
ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʠ ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 
ʫʩʪʨʦʡʩʪʚ ʩʙʦʨʘ ʵʥʝʨʛʠʠ ʩ ʧʦʤʦʱʴʶ ʧʴʝʟʦʘʢʪʠʚʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ

ɸ.ʅ. ʉʦʣʦʚʴʝʚ1,2, ʏʝʙʘʥʝʥʢʦ ɺ.ɸ.2,3, ɼʦ ɹ.ʊ.4,ʃʝ ɺʘʥ ɿ.4

1 ʂʨʳʤʩʢʠʡ ʠʥʞʝʥʝʨʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʌʝʚʟʠ ʗʢʫʙʦʚʘ, ʉʠʤʬʝʨʦʧʦʣʴ, ʈʦʩʩʠʷ 

2 ʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ.

3  ʖʞʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ ʈɸʅ, ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ

4  ʊʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʃʝ ʂʫʡ ɼʦʥʘ, ʍʘʥʦʡ, ɺʴʝʪʥʘʤ.



ʆʩʥʦʚʥʳʝ ʨʘʟʜʝʣʳ ʜʦʢʣʘʜʘ

2 ʠʟ 95

Åʇʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʥʘʢʦʧʣʝʥʠʷ ʵʥʝʨʛʠʠ

Åʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʦʧʪʠʤʠʟʘʮʠʷ ʢʦʥʩʦʣʴʥʦʛʦ ʇʕɻ.

Åʂʕ ʦʧʪʠʤʠʟʘʮʠʷ ʢʦʥʩʦʣʴʥʦʛʦ ʇʕɻ.

Åʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʦʧʪʠʤʠʟʘʮʠʷ ʢʦʥʩʦʣʴʥʦʛʦ ʦʩʝʚʦʛʦ (ʩʪʝʢʦʚʦʛʦ) ʇʕɻ

Åʇʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ ʜʣʷ ʌɻ ʙʠʤʦʨʬʘ ʠʟ ʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʢʠ

Åʀʜʝʥʪʠʬʠʢʘʮʠʷ ʩʚʦʡʩʪʚ ʌɻ ʙʠʤʦʨʬʘ ʠʟ ʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʢʠ

Åʂʕ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʙʠʤʦʨʬʦʚ ʩ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʧʴʝʟʦʤʘʛʥʠʪʥʳʤ ʩʣʦʝʤ

Åʇʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ ʠ ʂʕ ʤʦʜʝʣʴ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʫʧʨʫʛʦʛʦ ʙʠʤʦʬʨʘ

Åʇʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ ʠ ʂʕ ʤʦʜʝʣʴ ʜʣʷ  ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʫʧʨʫʛʦʛʦ ʙʠʤʦʬʨʘ ʩ ʫʯʝʪʦʤ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ
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1. ʋʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ, ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʜʦ 

ʥʝʢʦʪʦʨʳʭ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ, ʧʦʩʣʝ ʯʝʛʦ ʟʥʘʯʝʥʠʷ ʵʪʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʯʠʥʘʶʪ ʫʤʝʥʴʰʘʪʴʩʷ;

2. ʫʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʝʪ ʨʝʟʦʥʘʥʩʥʫʶ ʯʘʩʪʦʪʫ, ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʚʳʭʦʜʥʫʶ 

ʤʦʱʥʦʩʪʴ;

3. ʚ ʜʠʘʧʘʟʦʥʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ʤʘʢʩʠʤʘʣʴʥʘʷ ʚʳʭʦʜʥʘʷ ʤʦʱʥʦʩʪʴ ʜʦʩʪʠʛʘʝʪʩʷ, ʢʦʛʜʘ ʧʴʝʟʦʵʣʝʤʝʥʪ ʚ ʜʚʘ ʨʘʟʘ ʪʦʣʱʝ ʧʦʜʣʦʞʢʠ ʠ 

ʟʘʥʠʤʘʝʪ ʦʢʦʣʦ 80 ʧʨʦʮʝʥʪʦʚ ʝʝ ʜʣʠʥʳ;

4. ɿʘʚʠʩʠʤʦʩʪʴ ʩʤʝʱʝʥʠʷ ʢʦʥʮʘ ʙʘʣʢʠ ʦʪ ʜʣʠʥʳ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʦʣʱʠʥ ʧʴʝʟʦʵʣʝʤʝʥʪʦʚ ʠʤʝʝʪ ʩʣʦʞʥʳʡ ʚʠʜ.

5. ʯʝʤ ʜʘʣʴʰʝ ʦʪ ʪʦʨʮʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʨʘʩʧʦʣʦʞʝʥʘ ʢʦʥʪʨʦʣʴʥʘʷ ʤʘʩʩʘ, ʪʝʤ ʥʠʞʝ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ, ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʚʳʭʦʜʥʘʷ 

ʤʦʱʥʦʩʪʴ;

6. ʠʟʤʝʥʝʥʠʝ ʪʦʣʱʠʥʳ ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʥʝʣʠʥʝʡʥʦ ʚʣʠʷʝʪ ʥʘ ʚʩʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʇʕɻ;

7. ʥʘʠʙʦʣʴʰʝʝ ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʤʦʱʥʦʩʪʴ ʜʦʩʪʠʛʘʶʪʩʷ, ʢʦʛʜʘ ʤʘʩʩʘ ʨʘʩʧʦʣʦʞʝʥʘ ʚʙʣʠʟʠ ʧʴʝʟʦʵʣʝʤʝʥʪʘ, ʘ ʪʦʣʱʠʥʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ 

ʨʘʚʥʘ ʧʦʣʦʚʠʥʝ ʪʦʣʱʠʥʳ ʧʦʜʣʦʞʢʠ;

8. ʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʩʤʝʱʝʥʠʷ ʢʦʥʮʘ ʙʘʣʢʠ ʦʪ ʧʦʣʦʞʝʥʠʷ ʤʘʩʩʳ ʩʠʣʴʥʦ ʚʣʠʷʝʪ ʪʦʣʱʠʥʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ; ʯʝʤ ʪʦʣʱʝ ʧʴʝʟʦʵʣʝʤʝʥʪ, ʪʝʤ 

ʙʦʣʴʰʝ ʩʤʝʱʝʥʠʝ, ʢʦʛʜʘ ʤʘʩʩʘ ʨʘʩʧʦʣʦʞʝʥʘ ʚʙʣʠʟʠ ʧʴʝʟʦʵʣʝʤʝʥʪʘ, ʠ ʪʝʤ ʤʝʥʴʰʝ ʩʤʝʱʝʥʠʝ, ʢʦʛʜʘ ʤʘʩʩʘ ʨʘʩʧʦʣʦʞʝʥʘ ʚʙʣʠʟʠ ʢʦʥʮʘ 

ʙʘʣʢʠ.

9. ʯʝʤ ʙʣʠʞʝ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʢ ʟʘʜʝʣʢʝ, ʪʝʤ ʚʳʰʝ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ, ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʚʳʭʦʜʥʘʷ ʤʦʱʥʦʩʪʴ;

10. ʥʘʠʙʦʣʴʰʝʝ ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʤʦʱʥʦʩʪʴ ʜʦʩʪʠʛʘʶʪʩʷ, ʢʦʛʜʘ ʧʴʝʟʦʵʣʝʤʝʥʪʳ ʨʘʩʧʦʣʦʞʝʥʳ ʚʙʣʠʟʠ ʟʘʜʝʣʢʠ, ʘ ʪʦʣʱʠʥʘ 

ʧʴʝʟʦʵʣʝʤʝʥʪʘ ʨʘʚʥʘ ʪʦʣʱʠʥʝ ʧʦʜʣʦʞʢʠ;
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ɺʝʩʴ ʧʨʦʮʝʩʩ ʙʳʣ ʨʘʟʜʝʣʸʥ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʣʦ ʦʙʲʝʤ ʚʳʯʠʩʣʝʥʠʡ. 

    ʇʝʨʚʳʡ ʵʪʘʧ ʦʧʪʠʤʠʟʘʮʠʠ ʚʢʣʶʯʘʣ ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʥʘʭʦʞʜʝʥʠʷ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʳ 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠʩʦʝʜʠʥʸʥʥʦʡ ʤʘʩʩʳ (ʜʣʠʥʘ, ʪʦʣʱʠʥʘ ʠ ʪʦʯʢʘ ʥʘʯʘʣʴʥʦʛʦ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʚʜʦʣʴ ʙʘʣʢʠ), ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʝʨʚʫʶ ʩʦʙʩʪʚʝʥʥʫʶ ʯʘʩʪʦʪʫ, ʙʣʠʟʢʫʶ ʢ 26 ɻʮ. 

    ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʦʜʳ ʛʨʘʜʠʝʥʪʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ, ʯʪʦʙʳ ʫʣʫʯʰʠʪʴ ʢʦʥʬʠʛʫʨʘʮʠʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ, ʩ ʮʝʣʴʶ ʤʠʥʠʤʠʟʘʮʠʠ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʧʝʨʚʦʡ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʦʡ ʙʘʣʢʠ ʠ 

26 ɻʮ. 

    ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʚʳʯʠʩʣʷʣʘʩʴ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʥʘ 

ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ ʥʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʢʦʥʬʠʛʫʨʘʮʠʷʭ, ʩ ʚʘʨʠʘʮʠʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʣʷ ʚʩʝʡ 

ʩʠʩʪʝʤʳ. 

      ʇʦʩʣʝ ʵʪʦʛʦ ʙʳʣ ʦʧʨʝʜʝʣʸʥ ʥʘʙʦʨ ʨʘʩʯʝʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ (ʣʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʧʨʠʩʦʝʜʠʥʸʥʥʦʡ ʤʘʩʩʳ ʠ 

ʟʥʘʯʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ), ʜʣʷ ʢʦʪʦʨʳʭ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ.

ʇʨʦʮʝʩʩ ʦʧʪʠʤʠʟʘʮʠʠ
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ʇʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʟʘʜʘʯʘ

26nL=-
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ʄʝʪʦʜ ʅʝʣʜʝʨʘ-ʄʠʜʘ

#

ʅʘʯʘʣʴʥʘʷ ʪʦʯʢʘ[ʤʤ ɼʣʠʥʘ[ʤʤ] ʊʦʣʱʠʥʘ[ʤʤ]

ʅʘʯ. ʆʧʪ. ʅʘʯ. ʆʧʪ. ʅʘʯ. ʆʧʪ.

1 83 83.7 19 18.7 4.2 4.22

2 65 64.8 20 20 8 7.99

3 62.5 63.5 42.5 41.7 2,5 2.52

4 77.5 78.2 12.5 11.9 9,5 9.78

5 79.0 79.6 17 17 5,8 5.71

6 62.5 64.4 27.5 26.5 5,5 5.34

7 77.5 78.3 27.5 27.2 3 2.93

8 90 88.6 20 20.5 3 3.02

9 85 85.7 15 14.7 5,5 5.43

10 60 60 50 50 2 1.96

11 100 100 10 10 5 4.93

12 67.5 66.9 17.5 17.7 9 8.82

13 92.5 93 12.5 12 5 5.14

14 62.5 62.4 22.5 22.7 7.5 7.45

15 66 67.6 29 27.6 4.4 4.45

16 85 83.1 15 14.7 6 5.99

17 77.5 78.1 17.5 17.2 6 5.83

18 70 70.6 20 19 7 6.80
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ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ

2V
P

R
=
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ʇʘʨʘʤʝʪʨʠʯʝʩʢʠʡ ʨʝʰʘʪʝʣʴ

77.5 10c
ss < Ö 73. 10c

ps < Ö

ʢʨʠʪʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ

ʇʘ ʇʘ
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ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ

ʈʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʢʘʥʪʠʣʝʚʝʨʥʦʡ ʙʘʣʢʠ 

ʩ ʧʨʠʩʦʝʜʠʥʸʥʥʦʡ ʤʘʩʩʦʡ. ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʦʧʪʠʤʠʟʘʮʠʠ ʙʳʣʘ ʥʘʩʪʨʦʡʢʘ 

ʢʘʥʪʠʣʝʚʝʨʘ ʥʘ ʟʘʜʘʥʥʫʶ ʨʘʙʦʯʫʶ (ʚʦʟʙʫʞʜʘʶʱʫʶ) ʯʘʩʪʦʪʫ 26 ɻʮ, ʧʦʵʪʦʤʫ 

ʚʭʦʜʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʦʧʪʠʤʠʟʘʮʠʠ ʙʳʣʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ 

ʧʨʠʩʦʝʜʠʥʸʥʥʦʡ ʤʘʩʩʳ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʝʥ ʥʘʙʦʨ ʟʥʘʯʝʥʠʡ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʧʨʠʩʦʝʜʠʥʸʥʥʦʡ ʤʘʩʩʳ, ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʠʟʛʦʪʦʚʣʝʥʠʝ ʇʕɻ ʩ 

ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʡ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ. ʇʨʦʮʝʩʩ ʦʧʪʠʤʠʟʘʮʠʠ ʙʳʣ 

ʨʝʘʣʠʟʦʚʘʥ ʚ ʩʚʷʟʢʝ ʧʨʦʛʨʘʤʤʥʳʭ ʧʘʢʝʪʦʚ COMSOL Multiphysics ʠ MATLAB.
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ɺʝʢʪʦʨ ʧʦʣʷʨʠʟʘʮʠʠ

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʩʝʚʦʛʦ ʇʕɻ
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ʇʨʦʜʦʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ

ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ

ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ

3 ,3E j=-

ɺʝʢʪʦʨ ʧʝʨʝʤʝʱʝʥʠʡ

ɼʝʬʦʨʤʘʮʠʷ

3,333 ,3u we = =

( )v t

ʇʕh

- ʥʘʧʨʷʞʝʥʠʝ

- ʚʳʩʦʪʘ ʦʜʥʦʛʦ ʩʣʦʷHR - ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ

ʃʠʥʝʡʥʘʷ ʪʝʦʨʠʷ ʵʣʝʢʪʨʦʫʧʨʫʛʦʩʪʠ
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ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʦʩʝʚʦʛʦ ʇʕɻ
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ʧʨʦʥʠʮʘʝʤʦʩʪʴ
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ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ

ʉʠʩʪʝʤʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ

( )i th
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- ʥʝʠʟʚʝʩʪʥʳʝ ʦʙʦʙʱʝʥʥʳʝ ʢʦʦʨʜʠʥʘʪʳ

- ʧʨʦʙʥʳʝ ʬʫʥʢʮʠʠ

M

D

K

Ū

ʇʕC

- ʤʘʪʨʠʮʘ ʤʘʩʩ

- ʤʘʪʨʠʮʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ

- ʤʘʪʨʠʮʘ ʞʝʩʪʢʦʩʪʠ

- ʚʝʢʪʦʨ ʩʚʷʟʠ

- ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʸʤʢʦʩʪʴ
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ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ

ʇʨʦʙʥʳʝ ʬʫʥʢʮʠʠ

ʉʠʩʪʝʤʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ
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Y c SʉdS d= +ññ ññ

̒͒ͪͦ ˽Έ͔ͦ͘Ή͔͔ͣͤͭ͡
˥͔͔͙ͦͣͭͪ;͔͙͔ͫ͟ ͔ͪ͊ͣͪ͘· 6 ͣ ͣ 18Ҏ8Ҏ1 ͣ 3ͣ

˽ͦͭͤͦͫͭ͡Έ 7800 ͎͟κͣ3 7500 ͟/͎ 3ͣ

˸ͦ͒ͯ͡Έ ͎̑ͤ͊ ͙ ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ ˽ ͯ͊ͫͫͦͤ͊ 210 ˥˽͊ ͙ лΦ3 τ

͎̂ͨͪͯ͊Ύ ͙͍ͨͦ͒͊ͭͦͫͭ͡Έ τ 17Ҏ10-12 ˽ -͊1

˨͙Ή͔͙ͭͪ͟͡;͔ͫ͊͟Ύ ͨ ͙ͪͦͤͼ͔͊ͣͦͫͭΈ τ 1500
˽Έ͔ͦ͘Ή͔͙ͭͪ͟͡;͔͙͚ͫ͟ ͣͦ͒ͯ͡Έτ -307 ͨ ˴κ͡˹

( )D d h³ ³
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( )33 0/Se e

( )33d

˸͔ͦ͒͡Έ͔͍͎ͦͫͦͦ ˽̏˥

˿ͻ͔ͣ͊ ͙͔͔͎ͫͫ͒ͯͣͦͦ͡ ˽̏˥͙́͊͋͡ͼ͊Υ ͙ͫͻͦ͒ͤ·͔ ͒͊ͤͤ·͔ ˽̏˥

̏ͺͺ͔͙͍ͭͤ͊͟Ύ ͔͗ͫͭͦͫͭ͟Έ
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ɺʨʝʤʷ, ʩ

ʌʦʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ 

ʠʩʧʳʪʘʥʠʷ ʩʪʝʢʦʚʳʭ ʇʕɻ: 

1 ïʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʯʘʩʪʦʪ, 2 ï

ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʴ ʩ ʨʝʜʫʢʪʦʨʦʤ ʠ 

ʵʢʩʮʝʥʪʨʠʢʦʤ, 3 ïʨʳʯʘʛ, 4 ïʠʩʧʳʪʫʝʤʳʡ 

ʦʙʨʘʟʝʮ, 5 ï ʪʝʥʟʦʤʝʪʨʠʯʝʩʢʠʡ ʜʠʥʘʤʦʤʝʪʨ

6 ïʧʦʜʞʠʤʥʦʡ ʚʠʥʪ

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ

ʂʠʥʝʤʘʪʠʯʝʩʢʘʷ ʩʭʝʤʘ

ʌʦʨʤʘ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ, 

ʟʘʧʠʩʘʥʥʘʷ ʩ ʜʠʥʘʤʦʤʝʪʨʘ (5)
ʉʦʚʤʝʩʪʥʳʡ ʠʩʧʳʪʘʪʝʣʴʥʳʡ ʩʪʝʥʜ ʅʀʀʄʠʇʄ ʠ ʅʀʀ 

ʌʠʟʠʢʠ ʖʌʋ. 

ɸʚʪʦʨʳ: ʈʦʞʢʦʚ ɽ.ɺ., ɸʢʦʧʴʷʥ ɺ.ɸ., ɿʘʭʘʨʦʚ ʖ.ʅ.



31 ʠʟ 95

ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʸʪʥʳʭ ʜʘʥʥʳʭ

ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʥʦʛʦ  ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʝ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʟʥʘʯʝʥʠʷʭ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ: ʵ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʨ ï ʨʘʩʯʸʪ.
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ʏʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ

ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʳʭ ʚʳʭʦʜʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʤʦʱʥʦʩʪʠ 

ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʩʣʦʸʚ, ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʚʳʩʦʪʘ ʢʘʞʜʦʛʦ ʩʣʦʷ ʬʠʢʩʠʨʦʚʘʥʘ.
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ʏʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ
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ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʳʭ ʚʳʭʦʜʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʤʦʱʥʦʩʪʠ 

ʦʪ ʜʠʘʤʝʪʨʘ ʧʴʝʟʦʵʣʝʤʝʥʪʘ.
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ʏʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ
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ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʳʭ ʚʳʭʦʜʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʤʦʱʥʦʩʪʠ 

ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʩʣʦʸʚ, ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʚʳʩʦʪʘ ʩʪʝʢʘ ʬʠʢʩʠʨʦʚʘʥʘ.
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ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ

ʈʘʟʨʘʙʦʪʘʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʦʧʠʩʳʚʘʶʱʘʷ ʢʦʣʝʙʘʥʠʷ ʦʩʝʚʦʛʦ ʇʕɻ.

ʇʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʚʳʩʦʪʝ ʩʪʝʢʘ, ʩʫʱʝʩʪʚʫʝʪ ʦʧʪʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʣʦʝʚ, 

ʧʨʠ ʢʦʪʦʨʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʘʷ ʚʳʭʦʜʥʘʷ ʤʦʱʥʦʩʪʴ

ʇʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʚʳʩʦʪʝ ʩʪʝʢʘ ʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʩʣʦʝʚ 

ʩʫʱʝʩʪʚʫʝʪ ʦʧʪʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ ʩʣʦʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʤʦʱʥʦʩʪʴ.
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ʇʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ ʜʣʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʦʛʦ ʙʠʤʦʨʬʘ

ʠʟ ʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʢʠ

ɹʠʤʦʨʬ (L = 10 ʤʤ, H = 0,6 ʤʤ) ʞʝʩʪʢʦ 

ʟʘʢʨʝʧʣʝʥ ʥʘ ʣʝʚʦʤ ʢʦʥʮʝ.

* Vatul'yanA.O., RynkovaA.A. 2001. Flexural vibrations of a piezoelectric bimorph with a cut internal 

electrode. Journal of Applied Mechanics and Technical Physics;42(1): 164ï8. doi: 10.1023/A:101883740



ʋʨʘʚʥʝʥʠʷ ʠ ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ
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ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠʥʜʫʢʮʠʠ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, r - 

ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, c  - ʪʝʥʟʦʨ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ, e  - ʪʝʥʟʦʨ 
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ʟʘʨʷʜʦʚ, u  - ʚʝʢʪʦʨ ʧʝʨʝʤʝʱʝʥʠʡ,  j - ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ. 
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ʅʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ

ɿʜʝʩʴ ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʥʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ
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ʇʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ
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ʋʨʘʚʥʝʥʠʷ ʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ
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ɺʥʫʪʨʝʥʥʠʝ ʩʠʣʦʚʳʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʬʘʢʪʦʨʳ
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ʇʦʨʠʩʪʘʷ ʢʝʨʘʤʠʢʘ PZT-4

*NasedkinA. V., OganesyanP. A., Soloviev A. N. Analysis of Rosen type energy harvesting devices 

from porous piezoceramics with great longitudinal piezomodulus//ZAMM Journal of Applied 

Mathematics and Mechanics. ï2021. ïVol. 101, No 3. ïP. e202000129 (1-15).

˽͙ͦͪͫͭͦͫͭΈ, % 0 10 20 30 40 50 60 70 80
, kg/m3 7500 6750 6000 5950 4500 3750 3000 2250 1500
, Gpa 139 115.6 92.5 68.5 50.5 33.4 20.7 12.6 6.8
, Gpa 77.8 61.5 46.6 31.4 21 11.6 6.2 2.8 1.3
, Gpa 74.3 58.2 42.5 28.2 18.7 10.6 5.2 2.4 1
, Gpa 115 95.3 72.3 54.2 39.1 27.2 16.3 9.1 4.7
, Gpa 25.6 22.3 18.3 14.4 11 7.4 4.4 2.3 1
, pC/N -5.2 -4.23 -3.14 -2.07 -1.32 -0.75 -0.43 -0.21 -0.1
, pC/N 15.1 13.38 11.37 9.59 7.68 5.93 3.93 2.3 1.25
, pC/N 12.7 10.96 8.96 6.91 5 3.3 1.95 1 0.44
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ɿʘʚʠʩʠʤʦʩʪʴ ʤʘʪʝʨʠʘʣʴʥʳʭ ʢʦʥʩʪʘʥʪ ʦʪ ʧʦʨʠʩʪʦʩʪʠ
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ʈʘʩʩʤʦʪʨʠʤ ʢʦʣʝʙʘʥʠʷ ʧʣʘʩʪʠʥʳ ʥʘ ʯʘʩʪʦʪʝ 50 ɻʮ, ʧʨʠ ʫʩʣʦʚʠʠ 1 3 0V V= = ʠ 1p=  ʅ/ʤ, 

ʇʦʨʠʩʪʦʩʪʴ ʥʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʩʦʩʪʘʚʣʷʝʪ 0 %, ʘ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 50 %. 

 

ʏʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ
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ʈʘʩʩʤʦʪʨʠʤ ʢʦʣʝʙʘʥʠʷ ʧʣʘʩʪʠʥʳ ʥʘ ʯʘʩʪʦʪʝ 50 ɻʮ, ʧʨʠ ʫʩʣʦʚʠʠ 1 3 0V V= = ʠ 1p=  ʅ/ʤ, 

ʇʦʨʠʩʪʦʩʪʴ ʥʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʩʦʩʪʘʚʣʷʝʪ 50 %, ʘ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 0 %. 

 

ʏʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ
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ʈʘʩʩʤʦʪʨʠʤ ʢʦʣʝʙʘʥʠʷ ʧʣʘʩʪʠʥʳ ʥʘ ʯʘʩʪʦʪʝ 50 ɻʮ, ʧʨʠ ʫʩʣʦʚʠʠ 1 30, 1V V= = ʠ 0p=  ʅ/ʤ, 

ʇʦʨʠʩʪʦʩʪʴ ʥʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʩʦʩʪʘʚʣʷʝʪ 0 %, ʘ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 50 %. 

 

ʏʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ
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ʈʘʩʩʤʦʪʨʠʤ ʢʦʣʝʙʘʥʠʷ ʧʣʘʩʪʠʥʳ ʥʘ ʯʘʩʪʦʪʝ 50 ɻʮ, ʧʨʠ ʫʩʣʦʚʠʠ 1 30, 1V V= = ʠ 0p=  ʅ/ʤ, 

ʇʦʨʠʩʪʦʩʪʴ ʥʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʩʦʩʪʘʚʣʷʝʪ 50 %, ʘ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 0 %. 

 

ʏʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ
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ʈʘʩʩʤʦʪʨʠʤ ʢʦʣʝʙʘʥʠʷ ʧʣʘʩʪʠʥʳ ʥʘ ʯʘʩʪʦʪʝ 50 ɻʮ, ʧʨʠ ʫʩʣʦʚʠʠ 1 0V =  ʠ 1p=  ʅ/ʤ, 

ʇʦʨʠʩʪʦʩʪʴ ʥʘ ʚʥʝʰʥʝʡ ʛʨʘʥʠʮʝ ʩʦʩʪʘʚʣʷʝʪ 0 %, ʘ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 50 %. 

 

ʏʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ
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ES

D ds
µ
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˽͙ͦͪͫͭͦͫͭΈ

(͍͔ͤ΄-͍ͤͯͭͪ)

1 ͣ ͦ͒͊ 
FEM

1 ͣ ͦ͒͊ 
Theory

˽͎͔ͦͪ΄ͤͦ
ͫͭΈ

н ͣͦ͒͊ 
FEM

н ͣͦ͒͊ 
Theory

˽͎͔ͦͪ΄ͤͦ
ͫͭΈ

о ͣͦ͒͊ 
FEM

о ͣͦ͒͊ 
Theory

˽͎͔ͦͪ΄ͤͦ
ͫͭΈ

0 50 7406.7 7498.523 1.2 41046 46064 12.2 100038 125099 25

50 0 5776.0 5721 0.9 34253 35365 3.2 89127 96918 8.7

50 50 5400.9 5458 1 31231 33653 7.7 79026 91871 16.2

ʉʦʙʩʪʚʝʥʥʳʝ ʯʘʩʪʦʪʳ ʙʠʤʦʨʬʘ

ɿʘʚʠʩʠʤʦʩʪʴ ʧʝʨʚʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʦʪ ʧʦʨʠʩʪʦʩʪʠ: ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʝʸ ʧʨʦʝʢʮʠʷ ʥʘ ʧʣʦʩʢʦʩʪʴ
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ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ

f = 500 ɻʮ, p = 10 ʅ/ʤ

ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʚʳʭʦʜʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʪ ʧʦʨʠʩʪʦʩʪʠ: 

ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʧʨʦʝʢʮʠʷ ʠʟʦʣʠʥʠʡ ʥʘ ʧʣʦʩʢʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ
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ʉʤʝʱʝʥʠʝ ʢʦʥʮʘ ʧʣʘʩʪʠʥʳ ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʦʤ ʚʦʟʙʫʞʜʝʥʠʠ

ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʩʤʝʱʝʥʠʷ ʢʦʥʮʘ ʧʣʘʩʪʠʥʳ ʦʪ ʧʦʨʠʩʪʦʩʪʠ: 

ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʧʨʦʝʢʮʠʷ ʠʟʦʣʠʥʠʡ ʥʘ ʧʣʦʩʢʦʩʪʴ ʠʟʤʝʥʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ

f = 500 ɻʮ, p = 10 ʅ/ʤ
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ʉʤʝʱʝʥʠʝ ʢʦʥʮʘ ʧʣʘʩʪʠʥʳ ʧʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʚʦʟʙʫʞʜʝʥʠʠ

ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʩʤʝʱʝʥʠʷ ʢʦʥʮʘ ʧʣʘʩʪʠʥʳ ʦʪ ʧʦʨʠʩʪʦʩʪʠ: 

ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʧʨʦʝʢʮʠʷ ʠʟʦʣʠʥʠʡ ʥʘ ʧʣʦʩʢʦʩʪʴ ʠʟʤʝʥʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ

f = 500 ɻʮ, V2 = 10 ɺ
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ʉʤʝʱʝʥʠʝ ʢʦʥʮʘ (ʵʣʝʢʪʨ.) vs ʧʝʨʚʘʷ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ

ɿʘʚʠʩʠʤʦʩʪʠ ʚʝʣʠʯʠʥʳ ʩʤʝʱʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʢʦʥʮʘ ʧʣʘʩʪʠʥʳ ʧʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ 

ʚʦʟʙʫʞʜʝʥʠʠ ʠ ʧʝʨʚʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʦʪ ʧʦʨʠʩʪʦʩʪʠ: ʦʙʱʠʡ ʠ ʯʘʩʪʥʳʡ 

ʩʣʫʯʘʡ 
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ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʩʚʦʡʩʪʚ ʩ ʧʦʤʦʱʴʶ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ

22
**

11

1

e e

e

w wf f
F

f w

å õå õ --
= +æ öæ ö
ç ÷ç ÷

ʌʠʪʥʝʩ-ʬʫʥʢʮʠʷ:

f1 ï ʧʝʨʚʘʷ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ

we ïʧʨʦʛʠʙ ʧʨʠ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʚʦʟʙʫʞʜʝʥʠʠ

ɿʘʚʠʩʠʤʦʩʪʴ ʬʠʪʥʝʩ-ʬʫʥʢʮʠʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʠʩʪʦʩʪʠ: ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʧʨʦʝʢʮʠʷ

Pʚʥʝʰ = 20 %

Pʚʥʫʪ = 70 %

f1
* = 5201 ɻʮ

we
*
 = -3.43e-08 ɺ
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ɻʝʥʝʪʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ

P*
ʚʥʝʰ = 70 %

P*
ʚʥʫʪ = 20 %

f1
* = 5201 ɻʮ

we
*
 = -3.43e-08 ʤ

FitnessLimit = 1e-6

Pʚʥʝʰ = 70 %

Pʚʥʫʪ = 19.978 %
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ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ

ɼʣʷ ʧʴʝʟʦʘʢʪʠʚʥʦʛʦ ʙʠʤʦʨʬʘ ʠʟ ʌɻʇʄ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 

ʧʦ ʪʦʣʱʠʥʝ ʨʝʰʝʥʘ ʧʨʷʤʘʷ ʠ ʦʙʨʘʪʥʘʷ ʟʘʜʘʯʠ: 

Åʥʘ ʦʩʥʦʚʝ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ, ʧʦʩʪʨʦʝʥʘ ʧʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ 

ʢʦʣʝʙʘʥʠʡ ʜʣʷ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʦʡʩʪʚ (ʧʦʨʠʩʪʦʩʪʠ) ʧʦ 

ʪʦʣʱʠʥʝ; 

Åʜʣʷ ʧʨʠʥʷʪʦʛʦ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʟʘʢʦʥʘ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʧʦ ʪʦʣʱʠʥʝ, 

ʨʝʰʝʥʘ ʦʙʨʘʪʥʘʷ ʢʦʵʬʬʠʮʠʝʥʪʥʘʷ ʟʘʜʘʯʘ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ

 ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʨʝʰʝʥʘ ʩ ʧʦʤʦʱʴʶ ɻɸ: ʧʝʨʚʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ 

ʠʟʛʠʙʥʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʘʤʧʣʠʪʫʜʳ ʩʤʝʱʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʢʦʥʮʘ ʙʠʤʦʨʬʘ 

ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʢʦʣʝʙʘʥʠʡ. ʕʪʘ ʠʩʧʦʣʴʟʫʝʤʘʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ 

ʠʥʬʦʨʤʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʠʟʤʝʨʝʥʘ ʚ ʥʘʪʫʨʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ. 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʙʠʤʦʨʬʦʚ ʩ

 ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʧʴʝʟʦʤʘʛʥʠʪʥʳʤ ʩʣʦʝʤ

11

Eʉ  
12

Eʉ  13

Eʉ  
33

Eʉ  
44

Eʉ  

139 77.8 74.3 115 25.6 

31e  33e  15e  11 0/k e 33 0/k e 

-5.2 15.1 12.7 730 635 

 

11

Mʉ  
12

Mʉ  
13

Mʉ  
33

Mʉ  
44

Mʉ  

286 173 170 269.5 45.3 

31Q  33Q  15Q  11l  33l  

580.3 699.7 550 590 157 

 
ɿʜʝʩʴ 

E

ijʉ  (ɻʇʘ) - ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʧʨʫʛʦʩʪʠ, ije  

(ʂʣ/ʤ2) - ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, ijk  

ʠ 0e  - ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, 
12

0 8,85 10e -= ³  ʌ/ʤ, ʧʣʦʪʥʦʩʪʴ ʧʴʝʟʦʢʝʨʘʤʠʢʠ 

PZT-4: 7500r= ʢʛ/ʤ3. 

 

ɿʜʝʩʴ 
M

ijʉ  (ɻʇʘ) - ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʧʨʫʛʦʩʪʠ, ijQ  

(ʅ/ɸĀʤ) - ʧʴʝʟʦʤʘʛʥʠʪʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, ijl  

(10-6ĀʅĀʩ2/ʂʣ2) - ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, 

ʧʣʦʪʥʦʩʪʴ ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ ʵʣʝʤʝʥʪʘ CoFe2O4: 

5290r=  ʢʛ/ʤ3. 

ʇʴʝʟʦʵʣʝʢʪʨʠʢ: ʇʴʝʟʦʤʘʛʥʝʪʠʢ:

ɹʠʤʦʨʬ (ʜʣʠʥʘ - 10 ʤʤ) ʰʘʨʥʠʨʥʦ ʟʘʢʨʝʧʣʝʥ ʥʘ ʢʦʥʮʘʭ, 

ʚʝʨʭʥʷʷ ʠ ʥʠʞʥʷʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʴʝʟʦʵʣʝʤʝʥʪʘ 

ʵʣʝʢʪʨʦʜʠʨʦʚʘʥʳ, ʜʣʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʨʘʩʩʤʦʪʨʝʥʦ ʜʚʘ ʪʠʧʘ ʛʣʘʚʥʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ: ʚ 

ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʤʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣ ʨʘʚʝʥ ʥʫʣʶ ʥʘ 

ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ; ʚʦ ʚʪʦʨʦʤ 

ʨʘʚʝʥʩʪʚʦ ʥʫʣʶ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʦʯʝʢ 

ʟʘʢʨʝʧʣʝʥʠʷ.
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ʆʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ

, 0, .r r sWÐÖ + = ÐÖ = ÐÖ =ů f u D B

:

:

: .

T T

T

= - Ö - Ö

= + Ö

Ö

+ Ö

= + + Ö

ů c Ů e E h H

D e Ů ə E Ŭ H

B h Ů Ŭ E ɛ H

( )( )1
, .

2
,

T
j f=-Ð + Ð== Ð Ð -EŮ u u B

ů ʠ Ů - ʪʝʥʟʦʨʳ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʠ,  D  ʠ E  - ʚʝʢʪʦʨʳ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠʥʜʫʢʮʠʠ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, B  ʠ H  - 

ʚʝʢʪʦʨʳ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, r - 

ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, c  - ʪʝʥʟʦʨ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ, e  - ʪʝʥʟʦʨ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʦʜʫʣʝʡ, h  - ʪʝʥʟʦʨ ʧʴʝʟʦʤʘʛʥʠʪʥʳʭ ʤʦʜʫʣʝʡ, ə - ʪʝʥʟʦʨ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ,  Ŭ - ʪʝʥʟʦʨ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʤʦʜʫʣʝʡ, ɛ - ʪʝʥʟʦʨ ʤʘʛʥʠʪʥʳʭ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ, f  - ʚʝʢʪʦʨ ʧʣʦʪʥʦʩʪʠ 

ʤʘʩʩʦʚʳʭ ʩʠʣ, sW  - ʦʙʲʝʤʥʘʷ ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʠʭ,  ʟʘʨʷʜʦʚ, u  - ʚʝʢʪʦʨ 

ʧʝʨʝʤʝʱʝʥʠʡ,  j ʠ f - ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʠ ʤʘʛʥʠʪʥʳʡ  ʧʦʪʝʥʮʠʘʣʳ. 
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ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ

ʉʬʦʨʤʫʣʠʨʫʝʤ ʤʝʭʘʥʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ʇʫʩʪʴ ʧʦʚʝʨʭʥʦʩʪʴ S ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ 1G  ʠ 

2G, ʪʘʢ ʯʪʦ21S=GÇG, ʧʨʠʯʸʤ 1 2GÆG=Å. 

=u U  ʥʘ 1G , =Ön ů p ʥʘ 2G         

ɼʘʣʝʝ ʩʬʦʨʤʫʣʠʨʫʝʤ ʵʣʝʢʪʨʠʯʝʩʢʠ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ʇʫʩʪʴ ʧʦʚʝʨʭʥʦʩʪʴ S ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ 

ʯʘʩʪʝʡ 3G  ʠ 4G, ʪʘʢ ʯʪʦ3 4S=GÇG, ʧʨʠʯʸʤ 3 4GÆG=Å. 

( , )tj j= x  ʥʘ 3G , 0sÖ =-n D  ʥʘ 4G        

ʛʜʝ 0s  - ʧʣʦʪʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʘʨʷʜʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʩʣʫʯʘʝ ʝʩʣʠ ʵʣʝʢʪʨʦʜʳ ʧʦʜʢʣʶʯʝʥʳ ʢ 

ʚʥʝʰʥʝʡ ʮʝʧʠ, ʥʝʦʙʭʦʜʠʤʦ ʜʦʙʘʚʠʪʴ ʜʚʘ ʫʩʣʦʚʠʷ: 

,
E

E

S

S

v dS Ij = Ö =ññn D ,      (* )  

ʛʜʝ 
E

S  - ʧʣʦʱʘʜʴ ʵʣʝʢʪʨʦʜʘ, v  - ʥʝʠʟʚʝʩʪʥʳʡ ʧʦʪʝʥʮʠʘʣ, ʢʦʪʦʨʳʡ ʥʘʭʦʜʠʪʩʷ ʠʟ ʚʪʦʨʦʛʦ ʫʩʣʦʚʠʷ, I  - 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ. 

ʅʘʢʦʥʝʮ, ʩʬʦʨʤʫʣʠʨʫʝʤ ʤʘʛʥʠʪʥʳʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ʇʫʩʪʴ ʧʦʚʝʨʭʥʦʩʪʴ S ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ 

ʯʘʩʪʝʡ 5G  ʠ 6G, ʪʘʢ ʯʪʦ5 6S=GÇG, ʧʨʠʯʸʤ 5 6GÆG=Å. 

( , )tf f= x  ʥʘ 5G , 1sÖ=n B  ʥʘ 6G        

ʛʜʝ 1s  - ʧʣʦʪʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʚʦʙʦʜʥʳʭ ʪʦʢʦʚ ʚʜʦʣʴ ʛʨʘʥʠʮʳ. 
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ʂʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʤʦʜʝʣʴ

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʩʤʝʱʝʥʠʡ: 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʨʪʠʢʘʣʴʥʳʭ ʩʤʝʱʝʥʠʡ: 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ : 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʦʜʦʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ : 

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ: ʥʫʣʝʚʦʡ ʤʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣ ʚ ʪʦʯʢʘʭ ʟʘʢʨʝʧʣʝʥʠʷ

ʊʦʣʱʠʥʘ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ H1=0.3 ʤʤ, ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ H2=0.2 ʤʤ. ʇʝʨʚʘʷ ʠʟʛʠʙʥʘʷ ʤʦʜʘ. 
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ʂʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʤʦʜʝʣʴ

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ: ʥʫʣʝʚʦʡ ʤʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣ ʥʘ ʚʥʫʪʨʝʥʥʝʡ

ʧʦʚʝʨʭʥʦʩʪʠ ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ. ʇʝʨʚʘʷ ʠʟʛʠʙʥʘʷ ʤʦʜʘ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ: ʘ) ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ 

ʩʤʝʱʝʥʠʡ, ʙ) ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 

ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʧʨʠ 

H1=H2=0.2 ʤʤ, ʚ) ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 

ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʧʨʠ H1= 0.3 

ʤʤ H2=0.2 ʤʤ

ʚ)
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ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʜʣʷ ʜʠʩʢʘ

ʈʘʩʩʤʘʪʨʠʚʘʝʤʦʝ ʫʩʪʨʦʡʩʪʚʦ ʥʘʢʦʧʣʝʥʠʷ ʵʥʝʨʛʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʜʠʩʢʘ 

(ʧʦʜʣʦʞʢʘ) ʩ ʥʘʢʣʝʝʥʥʳʤʠ ʥʘ ʥʝʛʦ ʜʚʫʤʷ ʧʴʝʟʦʘʢʪʠʚʥʳʤʠ ʩʣʦʷʤʠ 
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ʂʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʤʦʜʝʣʴ

ʇʨʠ ʘʥʘʣʠʟʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝ ʩʣʝʜʫʶʱʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. ʅʘ ʣʝʚʦʤ ʢʦʥʮʝ ʟʘʜʘʥʳ ʫʩʣʦʚʠʷ 

ʩʠʤʤʝʪʨʠʠ, ʧʨʘʚʳʡ ʢʦʥʝʮ ʰʘʨʥʠʨʥʦ ʟʘʢʨʝʧʣʝʥ. ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʯʘʩʪʦʪʳ 

ʨʝʟʦʥʘʥʩʘ ʫʩʪʨʦʡʩʪʚʘ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʥʮʠʘʣʳ ʟʘʜʘʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ 1, 2; ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ 3 ʟʘʜʘʥ ʤʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣ ʠ ʧʣʦʪʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ ʟʘʜʘʥʘ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 4. ɺ ʩʣʫʯʘʝ  ʚʳʯʠʩʣʝʥʠʷ ʯʘʩʪʦʪʳ ʘʥʪʠʨʝʟʦʥʘʥʩʘ ʫʩʪʨʦʡʩʪʚʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʷʭ 1-4 ʟʘʜʘʥʳ ʪʘʢʠʝ ʞʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʢʘʢ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ 

ʯʘʩʪʦʪʳ ʨʝʟʦʥʘʥʩʘ, ʦʜʥʘʢʦ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 1 ʥʝ 

ʠʟʚʝʩʪʝʥ, ʠ ʥʘʭʦʜʠʪʩʷ ʠʟ ʫʩʣʦʚʠʷ (*)
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ʂʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʤʦʜʝʣʴ

ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʦʙʩʪʚʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ʧʴʝʟʦʵʣʝʤʝʥʪʘ, ʨʘʜʠʫʩ ʢʦʪʦʨʦʛʦ 

ʩʦʩʪʘʚʣʷʝʪ rp=9,8 ʤʤ, ʪʦʣʱʠʥʳ ʧʴʝʟʦʩʣʦʝʚ hp=0,5 ʤʤ, ʨʘʜʠʫʩ ʧʦʜʣʦʞʢʠ r=10 ʤʤ, 

ʪʦʣʱʠʥʘ ʧʦʜʣʦʞʢʠ h=0,1 ʤʤ. ɼʘʣʝʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʝʨʚʳʝ ʪʨʠ ʩʦʙʩʪʚʝʥʥʳʝ ʯʘʩʪʦʪʳ 

ʘʥʪʠʨʝʟʦʥʘʥʩʘ.

11.675 ʢɻʮ 56.748 ʢɻʮ 115.572 ʢɻʮ

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʩʤʝʱʝʥʠʷ ʥʘ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ  

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ ʦʙʨʘʟʮʝ
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ʂʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʤʦʜʝʣʴ

ʏʘʩʪʦʪʘ ʨʝʟʦʥʘʥʩʘʏʘʩʪʦʪʘ ʘʥʪʠʨʝʟʦʥʘʥʩʘ

ʂʦʵʬʬʠʮʠʝʥʪ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʩʚʷʟʠ

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʘʭ ʯʠʩʣʝʥʥʳʭ 

ʨʘʩʯʝʪʦʚ ʠʩʩʣʝʜʫʝʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʙʩʪʚʝʥʥʳʭ 

ʯʘʩʪʦʪ ʨʝʟʦʥʘʥʩʘ ʠ 

ʘʥʪʠʨʝʟʦʥʘʥʩʘ, 

ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ 

ʩʚʷʟʠ ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ

ɿʥʘʯʝʥʠʷ ʪʦʣʱʠʥʳ ʧʴʝʟʦʩʣʦʝʚ hp 

ʠʟʤʝʥʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 0,3 0,7 ʤʤ, ʘ ʪʘʢʞʝ ʠʭ 

ʟʥʘʯʝʥʠʷ ʨʘʜʠʫʩʘ rp ʠʟʤʝʥʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 

6,8 9,8 ʤʤ. 
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ʈʘʟʨʘʙʦʪʘʥʳ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʳʝ ʤʦʜʝʣʠ ʫʩʪʨʦʡʩʪʚ ʥʘʢʦʧʣʝʥʠʷ ʵʥʝʨʛʠʠ ʥʘ 

ʦʩʥʦʚʝ ʙʘʣʢʠ ʠ ʢʨʫʛʣʳʭ ʧʣʘʩʪʠʥ ʚ ʧʘʢʝʪʘʭ ACELAN ʠ ANSYS. ʈʝʰʝʥʳ ʟʘʜʘʯʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʙʩʪʚʝʥʥʳʭ ʯʘʩʪʦʪ ʨʝʟʦʥʘʥʩʘ ʠ ʘʥʪʠʨʝʟʦʥʘʥʩʘ. ʇʦʩʪʨʦʝʥʳ 

ʛʨʘʬʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʝʭʘʥʠʯʝʩʢʠʭ, ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 

ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɼʣʷ ʜʠʩʢʘ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʩʚʷʟʠ ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʫʩʪʨʦʡʩʪʚʘ: ʪʦʣʱʠʥʳ 

ʠ ʨʘʜʠʫʩʘ ʧʴʝʟʦʘʢʪʠʚʥʳʭ ʩʣʦʝʚ.

ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ
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ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʜʣʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʫʧʨʫʛʦʛʦ ʙʠʤʦʨʬʘ

ɹʠʤʦʨʬ (L = 10 ʤʤ, H = 0.6 ʤʤ) 

ʞʝʩʪʢʦ ʟʘʢʨʝʧʣʝʥ ʩ ʣʝʚʦʛʦ ʢʦʥʮʘ.

ʄʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣ ʥʘ 

ʚʥʫʪʨʝʥʥʝʡ ʛʨʘʥʠʮʝ ʨʘʚʝʥ 0. 

ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʥʘ ʦʙʦʠʭ 

ʵʣʝʢʪʨʦʜʘʭ ʨʘʚʝʥ 0.

ʅʘʙʦʣʴʰʠʭ ʚʥʝʰʥʠʭ ʛʨʘʥʷʭ ʟʘʜʘʥ 

ʤʘʛʥʠʪʥʳʡ ʧʦʪʦʢ B0 = 5 ʤʢɺʙc 

ʯʘʩʪʦʪʦʡ 1 ʢɻʮ, ʘ ʙʦʢʦʚʳʝ ï 

ʠʟʦʣʠʨʦʚʘʥʳ.
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5874r=

BaTiO3 : 80%

CoFe2O4: 20%
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ʋʨʘʚʥʝʥʠʷ ʠ ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ COMSOL

3 211

213

1

33

3

3

1

1

,

,

0,

0,

u
x z

v
x z

DD

x z

BB

x z

ss
rw

s s
rw

µµ
+ =-

µ µ

µ µ
+ =-

µ µ

µµ
+ =

µ µ

µµ
+ =

µ µ
3

4
5

11

3

4
13

11 13 31 31

13 3 3 3

15 1

33 3

,

,
2

,

u v
C C e h

x z z z

C u v
e h

z x x x

u v
C C e h

x z z z

j x
s

j x
s

j x
s

µ µ µ µ
= + + +

µ µ µ µ

µ µ µ µå õ
= + + +æ ö

µ µ µ µç ÷

µ µ µ µ
= + + +

µ µ µ µ

1 11 11

3 33

15

31 33 33

,
2

,

e u v
D

z x x x

u v
D e e

x z z z

j x
a

j x
a

µ µ µ µå õ
= + - -æ ö

µ µ µ µç ÷

µ µ µ µ
= + - -

µ µ µ µ

1 11 11

3 33

15

31 33 33

,
2

,

h u v
B

z x x x

u v
B h h

x z z z

j x
a m

j x
a m

µ µ µ µå õ
= + - -æ ö

µ µ µ µç ÷

µ µ µ µ
= + - -

µ µ µ µ

 ( ( , ),0, ( , )).u x z v x z=u



70 ͙ ͘ фр

ʂʕ ʨʝʟʫʣʴʪʘʪʳ

˾͔͔͔͙͔͊ͫͨͪ͒ͤ͡ ͎͙ͨͪͦ͋͊

˾͔͔͔͙͔͊ͫͨͪ͒ͤ͡ Ή͔͙ͭͪ͟͡;͔͎ͫͦͦ͟ ͔ͨͦͭͤͼ͙͊͊͡

˾͔͔͔͙͔͊ͫͨͪ͒ͤ͡ ͎͙͎ͣ͊ͤͭͤͦͦ ͔ͨͦͭͤͼ͙͊͊͡
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ʇʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ

ɺ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ ʠ ʛʠʧʦʪʝʟ ʂʠʨʭʛʦʬʘ-ʃʷʚʘ ʜʣʷ 

ʧʦʧʝʨʝʯʥʦʛʦ ʠʟʛʠʙʘ ʧʣʘʩʪʠʥ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ, ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʝʡ, ʧʦʣʫʯʝʥʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʦʧʠʩʳʚʘʶʱʘʷ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʠʟʛʠʙ ʙʠʤʦʨʬʘ. ʆʙʱʠʡ ʚʠʜ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʣʷ 

ʩʣʫʯʘʷ ʫʩʪʘʥʦʚʠʚʰʠʭʩʷ ʢʦʣʝʙʘʥʠʡ ʩ ʯʘʩʪʦʪʦʡ    ʧʣʦʩʢʦʛʦ ʪʝʣʘ ʠʤʝʝʪ ʚʠʜ:

ij ij i i i iH E B HDd s de d d- -=

2 2

13 13 33 13 33 33 33 33
11 11 31 31 31 31 33 33 33 33

33 33 33 33 33

 , , , ,
c c e c h e h e

c c e e h h
c c c c c

a a= - =- + =- + =- - =- -

33 0s = 33e

‫

( )2

0 0 0 0
S S

i i i i

A

HdS u u dS p u dABrw s jd d d d dy- + + =+ññ ññ ñ

 ( )

( ) ()

1 1 3 3 ,1

3 1 3 1

,

, ,

,u x x x w

u x x w x

=-

=
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ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʠ ʤʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣʳ

ʄʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣ ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʛʨʘʥʠʮʝ ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ ʧʨʠʥʠʤʘʝʪʩʷ ʨʘʚʥʳʤ ʥʫʣʶ, ʥʘ ʚʥʝʰʥʝʡ 

ʛʨʘʥʠʮʝ ʦʥ ʠʤʝʝʪ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʧʦʵʪʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʢʚʘʜʨʘʪʠʯʥʳʤ ʠ ʥʝʦʜʥʦʨʦʜʥʳʤ ʧʦ ʜʣʠʥʝ ʵʣʝʤʝʥʪʘ.

2

3 3 3 3 3
1 3 0 1 1 1 2 12

2 4 2
( , ) ( ) 1 ( ) 1 ( ) 1

x x x x x
x x V x V x V x

h h h h h
j

å õå õ å õ
= - + - + +æ öæ ö æ ö

ç ÷ ç ÷ç ÷

2

2

3 3 3 3 3
1 3 0 1 1 1 12

2 4 2
( , ) ( ) 1 ( ) 1 ( ) 1

x x x x x
x x M x M x M x

h h h h h
y

å õå õ å õ
= - + - + +æ öæ ö æ ö

ç ÷ ç ÷ç ÷

0 1 0

1 1 1

2 1 2

( ) ,

( ) ( ),

( ) .

V x V const

V x x

V x V const

= =

=F

= =

ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʠ ʚʥʝʰʥʝʤ ʵʣʝʢʪʨʦʜʝ ʧʴʝʟʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ ʧʨʠʥʠʤʘʝʪʩʷ ʨʘʚʥʳʤ 

ʥʫʣʶ, ʧʦʵʪʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʢʚʘʜʨʘʪʠʯʥʳʤ ʠ ʥʝʦʜʥʦʨʦʜʥʳʤ ʧʦ ʜʣʠʥʝ 

ʵʣʝʤʝʥʪʘ.

0 1 0

1 1 1

2 1 3 1

2

( ) ,

( ) ( ),

( ) ( ).

M x V const

M x x

M x x

= =

=

X=

X
3 3 / 2x x h= -

3 3 / 2x x h= -
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ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ

() () () ()

() () ()

2

33 33 33 33 33 11
2 2 3 2

2 2 2

31 3311 11
2 3 02 2 2

16 16 32 32 16 16

3 3 3 3 3 15

4 1616 2
0

15 15 3 3

H d
V x x x x

H H H H H dx

e HH Hd d d
x x w x M

dx dx dx H

a a

aa a

+ - F - X + X - F -

- X - X - + =

() () ()11 11 11
2 3

16 16 2
0

15 15 15

H H Hd d d
x x x

dx dx dx

a a
F + X + X =

ʋʨʘʚʥʝʥʠʝ:

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ:
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ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ

2

33 33 33 33 11
0 2 2 3 2

2 2 2

31 3311 11
2 3 02 2 2

16 32 32 16 1616
( ) ( ) ( ) ( )

3 3 3 3 3 15

4 1616 2
( ) ( ) ( ) 0

15 15 3 3

H d
V V x x x x

H H H H H dx

h HH Hd d d
x x w x M

dx dx dx H

a a m m a

mm m

+ - F - X + X - F -

- X - X - + =

11 11 11
2 3

16 16 2
( ) ( ) ( ) 0

15 15 15

H H Hd d d
x x x

dx dx dx

a m m
F + X + X =

2

33 33 33 33 33 11
0 2 2 3 2

2 2 2

31 3311 11
2 3 0 02 2 2

2 14 16 16 14 2
( ) ( ) ( ) ( )

3 3 3 3 3 15

5 22 4
( ) ( ) ( ) 2 0

15 15 3 3

H d
V V x x x x

H H H H H dx

h HH Hd d d
x x w x B M

dx dx dx H

a a a m m a

mm m

- - + F + X - X - F -

- X - X + - - =

11 11 11
2 3

2 2 4
( ) ( ) ( ) 0

15 15 15

H H Hd d d
x x x

dx dx dx

a m m
F + X + X =

ʋʨʘʚʥʝʥʠʝ ʜʣʷ          :

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ:

ʋʨʘʚʥʝʥʠʝ ʜʣʷ         :

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ:

2( )xX

3( )xX



75 ͙ ͘ фр

ʇʦʣʝ ʧʝʨʝʤʝʱʝʥʠʡ

2 2 2

31 31 31
2 3 32 2 2

32 3 2 4
2 11

2 4

4 4 5
( ) ( ) ( ) 2

3 3 3

22
( ) 2 ( ) ( ) 0

3 3

e H h H h Hd d d
x x x p H

dx dx dx

H cH d d
w x w x H w x

dx dx

rw
w r

F + X - X + -

- + + =

3 2

31 31 31 31 31 3111
2 3 02

5 4 4 5 2
0 2 ( ) ( ) ( ) ( ) 0

3 3 3 3 3 3 3

e H e H e H h H h H h HH c d
V V x x x w x M

dx
- + F + X - X + + =

3 3 2 3

31 31 31 11
2 3 3

4 4 5 2 2
( ) ( ) ( ) ( ) ( ) 0

3 3 3 3 3

e h H h H H cd d d d H d
x x x w x w x

dx dx dx dx dx

rw
- F - X + X - + =

ʋʨʘʚʥʝʥʠʝ:

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ   :( )w xd

ɻʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ   :( )w xd¡
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ʇʨʦʛʠʙ ʠ ʩʦʙʩʪʚʝʥʥʳʝ ʯʘʩʪʦʪʳ

ʄʦʜʘ
ʇʨʠʢʣ. ʪʝʦʨʠʷ, 

kHz
ʂʕ, kHz ʇʦʛʨ, %

1 10.06 9.96 1

2 62.04 57.63 7.6

3 169.39 146.2 15.8

ʉʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʦʛʠʙʘ ʧʦ ʜʣʠʥʝ ʙʠʤʦʨʬʘ ʥʘ ʦʩʥʦʚʝ ʧʨʠʢʣʘʜʥʦʡ ʪʝʦʨʠʠ ʠ ʄʂʕ.
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ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ

ʉʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʦ ʜʣʠʥʝ ʙʠʤʦʨʬʘ ʚ 

ʮʝʥʪʨʝ ʚʝʨʭʥʝʛʦ ʩʣʦʷ (ʘ) ʠ ʧʦ ʪʦʣʱʠʥʝ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʚ ʩʝʨʝʜʠʥʝ ʙʠʤʦʨʬʘ (ʙ) 

ʥʘ ʦʩʥʦʚʝ ʧʨʠʢʣʘʜʥʦʡ ʪʝʦʨʠʠ ʠ ʄʂʕ.

(ʘ) (ʙ)

ʀʟʫʯʝʥʠʝ ʨʘʟʤʝʨʘ 

ʦʙʣʘʩʪʠ 

ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʪʦʣʱʠʥʳ ʙʠʤʦʨʬʘ 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʝʸ 

ʨʘʟʤʝʨ ʧʦʨʷʜʢʘ 

ʪʦʣʱʠʥʳ ʙʠʤʦʨʬʘ.
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ʄʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣ

ʉʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʦ ʜʣʠʥʝ ʙʠʤʦʨʬʘ (ʘ) ʠ ʧʦ ʪʦʣʱʠʥʝ 

ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʚ ʩʝʨʝʜʠʥʝ ʙʠʤʦʨʬʘ (ʙ) ʥʘ ʦʩʥʦʚʝ ʧʨʠʢʣʘʜʥʦʡ ʪʝʦʨʠʠ ʠ ʄʂʕ.

(ʘ) (ʙ)
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ʉʣʫʯʘʡ, ʢʦʛʜʘ ʧʦʪʝʥʮʠʘʣ ʥʝʠʟʚʝʩʪʝʥ

3 0

ES

D ds=ññ

ʉʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʦ ʜʣʠʥʝ ʙʠʤʦʨʬʘ ʚ ʮʝʥʪʨʝ ʚʝʨʭʥʝʛʦ ʩʣʦʷ (ʘ) ʠ 

ʧʦ ʪʦʣʱʠʥʝ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʚ ʩʝʨʝʜʠʥʝ ʙʠʤʦʨʬʘ (ʙ) ʥʘ ʦʩʥʦʚʝ ʧʨʠʢʣʘʜʥʦʡ ʪʝʦʨʠʠ ʠ ʄʂʕ.

(ʘ) (ʙ)
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ʂʘʩʘʪʝʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ

ɺʳʷʩʥʠʣʦʩʴ, ʯʪʦ 

ʨʘʩʭʦʞʜʝʥʠʝ ʚ ʦʙʦʠʭ 

ʢʦʥʮʘʭ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, 

ʯʪʦ ʚ ʧʨʠʢʣʘʜʥʦʡ 

ʪʝʦʨʠʠ ʠʟ-ʟʘ ʚʚʝʜʝʥʠʷ 

ʛʠʧʦʪʝʟ ʂʠʨʭʛʦʬʘ 

ʢʘʩʘʪʝʣʴʥʳʝ 

ʥʘʧʨʷʞʝʥʠʷ ʠʩʯʝʟʘʶʪ, 

ʪʦʛʜʘ ʢʘʢ ʚ ʂʕ ʤʦʜʝʣʠ 

ʦʥʠ ʧʨʠʩʫʪʩʪʚʫʶʪ.

ʉʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʩʜʚʠʛʘ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʦ ʜʣʠʥʝ ʙʠʤʦʨʬʘ.

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʩʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ
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ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ

ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʝʪʘ ʧʦ ʧʨʝʜʣʦʞʝʥʥʦʡ ʪʝʦʨʠʠ ʩ ʧʣʦʩʢʦʡ ʟʘʜʘʯʝʡ, 

ʨʝʰʝʥʥʦʡ ʚ Comsol Multiphysics, ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʦʛʨʝʰʥʦʩʪʴ ʥʘʭʦʞʜʝʥʠʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʝʡ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 1 %. ɺ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʨʘʟʥʠʮʘ ʙʳʣʘ ʧʦʨʷʜʢʘ 5 %, ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʦʙʣʘʩʪʠ ʟʘʜʝʣʢʠ ʠ ʩʚʦʙʦʜʥʦʛʦ ʢʦʥʮʘ. ɼʠʘʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʢʘʩʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʵʪʠ ʥʘʧʨʷʞʝʥʠʷ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳ 

ʚʝʟʜʝ, ʢʨʦʤʝ ʢʦʥʮʦʚ ʢʘʥʪʠʣʝʚʝʨʘ, ʛʜʝ ʥʘʙʣʶʜʘʶʪʩʷ ʠʭ ʵʢʩʪʨʝʤʫʤʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʨʝʜʣʦʞʝʥʥʘʷ ʧʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʚʳʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʙʠʤʦʨʬʘ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ. 

ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʳʭ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥʥʘʷ 

ʧʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ ʢʦʣʝʙʘʥʠʡ ʧʴʝʟʦʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʙʠʤʦʨʬʦʚ ʩ ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʴʶ ʪʦʯʥʦʩʪʠ ʦʧʠʩʳʚʘʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʚʚʝʜʝʥʥʳʭ ʛʠʧʦʪʝʟ.
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ɹʠʤʦʨʬ (L=10 ʤʤ, H=0,6 ʤʤ) ʟʘʢʨʝʧʣʝʥ ʩ 
ʦʙʦʠʭ ʢʦʥʮʦʚ.

ʄʘʛʥʠʪʥʳʡ ʧʦʪʝʥʮʠʘʣ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 
ʛʨʘʥʠʮʝ ʨʘʚʝʥ 0. ʕʣʝʢʪʨʠʯʝʩʢʠʡ 
ʧʦʪʝʥʮʠʘʣ ʥʘ ʦʙʦʠʭ ʵʣʝʢʪʨʦʜʘʭ ʨʘʚʝʥ 0.

ʅʘ ʙʦʣʴʰʠʭ ʚʥʝʰʥʠʭ ʛʨʘʥʷʭ ʟʘʜʘʝʪʩʷ 
ʤʘʛʥʠʪʥʳʡ ʧʦʪʦʢ B0 = 5 ʤʢɺʙ ʩ ʯʘʩʪʦʪʦʡ 
1 ʢɻʮ, ʙʦʢʦʚʳʝ ʛʨʘʥʠ ʠʟʦʣʠʨʦʚʘʥʳ.

ʇʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ ʜʣʷ ʚʷʟʢʦʫʧʨʫʛʦʡ ʧʣʘʩʪʠʥʳ.
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ʆʙʱʘʷ ʬʦʨʤʘ ɼʋ ʚ ʏʇ ʜʣʷ COMSOL Multiphysics

: (1 ) T Tiwg= Ö + - Ö - Öů c Ů e E h H

 ( ( , ),0, ( , )).u x z v x z=u

3 211

213

1

33

3

3

1

1

,

,

0,

0,

u
x z

v
x z

DD

x z

BB

x z

ss
rw

s s
rw

µµ
+ =-

µ µ

µ µ
+ =-

µ µ

µµ
+ =

µ µ

µµ
+ =

µ µ

1 11 11

3 33

15

31 33 33

,
2

,

h u v
B

z x x x

u v
B h h

x z z z

j x
a m

j x
a m

µ µ µ µå õ
= + - -æ ö

µ µ µ µç ÷

µ µ µ µ
= + - -

µ µ µ µ

1 11 11

3 33

15

31 33 33

,
2

,

e u v
D

z x x x

u v
D e e

x z z z

j x
a

j x
a

µ µ µ µå õ
= + - -æ ö

µ µ µ µç ÷

µ µ µ µ
= + - -

µ µ µ µ

44
13 15 15

3

3

11 11 13 1 31

13 33 333 33 ,

(1 )

( )

,

2
1

(1 )

,

u v
C C e h

x z z z

C u v
e h

z x x x

u v
C C e

i

i

h
x z z

i
z

j x
s wg

j x
s wg

j x
s wg

µ µ µ µå õ
= + + +æ ö

µ µ µ µç ÷

µ µ µ µå õ
= + + +æ ö

µ µ µ µç ÷

µ µ µ

÷

µ
= + + +

+

+

å õ

µ
+æ

µ
ö

µ µç

i w g- ʤʥʠʤʘʷ ʝʜʠʥʠʮʘ- ʯʘʩʪʦʪʘ- ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ

ʆʩʥʦʚʥʳʝ ʫʨʘʚʥʝʥʠʷ:

ʆʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ:
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ʈʝʟʫʣʴʪʘʪʳ ʂʕ

ˢ͋ͫͦ͡Ό͔ͭͤͦ ͤ͊͘;͔͙͔ͤ ͔͔͔͙ͪ͊ͫͨͪ͒ͤ͡Ύ ͨͦ͡Ύ ͔͔͔ͨͪͣ΅͔͙͚ͤ

ˢ͋ͫͦ͡Ό͔ͭͤͦ ͤ͊͘;͔͙͔ͤ ͔͔͔͙ͪ͊ͫͨͪ͒ͤ͡Ύ Ή͔͙ͭͪ͟͡;͔͎ͫͦͦ͟ ͔ͨͦͭͤͼ͙͊͊͡

ˢ͋ͫͦ͡Ό͔ͭͤͦ ͤ͊͘;͔͙͔ͤ ͔͔͔͙ͪ͊ͫͨͪ͒ͤ͡Ύ ͎͙͎ͣ͊ͤͭͤͦͦ ͔ͨͦͭͤͼ͙͊͊͡

= 0.15g

ˣ͙ͣͦͪͺ ό[Ґмл ͣͣΣ IҐлΣс 
ͣͣύ ͔͗ͫͭͦ͟ ͊͗͊ͭ͘ ͤ͊ ͔͍ͦͣ͡ 
ͦͤ͟ͼ͔ ͙ ͍͔ͫͦ͋ͦ͒ͤ ͤ͊ 
͍ͨͪ͊ͦͣ ͦͤ͟ͼ͔Φ
˸͎͙͊ͤͭͤ·͚ ͔ͨͦͭͤͼ͙͊͡ ͤ͊ 
͍͔͔͚ͤͯͭͪͤͤ ͎͙ͪ͊ͤͼ͔ ͍͔ͪ͊ͤ 
лΦ ͔͙̏ͭͪ͟͡;͔͙͚ͫ͟ 
͔ͨͦͭͤͼ͙͊͡ ͤ͊ ͙ͦ͋ͦͻ 
Ή͔ͭͪͦ͒͊͟͡ͻ ͍͔ͪ͊ͤ лΦ
˹͊ ͋ͦ͡Έ΄͙ͻ ͍͔ͤ΄͙ͤͻ 
͎ͪ͊ͤΎͻ ͔͊͒͊ͭͫ͘Ύ ͎͙ͣ͊ͤͭͤ·͚ 
ͨͦͭͦ͟ .0 = 5 ͣ ͟ˤ͋ ͫ  
;͚͊ͫͭͦͭͦ м ͟˥ͼΣ ͍͋ͦͦ͟·͔ 
͎͙ͪ͊ͤ ͙͙͍ͦͪͦ͊ͤ͘͡·Φ
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ʇʨʠʢʣʘʜʥʘʷ ʪʝʦʨʠʷ

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ ʠ ʛʠʧʦʪʝʟ ʂʠʨʭʛʦʬʘ-ʃʷʚʘ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʦʣʝʡ ʧʨʠ ʠʟʛʠʙʝ ʧʣʘʩʪʠʥ, ʚʢʣʶʯʘʷ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦʙ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ 

ʧʦʣʷʭ, ʧʦʣʫʯʝʥʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʘʷ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʠʟʛʠʙ ʙʠʤʦʨʬʘ. ʆʙʱʠʡ ʚʠʜ 

ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʩʣʫʯʘʷ ʫʩʪʘʥʦʚʠʚʰʠʭʩʷ ʢʦʣʝʙʘʥʠʡ ʩ ʯʘʩʪʦʪʦʡ ʧʣʦʩʢʦʛʦ ʪʝʣʘ ʧʣʦʱʘʜʴʶ ‫ 

S ʠʤʝʝʪ ʚʠʜ:

( )2

0 0 0 0
S S

i i i i

A

HdS u u dS p u dABrw s jd d d d dy- + + =+ññ ññ ñ

ij ij i i i iH E B HDd s de d d- -=

2 2 2

13 13 33 13 33 33 33 33 33
11 11 31 31 31 31 33 33 33 33 33 33

33 33 33 33 33 33

 , , , ,,
c c e c h e h e

c c e e h h
c c c c c c

h
a a m m= - =- + =- + =- - =- - =- -

33 0s = 33e

 ( )

( ) ()

1 1 3 3 ,1

3 1 3 1

,

, ,

,u x x x w

u x x w x

=-

=

ï ʬʫʥʢʮʠʷ, 

ʦʧʠʩʳʚʘʶʱʘʷ ʦʪʢʣʦʥʝʥʠʝ 

ʥʝʡʪʨʘʣʴʥʦʡ ʦʩʠ. 

()1w x

11 11 11 31 3 31 3

3 31 11 33 3 33 3

3 31 11 33 3 33 3

(1 )

.

T T

T

T

c i e E h H

D e E H

B h E H

s e wg

e a

e a m

= + - -

= + +

= + +
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ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ

() () () ()

() () ()

2

33 33 33 33 33 11
2 2 3 2

2 2 2

31 3311 11
2 3 02 2 2

16 16 32 32 16 16

3 3 3 3 3 15

4 1616 2
0

15 15 3 3

H d
V x x x x

H H H H H dx

e HH Hd d d
x x w x M

dx dx dx H

a a

aa a

+ - F - X + X - F -

- X - X - + =

() () ()11 11 11
2 3

16 16 2
0

15 15 15

H H Hd d d
x x x

dx dx dx

a a
F + X + X =

ʋʨʘʚʥʝʥʠʝ:

ɻʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ
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ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ

2

33 33 33 33 11
0 2 2 3 2

2 2 2

31 3311 11
2 3 02 2 2

16 32 32 16 1616
( ) ( ) ( ) ( )

3 3 3 3 3 15

4 1616 2
( ) ( ) ( ) 0

15 15 3 3

H d
V V x x x x

H H H H H dx

h HH Hd d d
x x w x M

dx dx dx H

a a m m a

mm m

+ - F - X + X - F -

- X - X - + =

11 11 11
2 3

16 16 2
( ) ( ) ( ) 0

15 15 15

H H Hd d d
x x x

dx dx dx

a m m
F + X + X =

2

33 33 33 33 33 11
0 2 2 3 2

2 2 2

31 3311 11
2 3 0 02 2 2

2 14 16 16 14 2
( ) ( ) ( ) ( )

3 3 3 3 3 15

5 22 4
( ) ( ) ( ) 2 0

15 15 3 3

H d
V V x x x x

H H H H H dx

h HH Hd d d
x x w x B M

dx dx dx H

a a a m m a

mm m

- - + F + X - X - F -

- X - X + - - =

11 11 11
2 3

2 2 4
( ) ( ) ( ) 0

15 15 15

H H Hd d d
x x x

dx dx dx

a m m
F + X + X =

ʋʨʘʚʥʝʥʠʝ ʜʣʷ:

ɻʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ

ʋʨʘʚʥʝʥʠʝ ʜʣʷ:

ɻʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ

2( )xX

3( )xX
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ʇʦʣʝ ʧʝʨʝʤʝʱʝʥʠʡ

2 2 2

31 31 31
2 3 32 2 2

32 3 2 4
2 11

2 4

4 4 5
( ) ( ) ( ) 2

3 3 3

22
( ) 2 ( ) (1 ) ( ) 0

3 3

e H h H h Hd d d
x x x p H

dx dx dx

H cH d d
w x w x H i w x

dx dx

rw
w r wg

F + X - X + -

- + + + =

3 2

31 31 31 31 31 3111
2 3 02

5 4 4 5 2
0 2 ( ) ( ) ( ) (1 ) ( ) 0

3 3 3 3 3 3 3

e H e H e H h H h H h HH c d
V V x x x i w x M

dx
wg- + F + X - X + + + =

ʋʨʘʚʥʝʥʠʝ:

ɻʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ:( )w xd

ɻʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ:( )w xd¡


