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ʍʤʝʣʸʚ ɺʣʘʜʠʤʠʨ ʅʠʢʦʣʘʝʚʠʯ

Ȫɔɐɘɔɖ ɘɋɛɓɎɝɋɗɐɎɛ ɓɆəɐ, 
ɕɖɔɚɋɗɗɔɖ, ȭɆɗɑəɌɋɓɓɡɏ 
ɎɍɔɇɖɋɘɆɘɋɑɢ ȶȺ, Senior Member 
IEEE. ȱɆəɖɋɆɘ ɕɖɋɒɎɎ 
ȵɖɆɈɎɘɋɑɢɗɘɈɆ ȶȺ Ɉ ɔɇɑɆɗɘɎ ɓɆəɐɎ 
Ɏ ɘɋɛɓɎɐɎ, ɆɈɘɔɖ ɇɔɑɋɋ 1200 
ɓɆəɝɓɡɛ ɕəɇɑɎɐɆɜɎɏ (Ɉ ɘ.ɝ. ɇɔɑɋɋ 
100 ɕɆɘɋɓɘɔɈ, ɇɔɑɋɋ 20 
ɒɔɓɔɉɖɆɚɎɏ Ɏ əɝɋɇɓɎɐɔɈ)
ȭɆɒ. ɊɎɖɋɐɘɔɖɆ ɕɔ ɓɆəɝɓɔɏ ɖɆɇɔɘɋ 
ȧɎɏɗɐɔɉɔ ɘɋɛɓɔɑɔɉɎɝɋɗɐɔɉɔ 
ɎɓɗɘɎɘəɘɆ Ⱥȩȧȴȹ Ȩȴ "ȦɑɘɆɏɗɐɎɏ 
ɉɔɗəɊɆɖɗɘɈɋɓɓɡɏ ɘɋɛɓɎɝɋɗɐɎɏ 
əɓɎɈɋɖɗɎɘɋɘ Ɏɒ. Ȯ.Ȯ. ȵɔɑɍəɓɔɈɆ".

+7 9039925120 
vnh@ u-sonic .ru 
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ʆʩʦʙʝʥʥʦʩʪʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ

ȹȭ ɉɋɓɋɖɆɘɔɖ

ȹȭ ɐɔɑɋɇɆɘɋɑɢɓɆɥ ɗɎɗɘɋɒɆ

ȴɇɖɆɇɆɘɡɈɆɋɒɆɥ ɗɖɋɊɆ 
ȍ1c1

ȴɇɖɆɇɆɘɡɈɆɋɒɆɥ ɗɖɋɊɆ
ȍ2c2

ȳɋɔɉɖɆɓɎɝɋɓɓɆɥ 
ɗɖɋɊɆ ɗ ȍ2c2

(ȬɎɊɐɎɋ, 
ɌɎɊɐɔɊɎɗɕɋɖɗɓɡɋ 
ɗɖɋɊɡ)

ȴɇɖɆɇɆɘɡɈɆɋɒɆɥ    
ɗɖɋɊɆȍ1c1

ȴɇɖɆɇɆɘɡɈɆɋɒɆɥ 
ɗɖɋɊɆ ɗ ȍ2c2

ȸɈɋɖɊɔɋ ɘɋɑɔ

l=
Ȉ

/4
(Ȉ

/2
)

lÍ
Ȉ

/4
(Ȉ

/2
)

ȸɈɋɖɊɡɏ  

ɒɆɘɋɖɎɆɑȍ2c2

ȴɘɗəɘɗɘɈɎɋ ɐɖɎɘɋɖɎɋɈ  ɓɋɕɖɋɖɡɈɓɔɉɔ ɐɔɓɘɖɔɑɥ ɗɔɗɘɔɥɓɎɥ 
ɔɇɖɆɇɆɘɡɈɆɋɒɡɛ ɗɖɋɊ

1) 2) 3)
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Ultrasonic industrial device
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Drilling of frozen soil with temperature of 

liquid nitrogen
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Ultrasonic exposure of melted metal (T more 

than 1000 C)
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Influence of liquid medium temperature

Initial After 7 min. After 14 min. 



Ultrasonic oscillation system
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Main problem of vibratory system
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1. Low efficiency (<50%)
2. High weight and length
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Magnifiers of ultrasonic oscillations
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Half - wave vibratory system

S

ʩʨc
F

2

ʩʨc

ǧF1= f (S, ȍcmedium )

ǧF2= f (T, U)

Efficiency Ò 80%

Vibration amplitude Ò100 um

Gain factor Ó20F

A

ǧF2

ǧF1
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ʂʦʣʝʙʘʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ  - ʜʘʪʯʠʢ 

ʧʘʨʘʤʝʪʨʦʚ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʩʨʝʜ

RɊïɗɔɕɖɔɘɎɈɑɋɓɎɋ ɊɎɣɑɋɐɘɖɎɝɋɗɐɎɛ 
ɕɔɘɋɖɢ;

ȷɐ- ɋɒɐɔɗɘɢ ɕɢɋɍɔɐɋɖɆɒɎɝɋɗɐɎɛ 
ɣɑɋɒɋɓɘɔɈ;

RɒɕïɗɔɕɖɔɘɎɈɑɋɓɎɋ ɒɋɛɆɓɎɝɋɗɐɎɛ 
ɕɔɘɋɖɢ;

ȷɒïɣɐɈɎɈɆɑɋɓɘ ɉɎɇɐɔɗɘɎ ɒɆɘɋɖɎɆɑɆ

ɐɔɑɋɇɆɘɋɑɢɓɔɏ ɗɎɗɘɋɒɡ;

LɒïɣɐɈɎɈɆɑɋɓɘ ɒɆɗɗɡ ɒɆɘɋɖɎɆɑɆ

ɐɔɑɋɇɆɘɋɑɢɓɔɏ ɗɎɗɘɋɒɡ;

Rɼ Cʂ

Lʄ Cʄ Rʄʇ

Lʉʈ CʉʈRʂɸɺRʀɿʃ

Zʅʕ

Zʂʕ

~Uʚʭ

ȳɆ ɔɗɓɔɈɋ ɣɑɋɐɘɖɎɝɋɗɐɔɏ ɣɐɈɎɈɆɑɋɓɘɓɔɏ ɗɛɋɒɡ ȹȭȰȷ ɕɔɑəɝɋɓɡ ɍɆɈɎɗɎɒɔɗɘɎ ɋɋ 
ɣɑɋɐɘɖɎɝɋɗɐɎɛ ɕɆɖɆɒɋɘɖɔɈ ɔɘ ɛɆɖɆɐɘɋɖɎɗɘɎɐ ɆɐəɗɘɎɝɋɗɐɔɏ ɓɆɉɖəɍɐɎ Ɏ ɗɔɇɗɘɈɋɓ-
ɓɡɛ ɗɈɔɏɗɘɈ, ɝɘɔ ɕɔɍɈɔɑɥɋɘ Ɏɍɒɋɖɥɘɢ ɆɐəɗɘɎɝɋɗɐɎɋ ɛɆɖɆɐɘɋɖɎɗɘɎɐɎ  ɗɖɋɊ 

ȷɗɖ, Lɗɖïɣɑɋɒɋɓɘɡ, ɛɆɖɆɐɘɋɖɎɍəɤɟɎɋ 
ɖɋɆɐɘɎɈɓɡɋ ɗɈɔɏɗɘɈɆ ɔɇɖɆɇɆɘɡɈɆɋɒɔɏ 
ɗɖɋɊɡ;

RɎɍɑïɣɑɋɒɋɓɘ ɛɆɖɆɐɘɋɖɎɍəɤɟɎɏ 
ɈɔɑɓɔɈɔɋ ɗɔɕɖɔɘɎɈɑɋɓɎɋ ɗɖɋɊɡ;

RɐɆɈïɣɑɋɒɋɓɘ ɔɘɖɆɌɆɤɟɎɏ ɍɆɘɖɆɘɡ 
ɣɓɋɖɉɎɎ ɓɆ ɖɆɍɈɎɘɎɋ Ɏ ɕɔɊɊɋɖɌɆɓɎɋ 
ɐɆɈɎɘɆɜɎɎ;

ZɐɣïɗɔɇɗɘɈɋɓɓɡɏ ɎɒɕɋɊɆɓɗ 
ɐɔɑɋɇɆɘɋɑɢɓɔɏ ɗɎɗɘɋɒɡ;

ZɓɣïɎɒɕɋɊɆɓɗ ɆɐəɗɘɎɝɋɗɐɔɏ 
ɓɆɉɖəɍɐɎ.

z=(z ɐɣ+ zɓɣ);

zɓɣ= f(RɐɆɈ; RɎɍɑ; Lɗɖ);

RɎɍɑ= f(ȍɗɖcɗɖ) -ɈɡɛɔɊ 
ɣɓɋɖɉɎɎ;

Lɗɖ= f(m ɕɖɎɗɔɋɊ.)= f(ȍɗɖ) 
ɖɋɍɔɓɆɓɗɓɡɋ 
ɗɈɔɏɗɘɈɆ;

fɖɋɍ= f(ȍɗɖ).

13
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ʄʦʜʝʣʴ ʩʠʩʪʝʤʳ ʚ ʚʠʜʝ ʬʠʟʠʯʝʩʢʦʡ 

ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʩʭʝʤʳ

ʉ ï ʩʪʘʪʠʯʝʩʢʘʷʝʤʢʦʩʪʴ

ʧʴʝʟʦʢʝʨʘʤʠʢʠ;

Rd ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭʧʦʪʝʨʴ;

Lm ʠʥʜʫʢʪʠʚʥʦʩʪʴʤʝʭʘʥʠʯʝʩʢʦʡ

ʚʝʪʚʠ(ʵʢʚʠʚʘʣʝʥʪʢʦʣʝʙʣʶʱʝʡʩʷ

ʤʘʩʩʳʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ);

Cm ïʝʤʢʦʩʪʴʤʝʭʘʥʠʯʝʩʢʦʡʚʝʪʚʠ

(ʵʢʚʠʚʘʣʝʥʪʛʠʙʢʦʩʪʠ);

Rn ïʩʦʧʨʦʪʠʚʣʝʥʠʝʤʝʭʘʥʠʯʝʩʢʠʭ

ʧʦʪʝʨʴ;

Rsïʩʦʧʨʦʪʠʚʣʝʥʠʝʠʟʣʫʯʝʥʠʶ.
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ʉʠʩʪʝʤʘ ʢʦʥʪʨʦʣʷ
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ʄʦʜʝʣʴ ʩʠʩʪʝʤʳ,   ʫʯʠʪʳʚʘʶʱʘʷ 

ʚʣʠʷʥʠʝ ʠʟʤʝʥʝʥʠʡ ʩʨʝʜʳ 
ʉ ï ʩʪʘʪʠʯʝʩʢʘʷʝʤʢʦʩʪʴ

ʧʴʝʟʦʢʝʨʘʤʠʢʠ;

Rd ïʩʦʧʨʦʪʠʚʣʝʥʠʝʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ

ʧʦʪʝʨʴʧʴʝʟʦʢʝʨʘʤʠʢʠ;

L0 ï ʠʥʜʫʢʪʠʚʥʦʩʪʴʋɿʂʉ;

C0ïʝʤʢʦʩʪʴʋɿʂʉ;

R0ïʘʢʪʠʚʥʦʝʩʦʧʨʦʪʠʚʣʝʥʠʝʋɿʂʉ;

Lʥ ï ʠʥʜʫʢʪʠʚʥʦʩʪʴʘʢʫʩʪʠʯʝʩʢʦʡ

ʥʘʛʨʫʟʢʠ;

ʉʥïʝʤʢʦʩʪʴʘʢʫʩʪʠʯʝʩʢʦʡʥʘʛʨʫʟʢʠ;

Rʥ ï ʘʢʪʠʚʥʦʝʩʦʧʨʦʪʠʚʣʝʥʠʝ

ʘʢʫʩʪʠʯʝʩʢʦʡʥʘʛʨʫʟʢʠ;

ȹLʊ ï ʜʦʙʘʚʦʯʥʘʷʠʥʜʫʢʪʠʚʥʦʩʪʴ,

ʚʳʟʚʘʥʥʘʷʠʟʤʝʥʝʥʠʝʤʫʩʣʦʚʠʡ

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ;

ȹʉʊïʜʦʙʘʚʦʯʥʘʷʝʤʢʦʩʪʴ,ʚʳʟʚʘʥʥʘʷ

ʠʟʤʝʥʝʥʠʝʤʫʩʣʦʚʠʡʨʘʩʧʨʦʩʪʨʘʥʝʠʷ;

ȹRʊïʜʦʙʘʚʦʯʥʘʷʝʤʢʦʩʪʴ,ʚʳʟʚʘʥʥʘʷ

ʠʟʤʝʥʝʥʠʝʤʫʩʣʦʚʠʡʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ

ʢʦʣʝʙʘʥʠʡ;

ʀʟʤʝʥʝʥʠʝʫʩʣʦʚʠʡʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ

ïʵʪʦʠʟʤʝʥʝʥʠʷʩʚʦʡʩʪʚʠʩʪʨʫʢʪʫʨʳ

ʩʨʝʜ
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ʎɽʃʔ ʀʉʉʃɽɼʆɺɸʅʀʁ-

ɺʓʗɺʃɽʅʀɽ ɿɸɺʀʉʀʄʆʉʊɽʁ

Â ȨɑɎɥɓɎɥ  ɎɍɒɋɓɋɓɎɏ ɖɆɇɔɝɋɉɔ ɎɓɗɘɖəɒɋɓɘɆ 
(ɖɆɍɖəɞɋɓɎɥ) ɓɆ ɣɑɋɐɘɖɎɝɋɗɐɎɋ ɕɆɖɆɒɋɘɖɡ  
ɕɢɋɍɔɣɑɋɐɘɖɎɝɋɗɐɔɏ ɐɔɑɋɇɆɘɋɑɢɓɔɏ ɗɎɗɘɋɒɡ 

Â ȨɑɎɥɓɎɋ  ɖɆɍɖəɞɋɓɎɥ ɔɘɖɆɌɆɤɟɋɏ 
ɕɔɈɋɖɛɓɔɗɘɎ (ɖɆɍɖəɞɆɋɒɔɉɔ ɔɇɠɋɐɘɆ)  ɓɆ 
ɣɑɋɐɘɖɎɝɋɗɐɎɋ ɕɆɖɆɒɋɘɖɡ  ɕɢɋɍɔɣɑɋɐɘɖɎɝɋɗɐɔɏ 
ɐɔɑɋɇɆɘɋɑɢɓɔɏ ɗɎɗɘɋɒɡ

Â ȨɑɎɥɓɎɋ ɎɍɒɋɓɋɓɎɏ əɗɑɔɈɎɏ ȹȭ ɈɔɍɊɋɏɗɘɈɎɥ 
(əɈɋɑɎɝɋɓɎɋ ɖɆɗɗɘɔɥɓɎɏ, ɎɍɒɋɓɋɓɎɋ ɗɈɔɏɗɘɈ 
ɒɆɘɋɖɎɆɑɔɈ, ɔɘɐɑɔɓɋɓɎɋ ɔɘ ɖɋɍɔɓɆɓɗɓɡɛ 
əɗɑɔɈɎɏ)  ɓɆ ɣɑɋɐɘɖɎɝɋɗɐɎɋ ɕɆɖɆɒɋɘɖɡ  
ɕɢɋɍɔɣɑɋɐɘɖɎɝɋɗɐɔɏ ɐɔɑɋɇɆɘɋɑɢɓɔɏ ɗɎɗɘɋɒɡ
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ʉʍɽʄɸ ʈɽɸʃʀɿɸʎʀʀ ʇʈʆʎɽʉʉɸ 

ʇʔɿʆʕʃɽʂʊʈʀʏɽʉʂʆʁ ʂʆʃɽɹɸʊɽʃʔʅʆʁ 

ʉʀʉʊɽʄʆʁ (ʂʃɸʉʉʀʏɽʉʂʆʁ)

18

˽͔͍ͪͦ͋ͪ͊ͦ͊͘-

͔ͭ͡Έ

˶͔͍͔͊ͤ͗ͤ͊ 

(͍ͨͦͯͦͤͦ͡͡-

͍͚ͦ, 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ 1, 

1.5, 2)

˴ͦͤͼ͔ͤͭͪ͊ͭͦͪ 1 

(͍͍͚ͨͦͯͦͤͦͦ͡͡Σ 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ мΣ мΦрΣ 

2)

˴ͦͤͼ͔ͤͭͪ͊-

ͭͦ2ͪ 

(͍ͨͦͯͦͤͦ͡͡-

͍͚ͦ, 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ мΣ 

1.5, 2)

˴ͦͤͼ͔ͤͭͪ͊ͭͦͪ 3 

(͍͍͚ͨͦͯͦͤͦͦ͡͡Σ 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ мΣ мΦрΣ 

2)

˽͍͍͚ͦͯͦͤͦͦ͡͡ 

ͼ͙͙͙ͤ͒ͪ͡;͔͙͚ͫ͟ 

͙͔ͤͫͭͪͯͣͤͭ

ό͎ͤ͊ͪͯ͊͘͟)



ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʋɿʂʉ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʩʦʩʪʘʚʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ

19

ɃɑɋɐɘɖɎɝɋɗɐɆɥ ɒɔɊɋɑɢ ȹȭȰȷ ɗ 
ɖɆɍɑɎɝɓɡɒɎ ɗɔɗɘɆɈɓɡɒɎ 
ɣɑɋɒɋɓɘɆɒɎ



ɿʘʚʠʩʠʤʦʩʪʴ ʠʤʧʝʜʘʥʩʘ  ʦʪ  ʠʟʥʦʩʘ 

ʠʥʩʪʨʫʤʝʥʪʘ  ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ

20



ɿʘʚʠʩʠʤʦʩʪʴ ʠʤʧʝʜʘʥʩʘ  ʦʪ  ʠʟʥʦʩʘ 

ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ

21



ɿʘʚʠʩʠʤʦʩʪʴ ʠʤʧʝʜʘʥʩʘ  ʦʪ  ʠʟʥʦʩʘ 

ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ

22



ɿʘʚʠʩʠʤʦʩʪʴ ʩʦʩʪʘʚʣʷʶʱʠʭ ʠʤʧʝʜʘʥʩʘ  ʦʪ  

ʠʟʥʦʩʘ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʩʙʦʨʢʠ ʋɿʂʉ
ȪɋɏɗɘɈɎɘɋɑɢɓɆɥ 
ɗɔɗɘɆɈɑɥɤɟɆɥ 

ȲɓɎɒɆɥ 

ɗɔɗɘɆɈɑɥɤɟɆɥ 

23



ɿʘʚʠʩʠʤʦʩʪʴ ʩʦʩʪʘʚʣʷʶʱʠʭ ʠʤʧʝʜʘʥʩʘ  ʦʪ  

ʠʟʥʦʩʘ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʩʙʦʨʢʠ ʋɿʂʉ

ȪɋɏɗɘɈɎɘɋɑɢɓɆɥ 
ɗɔɗɘɆɈɑɥɤɟɆɥ 

ȲɓɎɒɆɥ 

ɗɔɗɘɆɈɑɥɤɟɆɥ 

24



ɿʘʚʠʩʠʤʦʩʪʴ ʩʦʩʪʘʚʣʷʶʱʠʭ ʠʤʧʝʜʘʥʩʘ  ʦʪ  

ʠʟʥʦʩʘ ʠʥʩʪʨʫʤʝʥʪʘ  ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʩʙʦʨʢʠ ʋɿʂʉ
ȪɋɏɗɘɈɎɘɋɑɢɓɆɥ 
ɗɔɗɘɆɈɑɥɤɟɆɥ 

ȲɓɎɒɆɥ

ɗɔɗɘɆɈɑɥɤɟɆɥ 

25



ɿʘʚʠʩʠʤʦʩʪʴ ʬʘʟʳ ʋɿ ʠʟʣʫʯʘʪʝʣʷ ʦʪ ʠʟʥʦʩʘ 

ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʩʙʦʨʢʠ 

ʋɿʂʉ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʩʠʣʝʥʠʷ 

26



ʈɽɸʃʀɿɸʎʀʗ ʇʈʆʎɽʉʉɸ ʇʆʃʋɺʆʃʅʆɺʆʁ  

ʇʔɿʆʕʃɽʂʊʈʀʏɽʉʂʆʁ ʉʀʉʊɽʄʆʁ

27

˽͔͍͔ͪͦ͋ͪ͊ͦ͊ͭ͘͡Έ (͍͍͚ͨͦͯͦͤͦͦ͡͡, 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ ͙͔͙ͯͫͤ͡Ύ 1, 2, 4, 

6, 8, 10 )

˽͍͍͚ͦͯͦͤͦͦ͡͡ 

ͼ͙͙͙ͤ͒ͪ͡;͔͙͚ͫ͟ 

͔͍ͭͫͭͦ·͚ ͙͔ͤͫͭͪͯͣͤͭ

ό͎ͤ͊ͪͯ͊͘͟)



ɿʘʚʠʩʠʤʦʩʪʴ  ʦʪ  ʠʟʥʦʩʘ ʠʥʩʪʨʫʤʝʥʪʘ  ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʩʙʦʨʢʠ ʋɿʂʉ

ȵɔɑɓɔɋ ɈɔɑɓɔɈɔɋ 
ɗɔɕɖɔɘɎɈɑɋɓɎɋ

ȪɋɏɗɘɈɎɘɋɑɢɓɆɥ 
ɗɔɗɘɆɈɑɥɤɟɆɥ 

28



ɿʘʚʠʩʠʤʦʩʪʴ  ʦʪ  ʠʟʥʦʩʘ ʠʥʩʪʨʫʤʝʥʪʘ  ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʩʙʦʨʢʠ ʋɿʂʉ

ȺɆɍɆ ȲɓɎɒɆɥ ɗɔɗɘɆɈɑɥɤɟɆɥ 

29



ʉʍɽʄɸ ʈɽɸʃʀɿɸʎʀʀ ʇʈʆʎɽʉʉɸ 

ɺʆɿɼɽʁʉʊɺʀʗ

30

˽͔͍ͪͦ͋ͪ͊ͦ͊͘-

͔ͭ͡Έ

˶͔͍͔͊ͤ͗ͤ͊ 

(͍ͨͦͯͦͤͦ͡͡-

͍͚ͦ, 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ 1, 

1.5, 2)

˴ͦͤͼ͔ͤͭͪ͊ͭͦͪ 1 

(͍͍͚ͨͦͯͦͤͦͦ͡͡Σ 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ мΣ мΦрΣ 

2)

˴ͦͤͼ͔ͤͭͪ͊-

ͭͦ2ͪ 

(͍ͨͦͯͦͤͦ͡͡-

͍͚ͦ, 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ мΣ 

1.5, 2)

˴ͦͤͼ͔ͤͭͪ͊ͭͦͪ 3 

(͍͍͚ͨͦͯͦͤͦͦ͡͡Σ 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ мΣ мΦрΣ 

2)

˾͔ͦͤ͊ͤͫͤ͘·͚ 

͔ͨͪͦͣ͗ͯͭͦ͟ 

ό͙͗͒͊͟Ύ ͙͙͡ 

͙͙͔͗͒ͦ͒ͫͨͪͫ͟-

ͤ͊Ύͤ͊ ͎ͪͯ͊͘͟)



ɿʘʚʠʩʠʤʦʩʪʴ ʠʤʧʝʜʘʥʩʘ  ʦʪ  ʫʩʣʦʚʠʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ  ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ

31



ɿʘʚʠʩʠʤʦʩʪʴ ʠʤʧʝʜʘʥʩʘ  ʦʪ  ʫʩʣʦʚʠʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ  ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ

32



ɿʘʚʠʩʠʤʦʩʪʴ ʠʤʧʝʜʘʥʩʘ  ʦʪ  ʫʩʣʦʚʠʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ  ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ

33



ʍʘʨʘʢʪʝʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʩʪʘʚʣʷʶʱʠʭ 

ʠʤʧʝʜʘʥʩʘ  ʦʪ  ʠʟʤʝʥʝʥʠʡ ʫʩʣʦʚʠʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ
ȪɋɏɗɘɈɎɘɋɑɢɓɆɥ 
ɗɔɗɘɆɈɑɥɤɟɆɥ 

ȲɓɎɒɆɥ 

ɗɔɗɘɆɈɑɥɤɟɆɥ 

34



ʍʘʨʘʢʪʝʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʡ ʬʘʟʳ 

ʦʪ  ʠʟʤʝʥʝʥʠʡ ʫʩʣʦʚʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʩʙʦʨʢʠ ʋɿʂʉ

35



ʈɽɸʃʀɿɸʎʀʗ ʇʈʆʎɽʉʉɸ ʇʆʃʋɺʆʃʅʆɺʆʁ  

ʇʔɿʆʕʃɽʂʊʈʀʏɽʉʂʆʁ ʉʀʉʊɽʄʆʁ

36

˽͔͍͔ͪͦ͋ͪ͊ͦ͊ͭ͘͡Έ (͍͍͚ͨͦͯͦͤͦͦ͡͡, 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ ͙͔͙ͯͫͤ͡Ύ 1, 2, 4, 

6, 8, 10 )

˾͔ͦͤ͊ͤͫͤ͘·͚

͙͗͒ͦͫͭͤ͟·͚ ͙͙͡ 

͙͙͔͗͒ͦ͒ͫͨͪͫͤ͟·͚ 

͔ͨͪͦͣ͗ͯͭͦ͟ ό͎ͤ͊ͪͯ͊͘͟ύ



ɿʘʚʠʩʠʤʦʩʪʴ  ʦʪ  ʠʟʤʝʥʝʥʠʡ ʫʩʣʦʚʠʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ  ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ

ȵɔɑɓɔɋ ɈɔɑɓɔɈɔɋ 
ɗɔɕɖɔɘɎɈɑɋɓɎɋ

ȪɋɏɗɘɈɎɘɋɑɢɓɆɥ 
ɗɔɗɘɆɈɑɥɤɟɆɥ 

37



ɿʘʚʠʩʠʤʦʩʪʴ  ʦʪ  ʠʟʤʝʥʝʥʠʡ ʫʩʣʦʚʠʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ  ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʩʙʦʨʢʠ ʋɿʂʉ

ȺɆɍɆ ȲɓɎɒɆɥ ɗɔɗɘɆɈɑɥɤɟɆɥ 

38



ʉʍɽʄɸ ʈɽɸʃʀɿɸʎʀʀ ʇʈʆʎɽʉʉɸ 

ɺʆɿɼɽʁʉʊɺʀʗ ʉʇɽʎʀɸʃʔʅʓʄ 

ʀʅʉʊʈʋʄɽʅʊʆʄ

39

˽͔͍ͪͦ͋ͪ͊ͦ͊͘-

͔ͭ͡Έ

˶͔͍͔͊ͤ͗ͤ͊ 

(͍ͨͦͯͦͤͦ͡͡-

͍͚ͦ, 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ мΦрΣύ

˴ͦͤͼ͔ͤͭͪ͊ͭͦͪ 1 

(͍͍͚ͨͦͯͦͤͦͦ͡͡Σ 

ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ 

͙͔͙ͯͫͤ͡Ύ 1.5)

ȰɔɓɜɋɓɘɖɆɘɔɖ 2
ɗ ɉɖɎɇɔɈɎɊɓɡɒ 
ɎɍɑəɝɆɤɟɎɒ 
ɣɑɋɒɋɓɘɔɒ
(ɕɔɑəɈɔɑɓɔɈɔɏ, 
ɐɔɣɚɚɎɜɎɋɓɘ 

K=1.5 )

˾͔ͦͤ͊ͤͫͤ͘·͚ 

͔ͨͪͦͣ͗ͯͭͦ͟ ό͙͗͒͊͟Ύ ͙͙͡ 

͙͙͔͗͒ͦ͒ͫͨͪͫͤ͊͟Ύ

͎ͤ͊ͪͯ͊͘͟)



ɿʘʚʠʩʠʤʦʩʪʴ ʠʤʧʝʜʘʥʩʘ ʋɿ ʠʟʣʫʯʘʪʝʣʷ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʧʣʦʱʘʜʝʡ ʢʦʥʪʘʢʪʘ  ʩʦ ʩʨʝʜʦʡ

40



ɿʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ 

ʠʤʧʝʜʘʥʩʘ  ʋɿ ʠʟʣʫʯʘʪʝʣʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʧʣʦʱʘʜʝʡ ʢʦʥʪʘʢʪʘ  ʩʦ ʩʨʝʜʦʡ

41



ɿʘʚʠʩʠʤʦʩʪʴ ʤʥʠʤʦʡ ʯʘʩʪʠ ʠʤʧʝʜʘʥʩʘ  ʋɿ 

ʠʟʣʫʯʘʪʝʣʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʣʦʱʘʜʝʡ 

ʢʦʥʪʘʢʪʘ  ʩʦ ʩʨʝʜʦʡ

42


