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ʇʨʦʛʨʘʤʥʠʡ ʢʦʤʽʪʝʪ

ɻʦʣʦʚʘ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʽʪʝʪʫ:
ʘʢʘʜʝʤʽʢ ʅɸʅ ʋʢʨʘʾʥʠ ɺ.ʊ.ɻʨʽʥʯʝʥʢʦ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ)

ʏʣʝʥʠ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʤʽʪʝʪʫ:
ʘʢʘʜ. ʅɸʅʋ ʉ.ʆ.ɼʦʚʛʠʡ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʘʢʘʜ. ʅɸʅʋ ʆ.ʄ.ʍʽʤʽʯ (ɯʂ ʽʤʝʥʽ ɺ.ʄ. ɻʣʫʰʢʦʚʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ,
ʋʢʨʘʾʥʘ),
ʯʣ.-ʢʦʨ. ʅɸʅʋ ɺ.ɯ. ʊʠʤʦʰʝʥʢʦ (ɯʊʄ ʅɸʅ ʋʢʨʘʾʥʠ, ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ),
ʧʨʦʬ. ɺ.ɸ. ɺʘʥʽʥ (ʅʊʋ «ʍʇɯ», ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ),
ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʦʨ ɺ.ʉ. ʄʘʜʝʨʠʯ (ɯʇʄʄʉ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʜ.ʪ.ʥ., ʧʨʦʬ. ɭ.ʆ.ʐʢʚʘʨ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʜ.ʪ.ʥ. ʉ.ɺ. ɸʣʝʢʩʻʻʥʢʦ (ʅʊʋ «ɼʥʽʧʨʦʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘ», ɼʥʽʧʨʦ,
ʋʢʨʘʾʥʘ),
ʜʦʢʪʦʨ ʥʘʫʢ. ʊ.ʆ. ʈʝʜʯʠʮʴ (ɯʊʉʊ ʅɸʅ ʋʢʨʘʾʥʠ, ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ),
ʜ.ʪ.ʥ. ʏʝʨʥʽʡ (ʂʅʋ ʊʘʨʘʩʘ ʐʝʚʯʝʥʢʘ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʜ.ʬ.-ʤ.ʥ. ʗ.ɺ. ɿʘʛʫʤʝʥʥʠʡ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʧʨʦʬʝʩʦʨ, ʜʦʢʪʦʨ ʌ. ʌʨʦʥʽ (ʋʥʽʚʝʨʩʠʪʝʪ ʊʫʣʦʥʘ, ʌʨʘʥʮʽʷ),
ʧʨʦʬʝʩʦʨ ʊ. ɹʦʜʥʘʨ (ʏʝʩʴʢʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʫ ʇʨʘʟʽ, ʏʝʩʴʢʘ
ʈʝʩʧʫʙʣʽʢʘ)

ʆʨʛʘʥʽʟʘʮʽʡʥʠʡ ʢʦʤʽʪʝʪ

ɻʦʣʦʚʘ ʦʨʛʘʥʽʟʘʮʽʡʥʦʛʦ ʢʦʤʽʪʝʪʫ:
ʯʣ.- ʢʦʨʝʩʧʦʥʜʝʥʪ ʅɸʅ ʋʢʨʘʾʥʠ ɻ.ʆ.ɺʦʨʦʧʘʻʚ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ)

ʏʣʝʥʠ ʦʨʛʘʥʽʟʘʮʽʡʥʦʛʦ ʢʦʤʽʪʝʪʫ:
ʜ.ʪ.ʥ. ɺ.ɸ.ɺʦʩʢʦʙʽʡʥʠʢ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʢ.ʬ.-ʤ.ʥ. ʅ.ɺ.ʈʦʟʫʤʥʶʢ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ,ʋʢʨʘʾʥʘ),
ʢ.ʪ.ʥ. ɺ.ɯ.ʂʦʨʦʙʦʚ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʢ. ʪ. ʥ. ʅ.ʌ. ʖʨʯʝʥʢʦ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʢ.ʬ.-ʤ.ʥ. ɺ.ʅ. ʆʣʽʡʥʠʢ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʢ.ʬ.-ʤ.ʥ. ʄ.ʆ. ɹʽʩʪʨʦʚʘ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ʢ.ʬ.-ʤ.ʥ. ʅ.ʌ. ɼʠʤʠʪʨʽʻʚʘ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),
ɼ.ɸ. ɹʽʣʦʫʩ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ),

ʋʯʝʥʠʡ ʩʝʢʨʝʪʘʨ:
ʢ.ʪ.ʥ. ʆ.ʆ. ɹʘʩʢʦʚʘ (ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ)
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ɿʄɯʉʊ

ɸʚʨʘʤʝʥʢʦ ɸ.ʆ., ʂʦʙʟʘʨ ɸ.ʉ. ɸʅɸʃɯɿ ʉʊɯʁʂʆʉʊɯ ɺʀʍʈʆɺʀʍ ʅʀʊʆʂ ʋ
ʅɸɼʇʃʀʅʅɯʁ ʈɯɼʀʅɯ
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ɸʣʝʢʩʻʻʥʢʦ ʉ.ɺ., ɿʦʣʦʪʘʨʝʥʢʦ ʉ.ɸ. ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅɽ ɼʆʉʃɯɼɾɽʅʅʗ
ɸɽʈʆɼʀʅɸʄɯʏʅʆɻʆ ʐʋʄʋ ʉɽɻʄɽʅʊɸ ɿ ɸɽʈʆɼʀʅɸʄɯʏʅʀʄ
ʇʈʆʌɯʃɽʄ NACA 0012
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ɺʘʥʽʥ ɺ.ɸ., ɼʦʚʛʠʡ ʉ.ʆ., ʃʝʙʽʜʴ ʆ.ɻ., ʏʝʨʥʽʡ ɼ.ɯ. ʆɹʏʀʉʃʖɺɸʃʔʅɯ
ʊɽʍʅʆʃʆɻɯɰ  ʄʆɼɽʃʖɺɸʅʅʗ ɸɽʈʆ/ɻɯɼʈʆɼʀʅɸʄɯʏʅʀʍ ʉʀʉʊɽʄ
ʇʆɼɺɯʁʅʆɻʆ ʇʈʀɿʅɸʏɽʅʅʗ

12

ɺʘʩʽʥ  ʇ.ʆ., ɻʫʨʞʽʡ ʈ.ʆ., ʃʝʙʽʜʴ ʆ.ɻ., ʏʝʨʥʽʡ ɼ.ɯ. ɼʀʉʂʈɽʊʀɿʆɺɸʅɯ
ʄɸʊɽʄɸʊʀʏʅɯ ʄʆɼɽʃɯ ɼʃʗ ʇʆʏɸʊʂʆɺʆ-ʂʈɸʁʆɺʀʍ ɿɸɼɸʏ ɺ
ʆɹʃɸʉʊʗʍ ɿ ʈʋʍʆʄʀʄʀ ʊɸ ɺɯʃʔʅʆʖ ʄɽɾɽʖ.

14

ɺʦʨʦʧʘʻʚ ɻ.ʆ. ɺɯɼɻʋʂ ɺ’ʗɿʂʆʇʈʋɾʅʆɻʆ ʐɸʈʋ ʅɸ ɿɹʋʈɽʅʅʗ
ʊʋʈɹʋʃɽʅʊʅʆɻʆ ʇʆʊʆʂʋ.

16

ɺʦʨʦʧʘʻʚ ɻ.ʆ., ɹʘʩʢʦʚʘ ʆ.ʆ. ʆʉʆɹʃʀɺʆʉʊɯ ʌʆʈʄʋɺɸʅʅʗ ɺʀʍʈʆɺʆɰ
ʉʊʈʋʂʊʋʈʀ ʇʈʀ ʇɽʈɽʍɯɼʅʀʍ ʇʈʆʎɽʉɸʍ ɺ ʏɸʉʊʂʆɺʆ ɻʆʌʈʆɺɸʅʀʍ
ʊʈʋɹɸʍ

18

ɺʦʨʦʧʘʻʚ ɻ.ʆ., ɺʦʩʢʦʙʽʡʥʠʢ ɺ.ɸ., ʆʥʠʱʝʥʢʦ ɸ.ʄ., ɺʦʩʢʦʙʦʡʥʠʢ ʆ.ɸ.,
ʄʘʭʘʤʤʝʜʦʚ ɾ.ʂ., ɺʦʩʢʦʙʽʡʥʠʢ ɸ.ɺ. ɺɿɸɭʄʅʀʁ ɺʇʃʀɺ ʆʇʆʈ ʄʆʉʊʆɺʀʍ
ʇɽʈɽʍʆɼɯɺ ʅɸ ʈʆɿʄʀɺ ɻʈʋʅʊʋ

20

ɺʦʨʦʧʘʻʚ ɻ.ʆ., ɺʦʩʢʦʙʽʡʥʠʢ ɺ.ɸ., ʆʥʠʱʝʥʢʦ ɸ.ʄ., ʂʦʚʘʣʴʯʫʢ ɺ.ɺ., ɺʦʩʢʦʙʦʡʥʠʢ
ʆ.ɸ., ʄʘʭʘʤʤʝʜʦʚ ɾ.ʂ. ʈɽʂʆʅʉʊʈʋʂʎɯʗ ɼɸʄɹʀ ɻʃʀɹʆʂʆɺʆɼʅʆɻʆ
ʉʋɼʅʆɺʆɻʆ ʍʆɼʋ ɼʋʅɸʁ-ʏʆʈʅɽ ʄʆʈɽ

22

ɺʦʩʢʦʙʽʡʥʠʢ ɺ.ɸ.1, ʂʦʚʘʣʴʯʫʢ ɺ.ɺ.2, ɺʦʩʢʦʙʦʡʥʠʢ ʆ.ɸ.1, ʄʘʭʘʤʤʝʜʦʚ ɾ.ʂ.1,
ɺʦʩʢʦʙʽʡʥʠʢ ɸ.ɺ. ʇʆʃɯʇʐɽʅʅʗ ʆʍʆʃʆɼɾɽʅʅʗ ɸʊʆʄʅʀʍ ʈɽɸʂʊʆʈɯɺ
ʇɯɺɼɽʅʅʆ-ʋʂʈɸɰʅʉʔʂʆɰ ɸɽʉ ʊʈʋʄɽʅɽʅɸʇʈɸɺʃʖʏʆʖ ʉʇʆʈʋɼʆʖ
ʊɸʐʃʀʎʔʂʆɻʆ ɺʆɼʆʉʍʆɺʀʑɸ

24

ɻʦʨʙʘʥʴ ɯ.ʄ., ɻʦʨʙʘʥʴ ʅ.ɺ ʉɸʄʆʋɿɻʆɼɾɽʅɸ ʏʀʉɽʃʔʅɸ ʉʍɽʄɸ ɼʃʗ
ʈʆɿɺʗɿɸʅʅʗ ʂɯʅɽʊʀʏʅʆɻʆ ʈɯɺʅʗʅʅʗ ɽɹʈʆ-ʃɽʂʔʆ ɺ ɿɸɼɸʏɸʍ
ʈɽʆʃʆɻɯɰ ʉʂʃɸɼʅʀʍ ʈɯɼʀʅ

26

ɻʦʨʩʴʢʠʡ ʖ.ɺ., ʂʨʘʩʥʦʧʦʣʴʩʴʢʘ ʊ.ʉ. ɼɺʆʄʆɼʆɺɸ ʄʆɼɽʃʔ
ʍʈɽʉʊʆʇʆɼɯɹʅʀʍ ʇʆɺɽʈʍʅɽɺʀʍ ʍɺʀʃʔ ʋ ɺʆɼɯ ɺ ʎʀʃɯʅɼʈʀʏʅɯʁ
ɭʄʅʆʉʊɯ

28

ɻʨʠʛʦʨʝʥʢʦ ʆ.ʗ.,ʌʽʣʴ ɭ.ɺ. ɸʅɸʃɯɿ ɺʇʃʀɺʋ ʌɯɿʀʂʆ-ʄɽʍɸʅɯʏʅʀʍ
ɺʃɸʉʊʀɺʆʉʊɽʁ ʊʀʊɸʅʆɺʀʍ ʉʇʃɸɺɯɺ ʊɸ ʌʆʈʄʀ ʇʃɸʅʋ ʅɸ
ʅɸʇʈʋɾɽʅʆ-ɼɽʌʆʈʄʆɺɸʅʀʁ ʉʊɸʅ ʇʆʃʆɻʀʍ ʆɹʆʃʆʅʆʂ
ʅɽʇʈʗʄʆʂʋʊʅʆɰ ʌʆʈʄʀ

30

ɻʨʠʩʝʚʠʯ ʈ.ʖ. ʇʈʆ ɽɺʆʃʖʎɯʖ ʂʆʅʉʊʈʋʂʎɯʁ ʊɸ ʉʋʏɸʉʅɯ ʊɽʅɼɽʅʎɯɰ
ʈʆɿɺʀʊʂʋ  ɸʅʊʈʆʇʆʄʆʈʌʅʀʍ
ʂʀʉʊɯ

32

ɼʞʘʣʣʘʜʦʚʘ ɯ.ɸ., ʂʘʤʽʥʩʴʢʠʡ ʆ.ɭ., ʃʶʪʠʡ ʆ.ɯ. ʂɺɸʅʊʆɺɯ ʊɽʍʅʆʃʆɻɯɰ
ɯʅʊɽʃɽʂʊʋɸʃʔʅʆɻʆ ɸʅɸʃɯɿʋ ɼɸʅʀʍ ɼʃʗ ʇɯɼɺʀʑɽʅʅʗ
ɽʌɽʂʊʀɺʅʆʉʊɯ ɽʅɽʈɻɽʊʀʏʅʀʍ ʪʘ ɻɯɼʈʆʄɽʍɸʅɯʏʅʀʍ ʉʀʉʊɽʄ

34

ɼʦʚʛʠʡ ʉ.ʆ., ɹʫʣʘʥʯʫʢ ɻ.ɻ., ɹʫʣʘʥʯʫʢ ʆ.ʄ. ɸʅɸʃɯɿ ʅɸʂʆʇʀʏɽʅʅʗ
ʏʀʉɽʃʔʅʀʍ ʇʆʍʀɹʆʂ ʇʈʀ ʄʆɼɽʃʖɺɸʅʅɯ ʅɸ GPU ʈʋʍʋ ʊʆʏʂʆɺʀʍ
ɺʀʍʆʈɯɺ

36

ɼʦʚʛʠʡ ʉ.ʆ., ʈʝʜʯʠʮʴ ɼ.ʆ., ɺʻʩʢʦʚ ɭ.ɺ. ʏʀʉɽʃʔʅɽ ʄʆɼɽʃʖɺɸʅʅʗ
ɸɽʈʆɼʀʅɸʄɯʂʀ ʇʈʆʌɯʃʖ NACA0012, ʑʆ ʂʆʃʀɺɸɭʊʔʉʗ, ʇʈʀ
ʇɽʈɽʍɯɼʅʆʄʋ ʏʀʉʃɯ ʈɽʁʅʆʃʔɼʉɸ

38



X Intern. ʉonf. "Computer Hydromechanics", September 29 - October 1, 2026
X ʄʽʞʥʘʨ. ʢʦʥʬ. «ʂʦʤʧ’ʶʪʝʨʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ» 29 ʚʝʨʝʩʥʷ - 1 ʞʦʚʪʥʷ 2026

5

ɿʘʛʫʤʝʥʥʠʡ ʗ.ɺ., ʂʦʯʽʥ ɺ.ʆ., ʄʦʨʦʟ ɺ.ɺ., ʉʪʘʨʦʚʻʨʦʚ ɼ.ʂ., ʆʨʠʰʽʯʝʚ ɺ.ʆ.
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II.[1] ʆʜʥʠʤ ̔ ʟ ʧʝʨʰʠʭ, ʭʪʦ ʦʧʠʩʘʚ ʪʫʨʙʫʣʝʥʪʥʽ ʝʬʝʢʪʠ ʚ ʥʘʜʧʣʠʥʥʽʡ ʨʝʯʦʚʠʥʽ, ʙʫʚ ʌʝʡʥʤʘʥ
[2]. ɺʽʥ ʧʦʚʽʜʦʤʠʚ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʚʠʭʨʦʚʠʭ ʥʠʪʦʢ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʧʝʨʝʪʚʦʨʝʥʥʷ
ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ ʧʦʪʦʢʫ ʚ ʥʠʭ. ɺʠʭʨʦʚʽ ʥʠʪʢʠ ʟʤʽʥʶʶʪʴ ʩʚʦʶ ʢʨʠʚʠʟʥʫ ʪʘ ʦʨʽʻʥʪʘʮʽʶ ʧʽʜ
ʚʧʣʠʚʦʤ ʩʠʣʠ ʄʘʛʥʫʩʘ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʜʦʚʞʠʥʠ ʚʠʭʨʦʚʠʭ ʥʠʪʦʢ ʚʦʥʠ ʦʙ'ʻʜʥʫʶʪʴʩʷ ʫ
ʚʠʭʨʦʚʽ ʢʽʣʴʮʷ.

ʈʦʟʛʣʷʥʝʤʦ ʚʝʨʪʠʢʘʣʴʥʠʡ ʮʠʣʽʥʜʨʠʯʥʠʡ ʢʘʥʘʣ, ʱʦ ʦʙʝʨʪʘʻʪʴʩʷ ʪʘ ʟʘʧʦʚʥʝʥʠʡ ʨʽʜʢʠʤ
He II. ʈʫʭ ʚʠʭʨʦʚʦʾ ʥʠʪʢʠ, ʟʤʽʱʝʥʦʾ ʚʽʜ ʦʩʽ ʦʙʝʨʪʘʥʥʷ ʢʘʥʘʣʫ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ [3]

Ὠὶǿ
Ὠὸ

=
” ‒

‎
(╥▪ ╥▼) ẗ Ƕ =

” ‒
‎

(‫
‎

Ὑ ὶǿ
)ὶǿ (1)

ʜʝ ” – ʛʫʩʪʠʥʘ ʥʘʜʧʣʠʥʥʦʾ ʢʦʤʧʦʥʝʥʪʠ ʨʽʜʠʥʠ, ‒ – ʪʨʝʪʷ ʢʦʤʧʦʥʝʥʪʘ ʜʨʫʛʦʾ ʚᾷʷʟʢʦʩʪʽ,
‎ - ʢʚʘʥʪʦʚʘʥʘ ʮʠʨʢʫʣʷʮʽʷ ʥʘʜʧʣʠʥʥʦʾ ʢʦʤʧʦʥʝʥʪʠ ʰʚʠʜʢʦʩʪʽ, ╥▪ - ʚʝʢʪʦʨ ʥʦʨʤʘʣʴʥʦʾ
ʢʦʤʧʦʥʝʥʪʠ ʰʚʠʜʢʦʩʪʽ, ╥▼ - ʚʝʢʪʦʨ ʥʘʜʧʣʠʥʥʦʾ ʢʦʤʧʦʥʝʥʪʠ ʰʚʠʜʢʦʩʪʽ, Ƕ –
ʦʨʪʦʥʦʨʤʦʚʘʥʠʡ ʚʝʪʦʨ ʢʫʪʦʚʦʾ ʢʦʦʨʜʠʥʘʪʠ, ‫ – ʢʫʪʦʚʘ ʰʚʠʜʢʽʩʪʴ ʦʙʝʨʪʘʥʥʷ ʢʘʥʘʣʫ, R –
ʨʘʜʽʫʩ ʢʘʥʘʣʫ, ὶǿ – ʨʘʜʽʘʣʴʥʘ ʢʦʦʨʜʠʥʘʪʘ, t-ʯʘʩ.

ʋ ʙʝʟʨʦʟʤʽʨʥʽʡ ʬʦʨʤʽ ʜʘʥʝ ʨʽʚʥʷʥʥʷ ʤʘʻ ʚʠʛʣʷʜ
Ὠὶ

ὨὊέ
= (Ὑέ

1
1 ὶ

)ὶ (2)

ʜʝ ὶ = ǿ , Ὂέ = , Ὑέ = ʻ ʙʝʟʨʦʟʤʽʨʥʦʶ ʨʘʜʽʘʣʴʥʦʶ ʢʦʦʨʜʠʥʘʪʦʶ, ʯʠʩʣʦʤ
ʌʫʨᾷʻ ʪʘ ʯʠʩʣʦʤ ʈʦʩʙʽ ʚʽʜʧʦʚʽʜʥʦ.

ɼʦʜʘʤʦ ʜʽʶ ʚʠʧʘʜʢʦʚʦʾ ɻʘʫʩʦʚʦʾ ʩʠʣʠ Fi(t).
ộὊ (ὸ)Ớ = 0

ộὊ (ὸ)Ὂ (ὸᴂ)Ớ = ὗ‏(ὸ ὸᴂ) (3)
ʜʝ Q ʻ ʧʘʨʘʤʝʪʨʦʤ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʬʣʫʢʪʫʘʮʽʡʥʠʭ ʩʠʣ, (ὸ)‏ ʻ ʜʝʣʴʪʘ-

ʬʫʥʢʮʽʻʶ ɼʽʨʘʢʘ. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ, ʦʪʨʠʤʫʻʤʦ
Ὠὶ

ὨὊέ
= (Ὑέ 1)ὶ + Ὂ(Ὂέ Ὂέᴂ) (4)

ʁʤʦʚʽʨʥʽʩʪʴ ʧʝʨʝʙʫʚʘʥʥʷ ʫ ʧʝʚʥʦʤʫ ʩʪʘʥʽ ʩʠʩʪʝʤʠ, ʱʦ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ
ʃʘʥʞʝʚʽʥʘ

Ὠὶ
Ὠὸ

= Ὢ(ὶ) + Ὂ(ὸ) (5)

ʚʠʟʥʘʯʘʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ ʌʦʢʢʝʨʘ-ʇʣʘʥʢʘ ʜʣʷ ʛʫʩʪʠʥʠ ʡʤʦʚʽʨʥʦʩʪʽ
‬ὖ(ὶ, ὸ)

‬ὸ
=

‬
‬ὶ

[Ὢ(ὶ)ὖ(ὶ, ὸ)] +
1
2

ὗ
‬ ὖ(ὶ, ὸ)

‬ὶ
(6)

ʜʝ f(r) ʻ ʥʝʣʽʥʽʡʥʦʶ ʬʫʥʢʮʽʻʶ.
ɿʘʩʪʦʩʫʡʤʦ ʨʽʚʥʷʥʥʷ ʌʦʢʢʝʨʘ-ʇʣʘʥʢʘ ʜʣʷ ʨʽʚʥʷʥʥʷ (2) ̫ ʢ ʬʫʥʢʮʽʾ f(r). ʊʦʜʽ, ʟ ʨʽʚʥʷʥʥʷ

(6) ʦʪʨʠʤʘʻʤʦ
Ὠ

Ὠὶ
Ὑέ

1
1 ὶ

ὶὖ(ὶ) +
1
2

ὗ
Ὠ ὖ(ὶ)

Ὠὶ
= 0 (7)

ʈʦʟʚᾷʷʟʢʦʤ ʨʽʚʥʷʥʥʷ (9) ʻ
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ὖ = ὖ (1 Ὑ ) exp ( Ὑέ
ὶ
ὗ

) (8)

ʜʝ

ὖ =
2ɜ(3

2
1
ὗ)

Ѝ“ɜ 1 1
Q Ὂ (1

2 , 32
1
ὗ , Ὑέ

ὗ )
(9)

ɼʝ ɻ-ʛʘʤʤʘ ʬʫʥʢʮʽʷ, F1-ʬʫʥʢʮʽʷ ʂʫʤʤʝʨʘ.

ʈʠʩ.1. ɿʘʣʝʞʥʽʩʪʴ ʛʫʩʪʠʥʠ ʡʤʦʚʽʨʥʦʩʪʽ ʨʦʟʪʘʰʫʚʘʥʥʷ ʚʠʭʨʦʚʦʾ ʥʠʪʢʠ ʥʘ ʚʽʜʩʪʘʥʽ r ʚʽʜ
ʮʝʥʪʨʫ

ɼʣʷ Ὑέ 1 ʛʫʩʪʠʥʘ ʡʤʦʚʽʨʥʦʩʪʽ ʟʨʦʩʪʘʻ ʽʟ ʚʽʜʜʘʣʝʥʥʷʤ ʚʽʜ ʮʝʥʪʨʫ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ
ʥʝʩʪʽʡʢʦʤʫ ʩʪʘʥʫ ʚʠʭʨʦʚʦʾ ʥʠʪʢʠ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ ʧʦʟʠʮʽʾ. ɼʣʷ Ὑέ > 1 ʛʨʘʬʽʢ ʤʘʻ
ʜʚʘ ʝʢʩʪʨʝʤʫʤʠ ʫ ʪʦʯʢʘʭ 0 ʪʘ 1, ʱʦ ʦʟʥʘʯʘʻ, ʱʦ ʚʠʭʦʨ ʟʘʡʤʘʪʠʤʝ ʩʪʽʡʢʝ ʧʦʣʦʞʝʥʥʷ ʚ ʮʝʥʪʨʽ
ʘʙʦ ʥʘ ʢʨʘʶ ʢʘʥʘʣʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʛʦ, ʯʠ ʚʽʥ ʟʥʘʭʦʜʠʚʩʷ ʣʽʚʽʰʝ ʘʙʦ ʧʨʘʚʽʰʝ ʤʽʥʽʤʫʤʫ
ʬʫʥʢʮʽʾ (ὶ = (Ὑέ 1)/Ὑέ).
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ɸʝʨʦʜʠʥʘʤʽʯʥʠʡ ʰʫʤ ʻ ʭʘʨʘʢʪʝʨʥʠʤ ʩʫʧʫʪʥʽʤ ʷʚʠʱʝʤ ʧʽʜ ʯʘʩ ʨʫʭʫ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ
ʪʽʣ ʫ ʧʦʚʽʪʨʷʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʪʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ ʧʨʦʮʝʩʽʚ, ʱʦ
ʚʠʥʠʢʘʶʪʴ ʧʽʜ ʯʘʩ ʾʭ ʦʙʪʽʢʘʥʥʷ. ɼʣʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʧʨʦʬʽʣʽʚ ʟʘ ʤʘʣʠʭ ʽ ʧʦʤʽʨʥʠʭ ʯʠʩʝʣ
ʈʝʡʥʦʣʴʜʩʘ ʘʢʫʩʪʠʯʥʠʡ ʩʧʝʢʪʨ ʤʦʞʝ ʤʽʩʪʠʪʠ ʷʢ ʰʠʨʦʢʦʩʤʫʛʦʚʽ, ʪʘʢ ʽ ʚʠʨʘʞʝʥʽ ʜʠʩʢʨʝʪʥʽ
ʩʢʣʘʜʦʚʽ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʷʢʠʭ ʩʫʪʪʻʚʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʪʘ ʢʫʪʘ ʘʪʘʢʠ [1, 2].
ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʠʟʥʘʯʝʥʥʷ ʪʘʢʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʻ ʚʘʞʣʠʚʠʤ ʷʢ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ
ʘʝʨʦʘʢʫʩʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʬʽʣʽʚ, ʪʘʢ ʽ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʙʘʟʠ
ʚʘʣʽʜʘʮʽʾ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʤʝʪʦʜʽʚ ʘʝʨʦʘʢʫʩʪʠʢʠ. ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ
ʜʦʩʣʽʜʞʝʥʥʷ ʩʧʝʢʪʨʘʣʴʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʰʫʤʫ ʤʦʜʝʣʴʥʦʛʦ ʩʝʛʤʝʥʪʘ ʟ
ʧʨʦʬʽʣʝʤ NACA 0012 ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʾʭ ʟʤʽʥʠ ʟʘʣʝʞʥʦ ʚʽʜ ʣʽʥʽʡʥʦʾ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʽ ʢʫʪʘ
ʘʪʘʢʠ.

ʗʢ ʜʦʩʣʽʜʥʠʡ ʦʙ’ʻʢʪ ʚʠʢʦʨʠʩʪʘʥʦ ʤʦʜʝʣʴʥʠʡ ʩʝʛʤʝʥʪ ʟ ʘʝʨʦʜʠʥʘʤʽʯʥʠʤ ʧʨʦʬʽʣʝʤ
NACA 0012. ʉʝʛʤʝʥʪ ʚʩʪʘʥʦʚʣʶʚʘʚʩʷ ʤʽʞ ʜʚʦʤʘ ʪʦʨʮʝʚʠʤʠ ʧʣʘʩʪʠʥʘʤʠ ʥʘ ʦʙʝʨʪʦʚʦʤʫ
ʝʣʝʤʝʥʪʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ ʪʘ ʟʜʽʡʩʥʶʚʘʚ ʨʫʭ ʫ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʧʣʦʱʠʥʽ.
ʅʝʦʙʭʽʜʥʠʡ ʢʫʪ ʘʪʘʢʠ ʟʘʜʘʚʘʚʩʷ ʧʨʦʩʪʦʨʦʚʠʤ ʧʦʣʦʞʝʥʥʷʤ ʩʝʛʤʝʥʪʘ ʚʽʜʥʦʩʥʦ ʥʘʧʨʷʤʫ ʡʦʛʦ
ʨʫʭʫ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʘʢʫʩʪʠʯʥʽʡ ʢʘʤʝʨʽ ʟʽ
ʟʚʫʢʦʧʦʛʣʠʥʘʣʴʥʠʤ ʦʙʣʠʮʶʚʘʥʥʷʤ ʟʘ ʤʝʪʦʜʠʢʦʶ, ʦʧʠʩʘʥʦʶ ʚ [3]. ɼʣʷ ʨʝʻʩʪʨʘʮʽʾ
ʘʢʫʩʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʰʫʤʦʤʽʨ SV 971A ʷʢʠʡ ʚʽʜʧʦʚʽʜʘʻ ʚʠʤʦʛʘʤ IEC
61672-1:2013 ʜʣʷ ʧʨʠʣʘʜʽʚ 1 ʢʣʘʩʫ, ʪʘ ʜʦʟʚʦʣʷʻ ʚʠʤʽʨʶʚʘʪʠ ʰʫʤ ʚ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ 5 ɻʮ ÷
20 ʢɻʮ. ʇʨʠʣʘʜ ʦʩʥʘʱʝʥʠʡ ʧʦʧʝʨʝʜʥʴʦ ʧʦʣʷʨʠʟʦʚʘʥʠʤ ʢʦʥʜʝʥʩʘʪʦʨʥʠʤ ʤʽʢʨʦʬʦʥʦʤ ACO
SV 7152 1ù2” ʟ ʥʦʤʽʥʘʣʴʥʦʶ ʯʫʪʣʠʚʽʩʪʶ 32 ʤɺ/ʇʘ, ʥʝʨʫʭʦʤʦ ʨʦʟʪʘʰʦʚʘʥʠʤ ʧʦʙʣʠʟʫ
ʪʨʘʻʢʪʦʨʽʾ ʨʫʭʫ ʩʝʛʤʝʥʪʘ. ɺʠʤʽʨʶʚʘʣʴʥʘ ʘʧʘʨʘʪʫʨʘ ʤʘʣʘ ʚʽʜʧʦʚʽʜʥʫ ʤʝʪʨʦʣʦʛʽʯʥʫ ʧʦʚʽʨʢʫ,
ʘ ʦʨʛʘʥʽʟʘʮʽʷ ʧʦʚʪʦʨʥʠʭ ʚʠʤʽʨʶʚʘʥʴ ʟʜʽʡʩʥʶʚʘʣʘʩʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʠʤʦʛ ɼʉʊʋ ɻʆʉʊ ISO
5725-1:2005 ʱʦʜʦ ʧʦʚʪʦʨʶʚʘʥʦʩʪʽ ʪʘ ʟʙʽʞʥʦʩʪʽ ʨʝʟʫʣʴʪʘʪʽʚ.

ɼʣʷ ʚʠʜʽʣʝʥʥʷ ʘʢʫʩʪʠʯʥʦʾ ʩʢʣʘʜʦʚʦʾ, ʧʦʚ’ʷʟʘʥʦʾ ʟ ʨʫʭʦʤ ʜʦʩʣʽʜʥʦʛʦ ʩʝʛʤʝʥʪʘ, ʦʢʨʝʤʦ
ʨʝʻʩʪʨʫʚʘʣʠ ʬʦʥʦʚʠʡ ʰʫʤ ʢʘʤʝʨʠ ʪʘ ʰʫʤ ʧʨʘʮʶʶʯʦʾ ʫʩʪʘʥʦʚʢʠ ʙʝʟ ʤʦʜʝʣʽ. ʆʙʨʦʙʢʘ
ʩʠʛʥʘʣʽʚ ʚʠʢʦʥʫʚʘʣʘʩʷ ʫ ʯʘʩʪʦʪʥʽʡ ʦʙʣʘʩʪʽ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʰʚʠʜʢʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨ’ʻ
(FFT) ʟ ʯʘʩʪʦʪʥʠʤ ʨʦʟʜʽʣʝʥʥʷʤ 12 ɻʮ. ɺʥʝʩʦʢ ʬʦʥʦʚʦʛʦ ʰʫʤʫ ʚʨʘʭʦʚʫʚʘʚʩʷ ʤʝʪʦʜʦʤ
ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʚʽʜʥʽʤʘʥʥʷ, ʩʧʝʢʪʨ ʩʠʛʥʘʣʫ ʤʦʜʝʣʽ ʚʠʟʥʘʯʘʚʩʷ ʥʘ ʦʩʥʦʚʽ ʧʦʨʽʚʥʷʥʥʷ ʩʧʝʢʪʨʘ
ʧʦʚʥʦʛʦ ʟʘʨʝʻʩʪʨʦʚʘʥʦʛʦ ʩʠʛʥʘʣʫ ʟʽ ʩʧʝʢʪʨʦʤ ʬʦʥʦʚʦʛʦ ʰʫʤʫ, ʚʠʤʽʨʷʥʦʛʦ ʟʘ ʘʥʘʣʦʛʽʯʥʠʭ
ʫʤʦʚ ʙʝʟ ʤʦʜʝʣʽ. ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʚʧʣʠʚʫ ʚʠʧʘʜʢʦʚʠʭ ʩʢʣʘʜʦʚʠʭ ʩʧʝʢʪʨʠ ʫʩʝʨʝʜʥʶʚʘʣʠ ʟʘ 21
ʽʥʪʝʨʚʘʣʦʤ ʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʩʬʦʨʤʦʚʘʥʠʤ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʨʴʦʭ ʧʦʩʣʽʜʦʚʥʠʭ ʚʠʤʽʨʶʚʘʥʴ.

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʩʝʨʽʷ ʜʣʷ ʧʨʦʬʽʣʶ NACA 0012 ʦʭʦʧʣʶʚʘʣʘ ʩʽʤ ʟʥʘʯʝʥʴ ʢʫʪʘ ʘʪʘʢʠ
a = 0-15¯ ʟ ʢʨʦʢʦʤ 2,5¯ ʪʘ ʧ’ʷʪʴ ʟʥʘʯʝʥʴ ʣʽʥʽʡʥʦʾ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʩʝʛʤʝʥʪʘ V = 10 - 20 ʤ/ʩ ʟ
ʢʨʦʢʦʤ 2,5 ʤ/ʩ. ɼʣʷ ʚʩʽʭ ʜʦʩʣʽʜʞʝʥʠʭ ʨʝʞʠʤʽʚ ʥʘʡʙʽʣʴʰʽ ʨʽʚʥʽ ʟʚʫʢʦʚʦʛʦ ʪʠʩʢʫ (SPL)
ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʚ ʥʠʟʴʢʦʯʘʩʪʦʪʥʽʡ ʯʘʩʪʠʥʽ ʩʧʝʢʪʨʘ, ʧʽʩʣʷ ʯʦʛʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ
ʯʘʩʪʦʪʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘʛʘʣʴʥʝ ʟʥʠʞʝʥʥʷ SPL. ɿʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʩʝʛʤʝʥʪʘ
ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷʤ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʽʚʥʷ ʰʫʤʫ. ɺʧʣʠʚ ʢʫʪʘ ʘʪʘʢʠ ʥʘʡʙʽʣʴʰ
ʚʠʨʘʞʝʥʠʡ ʫ ʥʠʟʴʢʦ- ʪʘ ʩʝʨʝʜʥʴʦʯʘʩʪʦʪʥʽʡ ʦʙʣʘʩʪʷʭ; ʫ ʚʠʩʦʢʦʯʘʩʪʦʪʥʽʡ ʯʘʩʪʠʥʽ ʩʧʝʢʪʨʘ
ʢʨʠʚʽ, ʦʪʨʠʤʘʥʽ ʜʣʷ ʨʽʟʥʠʭ ʢʫʪʽʚ ʘʪʘʢʠ, ʧʦʩʪʫʧʦʚʦ ʟʙʣʠʞʫʶʪʴʩʷ. ʉʧʝʢʪʨʠ ʤʘʶʪʴ ʧʝʨʝʚʘʞʥʦ
ʰʠʨʦʢʦʩʤʫʛʦʚʠʡ ʭʘʨʘʢʪʝʨ, ʦʜʥʘʢ ʟʘ ʤʘʣʠʭ ʢʫʪʽʚ ʘʪʘʢʠ a ¢ 5¯ ʪʘ ʤʝʥʰʠʭ ʰʚʠʜʢʦʩʪʝʡ ʨʫʭʫ
ʥʘ ʰʠʨʦʢʦʩʤʫʛʦʚʦʤʫ ʬʦʥʽ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚʠʨʘʞʝʥʽ ʜʠʩʢʨʝʪʥʽ (ʪʦʥʘʣʴʥʽ) ʢʦʤʧʦʥʝʥʪʠ.
ʅʘʡʙʽʣʴʰ ʧʦʤʽʪʥʽ ʪʦʥʘʣʴʥʽ ʤʘʢʩʠʤʫʤʠ ʬʦʨʤʫʶʪʴʩʷ ʚ ʦʙʣʘʩʪʽ ʢʽʣʴʢʦʭ ʩʦʪʝʥʴ ʛʝʨʮ ʟʘ
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ʰʚʠʜʢʦʩʪʝʡ 10–12,5 ʤ/ʩ. ɿʽ ʟʤʽʥʦʶ ʨʝʞʠʤʫ ʨʫʭʫ ʟʤʽʥʶʶʪʴʩʷ ʷʢ ʘʤʧʣʽʪʫʜʘ, ʪʘʢ ʽ ʯʘʩʪʦʪʥʝ
ʧʦʣʦʞʝʥʥʷ ʮʠʭ ʤʘʢʩʠʤʫʤʽʚ.

ʇʦʚʪʦʨʶʚʘʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʦʮʽʥʶʚʘʣʘʩʷ ʟʘ ʩʝʨʽʷʤʠ ʚʠʤʽʨʶʚʘʥʴ, ʚʠʢʦʥʘʥʠʤʠ ʚ ʨʽʟʥʽ
ʜʥʽ ʟʘ ʦʜʥʘʢʦʚʠʭ ʨʝʞʠʤʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. ʈʦʟʙʽʞʥʽʩʪʴ ʟʥʘʯʝʥʴ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ A-ʟʚʘʞʝʥʦʛʦ
ʨʽʚʥʷ LAeq ʤʽʞ ʧʦʚʪʦʨʥʠʤʠ ʩʝʨʽʷʤʠ ʥʝ ʧʝʨʝʚʠʱʫʚʘʣʘ 1 ʜɹ(A), ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʟʘʜʦʚʽʣʴʥʫ
ʧʦʚʪʦʨʶʚʘʥʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ [4]. ʆʩʥʦʚʥʠʡ ʘʥʘʣʽʟ ʘʢʫʩʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ
ʧʨʠ ʮʴʦʤʫ ʧʨʦʚʦʜʠʚʩʷ ʟʘ ʚʫʟʴʢʦʩʤʫʛʦʚʠʤʠ ʟʘʣʝʞʥʦʩʪʷʤʠ SPL(f).

ʊʘʢʠʤ ʯʠʥʦʤ, ʫ ʜʦʩʣʽʜʞʝʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʧʘʨʘʤʝʪʨʽʚ ʘʢʫʩʪʠʯʥʠʡ ʩʧʝʢʪʨ ʩʝʛʤʝʥʪʘ
NACA 0012 ʤʘʻ ʧʝʨʝʚʘʞʥʦ ʰʠʨʦʢʦʩʤʫʛʦʚʠʡ ʭʘʨʘʢʪʝʨ ʽʟ ʟʘʛʘʣʴʥʠʤ ʟʥʠʞʝʥʥʷʤ SPL ʟʽ
ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʪʦʪʠ. ɿʨʦʩʪʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʧʽʜʚʠʱʝʥʥʷʤ
ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʽʚʥʷ ʰʫʤʫ, ʪʦʜʽ ʷʢ ʚʧʣʠʚ ʢʫʪʘ ʘʪʘʢʠ ʥʘʡʙʽʣʴʰ ʚʠʨʘʞʝʥʠʡ ʫ ʥʠʟʴʢʦ- ʪʘ
ʩʝʨʝʜʥʴʦʯʘʩʪʦʪʥʽʡ ʦʙʣʘʩʪʷʭ ʩʧʝʢʪʨʘ. ɿʘ ʤʘʣʠʭ ʢʫʪʽʚ ʘʪʘʢʠ ʪʘ ʥʠʞʯʠʭ ʰʚʠʜʢʦʩʪʝʡ ʥʘ
ʰʠʨʦʢʦʩʤʫʛʦʚʦʤʫ ʬʦʥʽ ʜʦʜʘʪʢʦʚʦ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʪʦʥʘʣʴʥʽ ʢʦʤʧʦʥʝʥʪʠ, ʯʘʩʪʦʪʘ ʪʘ
ʘʤʧʣʽʪʫʜʘ ʷʢʠʭ ʟʘʣʝʞʘʪʴ ʚʽʜ ʨʝʞʠʤʫ ʨʫʭʫ ʩʝʛʤʝʥʪʘ. ʆʪʨʠʤʘʥʠʡ ʤʘʩʠʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ
ʜʘʥʠʭ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʜʣʷ ʚʘʣʽʜʘʮʽʾ ʯʠʩʝʣʴʥʠʭ ʘʝʨʦʘʢʫʩʪʠʯʥʠʭ ʤʦʜʝʣʝʡ.
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ʈʦʟʛʣʷʜʘʶʪʴʩʷ  ʥʝʩʪʘʮʽʦʥʘʨʥʽ  ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʟʘʜʘʯʽ ʟ ʚʽʣʴʥʠʤʠ ʤʝʞʘʤʠ – ʟʘʜʘʯʽ ʧʨʦ
ʚʽʜʨʠʚʥʽ ʪʝʯʽʾ, ʟʘʜʘʯʽ ʧʨʦʥʠʢʥʝʥʥʷ ʩʢʨʽʟʴ ʚʽʣʴʥʫ ʤʝʞʫ ʚʽʜʦʢʨʝʤʣʝʥʥʷ ʨʽʜʢʠʭ ʩʝʨʝʜʦʚʠʱ.
ɿʘʜʘʯʽ ʚʠʥʠʢʘʶʪʴ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʩʧʝʮʽʘʣʴʥʠʭ ʩʠʩʪʝʤ – ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʧʣʘʪʬʦʨʤ
(ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ  ʧʝʨʝʥʝʩʝʥʥʷ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ) ʟ ʢʦʤʙʽʥʦʚʘʥʦʾ ʩʠʩʪʝʤʦʶ
ʜʠʥʘʤʽʯʥʦʾ ʧʽʜʪʨʠʤʢʠ. ʆʙʯʠʩʣʶʚʘʣʴʥʽ ʪʝʭʥʦʣʦʛʽʾ  ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ  ʟʘʙʝʟʧʝʯʝʥʥʷ
ʢʦʤʧ’ʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʠ ʧʨʦʚʝʜʝʥʥʽ ʧʝʨʝʜʧʨʦʻʢʪʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʜʠʥʘʤʽʢʠ
ʤʫʣʴʪʽʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʣʽʪʘʶʯʠʭ ʧʣʘʪʬʦʨʤ.

ʂʦʤʧʦʥʦʚʢʠ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʧʣʘʪʬʦʨʤ (ʥʘʜʤʘʣʠʭ ʃɸ)

ʈʠʩ.1
MARTIN JETPACK

ʈʠʩ.2
JET

ʈʠʩ.3
ʄʦʜʝʣʴ ʽʟ «ʈʆɿɽʊʂɯ»

ɺʨʘʭʦʚʫʶʯʠ ʪʝ, ʱʦ ʨʽʟʥʽ ʘʝʨʦʜʠʥʘʤʽʯʥʽ  ʩʭʝʤʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʨʽʟʥʽ ʨʝʞʠʤʠ ʨʫʭʫ ʪʘ
ʨʽʟʥʽ ʧʨʠʥʮʠʧʠ ʘʝʨʦʜʠʥʘʤʽʯʥʦʾ ʧʽʜʪʨʠʤʢʠ,  ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʤʦʜʝʣʽ ʨʽʟʥʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ
ʩʭʝʤ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʧʣʘʪʬʦʨʤ ʟʜʘʪʥʠʭ ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʩʦʢʽ ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ.

ʈʠʩ.4
ɺʘʨʽʘʥʪ «ʍ» – ʚʝʨʪʠʢʘʣʴʥʠʡ ʟʣʽʪ.

ʈʠʩ.5
ɺʘʨʽʘʥʪ «ʍ» – ʛʦʨʠʟʦʥʪʘʣʴʥʠʡ ʧʦʣʴʽʪ
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ʇʝʨʝʣʠʢ ʧʦʩʠʣʘʥʴ

1. S.O.Dovgiy S.I.Lyashko, D.I.Cherniy. Algorithms of Discrete Singularities Method of
Computational Technologies. // Cybernetics and System Analysis, 2017, ˉ6, pp.147-159.

2. S.A.Dovgiy, I.K.Lifanov, D.I.Cherniy The method of singular integral equations and
computational technologies. – Kyiv:"Yuston" (2016).

3. Cherniy D., Vasin P., Pylypchenko I. Hypersingular integrals method for computation
technologies.// XXXVIII International Conference PROBLEMS OF DECISION MAKING
UNDER UNCERTAINTIES (PDMU-2023). Page 28.
http://pdmu.univ.kiev.ua/PDMU_2023/PDMU-2023_End.pdf

4. ʏʝʨʥʽʡ ɼ.ɯ., ɺʘʩʽʥ ʇ.ʆ., ʇʠʣʠʧʯʝʥʢʦ ɯ.ʖ. ʄʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʚʽʜʨʠʚʥʠʭ ʪʝʯʽʡ.
//ʊʝʟʠ VIɯ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʘ ʢʦʥʬʝʨʝʥʮʽʷ ʉʋʏɸʉʅɯ ʇʈʆɹʃɽʄʀ ʄɽʍɸʅɯʂʀ. (160-
ʨʽʯʯʷ ʢʘʬʝʜʨʠ ʤʝʭʘʥʽʢʠ ʂʅʋ), ʂʠʾʚ, ʋʢʨʘʾʥʘ 30–31 ʉʝʨʧʥʷ 2023. (page 67).
http://lcwf.univ.kiev.ua/wpcontent/uploads/2023/08/ABSTRACTS_MPM_2 023_UKR.pdf.
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ɼʀʉʂʈɽʊʀɿʆɺɸʅɯ ʄɸʊɽʄɸʊʀʏʅɯ ʄʆɼɽʃɯ ɼʃʗ ʇʆʏɸʊʂʆɺʆ-
ʂʈɸʁʆɺʀʍ ɿɸɼɸʏ ɺ ʆɹʃɸʉʊʗʍ ɿ ʈʋʍʆʄʀʄʀ ʊɸ ɺɯʃʔʅʆʖ

ʄɽɾɽʖ

ɺʘʩʽʥ ʇ.ʆ.1, ɻʫʨʞʽʡ ʈ.ʆ. 2, ʃʝʙʽʜʴ ʆ.ɻ. 2, ʏʝʨʥʽʡ ɼ.ɯ.1
1ʂʠʾʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ʊʘʨʘʩʘ ʐʝʚʯʝʥʢʘ, ʂʠʾʚ, ʋʢʨʘʾʥʘ,

d_cherniy@ukr.net , vasinpavlo@gmail.com
2 ɯʥʩʪʠʪʫʪ ʪʝʣʝʢʦʤʫʥʽʢʘʮʽʡ ʽ ʛʣʦʙʘʣʴʥʦʛʦ ʽʥʬʦʨʤʘʮʽʡʥʦʛʦ ʧʨʦʩʪʦʨʫ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ,

ʋʢʨʘʾʥʘ, gourjii@gmail.com , o.g.lebid@gmail.com

ʈʦʟʛʣʷʜʘʶʪʴʩʷ ʜʚʦʚʠʤʽʨʥʽ ʪʝʯʽʾ ʽʜʝʘʣʴʥʦʾ ʥʝʩʪʠʩʣʠʚʦʾ ʨʽʜʠʥʠ ʥʘʚʢʦʣʦ ʩʠʩʪʝʤʠ N
ʨʫʭʦʤʠʭ ʢʦʥʪʫʨʽʚ (ʨʠʩ.1).

ʈʠʩ.1

ʈʦʟʛʣʷʥʫʪʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʝʦʨʽʾ ʧʦʪʝʥʮʽʘʣʫ ʪʘ ʛʽʧʝʨʩʠʥʛʫʣʷʨʥʠʭ ʽʥʪʝʛʨʘʣʴʥʠʭ
ʨʽʚʥʷʥʴ ʜʣʷ ʨʦʟʚ’ʷʟʘʥʥʷ  ʥʝʣʦʢʘʣʴʥʦʾ ʧʦʯʘʪʢʦʚʦ-ʢʨʘʡʦʚʦʾ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʟʘʜʘʯʽ ʱʦʜʦ
ʜʝʬʦʨʤʘʮʽʾ ʚ ʧʦʣʽ ʪʷʞʽʥʥʷ  ʦʙʣʘʩʪʽ ʟ ʚʽʣʴʥʠʤʠ ʥʝʧʨʦʥʠʢʥʠʤʠ  ʤʝʞʘʤʠ. ʇʨʝʜʩʪʘʚʣʝʥʦ
ʜʠʩʢʨʝʪʠʟʘʮʽʶ ʤʦʜʝʣʝʡ ʪʘ ʧʦʙʫʜʦʚʫ ʤʝʪʦʜʫ ʦʙʯʠʩʣʝʥʴ ʥʘ  ʦʩʥʦʚʽ ʜʠʩʢʨʝʪʠʟʘʮʽʾ
ʛʽʧʝʨʩʠʥʛʫʣʷʨʥʠʭ ʽʥʪʝʛʨʘʣʽʚ. ʇʨʝʜʩʪʘʚʣʝʥʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʪʝʭʥʦʣʦʛʽʾ ʤʦʜʝʣʶʚʘʥʥʷ
ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʟ ʫʪʚʦʨʝʥʥʷʤ ʢʫʤʫʣʷʪʠʚʥʠʭ ʩʪʨʫʤʝʥʽʚ ʪʘ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʭʚʠʣʴ
ʥʘ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʚʠʢʣʠʢʘʥʠʭ  ʧʦʯʘʪʢʦʚʠʤ ʣʦʢʘʣʴʥʠʤ  ʟʙʫʨʝʥʥʷʤ ʾʾ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ -
ʤʝʞʠ ʦʙʣʘʩʪʽ ʪʝʯʽʾ. ɺʨʘʭʦʚʫʻʪʴʩʷ, ʱʦ ʜʣʷ ʚʠʭʨʦʚʠʭ ʧʦʣʽʚ ʟʘʩʪʦʩʦʚʥʘ ʬʦʨʤʫʣʘ ʉʪʦʢʩʘ:

ː = Ḃ ὠᴆ, †ᴆ Ὠὰ = ᷿ ᷿ ὶέὸ ὠᴆ, ὲᴆ Ὠ„В . (1)

ɿʘʚʜʷʢʠ ʯʦʤʫ, ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ,  ʚʠʭʨʦʚʘ ʪʝʯʽʷ ʘʧʨʦʢʩʠʤʫʻʪʴʩʷ ʮʠʨʢʫʣʷʮʽʡʥʦʶ. ʋ ʪʘʢʦʤʫ
ʧʨʠʧʫʱʝʥʥʽ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʪʝʯʽʾ ʟ ʚʽʜʨʠʚʥʠʤʠ ʷʚʠʱʘʤʠ,  ʧʨʦʮʝʩʠ ʧʨʦʥʠʢʥʝʥʥʷ ʯʝʨʝʟ
ʚʽʣʴʥʫ ʛʨʘʥʠʮʶ ʚʽʜʦʢʨʝʤʣʝʥʥʷ ʚʦʭʜʫʭ/ʚʦʜʘ, ʘʙʦ  ʜʠʥʘʤʽʢʘ ʨʽʜʠʥʠ  ʟ ʚʽʣʴʥʦʶ  ʛʨʘʥʠʮʝʶ.
ɼʣʷ ʤʘʪʝʤʘʪʠʯʥʦʾ ʟʘʜʘʯʽ ʧʨʦ ʜʠʥʘʤʽʢʫ ʥʝʧʨʦʥʠʢʥʠʭ ʨʫʭʦʤʠʭ ʛʨʘʥʠʮʴ ὒ (ὸ) = ὒ + ὒ ʫ
ʦʙʣʘʩʪʽ Ὀ (ὸ) ʤʘʻʤʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ, ʷʢʘ ʤʘʻ ʽʥʪʝʛʨʘʣʴʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʷ (ʟ
ʧʘʨʘʤʝʪʨʠʯʥʦʶ ʟʘʣʝʞʥʽʩʪʶ ʚʽʜ ὸ):
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ɺ ʩʠʣʫ ʩʫʪʪʻʚʦʾ ʤʽʥʣʠʚʦʩʪʽ ʦʙʣʘʩʪʽ ʽʟ ʟʘʟʜʘʣʝʛʽʜʴ ʥʝʚʽʜʦʤʦʶ ʬʦʨʤʦʶ ʯʘʩʪʠʥʠ ʛʨʘʥʠʮʴ,
ʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʧʨʦ ʥʝʩʪʘʮʽʦʥʘʨʥʫ ʪʝʯʽʶ ʥʘʚʢʦʣʦ ʥʝʧʨʦʥʠʢʥʠʭ ʨʫʭʦʤʠʭ ʨʽʟʥʦʪʠʧʥʠʭ
ʛʨʘʥʠʮʴ ʤʦʞʣʠʚʦ ʪʽʣʴʢʠ ʯʠʩʝʣʴʥʠʤʠ ʤʝʪʦʜʘʤʠ, ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ
ʪʝʭʥʦʣʦʛʽʡ.
ʇʦʙʫʜʦʚʠ  ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʪʝʭʥʦʣʦʛʽʡ  ʟʘʩʥʦʚʘʥʘ ʥʘ ʟʘʩʪʦʩʫʚʘʥʥʽ ʤʝʪʦʜʫ ʜʠʩʢʨʝʪʥʠʭ

ʦʩʦʙʣʠʚʦʩʪʝʡ [1,2] ʜʣʷ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʤʦʜʝʣʝʡ (2),(3).
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ʆʩʦʙʣʠʚʽ ʽʥʪʝʛʨʘʣʠ (2), (3) ʥʘ ʚʩʽʭ ʚʥʫʪʨʽʰʥʽʭ ʪʦʯʢʘʭ ʢʦʥʪʫʨʫ ὒ , ʪʦʙʪʦ ʧʨʠ
ᾀ = ‫ ᶰ ὒ , ʚʚʘʞʘʶʪʴʩʷ ʽʩʥʫʯʠʤʠ ʫ ʩʝʥʩʽ ʩʢʽʥʯʝʥʥʦʾ ʯʘʩʪʠʥʠ ʟʘ ʂʦʰʽīɸʜʘʤʘʨʦʤ:

᷿
( )

( )
Ὠ‫ = limO

ᴼ

᷿
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( )
Ὠ‫ + ᷿

( )
( )

Ὠ‫ ( )
( ) ( ) ( )

(6)

ʧʨʠ
limO

ᴼ
| |

= 1 (7)

ʄʝʪʦʜ ʪʘ ʘʣʛʦʨʠʪʤ ʨʦʟʚ’ʷʟʘʥʥʷ ʜʠʩʢʨʝʪʠʟʦʚʘʥʠʭ ʟʘʜʘʯ ʥʘʜʘʻ ʨʝʟʫʣʴʪʘʪ ʫ ʚʠʛʣʷʜʽ ʚʝʢʪʦʨʥʠʭ
ʧʦʣʽʚ ʰʚʠʜʢʦʩʪʝʡ,  ʨʦʟʧʦʜʽʣʫ ʪʠʩʢʽʚ ʚ ʦʙʣʘʩʪʷʭ ʪʘ ʝʧʶʨ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʛʨʘʥʠʮʷʭ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

[1]  Dovgiy S. O., Lyashko S. I., Cherniy D. I. Algorithms of the Discrete Singularity Method for
Computing Technologies// Cybernetics and Systems Analysis. – 2017. – Vol. 53, 6. – P. 950-962.
[2] S.A. Dovgyi, I.K. Lifanov, D.I. Cherniy. The method of singular integral equations and computational
technologies. Yuston, Kyiv, Ukraine, 2016. 380 ʨ.
[3] Chapko R., Johansson B. T., Muzychuk Y., Hlova A. Wave propagation from lateral Cauchy data
using a boundary element method // Wave Motion, 2019.- 91.- doi.org/10.1016/j.wavemoti.2019.102385
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ɺɯɼɻʋʂ ɺ’ʗɿʂʆʇʈʋɾʅʆɻʆ ʐɸʈʋ ʅɸ ɿɹʋʈɽʅʅʗ
ʊʋʈɹʋʃɽʅʊʅʆɻʆ ʇʆʊʆʂʋ

ɺʦʨʦʧʘʝʚ ɻ.ʆ.
ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, voropaiev@nas.gov.ua

ɺ ʜʘʥʠʡ ʯʘʩ ʟʘʛʘʣʴʥʦʚʠʟʥʘʥʦ, ʱʦ ʪʫʨʙʫʣʝʥʪʥʠʡ ʧʦʪʽʢ ʦʜʥʦʨʽʜʥʠʭ ʩʝʨʝʜʦʚʠʱ ʫʟʜʦʚʞ
ʙʫʜʴ-ʷʢʦʾ ʦʙʪʽʯʥʦʾ ʧʦʚʝʨʭʥʽ, ʱʦ ʥʝ ʟʤʽʥʶʻ ʩʚʦʾ ʧʘʨʘʤʝʪʨʠ ʚʟʜʦʚʞ ʧʦʪʦʢʫ, ʧʨʠʭʦʜʠʪʴ ʫ ʩʪʘʥ
ʩʪʽʡʢʦʾ ʢʽʥʝʤʘʪʠʯʥʦʾ ʪʘ ʝʥʝʨʛʝʪʠʯʥʦʾ ʨʽʚʥʦʚʘʛʠ ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ ʧʦʪʦʢʫ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ
ʥʘʧʨʫʟʽ ʪʝʨʪʷ (ʜʠʥʘʤʽʯʥʦʾ ʰʚʠʜʢʦʩʪʽ) ʥʘ ʦʙʪʽʯʥʦʾ ʧʦʚʝʨʭʥʽ.
ʋʤʦʚʘ ʝʥʝʨʛʝʪʠʯʥʦʾ ʨʽʚʥʦʚʘʛʠ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʦʪʦʢʫ ʥʘ ʦʙʪʽʯʥʦʾ ʧʦʚʝʨʭʥʽ, ʱʦ
ʜʝʬʦʨʤʫʻʪʴʩʷ, ʧʝʨʝʜʙʘʯʘʻ ʥʝʟʤʽʥʥʽʩʪʴ ʦʩʝʨʝʜʥʝʥʠʭ ʢʽʥʝʤʘʪʠʯʥʠʭ ʽ ʜʠʥʘʤʽʯʥʠʭ ʛʨʘʥʠʯʥʠʭ
ʫʤʦʚ ʥʘ ʤʝʞʽ ʨʦʟʜʽʣʫ. ʅʝʟʤʽʥʥʽʩʪʴ ʦʩʝʨʝʜʥʝʥʠʭ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʫ ʩʚʦʶ ʯʝʨʛʫ ʧʝʨʝʜʙʘʯʘʻ ʽ
ʜʝʷʢʫ ʧʝʨʽʦʜʠʯʥʽʩʪʴ ʩʘʤʦʾ ʤʝʞʽ ʨʦʟʜʽʣʫ ʽ ʰʚʠʜʢʦʩʪʝʡ ʧʝʨʝʤʽʱʝʥʥʷ ʤʝʞʽ ʨʦʟʜʽʣʫ, ʱʦ
ʜʦʟʚʦʣʷʻ ʧʦʚ'ʷʟʘʪʠ ʮʽ ʢʽʥʝʤʘʪʠʯʥʽ ʪʘ ʜʠʥʘʤʽʯʥʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʥʘ ʧʦʚʝʨʭʥʽ ʨʦʟʜʽʣʫ
ʩʝʨʝʜʦʚʠʱ ʟʽ ʟʙʫʨʝʥʥʷʤʠ ʧʦʪʦʢʫ [1]. ʇʨʠ ʮʴʦʤʫ ʩʝʨʝʜʥʽ ʢʽʥʝʤʘʪʠʯʥʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ
ʤʦʞʫʪʴ ʟʘʣʠʰʘʪʠʩʷ ʥʫʣʴʦʚʠʤʠ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʜʠʥʘʤʽʯʥʽ ʫʤʦʚʠ ʧʦʚʠʥʥʽ ʚʽʜʧʦʚʽʜʘʪʠ ʫʤʦʚʽ
ʝʥʝʨʛʝʪʠʯʥʦʾ ʨʽʚʥʦʚʘʛʠ, ʱʦ ʛʝʥʝʨʫʶʪʴ, ʘʙʦ ʧʦʛʣʠʥʘʶʪʴ ʝʥʝʨʛʽʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ
ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʝʦʤʝʪʨʠʯʥʠʭ ʽ ʬʽʟʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ
ʧʨʫʞʥʦʛʦ/ʚ'ʷʟʢʦʧʨʫʞʥʦʛʦ ʧʦʢʨʠʪʪʷ.

ʋ ʜʦʧʦʚʽʜʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʝʚʥʠʭ ʢʽʥʝʤʘʪʠʯʥʠʭ ʽ ʜʠʥʘʤʽʯʥʠʭ
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ'ʷʟʢʦʧʨʫʞʥʦʛʦ ʰʘʨʫ ʢʽʥʮʝʚʦʾ ʪʦʚʱʠʥʠ ʧʽʜ ʜʽʻʶ ʧʫʣʴʩʘʮʽʡʥʦʛʦ
ʥʘʚʘʥʪʘʞʝʥʥʷ exp( ( ) )ij j is

N i x Ct is a j= - - , ʜʝ Ŭ – ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ, ʉ - ʬʘʟʦʚʘ ʰʚʠʜʢʽʩʪʴ, űi

-ʟʩʫʚ ʬʘʟ ʤʽʞ ʥʦʨʤʘʣʴʥʠʤʠ ʽ ʟʩʫʚʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʱʦ ʜʽʻ ʥʘ ʡʦʛʦ

ʧʦʚʝʨʭʥʽ, ʥʘ ʧʽʜʩʪʘʚʽ ʨʽʰʝʥʥʷ ʨʽʚʥʷʥʴ ʟʙʝʨʝʞʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʨʫʭʫ:
2

,2
i

s ij jt
xr sµ =

µ
.

ʈʽʚʥʷʥʥʷ ʩʪʘʥʫ ʚ'ʷʟʢʦʧʨʫʞʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʧʦʢʨʠʪʪʷ, ʱʦ ʟʚ'ʷʟʫʻ ʥʘʧʨʫʛʫ (ů) ʟ
ʜʝʬʦʨʤʘʮʽʻʶ (Ů), ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʥʦʨʤʦʚʘʥʦʛʦ ʦʧʝʨʘʪʦʨʘ ɺʦʣʴʪʝʨʨʘ [2]:

( )( ) [1 ( )]
t dt t d

d
e ts j t t
t-¤

= + -ñ ʟ ʝʢʩʧʦʥʝʥʮʽʡʥʦʶ ʬʫʥʢʮʽʻʶ ʨʝʣʘʢʩʘʮʽʾ

1
( ) exp( )k

k k

tt mj
q

¤

=
= -ä , ʜʝ ɗk ʽ µk - ʯʘʩʠ ʨʝʣʘʢʩʘʮʽʾ ʽ ʚʽʜʧʦʚʽʜʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʩʧʝʢʪʨʘʣʴʥʦʾ

ʱʽʣʴʥʦʩʪʽ, ʱʦ ʚʽʜʥʝʩʝʥʽ ʜʦ ʩʪʘʪʠʯʥʦʛʦ ʤʦʜʫʣʷ ʧʨʫʞʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʧʦʢʨʠʪʪʷ.
ʗʢ ʟʥʝʨʦʟʤʽʨʥʽ ʧʘʨʘʤʝʪʨʠ ʟʘʜʘʯʽ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ:ʰʚʠʜʢʽʩʪʴ ʟʩʫʚʥʦʾ ʭʚʠʣʽ ʚ ʧʦʢʨʠʪʪʽ

0

s

Cm
m
r

= ʪʘ ʡʦʛʦ ʪʦʚʱʠʥʘ h, ʱʦ ʽ ʚʠʟʥʘʯʘʻ ʭʘʨʘʢʪʝʨʥʠʡ ʯʘʩ ʧʦʢʨʠʪʪʷ 0 /h Cmt = , ʱʦʜʦ

ʷʢʦʛʦ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʩʧʝʢʪʨ ʯʘʩʫ ʨʝʣʘʢʩʘʮʽʾ. ɺʽʜʥʦʰʝʥʥʷ ʥʦʨʤʘʣʴʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʦ
ʟʩʫʚʥʦʛʦ ʦʮʽʥʶʻʪʴʩʷ ʧʘʨʘʤʝʪʨʦʤ ʂʨʝʡʯʥʘʥʘ (Kr), ʟʽ ʟʩʫʚʦʤ ʬʘʟʠ ~ 50-70°. ʊʨʘʻʢʪʦʨʽʾ ʨʫʭʫ
ʪʦʯʦʢ ʧʦʚʝʨʭʥʽ ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʭʚʠʣʽ ʩʫʪʪʻʚʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʜʠʥʘʤʽʯʥʠʭ ʤʦʜʫʣʽʚ ʧʨʫʞʥʦʩʪʽ
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ʤʘʪʝʨʽʘʣʫ ʪʘ ʭʚʠʣʴʦʚʦʛʦ ʯʠʩʣʘ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʮʽʥʶʚʘʪʠ ʩʪʘʥ ʧʦʚʝʨʭʥʽ
ʨʦʟʜʽʣʫ ʧʨʠ ʟʤʽʥʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʪʘ ʰʚʠʜʢʦʩʪʽ ʾʾ ʧʦʰʠʨʝʥʥʷ (ʈʠʩ.1).

a) b) c)
ʈʠʩ 1. ʊʨʘʻʢʪʦʨʽʾ ʪʦʯʦʢ ʧʦʚʝʨʭʥʽ ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʭʚʠʣʽ: ʘ)- ʉ=0.5;  Ŭ=0.5;

b) -ʉ=0.5;  Ŭ=1.5; c) - ʉ=1.25;  Ŭ=1.5. ʇʨʠ ʟʤʽʥʽ ʧʘʨʘʤʝʪʨʘ ʂʨʝʡʯʥʘʥʘ ʚʽʜ1.6 ʜʦ Ð.
ʇʨʠ ʮʴʦʤʫ ʥʘ ʧʦʚʝʨʭʥʽ ʧʦʢʨʠʪʪʷ ʟʘʣʝʞʥʦ ʚʽʜ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʪʦʢʫ ʪʘ

ʧʦʢʨʠʪʪʷ ʬʦʨʤʫʻʪʴʩʷ ʧʦʪʽʢ ʧʫʣʴʩʘʮʽʡʥʦʾ ʝʥʝʨʛʽʾ: 2
1

0 0

1 T

J N dxdt
T t

l x
l

µ=
µñ ñ , ʷʢʠʡ

ʧʝʨʝʨʦʟʧʦʜʽʣʷʻ ʝʥʝʨʛʽʶ ʨʽʟʥʠʭ ʯʘʩʪʦʪ ʤʽʞ ʪʫʨʙʫʣʝʥʪʥʠʤ ʧʨʠʤʝʞʦʚʠʤ ʰʘʨʦʤ ʪʘ ʧʦʢʨʠʪʪʷʤ
(ʈʠʩ.2 a,b).

a) b)

ʈʠʩ.2.ʇʦʪʽʢ ʧʫʣʴʩʘʮʽʡʥʦʾ ʝʥʝʨʛʽʾ ʥʘ ʤʝʞʽ ʨʦʟʜʽʣʫ ʩʝʨʝʜʦʚʠʱ: a) C=0.5 ʩʠʥʷ ʢʨʠʚʘ –
Kr=20, ʯʝʨʚʦʥʘ - Kr=2.5; b) C=1.25, ʟʝʣʝʥʘ - Kr=4.0.

ʇʨʠ ʤʘʣʠʭ ʟʥʘʯʝʥʥʷʭ ʧʘʨʘʤʝʪʨʘ ʂʨʝʡʯʥʘʥʘ ʝʥʝʨʛʽʷ ʜʦʚʛʠʭ ʭʚʠʣʴ ʧʦʚʝʨʪʘʻʪʴʩʷ ʚ
ʧʦʪʽʢ, ʘ ʧʦʛʣʠʥʘʥʥʷ ʝʥʝʨʛʽʾ ʢʦʨʦʪʢʠʭ ʭʚʠʣʴ ʧʦʪʦʢʫ ʽʩʪʦʪʥʦ ʟʨʦʩʪʘʻ. ʇʨʠ ʮʴʦʤʫ ʟʥʘʯʝʥʥʷ
ʧʦʪʦʢʫ ʩʫʪʪʝʚʦ ʟʨʦʩʪʘʻ ʧʨʠ ʬʘʟʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʙʽʣʴʰʝ ʰʚʠʜʢʦʩʪʽ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʟʩʫʚʥʦʾ
ʭʚʠʣʽ. ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘ ʧʽʜʩʪʚʽ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʚʠʟʥʘʯʶʪʴʩʷ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʜʣʷ
ʪʫʨʙʣʝʥʪʥʦʛʦ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʥʘ ʧʦʚʝʨʭʥʽ ʧʦʢʨʠʪʪʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʡʦʛʦ ʚʽʟʢʦʧʨʫʞʥʠʭ
ʚʣʘʩʪʠʚʦʩʪʝʡ [3].

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1. ʂʦʟʣʦʚ ʃ.ʇ., ɺʦʨʦʧʘʻʚ ɻ.ʆ. ʇʨʦ ʤʦʞʣʠʚʠʡ ʤʝʭʘʥʽʟʤ ʚʟʘʻʤʦʜʽʾ ʪʫʨʙʫʣʝʥʪʥʦʾ ʪʝʯʽʾ ʚ ʪʨʫʙʽ
ʟ ʧʨʫʞʥʦʜʝʤʧʬʫʚʘʣʴʥʦʶ ʧʦʚʝʨʭʥʝʶ // ɼɸʅ ʋʈʉʈ, ʉʝʨ . ɸ, ʌʽʟ.-ʤʘʪ. ʪʘ ʪʝʭʥ.ʥʘʫʢʠ. -1981.
-Nʦ.9. – ʉ.48-52.
2. ʈʘʙʦʪʥʦʚ ʖ.ʄ. ɽʣʝʤʝʥʪʠ ʩʧʘʜʢʦʚʽʡ ʤʝʭʘʥʽʢʠ ʪʚʝʨʜʠʭ ʪʽʣ. - ʄ: ʅʘʫʢʘ, 1977. -472 ʩ.
3. ɺʦʨʦʧʘʻʚ ɻ.ʆ.  ʊʫʨʙʫʣʝʥʪʥʠʡ ʧʨʠʤʝʞʦʚʠʡ ʰʘʨ ʥʘ ʧʦʚʝʨʭʥʽ, ʱʦ ʜʝʬʦʨʤʫʻʪʴʩʷ //
ʇʨʠʢʣʘʜʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ. 2005. ʊʦʤ 7(79). N.3-4. C.35-43.
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ʆʉʆɹʃʀɺʆʉʊɯ ʌʆʈʄʋɺɸʅʅʗ ɺʀʍʈʆɺʆɰ ʉʊʈʋʂʊʋʈʀ ʇʈʀ
ʇɽʈɽʍɯɼʅʀʍ ʇʈʆʎɽʉɸʍ ɺ ʏɸʉʊʂʆɺʆ ɻʆʌʈʆɺɸʅʀʍ ʊʈʋɹɸʍ

ɺʦʨʦʧʘʻʚ ɻ.ʆ.1, ɹʘʩʢʦʚʘ ʆ.ʆ.1, 2

1 ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, BaskAleksandra@gmail.com
2 ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ, ʂʠʾʚ

ʆʙʪʽʯʥʽ ʛʦʬʨʦʚʘʥʽ ʧʦʚʝʨʭʥʽ ʟʥʘʡʰʣʠ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʩʘʤʠʭ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ
ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ʊʝʧʣʦʚʽ ʽ ʛʽʜʨʘʚʣʽʯʥʽ ʧʨʦʮʝʩʠ ʚ ʫʩʪʘʪʢʫʚʘʥʥʽ ʽʟ ʛʦʬʨʦʚʘʥʠʤʠ ʩʪʽʥʢʘʤʠ
ʟʘʟʥʘʶʪʴ ʽʩʪʦʪʥʦʛʦ ʚʧʣʠʚʫ ʟ ʙʦʢʫ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʦʬʨʽʚ [1, 2]. ɯʥʪʝʥʩʠʚʥʽʩʪʴ
ʪʝʧʣʦʦʙʤʽʥʫ ʪʘ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʪʝʨʪʷ ʚʠʟʥʘʯʘʶʪʴʩʷ ʧʨʦʮʝʩʘʤʠ ʛʝʥʝʨʘʮʽʾ ʪʘ ʨʦʟʚʠʪʢʫ
ʚʠʭʨʦʚʦʾ ʩʪʨʫʢʪʫʨʠ. ɿʤʽʥʘ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ɚ ʪʘ ʘʤʧʣʽʪʫʜʠ a ʛʦʬʨʫʚʘʥʥʷ ʥʘʧʨʷʤʫ ʚʧʣʠʚʘʻ ʥʘ
ʩʪʨʫʢʪʫʨʫ ʚʠʭʨʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʷʢʘ ʟʘʨʦʜʞʫʻʪʴʩʷ ʚ ʪʨʫʙʽ ʽ ʾʾ ʩʪʽʡʢʽʩʪʴ. ɿʘ ʫʤʦʚ
ʥʝʽʟʦʪʝʨʤʽʯʥʦʩʪʽ ʧʦʪʦʢʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʟʘʣʝʞʥʦʩʪʽ ʜʠʥʘʤʽʯʥʦʾ ʚ’ʷʟʢʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ,
ʢʦʣʠ ʙʽʣʷ ʩʪʽʥʦʢ ʫʪʚʦʨʶʻʪʴʩʷ ʛʨʘʜʽʻʥʪ ʟʥʘʯʝʥʴ ʚ’ʷʟʢʦʩʪʽ, ʧʨʠ ʬʦʨʤʫʚʘʥʥʽ ʧʨʦʬʽʣʶ
ʰʚʠʜʢʦʩʪʽ  ʥʘ ʧʦʯʘʪʢʦʚʽʡ  ʜʽʣʷʥʮʽ ʪʨʫʙʠ ʧʨʠ ʚʽʜʧʦʚʽʜʥʠʭ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ ʟʘʚʞʜʠ ʤʦʞʥʘ
ʚʠʜʽʣʠʪʠ ʪʨʠ ʭʘʨʘʢʪʝʨʥʽ ʟʦʥʠ ʧʝʚʥʠʭ ʜʦʚʞʠʥ ʧʦʧʝʨʝʜʫ ʟʦʥʠ ʟʙʫʨʝʥʦʛʦ ʧʦʪʦʢʫ: ʟʦʥʫ
ʟʘʨʦʜʞʝʥʥʷ ʢʦʣʠʚʘʥʴ, ʟʦʥʫ ʨʦʟʚʠʪʢʫ ʨʝʛʫʣʷʨʥʠʭ ʚʽʩʝʩʠʤʝʪʨʠʯʥʠʭ ʭʚʠʣʴ ʟʘʚʠʭʨʝʥʥʦʩʪʽ ʽ
ʪʠʩʢʫ, ʟʦʥʫ ʽʩʥʫʚʘʥʥʷ  ʨʝʛʫʣʷʨʥʠʭ ʪʦʨʦʧʦʜʽʙʥʠʭ ʚʠʭʨʦʚʠʭ  ʩʪʨʫʢʪʫʨ [3].

ɺ ʜʦʧʦʚʽʜʽ ʥʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʛʦʬʨʦʚʘʥʠʭ ʚʩʪʘʚʦʢ ʥʘ ʧʨʦʮʝʩ
ʬʦʨʤʫʚʘʥʥʷ ʮʠʭ ʟʦʥ, ʱʦ ʜʝʤʦʥʩʪʨʫʻʪʴʩʷ ʤʠʪʪʻʚʠʤʠ ʥʘʧʨʫʛʘʤʠ ʥʘ ʩʪʽʥʢʘʭ ʪʨʫʙʠ .
ɿʙʽʣʴʰʝʥʥʷ ʜʦʚʞʠʥʠ ʛʦʬʨʦʚʘʥʦʾ ʚʩʪʘʚʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʘʥʥʴʦʾ ʛʝʥʝʨʘʮʽʾ
ʥʠʟʴʢʦʘʤʧʣʽʪʫʜʥʠʭ ʟʙʫʨʝʥʴ ʚ ʧʦʪʦʮʽ, ʩʢʦʨʦʯʝʥʥʷ ʧʝʨʰʦʾ ʟʦʥʠ – ʟʦʥʠ ʟʘʨʦʜʞʝʥʥʷ ʢʦʣʠʚʘʥʴ,
ʟʘ ʨʘʭʫʥʦʢ ʚʚʝʜʝʥʥʷ ʚ ʧʦʪʽʢ h ʪʫʯʥʦʛʝʥʝʨʦʚʘʥʦʾ ʛʦʬʨʘʤʠ (ɚ = 40 ʤʤ, ʘ = 6 ʤʤ) ʟʘʚʠʭʨʝʥʥʦʩʪʽ
(ʨʠʩ. 1).

ʈʠʩ. 1. ʄʠʪʪʻʚʽ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʥʷ ʪʝʨʪʷ ʚʟʜʦʚʞ ʪʨʫʙʠ.

ʇʨʦʪʝ ʧʦʯʘʪʦʢ ʨʦʟʚʠʪʢʫ ʪʦʨʦʧʦʜʽʙʥʠʭ ʩʪʨʫʢʪʫʨ (ʪʨʝʪʷ ʟʦʥʘ) ʥʝ ʟʤʽʥʶʻ ʩʚʦʻʾ
ʣʦʢʘʣʽʟʘʮʽʾ. ɯ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʚʠʭʨʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʚʩʝʨʝʜʠʥʽ ʪʨʫʙʠ ʚʽʜʙʫʚʘʻʪʴʩʷ
ʦʜʥʘʢʦʚʦ ʟʘ ʚʩʽʭ ʜʦʩʣʽʜʞʝʥʠʭ ʜʦʚʞʠʥ ʛʦʬʨʦʚʘʥʦʾ ʚʩʪʘʚʢʠ.

ʅʘʩʪʫʧʥʠʤ ʨʦʟʛʣʷʥʫʪʠʤ ʬʘʢʪʦʨʦʤ ʚʧʣʠʚʫ ʻ ʚʝʣʠʯʠʥʘ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʛʦʬʨʫʚʘʥʥʷ. ɰʾ
ʟʙʽʣʴʰʝʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʢʦʨʦʯʝʥʥʷ ʟʦʥʠ ʪʦʨʦʧʦʜʽʙʥʠʭ ʚʠʭʨʦʚʠʭ ʩʪʨʫʢʪʫʨ ʜʦ 1,25 ʨʘʟʽʚ
(ʨʠʩ. 2):
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ʈʠʩ. 2. ʄʠʪʪʻʚʽ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʥʷ ʪʝʨʪʷ ʚʟʜʦʚʞ ʪʨʫʙʠ.

ɿʙʽʣʴʰʝʥʥʷ ʘʤʧʣʽʪʫʜʠ ʛʦʬʨʫʚʘʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʘʪʷʛʫʚʘʥʥʷ ʧʨʦʮʝʩʫ ʧʝʨʝʭʦʜʫ ʜʦ
ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʨʝʞʠʤʫ, ʟʤʝʥʰʝʥʥʷ ʘʤʧʣʽʪʫʜ ʢʦʣʠʚʘʥʴ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ (ʨʠʩ. 3):

ʈʠʩ. 3 ʄʠʪʪʻʚʽ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʥʷ ʪʝʨʪʷ ʚʟʜʦʚʞ ʪʨʫʙʠ.

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʫʶʪʴ ʨʝʟʫʣʴʪʫʶʯʠʡ ʚʧʣʠʚ ʚʟʘʻʤʦʜʽʾ ʧʨʠʨʦʜʥʴʦʾ ʪʘ h ʪʫʯʥʦʾ
ʟʘʚʠʭʨʝʥʥʦʩʪʽ ʧʦʪʦʢʫ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʚʠʭʨʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʚʩʝʨʝʜʠʥʽ ʢʘʥʘʣʫ.

ʈʦʟʫʤʽʥʥʷ ʤʦʞʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʰʪʫʯʥʦʾ ʟʘʚʠʭʨʝʥʥʦʩʪʽ ʰʣʷʭʦʤ ʟʤʽʥʠ
ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʙʪʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʚʽʜʢʨʠʚʘʻ ʰʠʨʦʢʽ ʧʝʨʩʧʝʢʪʠʚʠ ʜʦ ʢʝʨʫʚʘʥʥʷ
ʧʨʦʮʝʩʘʤʠ ʪʝʧʣʦʤʘʩʦʦʙʤʽʥʫ ʽ ʟʤʽʥʠ ʚʝʣʠʯʠʥʠ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ
1. Fatimah Q. AL-Daamee, Naseer H. Hamza, On the effect of wave amplitude and corrugation

profile of certain types of corrugated channels on thermal performance and entropy generation,
International Journal of Thermal Sciences,Volume 207,2025,
https://doi.org/10.1016/j.ijthermalsci.2024.109354.

2. Tiezhi Wang, Xinzhe Liu, Ting Chen, Jinliang Xu, Guohua Liu, Spiral corrugation suppresses
heat transfer deterioration of supercritical carbon dioxide in upward flow, International Journal
of Heat and Mass Transfer, Volume 261, 2026,
https://doi.org/10.1016/j.ijheatmasstransfer.2026.128610.

3. G. Voropaiev, O. Baskova, Some features of a laminar flow stability loss in a pipe, Journal of
Numerical and Applied Mathematics, ˉ1 (135), 59-65 (2021). https://doi.org/10.17721/2706-
9699.2021.1.07

https://doi.org/10.1016/j.ijthermalsci.2024.109354
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ɺɿɸɭʄʅʀʁ ɺʇʃʀɺ ʆʇʆʈ ʄʆʉʊʆɺʀʍ ʇɽʈɽʍʆɼɯɺ ʅɸ ʈʆɿʄʀɺ
ɻʈʋʅʊʋ

ɺʦʨʦʧʘʻʚ ɻ.ʆ.1, ɺʦʩʢʦʙʽʡʥʠʢ ɺ.ɸ.1, ʆʥʠʱʝʥʢʦ ɸ.ʄ.2, ɺʦʩʢʦʙʦʡʥʠʢ ʆ.ɸ.1,
ʄʘʭʘʤʤʝʜʦʚ ɾ.ʂ.1, ɺʦʩʢʦʙʽʡʥʠʢ ɸ.ɺ.1

1ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ, voropaiev.gena@gmail.com
2ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʨʘʥʩʧʦʨʪʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʤ. ʂʠʾʚ, onyshchenkoamntu@gmail.com

ɿʙʽʣʴʰʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ ʪʘ ʟʘʣʽʟʥʠʯʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ ʫ ʚʝʣʠʢʠʭ
ʤʽʩʪʘʭ ʧʦʪʨʝʙʫʻ ʨʦʟʰʠʨʝʥʥʷ ʜʦʨʽʛ ʽ ʤʘʛʽʩʪʨʘʣʝʡ. ʋ ʪʠʭ ʤʽʩʪʘʭ, ʜʝ ʻ ʤʦʩʪʦʚʽ ʧʝʨʝʭʦʜʠ ʯʝʨʝʟ
ʨʽʯʢʠ, ʢʘʥʘʣʠ ʯʠ ʽʥʰʽ ʚʦʜʦʡʤʠʱʘ, ʚʠʥʠʢʘʻ ʧʦʪʨʝʙʘ ʩʧʦʨʫʜʞʫʚʘʪʠ ʤʦʩʪʦʚʽ ʘʚʪʦʤʦʙʽʣʴʥʽ ʘʙʦ
ʟʘʣʽʟʥʠʯʥʽ ʧʝʨʝʭʦʜʠ ʧʦʙʣʠʟʫ ʽʩʥʫʶʯʠʭ, ʨʘʮʽʦʥʘʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ
ʰʣʷʭʦʝʢʩʧʣʫʘʪʘʮʽʡʥʫ ʽʥʬʨʘʩʪʨʫʢʪʫʨʫ. ɿʦʢʨʝʤʘ, ʚ ʤ. ʂʠʻʚʽ ʚʠʥʠʢʣʘ ʪʘʢʘ ʧʨʦʙʣʝʤʘ ʧʽʜ ʯʘʩ
ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʙʫʜʽʚʥʠʮʪʚʘ ʘʚʪʦʤʦʙʽʣʴʥʦ-ʟʘʣʽʟʥʠʯʥʦʛʦ ʤʦʩʪʦʚʦʛʦ ʧʝʨʝʭʦʜʫ ʯʝʨʝʟ
ʨ. ɼʥʽʧʨʦ ʧʦʙʣʠʟʫ ʽʩʥʫʶʯʦʛʦ ɼʘʨʥʠʮʴʢʦʛʦ ʟʘʣʽʟʥʠʯʥʦʛʦ ʤʦʩʪʦʚʦʛʦ ʧʝʨʝʭʦʜʫ (ʨʠʩ. 1).

ʘ ʙ
ʈʠʩ. 1. ɼʘʨʥʠʮʴʢʠʡ ʟʘʣʽʟʥʠʯʥʦ-ʘʚʪʦʤʦʙʽʣʴʥʠʡ ʤʦʩʪʦʚʠʡ ʧʝʨʝʭʽʜ ʪʘ ʟʘʣʽʟʥʠʯʥʠʡ ʤʽʩʪ

ʯʝʨʝʟ ʨ. ɼʥʽʧʨʦ ʫ ʤ. ʂʠʻʚʽ: a – ʚʠʜ ʚʜʝʥʴ; ʙ – ʚʠʜ ʫʚʝʯʝʨʽ.

ʇʽʜ ʯʘʩ ʦʙʪʽʢʘʥʥʷ ʙʣʠʟʴʢʦ ʨʦʟʪʘʰʦʚʘʥʠʭ ʦʧʦʨ ʫ ʩʣʽʜʽ ʦʜʥʘ ʟʘ ʦʜʥʦʶ ʚʠʥʠʢʘʶʪʴ
ʚʟʘʻʤʥʽ ʾʭ ʚʧʣʠʚʠ ʥʘ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʯʽʾ ʪʘ ʥʘ ʦʩʦʙʣʠʚʦʩʪʽ ʨʦʟʤʠʚʫ ʪʘ
ʥʘʤʠʚʫ ˇʨʫʥʪʫ ʚ ʾʭ ʦʢʦʣʽ, ʱʦ ʥʘʜʟʚʠʯʘʡʥʦ ʚʘʞʣʠʚʝ ʚ ʫʤʦʚʘʭ ʧʦʚʝʥʝʡ ʽ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝ
ʨʫʡʥʫʚʘʥʥʷ ʤʦʩʪʦʚʠʭ ʧʝʨʝʭʦʜʽʚ. ɼʣʷ ʩʧʦʨʫʜʞʝʥʥʷ ʥʦʚʦʛʦ ʤʦʩʪʦʚʦʛʦ ʧʝʨʝʭʦʜʫ ʙʫʣʦ
ʩʧʨʦʝʢʪʦʚʘʥʦ ʩʫʯʘʩʥʫ ʝʢʦʥʦʤʽʯʥʫ ʟʘ ʤʘʪʝʨʽʘʣʘʤʠ ʙʘʛʘʪʦ ʧʘʣʴʥʫ ʦʧʦʨʫ ʫ ʚʠʛʣʷʜʽ ʪʨʠʨʷʜʥʦʛʦ
ʨʦʩʪʚʝʨʢʫ, ʜʝ ʮʠʣʽʥʜʨʠʯʥʽ ʧʘʣʽ ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʷ ʦʜʥʘ ʧʦʙʣʠʟʫ ʽʥʰʦʾ.

ɺ ɯʥʩʪʠʪʫʪʽ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʧʦʰʫʢʦʚʦ-ʜʦʩʣʽʜʥʽ ʨʦʙʦʪʠ ʟ
ʥʘʫʢʦʚʦʛʦ ʩʫʧʨʦʚʦʜʫ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʙʫʜʽʚʥʠʮʪʚʘ ʛʨʫʧʦʚʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ɿʘʣʽʟʥʠʯʥʦʛʦ
ʤʦʩʪʫ ʪʘ ɼʘʨʥʠʮʴʢʦʛʦ ʟʘʣʽʟʥʠʯʥʦ-ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ ʤʦʩʪʦʚʦʛʦ ʧʝʨʝʭʦʜʫ ʥʘ ɼʥʽʧʨʽ ʫ ʤ. ʂʠʻʚʽ
ʟʘ ʜʦʧʦʤʦʛʦʶ ʯʠʩʝʣʴʥʦʛʦ ʪʘ ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʚʟʘʻʤʦʜʽʾ ʦʧʦʨ ʤʦʩʪʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʥʘ
ʩʪʨʫʢʪʫʨʫ ʪʝʯʽʾ ʪʘ ʨʦʟʤʠʚ ʽ ʥʘʤʠʚ ˇʨʫʥʪʫ ʚ ʦʢʦʣʽ ʦʧʦʨ [1, 2].

ɺ ʭʦʜʽ ʚʠʢʦʥʘʥʥʷ ʮʠʭ ʨʦʙʽʪ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʚʠʭʨʦʚʠʭ ʽ
ʩʪʨʫʤʝʥʝʚʠʭ ʪʝʯʽʡ ʥʘʚʢʦʣʦ ʤʦʜʝʣʝʡ ʤʦʩʪʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʚ ʣʘʙʦʨʘʪʦʨʥʠʭ ʫʤʦʚʘʭ ʥʘ
ʥʝʨʦʟʤʠʚʥʽʡ ʧʦʚʝʨʭʥʽ ʽ ʚ ʢʘʥʘʣʽ ʟ ʧʽʱʘʥʠʤ ʜʥʦʤ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʨʦʟʤʠʚʫ ˇʨʫʥʪʫ.
ɼʣʷ ʚʠʢʦʥʘʥʥʷ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ ʨʦʙʽʪ ʙʫʣʦ ʩʧʨʦʝʢʪʦʚʘʥʦ ʽ ʚʠʛʦʪʦʚʣʝʥʦ ʩʧʝʮʽʘʣʴʥʽ
ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʩʪʝʥʜʠ (ʨʠʩ. 2) ʥʘ ʙʘʟʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʢʘʥʘʣʫ ʟ ʥʝʨʦʟʤʠʚʥʠʤ ʜʥʦʤ, ʚ
ʷʢʦʤʫ ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʭʘʨʘʢʪʝʨʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʩʧʨʷʞʝʥʦʾ ʪʝʯʽʾ ʟ ʤʦʜʝʣʷʤʠ ʤʦʩʪʦʚʠʭ
ʧʝʨʝʭʦʜʽʚ, ʘ ʪʘʢʦʞ ʥʘ ʙʘʟʽ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʣʦʪʢʘ, ʜʝ ʤʦʜʝʣʽ ʤʦʩʪʦʚʠʭ ʧʝʨʝʭʦʜʽʚ
ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʷ ʥʘ ʧʽʱʘʥʦʤʫ ˇʨʫʥʪʽ ʽ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʨʦʟʤʠʚʽʚ ʪʘ
ʥʘʤʠʚʽʚ ˇʨʫʥʪʫ ʙʽʣʷ ʤʦʩʪʦʚʠʭ ʦʧʦʨ, ʘ ʪʘʢʦʞ ʟʨʦʙʣʝʥʦ ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʥʝʙʝʟʧʝʯʥʦʾ
ʝʢʩʧʣʫʘʪʘʮʽʾ ʤʦʩʪʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʚ ʫʤʦʚʘʭ ʧʦʚʝʥʝʡ.

mailto:voropaiev.gena@gmail.com
mailto:onyshchenkoamntu@gmail.com


X Intern. ʉonf. "Computer Hydromechanics", September 29 - October 1, 2026
X ʄʽʞʥʘʨ. ʢʦʥʬ. «ʂʦʤʧ’ʶʪʝʨʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ» 29 ʚʝʨʝʩʥʷ - 1 ʞʦʚʪʥʷ 2026

21

ʘ ʙ
ʈʠʩ. 2. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʩʪʝʥʜʠ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʢʦʥʩʪʨʫʢʮʽʡ ʤʦʜʝʣʝʡ ʦʧʦʨ ʤʦʩʪʦʚʠʭ

ʧʝʨʝʭʦʜʽʚ: ʘ – ʥʝʨʦʟʤʠʚʥʘ ʤʦʜʝʣʴ ʪʘ ʙ – ʤʦʜʝʣʽ ʥʘ ʨʦʟʤʠʚʥʦʤʫ ˇʨʫʥʪʽ.

ɺ ʨʝʟʫʣʴʪʘʪʽ ʯʠʩʝʣʴʥʦʛʦ ʽ ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ
ʨʦʟʤʠʚʫ ˇʨʫʥʪʫ ʚ ʦʢʦʣʽ ʤʦʩʪʦʚʠʭ ʦʧʦʨ ʪʘ ʾʭ ʭʘʨʘʢʪʝʨʥʽ ʨʦʟʤʽʨʠ, ʱʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.

ʘ ʙ
ʈʠʩ. 3. ɸʢʩʦʥʦʤʝʪʨʽʷ ʨʦʟʤʠʚʫ ʪʘ ʥʘʤʠʚʫ ˇʨʫʥʪʫ ʚ ʦʢʦʣʽ ʤʦʜʝʣʽ ʧʨʠʟʤʘʪʠʯʥʦʾ ʦʧʦʨʠ: ʘ –

ʦʜʠʥʦʯʥʘ ʦʧʦʨʘ ʪʘ ʙ – ʛʨʫʧʦʚʘ ʢʦʥʩʪʨʫʢʮʽʷ ʜʚʦʭ ʤʦʜʝʣʝʡ ʤʦʩʪʦʚʠʭ ʧʝʨʝʭʦʜʽʚ.

ʋʩʪʘʥʦʚʣʝʥʦ, ɦ ʦ ʧʽʜ ʯʘʩ ʦʜʠʥʦʯʥʦʛʦ ̔  ʛʨʫʧʦʚʦʛʦ ʦʙʪʽʢʘʥʥʷ ʤʦʩʪʦʚʠʭ ʦʧʦʨ ʥʘ ʞʦʨʩʪʢʽʡ
ʽ ʨʦʟʤʠʚʥʽʡ ʧʦʚʝʨʭʥʽ ʛʝʥʝʨʫʚʘʣʠʩʷ ʚʝʣʠʢʦʤʘʩʰʪʘʙʥʽ ʧʽʜʢʦʚʦʧʦʜʽʙʥʽ ʚʠʭʨʦʚʽ ʩʪʨʫʢʪʫʨʠ ʚ
ʦʙʣʘʩʪʽ ʩʧʨʷʞʝʥʥʷ ʧʦʚʝʨʭʦʥʴ ʦʧʦʨ ʽʟ ʜʥʦʤ, ʽʥʪʝʥʩʠʚʥʽ ʚʠʭʨʦʚʽ ʪʨʫʙʢʠ ʚ ʟʩʫʚʥʠʭ ʰʘʨʘʭ ʥʘ
ʙʽʯʥʠʭ ʧʦʚʝʨʭʥʷʭ ʧʦʛʘʥʦ ʦʙʪʽʯʥʠʭ ʪʽʣ, ʩʣʽʜʥʽ ʚʠʭʦʨʠ ʧʦʟʘʜʫ ʦʧʦʨ ʪʘ ʩʪʨʫʤʝʥʝʚʽ ʪʝʯʽʾ ʤʽʞ
ʙʣʠʟʴʢʦ ʨʦʟʪʘʰʦʚʘʥʠʤʠ ʦʧʦʨʘʤʠ.

ɺʠʟʥʘʯʝʥʦ, ʱʦ ʣʦʢʘʣʴʥʠʡ ʨʦʟʤʠʚ ˇʨʫʥʪʫ ʧʝʨʝʜ ʧʨʠʟʤʘʪʠʯʥʦʶ ʦʧʦʨʦʶ ʟʘʣʽʟʥʠʯʥʦʛʦ
ʤʦʩʪʫ ʟʨʽʩ ʤʘʡʞʝ ʥʘ 15% ʟʘ ʥʘʜʢʨʠʪʠʯʥʠʤʠ ʰʚʠʜʢʦʩʪʷʭ ʧʦʪʦʢʫ, ʢʦʣʠ ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʧʝʨʝʥʽʩ
ʯʘʩʪʠʥʦʢ ˇʨʫʥʪʫ ʚʟʜʦʚʞ ʦʧʦʨʠ, ʥʘ ʤʽʣʢʽʡ ʚʦʜʽ ʪʘ ʟʤʝʥʰʠʚʩʷ ʙʣʠʟʴʢʦ 20% ʟʘ ʜʦʢʨʠʪʠʯʥʠʤʠ
ʰʚʠʜʢʦʩʪʷʤʠ ʥʘ ʛʣʠʙʦʢʽʡ ʚʦʜʽ ʧʽʜ ʯʘʩ ʚʟʘʻʤʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʤʦʩʪʦʚʠʭ ʦʧʦʨ, ʱʦ
ʟʥʘʭʦʜʠʣʠʩʷ ʫ ʩʣʽʜʽ ʦʜʥʘ ʟʘ ʦʜʥʦʶ.
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ʈɽʂʆʅʉʊʈʋʂʎɯʗ ɼɸʄɹʀ ɻʃʀɹʆʂʆɺʆɼʅʆɻʆ ʉʋɼʅʆɺʆɻʆ ʍʆɼʋ
ɼʋʅɸʁ-ʏʆʈʅɽ ʄʆʈɽ

ɺʦʨʦʧʘʻʚ ɻ.ʆ.1, ɺʦʩʢʦʙʽʡʥʠʢ ɺ.ɸ.1, ʆʥʠʱʝʥʢʦ ɸ.ʄ.2, ʂʦʚʘʣʴʯʫʢ ɺ.ɺ.3,
ɺʦʩʢʦʙʦʡʥʠʢ ʆ.ɸ.1, ʄʘʭʘʤʤʝʜʦʚ ɾ.ʂ.1

1ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ, voropaiev.gena@gmail.com
2ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʨʘʥʩʧʦʨʪʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʤ. ʂʠʾʚ, onyshchenkoamntu@gmail.com

3ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ «ʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘ», ʤ, ʃʴʚʽʚ, kovalchuk.diit@gmail.com

ɼʫʥʘʡ – ʮʝ ʥʘʡʙʽʣʴʰʘ ʤʽʞʥʘʨʦʜʥʘ ʨʽʢʘ ɭʚʨʦʧʠ, ʷʢʘ ʧʨʦʪʽʢʘʻ ʧʦ ʪʝʨʠʪʦʨʽʷʭ ʜʝʩʷʪʠ
ʜʝʨʞʘʚ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʽ ʯʝʨʝʟ ʋʢʨʘʾʥʫ. ɼʫʥʘʡ ʚʧʘʜʘʻ ʚ ʏʦʨʥʝ ʤʦʨʝ ʽ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ
ʪʨʘʥʩʧʦʨʪʥʫ ʤʘʛʽʩʪʨʘʣʴ ʩʴʦʤʦʛʦ ʤʽʞʥʘʨʦʜʥʦʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʢʦʨʠʜʦʨʫ, ʷʢʠʡ ʟ’ʻʜʥʫʻ
ɭʚʨʦʧʫ ʟ ɸʟʽʻʶ. ʊʦʤʫ ʦʜʥʠʤ ʟ ʚʘʞʣʠʚʠʭ ʟʘʚʜʘʥʴ ʜʣʷ ʋʢʨʘʾʥʠ – ʮʝ ʚʽʜʥʦʚʣʝʥʥʷ
ʩʫʜʥʦʧʣʘʚʩʪʚʘ ʧʦ ʛʠʨʣʫ ɹʠʩʪʨʝ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʡʦʛʦ ʷʢ ʻʚʨʦʧʝʡʩʴʢʦ-ʘʟʽʡʩʴʢʫ ʤʘʛʽʩʪʨʘʣʴ
ʚʽʜ ɹʘʣʪʽʡʩʴʢʦʛʦ ʤʦʨʷ ʯʝʨʝʟ ʈʝʡʥ ʽ ɼʫʥʘʡ ʫ ʏʦʨʥʝ ʤʦʨʝ, ʘ ʜʘʣʽ ʚ ʢʨʘʾʥʠ ʉʭʦʜʫ, ʘʞ ʜʦ ʂʠʪʘʶ.
ɺʽʜʥʦʚʣʝʥʥʷ ʛʣʠʙʦʢʦʚʦʜʥʦʛʦ ʩʫʜʥʦʚʦʛʦ ʭʦʜʫ ʨ. ɼʫʥʘʡ-ʏʦʨʥʝ ʤʦʨʝ ʙʫʣʦ ʨʦʟʧʦʯʘʪʦ ʙʣʠʟʴʢʦ
ʜʚʘʜʮʷʪʠ ʨʦʢʽʚ ʪʦʤʫ ʽ ʧʨʦʩʫʚʘʣʦʩʷ ʟ ʚʝʣʠʢʠʤʠ ʪʨʫʜʥʦʱʘʤʠ ʽ ʧʝʨʝʨʚʘʤʠ. ɹʫʣʦ ʟʙʫʜʦʚʘʥʦ
ʟʘʭʠʩʥʫ ʦʛʦʨʦʜʞʫʚʘʣʴʥʫ ʜʘʤʙʫ ʄʦʨʩʴʢʦʛʦ ʧʽʜʭʽʜʥʦʛʦ ʢʘʥʘʣʫ ʛʣʠʙʦʢʦʚʦʜʥʦʛʦ ʩʫʜʥʦʚʦʛʦ
ʭʦʜʫ ɼʫʥʘʡ-ʏʦʨʥʝ ʤʦʨʝ (ʨʠʩ 1) ʚ ʘʢʚʘʪʦʨʽʾ ʛʠʨʣʘ ɹʠʩʪʨʝ ʂʠʣʽʡʩʴʢʦʾ ʜʝʣʴʪʠ ʨ. ɼʫʥʘʡ.

ʘ ʙ
ʈʠʩ. 1. ʆʛʦʨʦʜʞʫʚʘʣʴʥʘ ʜʘʤʙʘ ʄʦʨʩʴʢʦʛʦ ʧʽʜʭʽʜʥʦʛʦ ʢʘʥʘʣʫ ʛʣʠʙʦʢʦʚʦʜʥʦʛʦ ʩʫʜʥʦʚʦʛʦ

ʭʦʜʫ ɼʫʥʘʡ-ʏʦʨʥʝ ʤʦʨʝ: a – ʟʘʛʘʣʴʥʠʡ ʚʠʜ; ʙ – ʬʨʘʛʤʝʥʪ ʢʘʤ’ʷʥʦʾ ʥʘʩʠʧʢʠ.

ɼʘʤʙʘ ʧʨʠʟʥʘʯʝʥʘ ʜʣʷ ʟʘʭʠʩʪʫ ʢʘʥʘʣʫ ʚʽʜ ʥʘʥʦʩʽʚ ʧʽʜ ʯʘʩ ʰʪʦʨʤʽʚ ʧʽʚʥʽʯʥʦʛʦ ʪʘ
ʧʽʚʥʽʯʥʦ-ʩʭʽʜʥʦʛʦ ʥʘʧʨʷʤʫ, ʷʢʽ ʻ ʥʘʡʧʦʪʫʞʥʽʰʠʤʠ ʫ ʮʽʡ ʜʽʣʷʥʮʽ ʤʦʨʷ, ʟʘʭʠʩʪʫ ʚʽʜ
ʟʘʧʣʠʚʘʥʥʷ ʫʢʦʩʽʚ ʢʘʥʘʣʫ ʧʽʜ ʜʽʻʶ ʭʚʠʣʴ ʽ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʝʟʧʝʯʥʦʛʦ ʚʭʦʜʫ ʜʦ ʢʘʥʘʣʫ
ʩʫʜʝʥ ʟ ʤʦʨʷ ʧʨʠ ʩʠʣʴʥʠʭ ʚʽʪʨʘʭ, ʷʢʽ ʜʦʤʽʥʫʶʪʴ ʚ ʦʩʽʥʥʴʦ-ʟʠʤʦʚʠʡ ʧʝʨʽʦʜ. ɺ (2013-2014)
ʨʦʢʘʭ ʥʘ ʘʢʚʘʪʦʨʽʾ ʏʦʨʥʦʛʦ ʤʦʨʷ ʚ ʨʘʡʦʥʽ ʦʛʦʨʦʜʞʫʚʘʣʴʥʦʾ ʜʘʤʙʠ ʟʘ ʩʢʣʘʜʥʠʭ
ʛʽʜʨʦʤʝʪʝʦʨʦʣʦʛʽʯʥʠʭ ʫʤʦʚ, ʷʢʽ ʚʠʟʥʘʯʘʣʠʩʴ ʧʦʩʠʣʝʥʥʷʤ ʰʪʦʨʤʦʚʦʛʦ ʚʽʪʨʫ; ʧʽʜʚʠʱʝʥʥʷʤ
ʚʽʪʨʦʚʦʛʦ ʥʘʛʦʥʫ ʪʘ ʧʦʩʫʚʘʥʥʷʤ ʣʴʦʜʦʚʠʭ ʧʦʣʽʚ, ʚʠʥʠʢʣʘ ʩʝʨʽʷ ʞʦʨʩʪʢʠʭ ʰʪʦʨʤʽʚ, ʷʢʽ
ʧʨʠʟʚʝʣʠ ʜʦ ʯʘʩʪʢʦʚʦʾ ʜʝʬʦʨʤʘʮʽʾ ʦʢʨʝʤʠʭ ʜʽʣʷʥʦʢ ʥʘʜʚʦʜʥʦʾ ʯʘʩʪʠʥʠ ʦʛʦʨʦʜʞʫʚʘʣʴʥʦʾ
ʜʘʤʙʠ (ʛʨʝʙʥʶ ʦʛʦʨʦʜʞʫʚʘʣʴʥʦʾ ʜʘʤʙʠ). ɺ ʨʝʟʫʣʴʪʘʪʽ ʜʽʾ ʪʘʢʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʚʽʜʙʫʣʦʩʷ
ʩʧʦʚʟʘʥʥʷ ʢʘʤ’ʷʥʦʾ ʥʘʩʠʧʢʠ ʪʘ ʟ’ʷʚʠʣʘʩʷ ʙʽʣʴʰʘ ʧʦʣʦʛʽʩʪʴ ʫʢʦʩʽʚ, ʘ ʪʘʢʦʞ ʧʝʨʝʤʽʱʝʥʥʷ
ʦʢʨʝʤʠʭ ʢʘʤʝʥʽʚ ʬʨʘʢʮʽʾ 900 ʤʤ, ʷʢʽ ʙʫʣʠ ʟʘʢʠʥʫʪʽ ʭʚʠʣʷʤʠ ʥʘ ʛʨʝʙʽʥʴ ʦʛʦʨʦʜʞʫʚʘʣʴʥʦʾ
ʜʘʤʙʠ.

ʊʦʤʫ ʧʦʩʪʘʣʦ ʟʘʚʜʘʥʥʷ ʟʘʙʝʟʧʝʯʠʪʠ ʥʘʜʽʡʥʫ ʪʘ ʙʝʟʘʚʘʨʽʡʥʫ ʝʢʩʧʣʫʘʪʘʮʽʶ ʜʘʤʙʠ. ɺ
ʨʝʟʫʣʴʪʘʪʽ ʚ ɯʥʩʪʠʪʫʪʽ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʯʠʩʝʣʴʥʦʛʦ ʪʘ ʬʽʟʠʯʥʦʛʦ
ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʽ ʨʦʙʦʪʠ ʟ ʨʝʢʦʥʩʪʨʫʢʮʽʾ ʬʨʘʛʤʝʥʪʽʚ ʟʘʭʠʩʥʦʾ
ʜʘʤʙʠ, ʚʠʟʥʘʯʝʥʽ ʾʾ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʽ ʨʦʟʨʦʙʣʝʥʽ ʨʝʢʦʤʝʥʜʘʮʽʡ ʱʦʜʦ ʩʪʚʦʨʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ
ʜʘʤʙʠ ʩʪʽʡʢʦʾ ʜʦ ʰʪʦʨʤʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ [1]. ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʥʝʛʘʪʠʚʥʦʛʦ ʚʧʣʠʚʫ
ʰʪʦʨʤʦʚʠʭ ʭʚʠʣʴ ʥʘ ʟʘʛʦʨʦʜʞʫʚʘʣʴʥʫ ʜʘʤʙʫ ʙʫʣʦ ʧʨʠʡʥʷʪʝ ʨʽʰʝʥʥʷ ʚʠʢʦʨʠʩʪʘʪʠ
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ʧʦʟʠʪʠʚʥʠʡ ʜʦʩʚʽʜ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʽʜʚʦʜʥʠʭ ʭʚʠʣʝʣʦʤʽʚ ʽ ʙʝʨʤ ʜʣʷ ʟʘʭʠʩʪʫ ʙʝʨʝʛʽʚ ʽ
ʛʽʜʨʦʪʝʭʥʽʯʥʠʭ ʩʧʦʨʫʜ ʚʽʜ ʜʽʾ ʰʪʦʨʤʦʚʠʭ ʭʚʠʣʴ [2].

a ʙ ʚ
ʈʠʩ. 2. ʄʦʜʝʣʴ ʬʨʘʛʤʝʥʪʘ ʩʪʫʧʽʥʯʘʪʦʾ ʦʛʦʨʦʜʞʫʚʘʣʴʥʦʾ ʜʘʤʙʠ: ʘ – ʧʝʨʝʜ ʜʦʩʣʽʜʘʤʠ, ʙ –

ʦʙʚʘʣʝʥʥʷ ʭʚʠʣʽ ʥʘ ʥʠʞʥʽʡ ʙʝʨʤʽ ʪʘ ʚ – ʦʙʚʘʣʝʥʥʷ ʭʚʠʣʽ ʥʘ ʚʝʨʭʥʽʡ ʙʝʨʤʽ.
ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʦʜʦʚʞʠʪʠ ʤʦʨʠʩʪʫ ʯʘʩʪʠʥʫ ʜʘʤʙʠ ʪʘ ʧʨʠʜʘʪʠ ʾʡ ʩʪʫʧʽʥʯʘʪʫ ʬʦʨʤʫ.

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʙʽʣʴʰʝ ʝʬʝʢʪʠʚʥʦʶ ʻ ʬʦʨʤʘ
ʬʨʦʥʪʘʣʴʥʦʾ ʯʘʩʪʠʥʠ ʜʘʤʙʠ ʟ ʜʚʦʤʘ ʙʝʨʤʘʤʠ ʽ ʫʢʦʩʘʤʠ ʨʽʟʥʠʭ ʢʫʪʽʚ ʥʘʭʠʣʫ (ʨʠʩ. 2). ʊʘʢʘ
ʬʦʨʤʘ ʜʘʤʙʠ ʜʦʟʚʦʣʠʣʘ ʥʘʡʙʽʣʴʰʝ ʝʬʝʢʪʠʚʥʦ ʨʦʟʙʠʪʠ ʰʪʦʨʤʦʚʫ ʭʚʠʣʶ ʧʽʜ ʯʘʩ ʾʾ ʧʽʜʭʦʜʫ
ʜʦ ʛʨʝʙʥʷ ʜʘʤʙʠ. ʆʙʚʘʣʝʥʥʷ ʭʚʠʣʽ ʚʽʜʙʫʚʘʣʦʩʷ ʥʘ ʥʠʞʥʽʡ ʙʝʨʤʽ (ʨʠʩ. 2ʙ), ʘ ʙʫʨʫʥ, ʷʢʠʡ
ʫʪʚʦʨʶʚʘʚʩʷ, ʨʦʟʙʠʚʘʚʩʷ ʥʘ ʚʝʨʭʥʽʡ ʙʝʨʤʽ (ʨʠʩ. 2ʚ) ʽ ʰʪʦʨʤʦʚʘ ʭʚʠʣʷ ʧʽʜʭʦʜʠʣʘ ʜʦ ʛʨʝʙʥʷ
ʜʘʤʙʠ ʟʽ ʟʥʘʯʥʦʶ ʚʪʨʘʪʦʶ ʝʥʝʨʛʽʾ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʫʢʦʩʽʚ ʽ ʩʪʫʧʽʥʯʘʩʪʠʭ ʙʝʨʤ
ʜʦʟʚʦʣʠʣʦ ʩʫʪʪʻʚʦ ʨʦʟʨʫʰʠʪʠ ʥʘʙʽʛʘʶʯʫ ʭʚʠʣʶ, ʟʤʝʥʰʠʪʠ ʾʾ ʚʠʩʦʪʫ ʪʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʨʠ
ʧʽʜʭʦʜʽ ʜʦ ʛʦʣʦʚʥʦʾ ʯʘʩʪʠʥʠ ʟʘʭʠʩʥʦʾ ʜʘʤʙʠ

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʟʚʦʣʠʣʠ ʩʧʨʦʝʢʪʫʚʘʪʠ
ʝʬʝʢʪʠʚʥʫ ʬʦʨʤʫ ʬʨʦʥʪʘʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʦʛʦʨʦʜʞʫʚʘʣʴʥʦʾ ʜʘʤʙʠ ʫ ʚʠʛʣʷʜʽ ʩʪʫʧʽʥʯʘʩʪʦʾ
ʜʘʤʙʠ ʟ ʜʚʦʤʘ ʙʝʨʤʘʤʠ, ʱʦ ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʷ ʥʘ ʨʽʟʥʠʭ ʛʣʠʙʠʥʘʭ. ɹʝʨʤʠ ʚʠʢʦʥʘʣʠ ʬʫʥʢʮʽʾ
ʧʽʜʚʦʜʥʠʭ ʭʚʠʣʝʣʦʤʽʚ ʪʘ ʟʥʘʯʥʦ ʟʤʝʥʰʠʣʠ ʝʥʝʨʛʽʶ ʭʚʠʣʴʦʚʦʛʦ ʚʧʣʠʚʫ ʥʘ ʚʝʨʭʥʶ ʯʘʩʪʠʥʫ
ʜʘʤʙʠ. ɺʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʫ ʬʦʨʤʫ ʜʘʤʙʠ ʪʘ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʾʾ ʬʨʦʥʪʘʣʴʥʦʾ
ʧʦʚʝʨʭʥʽ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʚ ʥʘʪʫʨʥʠʭ ʫʤʦʚʘʭ ʧʦʙʫʜʫʚʘʪʠ ʤʦʨʠʩʪʫ ʯʘʩʪʠʥʫ ʟʘʭʠʩʥʦʾ
ʦʛʦʨʦʜʞʫʚʘʣʴʥʦʾ ʜʘʤʙʠ ʄʦʨʩʴʢʦʛʦ ʩʫʜʥʦʧʣʘʚʥʦʛʦ ʭʦʜʫ ɼʫʥʘʡ-ʏʦʨʥʝ ʤʦʨʝ ʟ ʪʘʢʠʤʠ
ʧʘʨʘʤʝʪʨʘʤʠ: ʥʠʞʥʽʡ ʛʣʠʙʦʢʦʚʦʜʥʠʡ ʫʢʽʩ ʟ ʥʘʭʠʣʦʤ 1:1.5, ʜʘʣʽ ʥʘ ʛʣʠʙʠʥʽ 4 ʤ ʚʽʜ ʫʨʽʟʫ ʚʦʜʠ
ʟʨʦʙʠʪʠ ʥʠʞʥʶ ʙʝʨʤʫ ʰʠʨʠʥʦʶ 10 ʤ. ʇʦʪʽʤ ʟʨʦʙʠʪʠ ʫʢʽʩ ʟ ʥʘʭʠʣʦʤ 1:5, ʘ ʜʘʣʽ ʥʘ ʛʣʠʙʠʥʽ
2 ʤ ʚʩʪʘʥʦʚʠʪʠ ʚʝʨʭʥʶ ʙʝʨʤʫ ʪʘ ʟʘʢʽʥʯʠʪʠ ʜʘʤʙʫ ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʛʨʝʙʥʝʤ ʧʽʜ ʥʘʭʠʣʦʤ 1:(3-
3.5). ʆʙʣʠʮʶʚʘʥʥʷ ʬʨʦʥʪʘʣʴʥʦʾ ʯʘʩʪʠʥʠ ʜʘʤʙʠ ʩʣʽʜ ʟʨʦʙʠʪʠ ʟ ʢʘʤʽʥʥʷ ʬʨʘʢʮʽʾ 1.2 ʤ.

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʟʥʘʯʝʥʦ, ʱʦ ʭʚʠʣʴʦʚʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʚʝʨʭʥʶ
ʯʘʩʪʠʥʫ ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʦʾ ʪʘ ʚʜʦʩʢʦʥʘʣʝʥʦʾ ʩʪʫʧʽʥʯʘʩʪʦʾ ʜʘʤʙʠ ʙʫʜʫʪʴ ʤʘʡʞʝ ʚʜʚʽʯʽ
ʥʠʞʯʠʤʠ, ʥʽʞ ʥʘ ʽʩʥʫʶʯʽʡ ʜʘʤʙʽ ʚ ʫʤʦʚʘʭ ʰʪʦʨʤʦʚʦʛʦ ʭʚʠʣʶʚʘʥʥʷ ʜʣʷ ʢʦʨʦʪʢʠʭ ʪʘ ʜʦʚʛʠʭ
ʭʚʠʣʴ, ʱʦ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʝ ʜʣʷ ʯʘʩʪʠʥʠ ʜʘʤʙʠ, ʷʢʘ ʙʫʣʘ ʧʦʨʫʰʝʥʘ ʧʽʜ ʯʘʩ ʜʽʾ ʰʪʦʨʤʦʚʠʭ
ʭʚʠʣʴ ʪʘ ʦʙʣʝʜʝʥʽʥʥʷ ʢʘʤ’ʷʥʦʛʦ ʦʙʣʠʮʶʚʘʥʥʷ ʜʘʤʙʠ.
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ʇʆʃɯʇʐɽʅʅʗ ʆʍʆʃʆɼɾɽʅʅʗ ɸʊʆʄʅʀʍ ʈɽɸʂʊʆʈɯɺ
ʇɯɺɼɽʅʅʆ-ʋʂʈɸɰʅʉʔʂʆɰ ɸɽʉ ʉʊʈʋʄɽʅɽʅɸʇʈɸɺʃʖʏʆʖ

ʉʇʆʈʋɼʆʖ ʊɸʐʃʀʎʔʂʆɻʆ ɺʆɼʆʉʍʆɺʀʑɸ

ɺʦʩʢʦʙʽʡʥʠʢ ɺ.ɸ.1, ʂʦʚʘʣʴʯʫʢ ɺ.ɺ.2, ɺʦʩʢʦʙʦʡʥʠʢ ʆ.ɸ.1, ʄʘʭʘʤʤʝʜʦʚ ɾ.ʂ.1,
ɺʦʩʢʦʙʽʡʥʠʢ ɸ.ɺ.1

1ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ, vlad.vsk@gmail.com
2ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ «ʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘ», ʤ, ʃʴʚʽʚ, kovalchuk.diit@gmail.com

ɸʪʦʤʥʽ ʝʣʝʢʪʨʦʩʪʘʥʮʽʾ, ʥʘ ʯʘʩʪʢʫ ʷʢʠʭ ʧʨʠʧʘʜʘʻ ʙʣʠʟʴʢʦ 50% ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ, ʱʦ
ʚʠʨʦʙʣʷʻʪʴʩʷ ʝʣʝʢʪʨʦʩʪʘʥʮʽʷʤʠ ʋʢʨʘʾʥʠ ʚʽʜʽʛʨʘʶʪʴ ʧʨʦʚʽʜʥʫ ʨʦʣʴ ʝʥʝʨʛʦʟʘʙʝʟʧʝʯʝʥʥʽ
ʥʘʨʦʜʥʦʛʦʩʧʦʜʘʨʩʴʢʦʛʦ ʢʦʤʧʣʝʢʩʫ ʋʢʨʘʾʥʠ. ʆʜʥʘ ʟ ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʫʤʦʚ ʥʘʜʽʡʥʦʾ
ʝʢʩʧʣʫʘʪʘʮʽʾ ɸɽʉ – ʙʝʟʧʝʨʝʙʽʡʥʝ ʚʦʜʦʟʘʙʝʟʧʝʯʝʥʥʷ, ʜʞʝʨʝʣʘʤʠ ʷʢʦʛʦ ʩʣʫʛʫʶʪʴ ʨʽʢʠ,
ʚʦʜʦʩʭʦʚʠʱʘ ʪʘ ʚʦʜʦʡʤʠ-ʦʭʦʣʦʜʞʫʚʘʯʽ. ɼʣʷ ʥʦʨʤʘʣʴʥʦʛʦ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ɸɽʉ ʚʠʥʠʢʘʻ
ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʽʜʚʝʜʝʥʥʷ ʩʠʩʪʝʤʘʤʠ ʦʭʦʣʦʜʞʝʥʥʷ ʚ ʥʘʚʢʦʣʠʰʥʻ ʩʝʨʝʜʦʚʠʱʝ ʚʝʣʠʯʝʟʥʦʾ
ʢʽʣʴʢʦʩʪʽ ʪʝʧʣʘ, ʱʦ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 70% ʝʥʝʨʛʽʾ ʧʘʣʠʚʘ, ʱʦ ʩʧʦʞʠʚʘʻʪʴʩʷ. ʉʝʨʝʜ
ʦʩʥʦʚʥʠʭ ʛʽʜʨʦʣʦʛʽʯʥʠʭ ʯʠʥʥʠʢʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʫʤʦʚʠ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʝʢʦʩʠʩʪʝʤ
ʚʦʜʦʡʤ-ʦʭʦʣʦʜʞʫʚʘʯʽʚ ʘʪʦʤʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʋʢʨʘʾʥʠ, ʚʘʞʣʠʚʝ ʤʽʩʮʝ ʧʦʩʽʜʘʶʪʴ
ʚʦʜʦʦʙʤʽʥ, ʛʽʜʨʦʜʠʥʘʤʽʢʘ ʚʦʜʦʩʭʦʚʠʱʘ ʽ ʪʝʧʣʦʚʠʡ (ʪʝʨʤʽʯʥʠʡ) ʨʝʞʠʤ ʚʦʜʥʠʭ ʤʘʩ.

ɿʘʩʦʙʠ ʧʦʜʘʯʽ ʦʭʦʣʦʜʞʫʚʘʥʦʾ ʚʦʜʠ ʜʣʷ ʦʧʪʠʤʘʣʴʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʘʪʦʤʥʠʭ ʨʝʘʢʪʦʨʽʚ
ʇʽʚʜʝʥʥʦ-ʫʢʨʘʾʥʩʴʢʦʾ ɸɽʉ (ʨʠʩ. 1) ʟ ʊʘʰʣʠʮʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ-ʦʭʦʣʦʜʞʫʚʘʯʘ ʇʽʚʜʝʥʥʦ-
ʋʢʨʘʾʥʩʴʢʦʾ ɸɽʉ ʚ ʩʚʽʡ ʯʘʩ ʧʨʘʮʶʚʘʣʠ ʫ ʚʘʞʢʠʭ ʫʤʦʚʘʭ ʪʝʨʤʽʯʥʦʛʦ ʨʝʞʠʤʫ.

ʈʠʩ. 1. ɿʘʛʘʣʴʥʠʡ ʚʠʜ ʇʽʚʜʝʥʥʦ-ʋʢʨʘʾʥʩʴʢʦʾ ɸɽʉ.

ʆʭʦʣʦʜʞʫʚʘʣʴʥʦʾ ʟʜʽʙʥʦʩʪʽ ʊʘʰʣʠʮʴʢʦʛʦ ʚʦʜʦʩʭʦʚʠʱʘ ʙʫʣʦ ʥʝʜʦʩʪʘʪʥʴʦ ʜʣʷ
ʝʬʝʢʪʠʚʥʦʾ ʨʦʙʦʪʠ ʪʨʴʦʭ ʝʥʝʨʛʦʙʣʦʢʽʚ ʩʪʘʥʮʽʾ. ʎʝ ʧʨʠʟʚʝʣʦ ʜʦ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʨʦʚʝʜʝʥʥʷ
ʜʝʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʤʦʞʣʠʚʦʩʪʝʡ ʧʦʣʽʧʰʝʥʥʷ ʪʝʨʤʽʯʥʦʛʦ ʨʝʞʠʤʫ ʚʦʜʦʩʭʦʚʠʱʘ-
ʦʭʦʣʦʜʞʫʚʘʯʘ. ʉʭʝʤʘ ʢʦʤʧʦʥʦʚʢʠ ʚʦʜʦʟʘʙʽʨʥʠʭ ʽ ʚʦʜʦʚʠʧʫʩʢʥʠʭ ʩʧʦʨʫʜ ʊʘʰʣʠʮʴʢʦʛʦ
ʚʦʜʦʡʤʠʱʘ-ʦʭʦʣʦʜʞʫʚʘʯʘ ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʪʘʢ ʟʚʘʥʦʛʦ ʩʫʤʽʩʥʦʛʦ ʪʠʧʫ, ʢʦʣʠ ʨʦʟʜʽʣʝʥʥʷ
ʧʦʪʦʢʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʚʝʨʪʠʢʘʣʴʥʦʾ ʩʪʨʘʪʠʬʽʢʘʮʽʾ ʪʝʤʧʝʨʘʪʫʨʠ ʚʦʜʠ. ʅʝʜʦʣʽʢʦʤ
ʪʘʢʦʾ ʩʭʝʤʠ ʻ ʟʘʣʫʯʝʥʥʷ ʪʝʧʣʠʭ ʚʦʜ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ ʧʦʪʦʢʫ ʫ ʥʠʞʥʽ ʡʦʛʦ ʰʘʨʠ. ʋ ʩʧʝʢʦʪʥʽ
ʣʽʪʥʽ ʤʽʩʷʮʽ ʡʦʛʦ ʦʭʦʣʦʜʞʫʚʘʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʟʥʠʞʫʻʪʴʩʷ. ʅʝʦʙʭʽʜʥʦʛʦ ʦʙ'ʻʤʫ ʚʦʜʠ ʧʦʪʨʽʙʥʦʾ
ʪʝʤʧʝʨʘʪʫʨʠ ʥʝʜʦʩʪʘʪʥʴʦ ʜʣʷ ʚʩʽʭ ʪʨʴʦʭ ʝʥʝʨʛʦʙʣʦʢʽʚ ʦʭʦʣʦʜʞʫʚʘʯ ʇʽʚʜʝʥʥʦ-ʋʢʨʘʾʥʩʴʢʦʾ
ɸɽʉ ʩʪʘʥʮʽʾ. ʏʝʨʝʟ ʮʝ ʩʫʤʘʨʥʘ ʧʦʪʫʞʥʽʩʪʴ ɸɽʉ ʦʙʤʝʞʫʻʪʴʩʷ ʚʝʣʠʯʠʥʦʶ 1800 ʄɺʪ ʽ ʚ ʣʽʪʥʽ
ʩʧʝʢʦʪʥʽ ʯʘʩʠ ʧʨʠʭʦʜʠʪʴʩʷ ʚʠʚʦʜʠʪʠ ʟ ʝʢʩʧʣʫʘʪʘʮʽʾ ʦʜʠʥ ʽʟ ʙʣʦʢʽʚ.

ʊʦʤʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʧʨʦʚʝʩʪʠ ʚʽʜʚʽʜ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʫ ʫ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʧʣʦʱʠʥʽ
ʚʦʜʦʩʭʦʚʠʱʘ ʩʪʨʫʤʝʥʝʥʘʧʨʘʚʣʷʶʯʦʾ ʟʘʚʽʩʠ, ʱʦʙ ʟʥʠʟʠʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʚʦʜʠ ʫ ʟʦʥʽ
ʛʣʠʙʦʢʦʚʦʜʥʦʛʦ ʚʦʜʦʟʘʙʦʨʫ. ɺ ɯʥʩʪʠʪʫʪʽ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ
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ʤʦʜʝʣʴʥʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʟʽ ʩʪʚʦʨʝʥʥʷ ʪʘʢʦʾ ʟʘʚʽʩʠ ʪʘ ʚʠʟʥʘʯʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʨʫʭʫ ʨʽʜʠʥʠ ʚ
ʢʘʥʘʣʽ ʤʽʞ ʟʘʚʽʩʦʶ ʪʘ ʙʝʨʝʛʦʤ ʤʦʜʝʣʽ ʚʦʜʦʩʭʦʚʠʱʘ ʥʘ ʩʧʝʮʽʘʣʴʥʦ ʨʦʟʨʦʙʣʝʥʦʤʫ ʽ
ʩʪʚʦʨʝʥʦʤʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʩʪʝʥʜʽ (ʨʠʩ. 2).

ʘ ʙ
ʈʠʩ. 2. ʄʦʜʝʣʴ ʩʪʨʫʤʝʥʝʥʘʧʨʘʚʣʷʶʯʦʾ ʩʧʦʨʫʜʠ: a – ʚʭʽʜʥʘ ʜʽʣʷʥʢʘ; ʙ – ʨʝʣʴʻʬ ʜʥʘ

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʦʙʦʪʠ ʧʨʦʚʦʜʠʣʠʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʽʟʫʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ
ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʚʠʤʽʨʶʚʘʥʴ ʧʦʣʽʚ ʰʚʠʜʢʦʩʪʽ, ʪʠʩʢʫ ʥʘ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʛʥʫʯʢʫ
ʩʪʨʫʤʝʥʝʥʘʧʨʘʚʣʷʶʯʫ ʟʘʚʽʩʫ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʦʪʨʠʤʘʥʽ ʧʦʣʷ ʰʚʠʜʢʦʩʪʽ ʫ ʧʨʠʧʦʚʝʨʭʥʝʚʽʡ ʪʘ
ʧʨʠʜʦʥʥʽʡ ʦʙʣʘʩʪʽ ʪʝʯʽʾ ʫʩʝʨʝʜʠʥʽ ʤʦʜʝʣʽ ʩʪʨʫʤʝʥʝʥʘʧʨʘʚʣʷʶʯʦʾ ʩʧʦʨʫʜʠ (ʨʠʩ. 3).

ʘ ʙ
ʈʠʩ. 3. ʇʦʣʝ ʰʚʠʜʢʦʩʪʽ ʧʦʙʣʠʟʫ ʩʪʨʫʤʝʥʝʥʘʧʨʘʚʣʷʶʯʦʾ ʩʧʦʨʫʜʠ: a – ʧʦʚʝʨʭʥʝʚʘ

ʪʘ ʙ – ʧʨʠʜʦʥʥʘ ʪʝʯʽʾ

ɺʠʷʚʣʝʥʦ, ʱʦ ʚ ʥʘʪʫʨʥʠʭ ʫʤʦʚʘʭ ʤʘʢʩʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʧʨʠʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʥʘ
ʛʣʠʙʠʥʽ ʙʣʠʟʴʢʦ 1 ʤ ʙʫʜʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʚ ʦʙʣʘʩʪʽ ʟʚʫʞʝʥʥʷ ʧʦʪʦʢʫ ʽ ʜʦʩʷʛʥʝ ʟʥʘʯʝʥʥʷ
ʧʦʨʷʜʢʫ (0,65=0,75) ʤ/ʩ ʘʙʦ (1,5…1,7)U. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘ ʛʣʠʙʠʥʽ 0,5 ʤ ʥʘʜ ʜʥʦʤ,
ʦʩʦʙʣʠʚʦ ʚ ʪʫʧʠʢʦʚʽʡ ʦʙʣʘʩʪʽ ʩʧʦʨʫʜʠ ʪʘ ʦʙʣʘʩʪʽ ʥʘʡʙʽʣʴʰʠʭ ʛʣʠʙʠʥ ʧʝʨʝʜ ʧʦʣʦʪʥʦʤ ʟʘʚʽʩʠ,
ʟʘʨʝʻʩʪʨʦʚʘʥʦ ʟʚʦʨʦʪʥʫ ʪʝʯʽʶ, ʷʢʘ ʤʘʣʘ ʥʘʧʨʷʤʦʢ ʚʽʜ ʟʘʚʽʩʠ ʜʦ ʛʨʝʙʣʽ. ʄʘʢʩʠʤʘʣʴʥʽ
ʰʚʠʜʢʦʩʪʽ ʟʚʦʨʦʪʥʦʛʦ ʪʝʯʽʾ ʩʪʘʥʦʚʠʣʠ (0,05=0,1) ʩʝʨʝʜʥʴʦʚʠʪʨʘʪʥʦʾ h ʚʠʜʢʦʩʪʽ ʥʘʜ ʛʨʝʙʣʝʶ.

ʋʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʡʙʽʣʴʰʠʡ ʜʠʥʘʤʽʯʥʠʡ ʪʠʩʢ, ʱʦ ʜʽʷʚ ʥʘ ʧʦʣʦʪʥʦ ʟʘʚʽʩʠ
ʩʪʨʫʤʝʥʝʥʘʧʨʘʚʣʷʶʯʦʾ ʩʧʦʨʫʜʠ, ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʚ ʧʨʠʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ ʧʦʪʦʢʫ (ʜʦ 1,5 ʤ ʚ
ʥʘʪʫʨʥʠʭ ʫʤʦʚʘʭ). ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ ʜʠʥʘʤʽʯʥʠʡ ʪʠʩʢ, ʱʦ ʜʽʷʚ ʥʘ ʧʦʣʦʪʥʦ
ʟʘʚʽʩʠ, ʟʙʽʣʴʰʫʚʘʚʩʷ, ʽ ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʚ ʦʙʣʘʩʪʽ ʟʚʫʞʝʥʥʷ ʧʦʪʦʢʫ.
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ʉɸʄʆʋɿɻʆɼɾɽʅɸ ʏʀʉɽʃʔʅɸ ʉʍɽʄɸ ɼʃʗ ʈʆɿɺʗɿɸʅʅʗ
ʂɯʅɽʊʀʏʅʆɻʆ ʈɯɺʅʗʅʅʗ ɽɹʈʆ-ʃɽʂʔʆ ɺ ɿɸɼɸʏɸʍ ʈɽʆʃʆɻɯɰ

ʉʂʃɸɼʅʀʍ ʈɯɼʀʅ

ɻʦʨʙʘʥʴ ɯ.ʄ.1, ɻʦʨʙʘʥʴ ʅ.ɺ.2
1ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ivgorban@gmail.com
2Bauhaus-Universitat Weimar, Weimar, Germany, nata_gorban@i.ua

ʄʝʟʦʩʢʦʧʽʯʥʘ ʢʽʥʝʪʠʯʥʘ ʤʦʜʝʣʴ ɽʙʨʦ-ʃʝʢʴʦ ʦʧʠʩʫʻ ʤʝʭʘʥʽʯʥʫ ʧʦʚʝʜʽʥʢʫ ʩʢʣʘʜʥʠʭ
ʨʽʜʠʥ, ʷʢʽ ʤʘʶʪʴ ʚʣʘʩʪʠʚʦʩʪʽ ʤ’ʷʢʠʭ ʩʢʣʦʧʦʜʽʙʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ɼʦ ʥʠʭ ʥʘʣʝʞʘʪʴ
ʢʦʥʮʝʥʪʨʦʚʘʥʽ ʩʫʩʧʝʥʟʽʾ, ʝʤʫʣʴʩʽʾ, ʜʝʷʢʽ ʚʠʜʠ ʧʦʣʽʤʝʨʽʚ, ʛʨʘʥʫʣʴʦʚʘʥʽ ʩʝʨʝʜʦʚʠʱʘ, ʪʦʱʦ.
ɰʭʥʴʦʶ ʭʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʻ ʥʘʷʚʥʽʩʪʴ ʛʨʘʥʠʮʽ ʪʝʢʫʯʦʩʪʽ: ʧʨʠ ʥʘʧʨʫʞʝʥʥʷʭ ʥʠʞʯʝ
ʧʝʚʥʦʛʦ ʢʨʠʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ ʚʦʥʠ ʧʦʚʦʜʷʪʴʩʷ ʷʢ ʧʨʫʞʥʽ ʪʚʝʨʜʽ ʪʽʣʘ, ʘ ʧʨʠ ʧʝʨʝʚʠʱʝʥʥʽ
ʮʴʦʛʦ ʧʦʨʦʛʫ ʧʝʨʝʭʦʜʷʪʴ ʫ ʩʪʘʥ ʧʣʘʩʪʠʯʥʦʾ ʪʝʯʽʾ. ɺ ʤʝʟʦʩʢʦʧʽʯʥʽʡ ʪʝʦʨʽʾ ʤʘʪʝʨʽʘʣ
ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʩʫʢʫʧʥʽʩʪʴ ʦʢʨʝʤʠʭ ʙʣʦʢʽʚ, ʢʦʞʝʥ ʟ ʷʢʠʭ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʣʘʩʥʠʤ
ʟʥʘʯʝʥʥʷʤ ʣʦʢʘʣʴʥʦʛʦ ʥʘʧʨʫʞʝʥʥʷ.

ʄʦʜʝʣʴ ɽʙʨʦ–ʃʝʢʴʦ ʦʧʠʩʫʻ ʝʚʦʣʶʮʽʶ ʣʦʢʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʤʘʪʝʨʽʘʣʽ ʧʽʜ ʜʽʻʶ
ʟʦʚʥʽʰʥʴʦʛʦ ʟʩʫʚʫ. ɺʦʥʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʪʠʤ, ɦ ʦ ʟʘʤʽʩʪʴ ʜʝʪʝʨʤʽʥʦʚʘʥʦʛʦ ʦʧʠʩʫ ʝʚʦʣʶʮʽʾ
ʥʘʧʨʫʞʝʥʴ ʚ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʘʨʥʠʭ ʙʣʦʢʘʭ ʨʦʟʛʣʷʜʘʻ ʩʪʘʪʠʩʪʠʯʥʠʡ ʨʦʟʧʦʜʽʣ ʣʦʢʘʣʴʥʠʭ
ʥʘʧʨʫʞʝʥʴ. ɼʣʷ ʮʴʦʛʦ ʚʚʦʜʠʪʴʩʷ ʱʽʣʴʥʽʩʪʴ ʽʤʦʚʽʨʥʦʩʪʽ ὴ(ὸ, „), ʱʦ ʚʠʟʥʘʯʘʻ ʯʘʩʪʢʫ
ʝʣʝʤʝʥʪʘʨʥʠʭ ʙʣʦʢʽʚ, ʷʢʽ ʚ ʤʦʤʝʥʪ ʯʘʩʫ ὸ ʤʘʶʪʴ ʣʦʢʘʣʴʥʝ ʥʘʧʨʫʞʝʥʥʷ „. ɽʚʦʣʶʮʽʷ ʬʫʥʢʮʽʾ
ὴ(ὸ, „) ʫ ʯʘʩʦʚʽ ʦʧʠʩʫʻʪʴʩʷ ʢʽʥʝʪʠʯʥʦʶ ʤʦʜʝʣʣʶ, ʦʪʨʠʤʘʥʦʶ ʥʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥʥʷ ʌʦʢʢʝʨʘ-
ʇʣʘʥʢʘ [1]:

‬ὴ
‬ὸ

= Ὃ ‎
‬ὴ
‬„

+ Ὀ(ὸ)
‬ ὴ
‬„

1
Ὕ

](„)ת , ]ὴ +
Ὀ(ὸ)

‌
‏ („). (1)

ʂʦʞʝʥ ʯʣʝʥ ʨʽʚʥʷʥʥʷ (1) ʚʽʜʧʦʚʽʜʘʻ ʧʝʚʥʦʤʫ ʬʽʟʠʯʥʦʤʫ ʧʨʦʮʝʩʫ ʚ ʤʘʪʝʨʽʘʣʽ. ʇʝʨʰʠʡ
ʦʧʠʩʫʻ ʢʦʥʚʝʢʮʽʶ ʥʘʧʨʫʞʝʥʴ, ʟʫʤʦʚʣʝʥʫ ʟʦʚʥʽʰʥʽʤ ʟʩʫʚʦʤ ʟʽ ʰʚʠʜʢʽʩʪʶ ‎; ʜʨʫʛʠʡ
ʚʽʜʧʦʚʽʜʘʻ ʜʠʬʫʟʽʾ ʥʘʧʨʫʞʝʥʴ;  ʥʘʩʪʫʧʥʠʡ ʜʦʜʘʥʦʢ ʦʧʠʩʫʻ ʨʝʣʘʢʩʘʮʽʶ ʙʣʦʢʽʚ, ʜʝ ʙʫʣʦ
ʧʝʨʝʚʠʱʝʥʝ ʢʨʠʪʠʯʥʝ ʥʘʧʨʫʞʝʥʥʷ „ ʽ ʦʩʪʘʥʥʽʡ ʚʨʘʭʦʚʫʻ ʧʦʚʝʨʥʝʥʥʷ ʮʠʭ ʙʣʦʢʽʚ ʫ ʩʪʘʥ ʽʟ
ʥʫʣʴʦʚʠʤ ʥʘʧʨʫʞʝʥʥʷʤ ʧʽʩʣʷ ʨʝʣʘʢʩʘʮʽʾ. ת ʽ ‏ ʚ (1) ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ ʬʫʥʢʮʽʾ
ʍʝʚʽʩʘʡʜʘ ʪʘ ɼʽʨʘʢʘ ʚʽʜʧʦʚʽʜʥʦ. ɺʝʣʠʯʠʥʠ Ὃ , „ , Ὕ ʽ ‌ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ
ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʫ: Ὃ ʤʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ, „ ʧʦʨʦʛʦʚʝ ʥʘʧʨʫʞʝʥʥʷ, Ὕ
ʭʘʨʘʢʪʝʨʥʠʡ ʯʘʩ ʨʝʣʘʢʩʘʮʽʾ, ʧʨʦʪʷʛʦʤ ̫ ʢʦʛʦ ʝʣʝʤʝʥʪ ʧʝʨʝʭʦʜʠʪʴ ʚ ʥʦʚʠʡ ʩʪʘʥ ʨʽʚʥʦʚʘʛʠ, ‌
ʙʝʟʨʦʟʤʽʨʥʠʡ ʧʘʨʘʤʝʪʨ, ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʻ ʜʠʥʘʤʽʯʥʫ ʢʨʠʭʢʽʩʪʴ ʩʪʨʫʢʪʫʨʠ ʩʝʨʝʜʦʚʠʱʘ.
ʆʩʦʙʣʠʚʽʩʪʶ ʬʽʟʠʢʠ ʜʘʥʦʛʦ ʧʨʦʮʝʩʫ ʻ ʪʝ, ʱʦ ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ ʚ ʨʽʚʥʷʥʥʽ (1)  ʥʝ ʻ ʩʪʘʣʦʶ
ʚʝʣʠʯʠʥʦʶ, ʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʦʪʦʯʥʦʛʦ ʩʪʘʥʫ ʩʠʩʪʝʤʠ. ʎʷ ʚʣʘʩʪʠʚʽʩʪʴ, ʚʽʜʦʤʘ ʷʢ
ʩʘʤʦʫʟʛʦʜʞʝʥʽʩʪʴ, ʧʝʨʝʪʚʦʨʶʻ ʣʽʥʽʡʥʝ ʨʽʚʥʷʥʥʷ ʌʦʢʢʝʨʘ-ʇʣʘʥʢʘ ʥʘ ʥʝʣʽʥʽʡʥʝ, ʱʦ ʟʥʘʯʥʦ
ʫʩʢʣʘʜʥʶʻ ʟʥʘʭʦʜʞʝʥʥʷ ʡʦʛʦ ʨʦʟʚ’ʷʟʢʽʚ. ɼʦʢʣʘʜʥʦ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ ʜʣʷ ʨʽʚʥʷʥʥʷ (1)
ʦʧʠʩʘʥʘ ʚ ʨʦʙʦʪʽ [2]. ɿʘʟʥʘʯʠʤʦ ʪʘʢʦʞ, ʱʦ ʨʽʚʥʷʥʥʷ ɽʙʨʦ–ʃʝʢʴʦ ʧʦʚ’ʷʟʫʻ ʤʝʟʦʩʢʦʧʽʯʥʫ
ʜʠʥʘʤʽʢʫ ʧʨʦʮʝʩʫ ʟ ʤʘʢʨʦʩʢʦʧʽʯʥʦʶ ʨʝʦʣʦʛʽʻʶ, ʦʩʢʽʣʴʢʠ ʥʘ ʦʩʥʦʚʽ ʡʦʛʦ ʨʦʟʚ’ʷʟʢʫ
ʚʠʟʥʘʯʘʶʪʴʩʷ ʧʦʚʥʝ ʥʘʧʨʫʞʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʪʘ ʡʦʛʦ ʝʬʝʢʪʠʚʥʘ ʚ’ʷʟʢʽʩʪʴ.

ɺ ʮʽʡ ʨʦʙʦʪʽ ʨʦʟʚʠʥʝʥʠʡ ʩʘʤʦʫʟʛʦʜʞʝʥʠʡ ʯʠʩʝʣʴʥʠʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʨʦʟʚ’ʷʟʘʥʥʷ
ʨʽʚʥʷʥʥʷ (1), ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʨʠʥʮʠʧ ʨʦʟʱʝʧʣʝʥʥʷ ʟʘ ʬʽʟʠʯʥʠʤʠ ʧʨʦʮʝʩʘʤʠ. ʑʦʙ
ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʦʙʯʠʩʣʝʥʴ, ʚ ʥʴʦʛʦ ʽʥʪʝʛʨʦʚʘʥʘ ʽʪʝʨʘʮʽʡʥʘ ʧʨʦʮʝʜʫʨʘ ʜʣʷ
ʚʠʟʥʘʯʝʥʥʷ ʥʝʣʽʥʽʡʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʜʠʬʫʟʽʾ. ʂʣʶʯʦʚʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʻ
ʥʝʷʚʥʘ ʩʭʝʤʘ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʬʫʟʽʾ, ʤʝʪʦʜ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʧʣʘʡʥʽʚ
ɸʢʽʤʠ ʜʣʷ ʝʪʘʧʫ ʘʜʚʝʢʮʽʾ ʪʘ ʦʙʯʠʩʣʝʥʥʷ ʜʝʣʴʪʘ-ʬʫʥʢʮʽʾ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʷʤʦʢʫʪʥʦʛʦ
ʽʤʧʫʣʴʩʫ. ɺʠʢʦʥʘʥʝ ʧʦʨʽʚʥʷʥʥʷ ʦʪʨʠʤʘʥʠʭ ʯʠʩʝʣʴʥʠʭ ʜʘʥʠʭ ʟ ʚʽʜʦʤʠʤʠ ʘʥʘʣʽʪʠʯʥʠʤʠ
ʨʦʟʚ’ʷʟʢʘʤʠ, ʘ ʪʘʢʦʞ ʜʦʩʣʽʜʞʝʥʘ ʡʦʛʦ ʟʜʘʪʥʽʩʪʴ ʢʦʨʝʢʪʥʦ ʚʽʜʪʚʦʨʶʚʘʪʠ ʨʦʟʧʦʜʽʣʠ ʟ
ʚʠʩʦʢʠʤʠ ʛʨʘʜʽʻʥʪʘʤʠ ʪʘ ʨʦʟʨʠʚʘʤʠ ʙʝʟ ʚʠʥʠʢʥʝʥʥʷ ʥʝʬʽʟʠʯʥʠʭ ʦʩʮʠʣʷʮʽʡ.
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ɺ ʨʦʟʨʘʭʫʥʢʘʭ ʜʦʩʣʽʜʞʝʥʘ ʝʚʦʣʶʮʽʷ ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ʣʦʢʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʜʣʷ
ʰʠʨʦʢʦʛʦ ʜʽʘʧʘʟʦʥʫ ʧʦʯʘʪʢʦʚʠʭ ʫʤʦʚ, ʰʚʠʜʢʦʩʪʝʡ ʟʩʫʚʫ ʪʘ ʟʥʘʯʝʥʴ ʩʪʨʫʢʪʫʨʥʦʛʦ
ʧʘʨʘʤʝʪʨʘ ‌. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʠʩʪʝʤʘ ʜʝʤʦʥʩʪʨʫʻ ʩʪʽʡʢʫ ʘʩʠʤʧʪʦʪʠʯʥʫ ʟʙʽʞʥʽʩʪʴ ʜʦ
ʻʜʠʥʦʛʦ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʩʪʘʥʫ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻ
ʽʩʥʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʽ ʛʣʦʙʘʣʴʥʦʛʦ ʘʪʨʘʢʪʦʨʘ ʫ ʬʫʥʢʮʽʦʥʘʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ ʨʦʟʧʦʜʽʣʽʚ
ʽʤʦʚʽʨʥʦʩʪʽ, ʱʦ ʬʽʟʠʯʥʦ ʚʽʜʧʦʚʽʜʘʻ ʧʦʚʥʽʡ ʚʪʨʘʪʽ ʧʘʤ’ʷʪʽ ʩʝʨʝʜʦʚʠʱʘ ʧʨʦ ʧʝʨʝʜʽʩʪʦʨʽʶ
ʜʝʬʦʨʤʫʚʘʥʥʷ. ɸʥʘʣʽʟ ʜʠʥʘʤʽʢʠ ὒ -ʚʽʜʩʪʘʥʽ ʤʽʞ ʨʦʟʚ’ʷʟʢʘʤʠ ʧʽʜʪʚʝʨʜʠʚ ʝʢʩʧʦʥʝʥʮʽʡʥʠʡ
ʭʘʨʘʢʪʝʨ ʨʝʣʘʢʩʘʮʽʾ ʚ ʘʩʠʤʧʪʦʪʠʯʥʦʤʫ ʨʝʞʠʤʽ ʪʘ ʜʦʟʚʦʣʠʚ ʚʩʪʘʥʦʚʠʪʠ ʩʫʪʪʻʚʠʡ ʚʧʣʠʚ
ʰʚʠʜʢʦʩʪʽ ʟʩʫʚʫ ʥʘ ʢʽʥʝʪʠʢʫ ʜʦʩʷʛʥʝʥʥʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʩʪʘʥʫ. ɿʦʢʨʝʤʘ, ʚʠʷʚʣʝʥʦ, ʱʦ
ʽʥʪʝʥʩʠʬʽʢʘʮʽʷ ʟʦʚʥʽʰʥʴʦʛʦ ʟʩʫʚʫ ʧʨʠʩʢʦʨʶʻ ʚʪʨʘʪʫ ʧʘʤ’ʷʪʽ ʩʠʩʪʝʤʠ ʧʨʦ ʧʦʯʘʪʢʦʚʠʡ ʩʪʘʥ,
ʩʢʦʨʦʯʫʶʯʠ ʯʘʩ ʚʠʭʦʜʫ ʥʘ ʘʪʨʘʢʪʦʨ.

ʅʘ ʨʠʩ. 1, 2 ʧʦʢʘʟʘʥʦ ʜʠʥʘʤʽʢʫ ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ὴ(ὸ, „) ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ
ʰʚʠʜʢʦʩʪʽ ʟʦʚʥʽʰʥʴʦʛʦ ʟʩʫʚʫ ʪʘ ʧʦʯʘʪʢʦʚʠʭ ʫʤʦʚ. ʋ ʧʝʨʰʦʤʫ ʚʠʧʘʜʢʫ ʧʦʯʘʪʢʦʚʠʡ ʩʪʘʥ
ʩʠʩʪʝʤʠ ὴ (ʯʝʨʚʦʥʘ ʢʨʠʚʘ) ʟʘʜʘʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʚʫʟʴʢʦʛʦ ʛʘʫʩʩʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ,
ʣʦʢʘʣʽʟʦʚʘʥʦʛʦ ʚ ʦʙʣʘʩʪʽ ʚʽʜ’ʻʤʥʠʭ ʥʘʧʨʫʞʝʥʴ. ʋ ʜʨʫʛʦʤʫ ʚʠʧʘʜʢʫ ʨʦʟʧʦʜʽʣ ὴ ʟʘʜʘʥʠʡ ʫ
ʚʠʛʣʷʜʽ ʢʫʩʢʦʚʦ-ʩʪʘʣʦʾ ʬʫʥʢʮʽʾ ʟʽ ʩʪʨʠʙʢʘʤʠ ʧʝʨʰʦʛʦ ʨʦʜʫ. ʉʽʨʽ ʢʨʠʚʽ ʜʝʤʦʥʩʪʨʫʶʪʴ ʪʫʪ
ʧʦʩʪʫʧʦʚʫ ʧʝʨʝʙʫʜʦʚʫ ʨʦʟʧʦʜʽʣʫ. ɿ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʧʣʠʚʘʻ, ʱʦ ʥʝʟʚʘʞʘʶʯʠ ʥʘ
ʨʽʟʥʽ ʧʦʯʘʪʢʦʚʽ ʫʤʦʚʠ, ʩʠʩʪʝʤʘ ʟʙʽʛʘʻʪʴʩʷ ʜʦ ʦʜʥʦʛʦ ʡ ʪʦʛʦ ʩʘʤʦʛʦ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʩʪʘʥʫ
(ʩʠʥʷ ʢʨʠʚʘ), ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʨʽʟʢʦʶ ʟʤʽʥʦʶ ʥʘʭʠʣʫ ʬʫʥʢʮʽʾ ὴ(ὸ, „) ʧʦʙʣʠʟʫ „ = 0
ʪʘ ʬʦʨʤʫʚʘʥʥʷʤ ʘʩʠʤʝʪʨʠʯʥʦʛʦ ʭʚʦʩʪʘ ʚ ʦʙʣʘʩʪʽ ʜʦʜʘʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʎʽ ʨʦʟʨʘʭʫʥʢʠ
ʧʽʜʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʬʽʟʠʯʥʦ ʜʦʧʫʩʪʠʤʦʛʦ ʧʦʯʘʪʢʦʚʦʛʦ ʩʪʘʥʫ ʩʠʩʪʝʤʘ ʧʨʷʤʫʻ
ʜʦ ʻʜʠʥʦʛʦ ʛʣʦʙʘʣʴʥʦ ʩʪʽʡʢʦʛʦ ʨʦʟʚ’ʷʟʢʫ (ʘʪʨʘʢʪʦʨʘ).

ʈʠʩ. 1. ɽʚʦʣʶʮʽʷ ʬʫʥʢʮʽʾ ὴ(ὸ, „) ʚʽʜ ʟʤʽʱʝʥʦʛʦ ʛʘʫʩʩʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ ὴ ʜʦ ʩʪʘʮʽʦʥʘʨʥʦʛʦ cʪʘʥʫ
ὴ ʧʨʠ ‌ = 0.3 ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʰʚʠʜʢʦʩʪʽ ʟʩʫʚʫ: a – ‎ = 0.1; b – ‎ = 1

ʈʠʩ. 2.  ɽʚʦʣʶʮʽʷ ʬʫʥʢʮʽʾ ὴ(ὸ, „) ʚʽʜ ʢʫʩʢʦʚʦ-ʩʪʘʣʦʛʦ ʨʦʟʧʦʜʽʣʫ ʜʦ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʩʪʘʥʫ ὴ
ʧʨʠ ‌ = 0.3 ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʰʚʠʜʢʦʩʪʽ ʟʩʫʚʫ: a – ‎ = 0.1; b – ‎ = 1
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ɼɺʆʄʆɼʆɺɸ ʄʆɼɽʃʔ ʍʈɽʉʊʆʇʆɼɯɹʅʀʍ ʇʆɺɽʈʍʅɽɺʀʍ
ʍɺʀʃʔ ʋ ɺʆɼɯ ɺ ʎʀʃɯʅɼʈʀʏʅɯʁ ɭʄʅʆʉʊɯ

ɻʦʨʩʴʢʠʡ ʖ.ɺ. 1, ʂʨʘʩʥʦʧʦʣʴʩʴʢʘ ʊ.ʉ2

1ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅʋ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ, yuragv@urk.net
2ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅʋ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ, krasnopolska1005@gmail.com

ʍʨʝʩʪʦʧʦʜʽʙʥʽ ʭʚʠʣʽ ʻ ʭʘʨʘʢʪʝʨʥʠʤ ʭʚʠʣʴʦʚʠʤ ʷʚʠʱʝʤ, ʷʢʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʷʢ ʫ
ʣʘʙʦʨʘʪʦʨʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ̔  ʧʨʠʩʪʨʦʷʭ ʪʠʧʫ «ʩʧʽʚʘʶʯʦʛʦ ʙʦʢʘʣʘ», ʪʘʢ ̔  ʚ ʟʘʜʘʯʘʭ ʤʦʨʩʴʢʦʾ
ʪʝʭʥʽʢʠ, ʟʦʢʨʝʤʘ ʧʽʜ ʯʘʩ ʜʦʩʣʽʜʞʝʥʥʷ ʜʠʥʘʤʽʢʠ ʢʦʨʘʙʣʽʚ. ʊʝʦʨʝʪʠʯʥʝ ʦʙˇʨʫʥʪʫʚʘʥʥʷ
ʤʦʞʣʠʚʦʩʪʽ ʾʭʥʴʦʛʦ ʟʙʫʜʞʝʥʥʷ ʚ “ʩʧʽʚʘʶʯʦʤʫ ʙʦʢʘʣʽ” ʧʨʠʚʦʜʷʪʴʩʷ ʚ  ʩʪʘʪʪʷʭ [1,2].

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʧʨʠʥʮʠʧʦʚʦ ʥʦʚʫ ʤʦʜʝʣʴ, ʱʦ ʧʝʨʝʜʙʘʯʘʻ ʦʜʥʦʯʘʩʥʝ
ʟʙʫʜʞʝʥʥʷ ʜʚʦʭ ʚʣʘʩʥʠʭ ʤʦʜ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ.  ʂʦʤʧ’ʶʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʛʨʘʬʽʯʥʝ
ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʚʦʭ ʚʣʘʩʥʠʭ ʬʦʨʤ ʧʦʢʘʟʫʻ ʦʩʥʦʚʥʽ ʨʠʩʠ
ʭʚʠʣʴʦʚʠʭ ʩʪʨʫʢʪʫʨ ʫ «ʩʧʽʚʘʶʯʠʭ ʙʦʢʘʣʘʭ».

ɼʣʷ ʘʥʘʣʽʟʫ ʭʚʠʣʴ ʥʘ ʚʽʣʴʥʽʡ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʚ «ʩʧʽʚʘʶʯʦʤʫ ʙʦʢʘʣʽ» ʛʝʦʤʝʪʨʽʶ
ʻʤʥʦʩʪʽ ʙʫʣʦ ʩʧʨʦʱʝʥʦ: ʢʦʥʪʝʡʥʝʨ ʫ ʬʦʨʤʽ ʯʘʰʽ ʟʘʤʽʥʶʻʪʴʩʷ ʮʠʣʽʥʜʨʦʤ ʨʘʜʽʫʩʘ Ὑ ʽʟ
ʧʣʦʩʢʠʤ ʛʦʨʠʟʦʥʪʘʣʴʥʠʤ ʜʥʦʤ. ʇʦʧʨʠ ʦʩʴʦʚʫ ʩʠʤʝʪʨʽʶ ʨʝʟʝʨʚʫʘʨʘ, ʡʦʛʦ ʩʪʽʥʢʘ ʢʦʣʠʚʘʻʪʴʩʷ
ʟʘ ʜʨʫʛʦʶ ʢʦʣʦʚʦʶ ʤʦʜʦʶ, ʪʦʤʫ ʾʾ ʟʤʽʱʝʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʘʟʠʤʫʪʘʣʴʥʦʾ ʢʦʦʨʜʠʥʘʪʠ — ʷʢ
cos(2—). ʈʫʭ ʨʽʜʠʥʠ ʦʧʠʩʫʶʪʴ ʫ ʮʠʣʽʥʜʨʠʯʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ (ὶ, —, ὼ), ʚʽʩʴ x ʷʢʦʾ
ʟʙʽʛʘʻʪʴʩʷ ʟ ʚʽʩʩʶ ʨʝʟʝʨʚʫʘʨʘ. ʉʝʨʝʜʥʶ ʛʣʠʙʠʥʫ ʨʽʜʠʥʠ ʧʦʟʥʘʯʘʶʪʴ ʯʝʨʝʟ Ὠ. ʇʦʯʘʪʦʢ
ʢʦʦʨʜʠʥʘʪʠ ὼ ʨʦʟʪʘʰʦʚʫʶʪʴ ʥʘ ʥʝʟʙʫʨʝʥʽʡ ʚʽʣʴʥʽʡ ʧʦʚʝʨʭʥʽ, ʪʦʞ ʧʦʣʦʞʝʥʥʷ ʜʥʘ ʨʝʟʝʨʚʫʘʨʘ
ʟʘʜʘʻʪʴʩʷ ʷʢ ὼ = Ὠ. ɿʘ ʛʘʨʤʦʥʽʯʥʠʭ ʢʦʣʠʚʘʥʴ ʩʪʽʥʢʠ ʟ ʢʫʪʦʚʦʶ ʯʘʩʪʦʪʦʶ ‫ ʾʾ ʤʠʪʪʻʚʠʡ
ʨʘʜʽʫʩ ʟʘʜʘʶʪʴ ʷʢ Ὑᶻ(ὼ, —, ὸ) = Ὑ + …(ὼ, —, ὸ),  ʜʝ …(ὼ, —, ὸ) = ὥ cos(2—) cos(“ὼ/
2Ὠ)cos ((‫ὸ . ʇʨʠʧʫʩʢʘʶʯʠ, ʱʦ ʨʽʜʠʥʘ ʻ ʥʝʚ’ʷʟʢʦʶ ʽ ʥʝʩʪʠʩʣʠʚʦʶ, ʧʦʣʝ ʰʚʠʜʢʦʩʪʽ
ʧʨʝʜʩʪʘʚʣʷʣʦʩʷ ʚ ʪʝʨʤʽʥʘʭ ʧʦʪʝʥʮʽʘʣʫ ʰʚʠʜʢʦʩʪʽ. ʄʝʥʽʩʢʦʚʠʡ ʪʘ ʢʘʧʽʣʷʨʥʠʡ ʚʧʣʠʚ ʥʘ ʣʽʥʽʾ
ʢʦʥʪʘʢʪʫ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʟʽ ʩʪʽʥʢʦʶ ʮʠʣʽʥʜʨʘ ʚʠʢʣʶʯʝʥʦ. ʂʨʽʤ ʪʦʛʦ, ʧʨʠʧʫʩʢʘʻʪʴʩʷ, ʱʦ
ʰʚʠʜʢʽʩʪʴ ʨʽʜʠʥʠ ʟʘʣʠʰʘʻʪʴʩʷ ʦʙʤʝʞʝʥʦʶ ʧʦ ʚʩʽʡ ʦʙʣʘʩʪʽ,

ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʩʫʧʝʨʧʦʟʠʮʽʾ ʙʫʣʦ ʨʦʟʚ’ʷʟʘʥʦ ʣʽʥʽʡʥʫ ʟʘʜʘʯʫ ʜʣʷ ʧʦʚʝʨʭʥʽ, ɦ ʦ
ʢʦʣʠʚʘʻʪʴʩʷ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʦʙˇʨʫʥʪʫʚʘʪʠ ʚʠʥʠʢʥʝʥʥʷ ʚʠʤʫʰʝʥʠʭ ʭʚʠʣʴ ʽʟ ʯʦʪʠʨʤʘ ʚʫʟʣʘʤʠ
ʚ ʘʟʠʤʫʪʘʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ, ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʠʣʦ ʚʠʟʥʘʯʠʪʠ ʚʣʘʩʥʽ ʬʦʨʤʠ ʪʢ ʨʝʟʦʥʘʥʩʥʽ
ʯʘʩʪʦʪʠ ʢʦʣʠʚʘʥʴ. ˆʨʫʥʪʫʶʯʠʩʴ ʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʘʭ ʣʽʥʽʡʥʦʾ ʪʝʦʨʽʾ, ʤʝʪʦʜʦʤ ʟʙʫʨʝʥʴ
ʟʘ ʤʘʣʠʤ ʧʘʨʘʤʝʪʨʦʤ ʝʧʩʽʣʦʥ, ʷʢʽʡ ʚʨʘʭʦʚʫʻ ʷʢ ʤʘʣʽʩʪʴ ʢʦʣʠʚʘʥʴ ʙʦʢʘʣʫ a, ʪʘʢ ʽ ʤʘʣʽʩʪʴ
ʽʥʝʨʮʽʡʥʠʭ ʝʬʝʢʪʽʚ ʚʽʜ ʨʫʭʫ ʙʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʙʫʜʫʻʪʴʩʷ ʨʦʟʚ’ʷʟʦʢ ʟʘʜʘʯʽ ʜʣʷ ʚ ʥʝʣʽʥʽʡʥʦʤʫ
ʥʘʙʣʠʞʝʥʥʽ. ɼʣʷ ʦʧʠʩʫ ʢʦʨʦʪʢʠʭ ʭʨʝʩʪʦʧʦʜʽʙʥʠʭ ʭʚʠʣʴ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʥʝʣʽʥʽʡʥʽ
ʧʘʨʘʤʝʪʨʠʯʥʽ ʨʽʚʥʷʥʥʷ. ʇʦʙʫʜʦʚʘʥʦ ʜʚʽ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ. ʇʝʨʰʘ ʤʦʜʝʣʴ ʦʧʠʩʫʻ ʧʦʷʚʫ
ʭʨʝʩʪʦʧʦʜʽʙʥʠʭ ʭʚʠʣʴ, ʢʦʣʠ ʥʘ ʚʽʣʴʥʽʡ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʣʠʰʝ ʦʜʥʘ ʚʣʘʩʥʘ
ʤʦʜʘ . ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʣʘʩʥʘ ʯʘʩʪʦʪʘ ʤʦʜʠ ‫ 2‫ ʧʦʚʠʥʥʘ ʙʫʪʠ ʙʣʠʟʴʢʦʶ ʜʦ ʯʘʩʪʦʪʠ
ʢʦʣʠʚʘʥʴ ʙʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʮʠʣʽʥʜʨʠʯʥʦʾ ʻʤʥʦʩʪʽ. ɼʨʫʛʘ ʤʦʜʝʣʴ (1) ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʫ ʚʠʧʘʜʢʫ,
ʢʦʣʠ ʧʨʠʩʫʪʥʽ ʜʚʽ ʚʣʘʩʥʽ ʤʦʜʠ ‫ 2‫ 2‫ + , ʽ ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʯʘʩʪʦʪʘ ʢʦʣʠʚʘʥʴ
ʙʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʻʤʥʦʩʪʽ ʚʜʚʽʯʽ ʧʝʨʝʚʠʱʫʻ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʨʝʟʦʥʘʥʩʥʠʭ ʤʦʜ.

‚̈ +‫ ‚ ‚̈ + ὄ ὥ ὧέί ‫ὸ +‚ȕ + ὠ ὥ ίὭὲ ‫ὸ ‚ + ‫ὗ ὥ ὧέί ‫ὸ = 0;
‚̈ + + ‫ + ‚ + ‚̈ ὃ + ὥ ὧέί ‫ὸ + ‚ȕ ὠ + ὥ ίὭὲ ‫ὸ

‚ ‫ὓ + ὥ ὧέί ‫ὸ = 0. (1)
ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚ ɯʥʩʪʠʪʫʪʽ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ

ʋʢʨʘʾʥʠ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʩʪʝʥʜ, ʥʘ ʷʢʦʤʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʪʦʢʘʤʝʨʠ ʙʫʣʦ ʟʘʬʽʢʩʦʚʘʥʦ
ʭʚʠʣʴʦʚʫ ʢʘʨʪʠʥʫ ʧʨʠ ʟʙʫʜʞʝʥʥʽ ʭʨʝʩʪʦʧʦʜʽʙʥʠʭ ʭʚʠʣʴ ʥʘ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʚ ʮʠʣʽʥʜʨʠʯʥʽʡ
ʻʤʥʦʩʪʽ. ʆʜʥʦʯʘʩʥʦ ʟ ʮʠʤ ʟʜʽʡʩʥʶʚʘʣʘʩʷ ʨʝʻʩʪʨʘʮʽʷ ʯʘʩʪʦʪʠ ʘʢʫʩʪʠʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ,
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ʱʦ ʩʪʚʦʨʶʚʘʣʦʩʷ ʚʽʙʨʫʶʯʠʤʠ ʩʪʽʥʢʘʤʠ ̒ ʤʥʦʩʪʽ. ɹʫʣʦ ʦʪʨʠʤʘʥʦ ʬʦʪʦʟʥʽʤʢʠ (ʨʠʩ. 1), ʥʘ ̫ ʢʠʭ
ʚʠʜʥʦ ʷʢ ʟ’ʷʚʣʷʻʪʴʩʷ ʭʚʠʣʷ, ʜʦʧʦʚʥʶʶʯʠ ʨʝʟʦʥʘʥʩʥʫ.

ʈʠʩ. 1. ʍʨʝʩʪʦʧʦʜʽʙʥʽ ʭʚʠʣʽ ʙʽʣʷ ʢʨʘʶ “ʩʧʽʚʘʶʯʦʛʦ ʙʦʢʘʣʫ” ʚ ʣʘʙʦʨʘʪʦʨʥʦʤʫ
ʝʢʩʧʝʨʠʤʝʥʪʽ

ʆʪʨʠʤʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʥʘ ʢʦʨʠʩʪʴ ʪʝʦʨʝʪʠʯʥʦʾ ʤʦʜʝʣʽ, ʷʢʘ
ʧʝʨʝʜʙʘʯʘʻ ʚʟʘʻʤʦʜʽʶ ʜʚʦʭ ʟʚ’ʷʟʘʥʠʭ ʚʣʘʩʥʠʭ ʤʦʜ ʽʟ ʙʣʠʟʴʢʠʤʠ ʨʝʟʦʥʘʥʩʥʠʤʠ ʯʘʩʪʦʪʘʤʠ.
ɻʨʘʬʽʯʥʽ ʟʦʙʨʘʞʝʥʥʷ ʧʽʜʥʝʩʝʥʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʟʘ ʜʚʦʤʘ ʥʘʙʣʠʞʝʥʥʷʤʠ ʚʣʘʩʥʠʭ ʤʦʜ
ʚʽʜʦʙʨʘʞʘʶʪʴ ʦʩʥʦʚʥʽ ʨʠʩʠ ʭʚʠʣʴʦʚʠʭ ʢʘʨʪʠʥ, ʱʦ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘ
ʚʽʣʴʥʽʡ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ, ʷʢʘ ʤʽʩʪʠʪʴʩʷ ʚ ʫ ʮʠʣʽʥʜʨʠʯʥʽʡ ʻʤʥʦʩʪʽ ʟ ʚʽʙʨʫʶʯʠʤʠ ʩʪʽʥʢʘʤʠ, ʽ
ʨʦʟʨʘʭʦʚʘʥʽ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʨʝʟʦʥʘʥʩʥʠʭ ʤʦʜ ʧʨʠʙʣʠʟʥʦ ʚʜʚʽʯʽ ʤʝʥʰʽ ʟʘ ʯʘʩʪʦʪʫ ʢʦʣʠʚʘʥʴ
ʙʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʮʠʣʽʥʜʨʘ. ʇʦʷʚʘ ʯʦʪʠʨʴʦʭ ʟʦʥ ʟʽ  ʟʨʦʩʪʘʶʯʠʤʠ/ʩʧʘʜʘʶʯʠʤʠ ʘʤʧʣʽʪʫʜʘʤʠ
ʭʚʠʣʴ ʪʘ ʾ ʭʥʻ ʨʦʟʪʘʰʫʚʘʥʥʷ ʚ ʮʠʭ ʟʦʥʘʭ ʪʘʢʦʞ ʧʦʷʩʥʶʻʪʴʩʷ ʟʦʥʘʣʴʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʚʫʟʣʦʚʠʭ
ʢʦʣʠʚʘʥʴ ʮʠʣʽʥʜʨʠʯʥʦʾ ʧʦʚʝʨʭʥʽ ʻʤʥʦʩʪʽ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ
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ɼʦʩʣʽʜʞʝʥʥʷ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ (ʅɼʉ) ʧʦʣʦʛʠʭ ʦʙʦʣʦʥʦʢ ʟ
ʦʨʪʦʪʨʦʧʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʘʢʪʫʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ ʘʚʽʘ-, ʤʘʰʠʥʦ- ʪʘ ʩʫʜʥʦʙʫʜʫʚʘʥʥʷ.
ʆʩʦʙʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ ʮʝʡ ʥʘʧʨʷʤ ʥʘʙʫʚ ʚ ʘʝʨʦʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ ʪʘ ʚʽʡʩʴʢʦʚʽʡ ʪʝʭʥʽʮʽ
(MilTech) — ʟʦʢʨʝʤʘ, ʧʽʜ ʯʘʩ ʧʨʦʻʢʪʫʚʘʥʥʷ ʥʘʜʣʝʛʢʠʭ ʝʣʝʤʝʥʪʽʚ ʬʶʟʝʣʷʞʫ ʪʘ ʢʨʠʣ
ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ (ɹʇʃɸ) [1] , ʘ ʪʘʢʦʞ ʫ ʙʽʦʤʝʜʠʯʥʽʡ ʽʥʞʝʥʝʨʽʾ, ʜʝ ʦʨʪʦʪʨʦʧʥʽ
ʪʠʪʘʥʦʚʽ ʩʧʣʘʚʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʽʤʧʣʘʥʪʽʚ ʩʢʣʘʜʥʦʾ ʬʦʨʤʠ. ʊʦʤʫ
ʨʦʟʨʦʙʢʘ ʪʘ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʤʝʪʦʜʽʚ ʦʮʽʥʢʠ ʅɼʉ ʦʙʦʣʦʥʦʢ ʻ ʘʢʪʫʘʣʴʥʦʶ ʥʘʫʢʦʚʦ-
ʧʨʘʢʪʠʯʥʦʶ ʟʘʜʘʯʝʶ. ʄʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘʢʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʻ ʥʘʜʩʢʣʘʜʥʦʶ
ʟʘʜʘʯʝʶ ʯʝʨʝʟ ʢʦʤʧʣʝʢʩʥʫ ʜʽʶ ʪʨʴʦʭ ʚʟʘʻʤʦʧʦʚ’ʷʟʘʥʠʭ ʯʠʥʥʠʢʽʚ: ʛʝʦʤʝʪʨʠʯʥʦʾ ʩʢʣʘʜʥʦʩʪʽ,
ʘʥʽʟʦʪʨʦʧʽʾ ʤʘʪʝʨʽʘʣʫ ʪʘ ʥʝʦʙʭʽʜʥʦʩʪʽ ʨʦʟʚ’ʷʟʘʥʥʷ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʽʟ ʯʘʩʪʠʥʥʠʤʠ
ʧʦʭʽʜʥʠʤʠ ʚʠʩʦʢʦʛʦ ʧʦʨʷʜʢʫ. ɼʣʷ ʧʦʜʦʣʘʥʥʷ ʮʠʭ ʪʨʫʜʥʦʱʽʚ ʨʦʟʨʦʙʣʝʥʦ ʜʠʩʢʨʝʪʥʦ-ʢʦʥʪʠ-
ʥʫʘʣʴʥʠʡ ʧʽʜʭʽʜ, ʷʢʠʡ ʧʦʻʜʥʫʻ ʛʝʦʤʝʪʨʠʯʥʝ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʠʭʽʜʥʦʾ ʦʙʣʘʩʪʽ ʜʦ ʦʜʠʥʠʯʥʦʛʦ
ʢʚʘʜʨʘʪʘ ὼ = Ὕ ẗ ‚, ʘʧʨʦʢʩʠʤʘʮʽʶ ʥʝʚʽʜʦʤʠʭ ʬʫʥʢʮʽʡ ό, ὺ, ύ, ‪ , ‪ ʩʧʣʘʡʥʘʤʠ, ʜʣʷ
ʟʚʝʜʝʥʥʷ ʦʪʨʠʤʘʥʦʾ ʜʚʦʚʠʤʽʨʥʦʾ ʟʘʜʘʯʽ ʜʦ ʦʜʥʦʚʠʤʽʨʥʦʾ, ʪʘ ʨʦʟʚ’ʷʟʘʥʥʷ ʦʩʪʘʥʥʴʦʾ ʩʪʽʡʢʠʤ
ʯʠʩʝʣʴʥʠʤ ʤʝʪʦʜʦʤ ʜʠʩʢʨʝʪʥʦʾ ʦʨʪʦʛʦʥʘʣʽʟʘʮʽʾ [3].

ʈʦʟʛʣʷʥʫʪʦ ʧʦʣʦʛʽ ʦʙʦʣʦʥʢʠ ʩʪʘʣʦʾ ʪʦʚʱʠʥʠ ʟ ʞʦʨʩʪʢʦ ʟʘʢʨʽʧʣʝʥʠʤʠ ʢʦʥʪʫʨʘʤʠ
(ʟʘʱʝʤʣʝʥʥʷ), ʢʨʠʚʠʟʥʘʤʠ Ὧ = Ὧ = 0,1 ʪʘ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʤ ʧʦʚʝʨʭʥʝʚʠʤ
ʥʘʚʘʥʪʘʞʝʥʥʷʤ ή . ʋ ʤʝʞʘʭ ʟʘʛʘʣʴʥʦʾ ʦʨʪʦʪʨʦʧʥʦʾ ʤʦʜʝʣʽ [1] ʤʘʪʝʨʽʘʣ ʦʙʦʣʦʥʢʠ ʟʘʜʘʥʦ ʷʢ
ʯʘʩʪʠʥʥʠʡ (ʽʟʦʪʨʦʧʥʠʡ) ʚʠʧʘʜʦʢ ʧʨʫʞʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: Ὁ = Ὁ = Ὁ, ’ = ’ = ’, Ὃ =
Ὃ. ɼʦʩʣʽʜʞʝʥʦ ʪʨʠ ʤʘʨʢʠ ʪʠʪʘʥʦʚʠʭ ʩʧʣʘʚʽʚ ʨʽʟʥʦʛʦ ʢʣʘʩʫ ʽ ʧʨʠʟʥʘʯʝʥʥʷ (ʪʘʙʣ. 1, ʤʦʜʫʣʽ
ʥʦʨʤʦʚʘʥʦ ʚʽʜʥʦʩʥʦ Ὁ = 100 ɻʇʘ) ʪʘ ʧ’ʷʪʴ ʬʦʨʤ ʧʣʘʥʫ, ʟʘʜʘʥʠʭ ʢʦʦʨʜʠʥʘʪʘʤʠ ʚʝʨʰʠʥ
ʯʦʪʠʨʠʢʫʪʥʠʢʘ: ʢʚʘʜʨʘʪ (g1), ʧʨʷʤʦʢʫʪʥʠʢ ʟ ʚʽʜʥʦʰʝʥʥʷʤ ʩʪʦʨʽʥ 4:1 (g2), ʨʦʤʙ (g3),
ʧʘʨʘʣʝʣʦʛʨʘʤ (g4) ʽ ʪʨʘʧʝʮʽʷ (g5).

ʊʘʙʣ.1: ɼʦʩʣʽʜʞʫʚʘʥʽ ʪʠʪʘʥʦʚʽ ʩʧʣʘʚʠ

ʇʦʟ. ʄʘʨʢʘ ʩʧʣʘʚʫ ʂʣʘʩ Ὁ, ɻʇʘ Ὃ, ɻʇʘ
m1 Ti-6Al-4V (ɺʊ6) ‌–‍ 114 44
m2 Ti-13Nb-13Zr near-‍ 62 23
m3 Ti-8Al-1Mo-1V near-‌ 125 47

ʈʦʟʨʘʭʫʥʢʠ ʚʠʢʦʥʘʥʦ ʜʣʷ ʚʩʽʭ 15 ʢʦʤʙʽʥʘʮʽʡ «ʩʧʣʘʚ–ʬʦʨʤʘ». ɸʥʘʣʽʟ ʙʝʟʨʦʟʤʽʨʥʦʛʦ
ʧʨʦʛʠʥʫ w = wE/q0 ʚʠʷʚʠʚ ʜʚʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ. ʇʦ-ʧʝʨʰʝ, ʜʣʷ ʚʩʽʭ ʧ’ʷʪʠ ʛʝʦʤʝʪʨʽʡ
ʟʙʝʨʽʛʘʻʪʴʩʷ ʦʜʥʘʢʦʚʠʡ ʧʦʨʷʜʦʢ ʩʧʣʘʚʽʚ ʟʘ ʚʝʣʠʯʠʥʦʶ ʧʨʦʛʠʥʫ: ʥʘʡʙʽʣʴʰʠʡ ʧʨʦʛʠʥ
ʜʝʤʦʥʩʪʨʫʻ ʥʘʡʤʝʥʰ ʞʦʨʩʪʢʠʡ ʩʧʣʘʚ Ti-13Nb-13Zr (m2, Ὁ = 62 ɻʇʘ), ʧʨʦʤʽʞʥʠʡ – Ti-6Al-
4V (m1), ʥʘʡʤʝʥʰʠʡ (ʪʦʙʪʦ ʥʘʡʚʠʱʫ ʧʨʦʩʪʦʨʦʚʫ ʞʦʨʩʪʢʽʩʪʴ) – Ti-8Al-1Mo-1V (m3, Ὁ =
125 ɻʇʘ), ʨʠʩ. 1. ʄʘʢʩʠʤʘʣʴʥʘ ʜʝʬʦʨʤʘʮʽʷ ʚʠʷʚʠʣʘʩʷ ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʦʶ ʤʦʜʫʣʶ
ʧʨʫʞʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʢʦʨʝʢʪʥʽʩʪʴ ʧʦʙʫʜʦʚʘʥʦʾ ʤʦʜʝʣʽ.

ʇʦ-ʜʨʫʛʝ, ʬʦʨʤʘ ʧʣʘʥʫ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʟʘʛʘʣʴʥʫ ʞʦʨʩʪʢʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʾ ʟʘ
ʦʜʥʘʢʦʚʠʭ ʫʤʦʚ ʟʘʢʨʽʧʣʝʥʥʷ ʢʦʥʪʫʨʫ. ʅʘʡʤʝʥʰʫ ʞʦʨʩʪʢʽʩʪʴ (ʥʘʡʙʽʣʴʰʽ ʧʨʦʛʠʥʠ, ύ 25
ʜʣʷ ʩʧʣʘʚʫ m2) ʜʝʤʦʥʩʪʨʫʻ ʢʚʘʜʨʘʪʥʘ ʦʙʦʣʦʥʢʘ (g1): ʢʦʥʪʫʨ ʦʜʥʘʢʦʚʦ ʦʙʤʝʞʫʻ ʧʨʦʛʠʥ ʟ
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ʫʩʽʭ ʥʘʧʨʷʤʢʽʚ, ʘ ʬʦʨʤʘ ʧʨʦʛʠʥʫ ʥʘʛʘʜʫʻ ʧʨʘʚʠʣʴʥʠʡ ʢʫʧʦʣ. ɺʠʪʷʛʥʫʪʠʡ ʧʨʷʤʦʢʫʪʥʠʢ (g2)
ʚʠʷʚʠʚʩʷ ʥʘʡʞʦʨʩʪʢʽʰʠʤ: ʟʘʢʨʽʧʣʝʥʥʷ ʚʟʜʦʚʞ ʜʦʚʛʠʭ ʩʪʦʨʽʥ ʽʩʪʦʪʥʦ ʦʙʤʝʞʫʻ ʜʝʬʦʨʤʘʮʽʶ
ʚ ʮʝʥʪʨʽ (ύ 4,5), ʝʧʶʨʘ ʧʨʦʛʠʥʫ ʥʘʙʫʚʘʻ ʚʠʛʣʷʜʫ ʚʠʪʷʛʥʫʪʦʛʦ ʧʣʘʪʦ. ʂʦʩʦʢʫʪʥʽ ʬʦʨʤʠ –
ʨʦʤʙ, ʧʘʨʘʣʝʣʦʛʨʘʤ, ʪʨʘʧʝʮʽʷ (g3–g5) – ʟʘʡʤʘʶʪʴ ʧʨʦʤʽʞʥʝ ʧʦʣʦʞʝʥʥʷ (ύ 19 … 22 ʜʣʷ
m2); ʥʘʷʚʥʽʩʪʴ ʛʦʩʪʨʠʭ/ʪʫʧʠʭ ʢʫʪʽʚ ʽ ʥʝʧʘʨʘʣʝʣʴʥʠʭ ʩʪʦʨʽʥ ʟʩʫʚʘʻ ʧʦʣʦʞʝʥʥʷ ʤʘʢʩʠʤʫʤʫ
ʧʨʦʛʠʥʫ ʚʽʜʥʦʩʥʦ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʮʝʥʪʨʘ ʬʽʛʫʨʠ.

ʈʠʩ. 1: ʈʦʟʧʦʜʽʣ ʧʨʦʛʠʥʫ ύ = ύὉ/ή ʚʟʜʦʚʞ ʧʝʨʝʨʽʟʫ ʦʙʦʣʦʥʢʠ ʢʚʘʜʨʘʪʥʦʾ ʬʦʨʤʠ (g1): 1 –
Ti-6Al-4V; 2 – Ti-13Nb-13Zr; 3 – Ti-8Al-1Mo-1V

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʙʽʨ ʤʘʨʢʠ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʫ ʜʣʷ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʡ ʧʦʣʦʛʠʭ
ʦʙʦʣʦʥʦʢ ʥʝʧʨʷʤʦʢʫʪʥʦʾ ʬʦʨʤʠ ʧʦʚʠʥʝʥ ʫʨʘʭʦʚʫʚʘʪʠ ʥʝ ʣʠʰʝ ʚʠʤʦʛʠ ʜʦ ʙʽʦʩʫʤʽʩʥʦʩʪʽ ʯʠ
ʤʘʩʠ, ʘ ʡ ʦʯʽʢʫʚʘʥʫ ʚʝʣʠʯʠʥʫ ʜʝʬʦʨʤʘʮʽʾ: ʜʣʷ ʝʣʝʤʝʥʪʽʚ, ʱʦ ʧʦʪʨʝʙʫʶʪʴ ʚʠʩʦʢʦʾ ʨʦʟʤʽʨʥʦʾ
ʩʪʘʙʽʣʴʥʦʩʪʽ, ʜʦʮʽʣʴʥʦ ʧʦʻʜʥʫʚʘʪʠ ʞʦʨʩʪʢʽ ‌- ʯʠ (‌–‍)-ʩʧʣʘʚʠ ʟ ʚʠʪʷʛʥʫʪʠʤʠ
ʛʝʦʤʝʪʨʠʯʥʠʤʠ ʬʦʨʤʘʤʠ ʧʣʘʥʫ; ʥʘʪʦʤʽʩʪʴ ʙʽʣʴʰ ʧʽʜʜʘʪʣʠʚʽ ‍-ʩʧʣʘʚʠ, ʧʨʠʜʘʪʥʽ, ʟʦʢʨʝʤʘ,
ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʝʬʝʢʪʫ ʝʢʨʘʥʫʚʘʥʥʷ ʥʘʧʨʫʞʝʥʴ ʫ ʢʽʩʪʢʦʚʽʡ ʪʢʘʥʠʥʽ ʧʨʠ ʽʤʧʣʘʥʪʫʚʘʥʥʽ,
ʚʠʤʘʛʘʶʪʴ ʦʙʦʚ’ʷʟʢʦʚʦʛʦ ʚʨʘʭʫʚʘʥʥʷ ʩʫʪʪʻʚʦ ʙʽʣʴʰʠʭ ʧʨʦʛʠʥʽʚ ʧʽʜ ʯʘʩ ʧʨʦʻʢʪʫʚʘʥʥʷ.
ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʟʨʦʙʣʝʥʦʛʦ ʜʠʩʢʨʝʪʥʦ-
ʢʦʥʪʠʥʫʘʣʴʥʦʛʦ ʧʽʜʭʦʜʫ ̫ ʢ ̔ ʥʩʪʨʫʤʝʥʪʫ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʅɼʉ ʧʦʣʦʛʠʭ ʦʨʪʦʪʨʦʧʥʠʭ
ʦʙʦʣʦʥʦʢ ʩʢʣʘʜʥʦʾ ʬʦʨʤʠ ʚ ʧʣʘʥʽ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ
ʚʠʙʦʨʫ ʤʘʪʝʨʽʘʣʫ ʡ ʛʝʦʤʝʪʨʽʾ ʦʙʦʣʦʥʢʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1. Bogdanov V.L., Grigorenko A.Ya.,  Chepkov I.B.,  Odnoralov I.A., A.V. Kuchynskyi A.V.,
Kremenytskyi V.V.,  Sperkach S.O. – Identification of Special-Purpose Structures by Their
Fragments Based on Scanning Electron Microscopy Methods // Advanced Structured Materials
Springer. – 2025. – Vol. 233. 406 p. https://doi.org/10.1007/978-3-031-88827-4
2. Grigorenko A.Ya., Müller W.H., Grigorenko Ya.M., Vlaikov G.G. Recent Developments in
Anisotropic Heterogeneous Shell Theory. General Theory and Applications of Classical Theory –
Volume I. Berlin: Springer, 2016. 116 p. https://doi.org/10.1007/978-981-10-0353-0
3. ɻʨʠʛʦʨʝʥʢʦ ʆ. ʗ., ʌʽʣʴ ɭ. ɺ. ʈʦʟʚ’ʷʟʘʥʥʷ ʟʘʜʘʯ ʧʨʦ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ
ʧʦʣʦʛʠʭ ʦʙʦʣʦʥʦʢ ʥʝʧʨʷʤʦʢʫʪʥʦʾ ʬʦʨʤʠ ʚ ʧʣʘʥʽ. ʇʨʦʙʣʝʤʠ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʤʝʭʘʥʽʢʠ ʽ
ʤʽʮʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡ. 2026. ɺʠʧ. 41. https://doi.org/10.15421/4226105.
4. Grigorenko A.Ya., Pankratiev S.A., Yaremchenko S.N. Solving the Problems on Stress-Strain
State of Plates of Complex Shape in the Refined Statement // Int. Appl.Mech. 2017. Vol. 53. No.
3. P. 326–333. https://doi.org/10.1007/s10778-017-0814-6.



X Intern. ʉonf. "Computer Hydromechanics", September 29 - October 1, 2026
X ʄʽʞʥʘʨ. ʢʦʥʬ. «ʂʦʤʧ’ʶʪʝʨʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ» 29 ʚʝʨʝʩʥʷ - 1 ʞʦʚʪʥʷ 2026

32



X Intern. ʉonf. "Computer Hydromechanics", September 29 - October 1, 2026
X ʄʽʞʥʘʨ. ʢʦʥʬ. «ʂʦʤʧ’ʶʪʝʨʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ» 29 ʚʝʨʝʩʥʷ - 1 ʞʦʚʪʥʷ 2026

33



X Intern. ʉonf. "Computer Hydromechanics", September 29 - October 1, 2026
X ʄʽʞʥʘʨ. ʢʦʥʬ. «ʂʦʤʧ’ʶʪʝʨʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ» 29 ʚʝʨʝʩʥʷ - 1 ʞʦʚʪʥʷ 2026

34

ʂɺɸʅʊʆɺɯ ʊɽʍʅʆʃʆɻɯɰ ɯʅʊɽʃɽʂʊʋɸʃʔʅʆɻʆ ɸʅɸʃɯɿʋ ɼɸʅʀʍ
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ʉʫʯʘʩʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʩʠʩʪʝʤʠ ʻ ʩʢʣʘʜʥʠʤʠ ʜʠʥʘʤʽʯʥʠʤʠ ʦʙ’ʻʢʪʘʤʠ ʟ ʚʝʣʠʢʦʶ
ʢʽʣʴʢʽʩʪʶ ʨʦʟʧʦʜʽʣʝʥʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ, ʥʘʢʦʧʠʯʫʚʘʯʽʚ, ʩʝʥʩʦʨʽʚ ʽ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ
ʢʝʨʫʚʘʥʥʷ, ʝʬʝʢʪʠʚʥʽʩʪʴ ʷʢʠʭ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ
ʧʦʪʦʢʽʚ ʪʘ  ʧʨʦʮʝʩʽʚ. ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʾʭ ʦʧʪʠʤʽʟʘʮʽʾ ʧʦʪʨʝʙʫʶʪʴ ʟʥʘʯʥʠʭ
ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ, ʪʦʤʫ ʜʝʜʘʣʽ ʙʽʣʴʰʦʛʦ ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʝʣʠʢʠʭ
ʤʘʩʠʚʽʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ, ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʝʞʠʤʽʚ
ʨʦʙʦʪʠ ʪʘ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷʤ. ɸʢʪʫʘʣʴʥʠʤ ʻ ʩʪʚʦʨʝʥʥʷ ʛʽʙʨʠʜʥʦʾ
ʢʚʘʥʪʦʚʦ-ʢʣʘʩʠʯʥʦʾ ʩʠʩʪʝʤʠ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʜʘʥʠʭ, ʫ ʷʢʽʡ ʢʣʘʩʠʯʥʽ ʯʠʩʝʣʴʥʽ
ʤʝʪʦʜʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʦʜʝʣʶʚʘʥʥʷ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʤʝʪʦʜʠ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ —
ʧʦʙʫʜʦʚʫ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, ʘ ʢʚʘʥʪʦʚʽ ʘʣʛʦʨʠʪʤʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʨʦʟʚ’ʷʟʘʥʥʷ
ʥʘʡʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʢʦʤʙʽʥʘʪʦʨʥʠʭ ʟʘʜʘʯ ʦʧʪʠʤʽʟʘʮʽʾ. ʉʫʯʘʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʢʚʘʥʪʦʚʠʭ
ʦʙʯʠʩʣʝʥʴ ʨʦʟʛʣʷʜʘʶʪʴ ʧʝʨʝʜʫʩʽʤ ʛʽʙʨʠʜʥʽ ʧʽʜʭʦʜʠ ʜʦ optimal power flow, economic dispatch,
unit commitment ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʩʪʨʫʢʪʫʨʠ ʝʥʝʨʛʦʤʝʨʝʞ. ɺʦʜʥʦʯʘʩ ʧʨʘʢʪʠʯʥʝ ʢʚʘʥʪʦʚʝ
ʧʨʠʩʢʦʨʝʥʥʷ ʜʣʷ ʚʝʣʠʢʠʭ ʧʨʦʤʠʩʣʦʚʠʭ ʟʘʜʘʯ ʧʦʢʠ ʱʦ ʧʦʪʨʝʙʫʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ
ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʯʝʨʝʟ ʦʙʤʝʞʝʥʥʷ NISQ-ʦʙʣʘʜʥʘʥʥʷ (ʮʝ ʩʫʯʘʩʥʽ ʢʚʘʥʪʦʚʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ
ʧʨʠʩʪʨʦʾ ʪʘ ʧʦʚ’ʷʟʘʥʘ ʟ ʥʠʤʠ ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ, ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʚʠʢʦʥʘʥʥʷ ʢʚʘʥʪʦʚʠʭ
ʘʣʛʦʨʠʪʤʽʚ ʚ ʫʤʦʚʘʭ ʥʘʷʚʥʦʩʪʽ ʰʫʤʽʚ ʽ ʦʙʤʝʞʝʥʦʾ ʢʽʣʴʢʦʩʪʽ ʢʫʙʽʪʽʚ.

ʄʦʜʝʣʴ. ɼʣʷ ʦʧʠʩʫ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʧʨʦʪʦʯʥʽʡ ʯʘʩʪʠʥʽ ʝʥʝʨʛʝʪʠʯʥʦʛʦ
ʦʙʣʘʜʥʘʥʥʷ ʚʠʢʦʨʠʩʪʘʻʤʦ ʨʽʚʥʷʥʥʷ ʟʙʝʨʝʞʝʥʥʷ ʤʘʩʠ ʪʘ ʽʤʧʫʣʴʩʫ ʜʣʷ ʥʝʩʪʠʩʣʠʚʦʾ ʨʽʜʠʥʠ.
ʈʽʚʥʷʥʥʷ ʥʝʨʦʟʨʠʚʥʦʩʪʽ ʤʘʻ ʚʠʛʣʷʜ

ᶯ ẗ ό = 0, (1)
ʘ ʨʽʚʥʷʥʥʷ ʨʫʭʫ

”
‬ό
‬ὸ

+ (ό ẗ ᶯ)ό = ᶯὴ + ᶯ ẗ [‘ (ᶯό + ᶯό )] + ”Ὣ, (2)

ʜʝ ό— ʚʝʢʪʦʨ ʰʚʠʜʢʦʩʪʽ; ὴ— ʪʠʩʢ; ”— ʛʫʩʪʠʥʘ ʨʦʙʦʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ; ‘ = ‘ + ‘ —
ʝʬʝʢʪʠʚʥʘ ʜʠʥʘʤʽʯʥʘ ʚ’ʷʟʢʽʩʪʴ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʫʨʙʫʣʝʥʪʥʦʾ ʩʢʣʘʜʦʚʦʾ; Ὣ— ʚʝʢʪʦʨ ʤʘʩʦʚʠʭ
ʩʠʣ.

ɼʣʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʠʩʪʝʤ, ʫ ʷʢʠʭ ʽʩʪʦʪʥʝ ʟʥʘʯʝʥʥʷ ʤʘʻ ʪʝʧʣʦʦʙʤʽʥ, ʤʘʪʝʤʘʪʠʯʥʘ
ʤʦʜʝʣʴ ʜʦʧʦʚʥʶʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ ʧʝʨʝʥʝʩʝʥʥʷ ʝʥʝʨʛʽʾ

”ὧ
‬Ὕ
‬ὸ

+ ό ẗ ᶯὝ = ᶯ ẗ (Ὧ ᶯὝ) + ή , (3)

ʜʝ Ὕ— ʪʝʤʧʝʨʘʪʫʨʘ; ὧ — ʧʠʪʦʤʘ ʪʝʧʣʦʻʤʥʽʩʪʴ; Ὧ — ʝʬʝʢʪʠʚʥʠʡ ʢʦʝʬʽʮʽʻʥʪ
ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ; ή — ʦʙ’ʻʤʥʝ ʜʞʝʨʝʣʦ ʪʝʧʣʦʪʠ.

ʈʽʚʥʷʥʥʷ (1)–(3) ʜʦʟʚʦʣʷʶʪʴ ʚʠʟʥʘʯʠʪʠ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʽ ʧʦʣʷ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ
ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ.

ɼʣʷ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚ’ʷʟʘʥʥʷ ʧʨʦʧʦʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ ʩʢʽʥʯʝʥʥʠʭ ʦʙ’ʻʤʽʚ
(Finite Volume Method, FVM). ʁʦʛʦ ʧʝʨʝʚʘʛʦʶ ʜʣʷ ʟʘʜʘʯ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʻ ʚʠʢʦʥʘʥʥʷ ʟʘʢʦʥʽʚ
ʟʙʝʨʝʞʝʥʥʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʜʠʩʢʨʝʪʥʦʤʫ ʨʽʚʥʽ.

ɼʣʷ ʨʦʟʚ’ʷʟʘʥʥʷ ʚʝʣʠʢʠʭ ʥʝʣʽʥʽʡʥʠʭ ʩʠʩʪʝʤ (5) ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʫʯʘʩʥʠʡ
ʤʝʪʦʜ Jacobian-Free Newton–Krylov [1]. ɺʽʥ ʧʦʻʜʥʫʻ ʤʝʪʦʜ ʅʴʶʪʦʥʘ ʟ ʽʪʝʨʘʮʽʡʥʠʤʠ
ʤʝʪʦʜʘʤʠ ʧʽʜʧʨʦʩʪʦʨʽʚ ʂʨʠʣʦʚʘ ʪʘ ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ ʷʚʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʥʦʾ ʤʘʪʨʠʮʽ
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ʗʢʦʙʽ. ʊʘʢʠʡ ʢʣʘʩ ʤʝʪʦʜʽʚ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʝʣʠʢʠʭ ʥʝʣʽʥʽʡʥʠʭ ʟʘʜʘʯ
ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʬʽʟʠʢʠ .

ɺ ʨʦʙʦʪʽ ʘʚʪʦʨʽʚ ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ, ʷʢʘ ʬʦʨʤʫʻ ʻʜʠʥʫ ʛʽʙʨʠʜʥʫ
ʪʝʭʥʦʣʦʛʽʶ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʧʦʻʜʥʫʻ
ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʨʽʚʥʷʥʥʷ ʛʽʜʨʦʤʝʭʘʥʽʢʠ, ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʦʙ’ʻʤʽʚ, Jacobian-Free Newton–
Krylov, ʤʝʪʦʜʠ ʨʝʜʫʢʮʽʾ ʨʦʟʤʽʨʥʦʩʪʽ, physics-informed neural networks ʽ ʢʚʘʥʪʦʚʫ
ʦʧʪʠʤʽʟʘʮʽʶ [2].

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʧʽʜʭʦʜʫ, ʟʘ ʷʢʦʛʦ ʢʚʘʥʪʦʚʠʡ ʢʦʤʧ’ʶʪʝʨ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʟʘʤʽʥʘ
ʪʨʘʜʠʮʽʡʥʠʭ ʯʠʩʝʣʴʥʠʭ ʤʝʪʦʜʽʚ, ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʧʝʨʝʜʙʘʯʘʻ ʾʭ ʬʫʥʢʮʽʦʥʘʣʴʥʝ
ʨʦʟʜʽʣʝʥʥʷ. ɺʠʩʦʢʦʪʦʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ ʟʜʽʡʩʥʶʻʪʴʩʷ ʢʣʘʩʠʯʥʠʤʠ
ʟʘʩʦʙʘʤʠ, ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʰʚʠʜʢʫ ʨʝʢʦʥʩʪʨʫʢʮʽʶ ʩʪʘʥʫ ʝʥʝʨʛʝʪʠʯʥʦʛʦ
ʦʙ’ʻʢʪʘ, ʘ ʢʚʘʥʪʦʚʠʡ ʤʦʜʫʣʴ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʧʦʰʫʢʫ ʝʬʝʢʪʠʚʥʠʭ ʨʽʰʝʥʴ ʫ ʧʨʦʩʪʦʨʽ
ʜʠʩʢʨʝʪʥʠʭ ʢʝʨʫʶʯʠʭ ʟʤʽʥʥʠʭ.

ʅʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʻ ʩʪʚʦʨʝʥʥʷ
ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʛʽʜʨʦʪʫʨʙʽʥ, ʥʘʩʦʩʥʠʭ ʩʪʘʥʮʽʡ, ʛʽʜʨʦʘʢʫʤʫʣʶʶʯʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ,
ʪʝʧʣʦʦʙʤʽʥʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʢʦʤʧʣʝʢʩʥʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʩʠʩʪʝʤ. ɺʠʢʦʨʠʩʪʘʥʥʷ
ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʬʽʟʠʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʠʤʠ ʯʠʩʝʣʴʥʠʤʠ ʤʦʜʝʣʷʤʠ
ʜʦʟʚʦʣʷʻ ʟʜʽʡʩʥʶʚʘʪʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ, ʚʠʷʚʣʝʥʥʷ ʘʥʦʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ,
ʦʮʽʥʶʚʘʥʥʷ ʛʽʜʨʘʚʣʽʯʥʠʭ ʚʪʨʘʪ ʪʘ ʦʧʪʠʤʘʣʴʥʝ ʢʝʨʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷʤ. ʂʚʘʥʪʦʚʠʡ ʧʨʦʮʝʩʦʨ
ʥʝ ʟʘʤʽʥʶʻ ʢʣʘʩʠʯʥʽ ʯʠʩʝʣʴʥʽ ʤʝʪʦʜʠ, ʘ ʚʠʩʪʫʧʘʻ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʤ ʦʧʪʠʤʽʟʘʮʽʡʥʠʤ ʤʦʜʫʣʝʤ
ʜʣʷ ʥʘʡʙʽʣʴʰ ʩʢʣʘʜʥʦʾ ʜʠʩʢʨʝʪʥʦʾ ʯʘʩʪʠʥʠ ʟʘʜʘʯʽ. ʉʘʤʝ ʛʽʙʨʠʜʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʩʴʦʛʦʜʥʽ
ʨʦʟʛʣʷʜʘʻʪʴʩʷ ̫ ʢ ʦʜʠʥ ̔ ʟ ʥʘʡʙʽʣʴʰ ʧʨʘʢʪʠʯʥʠʭ ʥʘʧʨʷʤʽʚ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʚʘʥʪʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ
ʜʦ ʟʘʜʘʯ ʝʥʝʨʛʦʩʠʩʪʝʤ[3-4].

ʋ ʧʨʘʢʪʠʯʥʦʤʫ ʝʢʩʧʝʨʠʤʝʥʪʽ ʧʨʦʧʦʥʫʻʪʴʩʷ ʧʘʨʘʣʝʣʴʥʝ ʨʦʟʚ’ʷʟʘʥʥʷ ʦʜʥʘʢʦʚʠʭ
ʦʧʪʠʤʽʟʘʮʽʡʥʠʭ ʟʘʜʘʯ ʢʣʘʩʠʯʥʠʤʠ ʪʘ ʢʚʘʥʪʦʚʦ-ʢʣʘʩʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ ʪʘ ʧʦʨʽʚʥʶʚʘʪʠ ̫ ʢʽʩʪʴ
ʨʽʰʝʥʥʷ, ʯʘʩ ʦʙʯʠʩʣʝʥʥʷ, ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ, ʢʽʣʴʢʽʩʪʴ ʥʝʦʙʭʽʜʥʠʭ ʽʪʝʨʘʮʽʡ ʽ ʩʪʽʡʢʽʩʪʴ
ʘʣʛʦʨʠʪʤʽʚ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʤʽʨʥʦʩʪʽ ʟʘʜʘʯʽ.

ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʜʫʪʴ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʧʨʦʛʨʘʤʥʫ ʨʝʘʣʽʟʘʮʽʶ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ
ʘʨʭʽʪʝʢʪʫʨʠ ʪʘ ʾʾ ʪʝʩʪʫʚʘʥʥʷ ʥʘ ʨʝʘʣʴʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ. ʆʢʨʝʤʠʤ ʟʘʚʜʘʥʥʷʤ ʻ
ʚʩʪʘʥʦʚʣʝʥʥʷ ʛʨʘʥʠʯʥʦʾ ʨʦʟʤʽʨʥʦʩʪʽ ʟʘʜʘʯ, ʜʣʷ ʷʢʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʚʘʥʪʦʚʦʛʦ ʚʽʜʧʘʣʫ ʩʪʘʻ
ʢʦʥʢʫʨʝʥʪʥʠʤ ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʘʣʛʦʨʠʪʤʘʤʠ.
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ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʚʧʣʠʚ ʧʨʦʛʨʘʤʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ GPU-ʦʙʯʠʩʣʝʥʴ ʥʘ
ʥʘʢʦʧʠʯʝʥʥʷ ʯʠʩʝʣʴʥʠʭ ʧʦʭʠʙʦʢ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʥʝʩʪʽʡʢʦʛʦ ʚʠʭʨʦʚʦʛʦ ʰʘʨʫ ʤʝʪʦʜʦʤ
ʪʦʯʢʦʚʠʭ ʚʠʭʦʨʽʚ. ɿʘʜʘʯʘ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʫ ʪʨʴʦʭ ʩʝʨʝʜʦʚʠʱʘʭ: ʧʦʜʚʽʡʥʘ ʪʦʯʥʽʩʪʴ ʥʘ
ʮʝʥʪʨʘʣʴʥʦʤʫ ʧʨʦʮʝʩʦʨʽ, ʟʚʠʯʘʡʥʘ ʪʦʯʥʽʩʪʴ ʥʘ GPU ʚ ʩʝʨʝʜʦʚʠʱʽ OpenTK (ʤʦʚʘ GLSL) ʪʘ
Unity (ʤʦʚʘ HLSL) [1]-[3]. ʋʩʽ ʨʦʟʨʘʭʫʥʢʠ ʚʠʢʦʥʫʚʘʣʠʩʴ ʥʘ ʦʜʥʦʤʫ ʽ ʪʦʤʫ ʞ ʢʦʤʧ’ʶʪʝʨʽ ʪʘ
ʚʽʜʝʦʢʘʨʪʽ. ʎʽ ʪʨʠ ʘʣʛʦʨʠʪʤʠ ʙʫʣʠ ʘʙʩʦʣʶʪʥʦ ʽʜʝʥʪʠʯʥʠʤʠ, ʘ ʻʜʠʥʦʶ ʚʽʜʤʽʥʥʽʩʪʶ ʤʽʞ
ʨʝʘʣʽʟʘʮʽʷʤʠ ʙʫʣʠ ʪʠʧʠ ʜʘʥʠʭ, ʢʦʤʧʽʣʷʪʦʨʠ ʰʝʡʜʝʨʽʚ ʪʘ ʛʨʘʬʽʯʥʽ API.

ɺʩʝʨʝʜʠʥʽ ʧʨʷʤʦʢʫʪʥʠʢʘ ʩʠʤʝʪʨʠʯʥʦ ʚʽʜʥʦʩʥʦ ʦʩʝʡ X ʪʘ Y ʨʦʟʤʽʱʫʚʘʣʠʩʴ ὔ ʚʠʭʦʨʽʚ
ʽʟ ʩʫʤʘʨʥʦʶ ʮʠʨʢʫʣʷʮʽʻʶ Ὃ ʟ ʢʦʦʨʜʠʥʘʪʘʤʠ ὼ ᶰ ( ὥ/2, ὥ/2) ώ ᶰ , ʽ ʮʠʨʢʫʣʷʮʽʻʶ
ɜ, ʷʢʘ ʚʠʟʥʘʯʘʣʘʩʴ ʷʢ ɜ = Ὃ/ὔ. ʐʚʠʜʢʽʩʪʴ ʚʽʜ ʚʠʭʨʦʚʦʛʦ ʰʘʨʫ ʚʠʟʥʘʯʘʣʘʩʴ ʟʘ ʬʦʨʤʫʣʘʤʠ
[4]:

ό(ὼ, ώ) =
ɜ Ͻ sh 2“(ώ ώ )

ὥ

2ὥ ὧὬ 2“(ώ ώ )
ὥ ὧέί 2“(ὼ ὼ )

ὥ

(1)

ὺ(ὼ, ώ) =
ɜ Ͻ sin 2“(ὼ ὼ )

ὥ

2ὥ ὧὬ 2“(ώ ώ )
ὥ ὧέί 2“(ὼ ὼ )

ὥ

(2)

ʋʟʜʦʚʞ ʦʩʽ X ʚʠʢʦʥʫʚʘʣʘʩʴ ʫʤʦʚʘ ʧʝʨʽʦʜʠʯʥʦʩʪʽ. ʈʫʭ ʚʠʭʦʨʽʚ ʦʧʠʩʫʻʪʴʩʷ ʩʠʩʪʝʤʦʶ
ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ:

Ὠὼ
Ὠὸ

= ό ὼ , ώ ,
Ὠώ
Ὠὸ

= ὺ ὼ , ώ (3)

ʅʘʷʚʥʽʩʪʴ ʩʠʤʝʪʨʽʾ ʧʦʯʘʪʢʦʚʠʭ ʫʤʦʚ ʜʦʟʚʦʣʷʻ ʙʽʣʴʰ ʯʽʪʢʦ ʚʠʟʥʘʯʘʪʠ ʧʦʨʫʰʝʥʥʷ
ʩʠʤʝʪʨʽʾ, ʷʢʝ ʦʙʫʤʦʚʣʝʥʝ ʥʝʩʪʽʡʢʽʩʪʶ ʂʝʣʴʚʽʥʘ-ɻʝʣʴʤʛʦʣʴʮʘ ʪʘ ʥʘʢʦʧʠʯʝʥʥʷʤ ʯʠʩʝʣʴʥʠʭ
ʧʦʭʠʙʦʢ. ɼʣʷ ʫʥʠʢʥʝʥʥʷ ʩʠʥʛʫʣʷʨʥʦʩʪʽ ʫ ʬʦʨʤʫʣʘʭ (1),(2) ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʴ ʧʨʦʮʝʜʫʨʘ
ʨʝʛʫʣʷʨʠʟʘʮʽʾ, ʘʥʘʣʦʛʽʯʥʘ ʚʚʝʜʝʥʥʶ ʨʘʜʽʫʩʘ ʈʘʥʢʽʥʘ ʜʣʷ ʪʦʯʢʦʚʦʛʦ ʚʠʭʦʨʫ. ɿʘʜʘʯʘ ʂʦʰʽ (3)
ʨʦʟʚ’ʷʟʫʚʘʣʘʩʷ ʤʝʪʦʜʦʤ ʧʨʝʜʠʢʪʦʨ-ʢʦʨʝʢʪʦʨ (leap-frog). ɼʣʷ ʨʘʜʽʫʩ-ʚʝʢʪʦʨʘ ʚʠʭʦʨʫ ὶᴆ ʢʨʦʢ
ʧʨʝʜʠʢʪʦʨ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ ὶᴆ = ὶᴆ + 0.5 Ͻ ὺᴆ Ͻ Ўὸ, ʘ ʢʨʦʢ ʢʦʨʝʢʪʦʨ – ʟʘ ʬʦʨʤʫʣʦʶ
ὶᴆ = ὶᴆ + ὺᴆ ὶᴆ Ͻ Ўὸ. ʇʦʯʘʪʢʦʚʽ ʜʘʥʽ ʚʠʭʦʨʽʚ ʟʘʚʘʥʪʘʞʫʚʘʣʠʩʷ ʥʘ GPU ʽ ʜʘʣʽ ʨʦʟʨʘʭʫʥʦʢ
ʚʠʢʦʥʫʚʘʚʩʷ ʪʽʣʴʢʠ ʟʘ ʨʘʭʫʥʦʢ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʰʝʡʜʝʨʽʚ.  ʎʽ ʞ ʩʘʤʽ ʜʘʥʽ
ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʜʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ. ʈʝʟʫʣʴʪʘʪʠ ʧʦʚʝʨʪʘʣʠʩʷ ʥʘ ʮʝʥʪʨʘʣʴʥʠʡ ʧʨʦʮʝʩʦʨ
ʪʽʣʴʢʠ ʜʣʷ ʧʦʨʽʚʥʷʥʥʷ ʽʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʟ ʧʦʜʚʽʡʥʦʶ ʪʦʯʥʽʩʪʶ ʽ ʟʙʝʨʝʞʝʥʥʷ ʜʘʥʠʭ ʜʣʷ
ʧʦʨʽʚʥʷʥʥʷ ʤʽʞ ʩʦʙʦʶ.

ɺʠʢʦʥʫʚʘʣʦʩʷ ʧʦʨʽʚʥʷʥʥʷ ʢʦʦʨʜʠʥʘʪ ʚʠʭʦʨʽʚ, ʧʦʣʦʞʝʥʥʷ ʮʝʥʪʨʫ ʟʘʚʠʭʨʝʥʦʩʪʽ ʪʘ
ʬʦʨʤʘ ʚʠʭʨʦʚʦʛʦ ʰʘʨʫ. ʈʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʜʣʷ ʧʝʨʰʠʭ 10 ʢʨʦʢʽʚ ʨʝʟʫʣʴʪʘʪʠ
ʦʙʯʠʩʣʝʥʴ ʜʣʷ GLSL ʪʘ HLSL ʩʧʽʚʧʘʜʘʶʪʴ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʽʜʝʥʪʠʯʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʠʭ
ʘʣʛʦʨʠʪʤʽʚ. ʇʨʠ ʮʴʦʤʫ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʫʩʽ ʚʠʭʦʨʠ ʨʫʭʘʶʪʴʩʷ ʧʘʨʘʣʝʣʴʥʦ ʦʩʽ X ʽ
ʩʪʨʫʢʪʫʨʘ ʚʠʭʨʦʚʦʛʦ ʰʘʨʫ ʥʝ ʧʦʨʫʰʫʻʪʴʩʷ. ɸʣʝ ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ ʯʠʩʣʘ ʢʨʦʢʽʚ ʽʥʪʝʛʨʫʚʘʥʥʷ
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ʚʠʭʦʨʠ ʟʤʽʱʫʶʪʴʩʷ ʚʟʜʦʚʞ ʦʩʽ Y. ʎʝ ʧʦʚ’ʷʟʘʥʦ ʟ ʥʘʢʦʧʠʯʝʥʥʷʤ ʯʠʩʝʣʴʥʠʭ ʧʦʭʠʙʦʢ.
ʇʦʯʠʥʘʶʯʠ ʟ ʧʝʚʥʦʛʦ ʤʦʤʝʥʪʫ ʩʠʤʝʪʨʽʷ ʰʘʨʫ ʚʠʭʦʨʽʚ ʷʚʥʦ ʧʦʨʫʰʫʻʪʴʩʷ, ʚʠʭʦʨʠ
ʧʦʯʠʥʘʶʪʴ ʛʨʫʧʫʚʘʪʠʩʷ ʚ  ʥʝʚʝʣʠʢʽ ʢʣʫʙʢʠ, ʘ ʧʦʪʽʤ ʧʦʯʠʥʘʻʪʴʩʷ ʨʦʟʚʠʪʦʢ ʥʝʩʪʽʡʢʦʩʪʽ
ʂʝʣʴʚʽʥʘ-ɻʝʣʴʤʛʦʣʴʮʘ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʚʝʣʠʢʠʭ ʚʠʭʨʦʚʠʭ ʩʪʨʫʢʪʫʨ. ʉʣʽʜ
ʟʘʟʥʘʯʠʪʠ, ʱʦ ʨʫʭ ʰʘʨʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʫʤʦʚʘʭ ʥʝʩʪʽʡʢʦʩʪʽ ʂʝʣʴʚʽʥʘ-ɻʝʣʴʤʛʦʣʴʮʘ, ʷʢʘ ʧʽʩʣʷ
ʧʦʨʫʰʝʥʥʷ ʩʠʤʝʪʨʽʾ ʚʥʘʩʣʽʜʦʢ ʯʠʩʝʣʴʥʠʭ ʧʦʭʠʙʦʢ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʰʚʠʜʢʦʛʦ ʟʛʦʨʪʘʥʥʷ
ʚʠʭʨʦʚʦʛʦ ʰʘʨʫ ʫ ʚʠʭʨʦʚʽ ʢʣʫʙʢʠ. ʊʦʤʫ ʥʝʟʥʘʯʥʽ ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʦʙʯʠʩʣʝʥʥʽ ʬʫʥʢʮʽʡ ʥʘ GPU
ʪʘ ʾʭ ʥʘʢʦʧʠʯʝʥʥʷ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʚʽʜʤʽʥʥʦʩʪʝʡ ʫ ʨʝʟʫʣʴʪʘʪʘʭ ʤʦʜʝʣʶʚʘʥʥʷ. ɹʫʣʦ ʪʘʢʦʞ
ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʢʨʦʢʫ ʧʦ ʯʘʩʫ, ʟʘʚʠʭʨʝʥʦʩʪʽ ʪʘ ʨʘʜʽʫʩʫ ʨʝʛʫʣʷʨʠʟʘʮʽʾ ʥʘ
ʨʝʟʫʣʴʪʘʪ ʝʚʦʣʶʮʽʾ ʚʠʭʨʦʚʦʛʦ ʰʘʨʫ. ɹʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʢʦʞʥʘ ʨʝʘʣʽʟʘʮʽʷ ʻ ʙʽʪʦʚʦ
ʜʝʪʝʨʤʽʥʦʚʘʥʦʶ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʠʡ ʟʙʽʛ ʨʝʟʫʣʴʪʘʪʽʚ ʦʢʨʝʤʠʭ ʢʨʦʢʽʚ
ʽʥʪʝʛʨʫʚʘʥʥʷ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʪʘ ʜʝʪʝʨʤʽʥʦʚʘʥʽʩʪʴ ʦʙʦʭ ʨʝʘʣʽʟʘʮʽʡ, ʧʨʠ ʪʨʠʚʘʣʦʤʫ
ʤʦʜʝʣʶʚʘʥʥʽ ʚʠʭʨʦʚʦʛʦ ʰʘʨʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʩʪʫʧʦʚʝ ʥʘʢʦʧʠʯʝʥʥʷ ʨʦʟʙʽʞʥʦʩʪʝʡ ʤʽʞ
ʨʽʟʥʠʤʠ ʨʝʘʣʽʟʘʮʽʷʤʠ ʥʘGPU. ʇʨʠ ʮʴʦʤʫ ʤʘʢʨʦʩʢʦʧʽʯʥʘ ʩʪʨʫʢʪʫʨʘ ʪʝʯʽʾ, ʭʘʨʘʢʪʝʨ ʨʦʟʚʠʪʢʫ
ʥʝʩʪʽʡʢʦʩʪʽ ʪʘ ʦʩʥʦʚʥʽ ʬʽʟʠʯʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʘʣʠʰʘʶʪʴʩʷ ʙʣʠʟʴʢʠʤʠ ʧʨʦʪʷʛʦʤ ʧʝʚʥʦʛʦ
ʤʦʤʝʥʪʫ ʯʘʩʫ (ʨʠʩ. 1). ɸʣʝ ʚ ʧʦʜʘʣʴʰʦʤʫ ʨʦʟʭʦʜʞʝʥʥʷ ʩʪʘʶʪʴ ʚʩʝ ʟʥʘʯʥʠʤʠ ʽ ʥʝ ʩʭʦʞʠʤʠ
ʦʜʥʘ ʥʘ ʦʜʥʫ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ɦ ʦ ʟʙʽʣʴʰʝʥʥʷ ʮʠʨʢʫʣʷʮʽʾ ʪʘ ʢʨʦʢʫ ʧʦ ʯʘʩʫ ̔ ʩʪʦʪʥʦ ʚʧʣʠʚʘʶʪʴ
ʥʘ ʧʨʦʮʝʩ ʥʘʢʦʧʠʯʝʥʥʷ ʧʦʤʠʣʦʢ. ʄʝʥʰʽ ʘʧʨʦʢʩʠʤʘʮʽʡʥʽ ʧʦʭʠʙʢʠ ʧʨʠ ʽʥʪʝʛʨʫʚʘʥʥʽ ʨʽʚʥʷʥʴ
ʨʫʭʫ ʚʠʭʦʨʽʚ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʤʝʥʰʦʛʦ ʨʦʟʭʦʜʞʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʽʚ.

ɹʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʚʽʪʴ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʦʜʥʘʢʦʚʦʛʦ ʘʣʛʦʨʠʪʤʫ, ʦʜʥʘʢʦʚʠʭ
ʧʦʯʘʪʢʦʚʠʭ ʫʤʦʚ ʪʘ ʦʜʥʽʻʾ ʡ ʪʽʻʾ ʩʘʤʦʾ ʚʽʜʝʦʢʘʨʪʠ ʨʝʟʫʣʴʪʘʪʠ ʪʨʠʚʘʣʦʛʦ GPU-ʤʦʜʝʣʶʚʘʥʥʷ
ʤʦʞʫʪʴ ʚʽʜʨʽʟʥʷʪʠʩʷ ʟʘʣʝʞʥʦ ʚʽʜ ʧʨʦʛʨʘʤʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʚʠʢʦʥʘʥʥʷ.
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ɼʦʩʣʽʜʞʝʥʥʷ ʥʝʩʪʘʮʽʦʥʘʨʥʦʛʦ ʦʙʪʽʢʘʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʧʨʦʬʽʣʽʚ, ʱʦ ʢʦʣʠʚʘʶʪʴʩʷ,
ʚ ʫʤʦʚʘʭ ʣʘʤʽʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ ʤʘʻ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʧʨʠ ʨʦʟʨʦʙʮʽ ʤʘʣʠʭ
ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʪʘ ʤʘʣʠʭ ʚʽʪʨʦʝʥʝʨʛʝʪʠʯʥʠʭ ʫʩʪʘʥʦʚʦʢ [2, 5].

ʈʦʟʚʠʪʦʢ ʤʘʣʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʚʠʤʘʛʘʻ ʛʣʠʙʦʢʦʛʦ ʨʦʟʫʤʽʥʥʷ ʥʝʩʪʘʮʽʦʥʘʨʥʦʾ
ʘʝʨʦʜʠʥʘʤʽʢʠ ʤʘʭʦʚʠʭ ʢʨʠʣ, ʜʝ ʢʨʠʪʠʯʥʫ ʨʦʣʴ ʚʽʜʽʛʨʘʻ ʩʪʨʫʢʪʫʨʘ ʚʠʭʨʦʚʦʛʦ ʩʣʽʜʫ ʪʘ ʧʝʨʝʭʽʜ
ʚʽʜ ʨʝʞʠʤʫ ʦʧʦʨʫ ʜʦ ʨʝʞʠʤʫ ʪʷʛʠ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʟʚʝʜʝʥʦʾ ʯʘʩʪʦʪʠ ʢʦʣʠʚʘʥʴ ʢʨʠʣʘ [1, 5].

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʯʠʩʝʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ
ʥʝʩʪʘʮʽʦʥʘʨʥʦʛʦ ʦʙʪʽʢʘʥʥʷ ʧʨʦʬʽʣʽʚ, ʱʦ ʢʦʣʠʚʘʶʪʴʩʷ, ʦʩʥʦʚʥʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʘʙʦ
ʣʘʤʽʥʘʨʥʦʤʫ ʨʝʞʠʤʫ ʧʨʠ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ ʧʦʨʷʜʢʫ Re å 103, ʘʙʦ ʙʽʣʴʰ ʚʠʩʦʢʠʤ
ʟʥʘʯʝʥʥʷʤ Re = 104–1.5Ā105, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʝʨʝʭʽʜʥʦʤʫ ʪʘ ʪʫʨʙʫʣʝʥʪʥʦʤʫ ʨʝʞʠʤʘʤ ʪʝʯʽʾ
[2]. ɼʽʘʧʘʟʦʥ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ ʚʽʜ 2Ā103 ʜʦ 4Ā103, ʭʘʨʘʢʪʝʨʥʠʡ ʜʣʷ ʙʘʛʘʪʴʦʭ ʤʘʣʠʭ ʣʽʪʘʣʴʥʠʭ
ʘʧʘʨʘʪʽʚ ʪʘ ʤʘʣʠʭ ʚʽʪʨʦʝʥʝʨʛʝʪʠʯʥʠʭ ʫʩʪʘʥʦʚʦʢ, ʟʘʣʠʰʘʻʪʴʩʷ ʚʢʨʘʡ ʤʘʣʦʚʠʚʯʝʥʠʤ.
ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ ʜʝʬʽʮʠʪʫ ʜʘʥʠʭ, ʧʠʪʘʥʥʷ ʚʝʨʠʬʽʢʘʮʽʾ ʚʽʜʢʨʠʪʠʭ CFD-ʧʘʢʝʪʽʚ ʜʣʷ ʧʦʜʽʙʥʦʛʦ
ʢʣʘʩʫ ʟʘʜʘʯ ʽ ʜʦʩʽ ʦʧʨʘʮʴʦʚʘʥʽ ʥʝʜʦʩʪʘʪʥʴʦ. ʆʩʦʙʣʠʚʦʾ ʘʢʪʫʘʣʴʥʦʩʪʽ ʮʷ ʧʨʦʙʣʝʤʘ ʥʘʙʫʚʘʻ
ʧʨʠ ʨʦʟʚ'ʷʟʘʥʥʽ ʨʽʚʥʷʥʴ ʅʘʚ'ʻ-ʉʪʦʢʩʘ ʟ ʦʜʥʦʯʘʩʥʠʤ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʡ
ʙʘʛʘʪʦʙʣʦʢʦʚʠʭ ʩʽʪʦʢ ʪʘ ʩʫʯʘʩʥʠʭ ʤʦʜʝʣʝʡ ʣʘʤʽʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ.

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʚʘʣʽʜʘʮʽʷ ʯʠʩʝʣʴʥʦʾ ʤʝʪʦʜʠʢʠ ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʩʪʘʮʽʦʥʘʨʥʦʛʦ
ʦʙʪʽʢʘʥʥʷ ʧʨʦʬʽʣʶ NACA 0012, ʱʦ ʢʦʣʠʚʘʻʪʴʩʷ, ʰʣʷʭʦʤ ʚʽʜʪʚʦʨʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ
ʨʝʟʫʣʴʪʘʪʽʚ Tian ʪʘ ʽʥ. [5], ʘ ʪʘʢʦʞ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʤʘʣʠʭ ʟʙʫʨʝʥʴ ʥʘ ʚʠʭʨʦʫʪʚʦʨʝʥʥʷ
ʪʘ ʘʥʘʣʽʟ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʩʠʣ.

ɺ ʨʦʙʦʪʽ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʩʠʤʝʪʨʠʯʥʠʡ ʧʨʦʬʽʣʴ NACA0012, ʷʢʠʡ ʟʜʽʡʩʥʶʻ ʢʦʣʠʚʘʥʥʷ
ʥʘʚʢʦʣʦ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʦʩʽ, ʨʦʟʪʘʰʦʚʘʥʦʾ ʥʘ ʚʽʜʩʪʘʥʽ 0.25 ʜʦʚʞʠʥʠ ʭʦʨʜʠ ʚʽʜ ʥʦʩʠʢʘ
(ʧʝʨʝʜʥʴʦʾ ʢʨʘʡʢʠ) ʧʨʦʬʽʣʶ ʧʨʠ ʯʠʩʣʽ ʈʝʡʥʦʣʴʜʩʘ Re = 3Ā103 [5].
ɸʤʧʣʽʪʫʜʘ ʢʦʣʠʚʘʥʴ ʧʨʦʬʽʣʶ ʩʪʘʥʦʚʠʪʴ 5° ʚʽʜʥʦʩʥʦ ʥʫʣʴʦʚʦʛʦ ʩʝʨʝʜʥʴʦʛʦ ʢʫʪʘ ʘʪʘʢʠ, ʘ
ʟʚʝʜʝʥʘ ʯʘʩʪʦʪʘ ka ʚʘʨʽʶʻʪʴʩʷ ʚʽʜ 6.6 ʜʦ 12 [5].

ʊʝʯʽʷ ʥʝʩʪʠʩʣʠʚʦʾ ʨʽʜʠʥʠ ʦʧʠʩʫʚʘʣʘʩʷ ʨʽʚʥʷʥʥʷʤʠ ʅʘʚ'ʻ-ʉʪʦʢʩʘ ʩʧʽʣʴʥʦ ʟ ʤʦʜʝʣʣʶ
ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ k–ɤ SST ʪʘ ɔ–Reɗ ʤʦʜʝʣʣʶ ʣʘʤʽʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ [3].
ʏʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʢʦʥʘʥʦ ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʥʠʭ ʦʙ'ʻʤʽʚ ʫ ʧʨʦʛʨʘʤʥʦʤʫ ʢʦʤʧʣʝʢʩʽ
OpenFOAM. ɼʣʷ ʦʧʠʩʫ ʨʫʭʫ ʧʨʦʬʽʣʶ ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʷ ʪʝʭʥʦʣʦʛʽʷ ʙʘʛʘʪʦʙʣʦʢʦʚʠʭ ʩʽʪʦʢ, ʷʢʽ
ʧʝʨʝʪʠʥʘʶʪʴʩʷ (overset mesh), ʱʦ ʜʦʟʚʦʣʷʻ ʨʝʘʣʽʟʫʚʘʪʠ ʜʦʚʽʣʴʥʠʡ ʨʫʭ. ɼʣʷ ʨʦʟʚ'ʷʟʘʥʥʷ
ʨʽʚʥʷʥʴ ʟʘʩʪʦʩʦʚʫʚʘʚʩʷ ʨʦʟʚ'ʷʟʫʚʘʯ overPimpleDyMFoam. ʈʽʚʥʷʥʥʷ ʅʘʚ'ʻ-ʉʪʦʢʩʘ
ʨʦʟʚ'ʷʟʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʜʫʣʷ overPimpleDyMFoam – ʨʦʟʚ'ʷʟʫʚʘʯʘ ʜʣʷ
ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ ʪʝʯʽʡ. overPimpleDyMFoam ʜʠʩʢʨʝʪʠʟʫʻ ʥʝʩʪʘʮʽʦʥʘʨʥʽ ʨʽʚʥʷʥʥʷ ʅʘʚ'ʻ-
ʉʪʦʢʩʘ ʜʣʷ ʥʝʩʪʠʩʣʠʚʦʾ ʨʽʜʠʥʠ ʫ ʧʦʻʜʥʘʥʥʽ ʟ ʤʦʜʝʣʣʶ ʣʘʤʽʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ.
ʆʩʥʦʚʥʽ ʨʽʚʥʷʥʥʷ ʨʦʟʚ'ʷʟʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʘʣʛʦʨʠʪʤʫ PIMPLE, ʷʢʠʡ ʧʦʻʜʥʫʻ ʚ ʩʦʙʽ
ʝʣʝʤʝʥʪʠ ʘʣʛʦʨʠʪʤʽʚ PISO ʪʘ SIMPLE, ʟʦʢʨʝʤʘ ʽʪʝʨʘʮʽʡʥʽ ʮʠʢʣʠ ʪʘ ʥʠʞʥʶ ʨʝʣʘʢʩʘʮʽʶ
ʟʤʽʥʥʠʭ [4].
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ʆʪʨʠʤʘʥʽ ʩʠʩʪʝʤʠ ʣʽʥʽʡʥʠʭ ʘʣʛʝʙʨʘʾʯʥʠʭ ʨʽʚʥʷʥʴ ʨʦʟʚ'ʷʟʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ
ʨʦʟʚ'ʷʟʫʚʘʯʘ PBiCGStab (Preconditioned BiConjugate Gradient Stabilized) – ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ
ʤʝʪʦʜ ʙʽʩʧʨʷʞʝʥʠʭ ʛʨʘʜʽʻʥʪʽʚ ʟ ʜʽʘʛʦʥʘʣʴʥʠʤ ʥʝʧʦʚʥʠʤ LU-ʧʝʨʝʜʦʙʫʤʦʚʣʝʥʥʷʤ (DILU).
ʇʨʦʩʪʦʨʦʚʘ ʜʠʩʢʨʝʪʠʟʘʮʽʷ ʚʠʢʦʥʫʚʘʣʘʩʷ ʩʭʝʤʘʤʠ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʪʦʯʥʦʩʪʽ, ʘ ʽʥʪʝʛʨʫʚʘʥʥʷ
ʟʘ ʯʘʩʦʤ ʟʜʽʡʩʥʶʚʘʣʦʩʷ ʥʝʷʚʥʠʤ ʤʝʪʦʜʦʤ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ [4].

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʩʪʽʡʢʝ ʚʽʜʪʚʦʨʝʥʥʷ ʦʩʥʦʚʥʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ
ʬʦʨʤʫʚʘʥʥʷ ʥʝʩʪʘʮʽʦʥʘʨʥʦʛʦ ʚʠʭʨʦʚʦʛʦ ʩʣʽʜʫ ʟʘ ʧʨʦʬʽʣʝʤ. ʈʦʟʨʘʭʫʥʢʦʚʽ ʧʦʣʷ ʰʚʠʜʢʦʩʪʽ ʪʘ
ʟʘʚʠʭʨʝʥʦʩʪʽ ʢʦʨʝʢʪʥʦ ʚʽʜʦʙʨʘʞʘʶʪʴ ʫʪʚʦʨʝʥʥʷ ʪʘ ʨʦʟʚʠʪʦʢ ʚʠʭʨʦʚʠʭ ʩʪʨʫʢʪʫʨ, ʱʦ
ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʽ [5]. ʇʦʨʽʚʥʷʥʥʷ ʨʦʟʧʦʜʽʣʽʚ ʤʠʪʪʻʚʦʾ ʟʘʚʠʭʨʝʥʦʩʪʽ,
ʩʪʨʫʢʪʫʨʠ ʩʣʽʜʫ ʪʘ ʧʦʣʽʚ h ʚʠʜʢʦʩʪʽ ʟ ʦʧʫʙʣʽʢʦʚʘʥʠʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ʧʦʢʘʟʫʻ
ʷʢʽʩʥʠʡ ʪʘ ʢʽʣʴʢʽʩʥʠʡ ʟʙʽʛ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ ʙʘʛʘʪʦʙʣʦʢʦʚʠʭ ʩʽʪʦʢ, ʱʦ
ʧʝʨʝʪʠʥʘʶʪʴʩʷ ʟʘʙʝʟʧʝʯʫʻ ʢʦʨʝʢʪʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʣʠʚʘʥʥʷ ʧʨʦʬʽʣʶ ʚ ʦʙʣʘʩʪʽ ʧʝʨʝʢʨʠʪʪʷ
ʩʽʪʦʢ.

ʈʦʟʨʦʙʣʝʥʘ ʤʝʪʦʜʠʢʘ ʟʘʙʝʟʧʝʯʫʻ ʜʦʩʪʦʚʽʨʥʝ ʚʽʜʪʚʦʨʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʽ
ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ.
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ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸ ɺɸʃɯɼɸʎɯʗ ʏʀʉɽʃʔʅʆɰ ʄʆɼɽʃɯ
ʈʆɿʈɸʍʋʅʂʋ ɻɯɼʈʆɼʀʅɸʄɯʏʅʀʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ

ʇɯɼɺʆɼʅʆɻʆ ɸʇɸʈɸʊɸ ʇʃɸʅɽʈʅʆɻʆ ʊʀʇʋ
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ʇʽʜʚʦʜʥʽ ʘʧʘʨʘʪʠ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ ʻ ʚʽʜʥʦʩʥʦ ʥʦʚʠʤ ʪʠʧʦʤ ʧʽʜʚʦʜʥʠʭ ʘʧʘʨʘʪʽʚ
ʚʝʣʠʢʦʛʦ ʨʘʜʽʫʩʘ ʜʽʾ, ʷʢʽ ʟʘʨʘʟ ʘʢʪʠʚʥʦ ʨʦʟʚʠʚʘʶʪʴʩʷ [1]. ʇʨʠʥʮʠʧ ʾʭ ʜʽʾ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ
ʚʽʜʦʤʦʤʫ ʽʟ ʛʽʜʨʦʙʽʦʥʽʢʠ ʤʝʭʘʥʽʟʤʽ ʧʣʘʚʘʥʥʷ ʨʠʙ, ʱʦ ʢʝʨʫʶʪʴ ʩʚʦʻʶ ʧʣʘʚʫʯʽʩʪʶ ʟʘ ʨʘʭʫʥʦʢ
ʜʝʬʦʨʤʘʮʽʾ ʧʦʚʽʪʨʷʥʦʛʦ ʤʽʭʫʨʘ. ɿʘʚʜʷʢʠ ʦʜʥʦʯʘʩʥʦʤʫ ʟʤʽʱʝʥʥʶ ʮʝʥʪʨʘ ʚʘʛʠ ʧʽʜʚʦʜʥʽ
ʘʧʘʨʘʪʠ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ ʟʜʽʡʩʥʶʶʪʴ ʮʠʢʣʽʯʥʽ ʨʫʭʠ (ʟʘʥʫʨʝʥʥʷ-ʩʧʣʠʚʘʥʥʷ) ʟʘ ʧʠʣʢʦ- ʯʠ
ʩʧʽʨʘʣʝʧʦʜʽʙʥʦʶ ʪʨʘʻʢʪʦʨʽʻʶ. ʇʨʠ ʮʴʦʤʫ ʚʠʩʦʢʘ ʛʽʜʨʦʜʠʥʘʤʽʯʥʘ ʷʢʽʩʪʴ (ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ
ʤʽʞ ʧʽʜʽʡʤʘʣʴʥʦʶ ʩʠʣʦʶ ʪʘ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʶ ʩʠʣʦʶ ʦʧʦʨʫ) ʻ ʟʘʧʦʨʫʢʦʶ ʝʬʝʢʪʠʚʥʦʩʪʽ
ʪʘʢʦʛʦ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ.

ʊʨʘʜʠʮʽʡʥʦ ʧʽʜʚʦʜʥʠʡ ʘʧʘʨʘʪ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʢʦʨʧʫʩʫ, ʢʨʠʣ ʽ
ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ. ʗʢʱʦ ʩʪʦʩʦʚʥʦ ʢʨʠʣ ʪʘ ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ ʩʬʦʨʤʫʚʘʣʘʩʷ ʜʦʩʠʪʴ
ʩʪʽʡʢʘ ʫʷʚʘ ʧʨʦ ʾʭ ʬʦʨʤʫ ʪʘ ʧʨʦʬʽʣʴ, ʪʦ ʜʣʷ ʢʦʨʧʫʩʫ ʧʨʠʪʘʤʘʥʥʝ ʰʠʨʦʢʝ ʨʦʟʤʘʾʪʪʷ. ɸʥʘʣʽʟ
ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ̔ ʩʥʫʶʯʠʭ ʪʨʘʜʠʮʽʡʥʠʭ ʧʽʜʚʦʜʥʠʭ ʘʧʘʨʘʪʽʚ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ
ʧʦʢʘʟʘʚ, ʱʦ ʦʩʥʦʚʥʠʤ ʢʦʥʩʪʨʫʢʪʠʚʥʠʤ ʝʣʝʤʝʥʪʦʤ, ʷʢʠʡ ʚʝʜʝ ʜʦ ʟʤʝʥʰʝʥʥʷ
ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʷʢʦʩʪʽ ʻ ʢʦʨʧʫʩ ʘʧʘʨʘʪʘ. ʊʦʤʫ ʥʠʥʽ ʡʜʝ ʘʢʪʠʚʥʠʡ ʧʦʰʫʢ ʦʧʪʠʤʘʣʴʥʦʾ
ʬʦʨʤʠ ʢʦʨʧʫʩʫ ʧʽʜʚʦʜʥʠʭ ʘʧʘʨʘʪʽʚ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ. ʗʢ ʧʨʘʚʠʣʦ, ʦʧʪʠʤʽʟʘʮʽʷ ʚʽʜʙʫʚʘʻʪʴʩʷ
ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʯʠʩʝʣʴʥʠʭ ʤʝʪʦʜʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ
ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ [2]. ɿʘ ʪʘʢʠʭ ʦʙʩʪʘʚʠʥ ʚʘʣʽʜʘʮʽʷ ʯʠʩʝʣʴʥʠʭ ʤʦʜʝʣʝʡ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ
ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʻ ʘʢʪʫʘʣʴʥʦʶ ʟʘʜʘʯʝʶ.

ɺ ʤʝʪʦʜʘʭ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʬʦʨʤ ʢʦʨʧʫʩʽʚ ʧʽʜʚʦʜʥʠʭ ʧʣʘʥʝʨʽʚ ʘʢʪʠʚʥʦ
ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʛʽʜʨʦʙʽʦʥʽʯʥʽ ʧʽʜʭʦʜʠ. ɿʦʢʨʝʤʘ, ʚ ɯʥʩʪʠʪʫʪʽ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ
ʨʦʟʨʦʙʣʝʥʦ ʛʽʜʨʦʜʠʥʘʤʽʯʥʫ ʩʭʝʤʫ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ, ʚ ʷʢʽʡ ʚ ʷʢʦʩʪʽ
ʬʦʨʤʦʫʪʚʦʨʶʶʯʦʛʦ ʧʨʦʬʽʣʶ ʢʦʨʧʫʩʫ ʚʠʢʦʨʠʩʪʘʥʦ ʭʚʠʣʷʩʪʝ ʚʝʨʝʪʝʥʦʧʦʜʽʙʥʝ ʪʽʣʦ (ʨʠʩ.1-
ʘ), ʢʦʥʮʝʧʮʽʶ ʷʢʦʛʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚ ʨʦʙʦʪʽ [3]. ʅʘ ʧʦʚʝʨʭʥʽ ʢʦʨʧʫʩʫ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ ʚ
ʥʦʩʦʚʽʡ ʯʘʩʪʠʥʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʜʚʽ ʭʚʠʣʽ.
ʘ) ʙ)

ʈʠʩ.1. ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʤʦʜʝʣʽ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ (ʘ)
ʪʘ ʧʨʦʬʽʣʴ ʢʦʨʧʫʩʫ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ (ʙ).

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʽʥʪʝʛʨʘʣʴʥʠʭ ʽ ʣʦʢʘʣʴʥʠʭ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʽʜʚʦʜʥʦʛʦ
ʘʧʘʨʘʪʫ, ʨʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤ ʤʦʜʝʣʶʚʘʥʥʷ ʷʢ ʥʘ ʦʩʥʦʚʽ ʧʨʷʤʦʛʦ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚ’ʷʟʘʥʥʷ
ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ ʪʨʠʚʠʤʽʨʥʠʭ ʨʽʚʥʷʥʴ ʅʘʚ’ʻ-ʉʪʦʢʩʘ, ʪʘʢ ʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʦʜʝʣʝʡ
ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ [4], ʱʦ ʜʦʟʚʦʣʷʻ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʟʤʽʥʠ ʬʦʨʤ ʦʙʚʦʜʽʚ ʘʧʘʨʘʪʫ ʽ ʡʦʛʦ
ʢʦʤʧʦʥʦʚʢʠ ʥʘ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ
ʚʘʣʽʜʘʮʽʷ ʨʦʟʨʦʙʣʝʥʦʾ ʯʠʩʝʣʴʥʦʾ ʤʦʜʝʣʽ, ʱʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ
ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʫ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ.
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ɺʘʣʽʜʘʮʽʶ ʯʠʩʝʣʴʥʦʾ ʤʦʜʝʣʽ ʙʫʣʦ ʟʜʽʡʩʥʝʥʦ ʰʣʷʭʦʤ ʧʦʨʽʚʥʷʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ
ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʢʦʝʬʽʮʽʻʥʪʽʚ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ ʪʘ ʩʠʣʠ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ), ʦʪʨʠʤʘʥʠʭ
ʚʽʜʧʦʚʽʜʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʪʘ ʨʦʟʨʘʭʫʥʢʦʚʠʤ ʩʧʦʩʦʙʘʤʠ. ɹʫʣʘ ʚʠʛʦʪʦʚʣʝʥʘ ʪʘ
ʚʠʧʨʦʙʫʚʘʥʘ ʚ ʜʦʩʣʽʜʥʦʤʫ ʙʘʩʝʡʥʽ ʤʦʜʝʣʴ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ (ʨʠʩ.1-ʘ). ʄʦʜʝʣʴ ʤʘʣʘ
ʜʽʘʤʝʪʨ ʢʦʨʧʫʩʫ 165 ʤʤ ʧʨʠ ʜʦʚʞʠʥʽ 700 ʤʤ. ɺʠʧʨʦʙʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʧʨʠ ʰʚʠʜʢʦʩʪʷʭ
ʙʫʢʩʠʨʫʚʘʥʥʷ 1,06 ʪʘ 1,44 ʤ/ʩ. ʈʝʻʩʪʨʘʮʽʷ ʩʠʣʠ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ Fd ʪʘ ʧʽʜʡʦʤʥʘ ʩʠʣʘ
Fl ʟʜʽʡʩʥʶʚʘʣʘʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʙʫʜʦʚʘʥʦʛʦ ʚ ʤʦʜʝʣʴ ʪʝʥʟʦʤʝʪʨʠʯʥʦʛʦ ʜʠʥʘʤʦʤʝʪʨʘ ʚ
ʰʚʠʜʢʽʩʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ (ʨʠʩ.1-ʙ). ʂʦʝʬʽʮʽʻʥʪ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ ʉd ʚʠʟʥʘʯʘʚʩʷ
ʟʘ ʬʦʨʤʫʣʦʶ ʉd=2Fd/(rU2Aʢʨ), ʘ ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ ʉl ʚʽʜʧʦʚʽʜʥʦ ʧʦ ʬʦʨʤʫʣʽ
ʉl=2Fl/(rU2Aʢʨ) (ʪʫʪ r - ʤʘʩʦʚʘ ʛʫʩʪʠʥʘ ʚʦʜʠ; U – ʰʚʠʜʢʽʩʪʴ ʙʫʢʩʠʨʦʚʢʠ; ɸʢʨ – ʧʣʦʱʘ ʢʨʠʣʘ
ʚ ʧʣʘʥʽ).

ɹʫʣʠ ʧʨʦʚʝʜʝʥʽ ʨʦʟʨʘʭʫʥʢʠ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ ʚ
ʜʽʘʧʘʟʦʥʽ ʢʫʪʽʚ ʘʪʘʢʠ ʚʽʜ 0 ʜʦ 8 ʛʨʘʜʫʩʽʚ ʧʨʠ ʰʚʠʜʢʦʩʪʷʭ ʭʦʜʫ 1,0 ʪʘ 1,5 ʤ/ʩ. ʅʘ ʨʠʩ.2
ʧʦʢʘʟʘʥʦ ʧʦʨʽʚʥʷʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ ʪʘ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ, ʦʪʨʠʤʘʥʠʭ
ʚʽʜʧʦʚʽʜʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ (ʽʥʜʝʢʩ_exp) ʪʘ ʨʦʟʨʘʭʫʥʢʦʚʠʤ (ʙʝʟ ʽʥʜʝʢʩʫ) ʩʧʦʩʦʙʘʤʠ.
ʇʦʨʽʚʥʷʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʜʘʥʠʭ ʩʚʽʜʯʠʪʴ, ʱʦ ʨʦʟʙʽʞʥʽʩʪʴ ʚ
ʜʦʩʣʽʜʞʝʥʦʤʫ ʜʽʘʧʘʟʦʥʽ ʧʘʨʘʤʝʪʨʽʚ ʥʝ ʧʝʨʝʚʠʱʫʻ 5%.
ʘ) ʙ)

ʈʠʩ.2. ʇʦʨʽʚʥʷʥʥʷ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ:
(ʘ)- ʢʦʝʬʽʮʽʻʥʪ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ; (ʙ)- ʢʦʝʬʽʮʽʻʥʪ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ.

ɺʠʩʥʦʚʦʢ. ʇʦʨʽʚʥʷʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʽʜʚʦʜʥʦʛʦ  ʘʧʘʨʘʪʘ
ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ, ʦʪʨʠʤʘʥʠʭ ʨʦʟʨʘʭʫʥʢʦʚʠʤ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʰʣʷʭʦʤ, ʩʚʽʜʯʠʪʴ, ʱʦ
ʨʦʟʨʦʙʣʝʥʘ ʯʠʩʝʣʴʥʘ ʤʦʜʝʣʴ ʜʦʟʚʦʣʷʻ ʘʜʝʢʚʘʪʥʦ ʽ ʟ ʜʦʩʪʘʪʥʴʦʶ ʜʣʷ ʧʨʘʢʪʠʢʠ ʪʦʯʥʽʩʪʶ
ʧʝʨʝʜʙʘʯʫʚʘʪʠ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ.
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ʉʴʦʛʦʜʥʽ ʚʽʜʦʤʦ, ʱʦ ʫ ʥʝʩʢʽʥʯʝʥʦʤʫ ʟʘ ʜʚʦʤʘ ʢʦʦʨʜʠʥʘʪʘʤʠ ʧʨʫʞʥʦʤʫ ʰʘʨʽ
ʫʪʚʦʨʶʶʪʴʩʷ ʧʨʫʞʥʽ ʭʚʠʣʽ ʃʝʤʙʘ. ʎʠʤ ʭʚʠʣʷʤ ʧʨʠʩʚʷʯʝʥʦ ʜʦʩʠʪʴ ʙʘʛʘʪʦ ʨʦʙʽʪ. ɺʦʥʠ
ʚʠʭʦʜʷʪʴ ʟ ʩʝʨʝʜʠʥʠ ʧʨʫʞʥʦʛʦ ʰʘʨʫ ʥʘ ʡʦʛʦ ʧʦʚʝʨʭʥʶ. ʏʘʩʪʠʥʘ ʟ ʮʠʭ ʥʠʭ ʨʦʟʩʽʶʻʪʴʩʷ,
ʯʘʩʪʠʥʘ ʧʦʚʝʨʪʘʻʪʴʩʷ ʥʘʟʘʜ, ʘʣʝ ʧʝʚʥʘ ʯʘʩʪʠʥʘ ʟ ʥʠʭ ʚʠʭʦʜʠʪʴ ʚ ̔ ʥʰʝ ʘʢʫʩʪʠʯʥʝ ʩʝʨʝʜʦʚʠʱʝ
- ʧʦʚʽʪʨʷ. ʆʩʪʘʥʥʷ ʯʘʩʪʠʥʘ ʭʚʠʣʴ ʬʘʢʪʠʯʥʦ ʬʦʨʤʫʻ ʟʚʫʢ ʚʽʙʨʘʮʽʡʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ.
ʆʩʢʽʣʴʢʠ ʤʠ ʨʦʟʛʣʷʜʘʻʤʦ ʫ ʜʘʥʽʡ ʨʦʙʦʪʽ ʥʝ ʥʝʩʢʽʥʯʝʥʠʡ ʰʘʨ ʩʢʽʥʯʝʥʦʾ ʪʦʚʱʠʥʠ, ʘ ʣʦʧʘʪʴ
ʚʝʨʪʦʣʴʦʪʫ, ̫ ʢʘ ʤʦʜʝʣʶʻʪʴʩʷ ʪʦʥʢʦʶ ʧʨʷʤʦʢʫʪʥʦʶ ʧʣʘʩʪʠʥʦʶ ʩʢʽʥʯʝʥʠʭ ʨʦʟʤʽʨʽʚ ʟʘ ʪʨʴʦʤʘ
ʢʦʦʨʜʠʥʘʪʘʤʠ, ʪʦ ʚ ʥʽʡ ʤʦʞʣʠʚʝ ʬʦʨʤʫʚʘʥʥʷ ʧʘʢʝʪʫ ʩʪʦʷʯʠʭ ʭʚʠʣʴ.

ʌʽʟʠʯʥʘ ʤʦʜʝʣʴ. ɿʘʤʽʥʠʤʦ ʥʘʙʣʠʞʝʥʦ ʣʦʧʘʪʴ ʪʦʥʢʦʶ ʧʨʷʤʦʢʫʪʥʦʶ ʧʨʫʞʥʦʶ
ʧʣʘʩʪʠʥʦʶ ʩʢʽʥʯʝʥʠʭ ʨʦʟʤʽʨʽʚ (ʨʠʩ.1). ʇʽʜ ʜʽʻʶ ʟʦʚʥʽʰʥʴʦʛʦ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ
ʥʘʚʘʥʪʘʞʝʥʥʷ ʫʩʝʨʝʜʠʥʽ ʧʣʘʩʪʠʥʠ ʚʠʥʠʢʘʶʪʴ ʜʝʬʦʨʤʘʮʽʾ, ʷʢʽ ʩʧʨʠʯʠʥʷʶʪʴ ʚʠʥʠʢʥʝʥʥʷ
ʟʚʫʢʦʚʠʭ ʭʚʠʣʴ, ʯʘʩʪʠʥʘ ʟ ʷʢʠʭ ʧʝʨʝʜʘʻʪʴʩʷ ʫ ʧʦʚʽʪʨʷ ʯʝʨʝʟ ʥʦʨʤʘʣʴʥʽ ʥʘʧʨʫʞʝʥʥʷ zzs .
ɼʘʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚʠʨʘʞʘʶʪʴʩʷ ʯʝʨʝʟ ʧʦʪʝʥʮʽʘʣʠ ʟʚʫʢʦʚʠʭ ʧʦʚʟʜʦʚʞʥʽʭ ʪʘ ʧʦʧʝʨʝʯʥʠʭ
ʭʚʠʣʴ, ʟʚ'ʷʟʘʥʽ ʟ ʨʦʟʧʦʜʽʣʦʤ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ q(x, y) ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ:

z h lowzz q (x, y)
=-

s = - ,
z h upzz q (x, y)
=

s = - .

ʈʠʩ.1 ʈʦʟʧʦʜʽʣ ʥʘʧʨʫʞʝʥʴ ʥʘ ʧʦʚʝʨʭʥʽ ʣʦʧʘʪʽ

ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ. ɺʽʜʦʤʦ, ʱʦ  ʚ ʤʝʞʘʭ ʛʽʧʦʪʝʟʠ ʤʘʣʠʭ ʧʝʨʝʤʽʱʝʥʴ ʪʘ
ʜʝʬʦʨʤʘʮʽʡ, ʽʩʥʫʚʘʥʥʷ ʧʦʟʜʦʚʞʥʽʭ ʪʘ ʧʦʧʝʨʝʯʥʠʭ ʟʚʫʢʦʚʠʭ ʭʚʠʣʴ ʫʩʝʨʝʜʠʥʽ ʧʨʫʞʥʦʛʦ ʪʽʣʘ
ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ ʅʘʚ’ʻ-ʂʦʰʽ [1], ʷʢʝ ʨʦʟʧʘʜʘʻʪʴʩʷ ʥʘ ʜʚʘ ʨʽʚʥʷʥʥʷ ʜʣʷ ʧʦʪʝʥʮʽʘʣʽʚ:

2 20, 0l tk kj j y yD + = D + = , (1)
ʜʝ

2 2

l t
E Ek ,k , ,

( 2 ) (1 )(1 2 ) 2(1 )
rw rw n= = l = m =
l + m m + n - n + n

.

ɻʨʘʥʠʯʥʽ ʫʤʦʚʠ. ʆʩʢʽʣʴʢʠ ʨʝʘʣʴʥʘ ʣʦʧʘʪʴ ʥʘ ʢʨʘʷʭ ʟʘʦʢʨʫʛʣʝʥʘ, ʪʦ ʟʘʩʪʦʩʫʻʤʦ
ʫʤʦʚʫ ʚʽʣʴʥʦʾ ʚʽʜ ʥʘʧʨʫʞʝʥʴ ʛʨʘʥʠʮʽ (ʨʠʩ.1), ʷʢʘ ʦʟʥʘʯʘʻ ʨʽʚʥʽʩʪʴ ʥʫʣʝʚʽ ʥʘʧʨʫʞʝʥʴ [1].
ʋʤʦʚʘ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʪʦʨʮʽʚ ʣʦʧʘʪʽ:

0,y y R= = : 0, 0, 0yx yy yzs s s= = = ; 0,x x c= = : 0, 0, 0xx zx yxs s s= = = ;
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z h= ° : zz xz yz zq(x, y), 0, 0,u 0s = - s = s = = (2)

ʈʦʟʚ’ʷʟʘʥʥʷ ʟʘʜʘʯʽ. ɻʨʘʥʠʯʥʘ ʟʘʜʘʯʘ (1)-(2) ʨʦʟʚ’ʷʟʘʥʘ ʘʥʘʣʽʪʠʯʥʦ ʤʝʪʦʜʦʤ
ʨʦʟʜʽʣʝʥʥʷ ʟʤʽʥʥʠʭ. ʈʦʟʚ’ʷʟʦʢ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ [2]:

( )1 2 nk nk

nk nk nkk 1n 1

s ht h cht z k n(x, y,z) 4 sin x sin y
R c a s ht h cht h c R

¤ ¤

= =

w +w Ö p pj = Ö +
Ö Ö Ö Öää

( )1 2 nk nk

nk nk nkk 1n 1

cht h s ht z k n4 sin x sin y
R c a s ht h cht h c R

¤ ¤

= =

w -w Ö p p+ Ö
Ö Ö Ö Öää .

( )
6 5 nk nk

x
k 1n 1 nk nk nk

( )chp h chp z1 k n(x, y,z) sin x sin y
n4 c Rp s hp h chp h

R

¤ ¤

= =

w -w p py = Ö +
på õl +m Öæ öç ÷

ää

( )
5 6 nk nk

k 1n 1 nk nk nk

( )s hp h s hp z1 k nsin x sin y
n4 c Rp s hp h chp h

R

¤ ¤

= =

w +w p p+ Ö
på õl +m Öæ öç ÷

ää

7 8 nk nk
y

nk nk nkk 1n 1

( )s hp h chp z k n(x, y,z) sin x sin y
p kR chp h s hp h c R

¤ ¤

= =

w +w Ö p py = Ö +
m pää

8 7 nk nk

nk nk nkk 1n 1

( )c hp h s hp z k nsin x sin y
p kR chp h s hp h c R

¤ ¤

= =

w -w Ö p p+ Ö
m pää

3 4 nk nk
z 2

k 1n 1 nk nk

( )s hp h c hp z k n(x, y,z) sin x sin y
c Rnk c hp h s hp h

¤ ¤

= =

w +w Ö p py = Ö +
lp

ää

3 4 nk nk
2

k 1n 1 nk nk

( )c hp h s hp z k nsin x sin y
c Rnk c hp h s hp h

¤ ¤

= =

w -w Ö p p+ Ö
lp

ää ,                             (3)

1

2 0 0

( , )
sin sin

( , )

c R
up

low

q x y n ky xdxdy
R cq x y

w p p
w

ë ûë û î î= -ì ü ì ü
î îí ý í ý

ñ ñ ,
c R

up3

4 low0 0

q (x, y) n kcos ycos xdxdy
R cq (x, y)

ë ûwë û p pî î= -ì ü ì üw î îí ý í ý
ñ ñ ,

c R
up5

6 low0 0

q (x, y)n ncos ysin x dxdy
R c q (x, y)

ë ûwë û p p î î=ì ü ì üw î îí ý í ý
ñ ñ ,

c R
up7

8 low0 0

q (x, y)n ksin ysin dxdy
R c q (x, y)

ë ûwë û p p î î=ì ü ì üw î îí ý í ý
ñ ñ ,

2 2
2

nk t
k np k
c R
p på õ å õ= - + +æ ö æ öç ÷ ç ÷

,
2 2

2
nk l

k nt k
c R
p på õ å õ= - -æ ö æ öç ÷ ç ÷

.

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʬʽʟʠʯʥʫ ʤʦʜʝʣʴ ʛʝʥʝʨʘʮʽʾ ʟʚʫʢʫ ʚʽʙʨʘʮʽʡʥʦʛʦ
ʧʦʭʦʜʞʝʥʥʷ, ʷʢʘ ʫʨʘʭʦʚʫʻ ʪʨʘʥʩʬʦʨʤʘʮʽʶ ʚʥʫʪʨʽʰʥʽʭ ʭʚʠʣʴ, ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ ʧʽʜ ʜʽʻʶ
ʟʦʚʥʽʰʥʴʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʫ ʥʦʨʤʘʣʴʥʽ ʟʚʫʢʦʚʽ ʢʦʣʠʚʘʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʣʦʧʘʪʽ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1. Isakovich, M.A., General Acoustics. M.: “Science”, 1973.p. 495
Petro LUKIANOV, Sergii KARMAZIN . Noise of Elastic Thickness Vibrations of a Helicopter
Blade Induced by Aerodynamic Loads// Aerospace Technic and Technology,N6 (2025),pp.4-15.
https://nti.khai.edu/ojs/index.php/aktt/article/view/aktt.2025.6.01
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ʈʆɿʇʆɼɯʃ ʊɽʄʇɽʈɸʊʋʈʀ ɺ ʇʈʀʉʊɯʅʅɯʁ ʆɹʃɸʉʊɯ
ɺʀʉʆʂʆʐɺʀɼʂɯʉʅʆɻʆ ʇɯɺʆɹʄɽɾɽʅʆɻʆ ʉʊʈʋʄɽʅʖ

ɻɸɿʆɺʆɻʆ ɽɾɽʂʊʆʈɸ

ʂʦʨʦʙʦʚ ɺ.ɯ.1, ʗʨʦʰ ɼ.ɺ.1, ʂʦʨʦʙʦʚʘ ʄ.ɺ.2, ʂʦʣʦʜʽʡ ʅ.ʆ.3
1ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ

2ʂʠʾʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ʊʘʨʘʩʘ ʐʝʚʯʝʥʢʘ
3ʅʊʋ ʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ

vita.korobov@gmail.com

ɻʘʟʦʚʠʡ ʝʞʝʢʪʦʨ ʟʘʚʜʷʢʠ ʧʨʦʩʪʦʪʽ ʢʦʥʩʪʨʫʢʮʽʾ, ʚʽʜʩʫʪʥʦʩʪʽ ʨʫʭʦʤʠʭ ʜʝʪʘʣʝʡ ʽ, ʦʪʞʝ,
ʚʠʩʦʢʦʾ ʥʘʜʽʡʥʦʩʪʽ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ ʪʝʭʥʽʢʠ, ʦʩʦʙʣʠʚʦ ʚ
ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. ɺʠʭʣʦʧʥʠʡ ʩʪʨʫʤʽʥʴ ʽʥʞʝʢʪʦʨʘ ʯʘʩʪʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʩʠʩʪʝʤʘʭ
ʦʭʦʣʦʜʞʝʥʥʷ ʜʝʪʘʣʝʡ ʫ ʧʨʦʮʝʩʽ ʤʝʭʘʥʽʯʥʦʾ ʪʘ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ. ʇʨʠʩʪʨʽʡ ʤʘʻ
ʦʙʤʝʞʝʥʠʡ ʜʽʘʧʘʟʦʥ ̔ ʥʪʝʛʨʘʣʴʥʦʛʦ ʧʝʨʝʧʘʜʫ ʪʝʤʧʝʨʘʪʫʨʠ. ʍʦʯʘ ʧʨʠ ʮʴʦʤʫ ʟʥʘʯʥʠʡ ʧʝʨʝʧʘʜ
ʪʝʤʧʝʨʘʪʫʨ ʨʝʘʣʽʟʫʻʪʴʩʷ ʚʩʝʨʝʜʠʥʽ, ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʚʠʭʦʜʽ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʩʪʨʫʤʝʥʷ
ʟʽ ʟʨʽʟʘʥʦʛʦ ʩʦʧʣʘ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʦʾ ʟʦʥʠ ʚ ʢʦʥʩʪʨʫʢʮʽʷʭ ʦʭʦʣʦʜʞʝʥʥʷ, ʥʘʧʨʠʢʣʘʜ
ʤʽʢʨʦʧʨʦʮʝʩʦʨʥʦʾ ʪʝʭʥʽʢʠ, ʤʦʞʝ ʽʩʪʦʪʥʦ ʧʽʜʚʠʱʠʪʠ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʝʨʝʥʝʩʝʥʥʷ. ɼʣʷ
ʨʝʘʣʽʟʘʮʽʾ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʥʝʦʙʭʽʜʥʦ ʨʦʟʫʤʽʥʥʷ ʜʦʩʷʞʥʦʛʦ ʨʽʚʥʷ ʧʘʜʽʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ
ʩʪʽʥʮʽ, ʱʦ ʦʭʦʣʦʜʞʫʻʪʴʩʷ, ʚ ʨʦʟʛʽʥʥʽʡ ʟʦʥʽ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʩʪʨʫʤʝʥʷ. ʎʽ ʜʦʩʣʽʜʞʝʥʥʷ
ʧʦʢʣʠʢʘʥʽ ʧʦʧʦʚʥʠʪʠ ʽʥʬʦʨʤʘʮʽʡʥʝ ʧʦʣʝ ʫ ʟʘʟʥʘʯʝʥʦʤʫ ʥʘʧʨʷʤʢʫ.

ʈʦʙʦʪʫ ʚʠʢʦʥʘʥʦ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʩʪʝʥʜʽ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʤʽʥʽʘʪʶʨʥʠʭ
ʤʘʣʦʽʥʝʨʮʽʡʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʜʘʪʯʠʢʽʚ ʪʝʤʧʝʨʘʪʫʨʠ, ʷʢʽ ʨʦʟʤʽʱʫʚʘʣʠʩʷ ʥʘ ʧʦʚʝʨʭʥʽ
ʨʦʟʛʽʥʥʠʭ ʛʨʘʥʝʡ ʤʘʢʝʪʘ ʧʣʦʩʢʦʛʦ ʧʦʚʽʪʨʷʥʦʛʦ ʝʞʝʢʪʦʨʘ, ʚʠʤʽʨʶʚʘʣʘʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ
ʧʨʠʩʪʽʥʥʽʡ ʦʙʣʘʩʪʽ ʧʝʨʚʠʥʥʦʛʦ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʩʪʨʫʤʝʥʷ. ɺʘʨʽʶʚʘʚʩʷ ʧʘʨʘʤʝʪʨ
ʽʤʧʫʣʴʩʫ ʥʘʜʜʫʚʫ.

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫʚʘʣʠʩʷ
ʢʦʤʧʣʝʢʩʥʦ (ʈʠʩ).
ɯʥʪʝʨʧʨʝʪʘʮʽʷ ʨʝʞʠʤʫ ʪʝʯʽʾ ʚʩʝʨʝʜʠʥʽ ʢʘʤʝʨʠ
ʟʤʽʰʫʚʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ
ʚʠʤʽʨʶʚʘʥʴ ʪʘ ʚʠʪʨʘʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ,
ʭʘʨʘʢʪʝʨ ʢʨʠʚʠʭ ʥʘ ʚʽʜʧʦʚʽʜʥʠʭ ʜʽʘʛʨʘʤʘʭ,
ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʬʦʪʦʛʨʘʬʽʷʤʠ ʚʽʟʫʘʣʽʟʘʮʽʾ
ʪʝʯʽʾ ʚʩʝʨʝʜʠʥʽ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʪʨʘʢʪʫ
ʧʦʚʽʪʨʷʥʦʛʦ ʝʞʝʢʪʦʨʘ *).

1. ɿʘʬʽʢʩʦʚʘʥʦ ʟʦʥʠ ʪʘ ʧʘʨʘʤʝʪʨʠ ʟʽ ʟʥʘʯʥʠʤ ʧʘʜʽʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʱʦʜʦ ʧʦʚʽʪʨʷ,
ʱʦ ʥʘʜʜʫʚʘʻʪʴʩʷ.

2. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʥʘ ʧʽʜʩʪʘʚʽ ʜʘʥʠʭ ʢʦʤʧʣʝʢʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʪʚʝʨʜʞʝʥʦ
ʽʩʥʫʚʘʥʥʷ ʢʨʠʪʠʯʥʦʛʦ ʨʝʞʠʤʫ ʨʦʙʦʪʠ ʥʘʜʟʚʫʢʦʚʦʛʦ ʛʘʟʦʚʦʛʦ ʝʞʝʢʪʦʨʘ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ
ʪʠʧʫ, ʢʦʣʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘʤʠʢʘʥʥʷ ʥʠʟʴʢʦʥʘʧʽʨʥʦʛʦ ʛʘʟʫ ʩʪʨʫʤʝʥʝʤ ʚʠʩʦʢʦʥʘʧʽʨʥʦʛʦ ʛʘʟʫ,
ʱʦ ʨʦʟʰʠʨʶʻʪʴʩʷ, ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʜʽʣʷʥʮʽ ʢʘʤʝʨʠ ʟʤʽʰʫʚʘʥʥʷ.

3. ʆʢʨʝʩʣʝʥʦ ʨʦʙʦʯʠʡ ʜʽʘʧʘʟʦʥ ʨʦʙʦʪʠ ʧʦʚʽʪʨʷʥʦʛʦ ʝʞʝʢʪʦʨʘ ʟʘʜʘʥʦʾ ʛʝʦʤʝʪʨʽʾ.
4. ʆʩʦʙʣʠʚʦʩʪʽ ʨʦʙʦʪʠ ʛʘʟʦʚʦʛʦ ʝʞʝʢʪʦʨʘ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʚ ʩʠʩʪʝʤʘʭ

ʦʭʦʣʦʜʞʝʥʥʷ ʪʝʭʥʽʯʥʠʭ ʧʨʠʩʪʨʦʾʚ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ.
ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

*) ʂʦʨʦʙʦʚ ɺ.ʀ., ɿʘʛʫʤʝʥʥʳʡ ʗ.ɺ., ʇʘʨʘʤʦʥʦʚ ʖ.ɸ. (2007) ʊʝʯʝʥʠʝ ʚ ʵʞʝʢʪʦʨʥʦʡ ʩʠʩʪʝʤʝ
ʩ ʧʦʣʫʦʛʨʘʥʠʯʝʥʥʦʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʩʪʨʫʝʡ. ʇʨʠʢʣʘʜʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ, ɯʥ-ʪ
ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, 9 (1), 36-44.
http://dspace.nbuv.gov.ua/bitstream/handle/123456789/4692/04-Korobov.pdf?sequence=1
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ʂʆʄʇ’ʖʊɽʈʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ɽʂʈɸʅʅʆɻʆ ɽʌɽʂʊʋ:
ʇʆʈɯɺʅʗʃʔʅʀʁ ɸʅɸʃɯɿ ʇɯɼʍʆɼɯɺ

ʂʫʰʥʽʨ ɼ.ɯ., ɿʘʛʫʤʝʥʥʠʡ ʗ.ɺ.
ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅʘʮʽʦʥʘʣʴʥʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ,

kushnirdima2000@gmail.com

ɼʦʩʣʽʜʞʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʠʣʦʚʠʭ ʧʨʦʬʽʣʽʚ ʻ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ
ʝʪʘʧʽʚ ʧʨʦʻʢʪʫʚʘʥʥʷ ʩʫʯʘʩʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʪʘ ʚʠʢʦʥʫʻʪʴʩʷ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʷʢ
ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ, ʪʘʢ ʽ ʯʠʩʝʣʴʥʠʭ ʤʝʪʦʜʽʚ. ɺ ʦʙʦʭ ʧʽʜʭʦʜʘʭ ʜʣʷ ʩʧʨʦʱʝʥʥʷ ʧʦʩʪʘʥʦʚʢʠ
ʟʘʜʘʯʽ ʧʝʨʝʚʘʞʥʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʦʙʝʨʥʝʥʘ ʩʭʝʤʘ ʤʦʜʝʣʶʚʘʥʥʷ, ʟʘ ʷʢʦʾ ʘʝʨʦʜʠʥʘʤʽʯʥʠʡ
ʧʨʦʬʽʣʴ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʨʫʭʦʤʠʤ, ʘ ʡʦʛʦ ʨʫʭ ʚʽʜʥʦʩʥʦ ʧʦʚʽʪʨʷ ʟʘʤʽʥʶʻʪʴʩʷ ʥʘʙʽʛʘʶʯʠʤ
ʧʦʪʦʢʦʤ ʚʽʜʧʦʚʽʜʥʦʾ ʰʚʠʜʢʦʩʪʽ. ɿʘ ʩʪʘʣʠʭ ʫʤʦʚ ʪʘʢʘ ʧʦʩʪʘʥʦʚʢʘ ʻ ʬʽʟʠʯʥʦ ʝʢʚʽʚʘʣʝʥʪʥʦʶ
ʨʝʘʣʴʥʦʤʫ ʨʫʭʫ ʧʨʦʬʽʣʶ ʪʘ ʽʩʪʦʪʥʦ ʩʧʨʦʱʫʻ ʨʝʘʣʽʟʘʮʽʶ ʷʢ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ
ʚ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʪʨʫʙʘʭ, ʪʘʢ ʽ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʦʩʢʽʣʴʢʠ ʫʩʫʚʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ
ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʫʭʦʤʠʭ ʩʽʪʦʢ ʽ ʧʦʚ'ʷʟʘʥʠʭ ʽʟ ʥʠʤʠ ʘʣʛʦʨʠʪʤʽʚ ʜʠʥʘʤʽʯʥʦʾ ʧʝʨʝʙʫʜʦʚʠ
ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ. ɺʦʜʥʦʯʘʩ ʝʢʚʽʚʘʣʝʥʪʥʽʩʪʴ ʧʨʷʤʦʾ ʪʘ ʦʙʝʨʥʝʥʦʾ ʧʦʩʪʘʥʦʚʦʢ ʤʦʞʝ
ʧʦʨʫʰʫʚʘʪʠʩʷ ʫ ʚʠʧʘʜʢʘʭ, ʢʦʣʠ ʧʦʙʣʠʟʫ ʧʨʦʬʽʣʶ ʨʦʟʪʘʰʦʚʘʥʽ ʪʚʝʨʜʽ ʧʦʚʝʨʭʥʽ ʘʙʦ ʽʥʰʽ
ʦʙ'ʻʢʪʠ, ʚʟʘʻʤʦʜʽʷ ʟ ʷʢʠʤʠ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʠʙʦʨʫ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ [1].

ɼʣʷ ʟʘʜʘʯ ʚʽʣʴʥʦʛʦ ʧʦʣʴʦʪʫ ʚʠʙʽʨ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʥʘ ʚʽʜʜʘʣʝʥʠʭ ʤʝʞʘʭ ʨʦʟʨʘʭʫʥʢʦʚʦʾ
ʦʙʣʘʩʪʽ ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʨʝʟʫʣʴʪʘʪʠ ʯʝʨʝʟ ʾʭ ʟʥʘʯʥʫ ʚʽʜʩʪʘʥʴ ʚʽʜ ʧʨʦʬʽʣʶ. ʆʜʥʘʢ
ʧʽʜ ʯʘʩ ʜʦʩʣʽʜʞʝʥʥʷ ʝʢʨʘʥʥʦʛʦ ʝʬʝʢʪʫ, ʢʦʣʠ ʧʨʦʬʽʣʴ ʨʫʭʘʻʪʴʩʷ ʥʘ ʤʘʣʽʡ ʚʠʩʦʪʽ ʥʘʜ
ʧʦʚʝʨʭʥʝʶ, ʟʦʢʨʝʤʘ ʥʘ ʚʽʜʩʪʘʥʽ ʙʣʠʟʴʢʦ 0.1 ʜʦʚʞʠʥʠ ʭʦʨʜʠ ʢʨʠʣʘ, ʥʠʞʥʷ ʤʝʞʘ ʦʙʣʘʩʪʽ
ʦʙʪʽʢʘʥʥʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʤʦʜʝʣʶʻ ʝʢʨʘʥ ʽ ʧʦʯʠʥʘʻ ʚʠʟʥʘʯʘʪʠ ʬʽʟʠʢʫ ʪʝʯʽʾ. ʋ ʮʽʡ ʦʙʣʘʩʪʽ
ʩʫʪʪʻʚʦ ʟʨʦʩʪʘʻ ʪʠʩʢ ʧʽʜ ʧʨʦʬʽʣʝʤ, ʟʤʽʥʶʻʪʴʩʷ ʨʦʟʧʦʜʽʣ ʰʚʠʜʢʦʩʪʝʡ, ʟʤʝʥʰʫʻʪʴʩʷ
ʽʥʜʫʢʪʠʚʥʠʡ ʦʧʽʨ, ʧʦʩʠʣʶʻʪʴʩʷ ʧʝʨʝʪʽʢʘʥʥʷ ʧʦʪʦʢʫ ʟ ʥʠʞʥʴʦʾ ʧʦʚʝʨʭʥʽ ʥʘ ʚʝʨʭʥʶ,
ʟʤʽʥʶʻʪʴʩʷ ʩʪʨʫʢʪʫʨʘ ʚʠʭʨʦʚʦʛʦ ʩʣʽʜʫ ʪʘ ʭʘʨʘʢʪʝʨ ʡʦʛʦ ʚʟʘʻʤʦʜʽʾ ʟ ʝʢʨʘʥʦʤ, ʘ ʪʘʢʦʞ ʤʦʞʫʪʴ
ʚʠʥʠʢʘʪʠ ʧʝʨʝʜʯʘʩʥʠʡ ʟʨʠʚ ʧʦʪʦʢʫ ʡ ʽʥʰʽ ʥʝʩʪʘʮʽʦʥʘʨʥʽ ʷʚʠʱʘ. ʋʥʘʩʣʽʜʦʢ ʮʴʦʛʦ ʚʠʙʽʨ
ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʧʦʚʝʨʭʥʽ ʝʢʨʘʥʘ ʪʘ ʚʽʜʧʦʚʽʜʥʠʭ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʤʦʞʝ ʙʝʟʧʦʩʝʨʝʜʥʴʦ
ʚʧʣʠʚʘʪʠ ʥʘ ʨʦʟʧʦʜʽʣ ʪʠʩʢʫ, ʩʪʨʫʢʪʫʨʫ ʪʝʯʽʾ ʪʘ ʽʥʪʝʛʨʘʣʴʥʽ ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ,
ʱʦ ʨʦʙʠʪʴ ʜʘʥʝ ʧʠʪʘʥʥʷ ʦʜʥʠʤ ʽʟ ʚʠʟʥʘʯʘʣʴʥʠʭ ʯʠʥʥʠʢʽʚ ʜʦʩʪʦʚʽʨʥʦʩʪʽ ʯʠʩʝʣʴʥʦʛʦ
ʤʦʜʝʣʶʚʘʥʥʷ.

ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʜʦʩʣʽʜʞʝʥʴ, ʫ ʥʘʫʢʦʚʽʡ ʣʽʪʝʨʘʪʫʨʽ ʚʽʜʩʫʪʥʽʡ ʻʜʠʥʠʡ
ʧʽʜʭʽʜ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʝʢʨʘʥʘ. ʆʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʭ ʚʘʨʽʘʥʪʽʚ ʻ ʤʦʜʝʣʴ
ʨʫʭʦʤʦʾ ʧʦʚʝʨʭʥʽ (‘moving wall’) [2], ʜʣʷ ʷʢʦʾ ʥʘ ʝʢʨʘʥʽ ʟʘʜʘʻʪʴʩʷ ʰʚʠʜʢʽʩʪʴ, ʱʦ ʜʦʨʽʚʥʶʻ
ʰʚʠʜʢʦʩʪʽ ʥʘʙʽʛʘʶʯʦʛʦ ʧʦʪʦʢʫ, ʽʤʽʪʫʶʯʠ ʥʝʩʢʽʥʯʝʥʥʠʡ ʨʫʭ ʟʝʤʥʦʾ ʧʦʚʝʨʭʥʽ ʚʽʜʥʦʩʥʦ
ʧʨʦʬʽʣʶ. ɯʥʰʠʤ ʧʽʜʭʦʜʦʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʨʘʥʠʯʥʦʾ ʫʤʦʚʠ ‘slip’, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ
ʥʝʧʨʦʥʠʢʥʽʩʪʴ ʧʦʪʦʢʫ ʯʝʨʝʟ ʧʦʚʝʨʭʥʶ ʝʢʨʘʥʘ, ʘʣʝ ʥʝ ʚʨʘʭʦʚʫʻ ʜʦʪʠʯʥʝ ʚ'ʷʟʢʝ ʪʝʨʪʷ, ʱʦ
ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ ̔ ʜʝʘʣʽʟʦʚʘʥʫ ʛʣʘʜʢʫ ʧʦʚʝʨʭʥʶ ʙʝʟ ʬʦʨʤʫʚʘʥʥʷ ʧʨʠʤʝʞʦʚʦʛʦ h ʘʨʫ [3].
ɸʣʴʪʝʨʥʘʪʠʚʦʶ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʨʘʥʠʯʥʦʾ ʫʤʦʚʠ ‘no-slip’, ʟʘ ʷʢʦʾ ʰʚʠʜʢʽʩʪʴ ʧʦʪʦʢʫ ʥʘ
ʧʦʚʝʨʭʥʽ ʝʢʨʘʥʘ ʜʦʨʽʚʥʶʻ ʥʫʣʶ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʫʤʦʚʠ ʧʨʠʣʠʧʘʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ
ʬʦʨʤʫʚʘʥʥʷ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʪʘ ʚʨʘʭʫʚʘʥʥʷ ʚʧʣʠʚʫ ʚ'ʷʟʢʦʩʪʽ. ʅʘʡʙʽʣʴʰ ʬʽʟʠʯʥʦ
ʢʦʨʝʢʪʥʠʤ ʩʧʦʩʦʙʦʤ ̒  ʙʝʟʧʦʩʝʨʝʜʥʻ ʤʦʜʝʣʶʚʘʥʥʷ ʨʫʭʫ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʧʨʦʬʽʣʶ ʚʽʜʥʦʩʥʦ
ʥʝʨʫʭʦʤʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʽʚ ʜʠʥʘʤʽʯʥʠʭ ʩʽʪʦʢ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʥʘʡʙʽʣʴʰ
ʧʦʚʥʦ ʚʽʜʪʚʦʨʶʻ ʨʝʘʣʴʥʽ ʫʤʦʚʠ ʧʦʣʴʦʪʫ, ʧʨʦʪʝ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʦʙʯʠʩʣʶʚʘʣʴʥʦʶ
ʩʢʣʘʜʥʽʩʪʶ, ʥʝʦʙʭʽʜʥʽʩʪʶ ʜʠʥʘʤʽʯʥʦʾ ʧʝʨʝʙʫʜʦʚʠ ʩʽʪʢʠ ʪʘ ʟʥʘʯʥʠʤʠ ʚʠʪʨʘʪʘʤʠ ʤʘʰʠʥʥʦʛʦ
ʯʘʩʫ, ʱʦ ʩʫʪʪʻʚʦ ʦʙʤʝʞʫʻ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʧʘʨʘʤʝʪʨʠʯʥʠʭ
ʜʦʩʣʽʜʞʝʥʴ.

ʋ ʜʦʧʦʚʽʜʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʯʦʪʠʨʴʦʭ ʧʽʜʭʦʜʽʚ ʜʦ
ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʣʦʩʢʦʛʦ ʝʢʨʘʥʘ: ʤʦʜʝʣʽ ʨʫʭʦʤʦʾ ʧʦʚʝʨʭʥʽ ʟʽ ʰʚʠʜʢʽʩʪʶ
ʥʘʙʽʛʘʶʯʦʛʦ ʧʦʪʦʢʫ (ʈʠʩ. 1ʘ), ʤʦʜʝʣʽ ʟ ʛʨʘʥʠʯʥʦʶ ʫʤʦʚʦʶ ‘no-slip’ (ʈʠʩ. 1ʙ), ʤʦʜʝʣʽ ʟ
ʛʨʘʥʠʯʥʦʶ ʫʤʦʚʦʶ ‘slip’ (ʈʠʩ. 1ʚ), ʘ ʪʘʢʦʞ ʤʦʜʝʣʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦʛʦ ʨʫʭʫ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ
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ʧʨʦʬʽʣʶ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʽʚ ʜʠʥʘʤʽʯʥʠʭ ʩʽʪʦʢ (ʈʠʩ. 1ʛ). ɼʣʷ ʢʦʞʥʦʾ ʤʦʜʝʣʽ ʧʨʦʚʝʜʝʥʦ
ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʢʦʝʬʽʮʽʻʥʪʽʚ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ, ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ ʪʘ
ʘʝʨʦʜʠʥʘʤʽʯʥʦʾ ʷʢʦʩʪʽ.

ʘ) ʙ)
ʚ) ʛ)

ʈʠʩ. 1. ʉʭʝʤʘ ʟʘʜʘʯʽ ʽʟ ʟʘʟʥʘʯʝʥʥʷʤ ʨʦʟʛʣʷʥʫʪʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ
ʝʢʨʘʥʥʦʛʦ ʝʬʝʢʪʫ

ʂʨʽʤ ʽʥʪʝʛʨʘʣʴʥʠʭ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʚʠʢʦʥʘʥʦ ʩʧʝʢʪʨʘʣʴʥʠʡ ʘʥʘʣʽʟ
ʯʘʩʦʚʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʣʷ ʦʮʽʥʶʚʘʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ
ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ ʧʨʦʮʝʩʽʚ. ʆʢʨʝʤʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʧʦʨʽʚʥʷʣʴʥʦʤʫ ʘʥʘʣʽʟʫ ʢʘʨʪʠʥ ʚʠʭʨʦʚʦʾ
ʩʪʨʫʢʪʫʨʠ ʪʝʯʽʾ, ʨʦʟʧʦʜʽʣʽʚ ʢʦʝʬʽʮʽʻʥʪʘ ʪʠʩʢʫ ʚʟʜʦʚʞ ʚʝʨʭʥʴʦʾ ʪʘ ʥʠʞʥʴʦʾ ʧʦʚʝʨʭʦʥʴ
ʧʨʦʬʽʣʶ, ʘ ʪʘʢʦʞ ʚʘʣʽʜʘʮʽʾ ʯʠʩʝʣʴʥʠʭ ʤʦʜʝʣʝʡ (ʈʠʩ. 2). ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʦ ʜʣʷ
ʧʨʦʬʽʣʽʚ NACA0012 ʽ Clark-y ʧʨʠ ʜʚʦʭ ʨʝʞʠʤʘʭ ʪʝʯʽʾ (Re=104 ʽ Re=105), ʪʨʴʦʭ ʢʫʪʘʭ ʘʪʘʢʠ
(2.5, 5.0 ʽ 7.5 ʛʨʘʜʫʩʽʚ) ʪʘ ʯʦʪʠʨʴʦʭ ʚʽʜʩʪʘʥʝʡ ʜʦ ʝʢʨʘʥʫ (0.1, 0.2, 0.5 ʜʦʚʞʠʥ ʭʦʨʜʠ ʪʘ
ʚʠʧʘʜʦʢ ʨʫʭʫ ʢʨʠʣʘ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ).

ʘ)

ʚ)

ʙ)

ʛ)

ʈʠʩ. 2. ɺʠʭʨʦʚʘ ʩʪʨʫʢʪʫʨʘ ʪʝʯʽʾ ʥʘʚʢʦʣʦ ʩʠʤʝʪʨʠʯʥʦʛʦ (NACA0012) (ʘ, ʚ) ʽ
ʥʝʩʠʤʝʪʨʠʯʥʦʛʦ (Clark-y) (ʙ, ʛ) ʢʨʠʣʦʚʠʭ ʧʨʦʬʽʣʽʚ ʧʦʙʣʠʟʫ ʝʢʨʘʥʫ (ʚ, ʛ) ʪʘ ʥʘ ʟʥʘʯʥʽʡ

ʚʽʜʩʪʘʥʽ ʚʽʜ ʥʴʦʛʦ (ʘ, ʙ)

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʟʚʦʣʷʶʪʴ ʦʮʽʥʠʪʠ ʩʪʫʧʽʥʴ ʚʧʣʠʚʫ ʩʧʦʩʦʙʫ ʤʦʜʝʣʶʚʘʥʥʷ
ʝʢʨʘʥʫʶʯʦʾ ʧʦʚʝʨʭʥʽ ʥʘ ʜʦʩʪʦʚʽʨʥʽʩʪʴ ʚʠʟʥʘʯʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʠʣʘ
ʧʦʙʣʠʟʫ ʝʢʨʘʥʫ, ʚʠʟʥʘʯʠʪʠ ʤʝʞʽ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʨʦʟʛʣʷʥʫʪʠʭ ʯʠʩʝʣʴʥʠʭ ʧʽʜʭʦʜʽʚ, ʘ ʪʘʢʦʞ
ʩʬʦʨʤʫʣʶʚʘʪʠ ʧʨʘʢʪʠʯʥʽ ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʚʠʙʦʨʫ ʥʘʡʝʬʝʢʪʠʚʥʽʰʠʭ ʯʠʩʝʣʴʥʠʭ ʤʦʜʝʣʝʡ,
ʷʢʽ ʥʘʡʜʦʩʪʦʚʽʨʥʽʰʝ ʚʽʜʪʚʦʨʶʶʪʴ ʨʫʭ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ ʧʦʙʣʠʟʫ ʝʢʨʘʥʘ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1. Anderson J. D. Fundamentals of Aerodynamics. 6th ed. New York: McGraw-Hill
Education, 2017. 1168 p.

2. Moore, N., Wilson, P.A. and Peters, A.J. An investigation into wing in ground effect
aerofoil geometry. In RTO-MP-095. NATO Research and Technology Organisation. 2002. P. 11-
20.

3. Pátek Z., Vrchota P., Ļervinka J. Experimental and Computational Study of Ground Effect
on Airfoil Section. Proceedings of the 30th Congress of the International Council of the
Aeronautical Sciences (ICAS-2016). 2016.
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ʃʫʢʘʥ ɸ.ɺ.1, ʃʫʢ’ʷʥʦʚ ʇ.ɺ.2
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ɸʝʨʦʜʠʥʘʤʽʯʥʘ ʩʪʽʡʢʽʩʪʴ ʚʝʨʪʦʣʴʦʪʘ ʧʽʜ ʯʘʩ ʧʦʣʴʦʪʫ, ʤʘʥʝʚʨʽʚ ʟʘʣʝʞʠʪʴ ʚʽʜ ʟʤʽʥʠ
ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝʩʫʯʦʛʦ ʛʚʠʥʪʘ, ʨʦʪʦʨʘ ʚʝʨʪʦʣʴʦʪʘ. ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ
ʣʦʧʘʪʴ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʚʠʛʦʪʦʚʣʷʻʪʴʩʷ ʞʦʨʩʪʢʦʶ, ʚʩʝ ʞ ʪʘʢʠ ʤʘʣʽ ʢʦʣʠʚʘʥʥʷ ʣʦʧʘʪʽ
ʧʨʠʩʫʪʥʽ. ʇʨʦ ʮʝ ʩʚʽʜʯʠʪʴ ʟʡʦʤʢʘ ʪʝʣʝʢʘʤʝʨʠ, ʨʦʟʤʽʱʝʥʦʾ ʫ ʢʦʨʝʥʝʚʦʾ ʯʘʩʪʠʥʠ ʣʦʧʘʪʽ. ɼʘʥʽ
ʢʦʣʠʚʘʥʥʷ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʤʽʥʠ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʝʨʪʦʣʴʦʪʘ, ʤʦʞʣʠʚʦʾ ʚʪʨʘʪʠ
ʩʪʽʡʢʦʩʪʽ, ʱʦ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʥʝʢʝʨʦʚʘʥʦʩʪʽ ʚʝʨʪʦʣʴʦʪʘ.

ʅʘʡʙʽʣʴʰ ʘʜʝʢʚʘʪʥʦʶ ʪʝʦʨʽʻʶ, ʷʢʘ ʦʧʠʩʫʻ ʟʛʠʥʘʣʴʥʽ ʢʦʣʠʚʘʥʥʷ ʙʝʟ ʧʦʧʝʨʝʯʥʦʾ
ʜʝʬʦʨʤʘʮʽʾ, ʻ ʪʝʦʨʽʷ ʂʽʨʭʛʦʬʘ –ʃʷʚʘ. ʈʽʚʥʷʥʥʷ, ʷʢʝ ʦʧʠʩʫʻ ʧʦʜʽʙʥʽ ʢʦʣʠʚʘʥʥʷ, ʻ ʨʽʚʥʷʥʥʷ
ʃʘʛʨʘʥʞʘ-ʉʦʬʽ ɾʝʨʤʝʥ. ɼʣʷ ʣʦʧʘʪʽ ʧʨʷʤʦʢʫʪʥʦʾ ʬʦʨʤʠ ʜʘʥʫ ʟʘʜʘʯʫ ʚʞʝ ʨʦʟʚ’ʷʟʘʥʦ ʫ
ʨʦʙʦʪʽ [1]. ʉʫʯʘʩʥʽ ʣʦʧʘʪʽ ʥʘʤʘʛʘʶʪʴʩʷ ʚʠʛʦʪʦʚʣʷʪʠ ʢʨʠʚʦʣʽʥʽʡʥʦʾ ʬʦʨʤʠ. ʊʘʢʽ ʣʦʧʘʪʽ ʚʞʝ
ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘ ʨʦʪʦʨʘʭ ʚʝʨʪʦʣʴʦʪʘ ʟ ʤʝʪʦʶ ʟʥʠʞʝʥʥʷ ʰʫʤʫ. ɺʠʚʯʝʥʥʷ ʟʤʽʥʠ
ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʣʦʧʘʪʽ ʢʨʠʚʦʣʽʥʽʡʥʦʾ ʬʦʨʤʠ ʧʽʜ ʯʘʩ ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ
ʟʛʠʥʘʣʴʥʠʭ ʢʦʣʠʚʘʥʴ ʻ ʮʽʢʘʚʦʶ ʟʘʜʘʯʝʶ.

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ. ʈʦʟʛʣʷʥʝʤʦ ʦʜʥʫ ʟ ʤʦʞʣʠʚʠʭ ʚʘʨʽʘʮʽʡ ʟʤʽʥʠ ʬʦʨʤʠ ʣʦʧʘʪʽ
ʫʟʜʦʚʞ ʾʾ ʨʦʟʤʘʭʫ: ʯʘʩʪʠʥʘ ʢʨʫʛʦʚʦʛʦ ʢʽʣʴʮʷ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʛʦ ʨʘʜʽʫʩʘ (ʨʠʩ.1), ʷʢʘ ʟʦʚʥʽ
ʥʘʜʘʻ ʣʦʧʘʪʽ ʰʘʙʣʝʧʦʜʽʙʥʫ ʬʦʨʤʫ.

ʈʠʩ.1 ʃʦʧʘʪʴ ʨʦʪʦʨʘ ʢʨʠʚʦʣʽʥʽʡʥʦʾ ʬʦʨʤʠ

ɿʥʷʪʝ ʚʽʜʝʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʣʦʧʘʪʴ ʧʦʚʦʜʠʪʴʩʷ ʷʢ ʢʦʥʩʦʣʴʥʦ ʟʘʱʝʤʣʝʥʘ ʟ ʦʜʥʦʛʦ
ʙʦʢʫ ʧʣʘʩʪʠʥʘ [1],[2]. ɯʥʰʽ ʪʨʠ ʢʨʘʾ ʧʣʘʩʪʠʥʠ ʚʽʣʴʥʽ. ɺʚʘʞʘʻʤʦ ʣʦʧʘʪʴ ʪʦʥʢʦʶ. ʅʝʭʘʡ
ʟʦʚʥʽʰʥʻ ʥʘʚʘʥʪʘʞʝʥʥʷ ʛʘʨʤʦʥʽʯʥʝ cos tw , ʪʦʜʽ ʨʽʚʥʷʥʥʷ ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ ʟʛʠʥʘʣʴʥʠʭ
ʢʦʣʠʚʘʥʴ ʚ ʧʦʣʷʨʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ ( , )r j ʥʘʙʫʜʝ ʚʠʛʣʷʜʫ:

2

2 2

2 2
2

2
1 1( ) ( , ) ( , ) ( , ) cosD W r hw W r q r t
r rr r

j r j j w
j

µ µ µ+ Ö + Ö - =
µµ µ

(1)

ɼʦ ʨʽʚʥʷʥʥʷ (1) ʜʦʜʘʻʤʦ ʫʤʦʚʠ ʢʦʥʩʦʣʴʥʦ ʟʘʢʨʽʧʣʝʥʦʛʦ ʦʜʥʦʛʦ ʢʨʘʶ ʣʦʧʘʪʽ (ʪʦʥʢʦʾ
ʧʨʷʤʦʢʫʪʥʦʾ ʧʣʘʩʪʠʥʠ):

1 : 0, 0WW
r

j j µ= = =
µ

, (2)

ʚʽʣʴʥʦʛʦ ʽʥʰʦʛʦ ʢʨʘʶ :

2
1: 0, 0r

MrMr Q
r

jj j
j

µ= = + Ö =
µ

. (3)

ʅʘ ʧʝʨʝʜʥʽʡ ʪʘ ʟʘʜʥʽʭ ʢʨʘʡʢʘʭ ʣʦʧʘʪʽ ʟʘʜʘʤʦ ʧʝʨʝʨʽʟʫʶʯʠ ʟʫʩʠʣʣʷ :
1 1 2 1: ( , ) ( ); : ( , ) ( )r r q r q r r q r qj j j j= = = = (4)

ʈʦʟʚ’ʷʟʘʥʥʷ ʟʘʜʘʯʽ. ɼʣʷ ʟʥʘʭʦʜʞʝʥʥʷ ʨʦʟʚ’ʷʟʢʫ ʨʽʚʥʷʥʥʷ (1)ʟ ʟʘ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ (2)-
(3) ʩʧʦʯʘʪʢʫ ʙʫʣʦ ʨʦʟʚ’ʷʟʘʥʦ ʦʜʥʦʨʽʜʥʝ ʜʦ ʨʽʚʥʷʥʥʷ (1) ʥʘʩʪʫʧʥʝ ʨʽʚʥʷʥʥʷ:
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2

2 2

2 2
4

2
1 1( ) ( , ) ( , ) 0,W r K W r
r rr r

j j
j

µ µ µ+ Ö + Ö - =
µµ µ

(5)

ʷʢʝ ʤʦʞʥʘ ʧʦʜʘʪʠ ʫ ʚʠʛʣʷʜʽ ʦʧʝʨʘʪʦʨʥʦʛʦ ʜʦʙʫʪʢʫ:

2 2 2 2

2 2 2 2
2 2

2 2
1 1 1 1( )( ) 0W W W W W WK W K W
r r r rr rr rj j

µ µ µ µ µ µ+ Ö + Ö - + Ö + Ö + =
µ µµ µµ µ

, (6)

ʷʢʠʡ ʨʦʟʧʘʜʘʻʪʴʩʷ ʥʘ 2 ʨʽʚʥʷʥʥʷ:

2 2 2 2

2 2 2 2
2 2

2 2
1 1 1 10, 0W W W W W WK W K W
r r r rr rr rj j

µ µ µ µ µ µ+ Ö + Ö - = + Ö + Ö + =
µ µµ µµ µ

, (7)

ʜʝ
2

4 hwK
D

r= . ʇʦʟʥʘʯʠʤʦ ʨʦʟʚ’ʷʟʦʢ ʟʘʛʘʣʴʥʦʛʦ ʚʠʛʣʷʜʫ ʧʝʨʰʦʛʦ ʨʽʚʥʷʥʥʷ (7) ʯʝʨʝʟ (1)
nW ,  ʘ

ʨʦʟʚ’ʷʟʦʢ ʜʨʫʛʦʛʦ ʨʽʚʥʷʥʥʷ (7) ʯʝʨʝʟ (2)
nW . ʊʦʜʽ ʨʦʟʚ’ʷʟʦʢ ʟʘʛʘʣʴʥʦʛʦ ʚʠʛʣʷʜʫ ʨʽʚʥʷʥʥʷ (6)

ʥʘʙʫʜʝ ʚʠʛʣʷʜʫ:

[ ](1) (2)
1 2 3 4

0 0

( , ) ( ) ( ) ( ) ( ) ( ) ( cos sin )n n n n n n n n n n
n n

W r W W C Jv kr C Yv kr C Iv kr C Kv kr a v b vj j j
¤ ¤

= =

= + = + + + +ä ä (8)

ɼʘʣʽ ʙʫʣʠ ʟʥʘʡʜʝʥʽ ʚʣʘʩʥʽ ʯʠʩʣʘ ʪʘ ʚʣʘʩʥʽ ʬʫʥʢʮʽʾ ʜʣʷ ʨʽʚʥʷʥʴ (7), ʟ ʫʨʘʭʫʚʘʥʥʷʤ
ʷʢʠʭ (8) ʥʘʙʫʚʘʻ ʥʘʩʪʫʧʥʦʛʦ ʚʠʛʣʷʜʫ:

1 2 3 4
2 1 2 1 2 1 2 1

2 2 2 2( )cos ( )cos ( )cos ( )cosn an n an n an n an n
n n n nW C Jv kr C Yv kr C Iv kr C Kv krp j p j p j p j

j j j j j j j j
= + + + +

- - - -

1 2 3 4
2 1 2 1 2 1 2 1

2 2 2 2( )sin ( )sin ( )sin ( )sinbn n bn n bn n bn n
n n n nC Jv kr C Yv kr C Iv kr C Kv krp j p j p j p j

j j j j j j j j
+ + + +

- - - - , (9)

ʜʝ ʥʝʚʽʜʦʤʽ ʢʦʝʬʽʮʽʻʥʪʠ , 1,...,4ibnC i = ʟʥʘʭʦʜʷʪʴʩʷ ʟ ʩʠʩʪʝʤʠ ʣʽʥʽʡʥʠʭ ʘʣʛʝʙʨʘʾʯʥʠʭ ʨʽʚʥʷʥʴ,
ʷʢʘ ʫʪʚʦʨʠʣʘʩʴ ʧʽʩʣʷ ʟʘʜʦʚʽʣʴʥʝʥʥʷ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ (2)-(4).

ɼʘʣʽ, ʫʨʘʭʫʻʤʦ ʥʝʩʪʘʮʽʦʥʘʨʥʽʩʪʴ ʥʘʚʘʥʪʘʞʝʥʥʷ ( , )cosq r tj w , ʟʘʩʪʦʩʫʚʘʚʰʠ ʤʝʪʦʜ
ʥʦʨʤʘʣʴʥʠʭ ʢʦʦʨʜʠʥʘʪ [3], ʤʘʻʤʦ:

22
4

0 2
1

( , , ) ( , ) (cos cos )
( )

n
n

I DW r t W r t k t
hDkI h

h

j j w
rr w

r

¤

=

= ³ -
-

ä
, (10)

ʜʝ
2 2 2 2

1 1 1 1

1 2( , ) , ( , )
r r

n n
r r

I W r drd I W r drd
j j

j j

j j j j= =ñ ñ ñ ñ . (11)
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ʃɸʄɯʅɸʈʅʀʁ ʉʊʀʉʃʀɺʀʁ ʇʈʀʄɽɾʆɺʀʁ ʐɸʈ:
ɺɯɼʉʋʊʅɯʉʊʔ ʆɹɽʈʅɽʅʆʉʊɯ ʄɯɾ ɻʈɸɼɯɭʅʊʅʆɰ ʊɸ ɹɽɿ

ɻʈɸɼɯɭʅʊʅʆʖ ʊɽʏɯʗʄʀ

ʃʫʢ’ʷʥʦʚ ʇ.ɺ., ʋʪʶʛʦʚ ɭ.ɺ.
ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ «ʂʠʾʚʩʴʢʠʡ ʘʚʽʘʮʽʡʥʠʡ ʽʥʩʪʠʪʫʪ», ʂʠʾʚ,

pavel_lukianov@ukr.net, zytygov@gmail.com

ɺ ʩʫʯʘʩʥʠʭ ʨʦʙʦʪʘʭ, ʷʢʽ ʜʦʩʣʽʜʞʫʶʪʴ ʪʝʤʘʪʠʢʫ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ, ʨʦʙʠʪʴʩʷ, ʟʘ
ʟʘʤʦʚʯʝʥʥʷʤ, ʥʝʚʽʨʥʝ ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ ʦʙʝʨʥʝʥʦʩʪʽ ʟʘʜʘʯʽ ʙʝʟ ʛʨʘʜʽʻʥʪʥʦʾ ʪʝʯʽʾ
ʜʦ ʛʨʘʜʽʻʥʪʥʦʾ. ʊʘʢ ʷʢ ʧʨʠʤʝʞʦʚʠʡ ʰʘʨ ʙʝʟ ʛʨʘʜʽʻʥʪʥʦʾ ʪʝʯʽʾ ʚʽʜʧʦʚʽʜʘʻ ʬʽʟʠʢʦ-
ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʨʫʭʫ ʪʽʣʘ ʚ ʨʽʜʠʥʽ ʘʙʦ ʛʘʟʽ, ʫ ʚʠʧʘʜʢʫ ʢʦʣʠ ʚ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʽʡ
ʤʦʜʝʣʽ ʧʨʠʩʫʪʥʽʡ ʛʨʘʜʽʻʥʪ ʪʠʩʢʫ, ʪʦ ʮʝ ʚʽʜʧʦʚʽʜʘʻ ʨʫʭʫ ʨʽʜʠʥʠ ʘʙʦ ʛʘʟʫ ʧʦʚʟ ʥʝʨʫʭʦʤʝ
ʜʦʚʢʦʣʘ ʪʽʣʦ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʘʙʦ ʧʦʷʩʥʶʻ ʪʝ, ʱʦ ʘʚʪʦʨʠ ʚ ʩʚʦʾʭ ʨʦʙʦʪʘʭ ʧʨʦʚʦʜʷʪʴ
ʦʙʝʨʥʝʥʥʷ ʟʘʜʘʯʽ ʢʦʣʠ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʥʝ ʻ ʬʽʟʠʯʥʠʤʠ. ɺʚʘʞʘʻʪʴʩʷ ʱʦ ʧʨʠʤʝʞʦʚʠʡ ʰʘʨ ʥʘ
ʨʫʭʦʤʦʤʫ ʪʽʣʽ ʚʽʜʧʦʚʽʜʘʻ ʙʝʟ ʛʨʘʜʽʻʥʪʥʦʤʫ (Ὠὴ/Ὠὼ = 0), ʘ ʧʦʪʽʤ ʧʨʦʚʦʜʷʪʴ ʦʙʝʨʥʝʥʥʷ ʮʽʻʾ
ʟʘʜʘʯʽ ʚ ʟʘʜʘʯʫ ʟ ʪʘʢʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ ʜʝ ʥʝʨʫʭʦʤʝ ʪʽʣʦ ʦʙʪʽʢʘʻʪʴʩʷ ʨʽʜʠʥʦʶ. ʊʘʢʘ
ʪʝʯʽʷ ʚʽʜʧʦʚʽʜʘʻ ʫʤʦʚʽ Ὠὴ/Ὠὼ < 0, ʪʘʢʦʞ ʧʦʪʨʽʙʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʨʽʚʥʷʥʥʷ ʙʘʣʘʥʩʫ ʝʥʝʨʛʽʾ
ʜʣʷ ʛʨʘʜʽʻʥʪʥʦʾ ʪʝʯʽʾ ʧʦʚʠʥʥʦ ʤʘʪʠ ʢʦʥʚʝʢʪʠʚʥʠʡ ʜʦʜʘʥʦʢ ʚʽʜ ʧʦʚʥʦʾ ʧʦʭʽʜʥʦʾ ʪʠʩʢʫ ʟʘ
ʯʘʩʦʤ, ʪʦʙʪʦ ό ẗ Ὠὴ/Ὠὼ. ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʥʝʢʦʨʝʢʪʥʽʩʪʴ ʧʨʦʚʝʜʝʥʥʷ ʦʙʝʨʥʝʥʦʩʪʽ ʜʣʷ
ʨʦʟʚ’ʷʟʘʥʥʷ ʦʜʥʦʾ ʟ ʮʠʭ ʬʽʟʠʯʥʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʟʘʜʘʯ ʽʥʰʦʶ.

ɹʫʣʦ ʦʪʨʠʤʘʥʦ ʨʦʟʚ’ʷʟʢʠ ʜʣʷ ʜʚʦʭ ʪʠʧʽʚ ʧʨʠʤʝʞʦʚʠʭ ʰʘʨʽʚ ʢʦʣʠ ʪʽʣʦ ʨʫʭʘʻʪʴʩʷ
(ʧʨʷʤʘ ʟʘʜʘʯʘ) ʪʘ ʦʙʪʽʢʘʥʥʷ ʪʽʣʘ (ʦʙʝʨʥʝʥʘ ʟʘʜʘʯʘ).

ʇʨʠʤʝʞʦʚʠʡ ʰʘʨ ʥʘ ʥʝʨʫʭʦʤʽʡ ʧʣʦʱʠʥʽ ʦʧʠʩʫʻʪʴʩʷ ʪʘʢʦʶ ʩʠʩʪʝʤʦʶ ʨʽʚʥʷʥʥʷ:

10 ,2Ma
dp d du
dx dy dyk

må õ
æ ö
ç ÷

¡ ¡¡= - +¡ ¡ ¡ (1)

( )
2 11 20 1 Madpk du d dTu kk dx dy dy dym m

s
å õ å õ
æ ö æ ö
ç ÷ ç ÷

¡ ¡ ¡- ¡ ¡ ¡= + - +¤¡ ¡ ¡ ¡ (2)

( )
*3/2 1
*

TT
T T

m
å õ
æ ö
æ ö
ç ÷

+¡ ¡=
¡+

(3)

ɼʘʥʘ ʩʠʩʪʝʤʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʨʽʚʥʷʥʥʷ ʟʙʝʨʝʞʝʥʥʷ ʽʤʧʫʣʴʩʫ (1), ʨʽʚʥʷʥʥʷ ʙʘʣʘʥʩʫ
ʝʥʝʨʛʽʾ (2), ʪʘ ʟʘʣʝʞʥʽʩʪʴ ʚ’ʷʟʢʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ (3) (ʬʦʨʤʫʣʘ ʉʘʪʝʨʣʝʥʜʘ).

ʇʽʩʣʷ ʧʨʦʚʝʜʝʥʥʷ ʤʘʪʝʤʘʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʦʪʨʠʤʫʻʤʦ ʪʘʢʫ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ:

( )
( )1 1

*13/22Ma *

du y
dy Tk T

T T

¡ ¡= -
¡ å õ+¡ æ ö¤ æ ö¡+ç ÷

(4)

( ) ( )
*1 13/210 1 *

k du T dTdy u Tdyk dy dyT Ts

å õå õå õ æ öæ öæ ö æ öæ öæ ö æ öæ öç ÷ ç ÷ç ÷

¡ ¡- +å õ ¡ ¡ ¡= - - +æ ö ¡¡ ¡ç ÷ ¡+
(5)

ɼʣʷ ʨʦʟʚ’ʷʟʘʥʥʷ ʜʘʥʦʾ ʩʠʩʪʝʤʠ ʧʦʪʨʽʙʥʦ ʜʦʜʘʪʠ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʘ ʩʘʤʝ ʫʤʦʚʫ
ʧʨʠʣʠʧʘʥʥʷ (6), ʦʙʝʟʨʦʟʤʽʨʥʝ ʟʥʘʯʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʧʦʚʝʨʭʥʽ (7) ʪʘ ʟʥʘʯʝʥʥʷ
ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʟʦʚʥʽʰʥʽʡ ʤʝʞʽ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ (8).
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00u y
¡ =¡= (6)

0T TWy
¡ ¡=¡= (7)
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y yBL
¡ =
¡=

(8)

ʆʧʠʩ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʥʘ ʨʫʭʦʤʽʡ ʧʣʦʱʠʥʽ ʦʧʠʩʫʻʪʴʩʷ ʪʘʢʠʤ ʨʽʚʥʷʥʥʷʤ:
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ʇʨʦʚʽʚʰʠ ʤʘʪʝʤʘʪʠʯʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʦʪʨʠʤʫʻʤʦ ʤʘʪʨʠʮʶ ʩʠʩʪʝʤʠ ʷʢʘ ʤʘʻ ʪʘʢʠʡ
ʚʠʛʣʷʜ:
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ʈʦʟʚ’ʷʟʦʢ ʜʘʥʦʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ ʧʽʜʩʪʘʥʦʚʢʦʶ ʚʽʜʦʤʠʭ ʟʥʘʯʝʥʴ ʩʪʘʣʠʭ ʽ ʚʽʥ ʥʘʙʫʜʝ
ʪʘʢʦʛʦ ʚʠʛʣʷʜʫ:
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(21)

ʊʘʢʦʞ ʜʘʥʝ ʨʽʚʥʷʥʥʷ ʤʘʻ ʛʨʘʥʠʯʥʫ ʫʤʦʚʫ:

0u
y yBL
¡ =
¡ ¡=

ɿ ʷʢʦʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʦʪʨʠʤʘʥʥʷ ʢʦʥʩʪʘʥʪʠ 2A .
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ɺɯɼɹʀʊʊʗ ʊɸ ʇʈʆʅʀʂʅɽʅʅʗ ɻʈɸɺɯʊɸʎɯʁʅʀʍ ʍɺʀʃʔ
ʇʈʆʅʀʂʅʆʖ ɺɽʈʊʀʂɸʃʔʅʆʖ ʉʊɯʅʂʆʖ

ʄʝʨʝʥʛʝʨ ʖ.ʇ.1, ɺʦʩʢʦʙʽʡʥʠʢ ɺ.ɸ.1, ɺʦʩʢʦʙʦʡʥʠʢ ʆ.ɸ.1, ʍʘʨʯʝʥʢʦ ɸ.ɻ.1,
ʇʦʣʦʩʫʭʽʥʘ ʆ.ɺ.1, ɺʦʩʢʦʙʦʡʥʽʢ ʉ.ɯ.2

1ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ, YuriMer@gmail.com
2ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʭʘʨʯʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʤ, ʂʠʾʚ, ivosk3@gmail.com

ʋ ʧʨʠʙʝʨʝʞʥʠʭ ʦʙʣʘʩʪʷʭ ʟʜʽʡʩʥʶʻʪʴʩʷ ʙʫʜʽʚʥʠʮʪʚʦ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʷ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ
ʛʽʜʨʦʪʝʭʥʽʯʥʠʭ ʩʧʦʨʫʜ, ʧʨʠʯʘʣʽʚ, ʟʦʥ ʪʘ ʙʘʟ ʚʽʜʧʦʯʠʥʢʫ. ʆʩʥʦʚʥʘ ʧʨʦʙʣʝʤʘ ʨʦʟʚʠʪʢʫ ʮʠʭ
ʦʙʣʘʩʪʝʡ ʪʘ ʧʨʠʙʝʨʝʞʥʠʭ ʘʢʚʘʪʦʨʽʡ – ʮʝ ʟʘʭʠʩʪ ʙʝʨʝʛʽʚ, ʛʘʚʘʥʝʡ ʪʘ ʤʦʨʩʴʢʦʾ
ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ. ɿʘʩʦʙʠ ʟʘʭʠʩʪʫ ʧʦʚʠʥʥʽ ʤʘʪʠ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʧʽʜʚʠʱʝʥʫ ʝʢʦʣʦʛʽʯʥʫ
ʙʝʟʧʝʢʫ ʽ ʧʦʚʠʥʥʽ ʙʫʪʠ ʥʘʡʙʽʣʴʰ ʥʘʜʽʡʥʠʤʠ ʽ, ʧʦ ʤʦʞʣʠʚʦʩʪʽ, ʜʝʰʝʚʠʤʠ. ɯʩʥʫʻ ʙʘʛʘʪʦ ʪʠʧʽʚ
ʧʨʠʙʝʨʝʞʥʠʭ ʟʘʭʠʩʥʠʭ ʩʧʦʨʫʜ. ʎʝ ʛʨʝʙʣʽ, ʙʫʥʠ, ʙʝʨʤʠ, ʭʚʠʣʝʣʦʤʠ ʪʘ ʰʪʫʯʥʽ ʧʣʷʞʽ, ʙʫʭʪʠ,
ʛʘʚʘʥʽ. ɿʘʭʠʩʥʽ ʩʧʦʨʫʜʠ ʘʢʪʠʚʥʦʛʦ, ʧʘʩʠʚʥʦʛʦ ʯʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʪʠʧʫ ʜʽʾ ʧʦʚʥʽʩʪʶ ʘʙʦ
ʯʘʩʪʢʦʚʦ ʟʘʭʠʱʘʶʪʴ ʧʨʠʙʝʨʝʞʥʽ ʩʧʦʨʫʜʠ ʪʘ ʙʝʨʝʛʦʚʫ ʟʦʥʫ.

ɿʘʣʝʞʥʦ ʚʽʜ ʚʠʜʫ ʩʧʦʨʫʜʠ, ʾ ʾ ʨʦʟʪʘʰʫʚʘʥʥʷ ʚ ʤʦʨʩʴʢʽʡ ʘʢʚʘʪʦʨʽʾ, ʧʨʠʥʮʠʧʫ ̔  ʤʝʭʘʥʽʟʤʫ
ʜʽʾ ʭʚʠʣʴʦʚʝ ʧʦʣʝ ʯʘʩʪʢʦʚʦ ʘʙʦ ʧʦʚʥʽʩʪʶ ʚʽʜʙʠʚʘʻʪʴʩʷ ʚʽʜ ʩʧʦʨʫʜʠ, ʪʨʘʥʩʬʦʨʤʫʻʪʴʩʷ ʽ
ʧʨʦʥʠʢʘʻ ʯʝʨʝʟ ʥʝʾ, ʟʤʝʥʰʫʶʯʠ ʭʚʠʣʴʦʚʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʦʙ'ʻʢʪʠ, ʱʦ ʟʘʭʠʱʘʶʪʴʩʷ. ɼʣʷ
ʮʴʦʛʦ, ʟʦʢʨʝʤʘ, ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʧʨʦʥʠʢʥʽ ʭʚʠʣʝʣʦʤʠ. ʊʘʢʠʡ ʭʚʠʣʝʣʦʤ ʟʤʝʥʰʫʻ ʚʽʜʙʠʪʪʷ
ʭʚʠʣʴ, ʱʦ ʥʘʙʽʛʘʶʪʴ, ʚʽʜʥʦʩʥʦ ʩʫʮʽʣʴʥʦʾ ʚʝʨʪʠʢʘʣʴʥʦʾ ʩʪʽʥʢʠ, ʟʘʙʝʟʧʝʯʫʻ ʯʘʩʪʢʦʚʝ
ʧʨʦʭʦʜʞʝʥʥʷ ʭʚʠʣʴ ʧʨʠʡʥʷʪʥʦʛʦ ʨʽʚʥʷ ʚ ʘʢʚʘʪʦʨʽʶ, ʱʦ ʟʘʭʠʱʘʻʪʴʩʷ, ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʷʻ
ʦʙʤʽʥʶʚʘʪʠʩʷ ʨʽʜʠʥʦʶ ʤʽʞ ʚʽʜʢʨʠʪʠʤ ʤʦʨʝʤ ʽ ʟʘʭʠʱʝʥʦʶ ʦʙʣʘʩʪʶ. ʂʨʽʤ ʪʦʛʦ, ʧʨʦʥʠʢʥʘ
ʩʪʽʥʢʘ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʙʝʟʧʝʨʝʰʢʦʜʥʦ ʧʝʨʝʤʽʱʘʪʠʩʷ ʤʦʨʩʴʢʽʡ ʬʘʫʥʽ ʪʘ ʬʦʨʤʫʻ ʪʝʯʽʾ, ʷʢʽ
ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʝʨʝʤʽʱʝʥʥʷ ʜʦʥʥʠʭ ʚʽʜʢʣʘʜʝʥʴ ʪʘ ʟʘʙʨʫʜʥʝʥʴ ʥʘ ʧʦʚʝʨʭʥʽ ʟʘʭʠʱʝʥʦʾ
ʘʢʚʘʪʦʨʽʾ.
ʄʝʪʘ ʨʦʙʦʪʠ – ʚʠʚʯʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʟʘʻʤʦʜʽʾ ʤʦʨʩʴʢʠʭ ʭʚʠʣʴ ʟ ʤʦʜʝʣʷʤʠ

ʙʝʨʝʛʦʟʘʭʠʩʥʠʭ ʩʧʦʨʫʜ ʧʨʦʥʠʢʥʦʛʦ ʪʠʧʫ ʫ ʚʠʛʣʷʜʽ ʚʝʨʪʠʢʘʣʴʥʠʭ ʩʪʽʥʦʢ.
ɺʠʟʥʘʯʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʛʨʘʚʽʪʘʮʽʡʥʠʭ ʭʚʠʣʴ ʧʦʙʣʠʟʫ ʧʨʦʥʠʢʥʠʭ

ʚʝʨʪʠʢʘʣʴʥʠʭ ʩʪʽʥʦʢ ʧʨʦʚʦʜʠʣʦʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʽʟʫʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʚʠʤʽʨʶʚʘʥʥʷʤ
ʚʠʩʦʪ ʭʚʠʣʴ ʧʝʨʝʜ ʬʨʦʥʪʘʣʴʥʦʶ ʯʘʩʪʠʥʦʶ ʚʝʨʪʠʢʘʣʴʥʦʾ ʩʪʽʥʢʠ ʪʘ ʧʦʟʘʜʫ ʥʝʾ. ɺʽʟʫʘʣʴʥʽ
ʜʦʩʣʽʜʞʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʪʦʘʧʘʨʘʪʫʨʠ ʪʘ ʚʽʜʝʦʢʘʤʝʨ ʜʦʟʚʦʣʠʣʠ ʦʮʽʥʠʪʠ ʭʘʨʘʢʪʝʨʥʽ
ʦʩʦʙʣʠʚʦʩʪʽ ʧʦʚʝʜʽʥʢʠ ʭʚʠʣʴʦʚʦʛʦ ʧʦʣʷ ʚ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʦʙʣʘʩʪʷʭ. ɯʥʩʪʨʫʤʝʥʪʘʣʴʥʽ
ʜʦʩʣʽʜʞʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʘʪʯʠʢʽʚ ʚʠʩʦʪʠ ʭʚʠʣʴ ʜʦʟʚʦʣʠʣʠ ʚʠʟʥʘʯʠʪʠ ʢʽʣʴʢʽʩʥʽ ʧʘʨʘʤʝʪʨʠ
ʭʚʠʣʴʦʚʦʛʦ ʨʫʭʫ ʧʦʙʣʠʟʫ ʩʫʮʽʣʴʥʠʭ ʽ ʧʨʦʥʠʢʥʠʭ ʚʝʨʪʠʢʘʣʴʥʠʭ ʩʪʽʥʦʢ. ɼʣʷ ʚʠʢʦʥʘʥʥʷ ʮʠʭ
ʥʘʫʢʦʚʠʭ ʨʦʙʽʪ ʙʫʣʦ ʩʪʚʦʨʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʩʪʝʥʜ ʥʘ ʙʘʟʽ ʭʚʠʣʴʦʚʦʛʦ ʢʘʥʘʣʫ ̔  ʜʦʩʣʽʜʠ
ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʣʘʙʦʨʘʪʦʨʥʠʭ ʫʤʦʚʘʭ.

ʘ ʙ
ʈʠʩ. 1. ʄʦʜʝʣʴ ʧʨʦʥʠʢʥʦʾ ʚʝʨʪʠʢʘʣʴʥʦʾ ʩʪʽʥʢʠ (a) ʪʘ ʧʨʦʭʦʜʞʝʥʥʷ ʛʨʝʙʥʷ ʛʨʘʚʽʪʘʮʽʡʥʦʾ

ʭʚʠʣʽ ʯʝʨʝʟ ʧʨʦʥʠʢʥʫ ʚʝʨʪʠʢʘʣʴʥʫ ʩʪʽʥʢʫ ʧʨʦʥʠʢʥʽʩʪʶ 50% (ʙ).

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʧʨʦʥʠʢʥʠʭ ʚʝʨʪʠʢʘʣʴʥʠʭ ʩʪʽʥʦʢ ʥʘ
ʪʨʘʥʩʬʦʨʤʘʮʽʶ ʛʨʘʚʽʪʘʮʽʡʥʠʭ ʭʚʠʣʴ ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʣʘʙʦʨʘʪʦʨʥʠʭ ʫʤʦʚʘʭ ʫ ʭʚʠʣʴʦʚʦʤʫ
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ʢʘʥʘʣʽ ʟ ʚʝʨʪʠʢʘʣʴʥʠʤʠ ʩʪʽʥʢʘʤʠ ʧʘʣʴʦʚʦʛʦ ʪʠʧʫ ʟ ʧʘʣʷʤʠ ʢʨʫʛʦʚʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ.
ʄʦʜʝʣʽ ʧʘʣʴʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʤʘʣʠ ʨʽʟʥʫ ʧʨʦʥʠʢʥʽʩʪʴ ʽ ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ
ʥʘʧʨʷʤʢʫ ʨʫʭʫ ʭʚʠʣʴ ʚʽʜ ʛʝʥʝʨʘʪʦʨʘ ʭʚʠʣʴ ʱʠʪʦʚʦʾ ʢʦʥʩʪʨʫʢʮʽʾ (ʨʠʩ. 1ʘ). ɺʽʟʫʘʣʴʥʽ
ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʟʚʦʣʠʣʠ ʚʠʟʥʘʯʠʪʠ ʦʩʦʙʣʠʚʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʛʨʘʚʽʪʘʮʽʡʥʠʭ ʭʚʠʣʴ ʟ ʧʨʦʥʠʢʥʠʤʠ
ʭʚʠʣʝʣʦʤʘʤʠ ʪʘ ʾʭ ʧʨʦʭʦʜʞʝʥʥʷ ʯʝʨʝʟ ʭʚʠʣʝʣʦʤ (ʨʠʩ.1ʙ).

ɿʘʣʝʞʥʦʩʪʽ ʚʠʩʦʪʠ ʚʽʜʙʠʪʦʾ ʭʚʠʣʽ ʥʘ ʚʽʜʩʪʘʥʽ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʚʽʜ ʚʝʨʪʠʢʘʣʴʥʦʾ ʩʪʽʥʢʠ,
ʷʢʽ ʚʠʟʥʘʯʘʣʠʩʷ ʷʢ R ih h h= - ʪʘ ʚʽʜʙʠʪʦʾ ʭʚʠʣʽ Th ʥʦʨʤʦʚʘʥʽ ʛʣʠʙʠʥʦʶ ʢʘʥʘʣʫ ( H ),
ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 2 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʘʩʪʦʪʠ ʭʚʠʣʴ. ʊʫʪ ʢʨʠʚʘ 1 ʚʠʤʽʨʷʥʘ ʜʣʷ ʩʫʮʽʣʴʥʦʾ
ʚʝʨʪʠʢʘʣʴʥʦʾ ʩʪʽʥʢʠ (ʧʨʦʥʠʢʥʽʩʪʴ 0%), ʢʨʠʚʘ 2 ʜʣʷ ʩʪʽʥʢʠ ʧʨʦʥʠʢʥʽʩʪʶ 10%, ʢʨʠʚʘ 3 – 20%,
ʢʨʠʚʘ 4 – 30%, ʢʨʠʚʘ 5 – 40%, ʢʨʠʚʘ 6 – 50%, ʢʨʠʚʘ 7 – 60% ʽ ʢʨʠʚʘ 8 ʥʘʚʦʜʠʪʴ ʨʝʟʫʣʴʪʘʪʠ
ʚʠʤʽʨʶʚʘʥʥʷ ʚʠʩʦʪʠ ʜʣʷ ʧʨʠʡʜʝʰʥʴʦʾ ʭʚʠʣʽ.

ʘ ʙ
ʈʠʩ. 2. ɺʠʩʦʪʠ ʚʽʜʙʠʪʠʭ ʭʚʠʣʴ ʧʝʨʝʜ ʧʨʦʥʠʢʥʠʤʠ ʭʚʠʣʝʣʦʤʘʤʠ (a) ʪʘ ʚʠʩʦʪʠ

ʧʨʦʥʠʢʥʠʭ ʭʚʠʣʴ ʧʦʟʘʜʫ ʧʨʦʥʠʢʥʠʭ (ʙ) ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʘʩʪʦʪʠ ʧʨʠʡʜʝʰʥʴʦʾ ʭʚʠʣʽ.

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʧʦʢʘʟʘʣʠ, ʱʦ ʚʠʩʦʪʠ ʚʽʜʙʠʪʠʭ ʭʚʠʣʴ ʧʨʘʢʪʠʯʥʦ ʜʦʨʽʚʥʶʶʪʴ
ʚʠʩʦʪʘʤ ʧʨʠʡʜʝʰʥʽʭ ʭʚʠʣʴ ʥʘ ʚʽʜʩʪʘʥʽ ʦʜʥʽʻʾ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʧʝʨʝʜ ʚʝʨʪʠʢʘʣʴʥʦʶ ʩʫʮʽʣʴʥʦʶ
ʩʪʽʥʢʦʶ, ʱʦ ʚʠʪʽʢʘʻ ʽʟ ʩʧʽʚʩʪʘʚʣʝʥʥʷ ʢʨʠʚʠʭ 1 ʪʘ 8 ʥʘ ʨʠʩ. 2a. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʧʨʦʥʠʢʥʦʩʪʽ
ʚʝʨʪʠʢʘʣʴʥʦʾ ʩʪʽʥʢʠ ʚʠʩʦʪʠ ʚʽʜʙʠʪʠʭ ʭʚʠʣʴ ʩʫʪʪʻʚʦ ʩʪʘʶʪʴ ʤʝʥʰʠʤʠ, ʥʽʞ ʚʠʩʦʪʠ
ʧʨʠʡʜʝʰʥʽʭ ʭʚʠʣʴ. ʇʨʠ ʮʴʦʤʫ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʪʦʪʠ ʭʚʠʣʽ ʨʽʟʥʠʮʷ ʚʠʩʦʪ ʚʽʜʙʠʪʦʾ ʪʘ
ʧʨʠʡʜʝʰʥʴʦʾ ʭʚʠʣʽ ʟʙʽʣʴʰʫʻʪʴʩʷ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʧʦʢʘʟʘʣʠ, ʱʦ ʚʠʩʦʪʘ ʧʨʦʥʠʢʥʦʾ
ʭʚʠʣʽ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʧʨʦʥʠʢʥʦʩʪʽ ʩʪʽʥʢʠ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʪʦʪʠ ʭʚʠʣʽ, ʷʢ
ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2ʙ, ʱʦ ʢʦʨʝʣʶʻ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʧʦʩʪʝʨʝʞʝʥʴ ʽʥʰʠʭ ʜʦʩʣʽʜʞʝʥʴ.

ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʥʘʡʙʽʣʴʰʽ ʨʽʚʥʽ ʧʫʣʴʩʘʮʽʡ ʭʚʠʣʴʦʚʦʛʦ ʪʠʩʢʫ
ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʝʨʝʜ ʬʨʦʥʪʘʣʴʥʦʶ ʯʘʩʪʠʥʦʶ ʩʫʮʽʣʴʥʦʾ ʩʪʽʥʢʠ, ʜʝ
ʧʨʠʡʜʝʰʥʷ ʭʚʠʣʷ ʚʟʘʻʤʦʜʽʻ ʟʽ ʩʪʽʥʢʦʶ, ʫʪʚʦʨʶʶʯʠ ʚʽʜʙʠʪʫ ʭʚʠʣʶ. ʅʘʡʤʝʥʰʽ ʨʽʚʥʽ
ʧʫʣʴʩʘʮʽʡ ʪʠʩʢʫ ʤʘʣʠ ʤʽʩʮʝ ʥʘ ʚʽʜʩʪʘʥʽ ʦʜʥʽʻʾ ʜʦʚʞʠʥʠ ʭʚʠʣʽ ʧʝʨʝʜ ʩʫʮʽʣʴʥʦʶ
ʚʝʨʪʠʢʘʣʴʥʦʶ ʩʪʽʥʢʦʶ. ɿ ʥʘʙʣʠʞʝʥʥʷʤ ʜʦ ʬʨʦʥʪʘʣʴʥʦʾ ʩʪʽʥʢʠ ̔ ʥʪʝʥʩʠʚʥʽʩʪʴ ʧʦʣʷ ʧʫʣʴʩʘʮʽʡ
ʪʠʩʢʫ ʟʙʽʣʴʰʫʻʪʴʩʷ ʚ ʦʙʣʘʩʪʽ ʚʠʩʦʢʠʭ ʯʘʩʪʦʪ. ʎʝʡ ʜʽʘʧʘʟʦʥ ʩʧʝʢʪʨʘʣʴʥʠʭ ʨʽʚʥʽʚ
ʦʙʫʤʦʚʣʝʥʠʡ ʜʽʻʶ ʚʠʩʦʢʦʯʘʩʪʦʪʥʠʭ ʜʨʽʙʥʦʤʘʩʰʪʘʙʥʠʭ ʜʞʝʨʝʣ ʪʠʩʢʫ, ʷʢʠʤʠ ʻ
ʜʨʽʙʥʦʤʘʩʰʪʘʙʥʽ ʩʢʣʘʜʦʚʽ ʭʚʠʣʴʦʚʦʛʦ ʨʫʭʫ, ɦ ʦ ʛʝʥʝʨʫʶʪʴʩʷ ʚʟʘʻʤʦʜʽʻʶ ʧʨʠʡʜʝʰʥʴʦʾ ʭʚʠʣʽ
ʟ ʩʫʮʽʣʴʥʦʶ ʩʪʽʥʢʦʶ.

ɺʠʟʥʘʯʝʥʦ, ʱʦ ʧʨʦʥʠʢʥʘ ʚʝʨʪʠʢʘʣʴʥʘ ʩʪʽʥʢʘ ʟ ʧʘʣʷʤʠ ʢʨʫʛʦʚʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ
ʧʝʨʝʪʠʥʫ ʻ ʜʦʩʪʘʪʥʴʦ ʝʬʝʢʪʠʚʥʦʶ ʟʘʭʠʩʥʦʶ ʩʧʦʨʫʜʦʶ, ʱʦ ʩʫʪʪʻʚʦ ʟʤʝʥʰʫʻ ʧʨʦʥʠʢʥʝʥʥʷ
ʰʪʦʨʤʦʚʠʭ ʭʚʠʣʴ ʫ ʟʘʭʠʱʝʥʫ ʘʢʚʘʪʦʨʽʶ, ʦʩʦʙʣʠʚʦ ʚ ʫʤʦʚʘʭ ʥʝʟʥʘʯʥʦʾ ʧʨʦʥʠʢʥʦʩʪʽ, ʪʘʢʦʞ
ʮʷ ʢʦʥʩʪʨʫʢʮʽʷ ʜʦʟʚʦʣʷʻ ʧʦʣʽʧʰʠʪʠ ʝʢʦʣʦʛʽʯʥʽ ʫʤʦʚʠ ʪʘ ʟʥʘʯʥʦ ʟʝʢʦʥʦʤʠʪʠ ʤʘʪʝʨʽʘʣʴʥʽ
ʨʝʩʫʨʩʠ ʧʽʜ ʯʘʩ ʙʫʜʽʚʥʠʮʪʚʘ ʙʝʨʝʛʦʟʘʭʠʩʥʦʾ ʩʧʦʨʫʜʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʩʦʪʠ ʭʚʠʣʴ ʧʝʨʝʜ
ʧʨʦʥʠʢʥʦʶ ʚʝʨʪʠʢʘʣʴʥʦʶ ʩʪʽʥʢʦʶ ʪʘ ʚʠʩʦʪʠ ʚʽʜʙʠʪʠʭ ʭʚʠʣʴ ʟʙʽʣʴʰʫʶʪʴʩʷ ʟʽ ʟʤʝʥʰʝʥʥʷʤ
ʧʨʦʥʠʢʥʦʩʪʽ ʩʪʽʥʢʠ ʪʘ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʪʦʪʠ ʭʚʠʣʴʦʚʦʛʦ ʧʦʣʷ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʜʦʚʞʠʥʠ
ʧʨʠʡʜʝʰʥʽʭ ʭʚʠʣʴ ʮʽ ʚʠʩʦʪʠ ʥʘʚʧʘʢʠ ʟʤʝʥʰʫʶʪʴʩʷ.
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ʄʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʥʘʤʽʢʠ ʧʽʜʚʦʜʥʦʛʦ ʘʧʘʨʘʪʘ ʧʣʘʥʝʨʥʦʛʦ ʪʠʧʫ ʻ
ʢʣʶʯʦʚʠʤ ʝʪʘʧʦʤ ʚ ʦʙˇʨʫʥʪʫʚʘʥʥʽ ʡʦʛʦ ʢʦʥʩʪʨʫʢʮʽʾ, ʘ ʪʘʢʦʞ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʧʝʨʝʜʙʘʯʝʥʥʷ
ʡʦʛʦ ʧʦʚʝʜʽʥʢʠ ʚ ʤʦʨʩʴʢʦʤʫ ʩʝʨʝʜʦʚʠʱʽ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʽʥʰʠʭ ʧʽʜʚʦʜʥʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ
ʟʘʩʦʙʽʚ, ʧʣʘʥʝʨ ʚʠʢʦʨʠʩʪʦʚʫʻ ʽʥʝʨʮʽʡʥʠʡ ʜʚʠʛʫʥ, ʚ ʷʢʦʤʫ ʧʦʩʪʫʧʘʣʴʥʠʡ ʨʫʭ ʚʠʟʥʘʯʘʻʪʴʩʷ
ʟʤʽʥʦʶ ʧʣʘʚʫʯʦʩʪʽ ʘʙʦ ʧʝʨʝʨʦʟʧʦʜʽʣʦʤ ʚʥʫʪʨʽʰʥʴʦʾ ʤʘʩʠ. ɺʦʜʥʦʯʘʩ, ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʩʠʣʠ,
ʱʦ ʩʪʚʦʨʶʶʪʴʩʷ ʢʦʨʧʫʩʦʤ ʽ ʢʨʠʣʘʤʠ, ʚʠʟʥʘʯʘʶʪʴ ʥʘʧʨʷʤʦʢ ʪʘ ʭʘʨʘʢʪʝʨ ʨʫʭʫ ʪʘʢʦʛʦ
ʧʨʠʩʪʨʦʶ. ʆʪʞʝ, ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʨʫʭʫ ʧʽʜʚʦʜʥʦʛʦ ʧʣʘʥʝʨʘ ʤʘʻ ʚʨʘʭʦʚʫʚʘʪʠ
ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʛʽʜʨʦʩʪʘʪʠʯʥʠʭ ʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʩʠʣ ʪʘ ʤʦʤʝʥʪʽʚ, ʚʧʣʠʚ ʽʥʝʨʮʽʡʥʠʭ ʩʠʣ, ʘ
ʪʘʢʦʞ ʦʩʦʙʣʠʚʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʟ ʥʘʚʢʦʣʠʰʥʽʤ ʩʝʨʝʜʦʚʠʱʝʤ. ʂʦʨʝʢʪʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʠʥʥʦ
ʦʧʠʩʫʚʘʪʠ ʥʘʧʨʷʤʦʢ ʨʫʭʫ ʘʧʘʨʘʪʘ, ʚʠʟʥʘʯʘʪʠ ʩʪʽʡʢʽʩʪʴ ʡʦʛʦ ʪʨʘʻʢʪʦʨʽʾ, ʘ ʪʘʢʦʞ ʦʮʽʥʶʚʘʪʠ
ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʙʨʘʥʦʛʦ ʧʨʠʥʮʠʧʫ ʢʝʨʫʚʘʥʥʷ.

ɼʣʷ ʚʠʚʦʜʫ ʨʽʚʥʷʥʴ ʨʫʭʫ ʧʣʘʥʝʨʘ ʚʠʢʦʨʠʩʪʦʚʫʻʤʦ ʫʥʽʚʝʨʩʘʣʴʥʫ ʤʦʜʝʣʴ ʟ ʨʦʙʦʪʠ [1].
ɺʦʜʥʦʯʘʩ ʚʚʘʞʘʻʤʦ, ʱʦ ʧʣʘʚʫʯʽʩʪʴ ʻ ʻʜʠʥʠʤ ʝʣʝʤʝʥʪʦʤ ʢʝʨʫʚʘʥʥʷ ʨʫʭʦʤ ʧʽʜʚʦʜʥʦʛʦ
ʘʧʘʨʘʪʘ. ɿʤʽʥʘ ʧʣʘʚʫʯʦʩʪʽ ʚʧʣʠʚʘʻ ʥʘ ʚʝʨʪʠʢʘʣʴʥʫ ʩʠʣʫ,ʱʦ ʚ ʧʦʻʜʥʘʥʥʽ ʟ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʤʠ
ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʢʨʠʣʘ ʪʘ ʢʦʨʧʫʩʫ, ʬʦʨʤʫʻ ʫʩʪʘʣʝʥʽ ʪʨʘʻʢʪʦʨʽʾ ʛʣʽʩʘʜʠ ʧʣʘʥʝʨʘ.

ʇʨʦʻʢʪʫʚʘʥʥʷ ʪʘ ʦʧʪʠʤʽʟʘʮʽʷ ʨʦʙʦʪʠ ʧʽʜʚʦʜʥʦʛʦ ʧʣʘʥʝʨʘ ʥʘʩʘʤʧʝʨʝʜ ʧʦʪʨʝʙʫʶʪʴ
ʘʥʘʣʽʟ ʡʦʛʦ ʜʠʥʘʤʽʢʠ ʫ ʚʝʨʪʠʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ, ʦʩʢʽʣʴʢʠ ʚ ʥʽʡ ʬʦʨʤʫʻʪʴʩʷ ʦʩʥʦʚʥʠʡ ʨʝʞʠʤ
ʨʫʭʫ ʧʣʘʥʝʨʘ – ʮʠʢʣʽʯʥʽ ʟʘʥʫʨʝʥʥʷ ʽ ʩʧʣʠʚʘʥʥʷ. ʇʦʟʜʦʚʞʥʷ ʜʠʥʘʤʽʢʘ ʚʠʟʥʘʯʘʻ ʢʫʪ ʛʣʽʩʘʜʠ,
ʚʝʨʪʠʢʘʣʴʥʫ ʰʚʠʜʢʽʩʪʴ ʪʘ ʛʣʠʙʠʥʫ ʟʘʥʫʨʝʥʥʷ, ʚʽʜ ʯʦʛʦ ʟʘʣʝʞʠʪʴ ʟʜʘʪʥʽʩʪʴ ʘʧʘʨʘʪʫ
ʝʬʝʢʪʠʚʥʦ ʚʠʢʦʥʫʚʘʪʠ ʜʦʚʛʦʩʪʨʦʢʦʚʽ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʉʚʽʪʦʚʦʛʦ ʦʢʝʘʥʫ.

ʇʝʨʝʭʽʜ ʚʽʜ ʧʦʚʥʦʾ ʧʨʦʩʪʦʨʦʚʦʾ ʤʦʜʝʣʽ ʜʠʥʘʤʽʢʠ ʧʣʘʥʝʨʘ ʜʦ ʤʦʜʝʣʽ ʫ ʚʝʨʪʠʢʘʣʴʥʽʡ
ʧʣʦʱʠʥʽ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʨʠʧʫʱʝʥʥʽ ʧʨʦ ʩʠʤʝʪʨʽʶ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʡʦʛʦ ʪʨʘʻʢʪʦʨʽʾ, ʘ ʪʘʢʦʞ ʥʘ
ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʟʤʽʥʥʠʭ, ʷʢʽ ʟʘʜʽʷʥʽ ʫ ʧʦʟʜʦʚʞʥʴʦʤʫ ʨʫʩʽ (ʜʠʚ. ʈʠʩʫʥʦʢ 1).

ʈʠʩ. 1

ɿʛʽʜʥʦ ʟ ʨʠʩʫʥʢʦʤ, ʜʣʷ ʨʦʟʚ’ʷʟʘʥʥʷ ʟʘʜʘʯʽ ʚʚʦʜʷʪʴʩʷ ʽʥʝʨʮʽʡʥʘ ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʟ
ʦʜʠʥʠʯʥʠʤʠ ʚʝʢʪʦʨʘʤʠ ἱ, ἲ, ἳ ʽ ʚʝʨʪʠʢʘʣʴʥʦʶ ʚʽʩʩʶ, ʩʧʨʷʤʦʚʘʥʦʶ ʜʦʥʠʟʫ; ʟʚ’ʷʟʘʥʘ ʩʠʩʪʝʤʘ
ʢʦʦʨʜʠʥʘʪ – Ἥ , Ἥ , Ἥ , ʟ ʧʦʯʘʪʢʦʤ ʚ ʮʝʥʪʨʽ ʤʘʩ ʧʣʘʥʝʨʘ; ʰʚʠʜʢʽʩʥʘ ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʟ
ʛʦʣʦʚʥʦʶ ʚʽʩʩʶ, ʱʦ ʩʧʨʷʤʦʚʘʥʘ ʫ ʚʝʨʪʠʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ ʨʫʭʫ ʚʟʜʦʚʞ ʚʝʢʪʦʨʘ ʰʚʠʜʢʦʩʪʽ
ʧʣʘʥʝʨʘ Ἶ = (ὺ , 0, ὺ ),ʚ ʷʢʽʡ ʦʮʽʥʶʶʪʴʩʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺʟʘʻʤʥʝ
ʧʦʣʦʞʝʥʥʷ ʮʠʭ ʩʠʩʪʝʤ ʟʘʜʘʻʪʴʩʷ ʢʫʪʘʤʠ ʪʘʥʛʘʞʘ —, ʛʣʽʩʘʜʠ ‚ ʽ ʘʪʘʢʠ ‌. ʂʫʪ ʪʘʥʛʘʞʘ
ʚʠʟʥʘʯʘʻ ʦʨʽʻʥʪʘʮʽʶ ʧʣʘʥʝʨʘ ʚʽʜʥʦʩʥʦ ̔ ʥʝʨʮʽʡʥʦʾ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ; ʚʽʥ ʧʦʢʘʟʫʻ ʥʘʧʨʷʤʦʢ,
ʢʫʜʠ “ʜʠʚʠʪʴʩʷ” ʥʽʩ ʪʽʣʘ. ʂʫʪ ʛʣʽʩʘʜʠ – ʮʝ ʢʫʪ ʤʽʞ ʪʨʘʻʢʪʦʨʽʻʶ ʨʫʭʫ ʧʣʘʥʝʨʘ ʽ
ʛʦʨʠʟʦʥʪʘʣʣʶ; ʚʽʥ ʚʢʘʟʫʻ ʥʘ ʥʘʧʨʷʤʦʢ ʨʫʭʫ. ʂʫʪ ʘʪʘʢʠ, ʧʽʜ ʷʢʠʤ ʪʽʣʦ ʟʫʩʪʨʽʯʘʻʪʴʩʷ ʟ
ʧʦʪʦʢʦʤ, ʚʠʟʥʘʯʘʻ ʢʫʪʦʚʝ ʟʤʽʱʝʥʥʷ ʰʚʠʜʢʽʩʥʦʾ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ ʚʽʜʥʦʩʥʦ ʧʦʟʜʦʚʞʥʴʦʾ
ʦʩʽ ʢʦʨʧʫʩʫ ʧʣʘʥʝʨʘ. ʆʯʝʚʠʜʥʦ, ʱʦ ʚʽʥ ʜʦʨʽʚʥʶʻ ʨʽʟʥʠʮʽ ʤʽʞ ʦʨʽʻʥʪʘʮʽʻʶ ʢʦʨʧʫʩʫ ʽ
ʪʨʘʻʢʪʦʨʽʻʶ: ‌ = — ‚.

ʅʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʪʽʣʦ ʤʘʻ ʛʽʜʨʦʩʪʘʪʠʯʥʫ ʪʘ ʛʽʜʨʦʜʠʥʘʤʽʯʥʫ ʩʢʣʘʜʦʚʽ. ɼʦ
ʛʽʜʨʦʩʪʘʪʠʯʥʠʭ ʩʠʣ ʥʘʣʝʞʘʪʴ ʧʨʦʪʠʣʝʞʥʦ ʩʧʨʷʤʦʚʘʥʽ ʩʠʣʘ ʪʷʞʽʥʥʷ ὡ = ά Ὣ ʽ ʩʠʣʘ
ɸʨʭʽʤʝʜʘ Ὂ = Ὣά , ʪʦʯʢʠ ʧʨʠʢʣʘʜʘʥʥʷ ʷʢʠʭ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʮʝʥʪʨʽ ʤʘʩ ʪʘ ʚ ʮʝʥʪʨʽ
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ʧʣʘʚʫʯʦʩʪʽ ʚʽʜʧʦʚʽʜʥʦ. ʊʫʪ ά – ʧʦʚʥʘ ʤʘʩʘ ʧʣʘʥʝʨʘ ʽ ά – ʤʘʩʘ ʚʠʪʽʩʥʝʥʦʾ ʧʣʘʥʝʨʦʤ
ʚʦʜʠ, ʘ Ὣ – ʧʨʠʩʢʦʨʝʥʥʷ ʚʽʣʴʥʦʛʦ ʧʘʜʽʥʥʷ. ʈʽʟʥʠʮʷ ʮʠʭ ʩʠʣ Ὂ = Ὣ ά ά = Ὣά ʻ
ʚʝʨʪʠʢʘʣʴʥʦʶ ʨʽʚʥʦʜʽʶʯʦʶ ʩʠʣʦʶ, ʱʦ ʢʝʨʫʻ ʟʘʥʫʨʝʥʥʷʤ ʽ ʩʧʣʠʚʘʥʥʷʤ ʧʣʘʥʝʨʘ. ʆʪʞʝ, ʷʢ
ʙʘʯʠʤʦ, ʥʘʧʨʷʤʦʢ ʨʫʭʫ ʧʣʘʥʝʨʘ ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʡʦʛʦ ʧʣʘʚʫʯʽʩʪʶ ά . ʊʨʘʻʢʪʦʨʽʶ ʧʣʘʥʝʨʘ
ʧʽʜ ʯʘʩ ʧʣʘʥʝʨʫʚʘʥʥʷ ʽ ʡʦʛʦ ʰʚʠʜʢʽʩʪʴ ʪʘ ʩʪʽʡʢʽʩʪʴ ʚʠʟʥʘʯʘʶʪʴ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʩʠʣʠ – ʩʠʣʘ
ʦʧʦʨʫ Ὀ ʪʘ ʧʽʜʽʡʤʘʣʴʥʘ ʩʠʣʘ ὒ, ʘ ʪʘʢʦʞ ʾʭʥʽ ʤʦʤʝʥʪʠ ὓ ʚʽʜʥʦʩʥʦ ʮʝʥʪʨʘ ʤʘʩ. ʂʨʽʤ ʪʦʛʦ,
ʥʘ ʨʫʭ ʚʧʣʠʚʘʶʪʴ ʽʥʝʨʮʽʡʥʽ ʝʬʝʢʪʠ, ʷʢʽ ʨʝʘʣʽʟʫʶʪʴʩʷ ʯʝʨʝʟ ʧʨʠʻʜʥʘʥʽ ʤʘʩʠ ά , ά ,
ʚʽʜʧʦʚʽʜʥʦ ʚ ʧʦʟʜʦʚʞʥʴʦʤʫ ʪʘ ʧʦʧʝʨʝʯʥʦʤʫ ʥʘʧʨʷʤʢʘʭ ʪʘ ʾʭʥʽ ʤʦʤʝʥʪʠ, ʘ ʪʘʢʦʞ
ʛʽʜʨʦʜʠʥʘʤʽʯʥʝ ʜʝʤʧʬʫʚʘʥʥʷ.

ʈʫʭ ʧʣʘʥʝʨʘ ʚ ʨʽʜʠʥʽ ʥʝ ʻ ʪʽʣʴʢʠ ʧʨʷʤʦʣʽʥʽʡʥʠʤ, ʘ ʪʘʢʦʞ ʧʦʚ'ʷʟʘʥʠʡ ʟ ʦʙʝʨʪʘʥʥʷʤ
ʥʘʚʢʦʣʦ ʧʦʣʶʩʘ. ɻʽʜʨʦʜʠʥʘʤʽʯʥʽ ʩʠʣʠ ʡ ʤʦʤʝʥʪʠ, ʱʦ ʜʽʶʪʴ ʥʘ ʧʣʘʥʝʨ, ʷʢʠʡ ʦʜʥʦʯʘʩʥʦ
ʨʫʭʘʻʪʴʩʷ ʧʦʩʪʫʧʘʣʴʥʦ ʽ ʦʙʝʨʪʘʻʪʴʩʷ, ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʩʠʣ ʽ ʤʦʤʝʥʪʽʚ, ʱʦ ʜʽʶʪʴ ʪʽʣʴʢʠ ʧʽʜ
ʯʘʩ ʧʦʩʪʫʧʘʣʴʥʦʛʦ ʨʫʭʫ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʩʠʣʠ ʡ ʤʦʤʝʥʪʠ ʻ ʬʫʥʢʮʽʷʤʠ ʥʝ
ʪʽʣʴʢʠ ʢʫʪʘ ʘʪʘʢʠ ‌, ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ Re ʽ ʬʦʨʤʠ ʧʣʘʥʝʨʘ, ʘʣʝ ̔  ʢʫʪʦʚʦʾ h ʚʠʜʢʦʩʪʽ ʚʽʜʥʦʩʥʦ
ʧʦʧʝʨʝʯʥʦʾ ʦʩʽ = (0, ɱ , 0).

ʆʩʢʽʣʴʢʠ ʢʫʪʦʚʘ ʰʚʠʜʢʽʩʪʴ ʧʣʘʥʝʨʘ ʤʘʣʘ, ʪʦ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʩʠʣʠ ʟʘʧʠʩʫʶʪʴʩʷ ʫ
ʚʠʛʣʷʜʽ ʨʷʜʫ ʟʘ ʢʫʪʦʚʦʶ ʰʚʠʜʢʽʩʪʶ, ʟʙʝʨʽʛʘʶʯʠ ʪʽʣʴʢʠ ʯʣʝʥʠ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ. ʏʣʝʥʠ, ʱʦ
ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ ʢʫʪʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʦʧʠʩʫʶʪʴ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʩʠʣʠ ʧʦʩʪʫʧʘʣʴʥʦʛʦ ʨʫʭʫ, ʘ
ʯʣʝʥʠ, ʱʦ ʣʽʥʽʡʥʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʢʫʪʦʚʦʾ ʰʚʠʜʢʦʩʪʽ, ʦʧʠʩʫʶʪʴ ʦʙʝʨʪʘʥʥʷ ʧʣʘʥʝʨʘ.

ʇʽʜ ʯʘʩ ʦʙʝʨʪʘʥʥʷ ʧʣʘʥʝʨʘ ʢʦʞʥʘ ʪʦʯʢʘ ʡʦʛʦ ʧʦʚʝʨʭʥʽ ʜʽʩʪʘʻ ʜʦʜʘʪʢʦʚʫ ʰʚʠʜʢʽʩʪʴ, ɦ ʦ
ʥʘʧʨʘʚʣʝʥʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʨʘʜʽʫʩʘ-ʚʝʢʪʦʨʘ, ʷʢʠʡ ʟ’ʻʜʥʫʻ ʮʝʥʪʨ ʦʙʝʨʪʘʥʥʷ ʟ ʮʽʻʶ
ʪʦʯʢʦʶ. ɼʣʷ ʤʘʣʦʾ ʢʫʪʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʦʙʝʨʪʘʥʥʷ ʧʣʘʥʝʨʘ ʤʦʜʫʣʴ ʮʽʻʾ ʜʦʜʘʪʢʦʚʦʾ ʰʚʠʜʢʦʩʪʽ
ʻ ʪʝʞ ʤʘʣʦʶ ʚʝʣʠʯʠʥʦʶ. ɺʽʜʧʦʚʽʜʥʽ ʤʦʜʫʣʽ ʜʦʜʘʪʢʦʚʠʭ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʩʠʣ ʪʝʞ ʻ ʤʘʣʠʤʠ
ʚʝʣʠʯʠʥʘʤʠ, ʷʢʠʤʠ ʤʦʞʥʘ ʥʝʭʪʫʚʘʪʠ ʧʦʨʽʚʥʶʶʯʠ ʟ ʚʝʣʠʯʠʥʘʤʠ ʧʦʟʠʮʽʡʥʠʤʠ ʩʠʣ. ʑʦʜʦ
ʾʭʥʴʦʛʦ ʤʦʤʝʥʪʫὓ , ʪʦ ʚʽʥ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʣʘʥʝʨʘ. ʎʝʡ ʤʦʤʝʥʪ
ʩʧʨʠʷʻ ʟʛʘʩʘʥʥʶ ʢʦʣʠʚʘʥʴ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʢʦʣʠ ʧʣʘʥʝʨ ʚʽʜʭʠʣʷʻʪʴʩʷ ʚʽʜ ʧʦʣʦʞʝʥʥʷ
ʨʽʚʥʦʚʘʛʠ ʯʠ ʧʽʜ ʯʘʩ ʧʝʨʝʭʦʜʫ ʚʽʜ ʦʜʥʦʛʦ ʧʦʣʦʞʝʥʥʷ ʨʽʚʥʦʚʘʛʠ ʜʦ ʽʥʰʦʛʦ.

ʅʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʜʣʷ ʦʮʽʥʢʠ ʚʩʽʭ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʩʠʣ, ʟʫʤʦʚʣʝʥʠʭ ʚ’ʷʟʢʽʩʪʶ
ʨʽʜʠʥʠ, ʙʫʜʝʤʦ ʢʦʨʠʩʪʫʚʘʪʠʩʷ ʛʽʧʦʪʝʟʦʶ ʩʪʘʮʽʦʥʘʨʥʦʩʪʽ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʮʽʻʾ ʛʽʧʦʪʝʟʠ, ʚʩʽ
ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʩʠʣʠ ʚʚʘʞʘʶʪʴʩʷ ʥʝʟʘʣʝʞʥʠʤʠ ʚʽʜ ʽʩʪʦʨʽʾ ʨʫʭʫ ʧʣʘʥʝʨʘ.

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʚʠʱʝʦʟʥʘʯʝʥʦʛʦ, ʜʽʩʪʘʻʤʦ ʪʘʢʽ ʨʽʚʥʷʥʥʷ ʜʠʥʘʤʽʢʠ ʧʽʜʚʦʜʥʦʛʦ ʧʣʘʥʝʨʘ
ʫ ʚʝʨʪʠʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ:

ὼ = ὺ cos— + ὺ sin—, ᾀ = ὺ sin— + ὺ cos—, — = ɱ ,
ɱ = ά ά ὺ ὺ + ά Ὣᾀ sin — + ὓ + ὓ ὐ ,

ὺ = ά + ά ὺ ɱ ά Ὣsin— + ὒ sin ‌ Ὀ cos ‌ (ά + ά ),
ὺ = ά + ά ὺ ɱ + ά Ὣcos— ὒ cos ‌ Ὀ sin ‌ (ά + ά ).

ʊʫʪ ὐ – ʝʬʝʢʪʠʚʥʠʡ ʤʦʤʝʥʪ ʧʣʘʥʝʨʘ ʥʘʚʢʦʣʦ ʦʩʽ Ὡ ; ᾀ – ʚʝʨʪʠʢʘʣʴʥʘ ʢʦʦʨʜʠʥʘʪʘ ʮʝʥʪʨʘ
ʧʣʘʚʫʯʦʩʪʽ ʧʣʘʥʝʨʘ.

ʎʷ ʩʠʩʪʝʤʘ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʻ ʦʩʥʦʚʦʶ ʜʣʷ ʘʥʘʣʽʟʫ ʨʫʭʫ ʧʽʜʚʦʜʥʦʛʦ ʧʣʘʥʝʨʘ
ʫ ʚʝʨʪʠʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

14. Graver, J. G. (2005). Underwater gliders: Dynamics, control and design: Diss. Princeton
University, USA.



X Intern. ʉonf. "Computer Hydromechanics", September 29 - October 1, 2026
X ʄʽʞʥʘʨ. ʢʦʥʬ. «ʂʦʤʧ’ʶʪʝʨʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ» 29 ʚʝʨʝʩʥʷ - 1 ʞʦʚʪʥʷ 2026

55

ʆʇʊʀʄɯɿɸʎɯʗ ʇʃɸʅʋɺɸʅʅʗ ʇɯɼɺʆɼʅʆɻʆ ɻʃɸʁɼɽʈɸ ɺ
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ʋ ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʉʚʽʪʦʚʦʛʦ ʦʢʝʘʥʫ ʚʘʞʣʠʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʶʪʴ ʧʽʜʚʦʜʥʽ
ʧʣʘʥʝʨʠ, ʨʫʭ ʷʢʠʭ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʟʤʽʥʦʶ ʧʣʘʚʫʯʦʩʪʽ, ʱʦ ʜʘʻ ʾʤ ʟʤʦʛʫ ʚʠʢʦʥʫʚʘʪʠ ʪʨʠʚʘʣʽ
ʤʦʥʽʪʦʨʠʥʛʦʚʽ ʤʽʩʽʾ ʫ ʪʦʚʱʽ ʚʦʜʠ. ɺʽʜʪʦʜʽ, ʷʢ ʚ 1989 ʨʦʮʽ ʙʫʣʘ ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʢʦʥʮʝʧʮʽʷ
ʧʽʜʚʦʜʥʦʛʦ ʧʣʘʥʝʨʘ, ʪʘʢʽ ʘʧʘʨʘʪʠ ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʚʘʣʠʩʷ ʚ ʨʽʟʥʠʭ ʢʦʥʬʽʛʫʨʘʮʽʷʭ, ʟʦʢʨʝʤʘ,
Slocum, Seaglider, Spray ʪʘ ʽʥ. ʄʦʜʝʣʴ ʧʣʘʥʝʨʘ, ʱʦ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʚ ʮʽʡ ʨʦʙʦʪʽ, ʙʫʣʘ
ʩʧʨʦʝʢʪʦʚʘʥʘ ʪʘ ʚʠʛʦʪʦʚʣʝʥʘ ʚ ɯʥʩʪʠʪʫʪʽ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ. ɺʦʥʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ
ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʢʦʨʧʫʩʫ, ʢʨʠʣ ʧʨʦʬʽʣʶ NACA0012 ʪʘ ʭʚʦʩʪʦʚʦʛʦ ʦʧʝʨʝʥʥʷ. ɼʣʷ ʢʦʞʥʦʛʦ ʟ
ʮʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʦʩʥʦʚʽ ʥʘʧʽʚʝʤʧʽʨʠʯʥʠʭ ʤʦʜʝʣʝʡ ʚʠʟʥʘʯʝʥʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʢʦʝʬʽʮʽʻʥʪʠ
ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ ʪʘ ʩʠʣʠ ʦʧʦʨʫ, ʷʢʽ ʚʽʜʽʛʨʘʶʪʴ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʬʦʨʤʫʚʘʥʥʽ ʪʨʘʻʢʪʦʨʽʾ ʨʫʭʫ
ʘʧʘʨʘʪʘ.

ʆʙˇʨʫʥʪʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ ʧʽʜʚʦʜʥʦʛʦ ʧʣʘʥʝʨʘ ʧʝʨʝʜʙʘʯʘʻ ʤʘʪʝʤʘʪʠʯʥʝ
ʤʦʜʝʣʶʚʘʥʥʷ ʡʦʛʦ ʜʠʥʘʤʽʢʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʫʩʽʭ ʜʽʶʯʠʭ ʥʘʚʘʥʪʘʞʝʥʴ: ʛʽʜʨʦʩʪʘʪʠʯʥʠʭ,
ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ, ʽʥʝʨʮʽʡʥʠʭ ʽ ʜʝʤʧʬʫʚʘʣʴʥʠʭ.ʆʩʢʽʣʴʢʠ ʧʣʘʥʫʚʘʥʥʷ ʛʣʘʡʜʝʨʘ ʚʽʜʙʫʚʘʻʪʴʩʷ
ʚ ʨʝʞʠʤʽ ʮʠʢʣʽʯʥʠʭ ʟʘʥʫʨʝʥʴ ʽ ʩʧʣʠʚʘʥʴ, ʜʦʮʽʣʴʥʦ ʨʦʟʛʣʷʜʘʪʠ ʡʦʛʦ ʨʫʭ ʫ ʚʝʨʪʠʢʘʣʴʥʽʡ
ʧʣʦʱʠʥʽ. ʉʭʝʤʘ ʧʦʟʜʦʚʞʥʴʦʛʦ ʨʫʭʫ ʧʽʜʚʦʜʥʦʛʦ ʧʣʘʥʝʨʘ ʽʟ ʟʘʟʥʘʯʝʥʥʷʤ ʜʽʶʯʠʭ ʥʘ ʥʴʦʛʦ ʩʠʣ
ʽ ʤʦʤʝʥʪʽʚ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 1. ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ, ʱʦ ʦʧʠʩʫʻ ʜʠʥʘʤʽʢʫ ʨʦʟʛʣʷʥʫʪʦʛʦ
ʟʨʘʟʢʘ ʛʣʘʡʜʝʨʘ, ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʫʥʽʚʝʨʩʘʣʴʥʠʭ ʨʽʚʥʷʥʥʷʭ ʟ ʨʦʙʦʪʠ [1], ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʡʦʛʦ

ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʘ ʪʘʢʦʞ
ʚʨʘʭʦʚʫʻ ʥʘʙʣʠʞʝʥʽ ʦʮʽʥʢʠ ʽʥʝʨʮʽʡʥʠʭ ʩʠʣ ʽ
ʜʝʤʧʬʫʚʘʣʴʥʠʭ ʤʦʤʝʥʪʽʚ ʜʣʷ  ʜʘʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ.
ɺʠʢʦʥʘʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʠʣʦ ʚʩʪʘʥʦʚʠʪʠ,
ʱʦ ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʘʧʘʨʘʪʘ
ʟʘʙʝʟʧʝʯʫʻ ʡʦʛʦ ʩʪʽʡʢʝ ʪʨʠʚʘʣʝ ʧʣʘʥʫʚʘʥʥʷ ʚ
ʦʜʥʦʨʽʜʥʦʤʫ ʟʘ ʛʫʩʪʠʥʦʶ ʚʦʜʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ.

ʈʠʩ. 1. ʉʭʝʤʘ ʨʫʭʫ ʧʣʘʥʝʨʘ
ʇʨʦʪʝ ʚ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʉʚʽʪʦʚʦʛʦ ʦʢʝʘʥʫ ʛʫʩʪʠʥʘ ʚʦʜʠ ʟʤʽʥʶʻʪʴʩʷ ʷʢ ʽʟ ʛʣʠʙʠʥʦʶ,

ʪʘʢ ʽ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ, ʱʦ ʤʦʞʝ ʽʩʪʦʪʥʦ ʚʧʣʠʥʫʪʠ ʥʘ ʧʘʨʘʤʝʪʨʠ ʨʫʭʫ ʽ
ʪʨʘʻʢʪʦʨʽʶ ʧʽʜʚʦʜʥʦʛʦ ʧʣʘʥʝʨʘ. ʋ ʮʽʡ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʦʩʦʙʣʠʚʦʩʪʽ ʝʢʩʧʣʫʘʪʘʮʽʾ
ʛʣʘʡʜʝʨʘ ʚ ʏʦʨʥʦʤʫ ʤʦʨʽ, ʜʣʷ ʷʢʦʛʦ ʭʘʨʘʢʪʝʨʥʠʤʠ ʻ ʚʠʨʘʞʝʥʘ ʚʝʨʪʠʢʘʣʴʥʘ ʩʪʨʘʪʠʬʽʢʘʮʽʷ ʫ
ʚʝʨʭʥʴʦʤʫ ʰʘʨʽ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʧʽʥʦʢʣʽʥʫ, ʘ ʪʘʢʦʞ ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʛʫʩʪʠʥʠ,
ʟʫʤʦʚʣʝʥʘ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʮʠʨʢʫʣʷʮʽʾ ʚʦʜʥʠʭ ʤʘʩ. ʅʘ ʨʠʩ. 2 ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʪʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʛʨʘʜʽʻʥʪʽʚ
ʛʫʩʪʠʥʠ ʚʽʜ ʛʣʠʙʠʥʠ ᾀ ʚ ʏʦʨʥʦʤʫ ʤʦʨʽ, ʷʢʽ
ʦʙʯʠʩʣʝʥʽ ʟʘ ʜʘʥʠʤʠ ʨʦʙʦʪʠ [2]. ɿ ʨʠʩ. 2 ʚʠʧʣʠʚʘʻ,
ʱʦ ʟʥʘʯʝʥʥʷ ʛʨʘʜʽʻʥʪʘ ʛʫʩʪʠʥʠ ʧʦ ʛʦʨʠʟʦʥʪʘʣʽ ʥʘ
ʢʽʣʴʢʘ ʧʦʨʷʜʢʽʚ ʤʝʥʰʽ ʟʘ ʾʾ ʚʝʨʪʠʢʘʣʴʥʽ ʧʝʨʝʧʘʜʠ
ʚ ʟʦʥʽ ʧʽʥʦʢʣʽʥʫ. ʎʝ ʜʦʟʚʦʣʷʻ ʟʥʝʭʪʫʚʘʪʠ
ʛʦʨʠʟʦʥʪʘʣʴʥʦʶ ʩʢʣʘʜʦʚʦʶ ʽ ʚʚʘʞʘʪʠ ʧʦʣʝ
ʛʫʩʪʠʥʠ ʟʘʣʝʞʥʠʤ ʣʠʰʝ ʚʽʜ ʛʣʠʙʠʥʠ:

”(ᾀ) = ” (ᾀ). (1)

ʈʠʩ. 2. ʇʘʨʘʤʝʪʨʠ ʩʪʨʘʪʠʬʽʢʘʮʽʾ
ʈʫʭ ʛʣʘʡʜʝʨʘ ʫ ʩʪʨʘʪʠʬʽʢʦʚʘʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʤʽʥʦʶ ʫʩʽʭ ʡʦʛʦ

ʢʣʶʯʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʚʠʤʘʛʘʻ ʤʦʜʠʬʽʢʘʮʽʾ ʢʣʘʩʠʯʥʠʭ ʨʽʚʥʷʥʴ ʜʠʥʘʤʽʢʠ ʘʧʘʨʘʪʘ.
ɿʘʣʝʞʥʽʩʪʴ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʪʘ ʽʥʝʨʮʽʡʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʚʽʜ ʛʣʠʙʠʥʠ ʦʧʠʩʫʻʪʴʩʷ ʟʘ
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ʜʦʧʦʤʦʛʦʶ ʢʦʝʬʽʮʽʻʥʪʘ ”(ᾀ) ”ϳ , ʜʝ ” ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʥʘ ʧʦʚʝʨʭʥʽ. ʂʨʽʤ ʪʦʛʦ, ʚ
ʜʠʬʝʨʝʥʮʽʡʥʠʭ ʨʽʚʥʷʥʥʷʭ ʜʣʷ ʰʚʠʜʢʦʩʪʝʡ ʟ’ʷʚʣʷʶʪʴʩʷ ʜʦʜʘʪʢʦʚʽ ʯʣʝʥʠ, ʟʫʤʦʚʣʝʥʽ
ʜʠʬʝʨʝʥʮʽʶʚʘʥʥʷʤ ʟʘ ʯʘʩʦʤ ʽʥʝʨʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʧʘʨʘʪʘ.

ɺ ʦʜʥʦʨʽʜʥʽʡ ʨʽʜʠʥʽ ʨʫʰʽʡʥʦʶ ʩʠʣʦʶ ʛʣʘʡʜʝʨʘ ʻ ʩʪʘʣʘ ʥʘʜʣʠʰʢʦʚʘ ʧʣʘʚʫʯʽʩʪʴά , ʷʢʘ
ʚʠʟʥʘʯʘʻʪʴʩʷ ʟ ʙʘʣʘʥʩʫ ʛʽʜʨʦʩʪʘʪʠʯʥʠʭ ʩʠʣ. ɸʧʘʨʘʪʥʦ ʚʦʥʘ ʩʪʚʦʨʶʻʪʴʩʷ ʩʠʩʪʝʤʦʶ
ʢʝʨʫʚʘʥʥʷ, ʷʢʘ ʧʝʨʝʢʘʯʫʻ ʨʦʙʦʯʫ ʨʽʜʠʥʫ, ʟʤʽʥʶʶʯʠ ʟʘʛʘʣʴʥʫ ʚʦʜʦʪʦʥʥʘʞʥʽʩʪʴ ʪʽʣʘ ʥʘ
ʚʝʣʠʯʠʥʫ ʜʦʜʘʪʢʦʚʦʛʦ ʦʙ’ʻʤʫ ЎV. ʋ ʩʪʨʘʪʠʬʽʢʦʚʘʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ɸʨʭʽʤʝʜʦʚʘ ʩʠʣʘ, ʘ ʟʘ
ʥʝʶ ʽ ʥʘʜʣʠʰʢʦʚʘ ʧʣʘʚʫʯʽʩʪʴ ʻ ʬʫʥʢʮʽʷʤʠ ʛʣʠʙʠʥʠ, ʪʦʙʪʦ, ʛʽʜʨʦʩʪʘʪʠʯʥʠʡ ʙʘʣʘʥʩ ʤʘʻ
ʚʠʛʣʷʜ:

Ὂ = ὡ Ὂ (ᾀ) = Ὣ ά ”(ᾀ)V = Ὣά (ᾀ). (2)
ʈʽʚʥʷʥʥʷ (2) ʟʘʧʠʩʘʥʝ ʟʘ ʫʤʦʚʠ, ʱʦ ʩʪʨʘʪʠʬʽʢʘʮʽʷ ʪʠʩʢʫ ʪʘ ʛʫʩʪʠʥʠ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʚʣʘʩʥʠʡ
ʦʙ’ʻʤ ʢʦʨʧʫʩʫ ʘʧʘʨʘʪʘ. ʗʢʱʦ ʟʘ ʘʥʘʣʦʛʽʻʶ ʟ ʦʜʥʦʨʽʜʥʠʤ ʩʝʨʝʜʦʚʠʱʝʤ ʚʚʘʞʘʪʠ, ʱʦ ʧʦʤʧʘ
ʧʝʨʝʢʘʯʫʻ ʬʽʢʩʦʚʘʥʠʡ ʦʙ’ʻʤ ʨʽʜʠʥʠ ЎV, ʪʦ ʤʘʩʘ ʧʣʘʚʫʯʦʩʪʽ ά , ʷʢʫ ʩʪʚʦʨʶʻ ʧʦʤʧʘ ʥʘ
ʛʣʠʙʠʥʽ ᾀ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʧʣʠʚʘʥʥʷ, ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ:

ά (ᾀ) = ά 1
”(ᾀ)

”
+ ά ,

”(ᾀ)
”

, (3)

ʜʝ ά ʟʘʛʘʣʴʥʘ ʤʘʩʘ ʘʧʘʨʘʪʘ, ά , ʥʘʜʣʠʰʢʦʚʘ  ʤʘʩʘ ʧʣʘʚʫʯʦʩʪʽ ʥʘ ʧʦʚʝʨʭʥʽ.
ʈʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʘʣʠ, ɦ ʦ ʚ ʫʤʦʚʘʭ ʏʦʨʥʦʛʦ ʤʦʨʷ
ʧʣʘʥʫʚʘʥʥʷ ʘʧʘʨʘʪʘ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ
ʻ ʩʪʽʡʢʠʤ. ɺʦʜʥʦʯʘʩ, ʥʝʚʝʣʠʢʽ ʚʽʜʭʠʣʝʥʥʷ ʢʫʪʘ
ʜʠʬʝʨʝʥʪʫ ʪʘ ʢʽʥʝʤʘʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ
ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʧʦʤʽʪʥʦʛʦ ʟʩʫʚʫ ʪʨʘʻʢʪʦʨʽʾ ʫ
ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʚʠʧʘʜʢʦʤ ʦʜʥʦʨʽʜʥʦʾ ʨʽʜʠʥʠ.
ɿʤʽʱʝʥʥʷ ʪʦʯʢʠ ʨʝʚʝʨʩʫ ʧʦ ʛʦʨʠʟʦʥʪʘʣʽ Ўὼ ʽ ʧʦ
ʚʝʨʪʠʢʘʣʽ ЎὌ ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʦʨʫʰʝʥʥʷ
ʪʦʯʥʦʩʪʽ ʥʘʚʽʛʘʮʽʾ, ʷʢʱʦ ʾʾ  ʨʦʟʨʘʭʦʚʘʥʦ ʟʘ
ʤʦʜʝʣʷʤʠ   ʟʚʠʯʘʡʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʈʝʟʫʣʴʪʘʪʠ
ʥʘ ʨʠʩ. 3, ʦʪʨʠʤʘʥʽ ʜʣʷ ʰʚʠʜʢʦʩʪʽ ʧʣʘʥʫʚʘʥʥʷ
ὠ = 0,34 ̍/̒ ʪʘ ʛʣʠʙʠʥʠ ʟʘʥʫʨʝʥʥʷ 300 ̍.
ɺʠʜʥʦ, ʱʦ ʧʨʦʪʷʛʦʤ ʣʠʰʝ ʦʜʥʽʻʾ ʜʦʙʠ ʟʤʽʱʝʥʥʷ
ʪʨʘʻʢʪʦʨʽʾ ʚʽʜ ʧʨʦʛʥʦʟʦʚʘʥʦʾ ʜʦʩʷʛʘʻ 150 ʤ ʧʦ
ʛʦʨʠʟʦʥʪʘʣʽ ʪʘ 10 ʤ ʧʦ ʚʝʨʪʠʢʘʣʽ ʟʽ ʩʪʽʡʢʦʶ
ʪʝʥʜʝʥʮʽʻʶ ʜʦ ʟʙʽʣʴʰʝʥʥʷ.

ʈʠʩ. 3.
ɿʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʛʫʩʪʠʥʘ ʚʦʜʠ ʚ ʮʠʭ ʨʦʟʨʘʭʫʥʢʘʭ ʟʤʽʥʠʣʘʩʷ ʣʠʰʝ ʥʘ 0,25% (ʜʠʚ.

ʨʠʩ. 2), ʦʪʨʠʤʘʥʠʡ ʨʝʟʫʣʴʪʘʪ ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ ʢʽʥʝʤʘʪʠʢʠ ʧʣʘʥʫʚʘʥʥʷ ʜʦ
ʩʪʨʘʪʠʬʽʢʘʮʽʾ ʧʨʠ ʢʣʘʩʠʯʥʽʡ ʩʪʨʘʪʝʛʽʾ ʢʝʨʫʚʘʥʥʷ ʨʫʭʦʤ ʘʧʘʨʘʪʘ. ɼʣʷ ʟʙʝʨʝʞʝʥʥʷ
ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʜʠʥʘʤʽʢʠ ʪʘ ʢʫʪʘ ʧʣʘʥʫʚʘʥʥʷ ʧʨʦʧʦʥʫʻʪʴʩʷ ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʣʽʩʪʴ ʧʣʘʚʫʯʦʩʪʽ
ά = ὧέὲίὸ, ʨʦʙʣʷʯʠ ʟʤʽʥʥʠʤ ʜʦʜʘʪʢʦʚʠʡ ʨʦʙʦʯʠʡ ʦʙ’ʻʤ ʧʦʤʧʠ ЎV(ᾀ) = ЎV

( )
.ʆʩʢʽʣʴʢʠ

ʚʝʣʠʯʠʥʘ
( )

< 1, ʪʘʢʠʡ ʧʽʜʭʽʜ ʥʝ ʣʠʰʝ ʟʙʝʨʽʛʘʻ  ʢʽʥʝʤʘʪʠʢʫ ʨʫʭʫ, ʘ ʡ ʟʤʝʥʰʫʻ ʨʦʙʦʯʠʡ
ʭʽʜ ʧʦʤʧʠ ʚ ʥʠʞʥʽʡ ʪʦʯʮʽ ʪʨʘʻʢʪʦʨʽʾ, ʱʦ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʝʥʝʨʛʦʚʠʪʨʘʪʠ ʘʢʫʤʫʣʷʪʦʨʘ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1. Graver, J.G. (2005) Underwater gliders: Dynamics, control and design. Diss. / Graver
Joshua Grady. – Princeton University, USA. –273 p.

2. ɹʝʣʦʢʦʧʠʪʦʚ, ɺ.ʅ. (2014) ʂʣʠʤʘʪʠʯʝʩʢʘʷ ʠʟʤʝʥʯʠʚʦʩʪʴ ʧʣʦʪʥʦʩʪʥʦʡ ʩʪʨʫʢʪʫʨʳ
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ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʟ’ʷʚʣʷʻʪʴʩʷ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚʭʦʜʫ ʪʽʣ ʫ
ʚʦʜʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ CFD (ʜʠʚ., ʥʘʧʨʠʢʣʘʜ [1]). ʎʝ ʩʢʣʘʜʥʝ ʥʝʩʪʘʮʽʦʥʘʨʥʝ ʷʚʠʱʝ ʚʠʤʘʛʘʻ
ʚʠʢʦʨʠʩʪʘʥʥʷ ʘʜʝʢʚʘʪʥʠʭ ʤʦʜʝʣʝʡ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʬʘʟʦʚʠʡ  ʧʝʨʝʭʽʜ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʢʘʚʝʨʥ,
ʣʘʤʽʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʠʡ ʧʝʨʝʭʽʜ, ʷʚʠʱʘ ʧʦʙʣʠʟʫ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ. ɼʣʷ ʰʚʠʜʢʦʛʦ ʚʭʦʜʫ ʫ
ʚʦʜʫ ʥʘ h ʚʠʜʢʦʩʪʷʭ ʙʣʠʟʴʢʠʭ ʪʘ ʙʽʣʴʰʠʭ 1 ʢʤ/ʩʝʢ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʪʘʢʦʞ ʩʪʠʩʣʠʚʽʩʪʴ
ʨʽʜʠʥʠ. ʊʦʤʫ ʤʝʪʦʜʠ CFD ʚʠʤʘʛʘʶʪʴ ʚʝʣʠʢʠʭ ʚʠʪʨʘʪ ʤʘʰʠʥʥʦʛʦ ʯʘʩʫ ʪʘ ʫʩʢʣʘʜʥʶʶʪʴ
ʨʦʟʚ’ʷʟʘʥʥʷ ʟʘʜʘʯ ʦʧʪʠʤʽʟʘʮʽʾ ʬʦʨʤʠ ʪʽʣʘ.

ɼʣʷ ʟʘʥʫʨʝʥʥʷ ʚʠʜʦʚʞʝʥʠʭ ʪʽʣ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʝʩʪʘʮʽʦʥʘʨʥʫ ʪʝʦʨʽʶ
ʪʦʥʢʦʛʦ ʪʽʣʘ ʪʘ ʰʫʢʘʪʠ ʧʦʪʝʥʮʽʘʣ ʪʝʯʽʾ ʽʜʝʘʣʴʥʦʾ ʥʝʩʪʠʩʣʠʚʦʾ ʨʽʜʠʥʠ ʷʢ ʩʫʧʝʨʧʦʟʠʮʽʶ
ʜʞʝʨʝʣ ʪʘ ʩʪʦʢʽʚ ʟ ʥʝʩʪʘʮʽʦʥʘʨʥʦʶ ʽʥʪʝʥʩʠʚʥʽʩʪʶ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʥʘ ʦʩʽ ʩʠʤʝʪʨʽʾ, [2]. ʅʘ
ʞʘʣʴ, ʚ ʚʽʜʧʦʚʽʜʥʫ ʣʽʥʝʘʨʠʟʘʮʽʶ ʥʝ ʚʜʘʻʪʴʩʷ ʟʨʦʙʠʪʠ ʜʣʷ ʥʝʩʪʘʮʽʦʥʘʨʥʦʾ ʪʝʯʽʾ ʩʪʠʩʣʠʚʦʾ
ʨʽʜʠʥʠ, ʘ ʚʧʣʽʚ ʚʽʣʴʥʦʾ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʚʦʜʠ ʤʦʞʥʘ ʚʨʘʭʫʚʘʪʠ ʣʠʰʝ ʧʨʠʙʣʠʟʥʦ ʟʘ
ʜʦʧʦʤʦʛʦʶ ʚʽʜʦʤʠʭ ʤʝʪʦʜʽʚ ʪʝʦʨʽʾ ʪʦʥʢʦʛʦ ʢʦʨʧʫʩʘ ʢʦʨʘʙʣʷ [3].

ʋ ʚʠʧʘʜʢʫ ʩʫʧʝʨʢʘʚʽʪʘʮʽʡʥʦʛʦ ʦʙʪʽʢʘʥʥʷ (ʟʦʢʨʝʤʘ, ʚʭʦʜʫ ʫ ʚʦʜʫ ʟ ʫʪʚʦʨʝʥʥʷʤ
ʩʫʧʝʨʢʘʚʝʨʥʠ), ʬʦʨʤʘ ʥʝʩʪʘʮʽʦʥʘʨʥʦʾ ʢʘʚʝʨʥʠ ʥʝʚʽʜʦʤʘ ʽ ʤʘʻ ʚʠʟʥʘʯʘʪʠʩʴ ʟ ʜʦʜʘʪʢʦʚʠʭ
ʤʽʨʢʫʚʘʥʴ. ʗʢʱʦ ʪʠʩʢ ʫ ʢʘʚʝʨʥʽ ʟʘʣʝʞʠʪʴ ʣʠʰʝ ʚʽʜ ʯʘʩʫ, ʪʦ ʘʩʠʤʧʪʦʪʠʯʥʽ ʨʦʟʚ’ʷʟʢʠ
ʚʽʜʧʦʚʽʜʥʠʭ ʨʽʚʥʷʥʴ ʤʦʞʥʘ ʟʥʘʡʪʠ ʚ [2, 4]. ʗʢʱʦ ʪʠʩʢ ʟʘʣʝʞʠʪʴ ʪʘʢʦʞ ʚʽʜ ʢʦʦʨʜʠʥʘʪʠ ʚʜʦʚʞ
ʦʩʽ ʩʠʤʝʪʨʽʾ (ʥʘʧʨʠʢʣʘʜ ʫ ʚʠʧʘʜʢʫ ʽʥʪʝʥʩʠʚʥʦʛʦ ʧʽʜʜʫʚʫ ʛʘʟʫ ʚ ʢʘʚʝʨʥʫ), ʪʦ ʩʣʽʜ
ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʙʽʣʴʰ ʩʢʣʘʜʥʫ ʩʠʩʪʝʤʫ ʽʥʪʝʛʨʦ-ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʪʘ ʾʾ
ʘʩʠʤʧʪʦʪʠʯʥʽ ʨʦʟʚ’ʷʟʢʠ [5]. ʗʢʱʦ ʦʙʤʝʞʠʪʠʩʴ ʣʠʰʝ ʧʝʨʰʠʤ ʥʘʙʣʠʞʝʥʥʷʤ ʜʣʷ ʨʦʟʚ’ʷʟʢʫ,
ʪʦ ʤʦʞʥʘ ʨʦʟʚ’ʷʟʫʚʘʪʠ ʣʠʰʝ ʜʠʬʝʨʝʥʮʽʘʣʴʥʽ ʨʽʚʥʷʥʥʷ (ʜʠʚ. [5]). ɿʦʢʨʝʤʘ, ʚ ʘʙʩʦʣʶʪʥʽʡ
ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ (ʥʘʧʨʠʢʣʘʜ, ʟ ʧʦʯʘʪʢʦʤ, ʨʦʟʪʘʰʦʚʘʥʠʤ ʥʘ ʥʝʟʙʫʨʝʥʽʡ ʚʽʣʴʥʽʡ ʧʦʚʝʨʭʥʽ)
ʧʝʨʰʝ ʥʘʙʣʠʞʝʥʥʷ ʥʝʩʪʘʮʽʦʥʘʨʥʦʾ ʪʝʦʨʽʾ ʪʦʥʢʦʛʦ ʪʽʣʘ ʧʽʜʪʚʝʨʜʞʫʻ ʧʨʠʥʮʠʧ ʥʝʟʘʣʝʞʥʦʩʪʽ
ʨʦʟʰʠʨʝʥʥʷ ʧʝʨʝʨʽʟʫ ʢʘʚʝʨʥʠ, ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ɻ.ɺ. ʃʦʛʚʠʥʦʚʠʯʝʤ [6]. ɼʘʥʠʡ ʬʘʢʪ ʜʦʟʚʦʣʷʻ
ʥʝʭʪʫʚʘʪʠ ʚʧʣʠʚʦʤ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʪʘ ʨʦʟʨʘʭʦʚʫʚʘʪʠ ʥʝʩʪʘʮʽʦʥʘʨʥʽ ʬʦʨʤʠ ʢʘʚʝʨʥ,
ʫʪʚʦʨʝʥʠʤʠ ʪʦʥʢʠʤ ʪʽʣʘʤʠ ʧʨʠ ʾʭʥʴʦʤʫ ʚʭʦʜʽ ʫ ʚʦʜʫ. ɿʦʢʨʝʤʘ ʙʫʣʦ ʨʦʟʨʘʭʦʚʘʥʦ ʯʘʩ
ʛʣʠʙʠʥʥʦʛʦ ʟʤʠʢʘʥʥʷ ʢʘʚʝʨʥ, ʫʪʚʦʨʝʥʠʤʠ ʪʦʥʢʠʤʠ ʪʽʣʘʤʠ ʨʽʟʥʦʾ ʬʦʨʤʠ [2, 7]. ɼʣʷ
ʚʨʘʭʫʚʘʥʥʷ ʚʧʣʠʚʫ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʚʭʦʜʽ ʫ ʚʦʜʫ ʙʫʜʫʪʴ
ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʜʞʝʨʝʣʘ ʪʘ ʩʪʦʢʠ ʧʨʦʪʠʣʝʞʥʦʾ ʟʘ ʟʥʘʢʦʤ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʨʦʟʪʘʰʦʚʘʥʽ ʪʘ
ʪʽʡ ʩʘʤʽʡ ʚʽʜʜʘʣʽ ʚʽʜ ʥʝʟʙʫʨʝʥʦʾ ʧʦʚʝʨʭʥʽ ʚʦʜʠ, ̫ ʢ ʮʝ ʨʦʙʠʪʴʩʷ ʚ ʪʝʦʨʽʾ ʪʦʥʢʠʭ ʢʦʨʧʫʩʽʚ ʩʫʜʝʥ
[3].

ɿʘʜʘʯʽ ʦʧʪʠʤʽʟʘʮʽʾ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʧʽʜʯʘʩ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʚʭʦʜʫ ʫ ʚʦʜʫ ʤʦʞʥʘ
ʫʤʦʚʥʦ ʨʦʟʜʽʣʠʪʠ ʥʘ ʜʚʽ ʚʝʣʠʢʽ ʛʨʫʧʠ. ʇʝʨʰʘ ʩʪʦʩʫʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʜʘʣʴʥʦʩʪʽ ʨʫʭʫ ʙʝʟ
ʩʫʪʪʻʚʦʾ ʚʪʨʘʪʠ ʰʚʠʜʢʦʩʪʽ. ɼʨʫʛʘ ʩʪʦʩʫʻʪʴʩʷ ʟʤʝʥʰʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʪʽʣʽ, ʱʦ ʤʦʞʫʪʴ
ʙʫʪʠ ʜʦʩʠʪʴ ʟʥʘʯʥʠʤʠ ʥʘ ʚʝʣʠʢʠʭ ʰʚʠʜʢʦʩʪʷʭ, ʦʩʦʙʣʠʚʦ ʥʘ ʥʦʩʠʢʫ, ʱʦ ʧʝʨʰʠʤ ʧʨʦʥʠʢʘʻ ʚ
ʨʽʜʠʥʫ.

ɿʘʜʘʯʘ ʤʘʢʩʠʤʽʟʘʮʽʾ ʜʘʣʴʥʦʩʪʽ ʩʫʧʝʨʢʘʚʽʪʘʮʽʡʥʦʛʦ ʨʫʭʫ ʟʘ ʜʠʩʢʦʚʠʤ ʢʘʚʽʪʘʪʦʨʦʤ
ʨʦʟʛʣʷʜʘʣʘʩʴ ʚ [8] ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʫʤʦʚʠ ʬʽʢʩʦʚʘʥʦʾ ʧʦʯʘʪʢʦʚʦʾ ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ. ɺ
ʨʦʙʦʪʽ [9] ʚʜʘʣʦʩʷ ʦʪʨʠʤʘʪʠ ʘʥʘʣʽʪʠʯʥʠʡ ʨʦʟʚ’ʷʟʦʢ ʟʘʜʘʯʽ ʪʘ ʟʘʧʨʦʧʦʥʦʚʘʥʽ ʬʦʨʤʠ
ʦʧʪʠʤʘʣʴʥʠʭ ʢʦʨʧʫʩʽʚ ʟ ʜʠʩʢʦʚʠʤ ʢʘʚʽʪʘʪʦʨʦʤ. ɿʙʽʣʴʰʝʥʥʷ ʜʘʣʴʥʦʩʪʽ ʟʘ ʨʘʭʫʥʦʢ
ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʘʚʽʪʘʪʦʨʽʚ ʟʤʽʥʥʦʾ ʬʦʨʤʠ ʦʮʽʥʝʥʦ ʚ [10]. ʆʛʣʷʜ ʟʘʜʘʯ ʧʦʰʫʢʫ ʤʘʢʩʠʤʫʤʫ
ʜʘʣʴʥʦʩʪʽ ʜʣʷ ʥʝʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʫʧʝʨʢʘʚʽʪʘʮʽʡʥʦʛʦ ʨʫʭʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʷʢ ʜʠʩʢʦʚʠʭ,
ʪʘʢ ʽ ʪʦʥʢʠʭ ʢʘʚʽʪʘʪʦʨʽʚ ʜʣʷ ʨʽʟʥʠʭ ʽʟʦʧʝʨʠʤʝʪʨʠʯʥʠʭ ʫʤʦʚ ʥʘʚʝʜʝʥʠʡ ʚ [11], ʜʝ
ʧʦʨʽʚʥʶʚʘʚʩʷ ʪʘʢʦʞ ʚʠʧʘʜʦʢ ʙʝʟʚʽʜʨʠʚʥʦʛʦ ʦʙʪʽʢʘʥʥʷ.

ʋ ʧʨʝʧʨʠʥʪʽ [12] ʟʨʦʙʣʝʥʦ ʩʧʨʦʙʫ ʽʥʪʝʛʨʫʚʘʪʠ ʤʝʪʦʜʠ ʢʦʤʧ’ʶʪʝʨʥʦʾ ʛʽʜʨʦʤʝʭʘʥʽʢʠ
(CFD)  ʪʘ ʘʥʘʣʽʪʠʯʥʽ ʨʦʟʚ’ʷʟʢʠ [11] ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʦʧʪʠʤʘʣʴʥʠʭ ʬʦʨʤ ʪʽʣ ʟ ʜʠʩʢʦʚʠʤ ʪʘ
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ʢʦʥʽʯʥʠʤʠ ʢʘʚʽʪʘʪʦʨʘʤʠ, ʱʦ ʚʝʨʪʠʢʘʣʴʥʦ ʧʨʦʥʠʢʘʶʪʴ ʫ ʚʦʜʫ ʟʽ ʰʚʠʜʢʦʩʪʷʤʠ ʧʦʨʷʜʢʫ 1000
ʤ/ʩ. ʇʨʠ ʮʴʦʤʫ CFD ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʴ ʣʠʰʝ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ ʚʭʦʜʫ, ʢʦʣʠ ʚʧʣʠʚ
ʧʦʚʝʨʭʥʽ ʚʦʜʠ ʻ ʟʥʘʯʥʠʤ ʪʘ ʥʝ ʚʠʢʦʥʫʻʪʴʩʷ ʫʤʦʚʘ ʢʚʘʟʽʩʪʘʮʽʦʥʘʨʥʽ (ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʴ
ʚ [11]). ɺ [12] ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʽʩʣʷ ʜʦʩʪʘʪʥʴʦʛʦ ʟʘʥʫʨʝʥʥʷ ʪʽʣʘ, ʡʦʛʦ ʨʫʭ ʩʪʘʻ
ʢʚʘʟʽʩʪʘʮʽʦʥʘʨʥʠʤ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʘʥʘʣʽʪʠʯʥʽ ʨʦʟʚ’ʷʟʢʠ [11], ʩʢʦʨʦʪʠʪʠ
ʚʠʪʨʘʪʠ ʢʦʤʧ’ʶʪʝʨʥʠʭ ʨʝʩʫʨʩʽʚ ʪʘ ʦʪʨʠʤʘʪʠ ʬʦʨʤʠ ʢʦʨʧʫʩʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ
ʤʘʢʩʠʤʘʣʴʥʫ ʛʣʠʙʠʥʫ ʧʨʦʥʠʢʘʥʥʷ ʫ ʚʦʜʫ ʚ ʩʫʧʝʨʢʘʚʽʪʘʮʽʡʥʦʤʫ ʨʝʞʠʤʽ. ɺʠʢʦʨʠʩʪʘʥʥʷ
ʢʦʥʽʯʥʠʭ ʢʘʚʽʪʘʪʦʨʽʚ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʟʥʠʟʠʪʠ ʣʦʢʘʣʴʥʽ ʥʘʧʨʫʞʝʥʥʷ. ʇʨʦ ʮʝ ʩʚʽʜʯʘʪʴ
ʨʝʟʫʣʴʪʘʪʠ [12] ʪʘ ʥʘʚʝʜʝʥʽ ʚ ʜʘʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʟʨʘʭʫʥʢʠ ʜʣʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʟʘʥʫʨʝʥʥʷ
ʢʦʥʫʩʽʚ ʧʨʠ ʨʽʟʥʠʭ ʯʠʩʣʘʭ ʌʨʫʜʘ.

ɺ ʤʘʡʙʫʪʥʴʦʤʫ ʩʣʽʜ ʟʦʩʝʨʝʜʠʪʠʩʴ ʥʘ ʢʘʚʽʪʘʪʦʨʘʭ ʩʧʝʮʽʘʣʴʥʦʾ ʫʚʽʛʥʫʪʦʾ ʬʦʨʤʠ,
ʧʦʜʽʙʥʦʾ ʜʦ ʬʦʨʤʠ ʥʦʩʠʢʘ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʠʭ ʨʠʙ [13]. ʇʨʦʚʝʜʝʥʽ ʚ [13] ʦʮʽʥʢʠ
ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʧʦʣʷ ʪʠʩʢʽʚ ʩʚʽʜʯʘʪʴ, ʱʦ ʥʘ ʚʽʜʧʦʚʽʜʥʠʭ ʚʠʜʦʚʞʝʥʠʭ ʪʽʣʘʭ ʦʙʝʨʪʘʥʥʷ ʤʦʞʥʘ
ʫʥʠʢʘʪʠ ʪʦʯʢʠ ʛʘʣʴʤʫʚʘʥʥʷ ʧʦʪʦʢʫ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʪʠʩʢʫ, ʱʦ ʤʦʞʝ ʙʫʪʠ ʜʫʞʝ ʚʝʣʠʢʠʤ ʥʘ
ʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʷʭ. ʇʦʜʽʙʥʽ ʬʦʨʤʠ ʤʦʞʫʪʴ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʴ ʜʣʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ
ʨʫʭʫ ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʚʦʜʠ  [14] ʪʘ ʜʣʷ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʚʭʦʜʫ ʫ ʚʦʜʫ.
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ʉʊɯʅʎɯ (WSS).

ʆʚʝʨʢʦ ɺ.ʉ.
ɯʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʾ ʤʘʪʝʤʘʪʠʢʠ ʪʘ ʤʝʭʘʥʽʢʠ, ʏʝʨʢʘʩʠ, vitaliioverko@gmail.com

ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʣʽʚ ʰʚʠʜʢʦʩʪʽ ʪʘ ʜʦʪʠʯʥʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘ ʩʪʽʥʮʽ (Wall Shear Stress —
WSS) ʤʘʶʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʙʽʦʤʝʭʘʥʽʢʠ, ʘʝʨʦ- ʪʘ ʛʽʜʨʦʜʠʥʘʤʽʢʠ. ʈʽʚʝʥʴ
ʤʝʭʘʥʽʯʥʦʛʦ ʥʘʧʨʫʞʝʥʥʷ, ʷʢʝ ʧʦʪʽʢ ʨʽʜʠʥʠ ʘʙʦ ʢʨʦʚʽ ʯʠʥʠʪʴ ʥʘ ʩʪʽʥʢʫ ʩʫʜʠʥʠ ʯʠ ʧʦʚʝʨʭʥʶ
ʦʙʪʽʯʥʦʛʦ ʪʽʣʘ, ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʣʦʢʘʣʴʥʽ ʧʨʦʮʝʩʠ ʤʘʩʦʦʙʤʽʥʫ, ʪʝʨʪʷ ʪʘ ʨʦʟʚʠʪʦʢ
ʨʫʡʥʽʚʥʠʭ ʷʚʠʱ. ɿʦʢʨʝʤʘ, ʫ ʩʝʨʮʝʚʦ-ʩʫʜʠʥʥʽʡ ʤʝʜʠʮʠʥʽ ʘʥʦʤʘʣʴʥʽ ʛʨʘʜʽʻʥʪʠ WSS ʻ
ʢʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ ʫʪʚʦʨʝʥʥʷ ʪʘ ʨʦʟʨʠʚʫ ʘʥʝʚʨʠʟʤ, ʚʠʥʠʢʥʝʥʥʷ ʘʪʝʨʦʩʢʣʝʨʦʪʠʯʥʠʭ
ʙʣʷʰʦʢ ʪʘ ʝʥʜʦʪʝʣʽʘʣʴʥʦʾ ʜʠʩʬʫʥʢʮʽʾ. ʊʦʯʥʝ ʚʽʜʥʦʚʣʝʥʥʷ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʦʟʚʦʣʷʻ
ʧʨʦʛʥʦʟʫʚʘʪʠ ʧʦʚʝʜʽʥʢʫ ʪʘʢʠʭ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ, ʷʢ ʧʦʪʽʢ ʢʨʦʚʽ ʫ ʘʨʪʝʨʽʘʣʴʥʦʡ ʩʠʩʪʝʤʽ
ʣʶʜʠʥʠ.

ʉʫʯʘʩʥʠʤ ʧʨʠʢʣʘʜʦʤ ʧʝʨʝʜʦʚʠʭ ʥʘʫʢʦʚʠʭ ʨʦʟʨʦʙʦʢ ʫ ʮʴʦʤʫ ʥʘʧʨʷʤʽ ʻ ʜʦʩʣʽʜʞʝʥʥʷ
[1]. ʋ ʮʽʡ ʨʦʙʦʪʽ ʘʚʪʦʨʠ ʦʙ’ʻʜʥʘʣʠ ʤʝʪʦʜʠ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ (CFD) ʪʘ
ʛʣʠʙʦʢʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ (DNN) ʜʣʷ h ʚʠʜʢʦʛʦ ʪʘ ʪʦʯʥʦʛʦ ʚʽʜʥʦʚʣʝʥʥʷ ʪʨʠʚʠʤʽʨʥʠʭ ʧʦʣʽʚ
ʪʠʩʢʫ, ʰʚʠʜʢʦʩʪʽ ʡ ʜʦʪʠʯʥʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘ ʩʪʽʥʮʽ ʘʦʨʪʠ. ɼʦʩʣʽʜʞʝʥʥʷ ʜʝʤʦʥʩʪʨʫʻ, ʱʦ
ʥʘʚʯʝʥʽ ʤʦʜʝʣʽ ʥʘ ʦʩʥʦʚʽ ʬʦʨʤʠ ʩʫʜʠʥʠ ʟʜʘʪʥʽ ʧʨʦʛʥʦʟʫʚʘʪʠ ʛʝʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ
ʚʩʴʦʛʦ ʟʘ ʢʽʣʴʢʘ ʩʝʢʫʥʜ (ʟʘʤʽʩʪʴ ʭʚʠʣʠʥ ʘʙʦ ʛʦʜʠʥ ʪʨʘʜʠʮʽʡʥʠʭ CFD-ʨʦʟʨʘʭʫʥʢʽʚ) ʽʟ
ʧʦʭʠʙʢʦʶ ʤʝʥʰʝ ʥʽʞ 5%, ʱʦ ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ ʢʣʽʥʽʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ. ɸʣʝ
ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝʡʨʦʥʠʭ ʤʝʨʝʞ ʪʘʢʦʞ ʤʘʻ ʦʙʤʝʞʝʥʥʷ -ʜʣʷ ʽʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʪʨʽʙʥʦ ʤʘʪʠ
ʚʝʣʠʢʠ ʦʙʯʠʩʣʶʚʘʣʴʥʽ ʧʦʪʫʞʥʦʩʪʽ ʥʘ ʧʝʨʩʦʥʘʣ ʟ ʩʧʝʮʠʬʽʯʥʠʤʠ ʟʥʘʥʥʷʤʠ ʚ ʦʙʣʘʩʪʽ
ʽʥʬʦʨʤʘʪʠʢʠ, ʤʘʪʝʤʘʪʠʢʠ ʪʘ ʢʦʤʧ’ʶʪʝʨʥʦʾ ʛʽʜʨʦʤʝʭʘʥʽʢʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʥʘʤʠ ʤʝʪʦʜ
ʧʦʪʨʝʙʫʻ ʤʝʥʰ ʧʦʪʫʞʥʦʾ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʪʝʭʥʽʢʠ.

ʄʝʪʦʶ ʮʴʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʚʠʟʥʘʯʝʥʥʷ ʤʦʞʣʠʚʦʩʪʽ ʪʦʯʥʦʛʦ ʚʽʜʥʦʚʣʝʥʥʷ ʧʦʣʽʚ
ʰʚʠʜʢʦʩʪʽ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʜʦʪʠʯʥʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘ ʩʪʽʥʮʽ (WSS).

ʄʠ ʧʨʠʧʫʩʢʘʻʤʦ, ʱʦ WSS ʤʦʞʥʘ ʚʽʜʥʦʚʠʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʘʩʪʫʧʥʦʛʦ ʤʝʪʦʜʫ.
ʉʧʦʯʘʪʢʫ ʟ ʜʘʥʠʭ ʄʈʊ ʚʽʜʥʦʚʣʶʶʪʴʩʷ ʧʦʣʷ ʰʚʠʜʢʦʩʪʽ, ʧʽʩʣʷ ʯʦʛʦ ʚʦʥʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ
ʷʢ ʚʭʽʜʥʽ ʜʘʥʽ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʚʝʣʠʢʦʾ ʜʽʣʷʥʢʠ ʢʨʦʚʦʥʦʩʥʦʾ ʩʫʜʠʥʠ, ʷʢʫ ʤʦʞʥʘ
ʧʦʚ’ʷʟʘʪʠ ʟ ʛʝʦʤʝʪʨʽʻʶ ʧʨʷʤʦʾ ʪʨʫʙʠ. ʇʦʪʽʤ ʮʽ ʜʘʥʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ
ʤʦʜʝʣʶʚʘʥʥʷ ʫ FLUENT.

ʂʨʦʚ ʨʦʟʛʣʷʜʘʣʘʩʷ ʷʢ ʥʴʶʪʦʥʽʚʩʴʢʘ ʨʽʜʠʥʘ ʟ ʛʫʩʪʠʥʦʶ 1030 ʢʛ/ʤ3 ʽ ʜʠʥʘʤʽʯʥʦʶ
ʚ’ʷʟʢʽʩʪʶ 3,7 10-3 ʇʘ·ʩ. ʇʦʚʥʫ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʅʘʚ’ʻ—ʉʪʦʢʩʘ ʫ ʪʨʠʚʠʤʽʨʥʽʡ ʧʦʩʪʘʥʦʚʮʽ
ʙʫʣʦ ʨʦʟʚ’ʷʟʘʥʦ ʜʣʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʣʘʤʽʥʘʨʥʦʛʦ ʧʦʪʦʢʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʥʝʷʚʥʦʛʦ ʨʦʟʚ’ʷʟʫʚʘʯʘ
ʥʘ ʦʩʥʦʚʽ ʪʠʩʢʫ. ɼʣʷ ʦʙʯʠʩʣʝʥʥʷ ʪʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʦ ʩʪʘʥʜʘʨʪʥʫ ʩʭʝʤʫ. ɼʣʷ ʟʚ’ʷʟʢʫ ʤʽʞ
ʪʠʩʢʦʤ ʽ ʰʚʠʜʢʽʩʪʶ ʦʙʨʘʥʦ ʩʭʝʤʫ PISO ʟʽ ʟʚ’ʷʟʫʚʘʥʥʷʤ ʽʟ ʩʫʩʽʜʥʽʤʠ ʢʦʤʽʨʢʘʤʠ ʟ
ʫʨʘʭʫʚʘʥʥʷʤ Skewness-Neighbor Coupling. ʇʝʨʝʥʦʩ ʽʤʧʫʣʴʩʫ ʜʠʩʢʨʝʪʠʟʫʚʘʚʩʷ ʟʘ ʩʭʝʤʦʶ
ʧʨʦʪʠ ʧʦʪʦʢʫ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ. ɼʦʩʣʽʜʞʫʚʘʚʩʷ ʩʪʘʮʽʦʥʘʨʥʠʡ ʧʦʪʽʢ.

ʅʘ ʚʭʦʜʽ ʙʫʣʦ ʟʘʜʘʥʦ ʪʨʠʚʠʤʽʨʥʠʡ ʧʨʦʬʽʣʴ ʰʚʠʜʢʦʩʪʽ. ɼʘʥʽ ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʰʚʠʜʢʦʩʪʽ
ʚʟʷʪʦ ʽʟ ʜʘʥʠʭ ʦʪʨʠʤʘʥʠʭ ʫ Politecnico di Milano. ʅʘ ʚʠʭʦʜʽ ʜʣʷ ʚʩʽʭ ʤʦʜʝʣʝʡ ʟʘʜʘʥʦ ʫʤʦʚʫ
ʪʠʩʢʫ (0ʤʤ ʨʪ. ʉʪ.) ʽʟ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʽʢʘʮʽʾ ʟʚʦʨʦʪʥʦʛʦ ʧʦʪʦʢʫ ʟʘ ʧʘʨʘʤʝʪʨʘʤʠ ʩʫʩʽʜʥʴʦʾ
ʢʦʤʽʨʢʠ. ʅʘ ʩʪʽʥʮʽ ʧʨʠʡʥʷʪʦ ʫʤʦʚʫ ʧʨʠʣʠʧʘʥʥʷ.

ʅʘ ʨʠʩ 1. ɿʦʙʨʘʞʝʥʘ ʩʭʝʤʘ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ. ɼʣʷ ʩʠʤʫʣʷʮʽʾ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ
ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʟ ʧʝʨʝʨʽʟʫ ʚʚʝʨʭ ʧʦ ʧʦʪʦʢʫ , ʧʨʦʚʦʜʠʣʠʩʴ ʦʙʯʠʩʣʝʥʥʷ ʜʣʷ ʧʝʨʝʨʽʟʫ
ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ ʪʘ ʧʦʨʽʚʥʶʚʘʣʠʩʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ.
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ʈʠʩ. 1. ɻʝʦʤʝʪʨʽʷ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʦʙʣʘʩʪʽ ʜʣʷ ʪʝʩʪʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ

ʉʢʣʘʜʥʘ ʬʦʨʤʘ ʧʦʣʽʚ ʰʚʠʜʢʦʩʪʽ ʧʦʪʨʝʙʫʻ ʩʢʣʘʜʥʠʭ ʬʦʨʤʫʣ ʜʣʷ ʾʾ ʦʧʠʩʫ. ʈʝʘʣʽʟʫʚʘʪʠ
ʢʫʙʽʯʥʫ ʩʧʣʘʡʥ-ʽʥʪʝʨʧʦʣʷʮʽʶ ʚ ʦʙʤʝʞʝʥʥʷʭ UDF-ʬʘʡʣʽʚ FLUENT ʥʝʤʦʞʣʠʚʦ. ʊʦʤʫ
ʧʦʧʝʨʝʜʥʴʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʽʥʠ ʜʘʥʽ ʦʙʨʦʙʣʷʣʠʩʷ ʫ ʧʘʢʝʪʽ Matlab.

ɸ) ɹ)
ʈʠʩ. 2. ʄʦʜʫʣʴ ʰʚʠʜʢʦʩʪʽ: ɸ) ʜʘʥʽ, ʦʪʨʠʤʘʥʽ ʟ ʥʘʙʦʨʫ ʜʘʥʠʭ; ɹ) ʽʥʪʝʨʧʦʣʴʦʚʘʥʘ

ʰʚʠʜʢʽʩʪʴ

ʄʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʱʦ ʧʦʣʷ ʰʚʠʜʢʦʩʪʽ ʙʫʣʠ ʚʽʜʥʦʚʣʝʥʽ ʢʦʨʝʢʪʥʦ. ʎʝ ʜʘʻ ʧʽʜʩʪʘʚʠ
ʧʨʠʧʫʩʪʠʪʠ, ʱʦ ʮʝʡ ʤʝʪʦʜ ʤʦʞʥʘ ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ WSS ʫ ʚʝʣʠʢʠʭ
ʘʨʪʝʨʽʷʭ ʣʶʜʠʥʠ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1. Daiqi Lin, Saša Kenjereš, Towards fast and reliable estimations of 3D pressure,
velocity and wall shear stress in aortic blood flow: CFD-based machine learning approach,
Computers in Biology and Medicine, Volume 191, 2025, 110137, ISSN 0010-4825,
https://doi.org/10.1016/j.compbiomed.2025.110137.

2. Shibeshi SS, Collins WE. The Rheology of Blood Flow in a Branched Arterial
System. Applied Rheology. 2005;15(6):398–405.
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ʇʈʆɻʈɸʄɸ “ʐɺʀɼʂɯʉʊʔ” ɼʃʗ ɺʀʄɯʈʖɺɸʅʅʗ ɸʂʋʉʊʀʏʅʀʍ
ʐɺʀɼʂʆʉʊɽʁ ʋ ɹɽʊʆʅɸʍ, SiO2, ʅɸʅʆʂʆʄʇʆɿʀʊɸʍ ɿ

ɹɸɻɸʊʆʉʊɯʅʅʀʍ ɺʋɻʃɽʎɽɺʀʍ ʅɸʅʆʊʈʋɹʆʂ ʊɸ ʇʆʃɯʄɽʈɯɺ,
ʅɸʋʂʆɺʆ-ʊɽʍʅɯʏʅɯ ʇʈʀʅʎʀʇʀ ɿɸɹɽɿʇɽʏɽʅʅʗ ʉʊɯʁʂʆʉʊɯ
ʄɽʃɯʆʈɸʎɯʁʅʀʍ ɻɯɼʈʆʊɽʍʅɯʏʅʀʍ ʉʇʆʈʋɼ ɺ ʋʄʆɺɸʍ

ʂʃɯʄɸʊʀʏʅʀʍ ʊɸ ɸʅʊʈʆʇʆɻɽʅʅʀʍ ɺʀʂʃʀʂɯɺ

ʆʥʘʥʢʦ ɸ.ʇ.1, ʗʮʶʢ ʄ.ɺ.2, ʆʥʘʥʢʦ ʖ.ɸ.2, ɺʦʨʦʧʘʡ ɻ.ɺ.2, ʂʫʟʴʤʠʯ ʉ.ɸ.2, ɼʤʠʪʨʝʥʢʦ
ʆ.ʇ.1, ʂʫʣʽʰ ʄ.ʇ.1, ʅʘʫʤʝʥʢʦ ɸ.ʇ.1, ʄʘʮʫʡ ʃ.ʖ.1, ʇʽʥʯʫʢ-ʈʫʛʘʣʴ ʊ.ʄ.1, ʈʫʛʘʣʴ ʆ.ɻ.1,

ʇʘʚʣʝʥʢʦ ʆ.ʃ.1, ʂʫʨʦʯʢʘ ʃ.ɯ.1, ɯʣʴʾʥ ʇ.ʇ.3
1ʂʠʾʚʩʴʢʠʡ ʅʘʮʽʦʥʘʣʴʥʠʡ ʋʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ʊʘʨʘʩʘ ʐʝʚʯʝʥʢʘ, ʂʠʾʚ, onanko@i.ua

2ɯʥʩʪʠʪʫʪ ɺʦʜʥʠʭ ʇʨʦʙʣʝʤ ʽ ʄʝʣʽʦʨʘʮʽʾ ʅɸɸʅʋ, ʂʠʾʚ, yaonanko1@gmail.com
3ʅʘʮʽʦʥʘʣʴʥʠʡ ʋʥʽʚʝʨʩʠʪʝʪ ɹʽʦʨʝʩʫʨʩʽʚ ʽ ʇʨʠʨʦʜʦʢʦʨʠʩʪʫʚʘʥʥʷ ʋʢʨʘʾʥʠ,ʂʠʾʚ, p_ilyin@ukr.net

ɺʉʊʋʇ
ɺʩʪʘʥʦʚʣʝʥʦ ʩʧʝʮʽʘʣʴʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ “ʐɺʀɼʂɯʉʊʔ” ʥʘ ʧʝʨʩʦʥʘʣʴʥʦʤʫ

ʢʦʤʧ'ʶʪʝʨʽ. ʂʦʤʧ'ʶʪʝʨʠʟʦʚʘʥʠʡ ʫʣʴʪʨʘʟʚʫʢʦʚʠʡ (ʋɿ) ʚʠʤʽʨʶʚʘʯ ʰʚʠʜʢʦʩʪʽ ʧʦʰʠʨʝʥʥʷ
ʭʚʠʣʴ “ʐɺʀɼʂɯʉʊʔ” ʧʨʠʟʥʘʯʝʥʠʡ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʧʦʟʜʦʚʞʥʴʦʾ VƐ ʪʘ ʧʦʧʝʨʝʯʥʦʾ Vƍ
ʰʚʠʜʢʦʩʪʝʡ ʧʦʰʠʨʝʥʥʷ ʘʢʫʩʪʠʯʥʠʭ ʋɿ ʭʚʠʣʴ ʰʣʷʭʦʤ ʚʠʤʽʨʶʚʘʥʥʷ ʯʘʩʫ ʟʘʪʨʠʤʢʠ ȹt
ʬʨʦʥʪʫ ʭʚʠʣʽ ʧʽʜ ʯʘʩ ʾʾ ʧʨʦʭʦʜʞʝʥʥʷ ʯʝʨʝʟ ʟʨʘʟʦʢ ʙʝʪʦʥʫ, SiO2, ʥʘʥʦʢʦʤʧʦʟʠʪʫ.

ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅɯ ʄɽʊʆɼʀ
ɹʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʫʣʴʪʨʘʟʚʫʢʦʚʠʡ ʽʤʧʫʣʴʩʥʦ-ʬʘʟʦʚʠʡ ʤʝʪʦʜ ʚʠʟʥʘʯʝʥʥʷ ʘʢʫʩʪʠʯʥʠʭ

ʰʚʠʜʢʦʩʪʝʡ ʧʨʫʞʥʠʭ ʭʚʠʣʴ VƐ, Vƍ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʧ'ʶʪʝʨʠʟʦʚʘʥʦʾ ʧʨʦʛʨʘʤʠ
”ʐɺʀɼʂɯʉʊʔ” [1-3]. ɿʨʘʟʢʠ ʛʦʪʫʚʘʣʠ ʤʝʪʦʜʦʤ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʟ
ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʮʠʬʨʦʚʦʾ ʋɿ ʚʘʥʥʠ CE-6200A ʧʦʪʫʞʥʽʩʪʶ W = 70 ɺʪ, ʯʘʩʪʦʪʦʶ f º 42 ʢɻʮ.
ɻʦʣʦʚʥʝ ʚʽʢʥʦ ʧʨʦʛʨʘʤʠ ”ʐɺʀɼʂɯʉʊʔ” ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 1.

ʈʠʩ. 1. ɯʣʶʩʪʨʘʮʽʷ ʚʽʢʥʘ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʚʠʤʽʨʶʚʘʥʴ ʧʦʟʜʦʚʞʥʴʦʾ VƐ ʪʘ ʧʦʧʝʨʝʯʥʦʾ Vƍ ʘʢʫʩʪʠʯʥʠʭ
ʰʚʠʜʢʦʩʪʝʡ ʧʨʫʞʥʠʭ ʭʚʠʣʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʤʧʫʣʴʩʥʦ-ʬʘʟʦʚʦʛʦ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʤʝʪʦʜʫ ʥʘ ʯʘʩʪʦʪʘʭ
fƐ å 1,11 ʄɻʮ ʪʘ fƍ å 0,43 ʄɻʮ ʪʘ ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʧʨʠʣʘʜʫ ”ʐɺʀɼʂɯʉʊʔ”.

ʈɽɿʋʃʔʊɸʊʀ ʊɸ ʆɹɻʆɺʆʈɽʅʅʗ
ʉʪʝʨʝʦʧʨʦʝʢʮʽʷ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʧʨʫʞʥʦʾ ʘʥʽʟʦʪʨʦʧʽʾ Ad SiO2 (ʽʟʦʣʽʥʽʾ -

ʫ %) ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩ. 2.

ʈʠʩ. 2. ʉʪʝʨʝʦʧʨʦʝʢʮʽʷ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʧʨʫʞʥʦʾ ʘʥʽʟʦʪʨʦʧʽʾ Ad SiO2 (ʽʟʦʣʽʥʽʾ ʫ %).
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ʉʪʝʨʝʦʧʨʦʝʢʮʽʷ ʨʽʟʥʠʮʽ ʰʚʠʜʢʦʩʪʝʡ ʢʚʘʟʽʧʦʧʝʨʝʯʥʠʭ ʧʨʫʞʥʠʭ ʭʚʠʣʴ ȹVƍ = Vƍ1 - Vƍ2 ʫ SiO2
(ʽʟʦʣʽʥʽʾ ʚ ʢʤ/ʩ) ʪʘ ʩʪʝʨʝʦʧʨʦʝʢʮʽʷ ʢʫʪʘ ʧʦʣʷʨʠʟʘʮʽʾ - ʚʽʜʭʠʣʝʥʥʷ ʚʝʢʪʦʨʘ ʧʨʫʞʥʠʭ
ʧʝʨʝʤʽʱʝʥʴ Uᴆ ʚʽʜ ʥʘʧʨʷʤʢʫ ʥʦʨʤʘʣʽ ʭʚʠʣʽ nᴆ j = (Uᴆ, nᴆ) SiO2 (ʽʟʦʣʽʥʽʾ - ʫ ʛʨʘʜʫʩʘʭ)
ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʈʠʩ. 3 ʪʘ ʈʠʩ. 4.

ʈʠʩ. 3. ʉʪʝʨʝʦʧʨʦʝʢʮʽʷ ʨʽʟʥʠʮʽ ʰʚʠʜʢʦʩʪʝʡ ʢʚʘʟʽʧʦʧʝʨʝʯʥʠʭ ʧʨʫʞʥʠʭ ʭʚʠʣʴ ȹVƍ = Vƍ1 - Vƍ2 ʫ SiO2

(ʽʟʦʣʽʥʽʾ ʚ ʢʤ/ʩ).

ʈʠʩ. 4. ʉʪʝʨʝʦʧʨʦʝʢʮʽʷ ʢʫʪʘ ʧʦʣʷʨʠʟʘʮʽʾ - ʚʽʜʭʠʣʝʥʥʷ ʚʝʢʪʦʨʘ ʧʨʫʞʥʠʭ ʧʝʨʝʤʽʱʝʥʴ Uᴆ ʚʽʜ
ʥʘʧʨʷʤʢʫ ʥʦʨʤʘʣʽ ʭʚʠʣʽ nᴆ j = (Uᴆ, nᴆ) SiO2 (ʽʟʦʣʽʥʽʾ - ʫ ʛʨʘʜʫʩʘʭ).

ɺʀʉʅʆɺʂʀ
1. ʄʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ ɽ, ʤʦʜʫʣʴ ʟʩʫʚʫ G, ʢʦʝʬʽʮʽʻʥʪ ʇʫʘʩʩʦʥʘ ɛ, ʚʥʫʪʨʽʰʥʻ ʪʝʨʪʷ Q-1

ʙʝʪʦʥʫ, SiO2, ʥʘʥʦʢʦʤʧʦʟʠʪʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʡʦʛʦ ʘʥʽʟʦʪʨʦʧʽʾ.
2. ɼʠʥʘʤʽʯʥʽ ʜʝʬʦʨʤʘʮʽʾ eʜ ʚ ʛʽʜʨʦʤʝʣʽʦʨʘʪʠʚʥʠʭ ʩʠʩʪʝʤʘʭ ʟʘʣʝʞʘʪʴ ʚʽʜ ʫʪʚʦʨʝʥʥʷ ʪʘ

ʧʦʰʠʨʝʥʥʷ ʪʨʽʱʠʥ, ʚʽʜʥʦʚʣʝʥʥʷ ʧʦʣʽʚ ʤʝʭʘʥʽʯʥʠʭ ʥʘʧʨʫʞʝʥʴ sʜ (ʩʪʠʩʢ-ʨʦʟʪʷʛ) ʧʽʩʣʷ ʚʠʙʫʭʽʚ
ʩʥʘʨʷʜʽʚ ʪʘ ʜʨʦʥʽʚ.

ʇʆɼʗʂʀ
ʎʷ ʨʦʙʦʪʘ ʙʫʣʘ ʧʽʜʪʨʠʤʘʥʘ ʄʽʥʽʩʪʝʨʩʪʚʦʤ ʦʩʚʽʪʠ ʽ ʥʘʫʢʠ ʋʢʨʘʾʥʠ: ɻʨʘʥʪ ʄʽʥʽʩʪʝʨʩʪʚʘ

ʦʩʚʽʪʠ ʽ ʥʘʫʢʠ ʋʢʨʘʾʥʠ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʨʦʟʚʠʪʦʢ ʥʘʫʢʦʚʦʛʦ ʥʘʧʨʷʤʢʫ “ʄʘʪʝʤʘʪʠʯʥʽ ʥʘʫʢʠ
ʪʘ ʧʨʠʨʦʜʥʠʯʽ ʥʘʫʢʠ” ʚ ʂʠʾʚʩʴʢʦʤʫ ʅʘʮʽʦʥʘʣʴʥʦʤʫ ʋʥʽʚʝʨʩʠʪʝʪʽ ʽʤʝʥʽ ʊʘʨʘʩʘ ʐʝʚʯʝʥʢʘ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1. Onanko Y. A., Kuzmych L. V., Onanko A. P. et al. Influence of annealing on
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ɸʅɸʃɯɿ ʊɸ ʇʈʆɻʅʆɿʋɺɸʅʅʗ ɿɸʄʋʃɽʅʅʗ ʉʋɼʅʆʇʃɸɺʅʆɻʆ
ʂɸʅɸʃʋ ʅɸ ʇɽʈɽʂɸʊʅɯʁ ɼɯʃʗʅʎɯ  ʈɯʂʀ ɿɸ ʅɸʊʋʈʅʀʄʀ

ɼɸʅʀʄʀ ɺʀʊʈɸʊ ʅɸʅʆʉɯɺ

ʆʩʪʨʦʚʝʨʭ ɹ.ʄ., ʇʦʪʘʧʝʥʢʦ ʃ.ʉ., ʍʠʞʘ ɯ.ɸ.
ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ,E-mail: potapenko_ls@ukr.net

ɻʦʣʦʚʥʘ ʫʤʦʚʘ, ʱʦ ʩʧʨʠʷʻ ʟʘʤʫʣʝʥʥʶ ʜʽʣʷʥʢʠ ʨʫʩʣʘ ʨʽʢʠ, ʧʦʣʷʛʘʻ ʚ ʣʦʢʘʣʴʥʦʤʫ
ʧʦʨʫʰʝʥʥʽ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʤʽʞ ʚʤʽʩʪʦʤ ʥʘʥʦʩʽʚ ʚ ʧʦʪʦʮʽ ʽ ʪʨʘʥʩʧʦʨʪʫʶʯʦʶ ʟʜʘʪʥʽʩʪʶ ʧʦʪʦʢʫ,
ʪʦʙʪʦ ʧʝʨʝʚʘʥʪʘʞʝʥʥʷ ʧʦʪʦʢʫ ʥʘʥʦʩʘʤʠ. ʇʝʨʝʚʘʥʪʘʞʝʥʥʷ ʧʦʪʦʢʫ ʥʘʥʦʩʘʤʠ ʚʠʥʠʢʘʻ
ʚʥʘʩʣʽʜʦʢ ʜʚʦʭ ʧʨʠʯʠʥ: ʥʘʜʭʦʜʞʝʥʥʷ ʚ ʧʦʪʽʢ ʜʦʜʘʪʢʦʚʦʾ ʢʽʣʴʢʦʩʪʽ ʥʘʥʦʩʽʚ ʪʘ ʟʤʝʥʰʝʥʥʷ
ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ. ʅʘʡʙʽʣʴʰʝ ʟʥʘʯʝʥʥʷ ʪʘʢʦʛʦ ʧʝʨʝʚʘʥʪʘʞʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʽʜʯʘʩ ʧʦʚʝʥʽ,
ʢʦʣʠ ʨʽʢʘ ʥʝʩʝ ʙʘʛʘʪʦ ʥʘʥʦʩʽʚ ʽ ʜʣʷ ʧʽʜʪʨʠʤʢʠ ʩʫʜʥʦʧʣʘʚʩʪʚʘ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʥʫʚʘʪʠ
ʨʦʟʯʠʩʪʢʫ ʩʫʜʥʦʚʦʛʦ ʭʦʜʫ [1].

ʅʘʣʝʞʥʝ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʘʤʫʣʝʥʥʷ ʩʫʜʥʦʧʣʘʚʥʦʛʦ ʢʘʥʘʣʫ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʦʮʽʥʢʠ
ʦʙ’ʻʤʫ ʨʦʙʽʪ ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʨʦʟʯʠʩʪʢʠ ʨʫʩʣʘ. ʇʨʠ ʮʴʦʤʫ ʘʢʪʫʘʣʴʥʦʶ ʩʪʘʻ ʟʘʜʘʯʘ ʦʮʽʥʢʠ
ʟʘʤʫʣʝʥʥʷ ʧʨʦʨʽʟʽ ʩʫʜʥʦʧʣʘʚʥʦʛʦ ʢʘʥʘʣʫ ʥʘ ʦʩʥʦʚʽ ʚʠʤʽʨʶʚʘʥʥʷ ʚʠʪʨʘʪ ʥʘʥʦʩʽʚ. ɺʠʪʨʘʪʠ
ʥʘʥʦʩʽʚ, ʷʢ ʧʨʘʚʠʣʦ, ʚʠʤʽʨʶʶʪʴʩʷ ʥʘ ʧʨʦʨʽʟʽ, ʰʠʨʠʥʘ ʷʢʦʾ ʟʥʘʯʥʦ ʤʝʥʰʘ ʟʘ ʰʠʨʠʥʫ ʨʫʩʣʘ,
ʪʦʤʫ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʚʠʥʠʢʘʻ ʧʨʦʙʣʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚʠ ʥʘ ʚʭʦʜʽ ʚʩʽʻʾ
ʜʽʣʷʥʢʠ ʨʫʩʣʘ.

ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʧʨʦʙʣʝʤʠ ʚ ʨʦʙʦʪʽ ʧʨʦʧʦʥʫʻʪʴʩʷ ʧʨʦʚʝʩʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʟʘʤʫʣʝʥʥʷ
ʤʝʪʦʜʦʤ ʧʦʩʣʽʜʦʚʥʠʭ ʥʘʙʣʠʞʝʥʴ. ʅʘ ʧʝʨʰʽʡ ʽʪʝʨʘʮʽʾ ʥʘ ʚʭʦʜʽ ʜʽʣʷʥʢʠ ʨʫʩʣʘ ʟʘʜʘʻʪʴʩʷ
ʨʽʚʥʦʚʘʞʥʘ ʧʨʠʜʦʥʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ, ʷʢʘ ʚʽʜʧʦʚʽʜʘʻ ʨʽʚʥʦʚʘʞʥʦʤʫ ʩʪʘʥʫ, ʫ ʷʢʦʤʫ ʧʦʪʽʢ
ʚʠʥʝʩʝʥʥʷ ʥʘʥʦʩʽʚ ʟ ʧʫʭʢʦʛʦ ʧʨʠʜʦʥʥʦʛʦ ʰʘʨʫ ʚʨʽʚʥʦʚʘʞʫʻʪʴʩʷ ʧʦʪʦʢʦʤ ʦʩʘʜʞʝʥʥʷ ʜʦ
ʰʘʨʫ. ʅʘʜʭʦʜʞʝʥʥʷ ʚ ʧʦʪʽʢ ʜʦʜʘʪʢʦʚʦʾ ʢʽʣʴʢʦʩʪʽ ʥʘʥʦʩʽʚ ʤʦʜʝʣʶʻʪʴʩʷ ʥʘ ʜʨʫʛʦʤʫ
ʥʘʙʣʠʞʝʥʥʽ, ʽ ʪʘʢ ʜʦ ʪʠʭ ʧʽʨ ʧʦʢʠ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʘʥʦʩʽʚ ʚ ʧʨʦʨʽʟʽ ʥʝ ʙʫʜʝ ʚʽʜʧʦʚʽʜʘʪʠ
ʟʥʘʯʝʥʥʶ, ʦʪʨʠʤʘʥʦʤʫ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʠʤʽʨʽʚ.

ɼʣʷ ʚʝʨʠʬʽʢʘʮʽʾ ʘʣʛʦʨʠʪʤʫ  ʧʨʦʚʝʜʝʥʽ ʨʦʟʨʘʭʫʥʢʠ ʥʘ 37 ʢʤ ʂʽʣʽʡʩʴʢʦʛʦ ʛʠʨʣʘ ɼʫʥʘʶ
ʟʘ ʜʘʥʠʤʠ ɼʫʥʘʡʩʴʢʦʾ ʛʽʜʨʦʤʝʪʝʦʨʦʣʦʛʽʯʥʦʾ ʦʙʩʝʨʚʘʪʦʨʽʾ ʧʦ ʚʠʪʨʘʪʘʭ ʚʦʜʠ ʪʘ ʤʫʪʥʦʩʪʽ, ʪʘ
ʜʘʥʠʤʠ ʧʨʦʤʽʨʽʚ ʛʣʠʙʠʥ. ʆʙ’ʻʤ ʟʘʤʫʣʝʥʥʷ ʦʪʨʠʤʘʥʠʡ ʚ ʨʝʟʫʣʴʪʘʪʽ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʧʨʦʪʷʟʽ
4 ʜʽʙ ʧʦʨʽʚʥʶʚʘʚʩʷ ʟ ʦʙ’ʻʤʦʤ ʦʪʨʠʤʘʥʠʤ ʰʣʷʭʦʤ ʚʠʤʽʨʽʚ ʙʘʪʠʤʝʪʨʽʾ, ʚʽʜʧʦʚʽʜʥʠʭ ʧʦʯʘʪʢʫ
ʽ ʢʽʥʮʶ ʨʦʟʨʘʭʫʥʢʦʚʦʛʦ ʧʝʨʽʦʜʫ.

ɼʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʦʜʝʣʴ FST2DH [2]. ɺ ʩʠʩʪʝʤʫ ʨʦʟʨʘʭʫʥʢʦʚʠʭ
ʨʽʚʥʷʥʴ ʚʭʦʜʷʪʴ ʨʽʚʥʷʥʥʷ ʧʝʨʝʥʦʩʫ ʤʘʩʠ ʪʘ ʽʤʧʫʣʴʩʫ, ʨʽʚʥʷʥʥʷ ʜʝʬʦʨʤʘʮʽʾ ʜʥʘ ʪʘ ʧʝʨʝʥʦʩʫ
ʪʷʛʣʠʭ ʽ ʟʘʚʠʩʣʠʭ ʥʘʥʦʩʽʚ [3].

ʆʙʣʘʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ ʤʘʻ ʧʨʦʪʷʞʥʽʩʪʴ  1350 ʤ ʪʘ  ʰʠʨʠʥʫ 600 ʤ, ʰʠʨʠʥʘ ʧʨʦʨʽʟʽ
ʩʪʘʥʦʚʠʪʴ 60 ʤ. ʄʦʜʝʣʶʚʘʥʥʷ ʩʪʘʮʽʦʥʘʨʥʦʾ ʪʝʯʽʾ ʚ ʨʫʩʣʽ ʧʨʦʚʝʜʝʥʦ ʥʘ ʙʘʟʽ ʚʠʤʽʨʽʚ
ʙʘʪʠʤʝʪʨʽʾ. ɺ ʚʝʨʭʥʴʦʤʫ ʩʪʚʦʨʽ ʪʝʯʽʾ ʟʘʜʘʥʽ ʚʠʪʨʘʪʠ Q, ʚ ʥʠʞʥʴʦʤʫ ʩʪʚʦʨʽ– ʨʽʚʝʥʴ ʧʦʚʝʨʭʥʽ
ʚʦʜʠ Zw. ʆʪʨʠʤʘʥʝ ʩʪʘʮʽʦʥʘʨʥʝ ʨʽʰʝʥʥʷ ʜʣʷ ʰʚʠʜʢʦʩʪʽ ʪʝʯʽʾ ʪʘ ʨʽʚʥʷ ʧʦʚʝʨʭʥʽ ʚʦʜʠ
ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ̫ ʢ ʧʦʯʘʪʢʦʚʽ ʫʤʦʚʠ ʜʣʷ ʥʝʩʪʘʮʽʦʥʘʨʥʦʾ ʟʘʜʘʯʽ ʪʨʘʥʩʧʦʨʪʫ ʥʘʥʦʩʽʚ ʪʘ ʟʤʽʥʠ
ʧʦʚʝʨʭʥʽ ʜʥʘ.

ʄʦʜʝʣʶʚʘʥʥʷ ʟʘʤʫʣʝʥʥʷ ʢʘʥʘʣʫ ʧʨʦʚʝʜʝʥʦ ʥʘ ʧʨʦʪʷʟʽ 4 ʜʽʙ ʟ ʫʤʦʚʘʤʠ, ʱʦ
ʚʽʜʧʦʚʽʜʘʶʪʴ ʩʧʦʩʪʝʨʝʞʝʥʥʷʤ ɼʫʥʘʡʩʴʢʦʾ ʛʽʜʨʦʤʝʪʝʦʨʦʣʦʛʽʯʥʦʾ ʦʙʩʝʨʚʘʪʦʨʽʾ (ɼɻʄʆ) ʟʘ
ʧʝʨʽʦʜ 4.02.24 – 7.02.24, ʘ ʩʘʤʝ ʚʠʪʨʘʪʠ ʩʪʘʥʦʚʣʷʪʴ 2700 ʤ3/ʩ, ʚʽʜʧʦʚʽʜʥʦ ʢʦʥʮʝʥʪʨʘʮʽʷ
ʟʘʚʠʩʣʠʭ ʥʘʥʦʩʽʚ ʩʪʘʥʦʚʠʪʴ sC =0.000043 (ʤ3/ʤ3), ʨʦʟʨʘʭʦʚʘʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʪʷʛʣʠʭ ʥʘʥʦʩʽʚ

bC =0.0000023 (ʤ3/ʤ3). ɺʠʟʥʘʯʝʥʥʷ ʛʨʘʥʫʣʦʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʫ ʪʷʛʣʠʭ ʪʘ ʟʘʚʠʩʣʠʭ ʥʘʥʦʩʽʚ
ʥʘ ʂʠʣʽʡʩʴʢʦʤʫ ʛʠʨʣʽ (115, 20 ʢʤ) ʧʨʦʚʝʜʝʥʦ ʟʘ ʜʘʥʠʤʠ ɼɻʄʆ.  ɿʛʽʜʥʦ [1]  ʚ ʨʝʞʠʤʽ ʧʦʚʝʥʽ
ʤʝʜʽʘʥʥʠʡ ʜʽʘʤʝʪʨ ʩʪʘʥʦʚʠʪʴ 0.15ʤʤ.

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʚ ʤʝʞʘʭ ʧʨʦʨʽʟʽ ʢʦʥʮʝʥʪʨʘʮʽʷ ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ
0.000043 ʜʦ 0.000050 (ʤ3/ʤ3), ʱʦ ʜʦʙʨʝ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʚʠʤʽʨʷʥʦʶ  ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʟʘʚʠʩʣʠʭ
ʥʘʥʦʩʽʚ ʪʘ ʨʦʟʨʘʭʦʚʘʥʦʶ ʢʦʥʮʝʥʪʨʘʮʽʾ ʪʷʛʣʠʭ ʥʘʥʦʩʽʚ, ʘ ʩʘʤʝ 0.000045 (ʤ3/ʤ3).
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ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʦʩʽ ʧʨʦʨʽʟʽ, ʜʣʷ ʨʽʟʥʠʭ ʛʨʘʥʠʯʥʠʭ
ʫʤʦʚ, ʘ ʩʘʤʝ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʽʚʥʦʚʘʞʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ *

sC ʪʘ ʛʨʘʥʠʯʥʠʭ
ʫʤʦʚ ʦʪʨʠʤʘʥʠʤʠ ʤʝʪʦʜʦʤ ʧʦʩʣʽʜʦʚʥʠʭ ʥʘʙʣʠʞʝʥʴ sC ʧʦʢʘʟʘʚ, ʱʦ *

s sC C> ʪʦʙʪʦ
ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘʤʫʣʝʥʥʷ (ʨʠʩ. 1).

ʈʠʩ. 1. ʂʦʥʮʝʥʪʨʘʮʽʷ ʥʘʥʦʩʽʚ ʥʘ ʦʩʽ ʧʨʦʨʽʟʽ ʩʫʜʥʦʧʣʘʚʥʦʛʦ ʢʘʥʘʣʫ, 1 - ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ, ʱʦ
ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʤʽʨʘʤ, 2 - ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʜʣʷ ʨʽʚʥʦʚʘʞʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ

ɼʣʷ ʚʝʨʠʬʽʢʘʮʽʾ ʘʣʛʦʨʠʪʤʫ  ʧʨʦʚʝʜʝʥʽ ʨʦʟʨʘʭʫʥʢʠ ʥʘ 37 ʢʤ ʂʽʣʽʡʩʴʢʦʛʦ ʛʠʨʣʘ ɼʫʥʘʶ
ʟʘ ʜʘʥʠʤʠ ɼʫʥʘʡʩʴʢʦʾ ʛʽʜʨʦʤʝʪʝʦʨʦʣʦʛʽʯʥʦʾ ʦʙʩʝʨʚʘʪʦʨʽʾ ʧʦ ʚʠʪʨʘʪʘʭ ʚʦʜʠ ʪʘ ʤʫʪʥʦʩʪʽ, ʪʘ
ʜʘʥʠʤʠ ʧʨʦʤʽʨʽʚ ʛʣʠʙʠʥ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʦʙ’ʻʤ ʟʘʤʫʣʝʥʥʷ ʦʪʨʠʤʘʥʠʡ ʚ ʨʝʟʫʣʴʪʘʪʽ
ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʧʨʦʪʷʟʽ 4 ʜʽʙ ʚʽʜʧʦʚʽʜʘʻ ʦʙ’ʻʤʫ ʦʪʨʠʤʘʥʦʤʫ ʰʣʷʭʦʤ ʚʠʤʽʨʽʚ ʙʘʪʠʤʝʪʨʽʾ.

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʟʤʽʥ ʧʦʚʝʨʭʥʽ ʜʥʘ ʥʘ ʦʩʽ ʧʨʦʨʽʟʽ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ
ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʥʘ ʙʘʟʽ ʚʠʤʽʨʽʚ ʙʘʪʠʤʝʪʨʽʾ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʫ 2.

ʈʠʩ. 2. ɿʤʽʥʠ ʧʦʚʝʨʭʥʽ ʜʥʘ ʥʘ ʦʩʽ ʢʘʥʘʣʫ, 1 - ʤʦʜʝʣʶʚʘʥʥʷ, 2 – ʚʠʤʽʨʠ.
ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʟʥʘʯʝʥʦ ʦʙ’ʻʤ ʟʘʤʫʣʝʥʥʷ ʚ ʟʦʥʽ ʜʥʦʧʦʛʣʠʙʣʝʥʥʷ ʢʘʥʘʣʫ,
ʷʢʠʡ ʩʪʘʥʦʚʠʪʴ 7207 ʤ3. ʆʙ’ʻʤ, ʦʪʨʠʤʘʥʠʡ ʥʘ ʙʘʟʽ ʚʠʤʽʨʽʚ ʙʘʪʠʤʝʪʨʽʾ ʰʣʷʭʦʤ ʦʙʯʠʩʣʝʥʥʷ
ʨʽʟʥʠʮʽ ʧʦʚʝʨʭʦʥʴ ʜʥʘ, ʥʘ ʧʦʯʘʪʢʫ ʪʘ ʚ ʢʽʥʮʽ ʨʦʟʨʘʭʫʥʢʦʚʦʛʦ ʧʝʨʽʦʜʫ, ʩʪʘʥʦʚʠʪʴ 7400 ʤ3.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ
1. ɻʽʜʨʦʣʦʛʽʷ ʜʝʣʴʪʠ ɼʫʥʘʷ. -ʄ.: ɻɽʆʉ, 2004. 448 ʩ.
2. Two dimensional Depth-averaged Flow and Sediment Transport Model. Publication No.

FHWA-RD-03-053, U.S. Department of Transportation, 2003.
3.Engelund, F.; Fredsoe, J. A sediment trensport model for straight alluvial channels.
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ɻɯɹʈʀɼʅʀʁ ʄɽʊʆɼ ɼʃʗ ʉʀʉʊɽʄ ɼʀʌɽʈɽʅʎɯɸʃʔʅʀʍ ʈɯɺʅʗʅʔ
ɿ ɿɸʇɯɿʅʖɺɸʅʅʗʄ ɺ ʄɽʍɸʅɯʎɯ ʍʈɽʉʊʆʇʆɼɯɹʅʀʍ ʍɺʀʃʔ ɺ
ɹɸʉɽʁʅɯ ʉʂɯʅʏɽʅʅʀʍ ʈʆɿʄɯʈɯɺ ɿ ʍɺʀʃɽʇʈʆɼʋʂʊʆʈʆʄ

ʇʝʯʫʢ ɭ.ɼ.1, ʂʨʘʩʥʦʧʦʣʴʩʴʢʘ ʊ.ʉ.1, ʇʝʯʫʢ ɺ.ɼ.2
1ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅʋ, ʂʠʾʚ, evgdmp@gmail.com

2 ʂʠʾʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʙʫʜʽʚʥʠʮʪʚʘ ʪʘ ʘʨʭʽʪʝʢʪʫʨʠ, ʂʠʾʚ,
pechuk.vd@knuba.edu.ua

ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚʝʣʠʢʠʡ ʽʥʪʝʨʝʩ ʜʦ ʜʠʥʘʤʽʯʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʤʘʶʪʴ
ʟʘʧʽʟʥʶʚʘʥʥʷ ʫ ʯʘʩʽ. ɼʠʥʘʤʽʯʥʽ ʧʨʦʮʝʩʠ ʧʦʚ’ʷʟʘʥʽ ʟ ʧʝʨʝʜʘʯʝʶ ʤʘʩʠ, ʝʥʝʨʛʽʾ, ʽʥʬʦʨʤʘʮʽʾ
ʩʫʧʨʦʚʦʜʞʫʶʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʟʘʧʽʟʥʶʚʘʥʥʷ. ʊʘʢʝ ʟʘʧʽʟʥʶʚʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʦʙʫʤʦʚʣʝʥʝ
ʨʽʟʥʠʤʠ ʧʨʠʯʠʥʘʤʠ – ʦʙʤʝʞʝʥʽʩʪʶ h ʚʠʜʢʦʩʪʽ ʧʦʰʠʨʝʥʥʷ ʚʟʘʻʤʦʜʽʾ, ʥʘʷʚʥʽʩʪʶ ̔ ʥʝʨʮʽʡʥʦʩʪʽ
ʜʝʷʢʠʭ ʝʣʝʤʝʥʪʽʚ, ʦʙʤʝʞʝʥʽʩʪʶ ʧʨʦʪʽʢʘʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʪʘ ʽʥʰʝ. ʈʦʟʚ'ʷʟʦʢ
ʩʠʩʪʝʤ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʟ ʟʘʧʽʟʥʶʚʘʥʥʷʤ ʟʘʟʚʠʯʘʡ ʟʥʘʭʦʜʷʪʴ ʯʠʩʝʣʴʥʠʤʠ
ʤʝʪʦʜʘʤʠ. ʋ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʚʝʣʠʯʠʥʘ ʟʘʧʽʟʥʶʚʘʥʥʷ ʙʽʣʴʰʘ, ʥʽʞ ʢʨʦʢ ʯʠʩʝʣʴʥʦʛʦ
ʽʥʪʝʛʨʫʚʘʥʥʷ, ʟʥʘʭʦʜʞʝʥʥʷ ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚ'ʷʟʢʫ ʩʠʩʪʝʤ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʟ
ʟʘʧʽʟʥʶʚʘʥʥʷʤ ʥʝ ʚʠʢʣʠʢʘʻ ʩʢʣʘʜʥʦʩʪʽ. ɼʣʷ ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʽʥʪʝʨʧʦʣʷʮʽʶ
ʧʝʨʝʜʽʩʪʦʨʽʾ ʤʦʜʝʣʽ ʽ ʯʠʩʝʣʴʥʽ ʤʝʪʦʜʠ ʜʣʷ ʟʚʠʯʘʡʥʠʭ ʩʠʩʪʝʤ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ,
ʥʘʧʨʠʢʣʘʜ, ʷʚʥʽ ʤʝʪʦʜʠ ʈʫʥʛʝ-ʂʫʪʪʠ. ɿʘʩʪʦʩʦʚʫʶʯʠ ʤʝʪʦʜ ʢʨʦʢʽʚ, ʦʪʨʠʤʫʶʪʴ ʯʠʩʝʣʴʥʠʡ
ʨʦʟʚ'ʷʟʦʢ ʥʘ ʥʝʦʙʭʽʜʥʠʡ ʧʨʦʤʽʞʦʢ ʯʘʩʫ. ʇʨʦʪʝ, ̫ ʢʱʦ ʧʨʦʤʽʞʦʢ ʯʘʩʫ, ʥʘ ̫ ʢʦʤʫ ʨʦʟʛʣʷʜʘʻʪʴʩʷ
ʜʠʥʘʤʽʯʥʘ ʩʠʩʪʝʤʘ, ʜʦʩʠʪʴ ʚʝʣʠʢʠʡ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʟʘʧʽʟʥʶʚʘʥʥʷʤ, ʪʦ ʯʠʩʣʦ ʢʨʦʢʽʚ
ʟʙʽʣʴʰʫʻʪʴʩʷ. ʎʝ ʫʧʦʚʽʣʴʥʶʻ ʧʨʦʮʝʩʩ ʯʠʩʝʣʴʥʦʛʦ ̔ ʥʪʝʛʨʫʚʘʥʥʷ ̔  ʧʨʠʚʦʜʠʪʴ ʜʦ ʥʘʢʦʧʠʯʝʥʥʷ
ʧʦʭʠʙʢʠ. ʋ ʚʠʧʘʜʢʫ ʤʘʣʠʭ ʟʘ ʚʝʣʠʯʠʥʦʶ ʟʘʧʽʟʥʶʚʘʥʴ, ʟʘʩʪʦʩʦʚʫʶʪʴ ʨʦʟʢʣʘʜ ʚ ʨʷʜ ʊʝʡʣʦʨʘ
ʧʦ ʟʘʧʽʟʥʶʚʘʥʥʶ ʽ ʜʘʣʽ ʨʦʟʚ’ʷʟʫʶʪʴ ʟʚʠʯʘʡʥʫ ʩʠʩʪʝʤʫ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʯʠʩʝʣʴʥʠʤ
ʤʝʪʦʜʦʤ, ʥʘʧʨʠʢʣʘʜ, ʤʝʪʦʜʦʤ ʈʫʥʛʝ-ʂʫʪʪʠ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʤʘʻ ʦʙʤʝʞʝʥʥʷ ʥʘ ʚʝʣʠʯʠʥʫ
ʟʘʧʽʟʥʶʚʘʥʥʷ ʽ ʥʝ ʤʦʞʝ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʠʡ ʜʣʷ ʙʘʛʘʪʴʦʭ ʤʦʜʝʣʝʡ ʟʘʜʘʯ. ʊʦʤʫ ʯʘʩʪʦ
ʜʦʚʦʜʠʪʴʩʷ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʢʨʦʢ ʯʠʩʝʣʴʥʦʛʦ ʽʥʪʝʛʨʫʚʘʥʥʷ ʙʽʣʴʰʠʡ, ʥʽʞ ʚʝʣʠʯʠʥʘ
ʟʘʧʽʟʥʶʚʘʥʥʷ, ʽ ʥʝʧʝʨʝʨʚʥʽ ʥʝʷʚʥʽ ʤʝʪʦʜʠ ʈʫʥʛʝ-ʂʫʪʪʠ. ʊʦʜʽ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ ʯʠʩʝʣʴʥʦʛʦ
ʽʥʪʝʛʨʫʚʘʥʥʷ ʜʦʚʦʜʠʪʴʩʷ ʨʦʟʚ'ʷʟʫʚʘʪʠ ʩʠʩʪʝʤʠ ʥʝʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʘʣʛʦʨʠʪʤ
ʨʦʟʚ'ʷʟʢʫ.

ʄʠ ʧʦʙʫʜʫʚʘʣʠ ʥʦʚʠʡ ʷʚʥʠʡ ʛʽʜʙʨʠʜʥʠʡ ʤʝʪʦʜ ʜʣʷ ʩʠʩʪʝʤ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ
ʟ ʟʘʧʽʟʥʶʚʘʥʥʷʤ ʧ’ʷʪʦʛʦ ʧʦʨʷʜʢʫ ʟʙʽʞʥʦʩʪʽ, ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ ʷʚʥʠʭ ʤʝʪʦʜʘʭ ʈʫʥʛʝ-ʂʫʪʪʠ
ʪʘ ʧʦʙʫʜʦʚʽ  ʧʦʣʽʥʦʤʽʚ ʅʴʶʪʦʥʘ ʜʣʷ ʧʝʨʝʜʽʩʪʦʨʽʾ ʤʦʜʝʣʽ. ɹʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ ʷʚʥʽ ʤʝʪʦʜʠ
ʈʫʥʛʝ-ʂʫʪʪʠ ʧ’ʷʪʦʛʦ ʧʦʨʷʜʢʫ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ̒  ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʜʣʷ ʟʚʠʯʘʡʥʠʭ ʩʠʩʪʝʤ
ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʟʘʚʜʷʢʠ ʟʨʫʯʥʦʩʪʽ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽ ʰʚʠʜʢʦʩʪʽ ʦʙʯʠʩʣʝʥʥʷ
ʯʠʩʝʣʴʥʦʛʦ ʨʦʟʚ’ʷʟʢʫ. ʄʠ ʜʦʚʝʣʠ ʟʙʽʞʥʽʩʪʴ ʮʴʦʛʦ ʤʝʪʦʜʫ ʽ ʟʨʦʙʠʣʠ ʦʮʽʥʢʫ ʣʦʢʘʣʴʥʦʾ
ʧʦʭʠʙʢʠ ʥʘ ʢʦʞʥʦʤʫ ʢʨʦʮʽ  ʯʠʩʝʣʴʥʦʛʦ ̔ ʥʪʝʛʨʫʚʘʥʥʷ. ʊʘʢʦʞ ʚʩʪʘʥʦʚʣʝʥʦ ʦʩʥʦʚʥʽ ʧʨʠʥʮʠʧʠ
ʧʦʙʫʜʦʚʠ ʪʘʢʠʭ ʛʽʙʨʠʜʥʠʭ ʤʝʪʦʜʽʚ ʚʠʱʠʭ ʧʦʨʷʜʢʽʚ ʟʙʽʞʥʦʩʪʽ ʜʣʷ ʩʠʩʪʝʤ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ
ʨʽʚʥʷʥʴ ʟ ʟʘʧʽʟʥʶʚʘʥʥʷʤ.

ɺʧʝʨʰʝ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʟʘʧʽʟʥʶʚʘʥʥʷ ʥʘ ʜʠʥʘʤʽʢʫ ʭʨʝʩʪʦʧʦʜʽʙʥʠʭ ʭʚʠʣʴ.
ɺʩʪʘʥʦʚʣʝʥʦ ʩʫʪʪʻʚʽʩʪʴ ʚʨʘʭʫʚʘʥʥʷ ʬʘʢʪʦʨʽʚ ʟʘʧʽʟʥʶʚʘʥʥʷ, ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʥʘ ʨʝʛʫʣʷʨʥʫ ʽ
ʭʘʦʪʠʯʥʫ ʜʠʥʘʤʽʢʫ ʩʠʩʪʝʤʠ, ʱʦ ʦʧʠʩʫʻ ʭʨʝʩʪʦʧʦʜʽʙʥʽ ʭʚʠʣʽ ʚ ʙʘʩʝʡʥʽ ʩʢʽʥʯʝʥʠʭ ʨʦʟʤʽʨʽʚ ʟ
ʭʚʠʣʝʧʨʦʜʫʢʪʦʨʦʤ. ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʨʦʟʨʦʙʮʽ ʤʝʪʦʜʠʢ
ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʭʨʝʩʪʦʧʦʜʽʙʥʠʭ ʭʚʠʣʴ ʚ ʙʘʩʝʡʥʘʭ  ʩʢʽʥʯʝʥʥʠʭ
ʨʦʟʤʽʨʽʚ, ʧʨʠ  ʨʝʛʫʣʷʨʥʠʭ ʽ ʭʘʦʪʠʯʥʠʭ ʨʝʞʠʤʘʭ ʢʦʣʠʚʘʥʴ,  ʘ ʪʘʢʦʞ ʧʨʠ ʨʦʟʨʘʭʫʥʢʘʭ ʽ
ʢʦʥʩʪʨʫʶʚʘʥʥʽ ʩʫʯʘʩʥʠʭ ʩʫʜʝʥ ʪʘ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʠʭ ʢʦʨʘʙʣʽʚ ʥʘ ʧʦʚʽʪʨʷʥʠʭ ʧʦʜʫʰʢʘʭ,
ʧʨʠʩʪʨʦʾʚ ʽ ʤʝʭʘʥʽʟʤʽʚ, ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ ʧʦʛʘʰʝʥʥʷ ʥʝʙʘʞʘʥʠʭ ʨʽʜʠʥʥʠʭ ʭʚʠʣʴ.
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ɺʇʃʀɺ ʇʆɿɼʆɺɾʅɯʍ ɺʀʍʈɯɺ, ɻɽʅɽʈʆɺɸʅʀʍ ʃʋʅʂɸʄʀ, ʅɸ
ʊʋʈɹʋʃɽʅʊʅʀʁ ʇʈʀʄɽɾʆɺʀʁ ʐɸʈ

ʈʦʟʫʤʥʶʢ ʅ.ɺ.
ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ

ʃʫʥʢʠ ʥʘ ʦʙʪʽʯʥʽʡ ʧʦʚʝʨʭʥʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʦʜʠʥ ʽʟ ʟʘʩʦʙʽʚ ʧʘʩʠʚʥʦʛʦ ʢʦʥʪʨʦʣʶ
ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ, ʦʩʢʽʣʴʢʠ ʛʝʥʝʨʦʚʘʥʽ ʥʠʤʠ ʧʦʟʜʦʚʞʥʽ ʚʠʭʨʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʦʙʤʽʥ
ʽʤʧʫʣʴʩʦʤ ʤʽʞ ʦʩʥʦʚʥʠʤ ʧʦʪʦʢʦʤ ʪʘ ʧʨʠʩʪʽʥʥʦʶ ʦʙʣʘʩʪʶ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʩʠʣʝʥʥʷ
ʪʝʧʣʦ- ʤʘʩʦʦʙʤʽʥʫ, ʟʤʽʥʶʻ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ, ʤʦʞʝ ʟʘʧʦʙʽʛʘʪʠ
ʚʽʜʨʠʚʫ ʧʦʪʦʢʫ.

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʚʟʘʻʤʦʜʽʷ ʧʦʟʜʦʚʞʥʽʭ ʚʠʭʨʽʚ, ʛʝʥʝʨʦʚʘʥʠʭ ʧʘʨʦʶ
ʚʠʜʦʚʞʝʥʠʭ ʣʫʥʦʢ ʥʝʩʠʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʧʽʜ ʢʫʪʦʤ 30¯ ʜʦ ʥʘʧʨʷʤʢʫ
ʟʦʚʥʽʰʥʴʦʛʦ ʧʦʪʦʢʫ, ʪʘ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʚ ʦʢʦʣʽ ʣʫʥʦʢ ʪʘ ʥʠʞʯʝ ʟʘ
ʧʦʪʦʢʦʤ.

ʅʝʩʪʘʮʽʦʥʘʨʥʠʡ ʪʫʨʙʫʣʝʥʪʥʠʡ ʧʦʪʽʢ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʚʠʚʯʘʻʪʴʩʷ ʯʠʩʝʣʴʥʦ ʥʘ ʦʩʥʦʚʽ
ʨʦʟʚ’ʷʟʘʥʥʷ ʥʝʩʪʘʮʽʦʥʘʨʥʦʾ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʈʝʡʥʦʣʴʜʩʘ; ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ
ʟʘʩʪʦʩʦʚʘʥʦ ʤʦʜʝʣʴ ʧʝʨʝʥʦʩʫ ʥʘʧʨʫʞʝʥʴ ʚ ʤʦʜʠʬʽʢʘʮʽʾ k-w.

ʈʦʟʨʘʭʫʥʢʦʚʘ ʦʙʣʘʩʪʴ ʤʘʻ ʚʠʛʣʷʜ ʧʘʨʘʣʝʣʝʧʽʧʝʜʘ, ʚ ʦʩʥʦʚʽ ʷʢʦʛʦ ʣʝʞʠʪʴ ʧʣʘʩʪʠʥʘ ʟ
ʣʫʥʢʘʤʠ, ʨʦʟʪʘʰʦʚʘʥʠʤʠ ʥʘ ʧʝʚʥʽʡ ʚʽʜʩʪʘʥʽ ʚʽʜ ʚʭʽʜʥʦʾ ʛʨʘʥʠʮʽ. ʅʘ ʦʙʪʽʯʥʽʡ ʧʦʚʝʨʭʥʽ ʟʘʜʘʥʦ
ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʧʨʠʣʠʧʘʥʥʷ, ʥʘ ʙʦʢʦʚʠʭ ʧʦʚʝʨʭʥʷʭ - ʫʤʦʚʠ ʩʠʤʝʪʨʽʾ, ʥʘ ʚʝʨʭʥʽʡ ʛʨʘʥʠʮʽ -
ʨʫʭʦʤʘ ʩʪʽʥʢʘ ʙʝʟ ʪʝʨʪʷ. ʅʘ ʚʭʦʜʽ ʟʘʜʘʥʦ ʧʘʨʘʤʝʪʨʠ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ
ʧʝʚʥʦʾ ʪʦʚʱʠʥʠ, ʦʜʝʨʞʘʥʽ ʜʣʷ ʦʙʪʽʢʘʥʥʷ ʛʣʘʜʢʦʾ ʧʦʚʝʨʭʥʽ ʧʨʠ ʘʥʘʣʦʛʽʯʥʠʭ ʦʧʮʽʷʭ
ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ.

ʏʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʟʘ ʪʦʚʱʠʥʦʶ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʧʝʨʝʜ ʣʫʥʢʘʤʠ ʚʘʨʽʶʻʪʴʩʷ ʚ
ʜʽʘʧʘʟʦʥʽ Red0=15000÷45000, ʚʽʜʥʦʰʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʛʣʠʙʠʥʠ ʣʫʥʢʠ ʜʦ ʪʦʚʱʠʥʠ
h/d0=0.23÷0.7.

ʃʫʥʢʠ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʥʦʩʦʚʦʾ, ʩʝʨʝʜʥʴʦʾ ʪʘ
ʭʚʦʩʪʦʚʦʾ ʯʘʩʪʠʥ (ʈʠʩ.1), ʛʝʦʤʝʪʨʽʷ ʷʢʠʭ ʨʦʟʨʦʙʣʝʥʘ
ʥʘ ʦʩʥʦʚʽ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʩʠʤʝʪʨʠʯʥʠʭ ʣʫʥʦʢ
[1]. ɺ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʨʦʟʛʣʷʜʘʣʠʩʴ ʣʫʥʢʠ, ʷʢʽ ʤʘʶʪʴ
ʟʤʝʥʰʝʥʠʡ ʢʫʪ ʥʦʩʦʚʦʾ ʯʘʩʪʠʥʠ ʽ ʥʘʚʽʪʨʷʥʠʭ ʩʪʽʥʦʢ
ʩʝʨʝʜʥʴʦʾ ʯʘʩʪʠʥʠ, ʘ ʪʘʢʦʞ ʣʽʥʽʡʥʝ ʟʤʝʥʰʝʥʥʷ
ʛʣʠʙʠʥʠ ʣʫʥʢʠ ʚ ʭʚʦʩʪʦʚʽʡ ʯʘʩʪʠʥʽ; ʚʽʜʥʦʰʝʥʥʷ
ʜʦʚʞʠʥʠ ʜʦ ʰʠʨʠʥʠ ʣʫʥʢʠ L/d=3.

ʉʬʦʨʤʦʚʘʥʽ ʚ ʣʫʥʢʘʭ ʚʠʭʨʽ ʟ ʚʽʩʩʶ ʚʟʜʦʚʞ
ʙʦʢʦʚʠʭ ʩʪʽʥʦʢ ʚ ʭʚʦʩʪʦʚʠʭ ʯʘʩʪʠʥʘʭ ʩʧʣʠʚʘʶʪʴ ʚ ʧʨʠʤʝʞʦʚʠʡ ʰʘʨ, ʟʙʣʠʞʫʶʪʴʩʷ ʥʘ ʜʝʷʢʽʡ
ʚʽʜʩʪʘʥʽ ʥʠʞʯʝ ʟʘ ʧʦʪʦʢʦʤ ʽ ʫʪʚʦʨʶʶʪʴ ʚʠʭʨʦʚʫ ʧʘʨʫ. ʈʦʟʤʽʨʠ ʚʠʭʨʽʚ ʚʠʟʥʘʯʘʶʪʴʩʷ
ʛʣʠʙʠʥʦʶ ʣʫʥʦʢ h, ʪʦʤʫ ʚ ʙʣʠʟʴʢʦʤʫ ʩʣʽʜʽ ʣʫʥʦʢ ʾʭ ʝʚʦʣʶʮʽʷ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ
ʪʦʚʱʠʥʠ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ. ɺʠʭʨʽ ʚ ʧʘʨʽ ʫʪʚʦʨʶʶʪʴ ʚʠʩʭʽʜʥʠʡ ʧʦʪʽʢ ʤʽʞ ʩʦʙʦʶ ʽ
ʧʦʩʪʫʧʦʚʦ ʩʧʣʠʚʘʶʪʴ ʚʛʦʨʫ, ʣʦʢʘʣʴʥʘ ʪʦʚʱʠʥʘ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʟʙʽʣʴʰʫʻʪʴʩʷ. ʅʠʞʯʝ ʟʘ
ʧʦʪʦʢʦʤ ʪʨʘʻʢʪʦʨʽʾ ʚʠʭʨʽʚ ʟ ʙʽʣʴʰʦʶ d0 ʟʤʽʱʫʶʪʴʩʷ  ʜʝʱʦ ʚʠʱʝ.

ʇʨʠʩʫʪʥʽʩʪʴ ʚʠʭʨʦʚʦʾ ʧʘʨʠ ʧʨʦʩʪʝʞʫʻʪʴʩʷ ʽ ʚ ʧʨʦʬʽʣʷʭ ʰʚʠʜʢʦʩʪʽ, ʽ ʚ ʨʦʟʧʦʜʽʣʘʭ
ʪʫʨʙʫʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʪʘ ʝʥʝʨʛʽʾ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ (ʈʠʩ.2) ʥʘ ʚʽʜʩʪʘʥʽ 0.87Lx, 2.75Lx, 6.5Lx
(Lx – ʜʦʚʞʠʥʘ ʧʨʦʝʢʮʽʾ ʣʫʥʢʠ ʥʘ ʥʘʧʨʷʤ ʟʦʚʥʽʰʥʴʦʛʦ ʧʦʪʦʢʫ).

ʅʘʧʨʫʞʝʥʥʷ ʈʝʡʥʦʣʴʜʩʘ ʪʘ ʪʫʨʙʫʣʝʥʪʥʘ ʝʥʝʨʛʽʷ ʧʦʯʠʥʘʶʪʴ ʚʽʜʭʠʣʷʪʠʩʷ ʚʽʜ
ʩʪʘʥʜʘʨʪʥʠʭ ʨʦʟʧʦʜʽʣʽʚ ʚ ʧʨʠʤʝʞʦʚʦʤʫ ʰʘʨʽ ʥʘ ʛʣʘʜʢʽʡ ʧʦʚʝʨʭʥʽ ʧʦʯʠʥʘʶʯʠ ʟ ʧʝʨʝʭʽʜʥʦʾ
ʟʦʥʠ (y+>11). ʇʨʠ y+>100 ʚʦʥʠ ʩʫʪʪʻʚʦ ʟʨʦʩʪʘʶʪʴ, ʜʦʩʷʛʘʶʯʠ ʤʘʢʩʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʥʘʜ
ʚʠʭʨʘʤʠ, ʱʦ ʚʠʢʣʠʢʘʻ ʟʥʘʯʥʽ ʚʽʜʭʠʣʝʥʥʷ ʚ ʣʽʥʽʡʥʠʭ ʯʘʩʪʠʥʘʭ ʣʦʛʘʨʠʬʤʽʯʥʠʭ ʧʨʦʬʽʣʽʚ
ʰʚʠʜʢʦʩʪʽ. ɿ ʚʽʜʜʘʣʝʥʥʷʤ ʚʽʜ ʣʫʥʦʢ ʮʽ ʤʘʢʩʠʤʫʤʠ ʤʽʛʨʫʶʪʴ ʚʛʦʨʫ ʧʦ ʪʦʚʱʠʥʽ ʧʨʠʤʝʞʦʚʦʛʦ
ʰʘʨʫ ʽ ʧʦʩʪʫʧʦʚʦ ʟʤʝʥʰʫʶʪʴʩʷ. ʋ ʚʠʧʘʜʢʫ ʪʦʥʰʦʛʦ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ ʚʽʜʥʦʩʥʠʡ ʨʦʟʤʽʨ

ʈʠʩ.1



X Intern. ʉonf. "Computer Hydromechanics", September 29 - October 1, 2026
X ʄʽʞʥʘʨ. ʢʦʥʬ. «ʂʦʤʧ’ʶʪʝʨʥʘ ʛʽʜʨʦʤʝʭʘʥʽʢʘ» 29 ʚʝʨʝʩʥʷ - 1 ʞʦʚʪʥʷ 2026

68

ʚʠʭʨʽʚ ʪʘʢʠʡ, ʱʦ ʾʭ ʚʧʣʠʚ ʨʦʟʧʦʚʩʶʜʞʫʻʪʴʩʷ ʥʘ ʚʩʶ ʪʦʚʱʠʥʫ ʰʘʨʫ.  ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ d0
ʤʘʢʩʠʤʫʤʠ ʟʩʫʚʘʶʪʴʩʷ ʥʠʞʯʝ ʧʦ ʪʦʚʱʠʥʽ ʧʨʠʤʝʞʦʚʦʛʦ h ʘʨʫ ʜʦ ʦʙʪʽʯʥʦʾ ʧʦʚʝʨʭʥʽ  ̔  ʩʪʘʶʪʴ
ʙʽʣʴʰ ʢʦʥʮʝʥʪʨʦʚʘʥʠʤʠ.  ɺ ʫʩʽʭ ʚʠʧʘʜʢʘʭ ʝʥʝʨʛʽʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ ʟʥʘʯʥʦ ʟʨʦʩʪʘʻ ʫ
ʟʦʚʥʽʰʥʽʡ ʦʙʣʘʩʪʽ ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ. ʅʠʞʯʝ ʟʘ ʧʦʪʦʢʦʤ ʚʠʭʨʽ ʧʦʩʪʫʧʦʚʦ ʟʘʪʫʭʘʶʪʴ,
ʚʝʣʠʯʠʥʠ ʮʠʭ ʤʘʢʩʠʤʫʤʽʚ ʟʤʝʥʰʫʶʪʴʩʷ, ʘʣʝ ʨʽʚʝʥʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ ʟʘʣʠʰʘʻʪʴʩʷ
ʧʽʜʚʠʱʝʥʠʤ.

ɿʩʫʚʥʽ ʥʘʧʨʫʞʝʥʥʷ ʈʝʡʥʦʣʴʜʩʘ –u`v`, ʷʢʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʪʫʨʙʫʣʝʥʪʥʠʡ ʧʝʨʝʥʦʩ
ʽʤʧʫʣʴʩʫ ʚ ʥʘʧʨʷʤʢʫ ʦʙʪʽʯʥʦʾ ʧʦʚʝʨʭʥʽ, ʜʝʱʦ ʟʤʝʥʰʫʶʪʴʩʷ ʙʽʣʷ ʩʪʽʥʢʠ ʧʽʜ ʚʠʭʨʘʤʠ, ʱʦ
ʚʽʜʧʦʚʽʜʘʻ ʤʝʥʰʽʡ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʝʥʦʩʫ ʫ ʧʨʠʩʪʽʥʥʽʡ ʦʙʣʘʩʪʽ ʚ ʧʨʠʩʫʪʥʦʩʪʽ ʜʘʥʦʾ
ʧʦʟʜʦʚʞʥʴʦʾ ʚʠʭʨʦʚʦʾ ʧʘʨʠ. ɺ ʪʦʡ ʞʝ ʯʘʩ, ʟʥʘʯʥʽ ʤʘʢʩʠʤʫʤʠ ʚ ʟʦʚʥʽʰʥʽʡ ʦʙʣʘʩʪʽ
ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʽʜʚʠʱʝʥʦʤʫ ʪʫʨʙʫʣʝʥʪʥʦʤʫ ʦʙʤʽʥʫ ʽʤʧʫʣʴʩʫ.

ʊʘʢʠʤ ʯʠʥʦʤ, ʛʝʥʝʨʦʚʘʥʽ ʣʫʥʢʘʤʠ ʧʦʟʜʦʚʞʥʽ ʚʠʭʨʠ ʧʝʨʝʨʦʟʧʦʜʽʣʷʶʪʴ ʝʥʝʨʛʽʶ
ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ, ʧʝʨʝʥʦʩʷʯʠ ʾʾ ʚʛʦʨʫ ʽ ʟʙʽʣʴʰʫʶʯʠ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʚ ʟʦʚʥʽʰʥʽʡ ʯʘʩʪʠʥʽ
ʧʨʠʤʝʞʦʚʦʛʦ ʰʘʨʫ. ʇʨʠʛʥʽʯʫʻʪʴʩʷ ʧʨʠʩʪʽʥʥʠʡ ʧʝʨʝʥʦʩ ʽʤʧʫʣʴʩʫ, ʥʘʪʦʤʽʩʪʴ ʩʫʪʪʻʚʦ
ʟʙʽʣʴʰʫʶʪʴʩʷ ʟʩʫʚʥʽ ʪʫʨʙʫʣʝʥʪʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚ ʟʦʚʥʽʰʥʴʦʤʫ ʰʘʨʽ; ʪʦʙʪʦ, ʧʦʨʦʜʞʝʥʥʷ
ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ ʪʘ ʽʥʪʝʥʩʠʚʥʠʡ ʦʙʤʽʥ ʽʤʧʫʣʴʩʦʤ ʟʩʫʚʘʻʪʴʩʷ ʜʘʣʽ ʚʽʜ ʩʪʽʥʢʠ. ɺ ʧʦʨʽʚʥʷʥʥʽ ʟ
ʦʙʪʽʢʘʥʥʷʤ ʛʣʘʜʢʦʾ ʧʦʚʝʨʭʥʽ ʥʝ ʪʽʣʴʢʠ ʟʨʦʩʪʘʻ ʨʽʚʝʥʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ, ʘʣʝ ʡ ʟʤʽʥʶʻʪʴʩʷ ʾʾ
ʩʪʨʫʢʪʫʨʘ ʚ ʧʨʠʤʝʞʦʚʦʤʫ ʰʘʨʽ ʥʘ ʚʽʜʩʪʘʥʽ ʜʦ ~10Lx.

ʘ) ʙ)

ʚ) ʛ)

ʈʠʩ.2. ʇʦʟʜʦʚʞʥʷ ʰʚʠʜʢʽʩʪʴ ʪʘ ʝʥʝʨʛʽʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ ʥʘ ʦʩʽ ʩʠʤʝʪʨʽʾ ʧʘʨʠ ʚʠʭʨʽʚ ʪʘ ʚ
ʧʝʨʝʨʽʟʘʭ ʯʝʨʝʟ ʮʝʥʪʨ ʚʠʭʨʘ. ʘ),ʙ) h/d0=0.7;  ʚ),ʛ) h/d0=0.23

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1. ʈʦʟʫʤʥʶʢ ʅ.ɺ. ɺʧʣʠʚ ʛʝʦʤʝʪʨʽʾ ʣʫʥʢʠ ʥʘ ʾʾ ʦʧʽʨ // ʂʦʤʧ’ʶʪʝʨʥʘ
ʛʽʜʨʦʤʝʭʘʥʽʢʘ: ʪʝʟʠ ʜʝʚ’ʷʪʦʾ ʤʽʞʥʘʨ. ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ ʢʦʥʬ.  ʂʠʾʚ: ɯɻʄ ʅɸʅʋ, 2024. –
ʉ. 70-71.
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ɿʘʚʜʷʢʠ ʤʦʞʣʠʚʦʩʪʽ ʥʝʽʥʚʘʟʠʚʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʩʪʨʫʢʪʫʨʥʦʾ ʪʘ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʚʽʟʫʘʣʽʟʘʮʽʾ
ʙʽʦʣʦʛʽʯʥʠʭ ʪʢʘʥʠʥ, ʦʧʪʦʘʢʫʩʪʠʯʥʠʡ (ʆɸ) ʧʽʜʭʽʜ ʧʦʢʘʟʘʚ ʟʥʘʯʥʠʡ ʧʦʪʝʥʮʽʘʣ ʫ ʢʣʽʥʽʯʥʠʭ  ʪʘ
ʜʦʩʣʽʜʥʠʮʴʢʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷʭ [1,2]. ʆʜʥʘʢ, ʜʫʞʝ ʯʘʩʪʦ ʦʪʨʠʤʘʥʽ ʆɸ-ʩʠʛʥʘʣʠ ʪʘ ʟʦʙʨʘʞʝʥʥʷ
ʜʝʤʦʥʩʪʨʫʶʪʴ ʥʠʟʴʢʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ (SNR). ʎʝ ʧʦʚ'ʷʟʘʥʦ ʽʟ ʩʣʘʙʢʦʶ
ʘʤʧʣʽʪʫʜʦʶ ʆɸ-ʩʠʛʥʘʣʽʚ ʪʘ ʩʠʣʴʥʠʤ ʚʠʧʘʜʢʦʚʠʤ ʰʫʤʦʤ ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʧʨʠʩʪʨʦʾʚ ʪʘ
ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʂʨʽʤ ʪʦʛʦ, ʩʧʦʪʚʦʨʝʥʥʷ ʪʘ ʘʨʪʝʬʘʢʪʠ ʫ ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʦʤʫ
ʟʦʙʨʘʞʝʥʥʽ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʚ'ʷʟʘʥʽ ʟ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʚʽʜʧʦʚʽʜʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʨʝʢʦʥʩʪʨʫʢʮʽʾ.
ʆʪʞʝ, ʜʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʴʦʛʦ ʤʝʪʦʜʫ ʚ ʢʣʽʥʽʯʥʽʡ ʧʨʘʢʪʠʮʽ ʪʘ ʥʘʫʢʦʚʠʭ
ʜʦʩʣʽʜʞʝʥʥʷʭ ʚʝʣʴʤʠ ʘʢʪʫʘʣʴʥʦʶ ʩʪʘʻ ʧʨʦʙʣʝʤʘ ʫʩʫʥʝʥʥʷ ʩʧʦʪʚʦʨʝʥʴ ʥʘ ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʠʭ
ʆɸ-ʟʦʙʨʘʞʝʥʥʷʭ. ɼʣʷ ʧʦʜʦʣʘʥʥʷ ʮʽʻʾ ʧʨʦʙʣʝʤʠ ʥʘʤʠ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʘʣʛʦʨʠʪʤ
ʧʦʢʨʘʱʝʥʥʷ ʷʢʦʩʪʽ ʦʧʪʦʘʢʫʩʪʠʯʥʠʭ ʟʦʙʨʘʞʝʥʴ ʥʘ ʦʩʥʦʚʽ ʪʝʦʨʝʤʠ ɹʘʥʘʭʘ ʧʨʦ ʥʝʨʫʭʦʤʫ
ʪʦʯʢʫ ʪʘ ʢʘʣʤʘʥʦʧʦʜʽʙʥʦʛʦ ʧʽʜʭʦʜʫ.

ʅʝʭʘʡ X – ʥʝʚʽʜʦʤʝ ʚʭʽʜʥʝ ʟʦʙʨʘʞʝʥʥʷ, Y – ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʝ (ʟʘʜʘʥʝ) ʟʦʙʨʘʞʝʥʥʷ, ʘ
F(Ö) – ʚʽʜʦʙʨʘʞʝʥʥʷ (ʦʧʝʨʘʪʦʨ), ̫ ʢʝ ʧʝʨʝʪʚʦʨʶʻ ʚʭʽʜʥʝ ʟʦʙʨʘʞʝʥʥʷ ʥʘ ʡʦʛʦ ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʫ
ʚʝʨʩʽʶ (ʟʦʙʨʘʞʝʥʥʷ ʽʟ ʩʧʦʪʚʦʨʝʥʥʷʤʠ ʪʘ ʘʨʪʝʬʘʢʪʘʤʠ):

Y = F(X), X,Y Í ᴙd .
ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ ʪʘʢʘ: ʜʣʷ ʟʘʜʘʥʦʛʦ F(X*) ʟʥʘʡʪʠ ʥʘʡʢʨʘʱʫ ʦʮʽʥʢʫ X*, ʪʘʢʫ, ʱʦʙ

F(X*) = X*. ʋ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ ʦʧʝʨʘʪʦʨ F ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʷʢ ʨʝʟʫʣʴʪʘʪ ʧʦʩʣʽʜʦʚʥʦʛʦ
ʟʘʩʪʦʩʫʚʘʥʥʷ ʬʫʥʢʮʽʡ f1(Ö) ʪʘ f2(Ö): F(Ö)= f2(f1(Ö)), ʜʝ f1(Ö) – ʦʧʝʨʘʪʦʨ, ɦ ʦ ʨʦʟʚ'ʷʟʫʻ ʧʨʷʤʫ ʟʘʜʘʯʫ
ʦʧʪʦʘʢʫʩʪʠʢʠ, ʘ f2(Ö) – ʦʧʝʨʘʪʦʨ, ʱʦ ʚʠʟʥʘʯʘʻ ʨʦʟʚ'ʷʟʦʢ ʦʙʝʨʥʝʥʦʾ ʟʘʜʘʯʽ.

ʋ [3] ʤʠ ʚʠʢʦʨʠʩʪʘʣʠ ʮʝʡ ʧʽʜʭʽʜ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʷʢʦʩʪʽ ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʠʭ ʟʦʙʨʘʞʝʥʴ
ʬʦʪʦʘʢʫʩʪʠʢʠ. ʆʙʤʝʞʝʥʥʷʤʠ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ ʻ ʪʝ, ʱʦ ʽʥʦʜʽ ʪʘʢʠʡ ʘʣʛʦʨʠʪʤ
ʚʠʷʚʣʷʻ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ ʜʦ ʘʜʠʪʠʚʥʦʛʦ ʰʫʤʫ ʪʘ ʪʨʝʤʪʽʥʥʷ ʟʦʙʨʘʞʝʥʥʷ, ʘ ʪʘʢʦʞ, ʚʠʤʘʛʘʻ
ʟʘʥʘʜʪʦ ʙʘʛʘʪʦ ʽʪʝʨʘʮʽʡ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʙʘʞʘʥʦʾ ʷʢʦʩʪʽ. ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʤʠ ʨʦʟʚʠʚʘʻʤʦ
ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʽʜʭʽʜ, ʧʦʜʽʙʥʠʡ ʜʦ ʤʝʪʦʜʫ ʂʘʣʤʘʥʘ.

ɼʣʷ ʮʴʦʛʦ, ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʠʡ ʽʟ ʟʘʨʝʻʩʪʨʦʚʘʥʠʭ ʥʘ ʧʦʚʝʨʭʥʽ ʜʘʥʠʭ ʦʙʨʘʟ 0X Y= ,
ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʥʘʤʠ ʷʢ ʥʫʣʴʦʚʘ ʽʪʝʨʘʮʽʷ, ʷʢʘ ʤʽʩʪʠʪʴ ʽʥʬʦʨʤʘʮʽʶ, ʦʪʨʠʤʘʥʫ ʟ ʝʢʩʧʝʨʠʤʝʥʪʫ.
ɸʧʨʽʦʨʥʘ ʽʥʬʦʨʤʘʮʽʷ ʧʨʦ ʧʨʦʮʝʩ ʤʽʩʪʠʪʴʩʷ ʚ ʧʨʠʡʥʷʪʽʡ ʥʘʤʠ ʬʽʟʠʯʥʽʡ ʤʦʜʝʣʽ
ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʟʚʫʢʦʚʠʭ ʭʚʠʣʴ (ʧʨʷʤʘ ʟʘʜʘʯʘ ʦʧʪʦʘʢʫʩʪʠʢʠ), ʾʭ ʨʝʻʩʪʨʘʮʽʾ ʪʘ ʘʣʛʦʨʠʪʤʽ
ʨʦʟʚ’ʷʟʘʥʥʷ ʟʚʦʨʦʪʥʦʾ ʟʘʜʘʯʽ ʦʧʪʦʘʢʫʩʪʠʢʠ. ʊʦʙʪʦ ʘʧʨʽʦʨʥʘ ʽʥʬʦʨʤʘʮʽʷ ʩʢʦʥʮʝʥʪʨʦʚʘʥʘ ʚ
ʦʧʝʨʘʪʦʨʽ ( )F Ö . ʇʨʠ ʮʴʦʤʫ, ʫ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ, ʧʦʤʠʣʢʠ ʝʢʩʧʝʨʠʤʝʥʪʫ ʽ ʥʝʪʦʯʥʦʩʪʽ ʤʦʜʝʣʽ
ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ ʥʦʤʝʨʘ ʽʪʝʨʘʮʽʾ. ʆʪʞʝ, ʘʣʛʦʨʠʪʤ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʬʘʟ: ʬʘʟʠ ʧʝʨʝʜʙʘʯʝʥʥʷ
ʪʘ ʬʘʟʠ ʢʦʨʠʛʫʚʘʥʥʷ. ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʧʨʦʛʥʦʟ ʩʪʘʥʫ ʚ ʥʘʩʪʫʧʥʠʡ ʤʦʤʝʥʪ
ʯʘʩʫ (ʫ ʥʘʩ ʮʝ ʥʦʤʝʨ ʽʪʝʨʘʮʽʾ q ). ʅʘ ʜʨʫʛʦʤʫ ʢʨʦʮʽ – ʝʪʘʧʽ ʢʦʨʝʢʮʽʾ – ʧʽʩʣʷ ʧʦʨʽʚʥʷʥʥʷ
ʤʦʜʝʣʴʥʦʛʦ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʟʥʘʯʝʥʴ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʪʦʯʥʝʥʥʷ ʧʝʨʝʜʙʘʯʝʥʦʛʦ ʩʪʘʥʫ.

ʈʦʟʨʦʙʣʝʥʠʡ ʘʣʛʦʨʠʪʤ ʢʦʨʝʢʮʽʾ, ʥʘʟʠʚʘʥʠʡ ʥʘʤʠ KL- ʧʽʜʭʦʜʦʤ (Kalman-like
approach), ʙʫʚ ʯʠʩʝʣʴʥʦ ʧʨʦʪʝʩʪʦʚʘʥʠʡ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʬʘʥʪʦʤʽʚ, ʱʦ ʽʤʽʪʫʶʪʴ
ʩʝʨʝʜʦʚʠʱʝ, ʷʢʝ ʤʽʩʪʠʪʴ ʚʢʣʶʯʝʥʥʷ ʟ ʚʠʱʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ ʦʧʪʠʯʥʦʛʦ ʧʦʛʣʠʥʘʥʥʷ, ʥʽʞ ʬʦʥ.
ɼʣʷ ʧʝʨʝʚʽʨʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʦʟʨʦʙʣʝʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʙʫʣʘ ʧʨʦʚʝʜʝʥʘ ʥʠʟʢʘ ʯʠʩʣʦʚʠʭ
ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʜʝ ʤʦʜʝʣʶʚʘʣʘʩʷ ʙʽʦʣʦʛʽʯʥʘ ʪʢʘʥʠʥʘ ʟ ʘʙʩʦʨʙʝʨʘʤʠ ʨʽʟʥʦʾ ʛʝʦʤʝʪʨʽʾ.
ɹʽʦʣʦʛʽʯʥʘ ʪʢʘʥʠʥʘ ʤʦʜʝʣʶʚʘʣʘʩʷ ʦʜʥʦʨʽʜʥʠʤ ʩʝʨʝʜʦʚʠʱʝʤ ʟ ʛʫʩʪʠʥʦʶ 3

0 1020kg/mr = ʪʘ
ʰʚʠʜʢʽʩʪʶ ʟʚʫʢʫ 0 1510m/sc = . ʊʝʩʪʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʷ ʜʣʷ ʜʚʦʚʠʤʽʨʥʠʭ ʤʦʜʝʣʝʡ ʨʽʟʥʦʾ
ʛʝʦʤʝʪʨʠʯʥʦʾ ʩʢʣʘʜʥʦʩʪʽ: ʪʨʠ ʢʨʫʛʦʚʽ ʜʠʩʢʠ ʨʽʟʥʦʛʦ ʜʽʘʤʝʪʨʘ ʥʘ ʨʽʟʥʽʡ ʛʣʠʙʠʥʽ ʪʘ
ʜʚʦʚʠʤʽʨʥʘ ʤʦʜʝʣʴ ʩʫʜʠʥʥʦʛʦ ʜʝʨʝʚʘ ʥʘ ʦʜʥʦʨʽʜʥʦʤʫ ʬʦʥʽ. ʇʨʠ ʮʴʦʤʫ ʚʚʘʞʘʣʦʩʷ, ʱʦ
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ʨʝʻʩʪʨʫʶʯʠ ʩʝʥʩʦʨʠ, ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʚʝʨʭʥʽʡ ʧʦʚʝʨʭʥʽ ʧʨʷʤʦʢʫʪʥʦʛʦ ʟʨʘʟʢʘ ʟ ʨʦʟʤʽʨʘʤʠ
4.6 4.6mm³ . ʆʙʨʘʥʽ ʯʠʩʣʦʚʽ ʬʘʥʪʦʤʠ ʩʧʦʪʚʦʨʶʚʘʣʠʩʴ ʘʜʠʪʠʚʥʠʤ ʛʘʫʩʽʚʩʴʢʠʤ ʰʫʤʦʤ ʪʘ
ʦʧʝʨʘʮʽʻʶ ʟʩʫʚʫ. ʆʩʢʽʣʴʢʠ ʧʨʠ ʪʘʢʦʤʫ ʧʽʜʭʦʜʽ ʦʨʠʛʽʥʘʣʴʥʝ (ʯʠʩʪʝ ʪʘ ʥʝʟʩʫʥʫʪʝ) ʟʦʙʨʘʞʝʥʥʷ
ʚʽʜʦʤʝ, ʫ ʷʢʦʩʪʽ ʢʨʠʪʝʨʽʾʚ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʝʪʦʜʫ ʢʦʨʝʢʮʽʾ ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ
ʪʘʢʽ ʧʦʢʘʟʥʠʢʠ ʷʢʦʩʪʽ, ʷʢ ʧʽʢʦʚʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩʠʛʥʘʣ/ʰʫʤ (PSNR) ʪʘ ʽʥʜʝʢʩ ʩʪʨʫʢʪʫʨʥʦʾ
ʧʦʜʽʙʥʦʩʪʽ (SSIM). ʇʝʨʰʠʡ (PNSR) ʚʠʤʽʨʶʻ ʘʙʩʦʣʶʪʥʽ ʧʦʤʠʣʢʠ ʚ ʢʦʞʥʦʤʫ ʧʽʢʩʝʣʽ, ʘ
ʜʨʫʛʠʡ (SSIM) ʦʮʽʥʶʻ ʷʢʽʩʪʴ ʟʦʙʨʘʞʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʩʪʨʫʢʪʫʨʥʦʾ ʽʥʬʦʨʤʘʮʽʾ. ɿʥʘʯʝʥʥʷ PSNR
ʪʘ SSIM ʜʣʷ ʢʦʞʥʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʤʝʪʦʜʫ ʨʦʟʨʘʭʦʚʫʚʘʣʠʩʴ ʜʣʷ ʢʦʞʥʦʾ ʽʪʝʨʘʮʽʾ ʦʢʨʝʤʦ.
ʈʝʟʫʣʴʪʘʪʠ ʢʦʨʝʢʮʽʾ ʟʦʙʨʘʞʝʥʥʷ ʦʪʨʠʤʘʥʽ ʜʣʷ ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʦʛʦ ʩʫʜʠʥʥʦʛʦ ʜʝʨʝʚʘ,
ʧʦʢʘʟʘʥʽ ʥʘ ʈʠʩ. 1.

ɿ ʨʠʩʫʥʢʫ ʚʠʜʥʦ, ʟʘʩʪʦʩʫʚʘʥʥʷ T-ʤʝʪʦʜʫ (ʧʦʧʝʨʝʜʥʽʡ ʤʝʪʦʜ) ʥʝ ʪʽʣʴʢʠ ʥʝ ʧʦʢʨʘʱʫʻ,
ʘʣʝ ʩʫʪʪʻʚʦ ʧʦʛʽʨʰʫʻ ʷʢʽʩʪʴ ʆɸ-ʟʦʙʨʘʞʝʥʥʷ. ɺ ʪʦʡ ʞʝ ʯʘʩ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ KL-ʘʣʛʦʨʠʪʤ, ʪʘ
ʡʦʛʦ ʧʨʠʩʢʦʨʝʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʘ ɸʥʜʝʨʩʝʥʘ - ʚʝʨʩʽʷ KLAA-ʤʝʪʦʜ, ʟʥʘʯʥʦ ʧʦʢʨʘʱʫʶʪʴ
ʷʢʽʩʪʴ ʟʦʙʨʘʞʝʥʥʷ ʷʢ ʫ PSNR, ʪʘʢ ʽ ʫ SSIM ʪʝʨʤʽʥʘʭ. ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ ʧʨʠʚʝʜʝʥʦ ʪʘʢʦʞ
ʨʝʟʫʣʴʪʘʪʠ ʜʣʷ ʤʝʪʦʜʫ ʫʟʘʛʘʣʴʥʝʥʦʾ ʧʦʭʽʜʥʦʾ (total derivative approximation) TDA–ʤʝʪʦʜ.

ʈʠʩ.1. ʇʦʨʽʚʥʷʥʥʷ ʧʦʢʨʘʱʝʥʥʷ ʷʢʦʩʪʽ ʨʝʢʦʥʩʪʨʫʡʦʚʘʥʠʭ ʟʦʙʨʘʞʝʥʴ ʽʟ ʥʦʤʝʨʦʤ ʽʪʝʨʘʮʽʾ: T - ʊʘʦ
ʤʝʪʦʜ; KL - ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ; KLAA - ɸʥʜʝʨʩʦʥʽʚʩʴʢʝ ʧʨʠʩʢʦʨʝʥʥʷ KL-ʤʝʪʦʜʫ; TDA - ʤʝʪʦʜ

ʪʘ ʡoʛʦ ʧʨʠʩʢʦʨʝʥʘ ʚʝʨʩʽʷ TDAAA.
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ˆʈʋʅʊʆɺɽ ʉɽʈɽɼʆɺʀʑɽ ʇɯɼ ʇʆɺɽʈʍʅɽɺʀʄ ɼʀʅɸʄɯʏʅʀʄ
ʅɸɺɸʅʊɸɾɽʅʅʗʄ

ʉʘʚʠʮʴʢʠʡ ʆ.ɸ.
ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ, oasavicki@gmail.com

ʆʮʽʥʢʘ ʜʠʥʘʤʽʢʠ ʩʠʩʪʝʤ ʬʫʥʜʘʤʝʥʪ-ˇʨʫʥʪ ʚʨʘʭʦʚʫʻ ʛʝʦʤʝʪʨʽʶ ʝʣʝʤʝʥʪʽʚ ʬʫʥʜʘʤʝʥʪʽʚ
ʪʘ ˇʨʫʥʪʦʚʦʾ ʦʩʥʦʚʠ, ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ, ʢʦʥʪʘʢʪʥʽ ʫʤʦʚʠ ʪʘ
ʦʩʦʙʣʠʚʦʩʪʽ ʜʠʥʘʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ. ʄʝʪʦʜʠʢʠ ʪʘ ʧʨʠʢʣʘʜʠ ʜʠʥʘʤʽʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʧʣʠʪʥʠʭ
ʬʫʥʜʘʤʝʥʪʽʚ ʥʘ ˇʨʫʥʪʦʚʽʡ ʦʩʥʦʚʽ ʥʘʚʝʜʝʥʦ ʚ [1], ʜʝ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ʦʨʪʦʛʦʥʘʣʴʥʠʭ
ʧʦʣʽʥʦʤʽʚ, ʙʘʟʦʚʘʥʠʡ ʥʘ ʫʥʽʚʝʨʩʘʣʴʥʦʤʫ ʤʝʪʦʜʽ ʛʨʘʥʠʯʥʠʭ ̔ ʥʪʝʛʨʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʪʘ ʤʦʜʝʣʷʭ
ˇʨʫʥʪʫ ʟ ʣʽʥʽʡʥʦ-ʧʨʫʞʥʠʤʠ ʨʝʘʢʮʽʷʤʠ, ʟʦʢʨʝʤʘ, ʤʦʜʝʣʣʶ ʧʦʨʠʩʪʦʧʨʫʞʥʦʛʦ ʥʘʩʠʯʝʥʦʛʦ
ʨʽʜʠʥʦʶ ˇʨʫʥʪʫ M. A. Biot. ɺʠʢʦʨʠʩʪʘʥʥʷ ʚ ʪʘʢʠʭ ʤʝʪʦʜʠʢʘʭ ʘʥʘʣʽʪʠʯʥʠʭ ʨʦʟʚ’ʷʟʢʽʚ ʫ
ʢʨʘʡʦʚʠʭ ʟʘʜʘʯʘʭ ʜʣʷ ʣʽʥʽʡʥʠʭ ʤʦʜʝʣʝʡ ˇʨʫʥʪʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ
ʥʝʜʦʩʪʦʚʽʨʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʙʝʟ ʚʨʘʭʫʚʘʥʥʷ ʩʢʣʘʜʥʦʾ ʩʪʨʫʢʪʫʨʠ ˇʨʫʥʪʦʚʦʾ ʦʩʥʦʚʠ ʪʘ
ʥʝʣʽʥʽʡʥʦʾ ʧʨʫʞʥʦ-ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ˇʨʫʥʪʫ.

ʅʘʨʘʟʽ ʝʬʝʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʤʝʪʦʜʠ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʉɽ) ʯʠ ʩʢʽʥʯʝʥʥʠʭ
ʦʙ’ʻʤʽʚ. ɺ ʩʫʯʘʩʥʽ ʢʦʤʧ’ʶʪʝʨʥʽ ʨʦʟʨʘʭʫʥʢʦʚʽ ʢʦʤʧʣʝʢʩʠ ʚʢʣʶʯʝʥʦ ʰʠʨʦʢʠʡ ʥʘʙʽʨ
ˇʨʫʥʪʦʚʠʭ ʤʦʜʝʣʝʡ (ˇʨʫʥʪʠ ʜʠʩʧʝʨʩʥʽ ʪʘ ʩʢʝʣʴʥʽ, ʥʘʩʠʯʝʥʽ ʨʽʜʠʥʦʶ ʪʘ ʽʥ.), ʨʝʘʣʽʟʦʚʘʥʠʭ ʚ
ʩʧʦʣʫʯʝʥʥʽ ʟ ʤʦʜʝʣʷʤʠ ʽʥʞʝʥʝʨʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʪʘ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʭʝʤ ʩʧʝʮʽʘʣʴʥʠʭ
ʦʙ’ʻʢʪʽʚ ʜʣʷ ʤʝʪʦʜʽʚ ʉɽ ʘʙʦ ʯʠʩʝʣʴʥʦ-ʘʥʘʣʽʪʠʯʥʠʭ. ʈʷʜ ʟʘʩʪʦʩʫʚʘʥʴ ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʽʚ
ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʟʙʽʨʮʽ ʜʦʧʦʚʽʜʝʡ XI ʫʢʨʘʾʥʩʴʢʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʤʝʭʘʥʽʢʠ ˇʨʫʥʪʽʚ ʽ ʛʝʦʪʝʭʥʽʢʠ,
ʥʘʧʨʠʢʣʘʜ ʚ ʨʦʙʦʪʽ [2] ʧʦʜʘʥʦ ʤʝʪʦʜʠʢʫ ʪʘ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʧʨʦʛʨʘʤʽ Ansys/LS-
Dyna ʚʟʘʻʤʦʜʽʾ ʰʘʨʫ ˇʨʫʥʪʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʟ ʟʘʭʠʩʥʦʶ ʧʽʜʟʝʤʥʦʶ ʩʧʦʨʫʜʦʶ ʧʨʠ ʚʧʣʠʚʽ
ʚʠʙʫʭʫ ʘʙʦ ʫʜʘʨʫ.

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʚʠʚʯʝʥʥʷ ʧʨʦʛʨʘʤʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ
ʧʨʫʞʥʦʧʣʘʩʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ˇʨʫʥʪʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʚʠʟʥʘʯʝʥʥʷ ʟʤʽʥʠ ʥʘʧʨʫʞʝʥʦ-
ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ, ʤʦʜʝʣʶʚʘʥʥʷ ʢʦʣʠʚʘʥʴ ˇʨʫʥʪʦʚʦʾ ʦʩʥʦʚʽ ʧʨʠ ʜʽʾ ʥʘ ʜʽʣʴʥʠʮʽ ʧʦʚʝʨʭʥʽ
ʥʝʩʪʘʮʽʦʥʘʨʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʜʠʥʘʤʽʯʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʶ ʚʽʜ
ʬʫʥʜʘʤʝʥʪʥʦʾ ʧʣʠʪʠ ʥʘ ʢʦʥʪʘʢʪʽ ʟ ʧʦʚʝʨʭʥʝʶ ˇʨʫʥʪʫ. ɿʚʝʨʪʘʻʤʦʩʴ ʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʫ
ʉɽ ʜʣʷ ʤʦʞʣʠʚʦʩʪʽ ʫʩʢʣʘʜʥʝʥʥʷ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʭʝʤ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʘʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ
ˇʨʫʥʪʦʚʠʭ ʦʩʥʦʚ, ʜʦʪʨʠʤʘʥʥʷ ʚʠʤʦʛ ʭʚʠʣʴʦʚʦʾ ʜʠʥʘʤʽʢʠ ʪʘ ʥʝʣʽʥʽʡʥʦʾ ʤʝʭʘʥʽʢʠ ˇʨʫʥʪʽʚ.

ɼʣʷ ʦʩʥʦʚʠ ʧʨʠʡʥʷʪʦ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʫ ʤʦʜʝʣʴ ʟʤʽʮʥʶʚʘʥʦʛʦ ˇʨʫʥʪʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ
ʤʘʣʠʭ ʜʝʬʦʨʤʘʮʽʡ (hardening soil with small-strain stiffness, HSs) [3]. ʄʦʜʝʣʴ ʚʚʘʞʘʻʪʴʩʷ
ʜʦʩʪʦʚʽʨʥʦʶ ʜʣʷ ʟʘʜʘʯ ʜʠʥʘʤʽʢʠ ʬʫʥʜʘʤʝʥʪʽʚ ʥʘ ˇʨʫʥʪʦʚʽʡ ʦʩʥʦʚʽ, ʟʘʛʣʠʙʣʝʥʠʭ ʩʧʦʨʫʜ,
ʙʫʜʽʚʥʠʮʪʚʘ ʚ ʫʤʦʚʘʭ ʱʽʣʴʥʦʾ ʤʽʩʴʢʦʾ ʟʘʙʫʜʦʚʠ ʪʘ ʽʥ. ʇʝʨʝʚʘʛʠ ʤʦʜʝʣʽ ʥʘʩʪʫʧʥʽ:
ʚʨʘʭʦʚʫʻʪʴʩʷ ʥʝʣʽʥʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʦʜʫʣʷ ʟʩʫʚʫ ʚʽʜ ʘʤʧʣʽʪʫʜʠ ʜʝʬʦʨʤʘʮʽʾ, ʟʙʽʣʴʰʝʥʥʷ
ʞʦʨʩʪʢʦʩʪʽ ˇʨʫʥʪʫ (ʥʘʙʣʠʞʝʥʥʷ ʜʦ ʧʨʫʞʥʦ-ʣʽʥʽʡʥʦʾ) ʧʨʠ ʤʘʣʠʭ ʟʩʫʚʥʠʭ ʜʝʬʦʨʤʘʮʽʷʭ;
ʚʨʘʭʦʚʫʻʪʴʩʷ ʨʽʚʝʥʴ ʪʠʩʢʽʚ ʪʘ ʜʝʬʦʨʤʘʮʽʡ (ʱʦ ʚʢʣʶʯʘʻ ʽʩʪʦʨʽʶ ʥʘʚʘʥʪʘʞʝʥʥʷ). ʅʘ ʟʥʘʯʥʽʡ
ʚʽʜʩʪʘʥʽ ʚʽʜ ʜʞʝʨʝʣʘ ʜʠʥʘʤʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʝʬʦʨʤʘʮʽʾ ʟʤʝʥʰʫʶʪʴʩʷ ʪʘʢʦʞ ʯʝʨʝʟ
ʜʝʤʧʬʫʚʘʥʥʷ (ʟʘʛʘʩʘʥʥʷ ʢʦʣʠʚʘʥʴ ʚ ʤʘʪʝʨʽʘʣʽ ˇʨʫʥʪʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʧʨʦʧʦʨʮʽʡʥʦ ʽʥʝʨʮʽʾ
ʪʘ ʤʝʭʘʥʽʯʥʦʾ ʞʦʨʩʪʢʦʩʪʽ). ʄʦʜʝʣʴ ʧʨʠʜʘʪʥʘ ʜʣʷ ʧʽʱʘʥʠʭ ʪʘ ʛʣʠʥʠʩʪʠʭ ˇʨʫʥʪʽʚ ʚ ʟʚʠʯʘʡʥʠʭ
ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʧʦʨʫʜ. ʇʘʨʘʤʝʪʨʠ ʤʦʜʝʣʽ ˇʨʫʥʪʫ ʚʟʷʪʦ ʟ ʧʨʠʢʣʘʜʽʚ.

ʄʦʜʝʣʶʚʘʥʥʷ ʢʦʣʠʚʘʥʴ ʧʨʫʞʥʦ-ʧʣʘʩʪʠʯʥʦʾ ʦʩʥʦʚʠ ʚ «ʢʦʨʦʙʮʽ» ʦʙʤʝʞʝʥʦʛʦ ʨʦʟʤʽʨʫ
ʜʣʷ ʄʉɽ ʚʠʤʘʛʘʻ ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʘ ʤʝʞʘʭ ʦʙʣʘʩʪʽ: ʩʧʝʮʽʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ
ʧʨʦʧʫʩʢʫ (ʥʝʚʽʜʙʠʪʪʷ) ʭʚʠʣʴ, ʭʦʯʘ ʙ ʧʨʫʞʥʠʭ, ʜʣʷ ʟʘʜʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ; ʢʦʥʪʘʢʪʥʠʭ ʫʤʦʚ,
ʷʢʱʦ ʤʦʜʝʣʶʻʪʴʩʷ ʤʝʞʘ ʬʫʥʜʘʤʝʥʪ-ʦʩʥʦʚʘ. ɼʦʩʪʫʧʥʝ ʚʨʘʭʫʚʘʥʥʷ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʥʘ
ʢʦʥʪʘʢʪʽ ˇʨʫʥʪʦʚʠʭ ʪʦʚʱ ʤʽʞ ʩʦʙʦʶ, ʟ ʬʫʥʜʘʤʝʥʪʦʤ, ʧʽʜʟʝʤʥʠʤʠ ʩʧʦʨʫʜʘʤʠ ʪʘ ʽʥ.

ʆʩʥʦʚʥʽ ʨʦʟʨʘʭʫʥʢʠ ʚʠʢʦʥʫʶʪʴʩʷ ʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʽʪʝʨʘʮʽʡʥʦʛʦ ʤʝʪʦʜʫ ʅʴʶʪʦʥʘ-
ʈʘʬʩʦʥʘ ʫ ʯʘʩʽ. ʐʚʠʜʢʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ ʪʘ ʪʦʯʥʽʩʪʴ ʟʥʘʡʜʝʥʠʭ ʥʘʧʨʫʞʝʥʴ ʽ ʧʝʨʝʤʽʱʝʥʴ
ʟʘʣʝʞʠʪʴ ʚʽʜ ʬʦʨʤʠ ʪʘ ʷʢʦʩʪʽ (ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʨʦʟʤʽʨʫ, ʧʨʦʤʽʞʢʫ ʯʘʩʫ ʪʘ ʰʚʠʜʢʦʩʪʽ ʭʚʠʣʴ)
ʝʣʝʤʝʥʪʽʚ. ʈʦʟʤʽʨ «ʢʦʨʦʙʢʠ» ʟʘʣʝʞʠʪʴ ʪʘʢʦʞ ʚʽʜ ʟʘʛʘʩʘʥʥʷ ʢʦʣʠʚʘʥʴ ʚ ˇʨʫʥʪʦʚʦʤʫ
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ʩʝʨʝʜʦʚʠʱʽ, ʧʨʦʧʦʨʮʽʡʥʦʛʦ ʱʽʣʴʥʦʩʪʽ ʪʘ ʤʝʭʘʥʽʯʥʦʾ ʞʦʨʩʪʢʦʩʪʽ ˇʨʫʥʪʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʱʦ
ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʈʝʣʝʷ. ʂʦʣʠʚʘʥʥʷ ʤʦʜʝʣʽ ʧʦʚʠʥʥʽ ʚʨʘʭʦʚʫʚʘʪʠ ʚʢʣʶʯʝʥʥʷ
90 % ʤʘʩʠ ʥʘ ʦʩʥʦʚʥʠʭ ʯʘʩʪʦʪʘʭ, ʜʣʷ ʮʴʦʛʦ ʚʠʢʦʥʫʻʪʴʩʷ ʦʨʽʻʥʪʦʚʥʠʡ ʘʥʘʣʽʟ «ʚʣʘʩʥʠʭ
ʯʘʩʪʦʪ», ʢʦʣʠ ˇʨʫʥʪ ʚʚʘʞʘʻʪʴʩʷ ʧʨʫʞʥʠʤ.

ɼʦʩʣʽʜʞʝʥʥʷ ʦʙʤʝʞʝʥʦ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʙʶʜʞʝʪʥʠʭ ʢʦʤʧ’ʶʪʝʨʽʚ, ʪʦʤʫ ʨʦʟʛʣʷʜʘʶʪʴʩʷ
ʩʧʨʦʱʝʥʽ ʤʦʜʝʣʽ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʷʚʣʷʪʠ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʧʨʠ ʘʥʘʣʽʟʽ
ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʭʚʠʣʴ ʪʘ ʚʠʷʚʣʝʥʥʷ ʟʦʥ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ.

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʛʣʷʥʝʤʦ ʥʘ ʧʨʠʢʣʘʜʽ 2D ʟʘʜʘʯʽ (ʧʣʘʩʢʘ ʜʝʬʦʨʤʘʮʽʷ) ʢʦʣʠʚʘʥʴ ʰʘʨʫ HSs
ˇʨʫʥʪʫ ʚʠʩʦʪʦʶ 25 ʤ ʟ ʟʘʪʠʩʥʝʥʦʶ ʪʠʣʴʥʦʶ ʛʨʘʥʥʶ ʧʨʠ ʜʽʾ ʥʘ ʜʽʣʴʥʠʮʽ 2 ʤ ʙʽʣʷ ʧʦʯʘʪʢʫ
ʢʦʦʨʜʠʥʘʪ ʧʦʚʝʨʭʥʝʚʦʛʦ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʪʠʩʢʫ (ʘʤʧʣʽʪʫʜʘ ʪʠʩʢʫ
20 ʢʅ, ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʨʠʢʣʘʜʘʻʪʴʩʷ ʫ ʩʢʽʥʯʝʥʥʦʤʫ ʧʨʦʤʽʞʢʫ ʯʘʩʫ ʚʽʜ 0 ʜʦ 0.1 ʩ, ʥʽʙʠ
ʬʫʥʢʮʽʷ ʍʝʚʽʩʘʡʜʘ). ʉʧʦʯʘʪʢʫ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘʧʨʫʞʝʥʠʡ ʩʪʘʥ ˇʨʫʥʪʫ ʧʽʜ ʜʽʻʶ ʚʣʘʩʥʦʾ ʚʘʛʠ,
ʜʝʬʦʨʤʘʮʽʾ ʚʚʘʞʘʶʪʴʩʷ ʥʫʣʴʦʚʠʤʠ, ʷʢ ʥʘ ʧʦʯʘʪʢʫ ʙʫʜʽʚʥʠʮʪʚʘ. ʊʘʢʠʡ ʚʽʜʦʤʠʡ
ʥʝʨʽʚʥʦʤʽʨʥʠʡ ʩʪʘʥ ʟʫʤʦʚʣʶʻ ʚʩʶ ʥʘʩʪʫʧʥʫ ʚʥʫʪʨʽʰʥʶ ʧʨʦʩʪʦʨʦʚʫ ʚʟʘʻʤʦʜʽʶ ʤʘʪʝʨʽʘʣʫ
ˇʨʫʥʪʫ ʧʨʠ ʢʦʣʠʚʘʥʥʷʭ, ʟʤʽʥʫ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʤʦʜʫʣʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʥʘʧʨʫʞʝʥʴ ʪʘ ʽʩʪʦʨʽʾ
ʥʘʚʘʥʪʘʞʝʥʴ ʧʨʠ ʜʽʾ ʜʠʥʘʤʽʯʥʦʛʦ ʚʧʣʠʚʫ.

ʈʦʟʨʘʭʦʚʘʥʦ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ ʰʘʨʫ ˇʨʫʥʪʫ ʫ ʧʝʚʥʽ ʤʦʤʝʥʪʠ. ʅʘ ʩʽʯʥʽʡ
ʦʙʣʘʩʪʽ ˇʨʫʥʪʫ ʥʘ ʧʨʦʪʷʟʽ 1 ʩ, ʟ ʽʥʪʝʨʚʘʣʦʤ 0.05 ʩ ʚʽʜʪʚʦʨʝʥʦ ʟʤʽʥʫ ʥʘʧʨʫʞʝʥʦʛʦ ʩʪʘʥʫ,
ʨʦʟʚʠʪʦʢ ʨʽʚʥʷ ʥʘʧʨʫʞʝʥʴ, ʟʤʽʱʝʥʴ ʪʘ ʰʚʠʜʢʦʩʪʝʡ ʚ ʦʙʣʘʩʪʽ ʧʽʜ ʣʽʥʽʻʶ ʥʘʚʘʥʪʘʞʝʥʥʷ
(ʙʣʠʞʥʷ ʟʦʥʘ), ʧʦʪʽʤ ʚʽʜʨʠʚ ʟʙʫʜʞʝʥʴ ̌ ʨʫʥʪʦʚʦʛʦ h ʘʨʫ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ ʽ ʭʚʠʣʽ,
ʟʘʛʘʩʘʥʥʷ ʢʦʣʠʚʘʥʴ ʚʽʜʧʦʚʽʜʥʦ ʤʝʭʘʥʽʟʤʘʤ ʤʦʜʝʣʽ. ɺ ʢʽʥʮʽ ʽʥʪʝʨʚʘʣʫ ʙʘʯʠʤʦ ʟʙʝʨʝʞʝʥʥʷ
ʥʘʧʨʫʞʝʥʦʾ ʟʦʥʠ ʧʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷʤ, ʦʮʽʥʶʻʤʦ ʦʩʪʘʪʦʯʥʽ ʧʣʘʩʪʠʯʥʽ ʜʝʬʦʨʤʘʮʽʾ. ɼʣʷ
ʟʤʽʱʝʥʴ, ʥʘʧʨʫʞʝʥʴ ʪʘ ʽʥ. ʩʧʦʩʪʝʨʽʛʘʻʤʦ ʥʝʩʪʘʮʽʦʥʘʨʥʽ ʢʦʣʠʚʘʥʥʷ ʜʣʷ ʭʘʨʘʢʪʝʨʥʠʭ ʪʦʯʦʢ,
ʥʘ ʧʦʚʝʨʭʥʽ (ʧʦʚʝʨʭʥʝʚʽ ʭʚʠʣʽ), ʚ ʤʘʩʠʚʽ, ʥʘ ʟʘʪʠʩʥʝʥʽʡ ʥʠʞʥʽʡ ʤʝʞʽ. ʇʨʦʷʚʣʷʻʪʴʩʷ
ʟʘʛʘʩʘʥʥʷ ʚʩʝʨʝʜʠʥʽ, ʘ ʙʽʣʷ ʙʦʢʦʚʠʭ ʛʨʘʥʝʡ ˇʨʫʥʪʦʚʦʾ ʦʙʣʘʩʪʽ ʢʦʣʠʚʘʥʥʷ ʥʝʧʦʤʽʪʥʽ ʯʝʨʝʟ
ʜʝʤʧʬʫʚʘʥʥʷ ʥʘ ʚʽʜʩʪʘʥʽ. ʇʨʦʽʣʶʩʪʨʦʚʘʥʦ ʨʫʭ ʧʦʚʝʨʭʥʝʚʦʾ ʭʚʠʣʽ.

ʎʷ ʪʝʩʪʦʚʘ ʟʘʜʘʯʘ ʧʦʢʘʟʫʻ ʬʽʟʠʯʥʠʡ ʩʪʘʥ ˇʨʫʥʪʫ ʚʩʝʨʝʜʠʥʽ ʰʘʨʫ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ
ʨʝʟʫʣʴʪʘʪʽʚ ʤʝʪʦʜʠʢʠ [1] ʪʽʣʴʢʠ ʜʣʷ ʧʦʚʝʨʭʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʈʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʚʜʘʣʠʡ
ʚʠʙʽʨ ʤʝʞ ʦʙʣʘʩʪʽ, ʉɽ ʩʽʪʢʠ, ʪʠʧʫ ʪʘ ʨʦʟʤʽʨʫ ʝʣʝʤʝʥʪʽʚ ʚʠʩʦʢʦʾ ʩʢʣʘʜʥʦʩʪʽ, ʘʤʧʣʽʪʫʜʠ
ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʽʥ.

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʨʦʜʦʚʞʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʜʠʥʘʤʽʢʠ ʬʫʥʜʘʤʝʥʪʽʚ [1], ʚʠʚʯʝʥʦ ʤʝʪʦʜʠʢʠ
ʧʨʘʢʪʠʯʥʦʛʦ ʚʨʘʭʫʚʘʥʥʷ ʜʣʷ ʄʉɽ ʙʘʛʘʪʴʦʭ ʦʩʦʙʣʠʚʦʩʪʝʡ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ˇʨʫʥʪʦʚʠʭ
ʦʩʥʦʚʘʭ, ʚʽʜ ʚʠʙʦʨʫ ʤʦʜʝʣʽ ʦʩʥʦʚʠ ʜʦ ʜʦʢʣʘʜʥʦʛʦ ʘʥʘʣʽʟʫ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ.
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ʂʆʄʇ'ʖʊɽʈʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ɼʀʅɸʄɯʂʀ ʄʆɼɽʃɽʁ, ʑʆ
ʇʈʆʅʀʂɸʖʊʔ ʋ ɺʆɼʋ ʏɽʈɽɿ ʉʍɺʀʃʔʆɺɸʅʋ ʇʆɺɽʈʍʅʖ

ʉʝʤʝʥʝʥʢʦ ɺ.ʄ., ʉʘʚʯʝʥʢʦ ɻ.ʖ., ʅʘʫʤʦʚʘ ʆ.ɯ.
ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ. E-mail: vnsvns60@gmail.com

1. ʆʙ'ʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ. ʈʦʟʛʣʷʜʘʶʪʴʩʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʧʨʦʮʝʩʠ ʧʨʠ ʧʝʨʝʪʠʥʽ
ʤʦʜʝʣʷʤʠ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʚʦʜʠ ʪʘ ʧʦʜʘʣʴʰʦʤʫ ʧʨʦʥʠʢʥʝʥʥʽ ʫ ʚʦʜʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ
ʨʝʛʫʣʷʨʥʠʭ ʧʦʚʝʨʭʥʝʚʠʭ ʭʚʠʣʴ. ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʻ ʚʭʽʜ ʪʘ ʧʨʦʥʠʢʥʝʥʥʷ
ʤʦʜʝʣʝʡ ʫ ʚʦʜʫ ʧʽʜ ʤʘʣʠʤʠ ʢʫʪʘʤʠ ʜʦ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ, ʚʢʣʶʯʘʶʯʠ ʷʚʠʱʝ ʨʠʢʦʰʝʪʫ.

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʦʮʝʩʠ ʧʨʠ ʚʭʦʜʽ ʫ ʚʦʜʫ ʚʽʣʴʥʦʣʽʪʘʶʯʠʭ ʤʦʜʝʣʝʡ ʯʝʨʝʟ
ʥʝʟʙʫʨʝʥʫ ʧʦʚʝʨʭʥʶ, ʚʢʣʶʯʘʶʯʠ ʷʚʠʱʝ ʨʠʢʦʰʝʪʫ, ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʫ ʃʘʙʦʨʘʪʦʨʽʾ ʩʫʯʘʩʥʦʾ
ʛʽʜʨʦʜʠʥʘʤʽʢʠ ɯɻʄ ʅɸʅ ʋʢʨʘʾʥʠ [1]. ʊʘʤ ʞʝ ʦʧʠʩʘʥʦ ʤʝʪʦʜʠʢʫ ʨʦʟʨʘʭʫʥʢʫ ʪʘ ʥʘʚʝʜʝʥʦ
ʧʨʠʢʣʘʜʠ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʤʦʜʠʬʽʢʘʮʽʷ ʤʝʪʦʜʠʢʠ
ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʥʠʢʥʝʥʥʷ ʤʦʜʝʣʝʡ ʫ ʚʦʜʫ ʽ ʨʫʭʫ ʩʫʧʝʨʢʘʚʽʪʫʶʯʠʭ ʤʦʜʝʣʝʡ
ʫ ʚʦʜʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʧʣʠʚʫ ʧʦʚʝʨʭʥʝʚʠʭ ʭʚʠʣʴ.

2. ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ. ɺʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʜʠʥʘʤʽʢʠ
ʩʫʧʝʨʢʘʚʽʪʫʶʯʦʾ ʤʦʜʝʣʽ, ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʚʥʽʡ ʩʠʩʪʝʤʽ ʨʽʚʥʷʥʴ 6DOF ʨʫʭʫ ʚʠʜʦʚʞʝʥʦʛʦ
ʪʚʝʨʜʦʛʦ ʪʽʣʘ. ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʬʦʨʤʠ ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ ʢʘʚʝʨʥ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʨʠʥʮʠʧ
ʥʝʟʘʣʝʞʥʦʩʪʽ ʨʦʟʰʠʨʝʥʥʷ ʧʝʨʝʨʽʟʽʚ ʢʘʚʝʨʥʠ ɻ.ɺ.ʃʦʛʚʠʥʦʚʠʯʘ. ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʜʽʶʯʠʭ
ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʩʠʣ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʘʧʨʦʢʩʠʤʘʮʽʡʥʽ ʟʘʣʝʞʥʦʩʪʽ, ʷʢʽ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʷʢ
ʥʘ ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʪʘʢ ʽ ʥʘ ʦʩʥʦʚʽ ʪʝʦʨʝʪʠʯʥʠʭ ʨʦʟʚ’ʷʟʢʽʚ. ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʚʧʣʠʚʫ
ʧʦʚʝʨʭʥʝʚʠʭ ʭʚʠʣʴ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʣʽʥʽʡʥʘ ʪʝʦʨʽʷ ʧʣʦʩʢʠʭ ʨʝʛʫʣʷʨʥʠʭ ʛʨʘʚʽʪʘʮʽʡʥʠʭ
ʭʚʠʣʴ ʥʘ ʛʣʠʙʦʢʽʡ ʚʦʜʽ.

3. ʄʦʜʠʬʽʢʘʮʽʷ ʢʦʤʧ’ʶʪʝʨʥʦʾ ʧʨʦʛʨʘʤʠ DIVE. ʅʘʤʠ ʨʦʟʨʦʙʣʝʥʦ ʜʝʤʦʥʩʪʨʘʮʽʡʥʫ
ʧʨʦʛʨʘʤʫ DIVE_19 ʜʣʷ ʢʦʤʧ’ʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʧʨʦʥʠʢʥʝʥʥʷ ʤʦʜʝʣʝʡ ʫ ʚʦʜʫ
ʯʝʨʝʟ ʩʭʚʠʣʴʦʚʘʥʫ ʚʽʣʴʥʫ ʧʦʚʝʨʭʥʶ ʽ ʢʝʨʦʚʘʥʦʛʦ ʨʫʭʫ ʩʫʧʝʨʢʘʚʽʪʫʶʯʠʭ ʤʦʜʝʣʝʡ ʫ ʚʦʜʽ ʩ
ʫʨʘʭʫʚʘʥʥʷʤ ʚʧʣʠʚʫ ʧʦʚʝʨʭʥʝʚʠʭ ʭʚʠʣʴ. ʇʨʠ ʚʠʢʦʥʘʥʥʽ ʬʫʥʢʮʽʡ ʤʝʥʶ ʧʨʦʛʨʘʤʠ ʤʦʞʥʘ
ʩʧʦʩʪʝʨʽʛʘʪʠ ʥʘ ʝʢʨʘʥʽ ʢʦʤʧ’ʶʪʝʨʘ ʝʚʦʣʶʮʽʶ ʢʘʚʝʨʥʠ ʧʨʠ ʚʭʦʜʽ ʽ ʧʨʦʥʠʢʥʝʥʥʽ ʤʦʜʝʣʝʡ ʫ
ʚʦʜʫ ʧʽʜ ʜʦʚʽʣʴʥʠʤʠ ʢʫʪʘʤʠ ʷʢ ʫ ʧʦʪʦʢʦʚʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ (ʷʢ ʧʨʠ ʟʡʦʤʮʽ ʨʫʭʦʤʦʶ
ʚʽʜʝʦʢʘʤʝʨʦʶ), ʪʘʢ ʽ ʫ ʬʽʢʩʦʚʘʥʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ (ʷʢ ʧʨʠ ʟʡʦʤʮʽ ʥʝʨʫʭʦʤʦʶ
ʚʽʜʝʦʢʘʤʝʨʦʶ).

4. ʆʮʽʥʢʘ ʡʤʦʚʽʨʥʦʩʪʽ “ʚʜʘʣʦʛʦ” ʚʭʦʜʫ ʤʦʜʝʣʝʡ ʫ ʚʦʜʫ ʪʘ ʢʨʠʪʠʯʥʦʛʦ ʢʫʪʘ
ʨʠʢʦʰʝʪʫ. ʈʦʟʛʣʷʥʫʪʦ ʧʨʦʙʣʝʤʫ ʨʠʢʦʰʝʪʫʚʘʥʥʷ ʤʦʜʝʣʝʡ ʧʨʠ ʫʜʘʨʽ ʧʦ ʚʦʜʥʽʡ ʧʦʚʝʨʭʥʽ.
ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʛʝʦʤʝʪʨʠʯʥʠʡ ʢʨʠʪʝʨʽʡ “ʥʝʚʜʘʣʦʛʦ” ʚʭʦʜʫ ʫ ʚʦʜʫ ʤʦʜʝʣʽ ʟ ʜʠʩʢʦʚʠʤ
ʢʘʚʽʪʘʪʦʨʦʤ, ʟʛʽʜʥʦ ʟ ʷʢʠʤ ʨʠʢʦʰʝʪ ʤʦʜʝʣʽ ʚʽʜ ʧʦʚʝʨʭʥʽ ʚʦʜʠ ʚ ʧʝʨʰʦʤʫ ʥʘʙʣʠʞʝʥʥʽ
ʚʚʘʞʘʻʪʴʩʷ ʤʦʞʣʠʚʠʤ ʫ ʚʠʧʘʜʢʫ, ʷʢʱʦ ʤʦʜʝʣʴ ʩʧʦʯʘʪʢʫ ʪʦʨʢʘʻʪʴʩʷ ʚʦʜʠ ʥʝ ʢʨʦʤʢʦʶ
ʢʘʚʽʪʘʪʦʨʘ, ʘ ʜʝʷʢʦʶ ʜʽʣʷʥʢʦʶ ʢʦʨʧʫʩʫ. ɼʘʥʦ ʦʮʽʥʢʠ ʡʤʦʚʽʨʥʦʩʪʽ “ʚʜʘʣʦʛʦ” ʘʙʦ “ʥʝʚʜʘʣʦʛʦ”
ʚʭʦʜʫ ʫ ʚʦʜʫ (ʜʠʚ. ʈʠʩ. 1, a) ʪʘ ʢʨʠʪʠʯʥʦʛʦ ʢʫʪʘ ʨʠʢʦʰʝʪʫ  (ʜʠʚ. ʈʠʩ. 1,b) ʜʣʷ ʤʦʜʝʣʝʡ ʨʽʟʥʦʾ
ʬʦʨʤʠ ʟʘʣʝʞʥʦ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʭʚʠʣʶʚʘʥʥʷ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘ ʥʘʷʚʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʠʭ ʭʚʠʣʴ
ʡʤʦʚʽʨʥʽʩʪʴ ʨʠʢʦʰʝʪʫ ʩʫʪʪʻʚʦ ʟʨʦʩʪʘʻ.

5. ɺʧʣʠʚ ʧʦʚʝʨʭʥʝʚʠʭ ʭʚʠʣʴ ʥʘ ʜʠʥʘʤʽʢʫ ʩʫʧʝʨʢʘʚʽʪʫʶʯʠʭ ʤʦʜʝʣʝʡ. ʅʘʚʦʜʷʪʴʩʷ
ʧʨʠʢʣʘʜʠ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʫʭʫ ʩʫʧʝʨʢʘʚʽʪʫʶʯʦʾ ʤʦʜʝʣʽ ʧʦʙʣʠʟʫ ʩʭʚʠʣʴʦʚʘʥʦʾ
ʧʦʚʝʨʭʥʽ ʚʦʜʠ (ʜʠʚ. ʈʠʩ. 2) ʪʘ ʧʨʦʮʝʩʫ ʧʨʦʥʠʢʥʝʥʥʷ ʤʦʜʝʣʝʡ ʫ ʚʦʜʫ ʯʝʨʝʟ ʩʭʚʠʣʴʦʚʘʥʫ
ʧʦʚʝʨʭʥʶ ʚʦʜʠ (ʜʠʚ. ʈʠʩ. 3). ʈʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʨʠ ʨʫʩʽ ʩʫʧʝʨʢʘʚʽʪʫʶʯʦʾ ʤʦʜʝʣʽ
ʧʦʙʣʠʟʫ ʩʭʚʠʣʴʦʚʘʥʦʾ ʧʦʚʝʨʭʥʽ ʚʦʜʠ ʤʦʞʫʪʴ ʟʙʫʜʞʫʚʘʪʠʩʷ ʘʚʪʦʢʦʣʠʚʘʥʥʷ ʚʝʥʪʠʣʴʦʚʘʥʦʾ
ʢʘʚʝʨʥʠ, ʱʦ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʨʫʡʥʫʚʘʥʥʷ ʢʘʚʝʨʥʠ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʥʘʷʚʥʽʩʪʴ ʧʦʚʝʨʭʥʝʚʠʭ
ʭʚʠʣʴ ʩ ʧʨʠʡʥʷʪʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʘʤʧʣʽʪʫʜʘ ʪʘ ʧʦʯʘʪʢʦʚʘ ʬʘʟʘ) ʟʘ ʫʤʦʚʠ “ʚʜʘʣʦʛʦ” ʚʭʦʜʫ
ʤʦʜʝʣʽ ʫ ʚʦʜʫ ʩʣʘʙʢʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʟʤʽʥʫ ʧʘʨʘʤʝʪʨʽʚ ʨʫʭʫ ʤʦʜʝʣʽ, ʟʦʢʨʝʤʘ ʥʘ ʛʣʠʙʠʥʥʝ
ʟʤʠʢʘʥʥʷ ʢʘʚʝʨʥʠ.
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a                                                                       b
ʈʠʩ. 1. a – ʦʮʽʥʢʘ ʡʤʦʚʽʨʥʦʩʪʽ ʨʠʢʦʰʝʪʫ; b – ʦʮʽʥʢʘ ʢʨʠʪʠʯʥʠʭ ʢʫʪʽʚ ʨʠʢʦʰʝʪʫ

a                                                                       b
ʈʠʩ. 2. a – ʨʫʭ ʚʝʥʪʠʣʴʦʚʘʥʦʾ ʤʦʜʝʣʽ ʧʦʙʣʠʟʫ ʩʭʚʠʣʴʦʚʘʥʦʾ ʧʦʚʝʨʭʥʽ

b – ʟʤʽʥʘ ʯʠʩʣʘ ʢʘʚʽʪʘʮʽʾ (t)s : 1 – 0a w = , 2 – 05.0aw =

a                                                                       b
ʈʠʩ. 3. a – ʧʦʭʠʣʝ ʧʨʦʥʠʢʥʝʥʥʷ ʤʦʜʝʣʽ ʫ ʚʦʜʫ; b – ʟʤʽʥʘ ʢʫʪʘ ʪʘʥʛʘʞʫ: 3 – 1.0a w =
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ʏʀʉɽʃʔʅɽ ɼʆʉʃɯɼɾɽʅʅʗ ʂʆʅʎɽʅʊʈɸʎɯɰ ʎʀʃɯʅɼʈʀʏʅʆɰ
ʌʆʈʄʀ ɿ ʂʈʋɻʆɺʀʄ ʆʊɺʆʈʆʄ

ʉʝʨʘʬʠʤʦʚʠʯ ʈ.ɺ.
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ʊʨʠʰʘʨʦʚʽ ʦʙʦʣʦʥʢʦʚʽ ʢʦʥʩʪʨʫʢʮʽʾ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʝʣʝʤʝʥʪʘʭ ʨʘʢʝʪʥʦ-
ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ, ʦʩʢʽʣʴʢʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʦʻʜʥʘʥʥʷ ʤʘʣʦʾ ʤʘʩʠ, ʚʠʩʦʢʦʾ ʞʦʨʩʪʢʦʩʪʽ ʪʘ
ʜʦʩʪʘʪʥʴʦʾ ʥʝʩʫʯʦʾ ʟʜʘʪʥʦʩʪʽ. ʊʘʢʽ ʢʦʥʩʪʨʫʢʮʽʾ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʜʚʦʭ ʪʦʥʢʠʭ ʥʝʩʫʯʠʭ ʰʘʨʽʚ ʽ
ʪʦʚʩʪʦʛʦ ʰʘʨʫ ʟʘʧʦʚʥʶʚʘʯʘ. ʅʝʩʫʯʽ ʰʘʨʠ ʩʧʨʠʡʤʘʶʪʴ ʦʩʥʦʚʥʫ ʯʘʩʪʠʥʫ ʤʝʤʙʨʘʥʥʠʭ ʽ
ʟʛʠʥʘʣʴʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʘ ʟʘʧʦʚʥʶʚʘʯ ʟʘʙʝʟʧʝʯʫʻ ʩʧʽʣʴʥʫ ʨʦʙʦʪʫ ʰʘʨʽʚ ʽ ʙʝʨʝ ʫʯʘʩʪʴ ʫ
ʩʧʨʠʡʥʷʪʪʽ ʧʦʧʝʨʝʯʥʦʛʦ ʟʩʫʚʫ [1, 2].

ɺʘʞʣʠʚʦʶ ʟʘʜʘʯʝʶ ʨʦʟʨʘʭʫʥʢʫ ʪʘʢʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʻ ʚʠʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʦ-
ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʧʦʙʣʠʟʫ ʦʪʚʦʨʽʚ. ʅʘʷʚʥʽʩʪʴ ʦʪʚʦʨʫ ʧʦʨʫʰʫʻ ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ
ʥʘʧʨʫʞʝʥʴ ʽ ʩʧʨʠʯʠʥʷʻ ʧʦʷʚʫ ʣʦʢʘʣʴʥʠʭ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʽʾ, ʷʢʽ ʤʦʞʫʪʴ ʚʠʟʥʘʯʘʪʠ ʤʽʮʥʽʩʪʴ
ʦʙʦʣʦʥʢʦʚʦʛʦ ʝʣʝʤʝʥʪʘ ʚ ʮʽʣʦʤʫ [3, 4].

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʯʠʩʝʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʪʨʠʰʘʨʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʥʘ ʨʦʟʧʦʜʽʣ
ʥʘʧʨʫʞʝʥʴ ʥʘʚʢʦʣʦ ʢʨʫʛʦʚʦʛʦ ʦʪʚʦʨʫ ʚ ʮʠʣʽʥʜʨʠʯʥʦʤʫ ʦʙʦʣʦʥʢʦʚʦʤʫ ʝʣʝʤʝʥʪʽ ʨʘʢʝʪʠ.
ʆʩʥʦʚʥʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʘʥʘʣʽʟʫ ʢʦʣʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʫʟʜʦʚʞ ʢʦʥʪʫʨʫ ʦʪʚʦʨʫ.

ʈʦʟʛʣʷʜʘʻʪʴʩʷ ʮʠʣʽʥʜʨʠʯʥʘ ʦʙʦʣʦʥʢʘ ʜʽʘʤʝʪʨʦʤ D=1 ʤ ʽ ʚʠʩʦʪʦʶ H=1,4 ʤ, ʦʩʣʘʙʣʝʥʘ
ʢʨʫʛʦʚʠʤ ʦʪʚʦʨʦʤ ʨʘʜʽʫʩʦʤ r=0,1 ʤ (ʨʠʩ.1). ʊʦʚʱʠʥʘ ʢʦʞʥʦʛʦ ʥʝʩʫʯʦʛʦ ʰʘʨʫ ʩʪʘʥʦʚʠʪʴ
h_1,2=0,005 ʤ, ʪʦʚʱʠʥʘ ʟʘʧʦʚʥʶʚʘʯʘ — h_3=0,05 ʤ. ʆʙʦʣʦʥʢʘ ʥʘʚʘʥʪʘʞʫʻʪʴʩʷ ʦʩʴʦʚʠʤ
ʟʫʩʠʣʣʷʤ P=0,4 ʄʅ. ʅʝʩʫʯʽ ʰʘʨʠ ʚʠʛʦʪʦʚʣʝʥʽ ʟ ʘʣʶʤʽʥʽʻʚʦʛʦ ʩʧʣʘʚʫ ɸʄɻ-6ʄ, ʘ ʰʘʨ
ʟʘʧʦʚʥʶʚʘʯʘ ʟ ʧʽʥʦʧʣʘʩʪʫ PVC foam.

ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʜʘʥʦʾ ʦʙʦʣʦʥʢʠ ʚʠʢʦʨʠʩʪʘʥʦ ʛʽʧʦʪʝʟʠ ʊʠʤʦʰʝʥʢʘ, ʱʦ ʜʘʻ ʟʤʦʛʫ
ʚʨʘʭʫʚʘʪʠ ʧʦʧʝʨʝʯʥʽ ʟʩʫʚʥʽ ʜʝʬʦʨʤʘʮʽʾ. ʎʝ ʻ ʩʫʪʪʻʚʠʤ ʜʣʷ ʪʨʠʰʘʨʦʚʠʭ ʦʙʦʣʦʥʦʢ, ʦʩʢʽʣʴʢʠ
ʟʘʧʦʚʥʶʚʘʯ ʤʘʻ ʩʢʽʥʯʝʥʥʫ ʟʩʫʚʥʫ ʞʦʨʩʪʢʽʩʪʴ ʽ ʚʧʣʠʚʘʻ ʥʘ ʟʘʛʘʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʥʘʧʨʫʞʝʥʴ. ʋ
ʟʦʥʽ ʦʪʚʦʨʫ ʚʨʘʭʦʚʫʻʪʴʩʷ ʣʦʢʘʣʴʥʠʡ ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ ʥʘʧʨʫʞʝʥʦʛʦ ʩʪʘʥʫ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ
ʧʦʙʣʠʟʫ ʡʦʛʦ ʢʦʥʪʫʨʫ ʚʠʥʠʢʘʶʪʴ ʥʘʡʙʽʣʴʰʽ ʛʨʘʜʽʻʥʪʠ ʥʘʧʨʫʞʝʥʴ.

ʈʝʟʫʣʴʪʘʪʠ ʯʠʩʝʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʧʦʜʘʥʦ ʥʘ ʨʠʩ. 2 ʫ ʚʠʛʣʷʜʽ ʨʦʟʧʦʜʽʣʫ ʚʽʜʥʦʩʥʠʭ
ʢʦʣʦʚʠʭ ʥʘʧʨʫʞʝʥʴ „ /„ ʫʟʜʦʚʞ ʢʦʥʪʫʨʫ ʢʨʫʛʦʚʦʛʦ ʦʪʚʦʨʫ ʜʣʷ ʪʨʠʰʘʨʦʚʦʾ ̔  ʜʚʦʭ ʚʘʨʽʘʥʪʽʚ

ʦʜʥʦʰʘʨʦʚʦʾ ʦʙʦʣʦʥʦʢ, ʜʝ „ =
( )

.

ʈʠʩ. 1. ʈʦʟʨʘʭʫʥʢʦʚʘ ʩʭʝʤʘ               ʈʠʩ. 2. ɻʨʘʬʽʢ ʧʦʨʽʚʥʷʥʥʷ ʨʦʟʧʦʜʽʣʝʥʥʷ ʢʦʣʦʚʠʭ
ʥʘʧʨʫʞʝʥʴ ʥʘʚʢʦʣʦ ʢʨʫʛʦʚʦʛʦ ʦʪʚʦʨʫ
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ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʨʠʰʘʨʦʚʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠʟʚʦʜʠʪʴ ʜʦ
ʟʤʝʥʰʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʠʭ ʢʦʣʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘʚʢʦʣʦ ʦʪʚʦʨʫ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ
ʟʘʧʦʚʥʶʚʘʯ ʟʘʙʝʟʧʝʯʫʻ ʩʧʽʣʴʥʫ ʨʦʙʦʪʫ ʥʝʩʫʯʠʭ ʰʘʨʽʚ, ʧʽʜʚʠʱʫʻ ʟʘʛʘʣʴʥʫ ʟʛʠʥʘʣʴʥʫ
ʞʦʨʩʪʢʽʩʪʴ ʦʙʦʣʦʥʢʠ ʪʘ ʩʧʨʠʷʻ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʥʘʧʨʫʞʝʥʴ ʫ ʟʦʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ.

ʊʘʢʠʤ ʯʠʥʦʤ, ʦʙʦʣʦʥʢʦʚʘ ʤʦʜʝʣʴ ʊʠʤʦʰʝʥʢʘ ʻ ʜʦʮʽʣʴʥʦʶ ʜʣʷ ʯʠʩʝʣʴʥʦʛʦ ʘʥʘʣʽʟʫ
ʪʨʠʰʘʨʦʚʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʦʙʦʣʦʥʦʢ ʟ ʦʪʚʦʨʘʤʠ. ɺʦʥʘ ʜʦʟʚʦʣʷʻ ʚʨʘʭʫʚʘʪʠ ʧʦʧʝʨʝʯʥʫ
ʟʩʫʚʥʫ ʧʦʜʘʪʣʠʚʽʩʪʴ ʟʘʧʦʚʥʶʚʘʯʘ ʪʘ ʦʮʽʥʠʪʠ ʾʾ ʚʧʣʠʚ ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʶ ʥʘʧʨʫʞʝʥʴ.
ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʨʠʰʘʨʦʚʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʜʣʷ ʟʥʠʞʝʥʥʷ
ʣʦʢʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʧʦʙʣʠʟʫ ʦʪʚʦʨʫ ʚ ʦʙʦʣʦʥʢʦʚʠʭ ʝʣʝʤʝʥʪʘʭ ʨʘʢʝʪʥʦ-ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠ.
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ɯʄʇʋʃʔʉʅʀʁ ʋɼɸʈ ʊɯʃɸ, ʇʆɺʅɯʉʊʖ ɿɸʅʋʈɽʅʆɻʆ
ʋ ɺɯɼʂʈʀʊʀʁ ʂʆʅʊɽʁʅɽʈ

ʖ.ɸ. ʉʝʤʝʥʦʚ¹, ʖ.ʄ. ʉʘʚʯʝʥʢʦ¹, ɻ.ʖ. ʉʘʚʯʝʥʢʦ¹, ʆ.I. ʅʘʫʤʦʚʘ¹
¹ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ

ɯʤʧʫʣʴʩʥʠʡ ʫʜʘʨ ʥʝʩʪʠʩʣʠʚʦʾ ʨʽʜʠʥʠ ʻ ʨʽʟʢʠʤ ʥʝʣʽʥʽʡʥʠʤ ʧʨʦʮʝʩʦʤ, ʱʦ ʪʨʠʚʘʻ
ʥʘʜʟʚʠʯʘʡʥʦ ʢʦʨʦʪʢʠʡ ʧʨʦʤʽʞʦʢ ʯʘʩʫ, ʧʨʦʪʝ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʚʠʥʠʢʥʝʥʥʷʤ ʥʘʜʟʚʠʯʘʡʥʦ
ʚʝʣʠʢʠʭ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʢʦʥʩʪʨʫʢʮʽʾ. ɺʽʜʦʤʠʤʠ ʧʨʠʢʣʘʜʘʤʠ ʻ ʥʘʢʘʪ ʚʦʜʠ
ʥʘ ʧʘʣʫʙʫ ʩʫʜʥʘ, ʩʣʝʥʛʽʥʛ ʜʥʠʱʘ ʪʘ ʫʜʘʨ ʭʚʠʣʽ ʦʙ ʤʦʨʩʴʢʽ ʧʣʘʪʬʦʨʤʠ ʯʠ ʙʝʨʝʛʦʚʫ ʣʽʥʽʶ.
ɿʦʢʨʝʤʘ, ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʽ ʩʫʜʥʘ ʥʘ ʧʽʜʚʦʜʥʠʭ ʢʨʠʣʘʭ, ʢʨʠʣʦʚʘ ʩʠʩʪʝʤʘ ʷʢʠʭ ʧʦʚʥʽʩʪʶ
ʟʘʥʫʨʝʥʘ, ʤʦʞʫʪʴ ʟʘʟʥʘʚʘʪʠ ʨʘʧʪʦʚʠʭ ʚʝʨʪʠʢʘʣʴʥʠʭ ʫʜʘʨʽʚ, ʩʧʨʠʯʠʥʝʥʠʭ ʭʚʠʣʷʤʠ, ʱʦ
ʥʘʙʽʛʘʶʪʴ ʥʘ ʦʩʥʦʚʥʠʡ ʢʦʨʧʫʩ.

ʇʨʦʙʣʝʤʘ ʽʤʧʫʣʴʩʥʦʛʦ ʨʫʭʫ ʟʘʥʫʨʝʥʦʛʦ ʧʽʜ ʚʽʣʴʥʫ ʧʦʚʝʨʭʥʶ ʪʽʣʘ ʤʘʻ ʪʨʠʚʘʣʫ ʽʩʪʦʨʽʶ
(Havelock 1927, 1936; Lamb 1913), ʘ ʨʦʟʚʠʪʦʢ ʪʝʦʨʽʾ ʽʤʧʫʣʴʩʫ ʧʦʚ’ʷʟʘʥʠʡ ʽʟ ʨʦʙʦʪʘʤʠ von
Kármán (1929) ʪʘ Wagner (1932). ɹʽʣʴʰʽʩʪʴ ʚʽʜʦʤʠʭ ʜʦʩʣʽʜʞʝʥʴ ʩʪʦʩʫʚʘʣʠʩʷ ʨʫʭʫ ʚ
ʥʝʦʙʤʝʞʝʥʽʡ ʦʙʣʘʩʪʽ ʨʽʜʠʥʠ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʥʠʭ, ʫ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʽʤʧʫʣʴʩʥʠʡ ʨʫʭ ʪʽʣʘ,
ʧʦʚʥʽʩʪʶ ʟʘʥʫʨʝʥʦʛʦ ʫ ʚʽʜʢʨʠʪʠʡ ʢʦʥʪʝʡʥʝʨ (ʘʙʦ ʢʘʥʘʣ) ʟʽ ʩʪʽʥʢʘʤʠ, ʷʢʽ ʤʦʞʫʪʴ ʩʫʪʪʻʚʦ
ʚʧʣʠʚʘʪʠ ʥʘ ʩʠʣʠ, ʱʦ ʜʽʶʪʴ ʥʘ ʪʽʣʦ. ʈʦʙʦʪʘ ʫʟʘʛʘʣʴʥʶʻ ʚʠʧʘʜʦʢ ʨʽʜʠʥʠ ʥʝʩʢʽʥʯʝʥʥʦʾ
ʛʣʠʙʠʥʠ (Semenov, Savchenko & Savchenko 2021). ʉʝʨʝʜ ʟʘʩʪʦʩʫʚʘʥʴ — ʧʨʦʮʝʩʠ
ʚʩʪʘʥʦʚʣʝʥʥʷ ʤʦʨʩʴʢʠʭ ʩʧʦʨʫʜ, ʦʧʝʨʘʮʽʾ ʫ ʙʘʩʝʡʥʘʭ ʘʪʦʤʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ ʪʦʱʦ.

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ. ʊʽʣʦ ʟ ʭʘʨʘʢʪʝʨʥʦʶ ʜʦʚʞʠʥʦʶ L ʟʘʥʫʨʝʥʝ ʚ ʢʦʥʪʝʡʥʝʨ ʥʘ ʛʣʠʙʠʥʫ
h ʧʽʜ ʩʧʦʢʽʡʥʦʶ ʚʽʣʴʥʦʶ ʧʦʚʝʨʭʥʝʶ ʨʽʜʠʥʠ. ʊʽʣʦ ʪʘ ʢʦʥʪʝʡʥʝʨ ʩʠʤʝʪʨʠʯʥʽ ʚʽʜʥʦʩʥʦ ʦʩʽ Y,
ʪʦʤʫ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʣʠʰʝ ʧʦʣʦʚʠʥʘ ʦʙʣʘʩʪʽ ʪʝʯʽʾ. ɼʦ ʤʦʤʝʥʪʫ ʫʜʘʨʫ t = 0 ʪʽʣʦ ʽ ʨʽʜʠʥʘ
ʧʝʨʝʙʫʚʘʶʪʴ ʫ ʩʪʘʥʽ ʩʧʦʢʦʶ. ʋ ʤʦʤʝʥʪ t = 0+ ʪʽʣʦ ʨʘʧʪʦʚʦ ʧʦʯʠʥʘʻ ʨʫʭʘʪʠʩʷ ʟ ʧʨʠʩʢʦʨʝʥʥʷʤ
a, ʩʧʨʷʤʦʚʘʥʠʤ ʫʥʠʟ, ʪʘʢ ʱʦ ʟʘ ʥʝʩʢʽʥʯʝʥʥʦ ʤʘʣʠʡ ʧʨʦʤʽʞʦʢ ʯʘʩʫ ʰʚʠʜʢʽʩʪʴ ʪʽʣʘ ʜʦʩʷʛʘʻ
ʟʥʘʯʝʥʥʷ U = at. ʈʽʜʠʥʘ ʚʚʘʞʘʻʪʴʩʷ ʽʜʝʘʣʴʥʦʶ ʪʘ ʥʝʩʪʠʩʣʠʚʦʶ, ʪʝʯʽʷ — ʙʝʟʚʠʭʨʦʚʦʶ;
ʚʧʣʠʚʦʤ ʩʠʣʠ ʪʷʞʽʥʥʷ ʡ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʧʽʜ ʯʘʩ ʫʜʘʨʫ ʥʝʭʪʫʻʤʦ.

ʋʚʦʜʷʪʴʩʷ ʢʦʤʧʣʝʢʩʥʽ ʧʦʪʝʥʮʽʘʣʠ ʫ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ, ʧʦʚ’ʷʟʘʥʽʡ ʟ ʪʽʣʦʤ, ū, ʪʘ ʫ
ʩʠʩʪʝʤʽ, ʧʦʚ’ʷʟʘʥʽʡ ʟ ʢʦʥʪʝʡʥʝʨʦʤ, ūǋ. ʆʜʨʘʟʫ ʧʽʩʣʷ ʫʜʘʨʫ ʧʦʪʝʥʮʽʘʣʠ ʧʦʚ’ʷʟʘʥʽ
ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ūǋ = ū ī UY, ʘ ʽʤʧʫʣʴʩ ʪʠʩʢʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ

Ʉǋ = īɟūǋ = īɟū + ɟUY.
ʇʨʠʻʜʥʘʥʘ ʤʘʩʘ mǋ ʦʙʯʠʩʣʶʻʪʴʩʷ ʯʝʨʝʟ ʢʽʥʝʪʠʯʥʫ ʝʥʝʨʛʽʶ ʨʽʜʠʥʠ, ʘ ʙʝʟʨʦʟʤʽʨʥʽ

ʢʦʝʬʽʮʽʻʥʪʠ ʧʨʠʻʜʥʘʥʦʾ ʤʘʩʠ ʫ ʜʚʦʭ ʩʠʩʪʝʤʘʭ ʢʦʦʨʜʠʥʘʪ ʧʦʚ’ʷʟʘʥʽ ʨʽʚʥʽʩʪʶ mǋ = m ī a*, ʜʝ
a* — ʙʝʟʨʦʟʤʽʨʥʘ ʧʣʦʱʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʪʽʣʘ. ɼʦʜʘʥʦʢ ʫʨʘʭʦʚʫʻ ʩʠʣʫ ʧʣʘʚʫʯʦʩʪʽ,
ʩʧʨʠʯʠʥʝʥʫ ʧʨʠʩʢʦʨʝʥʥʷʤ ʢʦʥʪʝʡʥʝʨʘ.

ʄʝʪʦʜ ʨʦʟʚ’ʷʟʘʥʥʷ. ɿʘʩʪʦʩʦʚʘʥʦ ʤʝʪʦʜ ʽʥʪʝʛʨʘʣʴʥʦʛʦ ʛʦʜʦʛʨʘʬʘ: ʷʢ ʜʦʧʦʤʽʞʥʫ
ʧʘʨʘʤʝʪʨʠʯʥʫ ʦʙʣʘʩʪʴ ʦʙʨʘʥʦ ʧʝʨʰʠʡ ʢʚʘʜʨʘʥʪ ɕ-ʧʣʦʱʠʥʠ. ʌʦʨʤʫʣʶʶʪʴʩʷ ʢʨʘʡʦʚʽ ʟʘʜʘʯʽ
ʜʣʷ ʬʫʥʢʮʽʾ ʢʦʤʧʣʝʢʩʥʦʾ ʰʚʠʜʢʦʩʪʽ dw/dz ʪʘ ʧʦʭʽʜʥʦʾ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ dw/dɕ. ɿʘ
ʜʦʧʦʤʦʛʦʶ ʽʥʪʝʛʨʘʣʴʥʠʭ ʬʦʨʤʫʣ ʦʪʨʠʤʘʥʦ ʘʥʘʣʽʪʠʯʥʽ ʚʠʨʘʟʠ ʜʣʷ ʮʠʭ ʬʫʥʢʮʽʡ, ʷʢʽ ʤʽʩʪʷʪʴ
ʰʫʢʘʥʽ ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ʥʘʧʨʷʤʫ ʰʚʠʜʢʦʩʪʽ ʚʟʜʦʚʞ ʪʚʝʨʜʠʭ ʤʝʞ ʪʘ ʚʝʣʠʯʠʥʠ ʰʚʠʜʢʦʩʪʽ
ʥʘ ʚʽʣʴʥʽʡ ʧʦʚʝʨʭʥʽ. ʂʨʘʡʦʚʘ ʟʘʜʘʯʘ ʟʚʦʜʠʪʴʩʷ ʜʦ ʩʠʩʪʝʤʠ ʽʥʪʝʛʨʘʣʴʥʠʭ ʪʘ ʽʥʪʝʛʨʦ-
ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ, ʷʢʘ ʨʦʟʚ’ʷʟʫʻʪʴʩʷ ʯʠʩʝʣʴʥʦ ʤʝʪʦʜʦʤ ʽʪʝʨʘʮʽʡ.

ʈʝʟʫʣʴʪʘʪʠ. ɺʠʟʥʘʯʝʥʦ ʧʦʣʝ ʰʚʠʜʢʦʩʪʽ, ʨʦʟʧʦʜʽʣ ʽʤʧʫʣʴʩʫ ʪʠʩʢʫ ʥʘ ʪʽʣʽ ʪʘ ʩʪʽʥʢʘʭ
ʢʦʥʪʝʡʥʝʨʘ, ʘ ʪʘʢʦʞ ʧʨʠʻʜʥʘʥʫ ʤʘʩʫ ʦʜʨʘʟʫ ʧʽʩʣʷ ʫʜʘʨʫ ʜʣʷ ʰʠʨʦʢʦʛʦ ʜʽʘʧʘʟʦʥʫ ʛʣʠʙʠʥ
ʟʘʥʫʨʝʥʥʷ ʡ ʛʝʦʤʝʪʨʽʡ ʢʦʥʪʝʡʥʝʨʘ (ʧʨʷʤʦʢʫʪʥʠʡ ʪʘ ʧʽʚʢʨʫʛʣʠʡ ʢʦʥʪʝʡʥʝʨʠ, ʢʘʥʘʣ
ʩʢʽʥʯʝʥʥʦʾ ʛʣʠʙʠʥʠ) ʪʘ ʜʣʷ ʨʽʟʥʠʭ ʬʦʨʤ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʪʽʣʘ — ʧʣʘʩʪʠʥʠ, ʢʦʣʘ ʽ
ʧʨʷʤʦʢʫʪʥʠʢʘ. ʋʩʪʘʥʦʚʣʝʥʦ ʪʘʢʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ:

– ʟʘ ʚʝʣʠʢʠʭ ʛʣʠʙʠʥ ʟʘʥʫʨʝʥʥʷ ʢʦʥʬʽʛʫʨʘʮʽʷ ʣʽʥʽʡ ʪʝʯʽʾ ʩʪʘʻ ʤʘʡʞʝ ʩʠʤʝʪʨʠʯʥʦʶ, ʷʢ ʫ
ʥʝʦʙʤʝʞʝʥʽʡ ʨʽʜʠʥʽ, ʘ ʚʧʣʠʚ ʜʥʘ ʪʘ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʻ ʩʣʘʙʢʠʤ;
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– ʬʦʨʤʘ ʧʝʨʝʨʽʟʫ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʨʦʟʧʦʜʽʣ ʰʚʠʜʢʦʩʪʽ; ʥʘ ʢʽʥʮʷʭ ʧʣʘʩʪʠʥʠ ʪʘ ʚ
ʢʫʪʦʚʠʭ ʪʦʯʢʘʭ ʢʚʘʜʨʘʪʘ ʰʚʠʜʢʽʩʪʴ ʥʝʦʙʤʝʞʝʥʦ ʟʨʦʩʪʘʻ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʘʥʘʣʽʪʠʯʥʦ;

– ʢʦʝʬʽʮʽʻʥʪ ʧʨʠʻʜʥʘʥʦʾ ʤʘʩʠ ʟʨʦʩʪʘʻ ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ ʪʽʣʘ ʜʦ ʜʥʘ ʘʙʦ ʜʦ ʙʽʯʥʠʭ ʩʪʽʥʦʢ
ʢʦʥʪʝʡʥʝʨʘ; ʥʘʡʙʽʣʴʰʝ ʡʦʛʦ ʟʥʘʯʝʥʥʷ ʚʽʜʧʦʚʽʜʘʻ ʢʚʘʜʨʘʪʥʦʤʫ ʧʝʨʝʨʽʟʫ, ʥʘʡʤʝʥʰʝ —
ʧʣʘʩʪʠʥʽ, ʱʦ ʧʦʚ’ʷʟʘʥʦ ʟ ʧʝʨʠʤʝʪʨʦʤ ʧʝʨʝʨʽʟʫ;

– ʟʽ ʟʤʝʥʰʝʥʥʷʤ h ʠʨʠʥʠ ʢʦʥʪʝʡʥʝʨʘ ̔ ʤʧʫʣʴʩ ʪʠʩʢʫ ʥʘ ʪʽʣʽ ʪʘ ʩʪʽʥʢʘʭ ʟʨʦʩʪʘʻ, ʦʩʢʽʣʴʢʠ
ʨʽʜʠʥʘ ʧʨʦʪʽʢʘʻ ʯʝʨʝʟ ʟʚʫʞʝʥʠʡ ʟʘʟʦʨ ʤʽʞ ʪʽʣʦʤ ʽ ʩʪʽʥʢʦʶ ʟ ʙʽʣʴʰʦʶ ʰʚʠʜʢʽʩʪʶ.

ʆʜʝʨʞʘʥʠʡ ʨʦʟʚ’ʷʟʦʢ ʦʧʠʩʫʻ ʪʘʢʦʞ ʩʠʪʫʘʮʽʶ, ʢʦʣʠ ʢʦʥʪʝʡʥʝʨ ʨʘʧʪʦʚʦ ʧʦʯʠʥʘʻ
ʨʫʭʘʪʠʩʷ ʚʛʦʨʫ, ʘ ʪʽʣʦ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʨʫʭʦʤʠʤ; ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʨʠʻʜʥʘʥʘ ʤʘʩʘ ʙʽʣʴʰʘ, ʙʦ
ʜʦʜʘʪʢʦʚʦ ʚʨʘʭʦʚʫʻ ʩʠʣʫ ʧʣʘʚʫʯʦʩʪʽ, ʱʦ ʜʽʻ ʥʘ ʪʽʣʦ ʥʘ ʩʪʘʜʽʾ ʢʦʨʦʪʢʦʯʘʩʥʦʛʦ ʧʨʠʩʢʦʨʝʥʥʷ
ʢʦʥʪʝʡʥʝʨʘ.

ɺʠʩʥʦʚʢʠ. ɿʘʜʘʯʫ ʧʨʦ ʽʤʧʫʣʴʩʥʠʡ ʩʪʘʨʪ ʪʽʣʘ, ʧʦʚʥʽʩʪʶ ʟʘʥʫʨʝʥʦʛʦ ʚ ʢʦʥʪʝʡʥʝʨ,
ʨʦʟʚ’ʷʟʘʥʦ ʤʝʪʦʜʦʤ ̔ ʥʪʝʛʨʘʣʴʥʦʛʦ ʛʦʜʦʛʨʘʬʘ ʟʽ ʟʚʝʜʝʥʥʷʤ ʜʦ ʩʠʩʪʝʤʠ ̔ ʥʪʝʛʨʘʣʴʥʠʭ ʨʽʚʥʷʥʴ.
ʇʝʨʝʨʽʟʠ ʫ ʧʦʨʷʜʢʫ ʟʨʦʩʪʘʥʥʷ ʧʝʨʠʤʝʪʨʘ (ʧʣʘʩʪʠʥʘ, ʢʦʣʦ, ʢʚʘʜʨʘʪ) ʩʧʨʠʯʠʥʷʶʪʴ ʱʦʨʘʟ
ʙʽʣʴʰʝ ʟʙʫʨʝʥʥʷ ʨʽʜʠʥʠ, ʙʽʣʴʰʠʡ ʽʤʧʫʣʴʩ ʪʠʩʢʫ ʪʘ ʙʽʣʴʰʫ ʧʨʠʻʜʥʘʥʫ ʤʘʩʫ ʟʘ ʦʜʥʘʢʦʚʦʾ
ʛʣʠʙʠʥʠ ʟʘʥʫʨʝʥʥʷ. ʇʨʠ ʥʘʙʣʠʞʝʥʥʽ ʪʽʣʘ ʜʦ ʜʥʘ ʯʠ ʩʪʽʥʦʢ ʢʦʥʪʝʡʥʝʨʘ ʽʤʧʫʣʴʩ ʪʠʩʢʫ ʡ
ʧʨʠʻʜʥʘʥʘ ʤʘʩʘ ʧʦʩʪʫʧʦʚʦ ʟʨʦʩʪʘʶʪʴ.
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ɹʫʨʭʣʠʚʠʡ ʨʦʟʚʠʪʦʢ ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʪʝʭʥʽʢʠ ʚ ʦʩʪʘʥʥʽ ʜʝʩʷʪʠʣʽʪʪʷ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ
ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʨʦʟʚ'ʷʟʘʥʥʷ ʟʘʜʘʯ ʘʝʨʦʜʠʥʘʤʽʢʠ ʪʘ ʜʠʥʘʤʽʢʠ ʨʫʭʫ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʚ
ʛʫʩʪʠʭ ʰʘʨʘʭ ʘʪʤʦʩʬʝʨʠ. ʆʢʨʽʤ ʮʴʦʛʦ ʥʝʦʙʭʽʜʥʽ ʨʦʟʨʦʙʢʠ ʝʬʝʢʪʠʚʥʠʭ ʯʠʩʣʦʚʠʭ ʤʝʪʦʜʽʚ.
ʅʘʧʘʜ ʨʦʩʽʾ ʥʘ ʋʢʨʘʾʥʫ ʚʠʤʘʛʘʻ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʙʦʡʦʚʦʛʦ ʟʘʭʠʩʪʫ ʜʝʨʞʘʚʠ.
ɺʘʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʜʚʦʜʥʠʭ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ ʷʩʢʨʘʚʦ ʜʝʤʦʥʩʪʨʫʶʪʴ ʙʦʡʦʚʽ ʜʽʾ
ʚ ʘʢʚʘʪʦʨʽʾ ʏʦʨʥʦʛʦ ʤʦʨʷ, ʱʦ ʤʘʶʪʴ ʤʽʩʮʝ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʽʡʥʠ, ʷʢʫ ʨʦʟʚ’ʷʟʘʣʘ ʨʦʩʽʷ ʧʨʦʪʠ
ʋʢʨʘʾʥʠ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʩʠʣʘʤʠ ʦʙʦʨʦʥʠ ʋʢʨʘʾʥʠ ʰʚʠʜʢʽʩʥʠʭ ʙʝʟʝʢʽʧʘʞʥʠʭ ʢʘʪʝʨʽʚ
ʜʦʟʚʦʣʠʣʦ ʥʘʥʝʩʪʠ ʘʛʨʝʩʦʨʫ ʥʠʟʢʫ ʯʫʪʣʠʚʠʭ ʧʦʨʘʟʦʢ. ɺ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ ʘʢʪʫʘʣʴʥʦʶ ʻ
ʟʘʜʘʯʘ ʟʽ ʩʪʚʦʨʝʥʥʷ ʰʚʠʜʢʽʩʥʠʭ ʤʘʣʦʨʦʟʤʽʨʥʠʭ ʙʝʟʧʽʣʦʪʥʠʭ ʥʘʜʚʦʜʥʠʭ ʘʧʘʨʘʪʽʚ, ʱʦ
ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʝʬʝʢʪ ʙʣʠʟʴʢʦ ʨʦʟʤʽʱʝʥʦʾ ʚʦʜʥʦʾ ʧʦʚʝʨʭʥʽ.

ʆʜʥʠʤ ʟ ʪʘʢʠʭ ʤʦʞʣʠʚʠʭ ʚʘʨʽʘʥʪʽʚ ʟʘʭʠʩʪʫ ʢʨʘʾʥʠ ʚʽʜ ʘʛʨʝʩʦʨʘ ʻ ʨʦʟʨʦʙʢʘ
ʤʘʣʦʨʦʟʤʽʨʥʠʭ ʥʘʜʚʦʜʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ  (WIG- Wing in Grounds crafts). WIG-crafts ʻ
ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʽʥʥʦʚʘʮʽʡʥʠʤʠ ʪʨʘʥʩʧʦʨʪʥʠʤʠ ʟʘʩʦʙʘʤʠ, ʱʦ ʤʦʞʫʪʴ ʪʘʢʦʞ
ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʷʢ ʤʦʨʩʴʢʽ ʙʝʟʧʽʣʦʪʥʽ ʩʠʩʪʝʤʠ [1,2]. ʈʫʭ  ʪʘʢʠʭ WIG ʘʧʘʨʘʪʽʚ ʧʦʙʣʠʟʫ
ʭʚʠʣʷʩʪʦʾ ʧʦʚʝʨʭʥʽ ʧʦʚ’ʷʟʘʥʘ ʟ ʧʨʦʙʣʝʤʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʦʾ ʩʪʽʡʢʦʩʪʽ ʧʽʜ ʯʘʩ
ʧʦʣʴʦʪʫ, ʦʩʢʽʣʴʢʠ ʤʘʻ ʤʽʩʮʝ ʩʫʪʪʻʚʝ ʢʦʣʠʚʘʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ.
ɸʝʨʦʜʠʥʘʤʽʢʘ ʧʨʦʬʽʣʶ ʢʨʠʣʘ ʧʦʙʣʠʟʫ ʭʚʠʣʷʩʪʦʾ ʧʦʚʝʨʭʥʽ ʚʠʚʯʝʥʘ ʥʘʙʘʛʘʪʦ ʤʝʥʰʝ ʟʘ
ʘʥʘʣʦʛʽʯʥʠʡ ʨʫʭ ʥʘʜ ʧʣʦʩʢʦʶ ʧʦʚʝʨʭʥʝʶ. ʆʩʥʦʚʥʦʶ ʧʨʦʙʣʝʤʦʶ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʪʝʭʥʦʣʦʛʽʡ
ʙʝʟʧʽʣʦʪʥʠʭ WIG ʩʠʩʪʝʤ ʻ ʚʽʜʩʫʪʥʽʩʪʴ ʦʙˇʨʫʥʪʦʚʘʥʦʾ ʪʝʦʨʽʾ ʧʦʣʴʦʪʫ ʪʘʢʠʭ ʘʧʘʨʘʪʽʚ, ʥʘ
ʦʩʥʦʚʽ ʷʢʦʾ ʤʦʞʥʘ ʟʘʙʝʟʧʝʯʠʪʠ ʙʝʟʧʝʯʥʫ ʘʚʪʦʥʦʤʥʫ ʨʦʙʦʪʫ ʥʘ ʚʩʽʭ ʢʨʝʡʩʝʨʩʴʢʠʭ ʝʪʘʧʘʭ
ʧʦʣʴʦʪʫ. ʂʦʨʝʢʪʥʘ ʧʦʩʪʘʥʦʚʢʘ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʦʚ’ʷʟʘʥʘ ʟ
ʥʠʟʢʦʶ ʪʝʭʥʽʯʥʠʭ ʽ ʬʽʟʠʯʥʠʭ ʥʝʧʝʨʝʙʦʨʥʠʭ ʪʨʫʜʥʦʱʽʚ [3].

ʅʘ ʩʴʦʛʦʜʥʽ ʚ ʩʬʝʨʽ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʣʽʜʝʨʦʤ
ʚʚʘʞʘʶʪʴʩʷ ʧʽʜʭʦʜʠ, ʱʦ ʧʦʙʫʜʦʚʘʥʽ ʥʘ ʙʘʟʽ ʦʩʝʨʝʜʥʝʥʠʭ ʟʘ ʈʝʡʥʦʣʴʜʩʦʤ ʨʽʚʥʷʥʴ ʅʘʚ’ʻ-
ʉʪʦʢʩʘ ʟʘʤʢʥʝʥʽ ʚʽʜʧʦʚʽʜʥʦʶ ʤʦʜʝʣʣʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ.ʇʨʦʪʝ ʚʝʣʠʯʝʟʥʽ ʚʠʤʦʛʠ ʜʦ ʨʝʩʫʨʩʽʚ
ʝʣʝʢʪʨʦʥʥʦ-ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʤʘʰʠʥ ʪʘ ʥʘʜʪʦ ʚʝʣʠʢʠʡ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟ
ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʩʝʨʝʜʥʝʥʠʭ ʟʘ ʈʝʡʥʦʣʴʜʩʦʤ ʨʽʚʥʷʥʴ ʅʘʚ’ʻ-ʉʪʦʢʩʘ ʧʨʠʤʫʰʫʶʪʴ
ʜʦʩʣʽʜʥʠʢʽʚ, ʨʦʟʨʦʙʥʠʢʽʚ ʥʘʫʢʦʚʦ ʤʽʩʪʢʠʭ ʪʝʭʥʦʣʦʛʽʡ ʟʚʝʨʪʘʪʠʩʷ ʜʦ ʙʽʣʴʰ ʧʨʦʩʪʠʭ ʤʦʜʝʣʝʡ.

ʆʜʥʠʤ ʟ ʧʽʜʭʦʜʽʚ ʜʦ ʨʦʟʨʘʭʫʥʢʫ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʽʣ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ
ʤʦʜʝʣʽ ʽʜʝʘʣʴʥʦʾ ʨʽʜʠʥʠ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʽ ʽʜʝʘʣʴʥʦʾ ʨʽʜʠʥʠ ʥʝ ʟʘʚʞʜʠ
ʤʦʞʥʘ ʢʦʨʝʢʪʥʦ ʨʦʟʨʘʭʫʚʘʪʠ ʩʠʣʫ ʣʦʙʦʚʦʛʦ ʦʧʦʨʫ, ʧʨʦʪʝ ʚʽʥ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʝʬʝʢʪʠʚʥʝ
ʚʠʟʥʘʯʝʥʥʷ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ ʪʘ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʤʦʤʝʥʪʽʚ [3]. ʉʝʨʝʜ ʤʝʪʦʜʽʚ ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʽ
ʽʜʝʘʣʴʥʦʾ ʨʽʜʠʥʠ ʩʣʽʜ ʚʠʜʽʣʠʪʠ ʤʝʪʦʜʠ ʜʠʩʢʨʝʪʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʘ ʩʘʤʝ ʤʝʪʦʜ ʜʠʩʢʨʝʪʥʠʭ
ʚʠʭʦʨʽʚ (ʄɼɺ) [3,4]. ʎʝʡ ʧʽʜʭʽʜ ʤʘʻ ʰʠʨʦʢʝ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʚ ʦʙʯʠʩʣʶʚʘʣʴʥʽʡ
ʘʝʨʦʜʠʥʘʤʽʮʽ ʟʘʚʜʷʢʠ ʩʚʦʾʡ ʫʥʽʚʝʨʩʘʣʴʥʦʩʪʽ ʪʘ ʦʧʪʠʤʘʣʴʥʠʤ ʚʠʤʦʛʘʤ ʜʦ ʨʝʩʫʨʩʽʚ ɽʆʄ, ʫ
ʪʽʤ ʯʠʩʣʽ ʽ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʥʘʤʽʢʠ ʨʫʭʫ WIG-ʘʧʘʨʘʪʽʚ [3].

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʭʚʠʣʷʩʪʦʾ ʚʦʜʥʦʾ ʧʦʚʝʨʭʥʽ ʥʘ ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ
WIG-ʘʧʘʨʘʪʫ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʟʘʜʘʯʘ ʫ ʟ ʤʦʜʝʣʶʚʘʥʥʷ ʦʙʪʽʢʘʥʥʷ ʧʨʦʬʽʣʶ ʢʨʠʣʘ ʧʦʙʣʠʟʫ
ʭʚʠʣʷʩʪʦʾ ʚʦʜʥʦʾ ʧʦʚʝʨʭʥʽ. ʇʨʠʧʫʩʢʘʻʪʴʩʷ, ʱʦ ʢʫʪ ʘʪʘʢʠ ʻ ʪʘʢʠʤ, ʧʨʠ ʷʢʦʤʫ ʨʝʘʣʽʟʫʻʪʴʩʷ
ʦʙʪʽʢʘʥʥʷ ʧʨʦʬʽʣʶ ʢʨʠʣʘ ʫ ʙʝʟʚʽʜʨʠʚʥʦʤʫ ʨʝʞʠʤʽ. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʦʧʪʠʤʘʣʴʥʠʤ
ʧʽʜʭʦʜʦʤ  ʙʫʜʝ ʤʦʜʝʣʴ ʟ ʨʦʟʤʽʱʝʥʥʷʤ ʜʠʩʢʨʝʪʥʠʭ ʚʠʭʦʨʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʧʦ ʡʦʛʦ ʧʦʚʝʨʭʥʽ.
ɼʣʷ ʚʨʘʭʫʚʘʥʥʷ ʚʧʣʠʚʫ ʝʢʨʘʥʥʦʛʦ ʝʬʝʢʪʫ ʥʘ ʚʽʜʩʪʘʥʽ 2h ʩʠʤʝʪʨʠʯʥʦ, ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ
ʧʣʦʱʠʥʠ ʫʤʦʚʥʦʛʦ ʝʢʨʘʥʫ, ʜʟʝʨʢʘʣʴʥʦ ʨʦʟʤʽʱʫʻʤʦ ʚʽʜʧʦʚʽʜʥʠʡ ʧʨʦʬʽʣʴ. ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ
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ʫʤʦʚʠ ʥʝʧʨʦʪʽʢʘʥʥʷ ʧʣʦʱʠʥʠ ʩʠʤʝʪʨʽʾ ʚʚʦʜʠʪʴʩʷ ʬʽʢʪʠʚʥʠʡ ʚʠʭʦʨ ʟ ʮʠʨʢʫʣʷʮʽʻʶ ɻ* ʨʽʚʥʦʾ
ʟʘ ʚʝʣʠʯʠʥʦʶ ʮʠʨʢʫʣʷʮʽʾ ʦʩʥʦʚʥʦʛʦ ʚʠʭʦʨʷ ʽ ʟʚʦʨʦʪʥʫ ʟʘ ʥʘʧʨʷʤʦʤ, ʦʪʞʝ ɻ*=-ɻ. ʇʨʠ
ʤʦʜʝʣʶʚʘʥʥʽ ʦʙʪʽʢʘʥʥʷ ʢʨʠʣʘ ʢʽʥʮʝʚʦʛʦ ʨʦʟʤʘʭʫ, ʡʦʛʦ ʬʦʨʤʘ ʜʠʩʢʨʝʪʥʘ ʬʦʨʤʘ
ʧʨʝʜʩʪʘʚʣʷʻʪʴʩʷ ʥʠʟʢʦʶ ʧʝʨʝʨʽʟʽʚ ʟ ʨʦʟʤʽʱʝʥʠʤʠ ʥʘ ʥʠʭ ʩʠʩʪʝʤʦʶ ʚʠʭʦʨʦʚʠʭ ʝʣʝʤʝʥʪʽʚ.

ɿʛʽʜʥʦ  ʤʝʪʦʜʫ ʜʠʩʢʨʝʪʥʠʭ ʚʠʭʦʨʽʚ, ʚʧʣʠʚ ʪʽʣʘ ʥʘ ʥʝʟʙʫʨʝʥʠʡ ʧʦʪʽʢ ʨʽʜʠʥʠ
ʟʘʤʽʥʶʻʪʴʩʷ ʜʽʻʶ ʥʘ ʥʴʦʛʦ ʩʠʩʪʝʤʠ ʜʠʩʢʨʝʪʥʠʭ ʚʠʭʦʨʦʚʠʭ ʝʣʝʤʝʥʪʽʚ Njj ,....,2,1, =G ,
ʨʦʟʤʽʱʝʥʠʭ ʥʘ ʪʽʣʽ, ʪʘ ʚʽʣʴʥʠʭ ʚʠʭʦʨʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʩʣʽʜʫ , 1,2,...,k k Kg = . ʎʠʨʢʫʣʷʮʽʾ
ʚʽʜʧʦʚʽʜʥʠʭ ʜʠʩʢʨʝʪʥʠʭ ʚʠʭʦʨʦʚʠʭ ʝʣʝʤʝʥʽʚ ʮʠʭ ʩʠʩʪʝʤ ʨʽʚʥʽ ʧʦ ʚʝʣʠʯʠʥʽ ʪʘ ʧʨʦʪʠʣʝʞʥʽ ʟʘ
ʟʥʘʢʦʤ. ʈʫʭ ʚʽʣʴʥʠʭ ʜʠʩʢʨʝʪʥʠʭ ʚʠʭʦʨʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʦʙʦʭ ʚʠʭʨʦʚʠʭ ʩʠʩʪʝʤ ʚ ʯʘʩʽ
ʧʨʦʭʦʜʠʪʴ ʚ ʥʘʧʨʷʤʢʫ  ʧʘʨʘʣʝʣʴʥʦʤʫ ʚʦʜʥʽʡ ʧʦʚʝʨʭʥʽ. ʇʨʠ ʪʘʢʽʡ ʩʭʝʤʘʪʠʟʘʮʽʾ ʟʘ ʥʘʧʨʷʤʦʤ
ʪʝʯʽʾ ʜʣʷ ʚʠʭʦʨʦʚʠʭ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʯʥʦ ʚ ʙʫʜʴ-ʷʢʠʡ ʤʦʤʝʥʪ ʯʘʩʫ ʚʠʢʦʥʫʻʪʴʩʷ ʫʤʦʚʘ
ʥʝʧʨʦʪʽʢʘʥʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʧʨʦʬʽʣʶ ʪʘ ʧʽʜʩʪʠʣʴʥʦʾ ʧʦʚʝʨʭʥʽ.

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʾ ʨʦʙʦʪʠ ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜʠʢʫ, ʘʣʛʦʨʠʪʤ ʪʘ
ʢʦʤʧʣʝʢʩ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ, ʦʩʥʦʚʘʥʠʡ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʤʝʪʦʜʫ ʜʠʩʢʨʝʪʥʠʭ
ʚʠʭʦʨʽʚ, ʱʦ ʜʦʟʚʦʣʷʻ ʤʦʜʝʣʶʚʘʪʠ ʚʧʣʠʚ ʭʚʠʣʷʩʪʦʾ ʧʦʚʝʨʭʥʽ ʥʘ ʘʝʨʦʜʠʥʘʤʽʯʥʽ
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʨʠʣʘ. ʎʝʡ ʧʽʜʭʽʜ ʟʥʘʯʥʦ ʩʧʨʦʱʫʻ ʦʙʯʠʩʣʝʥʥʷ ʧʦʨʽʚʥʷʥʦ ʟ ʩʽʪʢʦʚʠʤʠ
ʤʝʪʦʜʘʤʠ ʽ ʧʦʪʨʝʙʫʻ ʟʥʘʯʥʦ ʤʝʥʰʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʨʝʩʫʨʩʽʚ. ɼʣʷ ʚʝʨʠʬʽʢʘʮʽʾ ʤʝʪʦʜʠʢʠ,
ʘʣʛʦʨʠʪʤʫ ʪʘ ʢʦʤʧʣʝʢʩʫ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʨʦʚʝʜʝʥʦ ʚʽʜʧʦʚʽʜʥʠʡ ʘʝʨʦʜʠʥʘʤʽʯʥʠʡ
ʝʢʩʧʝʨʠʤʝʥʪ. ʐʣʷʭʦʤ ʧʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʫ ʦʙʪʽʢʘʥʥʷ ʧʨʦʬʽʣʶ ʢʨʠʣʘ Clark
YH-12, ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʥʝʦʙʤʝʞʝʥʦʤʫ ʧʦʪʦʮʽ, ʟ ʚʽʜʦʤʠʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ
ʤʝʪʦʜʠʢʘ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʘ ʧʨʠʡʥʷʪʥʫ ʪʦʯʥʽʩʪʴ ʦʙʯʠʩʣʝʥʴ.

ɺ ʨʝʟʫʣʴʪʘʪʽ ʦʙʯʠʩʣʶʚʘʣʴʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʭʚʠʣʷʩʪʦʾ ʧʦʚʝʨʭʥʽ ʥʘ
ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʬʽʣʶ ʢʨʠʣʘ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʧʦ
ʤʽʨʽ ʥʘʙʣʠʞʝʥʥʷ ʜʦ ʮʽʻʾ ʧʦʚʝʨʭʥʽ ʟʘʣʝʞʥʦʩʪʽ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʚʽʜ ʢʫʪʘ ʘʪʘʢʠ
ʥʘʙʫʚʘʶʪʴ ʥʝʣʽʥʽʡʥʦʛʦ ʭʘʨʘʢʪʝʨʫ. ʍʘʨʘʢʪʝʨ ʟʤʽʥ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʦʣʦʞʝʥʥʷ ʛʨʝʙʝʥʽʚ ʭʚʠʣʴ
ʚʽʜʥʦʩʥʦ ʧʨʦʬʽʣʶ. ɺʧʣʠʚ ʭʚʠʣʴ ʪʘʢʦʞ ʧʨʦʷʚʣʷʻʪʴʩʷ ʽ ʚ ʟʤʝʥʰʝʥʥʽ ʢʦʝʬʽʮʽʻʥʪʽʚ ʧʽʜʡʦʤʥʦʾ
ʩʠʣʠ ʽ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʤʦʤʝʥʪʫ ʥʘ ʧʝʚʥʠʭ ʢʫʪʘʭ ʘʪʘʢʠ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʾʭ ʟʥʘʯʝʥʥʷʤʠ ʟʘ
ʚʽʜʩʫʪʥʦʩʪʽ ʚʧʣʠʚʫ ʚʦʜʥʦʾ ʧʦʚʝʨʭʥʽ.

ʈʦʙʦʪʫ ʚʠʢʦʥʘʥʦ ʚ ʨʘʤʢʘʭ ʧʨʦʻʢʪʫ ˉ2022.01/170 «ʆʙʛʨʫʥʪʫʚʘʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʽ
ʧʨʦʻʢʪʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʦʛʦ ʥʘʜʚʦʜʥʦʛʦ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ», ʱʦ
ʬʽʥʘʥʩʫʻʪʴʩʷ ʅʘʮʽʦʥʘʣʴʥʠʤ ʬʦʥʜʦʤ ʜʦʩʣʽʜʞʝʥʴ ʋʢʨʘʾʥʠ.
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ʇʆɺɽʈʍʅɽʖ – ʇʃɸʊʌʆʈʄɸ

ʊʢʘʯʝʥʢʦ ʈ.ɺ.
ɯʥʩʪʠʪʫʪ ʤʝʭʘʥʽʢʠ ʽʤ. ʉ.ʇ. ʊʠʤʦʰʝʥʢʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, terri_v@ukr.net

ʈʝʟʝʨʚʫʘʨʠ ʟ ʨʽʜʠʥʦʶ, ʱʦ ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʨʫʭʦʤʽʡ ʧʣʘʪʬʦʨʤʽ, ʰʠʨʦʢʦ
ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʩʫʯʘʩʥʽʡ ʪʝʭʥʽʮʽ. ʊʦʤʫ ʘʢʪʫʘʣʴʥʦ ʨʦʟʛʣʷʥʫʪʠ ʥʝʣʽʥʽʡʥʽ ʟʘʜʘʯʽ ʜʠʥʘʤʽʢʠ
ʢʦʥʩʪʨʫʢʮʽʡ ʟ ʨʽʜʠʥʦʶ ʽʟ ʚʽʣʴʥʦʶ ʧʦʚʝʨʭʥʝʶ ʚ ʨʫʭʦʤʠʭ ʨʝʟʝʨʚʫʘʨʘʭ. ʍʦʯʘ ʚ ʙʘʛʘʪʴʦʭ
ʨʦʙʦʪʘʭ ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʦʢʨʝʤʽ ʝʣʝʤʝʥʪʠ ʪʘʢʠʭ ʢʦʥʩʪʨʫʢʮʽʡ.ɸʣʝ ʥʝʣʽʥʽʡʥʽ ʟʘʜʘʯʽ ʩʧʽʣʴʥʦʛʦ
ʨʫʭʫ ʨʝʟʝʨʚʫʘʨʽʚ ʟ ʨʽʜʠʥʦʶ ʥʘ ʨʫʭʦʤʽʡ ʧʣʘʪʬʦʨʤʽ ʱʝ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʚʯʝʥʦ, ʪʘ ʥʝ
ʜʦʩʣʽʜʞʝʥʦ ʬʘʢʪʦʨʠ ʩʫʤʽʩʥʦʩʪʽ. ɿʫʧʠʥʠʤʦʩʷ ʥʘ ʮʠʭ ʜʚʦʭ ʬʘʢʪʦʨʘʭ: ʧʨʫʞʠʥʥʦʤʫ
ʟʘʢʨʽʧʣʝʥʥʽ ʪʘ ʚʟʘʻʤʦʜʽʻʶ ʟ ʨʫʭʦʤʦʶ ʧʣʘʪʬʦʨʤʦʶ. ʎʶ ʟʘʜʘʯʫ ʚʠʨʽʰʫʻʤʦ ʘʥʘʣʽʪʠʯʥʦ ʫ
ʥʝʣʽʥʽʡʥʽʡ ʧʦʩʪʘʥʦʚʮʽ, ʘ ʨʝʘʣʽʟʘʮʽʶ ʘʥʘʣʽʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ – ʯʠʩʝʣʴʥʦ.

ɯʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ, ʨʦʟʨʦʙʣʝʥʦʛʦ ʆ.ʉ.ʃʠʤʘʨʯʝʥʢʦʤ [1], ʥʘ ʦʩʥʦʚʽ ʚʘʨʽʘʮʽʡʥʦʛʦ
ʧʨʠʥʮʠʧʫ ɻʘʤʽʣʴʪʦʥʘ-ʆʩʪʨʦʛʨʘʜʩʴʢʦʛʦ, ʧʦʙʫʜʦʚʘʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʜʣʷ ʪʘʢʦʾ
ʩʠʩʪʝʤʠ.

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ.
ʈʦʟʛʣʷʥʝʤʦ ʨʫʭ ʫ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʧʣʦʱʠʥʽ ʘʙʩʦʣʶʪʥʦ ʪʚʝʨʜʦʛʦ ʮʠʣʽʥʜʨʠʯʥʦʛʦ

ʨʝʟʝʨʚʫʘʨʘ, ʯʘʩʪʢʦʚʦ ʟʘʧʦʚʥʝʥʦʛʦ ʽʜʝʘʣʴʥʦʶ ʨʽʜʠʥʦʶ ʟ ʚʽʣʴʥʦʶ ʧʦʚʝʨʭʥʝʶ, ʧʨʠʻʜʥʘʥʦʛʦ
ʧʨʫʞʠʥʦʶ ʜʦ ʨʫʭʦʤʦʾ ʧʣʘʪʬʦʨʤʠ. ʋ ʧʦʯʘʪʢʦʚʠʡ ʯʘʩ ʩʠʩʪʝʤʘ «ʧʣʘʪʬʦʨʤʘ – ʨʝʟʝʨʚʫʘʨ ʟ
ʨʽʜʠʥʦʶ» ʧʝʨʝʙʫʚʘʻ ʫ ʩʧʦʢʦʾ.

ʈʠʩ. 1
ʊʫʪ ʧʦʟʥʘʯʝʥʦ: t – ʦʙʣʘʩʪʴ, ʱʦ ʟʘʡʤʘʻ ʨʽʜʠʥʘ ʚ ʜʘʥʠʡ ʤʦʤʝʥʪ ʯʘʩʫ; S – ʟʙʫʨʝʥʘ ʚʽʣʴʥʘ

ʧʦʚʝʨʭʥʷ ʨʽʜʠʥʠ; 0S – ʚʽʣʴʥʘ ʧʦʚʝʨʭʥʷ ʨʽʜʠʥʠ ʚ ʥʝʟʙʫʨʝʥʦʤʫ ʩʪʘʥʽ. ʉʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ
, , ,O x y z ʧʦʚ’ʷʟʘʥʘ ʩ ʨʝʟʝʨʚʫʘʨʦʤ, 1 1 1 1O x y z – ʟ ʧʣʘʪʬʦʨʤʦʶ, 0 0 0 0, , ,O x y z – ʫʤʦʚʥʦ ʥʝʨʫʭʦʤʘ

ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ. ʊʦʯʢʘ O ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʮʝʥʪʨʽ ʥʝʟʙʫʨʝʥʦʾ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ. ɺ
ʥʝʟʙʫʨʝʥʦʤʫ ʩʪʘʥʽ ʪʦʯʢʠ 0O ʽ O ʩʧʽʚʧʘʜʘʶʪʴ. ʇʦʟʥʘʯʠʤʦ ( , , )z x y tx= – ʥʝʚʽʜʦʤʝ ʨʽʚʥʷʥʥʷ
ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʫ ʟʙʫʨʝʥʦʤʫ ʩʪʘʥʽ. ɼʦ ʧʣʘʪʬʦʨʤʠ ʧʨʠʢʣʘʜʝʥʦ ʧʨʷʤʦʢʫʪʥʠʡ
ʽʤʧʫʣʴʩ. ʇʦʙʫʜʦʚʘʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʨʫʭʫ ʜʣʷ ʪʘʢʦʾ ʩʠʩʪʝʤʠ. ʇʨʠ ʮʴʦʤʫ ʤʠ ʦʪʨʠʤʘʥʦ
ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ, ʷʢ ʚ ʯʘʩʪʠʥʥʠʭ, ʪʘʢ ʽ ʚ ʟʚʠʯʘʡʥʠʭ ʧʦʭʽʜʥʠʭ.

ɼʦʩʣʽʜʞʝʥʦ ʛʦʨʠʟʦʥʪʘʣʴʥʠʡ ʨʫʭ ʩʠʩʪʝʤʠ ʧʨʠ ʥʘʩʪʫʧʥʠʭ ʟʥʘʯʝʥʥʷʭ ʞʦʨʩʪʢʦʩʪʝʡ
ʧʨʫʞʠʥʠ: ʉ=50 ʢʅ/ʤ, 100 ʢʅ/ʤ, 200 ʢʅ/ʤ, 500 ʢʅ/ʤ, 2000 ʢʅ/ʤ). ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ
ʨʦʟʛʣʷʜʘʣʦʩʴ ʞʦʨʩʪʢʝ ʟʘʢʨʽʧʣʝʥʥʷ. ɼʦ ʧʣʘʪʬʦʨʤʠ ʧʨʠʢʣʘʜʝʥʘ ʩʠʣʘ ʫ ʚʠʛʣʷʜʽ ʧʨʷʤʦʢʫʪʥʦʛʦ
ʽʤʧʫʣʴʩʫ ʪʨʠʚʘʣʽʩʪʶ 0.01ʩ, 0.02ʩ, 0.05ʩ, 0.1ʩ, 0.2ʩ, 0.5ʩ, 1ʩ. ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʚʩʽʭ ʧʦʧʝʨʝʜʥʽʭ
ʨʝʟʫʣʴʪʘʪʽʚ ʦʩʥʦʚʥʠʡ ʢʨʦʢ ʽʥʪʝʛʨʫʚʘʥʥʷ ʙʨʘʚʩʷ h=0.01c. ɼʣʷ ʦʮʽʥʢʠ ʪʦʯʥʦʩʪʽ ʨʦʟʚ’ʷʟʢʫ
ʧʨʦʚʦʜʠʣʠʩʴ ʦʙʯʠʩʣʝʥʥʷ ʧʨʠ h=0.005c, h=0.002c ʽ h=0.001c. ɺʠʷʚʣʝʥʦ ʱʦ ʥʘʡʙʽʣʴʰʝ ʚʠʜʥʦ
ʨʽʟʥʠʮʶ ʚ ʦʙʯʠʩʣʝʥʥʷʭ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʪʦʯʥʦʩʪʽ ʫ 10 ʨʘʟʽʚ. ɸʣʝ, ʧʨʠ ʮʴʦʤʫ, ʟʤʽʥʠ ʜʫʞʝ
ʥʝʟʥʘʯʥʽ. ʆʪʞʝ ʢʨʦʢ h=0.01c ʟʘʙʝʟʧʝʯʫʻ ʧʨʠʡʥʷʪʥʫ ʪʦʯʥʽʩʪʴ, ̔  ʪʦʤʫ ʥʝʤʘʻ ʩʝʥʩʫ ʟʤʝʥʰʫʚʘʪʠ
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ʢʨʦʫ ʽʥʪʝʛʨʫʚʘʥʥʷ. ʇʦʢʘʞʝʤʦ ʮʝ ʥʘ ʧʨʠʢʣʘʜʽ ʢʦʣʠʚʘʥʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʪʘ ʧʝʨʰʦʾ
ʦʩʝʩʠʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʧʨʠ ʉ =100 ʢʅ/ʤ, ʪʨʠʚʘʣʦʩʪʽ ʽʤʧʫʣʴʩʫ 0.05 ʩ ʜʣʷ ʢʨʦʢʽʚ ̔ ʥʪʝʛʨʫʚʘʥʥʷ
ʧʨʠ h=0.01c ʪʘ h=0.001c.

ʘ.                                                           ʙ.
ʈʠʩ 2. ʂʦʣʠʚʘʥʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʧʨʠ ʉ =100 ʢʅ/ʤ, ʪʨʠʚʘʣʽʩʪʴ ʽʤʧʫʣʴʩʫ 0.05 ʩ,

h=0.01c (ʘ. ʽʥʪʝʨʚʘʣ 0–125 ʩ., ʙ. 40–50 ʩ.)

ʘ.                                                           ʙ.
ʈʠʩ 3. ʂʦʣʠʚʘʥʥʷ ʚʽʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥʠ ʧʨʠ ʉ =100 ʢʅ/ʤ, ʪʨʠʚʘʣʽʩʪʴ ʽʤʧʫʣʴʩʫ 0.05 ʩ,

h=0.001c (ʘ. ʽʥʪʝʨʚʘʣ 0–125 ʩ., ʙ. 40–50 ʩ.)

ʘ.                                                           ʙ.
ʈʠʩ. 4. ɿʙʫʨʝʥʥʷ ʧʝʨʰʦʾ ʦʩʝʩʠʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʧʨʠ ʉ=100ʢ ʅ/ʤ ʪʨʠʚʘʣʽʩʪʶ ʽʤʧʫʣʴʩʫ 0.05

ʩ, h=0.01c (ʘ. ʽʥʪʝʨʚʘʣ 0–125 ʩ., ʙ. 40–50 ʩ.)

ʘ.                                                           ʙ.
ʈʠʩ. 5. ɿʙʫʨʝʥʥʷ ʧʝʨʰʦʾ ʦʩʝʩʠʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʧʨʠ ʉ=100ʢ ʅ/ʤ ʪʨʠʚʘʣʽʩʪʶ ʽʤʧʫʣʴʩʫ 0.05

ʩ, h=0.001c (ʘ. ʽʥʪʝʨʚʘʣ 0–125 ʩ., ʙ. 40–50 ʩ.)

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ

1.ʃʠʤʘʨʯʝʥʢʦ ʆ.ʉ., ʄʘʪʘʨʘʮʮʦ ɼʞ., ʗʩʠʥʩʢʠʡ ɺ.ɺ ɼʠʥʘʤʠʢʘ ʚʨʘʱʘʶʱʠʭʩʷ
ʢʦʥʩʪʨʫʢʮʠʡ ʩ ʞʠʜʢʦʩʪʴʶ, ʂ., ɻʆɿɯʉ, 2002. – 304 ʩ.
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ʊɽʆʈɽʄʀ ʈɽʃɽʗ ʇʈʆ ʅɽʉʊɯʁʂɯʉʊʔ ɼʃʗ ɺ'ʗɿʂʆɰ ʈɯɼʀʅʀ ʊɸ
ʊʈʀɺʀʄɯʈʅɸ ʅɽʉʊɯʁʂɯʉʊʔ ʈɽʃɽʗ

ʌʝʜʦʨʮʝʚ ʂ.ʆ.
ɯʥʩʪʠʪʫʪ ʪʝʭʥʽʯʥʦʾ ʪʝʧʣʦʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ʂʠʾʚ, kirillfedortsev2000@gmail.com

ɼʚʽ ʢʣʘʩʠʯʥʽ ʪʝʦʨʝʤʠ ʈʝʣʝʷ ʧʨʦ ʥʝʩʪʽʡʢʽʩʪʴ ʪʝʯʽʾ ʽʜʝʘʣʴʥʦʾ (ʥʝʚ'ʷʟʢʦʾ) ʨʽʜʠʥʠ
ʧʦʰʠʨʝʥʦ ʥʘ ʚʠʧʘʜʦʢ ʚ'ʷʟʢʦʾ ʨʽʜʠʥʠ, ʟʦʢʨʝʤʘ ʥʘ ʪʝʯʽʾ ʟʘ ʥʘʷʚʥʦʩʪʽ ʚʽʣʴʥʦʾ ʢʦʥʚʝʢʮʽʾ. ʅʘ
ʦʩʥʦʚʽ ʣʽʥʝʘʨʠʟʦʚʘʥʠʭ ʨʽʚʥʷʥʴ ʅʘʚ'ʻ-ʉʪʦʢʩʘ ʪʘ ʌʫʨ'ʻ-ʂʽʨʭʛʦʬʘ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʦʬʽʣʴ
ʰʚʠʜʢʦʩʪʽ, ʷʢʠʡ ʤʘʻ ʪʦʯʢʫ ʧʝʨʝʛʠʥʫ, ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʩʪʽʡʢʠʤ, ʘ ʬʘʟʦʚʘ ʰʚʠʜʢʽʩʪʴ
ʥʝʡʪʨʘʣʴʥʠʭ ʟʙʫʨʶʚʘʣʴʥʠʭ ʭʚʠʣʴ ʦʙʤʝʞʝʥʘ ʤʘʢʩʠʤʘʣʴʥʦʶ ʰʚʠʜʢʽʩʪʶ ʦʩʥʦʚʥʦʾ ʪʝʯʽʾ -
ʧʦʚʥʽʩʪʶ ʟʘ ʘʥʘʣʦʛʽʻʶ ʟ ʢʣʘʩʠʯʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʈʝʣʝʷ ʜʣʷ ʥʝʚ'ʷʟʢʦʾ ʨʽʜʠʥʠ.

ɼʣʷ ʚʠʙʦʨʫ ʬʦʨʤʠ ʟʙʫʨʶʚʘʣʴʥʠʭ ʬʫʥʢʮʽʡ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʘʥʘʣʽʟʽ
ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʪʘ ʪʝʧʣʦʚʦʾ ʥʝʩʪʽʡʢʦʩʪʽ, ʟʘʩʪʦʩʦʚʘʥʦ ʧʽʜʭʽʜ ʥʘ ʦʩʥʦʚʽ ʪʝʦʨʽʾ ʛʨʫʧ ʃʽ
(ʩʠʤʝʪʨʽʡʥʠʡ ʘʥʘʣʽʟ), ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʩʠʤʝʪʨʽʷʭ ʟʩʫʚʫ ʥʝʟʘʣʝʞʥʠʭ ʟʤʽʥʥʠʭ. ʇʦʢʘʟʘʥʦ, ʱʦ
ʨʽʟʥʽ ʬʦʨʤʠ ʟʙʫʨʶʚʘʣʴʥʠʭ ʬʫʥʢʮʽʡ, ʦʪʨʠʤʘʥʽ ʥʘ ʦʩʥʦʚʽ ʮʠʭ ʩʠʤʝʪʨʽʡ, ʧʨʠʚʦʜʷʪʴ ʜʦ ʨʽʟʥʠʭ,
ʘʣʝ ʫʟʛʦʜʞʝʥʠʭ ʤʽʞ ʩʦʙʦʶ ʢʨʠʪʝʨʽʾʚ ʩʪʽʡʢʦʩʪʽ ʜʣʷ ʦʜʥʦʛʦ ʡ ʪʦʛʦ ʞ ʪʠʧʫ ʥʝʩʪʽʡʢʦʩʪʽ.

ʈʦʟʛʣʷʥʫʪʦ ʧʣʦʩʢʫ ʪʝʯʽʶ ʟ ʧʦʟʜʦʚʞʥʴʦʶ ʰʚʠʜʢʽʩʪʶ U (y), ʱʦ ʟʘʣʝʞʠʪʴ ʣʠʰʝ ʚʽʜ
ʧʦʧʝʨʝʯʥʦʾ ʢʦʦʨʜʠʥʘʪʠ. ʃʽʥʝʘʨʠʟʘʮʽʷ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʅʘʚ'ʻ-ʉʪʦʢʩʘ-ʌʫʨ'ʻ-ʂʽʨʭʛʦʬʘ ʪʘ
ʧʽʜʩʪʘʥʦʚʢʘ ʟʙʫʨʝʥʴ ʫ ʚʠʛʣʷʜʽ ʭʚʠʣʴʦʚʠʭ ʬʫʥʢʮʽʡ ʜʦʟʚʦʣʠʣʠ ʦʪʨʠʤʘʪʠ ʫʤʦʚʫ ʟʤʽʥʠ ʨʝʞʠʤʫ
ʪʝʯʽʾ. ɿʘ ʚʽʜʩʫʪʥʦʩʪʽ ʚʽʣʴʥʦʾ ʢʦʥʚʝʢʮʽʾ (Gr = 0) ʮʷ ʫʤʦʚʘ ʨʦʟʧʘʜʘʻʪʴʩʷ ʥʘ ʜʚʽ ʥʝʟʘʣʝʞʥʽ ʫʤʦʚʠ,
ʧʝʨʰʘ ʟ ʷʢʠʭ ʚʽʜʧʦʚʽʜʘʻ ʜʨʫʛʽʡ ʪʝʦʨʝʤʽ ʈʝʣʝʷ (ʬʘʟʦʚʘ ʰʚʠʜʢʽʩʪʴ ʥʝʡʪʨʘʣʴʥʠʭ ʭʚʠʣʴ
ʜʦʨʽʚʥʶʻ ʤʘʢʩʠʤʘʣʴʥʽʡ ʰʚʠʜʢʦʩʪʽ ʦʩʥʦʚʥʦʾ ʪʝʯʽʾ), ʘ ʜʨʫʛʘ — ʧʝʨʰʽʡ ʪʝʦʨʝʤʽ ʈʝʣʝʷ (ʟʤʽʥʘ
ʨʝʞʠʤʫ ʪʝʯʽʾ ʤʦʞʣʠʚʘ ʟʘ ʫʤʦʚʠ ʟʥʠʢʥʝʥʥʷ ʜʨʫʛʦʾ ʧʦʭʽʜʥʦʾ ʧʨʦʬʽʣʶ ʰʚʠʜʢʦʩʪʽ ʚ ʪʦʯʮʽ
ʧʝʨʝʛʠʥʫ). ɿʘ ʥʘʷʚʥʦʩʪʽ ʚʽʣʴʥʦʾ ʢʦʥʚʝʢʮʽʾ (Gr Í 0) ʦʙʠʜʚʽ ʫʤʦʚʠ ʦʙ'ʻʜʥʫʶʪʴʩʷ ʚ ʻʜʠʥʠʡ
ʢʨʠʪʝʨʽʡ, ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʥʘʢʘʤʠ ʧʦʭʽʜʥʠʭ ʧʨʦʬʽʣʽʚ ʰʚʠʜʢʦʩʪʽ ʡ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʯʠʩʣʦʤ
ɻʨʘʩʛʦʬʘ.

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ, ʱʦ ʦʙʠʜʚʽ ʪʝʦʨʝʤʠ ʈʝʣʝʷ ʟʘʣʠʰʘʶʪʴʩʷ
ʩʧʨʘʚʝʜʣʠʚʠʤʠ ʜʣʷ ʚ'ʷʟʢʦʾ ʨʽʜʠʥʠ ʟʘ ʥʘʷʚʥʦʩʪʽ ʚʽʣʴʥʦʾ ʢʦʥʚʝʢʮʽʾ, ʘ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ
ʛʨʫʧʦʚʠʡ (ʃʽ) ʧʽʜʭʽʜ ʜʦ ʚʠʙʦʨʫ ʟʙʫʨʶʚʘʣʴʥʠʭ ʬʫʥʢʮʽʡ ʻ ʛʥʫʯʢʠʤ ʽ ʧʦʩʣʽʜʦʚʥʠʤ
ʽʥʩʪʨʫʤʝʥʪʦʤ ʘʥʘʣʽʟʫ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʪʘ ʪʝʧʣʦʚʦʾ ʩʪʽʡʢʦʩʪʽ.

ʈʦʟʨʦʙʣʝʥʠʡ ʧʽʜʭʽʜ ʪʘʢʦʞ ʟʘʩʪʦʩʦʚʘʥʦ ʜʦ ʟʘʜʘʯʽ ʧʨʦ ʪʨʠʚʠʤʽʨʥʫ ʥʝʩʪʽʡʢʽʩʪʴ ʚʽʣʴʥʦʾ
ʢʦʥʚʝʢʮʽʾ ʚ ʥʝʦʙʤʝʞʝʥʦʤʫ ʰʘʨʽ ʨʽʜʠʥʠ ʤʽʞ ʜʚʦʤʘ ʛʦʨʠʟʦʥʪʘʣʴʥʠʤʠ ʧʦʚʝʨʭʥʷʤʠ,
ʨʦʟʜʽʣʝʥʠʤʠ ʚʽʜʩʪʘʥʥʶ L, ʟʘ ʥʘʷʚʥʦʩʪʽ ʩʪʘʣʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʛʨʘʜʽʻʥʪʘ ʪʝʤʧʝʨʘʪʫʨʠ.
ʈʦʟʚ'ʷʟʘʥʥʷ ʚʽʜʧʦʚʽʜʥʦʾ ʜʠʩʧʝʨʩʽʡʥʦʛʦ ʨʽʚʥʷʥʥʷ ʧʦʢʘʟʘʣʦ, ʱʦ ʢʦʥʚʝʢʪʠʚʥʘ ʥʝʩʪʽʡʢʽʩʪʴ
ʚʠʥʠʢʘʻ ʣʠʰʝ ʟʘ ʚʽʜ'ʻʤʥʦʛʦ ʛʨʘʜʽʻʥʪʘ ʪʝʤʧʝʨʘʪʫʨʠ, ʱʦ ʧʝʨʝʚʠʱʫʻ ʢʨʠʪʠʯʥʝ ʟʥʘʯʝʥʥʷ. ɼʣʷ
ʮʴʦʛʦ ʛʨʘʜʽʻʥʪʘ ʦʪʨʠʤʘʥʦ ʢʨʠʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʯʠʩʣʘ ʈʝʣʝʷ. ʄʽʥʽʤʽʟʘʮʽʷ ʮʴʦʛʦ ʚʠʨʘʟʫ ʟʘ
ʭʚʠʣʴʦʚʠʤ ʯʠʩʣʦʤ ʪʘ ʚʨʘʭʫʚʘʥʥʷ ʪʦʛʦ, ʱʦ ʥʘ ʚʠʩʦʪʽ ʰʘʨʫ ʚʢʣʘʜʘʻʪʴʩʷ ʧʦʣʦʚʠʥʘ ʜʦʚʞʠʥʠ
ʭʚʠʣʽ ʚʝʨʪʠʢʘʣʴʥʠʭ ʟʙʫʨʝʥʴ, ʜʘʻ ʜʣʷ ʦʩʥʦʚʥʦʾ (ʧʝʨʰʦʾ) ʤʦʜʠ ʢʨʠʪʠʯʥʝ ʟʥʘʯʝʥʥʷ Ra å 657,5.

ʎʝ ʟʥʘʯʝʥʥʷ ʧʦʚʥʽʩʪʶ ʟʙʽʛʘʻʪʴʩʷ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʥʝʟʘʣʝʞʥʦ ʢʣʘʩʠʯʥʠʤ
ʤʝʪʦʜʦʤ ʚʣʘʩʥʠʭ ʟʥʘʯʝʥʴ ʈʝʣʝʷ ʪʘ ʤʝʪʦʜʦʤ ʃʦʨʝʥʮʘ ʟ ʘʤʧʣʽʪʫʜʦʶ, ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʯʘʩʫ.
ʊʘʢʠʤ ʯʠʥʦʤ, ʧʦʧʨʠ ʧʨʠʥʮʠʧʦʚʦ ʨʽʟʥʠʡ ʚʠʙʽʨ ʬʦʨʤʠ ʟʙʫʨʶʚʘʣʴʥʠʭ ʬʫʥʢʮʽʡ (ʢʦʥʮʝʥʪʨʘʮʽʷ
ʘʨʛʫʤʝʥʪʽʚ ʫ ʭʚʠʣʴʦʚʽʡ ʬʫʥʢʮʽʾ, ʫ ʘʤʧʣʽʪʫʜʽ ʷʢ ʬʫʥʢʮʽʾ ʢʦʦʨʜʠʥʘʪʠ, ʘʙʦ ʫ ʘʤʧʣʽʪʫʜʽ ʷʢ
ʬʫʥʢʮʽʾ ʯʘʩʫ), ʫʩʽ ʪʨʠ ʧʽʜʭʦʜʠ ʧʨʠʚʦʜʷʪʴ ʜʦ ʦʜʥʦʛʦ ʡ ʪʦʛʦ ʩʘʤʦʛʦ ʢʨʠʪʝʨʽʶ ʩʪʽʡʢʦʩʪʽ, ʧʨʠ
ʮʴʦʤʫ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʫ ʨʦʙʦʪʽ ʧʽʜʭʽʜ ʚʠʷʚʣʷʻʪʴʩʷ ʥʘʡʧʨʦʩʪʽʰʠʤ ʫ ʨʝʘʣʽʟʘʮʽʾ.

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʩʧʨʘʚʝʜʣʠʚʽʩʪʴ ʪʝʦʨʝʤ ʈʝʣʝʷ ʜʣʷ ʚ'ʷʟʢʦʾ ʨʽʜʠʥʠ
ʪʘ ʜʝʤʦʥʩʪʨʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʛʨʫʧʦ-ʪʝʦʨʝʪʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʚʠʙʦʨʫ ʟʙʫʨʶʚʘʣʴʥʠʭ
ʬʫʥʢʮʽʡ ʫ ʟʘʜʘʯʘʭ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʾ ʪʘ ʪʝʧʣʦʚʦʾ ʩʪʽʡʢʦʩʪʽ, ʟʦʢʨʝʤʘ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʾ
ʥʝʩʪʽʡʢʦʩʪʽ ʈʝʣʝʷ-ɹʝʥʘʨʘ.
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ɸʉʇɽʂʊʀ ʉʊɺʆʈɽʅʅʗ ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɻʆ ʉʊɽʅɼʋ ɼʃʗ
ɺɯɼʊɺʆʈɽʅʅʗ ʊɽʈʄɯʏʅʆɰ ʉʊʈɸʊʀʌɯʂɸʎɯɰ ɺ ʂʆʈʆʊʂʀʍ

ʊʈʋɹɸʍ

ʌʽʣʦʥʦʚ ɺ. ɺ.1,2, ɹʦʛʜʘʥ ɸ.ɺ.1, ʌʽʣʦʥʦʚʘ ʖ.ʉ.1, ʂʦʚʘʣʝʥʢʦ ʆ.ɺ1,2, ʌʝʜʦʨʦʚ ɼ.ʆ.1,2

1ʊʆɺ «ɯʇʇ–ʎʝʥʪʨ», ʂʠʾʚ, ʋʢʨʘʾʥʘ
2ɯʥʩʪʠʪʫʪ ʛʽʜʨʦʤʝʭʘʥʽʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ

ʊʝʨʤʽʯʥʘ ʩʪʨʘʪʠʬʽʢʘʮʽʷ ʻ ʦʜʥʠʤ ʽʟ ʬʝʥʦʤʝʥʽʚ, ʷʢʠʡ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʪʨʫʙʦʧʨʦʚʦʜʘʭ
ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʟʦʢʨʝʤʘ ʘʪʦʤʥʠʭ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ [1], ʱʦ ʤʦʞʝ ʩʣʫʛʫʚʘʪʠ
ʯʠʥʥʠʢʦʤ ʩʫʪʪʻʚʠʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ. ɺ ʮʽʣʦʤʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʪʨʘʪʠʬʽʢʘʮʽʷ ʜʚʦʭ ʪʠʧʽʚ:
ʚ ʦʜʥʦʬʘʟʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ, ʪʘ ʫʤʦʚʥʦ ʟʘ ʨʘʭʫʥʦʢ ʨʽʟʥʠʭ ʛʫʩʪʠʥ (ʜʚʦʬʘʟʥʘ ʩʠʩʪʝʤʘ).
ʆʩʦʙʣʠʚʦ ʜʣʷ ʪʨʫʙʦʧʨʦʚʦʜʽʚ, ʚ ʷʢʠʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʪʝʤʧʝʨʘʪʫʨʥʘ ʩʪʨʘʪʠʬʽʢʘʮʽʷ ʯʝʨʝʟ
ʥʘʷʚʥʽʩʪʴ ʜʚʦʭ ʬʘʟ, ʭʘʨʘʢʪʝʨʥʠʤʠ ʻ ʚʽʙʨʘʮʽʾ (ʥʘʧʨʠʢʣʘʜ ʜʨʝʥʘʞʥʽ ʪʨʫʙʦʧʨʦʚʦʜʠ ʪʫʨʙʽʥʥʠʭ
ʫʩʪʘʥʦʚʦʢ). ɺ ʮʠʭ ʚʠʧʘʜʢʘʭ ʥʘʢʣʘʜʘʶʪʴʩʷ ʜʦʜʘʪʢʦʚʽ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʯʝʚʠʜʥʦ, ʱʦ ʚʩʝ ʮʝ
ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʨʝʩʫʨʩ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʘʢʠʭ ʝʣʝʤʝʥʪʽʚ ʽ ʚ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʧʦʪʨʝʙʫʻ
ʢʦʥʪʨʦʣʶ ʪʘ ʤʦʥʽʪʦʨʠʥʛʫ [2].

ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʪʘʢʽ ʩʠʩʪʝʤʠ ʽʩʥʫʶʪʴ ʽ ʚʞʝ ʝʢʩʧʣʫʘʪʫʶʪʴʩʷ ʥʘ ʤʘʡʜʘʥʯʠʢʘʭ,
ʧʨʦʪʝ ʚʦʥʠ ʟʘʟʚʠʯʘʡ ʥʘʧʨʘʚʣʝʥʽ ʥʘ ʤʦʥʽʪʦʨʠʥʛ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʪʘʥʫ ʟʦʚʥʽʰʥʴʦʾ ʧʦʚʝʨʭʥʽ
ʦʙʨʘʥʠʭ ʧʝʨʝʨʽʟʽʚ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʟʘ ʫʤʦʚʠ ʟʙʝʨʝʞʝʥʥʷ ʩʠʤʝʪʨʠʯʥʦʩʪʽ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ
ʚʽʜʥʦʩʥʦ ʚʝʨʪʠʢʘʣʽ. ʄʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ, ʱʦ ʟʘʢʣʘʜʝʥʽ ʚ ʪʘʢʽ ʩʠʩʪʝʤʠ ʙʘʟʫʶʪʴʩʷ ʥʘ
ʟʚʦʨʦʪʥʠʭ ʟʘʜʘʯʘʭ ʧʦ ʪʝʧʣʦʦʙʤʽʥʫ ʧʨʠ ʥʘʧʝʨʝʜ ʟʘʜʘʥʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʶ ʧʦ ʪʝʧʣʦʚʽʜʜʘʯʽ.
ɺʽʪʯʠʟʥʷʥʽ ʩʠʩʪʝʤʠ ʤʦʥʽʪʦʨʠʥʛʫ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ, ʱʦ ʨʦʟʨʦʙʣʶʶʪʴʩʷ ʩʴʦʛʦʜʥʽ ʤʘʶʪʴ ʥʘ
ʤʝʪʽ ʨʝʘʣʽʟʘʮʽʶ ʥʘʩʪʫʧʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ:

¶ ʆʜʥʦʯʘʩʥʝ ʚʠʤʽʨʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʜʝʬʦʨʤʘʮʽʾ ʥʘ ʟʦʚʥʽʰʥʽʡ ʧʦʚʝʨʭʥʽ
ʪʨʫʙʦʧʨʦʚʦʜʫ.

¶ ʊʝʤʧʝʨʘʪʫʨʘ ʚʠʤʽʨʶʶʪʴʩʷ ʧʦ ʚʩʴʦʤʫ ʟʦʚʥʽʰʥʴʦʤʫ ʧʝʨʠʤʝʪʨʫ (ʥʝ
ʟʘʢʣʘʜʘʻʪʴʩʷ, ʱʦ ʪʝʤʧʝʨʘʪʫʨʥʝ ʧʦʣʝ ʩʠʤʝʪʨʠʯʥʝ).

¶ ʆʜʥʦʯʘʩʥʘ ʬʽʢʩʘʮʽʷ ʚʽʙʨʦʧʨʠʩʢʦʨʝʥʴ ʚ ʪʨʴʦʭ ʥʘʧʨʷʤʢʘʭ.
¶ ʇʽʜʪʨʠʤʢʘ ʤʫʣʴʪʠʩʝʢʮʽʡʥʦʩʪʽ ʚʠʤʽʨʶʚʘʥʴ (ʜʝʢʽʣʴʢʘ ʧʦʧʝʨʝʯʥʠʭ ʧʝʨʝʨʽʟʽʚ,

ʙʘʟʦʚʠʭ – 3).
¶ ʉʧʝʮʽʘʣʴʥʝ ʧʨʦʛʨʘʤʥʝ, ʷʢʝ ʙʘʟʫʻʪʴʩʷ ʥʘ ʰʚʠʜʢʦʜʽʶʯʠʭ ʘʣʛʦʨʠʪʤʘʭ (3D) ʥʘ

ʦʩʥʦʚʽ ʢʦʥʮʝʧʮʽʾ «ʝʬʝʢʪʠʚʥʠʭ ʧʝʨʝʨʽʟʽʚ» ʟ ʤʦʞʣʠʚʽʩʪʶ ʧʨʷʤʦʛʦ ʨʦʟʨʘʭʫʥʢʫ ʪʘ ʩʧʝʮʽʘʣʴʥʦʶ
ʬʽʢʩʘʮʽʻʶ ʚʠʤʽʨʶʚʘʥʴ ʧʨʠ ʨʦʟʨʘʭʫʥʢʘʭ ʧʦʣʽʚ. ʆʯʽʢʫʻʪʴʩʷ, ʱʦ ʇʆ ʜʦʟʚʦʣʠʪʴ ʥʘʙʣʠʟʠʪʠʩʷ
ʜʦ ʢʦʥʮʝʧʮʽʾ RealTime ʤʦʥʽʪʦʨʠʥʛʫ (ʛʘʨʘʥʪʦʚʘʥʦ Online).

ɹʝʟʧʦʩʝʨʝʜʥʴʦ ʜʥʷ ʨʦʟʨʦʙʢʠ ʪʘ ʥʘʣʘʜʢʠ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ ʤʦʥʽʪʦʨʠʥʛʫ
ʥʝʦʙʭʽʜʥʦ ʩʪʚʦʨʝʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʪʝʥʜʫ, ʷʢʠʡ ʚ ʰʠʨʦʢʠʭ ʤʝʞʘʭ
ʜʦʟʚʦʣʷʚ ʙʳ ʽʤʽʪʫʚʘʪʠ ʪʝʤʧʝʨʘʪʫʨʥʫ ʩʪʨʘʪʠʬʽʢʘʮʽʶ ʟʘʜʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. ʇʨʦʙʣʝʤʘ ʧʦʣʷʛʘʻ
ʚ ʪʦʤʫ, ʱʦ ʧʨʠʨʦʜʥʽʤ ʯʠʥʦʤ ʩʪʨʘʪʠʬʽʢʘʮʽʷ ʨʝʘʣʽʟʫʻʪʴʩʷ ʣʠʰʝ ʚ ʧʨʦʪʷʞʥʠʭ ʢʘʥʘʣʘʭ. ɺ
ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʜʽʘʤʝʪʨʘ ʜʦʚʞʠʥʘ ʤʦʞʝ ʩʷʛʘʪʠ 10 ʤʝʪʨʽʚ. ɼʣʷ ʽʤʽʪʘʮʽʾ ʨʝʘʣʴʥʠʭ ʫʤʦʚ
ʫʪʚʦʨʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ ʥʝʦʙʭʽʜʥʦ ʽʤʽʪʫʚʘʪʠ ʧʨʦʪʽʯʢʠ ʘʨʤʘʪʫʨʠ, ʪʦʙʪʦ
ʬʘʢʪʠʯʥʦ ʩʪʚʦʨʶʚʘʪʠ ʮʠʨʢʫʣʷʮʽʡʥʠʭ ʩʪʝʥʜ ʧʽʜ ʪʠʩʢʦʤ. ɿ ʪʦʯʢʠ ʟʦʨʫ ʧʦʚʥʦʪʠ ʚʠʚʯʝʥʥʷ
ʨʽʟʥʦʧʣʘʥʦʚʠʭ ʬʽʟʠʯʥʠʭ ʷʚʠʱ (ʚ ʪʦʤʫ ʯʠʩʣʽ ʟʘʧʘʨʶʚʘʥʥʷ ʚʝʨʭʥʴʦʾ ʯʘʩʪʠʥʠ ʢʘʥʘʣʫ) ʪʘʢʠʡ
ʩʪʝʥʜ ʤʘʻ ʩʫʪʪʻʚʫ ʢʽʣʴʢʽʩʪʴ ʧʝʨʝʚʘʛ, ʧʨʦʪʝ ʝʬʝʢʪʠʚʥʦ ʧʨʘʮʶʚʘʪʠʤʝ ʣʠʰʝ ʜʣʷ ʜʦʩʠʪʴ ʜʦʚʛʠʭ
ʪʝʩʪʦʚʠʭ ʜʽʣʷʥʦʢ ʟ ʜʽʘʤʝʪʨʦʤ ʥʝ ʤʝʥʰʝ 250-300 ʤʤ.

ʂʘʧʽʪʘʣʦʚʢʣʘʜʝʥʥʷ ʚ ʪʘʢʠʭ ʩʪʝʥʜ ʥʝʩʫʤʽʨʥʽ ʟ ʪʦʯʢʠ ʟʦʨʫ ʢʦʨʠʩʪʽ ʚʽʜ ʦʜʥʦʛʦ
ʢʦʥʢʨʝʪʥʦʛʦ ʧʨʦʝʢʪʫ. ɼʦʮʽʣʴʥʠʤ ʚʠʷʚʠʣʦʩʷ ʨʦʟʨʦʙʢʘ ʩʧʝʮʽʘʣʴʥʦʾ ʪʝʩʪʦʚʦʾ ʩʝʢʮʽʾ, ʚ ʷʢʽʡ
ʪʝʤʧʝʨʘʪʫʨʥʘ ʩʪʨʘʪʠʬʽʢʘʮʽʷ ʫʪʚʦʨʶʻʪʴʩʷ ʰʪʫʯʥʦ, ʟʘ ʨʘʭʫʥʦʢ ʥʝʨʽʚʥʦʤʽʨʥʠʭ ʫʤʦʚ
ʥʘʛʨʽʚʘʥʥʷ (ʘʙʦ ɻʋ ʚ ʟʘʛʘʣʴʥʦʤʫ). ɺʘʞʣʠʚʦʶ ʫʤʦʚʦʶ ʻ ʨʦʙʦʪʘ ʪʝʩʪʦʚʦʾ ʩʝʢʮʽʾ ʧʨʠ
ʘʪʤʦʩʬʝʨʥʦʤʫ ʪʠʩʢʫ (ʤʦʞʣʠʚʠʡ ʥʝʚʝʣʠʢʠʡ ʥʘʜʣʠʰʦʢ). ʇʘʨʘʤʝʪʨʠ, ʱʦ ʥʝʦʙʭʽʜʥʦ ʽʤʽʪʫʚʘʪʠ
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– ʚʝʨʪʠʢʘʣʴʥʠʡ ʛʨʘʜʽʻʥʪʫ 150-160 ʂ (ʧʨʘʢʪʠʯʥʦ ʥʘ ʦʙ’ʻʢʪʘʭ ʝʥʝʨʛʝʪʠʢʠ -65ʂ, ʭʦʯʘ
ʟʫʩʪʨʽʯʘʶʪʴʩʷ ʢʦʨʦʪʢʦʯʘʩʥʽ ʘʥʦʤʘʣʽʾ ʚ 120ʂ) ʧʨʠ ʤʽʥʽʤʘʣʴʥʦʤʫ ʜʽʘʤʝʪʨʽ.

ʅʠʟʴʢʠʡ ʪʠʩʢ ʪʘ ʜʦʩʠʪʴ ʚʠʩʦʢʽ ʪʝʤʧʝʨʘʪʫʨʠ ʩʫʪʪʻʚʦ ʟʚʫʞʫʶʪʴ ʥʦʤʝʥʢʣʘʪʫʨʫ
ʤʦʞʣʠʚʠʭ ʨʦʙʦʯʠʭ ʪʽʣ. ʈʦʟʛʣʷʜʘʣʠʩʷ ʜʚʽ ʙʘʟʦʚʽ ʢʦʥʮʝʧʮʽʾ – ʥʝʽʟʪʦʪʝʨʤʽʯʥʽ ʧʦʪʦʢʠ (ʈʠʩ.1ʘ)
ʪʘ ʦʙ’ʻʤʥʽ ʢʦʥʪʨʦʣʶʚʘʥʥʽ ʥʘʛʨʽʚʘʥʥʷ(ʈʠʩ. 1ʙ).

ʈʠʩʫʥʦʢ 1. ʆʩʥʦʚʥʽ ʢʦʥʮʝʧʮʽʾ ʪʝʩʪʦʚʦʾ ʩʝʢʮʽʾ (ʘ – ʥʝʽʟʦʪʝʨʤʽʯʥʽ ʧʦʪʦʢʠ, ʦʙ’ʻʤʥʝ
ʥʘʛʨʽʚʘʥʥʷ)

ʆʙʠʜʚʘ ʚʘʨʽʘʥʪʠ ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʘʪʠ ʩʪʽʡʢʫ ʩʪʨʘʪʠʬʽʢʘʮʽʡʥʫ ʢʘʨʪʠʥʫ ʥʘ ʚʽʜʥʦʩʥʦ
ʥʝ ʚʝʣʠʢʠʭ ʜʽʘʤʝʪʨʘʭ (65-75 ʤʤ), ʧʨʦʪʝ ʧʝʨʰʠʡ ʚʘʨʽʘʥʪ ʤʘʻ ʝʬʝʢʪʠʚʥʫ ʜʦʚʞʠʥʫ ʙʣʠʟʴʢʦ 1
ʤʝʪʨʘ. ɺʘʨʽʘʥʪ ʟ ʥʝʨʽʚʥʦʤʽʨʥʠʤ ʦʙʽʛʨʽʚʦʤ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʧʨʘʢʪʠʯʥʦ ʨʽʚʥʦʤʽʨʥʽʡ
ʧʝʨʝʧʘʜ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 3 ʝʬʝʢʪʠʚʥʠʭ ʤʝʪʨʽʚ. ɼʦ ʪʦʛʦ ʞ ʜʨʫʛʠʡ ʚʘʨʽʘʥʪ ʻ ʟʥʘʯʥʦ ʜʝʰʝʚʰʠʤ
ʟ ʪʦʯʢʠ ʟʦʨʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʥʘʣʘʜʢʠ.

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ
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https://doi.org/10.1016/j.nucet.2017.05.001.
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LIUTEX – A MILESTONE IN FLUID DYNAMICS

Chaoqun Liu
University of Texas at Arlinton, Texas, USA

cliu@uta.edu

Fluid dynamics is a classical science with long history. In fluid dynamics, distance, velocity,
temperature, and pressure have been well defined for long time, which is a foundation for Navier-
Stokes equation. However, flow rotation around an axis or vortex had not been defined for long
time. Helmholtz (1858) [1] gave a definition of vortex by a vortex filament which is really an
infinitesimal vorticity tube. His definition and theory have been adopted by almost all textbooks
and countless literatures for almost two hundred years. Therefore, vortex was defined by vorticity
tube, and vortex strength was measured by vorticity. We call Helmholtz’s definition as the first
generation or G1. As computer technology advances, the direct numerical simulation (DNS) and
large eddy simulation (LES) have been widely applied in computational fluid dynamics. People
quickly found that the direction of real vortices does not coincide with vorticity and the vorticity
at the place with strong vortex could be rather weak (Robinson, 1989)[2]. Vorticity is a mixture of
fluid rotation and fluid shear, and vorticity cannot distinguish rotation from shear. In 80th and 90th

decades of last century, quite a few vortex identification criteria had been developed. Among them,
Q-(Hunt et al 1988) [3], Delta (Chong et al 1990) [4], Lambda2 (Jeng et al 1995) [5], LambdaCi
(Zhou at al 1999) [6] are more popular. We call these criteria the second generation or G2.
However, all these criteria are scalar, but vortex is a vector. To show the vortex structure, an iso-
surface must be used. However, the iso-surface shape is strongly dependent on the selection of
threshold, which is arbitrary and empirical. In addition, all G2 methods are contaminated by shear
in different scales.

A vortex is intuitively recognized as a rotational/swirling motion of fluids. It is ubiquitous
in nature and viewed as the building blocks, muscles, and sinews of turbulent flows [7].
Apparently, a rigorous definition of vortex was important and urgent to give for vortex science,
turbulence research, and fluid dynamics. Liu et al (2018 and 2019) [8-11] gave Liutex which is a
rigorous and mathematical definition for vortex definition and identification. Liutex direction is
the local rotation axis and Liutex magnitude is twice the local rotation angular speed. Liutex is
called third generation of vortex definition and identification or G3. Liutex is a milestone in the
history of fluid dynamics. Liutex opens a new era to start quantified research in vortex science and
turbulence. Liutex theory is groundbreaking and revolutionary. Thousands of users have reported
their success in getting progress of research or new physics by using Liutex. Following are the
major Liutex theory and methods. The core of the Liutex theory is to extract the rigid rotation part
from velocity gradient tensor and from vorticity.
Liutex – a mathematical definition for local fluid rotation
Νь Definition 1: A local fluid rotation axis is defined as a vector that can only have stretching

(compression) along its length (the rotation axis cannot rotate itself).
Ξь Definition 2: The vector magnitude must be linear to the fluid angular rotation speed.
Οь Liutex definition [8-11]:

ὒᴆ = ὒὰᴆ where ὰᴆ is the eigenvector of (ᶯὺᴆ) and L is defined as

ὒ = ộ,‫ᴆ ὰᴆỚ ộ,‫ᴆ ὰᴆỚ 4‗ , and ‫ᴆ Ͻ ὰᴆ > 0 (1)

where ‫ᴆ = ​ × ὺᴆ is vorticity
4) Liutex Theorem 1. Liutex is the unique and rigorous mathematical definition of local fluid
rotation.

Proof: Ὠὺᴆ = ​ὺᴆ Ͻ ὰᴆ = ‌ὰᴆ where ὰᴆ is the local rotation axis according to Def. 1.

ὰᴆᴆ is also the Liutex direction which is defined as a real eigenvector of velocity gradient tensor
matrix (ᶯὺᴆ) .
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5) Triple decomposition of velocity gradient tensor (Liutex’s first decomposition law)
Liutex Theorem 2. Liutex triple decomposition of velocity gradient tensor: In a principal
coordinate system,

ᶯὠᴆ =
‗ + ‭ ‚

‗ –
0 0 ‗

=
0 ὒ/2 0
ὒ/2 0 0
0 0 0

+
‗ 0 0
0 ‗ 0
0 0 ‗

+
0 ᶰ ‚
0 0 –
0 0 0

= ╛ + ╢C+  S (2)

where L is Liutex, SC is stretching, and S is shear.
6) Liutex based vorticity decomposition (Second Liutex decomposition law)

Liutex Theorem 3. Vorticity can be decomposed to rigid rotation and anti-symmetric pure shear,
i.e. ​ × ὺᴆ = ὒᴆ + Ὓᴆ where ὒᴆ is Liutex and Ὓᴆ is pure anti-symmetric shear.
7) Liutex similarity in transitional and turbulent flow

Liutex Theorem 4. Liutex power spectrum in the dissipation subzone of a turbulent
boundary layer follows the -5/3 law. It means that the under-resolved scales are proportional to
Liutex.

Liutex similarity paves a foundation for LES subgrid scale (SGS) model development.
Liutex theory also opens a new door for flow control that to reduce drag you must reduce Liutex.
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FLOW STRUCTURE IN A VENTILATED CAVITY

Dimitrieva N. F., Bistrova M. O., Sidko M. I., Bilous D. A.
Institute of Hydromechanics, NAS of Ukraine, Kyiv, Ukraine, Dimitrieva@nas.gov.ua

This study is devoted to the study of complex flows inside the cavity and the influence of
injection parameters on the restructuring of the vortex structure. At a low flow velocity, the
evaporation effect can be neglected.

A two-phase immiscible medium water-air is studied. Volume of Fluid method is used to
solve the two-phase flow problem. The two immiscible media are considered one effective fluid
all over the domain. Mathematical modelling of the problem is based on the equation set of
incompressible fluid mechanics which includes equations of continuity, Navier-Stokes, diffusion
of phase volume fraction:

‬ό
‬ὼ

= 0,
‬(ό )

‬ὸ
+ ό

‬(ό )
‬ὼ

=
1
”

‬ὴ
‬ὼ

+ ‡
‬ ό
‬ὼ

+ Ὢ ,

‬‌
‬ὸ

+ ό
‬‌
‬ὼ

= 0, ” = ‌” + (1 ‌)” , Ὢ = „‖
‬‌
‬ὼ

,

where ό is velocity component, ” is density, ” is water density, ” is air density, p is the pressure,
‡ is the kinematic viscosity coefficient, t is time, Ὢ is surface tension, „ is the surface tension
constant, ‖ is the interfacial curvature. The phase fraction ‌ = 1 is water, ‌ = 0 is air.

The computations are performed using the OpenFoam software. The interFoam model is
used for two incompressible isothermal media without phase transition. The mesh is constructed
by the stepwise cell refinement method using the snappyHexMesh utility. The calculation results
were presented in the open software ParaView.

Numerical experiments showed that a stable air cavity is formed in the wake of the body
(Fig.1). Good qualitative agreement with experimental data was obtained [1]. The developed
cavity of high elongation can be conditionally divided into three zones [2, 3].

I II III

Fig. 1. Longitudinal component of velocity in the central section, Uw = 1 m/s, Ua = 2 m/s

The first zone is characterized by a constant pressure and is quite accurately determined by the
boundary of the molecular layer of the air-water interface. The second zone is characterized by the
thickness of the layer, which is filled with small drops of water due to viscous diffusion, as well
as blowing air into the cavity to maintain a constant pressure. The third zone is characterized by a
two-phase mixing layer, which forms the wake of the cavity. The calculation results are in
qualitative agreement with the theoretical ones in [4].

The dimensions of the cavity parts depend on the velocity of the main fluid flow and the
flow rate of the injected gas [5].
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Of interest is the process of formation of a gaseous cavity. At first, the air fills the entire
back wall due to the non-slip condition. Thus, the gas flow gains a radial component, losing
longitudinal velocity (Fig.2, a). When the air bubble reaches the diameter of the housing, it
becomes cylindrical (Fig.2, b). Bubbles begin to break off and be carried further into the fluid flow
(Fig.2, c, d).

a) t = 0.004 s, b) t = 0.018 s, c) t = 0.055 s, d) t = 0. 100 s

Fig. 2. Evolution of the longitudinal component of velocity, Uw = 1 m/s, Ua = 2 m/s
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HIGH RESOLUTION MONITORING AND MODELING THE OCEAN
SURFACE

P. Fraunié
Mediterranean Institute of Oceanography, Université de Toulon, Aix-Marseille université,

IRD, Toulon, France, fraunie@univ-tln.fr

Due to the high resolution of coupled ocean-atmosphere models downscaling up to hundreds
meters, a renew of interest is dedicated to mixing processes and coherent structures at the sea
surface.

From high resolution in situ observations using gliders, floating platforms, High Frequency
radars and oceanographic vessels cruises, basic processes occurring at the sea upper layer
including surface and internal waves are investigated. Starting from the Orr Sommerfeld equation
as applied to the inflectional instability and depending on initial and boundary conditions, Kelvin
Helmhotz, Holmboe, Ekman and Langmuir secondary flows are especially analysed. In the end,
recent investigations are discussed concerning the winter marine deep convection related to
Rayleigh Bénard cells and millimetric surface waves as observed in laboratory at the air-sea
interface and on the wall of crowns produced by drops impacting the free surface.
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COMPUTATIONAL TECHNOLOGIES BASED ON THE VORTON
VORTEX FRAME METHOD

Glushchak V. V.
Taras Shevchenko National University of Kyiv, Ukraine, glushchak93@gmail.com

A computational technology for computer simulation based on the vortex frame method is
presented. This version of the computational technology is applied to the test simulation of flow
around an infinitely thin circular disk of diameter Ὀ, oriented orthogonally to the direction of a
uniform flow Ὗ of an ideal incompressible fluid (Fig. 1).

The disk model consists of a system of interconnected closed vortex frames. The disk
surface is divided by a system of concentric circles and radial rays into cells, each corresponding
to one closed vortex frame with one unknown circulation, discretized into a system of vortex
segments. A common edge of two adjacent frames carries the difference between their circulations.
Therefore, for an azimuthally uniform solution, the system of frames reproduces the configuration
of interconnected vortex rings while retaining the azimuthal degrees of freedom that are absent in
the ring configuration.

The no-penetration condition on the disk is satisfied at a system of collocation points
located on the disk between the vortex segments forming the closed vortex frames. The Kutta–
Chaplygin–Zhukovsky condition is imposed at the disk edge.

A circulation-carrying wake is formed downstream of the disk. According to the proposed
algorithm, the free edges of the boundary frames split into a system of symmetric vortons of two
layers: azimuthal vortons (arcs along the disk edge) and radial vortons (rays), whose motion
models the vortex flow. Radial vortons distributed around the circumference have zero total
circulation and therefore do not change the overall circulation of the wake. Their role is different:
the ring averages the circulation along the edge [3], whereas they preserve its variation at different
points, allowing the wake to be non-axisymmetric. The validity of this replacement follows from
the method of singular integral equations [1]: the vortons produce the same field in the integral
sense and move [3] in the same manner as the original frames.

Fig. 1

A comparative analysis of the test simulation results with experimental data and with
simulation results obtained by other authors using different methods showed satisfactory
agreement.
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CAN TRIPLY PERIODIC MINIMAL SURFACE INSERTS REDUCE
TURBULENCE-INDUCED EFFECTS IN HIGH-REYNOLDS-NUMBER

INTERNAL FLOWS?

Q.L. Hopman1, Kamiel Politiek1, Nicholas Waterson2, Pablo Druetta1,
Anastasiia Krushynska1

1 Engineering and Technology Institute Groningen, University of Groningen, Groningen, The
Netherlands

2 ASML B.V., De Run 6501, 5504 DR Veldhoven, The Netherlands

Turbulence in high-Reynolds-number internal flows generates broadband pressure
fluctuations that induce structural vibrations, acoustic noise, and even structural fatigue. To
mitigate these effects, triply periodic minimal surfaces (TPMS) and other porous inserts are
considered promising for efficient turbulence reduction in internal flows. This relies heavily on
numerical predictions of reduced turbulent kinetic energy and lacks rigorous experimental
validation in high Reynolds number regimes. This study challenges this assumption by quantifying
the efficiency of porous inserts in a well-controlled turbulence regime driven by geometric
inhomogeneities in pipes. Specifically, we study high-Reynolds (Re = 15,000) turbulent flows in
pipes with a sudden expansion and a 90o miter bend through 3D-printed resin TPMS inserts.

We evaluate various porosities, insert lengths, and unit cell sizes by measuring pressure
fluctuations in the local and up- and downstream regimes. Our findings demonstrate that,
compared to a honeycomb insert, the tested TPMS inserts offer no advantage in pressure-
fluctuation attenuation and increase pressure levels upstream of the insert. Furthermore, while the
relative performance of TPMS inserts improves with larger pore sizes, this effectively minimizes
flow interactions and renders the structural contribution of the TPMS matrix negligible. Therefore,
for the considered sheet-based geometries and flow regime up to (Re = 15,000) shown here, the
TPMS inserts cannot be recommended for passive acoustic and hydrodynamic mitigation in
internal high-Reynolds-number flows, disproving the initial assumptions regarding their reduction
in wall pressure fluctuations in these particular configurations.
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In addition to traditional types of pumps, there are many other non-traditional ones, such as
an airlift pump. The airlift pump is a device designed to lift a liquid or a mixture of liquid and solid
particles from a certain depth to a certain height using a gas mixed with it. They can be used to lift
various types of liquids, by utilizing the lifting force that results from the injection of a gas, such
as air, that has a lower density than the primary liquid.

Although these pumps have a lower efficiency than other conventional pump types, but they
are applicable for many other reasons, such as ease of installation and maintenance, the ability to
avoid clogging. For these reasons, these pumps are used for: pumping corrosive liquids in chemical
plants, removing sludge in wastewater treatment plants, lifting small minerals from the depths, and
pumping viscous liquids such as hydrocarbons in the oil industry.

The primary objective of this study is to investigate the geometric and operational parameters
for airlift pump efficiency using mathematical modelling and experimental data.

The airlift pump modeling was limited by the two-phase water-air formulation and the lack
of return of the discharged water to the system. The geometric dimensions and input parameters
of the simulation are in full agreement with the experimental data [1]. The experimental research
was carried out in the filtration laboratory of the IHM, NAS of Ukraine.

The Volume of Fluid method is used, which is a modern approach to describing of
multiphase flows. It is based on solving the Navier-Stokes equations taking into account the phase
fraction of each fluid in a certain control volume. The set of equations is as follows

+ ᴆɳ Ͻ ‌Ὗᴆ + ᴆɳ Ͻ Ὗᴆ‌(1 ‌) = 0, (1)
ᴆɳ ẗ Ὗᴆ = 0, (2)

ᴆ
+ ᴆɳ Ͻ ”ὟᴆὟᴆ = ᴆɳὴ + ᴆɳ Ͻ ‘ ᴆɳὟᴆ + ᴆɳὟᴆ ”Ὣᴆ + „‖ ᴆɳ‌ , (3)

where Ŭ is the phase fraction, Ὗᴆ is the velocity vector, Ὗᴆ is the additional velocity to clarify the
interface between phases, p is the total pressure, Ὣᴆ is gravity vector t is time, ů is the surface tension
constant, ‖ = ᴆɳ Ͻ ᴆɳ‌ ᴆɳ‌ is the curvature of the interface. Dynamic viscosity coefficient ‘ and
density ɟ are calculated as weighted averages based on the fraction distribution of the fluid. The
set of equations (1-3) is supplemented by the Smagorinsky turbulence model, which uses large
eddy simulation.

Numerical modelling of two-phase flow was performed using the opensource software
OpenFOAM. The computational mesh was built in the open-source software SALOME using the
Gmsh sub-utility. After the initial generation of the tetrahedral mesh, it was converted to a
polyhedral mesh using the polyDualMesh utility. The number of elements is ~8.8 Ͻ 10 , which
provides high resolution and allows for a clear description of the boundary between phases. The
maximum cell volume ɝὠ = 10 m3.

The influence of physical parameters on the airlift efficiency was investigated. Fig. 1 shows
the velocity streamlines on a vertical section through the centre of the pipe against the background
of the liquid volume fraction.

The observed rise of air bubbles in the pipe is accompanied by a complex system of vortices,
which leads to an increase in hydrodynamic drag. An efficiency of no more than 2.1% was
achieved over the studied range of input parameters [2]. The calculation results are in good
agreement with the experimental data within the error.
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Fig.1. Visualization of complex flow in an airlift pump, Qa=0.4 l/s: t = 1; 2; 3; 4; 5; 6 s
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Introduction
Ventricular assist devices (VADs) provide mechanical circulatory support to patients with

severe heart failure. Implantable rotary pumps must produce the required pressure rise and flow
rate within a small volume and therefore operate at high rotational speeds. Their flow combines
rotation, curvature, separation, narrow passages, strong near-wall gradients, and locally elevated
stresses. Computational predictions may consequently depend on grid design and turbulence
closure. This is important because pressure rise and efficiency determine hydraulic performance,
while wall shear stress and turbulence quantities underpin predictions of hemolysis and
thrombosis. Comparisons between published axial VAD studies are further complicated by
proprietary or study-specific geometries. The present work establishes a reproducible
computational reference case based on a simple, fully parametric axial VAD [1, 2] and quantifies
the sensitivity of its predicted flow to grids and RANS models.

Test case and computational setup
The script-generated pump geometry is controlled by approximately 30 design parameters

and comprises a stationary inlet straightener, rotating impeller, and stationary outlet diffuser. One
configuration is fixed here to isolate numerical effects. Its shroud diameter is 16 mm. Blood is
approximated as an incompressible Newtonian fluid with density 1050 kg mī3 and dynamic
viscosity 0.0035 Pa s; the operating point is 2.5 l minī1 at 8000 minī1.

The incompressible Reynolds-averaged Navier–Stokes equations are solved in OpenFOAM.
Rotation is represented by the multiple reference frame method, with the impeller in a rotating
frame and the straightener and diffuser stationary. Seven two-equation RANS closures are
compared: standard, realizable, and RNG Ὧ–‐; Lien cubic and Shih quadratic nonlinear Ὧ–‐; and
standard and SST Ὧ–Ten predominantly hexahedral grids are used. Five grids without prism .‫
layers are obtained by globally refining the background mesh from a 24 to a 49 base subdivision
in the impeller region. Five further grids are derived from the intermediate 36 mesh by adding
three wall-normal prism layers with an expansion ratio of 1.1 and different first-layer thicknesses.
This separates global refinement effects from near-wall resolution. A-priori first-cell estimates
agree reasonably with a-posteriori wall distances, and all cases remain within the intended margin
for ώ 1.

The assessment combines local fields and integral characteristics. Total pressure rise is
measured between inlet and outlet. Hydraulic efficiency is ɝὴ ὗ divided by the mechanical
power obtained from impeller torque and angular velocity. Wall shear stress is evaluated from the
tangential component of effective viscous traction. Velocity, pressure, turbulent kinetic energy,
dissipation variables, and turbulent viscosity are compared on surfaces and on cuts through the
three pump components.

Results
Velocity fields are broadly similar, but grid refinement and turbulence-model variation do

not produce universally smooth or monotone convergence. Efficiency is generally higher on grids
containing prism layers. Without layers it decreases on coarser meshes, and the grid-induced
change can match differences between turbulence closures. With layers, efficiency is almost
insensitive to first-cell thickness; model choice becomes dominant and produces a spread of about
one percentage point on the same grid. Pressure rise has a more complex, non-monotone
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dependence on ώ . Results without layers are mostly grouped closely, while layered grids reveal
stronger model dependence and temporal variability. The two Ὧ–‫ closures and Lien cubic model
show similar non-monotone trends; the standard, realizable, and RNG Ὧ–‐ closures form another
group.

Maximum wall shear stress varies considerably because this pointwise measure may depend
on a single local cell or surface location. Mean and median stresses over the complete device and
impeller are more stable, although model differences remain comparable with grid effects.
Elevated wall shear appears near impeller blade tips, straightener trailing edges, and diffuser
leading edges. Irregular diffuser patterns reflect the secondary flow, warning against assessing
mesh independence or hemocompatibility from one maximum value alone.

Detailed comparisons show that similar velocities do not imply equivalent turbulence fields.
Flow through the blade passages is neither axisymmetric nor tangentially periodic. Prism layers
influence axial and secondary velocities more strongly than changing between representative SST
Ὧ–‫ and Lien cubic Ὧ–‐ closures. Pressure rises mainly through the impeller, with further local
peaks at diffuser leading edges. Turbulent kinetic energy and turbulent viscosity vary substantially
across the seven closures and between layered and non-layered grids. The Lien cubic model is the
most sensitive to grid structure and spacing, whereas SST Ὧ–‫ is the most robust. Lien-model
dissipation fields change markedly when layers are added, while SST specific-dissipation fields
retain similar structure and magnitude.

Conclusion
Moderate or low Reynolds numbers in much of the domain limit the influence of turbulence-

field variability on the gross velocity pattern, but the variability still affects pressure rise,
efficiency, and blood-damage-related quantities. The parametric geometry, ten-grid database,
seven robust solver setups, and open-source post-processing workflow provide a reference
platform rather than identifying one universally superior closure. Future studies will examine other
operating points, compare transient sliding meshes with MRF, introduce hemorheology,
hemolysis, and thrombosis models, and use the parametric geometry for systematic shape
variation. Selected grids, setups, and data are intended for release as an open test case.
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Introduction
The modeling of turbulent flows involves the problem of turbulence closure, as turbulence models
rely on hypotheses. For instance, the well-known hypotheses of Prandtl and Kármán are not
universal when applied to the pipe and flat-plate flows discussed below, as they fail to describe
the flow across the entire domain. Methods of the calculus of variations can be employed to
describe these turbulent flows and to use the resulting findings for the numerical modeling of more
complex flows. This approach requires recognizing that natural phenomena are characterized by
optimality. Indeed, fully developed turbulence in a circular pipe is characterized by maximum
entropy and the most pronounced turbulent (vortical) mode of motion. The nature of planar
turbulent flow lies in maximum inertial instability. Different physical mechanisms can yield the
same logarithmic law. The viscous and buffer sublayers are derived in the same way—from the
condition of extremum fluid flow rate.

Results: summary table of fluid flows
To present the information comprehensively and conveniently, we provide it in the form of

a table. The solutions presented fit nicely experimental data and known analytical laws.

Flow Functional Solution
1.1. Flow over a moving
plane; viscous and buffer
sublayers of turbulent
boundary layer.

Minimum volume (rate) of
fluid set in motion

( )1 expV ʉ y= -

1.2. Flow over a moving
plane; logarithmic sublayer of
turbulent boundary layer

Maximum value of the square
of the difference between
orbital (transport) and spin
(relative) angular velocities
[1].

( )1 2logV C y C= +

2.1. Boundary layer on a
circular pipe; viscous and
buffer sublayers.

Maximum fluid flow rate

1
2 3

2
C

C C
2

V erf rz

å õ
-æ ö

æ ö= + æ ö
æ öæ öç ÷

see also [2]
2.2. Boundary layer on a
circular pipe, logarithmic
sublayer

Maximum value of the
squared vorticity

( )1 2logzV C r C= +

3. Swirling flow in a
rectilinear circular pipe

Maximum value of the
squared vorticity

Maximum value of the
squared vorticity together
with maximum fluid flow rate

( )1 2logzV C r C= +

ɗ 1 2 /V C r C r= +

( )
2

1 2 3log
4z
rV C r C C= + + ,

ɗ 1 2 /V C r C r= + .
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Specific data for the viscous and buffer sublayers are presented below, along with the well-known
logarithmic law. The analytical expressions used for this purpose are as follows:

14(1 exp( 0.08 ))V U y+ += = - - , 14 (0.05 ))zV V erf r+ += = ,

2.55log( )) 5.2U y+ += + , 2.55log( )) 5.2V r+ += + .

a                                                                     b
Fig1. Comparison of exponetial law and logarithmic one with modern experimental data [3] (a)
and comparison of exponetal and error function laws at the background of logarithmic law(b).

Conclusions
1. Correctly specifying the extrema of physical quantities—such as the square of the

inertial instability function, the square of the vorticity, and the fluid flow rate—makes it possible
to obtain well-known solutions to classical problems concerning incompressible fluid flow.

2. As the table shows, despite the identical kinetic nature of the various flows
(logarithmic law), the nature of these flows differs. This distinction is confirmed by different
functionals, the extrema of which yield the correct solution.

3. The proposed approach will enable a deeper understanding of the nature of turbulent
flows and can be used in the development of new numerical models for other, more complex,
turbulent flows.
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In practical measurements such as PIV, the near-wall region is often affected by optical
reflection, limited spatial resolution, and loss of reliable velocity vectors [1]. This region is
nevertheless important for evaluating the tangential velocity profile, wall shear stress, and skin-
friction coefficient [2]. Therefore, this study employs a physics-informed neural network (PINN)
to reconstruct the velocity field, with particular emphasis on accurate reconstruction in the near-
wall region. An accurate CFD solution is used to generate the training, validation, and test datasets.

The computational domain is constructed as a 45° sector of the Taylor–Couette annulus, with
periodic boundary conditions imposed in the axial direction to approximate infinitely long
cylinders. Large-eddy simulation (LES) is performed in ANSYS Fluent to obtain the reference
flow field for the inner rotating cylinder Reynolds number Re = 3000. A fixed (x,y) cross-section
corresponding to the PIV measurement plane is extracted for reconstruction and evaluation, and
the flow-field data are converted into dimensionless form before training. A global uniform
sampling strategy is used to construct the supervised dataset, with 300, 1500, and 2000 sampling
points considered. To simulate near-wall data loss, one to four computational mesh layers adjacent
to the walls are sequentially excluded from the supervised dataset. The excluded sampling points
are replaced by their nearest available neighboring points outside the removed region while
keeping the total number of supervised samples unchanged. The proposed model is a PINN
incorporating Fourier feature embedding and GradNorm adaptive loss weighting [4]. The model
is trained using three loss terms: supervised-data loss, analytical boundary-condition loss imposed
on the inner and outer cylinder walls, and Navier–Stokes PDE residual loss. For comparison, a no-
PDE model is trained using the same settings but without the PDE residual term.

Reconstruction performance is evaluated using the component-specific 2%-threshold
exceedance counts ὔ , , ὔ , andὔ , . For each velocity component ή = ό , ό , ό , ὔ , is
defined as the number of spatial points at which the reference-velocity-normalized pointwise
absolute error exceeds 2%. The corresponding proportion is calculated relative to the total of 6000
spatial points. Additional evaluation quantities include the angle-time-averaged skin-friction
coefficient ὅ and the angle-time-averaged wall-unit velocity profiles ὠ (ὶ ).

Taking the 300-point case as an example, Fig. 1 shows that the PINN with PDE constraints
substantially outperforms the no-PDE model under sparse sampling and near-wall data removal.
In Fig. 1(a), the no-PDE model exhibits increasing values of ὔ , as more near-wall layers are
removed, indicating deterioration of reconstruction accuracy when direct near-wall information is
unavailable. In contrast, the PINN model maintains considerably lower values and does not exhibit
the same deterioration trend. Similarly, Fig. 1(b) shows that the relative errors of ὅ are
substantially lower for the PINN model than for the no-PDE model near both the inner and outer
walls. Since ὅ is calculated from the near-wall velocity gradient, this result indicates that the PDE
residuals improve not only the global velocity-field reconstruction but also the near-wall gradient
reconstruction. Overall, these results suggest that the Navier–Stokes PDE residual provides
additional physical information and reduces the model dependence on direct near-wall supervised
data.
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Fig 1. Comparison of ὔ , (a) and the relative error of angle-time averaged ὅ (b) for the case of 300
sampling points with and without PDE constraints.

The angle-time-averaged profiles of ὠ (ὶ ) further support this conclusion. Fig. 2 shows the
most challenging case with only 300 sampling points and four near-wall layers removed.
Compared with the no-PDE model, the PINN with PDE constraints better follows the CFD
reference solution near both the inner and outer walls. This indicates that the Navier–Stokes
residuals help the model recover near-wall mean tangential velocity behavior beyond the
information provided by supervised data alone.

Fig. 2. Comparison of angle-time averaged wall-unit velocity profiles near inner (a) and outer (b) walls
between CFD, deep-learning PDE model, and no-PDE model for the case with 300 sampling points and four

near-wall layers removed.

Thus, PINNs with PDE constraints provide an effective approach for reconstructing sparse
velocity fields in complex turbulent flows. However, the current implementation still requires
further improvement in training-time efficiency because the PDE residual introduces additional
computational cost.
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The Maisotsenko-cycle heat-and-mass exchanger (M-cycle HMX) is a dew point
evaporative heat- and mass-transfer device that reduces product air temperature through coupled
heat- and mass transfer between dry and wet air channels. The air in the dry (primary) channel
mainly undergoes sensible cooling, whereas the air in the wet (working) channel is humidified by
evaporation at the wetted wall and absorbs latent heat. This study develops a three-dimensional
numerical model based on a single-phase humid-air CFD framework for predicting the overall
cooling performance and local heat- and mass-transfer characteristics.

For model validation, the experiment of Riangvilaikul and Kumar [1] is used as the basis for
overall performance comparison. A single pair of dry and wet air channels is selected as the
representative computational domain shown in Fig. 1. The working -air flow is a 1/3 part of the
primary-channel outlet flow. The simulations are performed in Ansys Fluent for the primary-
channel Reynolds number of 1500. The liquid film is not explicitly solved; instead, a user-defined
function (UDF) is used to impose the local evaporation mass flux and latent heat absorption at the
wetted wall in the scope of single-phase model with species transport.

Fig. 1. Model geometry of the counter-flow dew-point evaporative cooler.

Fig. 2 compares the product air outlet temperature obtained from the experiment and the
simulation for several values of the inlet humidity, defined by the water vapor mass fraction ὣ , , .
The results show that the model can capture the variation trends of cooling performance under
different operating conditions and demonstrates good agreement with the experimental data.
Therefore, the developed numerical approach can provide reasonably accurate predictions of the
overall performance indicators of M-cycle HMX.


































