ ʨʽʜʢʠʡ ʩʪʘʥ ʜʦʟʚʦʣʷʻ 

ʥʽʚʝʣʶʚʘʪʠ ʚʧʣʠʚ ʛʣʠʙʠʥʠ ʟʘʥʫʨʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʚʥʫʪʨʽʰʥʽʡ ʪʠʩʢ ʫ ʜʚʠʛʫʥʽ 

ʟʘʣʝʞʘʪʠʤʝ ʣʠʰʝ ʚʽʜ ʪʠʩʢʫ ʥʘʩʠʯʝʥʦʾ ʧʘʨʠ ʢʦʥʜʝʥʩʦʚʘʥʠʭ ʧʨʦʜʫʢʪʽʚ. ʋ ʨʦʙʦʪʽ 

ʙʫʣʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʩʪʫʧʥʠʭ ʧʘʣʠʚ: ʚʦʜʥʝʚʦ-

ʢʠʩʥʝʚʘ ʧʘʨʘ (H2+O2); 90% ʧʝʨʦʢʩʠʜ ʚʦʜʥʶ (H2O2); ʘʟʦʪʥʠʡ ʪʝʪʨʘʦʢʩʠʜ ʪʘ 

ʥʝʩʠʤʝʪʨʠʯʥʠʡ ʜʠʤʝʪʠʣʛʽʜʨʘʟʽʥ (ɸʊ+ʅɼʄɻ). ʊʨʝʙʘ ʟʘʟʥʘʯʠʪʠ ʱʦ ʧʨʦʜʫʢʪʠ 

ʟʛʦʨʘʥʥʷ ʦʩʪʘʥʥʴʦʛʦ ʥʝ ʟʜʘʪʥʽ ʜʦ ʧʦʚʥʦʾ ʢʦʥʜʝʥʩʘʮʽʾ, ʦʜʥʘʢ ʫ ʩʫʯʘʩʥʽʡ 

ʧʨʘʢʪʠʮʽ ʮʷ ʧʘʨʘ ʻ ʥʘʡʙʽʣʴʰ ʚʞʠʚʘʥʦʶ ʯʝʨʝʟ ʾʾ ʝʥʝʨʛʝʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʂʦʞʥʝ ʟ ʟʘʟʥʘʯʝʥʠʭ ʧʘʣʠʚ ʤʘʻ ʩʚʦʾ ʥʝʜʦʣʽʢʠ ʽ ʧʝʨʝʚʘʛʠ [1]: 

1. H2+O2: ʇʝʨʝʚʘʛʠ ï ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʝ ʧʘʣʠʚʦ, ʻʜʠʥʠʤ ʧʨʦʜʫʢʪʦʤ 

ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʾ ʨʝʘʢʮʽʾ ʻ ʚʦʜʷʥʘ ʧʘʨʘ, ʷʢʘ ʤʠʪʪʻʚʦ ʢʦʥʜʝʥʩʫʻʪʴʩʷ ʧʨʠ ʢʦʥʪʘʢʪʽ 

ʟ ʭʦʣʦʜʥʠʤ ʩʝʨʝʜʦʚʠʱʝʤ; ʅʝʜʦʣʽʢʠ ï ʢʨʽʦʛʝʥʥʘ ʧʨʠʨʦʜʘ ʪʘ ʥʠʟʴʢʘ ʱʽʣʴʥʽʩʪʴ 

ʚʦʜʥʶ ʚʠʤʘʛʘʶʪʴ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ ʪʝʧʣʦʽʟʦʣʷʮʽʾ ʪʘ ʙʘʢʽʚ ʚʝʣʠʢʦʛʦ ʦʙôʻʤʫ, ʮʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʘʜʣʠʰʢʦʚʦʾ ʧʣʘʚʫʯʦʩʪʽ ʪʘ ʟʙʽʣʴʰʝʥʥʷ ʤʽʜʝʣʷ ʜʨʦʥʘ, ʱʦ ʯʝʨʝʟ 

ʟʨʦʩʪʘʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ ʥʽʚʝʣʶʻ ʚʠʛʨʘʰ ʫ ʰʚʠʜʢʦʩʪʽ. ʂʨʽʤ ʪʦʛʦ, 

ʚʝʣʠʢʽ ʦʙôʻʤʠ ʧʘʣʠʚʘ ʩʧʨʠʯʠʥʷʶʪʴ ʜʠʥʘʤʽʯʥʫ ʟʤʽʥʫ ʮʝʥʪʨʫ ʤʘʩ ʧʽʜ ʯʘʩ 

ʚʠʧʨʘʮʶʚʘʥʥʷ, ʱʦ ʢʨʠʪʠʯʥʦ ʧʦʛʽʨʰʫʻ ʢʝʨʦʚʘʥʽʩʪʴ ʽ ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ 

ʢʦʤʧʝʥʩʘʮʽʾ ʧʣʘʚʫʯʦʩʪʽ. 

2. H2O2: ʇʝʨʝʚʘʛʠ ï ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʷʢ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʝ ʧʘʣʠʚʦ 

ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʧʨʦʩʪʦʪʫ ʢʦʥʩʪʨʫʢʮʽʾ ʜʚʠʛʫʥʘ; ʅʝʜʦʣʽʢʠ ï ʧʨʦʜʫʢʪʠ ʨʦʟʢʣʘʜʘʥʥʷ 

ʤʽʩʪʷʪʴ ʚʽʣʴʥʠʡ ʢʠʩʝʥʴ, ʷʢʠʡ ʥʝ ʢʦʥʜʝʥʩʫʻʪʴʩʷ, ʱʦ ʩʪʚʦʨʶʻ ʜʝʤʘʩʢʫʶʯʠʡ ʩʣʽʜ, 

ʨʝʯʦʚʠʥʘ ʭʽʤʽʯʥʦ ʥʝʩʪʘʙʽʣʴʥʘ, ʢʦʨʦʟʽʡʥʦ ʘʢʪʠʚʥʘ ʪʘ ʧʦʞʝʞʦʥʝʙʝʟʧʝʯʥʘ. 

3. ɸʊ+ʅɼʄɻ: ʇʝʨʝʚʘʛʠ ï ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʝ ʩʘʤʦʟʘʡʤʠʩʪʝ ʧʘʣʠʚʦ, 

ʚʫʛʣʝʢʠʩʣʠʡ ʛʘʟ, ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ, ʯʘʩʪʢʦʚʦ ʨʦʟʯʠʥʷʻʪʴʩʷ ʫ ʚʦʜʽ. ʅʝʜʦʣʽʢʠ ï 

ʧʨʦʜʫʢʪʠ ʟʛʦʨʷʥʥʷ ʤʽʩʪʷʪʴ ʘʟʦʪ ʪʘ ʦʢʠʩ ʚʫʛʣʝʮʶ, ʷʢʽ ʥʝ ʢʦʥʜʝʥʩʫʶʪʴʩʷ, 

ʥʘʷʚʥʽʩʪʴ ʥʝʢʦʥʜʝʥʩʦʚʘʥʠʭ ʛʘʟʽʚ, ʱʦ ʜʝʤʘʩʢʫʶʪʴ ʘʧʘʨʘʪ, ʢʦʤʧʦʥʝʥʪʠ ʻ 

ʥʘʜʟʚʠʯʘʡʥʦ ʪʦʢʩʠʯʥʠʤʠ ʽ ʧʦʪʨʘʧʣʷʥʥʷ ʟʘʣʠʰʢʽʚ ʧʘʣʠʚʘ ʫ ʚʦʜʫ ʩʧʨʠʯʠʥʷʻ 

ʝʢʦʣʦʛʽʯʥʫ ʢʘʪʘʩʪʨʦʬʫ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʧʘʣʠʚ ʟ ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʛʘʙʘʨʠʪʠ 

ʧʘʣʠʚʥʠʭ ʚʽʜʩʽʢʽʚ. ʎʝ ʚʠʚʽʣʴʥʷʻ ʢʦʨʠʩʥʠʡ ʦʙôʻʤ ʜʣʷ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ, 

ʙʦʡʦʚʦʾ ʯʘʩʪʠʥʠ ʘʙʦ ʜʦʜʘʪʢʦʚʠʭ ʘʢʫʤʫʣʷʪʦʨʽʚ. ʊʦʤʫ ʚ ʧʦʜʘʣʴʰʦʤʫ ʙʫʣʦ 

ʨʦʟʛʣʷʥʫʪʦ ʩʘʤʝ ʮʽ ʧʘʣʠʚʘ. 

ʊʘʢ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʛʣʠʙʠʥʠ ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ ɸʊ+ʅɼʄɻ ʩʪʨʽʤʢʦ ʧʘʜʘʻ. 

ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʇʨʦʜʫʢʪʠ ʟʛʦʨʷʥʥʷ ʤʽʩʪʷʪʴ ʘʟʦʪ ʪʘ ʦʢʩʠʜʠ ʚʫʛʣʝʮʶ. 
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ʎʽ ʛʘʟʠ ʥʝ ʢʦʥʜʝʥʩʫʶʪʴʩʷ. ʑʦʙ ʚʠʰʪʦʚʭʥʫʪʠ ʾʭ ʽʟ ʩʦʧʣʘ ʥʘ ʛʣʠʙʠʥʽ, ʪʠʩʢ ʫ 

ʢʘʤʝʨʽ ʤʘʻ ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʚʘʪʠ ʛʽʜʨʦʩʪʘʪʠʯʥʠʡ ʪʠʩʢ ʚʦʜʠ ʽ ʝʥʝʨʛʽʷ ʡʜʝ ʥʝ ʥʘ 

ʩʪʚʦʨʝʥʥʷ ʪʷʛʠ, ʘ ʥʘ ʧʦʜʦʣʘʥʥʷ ʦʧʦʨʫ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ [2]. ɺ ʪʦʡ 

ʞʝ ʯʘʩ ʫ ʧʝʨʦʢʩʠʜʘ ʚʦʜʥʶ ʧʨʠ ʨʦʟʢʣʘʜʘʥʥʽ ʫʪʚʦʨʶʻʪʴʩʷ ʚʦʜʷʥʘ ʧʘʨʘ 

(ʢʦʥʜʝʥʩʫʻʪʴʩʷ) ʪʘ ʚʽʣʴʥʠʡ ʢʠʩʝʥʴ (ʥʝ ʢʦʥʜʝʥʩʫʻʪʴʩʷ). ʅʘʷʚʥʽʩʪʴ 

ʥʝʢʦʥʜʝʥʩʦʚʘʥʦʛʦ ʢʠʩʥʶ ʟʤʫʰʫʻ ʂʂɼ ʧʘʜʘʪʠ ʟ ʛʣʠʙʠʥʦʶ, ʘʣʝ ʦʩʢʽʣʴʢʠ ʯʘʩʪʢʘ 

ʛʘʟʽʚ ʤʝʥʰʘ, ʥʽʞ ʫ ʢʣʘʩʠʯʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ, ʧʘʜʽʥʥʷ ʽʤʧʫʣʴʩʫ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʚʽʣʴʥʽʰʝ. 

ʇʨʠ ʧʦʨʽʚʥʷʥʥʽ ʧʘʣʠʚʥʠʭ ʧʘʨ ʟʘ ʧʠʪʦʤʠʤ ʽʤʧʫʣʴʩʦʤ ʨʝʟʫʣʴʪʘʪʠ 

ʨʦʟʨʘʭʫʥʢʽʚ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʽ ʢʦʤʧʦʥʝʥʪʠ (ɸʊ + ʅɼʄɻ) 

ʟʙʝʨʽʛʘʶʪʴ ʟʥʘʯʥʫ ʯʠʩʝʣʴʥʫ ʧʝʨʝʚʘʛʫ ʥʘʜ H2O2 ʥʘʚʽʪʴ ʥʘ ʛʣʠʙʠʥʽ 50 ʤʝʪʨʽʚ. 

ʆʜʥʘʢ, ʪʘʢʠʡ ʨʦʟʨʠʚ ʻ ʪʝʦʨʝʪʠʯʥʠʤ ʽ ʥʝ ʚʨʘʭʦʚʫʻ ʚʪʨʘʪʠ, ʧʦʚôʷʟʘʥʽ ʟ 

ʚʠʢʠʜʘʥʥʷʤ ʥʝʢʦʥʜʝʥʩʦʚʘʥʠʭ ʛʘʟʽʚ. ɼʣʷ ʧʘʣʠʚʘ ɸʊ + ʅɼʄɻ ʨʦʙʦʪʘ ʫ ʚʦʜʽ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷʤ ʛʘʟʦʚʦʾ ʢʘʚʝʨʥʠ, ʱʦ ʩʪʚʦʨʶʻ ʜʦʜʘʪʢʦʚʠʡ ʦʧʽʨ 

ʬʦʨʤʽ ʘʧʘʨʘʪʘ. ʋ ʪʦʡ ʞʝ ʯʘʩ, H2O2, ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʫ ʨʦʙʦʪʫ ʜʚʠʛʫʥʘ ʟʘ 

ʨʘʭʫʥʦʢ ʢʦʥʜʝʥʩʘʮʽʾ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ. ʎʝ ʥʽʚʝʣʶʻ ʚʧʣʠʚ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ 

ʪʠʩʢʫ ʥʘ ʟʨʽʟʽ ʩʦʧʣʘ ʽ ʚʠʢʣʶʯʘʻ ʜʝʤʘʩʢʫʶʯʠʡ ʪʘ ʛʘʣʴʤʫʶʯʠʡ ʛʘʟʦʚʠʡ ʩʣʽʜ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ ʚʠʙʦʨʽ ʧʘʣʠʚʘ, ʢʨʠʪʠʯʥʠʤ ʩʪʘʻ ʥʝ ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ 

ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ, ʘ ʢʦʝʬʽʮʽʻʥʪ ʟʙʝʨʝʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ ʪʷʛʠ ʚ ʫʤʦʚʘʭ 

ʟʘʥʫʨʝʥʥʷ [3]. ɼʣʷ ʦʙôʻʢʪʠʚʥʦʾ ʦʮʽʥʢʠ ʧʘʣʠʚʥʠʭ ʩʠʩʪʝʤ ʚ ʫʤʦʚʘʭ 

ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʙʫʣʦ ʚʚʝʜʝʥʦ ʢʦʝʬʽʮʽʻʥʪ ʟʙʝʨʝʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ ʪʷʛʠ, 

ʷʢʠʡ ʚʠʟʥʘʯʘʻ ʟʜʘʪʥʽʩʪʴ ʜʚʠʛʫʥʘ ʨʝʘʣʽʟʦʚʫʚʘʪʠ ʩʚʽʡ ʝʥʝʨʛʝʪʠʯʥʠʡ ʧʦʪʝʥʮʽʘʣ 

ʧʨʠ ʟʘʥʫʨʝʥʥʽ: 

ʇʘʨʘ ɸʊ + ʅɼʄɻ, ʧʦʧʨʠ ʚʠʩʦʢʽ ʧʦʢʘʟʥʠʢʠ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ ʤʘʻ ʟʥʘʯʥʫ 

ʧʣʦʱʫ ʟʨʽʟʫ ʩʦʧʣʘ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʥʘ ʛʣʠʙʠʥʽ 20ï30 ʤ ʚʪʨʘʯʘʻʪʴʩʷ 

40-50% ʥʦʤʽʥʘʣʴʥʦʾ ʪʷʛʠ. ʂʨʽʤ ʪʦʛʦ, ʥʘʷʚʥʽʩʪʴ ʥʝʢʦʥʜʝʥʩʦʚʘʥʦʛʦ ʘʟʦʪʫ ʫ 

ʚʠʭʣʦʧʽ ʩʪʚʦʨʶʻ ʛʘʟʦʚʫ ʢʘʚʝʨʥʫ, ʱʦ ʜʦʜʘʪʢʦʚʦ ʟʥʠʞʫʻ ʢʦʝʬʽʮʽʻʥʪ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʽ ʥʘ ʛʣʠʙʠʥʽ ʙʽʣʴʰʝ 10 ʤʝʪʨʽʚ ʥʘʚʽʪʴ ʟʘ ʫʤʦʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʩʢʦʨʦʯʝʥʦʛʦ ʩʦʧʣʘ ʜʚʠʛʫʥ çʟʘʭʣʠʥʘʻʪʴʩʷè.  

ɿʘʚʜʷʢʠ ʝʬʝʢʪʫ ʤʠʪʪʻʚʦʾ ʢʦʥʜʝʥʩʘʮʽʾ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ ʜʣʷ ʧʝʨʝʢʠʩʫ 

ʚʦʜʥʶ, ʩʦʧʣʦ ʤʦʞʝ ʙʫʪʠ ʩʧʨʦʝʢʪʦʚʘʥʝ ʟʥʘʯʥʦ ʢʦʤʧʘʢʪʥʽʰʠʤ. ʎʝ ʤʽʥʽʤʽʟʫʻ 

ʥʝʛʘʪʠʚʥʠʡ ʚʧʣʠʚ ʟʦʚʥʽʰʥʴʦʛʦ ʪʠʩʢʫ. ɺʽʜʩʫʪʥʽʩʪʴ ʛʘʟʦʚʦʛʦ ʰʣʝʡʬʫ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ ʱʦ ʢʦʝʬʽʮʽʻʥʪ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʣʠʰʘʻʪʴʩʷ ʥʘ ʨʽʚʥʽ 0,85ï0,9 

ʥʘʚʽʪʴ ʥʘ ʟʥʘʯʥʠʭ ʛʣʠʙʠʥʘʭ. 

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʜʝʤʦʥʩʪʨʫʻ, ʱʦ ʥʘ ʤʘʣʠʭ ʛʣʠʙʠʥʘʭ (ʜʦ 10 ʤ) 

ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʘ ʧʘʨʘ ɸʊ+ʅɼʄɻ ʟʙʝʨʽʛʘʻ ʧʝʨʝʚʘʛʫ ʟʘ ʘʙʩʦʣʶʪʥʠʤ 

ʟʥʘʯʝʥʥʷʤ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ. ʇʨʦʪʝ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʛʣʠʙʠʥʠ ʬʘʢʪʦʨ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʫ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ ʩʪʘʻ ʜʦʤʽʥʫʶʯʠʤ. ɺʠʢʦʨʠʩʪʘʥʥʷ H2O2 ʜʦʟʚʦʣʷʻ 

ʫʥʠʢʥʫʪʠ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ "ʟʘʧʠʨʘʥʥʷ" ʩʦʧʣʘ ʪʘ ʤʽʥʽʤʽʟʫʚʘʪʠ ʜʝʤʘʩʢʫʚʘʥʥʷ 

ʘʧʘʨʘʪʘ, ʱʦ ʨʦʙʠʪʴ ʡʦʛʦ ʙʽʣʴʰ ʜʦʮʽʣʴʥʠʤ ʧʘʣʴʥʠʤ ʜʣʷ ʛʣʠʙʦʢʦʚʦʜʥʠʭ 

ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ. 
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ʇɽʈʉʇɽʂʊʀɺʀ ɺʀʂʆʈʀʉʊɸʅʅʗ ɸɼʀʊʀɺʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ʇʈʀ 

ʇʈʆɽʂʊʋɺɸʅʅɯ ʊɸ ɺʀʈʆɹʅʀʎʊɺɯ ʈɸʂɽʊʅʀʍ ɼɺʀɻʋʅɯɺ 

ɸʥʦʪʘʮʽʷ: ʋ ʪʝʢʩʪʽ ʨʦʟʛʣʷʥʫʪʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʤʫ ʜʚʠʛʫʥʦʙʫʜʫʚʘʥʥʽ, ʟʦʢʨʝʤʘ ʪʝʭʥʦʣʦʛʽʶ ʩʝʣʝʢʪʠʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʧʣʘʚʣʝʥʥʷ ʤʝʪʘʣʝʚʦʛʦ ʧʦʨʦʰʢʫ (SLM). ʆʧʠʩʘʥʦ ʧʨʠʥʮʠʧ ʾʾ ʨʦʙʦʪʠ, ʷʢʠʡ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʰʘʨʦʚʦʤʫ ʨʦʟʧʣʘʚʣʝʥʥʽ ʤʝʪʘʣʝʚʦʛʦ ʧʦʨʦʰʢʫ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʣʘʟʝʨʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ CAD-ʤʦʜʝʣʝʡ, ʘ ʪʘʢʦʞ ʥʘʚʝʜʝʥʦ ʦʩʥʦʚʥʽ 

ʧʝʨʝʚʘʛʠ ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚʠʨʦʙʥʠʮʪʚʘ. ʈʦʟʛʣʷʥʫʪʦ 

ʤʦʞʣʠʚʦʩʪʽ ʩʪʚʦʨʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ, ʛʨʘʜʽʻʥʪʥʠʭ ʽ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʘ ʪʘʢʦʞ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ Spray forming ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ ʩʧʣʘʚʽʚ ʽʟ ʧʦʢʨʘʱʝʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʩʝʣʝʢʪʠʚʥʝ ʣʘʟʝʨʥʝ ʧʣʘʚʣʝʥʥʷ (SLM), 

3D-ʜʨʫʢ ʤʝʪʘʣʦʤ, ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʝ 

ʜʚʠʛʫʥʦʙʫʜʫʚʘʥʥʷ. 
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PROSPECTS FOR THE USE OF ADDITIVE TECHNOLOGIES IN THE 

DESIGN AND PRODUCTION OF ROCKET ENGINES  

Abstract: The text considers the application of additive technologies in rocket and 

space engine manufacturing, particularly the technology of selective laser melting 

(SLM) of metal powder. The principle of this technology is based on the layer-by-

layer melting of metal powder using laser radiation according to CAD models, and 

its main advantages over traditional manufacturing methods are highlighted. The 

possibilities of creating composite, gradient, and nanostructured materials, as well 
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as the prospects of using Spray forming technology to obtain alloys with improved 

properties, are also discussed. 

Keywords: additive technologies, selective laser melting (SLM), metal 3D printing, 

composite materials, rocket and space engine manufacturing. 

 

ʅʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʚʠʜʦʤ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʫ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʤʫ ʜʚʠʛʫʥʦʙʫʜʫʚʘʥʥʽ ʚʚʘʞʘʻʪʴʩʷ ʽʥʥʦʚʘʮʽʡʥʘ ʪʝʭʥʦʣʦʛʽʷ 

ʚʠʨʦʙʥʠʮʪʚʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʘʟʝʨʥʦʛʦ ʧʣʘʚʣʝʥʥʷ ʤʝʪʘʣʝʚʦʛʦ ʧʦʨʦʰʢʫ ʟʘ 

ʤʘʪʝʤʘʪʠʯʥʠʤʠ CAD-ʤʦʜʝʣʷʤʠ [1]. SLM (Selective laser melting)-ʪʝʭʥʦʣʦʛʽʷ 

3D-ʜʨʫʢʫ ʘʙʦ (3D-ʜʨʫʢ ʤʝʪʘʣʦʤ) ʧʝʨʝʜʙʘʯʘʻ ʧʦʩʣʽʜʦʚʥʝ ʧʦʰʘʨʦʚʝ 

ʨʦʟʧʣʘʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦʪʫʞʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ɿʘ ʜʦʧʦʤʦʛʦʶ SLM-ʪʝʭʥʦʣʦʛʽʾ ʩʪʚʦʨʶʶʪʴ ʚʠʩʦʢʦʪʦʯʥʽ 

ʜʝʪʘʣʽ, ʟ ʷʢʠʭ ʩʢʣʘʜʘʶʪʴʩʷ ʚʽʜʧʦʚʽʜʘʣʴʥʽ ʚʫʟʣʠ ʪʘ ʘʛʨʝʛʘʪʠ, ʘ ʪʘʢʦʞ ʥʝʨʦʟʙʽʨʥʽ 

ʢʦʥʩʪʨʫʢʮʽʾ ʧʽʜʚʠʱʝʥʦʾ ʥʘʜʽʡʥʦʩʪʽ. 

ʋ ʧʦʨʽʚʥʷʥʥʽ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷ ʩʝʣʝʢʪʠʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʩʧʣʘʚʣʝʥʥʷ ʤʘʻ ʨʷʜ ʩʫʪʪʻʚʠʭ ʧʝʨʝʚʘʛ [2]. ɺʦʥʘ ʜʦʟʚʦʣʷʻ ʚʠʨʽʰʫʚʘʪʠ ʩʢʣʘʜʥʽ  

ʪʝʭʥʦʣʦʛʽʯʥʽ ʟʘʜʘʯʽ, ʩʢʦʨʦʯʫʻ ʦʙôʻʤʠ ʪʘ ʪʝʨʤʽʥʠ ʚʠʢʦʥʘʥʥʷ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ 

ʽ ʜʦʩʣʽʜʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʨʦʙʽʪ, ʩʪʘʻ  ʤʦʞʣʠʚʠʤ ʚʥʝʩʝʥʥʷ ʦʧʝʨʘʪʠʚʥʠʭ 

ʟʤʽʥ ʥʘ ʙʫʜʴ-ʷʢʦʤʫ ʝʪʘʧʽ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʚʠʨʦʙʥʠʮʪʚʘ. ɼʝʪʘʣʽ, ʩʪʚʦʨʝʥʽ ʥʘ 3D-

ʧʨʠʥʪʝʨʽ ʟ ʤʝʪʘʣʫ, ʟʘ ʩʚʦʾʤʠ ʤʝʭʘʥʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʫ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ 

ʧʝʨʝʚʝʨʰʫʶʪʴ ʘʥʘʣʦʛʠ, ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʠʪʪʷ ʘʙʦ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ. 

ɿʘʙʝʟʧʝʯʫʻʪʴʩʷ ʝʢʦʥʦʤʽʯʥʘ ʜʦʮʽʣʴʥʽʩʪʴ ʜʨʽʙʥʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ 

ʚʠʨʦʙʥʠʮʪʚʘ ʢʘʩʪʦʤʽʟʦʚʘʥʦʾ ʧʨʦʜʫʢʮʽʾ. ʋʩʪʘʪʢʫʚʘʥʥʷ ʜʣʷ ʘʜʠʪʠʚʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʜʦʟʚʦʣʷʻ ʚʠʛʦʪʦʚʣʷʪʠ ʩʢʣʘʜʥʽ ʩʠʩʪʝʤʠ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʩʽʪʯʘʩʪʠʭ ʢʦʥʩʪʨʫʢʮʽʡ, ʷʢʽ ʥʝʤʦʞʣʠʚʦ ʦʪʨʠʤʘʪʠ ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ï 

ʣʠʪʪʷʤ ʘʙʦ ʰʪʘʤʧʫʚʘʥʥʷʤ. ʄʦʞʣʠʚʦʩʪʽ ʤʘʰʠʥ ʜʦʟʚʦʣʷʶʪʴ ʪʘʢʦʞ ʚʠʨʦʙʣʷʪʠ 

ʜʝʪʘʣʽ ʟ ʢʦʤʧʦʟʠʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʢʽʣʴʢʘ ʩʠʩʪʝʤ ʧʦʜʘʯʽ 

ʨʽʟʥʦʨʽʜʥʠʭ ʧʦʨʦʰʢʽʚ. ɭ ʜʦʩʚʽʜ ʩʪʚʦʨʝʥʥʷ ʪʘʢ ʟʚʘʥʠʭ ʛʨʘʜʽʻʥʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʩʧʦʩʦʙʦʤ ʧʦʰʘʨʦʚʦʛʦ ʥʘʥʝʩʝʥʥʷ ʪʘ ʩʧʣʘʚʣʝʥʥʷ ʜʚʦʭ ʘʙʦ ʜʝʢʽʣʴʢʦʭ ʤʘʪʝʨʽʘʣʽʚ 

ʟ ʨʽʟʥʠʤʠ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ [3]. 

ʆʪʨʠʤʘʥʦ ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʚ ʷʢʠʭ ʤʘʪʨʠʯʥʘ ʦʩʥʦʚʘ ʧʦʩʠʣʝʥʘ 

ʢʝʨʘʤʽʢʦʶ. ʊʘʢʽ ʤʘʪʝʨʽʘʣʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʽʜʚʠʱʝʥʫ ʞʦʨʩʪʢʽʩʪʴ ʪʘ ʩʪʽʡʢʽʩʪʴ ʜʦ 

ʟʥʦʰʫʚʘʥʥʷ. ʉʪʚʦʨʝʥʦ ʫʥʽʢʘʣʴʥʠʡ ʤʘʪʝʨʽʘʣ Al-Si ʟ ʚʤʽʩʪʦʤ ʢʨʝʤʥʽʶ 70% ʟʘ 

ʚʘʛʦʶ. ɿʤʽʥʶʶʯʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʨʝʤʥʽʶ ʪʘ ʘʣʶʤʽʥʽʶ, ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ 

ʩʧʣʘʚʠ ʽʟ ʟʘʜʘʥʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ (ʥʘʧʨʠʢʣʘʜ, 

ʧʦʩʪʽʡʥʠʤ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʪʝʤʧʝʨʘʪʫʨ). ʊʝʭʥʦʣʦʛʽʷ Spray forming 

ʩʪʚʦʨʶʻ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ - ʫʥʽʢʘʣʴʥʠʭ ʩʧʣʘʚʽʚ ʟ ʨʽʚʥʦʤʽʨʥʠʤ 

ʚʢʣʶʯʝʥʥʷʤ ʜʦ ʦʙ'ʻʤʥʦʾ ʩʪʨʫʢʪʫʨʠ ʥʘʥʦʯʘʩʪʠʥʦʢ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ï ʤʝʪʘʣʽʚ, 

ʚʢʣʶʯʘʶʯʠ ʨʽʜʢʦʟʝʤʝʣʴʥʽ, ʦʢʩʠʜʽʚ ʪʘ ʽʥ. 
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REVIEW OF THE APPLICATION OF AN AUTOMATIC UNLOADING 

DEVICE IN THE TURBOPUMP UNITS FOR STAGE COMBUSTION  

LIQUID ROCKET ENGINES  WITH THRUST UP TO 10 TONS 

Annotation: A theoretical calculation of axial forces and an analysis of experimental 

data on the operation of the automatic unloading device (AUD) in the turbopump 

unit (TPU) of a liquid rocket engine (LRE) with generator gas afterburning, with a 

thrust of up to 10 tons, have been carried out. 

Keywords: automatic unloading device, turbopump unit, liquid rocket engine, 

generator gas afterburning. 

 

ʈʦʙʦʪʘ ʪʫʨʙʦʥʘʩʦʩʥʦʛʦ ʘʛʨʝʛʘʪʫ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʚʠʥʠʢʥʝʥʥʷʤ ʟʥʘʯʥʠʭ 

ʦʩʴʦʚʠʭ ʩʠʣ, ʱʦ ʜʽʶʪʴ ʥʘ ʨʦʪʦʨ ʪʘ ʧʽʜʰʠʧʥʠʢʦʚʽ ʚʫʟʣʠ, ʪʘ ʚʠʤʽʨʶʶʪʴʩʷ 

ʜʝʩʷʪʢʘʤʠ ʪʦʥ. ɰʭ ʫʨʽʚʥʦʚʘʞʝʥʥʷ ʧʦʚôʷʟʘʥʝ ʟ ʧʝʚʥʠʤʠ ʪʨʫʜʥʦʱʘʤʠ ʪʘ ʧʦʪʨʝʙʫʻ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʝʚʥʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʨʽʰʝʥʴ [1]. 

mailto:kdi.dp.88@gmail.com
mailto:kdi.dp.88@gmail.com
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ɼʣʷ ʢʦʤʧʝʥʩʘʮʽʾ ʦʩʴʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ɸʈʇ ʘʙʦ ʘʚʪʦʤʘʪʠ 

ʦʩʴʦʚʦʛʦ ʨʦʟʚʘʥʪʘʞʝʥʥʷ (ɸʆʈ) [2], ʨʘʜʠʘʣʴʥʦ-ʫʧʦʨʥʽ ʧʽʜʰʠʧʥʠʢʠ, 

ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʽ ʜʠʩʢʠ ʪʘ ʾʭ ʢʦʤʙʽʥʘʮʽʾ. ɸʆʈ ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʟʤʝʥʰʝʥʥʷ 

ʚʝʣʠʯʠʥʠ ʦʩʴʦʚʦʾ ʩʠʣʠ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʙʽʣʽʟʘʽʾ ʧʦʣʦʞʝʥʥʷ ʨʦʪʦʨʘ ʫ ʩʪʘʣʠʭ 

ʽ ʧʝʨʝʭʽʜʥʠʭ ʨʝʞʠʤʘʭ. ʉʪʽʡʢʽʩʪʴ ʨʦʙʦʪʠ ɸʈʇ ʻ ʢʨʠʪʠʯʥʦʶ ʫʤʦʚʦʶ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʨʝʩʫʨʩʫ ʊʅɸ. 

ʌʫʥʢʮʽʦʥʫʚʘʥʥʷ ɸʈʇ ʚʽʜʙʫʚʘʻʪʴʩ ʟʘ ʨʘʭʫʥʦʢ ʙʘʣʘʥʩʫʚʘʥʥʷ ʩʠʣ ʪʠʩʢʫ 

ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʱʦ ʜʽʶʪʴ ʥʘ ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʽ ʧʣʦʱʠʥʠ ʨʦʙʦʯʦʛʦ 

ʢʦʣʝʩʘ ʨʦʪʦʨʘ. 

ʅʘ ʨʠʩʫʥʢʫ 1 ʟʦʙʨʘʞʝʥʘ ʢʦʥʩʪʨʫʢʪʠʚʥʘ ʩʭʝʤʘ ɸʈʇ, ʱʦ ʯʘʩʪʦ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʊʅɸ. 

 
ʈʠʩʫʥʦʢ 1 - ʂʦʥʩʪʨʫʢʪʠʚʥʘ ʩʭʝʤʘ ɸʈʇ (1 ï ʨʦʙʦʯʝ ʢʦʣʝʩʦ, 2 ï ʢʦʨʧʫʩ,          3 ï ʨʦʪʦʨ, 4 ï 

ʧʽʜʰʠʧʥʠʢ, 5 ï ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʘ ʧʦʨʦʞʥʠʥʘ, 6 ï ʱʽʣʴʦʚʝ ʫʱʽʣʴʥʝʥʥʷ, 7 ï ʟʣʠʚʥʘ ʧʣʦʱʠʥʘ, ʘ ï 

ʨʝʛʫʣʴʦʚʘʥʠʡ ʟʘʟʦʨ) 

 ɸʈʇ ʬʫʥʢʮʽʦʥʫʻ ʟʘ ʨʘʭʫʥʦʢ ʙʘʣʘʥʩʫʚʘʥʥʷ ʩʠʣ ʪʠʩʢʫ ʨʦʙʦʯʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ, ʱʦ ʜʽʶʪʴ ʥʘ ʚʽʜʧʦʚʽʜʥʽ ʧʣʦʱʽ ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʦʛʦ ʜʠʩʢʘ. ʇʨʠ 

ʟʤʽʥʽ ʦʩʴʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ ʨʦʪʦʨʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʽʥʘ ʟʘʟʦʨʽʚ ʫ ʜʨʦʩʝʣʶʶʯʠʭ 

ʝʣʝʤʝʥʪʘʭ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʪʠʩʢʽʚ ʪʘ ʬʦʨʤʫʚʘʥʥʷ 

ʢʦʤʧʝʥʩʫʶʯʦʾ ʩʠʣʠ. ʊʘʢʠʤ ʯʠʥʦʤ ʬʦʨʤʫʻʪʴʩʷ ʩʠʩʪʝʤʘ ʘʚʪʦʤʘʪʠʯʥʦʛʦ 

ʨʝʛʫʣʶʚʘʥʥʷ ʦʩʴʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ ʨʦʪʦʨʘ. 

ʉʪʽʡʢʽʩʪʴ ʨʦʙʦʪʠ ɸʈʇ ʚʠʟʥʘʯʘʻʪʴʩʷ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʞʦʨʩʪʢʦʩʪʽ 

ʛʽʜʨʘʚʣʽʯʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʩʪʨʦʶ ʪʘ ʟʦʚʥʽʰʥʽʭ ʦʩʴʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʱʦ 

ʜʽʶʪʴ ʥʘ ʨʦʪʦʨ. ʇʨʠ ʥʝʜʦʩʪʘʪʥʽʡ ʞʦʨʩʪʢʦʩʪʽ ʩʠʩʪʝʤʠ ʤʦʞʣʠʚʽ ʘʚʪʦʢʦʣʠʚʘʥʥʷ 

ʨʦʪʦʨʘ, ʥʝʩʪʽʡʢʘ ʨʦʙʦʪʘ ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʦʛʦ ʚʫʟʣʘ ʪʘ ʧʝʨʽʦʜʠʯʥʽ ʢʦʥʪʘʢʪʥʽ 

ʚʟʘʻʤʦʜʽʾ ʫʱʽʣʴʥʶʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʅʘʜʤʽʨʥʘ ʞʦʨʩʪʢʽʩʪʴ, ʫ ʩʚʦʶ ʯʝʨʛʫ, 

ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʧʽʜʚʠʱʝʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʽ ʟʥʦʩʫ. 

ʇʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʊʅɸ ʧʦʪʨʽʙʥʦ ʟʘʙʝʟʧʝʯʠʪʠ ʫʤʦʚʠ, ʟʘ ʷʢʠʭ ʦʩʴʦʚʽ 

ʟʫʩʠʣʣʷ ʤʦʞʫʪʴ ʟʤʽʥʶʚʘʪʠ ʩʚʽʡ ʥʘʧʨʷʤʦʢ (ʟʥʘʢ) ʫ ʚʩʴʦʤʫ ʨʦʙʦʯʦʤʫ ʜʽʘʧʘʟʦʥʽ, 

ʱʦ ʻ ʢʨʠʪʝʨʽʻʤ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʾ. 

ʅʘ ʦʩʥʦʚʽ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʤʦʜʝʣʝʡ ʚʠʟʥʘʯʝʥʦ ʩʫʤʘʨʥʝ ʦʩʴʦʚʝ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʨʦʪʦʨ ʜʣʷ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʜʚʠʛʫʥʘ. ʆʪʨʠʤʘʥʦ 
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ʟʘʣʝʞʥʦʩʪʽ ʟʤʽʥʠ ʦʩʴʦʚʦʾ ʩʠʣʠ ʚʽʜ ʪʠʩʢʫ, ʚʠʪʨʘʪʠ ʪʘ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʧʨʦʪʦʯʥʦʾ ʯʘʩʪʠʥʠ. 

 

 
ʈʠʩʫʥʦʢ 2. ʆʩʴʦʚʽ ʩʠʣʠ ʜʣʷ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʊʅɸ (ʨʦʟʨʘʭʫʥʢʦʚʽ ʜʘʥʽ). 

ɼʣʷ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʟʨʫʭʫʥʢʽʚ ʧʨʦʚʝʜʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪ ʟ 

ʚʠʟʥʘʯʝʥʥʷ ʟʘʟʦʨʫ ʚ ɸʈʇ. ʋ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʚʠʟʥʘʯʝʥʦ ʬʘʢʪʠʯʥʽ ʟʥʘʯʝʥʥʷ 

ʨʦʙʦʯʦʛʦ ʟʘʟʦʨʫ ʚ ɸʈʇ ʪʘ ʦʮʽʥʝʥʦ ʚʧʣʠʚ ʟʘʟʦʨʫ ʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʦʙʦʪʠ ɸʈʇ. 

ʆʪʨʠʤʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʜʦʟʚʦʣʠʣʠ ʫʪʦʯʥʠʪʠ ʨʦʟʨʘʭʫʥʢʦʚʽ 

ʤʦʜʝʣʽ ʪʘ ʧʽʜʪʚʝʨʜʠʪʠ ʾʭ ʢʦʨʝʢʪʥʽʩʪʴ. 

 

 
ʈʠʩʫʥʦʢ 3. ʆʩʴʦʚʽ ʩʠʣʠ ʜʣʷ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʊʅɸ (ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ). 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʤʘʩʦʚʦʾ ʚʠʪʨʘʪʠ ʚ ʟʘʟʦʨʽ ɸʈʇ ʪʘ ʯʝʨʝʟ ʧʣʘʚʘʶʯʝ ʢʽʣʴʮʝ 

ʚʠʢʦʨʠʩʪʘʥʽ ʚʽʜʦʤʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʣʷ ʚʠʪʨʘʪʠ ʨʦʙʦʯʦ ʾʨʽʜʠʥʠ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ 

ʡʦʛʦ ʽʥʝʨʮʽʡʥʦʩʪʽ [3]: 

 

Ὃ ‘Ὂς”Ўὖȟ Ὂ “Ὀὢ  (1) 

ɺ ʨʽʚʥʷʥʥʽ (1) ʧʣʦʱʘ ʧʨʦʭʽʜʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟʘʟʦʨʫ F ʜʦʨʽʚʥʶʻ ʜʦʙʫʪʢʫ 

ʜʦʚʞʠʥʠ ʢʦʣʘ ʥʘ ʜʽʘʤʝʪʨ D ʥʘ ʚʝʣʠʯʠʥʫ ʦʩʦɹʚʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʨʦʪʦʨʘ ʍ. 

ɺ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ 

ʟʤʝʥʰʝʥʥʽ ʟʘʟʦʨʫ ʚ ɸʈʇ ʤʝʥʰʝ ʥʽʞ 0,2 ʤʤ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʥʦʰʝʥʥʷ ʡʦʛʦ 

ʝʣʝʤʝʥʪʽʚ. ʎʝ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʧʽʜʚʠʱʝʥʥʷʤ ʛʽʜʨʦʜʠʥʠʤʽʯʥʦʛʦ ʦʧʦʨʫ ʪʘ 
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ʢʦʥʪʘʢʪʥʦʶ ʚʟʘʻʤʦʜʽʻʶ ʝʣʝʤʝʥʪʽʚ ɸʈʇ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʣʦʢʘʣʴʥʦʛʦ 

ʧʝʨʝʛʨʽʚʫ ʪʘ ʧʽʜʚʠʱʝʥʦʛʦ ʟʥʦʩʫ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ. 

ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʩʚʽʜʯʘʪʴ ʧʨʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʽʥʽʤʘʣʴʥʦʛʦ 

ʟʘʟʦʨʫ ʥʝ ʤʝʥʰʝ 0,2 ʤʤ ʜʣʷ ʛʘʨʘʥʪʫʚʘʥʥʷ ʥʘʜʽʡʥʦʾ ʨʦʙʦʪʠ ɸʈʇ. 

ʅʘ ʩʪʽʡʢʽʩʪʴ ʨʦʙʦʪʠ ɸʈʇ ʚʧʣʠʚʘʶʪʴ ʪʘʢʽ ʦʩʥʦʚʥʽ ʬʘʢʪʦʨʠ: ʛʝʦʤʝʪʨʠʯʥʽ 

ʧʘʨʘʤʝʪʨʠ ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʦʛʦ ʜʠʩʢʘ, ʧʣʦʱʽ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ, ʚʝʣʠʯʠʥʠ 

ʜʨʦʩʝʣʶʶʯʠʭ ʟʘʟʦʨʽʚ, ʧʝʨʝʧʘʜʠ ʪʠʩʢʫ ʚ ʧʦʨʦʞʥʠʥʘʭ, ʚʠʪʨʘʪʘ ʨʦʙʦʯʦ ʾʨʽʜʠʥʠ. 

ɺʘʞʣʠʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʶʪʴ ʪʘʢʦʞ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʱʽʣʴʥʝʥʴ ʪʘ ʚʠʪʦʢʠ ʯʝʨʝʟ 

ʜʨʦʩʝʣʶʶʯʽ ʢʘʥʘʣʠ. 

ʋʤʦʚʦʶ ʩʪʽʡʢʦʾ ʨʦʙʦʪʠ ɸʈʇ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʦʩʴʦʚʦʾ ʩʠʣʠ, ʷʢʘ ʟʨʦʩʪʘʻ ʟʽ 

ʟʤʽʱʝʥʥʷʤ ʨʦʪʦʨʘ ʪʘ ʧʝʨʝʚʠʱʫʻ ʟʤʽʥʫ ʟʦʚʥʽʰʥʴʦʛʦ ʦʩʴʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʎʝ 

ʜʦʩʷʛʘʻʪʴʩʷ ʚʠʙʦʨʦʤ ʥʝʦʙʭʽʜʥʠʭ ʧʣʦʱʠʥ ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʠʭ ʧʦʚʝʨʭʦʥʴ, 

ʦʧʪʠʤʘʣʴʥʠʭ ʜʨʦʩʝʣʶʶʯʠʭ ʟʘʟʦʨʽʚ ʪʘ ʧʘʨʘʤʝʪʨʽʚ ʧʽʜʚʝʜʝʥʥʷ ʨʦʙʦʯʦ ʾʨʽʜʠʥʠ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʟʥʘʯʝʥʥʷ ʫʤʦʚ ʩʪʽʡʢʦʾ ʨʦʙʦʪʠ ɸʈʇ ʊʅɸ ʟʚʦʜʠʪʴʩʷ ʜʦ 

ʘʥʘʣʽʟʫ ʙʘʣʘʥʩʫ ʦʩʴʦʚʠʭ ʩʠʣ, ʜʦʩʣʽʜʞʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʾ ʞʦʨʩʪʢʦʩʪʽ ʩʠʩʪʝʤʠ ʪʘ 

ʚʠʙʦʨʫ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʘʙʽʣʴʥʝ ʧʦʣʦʞʝʥʥʷ 

ʨʦʪʦʨʘ ʫ ʚʩʴʦʤʫ ʜʽʘʧʘʟʦʥʽ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʟʚʦʣʷʶʪʴ 

ʦʙˇʨʫʥʪʫʚʘʪʠ ʚʠʙʽʨ ʛʝʦʤʝʪʨʠʯʥʠʭ ʪʘ ʛʽʜʨʘʚʣʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʨʦʟʚʘʥʪʘʞʫʚʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʴʥʝ ʦʩʴʦʚʝ ʧʦʣʦʞʝʥʥʷ 

ʨʦʪʦʨʘ, ʟʤʝʥʰʠʪʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʽʜʰʠʧʥʠʢʦʚʽ ʚʫʟʣʠ ʪʘ ʧʽʜʚʠʱʠʪʠ 

ʥʘʜʽʡʥʽʩʪʴ ʽ ʨʝʩʫʨʩ ʪʫʨʙʦʥʘʩʦʩʥʦʛʦ ʘʛʨʝʛʘʪʫ. 
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ɺʆɻʅɽɺɯ ɺʀʇʈʆɹʋɺɸʅʅʗ ʈɯɼʀʅʅʀʍ ʈɸʂɽʊʅʀʍ ɼɺʀɻʋʅɯɺ 

ʂʆʉʄɯʏʅʆɻʆ ʇʈʀɿʅɸʏɽʅʅʗ    

ɸʥʦʪʘʮʽʷ.  ʇʨʦʘʥʘʣʽʟʦʚʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʦʙʢʠ ʽ ʚʦʛʥʝʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʜʚʦʭ 

ʨʽʜʠʥʥʠʭ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ ʪʷʛʦʶ 2500ʅ ʪʘ 200ʅ, ʩʪʚʦʨʝʥʠʭ ʜʣʷ ʤʽʩʷʯʥʦʛʦ 

ʧʦʩʘʜʦʯʥʦʛʦ ʤʦʜʫʣʷ ʘʤʝʨʠʢʘʥʩʴʢʦʾ ʢʦʤʧʘʥʽʾ Firefly Aerospace. ɼʦʧʦʚʽʜʴ 

ʧʦʙʫʜʦʚʘʥʘ ʥʘ ʢʨʠʪʠʯʥʦʤʫ ʘʥʘʣʽʟʽ ʨʘʥʽʰʝ ʦʧʫʙʣʽʢʦʚʘʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʽ 

ʩʬʦʢʫʩʦʚʘʥʘ ʩʘʤʝ ʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ ʪʘ ʝʢʦʥʦʤʽʯʥʠʭ ʘʩʧʝʢʪʘʭ ʥʘʟʝʤʥʠʭ 

ʚʦʛʥʝʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʟ ʽʤʽʪʘʮʽʻʶ ʚʠʩʦʪʥʠʭ ʫʤʦʚ. ʅʝʦʙʭʽʜʥʽʩʪʴ ʽ ʤʦʞʣʠʚʽʩʪʴ 

ʧʫʙʣʽʢʘʮʽʾ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚʠʢʣʠʢʘʥʘ ʧʦʷʚʦʶ ʯʠʩʣʝʥʥʠʭ ʧʫʙʣʽʢʘʮʽʡ, ʷʢʽ 

ʤʽʩʪʷʪʴ ʚʠʢʨʠʚʣʝʥʫ ʽʥʬʦʨʤʘʮʽʶ, ʥʘʩʘʤʧʝʨʝʜ, ʩʪʦʩʦʚʥʦ ʚʠʧʨʦʙʫʚʘʥʴ 

ʚʠʱʝʟʛʘʜʘʥʠʭ ʜʚʠʛʫʥʽʚ.  
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FIRING TESTS OF SPACE LIQUID ROCKET ENGINES  

Annotation. The results of development and firing tests of two liquid rocket engines 

with thrust 2500N and 200N are analyzed. These engines were developed for Moon 

lander of US company Firefly Aerospace. Presented results are based on real facts 

which provided on behalf of actual participants and authors of developments. The 

need and possibility of publishing such materials is caused by the appearance of 

numerous publications containing falsified information, primarily regarding the tests 

of the aforementioned engines. The report is based on a critical analysis of 

previously published information and is focused specifically on the scientific, 

technical and economic aspects of ground fire tests with simulated high-altitude 

conditions. 

Keywords:  Liquid rocket engine, design, fire tests 

 

ʈʽʜʠʥʥʽ ʨʘʢʝʪʥʽ ʜʚʠʛʫʥʠ ʟ ʪʷʛʦʶ 2500ʅ ʪʘ 200ʅ ʙʫʣʠ ʨʦʟʨʦʙʣʝʥʽ ʽ 

ʚʠʛʦʪʦʚʣʝʥʽ ʚ ʋʢʨʘʾʥʽ ʢʦʤʧʘʥʽʻʶ ʌʣʘʡʪ ʂʦʥʪʨʦʣ [1]. ɿʘʤʦʚʥʠʢʦʤ ʨʦʟʨʦʙʢʠ 

ʙʫʣʘ ʘʤʝʨʠʢʘʥʩʴʢʘ ʢʦʤʧʘʥʽʷ Firefly Aerospace. ɼʚʠʛʫʥʠ ʧʨʠʟʥʘʯʘʣʠʩʷ ʜʣʷ 

ʤʽʩʷʯʥʦʛʦ ʧʦʩʘʜʦʯʥʦʛʦ ʤʦʜʫʣʷ Blue Ghost, ʷʢʠʡ ʨʦʟʨʦʙʣʷʚʩʷ Firefly Aerospace 

ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʠ NASA Commercial Lunar Payload Services (CLPS) [2].  

ɺʘʨʪʽʩʪʴ ʧʨʦʚʝʜʝʥʥʷ ʚʦʛʥʝʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʽʩʥʫʶʯʠʭ ʩʪʝʥʜʘʭ ʟʨʦʙʠʣʘ 

ʝʢʦʥʦʤʽʯʥʦ ʜʦʮʽʣʴʥʠʤ ʩʪʚʦʨʝʥʥʷ ʥʦʚʦʛʦ ʫʥʽʚʝʨʩʘʣʴʥʦʛʦ ʩʪʝʥʜʫ ʥʘ ʙʘʟʽ 

ʽʩʥʫʶʯʠʭ ʩʪʝʥʜʽʚ ɼʇ ɺʆ çʇʄɿ ʽʤ. ʆ.ʄ. ʄʘʢʘʨʦʚʘè (ʜʘʣʽ ʇʽʚʜʝʥʤʘʰ). ʅʦʚʠʡ 

ʩʪʝʥʜ ʧʦʙʫʜʦʚʘʥʠʡ ʧʝʨʝʚʘʞʥʦ ʽʟ ʛʦʪʦʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʟ ʤʘʢʩʠʤʘʣʴʥʠʤ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʩʥʫʶʯʠʭ ʩʠʩʪʝʤ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʚ ʩʪʠʩʣʽ ʪʝʨʤʽʥʠ, ʤʝʥʰ ʥʽʞ ʟʘ 

ʨʽʢ, ʧʨʦʚʝʩʪʠ ʚʦʛʥʝʚʫ ʢʚʘʣʽʬʽʢʘʮʽʶ ʦʙʦʭ ʜʚʠʛʫʥʽʚ. ʇʨʠʙʣʠʟʥʦ ʩʪʽʣʴʢʠ ʞ ʯʘʩʫ 

ʟʥʘʜʦʙʠʣʦʩʷ ʜʣʷ ʧʨʦʻʢʪʫʚʘʥʥʷ ʜʚʦʭ ʜʚʠʛʫʥʽʚ ʪʘ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʷ. ʇʨʠ ʪʘʢʠʭ 

ʩʪʠʩʣʠʭ ʪʝʨʤʽʥʘʭ, ʬʘʢʪʠʯʥʦ ʟ ʥʫʣʷ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʜʚʠʛʫʥ, ʷʢʠʡ ʟʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʝʨʝʚʝʨʰʫʻ ʘʥʘʣʦʛʽʯʥʠʡ ʟʘ ʬʫʥʢʮʽʦʥʘʣʴʥʽʩʪʶ ʚʽʜʦʤʠʡ 

ʜʚʠʛʫʥ ʈɼ-843. ʅʦʚʠʡ ʩʪʝʥʜ ʜʣʷ ʚʠʩʦʪʥʠʭ ʚʦʛʥʝʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʪʘʢʦʞ ʤʘʻ 

ʢʨʘʱʽ ʧʦʢʘʟʥʠʢʠ ʥʽʞ ʽʩʥʫʶʯ ̔ʚʠʩʦʪʥʽ ʩʪʝʥʜʠ. ɼʦʧʦʚʽʜʴ ʤʽʩʪʠʪʴ ʽʥʬʦʨʤʘʮʽʶ 

ʧʨʦ ʦʩʦʙʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʨʦʟʨʦʙʢʠ ʜʚʠʛʫʥʽʚ ʪʘ ʚʦʛʥʝʚʦʛʦ 

ʩʪʝʥʜʫ, ʷʢʽ ʧʦʤʽʪʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʟʘʛʘʣʴʥʦʧʨʠʡʥʷʪʠʭ ʚ ʘʝʨʦʢʦʩʤʽʯʥʽʡ 

ʛʘʣʫʟʽ ʋʢʨʘʾʥʠ. 

ɺʽʜʥʦʩʥʦ ʥʝʱʦʜʘʚʥʦ, ʚʽʜ ʽʤʝʥʽ ʅʊʋʋ çʂʇɯè ʽʤ. ʉʽʢʦʨʩʴʢʦʛʦ ʙʫʣʠ 

ʦʧʫʙʣʽʢʦʚʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʦʙʢʠ ʚʠʩʦʪʥʦʛʦ ʩʪʝʥʜʘ ʫ ʢʦʥʬʽʛʫʨʘʮʽʾ, ʱʦ 

ʧʨʠʟʥʘʯʘʣʘʩʷ ʜʣʷ ʚʠʧʨʦʙʫʚʘʥʴ ʜʚʠʛʫʥʘ 200ʅ ʚʽʜ ʌʣʘʡʪ ʂʦʥʪʨʦʣ [4-10]. ʎʽ 

ʧʫʙʣʽʢʘʮʽʾ ʥʝ ʤʽʩʪʷʪʴ ʙʝʟ ʞʦʜʥʦʾ ʟʛʘʜʢʠ ʧʨʦ çʇʽʚʜʝʥʤʘʰè ʪʘ Firefly Aerospace. 

ʌʣʘʡʪ ʂʦʥʪʨʦʣ ʟʛʘʜʫʻʪʴʩʷ ʣʠʰʝ ʷʢ ʢʦʤʧʘʥʽʷ, ʱʦ ʨʝʘʣʽʟʫʚʘʣʘ ʨʦʟʨʦʙʢʠ çʂʇɯè. 

ʌʘʢʪʠʯʥʦ çʂʇɯè ʥʝ ʤʘʚ ʞʦʜʥʦʛʦ ʚʽʜʥʦʰʝʥʥʷ ʜʦ ʨʦʟʨʦʙʢʠ ʚʠʩʦʪʥʦʛʦ ʩʪʝʥʜʫ. 
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ɸʣʝ ʧʨʝʜʤʝʪʦʤ ʜʦʧʦʚʽʜʽ ʻ ʥʝ ʦʯʝʚʠʜʥʽ ʧʦʨʫʰʝʥʥʷ ʧʨʠʥʮʠʧʽʚ ʘʢʘʜʝʤʽʯʥʦʾ 

ʜʦʙʨʦʯʝʩʥʦʩʪʽ, ʘ ʚʽʜʚʝʨʪʘ ʥʘʫʢʦʚʘ ʬʘʣʴʩʠʬʽʢʘʮʽʷ ʪʘ ʬʘʙʨʠʢʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʚ 

ʧʫʙʣʽʢʘʮʽʷʭ [4-10]. ʎʷ ʜʦʧʦʚʽʜʴ, ʩʝʨʝʜ ʽʥʰʦʛʦ, ʤʘʻ ʮʽʣʣʶ ʚʠʧʨʘʚʠʪʠ ʪʫ ʰʢʦʜʫ, 

ʷʢʫ ʥʘʥʝʩʣʠ ʧʫʙʣʽʢʘʮʽʾ [4-10] ʜʣʷ ʦʙôʻʢʪʠʚʥʦʛʦ ʚʠʩʚʽʪʣʝʥʥʷ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʦʙʦʢ, ʚʠʢʦʥʘʚʮʷʤʠ ʷʢʠʭ ʻ ʘʚʪʦʨʠ ʮʽʻʾ ʜʦʧʦʚʽʜʽ.  

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1. https://flightcontrolpropulsion.com/ 

2. Commercial Lunar Payload Services - Wikipedia 

3. ɼʫʨʘʯʝʥʢʦ ɺ.ʄ., ʐʧʘʢ ɸ.ɺ., ʂʦʣʝʩʥʠʯʝʥʢʦ ʉ.ɸ. ʠ ʜʨ. ʇʨʦʙʣʝʤʳ ʠ ʧʫʪʠ 

ʠʭ ʨʝʰʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʨʘʙʦʪʢʠ ʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʤʘʣʦʡ ʪʷʛʠ 

ʜʣʷ ʞʠʜʢʦʩʪʥʦʡ ʨʝʘʢʪʠʚʥʦʡ ʩʠʩʪʝʤʳ 3-ʡ ʩʪʫʧʝʥʠ ʨʘʢʝʪʳ-ʥʦʩʠʪʝʣʷ 

çʎʠʢʣʦʥ-4è// ʂʦʩʤʽʯʥʘ ʥʘʫʢʘ ʽ ʪʝʭʥʦʣʦʛʽʷ, ʊ. 26, ˉ1, 2020, ʩ. 18-29. 

4. ɹʘʢʫʥ ɺ.ɸ., ʄʘʨʠʥʦʰʝʥʢʦ ʆ.ʇ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʛʘʟʦʜʠʥʘʤʽʯʥʠʭ ʪʨʫʙ ʫ 
ʚʦʛʥʝʚʠʭ ʚʠʧʨʦʙʫʚʘʣʴʥʠʭ ʩʪʝʥʜʘʭ ʨʽʜʠʥʥʠʭ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ ʤʘʣʦʾ 
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ANALYSIS OF TRENDS IN THE DEVELOPMENT OF OBLIQUE 

DETONATION WAVE ENGINES FOR HYPERSOCIAN  AIRCRAFT  

Abstract:  The prospects for creating engines with an oblique detonation wave for 

hypersonic aircraft are analyzed. The advantage of detonation combustion over 

diffusion combustion, the efficiency of which drops critically at M > 10é12, is 

proven. The use of overcompression detonation and ñMach legò configurations to 

optimize fuel mixture compression is justified. 

Keywords: hypersonic aircraft, oblique detonation wave engine, detonation 

combustion, stationary detonation, supercompressed detonation, Mach number. 
 

ɺʽʜʦʤʦ, ʱʦ ʧʨʠ ʯʠʩʣʘʭ ʄʘʭʘ ʄ > 10é12 ʝʢʦʥʦʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʛʽʧʝʨʟʚʫʢʦʚʦʛʦ ʧʨʷʤʦʪʦʯʥʦʛʦ ʧʦʚʽʪʨʷʥʦ-ʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʛʫʥʘ ʟ ʜʠʬʫʟʽʡʥʠʤ 

ʩʧʘʣʶʚʘʥʥʷʤ ʧʘʣʠʚʘ ʧʦʛʽʨʰʫʶʪʴʩʷ. ɼʝʪʦʥʘʮʽʡʥʝ ʛʦʨʽʥʥʷ ʧʘʣʠʚʥʦ-ʧʦʚʽʪʨʷʥʦʾ 
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ʩʫʤʽʰʽ ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ ʘʣʴʪʝʨʥʘʪʠʚʥʠʡ ʥʘʧʨʷʤʦʢ ʧʨʠ ʨʦʟʨʦʙʮʽ ʩʫʯʘʩʥʠʭ 

ʩʠʣʦʚʠʭ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʠʭ ʘʝʨʦʢʦʩʤʽʯʥʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ 

ʟʘʩʦʙʽʚ. ʆʜʥʠʤ ʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʛʽʧʝʨʟʚʫʢʦʚʠʭ 

ʘʝʨʦʢʦʩʤʽʯʥʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʩʠʩʪʝʤ ʻ ʨʦʟʨʦʙʢʘ ʜʚʠʛʫʥʽʚ ʟ ʢʦʩʠʤʠ 

ʜʝʪʦʥʘʮʽʡʥʠʤʠ ʭʚʠʣʷʤʠ. 

ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʜʝʪʦʥʘʮʽʡʥʦʛʦ ʛʽʧʝʨʟʚʫʢʦʚʦʛʦ ʇʇʈɼ ʥʝʦʙʭʽʜʥʦ ʚʠʨʽʰʠʪʠ 

ʨʷʜ ʩʢʣʘʜʥʠʭ ʧʨʦʙʣʝʤ. ɼʦ ʥʠʭ, ʧʝʨʰ ʟʘ ʚʩʝ, ʥʘʣʝʞʘʪʴ: ʩʪʚʦʨʝʥʥʷ ʦʜʥʦʨʽʜʥʦʾ 

ʩʫʤʽʰʽ ʧʝʨʝʜ ʭʚʠʣʝʶ ʜʝʪʦʥʘʮʽʾ; ʩʪʘʙʽʣʽʟʘʮʽʷ ʭʚʠʣʽ ʜʝʪʦʥʘʮʽʾ; ʟʘʧʦʙʽʛʘʥʥʷ 

ʟʛʦʨʷʥʥʶ ʫ ʧʨʠʛʨʘʥʠʯʥʦʤʫ ʰʘʨʽ; ʚʠʩʦʢʠʡ ʭʚʠʣʴʦʚʠʡ ʦʧʽʨ ʧʨʠ ʧʦʜʘʯʽ ʧʘʣʠʚʘ 

ʚʽʜ ʩʪʽʥʦʢ ʢʘʥʘʣʫ ʪʘ ʟ ʧʘʣʠʚʥʠʭ ʧʽʣʦʥʽʚ. 

ʉʘʤʦʧʽʜʪʨʠʤʫʚʘʥʘ ʜʝʪʦʥʘʮʽʷ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʡʤʝʥʰʠʤ ʩʪʫʧʝʥʝʤ 

ʩʪʠʩʥʝʥʥʷ ʧʘʣʠʚʥʦʾ ʩʫʤʽʰʽ, ʘ ʜʣʷ ʧʦʙʫʜʦʚʠ ʝʬʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʜʚʠʛʫʥʘ 

ʩʪʫʧʽʥʴ ʩʪʠʩʥʝʥʥʷ ʧʦʚʠʥʥʘ ʙʫʪʠ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʦʶ, ʦʪʞʝ, ʥʝʦʙʭʽʜʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʝʨʝʩʪʠʩʥʫʪʫ ʜʝʪʦʥʘʮʽʶ. ʅʘʡʙʽʣʴʰ ʦʯʝʚʠʜʥʦʶ ʤʦʞʣʠʚʽʩʪʶ 

ʪʘʢʦʾ ʦʨʛʘʥʽʟʘʮʽʾ ʛʦʨʽʥʥʷ ʻ ʬʦʨʤʫʚʘʥʥʷ ʫʜʘʨʥʦ-ʭʚʠʣʴʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʟ ʥʽʞʢʦʶ 

(ʜʠʩʢʦʤ) ʄʘʭʘ, ʪʦʙʪʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʧʦʪʨʽʡʥʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ 

ʫʜʘʨʥʠʭ ʭʚʠʣʴ. ʋ ʜʚʠʛʫʥʘʭ ʟʽ ʩʪʘʮʽʦʥʘʨʥʦʶ ʜʝʪʦʥʘʮʽʻʶ ʥʽʞʢʘ ʄʘʭʘ ʤʦʞʝ ʙʫʪʠ 

ʦʪʨʠʤʘʥʘ ʫ ʧʦʚʽʪʨʦʟʘʙʽʨʥʠʢʘʭ ʚʥʫʪʨʽʰʥʴʦʛʦ ʩʪʠʩʥʝʥʥʷ ʟ ʽʥʪʝʨʬʝʨʝʥʮʽʻʶ 

ʟʫʩʪʨʽʯʥʠʭ ʩʪʨʠʙʢʽʚ ʫʱʽʣʴʥʝʥʥʷ. 

ʈʦʟʛʣʷʥʫʪʦ ʨʝʟʫʣʴʪʘʪʠ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ çʩʪʘʮʽʦʥʘʨʥʦʾè 

ʜʝʪʦʥʘʮʽʾ ʧʨʠ ʤʘʭʦʚʩʴʢʦʤʫ ʚʽʜʙʠʪʪʽ (MR) ʥʘʭʠʣʝʥʠʭ ʫʜʘʨʥʠʭ ʭʚʠʣʴ, ʷʢʽ 

ʛʝʥʝʨʫʶʪʴʩʷ ʩʠʩʪʝʤʦʶ ʟ ʜʚʦʭ ʢʣʠʥʽʚ, ʫ ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʥʘʜʟʚʫʢʦʚʦʤʫ ʧʦʪʦʮʽ 

ʚʦʜʥʝʚʦ-ʧʦʚʽʪʨʷʥʦʾ ʩʫʤʽʰʽ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʫ [1]. ʌʦʨʤʫʚʘʥʥʷ ʭʚʠʣʽ 

ʜʝʪʦʥʘʮʽʾ, ʷʢʘ ʩʪʘʮʽʦʥʘʨʥʦ ʩʪʦʾʪʴ ʫ ʧʦʪʦʮʽ ʻ ʤʦʞʣʠʚʠʤ ʣʠʰʝ ʟʘ ʫʤʦʚʠ, ʱʦ 

ʯʠʩʣʦ ʄʘʭʘ ʧʦʪʦʢʫ, ʷʢʠʡ ʥʘʙʽʛʘʻ, ʙʫʜʝ ʙʽʣʴʰʠʤ ʟʘ ʚʝʣʠʯʠʥʫ ʄCJ. ʗʢʱʦ ʪʘʢʘ 

ʫʤʦʚʘ ʥʝ ʚʠʢʦʥʫʻʪʴʩʷ, ʫ ʚʠʧʘʜʢʫ ʚʠʥʠʢʥʝʥʥʷ ʜʝʪʦʥʘʮʽʾ ʫ ʢʘʥʘʣʽ, ʜʝʪʦʥʘʮʽʡʥʘ 

ʭʚʠʣʷ ʙʫʜʝ ʨʦʟʧʦʚʩʶʜʞʫʚʘʪʠʩʷ ʧʨʦʪʠ ʧʦʪʦʢʫ, ʚʽʜʧʦʚʽʜʥʦ ʫʪʚʦʨʝʥʥʷ 

ʩʪʘʮʽʦʥʘʨʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ ʫʥʝʤʦʞʣʠʚʣʶʻʪʴʩʷ. 

ɸʤʝʨʠʢʘʥʩʴʢʽ ʚʯʝʥʽ (University of Central Florida) ʧʦʚʽʜʦʤʣʷʶʪʴ ʧʨʦ 

ʫʩʧʽʰʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʪʦʪʠʧʫ ʜʚʠʛʫʥʘ  ʟ ʢʦʩʠʤʠ 

ʜʝʪʦʥʘʮʽʡʥʠʤʠ ʭʚʠʣʷʤʠ HyperReact [2]. ɺʠʧʨʦʙʫʚʘʥʥʷ  ʧʽʜʪʚʝʨʜʠʣʠ 

ʤʦʞʣʠʚʽʩʪʴ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʽʜʢʦʧʘʣʠʚʥʠʭ ɼɼ ʟ ʢʦʩʦʶ ʩʪʦʷʯʦʶ 

ʜʝʪʦʥʘʮʽʻʶ. ʇʨʠ ʪʘʢʦʤʫ ʪʠʧʽ ʜʝʪʦʥʘʮʽʾ ʫʜʘʨʥʘ ʭʚʠʣʷ ʧʦʰʠʨʶʻʪʴʩʷ ʧʽʜ ʢʫʪʦʤ 

ʜʦ ʧʦʚʝʨʭʥʽ ʪʘ ʤʦʞʝ çʩʪʦʷʪʠè ʥʘ ʦʜʥʦʤʫ ʤʽʩʮʽ, ʥʝ ʨʫʭʘʶʯʠʩʴ. ɺʧʝʨʰʝ ʚʜʘʣʦʩʷ 

ʩʪʚʦʨʠʪʠ ʩʪʽʡʢʫ ʚʠʙʫʭʦʚʫ ʭʚʠʣʶ ʪʘ ʧʝʨʝʪʚʦʨʠʪʠ ʾʾ ʝʥʝʨʛʽʶ ʫ ʪʷʛʫ. ʅʦʚʠʡ 

ʜʚʠʛʫʥ ʟ ʢʦʩʦʶ ʜʝʪʦʥʘʮʽʡʥʦʶ ʭʚʠʣʝʶ ʟʜʘʪʥʠʡ ʨʦʟʽʛʥʘʪʠ ʣʽʪʘʣʴʥʠʡ ʘʧʘʨʘʪ ʜʦ 

17 ʰʚʠʜʢʦʩʪʝʡ ʟʚʫʢʫ[3]. 
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METHOD OF PRODUCING CLEAN REDUCING GENERATOR GAS FOR 

A LIQUID ROCKET ENGINE TURBOPUMP UNIT  

Annotation. The paper considers a method for obtaining clean reducing generator 

gas for the turbopump assembly of a liquid rocket engine operating on liquid 

oxygenïkerosene propellants. A two-stage gas generation process is proposed, in 

which ammonia decomposition is used at the second stage to reduce the generator 

gas temperature. It is shown that the proposed approach makes it possible to avoid 

soot formation and reduce operating costs during repeated engine use. 

Keywords: gas generator, liquid rocket engine, generator gas, ammonia, soot 

formation 

 

ʋ ʩʫʯʘʩʥʦʤʫ ʨʽʜʠʥʥʦʤʫ ʨʘʢʝʪʥʦʤʫ ʜʚʠʛʫʥʦʙʫʜʫʚʘʥʥʽ ʛʘʟʦʛʝʥʝʨʘʪʦʨ 

ʚʽʜʽʛʨʘʻ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʟʘʙʝʟʧʝʯʝʥʥʽ ʨʦʙʦʪʠ ʪʫʨʙʦʥʘʩʦʩʥʦʛʦ ʘʛʨʝʛʘʪʫ ʰʣʷʭʦʤ 

ʦʪʨʠʤʘʥʥʷ ʛʝʥʝʨʘʪʦʨʥʦʛʦ ʛʘʟʫ ʟ ʥʝʦʙʭʽʜʥʠʤʠ ʝʥʝʨʛʝʪʠʯʥʠʤʠ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [1]. ɼʣʷ ʨʽʜʠʥʥʠʭ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ, ʱʦ 

ʧʨʘʮʶʶʪʴ ʥʘ ʢʦʤʧʦʥʝʥʪʘʭ ʧʘʣʠʚʘ ʨʽʜʢʠʡ ʢʠʩʝʥʴ ï ʛʘʩ, ʧʝʨʝʚʘʞʥʦ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚʽʜʥʦʚʣʶʚʘʣʴʥʠʡ ʛʝʥʝʨʘʪʦʨʥʠʡ ʛʘʟ, ʪʝʤʧʝʨʘʪʫʨʘ ʷʢʦʛʦ 

ʦʙʤʝʞʫʻʪʴʩʷ ʚʠʤʦʛʘʤʠ ʤʽʮʥʦʩʪʽ ʪʘ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʣʦʧʘʪʦʢ ʪʫʨʙʽʥʠ. 

ʊʨʘʜʠʮʽʡʥʽ ʜʚʦʟʦʥʥʽ ʛʘʟʦʛʝʥʝʨʘʪʦʨʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʦʙʦʯʦʛʦ 

ʧʨʦʮʝʩʫ ʟʘ ʨʘʭʫʥʦʢ ʧʝʨʚʠʥʥʦʛʦ ʟʛʦʨʷʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʟ ʧʦʜʘʣʴʰʠʤ 

ʟʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ ʰʣʷʭʦʤ ʜʦʜʘʪʢʦʚʦʛʦ 

ʚʧʦʨʩʢʫʚʘʥʥʷ ʛʘʩʫ [2]. ʇʨʦʪʝ ʥʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʪʘʢʦʛʦ ʧʨʦʮʝʩʫ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʽʥʪʝʥʩʠʚʥʝ ʫʪʚʦʨʝʥʥʷ ʩʘʞʽ, ʷʢʘ ʦʩʽʜʘʻ ʚ ʝʣʝʤʝʥʪʘʭ ʪʨʘʢʪʫ ʛʘʟʦʛʝʥʝʨʘʮʽʾ, ʪʘ ʥʘ 

ʣʦʧʘʪʢʘʭ ʪʫʨʙʽʥʠ ʪʘ ʚ ʪʝʧʣʦʦʙʤʽʥʥʠʢʫ ʛʝʣʽʶ. ɼʣʷ ʦʜʥʦʨʘʟʦʚʠʭ ʜʚʠʛʫʥʽʚ ʮʝʡ 

ʥʝʜʦʣʽʢ ʻ ʤʘʣʦʟʥʘʯʫʱʠʤ, ʦʜʥʘʢ ʫ ʚʠʧʘʜʢʫ ʙʘʛʘʪʦʨʘʟʦʚʠʭ ʨʽʜʠʥʥʠʭ ʨʘʢʝʪʥʠʭ 

ʜʚʠʛʫʥʽʚ ʚʽʥ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʫʪʪʻʚʦʛʦ ʫʩʢʣʘʜʥʝʥʥʷ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʪʘ ʟʨʦʩʪʘʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʠʪʨʘʪ [3]. 

ʋ ʨʦʙʦʪʽ [4] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʩʧʦʩʽʙ ʦʪʨʠʤʘʥʥʷ ʯʠʩʪʦʛʦ ʚʽʜʥʦʚʣʶʚʘʣʴʥʦʛʦ 

ʛʝʥʝʨʘʪʦʨʥʦʛʦ ʛʘʟʫ ʙʝʟ ʫʪʚʦʨʝʥʥʷ ʩʘʞʽ, ʷʢʠʡ ʨʝʘʣʽʟʫʻʪʴʩʷ ʫ ʜʚʘ ʝʪʘʧʠ. ʅʘ 

ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʩʪʘʙʽʣʴʥʝ ʛʦʨʽʥʥʷ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ 

ʟ ʤʘʢʩʠʤʘʣʴʥʦʶ ʧʨʘʮʝʟʜʘʪʥʽʩʪʶ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʥʝ ʥʠʞʯʝ 

1300 ʂ. ɿʘ ʪʘʢʠʭ ʫʤʦʚ ʧʦʚʥʽʩʪʶ ʚʠʢʣʶʯʘʻʪʴʩʷ ʧʨʦʮʝʩ ʩʘʞʝʫʪʚʦʨʝʥʥʷ ʪʘ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʚʠʩʦʢʘ ʝʥʝʨʛʝʪʠʢʘ ʛʝʥʝʨʘʪʦʨʥʦʛʦ ʛʘʟʫ. 

ʅʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʫ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʧʨʦʜʫʢʪʠ ʟʛʦʨʷʥʥʷ ʚʚʦʜʠʪʴʩʷ 

ʨʽʜʢʠʡ ʘʤʽʘʢ. ɼʣʷ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʝʥʜʦʪʝʨʤʽʯʥʦʾ ʨʝʘʢʮʽʾ ʡʦʛʦ ʨʦʟʢʣʘʜʘʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʢʘʪʘʣʽʟʘʪʦʨ ʥʘ ʦʩʥʦʚʽ ʧʦʨʠʩʪʦʛʦ ʟʘʣʽʟʘ ʟ ʦʢʩʠʜʦʤ ʢʘʣʽʶ ʘʙʦ 

ʥʽʢʝʣʶ [5]. ʋ ʨʝʟʫʣʴʪʘʪʽ ʘʤʽʘʢ ʧʦʚʥʽʩʪʶ ʨʦʟʢʣʘʜʘʻʪʴʩʷ ʥʘ ʚʦʜʝʥʴ ʽ ʘʟʦʪ, ʱʦ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʘʯʥʠʤ ʧʦʛʣʠʥʘʥʥʷʤ ʪʝʧʣʘ ʪʘ ʟʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ 

ʛʝʥʝʨʘʪʦʨʥʦʛʦ ʛʘʟʫ ʜʦ ʨʽʚʥʷ, ʜʦʧʫʩʪʠʤʦʛʦ ʜʣʷ ʨʦʙʦʪʠ ʣʦʧʘʪʦʢ ʪʫʨʙʽʥʠ. 

ʇʨʦʜʫʢʪʠ ʨʦʟʢʣʘʜʘʥʥʷ ʘʤʽʘʢʫ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʽʜʚʠʱʝʥʦʶ ʛʘʟʦʚʦʶ 

ʩʪʘʣʦʶ, ʱʦ ʜʦʟʚʦʣʷʻ ʟʙʝʨʝʛʪʠ ʘʙʦ ʧʽʜʚʠʱʠʪʠ ʝʥʝʨʛʝʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʛʝʥʝʨʘʪʦʨʥʦʛʦ ʛʘʟʫ ʧʨʠ ʦʜʥʦʯʘʩʥʦʤʫ ʟʤʝʥʰʝʥʥʽ ʡʦʛʦ ʪʝʤʧʝʨʘʪʫʨʠ . ʆʩʥʦʚʥʦʶ 

ʧʝʨʝʚʘʛʦʶ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʩʧʦʩʦʙʫ ʻ ʧʦʚʥʘ ʚʽʜʩʫʪʥʽʩʪʴ ʩʘʞʦʫʪʚʦʨʝʥʥʷ ʥʘ 
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ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʛʘʟʦʛʝʥʝʨʘʮʽʾ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʯʠʩʪʦʪʫ ʛʘʟʦʚʦʛʦ ʪʨʘʢʪʫ ʪʘ 

ʟʤʝʥʰʫʻ ʧʦʪʨʝʙʫ ʚ ʦʯʠʱʝʥʥʽ ʪʫʨʙʽʥʠ ʧʨʠ ʙʘʛʘʪʦʨʘʟʦʚʦʤʫ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʜʚʠʛʫʥʘ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʝ ʪʝʭʥʽʯʥʝ ʨʽʰʝʥʥʷ ʜʦʟʚʦʣʷʻ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʧʽʜʛʦʪʦʚʢʠ 

ʨʽʜʠʥʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʜʦ ʧʦʚʪʦʨʥʦʛʦ ʧʫʩʢʫ, ʟʤʝʥʰʠʪʠ ʥʝʧʨʦʜʫʢʪʠʚʥʽ 
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FEATURES OF THE IMPLEMENTATION OF ADDITIVE 

MANUFACTURING FOR THE PRODUCTION OF LIQUID ROCKET 

ENGINE COMBUSTION CHAMBER COMPONENTS  

Annotation. The involvement of private space companies has led to the active 

implementation of new technologies in the field of rocket engineering. One such 

technology is the use of additive manufacturing for producing components of liquid 

rocket engines. This paper describes the potential application of these technologies 

and the factors that encourage manufacturers to adopt them. 

Keywords: additive manufacturing, rocket engine, combustion chamber. 

 

ɺ ʥʘʰ ʯʘʩ ʦʢʨʽʤ ʜʝʨʞʘʚʥʠʭ ʢʦʩʤʽʯʥʠʭ ʛʽʛʘʥʪʽʚ ʽʩʥʫʻ ʙʘʛʘʪʦ ʧʨʠʚʘʪʥʠʭ 

ʢʦʤʧʘʥʽʡ ʪʘ ʩʪʘʨʪʘʧʽʚ ʷʢʽ ʟʘʡʤʘʶʪʴʩʷ ʨʦʟʨʦʙʢʦʶ ʨʘʢʝʪʥʦʾ ʪʝʭʥʽʢʠ ʟʦʢʨʝʤʘ ʡ 

ʨʽʜʠʥʥʠʭ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ (ʈʈɼ) [1]. ɺ ʫʤʦʚʘʭ ʢʦʥʢʫʨʝʥʪʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, 

ʪʘ ʟʨʦʩʪʘʶʯʦʛʦ ʧʦʧʠʪʫ ʥʘ ʧʫʩʢʦʚʽ ʧʦʩʣʫʛʠ, ʧʦʩʪʫʧʦʚʦ ʟʤʽʥʶʻʪʴʩʷ ʽ ʧʽʜʭʽʜ ʜʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʈʈɼ. ɿʘ ʯʘʩʪʫ ʫ ʤʦʣʦʜʠʭ ʩʪʘʨʪʘʧʽʚ ʥʝʤʘʻ 

ʰʠʨʦʢʦʾ ʚʠʨʦʙʥʠʯʦʾ ʙʘʟʠ ʜʣʷ ʨʦʟʨʦʙʢʠ ʪʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʈʈɼ. ʉʘʤʝ 

ʪʦʤʫ ʚʦʥʠ ʰʫʢʘʶʪʴ ʰʣʷʭʠ ʜʦ ʩʧʨʦʱʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ, ʩʢʦʨʦʯʝʥʥʷ 

ʥʦʤʝʥʢʣʘʪʫʨʠ ʪʘ ʢʽʣʴʢʦʩʪʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʈʈɼ. 

ɸʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʘ ʪʦʯʥʽʰʝ ʪʝʭʥʦʣʦʛʽʷ Laser Powder Bed Fusion (LPBF) 

ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʦʩʪʽ ʜʦ ʚʠʨʦʙʥʠʮʪʚʘ ʝʣʝʤʝʥʪʽʚ ʈʈɼ ʥʘʚʽʪʴ ʥʘ ʙʘʟʽ R&D 

ʮʝʥʪʨʽʚ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʚʠʛʦʪʦʚʣʷʪʠ ʧʝʨʰʽ ʜʦʩʣʽʜʥʽ ʟʨʘʟʢʠ, ʪʘ ʥʘʚʽʪʴ ʧʦʚʥʦʮʽʥʥʦ 

ʚʽʜʧʨʘʮʴʦʚʘʥʽ ʝʣʝʤʝʥʪʠ ʚ ʤʘʢʩʠʤʘʣʴʥʦ ʢʦʨʦʪʢʽ ʩʪʨʦʢʠ, ʙʝʟ ʟʘʣʫʯʝʥʥʷ ʚʝʣʠʢʠʭ 

ʩʪʘʨʪʦʚʠʭ ʽʥʚʝʩʪʠʮʽʡ. ɺ ʩʚʦʶ ʯʝʨʛʫ ʪʘʢʽ ʛʽʛʘʥʪʠ ʷʢ SpaceX ʪʘ Blue Origin, 

ʤʘʶʯʠ ʚʝʣʠʯʝʟʥʽ ʚʠʨʦʙʥʠʯʽ ʧʦʪʫʞʥʦʩʪʽ, ʚʩʝ ʦʜʥʦ ʡʜʫʪʴ ʰʣʷʭʦʤ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚ ʚʠʨʦʙʥʠʮʪʚʦ ʩʚʦʾʭ ʈʈɼ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʫʚʘʪʠ 

ʙʽʣʴʰ ʣʝʛʢʽ ʤʦʜʫʣʴʥʽ ʢʦʥʩʪʨʫʢʮʽʾ ʟʽ ʩʢʣʘʜʥʦʶ ʛʝʦʤʝʪʨʽʻʶ ʚʥʫʪʨʽʰʥʽʭ ʪʨʘʢʪʽʚ 

[2]. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʧʨʦʚʝʜʝʥʥʷ ʘʥʘʣʽʟʫ ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ LPBF ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʢʘʤʝʨ ʈʈɼ. 

ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʦʭʦʧʣʶʻ ʪʘʢʽ ʦʩʥʦʚʥʽ ʥʘʧʨʷʤʢʠ: 

1) ʆʮʽʥʢʘ ʧʝʨʝʚʘʛ ʪʘ ʦʙʤʝʞʝʥʴ ʪʝʭʥʦʣʦʛʽʾ LPBF ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʢʣʘʩʠʯʥʦʶ 

ʪʝʭʥʦʣʦʛʽʻʶ ʚʠʨʦʙʥʠʮʪʚʘ;  

2) ɺʠʟʥʘʯʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʢʘʤʝʨ ʈʈɼ, ʷʢʽ ʤʦʞʣʠʚʦ ʽ ʜʦʮʽʣʴʥʦ ʚʠʛʦʪʦʚʣʷʪʠ 

ʘʜʠʪʠʚʥʠʤʠ ʤʝʪʦʜʘʤʠ; 

3) ʆʧʠʩ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʤʦʞʣʠʚʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʧʦ 

ʪʝʭʥʦʣʦʛʽʾ LPBF; 

4) ʆʮʽʥʢʘ ʚʽʜʤʽʥʥʦʩʪʝʡ ʝʣʝʤʝʥʪʽʚ ʢʘʤʝʨ ʈʈɼ, ʱʦ ʚʠʛʦʪʦʚʣʝʥʽ ʢʣʘʩʠʯʥʠʤ 

ʪʘ ʘʜʠʪʠʚʥʠʤ ʤʝʪʦʜʘʤʠ.  

ʆʩʥʦʚʦʶ ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʻ ʦʩʥʦʚʥʽ 

ʪʝʭʥʽʯʥʽ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʝʪʦʜʫ LPBF, ʡʦʛʦ ʚʽʜʤʽʥʥʦʩʪʽ ʚʽʜ 

ʪʨʘʜʠʮʽʡʥʠʭ ʤʝʪʦʜʽʚ ʚʠʨʦʙʥʠʮʪʚʘ ʝʣʝʤʝʥʪʽʚ ʈʈɼ. ɺ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʘʩʧʝʢʪʽʚ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʟʽ ʩʢʣʘʜʥʦʶ 

ʟʦʚʥʽʰʥʴʦʶ ʪʘ ʚʥʫʪʨʽʰʥʴʦʶ ʛʝʦʤʝʪʨʽʻʶ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʙʤʝʞʝʥʴ ʧʦʚôʷʟʘʥʠʭ 
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ʟ ʪʦʯʥʽʩʪʶ ʚʠʛʦʪʦʚʣʝʥʥʷ, ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʦʥʴ, ʤʦʞʣʠʚʠʭ ʚʥʫʪʨʽʰʥʽʭ 

ʜʝʬʝʢʪʽʚ ʪʘ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʦʜʘʣʴʰʦʾ ʦʙʨʦʙʢʠ ʜʝʪʘʣʝʡ. ɺʠʟʥʘʯʝʥʽ ʧʝʨʝʚʘʛʠ ʪʘ 

ʥʝʜʦʣʽʢʠ ʪʝʭʥʦʣʦʛʽʾ LPBF ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʢʣʘʩʠʯʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʢʦʥʩʪʨʫʢʮʽʡ ʢʘʤʝʨ ʈʈɼ, ʜʝ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʪʘʢʽ 

ʝʣʝʤʝʥʪʠ ʷʢ ʟʤʽʰʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ, ʢʦʨʧʫʩ ʢʘʤʝʨʠ ʟʛʦʨʷʥʥʷ, ʩʝʢʮʽʾ ʩʦʧʣʘ ʪʘ ʽʥ. 

ʆʮʽʥʶʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ LPBF ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʦʙʤʝʞʝʥʴ ʜʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ. ʇʨʦʚʦʜʠʪʴʩʷ ʦʮʽʥʢʘ ʤʦʞʣʠʚʦʩʪʽ 

ʥ̔ʪʝʛʨʘʮʽʾ ʜʝʷʢʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ʚ ʦʜʥʫ ʜʝʪʘʣʴ. 

ʈʦʟʛʣʷʥʫʪʦ ʤʝʪʘʣʝʚʽ ʧʦʨʦʰʢʦʚʽ ʤʘʪʝʨʽʘʣʠ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʧʨʦʮʝʩʘʭ 

ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʾʭ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʪʘ ʪʝʧʣʦʪʝʭʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʦʞʣʠʚʦʩʪʽ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʝʣʝʤʝʥʪʽʚ ʢʘʤʝʨ ʈʈɼ. 

ʆʩʦʙʣʠʚʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʪʘʢʠʤ ʤʘʪʝʨʽʘʣʘʤ ʷʢ Inconel 718, Haynes 230, 

GRCop-42 [3] ʪʘ ʽʥ., ʱʦ ʚʞʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʢʦʥʩʪʨʫʢʮʽʷʭ ʢʘʤʝʨ ʈʈɼ. 

ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ, ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʪʘ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʝʣʝʤʝʥʪʽʚ ʢʘʤʝʨʠ ʈʈɼ ʚʠʛʦʪʦʚʣʝʥʠʭ ʘʜʠʪʠʚʥʠʤ 

ʪʘ ʢʣʘʩʠʯʥʠʤ ʤʝʪʦʜʦʤ. ʈʦʟʛʣʷʥʫʪʦ ʤʘʩʦʛʘʙʘʨʠʪʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪʨʠʤʘʥʠʭ 

ʢʦʥʩʪʨʫʢʮʽʡ, ʤʦʞʣʠʚʽʩʪʴ ʾʭ ʦʧʪʠʤʽʟʘʮʽʾ, ʢʽʣʴʢʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ 

ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ, ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʨʦʙʦʯʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʜʘʥʠʤ ʧʨʠ ʢʦʥʩʪʨʫʶʚʘʥʥʽ, ʘ ʪʘʢʦʞ ʝʢʦʥʦʤʽʯʥʽ ʘʩʧʝʢʪʠ 

ʚʠʨʦʙʥʠʮʪʚʘ.  

ɸʥʘʣʽʟ ʚʧʨʦʚʘʜʞʝʥʥʷ ʪʝʭʥʦʣʦʛʽʾ LPBF ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʢʘʤʝʨ 

ʨʽʜʠʥʥʠʭ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ ʧʦʢʘʟʫʻ, ʱʦ ʘʜʠʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʤʘʻ ʟʥʘʯʥʠʡ 

ʧʦʪʝʥʮʽʘʣ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ. ʆʩʥʦʚʥʠʤʠ 

ʧʝʨʝʚʘʛʘʤʠ ʮʽʻʾ ʪʝʭʥʦʣʦʛʽʾ ʻ ʤʦʞʣʠʚʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ, 

ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʜʝʪʘʣʝʡ, ʩʢʦʨʦʯʝʥʥʷ ʚʠʨʦʙʥʠʯʦʛʦ ʮʠʢʣʫ ʪʘ ʦʧʪʠʤʽʟʘʮʽʷ 

ʤʘʩʠ ʢʦʥʩʪʨʫʢʮʽʡ. 

ʅʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʘʜʠʪʠʚʥʠʤʠ ʤʝʪʦʜʘʤʠ ʻ 

ʟʤʽʰʫʚʘʣʴʥʽ ʛʦʣʦʚʢʠ, ʢʦʨʧʫʩʠ ʢʘʤʝʨ ʟʛʦʨʷʥʥʷ ʟ ʢʘʥʘʣʘʤʠ ʨʝʛʝʥʝʨʘʪʠʚʥʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʩʦʧʣʘ ʢʘʤʝʨʠ ʜʚʠʛʫʥʘ. ɼʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘʢʠʭ ʝʣʝʤʝʥʪʽʚ 

ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʨʽʟʥʽ ʤʘʪʝʨʽʘʣʠ, ʟʦʢʨʝʤʘ ʥʽʢʝʣʝʚʽ ʩʫʧʝʨ ʩʧʣʘʚʠ, 

ʤʽʜʥʽ ʩʧʣʘʚʠ, ʪʠʪʘʥʦʚʽ ʩʧʣʘʚʠ ʪʘ ʥʝʨʞʘʚʽʶʯʽ ʩʪʘʣʽ. ʇʦʧʨʠ ʥʘʷʚʥʽʩʪʴ ʧʝʚʥʠʭ 

ʦʙʤʝʞʝʥʴ, ʪʘʢʠʭ ʷʢ ʚʠʩʦʢʘ ʚʘʨʪʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ, ʦʙʤʝʞʝʥʥʷ ʨʦʟʤʽʨʽʚ ʜʝʪʘʣʝʡ 

ʪʘ ʥʝʦʙʭʽʜʥʽʩʪʴ ʜʦʜʘʪʢʦʚʦʾ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʥʽ, ʪʝʭʥʦʣʦʛʽʷ LPBF ʧʦʩʪʫʧʦʚʦ ʩʪʘʻ 

ʚʘʞʣʠʚʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʫ ʨʦʟʨʦʙʮʽ ʩʫʯʘʩʥʠʭ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʚʠʨʦʙʥʠʮʪʚʦ ʢʘʤʝʨ 

ʈʈɼ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ. 
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COOLING OF LOW -THRUST LIQUID ROCKET ENGINES WITH 

LIQUID AND ALKALI METALS  

Abstract:  Preliminary calculations were performed to evaluate the feasibility of 

using alkali metals for cooling low-thrust liquid rocket engines in space. Start-up 

behavior and low-power operation were analyzed for a gas-controlled system 

operating in the potassium vapor condensation zone. 

Keywords: liquid and alkali metals, evaporation coefficient, capillary-porous 

structures, heat pipes, liquid rocket engine.  

 

ɯʥʪʝʥʩʠʚʥʠʡ ʨʦʟʚʠʪʦʢ ʪʝʭʥʽʯʥʦʛʦ ʧʨʦʛʨʝʩʫ ʧʦʪʨʝʙʫʻ ʚʩʝ ʙʽʣʴʰʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦʩʢʦʥʘʣʠʭ ʽ ʤʝʥʰ ʟʘʪʨʘʪʥʠʭ ʚʠʨʦʙʽʚ ʜʣʷ ʦʩʚʦʻʥʥʷ ʢʦʩʤʽʯʥʦʛʦ 

ʧʨʦʩʪʦʨʫ. ʅʘ ʟʤʽʥʫ ʚʝʣʠʢʠʤ ʩʫʧʫʪʥʠʢʘʤ ʦʨʙʽʪʘʣʴʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʚʩʝ 

ʯʘʩʪʽʰʝ ʟôʷʚʣʷʶʪʴʩʷ ʩʫʧʫʪʥʠʢʠ ʤʝʥʰʦʛʦ ʦʙôʻʤʫ ʽ ʚʘʛʠ, ʽ ʥʘʚʽʪʴ 

ʤʽʢʨʦʩʫʧʫʪʥʠʢʠ. ɿʤʝʥʰʝʥʥʷ ʟʘʛʘʣʴʥʠʭ ʤʘʩʦʚʦʛʘʙʘʨʠʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʧʨʠʟʚʦʜʠʪʴ ʽ ʜʦ ʟʤʝʥʰʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʫʩʪʘʥʦʚʦʢ, ʷʢʽ ʾʭ ʦʙʩʣʫʛʦʚʫʶʪʴ. 

ʆʩʥʦʚʥʠʤ ʟ ʪʘʢʠʭ ʧʨʝʜʩʪʘʚʥʠʢʽʚ ʻ ʜʚʠʛʫʥʠ ʤʘʣʦʾ ʪʷʛʠ ʜʣʷ ʢʦʨʝʢʮʽʾ ʪʘ ʧʝʨʝʚʦʜʫ 
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ʩʫʧʫʪʥʠʢʽʚ ʟ ʦʨʙʽʪ ʥʠʟʴʢʠʭ ʥʘ ʙʽʣʴʰ ʚʠʩʦʢʽ. ʆʜʥʽʻʶ ʟ ʧʨʦʙʣʝʤ ʜʣʷ ʨʽʜʠʥʥʠʭ 

ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ (ʈʈɼ) ʤʘʣʦʾ ʪʷʛʠ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʚ ʢʦʩʤʽʯʥʦʤʫ ʧʨʦʩʪʦʨʽ, ʻ 

ʚʽʜʥʦʩʥʦ ʤʘʣʘ ʩʝʢʫʥʜʥʘ ʚʠʪʨʘʪʘ ʢʽʣʴʢʽʩʪʽ ʧʘʣʠʚʘ ʪʘ ʚʝʣʠʢʘ ʩʪʫʧʽʥʴ ʨʦʟʰʠʨʝʥʥʷ 

ʩʦʧʣʘ, ʱʦ ʟʙʽʣʴʰʫʻ ʟʘʛʘʣʴʥʫ ʧʣʦʱʫ ʢʘʤʝʨʠ, ʷʢʫ ʥʝʦʙʭʽʜʥʦ ʦʭʦʣʦʜʞʫʚʘʪʠ. 

ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʦʭʦʣʦʜʞʝʥʥʷ, ʷʢʽ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʈʈɼ ʚʝʣʠʢʦʾ ʪʷʛʠ ʪʘ 

ʟ ʤʘʣʠʤʠ ʩʪʫʧʝʥʷʤʠ ʨʦʟʢʨʠʪʪʷ ʩʦʧʣʘ, ʥʝ ʧʨʠʻʤʥʽ. ʊʦʤʫ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʨʦʟʛʣʷʥʫʪʠ ʘʣʴʪʝʨʥʘʪʠʚʥʽ ʤʝʪʦʜʠ ʦʭʦʣʦʜʞʝʥʥʷ ʈʈɼ ʤʘʣʦʾ ʪʷʛʠ. 

ʆʜʥʠʤ ʽʟ ʪʘʢʠʭ ʩʧʦʩʦʙʽʚ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʽʜʢʠʭ ʘʙʦ ʣʫʞʥʠʭ 

ʤʝʪʘʣʽʚ ʧʨʠ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʽ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʚʽʜʚʦʜʠʪʠ ʟʥʘʯʥʽ ʪʝʧʣʦʚʽ 

ʧʦʪʦʢʠ ʽ ʤʘʶʪʴ ʙʽʣʴʰ ʚʠʩʦʢʽ ʧʘʨʘʤʝʪʨʠ, ʪʘʢʽ ʷʢ ʈʢʨ ʽ ʊʢʨ. 

ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʟʘʜʘʯʽ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʨʷʜ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ 

ʚʠʟʥʘʯʝʥʥʶ ʦʩʥʦʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʧʨʦʮʝʩ ʦʭʦʣʦʜʞʝʥʥʷ ʪʝʧʣʦʥʘʧʨʫʞʝʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʰʣʷʭʦʤ ʚʠʧʘʨʦʚʫʚʘʥʥʷ 

ʨʽʜʢʠʭ ʤʝʪʘʣʽʚ ʟ ʧʦʚʝʨʭʦʥʴ ʢʘʧʽʣʷʨʥʦ-ʧʦʨʠʩʪʠʭ ʩʪʨʫʢʪʫʨ (ʂʇʉ). ɼʦʩʣʽʜʠ 

ʧʨʦʚʦʜʠʣʠʩʷ ʥʝ ʚ ʩʪʘʮʽʦʥʘʨʥʠʭ ʢʘʤʝʨʘʭ ʟ ʚʽʜʥʦʩʥʦ ʚʝʣʠʢʠʤ ʦʙôʻʤʦʤ ʽ ʨʦʙʦʯʦʶ 

ʨʽʜʠʥʦʶ, ʷʢʘ ʟʥʘʭʦʜʠʪʴʩʷ ʧʦʨʫʯ, ʘ ʥʘ ʧʨʷʤʦʪʨʫʙʥʠʭ ʚʠʧʘʨʥʠʢʘʭ ʪʘ ʪʝʧʣʦʚʠʭ 

ʪʨʫʙʘʭ, ʟʨʘʟʢʠ ʷʢʽ ʙʽʣʴʰ ʥʘʙʣʠʞʝʥʽ ʜʦ ʨʦʙʦʪʠ ʨʝʘʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʨʘʢʝʪʥʠʭ 

ʜʚʠʛʫʥʽʚ [1-3]. 

ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʢʦʥʩʪʨʫʢʪʠʚʥʦʾ ʟʘʜʘʯʽ, ʩʣʽʜ ʚʠʟʥʘʯʠʪʠʩʷ ʟ ʚʠʙʦʨʦʤ  

ʩʭʝʤʠ ʦʭʦʣʦʜʞʝʥʥʷ ʢʘʤʝʨʠ ʈʈɼ ʤʘʣʦʾ ʪʷʛʠ. ɿ ʧʨʦʚʝʜʝʥʦʛʦ ʘʥʘʣʽʟʫ ʽʩʥʫʶʯʠʭ 

ʪʠʧʽʚ ʂʇʉ, ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʩʫʮʽʣʴʥʘ ʢʘʧʽʣʷʨʥʘ ʩʪʨʫʢʪʫʨʘ ʘʙʦ ʩʢʣʘʜʦʚʘ. ʇʝʨʰʘ  

ï ʙʽʣʴʰ ʧʨʦʩʪʘ, ʘʣʝ ʧʦʪʫʞʥʽʩʪʴ, ʪʝʧʣʦʚʠʭ ʧʦʪʦʢʽʚ, ʷʢʽ ʟʥʽʤʘʶʪʴʩʷ, ʥʝʟʥʘʯʥʽ. 

ʆʙʤʝʞʝʥʥʷ ʧʦʣʷʛʘʶʪʴ ʫ ʢʽʣʴʢʦʩʪʽ ʩʝʢʫʥʜʥʦʾ ʤʘʩʦʚʦʾ ʚʠʪʨʘʪʠ ʨʽʜʠʥʠ ʯʝʨʝʟ 

ʂʇʉ, ʷʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʦʝʬʽʮʽʻʥʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʽ ʧʨʦʥʠʢʥʦʩʪʽ ʾʾ  ʪʘ ʧʝʨʝʛʨʽʚʫ 

ʧʨʠ ʧʝʨʚʠʥʥʦʤʫ ʟʘʢʠʧʘʥʥʽ. ʊʫʪ ʤʦʞʣʠʚʽ ʪʨʠ ʚʠʧʘʜʢʠ.  

ʗʢʱʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ  ʨʽʜʠʥʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ ʧʦʚʝʨʭʥʽ ʂʇʉ, ʷʢ ʦʧʠʩʘʥʦ ʚ 

ʨʘʙʦʪʽ [4], çʜʣʷ ʞʠʜʢʠʭ ʤʝʪʘʣʣʦʚ, ʠʤʝʶʱʠʭ ʭʦʨʦʰʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠ 

ʙʦʣʴʰʠʝ ʧʝʨʝʛʨʝʚʳ ʧʨʠ ʚʩʢʠʧʘʥʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʧʣʦʪʴ ʜʦ ʢʨʠʟʠʩʥʳʭ 

ʷʚʣʝʥʠʡ, ʤʦʞʝʪ ʩʦʭʨʘʥʷʪʴʩʷéè ʪʘʢ ʙʠ ʤʦʚʠʪʠ çé ʧʝʨʚʘʷ ʤʦʜʝʣʴ 

ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʷ, ʢʦʛʜʘ ʚʝʩʴ ʬʠʪʠʣʴ ʥʘʩʳʱʝʥ ʞʠʜʢʦʩʪʴʶ ʠ ʧʘʨʦʦʙʨʘʟʦʚʘʥʠʝ 

ʠʜʝʪ ʩ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠè, ʪʦ ʦʙʤʝʞʝʥʥʷ ʚʠʪʨʘʪʠ ʪʝʧʣʦʥʦʩʽʷ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʢʦʝʬʽʮʽʻʥʪʦʤ ʧʨʦʥʠʢʥʦʩʪʽ ʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ.  

ʗʢʱʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ ʧʝʚʥʦʾ ʪʦʚʱʠʥʠ ʂʇʉ, ʪʦ ʚʥʘʩʣʽʜʦʢ 

ʙʽʣʴʰʦʛʦ ʛʽʜʨʦʦʧʦʨʫ ʢʨʠʪʠʯʥʽ ʪʝʧʣʦʚʽ ʧʦʪʦʢʠ ʟʥʘʯʥʦ ʟʤʝʥʰʫʶʪʴʩʷ, ʧʦ 

ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʧʝʨʰʦʛʦ ʚʠʧʘʜʢʫ, ʚʥʘʩʣʽʜʦʢ ʢʨʠʟʠ ʧʝʨʰʦʛʦ ʨʦʜʫ ʘʙʦ ʧʝʨʝʛʨʽʚʫ 

ʪʝʧʣʦʥʦʩʽʷ ʧʨʠ ʧʝʨʚʠʥʥʦʤʫ ʟʘʢʠʧʘʥʥʽ [5].  

ʄʘʩʦʚʘ ʚʠʪʨʘʪʘ ʦʭʦʣʦʜʞʫʶʯʦʾ ʨʽʜʠʥʠ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʣʦʱʽ 

ʧʝʨʝʪʠʥʫ ʧʦʚʩʪʽ, ʯʝʨʝʟ ʷʢʫ ʚʦʥʘ ʨʫʭʘʻʪʴʩʷ ʚʽʜ ʟʦʥʠ ʢʦʥʜʝʥʩʘʮʽʾ ʜʦ ʟʦʥʠ 

ʚʠʜʽʣʝʥʥʷ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʫ. ʈʦʟʨʘʭʫʥʦʢ ʦʙôʻʤʥʦʾ ʚʠʪʨʘʪʠ ʪʝʧʣʦʥʦʩʽʷ 

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ ʟʘʢʦʥʦʤ ɼʘʨʩʽ, ʜʝ ʢʘʧʽʣʷʨʥʠʡ ʪʠʩʢ ʟʘʙʝʟʧʝʯʫʻ ʤʘʢʩʠʤʘʣʴʥʫ 

ʚʠʪʨʘʪʫ ʪʝʧʣʦʥʦʩʽʷ. ɿʛʽʜʥʦ ʟʘʢʦʥʫ ʃʘʧʣʘʩʘ ʢʘʧʽʣʷʨʥʠʡ ʪʠʩʢ ʙʫʜʝ ʪʠʤ ʙʽʣʴʰʠʡ, 

ʯʠʤ ʤʝʥʰʠʡ ʜʽʘʤʝʪʨ ʧʦʨ. ɿʤʝʥʰʝʥʥʷ ʜʽʘʤʝʪʨʫ ʧʦʨ ʚʝʜʝ ʜʦ ʟʤʝʥʰʝʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʱʦ ʩʫʪʪʻʚʦ ʟʤʝʥʰʫʻ ʤʘʢʩʠʤʘʣʴʥʽ ʪʝʧʣʦʚʽ ʧʦʪʦʢʠ 

[3]. 
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ɺʨʘʭʦʚʫʶʯʠ ʚʠʱʝ ʚʠʢʣʘʜʝʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ, ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʦʩʥʦʚʥʽ 

ʜʦʟʚʦʣʝʥʽ ʧʘʨʘʤʝʪʨʠ ʢʘʧʽʣʷʨʥʦ-ʧʦʨʠʩʪʦʾ ʩʪʨʫʢʪʫʨʠ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʾʭ ʫ 

ʪʝʧʣʦʦʙʤʽʥʽ ʟ ʛʘʟʦʨʝʛʫʣʶʶʯʦʶ ʩʠʩʪʝʤʦʶ ʢʦʥʜʝʥʩʘʮʽʾ ʣʫʞʥʠʭ ʤʝʪʘʣʽʚ. 
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ʇɯɼɺʀʑɽʅʅʗ ɽʌɽʂʊʀɺʅʆʉʊɯ ɽʃɽʂʊʈʆʃɯɿʋ ɺʆɼʀ ɼʃʗ 

ɺʀʈʆɹʅʀʎʊɺɸ ɺʆɼʅʖ 

ɸʥʦʪʘʮʽʷ ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʩʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʝʣʝʢʪʨʦʣʽʟʫ ʚʦʜʠ ʷʢ ʦʜʥʦʛʦ ʟ ʦʩʥʦʚʥʠʭ ʤʝʪʦʜʽʚ ʚʠʨʦʙʥʠʮʪʚʘ 

ʚʦʜʥʶ. ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʦʩʥʦʚʥʠʭ ʬʘʢʪʦʨʽʚ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʧʨʦʮʝʩʫ, ʟʦʢʨʝʤʘ ʚʣʘʩʪʠʚʦʩʪʝʡ ʝʣʝʢʪʨʦʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʨʝʞʠʤʽʚ ʝʣʝʢʪʨʦʣʽʟʫ 

ʪʘ ʽʥʪʝʛʨʘʮʽʾ ʝʣʝʢʪʨʦʣʽʟʥʠʭ ʩʠʩʪʝʤ ʽʟ ʚʽʜʥʦʚʣʶʚʘʥʠʤʠ ʜʞʝʨʝʣʘʤʠ ʝʥʝʨʛʽʾ. 

ɺʠʟʥʘʯʝʥʦ ʧʝʨʩʧʝʢʪʠʚʥʽ ʥʘʧʨʷʤʢʠ ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʡ ʝʣʝʢʪʨʦʣʽʟʫ ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ çʟʝʣʝʥʦʛʦè ʚʦʜʥʶ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʦʜʝʥʴ, ʝʣʝʢʪʨʦʣʽʟ ʚʦʜʠ, ʚʽʜʥʦʚʣʶʚʘʥʘ ʝʥʝʨʛʝʪʠʢʘ, 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ, ʚʦʜʥʝʚʘ ʝʥʝʨʛʝʪʠʢʘ. 
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IMPROVING THE EFFICIENCY OF WATER ELECTROLYSIS FOR 

HYDROGEN PRODUCTION  

Abstract This paper examines modern approaches to improving the efficiency of 

water electrolysis as one of the main methods of hydrogen production. The main 

factors affecting the efficiency of the process are analyzed, including electrode 

materials, electrolysis operating modes, and integration of electrolysis systems with 

renewable energy sources. directions for the development of electrolysis 

technologies for green hydrogen production are identified.  

Keywords: hydrogen, water electrolysis, renewable energy, energy efficiency, 

hydrogen energy. 

 

1. ɺʩʪʫʧ 

ʋ ʢʦʥʪʝʢʩʪʽ ʛʣʦʙʘʣʴʥʦʾ ʝʥʝʨʛʝʪʠʯʥʦʾ ʢʨʠʟʠ ʚʩʝ ʙʽʣʴʰʝ ʫʚʘʛʠ ʧʨʠʜʽʣʷʻʪʴʩʷ 

ʨʦʟʚʠʪʢʫ ʚʦʜʥʝʚʦʾ ʝʥʝʨʛʝʪʠʢʠ. ʆʯʝʚʠʜʥʦ, ʱʦ ʚʦʜʝʥʴ ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ ʷʢ 

ʧʦʪʝʥʮʽʡʥʦ ʞʠʪʪʻʟʜʘʪʥʠʡ ʝʥʝʨʛʦʥʦʩʽʡ, ʩʧʨʦʤʦʞʥʠʡ ʩʢʦʨʦʪʠʪʠ ʚʠʢʠʜʠ 

ʧʘʨʥʠʢʦʚʠʭ ʛʘʟʽʚ ʽ ʩʧʨʠʷʪʠ ʨʦʟʚʠʪʢʫ ʩʪʽʡʢʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʠʩʪʝʤ. ʆʜʥʠʤ ʽʟ 

ʤʝʪʦʜʽʚ ʦʪʨʠʤʘʥʥʷ ʚʦʜʥʶ ʻ ʝʣʝʢʪʨʦʣʽʟ ʚʦʜʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʟ 

ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ ʘʙʦ ʷʜʝʨʥʦʾ ʝʥʝʨʛʽʾ. 
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ʆʜʥʘʢ ʝʬʝʢʪʠʚʥʽʩʪʴ ʝʣʝʢʪʨʦʣʽʟʫ ʚʦʜʠ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʝʣʝʢʪʨʦʜʽʚ ʪʘ ʫʤʦʚ ʨʝʘʢʮʽʾ. ʆʪʞʝ, 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʝʣʝʢʪʨʦʣʽʟʫ ʻ ʢʣʶʯʦʚʠʤ ʥʘʧʨʷʤʢʦʤ ʩʫʯʘʩʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʫ ʛʘʣʫʟʽ ʚʦʜʥʝʚʦʾ ʝʥʝʨʛʝʪʠʢʠ. 

2. ʆʩʥʦʚʥʘ ʯʘʩʪʠʥʘ 

ɽʣʝʢʪʨʦʣʽʟ ʚʦʜʠ ʻ ʦʜʥʠʤ ʟ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʚʠʨʦʙʥʠʮʪʚʘ 

ʚʦʜʥʶ, ʦʩʦʙʣʠʚʦ ʚ ʧʦʻʜʥʘʥʥʽ ʟ ʚʽʜʥʦʚʣʶʚʘʥʠʤʠ ʜʞʝʨʝʣʘʤʠ ʝʥʝʨʛʽʾ. ʇʨʠʥʮʠʧ 

ʧʨʦʮʝʩʫ ʧʦʣʷʛʘʻ ʚ ʨʦʟʱʝʧʣʝʥʥʽ ʤʦʣʝʢʫʣ ʚʦʜʠ ʥʘ ʚʦʜʝʥʴ ʽ ʢʠʩʝʥʴ ʧʽʜ ʜʽʻʶ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʘʢʮʽʡ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʥʘ ʢʘʪʦʜʽ ʪʘ 

ʘʥʦʜʽ ʝʣʝʢʪʨʦʣʽʟʝʨʘ. ɿʘʛʘʣʴʥʘ ʨʝʘʢʮʽʷ ʝʣʝʢʪʨʦʣʽʟʫ ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

2H O Ÿ 2H  + O . 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʚʽʜʥʦʩʥʫ ʧʨʦʩʪʦʪʫ ʧʨʠʥʮʠʧʫ ʨʦʙʦʪʠ, ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʝʣʝʢʪʨʦʣʽʟʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʬʽʟʠʯʥʠʭ, ʭʽʤʽʯʥʠʭ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʬʘʢʪʦʨʽʚ. ʆʜʥʠʤ ʟ ʢʣʶʯʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ ʻ ʧʝʨʝʥʘʧʨʫʛʘ ʥʘ ʝʣʝʢʪʨʦʜʘʭ, ʷʢʘ 

ʚʠʥʠʢʘʻ ʯʝʨʝʟ ʢʽʥʝʪʠʯʥʽ ʦʙʤʝʞʝʥʥʷ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʨʝʘʢʮʽʡ. ɿʥʠʞʝʥʥʷ 

ʧʝʨʝʥʘʧʨʫʛʠ ʤʦʞʝ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʪʠ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʽ ʟʤʝʥʰʠʪʠ 

ʚʠʪʨʘʪʠ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʘ ʚʠʨʦʙʥʠʮʪʚʦ ʚʦʜʥʶ. 

ʄʘʪʝʨʽʘʣʠ ʝʣʝʢʪʨʦʜʽʚ ʽ ʢʘʪʘʣʽʟʘʪʦʨʽʚ ʚʽʜʽʛʨʘʶʪʴ ʚʘʞʣʠʚʫ ʨʦʣʴ ʫ 

ʧʽʜʚʠʱʝʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ ʝʣʝʢʪʨʦʣʽʟʫ. ʊʨʘʜʠʮʽʡʥʦ ʜʣʷ ʢʘʪʦʜʥʠʭ ʨʝʘʢʮʽʡ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ʧʣʘʪʠʥʠ ʟ ʚʠʩʦʢʦʶ ʢʘʪʘʣʽʪʠʯʥʦʶ 

ʘʢʪʠʚʥʽʩʪʶ. ʆʜʥʘʢ ʚʠʩʦʢʘ ʚʘʨʪʽʩʪʴ ʜʦʨʦʛʦʮʽʥʥʠʭ ʤʝʪʘʣʽʚ ʩʪʠʤʫʣʶʻ ʧʦʰʫʢ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ ʷʢ ʥʽʢʝʣʴ, ʢʦʙʘʣʴʪ, ʤʦʣʽʙʜʝʥ ʪʘ ʾʭʥʽ ʩʧʣʘʚʠ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʭ ʢʘʪʘʣʽʟʘʪʦʨʽʚ ʟʥʘʯʥʦ ʟʙʽʣʴʰʫʻ ʘʢʪʠʚʥʫ 

ʧʦʚʝʨʭʥʶ ʝʣʝʢʪʨʦʜʽʚ ʽ ʧʦʢʨʘʱʫʻ ʢʽʥʝʪʠʢʫ ʨʝʘʢʮʽʡ ʚʠʜʽʣʝʥʥʷ ʚʦʜʥʶ ʪʘ ʢʠʩʥʶ. 

ʆʢʨʽʤ ʤʘʪʝʨʽʘʣʽʚ ʝʣʝʢʪʨʦʜʽʚ, ʚʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ ʻ ʪʠʧ ʝʣʝʢʪʨʦʣʽʟʝʨʘ. ʋ 

ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʘʢʪʠʚʥʦ ʨʦʟʨʦʙʣʷʶʪʴʩʷ ʪʨʠ ʦʩʥʦʚʥʽ ʪʠʧʠ 

ʝʣʝʢʪʨʦʣʽʟʥʠʭ ʩʠʩʪʝʤ: ʣʫʞʥʽ ʝʣʝʢʪʨʦʣʽʟʝʨʠ, ʝʣʝʢʪʨʦʣʽʟʝʨʠ ʟ ʧʦʣʽʤʝʨʥʦʶ 

ʝʣʝʢʪʨʦʣʽʪʥʦʶ ʤʝʤʙʨʘʥʦʶ (PEM) ʪʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʪʚʝʨʜʦʦʢʩʠʜʥʽ 

ʝʣʝʢʪʨʦʣʽʟʝʨʠ (SOEC). ʃʫʞʥʽ ʝʣʝʢʪʨʦʣʽʟʝʨʠ ʻ ʥʘʡʧʦʰʠʨʝʥʽʰʠʤʠ ʟʘʚʜʷʢʠ 

ʚʽʜʥʦʩʥʦ ʧʨʦʩʪʽʡ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʪʨʠʚʘʣʦʤʫ ʪʝʨʤʽʥʫ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʋ ʩʚʦʶ 

ʯʝʨʛʫ, ʝʣʝʢʪʨʦʣʽʟʝʨʠ PEM ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ ʩʪʨʫʤʫ ʪʘ 

ʰʚʠʜʢʦʶ ʨʝʘʢʮʽʻʶ ʥʘ ʟʤʽʥʠ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʱʦ ʨʦʙʠʪʴ ʾʭ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ 

ʽʥʪʝʛʨʘʮʽʾ ʟ ʚʽʜʥʦʚʣʶʚʘʥʠʤʠ ʜʞʝʨʝʣʘʤʠ ʝʥʝʨʛʽʾ. ʊʚʝʨʜʦʦʢʩʠʜʥʽ ʝʣʝʢʪʨʦʣʽʟʝʨʠ 

ʧʨʘʮʶʶʪʴ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʱʦ ʧʽʜʚʠʱʫʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ. 

ɼʦʜʘʪʢʦʚʠʤ ʩʧʦʩʦʙʦʤ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʝʣʝʢʪʨʦʣʽʟʫ ʻ 

ʦʧʪʠʤʽʟʘʮʽʷ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʝʣʝʢʪʨʦʣʽʟʥʠʭ ʫʩʪʘʥʦʚʦʢ. ɿʦʢʨʝʤʘ, ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʽʤʧʫʣʴʩʥʠʭ ʘʙʦ ʟʤʽʥʥʠʭ ʨʝʞʠʤʽʚ ʩʪʨʫʤʫ ʟʤʝʥʰʫʻ ʥʘʢʦʧʠʯʝʥʥʷ ʙʫʣʴʙʘʰʦʢ 

ʛʘʟʫ ʥʘ ʧʦʚʝʨʭʥʽ ʝʣʝʢʪʨʦʜʽʚ, ʱʦ ʧʦʢʨʘʱʫʻ ʤʘʩʦʦʙʤʽʥ ʚ ʩʠʩʪʝʤʽ ʪʘ ʟʤʝʥʰʫʻ 

ʚʥʫʪʨʽʰʥʽʡ ʦʧʽʨ ʝʣʝʢʪʨʦʣʽʟʝʨʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʝʣʝʢʪʨʦʣʽʪʫ, ʢʦʥʮʝʥʪʨʘʮʽʷ 

ʝʣʝʢʪʨʦʣʽʪʫ ʪʘ ʰʚʠʜʢʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʧʨʦʜʫʢʪʽʚ ʨʝʘʢʮʽʾ ʪʘʢʦʞ ʤʘʶʪʴ ʟʥʘʯʥʠʡ 

ʚʧʣʠʚ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ. 
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ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʢʦʤ ʨʦʟʚʠʪʢʫ ʻ ʽʥʪʝʛʨʘʮʽʷ ʝʣʝʢʪʨʦʣʽʟʥʠʭ 

ʫʩʪʘʥʦʚʦʢ ʟ ʚʽʜʥʦʚʣʶʚʘʥʠʤʠ ʜʞʝʨʝʣʘʤʠ ʝʥʝʨʛʽʾ, ʪʘʢʠʤʠ ʷʢ ʩʦʥʷʯʥʽ ʪʘ ʚʽʪʨʦʚʽ 

ʝʣʝʢʪʨʦʩʪʘʥʮʽʾ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʦʜʝʥʴ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʷʢ 

ʫʥʽʚʝʨʩʘʣʴʥʠʡ ʟʘʩʽʙ ʟʙʝʨʽʛʘʥʥʷ ʝʥʝʨʛʽʾ, ʱʦ ʜʦʟʚʦʣʷʻ ʢʦʤʧʝʥʩʫʚʘʪʠ 

ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʟ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ. 

ʆʪʨʠʤʘʥʠʡ ʚʦʜʝʥʴ ʤʦʞʥʘ ʧʦʪʽʤ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚ ʧʘʣʠʚʥʠʭ ʝʣʝʤʝʥʪʘʭ, 

ʪʨʘʥʩʧʦʨʪʥʠʭ ʩʠʩʪʝʤʘʭ ʘʙʦ ʧʨʦʤʠʩʣʦʚʠʭ ʪʝʭʥʦʣʦʛʽʷʭ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʝʣʝʢʪʨʦʣʽʟʫ ʚʦʜʠ ʻ ʩʢʣʘʜʥʠʤ 

ʟʘʚʜʘʥʥʷʤ, ʷʢʝ ʚʢʣʶʯʘʻ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʝʣʝʢʪʨʦʜʽʚ, ʦʧʪʠʤʽʟʘʮʽʶ 

ʢʦʥʩʪʨʫʢʮʽʾ ʝʣʝʢʪʨʦʣʽʟʝʨʘ ʪʘ ʽʥʪʝʛʨʘʮʽʶ ʪʝʭʥʦʣʦʛʽʾ ʚ ʩʫʯʘʩʥʽ ʝʥʝʨʛʝʪʠʯʥʽ 

ʩʠʩʪʝʤʠ. 

3. ɺʠʩʥʦʚʢʠ 

ʇʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʝʣʝʢʪʨʦʣʽʟʫ ʚʦʜʠ ʻ ʚʘʞʣʠʚʠʤ ʟʘʚʜʘʥʥʷʤ ʜʣʷ 

ʨʦʟʚʠʪʢʫ ʚʦʜʥʝʚʦʾ ʝʥʝʨʛʝʪʠʢʠ. ʆʩʥʦʚʥʠʤʠ ʥʘʧʨʷʤʢʘʤʠ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʝʣʝʢʪʨʦʜʽʚ, ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʨʝʞʠʤʽʚ 

ʝʣʝʢʪʨʦʣʽʟʫ ʪʘ ʽʥʪʝʛʨʘʮʽʷ ʝʣʝʢʪʨʦʣʽʟʥʠʭ ʩʠʩʪʝʤ ʟ ʚʽʜʥʦʚʣʶʚʘʥʠʤʠ ʜʞʝʨʝʣʘʤʠ 

ʝʥʝʨʛʽʾ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʮʽʡ ʛʘʣʫʟʽ ʩʧʨʠʷʪʠʤʫʪʴ ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʡ 

ʚʠʨʦʙʥʠʮʪʚʘ çʟʝʣʝʥʦʛʦè ʚʦʜʥʶ ʪʘ ʾʭ ʰʠʨʦʢʦʤʫ ʟʘʩʪʦʩʫʚʘʥʥʶ ʚ ʝʥʝʨʛʝʪʠʯʥʠʭ 

ʩʠʩʪʝʤʘʭ ʤʘʡʙʫʪʥʴʦʛʦ. 
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EVOLUTION OF APPROACHES TO ROCKET ENGINE DESIGN  

Annotation. The paper analyzes the transformation of rocket engine design 

approaches: from empirical testing to the implementation of modern technologies 

and methodologies. The role of artificial intelligence in the design and manufacture 

of structures, as well as the significance of additive technologies for creating 

complex components, are examined. Attention is paid to the specific challenges of 
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the Ukrainian rocket and space industry, notably the need to combine high 

technology with speed and cost-effectiveness of production. The authors emphasize 

that the transition from "metal" to "digital" is critical for ensuring predictive 

maintenance and the intellectualization of design. 

Keywords: rocket engines; artificial intelligence; additive technologies; intelligent 

design; modern approaches. 

 

ʈʦʟʚʠʪʦʢ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʦʙʫʜʫʚʘʥʥʷ ʩʴʦʛʦʜʥʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʝ ʣʠʰʝ 

ʧʨʘʛʥʝʥʥʷʤ ʜʦ ʤʘʢʩʠʤʘʣʴʥʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʘ ʡ ʘʜʘʧʪʠʚʥʽʩʪʶ 

ʜʦ ʢʨʠʪʠʯʥʠʭ ʫʤʦʚ ʚʠʨʦʙʥʠʮʪʚʘ. ɿʤʽʥʘ ʧʘʨʘʜʠʛʤ ʧʨʦʻʢʪʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʘʩʷ 

ʧʘʨʘʣʝʣʴʥʦ ʽʟ ʨʦʩʪʦʤ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʧʦʪʫʞʥʦʩʪʝʡ, ʧʨʦʡʰʦʚʰʠ ʰʣʷʭ ʚʽʜ 

ʥʘʪʫʨʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʜʦ ʩʫʯʘʩʥʠʭ ʢʦʥʮʝʧʮʽʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʝʨʝʜʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʧʽʜʭʦʜʽʚ. 

ʍʦʯʘ ʧʝʨʰʽ ʟʛʘʜʢʠ ʧʨʦ ʨʘʢʝʪʥʽ ʜʚʠʛʫʥʠ ʽʩʥʫʚʘʣʠ ʫ ʯʘʩʠ ʩʪʘʨʦʜʘʚʥʴʦʛʦ 

ʂʠʪʘʶ, ʽʩʪʦʨʠʯʥʦ ʧʝʨʰʠʤ ʝʪʘʧʦʤ ʧʨʠʡʥʷʪʦ ʚʚʘʞʘʪʠ ʧʝʨʰʫ ʧʦʣʦʚʠʥʫ ʍʍ 

ʩʪʦʣʽʪʪʷ. ʋ ʮʝʡ ʧʝʨʽʦʜ ʙʫʣʦ ʜʦʤʽʥʫʚʘʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʽʜʧʨʘʮʶʚʘʥʥʷ. 

ʆʩʥʦʚʥʠʤ ʢʨʠʪʝʨʽʻʤ ʚʠʩʪʫʧʘʣʘ ʨʦʙʦʪʦʩʧʨʦʤʦʞʥʽʩʪʴ ʩʠʩʪʝʤʠ, ʱʦ ʜʦʩʷʛʘʣʘʩʷ 

ʯʝʨʝʟ ʯʠʩʣʝʥʥʽ ʽʪʝʨʘʮʽʾ çʧʨʦʻʢʪʫʚʘʥʥʷ ï ʘʚʘʨʽʡʥʠʡ ʟʘʧʫʩʢ ï ʘʥʘʣʽʟ ʜʝʬʝʢʪʽʚè. 

ʎʝ ʚʠʤʘʛʘʣʦ ʢʦʣʦʩʘʣʴʥʠʭ ʨʝʩʫʨʩʥʠʭ ʚʠʪʨʘʪ, ʧʨʦʪʝ ʜʦʟʚʦʣʠʣʦ ʩʪʚʦʨʠʪʠ ʙʘʟʫ 

ʥʘʜʽʡʥʠʭ, ʨʦʙʦʯʠʭ ʨʽʰʝʥʴ. ʈʦʟʨʘʭʫʥʢʠ ʧʨʦʚʦʜʠʣʠʩʷ ʛʨʘʬʦʘʥʘʣʽʪʠʯʥʠʤʠ 

ʤʝʪʦʜʘʤʠ. ʏʝʨʝʟ ʥʝʤʦʞʣʠʚʽʩʪʴ ʪʦʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ, 

ʢʦʥʩʪʨʫʢʪʦʨʠ ʟʘʢʣʘʜʘʣʠ ʚʠʩʦʢʽ ʢʦʝʬʽʮʽʻʥʪʠ ʟʘʧʘʩʫ ʤʽʮʥʦʩʪʽ. ɺʠʩʦʢʘ ʥʘʜʽʡʥʽʩʪʴ 

ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʪʘ ʩʪʚʦʨʝʥʥʷ ʫʥʽʢʘʣʴʥʦʾ ʙʘʟʠ ʧʨʘʢʪʠʯʥʠʭ ʟʥʘʥʴ 

ʧʨʦ ʛʨʘʥʠʯʥʽ ʨʝʞʠʤʠ ʨʦʙʦʪʠ ʩʪʘʣʦ ʽʥʞʝʥʝʨʘʤ ʪʦʛʦ ʯʘʩʫ ʚʠʩʦʢʦʶ ʚʘʨʪʽʩʪʶ 

ʨʦʟʨʦʙʢʠ, ʥʘʜʣʠʰʢʦʚʦʁ  ʤʘʩʦ  ʁ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʚʠʩʦʢʠʤ ʨʠʟʠʢʦʤ ʚʪʨʘʪʠ 

ʜʦʨʦʛʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʧʽʜ ʯʘʩ ʩʪʝʥʜʦʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ. 

ɼʨʫʛʠʤ, ʦʩʥʦʚʥʠʤ ʝʪʘʧʦʤ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʪʘʥʜʘʨʪʥʠʭ 

ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʧʨʦʛʨʘʤ, ʩʠʩʪʝʤ CAD/CAE ʪʘ ʧʦʜʽʙʥʠʭ (ʜʨʫʛʘ ʧʦʣʦʚʠʥʘ 

ʍʍ ʩʪʦʣʽʪʪʷ) [1]. ʎʝ ʪʨʘʥʩʬʦʨʤʫʚʘʣʦ ʛʘʣʫʟʴ, ʜʦʟʚʦʣʠʚʰʠ ʟʘʤʽʥʠʪʠ ʯʘʩʪʠʥʫ 

ʚʦʛʥʝʚʠʭ ʩʪʝʥʜʦʚʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʤʘʪʝʤʘʪʠʯʥʠʤ ʤʦʜʝʣʶʚʘʥʥʷʤ, ʟôʷʚʠʣʘʩʴ 

ʤʦʞʣʠʚʽʩʪʴ ʦʧʪʠʤʽʟʘʮʽʾ ʚʥʫʪʨʽʰʥʴʦʾ ʛʝʦʤʝʪʨʽʾ.  ɺʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʽʚ CFD 

(ʦʙʯʠʩʣʶʚʘʣʴʥʘ ʛʽʜʨʦʛʘʟʦʜʠʥʘʤʽʢʘ) ʪʘ FEA (ʩʢʽʥʯʝʥʦ-ʝʣʝʤʝʥʪʥʠʡ ʘʥʘʣʽʟ) ʜʘʣʦ 

ʟʤʦʛʫ ʦʧʪʠʤʽʟʫʚʘʪʠ ʤʘʩʫ ʪʘ ʪʝʧʣʦʚʽ ʨʝʞʠʤʠ, ʧʨʦʪʝ ʤʦʜʝʣʽ ʟʘʣʠʰʘʣʠʩʷ ʙʝʟ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʟ ʨʝʘʣʴʥʠʤ ʚʠʨʦʙʦʤ ʽ ʥʝ ʚʨʘʭʦʚʫʶʪʴ ʟʥʦʩ ʘʙʦ ʚʠʨʦʙʥʠʯʽ 

ʜʝʬʝʢʪʠ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʪʘ ʽʩʥʫʻ ʚʠʩʦʢʘ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʪʦʯʥʦʩʪʽ ʚʭʽʜʥʠʭ 

ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ. 

ʉʫʯʘʩʥʠʡ ʧʽʜʭʽʜ (XXI ʩʪʦʣʽʪʪʷ) ʙʘʟʫʻʪʴʩʷ ʥʘ ʪʝʭʥʦʣʦʛʽʾ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ (Digital Twins) ʪʘ PDM (ʫʧʨʘʚʣʽʥʥʷ ʜʘʥʠʤʠ ʧʨʦ ʧʨʦʜʫʢʪ). ʗʢ 

ʟʘʟʥʘʯʝʥʦ ʫ ʜʦʩʣʽʜʞʝʥʥʽ [1], ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʜʦʟʚʦʣʷʻ ʟʜʽʡʩʥʶʚʘʪʠ 

ʙʝʟʧʝʨʝʨʚʥʠʡ ʤʦʥʽʪʦʨʠʥʛ ʧʘʨʘʤʝʪʨʽʚ ʜʚʠʛʫʥʘ ʥʘ ʚʩʽʭ ʝʪʘʧʘʭ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ. 

ʎʝ ʟʘʙʝʟʧʝʯʫʻ ʧʦʪʦʢʦʚʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʤʽʥʽʤʽʟʘʮʽʶ ʨʠʟʠʢʽʚ ʧʨʠ 

ʙʘʛʘʪʦʨʘʟʦʚʦʤʫ ʚʠʢʦʨʠʩʪʘʥʥʽ. 
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ʆʢʨʝʤʠʤ ʢʨʠʪʠʯʥʠʤ ʝʪʘʧʦʤ ʜʣʷ ʫʢʨʘʾʥʩʴʢʦʾ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ 

ʩʪʘʚ ʧʝʨʽʦʜ ʧʦʚʥʦʤʘʩʰʪʘʙʥʦʾ ʚʽʡʥʠ. ʇʝʨʝʜ ʚʽʪʯʠʟʥʷʥʠʤʠ ʨʦʟʨʦʙʥʠʢʘʤʠ 

ʧʦʩʪʘʣʠ ʩʧʝʮʠʬʽʯʥʽ ʚʠʢʣʠʢʠ: 

1. ʄʘʩʰʪʘʙʦʚʘʥʽʩʪʴ ʪʘ ʰʚʠʜʢʽʩʪʴ: ʅʝʦʙʭʽʜʥʽʩʪʴ ʰʚʠʜʢʦʛʦ ʨʦʟʛʦʨʪʘʥʥʷ 

ʚʠʨʦʙʥʠʮʪʚʘ ʚ ʫʤʦʚʘʭ ʦʙʤʝʞʝʥʦʾ ʧʨʦʤʠʩʣʦʚʦʾ ʙʘʟʠ. 

2. ɽʢʦʥʦʤʽʯʥʘ ʜʦʮʽʣʴʥʽʩʪʴ: ɼʚʠʛʫʥ ʤʘʻ ʙʫʪʠ çʜʝʰʝʚʠʤè ʪʘ ʜʦʩʪʫʧʥʠʤ ʜʣʷ 

ʤʘʩʦʚʦʛʦ ʚʠʧʫʩʢʫ, ʥʝ ʚʪʨʘʯʘʶʯʠ ʧʨʠ ʮʴʦʤʫ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʧʝʨʝʚʘʛʠ ʥʘʜ 

ʚʦʨʦʛʦʤ. 

3. ʊʝʭʥʦʣʦʛʽʯʥʠʡ ʩʠʤʙʽʦʟ: ʇʦʻʜʥʘʥʥʷ ʧʝʨʝʜʦʚʠʭ ʤʝʪʦʜʽʚ (3D-ʜʨʫʢ, CFD, 

ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ (ʐɯ), ʨʽʟʥʦʤʘʥʽʪʥʘ ʦʧʪʠʤʽʟʘʮʽʷ) ʽʟ ʜʦʩʪʫʧʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ 

ʪʘ ʩʧʨʦʱʝʥʠʤʠ ʩʭʝʤʘʤʠ ʢʝʨʫʚʘʥʥʷ. 

ʅʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ (ʐɯ) ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ 

ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ, ʧʨʠʩʢʦʨʝʥʥʷ ʯʠʩʝʣʴʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʪʘ ʘʚʪʦʤʘʪʠʯʥʦʛʦ 

ʩʪʚʦʨʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ, ʱʦ ʦʩʦʙʣʠʚʦ ʝʬʝʢʪʠʚʥʦ ʧʨʠ 

ʧʨʦʻʢʪʫʚʘʥʥʽ ʜʝʪʘʣʝʡ ʜʣʷ ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ʐɯ ʚʠʩʪʫʧʘʻ ʽʥʩʪʨʫʤʝʥʪʦʤ 

ʧʽʜʩʠʣʝʥʥʷ ʽʥʞʝʥʝʨʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ [2]. ʐɯ ʟʜʘʪʥʠʡ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ 

ʢʦʨʝʛʫʚʘʪʠ ʨʦʙʦʪʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʚʠʛʫʥʘ, ʢʦʤʧʝʥʩʫʶʯʠ ʤʦʞʣʠʚʽ ʚʽʜʭʠʣʝʥʥʷ ʫ 

ʚʠʛʦʪʦʚʣʝʥʥʽ ʢʦʤʧʦʥʝʥʪʽʚ, ʱʦ ʻ ʢʣʶʯʦʚʠʤ ʜʣʷ çʰʚʠʜʢʦʛʦè ʚʠʨʦʙʥʠʮʪʚʘ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʦʟʚʦʣʷʻ ʚʠʛʦʪʦʚʣʷʪʠ ʮʽʣʽ ʚʫʟʣʠ ʨʘʢʝʪʥʠʭ 

ʜʚʠʛʫʥʽʚ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʦʚʽʪʥʽʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ  ʮʽʢʘʚʠʭ  

ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʨʽʰʝʥʴ, ʱʦ ʥʝ ʙʫʣʠ ʜʦʩʪʫʧʥʽ ʨʘʥʽʰʝ, ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʪʨʘʜʠʮʽʡʥʠʭ ʩʧʦʩʦʙʽʚ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡ [3].   

ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʷʢ ʐɯ ʪʘ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ 

ʜʦʟʚʦʣʷʶʪʴ, ʨʘʜʠʢʘʣʴʥʦ ʟʤʝʥʰʠʪʠ ʢʽʣʴʢʩ̔ʪɹ ʜʝʪʘʣʝʡ ʪʘ ʚʫʟʣʽʚ ʫ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ 

ʤʘʪʠ ʘʜʘʧʪʠʚʥʽʩʪʴ ʜʦ ʤʽʥʣʠʚʠʭ ʫʤʦʚ ʚʠʨʦʙʥʠʮʪʚʘ. ʇʨʦʪʝ ʟʘʣʠʰʘʶʪʴʩʷ ʪʘʢʽ 

ʧʨʦʙʣʝʤʠ ʷʢ ʚʠʩʦʢʽ ʚʠʤʦʛʠ ʜʦ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʪʘ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʤʝʪʦʜʠʢ ʜʣʷ ʚʨʘʭʫʚʘʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ, ʱʦ ʧʨʠʥʦʩʷʪʴ ʥʦʚʽ 

ʽʥʩʪʨʫʤʝʥʪʠ ʫ ʢʦʥʩʪʨʫʢʪʠʚ ʚʠʨʦʙʽʚ [3]. 

ʆʪʞʝ, ʝʚʦʣʶʮʽʷ ʧʽʜʭʦʜʽʚ ʜʝʤʦʥʩʪʨʫʻ ʧʝʨʝʭʽʜ ʚʽʜ çʮʠʬʨʠè ʜʦ çʟʘʣʽʟʘè, ʘ 

ʩʠʥʪʝʟ ʝʬʝʢʪʠʚʥʠʭ ʨʽʰʝʥʴ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ ʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʢʦʤʧôʶʪʝʨʥʦ-ʽʥʪʝʛʨʦʚʘʥʠʭ ʩʝʨʝʜʦʚʠʱ ʩʪʘʻ ʜʫʞʝ ʚʘʞʣʠʚʠʤ. 

ɼʣʷ ʋʢʨʘʾʥʠ ʻ ʘʢʪʫʘʣʴʥʠʤ ʧʦʻʜʥʘʥʥʷ ʚʠʩʦʢʠʭ ʪʝʭʥʦʣʦʛʽʡ ʟ ʤʘʢʩʠʤʘʣʴʥʦʶ 

ʩʧʨʦʱʝʥʽʩʪʶ ʢʦʥʩʪʨʫʢʮʽʡ, ʱʦ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʝʬʝʢʪʠʚʥʽ ʟʨʘʟʢʠ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʫ ʥʘʡʢʦʨʦʪʰʽ ʪʝʨʤʽʥʠ. 
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SPECIFIC ASPECTS OF MATHEMATICAL MODELING OF FILLING 

OF BRANCHED FEEDLINES WITHIN A RECONFIGURABLE FEED 

SYSTEM DURING LIQUID -PROPELLANT ROCKET ENGINE START -UP 

Abstract. A mathematical model for filling complex pipeline networks containing 

an arbitrary number of branches during liquid-propellant rocket engine (LPRE) start-

up has been developed. The effectiveness of the proposed approach is demonstrated 

using the start-up of a test LPRE employing a gas-generator afterburning cycle as an 

example. 
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ɿʘʧʦʚʥʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʠʭ ʪʨʘʢʪʽʚ ʈʈɼ ʻ ʦʜʥʽʻʶ ʟʽ ʩʢʣʘʜʦʚʠʭ ʧʨʦʮʝʩʫ 

ʟʘʧʫʩʢʫ ʜʚʠʛʫʥʘ, ʷʢʘ, ʧʦʨʷʜ ʟ ʽʥʰʠʤʠ ʧʨʦʮʝʩʘʤʠ, ʚʧʣʠʚʘʻ ʥʘ ʡʦʛʦ ʪʨʠʚʘʣʽʩʪʴ 

ʪʘ ʭʘʨʘʢʪʝʨ ʧʝʨʝʭʽʜʥʠʭ ʨʝʞʠʤʽʚ [1]. ɼʣʷ ʩʫʯʘʩʥʠʭ ʈʈɼ ʟ ʜʦʧʘʣʶʚʘʥʥʷʤ 

ʛʝʥʝʨʘʪʦʨʥʦʛʦ ʛʘʟʫ [2], ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʩʠʩʪʝʤʠ ʞʠʚʣʝʥʥʷ ʟʤʽʥʥʦʾ 

ʩʪʨʫʢʪʫʨʠ [3] ʟ ʧʨʦʪʷʞʥʠʤʠ ʨʦʟʛʘʣʫʞʝʥʠʤʠ ʪʨʫʙʦʧʨʦʚʦʜʘʤʠ, ʧʠʪʘʥʥʷ 

ʟʘʧʦʚʥʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʠʭ ʪʨʘʢʪʽʚ ʈʈɼ ʻ ʘʢʪʫʘʣʴʥʠʤʠ ʽ ʧʦʪʨʝʙʫʻ ʚʠʨʽʰʝʥʥʷ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʣʝʥʥʷ ʤʝʪʦʜʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʟʘʧʦʚʥʝʥʥʷ ʧʨʦʪʷʞʥʠʭ ʨʦʟʛʘʣʫʞʝʥʠʭ ʛʽʜʨʘʚʣʽʯʥʠʭ 

ʪʨʘʢʪʽʚ ʧʨʠ ʟʘʧʫʩʢʫ ʈʈɼ. 

ʈʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʟʘʧʦʚʥʝʥʥʷ ʩʢʣʘʜʥʠʭ ʪʨʫʙʦʧʨʦʚʽʜʥʠʭ 

ʩʠʩʪʝʤ, ʱʦ ʤʽʩʪʷʪʴ ʜʦʚʽʣʴʥʫ ʢʽʣʴʢʽʩʪʴ ʨʦʟʛʘʣʫʞʝʥʴ. ɼʦ ʩʢʣʘʜʫ ʤʦʜʝʣʽ ʚʭʦʜʷʪʴ 

ʨʽʚʥʷʥʥʷ ʨʫʭʫ ʨʽʜʠʥʠ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʜʠʥʘʤʽʢʫ ʦʢʨʝʤʠʭ ʜʽʣʷʥʦʢ ʪʨʫʙʦʧʨʦʚʦʜʽʚ. 

ʇʨʠ ʮʴʦʤʫ ʥʘ ʨʦʟʚôʷʟʦʢ ʥʘʢʣʘʜʘʻʪʴʩʷ ʫʤʦʚʘ ʟʙʝʨʝʞʝʥʥʷ ʙʘʣʘʥʩʫ ʚʠʪʨʘʪ ʫ 

ʚʫʟʣʘʭ ʨʦʟʛʘʣʫʞʝʥʥʷ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ 

ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʥʘ ʧʨʠʢʣʘʜʽ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʟʘʧʫʩʢʫ 

ʪʝʩʪʦʚʦʛʦ ʈʈɼ ʽʟ ʜʦʧʘʣʶʚʘʥʥʷʤ ʛʝʥʝʨʘʪʦʨʥʦʛʦ ʛʘʟʫ. 
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MATHEMATICAL PROCESSING OF EXPERIMENTAL 

CHARACTERISTICS OF A LOW -POWER HALL EFFECT 

THRUSTER 

ɸʥʦʪʘʮʽʷ.ʋ ʩʪʘʪʪʽ ʥʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ, ʟʜʦʙʫʪʠʭ ʧʽʜ ʯʘʩ ʚʠʧʨʦʙʫʚʘʥʴ ʤʘʣʦʧʦʪʫʞʥʦʛʦ 

ʭʦʣʣʽʚʩʴʢʦʛʦ ʜʚʠʛʫʥʘ ST 40. ɺʠʢʦʥʘʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘʣʝʞʥʦʩʪʝʡ ʦʩʥʦʚʥʠʭ 

ʧʦʢʘʟʥʠʢʽʚ ʨʦʙʦʪʠ ʜʚʠʛʫʥʘ ð ʪʷʛʠ, ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ ʡ ʝʬʝʢʪʠʚʥʦʩʪʽ ð ʚʽʜ 

ʨʽʚʥʷ ʝʣʝʢʪʨʠʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʨʦʟʨʷʜʫ. ɼʣʷ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ ʟʘʩʪʦʩʦʚʘʥʦ ʤʝʪʦʜʠ ʨʝʛʨʝʩʽʡʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʘʧʨʦʢʩʠʤʘʮʽʾ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ. ɺʠʷʚʣʝʥʦ, ʱʦ ʚ ʧʝʚʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʧʦʪʫʞʥʦʩʪʝʡ ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʪʘʙʽʣʽʟʘʮʽʷ ʪʷʛʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʬʦʨʤʫʚʘʥʥʶ 

ʢʚʘʟʽʩʪʘʮʽʦʥʘʨʥʦʛʦ ʨʝʞʠʤʫ ʧʨʠʩʢʦʨʝʥʥʷ ʧʣʘʟʤʠ ʚ ʢʘʥʘʣʽ ʜʚʠʛʫʥʘ. ʆʪʨʠʤʘʥʽ 

ʜʘʥʽ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʤʘʣʦʧʦʪʫʞʥʠʭ 

ʝʣʝʢʪʨʦʨʝʘʢʪʠʚʥʠʭ ʜʚʠʛʫʥʽʚ ʜʣʷ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʤʘʣʦʛʦ ʢʣʘʩʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ:   ʝʣʝʢʪʨʦʨʝʘʢʪʠʚʥʠʡ ʜʚʠʛʫʥ, ʭʦʣʣʽʚʩʴʢʠʡ ʜʚʠʛʫʥ, ʝʣʝʢʪʨʠʯʥʘ 

ʪʷʛʘ, ʧʠʪʦʤʘ ʪʷʛʘ, ʝʬʝʢʪʠʚʥʽʩʪʴ.  
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ASSESSMENT OF THE TECHNICAL CONDITION OF NODES  

Annotation..The article presents the results of a mathematical analysis of the 

experimental data obtained during the tests of the ST-40 low-power Hall engine. The 
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study of the dependence of the main performance indicators of the engine ð thrust, 

specific impulse, and efficiency ð on the level of electric power of the discharge 

was carried out [3]. Methods of regression analysis and approximation of 

experimental dependencies are used to interpret the experimental results. It was 

found that in a certain power range, thrust stabilization occurs, which corresponds 

to the formation of a quasi-stationary mode of plasma acceleration in the engine 

channel. The obtained data can be used to optimize the operating modes of low-

power electrojet engines for small-class spacecraft. 

Keywords: electrojet engine, Hall thrust, electric thrust, specific thrust, efficiency. 

 

Hall thrusters are indispensable in modern space applications, offering high 

specific impulse and efficient propellant use. Among electric propulsion systems, 

Hall engines are widely deployed for satellite orbit maintenance and in-space 

operations. The burgeoning fields of small spacecraft and nanosatellites necessitate 

the development of compact, energy-efficient, low-power propulsion systems. The 

ST-40 Hall engine is a promising example of such a system, and its operational traits 

have been determined through experimental studies [1,2]. This research endeavors 

to mathematically analyze the ST-40's experimental characteristics, elucidating the 

patterns of change in its thrust and energy parameters as a function of discharge 

electrical power.  

Mathematical processing methodology 

The key indicators describing the performance of a Hall thruster include thrust 

(T), specific impulse (Isp), and thrust efficiency (ɖ). 

Specific impulse is calculated using the expression: 

Ὅίὴ , 

where T represents the engine thrust,  stands for the propellant mass flow 

rate, and g  denotes standard gravitational acceleration. 

Thrust efficiency is defined by the formula: 

–
Ὕ

ςάὖ
ȟ 

with P being the electrical power input to the discharge. 

To interpret the experimental data, mathematical approximation techniques and 

regression analysis were utilized, enabling the identification of functional 

relationships among the engine parameters [4]. 

Results and discussion 

Experimental data analysis reveals a direct correlation between increased 

discharge electrical power and enhanced engine thrust. This phenomenon is 

attributed to greater energy transfer to ions during plasma acceleration. Within the 

approximate power range of 275ï305 W, a thrust plateau emerges, where further 

power increments yield negligible thrust gains. This stabilization likely stems from 

the saturation of ionization and plasma acceleration within the engine's discharge 

channel. Regression models successfully characterized the variations in thrust and 
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efficiency across the investigated operational spectrum. These findings align with 

established principles governing low-power Hall thruster performance [3,5]. 

Conclusions 

Mathematical analysis was performed on the experimental data collected from 

the tests of the ST-40 Hall thruster.  

Relationships between thrust, specific impulse, and engine efficiency relative 

to the electrical power of the discharge were determined.  

A zone of thrust stabilization within the power interval of 275ï305 W was 

identified.  

It has been demonstrated that employing regression analysis techniques allows 

for effective characterization of experimental correlations and assessment of 

operating conditions in electrojet thrusters. 
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ɼʨʦʥʴ ʄʠʢʦʣʘ ʄʠʭʘʡʣʦʚʠʯ 

ʜʦʢʪʦʨ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʦʨ, ɼʅʋ 

ʍʦʨʦʰʠʣʦʚ ɺʽʢʪʦʨ ʉʝʨʛʽʡʦʚʠʯ 

ʜʦʢʪʦʨ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʦʨ, ʂɹ çʇʽʚʜʝʥʥʝè 
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Mɽʊʆɼ ʂɽʈʋɺɸʅʅʗ ʇʆɿʀʎɯʆʅʋɺɸʅʅʗ ʄʆɹɯʃʔʅʀʍ  ʉʊɸʅʎɯʁ 

ʅɸɿɽʄʅʆɰ ʉʀʉʊɽʄʀ ʉʇʆʉʊɽʈɽɾɽʅʅʗ ʆʈɹɯʊɸʃʔʅʀʍ 

ʆɹôɭʂʊɯɺ  

ɸʥʦʪʘʮʽʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʢʝʨʫʚʘʥʥʷ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷʤ ʤʦʙʽʣʴʥʠʭ 

ʩʪʘʥʮʽʡ ʥʘʟʝʤʥʦʾ ʩʠʩʪʝʤʠ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʦʨʙʽʪʘʣʴʥʠʭ ʦʙôʻʢʪʽʚ. ʇʝʨʰʘ ʯʘʩʪʠʥʘ 

ʤʝʪʦʜʫ ʨʝʘʣʽʟʫʻʪʴʩʷ ʧʝʨʝʜ ʧʦʯʘʪʢʦʤ ʢʝʨʫʚʘʥʥʷ ʥʘʟʝʤʥʦʶ ʩʠʩʪʝʤʦʶ ʽ ʻ 

ʬʘʢʪʠʯʥʦ ʟʘʜʘʯʝʶ ʧʨʦʝʢʪʫʚʘʥʥʷ ʤʽʥʽʤʘʣʴʥʦ ʥʝʦʙʭʽʜʥʦʾ ʢʽʣʴʢʦʩʪʽ ʩʪʘʥʮʽʡ ʪʘ 

ʪʘʢʦʛʦ ʾʭ ʨʦʟʤʽʱʝʥʥʷ, ʱʦʙ ʟʘʙʝʟʧʝʯʠʪʠ ʙʝʟʧʝʨʝʨʚʥʝ ʧʦʢʨʠʪʪʷ ʟʘʜʘʥʦʾ  ʦʙʣʘʩʪʽ 

ʚʠʩʦʪ ʥʘʜ ʟʘʜʘʥʦʶ ʪʝʨʠʪʦʨʽʻʶ ʟʦʥʘʤʠ  ʤʦʞʣʠʚʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠʩʪʨʦʾʚ 

ʥʘʟʝʤʥʠʭ ʩʪʘʥʮʽʡ (ʻ ʧʦʰʫʢʦʤ  ʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʚ ʽʜʝʘʣʴʥʽʡ ʧʦʩʪʘʥʦʚʮʽ). ɼʨʫʛʘ 

ʯʘʩʪʠʥʘ ʤʝʪʦʜʫ ʟʘʙʝʟʧʝʯʫʻ ʧʦʪʦʯʥʝ ʧʽʜʩʪʨʦʶʚʘʥʥʷ ʟʥʘʡʜʝʥʦʛʦ ʧʨʦʝʢʪʥʦʛʦ 

ʨʽʰʝʥʥʷ  ʜʦ ʦʩʦʙʣʠʚʦʩʪʝʡ ʟʘʜʘʥʦʾ ʜʣʷ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʤʥʦʞʠʥʠ ʦʨʙʽʪʘʣʴʥʠʭ 

ʦʙôʻʢʪʽʚ, ʘʣʝ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʟʥʘʡʜʝʥʦʛʦ ʧʨʦʝʢʪʥʦʛʦ ʨʽʰʝʥʥʷ 

ʥʝ ʚʠʭʦʜʠʣʠ ʟʘ ʧʝʚʥʽ ʟʘʜʘʥʽ ʤʝʞʽ.    

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʥʘʟʝʤʥʘ ʩʠʩʪʝʤʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʦʨʙʽʪʘʣʴʥʠʭ ʦʙ'ʻʢʪʽʚ, 
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METHOD OF CONTROLLING THE POSITIONING OF MOBILE 

STATIONS OF GROUND-BASED SYSTEM FOR OBSERVATION OF 

ORBITAL OBJECTS  

Abstract. A method for controlling the positioning of mobile stations of a ground-

based system for observing orbital objects is proposed. The first part of the method 

is implemented before the start of controlling the ground system and is actually the 

task of designing the minimum required number of stations and their placement in 

such a way as to ensure continuous coverage of a given altitude range above a given 

territory by zones of possible application of ground station devices (it is a search for 

a solution to the problem in an ideal formulation). The second part of the method 

provides for the current adjustment of the found design solution to the features of 

the set of orbital objects specified for observation, but in such a way that deviations 

from the found design solution do not exceed certain given limits. 

Keywords: ground-based system for observation of orbital objects, positioning con-

trol of ground mob̔lʫ stations, traditional and intelligent methods. 

 

ʈʦʟʚʠʪʦʢ ʢʦʩʤʽʯʥʦʾ ʜʽʷʣʴʥʦʩʪʽ ʣʶʜʩʪʚʘ ʧʨʠʟʚʦʜʠʪʴ  ʜʦ ʟʨʦʩʪʘʥʥʷ 

ʤʥʦʞʠʥʠ ʦʨʙʽʪʘʣʴʥʠʭ ʦʙôʻʢʪʽʚ ʚ ʥʘʚʢʦʣʦʟʝʤʥʦʤʫ ʢʦʩʤʦʩʽ ʪʘ ʘʢʪʫʘʣʽʟʫʻ ʟʘʜʘʯʫ 

ʢʦʩʤʽʯʥʦʾ ʩʠʪʫʘʮʽʡʥʦʾ ʦʙʽʟʥʘʥʦʩʪʽ [1]. ʂʦʩʤʽʯʥʘ ʩʠʪʫʘʮʽʡʥʘ ʦʙʽʟʥʘʥʽʩʪʴ ʻ 

ʚʘʞʣʠʚʦʶ ʩʢʣʘʜʦʚʦʶ ʙʝʟʧʝʢʠ ʜʝʨʞʘʚʠ. ɯʥʬʦʨʤʘʮʽʶ ʧʨʦ  ʦʨʙʽʪʘʣʴʥʽ ʦʙôʻʢʪʠ ʫ 

ʥʘʚʢʦʣʦʟʝʤʥʦʤʫ ʢʦʩʤʦʩʽ ʟʘʨʘʟ ʚ ʦʩʥʦʚʥʦʤʫ ʥʘʜʘʶʪʴ ʥʘʟʝʤʥʽ ʩʠʩʪʝʤʠ ʾʭ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʅʘ ʩʴʦʛʦʜʝʥʥʷ ʧʦʯʠʥʘʶʪʴ ʨʦʟʚʠʚʘʪʠʩʷ ʡ ʩʠʩʪʝʤ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʦʨʙʽʪʘʣʴʥʦʛʦ ʙʘʟʫʚʘʥʥʷ. ɸʣʝ ʥʘʟʝʤʥʽ ʩʠʩʪʝʤʠ ʩʧʦʩʪʝʨʝʞʝʥʥʷ 

ʧʨʦʜʦʚʞʫʚʘʪʠʤʝ  ʟʘʣʠʰʘʪʠʩʷ ʚʘʛʦʤʠʤ ʽ ʥʘʜʽʡʥʠʤ  ʜʞʝʨʝʣʦʤ ʽʥʬʦʨʤʘʮʽʾ, 

ʦʩʦʙʣʠʚʦ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʪʦʛʦ, ʱʦ ʦʨʙʽʪʠ, ʥʘ ʷʢʠʭ ʟʘʨʘʟ ʨʦʟʛʦʨʪʘʶʪʴʩʷ 

ʙʘʛʘʪʦʩʫʧʫʪʥʠʢʦʚʽ ʩʠʩʪʝʤʠ, ʩʪʘʶʪʴ ʙʽʣʴʰ ʥʘʙʣʠʞʝʥʠʤʠ ʜʦ ɿʝʤʣʽ.   

ʋ ʟʘʜʘʯʽ ʦʨʛʘʥʽʟʘʮʽʾ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʥʘʟʝʤʥʦʾ ʩʠʩʪʝʤʠ ʩʧʦʩʪʝʨʝʞʝʥʥʷ 

ʦʨʙʽʪʘʣʴʥʠʭ ʦʙôʻʢʪʽʚ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʜʚʽ ʩʢʣʘʜʦʚʠʭ. ʇʝʨʰʘ ʩʢʣʘʜʦʚʘ ʧʦʚôʷʟʘʥʘ 

ʟ ʨʦʟʤʽʱʝʥʥʷʤ ʥʘʟʝʤʥʠʭ ʩʪʘʥʮʽʡ (ʫ ʚʠʧʘʜʢʫ ʩʪʘʮʽʦʥʘʨʥʠʭ ʥʘʟʝʤʥʠʭ ʩʪʘʥʮʽʡ ʮʝ 

ʯʘʩʪʠʥʘ ʟʘʜʘʯʽ ʧʨʦʝʢʪʫʚʘʥʥʷ ʩʠʩʪʝʤʠ, ʷʢʘ  ʚʠʨʽʰʫʻʪʴʩʷ ʩʫʤʽʩʥʦ ʟ ʚʠʟʥʘʯʝʥʥʷʤ 

ʢʽʣʴʢʽʩʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʨʝʩʫʨʩʽʚ ʩʧʦʩʪʝʨʝʞʝʥʥʷ). ʇʨʠʢʣʘʜʦʤ ʩʭʦʞʦʾ ʟʘ 

ʧʦʩʪʘʥʦʚʢʦʶ ʟʘʜʘʯʽ ʤʦʞʝ ʙʫʪʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʫ ʨʦʙʦʪʽ [2] ʤʝʪʦʜ ʨʦʟʪʘʰʫʚʘʥʥʷ 

ʥʘʟʝʤʥʠʭ ʩʪʘʥʮʽʡ ʙʘʣʽʩʪʠʯʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʥʠʟʴʢʦʚʠʩʦʢʠʭ 

ʩʫʧʫʪʥʠʢʦʚʠʭ ʩʠʩʪʝʤ. ɼʨʫʛʘ ʩʢʣʘʜʦʚʘ ï ʮʝ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʢʝʨʫʚʘʥʥʷ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ, ʷʢʝ ʨʝʘʣʽʟʫʻʪʴʩʷ ʚ ʯʝʨʛʦʚʦʤʫ ʨʝʞʠʤʽ (ʚ ʭʦʜʽ ʩʝʘʥʩʽʚ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʚ ʷʢʠʭ ʧʨʠʩʪʨʽʡ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʩʧʨʷʤʦʚʘʥʠʡ ʥʘ ʦʨʙʽʪʘʣʴʥʠʡ 

ʦʙô̒ʢʪ ʽ ʩʫʧʨʦʚʦʜʞʫʻ ʡʦʛʦ) [3]. ʅʘ ʩʴʦʛʦʜʝʥʥʷ ʦʙʠʜʚʽ ʩʢʣʘʜʦʚʽ ʟʘʜʘʯʽ ʜʦʮʽʣʴʥʦ 

ʚʠʨʽʰʫʚʘʪʠ ʷʢ ʥʘ ʦʩʥʦʚʽ ʪʨʘʜʠʮʽʡʥʠʭ (ʥʝ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ) ʤʝʪʦʜʽʚ, ʪʘʢ ʽ 

ʩʧʠʨʘʶʯʠʩʴ ʥʘ ʧʦʪʫʞʥʽ ʤʦʞʣʠʚʦʩʪʽ ʤʝʪʦʜʽʚ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ.  

ʎʷ ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ  ʧʝʨʰʽʡ  ʟ ʥʘʟʚʘʥʠʭ ʚʠʱʝ ʩʢʣʘʜʦʚʠʭ ʟʘʜʘʯʽ, ʘʣʝ  

ʨʦʟʪʘʰʫʚʘʥʥʷ ʥʘʟʝʤʥʠʭ ʩʪʘʥʮʽʡ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʦʙʠʨʘʻʪʴʩʷ ʜʣʷ ʩʠʩʪʝʤʠ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʦʨʙʽʪʘʣʴʥʠʭ ʦʙôʻʢʪʽʚ, ʷʢʘ ʤʽʩʪʠʪʴ ʷʢ ʩʪʘʮʽʦʥʘʨʥʽ ʩʪʘʥʮʽʾ, ʪʘʢ ʽ 

ʤʦʙʽʣʴʥʽ (ʢʦʦʨʜʠʥʘʪʠ ʷʢʠʭ ʤʦʞʫʪʴ ʟʤʽʥʶʚʘʪʠʩʷ ʤʽʞ ʩʝʘʥʩʘʤʠ ʩʧʦʩʪʝʨʝʞʝʥʥʷ) [4]. 
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ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʟʘʜʘʯʘ  ʚʠʙʦʨʫ ʧʦʪʦʯʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ  ʥʘʟʝʤʥʠʭ ʩʪʘʥʮʽʾ ʻ 

ʯʘʩʪʠʥʦʶ ʟʘʜʘʯʽ ʢʝʨʫʚʘʥʥʷ ʩʠʩʪʝʤʦʶ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʢʝʨʫʚʘʥʥʷ 

ʧʦʟʠʮʽʦʥʫʚʘʥʥʷʤ ʤʦʙʽʣʴʥʠʭ ʥʘʟʝʤʥʠʭ ʩʪʘʥʮʽʡ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʦʨʙʽʪʘʣʴʥʠʭ 

ʦʙôʻʢʪʽʚ ʜʣʷ ʩʧʨʦʱʝʥʦʾ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʽ, ʟʘ ʷʢʦʶ ʚʚʘʞʘʻʪʴʩʷ, ʱʦ ʨʦʟʪʘʰʫʚʘʥʥʷ 

ʩʪʘʥʮʽʾ ʤʦʞʣʠʚʦ ʫ ʙʫʜʴ ʷʢʽʡ ʪʦʯʮʽ ʟʘʜʘʥʦʾ ʪʝʨʠʪʦʨʽʾ. ʇʝʨʰʘ ʯʘʩʪʠʥʘ ʤʝʪʦʜʫ 

ʨʝʘʣʽʟʫʻʪʴʩʷ ʧʝʨʝʜ ʧʦʯʘʪʢʦʤ  ʢʝʨʫʚʘʥʥʷ ʩʠʩʪʝʤʦʶ ʽ ʻ ʬʘʢʪʠʯʥʦ ʟʘʜʘʯʝʶ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʤʽʥʽʤʘʣʴʥʦ ʥʝʦʙʭʽʜʥʦʾ ʢʽʣʴʢʦʩʪʽ ʩʪʘʥʮʽʡ ʪʘ ʪʘʢʦʛʦ ʾʭ ʨʦʟʤʽʱʝʥʥʷ, 

ʱʦʙ ʟʘʙʝʟʧʝʯʠʪʠ ʙʝʟʧʝʨʝʨʚʥʝ ʧʦʢʨʠʪʪʷ ʟʘʜʘʥʦʾ  ʦʙʣʘʩʪʽ ʚʠʩʦʪ ʥʘʜ ʟʘʜʘʥʦʶ 

ʪʝʨʠʪʦʨʽʻ ʟʦʥʘʤʠ  ʤʦʞʣʠʚʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠʩʪʨʦʾʚ ʥʘʟʝʤʥʠʭ ʩʪʘʥʮʽʡ (ʻ 

ʧʦʰʫʢʦʤ  ʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʚ ʽʜʝʘʣʴʥʽʡ ʧʦʩʪʘʥʦʚʮʽ). ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ  ʮʽʻʾ ʯʘʩʪʠʥʠ 

ʤʝʪʦʜʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʦʧʠʩʘʥʫ ʚ ʨʦʙʦʪʽ  [ 4] ʤʦʜʠʬʽʢʘʮʽʶ ʧʽʜʭʦʜʫ, 

ʧʨʝʜʩʪʘʚʣʝʥʦʛʦ ʚ ʨʦʙʦʪʽ [5]. ɼʨʫʛʘ ʯʘʩʪʠʥʘ ʤʝʪʦʜʫ ʟʘʙʝʟʧʝʯʫʻ ʧʦʪʦʯʥʝ 

çʧʽʜʩʪʨʦʶʚʘʥʥʷè ʟʥʘʡʜʝʥʦʛʦ ʧʨʦʝʢʪʥʦʛʦ ʨʽʰʝʥʥʷ  ʜʦ ʦʩʦʙʣʠʚʦʩʪʝʡ ʟʘʜʘʥʦʾ ʜʣʷ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʤʥʦʞʠʥʠ ʦʨʙʽʪʘʣʴʥʠʭ ʦʙôʻʢʪʽʚ, ʘʣʝ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʚʽʜʭʠʣʝʥʥʷ 

ʚʽʜ ʧʨʦʝʢʪʥʦʛʦ ʨʽʰʝʥʥʷ ʥʝ ʚʠʭʦʜʠʣʠ ʟʘ ʧʝʚʥʽ ʟʘʜʘʥʽ ʤʝʞʽ. ʇʦʰʫʢ ʨʽʰʝʥʥʷ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʚʨʘʭʫʚʘʥʥʷ ʜʠʥʘʤʽʢʠ ʨʦʟʪʘʰʫʚʘʥʥʷ ʜʫʛ ʚʝʣʠʢʠʭ ʢʽʣ, ʱʦ 

ʫʪʚʦʨʶʶʪʴʩʷ ʥʘ ʟʝʤʥʽʡ ʩʬʝʨʽ ʧʨʠ ʾʾ ʧʝʨʝʪʠʥʘʥʥʽ ʦʨʙʽʪʘʣʴʥʠʤʠ ʧʣʦʱʠʥʘʤʠ 

ʦʙôʻʢʪʽʚ ʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʪʘ ʚʨʘʭʫʚʘʥʥʷ ʽʥʪʝʨʚʘʣʽʚ ʯʘʩʫ ʧʝʨʽʦʜʠʯʥʦʛʦ ʧʨʦʭʦʜʞʝʥʥʷ  

ʮʠʭ ʜʫʛ ʚʽʜʧʦʚʽʜʥʠʤʠ ʦʨʙʽʪʘʣʴʥʠʤʠ  ʦʙôʻʢʪʘʤʠ. ʆʙʠʜʚʽ ʯʘʩʪʠʥʠ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ 

ʤʝʪʦʜʫ ʚʠʨʽʰʫʶʪʴʩʷ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʤʝʪʦʜʽʚ, ʘʣʝ ʟʥʘʡʜʝʥʽ ʟʘ 

ʥʠʤʠ ʨʽʰʝʥʥʷ ʤʦʞʫʪʴ ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ ʧʦʯʘʪʢʦʚʽ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʤʝʪʦʜʽʚ.   
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SOFTWARE FOR LAUNCH VEHICLE INJECTION ACCURACY 

ANALYSIS USING PARALLEL COMPUTING  

Annotation. The aim of this work is to develop software for mathematical and 

computational support of automation for complex navigation systems of launch 

vehicles. The software performs a priori accuracy assessment of strapdown inertial 

navigation system (SINS) for super light class launch vehicles during spacecraft 

injection into orbit. A mathematical model of launch vehicle motion under the 

influence of SINS errors is presented. The software is developed in C++ using 

OpenMP parallel computing. Deterministic factor analysis of 36 error sources 

influence on injection accuracy is performed. The analysis determines dominant 

error factors: gyroscope drift and initial alignment errors. The use of parallel 

computing reduces computational time by a factor equal to the number of available 

processor cores. 

Keywords: software, launch vehicle, strapdown inertial navigation system, injection 

accuracy, factor analysis, parallel computing. 

 

ɺʩʪʫʧ. ʆʜʥʽʻʶ ʟ ʦʩʥʦʚʥʠʭ ʟʘʜʘʯ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʪʘ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟ-

ʧʝʯʝʥʥʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʢʦʤʧʣʝʢʩʥʠʭ ʥʘʚʽʛʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʨʘʢʝʪ-ʥʦʩʽʾʚ (ʈʅ) 

ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ ʻ ʦʮʽʥʢʘ ʪʦʯʥʦʩʪʽ ʚʠʚʝʜʝʥʥʷ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ (ʂɸ) ʥʘ ʮʽ-

ʣʴʦʚʫ ʦʨʙʽʪʫ. ɿʘʚʜʷʢʠ ʥʽʡ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʽʪʝʨʘʪʠʚʥʽʩʪʴ ʭʘʨʘʢʪʝʨʫ ʨʦʟʨʦʙʢʠ ʥʘ-

ʟʝʤʥʦʛʦ ʪʘ ʙʦʨʪʦʚʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʽʥʝʨʮʽʘʣʴʥʠʭ ʥʘʚʽʛʘʮʽʡʥʠʭ ʩʠ-

ʩʪʝʤ ʩʫʯʘʩʥʠʭ ʈʅ. ɸʥʘʣʽʟ ʢʽʣʴʢʽʩʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʦʮʽʥʢʠ ʪʦʯʥʦʩʪʽ ʜʦʟʚʦʣʷʻ ʚʠ-

ʟʥʘʯʠʪʠ ʷʢʽʩʪʴ ʧʨʠʡʥʷʪʠʭ ʨʽʰʝʥʴ ʪʘ ʩʧʣʘʥʫʚʘʪʠ ʤʽʨʠ ʱʦʜʦ ʾʭ ʧʦʢʨʘʱʝʥʴ. ʉʘʤʝ 

ʥʘ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʟʘʜʘʯʽ ʜʣʷ ʈʅ ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ ʽʟ ʙʝʟʧʣʘʪʬʦʨʤʥʦʶ ʽʥʝʨʮʽʘ-

ʣʴʥʦʶ ʥʘʚʽʛʘʮʽʡʥʦʶ ʩʠʩʪʝʤʦʶ (ɹɯʅʉ) ʩʧʨʷʤʦʚʘʥʘ ʜʘʥʘ ʨʦʙʦʪʘ, ʷʢʘ ʻ ʧʨʦʜʦʚ-

ʞʝʥʥʷʤ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ [1]. 
ʇʦʭʠʙʢʠ ɹɯʅʉ. ɿʘʟʚʠʯʘʡ ʩʫʯʘʩʥʽ ʈʅ ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ ʦʙʣʘʜʥʫʶʪʴʩʷ 

ʙʝʟʧʣʘʪʬʦʨʤʥʠʤʠ ʽʥʝʨʮʽʘʣʴʥʠʤʠ ʥʘʚʽʛʘʮʽʡʥʠʤʠ ʩʠʩʪʝʤʘʤʠ (ɹɯʅʉ), ʷʢʽ ʟʘʙʝʟ-

ʧʝʯʫʶʪʴ ʘʚʪʦʥʦʤʥʝ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʨʫʭʫ, ʤʘʶʪʴ ʤʽʥʽʤʘʣʴʥʽ ʛʘʙʘʨʠʪʥʦ-

ʤʘʩʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘ ʤʽʥʽʤʘʣʴʥʝ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ. ʆʜʥʘʢ ʚʧʣʠʚ ʧʦʭʠʙʦʢ 

ɹɯʅʉ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʽʜʭʠʣʝʥʴ ʈʅ ʚʽʜ ʥʦʤʽʥʘʣʴʥʦʾ ʪʨʘʻʢʪʦʨʽʾ ʧʦʣʴʦʪʫ [2] ʽ ʜʦ 

ʚʽʜʭʠʣʝʥʴ ʧʘʨʘʤʝʪʨʽʚ ʨʫʭʫ ʂɸ ʚ ʤʦʤʝʥʪ ʚʽʜʜʽʣʝʥʥʷ ʚʽʜ ʈʅ. ɿʛʽʜʥʦ ʟ [2], ʚ ʷʢʦʩʪʽ 

ʜʞʝʨʝʣ ʧʦʭʠʙʦʢ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʽʥʝʨʮʽʘʣʴʥʠʭ ʯʫ-

ʪʣʠʚʠʭ ʝʣʝʤʝʥʪʽʚ (ʘʢʩʝʣʝʨʦʤʝʪʨʽʚ ʪʘ ʛʽʨʦʩʢʦʧʽʚ), ʘ ʪʘʢʦʞ ʤʝʪʦʜʠʯʥʽ ʧʦʭʠʙʢʠ 

ʧʦʯʘʪʢʦʚʦʾ ʚʠʩʪʘʚʢʠ. ʉʝʨʝʜ ʥʠʭ: ʜʨʝʡʬ ʥʫʣʷ, ʰʫʤ ʚʠʤʽʨʶʚʘʥʴ, ʧʦʭʠʙʢʘ ʤʘʩʰ-

ʪʘʙʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʫ, ʧʦʭʠʙʢʘ ʚʩʪʘʥʦʚʣʝʥʥʷ ʦʩʽ ʯʫʪʣʠʚʦʩʪʽ ʚ ʥʦʤʽʥʘʣʴʥʝ ʧʦʣʦ-

ʞʝʥʥʷ, ʪʦʱʦ. 
ɼʝʪʝʨʤʽʥʽʩʪʠʯʥʠʡ ʬʘʢʪʦʨʥʠʡ ʘʥʘʣʽʟ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʤʝʪʦʜʫ ʄʦʥʪʝ-

ʂʘʨʣʦ, ʜʝʪʝʨʤʽʥʽʩʪʠʯʥʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʦʢʨʝʤʦ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʢʦʞʥʦʾ ʧʦʭʠ-

ʙʢʠ ʥʘ ʪʦʯʥʽʩʪʴ ʚʠʚʝʜʝʥʥʷ ʈʅ ʥʘ ʮʽʣʴʦʚʫ ʦʨʙʽʪʫ. ʂʦʞʥʘ ʟ ʧʦʭʠʙʦʢ ʢʽʣʴʢʽʩʥʦ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʛʨʘʥʠʯʥʠʤ ʟʥʘʯʝʥʥʷʤ (Ñ3ů), ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʜʦʚʽʨʯʽʡ ʡʤʦʚʽʨ-

ʥʦʩʪʽ 0,9973. ɸʣʛʦʨʠʪʤ ʬʘʢʪʦʨʥʦʛʦ ʘʥʘʣʽʟʫ ʚʢʣʶʯʘʻ: 1) ʨʦʟʨʘʭʫʥʦʢ ʥʦʤʽʥʘʣʴ-

ʥʦʾ ʪʨʘʻʢʪʦʨʽʾ ʙʝʟ ʚʧʣʠʚʫ ʧʦʭʠʙʦʢ; 2) ʤʦʜʝʣʶʚʘʥʥʷ ʟʙʫʨʝʥʦʛʦ ʨʫʭʫ ʚ ʫʤʦʚʘʭ 
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ʜʽʾ ʢʦʞʥʦʾ ʟ ʧʦʭʠʙʦʢ ʦʢʨʝʤʦ; 3) ʦʙʯʠʩʣʝʥʥʷ ʚʽʜʭʠʣʝʥʴ ʧʘʨʘʤʝʪʨʽʚ ʨʫʭʫ ʈʅ ʚʽʜ 

ʥʦʤʽʥʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʚ ʪʦʯʮʽ ʚʽʜʜʽʣʝʥʥʷ ʂɸ ʪʘ ʦʮʽʥʢʠ ʪʨʫʙʢʠ ʪʨʘʻʢʪʦʨʽʡ. 
ʇʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ. ʇʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʦʟʨʦʙʣʝʥʦ ʤʦʚʦʶ 

C++ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʽʙʣʽʦʪʝʢʠ OpenMP ʜʣʷ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ. ɸʨʭʽʪʝ-

ʢʪʫʨʘ ʧʨʦʛʨʘʤʠ ʧʦʙʫʜʦʚʘʥʘ ʥʘ ʧʨʠʥʮʠʧʘʭ ʦʙ'ʻʢʪʥʦ-ʦʨʽʻʥʪʦʚʘʥʦʛʦ ʧʨʦʛʨʘʤʫ-

ʚʘʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʤʦʜʫʣʴʥʽʩʪʴ, ʨʦʟʰʠʨʶʚʘʥʽʩʪʴ ʪʘ ʧʽʜʪʨʠʤʫʚʘʥʽʩʪʴ ʢʦʜʫ. 

ʆʩʥʦʚʥʽ ʢʦʤʧʦʥʝʥʪʠ ʨʝʘʣʽʟʦʚʘʥʽ ʫ ʚʠʛʣʷʜʽ ʽʻʨʘʨʭʽʾ ʢʣʘʩʽʚ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʥ-

ʢʘʧʩʫʣʷʮʽʾ, ʥʘʩʣʽʜʫʚʘʥʥʷ ʪʘ ʧʦʣʽʤʦʨʬʽʟʤʫ. ʇʘʨʘʣʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʪʨʘʻʢʪʦ-

ʨʽʡ ʨʝʘʣʽʟʦʚʘʥʦ ʯʝʨʝʟ OpenMP ʟ ʜʦʪʨʠʤʘʥʥʷʤ ʧʨʠʥʮʠʧʽʚ ʙʝʟʧʝʯʥʦʛʦ ʙʘʛʘʪʦʧʦ-

ʪʦʢʦʚʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ.  
ʈʝʟʫʣʴʪʘʪʠ ʪʘ ʚʠʩʥʦʚʢʠ. ʉʪʚʦʨʝʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʦʮʽʥʢʠ ʪʦ-

ʯʥʦʩʪʽ ɹɯʅʉ ʈʅ ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ ʚ ʧʨʦʮʝʩʽ ʚʠʚʝʜʝʥʥʷ ʂɸ ʥʘ ʥʘʚʢʦʣʦʟʝʤʥʫ 

ʦʨʙʽʪʫ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʽʚ ʬʘʢʪʦʨʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʧʘʨʘʣʝʣʴʥʦʛʦ ʦʙʯʠʩ-

ʣʝʥʥʷ OpenMP. 
ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ: 
1. ʈʝʘʣʽʟʦʚʘʥʦ ʘʣʛʦʨʠʪʤ ʜʝʪʝʨʤʽʥʽʩʪʠʯʥʦʛʦ ʬʘʢʪʦʨʥʦʛʦ ʘʥʘʣʽʟʫ ʜʣʷ ʚʠ-

ʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʧʦʭʠʙʦʢ ʽʥʝʨʮʽʘʣʴʥʠʭ ʯʫʪʣʠʚʠʭ ʝʣʝʤʝʥʪʽʚ ɹɯʅʉ ʥʘ ʪʦʯʥʽʩʪʴ 

ʚʠʚʝʜʝʥʥʷ ʂɸ ʈʅ ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ ʥʘ ʮʽʣʴʦʚʫ ʦʨʙʽʪʫ. 
2. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʘʨʘʣʝʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ OpenMP ʩʢʦʨʦ-

ʯʫʻ ʯʘʩ ʦʮʽʥʢʠ ʪʦʯʥʦʩʪʽ ʧʨʠʙʣʠʟʥʦ ʚ N ʨʘʟʽʚ, ʜʝ N ï ʢʽʣʴʢʽʩʪʴ ʜʦʩʪʫʧʥʠʭ ʧʨʦ-

ʮʝʩʦʨʥʠʭ ʷʜʝʨ. 
3. ɺʠʷʚʣʝʥʦ ʜʦʤʽʥʫʶʯʽ ʬʘʢʪʦʨʠ ʧʦʭʠʙʦʢ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʙˇʨʫʥʪʦʚʘʥʦ ʬʦ-

ʨʤʫʚʘʪʠ ʚʠʤʦʛʠ ʜʦ ʪʦʯʥʦʩʪʽ ʽʥʝʨʮʽʘʣʴʥʠʭ ʯʫʪʣʠʚʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʝʪʘʧʽ ʧʨʦʝʢ-

ʪʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ. 
4. ʇʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʚʪʦʤʘʪʠʯʥʦ ʬʦʨʤʫʻ ʟʚʽʪʠ ʟ ʤʘʪʨʠʮʝʶ ʛʨʘ-

ʥʠʯʥʠʭ ʚʽʜʭʠʣʝʥʴ ʪʘ ʨʝʡʪʠʥʛʦʤ ʜʦʤʽʥʫʶʯʠʭ ʬʘʢʪʦʨʽʚ, ʱʦ ʩʧʨʦʱʫʻ ʘʥʘʣʽʟ ʨʝ-

ʟʫʣʴʪʘʪʽʚ. 
ʇʝʨʩʧʝʢʪʠʚʦʶ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ ʻ ʨʦʟʨʦʙʢʘ ʽʥʰʠʭ ʯʘʩʪʠʥ ʤʘʪʝʤʘ-

ʪʠʯʥʦʛʦ ʪʘ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʢʦʤʧʣʝʢʩʥʠʭ ʥʘʚʽʛʘʮʽʡ-

ʥʠʭ ʩʠʩʪʝʤ ʨʘʢʝʪ-ʥʦʩʽʾʚ, ʟʦʢʨʝʤʘ, ʨʝʘʣʽʟʘʮʽʷ ʤʝʪʦʜʫ ʩʪʘʪʠʩʪʠʯʥʦʛʦ ʤʦʜʝʣʶ-

ʚʘʥʥʷ ʜʣʷ ʦʮʽʥʢʠ ʪʦʯʥʦʩʪʽ. 
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ʉʊɯʁʂʆʉʊɯ ʈʆɿʇʆɼɯʃɽʅʆɰ ʂʆʉʄɯʏʅʆɰ ʆʈɹɯʊɸʃʔʅʆɰ ʉʀʉʊɽʄʀ 

ɼʃʗ ɿʄɽʅʐɽʅʅʗ ʇʆʊʆʂʋ ʉʆʅʗʏʅʆɰ ʈɸɼɯɸʎɯɰ ʅɸ ʇʆɺɽʈʍʅʖ 

ɿɽʄʃɯ 

ɸʥʦʪʘʮʽʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʤʧʣʝʢʩʥʫ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʜʣʷ ʘʧʨʽʦʨʥʦʛʦ 

ʘʥʘʣʽʟʫ ʩʪʽʡʢʦʩʪʽ ʨʦʟʧʦʜʽʣʝʥʦʾ ʦʨʙʽʪʘʣʴʥʦʾ ʩʠʩʪʝʤʠ, ʧʨʠʟʥʘʯʝʥʦʾ ʜʣʷ 

ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʥʘ ʧʦʚʝʨʭʥʶ ɿʝʤʣʽ. ʄʦʜʝʣʴ ʧʦʻʜʥʫʻ 

ʤʦʜʝʣʶʚʘʥʥʷ ʦʨʙʽʪʘʣʴʥʦʛʦ ʨʫʭʫ ʫʛʨʫʧʦʚʘʥʥʷ ʝʣʝʤʝʥʪʽʚ ʩʠʩʪʝʤʠ, ʚʝʡʚʣʝʪ-

ʘʥʘʣʽʟ ʯʘʩʦʚʦʾ ʩʪʽʡʢʦʩʪʽ ʦʨʙʽʪʘʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ, ʱʦ ʬʦʨʤʫʶʪʴʩʷ ʥʘʙʦʨʦʤ 

ʝʣʝʤʝʥʪʽʚ ʥʘ ʦʜʥʽʡ ʦʨʙʽʪʽ (ʢʽʣʴʮʝ), ʘ ʪʘʢʦʞ ʢʣʘʩʪʝʨʥʠʡ ʘʥʘʣʽʟ ʧʨʦʩʪʦʨʦʚʦ 

ʨʦʟʚʠʥʝʥʠʭ ʭʤʘʨʥʠʭ ʩʪʨʫʢʪʫʨ, ʩʬʦʨʤʦʚʘʥʠʭ ʩʫʢʫʧʥʽʩʪʶ ʦʨʙʽʪʘʣʴʥʠʭ ʢʽʣʝʮʴ, 

ʨʦʟʧʦʜʽʣʝʥʠʭ ʟʘ ʥʘʭʠʣʝʥʥʷʤʠ. ʇʨʦʩʪʦʨʦʚʫ ʫʟʛʦʜʞʝʥʽʩʪʴ ʪʘʢʠʭ ʢʣʘʩʪʝʨʽʚ 
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DEVELOPMENT OF METHODOLOGICAL FOUNDATIONS FOR THE A 

PRIORI STABILITY ANALYSIS OF A DISTRIBUTED ORBITAL SPACE 

SYSTEM FOR REDUCING THE SOLAR RADIATION FLUX REACHING 

THE EARTHôS SURFACE 

Abstract. A comprehensive mathematical model is proposed for the a priori stability 

analysis of a distributed orbital system intended to reduce the solar radiation flux 

reaching the Earth's surface. The model integrates orbital motion modeling of a 

constellation of system elements, wavelet analysis of the temporal stability of orbital 

clusters formed by sets of elements on a single orbit (ring), and cluster analysis of 

spatially extended cloud-like structures composed of multiple orbital rings 

distributed across different inclinations. The spatial coherence of such clusters is 

evaluated using a Gaussian kernel. 
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ʉʪʘʥ ʧʨʦʙʣʝʤʠ. ɯʥʪʝʨʝʩ ʜʦ ʜʦʩʣʽʜʞʝʥʴ ʧʨʦʙʣʝʤʠ ʨʦʟʨʦʙʢʠ ʽ ʩʪʚʦʨʝʥʥʷ 

ʢʦʩʤʽʯʥʠʭ ʟʘʩʦʙʽʚ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʙʝʨʝ ʧʦʯʘʪʦʢ ʟ 

ʩʝʨʝʜʠʥʠ 70-ʭ, 80-ʭ ʨʦʢʽʚ ʤʠʥʫʣʦʛʦ ʩʪʦʣʽʪʪʷ. ʆʜʥʘʢ ʩʬʦʨʤʫʣʴʦʚʘʥʦʶ ʧʦʚʥʦ ʮʷ 

ʽʜʝʷ ʩʪʘʣʘ ʣʠʰʝ ʧʽʩʣʷ ʧʫʙʣʽʢʘʮʽʾ ɼʞʝʡʤʩʘ ɯʨʣʽ ʚ 1989 ʨʦʮʽ [1]. ʊʘʢ, ʚ ʮʽʡ ʨʦʙʦʪʽ 

ʚʧʝʨʰʝ ʙʫʣʦ ʚʠʩʫʥʫʪʦ ʽʜʝʶ ʱʦʜʦ ʨʦʟʛʦʨʪʘʥʥʷ ʛʽʛʘʥʪʩʴʢʦʛʦ ʟʘʭʠʩʥʦʛʦ ʝʢʨʘʥʫ ʚʽʜ 

ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʫ ʢʦʩʤʽʯʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʚ ʦʢʦʣʠʮʽ ʪʦʯʢʠ ʨʽʚʥʦʚʘʛʠ 

ʃʘʛʨʘʥʞʘ L1. ɿʛʽʜʥʦ ʨʦʟʨʘʭʫʥʢʽʚ [1], ʮʝʡ ʛʽʛʘʥʪʩʴʢʠʡ ʝʢʨʘʥ ʟ ʭʘʨʘʢʪʝʨʥʠʤ 

ʨʦʟʤʽʨʦʤ ʜʦ 2000 ʢʤ, ʤʘʚ ʟʤʝʥʰʠʪʠ ʧʦʪʽʢ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʥʘ 1-2%. ɺ ʦʜʥʠʭ ʽʟ 

ʧʽʟʥʽʭ ʨʦʙʽʪ ʱʦʜʦ ʨʦʟʤʽʱʝʥʥʷ ʩʠʩʪʝʤ ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʚ L1 

[2, 3] ʪʘʢʦʞ ʛʦʚʦʨʠʪʴʩʷ ʧʨʦ ʩʧʽʚʩʪʘʚʥʽ ʟ [1] ʤʘʩʰʪʘʙʠ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʷʢʠʭ ʤʘʻ ʜʦʟʚʦʣʠʪʠ ʟʫʧʠʥʠʪʠ çʧʘʨʥʠʢʦʚʠʡ ʝʬʝʢʪè. 

ʇʝʨʝʚʘʛʦʶ ʨʦʟʛʦʨʪʘʥʥʷ ʩʠʩʪʝʤ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʚ 

ʪʦʯʮʽ ʃʘʛʨʘʥʞʘ L1 ʻ ʛʨʘʚʽʪʘʮʽʡʥʘ ʨʽʚʥʦʚʘʛʘ, ʩʪʘʙʽʣʴʥʝ ʧʦʣʦʞʝʥʥʷ ʚʽʜʥʦʩʥʦ 

ɿʝʤʣʽ, ʘ ʪʘʢʦʞ ʟʤʝʥʰʝʥʥʷ ʚʠʪʨʘʪ ʝʥʝʨʛʽʾ ʥʘ ʧʽʜʪʨʠʤʘʥʥʷ ʮʽʻʾ ʨʽʚʥʦʚʘʛʠ ʰʣʷʭʦʤ 

ʢʦʤʧʝʥʩʘʮʽʾ ʟʙʫʨʝʥʴ ʩʦʥʷʯʥʦʛʦ ʪʠʩʢʫ. ʇʨʦʪʝ ʩʢʣʘʜʥʠʤ ʘʩʧʝʢʪʦʤ ʻ ʪʝʭʥʽʯʥʘ 

ʨʝʘʣʽʟʘʮʽʷ ʥʘʜʽʡʥʦʾ ʤʘʩʦʚʦʾ ʜʦʩʪʘʚʢʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʚ ʜʦʩʠʪʴ ʚʽʜʜʘʣʝʥʫ ʪʦʯʢʫ 

ʢʦʩʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ. ɿ ʦʛʣʷʜʫ ʥʘ ʮʝ, ʘʣʴʪʝʨʥʘʪʠʚʥʠʤ ʧʽʜʭʦʜʦʤ ʨʦʟʛʦʨʪʘʥʥʷ 

ʩʠʩʪʝʤ ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʥʘ ʧʦʚʝʨʭʥʶ ɿʝʤʣʽ ʻ ʥʘʚʢʦʣʦʟʝʤʥʽ 

ʦʨʙʽʪʠ [4, 5]. ɺʠʚʝʜʝʥʥʷ ʽ ʨʦʟʛʦʨʪʘʥʥʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʚ ʥʘʚʢʦʣʦʟʝʤʥʦʤʫ ʧʨʦʩʪʦʨʽ 

ʻ ʙʽʣʴʰ ʟʨʦʟʫʤʽʣʦʶ ʽ ʪʝʭʥʽʯʥʦ ʤʦʞʣʠʚʦʶ ʟʘʜʘʯʝʶ ʥʘ ʩʴʦʛʦʜʥʽ, ʧʨʦʪʝ, ʥʝ 

ʟʚʘʞʘʶʯʠ ʥʘ ʮʝ, ʤʘʻ ʨʷʜ ʩʚʦʾʭ ʧʨʦʙʣʝʤʥʠʭ ʘʩʧʝʢʪʽʚ ʩʝʨʝʜ ʷʢʠʭ: 

1) ʘʥʘʣʽʟ ʽʤʦʚʽʨʥʦʩʪʝʡ ʟʽʪʢʥʝʥʴ ʝʣʝʤʝʥʪʽʚ ʢʦʩʤʽʯʥʦʾ ʩʠʩʪʝʤʠ ʜʣʷ 

ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʥʘ ʧʦʚʝʨʭʥʶ ɿʝʤʣʽ ʪʘ ʚʠʙʽʨ ʨʘʮʽʦʥʘʣʴʥʠʭ 

ʦʨʙʽʪ ʜʠʩʣʦʢʘʮʽʾ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʦʚʛʦʪʨʠʚʘʣʦʾ ʩʪʽʡʢʦʩʪʽ ʩʠʩʪʝʤʠ; 

2) ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʝʣʝʤʝʥʪʽʚ ʢʦʩʤʽʯʥʦʾ ʩʠʩʪʝʤʠ ʜʣʷ ʟʤʝʥʰʝʥʥʷ 

ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʥʘ ʧʦʚʝʨʭʥʶ ɿʝʤʣʽ ʟʘ ʨʘʭʫʥʦʢ ʦʩʦʙʣʠʚʦʩʪʝʡ 

ʧʝʨʽʦʜʠʯʥʦʩʪʽ ʦʨʙʽʪʘʣʴʥʦʛʦ ʨʫʭʫ ʥʘ ʥʘʚʢʦʣʦʟʝʤʥʠʭ ʦʨʙʽʪʘʭ, ʱʦ ʨʦʙʠʪʴ 

ʧʝʨʽʦʜʠʯʥʠʤ ʚʠʢʦʥʘʥʥʷ ʬʫʥʢʮʽʡ ʙʣʦʢʫʚʘʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ʢʦʞʥʠʤ ʝʣʝʤʝʥʪʦʤ ʩʠʩʪʝʤʠ. 

ɺ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ, ʱʦ ʚʽʜʩʦʪʦʢ ʪʨʘʻʢʪʦʨʽʾ ʥʘ 

ʷʢʦʤʫ ʝʣʝʤʝʥʪ ʩʠʩʪʝʤʠ ʚʠʢʦʥʫʻ ʙʣʦʢʫʚʘʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʩʢʣʘʜʘʻ 

30ï40% ʚʽʜ ʧʦʚʥʦʛʦ ʟʘʤʢʥʝʥʦʛʦ ʚʠʪʢʘ ʥʘ ʥʠʟʴʢʠʭ ʥʘʚʢʦʣʦʟʝʤʥʠʭ ʦʨʙʽʪʘʭ ʚ 

ʜʽʘʧʘʟʦʥʽ ʚʠʩʦʪ ʜʦ 1200 ʢʤ. ʇʨʦʪʝ, ʦʜʥʠʤ ʽʟ ʥʝʚʠʨʽʰʝʥʠʭ ʘʩʧʝʢʪʽʚ ʚ ʮʽʡ ʟʘʜʘʯʽ 

ʟʘʣʠʰʠʚʩʷ ʘʥʘʣʽʟ ʩʪʽʡʢʦʩʪʽ ʢʣʘʩʪʝʨʽʚ ʦʨʙʽʪʘʣʴʥʠʭ ʫʛʨʫʧʦʚʘʥʴ ʩʠʩʪʝʤʠ ʜʣʷ 

ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʥʘ ʧʦʚʝʨʭʥʶ ɿʝʤʣʽ ʧʨʠ ʚʧʣʠʚʽ 

ʜʦʚʛʦʧʝʨʽʦʜʠʯʥʠʭ ʽ ʚʽʢʦʚʠʭ ʟʙʫʨʝʥʴ ʥʝʣʽʥʽʡʥʦʩʪʽ ʛʨʘʚʽʪʘʮʽʡʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ 

ɿʝʤʣʽ, ʛʨʘʚʽʪʘʮʽʡʥʠʭ ʟʙʫʨʝʥʴ ʟ ʙʦʢʫ ʄʽʩʷʮʷ ʽ ʉʦʥʮʷ, ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʚʧʣʠʚʫ ʪʘ 

ʚʧʣʠʚʫ ʩʦʥʷʯʥʦʛʦ ʪʠʩʢʫ.  

ɺʘʨʽʘʥʪ ʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ. ɿ ʦʛʣʷʜʫ ʥʘ ʮʝ ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʨʦʟʨʦʙʠʪʠ 

ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣ ɹʜʣʷ ʘʧʨʽʦʨʥʦʛʦ ʘʥʘʣʽʟʫ ʩʪʽʡʢʦʩʪʽ ʨʦʟʧʦʜʽʣʝʥʦʾ ʢʦʩʤʽʯʥʦʾ 

ʦʨʙʽʪʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʥʘ ʧʦʚʝʨʭʥʶ ɿʝʤʣʽ. 

ʄʦʜʝʣʴ ʧʦʻʜʥʫʻ ʤʦʜʝʣʶʚʘʥʥʷ ʦʨʙʽʪʘʣʴʥʦʛʦ ʨʫʭʫ ʫʛʨʫʧʦʚʘʥʥʷ ʝʣʝʤʝʥʪʽʚ 
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ʩʠʩʪʝʤʠ, ʚʝʡʚʣʝʪ-ʘʥʘʣʽʟ ʯʘʩʦʚʦʾ ʩʪʽʡʢʦʩʪʽ ʦʨʙʽʪʘʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ, ʱʦ 

ʬʦʨʤʫʶʪʴʩʷ ʥʘʙʦʨʦʤ ʝʣʝʤʝʥʪʽʚ ʥʘ ʦʜʥʽʡ ʦʨʙʽʪʽ (ʢʽʣʴʮʝ), ʘ ʪʘʢʦʞ ʢʣʘʩʪʝʨʥʠʡ 

ʘʥʘʣʽʟ ʧʨʦʩʪʦʨʦʚʦ ʨʦʟʚʠʥʝʥʠʭ ʭʤʘʨʥʠʭ ʩʪʨʫʢʪʫʨ, ʩʬʦʨʤʦʚʘʥʠʭ ʩʫʢʫʧʥʽʩʪʶ 

ʦʨʙʽʪʘʣʴʥʠʭ ʢʽʣʝʮʴ, ʨʦʟʧʦʜʽʣʝʥʠʭ ʟʘ ʥʘʭʠʣʝʥʥʷʤʠ. ɺʽʜʩʪʝʞʝʥʥʷ ʚʥʫʪʨʽʰʥʽʭ 

ʧʝʨʝʨʦʟʧʦʜʽʣʽʚ ʫ ʭʤʘʨʥʠʭ ʩʪʨʫʢʪʫʨʘʭ ʩʠʩʪʝʤʠ ʟʘʪʝʤʥʝʥʥʷ ʜʘʣʦ ʟʤʦʛʫ 

ʧʨʦʛʥʦʟʫʚʘʪʠ ʣʦʢʘʣʴʥʫ ʧʦʚʝʨʭʥʝʚʫ ʛʫʩʪʠʥʫ ʨʦʟʧʦʜʣ̔ʝʥʦʾ ʢʦʩʤʽʯʥʦʾ ʦʨʙʽʪʘʣʴʥʦʾ 

ʩʠʩʪʝʤʠ, ʦʩʦʙʣʠʚʦ ʚ ʜʽʣʷʥʢʘʭ, ʜʝ ʥʝʦʙʭʽʜʥʝ ʦʧʝʨʘʪʠʚʥʝ ʧʦʩʣʘʙʣʝʥʥʷ ʧʦʪʦʢʫ 

ʩʦʥʷʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʢʣʘʩʪʝʨʥʠʡ ʘʥʘʣʽʟ ʥʘ ʙʘʟʽ ʛʘʫʩʦʚʦʛʦ ʷʜʨʘ 

(Gaussian kernel) ʽ ʤʝʪʦʜʫ k-cʝʨʝʜʥʽʭ ʜʘʻ ʟʤʦʛʫ ʽʥʪʝʛʨʘʣʴʥʦ ʦʮʽʥʠʪʠ 

ʝʬʝʢʪʠʚʥʩ̔ʪʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʚʩʽʭ ʭʤʘʨʥʠʭ ʩʪʨʫʢʪʫʨ ʩʠʩʪʝʤʠ, ʜʦʟʚʦʣʷʶʯʠ 

ʘʥʘʣʽʟʫʚʘʪʠ ʧʨʦʩʪʦʨʦʚʫ ʫʟʛʦʜʞʝʥʽʩʪʴ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʤʝʥʰʝʥʥʷ ʧʦʪʦʢʫ 

ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʧʦ ʚʩʽʡ ʩʠʩʪʝʤʽ. ʆʪʞʝ, ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʤʦʜʝʣʴ ʘʧʨʽʦʨʥʦʛʦ 

ʘʥʘʣʽʟʫ ʜʦʟʚʦʣʷʻ ʟʨʦʙʠʪʠ ʢʦʤʧʣʝʢʩʥʫ ʦʮʽʥʢʫ ʝʬʝʢʪʠʚʥʦʩʪʽ ʩʠʩʪʝʤʠ ʟʤʝʥʰʝʥʥʷ 

ʧʦʪʦʢʫ ʩʦʥʷʯʥʦʾ ʨʘʜʽʘʮʽʾ ʥʘ ʧʦʚʝʨʭʥʶ ɿʝʤʣʽ, ʦʭʦʧʣʶʶʯʠ ʷʢ ʜʦʚʛʦʩʪʨʦʢʦʚʫ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʦʢʨʝʤʠʭ ʦʨʙʽʪʘʣʴʥʠʭ ʢʣʘʩʪʝʨʽʚ, ʪʘʢ ʽ ʩʪʨʫʢʪʫʨʥʫ ʫʟʛʦʜʞʝʥʽʩʪʴ 

ʛʣʦʙʘʣʴʥʦʾ ʭʤʘʨʠ ʩʠʩʪʝʤʠ. ʎʝ ʻ ʘʢʪʫʘʣʴʥʠʤ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʦʮʽʥʦʢ ʩʪʽʡʢʦʩʪʽ 

ʪʘʢʦʾ ʩʠʩʪʝʤʠ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʬʘʟʘʭ ʾʾ ʧʨʦʻʢʪʫʚʘʥʥʷ ʽ ʢʦʥʮʝʧʪʫʘʣʴʥʦʤʫ ʘʥʘʣʽʟʽ 

ʜʦʮʽʣʴʥʦʩʪʽ ʨʦʟʛʦʨʪʘʥʥʷ ʥʘ ʥʘʚʢʦʣʦʟʝʤʥʠʭ ʦʨʙʽʪʘʭ.  
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ɸʅɸʃɯɿ ʂɽʈʆɺɸʅʆʉʊɯ ɺʀʈʆɹʋ ʅɸ ʇʆʏɸʊʂʆɺɯʁ ɼɯʃʗʅʎɯ 

ʇʆʃʔʆʊʋ 

ɸʥʦʪʘʮʽʷ. ʇʨʦʚʝʜʝʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʧʘʨʘʤʝʪʨʽʚ ʨʫʭʫ ʚʠʨʦʙʫ ʧʽʩʣʷ ʚʠʭʦʜʫ ʽʟ 

ʢʦʥʪʝʡʥʝʨʘ ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʜʽʣʷʥʮʽ ʧʦʣʴʦʪʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʩʴʦʛʦ ʩʧʝʢʪʨʫ 

ʜʽʶʯʠʭ ʟʙʫʨʶʶʯʠʭ ʬʘʢʪʦʨʽʚ. ɺʠʟʥʘʯʝʥʽ ʥʘʡʙʽʣʴʰ ʥʘʧʨʫʞʝʥʽ ʨʦʟʨʘʭʫʥʢʦʚʽ 

ʚʠʧʘʜʢʠ ʟ ʪʦʯʢʠ ʟʦʨʫ ʟʘʙʝʟʧʝʯʝʥʥʷ ʢʝʨʦʚʘʥʦʩʪʽ ʚʠʨʦʙʫ. ʇʨʦʚʝʜʝʥʘ ʦʮʽʥʢʘ 

ʜʦʩʪʘʪʥʴʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʙʨʘʥʠʭ ʢʝʨʫʶʯʠʭ ʦʨʛʘʥʽʚ. ɸʥʘʣʽʟ ʢʝʨʦʚʘʥʦʩʪʽ 

ʧʨʦʚʝʜʝʥʠʡ ʜʣʷ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʤʘʨʰʦʚʦʛʦ ʜʚʠʛʫʥʘ ʟ ʚʨʘʭʫʚʘʥʥʷʤ 

ʨʦʟʢʠʜʽʚ ʧʘʨʘʤʝʪʨʽʚ ʡʦʛʦ ʨʦʙʦʪʠ. 
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VEHICLE CONTROLLABILITY ANALYSIS AT THE INITIAL 

FLIGHT PHASE  

Annotation. The calculation of vehicle movement parameters after exit from 

container at the initial flight phase was carried out taking into account the entire 

spectrum of active disturbing factors. The most stressful calculation cases for 

ensuring controllability were identified. An assessment of the sufficient 

effectiveness of the elected control units was carried out. Controllability analysis 

was carried out for different main engine operating modes taking into account the 

variations in its parameters. 

Keywords: controllability, disturbed movement, aerodynamic control surfaces, 

main engine, impulse engine, mathematical model. 

 

ʆʩʦʙʣʠʚʽʩʪʶ ʧʦʯʘʪʢʦʚʦʾ ʜʽʣʷʥʢʠ ʧʦʣʴʦʪʫ ʚʠʨʦʙʫ (ʧʝʨʰʠʭ 100-200 ʤʝʪʨʽʚ 

ʧʦʣʴʦʪʫ) ʷʚʣʷʻʪʴʩʷ ʩʣʘʙʢʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʨʫʣʽʚ ʫ ʧʦʻʜʥʘʥʥʽ ʟ 

ʚʝʣʠʢʠʤʠ ʢʫʪʘʤʠ ʘʪʘʢʠ ʧʦʣʴʦʪʫ ʚʠʨʦʙʫ, ʦʩʦʙʣʠʚʦ ʥʘ ʧʝʨʰʠʭ ʩʝʢʫʥʜʘʭ 

ʧʦʣʴʦʪʫ. ɺʠʟʥʘʯʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʜʘʥʦʾ ʜʽʣʷʥʢʠ ʤʘʻ ʧʦʯʘʪʢʦʚʘ ʰʚʠʜʢʽʩʪʴ 

ʚʠʭʦʜʫ ʚʠʨʦʙʫ ʽʟ ʢʦʥʪʝʡʥʝʨʘ. ɺʦʥʘ ʤʘʣʦ ʚʧʣʠʚʘʻ ʥʘ ʚʝʣʠʯʠʥʫ ʩʫʤʘʨʥʦʛʦ 

ʰʚʠʜʢʽʩʥʦʛʦ ʥʘʧʦʨʫ, ʘʣʝ ʬʘʢʪʠʯʥʦ ʧʦʚʥʽʩʪʶ ʚʠʟʥʘʯʘʻ ʧʦʯʘʪʢʦʚʽ ʢʫʪʠ ʘʪʘʢʠ 

ʚʠʨʦʙʫ ʚʽʜʥʦʩʥʦ ʥʘʙʽʛʘʶʯʦʛʦ ʧʦʪʦʢʫ ʧʨʠ ʚʝʣʠʢʽʡ ʰʚʠʜʢʦʩʪʽ ʚʽʪʨʫ ʥʘ ʩʪʘʨʪʽ ʽ, 

ʷʢ ʥʘʩʣʽʜʦʢ, ʚʝʣʠʯʠʥʫ ʧʝʨʝʢʠʜʫʚʘʣʴʥʦʛʦ ʤʦʤʝʥʪʫ ʚʽʜ ʜʽʾ ʚʽʪʨʫ. 
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ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʡʙʽʣʴʰ ʢʨʠʪʠʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʦʚʠʤʠ ʚʠʧʘʜʢʘʤʠ ʧʨʠ 

ʦʮʽʥʮʽ ʢʝʨʦʚʘʥʦʩʪʽ ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʜʽʣʷʥʮʽ ʧʦʣʴʦʪʫ ʻ ʫʤʦʚʠ ʩʪʘʨʪʫ ʚʠʨʦʙʫ ʧʨʠ 

ʤʽʥʽʤʘʣʴʥʦʤʫ ʨʝʞʠʤʽ ʨʦʙʦʪʠ ʜʚʠʛʫʥʘ, ʤʘʢʩʠʤʘʣʴʥʽʡ ʰʚʠʜʢʦʩʪʽ ʧʨʠʟʝʤʥʦʛʦ 

ʚ̔ ʪʨʫ ʽ ʥʠʟʴʢʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʧʨʠ ʷʢʠʭ ʨʝʘʣʽʟʫʻʪʴʩʷ 

ʤʽʥʽʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʚʠʭʦʜʫ ʚʠʨʦʙʫ ʽʟ ʢʦʥʪʝʡʥʝʨʘ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʤʘʢʩʠʤʘʣʴʥʽ 

ʢʫʪʠ ʘʪʘʢʠ. 

ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʢʝʨʦʚʘʥʦʩʪʽ ʚʠʨʦʙʫ ʧʨʦʪʷʛʦʤ ʧʝʨʰʠʭ 2 ï 3 ʩʝʢʫʥʜ 

ʧʦʣʴʦʪʫ ʧʽʩʣʷ ʚʠʭʦʜʫ ʽʟ ʢʦʥʪʝʡʥʝʨʘ, ʢʦʣʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʨʫʣʽʚ 

ʤʽʥʽʤʘʣʴʥʘ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʦʜʘʪʢʦʚʽ ʦʨʛʘʥʠ ʢʝʨʫʚʘʥʥʷ ï ʽʤʧʫʣʴʩʥʽ 

ʜʚʠʛʫʥʠ ʥʘ ʪʚʝʨʜʦʤʫ ʧʘʣʠʚʽ, ʷʢʽ ʚʩʪʘʥʦʚʣʶʶʪʴʩʷ ʚ ʭʚʦʩʪʦʚʦʤʫ ʚʽʜʩʽʢʫ ʚ 

ʧʣʦʱʠʥʘʭ ʩʪʘʙʽʣʽʟʘʮʽʾ ʚʠʨʦʙʫ. ɺʝʣʠʯʠʥʠ ʽʤʧʫʣʴʩʽʚ ʮʠʭ ʜʚʠʛʫʥʽʚ ʦʙʠʨʘʶʪʴʩʷ 

ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʦʞʣʠʚʦʩʪʽ ʟʘʚʜʘʥʥʷ ʚʠʨʦʙʫ ʚ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ ʡʦʛʦ ʨʫʭʫ 

ʧʽʩʣʷ ʚʠʭʦʜʫ ʟ ʊʇʂ çʟʫʩʪʨʽʯʥʦʾè ʢʫʪʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʜʣʷ ʢʦʤʧʝʥʩʘʮʽʾ 

ʧʦʯʘʪʢʦʚʦʾ ʢʫʪʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʪʘ ʜʽʾ ʟʙʫʨʶʚʘʣʴʥʠʭ ʤʦʤʝʥʪʽʚ. 
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ʟʘʜʘʥʦʛʦ ʢʫʪʘ ʢʨʝʥʫ ʧʽʜ ʯʘʩ ʘʢʪʠʚʥʦʾ ʜʽʣʷʥʢʠ ʧʦʣʴʦʪʫ, ʱʦ ʻ ʥʝʦʙʭʽʜʥʠʤ ʜʣʷ 

ʟʘʜʘʯ ʦʨʽʻʥʪʘʮʽʾ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʢʝʨʦʚʘʥʦʩʪʽ ʨʘʢʝʪʠ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʧʝʨʝʚʽʨʢʫ ʟʜʽʡʩʥʝʥʦ ʥʘ ʩʧʝʮʽʘʣʴʥʦ ʨʦʟʨʦʙʣʝʥʦʤʫ 

ʘʝʨʦʜʠʥʘʤʽʯʥʦʤʫ ʩʪʝʥʜʽ, ʱʦ ʽʤʽʪʫʻ ʦʙʝʨʪʘʣʴʥʠʡ ʨʫʭ ʤʦʜʝʣʽ ʨʘʢʝʪʠ ʥʘʚʢʦʣʦ 

ʧʦʟʜʦʚʞʥʴʦʾ ʦʩʽ ʚ ʧʦʚʽʪʨʷʥʦʤʫ ʧʦʪʦʮʽ. ɼʦʩʣʽʜʞʝʥʦ ʨʦʙʦʪʫ ʧʽʜʩʠʩʪʝʤʠ ʚ 

ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʧʦʯʘʪʢʦʚʠʭ ʚʽʜʭʠʣʝʥʴ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʦʮʽʥʠʪʠ ʦʙʣʘʩʪʴ 

ʩʪʽʡʢʦʩʪʽ ʪʘ ʟʘʧʘʩ ʢʝʨʦʚʘʥʦʩʪʽ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ 

ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʷʢ ʩʢʣʘʜʦʚʦʾ 

ʧʦʚʥʦʮʽʥʥʦʾ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʪʘ ʦʨʽʻʥʪʘʮʽʾ ʩʫʙʦʨʙʽʪʘʣʴʥʦʾ ʨʘʢʝʪʠ. 
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CONTROL AND YAW ORIENTATION SUBSYSTEMS FOR SMALL 

SUBORBITAL ROCKETS  

Annotation. The paper presents the development and experimental validation of a 

roll control and orientation subsystem for a small suborbital rocket using 

aerodynamic control surfaces. The subsystem is intended to provide both angular 

rate stabilization and commanded roll angle positioning during the active phase of 

flight, which is necessary for payload orientation tasks and overall vehicle 

controllability. 

Experimental validation was carried out using a specially developed 

aerodynamic test bench simulating rotational motion of a rocket model about its 

longitudinal axis in an airflow. The subsystem performance was investigated over a 

wide range of initial deviations, allowing assessment of stability margins and control 

authority. The obtained results confirm the feasibility of using the proposed 

subsystem as a component of a full-scale attitude control and orientation system for 

a suborbital rocket. 

Keywords: suborbital rocket, attitude control, roll control, aerodynamic control 

surfaces, control algorithm, onboard control system. 

 

ʉʫʙʦʨʙʽʪʘʣʴʥʽ ʨʘʢʝʪʠ ʻ ʝʬʝʢʪʠʚʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʥʘʫʢʦʚʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʪʝʩʪʫʚʘʥʥʷ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʨʝʘʣʽʟʘʮʽʾ 

ʧʨʠʢʣʘʜʥʠʭ ʜʦʩʣʽʜʥʠʮʴʢʠʭ ʟʘʜʘʯ ʚ ʫʤʦʚʘʭ ʢʦʨʦʪʢʦʯʘʩʥʦʛʦ ʧʦʣʴʦʪʫ [1]. ʋ ʨʷʜʽ 

ʟʘʜʘʯ ʧʨʦʩʪʦʨʦʚʝ ʧʦʣʦʞʝʥʥʷ ʨʘʢʝʪʠ ʚʽʜʥʦʩʥʦ ʟʘʜʘʥʦʛʦ ʥʘʧʨʷʤʢʫ ʻ ʢʨʠʪʠʯʥʠʤ 

ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʢʦʨʝʢʪʥʦʾ ʨʦʙʦʪʠ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʪʝʣʝʤʝʪʨʽʾ ʪʘ 

ʩʠʩʪʝʤ ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʅʝʢʦʥʪʨʦʣʴʦʚʘʥʝ ʦʙʝʨʪʘʥʥʷ ʧʦ ʢʨʝʥʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʨʦʩʪʘʥʥʷ ʧʦʭʠʙʦʢ ʽʥʝʨʮʽʘʣʴʥʠʭ ʚʠʤʽʨʶʚʘʥʴ, ʫʩʢʣʘʜʥʝʥʥʷ ʦʙʨʦʙʢʠ 

ʪʝʣʝʤʝʪʨʠʯʥʠʭ ʜʘʥʠʭ ʪʘ ʧʦʛʽʨʰʝʥʥʷ ʷʢʦʩʪʽ ʨʦʙʦʪʠ ʙʦʨʪʦʚʠʭ ʦʧʪʠʯʥʠʭ ʩʠʩʪʝʤ. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʨʦʟʨʦʙʢʫ ʧʽʜʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʪʘ ʦʨʽʻʥʪʘʮʽʾ 

ʧʦ ʢʨʝʥʫ ʤʘʣʦʾ ʩʫʙʦʨʙʽʪʘʣʴʥʦʾ ʨʘʢʝʪʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʨʫʣʽʚ 

ʷʢ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ [2]. ʇʽʜʩʠʩʪʝʤʘ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝ ʣʠʰʝ 

ʜʝʤʧʬʫʚʘʥʥʷ ʢʫʪʦʚʦʾ ʰʚʠʜʢʦʩʪʽ, ʘʣʝ ʡ ʘʢʪʠʚʥʦʛʦ ʥʘʚʝʜʝʥʥʷ ʪʘ ʫʪʨʠʤʘʥʥʷ 

ʟʘʜʘʥʦʛʦ ʢʫʪʘ ʢʨʝʥʫ ʧʽʜ ʯʘʩ ʧʦʣʴʦʪʫ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʷʢ 

ʨʝʞʠʤ ʩʪʘʙʽʣʽʟʘʮʽʾ ʤʘʣʠʭ ʟʙʫʨʝʥʴ, ʪʘʢ ʽ ʨʝʞʠʤ ʧʨʦʛʨʘʤʦʚʘʥʦʾ ʟʤʽʥʠ ʦʨʽʻʥʪʘʮʽʾ 

ʟʘ ʢʦʤʘʥʜʦʶ, ʚʢʣʶʯʘʶʯʠ ʚʠʢʦʥʘʥʥʷ ʢʝʨʦʚʘʥʠʭ ʧʦʚʦʨʦʪʽʚ ʥʘ ʟʥʘʯʥʽ ʢʫʪʠ.  

ʇʨʦʛʨʘʤʥʘ ʨʝʘʣʽʟʘʮʽʷ ʚʠʢʦʥʘʥʘ ʥʘ ʙʘʟʽ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʘ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʽʥʝʨʮʽʡʥʠʭ ʜʘʪʯʠʢʽʚ (ʘʢʩʝʣʝʨʦʤʝʪʨʘ ʪʘ ʛʽʨʦʩʢʦʧʘ) ʜʣʷ ʦʮʽʥʶʚʘʥʥʷ ʧʨʦʩʪʦʨʦʚʦʾ 

ʦʨʽʻʥʪʘʮʽʾ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. ʋ ʨʦʙʦʪʽ ʚʠʢʦʨʠʩʪʘʥʦ ʜʦʩʪʫʧʥʫ ʝʣʝʤʝʥʪʥʫ 

ʙʘʟʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʧʽʜʩʠʩʪʝʤʫ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ 

ʚʠʩʦʢʦʚʘʨʪʽʩʥʠʭ ʨʽʰʝʥʴ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʾʾ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ 

ʥʘʚʯʘʣʴʥʠʭ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʧʨʦʻʢʪʘʭ ʇʨʦʧʦʨʮʽʡʥʠʡ ʟʘʢʦʥ ʢʝʨʫʚʘʥʥʷ ʟʘ 

ʢʫʪʦʤ ʢʨʝʥʫ ʟʘʙʝʟʧʝʯʫʻ ʧʦʚʝʨʥʝʥʥʷ ʚ ʟʘʜʘʥʝ ʧʦʣʦʞʝʥʥʷ, ʦʜʥʘʢ ʫ ʨʝʘʣʴʥʠʭ 

ʫʤʦʚʘʭ ʚʠʢʣʠʢʘʻ ʘʚʪʦʢʦʣʠʚʘʥʥʷ ʯʝʨʝʟ ʽʥʝʨʮʽʡʥʽʩʪʴ ʩʠʩʪʝʤʠ ʪʘ ʟʘʪʨʠʤʢʠ 

ʚʠʢʦʥʘʚʯʠʭ ʤʝʭʘʥʽʟʤʽʚ. ʂʝʨʫʚʘʥʥʷ ʣʠʰʝ ʟʘ ʢʫʪʦʚʦʶ ʰʚʠʜʢʽʩʪʶ ʝʬʝʢʪʠʚʥʦ 
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ʛʘʩʠʪʴ ʦʙʝʨʪʘʥʥʷ, ʧʨʦʪʝ ʥʝ ʛʘʨʘʥʪʫʻ ʜʦʩʷʛʥʝʥʥʷ ʪʦʯʥʦʾ ʦʨʽʻʥʪʘʮʽʾ ʯʝʨʝʟ 

ʧʦʭʠʙʢʠ ʚʠʤʽʨʶʚʘʥʥʷ ʪʘ ʦʙʤʝʞʝʥʫ ʪʦʯʥʽʩʪʴ ʝʣʝʤʝʥʪʥʦʾ ʙʘʟʠ [3]. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʤʙʽʥʦʚʘʥʠʡ ʘʣʛʦʨʠʪʤ, ʱʦ 

ʦʜʥʦʯʘʩʥʦ ʚʨʘʭʦʚʫʻ ʚʽʜʭʠʣʝʥʥʷ ʧʦ ʢʫʪʫ ʪʘ ʢʫʪʦʚʫ ʰʚʠʜʢʽʩʪʴ. ʊʘʢʠʡ ʧʽʜʭʽʜ 

ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʧʨʠʡʥʷʪʥʫ ʰʚʠʜʢʦʜʽʶ ʩʠʩʪʝʤʠ ʙʝʟ ʚʠʥʠʢʥʝʥʥʷ 

ʘʚʪʦʢʦʣʠʚʘʥʴ ʪʘ ʟ ʜʦʩʷʛʥʝʥʥʷʤ ʥʝʦʙʭʽʜʥʦʾ ʪʦʯʥʦʩʪʽ ʧʦʟʠʮʽʶʚʘʥʥʷ. ʇʽʜʩʠʩʪʝʤʘ 

ʟʜʘʪʥʘ ʧʨʘʮʶʚʘʪʠ ʷʢ ʫ ʨʝʞʠʤʽ ʩʪʘʙʽʣʽʟʘʮʽʾ ʤʘʣʠʭ ʟʙʫʨʝʥʴ (ʧʦʨʠʚʠ ʚʽʪʨʫ, 

ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʘʩʠʤʝʪʨʽʾ), ʪʘʢ ʽ ʚ ʨʝʞʠʤʽ ʘʢʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʧʨʠ ʟʥʘʯʥʠʭ 

ʧʦʯʘʪʢʦʚʠʭ ʚʽʜʭʠʣʝʥʥʷʭ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʧʝʨʝʚʽʨʢʘ ʟʜʽʡʩʥʶʚʘʣʘʩʴ ʥʘ ʩʧʝʮʽʘʣʴʥʦ ʨʦʟʨʦʙʣʝʥʦʤʫ 

ʘʝʨʦʜʠʥʘʤʽʯʥʦʤʫ ʩʪʝʥʜʽ, ʱʦ ʽʤʽʪʫʻ ʦʙʝʨʪʘʣʴʥʠʡ ʨʫʭ ʤʦʜʝʣʽ ʨʘʢʝʪʠ ʥʘʚʢʦʣʦ 

ʧʦʟʜʦʚʞʥʴʦʾ ʦʩʽ ʚ ʧʦʚʽʪʨʷʥʦʤʫ ʧʦʪʦʮʽ ʟʽ ʰʚʠʜʢʽʩʪʶ 20ï25 ʤ/ʩ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʥʘʷʚʥʽʩʪʴ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʤʦʤʝʥʪʫ, ʜʦʩʪʘʪʥʴʦʛʦ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʙʦʪʠ 

ʧʽʜʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʚ ʟʘʤʢʥʝʥʦʤʫ ʢʦʥʪʫʨʽ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʩʪʝʥʜ ʥʝ 

ʚʽʜʪʚʦʨʶʻ ʧʦʚʥʠʡ ʢʦʤʧʣʝʢʩ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʫʤʦʚ ʨʝʘʣʴʥʦʛʦ ʧʦʣʴʦʪʫ, ʦʜʥʘʢ ʻ 

ʜʦʩʪʘʪʥʽʤ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʜʠʥʘʤʽʢʠ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʪʘ 

ʧʝʨʝʚʽʨʢʠ ʾʾ ʩʪʽʡʢʦʩʪʽ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʧʦʯʘʪʢʦʚʠʭ ʚʽʜʭʠʣʝʥʴ ʧʦ ʢʨʝʥʫ, ʚʢʣʶʯʘʶʯʠ ʚʝʣʠʢʽ ʢʫʪʠ, ʱʦ ʜʦʟʚʦʣʠʣʦ 

ʦʮʽʥʠʪʠ ʦʙʣʘʩʪʴ ʩʪʽʡʢʦʩʪʽ ʪʘ ʟʘʧʘʩ ʢʝʨʦʚʘʥʦʩʪʽ ʧʽʜʩʠʩʪʝʤʠ. 

ʋ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟʘʬʽʢʩʦʚʘʥʦ ʨʝʘʢʮʽʶ ʩʠʩʪʝʤʠ ʥʘ ʧʦʯʘʪʢʦʚʽ ʟʙʫʨʝʥʥʷ 

ʪʘ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʝʨʝʭʽʜʥʽ ʧʨʦʮʝʩʠ ʧʨʠ ʧʦʚʝʨʥʝʥʥʽ ʜʦ ʟʘʜʘʥʦʛʦ ʧʦʣʦʞʝʥʥʷ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʥʘʜʽʡʥʦʛʦ ʜʦʩʷʛʥʝʥʥʷ ʪʘ 

ʫʪʨʠʤʘʥʥʷ ʟʘʜʘʥʦʛʦ ʢʫʪʘ ʢʨʝʥʫ ʙʝʟ ʨʦʟʚʠʪʢʫ ʘʚʪʦʢʦʣʠʚʘʥʴ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʧʽʜʩʠʩʪʝʤʘ ʟʘʙʝʟʧʝʯʫʻ ʜʦʩʪʘʪʥʽʡ ʟʘʧʘʩ ʢʝʨʫʶʯʦʛʦ ʤʦʤʝʥʪʫ ʪʘ ʤʦʞʝ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʷʢ ʬʫʥʢʮʽʦʥʘʣʴʥʠʡ ʝʣʝʤʝʥʪ ʧʦʚʥʦʮʽʥʥʦʾ ʩʠʩʪʝʤʠ 

ʢʝʨʫʚʘʥʥʷ ʪʘ ʦʨʽʻʥʪʘʮʽʾ ʩʫʙʦʨʙʽʪʘʣʴʥʦʾ ʨʘʢʝʪʠ. ʆʪʨʠʤʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʘʥʽ ʜʦʟʚʦʣʷʶʪʴ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʚʽʜʭʠʣʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʨʫʣʽʚ ʥʘ ʜʠʥʘʤʽʢʫ 

ʦʙʝʨʪʘʣʴʥʦʛʦ ʨʫʭʫ ʨʘʢʝʪʠ ʚ ʘʪʤʦʩʬʝʨʽ ʪʘ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ 

ʧʦʜʘʣʴʰʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʽʚ ʢʝʨʫʚʘʥʥʷ ʽ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʥʘʜʣʝʛʢʠʭ ʨʘʢʝʪ. 
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ɺʘʞʣʠʚʦʶ ʟʘʜʘʯʝʶ ʧʽʜ ʯʘʩ ʧʦʣʴʦʪʫ ʪʘʢʠʭ ʨʘʢʝʪ ʻ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʥʘʙʽʛʘʶʯʦʛʦ ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ. ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ 

ʪʨʫʙʢʫ ʇʽʪʦ, ʧʦʪʨʝʙʫʶʪʴ ʜʦʜʘʪʢʦʚʠʭ ʢʦʨʝʢʮʽʡ ʯʝʨʝʟ ʢʫʪʠ ʘʪʘʢʠ ʪʘ ʢʦʚʟʘʥʥʷ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʬʣʶʛʝʨʥʦʛʦ ʜʘʪʯʠʢʘ ʧʘʨʘʤʝʪʨʽʚ ʧʦʪʦʢʫ, ʷʢʠʡ 

ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʴ, ʟʤʝʥʰʠʪʠ ʧʦʭʠʙʢʠ ʪʘ ʩʧʨʦʩʪʠʪʠ 

ʦʙʨʦʙʢʫ ʜʘʥʠʭ, ʘ ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʫ ʨʦʙʦʪʫ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʧʨʠʣʘʜʽʚ 

ʧʽʜ ʯʘʩ ʤʘʥʝʚʨʫʚʘʥʥʷ ʨʘʢʝʪʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʉʫʙʦʨʙʽʪʘʣʴʥʽ ʨʘʢʝʪʠ, ʬʣʶʛʝʨʥʠʡ ʜʘʪʯʠʢ, ʘʝʨʦʜʠʥʘʤʽʯʥʽ 

ʚʠʤʽʨʶʚʘʥʥʷ, ʪʨʫʙʢʘ ʇʽʪʦ. 
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VANE-TYPE SENSOR FOR ONCOMING FLOW PARAMETERS IN 

SUBORBITAL ROCKETS  

Abstract. Suborbital rockets are an important tool for conducting scientific research 

of the upper layers of the atmosphere, testing new technologies, and performing 

experiments in short-term microgravity conditions. A key task during the flight of 

such rockets is the determination of the parameters of the oncoming airflow. 

Traditional methods using a Pitot tube require additional corrections due to angles 

of attack and sideslip. The use of a vane-type airflow sensor is proposed, which 

makes it possible to improve measurement accuracy, reduce errors, and simplify data 

mailto:olkhovskalex@gmail.com
mailto:nord@dnu.dp.ua
mailto:olkhovskalex@gmail.com
mailto:nord@dnu.dp.ua


˨ˮ˹ˢ˸˱˴ˢΣ ˣˢ˶˱˿́ˮ˴ˢ ́ˢ ˴˩˾̂ˤˢ˹˹̒ ˾̂̆˻˸ ˶˱́ˢ˶̎˹ˮ̆ ˢ˽ˢ˾ˢ́˱ˤ 

166 

processing, while ensuring stable operation of measuring instruments during rocket 

maneuvering. 

Keywords: Suborbital rockets, vane-type sensor, aerodynamic measurements, Pitot 

tube. 

ʉʫʙʦʨʙʽʪʘʣʴʥʽ ʨʘʢʝʪʠ ʻ ʚʘʞʣʠʚʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʚʝʨʭʥʽʭ ʰʘʨʽʚ ʘʪʤʦʩʬʝʨʠ, ʚʠʧʨʦʙʫʚʘʥʥʷ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʪʘ 

ʚʠʢʦʥʘʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʚ ʫʤʦʚʘʭ ʢʦʨʦʪʢʦʯʘʩʥʦʾ ʤʽʢʨʦʛʨʘʚʽʪʘʮʽʾ. ʊʘʢʽ 

ʘʧʘʨʘʪʠ ʜʦʟʚʦʣʷʶʪʴ ʧʨʦʚʦʜʠʪʠ ʨʽʟʥʦʤʘʥʽʪʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ 

ʚʠʧʨʦʙʫʚʘʥʥʷ ʚ ʫʤʦʚʘʭ, ʥʘʙʣʠʞʝʥʠʭ ʜʦ ʢʦʩʤʽʯʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʙʝʟ 

ʥʝʦʙʭʽʜʥʦʩʪʽ ʚʠʚʝʜʝʥʥʷ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʦʨʙʽʪʫ. ʉʫʙʦʨʙʽʪʘʣʴʥʽ 

ʨʘʢʝʪʠ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʧʝʨʝʚʽʨʢʠ ʥʦʚʠʭ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ, ʟʦʢʨʝʤʘ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʢʦʤʧʦʥʝʥʪʽʚ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ, ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʪʘ 

ʢʦʤʧʦʥʫʚʘʣʴʥʠʭ ʩʭʝʤ, ʝʣʝʤʝʥʪʽʚ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ ʪʘ ʩʠʩʪʝʤ ʤôʷʢʦʛʦ 

ʧʨʠʟʝʤʣʝʥʥʷ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʽʥʥʦʚʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ 

ʧʦʜʘʣʴʰʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʢʦʩʤʽʯʥʠʭ ʩʠʩʪʝʤʘʭ [1, ʩ. 1]. 

ʆʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʟʘʚʜʘʥʴ ʧʽʜ ʯʘʩ ʧʦʣʴʦʪʫ ʩʫʙʦʨʙʽʪʘʣʴʥʠʭ ʨʘʢʝʪ ʻ 

ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʥʘʙʽʛʘʶʯʦʛʦ ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ, ʟʦʢʨʝʤʘ ʩʪʘʪʠʯʥʦʛʦ 

ʪʘ ʧʦʚʥʦʛʦ ʪʠʩʢʫ. ɼʣʷ ʮʴʦʛʦ ʪʨʘʜʠʮʽʡʥʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʪʨʫʙʢʠ ʇʽʪʦ, 

ʘʥʘʣʦʛʽʯʥʽ ʪʠʤ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘ ʣʽʪʘʢʘʭ, ʜʝ ʚʠʤʽʨʶʻʪʴʩʷ ʩʫʤʘʨʥʠʡ 

ʪʠʩʢ, ʩʪʚʦʨʶʚʘʥʠʡ ʨʫʭʦʤ ʘʧʘʨʘʪʘ, ʪʘ ʩʪʘʪʠʯʥʠʡ ʪʠʩʢ ʘʪʤʦʩʬʝʨʠ ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʦʣʴʦʪʫ, ʚʠʩʦʪʠ ʪʘ ʚʝʨʪʠʢʘʣʴʥʦʾ ʰʚʠʜʢʦʩʪʽ [2, ʩ. 50ï51]. 

ʋ ʙʘʟʦʚʦʤʫ ʚʠʢʦʥʘʥʥʽ ʩʠʩʪʝʤʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʨʫʙʢʠ ʇʽʪʦ (ʟʦʥʜʘ) ʪʘ ʧʨʠʣʘʜʽʚ, 

ʷʢʽ ʧʨʠʡʤʘʶʪʴ ʮʽ ʪʠʩʢʠ ð ʘʥʘʣʦʛʽʯʥʦ ʽʥʜʠʢʘʪʦʨʫ ʰʚʠʜʢʦʩʪʽ, ʚʠʩʦʪʦʤʽʨʫ ʪʘ 

ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʰʚʠʜʢʽʩʥʦʤʫ ʽʥʜʠʢʘʪʦʨʫ ʥʘ ʣʽʪʘʢʫ. ʊʠʩʢ ʚʽʜ ʟʦʥʜʘ ʧʝʨʝʜʘʻʪʴʩʷ 

ʯʝʨʝʟ ʪʨʫʙʦʧʨʦʚʦʜʠ ʥʘ ʧʨʠʣʘʜʠ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʥʝʦʙʭʽʜʥʽ 

ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʟʦʢʨʝʤʘ ʯʠʩʣʦ ʄʘʭʘ ʪʘ ʰʚʠʜʢʽʩʪʴ ʧʦʣʴʦʪʫ [2, 

ʩ. 56ï57]. 

ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʥʘʙʽʛʘʶʯʦʛʦ ʧʦʪʦʢʫ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʪʨʫʙʢʠ ʇʽʪʦ ʜʣʷ ʩʫʙʦʨʙʽʪʘʣʴʥʠʭ ʨʘʢʝʪ ʧʨʦʚʦʜʷʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʧʽʜ 

ʯʘʩ ʘʢʪʠʚʥʦʾ ʪʘ ʚʠʩʭʽʜʥʦʾ ʧʘʩʠʚʥʦʾ ʬʘʟ ʧʦʣʴʦʪʫ. ɸʢʪʠʚʥʘ ʬʘʟʘ ʧʦʯʠʥʘʻʪʴʩʷ ʟ 

ʤʦʤʝʥʪʫ ʟʘʧʫʩʢʫ ʜʚʠʛʫʥʘ ʽ ʪʨʠʚʘʻ ʜʦ ʡʦʛʦ ʚʽʜʩʽʯʢʠ, ʢʦʣʠ ʨʘʢʝʪʘ ʨʦʟʛʘʥʷʻʪʴʩʷ 

ʟʘ ʨʘʭʫʥʦʢ ʨʝʘʢʪʠʚʥʦʾ ʪʷʛʠ ʽ ʥʘʢʦʧʠʯʫʻ ʢʽʥʝʪʠʯʥʫ ʝʥʝʨʛʽʶ. ɺʠʩʭʽʜʥʘ ʧʘʩʠʚʥʘ 

ʬʘʟʘ ʥʘʩʪʘʻ ʧʽʩʣʷ ʚʽʜʢʣʶʯʝʥʥʷ ʜʚʠʛʫʥʘ, ʧʽʜ ʯʘʩ ʷʢʦʾ ʘʧʘʨʘʪ ʧʨʦʜʦʚʞʫʻ 

ʨʫʭʘʪʠʩʷ ʧʦ ʽʥʝʨʮʽʾ, ʧʦʩʪʫʧʦʚʦ ʚʪʨʘʯʘʶʯʠ ʰʚʠʜʢʽʩʪʴ ʧʽʜ ʜʽʻʶ ʩʠʣʠ ʪʷʞʽʥʥʷ ʪʘ 

ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ [3, ʩ. 35ï36]. ʉʘʤʝ ʫ ʮʽ ʧʝʨʽʦʜʠ ʰʚʠʜʢʽʩʪʴ ʨʘʢʝʪʠ 

ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʘ ʜʣʷ ʢʦʨʝʢʪʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʩʫʤʘʨʥʦʛʦ ʪʘ ʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ, 

ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʜʦʩʪʦʚʽʨʥʽʩʪʴ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ. 

ʊʦʯʥʽʩʪʴ ʪʘʢʠʭ ʚʠʤʽʨʶʚʘʥʴ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʨʘʚʠʣʴʥʦʩʪʽ 

ʦʨʽʻʥʪʘʮʽʾ ʧʨʠʣʘʜʽʚ ʚʽʜʥʦʩʥʦ ʧʦʪʦʢʫ. ɺʠʥʠʢʥʝʥʥʷ ʢʫʪʽʚ ʘʪʘʢʠ ʪʘ ʢʦʚʟʘʥʥʷ ʧʽʜ 

ʯʘʩ ʧʦʣʴʦʪʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʽʜʭʠʣʝʥʥʷ ʦʩʝʡ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʧʨʠʩʪʨʦʾʚ ʽ, ʷʢ 

ʥʘʩʣʽʜʦʢ, ʜʦ ʧʦʭʠʙʦʢ. ʊʨʘʜʠʮʽʡʥʠʡ ʩʧʦʩʽʙ ʢʦʤʧʝʥʩʘʮʽʾ ʮʠʭ ʧʦʭʠʙʦʢ 

ʧʝʨʝʜʙʘʯʘʻ ʢʦʨʝʢʮʽʡʥʽ ʩʠʛʥʘʣʠ ʥʘ ʦʩʥʦʚʽ ʚʠʤʽʨʶʚʘʥʴ ʢʫʪʽʚ ʘʪʘʢʠ ʪʘ ʢʦʚʟʘʥʥʷ, 

ʱʦ ʫʩʢʣʘʜʥʶʻ ʩʠʩʪʝʤʫ, ʧʦʪʨʝʙʫʻ ʜʦʜʘʪʢʦʚʠʭ ʘʣʛʦʨʠʪʤʽʚ ʦʙʨʦʙʢʠ ʽʥʬʦʨʤʘʮʽʾ 

ʪʘ ʤʦʞʝ ʩʪʚʦʨʶʚʘʪʠ ʜʦʜʘʪʢʦʚʽ ʧʦʭʠʙʢʠ. 
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ɿ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʧʦʚʽʪʨʷʥʦʛʦ 

ʧʦʪʦʢʫ ʧʨʦʧʦʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ð ʬʣʶʛʝʨʥʦʛʦ 

ʜʘʪʯʠʢʘ ʧʘʨʘʤʝʪʨʽʚ ʥʘʙʽʛʘʶʯʦʛʦ ʧʦʪʦʢʫ. ʋ ʤʝʞʘʭ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʨʦʙʦʪʠ 

ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʚʩʪʘʥʦʚʣʝʥʥʷ ʪʘʢʦʛʦ ʜʘʪʯʠʢʘ ʥʘ ʛʦʣʦʚʥʦʤʫ 

ʦʙʪʽʯʥʠʢʫ ʩʫʙʦʨʙʽʪʘʣʴʥʦʾ ʨʘʢʝʪʠ ʟʘʤʽʩʪʴ ʪʨʘʜʠʮʽʡʥʦʾ ʘʝʨʦʜʠʥʘʤʽʯʥʦʾ ʛʦʣʢʠ, 

ʷʢʘ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʤʽʱʝʥʥʷ ʪʨʫʙʢʠ ʇʽʪʦ. 

ɼʘʪʯʠʢ ʨʦʟʪʘʰʦʚʫʻʪʴʩʷ ʫ ʥʦʩʦʚʽʡ ʯʘʩʪʠʥʽ ʨʘʢʝʪʠ ʪʘ ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʾ 

ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ. ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʚʽʥ ʤʘʻ V-

ʧʦʜʽʙʥʫ ʩʠʤʝʪʨʠʯʥʫ ʢʨʠʣʦʚʫ ʧʦʚʝʨʭʥʶ ʟ ʜʚʦʤʘ ʚʟʘʻʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʤʠ 

ʦʩʷʤʠ ʦʙʝʨʪʘʥʥʷ: ʦʜʥʘ ʧʘʨʘʣʝʣʴʥʘ ʧʦʟʜʦʚʞʥʽʡ ʦʩʽ ʘʧʘʨʘʪʘ, ʽʥʰʘ ð 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʜʦ ʥʝʾ. ʅʘ ʢʽʥʮʝʚʠʭ ʯʘʩʪʠʥʘʭ ʢʨʠʣʦʚʦʾ ʧʦʚʝʨʭʥʽ 

ʨʦʟʤʽʱʫʶʪʴʩʷ ʚʠʤʽʨʶʚʘʣʴʥʽ ʝʣʝʤʝʥʪʠ, ʟʦʢʨʝʤʘ ʜʘʪʯʠʢʠ ʩʪʘʪʠʯʥʦʛʦ ʪʘ ʧʦʚʥʦʛʦ 

ʪʠʩʢʫ ʘʙʦ ʯʠʩʣʘ ʄʘʭʘ [4]. 

ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʙʘʟʫʻʪʴʩʷ ʥʘ ʜʽʷʭ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʩʠʣ, ʱʦ ʚʠʥʠʢʘʶʪʴ 

ʧʨʠ ʦʙʪʽʢʘʥʥʽ ʢʨʠʣʦʚʦʾ ʧʦʚʝʨʭʥʽ ʧʦʪʦʢʦʤ ʧʦʚʽʪʨʷ. ɺʽʜʭʠʣʝʥʥʷ ʘʧʘʨʘʪʘ ʚʽʜ 

ʥʘʧʨʷʤʢʫ ʚʝʢʪʦʨʘ ʰʚʠʜʢʦʩʪʽ ʬʦʨʤʫʻ ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʤʦʤʝʥʪʠ, ʷʢʽ ʧʦʚʝʨʪʘʶʪʴ 

ʢʨʠʣʦʚʫ ʧʦʚʝʨʭʥʶ ʥʘʚʢʦʣʦ ʦʩʝʡ ʦʙʝʨʪʘʥʥʷ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʣʦʱʠʥʘ ʩʠʤʝʪʨʽʾ 

ʧʦʚʝʨʭʥʽ ʘʚʪʦʤʘʪʠʯʥʦ ʦʨʽʻʥʪʫʻʪʴʩʷ ʫ ʥʘʧʨʷʤʢʫ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ, ʧʦʜʽʙʥʦ ʜʦ 

ʜʚʦʩʪʫʧʝʥʝʚʦʛʦ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʬʣʶʛʝʨʘ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʧʦʩʪʽʡʥʝ 

ʩʧʨʷʤʫʚʘʥʥʷ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʥʘʧʨʷʤʢʫ ʧʦʪʦʢʫ [4]. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʬʣʶʛʝʨʥʦʛʦ ʜʘʪʯʠʢʘ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʪʠ ʧʦʭʠʙʢʠ 

ʚʠʤʽʨʶʚʘʥʴ, ʚʠʢʣʠʢʘʥʽ ʢʫʪʘʤʠ ʘʪʘʢʠ ʪʘ ʢʦʚʟʘʥʥʷ, ʘ ʪʘʢʦʞ ʟʥʠʞʫʻ ʧʦʪʨʝʙʫ ʫ 

ʩʢʣʘʜʥʠʭ ʘʣʛʦʨʠʪʤʘʭ ʢʦʨʝʢʮʽʾ. ʂʨʽʤ ʪʦʛʦ, ʚʽʥ ʜʘʻ ʟʤʦʛʫ ʚʠʥʝʩʪʠ ʚʠʤʽʨʶʚʘʣʴʥʽ 

ʝʣʝʤʝʥʪʠ ʫ ʤʝʥʰ ʟʙʫʨʝʥʫ ʟʦʥʫ ʧʦʪʦʢʫ, ʱʦ ʧʽʜʚʠʱʫʻ ʪʦʯʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ [2, ʩ. 

56]. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʣʶʛʝʨʥʦʛʦ ʜʘʪʯʠʢʘ ʧʘʨʘʤʝʪʨʽʚ ʥʘʙʽʛʘʶʯʦʛʦ 

ʧʦʪʦʢʫ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʢʦʤ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤ 

ʩʫʙʦʨʙʽʪʘʣʴʥʠʭ ʨʘʢʝʪ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʜʘʪʯʠʢ ʤʦʞʝ ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʡ ʢʦʥʩʪʨʫʢʪʠʚʥʠʡ ʝʣʝʤʝʥʪ ʥʦʩʦʚʦʾ ʯʘʩʪʠʥʠ, ʱʦ ʟʘʤʽʥʶʻ 

ʪʨʘʜʠʮʽʡʥʫ ʘʝʨʦʜʠʥʘʤʽʯʥʫ ʛʦʣʢʫ ʽ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ ʪʦʯʥʫ ʦʨʽʻʥʪʘʮʽʶ 

ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʚʽʜʥʦʩʥʦ ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ. ʈʝʘʣʽʟʘʮʽʷ ʪʘʢʦʛʦ 

ʪʝʭʥʽʯʥʦʛʦ ʨʽʰʝʥʥʷ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʧʦʪʦʢʫ, ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʴʥʫ ʨʦʙʦʪʫ ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʧʨʠʣʘʜʽʚ ʧʽʜ ʯʘʩ 

ʤʘʥʝʚʨʫʚʘʥʥʷ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʘ ʪʘ ʨʦʟʰʠʨʠʪʠ ʤʦʞʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʩʫʙʦʨʙʽʪʘʣʴʥʠʭ ʨʘʢʝʪ ʫ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʽ ʚʠʧʨʦʙʫʚʘʥʥʷʭ ʥʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʡ. 
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ɸʥʦʪʘʮʽʷ: ʩʫʙʦʨʙʽʪʘʣʴʥʽ ʨʘʢʝʪʠ ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚʝʨʭʥʽʭ ʰʘʨʽʚ ʘʪʤʦʩʬʝʨʠ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ. 

ʆʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʘʩʧʝʢʪʽʚ ʾʭʥʴʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽ-

ʯʥʦʾ ʩʪʽʡʢʦʩʪʽ ʧʽʜ ʯʘʩ ʧʦʣʴʦʪʫ. ʊʘʢ ʷʢ ʪʘʢʽ ʨʘʢʝʪʠ ʟʘʟʚʠʯʘʡ ʥʝ ʤʘʶʪʴ ʘʢʪʠʚʥʠʭ 

ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ, ʩʪʘʙʽʣʽʟʘʮʽʷ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘʚʜʷʢʠ ʨʘʮʽʦʥʘʣʴʥʦʤʫ ʚʠʙʦʨʫ 

ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʟʦʢʨʝʤʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ. 

ɿʤʽʥʘ ʛʝʦʤʝʪʨʽʾ ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ ʚʧʣʠʚʘʻ ʥʘ ʧʦʣʦʞʝʥʥʷ ʮʝʥʪʨʫ ʪʠʩʢʫ ʚʽʜ-

ʥʦʩʥʦ ʮʝʥʪʨʘ ʤʘʩ, ʧʽʜʚʠʱʫʶʯʠ ʩʪʘʪʠʯʥʫ ʩʪʽʡʢʽʩʪʴ ʨʘʢʝʪʠ, ʘʣʝ ʚʦʜʥʦʯʘʩ ʟʙʽʣʴ-

ʰʫʻ ʘʝʨʦʜʠʥʘʤʽʯʥʠʡ ʦʧʽʨ, ʱʦ ʧʦʪʨʝʙʫʻ ʧʦʰʫʢʫ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʽʰʝʥʥʷ ʧʽʜ ʯʘʩ 

ʧʨʦʝʢʪʫʚʘʥʥʷ. 
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ENGINEERING SPECIFICS OF ULTRALIGHT  

SUBORBITAL ROCKETS  

Abstract:  Suborbital rockets ultra-light class are widely used for studying the upper 

atmosphere and conducting scientific experiments. One of the key aspects of their 

design is ensuring aerodynamic stability during flight. Since such rockets typically 

lack active control systems, stabilization is achieved through the rational selection 

of design parameters, particularly the characteristics of the tail fin. Changes in the 

tail fin geometry affect the position of the center of pressure relative to the center of 
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mass, increasing the rocketôs static stability, but at the same time increasing aerody-

namic drag, which requires finding an optimal solution during the design process. 

Keywords: Suborbital rocket, tail fins, static stability, aerodynamic drag. 

 

ʉʫʙʦʨʙʽʪʘʣʴʥʽ ʨʘʢʝʪʠ ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ ʫ ʚʝʨʭʥʽʭ ʰʘʨʘʭ ʘʪʤʦʩʬʝʨʠ, ʚʠʧʨʦʙʫʚʘʥʥʷ 

ʥʘʫʢʦʚʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʘ ʪʘʢʦʞ ʜʣʷ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʛʘʣʫʟʽ 

ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ɺʘʞʣʠʚʦʶ ʟʘʜʘʯʝʶ ʧʽʜ ʯʘʩ ʧʨʦʻʢʪʫʚʘʥʥʷ ʧʦʜʽʙʥʠʭ 

ʨʘʢʝʪ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʾʭʥʴʦʾ ʘʝʨʦʜʠʥʘʤʽʯʥʦʾ ʩʪʽʡʢʦʩʪʽ ʧʽʜ ʯʘʩ ʧʦʣʴʦʪʫ. 

ʉʪʘʙʽʣʴʥʘ ʨʘʢʝʪʘ ʨʫʭʘʻʪʴʩʷ ʧʣʘʚʥʦ, ʜʦʪʨʠʤʫʶʯʠʩʴ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʪʨʘʻʢʪʦʨʽʾ 

ʧʦʣʴʦʪʫ, ʪʦʜʽ ʷʢ ʥʝʩʪʘʙʽʣʴʥʘ ʨʘʢʝʪʘ ʤʦʞʝ ʚʽʜʭʠʣʷʪʠʩʷ ʚʽʜ ʥʝʾ, ʟʜʽʡʩʥʶʚʘʪʠ 

ʥʝʢʦʥʪʨʦʣʴʦʚʘʥʽ ʢʦʣʠʚʘʥʥʷ, ʱʦ ʽʥʢʦʣʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʝʨʝʢʠʜʘʥʥʷ ʘʙʦ 

ʦʙʝʨʪʘʥʥʷ ʥʘʚʢʦʣʦ ʚʣʘʩʥʦʾ ʦʩʽ. ʊʘʢʽ ʷʚʠʱʘ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʦʣʴʦʪʫ ʪʘ ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ ʚʪʨʘʪʠ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ 

ʘʙʦ ʟʤʝʥʰʝʥʥʷ ʚʠʩʦʪʠ ʧʽʜʡʦʤʫ ʨʘʢʝʪʠ [1, 2]. 

ʄʝʪʘ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʜʦʩʣʽʜʞʝʥʥʽ ʚʧʣʠʚʫ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ, ʘ ʩʘʤʝ ʧʣʦʱʽ, ʥʘ ʘʝʨʦʜʠʥʘʤʽʯʥʫ ʩʪʽʡʢʽʩʪʴ 

ʩʫʙʦʨʙʽʪʘʣʴʥʠʭ ʨʘʢʝʪ ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ. 

ʆʩʢʽʣʴʢʠ ʩʫʙʦʨʙʽʪʘʣʴʥʽ ʨʘʢʝʪʠ ʥʘʜʣʝʛʢʦʛʦ ʢʣʘʩʫ ʫ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʻ 

ʥʝʢʝʨʦʚʘʥʠʤʠ, ʾʭʥʷ ʩʪʘʙʽʣʴʥʽʩʪʴ ʜʦʩʷʛʘʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʟʘ ʨʘʭʫʥʦʢ 

ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ. ʅʘʡʧʦʰʠʨʝʥʽʰʠʤ ʤʝʪʦʜʦʤ ʧʘʩʠʚʥʦʾ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ. ʍʚʦʩʪʦʚʝ ʦʧʝʨʝʥʥʷ ʚʽʜʽʛʨʘʻ 

ʥʘʜʟʚʠʯʘʡʥʦ ʚʘʞʣʠʚʫ ʨʦʣʴ ʫ ʬʦʨʤʫʚʘʥʥʽ ʘʝʨʦʜʠʥʘʤʽʯʥʦʾ ʩʪʽʡʢʦʩʪʽ ʨʘʢʝʪʠ ʧʽʜ 

ʯʘʩ ʧʦʣʴʦʪʫ. ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʙʽʣʴʥʦʛʦ ʨʫʭʫ ʥʝʦʙʭʽʜʥʦ, ʱʦʙ ʮʝʥʪʨ ʪʠʩʢʫ 

ʟʥʘʭʦʜʠʚʩʷ ʥʠʞʯʝ ʚʽʜʥʦʩʥʦ ʮʝʥʪʨʘ ʤʘʩ ʨʘʢʝʪʠ. ʇʨʠ ʮʴʦʤʫ ʯʠʤ ʙʽʣʴʰʦʶ ʻ 

ʚʽʜʩʪʘʥʴ ʤʽʞ ʮʝʥʪʨʦʤ ʤʘʩ ʽ ʮʝʥʪʨʦʤ ʪʠʩʢʫ, ʪʠʤ ʙʽʣʴʰʠʤ ʻ ʟʘʧʘʩ ʩʪʘʪʠʯʥʦʾ 

ʩʪʽʡʢʦʩʪʽ ʪʘ ʪʠʤ ʩʪʘʙʽʣʴʥʽʰʦʶ ʙʫʜʝ ʧʦʚʝʜʽʥʢʘ ʨʘʢʝʪʠ ʧʽʜ ʯʘʩ ʧʦʣʴʦʪʫ. 

ʆʜʥʠʤ ʽʟ ʩʧʦʩʦʙʽʚ ʧʽʜʚʠʱʝʥʥʷ ʩʪʘʪʠʯʥʦʾ ʩʪʽʡʢʦʩʪʽ ʻ ʟʙʽʣʴʰʝʥʥʷ ʧʣʦʱʽ 

ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʱʝʥʥʷ ʮʝʥʪʨʫ ʪʠʩʢʫ ʚʥʠʟ ʚʽʜʥʦʩʥʦ 

ʮʝʥʪʨʘ ʤʘʩ, ʱʦ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʘʢʝʪʠ. ʇʨʦʪʝ ʟʙʽʣʴʰʝʥʥʷ 

ʧʣʦʱʽ ʦʧʝʨʝʥʥʷ ʦʜʥʦʯʘʩʥʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʧʣʦʱʽ ʧʦʚʝʨʭʥʽ, ʷʢʘ 

ʦʙʪʽʢʘʻʪʴʩʷ ʧʦʪʦʢʦʤ ʧʦʚʽʪʨʷ. ʗʢ ʥʘʩʣʽʜʦʢ, ʟʙʽʣʴʰʫʻʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪ 

ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ ʨʘʢʝʪʠ, ʱʦ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʤʝʥʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ 

ʧʦʣʴʦʪʫ, ʘ ʪʘʢʦʞ ʜʦ ʟʥʠʞʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʚʠʩʦʪʠ ʧʽʜʡʦʤʫ [2]. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʽʜ ʯʘʩ ʧʨʦʻʢʪʫʚʘʥʥʷ ʩʫʙʦʨʙʽʪʘʣʴʥʠʭ ʨʘʢʝʪ ʥʘʜʣʝʛʢʦʛʦ 

ʢʣʘʩʫ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʢʦʤʧʨʦʤʽʩ ʤʽʞ ʧʽʜʚʠʱʝʥʥʷʤ ʩʪʘʪʠʯʥʦʾ ʩʪʽʡʢʦʩʪʽ 

ʪʘ ʟʨʦʩʪʘʥʥʷʤ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ. ʆʧʪʠʤʘʣʴʥʠʡ ʚʠʙʽʨ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʜʦʩʪʘʪʥʶ ʩʪʘʙʽʣʴʥʽʩʪʴ 

ʧʦʣʴʦʪʫ ʨʘʢʝʪʠ ʙʝʟ ʩʫʪʪʻʚʦʛʦ ʧʦʛʽʨʰʝʥʥʷ ʾʾ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ 

ʝʥʝʨʛʝʪʠʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ [2, 3]. 
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ɸʅɻʃʆʄʆɺʅɸ ʌɸʍʆɺɸ ʇɯɼɻʆʊʆɺʂɸ ʉʊʋɼɽʅʊɯɺ ɿ 

ɹɸʃɯʉʊʀʂʀ ʈɸʂɽʊ: ʄɽʊʆɼʀʏʅɯ ɺʀʂʃʀʂʀ ʊɸ ɯʅʅʆɺɸʎɯʁʅɯ 

ʈɯʐɽʅʅʗ 

ɸʥʦʪʘʮʽʷ. ɼʦʩʣʽʜʞʝʥʦ, ʱʦ ʘʥʛʣʦʤʦʚʥʘ ʬʘʭʦʚʘ ʧʽʜʛʦʪʦʚʢʘ ʩʪʫʜʝʥʪʽʚ ʟ 

ʙʘʣʽʩʪʠʢʠ ʨʘʢʝʪ ʧʦʪʨʝʙʫʻ ʤʽʞʜʠʩʮʠʧʣʽʥʘʨʥʦʛʦ ʧʽʜʭʦʜʫ, ʷʢʠʡ ʧʦʻʜʥʫʻ ʛʣʠʙʦʢʝ 

ʦʧʘʥʫʚʘʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʾ ʪʝʨʤʽʥʦʣʦʛʽʾ, ʬʦʨʤʫʚʘʥʥʷ ʘʢʘʜʝʤʽʯʥʦʾ ʪʘ 

ʧʨʦʬʝʩʽʡʥʦʾ ʢʦʤʫʥʽʢʘʪʠʚʥʦʾ ʢʦʤʧʝʪʝʥʪʥʦʩʪʽ, ʘ ʪʘʢʦʞ ʽʥʪʝʛʨʘʮʽʶ ʘʚʪʝʥʪʠʯʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʽʟ ʛʘʣʫʟʽ ʨʘʢʝʪʦʙʫʜʫʚʘʥʥʷ ʡ ʢʦʩʤʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. ʆʙˇʨʫʥʪʦʚʘʥʦ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʥʥʦʚʘʮʽʡʥʠʭ ʤʝʪʦʜʠʯʥʠʭ ʨʽʰʝʥʴ, ʟʦʢʨʝʤʘ CLIL-

ʪʝʭʥʦʣʦʛʽʡ, ʮʠʬʨʦʚʠʭ ʦʩʚʽʪʥʽʭ ʧʣʘʪʬʦʨʤ, ʩʠʤʫʣʷʮʽʡ ʬʘʭʦʚʠʭ ʩʠʪʫʘʮʽʡ ʪʘ 

ʧʨʦʻʢʪʥʦ-ʜʦʩʣʽʜʥʠʮʴʢʠʭ ʟʘʚʜʘʥʴ, ʱʦ ʩʧʨʠʷʶʪʴ ʨʦʟʚʠʪʢʫ ʢʨʠʪʠʯʥʦʛʦ ʤʠʩʣʝʥʥʷ 

ʡ ʧʨʦʬʝʩʽʡʥʦʾ ʤʦʙʽʣʴʥʦʩʪʽ ʤʘʡʙʫʪʥʽʭ ʬʘʭʽʚʮʽʚ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʩʫʯʘʩʥʠʭ 

ʧʝʜʘʛʦʛʽʯʥʠʭ ʧʽʜʭʦʜʽʚ ʟʘʙʝʟʧʝʯʠʪʴ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʤʦʚʥʦʾ ʧʽʜʛʦʪʦʚʢʠ ʪʘ 

ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʦʩʪʽ ʚʠʧʫʩʢʥʠʢʽʚ ʫ ʤʽʞʥʘʨʦʜʥʦʤʫ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʤʫ 

ʩʝʨʝʜʦʚʠʱʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʥʛʣʦʤʦʚʥʘ ʬʘʭʦʚʘ ʧʽʜʛʦʪʦʚʢʘ, ʙʘʣʽʩʪʠʢʘ ʨʘʢʝʪ, ʧʨʦʬʝʩʽʡʥʘ 

ʪʝʨʤʽʥʦʣʦʛʽʷ, CLIL, ʽʥʥʦʚʘʮʽʡʥʽ ʤʝʪʦʜʠʢʠ ʥʘʚʯʘʥʥʷ. 
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ENGLISH -MEDIUM PROFESSIONAL TRAINING OF STUDENTS IN 

ROCKET BALLISTICS: METHODOLOGICAL CHALLENGES AND 

INNOVATIVE SOLUTIONS  

Annotation. It has been studied that English-medium professional training of 

students in rocket ballistics requires an interdisciplinary approach that combines 

advanced mastery of specialized terminology, the development of academic and 

professional communicative competence, as well as the integration of authentic 

materials from the fields of rocket engineering and space research. The necessity of 

implementing innovative methodological solutions, including CLIL technologies, 

digital educational platforms, simulations of professional situations, and project-

based research tasks, has been substantiated, as these approaches contribute to the 

development of critical thinking and professional mobility of future specialists. The 
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application of modern pedagogical approaches will enhance the quality of language 

training and increase graduatesô competitiveness in the international scientific and 

technical environment. 

Keywords: English professional training, rocket ballistics, professional 

terminology, CLIL, innovative teaching methods. 

English-medium professional training of students in rocket ballistics is 

becoming increasingly relevant in the context of globalized aerospace research, 

multinational engineering teams, and the rapid exchange of scientific knowledge 

across borders. Rocket ballistics as an academic and applied field integrates 

advanced mathematics, theoretical mechanics, aerodynamics, control systems, 

propulsion theory, and computational modeling. When this highly specialized body 

of knowledge is delivered in English to students whose first language is not English, 

the educational process involves not only the transmission of disciplinary content 

but also the development of academic literacy, professional communication skills, 

and intercultural competence. The methodological challenges arising from this 

integration are complex and multidimensional, yet they also open space for 

innovative pedagogical solutions capable of transforming both language education 

and engineering training [1]. 

One of the primary challenges concerns the cognitive load experienced by 

students who must simultaneously process complex scientific concepts and operate 

in a foreign language. For example, when students are introduced to trajectory 

modeling, they are required to interpret definitions, formulas, and theoretical 

explanations in English while also performing mathematical reasoning. A typical 

classroom explanation may include a sentence such as The trajectory of a ballistic 

missile is determined by gravitational forces, aerodynamic drag, and initial velocity 

parameters [2]. For a student with intermediate English proficiency, difficulties may 

arise not only from understanding the physics but also from parsing terms such as 

trajectory, aerodynamic drag, and velocity parameters. The methodological 

implication is that language scaffolding must be embedded directly into content 

instruction. Instead of translating terminology mechanically, instructors can design 

structured lexical frames, glossaries with contextualized examples, and guided 

analytical tasks. When students analyze the sentence structure of a definition like 

Ballistic motion occurs when an object moves under the influence of gravity alone 

after the propulsion phase has ended, they learn to identify passive constructions, 

cause-and-effect relations, and temporal clauses that are typical of scientific 

discourse. Such microanalysis enhances both conceptual clarity and linguistic 

awareness [3]. 

Innovative solutions to these challenges increasingly involve digital tools and 

interactive technologies. Simulation software that visualizes projectile motion or 

atmospheric reentry provides multimodal input combining text, graphics, and 

numerical data. When a simulation displays the statement Increasing the launch 

angle above 45 degrees reduces horizontal range under standard atmospheric 

conditions, students can immediately observe graphical changes in trajectory plots. 

This alignment of linguistic input with visual representation reduces abstraction and 
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supports dual coding of information. Teachers can design tasks where students 

predict outcomes verbally before running the simulation, thus linking hypothesis 

formulation with empirical observation. 

Project-based learning offers another promising strategy. Instead of isolating 

language exercises from engineering tasks, students can be assigned collaborative 

projects such as designing a conceptual suborbital flight mission. 

Intercultural communication is another dimension often underestimated in 

technical education. International aerospace collaboration requires sensitivity to 

different academic conventions and communication styles. For instance, in some 

cultures direct criticism is avoided, whereas engineering problem-solving may 

demand explicit identification of errors. Classroom debates in English on case 

studies such as trajectory miscalculations foster not only analytical thinking but also 

pragmatic competence. Students learn to phrase disagreement constructively, using 

expressions such as It may be more accurate to consider an alternative assumption 

regarding air resistance coefficients. Such phrasing demonstrates how linguistic 

mitigation supports professional collaboration. 

Ultimately, English-medium professional training in rocket ballistics is not 

merely a linguistic adaptation of existing curricula but a transformative educational 

model. It fosters access to global research networks, enables participation in 

international conferences, and prepares graduates for employment in multinational 

aerospace industries. By systematically integrating language development into 

disciplinary instruction, educators can mitigate cognitive overload, enhance 

conceptual understanding, and cultivate the communicative agility required in 

contemporary engineering practice. The methodological challenges are substantial, 

encompassing terminology management, discourse competence, assessment reform, 

and teacher training, yet innovative solutions grounded in interdisciplinary 

collaboration, digital technologies, and project-based methodologies demonstrate 

significant potential. In this context, English functions not only as a medium of 

instruction but as a strategic tool that shapes professional identity, epistemological 

access, and the global mobility of future specialists in rocket ballistics. 
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ʄʝʪʦʜ ʥʝ ʧʦʪʨʝʙʫʻ ʤʦʜʝʣʶʚʘʥʥʷ ʨʫʭʫ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʩʫʧʫʪʥʠʢʦʚʦʾ 

ʤʝʨʝʞʽ ʫ ʙʘʨʠʮʝʥʪʨʠʯʥʽʡ ʦʨʙʽʪʘʣʴʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ-

ʢʦʨʠʩʪʫʚʘʯʘ, ʘ ʨʝʘʣʽʟʦʚʘʥʠʡ ʥʘ ʦʩʥʦʚʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʥʘʯʝʥʴ ʧʘʨʘʤʝʪʨʽʚ 

ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʪʘ ʨʦʟʨʘʭʫʥʢʫ ʜʣʷ ʥʠʭ ʟʥʘʯʝʥʴ ʘʨʛʫʤʝʥʪʫ  ʰʠʨʦʪʠ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ, ʤʝʨʝʞʘ ʩʫʧʫʪʥʠʢʦʚʦʛʦ ʟʚ'ʷʟʢʫ, ʙʘʣʽʩʪʠʯʥʝ 

ʦʙˇʨʫʥʪʫʚʘʥʥʷ, ʢʦʩʤʽʯʥʠʡ ʢʦʨʠʩʪʫʚʘʯ ʤʝʨʝʞʽ ʩʫʧʫʪʥʠʢʦʚʦʛʦ ʟʚ'ʷʟʢʫ 

V. Tiniakov, 
Oles Honchar Dnipro National University 

E-mail:vtinakov98@gmail.com 

ʊ. Labutkina, 
Oles Honchar Dnipro National University 

ORCID  0000-0002-3333-3296 

E-mail:tvlabut@ukr.net 

 BALLISTIC JUSTIFICATION OF ACCESS CONTROL OF A SPACE 

VEHICLE TO THE SATELLITE COMMUNICATION NETWORK   

Abstract. A time-efficient method of software control of spacecraft access to a 

satellite communication network built on the basis of several Walker constellations 

has been developed. The method provides for determining the schedule of 

elementary communication sessions that make up a session of communication 
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interaction of the spacecraft with the satellite communication network (for each 

elementary communication session, its time interval and the network node to which 

the spacecraft will connect are determined). The method does not require modeling 

the motion of spacecraft of the satellite network in the barycentric orbital coordinate 

system of the user spacecraft, but is implemented on the basis of using the values of 

the spacecraft parameters and calculating the values of the latitude argument for 

them. 

Keywords: spacecraft, satellite communication network, ballistic justification, 

space  user of  satellite comunication network. 

 

ʉʴʦʛʦʜʝʥʥʷ ʚʽʜʟʥʘʯʝʥʦ  ʨʦʟʚʠʪʢʦʤ  ʩʫʧʫʪʥʠʢʦʚʠʭ ʤʝʨʝʞ ʟʚôʷʟʢʫ, ʷʢʽ 

ʝʬʝʢʪʠʚʥʦ ʜʦʧʦʚʥʶʶʪʴ ʩʫʯʘʩʥʽ ʥʘʟʝʤʥʽ ʤʝʨʝʞʽ, ʜʦʜʘʶʯʠ ʥʦʚʽʪʥʽ ʤʦʞʣʠʚʦʩʪʽ 

ʟʝʤʥʠʤ ʢʦʨʠʩʪʫʚʘʯʘʤ (ʥʘʟʝʤʥʠʤ ʪʘ ʘʚʽʘʮʽʡʥʠʤ) [1,2]. ʊʘʢʦʞ ʻ ʪʝʥʜʝʥʮʽʷ 

ʜʦʜʘʚʘʥʥʷ ʜʦ ʟʝʤʥʠʭ ʢʦʨʠʩʪʫʚʘʯʽʚ ʩʫʧʫʪʥʠʢʦʚʠʭ ʤʝʨʝʞ ʡ ʢʦʩʤʽʯʥʠʭ 

ʢʦʨʠʩʪʫʚʘʯʽʚ [3,4] (ʯʝʨʝʟ ʩʫʧʫʪʥʠʢʦʚʽ ʤʝʨʝʞʽ, ʧʦʙʫʜʦʚʘʥʽ ʥʘ ʜʝʢʽʣʴʢʦʭ 

ʨʽʟʥʦʚʠʩʦʢʠʭ ʦʨʙʽʪʘʣʴʥʠʭ ʫʛʨʫʧʦʚʘʥʥʷʭ, ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʩʫʟʽʨôʷʤʠ ɺʦʣʢʝʨʘ, 

ʧʝʨʝʜʘʶʪʴ ʜʘʥʽ ʦʢʨʝʤʽ ʢʦʩʤʽʯʥʽ ʘʧʘʨʘʪʠ ʘʙʦ ʢʦʩʤʽʯʥʽ ʘʧʘʨʘʪʠ ʥʝʚʝʣʠʯʢʠʭ 

ʢʣʘʩʪʝʨʥʠʭ ʫʛʨʫʧʦʚʘʥʴ) [4]. ʋ ʧʫʙʣʽʢʘʮʽʷʭ [5,6] ʧʨʝʜʩʪʘʚʣʝʥʽ ʜʝʷʢʽ 

ʢʦʥʮʝʧʪʫʘʣʴʥʽ ʨʽʰʝʥʥʷ ʱʦʜʦ ʦʨʛʘʥʽʟʘʮʽʾ ʚʟʘʻʤʦʜʽʾ ʢʦʩʤʽʯʥʠʭ ʢʦʨʠʩʪʫʚʘʯʽʚ ʟ 

ʩʫʧʫʪʥʠʢʦʚʦʶ ʤʝʨʝʞʝʶ. ɺ ʜʘʥʦʤʫ ʜʦʩʣʽʜʞʝʥʽ ʦʢʨʝʤʦ ʚʠʜʽʣʝʥʘ ʪʝʤʘ 

ʙʘʣʽʩʪʠʯʥʦʛʦ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʟʘʜʘʯ ʧʨʠʻʜʥʘʥʥʷ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ ʜʦ 

ʩʫʧʫʪʥʠʢʦʚʦʾ ʤʝʨʝʞʽ ʟʚôʷʟʢʫ ʥʘ ʯʘʩ ʩʝʘʥʩʫ ʡʦʛʦ ʚʟʘʻʤʦʜʽʾ ʟ ʤʝʨʝʞʝʶ. ʄʦʞʣʠʚʽ 

ʜʚʽ ʘʣʴʪʝʨʥʘʪʠʚʥʽ ʢʦʥʮʝʧʮʽʾ ʧʨʠʻʜʥʘʥʥʷ ʢʦʩʤʽʯʥʠʭ ʢʦʨʠʩʪʫʚʘʯʽʚ ʜʦ 

ʩʫʧʫʪʥʠʢʦʚʦʾ ʤʝʨʝʞʽ: 1) ʢʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ-ʢʦʨʠʩʪʫʚʘʯ ʧʨʠʻʜʥʫʻʪʴʩʷ ʜʦ 

ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ ʤʝʨʝʞʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ [4-6]; 2) ʢʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ 

ʧʨʠʻʜʥʫʻʪʴʩʷ ʜʦ  ʤʝʨʝʞʽ ʦʧʦʩʝʨʝʜʢʦʚʘʥʦ ʯʝʨʝʟ ʢʦʩʤʽʯʥʽ ʘʧʘʨʘʪʘ 

ʧʽʜʫʛʨʫʧʦʚʘʥʥʷ ʜʦʩʪʫʧʫ ʜʦ ʤʝʨʝʞʽ [7].  ɺ ʙʫʜʴ ʷʢʦʤʫ ʚʠʧʘʜʢʫ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʚʠʟʥʘʯʝʥʥʷ ʧʣʘʥʫ ʩʝʘʥʩʫ ʢʦʤʫʥʽʢʘʮʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ ʟ 

ʩʫʧʫʪʥʠʢʦʚʦʶ ʤʝʨʝʞʝʶ ʟʚôʷʟʢʫ (ʜʣʷ ʢʦʞʥʦʛʦ ʝʣʝʤʝʥʪʘʨʥʦʛʦ ʩʝʘʥʩʫ ʟʚôʷʟʢʫ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʡʦʛʦ ʯʘʩʦʚʠʡ ʽʥʪʝʨʚʘʣ ʪʘ ʚʫʟʦʣ ʤʝʨʝʞʽ, ʜʦ ʷʢʦʛʦ ʙʫʜʝ 

ʧʨʠʻʜʥʫʚʘʪʠʩʷ ʢʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ).  

 ʈʦʟʨʦʙʣʝʥʦ ʝʢʦʥʦʤʥʠʡ ʟʘ ʚʠʪʨʘʪʘʤʠ ʯʘʩʫ ʤʝʪʦʜ ʧʨʦʛʨʘʤʥʦʛʦ ʢʝʨʫʚʘʥʥʷ 

ʜʦʩʪʫʧʦʤ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ ʜʦ ʩʫʧʫʪʥʠʢʦʚʦʾ ʤʝʨʝʞʽ ʟʚôʷʟʢʫ, ʧʦʙʫʜʦʚʘʥʦʾ ʥʘ 

ʦʩʥʦʚʽ ʜʝʢʽʣʴʢʦʭ ʩʫʟʽʨôʾʚ ɺʦʣʢʝʨʘ. ʂʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ ʩʪʘʙʽʣʴʥʦ ʦʨʽʻʥʪʦʚʘʥʠʡ 

ʚʽʜʥʦʩʥʦ ʦʩʝʡ ʙʘʨʠʮʝʥʪʨʠʯʥʦʾ ʦʨʙʽʪʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ. ɺʚʘʞʘʻʪʴʩʷ, ʱʦ 

ʜʦʩʪʫʧʫ ʜʦ ʤʝʨʝʞʽ ʟʚôʷʟʢʫ ʢʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ ʟʜʽʡʩʥʶʻ ʯʝʨʝʟ ʦʜʥʝ ʟʘʟʜʘʣʝʛʽʜʴ 

ʚʠʟʥʘʯʝʥʝ ʩʫʟʽʨôʷ ɺʦʣʢʝʨʘ ʩʫʧʫʪʥʠʢʦʚʦʾ ʤʝʨʝʞʽ. ʆʙʣʘʩʪʴ ʤʦʞʣʠʚʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠʩʪʨʦʶ ʟʚôʷʟʢʫ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ ʤʘʻ ʢʦʥʫʩʦʧʦʜʽʙʥʫ ʬʦʨʤʫ 

[4-7]. ɺ ʜʘʥʽʡ ʟʘʜʘʯʽ ʧʨʠʡʥʷʪʦ, ʱʦ  ʫ ʚʽʜʧʦʚʽʜʥʠʭ ʢʦʥʫʩʦʧʦʜʽʙʥʠʭ  ʟʦʥ  

ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ  ʤʝʨʝʞʽ  ʪʘ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ, ʱʦ ʧʨʠʻʜʥʫʻʪʴʩʷ ʜʦ 

ʤʝʨʝʞʽ, ʦʩʽ ʩʠʤʝʪʨʽʾ ʩʧʽʚʧʘʜʘʶʪʴ ʟ ʨʘʜʽʘʣʴʥʠʤ ʥʘʧʨʷʤʢʦʤ. ʄʝʪʦʜ ʥʝ ʧʦʪʨʝʙʫʻ 

ʤʦʜʝʣʶʚʘʥʥʷ ʨʫʭʫ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʩʫʧʫʪʥʠʢʦʚʦʾ ʤʝʨʝʞʽ ʫ ʙʘʨʠʮʝʥʪʨʠʯʥʽʡ 

ʦʨʙʽʪʘʣʴʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ, ʷʢʠʡ ʟ ʥʝʶ ʚʟʘʻʤʦʜʽʻ. ʅʘ 

ʛʝʦʮʝʥʪʨʠʯʥʽʡ ʩʬʝʨʽ ʟ ʨʘʜʽʫʩʦʤ ʢʦʣʦʚʠʭ ʦʨʙʽʪ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʚʽʜʧʦʚʽʜʥʦʛʦ 
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ʩʫʟʽʨôʷ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʧʨʦʝʢʮʽʷ ʦʨʙʽʪʠ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʘ, ʱʦ ʧʨʠʻʜʥʫʻʪʴʩʷ ʜʦ 

ʤʝʨʝʞʽ (ʦʨʙʽʪʘ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʘ-ʢʦʨʠʩʪʫʚʘʯʘ ʨʦʟʪʘʰʦʚʘʥʘ ʥʠʞʯʝ ʘʙʦ ʚʠʱʝ 

ʦʨʙʽʪ ʩʫʧʫʪʥʠʢʦʚʦʾ ʩʠʩʪʝʤʠ). ɼʣʷ ʢʦʞʥʦʾ ʥʦʤʽʥʘʣʴʥʦʾ ʦʨʙʽʪʠ  ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʩʫʟʽʨôʷ ɺʦʣʢʝʨʘ  ʽ  ʥʘ  ʦʨʙʽʪʽ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʫ-ʢʦʨʠʩʪʫʚʘʯʘ ʟʥʘʭʦʜʷʪʴʩʷ 

ʦʙʤʝʞʝʥʽ ʚʠʟʥʘʯʝʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʘʨʛʫʤʝʥʪʫ ʰʠʨʦʪʠ ʜʽʣʷʥʢʠ, ʥʘ ʷʢʠʭ 

ʤʦʞʣʠʚʘ ʨʝʘʣʽʟʘʮʽʷ ʟʚôʷʟʢʫ ʤʽʞ ʢʦʩʤʽʯʥʠʤʠ ʘʧʘʨʘʪʘʤʠ ʥʘ ʮʽʡ ʦʨʙʽʪʽ ʽ 

ʢʦʩʤʽʯʥʠʤ ʘʧʘʨʘʪʦʤ, ʱʦ ʧʨʠʻʜʥʫʻʪʴʩʷ ʜʦ ʤʝʨʝʞʽ. ʇʦʪʽʤ ʥʘ ʦʩʥʦʚʽ ʽʥʪʝʨʚʘʣʽʚ 
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Cʀʉʊɽʄɸ ɽʅɽʈʆɻʆɿɸɹɽɿʇɽʏɽʅʅʗ ʄɯʉʗʏʅʆɰ ɹɸɿʀ ʅɸ ʆʉʅʆɺɯ 

ʌʆʊʆɽʃɽʂʊʈʀʏʅʆɰ ɻɽʅɽʈɸʎɯɰ ʊɸ ʅɸʂʆʇʀʏʋɺɸʏɯɺ ɽʅɽʈɻɯɰ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʧʨʦʙʣʝʤʫ ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ ʩʧʦʞʠʚʘʯʽʚ ʥʘ 

ʤʽʩʷʯʥʽʡ ʙʘʟʽ ʪʘ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʤʙʽʥʦʚʘʥʫ ʩʠʩʪʝʤʫ ʞʠʚʣʝʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʤʦʜʫʣʽʚ ʽ ʭʽʤʽʯʥʠʭ ʥʘʢʦʧʠʯʫʚʘʯʽʚ ʝʥʝʨʛʽʾ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʦʩʦʙʣʠʚʦʩʪʽ ʨʦʙʦʪʠ ʪʘʢʦʾ ʩʠʩʪʝʤʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʨʠʚʘʣʠʭ ʩʚʽʪʣʦʾ ʪʘ ʪʝʤʥʦʾ 

ʬʘʟ ʤʽʩʷʯʥʦʾ ʜʦʙʠ. ɼʦʩʣʽʜʞʝʥʦ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʣʽʪʽʻʚʠʭ 

ʘʢʫʤʫʣʷʪʦʨʽʚ ʽ ʧʘʣʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ʟ ʧʨʦʪʦʥʥʦ-ʦʙʤʽʥʥʦʶ ʤʝʤʙʨʘʥʦʶ, ʱʦ 

ʧʨʘʮʶʶʪʴ ʥʘ ʚʦʜʥʽ ʪʘ ʢʠʩʥʽ, ʦʪʨʠʤʘʥʠʭ ʽʟ ʨʝʛʦʣʽʪʫ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʧʽʜʚʠʱʫʻ ʝʥʝʨʛʝʪʠʯʥʫ ʘʚʪʦʥʦʤʥʽʩʪʴ ʙʘʟʠ ʪʘ ʟʤʝʥʰʫʻ 

ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʧʦʩʪʘʯʘʥʥʷ ʨʝʩʫʨʩʽʚ ʽʟ ɿʝʤʣʽ.  
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ENERGY SUPPLY SYSTEM FOR A LUNAR BASE BASED ON 

PHOTOVOLTAIC POWER GENERATION AND ENERGY STORAGE 

SYSTEMS 

Annotation. This paper examines the problem of power supply for consumers on 

the Moon and proposes a combined power system based on photovoltaic modules 

and chemical energy storage systems. The operational characteristics of such a 

system are analyzed, taking into account the extended light and dark phases of the 

lunar day. The possibility of using lithium batteries and proton-exchange membrane 

fuel cells operating on hydrogen and oxygen obtained from regolith is investigated. 

It is shown that the proposed approach increases the energy autonomy of the base 

and reduces dependence on resource supplies from Earth.  

Keywords: lunar base; photovoltaic modules; energy storage systems; fuel cells. 

 

ʈʦʟʛʣʷʥʫʪʦ ʧʨʦʙʣʝʤʠ ʟʘʙʝʟʧʝʯʝʥʥʷ ʞʠʚʣʝʥʥʷ ʩʧʦʞʠʚʘʯʽʚ ʥʘ ʤʽʩʷʯʥʽʡ 

ʙʘʟʽ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʢʦʤʙʽʥʦʚʘʥʫ ʩʠʩʪʝʤʫ 

ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ, ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ ʤʦʜʫʣʽʚ (ʌɽʄ) ʫ 

ʧʦʻʜʥʘʥʥʽ ʟ ʭʽʤʽʯʥʠʤʠ ʥʘʢʦʧʠʯʫʚʘʯʘʤʠ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʧʝʨʝʚʘʛʠ ʪʘʢʦʛʦ 

ʨʽʰʝʥʥʷ, ʟʦʢʨʝʤʘ ʟʥʠʞʝʥʥʷ ʚʠʤʦʛ ʧʦ ʟʘʙʝʟʧʝʯʝʥʥʶ ʙʝʟʧʝʢʠ ʜʦʩʪʘʚʢʠ ʥʘ 

ʄʽʩʷʮʴ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʷʜʝʨʥʠʤʠ ʨʝʘʢʪʦʨʘʤʠ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʣʦʢʘʣʽʟʘʮʽʾ 

ʚʠʨʦʙʥʠʮʪʚʘ ʪʘʢʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ ʥʘ ʤʽʩʮʽ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ, ʱʦ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʙʽʣʴʥʦʛʦ ʝʥʝʨʛʦʞʠʚʣʝʥʥʷ 

ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʘʪʠ ʜʦʩʪʘʪʥʶ ʢʽʣʴʢʽʩʪʴ ʌɽʄ [1] ʫ ʧʦʻʜʥʘʥʥʽ ʟ 

ʥʘʢʦʧʠʯʫʚʘʯʘʤʠ. ʆʩʢʽʣʴʢʠ ʬʘʟʘ ʄʽʩʷʮʷ ʧʨʦʪʷʛʦʤ ʷʢʦʾ ʡʦʛʦ ʧʦʚʝʨʭʥʷ 

ʟʥʘʭʦʜʠʪʴʩʷ ʧʽʜ ʚʧʣʠʚʦʤ ʩʦʥʷʯʥʦʛʦ ʦʧʨʦʤʽʥʶʚʘʥʥʷ ʜʦʨʽʚʥʶʻ ʧʨʠʙʣʠʟʥʦ 14 

ʟʝʤʥʠʭ ʜʽʙ ʚʩʪʘʥʦʚʣʝʥʘ ʩʪʘʥʮʽʷ ʌɽʄ ʤʘʻ ʚʠʩʪʫʧʠʪʠ ʜʞʝʨʝʣʦʤ ʝʥʝʨʛʽʾ ʜʣʷ 

ʤʽʩʷʯʥʦʾ ʙʘʟʠ ʪʘ ʤʘʪʠ ʜʦʩʪʘʪʥʶ ʟʘʣʠʰʢʦʚʫ ʧʦʪʫʞʥʽʩʪʴ ʜʣʷ ʟʘʨʷʜʞʘʥʥʷ 

ʥʘʢʦʧʠʯʫʚʘʯʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʚʘʪʠʤʫʪʴ ʝʥʝʨʛʦʧʦʩʪʘʯʘʥʥʷ ʚ ʪʝʤʥʫ ʬʘʟʫ ʄʽʩʷʮʷ.  

ɺ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ ʚʟʘʻʤʦʜʦʧʦʚʥʶʶʯʠʡ ʘʥʘʣʽʟ ʽʩʥʫʶʯʠʭ ʪʠʧʽʚ 

ʥʘʢʦʧʠʯʫʚʘʯʽʚ, ʪʘʢʠʭ ʷʢ ʨʽʟʥʽ ʤʦʜʠʬʽʢʘʮʽʾ ʣʽʪʽʻʚʠʭ ʙʘʪʘʨʝʡ [2]. ʊʘʢʦʞ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʣʝʢʪʨʦʣʽʟʥʦʾ ʫʩʪʘʥʦʚʢʠ, ʷʢʘ ʙʫʜʝ ʜʠʩʦʮʽʶʚʘʪʠ 

ʨʝʛʦʣʽʪ ʟ ʤʝʪʦʶ ʦʪʨʠʤʘʥʥʷ ʚʦʜʥʶ ʪʘ ʢʠʩʥʶ.[3] ʋ ʨʘʟʽ ʚʽʜʩʫʪʥʦʩʪʽ  ʛʝʥʝʨʘʮʽʾ ʚʽʜ 

ʌɽʇ ʪʘ ʥʝʜʦʩʪʘʪʥʴʦʾ ʻʤʥʦʩʪʽ ʙʘʪʘʨʝʡʥʠʭ ʥʘʢʦʧʠʯʫʚʘʯʽʚ, ʧʨʦʧʦʥʫʻʪʴʩʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʪʨʠʤʘʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʚʦʜʥʶ ʪʘ ʢʠʩʥʶ, ʫ ʧʘʣʠʚʥʦʤʫ ʝʣʝʤʝʥʪʽ 

ʟ ʧʨʦʪʦʥʥʦ-ʦʙʤʽʥʥʦʶ ʤʝʤʙʨʘʥʦʶ (PEM) ʜʣʷ ʛʝʥʝʨʘʮʽʾ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ.[4]. 

ʈʦʟʛʣʷʥʫʪʘ ʩʠʩʪʝʤʘ ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ ʤʽʩʷʯʥʦʾ ʙʘʟʠ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ 

ʥʘʧʨʷʤʦʤ ʨʦʟʚʠʪʢʫ ʢʦʩʤʽʯʥʦʾ ʝʥʝʨʛʝʪʠʢʠ. ɿʘʚʜʷʢʠ ʩʚʦʾʡ ʝʢʦʥʦʤʽʯʥʦʩʪʽ ʚʦʥʘ 

ʧʽʜʚʠʱʫʻ ʧʨʠʚʘʙʣʠʚʽʩʪʴ ʜʦʚʛʦʪʨʠʚʘʣʠʭ ʤʽʩʽʡ. ɿ ʦʛʣʷʜʫ ʥʘ ʤʦʞʣʠʚʽʩʪʴ 

ʦʪʨʠʤʘʥʥʷ ʙʽʣʴʰʦʩʪʽ ʨʝʩʫʨʩʽʚ, ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʨʦʟʰʠʨʝʥʥʷ ʛʝʥʝʨʫʶʯʠʭ 

ʧʦʪʫʞʥʦʩʪʝʡ, ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʤʽʩʮʽ, ʚʽʜʢʨʠʚʘʶʪʴʩʷ ʰʠʨʦʢʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ 

ʟʤʝʥʰʝʥʥʷ ʚʠʪʨʘʪ ʥʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʩʪʘʥʮʽʾ ʙʝʟ ʜʦʜʘʪʢʦʚʦʾ 

ʧʽʜʪʨʠʤʢʠ ʽʟ ɿʝʤʣʽ. 
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PROMISING METHODS OF EXTRACTING FERRUM REGOLITH ON 

THE MOON  

Abstract. The paper examines promising methods for iron extraction from lunar 

regolith in the context of extraterrestrial infrastructure development and ISRU 

technologies. The study analyzes magnetic separation, hydrogen and carbothermal 
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reduction, molten regolith electrolysis, and solar-plasma technologies. Special 

attention is given to their technological feasibility, energy efficiency, and integration 

into autonomous production systems for future lunar bases. 

Keywords. lunar regolith, iron extraction, ISRU, hydrogen reduction, molten 

regolith electrolysis, lunar infrastructure, space technologies. 

 

ʆʩʚʦʻʥʥʷ ʄʽʩʷʮʷ ʷʢ ʝʪʘʧʫ ʜʦʚʛʦʪʨʠʚʘʣʦʾ ʢʦʩʤʽʯʥʦʾ ʝʢʩʧʘʥʩʽʾ ʣʶʜʩʪʚʘ 

ʘʢʪʫʘʣʽʟʫʻ ʧʠʪʘʥʥʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʽʩʮʝʚʠʭ ʨʝʩʫʨʩʽʚ (ISRU ð In-Situ Resource 

Utilization). ʆʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʤʽʩʷʯʥʦʛʦ ʨʝʛʦʣʽʪʫ ʻ ʟʘʣʽʟʦ, ʷʢʝ 

ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, 

ʝʣʝʤʝʥʪʽʚ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ, ʟʘʭʠʩʥʠʭ ʦʙʦʣʦʥʦʢ ʪʘ ʜʝʪʘʣʝʡ ʤʝʭʘʥʽʟʤʽʚ. 

ʇʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʜʦʙʫʪʢʫ ʟʘʣʽʟʘ ʟʫʤʦʚʣʝʥʘ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ ʟʘʣʽʟʦʚʤʽʩʥʠʭ 

ʤʽʥʝʨʘʣʽʚ (ʽʣʴʤʝʥʽʪ, ʧʽʨʦʢʩʝʥʠ, ʦʣʽʚʽʥ) ʪʘ ʥʘʷʚʥʽʩʪʶ ʤʝʪʘʣʝʚʦʛʦ ʟʘʣʽʟʘ ʚ 

ʘʛʣʶʪʠʥʘʪʘʭ, ʦʩʦʙʣʠʚʦ ʚ ʙʘʟʘʣʴʪʦʚʠʭ ʨʘʡʦʥʘʭ ʤʽʩʷʯʥʠʭ ʤʦʨʽʚ. ʉʫʯʘʩʥʽ 

ʢʦʩʤʽʯʥʽ ʧʨʦʛʨʘʤʠ, ʟʦʢʨʝʤʘ ʽʥʽʮʽʘʪʠʚʠ NASA ʫ ʤʝʞʘʭ ʧʨʦʛʨʘʤʠ Artemis ʪʘ 

ʜʦʩʣʽʜʞʝʥʥʷ ESA, ʧʝʨʝʜʙʘʯʘʶʪʴ ʩʪʚʦʨʝʥʥʷ ʤʽʩʷʯʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʟ 

ʤʘʢʩʠʤʘʣʴʥʠʤ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʣʦʢʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ 

ʨʦʟʨʦʙʢʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦ ʥʘʜʽʡʥʠʭ ʤʝʪʦʜʽʚ ʚʠʣʫʯʝʥʥʷ 

ʟʘʣʽʟʘ ʻ ʩʪʨʘʪʝʛʽʯʥʦ ʚʘʞʣʠʚʦʶ. 

1. ʄʘʛʥʽʪʥʘ ʩʝʧʘʨʘʮʽʷ. ʄʘʛʥʽʪʥʘ ʩʝʧʘʨʘʮʽʷ ʻ ʦʜʥʠʤ ʽʟ ʥʘʡʧʨʦʩʪʽʰʠʭ 

ʩʧʦʩʦʙʽʚ ʧʝʨʚʠʥʥʦʛʦ ʚʠʣʫʯʝʥʥʷ ʤʝʪʘʣʝʚʦʛʦ ʟʘʣʽʟʘ ʟ ʨʝʛʦʣʽʪʫ. ʏʘʩʪʠʥʘ 

ʤʽʩʷʯʥʦʛʦ ʧʠʣʫ ʤʽʩʪʠʪʴ ʬʝʨʦʤʘʛʥʽʪʥʽ ʯʘʩʪʠʥʢʠ, ʱʦ ʤʦʞʫʪʴ ʙʫʪʠ ʚʽʜʦʢʨʝʤʣʝʥʽ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʩʠʩʪʝʤ ʙʝʟ ʩʢʣʘʜʥʦʾ ʭʽʤʽʯʥʦʾ ʦʙʨʦʙʢʠ. ʄʝʪʦʜ 

ʚʽʜʟʥʘʯʘʻʪʴʩʷ ʥʠʟʴʢʠʤ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷʤ, ʪʝʭʥʦʣʦʛʽʯʥʦʶ ʧʨʦʩʪʦʪʦʶ ʪʘ 

ʤʦʞʣʠʚʽʩʪʶ ʧʦʚʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʫ ʚ ʫʤʦʚʘʭ ʨʦʙʦʪʠʟʦʚʘʥʠʭ 

ʢʦʤʧʣʝʢʩʽʚ. ɺʦʜʥʦʯʘʩ ʚʽʥ ʜʦʟʚʦʣʷʻ ʚʠʣʫʯʠʪʠ ʣʠʰʝ ʦʙʤʝʞʝʥʫ ʯʘʩʪʠʥʫ ʟʘʣʽʟʘ, 

ʦʩʢʽʣʴʢʠ ʙʽʣʴʰʽʩʪʴ ʡʦʛʦ ʧʝʨʝʙʫʚʘʻ ʫ ʚʠʛʣʷʜʽ ʦʢʩʠʜʽʚ ʫ ʤʽʥʝʨʘʣʴʥʽʡ ʩʪʨʫʢʪʫʨʽ, 

ʱʦ ʟʥʠʞʫʻ ʟʘʛʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʚʠʣʫʯʝʥʥʷ ʪʘ ʧʦʪʨʝʙʫʻ ʧʦʜʘʣʴʰʠʭ ʝʪʘʧʽʚ 

ʟʙʘʛʘʯʝʥʥʷ. 

2. ɺʦʜʥʝʚʝ ʚʽʜʥʦʚʣʝʥʥʷ ʽʣʴʤʝʥʽʪʫ. ɯʣʴʤʝʥʽʪ (FeTiOϝ) ʻ ʦʜʥʠʤ ʽʟ 
ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʭ ʤʽʥʝʨʘʣʽʚ ʫ ʙʘʟʘʣʴʪʦʚʠʭ ʨʘʡʦʥʘʭ ʤʽʩʷʯʥʠʭ ʤʦʨʽʚ. ʇʨʠ 

ʥʘʛʨʽʚʘʥʥʽ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 800ï1000ÁC ʫ ʩʝʨʝʜʦʚʠʱʽ ʚʦʜʥʶ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʭʽʤʽʯʥʘ ʨʝʘʢʮʽʷ ʚʽʜʥʦʚʣʝʥʥʷ ʟ ʫʪʚʦʨʝʥʥʷʤ ʤʝʪʘʣʝʚʦʛʦ ʟʘʣʽʟʘ ʪʘ ʚʦʜʠ. ʆʪʨʠʤʘʥʘ 

ʚʦʜʘ ʤʦʞʝ ʙʫʪʠ ʧʽʜʜʘʥʘ ʝʣʝʢʪʨʦʣʽʟʫ ʜʣʷ ʧʦʚʪʦʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʦʜʥʶ, ʱʦ 

ʩʪʚʦʨʶʻ ʟʘʤʢʥʝʥʠʡ ʮʠʢʣ ʨʝʘʛʝʥʪʽʚ ʪʘ ʧʽʜʚʠʱʫʻ ʨʝʩʫʨʩʥʫ ʘʚʪʦʥʦʤʥʽʩʪʴ 

ʩʠʩʪʝʤʠ. ɼʦʜʘʪʢʦʚʦʶ ʧʝʨʝʚʘʛʦʶ ʻ ʤʦʞʣʠʚʽʩʪʴ ʧʘʨʘʣʝʣʴʥʦʛʦ ʦʪʨʠʤʘʥʥʷ ʢʠʩʥʶ 

ð ʩʪʨʘʪʝʛʽʯʥʦʛʦ ʨʝʩʫʨʩʫ ʜʣʷ ʞʠʪʪʻʟʘʙʝʟʧʝʯʝʥʥʷ ʪʘ ʧʘʣʠʚʥʠʭ ʩʠʩʪʝʤ. ʈʘʟʦʤ ʽʟ 

ʪʠʤ ʤʝʪʦʜ ʧʦʪʨʝʙʫʻ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʩʪʘʙʽʣʴʥʦʛʦ ʜʞʝʨʝʣʘ 

ʝʥʝʨʛʽʾ (ʩʦʥʷʯʥʦʛʦ ʘʙʦ ʷʜʝʨʥʦʛʦ) ʪʘ ʩʢʣʘʜʥʠʭ ʪʝʧʣʦʽʟʦʣʷʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ 

ʫʩʢʣʘʜʥʶʻ ʨʝʘʣʽʟʘʮʽʶ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʝʪʘʧʘʭ ʢʦʣʦʥʽʟʘʮʽʾ. 

3. ʂʘʨʙʦʪʝʨʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ. ʂʘʨʙʦʪʝʨʤʽʯʥʠʡ ʤʝʪʦʜ ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʥʘʛʨʽʚʘʥʥʽ ʨʝʛʦʣʽʪʫ ʫ ʧʨʠʩʫʪʥʦʩʪʽ ʚʫʛʣʝʮʶ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʧʦʥʘʜ 1200ÁC, ʫ 

ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʦʢʩʠʜʠ ʟʘʣʽʟʘ ʚʽʜʥʦʚʣʶʶʪʴʩʷ ʜʦ ʤʝʪʘʣʝʚʦʾ ʬʦʨʤʠ. ʎʷ 

ʪʝʭʥʦʣʦʛʽʷ ʙʣʠʟʴʢʘ ʜʦ ʪʨʘʜʠʮʽʡʥʦʾ ʤʝʪʘʣʫʨʛʽʾ ɿʝʤʣʽ, ʱʦ ʩʧʨʦʱʫʻ ʾʾ ʽʥʞʝʥʝʨʥʫ 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

185 

ʘʜʘʧʪʘʮʽʶ. ʄʝʪʦʜ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ ʚʽʜʥʦʚʣʝʥʥʷ ʪʘ 

ʤʦʞʣʠʚʽʩʪʶ ʦʪʨʠʤʘʥʥʷ ʟʥʘʯʥʠʭ ʦʙʩʷʛʽʚ ʤʝʪʘʣʫ. ʆʜʥʘʢ ʦʙʤʝʞʝʥʽʩʪʴ ʚʫʛʣʝʮʶ 

ʥʘ ʄʽʩʷʮʽ ʩʪʚʦʨʶʻ ʧʨʦʙʣʝʤʫ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʽʜʥʦʚʥʠʢʘ, ʱʦ ʧʦʪʨʝʙʫʻ ʡʦʛʦ 

ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʘʙʦ ʩʠʥʪʝʟʫ ʟ ʧʨʠʚʝʟʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘ ʪʘʢʦʞ ʧʽʜʚʠʱʫʻ 

ʝʥʝʨʛʝʪʠʯʥʽ ʚʠʪʨʘʪʠ ʥʘ ʧʽʜʪʨʠʤʘʥʥʷ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. 

4. ɽʣʝʢʪʨʦʣʽʟ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʨʝʛʦʣʽʪʫ. ɽʣʝʢʪʨʦʣʽʟ ʨʦʟʧʣʘʚʣʝʥʦʛʦ 

ʨʝʛʦʣʽʪʫ ʧʝʨʝʜʙʘʯʘʻ ʥʘʛʨʽʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʧʦʥʘʜ 1500ÁC ʟ 

ʧʦʜʘʣʴʰʠʤ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʤ ʨʦʟʢʣʘʜʘʥʥʷʤ. ʋ ʧʨʦʮʝʩʽ ʥʘ ʢʘʪʦʜʽ ʦʩʘʜʞʫʻʪʴʩʷ 

ʤʝʪʘʣʝʚʝ ʟʘʣʽʟʦ, ʘ ʥʘ ʘʥʦʜʽ ʚʠʜʽʣʷʻʪʴʩʷ ʢʠʩʝʥʴ. ʄʝʪʦʜ ʧʨʠʚʘʙʣʠʚʠʡ ʪʠʤ, ʱʦ ʥʝ 

ʧʦʪʨʝʙʫʻ ʜʦʜʘʪʢʦʚʠʭ ʭʽʤʽʯʥʠʭ ʨʝʘʛʝʥʪʽʚ ʽ ʜʦʟʚʦʣʷʻ ʦʜʥʦʯʘʩʥʦ ʦʪʨʠʤʫʚʘʪʠ 

ʢʽʣʴʢʘ ʤʝʪʘʣʽʚ, ʱʦ ʤʽʩʪʷʪʴʩʷ ʚ ʨʝʛʦʣʽʪʽ. ʆʢʨʽʤ ʪʦʛʦ, ʚʠʨʦʙʥʠʮʪʚʦ ʢʠʩʥʶ ʻ 

ʩʪʨʘʪʝʛʽʯʥʦʶ ʧʝʨʝʚʘʛʦʶ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʘʚʪʦʥʦʤʥʦʩʪʽ ʙʘʟʠ.  

5. ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʦʥʮʝʥʪʨʦʚʘʥʦʾ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʽʾ ʪʘ ʧʣʘʟʤʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʡ. ɯʥʥʦʚʘʮʽʡʥʽ ʧʽʜʭʦʜʠ ʧʝʨʝʜʙʘʯʘʶʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʦʚʘʥʦʛʦ 

ʩʦʥʷʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʘʙʦ ʧʣʘʟʤʦʚʠʭ ʩʠʩʪʝʤ ʜʣʷ ʣʦʢʘʣʴʥʦʛʦ ʥʘʛʨʽʚʘʥʥʷ 

ʨʝʛʦʣʽʪʫ ʟ ʧʦʜʘʣʴʰʠʤ ʚʽʜʥʦʚʣʝʥʥʷʤ ʤʝʪʘʣʽʚ. ɺ ʫʤʦʚʘʭ ʚʽʜʩʫʪʥʦʩʪʽ ʘʪʤʦʩʬʝʨʠ 

ʥʘ ʄʽʩʷʮʽ ʩʦʥʷʯʥʘ ʝʥʝʨʛʽʷ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʟ ʚʠʩʦʢʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ, 

ʱʦ ʟʤʝʥʰʫʻ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʪʨʘʜʠʮʽʡʥʠʭ ʜʞʝʨʝʣ ʞʠʚʣʝʥʥʷ. ʊʘʢʽ ʪʝʭʥʦʣʦʛʽʾ 

ʧʦʪʝʥʮʽʡʥʦ ʜʦʟʚʦʣʷʶʪʴ ʤʽʥʽʤʽʟʫʚʘʪʠ ʤʝʭʘʥʽʯʥʽ ʚʫʟʣʠ, ʟʥʠʟʠʪʠ ʟʥʦʰʫʚʘʥʥʷ 

ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʟʘʙʝʟʧʝʯʠʪʠ ʜʠʩʪʘʥʮʽʡʥʝ ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʦʤ.  

6. ɻʽʙʨʠʜʥʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʩʠʩʪʝʤʠ. ʅʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ 

ʨʦʟʚʠʪʢʫ ʻ ʧʦʻʜʥʘʥʥʷ ʢʽʣʴʢʦʭ ʤʝʪʦʜʽʚ ʫ ʻʜʠʥʫ ʽʥʪʝʛʨʦʚʘʥʫ ʩʠʩʪʝʤʫ, ʜʝ 

ʤʘʛʥʽʪʥʘ ʩʝʧʘʨʘʮʽʷ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ ʧʦʧʝʨʝʜʥʽʡ ʝʪʘʧ ʟʙʘʛʘʯʝʥʥʷ, ʧʽʩʣʷ 

ʯʦʛʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʪʝʨʤʽʯʥʝ ʘʙʦ ʝʣʝʢʪʨʦʭʽʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ. ʊʘʢʠʡ ʧʽʜʭʽʜ 

ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʟʘʛʘʣʴʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʚʠʣʫʯʝʥʥʷ ʟʘʣʽʟʘ, ʦʧʪʠʤʽʟʫʚʘʪʠ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʪʘ ʘʜʘʧʪʫʚʘʪʠ ʧʨʦʮʝʩ ʜʦ ʨʽʟʥʠʭ ʪʠʧʽʚ ʨʝʛʦʣʽʪʫ.  

ɺʠʩʥʦʚʢʠ. ʇʝʨʩʧʝʢʪʠʚʥʽ ʤʝʪʦʜʠ ʚʠʣʫʯʝʥʥʷ ʟʘʣʽʟʘ ʟ ʤʽʩʷʯʥʦʛʦ ʨʝʛʦʣʽʪʫ 

ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʚʪʦʥʦʤʥʦʩʪʽ ʤʘʡʙʫʪʥʽʭ ʤʽʩʷʯʥʠʭ ʙʘʟ ʽ 

ʬʦʨʤʫʚʘʥʥʷ ʧʦʟʘʟʝʤʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ʅʘʡʙʽʣʴʰ ʨʝʘʣʽʩʪʠʯʥʠʤʠ ʜʣʷ 

ʧʦʯʘʪʢʦʚʠʭ ʝʪʘʧʽʚ ʦʩʚʦʻʥʥʷ ʻ ʤʘʛʥʽʪʥʘ ʩʝʧʘʨʘʮʽʷ ʪʘ ʚʦʜʥʝʚʝ ʚʽʜʥʦʚʣʝʥʥʷ 

ʽʣʴʤʝʥʽʪʫ, ʪʦʜʽ ʷʢ ʫ ʜʦʚʛʦʩʪʨʦʢʦʚʽʡ ʧʝʨʩʧʝʢʪʠʚʽ ʢʣʶʯʦʚʫ ʨʦʣʴ ʤʦʞʫʪʴ 

ʚʽʜʽʛʨʘʚʘʪʠ ʝʣʝʢʪʨʦʣʽʟ ʨʦʟʧʣʘʚʫ ʪʘ ʩʦʥʷʯʥʦ-ʧʣʘʟʤʦʚʽ ʪʝʭʥʦʣʦʛʽʾ. ʈʦʟʚʠʪʦʢ ʮʠʭ 

ʥʘʧʨʷʤʽʚ ʻ ʬʫʥʜʘʤʝʥʪʦʤ ʧʝʨʝʭʦʜʫ ʚʽʜ ʜʦʩʣʽʜʥʠʮʴʢʠʭ ʤʽʩʽʡ ʜʦ ʩʪʘʣʦʛʦ 

ʽʥʜʫʩʪʨʽʘʣʴʥʦʛʦ ʦʩʚʦʻʥʥʷ ʄʽʩʷʮʷ. 
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FEATURES OF METAL USE IN MOON BASE CONDITIONS  

Abstract. Some features of metal use on the Moon are described. The influence of 

lunar natural conditions and methods of metal product manufacturing on their use is 

shown. A comparison with metal use on Earth is made. 

Keywords. Metal products, lunar natural conditions, comparison of use. 

 

ʇʣʘʥʠ ʣʶʜʩʪʚʘ ʧʦ ʦʩʚʦʻʥʥʶ ʄʽʩʷʮʷ ʧʝʨʝʜʙʘʯʘʶʪʴ ʚ ʤʘʡʙʫʪʥʴʦʤʫ 

ʢʦʣʦʥʽʟʘʮʽʶ ʮʴʦʛʦ ʧʨʠʨʦʜʥʦʛʦ ʩʫʧʫʪʥʠʢʘ ɿʝʤʣʽ. ʆʜʥʠʤ ʟ ʧʨʦʛʦʣʦʰʝʥʠʭ 

ʥʘʧʨʷʤʽʚ ʦʩʚʦʻʥʥʷ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʽʩʮʝʚʠʭ ʨʝʩʫʨʩʽʚ, ʧʨʠʯʦʤʫ ʚʦʥʦ ʙʫʜʝ 

ʧʦʩʪʫʧʦʚʠʤ. ɺ ʩʫʯʘʩʥʠʭ ʧʨʦʻʢʪʘʭ, ʱʦ ʩʪʦʩʫʶʪʴʩʷ ʙʣʠʞʥʴʦʾ ʧʝʨʩʧʝʢʪʠʚʠ, 

ʥʘʡʯʘʩʪʽʰʝ ʡʜʝ ʤʦʚʘ ʧʨʦ ʚʦʜʷʥʠʡ ʣʽʜ (ʷʢʠʡ ʩʪʘʥʝ ʜʞʝʨʝʣʦʤ ʚʠʪʨʘʪʥʠʭ ʨʝʯʦʚʠʥ 

ï ʢʠʩʥʶ ʪʘ ʚʦʜʥʶ) ʘʙʦ ʧʨʦ ʨʝʛʦʣʽʪ (ʷʢʠʡ ʩʪʘʥʝ ʙʫʜʽʚʝʣʴʥʠʤ ʤʘʪʝʨʽʘʣʦʤ). ɼʣʷ 

ʧʦʜʘʣʴʰʠʭ ʝʪʘʧʽʚ ʢʦʣʦʥʽʟʘʮʽʾ ʚʞʝ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʧʨʦʮʝʩʠ ʚʠʜʦʙʫʪʢʫ ʟ ʨʝʛʦʣʽʪʫ 

ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʤʝʪʘʣʽʚ, ʱʦ ʩʪʘʥʫʪʴ ʩʠʨʦʚʠʥʦʶ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʥʘ ʄʽʩʷʮʽ.  

ʅʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʝʨʝʜʙʘʯʫʚʘʥʘ ʥʦʤʝʥʢʣʘʪʫʨʘ ʚʠʨʦʙʽʚ ʟ ʤʝʪʘʣʽʚ, 

ʚʠʜʦʙʫʪʠʭ ʥʘ ʄʽʩʷʮʽ, ʜʫʞʝ ʯʠʩʝʣʴʥʘ ʪʘ ʰʠʨʦʢʘ ï ʚʽʜ ʜʨʽʙʥʠʭ ʟʘʧʘʩʥʠʭ ʯʘʩʪʠʥ 

ʜʦ ʩʢʣʘʜʦʚʠʭ ʯʘʩʪʠʥ ʤʦʜʫʣʽʚ, ʟ ʷʢʠʭ ʙʫʜʫʶʪʴʩʷ ʤʽʩʷʯʥʽ ʙʘʟʠ, ʽ ʥʘʚʽʪʴ ʜʦ 

ʙʫʜʽʚʝʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ. 

ʄʘʡʞʝ ʦʙʦʚôʷʟʢʦʚʠʤ ʟʘʩʦʙʦʤ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʝʪʘʣʝʚʠʭ ʚʠʨʦʙʽʚ ʥʘ ʄʽʩʷʮʽ 

ʚʠʛʣʷʜʘʻ 3D-ʜʨʫʢ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʝʮʽʘʣʴʥʠʭ ʧʨʠʥʪʝʨʽʚ. ɹʽʣʴʰ çʢʣʘʩʠʯʥʽè 

ʟʘʩʦʙʠ ʚʠʤʘʛʘʶʪʴ ʩʫʪʦ ʟʝʤʥʠʭ ʫʤʦʚ ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʪʠʭ ʯʠ ʽʥʰʠʭ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʯʝʨʝʟ ʱʦ ʜʫʞʝ ʩʢʣʘʜʥʽ ʚ ʨʝʘʣʽʟʘʮʽʾ ʥʘ ʄʽʩʷʮʽ. ɺʠʨʦʙʠ, 

ʚʠʛʦʪʦʚʣʝʥʽ 3D-ʜʨʫʢʦʤ, ʜʠʢʪʫʚʘʪʠʤʫʪʴ ʷʢ ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʦʙôʻʢʪʽʚ, 

ʩʢʣʘʜʦʚʠʤʠ ʯʘʩʪʠʥʘʤʠ ʷʢʠʭ ʚʦʥʠ ʙʫʜʫʪʴ, ʪʘʢ ʽ ʦʩʦʙʣʠʚʦʩʪʽ ʾʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ʇʨʠ ʮʴʦʤʫ ʚʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʫʤʦʚʠ ʥʘ ʄʽʩʷʮʽ ʜʫʞʝ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ 

ʟʝʤʥʠʭ. 

ʊʘʢʠʤ ʯʠʥʦʤ ʧʦʩʪʘʥʝ ʧʠʪʘʥʥʷ ʧʨʦ ʨʽʟʥʦʙʽʯʥʝ ʧʦʨʽʚʥʷʥʥʷ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʤʝʪʘʣʽʚ ʥʘ ɿʝʤʣʽ ʪʘ ʥʘ ʄʽʩʷʮʽ, ʱʦ ʽ ʩʪʘʣʦ ʤʝʪʦʶ ʨʦʙʽʪ, ʧʨʦʚʝʜʝʥʠʭ 

ʩʧʝʮʽʘʣʽʩʪʘʤʠ ɼʇ çʂɹ çʇʽʚʜʝʥʥʝèè. 

ɺ ʜʦʧʦʚʽʜʽ ʧʦʢʘʟʘʥʦ, ʱʦ ɼʇ çʂɹ çʇʽʚʜʝʥʥʝèè ʚʝʜʝ ʜʽʷʣʴʥʽʩʪʴ, 

ʩʧʨʷʤʦʚʘʥʫ ʥʘ ʫʯʘʩʪʴ ʚ ʧʨʦʻʢʪʘʭ ʧʦ ʦʩʚʦʻʥʥʶ ʄʽʩʷʮʷ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʩʫʯʘʩʥʽ ʤʝʪʦʜʠ.  
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FEATURES OF THE LOCATION OF THE TAKEOFF AND LANDING 

PADS OF THE MOON BASE SPACEPORT, TAKING INTO ACCOUNT 

THE TERRAIN  

Abstract. The algorithm for placing takeoff and landing pads at a moon base 

spaceport is described. It shows how the location of craters on the Moon's surface is 

taken into account. Examples of pad placement options are provided. 

Keywords. 2D geometric objects, placement algorithm, takeoff and landing pads, 

moon base spaceport. 

 

ɺʠʚʯʝʥʥʷ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʄʽʩʷʮʷ ʧʝʨʝʜʙʘʯʘʻ ʚ ʤʘʡʙʫʪʥʴʦʤʫ 

ʢʦʣʦʥʽʟʘʮʽʶ ʧʨʠʨʦʜʥʦʛʦ ʩʫʧʫʪʥʠʢʘ ɿʝʤʣʽ. ʎʝʡ ʜʦʚʛʦʪʨʠʚʘʣʠʡ ʧʨʦʮʝʩ ʩʪʘʥʝ 

ʤʦʞʣʠʚʠʤ ʣʠʰʝ ʟʘ ʫʤʦʚʠ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʦʩʪʽʡʥʦʾ ʧʨʠʩʫʪʥʦʩʪʽ ʣʶʜʝʡ ʥʘ ʡʦʛʦ 

ʧʦʚʝʨʭʥʽ, ʱʦ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʧʦʪʨʝʙʫʚʘʪʠʤʝ ʧʦʙʫʜʦʚʠ ʤʽʩʷʯʥʠʭ ʙʘʟ. 

ʗʢ ʧʽʜ ʯʘʩ ʧʦʙʫʜʦʚʠ, ʪʘʢ ʽ ʧʽʜ ʯʘʩ ʩʚʦʛʦ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʤʽʩʷʯʥʘ ʙʘʟʘ 

ʙʫʜʝ ʩʧʦʣʫʯʘʪʠʩʷ ʟ ɿʝʤʣʝʶ ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʦʩʤʽʯʥʠʭ ʢʦʨʘʙʣʽʚ ʨʽʟʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ ï ʧʘʩʘʞʠʨʩʴʢʠʭ, ʪʨʘʥʩʧʦʨʪʥʠʭ ʪʘ ʽʥʰʠʭ. ʊʦʤʫ ʥʝʦʙʭʽʜʥʠʤ 

ʝʣʝʤʝʥʪʦʤ ʢʦʞʥʦʾ ʤʽʩʷʯʥʦʾ ʙʘʟʠ ʩʪʘʥʝ ʢʦʩʤʦʜʨʦʤ ï ʢʦʤʧʣʝʢʩ ʦʙôʻʢʪʽʚ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʚʘʪʠʤʝ ʝʢʩʧʣʫʘʪʘʮʽʶ ʢʦʩʤʽʯʥʠʭ ʢʦʨʘʙʣʽʚ.  

ɻʦʣʦʚʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʢʦʩʤʦʜʨʦʤʫ ʻ ʧʣʦʱʘʜʢʠ, ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ 

ʧʦʩʘʜʢʠ, ʪʠʤʯʘʩʦʚʦʛʦ ʧʝʨʝʙʫʚʘʥʥʷ ʪʘ ʟʣʴʦʪʫ ʢʦʩʤʽʯʥʠʭ ʢʦʨʘʙʣʽʚ. ʂʽʣʴʢʽʩʪʴ 

ʧʣʦʱʘʜʦʢ ʙʫʜʝ ʟʘʣʝʞʘʪʠ ʚʽʜ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʦʣʴʦʪʽʚ ʪʘ ʢʽʣʴʢʦʩʪʽ ʢʦʨʘʙʣʽʚ, ʱʦ 

ʦʜʥʦʯʘʩʥʦ ʧʝʨʝʙʫʚʘʪʠʤʫʪʴ ʥʘ ʢʦʩʤʦʜʨʦʤʽ.  

ʇʨʦʚʝʜʝʥʥʷ ʙʫʜʴ-ʷʢʠʭ ʨʦʙʽʪ ʥʘ ʄʽʩʷʮʽ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʪʠʭ, ʱʦ ʧʦʪʨʽʙʥʽ 

ʜʣʷ ʧʦʙʫʜʦʚʠ ʢʦʩʤʦʜʨʦʤʫ, ʚʠʤʘʛʘʪʠʤʝ ʪʦʯʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ, ʦʩʢʽʣʴʢʠ 

ʪʘʤʪʝʰʥʽ ʫʤʦʚʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʝʭʥʽʢʠ ʪʘ ʩʧʝʮʠʬʽʢʘ ʜʦʩʪʘʚʢʠ ʽ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʙʫʜʽʚʝʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʫʞʝ ʫʩʢʣʘʜʥʶʚʘʪʠʤʫʪʴ ʧʦʙʫʜʦʚʫ ʢʦʩʤʦʜʨʦʤʫ ʚ 

ʮʽʣʦʤʫ ʪʘ ʟʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʠʭ ʧʣʦʱʘʜʦʢ ʟʦʢʨʝʤʘ. 

ʇʨʠ ʮʴʦʤʫ ʚʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʽ ʧʣʦʱʘʜʢʠ 

ʤʘʪʠʤʫʪʴ ʮʽʣʢʦʤ ʚʠʟʥʘʯʝʥʽ ʨʦʟʤʽʨʠ ʪʘ ʬʦʨʤʠ, ʜʦ ʪʦʛʦ ʞ ʚʠʤʦʛʘʤʠ ʙʝʟʧʝʯʥʦʾ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʢʦʩʤʽʯʥʠʭ ʢʦʨʘʙʣʽʚ ʻ ʧʝʚʥʽ ʚʽʜʩʪʘʥʽ ʤʽʞ ʧʣʦʱʘʜʢʘʤʠ ʪʘ ʛʨʘʥʠʯʥʽ 

ʢʫʪʠ ʥʘʭʠʣʫ ʾʭ ʧʦʚʝʨʭʥʽ. ɿ ʦʛʣʷʜʫ ʥʘ ʮʝ ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʨʝʣʴʻʬ 

ʤʽʩʷʯʥʦʾ ʧʦʚʝʨʭʥʽ ʥʘʜʟʚʠʯʘʡʥʦ ʥʝʩʧʨʠʷʪʣʠʚʠʡ ʜʣʷ ʧʦʙʫʜʦʚʠ ʢʦʩʤʦʜʨʦʤʽʚ. ɺ 

ʧʝʨʰʫ ʯʝʨʛʫ ʟʘʚʘʞʘʪʠʤʫʪʴ ʢʨʘʪʝʨʠ, ʷʢʠʭ ʥʘ ʤʽʩʷʯʥʽʡ ʧʦʚʝʨʭʥʽ ʜʫʞʝ ʙʘʛʘʪʦ. 

ɼʽʘʤʝʪʨ ʪʘ ʛʣʠʙʠʥʘ ʜʝʷʢʠʭ ʟ ʥʠʭ, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʤʽʩʮʽ ʧʦʙʫʜʦʚʠ 

ʢʦʩʤʦʜʨʦʤʫ, ʤʦʞʫʪʴ ʚʠʷʚʠʪʠʩʷ ʥʘʩʪʽʣʴʢʠ ʚʝʣʠʢʠʤʠ, ʱʦ ʾʭ ʣʽʢʚʽʜʘʮʽʷ ʙʫʜʝ 

ʥʝʨʘʮʽʦʥʘʣʴʥʦʶ ʟ ʪʦʯʢʠ ʟʦʨʫ ʚʠʪʨʘʪ ʯʘʩʫ, ʝʥʝʨʛʽʾ ʪʘ ʨʝʩʫʨʩʫ ʽʥʞʝʥʝʨʥʦʾ 

ʪʝʭʥʽʢʠ. ʊʦʞ ʦʜʥʘ ʟ ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʟʘʜʘʯ ʧʨʠ ʧʦʙʫʜʦʚʽ ʢʦʩʤʦʜʨʦʤʫ ï 

ʟʤʝʥʰʝʥʥʷ ʦʙôʻʤʽʚ ˇʨʫʥʪʦʚʠʭ ʨʦʙʽʪ. 

ʊʘʢʠʤ ʯʠʥʦʤ ʧʦʩʪʘʥʝ ʧʠʪʘʥʥʷ ʧʨʦ ʦʧʪʠʤʽʟʘʮʽʶ ʨʦʟʤʽʱʝʥʥʷ ʟʣʽʪʥʦ-

ʧʦʩʘʜʦʯʥʠʭ ʧʣʦʱʘʜʦʢ ʩʝʨʝʜ ʢʨʘʪʝʨʽʚ ʥʘ ʤʽʩʷʯʥʽʡ ʧʦʚʝʨʭʥʽ. ʄʝʪʦʶ ʧʨʦʚʝʜʝʥʠʭ 

ʨʦʙʽʪ ʽ ʩʪʘʣʘ ʨʦʟʨʦʙʢʘ ʩʧʝʮʽʘʣʽʩʪʘʤʠ ɼʇ çʂɹ çʇʽʚʜʝʥʥʝèè ʪʘʢʦʛʦ ʘʣʛʦʨʠʪʤʫ, 

ʷʢʠʡ ʜʦʟʚʦʣʠʪʴ ʧʨʦʚʦʜʠʪʠ ʚʠʱʝʟʘʟʥʘʯʝʥʫ ʦʧʪʠʤʽʟʘʮʽʶ. 
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ʇʦʜʽʙʥʽ ʘʣʛʦʨʠʪʤʠ ʨʦʟʤʽʱʝʥʥʷ ʦʙôʻʢʪʽʚ ʜʣʷ ʫʤʦʚ, ʢʦʣʠ ʽʩʥʫʶʪʴ ʧʝʚʥʽ 

ʦʙʤʝʞʝʥʥʷ, ʩʪʚʦʨʶʶʪʴʩʷ ʪʘ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. 

ʅʘʧʨʠʢʣʘʜ, ʚʽʜʦʤʽ ʘʣʛʦʨʠʪʤʠ ʨʦʟʤʽʱʝʥʥʷ ʜʝʪʘʣʝʡ ʥʘ ʧʣʘʪʘʭ ʚ 

ʨʘʜʽʦʝʣʝʢʪʨʦʥʽʮʽ, ʨʦʟʤʽʱʝʥʥʷ ʤʘʣʶʥʢʽʚ ʥʘ ʪʢʘʥʠʥʘʭ ʚ ʪʝʢʩʪʠʣʴʥʽʡ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʪʦʱʦ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʚʝʜʝʥʠʭ ʨʦʙʽʪ ʙʫʣʦ: 

- ʚʠʟʥʘʯʝʥʦ ʭʘʨʘʢʪʝʨ ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʨʘʪʝʨʽʚ ʥʘ ʤʽʩʷʯʥʽʡ ʧʦʚʝʨʭʥʽ; 

- ʟôʷʩʦʚʘʥʦ ʟʘʣʝʞʥʦʩʪʽ ʢʽʣʴʢʦʩʪʽ ʢʨʘʪʝʨʽʚ ʚʽʜ ʾʭ ʨʦʟʤʽʨʽʚ; 

- ʩʬʦʨʤʦʚʘʥʦ ʛʝʦʤʝʪʨʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʠʭ ʧʣʦʱʘʜʦʢ; 

- ʩʬʦʨʤʫʣʴʦʚʘʥʦ ʚʠʤʦʛʠ ʜʦ ʨʦʟʤʽʱʝʥʥʷ ʧʣʦʱʘʜʦʢ; 

- ʨʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤ ʨʦʟʤʽʱʝʥʥʷ ʧʣʦʱʘʜʦʢ; 

- ʩʬʦʨʤʦʚʘʥʦ ʚʠʛʣʷʜ ʜʝʷʢʠʭ ʚʘʨʽʘʥʪʽʚ ʢʦʩʤʦʜʨʦʤʫ ʤʽʩʷʯʥʦʾ ʙʘʟʠ. 

 

ɺ ʜʦʧʦʚʽʜʽ ʧʦʢʘʟʘʥʦ, ʱʦ ɼʇ çʂɹ çʇʽʚʜʝʥʥʝèè ʚʝʜʝ ʜʽʷʣʴʥʽʩʪʴ, 

ʩʧʨʷʤʦʚʘʥʫ ʥʘ ʦʧʪʠʤʽʟʘʮʽʶ ʧʨʦʻʢʪʫʚʘʥʥʷ ʤʽʩʷʯʥʠʭ ʙʘʟ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʩʫʯʘʩʥʽ ʤʝʪʦʜʠ.  

ʇʦʜʘʣʴʰʽ ʝʪʘʧʠ ʨʦʙʦʪʠ ʥʘʜ ʧʨʦʻʢʪʦʤ ʤʽʩʷʯʥʦʾ ʙʘʟʠ ʪʘ ʾʾ ʢʦʩʤʦʜʨʦʤʫ 

ʤʦʞʫʪʴ ʙʫʪʠ ʧʨʦʚʝʜʝʥʽ ʥʘ ʙʽʣʴʰ ʷʢʽʩʥʦʤʫ ʨʽʚʥʽ. 
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ʍɯʄɯʏʅɯ ʇɽʈɽʊɺʆʈɽʅʅʗ ɺ ʊɽʍʅʆʃʆɻɯʗʍ ɺʀɼʆɹʋʊʂʋ 

ʈɽʉʋʈʉɯɺ ʅɸ ʄɯʉʗʎɯ 

ɸʥʦʪʘʮʽʷ. ʆʩʚʦʻʥʥ ̫ʄʽʩʷʮʷ ʧʦʪʨʝʙʫʻ ʚʠʜʦʙʫʪʢʫ ʧʨʠʨʦʜʥʠʭ ʨʝʩʫʨʩʽʚ ʥʘ ʤʽʩʮʽ. 

ʅʘʡʙʽʣʴʰ ʮʽʥʥʠʤʠ ʨʝʩʫʨʩʘʤʠ ʻ ʢʠʩʝʥʴ ʪʘ ʤʝʪʘʣʠ: ʟʘʣʽʟʦ, ʘʣʶʤʽʥʽʡ, ʪʠʪʘʥ, ʷʢʽ 

ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʣʫʯʝʥʽ ʟ ʨʝʛʦʣʽʪʫ ʚʽʜʥʦʚʣʝʥʥʷʤ ʦʢʩʠʜʽʚ. ʆʩʥʦʚʥʽ ʪʝʭʥʦʣʦʛʽʾ 

ʚʠʨʦʙʥʠʮʪʚʘ ʢʠʩʥʶ ʟ ʨʝʛʦʣʽʪʫ ʥʘ ʄʽʩʷʮʽ ʚʢʣʶʯʘʶʪʴ: ʭʽʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ 

ʽʣʴʤʝʥʽʪʫ ʪʘ ʩʠʣʽʢʘʪʽʚ, ʝʣʝʢʪʨʦʭʽʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ ʩʠʣʽʢʘʪʥʦʛʦ ʨʦʟʧʣʘʚʫ, 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʡ ʧʽʨʦʣʽʟ. ʇʨʷʤʠʡ ʝʣʝʢʪʨʦʣʽʟ ʨʦʟʧʣʘʚʫ ʨʝʛʦʣʽʪʫ ʻ 

ʥʘʡʙʽʣʴʰ ʧʨʠʚʘʙʣʠʚʦʶ ʪʝʭʥʦʣʦʛʽʶ ʦʪʨʠʤʘʥʥʷ ʢʦʨʠʩʥʠʭ ʨʝʯʦʚʠʥ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʽʪʥʽ ʥʝʨʫʡʥʽʚʥʽ ʘʥʦʜʠ ʟ ʧʦʢʨʠʪʪʷʤ ʟ ʢʦʤʧʦʟʠʮʽʡʥʦʾ 

ʢʝʨʘʤʽʢʠ ʩʠʩʪʝʤʠ ZrB2 ï MoSi2. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʭʽʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ, ʝʣʝʢʪʨʦʭʽʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ. 
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ASSESSMENT OF THE TECHNICAL CONDITION OF NODES  

Annotation. The development of the Moon requires the extraction of natural 

resources in situ. The most valuable resources are oxygen and metals: iron, 

aluminum, titanium, which can be extracted from the regolith by reducing oxides. 

The main technologies for producing oxygen from the regolith on the Moon include 

chemical reduction of ilmenite and silicates, electrochemical reduction of molten 

silicate, high-temperature pyrolysis. Direct electrolysis of the molten regolith is the 

most attractive technology for obtaining useful substances. Innovative non-
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destructive anodes with a coating of composite ceramics of the ZrB2 ï MoSi2 system 

are proposed. 

Keywords: chemical reduction, electrochemical reduction. 

 

ɺ ʦʩʪʘʥʥʽ ʨʦʢʠ ʚʩʝ ʙʽʣʴʰʝ ʫʚʘʛʠ ʧʨʠʜʽʣʷʻʪʴʩʷ ʦʩʚʦʻʥʥʶ ʄʽʩʷʮʷ. ɼʣʷ 

ʜʦʩʷʛʥʝʥʥʷ ʮʽʻʾ ʤʝʪʠ ʚʘʞʣʠʚʦ ʦʨʛʘʥʽʟʫʚʘʪʠ ʪʘʤ ʚʠʜʦʙʫʪʦʢ ʚʣʘʩʥʠʭ ʧʨʠʨʦʜʥʠʭ 

ʨʝʩʫʨʩʽʚ. ɺʠʭʽʜʥʦʶ ʩʠʨʦʚʠʥʦʶ ʥʘ ʄʽʩʷʮ ̔ʻ ʤʽʩʮʝʚʠʡ ˇʨʫʥʪ ï ʨʝʛʦʣʽʪ, ʷʢʠʡ 

ʚʤʽʱʫʻ ʨʝʯʦʚʠʥʠ ʚ ʦʢʠʩʣʝʥʦʤʫ ʩʪʘʥʽ ʽ ʤʽʩʪʠʪʴ ʙʽʣʴʰʝ 40% ʢʠʩʥʶ, ʨʽʟʥʦʤʘʥʽʪʥʽ 

ʤʝʪʘʣʠ, ʣʝʪʢʽ ʨʝʯʦʚʠʥʠ [1]. ʂʠʩʝʥʴ ʻ ʥʘʡʙʽʣʴʰ ʮʽʥʠʤ ʨʝʩʫʨʩʦʤ, ʥʝʦʙʭʽʜʥʠʤ ʜʣʷ 

ʧʽʜʪʨʠʤʢʠ ʞʠʪʪʷ ʣʶʜʠʥʠ ʪʘ ʷʢ ʚʘʞʣʠʚʠʡ ʢʦʤʧʦʥʝʥʪ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ. ʊʘʢʦʞ 

ʟʥʘʯʥʠʡ ʽʥʪʝʨʝʩ ʤʘʶʪʴ ʤʝʪʘʣʠ: ʟʘʣʽʟʦ, ʘʣʶʤʽʥʽʡ, ʪʠʪʘʥ, ʷʢʽ ʻ ʛʦʣʦʚʥʠʤʠ 

ʢʦʥʩʪʨʫʢʮʽʡʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʡ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʣʫʯʝʥʽ ʚʽʜʥʦʚʣʝʥʥʷʤ ʦʢʩʠʜʽʚ 

ɼʣʷ ʚʠʣʫʯʝʥʥʷ ʢʠʩʥʶ ʪʘ ʢʦʨʠʩʥʠʭ ʤʝʪʘʣʽʚ ʟ ʨʝʛʦʣʽʪʫ ʥʝʦʙʭʽʜʥʦ 

ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʭʽʤʽʯʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʷʢʽ ʜʦʟʚʦʣʷʪʴ ʚʽʜʥʦʚʠʪʠ ʤʝʪʘʣʠ ʟ ʦʢʩʠʜʽʚ 

ʽ ʦʪʨʠʤʘʪʠ ʛʘʟʦʧʦʜʽʙʥʠʡ ʢʠʩʝʥʴ. ʊʝʭʥʦʣʦʛʽʾ ʚʠʨʦʙʥʠʮʪʚʘ ʢʠʩʥʶ ʟ ʨʝʛʦʣʽʪʫ ʥʘ 

ʄʽʩʷʮʽ ʚʢʣʶʯʘʶʪʴ: 

ʍ̔ ʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ ʽʣʴʤʝʥʽʪʫ (FeTiO3). 

ʍʽʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ ʽʣʴʤʝʥʽʪʫ ʤʦʞʝ ʙʫʪʠ ʟʜʽʡʩʥʝʥʦ: ʚʦʜʥʝʤ ʟ ʧʦʜʘʣʴʰʠʤ 

ʝʣʝʢʪʨʦʣʽʟʦʤ ʚʦʜʠ:  

ɺʽʜʥʦʚʣʝʥʥʷ:  FeTiO3 +H2 Ÿ Fe+TiO2 +H2O 

ʈʦʟʱʝʧʣʝʥʥʷ ʚʦʜʠ:  2H2O Ÿ 2H2 + O2. 

ʏʠʩʪʘ ʨʝʘʢʮʽʷ:  2FeTiO3 Ÿ 2Fe+2TiO2 + O2 

ʈʝʘʢʮʽʶ ʥʝʦʙʭʽʜʥʦ ʧʨʦʚʦʜʠʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʠʱʝ ~700ÁC, ʘʣʝ ʥʠʞʯʝ 

1050ÁC, ʱʦʙ ʫʥʠʢʥʫʪʠ ʩʧʽʢʘʥʥʷ ʽʣʴʤʝʥʽʪʫ. 

ʂʘʨʙʦʪʝʨʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʤʝʪʘʥʦʤ, ʚʫʛʣʝʮʝʤ ʘʙʦ 

ʦʢʩʠʜʦʤ ʚʫʛʣʝʮʶ ʉʆ. ʇʨʦʜʫʢʪʦʤ ʚʽʜʥʦʚʣʝʥʥʷ CO ʚ ʽʣʴʤʝʥʽʪʽ (FeTiO3) ʻ 

ʚʫʛʣʝʢʠʩʣʠʡ ʛʘʟ (CO2), ʷʢʠʡ ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʜʦ CO ʪʘ ʢʠʩʥʶ. CO ʨʝʮʠʨʢʫʣʶʻ, 

ʘ ʢʠʩʝʥʴ ʟʙʝʨʽʛʘʻʪʴʩʷ. [2]. 

ʍʽʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ ʩʠʣʽʢʘʪʽʚ (CaAl 2Si2ʆ8) ʟʜʽʡʩʥʶʶʪʴ ʚʫʛʣʝʮʝʤ ʟ 

ʭʣʦʨʦʤ, ʘʣʶʤʽʥʽʻʤ ʘʙʦ ʤʝʪʘʥʦʤ. 

ɽʣʝʢʪʨʦʭʽʤʽʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ ʩʠʣʽʢʘʪʥʦʛʦ ʨʦʟʧʣʘʚʫ. 

ɺʠʪʷʛʫʚʘʪʠ ʢʠʩʝʥʴ ʟ ʤʽʩʷʯʥʦʛʦ ˇʨʫʥʪʫ ʤʦʞʣʠʚʦ ʝʣʝʢʪʨʦʣʽʟʦʤ, ʱʦ ʜʘʻ 

ʢʠʩʝʥʴ ʽ ʥʠʟʢʫ ʤʝʪʘʣʽʚ: 

ʂʘʪʦʜ: ʄʝʆʭ + 2ʭʝ- Ÿ ʭʆ2, 

ɸʥʦʜ: 2ʆ2- Ÿ 2ʆ2 + 4ʝ-.  

ʅʘʡʙʽʣʴʰ ʧʨʠʚʘʙʣʠʚʠʡ ʧʨʷʤʠʡ ʝʣʝʢʪʨʦʣʽʟ ʨʝʛʦʣʽʪʫ, ʷʢʠʡ ʥʝ ʚʠʤʘʛʘʻ 

ʧʦʩʪʘʯʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʟ ɿʝʤʣʽ ʪʘ ʻ ʧʨʦʩʪʠʤ ʧʨʦʮʝʩʦʤ. ɺ̔ ʥ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ  

ʝʢʩʪʨʝʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ, ʱʦ ʩʢʣʘʜʘʻ ʙʽʣʴʰ ʥʽʞ 1600 Áʉ, ʪʦʤʫ ʧʦʪʨʽʙʥʝ 

ʟʥʘʯʥʝ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʝʣʝʢʪʨʦʜʽʚ ʽ ʟʘʭʠʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘ ʪʘʢʦʞ 

ʬʣʶʩʽʚ ʜʣʷ ʚʽʜʧʦʚʽʜʥʠʭ ʧʨʦʮʝʩʽʚ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʨʦʟʧʣʘʚʣʝʥʠʭ ʬʪʦʨʠʩʪʠʭ ʩʦʣʝʡ ʘʙʦ ʩʦʣʽ CaCl2 ʷʢ ʬʣʶʩʘ 

ʜʣʷ ʨʦʟʯʠʥʝʥʥʷ ʤʽʩʷʯʥʦʛʦ ʨʝʛʦʣʽʪʫ ʜʦʟʚʦʣʷʶʪʴ ʚʝʩʪʠ ʝʣʝʢʪʨʦʣʽʟ ʟʘ ʪʝʤʧʝʨʘʪʫʨ 

950ï1250 ÁC.  
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ɺʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʡ ʧʽʨʦʣʽʟ. 

ɺʠʨʦʙʥʠʮʪʚʦ ʢʠʩʥʶ ʚʘʢʫʫʤʥʠʤ ʧʽʨʦʣʽʟʦʤ ʨʝʛʦʣʽʪʫ - ʮʝ ʡʦʛʦ ʨʦʟʢʣʘʜʘʥʥʷ 

ʧʽʜ ʯʘʩ ʥʘʛʨʽʚʘʥʥʷ ʚ ʫ ʚʘʢʫʫʤʽ. ʂʦʣʠ ʤʘʪʝʨʽʘʣ ʥʘʛʨʽʚʘʻʪʴʩʷ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʠ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʧʦʯʠʥʘʻʪʴʩʷ ʜʠʩʦʮʽʘʮʽʷ ʤʦʣʝʢʫʣ ʟ ʫʪʚʦʨʝʥʥʷʤ ʤʦʥʦʦʢʩʠʜʽʚ, 

ʤʝʪʘʣʽʚ ʽ ʢʠʩʥʶ. ʋ ʨʝʘʢʮʽʾ ʥʝ ʧʦʪʨʽʙʥʽ ʚʠʪʨʘʪʥʽ ʤʘʪʝʨʽʘʣʠ ʽ ʢʘʪʘʣʽʟʘʪʦʨʠ, ʙʫʜʴ-

ʷʢʠʡ ʪʠʧ ʤʽʩʷʯʥʦʛʦ ʨʝʛʦʣʽʪʫ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʷʢ ʚʠʭʽʜʥʘ ʩʠʨʦʚʠʥʘ ʙʝʟ 

ʟʙʘʛʘʯʝʥʥʷ. [3]. ʆʜʥʘʢ ʧʽʨʦʣʽʟ ʤʘʻ ʜʫʞʝ ʚʝʣʠʢʽ ʧʦʪʨʝʙʠ ʚ ʝʥʝʨʛʽʾ, ʱʦ ʻ ʟʥʘʯʥʦʶ 

ʩʢʣʘʜʥʽʩʪʶ ʜʣʷ ʦʙʨʦʙʢʠ ʥʘ ʄʽʩʷʮʽ. ʑʦʙ ʟʨʦʙʠʪʠ ʮʝʡ ʧʨʦʮʝʩ ʟʜʽʡʩʥʝʥʥʠʤ, 

ʥʝʦʙʭʽʜʥʠʡ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʨʦʟʚʠʪʢʫ, ʱʦ ʨʦʙʠʪʴ ʜʫʞʝ 

ʤʘʣʦʡʤʦʚʽʨʥʠʤ ʨʝʘʣʽʟʘʮʽʶ ʜʝʤʦʥʩʪʨʘʮʽʾ ʧʨʦʮʝʩʫ ʥʘ ʩʴʦʛʦʜʥʽ.   
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ɺʀɿʅɸʏɽʅʅʗ ʄɸʂʉʀʄɸʃʔʅʀʍ ʂʋʊɯɺ ʅɸʍʀʃʋ ɿʃɯʊʅʆ-

ʇʆʉɸɼʆʏʅʀʍ ʇʃʆʑɸɼʆʂ ʂʆʉʄʆɼʈʆʄʋ ʄɯʉʗʏʅʆɰ ɹɸɿʀ 

ɸʥʦʪʘʮʽʷ. ʆʧʠʩʘʥʦ ʚʧʣʠʚ ʨʝʣʴʻʬʫ ʧʦʚʝʨʭʥʽ ʄʽʩʷʮʷ ʥʘ ʧʦʙʫʜʦʚʫ ʢʦʩʤʦʜʨʦʤʫ 

ʤʽʩʷʯʥʦʾ ʙʘʟʠ ʪʘ ʡʦʛʦ ʦʩʥʦʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ï ʟʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʠʭ ʧʣʦʱʘʜʦʢ. 

ʇʦʢʘʟʘʥʦ, ʚ ʷʢʠʭ ʤʝʞʘʭ ʤʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ ʚʽʜʭʠʣʝʥʥʷ ʧʦʚʝʨʭʥʽ ʧʣʦʱʘʜʦʢ ʚʽʜ 

ʛʦʨʠʟʦʥʪʫ. ʅʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ. ɿʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʘ ʧʣʦʱʘʜʢʘ, ʢʫʪ ʥʘʭʠʣʫ, ʢʦʩʤʦʜʨʦʤ ʤʽʩʷʯʥʦʾ 

ʙʘʟʠ. 
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DETERMINATION OF MAXIMUM  ANGLES OF INCLINATION OF THE 

TAKEOFF AND LANDING PADS OF THE MOON BASE SPACEPORT  

Abstract. The influence of the Moonôs surface relief on the construction of a moon 

base spaceport and its main elements ï takeoff and landing pads ï is described. The 

permissible limits for surface deviations from the horizontal plane are shown. 

Calculation results are provided. 

Keywords. Takeoff and landing pads, angle of inclination, moon base spaceport. 
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ʉʪʚʦʨʝʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʄʽʩʷʮʷ ʧʦʩʪʽʡʥʦ ʜʽʶʯʠʭ ʙʘʟ ï ʥʝʦʙʭʽʜʥʠʡ ʢʨʦʢ ʚ 

ʧʨʦʮʝʩʽ ʚʠʚʯʝʥʥʷ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʄʽʩʷʮʷ, ʷʢʠʡ ʜʦʟʚʦʣʠʪʴ ʚ ʤʘʡʙʫʪʥʴʦʤʫ  

ʟʜʽʡʩʥʠʪʠ ʢʦʣʦʥʽʟʘʮʽʶ ʧʨʠʨʦʜʥʦʛʦ ʩʫʧʫʪʥʠʢʘ ɿʝʤʣʽ. 

ʆʙʦʚôʷʟʢʦʚʦʶ ʫʤʦʚʦʶ ʷʢ ʜʣʷ ʧʦʙʫʜʦʚʠ ʤʽʩʷʯʥʠʭ ʙʘʟ, ʪʘʢ ʽ ʜʣʷ ʾʭ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʻ ʩʧʦʣʫʯʝʥʥʷ ʟ ɿʝʤʣʝʶ ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʦʩʤʽʯʥʠʭ ʢʦʨʘʙʣʽʚ 

ʨʽʟʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ. ʊʦʤʫ ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ ʙʫʜʴ-ʷʢʦʾ ʙʘʟʠ ʙʫʜʝ ʤʽʩʪʠʪʠ ʚ ʩʦʙʽ 

ʢʦʩʤʦʜʨʦʤ ï ʢʦʤʧʣʝʢʩ ʦʙôʻʢʪʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʚʘʪʠʤʝ ʝʢʩʧʣʫʘʪʘʮʽʶ ʢʦʩʤʽʯʥʠʭ 

ʢʦʨʘʙʣʽʚ. ʆʜʥʠʤʠ ʟ ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʩʤʦʜʨʦʤʫ ʙʫʜʫʪʴ ʟʣʽʪʥʦ-

ʧʦʩʘʜʦʯʥʽ ʧʣʦʱʘʜʢʠ.  

ʇʦʙʫʜʦʚʘ ʤʽʩʷʯʥʦʛʦ ʢʦʩʤʦʜʨʦʤʫ ʚʠʤʘʛʘʪʠʤʝ ʚʝʣʠʢʠʭ ʪʝʭʥʽʯʥʠʭ ʟʫʩʠʣʴ, 

ʦʩʢʽʣʴʢʠ ʩʚʦʻʨʽʜʥʽ ʧʨʠʨʦʜʥʽ ʫʤʦʚʠ ʥʘ ʄʽʩʷʮʽ ʜʫʞʝ ʥʝʩʧʨʠʷʪʣʠʚʽ ʜʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʙʫʜʽʚʝʣʴʥʠʭ ʨʦʙʽʪ. ɿ ʽʥʰʦʛʦ ʙʦʢʫ, ʥʝʦʙʭʽʜʥʦ ʟʘʙʝʟʧʝʯʠʪʠ 

ʧʨʘʚʠʣʴʥʝ ʨʦʟʤʽʱʝʥʥʷ ʟʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʠʭ ʧʣʦʱʘʜʦʢ. ʑʦʙ ʫʥʠʢʥʫʪʠ ʟʘʡʚʠʭ 

ʘʙʦ ʥʝʨʘʮʽʦʥʘʣʴʥʠʭ ʚʠʪʨʘʪ ʯʘʩʫ, ʝʥʝʨʛʽʾ ʪʘ ʨʝʩʫʨʩʫ ʽʥʞʝʥʝʨʥʦʾ ʪʝʭʥʽʢʠ, 

ʧʦʪʨʽʙʥʦ ʙʫʜʝ ʟʤʝʥʰʠʪʠ ʦʙôʻʤʠ ˇʨʫʥʪʦʚʠʭ ʨʦʙʽʪ. ʆʜʠʥ ʟ ʥʘʧʨʷʤʽʚ 

ʨʘʮʽʦʥʘʣʽʟʘʮʽʾ ï ʚʠʟʥʘʯʝʥʥʷ ʪʘʢʠʭ ʢʫʪʽʚ ʥʘʭʠʣʫ ʝʣʝʤʝʥʪʽʚ ʨʝʣʴʻʬʫ ʤʽʩʷʯʥʦʾ 

ʧʦʚʝʨʭʥʽ, ʧʨʠ ʷʢʠʭ ʤʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ ʩʪʚʦʨʝʥʥʷ ʟʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʠʭ ʧʣʦʱʘʜʦʢ 

ʙʝʟ ʧʦʧʝʨʝʜʥʴʦʛʦ ʚʠʨʽʚʥʶʚʘʥʥʷ. 

ʇʨʘʚʠʣʴʥʝ ʧʨʦʩʪʦʨʦʚʝ ʧʦʣʦʞʝʥʥʷ ʢʦʩʤʽʯʥʦʛʦ ʢʦʨʘʙʣʷ ʥʘ ʟʣʽʪʥʦ-

ʧʦʩʘʜʦʯʥʽʡ ʧʣʦʱʘʜʮʽ ʤʘʻ ʟʥʘʯʝʥʥʷ ʥʘ ʚʩʽʭ ʝʪʘʧʘʭ ʧʝʨʝʙʫʚʘʥʥʷ ï ʜʣʷ ʟʥʷʪʪʷ 

ʚʘʥʪʘʞʽʚ ʘʙʦ ʾʭ ʚʩʪʘʥʦʚʣʝʥʥʷ (ʜʦʩʪʫʧ ʜʦ ʢʦʨʘʙʣʷ, ʨʦʙʦʪʘ ʟ ʢʨʽʧʣʝʥʥʷʤʠ 

ʚʘʥʪʘʞʽʚ), ʜʣʷ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ (ʟʘʤʽʥʘ ʪʠʭ ʯʠ ʽʥʰʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ), 

ʜʣʷ ʟʘʧʨʘʚʢʠ (ʩʪʠʢʫʚʘʥʥʷ ʟʘʧʨʘʚʥʠʭ ʤʘʛʽʩʪʨʘʣʝʡ).  

ʊʘʢʠʤ ʯʠʥʦʤ ʧʦʩʪʘʥʝ ʧʠʪʘʥʥʷ ʧʨʦ ʚʠʟʥʘʯʝʥʥʷ ʛʨʘʥʠʯʥʦʛʦ ʢʫʪʘ ʥʘʭʠʣʫ 

ʟʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʠʭ ʧʣʦʱʘʜʦʢ ʥʘ ʤʽʩʷʯʥʽʡ ʧʦʚʝʨʭʥʽ. ʄʝʪʦʶ ʧʨʦʚʝʜʝʥʠʭ ʨʦʙʽʪ ʽ 

ʩʪʘʣʠ ʦʮʽʥʢʠ ʩʧʝʮʽʘʣʽʩʪʘʤʠ ɼʇ çʂɹ çʇʽʚʜʝʥʥʝèè ʧʦʚʝʜʽʥʢʠ ʢʦʩʤʽʯʥʦʛʦ 

ʢʦʨʘʙʣʷ ʧʽʜ ʯʘʩ ʧʦʩʘʜʢʠ ʚʽʜ ʤʦʤʝʥʪʫ ʢʦʥʪʘʢʪʫ ʟ ʧʦʚʝʨʭʥʝʶ ʧʣʦʱʘʜʢʠ ʜʦ 

ʧʦʚʥʦʾ ʟʫʧʠʥʢʠ ʟ ʚʠʟʥʘʯʝʥʥʷʤ ʦʩʪʘʪʦʯʥʦʛʦ ʧʨʦʩʪʦʨʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ. 

ʇʦʜʽʙʥʽ ʦʮʽʥʢʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʢʦʤʧôʶʪʝʨʥʠʭ ʧʨʦʛʨʘʤ 

ʧʨʦʚʦʜʷʪʴʩʷ ʩʧʝʮʽʘʣʽʩʪʘʤʠ ʚ ʨʽʟʥʠʭ ʢʨʘʾʥʘʭ ʩʚʽʪʫ ʷʢ ʨʝʪʨʦʩʧʝʢʪʠʚʥʦ 

(ʥʘʧʨʠʢʣʘʜ, ʥʘ ʩʫʯʘʩʥʦʤʫ ʨʽʚʥʽ ʥʘʥʦʚʦ ʦʙʯʠʩʣʝʥʦ ʚʩʽ ʝʪʘʧʠ ʘʤʝʨʠʢʘʥʩʴʢʦʾ ʤʽʩʽʾ 

Apollo-11), ʪʘʢ ʽ ʜʣʷ ʩʫʯʘʩʥʠʭ ʪʘ ʤʘʡʙʫʪʥʽʭ ʝʢʩʧʝʜʠʮʽʡ ʥʘ ʄʽʩʷʮʴ, ʘ ʪʘʢʦʞ ʤʽʩʽʡ 

ʘʚʪʦʤʘʪʠʯʥʠʭ ʤʽʞʧʣʘʥʝʪʥʠʭ ʩʪʘʥʮʽʡ ʜʦ ʟʦʚʥʽʰʥʽʭ ʧʣʘʥʝʪ (ʥʘʧʨʠʢʣʘʜ, 

ʧʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʢʠ ʧʦʩʘʜʢʠ ʥʘ ʩʫʧʫʪʥʠʢ ʉʘʪʫʨʥʫ ɽʥʮʝʣʘʜ). ɼʣʷ ʮʴʦʛʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʪʘʢʽ ʧʨʦʛʨʘʤʠ, ʷʢ Wolfram Research Mathematica, PTC 

MathCAD ʪʦʱʦ. ʆʩʦʙʣʠʚʽʩʪʶ ʮʠʭ ʧʨʦʛʨʘʤ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʥʘʧʠʩʘʥʥʷ 

ʘʣʛʦʨʠʪʤʽʚ ʨʦʟʨʘʭʫʥʢʽʚ, ʱʦ ʚʠʤʘʛʘʻ ʟʥʘʯʥʠʭ ʚʠʪʨʘʪ ʯʘʩʫ (ʭʦʯʘ ʩʘʤ ʧʨʦʮʝʩ 

ʦʙʯʠʩʣʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʦʩʪʘʪʥʴʦ ʰʚʠʜʢʦ).  

ɺ ʨʘʤʢʘʭ ʜʘʥʦʾ ʨʦʙʦʪʠ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ Ansys Mechanical Rigid Body 

Dynamics ï ʧʨʦʛʨʘʤʥʠʡ ʤʦʜʫʣʴ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʢʽʥʝʤʘʪʠʢʦ-ʜʠʥʘʤʽʯʥʦʛʦ 

ʘʥʘʣʽʟʫ ʤʝʭʘʥʽʯʥʠʭ ʩʠʩʪʝʤ. ɺʽʥ ʜʦʟʚʦʣʷʻ ʙʝʟ ʥʘʧʠʩʘʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʨʦʙʠʪʠ 

ʧʦʧʝʨʝʜʥʽ ʦʮʽʥʢʠ ʩʪʘʥʫ ʩʠʩʪʝʤ ʟ ʨʦʟʨʘʭʫʥʢʘʤʠ ʩʠʣ ʨʝʘʢʮʽʾ ʦʧʦʨ, ʰʚʠʜʢʦʩʪʝʡ 

ʪʘ ʧʨʠʩʢʦʨʝʥʴ, ʧʨʦʩʪʦʨʦʚʠʭ ʧʦʣʦʞʝʥʴ ʪʽʣ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʛʨʘʚʽʪʘʮʽʾ, ʧʨʫʞʠʥ ʪʘ 
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ʜʝʤʧʬʝʨʽʚ. ʇʨʠ ʮʴʦʤʫ ʟʘʙʝʟʧʝʯʫʶʪʴʩʷ ʨʦʟʨʘʭʫʥʢʠ ʰʘʨʥʽʨʽʚ, ʧʦʩʪʫʧʘʣʴʥʠʭ ʪʘ 

ʦʙʝʨʪʦʚʠʭ ʨʫʭʽʚ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʚʝʜʝʥʠʭ ʨʦʙʽʪ ʙʫʣʦ: 

ð ʦʙʨʘʥʦ ʪʠʧʦʚʠʡ ʢʦʩʤʽʯʥʠʡ ʢʦʨʘʙʝʣʴ ʟ ʧʦʧʝʨʝʜʥʽʭ ʨʦʟʨʦʙʦʢ ɼʇ 

çʂɹ çʇʽʚʜʝʥʥʝèè ʚ ʨʘʤʢʘʭ ʧʨʦʻʢʪʫ ʤʽʩʷʯʥʦʾ ʙʘʟʠ; 

ð ʩʬʦʨʤʦʚʘʥʦ ʛʝʦʤʝʪʨʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʣʽʪʥʦ-ʧʦʩʘʜʦʯʥʠʭ ʧʣʦʱʘʜʦʢ; 

ð ʚʠʟʥʘʯʝʥʦ ʛʨʘʥʠʯʥʽ ʪʘ ʧʦʯʘʪʢʦʚʽ ʫʤʦʚʠ, ʱʦ ʦʧʠʩʫʶʪʴ ʨʦʟʤʽʱʝʥʥʷ 
ʧʣʦʱʘʜʦʢ ʥʘ ʧʦʚʝʨʭʥʽ ʄʽʩʷʮʷ ʪʘ ʧʨʦʮʝʩ ʧʦʩʘʜʢʠ; 

ð ʧʨʦʚʝʜʝʥʦ ʦʙʯʠʩʣʝʥʥʷ ʧʨʦʮʝʩʫ ʧʦʩʘʜʢʠ ʢʦʩʤʽʯʥʦʛʦ ʢʦʨʘʙʣʷ;    

ð ʦʜʝʨʞʘʥʦ ʯʠʩʝʣʴʥʽ ʟʘʣʝʞʥʦʩʪʽ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʚʧʣʠʚ ʢʫʪʽʚ ʥʘʭʠʣʫ 
ʧʣʦʱʘʜʦʢ ʥʘ ʩʪʘʥ ʢʦʩʤʽʯʥʦʛʦ ʢʦʨʘʙʣʷ ʧʽʩʣʷ ʧʦʩʘʜʢʠ; 

ð ʩʬʦʨʤʫʣʴʦʚʘʥʦ ʚʠʩʥʦʚʢʠ ʱʦʜʦ ʛʨʘʥʠʯʥʠʭ ʢʫʪʽʚ ʥʘʭʠʣʫ ʧʣʦʱʘʜʦʢ. 

 

ʈʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʦʜʘʣʴʰʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, 

ʥʘʧʨʠʢʣʘʜ, ʥʘ ʤʽʮʥʽʩʪʴ, ʧʨʦʚʝʜʝʥʥʷ ʤʦʜʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʪʦʱʦ.  

ɺ ʜʦʧʦʚʽʜʽ ʧʦʢʘʟʘʥʦ, ʱʦ ɼʇ çʂɹ çʇʽʚʜʝʥʥʝèè ʧʨʦʻʢʪʫʻ ʝʣʝʤʝʥʪʠ ʤʽʩʷʯʥʦʾ 

ʙʘʟʠ ʪʘ ʾʾ ʢʦʩʤʦʜʨʦʤʫ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʩʫʯʘʩʥʽ ʤʝʪʦʜʠ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʾʭʥʽʭ 

ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʎʝ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʨʦʙʦʪʠ ʥʘ ʙʽʣʴʰ 

ʷʢʽʩʥʦʤʫ ʨʽʚʥʽ. 
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ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʬʦʨʤʫʣʠ, ʱʦ ʚʧʝʨʰʝ ʜʦʟʚʦʣʷʶʪʴ ʨʦʟʨʘʭʫʚʘʪʠ ʛʝʦʤʝʪʨʠʯʥʽ 

ʧʘʨʘʤʝʪʨʠ ʩʝʢʮʽʾ ʰʥʝʢʦʚʦʛʦ ʢʦʥʚʝʻʨʫ, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʦʪʫʞʥʦʩʪʽ ʪʘ 

ʝʣʝʢʪʨʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʠʛʫʥʘ, ʱʦ ʦʙʨʘʥʦ, ʪʘ ʚʠʪʨʘʪʠ ʨʝʛʦʣʽʪʫ ʜʣʷ 

ʨʽʟʥʠʭ ʚʝʣʠʯʠʥʘʭ ʩʪʫʧʝʥʷ ʥʘʧʦʚʥʝʥʦʩʪʽ ʰʥʝʢʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʄʽʩʷʮʴ, ʨʝʛʦʣʽʪ, ʰʥʝʢ, ʝʣʝʢʪʨʦʜʚʠʛʫʥ, ʚʠʪʨʘʪʘ, ʧʦʪʫʞʥʽʩʪʴ. 
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SECTIONAL SCREW CONVEYOR FOR TRANSPORTING MOON 

REGOLYTH  

ɸnnotation. The prospects of using a screw sectional conveyor for moving regolith 

from the extraction site to the processing site and sending it to Earth in the lunar 

conditions are substantiated. This conveyor consists of separate sections, consisting 

of a pipeline with a screw located in the middle. Formulas are proposed that for the 

first time allow calculating the geometric parameters of a screw conveyor section, 

depending on the power and electrical characteristics of the selected engine, and the 

regolith flow rate for different values of the degree of filling of the screw. 

Keywords: Moon, regolith, auger, electric motor, flow rate, power. 

 

ʇʨʦʧʦʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚ ʫʤʦʚʘʭ ʄʽʩʷʮʶ ʜʣʷ ʧʝʨʝʤʽʱʝʥʥʷ 

ʨʝʛʦʣʽʪʫ ʰʥʝʢʦʚʠʡ ʩʝʢʮʽʡʥʠʡ ʢʦʥʚʝʻʨ ʦʢʨʝʤʽ ʩʝʢʮʽ,ʾ ʷʢʦʛʦ ʩʢʣʘʜʘʪʁʴʩʷ ʟ 

ʪʨʫʙʦʧʨʦʚʦʜʫ ʟ ʨʦʟʪʘʰʦʚʘʥʠʤ ʚ ʩʝʨʝʜʠʥʽ ʰʥʝʢʦʤ, ʘ ʜʣʷ ʦʙʝʨʪʘʥʥʷ ʰʥʝʢʫ, 

ʢʦʞʥʘ ʩʝʢʮʽʷ ʦʩʥʘʱʝʥʘ ʜʚʦʤʘ ʘʩʠʥʭʨʦʥʥʠʤʠ ʢʦʨʦʪʢʦ ʟʘʤʢʥʫʪʠʤʠ 

ʝʣʝʢʪʨʦʜʚʠʛʫʥʘʤʠ, ʱʦ ʨʦʟʤʽʥʶʶʪʴʩʷ ʥʘ ʢʽʥʮʷʭ ʪʨʫʙʦʧʨʦʚʦʜʫ ʪʘ ʞʠʚʣʷʪʴʩʷ ʚʽʜ 

ʽʥʜʠʚʽʜʫʘʣʴʥʦʾ ʩʦʥʷʯʥʦʾ ʙʘʪʘʨʝʾ. ʊʘʢʘ ʢʦʥʩʪʨʫʢʮʽʷ ʜʦʟʚʦʣʷʻ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʤʘʣʦʛʘʙʘʨʠʪʥʽ ʜʚʠʛʫʥʠ ʥʝʚʝʣʠʢʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʪʨʘʥʩʧʦʨʪʫʚʘʪʠ ʤʽʩʷʯʥʠʡ 

ʨʝʛʦʣʽʪ ʥʘ ʟʥʘʯʥʽ ʚʽʜʩʪʘʥʽ, ʦʤʠʥʘʪʠ ʣʘʥʜʰʘʬʪʥʽ ʪʘ ʪʝʭʥʦʛʝʥʥʽ ʧʝʨʝʰʢʦʜʠ, 

ʟʤʽʥʶʚʘʪʠ ʘʨʭʽʪʝʢʪʫʨʫ ʪʨʘʥʩʧʦʨʪʥʦʾ ʤʘʛʽʩʪʨʘʣʽ. ʉʧʠʨʘʶʯʠʩʴ ʥʘ ʚʞʝ ʚʽʜʦʤʽ 

ʟʘʣʝʞʥʦʩʪʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʘʨʘʤʝʪʨʽʚ ʰʥʝʢʽʚ, ʪʘ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʤʝʭʘʥʽʢʠ ʩʠʧʢʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʡ 

ʝʣʝʢʪʨʦʜʠʥʘʤʽʢʠ ʘʩʠʥʭʨʦʥʥʠʭ ʜʚʠʛʫʥʽʚ, ʘʚʪʦʨʠ ʦʪʨʠʤʘʣʠ ʥʘʩʪʫʧʥʽ ʟʘʣʝʞʥʦʩʪʽ 

ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʦʩʥʦʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʰʥʝʢʫ ʧʨʠ 

ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʽ ʨʝʛʦʣʽʪʫ ʚ ʫʤʦʚʘʭ ʄʽʩʷʮʷ [1, 2, 4, 5] 

bRQ 25,11314,0 wh= ; yrwh cos922,1 35,1 LfRgP ¡= , 
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¡

+
--=

yrh
ww
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1564,0
8903,1

1
35,10 ; gkg g=¡ ; ( )smrr -=1 ; 

R

h0=h , 

ʜʝ Q  ï ʦʙôʻʤʥʘ ʚʠʪʨʘʪʘ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʪʨʘʥʩʧʦʨʪʫʻʪʴʩʷ, ʤ3/ʩ; 

P  ï ʧʦʪʫʞʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʛʦ ʜʚʠʛʫʥʘ, ɺʪ; R  ï ʨʘʜʽʫʩ ʣʦʧʘʪʽ ʰʥʝʢʫ, ʤ; 

b  ï ʰʘʛ ʰʥʝʢʫ, ʤ; w ï ʯʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ ʚʘʣʫ ʰʥʝʢʘ-ʪʨʘʥʩʧʦʨʪʝʨʫ, ʩ-1; 

h ï ʩʪʫʧʝʥʴ ʥʘʧʦʚʥʝʥʦʩʪʽ ʰʥʝʢʘ-ʪʨʘʥʩʧʦʨʪʝʨʫ; g¡ ï ʧʨʠʩʢʦʨʝʥʥʷ ʚʽʣʴʥʦʛʦ 

ʧʘʜʽʥʥʷ ʚ ʫʤʦʚʘʭ ʄʽʩʷʮʷ, ʤ/ʩ2; r ï ʛʫʩʪʠʥʘ ʰʘʨʫ ʤʘʪʝʨʽʘʣʫ, ʱʦ 

ʪʨʘʥʩʧʦʨʪʫʻʪʴʩʷ, ʢʛ/ʤ3; gk  ï ʢʦʝʬʽʮʽʻʥʪ ʟʤʽʥʝʥʥʷ ʧʨʠʩʢʦʨʝʥʥʷ ʚʽʣʴʥʦʛʦ 

ʧʘʜʽʥʥʷ ʚ ʫʤʦʚʘʭ ʄʽʩʷʮʷ ʫ ʧʦʨʽʚʥʷʥʥʷ ʟ ʟʝʤʥʠʤʠ ʫʤʦʚʘʤʠ, 0,1655 [3]; 
g  ï ʧʨʠʩʢʦʨʝʥʥʷ ʚʽʣʴʥʦʛʦ ʧʘʜʽʥʥʷ ʚ ʟʝʤʥʠʭ ʫʤʦʚʘʭ, ʤ/ʩ2; m  ï ʧʦʨʠʩʪʽʩʪʴ 

ʰʘʨʫ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʪʨʘʥʩʧʦʨʪʫʻʪʴʩʷ, ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 0,42 ʜʦ 0,54, ʜ. ʦʜ. [3]; 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

201 

sr ï ʛʫʩʪʠʥʘ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʪʨʘʥʩʧʦʨʪʫʻʪʴʩʷ, ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 1300 ʜʦ 

2000 ʢʛ/ʤ3 [3]; L  ï ʜʦʚʞʠʥʘ ʰʥʝʢʘ-ʪʨʘʥʩʧʦʨʪʝʨʫ, ʤ; f  ï ʫʟʘʛʘʣʴʥʝʥʠʡ 

ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʪʨʘʥʩʧʦʨʪʫʻʪʴʩʷ, ʦ ʚʥʫʪʨʽʰʥʶ ʧʦʚʝʨʭʥʶ 

ʪʨʫʙʠ; y ï ʢʫʪ ʤʽʞ ʣʦʧʘʪʪʶ ʰʥʝʢʫ ʪʘ ʚʽʩʩʶ ʾʾ ʦʙʝʨʪʘʥʥʷ, ʨʘʜ; 

0h  ï ʤʘʢʩʠʤʘʣʴʥʘ ʪʦʚʱʠʥʥʘ ʰʘʨʫ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʪʨʘʥʩʧʦʨʪʫʻʪʴʩʷ, ʤ; 

0w  ï ʯʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʩ-1; ks  ï ʢʨʠʪʠʯʥʝ ʢʦʚʟʘʥʥʷ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʜʚʠʛʫʥʘ [5]; mM  ï ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʠʡ ʤʦʤʝʥʪ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʜʚʠʛʫʥʘ, ʅĀʤ [5]. 

ʈʦʟʛʣʷʥʫʚʰʠ ʩʫʤʽʩʥʦ ʧʝʨʰʫ ʪʘ ʪʨʝʪʶ ʬʦʨʤʫʣʠ, ʘ ʧʦʪʽʤ ʜʨʫʛʫ ʪʘ ʪʨʝʪʶ 

ʬʦʨʤʫʣʠ, ʧʽʩʣʷ ʧʨʦʚʝʜʝʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʪʘ ʚʚʝʜʝʥʥʷ ʙʝʟʨʦʟʤʽʨʥʠʭ 

ʚʝʣʠʯʠʥ ʦʪʨʠʤʘʻʤʦ ʥʘʩʪʫʧʥʽ ʬʦʨʤʫʣʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʩʝʢʮʽʾ ʰʥʝʢʦʚʦʛʦ ʢʦʥʚʝʻʨʫ: 
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ʜʝ q  ï ʭʘʨʘʢʪʝʨʥʠʡ ʨʦʟʤʽʨ ʢʦʥʚʝʻʨʫ, ʤ; p  ï ʙʝʟʨʦʟʤʽʨʥʠʡ ʤʘʢʩʠʤʘʣʴʥʦ 

ʤʦʞʣʠʚʠʡ ʤʦʤʝʥʪ ʝʣʝʢʪʨʠʯʥʦʛʦ ʜʚʠʛʫʥʘ; n ï ʟʘʧʘʩ ʧʦʪʫʞʥʦʩʪʽ 

ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ. 

ʌʦʨʤʫʣʠ, ʱʦ ʥʘʚʝʜʝʥʽ, ʚʧʝʨʰʝ ʜʦʟʚʦʣʷʶʪʴ ʨʦʟʨʘʭʫʚʘʪʠ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘ-

ʨʘʤʝʪʨʠ ʩʝʢʮʽʾ ʰʥʝʢʦʚʦʛʦ ʢʦʥʚʝʻʨʫ, ʢʦʞʥʘ ʩʝʢʮʽʷ ʷʢʦʛʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʨʫʙʦʧ-

ʨʦʚʦʜʫ ʟ ʨʦʟʪʘʰʦʚʘʥʠʤ ʚ ʩʝʨʝʜʠʥʽ ʰʥʝʢʦʤ ʪʘ ʜʚʦʤʘ ʘʩʠʥʭʨʦʥʥʠʤʠ ʢʦʨʦʪʢʦ 

ʟʘʤʢʥʫʪʠʤʠ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘʤʠ, ʱʦ ʨʦʟʤʽʥʶʶʪʴʩʷ ʥʘ ʢʽʥʮʷʭ ʪʨʫʙʦʧʨʦʚʦʜʫ ʪʘ 

ʞʠʚʣʷʪʴʩʷ ʚʽʜ ʽʥʜʠʚʽʜʫʘʣʴʥʦʾ ʩʦʥʷʯʥʦʾ ʙʘʪʘʨʝʾ, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʦʪʫʞʥʦʩʪʽ ʪʘ 

ʝʣʝʢʪʨʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʠʛʫʥʘ, ʱʦ ʦʙʨʘʥʦ, ʪʘ ʚʠʪʨʘʪʠ ʨʝʛʦʣʽʪʫ ʜʣʷ ʨʽʟ-

ʥʠʭ ʚʝʣʠʯʠʥʘʭ ʩʪʫʧʝʥʷ ʥʘʧʦʚʥʝʥʦʩʪʽ ʰʥʝʢʫ. 
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ʋ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʷʭ, ʧʨʠʩʚʷʯʝʥʠʭ ʢʦʩʤʦʝʢʦʣʦʛʽʯʥʠʤ ʧʦʩʝʣʝʥʥʷʤ ʥʘ 

ʄʽʩʷʮʽ, ʄʘʨʩʽ ʪʘ ʽʥʰʠʭ ʧʣʘʥʝʪʘʭ, ʬʘʢʪʦʨ ʢʦʩʤʽʯʥʦʾ ʝʢʦʣʦʛʽʯʥʦʩʪʽ ʟ ʧʦʷʩʥʝʥʥʷʤ 

ʢʦʩʤʽʯʥʦʾ ʩʫʪʽ ʧʨʠʨʦʜʥʠʭ ʽ ʘʥʪʨʦʧʦʛʝʥʥʠʭ ʝʢʦʩʠʩʪʝʤ ʩʪʘʥʦʤ ʥʘ 2026 ʨʽʢ ʥʝ 

ʨʦʟʢʨʠʪʠʡ. ɺʚʘʞʘʻʤʦ, ʱʦ ʝʢʦʣʦʛʽʷ ʧʣʘʥʝʪ ʬʦʨʤʫʻʪʴʩʷ ʩʠʩʪʝʤʦʶ ʧʨʷʤʠʭ ʪʘ 

ʟʚʦʨʦʪʥʠʭ ʦʙʤʽʥʥʠʭ ʩʽʪʯʘʩʪʦʧʦʜʽʙʥʠʭ ʟʚ'ʷʟʢʽʚ ʧʣʘʥʝʪʠ ʟ ʙʘʛʘʪʦʚʠʤʽʨʥʠʤʠ, 

ʙʘʛʘʪʦʯʘʩʪʦʪʥʠʤʠ, ʩʠʣʦʚʠʤʠ ʤʘʪʨʠʮʷʤʠ ʢʦʩʤʦʩʫ. ɹʫʜʴ-ʷʢʽ ʧʦʩʝʣʝʥʥʷ ʥʘ 

ʽʥʰʠʭ ʧʣʘʥʝʪʘʭ, ʱʦʙ ʚʚʘʞʘʪʠʩʷ ʢʦʩʤʽʯʥʦ ʝʢʦʣʦʛʽʯʥʠʤʠ, ʟ ʧʦʟʠʮʽʾ ʤʦʨʬʦʣʦʛʽʾ, 

ʨʦʟʤʽʨʽʚ, ʧʦʣʦʞʝʥʥʷ ʚ ʧʨʦʩʪʦʨʽ, ʬʫʥʢʮʽʾ, ʟʜʘʪʥʦʩʪʽ ʧʨʠʡʤʘʪʠ, ʧʝʨʝʨʦʙʣʷʪʠ ʽ 

ʧʝʨʝʜʘʚʘʪʠ ʜʘʣʽ ʨʝʯʦʚʠʥʫ, ʝʥʝʨʛʽʶ, ʽʥʬʦʨʤʘʮʽʶ, ʘ ʪʘʢʦʞ ʽʤʧʫʣʴʩ ʤʝʪʠ, ʧʦʚʠʥʥʽ 

ʨʝʟʦʥʘʥʩʥʦ ʚʽʜʧʦʚʽʜʘʪʠ ʘʥʘʣʦʛʽʯʥʠʤ ʬʫʥʢʮʽʦʥʘʣʴʥʠʤ ʪʘ ʤʦʨʬʦʣʦʛʽʯʥʠʤ 

ʚʣʘʩʪʠʚʦʩʪʷʤ ʦʩʝʨʝʜʢʽʚ ʙʘʛʘʪʦʚʠʤʽʨʥʠʭ ʤʘʪʨʠʮʴ ɺʩʝʩʚʽʪʫ. ɽʢʦʣʦʛʽʯʥʽ 

ʧʦʩʝʣʝʥʥʷ ʥʘ ʄʽʩʷʮʽ, ʄʘʨʩʽ ʪʘ ʽʥʰʠʭ ʧʣʘʥʝʪʘʭ, ʟʘʚʜʷʢʠ ʮʴʦʤʫ ʧʨʠʥʮʠʧʫ, 

ʤʘʶʪʴ ʩʪʘʪʠ ʦʙ'ʻʢʪʠʚʥʠʤʠ ʩʠʤʙʽʦʪʠʯʥʠʤʠ ʢʦʩʤʦʧʣʘʥʝʪʘʨʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ-

ʩʠʤʙʽʦʪʘʤʠ, ʙʝʟ ʷʢʠʭ ʧʣʘʥʝʪʘ, ʫʤʦʚʥʦ ʢʘʞʫʯʠ, ʥʝ çʙʘʯʠʪʴ ʩʝʥʩʫ ʩʚʦʛʦ 

ʽʩʥʫʚʘʥʥʷ ʫ ʢʦʩʤʦʩʽè. 

ʆʜʥʘʢ ʮʝ ʥʝ ʚʩʝ: ʧʦʩʝʣʝʥʥʷ-ʩʠʤʙʽʦʪʠ ʧʦʚ'ʽʷʟʘʥʠ ʪʘʢʦʞ ʽ ʟ ʫʷʚʣʝʥʥʷʤʠ ʧʨʦ 

ʩʚ̔ ʜʦʤʽʩʪʴ [1],[2], ʧʨʦ ʢʚʘʥʪʦʚʠʡ ʩʚʽʪ ʚ ʮʽʣʦʤʫ.  

ʖʜʞʠʥ ɺʽʛʥʝʨ, ʣʘʫʨʝʘʪ ʥʦʙʝʣʽʚʩʴʢʦʾ ʧʨʝʤʽʾ ʟ ʬʽʟʠʢʠ, ʧʠʩʘʚ, ʱʦ 

ʥʝʤʦʞʣʠʚʦ ʩʬʦʨʤʫʣʶʚʘʪʠ ʟʘʢʦʥʠ ʢʚʘʥʪʦʚʦʾ ʤʝʭʘʥʽʢʠ ʚ ʣʦʛʽʯʥʦ 

ʩʬʦʨʤʫʣʴʦʚʘʥʽʡ ʬʦʨʤʽ, ʙʝʟ ʧʨʷʤʦʛʦ ʧʦʚʦʜʞʝʥʥʷ ʟʽ ʩʚʽʜʦʤʽʩʪʶ ʷʢ ʜʦ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʝʣʝʤʝʥʪʘ ʨʝʘʣʴʥʦʩʪʽ [6]. ɼʞʦʥ ʬʦʥ ʅʝʡʤʘʥ, ʚʝʣʠʢʠʡ 

ʤʘʪʝʤʘʪʠʢ ʍʍ ʩʪʦʣʽʪʪʷ, ʜʦʚʽʚ: ʩʚʽʜʦʤʽʩʪʴ ʦʙʦʚ'ʷʟʢʦʚʦ ʤʘʻ ʽʩʥʫʚʘʪʠ ʧʦʟʘ 

ʢʚʘʥʪʦʚʦʶ ʩʠʩʪʝʤʦʶ, ʱʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ, ʱʦʙ ʭʣʦʧʥʫʪʠ ʭʚʠʣʴʦʚʫ ʬʫʥʢʮʽʶ ʫ 

ʧʝʚʥʠʡ ʩʪʘʥ [7]. ʄʦʟʦʢ-ʙʽʦʣʦʛʽʯʥʠʡ ʦʨʛʘʥ, ʷʢʠʡ ʩʘʤ ʽʩʥʫʻ ʫ ʩʪʘʥʽ ʢʚʘʥʪʦʚʦʾ 

ʩʫʧʝʨʧʦʟʠʮʽʾ ʜʦʪʠ, ʜʦʢʠ ʩʚʽʜʦʤʽʩʪʴ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻ ʡʦʛʦ, ʥʝ ʩʧʣʝʩʢʫʻ ʚ 

ʢʦʥʢʨʝʪʥʠʡ ʩʪʘʥ. ʉʚʽʜʦʤʽʩʪʴ ʥʝ ʤʦʞʝ ʙʫʪʠ ʩʪʚʦʨʝʥʦ ʮʠʤ ʦʙ'ʻʢʪʦʤ, ʱʦ ʩʘʤ 

ʩʚʽʜʦʤʽʩʪʴ ʩʪʚʦʨʶʻ ʯʝʨʝʟ ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʄʘʢʩ ʇʣʘʥʢ ʚʚʘʞʘʚ ʩʚʽʜʦʤʽʩʪʴ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʤ, ʧʝʨʚʠʥʥʠʤ çʷè [5]. 

ʉʚʽʜʦʤʽʩʪʴ ʥʝ ʜʫʘʣʴʥʘ [3]. ʈʝʘʣʴʥʽʩʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʟʤʽʥʶʻʪʴʩʷ 

ʟʘʣʝʞʥʦ ʚʽʜ ʘʢʪʫ ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʇʦʩʝʣʝʥʥʷ ʥʘ ʄʽʩʷʮʽ, ʄʘʨʩʽ ʪʘ ʥʘ ʽʥʰʠʭ 

ʧʣʘʥʝʪʘʭ ʷʢ ʙʠ ʽʩʥʫʶʪʴ ʫ ʩʪʘʥʽ ʩʫʧʝʨʧʦʟʠʮʽʾ, ʪʦʙʪʦ ʦʜʥʦʯʘʩʥʦ ʫ ʚʩʽʭ ʩʪʘʥʘʭ ʪʘ 

ʬʦʨʤʘʭ, ʧʦʢʠ ʾʭ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻ ʩʚʽʜʦʤʠʡ ʩʧʦʩʪʝʨʽʛʘʯ. ʉʘʤʝ ʚ ʤʦʤʝʥʪ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʚʦʥʠ ʩʭʣʦʧʫʶʪʴʩʷ  ʟ ʭʤʘʨʠ ʽʤʦʚʽʨʥʦʩʪʝʡ ʚ ʧʝʚʥʠʡ ʩʪʘʥ. ʇʨʠ 

ʨʦʟʨʦʙʮʽ ʧʦʩʝʣʝʥʴ ï ʽʣʶʟʽʡ, ʘ ʬʽʟʠʯʥʠʡ ʩʚʽʪ ʣʠʰʝ ʽʣʶʟʽʷ, ʧʦʪʨʽʙʝʥ ʧʝʨʝʭʽʜ ʥʘ 

ʢʚʘʥʪʦʚʠʡ ʨʽʚʝʥʴ ʤʠʩʣʝʥʥʷ, ʫ ʷʢʦʛʦ ʚʠʥʠʢʘʻ ʩʧʨʠʡʥʷʪʪʷ ʨʝʘʣʴʥʦʩʪʽ ʷʢ ʧʦʣʷ 

ʥʝʩʢʽʥʯʝʥʥʠʭ ʤʦʞʣʠʚʦʩʪʝʡ, ʟ ʷʢʠʤʠ ʚʟʘʻʤʦʜʽʻ ʩʚʽʜʦʤʽʩʪʴ, ʽ ʷʢʝ ʩʭʣʦʧʫ̒ ʪʴʩʷ ʚ 

ʢʦʥʢʨʝʪʥʠʡ ʚʘʨʽʘʥʪ ʧʦʩʝʣʝʥʴ ʯʝʨʝʟ ʢʚʘʥʪʦʚʽ ʤʝʭʘʥʽʟʤʠ ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʌʽʟʠʢ 

ɼʞʦʥ ʋʽʣʣʝʨ ʩʢʘʟʘʚ, ʱʦ ɺʩʝʩʚʽʪ ʥʝ ʽʩʥʫʻ ʦʙ'ʻʢʪʠʚʥʦ, ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʩʚʽʜʦʤʦʩʪʽ, 

ʱʦ ʡʦʛʦ ʩʧʦʩʪʝʨʽʛʘʻ [4]. ʎʝ ʩʘʤʝ ʩʪʦʩʫʻʪʴʩʷ ʽ ʙʫʜʴ-ʷʢʦʾ ʧʣʘʥʝʪʠ.  

ɼʦʢʪʦʨ ɼʽʥ ʈʘʜʽʥ ʧʦʢʘʟʘʣʘ, ʱʦ ʣʶʜʩʴʢʘ ʩʚʽʜʦʤʽʩʪʴ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʚʧʣʠʚʘʻ ʥʘ ʢʚʘʥʪʦʚʽ ʩʠʩʪʝʤʠ. ʄʥʦʞʠʥʥʽʩʪʴ ʪʠʤʯʘʩʦʚʠʭ ʣʽʥʽʡ ʽʩʥʫʻ ʦʜʥʦʯʘʩʥʦ 

[8]. ʇʘʨʘʣʝʣʴʥʽ ʚʝʨʩʽʾ ʪʠʭ ʩʘʤʠʭ ʤʽʩʷʯʥʠʭ ʽ ʤʘʨʩʽʘʥʩʴʢʠʭ ʧʦʩʝʣʝʥʴ ʽ ʧʦʚ'ʷʟʘʥʠʭ 

ʟ ʥʠʤʠ ʧʦʜʽʡ ʽʩʥʫʶʪʴ ʚ ʦʜʠʥ ʽ ʪʦʡ ʞʝ ʯʘʩ, ʘʣʝ ʚ ʨʽʟʥʠʭ ʚʠʤʽʨʘʭ. 
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ʅʘ ʜʫʤʢʫ ʬʽʟʠʢʘ ʍ'ʶ ɽʚʝʨʝʪʘ, ʚʩʽ ʤʦʞʣʠʚʽ ʢʚʘʥʪʦʚʽ ʨʝʟʫʣʴʪʘʪʠ ʙʫʜʴ-ʷʢʦʾ 

ʧʦʜʽʾ ʚʽʜʙʫʚʘʶʪʴʩʷ, ʢʦʞʝʥ ʨʝʟʫʣʴʪʘʪ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫ ʚʣʘʩʥʽʡ ʫʥʽʢʘʣʴʥʽʡ ʯʘʩʦʚʽʡ 

ʣʽʥʽʾ ʘʙʦ ʫ ʚʣʘʩʥʦʤʫ ʧʘʨʘʣʝʣʴʥʦʤʫ ʚʩʝʩʚʽʪʽ [9]. ʇʨʠ ʨʦʟʨʦʙʮʽ ʧʦʩʝʣʝʥʴ ʥʘ 

ʽʥʰʠʭ ʧʣʘʥʝʪʘʭ ʽ ʥʘ ɿʝʤʣʽ ʧʨʠ ʧʝʨʝʭʦʜʽ ʥʘ ʢʚʘʥʪʦʚʝ ʩʧʨʠʡʥʷʪʪʷ ʨʝʘʣʴʥʦʩʪʽ 

ʣʶʜʠʥʘ ʧʦʚʝʨʪʘʻʪʴʩʷ ʜʦʜʦʤʫ, ʨʦʟʪʦʪʦʞʥʠʚʰʠʩʴ ʟ ʽʣʶʟʽʻʶ ʽʩʥʫʚʘʥʥʷ ʱʽʣʴʥʦʾ 

ʤʘʪʝʨʽʾ, ʧʝʨʝʩʪʘʚʰʠ ʩʧʠʨʘʪʠʩʷ ʥʘ ʙʽʦʣʦʛʽʯʥʽ ʦʨʛʘʥʠ ʧʦʯʫʪʪʽʚ, ʷʢʽ ʩʧʨʠʡʤʘʶʪʴ 

ʣʠʰʝ ʽʩʥʫʶʯʠʡ ʩʚʽʪ, ʧʨʠʜʫʤʘʥʠʡ ʤʦʟʢʦʤ, ʱʦ ʩʪʚʦʨʶʻ ʦʙʤʘʥ, ʽʣʶʟʽʾ, ʟʘʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʭʠʙʥʦʛʦ çʬʽʟʠʯʥʦʛʦ ʚʠʞʠʚʘʥʥʷè [3].  

ɺʠʩʥʦʚʢʠ. ʈʦʟʨʦʙʢʘ ʝʢʦʣʦʛʽʯʥʠʭ ʧʦʩʝʣʝʥʴ ʥʘ ʄʽʩʷʮʽ ʪʘ ʥʘ ʄʘʨʩʽ ʤʘʻ 

ʧʝʨʝʡʪʠ ʥʘ ʨʝʞʠʤ ʦʩʤʠʩʣʝʥʥʷ ʮʠʭ ʦʙ'ʻʢʪʽʚ ʟ ʧʦʟʠʮʽʾ ʢʚʘʥʪʦʚʦʾ ʬʽʟʠʢʠ. 

ʇʝʨʝʡʰʦʚʰʠ ʥʘ ʧʨʠʥʮʠʧʠ ʢʚʘʥʪʦʚʦʛʦ ʩʧʨʠʡʥʷʪʪʷ, ʪʚʦʨʮʽ ʝʢʦʣʦʛʽʯʥʠʭ 

ʤʽʩʷʯʥʠʭ ʪʘ ʤʘʨʩʽʘʥʩʴʢʠʭ ʧʦʩʝʣʝʥʴ ʧʨʷʤʠʤ ʩʧʨʠʡʥʷʪʪʷʤ ʩʧʦʩʪʝʨʽʛʘʪʠʤʫʪʴ ʪʝ, 

ʷʢ ʢʚʘʥʪʦʚʝ ʝʥʝʨʛʝʪʠʯʥʝ ʧʦʣʝ ʩʧʦʥʪʘʥʥʦ ʨʝʦʨʛʘʥʽʟʦʚʫʚʘʪʠʤʝ ʩʝʙʝ ʫ ʚʽʜʧʦʚʽʜʴ 

ʥʘ ʩʚʽʜʦʤʽʩʪʴ. ɺ ʽʜʝʘʣʽ ʧʦʪʨʽʙʥʦ ʩʪʘʪʠ ʯʠʩʪʦʶ ʩʚʽʜʦʤʽʩʪʶ, ʷʢʘ ʘʢʪʠʚʥʦ 

ʩʧʦʩʪʝʨʽʛʘʻ ʥʝʩʢʽʥʯʝʥʥʝ ʢʚʘʥʪʦʚʝ ʧʦʣʝ ʤʦʞʣʠʚʦʩʪʝʡ. ʋ ʪʦʤʫ ʯʠʩʣʽ ï ʫ 

ʢʦʥʪʝʢʩʪʽ ʝʢʦʣʦʛʽʯʥʦʩʪʽ. ʂʚʘʥʪʦʚʝ ʩʧʨʠʡʥʷʪʪʷ ʩʚʽʜʦʤʦʩʪʽ ʻ ʧʝʨʚʠʥʥʠʤ, 

ʙʘʟʦʚʠʤ.  ɺʦʥʦ ʧʦʢʘʟʫʻ ʨʝʘʣʴʥʽʩʪʴ ʪʘʢʦʶ, ʷʢʦʶ ʚʦʥʘ ʻ ʥʘ ʥʘʡʛʣʠʙʰʦʤʫ ʨʽʚʥʽ, 

ʷʢ ʞʠʚʝ, ʯʫʡʥʝ ʧʦʣʝ ʥʝʩʢʽʥʯʝʥʥʠʭ ʤʦʞʣʠʚʦʩʪʝʡ ʽ ʧʦʪʝʥʮʽʘʣʫ, ʚ ʷʢʦʤʫ ʚʽʣʴʥʦ 

ʧʝʨʝʤʽʱʘʻʪʴʩʷ ʯʝʨʝʟ ʢʦʞʥʠʡ ʘʢʪ ʩʚʽʜʦʤʦʛʦ ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʂʚʘʥʪʦʚʝ 

ʩʧʨʠʡʥʷʪʪʷ ï ʩʧʨʘʚʞʥʻ; ʢʣʘʩʠʯʥʝ ʩʧʨʠʡʥʷʪʪʷ ï ʮʝ ʧʨʘʢʪʠʯʥʘ ʬʽʢʮʽʷ, 

ʩʧʨʦʱʝʥʥʷ ʜʣʷ ʽʩʥʫʚʘʥʥʷ ʫ ʬʽʟʠʯʥʦʤʫ ʩʚʽʪʽ. ʅʦʚʠʡ ʧʽʜʭʽʜ ʽ ʙʫʜʝ ʧʦʚʝʨʥʝʥʥʷʤ 

ʜʦʜʦʤʫ, ʜʦ ʯʠʩʪʦʾ ʩʚʽʜʦʤʦʩʪʽ.  
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ɼʆʉʃɯɼɾɽʅʅʗ ʆɹʏʀʉʃʖɺɸʃʔʅʆɰ ɽʌɽʂʊʀɺʅʆʉʊɯ 

ɺɹʋɼʆɺɸʅʀʍ ʉʀʉʊɽʄ ʂɽʈʋɺɸʅʅʗ ɿ ʄʆɼʋʃɽʄ 

ʂʆʄʇôʖʊɽʈʅʆɻʆ ɿʆʈʋ 

ɸʥʦʪʘʮʽʷ. ʈʦʙʦʪʫ ʧʨʠʩʚʷʯʝʥʦ ʧʨʦʙʣʝʤʽ ʧʽʜʚʠʱʝʥʥʷ ʩʫʢʫʧʥʦʾ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʙʫʜʦʚʘʥʠʭ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʘʣʛʦʨʠʪʤʠ 

ʢʦʤʧôʶʪʝʨʥʦʛʦ ʟʦʨʫ ʷʢ ʚʽʨʪʫʘʣʴʥʠʡ ʚʠʤʽʨʶʚʘʣʴʥʠʡ ʜʘʪʯʠʢ ʫ ʢʦʥʪʫʨʽ 

ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ. ɺʠʢʦʥʘʥʦ ʘʥʘʣʽʟ ʽʩʥʫʶʯʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʢʦʤʧʨʝʩʽʾ 

ʥʝʡʨʦʤʝʨʝʞ, ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʷʢʦʛʦ ʧʦʢʘʟʘʥʘ ʚʽʜʩʫʪʥʽʩʪʴ ʢʦʤʧʣʝʢʩʥʦʾ 

ʤʝʪʦʜʦʣʦʛʽʾ, ʱʦ ʧʦʚ'ʷʟʫʻ ʧʘʨʘʤʝʪʨʠ ʦʧʪʠʤʽʟʘʮʽʾ ʤʦʜʝʣʝʡ ʟ ʢʨʠʪʝʨʽʷʤʠ ʩʪʽʡʢʦʩʪʽ 

ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ. ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟ ʤʝʪʦʶ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʙʘʣʘʥʩʫ ʤʽʞ ʟʘʪʨʠʤʢʦʶ ʽʥʬʝʨʝʥʩʫ ʪʘ ʪʦʯʥʽʩʪʶ. 
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INVESTIGATION COMPUTATIONAL EFFICIENCY IN EMBEDDED 

CONTROL SYSTEMS WITH A COMPUTER VISION MODULE  

Annotation. The paper addresses the problem of increasing the overall efficiency of 

embedded control systems using computer vision algorithms as a virtual measuring 

sensor in the feedback loop. Existing approaches to neural network compression are 

analyzed, and the lack of a methodology linking model optimization parameters with 
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control system stability criteria is substantiated. The aim and tasks of the research 

are defined to establish the optimal balance between inference latency and accuracy. 

Keywords: embedded control systems, computer vision, virtual sensor, neural 

network adaptation, TinyML, model compression. 

  

ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʧʨʦʚʘʜʞʝʥʥʷʤ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʦʪʨʠʤʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʩʪʘʥ ʦʙ'ʻʢʪʘ ʢʝʨʫʚʘʥʥʷ. 

ɺʩʝ ʯʘʩʪʽʰʝ ʩʠʩʪʝʤʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʦʜʫʣʽ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʟʦʨʫ ʥʘ ʙʘʟʽ 

ʛʣʠʙʦʢʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ (ɻʅʄ) ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʩʪʘʥʫ 

ʩʠʩʪʝʤʠ. ʐʠʨʦʢʝ ʧʦʰʠʨʝʥʥʷ ʪʘʢʠʭ ʪʝʭʥʦʣʦʛʽʡ ʟʫʤʦʚʣʝʥʝ ʟʘʛʘʣʴʥʠʤ 

ʨʦʟʚʠʪʢʦʤ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʧʨʘʛʥʝʥʥʷʤ ʜʦ ʛʣʠʙʦʢʦʾ ʩʠʩʪʝʤʥʦʾ ʽʥʪʝʛʨʘʮʽʾ 

ʪʘ ʤʽʥʽʤʽʟʘʮʽʾ ʘʧʘʨʘʪʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. ʎʽʣʝʩʧʨʷʤʦʚʘʥʘ ʟʘʤʽʥʘ ʪʨʘʜʠʮʽʡʥʠʭ 

ʢʦʥʪʘʢʪʥʠʭ ʯʠ ʤʝʭʘʥʽʯʥʠʭ ʜʘʪʯʠʢʽʚ ʥʘ ʚʽʜʝʦʩʝʥʩʦʨʠ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ 

ʩʧʨʦʩʪʠʪʠ ʢʦʥʩʪʨʫʢʮʽʶ, ʟʤʝʥʰʠʪʠ ʢʽʣʴʢʽʩʪʴ ʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʣʽʥʽʡ ʪʘ 

ʧʽʜʚʠʱʠʪʠ ʟʘʛʘʣʴʥʫ ʥʘʜʽʡʥʽʩʪʴ ʩʠʩʪʝʤʠ ʟʘʚʜʷʢʠ ʙʝʟʢʦʥʪʘʢʪʥʦʤʫ ʩʧʦʩʦʙʫ 

ʚʠʤʽʨʶʚʘʥʥʷ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʩʬʦʢʫʩʦʚʘʥʝ ʥʘ ʢʣʘʩʽ ʩʠʩʪʝʤ, ʜʝ ʤʦʜʫʣʴ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʟʦʨʫ 

ʚʠʢʦʥʫʻ ʨʦʣʴ ʚʽʨʪʫʘʣʴʥʦʛʦ ʚʠʤʽʨʶʚʘʣʴʥʦʛʦ ʜʘʪʯʠʢʘ, ʚʢʣʶʯʝʥʦʛʦ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʢʦʥʪʫʨ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ. ʊʘʢʘ ʘʨʭʽʪʝʢʪʫʨʘ ʥʘʢʣʘʜʘʻ 

ʩʧʝʮʠʬʽʯʥʽ ʪʘ ʜʫʞʝ ʢʨʠʪʠʯʥʽ ʚʠʤʦʛʠ: ʙʫʜʴ-ʷʢʘ ʟʘʪʨʠʤʢʘ ʽʥʬʝʨʝʥʩʫ ʜʽʻ ʷʢ 

ʪʨʘʥʩʧʦʨʪʥʝ ʟʘʧʽʟʥʶʚʘʥʥʷ, ʱʦ ʟʤʝʥʰʫʻ ʟʘʧʘʩʠ ʩʪʽʡʢʦʩʪʽ ʩʠʩʪʝʤʠ, ʘ ʧʦʭʠʙʢʘ 

ʨʦʟʧʽʟʥʘʚʘʥʥʷ (ʟʥʠʞʝʥʥʷ ʪʦʯʥʦʩʪʽ) ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʥʝʘʜʝʢʚʘʪʥʠʭ 

ʢʝʨʫʶʯʠʭ ʚʧʣʠʚʽʚ.  

ʇʨʘʢʪʠʯʥʝ ʚʧʨʦʚʘʜʞʝʥʥʷ ʪʘʢʠʭ ɻʅʄ ʫ ʚʙʫʜʦʚʘʥʽ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʥʽ 

ʧʨʠʩʪʨʦʾ (edge devices), ʷʢʽ ʟʘʟʚʠʯʘʡ ʨʝʘʣʽʟʫʶʪʴ ʣʦʛʽʢʫ ʢʝʨʫʚʘʥʥʷ, ʩʪʠʢʘʻʪʴʩʷ 

ʟ ʘʧʘʨʘʪʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ. ɼʣʷ ʚʠʨʽʰʝʥʥʷʤ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ   

ʧʘʨʘʜʠʛʤʘ TinyML. ʗʢ ʜʝʪʘʣʴʥʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʫ ʨʦʙʦʪʽ El Zeinaty C. ʪʘ 

ʩʧʽʚʘʚʪʦʨʽʚ [1], ʜʣʷ ʨʦʟʛʦʨʪʘʥʥʷ ʤʦʜʝʣʝʡ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʟʦʨʫ ʥʘ IoT-

ʧʨʠʩʪʨʦʷʭ ʥʝʦʙʭʽʜʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʘʛʨʝʩʠʚʥʽ ʤʝʪʦʜʠ ʢʦʤʧʨʝʩʽʾ. ɼʦʩʣʽʜʞʝʥʥʷ 

Jiang B. [2] ʧʽʜʪʚʝʨʜʞʫʻ, ʱʦ ʩʪʨʘʪʝʛʽʾ ʧʨʦʨʽʜʞʫʚʘʥʥʷ ʪʘ ʢʚʘʥʪʫʚʘʥʥʷ 

ʜʦʟʚʦʣʷʶʪʴ ʩʫʪʪʻʚʦ ʧʨʠʩʢʦʨʠʪʠ ʽʥʬʝʨʝʥʩ ʥʘ ʘʧʘʨʘʪʥʦʤʫ ʨʽʚʥʽ. 

ɸʥʘʣʽʟ ʽʩʥʫʶʯʠʭ ʧʫʙʣʽʢʘʮʽʡ ʚʠʷʚʣʷʻ ʩʫʪʪʻʚʫ ʥʘʫʢʦʚʫ ʧʨʦʛʘʣʠʥʫ. 

ɹʽʣʴʰʽʩʪʴ ʨʦʙʽʪ ʫ ʛʘʣʫʟʽ TinyML [1, 2] ʟʦʩʝʨʝʜʞʝʥʽ ʚʠʢʣʶʯʥʦ ʥʘ ʦʧʪʠʤʽʟʘʮʽʾ 

ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ML-ʤʝʪʨʠʢ (ʨʦʟʤʽʨ ʤʦʜʝʣʽ, FPS, mAP) ʘʙʩʦʣʶʪʥʦ ʽʟʦʣʴʦʚʘʥʦ 

ʚʽʜ ʜʠʥʘʤʽʢʠ ʦʙ'ʻʢʪʘ ʢʝʨʫʚʘʥʥʷ. ɿ ʽʥʰʦʛʦ ʙʦʢʫ, ʜʦʩʣʽʜʞʝʥʥʷ [3, 4], ʷʢʽ 

ʮʽʣʝʩʧʨʷʤʦʚʘʥʦ ʨʦʟʛʣʷʜʘʶʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʡ ʢʦʤʧʨʦʤʽʩ ʤʽʞ ʪʦʯʥʽʩʪʶ ʪʘ 

ʟʘʪʨʠʤʢʦʶ (accuracy-latency trade-off), ʦʨʽʻʥʪʦʚʘʥʽ ʧʝʨʝʚʘʞʥʦ ʥʘ ʟʘʜʘʯʽ 

ʟʘʛʘʣʴʥʦʾ ʧʝʨʮʝʧʮʽʾ ʜʣʷ ʤʦʙʽʣʴʥʠʭ ʨʦʙʦʪʽʚ (ʥʘʚʽʛʘʮʽʷ, ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʩʮʝʥ). 

ʎʠʤ ʧʽʜʭʦʜʘʤ ʙʨʘʢʫʻ ʬʦʢʫʩʫ ʥʘ ʩʠʩʪʝʤʘʭ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʢʝʨʫʚʘʥʥʷ (ʉɸʂ). 

ʇʨʘʢʪʠʯʥʘ ʯʘʩʪʠʥʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʷʛʘʻ ʚ ʩʪʚʦʨʝʥʥʽ ʩʠʩʪʝʤʠ 

ʙʘʣʘʥʩʫʚʘʥʥʷ ʜʚʦʣʘʥʢʦʚʦʛʦ ʤʘʷʪʥʠʢʘ, ʜʝ ʟʘʤʽʩʪʴ ʢʣʘʩʠʯʥʦʛʦ ʜʘʪʯʠʢʘ 

ʧʦʣʦʞʝʥʥʷ ʣʘʥʦʢ ʙʫʜʝ ʚʠʢʦʨʠʩʪʘʥʦ ʤʦʜʫʣʴ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʟʦʨʫ. ɼʣʷ 

ʢʦʤʧʣʝʢʩʥʦʾ ʦʮʽʥʢʠ ʘʧʘʨʘʪʥʠʭ ʦʙʤʝʞʝʥʴ ʧʣʘʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʝʢʽʣʴʢʦʭ 

ʚʙʫʜʦʚʘʥʠʭ ʧʣʘʪʬʦʨʤ (ʟʦʢʨʝʤʘ, NVIDIA Jetson, Raspberry Pi, STM32 ʪʦʱʦ), ʷʢʽ 
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ʤʘʶʪʴ ʩʫʪʪʻʚʽ ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʦʙʯʠʩʣʶʚʘʣʴʥʽʡ ʟʜʘʪʥʦʩʪʽ. ʋ ʪʘʢʦʤʫ 

ʰʚʠʜʢʦʧʣʠʥʥʦʤʫ ʧʨʦʮʝʩʽ ʥʘʜʤʽʨʥʘ ʢʦʤʧʨʝʩʽʷ ʤʝʨʝʞʽ ʩʧʦʪʚʦʨʶʚʘʪʠʤʝ 

ʣʦʢʘʣʽʟʘʮʽʶ ʦʙ'ʻʢʪʘ (ʚʪʨʘʪʘ ʷʢʦʩʪʽ ʢʝʨʫʚʘʥʥʷ), ʪʦʜʽ ʷʢ ʥʝʜʦʩʪʘʪʥʷ ï 

ʚʠʢʣʠʢʘʪʠʤʝ ʢʨʠʪʠʯʥʝ ʬʘʟʦʚʝ ʚʽʜʩʪʘʚʘʥʥʷ ʢʝʨʫʶʯʦʛʦ ʩʠʛʥʘʣʫ (ʚʪʨʘʪʘ 

ʩʪʽʡʢʦʩʪʽ). ʊʘʢʠʤ ʯʠʥʦʤ, ʽʩʥʫʶʯʠʤ ʨʽʰʝʥʥʷʤ ʥʝ ʚʠʩʪʘʯʘʻ ʢʦʤʧʣʝʢʩʥʦʾ 

ʤʝʪʦʜʦʣʦʛʽʾ, ʷʢʘ ʙ ʧʦʚ'ʷʟʫʚʘʣʘ ʧʘʨʘʤʝʪʨʠ ʥʝʡʨʦʤʝʨʝʞʝʚʦʾ ʘʜʘʧʪʘʮʽʾ ʟ 

ʢʣʘʩʠʯʥʠʤʠ ʢʨʠʪʝʨʽʷʤʠ ʩʪʽʡʢʦʩʪʽ ʪʘ ʷʢʦʩʪʽ ʪʝʦʨʽʾ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʢʝʨʫʚʘʥʥʷ. 

ɺʽʜʪʘʢ, ʥʘʫʢʦʚʠʡ ʚʥʝʩʦʢ ʨʦʙʦʪʠ ʧʦʣʷʛʘʪʠʤʝ ʫ ʚʩʪʘʥʦʚʣʝʥʥʽ ʟʘʣʝʞʥʦʩʪʝʡ ʤʽʞ 

ʨʽʚʥʝʤ ʢʦʤʧʨʝʩʽʾ ʚʽʨʪʫʘʣʴʥʦʛʦ ʜʘʪʯʠʢʘ ʪʘ ʜʠʥʘʤʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʢʦʥʪʫʨʫ ʢʝʨʫʚʘʥʥʷ. 

ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʧʽʜʚʠʱʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʙʫʜʦʚʘʥʦʾ 

ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʰʣʷʭʦʤ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʫʧʝʥʷ ʘʜʘʧʪʘʮʽʾ ʤʦʜʫʣʷ 

ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʟʦʨʫ. ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʩʬʦʨʤʫʣʴʦʚʘʥʽ ʥʘʩʪʫʧʥʽ ʟʘʜʘʯʽ: 

ï ʘʥʘʣʽʟ ʘʨʭʽʪʝʢʪʫʨ ʥʝʡʨʦʤʝʨʝʞ ʜʣʷ ʟʘʜʘʯ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʟʦʨʫ ʪʘ ʤʝʪʦʜʽʚ 

ʾʭ ʘʧʘʨʘʪʥʦ-ʦʨʽʻʥʪʦʚʘʥʦʾ ʢʦʤʧʨʝʩʽʾ ʟ ʦʛʣʷʜʫ ʥʘ ʚʠʤʦʛʠ ʉɸʂ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ; 

ï ʨʦʟʨʦʙʢʘ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʢʦʥʪʫʨʫ ʢʝʨʫʚʘʥʥʷ (ʥʘ ʧʨʠʢʣʘʜʽ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʤʘʷʪʥʠʢʘ), ʷʢʘ ʽʥʪʝʛʨʫʻ ʩʧʝʮʠʬʽʢʫ ʚʽʨʪʫʘʣʴʥʦʛʦ ʚʽʜʝʦʩʝʥʩʦʨʘ: 

ʜʠʩʢʨʝʪʥʽʩʪʴ ʢʘʜʨʽʚ, ʩʪʦʭʘʩʪʠʯʥʫ ʧʦʭʠʙʢʫ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʪʘ ʟʤʽʥʥʝ 

ʪʨʘʥʩʧʦʨʪʥʝ ʟʘʧʽʟʥʶʚʘʥʥʷ ʽʥʬʝʨʝʥʩʫ; 

ï ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʥʘ ʬʽʟʠʯʥʠʭ ʤʘʢʝʪʘʭ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʧʣʘʪʬʦʨʤ ʨʽʟʥʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʜʣʷ ʦʮʽʥʢʠ ʚʧʣʠʚʫ ʨʽʟʥʠʭ 

ʨʽʚʥʽʚ ʢʦʤʧʨʝʩʽʾ (ʢʚʘʥʪʫʚʘʥʥʷ, ʧʨʦʨʽʜʞʫʚʘʥʥʷ) ʥʘ ʟʘʧʘʩʠ ʩʪʽʡʢʦʩʪʽ ʩʠʩʪʝʤʠ; 

ï ʨʦʟʨʦʙʢʘ ʢʦʤʧʣʝʢʩʥʠʭ ʢʨʠʪʝʨʽʾʚ ʦʧʪʠʤʽʟʘʮʽʾ ʜʣʷ ʚʠʙʦʨʫ ʥʘʡʢʨʘʱʦʛʦ 

ʙʘʣʘʥʩʫ ʤʽʞ ʰʚʠʜʢʦʜʽʻʶ ʪʘ ʪʦʯʥʽʩʪʶ ʚʽʟʫʘʣʴʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ. 
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Cɽʄɸʅʊʀʏʅɸ ɯʅʊɽʈʆʇɽʈɸɹɽʃʔʅɯʉʊʔ ʋ ʂʆʉʄɯʏʅʀʍ 

ɯʅʌʆʈʄɸʎɯʁʅʀʍ ʉʀʉʊɽʄɸʍ: ɸʅɸʃɯʊʀʏʅʀʁ ʆɻʃʗɼ 

ʊɽʍʅʆʃʆɻɯʁ 

ɸʥʦʪʘʮʽʷ. ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʪʠʯʥʠʡ ʦʛʣʷʜ ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʥʪʦʣʦʛʽʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʩʝʤʘʥʪʠʯʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʢʦʩʤʽʯʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ 

ʩʠʩʪʝʤʘʭ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʨʦʣʴ ʩʝʤʘʥʪʠʯʥʦʾ ʽʥʪʝʨʦʧʝʨʘʙʝʣʴʥʦʩʪʽ ʫ 

ʟʘʙʝʟʧʝʯʝʥʥʽ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʨʦʟʧʦʜʽʣʝʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʦʨʙʽʪʘʣʴʥʦʾ 
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Annotation. An analytical review of the application of ontological modeling and 

semantic technologies in space information systems has been conducted. Modern 

satellite constellations, interplanetary missions, and autonomous orbital platforms 

form a complex and increasingly digitalized space infrastructure. The growing 
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number of spacecraft and volumes of telemetry data require new methods for 

information processing and harmonization. Semantic data models and ontological 

modeling provide unified data interpretation, cross-system interoperability, and 

formalization of cause-and-effect relationships. The ontological approach enables 

onboard systems to analyze telemetry as an interconnected set of parameters, 

enhancing autonomy in deep-space missions and reducing reliance on ground 

control. Semantic integration eliminates ambiguities in interactions between systems 

from different operators, facilitates standardized descriptions of hardware 

characteristics, and improves orbital safety. Future developments include the 

adoption of international standards (CCSDS SOIS, EDS), integration of semantic 

protocols into satellite mesh networks, optimization of data formats to reduce 

computational load, and application of semantic autonomy for local decision-

making. Thus, semantic interoperability becomes a key factor in the resilience, 

scalability, and efficiency of space information infrastructure. 

Keywords: semantic interoperability, ontological modeling, space information 

systems, telemetry, autonomous spacecraft, CCSDS standards. 

 

ʉʫʧʫʪʥʠʢʦʚʽ ʫʛʨʫʧʦʚʘʥʥʷ, ʤʽʞʧʣʘʥʝʪʥʽ ʤʽʩʽʾ ʪʘ ʘʚʪʦʥʦʤʥʽ ʦʨʙʽʪʘʣʴʥʽ 

ʧʣʘʪʬʦʨʤʠ ʻ ʢʨʠʪʠʯʥʠʤʠ ʚʫʟʣʘʤʠ ʩʢʣʘʜʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ, ʱʦ ʩʪʨʽʤʢʦ 

ʨʦʟʚʠʚʘʻʪʴʩʷ ʚ ʫʤʦʚʘʭ ʮʠʬʨʦʚʽʟʘʮʽʾ ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ. ʄʘʩʰʪʘʙʫʚʘʥʥʷ ʩʫʟʽʨôʾʚ 

ʘʧʘʨʘʪʽʚ ʪʘ ʢʨʘʪʥʝ ʟʨʦʩʪʘʥʥʷ ʦʙʩʷʛʽʚ ʥʘʫʢʦʚʠʭ ʜʘʥʠʭ ʬʦʨʤʫʶʪʴ ʟʘʧʠʪ ʥʘ ʥʦʚʽ 

ʤʝʪʦʜʠ ʦʙʨʦʙʢʠ, ʫʟʛʦʜʞʝʥʥʷ ʪʘ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʽʥʬʦʨʤʘʮʽʾ. ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʝʤʘʥʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʜʘʥʠʭ ʪʘ ʦʥʪʦʣʦʛʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʧʽʜʭʽʜ ʜʦ ʦʨʛʘʥʽʟʘʮʽʾ ʽʥʬʦʨʤʘʮʽʾ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʽʥʪʝʨʦʧʝʨʘʙʝʣʴʥʽʩʪʴ ʤʽʞ ʨʦʟʧʦʜʽʣʝʥʠʤʠ ʢʦʩʤʽʯʥʠʤʠ ʩʠʩʪʝʤʘʤʠ [1-

2]. 

ʉʫʯʘʩʥʘ ʦʨʙʽʪʘʣʴʥʘ ʜʽʷʣʴʥʽʩʪʴ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʥʘʩʠʯʝʥʽʩʪʶ 

ʥʘʚʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʦʨʫ ʘʧʘʨʘʪʘʤʠ ʟʚôʷʟʢʫ, ʥʘʚʽʛʘʮʽʾ ʪʘ ʜʠʩʪʘʥʮʽʡʥʦʛʦ 

ʟʦʥʜʫʚʘʥʥʷ. ʂʦʞʝʥ ʪʘʢʠʡ ʦʙôʻʢʪ ʛʝʥʝʨʫʻ ʤʘʩʠʚʠ ʪʝʣʝʤʝʪʨʽʾ (ʪʝʤʧʝʨʘʪʫʨʘ, 

ʥʘʧʨʫʛʘ, ʚʝʢʪʦʨʠ ʩʪʘʥʫ), ʧʨʦʪʝ ʪʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʧʝʨʝʜʘʚʘʥʥʷ ʽʥʬʦʨʤʘʮʽʾ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʣʠʰʝ ʾʾ ʩʠʥʪʘʢʩʠʯʥʫ ʩʪʨʫʢʪʫʨʫ. ʎʝ ʩʪʚʦʨʶʻ ʨʠʟʠʢ 

ʥʝʦʜʥʦʟʥʘʯʥʦʛʦ ʤʘʰʠʥʥʦʛʦ ʪʣʫʤʘʯʝʥʥʷ ʟʤʽʩʪʫ ʜʘʥʠʭ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʚʟʘʻʤʦʜʽʾ 

ʩʠʩʪʝʤ ʚʽʜ ʨʽʟʥʠʭ ʚʠʨʦʙʥʠʢʽʚ. 

ɺʧʨʦʚʘʜʞʝʥʥʷ ʦʥʪʦʣʦʛʽʯʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦʟʚʦʣʷʻ ʨʦʟʛʣʷʜʘʪʠ ʪʝʣʝʤʝʪʨʽʶ ʥʝ 

ʷʢ ʩʫʢʫʧʥʽʩʪʴ ʽʟʦʣʴʦʚʘʥʠʭ ʯʠʩʝʣ, ʘ ʷʢ ʚʟʘʻʤʦʧʦʚôʷʟʘʥʫ ʩʠʩʪʝʤʫ ʧʘʨʘʤʝʪʨʽʚ. 

ʅʘʧʨʠʢʣʘʜ, ʘʥʦʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʤʦʜʫʣʷ ʤʦʞʝ ʘʚʪʦʤʘʪʠʯʥʦ 

ʽʥʪʝʨʧʨʝʪʫʚʘʪʠʩʷ ʙʦʨʪʦʚʠʤ ʢʦʤʧôʶʪʝʨʦʤ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʨʽʻʥʪʘʮʽʾ ʘʧʘʨʘʪʘ 

ʚʽʜʥʦʩʥʦ ʉʦʥʮʷ ʘʙʦ ʧʦʪʦʯʥʦʛʦ ʨʝʞʠʤʫ ʨʦʙʦʪʠ ʈɽɸ. ʊʘʢʽ ʬʦʨʤʘʣʽʟʦʚʘʥʽ 

ʟʚôʷʟʢʠ ʩʪʚʦʨʶʶʪʴ ʫʤʦʚʠ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʚʩʪʘʥʦʚʣʝʥʥʷ ʧʨʠʯʠʥʥʦ-

ʥʘʩʣʽʜʢʦʚʠʭ ʟʘʣʝʞʥʦʩʪʝʡ, ʱʦ ʧʽʜʚʠʱʫʻ ʦʧʝʨʘʪʠʚʥʽʩʪʴ ʢʦʥʪʨʦʣʶ ʪʝʭʥʽʯʥʦʛʦ 

ʩʪʘʥʫ ʙʝʟ ʟʘʣʫʯʝʥʥʷ ʥʘʟʝʤʥʦʛʦ ʩʝʛʤʝʥʪʘ. 

ʆʩʦʙʣʠʚʦʾ ʚʘʛʠ ʩʝʤʘʥʪʠʯʥʘ ʘʚʪʦʥʦʤʽʷ ʥʘʙʫʚʘʻ ʫ ʜʘʣʝʢʠʭ ʢʦʩʤʽʯʥʠʭ 

ʤʽʩʽʷʭ, ʜʝ ʟʥʘʯʥʘ ʟʘʪʨʠʤʢʘ ʩʠʛʥʘʣʫ ʦʙʤʝʞʫʻ ʤʦʞʣʠʚʦʩʪʽ ʦʧʝʨʘʪʠʚʥʦʛʦ 

ʫʧʨʘʚʣʽʥʥʷ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʦʥʪʦʣʦʛʽʯʥʠʭ ʦʧʠʩʽʚ ʘʨʭʽʪʝʢʪʫʨʠ (ʥʘʧʨʠʢʣʘʜ, ʫ 
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ʬʦʨʤʘʪʽ Electronic Data Sheets, EDS) ʜʦʟʚʦʣʷʻ ʙʦʨʪʦʚʠʤ ʩʠʩʪʝʤʘʤ ʩʘʤʦʩʪʽʡʥʦ 

ʘʥʘʣʽʟʫʚʘʪʠ ʧʦʜʽʾ ʪʘ ʦʙʠʨʘʪʠ ʩʮʝʥʘʨʽʾ ʨʝʘʛʫʚʘʥʥʷ [3]. ʎʝ ʥʝ ʦʟʥʘʯʘʻ ʧʦʚʥʦʾ 

ʘʚʪʦʥʦʤʽʾ, ʧʨʦʪʝ ʩʫʪʪʻʚʦ ʟʥʠʞʫʻ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʦʧʝʨʘʪʦʨʽʚ ʫ ʧʨʦʛʥʦʟʦʚʘʥʠʭ 

ʩʠʪʫʘʮʽʷʭ. 

ʋ ʚʝʣʠʢʠʭ ʩʫʧʫʪʥʠʢʦʚʠʭ ʩʫʟʽʨôʷʭ ʧʦʩʪʘʻ ʧʨʦʙʣʝʤʘ ʩʝʤʘʥʪʠʯʥʦʛʦ 

ʨʦʟʨʠʚʫ: ʦʜʥʽ ʡ ʪʽ ʩʘʤʽ ʪʝʨʤʽʥʠ (çʨʠʟʠʢ ʟʽʪʢʥʝʥʥʷè, çʧʨʽʦʨʠʪʝʪ ʢʘʥʘʣʫè) 

ʤʦʞʫʪʴ ʤʘʪʠ ʨʽʟʥʽ ʪʝʭʥʽʯʥʽ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʚ ʇɿ ʨʽʟʥʠʭ ʦʧʝʨʘʪʦʨʽʚ. ʉʝʤʘʥʪʠʯʥʽ 

ʤʦʜʝʣʽ ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʦʨʠʪʠ ʤʝʭʘʥʽʟʤʠ ʤʘʧʫʚʘʥʥʷ ʤʽʞ ʨʽʟʥʠʤʠ ʩʣʦʚʥʠʢʘʤʠ 

ʜʘʥʠʭ, ʱʦ ʧʦʣʝʛʰʫʻ ʚʟʘʻʤʦʜʽʶ ʘʧʘʨʘʪʽʚ ʫ ʤʝʞʘʭ ʢʦʩʤʽʯʥʠʭ Mesh-ʤʝʨʝʞ ʪʘ 

ʧʽʜʚʠʱʫʻ ʟʘʛʘʣʴʥʫ ʙʝʟʧʝʢʫ ʦʨʙʽʪʘʣʴʥʦʛʦ ʨʫʭʫ [4]. 

ʋ ʢʦʥʪʝʢʩʪʽ ʤʦʥʽʪʦʨʠʥʛʫ ʢʦʩʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ ʩʝʤʘʥʪʠʯʥʽ ʤʦʜʝʣʽ 

ʩʧʨʠʷʶʪʴ ʽʥʪʝʛʨʘʮʽʾ ʜʘʥʠʭ ʟ ʛʝʪʝʨʦʛʝʥʥʠʭ ʜʞʝʨʝʣ. ʉʪʘʥʜʘʨʪʠʟʦʚʘʥʠʡ ʦʧʠʩ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙôʻʢʪʽʚ ʩʧʨʦʱʫʻ ʨʦʙʦʪʫ ʘʥʘʣʽʪʠʯʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ, 

ʩʧʨʷʤʦʚʘʥʠʭ ʥʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʥʝʙʝʟʧʝʯʥʠʭ ʟʙʣʠʞʝʥʴ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʨʦʙʠʪʴ 

ʦʮʽʥʢʫ ʨʠʟʠʢʽʚ ʙʽʣʴʰ ʦʙˇʨʫʥʪʦʚʘʥʦʶ ʚ ʫʤʦʚʘʭ ʟʨʦʩʪʘʶʯʦʛʦ ʪʝʭʥʦʛʝʥʥʦʛʦ 

ʟʘʩʤʽʯʝʥʥʷ ʦʨʙʽʪ. 

ʅʘʫʢʦʚʽ ʤʽʩʽʾ ʪʘʢʦʞ ʚʠʛʨʘʶʪʴ ʚʽʜ ʦʥʪʦʣʦʛʽʟʘʮʽʾ: ʦʧʠʩ ʨʝʟʫʣʴʪʘʪʽʚ 

ʚʠʤʽʨʶʚʘʥʴ ʨʘʟʦʤ ʽʟ ʢʦʥʪʝʢʩʪʦʤ ʾʭ ʦʪʨʠʤʘʥʥʷ (ʧʘʨʘʤʝʪʨʠ ʢʘʣʽʙʨʫʚʘʥʥʷ, ʩʪʘʥ 

ʈɽɸ, ʟʦʚʥʽʰʥʽ ʫʤʦʚʠ) ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʷʢʽʩʪʴ ʚʪʦʨʠʥʥʦʾ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʪʘ ʾʭ 

ʧʦʚʪʦʨʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʤʘʡʙʫʪʥʽʭ ʜʦʩʣʽʜʞʝʥʥʷʭ. 

ʄʝʪʦʶ ʧʦʜʘʣʴʰʠʭ ʨʦʟʨʦʙʦʢ ʫ ʮʴʦʤʫ ʥʘʧʨʷʤʽ ʻ ʦʮʽʥʢʘ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʝʤʘʥʪʠʯʥʠʭ ʧʨʦʪʦʢʦʣʽʚ (ʪʘʢʠʭ ʷʢ CCSDS SOIS) ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʘʧʘʨʘʪʥʠʭ ʦʙʤʝʞʝʥʴ ʙʦʨʪʦʚʦʾ ʈɽɸ. ʅʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʦʙʯʠʩʣʶʚʘʣʴʥʫ 

ʩʢʣʘʜʥʽʩʪʴ ʨʦʟʙʦʨʫ ʩʝʤʘʥʪʠʯʥʠʭ ʩʪʨʫʢʪʫʨ ʪʘ ʧʦʪʨʝʙʫ ʚ ʦʧʪʠʤʽʟʘʮʽʾ ʬʦʨʤʘʪʽʚ 

(ʥʘʧʨʠʢʣʘʜ, ʧʝʨʝʭʽʜ ʜʦ ʙʽʥʘʨʥʦʛʦ XML ʘʙʦ CBOR), ʱʦʙ ʟʘʙʝʟʧʝʯʠʪʠ ʙʘʣʘʥʩ 

ʤʽʞ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽʩʪʶ ʩʠʩʪʝʤʠ ʪʘ ʾʾ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷʤ. 

ʄʘʩʰʪʘʙʫʚʘʥʥʷ ʩʝʤʘʥʪʠʯʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʢʦʩʤʽʯʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ 

ʩʠʩʪʝʤʘʭ ʧʝʨʝʜʙʘʯʘʻ ʧʦʩʪʫʧʦʚʠʡ ʧʝʨʝʭʽʜ ʚʽʜ ʣʦʢʘʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʨʽʰʝʥʴ ʜʦ ʽʥʪʝʛʨʦʚʘʥʠʭ ʧʣʘʪʬʦʨʤ, ʱʦ ʦʭʦʧʣʶʶʪʴ ʮʽʣʽ ʩʫʧʫʪʥʠʢʦʚʽ 

ʫʛʨʫʧʦʚʘʥʥʷ ʪʘ ʤʽʞʧʣʘʥʝʪʥʽ ʤʽʩʽʾ. ɿʨʦʩʪʘʥʥʷ ʢʽʣʴʢʦʩʪʽ ʘʧʘʨʘʪʽʚ ʫ ʩʫʟʽʨôʷʭ ʪʘ 

ʟʙʽʣʴʰʝʥʥʷ ʦʙʩʷʛʽʚ ʪʝʣʝʤʝʪʨʽʾ ʩʪʚʦʨʶʶʪʴ ʧʦʪʨʝʙʫ ʫ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʠʭ 

ʤʝʭʘʥʽʟʤʘʭ ʩʝʤʘʥʪʠʯʥʦʾ ʽʥʪʝʨʦʧʝʨʘʙʝʣʴʥʦʩʪʽ, ʟʜʘʪʥʠʭ ʟʘʙʝʟʧʝʯʠʪʠ ʫʟʛʦʜʞʝʥʝ 

ʪʣʫʤʘʯʝʥʥʷ ʜʘʥʠʭ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʚʠʨʦʙʥʠʢʘ ʯʠ ʘʨʭʽʪʝʢʪʫʨʠ ʩʠʩʪʝʤʠ. 

ʇʝʨʩʧʝʢʪʠʚʠ ʨʦʟʚʠʪʢʫ ʧʦʣʷʛʘʶʪʴ ʫ: 

ð ʚʧʨʦʚʘʜʞʝʥʥʽ ʤʽʞʥʘʨʦʜʥʠʭ ʩʪʘʥʜʘʨʪʽʚ (CCSDS SOIS, EDS), ʱʦ 

ʜʦʟʚʦʣʷʪʴ ʫʥʽʬʽʢʫʚʘʪʠ ʦʧʠʩ ʘʧʘʨʘʪʫʨʠ ʪʘ ʧʨʦʪʦʢʦʣʽʚ ʚʟʘʻʤʦʜʽʾ. 

ð ʨʦʟʰʠʨʝʥʥʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʥʪʦʣʦʛʽʯʥʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ 

ʘʥʘʣʽʟʫ ʧʨʠʯʠʥʥʦ-ʥʘʩʣʽʜʢʦʚʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʫ ʪʝʣʝʤʝʪʨʽʾ, ʱʦ ʟʥʠʞʫʻ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʥʘʟʝʤʥʽ ʩʝʛʤʝʥʪʠ. 

ð ʥ̔ʪʝʛʨʘʮʽʾ ʩʝʤʘʥʪʠʯʥʠʭ ʧʨʦʪʦʢʦʣʽʚ ʫ Mesh-ʤʝʨʝʞʽ ʩʫʧʫʪʥʠʢʽʚ, ʱʦ 

ʧʽʜʚʠʱʠʪʴ ʙʝʟʧʝʢʫ ʦʨʙʽʪʘʣʴʥʦʛʦ ʨʫʭʫ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʟʧʦʜʽʣʝʥʠʭ 

ʦʙʯʠʩʣʝʥʴ. 

ð ʦʧʪʠʤʽʟʘʮʽʾ ʬʦʨʤʘʪʽʚ ʜʘʥʠʭ (CBOR, ʙʽʥʘʨʥʠʡ XML) ʜʣʷ ʟʤʝʥʰʝʥʥʷ 
ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʚʠʪʨʘʪ ʪʘ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʙʦʨʪʦʚʠʭ ʩʠʩʪʝʤ. 
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ð ʟʘʩʪʦʩʫʚʘʥʥʽ ʩʝʤʘʥʪʠʯʥʦʾ ʘʚʪʦʥʦʤʽʾ ʫ ʜʘʣʝʢʠʭ ʢʦʩʤʽʯʥʠʭ ʤʽʩʽʷʭ, ʜʝ 
ʟʘʪʨʠʤʢʘ ʩʠʛʥʘʣʫ ʨʦʙʠʪʴ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʣʦʢʘʣʴʥʝ ʧʨʠʡʥʷʪʪʷ 

ʨʽʰʝʥʴ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʩʝʤʘʥʪʠʯʥʘ ʽʥʪʝʨʦʧʝʨʘʙʝʣʴʥʽʩʪʴ ʩʪʘʻ ʢʣʶʯʦʚʠʤ ʯʠʥʥʠʢʦʤ 

ʝʚʦʣʶʮʽʾ ʢʦʩʤʽʯʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʾʾ ʩʪʽʡʢʽʩʪʴ, 

ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ ʪʘ ʟʜʘʪʥʽʩʪʴ ʜʦ ʽʥʪʝʛʨʘʮʽʾ ʛʝʪʝʨʦʛʝʥʥʠʭ ʜʞʝʨʝʣ ʜʘʥʠʭ ʫ 

ʻʜʠʥʦʤʫ ʽʥʬʦʨʤʘʮʽʡʥʦʤʫ ʧʨʦʩʪʦʨʽ. 
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Aʅɸʃɯɿ ʄʆɾʃʀɺʆʉʊɯ ɿɸʉʊʆʉʋɺɸʅʅʗ ʉɽʈɽɼʆɺʀʑɸ F PRIME  

ɺ ʋʅɯɺɽʈʉʀʊɽʊʉʔʂʆʄʋ ʉʋʇʋʊʅʀʂʋ XAI 1-KA  

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʧʠʪʘʥʥʷ ʚʠʙʦʨʫ ʧʨʦʛʨʘʤʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʜʣʷ ʨʦʟʨʦʙʢʠ 

ʙʦʨʪʦʚʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʦʛʦ ʥʘʥʦʩʫʧʫʪʥʠʢʘ ʍɸɯ1-

ʂɸ ʢʣʘʩʫ CubeSat. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʪʘ ʪʝʭʥʽʯʥʽ ʚʠʤʦʛʠ ʧʨʦʻʢʪʫ 

ʩʫʧʫʪʥʠʢʘ ʜʦ ʙʦʨʪʦʚʦʛʦ ʇɿ. ɼʦʩʣʽʜʞʝʥʦ ʘʨʭʽʪʝʢʪʫʨʫ ʪʘ ʦʩʥʦʚʥʽ ʤʦʞʣʠʚʦʩʪʽ 

ʬʨʝʡʤʚʦʨʢʫ F Prime ʚʽʜ NASA JPL. ɺʠʢʦʥʘʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ 

ʚʽʜʧʦʚʽʜʥʦʩʪʽ F Prime ʚʠʤʦʛʘʤ ʧʨʦʻʢʪʫ ʍɸɯ1-ʂɸ ʪʘ ʦʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ 

ʡʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: F Prime, ʍɸɯ1-ʂɸ, CubeSat, ʙʦʨʪʦʚʝ ʇɿ, ʬʨʝʡʤʚʦʨʢ. 
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ANALYSIS OF F PRIME FRAMEWORK APPLICABILITY  

FOR KHAI1 -SAT UNIVERSITY NANOSATELLITE  

Abstract. The issue of selecting a software environment for developing onboard 

software for the KhAI1-Sat university CubeSat-class nanosatellite is considered. 

Functional and technical requirements of the satellite project for onboard software 

are analyzed. The architecture and main capabilities of NASA JPL's F Prime 

framework are studied. A comparative analysis of F Prime's compliance with 
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KhAI1-Sat project requirements is performed, and the feasibility of its use is 

substantiated. 

Keywords: F Prime, KhAI1-Sat, CubeSat, onboard software, framework. 

 

ɺʩʪʫʧ. ʈʦʟʨʦʙʢʘ ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʠʭ ʥʘʥʦʩʫʧʫʪʥʠʢʽʚ ʻ ʚʘʞʣʠʚʠʤ 

ʥʘʧʨʷʤʢʦʤ ʧʽʜʛʦʪʦʚʢʠ ʬʘʭʽʚʮʽʚ ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ. ʋ ʅʘʮʽʦʥʘʣʴʥʦʤʫ 

ʘʝʨʦʢʦʩʤʽʯʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ çʍʘʨʢʽʚʩʴʢʠʡ ʘʚʽʘʮʽʡʥʠʡ ʽʥʩʪʠʪʫʪè ʨʝʘʣʽʟʫʻʪʴʩʷ 

ʧʨʦʻʢʪ ʩʪʚʦʨʝʥʥʷ ʥʘʥʦʩʫʧʫʪʥʠʢʘ ʍɸɯ1-ʂɸ ʢʣʘʩʫ CubeSat [1]. ʆʜʥʠʤ ʟ 

ʢʣʶʯʦʚʠʭ ʝʪʘʧʽʚ ʨʦʟʨʦʙʢʠ ʻ ʚʠʙʽʨ ʧʨʦʛʨʘʤʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ 

ʙʦʨʪʦʚʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ (ɹʇɿ). ʊʨʘʜʠʮʽʡʥʘ ʨʦʟʨʦʙʢʘ ɹʇɿ ʟ ʥʫʣʷ 

ʧʦʪʨʝʙʫʻ ʟʥʘʯʥʠʭ ʨʝʩʫʨʩʽʚ [2], ʪʦʤʫ ʜʦʮʽʣʴʥʠʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʬʨʝʡʤʚʦʨʢʽʚ ʟ ʛʦʪʦʚʠʤʠ ʨʽʰʝʥʥʷʤʠ ʜʣʷ ʪʠʧʦʚʠʭ ʟʘʚʜʘʥʴ 

ʢʦʩʤʽʯʥʠʭ ʤʽʩʽʡ. 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʦʻʢʪʫ ʍɸɯ1-ʂɸ. ʍɸɯ1-ʂɸ ï ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʠʡ 

ʥʘʥʦʩʫʧʫʪʥʠʢ ʬʦʨʤʘʪʫ 3U CubeSat (10Ĭ10Ĭ30 ʩʤ) ʜʣʷ ʥʘʚʯʘʣʴʥʦ-

ʜʦʩʣʽʜʥʠʮʴʢʠʭ ʟʘʚʜʘʥʴ, ʱʦ ʨʦʟʨʦʙʣʷʻʪʴʩʷ ʢʦʤʘʥʜʦʶ ʩʪʫʜʝʥʪʽʚ ʪʘ ʚʠʢʣʘʜʘʯʽʚ. 

ɹʦʨʪʦʚʠʡ ʦʙʯʠʩʣʶʚʘʯ ʍɸɯ1-ʂɸ ʧʦʙʫʜʦʚʘʥʦ ʥʘ ʘʧʘʨʘʪʥʽʡ ʧʣʘʪʬʦʨʤ ̔ ARM 

Cortex-M4 (512 ʂɹ Flash, 192 ʂɹ RAM)[ 1, 3]. ɼʦ ʩʢʣʘʜʫ ʩʫʧʫʪʥʠʢʘ ʚʭʦʜʷʪʴ 

ʮʽʣʴʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʧʽʜʩʠʩʪʝʤʠ ʝʥʝʨʛʦʞʠʚʣʝʥʥʷ, ʦʨʽʻʥʪʘʮʽʾ, ʨʘʜʽʦʟʚ'ʷʟʢʫ ʪʘ 

ʜʘʪʯʠʢʽʚ. ɹʇɿ ʧʦʚʠʥʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ  ʤʦʜʫʣʴʥʫ ʘʨʭʽʪʝʢʪʫʨʫ ʜʣʷ ʩʧʨʦʱʝʥʥʷ 

ʨʦʟʨʦʙʢʠ, ʽʥʪʝʛʨʘʮʽ ʾʟ ʥʘʟʝʤʥʠʤ ʩʝʛʤʝʥʪʦʤ ʫʧʨʘʚʣʽʥʥʷ. 

ʌʨʝʡʤʚʦʨʢ F Prime. F Prime (FË) ï ʬʨʝʡʤʚʦʨʢ ʟ ʚʽʜʢʨʠʪʠʤ ʢʦʜʦʤ ʚʽʜ 

ʃʘʙʦʨʘʪʦʨʽʾ ʨʝʘʢʪʠʚʥʦʛʦ ʨʫʭʫ NASA (JPL) ʜʣʷ ʙʦʨʪʦʚʦʛʦ ʇɿ ʤʘʣʠʭ ʢʦʩʤʽʯʥʠʭ 

ʘʧʘʨʘʪʽʚ [4]. ʋʩʧʽʰʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʫ ʤʽʩʽʷʭ Mars Helicopter Ingenuity ʪʘ 

CADRE [5]. ʂʣʶʯʦʚʽ ʦʩʦʙʣʠʚʦʩʪʽ: ʢʦʤʧʦʥʝʥʪʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʟ ʥʝʟʘʣʝʞʥʠʤʠ 

ʤʦʜʫʣʷʤʠ ʪʘ ʯʽʪʢʠʤʠ ʽʥʪʝʨʬʝʡʩʘʤʠ; ʘʚʪʦʤʘʪʠʯʥʘ ʛʝʥʝʨʘʮʽʷ C++ ʢʦʜʫ ʟ XML-

ʩʧʝʮʠʬʽʢʘʮʽʡ; ʚʙʫʜʦʚʘʥʽ ʽʥʩʪʨʫʤʝʥʪʠ ʪʝʩʪʫʚʘʥʥʷ; ʩʠʩʪʝʤʘ ʢʦʤʘʥʜ ʪʘ 

ʪʝʣʝʤʝʪʨʽʾ; ʘʙʩʪʨʘʢʮʽʷ ʦʧʝʨʘʮʽʡʥʦʾ ʩʠʩʪʝʤʠ (ʧʽʜʪʨʠʤʢʘ FreeRTOS, VxWorks, 

Linux) [4, 6]. 

ʉʝʨʝʜ ʘʣʴʪʝʨʥʘʪʠʚ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ Core Flight System (cFS), ʱʦ ʪʘʢʦʞ 

ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʤʽʩʽʷʭ NASA ʪʘ ʤʘʻ ʤʦʜʫʣʴʥʫ ʘʨʭʽʪʝʢʪʫʨʫ ʜʦʜʘʪʢʽʚ, 

ʘ ʪʘʢʦʞ NanoSat MO Framework, ʦʨʽʻʥʪʦʚʘʥʠʡ ʥʘ ʩʪʘʥʜʘʨʪʠ CCSDS ʽ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʻʚʨʦʧʝʡʩʴʢʠʭ ʥʘʥʦʩʫʧʫʪʥʠʢʦʚʠʭ ʧʨʦʻʢʪʘʭ.  

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʪʘ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ. ɸʥʘʣʽʟ ʚʽʜʧʦʚʽʜʥʦʩʪʽ F 

Prime ʚʠʤʦʛʘʤ ʍɸɯ1-ʂɸ ʧʦʢʘʟʫʻ ʚʠʩʦʢʠʡ ʩʪʫʧʽʥʴ ʩʫʤʽʩʥʦʩʪʽ. ʂʦʤʧʦʥʝʥʪʥʘ 

ʘʨʭʽʪʝʢʪʫʨʘ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʢʦʞʥʫ ʧʽʜʩʠʩʪʝʤʫ (ʝʥʝʨʛʦʞʠʚʣʝʥʥʷ, 

ʦʨʽʻʥʪʘʮʽʷ, ʟʚ'ʷʟʦʢ) ʷʢ ʦʢʨʝʤʠʡ ʢʦʤʧʦʥʝʥʪ, ʱʦ ʩʧʨʦʱʫʻ ʨʦʟʨʦʙʢʫ ʪʘ ʪʝʩʪʫʚʘʥʥʷ 

ʨʽʟʥʠʤʠ ʯʣʝʥʘʤʠ ʢʦʤʘʥʜʠ. ʇʽʜʪʨʠʤʢʘ ARM Cortex-M4 ʪʘ FreeRTOS 

ʟʘʙʝʟʧʝʯʫʻ ʩʫʤʽʩʥʽʩʪʴ ʟ ʘʧʘʨʘʪʥʦʶ ʧʣʘʪʬʦʨʤʦʶ ʍɸɯ1-ʂɸ. ɸʙʩʪʨʘʢʮʽʷ ʆʉ 

ʜʦʟʚʦʣʷʻ ʟʤʽʥʠʪʠ ʧʣʘʪʬʦʨʤʫ ʙʝʟ ʟʥʘʯʥʠʭ ʟʤʽʥ ʫ ʢʦʜʽ [6]. 

ɺʙʫʜʦʚʘʥʘ ʩʠʩʪʝʤʘ ʢʦʤʘʥʜ ʪʘ ʪʝʣʝʤʝʪʨʽʾ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʽʜʧʦʚʽʜʘʻ 

ʚʠʤʦʛʘʤ ʽʥʪʝʛʨʘʮʽʾ ʟ ʥʘʟʝʤʥʠʤ ʩʝʛʤʝʥʪʦʤ. ʅʘʷʚʥʽʩʪʴ ʙʽʙʣʽʦʪʝʢʠ ʛʦʪʦʚʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ (ʜʠʩʧʝʪʯʝʨ ʢʦʤʘʥʜ, ʣʦʛʫʚʘʥʥʷ, ʙʫʬʝʨʠʟʘʮʽʷ ʪʝʣʝʤʝʪʨʽʾ) ʜʦʟʚʦʣʷʻ 

ʟʦʩʝʨʝʜʠʪʠʩʴ ʥʘ ʩʧʝʮʠʬʽʯʥʠʭ ʜʣʷ ʤʽʩʽʾ ʟʘʚʜʘʥʥʷʭ [4]. ɺʠʢʦʨʠʩʪʘʥʥʷ F Prime 
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ʤʘʻ ʧʝʨʝʚʘʛʠ: ʩʢʦʨʦʯʝʥʥʷ ʪʝʨʤʽʥʽʚ ʨʦʟʨʦʙʢʠ; ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʯʝʨʝʟ 

ʧʝʨʝʚʽʨʝʥʠʡ ʢʦʜ; ʜʝʪʘʣʴʥʘ ʜʦʢʫʤʝʥʪʘʮʽʷ ʪʘ ʧʽʜʪʨʠʤʢʘ ʩʧʽʣʴʥʦʪʠ [5]. 

ʆʙʤʝʞʝʥʥʷ ʚʢʣʶʯʘʶʪʴ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʚʯʝʥʥʷ ʘʨʭʽʪʝʢʪʫʨʠ ʪʘ ʧʝʚʥʽ ʥʘʢʣʘʜʥʽ 

ʚʠʪʨʘʪʠ ʧʘʤ'ʷʪʽ, ʷʢʽ ʦʜʥʘʢ ʥʝ ʻ ʢʨʠʪʠʯʥʠʤʠ ʜʣʷ ʧʣʘʪʬʦʨʤʠ ʟ 512 ʂɹ Flash. 

ɺʠʙʽʨ ʆʉ, ʤʝʨʝʞʝʚʠʡ ʟʚôʷʟʦʢ ʪʘ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʬʨʝʡʤʚʦʨʢʫ. 

ɼʣʷ ʍɸɯ1-ʂɸ ʥʘ ʙʘʟʽ ARM Cortex-M4 ʦʙʨʘʥʦ FreeRTOS ï ʣʝʛʢʦʚʘʛʫ ʆʉ 

ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʱʦ ʥʘʪʠʚʥʦ ʧʽʜʪʨʠʤʫʻʪʴʩʷ F Prime ʯʝʨʝʟ OSAL. ɿʦʚʥʽʰʥʽʡ 

ʟʚôʷʟʦʢ ʽʟ ʥʘʟʝʤʥʦʶ ʩʪʘʥʮʽʻʶ ʨʝʘʣʽʟʫʻʪʴʩʷ ʯʝʨʝʟ UHF/VHF ʟ ʧʽʜʪʨʠʤʢʦʶ 

CCSDS, ʘ ʚʥʫʪʨʽʰʥʷ ʚʟʘʻʤʦʜʽʷ ʢʦʤʧʦʥʝʥʪʽʚ ï ʯʝʨʝʟ ʧʦʨʪʦʚʠʡ ʤʝʭʘʥʽʟʤ F 

Prime. ʉʝʨʝʜ ʘʣʴʪʝʨʥʘʪʠʚ ʨʦʟʛʣʷʜʘʣʠʩʷ cFS ʪʘ NMF, ʦʜʥʘʢ ʚʦʥʠ ʦʨʽʻʥʪʦʚʘʥʽ ʥʘ 

ʧʦʚʥʦʮʽʥʥʽ ʆʉ ʪʘ ʙʽʣʴʰʽ ʨʝʩʫʨʩʠ, ʪʦʜʽ ʷʢ F Prime ʧʦʻʜʥʫʻ ʧʽʜʪʨʠʤʢʫ MCU, 

ʪʝʣʝʤʝʪʨʽʶ ʪʘ ʧʽʜʪʚʝʨʜʞʝʥʠʡ ʣʴʦʪʥʠʡ ʜʦʩʚʽʜ. 

ɺʠʩʥʦʚʢʠ. ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʧʦʢʘʟʫʻ, ʱʦ ʬʨʝʡʤʚʦʨʢ F Prime ʻ 

ʧʨʠʜʘʪʥʠʤ ʪʘ ʜʦʮʽʣʴʥʠʤ ʚʠʙʦʨʦʤ ʜʣʷ ʨʦʟʨʦʙʢʠ ʙʦʨʪʦʚʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʦʛʦ ʩʫʧʫʪʥʠʢʘ ʍɸɯ1-ʂɸ. ʂʦʤʧʦʥʝʥʪʥʘ 

ʘʨʭʽʪʝʢʪʫʨʘ, ʧʽʜʪʨʠʤʢʘ ʥʝʦʙʭʽʜʥʠʭ ʧʣʘʪʬʦʨʤ, ʚʙʫʜʦʚʘʥʽ ʽʥʩʪʨʫʤʝʥʪʠ ʨʦʟʨʦʙʢʠ 

ʪʘ ʫʩʧʽʰʥʠʡ ʜʦʩʚʽʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʤʽʩʽʷʭ NASA ʨʦʙʣʷʪʴ F Prime ʦʧʪʠʤʘʣʴʥʠʤ 

ʨʽʰʝʥʥʷʤ ʜʣʷ ʥʘʚʯʘʣʴʥʦ-ʜʦʩʣʽʜʥʦʛʦ ʧʨʦʻʢʪʫ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʬʨʝʡʤʚʦʨʢʫ 

ʜʦʟʚʦʣʠʪʴ ʢʦʤʘʥʜʽ ʟʦʩʝʨʝʜʠʪʠʩʴ ʥʘ ʩʧʝʮʠʬʽʯʥʠʭ ʬʫʥʢʮʽʷʭ ʤʽʩʽʾ, ʩʢʦʨʦʪʠʪʠ 

ʪʝʨʤʽʥʠ ʨʦʟʨʦʙʢʠ ʪʘ ʧʽʜʚʠʱʠʪʠ ʥʘʜʽʡʥʽʩʪʴ ʩʠʩʪʝʤʠ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ 

ʙʫʜʫʪʴ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʦʮʽʥʢʫ ʨʝʘʢʪʠʚʥʦʩʪʽ ʪʘ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ F Prime ʫ ʢʦʥʪʝʢʩʪʽ ʢʦʥʢʨʝʪʥʠʭ ʟʘʚʜʘʥʴ ʤʽʩʽʾ ʍɸɯ1-ʂɸ. 
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ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʦʥʮʝʧʮʽʶ ʥʦʚʦʾ ʤʦʚʠ ʧʨʦʛʨʘʤʫʚʘʥʥʷ 

Thunder, ʩʧʨʷʤʦʚʘʥʦʾ ʥʘ ʫʩʫʥʝʥʥʷ ʩʠʩʪʝʤʥʠʭ ʦʙʤʝʞʝʥʴ ʩʫʯʘʩʥʠʭ 

ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʣʘʥʮʶʞʢʽʚ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ 

ʢʨʦʩʧʣʘʪʬʦʨʤʥʦʾ ʨʦʟʨʦʙʢʠ. ɼʦʩʣʽʜʞʝʥʥʷ ʦʙˇʨʫʥʪʦʚʫʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʩʪʚʦʨʝʥʥʷ 

ʩʘʤʦʜʦʩʪʘʪʥʴʦʛʦ ʢʦʤʧʽʣʷʪʦʨʘ, ʥʝʟʘʣʝʞʥʦʛʦ ʚʽʜ ʚʝʣʠʢʠʭ ʽʥʬʨʘʩʪʨʫʢʪʫʨ ʪʠʧʫ 

LLVM (Low Level Virtual Machine), ʱʦ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʣʝʛʢʦʩʪʽ, 

ʧʦʨʪʘʪʠʚʥʦʩʪʽ ʪʘ ʧʨʦʟʦʨʦʩʪʽ ʘʫʜʠʪʫ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʦʜʝʣʴ ʟʘʣʝʞʥʦʩʪʝʡ ʥʘ 

ʦʩʥʦʚʽ ʚʠʭʽʜʥʦʛʦ ʢʦʜʫ ʟʘʙʝʟʧʝʯʫʻ ʤʽʞʧʨʦʮʝʜʫʨʥʫ ʦʧʪʠʤʽʟʘʮʽʶ ʪʘ ʫʩʫʚʘʻ 

ʧʦʪʨʝʙʫ ʫ ʩʢʣʘʜʥʠʭ ʝʪʘʧʘʭ ʦʧʪʠʤʽʟʘʮʽʾ ʯʘʩʫ ʢʦʤʧʦʥʫʚʘʥʥʷ, ʚʦʜʥʦʯʘʩ 

ʚʽʜʤʦʚʣʷʶʯʠʩʴ ʚʽʜ ʟʘʩʪʘʨʽʣʦʾ ʤʦʜʝʣʽ ʟʘʛʦʣʦʚʢʦʚʠʭ ʬʘʡʣʽʚ. Thunder ʽʥʪʝʛʨʫʻ 

ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʫ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʽʥʥʷ ʧʘʢʝʪʘʤʠ ʪʘ ʣʘʢʦʥʽʯʥʫ ʛʨʘʤʘʪʠʢʫ, ʱʦ 

ʩʧʨʠʷʻ ʩʪʚʦʨʝʥʥʶ ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʨʝʘʣʽʟʘʮʽʡ ʙʝʟ ʚʪʨʘʪʠ ʩʫʤʽʩʥʦʩʪʽ. ʆʩʦʙʣʠʚʫ 

ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʤʝʪʘʧʨʦʛʨʘʤʫʚʘʥʥʶ, ʜʝ ʤʽʥʽʤʽʟʫʻʪʴʩʷ ʨʦʟʨʠʚ ʤʽʞ ʢʦʜʦʤ ʯʘʩʫ 

ʢʦʤʧʽʣʷʮʽʾ ʪʘ ʚʠʢʦʥʘʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʩʫʯʘʩʥʠʤ ʘʧʘʨʘʪʥʠʤ ʤʦʞʣʠʚʦʩʪʷʤ ʽ 

ʟʥʠʞʫʻ ʥʘʢʣʘʜʥʽ ʚʠʪʨʘʪʠ. ʊʘʢʠʤ ʯʠʥʦʤ, Thunder ʧʨʦʧʦʥʫʻ ʥʦʚʫ ʧʘʨʘʜʠʛʤʫ 

ʤʦʚʥʦʾ ʝʢʦʩʠʩʪʝʤʠ, ʷʢʘ ʧʦʻʜʥʫʻ ʧʦʨʪʘʪʠʚʥʽʩʪʴ, ʦʧʪʠʤʽʟʘʮʽʶ ʪʘ ʙʝʟʧʝʢʫ, 

ʚʽʜʢʨʠʚʘʶʯʠ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ ʫ ʩʬʝʨʽ ʘʨʭʽʪʝʢʪʫʨʥʦ ʥʝʟʘʣʝʞʥʠʭ 

ʢʦʤʧʽʣʷʪʦʨʽʚ ʪʘ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʠʭ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʣʘʥʮʶʞʢʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: Thunder, ʤʦʚʘ ʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʢʨʦʩʧʣʘʪʬʦʨʤʥʘ ʨʦʟʨʦʙʢʘ, 

ʩʘʤʦʜʦʩʪʘʪʥʽʡ ʢʦʤʧʽʣʷʪʦʨ, ʦʧʪʠʤʽʟʘʮʽʷ ʥʘ ʦʩʥʦʚʽ ʚʠʭʽʜʥʦʛʦ ʢʦʜ. 
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THE THUNDER ECOSYSTEM  

Annotation. This paper presents the concept of a new programming language, 

Thunder, designed to overcome limitations of modern toolchains and enable 

deterministic cross-platform development. The study justifies the use of a self-

hosted compiler independent of large infrastructures such as LLVM, ensuring 

portability, lightweight architecture, and auditability. The proposed source-based 

dependency model supports interprocedural optimization while eliminating the need 

for complex link-time optimization and the traditional header file model. Thunder 

also introduces standardized package management and a concise language grammar, 

enabling alternative implementations without losing compatibility. Special attention 

is given to metaprogramming, reducing the gap between compile-time and run-time 

code and improving execution efficiency. Overall, Thunder proposes a new 

approach to programming language ecosystems that combines portability, 

optimization, and security. 

Keywords: Thunder; programming language; cross-platform development; self-

hosted compiler; source-based optimization.  

 

ʉʫʯʘʩʥʘ ʧʘʨʘʜʠʛʤʘ ʧʨʦʛʨʘʤʥʦʾ ʽʥʞʝʥʝʨʽʾ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʟʥʘʯʥʠʤ 

ʨʽʟʥʦʤʘʥʽʪʪʷʤ ʤʦʚ ʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʢʦʞʥʘ ʟ ʷʢʠʭ ʬʦʨʤʫʻʪʴʩʷ ʫ ʤʝʞʘʭ ʧʝʚʥʦʾ 

ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʝʢʦʩʠʩʪʝʤʠ ʪʘ ʦʨʽʻʥʪʦʚʘʥʘ ʥʘ ʚʠʨʽʰʝʥʥʷ ʩʧʝʮʠʬʽʯʥʠʭ 

ʧʨʠʢʣʘʜʥʠʭ ʟʘʜʘʯ [1, 2]. ʊʘʢʘ ʨʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʩʧʨʠʷʻ ʨʦʟʚʠʪʢʫ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ 

ʽʥʩʪʨʫʤʝʥʪʽʚ ʪʘ ʧʽʜʭʦʜʽʚ ʜʦ ʨʦʟʨʦʙʢʠ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʧʨʦʪʝ 

ʚʦʜʥʦʯʘʩ ʫʩʢʣʘʜʥʶʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʫʤʽʩʥʦʩʪʽ ʤʽʞ ʨʽʟʥʠʤʠ ʧʨʦʛʨʘʤʥʠʤʠ 

ʩʝʨʝʜʦʚʠʱʘʤʠ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʤʦʞʣʠʚʽʩʪʴ ʤʽʞʤʦʚʥʦʾ ʚʟʘʻʤʦʜʽʾ ʯʝʨʝʟ 

ʙʽʥʘʨʥʠʡ ʧʨʦʛʨʘʤʥʠʡ ʽʥʪʝʨʬʝʡʩ C (ABI), ʧʨʘʢʪʠʯʥʘ ʨʝʘʣʽʟʘʮʽʷ ʝʬʝʢʪʠʚʥʦʾ ʪʘ 

ʤʘʩʰʪʘʙʦʚʘʥʦʾ ʢʨʦʩʧʣʘʪʬʦʨʤʥʦʾ ʨʦʟʨʦʙʢʠ ʟʘʣʠʰʘʻʪʴʩʷ ʩʢʣʘʜʥʠʤ ʽʥʞʝʥʝʨʥʠʤ 

ʟʘʚʜʘʥʥʷʤ [3]. ʎʝ ʧʦʚôʷʟʘʥʦ ʟ ʚʽʜʤʽʥʥʦʩʪʷʤʠ ʫ ʢʦʤʧʽʣʷʪʦʨʘʭ, ʩʠʩʪʝʤʘʭ 

ʢʝʨʫʚʘʥʥʷ ʧʘʤôʷʪʪʶ, ʤʝʭʘʥʽʟʤʘʭ ʚʠʢʦʥʘʥʥʷ ʧʨʦʛʨʘʤ ʪʘ ʘʨʭʽʪʝʢʪʫʨʥʠʭ 

ʦʩʦʙʣʠʚʦʩʪʷʭ ʮʽʣʴʦʚʠʭ ʧʣʘʪʬʦʨʤ. ɯʩʥʫʻ ʢʨʠʪʠʯʥʘ ʧʦʪʨʝʙʘ ʚ 

ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʤʫ ʣʘʥʮʶʞʢʫ, ʷʢʠʡ ʙʠ ʩʧʨʠʷʚ ʩʧʨʘʚʞʥʽʡ ʢʨʦʩʧʣʘʪʬʦʨʤʥʽʡ 

ʨʦʟʨʦʙʮʽ ʙʝʟ ʰʢʦʜʠ ʜʣʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʯʠ ʩʫʯʘʩʥʠʭ ʩʠʥʪʘʢʩʠʯʥʠʭ ʟʨʫʯʥʦʩʪʝʡ. 

ʄʦʚʘ ʧʨʦʛʨʘʤʫʚʘʥʥʷ Thunder ʨʦʟʨʦʙʣʷʻʪʴʩʷ ʜʣʷ ʧʦʜʦʣʘʥʥʷ ʮʽʻʾ ʧʨʦʛʘʣʠʥʠ [5].  
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ɽʢʦʩʠʩʪʝʤʘ Thunder ʦʨʽʻʥʪʦʚʘʥʘ ʥʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʝʪʝʨʤʽʥʦʚʘʥʦʾ 

ʧʦʚʝʜʽʥʢʠ ʧʨʦʛʨʘʤ ʫ ʛʝʪʝʨʦʛʝʥʥʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʥʝʟʘʣʝʞʥʦ 

ʚʽʜ ʙʘʟʦʚʦʛʦ ʬʦʨʤʘʪʫ ʚʠʢʦʥʘʥʥʷ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʧʝʨʝʜʙʘʯʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʫʥʽʬʽʢʦʚʘʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʘʨʽʶ ʨʦʟʨʦʙʢʠ, ʟʜʘʪʥʦʛʦ ʪʨʘʥʩʬʦʨʤʫʚʘʪʠ ʚʠʭʽʜʥʠʡ 

ʢʦʜ Thunder ʷʢ ʫ ʥʘʪʠʚʥʠʡ ʤʘʰʠʥʥʠʡ ʢʦʜ, ʪʘʢ ʽ ʫ ʧʨʦʤʽʞʥʽ ʘʙʦ ʚʠʩʦʢʦʨʽʚʥʝʚʽ 

ʧʨʝʜʩʪʘʚʣʝʥʥʷ, ʘʜʘʧʪʦʚʘʥʽ ʜʦ ʨʽʟʥʠʭ ʮʽʣʴʦʚʠʭ ʧʣʘʪʬʦʨʤ. ʇʨʠ ʮʴʦʤʫ ʢʣʶʯʦʚʦʶ 

ʚʠʤʦʛʦʶ ʟʘʣʠʰʘʻʪʴʩʷ ʟʙʝʨʝʞʝʥʥʷ ʫʟʛʦʜʞʝʥʦʾ ʪʘ ʧʝʨʝʜʙʘʯʫʚʘʥʦʾ ʩʝʤʘʥʪʠʢʠ 

ʚʠʢʦʥʘʥʥʷ ʧʨʦʛʨʘʤ ʫ ʨʽʟʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ [5]. ɿ ʤʝʪʦʶ ʜʦʩʷʛʥʝʥʥʷ ʚʠʩʦʢʦʛʦ 

ʨʽʚʥʷ ʧʝʨʝʥʦʩʠʤʦʩʪʽ ʪʘ ʤʽʥʽʤʽʟʘʮʽʾ ʜʦʚʛʦʪʨʠʚʘʣʠʭ ʙʽʥʘʨʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ 

ʙʘʟʦʚʠʡ ʽʥʩʪʨʫʤʝʥʪʘʨʽʡ ʩʠʩʪʝʤʠ ʧʦʚʠʥʝʥ ʨʝʘʣʽʟʦʚʫʚʘʪʠʩʷ ʟʘ ʧʨʠʥʮʠʧʦʤ self-

hosted, ʪʦʙʪʦ ʙʫʪʠ ʟʜʘʪʥʠʤ ʢʦʤʧʽʣʶʚʘʪʠ ʚʣʘʩʥʠʡ ʚʠʭʽʜʥʠʡ ʢʦʜ [6].  ɼʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʦʞʣʠʚʦʩʪʽ ʨʦʟʛʦʨʪʘʥʥʷ ʢʦʤʧʽʣʷʪʦʨʘ ʥʘ ʨʽʟʥʠʭ ʩʫʤʽʩʥʠʭ 

ʧʣʘʪʬʦʨʤʘʭ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʨʦʱʝʥʦʛʦ bootstrap-ʢʦʤʧʽʣʷʪʦʨʘ, 

ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʧʦʯʘʪʢʦʚʫ ʩʪʘʜʽʶ ʧʦʙʫʜʦʚʠ ʩʠʩʪʝʤʠ. ʊʘʢʠʡ ʢʦʤʧʽʣʷʪʦʨ ʤʦʞʝ 

ʥʝ ʧʦʚʥʽʩʪʶ ʚʽʜʧʦʚʽʜʘʪʠ ʚʩʽʤ ʚʠʤʦʛʘʤ ʩʧʝʮʠʬʽʢʘʮʽʾ ʤʦʚʠ, ʦʩʢʽʣʴʢʠ ʡʦʛʦ 

ʦʩʥʦʚʥʝ ʧʨʠʟʥʘʯʝʥʥʷ ʧʦʣʷʛʘʻ ʫ ʬʦʨʤʫʚʘʥʥʽ ʧʦʚʥʦʬʫʥʢʮʽʦʥʘʣʴʥʦʛʦ 

ʽʥʩʪʨʫʤʝʥʪʘʨʽʶ ʢʦʤʧʽʣʷʮʽʾ. ɸʨʭʽʪʝʢʪʫʨʘ Thunder ʦʨʽʻʥʪʦʚʘʥʘ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʚʥʫʪʨʽʰʥʽʭ, ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʛʝʥʝʨʘʮʽʾ ʢʦʜʫ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʟʘʙʝʟʧʝʯʠʪʠ ʢʦʤʧʘʢʪʥʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘʨʽʶ, ʤʦʞʣʠʚʽʩʪʴ ʡʦʛʦ ʘʫʜʠʪʫ ʪʘ 

ʩʧʨʦʱʝʥʝ ʧʝʨʝʥʝʩʝʥʥʷ ʥʘ ʥʦʚʽ ʘʧʘʨʘʪʥʽ ʘʨʭʽʪʝʢʪʫʨʠ [5].  ʍʦʯʘ ʩʠʥʪʘʢʩʠʩ 

Thunder ʦʧʪʠʤʽʟʦʚʘʥʦ ʜʣʷ ʤʦʜʝʣʽ ʢʦʤʧʽʣʷʮʽʾ, ʦʢʨʝʤʽ ʨʝʘʣʽʟʘʮʽʾ ʤʦʞʫʪʴ 

ʥʘʜʘʚʘʪʠ ʽʥʪʝʨʧʨʝʪʘʮʽʡʥʽ ʤʝʭʘʥʽʟʤʠ, ʟʦʢʨʝʤʘ ʜʣʷ ʟʘʜʘʯ ʨʦʟʨʦʙʢʠ, ʪʝʩʪʫʚʘʥʥʷ 

ʘʙʦ ʩʮʝʥʘʨʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʟʘ ʫʤʦʚʠ ʜʦʪʨʠʤʘʥʥʷ ʙʘʟʦʚʦʾ ʩʝʤʘʥʪʠʢʠ ʤʦʚʠ 

[1]. Thunder ʚʠʢʦʨʠʩʪʦʚʫʻ ʤʦʜʝʣʴ ʢʝʨʫʚʘʥʥʷ ʟʘʣʝʞʥʦʩʪʷʤʠ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʚʠʭʽʜʥʦʤʫ ʢʦʜʽ, ʟ ʤʝʪʦʶ ʨʦʟʰʠʨʝʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ ʤʽʞʧʨʦʮʝʜʫʨʥʦʾ 

ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʟʤʝʥʰʝʥʥʷ ʥʘʢʣʘʜʥʠʭ ʚʠʪʨʘʪ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ ʪʨʘʜʠʮʽʡʥʠʭ 

ʧʦʧʝʨʝʜʥʴʦ ʩʢʦʤʧʽʣʴʦʚʘʥʠʭ ʙʽʥʘʨʥʠʭ ʙʽʙʣʽʦʪʝʢ [6]. ʍʦʯʘ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʩʪʦʨʦʥʥʽʭ ʟʘʣʝʞʥʦʩʪʝʡ ʜʦʧʫʩʢʘʻʪʴʩʷ, ʧʦʣʽʪʠʢʘ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʙʘʟʫʻʪʴʩʷ 

ʧʝʨʝʚʘʞʥʦ ʥʘ ʧʦʰʠʨʝʥʥʽ ʧʨʦʛʨʘʤʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʚʠʛʣʷʜʽ ʚʠʭʽʜʥʦʛʦ ʢʦʜʫ. 

ʊʘʢʠʡ ʧʽʜʭʽʜ ʟʘʙʝʟʧʝʯʫʻ ʢʦʤʧʽʣʷʪʦʨʫ ʧʦʚʥʫ ʚʠʜʠʤʽʩʪʴ ʛʨʘʬʘ ʚʠʢʣʠʢʽʚ 

ʬʫʥʢʮʽʡ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ ʛʣʠʙʰʫ ʦʧʪʠʤʽʟʘʮʽʶ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʩʢʣʘʜʥʠʭ ʧʨʦʮʝʜʫʨ ʦʧʪʠʤʽʟʘʮʽʾ ʧʽʜ ʯʘʩ ʢʦʤʧʦʥʫʚʘʥʥʷ (LTO). ɸʥʘʣʦʛʽʯʥʽ 

ʧʽʜʭʦʜʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʽ ʚ ʽʥʰʠʭ ʤʦʚʘʭ ʧʨʦʛʨʘʤʫʚʘʥʥʷ: ʟʦʢʨʝʤʘ, ʪʝʭʥʦʣʦʛʽʷ 

Unity build ʫ ʤʦʚʘʭ C ʪʘ C++ ʧʝʨʝʜʙʘʯʘʻ ʦʙôʻʜʥʘʥʥʷ ʢʽʣʴʢʦʭ ʚʠʭʽʜʥʠʭ ʬʘʡʣʽʚ 

ʫ ʤʝʞʘʭ ʦʜʥʦʛʦ ʙʣʦʢʫ ʢʦʤʧʽʣʷʮʽʾ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʧʪʠʤʽʟʘʮʽʾ. 

ʂʨʽʤ ʪʦʛʦ, ʪʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʚʽʜʤʦʚʠʪʠʩʷ ʚʽʜ ʟʘʩʪʘʨʽʣʦʾ ʤʦʜʝʣʽ 

ʧʽʜʢʣʶʯʝʥʥʷ ʟʘʛʦʣʦʚʢʦʚʠʭ ʬʘʡʣʽʚ, ʭʘʨʘʢʪʝʨʥʦʾ ʜʣʷ C ʪʘ C++ [2]. 

ɯʥʩʪʨʫʤʝʥʪʘʨʽʡ Thunder ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʝ ʨʦʟʚôʷʟʘʥʥʷ 

ʩʠʤʚʦʣʽʚ ʰʣʷʭʦʤ ʘʥʘʣʽʟʫ ʩʪʨʫʢʪʫʨʠ ʢʘʪʘʣʦʛʫ ʧʨʦʻʢʪʫ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʤʦʜʫʣʴʥʦʾ ʩʠʩʪʝʤʠ ʽʤʧʦʨʪʫ. ʆʩʥʦʚʥʠʡ ʢʦʤʧʽʣʷʪʦʨ ʤʦʞʝ ʟʘʙʝʟʧʝʯʫʚʘʪʠ 

ʤʦʞʣʠʚʽʩʪʴ ʩʘʤʦʩʪʽʡʥʦʾ ʨʝʢʦʥʩʪʨʫʢʮʽʾ ʙʝʟ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʙʽʙʣʽʦʪʝʢ. 

ɺʦʜʥʦʯʘʩ ʩʪʘʥʜʘʨʪʥʘ ʙʽʙʣʽʦʪʝʢʘ ʤʦʞʝ ʥʘʜʘʚʘʪʠ ʫʥʽʚʝʨʩʘʣʴʥʽ API ʜʣʷ ʚʟʘʻʤʦʜʽʾ 

ʟ ʦʧʝʨʘʮʽʡʥʠʤʠ ʩʠʩʪʝʤʘʤʠ (ʥʘʧʨʠʢʣʘʜ, POSIX-ʩʫʤʽʩʥʽ ʽʥʪʝʨʬʝʡʩʠ ʪʘ ʩʠʩʪʝʤʥʽ 

ʚʠʢʣʠʢʠ), ʘ ʪʘʢʦʞ ʧʦʧʝʨʝʜʥʴʦ ʚʠʟʥʘʯʝʥʽ ʰʘʙʣʦʥʠ ʧʨʦʛʨʘʤ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ 
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ʧʽʜʪʨʠʤʫʚʘʪʠ ʘʨʭʽʪʝʢʪʫʨʥʫ ʫʟʛʦʜʞʝʥʽʩʪʴ ʫ ʤʝʞʘʭ ʚʩʽʻʾ ʝʢʦʩʠʩʪʝʤʠ. 

ɸʨʭʽʪʝʢʪʫʨʘ ʩʝʨʝʜʦʚʠʱʘ ʨʦʟʨʦʙʢʠ ʦʨʽʻʥʪʦʚʘʥʘ ʥʘ ʟʘʧʦʙʽʛʘʥʥʷ ʧʨʦʙʣʝʤʘʤ 

ʬʨʘʛʤʝʥʪʘʮʽʾ ʪʘ ʤʦʥʦʧʦʣʽʟʘʮʽʾ, ʷʢʽ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚ ʙʘʛʘʪʴʦʭ ʤʦʚʥʠʭ 

ʝʢʦʩʠʩʪʝʤʘʭ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ Thunder ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʫ 

ʩʧʝʮʠʬʽʢʘʮʽʶ ʫʧʨʘʚʣʽʥʥʷ ʧʘʢʝʪʘʤʠ. ɺʦʜʥʦʯʘʩ ʚʽʜʧʦʚʽʜʥʠʡ ʧʨʦʪʦʢʦʣ ʤʦʞʝ 

ʧʽʜʪʨʠʤʫʚʘʪʠ ʜʝʮʝʥʪʨʘʣʽʟʦʚʘʥʝ ʨʦʟʤʽʱʝʥʥʷ ʧʘʢʝʪʽʚ, ʱʦ ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʦʜʥʦʛʦ ʧʦʩʪʘʯʘʣʴʥʠʢʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʪʘ ʧʽʜʚʠʱʫʻ ʟʘʛʘʣʴʥʫ 

ʜʦʩʪʫʧʥʽʩʪʴ ʩʠʩʪʝʤʠ.  

ɼʦʪʨʠʤʫʶʯʠʩʴ ʧʨʠʥʮʠʧʽʚ, ʨʝʘʣʽʟʦʚʘʥʠʭ ʫ ʩʫʯʘʩʥʠʭ ʩʠʩʪʝʤʘʭ ʟʙʽʨʢʠ ʜʣʷ 

ʤʦʚ C, ʘ ʪʘʢʦʞ ʫ ʩʠʩʪʝʤʽ ʟʙʽʨʢʠ ʤʦʚʠ Zig, ʨʝʮʝʧʪʠ ʟʙʽʨʢʠ Thunder ʤʦʞʫʪʴ ʙʫʪʠ 

ʧʨʠʚôʷʟʘʥʽ ʜʦ ʢʦʥʢʨʝʪʥʠʭ ʚʝʨʩʽʡ ʽʥʩʪʨʫʤʝʥʪʘʨʽʶ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ 

ʛʘʨʘʥʪʫʚʘʪʠ ʜʦʚʛʦʪʨʠʚʘʣʫ ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ ʩʮʝʥʘʨʽʾʚ ʟʙʽʨʢʠ ʙʝʟ ʥʝʦʙʭʽʜʥʦʩʪʽ ʾʭ 

ʨʝʛʫʣʷʨʥʦʛʦ ʦʥʦʚʣʝʥʥʷ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʩʫʤʽʩʥʦʩʪʽ ʟ ʥʦʚʠʤʠ ʚʝʨʩʽʷʤʠ 

ʽʥʩʪʨʫʤʝʥʪʽʚ. ɼʣʷ ʮʴʦʛʦ ʩʪʘʥʜʘʨʪʥʘ ʙʽʙʣʽʦʪʝʢʘ ʤʦʞʝ ʚʢʣʶʯʘʪʠ ʫʪʠʣʽʪʠ, ʱʦ 

ʩʧʨʦʱʫʶʪʴ ʘʚʪʦʤʘʪʠʯʥʫ ʛʝʥʝʨʘʮʽʶ ʩʢʨʠʧʪʽʚ ʟʙʽʨʢʠ. ʌʦʨʤʘʪ ʧʘʢʝʪʽʚ ʪʘ 

ʩʪʨʫʢʪʫʨʘ ʬʘʡʣʦʚʦʾ ʩʠʩʪʝʤʠ ʤʦʞʫʪʴ ʚʠʟʥʘʯʘʪʠʩʷ ʫ ʤʝʞʘʭ ʚʽʜʧʦʚʽʜʥʦʾ 

ʩʧʝʮʠʬʽʢʘʮʽʾ, ʱʦ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʘʣʴʪʝʨʥʘʪʠʚʥʽ ʨʝʘʣʽʟʘʮʽʾ ʽʥʩʪʨʫʤʝʥʪʽʚ 

ʟʙʽʨʢʠ, ʷʢʽ ʟʘʣʠʰʘʶʪʴʩʷ ʩʫʤʽʩʥʠʤʠ ʟ ʦʬʽʮʽʡʥʦʶ ʝʢʦʩʠʩʪʝʤʦʶ. Thunder ʪʘʢʦʞ 

ʤʦʞʝ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʨʦʟʚʠʥʝʥʠʡ ʤʝʭʘʥʽʟʤ ʤʝʪʘʧʨʦʛʨʘʤʫʚʘʥʥʷ, ʫ ʷʢʦʤʫ 

ʤʽʥʽʤʽʟʫʻʪʴʩʷ ʨʽʟʥʠʮʷ ʤʽʞ ʢʦʜʦʤ ʯʘʩʫ ʢʦʤʧʽʣʷʮʽʾ ʪʘ ʢʦʜʦʤ ʯʘʩʫ ʚʠʢʦʥʘʥʥʷ [1, 

5]. 

ʉʠʥʪʘʢʩʠʩ ʤʦʚʠ ʧʨʦʻʢʪʫʻʪʴʩʷ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʫʥʠʢʘʪʠ ʥʘʜʤʽʨʥʦʾ 

ʚʘʨʽʘʪʠʚʥʦʩʪʽ ʨʝʘʣʽʟʘʮʽʡʥʠʭ ʰʘʙʣʦʥʽʚ. ʋ ʚʠʧʘʜʢʘʭ, ʢʦʣʠ ʢʽʣʴʢʘ ʩʠʥʪʘʢʩʠʯʥʠʭ 

ʢʦʥʩʪʨʫʢʮʽʡ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʦʜʥʘʢʦʚʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʥʘ ʨʽʚʥʽ ʤʘʰʠʥʥʠʭ 

ʽʥʩʪʨʫʢʮʽʡ, ʩʧʝʮʠʬʽʢʘʮʽʷ ʤʦʞʝ ʚʠʟʥʘʯʘʪʠ ʦʜʥʫ ʨʝʢʦʤʝʥʜʦʚʘʥʫ ʽʜʽʦʤʘʪʠʯʥʫ 

ʬʦʨʤʫ. 

ɿ ʤʝʪʦʶ ʟʘʧʦʙʽʛʘʥʥʷ ʥʘʜʤʽʨʥʦʤʫ ʫʩʢʣʘʜʥʝʥʥʶ ʩʧʝʮʠʬʽʢʘʮʽʾ, 

ʭʘʨʘʢʪʝʨʥʦʤʫ ʜʣʷ ʤʦʚ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʥʘ ʢʰʪʘʣʪ C++ ʘʙʦ ECMAScript, Thunder 

ʦʨʽʻʥʪʦʚʘʥʠʡ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧʘʢʪʥʦʾ ʪʘ ʬʦʨʤʘʣʴʥʦ ʚʠʟʥʘʯʝʥʦʾ 

ʛʨʘʤʘʪʠʢʠ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʩʧʨʦʩʪʠʪʠ ʩʪʚʦʨʝʥʥʷ ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ 

ʨʝʘʣʽʟʘʮʽʡ, ʩʫʤʽʩʥʠʭ ʟʽ ʩʪʘʥʜʘʨʪʦʤ, ʽ ʚʦʜʥʦʯʘʩ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʙʝʟʧʝʢʠ 

ʝʢʦʩʠʩʪʝʤʠ ʟʘʚʜʷʢʠ ʨʽʟʥʦʤʘʥʽʪʥʦʩʪʽ ʨʝʘʣʽʟʘʮʽʡ. 
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CLINICAL FORECASTING  

Annotation. The paper presents a comparative analysis of popular digital platforms 

for glycemic control . It identifies their limitations in the field of long-term clinical 

forecasting . The necessity of developing a web application based on Symfony (PHP) 

that utilizes the Random Forest algorithm for hospitalization risk assessment is 

justified. 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

223 

Keywords: diabetes mellitus, artificial intelligence, clinical monitoring, 

hospitalization prediction. 

 

ɺ ʩʫʯʘʩʥʦʤʫ ʩʚʽʪʽ ʧʦʰʠʨʝʥʽʩʪʴ ʮʫʢʨʦʚʦʛʦ ʜʽʘʙʝʪʫ ʜʦʩʷʛʣʘ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ: 

ʥʘ 2025 ʨʽʢ ʧʦʥʘʜ 589 ʤʽʣʴʡʦʥʽʚ ʜʦʨʦʩʣʠʭ ʣʶʜʝʡ ʞʠʚʫʪʴ ʟ ʮʫʢʨʦʚʠʤ 

ʜʽʘʙʝʪʦʤ[1]. ʎʷ ʧʨʦʙʣʝʤʘ ʚʠʤʘʛʘʻ ʧʝʨʝʭʽʜ, ʜʣʷ ʩʠʩʪʝʤ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ 

ʢʣʽʥʽʯʥʠʭ ʨʽʰʝʥʴ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʣʽʢʘʨʽ, ʚʽʜ ʨʫʯʥʦʛʦ ʦʙʣʽʢʫ ʜʦ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ. ʇʨʦʪʝ ʙʽʣʴʰʽʩʪʴ ʽʩʥʫʶʯʠʭ ʨʽʰʝʥʴ ʤʘʶʪʴ ʦʙʤʝʞʝʥʥʷ, 

ʱʦ ʟʘʚʘʞʘʶʪʴ ʚʧʨʦʚʘʜʞʝʥʥʶ ʾʭ ʚ ʤʝʜʠʯʥʠʭ ʟʘʢʣʘʜʘʭ. 

ʄʝʪʦʶ ʘʥʘʣʽʟʫ ʩʫʯʘʩʥʠʭ ʩʠʩʪʝʤ ʤʦʥʽʪʦʨʠʥʛʫ ʜʽʘʙʝʪʫ ʙʫʣʘ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʚʠʟʥʘʯʠʪʠ ʥʝʜʦʣʽʢʠ ʩʫʯʘʩʥʠʭ ʨʽʰʝʥʴ ʪʘ ʨʦʟʨʦʙʠʪʠ ʚʠʤʦʛʠ ʜʦ ʨʦʟʨʦʙʣʶʚʘʥʦʛʦ 

ʥʦʚʦʛʦ ʚʝʙ-ʟʘʩʪʦʩʫʥʢʫ. 

ʋ ʭʦʜʽ ʘʥʘʣʽʟʫ ʙʫʣʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʩʫʯʘʩʥʽ ʨʽʰʝʥʥʷ ʜʣʷ ʤʦʥʽʪʦʨʠʥʛʫ 

ʜʽʘʙʝʪʫ ʪʘʢʽ ʷʢ mySugr, Dexcom Clarity, DiabTrend, Glooko ʪʘ OpenMRS. ɺ 

ʨʝʟʫʣʴʪʘʪʽ ʘʥʘʣʽʟʫ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʟʘʩʪʦʩʫʥʢʠ mySugr, DiabTrend 

ʦʨʽʻʥʪʦʚʘʥʽ ʩʘʤʝ ʥʘ ʩʘʤʦʢʦʥʪʨʦʣʴ ʧʘʮʽʻʥʪʘ, ʘ ʥʝ ʥʘ ʨʦʙʦʪʫ ʣʽʢʘʨʷ ʪʘ ʥʝ ʤʘʶʪʴ 

ʨʦʟʰʠʨʝʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʜʣʷ ʜʦʚʛʦʩʪʨʦʢʦʚʦʛʦ ʢʣʽʥʽʯʥʦʛʦ ʩʧʦʩʪʝʨʝʞʝʥʥʷ[2,3]. 

ʇʣʘʪʬʦʨʤʘ Dexcom Clarity ʤʘʻ ʦʙʤʝʞʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʧʨʘʮʶʻ ʧʝʨʝʚʘʞʥʦ ʟ 

ʜʘʥʠʤʠ CGM-ʩʝʥʩʦʨʽʚ, ʧʨʠ ʮʴʦʤʫ ʫʥʠʢʘʶʯʠ ʽʥʜʝʢʩ ʤʘʩʠ ʪʽʣʘ, ʘʨʪʝʨʽʘʣʴʥʠʡ 

ʪʠʩʢ ʪʘ ʢʦʤʧʣʝʢʩʽ ʣʘʙʦʨʘʪʦʨʥʽ ʘʥʘʣʽʟʠ ʢʨʦʚʽ[4]. ʄʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʩʠʩʪʝʤʘʭ, ʥʘʧʨʠʢʣʘʜ ADAG ʚ mySugr[5] ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʧʝʨʝʪʚʦʨʝʥʥʽ ʩʝʨʝʜʥʴʦʛʦ ʨʽʚʥʷ ʛʣʶʢʦʟʠ ʽ ʥʝ ʚʨʘʭʦʚʫʻ 

ʽʥʜʠʚʽʜʫʘʣʴʥʽ ʬʽʟʽʦʣʦʛʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʧʘʮʽʻʥʪʘ, ʱʦ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ 

ʨʦʟʙʽʞʥʦʩʪʝʡ ʽʟ ʣʘʙʦʨʘʪʦʨʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ. ʊʘʢʦʞ ʚ ʙʽʣʴʰʦʩʪʽ ʨʽʰʝʥʴ ʥʝʤʘʻ 

ʦʮʽʥʢʠ ʨʠʟʠʢʫ ʛʦʩʧʽʪʘʣʽʟʘʮʽʾ, ʟʦʢʨʝʤʘ DiabTrend, ʱʦ ʬʦʢʫʩʫʻʪʴʩʷ ʥʘ 

ʢʦʨʦʪʢʦʩʪʨʦʢʦʚʠʭ ʢʦʣʠʚʘʥʥʷʭ ʛʣʶʢʦʟʠ[3], ʘʣʝ ʥʝ ʦʮʽʥʶʶʪʴ ʨʠʟʠʢʠ 

ʧʦʛʽʨʰʝʥʥʷ ʩʪʘʥʫ ʚ ʧʝʨʩʧʝʢʪʠʚʽ ʜʦ 30 ʜʥʽʚ. 

ɺʠʷʚʣʝʥʥʷ ʥʝʜʦʣʽʢʽʚ ʦʙʨ̌ʫʥʪʦʚʫʻ ʨʦʟʨʦʙʢʫ ʚʝʙ-ʟʘʩʪʦʩʫʥʢʫ ʜʣʷ ʫʩʫʥʝʥʥʷ 

ʥʝʜʦʣʽʢʽʚ. ɿʘʩʪʦʩʫʥʦʢ ʙʫʜʝ ʨʦʟʨʦʙʣʶʚʘʪʠʩʷ ʥʘ ʙʘʟʽ ʬʨʝʡʤʚʦʨʢʫ Symfony ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʚʠ PHP, ʙʦ ʚʝʙ-ʩʘʡʪ ʻ ʥʘʡʙʽʣʴʰ ʜʦʩʪʫʧʥʠʤ ʚ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʪʘ ʥʘʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʰʚʠʜʢʦʛʦ ʜʦʩʪʫʧʫ ʜʦ ʜʘʥʠʭ. ʆʙʨʘʥʠʡ ʬʨʝʡʤʚʦʨʢ ʥʘʜʘʻ 

ʟʘʭʠʩʪ ʤʝʜʠʯʥʠʭ ʜʘʥʠʭ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʚʧʨʦʚʘʜʞʝʥʥʷ ʐɯ ʤʦʜʫʣʷ. 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʤʝʪʦʜ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ Random Forest ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʡʤʦʚʽʨʥʦʩʪʽ ʛʦʩʧʽʪʘʣʽʟʘʮʽʾ ʥʘ ʦʩʥʦʚʽ ʣʘʙʦʨʘʪʦʨʥʠʭ ʪʘ ʘʥʪʨʦʧʦʤʝʪʨʠʯʥʠʭ 

ʜʘʥʠʭ, ʙʦ ʜʘʥʠʡ ʤʝʪʦʜ ʥʘʜʘʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʥʘ ʥʝʟʙʘʣʘʥʩʦʚʘʥʠʭ ʜʘʥʠʭ ʪʘ 

ʜʦʟʚʦʣʷʻ ʚʠʷʚʣʷʪʠ ʩʢʣʘʜʥʽ ʥʝʣʽʥʽʡʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʜʘʥʠʤʠ. ɺ ʷʢʦʩʪʽ ʜʘʥʠʭ 

ʜʣʷ ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ, ʙʫʜʝ ʚʠʢʦʨʠʩʪʘʥʦ ʥʘʙʽʨ ʜʘʥʠʭ Diabetes 130 US hospitals 

for years 1999-2008[6]. 

ɸʥʘʣʽʟ ʩʫʯʘʩʥʠʭ ʨʽʰʝʥʴ ʚʠʷʚʠʚ ʧʦʪʨʝʙʫ ʧʦʢʨʘʱʝʥʥʷ ʪʘ ʫʜʦʩʢʦʥʘʣʝʥʥʷ 

ʩʠʩʪʝʤ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ ʢʣʽʥʽʯʥʠʭ ʨʽʰʝʥʴ, ʚʧʨʦʚʘʜʞʫʶʯʠ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʜʣʷ ʘʥʘʣʽʟʫ ʩʪʘʥʫ ʧʘʮʽʻʥʪʘ ʪʘ ʨʦʟʨʘʭʫʥʢʫ ʨʠʟʠʢʫ 

ʛʦʩʧʽʪʘʣʽʟʘʮʽʾ. 
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ʇʆʈɯɺʅʗʃʔʅʀʁ ɸʅɸʃɯɿ ʇʈʆʊʆʂʆʃɯɺ MQTT  ʊɸ HTTP ɼʃʗ 

ʇɽʈɽɼɸʏɯ ʊɽʃɽʄɽʊʈɯɰ ʅɸʅʆʉʋʇʋʊʅʀʂɯɺ CUBESAT ʋ ʍʄɸʈʅɯ 

ʉɽʈɺɯʉʀ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʠʢʣʘʜʥʠʭ 

ʧʨʦʪʦʢʦʣʽʚ MQTT ʪʘ HTTP ʜʣʷ ʧʝʨʝʜʘʯʽ ʪʝʣʝʤʝʪʨʠʯʥʠʭ ʜʘʥʠʭ ʽʟ 

ʥʘʥʦʩʫʧʫʪʥʠʢʽʚ ʬʦʨʤʘʪʫ CubeSat ʜʦ ʭʤʘʨʥʠʭ ʩʝʨʚʽʩʽʚ ʫ ʢʦʥʪʝʢʩʪʽ ʘʨʭʽʪʝʢʪʫʨʠ 

IoT. ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʧʦʨʽʚʥʷʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʟʥʘʯʝʥʠʭ ʧʨʦʪʦʢʦʣʽʚ ʟʘ 

ʧʦʢʘʟʥʠʢʘʤʠ ʩʣʫʞʙʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʪʘ ʟʘʪʨʠʤʢʠ 

ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʫ ʢʘʥʘʣʘʭ ʟʚôʷʟʢʫ ʥʠʟʴʢʦʾ ʥʘʚʢʦʣʦʟʝʤʥʦʾ ʦʨʙʽʪʠ (LEO). 

ʈʝʟʫʣʴʪʘʪʠ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʧʦʢʘʟʘʣʠ, ʱʦ MQTT ʤʘʻ ʟʥʘʯʥʦ ʤʝʥʰʠʡ 

ʩʣʫʞʙʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ (ʤʝʥʰʝ 5% ʧʨʦʪʠ ʧʦʥʘʜ 60% ʜʣʷ HTTP ʧʨʠ ʧʝʨʝʜʘʯʽ 

ʧʘʢʝʪʘ ʦʙʩʷʛʦʤ 50 ʙʘʡʪ) ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʝʩʫʨʩʽʚ ʙʦʨʪʦʚʠʭ ʩʠʩʪʝʤ. ʊʘʢʦʞ ʚʩʪʘʥʦʚʣʝʥʦ ʟʤʝʥʰʝʥʥʷ 

ʩʝʨʝʜʥʴʦʾ ʟʘʪʨʠʤʢʠ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʧʽʜ ʯʘʩ ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʾ ʪʝʣʝʤʝʪʨʽʾ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ MQTT ʷʢ 

ʙʘʟʦʚʦʛʦ ʧʨʦʪʦʢʦʣʫ ʦʙʤʽʥʫ ʜʘʥʠʤʠ ʜʣʷ CubeSat-ʩʠʩʪʝʤ ʽʟ ʦʙʤʝʞʝʥʠʤʠ 

ʨʝʩʫʨʩʘʤʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: CubeSat, MQTT, HTTP, ʪʝʣʝʤʝʪʨʽʷ, IoT, LEO-ʢʘʥʘʣʠ ʟʚôʷʟʢʫ. 
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COMPARATIVE ANALYSIS OF MQTT AND HTTP PROTOCOLS FOR 

THE INTERACTION OF CUBESAT NANOSATELLITES WITH CLOUD 

SERVICES 

Annotation. The paper investigates the efficiency of using MQTT and HTTP 

application protocols for transmitting telemetry data from CubeSat nanosatellites to 

cloud services within the context of IoT architecture. The research aims to compare 

the efficiency of these protocols based on overhead, power consumption, and data 

transmission latency in low Earth orbit (LEO) communication channels. 

Comparative analysis results demonstrated that MQTT has significantly lower 

overhead (less than 5% versus over 60% for HTTP when transmitting a 50-byte 

packet) and ensures more efficient use of onboard system energy resources. 

Furthermore, a reduction in the average data transmission latency during high-

frequency telemetry was established. The findings indicate the feasibility of using 

MQTT as a base data exchange protocol for resource-constrained CubeSat systems. 

Keywords: CubeSat, MQTT, HTTP, telemetry, IoT, LEO communication channels. 

 

ʂʦʥʮʝʧʮʽʷ çɯʥʪʝʨʥʝʪʫ ʢʦʩʤʽʯʥʠʭ ʨʝʯʝʡè (Internet of Space Things) 

ʧʝʨʝʜʙʘʯʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʫʟʽʨôʾʚ ʤʘʣʠʭ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ (ʄʂɸ) ʜʣʷ ʟʙʦʨʫ, 

ʦʙʨʦʙʢʠ ʪʘ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʫ ʛʣʦʙʘʣʴʥʽ ʽʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ. ɯʥʪʝʛʨʘʮʽʷ 

ʥʘʥʦʩʫʧʫʪʥʠʢʦʚʠʭ ʧʣʘʪʬʦʨʤ ʽʟ ʭʤʘʨʥʠʤʠ ʩʝʨʚʽʩʘʤʠ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʦʜʠʥ ʽʟ 

ʢʣʶʯʦʚʠʭ ʥʘʧʨʷʤʽʚ ʨʦʟʚʠʪʢʫ ʮʽʻʾ ʘʨʭʽʪʝʢʪʫʨʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʤʘʩʰʪʘʙʦʚʘʥʫ 

ʦʙʨʦʙʢʫ ʪʝʣʝʤʝʪʨʠʯʥʠʭ ʜʘʥʠʭ. ʆʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʭ ʬʦʨʤʘʪʽʚ ʪʘʢʠʭ 

ʘʧʘʨʘʪʽʚ ʻ ʥʘʥʦʩʫʧʫʪʥʠʢʠ ʢʣʘʩʫ CubeSat, ʷʢʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʢʦʤʧʘʢʪʥʽʩʪʶ, 

ʥʠʟʴʢʦʶ ʚʘʨʪʽʩʪʶ ʟʘʧʫʩʢʫ ʪʘ ʤʦʞʣʠʚʽʩʪʶ ʰʚʠʜʢʦʛʦ ʨʦʟʛʦʨʪʘʥʥʷ ʢʦʩʤʽʯʥʠʭ 

ʫʛʨʫʧʦʚʘʥʴ. ɺʦʜʥʦʯʘʩ ʙʦʨʪʦʚʽ ʩʠʩʪʝʤʠ CubeSat ʤʘʶʪʴ ʩʫʪʪʻʚʽ ʦʙʤʝʞʝʥʥʷ 

ʱʦʜʦ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʦʙʩʷʛʫ ʧʘʤôʷʪʽ ʪʘ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʙʶʜʞʝʪʫ. 

ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʚʘʞʣʠʚʠʤ ʘʩʧʝʢʪʦʤ ʧʨʦʻʢʪʫʚʘʥʥʷ ʙʦʨʪʦʚʠʭ ʩʠʩʪʝʤ ʻ ʚʠʙʽʨ 

ʝʬʝʢʪʠʚʥʦʛʦ ʧʨʦʪʦʢʦʣʫ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʜʦ ʭʤʘʨʥʠʭ ʩʝʨʚʽʩʽʚ (ʟʦʢʨʝʤʘ AWS IoT 

Core, GCP IoT), ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʤʽʥʽʤʘʣʴʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʢʘʥʘʣ ʟʚᾷʷʟʢʫ ʪʘ 

ʨʘʮʽʦʥʘʣʴʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʝʩʫʨʩʽʚ ʩʫʧʫʪʥʠʢʘ [1]. 

ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʢʽʣʴʢʽʩʥʝ ʧʦʨʽʚʥʷʥʥʷ ʧʨʦʪʦʢʦʣʽʚ MQTT (Message 

Queuing Telemetry Transport) ʪʘ HTTP/1.1 (Hypertext Transfer Protocol) ʟʘ 

ʧʦʢʘʟʥʠʢʘʤʠ ʩʣʫʞʙʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʪʘ ʟʘʪʨʠʤʢʠ 

ʧʝʨʝʜʘʯʽ ʪʝʣʝʤʝʪʨʠʯʥʠʭ ʜʘʥʠʭ ʧʨʠ ʦʙʩʷʟʽ ʧʘʢʝʪʽʚ ʚʽʜ 10 ʜʦ 1000 ʙʘʡʪ ʫ 

ʥʠʟʴʢʦʦʨʙʽʪʘʣʴʥʠʭ (LEO) ʢʘʥʘʣʘʭ ʟʚôʷʟʢʫ. ɺʠʙʽʨ HTTP/1.1 ʷʢ ʦʩʥʦʚʥʦʾ ʚʝʨʩʽʾ 

ʟʫʤʦʚʣʝʥʠʡ ʡʦʛʦ ʧʨʦʩʪʦʪʦʶ ʨʝʘʣʽʟʘʮʽʾ ʥʘ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʘʭ, ʪʦʜʽ ʷʢ ʚʝʨʩʽʾ 

HTTP/2 ʪʘ HTTP/3, ʧʦʧʨʠ ʥʘʷʚʥʽʩʪʴ ʩʪʠʩʥʝʥʥʷ ʟʘʛʦʣʦʚʢʽʚ (HPACK) ʪʘ 

ʤʫʣʴʪʠʧʣʝʢʩʫʚʘʥʥʷ, ʚʠʤʘʛʘʶʪʴ ʟʥʘʯʥʦ ʙʽʣʴʰʠʭ ʨʝʩʫʨʩʽʚ ʦʧʝʨʘʪʠʚʥʦʾ ʧʘʤô̫ ʪʽ 

ʪʘ ʧʨʦʮʝʩʦʨʥʦʛʦ ʯʘʩʫ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʩʢʣʘʜʥʠʭ ʩʪʘʥʽʚ ʟô̒ ʜʥʘʥʥʷ. 

ʋ ʪʠʧʦʚʽʡ ʘʨʭʽʪʝʢʪʫʨʽ CubeSat-ʩʠʩʪʝʤ ʧʝʨʝʜʘʯʘ ʪʝʣʝʤʝʪʨʠʯʥʠʭ ʜʘʥʠʭ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʯʝʨʝʟ ʙʦʨʪʦʚʫ ʦʙʯʠʩʣʶʚʘʣʴʥʫ ʩʠʩʪʝʤʫ, ʷʢʘ ʬʦʨʤʫʻ ʪʝʣʝʤʝʪʨʠʯʥʽ 

ʧʘʢʝʪʠ ʪʘ ʧʝʨʝʜʘʻ ʾʭ ʯʝʨʝʟ ʨʘʜʽʦʢʦʤʫʥʽʢʘʮʽʡʥʠʡ ʤʦʜʫʣʴ ʜʦ ʥʘʟʝʤʥʦʾ ʩʪʘʥʮʽʾ. ʋ 

ʪʘʢʽʡ ʘʨʭʽʪʝʢʪʫʨʽ ʚʠʙʽʨ ʧʨʠʢʣʘʜʥʦʛʦ ʧʨʦʪʦʢʦʣʫ ʦʙʤʽʥʫ ʜʘʥʠʤʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 
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ʚʧʣʠʚʘʻ ʥʘ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʙʦʨʪʦʚʠʭ ʩʠʩʪʝʤ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʢʘʥʘʣʫ ʟʚôʷʟʢʫ. 
ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʢʽʣʴʢʽʩʥʽʡ ʦʮʽʥʮʽ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʧʨʦʪʦʢʦʣʽʚ MQTT ʪʘ HTTP/1.1 ʜʣʷ ʧʝʨʝʜʘʯʽ ʪʝʣʝʤʝʪʨʽʾ ʥʘʥʦʩʫʧʫʪʥʠʢʽʚ 

CubeSat ʫ ʢʦʥʪʝʢʩʪʽ ʽʥʪʝʛʨʘʮʽʾ ʟ ʭʤʘʨʥʠʤʠ IoT-ʩʝʨʚʽʩʘʤʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʦʙʤʝʞʝʥʴ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʪʘ ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ LEO-ʢʘʥʘʣʽʚ ʟʚôʷʟʢʫ. 
ʇʨʦʪʦʢʦʣ HTTP ʙʘʟʫʻʪʴʩʷ ʥʘ ʪʝʢʩʪʦʚʦʤʫ ʬʦʨʤʘʪʽ ʟʘʛʦʣʦʚʢʽʚ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʦʛʦ ʩʣʫʞʙʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʽʜ ʯʘʩ ʧʝʨʝʜʘʯʽ ʥʝʚʝʣʠʢʠʭ 

ʧʘʢʝʪʽʚ ʪʝʣʝʤʝʪʨʽʾ. ʅʘʪʦʤʽʩʪʴ ʧʨʦʪʦʢʦʣ MQTT ʚʠʢʦʨʠʩʪʦʚʫʻ ʢʦʤʧʘʢʪʥʫ 

ʙʽʥʘʨʥʫ ʩʪʨʫʢʪʫʨʫ ʟʘʛʦʣʦʚʢʘ (ʤʽʥʽʤʘʣʴʥʠʡ ʨʦʟʤʽʨ ï 2 ʙʘʡʪʠ) ʪʘ ʤʦʜʝʣʴ ʦʙʤʽʥʫ 

ʧʦʚʽʜʦʤʣʝʥʥʷʤʠ publisher-subscriber, ʱʦ ʜʦʟʚʦʣʷʻ ʧʽʜʪʨʠʤʫʚʘʪʠ 

ʜʦʚʛʦʪʨʠʚʘʣʽ ʩʝʩʽʾ ʟʚôʷʟʢʫ ʪʘ ʤʽʥʽʤʽʟʫʚʘʪʠ ʩʣʫʞʙʦʚʽ ʚʠʪʨʘʪʠ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʘʥʘʣʽʟʫ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʽʜ ʯʘʩ ʧʝʨʝʜʘʯʽ ʪʝʣʝʤʝʪʨʠʯʥʦʛʦ ʧʘʢʝʪʘ ʦʙʩʷʛʦʤ 50 

ʙʘʡʪ ʯʘʩʪʢʘ ʩʣʫʞʙʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʣʷ HTTP/1.1 ʧʝʨʝʚʠʱʫʻ 60 %, ʪʦʜʽ ʷʢ 

ʜʣʷ MQTT ʚʦʥʘ ʩʪʘʥʦʚʠʪʴ ʤʝʥʰʝ 5 %.  

ɿʘ ʜʘʥʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷ [2], ʚʠʢʦʨʠʩʪʘʥʥʷ MQTT ʽʟ ʨʽʚʥʷʤʠ ʷʢʦʩʪʽ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ QoS 0 ʪʘ QoS1 ʟʘʙʝʟʧʝʯʫʻ ʝʢʦʥʦʤʽʶ ʟʘʨʷʜʫ ʘʢʫʤʫʣʷʪʦʨʥʠʭ 

ʙʘʪʘʨʝʡ ʥʘ 6,03% ʪʘ 8,33% ʚʽʜʧʦʚʽʜʥʦ ʧʦʨʽʚʥʷʥʦ ʟ HTTP/1.1. 

ʈʝʟʫʣʴʪʘʪʠ ʽʥʰʠʭ ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘʢʦʞ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʩʝʨʝʜʥʷ 

ʟʘʪʨʠʤʢʘ MQTT ʯʝʨʝʟ TCP ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 290,5 ʤʩ, ʪʦʜʽ ʷʢ HTTP/1.1 

ʜʦʩʷʛʘʻ 342,6 ʤʩ [3]. 

ʋʟʘʛʘʣʴʥʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʧʦʢʘʟʫʻ, ʱʦ ʧʨʦʪʦʢʦʣ 

MQTT ʤʘʻ ʧʝʨʝʚʘʛʫ ʥʘʜ HTTP/1.1 ʟʘ ʪʘʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ʤʝʥʰʝ ʩʣʫʞʙʦʚʝ 

ʥʘʚʘʥʪʘʞʝʥʥʷ; ʥʠʞʯʝ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʧʽʜ ʯʘʩ ʧʝʨʝʜʘʯʽ ʤʘʣʠʭ ʧʘʢʝʪʽʚ 

ʪʝʣʝʤʝʪʨʽʾ; ʤʝʥʰʘ ʟʘʪʨʠʤʢʘ ʧʝʨʝʜʘʯʽ ʜʘʥʠʭ ʫ ʥʝʩʪʘʙʽʣʴʥʠʭ ʢʘʥʘʣʘʭ ʟʚôʷʟʢʫ. 

ɺʦʜʥʦʯʘʩ HTTP ʟʘʣʠʰʘʻʪʴʩʷ ʜʦʮʽʣʴʥʠʤ ʜʣʷ ʧʝʨʝʜʘʯʽ ʚʝʣʠʢʠʭ ʦʙʩʷʛʽʚ ʜʘʥʠʭ ʪʘ 

ʚʠʢʦʥʘʥʥʷ ʢʦʥʬʽʛʫʨʘʮʽʡʥʠʭ ʟʘʧʠʪʽʚ. 
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ʈʆɿʇɯɿʅɸɺɸʅʅʗ ʇʉʀʍʆʌɯɿɯʆʃʆɻɯʏʅʆɻʆ ʉʊɸʅʋ ʅɸ ʆʉʅʆɺɯ 

2D ɿʆɹʈɸɾɽʅʔ ʇɽʈɽʍɯɼʅʀʍ ʌʋʅʂʎɯʁ ʇɽʈʐʆɻʆ ʊɸ ɼʈʋɻʆɻʆ 

ʇʆʈʗɼʂʋ ʆʂʋʃʆ-ʈʋʍʆɺʆɰ ʉʀʉʊɽʄʀ 

ɸʥʦʪʘʮʽʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʧʦʙʫʜʦʚʠ ʢʣʘʩʠʬʽʢʘʪʦʨʘ ʥʝʡʨʦʬʽʟʽʦʣʦʛʽʯʥʦʛʦ 

ʩʪʘʥʫ ʣʶʜʠʥʠ ʥʘ ʦʩʥʦʚʽ ʥʝʧʘʨʘʤʝʪʨʠʯʥʠʭ ʤʦʜʝʣʝʡ ʦʢʦ-ʨʫʭʦʚʦʾ ʩʠʩʪʝʤʠ (ʆʈʉ) 

ʫ ʚʠʛʣʷʜʽ ʧʦʣʽʥʦʤʽʚ ɺʦʣʴʪʝʨʨʠ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ. ʉʬʦʨʤʦʚʘʥʦ ʥʦʚʠʡ ʧʨʦʩʪʽʨ 

ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʦʟʥʘʢ ʥʘ ʦʩʥʦʚʽ 2D ʟʦʙʨʘʞʝʥʴ ʤʦʜʝʣʝʡ ʫ ʚʠʛʣʷʜʽ ʧʝʨʝʭʽʜʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʆʈʉ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʢʣʘʩʠʬʽʢʘʮʽʾ 

ʚʠʟʥʘʯʘʪʁʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʦʧʦʨʥʠʭ ʚʝʢʪʦʨʽʚ (SVM) ̔ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

Stratified k-fold cross-validation (8-fold), ʱʦ ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʚʠʩʦʢʽ 

ʟʥʘʯʝʥʥʷ ʧʦʢʘʟʥʠʢʘ ʽʤʦʚʽʨʥʦʩʪ̔ ʧʨʘʚʠʣʴʥʦʛʦ ʨʦʟʧʽʟʥʘʚʘʥʥʷ 

ʥʝʡʨʦʬʽʟʽʦʣʦʛʽʯʥʦʛʦ ʩʪʘʥʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʦʢʦ-ʨʫʭʦʚʘ ʩʠʩʪʝʤʘ, ʤʦʜʝʣʶʚʘʥʥʷ, ʤʦʜʝʣʽ ɺʦʣʴʪʝʨʨʠ, 

ʪʝʭʥʦʣʦʛʽʷ ʘʡʪʨʝʢʽʥʛʫ, ʥʝʡʨʦʬʽʟʽʦʣʦʛʽʯʥʠʡ ʩʪʘʥ, ʤʝʪʦʜ ʦʧʦʨʥʠʭ ʚʝʢʪʦʨʽʚ. 
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of second-order Volterra polynomials is proposed. A new diagnostic feature space 

has been formed based on a two-dimensional representation of the modelsô transient 

characteristics, reflecting integral and geometric properties of the signals. 

Classification performance was evaluated using the support vector machine (SVM) 

method with Stratified k-fold cross-validation (8-fold), which enabled achieving 

high accuracy in identifying the neurophysiological state. 

Keywords: eye movement system, modeling, Volterra models, eye-tracking 

technology, neurophysiological state condition, support vector machine method. 

 

ʆʜʥʠʤ ʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ ʨʫʭʫ ʦʯʝʡ, ʷʢʽ 

ʚʽʜʦʙʨʘʞʘʶʪʴ ʦʩʦʙʣʠʚʦʩʪʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʆʈʉ ʪʘ ʤʦʞʫʪʴ ʩʣʫʛʫʚʘʪʠ 

ʽʥʬʦʨʤʘʪʠʚʥʠʤ ʜʞʝʨʝʣʦʤ ʜʣʷ ʦʮʽʥʶʚʘʥʥʷ ʧʩʠʭʦʬʽʟʽʦʣʦʛʽʯʥʦʛʦ ʩʪʘʥʫ ʣʶʜʠʥʠ. 

ʈʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʾ ʘʡʪʨʝʢʽʥʛʫ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʚʠʩʦʢʦʪʦʯʥʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʨʦ ʜʠʥʘʤʽʢʫ ʨʫʭʽʚ ʦʯʝʡ, ʱʦ ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ 

ʧʦʙʫʜʦʚʠ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʆʈʉ ʪʘ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʟʘʜʘʯʘʭ ʘʥʘʣʽʟʫ 

ʥʝʡʨʦʬʽʟʽʦʣʦʛʽʯʥʦʛʦ ʩʪʘʥʫ ʣʶʜʠʥʠ [1, 2]. 

ʄʝʪʘ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʚ ʨʦʟʨʦʙʮʽ ʘʣʛʦʨʠʪʤʽʯʥʠʭ ʽ ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ 

ʧʦʙʫʜʦʚʠ ʢʣʘʩʠʬʽʢʘʪʦʨʘ ʥʝʡʨʦʬʽʟʽʦʣʦʛʽʯʥʦʛʦ ʩʪʘʥʫ ʣʶʜʠʥʠ ʥʘ ʦʩʥʦʚʽ 

ʥʝʧʘʨʘʤʝʪʨʠʯʥʦʾ ʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ ʆʈʉ ʫ ʚʠʛʣʷʜʽ ʧʦʣʽʥʦʤʽʚ ɺʦʣʴʪʝʨʨʠ ʜʨʫʛʦʛʦ 

ʧʦʨʷʜʢʫ, ʧʦʙʫʜʦʚʘʥʦʾ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ çʚʭʽʜ-ʚʠʭʽʜè ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʾ ʘʡʪʨʝʢʽʥʛʫ, ʘ ʪʘʢʦʞ ʫ ʧʽʜʚʠʱʝʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʢʣʘʩʠʬʽʢʘʮʽʾ ʰʣʷʭʦʤ ʬʦʨʤʫʚʘʥʥʷ ʥʦʚʦʛʦ ʧʨʦʩʪʦʨʫ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʦʟʥʘʢ. 

ɼʣʷ ʧʦʙʫʜʦʚʠ ʤʦʜʝʣʝʡ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʥʘʙʦʨʠ ʚʽʜʛʫʢʽʚ ʆʈʉ ʥʘ ʪʝʩʪʦʚʽ 

ʚʽʟʫʘʣʴʥʽ ʩʪʠʤʫʣʠ, ʱʦ ʚʽʜʦʙʨʘʞʘʶʪʴʩʷ ʥʘ ʝʢʨʘʥʽ ʤʦʥʽʪʦʨʘ ʢʦʤʧôʶʪʝʨʘ ʥʘ 

ʨʽʟʥʠʭ ʚʽʜʩʪʘʥʷʭ xj (j = 1, 2, 3) ʚʽʜ ʩʪʘʨʪʦʚʦʾ ʧʦʟʠʮʽʾ ʫ ʥʘʧʨʷʤʢʫ "ʧʦ 

ʛʦʨʠʟʦʥʪʘʣʽ": x1=(1/3)ʍ, x2=(2/3)X, x3=X (X ï ʰʠʨʠʥʘ ʝʢʨʘʥʘ ʫ ʧʽʢʩʝʣʷʭ). ʊʘʢʽ 

ʪʝʩʪʦʚʽ ʩʠʛʥʘʣʠ ʝʢʚʽʚʘʣʝʥʪʥʽ ʚʭʽʜʥʠʤ ʩʪʫʧʽʥʯʘʪʠʤ ʩʠʛʥʘʣʘʤ ajɗ(t) (ɗ(t) ï 

ʬʫʥʢʮʽʷ ˆʝʚʽʩʘʡʜʘ) ʟ ʘʤʧʣʽʪʫʜʘʤʠ aj, ʷʢʽ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʥʘʯʝʥʥʷʤʠ ʚʽʜʩʪʘʥʽ ʭj. 

ɽʤʧʽʨʠʯʥʽ ʜʘʥʽ ʦʪʨʠʤʘʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʘʡʪʨʝʢʝʨʘ Tobii Pro TX300 ʫ ʨʽʟʥʠʡ 

ʯʘʩ: "ɺʨʘʥʮʽ" (ʜʦ ʟʘʥʷʪʴ) ʽ "ɺʚʝʯʝʨʽ" (ʧʽʩʣʷ ʟʘʥʷʪʴ), ʘ ʪʘʢʦʞ ʫ ʨʽʟʥʽ ʜʥʽ [1]. 

ʇʦʚʥʠʡ ʮʠʢʣ ʜʦʩʣʽʜʞʝʥʥʷ ʆʈʉ ʜʣʷ ʦʜʥʦʛʦ ʨʝʩʧʦʥʜʝʥʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʨʴʦʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʨʠ ʨʽʟʥʠʭ ʘʤʧʣʽʪʫʜʘʭ ʪʝʩʪʦʚʠʭ ʩʠʛʥʘʣʽʚ ʘ1<ʘ2yt<ʘ3. 

ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʘʣʛʦʨʠʪʤʫ ʥʝʧʘʨʘʤʝʪʨʠʯʥʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʆʈʉ ʚʠʢʦʥʘʥʦ 

ʧʦʧʝʨʝʜʥʶ ʦʙʨʦʙʢʫ ʚʽʜʛʫʢʽʚ ʩʠʩʪʝʤʠ ʥʘ ʪʝʩʪʦʚʽ ʚʽʟʫʘʣʴʥʽ ʩʪʠʤʫʣʠ: 

ʥʦʨʤʘʣʽʟʘʮʽʶ, ʩʠʥʭʨʦʥʽʟʘʮʽʶ ʩʠʛʥʘʣʽʚ ʪʘ ʚʠʜʽʣʝʥʥʷ ʧʝʨʝʜʥʴʦʛʦ ʬʨʦʥʪʫ ʫ 

ʚʠʭʽʜʥʠʭ ʩʠʛʥʘʣʘʭ ʘʡʪʨʝʢʝʨʘ [3]. ʅʘ ʦʩʥʦʚʽ ʦʙʨʦʙʣʝʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʘʥʠʭ ʧʦʙʫʜʦʚʘʥʦ ʢʚʘʜʨʘʪʠʯʥʽ ʤʦʜʝʣʽ ʆʈʉ ʪʠʧʫ M2.2/2 ʪʘ M2.2/3 ʫ ʚʠʛʣʷʜʽ 

ʧʦʣʽʥʦʤʽʚ ɺʦʣʴʪʝʨʨʠ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʫ ʥʘʡʤʝʥʰʠʭ 

ʢʚʘʜʨʘʪʽʚ [4] ʪʘ ʚʠʟʥʘʯʝʥʦ ʧʝʨʝʭʽʜʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʨʰʦʛʦ h1(t) ʪʘ ʜʨʫʛʦʛʦ 

ʧʦʨʷʜʢʽʚ h2(t,t), ʱʦ ʦʧʠʩʫʶʪʴ ʥʝʣʽʥʽʡʥʽ ʪʘ ʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʠʩʪʝʤʠ. 

ʉʬʦʨʤʦʚʘʥʦ ʥʦʚʠʡ ʧʨʦʩʪʽʨ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʦʟʥʘʢ ʥʘ ʦʩʥʦʚʽ 2D ʟʦʙʨʘʞʝʥʴ 

ʤʦʜʝʣʝʡ ʫ ʚʠʛʣʷʜʽ ʧʝʨʝʭʽʜʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʆʈʉ. 

ʆʟʥʘʢʠ ʚʠʟʥʘʯʘʶʪʴ ʽʥʪʝʛʨʘʣʴʥʽ ʪʘ ʛʝʦʤʝʪʨʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʮʠʭ ʩʠʛʥʘʣʽʚ ʫ 

ʯʘʩʦʚʽʡ ʦʙʣʘʩʪʽ, ʟʦʢʨʝʤʘ ʨʦʟʪʘʰʫʚʘʥʥʷ ʭʘʨʘʢʪʝʨʥʠʭ ʪʦʯʦʢ ʧʝʨʝʭʽʜʥʦʛʦ 



˱˹̅˻˾˸ˢ̇˱˯˹˱ ́˩̆˹˻˶˻˥˱˲Φ ˿ˮ˿́˩˸ˮ ́˩˶˩˴˻˸̂˹˱˴ˢ̇˱˯Φ ˾ˢ˨˱˻˩˶˩˴́˾˻˹˹ˢ ˢ˽ˢ˾ˢ́̂˾ˢ ˾ˢ˴˩́˹˻-˴˻˿˸˱̉˹ˮ̆ ˿ˮ˿́˩˸ 

230 

ʧʨʦʮʝʩʫ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʽʥʬʦʨʤʘʪʠʚʥʦʩʪʽ ʦʟʥʘʢ ʘʥʘʣʽʟ ʝʢʩʪʨʝʤʘʣʴʥʠʭ 

ʟʥʘʯʝʥʴ ʨʽʟʥʠʮʽ ʩʠʛʥʘʣʽʚ ʚʠʢʦʥʫʚʘʚʩʷ ʥʘ ʽʥʪʝʨʚʘʣʽ ʤʘʩʠʚʽʚ ʜʘʥʠʭ  ʧʝʨʝʭʽʜʥʦʛʦ 

ʧʨʦʮʝʩʫ t15 Ò t30. 

ɼʣʷ ʦʮʽʥʢʠ ʜʽʘʛʥʦʩʪʠʯʥʦʾ ʮʽʥʥʦʩʪʽ ʛʝʦʤʝʪʨʠʯʥʠʭ ʦʟʥʘʢ, ʱʦ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʥʘ ʦʩʥʦʚʽ 2D ʟʦʙʨʘʞʝʥʴ ʤʦʜʝʣʝʡ ʆʈʉ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʢʣʘʩʠʬʽʢʘʮʽʷ 

ʥʝʡʨʦʬʽʟʽʦʣʦʛʽʯʥʦʛʦ ʩʪʘʥʫ ʣʶʜʠʥʠ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʫ ʦʧʦʨʥʠʭ ʚʝʢʪʦʨʽʚ 

(SVM). ʇʨʠ ʮʴʦʤʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʧʨʦʮʝʜʫʨʘ Stratified k-fold cross-

validation (8-fold). ɺ ʨʝʟʫʣʴʪʘʪ ̔ʧʨʦʚʝʜʝʥʥʷ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ 

ʚʩʪʘʥʦʚʣʝʥʦ ʤʘʢʩʠʤʘʣʴʥʫ ʽʤʦʚʽʨʥʽʩʪʴ ʧʨʘʚʠʣʴʥʦʛʦ ʨʦʟʧʽʟʥʘʚʘʥʥʷ (ɯʇʈ), ʷʢʘ 

ʜʦʩʷʛʘʻʪʴʩʷ ʜʣʷ ʤʦʜʝʣʽ M2.2/3, ʧʦʙʫʜʦʚʘʥʦʾ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʨʴʦʭ ʪʝʩʪʦʚʠʭ 

ʩʠʛʥʘʣʽʚ. ɿʥʘʯʝʥʥʷ ɯʇʈ=87.5% ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʜʣʷ ʧʘʨʠ ʦʟʥʘʢ:  
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ɺʽʜʧʦʚʽʜʥʫ ʤʘʪʨʠʮʶ ʧʦʤʠʣʦʢ ʢʣʘʩʠʬʽʢʘʮʽʾ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 1, ʘ ROC-

ʢʨʠʚʫ ʢʣʘʩʠʬʽʢʘʪʦʨʘ ʜʣʷ ʧʘʨʠ ʦʟʥʘʢ (1) ï ʥʘ ʨʠʩ. 2. 

 

  

ʈʠʩʫʥʦʢ 1 ï ʄʘʪʨʠʮʷ ʧʦʤʠʣʦʢ 

ʢʣʘʩʠʬʽʢʘʮʽʾ ʜʣʷ ʥʘʙʦʨʫ q1&q5  

ʈʠʩʫʥʦʢ 2 ï ROC ʢʨʠʚʘ ʜʣʷ 

ʥʘʙʦʨʫ q1&q5 ʤʦʜʝʣʽ ʄ2.2/3 

 

ɺʠʩʥʦʚʦʢ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʩʪʦʨʫ 

ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʦʟʥʘʢ ʥʘ ʦʩʥʦʚʽ 2D ʟʦʙʨʘʞʝʥʴ ʤʦʜʝʣʝʡ ʫ ʚʠʛʣʷʜʽ ʧʝʨʝʭʽʜʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʆʈʉ ʤʦʞʝ ʝʬʝʢʪʠʚʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ  ʜʣʷ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʥʝʡʨʦʬʽʟʽʦʣʦʛʽʯʥʦʛʦ ʩʪʘʥʫ ʣʶʜʠʥʠ.  
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Mɽʊʆɼʀ ʌɯɿʀʏʅʆɻʆ ʊɸ ʇʈʆɻʈɸʄʅʆ-ʆʈɯɭʅʊʆɺɸʅʆɻʆ 

ʊɽʉʊʋɺɸʅʅʗ ʈɸɼɯɸʎɯʁʅʆɰ ʉʊɯʁʂʆʉʊɯ COTS ɸɺɯʆʅɯʂʀ ɹʇʃɸ 

ʊɸ ʅɸʅʆʉʋʇʋʊʅʀʂɯɺ 

ɸʥʦʪʘʮʽʷ. ʋ ʩʪʘʪʪʽ ʨʦʟʛʣʷʥʫʪʦ ʩʫʯʘʩʥʽ ʤʝʪʦʜʠ ʬʽʟʠʯʥʦʛʦ ʪʘ ʧʨʦʛʨʘʤʥʦ-

ʦʨʽʻʥʪʦʚʘʥʦʛʦ ʪʝʩʪʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ ʘʚʽʦʥʽʢʠ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ 

ʘʧʘʨʘʪʽʚ (ɹʇʃɸ) ʪʘ ʙʦʨʪʦʚʠʭ ʢʦʤʧôʶʪʝʨʽʚ (ɹʆ) ʥʘʥʦʩʫʧʫʪʥʠʢʽʚ. 

ʉʠʩʪʝʤʘʪʠʟʦʚʘʥʦ ʦʩʥʦʚʥʽ ʪʠʧʠ ʨʘʜʽʘʮʽʡʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ - ʥʘ ʧʦʚʥʫ ʽʦʥʽʟʫʶʯʫ 

ʜʦʟʫ (TID), ʦʜʠʥʠʯʥʽ ʨʘʜʽʘʮʽʡʥʽ ʝʬʝʢʪʠ (SEE) ʪʘ ʧʦʰʢʦʜʞʝʥʥʷ ʟʤʽʱʝʥʥʷ (DD), 

ʘ ʪʘʢʦʞ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʢʚʘʣʽʬʽʢʘʮʽʾ ʩʫʯʘʩʥʠʭ COTS-

ʢʦʤʧʦʥʝʥʪʽʚ. ʆʢʨʝʤʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʚʙʫʜʦʚʘʥʽʡ ʧʨʦʛʨʘʤʥʽʡ ʜʽʘʛʥʦʩʪʠʮʽ, 

ʤʝʪʦʜʘʤ ʽʥʞʝʢʮʽʾ ʚʽʜʤʦʚ ʽ ʢʦʤʙʽʥʦʚʘʥʠʤ ʧʽʜʭʦʜʘʤ çʨʘʜʽʘʮʽʷ + fault injectionè, 

ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʧʽʜʚʠʱʠʪʠ ʽʥʬʦʨʤʘʪʠʚʥʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʽ ʢʽʣʴʢʽʩʥʦ ʦʮʽʥʠʪʠ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʝʭʘʥʽʟʤʽʚ ʚʽʜʤʦʚʦʩʪʽʡʢʦʩʪʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʽʥʪʝʛʨʦʚʘʥʘ 

ʤʝʪʦʜʦʣʦʛʽʷ, ʷʢʘ ʧʦʻʜʥʫʻ ʬʽʟʠʯʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʪʘ ʧʨʦʛʨʘʤʥʽ ʟʘʩʦʙʠ 

ʤʦʥʽʪʦʨʠʥʛʫ, ʟʘʙʝʟʧʝʯʫʻ ʧʝʨʝʭʽʜ ʚʽʜ ʝʤʧʽʨʠʯʥʦʾ ʢʚʘʣʽʬʽʢʘʮʽʾ ʜʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʜʦʚʛʦʪʨʠʚʘʣʦʾ ʥʘʜʽʡʥʦʩʪʽ ʩʠʩʪʝʤ ɹʇʃɸ ʽ ʢʦʩʤʽʯʥʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ COTS-

ʝʣʝʢʪʨʦʥʽʢʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʘʜʽʘʮʽʡʥʘ ʩʪʽʡʢʽʩʪʴ; ʘʚʽʦʥʽʢʘ; ʙʦʨʪʦʚʠʡ ʢʦʤʧôʶʪʝʨ; COTS-

ʢʦʤʧʦʥʝʥʪʠ; ʧʦʚʥʘ ʽʦʥʽʟʫʶʯʘ ʜʦʟʘ (TID); ʦʜʠʥʠʯʥʽ ʨʘʜʽʘʮʽʡʥʽ ʝʬʝʢʪʠ (SEE); 

ʽʥʞʝʢʮʽʷ ʚʽʜʤʦʚ; ʚʽʜʤʦʚʦʩʪʽʡʢʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ. 
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METHODS OF PHYSICAL AND SOFTWARE -ORIENTED TESTING OF 

RADIATION RESISTANCE OF COTS AVION ICS COMPONENTS FOR 

UAVS AND NANOSATELLITES  

Abstract. This paper presents a comprehensive review of physical and software-

oriented methods for radiation hardness testing of avionics systems in unmanned 

aerial vehicles (UAVs) and on-board computers (OBCs) of nanosatellites. The 

principal radiation test categories - Total Ionizing Dose (TID), Single-Event Effects 

(SEE), and Displacement Damage (DD) - are systematized with emphasis on their 

application to the qualification of modern commercial off-the-shelf (COTS) 
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components. Particular attention is given to embedded software diagnostics, fault 

injection techniques, and combined ñradiation + fault injectionò methodologies that 

enhance experimental observability and enable quantitative evaluation of fault-

tolerance mechanisms. It is demonstrated that an integrated approach combining 

physical irradiation campaigns with embedded monitoring and software-based 

mitigation strategies enables a transition from empirical qualification toward 

predictive long-term reliability assessment of COTS-based avionics and spaceborne 

computing systems. 

Keywords: radiation hardness; avionics; on-board computer (OBC); commercial 

off-the-shelf (COTS) components; Total Ionizing Dose (TID); Single-Event Effects 

(SEE); fault injection; fault-tolerant software. 

 

1. ɺʩʪʫʧ 
ɯʥʪʝʥʩʠʚʥʝ ʚʧʨʦʚʘʜʞʝʥʥʷ ʢʦʤʝʨʮʽʡʥʠʭ ʤʽʢʨʦʝʣʝʢʪʨʦʥʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

(COTS) ʫ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ (ɹʇʃɸ) ʪʘ 

ʙʦʨʪʦʚʽ ʢʦʤʧôʶʪʝʨʠ (ɹʆ) ʥʘʥʦʩʫʧʫʪʥʠʢʽʚ ʦʙʫʤʦʚʣʶʻ ʘʢʪʫʘʣʴʥʽʩʪʴ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʾʭ ʨʘʜʽʘʮʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ. ɺ ʫʤʦʚʘʭ ʧʽʜʚʠʱʝʥʠʭ 

ʚʠʩʦʪ ʽ ʢʦʩʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ ʝʣʝʢʪʨʦʥʥʽ ʩʠʩʪʝʤʠ ʟʘʟʥʘʶʪʴ ʚʧʣʠʚʫ ʧʨʦʪʦʥʽʚ, 

ʚʘʞʢʠʭ ʽʦʥʽʚ, ʥʝʡʪʨʦʥʽʚ ʽ ɔ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʱʦ ʩʧʨʠʯʠʥʷʻ ʜʝʛʨʘʜʘʮʽʶ 

ʧʘʨʘʤʝʪʨʽʚ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʩʪʨʫʢʪʫʨ, ʪʨʘʥʟʠʪʦʨʥʽ ʟʙʦʾ ʪʘ ʬʫʥʢʮʽʦʥʘʣʴʥʽ 

ʚʽʜʤʦʚʠ. 
ʊʨʘʜʠʮʽʡʥʦ ʨʘʜʽʘʮʽʡʥʘ ʢʚʘʣʽʬʽʢʘʮʽʷ ʙʘʟʫʻʪʴʩʷ ʥʘ ʬʽʟʠʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʥʷʭ ʪʨʴʦʭ 

ʦʩʥʦʚʥʠʭ ʪʠʧʽʚ: ʧʦʚʥʘ ʽʦʥʽʟʫʶʯʘ ʜʦʟʘ (TID), ʦʜʠʥʠʯʥʽ ʨʘʜʽʘʮʽʡʥʽ ʝʬʝʢʪʠ (SEE) ʪʘ 

ʧʦʰʢʦʜʞʝʥʥʷ ʟʤʽʱʝʥʥʷ (DD) [1ï9]. ʆʜʥʘʢ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʟʨʦʩʪʘʥʥʷ ʩʢʣʘʜʥʦʩʪʽ 

ʩʫʯʘʩʥʠʭ SoC ʪʘ ʧʨʦʛʨʘʤʥʦ-ʢʝʨʦʚʘʥʠʭ ʘʨʭʽʪʝʢʪʫʨ, ʬʽʟʠʯʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʜʦʮʽʣʴʥʦ 

ʧʦʻʜʥʫʚʘʪʠ ʟ ʚʙʫʜʦʚʘʥʦʶ ʧʨʦʛʨʘʤʥʦʶ ʜʽʘʛʥʦʩʪʠʢʦʶ ʪʘ ʤʝʪʦʜʘʤʠ ʽʥʞʝʢʮʽʾ ʚʽʜʤʦʚ [10ï

18]. 

ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʬʦʨʤʫʚʘʥʥʷ ʽʥʪʝʛʨʦʚʘʥʦʾ ʤʝʪʦʜʦʣʦʛʽʾ ʬʽʟʠʯʥʦʛʦ ʪʘ ʧʨʦʛʨʘʤʥʦ-

ʦʨʽʻʥʪʦʚʘʥʦʛʦ ʪʝʩʪʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ ʘʚʽʦʥʽʢʠ ɹʇʃɸ ʪʘ ʙʦʨʪʦʚʠʭ 

ʢʦʤʧôʶʪʝʨʽʚ ʥʘʥʦʩʫʧʫʪʥʠʢʽʚ. 

2. ʄʘʪʝʨʽʘʣʠ ʪʘ ʤʝʪʦʜʠ 
2.1. ʌʽʟʠʯʥʽ ʤʝʪʦʜʠ ʨʘʜʽʘʮʽʡʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ 

2.1.1. ɺʠʧʨʦʙʫʚʘʥʥʷ ʥʘ ʧʦʚʥʫ ʽʦʥʽʟʫʶʯʫ ʜʦʟʫ (TID) 

TID-ʚʠʧʨʦʙʫʚʘʥʥʷ ʧʝʨʝʜʙʘʯʘʶʪʴ ʩʪʫʧʽʥʯʘʩʪʝ ʥʘʢʦʧʠʯʝʥʥʷ ʜʦʟʠ ɔ- ʘʙʦ 

ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟ ʢʦʥʪʨʦʣʝʤ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʫ ʨʦʙʦʯʦʤʫ ʨʝʞʠʤʽ [1,2]. 

ɼʣʷ COTS SoC ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʪʘʢʦʞ ʧʨʦʪʦʥʥʝ ʦʧʨʦʤʽʥʝʥʥʷ ʥʠʟʴʢʠʭ 

ʝʥʝʨʛʽʡ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʢʨʘʱʫ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʦʨʙʽʪʘʣʴʥʠʤ ʫʤʦʚʘʤ [2]. 

2.1.2. ɺʠʧʨʦʙʫʚʘʥʥʷ ʥʘ ʦʜʠʥʠʯʥʽ ʧʦʜʽʾ (SEE) 

SEE-ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʥʫʶʪʴʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʫʯʢʽʚ ʚʘʞʢʠʭ ʽʦʥʽʚ ʪʘ 

ʧʨʦʪʦʥʽʚ ʽʟ ʨʽʟʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ LET ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʝʨʝʨʽʟʽʚ SEU, SEFI, 

latch-up ʪʘ ʽʥʰʠʭ ʝʬʝʢʪʽʚ [3ï5]. 
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ʅʘ ʩʠʩʪʝʤʥʦʤʫ ʨʽʚʥʽ ʥʝʡʪʨʦʥʥʝ ʪʘ ʧʨʦʪʦʥʥʝ ʦʧʨʦʤʽʥʝʥʥʷ ʜʦʟʚʦʣʷʻ 

ʦʮʽʥʠʪʠ ʧʝʨʝʟʘʚʘʥʪʘʞʝʥʥʷ, ʟʘʚʠʩʘʥʥʷ ʪʘ ʯʘʩʪʦʪʫ ʧʦʤʠʣʦʢ ʫ ʨʝʘʣʴʥʠʭ 

ʢʦʥʬʽʛʫʨʘʮʽʷʭ [6,7]. 

2.1.3. ʇʦʰʢʦʜʞʝʥʥʷ ʟʤʽʱʝʥʥʷ (DD) 

DD-ʚʠʧʨʦʙʫʚʘʥʥʷ ʚʠʟʥʘʯʘʶʪʴ ʜʦʚʛʦʪʨʠʚʘʣʫ ʜʝʛʨʘʜʘʮʽʶ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʩʪʨʫʢʪʫʨ ʧʽʜ ʚʧʣʠʚʦʤ ʥʝʽʦʥʽʟʫʶʯʠʭ ʚʪʨʘʪ ʝʥʝʨʛʽʾ [3,8]. 

ʋ ʪʝʭʥʦʣʦʛʽʷʭ FinFET ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʚʟʘʻʤʦʧʦʚôʷʟʘʥʠʡ ʚʧʣʠʚ TID ʽ 

DD ʥʘ ʧʘʨʘʤʝʪʨʠ ʪʨʘʥʟʠʩʪʦʨʽʚ [8,9]. 

2.2. ʇʨʦʛʨʘʤʥʦ-ʦʨʽʻʥʪʦʚʘʥʽ ʤʝʪʦʜʠ ʪʝʩʪʫʚʘʥʥʷ 

2.2.1. ɺʙʫʜʦʚʘʥʘ ʧʨʦʛʨʘʤʥʘ ʜʽʘʛʥʦʩʪʠʢʘ 

ʄʝʪʦʜ çtest-as-you-flyè ʧʝʨʝʜʙʘʯʘʻ ʽʥʪʝʛʨʘʮʽʶ ʣʦʛʫʚʘʥʥʷ ʚʥʫʪʨʽʰʥʽʭ 

ʧʦʜʽʡ: 

watchdog-ʧʦʜʽʾ, 

ʢʦʨʝʢʮʽʾ ECC, 

ʚʠʥʷʪʢʠ ʆʉ, 

ʧʦʜʽʾ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʚ ʥʘʜʣʠʰʢʦʚʠʭ ʩʪʨʫʢʪʫʨʘʭ. 

ɼʣʷ SoC Zynq-7000 ʧʦʢʘʟʘʥʦ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʜʽʘʛʥʦʩʪʠʢʠ ʙʝʟ 

ʽʩʪʦʪʥʦʛʦ ʟʥʠʞʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ [10]. 

RISC-V ʘʨʭʽʪʝʢʪʫʨʠ ʟ ʧʽʜʪʨʠʤʢʦʶ fault-aware ʤʝʭʘʥʽʟʤʽʚ ʜʦʟʚʦʣʷʶʪʴ 

ʧʝʨʝʜʘʚʘʪʠ ʩʪʨʫʢʪʫʨʦʚʘʥʽ ʟʚʽʪʠ ʧʨʦ ʧʦʤʠʣʢʠ ʜʦ ʧʨʦʛʨʘʤʥʦʛʦ ʨʽʚʥʷ [11]. 

2.2.2. ɯʥʞʝʢʮʽʷ ʚʽʜʤʦʚ ʪʘ ʾʾ ʚʘʣʽʜʘʮʽʷ 

ʈʘʜʽʘʮʽʡʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʢʘʣʽʙʨʫʚʘʥʥʷ ʤʦʜʝʣʝʡ 

ʟʙʦʾʚ, ʷʢʽ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʧʦʜʘʣʴʰʽʡ ʩʪʝʥʜʦʚʽʡ ʧʨʦʛʨʘʤʥʽʡ ʽʥʞʝʢʮʽʾ: 

Arm Cortex-M - ʢʦʨʝʣʷʮʽʷ ʤʽʞ ʥʝʡʪʨʦʥʥʠʤʠ ʪʝʩʪʘʤʠ ʪʘ ʝʤʫʣʷʮʽʻʶ [12ï

14]; 

MSP430 - ʚʟʘʻʤʥʘ ʚʘʣʽʜʘʮʽʷ ʩʠʤʫʣʷʪʦʨʥʠʭ ʽ ʧʫʯʢʦʚʠʭ ʤʝʪʦʜʽʚ [15]; 

CubeSat - ʟʤʝʥʰʝʥʥʷ SDC ʟ 15 % ʜʦ <1 % ʧʽʩʣʷ ʽʥʪʝʛʨʘʮʽʾ ʽʥʞʝʢʮʽʾ 

ʧʦʤʠʣʦʢ ʫ ʧʨʦʮʝʩ ʨʦʟʨʦʙʢʠ [16]; 

ʢʦʤʧʽʣʷʪʦʨʥʘ ʚʽʜʤʦʚʦʩʪʽʡʢʽʩʪʴ - ʟʥʠʞʝʥʥʷ ʧʝʨʝʨʽʟʫ ʟʙʦʾʚ ʫ 17 - 29 ʨʘʟʽʚ 

[17]. 

2.2.3. ʉʪʘʥʜʘʨʪʠʟʦʚʘʥʘ ʪʝʩʪʦʚʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ 

ɺʽʜʢʨʠʪʘ ʧʣʘʪʬʦʨʤʘ ʜʣʷ SoC-ʪʝʩʪʫʚʘʥʥʷ ʽʟ ʩʠʥʭʨʦʥʽʟʦʚʘʥʠʤ ʣʦʛʫʚʘʥʥʷʤ 

ʪʘ ʤʦʥʽʪʦʨʠʥʛʦʤ ʞʠʚʣʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʪʚʦʨʶʚʘʥʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʽʚ [18]. 

3. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ 
ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʜʦʟʚʦʣʷʻ ʩʬʦʨʤʫʚʘʪʠ ʪʘʢʽ ʫʟʘʛʘʣʴʥʝʥʥʷ: 

TID, SEE ʪʘ DD ʻ ʙʘʟʦʚʠʤʠ ʬʽʟʠʯʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ ʜʝʛʨʘʜʘʮʽʾ 

ʝʣʝʢʪʨʦʥʽʢʠ. 

ɺʙʫʜʦʚʘʥʘ ʧʨʦʛʨʘʤʥʘ ʜʽʘʛʥʦʩʪʠʢʘ ʧʽʜʚʠʱʫʻ ʩʧʦʩʪʝʨʝʞʫʚʘʥʽʩʪʴ 

ʚʥʫʪʨʽʰʥʽʭ ʧʨʦʮʝʩʽʚ. 

ʂʦʤʙʽʥʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʟ ʽʥʞʝʢʮʽʻʶ ʚʽʜʤʦʚ ʜʦʟʚʦʣʷʻ 

ʦʧʪʠʤʽʟʫʚʘʪʠ ʘʨʭʽʪʝʢʪʫʨʫ ʱʝ ʜʦ ʜʦʨʦʛʠʭ ʧʫʯʢʦʚʠʭ ʢʘʤʧʘʥʽʡ. 

ʇʨʦʛʨʘʤʥʽ ʤʝʭʘʥʽʟʤʠ ʚʽʜʤʦʚʦʩʪʽʡʢʦʩʪʽ ʩʫʪʪʻʚʦ ʟʥʠʞʫʶʪʴ ʝʬʝʢʪʠʚʥʠʡ 

ʧʝʨʝʨʽʟ ʟʙʦʾʚ. 
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4. ʆʙʛʦʚʦʨʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ 
ɯʥʪʝʛʨʦʚʘʥʠʡ ʧʽʜʭʽʜ ʟʘʙʝʟʧʝʯʫʻ ʧʝʨʝʭʽʜ ʚʽʜ ʝʤʧʽʨʠʯʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʤʝʞ 

ʚʠʪʨʠʚʘʣʦʩʪʽ ʜʦ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʦʚʛʦʪʨʠʚʘʣʦʾ ʥʘʜʽʡʥʦʩʪʽ. 

ʆʜʥʦʯʘʩʥʝ ʪʘ ʟʘʛʘʣʴʥʝ ʧʨʦʻʢʪʫʚʘʥʥʷ ʘʧʘʨʘʪʥʠʭ ʪʦʯʦʢ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʪʘ 

ʧʨʦʛʨʘʤʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʜʣʷ COTS-ʙʘʟʦʚʘʥʠʭ ɹʆ. 

ɼʣʷ ɹʇʃɸ ʜʦʮʽʣʴʥʠʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʟʝʤʥʠʭ ʥʝʡʪʨʦʥʥʠʭ ʫʩʪʘʥʦʚʦʢ ʷʢ 

ʝʢʦʥʦʤʽʯʥʦʾ ʘʣʴʪʝʨʥʘʪʠʚʠ ʦʨʙʽʪʘʣʴʥʠʤ ʪʘ ʩʫʙ-ʦʨʙʽʪʘʣʴʥʠʤ ʚʠʧʨʦʙʫʚʘʥʥʷʤ. 

5. ɺʠʩʥʦʚʢʠ 
ʈʘʜʽʘʮʽʡʥʘ ʢʚʘʣʽʬʽʢʘʮʽʷ ʤʘʻ ʙʘʟʫʚʘʪʠʩʷ ʥʘ ʢʦʤʧʣʝʢʩʽ ʪʝʩʪʽʚ ʪʘ ʦʮʽʥʦʢ - 

TID, SEE ʪʘ DD. 

ɺʙʫʜʦʚʘʥʘ ʧʨʦʛʨʘʤʥʘ ʜʽʘʛʥʦʩʪʠʢʘ ʻ ʢʣʶʯʦʚʠʤ ʝʣʝʤʝʥʪʦʤ ʩʫʯʘʩʥʠʭ 

ʨʘʜʽʘʮʽʡʥʠʭ ʪʝʩʪʦʚʠʭ ʤʝʪʦʜʠʢ. 

ɯʥʞʝʢʮʽʷ ʚʽʜʤʦʚ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʚʘʨʪʽʩʪʴ ʪʝʩʪʫʚʘʥʥʷ ʪʘ ʧʽʜʚʠʱʠʪʠ 

ʽʥʬʦʨʤʘʪʠʚʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʇʨʦʛʨʘʤʥʽ ʤʝʭʘʥʽʟʤʠ ʚʽʜʤʦʚʦʩʪʽʡʢʦʩʪʽ ʽʩʪʦʪʥʦ ʧʽʜʚʠʱʫʶʪʴ ʥʘʜʽʡʥʽʩʪʴ 

COTS-ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʢʦʩʤʽʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷʭ. 
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ʇʆʈɯɺʅʗʅʅʗ ʇʈʆɻʈɸʄʅʆɻʆ ɿɸɹɽɿʇɽʏɽʅʅʗ 

ʅɸʄʆʊʋɺɸʃʔʅʀʀʍ ɺɽʈʉʊɸʊɯɺ ɼʃʗ ɺʀɻʆʊʆɺʃɽʅʅʗ ɺʀʈʆɹɯɺ ɿ 

ʇʆʃɯʄɽʈʅʀʍ ʂʆʄʇʆɿʀʎɯʁʅʀʍ ʄɸʊɽʈɯɸʃɯɺ 

ɸʥʦʪʘʮʽʷ: ʈʦʟʛʣʷʥʫʪʦ ʧʨʦʛʨʘʤʥʽ ʧʘʢʝʪʠ ʜʣʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʥʘʤʦʪʫʚʘʥʥʷ ʚʠʨʦʙʽʚ ʟ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʚʝʨʩʪʘʪʘʭ 

ʨʽʟʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʢʦʤʝʨʮʽʡʥʦʛʦ ʧʘʢʝʪʫ X-Winder ʜʣʷ 

4-ʦʩʴʦʚʦʛʦ ʚʝʨʩʪʘʪʘ ʪʘ ʚʣʘʩʥʦʨʫʯ ʨʦʟʨʦʙʣʝʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ. 

ɸʥʘʣʽʟ ʧʦʢʘʟʘʚ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ ʢʦʞʥʦʛʦ ʧʽʜʭʦʜʫ: X-Winder ʟʘʙʝʟʧʝʯʫʻ 

ʧʨʦʩʪʦʪʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘ ʟʨʫʯʥʠʡ ʽʥʪʝʨʬʝʡʩ, ʪʦʜʽ ʷʢ ʚʣʘʩʥʦʨʫʯ ʨʦʟʨʦʙʣʝʥʠʡ 

ʧʘʢʝʪ ʥʘʜʘʻ ʙʽʣʴʰʫ ʛʥʫʯʢʽʩʪʴ ʫ ʬʦʨʤʫʚʘʥʥʽ ʛʝʦʤʝʪʨʽʾ ʦʧʨʘʚʢʠ, ʧʨʦʪʝ ʤʘʻ 

ʩʢʣʘʜʥʫ ʙʘʛʘʪʦʢʨʦʢʦʚʫ ʧʽʜʛʦʪʦʚʢʫ G-ʢʦʜʫ. ʅʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʮʝʧʮʽʶ ʥʦʚʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʧʘʢʝʪʫ, ʷʢʠʡ ʧʦʻʜʥʫʻ ʧʨʦʩʪʦʪʫ 

ʽʥʪʝʨʬʝʡʩʫ, ʘʢʪʠʚʥʽ ʧʽʜʢʘʟʢʠ, ʘʚʪʦʤʘʪʠʯʥʝ ʫʧʨʘʚʣʽʥʥʷ ʮʠʢʣʘʤʠ G-ʢʦʜʫ ʪʘ 

ʧʽʜʪʨʠʤʢʫ ʪʝʭʥʽʯʥʠʭ ʧʘʫʟ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʚʪʦʤʘʪʠʟʘʮʽʷ, G-ʢʦʜ, ʥʘʤʦʪʢʘ, ʢʦʤʧʦʟʠʪʥʽ ʤʘʪʝʨʽʘʣʠ, 4-

ʦʩʴʦʚʠʡ ʚʝʨʩʪʘʪ, ʦʧʪʠʤʽʟʘʮʽʷ, ʧʨʦʛʨʘʤʥʠʡ ʧʘʢʝʪ. 
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ʉOMPARISON OF SOFTWARE FOR WINDING MACHINES USED IN 

THE MANUFACTURE OF POLYMER COMPOSITE PRODUCTS  

Abstract:  The paper examines software packages for automating the winding 

process of polymer composite materials on machines with different configurations. 

A comparison is made between the commercial X-Winder package for a 4-axis 

machine and a custom-developed software package. The analysis highlights the 

strengths and weaknesses of each approach: X-Winder provides ease of use and a 

user-friendly interface, while the custom package offers greater flexibility in forming 

mandrel geometry but requires a complex multi-step G-code preparation. Based on 

these findings, a concept for a new software package is proposed, combining user-

friendly interface, active guidance, automatic G-code cycle management, and 

support for technical pauses. 

Keywords: automation, G-code, filament winding, composite materials, 4-axis 

machine, optimization, software package. 

 

ʉʫʯʘʩʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʢʦʤʧʦʟʠʪʥʠʭ ʚʠʨʦʙʽʚ ʟ ʩʢʣʦʚʦʣʦʢʥʘ, ʚʫʛʣʝʚʦʣʦʢʥʘ 

ʪʘ ʽʥʰʠʭ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʦʪʨʝʙʫʻ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ ʪʘ 

ʚʽʜʪʚʦʨʶʚʘʥʦʩʪʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ. ʆʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʻ 

ʧʨʦʛʨʘʤʥʽ ʧʘʢʝʪʠ, ʱʦ ʘʚʪʦʤʘʪʠʟʫʶʪʴ ʢʝʨʫʚʘʥʥʷ ʚʝʨʩʪʘʪʘʤʠ ʥʘʤʦʪʫʚʘʥʥʷ 

(winding machines) ʰʣʷʭʦʤ ʛʝʥʝʨʘʮʽʾ G-ʢʦʜʫ, ʷʢʠʡ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʢʝʨʫʻ 

ʨʫʭʘʤʠ ʽʥʩʪʨʫʤʝʥʪʫ ʪʘ ʧʦʜʘʯʝʶ ʤʘʪʝʨʽʘʣʫ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʧʨʦʛʨʘʤ 

ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʚʧʣʠʚ ʣʶʜʩʴʢʦʛʦ ʬʘʢʪʦʨʫ, ʧʽʜʚʠʱʠʪʠ ʷʢʽʩʪʴ ʚʠʨʦʙʽʚ ʪʘ 

ʦʧʪʠʤʽʟʫʚʘʪʠ ʯʘʩ ʚʠʨʦʙʥʠʯʦʛʦ ʮʠʢʣʫ. 

ʋ ʨʘʤʢʘʭ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʜʚʦʭ ʧʽʜʭʦʜʽʚ ʜʦ 

ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʫ ʥʘʤʦʪʫʚʘʥʥʷ. 

X-Winder ʜʣʷ 4-ʦʩʴʦʚʦʛʦ ʚʝʨʩʪʘʪʘ, cʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʟʘʩʪʦʩʫʥʢʽʚ:  

ʧʝʨʰʠʡ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ G-ʢʦʜ, ʟʘʜʘʶʯʠ ʪʠʧ ʪʘ ʧʘʨʘʤʝʪʨʠ ʦʧʨʘʚʢʠ, 

ʪʦʚʱʠʥʫ ʥʘʤʦʪʢʠ ʽ ʰʠʨʠʥʫ ʩʪʨʽʯʢʠ; 

ʜʨʫʛʠʡ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʢʝʨʫʻ ʧʨʦʮʝʩʦʤ ʥʘʤʦʪʫʚʘʥʥʷ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʧʦʧʝʨʝʜʥʴʦ ʩʪʚʦʨʝʥʠʡ G-ʢʦʜ.  

ʇʝʨʝʚʘʛʠ: ʧʨʦʩʪʦʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʤʽʥʽʤʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʨʫʯʥʠʭ ʦʧʝʨʘʮʽʡ, 

ʟʨʫʯʥʠʡ ʽʥʪʝʨʬʝʡʩ.  

ʅʝʜʦʣʽʢʠ: ʦʙʤʝʞʝʥʽʩʪʴ ʫ ʢʘʩʪʦʤʽʟʘʮʽʾ ʩʢʣʘʜʥʠʭ ʦʧʨʘʚʦʢ ʪʘ ʩʧʝʮʠʬʽʯʥʠʭ 

ʪʨʘʻʢʪʦʨʽʡ ʥʘʤʦʪʫʚʘʥʥʷ.  

ɺʣʘʩʥʦʨʫʯ ʨʦʟʨʦʙʣʝʥʠʡ ʧʨʦʛʨʘʤʥʠʡ ʧʘʢʝʪ ʜʣʷ ʽʥʰʦʛʦ ʚʝʨʩʪʘʪʫ ʚʢʣʶʯʘʻ: 

ʇʽʜʛʦʪʦʚʢʘ ʛʝʦʤʝʪʨʽʾ ʦʧʨʘʚʢʠ ʯʝʨʝʟ ʟʦʚʥʽʰʥʽʡ ʛʨʘʬʽʯʥʠʡ ʨʝʜʘʢʪʦʨ 

(ʫʤʦʚʥʦ: AutoCAD), ʬʦʨʤʫʚʘʥʥʷ ʪʨʴʦʭ ʬʘʡʣʽʚ (ʣʽʚʠʡ, ʮʝʥʪʨʘʣʴʥʠʡ, ʧʨʘʚʠʡ 

ʩʝʛʤʝʥʪ).  

ɿʘʚʘʥʪʘʞʝʥʥʷ ʬʘʡʣʽʚ ʫ ʟʘʩʪʦʩʫʥʦʢ, ʦʙôʻʜʥʘʥʥʷ ʛʝʦʤʝʪʨʽʾ ʪʘ ʢʦʥʚʝʨʪʘʮʽʷ ʚ 

ʪʦʯʢʠ ʜʣʷ ʛʝʥʝʨʘʮʽʾ G-ʢʦʜʫ.  

ʅʘʩʪʫʧʥʠʡ ʝʪʘʧ: ʚʠʙʽʨ ʧʘʨʘʤʝʪʨʽʚ ʥʘʤʦʪʢʠ (ʢʽʣʴʢʽʩʪʴ ʟʘʭʦʜʽʚ, ʰʠʨʠʥʘ 

ʩʪʨʽʯʢʠ, ʰʚʠʜʢʦʩʪʽ) ʫ ʙʘʛʘʪʦʚʽʢʦʥʥʦʤʫ ʟʘʩʪʦʩʫʥʢʫ, ʧʽʜʛʦʪʦʚʢʘ ʢʽʥʮʝʚʦʛʦ G-

ʢʦʜʫ.  
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ʇʝʨʝʚʘʛʠ: ʛʥʫʯʢʽʩʪʴ ʫ ʬʦʨʤʫʚʘʥʥʽ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ ʦʧʨʘʚʢʠ ʪʘ 

ʥʘʣʘʰʪʫʚʘʥʥʽ ʪʨʘʻʢʪʦʨʽʾ.  

ʅʝʜʦʣʽʢʠ: ʩʢʣʘʜʥʠʡ ʪʘ ʜʦʚʛʠʡ ʧʨʦʮʝʩ ʧʽʜʛʦʪʦʚʢʠ ʬʘʡʣʽʚ, ʧʦʪʨʝʙʘ ʨʫʯʥʦʛʦ 

ʨʦʟʢʨʠʪʪʷ ʮʠʢʣʽʚ ʫ G-ʢʦʜʽ ʜʣʷ ʪʝʭʥʽʯʥʠʭ ʧʘʫʟ, ʚʠʩʦʢʘ ʡʤʦʚʽʨʥʽʩʪʴ ʧʦʤʠʣʦʢ ʧʨʠ 

ʟʤʽʥʽ ʧʘʨʘʤʝʪʨʽʚ ʧʽʜ ʯʘʩ ʨʦʙʦʪʠ.  

ɸʥʘʣʽʟ ʧʦʢʘʟʘʚ, ʱʦ ʞʦʜʝʥ ʟ ʽʩʥʫʶʯʠʭ ʧʘʢʝʪʽʚ ʥʝ ʟʘʜʦʚʦʣʴʥʷʻ ʦʜʥʦʯʘʩʥʦ 

ʧʨʦʩʪʦʪʫ ʢʦʨʠʩʪʫʚʘʥʥʷ ʪʘ ʛʥʫʯʢʽʩʪʴ ʫ ʥʘʣʘʰʪʫʚʘʥʥʷʭ. ʅʝʦʙʭʽʜʥʦ ʨʦʟʨʦʙʠʪʠ 

ʥʦʚʠʡ ʧʨʦʛʨʘʤʥʠʡ ʧʘʢʝʪ, ʷʢʠʡ ʧʦʻʜʥʫʻ ʧʝʨʝʚʘʛʠ ʦʙʦʭ ʩʠʩʪʝʤ: 

ʟʨʫʯʥʠʡ ʽʥʪʝʨʬʝʡʩ ʽ ʘʢʪʠʚʥʽ ʧʽʜʢʘʟʢʠ ʜʣʷ ʢʦʨʠʩʪʫʚʘʯʘ;  

ʛʥʫʯʢʘ ʨʦʙʦʪʘ ʟ ʛʝʦʤʝʪʨʽʻʶ ʦʧʨʘʚʢʠ ʪʘ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘʤʦʪʢʠ;  

ʘʚʪʦʤʘʪʠʯʥʘ ʦʙʨʦʙʢʘ ʮʠʢʣʽʚ G-ʢʦʜʫ ʪʘ ʧʽʜʪʨʠʤʢʘ ʪʝʭʥʽʯʥʠʭ ʧʘʫʟ ʙʝʟ 

ʧʦʨʫʰʝʥʥʷ ʪʝʭʥʦʣʦʛʽʾ;  

ʤʽʥʽʤʽʟʘʮʽʷ ʨʫʯʥʠʭ ʦʧʝʨʘʮʽʡ ʽ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʧʽʜʛʦʪʦʚʢʠ ʜʦ 

ʚʠʨʦʙʥʠʯʦʛʦ ʧʨʦʮʝʩʫ.  
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Kɽʈʋɺɸʅʅʗ  ʄɸʈʐʈʋʊʀɿɸʎɯɭʖ  ʋ  ʉʋʇʋʊʅʀʂʆɺɯʁ  ʄɽʈɽɾɯ 

ʂʆʄʋʊɸʎɯɰ ʇɸʂɽʊɯɺ  ɿ  ɺʈɸʍʋɺɸʅʅʗʄ  ɺʀʄʆɻʀ  ʄɯʅɯʄɯɿɸʎɯɰ 

ʅɽɻɸʊʀɺʅʀʍ ɺʇʃʀɺɯɺ çʇɽʈɽɹʋɼʆɺè ʊʆʇʆʃʆɻɯɰ  

ɸʥʦʪʘʮʽʷ. ʇʨʝʜʩʪʘʚʣʝʥʦ ʨʦʟʚʠʪʦʢ ʤʝʪʦʜʫ ʢʝʨʫʚʘʥʥʷ ʤʘʨʰʨʫʪʠʟʘʮʽʻʶ ʜʘʥʠʭ ʚ 

ʧʨʦʛʨʘʤʥʦ ʚʠʟʥʘʯʝʥʽʡ ʩʫʧʫʪʥʠʢʦʚʽʡ ʤʝʨʝʞʽ  ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ, ʟʛʽʜʥʦ ʷʢʦʤʫ 

ʢʝʨʫʶʯʠʡ ʚʧʣʠʚ ʟʘʜʘʻ ʬʦʨʤʫʣʘ ʚʘʨʪʦʩʪʽ ʝʣʝʤʝʥʪʘʨʥʦʛʦ ʚʽʜʨʽʟʢʫ ʪʦʧʦʣʦʛʽʾ 

ʤʝʨʝʞʽ (ʤʽʞ ʩʫʤʽʞʥʠʤʠ ʚʫʟʣʘʤʠ). ʋ ʚʠʭʽʜʥʦʤʫ ʤʝʪʦʜʽ çʬʦʨʤʫʣʘ ʢʝʨʫʚʘʥʥʷè 

ʘʜʘʧʪʠʚʥʘ ʜʦ ʜʠʥʘʤʽʢʠ ʚʽʜʩʪʘʥʽ ʤʽʞ ʚʽʜʧʦʚʽʜʥʠʤʠ ʩʫʤʽʞʥʠʤʠ ʚʫʟʣʘʤʠ ʤʝʨʝʞʽ 

ʽ ʜʦ ʧʦʪʦʯʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʟʘʪʨʠʤʢʠ ʽʥʬʦʨʤʘʮʽʾ ʫ ʚʫʟʣʘʭ ʤʝʨʝʞʽ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ 

ʚʨʘʭʦʚʫʚʘʪʠ ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ ʮʽʻʾ ʬʦʨʤʫʣʠ ʪʘʢʦʞ ʡ ʥʘʙʣʠʞʝʥʥʷ ʯʘʩʫ 

ʝʣʝʤʝʥʪʘʨʥʦʾ ʧʝʨʝʙʫʜʦʚʠ ʪʦʧʦʣʦʛʽʾ ʤʝʨʝʞʽ, ʧʦʚ'ʷʟʘʥʦʾ ʟʽ ʟʤʽʥʦʶ ʚʫʟʣʘ-

ʦʜʝʨʞʫʚʘʯʘ ʽʥʬʦʨʤʘʮʽʾ ʚ ʧʘʨʽ ʢʦʤʫʪʦʚʘʥʠʭ ʚʫʟʣʽʚ. ʈʦʟʛʣʷʜʘʻʪʴʩʷ ʩʫʧʫʪʥʠʢʦʚʘ 

ʤʝʨʝʞʘ, ʧʦʙʫʜʦʚʘʥʘ ʥʘ ʜʝʢʽʣʴʢʦʭ ʨʽʟʥʦʚʠʩʦʢʠʭ ʩʫʟʽʨôʷʭ ɺʦʣʢʝʨʘ (ʩʝʛʤʝʥʪʘʭ 

ʤʝʨʝʞʽ). ɺʨʘʭʫʚʘʥʥʷ ʫ ʚʘʨʪʦʩʪʽ ʝʣʝʤʝʥʪʘʨʥʦʾ ʣʽʥʽʾ ʟʚôʷʟʢʫ ʥʘʙʣʠʞʝʥʥʷ ʯʘʩʫ 

ʧʝʨʝʤʠʢʘʥʥʷ ʟʚôʷʟʢʽʚ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʯʘʩʫ ʧʝʨʝʜʘʯʽ ʙʣʦʢʽʚ 

ʽʥʬʦʨʤʘʮʽʾ ʜʣʷ  ʧʝʚʥʠʭ ʧʘʨ ʢʦʨʠʩʪʫʚʘʯʽʚ, ʘʣʝ  ʤʘʻ ʧʦʟʠʪʠʚʥʠʡ ʚʧʣʠʚ ʥʘ ʩʝʨʝʜʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʦʩʪʘʚʢʠ ʽʥʬʦʨʤʘʮʽʾ  ʤʝʨʝʞʝʶ ʽ ʧʽʜʚʠʱʫʻ ʥʘʜʽʡʥʽʩʪʴ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʤʝʨʝʞʽ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʫʧʫʪʥʠʢʦʚʘ ʤʝʨʝʞʘ ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ, ʢʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ, 
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ROUTING CONTROL IN A PACKET SWITCHING SATELLITE 

NETWORK TAKING INTO ACCOUNT THE REQUIREMENTS TO 

MINIMIZE THE NEGATIVE IMPACTS OF TOPOLOGY 

ñRECONSTRUCTIONSò 

Abstract. The development of a method for controlling data routing in a software-

defined packet-switched satellite network is presented, according to which the 

controlling influence is set by the formula for the cost of an elementary segment of 

the network topology (between adjacent nodes). In the original method, the "control 

formula" is adaptive to the dynamics of the distance between the corresponding 

adjacent network nodes and to the current indicators of information delay in the 

network nodes. It is proposed to take into account when determining this formula 

also the aproaching  of the time of elementary restructuring of the network topology 

associated with a change in the node-receiving information in a pair of switched 

nodes. A satellite network is considered, built on several different-height Walker 

constellations (network segments). Taking into account the approaching time of 

connection switching in the cost of an elementary communication line may lead to 

an increase in the time of transmission of information blocks for certain pairs of 

users, but has a positive effect on the average characteristics of information delivery 

by the network and increases the reliability of network operation.  

Keywords: satellite packet switching network, spacecraft, network topology, 

routing, program control. 

 

ʉʴʦʛʦʜʝʥʥʷ ʚʽʜʟʥʘʯʝʥʦ ʘʢʪʠʚʥʠʤ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʨʝʞ ʢʦʤʫʪʘʮʽʾ 

ʧʘʢʝʪʽʚ. ɿʝʤʥʽ ʤʝʨʝʞʽ ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ ʝʬʝʢʪʠʚʥʦ ʜʦʧʦʚʥʶʶʪʴʩʷ ʢʦʩʤʽʯʥʠʤʠ 

ʤʝʨʝʞʘʤʠ [1]. ʉʫʯʘʩʥʘ ʛʣʦʙʘʣʴʥʘ ʤʝʨʝʞʘ ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ ʻ ʩʢʣʘʜʥʦʶ 

ʪʝʭʥʽʯʥʦʶ ʩʠʩʪʝʤʦʶ, ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʷʢʦʾ ʟʘʙʝʟʧʝʯʫʶʪʴ ʢʦʤʧôʶʪʝʨʥʦ-

ʽʥʪʝʛʨʦʚʘʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʱʦ ʟʘʨʘʟ ʩʧʠʨʘʶʪʴʩʷ ʥʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʦʟʚʠʥʫʪʠʭ 

ʧʨʦʪʦʢʦʣʽʚ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʤʝʨʝʞ ʽ ʧʦʯʠʥʘʶʪʴ ʜʦʧʦʚʥʶʚʘʪʠʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʤʝʪʦʜʽʚ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ. ɿʦʢʨʝʤʘ, ʮʝ ʩʪʦʩʫʻʪʴʩʷ ʟʘʜʘʯʽ ʤʘʨʰʨʫʪʠʟʘʮʽʾ 

ʜʘʥʠʭ ʚ  ʩʫʧʫʪʥʠʢʦʚʽʡ ʤʝʨʝʞʽ, ʷʢʽʡ ʧʨʠʩʚʷʯʝʥʦ ʨʽʟʥʦʤʘʥʽʪʪʷ ʩʫʯʘʩʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ (ʥʘʧʨʠʢʣʘʜ, [2-4]). ʊʝʤʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʨʦʟʚʠʪʦʢ ʟʚʠʯʘʡʥʠʭ (ʥʝ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ) ʤʝʪʦʜʽʚ ʢʝʨʫʚʘʥʥʷ ʤʘʨʰʨʫʪʠʟʘʮʽʻʶ ʫ ʩʫʧʫʪʥʠʢʦʚʽʡ ʤʝʨʝʞʽ 

ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʪʦʛʦ, ʱʦ ʩʘʤʽ ʧʦ ʩʦʙʽ ʪʨʘʜʠʮʽʡʥʽ ʧʽʜʭʦʜʠ 

ʢʝʨʫʚʘʥʥʷ ʤʝʨʝʞʝʶ ʱʝ ʜʦʚʛʦ ʟʘʣʠʰʘʪʴʩʷ ʘʢʪʫʘʣʴʥʠʤʠ, ʘ ʪʘʢʦʞ ʩʪʘʥʫʪʴ 

ʧʨʝʜʤʝʪʥʦʶ ʦʩʥʦʚʥʦʶ ʜʣʷ ʨʦʟʚʠʪʢʫ ʚʽʜʧʦʚʽʜʥʦ ʩʧʨʷʤʦʚʘʥʠʭ ʤʝʪʦʜʽʚ 

ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʷʢʽ ʾʭ ʜʦʧʦʚʥʶʶʪʴ.  

ʇʨʠ ʨʝʘʣʽʟʘʮʽʾ ʤʘʨʰʨʫʪʠʟʘʮʽʾ ʥʘ ʦʩʥʦʚʽ ʚʠʙʦʨʫ ʰʣʷʭʫ ʥʘʡʤʝʥʰʦʾ ʚʘʨʪʦʩʪʽ 

ʢʝʨʫʶʯʠʡ ʚʧʣʠʚ ʟʘʜʘʻ ʬʦʨʤʫʣʘ ʚʘʨʪʦʩʪʽ ʝʣʝʤʝʥʪʘʨʥʦʛʦ ʚʽʜʨʽʟʢʫ ʪʦʧʦʣʦʛʽʾ 

ʤʝʨʝʞʽ, ʱʦ ʧʦʻʜʥʫʻ ʩʫʤʽʞʥʽ ʚʫʟʣʠ. ɿʘ ʦʩʥʦʚʫ ʚʟʷʪʦ ʤʝʪʦʜ ʢʝʨʫʚʘʥʥʷ 

ʤʘʨʰʨʫʪʠʟʘʮʽʻʶ, ʟʛʽʜʥʦ ʷʢʦʤʫ ʮʷ çʬʦʨʤʫʣʘ ʢʝʨʫʚʘʥʥʷè ʘʜʘʧʪʠʚʥʘ ʜʦ 

ʜʠʥʘʤʽʢʠ ʚʽʜʩʪʘʥʽ ʤʽʞ ʚʽʜʧʦʚʽʜʥʠʤʠ ʩʫʤʽʞʥʠʤʠ ʚʫʟʣʘʤʠ ʤʝʨʝʞʽ ʽ ʜʦ ʧʦʪʦʯʥʠʭ 

ʧʦʢʘʟʥʠʢʽʚ ʟʘʪʨʠʤʢʠ ʽʥʬʦʨʤʘʮʽʾ ʫ ʚʫʟʣʘʭ ʤʝʨʝʞʽ [5]. ʅʝʭʘʡ ʜʦʜʘʥʢʠ ʫ 

çʬʦʨʤʫʣʠ ʢʝʨʫʚʘʥʥʷè (ʙʽʣʴʰ ʪʦʯʥʦ - ʫ ʬʦʨʤʫʣʽ ʚʘʨʪʦʩʪʽ ʝʣʝʤʝʥʪʘʨʥʦʾ ʣʽʥʽʾ 
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ʟʚôʷʟʢʫ) ʚʠʟʥʘʯʝʥʽ  ʧʨʦʧʦʨʮʽʡʥʦ ʯʘʩʫ  ʧʝʨʝʜʘʯʽ ʝʪʘʣʦʥʥʦʛʦ ʙʣʦʢʫ ʽʥʬʦʨʤʘʮʽʾ ʫʟʜʦʚʞ 

ʣʽʥʽʾ ʤʽʞ ʚʽʜʧʦʚʽʜʥʠʤʠ ʩʫʤʽʞʥʠʤʠ ʚʫʟʣʘʤʠ, ʧʨʦʧʦʨʮʽʡʥʦ ʯʘʩʫ ʧʨʦʭʦʜʞʝʥʥʷ ʧʫʩʪʦʛʦ 

ʚʫʟʣʘ ʪʘ ʧʨʦʧʦʨʮʽʡʥʦ ʧʨʦʛʥʦʟʦʚʘʥʽʡ ʟʘʪʨʠʤʮʽ  ʫ ʚʫʟʣʽ ʤʝʨʝʞʽ, ʜʦ ʷʢʦʛʦ ʚʝʜʝ ʣʽʥʽʷ 

ʟʚôʷʟʢʫ (ʟʚ'ʷʟʦʢ ʤʽʞ ʧʘʨʦʶ ʚʫʟʣʽʚ ʚʚʘʞʘʪʠʤʝ ʧʦʚʥʠʤ ʜʫʧʣʝʢʩʥʠʤ, ʘ ʚʘʨʪʦʩʪʽ ʣʽʥʽʾ 

ʧʝʨʝʜʘʯʽ ʫ ʧʨʦʪʠʣʝʞʥʠʭ ʥʘʧʨʷʤʢʘʭ ï ʥʝ ʪʦʪʦʞʥʠʤʠ). ɼʠʥʘʤʽʯʥʘ ʚʽʜʩʪʘʥʴ ʤʽʞ ʧʘʨʦʶ 

ʚʫʟʣʽʚ ʩʫʧʫʪʥʠʢʦʚʦʾ ʤʝʨʝʞʽ ʧʨʦʛʥʦʟʫʻʪʴʩʷ ʽ ʚʨʘʭʦʚʫʻʪʴʩʷ ʟ ʦʙʨʘʥʦʶ ʜʠʩʢʨʝʪʠʟʘʮʽʻʶ. 

ʏʘʩ ʟʘʪʨʠʤʢʠ ʫ ʚʫʟʣʽ ʧʨʦʛʥʦʟʫʻʪʴʩʷ ʟ ʧʝʚʥʦʶ ʪʦʯʥʽʩʪʶ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʡʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ʋ ʨʦʟʚʠʪʦʢ ʦʧʠʩʘʥʦʛʦ ʧʽʜʭʦʜʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʫ çʬʦʨʤʫʣʽ 

ʢʝʨʫʚʘʥʥʷè ʥʘʙʣʠʞʝʥʥʷ ʤʦʤʝʥʪʫ ʯʘʩʫ ʝʣʝʤʝʥʪʘʨʥʦʾ ʧʝʨʝʙʫʜʦʚʠ ʪʦʧʦʣʦʛʽʾ 

ʤʝʨʝʞʽ, ʧʦʚ'ʷʟʘʥʠʡ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʽ ʟʤʽʥʦʶ  ʚʫʟʣʘ, ʜʦ ʷʢʦʛʦ ʚʝʜʝ ʣʽʥʽʷ (ʟʽ 

ʟʤʽʥʦʶ ʚʫʟʣʘ ʦʜʝʨʞʫʚʘʯʘ ʽʥʬʦʨʤʘʮʽʾ ʚ ʧʘʨʽ ʢʦʤʫʪʦʚʘʥʠʭ ʚʫʟʣʽʚ). ɺ 

ʩʫʧʫʪʥʠʢʦʚʽʡ ʤʝʨʝʞʽ, ʷʢʘ ʧʦʙʫʜʦʚʘʥʘ ʥʘ ʜʝʢʽʣʴʢʦʭ ʨʽʟʥʦʚʠʩʦʢʠʭ ʩʫʟʽʨôʷʭ 

ɺʦʣʢʝʨʘ (ʩʝʛʤʝʥʪʘʭ ʤʝʨʝʞʽ), ʧʝʨʝʤʠʢʘʥʥʷ ʟʚôʷʟʢʽʚ ʤʽʞ ʚʫʟʣʘʤʠ  ʤʘʶʪʴ ʤʽʩʮʝ 

ʧʨʠ ʨʝʘʣʽʟʘʮʽʾ ʙʦʢʦʚʠʭ ʟʚôʷʟʢʽʚ ʚ ʦʜʥʦʤʫ ʩʝʛʤʝʥʪʽ ʽ ʧʨʠ ʨʝʘʣʽʟʘʮʽʾ 

ʤʽʞʩʝʛʤʝʥʪʥʠʭ ʟʚôʷʟʢʽʚ. ɺʨʘʭʫʚʘʥʥʷ ʫ çʬʦʨʤʫʣʽ ʢʝʨʫʚʘʥʥʷè ʥʘʙʣʠʞʝʥʥʷ ʯʘʩʫ 

ʧʝʨʝʤʠʢʘʥʥʷ ʟʚôʷʟʢʽʚ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʯʘʩʫ ʧʝʨʝʜʘʯʽ 

ʽʥʬʦʨʤʘʮʽʾ ʜʣʷ  ʢʦʥʢʨʝʪʥʦʾ ʧʘʨʠ ʢʦʨʠʩʪʫʚʘʯʽʚ, ʘʣʝ ʤʘʻ ʧʦʟʠʪʠʚʥʠʡ ʚʧʣʠʚ ʥʘ 

ʩʝʨʝʜʥʽ ʧʦʢʘʟʥʠʢʠ ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʾ ʤʝʨʝʞʝʶ, ʽ ʛʦʣʦʚʥʝ, ʧʽʜʚʠʱʫʻ 

ʥʘʜʽʡʥʽʩʪʴ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʤʝʨʝʞʽ (ʟʦʢʨʝʤʘ, ʩʧʨʷʤʦʚʘʥʦ ʥʘ ʤʽʥʽʤʽʟʘʮʽʶ 

ʚʪʨʘʪʠ ʧʘʢʝʪʽʚ ʪʘ ʟʘʧʦʙʽʛʘʥʥʷ ʩʠʪʫʘʮʽʡ ʘʥʦʤʘʣʴʥʦʛʦ ʧʝʨʝʚʘʥʪʘʞʝʥʥʷ ʚʫʟʣʽʚ).  
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Pʆʃʔ ɯʅʌʆʈʄɸʎɯʁʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ʊɸ 

ʊɽʃɽʂʆʄʋʅɯʂɸʎɯʁʅʆɰ ɸʇɸʈɸʊʋʈʀ ʋ ʉʋʏɸʉʅʀʍ ʈɸʂɽʊʅʆ-

ʂʆʉʄɯʏʅʀʍ ʉʀʉʊɽʄɸʍ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʝʪʝʣʴʥʦ ʘʥʘʣʽʟʫʶʪʴʩʷ ʩʫʯʘʩʥʽ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ, 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʩʠʩʪʝʤʠ ʪʘ ʨʘʜʽʦʝʣʝʢʪʨʦʥʥʝ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʨʘʢʝʪʥʠʭ ʽ ʢʦʩʤʽʯʥʠʭ ʩʠʩʪʝʤʘʭ. ʆʩʦʙʣʠʚʘ ʫʚʘʛʘ 

ʧʨʠʜʽʣʷʻʪʴʩʷ ʧʝʨʝʜʘʯʽ ʪʘ ʦʙʨʦʙʮʽ ʜʘʥʠʭ, ʘ ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʝʥʥʶ ʥʘʜʽʡʥʦʛʦ 

ʟʚ'ʷʟʢʫ ʪʘ ʫʧʨʘʚʣʽʥʥʷ ʢʦʩʤʽʯʥʠʤʠ ʘʧʘʨʘʪʘʤʠ. ʈʝʪʝʣʴʥʦ ʘʥʘʣʽʟʫʶʪʴʩʷ ʦʩʥʦʚʥʽ 

ʧʨʠʥʮʠʧʠ, ʱʦ ʣʝʞʘʪʴ ʚ ʦʩʥʦʚʽ ʧʨʦʢ̒ʪʫʚʘʥʥʷ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʪʘ ʾʭ ʟʥʘʯʝʥʥʷ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʢʦʩʤʽʯʥʠʭ ʤʽʩʽʡ. ʎʽ ʪʝʭʥʦʣʦʛʽʾ ʩʧʨʠʷʶʪʴ ʨʦʟʚʠʪʢʫ 

ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ ʪʘ ʨʦʟʰʠʨʶʶʪʴ ʤʦʞʣʠʚʦʩʪʽ ʚ ʛʘʣʫʟʽ ʥʘʚʽʛʘʮʽʾ, ʤʦʥʽʪʦʨʠʥʛʫ ʪʘ 

ʜʦʩʣʽʜʞʝʥʥʷ ʢʦʩʤʦʩʫ. 
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, 

ʨʘʜʽʦʝʣʝʢʪʨʦʥʥʘ ʘʧʘʨʘʪʫʨʘ, ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽ ʩʠʩʪʝʤʠ, ʧʝʨʝʜʘʯʘ ʜʘʥʠʭ. 
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THE ROLE OF INFORMATION TECHNOLOGIES AND 

TELECOMMUNICATIONS EQUIPMENT IN MODERN ROCKET AND 

SPACE SYSTEMS  

Annotation. The paper scrutinizes contemporary information technologies, 

telecommunication systems, and radio-electronic equipment employed in rocket and 

space systems. Particular emphasis is placed on data transmission and processing, 

alongside the assurance of reliable communication and spacecraft control. The 
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fundamental principles underlying the design of such systems and their significance 

in enhancing the efficacy of space missions are thoroughly analyzed. These 

technologies facilitate the advancement of the space industry and augment 

capabilities in navigation, monitoring, and space exploration. 

Keywords: information technologies, telecommunication systems, radio-electronic 

equipment, rocket and space systems, data transmission. 

 

ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ ʪʽʩʥʦ ʧʦʚôʷʟʘʥʠʡ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ 

ʨʘʜʽʦʝʣʝʢʪʨʦʥʥʦʾ ʘʧʘʨʘʪʫʨʠ. ɼʘʥʽ ʪʝʭʥʦʣʦʛʽʾ ʟʘʙʝʟʧʝʯʫʶʪʴ ʝʬʝʢʪʠʚʥʝ 

ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ, ʧʝʨʝʜʘʯʫ ʽʥʬʦʨʤʘʮʽʾ ʤʽʞ ʙʦʨʪʦʚʠʤʠ 

ʩʠʩʪʝʤʘʤʠ ʪʘ ʥʘʟʝʤʥʠʤʠ ʩʪʘʥʮʽʷʤʠ ʢʝʨʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʦʙʨʦʙʢʫ ʚʝʣʠʢʠʭ 

ʦʙʩʷʛʽʚ ʜʘʥʠʭ, ʱʦ ʥʘʜʭʦʜʷʪʴ ʧʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʢʦʩʤʽʯʥʠʭ ʤʽʩʽʡ. ʈʦʟʚʠʪʦʢ 

ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ ʪʦʯʥʽʩʪʴ ʫʧʨʘʚʣʽʥʥʷ ʪʘ ʥʘʜʽʡʥʽʩʪʴ 

ʢʦʩʤʽʯʥʠʭ ʧʨʦʛʨʘʤ [1]. 

ɯʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʟʙʦʨʫ, ʦʙʨʦʙʢʠ ʪʘ ʘʥʘʣʽʟʫ 

ʪʝʣʝʤʝʪʨʠʯʥʠʭ ʜʘʥʠʭ, ʦʪʨʠʤʘʥʠʭ ʚʽʜ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ. ɿʘ ʜʦʧʦʤʦʛʦʶ 

ʩʫʯʘʩʥʠʭ ʧʨʦʛʨʘʤʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʟʜʽʡʩʥʶʻʪʴʩʷ ʢʦʥʪʨʦʣʴ ʪʝʭʥʽʯʥʦʛʦ ʩʪʘʥʫ 

ʙʦʨʪʦʚʠʭ ʩʠʩʪʝʤ, ʧʣʘʥʫʚʘʥʥʷ ʢʦʩʤʽʯʥʠʭ ʦʧʝʨʘʮʽʡ ʪʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʝ 

ʫʧʨʘʚʣʽʥʥʷ ʧʦʣʴʦʪʦʤ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʮʠʬʨʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʦʟʚʦʣʷʻ 

ʧʽʜʚʠʱʠʪʠ ʰʚʠʜʢʽʩʪʴ ʦʙʨʦʙʢʠ ʽʥʬʦʨʤʘʮʽʾ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ 

ʧʽʜ ʯʘʩ ʢʦʩʤʽʯʥʠʭ ʤʽʩʽʡ [2]. 

ɺʘʞʣʠʚʠʤ ʝʣʝʤʝʥʪʦʤ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʠʭ ʩʠʩʪʝʤ ʻ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʽ ʤʝʨʝʞʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʝʨʝʜʘʯʫ ʢʦʤʘʥʜ ʫʧʨʘʚʣʽʥʥʷ, 

ʪʝʣʝʤʝʪʨʠʯʥʠʭ ʜʘʥʠʭ ʪʘ ʥʘʫʢʦʚʦʾ ʽʥʬʦʨʤʘʮʽʾ ʤʽʞ ʢʦʩʤʽʯʥʠʤʠ ʘʧʘʨʘʪʘʤʠ ʪʘ 

ʥʘʟʝʤʥʠʤʠ ʮʝʥʪʨʘʤʠ ʢʝʨʫʚʘʥʥʷ. ʉʠʩʪʝʤʠ ʩʫʧʫʪʥʠʢʦʚʦʛʦ ʟʚôʷʟʢʫ ʜʦʟʚʦʣʷʶʪʴ 

ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʴʥʠʡ ʦʙʤʽʥ ʽʥʬʦʨʤʘʮʽʻʶ ʥʘ ʚʝʣʠʢʠʭ ʚʽʜʩʪʘʥʷʭ ʪʘ 

ʧʽʜʪʨʠʤʫʚʘʪʠ ʙʝʟʧʝʨʝʨʚʥʠʡ ʟʚôʷʟʦʢ ʽʟ ʢʦʩʤʽʯʥʠʤʠ ʦʙôʻʢʪʘʤʠ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʝʜʘʯʽ ʩʠʛʥʘʣʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʩʫʯʘʩʥʽ ʤʝʪʦʜʠ ʤʦʜʫʣʷʮʽʾ, 

ʢʦʜʫʚʘʥʥʷ ʪʘ ʟʘʭʠʩʪʫ ʽʥʬʦʨʤʘʮʽʾ [3]. 

ʈʘʜʽʦʝʣʝʢʪʨʦʥʥʘ ʘʧʘʨʘʪʫʨʘ ʻ ʥʝʚʽʜôʻʤʥʦʶ ʩʢʣʘʜʦʚʦʶ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʠʭ 

ʩʠʩʪʝʤ. ɼʦ ʥʝʾ ʥʘʣʝʞʘʪʴ ʧʝʨʝʜʘʚʘʯʽ, ʧʨʠʡʤʘʯʽ, ʘʥʪʝʥʠ, ʙʦʨʪʦʚʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ 

ʩʠʩʪʝʤʠ, ʩʝʥʩʦʨʠ ʪʘ ʽʥʰʽ ʝʣʝʢʪʨʦʥʥʽ ʧʨʠʩʪʨʦʾ. ʆʩʥʦʚʥʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʪʘʢʦʾ 

ʘʧʘʨʘʪʫʨʠ ʻ ʚʠʩʦʢʘ ʥʘʜʽʡʥʽʩʪʴ, ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ, ʩʪʽʡʢʽʩʪʴ ʜʦ ʢʦʩʤʽʯʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʪʘ ʟʜʘʪʥʽʩʪʴ ʧʨʘʮʶʚʘʪʠ ʚ ʫʤʦʚʘʭ ʟʥʘʯʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ 

ʢʦʣʠʚʘʥʴ. ʉʘʤʝ ʪʦʤʫ ʧʽʜ ʯʘʩ ʨʦʟʨʦʙʢʠ ʨʘʜʽʦʝʣʝʢʪʨʦʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʩʧʝʮʽʘʣʴʥʽ ʤʘʪʝʨʽʘʣʠ ʪʘ ʪʝʭʥʦʣʦʛʽʾ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʜʦʚʛʦʪʨʠʚʘʣʫ ʽ ʩʪʘʙʽʣʴʥʫ ʨʦʙʦʪʫ ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ [1]. 

ʇʦʻʜʥʘʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ 

ʨʘʜ̔ʦʝʣʝʢʪʨʦʥʥʦʾ ʘʧʘʨʘʪʫʨʠ ʚʽʜʽʛʨʘʻ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʨʦʟʚʠʪʢʫ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʠʭ ʩʠʩʪʝʤ. ʇʦʜʘʣʴʰʝ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʮʠʭ ʪʝʭʥʦʣʦʛʽʡ ʩʧʨʠʷʪʠʤʝ 

ʧʽʜʚʠʱʝʥʥʶ ʝʬʝʢʪʠʚʥʦʩʪʽ ʢʦʩʤʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʨʦʟʚʠʪʢʫ ʩʫʧʫʪʥʠʢʦʚʦʛʦ 

ʟʚôʷʟʢʫ, ʥʘʚʽʛʘʮʽʾ ʪʘ ʨʦʟʰʠʨʝʥʥʶ ʤʦʞʣʠʚʦʩʪʝʡ ʦʩʚʦʻʥʥʷ ʢʦʩʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ 

[2]. 
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Pʆɿʈʆɹʂɸ ɯʅʊɽʃɽʂʊʋɸʃʔʅʆɻʆ ʇʆʐʋʂʆɺʆɻʆ ʇʈʀʉʊʈʆʖ 

ɼʃʗ ʊɽʃɽʉʂʆʇɸ  

ɸʥʦʪʘʮʽʷ. ʈʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʨʦʟʨʦʙʮʽ ʢʦʤʧʘʢʪʥʦʛʦ ʪʘ ʝʢʦʥʦʤʽʯʥʦ ʜʦʩʪʫʧʥʦʛʦ 

ʘʩʪʨʦʪʨʝʢʝʨʘ, ʧʨʠʟʥʘʯʝʥʦʛʦ ʜʣʷ ʘʤʘʪʦʨʩʴʢʦʾ ʘʩʪʨʦʬʦʪʦʛʨʘʬʽʾ. ʇʨʠʩʪʨʽʡ 

ʨʝʘʣʽʟʦʚʘʥʦ ʷʢ ʝʢʚʘʪʦʨʽʘʣʴʥʘ ʧʣʘʪʬʦʨʤʘ, ʱʦ ʢʦʤʧʝʥʩʫʻ ʦʙʝʨʪʘʥʥʷ ɿʝʤʣʽ ʪʘ 

ʟʘʙʝʟʧʝʯʫʻ ʪʨʠʚʘʣʫ ʟʡʦʤʢʫ ʦʙôʻʢʪʽʚ ʛʣʠʙʦʢʦʛʦ ʢʦʩʤʦʩʫ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʜʦʨʦʛʠʭ ʪʝʣʝʩʢʦʧʽʚ ʘʙʦ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ ʥʘʚʝʜʝʥʥʷ. ʄʝʭʘʥʽʯʥʘ ʯʘʩʪʠʥʘ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʢʨʦʢʦʚʦʤʫ ʜʚʠʛʫʥʽ NEMA17 ʽʟ ʜʨʘʡʚʝʨʦʤ TMC2208, ʱʦ 

ʧʽʜʪʨʠʤʫʻ ʤʽʢʨʦʰʘʛʫʚʘʥʥʷ, ʪʘ ʨʝʜʫʢʪʦʨʽ 50:1, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʽ 

ʧʣʘʚʥʽʩʪʴ ʨʫʭʫ. ʂʦʨʧʫʩ ʚʠʛʦʪʦʚʣʝʥʦ ʤʝʪʦʜʦʤ 3D-ʜʨʫʢʫ, ʘ ʞʠʚʣʝʥʥʷ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʘʢʫʤʫʣʷʪʦʨʘʤʠ ʪʠʧʫ 18650 ʟ ʤʦʞʣʠʚʽʩʪʶ ʨʦʟʰʠʨʝʥʥʷ. 

ʂʦʥʪʨʦʣʝʨ ESP32 ʚʽʜʧʦʚʽʜʘʻ ʟʘ ʬʦʨʤʫʚʘʥʥʷ ʢʝʨʫʶʯʠʭ ʽʤʧʫʣʴʩʽʚ ʪʘ ʟʚôʷʟʦʢ ʽʟ 

ʤʦʙʽʣʴʥʠʤ ʜʦʜʘʪʢʦʤ ʯʝʨʝʟ Wi-Fi ʘʙʦ Bluetooth. ɺʠʨʽʚʥʶʚʘʥʥʷ ʩʠʩʪʝʤʠ ʟʘ 

ʇʦʣʷʨʥʦʶ ʟʽʨʢʦʶ ʨʦʙʠʪʴ ʾʾ ʟʨʫʯʥʦʶ ʜʣʷ ʢʦʨʠʩʪʫʚʘʯʽʚ ʙʝʟ ʩʧʝʮʽʘʣʴʥʦʾ 

ʧʽʜʛʦʪʦʚʢʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʘʩʪʨʦʪʨʝʢʝʨ ʧʦʻʜʥʫʻ ʧʦʨʪʘʪʠʚʥʽʩʪʴ, ʘʚʪʦʥʦʤʥʽʩʪʴ 

ʪʘ ʬʫʥʢʮʽʦʥʘʣʴʥʫ ʧʨʦʩʪʦʪʫ, ʚʽʜʢʨʠʚʘʶʯʠ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʘʤʘʪʦʨʩʴʢʦʾ 

ʘʩʪʨʦʬʦʪʦʛʨʘʬʽʾ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʘʩʪʨʦʥʦʤʽʾ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʩʪʨʦʥʦʤʽʯʥʘ ʬʦʪʦʛʨʘʬʽʷ, ʘʩʪʨʦʪʨʝʢʝʨ, ʢʨʦʢʦʚʠʡ ʜʚʠʛʫʥ, 

ʤʽʢʨʦʰʘʛʫʚʘʥʥʷ, ʨʝʜʫʢʪʦʨ, ʢʦʥʪʨʦʣʝʨ ESP32, Wi-Fi, Bluetooth, ʧʦʨʪʘʪʠʚʥʠʡ 

ʘʩʪʨʦʥʦʤʽʯʥʠʡ ʧʨʠʩʪʨʽʡ. 
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DEVELOPMENT OF A SMART TELESCOPE FINDER  

Abstract. This work is dedicated to the development of a compact and cost-effective 

astrotracker designed for amateur astrophotography. The device is implemented as 

an equatorial platform that compensates for the Earth's rotation and enables long-

exposure imaging of deep-sky objects without the need for expensive telescopes or 

complex pointing systems. The mechanical system is based on a NEMA17 stepper 

motor with a TMC2208 driver supporting microstepping, and a 50:1 gearbox, 

ensuring high precision and smooth motion. The housing is fabricated using 3D 

printing, and power is supplied by 18650-type batteries with expansion capability. 

An ESP32 controller manages pulse generation and communication with a mobile 

application via Wi-Fi or Bluetooth. Alignment of the system using the Polar Star 

makes it user-friendly even for beginners. The proposed astrotracker combines 

portability, autonomy, and operational simplicity, opening new opportunities for 

amateur astrophotography and experimental astronomy. 

Keywords: astrophotography, astrotracker, stepper motor, microstepping, gearbox, 

ESP32 controller, Wi-Fi, Bluetooth, portable astronomical device 

 

ɸʩʪʨʦʥʦʤʽʯʥʘ ʬʦʪʦʛʨʘʬʽʷ ʚʠʤʘʛʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ 

ʽʥʩʪʨʫʤʝʥʪʽʚ, ʷʢʽ ʟʘʟʚʠʯʘʡ ʻ ʜʦʨʦʛʠʤʠ ʪʘ ʩʢʣʘʜʥʠʤʠ ʚ ʝʢʩʧʣʫʘʪʘʮʽʾ. ɹʽʣʴʰʽʩʪʴ 

ʘʤʘʪʦʨʽʚ ʥʝ ʤʘʶʪʴ ʜʦʩʪʫʧʫ ʜʦ ʧʨʦʬʝʩʽʡʥʠʭ ʪʝʣʝʩʢʦʧʽʚ ʽ ʚʠʩʦʢʦʪʦʯʥʠʭ ʩʠʩʪʝʤ 

ʥʘʚʝʜʝʥʥʷ, ʱʦ ʩʫʪʪʻʚʦ ʦʙʤʝʞʫʻ ʾʭʥʽ ʤʦʞʣʠʚʦʩʪʽ ʫ ʪʨʠʚʘʣʽʡ ʟʡʦʤʮʽ ʦʙôʻʢʪʽʚ 

ʛʣʠʙʦʢʦʛʦ ʢʦʩʤʦʩʫ. ʇʽʜ ʯʘʩ ʜʦʚʛʠʭ ʝʢʩʧʦʟʠʮʽʡ ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʤʠʚʘʥʥʷ 

ʟʦʙʨʘʞʝʥʴ ʟʽʨʦʢ ʯʝʨʝʟ ʦʙʝʨʪʘʥʥʷ ɿʝʤʣʽ, ʪʦʜʽ ʷʢ ʥʘʷʚʥʽ ʢʦʤʝʨʮʽʡʥʽ ʨʽʰʝʥʥʷ ʜʣʷ 

ʢʦʤʧʝʥʩʘʮʽʾ ʮʴʦʛʦ ʝʬʝʢʪʫ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʜʦʩʪʫʧʥʠʤʠ ʯʝʨʝʟ ʚʠʩʦʢʫ ʚʘʨʪʽʩʪʴ ʪʘ 

ʩʢʣʘʜʥʽʩʪʴ ʥʘʣʘʰʪʫʚʘʥʥʷ. 

ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʜʦʩʪʫʧʥʦʩʪʽ ʘʩʪʨʦʬʦʪʦʛʨʘʬʽʾ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʨʦʟʨʦʙʢʫ 

ʝʢʦʥʦʤʽʯʥʦʛʦ ʪʘ ʟʨʫʯʥʦʛʦ ʘʩʪʨʦʪʨʝʢʝʨʘ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʨʽʻʥʪʫʚʘʪʠ ʧʣʘʪʬʦʨʤʫ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʦʤʧʘʩʘ ʙʝʟ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʦʰʫʢʫ ʇʦʣʷʨʥʦʾ ʟʽʨʢʠ. ʉʠʩʪʝʤʘ 

ʟʘʙʝʟʧʝʯʫʻ ʧʣʘʚʥʠʡ ʪʘ ʪʦʯʥʠʡ ʨʫʭ ʟʘʚʜʷʢʠ ʚʠʢʦʨʠʩʪʘʥʥʶ ʢʨʦʢʦʚʦʛʦ ʜʚʠʛʫʥʘ 

NEMA17, ʜʨʘʡʚʝʨʘ TMC2208 ʽʟ ʬʫʥʢʮʽʻʶ microPlyer ʽ ʨʝʜʫʢʪʦʨʘ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʜʦʩʪʘʪʥʶ ʪʦʯʥʽʩʪʴ ʜʣʷ ʨʦʙʦʪʠ ʟ ʰʠʨʦʢʦʢʫʪʥʠʤʠ ʦʙôʻʢʪʠʚʘʤʠ. 

ɾʠʚʣʝʥʥʷ ʚʽʜ ʘʢʫʤʫʣʷʪʦʨʽʚ ʛʘʨʘʥʪʫʻ ʤʦʙʽʣʴʥʽʩʪʴ ʽ ʘʚʪʦʥʦʤʥʽʩʪʴ ʝʢʩʧʣʫʘʪʘʮʽʾ. 
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ɸʩʪʨʦʪʨʝʢʝʨ ʚʠʢʦʥʘʥʦ ʫ ʚʠʛʣʷʜʽ ʝʢʚʘʪʦʨʽʘʣʴʥʦʾ ʧʣʘʪʬʦʨʤʠ, ʚʽʩʴ ʷʢʦʾ 

ʩʧʨʷʤʦʚʘʥʘ ʥʘ ʧʽʚʥʽʯ ʧʽʜ ʢʫʪʦʤ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʛʝʦʛʨʘʬʽʯʥʽʡ ʰʠʨʦʪʽ ʤʽʩʮʝʚʦʩʪʽ. 

ʄʝʭʘʥʽʯʥʘ ʯʘʩʪʠʥʘ ʨʝʘʣʽʟʦʚʘʥʘ ʯʝʨʝʟ ʜʚʦʰʝʩʪʝʨʥʝʚʫ ʧʝʨʝʜʘʯʫ 50:1: ʤʘʣʘ 

ʰʝʩʪʝʨʥʷ ʚʩʪʘʥʦʚʣʝʥʘ ʥʘ ʜʚʠʛʫʥʽ, ʘ ʚʝʣʠʢʘ ð ʦʙʝʨʪʘʻ ʧʣʘʪʬʦʨʤʫ. ʂʨʦʢʦʚʠʡ 

ʜʚʠʛʫʥ NEMA17 ʟʘʙʝʟʧʝʯʫʻ ʦʙʝʨʪʘʥʥʷ, ʘ ʜʨʘʡʚʝʨ TMC2208 ʽʟ ʤʽʢʨʦʰʘʛʦʤ 1/16 

ʪʘ ʘʢʪʠʚʦʚʘʥʦʶ ʬʫʥʢʮʽʻʶ microPlyer ʛʘʨʘʥʪʫʻ ʧʣʘʚʥʽʩʪʴ ʽ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʫʭʫ. 

ʂʦʨʧʫʩ ʚʠʛʦʪʦʚʣʝʥʦ ʤʝʪʦʜʦʤ 3D-ʜʨʫʢʫ ʟ ʤʘʪʝʨʽʘʣʽʚ PETG ʘʙʦ PLA, ʟ 

ʽʥʪʝʛʨʦʚʘʥʠʤʠ ʩʣʦʪʘʤʠ ʜʣʷ ʙʘʪʘʨʝʡ ʪʘ ʟʘʭʠʩʪʦʤ ʢʘʙʝʣʽʚ. ʂʦʥʪʨʦʣʝʨ ESP32 

ʚʽʜʧʦʚʽʜʘʻ ʟʘ ʛʝʥʝʨʘʮʽʶ STEP-ʽʤʧʫʣʴʩʽʚ ʜʣʷ ʢʝʨʫʚʘʥʥʷ ʜʚʠʛʫʥʦʤ ʪʘ ʟʘ 

ʙʝʟʜʨʦʪʦʚʫ ʢʦʤʫʥʽʢʘʮʽʶ ʟ ʤʦʙʽʣʴʥʠʤ ʜʦʜʘʪʢʦʤ ʯʝʨʝʟ Wi-Fi ʘʙʦ Bluetooth. 

ɼʦ ʩʢʣʘʜʫ ʧʨʠʩʪʨʦʶ ʚʭʦʜʷʪʴ ʢʨʦʢʦʚʠʡ ʜʚʠʛʫʥ NEMA17 [3], ʜʨʘʡʚʝʨ 

TMC2208 [1], ʜʚʽ ʰʝʩʪʝʨʥʽ ʟ ʧʝʨʝʜʘʪʦʯʥʠʤ ʯʠʩʣʦʤ 50:1, ʢʦʥʪʨʦʣʝʨ ESP32 [2] 

ʟ Wi-Fi/Bluetooth. ɾʠʚʣʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʚʽʜ ʘʢʫʤʫʣʷʪʦʨʽʚ 18650 (1S Ĭ 3ï4 

ʧʘʨʘʣʝʣʴʥʦ). ʄʦʜʫʣʴ XL6009 ʧʽʜʚʠʱʫʻ ʥʘʧʨʫʛʫ ʜʦ 12 V ʜʣʷ ʜʚʠʛʫʥʘ, ʘ 

buck-ʧʝʨʝʪʚʦʨʶʚʘʯ ʧʦʜʘʻ 5 V ʜʣʷ ESP32 ʪʘ ʜʨʘʡʚʝʨʘ. ʄʦʜʫʣʴ MH-CD42 

ʚʽʜʧʦʚʽʜʘʻ ʟʘ ʟʘʨʷʜʢʫ ʘʢʫʤʫʣʷʪʦʨʽʚ ʪʘ ʽʥʜʠʢʘʮʽʶ ʨʽʚʥʷ ʟʘʨʷʜʫ. ʂʦʨʧʫʩ, 

ʚʠʛʦʪʦʚʣʝʥʠʡ ʥʘ 3D-ʧʨʠʥʪʝʨʽ, ʬʽʢʩʫʻ ʚʩʽ ʢʦʤʧʦʥʝʥʪʠ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʾʭ ʟʘʭʠʩʪ 

ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʜʠʚʽʪʴʩʷ ʨʠʩʫʥʦʢ 1.  

 

 
ʈʠʩʫʥʦʢ 1 ï 3D ʢʦʨʧʫʩ ʘʩʪʨʦʪʨʝʢʽʨʘ ʜʣʷ ʩʤʘʨʪʬʦʥʫ 

 

ʇʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ ʧʦʣʷʛʘʶʪʴ ʫ ʩʪʚʦʨʝʥʥʽ ʪʽʩʥʦʾ 

ʽʥʪʝʛʨʘʮʽʾ ʟ ʤʦʙʽʣʴʥʠʤʠ ʜʦʜʘʪʢʘʤʠ ʪʘ ʭʤʘʨʥʠʤʠ ʩʝʨʚʽʩʘʤʠ, ʱʦ ʟʘʙʝʟʧʝʯʠʪʴ 

ʘʚʪʦʤʘʪʠʯʥʝ ʦʥʦʚʣʝʥʥʷ ʙʘʟʠ ʥʝʙʝʩʥʠʭ ʦʙôʻʢʪʽʚ ʽ ʩʧʽʣʴʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ 

ʤʽʞ ʢʦʨʠʩʪʫʚʘʯʘʤʠ. ɺʘʞʣʠʚʠʤ ʥʘʧʨʷʤʦʤ ʻ ʨʦʟʰʠʨʝʥʥʷ ʘʧʘʨʘʪʥʦʾ ʙʘʟʠ ʟʘ 

ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʽʣʴʰ ʧʦʪʫʞʥʠʭ ʢʦʥʪʨʦʣʝʨʽʚ, ʩʝʥʩʦʨʽʚ ʧʦʣʦʞʝʥʥʷ ʪʘ 

ʢʘʤʝʨ ʚʽʜʢʨʠʻ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʢʘʣʽʙʨʦʚʢʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ 

ʨʽʚʥʷ ʘʚʪʦʥʦʤʥʦʩʪʽ. 
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ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ  

1. TMC2208 Datasheet (PDF) - TRINAMIC Motion Control GmbH & Co. KG. 

[ɯʥʪʝʨʥʝʪ-ʨʝʩʫʨʩ]. ʈʝʞʠʤ ʜʦʩʪʫʧʫ (12/03/2026): 

alldatasheet.com/datasheet-pdf/pdf/958409/TRINAMIC/TMC2208.html 

2. ESP32 Datasheet (PDF) - ESPRESSIF SYSTEMS. [ɯʥʪʝʨʥʝʪ-ʨʝʩʫʨʩ]. 

ʈʝʞʠʤ ʜʦʩʪʫʧʫ (12/03/2026): alldatasheet.com/datasheet-

pdf/pdf/1148023/ESPRESSIF/ESP32.html 

3. NEMA17 Datasheet (PDF) - List of Unclassifed Manufacturers [ɯʥʪʝʨʥʝʪ-

ʨʝʩʫʨʩ]. ʈʝʞʠʤ ʜʦʩʪʫʧʫ (12/03/2026): alldatasheet.com/datasheet-

pdf/pdf/1572377/ETC/NEMA17.html 

 

 

https://www.alldatasheet.com/datasheet-pdf/pdf/958409/TRINAMIC/TMC2208.html


˱˹̅˻˾˸ˢ̇˱˯˹˱ ́˩̆˹˻˶˻˥˱˲Φ ˿ˮ˿́˩˸ˮ ́˩˶˩˴˻˸̂˹˱˴ˢ̇˱˯Φ ˾ˢ˨˱˻˩˶˩˴́˾˻˹˹ˢ ˢ˽ˢ˾ˢ́̂˾ˢ ˾ˢ˴˩́˹˻-˴˻˿˸˱̉˹ˮ̆ ˿ˮ˿́˩˸ 

250 

ʋɼʂ 004.8:004.932:629.78 

DOI:10.62717/3083-7057-2026-1-066 

ʉʫʢʦʚʝʥʢʦ ʂ.ɻ., 
ɼʅʋ ʽʤ.ʆʣʝʩʷ ɻʦʥʯʘʨʘ 

ORCID 0009-0002-8109-9382 

E-mail: sukovenko@365.dnu.edu.ua 

ʇʝʪʨʝʥʢʦ ʆ.ʄ.,  
ɼʅʋ ʽʤ.ʆʣʝʩʷ ɻʦʥʯʘʨʘ 

E-mail: petrenko_o@365.dnu.edu.ua 

Iʅʌʆʈʄɸʎɯʁʅɸ ʊɽʍʅʆʃʆɻɯʗ ʇɯɼʊʈʀʄʂʀ ʇʈʀʁʅʗʊʊʗ 

ʈɯʐɽʅʔ ɺ ɿɸɼɸʏɸʍ ɺɯɼɽʆʉʇʆʉʊɽʈɽɾɽʅʅʗ ʂʆʉʄɯʏʅʀʍ 

ʆɹôɭʂʊɯɺ ɿ ɿɸʉʊʆʉʋɺɸʅʅʗʄ ʐʊʋʏʅʆɻʆ ɯʅʊɽʃɽʂʊʋ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʽʥʬʦʨʤʘʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ 

ʨʽʰʝʥʴ ʫ ʟʘʜʘʯʘʭ ʚʽʜʝʦʩʧʦʩʪʝʨʝʞʝʥʥʷ ʢʦʩʤʽʯʥʠʭ ʦʙôʻʢʪʽʚ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʤʝʪʦʜʽʚ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʨʦʣʴ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʦʙʨʦʙʢʠ 

ʚʽʜʝʦʜʘʥʠʭ ʫ ʤʝʞʘʭ ʢʦʥʮʝʧʮʽʾ Space Situational Awareness ʪʘ ʾʾ ʚʧʣʠʚ ʥʘ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʷʚʣʝʥʥʷ, ʩʫʧʨʦʚʦʜʫ ʡ ʘʥʘʣʽʟʫ ʢʦʩʤʽʯʥʠʭ ʦʙôʻʢʪʽʚ. 

ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ 
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INFORMATION TECHNOLOGY FOR DECISION SUPPORT IN SPACE 

OBJECT VIDEO SURVEILLANCE TASKS USING ARTIFICIAL 

INTELLIGENCE  

Abstract. This work examines information technologies for decision support in 

space object video surveillance tasks using artificial intelligence methods. The role 

of intelligent video data processing within the framework of the Space Situational 

Awareness (SSA) concept is analyzed, as well as its impact on improving the 
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detection, tracking, and analysis of space objects. The main advantages and 

prospects of using artificial intelligence to enhance the safety of space activities are 

identified. 

Keywords: decision support information technologies; video surveillance; space 

objects; artificial intelligence; monitoring systems. 

The use of modern digital technologies, particularly artificial intelligence-

based solutions, facilitates the creation of innovative products and services while 

opening additional opportunities for economic and societal development [1, p. 54]. 

The rapid development of the space industry, coupled with the increasing 

number of artificial and natural objects in near-Earth space, requires enhanced 

monitoring and information analysis systems. Within the framework of Space 

Situational Awareness (SSA), decision support information technologies (DSIT) are 

of particular relevance, providing integration of video surveillance data, intelligent 

processing, and the generation of well-founded recommendations for operators or 

automated control systems [2, p. 3ï6]. 

DSIT in space object video surveillance tasks are multi-level complexes 

combining video and sensor data collection tools, data preprocessing algorithms, 

analytical modules, and decision support interfaces. The use of such technologies 

improves the efficiency of information flow analysis, reduces human factor 

influence, and ensures consistency in management decisions under conditions of 

high uncertainty and dynamic space environments. 

The application of artificial intelligence methods, particularly machine learning 

and deep learning, is of significant importance for DSIT development. Algorithms 

based on convolutional neural networks enable automated detection, classification, 

and tracking of space objects in video images obtained from optical, infrared, or 

combined sensors. This allows for efficient processing of large data volumes and 

increases the accuracy of object recognition even under unfavorable observation 

conditions [2, p. 7ï11]. 

Within DSIT, artificial intelligence is also applied to tasks such as predicting 

the movement of space objects, assessing collision risk, and supporting decision-

making regarding preventive maneuvers. Machine learning and reinforcement 

learning methods enable the development of adaptive strategies for managing video 

surveillance systems, optimizing the use of computational and sensor resources, and 

improving the overall efficiency of space monitoring systems. 

A key advantage of AI-based DSIT is the ability to comprehensively analyze 

heterogeneous data from multiple observation sources, subsequently generating 

analytical conclusions and recommendations for decision-making. This approach 

enhances the accuracy of assessing the current situation in near-Earth space and 

reduces response time in critical situations. 

At the same time, implementing DSIT in space object video surveillance tasks 

presents technical and organizational challenges. The main challenges include 

limited computational resources, the need to process large data volumes in real-time, 

and ensuring the reliability, robustness, and interpretability of artificial intelligence 

algorithm results [2, p. 18ï21; 3, p. 7ï10]. 
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Thus, decision support information technologies combined with artificial 

intelligence methods form a promising direction for the development of space object 

video surveillance systems. Further advancement of these technologies will enhance 

space activity safety, improve near-Earth space management, and reduce risks 

associated with the growing number of space objects and debris [2, p. 22ï24]. 

Decision support information technologies are a key component of modern 

space object video surveillance systems, providing efficient processing and analysis 

of large data volumes within the Space Situational Awareness framework. The use 

of artificial intelligence methods increases the accuracy of space object detection 

and tracking and contributes to well-founded management decisions. 

The further development of DSIT is associated with improving artificial 

intelligence algorithms, optimizing computational resources, and enhancing the 

autonomy of video surveillance systems, which overall will contribute to increased 

safety in space activities. 
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ɿɸʉʊʆʉʋɺɸʅʅʗ ʉʋʏɸʉʅʀʍ ɸʃɻʆʈʀʊʄɯɺ ʐʊʋʏʅʆɻʆ 

ɯʅʊɽʃɽʂʊʋ ɺ ɻʋʄɸʅɯʊɸʈʅʀʍ ʅɸʋʂɸʍ 

ɸʥʦʪʘʮʽʷ. ʈʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʜʦʩʣʽʜʞʝʥʥʶ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʫʯʘʩʥʠʭ ʘʣʛʦʨʠʪʤʽʚ 

ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ (ʐɯ) ʫ ʛʫʤʘʥʽʪʘʨʥʠʭ ʥʘʫʢʘʭ ʜʣʷ ʘʥʘʣʽʟʫ, ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʢʣʘʜʥʠʭ ʩʦʮʽʦʢʫʣʴʪʫʨʥʠʭ ʽ ʽʩʪʦʨʠʯʥʠʭ ʧʨʦʮʝʩʽʚ. ʈʦʟʛʣʷʥʫʪʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ, ʘʣʛʦʨʠʪʤʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʪʘ ʽʥʰʠʭ ʽʥ-

ʪʝʣʝʢʪʫʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʜʣʷ ʦʙʨʦʙʢʠ ʚʝʣʠʢʠʭ ʦʙʩʷʛʽʚ ʪʝʢʩʪʦʚʠʭ, ʽʩʪʦʨʠʯʥʠʭ, ʘʨ-

ʭʽʚʥʠʭ ʪʘ ʩʦʮʽʦʣʦʛʽʯʥʠʭ ʜʘʥʠʭ. ʆʩʦʙʣʠʚʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʽʥʪʝʛʨʘʮʽʾ ʢʽʣʴʢʽ-

ʩʥʠʭ ʽ ʷʢʽʩʥʠʭ ʜʘʥʠʭ ʟ ʤʝʪʦʶ ʚʠʷʚʣʝʥʥʷ ʧʨʠʭʦʚʘʥʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ, ʬʦʨʤʫ-

ʚʘʥʥʷ ʤʦʜʝʣʝʡ ʧʨʠʯʠʥʥʦ-ʥʘʩʣʽʜʢʦʚʠʭ ʟʚôʷʟʢʽʚ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʦʟʚʠʪʢʫ ʩʦ-

ʮʽʘʣʴʥʦ-ʧʦʣʽʪʠʯʥʠʭ, ʢʫʣʴʪʫʨʥʠʭ ʽ ʝʢʦʥʦʤʽʯʥʠʭ ʷʚʠʱ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʘʣʛʦʨʠʪ-

ʤʽʚ ʐɯ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʘʥʘʣʽʟʫ, ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʨʫʪʠʥʥʽ ʟʘʚʜʘʥʥʷ 

ʜʦʩʣʽʜʥʠʢʽʚ ʽ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ ʤʽʞʜʠʩʮʠʧʣʽʥʘʨʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʜʝʤʦʥʩʪʨʫʻ ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ ʰʪʫʯʥʦʛʦ 

ʽʥʪʝʣʝʢʪʫ ʫ ʛʫʤʘʥʽʪʘʨʥʠʭ ʥʘʫʢʘʭ, ʩʧʨʠʷʻ ʨʦʟʚʠʪʢʫ ʮʠʬʨʦʚʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʜʣʷ 

ʜʦʩʣʽʜʥʠʢʽʚ ʪʘ ʩʪʚʦʨʶʻ ʦʩʥʦʚʫ ʜʣʷ ʥʦʚʠʭ ʽʥʪʝʛʨʦʚʘʥʠʭ ʤʝʪʦʜʠʢ ʘʥʘʣʽʟʫ ʩʦʮʽʦ-

ʢʫʣʴʪʫʨʥʠʭ ʷʚʠʱ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ, ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ, ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ, ʛʫ-
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APPLICATION OF MODERN ARTIFICIAL INTELLIGENCE 

ALGORITHMS IN THE HUMANITIES  

Abstract. This work is devoted to the study of the application of modern artificial 

intelligence (AI) algorithms in the humanities for analyzing, modeling, and 

forecasting complex socio-cultural and historical processes. The use of neural 

networks, machine learning algorithms, and other intelligent methods for processing 

large volumes of textual, historical, archival, and sociological data is examined. 

Special attention is given to the integration of quantitative and qualitative data to 

identify hidden patterns, establish cause-and-effect relationships, and forecast the 

development of socio-political, cultural, and economic phenomena. The application 

of AI algorithms enhances the accuracy of analysis, automates routine research tasks, 

and opens new prospects for interdisciplinary studies. The proposed approach 

demonstrates the effectiveness of modern AI methods in the humanities, facilitates 

the development of digital tools for researchers, and provides a foundation for new 

integrated methodologies for analyzing socio-cultural phenomena. 

Keywords: artificial intelligence, neural networks, machine learning, humanities, 

socio-cultural analysis, historical processes, integrated analysis, forecasting 

 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʢʘ ʤʦʜʝʣʽ ʜʣʷ ʘʥʘʣʽʟʫ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʽʩʪʦʨʠʯ-

ʥʠʭ ʧʨʦʮʝʩʽʚ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ, ʟʦʢʨʝʤʘ 

ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʧʨʷʤʦʛʦ ʧʦʰʠʨʝʥʥʷ (Multilayer Perceptron, 

MLP) [1,2]. ɺʠʢʦʨʠʩʪʘʥʥʷ MLP ʜʦʟʚʦʣʷʻ ʧʝʨʝʡʪʠ ʚʽʜ ʷʢʽʩʥʦʛʦ ʦʧʠʩʫ ʽʩʪʦʨʠʯ-

ʥʠʭ ʧʦʜʽʡ ʜʦ ʢʽʣʴʢʽʩʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʩʦʮʽʘʣʴʥʦ-ʧʦʣʽʪʠʯ-

ʥʠʭ ʷʚʠʱ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʚʠʷʚʣʝʥʥʷ ʥʝʣʽʥʽʡʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʤʽʞ ʢʣʶʯʦʚʠʤʠ 

ʬʘʢʪʦʨʘʤʠ. 

ʋ ʷʢʦʩʪʽ ʧʨʠʢʣʘʜʫ ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʟʥʘʯʘʣʘʩʷ ʡʤʦʚʽʨʥʽʩʪʴ ʚʠʥʠʢʥʝʥʥʷ 

ʟʙʨʦʡʥʦʛʦ ʢʦʥʬʣʽʢʪʫ ʫ ʧʝʚʥʠʡ ʧʝʨʽʦʜ ʯʘʩʫ. ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʽʾ ʚʠʙʨʘʥʦ 1980 ʨʽʢ, 

ʪʦʜʽ ʷʢ ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ ʟʜʽʡʩʥʶʚʘʣʦʩʷ ʥʘ ʜʘʥʠʭ ʟʘ ʧʝʨʽʦʜ 1939ï1995 ʨʦʢʽʚ, ʱʦ 

ʦʭʦʧʣʶʻ ɼʨʫʛʫ ʩʚʽʪʦʚʫ ʚʽʡʥʫ ʪʘ ʧʦʯʘʪʦʢ ʍʦʣʦʜʥʦʾ ʚʽʡʥʠ [3]. ʊʘʢʠʡ ʯʘʩʦʚʠʡ 

ʽʥʪʝʨʚʘʣ ʟʘʙʝʟʧʝʯʫʻ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʽʩʪʴ ʜʣʷ ʘʥʘʣʽʟʫ ʜʠʥʘʤʽʢʠ ʧʦʣʽʪʠʯʥʦʾ ʥʘ-

ʧʨʫʞʝʥʦʩʪʽ. 
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ɸʨʭʽʪʝʢʪʫʨʘ MLP ʚʢʣʶʯʘʻ ʚʭʽʜʥʠʡ ʰʘʨ, ʦʜʠʥ ʘʙʦ ʢʽʣʴʢʘ ʧʨʠʭʦʚʘʥʠʭ 

ʰʘʨʽʚ ʽ ʚʠʭʽʜʥʠʡ ʰʘʨ [2]. ɼʣʷ ʤʦʜʝʣʽ ʦʙʨʘʥʦ ʯʦʪʠʨʠ ʚʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ, ʱʦ ʚʽ-

ʜʦʙʨʘʞʘʶʪʴ ʦʩʥʦʚʥʽ ʧʦʣʽʪʠʯʥʽ ʪʘ ʩʦʮʽʘʣʴʥʽ ʬʘʢʪʦʨʠ: ʽʤʧʝʨʽʘʣʽʟʤ, ʥʘʮʽʦʥʘʣʽʟʤ, 

ʤʽʣʽʪʘʨʠʟʤ ʪʘ ʩʦʶʟʠ. ʅʘ ʚʠʭʦʜʽ ʬʦʨʤʫʻʪʴʩʷ ʽʥʪʝʛʨʘʣʴʥʠʡ ʧʦʢʘʟʥʠʢ ʩʪʘʙʽʣʴʥʦ-

ʩʪʽ, ʷʢʠʡ ʽʥʪʝʨʧʨʝʪʫʻʪʴʩʷ ʷʢ ʨʽʚʝʥʴ ʥʘʧʨʫʞʝʥʦʩʪʽ ʫ ʤʽʞʥʘʨʦʜʥʠʭ ʚʽʜʥʦʩʠʥʘʭ. 

ʅʘʚʯʘʥʥʷ ʤʝʨʝʞʽ ʧʨʦʚʦʜʠʣʦʩʷ ʤʝʪʦʜʦʤ ʟʚʦʨʦʪʥʦʛʦ ʧʦʰʠʨʝʥʥʷ ʧʦʤʠ-

ʣʢʠ (backpropagation) ʽʟ ʩʠʛʤʦʾʜʥʦʶ ʬʫʥʢʮʽʻʶ ʘʢʪʠʚʘʮʽʾ [4], ʱʦ ʜʦʟʚʦʣʠʣʦ ʘʜʘ-

ʧʪʠʚʥʦ ʢʦʨʠʛʫʚʘʪʠ ʚʘʛʠ ʽ ʟʤʽʱʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʽʩʪʦʨʠʯʥʠʭ ʧʨʠʢʣʘʜʽʚ. ʅʘʧʨʠ-

ʢʣʘʜ, ʜʣʷ 1939 ʨʦʢʫ ʚʠʩʦʢʽ ʟʥʘʯʝʥʥʷ ʥʘʮʽʦʥʘʣʽʟʤʫ (0.9), ʤʽʣʽʪʘʨʠʟʤʫ (0.8), ʽʤ-

ʧʝʨʽʘʣʽʟʤʫ (0.7) ʪʘ ʩʦʶʟʽʚ (1.0) ʚʽʜʧʦʚʽʜʘʣʠ ʢʨʠʪʠʯʥʦ ʥʠʟʴʢʦʤʫ ʧʦʢʘʟʥʠʢʫ ʩʪʘ-

ʙʽʣʴʥʦʩʪʽ (0.05ï0.15). ʋ 1955 ʨʦʮʽ ʧʦʻʜʥʘʥʥʷ ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʴ ʥʘʮʽʦʥʘʣʽʟʤʫ ʪʘ 

ʩʦʶʟʽʚ ʽʟ ʥʠʞʯʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʽʤʧʝʨʽʘʣʽʟʤʫ ʪʘ ʤʽʣʽʪʘʨʠʟʤʫ ʟʘʙʝʟʧʝʯʠʣʦ ʚʽʜ-

ʥʦʩʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʙʝʟ ʤʘʩʰʪʘʙʥʠʭ ʢʦʥʬʣʽʢʪʽʚ. 

ʈʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʠʣʠ ʟʜʘʪʥʽʩʪʴ MLP ʚʠʷʚʣʷʪʠ ʩʢʣʘʜʥʽ ʥʝʣʽʥʽʡʥʽ ʚʟʘʻ-

ʤʦʟʚôʷʟʢʠ ʤʽʞ ʬʘʢʪʦʨʘʤʠ [2]. ʅʘʧʨʠʢʣʘʜ, ʤʦʜʝʣʴ ʨʦʟʧʽʟʥʘʣʘ, ʱʦ ʢʨʠʪʠʯʥʠʡ 

ʚʧʣʠʚ ʤʽʣʽʪʘʨʠʟʤʫ ʧʨʦʷʚʣʷʻʪʴʩʷ ʣʠʰʝ ʧʨʠ ʧʝʨʝʚʠʱʝʥʥʽ ʧʝʚʥʦʛʦ ʧʦʨʦʛʫ ʥʘʮʽʦ-

ʥʘʣʽʟʤʫ, ʜʝʤʦʥʩʪʨʫʶʯʠ ʧʝʨʝʚʘʛʠ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʥʘʜ ʪʨʘʜʠʮʽʡʥʠʤʠ ʩʪʘʪʠʩ-

ʪʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ [5]. ʇʨʦʛʥʦʟ ʜʣʷ 1970 ʨʦʢʫ ʧʦʢʘʟʘʚ ʩʝʨʝʜʥʽʡ ʨʽʚʝʥʴ ʥʘʮʽʦ-

ʥʘʣʽʟʤʫ, ʥʠʟʴʢʽ ʟʥʘʯʝʥʥʷ ʽʤʧʝʨʽʘʣʽʟʤʫ ʪʘ ʤʽʣʽʪʘʨʠʟʤʫ, ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʩʦʶʟʽʚ ʽ 

ʚʽʜʧʦʚʽʜʥʦ ʚʠʩʦʢʠʡ ʧʦʢʘʟʥʠʢ ʩʪʘʙʽʣʴʥʦʩʪʽ, ʱʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʽʩʪʦʨʠʯʥʦʶ ʨʝ-

ʘʣʴʥʽʩʪʶ ʧʝʨʽʦʜʫ ʨʦʟʨʷʜʢʠ ʤʽʞʥʘʨʦʜʥʠʭ ʚʽʜʥʦʩʠʥ. 

ɺʘʞʣʠʚʦ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʚʭʽʜʥʠʭ ʽʥʜʠʢʘʪʦʨʽʚ ʥʝ 

ʟʘʚʞʜʠ ʧʨʠʩʢʦʨʶʻ ʥʘʚʯʘʥʥʷ ʤʝʨʝʞʽ; ʥʘʜʤʽʨʥʽ ʘʙʦ ʥʝʨʝʣʝʚʘʥʪʥʽ ʦʟʥʘʢʠ ʤʦʞʫʪʴ 

ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʝʨʝʥʘʚʯʘʥʥʷ ʪʘ ʟʥʠʞʝʥʥʷ ʪʦʯʥʦʩʪʽ ʧʨʦʛʥʦʟʽʚ. ʊʦʤʫ ʚʽʜʙʽʨ ʥʘʡ-

ʙʽʣʴʰ ʟʥʘʯʫʱʠʭ ʬʘʢʪʦʨʽʚ ʻ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʘʜʝʢʚʘʪʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʽʩʪʦʨʠʯʥʠʭ ʧʨʦʮʝʩʽʚ. 

ɿʘʛʘʣʦʤ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ MLP ʜʝʤʦʥʩʪ-

ʨʫʻ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʫ ʢʽʣʴʢʽʩʥʦʤʫ ʤʦʜʝʣʶʚʘʥʥʽ ʩʦʮʽʘʣʴʥʦ-ʧʦʣʽʪʠʯʥʠʭ ʷʚʠʱ, 

ʜʦʟʚʦʣʷʻ ʚʠʷʚʣʷʪʠ ʧʨʠʭʦʚʘʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʪʘ ʬʦʨʤʫʚʘʪʠ ʧʨʦʛʥʦʟʠ ʱʦʜʦ 

ʤʘʡʙʫʪʥʽʭ ʩʮʝʥʘʨʽʾʚ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʥʘʜʘʻ ʽʩʪʦʨʠʢʘʤ ʽ ʜʦʩʣʽʜʥʠʢʘʤ ʧʦʪʫʞʥʠʡ ʽʥ-

ʩʪʨʫʤʝʥʪ ʜʣʷ ʘʥʘʣʽʟʫ ʧʨʠʯʠʥʥʦ-ʥʘʩʣʽʜʢʦʚʠʭ ʟʚôʷʟʢʽʚ ʽ ʤʦʞʝ ʩʣʫʛʫʚʘʪʠ ʦʩʥʦ-

ʚʦʶ ʜʣʷ ʥʦʚʦʾ ʧʘʨʘʜʠʛʤʠ ʽʩʪʦʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. 
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ɸʥʦʪʘʮʽʷ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʠʟʥʘʯʝʥʥʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʛʝʨʤʝʪʠʯʥʦʩʪʽ 
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EXPERIMENTAL DETERMINATION OF THE OPTIMAL VARIANT OF 

A HERMETIC FLANGE CONNECTION  

Annotation. Experimental determination of ensuring the tightness of flanged 

pipeline connections in rocket and space technology, taking into account their 

operating conditions, in particular temperatures (especially for cryogenic fuel 

components), cyclical loads, flange materials (primarily made of composite 

materials), etc. 
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ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʥʘʩʪʫʧʥʠʭ ʚʘʨʽʘʥʪʽʚ ʫʱʽʣʴʥʝʥʴ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʬʣʘʥʮʝʚʠʭ ʟ'ʻʜʥʘʥʴ: 

ʂʽʣʴʮʝʚʽ ʫʱʽʣʴʥʝʥʥʷ, ʚʠʢʦʥʘʥʽ ʟ ʛʫʤʠ [1]. ɿʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʛʥʫʯʢʦʩʪʽ ʪʘ 

ʝʣʘʩʪʠʯʥʦʩʪʽ ʜʘʥʽ ʫʱʽʣʴʥʝʥʥʷ ʝʬʝʢʪʠʚʥʦ ʟʘʧʦʚʥʶʶʪʴ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʽ ʪʘ 

ʜʝʬʝʢʪʠ ʥʘ ʧʦʚʝʨʭʥʷʭ ʬʣʘʥʮʽʚ. ʉʪʽʡʢʽ ʜʦ ʚʧʣʠʚʫ ʚʦʜʠ, ʧʦʚʽʪʨʷ, ʢʠʩʣʦʪ. 

ʅʝʜʦʣʽʢʦʤ ʻ ʚʽʜʩʫʪʥʽʩʪʴ ʩʪʽʡʢʦʩʪʽ ʜʦ ʢʨʠʦʛʝʥʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʇʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʯʝ -60ÁC ʤʘʪʝʨʽʘʣ ʩʪʘʻ ʢʨʠʭʢʠʤ ʽ ʨʫʡʥʫʻʪʴʩʷ. ʈʠʟʠʢʠ ʜʣʷ 

ʢʦʤʧʦʟʠʪʽʚ: ʟʘʤʝʨʟʣʘ ʛʫʤʘ ʧʨʠ ʜʝʬʦʨʤʘʮʽʾ ʨʦʟʢʦʣʶʻʪʴʩʷ, ʧʦʰʢʦʜʞʫʶʯʠ 

ʚʦʣʦʢʥʘ ʢʦʤʧʦʟʠʪʥʦʛʦ ʬʣʘʥʮʷ.  

ʂʽʣʴʮʝʚʽ ʫʱʽʣʴʥʝʥʥʷ, ʚʠʢʦʥʘʥʽ ʟ ʤʽʜʽ ʤʘʨʢʠ ʄ3 [2]. ɺʦʥʠ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʥʘʜʽʡʥʝ ʫʱʽʣʴʥʝʥʥʷ ʪʘ ʤʘʶʪʴ ʛʘʨʥʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʤʝʭʘʥʽʯʥʠʭ ʽ ʭʽʤʽʯʥʠʭ ʚʧʣʠʚʽʚ, 

ʟʙʝʨʽʛʘʶʪʴ ʧʣʘʩʪʠʯʥʽʩʪʴ ʧʨʠ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʅʝʜʦʣʽʢʦʤ ʻ ʪʝ, ʱʦ 

ʥʝʦʙʭʽʜʥʽ ʟʫʩʠʣʣʷ ʟʘʪʷʛʫʚʘʥʥʷ ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʤʠʥʘʥʥʷ ʘʙʦ 

ʨʦʟʰʘʨʫʚʘʥʥʷ ʢʦʤʧʦʟʠʪʥʦʛʦ ʬʣʘʥʮʷ ʚ ʟʦʥʽ ʙʦʣʪʦʚʠʭ ʦʪʚʦʨʽʚ ʪʘ 

ʫʱʽʣʴʥʶʚʘʣʴʥʦʾ ʢʘʥʘʚʢʠ. ʊʘʢʦʞ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʟ'ʻʜʥʘʥʥʷ ʟʥʘʯʥʦ ʧʦʛʽʨʰʫʻʪʴʩʷ 

ʧʨʠ ʮʠʢʣʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʥʷʭ. 

ʂʽʣʴʮʝʚʽ ʫʱʽʣʴʥʝʥʥʷ, ʚʠʢʦʥʘʥʽ ʽʟ ʬʪʦʨʦʧʣʘʩʪʫ [3]. ɼʘʥʽ ʫʱʽʣʴʥʝʥʥʷ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʛʘʨʥʝ ʧʨʠʣʷʛʘʥʥʷ, ʩʪʽʡʢʽ ʧʨʘʢʪʠʯʥʦ ʜʦ ʚʩʽʭ ʘʛʨʝʩʠʚʥʠʭ ʭʽʤʽʯʥʠʭ 

ʨʝʯʦʚʠʥ, ʜʦʚʛʦʚʽʯʥʽ ʪʘ ʟʥʦʩʦʩʪʽʡʢʽ. ʅʝʜʦʣʽʢʦʤ ʻ ʥʠʟʴʢʘ ʤʝʭʘʥʽʯʥʘ ʤʽʮʥʽʩʪʴ ʽ 

ʯʫʪʣʠʚʽʩʪʴ ʜʦ ʩʪʠʩʢʫ ʽ ʷʢ ʥʘʩʣʽʜʦʢ ʫʱʽʣʴʥʝʥʥʷ ʤʦʞʝ ʜʝʬʦʨʤʫʚʘʪʠʩʷ ʧʽʜ 

ʚʠʩʦʢʠʤ ʪʠʩʢʦʤ ʽ ʚʪʨʘʪʠʪʠ ʝʣʘʩʪʠʯʥʽʩʪʴ. ʎʷ ʧʨʦʙʣʝʤʘ ʤʦʞʝ ʚʠʨʽʰʫʚʘʪʠʩʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʫʞʠʥ ʫ ʩʢʣʘʜʽ ʫʱʽʣʴʥʝʥʥʷ. 

ʂʽʣʴʮʝʚʽ ʫʱʽʣʴʥʝʥʥʷ, ʚʠʢʦʥʘʥʽ ʽʟ ʬʪʦʨʦʧʣʘʩʪʫ PTFE-F-T105-G ʟ ʧʨʦʬʽʣʶ 

ʪʠʧʫ FL08 [4]. ɺ ʧʝʨʝʪʠʥʽ ʤʘʶʪʴ V-ʦʙʨʘʟʥʫ ʬʦʨʤʫ. ɺʩʝʨʝʜʠʥʽ ʟʥʘʭʦʜʠʪʴʩʷ 

ʧʨʫʞʠʥʘ. ʊʘʢʽ ʫʱʽʣʴʥʝʥʥʷ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʤʦʚʘʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʾʭ ʜʣʷ 

ʬʣʘʥʮʝʚʠʭ ʢʦʤʧʦʟʠʪʥʠʭ ʩʪʠʢʽʚ ʚ ʫʤʦʚʘʭ ʢʨʠʦʛʝʥʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʧʨʠ 

ʮʠʢʣʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʥʷʭ. 

ʇʨʦʚʝʜʝʥʘ ʥʠʟʢʘ ʚʠʧʨʦʙʫʚʘʥʴ ʟ ʤʝʪʦʶ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ 

ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ ʜʣʷ ʩʠʩʪʝʤʠ ʧʦʜʘʯʽ ʧʘʣʠʚʘ ʈʂʅ ʚ ʫʤʦʚʘʭ ʢʨʠʦʛʝʥʥʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ ʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʬʪʦʨʦʧʣʘʩʪʦʚʠʭ ʫʱʽʣʴʥʝʥʴ V-ʦʙʨʘʟʥʦʛʦ 

ʧʝʨʝʪʠʥʫ ʟ ʧʨʫʞʠʥʦʶ, ʨʦʟʤʽʱʝʥʦʶ ʫʩʝʨʝʜʠʥʽ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʚʠʧʨʦʙʫʚʘʥʴ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʙʫʣʦ ʟʨʦʙʣʝʥʦ ʨʷʜ ʜʦʦʧʨʘʮʶʚʘʥʴ (ʦʪʨʠʤʘʥʦ 

ʩʚʽʜʦʮʪʚʦ ʥʘ ʨʘʮʽʦʥʘʣʽʟʘʪʦʨʩʴʢʫ ʧʨʦʧʦʟʠʮʽʶ ˉ20122 ʚʽʜ 19.05.2023 ʨ.): 

ʟʤʝʥʰʝʥʦ ʛʣʠʙʠʥʫ ʢʘʥʘʚʢʠ ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʽʣʴʮʝʚʠʭ ʫʱʽʣʴʥʝʥʴ ʟ 

ʤʝʪʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʽʣʴʰ ʱʽʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʫʱʽʣʴʥʝʥʴ 

ʜʦ ʧʦʚʝʨʭʦʥʴ ʢʨʠʰʢʠ ʪʘ ʬʣʘʥʮʶ; 

ʚʠʢʦʥʘʥʦ ʬʘʩʢʫ ʥʘ ʢʘʥʘʚʮʽ ʧʽʜ ʫʱʽʣʴʥʝʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʠʣʦ ʨʦʙʦʪʫ 

ʫʱʽʣʴʥʝʥʴ ʫ ʩʢʣʘʜʽ ʢʦʥʩʪʨʫʢʮʽʾ ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ ʧʨʠ ʥʘʚʘʥʪʘʞʝʥʽ 

ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʟʨʘʟʢʘ ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ ʚʥʫʪʨʽʰʥʽʤ ʪʠʩʢʦʤ, ʪʘ ʦʙʣʝʛʰʠʣʦ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʫʱʽʣʴʥʝʥʴ ʧʨʠ ʩʢʣʘʜʘʥʥʽ ʢʦʥʩʪʨʫʢʮʽʾ; 

ʚʚʝʜʝʥʦ ʜʦ ʩʢʣʘʜʫ ʢʦʥʩʪʨʫʢʮʽʾ ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʟʨʘʟʢʘ ʢʦʤʧʦʟʠʪʥʦʾ 

ʪʨʫʙʠ ʜʦʜʘʪʢʦʚʠʭ ʥʘʢʣʘʜʦʢ, ʱʦ ʟʘʙʝʟʧʝʯʠʣʦ ʨʽʚʥʦʤʽʨʥʝ ʧʨʠʪʠʩʢʘʥʥʷ 

ʚʫʛʣʝʮʝʚʦʛʦ ʬʣʘʥʮʶ ʜʦ ʢʨʠʰʢʠ. 
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ʇʨʦʚʝʜʝʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʟʘʧʨʦʧʦʥʦʚʘʥʽ ʜʦʦʧʨʘʮʶʚʘʥʥʷ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʟʨʘʟʢʘ 

ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ ʥʘ ʟʘʜʘʥʦʤʫ ʨʽʚʥʽ. ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʡʙʽʣʴʰ ʦʧʪʠʤʘʣʴʥʠʤ 

ʚʘʨʽʘʥʪʦʤ ʫʱʽʣʴʥʝʥʥʷ ʬʣʘʥʮʝʚʠʭ ʟ'ʻʜʥʘʥʴ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʚ ʢʨʠʦʛʝʥʥʦʤʫ 

ʩʝʨʝʜʦʚʠʱʽ ʻ ʬʪʦʨʦʧʣʘʩʪʦʚʽ ʫʱʽʣʴʥʝʥʥ ̫V-ʦʙʨʘʟʥʦʛʦ ʧʝʨʝʪʠʥʫ ʟ ʧʨʫʞʠʥʦʶ, 

ʨʦʟʤʽʱʝʥʦʶ ʫʩʝʨʝʜʠʥʽ. 
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EXPERIMENTAL SAMPLE OF A COMPOSITE PIPE USED IN THE 

FUEL SUPPLY SYSTEM OF A SPACE LAUNCH VEHICLE  

Annotation. The cost of conducting ground development testing are 

significant in development of rocket and space technology products. Therefore, the 

authors have proposed a design of the prototype, which makes it possible to reduce 
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the cost of resources and time spent on both manufacturing the prototype itself and 

conducting ground development testing. 

Keywords: pipe, composite material, tightness, experimental design, ground 

development tests (GDT). 

 

ʂʦʥʩʪʨʫʢʮʽʷ ʪʨʫʙʦʧʨʦʚʦʜʫ ʷʚʣʷʣʘ ʩʦʙʦʶ ʪʦʥʢʦʩʪʽʥʥʫ ʮʠʣʽʥʜʨʠʯʥʫ 

ʩʠʣʦʚʫ ʦʙʦʣʦʥʢʫ, ʱʦ ʧʽʜʢʨʽʧʣʝʥʘ ʟ ʪʦʨʮʽʚ ʢʦʤʧʦʟʠʪʥʠʤʠ ʬʣʘʥʮʷʤʠ. ɼʣʷ 

ʛʝʨʤʝʪʠʟʘʮʽʾ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʧʨʦʬʽʣʴʦʚʘʥʽ ʬʪʦʨʦʧʣʘʩʪʦʚʽ ʫʱʽʣʴʥʝʥʥʷ 

ʬʽʨʤʠ Parker (ʧʨʦʬʽʣʴ ʪʠʧʫ FL08) [ 1 ]. 

ʅʘ ʧʦʧʝʨʝʜʥʽʭ ʝʪʘʧʘʭ ʨʦʟʨʦʙʢʠ ʜʣʷ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʛʝʨʤʝʪʠʯʥʦʩʪʽ 

ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʜʦʩʣʽʜʥʫ ʢʦʥʩʪʨʫʢʮʽʶ ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ 

(ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʫ 1). ɺʠʢʦʨʠʩʪʘʥʥʷ ʮʽʻʾ ʢʦʥʩʪʨʫʢʮʽʾ ʜʦʟʚʦʣʠʣʦ 

ʧʽʜʪʚʝʨʜʠʪʠ ʧʨʠʡʥʷʪʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʨʽʰʝʥʥʷ, ʱʦ ʟʘʧʝʨʝʯʫʶʪʴ ʛʝʨʤʝʪʠʯʥʽʩʪʴ 

ʩʪʠʢʫ, ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʪʘ ʚʠʪʨʘʪʠ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʘʤʦʛʦ ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ 

ʟʨʘʟʢʘ, ʪʘ ʩʢʦʨʦʪʠʪʠ ʚʠʪʨʘʪʠ ʥʘ ʧʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ (ʚʠʪʨʘʪʠ ʥʘ 

ʚʠʧʨʦʙʫʚʘʣʴʥʝ ʦʩʥʘʱʝʥʥʷ ʪʘ ʡʦʛʦ ʤʦʥʪʘʞ, ʚʠʪʨʘʪʠ ʛʝʣʽʶ ʪʘ ʨʽʜʢʦʛʦ ʘʟʦʪʫ). 

 

1 ï ʢʨʠʰʢʘ, 2 ï ʢʦʤʧʦʟʠʪʥʠʡ ʬʣʘʥʝʮʴ, 3 ï ʤʽʩʮʷ ʧʽʜʢʣʶʯʝʥʥʷ 

ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, 4 ï ʬʪʦʨʦʧʣʘʩʪʦʚʽ ʧʨʦʬʽʣʴʦʚʘʥʽ ʫʱʽʣʴʥʝʥʥʷ,  

5 ï ʝʣʝʤʝʥʪʠ ʟ'ʻʜʥʘʥʥʷ ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ. 

ʈʠʩʫʥʦʢ 1 ï ɼʦʩʣʽʜʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʅɽɺ [2, 3, 4] ʢʦʤʧʦʟʠʪʥʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʫ, ʱʦ ʩʢʣʘʜʘʣʠʩʴ 

ʟ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʛʝʨʤʝʪʠʯʥʽʩʪʴ, ʩʪʘʪʠʯʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ, ʚʠʧʨʦʙʫʚʘʥʥʷ ʥʘ 

ʪʝʨʤʦʧʨʫʞʥʽʩʪʴ ʪʘ ʽʥ., ʨʦʟʨʦʙʣʝʥʦ ʚʠʧʨʦʙʫʚʘʣʴʥʠʡ ʟʨʘʟʦʢ ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ, 

ʷʢʠʡ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 2. 
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1 ï ʢʦʤʧʦʟʠʪʥʠʡ ʪʨʫʙʦʧʨʦʚʽʜ, 2 ï ʢʨʠʢhʘ, 3 ï ʤʽʩʮʷ ʧʽʜʢʣʶʯʝʥʥʷ 

ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, 4 ï ʬʪʦʨʦʧʣʘʩʪʦʚʽ ʧʨʦʬʽʣʴʦʚʘʥʽ ʫʱʽʣʴʥʝʥʥʷ,  

5 ï ʝʣʝʤʝʥʪʠ ʟ'ʻʜʥʘʥʥʷ ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ. 

 

ʈʠʩʫʥʦʢ 2 ï ɺʠʧʨʦʙʫʚʘʣʴʥʠʡ ʟʨʘʟʦʢ ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ 

ɺ ʮʽʡ ʢʦʥʩʪʨʫʢʮʽʾ, ʷʢ ʽ ʫ ʜʦʩʣʽʜʥʽʡ ʢʦʥʩʪʨʫʢʮʽʾ, ʫʱʽʣʴʥʝʥʥʷ 

ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʴ ʚ ʤʝʪʘʣʝʚʽʡ ʢʨʠʰʮʽ. ʄʝʪʘʣʝʚʘ ʢʨʠʰʢʘ ʚʠʩʪʫʧʘʣʘ ʚ ʨʦʣʽ 

ʚʽʜʧʦʚʽʜʥʦʾ ʯʘʩʪʠʥʠ ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ ʪʘ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʽʥʪʝʨʬʝʡʩʽʚ ʟ 

ʥʘʟʝʤʥʠʤ ʚʠʧʨʦʙʫʚʘʣʴʥʠʤ ʦʙʣʘʜʥʘʥʥʷʤ. ʇʦʜʘʣʴʰʽ ʧʨʦʝʢʪʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʽ 

ʨʦʙʦʪʠ ʧʦʢʘʟʘʣʠ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚ ʨʦʟʨʦʙʮʽ ʪʘ ʧʨʦʚʝʜʝʥʥʷ ʅɽɺ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʪʨʫʙʦʧʨʦʚʦʜʫ ʟ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʫʱʽʣʴʥʝʥʴ ʫ ʬʣʘʥʮʷʭ ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ. 

ɼʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʚʠʪʨʘʪ ʯʘʩʫ ʪʘ ʨʝʩʫʨʩʽʚ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʚʦʭ ʪʠʧʽʚ 

ʚʠʧʨʦʙʫʚʘʣʴʥʠʭ ʟʨʘʟʢʽʚ ʪʘ ʚʠʪʨʘʪ ʥʘ ʧʨʦʚʝʜʝʥʥʷ ʅɽɺ ʚ ʧʦʚʥʦʤʫ ʦʙʩʷʟʽ, 

ʨʦʟʨʦʙʣʝʥʦ ʚʠʧʨʦʙʫʚʘʣʴʥʠʡ ʟʨʘʟʦʢ ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ, ʷʢʠʡ ʧʦʻʜʥʘʚ ʫ ʩʚʦʾʡ 

ʢʦʥʩʪʨʫʢʮʽʾ ʜʚʘ ʚʘʨʽʘʥʪʠ ʢʦʤʧʦʟʠʪʥʠʭ ʬʣʘʥʮʽʚ (ʜʠʚʠʩʴ ʨʠʩʫʥʦʢ 3). 

 

1 ï ʢʦʤʧʦʟʠʪʥʠʡ ʪʨʫʙʦʧʨʦʚʽʜ, 2 ï ʢʨʠʰʢʘ, 3 ï ʤʽʩʮʷ ʧʽʜʢʣʶʯʝʥʥʷ 

ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, 4 ï ʬʪʦʨʦʧʣʘʩʪʦʚʽ ʧʨʦʬʽʣʴʦʚʘʥʽ ʫʱʽʣʴʥʝʥʥʷ,  

5 ï ʝʣʝʤʝʥʪʠ ʟ'ʻʜʥʘʥʥʷ ʬʣʘʥʮʝʚʦʛʦ ʩʪʠʢʫ. 

ʈʠʩʫʥʦʢ 3 ï ɺʠʧʨʦʙʫʚʘʣʴʥʠʡ ʟʨʘʟʦʢ ʢʦʤʧʦʟʠʪʥʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʫ ʟ 
ʨʽʟʥʠʤʠ ʢʦʤʧʦʟʠʪʥʠʤʠ ʬʣʘʥʮʷʤʠ 

ʆʧʪʠʤʽʟʦʚʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʟʨʘʟʢʘ ʜʦʟʚʦʣʠʣʘ ʟʥʘʯʥʦ 

ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʪʘ ʚʠʪʨʘʪʠ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ, ʟʤʝʥʰʠʪʠ ʚʘʨʪʽʩʪʴ ʪʘ ʧʨʦʚʝʩʪʠ ʚʝʩʴ 

ʧʝʨʝʣʽʢ ʅɽɺ ʚ ʧʦʚʥʦʤʫ ʦʙʩʷʟʽ ʪʘ ʚ ʟʘʧʣʘʥʦʚʘʥʽ ʪʝʨʤʽʥʠ. 
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EXPERIMENTAL DETERMINATION OF THE OPTIMAL DESIGN 

VARIANT FOR CONNECTION A FLANGE OF ACOMPOSITE PIPE 

WITH A POWER SHELL  

Annotation. Experimental determination of the tightness of  composite pipeline 

structures in rocket and space technology, taking into account their operating 

conditions, in particular temperatures (especially for cryogenic fuel components), 

cyclic loads, manufacturing technology, etc. 
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Keywords: experimental determination, carbon fiber, composite pipe. 

 

ɺ ʫʤʦʚʘʭ ʟʨʦʩʪʘʥʥʷ ʢʦʥʢʫʨʝʥʮʽʾ ʥʘ ʨʠʥʢʫ ʧʦʩʣʫʛ ʧʦ ʚʠʚʝʜʝʥʥʶ ʢʦʨʠʩʥʠʭ 

ʚʘʥʪʘʞʽʚ ʥʘ ʥʘʚʢʦʣʦʟʝʤʥʽ ʦʨʙʽʪʠ ʧʦʩʠʣʶʶʪʴʩʷ ʚʠʤʦʛʠ ʜʦ ʚʘʛʦʚʦʾ ʜʦʩʢʦʥʘʣʦʩʪʽ 

ʢʦʥʩʪʨʫʢʮʽʡ ʨʘʢʝʪ ʪʘ ʾʭ ʩʢʣʘʜʦʚʠʭ. 

ɺʠʭʦʜʷʯʠ ʟ ʮʴʦʛʦ ʙʫʣʘ ʧʨʦʚʝʜʝʥʘ ʨʦʙʦʪʘ ʟ ʨʦʟʨʦʙʢʠ ʢʦʥʩʪʨʫʢʮʽʾ 

ʢʦʤʧʦʟʠʪʥʦʾ ʤʘʛʽʩʪʨʘʣʴʥʦʾ ʪʨʫʙʠ ʤʽʥʽʤʘʣʴʥʦʾ ʚʘʛʠ ʟ ʬʣʘʥʮʝʚʠʤʠ ʟôʻʜʥʘʥʥʷʤʠ 

ʷʢʽ ʙ ʟʘʙʝʟʧʝʯʫʚʘʣʠ ʤʽʮʥʽʩʪʴ ʪʘ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠ ʨʦʙʦʪʽ ʚ ʟʘʜʘʥʠʭ 

ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʙʫʣʦ ʧʨʠʜʽʣʝʥʦ ʢʦʥʩʪʨʫʢʮʽʾ ʟôʻʜʥʘʥʥʷ 

ʩʠʣʦʚʦʾ ʦʙʦʣʦʥʢʠ ʪʨʫʙʠ ʟ ʬʣʘʥʮʝʤ.  

ɼʣʷ ʧʝʨʝʚʽʨʢʠ ʧʨʠʡʥʷʪʠʭ ʨʽʰʝʥʴ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ ʪʘ ʚʠʧʨʦʙʫʚʘʥʦ 

ʜʝʢʽʣʴʢʘ ʚʘʨʽʘʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ, ʟʦʢʨʝʤʘ ʟôʻʜʥʘʥʥʷ ʬʣʘʥʮ ̫ ʟ ʩʠʣʦʚʦʶ 

ʦʙʦʣʦʥʢʦʶ ʰʣʷʭʦʤ ʦʜʥʦʟʦʥʥʦʾ ʥʘʤʦʪʢʠ ʚʫʛʣʝʮʝʚʦʛʦ ʚʦʣʦʢʥʘ ʥʘ ʟʘʢʽʥʮʽʚʢʫ 

ʬʣʘʥʮʷ (ʚʘʨʽʘʥʪ 1), ʪʘ ʟôʻʜʥʘʥʥʷ ʰʣʷʭʦʤ ʜʚʦʟʦʥʥʦʾ ʥʘʤʦʪʢʠ (ʚʘʨʽʘʥʪ 2). 

 

ʈʠʩʫʥʦʢ 1 ï ɿôʻʜʥʘʥʥʷ ʬʣʘʥʮ ̫ʟ ʩʠʣʦʚʦʶ ʦʙʦʣʦʥʢʦʶ ʰʣʷʭʦʤ ʦʜʥʦʟʦʥʥʦʾ 

ʥʘʤʦʪʢʠ ʚʫʛʣʝʮʝʚʦʛʦ ʚʦʣʦʢʥʘ ʥʘ ʟʘʢʽʥʮʽʚʢʫ ʬʣʘʥʮ ̫(ʚʘʨʽʘʥʪ 1) 

 

ʈʠʩʫʥʦʢ 2 ï ɿôʻʜʥʘʥʥʷ ʬʣʘʥʮ ̫ʟ ʩʠʣʦʚʦʶ ʦʙʦʣʦʥʢʦʶ ʰʣʷʭʦʤ ʜʚʦʟʦʥʥʦʾ 

ʥʘʤʦʪʢʠ ʚʫʛʣʝʮʝʚʦʛʦ ʚʦʣʦʢʥʘ ʥʘ ʟʘʢʽʥʮʽʚʢʫ ʬʣʘʥʮ ̫(ʚʘʨʽʘʥʪ 2) 

ɺʠʧʨʦʙʫʚʘʥʥʷ ʮʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʚʠʷʚʠʣʠ ʥʝʜʦʩʪʘʪʥʶ ʛʝʨʤʝʪʠʯʥʽʩʪʴ 

ʟôʻʜʥʘʥʥʷ. 

ʂʦʥʩʪʨʫʢʮʽʷ ʙʫʣʘ ʜʦʦʧʨʘʮʴʦʚʘʥʘ ʰʣʷʭʦʤ ʧʦʜʦʚʞʝʥʥʷ ʟʘʢʽʥʮʽʚʢʠ ʬʣʘʥʮ ̫

ʽ ʚʚʝʜʝʥʥʷ ʥʘ ʥʴʦʤʫ ʟʤʽʥʥʦʛʦ ʟʦʚʥʽʰʥʴʦʛʦ ʢʦʥʪʫʨʫ. ʇʨʠ ʮʴʦʤʫ ʥʘʤʦʪʢʫ 

ʚʫʛʣʝʮʝʚʦʛʦ ʚʦʣʦʢʥʘ ʧʨʦʚʦʜʠʣʠ ʧʦ ʚʘʨʽʘʥʪʫ 2. 

 

ʈʠʩʫʥʦʢ 3 ï ɼʦʦʧʨʘʮʴʦʚʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʟôʻʜʥʘʥʥʷ ʟʘʢʽʥʮʽʚʢʠ ʬʣʘʥʮ ̫ʟ 

ʩʠʣʦʚʦʶ ʦʙʦʣʦʥʢʦʶ ʰʣʷʭʦʤ ʜʚʦʟʦʥʥʦʾ ʥʘʤʦʪʢʠ ʚʫʛʣʝʮʝʚʦʛʦ ʚʦʣʦʢʥʘ 
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ʇʦʜʘʣʴʰʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʨʦʚʝʜʝʥʽ 

ʜʦʦʧʨʘʮʶʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʶʪʴ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ ʟʘʢʽʥʮʽʚʢʠ ʬʣʘʥʮ ̫ʟ 

ʩʠʣʦʚʦʶ ʦʙʦʣʦʥʢʦʶ ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ ʥʘ ʟʘʜʘʥʦʤʫ ʨʽʚʥʽ. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1. ISO 10119:2020. Carbon fibre ï Determination of density. 

2. ʆ.ʄ. ɼʦʣʛʦʚ, ʂʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ. ɼʥʽʧʨʦ, ʅʊʋ çɼʇè, 2024. 

3. ɺ.ɺ. ɻʦʥʯʘʨʝʥʢʦ, ɯ.ɺ. ʂʦʚʘʣʝʥʢʦ, ʊʝʭʥʦʣʦʛʽʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 
ʂʠʾʚ, 2007. 

4. PTFE Seal Design Guide. Parker Hannifin 
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Aʅɸʃɯɿ ʉʋʏɸʉʅʆɻʆ ʉʊɸʅʋ ɼʆʉʃɯɼɾɽʅʔʋ ɻɸʃʋɿɯ 

ʐɺʀɼʂʆɿɸɻɸʈʊʆɺɸʅʀʍ ʄɽʊɸʃɽɺʀʍ ʉʇʃɸɺɯɺ ʊɸ 

ʇɽʈʉʇɽʂʊʀɺʀ ʉʊɺʆʈɽʅʅʗ ɹɸɻɸʊʆʌʋʅʂʎɯʆʅɸʃʔʅʀʍ 

ʄɸʊɽʈɯɸʃɯɺ 

ɸʥʦʪʘʮʽʷ: ʅʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ ʨʦʟʚʠʪʢʫ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ 

ʤʝʪʘʣʝʚʽ ʩʧʣʘʚʠ (ʐɿʄʉ) ʧʦʩʽʜʘʶʪʴ ʚʘʞʣʠʚʝ ʤʽʩʮʝ ʩʝʨʝʜ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʟʘʚʜʷʢʠ ʫʥʽʢʘʣʴʥʠʤ ʩʪʨʫʢʪʫʨʥʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʫ ʧʦʻʜʥʘʥʥʽ ʽʟ 

ʚʠʩʦʢʠʤʠ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. ʐʚʠʜʢʝ ʦʭʦʣʦʜʞʝʥʥʷ 

ʨʦʟʧʣʘʚʽʚ ʟʽ ʰʚʠʜʢʽʩʪʶ ʧʦʥʘʜ 105ï106 K/ʩ ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʘʪʠ ʘʤʦʨʬʥʽ, 

ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʽ ʘʙʦ ʤʝʪʘʩʪʘʙʽʣʴʥʽ ʩʪʨʫʢʪʫʨʠ, ʥʝʜʦʩʷʞʥʽ ʪʨʘʜʠʮʽʡʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʣʠʪʪʷ. ʊʘʢʽ ʤʘʪʝʨʽʘʣʠ ʚʠʨʽʟʥʷʶʪʴʩʷ ʥʘʜʚʠʩʦʢʦʶ ʤʽʮʥʽʩʪʶ, 

ʢʦʨʦʟʽʡʥʦʶ ʩʪʽʡʢʽʩʪʶ, ʧʽʜʚʠʱʝʥʦʶ ʪʚʝʨʜʽʩʪʶ, ʫʥʽʢʘʣʴʥʠʤʠ ʤʘʛʥʽʪʥʠʤʠ ʪʘ 

ʝʣʝʢʪʨʠʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʱʦ ʚʽʜʢʨʠʚʘʻ ʰʠʨʦʢʽ ʧʝʨʩʧʝʢʪʠʚʠ ʾʭʥʴʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʘʚʽʘʮʽʡʥʽʡ, ʝʥʝʨʛʝʪʠʯʥʽʡ, ʪʨʘʥʩʧʦʨʪʥʽʡ ʽ ʤʝʜʠʯʥʽʡ ʛʘʣʫʟʷʭ. 

ɯʥʪʝʨʝʩ ʜʦ ʐɿʄʉ ʦʩʪʘʥʥʽʤ ʯʘʩʦʤ ʟʥʘʯʥʦ ʟʨʽʩ ʫ ʟʚôʷʟʢʫ ʟ ʨʦʟʚʠʪʢʦʤ ʢʦʥʮʝʧʮʽʾ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚ, ʫ ʷʢʠʭ ʟʘ ʨʘʭʫʥʦʢ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʢʦʤʧʦʥʝʥʪʽʚ 

(4ï6 ʽ ʙʽʣʴʰʝ), ʜʦʩʷʛʘʻʪʴʩʷ ʚʠʩʦʢʘ ʝʥʪʨʦʧʽʷ ʟʤʽʰʫʚʘʥʥʷ, ʱʦ ʩʪʘʙʽʣʽʟʫʻ ʪʚʝʨʜʽ 

ʨʦʟʯʠʥʠ ʡ ʩʧʨʠʷʻ ʬʦʨʤʫʚʘʥʥʶ ʦʜʥʦʨʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ ʧʽʜ ʯʘʩ ʰʚʠʜʢʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʟôʷʚʣʷʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʧʦʻʜʥʘʪʠ ʤʝʭʘʥʽʯʥʫ 

ʤʽʮʥʽʩʪʴ, ʧʣʘʩʪʠʯʥʽʩʪʴ, ʪʝʨʤʦʩʪʽʡʢʽʩʪʴ ʽ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ (ʤʘʛʥʽʪʥʽ, 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽ, ʢʘʪʘʣʽʟʘʪʦʨʥʽ) ʚ ʦʜʥʦʤʫ ʤʘʪʝʨʽʘʣʽ. ʄʝʪʦʶ ʜʘʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʘʥʘʣʽʟ ʩʫʯʘʩʥʦʛʦ ʩʪʘʥʫ ʥʘʫʢʦʚʠʭ ʨʦʙʽʪ ʫ ʛʘʣʫʟʽ 

ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʽʚ, ʚʠʷʚʣʝʥʥʷ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʚʧʣʠʚʫ 

ʩʢʣʘʜʫ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʽ ʚʣʘʩʪʠʚʦʩʪʝʡ, 

ʘ ʪʘʢʦʞ ʚʠʟʥʘʯʝʥʥʷ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ. 
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ANALYSIS OF THE CURRENT STATE OF RESEARCH IN RAPIDLY 

QUENCHED METALLIC ALLOYS AND PROSPECTS FOR THE 

DEVELOPMENT OF MULTIFUNCTIONAL MATERIALS  

Abstract:  At the current stage of materials science development, rapidly quenched 

metallic alloys (RQMA) occupy a significant place among high-tech materials due 

to their unique structural characteristics combined with superior physical and 

mechanical properties. Rapid melt quenching at rates exceeding 105ï106 K/s enables 

the formation of amorphous, nanocrystalline, or metastable structures that are 

unattainable through traditional casting methods. Such materials are distinguished 

by ultra-high strength, corrosion resistance, increased hardness, and unique magnetic 

and electrical properties, which open wide prospects for their application in the 

aerospace, energy, transport, and medical industries. Interest in RQMA has recently 

grown significantly due to the development of the high-entropy alloys (HEA) 

concept. In these systems, a high entropy of mixingðachieved through a large 

number of components (4ï6 or more)ðstabilizes solid solutions and promotes the 

formation of a homogeneous structure during rapid cooling. This provides the 

opportunity to combine mechanical strength, ductility, thermal stability, and 

functional properties (magnetic, electrical conductivity, catalytic) within a single 

material. The objective of this study is to analyze the current state of scientific 

research in the field of rapidly quenched metallic alloys, identify patterns regarding 

the influence of composition and technological parameters on the formation of 

structure and properties, and determine promising systems for the development of 

next-generation multifunctional materials. 

 

ʋ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ ʘʥʘʣʽʪʠʯʥʠʡ ʦʛʣʷʜ ʧʦʥʘʜ 120 ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ ʟʘ 2010ï

2025 ʨʨ., ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʫ ʧʨʦʚʽʜʥʠʭ ʞʫʨʥʘʣʘʭ. ɼʦʩʣʽʜʞʝʥʥʷ ʙʘʟʫʚʘʣʠʩʷ ʥʘ 

ʧʦʨʽʚʥʷʣʴʥʦʤʫ ʘʥʘʣʽʟʽ ʩʠʩʪʝʤ  ʥʘ ʦʩʥʦʚʽ Fe, Ni, Al , Ti, Cu ʪʘ Zr, ʘ ʪʘʢʦʞ 

ʚʠʩʦʢʝʥʪʨʦʧʽʡʥʠʭ ʩʠʩʪʝʤ ʽʟ ʜʦʜʘʚʘʥʥʷʤ ʝʣʝʤʝʥʪʽʚ Mo, Cr, B, Si ʪʘ Nb. ɯʥʪʝʨʝʩ 

ʜʦ ʐɿʄʉ ʟʨʽʩ ʫ ʟʚôʷʟʢʫ ʟ ʨʦʟʚʠʪʢʦʤ ʢʦʥʮʝʧʮʽʾ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚ, ʚ 
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ʷʢʠʭ ʚʠʩʦʢʘ ʝʥʪʨʦʧʽʷ ʟʤʽʰʫʚʘʥʥʷ ʩʪʘʙʽʣʽʟʫʻ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ. ʆʧʪʠʤʘʣʴʥʽ ʫʤʦʚʠ 

ʬʦʨʤʫʚʘʥʥʷ ʘʤʦʨʬʥʦʛʦ ʩʪʘʥʫ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚ ʩʠʩʪʝʤʘʭ ʽʟ ʧʘʨʘʤʝʪʨʦʤ 

ʝʥʪʨʦʧʽʾ æS>12ɼʞ/(ʤʦʣʴĿK) ʽ ʨʽʟʥʠʮʝʶ ʘʪʦʤʥʠʭ ʨʘʜʽʫʩʽʚ ŭ> 6%, ʱʦ 

ʧʽʜʪʚʝʨʜʞʝʥʦ ʨʦʟʨʘʭʫʥʢʘʤʠ ʟʘ ʤʝʪʦʜʦʤ CALPHAD ʫ ʜʦʩʣʽʜʞʝʥʥʷʭ X.J. Liu ʪʘ 

Z.P. Lu. 

ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ ʚʠʢʦʨʠʩʪʘʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ ʙʘʛʘʪʴʦʭ 

ʥʘʫʢʦʚʮʽʚ ʱʦʜʦ ʩʧʣʘʚʽʚ, ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʨʦʟʧʠʣʝʥʥʷ ʨʦʟʧʣʘʚʫ (melt 

spinning), ʛʘʟʦʚʦʛʦ ʘʪʦʤʽʟʫʚʘʥʥʷ ʪʘ ʣʘʟʝʨʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ, ʷʢʽ ʷʚʣʷʶʪʴʩʷ 

ʦʩʥʦʚʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ ʬʦʨʤʫʚʘʥʥʷ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ.  

ʌʫʥʜʘʤʝʥʪʘʣʴʥʽ ʟʘʩʘʜʠ ʨʦʟʨʦʙʢʠ ʘʤʦʨʬʥʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ, 

ʟʘʢʣʘʜʝʥʽ ʫ ʧʨʘʮʷʭ A. Inoue ʪʘ T. Zhang. ʆʩʦʙʣʠʚʝ ʤʽʩʮʝ ʩʝʨʝʜ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʟʘʡʤʘʶʪʴ ʘʤʦʨʬʥʽ ʩʪʨʽʯʢʠ ʪʘ ʧʦʢʨʠʪʪʷ ʟʽ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ FeïSiïBïCrïMo, 

ʧʝʨʰʽ ʟ ʷʢʠʭ, ʦʪʨʠʤʫʶʪʴ ʩʧʽʥʽʥʛʫʚʘʥʥʷʤ ʨʦʟʧʣʘʚʫ ʟʽ ʰʚʠʜʢʽʩʪʶ ʦʭʦʣʦʜʞʝʥʥʷ 

ʧʦʥʘʜ 105 K/ʩ (ʟʘ ʤʝʪʦʜʠʢʘʤʠ, ʨʦʟʚʠʥʫʪʠʤʠ ʫ ʧʨʘʮʷʭ ɺ. ʂ. ʅʦʩʝʥʢʘ), ʜʨʫʛʽ 

ʫʪʚʦʨʶʶʪʴʩʷ ʰʣʷʭʦʤ ʣʘʟʝʨʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ (ʟʛʽʜʥʦ ʟ ʧʽʜʭʦʜʘʤʠ ɺ. ɼ. 

ʐʝʣʷʛʽʥʘ) ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʟʘʭʠʩʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʩʪʘʣʝʚʠʭ ʜʝʪʘʣʷʭ. ʇʦʻʜʥʘʥʥʷ 

ʥʘʜʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʝʡ ʦʭʦʣʦʜʞʝʥʥʷ ʨʦʟʧʣʘʚʽʚ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ ʪʘ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʝ ʾʭ ʣʝʛʫʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʢʦʨʦʟʽʡʥʫ ʩʪʽʡʢʽʩʪʴ ʽ 

ʤʘʛʥʽʪʦʤ'ʷʢʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʮʠʭ ʤʘʪʝʨʽʘʣʽʚ. ɿʦʢʨʝʤʘ, ʟʛʽʜʥʦ ʟ ʢʦʥʮʝʧʮʽʻʶ M. 

Naka ʪʘ K. Hashimoto, ʩʠʥʝʨʛʝʪʠʯʥʝ ʣʝʛʫʚʘʥʥʷ ʭʨʦʤʦʤ ʪʘ ʤʦʣʽʙʜʝʥʦʤ 

ʟʘʙʝʟʧʝʯʫʻ ʬʦʨʤʫʚʘʥʥʷ ʫʣʴʪʨʘʪʦʥʢʦʾ ʛʦʤʦʛʝʥʥʦʾ ʧʘʩʠʚʫʶʯʦʾ ʧʣʽʚʠ, ʱʦ 

ʟʫʤʦʚʣʶʻ ʚʠʥʷʪʢʦʚʫ ʢʦʨʦʟʽʡʥʫ ʩʪʽʡʢʽʩʪʴ (<0,01 ʤʤ/ʨʽʢ) ʫ ʭʣʦʨʠʜʦʚʤʽʩʥʠʭ 

ʩʝʨʝʜʦʚʠʱʘʭ, ʱʦ ʥʘ ʧʦʨʷʜʦʢ ʧʝʨʝʚʠʱʫʻ ʩʪʽʡʢʽʩʪʴ ʧʨʦʤʠʩʣʦʚʦʾ ʩʪʘʣʽ 

12ʍ18ʅ10ʊ. ʇʨʠ ʮʴʦʤʫ, ʢʦʝʨʮʠʪʠʚʥʘ ʩʠʣʘ ʤʘʪʝʨʽʘʣʽʚ ʩʪʘʥʦʚʠʪʴ <5 ɸ/ʤ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʟʥʠʞʝʥʥʷ ʧʠʪʦʤʠʭ ʤʘʛʥʽʪʥʠʭ ʚʪʨʘʪ ʫ 4ï6 ʨʘʟʽʚ ʧʦʨʽʚʥʷʥʦ ʟ 

ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʘʛʥʽʪʦʤ'ʷʢʠʤʠ ʩʧʣʘʚʘʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʪʨʘʜʠʮʽʡʥʠʤʠ 

ʤʝʪʘʣʫʨʛʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ. 

ʂʣʶʯʦʚʫ ʨʦʣʴ ʩʝʨʝʜ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ 

ʚʽʜʽʛʨʘʶʪʴ ʩʧʣʘʚʠ CuïZrïAlïNi, ʷʢʽ ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ ʤʘʪʝʨʽʘʣʽʚ ʩʭʠʣʴʥʠʭ ʜʦ 

ʦʙ'ʻʤʥʦʾ ʘʤʦʨʬʽʟʘʮʽʾ ʽ ʨʝʘʣʽʟʫʻʪʴʩʷ ʰʣʷʭʦʤ ʣʠʪʪʷ ʫ ʢʦʢʽʣʴ, ʘʙʦ ʚʘʢʫʫʤʥʦʛʦ 

ʚʩʤʦʢʪʫʚʘʣʴʥʦʛʦ ʣʠʪʪʷ. ɺʠʩʦʢʘ ʩʭʠʣʴʥʽʩʪʴ ʜʦ ʩʢʣʦʫʪʚʦʨʝʥʥʷ, ʦʙˇʨʫʥʪʦʚʘʥʦʶ 

ʫ ʨʦʙʦʪʘʭ [1,2], ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʤʘʩʠʚʥʽ ʟʘʛʦʪʦʚʢʠ ʪʦʚʱʠʥʦʶ ʜʦ ʢʽʣʴʢʦʭ 

ʩʘʥʪʠʤʝʪʨʽʚ. ʎʽ ʩʧʣʘʚʠ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʫ ʥʝʢʨʠʩʪʘʣʽʯʥʦʤʫ ʩʪʘʥʽ ʫ ʚʠʛʣʷʜʽ 

ʤʘʩʠʚʥʠʭ ʟʘʛʦʪʦʚʦʢ ʪʦʚʱʠʥʦʶ ʜʦ ʢʽʣʴʢʦʭ ʩʘʥʪʠʤʝʪʨʽʚ [3]. ɺʦʥʠ ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʫʥʽʢʘʣʴʥʝ ʧʦʻʜʥʘʥʥʷ ʚʠʩʦʢʦʾ ʤʽʮʥʦʩʪʽ (1800ï2000 ʄʇʘ) ʪʘ ʧʣʘʩʪʠʯʥʦʩʪʽ, ʱʦ ʫ 

2ï3 ʨʘʟʠ ʧʝʨʝʚʠʱʫʻ ʧʦʢʘʟʥʠʢʠ ʪʠʪʘʥʦʚʠʭ ʩʧʣʘʚʽʚ ʪʘ ʚʠʩʦʢʦʤʽʮʥʠʭ ʩʪʘʣʝʡ. 

ʅʘʷʚʥʽʩʪʴ ʟʘʣʠʰʢʦʚʦʾ ʧʣʘʩʪʠʯʥʦʩʪʽ (3-4%) ʫʩʫʚʘʻ ʧʨʦʙʣʝʤʫ ʢʨʠʭʢʦʛʦ 

ʨʫʡʥʫʚʘʥʥʷ, ʱʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʦʩʪʘʥʥʽʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʜʝʬʦʨʤʘʮʽʡʥʦʾ 

ʧʦʚʝʜʽʥʢʠ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ CuïZr ʫ ʧʨʘʮʷʭ K. Kosiba ʪʘ J. Eckert (2020). 

ɿʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʦʜʥʦʨʽʜʥʦʩʪʽ ʚʣʘʩʪʠʚʦʩʪʝʡ ʫ ʤʘʣʠʭ ʦʙôʻʤʘʭ, ʮʽ ʩʧʣʘʚʠ 

ʚʠʟʥʘʯʝʥʦ ʷʢ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʽ ʜʣʷ ʚʠʩʦʢʦʪʦʯʥʦʛʦ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ (L. Deng et al., 2022) ʪʘ ʩʪʚʦʨʝʥʥʷ ʤʽʢʨʦʤʝʭʘʥʽʯʥʠʭ ʩʠʩʪʝʤ (A. 

Inoue, 2021). ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʪʨʝʙʘ ʟʚʝʨʥʫʪʠ ʩʘʤʝ ʥʘ ʧʨʠʪʘʤʘʥʥʽ ʮʠʤ ʩʧʣʘʚʘʤ 

3-4% ʧʣʘʩʪʠʯʥʦʩʪʽ, ʜʣʷ ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʫ ð ʮʝ ʜʫʞʝ ʚʠʩʦʢʠʡ ʧʦʢʘʟʥʠʢ. 
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ɿʘʟʚʠʯʘʡ ʘʤʦʨʬʥʽ ʩʧʣʘʚʠ ʨʫʡʥʫʶʪʴʩʷ ʧʨʠ 0-1%. ʎʝ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘʚʜʷʢʠ 

ʬʦʨʤʫʚʘʥʥʶ çʩʤʫʛ ʟʩʫʚʫè, ʽ ʚ ʩʠʩʪʝʤʽ Cu-Zr-Al -Ni ʮʝʡ ʧʨʦʮʝʩ ʢʦʥʪʨʦʣʶʻʪʴʩʷ 

ʥʘʡʢʨʘʱʝ. 

ʅʘʫʢʦʚʠʡ ʽʥʪʝʨʝʩ ʚʠʢʣʠʢʘʶʪʴ ʪʘʢʦʞ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʽ ʩʧʣʘʚʠ ʟ çʧʘʤôʷʪʪʶ 

ʬʦʨʤʠè ʩʠʩʪʝʤʠ TiïNiïCuïFe. ʎʽ ʤʘʪʝʨʽʘʣʠ ʦʪʨʠʤʫʶʪʴ ʫ ʚʠʛʣʷʜʽ ʘʤʦʨʬʥʦʾ 

ʩʪʨʽʯʢʠ (ʩʧʽʥʽʛʫʚʘʥʥʷʤ ʨʦʟʧʣʘʚʫ) ʽʟ ʥʘʩʪʫʧʥʠʤ ʢʦʨʦʪʢʦʯʘʩʥʠʤ 

ʢʦʥʪʨʦʣʴʦʚʘʥʠʤ ʚʽʜʧʘʣʦʤ ʜʣʷ ʽʥʽʮʽʘʮʽʾ ʤʘʩʦʚʦʛʦ ʟʘʨʦʜʞʝʥʥʷ ʢʨʠʩʪʘʣʽʚ 

ʨʦʟʤʽʨʦʤ 10-50 ʥʤ. ʋʥʽʢʘʣʴʥʽʩʪʴ ʪʘʢʦʾ ʪʝʭʥʦʣʦʛʽʾ ʜʦʚʝʜʝʥʘ ʘʚʪʦʨʘʤʠ ʨʦʙʽʪ [4,5] 

ʽ ʧʦʣʷʛʘʻ ʫ ʪʦʤʫ, ʱʦ ʢʦʨʦʪʢʦʯʘʩʥʠʡ ʚʽʜʧʘʣ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ 

ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʦ ʾ ʤʘʪʨʠʮʽ, ʷʢʘ ʙʣʦʢʫʻ ʨʫʭ ʜʠʩʣʦʢʘʮʽʡ, ʪʠʤ ʩʘʤʠʤ 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʥʘʜʟʚʠʯʘʡʥʫ ʚʪʦʤʥʫ ʩʪʽʡʢʽʩʪʴ ʧʨʠ ʙʘʛʘʪʦʨʘʟʦʚʠʭ ʬʘʟʦʚʠʭ 

ʧʝʨʝʭʦʜʘʭ (ʝʬʝʢʪ ʧʘʤôʷʪʽ ʬʦʨʤʠ), ʥʘʜʽʣʷʶʯʠ ʤʘʪʝʨʽʘʣ ʧʽʜʚʠʱʝʥʦ  ʁʮʠʢʣʽʯʥʦ  ʁ

ʩʪʘʙʽʣʴʥʽʩʪʶ. ʃʝʛʫʚʘʥʥʷ ʉu ʪʘ Fe ʜʦʟʚʦʣʷʻ ʟʚʫʟʠʪʠ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʛʽʩʪʝʨʝʟʠʩ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʘ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ 

ʤʽʣʴʡʦʥʠ ʮʠʢʣʽʚ ʩʧʨʘʮʶʚʘʥʥʷ ʮʠʭ ʩʧʣʘʚʽʚ ʙʝʟ ʧʦʤʽʪʥʦʾ ʜʝʛʨʘʜʘʮʽʾ 

ʚʣʘʩʪʠʚʦʩʪʝʡ, ʱʦ ʻ ʢʨʠʪʠʯʥʠʤ ʜʣʷ ʤʽʢʨʦʘʢʪʫʘʪʦʨʽʚ ʪʘ ʩʪʝʥʪʫʚʘʥʥʷ ʚ 

ʢʘʨʜʽʦʭʽʨʫʨʛʽʾ. 

ʏʽʣʴʥʝ ʤʽʩʮʝ ʫ ʮʽʡ ʽʻʨʘʨʭʽʾ ʧʦʩʽʜʘʶʪʴ ʩʧʣʘʚʠ AlïFeïCrïMn, ʷʢʽ 

ʦʪʨʠʤʫʶʪʴ ʛʘʟʦʚʠʤ ʨʦʟʧʠʣʝʥʥʷʤ ʨʦʟʧʣʘʚʫ ʧʽʜ ʚʠʩʦʢʠʤ ʪʠʩʢʦʤ ʽʥʝʨʪʥʦʛʦ ʛʘʟʫ. 

ʊʘʢʘ ʪʝʭʥʦʣʦʛʽʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʚʠʩʦʢʦʤʽʮʥʽ, ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʽ ʪʘ ʣʝʛʢʽ 

ʩʬʝʨʠʯʥʽ ʧʦʨʦʰʢʠ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʷʭ (3D-ʜʨʫʢ), 

ʘʙʦ ʧʽʜʜʘʶʪʴ ʝʢʩʪʨʫʟʽʾ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʘʩʠʚʥʠʭ ʚʠʨʦʙʽʚ. ʅʘʜʰʚʠʜʢʝ 

ʟʘʪʚʝʨʜʽʚʘʥʥʷ ʢʨʘʧʝʣʴ ʨʦʟʧʣʘʚʫ ʬʽʢʩʫʻ ʤʝʪʘʩʪʘʙʽʣʴʥʽ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʽ ʬʘʟʠ ʚ 

ʘʣʶʤʽʥʽʻʚʽʡ ʤʘʪʨʠʮʽ [6], ʱʦ ʛʘʨʘʥʪʫʻ ʚʠʩʦʢʫ ʧʠʪʦʤʫ ʤʽʮʥʽʩʪʴ ʪʘ 

ʪʝʨʤʦʩʪʘʙʽʣʴʥʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʡ. ʎʽ ʤʘʪʝʨʽʘʣʠ ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ ʚʠʩʦʢʦʤʽʮʥʠʭ 

ʣʝʛʢʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʩʧʣʘʚʽʚ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ. ɿʘʚʜʷʢʠ ʬʦʨʤʫʚʘʥʥʶ 

ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʠʭ ʬʘʟ, ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʫ ʘʣʶʤʽʥʽʻʚʽʡ 

ʤʘʪʨʠʮʽ, ʩʠʩʪʝʤʘ ʜʝʤʦʥʩʪʨʫʻ ʚʠʩʦʢʫ ʧʠʪʦʤʫ ʤʽʮʥʽʩʪʴ ʪʘ ʪʝʨʤʦʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 300ï400ÁC ʽ ʜʦʟʚʦʣʷʻ ʨʦʟʛʣʷʜʘʪʠ ʾʭ ʷʢ ʘʣʴʪʝʨʥʘʪʠʚʫ ʚʘʞʯʠʤ 

ʩʪʘʣʷʤ ʪʘ ʪʠʪʘʥʦʚʠʤ ʩʧʣʘʚʘʤ ʚ ʘʚʽʘʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ. 

 

ɺʠʩʥʦʚʢʠ: 
1. ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʜʦʚʽʚ, ʱʦ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʽ ʤʝʪʘʣʝʚʽ ʩʧʣʘʚʠ 
ʩʪʘʥʦʚʣʷʪʴ ʦʜʥʫ ʟ ʥʘʡʧʝʨʩʧʝʢʪʠʚʥʽʰʠʭ ʛʨʫʧ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ 

ʤʘʡʙʫʪʥʽʭ ʪʝʭʥʦʣʦʛʽʡ. 

2. ʅʘʡʙʽʣʴʰʠʡ ʧʦʪʝʥʮʽʘʣ ʤʘʶʪʴ ʩʠʩʪʝʤʠ FeïCrïNiïMoïB, CuïZrï

TiïAlïNi ʪʘ TiïNiïCuïFe, ʷʢʽ ʧʦʻʜʥʫʶʪʴ ʚʠʩʦʢʫ ʩʪʨʫʢʪʫʨʥʫ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʽ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

3. ʆʧʪʠʤʽʟʘʮʽʷ ʧʨʦʮʝʩʽʚ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʜʘʻ ʟʤʦʛʫ 
ʢʦʥʪʨʦʣʶʚʘʪʠ ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʬʦʨʤʫʶʯʠ ʤʘʪʝʨʽʘʣʠ ʟ 

ʧʨʦʛʥʦʟʦʚʘʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 

4. ʇʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʥʘʧʨʷʤʢʫ ʧʦʚôʷʟʘʥʠʡ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʮʠʬʨʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʤʦʜʝʣʶʚʘʥʥʷ, CALPHAD-ʘʥʘʣʽʟʫ, 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

271 

ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʪʘ ʘʜʠʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ 
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ANALYSIS OF THE INFLUENCE OF SOLID FUEL CHARACTERISTICS 

ON THE ENERGY CHARACTERISTICS OF ROCKETS, TAKING INTO 

ACCOUNT FLIGHT TESTS  

Anotation. Flight tests are a key factor in determining the directions of 

improving the tactical and technical characteristics of multiple launch rocket 

systems. The authors highlight the importance of increasing the firing range of 

MLRS without changing the mass and dimensions of rockets in order to use existing 

launchers, which requires experimental confirmation. The influence of fuel 

characteristics on the firing range is studied. 

Keywords: multiple launch rocket system (MLRS), rocket, solid fuel (SF). 

 

ʉʫʯʘʩʥʽ ʙʦʡʦʚʽ ʜʽʾ, ʦʩʦʙʣʠʚʦ ʚ ʫʤʦʚʘʭ ʽʥʪʝʥʩʠʚʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ɹʇʃɸ, 

ʨʦʟʚʽʜʢʠ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʪʘ ʚʠʩʦʢʦʪʦʯʥʦʾ ʟʙʨʦʾ, ʚʠʩʫʚʘʻ ʥʦʚʽ ʚʠʤʦʛʠ ʜʦ 

ʨʝʘʢʪʠʚʥʠʭ ʩʠʩʪʝʤ ʟʘʣʧʦʚʦʛʦ ʚʦʛʥʶ, ʥʘʩʘʤʧʝʨʝʜ ʟʙʽʣʴʰʝʥʥʷ ʜʘʣʴʥʦʩʪʽ 

ʩʪʨʽʣʴʙʠ ʟ ʤʝʪʦʶ ʫʨʘʞʝʥʥʷ ʦʙôʻʢʪʽʚ ʧʨʦʪʠʚʥʠʢʘ ʚ ʛʣʠʙʠʥʽ ʪʘ ʪʘʢʦʞ ʚʠʚʝʜʝʥʥʷ 

ʩʚʦʾʭ ʘʨʪʠʣʝʨʽʡʩʴʢʠʭ ʩʠʩʪʝʤ ʟ ʧʽʜ ʧʨʷʤʦʛʦ ʫʜʘʨʫ [1]. 

ʆʜʥʠʤ ʟ ʰʣʷʭʽʚ ʧʽʜʚʠʱʝʥʥʷ ʜʘʣʴʥʦʩʪʽ ʩʪʨʽʣʴʙʠ ʻ ʟʘʤʽʥʘ ʙʘʣʽʩʪʠʪʥʦʛʦ 

ʪʚʝʨʜʦʛʦ ʧʘʣʠʚʘ ʥʘ ʩʫʤʽʰʝʚʝ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʥʝʟʤʽʥʥʠʤʠ ʛʘʙʘʨʠʪʥʠʭ ʨʦʟʤʽʨʽʚ, 

ʘ ʪʘʢʦʞ ʤʝʭʘʥʽʯʥʠʭ ʽ ʝʣʝʢʪʨʠʯʥʠʭ ʽʥʪʝʨʬʝʡʩʽʚ ʈʉ ʟ ʧʫʩʢʦʚʦʶ ʪʨʫʙʦʶ ʜʣʷ 

ʤʦʞʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʦʚʠʭ ʈʉ ʟ ʽʩʥʫʶʯʠʭ ʧʫʩʢʦʚʠʭ ʫʩʪʘʥʦʚʦʢ [2], [3]. 

ɿʘʟʥʘʯʝʥʝ ʪʝʭʥʽʯʥʝ ʨʽʰʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʽʩʪʦʪʥʝ ʧʽʜʚʠʱʝʥʥʷ 

ʝʥʝʨʛʦʤʘʩʦʚʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʈʉ, ʟʦʢʨʝʤʘ ʟʥʘʯʝʥʥʷ 

ʥʦʤʽʥʘʣʴʥʦʛʦ ʧʦʚʥʦʛʦ ʽʤʧʫʣʴʩʫ ʪʷʛʠ ʥʘ ʟʝʤʣʽ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻ ʝʥʝʨʛʝʪʠʯʥʽ 

ʤʦʞʣʠʚʦʩʪʽ ʈʉ, ʟʙʽʣʴʰʝʥʝ ʥʘ ~30 %. 

ɿʙʽʣʴʰʝʥʥʷ ʧʦʚʥʦʛʦ ʽʤʧʫʣʴʩʫ ʪʷʛʠ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ: 

-ʟʙʽʣʴʰʝʥʥʷ ʱʽʣʴʥʦʩʪʽ ʧʘʣʠʚʘ ʪʘ ʢʦʝʬʽʮʽʻʥʪʘ ʟʘʧʦʚʥʝʥʥʷ ʧʘʣʠʚʦʤ 

ʨʦʟʪʘʰʦʚʫʚʘʥʦʛʦ ʚʥʫʪʨʽʰʥʴʦʛʦ ʦʙôʻʤʫ ʢʦʨʧʫʩʫ ʜʚʠʛʫʥʘ ʧʨʠ ʟʘʤʽʥʽ ʚʢʣʘʜʥʦʛʦ 

ʟʘʨʷʜʫ ʙʘʣʽʩʪʠʪʥʦʛʦ ʧʘʣʠʚʘ ʥʘ ʤʽʮʥʦʩʢʨʽʧʣʝʥʠʡ ʟʘʨʷʜ ʩʫʤʽʰʝʚʦʛʦ ʪʚʝʨʜʦʛʦ 

ʧʘʣʠʚʘ. ʄʘʩʘ ʟʘʨʷʜʫ ʧʘʣʠʚʘ ʪʠʧʫ ʇɼ 17/18 ʧʨʠ ʮʴʦʤʫ ʩʢʣʘʜʘʻ å26 ʢʛ, ʟʘʤʽʩʪʴ 

å21 ʢʛ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʙʘʣʽʩʪʠʪʥʦʛʦ ʧʘʣʠʚʘ ʈʉʀ-12; 

-ʟʙʽʣʴʰʝʥʥʷ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ ʪʷʛʠ ʥʘ ʟʝʤʣʽ ʈɼ ʈʉ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʩʫʤʽʰʝʚʦʛʦ ʪʚʝʨʜʦʛʦ ʧʘʣʠʚʘ ʪʠʧʫ ʇɼ 17/18 ʟʘʤʽʩʪʴ ʙʘʣʽʩʪʠʪʥʦʛʦ ʈʉʀ-12 ʚʽʜ 

205 ʜʦ 240 ʩ. 

ʈʉ ʟ ʩʫʤʽʰʝʚʠʤ ʧʘʣʠʚʦʤ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʈʉ ʟ ʙʘʣʽʩʪʠʪʥʠʤ ʧʘʣʠʚʦʤ ʤʘʻ 

ʟʙʽʣʴʰʝʥʫ ʚ å2 ʨʘʟʠ ʜʘʣʴʥʽʩʪʴ ʩʪʨʽʣʴʙʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʨʦʟʰʠʨʝʥʽ ʤʦʞʣʠʚʦʩʪʽ 

ʪʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠ ʨʽʰʝʥʥʽ ʙʦʡʦʚʠʭ ʟʘʚʜʘʥʴ 

ʈʦʟʨʘʭʫʥʢʦʚʽ ʧʘʨʘʤʝʪʨʠ ʧʦʣʴʦʪʫ ʈʉ ʙʫʣʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʣʴʦʪʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ. 
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ANALYSIS OF THE INFLUENCE OF SOLID FUEL CHARACTERISTICS 

ON THE ENERGY CHARACTERISTICS OF ROCKETS, TAKING INTO 

ACCOUNT FLIGHT TESTS  

Anotation. Transport unmanned aerial vehicles (TUAV) are becoming increasingly 

popular for cargo delivery due to their autonomy, cost effectiveness, and ability to 

operate in remote areas. Authors have developed a concept for an aircraft-type 
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transport unmanned aerial vehicles. Experimental testing allows us to evaluate the 

technical characteristics and performance of new UAV models. 

Keywords: Transport unmanned aerial vehicles (TUAV), experimental testing. 

 

ʉʪʚʦʨʝʥʥʷ ʪʨʘʥʩʧʦʨʪʥʠʭ ɹʇʃɸ ʪʘ ʾʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʻ 

ʚ ʮʝʡ ʯʘʩ ʦʜʥʽʻ ʁʟ ʘʢʪʫʘʣʴʥʠʭ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ. 

ʗʢ ʽ ʧʽʜ ʯʘʩ ʨʦʟʚʠʪʢʫ ʧʽʣʦʪʦʚʘʥʦʾ ʘʚʽʘʮʽʾ, ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʙʝʟʧʽʣʦʪʥʽ 

ʣʽʪʘʣʴʥʽ ʘʧʘʨʘʪʠ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʧʦʪʨʝʙʠ ʚʽʡʩʴʢʦʚʠʭ ʚʜ̔ʦʤʩʪʚ ʟ ʚʠʢʦʥʘʥʥ ̫

ʥʝʦʙʭʽʜʥʠʭ ʬʫʥʢʮʽʡ (ʧʦʚʽʪʨʷʥʘ ʨʦʟʚʽʜʢʘ, ʫʜʘʨʥʽ ʦʧʝʨʘʮʽʾ, ʟʥʠʱʝʥʥʷ 

ʧʦʚʽʪʨʷʥʠʭ ʮʽʣʝʡ) ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʨʠʟʠʢʫ ʚʣʘʩʥʠʭ ʣʶʜʩʴʢʠʭ ʚʪʨʘʪ, ʱʦ 

ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʦʩʪʘʥʥʽ ʚʽʡʩʴʢʦʚʽ ʢʦʥʬʣʽʢʪʠ. ʆʜʥʘʢ ʥʽʰʘ ʪʨʘʥʩʧʦʨʪʥʠʭ 

ʙʝʟʧʽʣʦʪʥʠʭ ʘʧʘʨʘʪʽʚ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʾ ʨʦʟʨʦʙʢʠ ʥʘ ʜʘʥʠʡ ʯʘʩ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʜʦʚʦʣʽ ʩʣʘʙʢʦ. 

ʇʨʠʟʥʘʯʝʥʥʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ɹʇʃɸ ï ʜʦʩʪʘʚʢʘ, ʧʘʨʘʰʫʪʥʝ ʡ ʧʦʩʘʜʢʦʚʝ 

ʜʝʩʘʥʪʫʚʘʥʥʷ ʦʩʦʙʦʚʦʛʦ ʩʢʣʘʜʫ, ʪʝʭʥʽʢʠ, ʚʘʥʪʘʞʽʚ, ʢʦʥʪʝʡʥʝʨʽʚ. 

ʉʪʚʦʨʝʥʥʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ɹʇʃɸ ʜʦʟʚʦʣʠʪʴ ʟʤʝʥʰʠʪʠ ʚʠʪʨʘʪʠ ʥʘ 

ʝʢʩʧʣʫʘʪʘʮʽʶ ʣʽʪʘʢʘ ʪʘ ʟʥʠʟʠʪʠ ʚʘʨʪʽʩʪʴ ʧʝʨʝʚʝʟʝʥʦʛʦ ʚʘʥʪʘʞʫ, ʘ ʪʘʢʦʞ 

ʟʙʽʣʴʰʠʪʠ ʥʘʜʽʡʥʽʩʪʴ ʽ ʙʝʟʧʝʢʫ ʚʠʢʣʶʯʝʥʥʷʤ ʣʶʜʩʴʢʦʛʦ ʬʘʢʪʦʨʘ. 

ʋ ʨʘʤʢʘʭ ʨʦʟʨʦʙʢʠ ʢʦʥʮʝʧʮʽʾ ʨʦʟʨʘʭʦʚʘʥʽ ʦʩʥʦʚʥʽ ʣʴʦʪʥʦ-ʪʝʭʥʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʡ ʦʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʠ ʢʨʠʣʘ, ʬʶʟʝʣʷʞʫ ʡ ʦʧʝʨʝʥʥʷ [1], [2]. 

ʋ ʜʦʧʦʚʽʜʽ ʨʦʟʛʣʷʥʫʪʽ ʽʩʥʫʶʯʽ ʧʨʦʝʢʪʠ ʪʨʘʥʩʧʦʨʪʥʠʭ ɹʇʃɸ ʽ ʧʨʦʚʝʜʝʥʦ 

ʘʥʘʣʽʟ ʾʭ ʦʩʥʦʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʇʽʜʪʚʝʨʜʞʝʥʥʷ ʟʘʢʣʘʜʝʥʠʭ ʚ ʧʨʦʻʢʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʽʜ ʯʘʩ 

ʥʘʟʝʤʥʠʭ ʪʘ ʣʴʦʪʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ. ʆʩʥʦʚʥʦʶ ʤʝʪʦʶ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʊɹʇʃɸ ʻ ʚʠʷʚʣʝʥʥʷ ʥʘʡʙʽʣʴʰ ʭʘʨʘʢʪʝʨʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ ʡʦʛʦ 

ʥʘʟʝʤʥʦʾ ʪʘ ʣʴʦʪʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ. ɺ ʧʨʦʮʝʩʽ ʚʠʧʨʦʙʫʚʘʥʴ ʧʝʨʝʚʽʨʷʶʪʴʩʷ ʪʘ 

ʫʪʦʯʥʷʶʪʴʩʷ ʨʝʛʣʘʤʝʥʪʠ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ, 

ʢʝʨʽʚʥʠʮʪʚʘ ʟ ʡʦʛʦ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʨʽʟʥʦʤʘʥʽʪʥʽ ʽʥʩʪʨʫʢʮʽʾ. ʋʪʦʯʥʷʶʪʴʩʷ 

ʪʨʫʜʦʤʽʩʪʢʽʩʪʴ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʧʦʪʨʽʙʥʘ ʢʽʣʴʢʽʩʪʴ ʦʙʩʣʫʛʦʚʫʶʯʦʛʦ 

ʧʝʨʩʦʥʘʣʫ, ʩʧʦʩʦʙʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʽʥʰʽ ʧʠʪʘʥʥʷ [3]. 
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Oʎɯʅʂɸ ɺʇʃʀɺʋ ʇʆʍʀɹʆʂ ɸɽʈʆɼʀʅɸʄɯʏʅʀʍ 

ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʅɸ ʄɸʉʆɺʋ ɽʌɽʂʊʀɺʅɯʉʊʔ ʊɸ ɽʅɽʈɻɽʊʀʂʋ 

ʈɸʂɽʊʀ-ʅʆʉɯʗ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ ʦʮʽʥʢʫ ʚʧʣʠʚʫ ʧʦʭʠʙʦʢ ʚʠʟʥʘʯʝʥʥʷ 

ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʥʘ ʤʘʩʦʚʫ ʪʘ ʝʥʝʨʛʝʪʠʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʘʢʝʪʠ-

ʥʦʩʽʷ. ɺʠʢʦʥʘʥʦ ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʟʢʠʜʽʚ ʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʪʠʧʦʚʦʛʦ 

ʚʠʧʘʜʢʫ ʚʠʚʝʜʝʥʥʷ ʢʦʨʠʩʥʦʛʦ ʚʘʥʪʘʞʫ ʤʘʩʦʶ 4500 ʢʛ. ɼʦʚʝʜʝʥʦ, ʱʦ 

ʫʪʦʯʥʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʦʧʪʠʤʽʟʫʚʘʪʠ ʛʘʨʘʥʪʽʡʥʠʡ 

ʟʘʧʘʩ ʧʘʣʠʚʘ. 
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ASSESSMENT THE IMPACT OF AERODYNAMIC CHARACTERISTICS 

DETERMINATION ACCURACY ON THE MASS EFFECIENCY AND 

ENERGY OF THE LAUNCH VEHICLES  

Abstract. The paper provides an estimation of how aerodynamic uncertainties affect 

the mass efficiency and energy performance of a launch vehicle. Numerical 

modeling of environmental parameter dispersions for a 4500 kg payload mission was 

performed. The results demonstrate that increasing aerodynamic data accuracy from 
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25% to 5% significantly reduces contingency fuel mass and enhances payload 

capacity. 

Keywords:  launch vehicle, aerodynamic characteristics, energy performance, 

contingency fuel, mass efficiency. 

 

 ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʧʦʪʨʝʙʫʻ ʚʠʩʦʢʦʾ 

ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʚʝʜʝʥʥʷ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ (ʂʅ). ʆʜʥʠʤ ʽʟ 

ʢʣʶʯʦʚʠʭ ʬʘʢʪʦʨʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʝʥʝʨʛʝʪʠʢʫ ʨʘʢʝʪʠ-ʥʦʩʽʷ (ʈʅ), ʻ ʚʪʨʘʪʠ ʥʘ 

ʧʦʜʦʣʘʥʥʷ ʦʧʦʨʫ ʘʪʤʦʩʬʝʨʠ. ɼʣʷ ʈʅ ʣʝʛʢʦʛʦ ʢʣʘʩʫ ʪʦʯʥʽʩʪʴ ʚʠʟʥʘʯʝʥʥʷ 

ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ɸɼʍ) ʻ ʢʨʠʪʠʯʥʦʶ ʜʣʷ ʢʦʨʝʢʪʥʦʛʦ 

ʬʦʨʤʫʚʘʥʥʷ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʙʘʣʘʥʩʫ ʤʽʩʽʾ. 

ʊʨʘʜʠʮʽʡʥʦ ʧʨʠ ʨʦʟʨʘʭʫʥʢʫ ʪʨʘʻʢʪʦʨʽʾ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʥʦʤʽʥʘʣʴʥʽ 

ʢʦʝʬʽʮʽʻʥʪʠ. ʇʨʦʪʝ ʨʝʘʣʴʥʽ ʫʤʦʚʠ ʧʦʣʴʦʪʫ ʩʫʧʨʦʚʦʜʞʫʶʪʴʩʷ ʧʦʭʠʙʢʘʤʠ ʫ 

ʚʠʟʥʘʯʝʥʥʽ ʛʝʦʤʝʪʨʽʾ ʪʘ ʚʘʨʽʘʮʽʷʤʠ ʧʘʨʘʤʝʪʨʽʚ ʩʝʨʝʜʦʚʠʱʘ. ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ 

ʢʽʣʴʢʽʩʥʘ ʦʮʽʥʢʘ ʚʟʘʻʤʦʟʚ'ʷʟʢʫ ʤʽʞ ʪʦʯʥʽʩʪʶ ɸɼʍ ʪʘ ʤʘʩʦʶ ʛʘʨʘʥʪʽʡʥʦʛʦ 

ʟʘʧʘʩʫ ʧʘʣʠʚʘ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʡʤʦʚʽʨʥʦʩʪʽ ʚʠʢʦʥʘʥʥʷ ʤʽʩʽʾ ʥʘ ʨʽʚʥʽ P=0,997. 

ʋ ʭʦʜʽ ʨʦʙʦʪʠ ʧʨʦʚʝʜʝʥʦ ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʪʠʧʦʚʦʛʦ ʚʠʧʘʜʢʫ 

ʚʠʚʝʜʝʥʥʷ ʂʅ ʤʘʩʦʶ 4500 ʢʛ ʥʘ ʥʠʟʴʢʫ ʥʘʚʢʦʣʦʟʝʤʥʫ ʦʨʙʽʪʫ. ʈʝʟʫʣʴʪʘʪʠ 

ʦʮʽʥʢʠ ʚʧʣʠʚʫ ʪʦʯʥʦʩʪʽ ʟʘʚʜʘʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʣʦʙʦʚʦʛʦ ʦʧʦʨʫ (Cx) ʪʘ 

ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ (Cy) ʥʘ ʧʦʢʘʟʥʠʢʠ ʈʅ ʥʘʚʝʜʝʥʦ ʫ ʪʘʙʣ. 1. 

ʊʘʙʣʠʮʷ 1. ʂʽʣʴʢʽʩʥʘ ʦʮʽʥʢʘ ʚʧʣʠʚʫ ʧʦʭʠʙʦʢ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ 

ʥʘ ʤʘʩʦʚʠʡ ʙʘʣʘʥʩ ʈʅ 

 

ɸʥʘʣʽʟ ʜʘʥʠʭ ʧʦʢʘʟʫʻ, ʱʦ ʥʝʚʨʘʭʦʚʘʥʽ ʚʽʜʭʠʣʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ 

ʩʪʚʦʨʶʶʪʴ ʝʥʝʨʛʝʪʠʯʥʠʡ ʜʝʬʽʮʠʪ, ʷʢʠʡ ʥʝʦʙʭʽʜʥʦ ʢʦʤʧʝʥʩʫʚʘʪʠ ʟʙʽʣʴʰʝʥʥʷʤ 

ʤʘʩʠ ʟʘʧʨʘʚʢʠ. ɿʥʠʞʝʥʥʷ ʧʦʭʠʙʢʠ ʚʠʟʥʘʯʝʥʥʷ ɸɼʍ ʟ 25% ʜʦ 5% ʜʦʟʚʦʣʷʻ 

ʟʤʝʥʰʠʪʠ ʤʘʩʫ ʧʘʣʠʚʥʦʛʦ ʨʝʟʝʨʚʫ ʥʘ 35 ʢʛ, ʱʦ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʙʽʣʴʰʫʻ ʤʘʩʫ 

ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʟʚʦʣʷʶʪʴ ʦʧʪʠʤʽʟʫʚʘʪʠ ʙʘʣʘʥʩ ʤʽʞ ʙʝʟʧʝʢʦʶ 

ʧʦʣʴʦʪʫ ʪʘ ʤʘʩʦʚʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ ʥʦʩʽʷ. ʋʪʦʯʥʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʧʽʜʚʠʱʫʻ ʢʦʤʝʨʮʽʡʥʫ ʧʨʠʚʘʙʣʠʚʽʩʪʴ ʈʅ ʟʘʚʜʷʢʠ ʧʨʦʛʥʦʟʦʚʘʥʦʤʫ 

ʟʙʽʣʴʰʝʥʥʶ ʚʘʛʠ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʟʤʝʥʰʝʥʥʶ çʤʝʨʪʚʦʾè ʤʘʩʠ 

ʛʘʨʘʥʪʽʡʥʠʭ ʨʝʟʝʨʚʽʚ. 
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ɸʥʦʪʘʮʽʷ. ʐʚʠʜʢʽʩʥʘ ʚʽʜʝʦʟʡʦʤʢʘ ʻ ʧʦʰʠʨʝʥʠʤ ʟʘʩʦʙʦʤ ʨʦʟʚôʷʟʘʥʥʷ ʟʘʜʘʯ 

ʰʚʠʜʢʦʧʣʠʥʥʠʭ ʷʚʠʱ: ʜʝʪʦʥʘʮʽʾ, ʧʦʩʪʨʽʣʽʚ, ʽʩʢʨʦʚʠʭ ʨʦʟʨʷʜʽʚ. ʈʦʟʛʣʷʥʫʪʠ 

ʦʩʥʦʚʠ ʦʧʪʠʯʥʠʭ ʚʠʤʽʨʶʚʘʥʴ (ʚʽʜʝʦʛʨʘʤʤʝʪʨʽʷ), ʥʘ ʧʨʠʢʣʘʜʽ ʨʫʭʦʤʦʛʦ ʦʙôʻʢʪʘ 

ʫ ʟʘʜʘʥʽʡ ʧʣʦʱʠʥʽ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʡʦʛʦ ʢʽʥʝʤʘʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʰʚʠʜʢʽʩʥʘ ʚʽʜʝʦʟʡʦʤʢʘ, ʨʝʧʝʨʥʽ ʟʥʘʢʠ, ʦʧʪʠʯʥʽ ʚʠʤʽʨʶʚʘʥʥʷ, 

Tracker. 

Y. Kursanov, 
Yuzhnoye State Design Office 

S. Poluyan, 
Yuzhnoye State Design Office 

BASICS OF OPTICAL MEASUREMENTS  

Annotation High-speed video recording is a common means of solving problems 

involving fast-moving phenomena: detonations, gunshots, spark discharges. 

Consider the basics of optical measurements (videogrammetry), using the example 

of a moving object in a given plane and determining its kinematic parameters. 

Keywords: high-speed video recording, reference marks, optical measurements, 

Tracker. 

 

ɿʡʦʤʢʘ ʰʚʠʜʢʽʩʥʠʤʠ ʮʠʬʨʦʚʠʤʠ ʚʽʜʝʦʢʘʤʝʨʘʤʠ ʜʦʟʚʦʣʷʻ ʩʧʦʩʪʝʨʽʛʘʪʠ 

ʰʚʠʜʢʦʧʣʠʥʥʽ ʷʚʠʱʘ: ʜʝʪʦʥʘʮʽʶ, ʧʦʩʪʨʽʣ, ʽʩʢʨʦʚʽ ʨʦʟʨʷʜʠ; ʚʽʟʫʘʣʽʟʫʚʘʪʠ ʝʪʘʧʠ 

ʨʫʡʥʫʚʘʥʥʷ ʪʘ ʜʝʬʦʨʤʘʮʽʾ; ʧʨʦʚʦʜʠʪʠ ʪʦʯʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʨʫʭʫ, ʱʦ 

ʩʧʨʠʷʻ ʚʜʦʩʢʦʥʘʣʝʥʥʶ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʽʟʥʠʭ ʚʠʨʦʙʽʚ, 

ʨʦʟʢʨʠʪʪʶ ʧʨʠʨʦʜʥʠʭ ʷʚʠʱ ʪʘ ʧʝʨʝʚʽʨʢʠ ʥʘʫʢʦʚʠʭ ʪʝʦʨʽʡ. 

ʆʧʪʠʯʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʢʽʥʝʤʘʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ - ʮʝ ʙʝʟʢʦʥʪʘʢʪʥʽ ʤʝʪʦʜʠ 

ʚʠʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ, ʧʨʠʩʢʦʨʝʥʥʷ, ʧʝʨʝʤʽʱʝʥʥʷ ʪʘ ʦʙʝʨʪʘʥʥʷ ʦʙ'ʻʢʪʽʚ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʮʠʬʨʦʚʦʾ ʢʘʤʝʨʠ. ʆʧʪʠʯʥʽ ʤʝʪʦʜʠ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʠʩʦʢʦʶ 

ʪʦʯʥʽʩʪʶ ʪʘ ʚʽʜʩʫʪʥʽʩʪʶ ʚʧʣʠʚʫ ʥʘ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʦʙ'ʻʢʪ. 

ʉʧʦʯʘʪʢʫ ʧʝʨʝʜ ʚʠʧʨʦʙʫʚʘʥʥʷʤ ʧʦʪʨʽʙʥʦ ʨʦʟʤʽʩʪʠʪʠ ʨʝʧʝʨʥʽ ʟʥʘʢʠ (ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʤʘʩʰʪʘʙʫ), ʧʦʪʽʤ ʧʦʤʽʪʠʪʠ ʨʝʧʝʨʥʠʤʠ ʟʥʘʢʘʤʠ ʪʦʯʢʠ ʥʘ ʦʙôʻʢʪʽ 
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ʷʢʠʡ ʜʦʩʣʽʜʞʫʻʪʴʩʷ. ɼʘʣʽ ʨʦʙʠʤʦ ʟʦʚʥʽʰʥʶ ʢʘʣʽʙʨʦʚʫ ʰʚʠʜʢʽʩʥʦʾ ʢʘʤʝʨʠ ʪʘ 

ʬʽʢʩʘʮʽʶ ʧʨʦʮʝʩʫ ʷʢʠʡ ʜʦʩʣʽʜʞʫʻʪʴʩʷ. 

ʇʦʣʫʯʝʥʽ ʤʘʪʝʨʽʘʣʠ ʦʙʨʦʙʣʷʶʪʴʩʷ ʪʘ ʜʝʰʠʬʨʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʨʦʛʨʘʤʠ Tracker. 
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Eʂʉʇɽʈʀʄɽʅʊɸʃʔʅɽ ɺɯɼʇʈɸʎʖɺɸʅʅʗ ʇɽʈʉʇɽʂʊʀɺʅʆɻʆ 

ʆʈɹɯʊɸʃʔʅʆɻʆ ʃɯʊɸʂɸ ɿ ɺʀʂʆʈʀʉʊɸʅʅʗʄ ʁʆɻʆ 

ɼɽʄʆʅʉʊʈɸʊʆʈɸ 

ɸʥʦʪʘʮʽʷ. ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʻ ʨʦʟʨʦʙʢʘ ʦʨʙʽʪʘʣʴʥʠʭ ʣʽʪʘʢʽʚ ʪʘʢʠʭ ʷʢ 

X-37ɺ, Dream Chaser, IXV, Space Rider System, HOPE, RLV-TD ʪʘ ʽʥʰʠʭ. 

ʆʜʥʠʤ ʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʦʨʙʽʪʘʣʴʥʠʭ ʣʽʪʘʢʽʚ  ̒ORV-Y. ʅʘ ʧʝʨʚʠʥʥʠʭ ʝʪʘʧʘʭ 

ʨʦʟʨʦʙʢʠ ORV-Y ʧʨʦʚʦʜʠʪʠʤʝʪʴʩʷ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʩʠʩʪʝʤ, ʤʘʪʝʨʽʘʣʽʚ, 

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʨʽʰʝʥʴ ʥʘ ʜʝʤʦʥʩʪʨʘʮʽʡʥʦʤʫ ʟʨʘʟʢʫ. ɺʽʜʧʨʘʮʶʚʘʥʥʷ ʩʠʩʪʝʤ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʝʤʦʥʩʪʨʘʮʽʡʥʦʛʦ ʟʨʘʟʢʘ ʟʥʠʟʠʪʴ ʚʘʨʪʽʩʪʴ ʨʦʟʨʦʙʢʠ 

ʦʨʙʽʪʘʣʴʥʦʛʦ ʣʽʪʘʢʘ ORV-Y. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʦʨʙʽʪʘʣʴʥʠʡ ʣʽʪʘʢ (ʆʃ), ʢʦʨʠʩʥʠʡ ʚʘʥʪʘʞ (ʂɺ), 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʽʜʧʨʘʮʶʚʘʥʥʷ. 
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EXPERIMENTAL TESTING OF THE PROMISING ORBITAL PLANE 

WITH ITS SHOWPIECE APPLICATION  

Annotation. One of the promising direction is design of the orbital planes such as 

X-37ɺ, Dream Chaser, IXV, Space Rider System, HOPE, RLV-TD etc. The  
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ORV-Y is one of the promising orbital planes. Testing of the systems, materials and 

design solutions will be implemented for the showpiece on the primary phases of the 

development. Systems testing by the showpiece provide decrease of the orbital plane 

ORV-Y development cost. 

Keywords: orbital plane (OP), payload, experimental testing. 

 

ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʻ ʨʦʟʨʦʙʢʘ ʆʃ ʪʘʢʠʭ ʷʢ X-37ɺ, Dream Chaser, 

IXV, Space Rider System, HOPE, RLV-TD ʪʘ ʽʥʰʠʭ[1]. ʆʃ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ 

ʜʦʩʪʘʚʢʠ ʢʦʨʠʩʥʦʛʦ ʚʘʥʪʘʞʫ ʥʘ ʦʨʙʽʪʫ ʽ ʧʦʚʝʨʥʝʥʥʷ ʟ ʛʦʨʠʟʦʥʪʘʣʴʥʦʶ 

ʧʦʩʘʜʢʦʶ. ɼʣʷ ʩʪʚʦʨʝʥʥʷ ʆʃ ʧʦʪʨʽʙʥʘ ʨʦʟʨʦʙʢʘ ʪʝʭʥʦʣʦʛʽʡ ʢʝʨʦʚʘʥʦʛʦ ʨʫʭʫ 

ʥʘ ʛʽʧʝʨʟʚʫʢʦʚʠʭ ʰʚʠʜʢʦʩʪʷʭ, ʤʘʥʝʚʨʫʚʘʥʥʷ, ʧʦʩʘʜʢʠ, ʱʦ ʚʠʤʘʛʘʻ 

ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʮʠʭ ʪʝʭʥʦʣʦʛʽʡ ʥʘ ʜʝʤʦʥʩʪʨʘʮʽʡʥʠʭ ʟʨʘʟʢʘʭ. ʅʘʦʯʥʠʤ 

ʧʨʠʢʣʘʜʦʤ ʪʘʢʠʭ ʨʦʙʽʪ ʻ ʨʦʟʨʦʙʢʘ ʘʧʘʨʘʪʫ X-40 ʉʐɸ [2], ʷʢʠʡ ʻ 

ʚʠʧʨʦʙʫʚʘʣʴʥʦʶ ʧʣʘʪʬʦʨʤʦʶ ʜʣʷ ʦʨʙʽʪʘʣʴʥʦʛʦ ʣʽʪʘʢʘ X-37B [3] ̔  ʧʨʠʟʥʘʯʝʥʠʡ 

ʜʣʷ ʧʝʨʝʚʽʨʢʠ ʘʝʨʦʜʠʥʘʤʽʢʠ ʽ ʥʘʚʽʛʘʮʽʾ X-37B, ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʧʦʩʘʜʢʠ. 

ʇʝʨʩʧʝʢʪʠʚʥʦʶ ʨʦʟʨʦʙʢʦʶ ʦʨʙʽʪʘʣʴʥʦʛʦ ʣʽʪʘʢʘ ʻ ORV-Y. ʆʩʥʦʚʥʽ ʟʘʜʘʯʽ, 

ʷʢʽ ʩʪʘʚʣʷʪʴʩʷ ʧʝʨʝʜ ʆʃ ORV-Y: 

- ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʧʦʩʘʜʦʢ ʙʝʟʧʽʣʦʪʥʠʭ ʢʦʩʤʽʯʥʠʭ ʢʦʨʘʙʣʽʚ; 

- ʜʦʩʪʘʚʢʘ ʂɺ ʥʘ ʦʨʙʽʪʫ; 

- ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʧʦʚʝʨʥʝʥʥʷ ʥʘ ɿʝʤʣʶ ʂɺ; 

- ʜʠʩʪʘʥʮʽʡʥʝ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ; 

- ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʫʤʦʚʘʭ ʚʘʢʫʫʤʫ ʽ ʤʽʢʨʦʛʨʘʚʽʪʘʮʽʾ; 

- ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʦʨʙʽʪʘʣʴʥʠʭ ʩʫʧʫʪʥʠʢʽʚ; 

- ʟʘʚʜʘʥʥʷ ʧʦ ʫʪʠʣʽʟʘʮʽʾ ʢʦʩʤʽʯʥʠʭ ʦʙ'ʻʢʪʽʚ. 

 

ʈʦʟʨʦʙʢʘ ʆʃ ORV-Y ʧʨʦʚʦʜʠʪʴʩʷ ʫ ʜʝʢʽʣʴʢʘ ʝʪʘʧʽʚ. ʅʘ ʧʦʯʘʪʢʦʚʠʭ 

ʝʪʘʧʘʭ ʧʨʦʚʦʜʠʪʠʤʝʪʴʩʷ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʩʠʩʪʝʤ, ʤʘʪʝʨʽʘʣʽʚ, ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ 

ʨʽʰʝʥʴ ʥʘ ʜʝʤʦʥʩʪʨʘʮʽʡʥʦʤʫ ʟʨʘʟʢʫ. ʆʩʥʦʚʥʽ ʟʘʚʜʘʥʥʷ, ʷʢʽ ʩʪʘʚʣʷʪʴʩʷ ʧʝʨʝʜ 

ʜʝʤʦʥʩʪʨʘʪʦʨʦʤ: 

- ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʚʞʠʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨ ʪʘ 

ʰʚʠʜʢʽʩʥʠʭ ʥʘʧʦʨʽʚ; 

- ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʧʣʘʥʫʶʯʦʛʦ ʽ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʩʧʫʩʢʽʚ; 

- ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʥʠʟʴʢʦʰʚʠʜʢʽʩʥʦʛʦ ʩʧʫʩʢʫ ʽ ʧʦʩʘʜʢʠ; 

- ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʧʘʨʘʰʫʪʥʦʾ ʩʠʩʪʝʤʠ. 

 

ɺʽʜʧʨʘʮʶʚʘʥʥʷ ʩʠʩʪʝʤ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʝʤʦʥʩʪʨʘʪʦʨʘ ʟʥʠʟʠʪʴ ʚʘʨʪʽʩʪʴ 

ʨʦʟʨʦʙʢʠ ʆʃ ORV-Y. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 
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2.  https://www.nasa.gov/aeronautics/aircraft/x-40/ 

3.  https://space.skurocket.de/doc_sdat/x-37.htm 
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ɸʥʦʪʘʮʽʷ. ʆʜʥʦʶ ʟ ʚʘʞʣʠʚʠʭ ʟʘʜʘʯ, ʷʢʘ ʚʠʨʽʰʫʻʪʴʩʷ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ 

ʟʘʙʽʨʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʞʠʚʣʝʥʥʷ ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ 

ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʨʽʜʢʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ, ʻ ʟʘʧʦʙʽʛʘʥʥʷ 

ʚʠʥʠʢʥʝʥʥʶ ʢʘʚʽʪʘʮʽʾ ʥʘ ʝʣʝʤʝʥʪʘʭ ʾʭ ʢʦʥʩʪʨʫʢʮʽʡ. ɸʚʪʦʨʦʤ ʥʘʚʝʜʝʥʦ 

ʨʝʟʫʣʴʪʘʪʠ ʻʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʚʠʥʠʢʥʝʥʥʷ ʪʘ ʭʘʨʘʢʪʝʨʫ ʨʦʟʚʠʪʢʫ 

ʢʘʚʽʪʘʮʽʾ (ʾʾ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦʩʣʽʜʥʦʾ ʨʽʜʠʥʠ ʪʘ ʧʝʨʝʧʘʜʫ ʪʠʩʢʘ ʥʘ 

ʟʘʙʽʨʥʦʤʫ ʧʨʠʩʪʨʦʾ), ʘ ʪʘʢʦʞ ʚʧʣʠʚ ʢʘʚʽʪʘʮʽʾ ʥʘ ʢʦʝʬʽʮʽʻʥʪ ʚʠʪʨʘʪ, ʜʣʷ 

ʜʝʢʽʣʴʢʦʭ ʪʠʧʽʚ ʟʘʙʽʨʥʠʭ ʧʨʠʩʪʨʦʾʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ; ʨʽʜʠʥʥʘ ʨʘʢʝʪʥʘ ʨʫʰʽʡʥʘ ʫʩʪʘʥʦʚʢʘ; 

ʧʥʝʚʤʦʛʽʜʨʘʚʣʽʯʥʘ ʩʠʩʪʝʤʘ ʞʠʚʣʝʥʥʷ; ʟʘʙʽʨʥʽ ʧʨʠʩʪʨʦʾ; ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ 

ʧʨʦʮʝʩʠ; ʢʘʚʽʪʘʮʽʷ; ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥ ̔ʚʠʧʨʦʙʫʚʘʥʥʷ. 
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CAVITATION PHENOMENA AT PROPELLANT  

MANAGEMENT DEVICES  

Annotation. One of the important tasks in designing propellant management devices 

(PMDs) that feed liquid propellants to spacecraft propulsion systems is to prevent 

cavitation from occurring on the structural elements of these devices. The author 

presents the results of the experimental determination of cavitation occurrence and 

advancement pattern, particularly their dependence on the temperature of the test 

liquid and the pressure drop in the PMD, as well as the influence of cavitation on the 

flow rate, for several types of PMDs. 

Keywords: spacecraft; propulsion system; propellant management devices; 

hydrodynamic processes; cavitation; experimental tests. 

 

ʆʜʥʦʶ ʟ ʚʘʞʣʠʚʠʭ ʟʘʜʘʯ, ʷʢʘ ʚʠʨʽʰʫʻʪʴʩʷ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ ʪʘ 

ʨʦʟʨʘʭʫʥʢʘʭ ʨʦʙʦʯʠʭ ʧʘʨʘʤʝʪʨʽʚ ʟʘʙʽʨʥʠʭ ʧʨʠʩʪʨʦʾʚ [1, 2], ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʞʠʚʣʝʥʥʷ ʨʫʰʽʡʥʦʾ ʫʩʪʘʥʦʚʢʠ ʢʦʩʤʽʯʥʦʛʦ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʘ ʨʽʜʢʠʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ ʙʝʟ ʧʦʨʫʰʝʥʥʷ ʾʭ ʩʫʮʽʣʴʥʦʩʪʽ, ʻ ʟʘʧʦʙʽʛʘʥʥʷ 

ʚʠʥʠʢʥʝʥʥʶ ʢʘʚʽʪʘʮʽʾ ʥʘ ʝʣʝʤʝʥʪʘʭ ʾʭ ʢʦʥʩʪʨʫʢʮʽʡ [3, 4]. ʂʘʚʽʪʘʮʽʷ ʥʘ 
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ʟʘʙʽʨʥʦʤʫ ʧʨʠʩʪʨʦʾ ʤʦʞʝ ʚʠʥʠʢʘʪʠ ʚʥʘʩʣʽʜʦʢ ʟʥʠʞʝʥʥʷ ʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʚ 

ʤʽʩʮʽ ʧʝʨʝʭʦʜʫ ʟ ʙʘʢʘ ʫ ʚʠʪʨʘʪʥʫ ʤʘʛʽʩʪʨʘʣʴ. ɼʦ ʧʨʠʯʠʥ ʮʴʦʛʦ ʷʚʠʱʘ ʤʦʞʥʘ 

ʚʽʜʥʝʩʪʠ: ʟʥʠʞʝʥʥʷ ʪʠʩʢʫ ʚ ʙʘʢʫ, ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʨʽʜʠʥʠ ʥʘʜ ʟʣʠʚʥʠʤ ʦʪʚʦʨʦʤ 

ʽ ʟʙʽʣʴʰʝʥʥʷ ʾʾ ʰʚʠʜʢʦʩʪʽ ʧʨʠ ʚʪʽʢʘʥʥʽ ʫ ʚʠʪʨʘʪʥʫ ʤʘʛʽʩʪʨʘʣʴ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ, 

ʨʦʟʨʽʟʥʷʶʪʴ ʜʚʘ ʪʠʧʠ ʢʘʚʽʪʘʮʽʾ: ʧʘʨʦʚʫ ʽ ʛʘʟʦʚʫ. ʇʘʨʦʚʘ ʢʘʚʽʪʘʮʽʷ ʥʘ ʟʘʙʽʨʥʦʤʫ 

ʧʨʠʩʪʨʦʾ ʚʠʥʠʢʘʻ ʧʨʠ ʟʥʠʞʝʥʥʽ ʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʚ ʧʦʪʦʮʽ ʜʦ ʚʝʣʠʯʠʥʠ, ʱʦ 

ʜʦʨʽʚʥʶʻ ʘʙʦ ʥʠʞʯʝ ʪʠʩʢʫ ʥʘʩʠʯʝʥʠʭ ʧʘʨʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ. 

ɺʦʥʘ ʚʠʥʠʢʘʻ ʧʨʠ ʤʝʥʰʠʭ ʪʠʩʢʘʭ, ʥʽʞ ʛʘʟʦʚʘ, ʘʣʝ ʾʾ ʨʦʟʚʠʪʦʢ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʜʫʞʝ ʰʚʠʜʢʦ ʽ ʚʠʢʣʠʢʘʻ ʢʨʠʟʫ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʯʽʾ. ʇʨʠ 

ʛʘʟʦʚʽʡ ʢʘʚʽʪʘʮʽʾ (ʛʘʟʦʚʠʜʽʣʝʥʥʷ ʟ ʨʽʜʠʥʠ) ʢʨʠʟʠ ʚʠʪʨʘʪ ʧʨʘʢʪʠʯʥʦ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ: ʢʘʚʽʪʘʮʽʷ ʨʦʟʚʠʚʘʻʪʴʩʷ ʧʦʚʽʣʴʥʦ ʟ ʦʛʣʷʜʫ ʤʘʣʠʭ ʰʚʠʜʢʦʩʪʝʡ 

ʜʠʬʫʟʽʾ ʪʘ ʥʝ ʦʢʘʟʫʻ ʩʫʪʪʻʚʦʛʦ ʚʧʣʠʚʫ ʥʘ ʭʘʨʘʢʪʝʨ ʪʝʯʽʾ. ʅʘ ʧʨʘʢʪʠʮʽ, ʧʨʠ ʪʝʯʽʾ 

ʨʽʜʠʥʠ ʥʘʚʢʦʣʦ ʪʽʣ, ʱʦ ʧʦʛʘʥʦ ʦʛʠʥʘʶʪʴʩʷ ʩʪʨʫʤʝʥʝʤ ʨʽʜʠʥʠ, ʤʦʞʣʠʚʦ 

ʚʠʥʠʢʥʝʥʥʷ ʦʙʦʭ ʚʠʜʽʚ ʢʘʚʽʪʘʮʽʾ [5]. ʅʘʷʚʥʽʩʪʴ ʢʘʚʽʪʘʮʽʾ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʤʦʞʝ 

ʧʨʠʚʝʩʪʠ ʜʦ ʩʫʪʪʻʚʦʛʦ ʟʥʠʞʝʥʥʷ ʚʘʛʦʚʠʭ ʚʠʪʨʘʪ ʨʽʜʢʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʨʘʢʝʪʥʦʛʦ 

ʧʘʣʠʚʘ ʾʭ ʦʙôʻʤʥʫ ʛʘʟʠʬʽʢʘʮʽʶ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʜʦ ʘʚʘʨʽʡʥʦʾ ʟʫʧʠʥʢʠ ʨʫʰʽʡʥʦʾ 

ʫʩʪʘʥʦʚʢʠ ʢʦʩʤʽʯʥʦʛʦ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ ʪʘ ʘʚʘʨʽʡʥʦʤʫ ʧʨʠʧʠʥʝʥʥʶ ʤʽʩʽʾ. 

ʆʩʢʽʣʴʢʠ, ʢʦʥʩʪʨʫʢʪʠʚʥʝ ʚʠʢʦʥʘʥʥʷ ʟʘʙʽʨʥʠʭ ʧʨʠʩʪʨʦʾʚ ʤʦʞʝ ʙʫʪʠ 

ʥʘʡʨʽʟʥʦʤʘʥʽʪʥʽʰʠʤ ʽ ʟʘʣʝʞʘʪʠ ʚʽʜ ʟʘʜʘʯ, ʱʦ ʚʠʨʽʰʫʶʪʴʩʷ ʧʨʠ ʾʭ 

ʧʨʦʝʢʪʫʚʘʥʥʽ, ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʾʭ ʢʦʥʩʪʨʫʢʮʽʾ ʥʘ ʡʤʦʚʽʨʥʽʩʪʴ ʚʠʥʠʢʥʝʥʥʷ ʪʘ 

ʭʘʨʘʢʪʝʨ ʨʦʟʚʠʪʢʫ ʢʘʚʽʪʘʮʽʾ, ʘ ʪʘʢʦʞ ʚʧʣʠʚ ʢʘʚʽʪʘʮʽʾ ʥʘ ʢʦʝʬʽʮʽʻʥʪ ʚʠʪʨʘʪ 

ʨʽʜʠʥʠ ʯʝʨʝʟ ʟʘʙʽʨʥʠʡ ʧʨʠʩʪʨʽʡ, ʻ ʘʢʪʫʘʣʴʥʦʶ ʪʘ ʩʚʦʻʯʘʩʥʦʶ ʥʘʫʢʦʚʦʶ 

ʟʘʜʘʯʝʶ. 

ɸʚʪʦʨʦʤ ʥʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʻʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ 

ʚʠʥʠʢʥʝʥʥʷ ʪʘ ʭʘʨʘʢʪʝʨʫ ʨʦʟʚʠʪʢʫ ʢʘʚʽʪʘʮʽʾ (ʾʾ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ 

ʜʦʩʣʽʜʥʦʾ ʨʽʜʠʥʠ ʪʘ ʧʝʨʝʧʘʜʫ ʪʠʩʢʘ ʥʘ ʟʘʙʽʨʥʦʤʫ ʧʨʠʩʪʨʦʾ), ʘ ʪʘʢʦʞ ʚʧʣʠʚ 

ʢʘʚʽʪʘʮʽʾ ʥʘ ʢʦʝʬʽʮʽʻʥʪ ʚʠʪʨʘʪ, ʜʣʷ ʜʝʢʽʣʴʢʦʭ ʪʠʧʽʚ ʟʘʙʽʨʥʠʭ ʧʨʠʩʪʨʦʾʚ. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʨʦʚʝʜʝʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʙʫʣʦ: ʚʠʟʥʘʯʝʥʦ, ʱʦ 

ʤʘʢʩʠʤʘʣʴʥʝ ʟʤʝʥʰʝʥʥʷ ʞʠʚʦʛʦ ʧʝʨʝʨʽʟʫ ʧʦʪʦʢʫ ʪʘ ʟʥʘʯʥʝ ʟʙʽʣʴʰʝʥʥʷ 

ʰʚʠʜʢʦʩʪʽ ʨʽʜʠʥʠ ʚ ʮʴʦʤʫ ʧʝʨʝʨʽʟʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘ ʚʽʜʩʪʘʥʽ 1/6é1/3 ʜʽʘʤʝʪʨʘ 

ʚʽʜ ʚʭʽʜʥʦʾ ʢʨʦʤʢʠ ʚʠʪʨʘʪʥʦʾ ʤʘʛʽʩʪʨʘʣʽ; ʦʪʨʠʤʘʥʦ ʟʘʣʝʞʥʦʩʪ̔ ʟʤʽʥʠ ʜʽʡʩʥʦʛʦ 

ʢʦʝʬʽʮʽʻʥʪʫ ʚʠʪʨʘʪ ʚʽʜ ʧʝʨʝʧʘʜʫ ʪʠʩʢʫ ʜʣʷ ʜʝʢʽʣʴʢʦʭ ʪʠʧʽʚ ʟʘʙʽʨʥʠʭ ʧʨʠʩʪʨʦʾʚ; 

ʚʠʚʝʜʝʥʦ ʬʽʟʠʯʥʫ ʥʘʧʽʚʝʤʧʽʨʠʯʥʫ ʟʘʣʝʞʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʜʽʡʩʥʠʭ ʚʠʪʨʘʪ 

ʨʽʜʠʥʠ ʟ ʙʘʢʫ. 

ʆʪʨʠʤʘʥʽ ʜʘʥʥʽ ʜʦʟʚʦʣʷʶʪʴ ʧʨʦʚʦʜʠʪʠ ʦʮʽʥʢʫ ʡʤʦʚʽʨʥʦʩʪʽ ʚʠʥʠʢʥʝʥʥʷ 

ʢʘʚʽʪʘʮʽʾ ʥʘ ʟʘʙʽʨʥʦʤʫ ʧʨʠʩʪʨʦ ʾ ʥʘʧʨʠʢʽʥʮʽ ʨʦʙʦʪʠ ʨʫʰʽʡʥʦʾ ʫʩʪʘʥʦʚʢʠ 

ʢʦʩʤʽʯʥʦʛʦ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʘ ʧʨʠ ʧʦʩʪʽʡʥʠʭ ʟʥʘʯʝʥʥʷʭ ʚʠʪʨʘʪ ʢʦʤʧʦʥʝʥʪʫ 

ʧʘʣʠʚʘ ʪʘ ʪʠʩʢʫ ʥʘ ʟʘʙʽʨʥʦʤʫ ʧʨʠʩʪʨʦʶ, ʱʦ ʚ ʩʚʦʶ ʯʝʨʛʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ, ʷʢ 

ʧʦʭʽʜʥʽ ʜʘʥʥʽ ʜʣʷ ʦʮʽʥʢʠ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʧʥʝʚʤʦʛʽʜʨʘʚʣʽʯʥʦʾ ʩʠʩʪʝʤʠ ʪʘ ʾʾ 

ʘʛʨʝʛʘʪʽʚ ʥʘʜʜʫʚʘʥʥʷ ʙʘʢʽʚ ʚ ʮʽʣʦʤʫ. 
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ʈʆɿʈɸʍʋʅʆʂ ʇɸʈɸʄɽʊʈɯɺ ʇʈʆʎɽʉʋ ɺʀɺɽʈʊɸʅʅʗ 

ɺʀʊʀʉʂʅʀʍ ɼɯɸʌʈɸɻʄ ɺ ʈɸʄʂɸʍ ʄʆɼɽʃɯ ɾʆʈʉʊʂʆ-

ʇʃɸʉʊʀʏʅʆɻʆ ʊɯʃɸ 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʜʘʻʪʴʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʞʦʨʩʪʢʦ-ʧʣʘʩʪʠʯʥʦʾ ʤʦʜʝʣʽ ʜʣʷ ʘʥʘʣʽʟʫ 

ʜʝʬʦʨʤʘʮʽʡʥʦʾ ʧʦʚʝʜʽʥʢʠ ʦʙʦʣʦʥʦʢ, ʟʦʢʨʝʤʘ ʚʠʪʠʩʢʥʠʭ ʜʽʘʬʨʘʛʤ ɸʥʘʣʽʟʫʻʪʴʩʷ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʦʜʝʣʽ ʧʨʠ ʨʦʟʚôʷʟʘʥʥʽ ʪʠʧʦʚʠʭ ʟʘʜʘʯ ʤʝʭʘʥʽʢʠ ʜʝʬʦʨʤʦʚʘʥʦʛʦ 

ʪʚʝʨʜʦʛʦ ʪʽʣʘ. ʊʘʢʦʞ ʦʙʛʦʚʦʨʶʶʪʴʩʷ ʦʙʤʝʞʝʥʥʷ ʧʽʜʭʦʜʫ ʪʘ ʤʦʞʣʠʚʽ ʥʘʧʨʷʤʠ 

ʡʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ. ʅʘʚʦʜʷʪʴʩʷ ʧʨʘʢʪʠʯʥʽ ʧʨʠʢʣʘʜʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʞʦʨʩʪʢʦ-

ʧʣʘʩʪʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʚ ʽʥʞʝʥʝʨʥʠʭ ʨʦʟʨʘʭʫʥʢʘʭ, ʘ ʪʘʢʦʞ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ 

ʟ ʘʣʴʪʝʨʥʘʪʠʚʥʠʤʠ ʤʦʜʝʣʷʤʠ.  
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THE POSITIVE EXPULSION DIAPHRAGMS PARAMETERS 

REVERSING PROCESS CALCULATION WITHIN FRAMEWORK OF A 

RIGID PLASTIC BODY  

Annotation. The deformation behavior of shells, particularly expulsion diaphragms, 

is investigated using a rigid-plastic model. The efficiency of the model in solving 

typical problems of solid mechanics is evaluated. The limitations of the approach 

and possible directions for its improvement are also discussed. Practical examples 

of the application of the rigid-plastic approach in engineering calculations are 

presented, together with a comparative analysis with alternative models. 

Keywords: aerospace and rocket-space engineering; mathematical modeling; 

propellant tank; expulsion diaphragm; shells; limit state; deformation; plasticity; 

buckling. 

 

ɺʘʞʣʠʚʦʶ ʫʤʦʚʦʶ ʥʘʜʽʡʥʦʾ ʨʦʙʦʪʠ ʘʛʨʝʛʘʪʽʚ ʢʦʩʤʽʯʥʦʛʦ ʣʽʪʘʣʴʥʦʛʦ 

ʘʧʘʨʘʪʫ ʻ ʙʝʟʧʝʨʝʨʚʥʽʩʪʴ ʧʦʜʘʯʽ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ, ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʧʦʨʫʰʝʥʘ 

ʟʘ ʥʘʷʚʥʦʩʪʽ ʛʘʟʦʚʠʭ ʙʫʣʴʙʘʰʦʢ ʫ ʧʘʣʠʚʥʦʧʦʜʘʚʘʣʴʥʠʭ ʤʘʛʽʩʪʨʘʣʷʭ, 
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ʥʘʧʨʠʢʣʘʜ, ʧʽʜ ʯʘʩ ʟʘʧʫʩʢʫ ʚ ʫʤʦʚʘʭ ʥʝʚʘʛʦʤʦʩʪʽ ʘʙʦ ʚʥʘʩʣʽʜʦʢ ʪʠʤʯʘʩʦʚʦʛʦ 

ʦʛʦʣʝʥʥʷ ʟʘʙʽʨʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʧʨʠ ʤʘʥʝʚʨʫʚʘʥʥʽ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ. ɼʣʷ 

ʨʦʟʤʝʞʫʚʘʥʥʷ ʛʘʟʦʚʦʾ ʪʘ ʨʽʜʠʥʥʦʾ ʬʘʟ ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʤʝʭʘʥʽʯʥʽ 

ʨʦʟʜʽʣʴʥʠʢʠ, ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʟ ʷʢʠʭ ʻ ʤʝʪʘʣʝʚʽ. ɺʦʥʠ, ʚ ʙʽʣʴʰʦʩʪʽ ʩʚʦʾʡ, 

ʩʪʨʦʛʦ ʚʠʟʥʘʯʘʶʪʴ ʧʦʣʦʞʝʥʥʷ ʨʽʜʠʥʠ ʚ ʙʫʜʴ-ʷʢʠʡ ʤʦʤʝʥʪ ʨʦʙʦʪʠ, ʛʘʨʘʥʪʫʶʪʴ 

ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʨʽʟʥʦʤʘʥʽʪʥʽ ʟʘ ʩʚʦʻʶ 

ʢʦʥʩʪʨʫʢʮʽʻʶ. ɸʣʝ ʪʽʣʴʢʠ ʜʝʷʢʽ ʟ ʥʠʭ ʤʘʶʪʴ ʭʦʨʦʰʽ ʧʦʢʘʟʥʠʢʠ ʟʘʧʦʚʥʶʚʘʥʥʷ 

ʦʙôʻʤʫ ʪʘ ʚʠʪʽʩʥʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ. ɿʥʘʯʥʦʛʦ ʧʦʢʨʘʱʝʥʥʷ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʚʽʣʴʥʦʛʦ ʦʙôʻʤʫ ʙʘʢʘ ʤʦʞʣʠʚʦ ʜʦʩʷʛʪʠ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʚ ʷʢʦʩʪʽ ʨʦʟʜʽʣʴʥʠʢʘ 

ʜʽʘʬʨʘʛʤʫ, ʷʢʘ ʷʚʣʷʻ ʩʦʙʦʶ ʚʠʚʝʨʪʫʚʘʥʫ ʦʙʦʣʦʥʢʫ. ʇʨʦʪʝ ʨʦʟʨʽʟʥʝʥʽʩʪʴ ʪʘ 

ʩʫʧʝʨʝʯʣʠʚʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʷʢʽ ʨʦʟʢʨʠʚʘʶʪʴ ʙʘʛʘʪʦ ʚʘʞʣʠʚʠʭ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʚ ʧʦʚʝʜʽʥʮʽ ʦʙʦʣʦʥʦʢ ʧʦʜʚʽʡʥʦʾ ʢʨʠʚʠʥʠ ʥʝ ʜʦʟʚʦʣʷʶʪʴ 

ʩʢʣʘʩʪʠ ʜʦʩʠʪʴ ʯʽʪʢʦʛʦ ʫʷʚʣʝʥʥʷ ʧʨʦ ʪʝ, ʷʢ ʥʝʦʙʭʽʜʥʦ ʧʨʦʝʢʪʫʚʘʪʠ ʢʦʥʩʪʨʫʢʮʽʾ 

ʙʽʣʴʰ ʩʢʣʘʜʥʽ, ʘʥʽʞ ʟʘʤʢʥʫʪʘ ʛʣʘʜʢʘ ʝʣʽʧʩʦʾʜʥʘ ʦʙʦʣʦʥʢʘ. ʂʨʽʤ ʪʦʛʦ, 

ʣʽʪʝʨʘʪʫʨʥʽ ʜʞʝʨʝʣʘ, ʧʨʠʩʚʷʯʝʥʽ ʧʨʦʝʢʪʫʚʘʥʥʶ ʪʘ ʚʠʛʦʪʦʚʣʝʥʥʶ ʜʽʘʬʨʘʛʤʦʚʠʭ 

ʙʘʢʽʚ ʦʙʤʝʞʝʥʽ. ɺʠʨʦʙʥʠʢʠ ʪʘʢʠʭ ʙʘʢʽʚ, ʟʘʟʚʠʯʘʡ, ʻ ʥʝʚʝʣʠʢʠʤʠ 

ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʤʠ ʢʦʤʧʘʥʽʷʤʠ, ʧʨʽʦʨʠʪʝʪʦʤ ʷʢʠʭ ʻ ʚʠʨʦʙʥʠʯʘ ʜʽʷʣʴʥʽʩʪʴ, ʱʦ 

ʯʘʩʪʦ ʚʠʢʣʶʯʘʻ ʘʢʪʠʚʥʫ ʫʯʘʩʪʴ ʫ ʧʫʙʣʽʢʘʮʽʡʥʽʡ ʨʦʙʦʪʽ. 

ɿʘ ʦʩʪʘʥʥʽ ʜʝʩʷʪʠʨʽʯʯʷ ʙʫʣʠ ʨʦʟʨʦʙʣʝʥʽ ʨʽʟʥʦʤʘʥʽʪʥʽ ʛʝʦʤʝʪʨʠʯʥʦ ʪʦʯʥʽ 

ʤʦʜʝʣʽ ʦʙʦʣʦʥʦʢ ʫ ʪʦʤʫ ʯʠʩʣʽ ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʄʉɽ). ʎʽ ʤʦʜʝʣʽ, 

ʟʙʫʜʦʚʘʥʽ ʥʘ ʥʝʣʽʥʽʡʥʽʡ ʛʝʦʤʝʪʨʠʯʥʽʡ ʧʦʩʪʘʥʦʚʮʽ, ʜʦʟʚʦʣʷʶʪʴ ʢʦʨʝʢʪʥʦ 

ʚʨʘʭʦʚʫʚʘʪʠ ʚʝʣʠʢʽ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʢʽʥʮʝʚʽ ʧʦʚʦʨʦʪʠ ʽ ʦʪʨʠʤʘʣʠ ʰʠʨʦʢʝ 

ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʥʝʣʽʥʽʡʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʦʣʦʥʦʢ, ʪʘʢʠʭ 

ʷʢ ʚʪʨʘʪʘ ʩʪʽʡʢʦʩʪʽ (ʚʠʧʠʥʘʥʥʷ) ʪʘ ʧʨʦʢʣʘʮʫʚʘʥʥʷ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʧʨʠ 

ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʫʤʦʚʘʭ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʘ ʪʘʢʦʞ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʢʦʥʩʪʨʫʢʮʽʡ ʥʘ 

ʦʩʥʦʚʽ ʦʙʦʣʦʥʦʢ. ʆʜʥʘʢ ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʩʚʦʶ ʫʥʽʚʝʨʩʘʣʴʥʽʩʪʴ ʄʉɽ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʠʤʠ ʦʙʯʠʩʣʶʚʘʣʴʥʠʤʠ ʚʠʪʨʘʪʘʤʠ ʪʘ ʫʪʨʫʜʥʝʥʥʷʤʠ 

ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʜʝʬʦʨʤʘʮʽʡ, ʚʠʥʠʢʘʶʯʠʭ ʧʽʜ ʜʽʻʶ ʩʢʣʘʜʥʠʭ ʫʤʦʚ 

ʥʘʚʘʥʪʘʞʝʥʥʷ, ʪʘʢʠʭ ʷʢ ʜʠʥʘʤʽʯʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʢʦʥʪʘʢʪʥʽ ʚʟʘʻʤʦʜʽʾ ʪʘ ʽʥ. 

ɿʘʟʥʘʯʝʥʽ ʪʨʫʜʥʦʱʽ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʷʚʠʱʘ ʧʨʦʢʣʘʮʫʚʘʥʥʷ ʚ ʦʙʦʣʦʥʢʘʭ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʱʝ ʧʝʨʝʨʘʭʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʨʦʙʢʠ 

ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʦʛʦ ʽ ʚ ʪʦʡ ʞʝ ʯʘʩ ʧʨʦʩʪʦʛʦ ʚ ʨʝʘʣʽʟʘʮʽʾ ʯʠʩʝʣʴʥʦʛʦ ʧʽʜʭʦʜʫ [4]. 

ʋ ʧʨʦʮʝʩʽ ʚʠʚʝʨʪʘʥʥʷ ʨʦʟʜʽʣʴʥʠʢ ʟʘʟʥʘʻ ʟʥʘʯʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʟʘ 

ʦʩʥʦʚʥʠʤʠ ʥʘʧʨʷʤʢʘʤʠ. ʈʦʟʨʦʙʣʝʥʥʷ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʧʨʦʮʝʩʫ 

ʚʠʚʝʨʪʘʥʥʷ ʨʦʟʜʽʣʴʥʠʢʘ ʧʦʪʨʝʙʫʻ ʘʥʘʣʽʟʫ ʫʤʦʚ ʨʦʙʦʪʠ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ 

ʚʨʘʭʫʚʘʥʥʷ ʥʘʢʣʘʜʫʚʘʥʠʭ ʦʙʤʝʞʝʥʴ. 

ɼʦ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ʚʠʚʝʨʪʘʥʥʷ ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʜʽʣʴʥʠʢʘ 

ʧʘʣʠʚʥʦʛʦ ʙʘʢʘ ʩʣʽʜ ʚʽʜʥʝʩʪʠ ʧʦʪʨʽʙʥʠʡ ʪʠʩʢ, ʤʠʪʪʻʚʫ ʬʦʨʤʫ ʨʦʟʜʽʣʴʥʠʢʘ ʪʘ 

ʚʠʪʽʩʥʝʥʠʡ ʦʙôʻʤ. ʎʽ ʧʘʨʘʤʝʪʨʠ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʥʘʯʝʥʥʷʤ ʨʘʜʽʫʩʫ 

ʧʝʨʝʢʦʯʫʚʘʥʥʷ ʪʘ ʛʦʣʦʚʥʠʤʠ ʜʝʬʦʨʤʘʮʽʷʤʠ. ʇʦʪʨʽʙʥʠʡ ʪʠʩʢ ʪʘ ʨʘʜʽʫʩ ʟʦʥʠ 

ʧʝʨʝʢʦʯʫʚʘʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʠʪʪʻʚʦʾ ʬʦʨʤʠ ʥʝʚʠʚʝʨʥʫʪʦʾ ʯʘʩʪʠʥʠ 

ʨʦʟʜʽʣʴʥʠʢʘ, ʪʦʙʪʦ ʚʽʜ ʧʦʣʦʞʝʥʥʷ ʟʦʥʠ ʧʝʨʝʢʦʯʫʚʘʥʥʷ ʥʘ ʥʝʚʠʚʝʨʥʫʪʽʡ ʯʘʩʪʠʥʽ 

ʨʦʟʜʽʣʴʥʠʢʘ [1].  
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ɿʘʩʪʦʩʫʚʘʥʥʷ ʤʦʜʝʣʽ ʞʦʨʩʪʢʦ-ʧʣʘʩʪʠʯʥʦʩʪʽ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ 

ʜʝʬʦʨʤʫʚʘʥʥʷ ʦʙʦʣʦʥʦʢ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʫʤʦʚʣʝʥʦ ʩʢʣʘʜʥʽʩʪʶ ʦʪʨʠʤʘʥʥʷ ʪʘ 

ʘʥʘʣʽʟʫ ʨʽʰʝʥʴ ʚ ʨʘʤʢʘʭ ʽʥʰʠʭ ʤʦʜʝʣʝʡ (ʟʤʽʮʥʶʚʘʥʦʾ ʞʦʨʩʪʢʦ-ʧʣʘʩʪʠʯʥʦʾ, 

ʧʨʫʞʥʦ-ʧʣʘʩʪʠʯʥʦʾ ʪʘ ʽʥ.). ʋ ʪʦʡ ʩʘʤʠʡ ʯʘʩ, ʮʷ ʤʦʜʝʣʴ ʤʦʞʝ ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ 

ʛʨʘʥʠʯʥʘ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʮʠʭ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ, ʱʦ ʜʦʟʚʦʣʷʻ ʚ ʨʷʜʽ ʚʠʧʘʜʢʽʚ 

ʜʘʚʘʪʠ ʙʽʣʴʰ ʧʨʘʚʠʣʴʥʝ ʫʷʚʣʝʥʥʷ ʧʨʦ ʧʨʦʮʝʩ ʜʝʬʦʨʤʫʚʘʥʥʷ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʤʦʜʝʣʽ ʞʦʨʩʪʢʦ-ʧʣʘʩʪʠʯʥʦʛʦ ʪʽʣʘ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʚʠʚʝʨʪʘʥʥʷ ʚʠʪʠʩʢʥʦʾ ʜʽʘʬʨʘʛʤʠ ʧʦʣʝʛʰʫʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ 

ʤʝʪʦʜʽʚ ʛʨʘʥʠʯʥʦʛʦ ʘʥʘʣʽʟʫ. ʇʨʠ ʮʴʦʤʫ ʧʨʦʮʝʩ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʧʦʩʣʽʜʦʚʥʽʩʪʴ 

ʨʽʚʥʦʚʘʞʥʠʭ ʩʪʘʥʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʤʽʥʥʠʤ ʥʘʚʘʥʪʘʞʝʥʥʷʤ. 

ɿʘ ʦʮʽʥʢʦʶ [3], ʚʝʣʠʯʠʥ ʜʝʬʦʨʤʘʮʽʡ ʜʣʷ ʪʠʧʦʚʠʭ ʨʦʟʤʽʨʽʚ ʜʽʘʬʨʘʛʤ, 

ʜʝʬʦʨʤʘʮʽʷ ʥʘ ʧʦʚʝʨʭʥʷʭ ʩʪʘʥʦʚʠʪʴ 0,1 ï 0,2, ʘ ʩʝʨʝʜʠʥʥʦʾ ʧʦʚʝʨʭʥʽ ï 0,02 ï 

0,03, ʱʦ ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʻ ʤʘʢʩʠʤʘʣʴʥʽ ʧʨʫʞʥʽ ʜʝʬʦʨʤʘʮʽʾ ʘʣʶʤʽʥʽʻʚʠʭ 

ʩʧʣʘʚʽʚ. ɼʣʷ ʤʘʪʝʨʽʘʣʫ ɸ5ʄ ʤʘʢʩʠʤʘʣʴʥʘ ʧʨʫʞʥʘ ʜʝʬʦʨʤʘʮʽʷ ʜʦʨʽʚʥʶʻ 

0,43 Ā 10-3 (E = 69,6 Ā 103 ʄʇʘ, ůʧ = 29,4 ʄʇʘ). ʆʢʨʽʤ ʪʦʛʦ, ʚ ʦʙʣʘʩʪʽ ʧʣʘʩʪʠʯʥʠʭ 

ʜʝʬʦʨʤʘʮʽʡ ʢʨʠʚʘ ʜʽʘʛʨʘʤʠ ʨʦʟʪʷʛʫʚʘʥʥʷ ʜʦʩʠʪʴ ʧʦʣʦʛʘ (ůʪ.ʦ=60 ʄʇʘ ʧʨʠ 

Ůʪ.ʦ=0,25). 

ʎʽ ʜʘʥʽ ʤʦʞʫʪʴ ʨʦʟʛʣʷʜʘʪʠʩʷ ʚ ʷʢʦʩʪʽ ʧʽʜʩʪʘʚʠ ʜʣʷ ʟʘʤʽʥʠ ʨʝʘʣʴʥʦʛʦ 

ʟʚ'ʷʟʢʫ ʤʽʞ ʜʝʬʦʨʤʘʮʽʻʶ ʪʘ ʥʘʧʨʫʞʝʥʥʷʤ ʧʨʷʤʦʾ ʧʘʨʘʣʝʣʴʥʦʾ ʦʩʽ ʜʝʬʦʨʤʘʮʽʾ ů 

= ůʧ, ʪʦʙʪʦ ʷʢ ʧʽʜʩʪʘʚʘ ʜʣʷ ʧʨʠʡʥʷʪʪʷ ʤʦʜʝʣʽ ʽʜʝʘʣʴʥʦʛʦ ʞʦʨʩʪʢʦ-ʧʣʘʩʪʠʯʥʦʛʦ 

ʪʽʣʘ [2]. 
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Oɹɻʈʋʅʊʋɺɸʅʅʗ ɿɸʉʊʆʉʋɺɸʅʅʗ ɺʀʊʀʉʂʅʆɰ ʉʀʉʊɽʄʀ 

ʇʆɼɸɺɸʅʅʗ ʇɸʃʀɺɸ ɺ ɯʄʇʋʃʔʉʅʆ-ɼɽʊʆʅɸʎɯʁʅʀʍ 

ɼɺʀɻʋʅɸʍ 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʜʦʮʽʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʠʪʠʩʢʥʦʾ ʩʠʩʪʝʤʠ ʧʦʜʘʚʘʥʥʷ 

ʧʘʣʠʚʘ ʚ ʽʤʧʫʣʴʩʥʦ-ʜʝʪʦʥʘʮʽʡʥʠʭ ʜʚʠʛʫʥʘʭ. ʇʦʢʘʟʘʥʦ, ʱʦ ʢʦʥʩʪʨʫʢʪʠʚʥʘ 

ʧʨʦʩʪʦʪʘ, ʚʠʩʦʢʘ ʥʘʜʽʡʥʽʩʪʴ, ʤʘʣʘ ʜʠʥʘʤʽʯʥʘ ʽʥʝʨʮʽʡʥʽʩʪʴ ʪʘ ʩʪʽʡʢʽʩʪʴ ʜʦ 

ʫʜʘʨʥʦ-ʭʚʠʣʴʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʘʙʽʣʴʥʽʩʪʴ ʩʢʣʘʜʫ ʧʘʣʠʚʥʦʾ 

ʩʫʤʽʰʽ ʡ ʝʬʝʢʪʠʚʥʫ ʩʠʥʭʨʦʥʽʟʘʮʽʶ ʧʨʦʮʝʩʽʚ ʟʘʧʦʚʥʝʥʥʷ ʜʝʪʦʥʘʮʽʡʥʦʾ ʢʘʤʝʨʠ. 

ɿʘʟʥʘʯʝʥʽ ʧʝʨʝʚʘʛʠ ʨʦʙʣʷʪʴ ʚʠʪʠʩʢʥʫ ʩʠʩʪʝʤʫ ʧʦʜʘʚʘʥʥʷ ʧʝʨʩʧʝʢʪʠʚʥʠʤ 

ʨʽʰʝʥʥʷʤ ʜʣʷ ʤʘʣʠʭ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʽʤʧʫʣʴʩʥʦ-ʜʝʪʦʥʘʮʽʡʥʠʭ ʜʚʠʛʫʥʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʚʽʘʮʽʡʥʘ ʪʘ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʘ ʪʝʭʥʽʢʘ; ʽʤʧʫʣʴʩʥʠʡ 

ʜʝʪʦʥʘʮʽʡʥʠʡ ʜʚʠʛʫʥ; ʚʠʪʠʩʢʥʘ ʩʠʩʪʝʤʘ ʧʦʜʘʚʘʥʥʷ ʧʘʣʠʚʘ. 
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JUSTIFICATION FOR THE USE OF A PRESSURE-FED PROPELLANT 

SUPPLY SYSTEM IN PULSE DETONATION ENGINES  

Annotation. The feasibility of employing a pressure-fed fuel supply system in pulse 

detonation engines is examined. It is demonstrated that structural simplicity, high 

reliability, low dynamic inertia, and resistance to shock-wave loads ensure stable 

fuel mixture composition and effective synchronization of the detonation chamber 
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filling process. These advantages make the pressure-fed supply system a promising 

solution for small-scale and experimental pulse detonation engines. 

Keywords: aerospace and rocket-space engineering; pulse detonation engine; 

pressure-fed fuel supply system. 

 

ɯʤʧʫʣʴʩʥʽ ʜʝʪʦʥʘʮʽʡʥʽ ʜʚʠʛʫʥʠ (ɯɼɼ) ï ʮʝ ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʪʠʧ ʨʝʘʢʪʠʚʥʠʭ 

ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ, ʫ ʷʢʠʭ ʧʝʨʝʪʚʦʨʝʥʥʷ ʭʽʤʽʯʥʦʾ ʝʥʝʨʛʽʾ ʧʘʣʠʚʘ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʜʝʪʦʥʘʮʽʡʥʦʛʦ ʛʦʨʽʥʥʷ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ 

ʜʝʬʣʘʛʨʘʮʽʡʥʦʛʦ ʧʨʦʮʝʩʫ ʛʦʨʽʥʥʷ, ʜʝʪʦʥʘʮʽʷ ʷʚʣʷʻ ʩʦʙʦʶ ʩʘʤʦʧʽʜʪʨʠʤʫʚʘʥʫ 

ʫʜʘʨʥʦ-ʭʚʠʣʴʦʚʫ ʩʪʨʫʢʪʫʨʫ, ʱʦ ʧʦʰʠʨʶʻʪʴʩʷ ʟʽ ʥʘʜʟʚʫʢʦʚʦʶ ʰʚʠʜʢʽʩʪʶ ʽ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʨʽʟʢʠʤ ʟʙʽʣʴʰʝʥʥʷʤ ʪʠʩʢʫ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʟʦʥʽ ʨʝʘʢʮʽʾ. 

ʊʘʢʘ ʬʦʨʤʘ ʛʦʨʽʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʚʠʱʫ ʪʝʨʤʦʜʠʥʘʤʽʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʯʦʛʦ 

ʮʠʢʣʫ ʧʦʨʽʚʥʷʥʦ ʟ ʮʠʢʣʦʤ ɹʨʘʡʪʦʥʘ, ʟʘ ʷʢʠʤ ʧʨʘʮʶʶʪʴ ʪʨʘʜʠʮʽʡʥʽ ʨʘʢʝʪʥʽ 

ʜʚʠʛʫʥʠ, ʱʦ ʟʫʤʦʚʣʶʻ ʩʪʽʡʢʠʡ ʥʘʫʢʦʚʠʡ ʽʥʪʝʨʝʩ ʜʦ ʜʝʪʦʥʘʮʽʡʥʠʭ ʜʚʠʛʫʥ ʥʠʭ 

ʫʩʪʘʥʦʚʦʢ [1]. 

ʈʦʙʦʪʘ ʽʤʧʫʣʴʩʥʦʛʦ ʜʝʪʦʥʘʮʽʡʥʦʛʦ ʜʚʠʛʫʥʘ ʤʘʻ ʚʠʨʘʞʝʥʠʡ ʮʠʢʣʽʯʥʠʡ 

ʭʘʨʘʢʪʝʨ. ɺ ʮʠʭ ʫʤʦʚʘʭ ʩʠʩʪʝʤʘ ʧʦʜʘʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʩʪʘʻ ʦʜʥʠʤ ʽʟ 

ʢʣʶʯʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ɯɼɼ. ʆʜʥʠʤ ʽʟ ʤʦʞʣʠʚʠʭ ʨʽʰʝʥʴ ʻ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʠʪʠʩʢʥʦʾ ʩʠʩʪʝʤʠ ʧʦʜʘʚʘʥʥʷ, ʫ ʷʢʽʡ ʧʦʜʘʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʪʠʩʢʫ ʛʘʟʫ ʥʘʜʜʫʚʘʥʥʷ, ʱʦ ʩʪʚʦʨʶʻ ʧʝʨʝʧʘʜ ʪʠʩʢʫ ʤʽʞ 

ʙʘʢʘʤʠ ʪʘ ʢʘʤʝʨʦʶ ʟʛʦʨʷʥʥʷ. ʊʘʢʠʡ ʧʨʠʥʮʠʧ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ 

ʨʘʢʝʪʥʽʡ ʪʝʭʥʽʮʽ, ʚʽʜʨʽʟʥʷʪ̒ʴʩʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦʶ ʧʨʦʩʪʦʪʦʶ, ʤʝʥʰʦʶ ʢʽʣʴʢʽʩʪʶ 

ʤʝʭʘʥʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʚʠʩʦʢʦʶ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʶ ʥʘʜʽʡʥʽʩʪʶ ʧʦʨʽʚʥʷʥʦ ʟ 

ʥʘʩʦʩʥʠʤʠ ʩʠʩʪʝʤʘʤʠ ʧʦʜʘʚʘʥʥʷ ʧʘʣʠʚʘ [2]. 

ʆʜʥʽʻʶ ʟ ʚʘʞʣʠʚʠʭ ʧʝʨʝʚʘʛ ʚʠʪʠʩʢʥʦʾ ʩʠʩʪʝʤʠ ʻ ʾʾ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʠ 

ʽʤʧʫʣʴʩʥʦʤʫ ʨʝʞʠʤʽ ʨʦʙʦʪʠ ʜʝʪʦʥʘʮʽʡʥʦʛʦ ʜʚʠʛʫʥʘ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ 

ʪʫʨʙʦʥʘʩʦʩʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʤʽʩʪʷʪʴ ʦʙʝʨʪʦʚʽ ʘʛʨʝʛʘʪʠ ʟ ʧʦʤʽʪʥʦʶ ʽʥʝʨʮʽʡʥʽʩʪʶ, 

ʚʠʪʠʩʢʥʘ ʩʭʝʤʘ ʧʨʘʢʪʠʯʥʦ ʥʝ ʤʘʻ ʤʝʭʘʥʽʯʥʦ ʨʫʭʦʤʠʭ ʝʣʝʤʝʥʪʽʚ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ 

ʥʠʟʴʢʫ ʜʠʥʘʤʽʯʥʫ ʽʥʝʨʮʽʡʥʽʩʪʴ ʩʠʩʪʝʤʠ ʧʦʜʘʚʘʥʥʷ ʪʘ ʜʦʟʚʦʣʷʻ ʰʚʠʜʢʦ 

ʟʤʽʥʶʚʘʪʠ ʚʠʪʨʘʪʫ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʬʘʟ ʨʦʙʦʯʦʛʦ ʮʠʢʣʫ 

ʜʚʠʛʫʥʘ [2]. 

ʆʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʤʘʻ ʚʧʣʠʚ ʪʠʩʢʫ ʧʦʜʘʚʘʥʥʷ ʥʘ ʯʘʩʪʦʪʫ ʧʦʚʪʦʨʝʥʥʷ 

ʜʝʪʦʥʘʮʽʡʥʠʭ ʮʠʢʣʽʚ. ʏʘʩʪʦʪʘ ʨʦʙʦʪʠ ɯɼɼ ʚʠʟʥʘʯʘʻʪʴʩʷ, ʟʦʢʨʝʤʘ, ʯʘʩʦʤ 

ʟʘʧʦʚʥʝʥʥʷ ʢʘʤʝʨʠ ʧʘʣʠʚʥʦ-ʦʢʠʩʥʶʚʘʣʴʥʦʶ ʩʫʤʽʰʰʶ. ʇʽʜʚʠʱʝʥʥʷ ʪʠʩʢʫ 

ʧʦʜʘʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʜʦʟʚʦʣʷʻ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʟʘʧʦʚʥʝʥʥʷ ʢʘʤʝʨʠ ʪʘ, 

ʚʽʜʧʦʚʽʜʥʦ, ʟʙʽʣʴʰʠʪʠ ʯʘʩʪʦʪʫ ʧʦʚʪʦʨʝʥʥʷ ʮʠʢʣʽʚ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ɯɼɼ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʧʘʨʘʤʝʪʨʠ ʧʦʜʘʚʘʥʥʷ ʧʘʣʠʚʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʜʠʥʘʤʽʢʫ ʬʦʨʤʫʚʘʥʥʷ ʜʝʪʦʥʘʮʽʡʥʦʛʦ ʟʘʨʷʜʫ ʪʘ ʩʪʽʡʢʽʩʪʴ 

ʮʠʢʣʽʯʥʦʛʦ ʨʝʞʠʤʫ ʨʦʙʦʪʠ [3]. 

ɺʠʪʠʩʢʥʘ ʩʠʩʪʝʤʘ ʧʦʜʘʚʘʥʥʷ ʩʧʨʠʷʻ ʟʘʙʝʟʧʝʯʝʥʥʶ ʩʪʘʙʽʣʴʥʦʩʪʽ ʩʢʣʘʜʫ 

ʧʘʣʠʚʥʦʾ ʩʫʤʽʰʽ. ʇʽʜʪʨʠʤʘʥʥʷ ʧʦʩʪʽʡʥʦʛʦ ʪʠʩʢʫ ʚ ʙʘʢʘʭ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ 

ʙʽʣʴʰ ʩʪʘʙʽʣʴʥʽ ʤʘʩʦʚʽ ʚʠʪʨʘʪʠ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʪʘ ʦʢʠʩʥʶʚʘʯʘ, ʱʦ 

ʟʤʝʥʰʫʻ ʢʦʣʠʚʘʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʥʘʜʣʠʰʢʫ ʦʢʠʩʥʶʚʘʯʘ ʫ ʬʦʨʤʦʚʘʥʽʡ ʩʫʤʽʰʽ. 

ɼʣʷ ʜʝʪʦʥʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʩʪʘʙʽʣʴʥʽʩʪʴ ʩʢʣʘʜʫ ʩʫʤʽʰʽ ʤʘʻ ʦʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ, 
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ʦʩʢʽʣʴʢʠ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ 

ʧʦʛʽʨʰʝʥʥʷ ʫʤʦʚ ʽʥʽʮʽʶʚʘʥʥʷ ʪʘ ʧʦʰʠʨʝʥʥʷ ʜʝʪʦʥʘʮʽʡʥʦʾ ʭʚʠʣʽ [1]. 

ɼʦʜʘʪʢʦʚʠʤ ʯʠʥʥʠʢʦʤ, ʱʦ ʦʙˇʨʫʥʪʦʚʫʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʠʪʠʩʢʥʦʾ ʩʠʩʪʝʤʠ 

ʧʦʜʘʚʘʥʥʷ, ʻ ʩʧʝʮʠʬʽʢʘ ʛʘʟʦʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʜʝʪʦʥʘʮʽʡʥʽʡ ʢʘʤʝʨʽ. 

ʇʨʦʭʦʜʞʝʥʥʷ ʜʝʪʦʥʘʮʽʡʥʦʾ ʭʚʠʣʽ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʘʯʥʠʤʠ ʩʪʨʠʙʢʘʤʠ ʪʠʩʢʫ 

ʪʘ ʽʥʪʝʥʩʠʚʥʠʤʠ ʫʜʘʨʥʦ-ʭʚʠʣʴʦʚʠʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ. ʊʘʢʽ ʜʠʥʘʤʽʯʥʽ ʚʧʣʠʚʠ 

ʤʦʞʫʪʴ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʪʠ ʥʘ ʨʦʙʦʪʫ ʪʫʨʙʦʥʘʩʦʩʥʠʭ ʘʛʨʝʛʘʪʽʚ, ʚʠʢʣʠʢʘʶʯʠ 

ʜʝʩʪʘʙʽʣʽʟʘʮʽʶ ʧʦʪʦʢʫ ʪʘ ʧʽʜʚʠʱʝʥʽ ʤʝʭʘʥʽʯʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʝʣʝʤʝʥʪʠ 

ʢʦʥʩʪʨʫʢʮʽʾ. ɺʽʜʩʫʪʥʽʩʪʴ ʥʘʩʦʩʥʠʭ ʘʛʨʝʛʘʪʽʚ ʫ ʚʠʪʠʩʢʥʽʡ ʩʠʩʪʝʤʽ ʧʽʜʚʠʱʫʻ ʾʾ 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʪʘʢʠʭ ʚʧʣʠʚʽʚ ʽ ʩʧʨʦʱʫʻ ʽʥʪʝʛʨʘʮʽʶ ʩʠʩʪʝʤʠ ʧʦʜʘʚʘʥʥʷ ʟ 

ʜʝʪʦʥʘʮʽʡʥʦʶ ʢʘʤʝʨʦʶ ʜʚʠʛʫʥʘ [3]. 

ɺʘʞʣʠʚʠʤ ʘʩʧʝʢʪʦʤ ʻ ʚʟʘʻʤʦʜʽʷ ʩʠʩʪʝʤʠ ʧʦʜʘʚʘʥʥʷ ʟ ʢʣʘʧʘʥʥʦʶ 

ʩʠʩʪʝʤʦʶ ʜʚʠʛʫʥʘ. ɺ ɯɼɼ ʧʦʜʘʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʯʘʩʪʦ ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʯʝʨʝʟ ʰʚʠʜʢʦʜʽʶʯʽ ʢʣʘʧʘʥʠ, ʨʦʙʦʪʘ ʷʢʠʭ ʤʘʻ ʙʫʪʠ ʩʠʥʭʨʦʥʽʟʦʚʘʥʘ ʟ ʬʘʟʘʤʠ 

ʨʦʙʦʯʦʛʦ ʮʠʢʣʫ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʚʠʪʠʩʢʥʦʾ ʩʠʩʪʝʤʠ ʧʦʜʘʚʘʥʥʷ ʜʦʟʚʦʣʷʻ 

ʟʘʙʝʟʧʝʯʠʪʠ ʧʨʘʢʪʠʯʥʦ ʧʦʩʪʽʡʥʠʡ ʧʝʨʝʧʘʜ ʪʠʩʢʫ ʥʘ ʢʣʘʧʘʥʘʭ, ʱʦ ʩʧʨʠʷʻ ʙʽʣʴʰ 

ʩʪʘʙʽʣʴʥʽʡ ʨʦʙʦʪʽ ʢʣʘʧʘʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʽ ʩʧʨʦʱʫʻ ʩʠʥʭʨʦʥʽʟʘʮʽʶ ʧʨʦʮʝʩʽʚ 

ʟʘʧʦʚʥʝʥʥʷ ʢʘʤʝʨʠ [2]. 

ʂʦʥʩʪʨʫʢʪʠʚʥʘ ʧʨʦʩʪʦʪʘ ʚʠʪʠʩʢʥʦʾ ʩʠʩʪʝʤʠ ʧʦʜʘʚʘʥʥʷ ʪʘʢʦʞ ʩʧʨʠʷʻ 

ʧʽʜʚʠʱʝʥʥʶ ʟʘʛʘʣʴʥʦʾ ʥʘʜʽʡʥʦʩʪʽ ʨʫʰʽʡʥʦʾ ʫʩʪʘʥʦʚʢʠ. ɿʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ 

ʤʝʭʘʥʽʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʟʥʠʞʫʻ ʯʠʩʣʦ ʝʣʝʤʝʥʪʽʚ, ʧʦʪʝʥʮʽʡʥʦ ʟʜʘʪʥʠʭ 

ʩʧʨʠʯʠʥʠʪʠ ʚʽʜʤʦʚʫ ʩʠʩʪʝʤʠ. ɼʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʤʘʣʦʛʘʙʘʨʠʪʥʠʭ 

ʨʫʰʽʡʥʠʭ ʫʩʪʘʥʦʚʦʢ ʮʝʡ ʬʘʢʪʦʨ ʤʘʻ ʦʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ 

ʩʫʪʪʻʚʦ ʩʧʨʦʩʪʠʪʠ ʢʦʥʩʪʨʫʢʮʽʶ ʩʠʣʦʚʦʾ ʫʩʪʘʥʦʚʢʠ ʪʘ ʟʥʠʟʠʪʠ ʚʠʤʦʛʠ ʜʦ ʾʾ 

ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ [2]. 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚʠʪʠʩʢʥʘ ʩʠʩʪʝʤʘ ʧʦʜʘʚʘʥʥʷ ʤʘʻ ʡ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ. 

ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʦʜʘʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʪʠʩʢ ʫ ʙʘʢʘʭ ʤʘʻ 

ʧʝʨʝʚʠʱʫʚʘʪʠ ʪʠʩʢ ʫ ʢʘʤʝʨʽ ʟʛʦʨʷʥʥʷ ʪʘ ʢʦʤʧʝʥʩʫʚʘʪʠ ʛʽʜʨʘʚʣʽʯʥʽ ʚʪʨʘʪʠ ʫ 

ʪʨʫʙʦʧʨʦʚʦʜʘʭ. ʎʝ ʚʠʤʘʛʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʘʢʽʚ ʧʽʜʚʠʱʝʥʦʾ ʤʽʮʥʦʩʪʽ ʪʘ 

ʩʠʩʪʝʤʠ ʛʘʟʦʚʦʛʦ ʥʘʜʜʫʚʘʥʥʷ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʤʘʩʠ ʩʠʣʦʚʦʾ 

ʫʩʪʘʥʦʚʢʠ. ʊʦʤʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʠʪʠʩʢʥʠʭ ʩʠʩʪʝʤ ʧʦʜʘʚʘʥʥʷ ʟʘʟʚʠʯʘʡ 

ʦʙʤʝʞʫʻʪʴʩʷ ʜʚʠʛʫʥʘʤʠ ʜʣʷ ʨʘʢʝʪ ʤʘʣʦʛʦ ʪʘ ʩʝʨʝʜʥʴʦʛʦ ʢʣʘʩʫ, ʪʦʜʽ ʷʢ ʫ 

ʜʚʠʛʫʥʘʭ ʚʝʣʠʢʦʾ ʧʦʪʫʞʥʦʩʪʽ ʯʘʩʪʽʰʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʪʫʨʙʦʥʘʩʦʩʥʽ ʩʠʩʪʝʤʠ 

ʧʦʜʘʚʘʥʥʷ [2]. 
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Hɽʈʋʁʅɯɺʅɯ ʄɽʊʆɼʀ ʇɽʈɽɺɯʈʂʀ ʉʋʎɯʃʔʅʆʉʊɯ 

ʉʂʃʆɺʆʃʆʂʅɯʊʋ 

ɸʥʦʪʘʮʽʷ. ʉʫʯʘʩʥʽ ʧʦʣʽʤʝʨʥʽ ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʟʦʢʨʝʤʘ ʩʢʣʦʚʦʣʦʢʥʽʪ, 

ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʘʚʽʘʮʽʡʥʽʡ, ʤʘʰʠʥʦʙʫʜʽʚʥʽʡ, ʙʫʜʽʚʝʣʴʥʽʡ ʪʘ 

ʝʥʝʨʛʝʪʠʯʥʽʡ ʛʘʣʫʟʷʭ ʟʘʚʜʷʢʠ ʾʭ ʚʠʩʦʢʠʤ ʧʦʢʘʟʥʠʢʘʤ ʤʽʮʥʦʩʪʽ, ʞʦʨʩʪʢʦʩʪʽ ʪʘ 

ʩʪʽʡʢʦʩʪʽ ʜʦ ʘʛʨʝʩʠʚʥʠʭ ʩʝʨʝʜʦʚʠʱ. ʆʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʬʘʢʪʦʨʽʚ, ʱʦ ʚʠʟʥʘʯʘʻ 

ʥʘʜʽʡʥʽʩʪʴ ʪʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʚʠʨʦʙʽʚ ʟʽ ʩʢʣʦʚʦʣʦʢʥʽʪʫ, ʻ ʩʫʮʽʣʴʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ, 

ʪʦʙʪʦ ʚʽʜʩʫʪʥʽʩʪʴ ʚʥʫʪʨʽʰʥʽʭ ʜʝʬʝʢʪʽʚ, ʧʦʨ, ʪʨʽʱʠʥ ʪʘ ʨʦʟʰʘʨʫʚʘʥʴ. 

ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʢʦʥʪʨʦʣʶ ʷʢʦʩʪʽ ʯʘʩʪʦ ʧʦʪʨʝʙʫʶʪʴ ʨʫʡʥʫʚʘʥʥʷ ʟʨʘʟʢʘ, ʱʦ 

ʫʥʝʤʦʞʣʠʚʣʶʻ ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʛʦʪʦʚʠʭ ʚʠʨʦʙʽʚ. ʊʦʤʫ ʦʩʦʙʣʠʚʦʛʦ 

ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʶʪʴ ʥʝʨʫʡʥʽʚʥʽ ʤʝʪʦʜʠ ʢʦʥʪʨʦʣʶ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʦʮʽʥʠʪʠ 

ʩʪʨʫʢʪʫʨʫ ʪʘ ʦʜʥʦʨʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʙʝʟ ʚʪʨʘʪʠ ʡʦʛʦ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ. 
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NON-DESTRUCTIVE METHODS FOR ASSESSING THE INTEGRITY OF 

FIBERGLASS 

Abstract: Modern polymer composite materials, in particular fiberglass, are widely 

used in the aviation, mechanical engineering, construction, and energy industries due 

to their high strength, stiffness, and resistance to aggressive environments. One of 

the key factors determining the reliability and durability of fiberglass products is the 

materialôs integrity, that is, the absence of internal defects, pores, cracks, and 

delaminations. Traditional quality control methods often require destruction of the 

sample, which makes their application to finished products impossible. Therefore, 

non-destructive testing methods are of particular importance, as they allow the 

evaluation of the structure and homogeneity of the material without loss of its 

operational performance. 

Keywords: non-destructive testing, fiberglass, composite materials, defect 

diagnostics, quality control 

 

ʅʝʨʫʡʥʽʚʥʽ ʤʝʪʦʜʠ ʜʽʘʛʥʦʩʪʠʢʠ, ʷʢʽ ʥʘʡʯʘʩʪʽʰʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ 

ʚʠʨʦʙʥʠʯʠʭ ʫʤʦʚʘʭ, ʜʣʷ ʢʦʥʪʨʦʣʶ ʩʫʮʽʣʴʥʦʩʪʽ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʮʝ 

ʫʣʴʪʨʘʟʚʫʢʦʚʘ ʜʝʬʝʢʪʦʩʢʦʧʽʷ, ʽʥʬʨʘʯʝʨʚʦʥʘ ʪʝʨʤʦʛʨʘʬʽʷ, ʨʝʥʪʛʝʥʦʛʨʘʬʽʷ ʪʘ 

ʘʢʫʩʪʠʯʥʘ ʝʤʽʩʽʷ [1-3]. ʂʦʞʝʥ ʟ ʤʝʪʦʜʽʚ ʤʘʻ ʩʚʦʾ ʧʝʨʝʚʘʛʠ ʪʘ ʦʙʤʝʞʝʥʥʷ: 

ʥʘʧʨʠʢʣʘʜ, ʫʣʴʪʨʘʟʚʫʢ ʜʦʙʨʝ ʚʠʷʚʣʷʻ ʚʥʫʪʨʽʰʥʽ ʜʝʬʝʢʪʠ, ʘ ʨʝʥʪʛʝʥ ï ʧʦʨʠ ʪʘ 

ʪʘ ʪʨʽʱʠʥʠ, ʘʣʝ ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ.  

ɼʘʥʽ ʜʽʘʛʥʦʩʪʠʯʥʽ ʤʝʪʦʜʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʚʠʷʚʣʝʥʥʷ 

ʧʨʠʭʦʚʘʥʠʭ ʜʝʬʝʢʪʽʚ, ʱʦ ʬʦʨʤʫʶʪʴʩʷ ʧʽʜ ʯʘʩ ʧʨʝʩʫʚʘʥʥʷ, ʪʝʨʤʦʦʙʨʦʙʢʠ ʯʠ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʠʨʦʙʽʚ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʠʭ ʤʝʪʦʜʽʚ ʜʘʻ ʟʤʦʛʫ ʩʚʦʻʯʘʩʥʦ ʦʮʽʥʠʪʠ 

ʷʢʽʩʪʴ ʢʦʤʧʦʟʠʪʫ, ʦʧʪʠʤʽʟʫʚʘʪʠ ʪʝʭʥʦʣʦʛʽʯʥʽ ʨʝʞʠʤʠ ʡʦʛʦ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ 

ʧʽʜʚʠʱʠʪʠ ʥʘʜʽʡʥʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʡ [4-6]. ɺ ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʦ  ʧʦʨʽʚʥʷʥʥʷ 

ʥʝʨʫʡʥʽʚʥʠʭ ʤʝʪʦʜʽʚ ʢʦʥʪʨʦʣʶ ʥʝʤʝʪʘʣʝʚʠʭ (ʢʦʤʧʦʟʠʮʽʡʥʠʭ) ʤʘʪʝʨʽʘʣʽʚ. 
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ʊʘʙʣʠʮʷ 1 ʇʦʨʽʚʥʷʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʝʨʫʡʥʽʚʥʠʭ ʤʝʪʦʜʽʚ ʢʦʥʪʨʦʣʶ 

ʥʝʤʝʪʘʣʝʚʠʭ (ʢʦʤʧʦʟʠʮʽʡʥʠʭ) ʤʘʪʝʨʽʘʣʽʚ. 
 ̄ ʄʝʪʦʜ 

ʢʦʥʪʨʦʣʶ 

ʇʨʠʥʮʠʧ ʇʝʨʝʚʘʛʠ ʅʝʜʦʣʽʢʠ ʊʠʧʦʚʝ 

ʟʘʩʪʦʩʫʚʘʥʥʷ 

1 ɺʽʟʫʘʣʴʥʦ-
ʦʧʪʠʯʥʠʡ 

ʆʛʣʷʜ 
ʧʦʚʝʨʭʥʽ, 

ʤʽʢʨʦʩʢʦʧʽʷ 

ʇʨʦʩʪʦʪʘ, 
ʜʝʰʝʚʠʟʥʘ 

ʃʠʰʝ ʧʦʚʝʨʭʥʝʚʽ 
ʝʬʝʢʪʠ 

ʇʝʨʚʠʥʥʠʡ 
ʢʦʥʪʨʦʣʴ, 

ʣʘʙʦʨʘʪʦʨʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ 

2 ʋʣʴʪʨʘʟʚʫʢʦʚʠ

ʡ ʢʦʥʪʨʦʣʴ 

ɺʽʜʙʠʪʪʷ 

ʭʚʠʣʴ ʚʽʜ 

ʥʝʦʜʥʦʨʽʜ-
ʥʦʩʪʝʡ 

ɺʠʷʚʣʷʻ 

ʚʥʫʪʨʽʰʥʽ 

ʜʝʬʝʢʪʠ, 
ʪʨʽʱʠʥʠ, 

ʨʦʟʰʘʨʫʚʘʥʥʷ 

ʇʦʪʨʝʙʫʻ 

ʢʚʘʣʽʬʽʢʘʮʽʡʥʠʭ 

ʧʨʘʮʽʚʥʠʢʽʚ, ʥʝ 
ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩ

ʷ ʜʣʷ ʪʦʥʢʠʭ 

ʤʘʪʝʨʽʘʣʽʚ 

ɸʚʽʘʮʽʷ, 

ʙʫʜʽʚʥʠʮʪʚʦ, 

ʝʥʝʨʛʝʪʠʢʘ 

3 ʈʝʥʪʛʝʥʦʛʨʘʬʽʷ ʇʨʦʭʦʜʞʝʥʥ

ʷ ʧʨʦʤʝʥʽʚ 

ʢʨʽʟʴ 
ʤʘʪʝʨʽʘʣ 

ɺʠʩʦʢʘ 

ʪʦʯʥʽʩʪʴ, 

ʜʦʟʚʦʣʷʻ 
ʚʠʷʚʣʷʪʠ 

ʜʝʬʝʢʪʠ ʟ 

ʢʦʥʪʨʦʣʝʤ 
ʟʦʥʠ ʟʘʣʷʛʘʥʥʷ 

ʪʘ ʛʝʦʤʝʪʨʽʾ 

ɼʦʨʦʛʝ 

ʦʙʣʘʜʥʘʥʥʷ, 

ʨʘʜʽʘʮʽʡʥʘ 
ʥʝʙʝʟʧʝʢʘ 

ɸʚʽʘʢʦʩʤʽʯʥʘ 

ʛʘʣʫʟʴ, 

ʤʝʜʠʮʠʥʘ 

4 ʊʝʨʤʦʛʨʘʬʽʷ ɺʠʷʚʣʝʥʥʷ 

ʪʝʧʣʦʚʠʭ 
ʘʥʦʤʘʣʽʡ ʚ 

ʤʘʪʝʨʽʘʣʽ 

ɹʝʟʢʦʥʪʘʢʪʥʠʡ

, ʰʚʠʜʢʠʡ 

ʅʠʟʴʢʘ ʪʦʯʥʽʩʪʴ 

ʧʨʠ ʚʠʷʚʣʝʥʥʽ 
ʛʣʠʙʦʢʠʭ 

ʜʝʬʝʢʪʽʚ 

ʂʦʥʪʨʦʣʴ 

ʚʝʣʠʢʠʭ ʧʣʦʱ, 
ʙʫʜʽʚʝʣʴʥʽ 

ʢʦʥʩʪʨʫʢʮʽʾ 

 ɸʢʫʩʪʠʯʥʘ 
ʝʤʽʩʽʷ 

ʈʝʻʩʪʨʘʮʽʷ 
ʚʽʜʙʠʪʪʷ 

ʭʚʠʣʴ 

ʊʦʯʥʠʡ, 
ʽʥʬʦʨʤʫʻ ʧʨʦ 

ʨʦʟʚʠʪʦʢ 

ʜʝʬʝʢʪʽʚ ʫ 
ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ 

ʉʢʣʘʜʥʽʩʪʴ 
ʽʥʪʝʨʧʨʝʪʘʮʽʾ 

ʄʦʥʽʪʦʨʠʥʛ 
ʧʜ̔ 

ʥʘʚʘʥʪʘʞʝʥʥʷ

ʤ 

ɸʥʘʣʽʟ ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʤʝʪʦʜʽʚ ʥʝʨʫʡʥʽʚʥʦʛʦ ʢʦʥʪʨʦʣʶ ʩʢʣʦʚʦʣʦʢʥʽʪʽʚ 

ʧʦʢʘʟʘʚ, ʱʦ ʜʦ ʥʘʡʙʽʣʴʰ 

ʟʘʜʦʚʦʣʴʥʷʶʯʠʭ ʤʝʪʦʜʽʚ 

ʜʽʘʛʥʦʩʪʠʢʠ ʚʥʫʪʨʽʰʥʽʭ ʜʝʬʝʢʪʽʚ ʫ 

ʢʦʤʧʦʟʠʪʥʠʭ ʤʘʪʝʨʽʘʣʘʭ ʥʘʣʝʞʠʪʴ 

ʈʂʊ, ʘʣʝ ʮʽʡ ʤʝʪʦʜ ʢʦʥʪʨʦʣʶ 

ʧʦʪʨʝʙʫʻ ʥʘʷʚʥʦʩʪʽ ʜʦʨʦʛʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʩʧʝʮʽʘʣʴʥʦʛʦ 

ʨʦʙʦʯʦʛʦ ʤʽʩʮʷ. ɼʣʷ ʧʽʜʪʚʝʨʜʞʝʥʥʷ 

ʷʢʽʩʥʦʛʦ ʢʦʥʪʨʦʣʶ ʩʫʮʽʣʴʥʦʩʪʽ 

ʩʢʣʦʚʦʣʦʢʥʽʪʫ (ʥʘ ʧʨʠʢʣʘʜʽ 

ʩʢʣʦʚʦʣʦʢʥʽʪʫ ʤʘʨʢʠ ɼʉɺ-2) ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʢʦʥʪʨʦʣʶ ʪʘ ʪʝʨʤʦʛʨʘʬʽʾ.  

ʊʝʨʤʦʛʨʘʬʽʷ (ʪʝʧʣʦʚʠʡ ʽʥʬʨʘʯʝʨʚʦʥʠʡ ʢʦʥʪʨʦʣʴ) ʧʨʦʚʦʜʠʚʩʷ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʧʣʦʚʽʟʽʡʥʘ ʫʩʪʘʥʦʚʢʘ FLIR A 320, ʥʘʛʨʽʚʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ, 

ʇɽɺʄ ʟ ʧʨʦʛʨʘʤʦʶ ImageJ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʠʣʠ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʧʦʨ, ʨʦʟʰʘʨʫʚʘʥʴ, ʪʨʽʱʠʥ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʘʥʘʣʽʟʫ ʨʦʟʧʦʜʽʣʫ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ. ʇʨʠ ʨʦʙʦʪʽ ʚʠʷʚʣʝʥʦ 
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ʥʝʦʙʭʽʜʥʽʩʪʴ ʜʦʪʨʠʤʘʥʥʷ ʢʦʥʪʨʦʣʴʦʚʘʥʠʭ ʫʤʦʚ ʥʘʛʨʽʚʫ/ʦʭʦʣʦʜʞʝʥʥʷ 

ʤʘʪʝʨʽʘʣʫ, ʷʢʠʡ ʢʦʥʪʨʦʣʶʻʪʴʩʷ, ʤʝʪʦʜ ʤʝʥʰ ʝʬʝʢʪʠʚʥʠʡ ʜʣʷ ʛʣʠʙʦʢʠʭ 

ʚʥʫʪʨʽʰʥʽʭ ʜʝʬʝʢʪʽʚ ï ʪʦʙʪʦ ʯʫʪʣʠʚʽʩʪʴ ʤʝʪʦʜʫ ʟʥʠʞʫʻʪʴʩʷ ʟ ʛʣʠʙʠʥʦʶ 

ʟʘʣʷʛʘʥʥʷ ʜʝʬʝʢʪʫ. 

ʈʠʩʫʥʦʢ 1 ï ʊʝʨʤʦʛʨʘʤʘ ʢʦʥʪʨʦʣʶ ʩʫʮʽʣʴʥʦʩʪʽ: ʚʽʜʩʫʪʥʽʡ ʧʨʦʛʨʽʚ ʚ ʨʘʡʦʥʽ 

ʥʝʩʫʮʽʣʴʥʦʩʪʽ ʚ ʪʦʨʮʽ ʢʦʤʧʦʟʠʪʥʦʛʦ ʚʠʨʦʙʫ, ʧʨʠ ʥʘʷʚʥʦʩʪʽ ʬʨʦʥʪʫ ʧʨʦʛʨʽʚʫ 

ʩʧʨʘʚʘ ʚʽʜʤʽʯʝʥʦʾ ʟʦʥʠ. 

 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʢʦʥʪʨʦʣʶ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʢʦʥʪʨʦʣʶ ʟʘʩʪʦʩʦʚʘʥʦ 

ʫʣʴʪʨʘʟʚʫʢʦʚʠʡ ʜʝʬʝʢʪʦʩʢʦʧ ʫʥʽʚʝʨʩʘʣʴʥʠʡ ʤʘʣʦʛʘʙʘʨʠʪʥʠʡ ʋɼ-22ʋʄ (ʜʘʣʽ 

ʜʝʬʝʢʪʦʩʢʦʧ ʘʙʦ ʧʨʠʣʘʜ) ʚ ʢʦʤʧʣʝʢʪʽ ʟ ʧʝʨʝʪʚʦʨʶʚʘʯʘʤʠ , ʥʘʢʣʘʜʥʠʡ ʽʤʽʪʘʪʦʨ 

ʜʝʬʝʢʪʽʚ ʫ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʟ ʜʦʜʘʪʢʦʤ 3 ʆʉʊ 92-1482. ʇʨʠʥʮʠʧ ʜʽʾ ʜʝʬʝʢʪʦʩʢʦʧʫ 

ʟʘʩʥʦʚʘʥʦ ʥʘ ʨʝʻʩʪʨʘʮʽʾ ʚʽʜʤʽʥʥʦʩʪʝʡ ʘʤʧʣʽʪʫʜʠ ʽʤʧʫʣʴʩʫ, ʱʦ ʧʨʦʡʰʦʚ 

ʜʝʬʝʢʪʥʫ (ʥʝʩʫʮʽʣʴʥʽʩʪʴ, ʨʦʟʰʘʨʫʚʘʥʥʷ ʘʙʦ ʥʝʧʨʠʢʣʝʡ) ʪʘ ʙʝʟʜʝʬʝʢʪʥʫ 

ʜʽʣʷʥʢʫ ʜʝʪʘʣʽ. ʄʝʪʦʜ ʜʘʚ ʥʘʡʢʨʘʱʽ ʨʝʟʫʣʴʪʘʪʠ ʧʨʠ ʢʦʥʪʨʦʣʽ ʩʫʮʽʣʴʥʦʩʪʽ 

ʩʢʣʦʚʦʣʦʢʥʪ̔ʫ (ʤʘʨʢʠ ɼʉɺ-2), ʘʣʝ ʮʝʡ ʤʝʪʦʜ ʤʦʞʣʠʚʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʪʽʣʴʢʠ 

ʜʣʷ ʢʦʥʪʨʦʣʶ ʥʘʷʚʥʦʩʪʽ ʥʝʩʫʮʽʣʴʥʦʩʪʽ, ʚʽʥ ʥʝ ʜʦʟʚʦʣʷʻ ʚʠʷʚʠʪʠ ʛʣʠʙʠʥʫ 

ʟʘʣʷʛʘʥʥʷ ʪʘ ʪʦʯʥʽ ʨʦʟʤʽʨʠ ʜʝʬʝʢʪʽʚ. 

ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʢʦʤʧʣʝʢʩʥʦʾ ʦʮʽʥʢʠ ʮʽʣʽʩʥʦʩʪʽ ʜʝʪʘʣʝʡ ʜʦʮʽʣʴʥʠʤ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ, ʱʦ ʧʦʻʜʥʫʻ ʫʣʴʪʨʘʟʚʫʢʦʚʽ ʤʝʪʦʜʠ ʟ 

ʨʝʥʪʛʝʥʦʛʨʘʬʽʻʶ ʪʘ ʪʝʨʤʦʛʨʘʬʽʻʶ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʜʦʩʪʦʚʽʨʥʽʩʪʴ 

ʨʝʟʫʣʴʪʘʪʽʚ ʢʦʥʪʨʦʣʶ. ʄʝʪʦʜ ʢʦʥʪʨʦʣʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʛʝʦʤʝʪʨʽʾ ʜʝʪʘʣʽ ʾʾ 

ʨʦʟʤʽʨʽʚ, ʚʠʤʦʛ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ, ʚʘʞʣʠʚʦʩʪʽ ʜʝʪʘʣʽ ʘʙʦ ʚʫʟʣʘ 

(ʚʠʤʦʛ ʜʦ ʥʝʾ), ʘʣʝ ʧʨʠ ʩʢʣʘʜʥʦʩʪʽ ʪʘ ʤʦʞʣʠʚʠʭ ʜʦʜʘʪʢʦʚʠʭ ʟʘʪʨʘʪʘʭ 

ʜʦʟʚʦʣʷʶʪʴ ʦʮʽʥʠʪʠ ʩʪʨʫʢʪʫʨʫ ʪʘ ʦʜʥʦʨʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʙʝʟ ʚʪʨʘʪʠ ʡʦʛʦ 

ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ. ʄʝʪʦʜ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʢʦʥʪʨʦʣʶ ʧʨʦʷʚʠʚ ʩʝʙʝ ʷʢ ʥʘʡʙʽʣʴʰ 

ʝʬʝʢʪʠʚʥʠʡ ʪʘ ʝʢʦʥʦʤʽʯʥʠʡ ʤʝʪʦʜ ʢʦʥʪʨʦʣʶ ʩʫʮʽʣʴʥʦʩʪʽ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ 

ʚʠʨʦʙʽʚ ʟ ʩʢʣʦʚʦʣʦʢʥʪ̔ʫ, ʡʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦʮʽʣʴʥʝ ʧʨʠ ʫʤʦʚʽ ʜʦʩʪʘʪʥʦʩʪʽ 

ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʟʛʽʜʥʦ ʂɼ ʪʘ ʅɼ ʥʘ ʚʠʨʽʙ ʟ ̔ʩʢʣʦʚʦʣʦʢʥʪ̔ʫ. 
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ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʝʪʦʜʠ ʧʝʨʝʚʽʨʢʠ ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʢʦʤʧʦʟʠʪʥʠʭ 

ʪʨʫʙ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʘʝʨʦʢʦʩʤʽʯʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʚʦʜʥʠʡ, ʛʝʣʽʻʚʠʡ ʪʘ ʣʶʤʽʥʝʩʮʝʥʪʥʠʡ ʤʝʪʦʜʠ ʟ ʚʠʟʥʘʯʝʥʥʷʤ ʾʭʥʽʭ ʧʝʨʝʚʘʛ ʽ 

ʥʝʜʦʣʽʢʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʣʶʤʽʥʝʩʮʝʥʪʥʠʡ ʤʝʪʦʜ, ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʨʦʟʯʠʥʫ ʫʨʘʥʽʥʫ ʻ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʟʘʚʜʷʢʠ ʧʨʦʩʪʦʪʽ, 

ʥʠʟʴʢʽʡ ʚʘʨʪʦʩʪʽ, ʝʢʦʣʦʛʽʯʥʦʩʪʽ ʪʘ ʙʝʟʧʝʮʽ ʧʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʤʧʦʟʠʪʥʠʡ, ʪʨʫʙʘ, ʛʝʨʤʝʪʠʯʥʽʩʪʴ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ 

ʤʝʪʦʜ, ʪʠʩʢ. 
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ANALYSIS OF EXPERIMENTAL METHODS FOR DETERMINING THE 

TIGHTNESS OF A COMPOSITE PIPE AND ITS JOINTS  

Annotation. The paper considers the methods for testing the tightness of composite 

pipes used in the aerospace industry. The water, helium and luminescent methods 

are analyzed with the determination of their advantages and disadvantages. It is 

shown that the luminescent method, which is based on the use of a uranine solution 
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and leak control under ultraviolet lighting, is the most promising due to its simplicity, 

low cost, environmental friendliness and safety of testing. 

Keywords: composite, pipe, tightness, experimental method, pressure. 

 

ʂʦʤʧʦʟʠʪʥʽ ʪʨʫʙʠ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʘʝʨʦʢʦʩʤʽʯʥʽʡ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ɿʘʙʝʟʧʝʯʝʥʥʷ ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʝ ʜʣʷ 

ʟʘʧʦʙʽʛʘʥʥʷ ʚʠʪʦʢʫ ʨʦʙʦʯʠʭ ʩʝʨʝʜʦʚʠʱ, ʝʢʦʣʦʛʽʯʥʠʭ ʨʠʟʠʢʽʚ ʪʘ ʝʢʦʥʦʤʽʯʥʠʭ 

ʚʪʨʘʪ. 

ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʥʘʩʪʫʧʥʠʭ ʤʝʪʦʜʽʚ ʚʠʟʥʘʯʝʥʥʷ ʛʝʨʤʝʪʠʯʥʦʩʪʽ: 

1. ʇʝʨʝʚʽʨʢʘ ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʚʦʜʦʶ, ʜʝ ʚ ʭʦʜʽ ʚʠʧʨʦʙʫʚʘʥʴ ʟʨʘʟʦʢ 

ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ ʥʘʚʘʥʪʘʞʫʻʪʴʩʷ ʥʘʜʣʠʰʢʦʚʠʤ ʪʠʩʢʦʤ ʜʠʩʪʠʣʴʦʚʘʥʦʾ ʚʦʜʠ 

1,95 ʄʇʘ ʟ ʚʠʪʨʠʤʢʦʶ 15 ʭʚʠʣʠʥ. ʉʧʘʜ ʪʠʩʢʫ, ʩʚʽʜʯʠʪʴ ʧʨʦ ʥʝʛʝʨʤʝʪʠʯʥʽʩʪʴ 

[1]. ʅʝʜʦʣʽʢʘʤʠ ʤʝʪʦʜʫ ʻ: 

- ʥʠʟʴʢʘ ʯʫʪʣʠʚʽʩʪʴ ʷʢʘ ʥʝʜʦʩʪʘʪʥʷ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʤʘʣʠʭ ʚʠʪʦʢʽʚ; 

- ʚʠʩʦʢʘ ʯʫʪʣʠʚʽʩʪʴ ʜʦ ʟʦʚʥʽʰʥʽʭ ʯʠʥʥʠʢʽʚ. 

2. ʇʝʨʝʚʽʨʢʘ ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʛʝʣʽʻʤ, ʜʝ ʚ ʭʦʜʽ ʚʠʧʨʦʙʫʚʘʥʴ ʟʨʘʟʦʢ 

ʢʦʤʧʦʟʠʪʥʦʾ ʪʨʫʙʠ ʥʘʚʘʥʪʘʞʫʻʪʴʩʷ ʪʠʩʢʦʤ ʛʝʣʽʶ 1,3 ʄʇʘ ʟ ʚʠʪʨʠʤʢʦʶ 15 

ʭʚʠʣʠʥ. ʇʽʩʣʷ ʚʠʪʨʠʤʢʠ ʪʠʩʢ ʙʫʣʦ ʟʥʠʞʝʥʦ ʜʦ ʟʥʘʯʝʥʥʷ 0,86 ʄʇʘ (ʟ ʤʽʨʢʫʚʘʥʴ 

ʙʝʟʧʝʢʠ, ʜʣʷ ʧʝʨʩʦʥʘʣʫ ʷʢʠʡ ʟʥʘʭʦʜʠʪʴʩʷ ʧʦʙʣʠʟʫ ʚʠʧʨʦʙʫʚʘʣʴʥʦʛʦ ʟʨʘʟʢʘ) ʽ 

ʧʨʦʚʝʜʝʥʥʷ ʢʦʥʪʨʦʣʶ ʥʝʛʝʨʤʝʪʠʯʥʦʩʪʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʯʥʦʛʦ 

ʜʝʪʝʢʪʦʨʫ [2]. ʅʝʜʦʣʽʢʘʤʠ ʤʝʪʦʜʫ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʜʦʨʦʛʦʤʫ ʦʙʣʘʜʥʘʥʥʽ: ʤʘʩ-

ʩʧʝʢʪʨʦʤʝʪʨʠʯʥʦʤʫ ʜʝʪʝʢʪʦʨʽ ʽ ʛʝʣʽʾ, ʘ ʪʘʢʦʞ ʦʙʤʝʞʝʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ 

ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʚʠʨʦʙʽʚ. 

3. ʇʝʨʝʚʽʨʢʘ ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʣʶʤʽʥʝʩʮʝʥʪʥʠʤ ʤʝʪʦʜʦʤ, ʜʝ ʚ ʷʢʦʩʪʽ ʨʦʙʦʯʦʾ 

ʨʽʜʠʥʠ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚʦʜʥʠʡ ʨʦʟʯʠʥ ʜʠʥʘʪʨʽʻʚʦʾ ʩʦʣʽ ʬʣʫʦʨʝʩʮʝʾʥʫ (ʫʨʘʥʽʥʫ). 

ɺ ʭʦʜʽ ʚʠʧʨʦʙʫʚʘʥʴ ʟʨʘʟʦʢ ʢʦʤʧʦʟʠʪʥʦʾ ʥʘʚʘʥʪʘʞʫʻʪʴʩʷ ʚʥʫʪʨʽʰʥʽʤ ʪʠʩʢʦʤ 

1,27 ʄʇʘ, ʟ ʧʦʜʘʣʴʰʦʶ ʚʠʪʨʠʤʢʦʶ ʧʨʦʪʷʛʦʤ 60 ʭʚʠʣʠʥ. ʇʽʩʣʷ ʚʠʪʨʠʤʢʠ ʪʠʩʢ 

ʩʢʠʜʘʻʪʴʩʷ ʽ ʧʨʦʚʦʜʠʪʴʩʷ ʟʦʚʥʽʰʥʽʡ ʦʛʣʷʜ ʢʦʥʩʪʨʫʢʮʽʾ ʪʨʫʙʠ ʪʘ ʾʾ ʩʪʠʢʽʚ ʫ 

ʧʨʦʤʝʥʷʭ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʛʦ ʩʚʽʪʣʘ ʜʣʷ ʧʦʰʫʢʫ ʷʩʢʨʘʚʦ ʞʦʚʪʦ-ʟʝʣʝʥʦʛʦ 

ʩʚʽʯʽʥʥʷ [3]. ɼʣʷ ʦʮʽʥʢʠ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʩʚʽʪʽʥʥʷ ʧʦʪʨʽʙʥʘ ʚʽʜʧʦʚʽʜʥʘ ʙʘʟʘ ʜʘʥʠʭ 

ʪʘ ʽʥʩʧʝʢʪʦʨ ʟ ʜʦʩʚʽʜʦʤ ʨʦʙʦʪʠ. 

ʇʝʨʝʚʽʨʢʘ ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʣʶʤʽʥʝʩʮʝʥʪʥʠʤ ʤʝʪʦʜʦʤ ʻ ʥʘʡʙʽʣʴʰ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʯʝʨʝʟ ʧʨʦʩʪʦʪʫ, ʥʠʟʴʢʫ ʚʘʨʪʽʩʪʴ, ʝʢʦʣʦʛʽʯʥʽʩʪʴ ʪʘ ʙʝʟʧʝʢʫ. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1.  ASTM D1598-21. Standard Test Method for Time-to-Failure of Plastic Pipe 

Under Constant Internal Pressure. ASTM International, West Conshohocken, 

PA, 2021. 

2.  ASTM E499-15. Standard Test Methods for Leaks Using the Mass 

Spectrometer Leak Detector in the Detector Probe Mode. ASTM 

International, West Conshohocken, PA, 2015 

3.  Sunlonge. How UV Fluorescent Dyes Enhance Leak Detection Accuracy in 

Industrial Systems, 2026. 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

301 

 ˹ ˢ˽˾̒˸˻˴ 

˗˛˞˙˴ˤ˚˴ ˍ˜ˍ˝ˍ˟˕ȡ 
˝˛˔˝˛ˎ˗ˍ ˟  ̱˒ ˗˞˜˘ˠˍ˟ˍˣ˴ˬ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʐʦʚʢʦʧʣʷʩ ʖʨʽʡ ɸʥʘʪʦʣʽʡʦʚʠʯ 

ʟʘʩʪʫʧʥʠʢ ʛʦʣʦʚʥʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʘ, ʂɹçʇʽʚʜʝʥʥʝè 

ʂʦʣʦʩʢʦʚʘ ɻʘʥʥʘ ʄʠʢʦʣʘʾʚʥʘ   

ʢʘʥʜʠʜʘʪ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʍɸɯ 
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ʇʈʀɺɯɼ ɸʅʊɽʅʀ ʅɸɿɽʄʅʆɰ ʉʊɸʅʎɯɰ 

ɸʥʦʪʘʮʽʷ. ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʤʦʜʝʨʥʽʟʘʮʽʷ ʧʨʠʚʦʜʫ ʥʘʟʝʤʥʦʾ ʘʥʪʝʥʠ ʟ 

ʧʨʦʛʨʘʤʥʠʤ ʫʧʨʘʚʣʽʥʥʷʤ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʧʨʦʛʨʘʤʥʦʛʦ 

ʩʫʧʨʦʚʦʜʞʝʥʥʷ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ, ʧʨʠʡʦʤʫ ʽ ʦʙʨʦʙʢʠ ʩʫʧʫʪʥʠʢʦʚʦʾ 

ʽʥʬʦʨʤʘʮʽʾ. ʆʙʨʘʥʘ ʩʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠʚʦʜʫ, ʷʢʘ ʚʢʣʶʯʘʻ ʄʂ, 

ʦʧʪʠʯʥʫ ʨʦʟʚ'ʷʟʢʫ ʪʘ ʜʨʘʡʚʝʨ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʨʦʩʪʦʪʫ ʢʦʥʩʪʨʫʢʮʽʾ. 

ʅʘʡʚʘʞʣʠʚʽʰʦʶ ʧʝʨʝʚʘʛʦʶ ʨʦʟʨʦʙʣʝʥʦʾ ʩʭʝʤʠ ʻ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʽʥʪʝʛʨʘʮʽʾ 

ʝʣʝʤʝʥʪʽʚ ʽ ʧʨʦʩʪʦʪʘ ʩʭʝʤʠ. ʈʦʟʨʦʙʣʝʥʠʡ ʧʨʠʚʽʜ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʧʨʠ 

ʩʪʚʦʨʝʥʥʽ ʧʨʠʚʦʜʽʚ ʜʣʷ ʨʽʟʥʠʭ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʅʘʟʝʤʥʘ ʩʪʘʥʮʽʷ ʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʧʨʦʛʨʘʤʥʝ ʢʝʨʫʚʘʥʥʷ, ʧʨʠʚʽʜ 

ʘʥʪʝʥʠ.  
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GROUND STATION ANTENNA DRIVE  

Annotation. The aim of the work is to modernize the ground antenna drive with 

software control, which provides the possibility of software support of spacecraft, 

reception and processing of satellite information. The structural diagram of the drive 

design was chosen, which includes the MC, optical isolation and driver, which 

ensure the simplicity of the design. The most important advantage of the developed 

scheme is the high level of integration of elements and the simplicity of the scheme. 

The developed drive can be used in creating drives for various automated systems          
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ɺ ɼʥʽʧʨʦʚʩʴʢʦʤʫ ʥʘʮʽʦʥʘʣʴʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ ʽʤʝʥʽ ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʥʘ 

ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʧʨʦʚʦʜʷʪʴʩʷ ʨʦʙʦʪʠ ʧʦ ʩʪʚʦʨʝʥʥʶ 

ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʦʛʦ ʩʫʧʫʪʥʠʢʘ. ʄʝʪʘ ʧʨʦʻʢʪʫ - ʩʪʚʦʨʝʥʥʷ ʩʫʯʘʩʥʦʾ ʣʘʙʦʨʘʪʦʨʥʦʾ 

ʙʘʟʠ ʟ ʢʝʨʫʚʘʥʥʷ ʤʘʣʠʤʠ ʢʦʩʤʽʯʥʠʤʠ ʘʧʘʨʘʪʘʤʠ, ʧʨʦʚʝʜʝʥʥʷ ʢʦʩʤʽʯʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʧʨʠʡʦʤʫ ʽ ʦʙʨʦʙʢʠ ʩʫʧʫʪʥʠʢʦʚʦʾ ʽʥʬʦʨʤʘʮʽʾ. ʇʨʦʻʢʪ ʚʢʣʶʯʘʻ 

ʥʘʟʝʤʥʠʡ ʽ ʢʦʩʤʽʯʥʠʡ ʩʝʛʤʝʥʪʠ, ʷʢʽ ʚʠʢʦʥʫʶʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʚʩʪʘʥʦʚʣʝʥʠʭ 

ʚʠʤʦʛ [1, 2, 3].  

ɺ ʷʢʦʩʪʽ ʥʘʟʝʤʥʦʛʦ ʩʝʛʤʝʥʪʫ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʥʘʟʝʤʥʘ ʩʪʘʥʮʽʷ, ʷʢʘ 

ʧʦʩʪʘʚʣʝʥʘ ʟʘʭʽʜʥʦʻʚʨʦʧʝʡʩʴʢʠʤʠ ʧʘʨʪʥʝʨʘʤʠ ʫ ʨʘʤʢʘʭ ʧʨʦʻʢʪʫ ʊɽʄʇʋʉ 

(ʨʠʩ. 1). 

ʅʘʷʚʥʘ ʣʘʙʦʨʘʪʦʨʽʷ ʩʫʧʫʪʥʠʢʦʚʦʛʦ ʟʚôʷʟʢʫ ʜʣʷ ʧʨʠʡʦʤʫ ʽʥʬʦʨʤʘʮʽʾ ʚ 

UNF ʜʽʘʧʘʟʦʥʽ, ʧʨʘʮʶʻ ʟ ʩʫʧʫʪʥʠʢʘʤʠ NOOA. (ʢʦʨʧʫʩ 10, ʘʫʜ. 508).  

ʆʩʥʦʚʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: 

- ʯʘʩʪʦʪʘ ʣʽʥʽʾ çɿʝʤʣʷ-ʂʦʩʤʦʩè 137 ʄɻʮ  

- ʯʘʩʪʦʪʘ ʣʽʥʽʾ çʂʦʩʤʦʩ-ɿʝʤʣʷè 435 ʄɻʮ  

- ʤʘʢʩʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʜʘʯʽ, 9 ʂbit/ʩ. 

ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʾ ʧʣʘʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʪʠ 

ɸʙʦʥʝʥʪʩʴʢʠʡ ʤʦʜʫʣʴ (ʨʠʩ. 2), ʤʝʭʘʥʽʯʥʘ ʯʘʩʪʠʥʘ ʷʢʦʛʦ ʨʦʟʨʦʙʣʝʥʘ ʥʘ ʬʽʟʠʢʦ-

ʪʝʭʥʽʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʜʣʷ ʧʨʠʡʦʤʫ ʽʥʬʦʨʤʘʮʽʾ ʚ ʍ-ʜʽʘʧʘʟʦʥʽ. 

 

 

ʈʠʩʫʥʦʢ 1 ï ʃʘʙʦʨʘʪʦʨʽʷ ʩʫʧʫʪʥʠʢʦʚʦʛʦ ʟʚôʷʟʢʫ 
 

  
ʈʠʩʫʥʦʢ 2 ï ɸʙʦʥʝʥʪʩʴʢʠʡ ʪʝʨʤʽʥʘʣ 
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ʆʩʥʦʚʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʨʤʽʥʘʣʫ: 

ɼʽʘʤʝʪʨ ʘʥʪʝʥʠ, ʤ     1,6 

ʏʘʩʪʦʪʘ ʣʽʥʽʾ çʟʝʤʣʷ-ʢʦʩʤʦʩè, ɻɻʛʮ  8,2 (26) 

ʏʘʩʪʦʪʘ ʣʽʥʽʾ çʢʦʩʤʦʩ-ʟʝʤʣʷè, ɻɻʮ   8,2 (26) 

ʄʘʢʩʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʜʘʯʽ, ʄbit/ʩ  50 

ʄʘʢʩʠʤʘʣʴʥʘ ʜʘʣʴʥʽʩʪʴ ʟʚôʷʟʢʫ, ʢʤ  2500 

 

 ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʤʦʜʝʨʥʽʟʘʮʽʷ ʧʨʠʚʦʜʫ ʥʘʟʝʤʥʦʾ ʘʥʪʝʥʠ ʟ 

ʧʨʦʛʨʘʤʥʠʤ ʫʧʨʘʚʣʽʥʥʷʤ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʧʨʦʛʨʘʤʥʦʛʦ 

ʩʫʧʨʦʚʦʜʞʝʥʥʷ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ, ʧʨʠʡʦʤʫ ʽ ʦʙʨʦʙʢʠ ʩʫʧʫʪʥʠʢʦʚʦʾ 

ʽʥʬʦʨʤʘʮʽʾ.  

ʄʝʭʘʥʽʯʥʘ ʯʘʩʪʠʥʘ ʧʦʧʝʨʝʜʥʠʢʘ ʚʠʢʦʥʘʥʘ ʥʘ ʜʚʠʛʫʥʘʭ ʪʠʧʫ ʐɼ-5, ʱʦ 

ʚʦʣʦʜʽʶʪʴ ʚʠʩʦʢʦʶ ʰʚʠʜʢʽʩʪʶ, ʪʦʯʥʽʩʪʶ (ʢʨʦʢ 1.5 ʛʨʘʜ), ʘʣʝ ʤʘʶʪʴ ʮʽʣʠʡ ʨʷʜ 

ʥʝʜʦʣʽʢʽʚ: ʩʢʣʘʜʥʽʩʪʴ ʫʧʨʘʚʣʽʥʥʷ, ʩʢʣʘʜʥʽʩʪʴ ʽ ʥʠʟʴʢʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʭʝʤʠ 

ʫʧʨʘʚʣʽʥʥʷ, ʚʠʩʦʢʘ ʨʦʙʦʯʘ ʥʘʧʨʫʛʘ, ʚʝʣʠʢʽ ʧʫʩʢʦʚʽ ʩʪʨʫʤʠ. 

ʆʙʨʘʥʘ ʩʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠʚʦʜʫ, ʷʢʘ ʚʢʣʶʯʘʻ ʄʂ, ʦʧʪʠʯʥʫ 

ʨʦʟʚ'ʷʟʢʫ ʪʘ ʜʨʘʡʚʝʨ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʨʦʩʪʦʪʫ ʢʦʥʩʪʨʫʢʮʽʾ. ʅʘʡʚʘʞʣʠʚʽʰʦʶ 

ʧʝʨʝʚʘʛʦʶ ʨʦʟʨʦʙʣʝʥʦʾ ʩʭʝʤʠ ʻ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʽʥʪʝʛʨʘʮʽʾ ʝʣʝʤʝʥʪʽʚ ʽ ʧʨʦʩʪʦʪʘ 

ʩʭʝʤʠ. ʈʦʟʨʦʙʣʝʥʠʡ ʧʨʠʚʽʜ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʧʨʠʚʦʜʽʚ 

ʜʣʷ ʨʽʟʥʠʭ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ, ʘ ʟʘʚʜʷʢʠ ʤʦʜʫʣʴʥʦʩʪʽ ʤʦʞʣʠʚʝ 

ʚʘʨʽʶʚʘʥʥʷ ʐɼ ʪʘ ʜʨʘʡʚʝʨʘ ʧʽʜ ʨʽʟʥʽ ʟʘʚʜʘʥʥʷ 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ  

1. ʂʫʣʘʙʫʭʦʚ ɸ.ʄ., ɻʨʝʙʝʥʢʽʥʘ ʆ.ɸ. ʇʨʠʥʮʠʧʠ ʧʦʙʫʜʦʚʠ ʢʦʩʤʽʯʥʠʭ 
ʘʧʘʨʘʪʽʚ: ʥʘʚʯʘʣʴʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʧʦʩʽʙʥʠʢ. ï ɼ.: ɼʅʋ, 2024. ï 148 ʩ. 

2. ʇʨʦʻʢʪ çʋʥʽʚʝʨʩʠʪʝʪʩʴʢʠʡ ʥʘʥʦʩʫʧʫʪʥʠʢè ʫ ʩʣʘʡʜʘʭ. ɼ.: ɼʅʋ. 2025, 28 ʩ.  

3. ʂʦʩʤʽʯʥʽ ʣʽʪʘʣʴʥʽ ʘʧʘʨʘʪʠ. ɺʚʝʜʝʥʥʷ ʚ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʫ ʪʝʭʥʽʢʫ: ʅʘʚʯ. 

ʧʦʩʽʙʥʠʢ ʽʟ ʛʨʠʬʦʤ ʄʆʅʋ / ʖ.ʌ. ɼʘʥʽʻʚ ʖ.ʌ., ɸ.ɺ. ɼʝʤʯʝʥʢʦ, ɺ.ʉ. 

ɿʝʚʘʢʦ, ɸ.ʄ. ʂʫʣʘʙʫʭʦʚ, ɺ.ɺ. ʍʫʪʦʨʥʠʡ; ʇʽʜ ʟʘʛ. ʨʝʜ. ʜ-ʨʘ ʪʝʭʥ. ʥʘʫʢ, 

ʧʨʦʬ. ʆ.ʄ. ʇʝʪʨʝʥʢʦ ɼ.: ɸʈʊ-ʇʈɽʉ, 2007. ï 456 ʩ. 

 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

305 

ʋɼʂ 629.78.064.5 

DOI:10.62717/3083-7057-2026-1-083 

ɼʟʚʦʥʠʩʴʢʠʡ ʆ.ɯ., 
ʅʘʮʽʦʥʘʣʴʥʠʡ ʘʝʨʦʢʦʩʤʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

çʍʘʨʢʽʚʩʴʢʠʡ ʘʚʽʘʮʽʡʥʠʡ ʽʥʩʪʠʪʫʪè 

ORCID 0000-0003-3926-214X 

E-mail:o.i.dzvonyskyi@student.khai.edu 

ʇʦʛʫʜʽʥ ɸ.ɺ., 
ʅʘʮʽʦʥʘʣʴʥʠʡ ʘʝʨʦʢʦʩʤʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ  

çʍʘʨʢʽʚʩʴʢʠʡ ʘʚʽʘʮʽʡʥʠʡ ʽʥʩʪʠʪʫʪè 

ORCID 0000-0002-8673-2119 

E-mail:andrey.pohudin@gmail.com 

Iʅʊɽʃɽʂʊʋɸʃʔʅɸ ʉʀʉʊɽʄɸ ɽʅɽʈɻʆɿɸɹɽɿʇɽʏɽʅʅʗ 

ʂʆʉʄɯʏʅʆɻʆ ɸʇɸʈɸʊʋ ʂʃɸʉʋ çʄɯʂʈʆʉʋʇʋʊʅʀʂè 

ɸʥʦʪʘʮʽʷ ʈʦʟʛʣʷʥʫʪʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʢʝʨʫʚʘʥʥʷ ʩʠʩʪʝʤʦʶ ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ ʤʘʣʦʛʦ ʢʦʩʤʽʯʥʦʛʦ 

ʘʧʘʨʘʪʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʩʤʽʯʥʠʡ ʘʧʘʨʘʪ, ʝʥʝʨʛʝʪʠʯʥʘ ʫʩʪʘʥʦʚʢʘ, ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ 

ʩʠʩʪʝʤʠ, ʙʘʪʘʨʝʷ ʘʢʫʤʫʣʷʪʦʨʥʘ 

O. Dzvonyskyi, 
National Aerospace University çKharkiv Aviation Instituteè 

ORCID 0000-0003-3926-214X 

E-mail:o.i.dzvonyskyi@student.khai.edu 

A. Pohudin, 
National Aerospace University çKharkiv Aviation Instituteè 

ORCID 0000-0002-8673-2119 

E-mail:andrey.pohudin@gmail.com 
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ʋ ʩʫʯʘʩʥʠʭ ʫʤʦʚʘʭ ʩʪʨʽʤʢʦʛʦ ʨʦʟʚʠʪʢʫ ʤʘʣʠʭ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ, 

ʟʦʢʨʝʤʘ ʤʽʢʨʦʩʫʧʫʪʥʠʢʽʚ ʬʦʨʤʘʪʫ CubeSat, ʽʩʪʦʪʥʦ ʟʨʦʩʪʘʶʪʴ ʚʠʤʦʛʠ ʜʦ 

ʝʬʝʢʪʠʚʥʦʩʪʽ, ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʘʚʪʦʥʦʤʥʦʩʪʽ ʾʭ ʙʦʨʪʦʚʠʭ ʩʠʩʪʝʤ[1]. ʆʜʥʽʻʶ ʟ 

ʢʣʶʯʦʚʠʭ, ʱʦ ʚʠʟʥʘʯʘʻ ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʘ ʚʧʨʦʜʦʚʞ ʫʩʴʦʛʦ 

mailto:o.i.dzvonyskyi@student.khai.edu
mailto:o.i.dzvonyskyi@student.khai.edu
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ʩʪʨʦʢʫ ʘʢʪʠʚʥʦʛʦ ʽʩʥʫʚʘʥʥʷ, ʻ ʩʠʩʪʝʤʘ ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ (ʉɽɿ)[2], ʚʽʜ 

ʩʪʘʙʽʣʴʥʦʾ ʨʦʙʦʪʠ ʷʢʦʾ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʣʝʞʠʪʴ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʫʩʽʻʾ ʤʽʩʽʾ. 

ʆʩʦʙʣʠʚʽʩʪʶ ʤʽʢʨʦʩʫʧʫʪʥʠʢʽʚ ʻ ʞʦʨʩʪʢʽ ʤʘʩʦʛʘʙʘʨʠʪʥʽ ʦʙʤʝʞʝʥʥʷ ʪʘ 

ʦʙʤʝʞʝʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʨʝʩʫʨʩʠ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʨʘʜʠʮʽʡʥʠʭ 

ʧʽʜʭʦʜʽʚ ʜʦ ʧʦʙʫʜʦʚʠ ʩʠʩʪʝʤ ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ. ʆʩʥʦʚʥʦʶ ʧʨʦʙʣʝʤʦʶ ʻ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʜʘʧʪʠʚʥʦʛʦ ʪʘ ʥʘʜʽʡʥʦʛʦ ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ ʚ ʫʤʦʚʘʭ ʟʤʽʥʥʠʭ 

ʟʦʚʥʽʰʥʽʭ ʬʘʢʪʦʨʽʚ ʧʨʠ ʦʙʤʝʞʝʥʠʭ ʤʦʞʣʠʚʦʩʪʷʭ ʢʣʘʩʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ 

ʢʝʨʫʚʘʥʥʷ, ʷʢʽ ʥʝ ʚʨʘʭʦʚʫʶʪʴ ʮʝ ʬʘʢʪʦʨʠ. ʂʨʽʤ ʪʦʛʦ, ʚʧʨʦʜʦʚʞ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʝʛʨʘʜʘʮʽʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʥʷʯʥʠʭ ʪʘ ʘʢʫʤʫʣʷʪʦʨʥʠʭ ʙʘʪʘʨʝʡ, 

ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʜʦʩʪʫʧʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʪʘ ʫʩʢʣʘʜʥʶʻ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʙʘʣʘʥʩʫ ʘʧʘʨʘʪʘ. 

ʊʨʘʜʠʮʽʡʥʽ ʘʣʛʦʨʠʪʤʠ ʢʝʨʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʢʣʘʩʠʯʥʽ ʤʝʪʦʜʠ ʚʽʜʩʪʝʞʝʥʥʷ 

ʪʦʯʢʠ ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ (MPPT), ʷʢ ʧʨʘʚʠʣʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʩʧʨʦʱʝʥʠʭ 

ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʷʭ. ʋ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜʢʘʭ ʪʘʢʽ ʩʠʩʪʝʤʠ ʥʝ ʜʘʶʪʴ ʥʝʦʙʭʽʜʥʦʾ 

ʛʥʫʯʢʦʩʪʽ ʚ ʫʤʦʚʘʭ ʟʤʽʥʥʠʭ ʫʤʦʚ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʚʥʫʪʨʽʰʥʽʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʚʪʨʘʪ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ 

ʘʢʪʫʘʣʴʥʠʤ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʢʝʨʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʰʪʫʯʥʠʭ 

ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ[3,4]. ʊʘʢʘ ʩʠʩʪʝʤʘ ʟʜʘʪʥʘ ʟʜʽʡʩʥʶʚʘʪʠ ʙʘʛʘʪʦʬʘʢʪʦʨʥʠʡ ʘʥʘʣʽʟ 

ʧʦʪʦʯʥʦʛʦ ʩʪʘʥʫ ʚʩʽʻʾ ʩʠʩʪʝʤʠ, ʧʨʦʛʥʦʟʫʚʘʪʠ ʾʾ ʧʦʚʝʜʽʥʢʫ ʪʘ ʘʜʘʧʪʫʚʘʪʠ ʨʝʞʠʤʠ 

ʨʦʙʦʪʠ ʜʦ ʟʤʽʥʥʠʭ ʟʦʚʥʽʰʥʽʭ ʬʘʢʪʦʨʽʚ. ʆʜʥʽʻʶ ʟ ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʧʝʨʝʚʘʛ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʻ ʤʦʞʣʠʚʽʩʪʴ ʧʨʦʚʦʜʠʪʠ ʧʨʦʛʥʦʩʪʠʯʥʠʡ ʘʥʘʣʽʟ ʩʪʘʥʫ 

çʟʜʦʨʦʚôʷè (SOH) ʪʘ ʟʘʨʷʜʫ (SOC) ʘʢʫʤʫʣʷʪʦʨʽʚ, ʧʨʦʛʦʥʟʫʚʘʪʠ ʧʘʜʽʥʥʷ 

ʧʦʪʫʞʥʦʩʪʽ ʩʦʥʷʯʥʦʾ ʙʘʪʘʨʝʾ ʟʘ ʨʝʘʣʴʥʦʾ ʜʽʾ ʢʦʩʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ, ʱʦ ʻ ʢʨʠʪʠʯʥʦ 

ʚʘʞʣʠʚʠʤ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʧʝʨʝʜʯʘʩʥʠʤ ʚʽʜʤʦʚʘʤ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʽʤʽʪʘʮʽʡʥʠʭ 

ʤʦʜʝʣʝʡ ʩʠʩʪʝʤ ʝʥʝʨʛʦʞʠʚʣʝʥʥʷ ʷʢ ʙʘʟʠ ʜʣʷ ʥʘʚʯʘʥʥʷ ʥʝʡʨʦʤʝʨʝʞʝʚʠʭ 

ʘʣʛʦʨʠʪʤʽʚ ʟ ʽʥʪʝʛʨʦʚʘʥʠʤ ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʪʦʯʥʽʩʪʴ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ, ʚʨʘʭʫʚʘʪʠ ʨʝʘʣʴʥʫ ʜʝʛʨʘʜʘʮʽʶ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ 

ʩʬʦʨʤʫʚʘʪʠ ʢʝʨʫʚʘʥʥʷ ʝʥʝʨʛʦʦʙʤʽʥʦʤ ʥʘ ʙʫʜʴ ʷʢʦʤʫ ʝʪʘʧʽ ʤʽʩʽʾ ʟ ʥʘʡʚʠʱʠʤʠ 

ʧʦʢʘʟʥʠʢʘʤʠ ʝʬʝʢʪʠʚʥʦʩʪʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʬʦʨʤʫʚʘʥʥʷ ʚʠʤʦʛ ʪʘ ʩʪʚʦʨʝʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʩʠʩʪʝʤʠ 

ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ ʤʽʢʨʦʩʫʧʫʪʥʠʢʘ ʻ ʘʢʪʫʘʣʴʥʠʤ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʤ 

ʟʘʚʜʘʥʥʷʤ, ʚʠʨʽʰʝʥʥʷ ʷʢʦʛʦ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʝʥʝʨʛʝʪʠʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ 

ʥʘʜʽʡʥʦʩʪʽ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʤʘʣʠʭ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʫ ʩʢʣʘʜʽ ʩʫʯʘʩʥʠʭ ʪʘ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʢʦʩʤʽʯʥʠʭ ʤʽʩʽʡ. 
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LABORATORY COMPLEX OF MISSILE CONTROL SYSTEMS  

Annotation. The aim of this work is to modernize the laboratory facilities for 

studying the principles of controlling missile inertial systems using gyroscopic 

devices, taking into account current challenges and the recommendations of leading 

experts. An advantage of inertial systems is their resistance to electronic warfare 

(EW) measures. 

Keywords: Rocket, inertial systems, gyroscopes, laboratory setups. 

 

ɺ ɼʥʽʧʨʦʚʩʴʢʦʤʫ ʥʘʮʽʦʥʘʣʴʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ ʽʤʝʥʽ ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʥʘ 

ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʧʽʜʛʦʪʦʚʢʘ ʬʘʭʽʚʮʽʚ ʟ ʩʠʩʪʝʤ 

ʢʝʨʫʚʘʥʥʷ, ʥʘʚʽʛʘʮʽʾ ʽ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʾ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ. ʊʝʦʨʝʪʠʯʥʘ 

ʧʽʜʛʦʪʦʚʢʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʷʜʦʤ ʥʘʚʯʘʣʴʥʠʭ ʧʦʩʽʙʥʠʢʽʚ, ʥʘʫʢʦʚʠʭ ʩʪʘʪʪʷʭ ʽ 

ʪʝʟʘʭ ʜʦʧʦʚʽʜʝʡ ʥʘ ʥʘʫʢʦʚʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ [1-5]. ʆʜʥʽʻʶ ʽʟ ʦʩʥʦʚʥʠʭ 

ʢʦʤʧʦʥʝʥʪ ʧʽʜʛʦʪʦʚʢʠ ʻ ʥʘʷʚʥʽʩʪʴ ʣʘʙʦʨʘʪʦʨʥʦʾ ʙʘʟʠ. ʊʘʢʘ ʣʘʙʦʨʘʪʦʨʥʘ ʙʘʟʘ ʟ 
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ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ ʽʩʥʫʻ ʥʘ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ, ʘʣʝ ʚʦʥʘ ʧʦʪʨʝʙʫʻ 

ʤʦʜʝʨʥʽʟʘʮʽʾ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʫʯʘʩʥʠʭ ʚʠʢʣʠʢʽʚ ʽ ʨʝʢʦʤʝʥʜʘʮʽʡ ʧʨʦʚʽʜʥʠʭ 

ʬʘʭʽʚʮʽʚ. 

ʄʝʪʘ ʨʦʙʦʪʠ ï ʤʦʜʝʨʥʽʟʘʮʽʷ ʣʘʙʦʨʘʪʦʨʥʦʾ ʙʘʟʠ ʜʣʷ ʚʠʚʯʝʥʥʷ ʧʨʠʥʮʠʧʽʚ 

ʢʝʨʫʚʘʥʥʷ ʽʥʝʨʮʽʡʥʠʭ ʩʠʩʪʝʤ ʨʘʢʝʪ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʽʨʦʩʢʦʧʽʯʥʠʭ ʧʨʠʣʘʜʽʚ. 

ɺ ʩʫʯʘʩʥʠʭ ʫʤʦʚʘʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʥʝʨʮʽʡʥʠʭ ʩʠʩʪʝʤ ʥʘʚʝʜʝʥʥʷ ʟʥʦʚʫ ʩʪʘʻ 

ʘʢʪʫʘʣʴʥʠʤ, ʪʘʢ ʷʢ ʪʘʢʽ ʩʠʩʪʝʤʠ ʩʪʽʡʢʽ ʜʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʘʩʦʙʽʚ 

ʨʘʜʽʦʝʣʝʢʪʨʦʥʥʦʾ ʙʦʨʦʪʴʙʠ (ʈɽɹ). ɼʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʪʨʝʙʘ ʟʥʘʪʠ 

ʾʭ ʧʝʨʝʚʘʛʠ ʽ ʥʝʜʦʣʽʢʠ, ʘ ʪʘʢʦʞ ʛʘʣʫʟʽ ʤʦʞʣʠʚʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

ɯʥʝʨʮʽʡʥʽ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʨʘʢʝʪ ʟʘʩʪʦʩʦʚʘʥʽ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʛʽʨʦʩʢʦʧʽʯʥʠʭ ʧʨʠʣʘʜʽʚ. ʆʩʥʦʚʥʠʤʠ ʟʘʚʜʘʥʥʷʤʠ ʤʦʜʝʨʥʽʟʘʮʽʾ ʻ ʚʠʚʯʝʥʥʷ 

ʧʨʠʥʮʠʧʽʚ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʣʘʩʪʠʚʦʩʪʽ ʛʽʨʦʩʢʦʧʽʯʥʠʭ ʧʨʠʣʘʜʽʚ ʽʥʝʨʮʽʡʥʠʭ 

ʩʠʩʪʝʤ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʢʫʪʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ ʽ ʰʚʠʜʢʦʩʪʝʡ ʨʫʭʫ ʣʽʪʘʣʴʥʠʭ 

ʘʧʘʨʘʪʽʚ ʽ ʧʨʠʣʘʜʽʚ, ʚ ʷʢʠʭ ʮʽ ʧʨʠʥʮʠʧʠ ʟʘʩʪʦʩʦʚʘʥʽ. 

ʇʝʨʰʘ ʚʣʘʩʪʠʚʽʩʪʴ ʛʽʨʦʩʢʦʧʘ - ʧʨʠ ʚʽʜʩʫʪʥʦʩʪʽ ʟʦʚʥʽʰʥʽʭ ʤʦʤʝʥʪʽʚ 

ʛʽʨʦʩʢʦʧ ʟʙʝʨʽʛʘʶʪʴ ʛʦʣʦʚʥʫ ʦʩʴ (ʦʩʴ ʦʙʝʨʪʘʥʥʷ ʨʦʪʦʨʘ ʜʚʠʛʫʥʘ) ʥʝʨʫʭʦʤʦʶ ʫ 

ʽʥʝʨʮʽʡʥʦʤʫ ʧʨʦʩʪʦʨʫ. ɺʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʤʽʨʷʥʥʷ ʢʫʪʽʚ ʨʘʢʝʪʠ ʧʦ 

ʨʠʩʢʘʥʥʶ, ʢʨʝʥʫ ʽ ʚʽʜʭʠʣʝʥʥʽ ʢʫʪʫ ʪʘʥʛʘʞʫ ʚʽʜ ʧʨʦʛʨʘʤʥʦʛʦ ʟʥʘʯʝʥʥʷ.  

ɼʨʫʛʘ ʚʣʘʩʪʠʚʽʩʪʴ ʛʽʨʦʩʢʦʧʘ - ʧʨʠ ʧʦʷʚʽ ʤʦʤʝʥʪʫ ʟʦʚʥʽʰʥʽʭ ʩʠʣ, 

ʧʨʠʢʣʘʜʝʥʠʭ ʜʦ ʚʥʫʪʨʽʰʥʴʦʾ ʘʙʦ ʟʦʚʥʽʰʥʴʦʾ ʨʘʤʢʠ, ʚ ʛʽʨʦʩʢʦʧʽ ʧʦʯʠʥʘʻʪʴʩʷ 

ʧʨʝʮʝʩʽʷ ʚʽʜʥʦʩʥʦ ʽʥʰʦʾ ʨʘʤʢʠ ʟ ʢʫʪʦʚʦʶ ʰʚʠʜʢʽʩʪʶ ʧʨʦʧʦʨʮʽʡʥʦʶ 

ʧʨʠʢʣʘʜʝʥʦʤʫ ʤʦʤʝʥʪʫ. ɺʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʨʠ ʢʦʨʝʢʮʽʾ ʛʽʨʦʩʢʦʧʫ ʧʝʨʝʜ 

ʩʪʘʨʪʦʤ ʨʘʢʝʪʠ, ʘ ʪʘʢʦʞ ʜʣʷ ʚʠʤʽʨʽʚ ʫʷʚʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʨʘʢʝʪ (ʪʷʞʢʠʡ 

ʛʽʨʦʩʢʦʧ). 

ɺ ʣʘʙʦʨʘʪʦʨʽʾ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ ʧʨʦʚʝʜʝʥʘ ʤʦʜʝʨʥʽʟʘʮʽʷ ʩʭʝʤʥʠʭ ʨʽʰʝʥʴ 

ʽ ʦʬʦʨʤʣʝʥʥʷ ʥʘʛʣʷʜʥʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ ʫ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʦ ʽʩʥʫʶʯʠʭ ʩʪʘʥʜʘʨʪʽʚ 

ʜʣʷ ʙʽʣʴʰ ʢʨʘʱʦʛʦ ʩʧʨʠʡʥʷʪʪʷ ʽ ʟʘʩʚʦʻʥʥʷ ʩʪʫʜʝʥʪʘʤʠ ʪʝʦʨʝʪʠʯʥʠʭ ʟʥʘʥʴ ʽ 

ʧʨʘʢʪʠʯʥʠʭ ʥʘʚʠʯʦʢ. 

ɿʦʢʨʝʤʘ ʦʥʦʚʣʝʥʽ ʣʘʙʦʨʘʪʦʨʥʽ ʫʩʪʘʥʦʚʢʠ ʧʦ ʚʠʤʽʨʶʚʘʥʥʷ ʢʫʪʽʚ ʨʘʢʝʪ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʪʨʠ ʩʪʫʧʝʥʝʚʠʭ ʛʽʨʦʩʢʦʧʽʚ, ʣʘʙʦʨʘʪʦʨʥʽ ʨʦʙʦʪʠ ʧʦ ʚʠʤʽʨʶʚʘʥʥʶ 

ʫʷʚʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʨʘʢʝʪʠ ʽ ʢʝʨʫʚʘʥʥʷ ʜʚʠʛʫʥʦʤ ʥʘ ʘʢʪʠʚʥʽʡ ʜʽʣʴʥʠʮʽ 

ʪʨʘʻʢʪʦʨʽʾ (ʘʚʪʦʤʘʪ ʫʧʨʘʚʣʽʥʥʷ ʜʘʣʴʥʽʩʪʶ, ʜʘʪʯʠʢ ʨʝʛʫʣʷʪʦʨʘ ʰʚʠʜʢʦʩʪʽ). 

ʊʘʢʦʞ ʦʥʦʚʣʝʥʘ ʣʘʙʦʨʘʪʦʨʥʘ ʫʩʪʘʥʦʚʢʘ ʧʦ ʧʨʠʥʮʠʧʫ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ 

ʛʽʨʦʩʪʘʙʽʣʽʟʦʚʘʥʦʾ ʧʣʘʪʬʦʨʤʠ ʨʘʢʝʪʠ, ʨʦʟʨʦʙʣʝʥʦʶ ɼʇ ʋɹ çʇʽʚʜʝʥʥʝè ʽ 

ʚʽʜʦʤʦʶ ʷʢ çʉʘʪʘʥʘè. 

ʂʨʽʤ ʣʘʙʦʨʘʪʦʨʥʠʭ ʨʦʙʽʪ ʧʽʜʛʦʪʦʚʣʝʥʽ ʥʘʛʣʷʜʥʽ ʟʨʘʟʢʠ ʧʨʠʣʘʜʽʚ ʨʘʢʝʪ ʽ 

ʥʘʛʣʷʜʥʘ ʜʦʢʫʤʝʥʪʘʮʽʷ, ʷʢʘ ʧʦʷʩʥʶʻ ʧʨʠʥʮʠʧ ʾʭ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ, ʪʘʢʦʞ 

ʢʦʤʧʦʥʦʚʢʘ ʧʨʠʙʦʨʥʦʛʦ ʚʽʜʩʽʢʫ ʨʘʢʝʪʠ. 

ʄʦʜʝʨʥʽʟʦʚʘʥʽ ʣʘʙʦʨʘʪʦʨʥʽ ʫʩʪʘʥʦʚʢʠ ʟ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ ʨʘʢʝʪ, ʥʘʛʣʷʜʥʘ 

ʜʦʢʫʤʝʥʪʘʮʽʷ ʽ ʥʘʷʚʥʽʩʪʴ ʨʝʘʣʴʥʠʭ ʧʨʠʣʘʜʽʚ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ ʨʘʢʝʪ ʜʦʟʚʦʣʷʻ 

ʙʽʣʴʰ ʷʢʽʩʥʦ ʛʦʪʫʚʘʪʠ ʟʜʦʙʫʚʘʯʽʚ ʚʠʱʦʾ ʦʩʚʽʪʠ ʟ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ, ʥʘʚʽʛʘʮʽʾ ʽ 

ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʾ. 
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USER MANUAL FOR PROGRAMMING THE OBC OF A UNIVERSITY 

SATELLITE  

Annotation. The purpose of this work is to develop a user manual for programming 

the onboard computer (OBC) of a university satellite. The manual describes the main 

stages of preparation, uploading, and configuration of the OBC software, which 

ensures the correct operation of the satelliteôs onboard systems, as well as the 

reception and processing of data. The developed manual simplifies the programming 

and operation of the system and increases the reliability of satellite systems. The 
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proposed recommendations can be used in the development and maintenance of 

software for small spacecraft. 

Keywords: Onboard computer, university satellite, programming, user manual. 

 

ɺ ɼʥʽʧʨʦʚʩʴʢʦʤʫ ʥʘʮʽʦʥʘʣʴʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽ ʽʤʝʥʽ ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʥʘ 

ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʧʨʦʚʦʜʷʪʴʩʷ ʨʦʙʦʪʠ ʧʦ ʩʪʚʦʨʝʥʥʶ 

ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʦʛʦ ʩʫʧʫʪʥʠʢʘ [1, 2]. ʄʝʪʘ ʧʨʦʻʢʪʫ - ʩʪʚʦʨʝʥʥʷ ʩʫʯʘʩʥʦʾ 

ʣʘʙʦʨʘʪʦʨʥʦʾ ʙʘʟʠ ʟ ʢʝʨʫʚʘʥʥʷ ʢʦʩʤʽʯʥʠʤʠ ʘʧʘʨʘʪʘʤʠ, ʧʨʦʚʝʜʝʥʥʷ ʢʦʩʤʽʯʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʧʨʠʡʦʤʫ ʽ ʦʙʨʦʙʢʠ ʩʫʧʫʪʥʠʢʦʚʦʾ ʽʥʬʦʨʤʘʮʽʾ. ʋ ʤʝʞʘʭ ʮʴʦʛʦ 

ʧʨʦʻʢʪʫ ʦʩʦʙʣʠʚʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʨʦʟʨʦʙʮʽ ʪʘ ʧʨʦʛʨʘʤʫʚʘʥʥʶ ʙʦʨʪʦʚʠʭ 

ʩʠʩʪʝʤ ʩʫʧʫʪʥʠʢʘ, ʟʦʢʨʝʤʘ ʙʦʨʪʦʚʦʛʦ ʮʠʬʨʦʚʦʛʦ ʦʙʯʠʩʣʶʚʘʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʫ 

(ɹʎʆʂ), ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʢʝʨʫʚʘʥʥʷ ʨʦʙʦʪʦʶ ʚʩʽʭ ʧʽʜʩʠʩʪʝʤ ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʦʛʦ 

ʩʫʧʫʪʥʠʢʘ (ʨʠʩ. 1). 

 

ʈʠʩʫʥʦʢ 1 ï ʋʥʽʚʝʨʩʠʪʝʪʩʴʢʠʡ ʩʫʧʫʪʥʠʢ 

 

ʆʩʥʦʚʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: 

- ɻʘʙʘʨʠʪʠ, ʤʤ      200ʭ200ʭ600 

- ʄʘʩʘ, ʢʛ       24 

- ʇʦʪʫʞʥʽʩʪʴ ʩʠʩʪʝʤʠ ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʷ, ɺʊ  70 

- ʈʘʜʽʦʣʽʥʽʷ UNF: 

- ʐʚʠʜʢʽʩʪʴ ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʾ, ʂbit/ʩ   9 

- ʈʘʜʽʦʣʽʥʽʷ ʍ-ʜʽʘʧʘʟʦʥʫ 

- ʐʚʠʜʢʽʩʪʴ ʧʝʨʝʜʘʯʽ ʽʥʬʦʨʤʘʮʽʾ, ʄbit/ʩ   50 

- ʊʝʨʤʽʥ ʘʢʪʠʚʥʦʛʦ ʽʩʥʫʚʘʥʥʷ, ʨ.    3 

 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʢʘ ʽʥʩʪʨʫʢʮʽʾ ʢʦʨʠʩʪʫʚʘʯʘ ʜʣʷ 

ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʙʦʨʪʦʚʦʛʦ ʮʠʬʨʦʚʦʛʦ ʦʙʯʠʩʣʶʚʘʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʫ (ɹʎʆʂ) 

ʫʥʽʚʝʨʩʠʪʝʪʩʴʢʦʛʦ ʩʫʧʫʪʥʠʢʘ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʝʬʝʢʪʠʚʥʦʛʦ 

ʢʝʨʫʚʘʥʥʷ ʙʦʨʪʦʚʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʚʠʢʦʥʘʥʥʷ ʧʨʦʛʨʘʤʥʠʭ ʦʧʝʨʘʮʽʡ, ʘ ʪʘʢʦʞ 

ʧʨʠʡʦʤʫ, ʦʙʨʦʙʢʠ ʪʘ ʧʝʨʝʜʘʯʽ ʪʝʣʝʤʝʪʨʠʯʥʦʾ ʽʥʬʦʨʤʘʮʽʾ. ɺ ʷʢʦʩʪʽ ɹʎʆʂ 

ʧʨʦʧʦʥʫʻʪʴʩʷ ʚʟʷʪʠ ʤʽʢʨʦʧʨʦʮʝʩʦʨʥʠʡ ʤʦʜʫʣʴ CPC 307-05 (ʨʠʩ. 2) [3]. 
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ʈʠʩʫʥʦʢ 2 ï ʄʽʢʨʦʧʨʦʮʝʩʦʨʥʠʡ ʤʦʜʫʣʴ CPC 307-05 

 

ʆʩʥʦʚʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʜʫʣʶ CPC 307-05: 

- Vortex86DX (600 ʄɻʮ), 256ʄɹ ʆɿʋ,  

- 1 ɻɹ ʬʣʝʰ ʜʠʩʢ, IDE, 2xRS-232/485/422, 2xRS-232, 2xRS-422/485, 2CAN, 

LAN 10/100, LPT, 4xUSB2.0, 8xGPIO, 2xI2C, ʬʦʨʤʘʪ PC/104-plus, COATED, 

- ɼʽʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ -50Ü +90Ü ʉ. 

- ɺʽʙʨʦʩʪʽʡʢʽʩʪʴ ʜʣʷ ʯʘʩʪʦʪ ʚʽʜ 5 ʜʦ 2000 ɻʮ, ʧʨʠʩʢʦʨʝʥʥʷ 50 g; 

- ʆʜʠʥʦʢʽ ʫʜʘʨʠ, ʧʽʢʦʚʝ ʧʨʠʩʢʦʨʝʥʥʷ 150 g; 

- ʄʘʩʘ, ʢʛ 0,135; 

- ɻʘʙʘʨʠʪʠ, ʤʤ 95,9ʭ90,2ʭ21 

ɹʦʨʪʦʚʠʡ ʮʠʬʨʦʚʠʡ ʦʙʯʠʩʣʶʚʘʣʴʥʠʡ ʢʦʤʧʣʝʢʩ ʻ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ 

ʝʣʝʤʝʥʪʽʚ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʩʫʧʫʪʥʠʢʦʤ ʽ ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʾ ʢʦʦʨʜʠʥʘʮʽʾ 

ʨʦʙʦʪʠ ʦʩʥʦʚʥʠʭ ʧʽʜʩʠʩʪʝʤ ʢʦʩʤʽʯʥʦʛʦ ʘʧʘʨʘʪʘ. ɺʽʥ ʟʘʙʝʟʧʝʯʫʻ ʚʠʢʦʥʘʥʥʷ 

ʧʨʦʛʨʘʤʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʢʝʨʫʚʘʥʥʷ, ʦʙʨʦʙʢʫ ʜʘʥʠʭ ʚʽʜ ʙʦʨʪʦʚʠʭ ʜʘʪʯʠʢʽʚ ʪʘ 

ʚʟʘʻʤʦʜʽʶ ʟ ʥʘʟʝʤʥʠʤ ʩʝʛʤʝʥʪʦʤ ʩʫʧʫʪʥʠʢʦʚʦʾ ʩʠʩʪʝʤʠ.  

ʆʙʨʘʥʘ ʩʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʧʨʦʛʨʘʤʥʦʾ ʚʟʘʻʤʦʜʽʾ ɹʎʆʂ ʜʦʟʚʦʣʷʻ 

ʟʘʙʝʟʧʝʯʠʪʠ ʝʬʝʢʪʠʚʥʝ ʢʝʨʫʚʘʥʥʷ ʧʽʜʩʠʩʪʝʤʘʤʠ ʩʫʧʫʪʥʠʢʘ ʪʘ ʦʨʛʘʥʽʟʫʚʘʪʠ 

ʦʙʤ̔ʥ ʜʘʥʠʤʠ ʤʽʞ ʙʦʨʪʦʚʠʤʠ ʤʦʜʫʣʷʤʠ. ɺʘʞʣʠʚʦʶ ʧʝʨʝʚʘʛʦʶ ʪʘʢʦʾ 

ʦʨʛʘʥʽʟʘʮʽʾ ʻ ʤʦʞʣʠʚʽʩʪʴ ʛʥʫʯʢʦʛʦ ʥʘʣʘʰʪʫʚʘʥʥʷ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, 

ʱʦ ʩʧʨʦʱʫʻ ʧʨʦʮʝʩ ʪʝʩʪʫʚʘʥʥʷ ʪʘ ʧʦʜʘʣʴʰʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʠʩʪʝʤʠ. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1. ʂʫʣʘʙʫʭʦʚ ɸ.ʄ., ɻʨʝʙʝʥʢʽʥʘ ʆ.ɸ. ʇʨʠʥʮʠʧʠ ʧʦʙʫʜʦʚʠ ʢʦʩʤʽʯʥʠʭ 

ʘʧʘʨʘʪʽʚ: ʥʘʚʯʘʣʴʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʧʦʩʽʙʥʠʢ. ï ɼ.: ɼʅʋ, 2024. ï 148 ʩ. 

2. ʇʨʦʻʢʪ çʋʥʽʚʝʨʩʠʪʝʪʩʴʢʠʡ ʥʘʥʦʩʫʧʫʪʥʠʢè ʫ ʩʣʘʡʜʘʭ. ɼ.: ɼʅʋ. 2025, 28 

ʩ.  

3.  ʄʦʜʫʣʴ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʮʝʩʦʨʘ CPC307 

https://www.fastwel.ru/products/vstraivaemye-

sistemy/pc104/cpumodules/cpc307 

 

https://www.fastwel.ru/products/vstraivaemye-sistemy/pc104/cpumodules/cpc307
https://www.fastwel.ru/products/vstraivaemye-sistemy/pc104/cpumodules/cpc307
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Eʂʆʃʆɻɯʗ ʆʈɹɯʊʀ: ʏʆʄʋ ʂʆʉʄʆʉ ɹɯʃʔʐɽ ʅɽ ɹɽɿʄɽɾʅʀʁ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʧʨʦʙʣʝʤʘ ʢʦʩʤʽʯʥʦʛʦ ʩʤʽʪʪʷ ʷʢ ʛʣʦʙʘʣʴʥʦʾ 

ʟʘʛʨʦʟʠ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʦʩʚʦʻʥʥʷ ʢʦʩʤʦʩʫ. ʋ ʥʽʡ ʧʨʦʧʦʥʫʻʪʴʩʷ ʨʦʟʛʣʷʜʘʪʠ 

ʦʨʙʽʪʫ ɿʝʤʣʽ ʷʢ ʦʙʤʝʞʝʥʠʡ ʨʝʩʫʨʩ, ʘ ʪʘʢʦʞ ʧʦʷʩʥʶʻʪʴʩʷ ʥʝʙʝʟʧʝʢʘ, ʷʢʫ 

ʩʪʘʥʦʚʠʪʴ ʧʨʠʩʢʦʨʝʥʠʡ ʨʫʭ ʦʙôʻʢʪʽʚ ʥʘ ʦʨʙʽʪʽ. ʆʩʦʙʣʠʚʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ 

çʩʠʥʜʨʦʤʫ ʂʝʩʩʣʝʨʘè ð ʛʽʧʦʪʝʪʠʯʥʽʡ ʣʘʥʮʶʛʦʚʽʡ ʨʝʘʢʮʽʾ ʟʽʪʢʥʝʥʴ, ʷʢʘ ʤʦʞʝ 

ʧʦʚʥʽʩʪʶ ʧʝʨʝʢʨʠʪʠ ʣʶʜʩʪʚʫ ʜʦʩʪʫʧ ʜʦ ʢʦʩʤʦʩʫ. ʇʨʠʜʽʣʷʻʪʴʩʷ ʫʚʘʛʘ 

ʨʽʟʥʦʤʘʥʽʪʥʠʤ ʟʘʭʦʜʘʤ, ʩʧʨʷʤʦʚʘʥʠʤ ʥʘ ʟʘʧʦʙʽʛʘʥʥʷ ʟʘʙʨʫʜʥʝʥʥʶ ʦʨʙʽʪʠ, 

ʟʦʢʨʝʤʘ ʚʩʪʘʥʦʚʣʝʥʥʶ ʦʙʤʝʞʝʥʴ ʥʘ ʪʝʨʤʽʥ ʝʢʩʧʣʫʘʪʘʮʽʾ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ, 

ʟʘʧʨʦʚʘʜʞʝʥʥʶ ʝʢʦʣʦʛʽʯʥʠʭ ʟʙʦʨʽʚ ʪʘ ʩʪʚʦʨʝʥʥʶ ʤʽʞʥʘʨʦʜʥʦʛʦ ʬʦʥʜʫ ʜʣʷ 

ʚʽʜʥʦʚʣʝʥʥʷ ʢʦʩʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʩʤʽʯʥʝ ʩʤʽʪʪʷ, ʥʘʚʢʦʣʦʟʝʤʥʘ ʦʨʙʽʪʘ, ʩʠʥʜʨʦʤ ʂʝʩʩʣʝʨʘ, 

ʢʽʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ. 
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ORBITAL ECOLOGY: WHY SPACE IS NO LONGER BOUNDLESS  

Annotation. This paper examines the issue of space debris as a global threat to the 

further exploration of space. The text asserts that Earth's orbit should be regarded as 

a finite resource and clarifies the danger posed by the accelerated movement of 

objects in orbit. Special emphasis is placed on the "Kessler syndrome," which is a 

hypothetical cascade of collisions with the potential to entirely obstruct humanity's 

access to space. A variety of measures aimed at preventing orbital pollution are 

explored, including the imposition of limits on the operational lifespan of spacecraft, 
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the introduction of environmental levies, and the creation of an international fund 

for space remediation. 

Keywords: space debris, Earth orbit, Kessler syndrome, kinetic energy. 

 

ʆʨʙʽʪʫ ʩʣʽʜ ʚʚʘʞʘʪʠ ʦʙʤʝʞʝʥʠʤ ʨʝʩʫʨʩʦʤ. ʃʶʜʩʪʚʦ ʟʚʠʢʣʦ ʩʧʨʠʡʤʘʪʠ 

ʢʦʩʤʦʩ ʷʢ ʙʝʟʤʝʞʥʠʡ ʧʦʨʦʞʥʽʡ ʧʨʦʩʪʽʨ, ʜʝ ʻ ʜʦʩʪʘʪʥʴʦ ʤʽʩʮʷ ʜʣʷ ʚʩʴʦʛʦ. ʇʨʦʪʝ 

ʨʝʘʣʴʥʽʩʪʴ ʽʥʰʘ: ʥʘʚʢʦʣʦʟʝʤʥʽ ʦʨʙʽʪʠ, ʜʦʩʪʫʧʥʽ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʻ 

ʚʠʯʝʨʧʥʠʤ ʨʝʩʫʨʩʦʤ, ʧʦʨʽʚʥʷʥʥʠʤ ʽʟ ʨʦʜʶʯʠʤʠ ˇʨʫʥʪʘʤʠ ʘʙʦ ʢʦʨʠʩʥʠʤʠ 

ʢʦʧʘʣʠʥʘʤʠ. ɿʘʨʘʟ ʥʘʩʝʣʝʥʥʷ ɿʝʤʣʽ ʧʝʨʝʙʫʚʘʻ ʥʘ ʤʝʞʽ ʢʨʠʟʠ, ʦʩʢʽʣʴʢʠ ʯʝʨʝʟ 

ʥʘʢʦʧʠʯʝʥʥʷ ʚʽʜʭʦʜʽʚ ʣʶʜʩʪʚʦ ʤʦʞʝ ʦʧʠʥʠʪʠʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʣʘʩʥʦʾ 

ʧʣʘʥʝʪʠ ʙʝʟ ʜʦʩʪʫʧʫ ʜʦ ʧʦʟʘʟʝʤʥʠʭ ʨʝʩʫʨʩʽʚ. ʉʫʯʘʩʥʠʡ ʝʪʘʧ ʦʩʚʦʻʥʥʷ ʢʦʩʤʦʩʫ 

ʧʝʨʝʭʦʜʠʪʴ ʚʽʜ ʦʢʨʝʤʠʭ ʥʘʫʢʦʚʠʭ ʤʽʩʽʡ ʜʦ ʤʘʩʦʚʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʥʘʚʢʦʣʦʟʝʤʥʠʭ ʦʨʙʽʪ, ʱʦ, ʫ ʩʚʦʶ ʯʝʨʛʫ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʦʚʦʾ ʛʣʦʙʘʣʴʥʦʾ 

ʟʘʛʨʦʟʠ ï ʢʦʩʤʽʯʥʦʛʦ ʩʤʽʪʪʷ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʥʘʟʝʤʥʠʭ ʝʢʦʣʦʛʽʯʥʠʭ ʧʨʦʙʣʝʤ, 

ʟʘʙʨʫʜʥʝʥʥʷ ʦʨʙʽʪʠ ʤʘʻ ʢʨʠʪʠʯʥʠʡ ʧʦʨʽʛ, ʧʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ ʷʢʦʛʦ ʧʨʦʮʝʩ ʩʪʘʻ 

ʥʝʢʝʨʦʚʘʥʠʤ. ʇʨʠʜʘʪʥʽ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʨʙʽʪʠ ʻ ʚʠʯʝʨʧʥʠʤ ʨʝʩʫʨʩʦʤ, 

ʟʙʝʨʝʞʝʥʥʷ ʷʢʦʛʦ ʻ ʥʝʦʙʭʽʜʥʦʶ ʫʤʦʚʦʶ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʽʩʥʫʚʘʥʥʷ 

ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʮʠʚʽʣʽʟʘʮʽʾ [1]. 

ɻʦʣʦʚʥʠʤ ʬʘʢʪʦʨʦʤ ʨʠʟʠʢʫ ʚ ʫʤʦʚʘʭ ʥʘʚʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʦʨʫ ʻ ʟʥʘʯʥʘ 

ʢʽʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ ʦʙ'ʻʢʪʽʚ. ʅʘ ʥʠʟʴʢʠʭ ʦʨʙʽʪʘʭ (ʜʦ 2000 ʢʤ) ʦʙ'ʻʢʪʠ ʨʫʭʘʶʪʴʩʷ 

ʟʽ ʰʚʠʜʢʽʩʪʶ ʧʦʥʘʜ 7.5 ʢʤ/ʩ (ʧʦʥʘʜ 28 000 ʢʤ/ʛʦʜ). ʊʘʢʘ ʰʚʠʜʢʽʩʪʴ ʩʧʨʠʷʻ 

ʪʦʤʫ, ʱʦ ʝʥʝʨʛʽʷ ʟʽʪʢʥʝʥʥʷ ʟ ʦʙ'ʻʢʪʦʤ ʤʘʩʦʶ ʢʽʣʴʢʘ ʛʨʘʤʽʚ ʙʫʜʝ ʝʢʚʽʚʘʣʝʥʪʥʘ 

ʚʠʙʫʭʫ ʛʨʘʥʘʪʠ. ʎʝ ʩʪʚʦʨʶʻ ʙʝʟʧʦʩʝʨʝʜʥʶ ʟʘʛʨʦʟʫ ʰʚʠʜʢʦʛʦ ʟʥʠʱʝʥʥʷ 

ʩʫʧʫʪʥʠʢʽʚ ʪʘ ʧʦʪʝʥʮʽʡʥʦʾ ʨʦʟʛʝʨʤʝʪʠʟʘʮʽʾ ʞʠʪʣʦʚʠʭ ʤʦʜʫʣʽʚ ʢʦʩʤʽʯʥʠʭ 

ʩʪʘʥʮʽʡ [2]. 

ʆʢʨʝʤʦ ʩʣʽʜ ʨʦʟʛʣʷʥʫʪʠ ʪʘʢ ʟʚʘʥʠʡ çʩʠʥʜʨʦʤ ʂʝʩʩʣʝʨʘè. ʎʷ ʪʝʦʨʽʷ 

ʦʢʨʝʩʣʶʻ ʧʦʪʝʥʮʽʡʥʠʡ ʩʮʝʥʘʨʽʡ ʨʦʟʚʠʪʢʫ ʟʘʛʨʦʟʣʠʚʠʭ ʩʠʪʫʘʮʽʡ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ 

ʷʢʦʛʦ ʱʽʣʴʥʽʩʪʴ ʢʦʩʤʽʯʥʦʛʦ ʩʤʽʪʪʷ ʥʘ ʚʠʟʥʘʯʝʥʽʡ ʚʠʩʦʪʽ ʜʦʩʷʛʘʻ ʪʘʢʦʛʦ ʨʽʚʥʷ, 

ʱʦ ʚʠʧʘʜʢʦʚʝ ʟʽʪʢʥʝʥʥʷ ʜʚʦʭ ʘʧʘʨʘʪʽʚ ʟʜʘʪʥʝ ʩʧʨʠʯʠʥʠʪʠ ʣʘʥʮʶʛʦʚʫ ʨʝʘʢʮʽʶ. 

ʅʘʩʣʽʜʢʦʤ ʮʴʦʛʦ ʤʦʞʝ ʩʪʘʪʠ ʫʪʚʦʨʝʥʥʷ ʥʘʚʢʦʣʦ ʧʣʘʥʝʪʠ ʩʫʮʽʣʴʥʦʾ ʭʤʘʨʠ 

ʤʝʪʘʣʦʙʨʫʭʪʫ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʧʦʚʥʘ ʚʪʨʘʪʘ ʤʦʞʣʠʚʦʩʪʽ ʟʜʽʡʩʥʝʥʥʷ ʢʦʩʤʽʯʥʠʭ 

ʧʦʣʴʦʪʽʚ. ɿʘʭʦʜʠ ʟʘʧʦʙʽʞʥʦʛʦ ʭʘʨʘʢʪʝʨʫ ʤʦʞʫʪʴ ʧʝʨʝʜʙʘʯʘʪʠ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʢʦʥʢʨʝʪʥʦʛʦ ʪʝʨʤʽʥʫ, ʧʨʦʪʷʛʦʤ ʷʢʦʛʦ ʘʧʘʨʘʪ ʤʘʻ ʧʨʘʚʦ ʧʝʨʝʙʫʚʘʪʠ ʫ 

ʢʦʩʤʽʯʥʦʤʫ ʧʨʦʩʪʦʨʽ, ʟʘʧʨʦʚʘʜʞʝʥʥʷ ʝʢʦʣʦʛʽʯʥʠʭ ʟʙʦʨʽʚ, ʘ ʪʘʢʦʞ ʩʪʚʦʨʝʥʥʷ 

ʤʽʞʥʘʨʦʜʥʦʛʦ ʬʦʥʜʫ ʜʣʷ ʦʯʠʱʝʥʥʷ ʦʨʙʽʪʠ, ʷʢʠʡ ʬʽʥʘʥʩʫʚʘʪʠʤʝʪʴʩʷ ʟʘ 

ʨʘʭʫʥʦʢ ʚʥʝʩʢʽʚ ʟ ʢʦʞʥʦʛʦ ʢʦʤʝʨʮʽʡʥʦʛʦ ʟʘʧʫʩʢʫ [3]. 

ɺʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ ʢʦʩʤʽʯʥʦʛʦ ʩʤʽʪʪʷ ʧʦʣʷʛʘʻ ʫ ʧʝʨʝʭʦʜʽ ʚʽʜ 

ʩʧʦʞʠʚʘʮʴʢʦʛʦ ʜʦ ʩʪʘʣʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʚʢʦʣʦʟʝʤʥʦʛʦ ʧʨʦʩʪʦʨʫ. 

ʂʦʤʙʽʥʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʘʢʪʠʚʥʦʛʦ ʦʯʠʱʝʥʥʷ, ʚʽʜʧʦʚʽʜʘʣʴʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʘ 

ʩʪʨʦʛʦʛʦ ʤʽʞʥʘʨʦʜʥʦʛʦ ʥʘʛʣʷʜʫ ʻ ʻʜʠʥʠʤ ʰʣʷʭʦʤ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʜʦʩʪʫʧʫ 

ʣʶʜʩʪʚʘ ʜʦ ʢʦʩʤʦʩʫ. ʗʢʱʦ ʣʶʜʩʪʚʦ ʥʝ ʨʦʟʧʦʯʥʝ ʧʨʠʙʠʨʘʥʥʷ ʚʞʝ ʩʴʦʛʦʜʥʽ, 

ʥʘʩʪʫʧʥʽ ʧʦʢʦʣʽʥʥʷ ʤʦʞʫʪʴ ʥʘʟʘʚʞʜʠ ʟʘʣʠʰʠʪʠʩʷ ʙʝʟ ʤʦʞʣʠʚʦʩʪʽ 

ʜʦʩʣʽʜʞʫʚʘʪʠ ʢʦʩʤʦʩ. 

 



˩˴˻˶˻˥˱̒ ˴˻˿˸˻˿̂ 

316 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1. Inter-Agency Space Debris Coordination Committee. IADC space debris 

mitigation guidelines. IADC-02-01, Revision 1. 2021. URL: 

https://www.iadc-home.org (ʜʘʪʘ ʟʚʝʨʥʝʥʥʷ: 13.03.2026). 

2.  Johnson N. L., Liou J.-C. Risks to space sustainability from space debris. 

Acta Astronautica. 2018. Vol. 146. P. 402ï410. 

3. European Space Agency. Space Debris: The ESA Approach. ESA Official 

Website. 2022. URL: https://www.esa.int/Safety_Security/Space_Debris 

(ʜʘʪʘ ʟʚʝʨʥʝʥʥʷ: 13.03.2026). 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

317 

ʋɼʂ 629.76/.78(092) 

DOI:10.62717/3083-7057-2026-1-087 

ʍʦʨʦʣʴʩʴʢʠʡ ʇ.ɻ.,  
ɼʇ "ʂʦʥʩʪʨʫʢʪʦʨʩʴʢʝ ʙʶʨʦ "ʇʽʚʜʝʥʥʝ" ʽʤʝʥʽ ʄ.ʂ. ʗʥʛʝʣʷ" 

ORCID 0001-0003-5233-182X 

ɽ-mail: info@yuzhnoye.com 

Aʂɸɼɽʄɯʂ C. M. Kʆʅʖʍʆɺ ʗʂ ɯʉʊʆʈʀʂ ʈɸʂɽʊʅʆ-ʂʆʉʄɯʏʅʆɰ 

ʊɽʍʅɯʂʀ 

ɸʥʦʪʘʮʽʷ. ʅʘ ʪʣʽ ʜʫʞʝ ʤʘʩʰʪʘʙʥʦʛʦ ʥʘʫʢʦʚʦʛʦ ʽ ʪʝʭʥʽʯʥʦʛʦ ʜʦʨʦʙʢʫ ʘʢʘʜʝʤʽʢʘ 

ʉ. ʄ. ʂʦʥʶʭʦʚʘ ʜʦ ʮʴʦʛʦ ʯʘʩʫ ʥʝ ʦʮʽʥʝʥʠʡ ʡʦʛʦ ʚʘʛʦʤʠʡ ʚʥʝʩʦʢ ʫ ʬʽʣʦʩʦʬʽʶ 

ʪʘ ʽʩʪʦʨʽʶ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ʄʝʪʦʶ ʜʦʧʦʚʽʜʽ ʻ ʚʠʟʥʘʯʝʥʥʷ ʚʥʝʩʢʫ 

ʘʢʘʜ. ʉ. ʄ. ʂʦʥʶʭʦʚʘ ʚ ʮʘʨʠʥʽ ʽʩʪʦʨʽʾ ʪʝʭʥʽʢʠ. ɼʦ ʥʘʡʙʽʣʴʰ ʚʘʛʦʤʠʭ 

ʽʩʪʦʨʠʯʥʠʭ ʧʨʘʮʴ ʤʘʻ ʩʝʥʩ ʚʽʜʥʝʩʪʠ [1] ï [3]. ɺ ʥʠʭ ʜʫʞʝ ʣʘʢʦʥʽʯʥʦ ʽ 

ʢʦʥʮʝʥʪʨʦʚʘʥʦ ʚʠʢʣʘʜʝʥʦ ʛʝʥʝʨʘʣʴʥʫ ʣʽʥʽʶ ʨʦʟʚʠʪʢʫ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ 

ʪʝʭʥʽʢʠ ʚ ʂɹ çʇʽʚʜʝʥʥʝè, ʘ ʟ ʥʠʤ ʽ ʚ ʋʢʨʘʾʥʽ. ʎʽ ʨʦʙʦʪʠ ʩʪʘʣʠ ʧʦʰʪʦʚʭʦʤ ʽ 

ʬʘʢʪʠʯʥʠʤ ʜʞʝʨʝʣʦʤ ʧʨʘʢʪʠʯʥʦ ʜʣʷ ʚʩʽʭ ʥʘʩʪʫʧʥʠʭ ʽʩʪʦʨʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʽʩʪʦʨʽʷ, ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʘ ʪʝʭʥʽʢʘ, ʢʦʩʤʽʯʥʽ ʨʘʢʝʪʠ-ʥʦʩʽʾ, 

ʢʦʩʤʽʯʥʽ ʘʧʘʨʘʪʠ 

P. Khorolskiy, 
Yuzhnoye State Design Office 

ORCID 0001-0003-5233-182X 

ɽ-mail: info@yuzhnoye.com 

ADEMICIAN S. ʄ. KONYUKHOF AS HISTORIAN OF SPACE -ROCKET 

TECHNIQUE  

Annotation. On a background very scale scientific and technical work of 
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ʇʦʩʪʘʪʴ ʢʦʣʠʰʥʴʦʛʦ ɻʝʥʝʨʘʣʴʥʦʛʦ ʜʠʨʝʢʪʦʨʘ-ɻʝʥʝʨʘʣʴʥʦʛʦ ʜʠʨʝʢʪʦʨʘ 

ɼʇ ʂɹ çʇʽʚʜʝʥʥʝè ʘʢʘʜʝʤʽʢʘ ʅɸʅ ʋʢʨʘʾʥʠ ʉʪʘʥʽʩʣʘʚʘ ʄʠʢʦʣʘʡʦʚʠʯʘ 

ʂʦʥʶʭʦʚʘ ʻ ʜʫʞʝ ʤʘʩʰʪʘʙʥʦʶ ʽ ʚʽʜʦʤʦʶ ʱʦʥʘʡʤʝʥʰʝ ʚ ʩʚʽʪʦʚʽʡ ʨʘʢʝʪʥʦ-

mailto:info@yuzhnoye.com
mailto:info@yuzhnoye.com


˩˴˻˶˻˥˱̒ ˴˻˿˸˻˿̂ 

318 

ʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ. ʈʝʟʫʣʴʪʘʪʠ ʡʦʛʦ ʨʦʙʦʪʠ ʷʢ ɻʝʥʝʨʘʣʴʥʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʘ-

ɻʝʥʝʨʘʣʴʥʦʛʦ ʜʠʨʝʢʪʦʨʘ ʣʽʜʝʨʘ ʩʚʽʪʦʚʦʾ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʰʠʨʦʢʦ 

ʚʽʜʦʤʽ, ʟʛʘʜʘʡʤʦ ʭʦʯ ʙʠ çʄʦʨʩʴʢʠʡ ʩʪʘʨʪè. ʅʘʫʢʦʚʠʡ ʚʥʝʩʦʢ ʚ ʮʽʡ ʪʝʭʥʽʯʥʽʡ 

ʛʘʣʫʟʽ ʪʘʢʦʞ ʰʠʨʦʢʦ ʚʽʜʦʤʠʡ, ʱʦ ʡ ʙʫʣʦ ʦʮʽʥʝʥʦ ʅʘʮʽʦʥʘʣʴʥʦʶ ʘʢʘʜʝʤʽʻʶ 

ʥʘʫʢ ʋʢʨʘʾʥʠ  ʚʠʙʦʨʦʤ ʡʦʛʦ ʘʢʘʜʝʤʽʢʦʤ.  

ʅʘ ʪʣʽ ʜʫʞʝ ʤʘʩʰʪʘʙʥʦʛʦ ʥʘʫʢʦʚʦʛʦ ʽ ʪʝʭʥʽʯʥʦʛʦ ʜʦʨʦʙʢʫ ʜʦ ʮʴʦʛʦ ʯʘʩʫ 

ʥʝ ʦʮʽʥʝʥʠʡ ʚʘʛʦʤʠʡ ʚʥʝʩʦʢ ʘʢʘʜ. ʂʦʥʶʭʦʚʘ ʫ ʬʽʣʦʩʦʬʽʶ ʪʘ ʽʩʪʦʨʽʶ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ʗʢ ʥʝ ʜʠʚʥʦ, ʽʩʪʦʨʠʯʥʽ ʧʨʘʮʽ ʉʪʘʥʽʩʣʘʚʘ ʄʠʢʦʣʘʡʦʚʠʯʘ 

ʜʦʩʪʘʪʥʴʦ ʚʽʜʦʤʽ ʽ ʾʭ ʩʘʤʝ ʽʩʪʦʨʠʯʥʠʡ ʘʢʮʝʥʪ ʤʘʙʫʪʴ ʟʘʪʫʰʦʚʘʥʠʡ ʤʘʩʦʶ 

ʜʦʚʽʜʢʦʚʠʭ ʜʘʥʠʭ ʢʦʨʦʪʢʦ ʦʧʠʩʘʥʠʭ ʙʦʡʦʚʠʭ ʨʘʢʝʪ ʽ ʢʦʩʤʽʯʥʠʭ ʨʘʢʝʪ-ʥʦʩʽʾʚ ʪʘ 

ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ. 

ʄʝʪʦʶ ʜʦʧʦʚʽʜʽ ʻ ʚʠʟʥʘʯʝʥʥʷ ʚʥʝʩʢʫ ʘʢʘʜ. ʉ. ʄ. ʂʦʥʶʭʦʚʘ ʚ ʮʘʨʠʥʽ 

ʽʩʪʦʨʽʾ ʪʝʭʥʽʢʠ. 

ɼʦ ʥʘʡʙʽʣʴʰ ʚʘʛʦʤʠʭ ʽʩʪʦʨʠʯʥʠʭ ʧʨʘʮʴ (ʽʟ ʯʠʩʣʘ ʚʽʜʢʨʠʪʠʭ ʧʫʙʣʽʢʘʮʽʡ, 

ʷʢ̔ ʚʩ̔ʤ ʚ̔ʜʦʤ̔) ʤʘʻ ʩʝʥʩ ʚʽʜʥʝʩʪʠ [1], [2], [3].  

ɺʩʝ, ʱʦ ʩʪʚʦʨʶʚʘʣʦ ʽ ʩʪʚʦʨʶʻ ɼʇ ʂɹ çʇʽʚʜʝʥʥʝè ʚ ʧʝʨʰʫ ʯʝʨʛʫ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʩʠʩʪʝʤʥʽʩʪʶ ʽ ʤʘʩʰʪʘʙʥʽʩʪʶ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʨʝʘʣʽʟʫʚʘʚ ʉ. ʄ. 

ʂʦʥʶʭʦʚ ʽ ʚ ʧʽʜʛʦʪʦʚʮʽ ʮʠʭ ʜʦʩʣʽʜʞʝʥʴ. ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ ʽ 

ʧʽʜʛʦʪʦʚʢʠ ʧʨʘʮʽ [1] ʥʠʤ ʙʫʣʘ ʩʪʚʦʨʝʥʘ ʨʝʜʘʢʮʽʡʥʘ ʢʦʣʝʛʽʷ ʽʟ ʯʠʩʣʘ ʜʫʞʝ 

ʘʚʪʦʨʠʪʝʪʥʠʭ ʚ ʩʚʽʪʦʚʽʡ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ ʬʘʭʽʚʮʽʚ, ʘ ʩʘʤʝ: ʆ. ʄ. 

ʄʘʱʝʥʢʦ, ʖ. ʆ. ʉʤʝʪʘʥʽʥʘ, ʖ. ʇ. ɹʨʠʣʴʦʚʘ, ʄ. ɯ. ɻʘʣʘʩʷ, ɺ. ɯ. ɼʨʘʥʦʚʩʴʢʦʛʦ, 

ɺ. ɺ. ʂʘʙʘʥʮʷ ʪʘ ɺ. ʄ. ʇʘʧʧʦ-ʂʦʨʠʩʪʠʥʘ. ʋʧʦʨʷʜʥʠʢʘʤʠ ʙʫʣʠ ʆ. ʄ. ʄʘʱʝʥʢʦ, 

ɺ. ʄ. ʇʘʧʧʦ-ʂʦʨʠʩʪʠʥ, ɺ. ʆ. ʄʘʱʝʥʢʦ, ɺ. ɻ ɺʘʩʠʣʴʻʚ. ɼʦ ʧʽʜʛʦʪʦʚʢʠ 

ʤʘʪʝʨʽʘʣʽʚ [1] ʙʫʣʦ ʟʘʣʫʯʝʥʦ ʱʝ 76 ʬʘʭʽʚʮʽʚ ï ʚʝʪʝʨʘʥʽʚ ʧʨʘʮʽ ʂɹ çʇʽʚʜʝʥʥʝè. 

ʉʪʘʥʽʩʣʘʚ ʄʠʢʦʣʘʡʦʚʠʯ ʚʟʷʚ ʥʘ ʩʝʙʝ ʟʘʛʘʣʴʥʫ ʢʝʨʽʚʥʠʮʪʚʦ ʧʨʦʝʢʪʦʤ ʽ ʟʘʛʘʣʴʥʫ 

ʨʝʜʘʢʮʽʶ ʮʽʻʾ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʧʨʘʮʽ.  

ɺ ʧʨʘʮʷʭ ʙʫʣʘ ʚʚʝʜʝʥʘ ʢʣʘʩʠʬʽʢʘʮʽʷ ʩʪʚʦʨʝʥʦʾ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ 

(ʈʂʊ): ʙʦʡʦʚʽ ʩʪʨʘʪʝʛʽʯʥʽ ʨʘʢʝʪʠ, ʢʦʩʤʽʯʥʽ ʨʘʢʝʪʠ-ʥʦʩʽʾ (ʂʈʅ) ʪʘ ʢʦʩʤʽʯʥʽ 

ʘʧʘʨʘʪʠ (ʂɸ). 

ɹʦʡʦʚʽ ʩʪʨʘʪʝʛʽʯʥʽ ʨʘʢʝʪʠ ʨʦʟʜʽʣʝʥʽ ʥʘ ʯʦʪʠʨʠ ʧʦʢʦʣʽʥʥʷ. ʆʩʦʙʣʠʚʦ 

ʮʽʢʘʚʦʶ ʻ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʥʝʟʘʢʽʥʯʝʥʽ ʨʦʟʨʦʙʢʠ. 

ʋ ʚʚʝʜʝʥʥʽ ʜʦ [1] ʥʘʚʝʜʝʥʠʡ ʢʦʨʦʪʢʠʡ ʝʢʩʢʫʨʩ ʚ ʽʩʪʦʨʽʶ ʩʪʚʦʨʝʥʥʷ ʈʂʊ. 

ʅʘʚʝʜʝʥʦ ʽʩʪʦʨʠʯʥʝ ʪʣʦ, ʧʨʠʯʠʥʠ, ʭʽʜ ʪʘ ʽʩʪʦʨʠʯʥʽ ʧʦʩʪʘʪʽ. 

ɺʘʞʣʠʚʦ, ʱʦ ʧʦʢʘʟʘʥʦ ʩʪʚʦʨʝʥʥʷ ʥʝ ʪʽʣʴʢʠ ʩʘʤʠʭ ʨʘʢʝʪ ʽ ʂɸ, ʘ ʨʘʢʝʪʥʠʭ 

ʽ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʠʭ ʢʦʤʧʣʝʢʩʽʚ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʂɹ çʇʽʚʜʝʥʥʝè ʚʠʧʝʨʝʜʞʘʣʦ ɿʘʤʦʚʥʠʢʘ, ʚʠʭʦʜʷʯʠ ʟ 

ʧʨʦʧʦʟʠʮʽʷʤʠ ʱʦʜʦ ʧʦʢʨʘʱʝʥʥʷ ʨʦʟʨʦʙʣʝʥʠʭ ʨʘʢʝʪ ʽ ʨʘʢʝʪʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʽ 

ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ. 

ɼʣʷ ʢʦʞʥʦʛʦ ʚʠʨʦʙʫ ʚ ʯʘʩʽ ʥʘʚʝʜʝʥʦ ʧʨʠʯʠʥʫ, ʧʽʜʩʪʘʚʠ, ʦʩʥʦʚʥʽ ʪʝʭʥʽʯʥʽ 

ʨʽʰʝʥʥʷ, ʧʦʣʽʛʦʥʠ, ʭʽʜ ʣʴʦʪʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʚʠʧʨʦʙʫʚʘʥʴ, ʪʝʨʤʽʥʠ 

ʨʦʟʨʦʙʢʠ ʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʨʘʢʝʪʥʠʭ ʢʦʤʧʣʝʢʩʽʚ, ʘ ʪʘʢʦʞ ʛʦʣʦʚʥʽ ʪʝʭʥʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʢʝʪ.  

ʊʘʢʠʤ ʯʠʥʦʤ ʮʽ ʽʩʪʦʨʠʯʥʽ, ʧʦ ʩʫʪʽ, ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʢʦʥʮʝʥʪʨʘʪʦʤ 

ʥʘʡʚʠʱʦʛʦ ʽʥʪʝʣʝʢʪʫ ʚ ʛʘʣʫʟʽ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʱʦʥʘʡʤʝʥʰʝ ʋʢʨʘʾʥʠ 
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ʪʦʛʦ ʯʘʩʫ. ɺʦʥʠ ʩʪʘʣʠ ʧʦʰʪʦʚʭʦʤ ʽ ʦʩʥʦʚʦʶ ʧʦʜʘʣʴʰʠʭ ʚʞʝ ʩʫʪʦ ʽʩʪʦʨʠʯʥʠʭ 

ʥʘʫʢʦʚʠʭ ʨʦʟʚʽʜʦʢ ʚ ʮʽʡ ʮʘʨʠʥʽ, ʥʘʧʨʠʢʣʘʜ [3] ï [8]. 
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MODELING OF G AS FLOW IN PNEUMATIC SYSTEMS OF LIQUID 

ROCKET ENGINES WITH ACCOUNT FOR HYDRAULIC LOSSES IN 

FLOW PATHS  

Abstract. This paper presents a mathematical model describing processes in the 

pneumatic systems of liquid rocket engines. The flow parameters were calculated 

using a new expression that accounts for hydraulic losses due to local resistances. 

The proposed model can be used in the design of tank pressurization systems for 

liquid-propellant rockets. 
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ʆʜʥʽʻʶ ʟ ʚʘʞʣʠʚʠʭ ʩʢʣʘʜʦʚʠʭ ʩʫʯʘʩʥʠʭ ʨʽʜʠʥʥʠʭ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ 

(ʈʈɼ) ʻ ʩʠʩʪʝʤʘ ʧʦʜʘʯʽ ʧʘʣʠʚʘ ʪʘ ʥʘʜʜʫʚʫ ʙʘʢʽʚ. ɽʪʘʧ ʨʦʟʨʦʙʢʠ ʥʦʚʦʾ ʩʠʩʪʝʤʠ 

ʥʝ ʦʙʭʦʜʠʪʴʩʷ ʙʝʟ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʾʾ ʨʦʙʦʪʠ, ʱʦ ʜʘʻ ʟʤʦʛʫ 

ʟʤʝʥʰʠʪʠ ʚʠʪʨʘʪʠ ʥʘ ʘʚʪʦʥʦʤʥʝ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʩʠʩʪʝʤʠ ʥʘʜʜʫʚʫ. ʆʜʥʘʢ 

ʨʦʟʨʦʙʢʘ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʤʽʩʪʠʪʴ ʥʠʟʢʫ ʦʩʦʙʣʠʚʦʩʪʝʡ ʧʽʜ ʯʘʩ ʦʧʠʩʫ 

ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʷʢʽ ʥʘʢʣʘʜʘʶʪʴ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ ʥʘ ʤʦʜʝʣʴ. ɼʦ ʪʘʢʠʭ 

ʦʩʦʙʣʠʚʦʩʪʝʡ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ ʩʢʣʘʜʥʠʡ ʭʘʨʘʢʪʝʨ ʛʘʟʦʜʠʥʘʤʽʯʥʠʭ ʽ 

ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʧʘʣʠʚʥʠʭ ʪʨʘʢʪʘʭ, ʱʦ ʧʨʦʪʽʢʘʶʪʴ ʟʘ ʚʠʩʦʢʠʭ 

ʰʚʠʜʢʦʩʪʝʡ ʽ ʟʥʘʯʥʠʭ ʧʝʨʝʧʘʜʽʚ ʪʠʩʢʫ. ʋ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʪʝʯʽʷ ʛʘʟʫ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʛʽʜʨʘʚʣʽʯʥʠʤʠ ʚʪʨʘʪʘʤʠ, ʟʫʤʦʚʣʝʥʠʤʠ ʪʝʨʪʷʤ ʫ 

ʪʨʫʙʦʧʨʦʚʦʜʘʭ, ʤʽʩʮʝʚʠʤʠ ʦʧʦʨʘʤʠ ʪʘ ʥʝʩʪʘʮʽʦʥʘʨʥʠʤʠ ʧʨʦʮʝʩʘʤʠ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʦʪʦʢʫ. 

 ʉʫʯʘʩʥʝ ʧʨʦʻʢʪʫʚʘʥʥʷ ʩʢʣʘʜʥʠʭ ʪʝʭʥʽʯʥʠʭ ʘʛʨʝʛʘʪʽʚ ʥʝ ʦʙʭʦʜʠʪʴʩʷ ʙʝʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷ CAD/CAE-ʩʠʩʪʝʤ, ʪʘʢʠʭ ʷʢ ANSYS [1], OpenFOAM, SolidWorks 

ʪʘ ʽʥʰʠʭ. ɿʘʟʥʘʯʝʥʽ ʩʠʩʪʝʤʠ ʜʘʶʪʴ ʟʤʦʛʫ ʤʦʜʝʣʶʚʘʪʠ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʟʘʜʘʯ ʽʟ 

ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ. ʆʜʥʘʢ ʽ ʜʦʩʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʧʦʪʨʝʙʫʻ ʟʥʘʯʥʠʭ 

ʚʠʪʨʘʪ ð ̫ ʢ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ, ʪʘʢ ʽ ʯʘʩʦʚʠʭ, ð ɦ ʦ ʤʦʞʝ ʫʩʢʣʘʜʥʶʚʘʪʠ ʧʨʦʮʝʩ 

ʧʨʦʻʢʪʫʚʘʥʥʷ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʝʪʘʧʘʭ ʘʙʦ ʧʽʜ ʯʘʩ ʦʧʪʠʤʽʟʘʮʽʾ ʩʠʩʪʝʤʠ. ʋ ʪʘʢʠʭ 

ʚʠʧʘʜʢʘʭ ʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʠʤ ʻ ʨʦʟʨʦʙʣʝʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʤʦʜʝʣʝʡ, ʷʢʽ 

ʧʦʻʜʥʫʚʘʣʠ ʙ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʥʠʟʴʢʦʶ ʦʙʯʠʩʣʶʚʘʣʴʥʦʶ 

ʩʢʣʘʜʥʽʩʪʶ. ʇʨʠʢʣʘʜʠ ʪʘʢʠʭ ʤʦʜʝʣʝʡ ʥʘʚʝʜʝʥʦ ʚ ʨʦʙʦʪʘʭ [2ï5]. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʧʥʝʚʤʦʩʠʩʪʝʤʠ 

ʨʽʜʠʥʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ (ʈʈɼ). ʈʦʟʛʣʷʥʫʪʘ ʩʠʩʪʝʤʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʙʘʣʦʥʘ 

ʟ ʛʘʟʦʤ ʥʘʜʜʫʚʫ, ʙʘʢʘ ʟ ʢʦʤʧʦʥʝʥʪʦʤ ʽ ʪʨʫʙʦʧʨʦʚʦʜʫ, ʱʦ ʾʭ ʟôʻʜʥʫʻ, ʷʢʠʡ 

ʤʽʩʪʠʪʴ ʤʽʩʮʝʚʠʡ ʦʧʽʨ ʫ ʚʠʛʣʷʜʽ ʞʠʢʣʝʨʘ. ɹʘʟʦʚʘ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ 

ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ, ʦʪʨʠʤʘʥʠʭ ʥʘ ʦʩʥʦʚʽ ʟʘʢʦʥʽʚ ʟʙʝʨʝʞʝʥʥʷ ʤʘʩʠ, 

ʽʤʧʫʣʴʩʫ ʪʘ ʝʥʝʨʛʽʾ. ɹʫʣʦ ʦʪʨʠʤʘʥʦ ʥʦʚʠʡ ʚʠʨʘʟ, ʘʢʪʫʘʣʴʥʠʡ ʜʣʷ ʩʪʠʩʣʠʚʦʛʦ 

ʛʘʟʫ, ʷʢʠʡ ʧʦʚôʷʟʫʻ ʝʥʪʨʦʧʽʶ ʥʘ ʚʭʦʜʽ ʪʘ ʚʠʭʦʜʽ ʤʽʩʮʝʚʦʛʦ ʦʧʦʨʫ. ɼʣʷ ʮʴʦʛʦ 

ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʝʥʪʨʦʧʽʡʥʫ ʬʫʥʢʮʽʶ ʜʣʷ ʘʜʽʘʙʘʪʠʯʥʦʛʦ ʥʝʟʚʦʨʦʪʥʦʛʦ 

ʧʨʦʮʝʩʫ ʩʧʽʣʴʥʦ ʟ ʚʠʨʘʟʦʤ ɼʘʨʩʽðɺʝʡʩʙʘʭʘ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʦʪʨʠʤʘʥʦ 

ʦʩʪʘʪʦʯʥʠʡ ʚʠʨʘʟ ʜʣʷ ʟʤʽʥʠ ʝʥʪʨʦʧʽʾ, ʘ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʟʚʝʜʝʥʦ ʜʦ ʦʜʥʦʛʦ 

ʥʝʣʽʥʽʡʥʦʛʦ ʘʣʛʝʙʨʘʾʯʥʦʛʦ ʨʽʚʥʷʥʥʷ. 

ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʪʨʠʤʘʥʦʾ ʤʦʜʝʣʽ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʪʝʩʪʦʚʽ ʨʦʟʨʘʭʫʥʢʠ 

ʜʣʷ ʨʽʟʥʠʭ ʪʠʧʽʚ ʤʽʩʮʝʚʠʭ ʦʧʦʨʽʚ, ʫ ʷʢʠʭ ʧʘʨʘʤʝʪʨʠ ʚʠʟʥʘʯʘʣʠʩʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʚʪʨʘʪ ʪʘ ʙʝʟ ʾʭ ʫʨʘʭʫʚʘʥʥʷ. ʈʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ ʩʫʪʪʻʚʠʡ ʚʧʣʠʚ ʫʨʘʭʫʚʘʥʥʷ 

ʚʪʨʘʪ ʧʽʜ ʯʘʩ ʪʝʯʽʾ ʯʝʨʝʟ ʤʽʩʮʝʚʠʡ ʦʧʽʨ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʦʪʨʠʤʘʥʘ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʜʘʻ ʟʤʦʛʫ 

ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ ʩʠʩʪʝʤʠ ʥʘʜʜʫʚʫ ʙʘʢʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ 

ʨʽʜʠʥʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ (ʈʈɼ), ʘ ʪʘʢʦʞ ʩʢʦʨʦʪʠʪʠ ʯʘʩ, ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʾʾ 

ʧʨʦʻʢʪʫʚʘʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʫ ʤʘʡʙʫʪʥʴʦʤʫ ʨʦʟʨʦʙʣʝʥʘ ʤʦʜʝʣʴ ʜʘʩʪʴ ʟʤʦʛʫ 

ʧʨʦʚʦʜʠʪʠ ʦʧʪʠʤʽʟʘʮʽʶ ʧʥʝʚʤʦʩʠʩʪʝʤ ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʾʭ ʝʬʝʢʪʠʚʥʦʩʪʽ. 
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APPLICATION OF NUMERICAL SIMULATION ALGORITHMS FOR 

THE PENETRATION OF A STRIKER INTO A MULTILAYER BLOCK  

Annotation. In report, consider the algorithm for numerical modeling the 

penetration of tungsten striker at hypersonic speeds into reinforced concrete and soil. 

The modeling was performing in the Ansys software package using strength models 

and equations of state of materials. 

Keywords: impactor, numerical modeling, soil. 

 

ʈʦʟʨʘʭʫʥʦʢ ʧʨʦʮʝʩʽʚ ʧʨʦʥʠʢʥʝʥʥʷ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʠʭ ʫʜʘʨʥʠʢʽʚ ʚ ʱʽʣʴʥʽ 

ʩʝʨʝʜʦʚʠʱʘ ʧʨʝʜʩʪʘʚʣʷʻ ʟʥʘʯʥʠʡ ʥʘʫʢʦʚʠʡ ʽ ʧʨʘʢʪʠʯʥʠʡ ʽʥʪʝʨʝʩ. ʇʨʠ 

ʛʽʧʝʨʰʚʠʜʢʦʩʪʷʭ (ʙʣʠʟʴʢʦ 2500 ʤ/ʩ) ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʜʽʾ ʟʥʘʯʥʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ 

ʚʽʜ ʫʜʘʨʫ ʧʨʠ ʥʠʟʴʢʠʭ ʰʚʠʜʢʦʩʪʷʭ: ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʽʥʪʝʥʩʠʚʥʽ ʧʣʘʩʪʠʯʥʽ 
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ʜʝʬʦʨʤʘʮʽʾ, ʣʦʢʘʣʴʥʠʡ ʥʘʛʨʽʚ, ʬʘʟʦʚʽ ʧʝʨʝʭʦʜʠ, ʝʨʦʟʽʷ ʤʘʪʝʨʽʘʣʫ ʽ ʬʦʨʤʫʚʘʥʥʷ 

ʫʜʘʨʥʠʭ ʭʚʠʣʴ [1], [2]. ʆʩʦʙʣʠʚʫ ʩʢʣʘʜʥʽʩʪʴ ʧʨʝʜʩʪʘʚʣʷʻ ʘʥʘʣʽʟ ʧʨʦʥʠʢʥʝʥʥʷ 

ʫʜʘʨʥʠʢʘ ʚ ʪʘʢʽ ʩʝʨʝʜʦʚʠʱʘ, ʷʢ ʙʝʪʦʥ, ʟʘʣʽʟʦʙʝʪʦʥ, ʛʨʫʥʪ ʪʘ ʘʩʬʘʣʴʪ, ʦʩʢʽʣʴʢʠ 

ʧʨʠ ʜʠʥʘʤʽʯʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʽ ʤʝʭʘʥʽʟʤ ʨʫʡʥʫʚʘʥʥʷ ʮʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʫʪʪʻʚʦ 

ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʩʪʘʪʠʯʥʦʛʦ. ʌʦʨʤʫʶʪʴʩʷ ʢʨʘʪʝʨʠ, ʚʽʜʢʦʣʠ, ʟʦʥʠ 

ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʽ ʚʪʦʨʠʥʥʽ ʦʩʢʦʣʢʠ, ʱʦ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʜʦʜʘʪʢʦʚʫ ʥʝʙʝʟʧʝʢʫ[3]. 

ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʫʜʘʨʥʠʢ ʩʢʣʘʜʘʻʪʴʩʷ ʟ: 

ʚʦʣʴʬʨʘʤʦʚʠʡ ʥʘʢʽʥʝʯʥʠʢ (Tungsten); 

ʢʦʨʧʫʩʫ ʚʠʢʦʥʘʥʦʛʦ ʟ ʚʠʩʦʢʦʤʽʮʥʦʾ ʩʪʘʣʽ (Steel S7). 

ʇʦʯʘʪʢʦʚʽ ʫʤʦʚʠ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ: 

ʰʚʠʜʢʽʩʪʴ ʫʜʘʨʥʠʢʘ ð 2800 ʤ/ʩ; 

ʧʦʯʘʪʢʦʚʘ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʣʴʬʨʘʤʦʚʦʛʦ ʥʘʢʽʥʝʯʥʠʢʘ ð 300 ʂ ʠ 2300 ʂ; 

ʤʘʩʘ ʫʜʘʨʥʠʢʘ ʩʢʣʘʜʘʻ 26 ʢʛ; 

ʟʦʚʥʽʰʥʽʡ ʜʽʘʤʝʪʨ ʢʦʨʧʫʩʫ 80ʤʤ. 

ɺ ʷʢʦʩʪʽ ʧʝʨʝʰʢʦʜʠ ʨʦʟʛʣʷʜʘʻʪʴʩʷ: 

      ʘʩʬʘʣʴʪ (Concrete 35 MPa), 

      ʛʨʫʥʪ (Soil). 

 ʄʦʜʝʣʶʚʘʥʥʷ ʚʠʢʦʥʘʥʝ ʚ ʧʨʦʛʨʘʤʥʦʤʫ ʢʦʤʧʣʝʢʩʽ ANSYS ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʜʝʣʝʡ ʤʽʮʥʦʩʪʽ ʽ ʨʽʚʥʷʥʴ ʩʪʘʥʫ ʤʘʪʝʨʽʘʣʽʚ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, 

ʱʦ ʢʣʘʩʠʯʥʘ ʤʦʜʝʣʴ ʤʽʮʥʦʩʪʽ ʉʪʝʡʥʙʝʨʛʘ-ʂʦʭʨʘʥʘ-ɻʠʥʘʥʘ [4], ʚʞʠʚʘʥʘ ʜʣʷ 

ʦʧʠʩʫ ʧʣʘʩʪʠʯʥʦʾ ʧʦʚʝʜʽʥʢʠ, ʥʝ ʧʦʚʥʦʶ ʤʽʨʦʶ ʚʨʘʭʦʚʫʻ ʚʟʘʻʤʦʟʚ'ʷʟʦʢ 

ʜʝʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʽ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʦʟʤ'ʷʢʰʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʧʨʠ 

ʥʘʜʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʽ ʜʝʬʦʨʤʘʮʽʷʭ. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ:  

- ʧʨʠ ʧʦʯʘʪʢʦʚʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 300ʂ, ʥʘʛʨʽʚ ʩʢʣʘʚ  ~380ʂ; 

- ʧʨʠ ʧʦʯʘʪʢʦʚʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 2300ʂ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦʩʷʛʘʣʘ ~2550ʂ. 

- ʧʨʠ ʧʦʯʘʪʢʦʚʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 300ʂ, ʟʚʫʞʝʥʥʷ ʦʞʠʚʘʣʴʥʦʾ ʯʘʩʪʠʥʠ ʩʢʣʘʣʦ 

2,32 %, ʝʨʦʟʽʷ ʢʦʤʽʨʦʢ ʩʽʪʢʠ ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʷ, ʟʤʽʥʘ ʬʦʨʤʠ ʫʜʘʨʥʠʢʘ 

ʤʽʥʽʤʘʣʴʥʘ; 

- ʧʨʠ ʧʦʯʘʪʢʦʚʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 2300ʂ ʟʚʫʞʝʥʥʷ ʩʢʣʘʣʦ 9,69 %, 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚʠʨʘʞʝʥʘ ʟʤʽʥʘ ʬʦʨʤʠ ʥʦʩʦʚʦʾ ʯʘʩʪʠʥʠ; ʧʦʩʠʣʶʶʪʴʩʷ ʝʬʝʢʪʠ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʦʟʤ'ʷʢʰʝʥʥʷ ʤʘʪʝʨʽʘʣʫ. 

 ɺ ʜʦʧʦʚʽʜʽ ʨʦʟʛʣʷʥʫʪʽ ʦʩʦʙʣʠʚʦʩʪʽ ʪʘ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʫʜʘʨʥʠʢʘ 

ʟ ʨʽʟʥʠʤʠ ʧʝʨʝʰʢʦʜʘʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʦʟʨʘʭʫʥʢʦʚʦʛʦ ʢʦʤʧʣʝʢʩʫ ANSYS 

(Explicit Dynamics ʪʘ Autodyn) [5]: 
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Bʇʃʀɺ ɻɯɼʈɸɺʃɯʏʅʆɻʆ ʊɽʈʊʗ ʅɸ ɿɸʃʀʐʆʂ ʂʆʄʇʆʅɽʅʊɯɺ 

ʇɸʃʀɺɸ ɺ ʉʀʉʊɽʄɸʍ ɾʀɺʃɽʅʅʗ ʈɸʂɽʊ-ʅʆʉɯɰɺ 

ɸʥʦʪʘʮʽʷ. ɺ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʚʧʣʠʚ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʪʝʨʪʷ ʥʘ ʛʽʜʨʘʚʣʽʯʥʠʡ 

ʟʘʣʠʰʦʢ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʚ ʩʠʩʪʝʤʘʭ ʞʠʚʣʝʥʥʷ ʢʦʩʤʽʯʥʠʭ ʨʘʢʝʪ. 

ɻʽʜʨʘʚʣʽʯʥʠʡ ʟʘʣʠʰʦʢ ʧʨʦʧʦʥʫʻʪʴʩʷ ʚʠʟʥʘʯʘʪʠ ʷʢ ʬʫʥʢʮʽʶ ʚʽʜ ʛʽʜʨʘʚʣʽʯʥʦʛʦ 

ʟʘʣʠʰʢʫ ʚ ʙʘʢʫ ʽ ʚʽʜʥʦʩʥʦʾ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʛʘʟʦʚʠʭ ʙʫʣʴʙʘʰʦʢ. ʅʘ ʦʩʥʦʚʽ 

ʨʽʚʥʷʥʥʷ ʜʠʥʘʤʽʢʠ ʙʫʣʴʙʘʰʢʠ ʚ ʨʽʜʠʥʥʦʤʫ ʧʦʪʦʮʽ ʚʠʚʝʜʝʥʘ ʬʦʨʤʫʣʘ, ʱʦ ʜʘʻ 

ʢʽʣʴʢʽʩʥʫ ʦʮʽʥʢʫ ʚʧʣʠʚʫ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʪʝʨʪʷ ʥʘ ʚʝʣʠʯʠʥʫ ʛʽʜʨʘʚʣʽʯʥʦʛʦ 

ʟʘʣʠʰʢʫ ʚ ʩʠʩʪʝʤʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʟʘʙʽʨʥʠʡ ʧʨʠʩʪʨʽʡ, ʛʘʟʦʚʘ ʙʫʣʴʙʘʰʢʘ, ʛʽʜʨʘʚʣʽʯʥʠʡ ʟʘʣʠʰʦʢ, 

ʛʽʜʨʘʚʣʽʯʥʝ ʪʝʨʪʷ, ʨʘʢʝʪʘ-ʥʦʩʽʡ. 
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THE HYDRAULIC FRICTIONôS INFLUENCE ON THE HYDRAULIC 

RESIIDUE OF THE PROPELLANT COMPONENTS IN THE FEED 

SYSTEMS OF THE LAUNCH VEICHLES.  

Annotation. The hydraulic frictionôs influence on the hydraulic residues of the 

propellant components in the feed systems of the space rockets is researched in this 

paper. The hydraulic residue is suggested determining as a function that depends on 

the hydraulic residue in the tank and the relative velocity of the bubbleôs movement. 

The formula that estimates of a quantity of the hydraulic frictionôs influence on the 

hydraulic residue of the propellant component in the system was obtained basing on 

a dynamic equation of the bubbleôs movement. 

mailto:karmodied2000@gmail.com
mailto:n.pozdnyshev@gmail.com
mailto:karmodied2000@gmail.com
mailto:n.pozdnyshev@gmail.com


˸ˢ́˩˸ˢ́ˮ̉˹˱ ˸˻˨˩˶˱ ́ˢ ̉ˮ˿˩˶̎˹˱ ˩˴˿˽˩˾ˮ˸˩˹́ˮ 

328 

Keywords: propellant management device, gas bubble, hydraulic residue, hydraulic 

friction, launch vehicle. 

 

ʆʜʥʽʻʶ ʟʽ ʩʢʣʘʜʦʚʠʭ ʟʘʣʠʰʢʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʚ ʩʠʩʪʝʤʘʭ ʞʠʚʣʝʥʥʷ 

ʨʘʢʝʪ-ʥʦʩʽʾʚ ʻ ʛʽʜʨʘʚʣʽʯʥʠʡ ʟʘʣʠʰʦʢ. ɻʽʜʨʘʚʣʽʯʥʠʡ ʟʘʣʠʰʦʢ ï ʮʝ ʯʘʩʪʠʥʘ 

ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʷʢʘ ʥʝ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʦʶ ʷʢ ʨʦʙʦʯʠʡ ʟʘʧʘʩ ʧʘʣʠʚʘ 

ʽʟ-ʟʘ ʧʦʨʫʰʝʥʥʷ ʩʫʮʽʣʴʥʦʩʪʽ. ʊʝʦʨʝʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʟʘʣʠʰʢʫ ʻ 

ʘʢʪʫʘʣʴʥʠʤ ʽ ʜʦʮʽʣʴʥʠʤ ʟ ʤʝʪʦʶ ʟʙʽʣʴʰʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʨʘʢʝʪ ʟʘ ʨʘʭʫʥʦʢ ʫʪʦʯʥʝʥʥʷ ʤʝʪʦʜʽʚ ʨʦʟʨʘʭʫʥʢʫ. 

ɻʽʜʨʘʚʣʽʯʥʠʡ ʟʘʣʠʰʦʢ ʚ ʩʠʩʪʝʤʘʭ ʞʠʚʣʝʥʥʷ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ ʤʦʞʝ ʙʫʪʠ 

ʚʠʟʥʘʯʝʥʠʡ ʰʣʷʭʦʤ ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʥʘʤʽʢʠ ʨʫʭʫ ʙʫʣʴʙʘʰʦʢ ʚ ʧʦʪʦʮʽ 

ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ, ʱʦ ʧʦʜʘʶʪʴʩʷ ʧʦ ʚʠʪʨʘʪʥʠʤ ʤʘʛʽʩʪʨʘʣʷʤ ʜʦ ʜʚʠʛʫʥʽʚ [1]. 

ɺʠʭʽʜʥʠʤʠ ʜʘʥʠʤʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʻ ʛʘʟʦʨʽʜʠʥʥʠʡ ʰʘʨ ʧʘʣʠʚʘ ʚ ʚʝʨʭʥʽʡ 

ʯʘʩʪʠʥʽ ʚʠʪʨʘʪʥʦʾ ʤʘʛʽʩʪʨʘʣʽ, ʱʦ ʫʪʚʦʨʠʚʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ 

ʧʨʦʚʘʣʫ ʨʽʚʥʷ ʢʦʤʧʦʥʝʥʪʫ ʥʘʜ ʟʣʠʚʥʠʤ ʦʪʚʦʨʦʤ, ʘʙʦ ʚʟʘʻʤʦʜʽʾ ʚʽʣʴʥʦ 

ʧʘʜʘʶʯʦʛʦ ʩʪʨʫʤʝʥʷ ʨʽʜʠʥʠ ʟ ʙʘʢʫ ʚ ʤʘʛʽʩʪʨʘʣʴ [2], [3]. ʄʝʪʦʜʠʢʘ ʨʦʟʨʘʭʫʥʢʫ 

ʧʦʣʦʞʝʥʥʷ ʛʘʟʦʨʽʜʠʥʥʦʾ ʩʫʤʽʰʽ [2] ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʝʚʥʽ ʧʨʠʧʫʱʝʥʥʷ, ʟʦʢʨʝʤʘ 

ʥʝʭʪʫʚʘʥʥʷ ʩʠʣʦʶ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʪʝʨʪʷ, ʱʦ ʥʝ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʨʠʥʮʠʧʦʚʝ 

ʨʽʰʝʥʥʷ ʟʘʜʘʯʽ, ʘʣʝ ʥʝ ʜʘʻ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʭʠʙʦʢ, ʷʢʽ ʧʦʚôʷʟʘʥʽ ʟ 

ʮʠʤʠ ʧʨʠʧʫʱʝʥʥʷʤʠ. ʇʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʨʝʘʣʴʥʠʭ ʚʠʨʦʙʽʚ, ʚʠʥʠʢʘʻ ʟʘʜʘʯʘ ʚ 

ʢʽʣʴʢʽʩʥʠʡ ʦʮʽʥʮʽ ʧʦʭʠʙʦʢ ʽ ʫʪʦʯʥʝʥʥʷ ʤʝʪʦʜʫ ʨʦʟʨʘʭʫʥʢʫ ʛʽʜʨʘʚʣʽʯʥʦʛʦ 

ʟʘʣʠʰʢʫ. 

ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʪʝʨʪʷ ʚ ʚʠʪʨʘʪʥʠʭ 

ʤʘʛʽʩʪʨʘʣʷʭ ʩʠʩʪʝʤ ʞʠʚʣʝʥʥʷ ʢʦʩʤʽʯʥʠʭ ʨʘʢʝʪ ʥʘ ʚʝʣʠʯʠʥʫ ʛʽʜʨʘʚʣʽʯʥʦʛʦ 

ʟʘʣʠʰʢʫ ʚ ʩʠʩʪʝʤʽ. 

ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʟʘʜʘʯʽ ʙʫʣʘ ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ, ʷʢʘ 

ʧʦʚôʷʟʫʻ ʚʝʣʠʯʠʥʫ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʟʘʣʠʰʢʫ ʚ ʩʠʩʪʝʤʽ ʞʠʚʣʝʥʥʷ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ 

ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʪʝʨʪʷ. ɹʫʣʠ ʧʨʠʡʥʷʪʽ ʥʘʩʪʫʧʥʽ ʫʤʦʚʠ: ʧʦʯʘʪʢʦʚʠʡ ʛʘʟʦʨʽʜʠʥʥʠʡ 

ʰʘʨ ʚ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʤʘʛʽʩʪʨʘʣʽ ʧʨʠʡʤʘʚʩʷ ʨʽʚʥʠʤ ʛʽʜʨʘʚʣʽʯʥʦʤʫ ʟʘʣʠʰʢʫ ʚ 

ʙʘʢʫ, ʤʘʛʽʩʪʨʘʣʴ ʧʦʜʘʯʽ ʢʦʤʧʦʥʝʥʪʘ ï ʧʨʷʤʠʡ ʪʨʫʙʦʧʨʦʚʽʜ ʟ ʧʦʩʪʽʡʥʠʤ 

ʜʽʘʤʝʪʨʦʤ, ʧʦʣʝ ʤʘʩʦʚʠʭ ʩʠʣ ʩʪʘʮʽʦʥʘʨʥʦ, ʨʝʞʠʤ ʧʦʜʘʯʽ ʢʦʤʧʦʥʝʥʪʘ ʚ ʜʚʠʛʫʥ 

ʩʪʘʮʽʦʥʘʨʥʠʡ ʽ ʚôʷʟʢʠʡ ʨʝʞʠʤ ʪʝʯʽʾ ʨʽʜʠʥʠ ʥʘʚʢʦʣʦ ʙʫʣʴʙʘʰʢʠ. ʎʽ ʧʨʠʧʫʱʝʥʥʷ 

ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʘʪʠ ʘʥʘʣʽʪʠʯʥʝ ʨʽʰʝʥʥʷ ʜʠʬʝʨʝʥʮʽʡʥʦʛʦ ʨʽʚʥʷʥʥʷ ʜʠʥʘʤʽʢʠ 

ʨʫʭʫ ʙʫʣʴʙʘʰʢʠ ʽ ʦʪʨʠʤʘʪʠ ʟʥʘʯʝʥʥʷ ʚʽʜʥʦʩʥʦʾ ʰʚʠʜʢʦʩʪʽ ʙʫʣʴʙʘʰʢʠ ʚ 

ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʫʩʽ [3]. 

ʆʩʢʽʣʴʢʠ ʛʽʜʨʘʚʣʽʯʥʝ ʪʝʨʪʷ ʟʤʽʥʶʻ ʚʽʜʥʦʩʥʫ ʰʚʠʜʢʽʩʪʴ ʙʫʣʴʙʘʰʦʢ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʛʽʜʨʘʚʣʽʯʥʠʡ ʟʘʣʠʰʦʢ ʚ ʩʠʩʪʝʤʽ ʚʠʟʥʘʯʘʪʠ ʟʘ ʥʘʩʪʫʧʥʦʶ 

ʬʦʨʤʫʣʦʶ: 

 

ʜʝ V0 ï ʧʦʯʘʪʢʦʚʠʡ ʦʙôʻʤ ʨʽʜʠʥʠ ʚ ʛʘʟʦʨʽʜʠʥʥʦʤʫ ʰʘʨʽ ʚ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ 

            ʤʘʛʽʩʪʨʘʣʽ; 
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     Vʪʨ ï ʦʙôʻʤ ʢʦʤʧʦʥʝʥʪʘ ʚ ʦʩʪʘʪʦʯʥʽʡ ʯʘʩʪʠʥʽ ʪʨʫʙʦʧʨʦʚʦʜʫ; 

     Q ï ʦʙôʻʤʥʽ ʩʝʢʫʥʜʥʽ ʚʠʪʨʘʪʠ ʢʦʤʧʦʥʝʥʪʘ ʚ ʜʚʠʛʫʥ; 

     l2 ï ʜʦʚʞʠʥʘ ʦʩʪʘʪʦʯʥʦʾ ʯʘʩʪʠʥʠ ʪʨʫʙʦʧʨʦʚʦʜʫ; 

     v ï ʚʽʜʥʦʩʥʘ ʰʚʠʜʢʽʩʪʴ  ʙʫʣʴʙʘʰʢʠ; 

     w ï ʩʝʨʝʜʥʷ ʰʚʠʜʢʽʩʪʴ ʧʦʪʦʢʫ ʢʦʤʧʦʥʝʥʪʘ ʚ ʪʨʫʙʦʧʨʦʚʦʜʽ. 

ʇʽʩʣʷ ʨʦʟʢʣʘʜʝʥʥʷ ʬʦʨʤʫʣʠ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʟʘʣʠʰʢʫ ʚ ʨʷʜ ʊʝʡʣʦʨʘ, 

ʧʽʜʩʪʘʥʦʚʢʠ ʚʝʣʠʯʠʥʠ ʩʪʘʮʽʦʥʘʨʥʦʾ ʰʚʠʜʢʦʩʪʽ ʙʫʣʴʙʘʰʢʠ ʽ ʘʨʠʬʤʝʪʠʯʥʠʭ 

ʩʢʦʨʦʯʝʥʴ, ʦʪʨʠʤʘʥʘ ʬʦʨʤʫʣʘ, ʷʢʘ ʧʦʢʘʟʫʻ ʥʘʩʢʽʣʴʢʠ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʦʜʠʥ ʚʽʜ 

ʦʜʥʦʛʦ ʟʥʘʯʝʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʟʘʣʠʰʢʫ ʚ ʩʠʩʪʝʤʽ ʞʠʚʣʝʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʪʝʨʪʷ ʽ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ ʦʩʪʘʥʥʴʦʛʦ: 

 

ʜʝ Vʟ ï ʛʽʜʨʘʚʣʽʯʥʠʡ ʟʘʣʠʰʦʢ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʪʝʨʪʷ; 

     V0ʟ ï ʛʽʜʨʘʚʣʽʯʥʠʡ ʟʘʣʠʰʦʢ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷʤ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʪʝʨʪʷ; 

     l ï ʢʦʝʬʽʮʽʻʥʪ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ ʪʝʨʪʷ; 

     r ï ʱʽʣʴʥʽʩʪʴ ʢʦʤʧʦʥʝʥʪʘ ʧʘʣʠʚʘ; 

     d ï ʜʽʘʤʝʪʨ ʪʨʫʙʦʧʨʦʚʦʜʫ; 

     Rʙ ï ʨʘʜʽʫʩ ʙʫʣʴʙʘʰʢʠ; 

     m ï ʢʦʝʬʽʮʽʻʥʪ ʜʠʥʘʤʽʯʥʦʾ ʚôʷʟʢʦʩʪʽ ʢʦʤʧʦʥʝʥʪʘ. 

ʇʨʦʚʝʜʝʥʽ ʨʦʟʨʘʭʫʥʢʠ ʜʣʷ ʦʜʥʦʛʦ ʟʥʘʯʝʥʥʷ ʨʘʜʽʫʩʘ ʙʫʣʴʙʘʰʢʠ 

ʧʦʢʘʟʫʶʪʴ, ʱʦ ʧʦʭʠʙʢʘ ʧʨʠ ʥʝʭʪʫʚʘʥʥʽ ʛʽʜʨʘʚʣʽʯʥʠʤ ʪʝʨʪʷʤ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʧʨʠʩʢʦʨʝʥʥʷ ʤʘʩʦʚʠʭ ʩʠʣ ʽ ʚʽʜ ʪʠʧʫ ʨʽʜʠʥʠ ʽ ʩʢʣʘʣʘ ʚʝʣʠʯʠʥʫ ʜʦ 1 ʜʤ3. ʎʝ 

ʻ ʩʫʪʪʻʚʠʤ ʜʣʷ ʢʦʩʤʽʯʥʠʭ ʩʪʫʧʝʥʽʚ ʯʝʨʝʟ ʪʝ, ʱʦ ʧʦʭʠʙʢʘ ʟʙʽʣʴʰʫʻ ʟʘʣʠʰʢʠ 

ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ ʽ ʫʪʦʯʥʝʥʥʷ ʤʝʪʦʜʠʢʠ ʨʦʟʨʘʭʫʥʢʫ ʩʧʨʠʷʻ ʧʦʢʨʘʱʝʥʥʶ 

ʝʥʝʨʛʝʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʢʝʪ-ʥʦʩʽʾʚ. 
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ʌʆʈʄʋɺɸʅʅʗ ʂʆʅʎɽʇʎɯɰ ʇɽʈʉʇɽʂʊʀɺʅʆɰ  

ɺɸɾʂʆɰ ɹʈʆʅʔʆɺɸʅʆɰ ʄɸʐʀʅʀ ɿ ʋʈɸʍʋɺɸʅʅʗʄ 

ɿɸɻʈʆɿʀ ʋɼɸʈʅʀʍ ɹʇʃɸ 

ɸʥʦʪʘʮʽʷ. ʋʜʘʨʥʽ ʙʝʟʧʽʣʦʪʥʽ ʣʽʪʘʣʴʥʽ ʘʧʘʨʘʪʠ ʜʦʢʦʨʽʥʥʠʤ ʯʠʥʦʤ ʟʤʽʥʠʣʠ ʩʫʯʘʩʥʝ 

ʧʦʣʝ ʙʦʶ. ɯʩʥʫʶʯʽ ʪʘ ʧʝʨʩʧʝʢʪʠʚʥʽ ʟʨʘʟʢʠ ʙʨʦʥʴʦʚʘʥʦʾ ʪʝʭʥʽʢʠ ʚʞʝ ʥʝ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʚʠʤʦʛʘʤ ʩʴʦʛʦʜʝʥʥʷ ʟ ʪʦʯʢʠ ʟʦʨʫ ʨʝʘʣʴʥʠʭ ʟʘʛʨʦʟ ʪʘ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʦʾ ʪʘʢʪʠʢʠ 

ʟʘʩʪʦʩʫʚʘʥʥʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʬʦʨʤʫʚʘʥʥʷ ʢʦʥʮʝʧʮʽʾ ʚʘʞʢʦʾ ʙʨʦʥʴʦʚʘʥʦʾ ʤʘʰʠʥʠ 

ʚʦʛʥʝʚʦʾ ʧʽʜʪʨʠʤʢʠ, ʷʢʘ ʙ ʚʨʘʭʦʚʫʚʘʣʘ ʩʫʯʘʩʥʠʡ ʜʦʩʚʽʜ ʚʽʡʩʴʢʦʚʠʭ ʢʦʥʬʣʽʢʪʽʚ ʪʘ 
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APPLICATION OF THE AEROSTAT SYSTEM AS A BASIC 

ELEMENT FOR DEPLOYMENT OF THE AIR DEFENSE SYSTEM  

Annotation. Strike unmanned aerial vehicles have radically changed the modern 

battlefield. Existing and promising models of armored vehicles no longer meet 

today's requirements in terms of real threats and the most common tactics of use. 

The concept of a heavy armored fire support vehicle is proposed, which would take 

into account the modern experience of military conflicts and the capabilities of the 

military-industrial complex of Ukraine. 

Keywords: strike unmanned aerial vehicle, heavy armour vehicle. 

 

ɼʦʩʚʽʜ ʚʽʡʩʴʢʦʚʠʭ ʢʦʥʬʣʽʢʪʽʚ ʍʍI ʩʪ. ʧʦʢʘʟʫʻ ʩʪʨʽʤʢʝ ʟʨʦʩʪʘʥʥʷ ʨʦʣʽ 

ʫʜʘʨʥʠʭ ɹʇʃɸ ʨʽʟʥʠʭ ʢʣʘʩʽʚ ï ʷʢ ʚʘʞʢʠʭ ʙʘʛʘʪʦʮʽʣʴʦʚʠʭ ɹʇʃɸ MALE-ʢʣʘʩʫ ʟ 

ʢʝʨʦʚʘʥʠʤʠ ʙʦʤʙʘʤʠ ʽ ʨʘʢʝʪʘʤʠ, ʪʘʢ ʽ ɹʇʃɸ ʪʘʢʪʠʯʥʦʛʦ ʢʣʘʩʫ, ʟʦʢʨʝʤʘ ɹʇʃɸ 

ʦʩʥʘʱʝʥʠʭ ʩʠʩʪʝʤʦʶ ʩʢʠʜʘʥʥʷ ʥʝʢʝʨʦʚʘʥʠʭ ʙʦʻʧʨʠʧʘʩʽʚ ʪʘ ʦʜʥʦʨʘʟʦʚʠʭ ʫʜʘʨʥʠʭ 

ɹʇʃɸ (ʙʘʨʘʞʫʶʯʠʭ ʙʦʻʧʨʠʧʘʩʽʚ, ɹɹ). ʅʘʡʙʽʣʴʰʝ ʷʩʢʨʘʚʦ ʟʘʟʥʘʯʝʥʘ ʚʠʱʝ 

ʪʝʥʜʝʥʮʽʷ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʫ ɼʨʫʛʽʡ ʂʘʨʘʙʘʩʴʢʽʡ ʚʽʡʥʽ, ʫ ʭʦʜʽ ʷʢʦʾ ʫʜʘʨʥʠʤʠ ɹʇʃɸ 

MALE-ʢʣʘʩʫ ʪʘ ɹɹ ʙʫʣʦ ʟʥʠʱʝʥʦ ʜʦ 39% ʚʽʜ ʫʩʽʭ ʫʨʘʞʝʥʠʭ ʮʽʣʝʡ [1], ʘ ʪʘʢʦʞ ʫ 

ʚʽʡʥʽ ʚ ʋʢʨʘʾʥʽ, ʜʝ ʟʘ ʜʝʷʢʠʤʠ ʜʞʝʨʝʣʘʤʠ ʧʨʦʮʝʥʪ ʫʨʘʞʝʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ɹɹ 

ʮʽʣʝʡ ʤʦʞʝ ʩʪʘʥʦʚʠʪʠ 60-70 ʚʽʜ ʟʘʛʘʣʴʥʦʛʦ ʯʠʩʣʘ [2]. 
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ʌʦʪʦ- ʪʘ ʚʽʜʝʦʤʘʪʝʨʽʘʣʠ ʦʙôʻʢʪʠʚʥʦʛʦ ʢʦʥʪʨʦʣʶ ʫʨʘʞʝʥʥʷ ʚʘʞʢʦʾ 

ʙʨʦʥʝʪʝʭʥʽʢʠ (ʪʘʥʢʽʚ), ʘ ʪʘʢʦʞ ʣʝʛʢʦʙʨʦʥʴʦʚʘʥʦʾ ʪʝʭʥʽʢʠ (ʩʘʤʦʭʽʜʥʽ 

ʘʨʪʠʣʝʨʽʡʩʴʢʽ ʫʩʪʘʥʦʚʢʠ, ʙʦʡʦʚʽ ʤʘʰʠʥʠ ʧʽʭʦʪʠ ʪʦʱʦ) ʧʦʢʘʟʫʶʪʴ, ʱʦ ʰʪʘʪʥʽ 

ʪʘ ʚʩʪʘʥʦʚʣʝʥʽ ʜʦʜʘʪʢʦʚʦ ʟʘʩʦʙʠ ʟʘʭʠʩʪʫ ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ ʛʘʨʘʥʪʦʚʘʥʝ 

ʚʠʞʠʚʘʥʥʷ ʟʘʟʥʘʯʝʥʠʭ ʟʨʘʟʢʽʚ ʚʽʡʩʴʢʦʚʦʾ ʪʝʭʥʽʢʠ ʚ ʩʫʯʘʩʥʠʭ ʨʝʘʣʽʷʭ. ʇʨʠ 

ʮʴʦʤʫ ʨʷʜ ʨʽʰʝʥʴ ʟ ʤʦʜʝʨʥʽʟʘʮʽʾ ʪʝʭʥʽʢʠ ʦʙʤʝʞʫʶʪʴ ʟʘʢʣʘʜʝʥʽ ʥʘ ʤʦʤʝʥʪ ʾʾ 

ʩʪʚʦʨʝʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ, ʫ ʪʦʤʫ ʯʠʩʣʽ: 

ð ʤʦʞʣʠʚʽʩʪʴ ʦʙʝʨʪʘʥʥʷ ʙʘʰʪʠ; 

ð ʟʦʥʠ ʦʛʣʷʜʫ ʩʧʦʩʪʝʨʝʞʥʠʭ ʧʨʠʣʘʜʽʚ, ʚʩʪʘʥʦʚʣʝʥʠʭ ʥʘ ʙʘʰʪʽ; 

ð ʤʦʞʣʠʚʽʩʪʴ ʚʝʜʝʥʥʷ ʚʦʛʥʶ ʟʽ ʩʧʘʨʝʥʦʛʦ ʪʘ/ʘʙʦ ʚʝʣʠʢʦʢʘʣʽʙʝʨʥʦʛʦ 
ʢʫʣʝʤʝʪʫ ʪʦʱʦ. 

ɺʨʘʭʦʚʫʶʯʠ ʙʦʡʦʚʽ ʚʪʨʘʪʠ ʪʘ ʦʙʤʝʞʝʥʽ ʤʦʞʣʠʚʦʩʪʽ ʢʨʘʾʥ-ʧʘʨʪʥʝʨʽʚ ʟ 

ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʧʦʩʪʘʯʘʥʥʷ ʚʘʞʢʦʾ ʙʨʦʥʝʪʝʭʥʽʢʠ ʜʣʷ ʧʦʪʨʝʙ ɿʙʨʦʡʥʠʭ ʉʠʣ 

ʋʢʨʘʾʥʠ, ʚʞʝ ʟʘʨʘʟ ʤʘʻ ʨʦʟʛʣʷʜʘʪʠʩʷ ʢʦʥʮʝʧʮʽʷ ʧʝʨʩʧʝʢʪʠʚʥʦʾ ʚʘʞʢʦʾ 

ʙʨʦʥʴʦʚʘʥʦʾ ʤʘʰʠʥʠ ʚʦʛʥʝʚʦʾ ʧʽʜʪʨʠʤʢʠ, ʷʢʘ ʙ ʤʦʛʣʘ ʩʝʨʽʡʥʦ ʚʠʨʦʙʣʷʪʠʩʷ ʥʘ 

ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʚʽʡʩʴʢʦʚʦ-ʧʨʦʤʠʩʣʦʚʦʛʦ ʢʦʤʧʣʝʢʩʫ ʋʢʨʘʾʥʠ ʪʘ ʚʨʘʭʦʚʫʚʘʣʘ 

ʧʦʪʦʯʥʽ ʪʘ ʤʘʡʙʫʪʥʽ ʟʘʛʨʦʟʠ (ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʟ ʙʦʢʫ ʫʜʘʨʥʠʭ ɹʇʃɸ, ʷʢ ʥʘʡʙʽʣʴʰ 

ʧʦʰʠʨʝʥʠʭ ʟʘʩʦʙʽʚ ʫʨʘʞʝʥʥʷ ʥʘ ʩʫʯʘʩʥʦʤʫ ʧʦʣʽ ʙʦʶ). ʅʘ ʜʫʤʢʫ ʘʚʪʦʨʘ, ʮʷ 

ʢʦʥʮʝʧʮʽʷ ʤʘʻ ʚʢʣʶʯʘʪʠ: 

ð ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʘʨʽʟʥʦʾ ʛʘʨʤʘʪʠ ʢʘʣʽʙʨʦʤ 155 ʤʤ ʪʘ ʟʤʝʥʰʝʥʠʤ ʜʦ 18-22 

ʧʦʩʪʨʽʣʽʚ ʙʦʻʢʦʤʧʣʝʢʪʦʤ; 

ð ʚʽʜʤʦʚʫ ʚʽʜ ʙʘʰʪʠ, ʱʦ ʦʙʝʨʪʘʻʪʴʩʷ ʥʘ 360Á; 

ð ʨʦʟʤʽʱʝʥʥʷ ʝʢʽʧʘʞʫ ʚ ʽʟʦʣʴʦʚʘʥʽʡ ʙʨʦʥʝʢʘʧʩʫʣʽ; 

ð ʚʩʪʘʥʦʚʣʝʥʥʷ ʨʦʟʚʠʥʝʥʦʾ ʩʠʩʪʝʤʠ ʟʘʭʠʩʪʫ, ʱʦ ʚʢʣʶʯʘʣʘ ʙ ʨʝʰʽʪʢʠ, 
ʝʣʝʤʝʥʪʠ ʜʠʥʘʤʽʯʥʦʛʦ ʟʘʭʠʩʪʫ, ʙʘʛʘʪʦʰʘʨʦʚʫ ʙʨʦʥʶ ʪʦʱʦ; 

ð ʚʩʪʘʥʦʚʣʝʥʥʷ ʘʚʪʦʤʘʪʠʯʥʦʾ ʪʫʨʝʣʽ ʜʣʷ ʟʘʭʠʩʪʫ ʚʽʜ ɹɹ ʪʦʱʦ. 

ʇʦʪʨʝʙʠ ɿʙʨʦʡʥʠʭ ʉʠʣ ʋʢʨʘʾʥʠ ʫ ʤʘʰʠʥʘʭ ʪʘʢʦʛʦ ʢʣʘʩʫ ʩʢʣʘʜʘʶʪʴ 

ʱʦʥʘʡʤʝʥʰʝ 900 ʦʜʠʥʠʮʴ, ʟʦʢʨʝʤʘ ʜʣʷ ʧʦʚʥʦʾ ʟʘʤʽʥʠ ʪʘ ʫʥʽʬʽʢʘʮʽʾ ʧʘʨʢʫ 

ʪʘʥʢʽʚ, ʥʘʷʚʥʠʭ ʥʘ ʧʦʯʘʪʦʢ ʧʦʚʥʦʤʘʩʰʪʘʙʥʦʾ ʚʽʡʥʠ ʟ ʨʬ [3]. 
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ʇʆɼɺɯʁʅɽ ɿɸʉʊʆʉʋɺɸʅʅʗ ɸʃɻʆʈʀʊʄʋ ɼɽʁʂʉʊʈʀ ʇʈʀ 

ʈɽɸʃɯɿɸʎɯɰ ʂɽʈʋʖʏʆɻʆ ɺʇʃʀɺʋ ʅɸ ʇʆʊʆʂʀ ɯʅʌʆʈʄɸʎɯɰ ɺ 

ʄɽʈɽɾɯ ɿɺôʗɿʂʋ, ʂʆʉʄɯʏʅʀʁ ɸʉʇɽʂʊ  

ɸʥʦʪʘʮʽʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʨʝʘʣʽʟʘʮʽʾ ʢʝʨʫʶʯʦʛʦ ʚʧʣʠʚʫ ʥʘ ʧʦʪʦʢʠ 

ʽʥʬʦʨʤʘʮʽʡ ʫ ʤʝʨʝʞʽ ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ, ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʧʦʜʚʽʡʥʦʤʫ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ʮʝʥʪʨʘʣʽʟʦʚʘʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʚʠʙʦʨʫ ʰʣʷʭʫ ʥʘʡʤʝʥʰʦʾ ʚʘʨʪʦʩʪʽ 

(ʘʣʛʦʨʠʪʤʫ ɼʝʡʢʩʪʨʠ). ʇʝʨʰʘ ʨʝʘʣʽʟʘʮʽʷ ʘʣʛʦʨʠʪʤʫ ɼʝʡʢʩʪʨʠ ʜʘʻ ʤʥʦʞʠʥʫ 

ʜʝʨʝʚ ʥʘʡʢʦʨʦʪʰʠʭ ʰʣʷʭʽʚ ʫ ʤʝʨʝʞʽ. ʂʽʣʴʢʽʩʪʴ ʮʠʭ ʜʝʨʝʚ ʜʦʨʽʚʥʶʻ  ʢʽʣʴʢʦʩʪʽ 

ʚʫʟʣʽʚ ʤʝʨʝʞʽ (ʢʦʞʥʝ ʜʝʨʝʚʦ ʤʘʻ ʢʦʨʽʥʴ ʫ ʦʜʥʦʤʫ ʟ ʚʫʟʣʽʚ ʤʝʨʝʞʽ  ʽ  ʛʽʣʢʠ, ʱʦ 

ʚʝʜʫʪʴ ʜʦ ʚʩʽʭ ʽʥʰʠʭ ʚʫʟʣʽʚ ʤʝʨʝʞʽ). ɸʥʘʣʽʟ ʩʫʧʝʨʧʦʟʠʮʽʾ ʮʠʭ ʜʝʨʝʚ ʜʘʻ 

ʤʦʞʣʠʚʽʩʪʴ ʟʥʘʡʪʠ ʤʘʞʦʨʠʪʘʨʥʽ ʦʮʽʥʢʠ ʧʝʨʰʦʾ ʨʝʘʢʮʽʾ ʤʝʨʝʞʽ ʥʘ ʦʙʨʘʥʫ  

ʤʥʦʞʠʥʫ ʥʘʡʢʦʨʦʪʰʠʭ ʰʣʷʭʽʚ ʪʘ ʚʠʟʥʘʯʠʪʠ ʢʦʨʝʛʫʶʯʠ ʧʦʧʨʘʚʢʠ ʜʦ ʚʘʨʪʦʩʪʝʡ 

ʝʣʝʤʝʥʪʘʨʥʠʭ ʣʽʥʽʡ ʟʚôʷʟʢʫ. ʅʘ ʦʩʥʦʚʽ ʥʦʚʠʭ ʚʘʨʪʦʩʪʝʡ ʝʣʝʤʝʥʪʘʨʥʠʭ ʣʽʥʽʡ 

ʟʚôʷʟʢʫ ʟʥʦʚ ʟʥʘʭʦʜʷʪʴʩʷ ʥʘʡʢʦʨʦʪʰʽ ʰʣʷʭʠ ʜʣʷ ʢʦʞʥʦʾ ʧʘʨʠ ʚʫʟʣʽʚ ʤʝʨʝʞʽ 

(ʚʜʨʫʛʝ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʘʣʛʦʨʠʪʤ ɼʝʡʢʩʪʨʠ). ʄʝʪʦʜ ʘʢʪʫʘʣʴʥʠʡ ʪʘ ʧʦʢʘʟʘʥʠʡ 

ʜʣʷ ʩʫʧʫʪʥʠʢʦʚʠʭ ʤʝʨʝʞ ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ, ʘʣʝ ʤʘʻ ʟʥʘʯʥʦ ʰʠʨʰʝ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ï ʻ ʧʨʠʜʘʪʥʠʤ ʜʦ ʚʠʢʦʨʠʩʪʘʥʠʡ ʚ ʟʘʜʘʯʘʭ ʢʝʨʫʚʘʥʥʷ ʩʠʩʪʝʤʘʤʠ 

ʤʝʨʝʞʥʦʛʦ ʪʠʧʫ, ʷʢʽ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʤʦʜʝʣʷʤʠ  ʤʝʨʝʞ ʤʘʩʦʚʦʛʦ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ.  
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DOUBLE APPLICATION OF THE   DIJKSTRA ALGORITHM IN 

IMPLEMENTING CONTROLLING INFLUENCE ON INFORMATION 

FLOWS IN A COMMUNICATION NETWORK, COSMIC ASPECT  

Abstract. A method for implementing control influence on information flows in a 

packet switching network is proposed, based on the dual application of a centralized 

algorithm for selecting the least-cost path (Dijkstra's algorithm). The first 

implementation of  Dijkstra's algorithm gives a set of shortest path trees in the 

network. The number of these trees is equal to the number of network nodes (each 

tree has a root in one of the network nodes and branches leading to all other network 

nodes). Analysis of the superposition of these trees makes it possible to find majority 

estimates of the first reaction of the network to the selected set of shortest paths and 

determine the corrections to the values of elementary communication lines. Based 

on the new values of elementary communication lines, the shortest paths for each 

pair of network nodes are again found (Dijkstra's algorithm is used for the second 

time). The method is relevant and shown for satellite packet switching networks, but 

has a much wider application - it is suitable for use in control problems of network-

type systems that can be described by models of mass service networks 

Keywords: communication networks, packet switching networks, satellite 

communication systems, network load flow control, least cost path selection. 

 

ʉʫʯʘʩʥʠʡ ʩʚʽʪ ʦʭʦʧʠʣʠ ʤʝʨʝʞʽ ʟʚôʷʟʢʫ, ʟʦʢʨʝʤʘ ï ʧʘʥʫʶʪʴ ʤʝʨʝʞʽ 

ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ. ɸʢʪʠʚʥʦ ʨʦʟʚʠʚʘʶʪʴʩʷ ʚʠʩʦʢʦ ʥʘʜʽʡʥʽ, ʙʝʟʧʝʯʥʽ ʥʝ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʤʝʪʦʜʠ ʢʝʨʫʚʘʥʥʷ ʧʦʪʦʢʘʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚ ʤʝʨʝʞʘʭ ʢʦʤʫʪʘʮʽʾ 

ʧʘʢʝʪʽʚ [1-3], ʾʭ ʜʦʧʦʚʥʶʶʪʴ  ʟʘʨʘʟ ʽ ʯʘʩʪʢʦʚʦ ʟʘʤʽʥʷʪʴ ʫ ʤʘʡʙʫʪʥʴʦʤʫ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʤʝʪʦʜʠ [4]. ɸʣʝ ʟʘʣʠʰʘʻʪʴʩʷ ʘʢʪʫʘʣʴʥʠʤ ʧʦʰʫʢ ʝʬʝʢʪʠʚʥʠʭ 

ʨʽʰʝʥʴ ʱʦʜʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ çʧʨʦʩʪʠʭè, ʥʝ ʽʥʪʝʣʝʢʪʫʣʴʥʠʭ ʤʝʪʦʜʽʚ ʢʝʨʫʚʘʥʥʷ, 

ʷʢʽ ʧʝʨʝʜʙʘʯʘʶʪʴ  ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʝʪʨʘʜʠʮʽʡʥʠʭ ʽʜʝʡ ʽ ʧʽʜʭʦʜʽʚ.  

ʋʟʘʛʘʣʴʥʝʥʦ ʧʨʦʮʝʩ ʨʝʘʛʫʚʘʥʥʷ ʤʝʨʝʞʽ ʥʘ ʢʝʨʫʶʯʽ ʚʧʣʠʚʠ ʧʨʠ ʥʝʟʤʽʥʥʽʡ 

ʪʦʧʦʣʦʛʽʾ, ʚʭʽʜʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʽ ʪʘ  ʡʤʦʚʽʨʥʦʩʪʝʡ ʡʦʛʦ ʩʧʨʷʤʫʚʘʥʥʷ ʤʦʞʥʘ 

ʫʷʚʠʪʠ ʷʢ ʟʛʘʩʘʶʯʽ ʢʦʣʠʚʘʥʥʷ ʥʘʚʢʦʣʦ  ʾʾ ʢʚʘʟʽ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʪʘʥʫ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ, ʱʦ ʟʘʙʝʟʧʝʯʠʪʴ  ʧʨʠʩʢʦʨʝʥʥʷ  ʧʝʨʝʭʦʜʫ ʤʝʨʝʞʽ ʜʦ ʢʚʘʟʽ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʪʘʥʫ. ʄʝʪʦʜ ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʥʝʪʨʘʜʠʮʽʡʥʦʤʫ ʧʽʜʭʦʜʽ ʜʦ 

ʬʦʨʤʫʚʘʥʥʷ ʢʝʨʫʶʯʦʛʦ ʚʧʣʠʚʫ ʥʘ ʤʝʨʝʞʫ, ʟʘʩʥʦʚʘʥʦʤʫ ʥʘ ʧʦʜʚʽʡʥʦʤʫ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ʮʝʥʪʨʘʣʽʟʦʚʘʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʚʠʙʦʨʫ ʰʣʷʭʫ ʥʘʡʤʝʥʰʦʾ ʚʘʨʪʦʩʪʽ, 

ʟʘʧʨʦʧʦʥʦʚʘʥʦʤʫ ɽʜʩʛʝʨʦʤ ɼʝʡʢʩʪʨʦʶ. ʇʝʨʰʘ ʨʝʘʣʽʟʘʮʽʷ ʘʣʛʦʨʠʪʤʫ ɼʝʡʢʩʪʨʠ 

ʜʘʻ ʤʥʦʞʠʥʫ ʜʝʨʝʚ ʥʘʡʢʦʨʦʪʰʠʭ ʰʣʷʭʽʚ ʫ ʤʝʨʝʞʽ. ʂʽʣʴʢʽʩʪʴ ʮʠʭ ʜʝʨʝʚ 

ʜʦʨʽʚʥʶʻ  ʢʽʣʴʢʦʩʪʽ ʚʫʟʣʽʚ ʤʝʨʝʞʽ (ʢʦʞʥʝ ʜʝʨʝʚʦ ʤʘʻ ʢʦʨʽʥʴ ʫ ʦʜʥʦʤʫ ʟ ʚʫʟʣʽʚ 

ʤʝʨʝʞʽ ʽ ʛʽʣʢʠ, ʧʦʙʫʜʦʚʘʥʽ ʜʦ ʚʩʽʭ ʽʥʰʠʭ ʚʫʟʣʽʚ ʤʝʨʝʞʽ). ʈʦʟʨʦʙʣʝʥʦ ʰʚʠʜʢʽʡ 

ʤʝʪʦʜ ʘʥʘʣʽʟʫ ʩʫʤʽʱʝʥʥʷ ʮʠʭ ʜʝʨʝʚ ʽ ʨʦʟʨʘʭʫʥʢʫ ʧʦʢʘʟʥʠʢʫ ʤʘʞʦʨʠʪʘʨʥʦʾ 

ʧʨʦʛʥʦʟʥʦʾ ʦʮʽʥʢʠ ʧʝʨʰʦʾ ʨʝʘʢʮʽʾ ʤʝʨʝʞʽ ʥʘ ʢʝʨʫʶʯʠʡ ʚʧʣʠʚ. ɺʠʟʥʘʯʘʶʪʴʩʷ ʽ 

ʜʦʜʘʶʪʴʩʷ ʢʦʨʝʛʫʶʯʠ ʧʦʧʨʘʚʢʠ ʜʦ ʚʘʨʪʦʩʪʝʡ ʝʣʝʤʝʥʪʘʨʥʠʭ ʣʽʥʽʡ ʟʚôʷʟʢʫ, ʽ ʚʞʝ 

ʥʘ ʦʩʥʦʚʽ ʥʦʚʠʭ ʚʘʨʪʦʩʪʝʡ ʝʣʝʤʝʥʪʘʨʥʠʭ ʣʽʥʽʡ ʟʚôʷʟʢʫ ʟʥʦʚ ʟʥʘʭʦʜʷʪʴʩʷ 

ʥʘʡʢʦʨʦʪʰʽ ʰʣʷʭʠ ʜʣʷ ʢʦʞʥʦʾ ʧʘʨʠ ʚʫʟʣʽʚ ʤʝʨʝʞʽ (ʜʣʷ ʮʴʦʛʦ ʚʜʨʫʛʝ 
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ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʘʣʛʦʨʠʪʤ ɼʝʡʢʩʪʨʠ). ʉʝʨʝʜ ʘʣʛʦʨʠʪʤʽʚ ʚʠʙʦʨʫ ʰʣʷʭʫ 

ʥʘʡʤʝʥʰʦʾ ʚʘʨʪʦʩʪʽ ʘʣʛʦʨʠʪʤ ɼʝʢʩʪʨʠ ʦʙʨʘʥʠʡ ʪʦʤʫ, ʱʦ ʚʽʥ ʦʜʨʘʟʫ ʜʘʻ ʜʝʨʝʚʦ 

ʰʣʷʭʽʚ ʥʘʡʤʝʥʰʦʾ ʚʘʨʪʦʩʪʽ ʽʟ ʟʘʜʘʥʠʤ ʢʦʨʝʥʝʤ.  

ʊʘʢʠʡ ʧʽʜʭʽʜ ʻ  ʝʬʝʢʪʠʚʥʠʤ  ʽ  ʜʣʷ ʤʝʨʝʞ ʟʽ ʩʪʘʮʽʦʥʘʨʥʦʶ ʪʦʧʦʣʦʛʽʻʶ. ɸʣʝ 

ʜʣʷ ʤʝʨʝʞ ʟ ʜʠʥʘʤʽʯʥʦʶ ʪʦʧʦʣʦʛʽʻʶ çʧʨʠʩʢʦʨʝʥʥʷ ʨʝʘʢʮʽʾ ʤʝʨʝʞʽè ʩʪʘʻ ʛʦʩʪʨʦ 

ʘʢʪʫʘʣʴʥʠʤ. ɼʦ ʤʝʨʝʞ ʟ ʜʠʥʘʤʽʯʥʦʶ ʪʦʧʦʣʦʛʽʻʶ ʥʘʣʝʞʘʪʴ ʩʫʧʫʪʥʠʢʦʚʽ ʤʝʨʝʞʽ 

ʟʚôʷʟʢʫ. ɿʘʜʘʯʽ ʢʝʨʫʚʘʥʥʷ  ʜʘʥʠʤʠ ʚ ʮʠʭ ʤʝʨʝʞʘʭ ʘʢʪʠʚʥʦ ʜʦʩʣʽʜʞʫʶʪʴʩʷ [3, 5, 

6]. ʂʨʽʤ ʪʦʛʦ, ʩʫʧʫʪʥʠʢʦʚʽ ʤʝʨʝʞʽ ʟʚôʷʟʢʫ ʻ ʜʠʥʘʤʽʯʥʠʤʠ ʚʽʜʥʦʩʥʦ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʜʞʝʨʝʣ ʥʘʚʘʥʪʘʞʝʥʥʷ (ʚʽʜʥʦʩʥʦ ʪʝʨʠʪʦʨʽʡ ʟ ʨʽʟʥʦʶ 

ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʱʦ ʚʭʦʜʠʪʴ ʜʦ ʤʝʨʝʞʽ). ɯ ʩʘʤʝ ʜʣʷ  ʩʫʧʫʪʥʠʢʦʚʠʭ 

ʤʝʨʝʞ ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ ʘʜʘʧʪʦʚʘʥʘ ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʨʝʘʣʽʟʘʮʽʾ ʤʝʪʦʜʫ ʪʘ 

ʧʨʠʢʣʘʜʠ ʡʦʛʦ ʧʦʷʩʥʝʥʥʷ.  

ʈʦʟʨʦʙʣʝʥʠʡ ʤʝʪʦʜ ʤʘʻ ʟʥʘʯʥʦ ʙʽʣʴʰ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʽʞ 

ʤʝʨʝʞʽ ʢʦʤʫʪʘʮʽʾ ʧʘʢʝʪʽʚ. ʄʝʪʦʜ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʚ ʟʘʜʘʯʘʭ ʢʝʨʫʚʘʥʥʷ 

ʩʠʩʪʝʤʘʤʠ ʤʝʨʝʞʥʦʛʦ ʪʠʧʫ, ʜʦ ʷʢʠʭ ʧʽʜʭʦʜʠʪʴ ʦʧʠʩ ʤʦʜʝʣʷʤʠ  ʤʝʨʝʞ ʤʘʩʦʚʦʛʦ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ (ʮʝ ʟʘʜʘʯʽ ʢʝʨʫʚʘʥʥʷ ʪʨʘʥʩʧʦʨʪʥʠʤʠ ʧʦʪʦʢʘʤʠ, ʚʠʨʦʙʥʠʯʠʤʠ 

ʧʨʦʮʝʩʘʤʠ, ʪʦʱʦ).  
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ʜʫʞʝ ʤʘʩʰʪʘʙʥʠʡ, ʘʣʝ ʜʦʩʽ ʥʝ ʦʮʽʥʝʥʠʡ ʡʦʛʦ ʟʥʘʯʥʠʡ ʚʥʝʩʦʢ ʫ ʬʽʣʦʩʦʬʽʶ 

ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ʄʝʪʦʶ ʜʦʧʦʚʽʜʽ ʻ ʚʠʟʥʘʯʝʥʥʷ ʚʥʝʩʢʫ ʘʢʘʜ. ʉ. ʄ. 

ʂʦʥʶʭʦʚʘ ʚ ʬʽʣʦʩʦʬʽʶ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ʇʨʘʢʪʠʯʥʦ ʚʩʽ ʡʦʛʦ ʧʨʘʮʽ 

ʤʘʶʪʴ ʬʽʣʦʩʦʬʩʴʢʫ ʮʽʥʥʽʩʪʴ. ʇʨʦʪʝ ʜʦ ʧʨʘʮʴ, ʱʦ ʤʘʶʪʴ ʥʘʡʙʽʣʴʰ 

ʢʦʥʮʝʥʪʨʦʚʘʥʠʡ ʚʥʝʩʦʢ ʫ ʟʘʛʘʣʴʥʫ ʬʽʣʦʩʦʬʽʶ ʮʽʻʾ ʪʝʭʥʽʢʠ, ʻ ʩʝʥʩ ʚʽʜʥʝʩʪʠ [1] 

ï [3]. ɺ ʥʠʭ ʜʫʞʝ ʣʘʢʦʥʽʯʥʦ ʽ ʢʦʥʮʝʥʪʨʦʚʘʥʦ ʚʠʢʣʘʜʝʥʦ ʧʨʠʯʠʥʠ ʧʦʷʚʠ ʽ 

ʚʜʦʩʢʦʥʘʣʝʥʥʷ, ʬʦʨʤʫʚʘʥʥʷ ʚʠʤʦʛ ʜʦ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʪʘ ʰʣʷʭʠ ʽ 

ʢʦʥʢʨʝʪʥʽ ʽʥʥʦʚʘʮʽʡʥʽ ʨʽʰʝʥʥʷ ʾʭ ʜʦʩʷʛʥʝʥʥʷ ʚ ʂɹ çʇʽʚʜʝʥʥʝè, ʘ ʟ ʥʠʤ ʽ ʚ 

ʋʢʨʘʾʥʽ ʚ ʮʽʣʦʤʫ. ʎʽ ʧʨʘʮʽ ʩʪʘʣʠ ʬʘʢʪʠʯʥʠʤ ʜʞʝʨʝʣʦʤ ʽʥʬʦʨʤʘʮʽʾ ʜʣʷ 

ʧʦʜʘʣʴʰʦʛʦ ʧʦʰʫʢʫ ʚʠʨʽʰʝʥʥʷ ʩʢʣʘʜʥʠʭ ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ ʜʣʷ ʥʘʩʪʫʧʥʠʭ 

ʧʦʢʦʣʽʥʴ ʨʘʢʝʪʥʠʢʽʚ. 
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ACADEMICIAN S. M. KONYUKHOF AS PHILOSOPHER OF SPACE-

ROCKET TECHNIQUE  

Annotation. Scientific and technical work of academician S. M. Konyukhof is 

known very scale, but until now not appraised him considerable payment in 

philosophy of space-rocket technique. The purpose of lecture is determination of 

payment of academician S. M. Konyukhof in philosophy of space-rocket technique. 

Practically all his labours have a philosophical value. However to labours which 

have the most concentrated payment in general philosophy of this technique, there 

is sense to take [1] - [3]. In them reasons of appearance and perfection, forming of 

requirements to the space-rocket technique and ways and concrete innovative 

decisions of their achievement are very laconically and concentrated expounded in 

SDO "Yuzhnoye", and with him and in Ukraine on the whole. These labours became 
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an actual information generator for the further search of decision of thorny technical 

problems for the next generations of rocket launchers. 
Keywords: philosophy, space-rocket technique, space rockets-transmitters, space 

vehicles. 

 
ɺʽʜʦʤʠʡ ʥʘʫʢʦʚʠʡ ʽ ʪʝʭʥʽʯʥʠʡ ʜʦʨʦʙʦʢ ʘʢʘʜʝʤʽʢʘ ʉ. ʄ. ʂʦʥʶʭʦʚʘ ʜʫʞʝ 

ʤʘʩʰʪʘʙʥʠʡ, ʘʣʝ ʜʦʩʽ ʥʝ ʦʮʽʥʝʥʠʡ ʡʦʛʦ ʟʥʘʯʥʠʡ ʚʥʝʩʦʢ ʫ ʬʽʣʦʩʦʬʽʶ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ʈʝʟʫʣʴʪʘʪʠ ʡʦʛʦ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʪʘ ʘʜʤʽʥʽʩʪʨʘʪʠʚʥʦʾ 

ʜʽʷʣʴʥʦʩʪʽ ʷʢ ɻʝʥʝʨʘʣʴʥʦʛʦ ʢʦʥʩʪʨʫʢʪʦʨʘ ʽ ɻʝʥʝʨʘʣʴʥʦʛʦ ʜʠʨʝʢʪʦʨʘ ʣʽʜʝʨʘ 

ʩʚʽʪʦʚʦʾ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ɼʇ ʂɹ çʇʽʚʜʝʥʥʝè ʰʠʨʦʢʦ ʚʽʜʦʤʽ, 

ʟʛʘʜʘʡʤʦ ʭʦʯ ʙʠ çʄʦʨʩʴʢʠʡ ʩʪʘʨʪè, çʅʘʟʝʤʥʠʡ ʩʪʘʨʪè ʪʘ ʽʥ. ʉʘʤʝ ʥʘʫʢʦʚʠʡ 

ʚʥʝʩʦʢ ʚ ʩʚʽʪʦʚʫ ʥʘʫʢʫ ʽ ʪʝʭʥʽʢʫ ʙʫʚ ʦʮʽʥʝʥʠʡ ʅʘʮʽʦʥʘʣʴʥʦʶ ʘʢʘʜʝʤʽʻʶ ʥʘʫʢ 

ʋʢʨʘʾʥʠ  ʧʨʠʩʚʦʻʥʥʷʤ ʡʦʤʫ ʘʢʘʜʝʤʽʯʥʦʛʦ ʟʚʘʥʥʷ.  

ʊʨʝʙʘ ʚʽʜʤʽʪʠʪʠ, ʱʦ ʥʘʨʘʟʽ ʧʨʘʢʪʠʯʥʦ ʥʝʤʘʻ ʩʫʪʦ ʧʨʦʬʝʩʽʦʥʘʣʴʥʦʛʦ 

ʬʽʣʦʩʦʬʩʴʢʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ (ʈʂʊ), ʱʦʥʘʡʤʝʥʰʝ ʚ 

ʋʢʨʘʾʥʽ. ʎʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʧʦʯʘʣʠ ʟʘʡʤʘʪʠʩʷ ʬʘʭʽʚʮʽ ʩʘʤʝ ʚ ʮʘʨʠʥʽ ʈʂʊ 

(ʜʠʚ. [1]) ʽ ʧʦ ʯʘʩʫ ʧʽʩʣʷ ʧʨʘʮʴ ʘʢʘʜʝʤʽʢʘ ʂʦʥʶʭʦʚʘ. ʄʦʞʥʘ ʚʚʘʞʘʪʠ, ʱʦ ʩʘʤʝ 

ʚʦʥʠ ʜʘʣʠ ʧʦʰʪʦʚʭ ʧʦʜʘʣʴʰʠʤ ʜʦʩʣʽʜʞʝʥʥʷʤ. 

ʄʘʩʰʪʘʙʥʠʡ ʥʘʫʢʦʚʠʡ ʽ ʪʝʭʥʽʯʥʠʡ ʜʦʨʦʙʦʢ ʘʢʘʜ. ʂʦʥʶʭʦʚʘ ʥʘʨʘʟʽ 

ʟʘʪʫʣʠʚ ʡʦʛʦ ʱʝ ʥʝ ʦʮʽʥʝʥʠʡ ʚʘʞʣʠʚʠʡ ʚʥʝʩʦʢ ʫ ʽʩʪʦʨʽʶ ʪʘ ʬʽʣʦʩʦʬʽʶ ʪʝʭʥʽʢʠ, 

ʾʾ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʩʢʣʘʜʦʚʦʾ. ʇʨʠʯʦʤʫ ʽʩʪʦʨʠʯʥʠʡ ʚʥʝʩʦʢ ʥʘ ʟʘʛʘʣ ʙʽʣʴʰ 

ʦʯʝʚʠʜʥʠʡ, ʥʽʞ ʬʽʣʦʩʦʬʩʴʢʠʡ. ʎʝ ʧʦʚôʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʉʪʘʥʽʩʣʘʚ ʄʠʢʦʣʘʡʦʚʠʯ 

ʙʫʚ ʟʘʭʦʧʣʝʥʠʡ ʚʠʨʽʰʝʥʥʷʤ ʩʘʤʝ ʥʘʫʢʦʚʠʭ ʪʘ ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ, ʥʝ ʨʘʭʫʶʯʠ 

ʧʨʦʙʣʝʤ ʘʜʤʽʥʽʩʪʨʘʪʠʚʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʚʝʣʠʢʠʤ ʧʽʜʧʨʠʻʤʩʪʚʦʤ.  

ʅʘ ʧʨʘʢʪʠʮʽ ʧʝʨʰʠʤ ʢʨʦʢʦʤ ʙʫʜʴ-ʷʢʦʾ ʜʽʷʣʴʥʦʩʪʽ ʧʦ ʚʠʨʽʰʝʥʥʶ ʩʢʣʘʜʥʠʭ 

ʽ ʥʦʚʠʭ ʧʨʦʙʣʝʤ ʽ ʟʘʜʘʯ ʣʝʞʠʪʴ ʬʦʨʤʫʚʘʥʥʷ ʬʽʣʦʩʦʬʽʾ ʧʦʰʫʢʫ ʪʘ ʨʝʘʣʽʟʘʮʽʾ 

ʪʘʢʦʛʦ ʨʽʰʝʥʥʷ. ɺ ʮʴʦʤʫ ʩʝʥʩʽ ʙʫʜʴ-ʷʢʘ ʧʨʘʮʷ ʉʪʘʥʽʩʣʘʚʘ ʄʠʢʦʣʘʡʦʚʠʯʘ ʤʘʻ, 

ʦʢʨʽʤ ʪʝʭʥʽʯʥʦʛʦ, ʱʝ ʽ ʬʽʣʦʩʦʬʩʴʢʝ ʧʽʜʛʨʫʥʪʷ ʽ ʚʽʜʧʦʚʽʜʥʫ ʮʽʥʥʽʩʪʴ. 

ʄʝʪʦʶ ʜʦʧʦʚʽʜʽ ʻ ʚʠʟʥʘʯʝʥʥʷ ʚʥʝʩʢʫ ʘʢʘʜ. ʉ. ʄ. ʂʦʥʶʭʦʚʘ ʚ ʬʽʣʦʩʦʬʽʶ 

ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ.  

ʗʢ ʩʢʘʟʘʥʦ, ʧʨʘʢʪʠʯʥʦ ʚʩʽ ʡʦʛʦ ʧʨʘʮʽ ʤʘʶʪʴ ʬʽʣʦʩʦʬʩʴʢʫ ʮʽʥʥʽʩʪʴ.  

ʇʨʦʪʝ ʜʦ ʧʨʘʮʴ, ʱʦ ʤʘʶʪʴ ʥʘʡʙʽʣʴʰ ʢʦʥʮʝʥʪʨʦʚʘʥʠʡ ʚʥʝʩʦʢ ʮʽʻʾ ʪʝʭʥʽʢʠ 

ʟʘʛʘʣʴʥʦʛʦ ʬʽʣʦʩʦʬʩʴʢʦʛʦ ʧʣʘʥʘ, ʻ ʩʝʥʩ ʚʽʜʥʝʩʪʠ [2] ï [4]. ɺ ʥʠʭ ʜʫʞʝ 

ʣʘʢʦʥʽʯʥʦ ʽ ʩʪʠʩʣʦ ʚʠʢʣʘʜʝʥʦ ʧʨʠʯʠʥʠ ʧʦʷʚʠ ʽ ʚʜʦʩʢʦʥʘʣʝʥʥʷ, ʬʦʨʤʫʚʘʥʥʷ 

ʚʠʤʦʛ ʜʦ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʪʘ ʰʣʷʭʠ ʽ ʢʦʥʢʨʝʪʥʽ ʽʥʥʦʚʘʮʽʡʥʽ ʨʽʰʝʥʥʷ 

ʾʭ ʜʦʩʷʛʥʝʥʥʷ ʚ ʂɹ çʇʽʚʜʝʥʥʝè, ʘ ʟ ʥʠʤ ʽ ʚ ʋʢʨʘʾʥʽ ʚ ʮʽʣʦʤʫ. ʎʽ ʧʨʘʮʽ ʩʪʘʣʠ 

ʬʘʢʪʠʯʥʠʤ ʜʞʝʨʝʣʦʤ ʽʥʬʦʨʤʘʮʽʾ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʧʦʰʫʢʫ ʚʠʨʽʰʝʥʥʷ ʩʢʣʘʜʥʠʭ 

ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ ʜʣʷ ʥʘʩʪʫʧʥʠʭ ʧʦʢʦʣʽʥʴ ʨʘʢʝʪʥʠʢʽʚ. ʊʨʝʙʘ ʚʽʜʤʽʪʠʪʠ ʪʘʢʦʞ, 

ʱʦ ʥʘʜ ʮʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʧʨʘʮʶʚʘʚ ʚʝʣʠʢʠʡ ʢʦʣʝʢʪʠʚ ʘʚʪʦʨʽʚ ï 

ʘʚʪʦʨʠʪʝʪʥʠʭ ʬʘʭʽʚʮʽʚ ʨʦʟʛʣʷʥʫʪʦʾ ʛʘʣʫʟʽ, ʧʨʘʮʽʚʥʠʢʽʚ ɼʂɹ çʇʽʚʜʝʥʥʝè - 

ʩʪʚʦʨʝʥʠʡ ʽ ʢʝʨʦʚʘʥʠʡ ʘʢʘʜʝʤʽʢʦʤ. ɺ ʧʽʜʩʫʤʢʫ ʉ. ʄ. ʂʦʥʶʭʦʚ ʚʟʷʚ ʥʘ ʩʝʙʝ 

ʟʘʛʘʣʴʥʝ ʨʝʜʘʛʫʚʘʥʥʷ ʨʦʙʦʪʠ. ʆʯʝʚʠʜʥʦ, ʱʦ ʚʝʜʝʥʠʡ ʥʠʤ ʢʦʣʝʢʪʠʚ ʧʨʦʚʦʜʠʚ 

ʡʦʛʦ ʛʝʥʝʨʘʣʴʥʫ ʣʽʥʽʶ ʽ ʚʽʜʦʙʨʘʞʘʚ ʡʦʛʦ ʞ ʬʽʣʦʩʦʬʩʴʢʽ ʧʦʛʣʷʜʠ. 
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ɻʦʣʦʚʥʦʶ ʬʽʣʦʩʦʬʩʴʢʦʶ ʥʦʚʘʮʽʻʶ ʘʢʘʜ. ʉ. ʄ. ʂʦʥʶʭʦʚʘ ʚ ʬʽʣʦʩʦʬʽʾ ʈʂʊ 

ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʧʝʨʝʜʥʠʢʘʤʠ ʻ ʨʦʟʰʠʨʝʥʥʷ ʧʨʝʜʤʝʪʥʦʾ ʦʙʣʘʩʪʽ ï ʧʝʨʝʥʽʩ ʬʦʢʫʩʫ 

ʨʦʟʚʽʜʦʢ ʟ ʨʘʢʝʪ ʽ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʚ ʪʦʤʫ ʯʠʩʣʽ, ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ 

(ʥʘ ʯʦʤʫ ʦʩʪʘʥʥʽ ʟʫʧʠʥʠʣʠʩʷ), ʥʘ ʨʘʢʝʪʥʠʡ ʪʘ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʠʡ ʢʦʤʧʣʝʢʩʠ. 

ʉʪʨʫʢʪʫʨʥʠʤ ʝʣʝʤʝʥʪʦʤ ʢʦʤʧʣʝʢʩʫ ʽ ʻ ʩʘʤʽ ʨʘʢʝʪʠ ʟʽ ʩʚʦʾʤ ʢʦʨʠʩʥʠʤ 

ʥʘʚʘʥʪʘʞʝʥʥʷʤ. ɼʘʣʽ ʦʙʣʘʩʪʴ ʨʦʟʛʣʷʜʫ ʙʫʣʘ ʨʦʟʰʠʨʝʥʘ ʽʟ ʚʢʣʶʯʝʥʥʷʤ ʚ ʥʴʦʛʦ 

ʧʦʣʽʛʦʥʽʚ ʜʣʷ ʚʠʧʨʦʙʫʚʘʥʴ ʽ ʾʭ ʚʧʣʠʚ ʥʘ ʧʽʜʩʫʤʢʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʭʥʽʢʠ. 

ʇʦʢʘʟʘʥʠʡ ʜʽʘʣʝʢʪʠʯʥʠʡ ʟʚ'ʷʟʦʢ ʚʠʤʦʛ ʜʦ ʈʂʊ, ʷʢʽ ʟʘʚʞʜʠ ʚʠʧʝʨʝʜʞʘʣʠ 

ʪʦʜʽ ʩʫʯʘʩʥʽ ʪʝʭʥʽʯʥʽ ʤʦʞʣʠʚʦʩʪʽ, ʪʘ ʧʨʠʥʮʠʧʦʚʠʭ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʚʘʣʠ ʫʩʧʽʭ ʫ ʜʦʩʷʛʥʝʥʥʽ ʞʘʜʘʥʦʛʦ ʨʝʟʫʣʴʪʘʪʫ. 

ʆʧʠʩʘʥʘ ʜʽʘʣʝʢʪʠʢʘ ʧʦʷʚʠ ʪʘ ʨʦʟʚʠʪʢʫ  ʙʦʡʦʚʠʭ ʩʪʨʘʪʝʛʽʯʥʠʭ ʨʘʢʝʪ ʚ ʯʘʩʽ: 

ʧʦʩʪʫʧʦʚʘ ʧʦʷʚʘ ʯʦʪʠʨʴʦʭ ʧʦʢʦʣʽʥʴ ʮʽʻʾ ʪʝʭʥʽʢʠ. ʊʘʢʠʡ ʞʝ ʨʫʭ ʮʠʭ ʨʘʢʝʪ ʜʦ 

ʢʦʩʤʽʯʥʠʭ ʨʘʢʝʪ-ʥʦʩʽʾʚ ʽ ʾʭ ʧʦʜʘʣʴʰʠʡ ʩʘʤʦʩʪʽʡʥʠʡ ʨʦʟʚʠʪʦʢ. ɸ ʪʘʢʦʞ 

ʧʘʨʘʣʝʣʴʥʘ ʧʦʷʚʘ ʚʣʘʩʥʠʭ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ. 

ʉʘʤʦʩʪʽʡʥʠʡ ʽʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʦʧʠʩʘʥʽ ʥʝʟʘʢʽʥʯʝʥʽ ʨʦʟʨʦʙʢʠ, ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʽ ʧʦʢʘʟʫʶʪʴ ʜʽʘʣʝʢʪʠʯʥʠʡ ʰʣʷʭ ʧʦʰʫʢʫ ʢʽʥʮʝʚʦʛʦ ʨʝʟʫʣʴʪʘʪʫ. 

ʇʦʢʘʟʘʥʽ ʨʦʣʽ ʽʩʪʦʨʠʯʥʠʭ ʧʦʩʪʘʪʝʡ ʫ ʚʠʙʦʨʽ ʥʘʧʨʷʤʢʫ ʨʦʟʚʠʪʢʫ ʣʽʥʽʾ ʈʂʊ 

ʚ ʋʢʨʘʾʥʽ ʽ ʩʚʽʪʫ ʚ ʮʽʣʦʤʫ. 

ʇʦʢʘʟʘʥʦ ʪʘʢʦʞ ʽ ʨʦʣʴ ʽʥʽʮʽʘʪʠʚʠ ɼʂɹ çʇʽʚʜʝʥʥʝè ʫ ʬʦʨʤʫʚʘʥʥʽ ʚʠʤʦʛ 

ɿʘʤʦʚʥʠʢʘ, ʘ ʪʘʢʦʞ ʧʦʢʨʘʱʝʥʥʷ ʨʦʟʨʦʙʣʝʥʠʭ ʨʘʢʝʪ ʽ ʨʘʢʝʪʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʽ 

ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ. 

ʅʘ ʟʘʛʘʣ ʩʫʯʘʩʥʦʤʫ ʯʠʪʘʯʝʚʽ ʽ ʜʦʩʣʽʜʥʠʢʫ ʚʠʜʥʠʡ ʜʽʘʣʝʢʪʠʯʥʠʡ ʟʚô̫ ʟʦʢ 

ʧʨʠʯʠʥ, ʧʽʜʩʪʘʚ ʧʦʷʚʠ, ʦʩʥʦʚʥʠʭ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ, ʧʦʣʽʛʦʥʽʚ, ʣʴʦʪʥʦ-

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʚʠʧʨʦʙʫʚʘʥʴ, ʪʝʨʤʽʥʽʚ ʨʦʟʨʦʙʢʠ ʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʨʘʢʝʪʥʠʭ 

ʢʦʤʧʣʝʢʩʽʚ, ʘ ʪʘʢʦʞ ʛʦʣʦʚʥʠʭ ʪʝʭʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʦʟʨʦʙʣʝʥʦʾ ʚ ʋʢʨʘʾʥʽ 

ʟʨʘʟʢʽʚ ʈʂʊ.  
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EXPERIMENTAL DETERMINATION OF THE OPTIMAL LSC FOCAL 

DISTANCE USING THE GRADIENT GAP METHOD  

Annotation. The paper presents a method for optimizing the focal distance of linear 

shaped charges by installing them at a small angle to the obstacle. The method allows 

transforming discrete measurements into a quasi-continuous function, reducing the 

number of full-scale experiments by 5ï7 times while increasing accuracy. 

Keywords: linear shaped charge, focal distance, gradient gap, separation systems, 

cumulative effect. 

 

ɽʬʝʢʪʠʚʥʽʩʪʴ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʣʽʥʽʡʥʠʭ ʢʫʤʫʣʷʪʠʚʥʠʭ ʟʘʨʷʜʽʚ (ʃʂɿ) ʫ 

ʩʠʩʪʝʤʘʭ ʨʦʟʜʽʣʝʥʥʷ ʨʘʢʝʪ-ʥʦʩʽʾʚ ʢʨʠʪʠʯʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʬʦʢʫʩʥʦʾ ʚʽʜʩʪʘʥʽ ï 

ʜʠʩʪʘʥʮʽʾ ʤʽʞ ʢʫʤʫʣʷʪʠʚʥʠʤ ʟʘʨʷʜʦʤ ʪʘ ʧʝʨʝʰʢʦʜʦʶ [1ï3]. ʊʨʘʜʠʮʽʡʥʽ 

ʧʽʜʭʦʜʠ ʜʦ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʙʘʟʫʶʪʴʩʷ ʥʘ ʩʝʨʽʾ ʜʠʩʢʨʝʪʥʠʭ 

ʥʘʪʫʨʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ [4,5], ʱʦ ʧʦʪʨʝʙʫʻ ʟʥʘʯʥʠʭ ʯʘʩʦʚʠʭ ʪʘ ʤʘʪʝʨʽʘʣʴʥʠʭ 

ʚʠʪʨʘʪ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ çʛʨʘʜʽʻʥʪʥʦʛʦ ʟʘʟʦʨʫè, ʱʦ ʧʦʣʷʛʘʻ ʫ ʚʩʪʘʥʦʚʣʝʥʥʽ 

ʃʂɿ ʧʽʜ ʤʘʣʠʤ ʢʫʪʦʤ 1 ï 2Ü ʚʽʜʥʦʩʥʦ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʧʝʨʝʰʢʦʜʠ. ʇʨʠ ʪʘʢʽʡ 

ʛʝʦʤʝʪʨʽʾ ʢʦʞʥʘ ʥʝʩʢʽʥʯʝʥʥʦ ʤʘʣʘ ʪʦʯʢʘ ʚʟʜʦʚʞ ʜʦʚʞʠʥʠ ʟʘʨʷʜʫ ʚʽʜʧʦʚʽʜʘʻ 

ʫʥʽʢʘʣʴʥʦʤʫ ʟʥʘʯʝʥʥʶ ʬʦʢʫʩʥʦʾ ʚʽʜʩʪʘʥʽ. ʎʝ ʜʦʟʚʦʣʷʻ ʟʘ ʦʜʠʥ ʝʢʩʧʝʨʠʤʝʥʪ 
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ʦʪʨʠʤʘʪʠ ʩʫʮʽʣʴʥʠʡ ʧʨʦʬʽʣʴ ʛʣʠʙʠʥʠ ʧʨʦʥʠʢʥʝʥʥʷ ʫ ʚʩʴʦʤʫ ʜʽʘʧʘʟʦʥʽ ʨʦʙʦʯʠʭ 

ʚʽʜʩʪʘʥʝʡ. 

ʆʪʨʠʤʘʥʠʡ ʤʘʩʠʚ ʜʘʥʠʭ ʘʧʨʦʢʩʠʤʫʻʪʴʩʷ ʧʦʣʽʥʦʤʦʤ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ, ʱʦ 

ʜʦʟʚʦʣʷʻ ʤʘʪʝʤʘʪʠʯʥʦ ʪʦʯʥʦ ʚʠʟʥʘʯʠʪʠ ʝʢʩʪʨʝʤʫʤ ʬʫʥʢʮʽʾ ï ʦʧʪʠʤʘʣʴʥʫ 

ʬʦʢʫʩʥʫ ʚʽʜʩʪʘʥʴ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʢʦʨʠʩʥʠʤʠ ʩʧʝʮʽʘʣʽʩʪʘʤ, 

ʷʢʽ ʧʨʘʮʶʶʪʴ ʟ ʧʽʨʦʪʝʭʥʽʯʥʠʤʠ ʩʠʩʪʝʤʘʤʠ ʨʦʟʜʽʣʝʥʥʷ ʪʘ ʚ ʥʘʫʢʦʚʦ-

ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ. 
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RUBBER DIAPHRAGMS AS ONE OF THE EFFECTIVE TYPES OF 

PRODUCTS FOR ROCKET AND SPACE ENGINEERING OBJECTS 

Abstract. The report presents some technical properties of rubber as a structural 

material, which is widely used in rocket and space technology objects and their 

components. The advantages of certain technical properties of rubbers compared to 

metals are demonstrated, which made it possible to use rubber specifically for 

diaphragms. Rubber diaphragms in constructions provide reliable operability while 

simultaneously performing several functions. 
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ɺʠʢʦʨʠʩʪʘʥʥʷ ʝʣʘʩʪʦʤʝʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʟʦʢʨʝʤʘ ʛʫʤ, ʷʢ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʛʫʤʦʪʝʭʥʽʯʥʠʭ ʚʠʨʦʙʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ (ɻʊɺ), ʜʦʩʠʪʴ 

ʧʦʰʠʨʝʥʝ ʷʚʠʱʝ ʚ ʦʙ'ʻʢʪʘʭ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ (ʈʂʊ) ʽ ʾʭ ʩʢʣʘʜʦʚʠʭ 

ʯʘʩʪʠʥʘʭ (ʉʏ). ʇʨʘʚʠʣʴʥʦ ʩʧʨʦʻʢʪʦʚʘʥʽ ɻʊɺ ʻ ʥʘʜʽʡʥʠʤʠ, ʝʬʝʢʪʠʚʥʠʤʠ, 

ʜʦʚʛʦʚʽʯʥʠʤʠ ʚʠʨʦʙʘʤʠ ʪʘ ʚʽʜʽʛʨʘʶʪʴ ʚʘʞʣʠʚʫ ʨʦʣʴ ʫ ʩʪʚʦʨʝʥʥʽ ʥʦʚʠʭ 

ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ, ʱʦ ʚ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜʢʘʭ ʩʪʘʶʪʴ ʜʞʝʨʝʣʦʤ ʩʪʚʦʨʝʥʥʷ 

ʥʘʡʩʫʯʘʩʥʽʰʠʭ ʦʙ'ʻʢʪʽʚ ʈʂʊ, ʾʭ ʉʏ, ʥʦʚʠʭ ʩʠʩʪʝʤ ʽ ʪʝʭʥʦʣʦʛʽʡ [1 ï 3]. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʫʤʦʪʝʭʥʽʯʥʠʭ 

ʚʠʨʦʙʽʚ ʫ ʩʢʣʘʜʽ ʦʙôʻʢʪʽʚ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʥʘ ʧʨʠʢʣʘʜʽ ʛʫʤʦʚʠʭ 

ʜʽʘʬʨʘʛʤ.  

ɻʫʤʠ ʷʢ ʢʦʥʩʪʨʫʢʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ ʤʘʶʪʴ ʰʠʨʦʢʫ ʛʘʤʫ ʪʝʭʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ (ʬʽʟʠʯʥʠʭ, ʭʽʤʽʯʥʠʭ, ʤʝʭʘʥʽʯʥʠʭ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ) ʟʘʣʝʞʥʦ ʚʽʜ ʪʠʧʫ 

ʝʣʘʩʪʦʤʝʨʘ (ʢʘʫʯʫʢʫ), ʥʘ ʦʩʥʦʚʽ ʷʢʦʛʦ ʚʦʥʠ ʚʠʛʦʪʦʚʣʝʥʽ, ʪʘ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʶʪʴ 

ʥʘ ʨʦʙʦʪʦʟʜʘʪʥʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʥʠʭ ʚʠʨʦʙʽʚ ʫ ʚʽʜʧʦʚʽʜʥʠʭ ʫʤʦʚʘʭ 

ʝʢʩʧʣʫʘʪʘʮʽʾ. ɺʢʘʟʘʥʽ ʛʨʫʧʠ ʪʝʭʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʛʫʤ ʘʥʘʣʦʛʽʯʥʽ ʟʘ ʥʘʟʚʘʤʠ 

ʪʝʭʥʽʯʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ ʤʝʪʘʣʝʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘʣʝ ʩʫʪʪʻʚʦ 

ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʟʘ ʾʭ ʩʪʨʫʢʪʫʨʦʶ ʽ ʟʥʘʯʝʥʥʷʤʠ. ʎʝ ʩʧʨʠʷʻ ʰʠʨʦʢʦʤʫ 

ʚʠʢʦʨʠʩʪʘʥʥʶ ʛʫʤ ʜʣʷ ʦʢʨʝʤʠʭ ɻʊɺ [4]. 

ʋ ʩʫʯʘʩʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʘʭ ʥʘʣʽʯʫʻʪʴʩʷ ʙʘʛʘʪʦ ʥʘʡʤʝʥʫʚʘʥʴ ɻʊɺ, ʱʦ 

ʚʠʢʦʥʫʶʪʴ ʨʽʟʥʦʤʘʥʽʪʥʽ ʬʫʥʢʮʽʾ. ɺʦʥʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʷʢʦʩʪʽ 

ʫʱʽʣʴʥʶʚʘʣʴʥʠʭ, ʩʠʣʦʚʠʭ, ʧʠʣʦʟʘʭʠʩʥʠʭ, ʚʽʙʨʦʟʚʫʢʦʽʟʦʣʷʮʽʡʥʠʭ, 

ʢʦʤʧʝʥʩʘʮʽʡʥʠʭ ʪʘ ʽʥʰʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʋ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʚʦʥʠ 

ʚʠʢʦʥʫʶʪʴ ʜʝʢʽʣʴʢʘ ʬʫʥʢʮʽʡ ʦʜʨʘʟʫ, ʱʦ ʟʫʤʦʚʣʶʻ ʥʝʤʦʞʣʠʚʽʩʪʴ ʾʭ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʟ ʽʥʰʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

ʇʦʨʽʚʥʷʥʦ ʟ ʽʥʰʠʤʠ ʢʦʥʩʪʨʫʢʮʽʡʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʛʫʤʠ ʤʘʶʪʴ ʚʠʩʦʢʫ 

ʟʚʦʨʦʪʥʫ ʜʝʬʦʨʤʘʮʽʶ, ʥʘʧʨʠʢʣʘʜ, ʧʨʠ ʜʝʬʦʨʤʘʮʽʾ ʨʦʟʪʷʛʫʚʘʥʥʷ ï ʜʦ 1000% ʽ 

ʙʽʣʴʰʝ, ʪʦʜʽ ʷʢ ʤʝʪʘʣʠ ʣʠʰʝ ʜʦ 0,2%, ʧʽʩʣʷ ʯʦʛʦ ʧʝʨʝʭʦʜʷʪʴ ʫ ʧʣʘʩʪʠʯʥʠʡ ʩʪʘʥ. 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʤʝʪʘʣʽʚ, ʟʘʣʝʞʥʦ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʛʫʤʠ ʤʦʞʫʪʴ ʟʥʘʭʦʜʠʪʠʩʷ ʫ 

ʪʨʴʦʭ ʩʪʘʥʘʭ: ʩʢʣʦʧʦʜʽʙʥʦʤʫ, ʚʠʩʦʢʦʝʣʘʩʪʠʯʥʦʤʫ ʽ ʩʪʘʥʽ ʜʝʩʪʨʫʢʮʽʾ 

(ʨʫʡʥʫʚʘʥʥʷ). ʄʝʪʘʣʠ ʤʘʶʪʴ ʜʚʘ ʚʠʜʠ ʜʝʬʦʨʤʘʮʽʾ: ʧʨʫʞʥʫ ʽ ʧʣʘʩʪʠʯʥʫ, ʪʦʜʽ ʷʢ 

ʛʫʤʠ ʤʘʶʪʴ ʪʨʠ ʚʠʜʠ ʜʝʬʦʨʤʘʮʽʾ: ʧʨʫʞʥʫ, ʧʣʘʩʪʠʯʥʫ ʽ ʚʠʩʦʢʦʝʣʘʩʪʠʯʥʫ (ʥʝ ʩʣʽʜ 

ʧʣʫʪʘʪʠ ʟ ʭʘʨʘʢʪʝʨʦʤ ʜʝʬʦʨʤʘʮʽʾ). ʋ ʛʫʤʘʭ ʧʨʫʞʥʠʡ ʩʪʘʥ ʘʥʘʣʦʛʽʯʥʠʡ ʤʝʪʘʣʘʤ, 

ʚʽʜʥʦʚʣʝʥʥʷ ʩʪʘʥʦʚʠʪʴ (ρπ ρπ) ʩ ʧʽʩʣʷ ʟʥʷʪʪʷ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʪʦʜʽ ʷʢ 

ʚʠʩʦʢʦʝʣʘʩʪʠʯʥʠʡ ʩʪʘʥ ʤʦʞʝ ʪʨʠʚʘʪʠ ʜʦʙʠ, ʤʽʩʷʮʽ, ʨʦʢʠ ʟʘʣʝʞʥʦ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʚʠʜʫ ʽ ʪʨʠʚʘʣʦʩʪʽ ʥʘʚʘʥʪʘʞʝʥʥʷ [5]. ʉʘʤʝ ʚ ʮʴʦʤʫ ʩʪʘʥʽ ʛʫʤʠ ɻʊɺ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʘʜʽʡʥʫ ʽ ʪʨʠʚʘʣʫ ʨʦʙʦʪʦʟʜʘʪʥʽʩʪʴ ʧʨʠʩʪʨʦʶ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ɻʊɺ ʚ ʤʽʩʮʽ ʡʦʛʦ ʫʩʪʘʥʦʚʣʝʥʥʷ ʪʘ ʽʥʰʠʭ ʫʤʦʚ 

ʝʢʩʧʣʫʘʪʘʮʽʾ. ʊʘʢʦʞ ʛʫʤʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʤʝʥʰʦʶ ʛʫʩʪʠʥʦʶ, ʥʽʞ ʤʝʪʘʣʠ, ʱʦ 

ʤʘʻ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʦʙôʻʢʪʽʚ ʈʂʊ. 

ʆʜʥʠʤ ʽʟ ʪʘʢʠʭ ʧʨʠʢʣʘʜʽʚ ɻʊɺ ʻ ʛʫʤʦʚʽ ʜʽʘʬʨʘʛʤʠ, ʥʘʧʽʚʩʬʝʨʠʯʥʦʾ ʘʙʦ 

ʧʘʨʘʙʦʣʽʯʥʦʾ ʬʦʨʤʠ, ʷʢʽ ʚ ʈʂʊ ʦʜʥʦʯʘʩʥʦ ʚʠʢʦʥʫʶʪʴ ʜʝʢʽʣʴʢʘ ʬʫʥʢʮʽʡ: 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʛʝʨʤʝʪʠʟʘʮʽʶ ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʨʦʟʜʽʣʝʥʥʷ ʨʽʟʥʠʭ ʧʦʨʦʞʥʠʥ ʫ 
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ʢʦʥʩʪʨʫʢʮʽʾ, ʧʝʨʝʢʘʯʫʚʘʥʥʷ  ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʽʟ ʦʜʥʽʻʾ ʧʦʨʦʞʥʠʥʠ ʚ ʽʥʰʫ ʽ 

ʧʦʜʘʣʴʰʠʤ ʡʦʛʦ ʚʠʪʽʩʥʝʥʥʷʤ ʟʘ ʧʨʠʟʥʘʯʝʥʥʷʤ, ʟʤʽʥʶʶʯʠ ʩʚʦʶ ʢʦʥʬʽʛʫʨʘʮʽʶ ʥʘ 

ρψπЈ (ʧʝʨʝʤʽʱʝʥʥʷ ʚ ʽʥʰʫ ʧʣʦʱʠʥʫ) ʪʦʱʦ. ʊʘʢʽ ʜʽʘʬʨʘʛʤʠ ʥʘ ʟʦʚʥʽʰʥʴʦʤʫ 
ʜʽʘʤʝʪʨʽ ʤʘʶʪʴ ʢʦʥʩʪʨʫʢʪʠʚʥʠʡ ʝʣʝʤʝʥʪ ʫ ʚʠʛʣʷʜʽ ʧʽʚʢʽʣʴʮʷ ʢʨʫʛʣʦʛʦ 

ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʘʙʦ ʧʨʷʤʦʢʫʪʥʦʾ ʧʨʦʢʣʘʜʢʠ, ʱʦ ʧʨʠʻʜʥʘʥʽ ʜʦ ʥʘʧʽʚʩʬʝʨʠ, 

ʟʘʚʜʷʢʠ ʷʢʠʤ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʥʘʜʽʡʥʘ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʽ ʫʪʨʠʤʘʥʥʷ ʜʽʘʬʨʘʛʤʠ ʫ 

ʟʘʜʘʥʦʤʫ ʧʦʣʦʞʝʥʥʽ ʙʝʟ ʚʪʨʘʪʠ ʟʤʽʥʠ ʩʚʦʻʾ ʥʘʧʽʚʩʬʝʨʠʯʥʦʾ ʧʦʚʝʨʭʥʽ ʚ ʧʨʦʮʝʩʽ 

ʧʝʨʝʤʽʱʝʥʥʷ (ʧʝʨʝʢʣʘʜʘʥʥʷ) ʟ ʦʜʥʽʻʾ ʧʣʦʱʠʥʠ ʚ ʽʥʰʫ ʽ ʥʘʚʧʘʢʠ. ɺʨʘʭʦʚʫʶʯʠ, ʱʦ 

ʛʫʤʘ ʻ ʥʝʩʪʠʩʣʠʤ ʤʘʪʝʨʽʘʣʦʤ, ʥʘʡʤʝʥʰʠʡ ʦʙôʻʤ ʤʽʩʮʷ ʫʩʪʘʥʦʚʣʝʥʥʷ ʙʫʜʝ ʫ ʨʘʟʽ 

ʚʠʢʦʥʘʥʥʷ ʪʘʢʦʛʦ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʝʣʝʤʝʥʪʘ ʫ ʚʠʛʣʷʜʽ ʧʽʚʢʽʣʴʮʷ ʢʨʫʛʣʦʛʦ 

ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ [6].  

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ɻʊɺ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʜʽʘʬʨʘʛʤʠ, ʚ ʦʙ'ʻʢʪʘʭ ʈʂʊʉʏ 

ʩʘʤʦʩʪʽʡʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ ʥʝ ʤʘʶʪʴ. ɺʦʜʥʦʯʘʩ, ʚʦʥʠ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʨʦʙʦʪʦʟʜʘʪʥʽʩʪʴ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʧʨʠʩʪʨʦʾʚ ʣʠʰʝ ʚ ʨʘʟʽ ʧʨʘʚʠʣʴʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʛʫʤʠ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ɻʊɺ, ʚʢʣʶʯʘʶʯʠ ʦʧʪʠʤʘʣʴʥʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʾ 

ʜʽʘʬʨʘʛʤʠ, ʪʘ ʤʽʩʮʷ ʾʾ ʫʩʪʘʥʦʚʣʝʥʥʷ, ʘ ʪʘʢʦʞ ʷʢʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʩʽʭ ʝʣʝʤʝʥʪʽʚ 

ʢʦʥʩʪʨʫʢʮʽʾ ʫʱʽʣʴʥʶʚʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ. ʊʦʤʫ, ʧʝʨʰ ʥʽʞ ʧʨʦʻʢʪʫʚʘʪʠ ʪʘ 

ʚʠʛʦʪʦʚʣʷʪʠ ʫʱʽʣʴʥʶʚʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ, ʥʝʦʙʭʽʜʥʦ ʟʜʽʡʩʥʠʪʠ ʚʩʽ ʽʥʞʝʥʝʨʥʽ 

ʨʦʟʨʘʭʫʥʢʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʩʦʙʣʠʚʦʩʪʝʡ ʛʫʤʠ ʷʢ ʢʦʥʩʪʨʫʢʮʽʡʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ 

ʚʠʨʦʙʫ ʥʘ ʾʾ ʦʩʥʦʚʽ ʚ ʟʘʜʘʥʽʡ ʢʦʥʩʪʨʫʢʮʽʾ ʽ ʡʦʛʦ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ 

ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʛʘʨʘʥʪʽʡʥʦʛʦ ʪʝʨʤʽʥʫ ʟʙʝʨʽʛʘʥʥʷ ʽ ʝʢʩʧʣʫʘʪʘʮʽʾ. 
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ʅɸʇʃɸɺʃɽʅʆɻʆ ʆʉɸɼɾɽʅʅʗ ɽʅɽʈɻɯɰ 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʬʽʟʠʢʫ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʢʠ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ 
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ʪʝʭʥʦʣʦʛʽʻʶ ʥʘʧʣʘʚʣʝʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʝʥʝʨʛʽʾ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʠʨʦʙʥʠʯʠʡ ʧʨʦʮʝʩ, ʪʝʭʥʦʣʦʛʽʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʦʩʘʜʞʝʥʥʷ 
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PHYSICS OF ENERGY DEPOSIT PROCESSING PARAMETERS 

Annotation. The physics of processing parameters using the technology of energy 

deposition in three-dimensional metal printing is considered. The main physical 

parameters that affect the quality of the manufactured part are listed. Methods of 

influencing processing modes in additive manufacturing using the technology of 

energy deposition are investigated. 
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ɺ ʘʜʠʪʠʚʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʬʦʨʤʫʚʘʥʥʷ ʜʝʪʘʣʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ 

ʧʦʰʘʨʦʚʦʛʦ ʥʘʥʝʩʝʥʥʷ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘ ʧʽʜʣʦʞʢʫ [1-3]. ʇʘʨʘʤʝʪʨʠ 

ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʷʢʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʧʦʚʝʨʭʦʥʴ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʨʝʞʠʤʠ ʦʙʨʦʙʢʠ. 

ɼʣʷ ʧʝʨʝʚʝʜʝʥʥʷ ʟ ʪʚʝʨʜʦʛʦ ʩʪʘʥʫ ʚ ʨʽʜʢʠʡ ʤʝʪʘʣʝʚʦʛʦ ʜʨʦʪʫ ʧʦʪʨʽʙʥʘ ʝʥʝʨʛʽʷ 

ʨʽʟʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʜʣʷ ʨʽʟʥʠʭ ʚʠʜʽʚ ʤʘʪʝʨʽʘʣʫ. ɺʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ ʻ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʨʘʚʠʣʴʥʦʾ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʤʘʪʝʨʽʘʣʫ ʧʨʠ ʟʘʪʚʝʨʜʽʥʥʽ ʪʘ 

ʬʦʨʤʫʚʘʥʥʷ ʥʝʦʙʭʽʜʥʦʾ ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʬʫʥʢʮʽʡ ʜʝʪʘʣʣʶ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ. 

ʐʚʠʜʢʽʩʪʴ ʫʢʣʘʜʘʥʥʷ ʜʨʦʪʫ ʟ ʦʜʥʦʯʘʩʥʠʤ ʧʣʘʚʣʝʥʥʷʤ ʪʘ ʩʪʘʣʽʩʪʴ ʨʫʭʫ 

ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ ʘʜʠʪʠʚʥʦʾ ʫʩʪʘʥʦʚʢʠ ʚʧʣʠʚʘʻ ʥʘ ʥʘʷʚʥʽʩʪʴ ʧʦʨʦʞʥʠʥ 

(ʨʘʢʦʚʠʥ), ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʪʘ ʦʜʥʦʨʽʜʥʽʩʪʴ ʧʨʦʧʣʘʚʫ. ʇʦʜʘʯʘ ʜʨʦʪʦʚʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʚ ʟʦʥʫ ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʢʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ ʷʢʠʡ ʚʠʟʥʘʯʘʶʪʴ 

ʤʝʭʘʥʽʟʤʠ ʧʦʜʘʯʽ: ʢʦʥʩʪʨʫʢʮʽʷ ʪʘ ʥʘʜʽʡʥʽʩʪʴ ʾʭ ʨʦʙʦʪʠ. 

ʄʘʪʝʨʽʘʣʠ ʜʣʷ 3D-ʜʨʫʢʫ ʩʪʘʥʦʚʣʷʪʴ ʦʜʠʥ ʽʟ ʚʠʟʥʘʯʘʣʴʥʠʭ ʯʠʥʥʠʢʽʚ, ʱʦ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʷʢʽʩʪʴ, ʤʽʮʥʽʩʪʴ ʽ ʬʫʥʢʮʽʦʥʘʣʴʥʽʩʪʴ ʢʽʥʮʝʚʠʭ ʚʠʨʦʙʽʚ, ʚ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʤʘʪʝʨʽʘʣʽʚ ʟ ʽʥʜʠʚʽʜʫʘʣʴʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʪʘ ʩʧʝʮʠʬʽʢʦʶ ʚʠʢʦʨʠʩʪʘʥʥʷ. ʄʝʪʘʣʝʚʽ ʧʦʨʦʰʢʠ ʥʘ ʦʩʥʦʚʽ 

ʘʣʶʤʽʥʽʶ ʪʘ ʪʠʪʘʥʫ, ʚʠʷʚʠʣʠʩʷ ʚʽʜʧʦʚʽʜʥʠʤ ʚʘʨʽʘʥʪʦʤ ʜʣʷ 3D-ʜʨʫʢʫ ʣʝʛʢʠʭ 

ʜʝʪʘʣʝʡ ʟ ʚʽʜʤʽʥʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʤʽʮʥʦʩʪʽ ʪʘ ʚʘʛʠ. [1] 

ɸʜʠʪʠʚʥʽ ʤʝʪʦʜʠ ʜʦʟʚʦʣʷʶʪʴ ʚʠʨʦʙʣʷʪʠ ʜʝʪʘʣʽ ʟ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʚʘʞʢʦ ʘʙʦ 

ʥʝʤʦʞʣʠʚʦ ʦʙʨʦʙʣʷʪʠ ʪʨʘʜʠʮʽʡʥʠʤʠ ʩʧʦʩʦʙʘʤʠ, ʱʦ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ 

ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʽʥʞʝʥʝʨʥʠʭ ʨʽʰʝʥʴ. [2] 
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RENOVATION OF MACHINE PARTS  

Annotation. The paper considers methods of renovation of aircraft parts and 

technological equipment for the manufacture of aircraft. These methods are focused 

on short life cycles of innovations and reducing costs for the development of new 

product production. The main methods of renovation of parts: surfacing, spraying of 

coatings and restoration with metal-polymer compositions. 

Keywords: machine parts, aircraft, renovation, technological equipment. 

 

ʈʝʥʦʚʘʮʽʷ (ʚʽʜʥʦʚʣʝʥʥʷ) ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʟʙʽʣʴʰʠʪʠ 

ʪʨʠʚʘʣʽʩʪʴ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ ʮʠʭ ʤʘʰʠʥ. ʂʨʽʤ ʮʴʦʛʦ, ʨʝʥʦʚʘʮʽʷ ʜʝʪʘʣʝʡ ʻ 

ʟʘʩʦʙʦʤ ʩʫʪʪʻʚʦʛʦ ʟʤʝʥʰʝʥʥʷ ʚʠʪʨʘʪ ʥʘ ʧʽʜʪʨʠʤʘʥʥʷ ʤʘʰʠʥ ʚ ʨʦʙʦʪʦʟʜʘʪʥʦʤʫ 

ʩʪʘʥʽ (ʟʘʤʽʩʪʴ ʧʨʠʜʙʘʥʥʷ ʥʦʚʠʭ ʜʝʪʘʣʝʡ ʽ ʤʘʰʠʥ ʚ ʮʽʣʦʤʫ). ʋ ʚʠʧʘʜʢʫ 
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ʚʽʜʩʫʪʥʦʩʪʽ ʤʦʞʣʠʚʦʩʪʽ ʟʘʤʽʥʠʪʠ ʧʦʰʢʦʜʞʝʥʫ ʯʠ ʟʥʦʰʝʥʫ ʜʝʪʘʣʴ ʥʘ ʥʦʚʫ 

ʻʜʠʥʠʤ ʩʧʦʩʦʙʦʤ ʚʽʜʥʦʚʣʝʥʥʷ ʪʘ ʧʽʜʪʨʠʤʘʥʥʷ ʨʦʙʦʪʦʟʜʘʪʥʦʩʪʽ ʤʘʰʠʥ ʻ 

ʨʝʥʦʚʘʮʽʷ.  

ʉʪʦʩʦʚʥʦ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʨʝʥʦʚʘʮʽʷ ʜʝʪʘʣʝʡ ʤʘʻ ʚʽʜʥʦʩʥʦ 

ʥʝʚʝʣʠʢʝ ʟʥʘʯʝʥʥʷ, ʪʦʤʫ ʱʦ ʧʦʰʢʦʜʞʝʥʽ ʜʝʪʘʣʽ, ʥʘʧʨʠʢʣʘʜ, ʫʱʽʣʴʥʝʥʥʷ, 

ʟʘʤʽʥʶʶʪʴʩʷ ʥʘ ʥʦʚʽ. ʎʝ ʧʦʚôʷʟʘʥʝ ʟ ʚʢʨʘʡ ʦʙʤʝʞʝʥʠʤ ʨʝʩʫʨʩʦʤ ʝʢʩʧʣʫʘʪʘʮʽʶ 

ï ʦʜʥʦʨʘʟʦʚʠʡ ʟʘʧʫʩʢ ʪʘ ʢʽʣʴʢʘ ʟʘʧʫʩʢʽʚ ʜʣʷ ʙʘʛʘʪʦʨʘʟʦʚʠʭ ʩʠʩʪʝʤ. 

ɺ ʘʚʽʘʮʽʡʥʽʡ ʪʝʭʥʽʮʽ ʨʝʤʦʥʪ ʜʝʪʘʣʝʡ ʧʣʘʥʝʨʘ ʽ ʢʨʠʣ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʨʘʟʽ ʘʚʘʨʽʡʥʠʭ ʯʠ ʙʦʡʦʚʠʭ ʧʦʰʢʦʜʞʝʥʴ. ɼʣʷ ʮʴʦʛʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʩʣʶʩʘʨʥʽ ʨʦʙʦʪʠ (ʥʘʢʣʘʜʘʥʥʷ ʟʘʧʣʘʪ ʟ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ 

ʧʨʦʙʦʾʥʠ ʚ ʜʝʪʘʣʷʭ ʟ ʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ), ʟʘʢʣʝʶʚʘʥʥʷ ʧʨʦʙʦʾʥ ʚ ʜʝʪʘʣʷʭ ʟ 

ʧʦʣʽʤʝʨʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʟʘʚʘʨʶʚʘʥʥʷ ʽ ʥʘʢʣʘʜʘʥʥʷ ʟʘʧʣʘʪ ʥʘ 

ʤʽʩʮʷ ʧʨʦʙʦʾʥ ʫ ʪʦʚʩʪʦʩʪʽʥʥʠʭ ʜʝʪʘʣʷʭ [1]. ɼʣʷ ʜʝʪʘʣʝʡ ʜʚʠʛʫʥʽʚ ʤʦʞʫʪʴ ʙʫʪʠ 

ʟʘʩʪʦʩʦʚʘʥʽ ʩʧʦʩʦʙʠ ʨʝʥʦʚʘʮʽʾ, ʷʢʽ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ [1-3].     

ɼʣʷ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ (ɹʇʃɸ) ʮʠʚʽʣʴʥʦʛʦ ʽ ʚʽʡʩʴʢʦʚʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ ʨʝʥʦʚʘʮʽʷ ʜʝʪʘʣʝʡ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʧʦʜʦʚʞʠʪʠ ʧʝʨʽʦʜ ʾʭ 

ʝʢʩʧʣʫʘʪʘʮʽʾ. ɼʣʷ ʟʜʽʡʩʥʝʥʥʷ ʨʝʥʦʚʘʮʽʾ ʜʝʪʘʣʝʡ ɹʇʃɸ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʪʨʘʜʠʮʽʡʥʽ ʷʢ ʜʣʷ ʘʚʽʘʮʽʡʥʦʾ ʪʘ ʢ ʽ ʜʣʷ ʽʥʰʠʭ ʛʘʣʫʟʝʡ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʩʧʦʩʦʙʠ [1,3]. 

ʆʢʨʝʤʦ ʩʣʽʜ ʩʢʘʟʘʪʠ ʧʨʦ ʨʝʥʦʚʘʮʽʶ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʷʢʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ 

ʨʽʟʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ. ʉʚʦʷ ʩʧʝʮʠʬʽʢʘ ʻ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ 

ʪʝʭʥʽʢʠ, ʘʚʽʘʮʽʡʥʦʾ ʪʝʭʥʽʢʠ (ʣʽʪʘʢʠ, ʚʝʨʪʦʣʴʦʪʠ) ʪʘ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ 

ʘʧʘʨʘʪʽʚ.  

ʉʫʯʘʩʥʽ ʢʦʩʤʽʯʥʽ ʧʨʦʛʨʘʤʠ, ʷʢ ʧʨʘʚʠʣʦ, ʪʨʠʚʘʣʽ (ʜʦ ʢʽʣʴʢʦʭ ʜʝʩʷʪʢʽʚ 

ʨʦʢʽʚ), ʘʣʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʥʠʟʴʢʦʶ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʟʘʧʫʩʢʽʚ ʨʘʢʝʪ-ʥʦʩʽʾʚ (ʚʽʜ 

ʦʜʥʦʛʦ ʜʦ ʪʨʴʦʭ ʥʘ ʨʽʢ). ɿʘ ʪʘʢʠʭ ʫʤʦʚ ʻ ʜʦʮʽʣʴʥʦʶ ʨʝʥʦʚʘʮʽʷ ʚʘʞʢʦʛʦ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ (ʛʽʜʨʘʚʣʽʯʥʽ ʧʨʝʩʠ, ʪʦʢʘʨʥʦ-ʢʘʨʫʩʝʣʴʥʽ ʚʝʨʩʪʘʪʠ, 

ʚʝʣʠʢʽ ʦʙʨʦʙʥʽ ʮʝʥʪʨʠ) ï ʧʝʨʰ ʟʘ ʚʩʝ ʚʽʜʥʦʚʣʝʥʥʷ ʥʘʧʨʷʤʥʠʭ ʪʘ ʧʦʩʘʜʦʯʥʠʭ 

ʤʽʩʮʴ ʧʽʜ ʧʽʜʰʠʧʥʠʢʠ. ʈʝʘʣʴʥʦ ʮʝ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʝʨʤʽʥʠ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʦʙʣʘʜʥʘʥʥʷ ʜʦ ʧôʷʪʠʜʝʩʷʪʠ ʨʦʢʽʚ ʽ ʙʽʣʴʰʝ. ʇʨʠ ʮʴʦʤʫ ʨʝʥʦʚʘʮʽʡʥʽ ʨʦʙʦʪʠ 

ʙʘʞʘʥʦ ʧʨʦʚʦʜʠʪʠ ʥʘ ʤʽʩʮʽ ʨʦʟʪʘʰʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷ ʙʝʟ ʡʦʛʦ ʜʝʤʦʥʪʘʞʫ ʽ 

ʧʝʨʝʩʫʚʘʥʥʷ. ɼʦʮʽʣʴʥʽʩʪʴ ʪʘʢʠʭ ʨʦʙʽʪ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʚʘʨʪʽʩʪʴ ʤʦʥʪʘʞʫ ʽ 

ʜʝʤʦʥʪʘʞʫ ʚʘʞʢʦʛʦ ʧʨʝʩʦʚʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʩʧʽʚʩʪʘʚʥʘ ʟ ʚʘʨʪʽʩʪʶ ʩʘʤʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ. 

ɸʚʽʘʮʽʡʥʘ ʪʝʭʥʽʢʘ ʪʘʢʦʞ ʚʠʧʫʩʢʘʻʪʴʩʷ ʧʨʦʪʷʛʦʤ ʪʨʠʚʘʣʦʛʦ ʯʘʩʫ ï ʪʝʨʤʽʥ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʫʯʘʩʥʠʭ ʚʘʞʢʠʭ ʽ ʩʝʨʝʜʥʽʭ ʙʦʡʦʚʠʭ, ʪʨʘʥʩʧʦʨʪʥʠʭ ʪʘ 

ʧʘʩʘʞʠʨʩʴʢʠʭ ʣʽʪʘʢʽʚ ʤʦʞʝ ʩʷʛʘʪʠ ʧôʷʪʠʜʝʩʷʪʠ ʨʦʢʽʚ ʽ ʙʽʣʴʰʝ. ɼʣʷ ʚʘʞʢʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʘʚʽʘʮʽʡʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʧʝʨʰ ʟʘ ʚʩʝ ʛʽʜʨʘʚʣʽʯʥʠʭ ʧʨʝʩʽʚ ʽ 

ʚʘʞʢʠʭ ʚʝʨʩʪʘʪʽʚ, ʧʽʜʭʦʜʷʪʴ ʪʘʢʽ ʞ ʤʽʨʢʫʚʘʥʥʷ, ʷʢ ʽ ʜʣʷ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ. 

ɺ ʫʤʦʚʘʭ ʽʥʪʝʥʩʠʚʥʠʭ ʙʦʡʦʚʠʭ ʜʽʡ ʞʠʪʪʻʚʠʡ ʮʠʢʣ ʽʥʥʦʚʘʮʽʡ ʫ ʪʘʢʽʡ ʛʘʣʫʟʽ 

ʪʝʭʥʽʢʠ ʷʢ ɹʇʃɸ ʜʫʞʝ ʢʦʨʦʪʢʠʡ ï ʧʨʠʙʣʠʟʥʦ ʚʽʜ ʪʨʴʦʭ ʤʽʩʷʮʽʚ ʜʦ ʨʦʢʫ ʥʘ 
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ʨʦʟʨʦʙʢʫ ʽ ʚʧʨʦʚʘʜʞʝʥʥʷ ʽ ʢʽʣʴʢʘ ʤʽʩʷʮʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ï ʧʽʩʣʷ ʮʴʦʛʦ 

ʧʨʦʪʠʚʥʠʢ ʟʥʘʭʦʜʠʪʴ ʟʘʩʦʙʠ ʽ ʨʦʟʨʦʙʣʷʻ ʟʘʭʦʜʠ ʟ ʧʨʦʪʠʜʽʾ. ʏʝʨʝʟ ʮʝ 

ʦʙʣʘʜʥʘʥʥʷ, ʷʢʝ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ɹʇʃɸ, ʝʢʩʧʣʫʘʪʫʻʪʴʩʷ 

ʛʨʘʥʠʯʥʦ ʽʥʪʝʥʩʠʚʥʦ. ɿʘ ʮʠʭ ʫʤʦʚ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʻ ʧʽʜʪʨʠʤʘʥʥʷ 

ʦʙʣʘʜʥʘʥʥʷ ʚ ʥʘʣʝʞʥʦʤʫ ʪʝʭʥʽʯʥʦʤʫ ʩʪʘʥʽ. ɿʘʤʽʥʘ ʦʙʣʘʜʥʘʥʥʷ ʩʫʪʪʻʚʦ 

ʟʜʦʨʦʞʫʻ ʧʨʦʜʫʢʮʽʶ, ʪʦʤʫ ʥʘʡʙʽʣʴʰ ʧʨʠʡʥʷʪʥʦʶ ʻ ʨʝʥʦʚʘʮʽʷ ʜʝʪʘʣʝʡ, ʷʢʽ 

ʥʘʡʯʘʩʪʽʰʝ ʚʠʭʦʜʷʪʴ ʟ ʣʘʜʫ (ʥʘʧʨʷʤʥʽ, ʧʦʩʘʜʦʯʥʽ ʤʽʩʮʷ ʧʽʜ ʧʽʜʰʠʧʥʠʢʠ). 

ʋʤʦʚʥʦʶ ʛʨʘʥʠʮʝʶ ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʝʥʦʚʘʮʽʾ ʜʝʪʘʣʝʡ ʽ ʤʘʰʠʥ ʚ 

ʮʽʣʦʤʫ ʻ ʪʨʠʚʘʣʽʩʪʴ ʧʨʦʻʢʪʫ. ɺʚʘʞʘʻʪʴʩʷ, ʱʦ ʚ ʨʘʟʽ ʪʨʠʚʘʣʦʩʪʽ ʤʝʥʰʝ ʪʨʴʦʭ 

ʨʦʢʽʚ ʜʦʮʽʣʴʥʘ ʨʝʥʦʚʘʮʽʷ, ʷʢʱʦ ʙʽʣʴʰʝ ï ʢʨʘʱʽ ʧʦʢʘʟʥʠʢʠ ʙʫʜʝ ʤʘʪʠ ʟʘʤʽʥʘ 

ʦʙʣʘʜʥʘʥʥʷ. 

ɼʣʷ ʨʝʥʦʚʘʮʽʾ ʥʘʧʨʷʤʥʠʭ ʽ ʧʦʩʘʜʦʯʥʠʭ ʤʽʩʮʴ ʧʽʜ ʧʽʜʰʠʧʥʠʢʠ ʤʦʞʫʪʴ 

ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʪʘʢʽ ʩʧʦʩʦʙʠ ʷʢ ʥʘʧʣʘʚʣʝʥʥʷ, ʧʣʘʟʤʦʚʝ ʥʘʧʠʣʝʥʥʷ ʪʘ 

ʚʽʜʥʦʚʣʝʥʥʷ ʤʝʪʘʣʦʧʦʣʽʤʝʨʥʠʤʠ ʢʦʤʧʦʟʠʮʽʷʤʠ ʟ ʥʘʩʪʫʧʥʦʶ ʤʝʭʘʥʽʯʥʦʶ 

ʦʙʨʦʙʢʦʶ [1].  ʄʝʪʘʣʦʧʦʣʽʤʝʨʥʽ ʢʦʤʧʦʟʠʮʽʾ ʤʦʞʫʪʴ ʥʘʥʦʩʠʪʠʩʷ ʷʢ ʫ ʚʠʛʣʷʜʽ 

ʧʘʩʪ, ʪʘʢ ʽ ʫ ʚʠʛʣʷʜʽ ʩʪʨʽʯʦʢ ʨʽʟʥʦʛʦ ʧʨʦʬʽʣʶ. ʉʪʨʽʯʢʠ ʤʦʞʫʪʴ ʙʫʪʠ ʥʘʧʦʚʥʝʥʽ 

ʘʥʪʠʬʨʠʢʮʽʡʥʠʤʠ ʨʝʯʦʚʠʥʘʤʠ, ʪʘʢʠʤ ʷʢ ʜʠʩʫʣʴʬʽʜ ʤʦʣʽʙʜʝʥʫ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʨʝʥʦʚʘʮʽʷ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʚ ʘʚʽʘʮʽʡʥʽʡ ʪʘ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ 

ʪʝʭʥʽʮʽ ʤʘʻ ʜʚʘ ʘʩʧʝʢʪʠ: 

1 ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʚʣʘʩʥʝ ʘʚʽʘʮʽʡʥʦʾ ʪʘ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ; 

2 ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʷʢʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ.    
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ʇʆʈɯɺʅʗʃʔʅʀʁ ɸʅɸʃɯɿ ɽʃɽʂʊʈʆʅʅʆ-ʇʈʆʄɽʅɽɺʆɻʆ 

ʉʇɯʂɸʅʅʗ ɿ ɯʅʐʀʄʀ ʊɽʍʅʆʃʆɻɯʗʄʀ ʉʊɺʆʈɽʅʅʗ ɼɽʊɸʃɽʁ ɯ 

ʂʆʄʇʆʅɽʅʊɯɺ ʈʂʊ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʦʞʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ 

ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʦʛʦ ʩʧʽʢʘʥʥʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʜʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʟ 

ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʽʥʰʠʤʠ ʘʜʠʪʠʚʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ, 

ʟʦʢʨʝʤʘ ʩʝʣʝʢʪʠʚʥʠʤ ʣʘʟʝʨʥʠʤ ʧʣʘʚʣʝʥʥʷʤ ʪʘ ʩʝʣʝʢʪʠʚʥʠʤ ʣʘʟʝʨʥʠʤ 

ʩʧʽʢʘʥʥʷʤ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʘʢʫʫʤʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʧʽʜ ʯʘʩ 

ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʦʛʦ ʩʧʽʢʘʥʥʷ ʩʪʚʦʨʶʻ ʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʽ ʫʤʦʚʠ ʜʣʷ 

ʦʙʨʦʙʢʠ ʨʝʘʢʮʽʡʥʦ-ʘʢʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ ʷʢ ʪʠʪʘʥʦʚʽ ʩʧʣʘʚʠ, ʷʢʽ ʰʠʨʦʢʦ 

ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ. ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʪʘ 

ʦʙʤʝʞʝʥʥʷ ʪʝʭʥʦʣʦʛʽʾ, ʘ ʪʘʢʦʞ ʾʾ ʤʽʩʮʝ ʩʝʨʝʜ ʩʫʯʘʩʥʠʭ ʘʜʠʪʠʚʥʠʭ ʤʝʪʦʜʽʚ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ. 
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COMPARATIVE ANALYSIS OF ELECTRON BEAM SINTERING WITH 

OTHER TECHNOLOG IES FOR CREATING RCT PARTS AND 

COMPONENTS 

Annotation. The paper considers the potential application of electron beam melting 

for manufacturing components used in aerospace engineering. A comparative 

analysis of this technology with conventional manufacturing methods and other 

additive technologies, particularly selective laser melting and selective laser 

sintering, is carried out. It is shown that the use of a vacuum environment during the 

electron beam melting process provides more favorable conditions for processing 

reactive materials such as titanium alloys, which are widely used in aerospace 

applications. The main advantages and limitations of the technology are identified, 

and its position among modern additive manufacturing methods for producing 

complex geometry components is defined. 

Keywords: electron beam melting, additive manufacturing, aerospace engineering, 

vacuum technology, selective laser melting. 

 

ɿ ʢʦʞʥʠʤ ʜʝʩʷʪʠʣʽʪʪʷʤ ʧʝʨʝʣʽʢ ʟʘʚʜʘʥʴ, ʱʦ ʧʦʩʪʘʶʪʴ ʧʝʨʝʜ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʶ ʛʘʣʫʟʟʶ, ʧʦʩʪʽʡʥʦ ʨʦʟʰʠʨʶʻʪʴʩʷ. ʎʝ ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʽ ʢʦʤʧʦʥʝʥʪʽʚ, ʷʢʽ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ, ʤʽʮʥʽʩʪʴ ʪʘ ʟʥʠʞʝʥʥʷ ʤʘʩʠ ʢʦʥʩʪʨʫʢʮʽʡ, ʘ ʪʘʢʦʞ 

ʦʧʪʠʤʽʟʘʮʽʶ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ. ʆʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʭ 

ʥʘʧʨʷʤʽʚ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʚʠʛʦʪʦʚʣʷʪʠ 

ʚʠʨʦʙʠ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʨʘʜʠʮʽʡʥʦʾ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 

ʦʩʥʘʩʪʢʠ. ʉʝʨʝʜ ʪʘʢʠʭ ʪʝʭʥʦʣʦʛʽʡ ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʚʝʨʪʘʻ ʝʣʝʢʪʨʦʥʥʦ-

ʧʨʦʤʝʥʝʚʝ ʩʧʽʢʘʥʥʷ (ɽʇʉ), ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʬʦʨʤʫʚʘʥʥʷ ʜʝʪʘʣʝʡ ʰʣʷʭʦʤ 

ʧʦʰʘʨʦʚʦʛʦ ʩʧʽʢʘʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʬʦʢʫʩʦʚʘʥʦʛʦ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʦʤʝʥʷ [1]. 

ʆʩʦʙʣʠʚʽʩʪʶ ʪʝʭʥʦʣʦʛʽʾ ɽʇʉ ʻ ʪʝ, ʱʦ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʽʚ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʫ ʚʘʢʫʫʤʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ. ʎʝ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʪʠ ʨʽʚʝʥʴ 

ʦʢʠʩʥʝʥʥʷ ʪʘ ʛʘʟʦʥʘʩʠʯʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ, ʱʦ ʻ ʢʨʠʪʠʯʥʦ 

ʚʘʞʣʠʚʠʤ ʜʣʷ ʨʝʘʢʮʽʡʥʦ-ʘʢʪʠʚʥʠʭ ʤʝʪʘʣʽʚ, ʟʦʢʨʝʤʘ ʪʠʪʘʥʫ ʪʘ ʡʦʛʦ ʩʧʣʘʚʽʚ, ʷʢʽ 

ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ ʪʝʭʥʽʮʽ [2]. ʂʨʽʤ ʪʦʛʦ, ʪʝʭʥʦʣʦʛʽʷ 

ʧʝʨʝʜʙʘʯʘʻ ʧʦʧʝʨʝʜʥʽʡ ʧʽʜʽʛʨʽʚ ʧʦʨʦʰʢʦʚʦʛʦ ʰʘʨʫ, ʱʦ ʩʧʨʠʷʻ ʟʤʝʥʰʝʥʥʶ 

ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʨʘʜʽʻʥʪʽʚ, ʟʥʠʞʝʥʥʶ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʪʘ ʧʽʜʚʠʱʝʥʥʶ 

ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʽʚ. ʎʝ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʜʝʪʘʣʽ ʟ 

ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ ʤʘʪʝʨʽʘʣʫ ʪʘ ʭʦʨʦʰʠʤʠ ʤʝʭʘʥʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. 

ʈʘʟʦʤ ʟ ʪʠʤ, ɽʇʉ ʤʘʻ ʽ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ ï ʚʠʩʦʢʘ ʚʘʨʪʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ, 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʙʦʪʠ ʫ ʚʘʢʫʫʤʽ, ʞʦʨʩʪʢʽ ʦʙʤʝʞʝʥʥʷ ʥʘ ʛʝʦʤʝʪʨʠʯʥʽ ʨʦʟʤʽʨʠ 

ʜʝʪʘʣʝʡ, ʦʙʤʝʞʝʥʠʡ ʚʠʙʽʨ ʤʘʪʝʨʽʘʣʽʚ, ʪʘ ʙʽʣʴʰʽ ʚʠʤʦʛʠ ʜʦ ʧʝʨʩʦʥʘʣʫ [3]. 

ʋ ʧʦʨʽʚʥʷʥʥʽ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ, ʪʘʢʠʤʠ ʷʢ 

ʣʠʪʪʷ, ʤʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ ʘʙʦ ʧʦʨʦʰʢʦʚʘ ʤʝʪʘʣʫʨʛʽʷ, ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ 

ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʦʨʶʚʘʪʠ ʚʠʨʦʙʠ ʟʽ ʩʢʣʘʜʥʦʶ ʛʝʦʤʝʪʨʽʻʶ, ʚʢʣʶʯʘʶʯʠ 

ʚʥʫʪʨʽʰʥʽ ʢʘʥʘʣʠ, ʧʦʨʠʩʪʽ ʩʪʨʫʢʪʫʨʠ ʪʘ ʪʦʧʦʣʦʛʽʯʥʦ ʦʧʪʠʤʽʟʦʚʘʥʽ ʢʦʥʩʪʨʫʢʮʽʾ, 
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ʧʨʠ ʤʽʥʽʤʘʣʴʥʠʭ ʚʪʨʘʪʘʭ ʤʘʪʝʨʽʘʣʫ. ʅʘʡʙʽʣʴʰ ʙʣʠʟʴʢʠʤʠ ʜʦ ɽʇʉ ʘʜʠʪʠʚʥʠʤʠ 

ʪʝʭʥʦʣʦʛʽʷʤʠ ʻ ʩʝʣʝʢʪʠʚʥʝ ʣʘʟʝʨʥʝ ʧʣʘʚʣʝʥʥʷ (ʉʃʇ) ʪʘ ʩʝʣʝʢʪʠʚʥʝ ʣʘʟʝʨʥʝ 

ʩʧʽʢʘʥʥʷ (ʉʃʉ), ʷʢʽ ʨʝʘʣʽʟʫʶʪʴʩʷ ʫ ʩʝʨʝʜʦʚʠʱʽ ʽʥʝʨʪʥʦʛʦ ʛʘʟʫ [4]. ʇʨʦʪʝ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʣʘʟʝʨʥʦʛʦ ʜʞʝʨʝʣʘ ʝʥʝʨʛʽʾ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʘʯʥʠʤʠ 

ʪʝʤʧʝʨʘʪʫʨʥʠʤʠ ʛʨʘʜʽʻʥʪʘʤʠ, ʱʦ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʚʠʥʠʢʥʝʥʥʷ 

ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʽ ʜʝʬʦʨʤʘʮʽʡ ʫ ʚʠʨʦʙʘʭ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʥʠʭ, ɽʇʉ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʝʣʝʢʪʨʦʥʥʠʡ ʧʨʦʤʽʥʴ ʚʠʩʦʢʦʾ ʝʥʝʨʛʽʾ ʪʘ ʚʘʢʫʫʤʥʝ ʩʝʨʝʜʦʚʠʱʝ, 

ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʽ ʫʤʦʚʠ ʜʣʷ ʦʙʨʦʙʢʠ ʪʠʪʘʥʦʚʠʭ ʪʘ ʞʘʨʦʤʽʮʥʠʭ 

ʩʧʣʘʚʽʚ. ʈʘʟʦʤ ʟ ʪʠʤ ʪʝʭʥʦʣʦʛʽʷ ʤʘʻ ʧʝʚʥʽ ʦʙʤʝʞʝʥʥʷ, ʧʦʚôʷʟʘʥʽ ʟ ʚʠʩʦʢʦʶ 

ʚʘʨʪʽʩʪʶ ʦʙʣʘʜʥʘʥʥʷ, ʥʝʦʙʭʽʜʥʽʩʪʶ ʨʦʙʦʪʠ ʫ ʚʘʢʫʫʤʽ, ʦʙʤʝʞʝʥʥʷʤʠ ʟʘ 

ʛʘʙʘʨʠʪʘʤʠ ʚʠʨʦʙʽʚ ʪʘ ʧʦʪʨʝʙʦʶ ʫ ʧʦʜʘʣʴʰʽʡ ʧʦʩʪʦʙʨʦʙʮʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʝ ʩʧʽʢʘʥʥʷ ʟʘʡʤʘʻ ʚʘʞʣʠʚʫ ʥʽʰʫ 

ʩʝʨʝʜ ʩʫʯʘʩʥʠʭ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ [5]. ɺʠʢʦʨʠʩʪʘʥʥʷ ʚʘʢʫʫʤʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ 

ʩʧʨʠʷʪʣʠʚʽ ʫʤʦʚʠ ʜʣʷ ʦʙʨʦʙʢʠ ʨʝʘʢʮʽʡʥʦ-ʘʢʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʨʦʙʠʪʴ 

ʜʘʥʠʡ ʤʝʪʦʜ ʦʩʦʙʣʠʚʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʽʚ ʽʟ ʪʠʪʘʥʦʚʠʭ 

ʪʘ ʞʘʨʦʤʽʮʥʠʭ ʩʧʣʘʚʽʚ. ʇʨʦʚʝʜʝʥʥʷ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʫ ʮʴʦʤʫ ʥʘʧʨʷʤʽ 

ʩʧʨʠʷʪʠʤʝ ʨʦʟʰʠʨʝʥʥʶ ʥʦʤʝʥʢʣʘʪʫʨʠ ʤʘʪʝʨʽʘʣʽʚ ʽ ʚʠʨʦʙʽʚ, ʦʧʪʠʤʽʟʘʮʽʾ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʝʞʠʤʽʚ ʪʘ ʧʽʜʚʠʱʝʥʥʶ ʷʢʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. 
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ʑʆɼʆ ɺʀɿʅɸʏɽʅʅʗ ɻʃʀɹʀʅʀ ʇʈʆʅʀʂʅɽʅʅʗ ʈʆɹʆʏʆɻʆ 

ʉɽʈɽɼʆɺʀʑɸ ʋ ɻʋʄʋ 

ɸʥʦʪʘʮʽʷ. ɿʘʩʦʙʠ ʫʨʘʞʝʥʥʷ ʚ ʩʚʦʾʡ ʢʦʥʩʪʨʫʢʮʽʾ, ʷʢ ʧʨʘʚʠʣʦ, ʤʽʩʪʷʪʴ ʨʘʢʝʪʥʽ 

ʜʚʠʛʫʥʠ ʥʘ ʪʚʝʨʜʦʤʫ ʧʘʣʠʚʽ (ʈɼʊʇ) ʷʢ ʨʫʰʽʡʥʫ ʫʩʪʘʥʦʚʢʫ ʜʣʷ ʜʦʩʪʘʚʣʝʥʥʷ ʚ 

ʟʘʜʘʥʫ ʪʦʯʢʫ ʙʦʡʦʚʦʛʦ ʟʘʨʷʜʫ. ʂʦʨʧʫʩ ʈɼʊʇ ʢʨʽʤ ʚʠʩʦʢʦʾ ʤʽʮʥʦʩʪʽ ʽ ʚʠʩʦʢʦʾ 

ʧʦʚʟʜʦʚʞʥʴʦʾ ʩʪʽʡʢʦʩʪʽ ʧʨʠ ʚʧʣʠʚʽ ʚʠʩʦʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʧʨʦʮʝʩʽ ʛʦʨʽʥʥ ̫

ʩʫʤʽʰʝʚʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ (ʉʊʈʇ)  ʧʦʚʠʥʝʥ ʤʘʪʠ ʚʥʫʪʨʽʰʥʻ 

ʪʝʧʣʦʚʝ ʟʘʭʠʩʥʝ ʧʦʢʨʠʪʪʷ, ʦʩʢʽʣʴʢʠ ʧʨʠ ʚʧʣʠʚʽ ʚʠʩʦʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʟʥʘʯʥʦ 

ʟʥʠʞʫʶʪʴʩʷ ʤʽʮʥʦʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʽʘʣʫ ʢʦʨʧʫʩʫ. 

ʆʯʝʚʠʜʥʦ, ʱʦ ʜʣʷ ʚʥʫʪʨʽʰʥʴʦʛʦ ʪʝʧʣʦʚʦʛʦ ʟʘʭʠʩʥʦʛʦ ʧʦʢʨʠʪʪʷ ʧʦʚʠʥʝʥ 

ʙʫʪʠ ʤʘʪʝʨʽʘʣ ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ ʪʝʭʥʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʟʦʢʨʝʤʘ: ʥʠʟʴʢʠʤʠ 

ʛʫʩʪʠʥʦʶ ʪʘ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, ʟʘʜʦʚʽʣʴʥʠʤʠ ʤʽʮʥʦʩʥʠʤʠ ʪʘ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʙʫʪʠ ʟʜʘʪʥʠʤ ʜʦ ʟôʻʜʥʘʥʥʷ ʙʝʟ ʨʦʟʰʘʨʫʚʘʥʥʷ 

ʟ ʽʥʰʠʤʠ ʢʦʥʩʪʨʫʢʮʽʡʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʚ ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʢʦʥʩʪʨʫʢʮʽʾ ʈɼʊʇ ʟ 

ʤʦʞʣʠʚʽʩʪʶ ʡʦʛʦ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚ ʋʢʨʘʾʥʽ. 
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ON DETERMINING THE DEPTH OF PENETRATION OF THE 

WORKING ENVIRONMENT INTO RUBBER  

Annotation Means of defeat in their design, as a rule, contain rocket engines on a 

solid propellant as a propulsion system for delivering a warhead to a given point. In 

addition to high strength and high longitudinal stability under the influence of high 
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temperature when burning solid mixed fuel, the rocket engines on a solid propellant 

body must have an internal heat-resistant covering, since the strength characteristics 

of the body material are significantly reduced when exposed to high temperatures.  

It is obvious that the material for the internal heat-resistant covering must be a 

material with appropriate technical properties, in particular: low density and 

coefficient of thermal conductivity, satisfactory strength and technological 

properties, ability to connection without delamination with other structural materials 

in the multi-layer structure of the rocket engines on a solid propellant with the 

possibility of its production in Ukraine. 

Keywords: rubber, internal thermal protective coating, means of damage, composite 

solid rocket fuel. 

 

ɺʥʫʪʨʽʰʥʻ ʪʝʧʣʦʟʘʭʠʩʥʝ ʧʦʢʨʠʪʪʷ (ɺʊɿʇ) ʈɼʊʇ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ 

ʟʘʭʠʩʥʠʡ ʰʘʨ ʤʘʪʝʨʽʘʣʫ ʚʽʜʧʦʚʽʜʥʦʾ ʪʦʚʱʠʥʠ ʫ ʦʙôʻʢʪʘʭ ʟʘʩʦʙʽʚ ʫʨʘʞʝʥʥʷ (ɿʋ) 

ʽ ʧʨʠʟʥʘʯʝʥʝ ʜʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʚʧʣʠʚʫ ʚʠʩʦʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʛʦʨʽʥʥʽ ʉʊʈʇ 

ʟʘʨʷʜʫ ʱʦʜʦ ʟʙʝʨʝʞʝʥʥʷ ʪʝʭʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʫ ʩʠʣʦʚʦʛʦ ʢʦʨʧʫʩʫ, 

ɿʋ ʚ ʧʨʦʮʝʩʽ ʚʠʨʦʙʥʠʮʪʚʘ, ʟʙʝʨʽʛʘʥʥʷ ʽ ʝʢʩʧʣʫʘʪʘʮʽʾ. ɺʊɿʇ, ʷʢ ʧʨʘʚʠʣʦ, 

ʨʦʟʤʽʱʫʻʪʴʩʷ ʤʽʞ ʩʠʣʦʚʠʤ ʢʦʨʧʫʩʦʤ ɿʋ ʽ ʟʘʨʷʜʦʤ, ʚʠʛʦʪʦʚʣʝʥʠʤ ʽʟ ʉʊʈʇ. 

ʊʦʤʫ ɺʊɿʇ ʟ ʦʜʥʦʛʦ ʙʦʢʫ ʧʦʚʠʥʥʝ ʙʫʪʠ ʟôʻʜʥʘʥʠʤ ʟ ʩʠʣʦʚʠʤ ʢʦʨʧʫʩʦʤ ɿʋ ʽ 

ʟʘʭʠʱʘʪʠ ʡʦʛʦ ʚʽʜ ʚʧʣʠʚʫ ʚʠʩʦʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʝʥʝʨʛʽʾ ʧʦʪʦʢʫ ʛʘʟʽʚ ʧʨʠ 

ʛʦʨʽʥʥʽ ʉʊʈʇ, ʘ ʟ ʽʥʰʦʛʦ ï ʟʥʘʭʦʜʠʪʠʩʷ ʚ ʢʦʥʪʘʢʪʽ ʟ ʉʊʈʇ ʧʨʦʪʷʛʦʤ ʪʨʠʚʘʣʦʛʦ 

ʟʙʝʨʽʛʘʥʥʷ ʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ɿʋ [1]. 

ʆʯʝʚʠʜʥʦ, ʱʦ ʤʘʪʝʨʽʘʣʦʤ ʜʣʷ ɺʊɿʇ ʧʦʚʠʥʝʥ ʙʫʪʠ ʤʘʪʝʨʽʘʣ ʟ ʥʠʟʴʢʠʤ 

ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʟ ʟʘʜʘʥʠʤʠ ʪʝʭʥʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, 

ʟʦʢʨʝʤʘ: ʥʠʟʴʢʦʶ ʛʫʩʪʠʥʦʶ ʪʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ, ʟʘʜʦʚʽʣʴʥʠʤʠ ʤʽʮʥʦʩʥʠʤʠ ʪʘ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʙʫʪʠ ʟʜʘʪʥʠʤ ʜʦ ʟôʻʜʥʘʥʥʷ ʙʝʟ ʨʦʟʰʘʨʫʚʘʥʥʷ 

ʟ ʽʥʰʠʤʠ ʢʦʥʩʪʨʫʢʮʽʡʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʚ ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʢʦʥʩʪʨʫʢʮʽʾ ʈɼʊʇ ʟ 

ʤʦʞʣʠʚʽʩʪʶ ʡʦʛʦ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚ ʋʢʨʘʾʥʽ. ʊʘʢʠʤ ʢʦʥʩʪʨʫʢʮʽʡʥʠʤ ʤʘʪʝʨʽʘʣʦʤ 

ʤʦʞʝ ʙʫʪʠ ʛʫʤʘ ʚʽʜʧʦʚʽʜʥʦʛʦ ʩʢʣʘʜʫ, ʷʢʘ ʤʘʻ ʛʫʩʪʠʥʫ ʧʦʨʷʜʢʫ 1,1 -1,3 ʛ/ʩʤ3, 

ʱʦ ʣʝʛʰʝ ʩʪʘʣʽ ʪʘ ʘʣʶʤʽʥʽʶ ʙʽʣʴʰʝ, ʥʽʞ ʫ 6 ʪʘ 2 ʨʘʟʠ, ʚʽʜʧʦʚʽʜʥʦ  [2, 3, ʩ.127]. 

ɻʫʤʘ ʪʘʢʦʞ ʧʦʚʠʥʥʘ ʤʘʪʠ ʟʘʜʦʚʽʣʴʥʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʽ ʙʫʪʠ 

ʩʪʽʡʢʦʶ ʜʦ ʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʉʊʈʇ. 

ʗʢ ʧʨʘʚʠʣʦ, ʉʊʈʇ ʤʘʻ ʨʝʯʦʚʠʥʫ ʘʙʦ ʜʝʢʽʣʴʢʘ ʨʝʯʦʚʠʥ, ʚ ʷʢʽʡ 

ʧʝʨʝʤʽʰʫʶʪʴʩʷ ʢʦʤʧʦʥʝʥʪʠ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ, ʘ ʧʦʪʽʤ ʚʩʽ ʚʦʥʠ ʧʽʜʜʘʶʪʴʩʷ 

ʪʚʝʨʜʽʥʥʶ. ɸʣʝ ʷʢʱʦ ʫ ʩʢʣʘʜʽ ʉʊʈʇ ʙʫʜʝ ʨʝʯʦʚʠʥʘ, ʷʢʘ ʚʧʣʠʚʘʻ ʥʘ ʪʝʭʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ɺʊɿʇ, ʪʦ ʟ ʪʝʨʤʽʥʦʤ ʯʘʩʫ ʪʘʢʝ ɺʊɿʇ ʥʝ ʚʠʢʦʥʘʻ ʩʚʦʾ ʬʫʥʢʮʽʾ, ʱʦ 

ʜʣʷ ɿʋ ʥʝ ʧʨʠʧʫʩʪʠʤʦ. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ɺʊɿʇ ʱʦʜʦ ʚʟʘʻʤʦʜʽʾ ʟ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʉʊʈʇ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʩʧʨʦʝʢʪʦʚʘʥʦ ʩʧʝʮʽʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ, ʱʦ 

ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʛʝʨʤʝʪʠʯʥʫ ʢʘʩʝʪʫ, ʚ ʷʢʽʡ ʨʦʟʤʽʱʫʶʪʴʩʷ ʰʘʨʠ ʛʫʤʦʚʠʭ 

ʟʨʘʟʢʽʚ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ɺʊɿʇ ʫ ʨʝʘʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʷʭ, ʪʘ ʚʟʘʻʤʦʜʽʶʪʴ ʟ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʉʊʈʇ. ɼʣʷ ʧʨʠʩʢʦʨʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʢʘʩʝʪʘ ʧʦʤʽʱʘʻʪʴʩʷ ʚ 

ʪʝʨʤʦʩʪʘʪ ʟ ʚʽʜʧʦʚʽʜʥʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʉʊʈʇ. ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʚ 
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ʷʢʦʩʪʽ ʪʘʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʧʦʣʽʫʨʝʪʘʥ, ʙʫʪʠʣʦʚʠʡ 

ʝʬʽʨ, ʦʣʠʚʘ ʪʦʱʦ. ʋ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ ʤʠ ʚʠʢʦʨʠʩʪʘʣʠ ʦʣʠʚʫ ʀ-40. ʗʢʱʦ 

ʢʦʤʧʦʥʝʥʪ ʉʊʈʇ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʥʘʙʨʷʢʘʥʥʷ ɺʊɿʇ, ʪʦʙʪʦ ʥʝ ʟʙʽʣʴʰʫʻ ʡʦʛʦ 

ʤʘʩʫ, ʪʦ ʮʝ ʦʟʥʘʯʘʻ, ʱʦ ɺʊɿʇ ʩʪʽʡʢʝ ʜʦ ʚʧʣʠʚʫ ʉʊʈʇ ʽ ʡʦʛʦ ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ. 

 

 

 

 

 

 

 

 

 

  ʈʠʩʫʥʦʢ 1 - ʂʘʩʝʪʘ ʚ ʩʢʣʘʜʝʥʦʤʫ ʚʠʛʣʷʜʽ ʟ ʜʦʩʣʽʜʥʠʤʠ ʟʨʘʟʢʘʤʠ  

 

ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʚ ʦʣʠʚʽ ʀ-40 ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 1 

 

ʊʘʙʣʠʮʷ 1 - ʈʝʟʫʣʴʪʘʪʠ ʚʧʣʠʚʫ ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʥʘ ʤʘʩʫ ʜʦʩʣʽʜʥʠʭ 

ʟʨʘʟʢʽʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 50ʉ̄ 

 

ˉ ʟʨʘ-

ʟʢʘ 

ʈʦʟʪʘʰʫʚʘʥʥʷ 

 ʚ ʢʘʩʝʪʽ 

ʄʘʩʘ, ʛ  

ʜʦ ʚʠ-

ʧʨʦʙʫ-

ʚʘʥʴ 

ʄʘʩʘ, ʛ 

 ʧʽʩʣʷ ʚʠ-

ʧʨʦʙʫ-

ʚʘʥʴ 

tÁ, C 

ʈʦʙʦʯʝ 

ʩʝ-

ʨʝʜʦ-

ʚʠʱʝ 

ʪʝʨʤʽʥ 

ʚʠ-

ʪʨʠʤ-

ʢʠ, 

ʜʦʙʠ  

1 ʚʝʨʭ 40 60 

50 
ʦʣʠʚʘ 

ʀ-40 
56 

2 
 40 48 

3 
 40 44 

4 
 40 41 

5 ʥʠʟ 40 41 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʛʣʠʙʠʥʫ ʧʨʦʥʠʢʥʝʥʥʷ ʨʦʙʦʯʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ ʚ ʜʦʩʣʽʜʥʽ ʟʨʘʟʢʠ ʚ ʧʨʦʮʝʩʽ ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. 

ʗʢ ʚʠʜʥʦ ʟ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʙʦʯʝ ʩʝʨʝʜʦʚʠʱʝ  ʧʨʦʥʠʢʣʦ ʜʦ 

ʯʝʪʚʝʨʪʦʛʦ ʟʨʘʟʢʘ ʛʫʤʠ ʟʘ 56 ʜʽʙ ʽ ʮʝ ʧʦʪʨʽʙʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ.  
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technological equipment of the RKN is considered. The main requirements for the 
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mutual positioning of units and methods of their control are analyzed. It is proposed 

to carry out a design calculation of dimensional chains to specify the design 

requirements for technological equipment, as well as a tool for project support at all 

stages of research and development work. 

Keywords: ground-based technological equipment, dimensional analysis, accuracy 

of mutual location. 

 

ʄʝʭʘʥʽʯʥʝ ʥʘʟʝʤʥʝ ʪʝʭʥʦʣʦʛʽʯʥʝ ʦʙʣʘʜʥʘʥʥʷ ʨʘʢʝʪ-ʥʦʩʽʾʚ ʢʦʩʤʽʯʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ (ʄʅʊʆ ʈʂʅ) ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʤʘʰʠʥʠ ʪʘ ʤʝʭʘʥʽʟʤʠ, ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʷʢʠʭ ʚʠʢʦʥʫʶʪʴʩʷ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʽʟ ʟʘʚʦʜʫ-ʚʠʨʦʙʥʠʢʘ, 

ʟʙʝʨʽʛʘʥʥʷ, ʩʢʣʘʜʘʥʥʷ ʪʘ ʧʝʨʝʚʽʨʢʘ ʨʘʢʝʪ-ʥʦʩʽʾʚ ʥʘ ʢʦʩʤʦʜʨʦʤʽ, ʧʽʜʛʦʪʦʚʢʘ ʜʦ 

ʧʫʩʢʫ ʽ ʚʣʘʩʥʝ ʧʫʩʢ, ʘ ʪʘʢʦʞ, ʟʘ ʥʝʦʙʭʽʜʥʦʩʪʽ, ʧʨʦʚʝʜʝʥʥʷ ʮʠʢʣʫ ʨʦʙʽʪ ʟ ʈʂʅ ʫ 

ʨʘʟʽ ʩʢʘʩʫʚʘʥʥʷ ʧʫʩʢʫ ʟ ʪʽʻʾ ʯʠ ʽʥʰʦʾ ʧʨʠʯʠʥʠ. ʇʝʨʝʣʽʢ ʄʅʊʆ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʪʝʭʥʦʣʦʛʽʻʶ ʨʦʙʽʪ ʟ ʈʂʅ ʪʘ ʟʘʟʚʠʯʘʡ ʩʧʠʨʘʻʪʴʩʷ ʥʘ ʚʣʘʩʥʠʡ ʜʦʩʚʽʜ ʢʦʤʧʘʥʽʾ-

ʨʦʟʨʦʙʥʠʢʘ ʪʘ ʩʫʯʘʩʥʽ ʩʚʽʪʦʚʽ ʪʝʥʜʝʥʮʽʾ [1, 2], ʘ ʪʘʢʦʞ ʚʠʤʦʛʠ ʥʦʨʤʘʪʠʚʥʠʭ 

ʜʦʢʫʤʝʥʪʽʚ [3]. 

ɿʚʘʞʘʶʯʠ ʥʘ ʩʧʝʮʠʬʽʢʫ ʛʘʣʫʟʽ, ʄʅʊʆ ʈʂʅ ï ʮʝ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʽ 

ʘʛʨʝʛʘʪʠ, ʷʢʽ ʤʘʶʪʴ ʟʣʘʛʦʜʞʝʥʦ ʚʟʘʻʤʦʜʽʷʪʠ ʦʜʠʥ ʟ ʦʜʥʠʤ ʽ ʟ ʈʂʅ. ʆʜʥʠʤ ʽʟ 

ʬʘʢʪʦʨʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʨʘʚʠʣʴʥʝ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʄʅʊʆ, ʻ ʚʟʘʻʤʥʝ 

ʧʦʟʠʮʽʶʚʘʥʥʷ ʘʛʨʝʛʘʪʽʚ ʽʟ ʟʘʜʘʥʦʶ ʪʦʯʥʽʩʪʶ. ɺʠʤʦʛʠ ʜʦ ʪʦʯʥʦʩʪʽ ʤʦʥʪʘʞʫ 

ʪʨʘʜʠʮʽʡʥʦ ʟʘʜʘʶʪʴʩʷ ʫ ʪʝʭʥʽʯʥʦʤʫ ʟʘʚʜʘʥʥʽ ʷʢ ʢʦʤʧʣʝʢʩʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʪʝʦʨʝʪʠʯʥʦʛʦ ʧʦʣʦʞʝʥʥʷ ʽ ʧʽʜʣʷʛʘʶʪʴ ʦʙʦʚôʷʟʢʦʚʽʡ ʚʝʨʠʬʽʢʘʮʽʾ. 

ɿʘ ʛʘʙʘʨʠʪʘʤʠ ʪʘ ʨʽʚʥʝʤ ʩʢʣʘʜʥʦʩʪʽ ʘʛʨʝʛʘʪʠ ʄʅʊʆ ʧʦʜʽʙʥʽ ʜʦ ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʪʦʞ ʦʩʥʦʚʥʽ ʧʨʠʡʦʤʠ ʚʠʢʦʥʘʥʥʷ ʤʦʥʪʘʞʥʠʭ ʦʧʝʨʘʮʽʡ ʪʘ ʦʧʝʨʘʮʽʡ 

ʢʦʥʪʨʦʣʶ ʧʦʣʦʞʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʧʦʟʠʯʝʥʽ ʽʟ ʚʽʜʧʦʚʽʜʥʠʭ ʥʘʫʢʦʚʦ-

ʤʝʪʦʜʠʯʥʠʭ ʜʦʚʽʜʥʠʢʽʚ [4]. 

ɺ ʪʦʡ ʩʘʤʠʡ ʯʘʩ, ʨʦʟʨʦʙʢʘ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ ʪʘ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʄʅʊʆ ʤʦʞʝ ʚʠʢʦʥʫʚʘʪʠʩʴ ʨʽʟʥʠʤʠ ʧʽʜʧʨʠʻʤʩʪʚʘʤʠ ʛʘʣʫʟʽ. ɿ 

ʤʝʪʦʶ ʢʦʥʢʨʝʪʠʟʘʮʽʾ ʚʠʤʦʛ ʜʦ ʢʦʞʥʦʛʦ ʟ ʘʛʨʝʛʘʪʽʚ ʨʝʢʦʤʝʥʜʫʻʪʴʩʷ 

ʨʦʟʧʦʜʽʣʠʪʠ ʢʦʤʧʣʝʢʩʥʽ ʚʠʤʦʛʠ ʜʦ ʪʦʯʥʦʩʪʽ ʚʟʘʻʤʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ 

ʨʦʟʨʘʭʫʥʢʫ ʨʦʟʤʽʨʥʠʭ ʣʘʥʮʶʛʽʚ [5]. ʊʘʢʠʡ ʧʨʦʻʢʪʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʤʘʻ ʙʫʪʠ 

ʚʠʢʦʥʘʥʦ ʬʘʭʽʚʮʷʤʠ ʛʦʣʦʚʥʦʾ ʧʨʦʻʢʪʥʦʾ ʦʨʛʘʥʽʟʘʮʽʾ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʜʦʩʚʽʜʫ 

ʧʦʧʝʨʝʜʥʽʭ ʨʦʙʽʪ ʪʘ ʨʝʟʫʣʴʪʘʪʽʚ ʢʦʥʮʝʧʪʫʘʣʴʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʥʘʟʝʤʥʦʛʦ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ʊʘʢʦʞ, ʟʘʩʪʦʩʫʚʘʥʥʷ CAD ʩʠʩʪʝʤ ʩʫʪʪʻʚʦ 

ʩʧʨʦʱʫʻ ʧʨʦʮʝʩ ʢʦʤʧʦʥʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʚʠʙʽʨ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʽ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʙʘʟ [6]. ɯʜʝʾ ʪʘ ʧʨʠʧʫʱʝʥʥʷ, ʟʘʩʪʦʩʦʚʘʥʽ ʧʨʠ ʨʦʟʤʽʨʥʦʤʫ 

ʨʦʟʨʘʭʫʥʢʫ (ʥʘʷʚʥʽʩʪʴ ʢʦʤʧʝʥʩʫʶʯʠʭ ʣʘʥʦʢ, ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʘʛʨʝʛʘʪʫ, ʫʤʦʚʠ ʤʘʡʙʫʪʥʴʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʦʱʦ) ʤʘʶʪʴ ʙʫʪʠ ʚʨʘʭʦʚʘʥʽ ʧʨʠ 

ʝʩʢ̔ʟʥʦʤʫ ʧʨʦʻʢʪʫʚʘʥʥʽ ʪʘ ʨʝʘʣʽʟʦʚʘʥʽ ʧʽʜ ʯʘʩ ʚʠʧʫʩʢʫ ʨʦʙʦʯʦʾ 

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʨʝʘʣʽʟʘʮʽʶ 

ʟʘʭʦʜʽʚ ʽʟ ʜʦʪʨʠʤʘʥʥʷ ʪʦʯʥʦʩʪʽ ʚʟʘʻʤʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʥʘʟʝʤʥʦʛʦ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʽ ʈʂʅ ʥʘ ʚʩʽʭ ʝʪʘʧʘʭ ʨʦʟʨʦʙʢʠ, ʚʠʛʦʪʦʚʣʝʥʥʷ,  

ʤʦʥʪʘʞʫ, ʚʠʧʨʦʙʫʚʘʥʴ ʽ ʟʜʘʯʽ ʚ ʝʢʩʧʣʫʘʪʘʮʽʶ. 
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MANUFACTURING OF STEPPED SHAFTS USING MODERN 

METALCUTTING EQUIPMENT  

Annotation. The paper considers methods for manufacturing stepped shafts using 

modern metal-cutting equipment. The main attention is paid to the possibilities and 

conditions for manufacturing shafts on one machine in one operation. The 

requirements for equipment that allows such processing are given. 

Keywords: stepped shaft, machining center, typical technological process. 

 

ʉʪʫʧʽʥʯʘʩʪʽ ʚʘʣʠ ʻ ʦʜʥʽʻʶ ʟ ʥʘʡʙʽʣʴʰ ʨʦʟʧʦʚʩʶʜʞʝʥʠʭ ʜʝʪʘʣʝʡ ʤʘʰʠʥ. 

ɺʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚʦʥʠ ʽ ʚ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ ʪʝʭʥʽʮʽ (ʚʘʣʠ ʪʫʨʙʦʥʘʩʦʩʥʠʭ 

ʘʛʨʝʛʘʪʽʚ, ʚʘʣʠ ʩʠʩʪʝʤ ʨʦʟʚʝʜʝʥʥʷ ʩʦʥʷʯʥʠʭ ʙʘʪʘʨʝʡ), ʚ ʘʚʽʘʮʽʡʥʽʡ ï ʚʘʣʠ 

ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʥʘʩʦʩʽʚ ʽ ʪʫʨʙʽʥ, ʘ ʪʘʢʦʞ ʝʣʝʢʪʨʠʯʥʠʭ ʜʚʠʛʫʥʽʚ ʽ ʛʝʥʝʨʘʪʦʨʽʚ. 

ʊʠʧʦʚʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʨʦʮʝʩʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʣʷ ʚʘʣʽʚ ʰʠʨʦʢʦ ʚʽʜʦʤʽ ʽ ʦʧʠʩʘʥʽ 
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ʚ ʙʘʛʘʪʴʦʭ ʜʞʝʨʝʣʘʭ [1-5]. ʆʩʥʦʚʥʠʡ ʤʘʪʝʨʽʘʣ ʚʘʣʽʚ ï ʚʫʛʣʝʮʝʚʽ ʪʘ ʣʝʛʦʚʘʥʽ 

ʩʪʘʣʽ [1]. ɺʦʥʠ ʧʝʨʝʜʙʘʯʘʶʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʷʢʦʩʪʽ ʟʘʛʦʪʦʚʦʢ ʩʦʨʪʦʚʦʛʦ ʽ 

ʢʨʫʛʣʦʛʦ ʧʨʦʢʘʪʫ, ʢʦʚʘʥʠʭ ʽ ʰʪʘʤʧʦʚʘʥʠʭ ʧʦʢʦʚʦʢ [1], ʷʢʽ ʧʽʜʜʘʶʪʴʩʷ 

ʯʦʨʥʦʚʽʡ, ʯʠʩʪʦʚʽʡ ʪʘ ʦʟʜʦʙʣʶʚʘʣʴʥʽʡ ʦʙʨʦʙʮʽ [2-5]. ʊʝʨʤʽʯʥʘ ʦʙʨʦʙʢʘ 

ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʧʽʩʣʷ ʢʫʚʘʥʥʷ ʘʙʦ ʰʪʘʤʧʫʚʘʥʥʷ (ʚʽʜʧʘʣ ʘʙʦ ʥʦʨʤʘʣʽʟʘʮʽʷ) ʪʘ 

ʧʽʩʣʷ ʯʠʩʪʦʚʦʾ ʦʙʨʦʙʢʠ (ʟʘʛʘʨʪʫʚʘʥʥʷ ʽ ʚʽʜʧʫʩʢʘʥʥʷ). ɺ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ 

ʧʦʣʽʧʰʝʥʥʷ (ʟʘʛʘʨʪʫʚʘʥʥʷ ʽ ʚʠʩʦʢʝ ʚʽʜʧʫʩʢʘʥʥʷ) ʨʝʢʦʤʝʥʜʫʶʪʴ ʟʜʽʡʩʥʶʚʘʪʠ 

ʧʽʩʣʷ ʯʦʨʥʦʚʦʾ ʦʙʨʦʙʢʠ ʜʣʷ ʢʦʤʧʝʥʩʘʮʽʾ ʤʦʞʣʠʚʦʛʦ ʞʦʣʦʙʣʝʥʥʷ [6].ʇʝʨʝʜ 

ʦʩʥʦʚʥʦʶ ʬʦʨʤʦʫʪʚʦʨʶʶʯʦʶ ʦʙʨʦʙʢʦʶ ʟʜʽʡʩʥʶʶʪʴ ʦʙʜʠʨʘʥʥʷ (ʚ ʨʘʟʽ 

ʥʝʦʙʭʽʜʥʦʩʪʽ), ʘ ʪʘʢʦʞ ʦʙʨʦʙʢʫ ʪʦʨʮʽʚ (ʬʨʝʟʝʨʫʚʘʥʥʷ ʘʙʦ ʧʽʜʨʽʟʘʥʥʷ ʥʘ 

ʪʦʢʘʨʥʦʤʫ ʚʝʨʩʪʘʪʽ) ʪʘ ʮʝʥʪʨʫʚʘʥʥʷ ï ʦʙʨʦʙʢʫ ʮʝʥʪʨʫʚʘʣʴʥʠʭ ʦʪʚʦʨʽʚ, ʷʢʽ 

ʩʣʫʛʫʶʪʴ ʙʘʟʦʶ ʜʣʷ ʧʦʜʘʣʴʰʦʾ ʦʙʨʦʙʢʠ. ʏʦʨʥʦʚʘ ʦʙʨʦʙʢʘ ʧʦʣʷʛʘʻ ʫ 

ʯʦʨʥʦʚʦʤʫ ʦʙʪʦʯʫʚʘʥʥʽ ʰʠʡʦʢ ʚʘʣʽʚ [1-6]. ʅʘ ʝʪʘʧʽ ʯʠʩʪʦʚʦʾ ʦʙʨʦʙʢʠ 

ʟʜʽʡʩʥʶʶʪʴ ʯʠʩʪʦʚʝ ʦʙʪʦʯʫʚʘʥʥʷ ʰʠʡʦʢ ʚʘʣʽʚ, ʬʨʝʟʝʨʫʶʪʴ ʰʧʦʥʢʦʚʽ ʧʘʟʠ, 

ʰʣʽʮʠ, ʙʘʛʘʪʦʛʨʘʥʥʠʢʠ, ʥʘʨʽʟʘʶʪʴ ʨʽʟʴʙʠ [1-6]. ʅʘ ʝʪʘʧʽ ʦʟʜʦʙʣʶʚʘʣʴʥʦʾ 

ʦʙʨʦʙʢʠ ʟʜʽʡʩʥʶʶʪʴ ʧʦʧʝʨʝʜʥʻ ʪʘ ʯʠʩʪʦʚʝ ʰʣʽʬʫʚʘʥʥʷ ʰʠʡʦʢ ʚʘʣʽʚ, ʘ ʪʘʢʦʞ ʚ 

ʨʘʟʽ ʥʝʦʙʭʽʜʥʦʩʪʽ ʰʣʽʮʽʚ ʽ ʨʽʟʴʙ [1-6]. ɿʘʤʽʥʦʶ ʰʣʽʬʫʚʘʥʥʷ ʤʦʞʝ ʩʪʘʪʠ ʪʦʥʢʝ 

ʘʙʦ ʘʣʤʘʟʥʝ ʦʙʪʦʯʫʚʘʥʥʷ [7]. ʇʝʨʝʜ ʦʟʜʦʙʣʶʚʘʣʴʥʦʶ ʦʙʨʦʙʢʦʶ ʥʝʦʙʭʽʜʥʦ 

ʚʠʧʨʘʚʠʪʠ ʮʝʥʪʨʦʚʽ ʦʪʚʦʨʠ, ʥʘʧʨʠʢʣʘʜ, ʪʚʝʨʜʦʩʧʣʘʚʥʠʤʠ ʮʝʥʪʨʫʚʘʣʴʥʠʤʠ 

ʩʚʝʨʜʣʘʤʠ. ɺ ʦʩʦʙʣʠʚʠʭ ʚʠʧʘʜʢʘʭ, ʥʘʧʨʠʢʣʘʜ, ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʚʘʣʽʚ ʪʫʨʙʽʥ 

ʘʚʽʘʮʽʡʥʠʭ ʜʚʠʛʫʥʽʚ, ʦʟʜʦʙʣʶʚʘʣʴʥʘ ʦʙʨʦʙʢʘ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʟʘ ʢʽʣʴʢʘ 

ʦʧʝʨʘʮʽʡ ʽ ʧʦʻʜʥʫʚʘʪʠ ʣʝʟʦʚʫ ʽ ʘʙʨʘʟʠʚʥʫ ʦʙʨʦʙʢʫ, ʧʦʚʝʨʭʥʝʚʝ ʧʣʘʩʪʠʯʥʝ 

ʜʝʬʦʨʤʫʚʘʥʥʷ, ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ, ʭʽʤʽʢʦ-ʪʝʨʤʽʯʥʫ ʽ ʧʨʦʤʝʥʝʚʫ ʦʙʨʦʙʢʫ [7]. 

ʂʦʥʪʨʦʣʴ ʷʢʦʩʪʽ ʚʠʢʦʥʘʥʥʷ ʨʦʙʽʪ ʟʜʽʡʩʥʶʻʪʴʩʷ ʨʽʟʥʠʤʠ ʩʧʦʩʦʙʘʤʠ ʥʘ ʚʩʽʭ 

ʩʪʘʜʽʷʭ ʚʠʛʦʪʦʚʣʝʥʥʷ [6,7]  ɺʩʝ ʮʝ ʧʦʪʨʝʙʫʶ ʚʽʜ ʪʨʴʦʭ ʜʦ ʜʝʩʷʪʠ ʦʜʠʥʠʮʴ 

ʚʝʨʩʪʘʪʽʚ ʪʘ ʽʥʰʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʦʩʥʦʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ (ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ 

ʟʘʛʦʪʽʚʝʣʴʥʦʛʦ ʽ ʪʝʨʤʽʯʥʦʛʦ). 

ɺʘʣʠ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ, ʷʢ ʧʨʘʚʠʣʦ, ʥʝ ʧʦʪʨʝʙʫʶʪʴ ʪʘʢʦʾ ʩʢʣʘʜʥʦʾ 

ʦʙʨʦʙʢʠ. ɼʣʷ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʮʽʣʢʦʤ ʜʦʩʪʘʪʥʴʦ ʦʩʪʘʪʦʯʥʦʾ (ʦʟʜʦʙʣʶʚʘʣʴʥʦʾ ) 

ʦʙʨʦʙʢʠ ʫ ʚʠʛʣʷʜʽ ʯʦʨʥʦʚʦʛʦ ʪʘ ʯʠʩʪʦʚʦʛʦ ʰʣʽʬʫʚʘʥʥʷ. ɿô̒ ʜʥʘʥʥʷ ʚʘʣʽʚ ʟ 

ʨʦʙʦʯʠʤʠ ʢʦʣʝʩʘʤʠ ʪʫʨʙʽʥ ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʘʡʯʘʩʪʽʰʝ ʟʘ ʜʦʧʦʤʦʛʦʶ ʰʧʦʥʦʢ. ɿʘ 

ʩʫʯʘʩʥʠʭ ʫʤʦʚ, ʢʦʣʠ ʟʥʘʯʥʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʟʤʝʥʰʝʥʥʶ ʧʣʦʱ, ʷʢʽ ʟʘʡʤʘʻ 

ʚʠʨʦʙʥʠʮʪʚʦ, ʚʠʥʠʢʘʻ ʟʘʧʠʪʘʥʥʷ ï ʯʠ ʤʦʞʣʠʚʦ ʚʠʛʦʪʦʚʠʪʠ ʩʪʫʧʽʥʯʘʩʪʠʡ ʚʘʣ ʥʘ 

ʦʜʥʦʤʫ ʚʝʨʩʪʘʪʽ. ʉʫʯʘʩʥʽ ʤʝʪʘʣʦʨʽʟʘʣʴʥʽ ʚʝʨʩʪʘʪʠ ʪʠʧʫ ʦʙʨʦʙʥʠʡ ʮʝʥʪʨ ʜʘʶʪʴ 

ʪʘʢʫ ʤʦʞʣʠʚʽʩʪʴ [7]. ʇʨʠʢʣʘʜʦʤ ʪʦʢʘʨʥʦ-ʬʨʝʟʝʨʥʦʛʦ ʦʙʨʦʙʥʦʛʦ ʮʝʥʪʨʘ, ʷʢʠʡ 

ʦʧʮʽʦʥʘʣʴʥʦ ʤʦʞʝ ʙʫʪʠ ʦʙʣʘʜʥʘʥʠʡ ʰʣʽʬʫʚʘʣʴʥʠʤ ʩʫʧʦʨʪʦʤ ʘʙʦ ʚʠʢʦʨʠʩʪʘʪʠ 

ʰʣʽʬʫʚʘʣʴʥʽ ʢʨʫʛʠ, ʷʢʽ ʨʦʟʪʘʰʦʚʘʥʽ ʫ ʨʝʚʦʣʴʚʝʨʥʽʡ ʛʦʣʽʚʮʽ, ʻ Milturn CTX 

2500/700. ɼʣʷ ʟʜʽʡʩʥʝʥʥʷ ʦʩʥʦʚʥʦʾ ʬʦʨʤʦʫʪʚʦʨʶʶʯʦʾ ʦʙʨʦʙʢʠ ʥʘ ʮʴʦʤʫ ʚʝʨʩʪʘʪʽ 

ʥʝʦʙʭʽʜʥʦ ʧʦʧʝʨʝʜʥʴʦ ʚʽʜʧʘʣʠʪʠ ʟʘʛʦʪʦʚʢʫ ʧʽʩʣʷ ʢʫʚʘʥʥʷ ʯʠ ʰʪʘʤʧʫʚʘʥʥʷ, 

ʧʽʜʨʽʟʘʪʠ ʯʠ ʧʨʦʬʨʝʟʝʨʫʚʘʪʠ ʪʦʨʮʽ, ʦʙʨʦʙʠʪʠ ʮʝʥʪʨʫʚʘʣʴʥʽ ʛʥʽʟʜʘ, ʪʝʨʤʽʯʥʦ 

ʦʙʨʦʙʠʪʠ ʟʘʛʦʪʦʚʢʫ (ʟʘʛʘʨʪʫʚʘʪʠ ʽ ʚʽʜʧʫʩʪʠʪʠ). ʇʽʩʣʷ ʮʴʦʛʦ ʚʠʧʨʘʚʠʪʠ ʮʝʥʪʨʦʚʽ 

ʦʪʚʦʨʠ, ʥʘʧʨʠʢʣʘʜ, ʪʚʝʨʜʦʩʧʣʘʚʥʠʤʠ ʮʝʥʪʨʫʚʘʣʴʥʠʤʠ ʩʚʝʨʜʣʘʤʠ. ɼʘʣʽ 

ʟʘʛʦʪʦʚʢʘ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʥʘ ʚʝʨʩʪʘʪ ʚ ʮʝʥʪʨʠ ʽ ʧʦʩʣʽʜʦʚʥʦ ʧʽʜʜʘʻʪʴʩʷ ʟʘ 
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ʧʨʦʛʨʘʤʦʶ ʯʦʨʥʦʚʽʡ, ʯʠʩʪʦʚʽʡ ʪʘ ʦʟʜʦʙʣʶʚʘʣʴʥʽʡ ʦʙʨʦʙʮʽ. ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʢʫʪʦʚʠʭ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʛʦʣʦʚʦʢ ʤʦʞʫʪʴ ʙʫʪʠ ʧʨʦʬʨʝʟʝʨʦʚʘʥʽ ʰʧʦʥʢʦʚʽ ʧʘʟʠ.  

ɸʢʪʠʚʥʠʡ ʢʦʥʪʨʦʣʴ ʷʢʦʩʪʽ ʦʙʨʦʙʢʠ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘʩʦʙʘʤʠ ʚʝʨʩʪʘʪʘ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʟʥʘʯʥʘ ʯʘʩʪʠʥʘ ʚʘʣʽʚ ʩʫʯʘʩʥʠʭ ʤʘʰʠʥ ʤʦʞʝ ʙʫʪʠ ʦʙʨʦʙʣʝʥʘ ʥʘ ʦʜʥʦʤʫ 

ʚʝʨʩʪʘʪʽ ʽ ʥʘʚʽʪʴ ʟʘ ʦʜʠʥ ʫʩʪʘʥʦʚ. 
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NEW APPROACHES TO PROCESSING THERMAL INSULATION AND 

THERMAL PROTECTION MATERIALS  

ɸnnotation. A model of a face-milling tool was developed for conducting 

experiments to optimize machining parameters. The tool was manufactured 

according to the model to determine the optimal parameters for applying the sliding 

cutting principle. 
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ʊʝʧʣʦʽʟʦʣʷʮʽʡʥʽ ʪʘ ʪʝʧʣʦʟʘʭʠʩʥʽ ʧʦʢʨʠʪʪʷ (ʊɯ ʪʘ ʊɿʇ) ʨʘʢʝʪ, ʷʢ ʧʨʘʚʠʣʦ, 

ʤʘʶʪʴ ʚôʷʟʢʦʧʨʫʞʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʢʦʤʽʨʯʘʩʪʫ ʩʪʨʫʢʪʫʨʫ. ʆʙʨʦʙʢʘ ʪʘʢʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʪʨʘʜʠʮʽʡʥʠʤʠ ʽʥʩʪʨʫʤʝʥʪʘʤʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʷʚʠ ʜʝʬʝʢʪʽʚ ʫ 

ʚʠʛʣʷʜʽ ʚʠʨʠʚʽʚ ʪʘ ʩʢʦʣʽʚ. 

ɺʽʜʦʤʝ ʪʝʭʥʦʣʦʛʽʯʥʝ ʨʽʰʝʥʥʷ (ʧʘʪʝʥʪ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ ˉ19905) 

ʧʦʪʨʝʙʫʻ ʜʦʜʘʪʢʦʚʦʛʦ ʚʠʚʯʝʥʥʷ ʧʨʦʮʝʩʫ ʢʦʚʟʥʦʛʦ ʨʽʟʘʥʥʷ ʚôʷʟʢʦʧʨʫʞʥʠʭ 

ʧʦʣʽʤʝʨʥʠʭ ʊɯ ʪʘ ʊɿʇ. ɼʣʷ ʮʽʻʾ ʤʝʪʠ ʚʠʛʦʪʦʚʣʝʥʦ ʤʦʜʝʣʴ ʪʦʨʮʝʚʦʛʦ 
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ʽʥʩʪʨʫʤʝʥʪʘ ʟ ʜʚʦʤʘ ʥʦʞʘʤʠ, ʱʦ ʧʨʘʮʶʶʪʴ ʫ ʜʚʦʭ ʚʟʘʻʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʭ 

ʥʘʧʨʷʤʢʘʭ ʪʘ ʟʜʽʡʩʥʶʶʪʴ ʚʽʣʴʥʝ ʢʦʚʟʥʝ ʨʽʟʘʥʥʷ. 

ʄʦʜʝʣʴ ʪʦʨʮʝʚʦʛʦ ʽʥʩʪʨʫʤʝʥʪʘ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʦʙʨʦʙʢʠ 

ʊɯ ʪʘ ʊɿʇ. ɯʥʩʪʨʫʤʝʥʪ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʢʦʨʧʫʩʫ ʪʘ ʚʩʪʘʚʥʠʭ ʨʝʛʫʣʴʦʚʘʥʠʭ ʥʦʞʽʚ: 

ʧʽʜʨʽʟʥʦʛʦ ʪʘ ʚʽʜʨʽʟʥʦʛʦ. 

ʄʦʞʣʠʚʽʩʪʴ ʟʤʽʥʠ ʧʦʣʦʞʝʥʥʷ ʪʘ ʢʫʪʘ ʥʘʭʠʣʫ ʚʽʜʨʽʟʥʦʛʦ ʥʦʞʘ ʥʝʦʙʭʽʜʥʘ 

ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʪʨʽʙʥʠʭ ʢʫʪʽʚ ɚ, ɔ, Ŭ ̔  ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʰʣʷʭʦʤ ʧʦʚʦʨʦʪʫ ʥʦʞʘ 

ʚʽʜʥʦʩʥʦ ʪʨʠʤʘʯʘ (ʜʝʨʞʘʚʢʠ), ʘ ʪʘʢʦʞ ʦʩʴʦʚʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʪʘ ʦʙʝʨʪʘʥʥʷ 

ʪʨʠʤʘʯʘ ʚʽʜʥʦʩʥʦ ʢʦʨʧʫʩʫ ʽʥʩʪʨʫʤʝʥʪʘ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʜʝʣʽ ʪʦʨʮʝʚʦʛʦ ʽʥʩʪʨʫʤʝʥʪʘ ʧʨʠ ʦʙʨʦʙʮʽ 

ʊɯ ʪʘ ʊɿʇ ʦʧʪʠʤʽʟʫʶʪʴʩʷ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʪʦʨʮʝʚʦʛʦ ʨʽʟʘʣʴʥʦʛʦ 

ʽʥʩʪʨʫʤʝʥʪʘ. 

ɺʠʩʥʦʚʢʠ: 

ʆʧʨʘʮʴʦʚʘʥʠʡ ʥʘʷʚʥʠʡ ʦʙôʻʤ ʟʥʘʥʴ ʧʦ ʦʙʨʦʙʮʽ ʊɯ ʪʘ ʊɿʇ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʪʦʨʮʝʚʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʦʜʝʣʴ ʽʥʩʪʨʫʤʝʥʪʫ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʪʦʨʮʝʚʦʾ ʬʨʝʟʠ. 

ʅʘʜʘʥʦ ʥʝʦʙʭʽʜʥʠʡ ʽʥʩʪʨʫʤʝʥʪʘʨʽʡ ʜʣʷ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʽʚ, ʟʘʜʣʷ 

ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʢʠ. 
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MANUFACTURING OF WORKPIECES FOR THE PRODUCTION OF 

AIRCRAFT PIPELINE PARTS  

Annotation. The paper considers methods for manufacturing blanks for the 

production of aircraft pipeline parts. These methods are aimed at use in production 

facilities of limited size. The use of casting modules and pressure processing 

modules is envisaged 

Keywords: pipeline, aircraft, workpiece, pipe  

 

ʆʩʥʦʚʥʽ ʜʝʪʘʣʽ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ: ʚʣʘʩʥʝ ʪʨʫʙʠ, 

ʧʝʨʝʭʽʜʥʠʢʠ, ʢʫʪʥʠʢʠ, ʪʨʽʡʥʠʢʠ, ʧʨʠʻʜʥʫʚʘʣʴʥʽ ʜʝʪʘʣʽ (ʬʣʘʥʮʽ, ʥʘʢʦʥʝʯʥʠʢʠ, 

ʥʘʢʠʜʥʽ ʢʽʣʴʮʷ, ʰʪʫʮʝʨʠ, ʥʘʢʠʜʥʽ ʛʘʡʢʠ), ʢʦʤʧʝʥʩʘʪʦʨʠ, ʢʨʽʧʠʣʴʥʽ ʜʝʪʘʣʽ, 

ʫʱʽʣʴʥʶʚʘʣʴʥʽ ʜʝʪʘʣʽ (ʙʦʣʪʠ, ʛʚʠʥʪʠ, ʛʘʡʢʠ, ʰʘʡʙʠ). ɺ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʦʟʤʽʨʽʚ 

ʪʘ ʢʦʥʩʪʨʫʢʮʽʾ, ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʩʝʨʽʡʥʦʩʪʽ 

ʚʠʧʫʩʢʫ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʟʘʛʦʪʦʚʢʠ ʜʣʷ ʾʭ ʜʝʪʘʣʝʡ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʛʦʪʦʚʣʝʥʽ 
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ʨʽʟʥʠʤʠ ʩʧʦʩʦʙʘʤʠ. ʆʩʥʦʚʥʠʤ ʯʠʥʥʠʢʦʤ, ʷʢʠʡ ʚʠʟʥʘʯʘʻ ʩʧʦʩʽʙ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʻ ʢʦʥʩʪʨʫʢʮʽʡʥʠʡ ʤʘʪʝʨʽʘʣ. ʊʨʘʜʠʮʽʡʥʦ 

ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʝʨʞʘʚʽʶʯʽ ʩʪʘʣʽ ʪʘ ʩʧʣʘʚʠ ʥʘ ʦʩʥʦʚʽ ʥʽʢʝʣʶ, ʪʠʪʘʥʦʚʽ 

ʩʧʣʘʚʠ ʪʘ ʩʧʣʘʚʠ ʥʘ ʦʩʥʦʚʽ ʘʣʶʤʽʥʽʶ [1]. ɼʣʷ ʫʱʽʣʴʥʶʚʘʥʥʷ ʨʦʟ'ʻʤʥʠʭ 

ʟ'ʻʜʥʘʥʴ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʝʪʘʣʽ ʟ ʤʽʜʽ. ɸʣʶʤʽʥʽʶ. ʥʝʨʞʘʚʽʶʯʠʭ 

ʩʪʘʣʝʡ, ʝʣʘʩʪʦʤʝʨʥʽ ʤʘʪʝʨʽʘʣʠ, ʬʪʦʨʦʧʣʘʩʪʠ [1]. ʉʫʯʘʩʥʠʤ ʪʨʝʥʜʦʤ ʻ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʨʘʢʝʪ-ʥʦʩʽʾʚ ʟ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʘʣʝ ʜʣʷ ʥʠʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʽ ʜʝʪʘʣʽ ʟ ʥʴʦʛʦ ʩʫʤʽʱʝʥʝ [2].  

ʆʩʥʦʚʥʽ ʜʝʪʘʣʽ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ï ʮʝ ʚʣʘʩʥʝ ʪʨʫʙʠ. ɺ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʜʽʘʤʝʪʨʫ ʪʨʫʙʠ ʤʦʞʣʠʚʽ ʢʽʣʴʢʘ ʩʧʦʩʦʙʽʚ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʷ: ʧʨʷʤʝ ʽ ʟʚʦʨʦʪʥʝ 

ʧʨʝʩʫʚʘʥʥʷ, ʧʨʦʢʘʪʫʚʘʥʥʷ, ʚʘʣʴʮʶʚʘʥʥʷ ʟ ʣʠʩʪʘ ʟ ʥʘʩʪʫʧʥʠʤ ʟʚʘʨʶʚʘʥʥʷʤ 

[1,3]. ɼʣʷ ʟʚʘʨʥʠʭ ʪʨʫʙ ʟʘʛʦʪʦʚʢʦʶ ʻ ʣʠʩʪ ʚʽʜʧʦʚʽʜʥʦʾ ʪʦʚʱʠʥʠ. 

ʅʝʪʨʘʜʠʮʽʡʥʠʤ ʩʧʦʩʦʙʦʤ ʚʠʛʦʪʦʚʣʝʥʥʷ ʣʠʩʪʦʚʠʭ ʟʘʛʦʪʦʚʦʢ ʻ ʧʨʝʩʫʚʘʥʥʷ 

ʮʠʣʽʥʜʨʠʯʥʠʭ ʪʨʫʙ ʟ ʥʘʩʪʫʧʥʠʤ ʨʦʟʨʽʟʘʥʥʷʤ ʽ ʨʦʟʛʠʥʘʥʥʷʤ ʧʦ ʘʥʘʣʦʛʽʾ ʟ 

ʚʠʛʦʪʦʚʣʝʥʥʷʤ ʦʨʝʙʨʝʥʠʭ ʧʘʥʝʣʝʡ [4].ɼʣʷ ʧʨʝʩʫʚʘʥʥʷ ʪʨʫʙ ʟʘʛʦʪʦʚʢʘʤʠ ʻ 

ʚʽʜʣʠʚʢʠ, ʧʦʢʦʚʢʠ ʪʘ ʧʨʦʢʘʪʘʥʽ ʧʨʫʪʢʠ [3]. ʊʘʢʽ ʞ ʟʘʛʦʪʦʚʢʠ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ. 

ɺʽʜʣʠʚʢʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʛʦʪʦʚʣʝʥʽ ʣʠʪʪʷʤ ʚ ʢʦʢʽʣʴ ʘʙʦ ʫ ʤʝʪʘʣʝʚʽ 

ʚʦʜʦʦʭʦʣʦʜʞʫʚʘʥʽ ʢʨʠʩʪʘʣʽʟʘʪʦʨʠ. ʅʘʡʢʨʘʱʝ ʪʘʢʠʡ ʩʧʦʩʽʙ ʧʽʜʭʦʜʠʪʴ ʜʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʘʛʦʪʦʚʦʢ ʟ ʘʣʶʤʽʥʽʻʚʠʭ ʩʧʣʘʚʽʚ [5]. ɺ ʨʘʟʽ ʥʝʦʙʭʽʜʥʦʩʪʽ 

ʟʙʽʣʴʰʝʥʥʷ ʜʽʘʤʝʪʨʘ ʟʘʛʦʪʦʚʢʠ ʤʦʞʣʠʚʦ ʟʘʩʪʦʩʫʚʘʪʠ ʦʧʝʨʘʮʽʾ ʢʫʚʘʥʥʷ 

(ʦʩʘʜʞʫʚʘʥʥʷ, ʧʨʦʰʠʚʘʥʥʷ, ʚʠʪʷʛʫʚʘʥʥʷ). ɼʣʷ ʟʜʽʡʩʥʝʥʥʷ ʮʠʭ ʨʦʙʽʪ ʤʦʞʫʪʴ 

ʙʫʪʠ ʟʘʜʽʷʥʽ ʘʙʦ ʩʪʚʦʨʝʥʽ ʣʠʚʘʨʥʦ-ʢʫʚʘʣʴʥʽ ʤʦʜʫʣʽ [6]. 

ʂʫʪʥʠʢʠ ʪʘ ʪʨʽʡʥʠʢʠ ʥʘʡʯʘʩʪʽʰʝ ʚʠʛʦʪʦʚʣʷʶʪʴ ʟʚʘʨʥʠʤʠ [1] ʟ 

ʰʪʘʤʧʦʚʘʥʠʭ ʟʘʛʦʪʦʚʦʢ. ɼʣʷ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʤʘʣʠʭ ʜʽʘʤʝʪʨʽʚ ʢʫʪʥʠʢʠ ʪʘ 

ʪʨʽʡʥʠʢʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʛʦʪʦʚʣʝʥʽ ʙʝʟʰʦʚʥʠʤʠ [1]. 

ɿʘʛʦʪʦʚʢʠ ʜʣʷ ʧʝʨʝʭʽʜʥʠʢʽʚ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʛʦʪʦʚʣʝʥʽ ʤʦʥʦʣʽʪʥʠʤʠ ʪʘ 

ʙʽʤʝʪʘʣʝʚʠʤʠ. ʄʦʥʦʣʽʪʥʽ ʧʝʨʝʭʽʜʥʠʢʠ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʟô̒ ʜʥʘʥʥʷ 

ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʨʽʟʥʠʭ ʜʽʘʤʝʪʨʽʚ ʽ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟ ʛʽʣʴʟ ʪʘ/ʘʙʦ ʪʨʫʙʥʠʭ 

ʟʘʛʦʪʦʚʦʢ. ɿʘʛʦʪʦʚʢʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʛʦʪʦʚʣʝʥʽ ʧʨʦʢʘʪʫʚʘʥʥʷʤ, ʢʫʚʘʥʥʷʤ, 

ʧʨʝʩʫʚʘʥʥʷʤ ʽ ʰʪʘʤʧʫʚʘʥʥʷʤ. ɹʽʤʝʪʘʣʝʚʽ ʧʝʨʝʭʽʜʥʠʢʠ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʛʦʪʦʚʣʝʥʽ ʟ ʮʠʣʽʥʜʨʠʯʥʠʭ ʟʘʛʦʪʦʚʦʢ ʨʽʟʥʠʤʠ ʩʧʦʩʦʙʘʤʠ ʟʚʘʨʶʚʘʥʥʷ ʚ 

ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ (ʪʝʨʪʷʤ, ʜʠʬʫʟʽʡʥʝ, ʚʠʙʫʭʦʤ) [1]. 

ɿʘʛʦʪʦʚʢʠ ʜʣʷ ʢʦʤʧʝʥʩʘʪʦʨʽʚ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʚʘʣʴʮʶʚʘʥʥʷʤ ʟ ʪʦʥʢʦʛʦ 

ʣʠʩʪʘ, ʧʨʝʩʫʚʘʥʥʷʤ ʪʘ ʨʦʪʘʮʽʡʥʠʤ ʨʦʟʢʘʪʫʚʘʥʥʷʤ ʟ ʪʦʚʩʪʦʩʪʽʥʥʠʭ ʛʽʣʴʟ [7]. 

ɿʘʛʦʪʦʚʢʠ ʜʣʷ ʢʨʽʧʠʣʴʥʠʭ ʜʝʪʘʣʝʡ ï ʢʘʪʘʥʽ ʘʙʦ ʧʨʝʩʦʚʘʥʽ ʧʨʫʪʢʠ [1]. 

 ɼʣʷ ʟʜʽʡʩʥʝʥʥʷ ʮʠʭ ʨʦʙʽʪ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʜʽʷʥʽ ʘʙʦ ʩʪʚʦʨʝʥʽ ʣʠʚʘʨʥʦ-

ʢʫʚʘʣʴʥʽ ʤʦʜʫʣʽ [6] ʘ ʪʘʢʦʞ ʤʘʣʦʛʘʙʘʨʠʪʥʽ ʧʨʝʩʦʚʽ ʫʩʪʘʥʦʚʢʠ [8]. ʌʘʢʪʠʯʥʦ ʮʝ  

ʦʟʥʘʯʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʘʣʫʨʛʽʡʥʠʭ ʤʽʥʽ-ʟʘʚʦʜʽʚ [9], ʱʦ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ 

ʟʤʝʥʰʠʪʠ ʨʦʟʤʽʨʠ ʚʠʨʦʙʥʠʮʪʚ. 
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ʨʦʟʨʦʙʣʝʥʥ̫ ʤʝʪʦʜʠʢʠ ʚʠʟʥʘʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʽ ʢʽʥʝʤʘʪʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ, ʧʨʦʚʝʜʝʥʥ ̫ ʧʦʨʽʚʥʷʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʽ ʨʦʟʨʘʭʫʥʢʦʚʠʭ 

ʟʥʘʯʝʥʴ. ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʢʽʥʝʤʘʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʦʟʜʽʣʝʥʥʷ 

ʩʪʫʧʝʥʽʚ ʽ ʨʦʟʛʽʥʥʦʛʦ ʙʣʦʢʫ ʂɸ ʥʘ ʧʨʠʢʣʘʜʽ ʈʅ çʎʠʢʣʦʥ-4Mè.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʧʥʝʚʤʘʪʠʯʥʘ ʩʠʩʪʝʤʘ, ʧʥʝʚʤʦʰʪʦʚʭʘʯ, ʩʠʩʪʝʤʘ ʨʦʟʜʽʣʝʥʥʷ.  

D. Udovichenko 
ñYuzhnoyeò State Design Office 

E-mail: karlleteckiu11@gmail.com 

EXPEREMETALLY TRAINING ELEMENT SYSTEM SEPARATION 

STEP  

Annotation: The research direction to create method independently experimentally 

training element system separation step, elaborate method determinate 

termodinamic and kinematic parameter, spend comparison experimentally and 

solution value. To research examination kinematic parameters separation step and 

space vehicle for example rocket çCiclon-4Mè. 

Keyword: pneumatic system, pusher, division system.  

 

ʆʜʥʘ ʟ ʦʩʥʦʚʥʠʭ ʟʘʜʘʯ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʩʠʩʪʝʤ ʨʦʟʜʽʣʝʥʥʷ ʟʘʢʣʶʯʘʻʪʴʩʷ 

ʚ ʩʪʚʦʨʝʥʥʽ ʩʠʩʪʝʤʠ ʨʦʟʜʽʣʝʥʥʷ ʩʪʫʧʝʥʽʚ  ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʽʜʧʨʘʮʶʚʘʥʥʷ 

ʾʾ ʝʣʝʤʝʥʪʽʚ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʦʪʨʽʙʥʫ ʚʽʜʥʦʩʥʫ ʰʚʠʜʢʽʩʪʴ ʨʦʟʜʽʣʝʥʥʷ 

ʩʪʫʧʝʥʽʚ ʽ ʚʠʢʣʶʯʘʶʪʴ ʟʘʙʨʫʜʥʝʥʥʷ ʧʦʚʝʨʭʦʥʴ ʂɸ. 

ɼʣʷ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʨʦʙʦʪʦʩʧʨʦʤʦʞʥʦʩʪʽ ʩʠʩʪʝʤʠ ʨʦʟʜʽʣʝʥʥʷ ʩʪʫʧʝʥʽʚ 

ʧʨʦʚʦʜʠʪʴʩʷ ʘʚʪʦʥʦʤʥʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʝʣʝʤʝʥʪʽʚ ʩʠʩʪʝʤʠ 

ʨʦʟʜʽʣʝʥʥʷ ʽ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʩʠʩʪʝʤʠ. ʆʩʥʦʚʥʠʤ ʝʣʝʤʝʥʪʦʤ 

ʩʠʩʪʝʤʠ ʨʦʟʜʽʣʝʥʥʷ ʻ ʚʠʢʦʥʫʶʯʽ ʦʨʛʘʥʠ ʩʪʚʦʨʝʥʥʷ ʚʽʜʥʦʩʥʦʾ ʰʚʠʜʢʦʩʪʽ 

ʩʪʫʧʝʥʽʚ. ɼʦ ʮʴʦʛʦ ʚ ʷʢʦʩʪʽ ʚʠʢʦʥʫʶʯʠʭ ʦʨʛʘʥʽʚ ʩʠʩʪʝʤʠ ʨʦʟʜʽʣʝʥʥʷ ʰʠʨʦʢʦ 

ʟʘʩʪʦʩʦʚʫʚʘʣʠʩʴ ʈɼʊʇ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʚʘʣʠ ʧʦʪʨʽʙʥʫ ʚʽʜʥʦʩʥʫ ʰʚʠʜʢʽʩʪʴ, 

ʨʦʟʜʽʣʷʶʯʠʭʩʷ ʩʪʫʧʝʥʽʚ. ɺ ʟʚôʷʟʢʫ ʟ ʧʽʜʚʠʱʝʥʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʯʠʩʪʦʪʠ 

ʧʦʚʝʨʭʦʥʴ ʂɸ, ʟʘʙʝʟʧʝʯʝʥʥʷʤ ʤʽʥʽʤʘʣʴʥʠʭ ʢʫʪʦʚʠʭ ʰʚʠʜʢʦʩʪʝʡ ʚ ʩʫʯʘʩʥʠʭ ʈʅ 

çFalconè ʽ ʈʅ çDeltaè ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʥʝʚʤʘʪʠʯʥʽ ʩʠʩʪʝʤʽ ʨʦʟʜʽʣʝʥʥʷ. ɼʣʷ 
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ʘʚʪʦʥʦʤʥʦʛʦ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʧʥʝʚʤʦʰʪʦʚʭʘʯʽʚ ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʤʝʪʦʜʠʢʘ 

ʚʽʜʧʨʘʮʶʚʘʥʥʷ, ʧʨʦʚʝʜʝʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ, ʘʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʚʠʧʨʦʙʫʚʘʥʴ, 

ʨʦʟʨʦʙʣʝʥʘ ʤʝʪʦʜʠʢʘ ʚʠʟʥʘʯʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʽ ʢʽʥʝʤʘʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, 

ʧʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʽ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʟʥʘʯʝʥʴ.  

ʄʝʪʦʜʠʢʘ ʚʠʟʥʘʯʝʥʥʷ ʢʽʥʝʤʘʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ 

ʜʠʬʝʨʝʥʮʽʡʥʽ ʨʽʚʥʷʥʥʷ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʨʫʭ ʘʙʩʦʣʶʪʥʦ ʪʚʝʨʜʠʭ ʪʽʣ ʚ ʧʨʦʩʪʦʨʽ ʽ 

ʜʠʬʝʨʝʥʮʽʡʥʠʭ ʨʽʚʥʷʥʴ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʧʨʦʮʝʩ ʧʝʨʝʪʽʢʘʥʥʷ ʛʘʟʫ ʟ ʛʘʟʦʚʦʛʦ 

ʙʘʣʦʥʫ ʚ ʧʥʝʚʤʦʰʪʦʚʭʘʯ ʟ ʚʠʟʥʘʯʝʥʥʷʤ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʪʘʥʫ 

ʛʘʟʽʚ. ɸʥʘʣʦʛʽʯʥʽ ʤʝʪʦʜʠʢʠ ʙʫʣʠ ʟʘʩʪʦʩʦʚʘʥʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʽʥʝʤʘʪʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʩʠʩʪʝʤʠ ʨʦʟʜʽʣʝʥʥʷ ʩʪʫʣʦʢ ʦʙʪʽʯʥʠʢʘ ʽ ʦʪʨʠʤʘʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ 

ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʧʨʘʚʠʣʴʥʦʩʪʽ ʟʘʩʪʦʩʦʚʘʥʠʭ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʤʝʪʦʜʠʢ. ɼʣʷ 

ʨʽʰʝʥʥʷ ʩʠʩʪʝʤʠ ʟʚʠʯʘʡʥʠʭ ʥʝʣʽʥʽʡʥʠʭ ʜʠʬʝʨʝʥʮʽʡʥʠʭ ʨʽʚʥʷʥʴ ʙʫʣʠ 

ʟʘʩʪʦʩʦʚʘʥʽ ʩʧʝʮʽʘʣʴʥʽ ʯʠʩʣʝʥʥʽ ʤʝʪʦʜʠ ʽʥʪʝʛʨʫʚʘʥʥʷ. ʈʝʟʫʣʴʪʘʪʠ 

ʤʦʜʝʣʶʚʘʥʥʷ ʩʠʩʪʝʤʠ ʚʽʜʜʽʣʝʥʥʷ ʩʪʫʧʝʥʽ ʽ ʨʦʟʛʽʥʥʦʛʦ ʙʣʦʢʫ ʢʦʩʤʽʯʥʦʛʦ 

ʘʧʘʨʘʪʫ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʟʘʙʝʟʧʝʯʝʥʽ ʧʦʪʨʽʙʥʘ ʚʽʜʥʦʩʥʘ ʰʚʠʜʢʽʩʪʴ ʨʦʟʜʽʣʝʥʥʷ ʽ 

ʙʝʟʫʜʘʨʥʽʩʪʴ ʧʨʦʮʝʩʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʦʛʦ ʨʦʟʢʠʜʫ ʪʠʩʢʫ ʚ 

ʧʥʝʚʤʦʰʪʦʚʭʘʯʘʭ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʜʘʶʪʴ ʮʽʥʥʽ ʜʘʥʥʽ ʜʣʷ ʧʨʦʝʢʪʫʚʘʥʥʷ 

ʩʠʩʪʝʤ ʨʦʟʜʽʣʝʥʥʷ ʩʪʫʧʝʥʽʚ ʽ ʨʦʟʛʽʥʥʠʭ ʙʣʦʢʽʚ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ ʨʘʢʝʪ-ʥʦʩʽʾʚ 

ʽ ʧʦʢʘʟʫʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʥʝʚʤʘʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʨʦʟʜʽʣʝʥʥʷ 

ʩʪʫʧʝʥʽʚ. ʄʘʪʝʨʽʘʣʠ ʙʫʜʫʪʴ ʢʦʨʠʩʥʽ ʥʘʫʢʦʚʠʤ ʽ ʽʥʞʝʥʝʨʥʦ-ʪʝʭʥʽʯʥʠʤ 

ʩʧʽʚʨʦʙʽʪʥʠʢʘʤ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʥʘʜ ʩʪʚʦʨʝʥʥʷʤ ʢʦʥʩʪʨʫʢʮʽʾ ʩʠʩʪʝʤ ʨʦʟʜʽʣʝʥʥʷ 

ʽ ʟʘʡʤʘʶʪʴʩʷ ʜʠʥʘʤʽʢʦʶ ʧʝʨʝʭʽʜʥʠʭ ʧʨʦʮʝʩʽʚ ʨʦʟʜʽʣʝʥʥʷ ʩʪʫʧʝʥʽʚ ʨʘʢʝʪ-ʥʦʩʽʾʚ 

ʢʦʩʤʽʯʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʦʚʝʜʝʥʠʡ ʢʦʤʧʣʝʢʩ ʧʨʦʝʢʪʥʦ-ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʨʦʙʽʪ 

ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʠʪʠ ʧʥʝʚʤʘʪʠʯʥʫ ʩʠʩʪʝʤʫ ʨʦʟʜʽʣʝʥʥʷ ʩʪʫʧʝʥʽʚ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ 

ʧʦʪʨʽʙʥʽ ʧʘʨʘʤʝʪʨʠ ʨʦʟʜʽʣʝʥʥʷ, ʚʽʜʥʦʩʥʫ ʰʚʠʜʢʽʩʪʴ ʩʪʫʧʝʥʽʚ ʽ ʜʦʟʚʦʣʷʻ 

ʚʠʢʣʶʯʠʪʠ ʟʘʙʨʫʜʥʝʥʥʷ ʧʦʚʝʨʭʦʥʴ ʂɸ. 
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ɿAʉʊʆʉʋɺɸʅʅʗ ʇEʈʉʇɽʂʊʀɺʅʀʍ ʂʆʄʇʆɿʀʎIʁʅʀʍ 

ʄAʊɽʈɯɸʃɯɺ ɼʃʗ ʇʈʆɭʂʊIɺ ʈɸʂɽʊʅʆ-ʂʆCʄɯʏʅʆɰ ʊɽʍʅɯʂʀ 

Aʥʦʪʘʮʽʷ. ʂʦʤʧʦʟʠʪʥʽ ʤʘʪʝʨʽʘʣʠ (KM) ʟʨʦʙʠʣʠ ʨʝʚʦʣʶʮʽʶ ʚ ʙʘʛʘʪʴʦʭ ʛʘʣʫʟʷʭ 

ʪʝʭʥʽʢʠ, ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʽ ʩʪʘʣʠ ʧʦʧʫʣʷʨʥʠʤʠ ʫ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʭ ʚʠʨʦʙʘʭ. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʢʽʣʴʢʘ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ ʪʝʭʥʽʮʽ. 
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ɸbstract. Composite materials (CM) have revolutionized many branches of 
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considers several promising composite materials for use in rocket and space 

technology. 
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Kʦʤʧʦʟʠʮʽʡʥʠʡ ʤʘʪʝʨʽʘʣ (KM) ï ʮʝ ʤʘʪʝʨʽʘʣ, cʪʚʦʨʝʥʠʡ ʰʪʫʯʥʦ, ʱʦ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʘʙʦ ʙʽʣʴʰʝ ʢʦʤʧʦʥʝʥʪʽʚ ʽ ʤʘʻ ʤʝʞʫ ʨʦʟʜʽʣʫ ʤʽʞ ʥʠʤʠ. 

ʂʦʤʧʦʥʝʥʪʘʤʠ ʢʦʤʧʦʟʠʪʽʚ, ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ, ʻ ʤʘʪʨʠʮʷ ʽ ʥʘʧʦʚʥʶʚʘʯ. 

ʄʘʪʨʠʮʷ ʚʠʢʦʥʫʻ ʨʦʣʴ ʩʧʦʣʫʯʥʦʛʦ ʽ ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʶ ʟʘʭʠcʪʫ ʥʘʧʦʚʥʶʚʘʯʘ 
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ʚiʜ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʧʣʠʚʽʚ ʪʠʭ ʯʠ iʥʰʠʭ ʩʝʨʝʜʦʚʠʱ. ʅʘʧʦʚʥʶʚʘʯ ʞʝ, ʫ ʩʚʦʶ 

ʯʝʨʛʫ, ʚʠʩʪʫʧʘʻ ʘʨʤʫʶʯʠʤ ʝʣʝʤʝʥʪʦʤ [1]. 

ɼʣʷ ʩʪʚʦʨʝʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʘʟʦʚi ʧʦʣʽʤʝʨʠ ʟʤʽʰʫʶʪʴ ʟ 

ʽʥʰʠʤʠ ʨʝʯʦʚʠʥʘʤʠ. ʇʨʠ ʮʴʦʤʫ ʚ ʢʦʤʧʦʟʠʪʽ ʤʦʞʝ ʤʽcʪʠʪʠʩʷ ʚʽʜ 0,01 % 

ʜʦʙʘʚʦʢ ʜʦ 90 % [2]. 

ɿʘʨʘʟ ʟʨʦcʪʘʻ ʢʽʣʴʢʽʩʪʴ ʜʦʩʣiʜʞʝʥʴ ʚ ʦʙʣʘʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʚ 

ʢʦʥʩʪʨʫʢʮʽʷʭ ʚʠʨʦʙʽʚ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ (ʈʂʊ). ʋ ʈʂʊ ʟʥʘʡʰʣʠ 

ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʦʤʧʦʟʠʪʠ ʪʘʢʽ ʷʢ, ʙʦʨʦʘʣʶʤiʥiʻʚi, ʙʦʨʘʝʧʦʢʩʠʜʥʽ, 

ʚʫʛʣʝʧʣʘʩʪʠʢʠ ʽ oʨʛʘʥʦʧʣʘʩʪʠʢʠ. Oʩʢʽʣʴʢʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʦʙʣʘʩʪʽ ʂʄ 

ʪʨʠʚʘʶʪʴ, ʥʝ ʚʠʢʣʶʯʝʥʦ ʧʦʷʚʫ ʡ ʽʥʰʠʭ KM, ʷʢʽ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʫ 

ʚʠʨʦʙʘʭ PKT.   

KM ʟʘcʪʦʩʦʚʫʚʘʣʠʩʷ ʚ ʢʦʥʩʪʨʫʢʮʽʷʭ ʨʘʢʝʪ ʫ ʚʪʦʨʠʥʥʽʡ ʩʪʨʫʢʪʫʨʽ, ʪʘʢʽʡ ʷʢ 

ʦʙʪʽʯʥʠʢʠ, ʥʝʚʝʣʠʢʽ ʪʘ ʤʘʣʦʥʘʚʘʥʪʘʞʝʥʽ ʜʽʣʷʥʢʠ ʬʶʟʝʣʷʞʫ ʪʘ iʥʰʽ 

ʥʝʚʽʜʧʦʚʽʜʘʣʴʥʽ ʝʣʝʤʝʥʪʠ. ʋ ʤʽʨʫ ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʾ ʚʠʢʦʨʠcʪʘʥʥʷ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʧʝʨʚʠʥʥʠʭ cʪʨʫʢʪʫʨ, ʪʘʢʠʭ ʷʢ ʧʘʣʠʚʥʽ ʙʘʢʠ, 

ʪʨʫʙʦʧʨʦʚʦʜʠ, ʧʦʩʫʜʠʥʠ ʧʽʜ ʪʠʩʢʦʤ, ʰʧʘʥʛʦʫʪʠ ʪʦʱʦ, ʟʙʽʣʴʰʠʣʦʩʷ [3]. 

ʋ cʫʯʘʩʥʠʭ ʧʨʦʝʢʪʘʭ ʚʠʨʦʙʽʚ ʈʂʊ ʧʘʣʠʚʥʽ ʙʘʢʠ ʩʢʣʘʜʘʶʪʴ ʥʘʡʙʽʣʴʰʫ 

ʧʠʪʦʤʫ ʚʘʛʫ, ʪʦʤʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʫʪ ʙʽʣʴʰ ʣʝʛʢʠʭ, ʚ ʧʦʨiʚʥʷʥʥʽ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ 

ʤʘʪʝʨʽʘʣʘʤʠ, ʢʦʤʧʦʟʠʪʽʚ ʻ ʜʫʞʝ ʘʢʪʫʘʣʴʥʠʤ. ɿʘʨʘʟ ʢʦʤʧʦʟʠʪʥʽ ʙaʢʠ 

ʥʘʡʯʘʩʪʽʰʝ ʚʠʛʦʪʦʚʣʷʶʪʴ ʥʘ ʦʩʥʦʚʽ ʪʦʥʢʦʩʪʽʥʥʦʛʦ ʚʢʣʘʜʠʰʘ, ʱʦ ʫʪʚʦʨʶʻ 

ʤʽʮʥʠʡ ʛʝʨʤʝʪʠʯʥʠʡ ʢʘʨʢʘc, ʷʢʠʡ ʘʨʤʫʻʪʴʩʷ ʚʫʛʣʝʮʝʚʠʤʠ ʚʦʣʦʢʥʘʤʠ.   

ɿʘʮʽʢʘʚʣʝʥʽʩʪʴ ʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧoʟʠʪʽʚ ʧʨʦʷʚʣʷʻʪʴʩʷ ʚ NASA, ʜʝ 

ʚʦʥʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʤʘʪʝʨʽʘʣʠ ʦʙʪʽʯʥʠʢʘ, ʙʘʢʽʚ ʜʣʷ ʢʨʽʦʛʝʥʥʠʭ ʧʘʣʠʚ, 

ʝʣʝʤʝʥʪʽʚ ʜʚʠʛʫʥa ʪʦʱʦ.  

ʇʨʠ ʥʘʜʟʚʫʢʦʚʦʤʫ ʧʦʣʴʦʪi, ʱʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʚʠʩʦʢʠʤ ʟʥʘʯʝʥʥʷʤ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʚ ʈʂʊ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʂʄ, ʘʨʤʦʚʘʥʽ ʚʫʛʣʝʮʝʤ. ʉʧʦʣʫʯʥʦʶ 

ʨʝʯʦʚʠʥʦʶ ʚ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʘʭ ʚʠʩʪʫʧʘʻ ʝʧʦʢʩʠʜʥʘ ʤʘʪʨʠʮʷ (ʚʫʛʣʝʧʣʘʩʪʠʢʠ) ʽ 

ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ʚʫʛʣʝʮʝʚʠʭ ʤʘʪʨʠʮʴ, ʘʨʤʦʚʘʥʠʭ ʚʦʣʦʢʥʘʤʠ ʚʫʛʣʝʮʶ [4].   

ʂʦʤʧʦʟʠʮʽʡʥi ʤʘʪʝʨʽʘʣʠ ʜʦʟʚʦʣʷʶʪʴ ʧʦʢʨʘʱʠʪʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ, ʟʥʠʟʠʪʠ ʤʘʩʫ ʽ ʚʘʨʪʽʩʪʴ ʚʠʨʦʙʽʚ ʈʂʊ, ʱʦ ʚʠʜʥo ʟ ʚʣʘcʪʠʚʦʩʪʝʡ, 

ʧʦʢʘʟʘʥʠʭ ʫ ʪʘʙʣʠʮʽ 1 [5].   

 

ʊʘʙʣʠʮʷ 1 ï ʇʦʨʽʚʥʷʣʴʥʽ ʚʣʘʩʪʠʚocʪʽ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʈʂʊ  

ʄʘʪʝʨʽʘʣ  ʄʝʞʘ ʤiʮʥʦʩʪʽ, 

ůʤ, ʄʇʘ  

ʑʽʣʴʥʽcʪ,ɹ 

ɟ, ʢʛ/ʤ3  

ʇʠʪʦʤʘ ʤʽʮʥʽcʪ,ɹ  

ůʤ/ɟ Ĭ103, ʤ2/ʩ2  

1. Aʣʶʤʽʥʽʻʚʠʡ 

cʧʣʘʚ (ɸʄʛ6)  

    400        2 640  0,152  

2. ʊʠʪʘʥʦʚʠʡ cʧʣʘʚ 

(ɺʊ23)  

     1 600        4 443  0,360  

3. ʅʝʨʞʘʚiʁʯʘ ʩʪʘʣʴ 

(12ʍ18ʅ10ʊ)  

     650        7 920  0,082  

4. ʆʨʛʘʥʦʧʣʘcʪʠʢ        1 500        1 200  1,250  
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5. Cʢʣʦʧʣʘʩʪʠʢ       1 700        1 600  1,063  

6. ɺʫʛʣʝʧʣʘcʪʠʢ        1 700        1 300  1,308  

7. ɹʦʨʦʘʣʶʤiʥʽʡ      800     750  1,067  

ɿʘ ʧʘʨʘʤʝʪʨʘʤʠ ʟ ʪʘʙʣʠʮʽ ʙʫʣʠ ʧʦʙʫʜʦʚʘʥʽ ʜʽʘʛʨʘʤʠ ʧʠʪʦʤʦʾ ʤʽʮʥʦʩʪʽ 

ʤʘʪʝʨʽʘʣʽʚ. 

 
ʈʠʩʫʥʦʢ 1 ð ɼʽʘʛʨʘʤʠ ʧʠʪʦʤʠʭ ʤʽʮʥʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ 

ɿ ʤʘʣʶʥʢʘ ʚʠʜʥʦ, ʱʦ ʥʘʡʙiʣʴʰ ʜʦʨʝʯʥʠʤ ʟʘ ʧʠʪʦʤʦʶ ʤʽʮʥʽcʪ  ʁʂʄ ʜʣʷ 

ʚʠʨʦʙʽʚ ʈʂʊ ʻ ʚʫʛʣʝʧʣʘʩʪʠʢ, ʘ ʚ ʷʢʦʩʪʽ ʚʢʣʘʜʠʰʘ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʪʨʘʜʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʥʝʦʙʭʽʜʥʦʾ ʪʦʚʱʠʥʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʽ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ.  

ʂʦʥʩʪʨʫʢʪʦʨʩʴʢʝ ʙʶʨʦ (Kɹ) çʇʽʚʜʝʥʥʝè iʤʝʥʽ ʄ.ʂ. ʗʥʛʝʣʷ ʧʨʠ ʩʪʚʦʨʝʥʥʽ 

ʢʦʨʧʫʩʫ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʦʛʦ ʪʚʝʨʜʦʧʘʣʠʚʥʦʛʦ ʜʚʠʛʫʥʘ ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʢʦʢʦʥʥʫ 

ʢʦʥʩʪʨʫʢʮʽʶ, ʚʠʛʦʪʦʚʣʝʥʫ ʟ ʦʨʛʘʥʦʧʣʘʩʪʠʢʘ ʤʝʪʦʜʦʤ çʤʦʢʨʦʛʦè ʥʘʤʦʪʫʚʘʥʥʷ, 

ʷʢʘ ʜʦʟʚʦʣʷʣʘ ʟʤʝʥʰʠʪʠ ʜʦʚʞʠʥʫ ʢʦʨʧʫcʫ ʧʨʠ ʟʘʜʘʥʽʡ ʤʘʩʽ ʧʘʣʠʚʘ ʧʨʠʙʣʠʟʥʦ 

ʥʘ 120 ʤʤ ʘʙʦ ʧʨʠ ʬʽʢʩʦʚʘʥʽʡ ʜʦʚʞʠʥʽ ʟʙʽʣʴʰʠʪʠ ʨʦʙʦʯʠʡ ʟʘʧʘʩ ʧʘʣʠʚʘ ʥʘ 860 

ʢʛ. ʂʨʽʤ ʮʴʦʛʦ, ʟʘ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʶ ʜʦʢʫʤʝʥʪʘʮʽʻʶ ʂɹ ʚʠʨʦʙʣʷʣʠʩʷ ʭʚʦʩʪʦʚʽ 

ʚʽʜʩʽʢʠ ʨʘʢʝʪ ʟ ʚʫʛʣʝʧʣʘʩʪʠʢʘ, ʘ ʪʘʢʦʞ ʩʦʧʣʦʚʽ ʥʘʩʘʜʢʠ ʟ ʚʫʛʣʝʮʝʚʦ-

ʚʫʛʣʝʮʝʚʦʛʦ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʢʦʤʧʣʝʢʪʘʮʽʾ ʜʚʠʛʫʥʘ 

ʪʨʝʪʴʦʛʦ ʩʪʫʧʝʥʷ ʈʅ çʎʠʢʣʦʥ-4è. ʋ ʦʩʪʘʥʥʽ ʨʦʢʠ ʚ çʇʽʚʜeʥʥʦʤʫè 

ʚʠʛʦʪʦʚʣʷʣʠʩʷ ʟ ʢʦʤʧʦʟʠʪʽʚ ʥʝʩʫʯʽ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠʣʘʜʽʚ ʢʦʩʤʽʯʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ (cʢʘʥʝʨʽʚ, ʪʝʣʝʩʢʦʧʽʚ, ʦʙ'ʻʢʪʠʚʽʚ), ʦʩʢʽʣʴʢʠ ʪʘʢʽ ʢʦʥʩʪʨʫʢʮʽʾ 

ʚʠʤʘʛʘʶʪʴ ʚʠcʦʢʦʾ ʩʪʘʙʽʣʴʥʦʩʪi ʨʦʟʤʽʨʽʚ ʧʨʠ ʚʝʣʠʢʠʭ ʧʝʨʝʧʘʜʘʭ ʪʝʤʧeʨʘʪʫʨ 

[6]. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʫ 

ʢʦʥʩʪʨʫʢʮʽʶ ʚʠʨʦʙʽʚ ʈKʊ ʻ ʜʫʞʝ ʚaʞʣʠʚʠʤ ʽ ʘʢʪʫʘʣʴʥʠʤ. ʉʫʯʘʩʥʽ ʢʦʤʧʦʟʠʪʠ 

ʜʦʟʚʦʣʷʶʪʴ ʟʤʝʥʰʠʪʠ ʤʘʩʫ, ʧiʜʚʠʱʠʪʠ ʤʽʮʥʽʩʪʴ, ʞʦʨʩʪʢʽʩʪʴ, ʭiʤʽʯʥʫ ʽ ʪʝʧʣʦʚʫ 

ʩʪʽʡʢʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʾ, ʱʦ ʜʦʟʚʦʣʷʻ ʟʙʽʣʴʰʫʚʘʪʠ ʤʘʩʫ ʢʦʨʠcʥʦʛʦ ʚʘʥʪʘʞʫ, ʱʦ 

ʚʠʚʦʜʠʪʴʩʷ ʨʘʢʝʪʦʶ-ʥʦʩʽʻʤ (ʈʅ). ɿʥʘʯʥʫ ʧʝʨʩʧʝʢʪʠʚʫ ʟaʩʪʦʩʫʚʘʥʥʷ ʢʦʤʧʦʟʠʪʠ 

ʤʘʶʪʴ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʽ ʨʦʟʛʦʨʪʘʥʥʽ ʚ ʢʦʩʤʦʩʽ ʚeʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʢʦʥʩʪʨʫʢʮiʡ. 
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ʊʨʫʙʦʧʨʦʚʦʜʠ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʪʘʢʠʭ ʦʩʥʦʚʥʠʭ ʜʝʪʘʣʝʡ: 

ʚʣʘʩʥʝ ʪʨʫʙʠ, ʧʝʨʝʭʽʜʥʠʢʠ, ʢʫʪʥʠʢʠ, ʪʨʽʡʥʠʢʠ, ʧʨʠʻʜʥʫʚʘʣʴʥʽ ʜʝʪʘʣʽ (ʬʣʘʥʮʽ, 

ʥʘʢʦʥʝʯʥʠʢʠ, ʥʘʢʠʜʥʽ ʢʽʣʴʮʷ, ʰʪʫʮʝʨʠ, ʥʘʢʠʜʥʽ ʛʘʡʢʠ), ʢʦʤʧʝʥʩʘʪʦʨʠ. 

ɿô̒ ʜʥʘʥʥʷ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʫ ʤʘʛʽʩʪʨʘʣʽ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʟʚʘʨʶʚʘʥʥʷ ʘʙʦ  ʢʨʽʧʠʣʴʥʠʭ (ʙʦʣʪʠ, ʛʚʠʥʪʠ, ʛʘʡʢʠ, ʰʘʡʙʠ) ʪʘ ʫʱʽʣʴʥʶʚʘʣʴʥʠʭ 

mailto:shestidesiatniy@ukr.net
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ʜʝʪʘʣʝʡ (ʧʣʘʩʪʠʯʥʽ ʽ ʧʨʫʞʥʽ ʤʝʪʘʣʝʚʽ ʧʨʦʢʣʘʜʢʠ, ʧʨʦʢʣʘʜʢʠ ʟ ʝʣʘʩʪʦʤʝʨʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʽ ʬʪʦʨʦʧʣʘʩʪʫ). ʊʨʘʜʠʮʽʡʥʦ ʫ ʚʽʪʯʠʟʥʷʥʦʤʫ ʨʘʢʝʪʦʙʫʜʫʚʘʥʥʽ 

ʪʨʫʙʦʧʨʦʚʦʜʠ ʟ ʚʥʫʪʨʽʰʥʽʤ ʜʽʘʤʝʪʨʦʤ ʜʦ 22ʤʤ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟ ʰʪʫʮʝʨʥʠʤʠ 

ʟô̒ ʜʥʘʥʥʷʤʠ, ʘ ʙʽʣʴʰʦʛʦ ʜʽʘʤʝʪʨʫ ï ʟ ʬʣʘʥʮʝʚʠʤʠ [1]. ʉʪʘʥʜʘʨʪ ɻʆʉʊ 19749-

84 [1] ʭʦʯʘ ʚʞʝ ʥʝ ʜʽʻ ʷʢ ʥʦʨʤʘʪʠʚʥʠʡ ʜʦʢʫʤʝʥʪ, ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʷʢ ʜʦʚʽʜʢʦʚʘ 

ʽʥʬʦʨʤʘʮʽʷ.  ʌʣʘʥʮʝʚʽ ʟô̒ ʜʥʘʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʪʦʨʮʝʚʠʤʠ (ʟʘʤʢʦʚʠʤʠ) ʪʘ 

ʩʬʝʨʠʯʥʠʤʠ [2].    ɼʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʝʨʞʘʚʽʶʯʽ ʩʪʘʣʽ (12ʍ18ʅ10ʊ, ʍ11ʅ8ʄ2ʌ, ʍ16ʅ6, ʪʘ 

ʩʧʣʘʚʠ ʥʘ ʦʩʥʦʚʽ ʥʽʢʝʣʶ (Inconel), ʩʧʣʘʚʠ ʪʠʪʘʥʫ (ɺʊ6ʉ) ʪʘ ʘʣʶʤʽʥʽʶ (ɸʄʛ6, 

1570, 5028 ʪʘ ʽʥʰʽ) [2]. ʂʨʽʧʠʣʴʥʽ ʜʝʪʘʣʽ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟ ʚʠʩʦʢʦʤʽʮʥʠʭ 

ʩʪʘʣʝʡ ʪʠʧʫ 06ʍ16ʅ6, ʍ11ʅ23ʊ3ʄʈ, ʩʧʣʘʚʽʚ ʪʠʧʫ Inconel, ʪʠʪʘʥʦʚʠʭ ʩʧʣʘʚʽʚ 

ʪʠʧʫ ɺʊ6ʉ ʪʘ ɺʊ14 [2]. ʇʣʘʩʪʠʯʥʽ ʤʝʪʘʣʝʚʽ ʫʱʽʣʴʥʫʚʘʣʴʥʽ ʜʝʪʘʣʽ ʥʘʡʯʘʩʪʽʰʝ 

ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟ ʘʣʶʤʽʥʽʶ ɸɼ-1ʄ ʪʘ ʤʽʜʽ ʄ1, ʄ2, ʄ3 [1], ʧʨʫʞʥʽ ï ʟ 

ʥʝʨʞʘʚʽʶʯʠʭ ʩʪʘʣʝʡ ʟ ʧʦʢʨʠʪʪʷʤʠ ʟ ʤʽʜʽ, ʩʨʽʙʣʘ, ʟʦʣʦʪʘ [2]. ʆʢʨʝʤʦ ʩʪʦʾʪʴ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʟ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ [3], ʘʣʝ 

ʚʦʥʦ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ ʥʝ ʨʦʟʛʣʷʜʘʻʪʴʩʷ. 

ʆʩʥʦʚʥʠʤʠ ʟʘʛʦʪʦʚʢʘʤʠ ʜʣʷ ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ 

ʤʘʣʦʛʦ ʜʽʘʤʝʪʨʫ ʻ ʧʨʦʢʘʪ, ʚʝʣʠʢʦʛʦ ï ʧʨʦʢʘʪ, ʢʦʚʘʥʽ ʪʘ ʰʪʘʤʧʦʚʘʥʽ ʧʦʢʦʚʢʠ 

[4]. ʇʨʦʻʢʪʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ 

ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʤʦʞʝ ʙʫʪʠ ʟʜʽʡʩʥʝʥʝ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʠʧʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʚʠʨʦʙʥʠʮʪʚʘ ʜʝʪʘʣʝʡ ʪʠʧʫ çʚʪʫʣʢʘè ʽ ʬʣʘʥʝʮʴ [5,6]. 

 ɼʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʤʘʣʦʛʦ 

ʜʽʘʤʝʪʨʫ ʮʽʣʢʦʤ ʜʦʩʪʘʪʥʴʦ ʪʦʢʘʨʥʦ-ʨʝʚʦʣʴʚʝʨʥʠʭ ʚʝʨʩʪʘʪʽʚ ʟ ʤʘʢʩʠʤʘʣʴʥʠʤ 

ʜʽʘʤʝʪʨʦʤ ʧʨʫʪʢʘ 40 ʤʤ. ʉʫʯʘʩʥʽ ʪʦʢʘʨʥʦ-ʬʨʝʟʝʨʥʽ ʦʙʨʦʙʥʽ ʮʝʥʪʨʠ ʥʘ ʙʘʟʽ 

ʪʦʢʘʨʥʦ-ʨʝʚʦʣʴʚʝʨʥʠʭ ʚʝʨʩʪʘʪʽʚ ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʥʫʚʘʪʠ ʬʨʝʟʝʨʥʫ ʦʙʨʦʙʢʫ 

(ʙʘʛʘʪʦʛʨʘʥʥʠʢʠ ʰʪʫʮʝʨʽʚ ʽ ʥʘʢʠʜʥʠʭ ʛʘʡʦʢ) ʽ ʦʙʨʦʙʢʫ ʦʪʚʦʨʽʚ, ʯʠʷ ʚʽʩʴ ʥʝ 

ʩʧʽʚʧʘʜʘʻ ʟ ʚʽʩʩʶ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ. ʊʘʢʦʞ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʜʽʷʥʽ ʽ 

ʢʦʥʪʨʰʧʠʥʜʝʣʴʥʽ ʚʝʨʩʪʘʪʠ ʟ ʜʚʦʤʘ ʨʝʚʦʣʴʚʝʨʥʠʤʠ ʛʦʣʦʚʢʘʤʠ, ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʷʢʠʭ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʫʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʘʮʽ [4].  

ɼʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʚʝʣʠʢʦʛʦ 

ʜʽʘʤʝʪʨʫ (ʚʽʜ 22 ʤʤ ʜʦ 400 ʤʤ ʽ ʙʽʣʴʰʝ) ʧʦʪʨʽʙʥʽ ʪʦʢʘʨʥʽ ʦʙʨʦʙʥʽ ʮʝʥʪʨʠ ʟ 

ʤʘʢʩʠʤʘʣʴʥʠʤ ʜʽʘʤʝʪʨʦʤ ʦʙʪʦʯʫʚʘʥʥʷ ʚʽʜ 200 ʤʤ ʜʦ 500 ʤʤ ʽ ʙʽʣʴʰʝ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʦʥʪʨʰʧʠʥʜʝʣʴʥʠʭ ʚʝʨʩʪʘʪʽʚ ʪʘʢʦʞ ʤʦʞʝ ʙʫʪʠ ʜʦʮʽʣʴʥʠʤ. ɼʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʘʢʠʜʥʠʭ ʢʦʣʝʮʴ ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʘʪʠ ʪʦʢʘʨʥʽ ʪʘ ʩʚʝʨʜʣʠʣʴʥʽ 

ʚʝʨʩʪʘʪʠ ʟ ʯʠʩʣʦʚʠʤ ʧʨʦʛʨʘʤʥʠʤ ʢʝʨʫʚʘʥʥʷʤ ʘʙʦ ʫʥʽʚʝʨʩʘʣʴʥʽ, ʦʩʥʘʱʝʥʽ 

ʢʦʥʜʫʢʪʦʨʘʤʠ ʥʘ ʙʘʟʽ ʩʠʩʪʝʤ ʋʉʇ. ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʥʘʢʠʜʥʠʭ ʢʦʣʝʮʴ ʽ ʩʫʮʽʣʴʥʠʭ ʬʣʘʥʮʽʚ ʟʽ ʩʬʝʨʠʯʥʠʤʠ ʫʱʽʣʴʥʶʚʘʣʴʥʠʤʠ 

ʧʦʚʝʨʭʥʷʤʠ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʢʦʥʽʯʥʠʭ ʪʘ ʩʬʝʨʠʯʥʠʭ 

ʟʝʥʢʝʨʽʚ ʜʣʷ ʦʙʨʦʙʢʠ ʦʪʚʦʨʽʚ ʧʽʜ ʢʨʽʧʠʣʴʥʽ ʜʝʪʘʣʽ.  

ɿʘʛʦʪʦʚʢʠ ʜʣʷ ʢʨʽʧʠʣʴʥʠʭ ʜʝʪʘʣʽ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʥʘ ʭʦʣʦʜʥʦ-ʚʠʩʘʜʦʯʥʠʭ 

ʘʚʪʦʤʘʪʘʭ ʟ ʧʦʜʘʣʴʰʦʶ ʾʭ ʦʙʨʦʙʢʦʶ ʥʘ ʤʝʪʘʣʦʨʽʟʘʣʴʥʠʭ ʚʝʨʩʪʘʪʘʭ [2]. ʈʦʟʢʨʽʡ 

ʤʝʪʘʣʝʚʠʭ ʣʠʩʪʽʚ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʫʱʽʣʴʥʶʚʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʤʦʞʝ ʙʫʪʠ 

ʟʜʽʡʩʥʝʥʠʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʣʘʟʝʨʥʦʛʦ ʘʙʦ ʛʽʜʨʦʘʙʨʘʟʠʚʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʘ 
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ʪʘʢʦʞ ʛʽʣʴʡʦʪʠʥʥʠʭ ʥʦʞʠʮʴ [4]. ʇʦʜʘʣʴʰʝ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʽʣʴʮʝʚʠʭ ʧʨʦʢʣʘʜʦʢ 

ʤʦʞʝ ʙʫʪʠ ʟʜʽʡʩʥʝʥʦ ʥʘ ʪʦʢʘʨʥʠʭ ʘʙʦ ʪʦʢʘʨʥʦ-ʨʝʚʦʣʴʚʝʨʥʠʭ ʚʝʨʩʪʘʪʘʭ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʨʦʙʥʠʮʪʚʦ ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ 

ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʤʦʞʝ ʩʢʣʘʜʘʪʠʩʷ ʟ ʥʘʩʪʫʧʥʠʭ ʜʽʣʴʥʠʮʴ: ʜʽʣʴʥʠʮʷ 

ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʤʘʣʦʛʦ ʜʽʘʤʝʪʨʘ ʽ ʢʨʽʧʠʣʴʥʠʭ ʜʝʪʘʣʝʡ; 

ʜʽʣʴʥʠʮʷ ʧʨʠʻʜʥʫʚʘʣʴʥʠʭ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʚʝʣʠʢʦʛʦ ʜʽʘʤʝʪʨʘ; ʜʽʣʴʥʠʮʷ 

ʭʦʣʦʜʥʦ-ʚʠʩʘʜʦʯʥʠʭ ʘʚʪʦʤʘʪʽʚ; ʨʦʟʢʨʽʡʥʘ ʜʽʣʴʥʠʮʷ ʣʠʩʪʦʚʠʭ ʤʝʪʘʣʝʚʠʭ ʪʘ 

ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ.            
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Aʅɸʃɯɿ ʉʋʏɸʉʅʆɻʆ ʉʊɸʅʋ ʊɽʍʅʆʃʆɻɯʏʅʆɰ ʇɯɼɻʆʊʆɺʂʀ 

ɺʀʈʆɹʅʀʎʊɺɸ ɺ ʂʆʉʄɯʏʅɯʁ ɻɸʃʋɿɯ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʩʫʯʘʩʥʦʛʦ ʩʪʘʥʫ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 

ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ ʚ ʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ, ʚʠʟʥʘʯʝʥʦ ʢʣʶʯʦʚʽ ʪʝʥʜʝʥʮʽʾ 

ʮʠʬʨʦʚʽʟʘʮʽʾ, ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʪʘ ʽʥʪʝʛʨʘʮʽʾ ʛʥʫʯʢʠʭ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʦʚʽʜʥʽ ʧʽʜʧʨʠʻʤʩʪʚʘ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʩʬʝʨʠ ʘʢʪʠʚʥʦ 

ʚʧʨʦʚʘʜʞʫʶʪʴ PLM-ʩʠʩʪʝʤʠ, ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ ʪʘ ʤʝʪʦʜʠ ʚʽʨʪʫʘʣʴʥʦʛʦ 

ʚʠʧʨʦʙʫʚʘʥʥʷ, ʱʦ ʩʫʪʪʻʚʦ ʩʢʦʨʦʯʫʻ ʮʠʢʣʠ ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ 

ʧʽʜʚʠʱʫʻ ʷʢʽʩʪʴ ʧʨʦʜʫʢʮʽʾ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʦʩʥʦʚʥʽ ʧʨʦʙʣʝʤʠ ʛʘʣʫʟʽ ʪʘ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʥʘʧʨʷʤʠ ʾʾ ʤʦʜʝʨʥʽʟʘʮʽʾ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʪʝʭʥʦʣʦʛʽʯʥʘ ʧʽʜʛʦʪʦʚʢʘ ʚʠʨʦʙʥʠʮʪʚʘ, ʮʠʬʨʦʚʝ ʚʠʨʦʙʥʠʮʪʚʦ, 

PLM, ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ, ʢʦʩʤʽʯʥʘ ʛʘʣʫʟʴ. 
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ANALYSIS OF THE CURRENT STATE OF MANUFACTURING 

PROCESS PREPARATION IN THE SPACE INDUSTRY 

Abstract. The paper presents an overview of the current state of manufacturing 

process preparation in the space industry, focusing on the growing role of 

digitalization, automation, and integrated production management systems. Modern 

enterprises actively implement PLM platforms, digital twins, and virtual testing 

methods, which significantly reduce production preparation time and improve 
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product quality. The main challenges of the industry are highlighted, and directions 

for technological modernization are proposed. 

Keywords: manufacturing process preparation, digital manufacturing, PLM, digital 

twin, space industry. 

 

ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷʤ ʚʠʤʦʛ 

ʜʦ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ, ʱʦ ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʝʨʝʭʦʜʫ 

ʜʦ ʙʽʣʴʰ ʮʠʬʨʦʚʽʟʦʚʘʥʠʭ, ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʪʘ ʛʥʫʯʢʠʭ ʧʽʜʭʦʜʽʚ. ʇʽʜʧʨʠʻʤʩʪʚʘ 

ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʛʦ ʩʝʢʪʦʨʫ ʘʢʪʠʚʥʦ ʚʧʨʦʚʘʜʞʫʶʪʴ PLM-ʧʣʘʪʬʦʨʤʠ, 

ʽʥʪʝʛʨʦʚʘʥʽ CAD/CAM/CAE-ʩʠʩʪʝʤʠ ʪʘ ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʧʨʠʩʢʦʨʝʥʥʷ ʧʽʜʛʦʪʦʚʯʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʮʠʢʣʽʚ ʽ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ 

ʚʠʨʦʙʥʠʯʠʭ ʨʽʰʝʥʴ [1], [3]. ʆʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʮʠʬʨʦʚʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʘʥʘʣʽʟʫ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʨʽʰʝʥʴ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʧʦʚʝʜʽʥʢʠ ʚʠʨʦʙʫ ʥʘ ʨʽʟʥʠʭ ʝʪʘʧʘʭ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʤʽʥʽʤʽʟʫʚʘʪʠ 

ʨʠʟʠʢʠ ʪʘ ʦʧʪʠʤʽʟʫʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʱʝ ʜʦ ʟʘʧʫʩʢʫ ʬʽʟʠʯʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ. ʉʫʢʫʧʥʽʩʪʴ ʪʘʢʠʭ ʪʝʭʥʦʣʦʛʽʡ ʬʦʨʤʫʻ ʦʩʥʦʚʫ ʜʣʷ ʧʝʨʝʭʦʜʫ ʜʦ 

ʽʥʪʝʛʨʦʚʘʥʦʛʦ ʮʠʬʨʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ. 

ʇʨʦʚʽʜʥʽ ʤʽʞʥʘʨʦʜʥʽ ʦʨʛʘʥʽʟʘʮʽʾ ʪʘ ʘʚʽʘʢʦʩʤʽʯʥʽ ʧʽʜʧʨʠʻʤʩʪʚʘ ð NASA, 

ESA, Airbus, SpaceX ð ʘʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʫʶʪʴ ʮʠʬʨʦʚʽ ʩʪʨʘʪʝʛʽʾ, ʩʧʨʷʤʦʚʘʥʽ ʥʘ 

ʫʥʽʬʽʢʘʮʽʶ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ, ʮʠʬʨʦʚʝ ʚʽʜʪʚʦʨʝʥʥʷ ʚʠʨʦʙʽʚ ʪʘ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʡ ʢʦʥʪʨʦʣʴ ʷʢʦʩʪʽ. ʆʩʪʘʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʚʦʜʷʪʴ, ʱʦ ʮʠʬʨʦʚʘ 

ʪʨʘʥʩʬʦʨʤʘʮʽʷ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʢʨʘʱʫ 

ʧʨʦʛʥʦʟʦʚʘʥʽʩʪʴ ʚʠʨʦʙʥʠʯʠʭ ʧʦʪʦʢʽʚ, ʩʢʦʨʦʪʠʪʠ ʢʽʣʴʢʽʩʪʴ ʧʦʤʠʣʦʢ ʪʘ 

ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʫʧʨʘʚʣʽʥʥʷ ʨʝʩʫʨʩʘʤʠ [2]. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʚʽʨʪʫʘʣʴʥʦʛʦ ʪʝʩʪʫʚʘʥʥʷ ʪʘ ʩʠʤʫʣʷʮʽʡ ʜʘʻ ʟʤʦʛʫ ʫʥʠʢʘʪʠ ʟʥʘʯʥʦʾ ʯʘʩʪʠʥʠ 

ʤʘʪʝʨʽʘʣʴʥʠʭ ʚʠʪʨʘʪ ʪʘ ʧʨʠʰʚʠʜʰʫʻ ʮʠʢʣ ʨʦʟʨʦʙʣʝʥʥʷ. 

ʋ ʚʽʪʯʠʟʥʷʥʽʡ ʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ ʚʩʝ ʱʝ ʘʢʪʫʘʣʴʥʠʤʠ ʟʘʣʠʰʘʶʪʴʩʷ 

ʧʨʦʙʣʝʤʠ ʤʦʨʘʣʴʥʦʛʦ ʩʪʘʨʽʥʥʷ ʦʙʣʘʜʥʘʥʥʷ, ʥʝʜʦʩʪʘʪʥʴʦʾ ʮʠʬʨʦʚʦʾ ʽʥʪʝʛʨʘʮʽʾ 

ʪʘ ʥʝʩʪʘʯʽ ʢʘʜʨʽʚ, ʟʜʘʪʥʠʭ ʧʨʘʮʶʚʘʪʠ ʟ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʚʠʨʦʙʥʠʯʠʤʠ 

ʩʠʩʪʝʤʘʤʠ. ʆʛʣʷʜ ʥʘʫʢʦʚʠʭ ʨʦʙʽʪ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʤʦʜʝʨʥʽʟʘʮʽʷ 

ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ ʯʝʨʝʟ ʮʠʬʨʦʚʽ ʽʥʩʪʨʫʤʝʥʪʠ ʤʦʞʝ 

ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʽʜʧʨʠʻʤʩʪʚ ʽ ʟʤʝʥʰʠʪʠ ʚʠʪʨʘʪʠ ʥʘ 

ʚʠʨʦʙʥʠʯʽ ʧʨʦʮʝʩʠ [1], [3]. 

ʆʢʨʝʤʦʛʦ ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʻ ʽʥʪʝʛʨʘʮʽʷ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʷʢʽ 

ʧʦʩʪʫʧʦʚʦ ʩʪʘʶʪʴ ʚʘʞʣʠʚʦʶ ʩʢʣʘʜʦʚʦʶ ʚʠʨʦʙʥʠʮʪʚʘ ʝʣʝʤʝʥʪʽʚ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. ɸʜʠʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʜʘʻ ʟʤʦʛʫ ʩʢʦʨʦʪʠʪʠ ʢʽʣʴʢʽʩʪʴ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ, ʧʽʜʚʠʱʠʪʠ ʨʽʚʝʥʴ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʪʘ ʟʘʙʝʟʧʝʯʠʪʠ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʢʣʘʜʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ. ʇʦʻʜʥʘʥʥʷ ʘʜʠʪʠʚʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʽʟ ʮʠʬʨʦʚʠʤʠ ʧʣʘʪʬʦʨʤʘʤʠ ʩʪʚʦʨʶʻ ʧʝʨʝʜʫʤʦʚʠ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ 

ʢʽʙʝʨʬʽʟʠʯʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ. 

ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʦʩʪʽ ʫʢʨʘʾʥʩʴʢʠʭ ʢʦʩʤʽʯʥʠʭ 

ʧʽʜʧʨʠʻʤʩʪʚ ʥʝʦʙʭʽʜʥʦ ʟʜʽʡʩʥʠʪʠ ʤʦʜʝʨʥʽʟʘʮʽʶ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʘʨʢʫ, 

ʚʧʨʦʚʘʜʠʪʠ ʥʘʩʢʨʽʟʥʫ ʮʠʬʨʦʚʫ ʜʦʢʫʤʝʥʪʘʮʽʶ, ʨʦʟʰʠʨʠʪʠ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʚʽʨʪʫʘʣʴʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ, ʧʽʜʚʠʱʠʪʠ ʢʚʘʣʽʬʽʢʘʮʽʶ ʧʝʨʩʦʥʘʣʫ ʪʘ ʧʦʩʠʣʠʪʠ 
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ʚʟʘʻʤʦʜʽʶ ʥʘʫʢʠ ʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ʊʘʢʽ ʟʘʭʦʜʠ ʜʘʜʫʪʴ ʟʤʦʛʫ ʽʥʪʝʛʨʫʚʘʪʠ 

ʚʽʪʯʠʟʥʷʥʽ ʧʽʜʧʨʠʻʤʩʪʚʘ ʫ ʛʣʦʙʘʣʴʥʽ ʚʠʨʦʙʥʠʯʽ ʣʘʥʮʶʛʠ ʪʘ ʟʘʙʝʟʧʝʯʠʪʠ 

ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʤʽʞʥʘʨʦʜʥʠʤ ʩʪʘʥʜʘʨʪʘʤ. 

ʇʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ ʫ ʢʦʩʤʽʯʥʽʡ 

ʛʘʣʫʟʽ ʥʝʨʦʟʨʠʚʥʦ ʧʦʚôʷʟʘʥʠʡ ʽʟ ʧʦʛʣʠʙʣʝʥʥʷʤ ʽʥʪʝʛʨʘʮʽʾ ʚʠʨʦʙʥʠʯʠʭ ʜʘʥʠʭ, 

ʫʜʦʩʢʦʥʘʣʝʥʥʷʤ ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ ʞʠʪʪʻʚʠʤ ʮʠʢʣʦʤ ʚʠʨʦʙʽʚ ʪʘ 

ʚʧʨʦʚʘʜʞʝʥʥʷʤ ʢʦʥʮʝʧʮʽʡ ʽʥʜʫʩʪʨʽʾ 4.0. ɿʦʢʨʝʤʘ, ʚʘʞʣʠʚʠʤ ʥʘʧʨʷʤʦʤ ʻ 

ʨʦʟʰʠʨʝʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ ʮʠʬʨʦʚʦʛʦ ʪʨʘʩʫʚʘʥʥʷ ð ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʦʚʥʦʾ 

ʧʨʦʩʪʝʞʫʚʘʥʦʩʪʽ ʜʘʥʠʭ ʚʽʜ ʝʪʘʧʫ ʧʨʦʻʢʪʫʚʘʥʥʷ ʜʦ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʠʨʦʙʫ. ʊʘʢʠʡ 

ʧʽʜʭʽʜ ʜʘʻ ʟʤʦʛʫ ʟʤʝʥʰʠʪʠ ʢʽʣʴʢʽʩʪʴ ʧʨʦʻʢʪʥʠʭ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʝʡ, ʧʨʠʩʢʦʨʠʪʠ ʧʨʦʮʝʜʫʨʠ ʚʝʨʠʬʽʢʘʮʽʾ, ʘ ʪʘʢʦʞ ʧʽʜʚʠʱʠʪʠ 

ʨʽʚʝʥʴ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʤʠ, ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʪʘ ʚʠʨʦʙʥʠʯʠʤʠ 

ʧʽʜʨʦʟʜʽʣʘʤʠ [1]. 

ɺʘʞʣʠʚʦʶ ʩʢʣʘʜʦʚʦʶ ʤʦʜʝʨʥʽʟʘʮʽʾ ʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʠʩʪʝʤ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ ʪʝʭʥʽʯʥʦʛʦ ʩʪʘʥʫ ʦʙʣʘʜʥʘʥʥʷ. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʤʝʪʦʜʽʚ ʧʨʝʜʠʢʪʠʚʥʦʾ ʘʥʘʣʽʪʠʢʠ, ʧʦʙʫʜʦʚʘʥʦʾ ʥʘ ʦʩʥʦʚʽ ʟʽʙʨʘʥʠʭ ʩʝʥʩʦʨʥʠʭ 

ʜʘʥʠʭ, ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʡʤʦʚʽʨʥʽ ʚʽʜʤʦʚʠ ʫʩʪʘʪʢʫʚʘʥʥʷ, ʦʧʪʠʤʽʟʫʚʘʪʠ 

ʛʨʘʬʽʢʠ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʤʽʥʽʤʽʟʫʚʘʪʠ ʥʝʟʘʧʣʘʥʦʚʘʥʽ ʧʨʦʩʪʦʾ 

ʚʠʨʦʙʥʠʮʪʚʘ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʪʘʢʽ ʧʽʜʭʦʜʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʙʽʣʴʰ 

ʩʪʘʙʽʣʴʥʫ ʷʢʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʩʫʪʪʻʚʦ ʩʢʦʨʦʯʫʶʪʴ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʠʪʨʘʪʠ 

ʧʽʜʧʨʠʻʤʩʪʚ ʘʚʽʘʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ [2]. 

ʉʫʪʪʻʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʻ ʪʘʢʦʞ ʩʪʘʥʜʘʨʪʠʟʘʮʽʷ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ ʽ 

ʜʦʢʫʤʝʥʪʘʮʽʡʥʠʭ ʧʨʦʮʝʜʫʨ. ʅʘʷʚʥʽʩʪʴ ʫʥʽʬʽʢʦʚʘʥʠʭ ʮʠʬʨʦʚʠʭ ʤʦʜʝʣʝʡ, 

ʩʪʨʫʢʪʫʨ ʚʠʨʦʙʥʠʯʠʭ ʜʘʥʠʭ ʪʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʰʘʙʣʦʥʽʚ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 

ʜʦʢʫʤʝʥʪʘʮʽʾ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʩʪʫʧʽʥʴ ʨʫʯʥʦʾ ʧʨʘʮʽ ʡ ʫʥʠʢʥʫʪʠ ʧʦʤʠʣʦʢ, ʱʦ 

ʚʠʥʠʢʘʶʪʴ ʚʥʘʩʣʽʜʦʢ ʨʽʟʥʦʯʠʪʘʥʴ ʯʠ ʥʝʪʦʯʥʠʭ ʨʝʜʘʢʮʽʡʥʠʭ ʟʤʽʥ. ʊʘʢʽ 

ʩʪʘʥʜʘʨʪʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʩʚʽʪʦʚʽʡ ʧʨʘʢʪʠʮʽ ʪʘ ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʦʞʣʠʚʽʩʪʴ 

ʚʟʘʻʤʦʜʽʾ ʧʽʜʧʨʠʻʤʩʪʚ ʫ ʨʘʤʢʘʭ ʤʽʞʥʘʨʦʜʥʠʭ ʢʦʣʘʙʦʨʘʮʽʡ, ʧʽʜʚʠʱʫʶʯʠ ʾʭʥʶ 

ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʽʩʪʴ ʥʘ ʛʣʦʙʘʣʴʥʦʤʫ ʨʠʥʢʫ [3]. 

ʇʦʛʣʠʙʣʝʥʥʷ ʮʠʬʨʦʚʽʟʘʮʽʾ ʩʪʚʦʨʶʻ ʧʝʨʝʜʫʤʦʚʠ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʢʽʙʝʨʬʽʟʠʯʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ, ʫ ʷʢʠʭ ʬʽʟʠʯʥʝ ʦʙʣʘʜʥʘʥʥʷ ʪʽʩʥʦ ʧʦʚôʷʟʘʥʝ 

ʟ ʮʠʬʨʦʚʠʤʠ ʤʦʜʝʣʷʤʠ ʯʝʨʝʟ ʤʝʨʝʞʝʚʫ ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ. ʋ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ 

ʨʝʘʣʴʥʦ ʚʠʛʦʪʦʚʣʝʥʘ ʜʝʪʘʣʴ ʧʦʩʪʽʡʥʦ ʟʽʩʪʘʚʣʷʻʪʴʩʷ ʟ ʾʾ ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ, 

ʱʦ ʜʦʟʚʦʣʷʻ ʦʧʝʨʘʪʠʚʥʦ ʚʠʷʚʣʷʪʠ ʜʝʬʝʢʪʠ, ʘʥʘʣʽʟʫʚʘʪʠ ʾʭʥʽ ʧʨʠʯʠʥʠ ʪʘ 

ʚʜʦʩʢʦʥʘʣʶʚʘʪʠ ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʘʨʘʤʝʪʨʠ. ʇʦʻʜʥʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ ʢʦʥʪʨʦʣʶ ʪʘ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʧʦʩʪʫʧʦʚʦ ʬʦʨʤʫʻ 

ʥʦʚʫ ʧʘʨʘʜʠʛʤʫ ʧʽʜʛʦʪʦʚʢʠ ʚʠʨʦʙʥʠʮʪʚʘ, ʟʜʘʪʥʫ ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʱʠʡ ʨʽʚʝʥʴ 

ʷʢʦʩʪʽ, ʰʚʠʜʢʦʩʪʽ ʪʘ ʛʥʫʯʢʦʩʪʽ ʫ ʩʪʚʦʨʝʥʥʽ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. 
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Iʅʊɽʃɽʂʊʋɸʃʔʅɯ ɹɽɿʇɯʃʆʊʅɯ ʉʀʉʊɽʄʀ ɸɺʊʆʅʆʄʅʀʍ 

ɸɺɯɸʎɯʁʅʀʁ ʂʆʄʇʃɽʂʉɯɺ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʧʽʜʭʽʜ ʜʦ ʧʦʙʫʜʦʚʠ ʘʚʪʦʥʦʤʥʠʭ ʙʝʟʧʽʣʦʪʥʠʭ 

ʩʠʩʪʝʤ, ʦʨʽʻʥʪʦʚʘʥʠʭ ʥʘ ʚʠʢʦʥʘʥʥʷ ʩʢʣʘʜʥʠʭ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʠʭ ʟʘʚʜʘʥʴ ʫ 

ʜʠʥʘʤʽʯʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ. ʆʩʥʦʚʥʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʽʥʪʝʛʨʘʮʽʾ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ 

ʘʣʛʦʨʠʪʤʽʚ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʪʘ ʝʣʝʤʝʥʪʽʚ ʢʦʣʝʢʪʠʚʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʣʽʪʘʣʴʥʠʤʠ 

ʘʧʘʨʘʪʘʤʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʮʝʧʪʫʘʣʴʥʫ ʤʦʜʝʣʴ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ 

ʙʝʟʧʽʣʦʪʥʦʛʦ ʢʦʤʧʣʝʢʩʫ, ʱʦ ʧʦʻʜʥʫʻ ʩʝʥʩʦʨʥʝ ʩʧʨʠʡʥʷʪʪʷ, ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ 

ʽ ʘʜʘʧʪʠʚʥʫ ʧʦʚʝʜʽʥʢʫ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʦʪʝʥʮʽʘʣ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʘʚʪʦʥʦʤʥʦʩʪʽ ʪʘ 

ʩʪʽʡʢʦʩʪʽ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ ʫ ʧʨʘʢʪʠʯʥʠʭ ʫʤʦʚʘʭ. 
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INTELLIGENT UNMANNED SYSTEMS FOR AUTONOMOUS 
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Annotation. This paper presents an approach to the development of autonomous 

unmanned systems intended for operation in dynamic and uncertain environments 
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while solving complex spatio-temporal tasks. Particular attention is paid to the 

integration of intelligent data-processing algorithms and mechanisms of cooperative 

interaction between aerial vehicles. A conceptual model of an unmanned system is 

proposed, combining sensory perception, decision-making processes, and adaptive 

behavioral strategies. The obtained results demonstrate the potential of information 

technologies to enhance the autonomy and robustness of unmanned systems under 

practical operating conditions. 

Keywords: unmanned systems, autonomous control, intelligent algorithms, 

cooperative interaction, data processing. 

 

ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʘʚʽʘʮʽʡʥʠʭ ʽ ʩʫʤʽʞʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʘʢʪʠʚʥʠʤ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʘʥʘʣʽʟʫ ʩʝʨʝʜʦʚʠʱʘ, ʤʦʥʽʪʦʨʠʥʛʫ ʪʘ ʧʽʜʪʨʠʤʢʠ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ ʫ 

ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ [1]. ʋʩʢʣʘʜʥʝʥʥʷ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʥʘʷʚʥʽʩʪʴ ʟʦʚʥʽʰʥʽʭ ʟʙʫʨʝʥʴ ʽ 

ʦʙʤʝʞʝʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ ʙʝʟʧʦʩʝʨʝʜʥʴʦʛʦ ʚʪʨʫʯʘʥʥʷ ʦʧʝʨʘʪʦʨʘ ʟʫʤʦʚʣʶʶʪʴ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʷ ʘʚʪʦʥʦʤʥʦʩʪʽ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ [2]. ɿʘ ʪʘʢʠʭ ʫʤʦʚ 

ʢʣʶʯʦʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʶʪʴ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʤʝʪʦʜʠ ʦʙʨʦʙʢʠ ʽʥʬʦʨʤʘʮʽʾ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ 

ʩʠʩʪʝʤʽ ʩʘʤʦʩʪʽʡʥʦ ʽʥʪʝʨʧʨʝʪʫʚʘʪʠ ʧʦʪʦʯʥʫ ʩʠʪʫʘʮʽʶ ʪʘ ʬʦʨʤʫʚʘʪʠ ʘʜʝʢʚʘʪʥʫ 

ʨʝʘʢʮʽʶ ʥʘ ʾʾ ʟʤʽʥʠ. 

ʊʨʘʜʠʮʽʡʥʽ ʧʽʜʭʦʜʠ ʜʦ ʢʝʨʫʚʘʥʥʷ ʣʽʪʘʣʴʥʠʤʠ ʘʧʘʨʘʪʘʤʠ, ʟʘʩʥʦʚʘʥʽ ʥʘ 

ʬʽʢʩʦʚʘʥʠʭ ʘʣʛʦʨʠʪʤʘʭ ʽ ʥʘʧʝʨʝʜ ʟʘʜʘʥʠʭ ʩʮʝʥʘʨʽʷʭ, ʜʝʤʦʥʩʪʨʫʶʪʴ ʦʙʤʝʞʝʥʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʫ ʩʝʨʝʜʦʚʠʱʘʭ ʽʟ ʚʠʩʦʢʠʤ ʨʽʚʥʝʤ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ [3]. ʎʝ ʦʙʫʤʦʚʣʶʻ 

ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʜʘʥʠʭ, ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʪʘ 

ʘʜʘʧʪʠʚʥʠʭ ʘʣʛʦʨʠʪʤʽʚ, ʟʜʘʪʥʠʭ ʧʨʘʮʶʚʘʪʠ ʟ ʨʽʟʥʦʨʽʜʥʦʶ ʩʝʥʩʦʨʥʦʶ ʽʥʬʦʨʤʘʮʽʻʶ 

[4]. ʇʦʻʜʥʘʥʥʷ ʪʘʢʠʭ ʧʽʜʭʦʜʽʚ ʟ ʘʚʪʦʥʦʤʥʠʤʠ ʢʦʥʪʫʨʘʤʠ ʢʝʨʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʧʝʨʝʡʪʠ 

ʚʽʜ ʨʝʘʢʪʠʚʥʦʾ ʣʦʛʽʢʠ ʜʦ ʮʽʣʝʩʧʨʷʤʦʚʘʥʦʾ ʧʦʚʝʜʽʥʢʠ ʙʝʟʧʽʣʦʪʥʦʛʦ ʘʧʘʨʘʪʘ, 

ʦʨʽʻʥʪʦʚʘʥʦʾ ʥʘ ʜʦʩʷʛʥʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʤʝʪʠ ʤʽʩʽʾ [5]. 

ʋ ʤʝʞʘʭ ʜʘʥʦʾ ʨʦʙʦʪʠ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʮʝʧʪʫʘʣʴʥʫ ʤʦʜʝʣʴ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ 

ʙʝʟʧʽʣʦʪʥʦʛʦ ʢʦʤʧʣʝʢʩʫ, ʚ ʦʩʥʦʚʽ ʷʢʦʾ ʣʝʞʠʪʴ ʽʥʪʝʛʨʘʮʽʷ ʩʝʥʩʦʨʥʦʛʦ ʩʧʨʠʡʥʷʪʪʷ, 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʪʘ ʘʜʘʧʪʠʚʥʦʛʦ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ. ʄʦʜʝʣʴ ʦʧʠʩʫʻ 

ʚʟʘʻʤʦʟʚôʷʟʦʢ ʤʽʞ ʨʽʚʥʝʤ ʟʙʦʨʫ ʽʥʬʦʨʤʘʮʽʾ, ʧʨʦʮʝʩʘʤʠ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʩʠʪʫʘʮʽʾ ʪʘ 

ʬʦʨʤʫʚʘʥʥʷʤ ʢʝʨʫʶʯʠʭ ʚʧʣʠʚʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʧʦʚʝʜʽʥʢʫ ʩʠʩʪʝʤʠ ʚ ʜʠʥʘʤʽʯʥʦʤʫ 

ʩʝʨʝʜʦʚʠʱʽ (1). ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʨʦʟʛʣʷʜʘʪʠ ʘʚʪʦʥʦʤʥʽʩʪʴ ʥʝ ʷʢ ʦʢʨʝʤʫ 

ʬʫʥʢʮʽʦʥʘʣʴʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ, ʘ ʷʢ ʨʝʟʫʣʴʪʘʪ ʫʟʛʦʜʞʝʥʦʾ ʚʟʘʻʤʦʜʽʾ ʢʣʶʯʦʚʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʙʝʟʧʽʣʦʪʥʦʛʦ ʢʦʤʧʣʝʢʩʫ. 

arg mina i e
activee E

i p p
Í

= -
   (1) 

ɯʥʪʝʨʧʨʝʪʘʮʽʷ ʩʠʪʫʘʮʽʾ ʪʘʢʦʞ ʧʝʨʝʜʙʘʯʘʻ ʦʮʽʥʢʫ ʤʘʡʙʫʪʥʴʦʛʦ ʩʪʘʥʫ 

ʦʙôʻʢʪʘ ʥʘ ʦʩʥʦʚʽ ʧʦʪʦʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʫʭʫ: ʘʥʘʣʽʟʫ ʟʤʽʥʠ ʧʨʦʩʪʦʨʦʚʠʭ 

ʢʦʦʨʜʠʥʘʪ ʦʙôʻʢʪʘ ʚ ʯʘʩʽ ʪʘ ʾʭ ʚʧʣʠʚʫ ʥʘ ʧʦʜʘʣʴʰʠʡ ʚʠʙʽʨ ʢʝʨʫʶʯʠʭ ʜʽʡ. 

ɼʦʜʘʪʢʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ 

ʧʦʚôʷʟʘʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʽʣʴʢʦʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʫ ʤʝʞʘʭ ʻʜʠʥʦʛʦ 

ʢʦʤʧʣʝʢʩʫ. 
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1
2i

n
q p= Ö

    (2) 

ʇʨʠ ʮʴʦʤʫ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʬʦʨʤʫʚʘʥʥʷ ʘʜʘʧʪʫʶʪʴʩʷ ʜʦ ʢʽʣʴʢʦʩʪʽ 

ʘʢʪʠʚʥʠʭ ʘʛʝʥʪʽʚ. 

0r r k n= + Ö
    (3) 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠʥʮʠʧʽʚ ʢʦʣʝʢʪʠʚʥʦʾ ʚʟʘʻʤʦʜʽʾ ʪʘ ʜʝʮʝʥʪʨʘʣʽʟʦʚʘʥʦʛʦ 

ʦʙʤʽʥʫ ʽʥʬʦʨʤʘʮʽʻʶ ʩʧʨʠʷʻ ʢʦʦʨʜʠʥʘʮʽʾ ʜʽʡ ʦʢʨʝʤʠʭ ʘʛʝʥʪʽʚ ʽ ʧʽʜʚʠʱʫʻ ʩʪʽʡ-

ʢʽʩʪʴ ʩʠʩʪʝʤʠ ʜʦ ʚʪʨʘʪʠ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʽʚ. 

i o thp p d- <
    (4) 

ɸʥʘʣʽʟ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʤʦʜʝʣʽ ʩʚʽʜʯʠʪʴ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʷ 

ʘʚʪʦʥʦʤʥʦʩʪʽ ʪʘ ʥʘʜʽʡʥʦʩʪʽ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʩʫʯʘʩʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʽ ʘʜʘʧʪʠʚʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʢʝʨʫʚʘʥʥʷ, ʱʦ 

ʧʽʜʪʚʝʨʜʞʫʻ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʦʙʨʘʥʦʛʦ ʧʽʜʭʦʜʫ ʜʣʷ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʽ 

ʧʨʘʢʪʠʯʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ. 
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INFLUENCE OF WING GEOMETRIC PARAMETERS ON AIRCRAFT 
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Annotation. The main parameters of the wing that affect the flight of the aircraft are 

considered: aerodynamic aspects, design part and the influence of technological 

limitations on the aerodynamics of the wing. 

Keywords: UAV, aerodynamics, flight efficiency, aircraft. 

 

ʋʧʨʦʜʦʚʞ ʦʩʪʘʥʥʽʭ ʨʦʢʽʚ ʙʝʟʧʽʣʦʪʥʽ ʣʽʪʘʣʴʥʽ ʘʧʘʨʘʪʠ (ɹʇʃɸ) ʩʪʘʣʠ 

ʦʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʜʠʥʘʤʽʯʥʠʭ ʥʘʧʨʷʤʽʚ ʨʦʟʚʠʪʢʫ ʩʫʯʘʩʥʦʾ ʘʚʽʘʮʽʡʥʦʾ ʪʝʭʥʽʢʠ. 

ʆʩʦʙʣʠʚʦ ʰʚʠʜʢʠʡ ʧʨʦʛʨʝʩ ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʫ ʩʬʝʨʽ ʤʫʣʴʪʠʢʦʧʪʝʨʥʠʭ ʩʠʩʪʝʤ, 

ʟʦʢʨʝʤʘ FPV-ʜʨʦʥʽʚ (ʚʽʜ ʘʥʛʣ. First Person View, ʩʢʦʨ. FPV ð ʚʠʛʣʷʜ ʚʽʜ 

ʧʝʨʰʦʾ ʦʩʦʙʠ), ʷʢʽ ʦʪʨʠʤʘʣʠ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʷʢ ʫ ʮʠʚʽʣʴʥʠʭ, ʪʘʢ ʽ ʫ 

ʚʽʡʩʴʢʦʚʠʭ ʟʘʜʘʯʘʭ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʽʥʪʝʥʩʠʚʥʦʛʦ ʨʦʟʚʠʪʢʫ ʙʫʣʦ ʩʬʦʨʤʦʚʘʥʦ ʨʷʜ 

ʪʠʧʦʚʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʪʘ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʘʨʭʽʪʝʢʪʫʨʫ 

ʙʽʣʴʰʦʩʪʽ ʩʫʯʘʩʥʠʭ ʤʫʣʴʪʠʢʦʧʪʝʨʽʚ. ʎʝ ʧʨʠʟʚʝʣʦ ʜʦ ʧʝʚʥʦʾ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 



ˣ˩˭˽˱˶˻́˹˱ ˿ˮ˿́˩˸ˮ ˱ ˴˻˸˽˶˩˴˿ˮ 

386 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʜʘʥʦʛʦ ʢʣʘʩʫ ʘʧʘʨʘʪʽʚ, ʧʨʠ ʷʢʽʡ ʧʦʜʘʣʴʰʽ ʚʜʦʩʢʦʥʘʣʝʥʥʷ 

ʟʜʝʙʽʣʴʰʦʛʦ ʧʦʚôʷʟʘʥʽ ʟ ʦʧʪʠʤʽʟʘʮʽʻʶ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ, 

ʘʣʛʦʨʠʪʤʽʚ ʢʝʨʫʚʘʥʥʷ ʘʙʦ ʝʣʝʢʪʨʦʥʥʠʭ ʩʠʩʪʝʤ. 

ɺʦʜʥʦʯʘʩ ɹʇʃɸ ʣʽʪʘʢʦʚʦʛʦ ʪʠʧʫ ʟʘʣʠʰʘʶʪʴʩʷ ʚʽʜʥʦʩʥʦ ʤʝʥʰ 

ʜʦʩʣʽʜʞʝʥʠʤ ʥʘʧʨʷʤʦʤ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʾʭʥʽ ʩʫʪʪʻʚʽ ʧʝʨʝʚʘʛʠ ʫ ʜʘʣʴʥʦʩʪʽ 

ʧʦʣʴʦʪʫ ʪʘ ʪʨʠʚʘʣʦʩʪʽ ʧʝʨʝʙʫʚʘʥʥʷ ʫ ʧʦʚʽʪʨʽ. ʉʪʚʦʨʝʥʥʷ ʪʘʢʠʭ ʣʽʪʘʣʴʥʠʭ 

ʘʧʘʨʘʪʽʚ (ʃɸ) ʧʦʪʨʝʙʫʻ ʙʽʣʴʰ ʛʣʠʙʦʢʦʛʦ ʦʧʨʘʮʶʚʘʥʥʷ ʧʠʪʘʥʴ ʘʝʨʦʜʠʥʘʤʽʢʠ, 

ʙʘʣʘʥʩʫʚʘʥʥʷ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʨʠʣʘ, ʱʦ ʟʥʘʯʥʦʶ 

ʤʽʨʦʶ ʚʠʟʥʘʯʘʶʪʴ ʣʴʦʪʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʘ. 

ʆʜʥʠʤʠ ʟ ʢʣʶʯʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʘʝʨʦʜʠʥʘʤʽʯʥʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʣʽʪʘʢʘ, ʻ ʚʠʜʦʚʞʝʥʥʷ ʢʨʠʣʘ, ʡʦʛʦ ʚʠʜ ʚ ʧʣʘʥʽ ʪʘ ʛʝʦʤʝʪʨʽʷ 

ʧʨʦʬʽʣʶ. ɰʭ ʦʧʪʠʤʘʣʴʥʝ ʧʦʻʜʥʘʥʥʷ ʧʦʢʨʘʱʠʪʠ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʧʦʣʴʦʪʫ, 

ʱʦ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʜʣʷ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ ʩʝʨʝʜʥʴʦʾ ʪʘ ʚʝʣʠʢʦʾ ʜʘʣʴʥʦʩʪʽ. 

ʇʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ɹʇʃɸ ʣʽʪʘʢʦʚʦʛʦ ʪʠʧʫ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʢʨʠʣʘ 

ʬʦʨʤʫʶʪʴʩʷ ʧʽʜ ʚʧʣʠʚʦʤ ʢʦʤʧʣʝʢʩʫ ʬʘʢʪʦʨʽʚ, ʩʝʨʝʜ ʷʢʠʭ ʢʣʶʯʦʚʫ ʨʦʣʴ 

ʚʽʜʽʛʨʘʶʪʴ ʘʝʨʦʜʠʥʘʤʽʯʥʽ, ʽʥʞʝʥʝʨʥʦ-ʢʦʥʩʪʨʫʢʮʽʡʥʽ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʽ 

ʦʙʤʝʞʝʥʥʷ. ʆʧʪʠʤʘʣʴʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʢʨʠʣʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʦʤʧʨʦʤʽʩʦʤ ʤʽʞ 

ʮʠʤʠ ʛʨʫʧʘʤʠ ʚʠʤʦʛ. 

ɿ ʘʝʨʦʜʠʥʘʤʽʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʧʘʨʘʤʝʪʨʠ ʢʨʠʣʘ ʚʠʟʥʘʯʘʶʪʴ ʚʝʣʠʯʠʥʫ 

ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ, ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ, ʤʘʥʝʚʨʝʥʦʩʪʽ ʪʘ ʟʘʛʘʣʴʥʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʦʣʴʦʪʫ ʃɸ. ɼʦ ʦʩʥʦʚʥʠʭ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘʣʝʞʘʪʴ 

ʚʠʜʦʚʞʝʥʥʷ ʢʨʠʣʘ, ʡʦʛʦ ʬʦʨʤʘ, ʛʝʦʤʝʪʨʽʷ ʧʨʦʬʽʣʶ ʪʘ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʢʨʠʣʦ. 

ɿʙʽʣʴʰʝʥʥʷ ʚʠʜʦʚʞʝʥʥʷ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʽʥʜʫʢʪʠʚʥʠʡ ʦʧʽʨ ʢʨʠʣʘ, ʱʦ 

ʦʧʠʩʫʻʪʴʩʷ ʟʘʣʝʞʥʽʩʪʶ: 

 

ʜʝ: 

CL ï ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ; 

ɸ ï ʚʠʜʦʚʞʝʥʥʷ ʢʨʠʣʘ; 

ʝ ï ʢʦʝʬʽʮʽʻʥʪ ʝʣʽʧʪʠʯʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ. 

 

ɺ ʋʢʨʘʾʥʽ ʥʘʡʙʽʣʴʰ ʧʦʧʫʣʷʨʥʽ ʣʽʪʘʢʠ ʟ ʚʠʜʦʚʞʝʥʥʷʤ ʚʽʜ 5 ʜʦ 12 ʦʜʠʥʠʮʴ. 

ʊʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʝʧʘʨʘʮʽʷ ʨʽʚʥʽʚ ʚʠʜʦʚʞʝʥʥʷ ʢʨʠʣʘ ʤʽʞ ʣʽʪʘʢʘʤʠ 

ʙʣʠʞʥʴʦʛʦ, ʩʝʨʝʜʥʴʦʛʦ ʪʘ ʚʝʣʠʢʦʛʦ ʨʘʜʽʫʩʘ ʜʽʾ ï 5-7, 8-10 ʪʘ 8-12 ʚʽʜʧʦʚʽʜʥʦ.  

ɺʦʜʥʦʯʘʩ ʚʠʙʽʨ ʧʨʦʬʽʣʶ ʢʨʠʣʘ ʚʠʟʥʘʯʘʻ ʭʘʨʘʢʪʝʨ ʦʙʪʽʢʘʥʥʷ ʪʘ 

ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ, ʱʦ 

ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʜʣʷ ɹʇʃɸ ʤʘʣʦʛʦ ʨʦʟʤʽʨʫ ʜʽʾ. ɿʘʟʚʠʯʘʡ ʫ ʥʘʜʣʝʛʢʠʭ ʃɸ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʨʦʬʽʣʽ ʟ ʚʽʜʥʦʩʥʦʶ ʪʦʚʱʠʥʦʶ ʚʽʜ 10 ʜʦ 16 ʚʽʜʩʦʪʢʽʚ ʭʦʨʜʠ 

ʽ ʢʨʠʚʠʟʥʦʶ ʚʽʜ 2 ʜʦ 4 ʚʽʜʩʦʪʢʽʚ, ʧʨʦʪʝ ʫ ʤʘʩʰʪʘʙʘʭ ɹʇʃɸ ʮʽ ʧʨʦʧʦʨʮʽʾ 

ʟʤʽʥʶʶʪʴʩʷ ʯʝʨʝʟ ʥʠʟʴʢʽ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʽ ʪʦʜʽ ʧʨʦʬʽʣʽ ʤʘʶʪʴ ʚʽʜʥʦʩʥʫ 

ʪʦʚʱʠʥʫ ʚ ʤʝʞʘʭ 12-14% ʜʣʷ ʟʥʠʞʝʥʥʷ ʣʦʙʦʚʦʛʦ ʦʧʦʨʫ, ʘ ʢʨʠʚʠʟʥʫ 3-6%. 

ɺʘʞʣʠʚʠʤʠ ʪʘʢʦʞ ʻ ʢʦʥʩʪʨʫʢʮʽʡʥʽ ʬʘʢʪʦʨʠ ï ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʤʘʭʫ ʢʨʠʣʘ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʟʛʠʥʘʣʴʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʫ ʢʦʨʝʥʝʚʽʡ ʯʘʩʪʠʥʽ ʢʨʠʣʘ 
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ʪʘ ʧʦʪʨʝʙʫʻ ʧʽʜʩʠʣʝʥʥʷ ʩʠʣʦʚʦʛʦ ʥʘʙʦʨʫ ʢʦʥʩʪʨʫʢʮʽʾ. ʎʝ, ʫ ʩʚʦʶ ʯʝʨʛʫ, 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʤʘʩʠ ʢʨʠʣʘ, ʱʦ ʤʦʞʝ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʪʠ ʥʘ ʣʴʦʪʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʃɸ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʙʽʨ ʚʠʜʦʚʞʝʥʥʷ ʢʨʠʣʘ ʧʦʚʠʥʝʥ 

ʚʨʘʭʦʚʫʚʘʪʠ ʥʝ ʣʠʰʝ ʘʝʨʦʜʠʥʘʤʽʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʘʣʝ ʡ ʢʦʥʩʪʨʫʢʮʽʡʥʫ 

ʤʽʮʥʽʩʪʴ ʪʘ ʞʦʨʩʪʢʽʩʪʴ ʢʨʠʣʘ.  

ʆʢʨʽʤ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʽ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʚʠʤʦʛ, ʥʘ ʧʘʨʘʤʝʪʨʠ ʢʨʠʣʘ 

ʪʘʢʦʞ ʚʧʣʠʚʘʶʪʴ ʪʝʭʥʦʣʦʛʽʯʥʽ ʦʙʤʝʞʝʥʥʷ, ʧʦʚôʷʟʘʥʽ ʟ ʤʘʪʝʨʽʘʣʘʤʠ, ʩʧʦʩʦʙʘʤʠ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʫʤʦʚʘʤʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʘʧʘʨʘʪʘ. ɼʣʷ ʤʘʣʠʭ ʙʝʟʧʽʣʦʪʥʠʭ 

ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʚʘʞʣʠʚʠʤʠ ʻ ʧʨʦʩʪʦʪʘ ʚʠʛʦʪʦʚʣʝʥʥʷ, ʪʨʘʥʩʧʦʨʪʥʽ 

ʦʙʤʝʞʝʥʥʷ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʰʚʠʜʢʦʾ ʟʙʽʨʢʠ ʢʦʥʩʪʨʫʢʮʽʾ. ʎʽ ʬʘʢʪʦʨʠ ʤʦʞʫʪʴ 

ʦʙʤʝʞʫʚʘʪʠ ʤʘʢʩʠʤʘʣʴʥʠʡ ʨʦʟʤʘʭ ʢʨʠʣʘ ʪʘ ʚʧʣʠʚʘʪʠ ʥʘ ʚʠʙʽʨ ʡʦʛʦ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʝʬʝʢʪʠʚʥʽʩʪʴ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʣʽʪʘʢʦʚʦʛʦ 

ʪʠʧʫ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʾʭʥʴʦʛʦ ʢʨʠʣʘ. ɺʠʜʦʚʞʝʥʥʷ 

ʢʨʠʣʘ ʚʧʣʠʚʘʻ ʥʘ ʨʽʚʝʥʴ ʽʥʜʫʢʪʠʚʥʦʛʦ ʦʧʦʨʫ ʪʘ ʘʝʨʦʜʠʥʘʤʽʯʥʫ ʷʢʽʩʪʴ ʘʧʘʨʘʪʘ, 

ʪʦʜʽ ʷʢ ʛʝʦʤʝʪʨʽʷ ʧʨʦʬʽʣʶ ʚʠʟʥʘʯʘʻ ʦʩʦʙʣʠʚʦʩʪʽ ʦʙʪʽʢʘʥʥʷ ʪʘ ʬʦʨʤʫʚʘʥʥʷ 

ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ, ʦʩʦʙʣʠʚʦ ʚ ʫʤʦʚʘʭ ʤʘʣʠʭ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ. 

ɺʦʜʥʦʯʘʩ ʚʠʙʽʨ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʝ ʤʦʞʝ ʨʦʟʛʣʷʜʘʪʠʩʷ ʣʠʰʝ ʟ ʪʦʯʢʠ ʟʦʨʫ 

ʘʝʨʦʜʠʥʘʤʽʢʠ, ʦʩʢʽʣʴʢʠ ʚʽʥ ʧʦʚôʷʟʘʥʠʡ ʽʟ ʢʦʥʩʪʨʫʢʮʽʡʥʠʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ ʪʘ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ ʚʠʛʦʪʦʚʣʝʥʥʷ. ʊʦʤʫ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ 

ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʦʧʪʠʤʘʣʴʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʨʠʣʘ ʬʦʨʤʫʶʪʴʩʷ 

ʷʢ ʢʦʤʧʨʦʤʽʩ ʤʽʞ ʘʝʨʦʜʠʥʘʤʽʯʥʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ, ʢʦʥʩʪʨʫʢʮʽʡʥʦʶ 

ʜʦʮʽʣʴʥʽʩʪʶ ʪʘ ʧʨʘʢʪʠʯʥʠʤʠ ʫʤʦʚʘʤʠ ʨʝʘʣʽʟʘʮʽʾ. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1. çɼʦʜʘʪʢʦʚʽ ʽʥʩʪʨʫʤʝʥʪʠ ʘʝʨʦʜʠʥʘʤʽʢʠè. URL: 

https://ukrayinska.libretexts.org/ɯʥʞʝʥʝʨʥʘ/ɸʝʨʦʢʦʩʤʽʯʥʘ_ʽʥʞʝʥʝʨʽʷ/ɸʝʨ

ʦʜʠʥʘʤʽʢʘ_ʽ_ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ_ʣʽʪʘʢʽʚ_(Marchman)/03%3A_ɼʦʜʘʪʢʦʚʽ_ʽʥ

ʩʪʨʫʤʝʥʪʠ_ʘʝʨʦʜʠʥʘʤʽʢʠ (ʜʘʪʘ ʟʚʝʨʥʝʥʥʷ: 10.03.2026); 

2. çTwist Distributions for Swept Wingsè. URL: https://medium.com/rc-

soaring-digest/twist-distributions-for-swept-wings-bcde9e11219d (ʜʘʪʘ 

ʟʚʝʨʥʝʥʥʷ: 11.03.2026); 

3. çʂʣʘʩʠʬʽʢʘʮʽʷ ʜʨʦʥʽʚ: ʷʢʽ ʚʠʜʠ ʪʘ ʪʠʧʠ ʙʫʚʘʶʪʴ? ʏʘʩʪʠʥʘ ʧʝʨʰʘè. URL: 
https://www.bezpeka-shop.com/ua/blog/poleznye-sovety/klassifikatsiya-

dronov-kakie-vidy-i-tipy-byvayut-chast-pervaya/ (ʜʘʪʘ ʟʚʝʨʥʝʥʥʷ: 

13.03.2026); 

4. çʊʠʧʠ ɹʇʃɸ: ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘ ʘʝʨʦʜʠʥʘʤʽʯʥʽ 

ʦʩʦʙʣʠʚʦʩʪʽ (ʏʘʩʪʠʥʘ 1)è. URL: https://hackyourmom.com/drony/bpla/ 

(ʜʘʪʘ ʟʚʝʨʥʝʥʥʷ: 14.03.2026). 
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Kʆʄɹɯʅʆɺɸʅʀʁ ʉʇʆʉɯɹ ɺʀʈʆɹʅʀʎʊɺɸ ʋ ɺʀɻʆʊʆɺʃɽʅʅɯ 

ʉʂʃɸɼʅʀʍ ʋɿʃɯɺ ɸɽʈʆʂʆʉʄɯʏʅʆɰ ʊɽʍʅɯʂʀ 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʢʦʤʙʽʥʦʚʘʥʠʡ ʩʧʦʩʽʙ ʚʠʨʦʙʥʠʮʪʚʘ ʩʢʣʘʜʥʠʭ ʚʫʟʣʽʚ 

ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ, ʱʦ ʧʦʻʜʥʫʻ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʤʝʭʘʥʽʯʥʫ ʦʙʨʦʙʢʫ. 

ʆʧʠʩʘʥʦ ʦʩʥʦʚʥʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʝʪʘʧʠ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʪʘ ʡʦʛʦ ʚʽʜʤʽʥʥʦʩʪʽ ʚʽʜ 

ʪʨʘʜʠʮʽʡʥʠʭ ʤʝʪʦʜʽʚ ʚʠʛʦʪʦʚʣʝʥʥʷ. ʅʘʚʝʜʝʥʦ ʤʦʞʣʠʚʽ ʥʘʧʨʷʤʠ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʢʦʤʙʽʥʦʚʘʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʩʫʯʘʩʥʦʤʫ ʘʝʨʦʢʦʩʤʽʯʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʝʨʦʢʦʩʤʽʯʥʘ ʪʝʭʥʽʢʘ; ʢʦʤʙʽʥʦʚʘʥʝ ʚʠʨʦʙʥʠʮʪʚʦ; ʘʜʠʪʠʚʥʽ 

ʪʝʭʥʦʣʦʛʽʾ; ʤʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ; ʩʢʣʘʜʥʽ ʚʫʟʣʠ. 
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COMBINED METHOD OF MANUFACTURING IN THE PRODUCTION 

OF COMPLEX AEROSPACE TECHNOLOGY ASSEMBLIES  

Annotation. A combined method for manufacturing complex aerospace technology 

components, combining additive technologies and mechanical processing, is 

considered. The main technological stages of this approach and its differences from 

traditional manufacturing methods are described. Possible areas of application for 

combined technologies in modern aerospace engineering are presented. 
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ʂʦʤʙʽʥʦʚʘʥʠʡ ʩʧʦʩʽʙ ʚʠʨʦʙʥʠʮʪʚʘ ʫ ʚʠʛʦʪʦʚʣʝʥʥʽ ʚʫʟʣʽʚ ʘʝʨʦʢʦʩʤʽʯʥʦʾ 

ʪʝʭʥʽʢʠ ʜʦʟʚʦʣʷʻ ʧʦʻʜʥʘʪʠ ʧʝʨʝʚʘʛʠ ʨʽʟʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʽʜʭʦʜʽʚ ʽ 

ʢʦʤʧʝʥʩʫʚʘʪʠ ʾʭʥʽ ʦʙʤʝʞʝʥʥʷ. ʁʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʨʠʷʻ ʟʤʝʥʰʝʥʥʶ ʤʘʩʠ 

ʢʦʥʩʪʨʫʢʮʽʡ, ʩʢʦʨʦʯʝʥʥʶ ʢʽʣʴʢʦʩʪʽ ʩʢʣʘʜʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʨʦʟʰʠʨʝʥʥʶ 

ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʤʦʞʣʠʚʦʩʪʝʡ ʪʘ ʩʧʨʦʱʝʥʥʶ ʪʘ ʧʨʠʩʢʦʨʝʥʥʶ ʧʨʦʮʝʩʫ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʫʟʣʽʚ ʜʣʷ ʩʢʣʘʜʘʥʥʷ ɹʇʃɸ ʪʘ ʽʥʰʦʾ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. 

ʊʘʢʠʡ ʧʽʜʭʽʜ ʻ ʦʩʦʙʣʠʚʦ ʝʬʝʢʪʠʚʥʠʤ ʜʣʷ ʚʠʨʦʙʽʚ ʟʽ ʩʢʣʘʜʥʦʶ ʛʝʦʤʝʪʨʽʻʶ ʪʘ 

ʧʽʜʚʠʱʝʥʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʪʦʯʥʦʩʪʽ ʡ ʥʘʜʽʡʥʦʩʪʽ. 

ɼʣʷ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʛʘʣʫʟʽ ʢʦʤʙʽʥʦʚʘʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʻ ʩʪʨʘʪʝʛʽʯʥʦ 

ʚʘʞʣʠʚʠʤ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʩʢʣʘʜʥʽ ʚʫʟʣʠ ʟ ʦʧʪʠʤʽʟʦʚʘʥʠʤʠ 

ʤʘʣʦʛʘʙʘʨʠʪʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʚʠʩʦʢʦʾ ʤʝʭʘʥʽʯʥʦʾ 

ʤʽʮʥʦʩʪʽ ʪʘ ʪʦʯʥʦʩʪʽ. ɯʥʪʝʛʨʘʮʽʷ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʤʝʞʘʭ ʦʜʥʦʛʦ 

ʚʫʟʣʘ ʟʤʝʥʰʫʻ ʢʽʣʴʢʽʩʪʴ ʟôʻʜʥʘʥʴ, ʱʦ ʧʽʜʚʠʱʫʻ ʥʘʜʽʡʥʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʡ ʚ 

ʫʤʦʚʘʭ ʚʽʙʨʘʮʽʡʥʠʭ ʽ ʪʝʨʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ ʘʝʨʦʢʦʩʤʽʯʥʦʾ 

ʝʢʩʧʣʫʘʪʘʮʽʾ. ʆʮʽʥʢʘ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʚʫʟʣʽʚ ʘʝʨʦʢʦʩʤʽʯʥʦʾ 

ʪʝʭʥʽʢʠ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʰʣʷʭʦʤ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʽʙʨʘʮʽʡʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ 

ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ [6]. ʆʩʦʙʣʠʚʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʟʦʥʘʤ ʢʨʽʧʣʝʥʥʷ 

ʪʘ ʩʪʠʢʫ ʜʝʪʘʣʝʡ, ʷʢʽ ʚ ʪʨʘʜʠʮʽʡʥʠʭ ʢʦʥʩʪʨʫʢʮʽʷʭ ʻ ʧʦʪʝʥʮʽʡʥʠʤʠ 

ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ ʥʘʧʨʫʞʝʥʴ. ʂʨʽʤ ʪʦʛʦ, ʩʢʦʨʦʯʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʜʝʪʘʣʝʡ ʽ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʩʪʨʦʢʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ 

ʚʠʨʦʙʥʠʯʫ ʛʥʫʯʢʽʩʪʴ. 

ɸʜʠʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʤʘʻ ʥʠʟʢʫ ʧʝʨʝʚʘʛ, ʩʝʨʝʜ ʷʢʠʭ ʤʦʞʣʠʚʽʩʪʴ 

ʬʦʨʤʫʚʘʥʥʷ ʩʢʣʘʜʥʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʬʦʨʤ, ʚʥʫʪʨʽʰʥʽʭ ʢʘʥʘʣʽʚ ʽ ʪʦʧʦʣʦʛʽʯʥʦ 

ʦʧʪʠʤʽʟʦʚʘʥʠʭ ʩʪʨʫʢʪʫʨ, ʘ ʪʘʢʦʞ ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʜʝʪʘʣʝʡ ʫ ʩʢʣʘʜʽ ʚʫʟʣʘ 

ʙʝʟʧʣ̔ʦʪʥʦʛʦ ʘʧʘʨʘʪʫ [1]. ɺʦʜʥʦʯʘʩ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ 

ʦʙʤʝʞʝʥʦʶ ʪʦʯʥʽʩʪʶ, ʧʽʜʚʠʱʝʥʦʶ ʰʦʨʩʪʢʽʩʪʶ ʧʦʚʝʨʭʦʥʴ ʽ ʥʝʩʪʘʙʽʣʴʥʽʩʪʶ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ 

ʧʦʩʘʜʢʦʚʠʭ ʽ ʢʦʥʪʘʢʪʥʠʭ ʧʦʚʝʨʭʦʥʴ. ʊʨʘʜʠʮʽʡʥʝ ʚʠʨʦʙʥʠʮʪʚʦ, ʟʦʢʨʝʤʘ 

ʤʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ, ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʛʝʦʤʝʪʨʠʯʥʫ ʪʦʯʥʽʩʪʴ, ʜʦʪʨʠʤʘʥʥʷ 

ʞʦʨʩʪʢʠʭ ʜʦʧʫʩʢʽʚ ʽ ʥʝʦʙʭʽʜʥʫ ʷʢʽʩʪʴ ʧʦʚʝʨʭʦʥʴ, ʦʜʥʘʢ ʤʘʻ ʦʙʤʝʞʝʥʥʷ ʱʦʜʦ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʢʣʘʜʥʠʭ ʬʦʨʤ, ʚʥʫʪʨʽʰʥʽʭ ʧʦʨʦʞʥʠʥ ʪʘ ʽʥʪʝʛʨʦʚʘʥʠʭ ʝʣʝʤʝʥʪʽʚ 

ʽ ʯʘʩʪʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʘʯʥʠʤʠ ʤʘʪʝʨʽʘʣʴʥʠʤʠ ʚʪʨʘʪʘʤʠ [2]. 

ʇʦʻʜʥʘʥʥʷ ʘʜʠʪʠʚʥʦʛʦ ʪʘ ʪʨʘʜʠʮʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʜʦʟʚʦʣʷʻ 

ʨʘʮʽʦʥʘʣʴʥʦ ʨʦʟʧʦʜʽʣʠʪʠ ʪʝʭʥʦʣʦʛʽʯʥʽ ʬʫʥʢʮʽʾ ʤʽʞ ʝʪʘʧʘʤʠ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ. ɸʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʜʦʮʽʣʴʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʥʘ 

ʧʦʯʘʪʢʦʚʠʭ ʝʪʘʧʘʭ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʟʘʛʦʪʦʚʦʢ ʘʙʦ ʦʢʨʝʤʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ. ʊʨʘʜʠʮʽʡʥʘ ʤʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʥʘ ʥʘʩʪʫʧʥʠʭ ʝʪʘʧʘʭ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʜʦʧʫʩʢʽʚ, 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʦʾ ʪʦʯʥʦʩʪʽ, ʷʢʦʩʪʽ ʢʦʥʪʘʢʪʥʠʭ ʧʦʚʝʨʭʦʥʴ ʽ 

ʦʩʪʘʪʦʯʥʦʛʦ ʜʦʦʧʨʘʮʶʚʘʥʥʷ ʚʫʟʣʽʚ [4]. ʊʘʢʠʡ ʧʽʜʭʽʜ ʟʘʙʝʟʧʝʯʫʻ ʦʧʪʠʤʘʣʴʥʝ 
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ʧʦʻʜʥʘʥʥʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦʾ ʩʢʣʘʜʥʦʩʪʽ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʙʝʟʧʽʣʦʪʥʠʭ ʘʧʘʨʘʪʽʚ [3]. 

ʂʦʤʙʽʥʦʚʘʥʠʡ ʩʧʦʩʽʙ ʚʠʨʦʙʥʠʮʪʚʘ ʤʦʞʝ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʠʡ ʧʨʠ 

ʚʠʛʦʪʦʚʣʝʥʥʽ ʢʦʨʧʫʩʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʢʨʦʥʰʪʝʡʥʽʚ, ʩʠʣʦʚʠʭ ʽ ʪʝʧʣʦʦʙʤʽʥʥʠʭ 

ʚʫʟʣʽʚ, ʝʣʝʤʝʥʪʽʚ ʩʠʩʪʝʤ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʢʨʽʧʣʝʥʥʷ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. 

ʁʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʚʠʨʦʙʥʠʮʪʚʘ, ʟʥʠʞʝʥʥʷ ʤʘʩʠ ʚʠʨʦʙʽʚ ʽ ʨʦʟʰʠʨʝʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ ʩʫʯʘʩʥʦʛʦ 

ʘʝʨʦʢʦʩʤʽʯʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ [5].  

ɼʦʩʣʽʜ ʩʧʨʷʤʦʚʘʥʠʡ ʥʘ ʦʮʽʥʢʫ ʚʧʣʠʚʫ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʩʧʦʩʦʙʫ 

ʚʠʨʦʙʥʠʮʪʚʘ ʥʘ ʥʘʜʽʡʥʽʩʪʴ ʚʫʟʣʽʚ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ ʚ ʫʤʦʚʘʭ ʚʽʙʨʘʮʽʡʥʠʭ 

ʥʘʚʘʥʪʘʞʝʥʴ. ʋ ʤʝʞʘʭ ʨʦʙʦʪʠ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʧʦʨʽʚʥʷʥʥʷ ʜʚʦʭ ʢʦʥʩʪʨʫʢʪʠʚʥʦ 

ʧʦʜʽʙʥʠʭ ʚʘʨʽʘʥʪʽʚ ʚʫʟʣʘ: ʪʨʘʜʠʮʽʡʥʦʛʦ ʟʙʽʨʥʦʛʦ, ʚʠʛʦʪʦʚʣʝʥʦʛʦ ʟ ʦʢʨʝʤʠʭ 

ʜʝʪʘʣʝʡ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʭʘʥʽʯʥʠʭ ʟôʻʜʥʘʥʴ, ʪʘ ʢʦʤʙʽʥʦʚʘʥʦʛʦ, ʫ ʷʢʦʤʫ 

ʦʩʥʦʚʥʽ ʝʣʝʤʝʥʪʠ ʽʥʪʝʛʨʦʚʘʥʽ ʚ ʻʜʠʥʫ ʢʦʥʩʪʨʫʢʮʽʶ ʰʣʷʭʦʤ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʟ ʧʦʜʘʣʴʰʦʶ ʤʝʭʘʥʽʯʥʦʶ ʦʙʨʦʙʢʦʶ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʧʦʚʝʨʭʦʥʴ. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʨʦʚʝʜʝʥʦʛʦ ʜʦʩʣʽʜʫ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʢʦʤʙʽʥʦʚʘʥʠʡ 

ʚʘʨʽʘʥʪ ʚʫʟʣʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʠʤ ʨʦʟʧʦʜʽʣʦʤ ʥʘʧʨʫʞʝʥʴ ʽ 

ʟʥʠʞʝʥʥʷʤ ʾʭ ʧʽʢʦʚʠʭ ʟʥʘʯʝʥʴ ʟʘ ʨʘʭʫʥʦʢ ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʟôʻʜʥʘʥʴ ʪʘ 

ʽʥʪʝʛʨʘʮʽʾ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ 

ʜʦʮʽʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʩʢʣʘʜʥʠʭ ʚʫʟʣʽʚ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ  

1. Dhanesh G. Mohan, Saiyathibrahim A., Gopi S., Vijaykumar S. Jatti, Kumar 

S., Murali Krishnan R. Additive manufacturing for space applications: a 

review of materials, methods, and future frontiers. 2025. China Welding. 

DOI: https://doi.org/10.1016/j.cwe.2025.100010 

2. Peron M., Agnusdei L., Miglietta P. P., Agnusdei G. P., Finco S., A. Del Prete 

Additive vs conventional manufacturing for producing complex systems: A 

decision support system and the impact of electricity prices and raw materials 

availability. 2024. Computers & Industrial Engineering. Volume 194. DOI: 

https://doi.org/10.1016/j.cie.2024.110406 

3. Ben Said L., Ayadi B., Alharbi S., Dammak F. Recent Advances in Additive 

Manufacturing: A Review of Current Developments and Future Directions. 

2025. Machines 13. no. 9:813. ʩʪʦʨ. 21-22. DOI: 

https://doi.org/10.3390/machines13090813 

4. Liao Z., Schoop J. M., Saelzer J., Bergmann B., Priarone P. C., SplettstºÇer 

A., Bedekar V. M., Zanger F., Kaynak Y. Review of current best-practices in 

machinability evaluation and understanding for improving machining 

performance. 2024. CIRP Journal of Manufacturing Science and Technology, 

volume 50, pg. 151-184. DOI: https://doi.org/10.1016/j.cirpj.2024.02.008  

5. Freitas B., Richhariya V., Silva M., Vaz A., Lopes S. F., Carvalho č. A 

Review of Hybrid Manufacturing: Integrating Subtractive and Additive 

https://doi.org/10.1016/j.cwe.2025.100010
https://doi.org/10.1016/j.cie.2024.110406
https://doi.org/10.3390/machines13090813
https://doi.org/10.1016/j.cirpj.2024.02.008


··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

391 

Manufacturing. 2025. Materials 18, no. 18: 4249, ʩʪʦʨ. 24 - 26 DOI: 

https://doi.org/10.3390/ma18184249  

6. Mane S. Review Study on Finite Element Analysis Method Used for 

Aerospace Structure Applications. 2023. International Journal of New Media 

Studies, volume 10, 8-13. ʩʪʦʨ. 9-10. 

 

 

https://doi.org/10.3390/ma18184249


ˣ˩˭˽˱˶˻́˹˱ ˿ˮ˿́˩˸ˮ ˱ ˴˻˸˽˶˩˴˿ˮ 

392 

ʋɼʂ 004.932:629.735 

DOI:10.62717/3083-7057-2026-1-111 

ʇʦʮʝʣʫʡʢʦ ɯ.ʆ., 
ʊʆɺ çʊʈɸʁɼɽʅʊ-ɼɽʌɽʅʉè 

ORCID 0009-0004-3531-4920 

ɽ-mail:ihorpotseluiko@gmail.com 

ʃʫʢ'ʷʥʝʥʢʦ ɯ.ɻ., 
ɼʥʽʧʨʦʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ʆʣʝʩʷ ɻʦʥʯʘʨʘ 

ORCID 0009-0004-4128-4377 

ɽ-mail:ilia_lukianenko@ukr.net 

ʐʚʝʮʴ ɸ.ʉ., 
ɼʥʽʧʨʦʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ʆʣʝʩʷ ɻʦʥʯʘʨʘ 

ORCID 0009-0006-7637-9143 

ɽ-mail:ary26111998@gmail.com 

ʂʫʣʠʢ ʆ.ɺ., 
ʎʝʥʪʨ ʥʘʮʽʦʥʘʣʴʥʦʾ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʦʩʚʽʪʠ ʤʦʣʦʜʽ ʽʤʝʥʽ ʆ.ʄ. ʄʘʢʘʨʦʚʘ 

ORCID 0000-0002-2913-4462 

ɽ-mail:kulyk_o_v@365.dnu.edu.ua 

Eʂʆʅʆʄɯʏʅɸ ɽʌɽʂʊʀɺʅɯʉʊʔ ɺʀʂʆʈʀʉʊɸʅʅʗ ʉʀʅʊɽʊʀʏʅʀʍ 

ɼɸʅʀʍ ɼʃʗ ʅɸɺʏɸʅʅʗ ʉʀʉʊɽʄ ʂʆʄʇ'ʖʊɽʈʅʆɻʆ ɿʆʈʋ ɺ 

ɿɸɼɸʏɸʍ ɸɺʊʆʄɸʊʀʏʅʆɻʆ ɺɯɿʋɸʃʔʅʆɻʆ ʉʋʇʈʆɺʆɼʋ 

ʃɯʊɸʃʔʅʀʍ ɸʇɸʈɸʊɯɺ 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʜʘʻʪʴʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʠʥʪʝʪʠʯʥʦ ʟʛʝʥʝʨʦʚʘʥʠʭ ʜʘʥʠʭ ʷʢ 

ʝʢʦʥʦʤʽʯʥʦ ʝʬʝʢʪʠʚʥʦʾ ʘʣʴʪʝʨʥʘʪʠʚʠ ʟʙʠʨʘʥʥʶ ʨʝʘʣʴʥʠʭ ʟʦʙʨʘʞʝʥʴ ʜʣʷ 

ʥʘʚʯʘʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʟʦʨʫ ʚ ʩʠʩʪʝʤʘʭ ʘʚʪʦʤʘʪʠʯʥʦʛʦ 

ʚʽʟʫʘʣʴʥʦʛʦ ʩʫʧʨʦʚʦʜʫ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ 

ʚʠʪʨʘʪ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʨʝʘʣʴʥʠʭ ʪʘ ʩʠʥʪʝʪʠʯʥʠʭ ʥʘʚʯʘʣʴʥʠʭ ʚʠʙʽʨʦʢ ʟʘ 

ʢʨʠʪʝʨʽʷʤʠ ʚʘʨʪʦʩʪʽ, ʯʘʩʫ ʪʘ ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʩʠʥʪʝʪʠʯʥʠʡ 

ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʥʠʟʠʪʠ ʨʝʩʫʨʩʦʻʤʥʽʩʪʴ ʧʽʜʛʦʪʦʚʢʠ ʜʘʥʠʭ ʧʨʠ 

ʟʙʝʨʝʞʝʥʥʽ ʧʦʪʝʥʮʽʘʣʫ ʜʦʩʷʛʥʝʥʥʷ ʷʢʦʩʪʽ, ʙʣʠʟʴʢʦʾ ʜʦ ʨʝʘʣʴʥʦʾ, ʟʘʚʜʷʢʠ 

ʚʜʦʩʢʦʥʘʣʝʥʥʶ ʤʝʪʦʜʽʚ ʛʝʥʝʨʘʮʽʾ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʠʥʪʝʪʠʯʥʽ ʜʘʥʽ, ʢʦʤʧ'ʶʪʝʨʥʠʡ ʟʽʨ, ʚʽʟʫʘʣʴʥʠʡ ʩʫʧʨʦʚʽʜ, 

ʝʢʦʥʦʤʽʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʙʝʟʧʽʣʦʪʥʽ ʩʠʩʪʝʤʠ. 

I. Potsʝluiko, 
TRIDENT DEFENCE LLC 

ORCID 0009-0004-3531-4920 

ɽ-mail:ihorpotseluiko@gmail.com 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

393 

I. Lukianenko, 
Oles Honchar Dnipro National University 

ORCID 0009-0004-4128-4377 

ɽ-mail: ilia_lukianenko@ukr.net 

A. Shvets, 
Oles Honchar Dnipro National University 

ORCID 0009-0006-7637-9143 

ɽ-mail:ary26111998@gmail.com 

O. Kulyk, 
O.M. Makarov National Youth Aerospace Education Center 

ORCID 0000-0002-2913-4462 

ɽ-mail:kulyk_o_v@365.dnu.edu.ua 

ECONOMIC EFFICIENCY OF SYNTHETIC DATA USE FOR TRAINING 

COMPUTER VISION SYSTEMS IN AUTOMATIC VISUAL TRACKING 

OF AERIAL VEHICLES  

Annotation. The use of synthetically generated data as a cost-effective alternative 

to real image collection for training computer vision algorithms in automatic visual 

tracking systems for aerial vehicles is considered. A comparative cost analysis of 

real and synthetic training datasets is performed by criteria of cost, time, and 

scalability. It is shown that the synthetic approach significantly reduces resource 

consumption for data preparation while retaining the potential to achieve near-real 

quality through improved generation methods. 

Keywords: synthetic data, computer vision, visual tracking, economic efficiency, 

unmanned systems. 

 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ. ʉʠʩʪʝʤʠ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʚʽʟʫʘʣʴʥʦʛʦ ʩʫʧʨʦʚʦʜʫ 

(ɸɺʉ) ʻ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʩʫʯʘʩʥʠʭ ʙʝʟʧʽʣʦʪʥʠʭ ʘʚʽʘʮʽʡʥʠʭ 

ʢʦʤʧʣʝʢʩʽʚ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʧʦʙʫʜʦʚʘʥʠʭ ʥʘ ʘʣʛʦʨʠʪʤʘʭ 

ʛʣʠʙʦʢʦʛʦ ʥʘʚʯʘʥʥʷ, ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʙʩʷʛʫ ʪʘ ʷʢʦʩʪʽ ʥʘʚʯʘʣʴʥʠʭ 

ʜʘʥʠʭ [1]. ʇʨʘʢʪʠʯʥʝ ʬʦʨʤʫʚʘʥʥʷ ʨʝʘʣʴʥʠʭ ʥʘʚʯʘʣʴʥʠʭ ʚʠʙʽʨʦʢ ʧʦʚ'ʷʟʘʥʝ ʟʽ 

ʟʥʘʯʥʠʤʠ ʝʢʦʥʦʤʽʯʥʠʤʠ ʚʠʪʨʘʪʘʤʠ, ʱʦ ʨʦʙʠʪʴ ʘʢʪʫʘʣʴʥʠʤ ʧʦʰʫʢ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʧʽʜʛʦʪʦʚʢʠ ʜʘʥʠʭ. 

ɽʢʦʥʦʤʽʯʥʠʡ ʘʥʘʣʽʟ ʧʽʜʭʦʜʽʚ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʥʘʚʯʘʣʴʥʠʭ ʜʘʥʠʭ. 

ʌʦʨʤʫʚʘʥʥʷ ʨʝʘʣʴʥʦʾ ʥʘʚʯʘʣʴʥʦʾ ʚʠʙʽʨʢʠ ʜʣʷ ʩʠʩʪʝʤ ɸɺʉ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ 

(ʃɸ) ʚʢʣʶʯʘʻ ʢʽʣʴʢʘ ʨʝʩʫʨʩʦʻʤʥʠʭ ʝʪʘʧʽʚ. ʇʦ-ʧʝʨʰʝ, ʦʨʛʘʥʽʟʘʮʽʷ ʟʡʦʤʦʢ 

ʧʦʪʨʝʙʫʻ ʟʘʣʫʯʝʥʥʷ ʘʚʽʘʮʽʡʥʦʾ ʪʝʭʥʽʢʠ, ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ 

ʢʚʘʣʽʬʽʢʦʚʘʥʦʛʦ ʧʝʨʩʦʥʘʣʫ. ʇʦ-ʜʨʫʛʝ, ʦʭʦʧʣʝʥʥʷ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʫʤʦʚ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ ð ʨʽʟʥʠʭ ʨʘʢʫʨʩʽʚ, ʨʽʚʥʽʚ ʦʩʚʽʪʣʝʥʥʷ, ʪʠʧʽʚ ʬʦʥʫ ʪʘ 

ʤʝʪʝʦʨʦʣʦʛʽʯʥʠʭ ʫʤʦʚ ð ʚʠʤʘʛʘʻ ʧʨʦʚʝʜʝʥʥʷ ʯʠʩʣʝʥʥʠʭ ʩʝʩʽʡ ʟʡʦʤʢʠ. ʇʦ-

ʪʨʝʪʻ, ʨʫʯʥʘ ʨʦʟʤʽʪʢʘ ʟʦʙʨʘʞʝʥʴ ʻ ʪʨʫʜʦʤʽʩʪʢʦʶ ʦʧʝʨʘʮʽʻʶ, ʚʘʨʪʽʩʪʴ ʷʢʦʾ 

ʧʨʦʧʦʨʮʽʡʥʦ ʟʨʦʩʪʘʻ ʟ ʦʙʩʷʛʦʤ ʚʠʙʽʨʢʠ [2]. 
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ʂʣʶʯʦʚʦʶ ʧʝʨʝʚʘʛʦʶ ʩʠʥʪʝʪʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʻ ʡʦʛʦ ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ ʽʟ 

ʧʨʘʢʪʠʯʥʦ ʥʫʣʴʦʚʦʶ ʛʨʘʥʠʯʥʦʶ ʚʘʨʪʽʩʪʶ. ʇʽʩʣʷ ʦʜʥʦʨʘʟʦʚʠʭ ʽʥʚʝʩʪʠʮʽʡ ʫ 

ʨʦʟʨʦʙʢʫ ʛʝʥʝʨʘʪʦʨʘ ʪʘ ʪʨʠʚʠʤʽʨʥʠʭ ʤʦʜʝʣʝʡ ʃɸ ʟʙʽʣʴʰʝʥʥʷ ʦʙʩʷʛʫ ʚʠʙʽʨʢʠ ʚ 

ʜʝʩʷʪʢʠ ʨʘʟʽʚ ʥʝ ʧʦʪʨʝʙʫʻ ʧʨʦʧʦʨʮʽʡʥʦʛʦ ʟʨʦʩʪʘʥʥʷ ʚʠʪʨʘʪ ð ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ 

ʨʝʘʣʴʥʦʛʦ ʟʙʠʨʘʥʥʷ, ʜʝ ʢʦʞʥʘ ʥʦʚʘ ʫʤʦʚʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʘʙʦ ʢʣʘʩ ʦʙôʻʢʪʽʚ 

ʚʠʤʘʛʘʻ ʦʢʨʝʤʠʭ ʟʡʦʤʦʢ. ɸʥʦʪʘʮʽʷ ʬʦʨʤʫʻʪʴʩʷ ʘʚʪʦʤʘʪʠʯʥʦ ʨʘʟʦʤ ʽʟ ʢʘʜʨʦʤ, 

ʪʦʤʫ ʚʘʨʪʽʩʪʴ ʨʦʟʤʽʪʢʠ ʤʽʣʴʡʦʥʘ ʟʦʙʨʘʞʝʥʴ ʥʝ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʚʘʨʪʦʩʪʽ 

ʨʦʟʤʽʪʢʠ ʪʠʩʷʯʽ. ʉʘʤʝ ʮʷ ʚʣʘʩʪʠʚʽʩʪʴ ʨʦʙʠʪʴ ʩʠʥʪʝʪʠʯʥʽ ʜʘʥʽ ʦʩʦʙʣʠʚʦ 

ʝʬʝʢʪʠʚʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʟʘʜʘʯ, ʱʦ ʚʠʤʘʛʘʶʪʴ ʚʝʣʠʢʠʭ ʪʘ ʨʽʟʥʦʤʘʥʽʪʥʠʭ 

ʥʘʚʯʘʣʴʥʠʭ ʚʠʙʽʨʦʢ [2, 3]. 

ʄʝʪʦʜ ʛʝʥʝʨʘʮʽʾ. ʈʦʟʨʦʙʣʝʥʠʡ ʧʽʜʭʽʜ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʨʦʮʝʜʫʨʥʽʡ ʛʝʥʝʨʘʮʽʾ 

ʟʦʙʨʘʞʝʥʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʨʠʚʠʤʽʨʥʦʛʦ ʨʫʰʽʷ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. 

ʇʘʨʘʤʝʪʨʠʟʦʚʘʥʘ ʩʮʝʥʘ ʚʢʣʶʯʘʻ ʤʦʜʝʣʽ ʃɸ ʨʽʟʥʠʭ ʢʣʘʩʽʚ (ʤʫʣʴʪʠʢʦʧʪʝʨʠ, 

ʣʽʪʘʢʠ, ʚʝʨʪʦʣʴʦʪʠ) ʪʘ ʚʘʨʽʘʪʠʚʥʝ ʩʝʨʝʜʦʚʠʱʝ: ʪʠʧ ʽ ʪʝʢʩʪʫʨʘ ʬʦʥʫ, ʫʤʦʚʠ 

ʦʩʚʽʪʣʝʥʥʷ, ʘʪʤʦʩʬʝʨʥʽ ʝʬʝʢʪʠ (ʪʫʤʘʥ, ʜʦʱ, ʟʘʧʠʣʝʥʽʩʪʴ), ʰʫʤʠ ʟʦʙʨʘʞʝʥʥʷ ʪʘ 

ʘʨʪʝʬʘʢʪʠ ʩʪʠʩʥʝʥʥʷ. ɼʣʷ ʢʦʞʥʦʛʦ ʢʘʜʨʫ ʘʚʪʦʤʘʪʠʯʥʦ ʬʦʨʤʫʶʪʴʩʷ ʘʥʦʪʘʮʽʾ ʫ 

ʬʦʨʤʘʪʽ YOLO/COCO. ɿʘʩʪʦʩʫʚʘʥʥʷ ʪʝʭʥʽʢʠ domain randomization [3] 

ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʟʜʘʪʥʽʩʪʴ ʤʦʜʝʣʽ ʫʟʘʛʘʣʴʥʶʚʘʪʠʩʴ ʥʘ ʨʝʘʣʴʥʽ ʟʦʙʨʘʞʝʥʥʷ 

ʙʝʟ ʜʦʜʘʪʢʦʚʦʛʦ ʟʙʠʨʘʥʥʷ ʜʘʥʠʭ. 

ʗʢʽʩʪʴ ʩʠʥʪʝʪʠʯʥʠʭ ʜʘʥʠʭ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʚʜʦʩʢʦʥʘʣʝʥʥʷ. ʇʨʦʚʝʜʝʥʽ 

ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʩʠʥʪʝʪʠʯʥʽ ʜʘʥʽ ʚʞʝ ʩʴʦʛʦʜʥʽ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʜʦʩʪʘʪʥʽʡ ʨʽʚʝʥʴ ʷʢʦʩʪʽ ʜʣʷ ʥʘʚʯʘʥʥʷ ʪʘ ʧʝʨʝʜ-ʥʘʚʯʘʥʥʷ ʜʝʪʝʢʪʦʨʽʚ ʃɸ: ʤʦʜʝʣʽ, 

ʥʘʚʯʝʥʽ ʚʠʢʣʶʯʥʦ ʥʘ ʩʠʥʪʝʪʠʮʽ, ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʧʝʚʥʝʥʫ ʜʝʪʝʢʮʽʶ ʚ 

ʩʪʘʥʜʘʨʪʥʠʭ ʫʤʦʚʘʭ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʪʘ ʟʜʘʪʥʽ ʜʦ ʧʦʜʘʣʴʰʦʛʦ ʜʦʦʧʨʘʮʶʚʘʥʥʷ 

ʥʘ ʥʝʚʝʣʠʢʠʭ ʨʝʘʣʴʥʠʭ ʚʠʙʽʨʢʘʭ. ɺʦʜʥʦʯʘʩ ʫ ʩʢʣʘʜʥʠʭ ʩʮʝʥʘʨʽʷʭ ð 

ʤʘʣʦʨʦʟʤʽʨʥʽ ʮʽʣʽ, ʥʝʪʠʧʦʚʽ ʨʘʢʫʨʩʠ, ʩʢʣʘʜʥʠʡ ʬʦʥ ð ʤʽʞ ʩʠʥʪʝʪʠʯʥʠʤʠ ʪʘ 

ʨʝʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ʟʙʝʨʽʛʘʻʪʴʩʷ ʧʝʚʥʠʡ ʨʦʟʨʠʚ ʫ ʷʢʦʩʪʽ, ʧʦʜʦʣʘʥʥʷ ʷʢʦʛʦ ʻ 

ʧʨʝʜʤʝʪʦʤ ʧʦʪʦʯʥʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʤʝʪʦʜʫ. 

ɺʠʩʥʦʚʢʠ. ʉʠʥʪʝʪʠʯʥʠʡ ʧʽʜʭʽʜ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʥʘʚʯʘʣʴʥʠʭ ʜʘʥʠʭ ʜʣʷ 

ʩʠʩʪʝʤ ɸɺʉ ʃɸ ʻ ʝʢʦʥʦʤʽʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʦʶ ʘʣʴʪʝʨʥʘʪʠʚʦʶ ʟʙʠʨʘʥʥʶ 

ʨʝʘʣʴʥʠʭ ʟʦʙʨʘʞʝʥʴ. ʁʦʛʦ ʛʦʣʦʚʥʘ ʧʝʨʝʚʘʛʘ ð ʤʦʞʣʠʚʽʩʪʴ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʜʦ 

ʜʦʚʽʣʴʥʦʛʦ ʦʙʩʷʛʫ ʚʠʙʽʨʢʠ ʙʝʟ ʧʨʦʧʦʨʮʽʡʥʦʛʦ ʟʨʦʩʪʘʥʥʷ ʚʠʪʨʘʪ ð ʧʨʠʥʮʠʧʦʚʦ 

ʚʽʜʨʽʟʥʷʻ ʡʦʛʦ ʚʽʜ ʪʨʘʜʠʮʽʡʥʠʭ ʧʽʜʭʦʜʽʚ. ɼʦʩʷʛʥʫʪʠʡ ʨʽʚʝʥʴ ʷʢʦʩʪʽ ʚʞʝ 

ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʠʥʪʝʪʠʯʥʽ ʜʘʥʽ ʜʣʷ ʥʘʚʯʘʥʥʷ ʪʘ ʧʝʨʝʜ-

ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʝʡ, ʘ ʙʝʟʧʝʨʝʨʚʥʝ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʤʝʪʦʜʽʚ ʛʝʥʝʨʘʮʽʾ ʚʽʜʢʨʠʚʘʻ 

ʰʣʷʭ ʜʦ ʧʦʜʦʣʘʥʥʷ ʨʦʟʨʠʚʫ ʽʟ ʨʝʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ʫ ʩʢʣʘʜʥʠʭ ʩʮʝʥʘʨʽʷʭ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ. 
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ʇɽʈʉʇɽʂʊʀɺʀ ɺʀʂʆʈʀʉʊɸʅʅʗ ʐɯ ɼʃʗ ɸɺʊʆʅʆʄʅʀʍ 

ɹɽɿʇɯʃʆʊʅʀʍ ɸʇɸʈɸʊɯɺ ɺ ʋʄʆɺɸʍ ʇʆɿɸɿɽʄʅʀʍ ʉɽʈɽɼʆɺʀʑ 

ɸʥʦʪʘʮʽʷ. ʇʠʣ ʥʘ ʄʽʩʷʮʽ ʪʘ ʄʘʨʩʽ ʩʪʚʦʨʶʻ ʩʝʨʡʦʟʥʽ ʧʝʨʝʰʢʦʜʠ ʜʣʷ ʨʦʙʦʪʠ 

ʙʝʟʧʽʣʦʪʥʠʭ ʘʧʘʨʘʪʽʚ, ʚʧʣʠʚʘʶʯʠ ʥʘ ʩʝʥʩʦʨʠ, ʦʧʪʠʯʥʽ ʝʣʝʤʝʥʪʠ ʪʘ ʨʫʭʦʤʽ 

ʤʝʭʘʥʽʟʤʠ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʥʘʚʽʛʘʮʽʾ ʪʘ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʧʦʥʫʻʪʴʩʷ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ. ɸʣʛʦʨʠʪʤʠ ʐɯ ʘʥʘʣʽʟʫʶʪʴ ʜʘʥʽ ʢʘʤʝʨ, 

LiDAR ʪʘ ʽʥʝʨʮʽʡʥʠʭ ʩʝʥʩʦʨʽʚ, ʧʨʦʛʥʦʟʫʶʪʴ ʚʧʣʠʚ ʧʠʣʫ ʥʘ ʨʫʭ ʘʧʘʨʘʪʘ ʪʘ 

ʘʜʘʧʪʫʶʪʴ ʪʨʘʻʢʪʦʨʽʶ ʽ ʩʪʘʙʽʣʽʟʘʮʽʶ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. ʊʘʢʦʞ ʨʦʟʛʣʷʜʘʶʪʴʩʷ 

ʤʝʪʦʜʠ ʦʙôʻʜʥʘʥʥʷ ʜʘʥʠʭ ʟ ʢʽʣʴʢʦʭ ʩʝʥʩʦʨʽʚ ʽ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʘʚʪʦʥʦʤʥʦʩʪʽ ʪʘ ʥʘʜʽʡʥʦʩʪʽ ʩʠʩʪʝʤ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʧʽʜʭʦʜʽʚ 

ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʩʪʚʦʨʝʥʥʷ ʘʚʪʦʥʦʤʥʠʭ ʨʦʾʚ ʙʝʟʧʽʣʦʪʥʠʭ ʘʧʘʨʘʪʽʚ ʜʣʷ 

ʝʬʝʢʪʠʚʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʄʽʩʷʮʷ ʪʘ ʄʘʨʩʘ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʙʝʟʧʽʣʦʪʥʽ ʩʠʩʪʝʤʠ, ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ, ʘʚʪʦʥʦʤʥʘ ʥʘʚʽʛʘʮʽʷ. 
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PERSPECTIVES OF ARTIFICIAL INTELLIGENCE APPLICATION FOR 

AUTONOMOUS UNMANNED VEHICLES IN EXTRATERRESTRIAL 

ENVIRONMENTS  

Abstract:  Dust on the Moon and Mars creates significant obstacles for the operation 

of unmanned vehicles, affecting sensors, optical elements, and moving mechanisms. 

To improve navigation accuracy and stabilization, the use of artificial intelligence is 

proposed. AI algorithms analyze data from cameras, LiDAR, and inertial sensors, 

predict the impact of dust on vehicle motion, and adapt trajectory and stabilization 
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in real time. Methods of sensor data fusion and machine learning are also considered 

to enhance system autonomy and reliability. The application of these approaches 

opens prospects for creating autonomous swarms of unmanned vehicles for effective 

exploration of the Moon and Mars surfaces. 

Keywords: unmanned systems, artificial intelligence, autonomous navigation. 

 

ʇʠʣ ʥʘ ʄʽʩʷʮʽ ʪʘ ʄʘʨʩʽ ʩʪʚʦʨʶʻ ʩʝʨʡʦʟʥʽ ʧʝʨʝʰʢʦʜʠ ʜʣʷ ʨʦʙʦʪʠ 

ʙʝʟʧʽʣʦʪʥʠʭ ʘʧʘʨʘʪʽʚ. ɺʽʥ ʦʩʽʜʘʻ ʥʘ ʩʝʥʩʦʨʘʭ, ʦʧʪʠʯʥʠʭ ʝʣʝʤʝʥʪʘʭ ʽ ʨʫʭʦʤʠʭ 

ʤʝʭʘʥʽʟʤʘʭ, ʟʥʠʞʫʶʯʠ ʪʦʯʥʽʩʪʴ ʥʘʚʽʛʘʮʽʾ, ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘ ʚʠʢʦʥʘʥʥʷ ʟʘʚʜʘʥʴ. 

ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʢʦʤʧʝʥʩʘʮʽʾ, ʪʘʢʽ ʷʢ ʬʽʣʴʪʨʘʮʽʷ ʩʠʛʥʘʣʽʚ ʘʙʦ ʦʙôʻʜʥʘʥʥʷ 

ʜʘʥʠʭ ʟ ʢʽʣʴʢʦʭ ʩʝʥʩʦʨʽʚ, ʯʘʩʪʦ ʥʝ ʩʧʨʘʚʣʷʶʪʴʩʷ ʟ ʥʝʧʝʨʝʜʙʘʯʫʚʘʥʠʤʠ 

ʫʤʦʚʘʤʠ ʧʠʣʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ 

ʜʣʷ ʘʜʘʧʪʘʮʽʾ ʘʧʘʨʘʪʽʚ ʜʦ ʟʤʽʥʥʠʭ ʫʤʦʚ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. ɸʣʛʦʨʠʪʤʠ ʐɯ 

ʘʥʘʣʽʟʫʶʪʴ ʜʘʥʽ ʢʘʤʝʨ, LiDAR ʽ ʽʥʝʨʮʽʡʥʠʭ ʩʝʥʩʦʨʽʚ, ʚʠʷʚʣʷʶʪʴ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʜʝʛʨʘʜʘʮʽʾ ʩʠʛʥʘʣʽʚ ʪʘ ʢʦʨʠʛʫʶʪʴ ʪʨʘʻʢʪʦʨʽʶ, ʩʪʘʙʽʣʽʟʘʮʽʶ ʪʘ 

ʨʦʙʦʪʫ ʨʦʪʦʨʽʚ. ʂʨʽʤ ʪʦʛʦ, ʩʠʩʪʝʤʘ ʤʦʞʝ ʧʨʦʛʥʦʟʫʚʘʪʠ ʚʧʣʠʚ ʧʠʣʫ ʥʘ ʨʫʭ ʽ 

ʟʘʟʜʘʣʝʛʽʜʴ ʧʽʜʣʘʰʪʦʚʫʚʘʪʠ ʢʝʨʫʶʯʽ ʩʠʛʥʘʣʠ, ʱʦ ʟʥʠʞʫʻ ʨʠʟʠʢ ʧʦʤʠʣʦʢ ʽ 

ʚʪʨʘʪʠ ʪʦʯʥʦʩʪʽ. 

ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʧʨʦʧʦʥʫʻʪʴʩʷ ʢʦʤʙʽʥʫʚʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʟ 

ʜʝʢʽʣʴʢʦʭ ʩʝʥʩʦʨʽʚ. ʅʘʚʽʪʴ ʧʨʠ ʯʘʩʪʢʦʚʦʤʫ ʟʘʙʨʫʜʥʝʥʥʽ ʘʧʘʨʘʪ ʟʙʝʨʽʛʘʻ 

ʪʦʯʥʽʩʪʴ ʦʮʽʥʢʠ ʩʚʦʛʦ ʧʦʣʦʞʝʥʥʷ ʪʘ ʦʨʽʻʥʪʘʮʽʾ. ɼʦʜʘʪʢʦʚʦ ʨʦʟʛʣʷʜʘʶʪʴʩʷ 

ʘʣʛʦʨʠʪʤʠ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʩʠʩʪʝʤʽ ʘʜʘʧʪʫʚʘʪʠʩʷ ʜʦ 

ʥʦʚʠʭ ʫʤʦʚ, ʦʧʪʠʤʽʟʫʚʘʪʠ ʩʪʘʙʽʣʽʟʘʮʽʶ ʪʘ ʦʙʠʨʘʪʠ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʽ ʩʝʥʩʦʨʠ 

ʜʣʷ ʧʦʪʦʯʥʦʾ ʩʠʪʫʘʮʽʾ. 

ʊʘʢʦʞ ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʤʝʪʦʜʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚʧʣʠʚʫ ʧʠʣʫ ʥʘ ʩʝʥʩʦʨʥʽ ʪʘ 

ʨʫʭʦʚʽ ʩʠʩʪʝʤʠ. ɯʥʪʝʛʨʘʮʽʷ ʥʝʡʨʦʤʝʨʝʞ ʟ ʧʝʨʝʜʙʘʯʫʚʘʣʴʥʠʤ ʧʣʘʥʫʚʘʥʥʷʤ 

ʤʘʨʰʨʫʪʫ ʜʦʟʚʦʣʷʻ ʘʧʘʨʘʪʫ ʝʬʝʢʪʠʚʥʦ ʦʨʽʻʥʪʫʚʘʪʠʩʷ ʪʘ ʧʽʜʪʨʠʤʫʚʘʪʠ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʫ ʩʢʣʘʜʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ. ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʣʠʙʦʢʠʭ ʥʝʡʨʦʤʝʨʝʞ ʪʘ reinforcement learning ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʘʚʪʦʥʦʤʥʠʭ ʨʦʾʚ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ, ʟʜʘʪʥʠʭ ʜʦʩʣʽʜʞʫʚʘʪʠ ʧʦʚʝʨʭʥʶ ʄʽʩʷʮʷ 

ʪʘ ʄʘʨʩʘ ʙʝʟ ʧʦʩʪʽʡʥʦʛʦ ʢʦʥʪʨʦʣʶ ʟ ɿʝʤʣʽ. 

ɺʠʩʥʦʚʢʠ ʨʦʙʦʪʠ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʫ 

ʙʝʟʧʽʣʦʪʥʠʭ ʘʧʘʨʘʪʽʚ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʥʘʚʽʛʘʮʽʾ ʪʘ ʩʪʘʙʽʣʽʟʘʮʽʾ ʚ 

ʫʤʦʚʘʭ ʧʠʣʫ ʥʘ ʄʽʩʷʮʽ ʪʘ ʄʘʨʩʽ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʘʣʛʦʨʠʪʤʽʚ ʤʘʰʠʥʥʦʛʦ 

ʥʘʚʯʘʥʥʷ ʽ ʧʝʨʝʜʙʘʯʫʚʘʣʴʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʤʘʨʰʨʫʪʫ ʟʘʙʝʟʧʝʯʫʻ ʘʜʘʧʪʘʮʽʶ ʜʦ 

ʟʤʽʥʥʠʭ ʫʤʦʚ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʧʽʜʪʨʠʤʢʫ ʥʘʜʽʡʥʦʾ ʨʦʙʦʪʠ ʩʝʥʩʦʨʽʚ. 

ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʻ ʩʪʚʦʨʝʥʥʷ ʘʚʪʦʥʦʤʥʠʭ ʨʦʾʚ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ, 

ʟʜʘʪʥʠʭ ʝʬʝʢʪʠʚʥʦ ʚʠʢʦʥʫʚʘʪʠ ʜʦʩʣʽʜʥʠʮʴʢʽ ʪʘ ʣʦʛʽʩʪʠʯʥʽ ʤʽʩʽʾ ʙʝʟ ʧʦʩʪʽʡʥʦʛʦ 

ʢʦʥʪʨʦʣʶ ʟ ɿʝʤʣʽ. 
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ɼʆʉʃɯɼɾɽʅʅʗ ʌɸɿʆɺʆɻʆ ʉʂʃɸɼʋ ʊɸ ʊʆʅʂʆɰ ʉʊʈʋʂʊʋʈʀ 

ʉʇʃɸɺʋ 1.4859 ʇɯʉʃʗ ɼʈʋʂʋ ɿɸ ʊɽʍʅʆʃʆɻɯɭʖ PBF-LB/M  

ɸʥʦʪʘʮʽʷ. ɼʦʩʣʽʜʞʝʥʦ ʧʨʠʯʠʥʠ ʟʥʠʞʝʥʦʾ ʧʣʘʩʪʠʯʥʦʩʪʽ ʞʘʨʦʤʽʮʥʦʛʦ ʩʧʣʘʚʫ 

1.4859, ʚʠʛʦʪʦʚʣʝʥʦʛʦ ʤʝʪʦʜʦʤ PBF-LB/M. ʈʝʥʪʛʝʥʦʬʘʟʦʚʠʤ ʘʥʘʣʽʟʦʤ 

ʚʠʷʚʣʝʥʦ ɻʎʂ ʬʘʟʫ (Fm3←m) ʟ ʧʝʨʽʦʜʦʤ 0,3582 ʥʤ ʪʘ ʩʣʽʜʘʤʠ ʬʘʟ, ʱʦ ʥʘʣʝʞʘʪʴ 

ʘʙʦ NbC, ʘʙʦ Fe2O3. ʈʘʩʪʨʦʚʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʧʽʜʪʚʝʨʜʠʣʘ ʥʘʷʚʥʽʩʪʴ 

ʦʨʽʻʥʪʦʚʘʥʦʾ ʢʦʤʽʨʢʦʚʦ-ʩʪʦʚʧʯʘʩʪʦʾ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʟ ʨʦʟʤʽʨʦʤ 

ʢʦʤʽʨʦʢ 200...800 ʥʤ. ɺʠʟʥʘʯʝʥʦ, ʱʦ PBF-LB/M ʩʧʨʠʷʻ ʚʠʜʽʣʝʥʥʶ ʜʠʩʧʝʨʩʥʠʭ 

ʯʘʩʪʦʢ ʨʦʟʤʽʨʦʤ ʜʦ 100 ʥʤ, ʷʢʽ ʧʽʜʚʠʱʫʶʪʴ ʤʽʮʥʽʩʪʴ, ʘʣʝ ʩʧʨʠʯʠʥʷʶʪʴ 

ʟʥʠʞʝʥʥʷ ʧʣʘʩʪʠʯʥʦʩʪʽ. 
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INVESTIGATION OF PHASE COMPOSITION AND THE FINE 

STRUCTURE OF ALLOY 1.4859 AFTER PBF-LB/M PRINTING  

Abstract. The causes of reduced ductility in the heat-resistant 1.4859 alloy 

produced by the PBF-LB/M method were investigated. X-ray diffraction 

analysis revealed an FCC (Fm3←m) phase with a lattice parameter of 0,3582 nm 

along with traces of phases corresponding to either NbC or Fe O . Scanning 

electron microscopy confirmed the presence of an oriented cellular-columnar 
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dislocation structure with a cell size of 200...800 nm. It was determined that 

PBF-LB/M promotes the precipitation of dispersed particles up to 100 nm in 

size, which enhance strength but lead to a decrease in ductility. 

Keywords: laser-based powder bed fusion of metals, iron-nickel alloy, fine 

structure, phase composition, ductility. 

 

ɾʘʨʦʤʽʮʥʠʡ ʩʧʣʘʚ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ 1.4859 (X8NiCrAlTi32-21) ʻ 

ʝʢʦʥʦʤʥʦʣʝʛʦʚʘʥʦʶ ʤʘʨʢʦʶ ʟʽ ʟʥʠʞʝʥʠʤ ʚʤʽʩʪʦʤ ʜʝʬʽʮʠʪʥʦʛʦ ʥʽʢʝʣʶ, ʱʦ 

ʧʨʠʟʥʘʯʝʥʠʡ ʜʣʷ ʨʦʙʦʪʠ ʚ ʫʤʦʚʘʭ ʙʝʟ ʧʨʷʤʦʛʦ ʢʦʥʪʘʢʪʫ ʟ ʧʦʣʫʤôʷʤ. ʇʨʠ ʥʘʚʘʥʪʘʞʝʥʥʽ 

50 ʄʇʘ ʪʘ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 1000Üʉ ʨʝʩʫʨʩ ʜʦʚʛʦʪʨʠʚʘʣʦʾ ʤʽʮʥʦʩʪʽ ʩʢʣʘʜʘʻ 0,4 ʛʦʜʠʥʠ, 

ʭʦʯʘ ʩʫʪʪʻʚʦ ʟʨʦʩʪʘʻ ʜʦ 11,6 ʛʦʜʠʥ ʧʨʠ ʟʥʠʞʝʥʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʦ 35 ʄʇʘ [1]. ɺ 

ʫʤʦʚʘʭ ʟʥʘʯʥʦ ʤʝʥʰʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʚ ʛʘʟʦʚʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʟʙʘʛʘʯʝʥʠʭ ʚʫʛʣʝʮʝʤ, 

ʢʠʩʥʝʤ ʘʙʦ ʚʦʜʥʝʤ, ʨʝʩʫʨʩ ʨʦʙʦʪʠ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʭʽʤʽʯʥʠʤʠ ʧʨʦʮʝʩʘʤʠ 

ʚʟʘʻʤʦʜʽʾ ʟ ʘʪʤʦʩʬʝʨʦʶ ʪʘ ʩʷʛʘʻ ʜʦ 300000 ʛʦʜʠʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʜʦ 760 Üʉ. ɿʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʞʘʨʦʤʽʮʥʦʩʪʽ ʽ ʞʘʨʦʩʪʽʡʢʦʩʪʽ ʩʧʣʘʚ 1.4859 ʧʦʩʽʜʘʻ ʧʨʦʤʽʞʥʝ 

ʧʦʣʦʞʝʥʥʷ ʤʽʞ ʘʫʩʪʝʥʽʪʥʦʶ ʩʪʘʣʣʶ 316L ʪʘ ʚʠʩʦʢʦʥʽʢʝʣʝʚʠʤ ʩʧʣʘʚʦʤ Haynes 230 [2, 

3]. 

ɼʣʷ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚ ʨʝʘʢʮʽʡʥʦ ʘʢʪʠʚʥʠʭ ʛʘʟʦʚʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʢʨʠʪʠʯʥʦʶ ʻ ʚʠʩʦʢʘ 

ʚʠʭʽʜʥʘ ʧʣʘʩʪʠʯʥʽʩʪʴ. ɺʦʥʘ ʤʘʻ ʙʫʪʠ ʥʘ ʜʦʚʦʣʽ ʚʠʩʦʢʦʤʫ ʨʽʚʥʽ ʜʣʷ ʢʦʤʧʝʥʩʘʮʽʾ 

ʦʢʨʠʭʯʫʚʘʥʥʷ ʚʥʘʩʣʽʜʦʢ ʪʘʢʠʭ ʥʝʙʘʞʘʥʠʭ ʧʨʦʮʝʩʽʚ, ʷʢ ʥʘʩʠʯʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ 

ʚʦʜʥʝʤ, ʩʪʘʨʽʥʥʷ ʟ ʚʠʜʽʣʝʥʥʷʤ ʥʘʜʣʠʰʢʦʚʠʭ ʬʘʟ ʘʙʦ ʜʝʛʨʘʜʘʮʽʷ ʤʝʞ ʟʝʨʝʥ ʯʝʨʝʟ 

ʜʠʬʫʟʽʶ ʘʢʪʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ. 

ʋʩʽ ʮʽ ʬʘʢʪʦʨʠ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʣʘʩʪʠʯʥʽʩʪʴ ʩʧʣʘʚʫ ʷʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʝʢʩʧʣʫʘʪʘʮʽʾ, ʪʘʢ ʽ ʟʥʘʯʥʦ ʟʥʘʯʥʦ ʙʽʣʴʰʦʶ ʤʽʨʦʶ ʧʨʠ ʟʥʠʞʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʱʦ ʻ 

ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʫʤʦʚ ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ.  

ʗʢ ʧʦʚʽʜʦʤʣʷʣʦʩʷ ʨʘʥʽʰʝ [4], ʨʽʚʝʥʴ ʧʣʘʩʪʠʯʥʦʩʪʽ ʟʨʘʟʢʽʚ ʟʽ ʩʧʣʘʚʫ 1.4859, 

ʚʠʛʦʪʦʚʣʝʥʠʭ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ PBF-LB/M, ʙʫʚ ʥʠʞʯʠʤ, ʥʽʞ ʦʜʝʨʞʫʶʪʴ ʟʚʠʯʘʡʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʚʠʨʦʙʥʠʮʪʚʘ. ɼʦ ʤʦʞʣʠʚʠʭ ʧʨʠʯʠʥ ʟʥʠʞʝʥʥʷ ʧʣʘʩʪʠʯʥʦʩʪʽ ʥʘʣʝʞʘʪʴ ʪʘʢʽ 

ʬʘʢʪʦʨʠ: ʬʦʨʤʘ ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʦʙôʻʢʪʘ, ʜʝʬʝʢʪʠ ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ, ʘ 

ʪʘʢʦʞ ʩʪʨʫʢʪʫʨʥʠʡ ʩʪʘʥ.  

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʪʘʥʫ ʟʘʩʪʦʩʦʚʫʚʘʣʠ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʠʡ ʘʥʘʣʽʟ (ɼʈʆʅ-3, ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ KŬ-Co) ʪʘ ʨʘʩʪʨʦʚʫ ʝʣʝʢʪʨʦʥʥʫ 

ʤʽʢʨʦʩʢʦʧʽʶ (ʈɽʄ-106ʀ, ʜʝʪʝʢʪʦʨ ʚʪʦʨʠʥʥʠʭ ʝʣʝʢʪʨʦʥʽʚ).  

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ʚʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʫ ʬʘʟʫ ʤʘʪʨʠʮʽ ï 

ʘʫʩʪʝʥʽʪʥʫ ʬʘʟʫ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ (ˇʨʘʪʢʘ ɻʎʂ, ʧʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ Fm3←m). ʌʘʢʪʠʯʥʠʡ 

ʧʝʨʽʦʜ ʢʨʠʩʪʘʣʽʯʥʦʾ ˇʨʘʪʢʠ 0,3582 ʥʤ, ʱʦ ʜʝʱʦ ʤʝʥʰʝ ʟʘ ʩʪʘʥʜʘʨʪʥʠʡ ʧʦʢʘʟʥʠʢ 

0,360...0,363 ʥʤ, ʪʘ ʙʽʣʴʰʝ ʟʘ ʨʦʟʨʘʭʦʚʘʥʠʡ ʨʽʚʥʷʥʥʷʤ ɺʝʛʘʨʜʘ ʥʘ ʦʩʥʦʚʽ ʬʘʢʪʠʯʥʦʛʦ 

ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʟ [4] ï 0,342 ʥʤ. 

ʅʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʽʢʽʚ ʚʽʜʧʦʚʽʜʥʠʭ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʧʣʦʱʠʥ ʥʝ ʟʙʽʛʘʶʪʴʩʷ ʟ ʽʩʥʫʶʯʠʤʠ ʧʦʨʦʰʢʦʚʠʤʠ ʝʪʘʣʦʥʘʤʠ (ʟʘ 

ʙʘʟʦʶ PCPDFWIN). ʎʝ ʧʦʚôʷʟʘʥʦ ʟ ʥʘʷʚʥʽʩʪʶ ʧʝʨʝʚʘʞʥʦʾ ʦʨʽʻʥʪʘʮʽʾ ʟʝʨʝʥ (ʪʝʢʩʪʫʨʠ) 

ʪʘ ʟʥʘʯʥʠʭ ʚʥʫʪʨʽʰʥʽʭ ʥʘʧʨʫʞʝʥʴ. ɺʠʷʚʣʝʥʠʡ ʝʬʝʢʪ ʧʦʪʨʝʙʫʻ ʧʦʜʘʣʴʰʦʛʦ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʽʟʫ ʟ ʜʝʪʘʣʴʥʽʰʦʶ ʟʡʦʤʢʦʶ ʦʢʨʝʤʠʭ ʭʘʨʘʢʪʝʨʥʠʭ ʧʽʢʽʚ. 
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ʄʽʥʦʨʠʪʘʨʥʽ ʬʘʟʠ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʥʝ ʙʫʣʠ ʚʠʷʚʣʝʥʽ ʚ ʜʦʩʪʘʪʥʽʡ ʢʽʣʴʢʦʩʪʽ 

ʜʣʷ ʾʭ ʪʦʯʥʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʟʘʩʪʦʩʦʚʘʥʠʤ ʤʝʪʦʜʦʤ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʜʣʷ ʩʧʦʣʫʢʠ NbC 

ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʪʨʠ ʟ ʯʦʪʠʨʴʦʭ ʚʘʞʣʠʚʠʭ ʧʽʢʽʚ, ʘ ʦʨʽʻʥʪʦʚʘʥʘ ʢʽʣʴʢʽʩʪʴ ʬʘʟʠ ʩʢʣʘʜʘʻ ~1 

%, ʧʨʦʪʝ ʟ ʜʦʚʦʣʽ ʚʝʣʠʢʦʶ ʧʦʭʠʙʢʦʶ. ʅʝʙʘʞʘʥʘ ʬʘʟʘ Fe2O3  ʚ ʢʽʣʴʢʦʩʪʽ ~1 % ʤʦʞʝ ʙʫʪʠ 

ʧʨʠʩʫʪʥʷ ʟʘ ʫʤʦʚʠ ʚʽʜʩʫʪʥʦʩʪʽ NbC. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʦʥʘ ʤʦʛʣʘ ʫʪʚʦʨʠʪʠʩʷ ʥʘ ʧʦʚʝʨʭʥʽ 

ʚʥʫʪʨʽʰʥʽʭ ʜʝʬʝʢʪʽʚ ʧʨʠ ʚʥʫʪʨʽʰʥʴʦʤʫ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʦʢʠʩʥʝʥʥʽ ʧʽʜ ʯʘʩ ʜʨʫʢʫ. 

ʈʘʥʽʰʝ ʧʨʦ ʧʨʠʩʫʪʥʽʩʪʴ ʥʝʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʝʬʝʢʪʽʚ ʧʦʚʽʜʦʤʣʷʣʦʩʷ ʚ ʨʦʙʦʪʽ [4] ʟʘ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʝʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʇʨʠ ʚʠʢʦʥʘʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘ ʈɽʄ-106ʀ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʝʨʥʘ ʽ ʩʫʙʟʝʨʥʘ 

ʦʨʽʻʥʪʦʚʘʥʽ ʟʜʝʙʽʣʴʰʦʛʦ ʚ ʥʘʧʨʷʤʢʫ ʜʨʫʢʫ ʧʦ ʚʠʩʦʪʽ. ʋʩʝʨʝʜʠʥʽ ʟʝʨʝʥ ʽʩʥʫʻ ʜʨʽʙʥʘ 

ʢʦʤʽʨʢʦʚʦ-ʩʪʦʚʧʯʘʩʪʘ ʜʠʩʣʦʢʘʮʽʡʥʘ ʩʪʨʫʢʪʫʨʘ, ʧʦʜʽʙʥʘ ʚʠʟʥʘʯʝʥʽʡ ʘʚʪʦʨʘʤʠ ʨʦʙʦʪʠ [5] 

ʜʣʷ ʩʧʣʘʚʫ ʩʭʦʞʦʛʦ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʚ ʩʪʘʥʽ ʧʽʩʣʷ ʜʨʫʢʫ, ʟ ʜʦʜʘʪʢʦʚʠʤ ʧʽʜʪʚʝʨʜʞʝʥʥʷʤ 

ʮʴʦʛʦ ʧʦʣʦʞʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʇɽʄ. ʈʦʟʤʽʨ ʢʦʤʽʨʦʢ, ʚʠʷʚʣʝʥʠʭ ʧʽʩʣʷ ʪʨʘʚʣʝʥʥʷ 

ʩʪʨʫʢʪʫʨʠ ʩʧʣʘʚʫ 1.4859 ʚ ʨʝʘʢʪʠʚʽ ʂʘʣʽʥʛʘ, ʩʢʣʘʜʘʻ 0,2...0,8 ʤʢʤ, ʪʦʜʽ ʷʢ ʚ ʨʦʙʦʪʽ [5] ï 

0,4...1 ʤʢʤ. 

ʋ ʩʧʣʘʚʽ 1.4859 ʙʫʣʘ ʚʠʷʚʣʝʥʘ ʧʨʠʩʫʪʥʽʩʪʴ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʜʨʽʙʥʠʭ 

ʩʬʝʨʦʧʦʜʽʙʥʠʭ ʯʘʩʪʦʢ ʜʨʫʛʦʾ ʬʘʟʠ ʨʦʟʤʽʨʦʤ ʜʦ 100 ʥʤ ʫ ʤʽʞʢʦʤʽʨʢʦʚʦʤʫ ʧʨʦʩʪʦʨʽ, ʷʢʽ 

ʨʘʥʽʰʝ ʪʘʢʦʞ ʙʫʣʠ ʟʥʘʡʜʝʥʽ ʧʨʠ ʚʠʚʯʝʥʥʽ ʟʣʦʤʽʚ ʚ ʨʦʙʦʪʽ [4]. ʋ ʨʦʙʦʪʽ [5] ʘʚʪʦʨʠ ʥʝ 

ʟʥʘʡʰʣʠ ʧʨʠʩʫʪʥʦʩʪʽ ʢʘʨʙʽʜʥʠʭ, ʽʥʪʝʨʤʝʪʘʣʽʜʥʠʭ ʯʠ ʦʢʩʠʜʥʠʭ ʬʘʟ.  

ɺʠʟʥʘʯʝʥʦ ʧʨʠʯʠʥʠ ʧʽʜʚʠʱʝʥʦʾ ʢʨʠʭʢʦʩʪʽ ʞʘʨʦʤʽʮʥʦʛʦ ʩʧʣʘʚʫ 1.4859, 

ʚʠʛʦʪʦʚʣʝʥʦʛʦ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ PBF-LB/M. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʦʧʨʠ ʥʘʜʚʠʩʦʢʽ ʰʚʠʜʢʦʩʪʽ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ, ʧʦʜʘʣʴʰʠʡ ʪʝʧʣʦʚʠʡ ʚʧʣʠʚ ʧʽʜ ʯʘʩ ʧʦʰʘʨʦʚʦʛʦ ʧʣʘʚʣʝʥʥʷ ʟʫʤʦʚʣʶʻ 

ʚʠʜʽʣʝʥʥʷ ʜʠʩʧʝʨʩʥʠʭ ʯʘʩʪʦʢ ʥʘʜʣʠʰʢʦʚʦʾ ʬʘʟʠ, ʱʦ ʧʽʜʚʠʱʫʻ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʮʥʦʩʪʽ, 

ʘʣʝ ʚʦʜʥʦʯʘʩ ʜʝʱʦ ʟʥʠʞʫʻ ʧʣʘʩʪʠʯʥʽʩʪʴ. 
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ʌɯɿʀʏʅɯ ɺʃɸʉʊʀɺʆʉʊɯ ʊɸ ʉʊʈʋʂʊʋʈɸ ɿɸɻɸʈʊʆɺɸʅʆɻʆ ɿ 

ʈʆɿʇʃɸɺʋ ɹɸɻɸʊʆʂʆʄʇʆʅɽʅʊʅʆɻʆ ʉʇʃɸɺʋ AL 0.5COCUFENI   

ɸʥʦʪʘʮʽʷ. ɼʦʩʣʽʜʞʝʥʦ ʩʪʨʫʢʪʫʨʫ, ʤʘʛʥʽʪʥʽ ʪʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʦʛʦ ʩʧʣʘʚʫ Al0.5CoCuFeNi ʫ ʣʠʪʦʤʫ ʪʘ 

ʟʘʛʘʨʪʦʚʘʥʦʤʫ ʟ ʨʦʟʧʣʘʚʫ ʩʪʘʥʘʭ. ɿʘ ʜʘʥʠʤʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʽʟʫ 

ʩʧʣʘʚ ʷʢ ʫ ʣʠʪʦʤʫ ʪʘʢ ʽ ʫ ʟʘʛʘʨʪʦʚʘʥʦʤʫ ʩʪʘʥʽ ʻ ʦʜʥʦʬʘʟʥʠʤ ʽ ʷʚʣʷʻ ʩʦʙʦʶ 

ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʡ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʽʟ ʢʨʠʩʪʘʣʽʯʥʦʶ ʨʝʰʽʪʢʦʶ ʪʠʧʫ ɻʎʂ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʤʘʛʥʽʪʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʧʣʘʚʫ ʧʦʢʘʟʘʣʦ, ʱʦ ʡʦʛʦ ʤʦʞʥʘ 

ʚʽʜʥʝʩʪʠ ʜʦ ʤʘʛʥʽʪʦʤôʷʢʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʧʨʠ ʮʴʦʤʫ ʫ ʟʘʛʘʨʪʦʚʘʥʦʤʫ ʩʪʘʥʽ 

ʢʦʝʨʮʠʪʠʚʥʘ ʩʠʣʘ ʟʨʦʩʪʘʻ, ʪʦʜʽ ʷʢ ʥʘʤʘʛʥʽʯʝʥʽʩʪʴ ʥʘʩʠʯʝʥʥʷ ʟʘʣʠʰʘʻʪʴʩʷ 

ʤʘʡʞʝ ʥʝʟʤʽʥʥʦʶ. ʄʽʢʨʦʪʚʝʨʜʽʩʪʴ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟ 

1400 ʄʇʘ ʜʦ 1500 ʄʇʘ, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ ʜʨʽʙʥʦʟʝʨʥʠʩʪʦʾ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʚʠʱʠʤʠ ʚʥʫʪʨʽʰʥʽʤʠ ʥʘʧʨʫʞʝʥʥʷʤʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʡ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʡ ʩʧʣʘʚ, ʩʪʨʫʢʪʫʨʘ, 

ʛʘʨʪʫʚʘʥʥʷ ʟ ʨʦʟʧʣʘʚʫ, ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ, ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ.  
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PHYSICAL PROPERTIES AND STRUCTURE OF RAPIDLY 

QUENCHED MULTICOMPONENT ALLOY AL 0.5COCUFENI  

Annotation. The  structure magnetic and mechanical properties of the 

multicomponent high-entropy alloy Al0.5CoCuFeNi in the as-cast and melt-

quenched state were investigated. X-ray diffraction showed that both cast and splat-

quenched samples have a single-phase FCC structure, which is not affected by the 

cooling rate. The alloy exhibits soft ferromagnetic behavior, with coercivity 

increasing after rapid solidification, while the saturation magnetization remains 

nearly unchanged. The microhardness of the rapidly solidified samples increases 

from 1400 MPa to 1500 MPa, which is attributed to the formation of fine-grained 

structure and higher internal stresses. 

Keywords: multicomponent high-entropy alloy, structure, melt-quenching, 

microhardness, magnetic properties. 

 

ʈʦʟʚʠʪʦʢ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʪʽʩʥʦ ʧʦʚôʷʟʘʥʠʡ ʽʟ ʧʦʰʫʢʦʤ ʥʦʚʠʭ ʧʽʜʭʦʜʽʚ 

ʜʦ ʩʪʚʦʨʝʥʥʷ ʩʧʣʘʚʽʚ ʽʟ ʧʦʢʨʘʱʝʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. ʊʨʘʜʠʮʽʡʥʦ ʩʧʣʘʚʠ 

ʦʪʨʠʤʫʚʘʣʠ ʰʣʷʭʦʤ ʜʦʜʘʚʘʥʥʷ ʥʝʚʝʣʠʢʠʭ ʢʽʣʴʢʦʩʪʝʡ ʣʝʛʫʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ 

ʜʦ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ, ʱʦ ʜʦʟʚʦʣʷʣʦ ʟʤʽʥʶʚʘʪʠ ʬʽʟʠʯʥʽ ʘʙʦ ʭʽʤʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʽʘʣʫ. ʆʜʥʘʢ ʫ XXI ʩʪʦʣʽʪʪʽ ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʫ 

ʢʦʥʮʝʧʮʽʶ ʧʦʻʜʥʘʥʥʷ ʜʝʢʽʣʴʢʦʭ ʝʣʝʤʝʥʪʽʚ, ʟʘʟʚʠʯʘʡ ʧôʷʪʠ ʘʙʦ ʙʽʣʴʰʝ, ʫ 

ʧʨʠʙʣʠʟʥʦ ʨʽʚʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚ (ɺɽʉ). ɺʠʩʦʢʘ ʢʦʥʬʽʛʫʨʘʮʽʡʥʘ ʝʥʪʨʦʧʽʷ 

ʟʤʽʰʫʚʘʥʥʷ ʫ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʩʧʨʠʷʻ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʩʪʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ 

ʟʘʤʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʩʢʣʘʜʥʠʭ ʽʥʪʝʨʤʝʪʘʣʽʯʥʠʭ ʬʘʟ [1-3]. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ 

ʧʦʢʘʟʘʣʠ, ʱʦ ɺɽʉ ʤʦʞʫʪʴ ʬʦʨʤʫʚʘʪʠ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʩʪʨʫʢʪʫʨʥʠʭ ʩʪʘʥʽʚ - ʚʽʜ 

ʚʧʦʨʷʜʢʦʚʘʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʜʦ ʘʤʦʨʬʥʠʭ ʬʘʟ, ʘ ʾʭʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʦʞʥʘ 

ʟʤʽʥʶʚʘʪʠ ʰʣʷʭʦʤ ʢʝʨʫʚʘʥʥʷ ʩʢʣʘʜʦʤ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ.  

ʆʜʥʠʤ ʽʟ ʝʬʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʤʦʜʠʬʽʢʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ɺɽʉ ʻ ʛʘʨʪʫʚʘʥʥʷ ʟ ʨʽʜʢʦʛʦ ʩʪʘʥʫ (ɻʈʉ), ʧʨʠ ʷʢʦʤʫ ʰʚʠʜʢʽʩʪʴ ʦʭʦʣʦʜʞʝʥʥʷ 
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ʨʦʟʧʣʘʚʫ ʧʝʨʝʚʠʱʫʻ 10  ʂ/ʩ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʤʝʪʘʩʪʘʙʽʣʴʥʽ, 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʥʝʨʽʚʥʦʚʘʞʥʽ ʩʪʨʫʢʪʫʨʠ ʟ ʫʥʽʢʘʣʴʥʠʤʠ ʢʦʤʧʣʝʢʩʘʤʠ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ï ʚʠʩʦʢʦʶ ʤʽʮʥʽʩʪʶ, ʪʚʝʨʜʽʩʪʶ, ʟʥʦʩʦʩʪʽʡʢʽʩʪʶ ʪʘ ʢʦʨʦʟʽʡʥʦʶ 

ʩʪʽʡʢʽʩʪʶ. ʊʦʤʫ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚ, ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ɻʈʉ, ʻ ʘʢʪʫʘʣʴʥʠʤ ʥʘʧʨʷʤʦʤ 

ʩʫʯʘʩʥʦʛʦ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ 

ʨʦʟʧʣʘʚʫ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ ʩʧʣʘʚʫ 

Al 0.5CoCuFeNi. ʃʠʪʽ ʟʨʘʟʢʠ ʩʧʣʘʚʫ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʝʯʽ ʊʘʤʤʘʥʘ 

ʫ ʧʦʪʦʮʽ ʘʨʛʦʥʫ. ʇʽʩʣʷ ʮʴʦʛʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʭʥʦʣʦʛʽʾ ɻʈʉ, ʷʢʘ ʧʦʣʷʛʘʣʘ ʚ 

ʰʚʠʜʢʦʤʫ ʦʭʦʣʦʜʞʝʥʥʽ ʢʨʘʧʝʣʴ ʨʦʟʧʣʘʚʫ ʧʨʠ ʾʭ ʟʽʪʢʥʝʥʥʽ ʟ ʚʥʫʪʨʽʰʥʴʦʶ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʶ ʧʦʚʝʨʭʥʝʶ ʧʦʨʦʞʥʠʩʪʦʛʦ ʤʽʜʥʦʛʦ ʮʠʣʽʥʜʨʘ ʷʢʠʡ ʰʚʠʜʢʦ 

ʦʙʝʨʪʘʚʩʷ (~8000 ʦʙ/ʭʚ) ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʧʣʽʚʢʠ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʩʧʣʘʚʫ. 

ʈʦʟʨʘʭʫʥʢʦʚʘ ʰʚʠʜʢʽʩʪʴ ʦʭʦʣʦʜʞʝʥʥʷ ʩʪʘʥʦʚʠʣʘ ʜʦ 106 ʂ/ʩ. 

ɸʥʘʣʽʟ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤ ʣʠʪʦʛʦ ʪʘ ɻʈʉ ʟʨʘʟʢʽʚ ʩʧʣʘʚʫ 

Al 0.5CoCuFeNi ʧʦʢʘʟʘʚ, ʱʦ ʮʝʡ ʩʧʣʘʚ ʷʢ ʫ ʣʠʪʦʤʫ ʪʘʢ ʽ ʫ ʟʘʛʘʨʪʦʚʘʥʦʤʫ ʩʪʘʥʽ ʻ 

ʦʜʥʦʬʘʟʥʠʤ ʽ ʷʚʣʷʻ ʩʦʙʦʶ ʥʝʚʧʦʨʷʜʢʦʚʘʥʠʡ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʽʟ ʢʨʠʩʪʘʣʽʯʥʦʶ 

ʨʝʰʽʪʢʦʶ ʪʠʧʫ ɻʎʂ. ʇʘʨʘʤʝʪʨʠ ʨʝʰʽʪʢʠ ʩʪʘʥʦʚʣʷʪʴ ʚʽʜʧʦʚʽʜʥʦ a= 0,3609 ʥʤ 

ʪʘ a= 0,360 ʥʤ. ʊʘʢʠʤ ʯʠʥʦʤ, ɻʈʉ ʥʝ ʟʤʽʥʶʻ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʩʧʣʘʚʫ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʟʨʘʟʢʽʚ ʧʦʢʘʟʘʣʦ, ʱʦ ʩʧʣʘʚ Al0.5CoCuFeNi ʫ 

ʣʠʪʦʤʫ ʩʪʘʥʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʜʝʥʜʨʠʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ. ɺʦʜʥʦʯʘʩ ɻʈʉ 

ʟʨʘʟʢʠ ʤʘʶʪʴ ʦʜʥʦʨʽʜʥʫ ʜʨʽʙʥʦʟʝʨʥʠʩʪʫ ʩʪʨʫʢʪʫʨʫ, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ ʚʠʩʦʢʦʶ 

ʰʚʠʜʢʽʩʪʶ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʠ ʷʢʦʤʫ ʬʦʨʤʫʻʪʴʩʷ. ʧʣʦʩʢʠʡ ʬʨʦʥʪ ʢʨʠʩʪʘʣʽʟʘʮʽʾ 

ʟ ʧʦʷʚʦʶ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʄʘʛʥʽʪʦʤʝʪʨʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʽ ʣʠʪʽ, ʽ ɻʈʉ ʟʨʘʟʢʠ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʩʧʣʘʚʫ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʪʠʧʦʚʦʶ ʬʝʨʦʤʘʛʥʽʪʥʦʶ 

ʧʦʚʝʜʽʥʢʦʶ. ɿʨʘʟʢʠ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ ʜʦ ʤʘʛʥʽʪʦʤôʷʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʛʽʜʥʦ ʾʭ 

ʟʥʘʯʝʥʴ ʢʦʝʨʮʠʪʠʚʥʦʾ ʩʠʣʠ Hc: 400 ɸ/ʤ ʜʣʷ ʣʠʪʠʭ ʪʘ 800 ɸ/ʤ ʜʣʷ ɻʈʉ ʟʨʘʟʢʽʚ. 

ɿʥʘʯʝʥʥʷ ʧʠʪʦʤʦʾ ʥʘʤʘʛʥʽʯʝʥʦʩʪʽ ʥʘʩʠʯʝʥʥʷ MS ʤʘʡʞʝ ʥʝ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʜʣʷ 

ʣʠʪʠʭ ʪʘ ɻʈʉ ʟʨʘʟʢʽʚ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʽ ʩʪʘʥʦʚʣʷʪʴ 

ʚʽʜʧʦʚʽʜʥʦ 109 ɸĿʤ3/ʢʛ ʪʘ 101 ɸĿʤ3/ʢʛ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʥʘʤʘʛʥʽʯʝʥʽʩʪʴ 

ʩʧʣʘʚʫ ʚ ʦʩʥʦʚʥʦʤʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʢʣʘʜʫ ʪʘ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʷʢʽ 

ʥʝʟʤʽʥʥʽ ʜʣʷ ʦʙʦʭ ʟʨʘʟʢʽʚ. ʇʨʠ ʮʴʦʤʫ ʟʥʘʯʝʥʥʷ ʢʦʝʨʮʠʪʠʚʥʦʾ ʩʠʣʠ ʟʨʦʩʣʦ 

ʚʜʚʽʯʽ. ʱʦ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʟʜʨʽʙʥʝʥʥʷʤ ʩʪʨʫʢʪʫʨʠ ʩʧʣʘʚʽʚ ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ 

ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ. ʊʘʢʘ ʩʪʨʫʢʪʫʨʘ ʤʽʩʪʠʪʴ ʙʘʛʘʪʦ ʜʝʬʝʢʪʽʚ ʽ 

ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʚʢʣʶʯʝʥʴ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʟʤʽʱʝʥʥʷ ʜʦʤʝʥʥʠʭ ʩʪʽʥʦʢ ʧʽʜ ʯʘʩ 

ʧʝʨʝʤʘʛʥʽʯʫʚʘʥʥʷ. 

ɺʠʤʽʨʶʚʘʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʟʨʘʟʢʽʚ ʩʧʣʘʚʫ Al0.5CoCuFeNi ʧʦʢʘʟʘʣʦ, ʱʦ 

ʟʥʘʯʝʥʥʷ Hɛ ʜʣʷ ʟʨʘʟʢʽʚ ɻʈʉ ʚʠʱʝ, ʥʽʞ ʜʣʷ ʩʧʣʘʚʫ ʚ ʣʠʪʦʤʫ ʩʪʘʥʽ ʽ ʩʪʘʥʦʚʠʪʴ 

1500 ʄʇʘ ʪʘ 1400 ʄʇʘ ʚʽʜʧʦʚʽʜʥʦ. ʊʘʢʠʡ ʨʝʟʫʣʴʪʘʪ ʧʦʷʩʥʶʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ 

ʧʽʜʚʠʱʝʥʦʛʦ ʨʽʚʥʶ ʤʽʢʨʦʥʘʧʨʫʞʝʥʴ ʫ ɻʈʉ ʟʨʘʟʢʘʭ, ʘ ʪʘʢʦʞ ʥʘʷʚʥʦʩʪʽ ʚ ʥʠʭ 

ʜʝʬʝʢʪʽʚ ʪʘ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʚʢʣʶʯʝʥʴ. 
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INFLUENCE OF BASALT FIBER PRODUCTION WASTE ON THE 

ABRASIVE WEAR RATE OF AROMATIC POLYAMIDE PHENYLON E 

Annotation. The study investigates the effect of basalt fiber production waste on the 

abrasive wear resistance of the aromatic polyamide phenylone, known under the 

trade name Nomex. It has been established that the introduction of this filler reduces 

the abrasive wear rate by a factor of two while simultaneously decreasing the 

manufacturing cost of phenylon-based products by approximately 30%. 

Keywords: aromatic polyamide phenylone, waste, basalt fiber, abrasive wear rate. 

 

ɿʥʘʯʥʘ ʯʘʩʪʢʘ ʩʫʯʘʩʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚ ʋʢʨʘʾʥʠ ʪʘ ʩʚʽʪʽ ʝʢʩʧʣʫʘʪʫʻʪʴʩʷ ʚ 

ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʫʤʦʚʘʭ, ʟʦʢʨʝʤʘ ʟʘ ʜʽʾ ʘʙʨʘʟʠʚʥʠʭ ʯʘʩʪʦʢ, ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʧʽʜʚʠʱʝʥʦʾ ʚʦʣʦʛʦʩʪʽ ʪʘ ʟʤʽʥ ʪʝʤʧʝʨʘʪʫʨʠ. ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ ʩʝʨʽʡʥʽ 

ʤʝʪʘʣʝʚʽ ʜʝʪʘʣʽ ʪʨʠʙʦʪʝʭʥʽʯʥʦʛʦ ʡ ʢʦʥʩʪʨʫʢʮʽʡʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦ ʟʥʦʰʫʶʪʴʩʷ 

ʪʘ ʚʪʨʘʯʘʶʪʴ ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ, ʱʦ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʨʦʩʪʦʾʚ ʦʙʣʘʜʥʘʥʥʷ, 

ʥʝʦʙʭʽʜʥʦʩʪʽ ʯʘʩʪʠʭ ʨʝʤʦʥʪʽʚ ʽ ʟʥʘʯʥʠʭ ʝʢʦʥʦʤʽʯʥʠʭ ʟʙʠʪʢʽʚ. ɽʬʝʢʪʠʚʥʠʤ ʨʽʰʝʥʥʷʤ 

ʜʘʥʦʾ ʧʨʦʙʣʝʤʠ ʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʦʚʠʭ ʟʥʦʩʦʩʪʽʡʢʠʭ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ (ʇʂʄ). ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʜʦ ʩʝʙʝ ʧʨʠʚʝʨʪʘʶʪʴ ʇʂʄ ʥʘ ʦʩʥʦʚʽ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʭ ʧʦʣʽʤʝʨʽʚ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʥʘ ʦʩʥʦʚʽ ʬʝʥʽʣʦʥʫ, ʦʩʢʽʣʴʢʠ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʟʘʤʽʩʪʴ ʤʝʪʘʣʽʚ ʜʘʻ ʟʤʦʛʫ ʧʽʜʚʠʱʠʪʠ ʪʝʨʤʽʥ ʙʝʟʚʽʜʤʦʚʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʦʙʣʘʜʥʘʥʥʷ. 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʨʦʟʰʠʨʝʥʥʷ ʥʦʤʝʥʢʣʘʪʫʨʠ ʇʂʄ, ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʷʢ 

ʥʘʧʦʚʥʶʚʘʯʘ (ʅʧ) ʚʪʦʨʠʥʥʦʾ ʩʠʨʦʚʠʥʠ, ʱʦ ʦʜʥʦʯʘʩʥʦ ʚʠʨʽʰʫʻ ʝʢʦʣʦʛʽʯʥʽ ʪʘ ʝʢʦʥʦʤʽʯʥʽ 

ʟʘʚʜʘʥʥʷ. ʆʩʦʙʣʠʚʦʾ ʘʢʪʫʘʣʴʥʦʩʪʽ ʥʘʙʫʚʘʻ ʧʦʚʪʦʨʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʽʜʭʦʜʽʚ 

ʚʠʨʦʙʥʠʮʪʚʘ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʦʙʩʷʛʽʚ ʧʨʦʤʠʩʣʦʚʠʭ ʚʽʜʭʦʜʽʚ ʽ ʟʙʽʣʴʰʫʻ 

ʨʝʩʫʨʩʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʘʪʝʨʽʘʣʽʚ. ɺʽʜʭʦʜʠ ʙʘʟʘʣʴʪʦʚʦʛʦ ʚʦʣʦʢʥʘ ʻ ʦʜʥʠʤ ʟ ʜʦʩʪʫʧʥʠʭ 

ʚʠʜʽʚ ʚʪʦʨʠʥʥʦʾ ʤʽʥʝʨʘʣʴʥʦʾ ʩʠʨʦʚʠʥʠ, ʷʢʽʡ ʧʨʠʪʘʤʘʥʥʽ ʚʠʩʦʢʽ ʧʦʢʘʟʥʠʢʠ 

ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ [1]. 

ɼʣʷ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʟʥʦʩʦʩʪʽʡʢʠʭ ʇʂʄ ʙʫʣʦ ʦʙʨʘʥʦ ʘʨʦʤʘʪʠʯʥʠʡ ʧʦʣʽʘʤʽʜ 

ʬʝʥʽʣʦʥ ʚʽʜʦʤʠʡ ʧʽʜ ʪʦʨʛʽʚʝʣʴʥʦʶ ʤʘʨʢʦʶ Nomex. ɺʠʢʦʨʠʩʪʘʥʥʷ ʩʘʤʝ ʮʴʦʛʦ ʧʦʣʽʤʝʨʫ 

ʻ ʜʦʮʽʣʴʥʠʤ, ʦʩʢʽʣʴʢʠ ʬʝʥʽʣʦʥ ʥʘʣʝʞʠʪʴ ʜʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʪʝʨʤʦʧʣʘʩʪʽʚ, 

ʧʨʠʜʘʪʥʠʭ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʽʚ ʤʝʪʦʜʘʤʠ ʢʦʤʧʨʝʩʽʡʥʦʛʦ ʧʨʝʩʫʚʘʥʥʷ ʪʘ ʣʠʪʪʷ ʧʽʜ 

ʪʠʩʢʦʤ. ʂʦʤʧʦʟʠʪʠ ʥʘ ʦʩʥʦʚʽ Nomex ʚʠʨʽʟʥʷʶʪʴʩʷ ʚʠʩʦʢʦʶ ʪʝʧʣʦʩʪʽʡʢʽʩʪʶ 

(ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʜʦ 525 K), ʚʽʜʤʽʥʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ. ʗʢ ʅʧ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʚʽʜʭʦʜʠ ʚʠʨʦʙʥʠʮʪʚʘ ʙʘʟʘʣʴʪʦʚʦʛʦ ʚʦʣʦʢʥʘ (ɹɺ, 

ʚʠʨʦʙʥʠʢ ï ʇɸʊ çʅʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʡ ʽʥʩʪʠʪʫʪ ʩʢʣʦʧʣʘʩʪʠʢʽʚ ʽ ʚʦʣʦʢʥʘè (ʅɼɯʉɺ), 

ʋʢʨʘʾʥʘ). ɼʘʥʝ ʚʦʣʦʢʥʦ ʦʪʨʠʤʫʶʪʴ ʽʟ ʙʘʟʘʣʴʪʫ ï ʤʘʛʤʘʪʠʯʥʦʾ ʛʽʨʩʴʢʦʾ ʧʦʨʦʜʠ, ʱʦ 

ʩʬʦʨʤʫʚʘʣʘʩʷ ʫ ʚʝʨʭʥʽʭ ʰʘʨʘʭ ʟʝʤʥʦʾ ʢʦʨʠ (ʚʤʽʩʪ ʙʘʟʘʣʴʪʫ ʧʝʨʝʚʠʱʫʻ 30 %). ɿʘʚʜʷʢʠ 

ʫʥʽʢʘʣʴʥʦʤʫ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʤʫ ʩʢʣʘʜʫ ʙʘʟʘʣʴʪʫ (ʫ ʥʴʦʤʫ ʧʨʠʩʫʪʥʽ ʤʘʡʞʝ ʚʩʽ 

ʝʣʝʤʝʥʪʠ ʧʝʨʽʦʜʠʯʥʦʾ ʪʘʙʣʠʮʽ ʭʽʤʽʯʥʠʭ ʝʣʝʤʝʥʪʽʚ), ɹɺ ʚʠʨʽʟʥʷʶʪʴʩʷ ʧʦʻʜʥʘʥʥʷʤ 

ʚʠʩʦʢʠʭ ʪʝʭʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽ ʥʝ ʧʦʩʪʫʧʘʶʪʴʩʷ ʦʨʛʘʥʽʯʥʠʤ, ʚʫʛʣʝʮʝʚʠʤ, ʩʢʣʷʥʠʤ ʽ 

ʤʝʪʘʣʝʚʠʤ ʚʦʣʦʢʥʘʤ. ʌʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʽʚ, ʱʦ ʤʽʩʪʠʣʠ 5-30 ʤʘʩ.% ʅʧ, ʟʜʽʡʩʥʶʚʘʣʠ 

ʤʝʪʦʜʦʤ ʢʦʤʧʨʝʩʽʡʥʦʛʦ ʧʨʝʩʫʚʘʥʥʷ, ʨʝʞʠʤ ʷʢʦʛʦ ʥʘʚʝʜʝʥʦ ʫ ʨʦʙʦʪʽ [2]. ʆʮʽʥʢʫ 

ʩʪʽʡʢʦʩʪʽ ʨʦʟʨʦʙʣʝʥʠʭ ʇʂʄ ʽ ʯʠʩʪʦʛʦ ʬʝʥʽʣʦʥʫ ʜʦ ʜʽʾ ʞʦʨʩʢʦʟʘʢʨʽʧʣʝʥʠʭ 

ʯʘʩʪʦʢ ʘʙʨʘʟʠʚʫ ʪʘ ʟʤʽʥʠ ʤʦʨʬʦʣʦʛʽʾ ʧʦʚʝʨʭʦʥʴ ʪʝʨʪʷ ʜʦʩʣʽʜʞʫʚʘʣʠ ʟ 
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ɿ ʘʥʘʣʽʟʫ ʜʘʥʠʭ, ʥʘʚʝʜʝʥʠʭ ʫ ʪʘʙʣ.1, ʚʠʜʥʦ, ʱʦ ʚʚʝʜʝʥʥʷ ʚʽʜʭʦʜʽʚ ɹɺ ʜʦ 

ʩʢʣʘʜʫ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʫ ʢʽʣʴʢʦʩʪʽ 5ï30 ʤʘʩ.% ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʤʝʥʰʝʥʥʷ ʧʦʢʘʟʥʠʢʘ ʘʙʨʘʟʠʚʥʦʛʦ ʩʪʠʨʘʥʥʷ ʬʝʥʽʣʦʥʫ ʪʦʨʛʽʚʝʣʴʥʦʾ ʤʘʨʢʠ 

Nomex ʫ 2 ʨʘʟʠ. 

 

ʊʘʙʣʠʮʷ 1 ï ʌʫʥʢʮʽʦʥʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʬʝʥʽʣʦʥʫ ʪʘ ʇʂʄ ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ 

ʇʦʢʘʟʥʠʢ ɺʤʽʩʪ ʚʽʜʭʦʜʽʚ ɹɺ, ʤʘʩ.% 

л р мл мр нл нр ол 

ʇʦʢʘʟʥʠʢ ʘʙʨʘʟʠʚʥʦʛʦ 

ʩʪʠʨʘʥʥʷ*, Vi, ʤʤ3/ʤ 
мΣф
ф 

мΣл
ф 

мΣл
р 

мΣл
о 

лΣф
ф 

мΣмо мΣмр 

ʐʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ**, 

Ra, ʤʢʤ 
мΣр
у 

мΣм
м 

лΣф
ф 

лΣф
л 

лΣу
р 

мΣлм мΣлп 

*ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ 3 ʮʠʢʣʽʚ ʚʠʧʨʦʙʫʚʘʥʥʷ 

** ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ 10 ʚʠʤʽʨʽʚ 

 

ɿʨʦʩʪʘʥʥʷ ʩʪʽʡʢʦʩʪʽ ʬʝʥʽʣʦʥʫ ʜʦ ʜʽʾ ʞʦʨʩʪʢʦʟʘʢʨʽʧʣʝʥʠʭ ʘʙʨʘʟʠʚʥʠʭ 

ʯʘʩʪʦʢ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʚʚʝʜʝʥʥʷ ʅʧ ʟʤʽʮʥʶʻ ʧʦʚʝʨʭʥʝʚʠʡ ʰʘʨ ʇʂʄ, 

ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʫʧʦʚʽʣʴʥʶʻʪʴʩʷ ʨʦʟʚʠʪʦʢ ʤʽʢʨʦʪʨʽʱʠʥ ʪʘ ʣʦʢʘʣʴʥʠʭ ʟʦʥ 

ʨʫʡʥʫʚʘʥʥʷ [3]. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʟʤʝʥʰʝʥʥʷʤ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʫ 1,8 

ʨʘʟʠ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʝʬʝʢʪʠʚʥʠʡ ʚʤʽʩʪ ʚʽʜʭʦʜʽʚ ɹɺ ʩʪʘʥʦʚʠʪʴ 20 ʤʘʩ.%. 

ʇʦʜʘʣʴʰʝ ʟʙʽʣʴʰʝʥʥʷ ʾʭ ʢʽʣʴʢʦʩʪʽ ʜʦ 30 ʤʘʩ.% ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʟʥʘʯʥʦʛʦ 

ʟʥʠʞʝʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ, ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʧʦʨʫʰʝʥʥʷʤ ʦʧʪʠʤʘʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʇʂʄ ʚʥʘʩʣʽʜʦʢ ʣʦʢʘʣʴʥʦʛʦ ʟʤʝʥʰʝʥʥʷ ʘʜʛʝʟʽʾ ʥʘ ʤʝʞʽ 

ʧʦʜʽʣʫ ʤʽʞ ʬʝʥʽʣʦʥʦʤ ʽ ʅʧ ʟʘ ʡʦʛʦ ʥʘʜʤʽʨʥʦʛʦ ʚʤʽʩʪʫ. 

ɺʽʜʟʥʘʯʠʤʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʽʜʭʦʜʽʚ ʚʠʨʦʙʥʠʮʪʚʘ ɹɺ ʥʝ ʣʠʰʝ 

ʧʦʢʨʘʱʫʻ ʚʠʭʽʜʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ Nomex, ʘʣʝ ʡ ʟʘʙʝʟʧʝʯʫʻ ʝʢʦʥʦʤʽʯʥʠʡ ʪʘ 

ʝʢʦʣʦʛʽʯʥʠʡ ʝʬʝʢʪʠ, ʧʦʚôʷʟʘʥʽ ʟ ʧʦʚʪʦʨʥʠʤ ʟʘʣʫʯʝʥʥʷʤ ʚʪʦʨʠʥʥʦʾ ʤʽʥʝʨʘʣʴʥʦʾ 

ʩʠʨʦʚʠʥʠ. 
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Tɽʈʄʆɼʀʅɸʄɯʏʅʀʁ ʈʆɿʈɸʍʋʅʆʂ ʊʀʉʂʋ ʅɸʉʀʏɽʅʆɰ ʇɸʈʀ 

ʇɸʗʅʆɻʆ ɿôɭɼʅʅʅʗ ɺʋɻʃɽʎʔ-ɺʋɻʃɽʎɽɺʆɻʆ ʂʆʄʇʆɿʀʊʅʆɻʆ 

ʄɸʊɽʈɯɸʃʋ ʊɸ ɺʆʃʔʌʈɸʄʋ 

ɸʥʦʪʘʮʽʷ. ʊʝʨʤʦʜʠʥʘʤʽʯʥʠʤ ʤʦʜʝʣʶʚʘʥʥʷʤ ʫ ʩʝʨʝʜʦʚʠʱʽ HSC Chemistry  

ʦʙˇʨʫʥʪʦʚʘʥʦ ʧʨʦʮʝʩʠ ʬʘʟʦʫʪʚʦʨʝʥʥʷ ʪʘ ʦʮʽʥʝʥʦ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ 

ʚʫʛʣʝʮʴ-ʚʫʛʣʝʮʝʚʦʛʦ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ (ɺɺʂʄ) ʟ ʚʦʣʴʬʨʘʤʦʤ ʧʨʠʧʦʻʤ 

ʩʠʩʪʝʤʠ Ti-Nb ʫ ʚʘʢʫʫʤʽ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʤʦʜʫʣʽʚ Equilibrium Compositions ʪʘ 

TPP-Diagrams ʚʠʟʥʘʯʝʥʦ ʨʽʚʥʦʚʘʞʥʠʡ ʩʢʣʘʜ ʩʠʩʪʝʤʠ ʪʘ ʧʘʨʮʽʘʣʴʥʽ ʪʠʩʢʠ 

ʥʘʩʠʯʝʥʦʾ ʧʘʨʠ ʤʝʪʘʣʽʚ ʥʘʜ ʦʩʥʦʚʥʠʤʠ ʬʘʟʘʤʠ ʰʚʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ 

ʽʥʪʝʨʚʘʣʽ 1300é1840 Áʉ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ ʧʘʷʥʥʷ 1840 Áʉ 

ʩʫʤʘʨʥʠʡ ʪʠʩʢ ʧʘʨʠ ʩʷʛʘʻ 8,010-2 ʊʦʨʨ, ʪʦʜʽ ʷʢ ʚ ʽʥʪʝʨʚʘʣʽ 1300ï1400 Áʉ ʚʽʥ 

ʟʥʠʞʫʻʪʴʩʷ ʜʦ ʧʨʠʡʥʷʪʥʠʭ ʟʥʘʯʝʥʴ 6,2310-5 ʪʘ 8,2310-6 ʊʦʨʨ ʚʽʜʧʦʚʽʜʥʦ. 
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THERMODYNAMIC CALCULATION OF THE SATURATED VAPOR 

PRESSURE OF A BRAZED JOINT BETWEEN CARBON-CARBON 

MATERIAL AND TUNGSTEN  

Annotation. Thermodynamic modeling in HSC Chemistry 6 was used to 

characterize phase formation processes and evaluate the stability of brazed joints in 

mailto:RomanGub@bigmir.net


··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

411 

a carbon-carbon composite material (CCCM) using a Ti-Nb tungsten based brazing 

system in a vacuum. Using the Equilibrium Compositions and TPP-Diagrams 

modules, the equilibrium composition of the system and the partial pressures of 

saturated metal vapor above the main phases of the joint were determined in the 

temperature range of 1300ï1840 ÁC. It was established that at a brazing temperature 

of 1840 ÁC, the total vapor pressure reaches 8.010 Į Torr, whereas in the range of 

1300ï1400 ÁC, it decreases to acceptable values of 6.2310  and 8.2310  Torr, 

respectively. 

Keywords: CCCM, vacuum brazing, saturated vapour pressure, thermodynamic 

modelling 

 

ɼʝʪʘʣʽ, ʚʠʛʦʪʦʚʣʝʥʽ ʟ ʚʫʛʣʝʮʴ-ʚʫʛʣʝʮʝʚʦʛʦ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ  

(ɺɺʂʄ) ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʫ ʜʝʪʘʣʷʭ ʪʝʨʤʦʝʤʽʩʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʘ 

ʩʘʤʝ ʜʝʪʘʣʝʡ ʢʘʪʦʜʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʟʘ ʪʝʤʧʝʨʘʪʫʨ 1400-1600 ęʉ ʫ ʩʝʨʝʜʦʚʠʱʽ 

ʚʘʢʫʫʤʫ. ʆʜʥʠʤ ʟ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʟôʻʜʥʘʥʥʷ ɺɺʂʄ ʟ 

ʪʫʛʦʧʣʘʚʢʠʤʠ ʤʝʪʘʣʘʤʠ ʻ ʧʘʷʥʥʷ ʫ ʚʘʢʫʫʤʽ. ʇʨʠ ʮʴʦʤʫ ʤʦʞʣʠʚʽ ʨʽʟʥʽ ʚʘʨʽʘʥʪʠ 

ʬʦʨʤʫʶʯʦʛʦ ʤʘʪʝʨʽʘʣʫ - ʚʽʜ ʤʝʪʘʣʝʚʦʛʦ ʜʦ ʢʘʨʙʽʜʥʦʛʦ ʪʘ ʚʫʛʣʝʮʝʚʦʛʦ ʩʢʣʘʜʽʚ, 

ʘ ʪʘʢʦʞ ʧʨʦʤʽʞʥʠʭ ʩʢʣʘʜʽʚ ʟ ʨʽʟʥʠʤ ʚʤʽʩʪʦʤ ʤʝʪʘʣʝʚʦʾ ʢʘʨʙʽʜʥʦʾ ʪʘ ʚʫʛʣʝʮʝʚʦʾ 

ʬʘʟ [1]. 

ɽʣʝʤʝʥʪʠ, ʱʦ ʤʽʩʪʷʪʴʩʷ ʫ ʧʨʠʧʦʷʭ, ʟ ʚʠʩʦʢʦʶ ʧʨʫʞʥʽʩʪʶ ʧʘʨʠ ʧʨʠ 

ʥʘʛʨʽʚʘʥʥʽ ʜʦ ʧʝʚʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚʠʧʘʨʦʚʫʶʪʴʩʷ ʫ ʨʦʙʦʯʠʡ ʧʨʦʩʪʽʨ ʢʘʪʦʜʫ ʡ 

ʦʩʽʜʘʶʪʴ ʥʘ ʙʽʣʴʰ ʭʦʣʦʜʥʠʭ ʜʝʪʘʣʷʭ. ʆʩʘʜʞʝʥʥʷ ʮʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ 

ʜʽʝʣʝʢʪʨʠʢʘʭ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʧʦʷʚʦʶ ʚʠʪʦʢʽʚ, ʘ ʥʘ ʤʝʪʘʣʝʚʠʭ ʜʝʪʘʣʷʭ - 

ʟʤʽʥʦʶ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʚʝʨʭʥʽ. ɹʘʛʘʪʦ ʝʣʝʤʝʥʪʽʚ ʟ ʚʠʩʦʢʦʶ ʧʨʫʞʥʽʩʪʶ ʧʘʨʠ, 

ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ʧʨʠʧʦʾʚ, ʧʦʪʨʘʧʣʷʶʯʠ ʥʘ ʘʢʪʠʚʥʫ ʟʦʥʫ ʢʘʪʦʜʫ, ʥʝʛʘʪʠʚʥʦ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʡʦʛʦ ʨʦʙʦʪʠ, ʩʢʦʨʦʯʫʶʯʠ ʪʝʨʤʽʥ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʧʨʠʣʘʜʫ, ʘ ʽʥʦʜʽ ʡ ʟʦʚʩʽʤ ʚʠʚʦʜʷʯʠ ʡʦʛʦ ʟ ʣʘʜʫ [2]. ʊʦʤʫ ʜʣʷ ʧʘʷʥʥʷ ʜʝʪʘʣʝʡ 

ʪʝʨʤʦʝʤʽʩʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʪʘʢʽ ʧʨʠʧʦʾ, ʧʨʫʞʥʽʩʪʴ ʧʘʨʠ 

ʢʦʤʧʦʥʝʥʪʽʚ ʷʢʠʭ, ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʥʘʛʨʽʚʘʥʥʷ ʘʙʦ ʧʽʜ 

ʯʘʩ ʨʦʙʦʪʠ ʚʠʨʦʙʫ, ʥʘ ʦʜʠʥ-ʜʚʘ ʧʦʨʷʜʢʠ ʥʠʞʯʘ ʚʽʜ ʩʪʫʧʝʥʷ ʨʦʟʨʽʜʞʝʥʥʷ ʚ 

ʨʦʙʦʯʦʤʫ ʧʨʦʩʪʦʨʽ [2]. 

ɺʽʜʦʤʦ, ʱʦ ʧʽʜ ʯʘʩ ʧʘʷʥʥʷ ʧʦʨʠʩʪʠʭ ʛʨʘʬʽʪʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʨʠʧʦʷʤʠ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ Ti, Nb, Ta, Zr ʫʪʚʦʨʝʥʥʷ ʤʽʮʥʦʛʦ ʟ'ʻʜʥʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ 

ʨʘʭʫʥʦʢ ʫʪʚʦʨʝʥʥʷ ʝʚʪʝʢʪʠʯʥʦʛʦ ʨʦʟʧʣʘʚʫ MeC-C; ʪʘʢʽ ʟ'ʻʜʥʘʥʥʷ ʤʘʶʪʴ 

ʟʘʜʦʚʽʣʴʥʫ ʤʽʮʥʽʩʪʴ ʽ ʨʫʡʥʫʶʪʴʩʷ ʚʟʜʦʚʞ ʛʨʘʬʽʪʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ [3]. ʊʫʛʦʧʣʘʚʢʽ 

ʢʘʨʙʽʜʠ ʮʠʭ ʤʝʪʘʣʽʚ ʦʪʨʠʤʘʣʠ ʟʥʘʯʥʫ ʫʚʘʛʫ ʟʘʚʜʷʢʠ ʾʭ ʥʘʜʟʚʠʯʘʡʥʦ ʚʠʩʦʢʽʡ 

ʪʝʤʧʝʨʘʪʫʨʽ ʧʣʘʚʣʝʥʥʷ ʪʘ ʪʚʝʨʜʦʩʪʽ, ʘ ʪʘʢʦʞ ʚʠʩʦʢʽʡ ʪʝʧʣʦ- ʪʘ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ. ʇʦʻʜʥʘʥʥʷ ʪʘʢʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʙʠʪʴ ʮʽ ʤʘʪʝʨʽʘʣʠ 

ʧʦʪʝʥʮʽʡʥʠʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ 

ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ, ʜʝ ʥʝʦʙʭʽʜʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʾʭʥʴʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ [4]. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʦʪʨʠʤʘʥʥʷ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ ɺɺʂʄ ʪʘ 

ʚʦʣʴʬʨʘʤʫ, ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʧʨʠʧʦʶ ʩʠʩʪʝʤʠ Ti-Nb ʫ ʚʘʢʫʫʤʽ. ɼʣʷ 

ʪʝʦʨʝʪʠʯʥʦʛʦ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʬʘʟʦʫʪʚʦʨʝʥʥʷ ʚ ʩʠʩʪʝʤʽ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ 
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ʪʝʨʤʦʜʠʥʘʤʽʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʟʥʘʯʝʥʦʛʦ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ 

ʪʘ ʤʦʜʫʣʷ Equilibrium Compositions ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʧʣʝʢʩʫ HSC Chemistry 6. 

ʈʦʟʨʘʭʫʥʦʢ ʨʽʚʥʦʚʘʞʥʦʛʦ ʩʢʣʘʜʫ ʛʝʪʝʨʦʛʝʥʥʦʾ ʩʠʩʪʝʤʠ ʟʜʽʡʩʥʶʚʘʚʩʷ ʤʝʪʦʜʦʤ 

ʤʽʥʽʤʽʟʘʮʽʾ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 1300é2500 Üʉ. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʠʣʠ ʚʠʟʥʘʯʠʪʠ ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʟʦʥ 

ʧʘʷʥʦʛʦ ʟ'ʻʜʥʘʥʥʷ, ʧʽʜʪʚʝʨʜʠʣʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʢʘʨʙʽʜʥʠʭ ʬʘʟ 

TiC, Nb2C, Nb6C5, NbC ʪʘ ʥʘʷʚʥʽʩʪʴ ʚʽʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʊʽ, Nb, C, W ʫ ʧʝʚʥʽʡ 

ʢʽʣʴʢʦʩʪʽ. 

ɼʣʷ ʦʮʽʥʢʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʬʘʟʦʚʠʭ ʩʢʣʘʜʦʚʠʭ ʧʘʷʥʦʛʦ 

ʟôʻʜʥʘʥʥʷ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʦʢ ʧʘʨʮʽʘʣʴʥʠʭ ʪʠʩʢʽʚ ʥʘʩʠʯʝʥʦʾ ʧʘʨʠ 

ʤʝʪʘʣʽʚ ʥʘʜ ʦʩʥʦʚʥʠʤʠ ʬʘʟʘʤʠ ʰʚʘ ʚ ʩʝʨʝʜʦʚʠʱʽ ʘʨʛʦʥʫ. ɼʦʩʣʽʜʞʝʥʥʷ 

ʚʠʢʦʥʫʚʘʣʠʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʜʫʣʷ TPP-Diagrams ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʧʣʝʢʩʫ 

HSC Chemistry. ʈʦʟʨʘʭʫʥʦʢ ʚʠʢʦʥʫʚʘʚʩʷ ʜʣʷ ʩʠʩʪʝʤ Ar-Ti-C ʪʘ Ar-Nb-C ʧʨʠ 

ʧʘʨʮʽʘʣʴʥʦʤʫ ʪʠʩʢʫ ʘʨʛʦʥʫ ʚ ʩʠʩʪʝʤʽ 1Ā10-4 ʊʦʨʨ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʠʚ 

ʚʠʟʥʘʯʠʪʠ ʨʽʚʥʦʚʘʞʥʽ ʧʘʨʮʽʘʣʴʥʽ ʪʠʩʢʠ ʢʦʤʧʦʥʝʥʪʽʚ ʥʘʜ ʢʘʨʙʽʜʥʠʤʠ ʬʘʟʘʤʠ 

TiC, Nb2C, Nb6C5, NbC ʟʘ ʪʝʤʧʝʨʘʪʫʨ 1300, 1400, 1500, 1600 ʪʘ 1840 ɕʉ. ʆʮʽʥʢʘ 
ʩʫʤʘʨʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚ ʟʦʥʽ ʟôʻʜʥʘʥʥʷ ʧʨʦʚʦʜʠʣʘʩʷ ʰʣʷʭʦʤ 

ʨʦʟʨʘʭʫʥʢʫ ʩʫʤʘʨʥʦʛʦ ʪʠʩʢʫ ʥʘʩʠʯʝʥʦʾ ʧʘʨʠ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʠʧʦʶ. ʄʝʪʦʜʠʢʘ 

ʧʝʨʝʜʙʘʯʘʣʘ ʚʠʟʥʘʯʝʥʥʷ ʽʥʜʠʚʽʜʫʘʣʴʥʠʭ ʧʘʨʮʽʘʣʴʥʠʭ ʪʠʩʢʽʚ ʜʣʷ ʝʣʝʤʝʥʪʽʚ ʊʽ, 

Nb, C, W ʟʛʽʜʥʦ ʟ [5], ʜʝʷʢʽ ʜʘʥʽ ʙʫʣʠ ʘʧʨʦʢʩʠʤʦʚʘʥʽ ʤʝʪʦʜʦʤ ʥʘʡʤʝʥʰʠʭ 

ʢʚʘʜʨʘʪʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʇɿ Microsoft Excel. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 

ʧʘʷʥʥʷ 1840 Áʉ ʩʠʩʪʝʤʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʡʚʠʱʦʶ ʣʝʪʢʽʩʪʶ: ʩʫʤʘʨʥʠʡ ʪʠʩʢ 

ʥʘʩʠʯʝʥʦʾ ʧʘʨʠ ʟôʻʜʥʘʥʥʷ ʩʷʛʘʻ 8,010-2 ʊʦʨʨ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʚʠʩʦʢʫ 

ʢʦʥʮʝʥʪʨʘʮʽʶ ʛʘʟʦʧʦʜʽʙʥʦʾ ʬʘʟʠ ʤʝʪʘʣʽʚ ʫ ʨʦʙʦʯʦʤʫ ʧʨʦʩʪʦʨʽ. ʋ ʪʦʡ ʞʝ ʯʘʩ, 

ʧʘʨʮʽʘʣʴʥʠʡ ʪʠʩʢ ʧʘʨʠ ʥʘʜ ʢʘʨʙʽʜʦʤ TiC ʟʘ ʮʽʻʾ ʪʝʤʧʝʨʘʪʫʨʠ ʟʥʘʯʥʦ ʥʠʞʯʠʡ ʽ 

ʩʪʘʥʦʚʠʪʴ 5.010-6 ʊʦʨʨ. 

ʇʨʠ ʟʥʠʞʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 1600 Áʉ ʩʫʤʘʨʥʠʡ ʪʠʩʢ ʥʘʩʠʯʝʥʦʾ ʧʘʨʠ 

ʟôʻʜʥʘʥʥʷ ʟʤʝʥʰʫʻʪʴʩʷ ʜʦ 2,2810-3 ʊʦʨʨ, ʘ ʧʦʢʘʟʥʠʢ ʥʘʜ ʟʦʥʦʶ ʫʪʚʦʨʝʥʥʷ TiC 

ʟʥʠʞʫʻʪʴʩʷ ʜʦ ʟʥʘʯʝʥʥʷ  5,010-9 ʊʦʨʨ. ʇʦʜʘʣʴʰʝ ʦʭʦʣʦʜʞʝʥʥʷ ʜʦ1500 Áʉ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʠʞʝʥʥʷʤ ʩʫʤʘʨʥʦʛʦ ʪʠʩʢʫ ʜʦ 3,7410-4 ʊʦʨʨ, ʪʦʜʽ ʷʢ 

ʧʘʨʮʽʘʣʴʥʠʡ ʪʠʩʢ ʧʘʨʠ ʥʘʜ ʢʘʨʙʽʜʦʤ ʪʠʪʘʥʫ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 3,74 10-4 ʊʦʨʨ. 

ɿʘ ʪʝʤʧʝʨʘʪʫʨʠ 1400 Üʉ ʩʫʤʘʨʥʠʡ ʪʠʩʢ ʥʘʩʠʯʝʥʦʾ ʧʘʨʠ ʟ'ʻʜʥʘʥʥʷ ʩʪʘʥʦʚʠʪʴ 

ʙʣʠʟʴʢʦ 6,2310-5 ʊʦʨʨ, ʚ ʟʦʥʽ ʫʪʚʦʨʝʥʥʷ ʢʘʨʙʽʜʫ ʊiC ï 5,0 10-11 ʊʦʨʨ. ɿʘ 

ʪʝʤʧʝʨʘʪʫʨʠ 1300 Üʉ ʩʫʤʘʨʥʠʡ ʪʠʩʢ ʥʘʩʠʯʝʥʦʾ ʧʘʨʠ ʟ'ʻʜʥʘʥʥʷ ʩʪʘʥʦʚʠʪʴ 

ʙʣʠʟʴʢʦ 8,2310-6 ʊʦʨʨ, ʚ ʟʦʥʽ ʫʪʚʦʨʝʥʥʷ ʢʘʨʙʽʜʫ  ʊiC ï 5,0 10-12 ʊʦʨʨ. 
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Bʀʇʈʆɹʋɺɸʅʅʗ ʊɸ ɺɯɼʇʈɸʎʖɺɸʅʅʗ ʈɽʎɽʇʊʋʈ ʊɺɽʈɼʀʍ 

ʈɸʂɽʊʅʀʍ ʇɸʃʀɺ ʅɸ ʆʉʅʆɺɯ ɸʃʔʊɽʈʅɸʊʀɺʅʀʍ ɿɺ'ʗɿʋʖʏʀʍ  

ɸʥʦʪʘʮʽʷ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʟʚ'ʷʟʫʶʯʠʭ ʜʣʷ 

ʪʚʝʨʜʠʭ ʨʘʢʝʪʥʠʭ ʧʘʣʠʚ ʥʘ ʦʩʥʦʚʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʝʥʝʨʛʝʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʭ, ʢʨʠʩʪʘʣʽʯʥʠʭ 

ʪʘ ʤʝʪʘʣʝʚʠʭ ʟʚ'ʷʟʫʶʯʠʭ ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʨʽʚʥʽ ʪʨʘʜʠʮʽʡʥʠʭ ʪʝʨʤʦʨʝʘʢʪʠʚʥʠʭ 

ʧʦʣʽʤʝʨʽʚ (240-257 ʩ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ), ʱʦ ʟʤʽʱʫʻ ʘʢʮʝʥʪ ʥʘ ʪʝʭʥʦʣʦʛʽʯʥʽ 

ʢʨʠʪʝʨʽʾ. ɺʠʟʥʘʯʝʥʦ ʜʦʧʫʩʪʠʤʠʡ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʜʽʘʧʘʟʦʥ ʧʝʨʝʨʦʙʢʠ 50-150ÁC, 

ʦʙʫʤʦʚʣʝʥʠʡ ʬʘʟʦʚʠʤ ʧʝʨʝʭʦʜʦʤ ʧʝʨʭʣʦʨʘʪʫ ʘʤʦʥʽʶ. ʆʙˇʨʫʥʪʦʚʘʥʦ 

ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʭ ʝʣʘʩʪʦʤʝʨʽʚ ʜʣʷ 3D-ʜʨʫʢʫ ʪʘ ʩʝʯʦʚʠʥʠ ʷʢ 

ʜʝʰʝʚʦʾ ʘʣʴʪʝʨʥʘʪʠʚʠ, ʱʦ ʧʦʪʨʝʙʫʻ ʚʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ ʢʨʠʭʢʦʩʪʽ. ʄʝʪʘʣʝʚʽ 

ʟʚ'ʷʟʫʶʯʽ ʥʘ ʦʩʥʦʚʽ ʩʧʣʘʚʫ ʽʥʜʽʡ-ʛʘʣʽʡ ʧʦʢʘʟʘʣʠ ʥʠʟʴʢʫ ʝʥʝʨʛʝʪʠʯʥʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʯʝʨʝʟ ʧʝʨʝʚʘʞʘʥʥʷ ʢʦʥʜʝʥʩʦʚʘʥʠʭ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʪʚʝʨʜʝ ʨʘʢʝʪʥʝ ʧʘʣʠʚʦ, ʘʣʴʪʝʨʥʘʪʠʚʥʽ ʟʚ'ʷʟʫʶʯʽ, 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʽ ʝʣʘʩʪʦʤʝʨʠ, ʩʝʯʦʚʠʥʘ, ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ, 3D-ʜʨʫʢ. 
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TESTING AND DEVELOPMENT OF SOLID ROCKET  FUELS BASED ON 

ALTERNATIVE BINDERS  

Abstract. A comparative analysis of alternative binders for solid rocket propellants 

based on thermodynamic modeling was performed. It was established that the energy 

characteristics of thermoplastic, crystalline, and metallic binders are at the level of 

traditional thermosetting polymers (240-257 s of specific impulse), which shifts the 

focus to technological criteria. The permissible processing temperature range of 50-

150ÁC was determined, conditioned by the phase transition of ammonium 

perchlorate. The prospects of thermoplastic elastomers for 3D printing and urea as a 

cheap alternative requiring solving the brittleness problem were substantiated. 

Metallic binders based on indium-gallium alloy showed low energy efficiency due 

to the predominance of condensed combustion products. 

Keywords: solid rocket propellant, alternative binders, thermoplastic elastomers, 

urea, specific impulse, 3D printing. 

 

ʉʫʯʘʩʥʽ ʚʠʤʦʛʠ ʜʦ ʪʚʝʨʜʦʧʘʣʠʚʥʠʭ ʨʘʢʝʪʥʠʭ ʜʚʠʛʫʥʽʚ, ʟʦʢʨʝʤʘ ʜʣʷ 

ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ, ʩʪʠʤʫʣʶʶʪʴ ʧʦʰʫʢ ʥʦʚʠʭ ʟʚ'ʷʟʫʶʯʠʭ 

ʤʘʪʝʨʽʘʣʽʚ. ʂʣʘʩʠʯʥʽ ʪʝʨʤʦʨʝʘʢʪʠʚʥʽ ʧʦʣʽʤʝʨʠ ʤʘʶʪʴ ʥʝʟʚʦʨʦʪʥʠʡ ʮʠʢʣ 

ʧʝʨʝʨʦʙʢʠ, ʱʦ ʫʥʝʤʦʞʣʠʚʣʶʻ ʫʪʠʣʽʟʘʮʽʶ ʟʘʨʷʜʽʚ ʪʘ ʦʙʤʝʞʫʻ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʟʚ'ʷʟʫʶʯʠʭ ʥʘ ʦʩʥʦʚʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ 

ʦʮʽʥʢʘ ʾʭ ʧʨʠʜʘʪʥʦʩʪʽ ʜʣʷ ʩʫʯʘʩʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʂʣʶʯʦʚʠʤ ʢʨʠʪʝʨʽʻʤ ʚʽʜʙʦʨʫ ʻ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʟʚ'ʷʟʫʶʯʦʛʦ. 

ʊʝʨʤʦʛʨʘʚʽʤʝʪʨʠʯʥʠʡ ʘʥʘʣʽʟ ʤʦʜʝʣʴʥʦʾ ʢʦʤʧʦʟʠʮʽʾ ʚʠʟʥʘʯʠʚ ʜʦʧʫʩʪʠʤʠʡ 

ʨʦʙʦʯʠʡ ʜʽʘʧʘʟʦʥ ʚʽʜ 50ÁC ʜʦ 150ÁC. ɺʝʨʭʥʷ ʤʝʞʘ ʦʙʫʤʦʚʣʝʥʘ ʥʝʦʙʭʽʜʥʽʩʪʶ 

ʫʥʠʢʥʝʥʥʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʫ ʧʝʨʭʣʦʨʘʪʫ ʘʤʦʥʽʶ ʧʨʠ 242ÁC, ʷʢʠʡ ʩʧʨʠʯʠʥʷʻ 

ʟʤʽʥʫ ʦʙ'ʻʤʫ ʦʢʠʩʥʠʢʘ ʪʘ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʫʪʚʦʨʝʥʥʷ ʤʽʢʨʦʪʨʽʱʠʥ ʫ ʟʘʨʷʜʽ. 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʢʦʥʘʥʦ ʚ ʧʨʦʛʨʘʤʽ ProPep ʜʣʷ ʪʠʩʢʫ ʚ ʢʘʤʝʨʽ 

69 ʙʘʨ. 

ʈʦʟʨʘʭʫʥʢʠ ʧʠʪʦʤʦʛʦ ʽʤʧʫʣʴʩʫ ʜʣʷ ʢʦʤʧʦʟʠʮʽʡ ʥʘ ʦʩʥʦʚʽ ʨʽʟʥʠʭ 

ʟʚ'ʷʟʫʶʯʠʭ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʦʣʽʤʝʨʥʽ ʤʘʪʝʨʽʘʣʠ, ʷʢ ʪʝʨʤʦʨʝʘʢʪʠʚʥʽ ʪʘʢ ʽ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʽ, ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ ʫ ʜʽʘʧʘʟʦʥʽ 240-257 ʩʝʢʫʥʜ. ɿ 

ʝʥʝʨʛʝʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʚʠʙʽʨ ʤʽʞ HTPB, ʧʦʣʽʫʨʝʪʘʥʦʤ, ʝʧʦʢʩʠʜʥʦʶ ʩʤʦʣʦʶ, 

EVA ʯʠ ʧʦʣʽʝʪʠʣʝʥʦʤ ʥʝ ʻ ʢʨʠʪʠʯʥʠʤ, ʱʦ ʚʠʚʦʜʠʪʴ ʥʘ ʧʝʨʰʠʡ ʧʣʘʥ 

ʪʝʭʥʦʣʦʛʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

ʉʝʨʝʜ ʢʨʠʩʪʘʣʽʯʥʠʭ ʟʚ'ʷʟʫʶʯʠʭ ʪʨʦʪʠʣ ʜʝʤʦʥʩʪʨʫʻ ʝʥʝʨʛʝʪʠʢʫ ʥʘ ʨʽʚʥʽ 

ʧʦʣʽʤʝʨʽʚ, ʦʜʥʘʢ ʤʘʻ ʥʝʜʦʣʽʢʠ ʫ ʚʠʛʣʷʜʽ ʢʨʠʭʢʦʩʪʽ ʪʘ ʩʭʠʣʴʥʦʩʪʽ ʜʦ ʤʽʛʨʘʮʽʾ. 

ʉʝʯʦʚʠʥʘ ʫ ʯʠʩʪʦʤʫ ʚʠʛʣʷʜʽ ʜʘʻ ʥʠʟʴʢʽ ʧʦʢʘʟʥʠʢʠ, ʘʣʝ ʟ ʜʦʜʘʚʘʥʥʷʤ ʘʣʶʤʽʥʽʶ 

mailto:kulyk_o_v@365.dnu.edu.ua


˴˻˹˿́˾̂˴̇˱˯˹˱ ́ˢ ̅̂˹˴̇˱˻˹ˢ˶̎˹˱ ˸ˢ́˩˾˱ˢ˶ˮ 

416 

ʜʦʩʷʛʘʻ ʧʨʠʡʥʷʪʥʠʭ ʟʥʘʯʝʥʴ 237-247 ʩʝʢʫʥʜ, ʱʦ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʥʠʟʴʢʦʶ ʮʽʥʦʶ 

ʨʦʙʠʪʴ ʾʾ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʦʙ'ʻʢʪʦʤ ʜʦʩʣʽʜʞʝʥʴ. 

ʄʝʪʘʣʝʚʽ ʟʚ'ʷʟʫʶʯʽ ʥʘ ʦʩʥʦʚʽ ʩʧʣʘʚʫ ʽʥʜʽʡ-ʛʘʣʽʡ ʧʦʢʘʟʘʣʠ ʘʥʦʤʘʣʴʥʦ 

ʥʠʟʴʢʠʡ ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ. ʁʤʦʚʽʨʥʦʶ ʧʨʠʯʠʥʦʶ ʻ 

ʧʝʨʝʚʘʞʘʥʥʷ ʢʦʥʜʝʥʩʦʚʘʥʠʭ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ, ʷʢʽ ʥʝ ʩʪʚʦʨʶʶʪʴ ʝʬʝʢʪʠʚʥʦʾ 

ʪʷʛʠ, ʱʦ ʧʦʪʨʝʙʫʻ ʜʦʢʦʨʽʥʥʦʛʦ ʧʝʨʝʛʣʷʜʫ ʨʝʮʝʧʪʫʨ ʽʟ ʤʦʞʣʠʚʠʤ ʚʚʝʜʝʥʥʷʤ 

ʛʘʟʦʛʝʥʝʨʫʶʯʠʭ ʜʦʙʘʚʦʢ. 

ɿʜʘʪʥʽʩʪʴ ʜʦ ʟʚʦʨʦʪʥʠʭ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʪʝʭʥʦʣʦʛʽʯʥʽ 

ʤʦʞʣʠʚʦʩʪʽ. ʊʝʨʤʦʧʣʘʩʪʠ ʪʘ ʤʝʪʘʣʝʚʽ ʩʧʣʘʚʠ ʻ ʧʨʠʜʘʪʥʠʤʠ ʜʣʷ ʧʝʨʝʨʦʙʢʠ, 

ʦʩʢʽʣʴʢʠ ʙʨʘʢʦʚʘʥʽ ʘʙʦ ʚʠʚʝʜʝʥʽ ʟ ʝʢʩʧʣʫʘʪʘʮʽʾ ʟʘʨʷʜʠ ʤʦʞʥʘ ʧʝʨʝʧʣʘʚʣʷʪʠ ʜʣʷ 

ʚʠʣʫʯʝʥʥʷ ʮʽʥʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʚʝʨʪʘʻ ʧʨʠʜʘʪʥʽʩʪʴ ʜʦ 3D-

ʜʨʫʢʫ, ʟʦʢʨʝʤʘ ʪʝʨʤʦʧʣʘʩʪʠʯʥʽ ʝʣʘʩʪʦʤʝʨʠ ʽʜʝʘʣʴʥʦ ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʪʝʭʥʦʣʦʛʽʾ 

ʤʦʜʝʣʶʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʥʷʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʟʘʨʷʜʠ ʟ ʧʨʦʛʨʘʤʦʚʘʥʦʶ 

ʚʥʫʪʨʽʰʥʴʦʶ ʘʨʭʽʪʝʢʪʫʨʦʶ. ʇʝʨʝʭʽʜ ʥʘ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʟ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʤʠ ʟʚ'ʷʟʫʶʯʠʤʠ ʩʢʦʨʦʯʫʻ ʯʘʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʘʨʷʜʫ ʟ ʢʽʣʴʢʦʭ 

ʪʠʞʥʽʚ ʜʦ ʢʽʣʴʢʦʭ ʛʦʜʠʥ, ʤʽʥʽʤʽʟʫʶʯʠ ʨʫʯʥʫ ʧʨʘʮʶ ʪʘ ʧʽʜʚʠʱʫʶʯʠ ʙʝʟʧʝʢʫ 

ʚʠʨʦʙʥʠʮʪʚʘ. 

ʆʩʥʦʚʥʠʤʠ ʧʨʦʙʣʝʤʘʤʠ ʟʘʣʠʰʘʶʪʴʩʷ ʦʙ'ʻʤʥʽ ʟʤʽʥʠ ʧʝʨʭʣʦʨʘʪʫ ʘʤʦʥʽʶ 

ʧʨʠ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʽ, ʱʦ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʤʽʢʨʦʪʨʽʱʠʥʠ ʚ ʟʘʨʷʜʽ, ʢʨʠʭʢʽʩʪʴ 

ʢʨʠʩʪʘʣʽʯʥʠʭ ʟʚ'ʷʟʫʶʯʠʭ, ʷʢʘ ʧʦʪʨʝʙʫʻ ʧʦʰʫʢʫ ʤʝʪʦʜʽʚ ʧʣʘʩʪʠʬʽʢʘʮʽʾ, ʘ ʪʘʢʦʞ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʜʦʜʘʪʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʽʚ ʟ 

ʦʢʠʩʥʠʢʦʤ. 

ʆʪʞʝ, ʝʥʝʨʛʝʪʠʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʝʨʝʩʪʘʣʘ ʙʫʪʠ ʛʦʣʦʚʥʠʤ ʢʨʠʪʝʨʽʻʤ 

ʚʠʙʦʨʫ ʟʚ'ʷʟʫʶʯʦʛʦ, ʦʩʢʽʣʴʢʠ ʙʽʣʴʰʽʩʪʴ ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ ʥʘ ʨʽʚʥʽ ʪʨʘʜʠʮʽʡʥʠʭ ʧʦʣʽʤʝʨʽʚ. ʂʣʶʯʦʚʠʤʠ 

ʢʨʠʪʝʨʽʷʤʠ ʩʪʘʶʪʴ ʪʝʭʥʦʣʦʛʽʯʥʽʩʪʴ, ʟʜʘʪʥʽʩʪʴ ʜʦ ʧʝʨʝʨʦʙʢʠ ʪʘ ʧʨʠʜʘʪʥʽʩʪʴ ʜʦ 

ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ʅʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ 

ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʻ ʪʝʨʤʦʧʣʘʩʪʠʯʥʽ ʝʣʘʩʪʦʤʝʨʠ ʷʢ ʦʩʥʦʚʘ ʜʣʷ ʰʚʠʜʢʦʛʦ 3D-

ʜʨʫʢʫ ʪʘ ʩʝʯʦʚʠʥʘ ʷʢ ʜʝʰʝʚʘ ʘʣʴʪʝʨʥʘʪʠʚʘ, ʱʦ ʧʦʪʨʝʙʫʻ ʚʠʨʽʰʝʥʥʷ ʧʨʦʙʣʝʤʠ 

ʢʨʠʭʢʦʩʪʽ. ʄʝʪʘʣʝʚʽ ʟʚ'ʷʟʫʶʯʽ ʧʦʪʨʝʙʫʶʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʧʝʨʝʛʣʷʜʫ 

ʨʝʮʝʧʪʫʨ ʯʝʨʝʟ ʥʠʟʴʢʠʡ ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ. 
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Oʎɯʅʂɸ ʄʆɾʃʀɺʆʉʊɯ ɿɸʉʊʆʉʋɺɸʅʅʗ ʇʆʃɯʆʃɽʌɯʅɯɺ ɼʃʗ 

ʂʆʈʇʋʉʅʀʍ ɽʃɽʄɽʅʊɯɺ ʈɸʂɽʊ-ʅʆʉɯɰɺ ʅɸɼʃɽɻʂʆɻʆ ʂʃɸʉʋ  

ɸʥʦʪʘʮʽʷ. ʋ ʩʪʘʪʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʣʽʦʣʝʬʽʥʽʚ ʷʢ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʣʝʤʝʥʪʽʚ 

ʥʘʜʣʝʛʢʠʭ ʨʘʢʝʪ-ʥʦʩʽʾʚ ʟ ʤʝʪʦʶ ʟʥʠʞʝʥʥʷ ʚʘʨʪʦʩʪʽ ʧʫʩʢʽʚ. ɸʚʪʦʨʠ ʧʨʦʚʝʣʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʽʝʪʠʣʝʥʫ ʤʘʨʢʠ 

ʇɽ-100 ʪʘ ʧʦʨʽʚʥʷʣʠ ʡʦʛʦ ʧʠʪʦʤʽ ʧʘʨʘʤʝʪʨʠ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʘʣʶʤʽʥʽʻʚʠʤʠ 

ʩʧʣʘʚʘʤʠ. ʈʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʧʦʧʨʠ ʥʠʞʯʫ ʧʠʪʦʤʫ ʤʽʮʥʽʩʪʴ, 

ʚʠʩʦʢʘ ʪʝʭʥʦʣʦʛʽʯʥʽʩʪʴ ʪʘ ʥʠʟʴʢʘ ʚʘʨʪʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʨʦʙʣʷʪʴ ʡʦʛʦ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʤʘʣʦʥʘʚʘʥʪʘʞʝʥʠʭ ʚʫʟʣʽʚ ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʥʩʪʨʫʢʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʧʦʣʽʦʣʝʬʽʥʠ, ʤʝʭʘʥʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʠʪʦʤʽ ʧʘʨʘʤʝʪʨʠ. 
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ASSESSMENT OF THE POSSIBILITY OF USING POLYOLEFINS FOR 

HULL ELEMENTS OF ULTRALIGHT CLASS LAUNCH VEHICLES  

Annotation. The article examines the potential of using polyolefins as alternative 

structural materials for ultra-light launch vehicles to reduce overall mission costs. 

The authors conducted an experimental study on the mechanical properties of PE-

100 polyethylene, comparing its specific strength and stiffness with traditional 

aluminum alloys. The findings suggest that despite lower specific parameters, the 

high processability and low cost of polyolefins make them a viable option for low-

load structural components in space applications. 

Keywords: structural materials, polyolefins, mechanical characteristics, specific 

parameters. 
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ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʫ ʩʬʝʨʽ ʢʦʩʤʽʯʥʠʭ ʧʦʩʣʫʛ ʩʢʣʘʣʘʩʷ ʪʝʥʜʝʥʮʽʷ ʟ 

ʤʽʥʽʘʪʶʨʠʟʘʮʽʾ ʪʘ ʟʜʝʰʝʚʣʝʥʥʷ ʢʦʩʤʽʯʥʠʭ ʘʧʘʨʘʪʽʚ (ʪʘʢ ʟʚʘʥʽ ʥʘʥʦʩʫʧʫʪʥʠʢʠ 

ʪʘ ʧʽʢʦʩʫʧʫʪʥʠʢʠ), ʱʦ ʧʦʪʨʝʙʫʻ ʚʽʜʧʦʚʽʜʥʠʭ ʨʘʢʝʪ-ʥʦʩʽʾʚ (ʈʅ) ʥʘʜʣʝʛʢʦʛʦ 

ʢʣʘʩʫ ʟʽ ʟʤʝʥʰʝʥʦʶ (ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʢʣʘʩʠʯʥʠʤʠ ʨʘʢʝʪʘʤʠ-ʥʦʩʽʷʤʠ) ʚʘʨʪʽʩʪʶ 

ʧʫʩʢʫ. 

ɺʘʨʪʽʩʪʴ ʧʫʩʢʫ, ʘʙʦ ʚʘʨʪʽʩʪʴ ʈʅ ʤʦʞʥʘ ʟʤʝʥʰʠʪʠ ʟʘ ʨʘʭʫʥʦʢ ʜʝʢʽʣʴʢʦʭ 

ʬʘʢʪʦʨʽʚ: ʧʦ-ʧʝʨʰʝ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʙʽʣʴʰ ʜʝʰʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʧʦ-ʜʨʫʛʝ 

ʟʤʝʥʰʝʥʥʷ ʚʠʪʨʘʪ ʥʘ ʚʠʨʦʙʥʠʮʪʚʦ. ʆʩʢʽʣʴʢʠ ʩʘʤʝ ʪʝʭʥʦʣʦʛʽʯʥʽʩʪʴ ʚ 

ʥʘʡʙʽʣʴʰʽʡ ʤʽʨʽ ʚʧʣʠʚʘʻ ʥʘ ʚʘʨʪʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʾ ʈʅ [1]. 

ɼʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʟʽ ʟʤʝʥʰʝʥʥʷ ʚʘʨʪʦʩʪʽ ʘʚʪʦʨʘʤʠ 

ʧʨʦʧʦʥʫʻʪʴʩʷ ʨʦʟʛʣʷʥʫʪʠ ʧʦʣʽʦʣʝʬʽʥʠ ʷʢ ʘʣʴʪʝʨʥʘʪʠʚʫ ʪʨʘʜʠʮʽʡʥʠʤ 

ʢʦʥʩʪʨʫʢʮʽʡʥʠʤ ʤʘʪʝʨʽʘʣʘʤ. ʇʦ-ʧʝʨʰʝ, ʧʦʣʽʦʣʝʬʽʥʠ ʤʘʶʪʴ ʫ ʩʝʨʝʜʥʴʦʤʫ 

ʤʝʥʰʫ ʚʘʨʪʽʩʪʴ, ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʘʣʶʤʽʥʽʻʚʠʤʠ ʩʧʣʘʚʘʤʠ ʪʘ ʢʦʤʧʦʟʠʪʥʠʤʠ 

ʤʘʪʝʨʽʘʣʘʤʠ. ɸ ʧʦ-ʜʨʫʛʝ, ʚʦʥʠ ʙʽʣʴʰ ʪʝʭʥʦʣʦʛʽʯʥʽ: ʜʦʟʚʦʣʷʶʪʴ ʚʠʛʦʪʦʚʣʷʪʠ 

ʨʽʟʥʽ ʢʦʨʧʫʩʥʽ ʝʣʝʤʝʥʪʠ ʤʝʪʦʜʘʤʠ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ, ʝʢʩʪʨʫʟʽʻʶ ʪʘ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ʉʝʨʝʜ ʛʨʫʧʠ ʧʦʣʽʦʣʝʬʽʥʽʚ ʚʘʨʪʽ ʫʚʘʛʠ ʥʘʩʪʫʧʥʽ ʧʨʝʜʩʪʘʚʥʠʢʠ: 

ʧʦʣʽʧʨʦʧʽʣʝʥ, ʧʦʣʽʝʪʠʣʝʥ ʚʠʩʦʢʦʾ ʱʽʣʴʥʦʩʪʽ ʪʘ ʧʦʣʽʝʪʠʣʝʥ ʥʘʜʚʠʩʦʢʦʾ 

ʱʽʣʴʥʦʩʪʽ [2]. 

ʆʩʥʦʚʥʠʤ ʞʝ ʥʝʜʦʣʽʢʦʤ ʧʦʣʽʦʣʝʬʽʥʽʚ ʻ ʜʝʱʦ ʥʠʞʯʽ ʧʠʪʦʤʽ ʧʘʨʘʤʝʪʨʠ 

(ʧʠʪʦʤʘ ʤʽʮʥʽʩʪʴ, ʧʠʪʦʤʘ ʞʦʨʩʪʢʽʩʪʴ), ʦʜʥʘʢ ʥʠʟʴʢʘ ʚʘʨʪʽʩʪʴ ʧʦʣʽʦʣʝʬʽʥʽʚ 

ʤʦʞʝ ʩʢʦʤʧʝʥʩʫʚʘʪʠ ʮʝʡ ʥʝʜʦʣʽʢ. 

ɼʣʷ ʢʽʣʴʢʽʩʥʦʾ ʦʮʽʥʢʠ ʤʦʞʣʠʚʦʩʪʝʡ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʚʪʦʨʘʤʠ ʧʨʦʚʝʜʝʥʝ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʽʟ ʚʠʤʽʨʶʚʘʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʟʨʘʟʢʘ ʮʠʣʽʥʜʨʠʯʥʦʾ ʦʙʦʣʦʥʢʠ ʚʠʢʦʥʘʥʦʛʦ ʟ ʧʦʣʽʝʪʠʣʝʥʫ ʤʘʨʢʠ ʇɽ-100 [3]. 

ʂʨʽʤ ʪʦʛʦ, ʟʘ ʦʩʥʦʚʥʠʡ ʧʘʨʘʤʝʪʨ ʧʨʦʧʦʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʪʠ ʧʠʪʦʤʫ ʧʣʠʥʥʽʩʪʴ, 

ʱʦ ʻ ʚʽʜʥʦʰʝʥʥʷʤ ʤʝʞʽ ʧʣʠʥʥʦʩʪʽ ʜʦ ʛʫʩʪʠʥʠ. ʎʝ ʧʦʚôʷʟʘʥʦ ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʟ 

ʦʩʦʙʣʠʚʽʩʪʶ ʧʦʣʽʦʣʝʬʽʥʽʚ ï ʧʨʠ ʧʝʨʝʚʠʱʝʥʥʽ ʤʝʞʽ ʧʣʠʥʥʦʩʪʽ ʩʪʨʽʤʢʦ 

ʟʥʠʞʫʻʪʴʩʷ ʥʝʩʫʯʘ ʟʜʘʪʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʥʘʩʪʫʧʥʽ ʨʝʟʫʣʴʪʘʪʠ: ʤʝʞʘ 

ʧʣʠʥʥʦʩʪʽ ʽ ʤʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ, 12,3 ʄʇʘ ʽ 300 ʄʇʘ ʚʽʜʧʦʚʽʜʥʦ. ʇʨʠ ʮʴʦʤʫ 

ʧʠʪʦʤʘ ʤʽʮʥʽʩʪʴ ʩʢʣʘʣʘ 13,7, ʘ ʧʠʪʦʤʘ ʞʦʨʩʪʢʽʩʪʴ ï 333,3. ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ, 

ʧʠʪʦʤʘ ʤʽʮʥʽʩʪʴ ʽ ʞʦʨʩʪʢʽʩʪʴ ʝʪʘʣʦʥʥʦʛʦ ʧʦʣʽʝʪʠʣʝʥʫ ʚʠʩʦʢʦʾ ʱʽʣʴʥʦʩʪʽ 

ʩʢʣʘʜʘʻ 27,4 ʽ 947, ʜʣʷ ɸʄʛ6 - 49 ʽ 2679 ʚʽʜʧʦʚʽʜʥʦ. 

ʆʪʞʝ, ʷʢʱʦ ʢʦʨʦʪʢʦ, ʧʦʣʽʝʪʠʣʝʥ ʤʘʨʢʠ ʇɽ-100 ʟʘʩʣʫʛʦʚʫʻ ʫʚʘʛʫ, ʷʢ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʡ ʢʦʥʩʪʨʫʢʮʽʡʥʠʡ ʤʘʪʝʨʽʘʣ, ʘʣʝ ʜʣʷ ʤʘʣʦ ʥʘʚʘʥʪʘʞʝʥʠʭ ʽ 

ʥʝʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʁʦʛʦ ʦʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʥʝ ʤʝʭʘʥʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʥʠʟʴʢʘ ʚʘʨʪʽʩʪʴ, ʚʠʩʦʢʘ ʪʝʭʥʦʣʦʛʽʯʥʽʩʪʴ ʽ ʜʦʩʪʫʧʥʽʩʪʴ. 
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ʏʘʩʪʠʥʘ 2. ʊʨʫʙʠ (EN 12201-2:2011 + ɸ1:2013, IDT) 
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ʄɸʊɽʄɸʊʀʏʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ʌɸɿʆɺʆɰ ʉʊɸɹɯʃʔʅʆʉʊɯ 

ɸʋʉʊɽʅɯʊʅʀʍ ʉʇʃɸɺɯɺ ʉʀʉʊɽʄʀ FE-MN-AL ɼʃʗ 

ɸɽʈʆʂʆʉʄɯʏʅʆɻʆ ʄɸʐʀʅʆɹʋɼʋɺɸʅʅʗ 

ɸʥʦʪʘʮʽʷ. ɼʦʩʣʽʜʞʝʥʦ ʧʨʦʮʝʩʠ ʩʪʨʫʢʪʫʨʦʫʪʚʦʨʝʥʥʷ ʚ ʘʫʩʪʝʥʽʪʥʽʡ ʩʪʘʣʽ, ʱʦ 

ʜʦʟʚʦʣʠʣʦ ʩʫʪʪʻʚʦ ʩʢʦʨʦʪʠʪʠ ʚʠʪʨʘʪʠ ʥʘ ʧʦʰʫʢ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ 

ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʟʘ ʨʘʭʫʥʦʢ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. ʅʘ 

ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʠʭ ʤʦʜʝʣʝʡ ʚʩʪʘʥʦʚʣʝʥʦ ʪʨʠʩʪʘʜʽʡʥʠʡ ʤʝʭʘʥʽʟʤ ʩʪʘʨʽʥʥʷ - ʚʽʜ 

ʧʦʯʘʪʢʦʚʠʭ ʩʝʛʨʝʛʘʮʽʡ ʜʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʪʘ ʜʠʬʫʟʽʡʥʦʛʦ 

ʧʝʨʝʩʪʘʨʽʥʥʷ - ʽʟ ʚʠʟʥʘʯʝʥʥʷʤ ʯʽʪʢʠʭ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʯʘʩʦʚʠʭ ʽʥʪʝʨʚʘʣʽʚ 

ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ. ʇʦʙʫʜʦʚʘʥʦ ʧʨʦʛʥʦʩʪʠʯʥʽ ʛʝʦʤʝʪʨʠʯʥʽ ʤʦʜʝʣʽ ʫ ʚʠʛʣʷʜʽ 

ʢʦʥʪʫʨʥʠʭ ʢʘʨʪ ʽʟʦʣʽʥʽʡ ʪʚʝʨʜʦʩʪʽ ʪʘ ʫʜʘʨʥʦʾ ʚôʷʟʢʦʩʪʽ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ 

ʦʧʝʨʘʪʠʚʥʦ ʦʙʠʨʘʪʠ ʧʘʨʘʤʝʪʨʠ ʦʙʨʦʙʢʠ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʟʘʜʘʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɿʘʧʨʦʧʦʥʦʚʘʥʽ ʧʨʘʢʪʠʯʥʽ ʨʝʢʦʤʝʥʜʘʮʽʾ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʝʬʝʢʪʠʚʥʝ ʢʝʨʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʦʶ ʪʘ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʩʪʘʣʝʡ ʩʧʝʮʽʘʣʴʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʩʫʯʘʩʥʠʭ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʠʤʦʛ. 
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MATHEMATICAL MODELING OF PHASE STABILITY IN FE -MN-AL 

SYSTEM AUSTENITIC ALLOYS FOR AEROSPACE ENGINEERING  

Annotation. Structure formation processes in austenitic steel were investigated, 

significantly reducing the costs of finding optimal heat treatment regimes through 

mathematical modeling. A three-stage aging mechanism from initial segregation to 

coherent strengthening and overaging was established, with specific temperature-

time intervals for phase transformations identified. Predictive geometric models 

were constructed as contour maps of property isolines for the rapid selection of 

strengthening parameters. The proposed practical recommendations ensure effective 

control over the structure and properties of special-purpose steels in accordance with 

modern operational requirements. 

Keywords: austenitic steel, aging, phase transformations, mathematical modeling. 

 

ɺʩʪʫʧ. ʋ ʩʫʯʘʩʥʦʤʫ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʽ, ʢʦʣʠ ʦʩʥʦʚʥʽ ʩʠʩʪʝʤʠ ʣʝʛʫʚʘʥʥʷ 

ʩʪʘʣʝʡ ʻ ʜʦʙʨʝ ʚʠʚʯʝʥʠʤʠ, ʧʨʽʦʨʠʪʝʪʥʠʤ ʤʝʪʦʜʦʤ ʧʽʜʚʠʱʝʥʥʷ ʬʽʟʠʢʦ-

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʪʘʻ ʢʝʨʦʚʘʥʠʡ ʚʧʣʠʚ ʥʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ. ʅʘʡʙʽʣʴʰ 

ʝʬʝʢʪʠʚʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʧʨʠ ʮʴʦʤʫ ʟʘʣʠʰʘʻʪʴʩʷ ʪʝʨʤʽʯʥʘ ʦʙʨʦʙʢʘ, ʷʢʘ 

ʜʦʟʚʦʣʷʻ ʯʝʨʝʟ ʢʦʥʪʨʦʣʴʦʚʘʥʽ ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʨʝʛʫʣʶʚʘʪʠ ʨʦʟʤʽʨ ʟʝʨʥʘ, 

ʜʝʬʝʢʪʥʽʩʪʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ ʪʘ ʧʘʨʘʤʝʪʨʠ ʽʥʪʝʨʤʝʪʘʣʽʜʥʠʭ ʚʠʜʽʣʝʥʴ. ɺ 

ʘʝʨʦʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ, ʟʦʢʨʝʤʘ ʫ ʨʘʢʝʪʦ- ʪʘ ʘʚʽʘʙʫʜʫʚʘʥʥʽ, ʧʝʨʩʧʝʢʪʠʚʥʠʤ 

ʥʘʧʨʷʤʦʤ ʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʙʝʟʥʽʢʝʣʝʚʠʭ ʘʫʩʪʝʥʽʪʥʠʭ ʩʪʘʣʝʡ ʩʠʩʪʝʤʠ Fe-Mn-Al 

(ʪʠʧʫ çʬʝʨʤʘʥʘʣè), ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʫʪʪʻʚʝ ʟʤʝʥʰʝʥʥʷ ʚʘʛʠ ʢʦʥʩʪʨʫʢʮʽʡ ʧʨʠ 

ʟʙʝʨʝʞʝʥʥʽ ʚʠʩʦʢʦʾ ʤʽʮʥʦʩʪʽ [1]. ɺʠʩʦʢʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʘʫʩʪʝʥʽʪʥʦʾ ʬʘʟʠ ʫ 

ʰʠʨʦʢʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʜʦʩʷʛʘʻʪʴʩʷ ʚʚʝʜʝʥʥʷʤ ʜʦ 30% ʤʘʨʛʘʥʮʶ 

ʪʘ ʜʦ 10% ʘʣʶʤʽʥʽʶ, ʘ ʮʽʣʴʦʚʠʡ ʨʽʚʝʥʴ ʟʤʽʮʥʝʥʥʷ ʨʝʘʣʽʟʫʻʪʴʩʷ ʯʝʨʝʟ ʚʠʜʽʣʝʥʥʷ 

ʜʠʩʧʝʨʩʥʠʭ ʯʘʩʪʠʥʦʢ ʜʨʫʛʦʾ ʬʘʟʠ [2-5]. ʇʦʧʨʠ ʟʥʘʯʥʠʡ ʧʦʪʝʥʮʽʘʣ ʮʠʭ ʩʧʣʘʚʽʚ 

ʜʣʷ ʦʙʦʨʦʥʥʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʪʘ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʧʨʦʮʝʩʠ ʨʦʟʧʘʜʫ 

ʧʝʨʝʩʠʯʝʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʚ ʥʠʭ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʚʯʝʥʠʤʠ, 

ʱʦ ʦʙʤʝʞʫʻ ʨʦʟʨʦʙʢʫ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʾʭʥʴʦʾ ʟʤʽʮʥʶʚʘʣʴʥʦʾ ʦʙʨʦʙʢʠ. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ. ɼʦʩʣʽʜʞʝʥʥʷ ʢʽʥʝʪʠʢʠ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ 

ʘʫʩʪʝʥʽʪʥʦʾ ʩʪʘʣʽ ʧʨʠ ʩʪʘʨʽʥʥʽ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʽʚ ʤʘʪʝʤʘʪʠʯʥʦʾ ʦʙʨʦʙʢʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʧʦʙʫʜʦʚʘ ʘʜʝʢʚʘʪʥʠʭ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ 

ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ. ʈʦʟʨʦʙʢʘ ʧʨʘʢʪʠʯʥʠʭ ʨʝʢʦʤʝʥʜʘʮʽʡ, ʱʦʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʦʪʨʠʤʘʥʠʭ ʤʦʜʝʣʝʡ. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ. ɼʣʷ ʜʝʪʘʣʴʥʦʛʦ ʚʠʚʯʝʥʥʷ ʢʽʥʝʪʠʢʠ ʟʤʽʮʥʝʥʥʷ 

ʩʧʦʯʘʪʢʫ ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʯʘʩʦʚʽ ʽʥʪʝʨʚʘʣʠ ʧʨʦʪʽʢʘʥʥʷ ʧʨʦʮʝʩʽʚ 

ʚʠʜʽʣʝʥʥʷ ʚʪʦʨʠʥʥʦʾ ʬʘʟʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʽʚ ʜʠʬʝʨʝʥʮʽʡʥʦʛʦ ʪʝʨʤʽʯʥʦʛʦ 

ʘʥʘʣʽʟʫ [4] ʪʘ ʚʠʤʽʨʶʚʘʥʥʷ ʧʠʪʦʤʦʛʦ ʝʣʝʢʪʨʦʦʧʦʨʫ. ʈʝʥʪʛʝʥʽʚʩʴʢʠʡ ʬʘʟʦʚʠʡ 

ʘʥʘʣʽʟ ʧʦʢʘʟʘʚ, ʱʦ ʨʦʟʧʘʜ ʧʝʨʝʩʠʯʝʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ 

ʚʠʜʽʣʝʥʥʷʤ R-ʬʘʟʠ, ʷʢʘ ʻ ʩʢʣʘʜʥʠʤ ʢʘʨʙʽʜʦʤ ʪʠʧʫ (Fe, Mn)3 Al, Cʭ. ʄʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ - ʪʚʝʨʜʽʩʪʴ HRC ʽ ʫʜʘʨʥʫ ʚôʷʟʢʽʩʪʴ ʘʥ (ʄɼʞ/ʤ2) ʚʠʟʥʘʯʘʣʠ ʧʽʩʣʷ 

ʽʟʦʪʝʨʤʽʯʥʦʾ ʚʠʪʨʠʤʢʠ ʧʨʠ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʪʘʙʣ. 1, 2). ɺ ʩʫʯʘʩʥʠʭ ʫʤʦʚʘʭ 

ʩʢʦʨʦʯʝʥʦʛʦ ʬʽʥʘʥʩʫʚʘʥʥʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʚʘʨʪʽʩʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ 
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ʤʘʡʞʝ ʥʝʤʦʞʣʠʚʽ, ʪʦʤʫ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʚʠʪʨʘʪ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʨʘʟʢʽʚ ʩʪʘʣʽ 

ʤʠ ʟʘʩʪʦʩʫʚʘʣʠ ʤʝʪʦʜ ʩʠʤʧʣʝʢʩ-ʨʝʰʽʪʦʢ ʐʝʬʬʝ [6], ʜʣʷ ʯʦʛʦ ʜʽʷʣʠ ʟʘ 

ʥʘʩʪʫʧʥʠʤ ʘʣʛʦʨʠʪʤʦʤ: 

 

ʊʘʙʣʠʮʷ 1. ʊʚʝʨʜʽʩʪʴ HRC ʧʽʩʣʷ ʩʪʘʨʽʥʥʷ 

 ʊʝʤʧʝʨʘʪʫʨʘ, ʂ 

720 770 820 870 920 970 1020 

ʏ
ʘ
ʩ
 
ʚ
ʠ
ʪ
ʨ
ʠ
ʤ
ʢ
ʠ
,
 
ʩ

 

3600 16,0 19.0 22,0 22,0 18,0 17,5 18,0 

9000 16,0 21.0 26,0 25,0 21,0 20,0 20,0 

18000 16,0 23.0 29,0 27,5 22,0 19,5 19,0 

36000 16,0 25,5 33,5 26,0 21,0 18,5 18.0 

54000 17,0 28,0 36,0 25,0 21,0 17,0 17,0 

72000 17,5 30,0 34,0 24,0 20,0 15,0 16,0 

90000 19.0 32,0 30,0 23,0 13,5 14,0 15,0 

 

ʊʘʙʣʠʮʷ 2. ʋʜʘʨʥʘ ʚôʷʟʢʽʩʪʴ ʘʥ , ʄɼʞ/ʄ2 ʧʽʩʣʷ ʩʪʘʨʽʥʥʷ 

 ʊʝʤʧʝʨʘʪʫʨʘ, ʂ 

720 770 820 870 920 970 1020 

ʏ
ʘ
ʩ
 
ʚ
ʠ
ʪ
ʨ
ʠ
ʤ
ʢ
ʠ
,
 
ʩ

 

3600 2,20 1,75 1,70 1,80 1,85 1,85 2,20 

9000 2,20 1,80 1,71 1,66 1,90 1,91 2,00 

18000 2,10 1,70 1,52 1,42 1,45 1,43 1,75 

36000 2,00 1,65 1,17 0,91 1,05 1,00 1,45 

54000 2,00 1,60 0,92 0,70 0,75 0,70 1,20 

72000 2,00 1,50 1,29 0,60 0,50 0,50 1,05 

90000 2,00 1,40 1,31 0,55 0,40 0,35 1,00 
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1. ɺʠʟʥʘʯʘʣʠ ʦʙʣʘʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ, ʚʘʨʽʶʶʯʠ ʽʥʪʝʨʚʘʣ ʧʦ ʪʝʤʧʝʨʘʪʫʨʽ ʽ 

ʯʘʩʫ. ʇʨʠʚʦʜʠʣʠ ʟʥʘʯʝʥʥʷ ʊ,ʂ ʽ Ű ʚ ʙʘʨʠʮʝʥʪʨʠʯʥʫ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ 

ʥʦʨʤʘʣʽʟʘʮʽʻʶ В ὼ=1; 

2. ɺʠʙʠʨʘʣʠ ʧʣʘʥ ʝʢʩʧʝʨʠʤʝʥʪʫ ʽ ʧʨʦʚʦʜʠʣʠ ʪʝʨʤʽʯʥʫ ʦʙʨʦʙʢʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʨʘʟʢʽʚ ʧʦ ʨʝʞʠʤʘʤ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʦʣʦʞʝʥʥʷʤ ʪʦʯʦʢ 

ʥʘ ʩʠʤʧʣʝʢʩ ʧʣʘʥʽ; 

3. ɺʠʭʦʜʷʯʠ ʽʟ ʟʥʘʯʝʥʴ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʟʨʘʟʢʽʚ  ʩʪʘʣʽ, ʟʥʘʭʦʜʠʣʠ ʟʥʘʯʝʥʥʷ  ʢʦʝʬʽʮʽʻʥʪʽʚ ʧʦʣʽʥʦʤʫ ʦʙʨʘʥʦʛʦ ʩʪʫʧʝʥʶ; 

4. ʇʝʨʝʚʽʨʷʣʠ ʘʜʝʢʚʘʪʥʽʩʪʴ ʦʪʨʠʤʘʥʦʾ ʤʦʜʝʣʽ ʧʦ ʢʨʠʪʝʨʽʶ ʉʪʴʶʜʝʥʪʘ, ʽ ʫ 

ʩʣʫʯʘʶ ʥʝʘʜʝʢʚʘʪʥʦʩʪʽ ʧʝʨʝʭʦʜʠʣʠ ʜʦ ʧʦʙʫʜʦʚʠ ʧʦʣʽʥʦʤʫ ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ 

ʩʪʫʧʝʥʶ; 

5. ʗʢʱʦ ʫʤʦʚʘ ʘʜʝʢʚʘʪʥʦʩʪʽ ʚʠʢʦʥʫʚʘʣʘʩʴ, ʙʫʜʫʚʘʣʠ ʜʽʘʛʨʘʤʠ ʟʤʽʥʠ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʪʝʤʧʝʨʘʪʫʨʘ - ʯʘʩ; 

6. ʇʨʦʚʦʜʠʣʠ ʘʥʘʣʽʟ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʟʤʽʥʠ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʚʠʭʦʜʷʯʠ ʟ 

ʚʽʟʝʨʫʥʢʫ ʣʽʥʽʡ ʦʜʥʘʢʦʚʦʛʦ ʨʽʚʥʷ. 

 

ɺʠʩʥʦʚʢʠ. ɺʩʪʘʥʦʚʣʝʥʽ ʦʩʥʦʚʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʚ 

ʘʫʩʪʝʥʽʪʥʽʡ ʩʪʘʣʽ ʧʨʠ ʩʪʘʨʽʥʥʽ. ʇʨʦʮʝʩʠ ʨʦʟʧʘʜʫ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʧʨʦʪʽʢʘʶʪʴ 

ʚ ʜʝʢʽʣʴʢʘ ʩʪʘʜʽʡ. ʅʘ ʧʝʨʰʽʡ ʩʪʘʜʽʾ ʚʠʥʠʢʘʶʪʴ ʩʝʛʨʝʛʘʮʽʾ ʝʣʝʤʝʥʪʽʚ, ʷʢʽ 

ʩʪʚʦʨʶʶʪʴ ʟʤʽʮʥʶʚʘʣʴʥʫ ʬʘʟʫ. ʎʽ ʫʪʚʦʨʝʥʥʷ ʧʦʩʪʽʡʥʦ ʟʤʽʥʶʶʪʴʩʷ, ʘʣʝ 

ʟʘʣʠʰʘʶʪʴʩʷ ʢʦʛʝʨʝʥʪʥʦ ʧʦʚôʷʟʘʥʠʤʠ ʟ ʢʨʠʩʪʘʣʽʯʥʦʶ ʨʝʰʽʪʢʦʶ ʤʘʪʨʠʮʽ. 

ʄʽʮʥʽʩʪʴ ʧʽʜʚʠʱʫʻʪʴʩʷ, ʚôʷʟʢʽʩʪʴ ʤʘʡʞʝ ʥʝ ʟʤʽʥʶʻʪʴʩʷ. ʅʘ ʜʨʫʛʽʡ ʩʪʘʜʽʾ, ʟ 

ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʪʨʠʚʘʣʦʩʪʽ ʚʠʪʨʠʤʢʠ, ʜʠʬʫʟʽʡʥʽ ʧʨʦʮʝʩʠ 

ʽʥʪʝʥʩʠʬʽʢʫʶʪʴʩʷ, ʟôʷʚʣʷʶʪʴʩʷ ʯʘʩʪʢʠ ʜʨʫʛʦʾ ʬʘʟʠ, ʷʢʽ ʤʘʶʪʴ ʚʣʘʩʥʫ 

ʢʨʠʩʪʘʣʽʯʥʫ ʨʝʰʽʪʢʫ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʪʨʘʪʘ ʢʦʛʝʨʝʥʪʥʦʩʪʽ, ʤʽʮʥʽʩʪʴ 

ʧʽʜʚʠʱʫʻʪʴʩʷ, ʘ ʫʜʘʨʥʘ ʚôʷʟʢʽʩʪʴ ʧʘʜʘʻ. ʅʘ ʪʨʝʪʽʡ ʩʪʘʜʽʾ, ʟʘʚʜʷʢʠ ʱʝ ʙʽʣʴʰʦʤʫ 

ʨʦʟʚʠʪʢʫ ʜʠʬʫʟʽʡʥʦʛʦ ʤʘʩʦʧʝʨʝʥʦʩʫ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷ ʯʘʩʪʦʢ ʜʨʫʛʦʾ 

ʬʘʟʠ, ʷʢʽ ʚʠʜʽʣʷʶʪʴʩʷ, ʚ ʦʩʥʦʚʥʦʤʫ, ʧʦ ʛʨʘʥʠʮʷʭ ʟʝʨʝʥ ʪʘ ʩʫʙʟʝʨʝʥ. ʄʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʟʥʠʞʫʶʪʴʩʷ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʩʪʘʨʝʥʥʷ. 

ɼʦʚʝʜʝʥʘ ʤʦʞʣʠʚʽʩʪʴ ʟʥʘʯʥʦʛʦ ʩʢʦʨʦʯʝʥʥʷ ʤʘʪʝʨʽʘʣʴʥʠʭ ʚʠʪʨʘʪ ʥʘ 

ʧʦʩʪʘʥʦʚʢʫ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʜʦʩʣʽʜʞʝʥʥʶ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʚ ʩʪʘʣʷʭ, ʟ 

ʤʦʞʣʠʚʽʩʪʶ ʧʦʙʫʜʦʚʠ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʷʢʽ ʟ ʚʠʩʦʢʦʶ ʜʦʩʪʦʚʽʨʥʽʩʪʶ 

ʜʦʟʚʦʣʷʶʪʴ ʧʨʦʛʥʦʟʫʚʘʪʠ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠ ʪʝʨʤʽʯʥʽʡ ʦʙʨʦʙʮʽ, ʘ 

ʪʘʢʦʞ ʚʠʩʫʚʘʪʠ ʥʦʚʽ ʧʨʦʧʦʟʠʮʽʾ ʱʦʜʦ ʨʝʞʠʤʽʚ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ. 
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ʤʘʪʝʨʽʘʣʫ ʽʟ ʚʫʛʣʝʧʣʘʩʪʠʢʫ ʚ ʟʦʥʘʭ ʡʦʛʦ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ. ʂʦʥʪʨʦʣʶ 
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Annotation. The study focuses on investigating the structural integrity of carbon 

fiber reinforced polymer (CFRP) composites in areas of mechanical machining. The 

inspection was performed on fragments of a multi-layer thick-walled shell with 

drilled holes. The research was conducted using structurally similar specimens 

containing embedded typical defects. Requirements and technological parameters 

were determined for the ultrasonic testing process of multi-layer composite shells 

manufactured by the wet winding method. 
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ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʾ ʜʝʬʝʢʪʦʩʢʦʧʽʾ ʚʠʛʦʪʦʚʣʝʥʦ ʬʨʘʛʤʝʥʪ 

ʢʦʤʧʦʟʠʪʥʦʾ ʦʙʦʣʦʥʢʠ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʨʘʜʽʫʩʫ ʪʘ ʪʦʚʱʠʥʠ, ʩʬʦʨʤʦʚʘʥʦʾ 

ʰʘʨʘʤʠ ʚʫʛʣʝʮʝʚʦʾ ʪʢʘʥʠʥʠ ʟ ʥʘʩʪʫʧʥʠʤ ʢʽʣʴʮʝʚʠʤ ʧʽʜʩʠʣʝʥʥʷʤ ʚʫʛʣʝʮʝʚʦʶ 

ʩʪʨʽʯʢʦʶ ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʤʦʪʫʚʘʣʴʥʦʛʦ ʚʝʨʩʪʘʪʫ [1]. ɺ ʟʨʘʟʢʠ ʟʘʬʦʨʤʦʚʘʥʦ 

ʪʠʧʦʚʽ ʜʝʬʝʢʪʠ ʩʪʨʫʢʪʫʨʠ ʚʫʛʣʝʧʣʘʩʪʠʢʫ, ʘ ʩʘʤʝ ʨʦʟʰʘʨʫʚʘʥʥʷ (ʰʘʨʠ 

ʬʪʦʨʦʧʣʘʩʪʦʚʦʾ ʧʣʽʚʢʠ ʪʦʚʱʠʥʦʶ 40ʤʢʤ) ʪʘ  ʧʫʩʪʦʪ (ʚʢʣʘʜʢʘ ʩʠʣʽʢʦʥʦʚʠʭ 

ʝʣʝʤʝʥʪʽʚ ʟ ʾʭ ʥʘʩʪʫʧʥʠʤ ʚʠʣʫʯʝʥʥʷʤ ʧʽʩʣʷ ʬʦʨʤʫʚʘʥʥʷ ʟʨʘʟʢʘ). ʇʨʠʚʝʜʝʥʦ 

ʘʥʘʣʽʟ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʟʥʘʯʝʥʥʷ ʪʠʧʦʚʠʭ ʜʝʬʝʢʪʽʚ ʧʦ ʪʦʚʱʠʥʽ ʥʘ ʟʨʘʟʢʘʭ-

ʩʚʽʜʢʘʭ ʚ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ ʜʝʬʝʢʪʦʩʢʦʧʫ [2]. ɺʠʟʥʘʯʝʥʦ ʚʠʤʦʛʠ ʽ ʪʝʭʥʦʣʦʛʽʯʥʽ 

ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʢʦʥʪʨʦʣʶ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʢʦʤʧʦʟʠʪʥʠʭ 

ʦʙʦʣʦʥʦʢ ʱʦ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʤʦʢʨʦʛʦ ʥʘʤʦʪʫʚʘʥʥʷ. ɺʠʷʚʣʝʥʦ, ʥʠʟʴʢʫ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʝʪʦʜʫ ʚ ʢʨʘʻʚʠʭ ʟʦʥʘʭ ʪʘ ʤʽʩʮʷʭ ʧʽʜʛʦʪʦʚʢʠ ʦʪʚʦʨʽʚ ʬʘʩʢʦʶ ʪʘ   

ʦʪʚʦʨʽʚ ʤʘʣʦʛʦ ʜʽʘʤʝʪʨʫ (ʜʽʘʤʝʪʨ ʤʝʥʰʝ ʪʦʚʱʠʥʠ ʢʦʤʧʦʟʠʪʥʦʛʦ ʟʨʘʟʢʘ). 

ʇʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʢʦʥʪʨʦʣʶ ʜʽʣʷʥʢʠ ʙʘʛʘʪʦʰʘʨʦʚʦʾ 

ʢʦʤʧʦʟʠʪʥʦʾ ʦʙʦʣʦʥʢʠ ʽʟ ʚʫʛʣʝʧʣʘʩʪʠʢʫ. ʈʦʟʛʣʷʥʫʪʠʡ ʤʝʪʦʜ ʻ ʜʦʩʪʘʪʥʴʦ 

ʧʨʦʜʫʢʪʠʚʥʠʤ ʪʘ ʟʘʜʦʚʦʣʴʥʷʻ ʚʠʤʦʛʠ ʷʢ ʦʜʠʥʦʯʥʦʛʦ ʪʘʢ ʽ ʩʝʨʽʡʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ [3]. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ  
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Eʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸ ʆʎɯʅʂɸ ʇʈɸʎɽɿɼɸʊʅʆʉʊɯ 

ʌʃɸʅʎɽɺʆɻʆ ɺʋɿʃɸ ʉʋʎɯʃʔʅʆʂʆʄʇʆɿʀʊʅʆɻʆ 

ɹɽɿʃɽʁʅɽʈʅʆɻʆ ʂʈɯʆɻɽʅʅʆɻʆ ʊʈʋɹʆʇʈʆɺʆɼʋ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʩʧʦʩʽʙ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʦʮʽʥʢʠ 

ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʬʣʘʥʮʝʚʦʛʦ ʟôʻʜʥʘʥʥʷ ʩʫʮʽʣʴʥʦʢʦʤʧʦʟʠʪʥʦʛʦ ʙʝʟʣʝʡʥʝʨʥʦʛʦ 

ʢʨʽʦʛʝʥʥʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʫ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʦ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʧʦʜʽʙʥʦʛʦ ʟʨʘʟʢʘ, ʱʦ ʜʘʣʦ ʟʤʦʛʫ ʜʝʪʘʣʴʥʦ ʚʽʜʪʚʦʨʠʪʠ ʚʧʣʠʚ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʫʤʦʚ ʥʘ ʩʪʨʫʢʪʫʨʫ ʚʠʨʦʙʫ. ʇʨʝʜʩʪʘʚʣʝʥʦ ʧʽʜʭʽʜ ʜʦ 

ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʪʘ ʘʥʘʣʽʟʫ ʧʦʚʝʜʽʥʢʠ ʢʦʥʩʪʨʫʢʮʽʾ 

ʧʽʜ ʜʽʻʶ ʥʘʚʘʥʪʘʞʝʥʴ. 
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EXPERIMENTAL VERIFICATION OF THE PERFORMANCE OF THE 

FLANGE ASSEMBLY OF A SOLID COMPOSITE LINERLESS 

CRYOGENIC PIPELINE  

Abstract. This paper presents a method for the experimental assessment of the 

operability of a flanged joint in an all-composite linerless cryogenic pipeline. The 

study was conducted using a structurally representative specimen, enabling a 

detailed reproduction of the effect of operating conditions on the structural state of 
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the component. An approach to experimental testing and analysis of the structural 

behavior under loading is also presented. 

Keywords: composite materials, cryogenic pipelines, flanged joints, tightness, 

structurally similar specimen method. 

 

ʂʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ ʚ ʩʫʯʘʩʥʽʡ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ ʪʝʭʥʽʮʽ ʥʘʙʫʣʠ 

ʦʩʦʙʣʠʚʦʾ ʘʢʪʫʘʣʴʥʦʩʪʽ ʟʘʚʜʷʢʠ ʩʚʦʾʡ ʚʠʩʦʢʽʡ ʧʠʪʦʤʽʡ ʤʽʮʥʦʩʪʽ, ʥʠʟʴʢʽʡ ʤʘʩʽ, 

ʢʦʨʦʟʽʡʥʽʡ ʩʪʽʡʢʦʩʪʽ ʪʘ ʤʦʞʣʠʚʦʩʪʽ ʩʪʚʦʨʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʧʽʜ ʢʦʥʢʨʝʪʥʽ 

ʥʘʚʘʥʪʘʞʝʥʥʷ.  

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʢʽʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʻ ʩʪʚʦʨʝʥʥʷ 

ʪʨʫʙʦʧʨʦʚʽʜʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʧʦʜʘʯʽ ʢʨʽʦʛʝʥʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ. ʊʘʢʽ 

ʪʨʫʙʦʧʨʦʚʦʜʠ ʧʦʚʠʥʥʽ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʥʘʜʽʡʥʫ ʨʦʙʦʪʫ ʧʨʠ ʥʠʟʴʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʘ ʧʽʜ ʜʽʻʶ ʟʥʘʯʥʦʛʦ ʚʥʫʪʨʽʰʥʴʦʛʦ ʪʠʩʢʫ [1]. ɺʦʜʥʦʯʘʩ ʦʩʦʙʣʠʚʫ 

ʫʚʘʛʫ ʧʽʜ ʯʘʩ ʧʨʦʻʢʪʫʚʘʥʥʷ ʧʦʜʽʙʥʠʭ ʩʠʩʪʝʤ ʧʨʠʜʽʣʷʶʪʴ ʚʫʟʣʘʤ ʟôʻʜʥʘʥʥʷ, 

ʟʦʢʨʝʤʘ ʬʣʘʥʮʝʚʠʤ ʟôʻʜʥʘʥʥʷʤ, ʷʢʽ ʻ ʚʽʜʧʦʚʽʜʘʣʴʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʢʦʥʩʪʨʫʢʮʽʾ 

ʪʘ ʚʠʟʥʘʯʘʶʪʴ ʾʾ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʽ ʜʦʚʛʦʚʽʯʥʽʩʪʴ. 

ʌʣʘʥʮʝʚʽ ʟôʻʜʥʘʥʥʷ ʚʠʢʦʥʫʶʪʴ ʚʘʞʣʠʚʫ ʬʫʥʢʮʽʶ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʨʦʟʥʽʤʥʦʛʦ ʩʪʠʢʫ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʽʚ ʪʨʫʙʦʧʨʦʚʦʜʫ. ʅʘʜʽʡʥʽʩʪʴ ʪʘʢʠʭ ʟôʻʜʥʘʥʴ 

ʤʘʻ ʩʫʪʪʻʚʠʡ ʚʧʣʠʚ ʥʘ ʟʘʛʘʣʴʥʫ ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ ʩʠʩʪʝʤʠ [2]. ʋ ʚʠʧʘʜʢʫ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʦʩʦʙʣʠʚʦʩʪʽ ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ, ʘ ʪʘʢʦʞ 

ʩʧʝʮʠʬʽʯʥʽ ʫʤʦʚʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʩʢʣʘʜʥʦʛʦ 

ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʚ ʟʦʥʽ ʟôʻʜʥʘʥʥʷ. ʉʘʤʝ ʪʦʤʫ ʜʦʩʣʽʜʞʝʥʥʷ 

ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʬʣʘʥʮʝʚʠʭ ʝʣʝʤʝʥʪʽʚ ʻ ʚʘʞʣʠʚʠʤ ʝʪʘʧʦʤ ʧʽʜ ʯʘʩ ʨʦʟʨʦʙʢʠ 

ʥʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʪʨʫʙʦʧʨʦʚʽʜʥʠʭ ʩʠʩʪʝʤ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʦʮʽʥʢʠ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʬʣʘʥʮʝʚʦʛʦ 

ʟôʻʜʥʘʥʥʷ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʧʦʜʽʙʥʦʛʦ ʟʨʘʟʢʘ. ʊʘʢʠʡ 

ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʠʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʤʦʜʝʣʴ, ʷʢʘ ʚʽʜʪʚʦʨʶʻ ʦʩʥʦʚʥʽ 

ʛʝʦʤʝʪʨʠʯʥʽ ʪʘ ʩʠʣʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʘʣʴʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ 

ʩʪʘʻ ʤʦʞʣʠʚʠʤ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʜʽʥʢʠ ʟʨʘʟʢʘ ʧʽʜ ʜʽʻʶ ʥʘʚʘʥʪʘʞʝʥʴ, 

ʥʘʙʣʠʞʝʥʠʭ ʜʦ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʫʤʦʚ. 

ʂʦʥʩʪʨʫʢʪʠʚʥʦ-ʧʦʜʽʙʥʠʡ ʟʨʘʟʦʢ ʚʢʣʶʯʘʻ ʦʩʥʦʚʥʽ ʝʣʝʤʝʥʪʠ ʬʣʘʥʮʝʚʦʛʦ 

ʟôʻʜʥʘʥʥʷ ʪʘ ʜʦʟʚʦʣʷʻ ʦʮʽʥʠʪʠ ʨʦʟʧʦʜʽʣ ʥʘʚʘʥʪʘʞʝʥʴ ʫ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʜʝʪʘʣʝʡ, 

ʘ ʪʘʢʦʞ ʚʠʟʥʘʯʠʪʠ ʧʦʪʝʥʮʽʡʥʽ ʦʙʣʘʩʪʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ [3]. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʟʨʘʟʢʽʚ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽʡ 

ʤʝʭʘʥʽʮʽ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʩʢʣʘʜʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ [4].  

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʟ ʤʝʪʦʶ ʚʠʟʥʘʯʝʥʥʷ 

ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʬʣʘʥʮʝʚʦʛʦ ʟôʻʜʥʘʥʥʷ ʧʽʜ ʜʽʻʶ ʚʥʫʪʨʽʰʥʴʦʛʦ ʪʠʩʢʫ ʪʘ ʽʥʰʠʭ 

ʥʘʚʘʥʪʘʞʝʥʴ, ʱʦ ʤʦʞʫʪʴ ʚʠʥʠʢʘʪʠ ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʨʫʙʦʧʨʦʚʦʜʫ. ʋ 

ʧʨʦʮʝʩʽ ʚʠʧʨʦʙʫʚʘʥʴ ʢʦʥʪʨʦʣʶʚʘʣʠʩʷ ʦʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ 

ʩʪʘʥ ʢʦʥʩʪʨʫʢʮʽʾ ʟʨʘʟʢʘ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʜʘʥʽ ʱʦʜʦ ʧʦʚʝʜʽʥʢʠ 

ʬʣʘʥʮʝʚʦʛʦ ʚʫʟʣʘ ʚ ʫʤʦʚʘʭ, ʥʘʙʣʠʞʝʥʠʭ ʜʦ ʨʝʘʣʴʥʠʭ ʫʤʦʚ ʨʦʙʦʪʠ 

ʪʨʫʙʦʧʨʦʚʦʜʫ. 

ʇʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟʜʽʡʩʥʶʚʘʚʩʷ ʘʥʘʣʽʟ ʨʝʘʢʮʽʾ 

ʢʦʥʩʪʨʫʢʮʽʾ ʥʘ ʧʨʠʢʣʘʜʝʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʘ ʪʘʢʦʞ ʦʮʽʥʶʚʘʚʩʷ ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ 
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ʜʝʬʦʨʤʘʮʽʡ ʫ ʟʦʥʽ ʟôʻʜʥʘʥʥʷ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʟʚʦʣʷʶʪʴ ʟʨʦʙʠʪʠ 

ʚʠʩʥʦʚʢʠ ʱʦʜʦ ʤʽʮʥʦʩʪʽ ʪʘ ʥʘʜʽʡʥʦʩʪʽ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ. 

ɺʘʞʣʠʚʠʤ ʝʪʘʧʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʦ ʪʘʢʦʞ ʚʠʟʥʘʯʝʥʥʷ ʭʘʨʘʢʪʝʨʫ 

ʚʟʘʻʤʦʜʽʾ ʝʣʝʤʝʥʪʽʚ ʬʣʘʥʮʝʚʦʛʦ ʟôʻʜʥʘʥʥʷ ʧʽʜ ʯʘʩ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʎʝ ʜʦʟʚʦʣʷʻ 

ʦʮʽʥʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʨʽʰʝʥʴ ʪʘ ʚʠʟʥʘʯʠʪʠ ʤʦʞʣʠʚʽ ʥʘʧʨʷʤʢʠ 

ʾʭ ʫʜʦʩʢʦʥʘʣʝʥʥʷ. 

ʆʪʨʠʤʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʩʚʽʜʯʘʪʴ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ ʝʬʝʢʪʠʚʥʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʪʨʫʙʦʧʨʦʚʦʜʽʚ, 

ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ ʨʦʙʦʪʠ ʚ ʫʤʦʚʘʭ ʢʨʽʦʛʝʥʥʠʭ ʪʝʤʧʝʨʘʪʫʨ.  

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʘʨʘʤʝʪʨʠ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ 

ʢʦʥʩʪʨʫʢʮʽʾ ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ ʜʦʧʫʩʪʠʤʠʭ ʤʝʞ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʦʛʦ 

ʚʫʛʣʝʧʣʘʩʪʠʢʘ, ʘ ʥʘʷʚʥʠʡ ʟʘʧʘʩ ʤʽʮʥʦʩʪʽ ʻ ʜʦʩʪʘʪʥʽʤ ʜʣʷ ʙʝʟʧʝʯʥʦʾ ʨʦʙʦʪʠ ʧʽʜ 

ʜʽʻʶ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. 

ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʧʦʜʽʙʥʠʭ ʟʨʘʟʢʽʚ ʜʣʷ ʦʮʽʥʢʠ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʩʢʣʘʜʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʪʨʫʙʦʧʨʦʚʽʜʥʠʭ ʩʠʩʪʝʤ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʨʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ 

ʧʦʜʘʣʴʰʦʤʫ ʧʨʦʻʢʪʫʚʘʥʥʽ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʙʝʟʣʝʡʥʝʨʥʠʭ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʜʣʷ 

ʢʨʽʦʛʝʥʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʧʘʣʠʚʘ, ʘ ʪʘʢʦʞ ʧʨʠ ʚʜʦʩʢʦʥʘʣʝʥʥʽ ʢʦʥʩʪʨʫʢʮʽʾ 

ʬʣʘʥʮʝʚʠʭ ʟôʻʜʥʘʥʴ ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʾʭ ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʜʦʚʛʦʚʽʯʥʦʩʪʽ. 
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MODERN APPROACHES TO ENHANCING THE THERMAL 

CONDUCTIVITY OF POLYMER COMPOSITE MATERIALS  

Annotation: The paper considers modern approaches to improving the thermal 

conductivity of polymer composite materials, which is an important task due to the 

increasing thermal loads in electronics, energy systems, and aerospace engineering. 

The main factors affecting heat transfer efficiency are analyzed, including the type, 

concentration, size, and morphology of fillers, as well as their distribution within the 

polymer matrix. The use of ceramic and carbon-based fillers, including graphene, 

which enable the formation of effective thermally conductive structures, is 

discussed. Special attention is paid to the formation of continuous thermal 

conductive pathways, interfacial interactions, and the application of nanomaterials. 

It is shown that optimization of composite composition and structure, as well as the 

use of mathematical modeling, significantly improves thermal conductivity and 

expands the range of practical applications. 

Keywords: polymer composite materials, thermal conductivity, heat transfer, fillers, 

graphene, nanomaterials, interfacial interaction, thermal interface materials. 

 

ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʝʣʝʢʪʨʦʥʽʢʠ, ʝʥʝʨʛʝʪʠʢʠ ʪʘ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʧʦʩʪʽʡʥʠʤ ʟʨʦʩʪʘʥʥʷʤ ʪʝʧʣʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʝʣʝʤʝʥʪʠ ʪʘ 

ʚʫʟʣʠ, ʱʦ ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʝʬʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʚʽʜʚʝʜʝʥʥʷ. ʊʨʘʜʠʮʽʡʥʽ 

ʧʦʣʽʤʝʨʥʽ ʤʘʪʝʨʽʘʣʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʥʠʟʴʢʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ, ʱʦ ʽʩʪʦʪʥʦ 

ʦʙʤʝʞʫʻ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʭ ʩʠʩʪʝʤʘʭ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ 

ʧʽʜʚʠʱʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ 

ʘʢʪʫʘʣʴʥʠʤ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʤ ʟʘʚʜʘʥʥʷʤ, ʩʧʨʷʤʦʚʘʥʠʤ ʥʘ ʨʦʟʰʠʨʝʥʥʷ ʩʬʝʨ 

ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʩʫʯʘʩʥʠʭ ʪʝʭʥʽʯʥʠʭ ʩʠʩʪʝʤ. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʘʥʘʣʽʟ ʩʫʯʘʩʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʧʽʜʚʠʱʝʥʥʷ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʚʠʟʥʘʯʝʥʥʷ 

ʦʩʥʦʚʥʠʭ ʬʘʢʪʦʨʽʚ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʧʝʨʝʥʦʩʫ. 

ʆʩʥʦʚʥʠʤ ʥʘʧʨʷʤʦʤ ʧʽʜʚʠʱʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʧʦʣʽʤʝʨʽʚ ʻ ʚʚʝʜʝʥʥʷ 

ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ ʥʘʧʦʚʥʶʚʘʯʽʚ ʫ ʧʦʣʽʤʝʨʥʫ ʤʘʪʨʠʮʶ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʮʴʦʛʦ 

ʧʽʜʭʦʜʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʝ ʣʠʰʝ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʥʘʧʦʚʥʶʚʘʯʘ, ʘʣʝ ʡ ʡʦʛʦ 

ʢʦʥʮʝʥʪʨʘʮʽʻʶ, ʬʦʨʤʦʶ, ʨʦʟʤʽʨʘʤʠ ʪʘ ʨʽʚʥʦʤʽʨʥʽʩʪʶ ʨʦʟʧʦʜʽʣʫ ʚ ʤʘʪʝʨʽʘʣʽ [2, 

3]. ʅʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʻ ʢʝʨʘʤʽʯʥʽ ʥʘʧʦʚʥʶʚʘʯʽ, ʪʘʢʽ ʷʢ ʥʽʪʨʠʜ ʘʣʶʤʽʥʽʶ 

ʪʘ ʥʽʪʨʠʜ ʙʦʨʫ, ʘ ʪʘʢʦʞ ʚʫʛʣʝʮʝʚʽ ʤʘʪʝʨʽʘʣʠ, ʟʦʢʨʝʤʘ ʛʨʘʬʝʥ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʬʦʨʤʫʚʘʥʥʷ ʝʬʝʢʪʠʚʥʠʭ ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ ʩʪʨʫʢʪʫʨ ʫ ʧʦʣʽʤʝʨʽ [3, 5]. 

ʆʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʧʽʜʭʦʜʽʚ ʻ ʬʦʨʤʫʚʘʥʥʷ ʙʝʟʧʝʨʝʨʚʥʠʭ ʘʙʦ 

ʢʚʘʟʽʙʝʟʧʝʨʝʨʚʥʠʭ ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ ʢʘʥʘʣʽʚ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ 

ʧʝʚʥʦʾ ʢʨʠʪʠʯʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʦʚʥʶʚʘʯʘ. ʋ ʪʘʢʠʭ ʫʤʦʚʘʭ ʟʥʘʯʥʦ 

ʟʤʝʥʰʫʻʪʴʩʷ ʪʝʧʣʦʚʠʡ ʦʧʽʨ ʽ ʨʽʟʢʦ ʟʨʦʩʪʘʻ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʢʦʤʧʦʟʠʪʫ [2]. 

ɺʦʜʥʦʯʘʩ ʥʘʜʤʽʨʥʝ ʟʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ ʥʘʧʦʚʥʶʚʘʯʘ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ 

ʧʦʛʽʨʰʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽ ʪʝʭʥʦʣʦʛʽʯʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ, ʱʦ 

ʧʦʪʨʝʙʫʻ ʦʧʪʠʤʽʟʘʮʽʾ ʩʢʣʘʜʫ. 
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ɺʘʞʣʠʚʠʤ ʩʫʯʘʩʥʠʤ ʥʘʧʨʷʤʦʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʧʦʚʥʶʚʘʯʽʚ ʽʟ ʨʽʟʥʦʶ 

ʜʠʩʧʝʨʩʥʽʩʪʶ ʪʘ ʤʦʨʬʦʣʦʛʽʻʶ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʦʧʪʠʤʘʣʴʥʠʡ ʨʦʟʤʽʨ ʯʘʩʪʦʢ ʽ 

ʾʭ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʩʧʨʠʷʶʪʴ ʬʦʨʤʫʚʘʥʥʶ ʝʬʝʢʪʠʚʥʠʭ ʰʣʷʭʽʚ 

ʪʝʧʣʦʧʝʨʝʥʦʩʫ, ʪʦʜʽ ʷʢ ʘʛʨʝʛʘʮʽʷ ʯʘʩʪʦʢ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʤʽʞʬʘʟʥʦʛʦ 

ʪʝʧʣʦʚʦʛʦ ʦʧʦʨʫ ʪʘ ʟʥʠʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ [3, 4]. 

ʂʦʤʙʽʥʫʚʘʥʥʷ ʯʘʩʪʦʢ ʨʽʟʥʦʛʦ ʨʦʟʤʽʨʫ ʜʦʟʚʦʣʷʻ ʬʦʨʤʫʚʘʪʠ ʙʽʣʴʰ ʱʽʣʴʥʽ 

ʩʪʨʫʢʪʫʨʠ ʪʘ ʧʦʢʨʘʱʫʚʘʪʠ ʪʝʧʣʦʧʨʦʚʽʜʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʽʘʣʽʚ [4]. 

ʆʢʨʝʤʫ ʫʚʘʛʫ ʧʨʠʜʽʣʷʶʪʴ ʚʠʢʦʨʠʩʪʘʥʥʶ ʥʘʥʦʤʘʪʝʨʽʘʣʽʚ, ʟʦʢʨʝʤʘ 

ʛʨʘʬʝʥʫ, ʷʢʠʡ ʤʘʻ ʥʘʜʟʚʠʯʘʡʥʦ ʚʠʩʦʢʫ ʚʣʘʩʥʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʽ ʟʜʘʪʥʠʡ 

ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʫʚʘʪʠ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʪʽʚ ʥʘʚʽʪʴ ʧʨʠ 

ʥʝʚʝʣʠʢʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ [5]. ɺʘʞʣʠʚʫ ʨʦʣʴ ʧʨʠ ʮʴʦʤʫ ʚʽʜʽʛʨʘʻ ʤʽʞʬʘʟʥʘ 

ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʥʘʧʦʚʥʶʚʘʯʝʤ ʽ ʧʦʣʽʤʝʨʥʦʶ ʤʘʪʨʠʮʝʶ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʚʦʥʘ 

ʚʠʟʥʘʯʘʻ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʝʨʝʜʘʯʽ ʪʝʧʣʘ ʥʘ ʤʝʞʽ ʬʘʟ [2, 3]. 

ʉʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʪʘʢʦʞ ʚʢʣʶʯʘʶʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

ɸʥʘʣʽʪʠʯʥʽ ʪʘ ʯʠʩʝʣʴʥʽ ʤʦʜʝʣʽ ʜʦʟʚʦʣʷʶʪʴ ʚʨʘʭʦʚʫʚʘʪʠ ʚʧʣʠʚ ʢʦʥʮʝʥʪʨʘʮʽʾ, 

ʜʠʩʧʝʨʩʥʦʩʪʽ ʪʘ ʨʦʟʧʦʜʽʣʫ ʥʘʧʦʚʥʶʚʘʯʽʚ ʥʘ ʪʝʧʣʦʧʝʨʝʥʦʩ ʫ ʢʦʤʧʦʟʠʪʘʭ, ʱʦ 

ʜʘʻ ʟʤʦʛʫ ʦʧʪʠʤʽʟʫʚʘʪʠ ʾʭ ʩʢʣʘʜ ʱʝ ʥʘ ʝʪʘʧʽ ʧʨʦʝʢʪʫʚʘʥʥʷ [4]. 

ʇʨʘʢʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ 

ʥʘʧʦʚʥʶʚʘʯʽʚ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʧʦʣʽʤʝʨʽʚ ʫ ʢʽʣʴʢʘ ʨʘʟʽʚ 

ʧʦʨʽʚʥʷʥʦ ʟ ʚʠʭʽʜʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ. ɿʦʢʨʝʤʘ, ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ ʥʘ 

ʦʩʥʦʚʽ ʧʦʣʽʽʤʽʜʽʚ ʽ ʩʠʣʽʢʦʥʽʚ ʽʟ ʢʝʨʘʤʽʯʥʠʤʠ ʥʘʧʦʚʥʶʚʘʯʘʤʠ ʜʝʤʦʥʩʪʨʫʶʪʴ 

ʟʥʘʯʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, ʜʦʩʪʘʪʥʽ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʩʫʯʘʩʥʠʭ 

ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʷʭ ʽ ʪʝʧʣʦʚʠʭ ʽʥʪʝʨʬʝʡʩʘʭ [1]. 

ʆʪʞʝ, ʩʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʧʽʜʚʠʱʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʧʦʣʽʤʝʨʥʠʭ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʙʘʟʫʶʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʚʠʩʦʢʦʪʝʧʣʦʧʨʦʚʽʜʥʠʭ 

ʥʘʧʦʚʥʶʚʘʯʽʚ, ʦʧʪʠʤʽʟʘʮʽʾ ʾʭ ʜʠʩʧʝʨʩʥʦʩʪʽ, ʩʪʨʫʢʪʫʨʠ ʪʘ ʤʽʞʬʘʟʥʦʾ ʚʟʘʻʤʦʜʽʾ. 

ʇʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʮʴʦʛʦ ʥʘʧʨʷʤʫ ʧʦʚôʷʟʘʥʠʡ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʥʘʥʦʤʘʪʝʨʽʘʣʽʚ ʽ ʩʪʚʦʨʝʥʥʷʤ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʢʦʤʧʦʟʠʪʽʚ ʽʟ ʟʘʜʘʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʱʦ ʚʽʜʢʨʠʚʘʻ ʰʠʨʦʢʽ ʧʝʨʩʧʝʢʪʠʚʠ ʾʭ ʧʨʘʢʪʠʯʥʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ. 
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ʊɽʇʃʆʇʈʆɺɯɼʅɯʉʊʔ ʇʆʃɯʄɽʈʅʀʍ ʂʆʄʇʆɿʀʊɯɺ 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʜʠʩʧʝʨʩʥʦʩʪʽ ʥʘʧʦʚʥʶʚʘʯʽʚ ʥʘ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʧʦʣʽʽʤʽʜʽʚ ʪʘ 

ʩʠʣʽʢʦʥʽʚ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʢʦʤʧʦʟʠʪʽʚ ʟʘʣʝʞʥʦ ʚʽʜ ʨʦʟʤʽʨʫ ʯʘʩʪʦʢ ʥʽʪʨʠʜʫ ʘʣʶʤʽʥʽʶ ʪʘ ʾʭ ʢʦʥʮʝʥʪʨʘʮʽʾ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʫ ʯʘʩʪʦʢ ʩʧʨʠʷʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʦʤʫ 

ʨʦʟʧʦʜʽʣʫ ʥʘʧʦʚʥʶʚʘʯʘ ʪʘ ʫʪʚʦʨʝʥʥʶ ʝʬʝʢʪʠʚʥʠʭ ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ ʢʘʥʘʣʽʚ, 

ʦʜʥʘʢ ʥʘʜʤʽʨʥʘ ʜʠʩʧʝʨʩʥʽʩʪʴ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʘʛʨʝʛʘʮʽʾ ʪʘ ʟʥʠʞʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʧʣʦʧʝʨʝʥʦʩʫ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ, ʱʦ 

ʦʧʪʠʤʽʟʘʮʽʷ ʜʠʩʧʝʨʩʥʦʛʦ ʩʢʣʘʜʫ ʻ ʢʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ ʧʽʜʚʠʱʝʥʥʷ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʪʽʚ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʝʣʝʢʪʨʦʥʽʮʽ ʪʘ 

ʘʝʨʦʢʦʩʤʽʯʥʽʡ ʪʝʭʥʽʮʽ. 
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INFLUENCE OF FILLER DISPERSION ON THE THERMAL 

CONDUCTIVITY OF POLYMER COMPOSITES  

Annotation: The paper investigates the influence of filler dispersion on the thermal 

conductivity of polymer composite materials based on polyimides and silicones. The 

formation of the composite microstructure depending on the particle size and 

concentration of aluminum nitride is analyzed. It is shown that a decrease in particle 
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size promotes a more uniform distribution of the filler and the formation of effective 

heat-conducting pathways, while excessive dispersion may lead to particle 

agglomeration and reduced heat transfer efficiency. The obtained results confirm 

that optimization of the dispersion parameters is a key factor in improving the 

thermal conductivity of polymer composites for applications in electronics and 

aerospace engineering. 

Keywords: thermal conductivity, polymer composites, dispersion, fillers, aluminum 

nitride, polyimide, silicone, heat transfer, electronics. 

 

ʄʦʜʠʬʽʢʘʮʽʷ ʧʦʣʽʤʝʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘʧʦʚʥʶʚʘʯʘʤʠ ʟ ʚʠʩʦʢʦʶ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʻ ʝʬʝʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ ʧʦʢʨʘʱʝʥʥʷ ʾʭʥʽʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʇʨʠ ʮʴʦʤʫ ʚʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ, ʱʦ ʚʠʟʥʘʯʘʻ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ 

ʢʦʤʧʦʟʠʮʽʡ, ʻ ʥʝ ʣʠʰʝ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʘʧʦʚʥʶʚʘʯʘ, ʘʣʝ ʡ ʡʦʛʦ ʜʠʩʧʝʨʩʥʽʩʪʴ. 

ʉʝʨʝʜ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʧʦʣʽʤʝʨʽʚ ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʚʝʨʪʘʶʪʴ 

ʧʦʣʽʦʨʛʘʥʦʩʽʣʦʢʩʘʥʦʚʽ (ʩʠʣʽʢʦʥʦʚʽ) ʪʘ ʧʦʣʽʽʤʽʜʥʽ (ʇɯ) ʤʘʪʝʨʽʘʣʠ ʟʘʚʜʷʢʠ ʾʭʥʽʡ 

ʪʝʨʤʦʩʪʽʡʢʦʩʪʽ, ʤʝʭʘʥʽʯʥʽʡ ʤʽʮʥʦʩʪʽ, ʤʘʣʽʡ ʛʫʩʪʠʥʽ, ʝʣʝʢʪʨʦʽʟʦʣʷʮʽʡʥʠʤ 

ʚʣʘʩʪʠʚʦʩʪʷʤ ʽ ʭʽʤʽʯʥʽʡ ʩʪʽʡʢʦʩʪʽ. ʗʢ ʪʝʧʣʦʧʨʦʚʽʜʥʠʡ ʥʘʧʦʚʥʶʚʘʯ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʥʽʪʨʠʜ ʘʣʶʤʽʥʽʶ (AlN), ʷʢʠʡ ʧʦʻʜʥʫʻ ʚʠʩʦʢʫ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʽ ʜʦʙʨʽ ʜʽʝʣʝʢʪʨʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʯʘʩʪʦʢ 

ʨʽʟʥʦʛʦ ʨʦʟʤʽʨʫ ʜʦʟʚʦʣʷʻ ʢʝʨʫʚʘʪʠ ʩʪʨʫʢʪʫʨʦʶ ʢʦʤʧʦʟʠʪʫ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʶ 

ʪʝʧʣʦʧʝʨʝʥʦʩʫ ʚ ʥʴʦʤʫ [1, 2, 3]. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʜʠʩʧʝʨʩʥʦʩʪʽ ʯʘʩʪʦʢ ʥʽʪʨʠʜʫ 

ʘʣʶʤʽʥʽʶ ʥʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʥʘ ʦʩʥʦʚʽ ʧʦʣʽʽʤʽʜʽʚ ʽ ʩʠʣʽʢʦʥʽʚ, ʘ ʪʘʢʦʞ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʥʘʧʦʚʥʝʥʥʷ. 

ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʽʢʨʦʜʠʩʧʝʨʩʥʠʭ ʥʘʧʦʚʥʶʚʘʯʽʚ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʫ ʯʘʩʪʦʢ ʩʧʨʠʷʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʦʤʫ ʾʭ 

ʨʦʟʧʦʜʽʣʫ ʚ ʧʦʣʽʤʝʨʥʽʡ ʤʘʪʨʠʮʽ, ʱʦ ʧʦʢʨʘʱʫʻ ʬʦʨʤʫʚʘʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ 

ʢʘʥʘʣʽʚ. ɺʦʜʥʦʯʘʩ ʥʘʜʤʽʨʥʘ ʜʠʩʧʝʨʩʥʽʩʪʴ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʘʛʨʝʛʘʮʽʾ ʯʘʩʪʦʢ 

ʽ ʟʥʠʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʧʣʦʧʝʨʝʥʦʩʫ. 

ɼʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚʠʛʦʪʦʚʣʝʥʦ ʟʨʘʟʢʠ ʧʦʣʽʽʤʽʜʥʠʭ 

ʧʣʽʚʦʢ ʪʦʚʱʠʥʦʶ 25-30 ʤʢʤ ʪʘ ʩʠʣʽʢʦʥʦʚʠʭ ʧʽʜʢʣʘʜʦʢ ʪʦʚʱʠʥʦʶ ʚʽʜ 250 ʤʢʤ 

ʜʦ 4 ʤʤ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʧʦʚʥʶʚʘʯʽʚ AlN ʽʟ ʩʝʨʝʜʥʽʤ ʨʦʟʤʽʨʦʤ ʯʘʩʪʦʢ 

ʙʣʠʟʴʢʦ 8ï10 ʤʢʤ. ʄʘʪʝʨʽʘʣʠ ʦʪʨʠʤʫʚʘʣʠ ʥʘ ʦʩʥʦʚʽ ʧʦʣʽʘʤʽʜʥʦʾ ʢʠʩʣʦʪʠ ʪʘ 

ʩʠʣʽʢʦʥʦʚʦʛʦ ʩʧʦʣʫʯʥʦʛʦ ʟ ʨʽʟʥʦʶ ʦʙôʻʤʥʦʶ ʯʘʩʪʢʦʶ ʥʘʧʦʚʥʶʚʘʯʘ. 

ʏʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʪʝʧʣʦʧʝʨʝʥʦʩʫ ʚʠʢʦʥʘʥʦ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʧʣʝʢʩʫ COMSOL MULTIPHYSICSÈ, ʱʦ 

ʜʦʟʚʦʣʠʣʦ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʷʢ ʢʦʥʮʝʥʪʨʘʮʽʾ, ʪʘʢ ʽ ʜʠʩʧʝʨʩʥʦʩʪʽ ʥʘʧʦʚʥʶʚʘʯʘ ʥʘ 

ʝʬʝʢʪʠʚʥʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʢʦʤʧʦʟʠʮʽʡ. ʈʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʨʠ 

ʦʧʪʠʤʘʣʴʥʦʤʫ ʧʦʻʜʥʘʥʥʽ ʨʦʟʤʽʨʫ ʯʘʩʪʦʢ ʽ ʾʭ ʦʙôʻʤʥʦʾ ʯʘʩʪʢʠ ʬʦʨʤʫʻʪʴʩʷ 

ʨʦʟʚʠʥʝʥʘ ʤʝʨʝʞʘ ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ ʰʣʷʭʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʟʥʘʯʥʝ ʧʽʜʚʠʱʝʥʥʷ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ. 
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ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʠʣʠ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ. 

ɼʣʷ ʯʠʩʪʦʛʦ ʩʠʣʽʢʦʥʦʚʦʛʦ ʧʦʣʽʤʝʨʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 0,21 

ɺʪ/(ʤĿK), ʪʦʜʽ ʷʢ ʧʨʠ ʚʚʝʜʝʥʥʽ ʤʽʢʨʦʜʠʩʧʝʨʩʥʦʛʦ AlN ʫ ʢʽʣʴʢʦʩʪʽ ʙʣʠʟʴʢʦ 30 

ʦʙ.% ʚʦʥʘ ʟʨʦʩʪʘʻ ʜʦ 0,65 ɺʪ/(ʤĿK), ʘ ʧʨʠ 45 ʦʙ.% - ʜʦ 1,05 ɺʪ/(ʤĿK). ʆʪʨʠʤʘʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʩʫʪʪʻʚʠʡ ʚʧʣʠʚ ʥʝ ʣʠʰʝ ʢʦʥʮʝʥʪʨʘʮʽʾ, ʘʣʝ ʡ 

ʜʠʩʧʝʨʩʥʦʩʪʽ ʥʘʧʦʚʥʶʚʘʯʘ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʧʝʨʝʥʦʩʫ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʯʝʨʝʟ ʘʛʨʝʛʘʮʽʶ ʯʘʩʪʦʢ ʽ ʤʽʞʬʘʟʥʽ ʪʝʧʣʦʚʽ ʦʧʦʨʠ 

ʝʬʝʢʪʠʚʥʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʚʢʣʶʯʝʥʴ ʫ ʢʦʤʧʦʟʠʪʘʭ ʻ ʥʠʞʯʦʶ ʟʘ ʪʘʙʣʠʯʥʽ 

ʟʥʘʯʝʥʥʷ ʽ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 50-60 ɺʪ/(ʤĿK) [4]. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʦʧʪʠʤʽʟʘʮʽʾ ʜʠʩʧʝʨʩʥʦʛʦ ʩʢʣʘʜʫ ʥʘʧʦʚʥʶʚʘʯʘ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʠʭ 

ʪʝʧʣʦʪʝʭʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʆʪʞʝ, ʨʝʛʫʣʶʚʘʥʥʷ ʜʠʩʧʝʨʩʥʦʩʪʽ ʥʘʧʦʚʥʶʚʘʯʽʚ ʻ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ 

ʯʠʥʥʠʢʽʚ ʧʽʜʚʠʱʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

ʆʧʪʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦʩʪʽ ʜʣʷ ʜʦʩʣʽʜʞʝʥʠʭ 

ʩʠʩʪʝʤ ʜʦʩʷʛʘʶʪʴʩʷ ʚ ʜʽʘʧʘʟʦʥʽ 0,7-1,1 ɺʪ/(ʤĿK). 

ʈʦʟʨʦʙʣʝʥʽ ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ ʤʦʞʫʪʴ ʝʬʝʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʷ ʚ 

ʝʣʝʢʪʨʦʪʝʭʥʽʮʽ, ʨʘʜʽʦʝʣʝʢʪʨʦʥʽʮʽ, ʘʚʽʘʮʽʡʥʽʡ ʪʘ ʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʷʭ. ɺʦʥʠ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʦʢʨʘʱʝʥʝ ʪʝʧʣʦʚʽʜʚʝʜʝʥʥʷ, ʟʤʝʥʰʝʥʥʷ ʤʘʩʠ ʢʦʥʩʪʨʫʢʮʽʡ ʽ 

ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʝʣʝʢʪʨʦʥʥʠʭ ʩʠʩʪʝʤ, ʟʦʢʨʝʤʘ ʫ ʛʥʫʯʢʠʭ ʥʘʛʨʽʚʘʣʴʥʠʭ 

ʝʣʝʤʝʥʪʘʭ, ʩʦʥʷʯʥʠʭ ʤʦʜʫʣʷʭ ʪʘ ʪʝʧʣʦʚʠʭ ʚʫʟʣʘʭ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ. 
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ɼʃʗ ɸɼʀʊʀɺʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ʅɸ ʇʈʀʂʃɸɼɯ ʉʇʃɸɺʋ ABD900 
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ABD900, ʨʦʟʨʦʙʣʝʥʠʡ ʟʘ ʧʽʜʭʦʜʦʤ alloy-by-design ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ ʰʚʠʜʢʽʩʥʦʾ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘ ʪʝʨʤʽʯʥʠʭ ʮʠʢʣʽʚ ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʱʫʚʘʥʥʷ. ʉʧʣʘʚ 
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ADDITIVE -ORIENTED NICKEL SUPERALLOYS: ANALYSIS OF THE 

ABD900 ALLOY EXAMPLE  

Abstract: The paper considers the relevance of creating nickel superalloys 

specifically designed for additive manufacturing technologies. It is shown that 

traditional alloys optimized for casting and deformation processing do not fully take 

into account the specifics of LPBF processes. The ABD900 alloy, developed using 

the alloy-by-design approach with consideration of high-speed crystallization and 

thermal cycles of additive growth, is considered. The alloy is characterized by a high 

content of ɔô-phase (~33%), a wide technological printing window, and the potential 

for optimizing heat treatment. 

Key words: nickel superalloys; alloy-by-design; LPBF; ABD900. 

 

ʅʘʨʘʟʽ ʽʩʥʫʻ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʥʽʢʝʣʝʚʠʭ ʞʘʨʦʤʽʮʥʠʭ ʩʧʣʘʚʽʚ, ʪʘʢ ʟʚʘʥʠʭ 

çʩʫʧʝʨʩʧʣʘʚʽʚè, ʜʦ ʷʢʠʭ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ ʩʧʣʘʚʠ Inconel, ʉʄ247LC ʪʘ ʽʥ. 

ɹʝʟʫʤʦʚʥʦ, ʚʽʜʦʤʽ ʤʘʨʢʠ ʩʧʣʘʚʽʚ ʤʦʞʥʘ ʢʣʘʩʠʬʽʢʫʚʘʪʠ ʷʢ ʤʘʪʝʨʽʘʣʠ ʜʣʷ 

ʪʨʘʜʠʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ʁʜʝʪʴʩʷ ʧʨʦ ʩʧʣʘʚʠ, ʷʢʽ, ʧʦ-ʧʝʨʰʝ, ʙʫʣʠ ʦʪʨʠʤʘʥʽ 

ʢʣʘʩʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ ʤʝʪʘʣʫʨʛʽʾ, ʘ ʧʦ-ʜʨʫʛʝ, ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʚʠʨʦʙʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʠʪʪʷ, ʜʝʬʦʨʤʘʮʽʡʥʦʾ ʪʘ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ. 

ʂʣʶʯʦʚʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ, ʥʘ ʷʢʠʭ ʧʦʙʫʜʦʚʘʥʦ ʪʨʘʜʠʮʽʡʥʝ ʚʠʨʦʙʥʠʮʪʚʦ, ʻ 
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ʣʠʪʪʷ ʧʦ ʚʠʧʣʘʚʣʶʚʘʥʠʭ ʤʦʜʝʣʷʭ, ʤʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ ʣʠʪʠʭ ʘʙʦ ʜʝʬʦʨʤʦʚʘʥʠʭ 

ʟʘʛʦʪʦʚʦʢ, ʘ ʪʘʢʦʞ ʤʝʪʦʜʠ ʧʦʨʦʰʢʦʚʦʾ ʤʝʪʘʣʫʨʛʽʾ. ʎʽ ʧʨʦʮʝʩʠ ʟʘʣʠʰʘʶʪʴʩʷ 

ʦʩʥʦʚʦʶ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʚ ʘʚʽʘʮʽʡʥʦ-ʢʦʩʤʽʯʥʽʡ, 

ʝʥʝʨʛʝʪʠʯʥʽʡ ʪʘ ʽʥʰʠʭ ʛʘʣʫʟʷʭ. ɺʦʜʥʦʯʘʩ ʥʠʥʽ ʣʽʥʽʡʢʘ çʩʫʧʝʨʩʧʣʘʚʽʚè 

ʽʥʪʝʥʩʠʚʥʦ ʨʦʟʰʠʨʶʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʧʦʷʚʠ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʩʪʚʦʨʝʥʠʭ 

ʩʧʝʮʽʘʣʴʥʦ ʜʣʷ ʩʫʯʘʩʥʠʭ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʚʽʜʢʨʠʚʘʶʪʴ ʥʦʚʽ 

ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʅʘʨʘʟʽ ʜʦʩʣʽʜʥʠʢʠ ʚ ʦʙʣʘʩʪʽ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʦʚʦʣʽ ʛʣʠʙʦʢʦ 

ʧʨʦʩʫʥʫʣʠʩʷ ʚ ʤʦʞʣʠʚʦʩʪʷʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʟ ʜʘʥʠʭ ʩʧʣʘʚʽʚ ʰʣʷʭʦʤ 

ʧʦʙʫʜʦʚʠ ʨʦʙʦʯʠʭ ʚʽʢʦʥ; ʚʠʟʥʘʯʝʥʥʷ ʦʙʣʘʩʪʝʡ ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ Key Hole, 

Lack of Fusion, ʢʨʘʧʣʝʫʪʚʦʨʝʥʥʷ, ʛʘʨʷʯʠʭ ʪʨʽʱʽʥ [1-2]. ɸʣʝ ʙʽʣʴʰʽʩʪʴ ʜʘʥʠʭ ʟ 

ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʣʽʪʝʨʘʪʫʨʠ [2] ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʦʙʣʘʩʪʴ ʨʘʮʽʦʥʘʣʴʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʚʠʩʦʢʦʾ ʚʽʜʥʦʩʥʦʾ ʱʽʣʴʥʦʩʪʽ ʭʦʯ ʽ ʜʦʚʦʣʽ ʚʝʣʠʢʘ ʧʨʠ 

ʟʘʩʪʦʩʫʚʘʥʥʽ ʨʽʟʥʠʭ ʢʦʤʙʽʥʘʮʽʡ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʚʩʝ ʦʜʥʦ ʚʠʥʠʢʘʶʪʴ 

ʩʢʣʘʜʥʦʩʪʽ: ʚʘʞʢʽʩʪʴ ʚʽʜʪʚʦʨʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘ ʽʥʰʦʤʫ ʦʙʣʘʜʥʘʥʥʽ, 

ʤʦʞʣʠʚʽʩʪʴ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ.  

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʮʴʦʛʦ ʧʝʨʝʜ ʘʜʠʪʠʚʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ ʧʦʩʪʘʻ ʩʢʣʘʜʥʝ 

ʟʘʚʜʘʥʥʷ, ʘ ʩʘʤʝ ʨʦʟʨʦʙʢʘ ʥʦʚʠʭ çʩʫʧʝʨʩʧʣʘʚʽʚè ʟ ʥʦʚʠʤ ʭʽʤʽʯʥʠʤ ʩʢʣʘʜʦʤ ʪʘ 

ʬʽʟʠʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʨʦʮʝʩʽʚ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʽʜ ʯʘʩ 

ʚʠʨʦʱʫʚʘʥʥʷ ʜʝʪʘʣʝʡ. ʊʘʢʠʤ ʯʠʥʦʤ, ʘʚʪʦʨʠ ʨʦʙʦʪʠ [3] ʨʦʟʨʦʙʠʣʠ ʥʦʚʠʡ ʩʧʣʘʚ 

çAlloy-by-designè, ʪʘʢ ʟʚʘʥʠʡ ʩʧʣʘʚ ABD.  

ʉʧʣʘʚ ABD900, ʷʢ ʧʦʢʘʟʫʶʪʴ ʜʦʩʣʽʜʞʝʥʥʷ [3], ʤʽʩʪʠʪʴ ʙʣʠʟʴʢʦ 33% ɔô 

ʬʘʟʠ ʽ ʚʠʩʦʢʫ ʟʜʘʪʥʽʩʪʴ ʜʦ ʜʨʫʢʫ, ʚʝʣʠʢʠʡ ʜʽʘʧʘʟʦʥ ʨʦʙʦʯʦʛʦ ʚʽʢʥʘ ʜʨʫʢʫ, ʱʦ ʚ 

ʤʘʡʙʫʪʥʴʦʤʫ, ʡʤʦʚʽʨʥʦ, ʜʦʟʚʦʣʠʪʴ ʚʠʢʦʥʫʚʘʪʠ ʢʝʨʫʚʘʥʥʷ ʪʝʢʩʪʫʨʦʚʘʥʽʩʪʶ 

ʩʪʨʫʢʪʫʨʠ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʤʝʭʘʥʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʚ ʜʝʪʘʣʷʭ. ɼʘʥʠʡ ʩʧʣʘʚ 

ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʰʣʷʭʦʤ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʧʽʜʭʦʜʽʚ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʦʩʦʙʣʠʚʦʩʪʝʡ LPBF-ʪʝʭʥʦʣʦʛʽʾ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʩʧʣʘʚ ʩʪʘʥʦʚʠʪʴ ʟʥʘʯʥʠʡ ʽʥʪʝʨʝʩ ʜʣʷ 

ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʦʩʢʽʣʴʢʠ ʧʦʻʜʥʫʻ ʢʦʥʮʝʧʮʽʶ çAlloy-by-designè ʽʟ 

ʚʠʤʦʛʘʤʠ LPBF-ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʫ, ʷʢ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʨʝʞʠʤʽʚ, ʪʘʢ ʽ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʠʨʦʙʽʚ. 
ʈʦʙʦʪʘ ʚʠʢʦʥʫʻʪʴʩʷ ʚ ʤʝʞʘʭ ʛʨʘʥʪʫ ʅɸʅ ʋʢʨʘʾʥʠ ʜʦʩʣʽʜʥʠʮʴʢʠʤʠ ʣʘʙʦʨʘʪʦʨʽʷʤʠ/ʛʨʫʧʘʤʠ 

ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʅɸʅ ʋʢʨʘʾʥʠ "ɼʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʨʝʞʠʤʽʚ LPBF-ʤʝʪʦʜʫ ʪʘ ʪʝʨʤʽʯʥʦʛʦ 

ʦʙʨʦʙʣʝʥʥʷ ʥʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʧʣʘʚʫ ABD900" (ˉ 0126U002162). 
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Mɽʍɸʅɯʏʅɯ ɺʃɸʉʊʀɺʆʉʊɯ ʉʇʃɸɺʋ INCONEL 718 ɿɸʃɽɾʅʆ ɺɯɼ 

ʇʀʊʆʄʆɰ ʑɯʃʔʅʆʉʊɯ ɽʅɽʈɻɯɰ LPBF-ʇʈʆʎɽʉʋ ɿɸ ʋʄʆɺ 

ʉʊɸɹɯʃʔʅʆɰ ɺʀʉʆʂʆɰ ʑɯʃʔʅʆʉʊɯ ʄɸʊɽʈɯɸʃʋ 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʧʠʪʦʤʦʾ ʱʽʣʴʥʦʩʪʽ 

ʝʥʝʨʛʽʾ (VED) ʥʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʧʣʘʚʫ Inconel 718, ʚʠʛʦʪʦʚʣʝʥʦʛʦ 

ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ ʧʣʘʚʣʝʥʥʷ ʚ ʧʦʨʦʰʢʦʚʦʤʫ ʰʘʨʽ (LPBF) ʧʨʠ ʟʘʙʝʟʧʝʯʝʥʥʽ 

ʦʜʥʘʢʦʚʦʾ ʚʠʩʦʢʦʾ ʚʽʜʥʦʩʥʦʾ ʱʽʣʴʥʦʩʪʽ (~99,8%). ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʤʽʥʘ VED 

ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʫʪʪʻʚʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ ʫ ʪʠʤʯʘʩʦʚʦʤʫ ʦʧʦʨʽ, ʦʜʥʘʢ ʚʧʣʠʚʘʻ 

ʥʘ ʧʣʘʩʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ï ʚʽʜʥʦʩʥʝ ʧʦʜʦʚʞʝʥʥʷ ʪʘ ʟʚʫʞʝʥʥʷ. ʆʪʨʠʤʘʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚʟʘʻʤʦʟʚôʷʟʢʫ 

çVED ï ʚʽʜʥʦʩʥʘ ʱʽʣʴʥʽʩʪʴ ï ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽè. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: LPBF, Inconel 718, ʧʠʪʦʤʘ ʱʽʣʴʥʽʩʪʴ ʝʥʝʨʛʽʾ (VED), ʤʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ, ʚʽʜʥʦʩʥʘ ʱʽʣʴʥʽʩʪʴ. 
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MECHANICAL PROPERTI ES OF INCONEL 718 ALLOY DEPENDING 

ON THE SPECIFIC ENERGY DENSITY OF THE LPBF PROCESS 

UNDER CONDITIONS OF STABLE HIGH MATERIAL DENSITY  

Abstract: The work investigates the effect of different values of specific energy 

density (VED) on the mechanical properties of Inconel 718 alloy, manufactured by 

laser powder bed melting (LPBF) while ensuring the same high relative density 

(~99.8%). It is established that the change in VED does not lead to significant 

differences in the temporary resistance, but affects the plastic characteristics - 

relative elongation and narrowing. The results obtained indicate the need for further 

research into the relationship "VED - relative density - mechanical properties". 

Keywords: LPBF, Inconel 718, volumetric energy density (VED), mechanical 

properties, relative density. 

 

ɺʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʘʚʪʦʨʽʚ ʧʨʠʜʽʣʷʣʠ ʫʚʘʛʫ ʪʝʭʥʦʣʦʛʽʯʥʠʤ ʧʘʨʘʤʝʪʨʘʤ [1-

3], ʘ ʩʘʤʝ ʧʦʪʫʞʥʦʩʪ (ʈ) ʽ, ʰʚʠʜʢʦʩʪʽ ʩʢʘʥʫʚʘʥʥʷ (v), ʚʽʜʩʪʘʥʽ ʤʽʞ ʪʨʝʢʘʤʠ (h) 

ʪʘ ʥʦʤʽʥʘʣʴʥʽʡ ʪʦʚʱʠʥʽ ʰʘʨʫ (t), ʘʣʝ ʚ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʚʩʪʘʥʦʚʠʪʠ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʚʢʣʶʯʘʶʯʠ ʚʩʽ ʮʽ ʧʘʨʘʤʝʪʨʠ ʙʫʣʦ ʩʢʣʘʜʥʦ. ʊʘʢʠʤ ʯʠʥʦʤ ʥʘʨʘʟʽ 

ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʷʶʪʴ ʧʠʪʦʤʽʡ ʱʽʣʴʥʦʩʪʽ ʝʥʝʨʛʽʾ (VED = P/v*h*t), ʱʦ 

ʦʙôʻʜʥʫʻ ʮʽ ʧʘʨʘʤʝʪʨʠ ʚ ʢʨʠʪʝʨʽʡ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʩʧʨʦʩʪʠʪʠ ʘʥʘʣʽʟ 

ʚʟʘʻʤʦʟʚôʷʟʢʫ.  

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʙʫʜʝ ʟʨʦʙʣʝʥʦ ʩʧʨʦʙʫ ʜʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ VED 

ʥʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚ ʟʨʘʟʢʘʭ ʟ ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ ʥʘ ʨʽʚʥʽ 99,8%.  

ɺ ʨʘʤʢʘʭ ʨʦʙʦʪʠ ʙʫʜʝ ʜʦʩʣʽʜʞʝʥʦ ʟʨʘʟʢʠ, ʚʠʛʦʪʦʚʣʝʥʥʽ ʟ ʞʘʨʦʤʽʮʥʦʛʦ 

ʩʧʣʘʚʫ Inconel 718, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʣʠ 

ʨʽʟʥʦʤʫ ʢʨʠʪʝʨʽʶ VED, ʘ ʩʘʤʝ 48,7 ɼʞ/ʤʤ3 (ʟʨʘʟʦʢ ˉ1) ʪʘ 57,6 ɼʞ/ʤʤ3 (ʟʨʘʟʦʢ 

ˉ2), ʱʦ ʤʘʣʠ ʚʽʜʥʦʩʥʫ ʱʽʣʴʥʽʩʪʴ ʥʘ ʨʽʚʥʽ 99,8%. ɺʠʟʥʘʯʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʠʢʦʥʫʚʘʣʦʩʴ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʚʠʧʨʦʙʫʚʘʣʴʥʦʾ ʤʘʰʠʥʠ 

PHYWE, ʟ ʤʘʢʩʠʤʘʣʴʥʠʤ ʥʘʚʘʥʪʘʞʝʥʥʷʤ 3 ʪ ʪʘ ʰʚʠʜʢʽʩʪʶ ʧʝʨʝʤʽʱʝʥʥʷ 

ʪʨʘʚʝʨʩʠ 1ʤʤ/ʩ.    
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ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʚʝʜʝʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛʫʚʘʥʥʷ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ 

ʪʠʤʯʘʩʦʚʠʡ ʦʧʽʨ (ůʚ), ʚʽʜʥʦʩʥʝ ʧʦʜʦʚʞʝʥʥʷ (ŭ) ʪʘ ʚʽʜʥʦʩʥʝ ʟʚʫʞʝʥʥʷ (Ɋ), ʱʦ 

ʧʨʝʜʩʪʘʚʣʝʥʥʽ ʚ ʪʘʙʣʠʮʽ 1.  

 

ʊʘʙʣʠʮʷ 1 ï ʄʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʦʩʣʽʜʥʠʭ ʟʨʘʟʢʽʚ Inconel 718 ʟ 

ʨʽʟʥʠʤʠ VED 

 
ˉ ʟʨʘʟʢʘ VED, ɼʞ/ʤʤ3 ůʚ, ʄʇʘ ŭ, % Ɋ, % 

1 48,7 952,9 24,5 24,3 

2 57,6 952,4 33,0 30,7 

 

ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦʢʘʟʘʣʠ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʽʟʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

VED ʧʨʠ ʙʣʠʟʴʢʽʡ ʚʽʜʥʦʩʥʽʡ ʱʽʣʴʥʦʩʪʽ ʥʝ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʩʪʘʪʠʩʪʠʯʥʦ 

ʟʥʘʯʫʱʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʮʥʦʩʪʽ, ʘ ʩʘʤʝ ʪʠʤʯʘʩʦʚʠʡ ʦʧʽʨ. 

ɸʣʝ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʣʘʩʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʘ ʩʘʤʝ ʚʽʜʥʦʩʥʝ ʧʦʜʦʚʞʝʥʥʷ ʪʘ 

ʟʚʫʞʝʥʥʷ. ɼʦʩʣʽʜʥʠʡ ʟʨʘʟʦʢ ˉ1, ʱʦ ʚʠʛʦʪʦʚʣʝʥʠʡ ʟʘ VED 48,7 ɼʞ/ʤʤ3 ʤʘʻ 

ʥʠʞʯʽ ʟʥʘʯʝʥʥʷ ʚʽʜʥʦʩʥʦʛʦ ʧʦʜʦʚʞʝʥʥʷ ʥʘ 8,5% ʪʘ ʚʽʜʥʦʩʥʦʛʦ ʟʚʫʞʝʥʥʷ ʥʘ 

6,4%, ʥʽʞ ʜʦʩʣʽʜʥʠʡ ʟʨʘʟʦʢ ˉ2 ʟ VED 57,6 ɼʞ/ʤʤ3.  

ɺʨʘʭʦʚʫʶʯʠ ʚʠʱʝ ʟʘʟʥʘʯʝʥʝ, ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚ ʧʨʦʚʝʜʝʥʥʽ ʙʽʣʴʰ 

ʜʝʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚ ʜʘʥʽʡ ʦʙʣʘʩʪʽ ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʟʘʣʝʞʥʦʩʪʝʡ ʚ 

ʣʘʥʮʶʛʫ çʪʝʭʥʦʣʦʛʽʯʥʽ ʧʘʨʘʤʝʪʨʠ (VED) ï ʚʽʜʥʦʩʥʘ ʱʽʣʴʥʽʩʪʴ ï ʤʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽè, ʱʦ ʙʫʜʝ ʤʘʡʙʫʪʥʽʤ ʥʘʧʨʷʤʢʦʤ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ  

1. Seede R., Shoukr D., Zhang B., Whitt A., Gibbons S., Flater P., Elwany A., 

Arr·yave R., Karaman I. An Ultra-High Strength Martensitic Steel 

Fabricated using Selective Laser Melting Additive Manufacturing: 

Densification, Microstructure, and Mechanical Properties // Acta Materialia. 

ï 2020. ï Vol. 186. ï DOI: 10.1016/j.actamat.2019.12.037. 

2. Letenneur M., Brailovski V., Kreitcberg A., Paserin V., Bailon-Poujol I. 

Laser powder bed fusion of water-atomized iron-based powders: Process 

optimization // Journal of Manufacturing and Materials Processing. ï 2017. 

ï Vol. 1. ï P. 23. 

3. Teng C., Gong H., Szabo A., Dilip J.J.S., Ashby K., Zhang S., Patil N., Pal 

D., Stucke B. Simulating Melt Pool Shape and Lack of Fusion Porosity for 

Selective Laser Melting of Cobalt Chromium Components // Journal of 

Manufacturing Science and Engineering. ï 2017. ï Vol. 139. ï P. 011009-1ï

011009-11. ï DOI: 10.1115/1.4034137. 
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INFLUENCE OF FORMING CONDITSONS ON THE PHYSICO -

MECHANICAL PROPERTIES OF A COMPOSITE WITH PHENOL -

FORMALDEHY DE BINDER 

Annotation. The modes of forming phenol-phormaldehyde glass fiber reinforced 

with functional fibers by pressing are considered. The effect of the duration of 

exposure at elevated temperature in the mold on the deformation-strength properties 

of the fiber is studied.   The temperature regime of forming a polymer composite 

material based on phenol-phormaldehyde resin is optimized. 

Keywords: polymer composite materials, fiber reinforced,  phenol-phormaldehyde 

resin, deformation-strength properties. 

 

ʐʠʨʦʢʦʛʦ ʧʦʰʠʨʝʥʥʷ ʥʘʙʫʚʘʶʪʴ ʧʦʣʽʤʝʨʥʽ ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʷʢʽ 

ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ. ɸʨʤʦʚʘʥʽ ʚʦʣʦʢʥʠʩʪʽ ʢʦʤʧʦʟʠʮʽʡʥʽ 

ʤʘʪʝʨʽʘʣʠ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʩʦʢʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʧʠʪʦʤʦʾ ʤʽʮʥʦʩʪʽ ʪʘ 

ʤʦʜʫʣʷ ʧʨʫʞʥʦʩʪʽ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʘʚʽʘʮʽʡʥʽʡ, ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʽʡ, 

ʚʽʡʩʴʢʦʚʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʪʘ ʤʘʶʪʴ ʚʝʣʠʢʠʡ ʧʦʧʠʪ [1]. ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ 

ʢʦʤʧʦʟʠʪʽʚ ʻ ʘʨʤʦʚʘʥʠʡ ʩʢʣʦʧʣʘʩʪʠʢ, ʥʘʧʦʚʥʝʥʠʡ ʙʘʟʘʣʴʪʦʚʠʤʠ ʪʘ/ʘʙʦ 

ʢʨʝʤʥʝʟʝʤʥʠʤʠ ʚʦʣʦʢʥʘʤʠ, ʷʢʠʡ ʤʘʻ ʫʥʽʢʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ.  

ʅʘ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʚʧʣʠʚʘʶʪʴ ʷʢ ʩʪʨʫʢʪʫʨʘ, ʪʠʧ ʽ ʤʘʨʢʘ ʦʙʨʘʥʦʛʦ ʥʘʧʦʚʥʶʚʘʯʘ ʪʘ 

ʧʦʣʽʤʝʨʥʦʾ ʤʘʪʨʠʮʽ, ʪʘʢ ʽ ʤʝʪʦʜ ʬʦʨʤʫʚʘʥʥʷ. ʉʢʣʦʧʣʘʩʪʠʢʠ, ʘʨʤʦʚʘʥʽ 

ʩʧʝʮʽʘʣʴʥʠʤ ʚʦʣʦʢʥʦʤ ʥʘ ʦʩʥʦʚʽ ʬʝʥʦʣʬʦʨʤʘʣʴʜʝʛʽʜʥʦʾ ʩʤʦʣʠ, ʤʘʶʪʴ ʥʝʚʝʣʠʢʫ 

ʚʘʛʫ, ʚʠʩʦʢʫ ʤʽʮʥʽʩʪʴ, ʥʠʟʴʢʝ ʪʝʧʣʦʚʝ ʨʦʟʰʠʨʝʥʥʷ, ʻ ʢʦʨʦʟʽʡʥʦ- ʪʘ 

ʪʝʨʤʦʩʪʽʡʢʠʤʠ [3, 4].  

ɺ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʪʘʢʠʭ ʨʝʞʠʤʽʚ ʬʦʨʤʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʷʢ ʪʠʩʢ, 

ʪʝʤʧʝʨʘʪʫʨʘ ʪʘ ʪʨʠʚʘʣʽʩʪʴ ʧʨʝʩʫʚʘʥʥʷ. ɺʽʜʦʤʦ, ʱʦ ʦʜʥʠʤ ʽʟ ʧʨʦʩʪʠʭ ʽ ʟʨʫʯʥʠʭ 

ʤʝʪʦʜʽʚ ʦʪʨʠʤʘʥʥʷ ʧʦʣʽʤʝʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʢʦʤʧʨʝʩʽʡʥʝ ʧʨʝʩʫʚʘʥʥʷ, ʷʢʝ 

ʧʦʣʷʛʘʻ ʫ ʟʘʚʘʥʪʘʞʝʥʥʽ ʧʨʝʩ-ʤʘʪʝʨʽʘʣʫ, ʬʦʨʤʫʚʘʥʥʽ ʚʠʨʦʙʫ ʪʘ ʡʦʛʦ ʪʚʝʨʜʽʥʥʽ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʧʨʝʩ-ʬʦʨʤʽ, ʢʦʥʩʪʨʫʢʮʽʷ ʷʢʦʾ ʚʽʜʧʦʚʽʜʘʻ ʬʦʨʤʽ ʜʝʪʘʣʽ [5ï7]. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʟʨʘʟʢʘʭ, ʱʦ ʚʠʛʦʪʦʚʣʷʣʠʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʧʨʝʩʫ ʧʨʠ ʪʠʩʢʫ 5ʪ, 10ʪ ʪʘ 20ʪ. ʇʨʠ ʮʴʦʤʫ ʪʘʢʦʞ ʦʧʨʘʮʴʦʚʫʚʘʚʩʷ 
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ʨʽʟʥʠʡ ʯʘʩ ʚʠʪʨʠʤʢʠ ʧʽʜ ʪʠʩʢʦʤ ʜʣʷ ʦʧʨʝʩʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ, ʷʢʠʡ ʩʢʣʘʜʘʚ ʚʽʜ 

60 ʭʚ ʜʦ 240 ʭʚ. ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʣʽʤʝʨʠʟʘʮʽʾ ʦʙʠʨʘʣʘʩʷ ʫ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʦ 

ʧʘʩʧʦʨʪʥʠʭ ʜʘʥʠʭ ʥʘ ʬʝʥʦʣʬʦʨʤʘʣʴʜʝʛʽʜʥʝ ʩʧʦʣʫʯʥʝ ʽ ʩʪʘʥʦʚʠʣʘ 150 Áʉ ʪʘ 

190 Áʉ. ɼʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʨʘʟʢʽʚ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʧʨʝʩʦʚʠʡ ʚʦʣʦʢʥʠʩʪʠʡ 

ʤʘʪʝʨʽʘʣ ʫ ʚʠʛʣʷʜʽ ʥʝʦʨʽʻʥʪʦʚʘʥʠʭ ʙʘʟʘʣʴʪʦʚʠʭ ʪʘ ʢʨʝʤʥʝʟʝʤʥʠʭ ʚʦʣʦʢʦʥ 

ʜʦʚʞʠʥʦʶ ʚʽʜ 10 ʜʦ 60 ʤʤ, ʧʨʦʩʦʯʝʥʠʭ ʩʧʦʣʫʯʥʠʤ.  

ɺ ʷʢʦʩʪʽ ʢʨʠʪʝʨʽʶ ʧʦʨʽʚʥʷʥʥʷ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʚʠʛʦʪʦʚʣʝʥʠʭ ʟʨʘʟʢʽʚ ʩʢʣʦʚʦʣʦʢʥʽʪʫ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʟʘ ʨʦʟʛʣʷʥʫʪʠʤʠ ʨʝʞʠʤʘʤʠ 

ʬʦʨʤʫʚʘʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʤʽʮʥʽʩʪʴ ʧʨʠ ʟʛʠʥʽ ʪʘ ʩʪʠʩʥʝʥʥʽ (ʜʠʚ. ʨʠʩʫʥʦʢ).  

 

 

 

ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʧʨʠ 

ʟʛʠʥʽ 

ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʧʨʠ 

ʩʪʠʩʥʝʥʥʽ 

ʈʠʩʫʥʦʢ. ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʧʨʝʩ-ʤʘʪʝʨʽʘʣʫ ʚʣʘʩʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ  

 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʫʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʡʚʠʱʽ ʬʽʟʠʢʦ-

ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʻ ʩʢʣʦʚʦʣʦʢʥʽʪ, ʚʠʛʦʪʦʚʣʝʥʠʡ ʟʘ ʥʘʩʪʫʧʥʠʤ 

ʨʝʞʠʤʦʤ: ʪʠʩʢ ʧʨʝʩʫʚʘʥʥʷ ï 20 ʪ; ʪʝʤʧʝʨʘʪʫʨʘ 150 Áʉ; ʯʘʩ ʚʠʪʨʠʤʢʠ ʧʽʜ 

ʪʠʩʢʦʤ (ʦʨʽʻʥʪʦʚʥʦ 60Ñ2) ʭʚ ʽ ʧʦʜʘʣʴʰʘ ʧʦʣʽʤʝʨʠʟʘʮʽʷ ʧʽʜ ʚʘʢʫʤʦʤ ʧʨʦʪʷʛʦʤ 

480 ʭʚ. ɿ ʤʝʪʦʶ ʦʮʽʥʢʠ ʷʢʦʩʪʽ ʨʦʟʨʦʙʣʝʥʦʛʦ ʩʢʣʦʚʦʣʦʢʥʽʪʫ ʟ ʪʨʘʜʠʮʽʡʥʠʤ 

ʧʨʦʚʦʜʠʣʠ ʧʦʨʽʚʥʷʥʥʷ ʡʦʛʦ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟ ʤʘʪʝʨʽʘʣʦʤ ɼʉɺ-2-ʆ ɻʆʉʊ 17478-

95. ɸʥʘʣʽʟ ʧʦʨʽʚʥʷʥʥʷ ʧʦʢʘʟʘʚ, ʱʦ ʧʨʠ ʟʘʩʪʦʩʦʚʫʚʘʥʥʽ ʚʠʱʝʟʘʟʥʘʯʝʥʠʭ 

ʨʝʞʠʤʽʚ ʬʦʨʤʫʚʘʥʥʷ ʧʦʣʽʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʧʨʝʜʩʪʘʚʠʣʦʩʷ 

ʤʦʞʣʠʚʠʤ ʦʪʨʠʤʘʪʠ ʥʘ ~ 16% ʚʠʱʽ ʤʽʮʥʽʩʥʽ ʧʦʢʘʟʥʠʢʠ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʨʝʢʦʤʝʥʜʫʚʘʪʠ ʨʦʟʨʦʙʣʝʥʠʡ ʤʘʪʝʨʽʘʣ ʚ ʷʢʦʩʪʽ ʘʣʴʪʝʨʥʘʪʠʚʠ ʩʫʯʘʩʥʠʤ 

ʩʢʣʦʚʦʣʦʢʥʽʪʘʤ.  
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3D-ʄʆɼɽʃʖɺɸʅʅʗ ʈʋʁʅʋɺɸʅʅʗ ʆʂʉʀɼʅʀʍ ʇʆʂʈʀʊʊɯɺ ɺ 

ʋʄʆɺɸʍ ɽʈʆɿɯʁʅʆɰ ʂɸɺɯʊɸʎɯɰ 

ɸʥʦʪʘʮʽʷ. ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʜʦʩʣʽʜʞʝʥʥʶ ʨʫʡʥʫʚʘʥʥʷ ʦʢʩʠʜʥʠʭ ʧʦʢʨʠʪʪʽʚ ʚ 

ʫʤʦʚʘʭ ʝʨʦʟʽʡʥʦʾ ʢʘʚʽʪʘʮʽʾ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʨʠʚʠʤʽʨʥʦʛʦ ʯʠʩʝʣʴʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ ʣʘʤʝʣʴʥʠʭ 

ʧʦʢʨʠʪʪʽʚ ʧʽʜ ʜʽʻʶ ʢʘʚʽʪʘʮʽʡʥʠʭ ʽʤʧʫʣʴʩʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʦʨʠʩʪʦʩʪʽ ʪʘ 

ʤʽʞʬʘʟʥʠʭ ʤʝʞ. ʇʦʢʘʟʘʥʦ, ʱʦ 3D-ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʢʨʠʪʠʯʥʽ 

ʟʦʥʠ ʽʥʽʮʽʘʮʽʾ ʪʨʽʱʠʥ ʽ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʝ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʨʫʢʪʫʨʠ ʧʦʢʨʠʪʪʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʘʚʽʪʘʮʽʡʥʘ ʝʨʦʟʽʷ, ʦʢʩʠʜʥʽ ʧʦʢʨʠʪʪʷ, 3D-ʤʦʜʝʣʶʚʘʥʥʷ, 

ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ, ʤʽʢʨʦʪʨʽʱʠʥʠ. 
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3D MODELING OF OXIDE COATING FAILURE  

UNDER CAVITATION EROSION  

Annotation. this study focuses on the failure of oxide coatings under cavitation 

erosion using three-dimensional numerical modeling. The stressïstrain state of 

lamellar coatings under cavitation-induced impulses is analyzed considering 

porosity and interfacial boundaries. It is shown that 3D modeling enables 

identification of crack initiation zones and can be applied to predict coating 

durability and optimize their structure. 

Keywords: cavitation erosion, oxide coatings, 3D modeling, stressïstrain state, 

microcracks. 
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ɽʨʦʟʽʡʥʘ ʢʘʚʽʪʘʮʽʷ ʻ ʦʜʥʽʻʶ ʟ ʦʩʥʦʚʥʠʭ ʧʨʠʯʠʥ ʜʝʛʨʘʜʘʮʽʾ ʧʦʚʝʨʭʦʥʴ 

ʝʣʝʤʝʥʪʽʚ ʛʽʜʨʦʤʘʰʠʥ, ʥʘʩʦʩʽʚ, ʪʫʨʙʽʥ ʪʘ ʢʦʥʩʪʨʫʢʮʽʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʫ ʧʦʪʦʢʘʭ 

ʨʽʜʠʥʠ ʟ ʽʥʪʝʥʩʠʚʥʠʤʠ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ [3]. ɼʠʥʘʤʽʯʥʘ 

ʧʨʠʨʦʜʘ ʢʘʚʽʪʘʮʽʾ ʫʩʢʣʘʜʥʶʻ ʢʦʥʪʨʦʣʴ ʟʘ ʩʪʘʥʦʤ ʧʦʚʝʨʭʦʥʴ ʝʣʝʤʝʥʪʽʚ ʪʘ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʝʘʣʴʥʦʛʦ ʨʝʩʫʨʩʫ ʨʦʙʦʪʠ ʢʦʥʩʪʨʫʢʮʽʡ ʧʽʜ ʜʽʻʶ ʪʘʢʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʨʝʩʫʨʩʫ ʪʘʢʠʭ ʝʣʝʤʝʥʪʽʚ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴ ʟʘʭʠʩʥʽ 

ʦʢʩʠʜʥʽ ʧʦʢʨʠʪʪʷ ʥʘ ʦʩʥʦʚʽ Al O , Cr O , TiO  ʪʘ ʾʭ ʢʦʤʧʦʟʠʮʽʡ, ʷʢʽ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʩʦʢʦʶ ʪʚʝʨʜʽʩʪʶ ʪʘ ʭʽʤʽʯʥʦʶ ʩʪʽʡʢʽʩʪʶ. ɺʦʜʥʦʯʘʩ 

ʢʨʠʭʢʠʡ ʭʘʨʘʢʪʝʨ ʦʢʩʠʜʽʚ, ʣʘʤʝʣʴʥʘ ʩʪʨʫʢʪʫʨʘ ʪʘ ʥʘʷʚʥʽʩʪʴ ʧʦʨ ʟʫʤʦʚʣʶʶʪʴ 

ʾʭʥʶ ʧʽʜʚʠʱʝʥʫ ʯʫʪʣʠʚʽʩʪʴ ʜʦ ʽʤʧʫʣʴʩʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʭʘʨʘʢʪʝʨʥʠʭ ʜʣʷ 

ʧʨʦʮʝʩʽʚ ʢʘʚʽʪʘʮʽʡʥʦʛʦ ʩʭʣʦʧʫʚʘʥʥʷ ʙʫʣʴʙʘʰʦʢ. ɼʘʥʘ ʧʨʦʙʣʝʤʘ ʩʠʣʴʥʦ 

ʚʧʣʠʚʘʻ ʥʘ ʥʘʜʽʡʥʽʩʪʴ ʪʘ ʨʝʘʣʴʥʝ ʨʦʟʫʤʽʥʥʷ ʟʥʦʩʫ ʧʦʢʨʠʪʪʽʚ ʧʽʜ ʢʘʚʽʪʘʮʽʡʥʠʤʠ 

ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ [2].  

ʊʨʘʜʠʮʽʡʥʽ ʣʘʙʦʨʘʪʦʨʥʽ ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ʢʘʚʽʪʘʮʽʡʥʦʾ ʝʨʦʟʽʾ, ʟʦʢʨʝʤʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʽ ʫʩʪʘʥʦʚʢʠ ʘʙʦ ʩʪʝʥʜʠ ʟ ʦʙʝʨʪʦʚʠʤʠ ʟʨʘʟʢʘʤʠ, ʜʦʟʚʦʣʷʶʪʴ 

ʦʪʨʠʤʘʪʠ ʽʥʪʝʛʨʘʣʴʥʽ ʧʦʢʘʟʥʠʢʠ ʟʥʦʰʫʚʘʥʥʷ, ʪʘʢʽ ʷʢ ʚʪʨʘʪʘ ʤʘʩʠ ʘʙʦ ʟʤʽʥʘ 

ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ [4]. ʇʨʦʪʝ ʮʽ ʤʝʪʦʜʠ ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ ʢʦʥʪʨʦʣʶ 

ʣʦʢʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʘʚʽʪʘʮʽʡʥʦʛʦ ʚʧʣʠʚʫ, ʟʦʢʨʝʤʘ ʧʽʢʦʚʠʭ ʪʠʩʢʽʚ, 

ʪʨʠʚʘʣʦʩʪʽ ʽʤʧʫʣʴʩʽʚ ʪʘ ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʩʦʙʣʠʚʦ 

ʩʢʣʘʜʥʠʤ ʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʠʚʯʝʥʥʷ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʡ ʨʫʡʥʫʚʘʥʥʷ 

ʦʢʩʠʜʥʠʭ ʧʦʢʨʠʪʪʽʚ, ʢʦʣʠ ʪʨʽʱʠʥʠ ʟʘʨʦʜʞʫʶʪʴʩʷ ʥʘ ʤʽʞʣʘʤʝʣʴʥʠʭ ʤʝʞʘʭ ʘʙʦ 

ʚ ʟʦʥʽ ʧʦʨ, ʘʣʝ ʱʝ ʥʝ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʤʘʢʨʦʩʢʦʧʽʯʥʦʾ ʚʪʨʘʪʠ ʤʘʪʝʨʽʘʣʫ. ʋ 

ʨʝʟʫʣʴʪʘʪʽ ʤʽʞ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʩʧʦʩʪʝʨʝʞʝʥʥʷʤʠ ʪʘ ʨʝʘʣʴʥʠʤʠ 

ʤʝʭʘʥʽʟʤʘʤʠ ʨʫʡʥʫʚʘʥʥʷ ʽʩʥʫʻ ʩʫʪʪʻʚʠʡ ʨʦʟʨʠʚ. 

ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ ʯʠʩʝʣʴʥʝ 3D-ʤʦʜʝʣʶʚʘʥʥʷ ʥʘʙʫʚʘʻ ʦʩʦʙʣʠʚʦʾ 

ʘʢʪʫʘʣʴʥʦʩʪʽ ʷʢ ʽʥʩʪʨʫʤʝʥʪ ʘʥʘʣʽʟʫ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʦʢʩʠʜʥʠʭ 

ʧʦʢʨʠʪʪʽʚ ʧʽʜ ʜʽʻʶ ʢʘʚʽʪʘʮʽʡʥʠʭ ʽʤʧʫʣʴʩʽʚ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʜʚʦʚʠʤʽʨʥʠʭ ʘʙʦ 

ʚʽʩʝʩʠʤʝʪʨʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʪʨʠʚʠʤʽʨʥʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʚʨʘʭʫʚʘʪʠ ʧʨʦʩʪʦʨʦʚʫ 

ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʧʦʢʨʠʪʪʷ, ʚʠʧʘʜʢʦʚʠʡ ʨʦʟʧʦʜʽʣ ʧʦʨ ʪʘ 

ʣʦʢʘʣʴʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ. ʂʘʚʽʪʘʮʽʡʥʠʡ ʚʧʣʠʚ ʫ ʪʘʢʠʭ ʤʦʜʝʣʷʭ 

ʟʘʟʚʠʯʘʡ ʦʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʢʦʨʦʪʢʦʯʘʩʥʦʛʦ ʽʤʧʫʣʴʩʫ ʪʠʩʢʫ, ʷʢʠʡ ʻ 

ʝʢʚʽʚʘʣʝʥʪʦʤ ʩʭʣʦʧʫʚʘʥʥʷ ʢʘʚʽʪʘʮʽʡʥʦʾ ʙʫʣʴʙʘʰʢʠ ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ. ʊʘʢʠʡ 

ʧʽʜʭʽʜ ʜʘʻ ʟʤʦʛʫ ʜʦʩʣʽʜʞʫʚʘʪʠ ʤʠʪʪʻʚʫ ʨʝʘʢʮʽʶ ʤʘʪʝʨʽʘʣʫ ʪʘ ʚʠʟʥʘʯʘʪʠ 

ʢʨʠʪʠʯʥʽ ʟʦʥʠ, ʜʝ ʥʘʧʨʫʞʝʥʥʷ ʧʝʨʝʚʠʱʫʶʪʴ ʜʦʧʫʩʪʠʤʽ ʜʣʷ ʢʨʠʭʢʠʭ ʦʢʩʠʜʥʠʭ 

ʬʘʟ. 

ʉʫʯʘʩʥʽ 3D-ʤʦʜʝʣʽ ʦʢʩʠʜʥʠʭ ʧʦʢʨʠʪʪʽʚ ʙʘʟʫʶʪʴʩʷ ʥʘ ʢʦʥʮʝʧʮʽʾ 

ʧʨʝʜʩʪʘʚʥʠʮʴʢʦʛʦ ʦʙôʻʤʫ (RVE), ʫ ʤʝʞʘʭ ʷʢʦʛʦ ʚʽʜʪʚʦʨʶʻʪʴʩʷ ʩʧʨʦʱʝʥʘ 

ʣʘʤʝʣʴʥʘ ʩʪʨʫʢʪʫʨʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʦʨʠʩʪʦʩʪʽ [1]. ʄʘʪʝʨʽʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʦʢʩʠʜʽʚ ʟʘʟʚʠʯʘʡ ʦʧʠʩʫʶʪʴʩʷ ʣʽʥʽʡʥʦ-ʧʨʫʞʥʦʶ ʤʦʜʝʣʣʶ, ʱʦ ʻ ʚʠʧʨʘʚʜʘʥʠʤ 

ʜʣʷ ʘʥʘʣʽʟʫ ʢʦʨʦʪʢʦʯʘʩʥʠʭ ʽʤʧʫʣʴʩʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. ɼʣʷ ʦʮʽʥʶʚʘʥʥʷ 

ʨʫʡʥʫʚʘʥʥʷ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʢʨʠʪʝʨʽʾ ʤʘʢʩʠʤʘʣʴʥʠʭ ʛʦʣʦʚʥʠʭ ʥʘʧʨʫʞʝʥʴ, ʘ 

ʪʘʢʦʞ ʢʦʛʝʟʽʡʥʽ ʤʦʜʝʣʽ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʦʧʠʩʘʪʠ ʽʥʽʮʽʘʮʽʶ ʪʘ ʨʦʟʚʠʪʦʢ ʪʨʽʱʠʥ 

ʫʟʜʦʚʞ ʤʽʞʣʘʤʝʣʴʥʠʭ ʤʝʞ ʘʙʦ ʥʘ ʽʥʪʝʨʬʝʡʩʽ çʧʦʢʨʠʪʪʷïʧʽʜʢʣʘʜʢʘè. ʊʘʢʠʡ 
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ʧʽʜʭʽʜ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʘʥʘʣʽʟʫ ʥʝ ʣʠʰʝ ʤʦʤʝʥʪʫ ʨʫʡʥʫʚʘʥʥʷ, ʘ ʡ 

ʤʝʭʘʥʽʟʤʽʚ ʜʝʛʨʘʜʘʮʽʾ ʩʪʨʫʢʪʫʨʠ ʧʦʢʨʠʪʪʷ ʧʨʠ ʧʦʚʪʦʨʥʠʭ ʢʘʚʽʪʘʮʽʡʥʠʭ 

ʚʧʣʠʚʘʭ. 

ʇʨʘʢʪʠʯʥʘ ʮʽʥʥʽʩʪʴ 3D-ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʣʷʛʘʻ ʫ ʤʦʞʣʠʚʦʩʪʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ 

ʢʨʠʪʠʯʥʠʭ ʟʦʥ ʧʦʢʨʠʪʪʷ, ʷʢʽ ʻ ʥʘʡʙʽʣʴʰ ʚʨʘʟʣʠʚʠʤʠ ʜʦ ʢʘʚʽʪʘʮʽʡʥʦʾ ʝʨʦʟʽʾ. 

ʏʠʩʝʣʴʥʠʡ ʘʥʘʣʽʟ ʜʦʟʚʦʣʷʻ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʪʦʚʱʠʥʠ ʧʦʢʨʠʪʪʷ, ʨʽʚʥʷ ʧʦʨʠʩʪʦʩʪʽ 

ʪʘ ʘʜʛʝʟʽʡʥʦʾ ʤʽʮʥʦʩʪʽ ʥʘ ʡʦʛʦ ʢʘʚʽʪʘʮʽʡʥʫ ʩʪʽʡʢʽʩʪʴ, ʘ ʪʘʢʦʞ ʩʬʦʨʤʫʣʶʚʘʪʠ 

ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʨʫʢʪʫʨʠ ʦʢʩʠʜʥʠʭ ʰʘʨʽʚ. ʂʨʽʤ ʪʦʛʦ, 

ʚʠʢʦʨʠʩʪʘʥʥʷ 3D-ʤʦʜʝʣʝʡ ʜʘʻ ʟʤʦʛʫ ʩʫʪʪʻʚʦ ʩʢʦʨʦʪʠʪʠ ʦʙʩʷʛ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʟʦʩʝʨʝʜʠʚʰʠ ʾʭ ʥʘ ʚʘʣʽʜʘʮʽʾ ʨʦʟʨʘʭʫʥʢʦʚʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ, ʘ ʥʝ ʥʘ ʝʤʧʽʨʠʯʥʦʤʫ ʧʽʜʙʦʨʽ ʧʘʨʘʤʝʪʨʽʚ. 

ʊʘʢʠʤ ʯʠʥʦʤ, 3D-ʤʦʜʝʣʶʚʘʥʥʷ ʻ ʝʬʝʢʪʠʚʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʨʫʡʥʫʚʘʥʥʷ ʦʢʩʠʜʥʠʭ ʧʦʢʨʠʪʪʽʚ ʚ ʫʤʦʚʘʭ ʝʨʦʟʽʡʥʦʾ ʢʘʚʽʪʘʮʽʾ, ʱʦ 

ʜʦʟʚʦʣʷʻ ʧʝʨʝʡʪʠ ʚʽʜ ʦʧʠʩʦʚʦʛʦ ʘʥʘʣʽʟʫ ʟʥʦʰʫʚʘʥʥʷ ʜʦ ʤʝʭʘʥʽʩʪʠʯʥʦʛʦ 

ʨʦʟʫʤʽʥʥʷ ʧʨʦʮʝʩʽʚ ʜʝʛʨʘʜʘʮʽʾ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʤʦʜʝʣʝʡ ʩʪʚʦʨʶʻ ʦʩʥʦʚʫ 

ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʝʩʫʨʩʫ ʧʦʢʨʠʪʪʽʚ ʽ ʾʭ ʮʽʣʝʩʧʨʷʤʦʚʘʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʜʣʷ 

ʨʦʙʦʪʠ ʚ ʫʤʦʚʘʭ ʽʥʪʝʥʩʠʚʥʠʭ ʢʘʚʽʪʘʮʽʡʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. 
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ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʧʽʜʭʦʜʠ ʜʦ ʢʽʣʴʢʽʩʥʦʛʦ ʘʥʘʣʽʟʫ 
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ʟʦʢʨʝʤʘ ʥʝʯʽʪʢʠʤ ʤʝʞʘʤ ʤʽʞ ʚʦʣʦʢʥʘʤʠ ʪʘ ʤʘʪʨʠʮʝʶ, ʷʢʽ ʤʦʞʫʪʴ ʚʠʥʠʢʘʪʠ 

ʚʥʘʩʣʽʜʦʢ ʧʦʰʢʦʜʞʝʥʥʷ ʘʙʦ ʨʦʟʨʠʭʣʝʥʠʭ ʘʨʤʫʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʧʽʜ ʯʘʩ 
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ʂʦʤʧʦʟʠʪʥʽ ʤʘʪʝʨʽʘʣʠ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʘʚʽʘʮʽʡʥʽʡ ʪʘ ʢʦʩʤʽʯʥʽʡ 

ʛʘʣʫʟʷʭ, ʱʦ ʟʫʤʦʚʣʝʥʦ ʾʭ ʚʠʩʦʢʠʤʠ ʧʠʪʦʤʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʽʮʥʦʩʪʽ, 

ʤʘʣʦʶ ʛʫʩʪʠʥʦʶ ʪʘ ʤʦʞʣʠʚʽʩʪʶ ʢʝʨʫʚʘʥʥʷ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʰʣʷʭʦʤ ʟʤʽʥʠ 

ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ. ʋ ʚʦʣʦʢʥʠʩʪʠʭ ʢʦʤʧʦʟʠʪʘʭ ʚʘʞʣʠʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʶʪʴ ʪʘʢʽ 

ʩʪʨʫʢʪʫʨʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢ ʦʨʽʻʥʪʘʮʽʷ ʘʨʤʫʚʘʣʴʥʠʭ ʚʦʣʦʢʦʥ, ʾʭ ʦʙôʻʤʥʘ ʯʘʩʪʢʘ, 

ʛʝʦʤʝʪʨʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʣʦʢʦʥ (ʜʽʘʤʝʪʨ, ʬʦʨʤʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ, 

ʧʨʦʩʪʦʨʦʚʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʪʘ ʨʦʟʧʦʜʽʣ ʚʦʣʦʢʦʥ ʫ ʤʘʪʨʠʮʽ), ʘ ʪʘʢʦʞ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʞʬʘʟʥʦʾ ʟʦʥʠ ʚʦʣʦʢʥʦïʤʘʪʨʠʮʷ. ʉʘʤʝ ʮʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʶʪʴ ʤʝʭʘʥʽʯʥʫ ʧʦʚʝʜʽʥʢʫ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, 

ʟʦʢʨʝʤʘ ʡʦʛʦ ʤʽʮʥʽʩʪʴ, ʞʦʨʩʪʢʽʩʪʴ ʪʘ ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ [1]. 

ʋ ʤʘʪʝʨʽʘʣʦʟʥʘʚʯʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʘʥʘʣʽʟ ʩʪʨʫʢʪʫʨʠ ʢʦʤʧʦʟʠʪʽʚ ʟʘʟʚʠʯʘʡ 

ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʟʦʙʨʘʞʝʥʴ, ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʘʤʠ 

ʦʧʪʠʯʥʦʾ ʘʙʦ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ɿʘ ʪʘʢʠʤʠ ʟʦʙʨʘʞʝʥʥʷʤʠ ʚʠʟʥʘʯʘʶʪʴʩʷ 

ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʩʪʨʫʢʪʫʨʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʟʦʢʨʝʤʘ ʧʣʦʱʘ, ʧʝʨʠʤʝʪʨ, 

ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʜʽʘʤʝʪʨ ʪʘ ʢʦʝʬʽʮʽʻʥʪ ʬʦʨʤʠ ʚʦʣʦʢʦʥ ʘʙʦ ʟʝʨʝʥ. ʆʪʨʠʤʘʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʥʫʚʘʪʠ ʩʪʘʪʠʩʪʠʯʥʠʡ ʘʥʘʣʽʟ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʤʘʪʝʨʽʘʣʫ ʪʘ ʦʮʽʥʶʚʘʪʠ ʚʧʣʠʚ ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʡʦʛʦ ʤʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ [2]. 

ʇʽʜ ʯʘʩ ʜʦʩʣʽʜʞʝʥʥʷ ʚʦʣʦʢʥʠʩʪʠʭ ʢʦʤʧʦʟʠʪʽʚ ʚʠʥʠʢʘʻ ʨʷʜ ʪʨʫʜʥʦʱʽʚ. 

ʆʜʥʠʤ ʟ ʥʠʭ ʻ ʦʩʦʙʣʠʚʽʩʪʴ ʧʽʜʛʦʪʦʚʢʠ ʰʣʽʬʽʚ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʋ 

ʧʨʦʮʝʩʽ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʟʨʘʟʢʽʚ, ʘʨʤʫʚʘʣʴʥʽ ʚʦʣʦʢʥʘ ʤʦʞʫʪʴ ʯʘʩʪʢʦʚʦ 

ʧʦʰʢʦʜʞʫʚʘʪʠʩʷ, ʱʦ ʧʨʦʷʚʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʨʦʟʨʠʭʣʝʥʥʷ ʘʙʦ ʣʦʢʘʣʴʥʦʛʦ 

ʨʫʡʥʫʚʘʥʥʷ ʚʦʣʦʢʦʥ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʮʴʦʛʦ ʤʝʞʽ ʤʽʞ ʚʦʣʦʢʥʘʤʠ ʪʘ ʤʘʪʨʠʮʝʶ ʥʘ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʭ ʟʦʙʨʘʞʝʥʥʷʭ ʤʦʞʫʪʴ ʙʫʪʠ ʥʝʯʽʪʢʠʤʠ ʘʙʦ ʤʘʪʠ ʩʢʣʘʜʥʫ 

ʛʝʦʤʝʪʨʽʶ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʧʨʦʮʝʩ ʚʠʜʽʣʝʥʥʷ ʩʪʨʫʢʪʫʨʥʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʟʥʠʞʫʻ 

ʪʦʯʥʽʩʪʴ ʢʽʣʴʢʽʩʥʦʛʦ ʘʥʘʣʽʟʫ [1]. 

ɼʦʜʘʪʢʦʚʦʶ ʧʨʦʙʣʝʤʦʶ ʻ ʪʝ, ʱʦ ʘʥʘʣʽʟ ʩʪʨʫʢʪʫʨʠ ʟʜʝʙʽʣʴʰʦʛʦ 

ʧʨʦʚʦʜʠʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʜʚʦʚʠʤʽʨʥʠʭ ʟʨʽʟʽʚ ʤʘʪʝʨʽʘʣʫ, ʪʦʜʽ ʷʢ ʨʝʘʣʴʥʘ ʩʪʨʫʢʪʫʨʘ 

ʢʦʤʧʦʟʠʪʫ ʤʘʻ ʪʨʠʚʠʤʽʨʥʠʡ ʭʘʨʘʢʪʝʨ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʚʠʟʥʘʯʝʥʥʷ ʦʙôʻʤʥʦʾ 

ʯʘʩʪʢʠ ʘʨʤʫʚʘʥʥʷ, ʦʨʽʻʥʪʘʮʽʾ ʚʦʣʦʢʦʥ ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʽʞʬʘʟʥʦʾ ʟʦʥʠ ʤʦʞʝ 

ʙʫʪʠ ʧʦʚôʷʟʘʥʝ ʟ ʧʝʚʥʠʤʠ ʧʦʭʠʙʢʘʤʠ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ [1]. 

ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʢʦʤʧʦʟʠʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʫ ʩʫʯʘʩʥʠʭ ʨʦʙʦʪʘʭ ʜʝʜʘʣʽ ʰʠʨʰʝ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʤʝʪʦʜʠ ʮʠʬʨʦʚʦʾ ʦʙʨʦʙʢʠ 

ʟʦʙʨʘʞʝʥʴ ʪʘ ʘʣʛʦʨʠʪʤʠ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʟʦʨʫ. ʊʘʢʽ ʧʽʜʭʦʜʠ ʜʦʟʚʦʣʷʶʪʴ 

ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʧʨʦʮʝʩ ʩʝʛʤʝʥʪʘʮʽʾ ʩʪʨʫʢʪʫʨʥʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʾʭ 

ʤʦʨʬʦʣʦʛʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [3]. 

ɸʥʘʣ̔ʟ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʚʠʢʦʥʫʚʘʪʠ ʫ ʜʝʢʽʣʴʢʘ ʝʪʘʧʽʚ: ʧʦʧʝʨʝʜʥʷ ʦʙʨʦʙʢʘ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ, ʩʝʛʤʝʥʪʘʮʽʷ ʩʪʨʫʢʪʫʨʥʠʭ ʝʣʝʤʝʥʪʽʚ, 

ʚʠʜʽʣʝʥʥʷ ʢʦʥʪʫʨʽʚ ʚʦʣʦʢʦʥ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʾʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. 

ʆʪʨʠʤʘʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʤʦʞʫʪʴ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʩʪʘʪʠʩʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʩʪʨʫʢʪʫʨʠ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʪʘ ʧʦʜʘʣʴʰʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʤʦʜʝʣʷʭ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʡʦʛʦ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʚʽʜʧʦʚʽʜʘʻ ʩʫʯʘʩʥʠʤ ʪʝʥʜʝʥʮʽʷʤ 
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ʨʦʟʚʠʪʢʫ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ, ʧʦʚôʷʟʘʥʠʤ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʽʚ ʘʥʘʣʽʟʫ 

ʤʘʪʝʨʽʘʣʴʥʠʭ ʜʘʥʠʭ ʪʘ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʽʚ [4]. 
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Bʇʃʀɺ ɹɯʅɸʈʅʆɻʆ ʉʇʃɸɺʋ Al-Ni ʅɸ ʊɽʇʃʆʌɯɿʀʏʅɯ 

ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʅɸɼɺʀʉʆʂʆʄʆʃɽʂʋʃʗʈʅʆɻʆ 

ʇʆʃɯɽʊʀʃɽʅʋ 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʚʧʣʠʚ ʦʜʥʦʬʘʟʥʦʛʦ ʨʽʜʠʥʥʦ-ʟʘʛʘʨʪʦʚʘʥʦʛʦ 

ʙʽʥʘʨʥʦʛʦ ʩʧʣʘʚʫ Al-10 ʤʘʩ.% Ni ʟ ɻʎʂ-ˇʨʘʪʢʦʶ ʥʘ ʪʝʧʣʦʬʽʟʠʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘʜʚʠʩʦʢʦʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʣʽʝʪʠʣʝʥʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʚʚʝʜʝʥʥʷ ʟʘʟʥʘʯʝʥʦʛʦ ʥʘʧʦʚʥʶʚʘʯʘ ʫ ʢʽʣʴʢʦʩʪʽ 5ï30 ʤʘʩ.% ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʤʝʥʰʝʥʥʷ ʧʠʪʦʤʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ ʥʘʜʚʠʩʦʢʦʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʣʽʝʪʠʣʝʥʫ 

ʧʨʠʙʣʠʟʥʦ ʥʘ 25% ʪʘ ʟʨʦʩʪʘʥʥʷ ʡʦʛʦ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʫ 1,8 ʨʘʟʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʙʽʥʘʨʥʠʡ ʩʧʣʘʚ Al-Ni, ʥʘʜʚʠʩʦʢʦʤʦʣʝʢʫʣʷʨʥʠʡ ʧʦʣʽʝʪʠʣʝʥ, 

ʧʠʪʦʤʘ ʪʝʧʣʦʻʤʥʽʩʪʴ, ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ 
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INFLUENCE OF THE AL ïNI BINARY ALLOY ON THE 

THERMOPHYSICAL CHARACTERISTICS OF ULTRA -HIGH -

MOLECULAR -WEIGHT POLYETHYLENE  

Annotation. The paper considers the influence of a single-phase melt-quenched Alï

10 wt.% Ni binary alloy with an FCC lattice on the thermophysical characteristics 

of ultra-high-molecular-weight polyethylene. It was established that the introduction 

of this filler in an amount of 5ï30 wt.% leads to a decrease in the specific heat 
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capacity of ultra-high-molecular-weight polyethylene by approximately 25% and an 

increase in its thermal conductivity by a factor of 1.8. 

Keywords: AlïNi binary alloy, ultra-high-molecular-weight polyethylene, specific 

heat capacity, thermal conductivity 

 

ʇʦʣʽʤʝʨʥʽ ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ (ʇʂʄ) ʜʝʜʘʣʽ ʙʽʣʴʰʝ ʚʽʜʽʛʨʘʶʪʴ 

ʚʘʞʣʠʚʫ ʨʦʣʴ ʚ ʘʚʪʦʤʦʙʽʣʴʥʽʡ, ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʽʡ ʪʘ ʛʽʨʥʠʯʦʨʫʜʥʽʡ ʪʝʭʥʽʮʽ 

ʟʘʚʜʷʢʠ ʧʦʻʜʥʘʥʥʶ ʚʠʩʦʢʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽ ʤʘʣʦʾ ʛʫʩʪʠʥʠ. ɰʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʻ ʟʤʦʛʫ ʥʝ ʣʠʰʝ ʟʤʝʥʰʠʪʠ ʤʘʩʫ ʤʘʰʠʥ ʽ ʤʝʭʘʥʽʟʤʽʚ, ʘ ʡ 

ʧʽʜʚʠʱʠʪʠ ʾʭ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ, ʝʢʩʧʣʫʘʪʘʮʽʡʥʫ ʥʘʜʽʡʥʽʩʪʴ ʽ ʜʦʚʛʦʚʽʯʥʽʩʪʴ, ʘ 

ʪʘʢʦʞ ʩʢʦʨʦʪʠʪʠ ʢʽʣʴʢʽʩʪʴ ʧʣʘʥʦʚʠʭ ʽ ʧʦʟʘʧʣʘʥʦʚʠʭ ʨʝʤʦʥʪʽʚ. ʇʂʄ, ʟʦʢʨʝʤʘ 

ʥʘ ʦʩʥʦʚʽ ʥʘʜʚʠʩʦʢʦʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʣʽʝʪʠʣʝʥʫ (ʅɺʄʇɽ), ʻ ʝʬʝʢʪʠʚʥʦʶ 

ʘʣʴʪʝʨʥʘʪʠʚʦʶ ʩʝʨʽʡʥʠʤ ʤʘʪʝʨʽʘʣʘʤ ʢʦʥʩʪʨʫʢʮʽʡʥʦʛʦ ʪʘ ʪʨʠʙʦʪʝʭʥʽʯʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ (ʣʘʪʫʥʽ, ʚʫʛʣʝʮʝʚʠʤ ʩʪʘʣʷʤ) ʟʘʚʜʷʢʠ ʤʘʣʽʡ ʤʘʩʽ, ʘʥʪʠʢʦʨʦʟʽʡʥʠʤ 

ʚʣʘʩʪʠʚʦʩʪʷʤ ʽ ʚʠʩʦʢʽʡ ʩʪʽʡʢʦʩʪʽ ʜʦ ʢʘʚʽʪʘʮʽʡʥʦʾ ʝʨʦʟʽʾ ʪʘ ʜʽʾ ʘʙʨʘʟʠʚʥʠʭ 

ʯʘʩʪʦʢ. ʊʦʤʫ ʧʦʰʫʢ ʥʦʚʠʭ ʩʢʣʘʜʽʚ ʇʂʄ ʪʘ ʚʩʝʙʽʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʾʭ 

ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘ ʦʩʥʦʚʽ ʅɺʄʇɽ ʻ ʘʢʪʫʘʣʴʥʠʤ ʥʘʫʢʦʚʦ-

ʧʨʘʢʪʠʯʥʠʤ ʟʘʚʜʘʥʥʷʤ [1]. ɸʚʪʦʨʘʤʠ ʨʦʙʦʪʠ [2] ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʘʛʘʨʪʦʚʘʥʦʛʦ ʟ ʨʽʜʠʥʠ (ʰʚʠʜʢʽʩʪʴ ʦʭʦʣʦʜʞʝʥʥʷ ~106 K/c) 

ʦʜʥʦʬʘʟʥʦʛʦ ʟ ɻʎʂ-ˇʨʘʪʢʦʶ ʙʽʥʘʨʥʦʛʦ ʩʧʣʘʚʫ Al-10 ʤʘʩ.% Ni ʫ ʢʽʣʴʢʦʩʪʽ 5ï30 

ʤʘʩ.% ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʅɺʄʇɽ ʜʦ ʜʽʾ 

ʞʦʨʩʢʦʟʘʢʨʽʧʣʝʥʠʭ ʘʙʨʘʟʠʚʥʠʭ ʯʘʩʪʦʢ ʤʘʡʞʝ ʫ 2 ʨʘʟʠ. ʆʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ 

ʬʘʢʪʦʨʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʫ ʨʦʙʦʪʫ ʜʝʪʘʣʝʡ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʇʂʄ, ʻ ʾʭ 

ʪʝʧʣʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʫ ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ 

ʟʘʟʥʘʯʝʥʦʛʦ ʩʧʣʘʚʫ ʥʘ ʧʠʪʦʤʫ ʪʝʧʣʦʻʤʥʽʩʪʴ ʪʘ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ 

ʅɺʄʇɽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʠʣʘʜʽʚ çɯʊ-ʉ-400è ʪʘ çɯʊ-ɚ-400è. ɸʥʘʣʽʟ 

ʨʝʟʫʣʴʪʘʪʽʚ ʪʝʧʣʦʬʽʟʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʨʦʟʨʦʙʣʝʥʠʭ ʇʂʄ ʪʘ ʯʠʩʪʦʛʦ ʅɺʄʇɽ 

ʧʦʢʘʟʘʚ, ʱʦ ʚʚʝʜʝʥʥʷ ʙʽʥʘʨʥʦʛʦ ʩʧʣʘʚʫ Al-10 ʤʘʩ.% Ni ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʤʝʥʰʝʥʥʷ ʧʠʪʦʤʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ ʥʘ 25% ʪʘ ʟʨʦʩʪʘʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʚ 1,8 

ʨʘʟʠ. ʇʦʢʨʘʱʝʥʥʷ ʟʘʟʥʘʯʝʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʫʤʦʚʣʝʥʦ ʧʽʜʚʠʱʝʥʠʤ ʨʽʚʥʝʤ 

ʤʽʢʨʦʥʘʧʨʫʞʝʥʴ (æʘ/ʘ) ʫ ɻʎʂ-ˇʨʘʪʮʽ ʥʘ ʦʩʥʦʚʽ ʘʣʶʤʽʥʽʶ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ ʯʝʨʝʟ 

ʟʥʘʯʥʫ ʨʽʟʥʠʮʶ ʤʽʞ ʨʘʜʽʫʩʘʤʠ ʘʪʦʤʽʚ ʦʩʥʦʚʠ Al (r=0,141 ʥʤ) ʽ ʣʝʛʫʶʯʦʛʦ 

ʝʣʝʤʝʥʪʘ Ni (r=0,128 ʥʤ). ʎʝ ʩʧʨʠʷʻ ʟʤʝʥʰʝʥʥʶ ʤʽʞʬʘʟʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʦʧʦʨʫ 

ʟʘ ʨʘʭʫʥʦʢ ʦʙʤʝʞʝʥʥʷ ʩʝʛʤʝʥʪʘʣʴʥʦʾ ʨʫʭʣʠʚʦʩʪʽ ʣʘʥʮʶʛʽʚ ʤʘʢʨʦʤʦʣʝʢʫʣ 

ʅɺʄʇɽ ʽ ʬʦʨʤʫʚʘʥʥʶ ʚ ʦʙôʻʤʽ ʇʂʄ ʝʬʝʢʪʠʚʥʠʭ ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ ʰʣʷʭʽʚ [3]. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1. ɹʦʨʢʫʪ ɸ.ɺ., ʂʦʣʝʩʥʽʢʦʚ ɺ.ʆ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 
ʚ ʘʚʪʦʤʦʙʽʣʝʙʫʜʫʚʘʥʥʽ ʄʘʪʝʨʽʘʣʠ Xɯɯɯ-ʦʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-

ʪʝʭʥʽʯʥʦʾ ʽʥʪʝʨʥʝʪ-ʢʦʥʬʝʨʝʥʮʽʾ çʇʨʦʙʣʝʤʠ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʨʦʟʚʠʪʢʫ 

ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫè (15-17 ʢʚʽʪʥʷ 2025 ʨʦʢʫ, ʤ. ɺʽʥʥʠʮʷ). ʉ. 
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Bʇʃʀɺ ɻɸʈʊʋɺɸʅʅʗ ɿ ʈʆɿʇʃɸɺʋ ʅɸ ʄɽʊɸʉʊɸɹɯʃʔʅɯʉʊʔ ɯ 

ʌɸɿʆɺʀʁ ʉʂʃɸɼ ʉʇʃɸɺʋ Cʆ-P 

ɸʥʦʪʘʮʽʷ. ɼʦʩʣʽʜʞʝʥʦ ʩʪʨʫʢʪʫʨʫ ʽ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʰʚʠʜʢʦʟʘʛʘʨʪʦʚʘʥʦʛʦ ʟ 

ʨʽʜʢʦʛʦ ʩʪʘʥʫ ʙʽʥʘʨʥʦʛʦ ʩʧʣʘʚʫ ʉʦ-ʈ. ɿʘ ʜʘʥʠʤʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʽʟʫ 

ʚʩʪʘʥʦʚʣʝʥʘ ʤʦʞʣʠʚʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʷʢ ʤʝʪʘʩʪʘʙʽʣʴʥʦʾ ʬʘʟʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ 

ʨʽʜʢʦʛʦ ʩʪʘʥʫ ʟʘʚʜʷʢʠ ʟʥʘʯʥʦʤʫ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʶ ʧʨʠ ʰʚʠʜʢʦʩʪʷʭ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ 106-108 ʂ/ʩ, ʪʘʢ ʽ ʦʪʨʠʤʘʥʥʷ ʩʠʣʴʥʦʧʝʨʝʩʠʯʝʥʦʛʦ ʪʚʝʨʜʦʛʦ 

ʨʦʟʯʠʥʫ ʥʘ ʦʩʥʦʚʽ ʢʦʙʘʣʴʪʫ. ʇʦʙʫʜʦʚʘʥʘ ʤʝʪʘʩʪʘʙʽʣʴʥʘ ʜʽʘʛʨʘʤʘ ʩʪʘʥʫ 

ʦʟʥʘʯʝʥʦʛʦ ʩʧʣʘʚʫ ʽ ʚʠʟʥʘʯʝʥʦ ʨʽʚʝʥʴ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ ʜʣʷ  ʨʝʘʣʽʟʘʮʽʾ 

ʤʝʪʘʩʪʘʙʽʣʴʥʦʾ ʢʨʠʩʪʘʣʽʟʘʮʽʾ.. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʙʽʥʘʨʥʠʡ ʩʧʣʘʚ, ʤʝʪʘʩʪʘʙʽʣʴʥʽʩʪʴ, ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ, ʬʘʟʘ, 

ʰʚʠʜʢʽʩʪʴ ʦʭʦʣʦʜʞʝʥʥʷ, ʛʘʨʪʫʚʘʥʥʷ ʟ ʨʽʜʠʥʠ.  
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EFFECT OF MELT -QUENCHING ON THE METASTABILITY AND 

PHASE COMPOSITION OF THE CO -P ALLOY  

Abstract. The structure and phase composition of the binary alloy ʉʦ -ʈ rapidly 

quenched from the liquid state have been studied . According to the data of X-ray 

structural analysis, the possibility of forming both a metastable phase directly from 

the liquid state due to significant supercooling at crystallization rates of 10 6 -10 8 

K/s, and obtaining a highly supersaturated solid solution based on cobalt has been 

established. The metastable phase diagram of the specified alloy has been 

constructed and the level of supercooling for the implementation of metastable 

crystallization has been determined. 

Keywords: binary alloy, metastability, supercooling, phase, cooling rate, liquid 

quenching.  

 

ʄʝʪʦʜ ʛʘʨʪʫʚʘʥʥʷ ʟ ʨʽʜʢʦʛʦ ʩʪʘʥʫ (ɻʈʉ) ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʰʚʠʜʢʠʤ 

ʦʭʦʣʦʜʞʝʥʥʷʤ (ʰ.ʦ.) ʨʦʟʧʣʘʚʫ [1,2]. ɼʣʷ ʟʘʨʦʜʞʝʥʥʷ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟ, 

ʚʢʣʁʯʘʶʯʠ ʘʤʦʨʬʥʫ  ʬʘʟʫ,  ʥʝʦʙʭʽʜʥʽ, ʟ ʦʜʥʦʛʦ ʙʦʢʫ, ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ, ʥʠʞʯʽ 

ʟʘ ʪʝʤʧʝʨʘʪʫʨʫ ʾʭ ʤʝʪʘʩʪʘʙʽʣʴʥʦʾ ʨʽʚʥʦʚʘʛʠ ʟ ʨʦʟʧʣʘʚʦʤ, ʘ ʟ ʽʥʰʦʛʦ- ʚʠʭʽʜ 

ʤʝʪʘʩʪʘʙʽʣʴʥʦʶ ʬʘʟʠ ʚʠʨʽʰʫʻʪʴʩʷ ʢʽʥʝʪʠʯʥʠʤʠ ʬʘʢʪʦʨʘʤʠ ʟʘʨʦʜʢʦʫʪʚʦʨʝʥʥʷ 

ʽ ʥʘʩʪʫʧʥʦʛʦ ʨʦʩʪʫ ʾʾ ʟ ʨʽʜʠʥʠ ʽ ʥʘʩʪʫʧʥʠʤ ʨʦʟʧʘʜʦʤ ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ. 

ʇʦʢʘʟʦʚʽ ʫ ʮʴʦʤʫ ʧʣʘʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘʩʪʘʙʽʣʴʥʠʭ ʬʘʟ ʟ 

ʨʦʟʧʣʘʚʫ ʚ  ʩʠʩʪʝʤʽ ʉʦ-ʈ [3] ʧʨʠ ʝʚʪʝʢʪʠʯʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ 19,9 ʘʪ.% ʽ 

ʪʝʤʧʝʨʘʪʫʨʽ ʝʚʪʝʢʪʠʢʠ 10230ʉ ʫ ʨʽʚʥʦʚʘʞʥʦʤʫ ʩʪʘʥʽ, ʜʝ ʚʠʨʽʰʘʣʴʥʫ ʨʦʣʴ ʧʨʠ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʛʨʘʶʪʴ ʢʽʥʝʪʠʯʥʽ ʬʘʢʪʦʨʠ ʨʦʩʪʫ. ʋ ʩʠʩʪʝʤʽ ʟʘ ʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚ 

ʚ ʽʥʪʝʨʚʘʣʽ ʜʦ 33 ʘʪ.% ʈ ʬʦʨʤʫʻʪʴʩʷ ʝʚʪʝʢʪʠʢʘ ʤʽʞ ʪʚʝʨʜʠʤ ʨʦʟʯʠʥʦʤ ʥʘ ʦʩʥʦʚʽ 

ɓ-ʉʦ ʽ ʢʦʥʛʨʫʝʥʪʥʦʶ ʬʘʟʦʶ ʉʦ2ʈ ʟ ʨʦʤʙʽʯʥʦʶ ʨʝʰʽʪʢʦʶ. ʆʜʥʘʢ ʥʘ 

ʨʝʥʪʛʝʥʦʛʨʘʤʘʭ ʰ.ʦ. ʮʠʭ ʩʧʣʘʚʽʚ ʚʧʝʨʰʝ ʟʘʬʽʢʩʦʚʘʥʦ ʧʦʷʚʫ ʤʝʪʘʩʪʘʙʽʣʴʥʦʛʦ 

ʬʦʩʬʽʜʫ ʉʦ3ʈ. ʋ ʨʽʚʥʦʚʘʞʥʠʭ ʫʤʦʚʘʭ ʚʽʜʦʤʠʡ ʬʦʩʬʽʜ ʉʦ3(ʈ,ɺ) ʟ 

ʦʙô̒ ʤʥʦʮʝʥʪʨʦʚʘʥʦʶ ʪʝʪʨʘʛʦʥʘʣʴʥʦʶ ʨʝʰʽʪʢʦʶ ʪʠʧʫ Fe3ʈ [1,2], ʧʘʨʘʤʝʪʨʠ 

ʷʢʦʾ ʟʤʽʥʶʶʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ  ʚʽʜ ʚʤʽʩʪʫ ʈ ʽ ɺ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʥʘʷʚʥʦʩʪʽ ʫ ʥʴʦʤʫ 

ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ .ʋ ʟʘʬʽʢʩʦʚʘʥʦʤʫ ʬʦʩʬʽʜʽ  ʉʦ3ʈ ʤʽʞʧʣʦʱʠʥʥʽ ʚʽʜʩʪʘʥʽ 

ʪʦʯʥʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʢʨʠʩʪʘʣʽʯʥʽʡ ʨʝʰʽʪʮʽ ʟʽ ʩʪʨʫʢʪʫʨʦʶ Fe3ʈ. ʅʘ ʦʩʥʦʚʽ ʜʘʥʠʭ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ʚʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʰ.ʦ. ʬʦʩʬʽʜʠ ʉʦ3ʈ ʽ ʉʦ2ʈ 

ʤʘʶʪʴ ʰʠʨʦʢʽ ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ. ʊʘʢ, ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ ʚʤʽʩʪʫ ʚ ʰ.ʦ. ʩʧʣʘʚʘʭ 

ʬʦʩʬʦʨʫ ʧʘʨʘʤʝʪʨʠ ʝʣʝʤʝʥʪʘʨʥʠʭ ʢʦʤʽʨʦʢ ʬʦʩʬʽʜʽʚ ʟʤʽʥʶʶʪʴʩʷ ʥʘʩʪʫʧʥʠʤ 
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460 

ʯʠʥʦʤ: ʜʣʷ ʉʦ3ʈ ï ʘ=0,8879 Ÿ0,8862 ʥʤ; ʩ=0,4248 Ÿ0,4214 ʥʤ; ʜʣʷ ʉʦ2ʈ- ʘ= 

0,6580Ÿ0, 6681ʥʤ; b= 0,5672Ÿ0,5734 ʥʤ; ʩ=0,3473Ÿ0,3530 ʥʤ. ɽʢʩʧʝʨʠʤʝʥʪʠ 

ʟ ɻʈʉ ʩʧʣʘʚʽʚ ʉʦ-ʈ ʥʘʜʘʣʠ ʤʦʞʣʠʚʽʩʪʴ ʟʘʧʨʦʧʦʥʫʚʘʪʠ ʤʝʪʘʩʪʘʙʽʣʴʥʫ ʜʽʘʛʨʘʤʫ 

ʩʪʘʥʫ, ʟ ʷʢʦʾ ʚʠʜʥʦ, ʱʦ ʬʦʨʤʫʚʘʥʥʷ ʬʦʩʬʽʜʫ ʉʦ3ʈ ʧʦʚʠʥʥʦ ʧʨʦʭʦʜʠʪʠ ʧʨʠ 

ʜʦʩʷʛʥʝʥʥʽ ʥʝʦʙʭʽʜʥʠʭ ʧʝʨʝʦʭʦʣʦʜʞʝʥʴ ʟʘ ʧʝʨʠʪʝʢʪʦʾʜʥʦʶ ʨʝʘʢʮʽʻʶ. 

ɿʘʩʪʦʩʫʚʘʥʥʷʤ ʚʝʣʠʢʠʭ ʰ.ʦ. ʮʝʡ ʬʦʩʬʽʜ ʚʜʘʣʦʩʷ ʦʪʨʠʤʘʪʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ 

ʨʽʜʢʦʛʦ ʩʪʘʥʫ ʟʘ ʤʝʭʘʥʽʟʤʦʤ ʢʽʥʝʪʠʯʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʫ [4]. ʍʦʯʘ 

ʪʝʤʧʝʨʘʪʫʨʘ (ʊ2) ʧʦʯʘʪʢʫ ʫʪʚʦʨʝʥʥʷ ʬʘʟʠ ʉʦ3ʈ ʟʘ ʧʝʨʠʪʝʢʪʦʾʜʥʦʶ ʨʝʘʢʮʽʻʶ  

ʜʦʩʪʘʪʥʴʦ ʥʠʟʴʢʘ (ʧʨʠʙʣʠʟʥʦ 673 ʂ), ʪʝʤʧʝʨʘʪʫʨʘ (ʊ1) ʾʾ ʨʽʚʥʦʚʘʛʘ ʟ ʨʦʟʧʣʘʚʦʤ 

ʚ ʽʥʪʝʨʚʘʣʽ (ʊ1-ʊ2) ʙʫʜʝ ʚʠʱʦʶ. ʊʦʤʫ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ, ʷʢʝ ʥʝʦʙʭʽʜʥʦ ʜʣʷ 

ʟʘʨʦʜʞʝʥʥʷ ʬʘʟʠ ʉʦ3ʈ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ ʨʦʟʧʣʘʚʫ ʫ ʧʨʦʮʝʩʽ ɻʈʉ ʩʪʘ ʨʝʘʣʴʥʠʤ. 

ʊʦʙʪʦ, ʬʦʨʤʫʚʘʥʥʷ ʬʦʩʬʽʜʫ ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ  ʙʽʣʴʰ ʚʠʛʽʜʥʠʤ ʢʽʥʝʪʠʯʥʦ, 

ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʚʽʣʴʥʘ ʝʥʝʨʛʽʷ ʝʚʪʝʢʪʠʯʥʦʾ ʩʫʤʽʰʽ (ɓ-ʉʦ+ʉʦ3ʈ) ʚ 

ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ (ʊ1-ʊ2) ʤʘʻ ʤʝʥʰʽ ʟʥʘʯʝʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʬʦʩʬʽʜ ʉʦ3ʈ 

ʙʫʜʝ ʩʪʘʙʽʣʴʥʠʤ ʟʘ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʦʜʥʘʢ, ʟʘ ʟʚʠʯʘʡʥʠʭ ʰ.ʦ. ʚʽʥ ʥʝ ʤʦʞʝ 

ʬʦʨʤʫʚʘʪʠʩʷ ʚʥʘʩʣʽʜʦʢ ʦʙʤʝʞʝʥʥʷ ʜʠʬʫʟʽʾ  ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ. ʋ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʙʣʠʟʴʢʦ 25 ʘ.% ʈ ʬʦʩʬʽʜ ʉʦ3ʈ ʤʘʻ ʧʨʠ ɻʈʉ 

ʤʘʢʩʠʤʘʣʴʥʫ ʰʚʠʜʢʽʩʪʴ ʙʝʟʜʠʬʫʟʽʡʥʦʛʦ ʫʪʚʦʨʝʥʥʷ ʽ ʨʦʩʪʫ ʟʘʨʦʜʢʽʚ, ʧʨʦ ʱʦ 

ʩʚʽʜʯʠʪʴ ʜʫʞʝ ʯʽʪʢʠʡ ʽ ʚʫʟʴʢʠʡ ʚʠʛʣʷʜ ʡʦʛʦ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʣʽʥʽʡ.  

ʋ ʨʦʙʦʪʽ ʚʩʪʘʥʦʚʣʝʥʘ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʚʧʣʠʚʫ ʰ.ʦ. ʽ ʩʢʣʘʜʽʚ ʩʧʣʘʚʫ ʉʦ-ʈ  ʥʘ 

ʫʪʚʦʨʝʥʥʷ ʤʝʪʘʩʪʘʙʽʣʴʥʦʾ ʨʽʚʥʦʚʘʛʠ ʬʘʟ: ʫ ʨʘʟʽ ʟʤʝʥʰʝʥʥʷ ʚʤʽʩʪʫ ʈ ʧʨʠ 

ʰ.ʦ.106-107 ʂ/ʩ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘʩʪʘʙʽʣʴʥʦʾ ʝʚʪʝʢʪʠʢʠ: ɓ-ʉʦ 

(ʘ=0,3538 ʥʤ)+ʉʦ3ʈ; ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʚʤʽʩʪʫ ʈ (Ó 27 ʘʪ.%) ʧʨʠ ʰ.ʦ. 106 ʂ/ʩ 

ʬʦʨʤʫʻʪʴʩʷ ʩʪʘʙʽʣʴʥʘ ʝʚʪʝʢʪʠʢʘ: ɓ-ʉʦ (ʘ=0,3530 ʥʤ)+ʉʦ3ʈ, ʘ ʧʨʠ 108 ʂ/ʩ 

ʨʝʥʪʛʝʥʦʛʨʘʬʽʯʥʦ ʚʠʷʚʣʷʻʪʴʩʷ ʩʫʤʽʰ ʬʘʟ: ɓ-ʉʦ (ʘ=0,3522 ʥʤ)+ʉʦ3ʈ+ ʉʦ2ʈ. 

ʇʨʦʮʝʩ ʚʠʥʠʢʥʝʥʥʷ ʬʘʟ ʧʨʠ ʰ.ʦ. ʙʽʣʴʰʝ 108 ʂ/ʩ ʩʢʣʘʜʽʪʴʩʷ ʟ ʥʘʩʪʫʧʥʠʭ ʩʪʘʜʽʡ: 

ʟ ʧʦʯʘʪʢʫ ʧʨʠ ɻʈʉ ʥʘ ʢʦʥʪʘʢʪʥʦʤʫ ʙʦʮʽ ʧʣʽʚʢʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʬʦʨʤʫʻʪʴʩʷ 

ʧʝʨʠʪʝʢʪʦʾʜʥʠʡ ʬʦʩʬʽʜ ʉʦ3ʈ, ʜʘʣʽ ʡʦʛʦ ʢʨʠʩʪʘʣʽʟʘʮʽʷ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʜʝʷʢʠʤ 

ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʽ ʢʽʥʝʪʠʯʥʽ ʫʤʦʚʠ 

ʨʦʩʪʫ ʮʴʦʛʦ ʬʦʩʬʽʜʫ ʧʦʛʽʨʰʫʶʪʴʩʷ, ʽ ʚ ʤʽʩʮʷʭ, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʙʣʠʞʯʝ ʜʦ 

ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ, ʫʪʚʦʨʶʻʪʴʩʷ ʩʪʘʙʽʣʴʥʘ ʝʚʪʝʢʪʠʢʘ (ɓ-ʉʦ+ʉʦ3ʈ) ʟ ʧʽʜʚʠʱʝʥʠʤ 

ʚʤʽʩʪʦʤ ʚ ʥʠʭ ʬʦʩʬʦʨʫ ʽ ʢʦʙʘʣʴʪʫ. ʇʨʠ ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʬʦʩʬʦʨʫ ʫ ʤʝʞʘʭ 

19é25 ʘʪ.%ʈ (ʰ.ʦ. 108 ʂ/ʩ) ʫ ʩʪʨʫʢʪʫʨʽ ʬʦʨʤʫʻʪʴʩʷ ʘʤʦʨʬʥʘ ʬʘʟʘ. 

ʅʘ ʧʨʠʢʣʘʜʽ ʰ.ʦ. ʩʧʣʘʚʽʚ ʉʦ-ʈ ʚʩʪʘʥʦʚʣʝʥʘ ʤʦʞʣʠʚʽʩʪʴ ʙʝʟʧʦʩʝʨʝʜʥʴʦʛʦ 

ʦʪʨʠʤʘʥʥʷ ʟ ʨʦʟʧʣʘʚʫ ʧʝʨʠʪʝʢʪʦʾʜʥʦʾ ʬʘʟʠ ʉʦ3ʈ ʟʘ ʨʘʭʫʥʦʢ ʪʦʛʦ, ʱʦ ʧʨʠ 

ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʽ ʩʢʣʘʜ ʧʦʯʘʪʢʦʚʦʾ ʨʽʜʠʥʠ ʙʽʣʴʰʝ ʩʧʽʚʧʘʜʘʻ ʽʟ ʩʢʣʘʜʦʤ 

ʤʝʪʘʩʪʘʙʽʣʴʥʦʾ ʩʧʦʣʫʢʠ ʽ ʦʙʫʤʦʚʣʶʻ ʙʝʟʧʦʩʝʨʝʜʥʶ ʾʾ ʢʨʠʩʪʘʣʽʟʘʮʽʶ ʟʘʤʽʩʪʴ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʨʽʚʥʦʚʘʞʥʦʾ ʩʫʤʽʰʽ ʢʦʤʧʦʥʝʥʪʽʚ ʟ ʦʙʦʚô̫ ʟʢʦʚʠʤ ʫ ʪʘʢʦʤʫ 

ʚʠʧʘʜʢʫ ʧʝʨʝʨʦʟʧʦʜʽʣʦʤ ʘʪʦʤʽʚ ʥʘ ʧʦʨʽʚʥʷʥʦ ʚʝʣʠʢʽ ʚʽʜʩʪʘʥʽ. 
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CORROSION AND ELECTROCHE MICAL PROPERTIES OF HIGH -

ENTROPY BRASSES OBTAINED BY QUENCHING  

FROM THE LIQUID STATE  

Annotation. A study of the corrosion and electrochemical behavior of high-entropy 

brasses CuïFeïNiïMnïAlïSi and CuïFeïNiïMnïAlïCr obtained by quenching 

from the liquid state in a 3.5% neutral NaCl solution was carried out. The values of 

their stationary potentials were determined, the regions of electrochemical inertness 

were identified, and the corrosion current densities were calculated. According to 

the results of model corrosion tests, samples of both alloys exhibit sufficiently high 

corrosion resistance. 

Keywords: high-entropy brasses, quenching from the liquid state, corrosion 

resistance, electrochemical properties. 

ʂʦʨʦʟʽʡʥʽ ʧʨʦʮʝʩʠ ʤʝʪʘʣʽʚ ʪʘ ʩʧʣʘʚʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʚʠʥʠʢʘʪʠ ʧʽʜ ʯʘʩ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʦʙʣʘʜʥʘʥʥʷ ʚ ʫʤʦʚʘʭ ʘʛʨʝʩʠʚʥʠʭ ʩʝʨʝʜʦʚʠʱ, ʟʜʘʪʥʽ ʩʫʪʪʻʚʦ 

ʚʧʣʠʚʘʪʠ ʥʘ ʡʦʛʦ ʥʦʨʤʘʣʴʥʝ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ. ʊʦʤʫ ʨʦʟʨʦʙʢʘ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ 

ʤʘʶʪʴ ʚʠʩʦʢʫ ʪʨʠʚʢʽʩʪʴ ʜʦ ʢʦʨʦʟʽʾ ʻ ʥʘʜʟʚʠʯʘʡʥʦ ʚʘʞʣʠʚʠʤ ʽ ʘʢʪʫʘʣʴʥʠʤ 

ʟʘʚʜʘʥʥʷʤ ʩʫʯʘʩʥʦʾ ʥʘʫʢʠ. ʇʨʦʪʷʛʦʤ ʜʚʦʭ ʦʩʪʘʥʥʽʭ ʜʝʩʷʪʠʣʽʪʴ ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ 

ʢʦʥʮʝʧʮʽʷ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʩʧʣʘʚʽʚ (ɺEʉ), ʟʘʧʨʦʧʦʥʦʚʘʥʠʭ Yeh J.W. ʟʽ 

ʩʧʽʚʨʦʙʽʪʥʠʢʘʤʠ [1]. ʊʘʢʽ ʪʠʧʠ ʩʧʣʘʚʽʚ ʩʢʣʘʜʘʶʪʴʩʷ ʱʦʥʘʡʤʝʥʰʝ ʟ ʯʦʪʠʨʴʦʭ 

ʝʣʝʤʝʥʪʽʚ ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʢʦʞʥʦʛʦ ʤʽʞ 5 ʪʘ 35 ʘʪʦʤʥʠʭ %. ɺʣʘʩʪʠʚʦʩʪʽ ɺɽʉ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʾʭ ʝʣʝʤʝʥʪʥʠʤ ʩʢʣʘʜʦʤ ʽ ʩʪʨʫʢʪʫʨʦʶ. ɿʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʪʚʝʨʜʦʩʪʽ 

ʪʘ ʤʽʮʥʦʩʪʽ ʽ, ʦʜʥʦʯʘʩʥʦ, ʧʣʘʩʪʠʯʥʦʩʪʽ, ʥʠʟʴʢʽʡ ʚʪʦʤʣʶʚʘʥʦʩʪʽ, ʚʠʩʦʢʽʡ 

ʪʝʨʤʦʩʪʘʙʽʣʴʥʦʩʪʽ ʚʦʥʠ ʤʦʞʫʪʴ ʙʫʪʠ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʜʣʷ ʙʘʛʘʪʴʦʭ 

ʛʘʣʫʟʝʡ ʪʝʭʥʽʢʠ. ɼʦ ʩʢʣʘʜʫ ɺEʉ ʟʘʟʚʠʯʘʡ ʚʚʦʜʷʪʴ ʧʘʩʠʚʫʶʯʽ ʝʣʝʤʝʥʪʠ, ʷʢ 

ʤʝʪʘʣʽʯʥʽ (Ni, Cr), ʪʘʢ ʽ ʥʝʤʝʪʘʣʽʯʥʽ (Si), ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʽʜʚʠʱʝʥʦʾ ʢʦʨʦʟʽʡʥʦʾ 

ʪʨʠʚʢʦʩʪʽ ʧʦʨʽʚʥʷʥʦ ʟʽ ʟʚʠʯʘʡʥʠʤʠ ʩʧʣʘʚʘʤʠ [2]. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʦʩʪʘʥʥʽʤ ʯʘʩʦʤ 

ʚʠʢʣʠʢʘʶʪʴ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʽ ʩʧʣʘʚʠ ʥʘ ʦʩʥʦʚʽ ʤʽʜʽ [3]. ʉʫʯʘʩʥʽ ʣʘʪʫʥʽ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʠʥʷʪʢʦʚʝ ʧʦʻʜʥʘʥʥʷ ʤʽʮʥʦʩʪʽ, ʟʜʘʪʥʦʩʪʽ ʜʦ ʬʦʨʤʫʚʘʥʥʷ, 

ʜʦʚʛʦʚʽʯʥʦʩʪʽ, ʦʙʨʦʙʣʶʚʘʥʦʩʪʽ ʪʘ ʩʪʽʡʢʦʩʪʽ ʜʦ ʢʦʨʦʟʽʾ. ɺʘʞʣʠʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʶʪʴ 

ʢʦʨʦʟʽʡʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ [4]. ʊʦʤʫ ʤʝʪʦʶ ʨʦʙʦʪʠ ʩʪʘʣʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʝʣʝʢʪʨʦʭʽʤʽʯʥʦʾ ʪʘ ʢʦʨʦʟʽʡʥʦʾ ʧʦʚʝʜʽʥʢʠ ʟʨʘʟʢʽʚ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʣʘʪʫʥʝʡ ʩʠʩʪʝʤ CuïFeïNiïMnïAlïSi ʪʘ CuïFeïNiïMnïAlï

Cr ʫ ʥʝʡʪʨʘʣʴʥʦʤʫ ʨʦʟʯʠʥʽ ʥʘʪʨʽʡ ʭʣʦʨʠʜʫ. ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ 

ʚʠʧʨʦʙʫʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʪʘʣʦ ʪʝ, ʱʦ ʚʦʥʠ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʟʘʛʘʨʪʫʚʘʥʥʷ 

ʟ ʨʽʜʢʦʛʦ ʩʪʘʥʫ, ʟʘʚʜʷʢʠ ʯʦʤʫ ʥʘʙʫʣʠ ʮʽʥʥʠʭ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ʆʧʠʩ ʚʠʢʦʨʠʩʪʘʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʤʝʪʦʜʠʢ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʥʘʚʝʜʝʥʽ ʚ 

ʧʦʧʝʨʝʜʥʽʭ ʧʫʙʣʽʢʘʮʽʷʭ [5]. ɺʝʣʠʯʠʥʠ ʩʪʘʮʽʦʥʘʨʥʠʭ ʧʦʪʝʥʮʽʘʣʽʚ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʩʧʣʘʚʽʚ ʚʠʟʥʘʯʘʣʠʩʴ ʰʣʷʭʦʤ ʜʦʚʛʦʪʨʠʚʘʣʦʾ ʨʝʻʩʪʨʘʮʽʾ ɽ,Ű-ʟʘʣʝʞʥʦʩʪʝʡ ʜʦ 

ʦʪʨʠʤʘʥʥʷ ʥʝʟʤʽʥʥʦʛʦ ʟʥʘʯʝʥʥʷ ʧʦʪʝʥʮʽʘʣʫ. ɹʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʝʣʠʯʠʥʠ ɽʩʪ 
ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʨʽʜʢʦʟʘʛʘʨʪʦʚʘʥʠʭ ʣʘʪʫʥʝʡ CuïFeïNiïMnïAlïSi ʪʘ CuïFeï

NiïMnïAlïCr ʫ 3,5% ʥʝʡʪʨʘʣʴʥʦʤʫ ʨʦʟʯʠʥʽ NaCl ʻ ʜʦʩʪʘʪʥʴʦ ʩʪʘʙʽʣʴʥʠʤʠ ʽ 

ʜʦʨʽʚʥʶʶʪʴ ï 0,17 ɺ ʪʘ ï 0,19 ɺ ʚʽʜʧʦʚʽʜʥʦ. 
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ʇʦʣʷʨʠʟʘʮʽʡʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʥʘʥʽ ʚ ʮʠʢʣʽʯʥʦʤʫ ʨʝʞʠʤʽ ʟ ʤʝʪʦʶ 

ʚʠʟʥʘʯʝʥʥʷ ʟʦʥ ʝʣʝʢʪʨʦʭʽʤʽʯʥʦʾ ʽʥʝʨʪʥʦʩʪʽ ʜʦʩʣʽʜʞʝʥʠʭ ʟʨʘʟʢʽʚ ʩʧʣʘʚʽʚ. ɿʘ 

ʤʝʞʘʤʠ ʮʠʭ ʟʦʥ ʚ ʢʘʪʦʜʥʽʡ ʦʙʣʘʩʪʽ ʧʦʪʝʥʮʽʘʣʽʚ ʚʜ̔ʙʫʚʘʻʪʴʩʷ ʚʽʜʥʦʚʣʝʥʥʷ 

ʜʝʧʦʣʷʨʠʟʘʪʦʨʘïʚʦʜʠ ʟ ʚʠʜʽʣʝʥʥʷʤ ʚʦʜʥʶ, ʘ ʚ ʘʥʦʜʥʽʡ ï ʦʢʠʩʥʝʥʥʷ ʩʧʣʘʚʽʚ ʪʘ 

ʦʢʠʩʥʝʥʥʷ ʚʦʜʠ ʟ ʫʪʚʦʨʝʥʥʷʤ ʢʠʩʥʶ. ɼʣʷ ʩʧʣʘʚʫ CuïFeïNiïMnïAlïSi ʚʦʥʘ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʤʝʞʘʭ ʚʽʜ ï 0,10 ɺ ʜʦ ï 1,10 ɺ, ʘ ʜʣʷ ʩʧʣʘʚʫ CuïFeïNiïMnïAlïCr 

ï ʚʽʜ ï0,10 ɺ ʜʦ ï 0,90 ɺ. ʗʢ ʚʠʜʥʦ, ʣʝʛʫʚʘʥʥʷ ʉʠʣʽʮʽʻʤ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʨʦʟʰʠʨʝʥʥʷ ʟʦʥʠ ʽʥʝʨʪʥʦʩʪʽ ʩʧʣʘʚʫ ʥʘʚʽʪʴ ʚ ʙʽʣʴʰʽʡ ʤʽʨʽ, ʥʽʞ ʣʝʛʫʚʘʥʥʷ ʍʨʦʤʦʤ. 

ʈʦʟʨʘʭʦʚʘʥʦ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥ ʩʪʨʫʤʽʚ ʢʦʨʦʟʽʾ: ʜʣʷ ʩʧʣʘʚʫ CuïFeïNiïMnïAlïSi  ï 

2,35 Ā 109 ɸ/ʩʤ2 ; ʜʣʷ ʩʧʣʘʚʫ CuïFeïNiïMnïAlïCr  ï 2,49 Ā 107 ɸ/ʩʤ2. ʇʦʨʷʜʦʢ 

ʦʪʨʠʤʘʥʠʭ ʚʝʣʠʯʠʥ ʚʢʘʟʫʻ ʥʘ ʩʫʪʪʻʚʫ ʢʦʨʦʟʽʡʥʫ ʪʨʠʚʢʽʩʪʴ ʚʠʧʨʦʙʫʚʘʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ. 

ʊʘʢʠʡ ʚʠʩʥʦʚʦʢ ʙʫʚ ʧʽʜʪʚʝʨʜʞʝʥʠʡ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʴʥʠʭ ʢʦʨʦʟʽʡʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʨʦʚʝʜʝʥʠʭ ʚ 3,5% ʨʦʟʯʠʥʽ NaCl ʧʨʠ ʨʅ = 6,9ï7,1 ʪʘ ʪʝʤʧʝʨʘʪʫʨʽ 

20Ñ2Á ʉ ʧʨʦʪʷʛʦʤ 8 ʜʽʙ. ʂʦʨʦʟʽʡʥʠʭ ʫʨʘʞʝʥʴ ʽ ʟʤʽʥʠ ʤʘʩʠ ʟʨʘʟʢʽʚ ʦʙʦʭ ʩʧʣʘʚʽʚ 

ʥʝ ʙʫʣʦ ʟʘʬʽʢʩʦʚʘʥʦ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʾʭ ʚʠʩʦʢʫ ʢʦʨʦʟʽʡʥʫ ʪʨʠʚʢʽʩʪʴ. 

ʈʝʟʫʣʴʪʘʪʠ ʨʦʙʦʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʨʦʟʨʦʙʮʽ ʥʦʚʠʭ 

ʢʦʨʦʟʽʡʥʦʪʨʠʚʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʣʘʪʫʥʝʡ. 
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ʪʠʧʫ. ʎʝ ʧʦʚôʷʟʘʥʦ ʟ ʚʝʣʠʯʝʟʥʦʶ ʧʦʪʨʝʙʦʶ ʚ ʾʭ ʚʠʪʨʘʪʽ ʽ ʦʜʥʦʯʘʩʥʦ ʟ ʜʦʩʪʴ 

ʩʢʣʘʜʥʠʤʠ ʽ ʯʘʩʪʦ ʜʦʨʦʛʦʚʘʨʪʽʩʥʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ ʚʠʨʦʙʥʠʮʪʚʘ ʾʭ ʛʦʣʦʚʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ï ʚʠʙʫʭʦʚʠʭ ʨʝʯʦʚʠʥ. ʉʘʤʝ ʚʠʙʫʭʦʚʽ ʨʝʯʦʚʠʥʠ (ɺʈ) ʻ 

ʥʘʡʚʘʞʣʠʚʽʰʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʙʫʜʴ ʷʢʦʛʦ ʙʦʻʧʨʠʧʘʩʫ ʽ ʯʘʩʪʦ ʩʘʤʝ ʾʭ ʥʝʩʪʘʯʘ, 

ʘʙʦ ʥʝʤʦʞʣʠʚʽʩʪʴ ʚʯʘʩʥʦʛʦ ʩʠʥʪʝʟʫ  ʣʽʤʽʪʫʻ ʧʦʪʫʞʥʦʩʪʽ ʚʠʨʦʙʥʠʮʪʚʘ 

ʙʦʻʧʨʠʧʘʩʽʚ. 

çʂʣʘʩʠʯʥʽè ɺʈ, ʪʠʧʫ TNT, ʘʙʦ RDX. ɺ ʦʩʪʘʥʥʽ ʜʝʩʷʪʠʨʽʯʯʷ ʚ ʯʠʩʪʦʤʫ 

ʚʠʛʣʷʜʽ ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʩʫʯʘʩʥʽ 

ʚʠʤʦʛʠ ʜʦ ʚʠʙʫʭʦʚʠʭ ʩʫʤʽʰʝʡ ʩʪʘʶʪʴ ʚʩʝ ʙʽʣʴʰ ʩʢʣʘʜʥʠʤʠ. ʏʝʨʝʟ ʮʝ 

ʧʨʘʢʪʠʯʥʦ ʚʩʽ ʩʫʯʘʩʥʽ ʚʠʙʫʭʦʚʽ ʨʝʯʦʚʠʥʠ ʻ ʩʫʤʽʰʘʤʠ. ʂʦʤʧʦʥʝʥʪʠ ʮʠʭ 

ʩʫʤʽʰʝʡ ʻ ʝʥʝʨʛʦʥʘʩʠʯʝʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ. ʎʝ ʜʦʩʠʪʴ ʰʠʨʦʢʠʡ ʧʝʨʝʣʽʢ ʩʧʦʣʫʢ 

ʩʘʤʦʾ ʨʽʟʥʦʾ ʭʽʤʽʯʥʦʾ ʙʫʜʦʚʠ, ʷʢʽ ʥʘʜʘʶʪʴ ʩʫʤʽʰʘʤ ʪʠʭ, ʘʙʦ ʽʥʰʠʭ ʙʘʞʘʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ɺ ʦʩʪʘʥʥʽʡ ʯʘʩ ʫʚʘʛʫ ʜʦʩʣʽʜʥʠʢʽʚ ʧʦʯʘʣʠ ʧʨʠʚʝʨʪʘʪʠ ʩʧʦʣʫʢʠ, ʱʦ 

ʚʤʽʱʫʶʪʴ ʽʤʽʜʦʟʦʣʽʜʠʥʦʚʠʡ (ʛʽʜʘʥʪʦʾʥʦʚʠʡ ) ʮʠʢʣ. ʎʝ ʪʘʢʽ ɺʈ, ʷʢ DINGU ʪʘ  

TENGU [1].  
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ʎʽ ɺʈ ʦʪʨʠʤʫʶʪʴ ʰʣʷʭʦʤ ʥʽʪʨʫʚʘʥʥʷ ʛʝʪʝʨʦʮʠʢʣʽʯʥʦʾ ʩʧʦʣʫʢʠ 

ʪʝʨʘʛʽʜʨʦʽʤʽʜʘʟʦ-[4,5-d]-ʽʤʽʜʘʟʦʣʦ-2,5-ʜʽʦʥʫ. ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʨʦʙʥʠʮʪʚʦ ʮʴʦʛʦ 

ʛʝʪʝʨʦʮʠʢʣʫ ʤʦʞʝ ʙʫʪʠ ʩʪʨʘʪʝʛʽʯʥʦ ʚʘʞʣʠʚʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ɺʇʂ. 

 

ɺ ʨʦʙʦʪʽ ʧʨʦʧʦʥʫʻʪʴʩʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʝʨʝʙʽʛʫ ʨʝʘʢʮʽʾ ʬʝʥʽʣʛʣʽʦʢʩʘʣʷ ʟ 

ʩʝʯʦʚʠʥʘʤʠ, ʪʘ ʪʽʦʩʝʯʦʚʠʥʘʤʠ. ʆʙʨʘʥʽ, ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʩʧʦʣʫʢʠ ʻ ʜʦʩʠʪʴ 

ʜʦʩʪʫʧʥʠʤʠ ʚ ʟʥʘʯʥʠʭ ʢʽʣʴʢʦʩʪʷʭ. ʈʘʟʦʤ ʟ ʮʠʤ ʩʣʽʜ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʥʘʧʨʷʤʦʢ 

ʨʝʘʢʮʽʾ ʬʝʥʽʣʛʣʽʦʢʩʘʣʶ ʟ ʩʝʯʦʚʠʥʦʶ ʪʘ  ʪʽʦʩʝʯʦʚʠʥʦʶ ʤʦʞʝ ʚʽʜʨʽʟʥʷʪʠʩʷ [2]. 

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʧʦʢʘʟʘʣ, ʱʦ ʚʟʘʛʘʣʽ ʨʝʘʢʮʽʷ ʘʨʠʣʛʣʽʦʢʩʘʣʽʚ ʟ 

ʪʽʦʩʝʯʦʚʠʥʦʶ ʻ ʚʢʨʘʡ ʤʘʣʦʜʦʩʣʽʜʞʝʥʦʶ [3].  

ʇʦʢʘʟʘʥʦ, ʱʦ ʬʝʥʽʣʛʣʽʦʢʩʘʣʴ ʩʝʣʝʢʪʠʚʥʦ ʨʝʘʛʫʻ ʚ ʚʦʜʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ 

ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʟ ʩʝʯʦʚʠʥʦʶ, ʪʽʦʩʝʯʦʚʠʥʦʶ ʪʘ ʬʝʥʽʣʪʽʦʩʝʯʦʚʠʥʦʶ ʟ 

ʫʪʚʦʨʝʥʥʷʤ ʚʽʜʧʦʚʽʜʥʠʭ ʽʤʽʜʦʟʦʣʽʜʠʥ-2,4-ʜʽʦʥʽʚ. 
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ʆʪʨʠʤʘʥʽ ʩʧʦʣʫʢʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʭʽʜʥʠʤʠ ʨʝʯʦʚʠʥʘʤʠ ʜʣʷ ʩʠʥʪʝʟʫ 

ʧʦʪʝʥʮʽʡʥʦ ʝʥʝʨʛʦʥʘʩʠʯʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ɯʭ ʤʦʜʠʬʽʢʘʮʽʷ ʤʦʞʝ ʙʫʪʠ ʧʨʦʚʝʜʝʥʘ 

ʥʝ ʣʠʰʝ ʨʝʘʢʮʽʻʶ ʥʽʪʨʫʚʘʥʥʷ, ʷʢʫ ʪʘʢʦʞ ʚʘʨʪʦ ʜʦʩʣʽʜʠʪʠ ʚ ʨʽʟʥʠʭ ʫʤʦʚʘʭ ʪʘ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʟʥʠʭ ʨʝʘʛʝʥʪʽʚ. ʊʘʢʦʞ ʚʠʷʚʣʷʻʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʦʩʣʽʜʠʪʠ 

ʨʝʘʢʮʽʶ ʜʽʘʟʦʪʫʚʘʥʥʷ ʮʠʭ ʩʧʦʣʫʢ. ɺ ʨʘʤʢʘʭ ʜʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʣʠʚʦ 

ʟʜʽʡʩʥʠʪʠ ʚʘʨʽʘʮʽʶ ʩʧʦʣʫʢ, ʷʢʽ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʘʪʦʤʦʤ ʩʽʨʢʠ ʪʘ ʦʢʩʠʛʝʥʫ. ʊʘʢʘ 

ʨʽʟʥʠʮʷ  ʚ ʙʫʜʦʚʽ ʤʦʣʝʢʫʣʠ ʤʦʞʝ ʜʫʞʝ ʩʠʣʴʥʦ ʚʧʣʠʥʫʪʠ ʥʘ ʩʘʤʽ ʨʽʟʥʽ ʾʾ 
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(1H-1,2,4-ʊʈʀɸɿʆʃ-5-ɯʃ)ɸʅɯʃɯʅ ʊɸ ʁʆɻʆ ɻɽʊɽʈʆʎʀʂʃɯʏʅʀʁ 

ɸʅɸʃʆɻ ï ʇɽʈʉʇɽʂʊʀɺʅɯ ɯʅɻɯɹɯʊʆʈʀ ʂʀʉʃʆʊʅʆɰ ʂʆʈʆɿɯɰ 

ɿɸʃɯɿɸ  

ɸʥʦʪʘʮʽʷ. ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ (1H-1,2,4-ʪʨʠʘʟʦʣ-5-ʽʣ)ʘʥʽʣʽʥʫ ʪʘ 

ʙʝʥʟʦ[e][1,2,4]ʪʨʠʘʟʦʣʦ[1,5-ʩ][1,2,3]ʪʨʠʘʟʠʥʫ ʷʢ ʽʥʛʽʙʽʪʦʨʽʚ ʢʦʨʦʟʽʾ ʟʘʣʽʟʘ ʚ 

ʨʦʟʯʠʥʽ ʩʫʣʴʬʘʪʥʦʾ ʢʠʩʣʦʪʠ. ʇʦʢʘʟʘʥʦ, ʱʦ ʭʘʨʘʢʪʝʨ ʾʭ ʜʽʾ ʻ ʘʥʘʣʦʛʽʯʥʠʤ ʜʽʾ 1H-

ʙʝʥʟʦ[d]ï[1,2,3]ʪʨʠʘʟʦʣʫ ʽ ʤʘʻ ʘʜʩʦʨʙʮʽʡʥʫ ʧʨʠʨʦʜʫ. ɺʠʟʥʘʯʝʥʽ ʟʥʘʯʝʥʥʷ 

ʧʦʪʝʥʮʽʘʣʽʚ ʢʦʨʦʟʽʾ ʪʘ ʨʦʟʨʘʭʦʚʘʥʽ ʚʝʣʠʯʠʥʠ ʛʫʩʪʠʥ ʩʪʨʫʤʽʚ ʢʦʨʦʟʽʾ. 
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THE (1H-1,2,4-TRIAZOL -5-YL)ANILINE AND ITS HETEROCYCLIC 

ANALOGUE ï PROMISING INHIBITORS OF ACIDIC CORROSION OF 

IRON 

Abstract. A study of (1H-1,2,4-triazol -5-yl)aniline and 

benzo[e][1,2,4]triazolo[1,5-c][1,2,3]triazine as corrosion inhibitors of iron in a 

sulfuric acid solution was carried out. It was shown that the mechanism of their 

action is similar to that of 1H-benzo[d][1,2,3]triazole and has an adsorption nature. 

The corrosion potentials were determined and the corrosion current densities were 

calculated. 

Keywords: triazoloanilines, condensed analogues, acid corrosion, iron, inhibitors. 

 

1,2,4-ʊʨʠʘʟʦʣʠ ʪʘ ʾʭ ʢʦʥʜʝʥʩʦʚʘʥʽ ʘʥʘʣʦʛʠ ï ʧʨʠʚʽʣʝʡʦʚʘʥʠʡ ʢʣʘʩ ʩʧʦʣʫʢ, 

ʷʢʠʡ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʫ ʤʝʜʠʮʠʥʽ, ʩʽʣʴʩʴʢʦʤʫ ʛʦʩʧʦʜʘʨʩʪʚʽ, ʣʝʛʢʽʡ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʪʦʱʦ [1-3]. ɺ ʪʦʡ ʩʘʤʠʡ ʯʘʩ ʽʥʰʽ ʩʬʝʨʠ ʧʨʘʢʪʠʯʥʦʛʦ ʾʭ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʜʦʦʮʽʥʝʥʠʤʠ. ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʤ 

ʥʘʧʨʷʤʢʽʚ ʾʭ ʚʠʚʯʝʥʥʷ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʩʪʨʫʢʪʫʨʥʠʡ ʜʠʟʘʡʥ ʪʘ 

ʩʠʥʪʝʟ ʨʝʯʦʚʠʥ, ʱʦ ʟʜʘʪʥʽ ʚʧʣʠʚʘʪʠ ʥʘ ʰʚʠʜʢʽʩʪʴ ʢʦʨʦʟʽʡʥʠʭ ʧʨʦʮʝʩʽʚ. ʅʘ 

ʩʴʦʛʦʜʥʽ ʫ ʥʘʫʢʦʚʽʡ ʣʽʪʝʨʘʪʫʨʽ ʦʧʫʙʣʽʢʦʚʘʥʘ ʟʥʘʯʥʘ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ 

ʧʨʠʩʚʷʯʝʥʠʭ ʩʠʥʪʝʟʫ ʪʘ ʜʦʩʣʽʜʞʝʥʥʶ ʘʥʪʠʢʦʨʦʟʽʡʥʦʾ ʜʽʾ ʜʘʥʦʛʦ ʢʣʘʩʫ ʩʧʦʣʫʢ 

[1-6]. ʇʨʦʪʝ, ʚʧʨʦʚʘʜʞʝʥʥʷ ʪʘ ʢʦʤʝʨʮʽʘʣʽʟʘʮʽʷ ʽʥʛʽʙʽʪʦʨʽʚ ʢʦʨʦʟʽʾ 

ʛʝʪʝʨʦʮʠʢʣʽʯʥʦʾ ʧʨʠʨʦʜʠ ʻ ʚʢʨʘʡ ʥʝʟʥʘʯʥʦʶ. ʆʜʥʠʤ ʟ ʥʝʙʘʛʘʪʴʦʭ ʧʨʠʢʣʘʜʽʚ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʝʪʝʨʦʮʠʢʣʽʯʥʠʭ ʩʧʦʣʫʢ ʷʢ ʽʥʛʽʙʽʪʦʨʽʚ ʢʦʨʦʟʽʾ ʻ 1H-ʙʝʥʟʦ[d]ï

[1,2,3]ʪʨʠʘʟʦʣ (ʙʝʥʟʦʪʨʠʘʟʦʣ, ɹʊɸ), ʷʢʠʡ ʻ ʝʬʝʢʪʠʚʥʠʤ ʽʥʛʽʙʽʪʦʨʦʤ ʢʦʨʦʟʽʾ 

ʤʽʜʽ, ʣʘʪʫʥʽ, ʩʨʽʙʣʘ ʪʘ ʽʥʰʠʭ ʤʝʪʘʣʽʚ. ʊʘʢ, ʟʛʽʜʥʦ ʟ [7] ʥʘ ʧʦʚʝʨʭʥʽ ʤʽʜʽ ʘʙʦ ʾʾ 

ʩʧʣʘʚʽʚ ʚ ʨʦʟʯʠʥʽ ʙʝʥʟʦʪʨʠʘʟʦʣʫ ʬʦʨʤʫʻʪʴʩʷ ʧʘʩʠʚʥʠʡ ʰʘʨ, ʱʦ ʤʽʩʪʠʪʴ 

ʢʦʤʧʣʝʢʩʥʫ ʩʧʦʣʫʢʫ ʡʦʥʽʚ ʂʫʧʨʫʤʫ ʟ ʥʠʤ, ʷʢʠʡ ʽ ʟʘʧʦʙʽʛʘʻ ʢʦʨʦʟʽʾ. ʎʷ 

ʨʝʯʦʚʠʥʘ ʪʘʢʦʞ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʝʣʝʢʪʨʦʥʽʮʽ, ʤʝʪʘʣʫʨʛʽʾ, ʷʢ ʘʥʪʠʢʦʨʦʟʽʡʥʠʡ 

ʟʘʩʽʙ ʫ ʬʦʪʦʛʨʘʬʽʾ ʪʘ ʫ ʨʝʩʪʘʚʨʘʮʽʾ ʽʩʪʦʨʠʯʥʠʭ ʮʽʥʥʦʩʪʝʡ ʚʠʛʦʪʦʚʣʝʥʠʭ ʟ 

ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ.  

ɺʩʝ ʚʠʱʝʟʘʟʥʘʯʝʥʝ ʩʧʦʥʫʢʘʣʦ ʨʦʟʨʦʙʠʪʠ ʤʝʪʦʜʠ ʩʠʥʪʝʟʫ ʜʚʦʭ ʜʝʱʦ 

ʧʦʜʽʙʥʠʭ ʜʦ ʙʝʥʟʦʪʨʠʘʟʦʣʫ ʦʨʠʛʽʥʘʣʴʥʠʭ ʩʧʦʣʫʢ, ʘ ʩʘʤʝ (1ʅ-1,2,4-ʪʨʠʘʟʦʣ-5-

ʽʣ)ʘʥʽʣʽʥʫ (1) ʪʘ ʙʝʥʟʦ[e][1,2,4]ʪʨʠʘʟʦʣʦ[1,5-ʩ][1,2,3]ʪʨʠʘʟʠʥʫ (2) ʪʘ ʜʦʩʣʽʜʠʪʠ 

ʾʭ ʧʝʨʩʧʝʢʪʠʚʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʷʢ ʽʥʛʽʙʽʪʦʨʽʚ ʢʦʨʦʟʽʾ. 

ʂʦʨʦʟʽʡʥʦ-ʽʥʛʽʙʽʮʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʠʥʪʝʟʦʚʘʥʠʭ ʩʧʦʣʫʢ ʜʦʩʣʽʜʞʝʥʦ 

ʤʝʪʦʜʦʤ ʮʠʢʣʽʯʥʦʾ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʽʾ. ʈʦʙʦʯʠʤ ʝʣʝʢʪʨʦʜʦʤ ʩʣʫʛʫʚʘʚ ʪʦʨʝʮʴ 

ʩʪʨʠʞʥʷ ʟ ʚʫʛʣʝʮʝʚʦʾ ʩʪʘʣʽ, ʟʘʧʨʝʩʦʚʘʥʦʛʦ ʚ ʪʝʬʣʦʥʦʚʫ ʪʨʫʙʢʫ. ɼʦʧʦʤʽʞʥʠʡ 

ʝʣʝʢʪʨʦʜ - ʧʣʘʪʠʥʦʚʠʡ, ʝʣʝʢʪʨʦʜ ʧʦʨʽʚʥʷʥʥʷ -ʭʣʦʨʠʜʥʦʩʨʽʙʥʠʡ. ʆʙôʻʤ 

ʨʦʙʦʯʦʛʦ ʨʦʟʯʠʥʫ 1ʄ ʩʫʣʴʬʘʪʥʦʾ ʢʠʩʣʦʪʠ ʩʢʣʘʜʘʚ 50 ʤʣ. ʂʦʥʮʝʥʪʨʘʮʽʾ 
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ʚʚʝʜʝʥʠʭ ʜʦʙʘʚʦʢ ʚʘʨʽʶʚʘʣʠʩʴ ʚ ʤʝʞʘʭ 0,5 ï 3,0 ʤʤʦʣʴ/ʣ. ɼʣʷ ʟʘʧʦʙʽʛʘʥʥʷ 

ʚʧʣʠʚʫ ʢʦʣʠʚʘʥʴ ʪʝʤʧʝʨʘʪʫʨʠ ʨʦʙʦʯʦʛʦ ʨʦʟʯʠʥʫ ʚʦʥʘ ʧʽʜʪʨʠʤʫʚʘʣʘʩʴ ʚ ʤʝʞʘʭ 

22Ñ1Üʉ. ʅʘʡʢʨʘʱʘ ʚʽʜʪʚʦʨʶʚʘʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʙʫʣʘ ʟʘʬʽʢʩʦʚʘʥʘ ʫ ʨʘʟʽ 

ʢʘʪʦʜʥʦ-ʘʥʦʜʥʦʾ ʨʦʟʛʦʨʪʢʠ ʧʦʪʝʥʮʽʘʣʫ ʚʽʜ ʡʦʛʦ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʟʥʘʯʝʥʥʷ ʜʦ 

ʧʦʪʝʥʮʽʘʣʽʚ ʧʦʯʘʪʢʫ ʚʠʜʽʣʝʥʥʷ ʚʦʜʥʶ ʟ ʧʦʜʘʣʴʰʠʤ ʧʝʨʝʢʣʶʯʝʥʥʷʤ ʚ ʘʥʦʜʥʠʡ 

ʙʽʢ ʜʦ ʧʦʪʝʥʮʽʘʣʽʚ ʧʦʯʘʪʢʫ ʚʠʜʽʣʝʥʥʷ ʢʠʩʥʶ. ʐʚʠʜʢʽʩʪʴ ʨʦʟʛʦʨʪʢʠ ʧʦʪʝʥʮʽʘʣʫ 

ʩʢʣʘʜʘʣʘ 1 ʤɺ/ʩ.  

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʢʦʥʮʝʥʪʨʘʮʽʷ ʽʥʛʽʙʽʪʦʨʽʚ ʩʫʪʪʻʚʦ ʥʝ ʟʤʽʥʶʻ ʬʦʨʤʫ 

ʢʘʪʦʜʥʠʭ ʽ ʘʥʦʜʥʠʭ ʜʽʣʷʥʦʢ ʧʦʣʷʨʠʟʘʮʽʡʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ, ʱʦ ʤʦʞʝ ʚʢʘʟʫʚʘʪʠ 

ʥʘ ʪʝ, ʱʦ ʚʦʥʠ ʜʽʶʪʴ ʩʫʪʦ ʷʢ ʘʜʩʦʨʙʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʥʝ ʚʧʣʠʚʘʶʯʠ ʥʘ 

ʤʝʭʘʥʽʟʤʠ ʝʣʝʢʪʨʦʜʥʠʭ ʨʝʘʢʮʽʡ. ʄʘʢʩʠʤʘʣʴʥʠʡ ʝʬʝʢʪ ʛʘʣʴʤʫʚʘʥʥʷ ʨʝʘʢʮʽʾ 

ʚʠʜʽʣʝʥʥʷ ʚʦʜʥʶ ʦʪʨʠʤʘʥʦ ʚ ʧʨʠʩʫʪʥʦʩʪʽ ɹʊɸ ʽ ʜʝʱʦ ʤʝʥʰʠʡ ʟ ʜʦʙʘʚʢʦʶ (1). 

ɽʬʝʢʪ ʜʽʾ ʜʦʙʘʚʢʠ (2) ʙʫʚ ʤʽʥʽʤʘʣʴʥʠʤ. ʇʽʩʣʷ ʚʚʝʜʝʥʥʷ ʜʦ ʨʦʙʦʯʦʛʦ ʨʦʟʯʠʥʫ 

ʚʠʧʨʦʙʫʚʘʥʠʭ ʜʦʙʘʚʦʢ ʦʪʨʠʤʘʥʽ ʚʝʣʠʯʠʥʠ ʧʦʪʝʥʮʽʘʣʽʚ ʢʦʨʦʟʽʾ ʤʘʣʠ ʪʝʥʜʝʥʮʽʶ 

ʟʤʽʱʝʥʥʷ ʜʦ ʙʽʣʴʰ ʧʦʟʠʪʠʚʥʠʭ ʟʥʘʯʝʥʴ  ʚʽʜ 0,457 ɺ ʫ ʨʦʟʯʠʥʽ ʙʝʟ ʜʦʙʘʚʦʢ ʜʦ 

0,416 ɺ õ 0,436 ɺ ʫ ʨʦʟʯʠʥʘʭ ʟ ʜʦʙʘʚʢʘʤʠ. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥ 

ʩʪʨʫʤʽʚ ʢʦʨʦʟʽʾ ʚ ʨʦʟʯʠʥʽ ʟ ʜʦʙʘʚʢʦʶ (1) ï 4,5Ā10-8 ɸ/ʩʤ2, ʟ ʜʦʙʘʚʢʦʶ (2) - 4,1Ā10-

8 ɸ/ʩʤ2. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʢʘʟʫʶʪʴ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʜʽʙʥʠʭ 

ʩʧʦʣʫʢ ʷʢ ʽʥʛʽʙʽʪʦʨʽʚ ʢʠʩʣʦʪʥʦʾ ʢʦʨʦʟʽʾ ʟʘʣʽʟʘ. 
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FOREST RESOURCES CONTROL USING REMOTE SENSING OF 

THE EARTH  

Annotation. The main advantages of using remote sensing data for operational 

control of forest resources are presented. Examples of satellite monitoring of forest 

areas for the purpose of monitoring large-scale deforestation and detecting forest 

fires are shown. 

Keywords: remote sensing of the Earth, multispectral imaging, monitoring of large-

scale logging, detection of forest fires. 

 

ɼʘʥʽ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ (ɼɿɿ) ʟ ʢʦʩʤʦʩʫ ʪʘ ʘʥʘʣʽʪʠʯʥʽ 

ʧʨʦʜʫʢʪʠ ʥʘ ʾʭʥʽʡ ʦʩʥʦʚʽ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʜʝʨʞʘʚʥʦʤʫ ʩʝʢʪʦʨʽ ʜʣʷ 

ʦʙʣʽʢʫ ʣʽʩʦʚʠʭ ʨʝʩʫʨʩʽʚ ʪʘ ʢʦʥʪʨʦʣʶ ʟʘ ʛʦʩʧʦʜʘʨʩʴʢʦʶ ʜʽʷʣʴʥʽʩʪʶ. ɼʣʷ 

ʧʽʜʧʨʠʻʤʩʪʚ, ʷʢʽ ʟʜʽʡʩʥʶʶʪʴ ʛʦʩʧʦʜʘʨʩʴʢʫ ʜʽʷʣʴʥʽʩʪʴ ʥʘ ʣʽʩʦʚʠʭ ʜʽʣʷʥʢʘʭ, 
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ʘʥʘʣʽʟ ʜʘʥʠʭ ɼɿɿ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʧʝʨʚʠʥʥʫ ʦʮʽʥʢʫ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʜʽʣʷʥʦʢ, 

ʧʣʘʥʫʚʘʪʠ ʨʦʙʦʪʠ ʪʘ ʩʪʝʞʠʪʠ ʟʘ ʩʪʘʥʦʤ ʦʨʝʥʜʦʚʘʥʠʭ ʜʽʣʷʥʦʢ. 

ʂʦʩʤʽʯʥʘ ʟʡʦʤʢʘ ʦʭʦʧʣʶʻ ʦʜʨʘʟʫ ʚʝʣʠʢʽ ʪʝʨʠʪʦʨʽʾ, ʘ ʟʘʚʜʷʢʠ ʩʫʯʘʩʥʠʤ 

ʪʝʭʥʦʣʦʛʽʷʤ ʘʥʘʣʽʟʫ ʟʦʙʨʘʞʝʥʴ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʥʝʡʨʦʥʥʠʤ ʤʝʨʝʞʘʤ, ʢʦʨʠʩʪʫʚʘʯ 

ʦʪʨʠʤʫʻ ʨʝʛʫʣʷʨʥʫ ʦʙ'ʻʢʪʠʚʥʫ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʟʤʽʥʠ ʚ ʣʽʩʽ. 

ɼʣʷ ʟʘʚʜʘʥʴ ʜʝʨʞʘʚʥʦʛʦ ʢʦʥʪʨʦʣʶ ʮʝ ʥʝʟʘʤʽʥʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʦʪʨʠʤʘʥʥʷ 

ʘʢʪʫʘʣʴʥʠʭ ʚʽʜʦʤʦʩʪʝʡ ʧʨʦ ʚʠʨʫʙʢʠ ʪʘ ʽʥʰʽ ʣʽʩʦʟʤʽʥʠ (ʨʠʩ. 1). ʎʝʡ ʬʫʥʢʮʽʦʥʘʣ 

ʪʘʢʦʞ ʻ ʢʦʨʠʩʥʠʤ ʜʣʷ ʧʽʜʧʨʠʻʤʩʪʚ ʫ ʩʬʝʨʽ ʣʽʩʦʚʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚʘ, 

ʟʘʮʽʢʘʚʣʝʥʠʭ ʫ ʢʦʥʪʨʦʣʽ ʧʽʜʨʷʜʥʠʭ ʦʨʛʘʥʽʟʘʮʽʡ. 

 

 
ʈʠʩ. 1. 

ɺʠʙʽʨ ʜʽʣʷʥʢʠ ʣʽʩʫ ʜʣʷ ʦʨʝʥʜʠ ʨʽʟʥʠʭ ʧʦʪʨʝʙ ʝʬʝʢʪʠʚʥʦ ʧʨʦʚʦʜʠʪʠ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʛʝʦʧʨʦʩʪʦʨʦʚʦʛʦ ʘʥʘʣʽʟʫ ʤʘʪʝʨʽʘʣʽʚ ʢʦʩʤʽʯʥʦʾ ʟʡʦʤʢʠ. ɼʘʥʽ ɼɿɿ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʘʢʪʫʘʣʴʥʽ, ʜʦʩʪʦʚʽʨʥʽ ʪʘ ʥʘʦʯʥʽ ʚʽʜʦʤʦʩʪʽ ʧʨʦ ʬʘʢʪʠʯʥʠʡ ʩʪʘʥ ʪʝʨʠʪʦʨʽʾ, 

ʘ ʚ ʧʨʦʮʝʩʽ ʘʥʘʣʽʟʫ ʚʠʢʦʥʫʻʪʴʩʷ ʟʽʩʪʘʚʣʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʽʟ ʚʠʤʦʛʘʤʠ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʘʧʣʘʥʦʚʘʥʦʤʫ ʚʠʢʦʨʠʩʪʘʥʥʶ. 

ɻʝʦʧʨʦʩʪʦʨʦʚʠʡ ʘʥʘʣʽʟ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ɼɿɿ ʜʦʟʚʦʣʠʪʴ ʧʨʦʚʝʩʪʠ ʧʝʨʚʠʥʥʫ ʦʮʽʥʢʫ 

ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʜʽʣʷʥʦʢ ʣʽʩʫ ʜʦ ʟʘʧʫʩʢʫ ʧʨʦʮʝʜʫʨʠ ʦʨʝʥʜʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʟʥʠʞʝʥʥʷ 

ʨʠʟʠʢʽʚ ʪʘ ʧʦʢʨʘʱʫʻ ʧʦʜʘʣʴʰʝ ʧʣʘʥʫʚʘʥʥʷ ʨʦʙʽʪ. ʆʪʨʠʤʘʥʽ ʚ ʨʝʟʫʣʴʪʘʪʽ ʘʥʘʣʽʟʫ 

ʤʘʪʝʨʽʘʣʠ ʥʘʜʘʣʽ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʽʜʛʦʪʦʚʢʠ ʧʨʦʝʢʪʫ ʦʩʚʦʻʥʥʷ ʣʽʩʽʚ, 

ʧʨʦʚʝʜʝʥʥʷ ʪʘʢʩʘʮʽʡʥʠʭ ʨʦʙʽʪ, ʜʣʷ ʧʽʜʛʦʪʦʚʢʠ ʣʽʩʦʚʠʭ ʢʘʨʪ ʪʘ ʧʦʜʘʥʥʷ ʜʝʢʣʘʨʘʮʽʡ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʜʠʩʪʘʥʮʽʡʥʠʭ ʤʝʪʦʜʽʚ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʜʘʥʠʭ ɼɿɿ ʜʦʧʦʤʘʛʘʻ 

ʤʘʩʰʪʘʙʫʚʘʪʠ ʨʝʟʫʣʴʪʘʪʠ ʧʦʣʴʦʚʠʭ ʦʙʩʪʝʞʝʥʴ ʧʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʪʘʢʩʘʮʽʡʥʠʭ ʨʦʙʽʪ. 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʦʤʝʨʮʽʡʥʦʾ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʽ ʣʽʩʦʚʦʛʦ ʘʢʪʠʚʫ ʯʘʩʪʠʥʫ ʨʦʙʽʪ ʟ ʦʮʽʥʢʠ 

ʧʘʨʘʤʝʪʨʽʚ ʪʘʢʩʘʮʽʡʥʠʭ ʣʽʩʫ ʤʦʞʥʘ ʚʠʢʦʥʘʪʠ ʜʠʩʪʘʥʮʽʡʥʦ. ɼʠʩʪʘʥʮʽʡʥʠʤ ʩʧʦʩʦʙʦʤ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʪʘʢʽ ʧʘʨʘʤʝʪʨʠ ʷʢ ʟʽʤʢʥʝʥʥʷ ʢʨʦʥ, ʫʨʘʞʝʥʥʷ ʭʚʦʨʦʙʘʤʠ ʘʙʦ 

ʰʢʽʜʥʠʢʘʤʠ, ʘ ʪʘʢʦʞ ʧʦʜʽʣ ʥʘ ʦʢʨʝʤʽ ʧʦʨʦʜʠ (ʟʘ ʥʘʷʚʥʦʩʪʽ ʝʪʘʣʦʥʥʠʭ ʪʘʢʩʘʮʽʡʥʠʭ 

ʜʘʥʠʭ), ʚʠʩʦʪʘ, ʚʽʢʦʚʘ ʛʨʫʧʘ, ʩʪʠʛʣʽʩʪʴ, ʪʨʘʥʩʧʦʨʪʥʘ ʜʦʩʪʫʧʥʽʩʪʴ ʪʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ 

ʣʽʩʦʟʘʛʦʪʽʚʣʽ. 
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ʅʘʩʣʽʜʢʠ ʧʦʞʝʞ ʪʘ ʽʥʰʠʭ ʧʨʠʨʦʜʥʠʭ ʷʚʠʱ, ʱʦ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʘʛʠʙʝʣʽ 

ʣʽʩʫ, ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʬʽʢʩʦʚʘʥʽ ʟʘ ʢʦʩʤʽʯʥʦʶ ʟʡʦʤʢʦʶ. ʊʘʢʦʞ ʤʦʞʣʠʚʝ 

ʚʠʷʚʣʝʥʥʷ ʦʟʥʘʢ ʟʘʛʦʨʷʥʥʷ ʥʘ ʜʽʣʷʥʢʘʭ ʛʦʩʧʦʜʘʨʶʚʘʥʥʷ ʘʙʦ ʚʠʥʠʢʥʝʥʥʷ 

ʧʨʠʨʦʜʥʠʭ ʧʦʞʝʞ (ʨʠʩ. 2). 

 

 
ʈʠʩ. 2. 

ɸʥʘʣʽʟ ʜʘʥʠʭ ʫ ʪʝʧʣʦʚʦʤʫ ʪʘ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʜʦʟʚʦʣʷʻ ʚʠʷʚʣʷʪʠ 

ʚʦʛʥʠʱʘ ʟʘʛʦʨʷʥʥʷ ʪʘ ʧʨʦʚʦʜʠʪʠ ʪʠʧʽʟʘʮʽʶ ʧʦʞʝʞ. ʆʜʥʽʻʶ ʟ ʥʘʡʯʘʩʪʽʰʠʭ ʧʨʠʯʠʥ 

ʧʨʠʨʦʜʥʠʭ ʧʦʞʝʞ ʩʪʘʶʪʴ ʥʝʨʦʟʽʙʨʘʥʽ ʚʽʪʨʦʚʘʣʠ ʪʘ ʪʦʨʬ'ʷʥʽ ʙʦʣʦʪʘ, ʘ ʪʘʢʦʞ ʤʘʩʢʫʚʘʥʥʷ 

ʥʘʩʣʽʜʢʽʚ ʥʝʟʘʢʦʥʥʦʾ ʟʘʛʦʪʽʚʣʽ ʜʝʨʝʚʠʥʠ. ɸʥʘʣʽʟ ʤʘʪʝʨʽʘʣʽʚ ʢʦʩʤʽʯʥʦʾ ʟʡʦʤʢʠ ʟʜʘʪʥʠʡ 

ʧʦʢʘʟʘʪʠ ʜʽʣʷʥʢʠ, ʱʦ ʚʠʤʘʛʘʶʪʴ ʨʦʟʯʠʱʝʥʥʷ, ʽ ʧʨʦʢʦʥʪʨʦʣʶʚʘʪʠ ʨʦʙʦʪʠ, ʘ ʪʘʢʦʞ 

ʩʪʝʞʠʪʠ ʟʘ ʦʙʚʦʜʥʝʥʥʷʤ ʪʦʨʬʦʚʠʱ. 

ɺʠʢʣʘʜʘʯʘʤʠ ʽ ʘʩʧʽʨʘʥʪʘʤʠ ʢʘʬʝʜʨʠ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ ʤʝʨʝʞ 

ʬʘʢʫʣʴʪʝʪʫ ʬʽʟʠʢʠ, ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʢʦʤʧôʶʪʝʨʥʠʭ ʩʠʩʪʝʤ ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ 

ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʨʦʟʨʦʙʣʝʥʠʡ ʥʘʚʯʘʣʴʥʦ-ʤʝʪʦʜʠʯʥʠʡ ʢʦʤʧʣʝʢʩ 

çʂʦʥʪʨʦʣʴ ʣʽʩʦʚʠʭ ʨʝʩʫʨʩʽʚ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʜʘʥʠʭ ɼɿɿè. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 
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COMPREHENSIVE USE OF OPTICAL AND RADAR DATA  

IN THE LANDVIEWER WEB SERVICE  

Annotation. Modern web services for online processing of satellite images allow 

solving a wide range of current applied problems. The main advantages of the 

LandViewer web service are presented, which allows working with both 

multispectral optical range data and dual-polarization C-band radar data. 

Keywords: web services for online processing of satellite images, LandViewer, 

multispectral data, dual-polarization radar data. 

 

ɺ ʦʩʪʘʥʥʽ ʨʦʢʠ ʩʪʚʦʨʝʥʽ ʨʽʟʥʽ ʚʝʙ-ʩʝʨʚʽʩʠ ʦʥ-ʣʘʡʥ ʦʙʨʦʙʢʠ ʩʫʧʫʪʥʠʢʦʚʠʭ 

ʟʥʽʤʢʽʚ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʚʠʨʽʰʫʚʘʪʠ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʘʢʪʫʘʣʴʥʠʭ ʧʨʠʢʣʘʜʥʠʭ 

ʟʘʚʜʘʥʴ. ʉʝʨʝʜ ʥʠʭ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʚʝʙ-ʩʝʨʚʽʩ LandViewer ʢʦʤʧʘʥʽʾ EOS, ʷʢʠʡ 
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ʜʦʟʚʦʣʷʻ ʧʨʘʮʶʚʘʪʠ ʷʢ ʟ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ɼɿɿ ʦʧʪʠʯʥʦʛʦ 

ʜʽʘʧʘʟʦʥʫ (ʨʠʩ. 1), ʪʘʢ ʽ ʟ ʜʚʦʧʦʣʷʨʠʟʘʮʽʡʥʠʤʠ ʨʘʜʘʨʥʠʤʠ ʜʘʥʠʤʠ ʉ-ʜʘ̔ʧʘʟʦʥʫ 

(ʨʠʩ. 2). 

 

 
ʈʠʩ. 1.  

 

 
ʈʠʩ. 2.  
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ʎʝ ʥʘʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʢʦʤʧʣʝʢʩʥʦʾ ʦʙʨʦʙʢʠ ʨʘʜʽʦʣʦʢʘʮʽʡʥʠʭ ʪʘ ʦʧʪʠʯʥʠʭ 

ʜʘʥʠʭ ɼɿɿ (ʨʠʩ. 3), ʘ ʪʘʢʦʞ ʘʥʘʣʽʟʫʚʘʪʠ ʟʤʽʥʠ ʦʙôʻʢʪʽʚ ʫ ʯʘʩʽ. 

 

 
ʈʠʩ. 3.  

ʆʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʚʝʙ-ʩʝʨʚʽʩʫ LandViewer: 

- ʨʦʙʦʪʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʙʨʘʫʟʝʨʽ, ʱʦ ʥʝ ʧʦʪʨʝʙʫʻ ʜʦʜʘʪʢʦʚʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ, ʷʢʝ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʫ ʢʣʽʻʥʪʘ; 

- ʧʨʦʛʨʘʤʥʘ ʪʘ ʘʧʘʨʘʪʥʘ ʥʝʟʘʣʝʞʥʽʩʪʴ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʮʝʡ ʚʝʙ-ʩʝʨʚʽʩ 

ʥʘ ʤʦʙʽʣʴʥʠʭ ʧʨʠʩʪʨʦʷʭ; 

- ʧʨʦʩʪʦʪʘ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʰʚʠʜʢʦʛʦ ʦʩʚʦʻʥʥʷ ʜʣʷ ʥʝʬʘʭʽʚʮʽʚ ʫ ʛʘʣʫʟʽ ʦʙʨʦʙʢʠ 

ʩʫʧʫʪʥʠʢʦʚʠʭ ʟʦʙʨʘʞʝʥʴ (ʦʨʽʻʥʪʘʮʽʷ ʥʘ ʤʘʩʦʚʦʛʦ ʢʦʨʠʩʪʫʚʘʯʘ);  

- ʚʠʩʦʢʘ ʰʚʠʜʢʽʩʪʴ ʦʙʨʦʙʢʠ ʪʘ ʧʨʦʩʪʦʪʘ ʚʽʟʫʘʣʽʟʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ, ʱʦ ʚʘʞʣʠʚʦ ʧʽʜ 

ʯʘʩ ʚʠʨʽʰʝʥʥʷ ʟʘʚʜʘʥʴ ʦʧʝʨʘʪʠʚʥʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʡ. 
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SOLVING APPLIED PROBLEMS USING ARCHIVED DATA FROM 

THE ASTER SPECTRORADIOMETER  

Annotation. The main characteristics and areas of use of the ASTER 

spectroradiometer data of the Terra satellite are presented. Examples of the use of 

ASTER multispectral data for monitoring the dynamics of bridge construction, 

controlling deforestation, monitoring the condition of artificial reservoirs, creating 

field plans and spatial modeling are shown. 

Keywords: remote sensing of the Earth, archival satellite images, Terra satellite, 

ASTER spectroradiometer. 

 

ʅʘ ʙʘʛʘʪʴʦʭ ʛʝʦʽʥʬʦʨʤʘʮʽʡʥʠʭ ʚʝʙ-ʧʦʨʪʘʣʘʭ ʜʦʩʪʫʧʥʽ ʙʝʟʢʦʰʪʦʚʥʽ 

ʘʨʭʽʚʥʽ ʩʫʧʫʪʥʠʢʦʚʽ ʟʥʽʤʢʠ, ʦʜʝʨʞʫʚʘʥʽ ʩʧʝʢʪʨʦʨʘʜʽʦʤʝʪʨʦʤ ASTER ʟ 
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ʩʫʧʫʪʥʠʢʘ Terra. ɺʦʥʠ ʤʘʶʪʴ 14 ʩʧʝʢʪʨʘʣʴʥʠʭ ʜʽʘʧʘʟʦʥʽʚ: 3 - ʫ ʚʠʜʠʤʦʤʫ ʪʘ 

ʙʣʠʞʥʴʦʤʫ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ, 6 - ʚ ʩʝʨʝʜʥʴʦʤʫ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ ʽ 5 - ʫ 

ʪʝʧʣʦʚʦʤʫ, ʟ ʧʨʦʩʪʦʨʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʚʽʜʧʦʚʽʜʥʦ 15, 30 ʽ 90 ʤʝʪʨʽʚ 

ʪʘ ʨʦʟʤʽʨʦʤ ʢʘʜʨʫ 60ʭ60 ʢʤ. 

ɿʦʥʠ ʚʠʜʠʤʦʛʦ ʪʘ ʙʣʠʞʥʴʦʛʦ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ 

ʚʠʚʯʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʥʽʛʦʚʦʛʦ ʧʦʢʨʠʚʫ, ʚʦʜʠ, ʨʦʩʣʠʥʥʦʩʪʽ ʪʘ ʩʪʫʧʝʥʷ 

ʦʢʠʩʣʝʥʥʷ ʧʦʚʝʨʭʥʽ ʦʙ'ʻʢʪʽʚ. 

ɿʦʥʠ ʩʝʨʝʜʥʴʦʛʦ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ ʜʽʘʧʘʟʦʥʫ ʦʧʪʠʤʘʣʴʥʽ ʜʣʷ ʨʦʟʧʽʟʥʘʚʘʥʥʷ 

ʤʽʥʝʨʘʣʽʚ, ʦʩʦʙʣʠʚʦ ʛʽʜʨʘʪʦʚʘʥʠʭ ʤʽʥʝʨʘʣʽʚ ʫ ʛʣʠʥʠʩʪʠʭ ˇʨʫʥʪʘʭ. 

ɿʦʥʠ ʪʝʧʣʦʚʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʨʝʻʩʪʨʘʮʽʾ ʪʝʤʧʝʨʘʪʫʨʠ ʟʝʤʥʦʾ 

ʧʦʚʝʨʭʥʽ ʪʘ ʜʝʰʠʬʨʫʚʘʥʥʷ ʦʩʥʦʚʥʠʭ ʪʠʧʽʚ ʛʽʨʩʴʢʠʭ ʧʦʨʽʜ. 

ʎʝ ʥʘʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʟʥʽʤʢʠ ʩʧʝʢʪʨʦʨʘʜʽʦʤʝʪʨʫ ASTER 

ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʰʠʨʦʢʦʛʦ ʢʦʣʘ ʧʨʠʢʣʘʜʥʠʭ ʟʘʜʘʯ. 

ʅʘ ʨʠʩ. 1 ʥʘʚʝʜʝʥʠʡ ʧʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ ASTER ʜʣʷ 

ʤʦʥʽʪʦʨʠʥʛʫ ʜʠʥʘʤʽʢʠ ʙʫʜʽʚʥʠʮʪʚʘ ʤʦʩʪʘ. 

 

 
 

ʈʠʩ. 1. 

ʅʘ ʨʠʩ. 2 ʥʘʚʝʜʝʥʠʡ ʧʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ ASTER ʜʣʷ ʢʦʥʪʨʦʣʶ 

ʚʠʨʫʙʫʚʘʥʥʷ ʣʽʩʽʚ. 

 

 

ʈʠʩ. 2. 

ʅʘ ʨʠʩ. 3 ʥʘʚʝʜʝʥʠʡ ʧʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ ASTER ʜʣʷ ʢʦʥʪʨʦʣʶ 

ʩʪʘʥʫ ʰʪʫʯʥʠʭ ʚʦʜʦʡʤ. 
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ʈʠʩ. 3. 

ʅʘ ʨʠʩ. 4 ʥʘʚʝʜʝʥʠʡ ʧʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ ASTER ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʧʣʘʥʽʚ ʧʦʣʽʚ. 

 

 

ʈʠʩ. 4. 

ʂʨʽʤ ʙʘʛʘʪʦʟʦʥʘʣʴʥʦʩʪʽ, ʚʽʜʤʽʥʥʽʩʪʶ ʨʘʜʽʦʤʝʪʨʘ ASTER ʻ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʢʦʥʘʥʥʷ ʩʪʝʨʝʦʟʡʦʤʢʠ, ʟʘ ʜʘʥʠʤʠ ʷʢʦʾ ʙʫʜʫʶʪʴ 3-D ʤʦʜʝʣʽ ʨʝʣʴʻʬʫ ʜʣʷ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ (ʨʠʩ. 5).  

 

 
 

ʈʠʩ. 5. 

ɺʠʢʣʘʜʘʯʘʤʠ ʽ ʘʩʧʽʨʘʥʪʘʤʠ ʢʘʬʝʜʨʠ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ ʤʝʨʝʞ 

ʬʘʢʫʣʴʪʝʪʫ ʬʽʟʠʢʠ, ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʢʦʤʧôʶʪʝʨʥʠʭ ʩʠʩʪʝʤ ɼʥʽʧʨʦʚʩʴʢʦʛʦ 

ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʥʘʚʯʘʣʴʥʦ-

ʤʝʪʦʜʠʯʥʠʡ ʢʦʤʧʣʝʢʩ çɺʠʢʦʨʠʩʪʘʥʥʷ ʘʨʭʽʚʥʠʭ ʜʘʥʠʭ ʩʧʝʢʪʨʦʨʘʜʽʦʤʝʪʨʫ 

ASTER ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʧʨʠʢʣʘʜʥʠʭ ʟʘʜʘʯè. 
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ʇʈʆɽʂʊʋɺɸʅʅʗ ʊɸ ʄʆɼɽʃʖɺɸʅʅʗ ɸʅʊɽʅʀ  

ɼʃʗ ʉʋʇʋʊʅʀʂɸ ɼɿɿ 

ɸʥʦʪʘʮʽʷ. ʅʘʚʝʜʝʥʽ ʦʩʥʦʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʧʨʦʛʨʘʤʠ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ 

ʤʦʜʝʣʶʚʘʥʥʷ ʘʥʪʝʥ FEKO. ʇʦʢʘʟʘʥʽ ʧʨʠʢʣʘʜʠ ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

FEKO ʜʣʷ ʨʦʟʨʦʙʢʠ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʩʫʯʘʩʥʠʭ ʪʠʧʽʚ ʩʫʧʫʪʥʠʢʦʚʠʭ ʘʥʪʝʥ ɼɿɿ. 

ʅʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ, ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʪʘ ʝʣʝʢʪʨʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʩʪʨʫʢʪʫʨʠ ʢʚʘʜʨʠʬʽʣʷʨʥʦʾ ʘʥʪʝʥʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʜʠʩʪʘʥʮʽʡʥʝ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ, ʧʨʦʛʨʘʤʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ FEKO, ʢʚʘʜʨʠʬʽʣʷʨʥʘ ʘʥʪʝʥʘ.  
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ANTENNA DESIGN AND MODELING  FOR REMOTE SENSING 

SATELLITE  

Annotation. The main features of the FEKO antenna design and modeling program 

are presented. Examples of effective use of FEKO for the development and research 

of modern types of remote sensing satellite antennas are shown. The results of 

calculations, geometric and electrical modeling of the components of the quadrifilar 

antenna structure are presented. 

Keywords: remote sensing of the Earth, FEKO electromagnetic design program, 

quadrifilar antenna. 

 

ʇʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʘʥʪʝʥʠ ʻ ʜʫʞʝ ʚʘʞʣʠʚʠʤ ʝʪʘʧʦʤ ʨʦʟʨʦʙʢʠ 

ʙʫʜʴ-ʷʢʦʛʦ ʩʫʧʫʪʥʠʢʘ ɼɿɿ. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʰʠʨʦʢʦʛʦ ʢʦʣʘ ʟʘʚʜʘʥʴ, ʧʦʚ'ʷʟʘʥʠʭ 
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ʟ ʧʨʦʝʢʪʫʚʘʥʥʷʤ ʘʥʪʝʥ ʪʘ ʧʦʰʠʨʝʥʥʷʤ ʨʘʜʽʦʭʚʠʣʴ ʽʩʥʫʻ ʙʘʛʘʪʦ ʧʨʦʛʨʘʤʥʠʭ 

ʩʝʨʝʜʦʚʠʱ, ʩʝʨʝʜ ʷʢʠʭ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʧʨʦʛʨʘʤʫ FEKO.  

ɻʦʣʦʚʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʧʨʦʛʨʘʤʠ FEKO, ʱʦ ʚʽʜʨʽʟʥʷʻ ʾʾ ʚʽʜ ʽʥʰʠʭ 

ʢʦʤʝʨʮʽʡʥʠʭ ʧʨʦʛʨʘʤ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ, ʻ ʚʜʘʣʝ ʧʦʻʜʥʘʥʥʷ 

ʙʘʟʦʚʦʛʦ ʤʝʪʦʜʫ ʤʦʤʝʥʪʽʚ ʟ ʥʘʙʣʠʞʝʥʠʤʠ ʘʥʘʣʽʪʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ: ʤʝʪʦʜʦʤ 

ʬʽʟʠʯʥʦʾ ʦʧʪʠʢʠ ʪʘ ʦʜʥʦʨʽʜʥʦʾ ʪʝʦʨʽʾ ʜʠʬʨʘʢʮʽʾ.  

FEKO ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ ʨʦʟʨʦʙʢʫ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʚʩʽʭ ʩʫʯʘʩʥʠʭ ʪʠʧʽʚ 

ʩʫʧʫʪʥʠʢʦʚʠʭ ʘʥʪʝʥ, ʟʦʢʨʝʤʘ, ʪʘʢʠʭ ʷʢ ʜʟʝʨʢʘʣʴʥʽ, ʨʫʧʦʨʥʽ, ʩʧʽʨʘʣʴʥʽ, 

ʢʚʘʜʨʠʬʽʣʷʨʥʽ, ʚʽʙʨʘʪʦʨʥʽ, ʘ ʪʘʢʦʞ ʧʘʪʯ-ʘʥʪʝʥʠ. 

ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʧʨʦʝʢʪʫʚʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʯʠʩʣʦ ʝʣʝʤʝʥʪʽʚ ʢʦʞʥʦʛʦ 

ʪʠʧʫ, ʱʦ ʜʘʻ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʨʦʟʤʽʨ ʤʦʜʝʣʽ ʪʘ ʦʙʩʷʛ ʥʝʦʙʭʽʜʥʦʛʦ ʯʘʩʫ 

ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʤʦʜʝʣʶʚʘʥʥʷ. ʎʝ ʪʘʢʦʞ ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʙʨʘʥʦʛʦ ʤʝʪʦʜʫ 

ʨʽʰʝʥʥʷ, ʯʠʩʣʘ ʯʘʩʪʦʪ ʽ ʯʠʩʣʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʱʦ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ. 

ʇʽʩʣʷ ʧʦʙʫʜʦʚʠ ʛʝʦʤʝʪʨʠʯʥʦʾ ʤʦʜʝʣʽ ʤʦʞʣʠʚʝ ʝʣʝʢʪʨʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʪʨʫʢʪʫʨʠ ʧʨʠ ʧʦʩʪʧʨʦʮʝʩʦʨʥʽʡ ʦʙʨʦʙʮʽ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʫ, 

ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʢʚʘʜʨʠʬʽʣʷʨʥʦʾ ʘʥʪʝʥʠ (ʨʠʩ. 1). 

 

 
ʈʠʩ. 1. 
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ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ ʟʨʦʙʣʝʥʝ ʚʠʚʝʜʝʥʥʷ ʙʣʠʞʥʴʦʛʦ ʧʦʣʷ ʚ 

ʩʽʯʥʽʡ ʧʣʦʱʠʥʽ, ʘ ʪʘʢʦʞ ʚʠʚʝʜʝʥʥʷ ʩʪʨʫʤʽʚ ʪʘ ʟʘʨʷʜʽʚ ʥʘ ʤʝʪʘʣʝʚʽ ʧʦʚʝʨʭʥʽ ʜʣʷ 

ʢʚʘʜʨʠʬʽʣʷʨʥʦʾ ʘʥʪʝʥʠ (ʨʠʩ. 2). 

 

   
ʈʠʩ. 2. 

ɺʠʢʣʘʜʘʯʘʤʠ ʽ ʩʪʫʜʝʥʪʘʤʠ ʢʘʬʝʜʨʠ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ ʤʝʨʝʞ 

ʬʘʢʫʣʴʪʝʪʫ ʬʽʟʠʢʠ, ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʢʦʤʧôʶʪʝʨʥʠʭ ʩʠʩʪʝʤ ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ 

ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʥʘʚʯʘʣʴʥʦ-ʤʝʪʦʜʠʯʥʠʡ ʢʦʤʧʣʝʢʩ 

çʇʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʘʥʪʝʥʥʦ-ʬʽʜʝʨʥʠʭ ʧʨʠʩʪʨʦʾʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉɸʇʈè. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1.  www.emss.de 

2.  http://www.feko.info 

3. Dmitriy K. Mozgovoy, Vyacheslav I. Voloshin, Eugene I. Bushuev. 

Filtration of Radiometric Interference with a Space-Periodic Structure / 

Journal of Automation and Information Sciences, v36.i6.20, 2004. ï ʈ. 14-

22. https://doi.org/10.1615/JAutomatInfScien.v36.i6.20 

4. Dolinets, J., Mozgovoy, D. Training of specialists in the field of Earth remote 

sensing. // Acta Astronautica, ˉ64, 2009. - P. 75-80. 

https://doi.org/10.1016/j.actaastro.2008.06.006 

5. D.K. Mozgoviy, O.I. Parshina, V.I. Voloshin, Y.I. Bushuev. Remote Sensing 

and GIS Application for Environmental Monitoring and Accidents Control in 

Ukraine. Geographic Uncertainty in Environmental Security ï Dordrecht: 

Springer, 2007. ï P. 259-270. https://doi.org/10.1007/978-1-4020-6438-8_16 

http://www.emss.de/
http://www.feko.info/
https://doi.org/10.1615/JAutomatInfScien.v36.i6.20
https://doi.org/10.1016/j.actaastro.2008.06.006
https://doi.org/10.1007/978-1-4020-6438-8_16
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Bʀʂʆʈʀʉʊɸʅʅʗ ʄʋʃʔʊʀʉʇɽʂʊʈɸʃʔʅʀʍ ɼɸʅʀʍ PLEIADES -1A 

ɯ PLEIADES -1B 

ɸʥʦʪʘʮʽʷ. ʅʘʚʝʜʝʥʽ ʦʩʥʦʚʥʽ ʪʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʫʧʫʪʥʠʢʽʚ ʥʘʜʚʠʩʦʢʦʛʦ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʨʽʟʥʝʥʥʷ Pleiades-1A ʽ Pleiades-1B. ɺʠʟʥʘʯʝʥʽ  ʛʘʣʫʟʽ 

ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʠʭ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ ʟ ʮʠʭ 

ʩʫʧʫʪʥʠʢʽʚ. ʇʦʢʘʟʘʥʽ ʧʨʠʢʣʘʜʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʠʭ ʟʥʽʤʢʽʚ ʜʣʷ 

ʽʥʚʝʥʪʘʨʠʟʘʮʽʾ ʽ ʢʦʥʪʨʦʣʶ ʦʙ'ʻʢʪʽʚ ʙʫʜʽʚʥʠʮʪʚʘ, ʘ ʪʘʢʦʞ ʜʣʷ ʽʥʚʝʥʪʘʨʠʟʘʮʽʾ ʪʘ 

ʤʦʥʽʪʦʨʠʥʛʫ ʩʪʘʥʫ ʪʨʘʥʩʧʦʨʪʥʠʭ ʢʦʤʫʥʽʢʘʮʽʡ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʜʠʩʪʘʥʮʽʡʥʝ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ, ʩʫʧʫʪʥʠʢʠ ʥʘʜʚʠʩʦʢʦʛʦ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʨʽʟʥʝʥʥʷ, ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʽ ʟʥʽʤʢʠ.  
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USE OF MULTISPECTRAL DATA PLEIADES -1A  

AND PLEIADES -1B 

Annotation. The main technical characteristics of the ultra-high spatial resolution 

satellites Pleiades-1A and Pleiades-1B are given. The areas of practical use of remote 

sensing data from these satellites are determined. Examples of the use of 

multispectral images for inventory and control of construction sites, as well as for 

inventory and monitoring of the state of transport communications are shown. 

Keywords: remote sensing of the Earth, ultra-high spatial resolution satellites, 

multispectral images. 
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ʇʨʦʛʨʘʤʘ Pleiades High Resolution ʻ ʩʢʣʘʜʦʚʦʶ ʻʚʨʦʧʝʡʩʴʢʦʾ 

ʩʫʧʫʪʥʠʢʦʚʦʾ ʩʠʩʪʝʤʠ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ ʽ ʚʝʜʝʪʴʩʷ ʧʽʜ 

ʢʝʨʽʚʥʠʮʪʚʦʤ ʬʨʘʥʮʫʟʴʢʦʛʦ ʢʦʩʤʽʯʥʦʛʦ ʘʛʝʥʪʩʪʚʘ CNES. ɺʦʥʘ ʚʢʣʶʯʘʻ ʜʚʘ 

ʩʫʧʫʪʥʠʢʠ ʥʘʜʚʠʩʦʢʦʛʦ ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʨʽʟʥʝʥʥʷ Pleiades-1A ʽ Pleiades-1B ʟ 

ʦʜʥʘʢʦʚʠʤʠ ʪʝʭʥʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 

ʉʫʧʫʪʥʠʢʠ ʩʠʥʭʨʦʥʽʟʦʚʘʥʽ ʥʘ ʦʜʥʽʡ ʦʨʙʽʪʽ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʤʘʪʠ 

ʤʦʞʣʠʚʽʩʪʴ ʟʘʙʝʟʧʝʯʠʪʠ ʱʦʜʝʥʥʫ ʟʡʦʤʢʫ ʟʘʜʘʥʦʾ ʜʽʣʷʥʢʠ ʟʝʤʥʦʾ ʧʦʚʝʨʭʥʽ. 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʢʦʩʤʽʯʥʽ ʪʝʭʥʦʣʦʛʽʾ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ, ʪʘʢʽ, ʷʢ ʦʧʪʠʢʦ-

ʚʦʣʦʢʦʥʥʽ ʩʠʩʪʝʤʠ ʛʽʨʦʩʪʘʙʽʣʽʟʘʮʽʾ, ʢʦʩʤʽʯʥʽ ʘʧʘʨʘʪʠ Pleiades-1A ʽ Pleiades-1B 

ʤʘʶʪʴ ʙʝʟʧʨʝʮʝʜʝʥʪʥʫ ʤʘʥʝʚʨʝʥʽʩʪʴ. ɺʦʥʠ ʤʦʞʫʪʴ ʧʨʦʚʦʜʠʪʠ ʟʡʦʤʢʫ ʚ ʙʫʜʴ-

ʷʢʦʤʫ ʤʽʩʮʽ 800-ʢʽʣʦʤʝʪʨʦʚʦʾ ʩʤʫʛʠ ʤʝʥʰʝ ʥʽʞ ʟʘ 25 ʩʝʢʫʥʜ ʟ ʪʦʯʥʽʩʪʶ 

ʛʝʦʧʦʟʠʮʽʦʥʫʚʘʥʥʷ ʤʝʥʰʝ 3 ʤ (CE90) ʙʝʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʧʦʨʥʠʭ ʥʘʟʝʤʥʠʭ 

ʪʦʯʦʢ ʽ 1 ʤ - ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʟʝʤʥʠʭ ʪʦʯʦʢ. 

ɿʘʚʜʘʥʥʷ, ʱʦ ʚʠʨʽʰʫʶʪʴʩʷ: 

- ʩʪʚʦʨʝʥʥʷ ʪʘ ʦʥʦʚʣʝʥʥʷ ʪʦʧʦʛʨʘʬʽʯʥʠʭ ʪʘ ʩʧʝʮʽʘʣʴʥʠʭ ʢʘʨʪ ʪʘ ʧʣʘʥʽʚ; 

- ʽʥʚʝʥʪʘʨʠʟʘʮʽʷ ʽ ʢʦʥʪʨʦʣʴ ʦʙ'ʻʢʪʽʚ ʙʫʜʽʚʥʠʮʪʚʘ (ʨʠʩ. 1); 

 

 
ʈʠʩ. 1. 

- ʚʠʢʦʥʘʥʥʷ ʣʽʩʦʚʧʦʨʷʜʥʠʭ ʨʦʙʽʪ, ʽʥʚʝʥʪʘʨʠʟʘʮʽʷ ʪʘ ʦʮʽʥʢʘ ʩʪʘʥʫ ʣʽʩʽʚ; 

- ʽʥʚʝʥʪʘʨʠʟʘʮʽʷ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʫʛʽʜʴ, ʩʪʚʦʨʝʥʥʷ ʧʣʘʥʽʚ 

ʟʝʤʣʝʢʦʨʠʩʪʫʚʘʥʥʷ, ʪʦʯʥʝ ʟʝʤʣʝʨʦʙʩʪʚʦ; 
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- ʦʥʦʚʣʝʥʥʷ ʪʦʧʦʛʨʘʬʽʯʥʦʾ ʧʽʜʦʩʥʦʚʠ ʨʦʟʨʦʙʢʠ ʧʨʦʝʢʪʽʚ ʛʝʥʝʨʘʣʴʥʠʭ 

ʧʣʘʥʽʚ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʨʦʟʚʠʪʢʫ ʤʽʩʪ, ʩʭʝʤ ʪʝʨʠʪʦʨʽʘʣʴʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ 

ʤʫʥʽʮʠʧʘʣʴʥʠʭ ʨʘʡʦʥʽʚ; 

- ʽʥʚʝʥʪʘʨʠʟʘʮʽʷ ʪʘ ʤʦʥʽʪʦʨʠʥʛ ʩʪʘʥʫ ʪʨʘʥʩʧʦʨʪʥʠʭ, ʝʥʝʨʛʝʪʠʯʥʠʭ, 

ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʢʦʤʫʥʽʢʘʮʽʡ (ʨʠʩ. 2); 

 

 
ʈʠʩ. 2. 

- ʰʠʨʦʢʝ ʢʦʣʦ ʟʘʚʜʘʥʴ ʫ ʛʘʣʫʟʽ ʦʭʦʨʦʥʠ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. 

 

ɺʠʢʣʘʜʘʯʘʤʠ ʽ ʩʪʫʜʝʥʪʘʤʠ ʢʘʬʝʜʨʠ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ ʤʝʨʝʞ 

ʬʘʢʫʣʴʪʝʪʫ ʬʽʟʠʢʠ, ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʢʦʤʧôʶʪʝʨʥʠʭ ʩʠʩʪʝʤ ɼʥʽʧʨʦʚʩʴʢʦʛʦ 

ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʥʘʚʯʘʣʴʥʦ-

ʤʝʪʦʜʠʯʥʠʡ ʢʦʤʧʣʝʢʩ çɺʠʢʦʨʠʩʪʘʥʥʷ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʠʭ ʜʘʥʠʭ Pleiades-1A 

ʽ Pleiades-1Bè. 
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Bʀʂʆʈʀʉʊɸʅʅʗ OPENCV ɼʃʗ ɸɺʊʆʄɸʊʀɿʆɺɸʅʆɰ ʆɹʈʆɹʂʀ 

ɼɸʅʀʍ ɼɿɿ 

ɸʥʦʪʘʮʽʷ. ʅʘʚʝʜʝʥʽ ʦʩʥʦʚʥʽ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʤʦʞʣʠʚʦʩʪʽ ʙʽʙʣʽʦʪʝʢʠ ʬʫʥʢʮʽʡ ʪʘ 

ʘʣʛʦʨʠʪʤʽʚ ʦʙʨʦʙʢʠ ʟʦʙʨʘʞʝʥʴ OpenCV. ʇʦʢʘʟʘʥʽ ʧʨʠʢʣʘʜʠ ʝʬʝʢʪʠʚʥʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ OpenCV ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʦʙʨʦʙʢʠ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʠʭ 

ʩʫʧʫʪʥʠʢʦʚʠʭ ʟʥʽʤʢʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʜʠʩʪʘʥʮʽʡʥʝ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ, ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʽ 

ʩʫʧʫʪʥʠʢʦʚʽ ʟʥʽʤʢʠ, OpenCV, ʘʚʪʦʤʘʪʠʟʦʚʘʥʘ ʦʙʨʦʙʢʘ ʟʦʙʨʘʞʝʥʴ. 
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USING OPENCV FOR AUTOMATED PROCESSING 

OF REMOTE SENSING DATA  

Annotation. The main functionalities of the OpenCV image processing library of 

functions and algorithms are presented. Examples of effective use of OpenCV for 

automated processing of multispectral satellite images are shown. 

Keywords: remote sensing of the Earth, multispectral satellite images, OpenCV, 

automated image processing. 

 

ɼʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ɼɿɿ ʤʦʞʥʘ ʝʬʝʢʪʠʚʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʙʽʙʣʽʦʪʝʢʫ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʟʦʨʫ OpenCV. 

OpenCV (ʘʥʛʣ. Open Source Computer Vision Library) ï ʙʽʙʣʽʦʪʝʢʘ ʬʫʥʢʮʽʡ 

ʪʘ ʘʣʛʦʨʠʪʤʽʚ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʟʦʨʫ, ʦʧʨʘʮʶʚʘʥʥʷ ʟʦʙʨʘʞʝʥʴ ʽ ʯʠʩʝʣʴʥʠʭ 

ʘʣʛʦʨʠʪʤʽʚ ʟʘʛʘʣʴʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ ʟ ʚʽʜʢʨʠʪʠʤ ʢʦʜʦʤ.  
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ɿʘ ʜʦʧʦʤʦʛʦʶ OpenCV ʤʦʞʥʘ ʦʙʨʦʙʣʶʚʘʪʠ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʽ 

ʩʫʧʫʪʥʠʢʦʚʽ ʟʥʽʤʢʠ (ʨʠʩ. 1). 

 

 
ʈʠʩ. 1. 

ʊʘʢʦʞ ʤʦʞʥʘ ʚʠʢʦʥʫʚʘʪʠ ʧʨʦʮʝʜʫʨʠ ʥʝʣʽʥʽʡʥʦʾ ʬʽʣʴʪʨʘʮʽʾ (ʨʠʩ. 2). 

 

   
ʈʠʩ. 2. 
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ʎʝ ʜʦʟʚʦʣʷʻ ʧʦʚʥʽʩʪʶ ʘʚʪʦʤʘʪʠʟʫʚʘʪʠ ʧʨʦʮʝʩ ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʷʢ 

ʧʨʠʨʦʜʥʠʭ, ʪʘʢ ʽ ʘʥʪʨʦʧʦʛʝʥʥʠʭ ʦʙôʻʢʪʽʚ (ʨʠʩ. 3). 

 

 
ʈʠʩ. 3. 

OpenCV ʥʘʜʘʻ ʟʘʩʦʙʠ ʜʣʷ ʦʧʨʘʮʶʚʘʥʥʷ ʽ ʘʥʘʣʽʟʫ ʚʤʽʩʪʫ ʟʦʙʨʘʞʝʥʴ, ʫ ʪʦʤʫ ʯʠʩʣʽ 

ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʦʙôʻʢʪʽʚ ʥʘ ʟʥʽʤʢʘʭ, ʧʝʨʝʪʚʦʨʝʥʥʷ ʟʦʙʨʘʞʝʥʴ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ 

ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʽ ʚʠʷʚʣʝʥʥʷ ʟʘʛʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʨʽʟʥʠʭ ʟʦʙʨʘʞʝʥʥʷʭ. ɹʽʙʣʽʦʪʝʢʘ 

OpenCV ʤʽʩʪʠʪʴ ʧʦʥʘʜ 2000 ʦʧʪʠʤʽʟʦʚʘʥʠʭ ʘʣʛʦʨʠʪʤʽʚ, ʩʝʨʝʜ ʷʢʠʭ ʚʝʣʠʢʠʡ ʥʘʙʽʨ ʷʢ 

ʢʣʘʩʠʯʥʠʭ, ʪʘʢ ʽ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʽ ʦʙʨʦʙʢʠ ʟʦʙʨʘʞʝʥʴ, 

ʷʢʽ ʤʦʞʥʘ ʝʬʝʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ɼɿɿ. 

ɹʽʙʣʽʦʛʨʘʬʽʯʥʽ ʧʦʩʠʣʘʥʥʷ 

1.  https://opencv.org 
2. Dolinets, J., Mozgovoy, D. Training of specialists in the field of Earth remote 

sensing. // Acta Astronautica, ˉ64, 2009. - P. 75-80. 

https://doi.org/10.1016/j.actaastro.2008.06.006 

3. D.K. Mozgoviy, O.I. Parshina, V.I. Voloshin, Y.I. Bushuev. Remote Sensing 

and GIS Application for Environmental Monitoring and Accidents Control in 

Ukraine.ï Dordrecht: Springer, 2007. ï P. 259-270. 

https://doi.org/10.1007/978-1-4020-6438-8_16 

4. Dmitriy K. Mozgovoy, Vyacheslav I. Voloshin, Eugene I. Bushuev. 

Filtration of Radiometric Interference with a Space-Periodic Structure / 

Journal of Automation and Information Sciences, v36.i6.20, 2004. ï ʈ. 14-

22. https://doi.org/10.1615/JAutomatInfScien.v36.i6.20 

https://opencv.org/
https://doi.org/10.1016/j.actaastro.2008.06.006
https://doi.org/10.1007/978-1-4020-6438-8_16
https://doi.org/10.1615/JAutomatInfScien.v36.i6.20
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Cɽɿʆʅʅɸ ʂʆʈɽʃʗʎɯʗ ʉʇɽʂʊʈɸʃʔʅʀʍ ɺɽɻɽʊɸʎɯʁʅʀʍ 

ɯʅɼɽʂʉɯɺ ʊɸ ɺʄɯʉʊʋ ʍʃʆʈʆʌɯʃʋ ɺ ɻʆʈʆɹʀʅʀ ʇʈʆʄɯɾʅʆɰ 

(SORBUS INTERMEDIA) ɿɸ ɼɸʅʀʄʀ ʄʋʃʔʊʀʉʇɽʂʊʈɸʃʔʅʆɰ 

ɿʁʆʄʂʀ 

ɸʥʦʪʘʮʽʷ. ʄʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʘ ʟʡʦʤʢʘ ʜʝʨʝʚ ʜʦʟʚʦʣʷʻ ʦʮʽʥʶʚʘʪʠ ʟʤʽʥʠ ʫ 

ʚʤʽʩʪʽ ʭʣʦʨʦʬʽʣʫ ʙʝʟ ʚʧʣʠʚʫ ʥʘ ʦʨʛʘʥʽʟʤ ʨʦʩʣʠʥ. ɺʩʪʘʥʦʚʣʝʥʥʷ ʥʘʜʽʡʥʠʭ 

ʢʽʣʴʢʽʩʥʠʭ ʟʚ'ʷʟʢʽʚ ʤʽʞ ʚʝʛʝʪʘʮʽʡʥʠʤʠ ʽʥʜʝʢʩʘʤʠ (ɺɯ) ʪʘ ʚʤʽʩʪʦʤ ʭʣʦʨʦʬʽʣʫ 

ʫʤʦʞʣʠʚʣʶʻ ʦʧʝʨʘʪʠʚʥʠʡ ʥʝʽʥʚʘʟʠʚʥʠʡ ʤʦʥʽʪʦʨʠʥʛ ʬʽʟʽʦʣʦʛʽʯʥʦʛʦ ʩʪʘʥʫ 

ʜʝʨʝʚʘ ʙʝʟ ʣʘʙʦʨʘʪʦʨʥʠʭ ʘʥʘʣʽʟʽʚ. ʋ ʨʦʙʦʪʽ [1] ʚʽʜʽʙʨʘʥʦ 19 ɺɯ ʜʣʷ ʫʤʦʚ 

ʩʪʝʧʦʚʦʾ ʟʦʥʠ; ʤʝʪʘ ð ʢʽʣʴʢʽʩʥʘ ʦʮʽʥʢʘ ʩʝʟʦʥʥʠʭ ʢʦʨʝʣʷʮʽʡ ʤʽʞ ɺɯ ʪʘ ʚʤʽʩʪʦʤ 

ʭʣʦʨʦʬʽʣʫ ʛʦʨʦʙʠʥʠ ʧʨʦʤʽʞʥʦʾ (Sorbus intermedia Ehrh. Pers., 1806) ʟʘ 

ʧʦʣʴʦʚʠʤʠ ʜʘʥʠʤʠ 2025 ʨ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʝʛʝʪʘʮʽʡʥʽ ʽʥʜʝʢʩʠ, ʭʣʦʨʦʬʽʣ, ʛʦʨʦʙʠʥʘ, ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʘ 

ʟʡʦʤʢʘ, ʤʘʩʢʫʚʘʥʥʷ ʢʨʦʥʠ, ʜʠʩʪʘʥʮʽʡʥʠʡ ʤʦʥʽʪʦʨʠʥʛ. 
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SEASONAL CORRELATION BETWEEN SPECTRAL VEGETATION 

INDICES AND CHLOROPHYLL CONTENT IN SWEDISH WHITEBEAM 

(SORBUS INTERMEDIA) BASED ON MULTISPECTRAL IMAGERY  

Annotation. Multispectral imaging of trees enables non-destructive assessment of 

chlorophyll content changes without any impact on plant physiology. Establishing reliable 

quantitative relationships between vegetation indices (VIs) and chlorophyll content allows for 

rapid, non-invasive monitoring of tree physiological condition without laboratory analysis. In 

a previous study [1], 19 VIs were selected for steppe-zone conditions; the goal of the present 

work is to quantify seasonal correlations between VIs and chlorophyll content in Swedish 

whitebeam (Sorbus intermedia Ehrh. Pers., 1806) based on field data collected in 2025. 

Keywords: vegetation indices, chlorophyll, Sorbus intermedia, multispectral imaging, crown 

masking, remote monitoring. 

 
ʄʝʪʦʜʠ. ɿʡʦʤʢʫ ʚʠʢʦʥʫʚʘʣʠ ʩʝʥʩʦʨʦʤ Parrot Sequoia+ (ʢʘʥʘʣʠ: Green 550, Red 660, 

Red Edge 735, NIR 790 ʥʤ) ʟʽ ʩʪʘʮʽʦʥʘʨʥʦʾ ʱʦʛʣʠ 4,5 ʤ ʥʘ 2-ʛʘ ʜʽʣʷʥʮʽ ʛʦʨʦʙʠʥʠ ʫ ʤ. 

ɼʥʽʧʨʦ (VIïX 2025). Chl ʚʠʟʥʘʯʘʣʠ ʙʽʦʭʽʤʽʯʥʦ (ʝʢʩʪʨʘʢʮʽʷ, 665/649 ʥʤ) ʜʣʷ 25 ʜʝʨʝʚ 

(n=69); ʟ ʩʝʨʧʥʷ ð ʤʘʩʢʫʚʘʥʥʷ ʟʦʥʠ ʢʨʦʥʠ ʫ ɻɯʉ (n=21). ʂʦʨʝʣʷʮʽʡʥʠʡ ʘʥʘʣʽʟ ʜʣʷ 19 ɺɯ 

Ĭ 7 ʧʦʢʘʟʥʠʢʽʚ Chl. 

ʈʝʟʫʣʴʪʘʪʠ. ɿʘ ʧʦʚʥʦʶ ʚʠʙʽʨʢʦʶ (n=69) ʥʘʡʚʠʱʽ RĮ ʜʣʷ Chl (a+b) ʧʦʢʘʟʘʣʠ 

GNDVI, TCARI/OSAVI, ARVI2 ʪʘ TNDVI (0,19ï0,25). TVI ʟ ʤʘʩʢʫʚʘʥʥʷʤ ʢʨʦʥʠ (n=21) 

ʜʦʩʷʛ RĮ=0,27. 

ɸʥʘʣʽʟ ʢʦʨʝʣʷʮʽʡʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ. ɿ 19 ʧʨʦʘʥʘʣʽʟʦʚʘʥʠʭ ɺɯ ʩʪʘʪʠʩʪʠʯʥʦ ʟʥʘʯʫʱʽ 

ʢʦʨʝʣʷʮʽʾ ʟ Chl (a+b) (p<0,05) ʚʠʷʚʣʝʥʦ ʜʣʷ 12 ʽʥʜʝʢʩʽʚ. ʅʘʡʚʠʱʠʡ ʨʽʚʝʥʴ ʢʦʨʝʣʷʮʽʾ 

ʜʝʤʦʥʩʪʨʫʻ TVI ʫ ʧʽʜʚʠʙʽʨʮʽ ʟ ʤʘʩʢʫʚʘʥʥʷʤ ʢʨʦʥʠ (rP=+0,52, rS=+0,59), ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʦʯʥʦʛʦ ʚʠʜʽʣʝʥʥʷ ʟʦʥʠ ʢʨʦʥʠ.  ɯʥʜʝʢʩʠ ʥʘ ʦʩʥʦʚʽ ʚʽʜʥʦʰʝʥʥʷ NIR ʜʦ Red-

ʢʘʥʘʣʽʚ ð GNDVI, ARVI2, TNDVI, NDVI, CIgreen, CVI ð ʬʦʨʤʫʶʪʴ ʩʪʘʙʽʣʴʥʫ ʛʨʫʧʫ ʟ 

rP=0,44ï0,46 (p<0,001) ʪʘ rS=0,49ï0,61. ʅʦʨʤʘʣʽʟʦʚʘʥʽ ʽʥʜʝʢʩʠ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ 

ʷʩʢʨʘʚʽʩʪʴ ˇʨʫʥʪʫ (SAVI, MSAVI, EVI2, GOSAVI, GSAVI), ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʥʠʟʴʢʽ 

ʘʙʦ ʥʝʟʥʘʯʫʱʽ ʢʦʨʝʣʷʮʽʾ, ʱʦ ʤʦʞʝ ʙʫʪʠ ʧʦʚ'ʷʟʘʥʦ ʟ ʜʦʤʽʥʫʚʘʥʥʷʤ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʠʛʥʘʣʫ 

ˇʨʫʥʪʫ ʥʘ ʨʦʟʨʽʜʞʝʥʽʡ ʜʽʣʷʥʮʽ ʙʝʟ ʤʘʩʢʫʚʘʥʥʷ ʢʨʦʥʠ. TCARI/OSAVI ʤʘʻ ʚʽʜ'̒ ʤʥʫ 

ʟʥʘʯʫʱʫ ʢʦʨʝʣʷʮʽʶ (rP=ï0,46), ʦʩʢʽʣʴʢʠ ̔ ʥʜʝʢʩ ʨʦʟʨʦʙʣʝʥʦ ʜʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʚʧʣʠʚʫ ̌ ʨʫʥʪʫ 

 ̔ʟʘ ʟʨʦʩʪʘʥʥʷ ʭʣʦʨʦʬʽʣʫ ʡʦʛʦ ʟʥʘʯʝʥʥʷ ʟʥʠʞʫʻʪʴʩʷ. ʇʦʨʽʚʥʷʥʥʷ ʮʽʣʴʦʚʠʭ ʟʤʽʥʥʠʭ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1. 
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ʈʠʩ. 1. ʂʦʝʬʽʮʽʻʥʪʠ ʢʦʨʝʣʷʮʽʾ ʇʽʨʩʦʥʘ (rP) ʪʦʧ-10 ɺɯ ʟ Chl (a+b), ɼ649 ʪʘ 

ɼ665 (n=69); ʰʪʨʠʭʫʚʘʥʥʷ ð TVI (n=21); *** p<0,001; ** p<0,01; * p<0,05 

 

ʇʦʨʽʚʥʷʥʥʷ ʮʽʣʴʦʚʠʭ ʟʤʽʥʥʠʭ. ʋʩʽ ʪʨʠ ʧʦʢʘʟʥʠʢʠ ð Chl (a+b), ɼ649 ʪʘ 

ɼ665 ð ʜʝʤʦʥʩʪʨʫʶʪʴ ʩʭʦʞʽ ʨʽʚʥʽ ʢʦʨʝʣʷʮʽʾ ʟ ɺɯ (ʨʠʩ. 2). ɼ649 ʚʽʜʦʙʨʘʞʘʻ 

ʩʫʤʘʨʥʝ ʧʦʛʣʠʥʘʥʥʷ ʦʙʦʭ ʧʽʛʤʝʥʪʽʚ (ʭʣʦʨʦʬʽʣʽʚ a ʽ b) ʽ ʜʝʱʦ ʧʝʨʝʚʠʱʫʻ 

ʢʦʨʝʣʷʮʽʶ ɼ665 ʜʣʷ ʙʽʣʴʰʦʩʪʽ ʽʥʜʝʢʩʽʚ, ʱʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʚʠʱʦʶ ʯʫʪʣʠʚʽʩʪʶ 

ʩʤʫʛʠ 649 ʥʤ ʜʦ ʚʤʽʩʪʫ ʭʣʦʨʦʬʽʣʫ b. ɺʠʢʦʨʠʩʪʘʥʥʷ ʽʥʪʝʛʨʘʣʴʥʦʛʦ Chl (a+b) ̒  

ʧʨʽʦʨʠʪʝʪʥʠʤ ʜʣʷ ʧʨʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

ʆʙʛʦʚʦʨʝʥʥʷ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ ʜʘʥʠʤʠ [2], ʜʝ 

TCARI/OSAVI ʧʦʢʘʟʘʚ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ ʜʦ Chl ʣʠʩʪʢʽʚ ʫ ʧʦʣʴʦʚʠʭ ʫʤʦʚʘʭ, 

ʘʣʝ ʜʝʤʦʥʩʪʨʫʚʘʚ ʚʽʜ'ʻʤʥʽ ʢʦʨʝʣʷʮʽʾ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʙʝʟ ʤʘʩʢʫʚʘʥʥʷ ʬʦʥʫ ʟʘ 

ʤʝʞʦʶ ʢʨʦʥ. ʅʘʜʽʡʥʽʩʪʴ GNDVI ʪʘ CIgreen ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʨʦʙʦʪʘʤʠ [3, 4], 

ʜʝ ʮʽ ʽʥʜʝʢʩʠ ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʜʣʷ ʦʮʽʥʢʠ ʚʤʽʩʪʫ ʭʣʦʨʦʬʽʣʫ ʚ ʜʝʨʝʚʥʠʭ 

ʥʘʩʘʜʞʝʥʥʷʭ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʤʘʩʢʫʚʘʥʥʷ ʢʨʦʥʠ ʻ ʚʠʨʽʰʘʣʴʥʠʤ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʾʭ ʪʦʯʥʦʩʪʽ, ʱʦ ʜʝʤʦʥʩʪʨʫʻ ʧʽʜʚʠʙʽʨʢʘ TVI (n=21). 

ʆʙʤʝʞʝʥʥʷ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ. ʆʩʥʦʚʥʝ ʦʙʤʝʞʝʥʥʷ ð ʚʽʜʩʫʪʥʽʩʪʴ 

ʤʘʩʢʫʚʘʥʥʷ ʢʨʦʥʠ ʜʣʷ ʯʘʩʪʠʥʠ ʩʝʟʦʥʥʦʾ ʚʠʙʽʨʢʠ (VIïVII, n=48), ʱʦ ʟʥʠʞʫʻ 

ʟʘʛʘʣʴʥʫ ʪʦʯʥʽʩʪʴ ʨʝʛʨʝʩʽʡʥʠʭ ʤʦʜʝʣʝʡ. ʋ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ 

ʧʣʘʥʫʻʪʴʩʷ ʧʦʚʥʝ ʤʘʩʢʫʚʘʥʥʷ ʢʨʦʥʠ ʜʣʷ ʚʩʽʻʾ ʚʠʙʽʨʢʠ, ʚʢʣʶʯʝʥʥʷ ʽʥʜʝʢʩʽʚ Red 

Edge ʪʘ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʟ ʘʚʽʘʮʽʡʥʠʤʠ ʪʘ ʥʘʟʝʤʥʠʤʠ ʟʘʤʽʨʘʤʠ. 

ɺʠʩʥʦʚʢʠ: 1. ɿ 19 ʧʨʦʘʥʘʣʽʟʦʚʘʥʠʭ ɺɯ 12 ʧʦʢʘʟʘʣʠ ʩʪʘʪʠʩʪʠʯʥʦ ʟʥʘʯʫʱʫ 

(p<0,05) ʢʦʨʝʣʷʮʽʶ ʟ ʚʤʽʩʪʦʤ ʭʣʦʨʦʬʽʣʫ ʛʦʨʦʙʠʥʠ; ʥʘʡʚʠʱʠʡ ʨʽʚʝʥʴ (rPÓ0,44, 

p<0,001) ð ʫ GNDVI, ARVI2, TNDVI, NDVI, CIgreen ʪʘ CVI.  2. ʄʘʩʢʫʚʘʥʥʷ 

ʟʦʥʠ ʢʨʦʥʠ ʫ ɻɯʉ (ʩʝʨʧʝʥʴïʞʦʚʪʝʥʴ, n=21) ʧʽʜʚʠʱʠʣʦ RĮ TVI ʟ ~0,19 ʜʦ 0,27, 

ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʚʠʨʽʰʘʣʴʥʫ ʨʦʣʴ ʪʦʯʥʦʛʦ ʚʠʜʽʣʝʥʥʷ ʢʨʦʥʠ ʧʨʠ 

ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʦʤʫ ʤʦʥʽʪʦʨʠʥʛʫ ʜʝʨʝʚʥʦʾ ʨʦʩʣʠʥʥʦʩʪʽ ʥʘ ʨʦʟʨʽʜʞʝʥʠʭ 

ʜʽʣʷʥʢʘʭ.  3. ɯʥʪʝʛʨʘʣʴʥʠʡ Chl (a+b) ̒  ʧʨʽʦʨʠʪʝʪʥʠʤ ʮʽʣʴʦʚʠʤ ʧʦʢʘʟʥʠʢʦʤ 

ʤʦʥʽʪʦʨʠʥʛʫ; ɼ649 ʧʝʨʝʚʘʞʘʻ ɼ665 ʷʢ ʧʨʝʜʠʢʪʠʚʥʘ ʟʤʽʥʥʘ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ 

ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʨʦʟʨʦʙʢʠ ʧʦʣʴʦʚʠʭ ʧʨʦʪʦʢʦʣʽʚ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʦʙʣʽʢʫ ʭʣʦʨʦʬʽʣʫ ʛʦʨʦʙʠʥʠ ʫ ʩʪʝʧʦʚʽʡ ʟʦʥʽ. 
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CAPABILITIES OF MODERN REMOTE SENDING RADAR 

SATELLITES  

Annotation. The advantages of radar satellite imaging compared to multispectral 

imaging in the visible and infrared ranges are presented. Examples of the effective 

use of dual-polarization radar satellite imaging are shown to determine temporal 

changes in the shoreline of a water body during drought, to determine the dynamics 

of deforestation, and to detect metal industrial structures. 

Keywords: remote sensing of the Earth, space-based radar systems, onboard radars 

with a synthesized aperture. 
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ʇʨʦʪʷʛʦʤ ʦʩʪʘʥʥʽʭ 10 ʨʦʢʽʚ ʥʘ ʦʨʙʽʪʫ ʙʫʣʦ ʚʠʚʝʜʝʥʦ ʧʦʥʘʜ 40 ʩʫʧʫʪʥʠʢʽʚ 

ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ (ɼɿɿ) ʚʠʩʦʢʦʛʦ ʪʘ ʩʝʨʝʜʥʴʦʛʦ ʧʨʦʩʪʦʨʦʚʦʛʦ 

ʨʦʟʨʽʟʥʝʥʥʷ, ʷʢʽ ʤʘʶʪʴ ʙʦʨʪʦʚʽ ʨʘʜʘʨʠ ʽʟ ʩʠʥʪʝʟʦʚʘʥʦʶ ʘʧʝʨʪʫʨʦʶ, ʱʦ 

ʧʨʘʮʶʶʪʴ ʫ L-, S-, ʉ- ʪʘ ʍ-ʜʽʘʧʘʟʦʥʘʭ. 

ʎʽ ʩʫʧʫʪʥʠʢʠ ʦʩʪʘʥʥʽʤʠ ʨʦʢʘʤʠ ʚʞʝ ʜʦʩʠʪʴ ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ 

ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʨʽʰʝʥʥʷ ʙʘʛʘʪʴʦʭ ʘʢʪʫʘʣʴʥʠʭ ʥʘʫʢʦʚʦ-ʧʨʠʢʣʘʜʥʠʭ ʪʘ 

ʥʘʨʦʜʥʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʟʘʚʜʘʥʴ. ʎʝ ʟʫʤʦʚʣʝʥʦ ʪʠʤ, ʱʦ ʨʘʜʘʨʥʘ ʩʫʧʫʪʥʠʢʦʚʘ 

ʟʡʦʤʢʘ ʚ L-, ʉ- ʽ ʍ-ʜʽʘʧʘʟʦʥʘʭ ʻ ʝʬʝʢʪʠʚʥʦʶ ʟʘʤʽʥʦʶ ʘʙʦ ʜʦʧʦʚʥʝʥʥʷʤ ʜʣʷ 

ʙʽʣʴʰ ʧʦʰʠʨʝʥʦʾ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʦʾ ʟʡʦʤʢʠ ʫ ʚʠʜʠʤʦʤʫ ʪʘ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ 

ʜʽʘʧʘʟʦʥʘʭ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʙʽʣʴʰ ʦʧʝʨʘʪʠʚʥʦ ʦʪʨʠʤʫʚʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ 

ʥʘʟʝʤʥʽ ʦʙ'ʻʢʪʠ ʥʘʚʽʪʴ ʟʘ ʥʘʷʚʥʦʩʪʽ ʩʝʨʝʜʥʴʦʾ ʪʘ ʱʽʣʴʥʦʾ ʭʤʘʨʥʦʩʪʽ, ʘ ʪʘʢʦʞ 

ʚʥʦʯʽ ʽ ʟʘ ʫʤʦʚ ʥʝʜʦʩʪʘʪʥʴʦʛʦ ʦʩʚʽʪʣʝʥʥʷ. 

ɺʨʘʭʦʚʫʶʯʠ ʚʠʱʝʥʘʚʝʜʝʥʝ, ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʩʝʧʦʛʦʜʥʦʛʦ 

ʩʫʧʫʪʥʠʢʦʚʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ ʜʠʥʘʤʽʢʠ ʨʦʟʚʠʪʢʫ ʨʽʟʥʠʭ ʧʨʠʨʦʜʥʠʭ ʽ 

ʘʥʪʨʦʧʦʛʝʥʥʠʭ ʷʚʠʱ, ʘ ʪʘʢʦʞ ʦʮʽʥʢʠ ʾʭ ʥʘʩʣʽʜʢʽʚ, ʧʦʨʷʜ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʩʫʧʫʪʥʠʢʦʚʠʭ ʟʥʽʤʢʽʚ ʫ ʚʠʜʠʤʦʤʫ ʪʘ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ ʜʽʘʧʘʟʦʥʘʭ, ʜʦʮʽʣʴʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʚʦʧʦʣʷʨʠʟʘʮʽʡʥʽ ʜʘʥʽ ʨʘʜʘʨʥʦʾ ʟʡʦʤʢʠ, ʦʪʨʠʤʘʥʽ ʟ ʩʫʯʘʩʥʠʭ 

ʩʫʧʫʪʥʠʢʽʚ ɼɿɿ. 

ʅʘ ʨʠʩ. 1 ʥʘʚʝʜʝʥʠʡ ʧʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʚʦʧʦʣʷʨʠʟʘʮʽʡʥʦʾ ʨʘʜʘʨʥʦʾ 

ʩʫʧʫʪʥʠʢʦʚʦʾ ʟʡʦʤʢʠ ʚ ʉ-ʜʽʘʧʘʟʦʥʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʯʘʩʦʚʠʭ ʟʤʽʥ ʙʝʨʝʛʦʚʦʾ ʣʽʥʽʾ 

ʚʦʜʦʡʤʠ ʧʽʜ ʯʘʩ ʧʦʩʫʭʠ. 

 

 
ʈʠʩ. 1. 

ʅʘ ʨʠʩ. 2 ʥʘʚʝʜʝʥʠʡ ʧʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʚʦʧʦʣʷʨʠʟʘʮʽʡʥʦʾ ʨʘʜʘʨʥʦʾ 

ʩʫʧʫʪʥʠʢʦʚʦʾ ʟʡʦʤʢʠ ʚ L-ʜʽʘʧʘʟʦʥʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʜʠʥʘʤʽʢʠ ʚʠʨʫʙʫʚʘʥʥʷ 

ʣʽʩʽʚ. 

ʅʘ ʨʠʩ. 3 ʥʘʚʝʜʝʥʠʡ ʧʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʚʦʧʦʣʷʨʠʟʘʮʽʡʥʦʾ ʨʘʜʘʨʥʦʾ 

ʩʫʧʫʪʥʠʢʦʚʦʾ ʟʡʦʤʢʠ ʚ ʉ-ʜʽʘʧʘʟʦʥʽ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʤʝʪʘʣʝʚʠʭ ʧʨʦʤʠʩʣʦʚʠʭ 

ʩʧʦʨʫʜ. 

ɺʠʢʣʘʜʘʯʘʤʠ  ̔ʘʩʧʽʨʘʥʪʘʤʠ ʢʘʬʝʜʨʠ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ ʤʝʨʝʞ 

ʬʘʢʫʣʴʪʝʪʫ ʬʽʟʠʢʠ, ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʢʦʤʧôʶʪʝʨʥʠʭ ʩʠʩʪʝʤ ɼʥʽʧʨʦʚʩʴʢʦʛʦ 
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ʥʘʮʽʦʥʘʣʴʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʥʘʚʯʘʣʴʥʦ-

ʤʝʪʦʜʠʯʥʠʡ ʢʦʤʧʣʝʢʩ çɸʚʪʦʤʘʪʠʟʦʚʘʥʘ ʦʙʨʦʙʢʘ ʨʘʜʘʨʥʠʭ ʜʘʥʠʭ 

ʨʘʜʽʦʣʦʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ɼɿɿè. 

 

 
ʈʠʩ. 2. 
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ʦʙôʻʢʪʽʚ ʰʣʷʭʦʤ ʦʙʯʠʩʣʝʥʥʷ ʥʦʨʤʘʣʽʟʦʚʘʥʠʭ ʨʽʟʥʠʮʝʚʠʭ ʽʥʜʝʢʩʥʠʭ ʟʦʙʨʘʞʝʥʴ 

NDVI ʽ NDWI ʟʘ ʤʫʣʴʪʠʩʧʝʪʨʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ɼɿɿ ʟ ʩʫʧʫʪʥʠʢʽʚ ʚʠʩʦʢʦʛʦ 

(Jilin-1) ʪʘ ʩʝʨʝʜʥʴʦʛʦ (Sentinel-2A) ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʨʽʟʥʝʥʥʷ. 
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MULTIPURPOSE USE OF INFRARED REMOTE SENSING DATA  

Annotation. The results of automatic extraction of water and vegetation objects by 

calculating normalized difference index images NDVI and NDWI from 

multispectral remote sensing data from high (Jilin-1) and medium (Sentinel-2A) 

spatial resolution satellites are presented. 

Keywords: remote sensing of the Earth, normalized difference index, NDVI, 

NDWI, Jilin-1,Sentinel-2A. 

 

ɹʽʣʴʰʽʩʪʴ ʩʫʯʘʩʥʠʭ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʠʭ ʦʧʪʠʢʦ-ʝʣʝʢʪʨʦʥʥʠʭ ʩʫʧʫʪʥʠʢʽʚ 

ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ (ɼɿɿ) ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʥʫʚʘʪʠ ʟʡʦʤʢʫ ʥʝ 

ʪʽʣʴʢʠ ʫ ʚʠʜʠʤʦʤʫ ʜʽʘʧʘʟʦʥʽ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʭʚʠʣʴ, ʘʣʝ ʪʘʢʦʞ ʽ ʫ 

ʙʣʠʞʥʴʦʤʫ, ʩʝʨʝʜʥʴʦʤʫ ʽ ʜʘʣʝʢʦʤʫ ʽʥʬʨʘʯʝʨʚʦʥʦʤʫ (ɯʏ) ʜʽʘʧʘʟʦʥʘʭ. 
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ʎʝ ʜʦʟʚʦʣʷʻ ʦʙʯʠʩʣʶʚʘʪʠ ʨʽʟʥʦʤʘʥʽʪʥʽ ʩʪʘʥʜʘʨʪʥʽ ʥʦʨʤʘʣʽʟʦʚʘʥʽ 

ʨʽʟʥʠʮʝʚʽ ʽʥʜʝʢʩʠ (ʽʥʜʝʢʩʥʽ ʟʦʙʨʘʞʝʥʥʷ). ʉʝʨʝʜ ʥʠʭ ʥʘʡʙʽʣʴʰ ʚʽʜʦʤʽ 

ʥʦʨʤʘʣʽʟʦʚʘʥʽ ʽʥʜʝʢʩʠ ʨʦʩʣʠʥʥʦʩʪʽ (NDVI) ʽ ʚʦʜʠ (NDWI). 

ɯʥʜʝʢʩʥʽ ʟʦʙʨʘʞʝʥʥʷ NDVI (Normalized Difference Vegetation Index) 

ʜʦʟʚʦʣʷʶʪʴ ʚʠʜʽʣʠʪʠ ʥʘ ʩʫʧʫʪʥʠʢʦʚʦʤʫ ʟʥʽʤʢʫ ʨʦʩʣʠʥʥʽ ʦʙ'ʻʢʪʠ ʟʘ 

ʩʧʝʢʪʨʘʣʴʥʠʤʠ ʢʘʥʘʣʘʤʠ ʙʣʠʞʥʴʦʛʦ ɯʏ (NIR) ʪʘ ʚʠʜʠʤʦʛʦ ʯʝʨʚʦʥʦʛʦ (Red) 

ʜʽʘʧʘʟʦʥʽʚ. ɺʦʥʠ ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 

NDVI  = (NIR - Red)/(NIR + Red). 

ɯʥʜʝʢʩʥʽ ʟʦʙʨʘʞʝʥʥʷ NDWI (Normalized Difference Water Index) 

ʜʦʟʚʦʣʷʶʪʴ ʚʠʜʽʣʠʪʠ ʥʘ ʩʫʧʫʪʥʠʢʦʚʦʤʫ ʟʥʽʤʢʫ ʚʦʜʥʽ ʦʙ'ʻʢʪʠ ʟʘ ʩʧʝʢʪʨʘʣʴʥʠʤʠ 

ʢʘʥʘʣʘʤʠ ʙʣʠʞʥʴʦʛʦ ɯʏ (NIR) ʪʘ ʚʠʜʠʤʦʛʦ ʟʝʣʝʥʦʛʦ (Green) ʜʽʘʧʘʟʦʥʽʚ. ɺʦʥʠ 

ʨʦʟʨʘʭʦʚʫʶʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 

NDWI = (Green - NIR)/(Green + NIR). 

ɼʘʥʽ ʬʦʨʤʫʣʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʩʫʪʪʻʚʫ ʚʽʜʤʽʥʥʽʩʪʴ ʢʦʝʬʽʮʽʻʥʪʽʚ 

ʚʽʜʦʙʨʘʞʝʥʥʷ (ʘʣʴʙʝʜʦ) ʫ ʩʧʝʢʪʨʘʣʴʥʠʭ ʢʘʥʘʣʘʭ ʙʣʠʞʥʴʦʛʦ ɯʏ ʪʘ ʚʠʜʠʤʦʛʦ 

ʜʽʘʧʘʟʦʥʽʚ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʦʜʥʽʡ ʧʦʚʝʨʭʥʽ ʪʘ ʩʫʰʽ. 

ʎʝ ʜʦʟʚʦʣʷʻ ʘʚʪʦʤʘʪʠʯʥʦ ʚʠʜʽʣʷʪʠ ʥʘ ʤʫʣʴʪʠʩʧʝʪʨʘʣʴʥʠʭ ʩʫʧʫʪʥʠʢʦʚʠʭ 

ʟʥʽʤʢʘʭ ʚʦʜʥʽ ʪʘ ʨʦʩʣʠʥʥʽ ʦʙôʻʢʪʠ. 

 

ʅʘ ʨʠʩ. 1 ʪʘ ʨʠʩ. 2 ʥʘʚʝʜʝʥʽ ʧʨʠʢʣʘʜʠ ʦʙʯʠʩʣʝʥʥʷ ʽʥʜʝʢʩʥʠʭ ʟʦʙʨʘʞʝʥʴ 

NDVI ʽ NDWI ʟʘ ʜʘʥʠʤʠ ɼɿɿ ʟ ʩʫʧʫʪʥʠʢʽʚ ʚʠʩʦʢʦʛʦ (Jilin-1) ʪʘ ʩʝʨʝʜʥʴʦʛʦ 

(Sentinel-2A) ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʨʽʟʥʝʥʥʷ. 

 

 
ʈʠʩ. 1. 
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ʈʠʩ. 2. 

ɺʠʢʣʘʜʘʯʘʤʠ  ̔ ʘʩʧʽʨʘʥʪʘʤʠ ʢʘʬʝʜʨʠ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʪʘ ʤʝʨʝʞ 

ʬʘʢʫʣʴʪʝʪʫ ʬʽʟʠʢʠ, ʝʣʝʢʪʨʦʥʽʢʠ ʪʘ ʢʦʤʧôʶʪʝʨʥʠʭ ʩʠʩʪʝʤ ɼʥʽʧʨʦʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ 

ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʥʘʚʯʘʣʴʥʦ-ʤʝʪʦʜʠʯʥʠʡ ʢʦʤʧʣʝʢʩ 

çɸʚʪʦʤʘʪʠʟʦʚʘʥʘ ʦʙʨʦʙʢʘ ʤʫʣʴʪʠʩʧʝʢʪʨʘʣʴʥʠʭ ʜʘʥʠʭ ɼɿɿ ʚʠʩʦʢʦʛʦ ʪʘ ʩʝʨʝʜʥʴʦʛʦ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʨʽʟʥʝʥʥʷè. 
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473ï487. DOI https://doi.org/10.1007/978-3-030-33695-0_32 
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ʈʆɿʈʆɹʂɸ ʋʅɯɺɽʈʉɸʃʔʅʆɻʆ ʇʈʆɻʈɸʄʅʆɻʆ ɿɸʉʆɹʋ ɼʃʗ 

ʆʎɯʅʂʀ ɺʇʃʀɺʋ ɺɯʁʉʔʂʆɺʀʍ ɼɯʁ ʅɸ ʃɸʅɼʐɸʌʊʅɯ ʊɸ 

ʋʈɹɸʅɯɿʆɺɸʅɯ ʊɽʈʀʊʆʈɯɰ ɿ ɺʀʂʆʈʀʉʊɸʅʅʗʄ ʍʄɸʈʅʀʍ 

ʊɽʍʅʆʃʆɻɯɰ 

ɸʥʦʪʘʮʽʷ. ʋ ʜʦʩʣʽʜʞʝʥʥʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʡ ʭʤʘʨʥʠʡ ʽʥʩʪʨʫʤʝʥʪ 

ʥʘ ʙʘʟʽ Google Earth Engine ʜʣʷ ʤʦʥʽʪʦʨʠʥʛʫ ʝʢʦʣʦʛʽʯʥʠʭ ʪʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʥʠʭ 

ʟʙʠʪʢʽʚ ʫ ʟʦʥʘʭ ʙʦʡʦʚʠʭ ʜʽʡ. ʈʦʟʨʦʙʣʝʥʠʡ ʛʽʙʨʠʜʥʠʡ ʘʣʛʦʨʠʪʤ ʜʦʟʚʦʣʷʻ 

ʘʥʘʣʽʟʫʚʘʪʠ ʩʫʧʫʪʥʠʢʦʚʽ ʟʥʽʤʢʠ Sentinel-2 ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʝʢʪʨʘʣʴʥʠʭ ʽʥʜʝʢʩʽʚ 

ʪʘ ʘʜʘʧʪʠʚʥʦʛʦ ʧʽʜʙʦʨʫ ʧʦʨʦʛʽʚ ʜʣʷ ʨʽʟʥʠʭ ʪʠʧʽʚ ʣʘʥʜʰʘʬʪʽʚ. ɸʧʨʦʙʘʮʽʷ 

ʤʝʪʦʜʫ ʥʘ ʧʨʠʢʣʘʜʘʭ ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ ʪʘ ʤʽʩʪʘ ʄʘʨʽʫʧʦʣʴ 

ʧʽʜʪʚʝʨʜʠʣʘ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʘʚʪʦʥʦʤʥʦʾ ʛʝʥʝʨʘʮʽʾ ʢʘʨʪ ʨʫʡʥʫʚʘʥʴ. 

ɺʧʨʦʚʘʜʞʝʥʥʷ ʩʠʩʪʝʤʠ ʤʽʥʽʤʽʟʫʻ ʚʠʤʦʛʠ ʜʦ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʧʦʪʫʞʥʦʩʪʝʡ ʪʘ 

ʫʩʫʚʘʻ ʩʫʙ'ʻʢʪʠʚʥʠʡ ʬʘʢʪʦʨ ʧʨʠ ʜʦʢʫʤʝʥʪʫʚʘʥʥʽ ʥʘʩʣʽʜʢʽʚ ʚʽʡʥʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ. ɼʠʩʪʘʥʮʽʡʥʝ ʟʦʥʜʫʚʘʥʥʷ ɿʝʤʣʽ, Google Earth Engine, 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʡ ʤʦʥʽʪʦʨʠʥʛ ʨʫʡʥʫʚʘʥʴ, ʩʧʝʢʪʨʘʣʴʥʽ ʽʥʜʝʢʩʠ, Sentinel-2. 
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DEVELOPMENT OF A UNIVERSAL SOFTWARE TOOL FOR 

ASSESSING THE IMPACT OF MILITARY ACTIONS ON LANDSCAPE 

AND URBAN AREAS USING CLOUD TECHNOLOGIES  

Abstract. The study presents an automated cloud-based tool built on Google Earth 

Engine for monitoring environmental and infrastructural damage in conflict zones. 

The developed hybrid algorithm enables the analysis of Sentinel-2 satellite imagery 

using spectral indices and adaptive thresholding for various landscape types. 

Practical testing of the method on the Kakhovka Reservoir and the city of Mariupol 
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confirmed high accuracy in autonomous damage map generation. The 

implementation of this system minimizes computational requirements and 

eliminates the subjective factor in documenting war consequences. 

Keywords: Remote sensing, Google Earth Engine, automated damage monitoring, 

spectral indices, Sentinel-2. 

 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ɺ ʫʤʦʚʘʭ ʚʽʡʥʠ ʚ ʋʢʨʘʾʥʽ ʜʠʩʪʘʥʮʽʡʥʝ ʟʦʥʜʫʚʘʥʥʷ 

ɿʝʤʣʽ ʻ ʢʣʶʯʦʚʠʤ ʤʝʪʦʜʦʤ ʙʝʟʧʝʯʥʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ ʟʙʠʪʢʽʚ ʥʘ ʥʝʜʦʩʪʫʧʥʠʭ 

ʪʝʨʠʪʦʨʽʷʭ. ʆʩʢʽʣʴʢʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʝʨʮʽʡʥʠʭ ʧʣʘʪʬʦʨʤ ʘʙʦ ʜʝʩʢʪʦʧʥʠʭ 

ɻɯʉ ʦʙʤʝʞʝʥʝ ʚʘʨʪʽʩʪʶ ʪʘ ʚʠʤʦʛʘʤʠ ʜʦ ʨʝʩʫʨʩʽʚ ʢʦʤʧ'ʶʪʝʨʘ, ʨʦʟʨʦʙʢʘ 

ʭʤʘʨʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʜʦʢʫʤʝʥʪʫʚʘʥʥʷ ʨʫʡʥʫʚʘʥʴ ʻ 

ʢʨʠʪʠʯʥʦ ʘʢʪʫʘʣʴʥʦʶ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ. ʉʪʚʦʨʝʥʦ ʢʦʤʧʣʝʢʩʥʫ ʭʤʘʨʥʫ ʘʨʭʽʪʝʢʪʫʨʫ, ʱʦ ʽʥʪʝʛʨʫʻ 

ʘʥʘʣʽʟ ʽʥʜʝʢʩʽʚ NDBI, NDVI ʪʘ NDWI. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʢʣʘʩʠʯʥʠʭ ʧʽʜʭʦʜʽʚ, ʫ 

ʨʦʙʦʪʽ ʨʝʘʣʽʟʦʚʘʥʦ ʛʽʙʨʠʜʥʠʡ ʤʝʪʦʜ ʢʣʘʩʠʬʽʢʘʮʽʾ: ʤʝʪʦʜ ʘʜʘʧʪʠʚʥʦʾ 

ʩʪʘʪʠʩʪʠʢʠ ʜʣʷ ʧʽʜʙʦʨʫ ʧʦʨʦʛʽʚ ʟʘʙʫʜʦʚʠ ʽ ʣʽʩʽʚ ʪʘ ʤʝʪʦʜ ʥʫʣʴʦʚʦʛʦ ʧʝʨʝʪʠʥʫ 

ʜʣʷ ʚʦʜʥʠʭ ʦʙ'ʻʢʪʽʚ. ʎʝ ʧʦʚʥʽʩʪʶ ʫʩʫʚʘʻ ʧʦʪʨʝʙʫ ʚ ʨʫʯʥʦʤʫ ʝʤʧʽʨʠʯʥʦʤʫ 

ʢʘʣʽʙʨʫʚʘʥʥʽ. 

ʄʝʪʘ ʨʦʙʦʪʠ ð ʨʦʟʨʦʙʢʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʭʤʘʨʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʜʣʷ 

ʛʝʥʝʨʘʮʽʾ ʢʘʨʪ ʨʫʡʥʫʚʘʥʴ ʪʘ ʨʦʟʨʘʭʫʥʢʫ ʧʣʦʱʽ ʫʨʘʞʝʥʠʭ ʫʨʙʘʥʽʟʦʚʘʥʠʭ, 

ʧʨʠʨʦʜʥʠʭ ʽ ʛʽʜʨʦʣʦʛʽʯʥʠʭ ʦʙ'ʻʢʪʽʚ ʥʘ ʦʩʥʦʚʽ ʙʽʪʝʤʧʦʨʘʣʴʥʠʭ ʩʫʧʫʪʥʠʢʦʚʠʭ 

ʟʥʽʤʢʽʚ. 

 
ʈʠʩ. 1. - ʈʫʡʥʫʚʘʥʥʷ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ (12.07 ʢʤĮ) ʪʘ ʨʦʩʣʠʥʥʦʩʪʽ (50.27 ʢʤĮ)  

ʤ. ʄʘʨʽʫʧʦʣʴ. 

ʄʘʪʝʤʘʪʠʯʥʠʤ ʬʫʥʜʘʤʝʥʪʦʤ ʦʙʨʦʙʢʠ ʩʫʧʫʪʥʠʢʦʚʠʭ ʟʥʽʤʢʽʚ Sentinel-2 

(10 ʤ/ʧʽʢʩʝʣʴ) [1, 2] ʩʣʫʛʫʶʪʴ ʥʦʨʤʘʣʽʟʦʚʘʥʽ ʨʽʟʥʠʮʝʚʽ ʽʥʜʝʢʩʠ: NDBI ʜʣʷ 



··±LLL ˸͗ͤ͊ͪͦ͒ͤ͊͜ ͣͦͦ͒͗ͤ͊͜͡ ͍ͤ͊ͯͦͦ͟-͙ͨͪ͊ͭ͟;ͤ͊ ͦͤ͟ͺ͔͔ͪͤͼ͜Ύ ζ˶Ό͙͒ͤ͊ ͜ ˴ͦͫͣͦͫη  22-нп ͍ͭͤ͟͜Ύ нлнс ͪͦͯ͟ 

507 

ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ, NDVI ʜʣʷ ʧʨʠʨʦʜʥʠʭ ʣʘʥʜʰʘʬʪʽʚ ʪʘ NDWI ʜʣʷ ʚʦʜʥʠʭ ʦʙ'ʻ-

ʢʪʽʚ [4]. ɼʣʷ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʨʫʡʥʫʚʘʥʴ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʘʣʛʝʙʨʘʾʯʥʠʡ ʤʝʪʦʜ ʚʠʷʚ-

ʣʝʥʥʷ ʟʤʽʥ (Change Detection), ʷʢʠʡ ʻ ʟʥʘʯʥʦ ʰʚʠʜʰʠʤ ʜʣʷ ʭʤʘʨʥʠʭ ʧʣʘʪʬʦʨʤ 

ʧʦʨʽʚʥʷʥʦ ʟ ʨʝʩʫʨʩʦʻʤʥʠʤʠ ʥʝʡʨʦʤʝʨʝʞʝʚʠʤʠ ʤʦʜʝʣʷʤʠ [3]. ɿ ʤʝʪʦʶ ʘʚʪʦʤʘ-

ʪʠʟʘʮʽʾ ʢʣʘʩʠʬʽʢʘʮʽʾ ʟʘʤʽʩʪʴ ʨʫʯʥʦʛʦ ʢʘʣʽʙʨʫʚʘʥʥʷ ʚʧʨʦʚʘʜʞʝʥʦ ʤʦʜʫʣʴ ʘʜʘʧ-

ʪʠʚʥʦʾ ʩʪʘʪʠʩʪʠʢʠ. ɼʠʥʘʤʽʯʥʠʡ ʧʦʨʽʛ ʘʥʦʤʘʣʽʾ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 

T m s= +
 (ʜʝ ɛ ð ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʟʤʽʥʠ ʽʥʜʝʢʩʫ, ů ð ʩʪʘʥʜʘʨʪʥʝ ʚʽʜʭʠ-

ʣʝʥʥʷ). ɼʣʷ ʚʦʜʥʠʭ ʧʦʚʝʨʭʦʥʴ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʤʝʪʦʜ ʥʫʣʴʦʚʦʛʦ ʧʝʨʝʪʠʥʫ. 

 
ʈʠʩ. 2. - ɺʪʨʘʪʠ ʣʽʩʦʚʦʛʦ ʧʦʢʨʠʚʫ (207.10 ʢʤĮ) ʫ ʉʝʨʝʙʨʷʥʩʴʢʦʤʫ ʣʽʩʽ. 

 

 
ʈʠʩ. 3. - ɺʪʨʘʪʘ ʚʦʜʥʦʾ ʧʦʚʝʨʭʥʽ (1530.60 ʢʤĮ) ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ. 

ʇʨʦʛʨʘʤʥʠʡ ʟʘʩʽʙ ʨʝʘʣʽʟʦʚʘʥʦ ʤʦʚʦʶ Python ʫ ʩʝʨʝʜʦʚʠʱʽ Google Earth 

Engine. ɸʣʛʦʨʠʪʤ ʚʠʢʦʥʫʻ 4 ʘʚʪʦʤʘʪʠʟʦʚʘʥʽ ʝʪʘʧʠ: 1) ʧʨʦʩʪʦʨʦʚʝ ʦʙʤʝʞʝʥʥʷ 

ʟʦʥʠ ʽʥʪʝʨʝʩʫ; 2) ʬʽʣʴʪʨʘʮʽʶ ʭʤʘʨʥʦʩʪʽ ʪʘ ʛʝʥʝʨʘʮʽʶ ʤʝʜʽʘʥʥʠʭ ʢʦʤʧʦʟʠʪʽʚ; 3) 

ʦʙʯʠʩʣʝʥʥʷ ʽʥʜʝʢʩʽʚ (NDBI ʟ ʤʘʩʢʦʶ ESA WorldCover, NDVI, NDWI) ʽʟ ʟʘʩʪʦ-

ʩʫʚʘʥʥʷʤ ʜʠʥʘʤʽʯʥʠʭ ʧʦʨʦʛʽʚ ʛʽʩʪʦʛʨʘʤʠ ʪʘ ʥʫʣʴʦʚʦʛʦ ʧʝʨʝʪʠʥʫ; 4) ʧʽʜʨʘʭʫʥʦʢ 

ʫʨʘʞʝʥʦʾ ʧʣʦʱʽ ʫ ʢʚʘʜʨʘʪʥʠʭ ʢʽʣʦʤʝʪʨʘʭ. ɿʛʝʥʝʨʦʚʘʥʽ ʙʽʥʘʨʥʽ ʤʘʩʢʠ 
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ʝʢʩʧʦʨʪʫʶʪʴʩʷ ʫ ʬʦʨʤʘʪʽ GeoTIFF ʥʘ Google Drive, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʫʤʽʩʥʽʩʪʴ 

ʽʟ ɻɯʉ-ʩʠʩʪʝʤʘʤʠ ʙʝʟ ʧʝʨʝʚʘʥʪʘʞʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʧʦʪʫʞʥʦʩʪʝʡ ʇʂ.  ɼʣʷ ʚʝʨʠ-

ʬʽʢʘʮʽʾ ʘʣʛʦʨʠʪʤʫ ʧʨʦʚʝʜʝʥʦ ʪʝʩʪʫʚʘʥʥʷ ʥʘ ʪʨʴʦʭ ʣʦʢʘʮʽʷʭ ʽʟ ʨʽʟʥʠʤ ʪʠʧʦʤ ʧʦ-

ʢʨʠʚʫ. ɻʽʙʨʠʜʥʠʡ ʤʝʪʦʜ ʫʩʧʽʰʥʦ ʽʜʝʥʪʠʬʽʢʫʚʘʚ ʨʫʡʥʫʚʘʥʥʷ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ 

ʄʘʨʽʫʧʦʣʷ (NDBI), ʝʢʦʣʦʛʽʯʥʽ ʟʙʠʪʢʠ ʉʝʨʝʙʨʷʥʩʴʢʦʛʦ ʣʽʩʫ (NDVI) ʪʘ ʟʥʠʢ-

ʥʝʥʥʷ ʚʦʜʥʦʾ ʤʘʩʠ ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ (NDWI). ʇʨʦʩʪʦʨʦʚʠʡ ʨʦʟʧʦʜʽʣ 

ʘʥʦʤʘʣʽʡ (ʨʠʩ. 1ï3) ʧʽʜʪʚʝʨʜʞʫʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʧʨʦʛʨʘʤʠ, ʷʢʘ ʝʬʝʢʪʠʚʥʦ ʨʦ-

ʟʜʽʣʷʻ ʪʠʧʠ ʟʙʠʪʢʽʚ ʽ ʤʽʥʽʤʽʟʫʻ ʭʠʙʥʽ ʩʧʨʘʮʴʦʚʫʚʘʥʥʷ ʥʘ ʩʫʤʽʞʥʽ ʬʘʢʪʦʨʠ (ʥʘ-

ʧʨʠʢʣʘʜ, ʩʝʟʦʥʥʽ ʟʤʽʥʠ). 

ɺʠʩʥʦʚʢʠ. ʈʦʟʨʦʙʣʝʥʦ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʡ ʭʤʘʨʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʥʘ ʙʘʟʽ 

Google Earth Engine ʜʣʷ ʢʽʣʴʢʽʩʥʦʾ ʦʮʽʥʢʠ ʥʘʩʣʽʜʢʽʚ ʚʽʡʥʠ. ɺʧʨʦʚʘʜʞʝʥʥʷ ʛʽʙ-

ʨʠʜʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ (ʘʜʘʧʪʠʚʥʘ ʩʪʘʪʠʩʪʠʢʘ ʪʘ ʥʫʣʴʦʚʠʡ ʧʝʨʝʪʠʥ) ʜʦʟʚʦʣʠʣʦ 

ʫʩʫʥʫʪʠ ʧʦʪʨʝʙʫ ʚ ʨʫʯʥʦʤʫ ʢʘʣʽʙʨʫʚʘʥʥʽ ʧʦʨʦʛʽʚ. ʊʝʩʪʫʚʘʥʥʷ ʧʽʜʪʚʝʨʜʠʣʦ ʫʥʽ-

ʚʝʨʩʘʣʴʥʽʩʪʴ ʘʣʛʦʨʠʪʤʫ: ʟʘʬʽʢʩʦʚʘʥʦ ʚʪʨʘʪʫ 12.07 ʢʤĮ ʟʘʙʫʜʦʚʠ ʫ ʄʘʨʽʫʧʦʣʽ, 

207.10 ʢʤĮ ʥʘʩʘʜʞʝʥʴ ʫ ʉʝʨʝʙʨʷʥʩʴʢʦʤʫ ʣʽʩʽ ʪʘ 1530.60 ʢʤĮ ʚʦʜʥʦʾ ʧʦʚʝʨʭʥʽ 

ʂʘʭʦʚʩʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ. ʇʝʨʩʧʝʢʪʠʚʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚʢʣʶʯʘʶʪʴ ʽʥʪʝʛʨʘʮʽʶ 

ʨʘʜʘʨʥʠʭ ʜʘʥʠʭ Sentinel-1 ʪʘ ʥʝʡʨʦʤʝʨʝʞʝʚʠʭ ʤʝʪʦʜʽʚ (CNN) ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʪʦʯʥʦʩʪʽ ʩʝʛʤʝʥʪʘʮʽʾ. 
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