
2. ОПРЕДЕЛЕНИЕ УРАВНОВЕШЕННОСТИ МОЛОТКОВ 

Ɉɤɪɭɠɧɚɹ ɫɤɨɪɨɫɬɶ ɦɨɥɨɬɤɨɜ ɜ ɞɪɨɛɢɥɤɚɯ – ɨɞɢɧ ɢɡ ɝɥɚɜɧɵɯ ɮɚɤ-
ɬɨɪɨɜ, ɨɩɪɟɞɟɥɹɸɳɢɯ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɪɚɛɨɱɟɝɨ ɩɪɨɰɟɫɫɚ. 

Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɧɚɢɥɭɱɲɢɯ ɩɨɤɚɡɚɬɟɥɟɣ ɪɚɛɨɬɵ ɞɪɨɛɢɥɤɢ ɨɤ-
ɪɭɠɧɚɹ ɫɤɨɪɨɫɬɶ ɦɨɥɨɬɤɨɜ ɞɨɥɠɧɚ ɛɵɬɶ ɭɜɹɡɚɧɚ ɫ ɞɪɭɝɢɦɢ ɮɚɤɬɨɪɚɦɢ: 
ɡɚɡɨɪ ɦɟɠɞɭ ɤɨɧɰɚɦɢ ɦɨɥɨɬɤɨɜ ɢ ɪɟɲɟɬɨɦ, ɤɨɥɢɱɟɫɬɜɨɦ ɦɨɥɨɬɤɨɜ, 
ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɜɥɚɠɧɨɫɬɶɸ ɩɟɪɟɪɚɛɚɬɵɜɚɟɦɨɝɨ ɩɪɨɞɭɤɬɚ, ɟɝɨ ɩɪɨɱɧɨ-
ɫɬɶɸ ɢ ɬ.ɞ. 

ɋ ɜɨɡɪɚɫɬɚɧɢɟɦ ɨɤɪɭɠɧɨɣ ɫɤɨɪɨɫɬɢ ɦɨɥɨɬɤɨɜ ɭɞɟɥɶɧɵɟ ɡɚɬɪɚɬɵ 
ɷɧɟɪɝɢɢ ɧɚ ɩɪɨɰɟɫɫ ɫɧɢɠɚɸɬɫɹ, ɧɨ ɞɨ ɨɩɪɟɞɟɥёɧɧɨɝɨ ɡɧɚɱɟɧɢɹ, ɬɚɤ ɤɚɤ
ɪɟɡɤɨ ɭɜɟɥɢɱɢɜɚɸɬɫɹ ɡɚɬɪɚɬɵ ɷɧɟɪɝɢɢ ɧɚ ɜɟɧɬɢɥɹɰɢɸ (ɪɨɬɨɪ ɞɪɨɛɢɥɤɢ
ɪɚɛɨɬɚɟɬ ɩɨɞɨɛɧɨ ɜɟɧɬɢɥɹɬɨɪɭ). ɇɚɪɹɞɭ ɫ ɷɬɢɦ, ɩɨɜɵɲɟɧɢɟ ɫɤɨɪɨɫɬɢ 
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ɦɨɥɨɬɤɨɜ ɧɚɢɛɨɥɟɟ ɫɢɥɶɧɨɟ ɜɥɢɹɧɢɟ ɨɤɚɡɵɜɚɟɬ ɧɚ ɢɧɬɟɧɫɢɮɢɤɚɰɢɸ 
ɞɢɫɩɟɪɝɢɪɨɜɚɧɢɹ, ɜɵɡɵɜɚɹ ɩɪɢ ɷɬɨɦ ɩɟɪɟɢɡɦɟɥɶɱɟɧɢɟ ɱɚɫɬɢ ɦɚɬɟɪɢɚɥɚ. 

Ɂɚɡɨɪ ɦɟɠɞɭ ɤɨɧɰɚɦɢ ɦɨɥɨɬɤɨɜ ɢ ɪɟɲɟɬɚ ɨɩɪɟɞɟɥɹɟɬ ɫɨɛɨɣ ɜɦɟ-
ɫɬɢɦɨɫɬɶ ɪɚɛɨɱɟɣ ɤɚɦɟɪɵ, ɢ ɟɫɥɢ ɨɧ ɨɤɚɠɟɬɫɹ ɧɟɞɨɫɬɚɬɨɱɧɵɦ, ɬɨ ɭɜɟ-
ɥɢɱɟɧɢɟ ɫɤɨɪɨɫɬɢ ɦɨɥɨɬɤɨɜ ɩɨɜɥɢɹɟɬ ɝɥɚɜɧɵɦ ɨɛɪɚɡɨɦ ɧɚ ɫɬɟɩɟɧɶ ɢɡ-
ɦɟɥɶɱɟɧɢɹ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɫɤɨɪɨɫɬɢ ɬɪɟɛɭɟɬɫɹ ɭɜɟɥɢ-

ɱɢɜɚɬɶ ɢ ɡɚɡɨɪ. 
ɉɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɫɤɨɪɨɫɬɢ ɫɨɭɞɚɪɟɧɢɹ ɦɨɥɨɬɤɚ ɫ ɡɟɪɧɨɦ, ɩɪɢ ɤɨ-

ɬɨɪɨɣ ɨɧɨ ɝɚɪɚɧɬɢɪɨɜɚɧɧɨ ɛɵ ɪɚɡɪɭɲɚɥɨɫɶ ɡɚ ɨɞɢɧ ɭɞɚɪ (ɪɚɡɪɭɲɚɸɳɚɹ 
ɫɤɨɪɨɫɬɶ), ȼ. ɉ. Ƚɨɪɹɱɤɢɧ ɪɟɤɨɦɟɧɞɨɜɚɥ ɨɩɢɪɚɬɶɫɹ ɧɚ ɬɟɨɪɢɸ ɤɨɥɟɛɚ-
ɧɢɣ ɬɟɥ ɩɪɢ ɭɞɚɪɟ ɢ ɧɚ ɨɫɧɨɜɟ ɬɟɨɪɢɢ ɤɨɧɬɚɤɬɧɵɯ ɧɚɩɪɹɠɟɧɢɣ Ƚɟɪɰɚ 
ɨɩɪɟɞɟɥɹɬɶ ɩɪɟɞɟɥɶɧɭɸ ɫɤɨɪɨɫɬɶ vɭɞ ɩɨ ɮɨɪɦɭɥɟ 
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ɭɞ ,                                      (2.13) 

 

ɝɞɟ σɪɚɡ – ɪɚɡɪɭɲɚɸɳɟɟ ɧɚɩɪɹɠɟɧɢɟ, ɉɚ; Е – ɦɨɞɭɥɶ ɭɩɪɭɝɨɫɬɢ ɡɟɪɧɚ, 
ɉɚ; ρ= EC0  – ɫɤɨɪɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɭɩɪɭɝɢɯ ɜɨɥɧ ɧɚɩɪɹɠɟɧɢɣ 

(ɫɤɨɪɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɡɜɭɤɚ), ɦ/ɫ; ρ – ɩɥɨɬɧɨɫɬɶ ɡɟɪɧɚ, ɤɝ/ɦ3. 

Ɋɚɫɱёɬɵ ɩɨ ɮɨɪɦɭɥɟ (2.13) ɞɚɸɬ ɛɨɥɶɲɨɟ ɪɚɫɯɨɠɞɟɧɢɟ ɦɟɠɞɭ ɮɚɤ-
ɬɢɱɟɫɤɢɦɢ ɢ ɪɚɛɨɱɢɦɢ ɫɤɨɪɨɫɬɹɦɢ ɜ ɞɪɨɛɢɥɤɚɯ (ɩɪɢɦɟɪɧɨ ɜ 8 – 15 ɪɚɡ 
ɡɧɚɱɟɧɢɹ vɭɞ ɩɨ (2.13) ɦɟɧɶɲɟ ɮɚɤɬɢɱɟɫɤɢɯ ɫɤɨɪɨɫɬɟɣ). 

ɗɬɚ ɪɚɡɧɢɰɚ ɨɛɴɹɫɧɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɬɟɨɪɢɹ Ƚɟɪɰɚ ɪɚɫɫɦɚɬɪɢɜɚɟɬ ɧɚ-
ɩɪɹɠёɧɧɨɟ ɫɨɫɬɨɹɧɢɟ ɬɟɥ ɥɢɲɶ ɜ ɩɪɟɞɟɥɚɯ ɭɩɪɭɝɢɯ ɞɟɮɨɪɦɚɰɢɣ ɢ ɧɟ 
ɤɚɫɚɟɬɫɹ ɹɜɥɟɧɢɣ, ɩɪɨɬɟɤɚɸɳɢɯ ɡɚ ɩɪɟɞɟɥɚɦɢ ɭɩɪɭɝɨɫɬɢ ɦɚɬɟɪɢɚɥɚ. 

ȼ ɞɟɣɫɬɜɢɬɟɥɶɧɨɫɬɢ ɩɪɢ ɭɞɚɪɟ ɜ ɬɨɱɤɟ ɫɨɭɞɚɪɟɧɢɹ ɬɟɥ ɜɨɡɧɢɤɚɸɬ 
ɧɚɩɪɹɠɟɧɢɹ, ɤɨɬɨɪɵɟ ɪɚɫɩɪɨɫɬɪɚɧɹɸɬɫɹ ɧɟ ɦɝɧɨɜɟɧɧɨ, ɚ ɫ ɤɨɧɟɱɧɨɣ 

ɫɤɨɪɨɫɬɶɸ ɜ ɜɢɞɟ ɜɨɥɧ ɧɚɩɪɹɠɟɧɢɣ. Ɉɬɪɚɠɟɧɢɟ ɜɨɡɦɭɳɟɧɢɣ ɨɬ ɝɪɚ-
ɧɢɱɧɵɯ ɩɨɜɟɪɯɧɨɫɬɟɣ ɜɵɡɵɜɚɟɬ ɤɨɥɟɛɚɧɢɹ ɢ ɜɢɛɪɚɰɢɸ ɜ ɬɟɥɚɯ. ȼ ɡɚɜɢ-

ɫɢɦɨɫɬɢ ɨɬ ɫɢɥɵ ɭɞɚɪɚ ɜɨɥɧɵ ɧɚɩɪɹɠɟɧɢɣ ɦɨɝɭɬ ɛɵɬɶ ɭɩɪɭɝɢɟ, ɩɪɢ 

ɤɨɬɨɪɵɯ ɞɟɮɨɪɦɚɰɢɢ ɩɨɞɱɢɧɹɸɬɫɹ ɡɚɤɨɧɭ Ƚɭ-
ɤɚ, ɢ ɩɥɚɫɬɢɱɟɫɤɢɟ (ɪɚɡɪɭɲɚɸɳɢɟ), ɩɪɢ ɤɨɬɨ-
ɪɵɯ ɧɚɩɪɹɠɟɧɢɹ ɜ ɬɟɥɟ ɩɪɟɜɨɫɯɨɞɹɬ ɩɪɟɞɟɥ 
ɭɩɪɭɝɨɫɬɢ. 

Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɪɚɡɪɭɲɚɸɳɟɣ ɫɤɨɪɨɫɬɢ 

ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɩɥɚɫɬɢɱɟɫɤɢɟ ɜɨɥɧɵ ɧɚɩɪɹɠɟ-
ɧɢɣ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɟɫɹ ɜɞɨɥɶ ɡɟɪɧɚ ɩɪɢ ɫɨ-
ɭɞɚɪɟɧɢɢ ɨ ɠёɫɬɤɭɸ ɩɪɟɝɪɚɞɭ ɩɪɢ ɞɨɩɭɳɟɧɢɢ, 

ɱɬɨ ɡɟɪɧɨ ɢɦɟɟɬ ɮɨɪɦɭ ɰɢɥɢɧɞɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠ-

ɧɹ (ɪɢɫ. 2.4) ɞɥɢɧɨɣ ɚ ɢ ɩɥɨɳɚɞɶɸ ɫɟɱɟɧɢɹ F0. 

 
 

. 2.4.   
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ɉɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱɢ ɢɫɩɨɥɶɡɭɸɬ ɦɟɬɨɞ ɠёɫɬɤɨɩɥɚɫɬɢɱɟɫɤɨɝɨ 
ɚɧɚɥɢɡɚ, ɜ ɨɫɧɨɜɟ ɤɨɬɨɪɨɝɨ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɧɟ ɫɚɦ ɩɪɨɰɟɫɫ ɞɟɮɨɪɦɢ-

ɪɨɜɚɧɢɹ, ɜɤɥɸɱɚɹ ɢ ɭɩɪɭɝɢɟ ɞɟɮɨɪɦɚɰɢɢ, ɚ ɥɢɲɶ ɟɝɨ ɨɫɬɚɬɨɱɧɨɟ ɫɨ-
ɫɬɨɹɧɢɟ. 

ɋɨɫɬɚɜɢɦ ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɧɟɞɟɮɨɪɦɢɪɨɜɚɧɧɨɣ ɱɚɫɬɢ ɫɬɟɪɠ-

ɧɹ (ɡɟɪɧɚ) ɩɨɫɥɟ ɭɞɚɪɚ: 
 

∑=ρ P
dt

du
xF0 ,                                     (2.14) 

 

ɝɞɟ ρ – ɩɥɨɬɧɨɫɬɶ ɦɚɬɟɪɢɚɥɚ (ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ ɩɨɫɬɨɹɧɧɨɣ), ɤɝ/ɦ3;  – 

ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɫɜɨɛɨɞɧɨɝɨ ɤɨɧɰɚ ɡɟɪɧɚ ɞɨ ɭɩɪɭɝɨɩɥɚɫɬɢɱɟɫɤɨɣ ɡɨɧɵ, ɦ; 

t – ɜɪɟɦɹ, ɫ; 0FP Sσ−=∑  – ɪɚɜɧɨɞɟɣɫɬɜɭɸɳɚɹ ɜɫɟɯ ɩɪɢɥɨɠɟɧɧɵɯ 

ɫɢɥ, ɜɤɥɸɱɚɹ ɢ ɫɢɥɭ ɪɟɚɤɰɢɢ ɨɬɞɟɥɹɸɳɟɣɫɹ ɦɚɫɫɵ, ɇ; σS – ɩɥɚɫɬɢɱɟ-
ɫɤɨɟ ɧɚɩɪɹɠɟɧɢɟ, ɜɨɡɧɢɤɚɸɳɟɟ ɜ ɬɟɥɟ ɩɪɢ ɪɚɡɪɭɲɟɧɢɢ, ɉɚ.  

ɉɨɞɫɬɚɜɥɹɹ ɜ (2.14) ɡɧɚɱɟɧɢɟ ∑P , ɩɨɥɭɱɢɦ 

 

S
dt

du
x σ−=ρ .                                       (2.15) 

 

ɂɡ ɪɢɫɭɧɤɚ 2.4 ɜɢɞɧɨ, ɱɬɨ ɨɞɧɨɜɪɟɦɟɧɧɨ ɩɪɨɢɫɯɨɞɢɬ ɞɟɮɨɪɦɚɰɢɹ 
ɡɟɪɧɚ (ɢɡɦɟɧɟɧɢɟ ɟɝɨ ɞɥɢɧɵ), ɤɨɬɨɪɭɸ ɦɨɠɧɨ ɨɩɢɫɚɬɶ ɭɪɚɜɧɟɧɢɟɦ ( )udtdx +−= , ɨɬɤɭɞɚ ( )udxdt +−= . 

ɉɨɞɫɬɚɜɥɹɹ ɡɧɚɱɟɧɢɟ dt ɜ (2.15) ɢ ɪɚɡɞɟɥɹɹ ɩɟɪɟɦɟɧɧɵɟ, ɩɨɥɭɱɢɦ 
 

( )
x

dx
duu Sσ=+ρ .                                  (2.16) 

 

Ɂɞɟɫɶ  ɢɡɦɟɧɹɟɬɫɹ ɨɬ  ɞɨ 1, ɝɞɟ 1 – ɜɟɥɢɱɢɧɚ ɧɟɞɟɮɨɪɦɢɪɨɜɚɧ-

ɧɨɣ ɱɚɫɬɢ ɡɟɪɧɚ. ɂɧɬɟɝɪɢɪɭɹ ɷɬɨ ɭɪɚɜɧɟɧɢɟ ɜ ɭɤɚɡɚɧɧɵɯ ɩɪɟɞɟɥɚɯ ɢ ɡɚ-
ɦɟɧɹɹ σS ɧɚ σɜɞ – ɧɚɩɪɹɠɟɧɢɟ, ɩɪɢ ɤɨɬɨɪɨɦ ɩɪɨɢɫɯɨɞɢɬ ɪɚɡɪɭɲɟɧɢɟ ɡɟɪ-
ɧɚ ɜ ɞɢɧɚɦɢɱɟɫɤɢɯ ɭɫɥɨɜɢɹɯ (ɨɩɪɟɞɟɥɹɟɬɫɹ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ), ɩɨɥɭɱɢɦ 

 ( )
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,                                (2.17) 

 

ɝɞɟ  – ɫɤɨɪɨɫɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɥɚɫɬɢɱɟɫɤɨɣ ɜɨɥɧɵ ɧɚɩɪɹɠɟɧɢɣ ɜ 
ɫɬɨɪɨɧɭ ɧɟɞɟɮɨɪɦɢɪɨɜɚɧɧɨɣ ɱɚɫɬɢ ɬɟɥɚ, ɤɨɬɨɪɚɹ ɧɚɯɨɞɢɬɫɹ ɩɨ ɜɪɟɦɟɧɢ 

ɫɨɭɞɚɪɟɧɢɹ, ɫɱɢɬɚɹ ɞɜɢɠɟɧɢɟ ɡɟɪɧɚ ɩɨɫɥɟ ɭɞɚɪɚ ɪɚɜɧɨɡɚɦɟɞɥɟɧɧɵɦ, ɦ/ɫ. 
Ɂɚ ɜɪɟɦɹ ɫɨɭɞɚɪɟɧɢɹ ɨɧɚ ɩɪɨɣɞёɬ ɩɭɬɶ 1ɭɞ 2 xatvS −== . 
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Ɉɬɫɸɞɚ ( ) ɭɞ12 vxat −= , ɧɨ ɡɚ ɷɬɨ ɜɪɟɦɹ ɡɟɪɧɨ ɞɟɮɨɪɦɢɪɭɟɬɫɹ ɫɨ 

ɫɤɨɪɨɫɬɶɸ  ɧɚ ɜɟɥɢɱɢɧɭ ( )1xa − . ɉɪɢɪɚɜɧɢɜɚɧɢɹ ɢɯ, ɩɨɥɭɱɢɦ ( ) ( )xavxa /2 1ɭɞ1 −=− , ɢɥɢ 2ɭɞv= . ɉɨɞɫɬɚɜɥɹɹ ɡɧɚɱɟɧɢɟ  ɜ 
(2.17), ɢɦɟɟɦ 
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ɂɫɩɵɬɚɧɢɹ ɩɪɨɱɧɨɫɬɢ ɡɟɪɧɚ ɜ ɫɬɚɬɢɱɟɫɤɢɯ ɢ ɞɢɧɚɦɢɱɟɫɤɢɯ ɭɫɥɨ-
ɜɢɹɯ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɞɢɧɚɦɢɱɟɫɤɢɣ ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ ɛɨɥɶɲɟ ɫɬɚɬɢɱɟ-
ɫɤɨɝɨ ɢ ɢɯ ɫɨɨɬɧɨɲɟɧɢɟ ɜɵɪɚɠɚɟɬɫɹ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɞɢɧɚɦɢɱɧɨɫɬɢ 

0,2...4,1ɫɬɜ.ɜɞɞ =σσ=k , ɝɞɟ ɫɬɜ.σ  – ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ ɜ ɫɬɚɬɢɱɟɫɤɢɯ 
ɭɫɥɨɜɢɹɯ, ɉɚ. 

ɋ ɩɨɞɫɬɚɧɨɜɤɨɣ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɡɧɚɱɟɧɢɣ ɩɨɥɭɱɚɟɦ ɜɵɪɚɠɟɧɢɟ 
ɞɥɹ ɪɚɡɪɭɲɚɸɳɟɣ ɫɤɨɪɨɫɬɢ 
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ɉɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɞɚɧɧɵɦ ɋ. ȼ. Ɇɟɥɶɧɢɤɨɜɚ, ɞɥɹ ɡёɪɟɧ ɹɱɦɟ-
ɧɹ «ȼɢɧɟɪ» ɫ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɜɥɚɠɧɨɫɬɶɸ 10…12% ɢɦɟɟɦ ρ = 1320 ɤɝ/ɦ3; 

ɫɬɜ.σ = 7 Ɇɉɚ; kɞ = 1,8; a/x1 = 1,8 (ɬ.ɟ. ɡɟɪɧɨ ɪɚɡɥɚɦɵɜɚɟɬɫɹ ɩɪɢɦɟɪɧɨ 
ɩɨɩɨɥɚɦ). 

Ʉɪɨɦɟ ɬɨɝɨ, ɬɨɥɶɤɨ ɫ ɩɨɡɢɰɢɣ ɜɨɥɧɨɜɨɣ ɬɟɨɪɢɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɧɚɩɪɹɠɟɧɢɣ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɬɚɤɢɟ ɹɜɥɟɧɢɹ ɭɞɚɪɧɨɝɨ ɪɚɡɪɭɲɟɧɢɹ 
ɤɨɪɦɨɜ, ɤɚɤ ɨɬɤɚɥɵɜɚɧɢɟ ɯɜɨɫɬɨɜɨɣ ɱɚɫɬɢ ɡɟɪɧɚ ɩɪɢ ɭɫɥɨɜɢɢ, ɱɬɨ ɡɟɪ-
ɧɨ ɭɞɚɪɢɥɨɫɶ ɨ ɩɪɟɝɪɚɞɭ «ɧɨɫɢɤɨɦ». ɉɪɢ ɭɞɚɪɟ «ɧɨɫɢɤɨɦ» ɩɨ ɬɟɥɭ 
ɡɟɪɧɚ ɩɪɨɣɞёɬ ɜɨɥɧɚ ɧɚɩɪɹɠɟɧɢɣ ɫɠɚɬɢɹ ɢ, ɞɨɣɞɹ ɞɨ ɯɜɨɫɬɨɜɨɣ ɱɚɫɬɢ, 

ɨɬɪɚɡɢɬɫɹ ɢ ɩɨɣɞёɬ ɨɛɪɚɬɧɨ ɜ ɜɢɞɟ ɜɨɥɧɵ ɪɚɫɬɹɠɟɧɢɹ. ɉɨɫɤɨɥɶɤɭ ɡɟɪ-
ɧɨɜɵɟ ɤɨɪɦɚ ɨɬɧɨɫɹɬɫɹ ɩɨ ɯɚɪɚɤɬɟɪɭ ɪɚɡɪɭɲɟɧɢɹ ɤ ɯɪɭɩɤɢɦ ɬɟɥɚɦ,               

ɭ ɤɨɬɨɪɵɯ ɩɪɟɞɟɥ ɩɪɨɱɧɨɫɬɢ ɧɚ ɪɚɫɬɹɠɟɧɢɟ ɜ 5 – 10 ɪɚɡ ɦɟɧɶɲɟ ɩɪɟɞɟ-
ɥɚ ɩɪɨɱɧɨɫɬɢ ɧɚ ɫɠɚɬɢɟ, ɬɨ ɩɨ ɫɥɚɛɨɦɭ ɦɟɫɬɭ ɢ ɩɪɨɢɡɨɣɞёɬ ɨɬɤɚɥɵɜɚ-
ɧɢɟ ɯɜɨɫɬɨɜɨɣ ɱɚɫɬɢ ɡɟɪɧɚ, ɨɬɪɚɠёɧɧɨɣ ɜɨɥɧɨɣ ɪɚɫɬɹɠɟɧɢɹ ɞɚɠɟ ɩɪɢ 

ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɥɚɛɨɦ ɭɞɚɪɟ. 
Ɋɚɛɨɱɢɟ ɫɤɨɪɨɫɬɢ ɦɨɥɨɬɤɨɜ ɜ ɞɪɨɛɢɥɤɚɯ ɧɟ ɨɛɟɫɩɟɱɢɜɚɸɬ ɭɫɥɨɜɢɹ 

ɞɥɹ ɨɞɧɨɤɪɚɬɧɨɝɨ ɪɚɡɪɭɲɟɧɢɹ ɡɟɪɧɚ ɜ ɫɢɥɭ ɬɨɝɨ, ɱɬɨ ɜ ɞɪɨɛɢɥɶɧɨɣ ɤɚ-
ɦɟɪɟ ɜɨɡɞɭɲɧɨ-ɩɪɨɞɭɤɬɨɜɵɣ ɫɥɨɣ ɜɪɚɳɚɟɬɫɹ ɩɨ ɩɟɪɢɮɟɪɢɢ ɪɨɬɨɪɚ ɢ 
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ɞɟɣɫɬɜɢɬɟɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɫɨɭɞɚɪɟɧɢɹ ɦɨɥɨɬɤɨɜ ɫ ɡɟɪɧɨɦ ɛɭɞɟɬ ɦɟɧɶɲɟ. 
ɉɨɷɬɨɦɭ ɫɤɨɪɨɫɬɶ ɦɨɥɨɬɤɨɜ ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɨɞɧɨɤɪɚɬɧɨɝɨ ɪɚɡɪɭɲɟɧɢɹ 
ɞɨɥɠɧɚ ɛɵɬɶ 

( )ɫɥɪɚɡɫɥɪɚɡɦ 1 β+=+= vvvv ,                          (2.20) 

ɝɞɟ ɫɥv  – ɫɤɨɪɨɫɬɶ ɰɢɪɤɭɥɹɰɢɢ ɜɨɡɞɭɲɧɨ-ɩɪɨɞɭɤɬɨɜɨɝɨ ɫɥɨɹ, ɦ/ɫ; 

.0,4...0,5ɪɚɡɫɥɫɥ ==β vv

ɂɡ ɨɩɢɫɚɧɢɹ ɪɚɛɨɱɟɝɨ ɩɪɨɰɟɫɫɚ ɞɪɨɛɢɥɤɢ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɜ ɞɟɣɫɬ-
ɜɢɬɟɥɶɧɨɫɬɢ ɜ ɤɚɦɟɪɟ ɢɦɟɟɬ ɦɟɫɬɨ ɦɧɨɝɨɤɪɚɬɧɨɟ ɭɞɚɪɧɨɟ ɜɨɡɞɟɣɫɬɜɢɟ
ɦɨɥɨɬɤɨɜ ɧɚ ɦɚɬɟɪɢɚɥ, ɩɨɷɬɨɦɭ ɪɚɛɨɱɢɟ ɫɤɨɪɨɫɬɢ ɦɨɠɧɨ ɩɪɢɧɢɦɚɬɶ 
ɧɟɫɤɨɥɶɤɨ ɦɟɧɶɲɢɦɢ. 

ȿɫɥɢ ɜ (2.19) ɩɪɢɧɹɬɶ ɪɚɡɦɟɪ x1 ɡɚ ɫɪɟɞɧɢɣ ɪɚɡɦɟɪ ɱɚɫɬɢɰ, ɩɨɥɭ-
ɱɚɟɦɵɯ ɜ ɪɟɡɭɥɶɬɚɬɟ ɨɞɧɨɤɪɚɬɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ, ɬ.ɟ. 1 ɫɪx d= , ɚ ɪɚɡɦɟɪ 
ɡɟɪɧɚ  ɜɵɪɚɡɢɬɶ ɱɟɪɟɡ ɷɤɜɢɜɚɥɟɧɬɧɵɣ ɞɢɚɦɟɬɪ, ɬɨ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 

ɷ25,2 Da = , λ== 25,225,2 ɫɪɷ1 dDxa . 

ɉɪɨɥɨɝɚɪɢɮɦɢɪɨɜɚɜ ɩɪɚɜɭɸ ɱɚɫɬɶ ɩɨɫɥɟɞɧɟɝɨ ɜɵɪɚɠɟɧɢɹ, ɩɨɥɭ-
ɱɢɦ λ+=λ ln3,281,025,2ln . 

Ɉɛɨɡɧɚɱɢɜ ɜ (2.19) ρσ= ɫɬɜ.ɞɡ kk , ɩɨɥɭɱɢɦ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɨɩɪɟ-

ɞɟɥɟɧɢɹ ɪɚɡɪɭɲɚɸɳɟɣ ɫɤɨɪɨɫɬɢ ɪɚɡv′ ɦɨɥɨɬɤɨɜ ɩɪɢ ɦɧɨɝɨɤɪɚɬɧɨɦ ɜɨɡ-
ɞɟɣɫɬɜɢɢ ɧɚ ɦɚɬɟɪɢɚɥ 

( )λ+=′ ln3,281,0ɡɪɚɡ kv .                             (2.21) 

ɑɢɫɥɨ ɭɞɚɪɨɜ ɭɞz  ɨɩɪɟɞɟɥёɧɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɤɨɬɨɪɨɟ ɬɪɟɛɭɟɬ-

ɫɹ ɧɚɧɟɫɬɢ ɩɨ ɡɟɪɧɭ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɡɚɞɚɧɧɨɣ ɫɬɟɩɟɧɢ ɢɡɦɟɥɶɱɟɧɢɹ λ, 

ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨ ɮɨɪɦɭɥɟ  

( ) ( )445,01ɭɞ −λλ=−= xaaz . 

Ⱦɪɨɛɢɥɶɧɵɣ ɛɚɪɚɛɚɧ ɫ ɲɚɪɧɢɪɧɨ-ɩɨɞɜɟɲɟɧɧɵɦɢ ɦɨɥɨɬɤɚɦɢ
ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɤɜɚɡɢɭɩɪɭɝɭɸ ɞɢɧɚɦɢɱɟɫɤɭɸ ɫɢɫɬɟɦɭ, ɨɛɥɚɞɚɸ-

ɳɭɸ «ɩɨɞɚɬɥɢɜɨɫɬɶɸ» ɡɜɟɧɶɟɜ, ɬɚɤ ɤɚɤ ɦɨɥɨɬɤɢ ɢɦɟɸɬ ɞɜɟ ɫɬɟɩɟɧɢ
ɫɜɨɛɨɞɵ. ɒɚɪɧɢɪɧɨ ɩɨɞɜɟɲɟɧɧɵɣ ɦɨɥɨɬɨɤ ɞɪɨɛɢɥɤɢ ɪɚɛɨɬɚɟɬ ɩɨ
ɩɪɢɧɰɢɩɭ ɮɢɡɢɱɟɫɤɨɝɨ ɦɚɹɬɧɢɤɚ, ɩɪɢɤɪɟɩɥёɧɧɨɝɨ ɤ ɛɵɫɬɪɨɜɪɚɳɚɸ-

ɳɟɦɭɫɹ ɞɢɫɤɭ ɛɚɪɚɛɚɧɚ ɜ ɩɨɥɟ ɜɨɫɫɬɚɧɚɜɥɢɜɚɸɳɢɯɫɹ ɰɟɧɬɪɨɛɟɠɧɵɯ 
ɫɢɥ ɩɟɪɟɧɨɫɧɨɝɨ ɜɪɚɳɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ, ɢ ɬɪɟɧɢɟɦ ɜ ɲɚɪɧɢɪɟ. 
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Ɋɢɫ. 2.5. ɋɢɥɵ, ɞɟɣɫɬɜɭɸɳɢɟ ɧɚ ɦɨɥɨɬɨɤ ( ), ɢ ɫɯɟɦɚ ɪɚɛɨɬɵ ɦɨɥɨɬɤɚ ( ) 

 
Ⱥɧɚɥɢɡ ɞɜɢɠɟɧɢɹ ɦɨɥɨɬɤɚ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɪɟɚɤɰɢɹ ɨɬ ɭɞɚɪɧɵɯ 

ɢɦɩɭɥɶɫɨɜ ɧɟ ɛɭɞɟɬ ɩɟɪɟɞɚɜɚɬɶɫɹ ɨɬ ɦɨɥɨɬɤɚ ɧɚ ɩɚɥɟɰ, ɚ ɱɟɪɟɡ ɧɟɝɨ ɢ 

ɧɚ ɩɨɞɲɢɩɧɢɤɢ ɜɚɥɚ ɪɨɬɨɪɚ, ɟɫɥɢ ɨɫɶ ɲɚɪɧɢɪɚ ɦɨɥɨɬɤɚ ɫɨɜɩɚɞɚɟɬ ɫ 
ɰɟɧɬɪɨɦ ɟё ɤɚɱɟɧɢɹ. ɉɪɢ ɧɟɩɪɚɜɢɥɶɧɨɦ ɩɨɞɜɟɫɟ ɦɨɥɨɬɤɨɜ ɪɟɚɤɰɢɹ 
ɭɞɚɪɚ ɜɵɡɵɜɚɟɬ ɜɢɛɪɚɰɢɸ ɞɪɨɛɢɥɤɢ ɢ ɩɨɜɵɲɟɧɧɵɣ ɢɡɧɨɫ ɩɨɞɲɢɩɧɢ-

ɤɨɜ ɜɚɥɚ ɪɨɬɨɪɚ. 
Ɋɚɫɫɦɨɬɪɢɦ ɫɯɟɦɭ ɫɢɥ, ɞɟɣɫɬɜɭɸɳɢɯ ɧɚ ɦɨɥɨɬɨɤ ɫ ɨɞɧɢɦ ɨɬɜɟɪ-

ɫɬɢɟɦ ɜ ɪɚɛɨɱɟɦ ɩɪɨɰɟɫɫɟ (ɪɢɫ. 2.5, ). ȿɫɥɢ ɭɱɟɫɬɶ, ɱɬɨ ɭɞɚɪɵ ɩɨ ɦɚ-
ɬɟɪɢɚɥɭ ɦɨɥɨɬɨɤ ɧɚɧɨɫɢɬ ɫɜɨɢɦ ɜɧɟɲɧɢɦ ɤɨɧɰɨɦ, ɬɨ ɫ ɧɟɛɨɥɶɲɨɣ ɩɨ-
ɝɪɟɲɧɨɫɬɶɸ ɡɚ ɰɟɧɬɪ ɭɞɚɪɚ ɦɨɠɧɨ ɩɪɢɧɹɬɶ ɬɨɱɤɭ ɩɟɪɟɫɟɱɟɧɢɹ ɩɪɨ-
ɞɨɥɶɧɨɣ ɨɫɟɜɨɣ ɥɢɧɢɢ ɦɨɥɨɬɤɚ ɫ ɟɝɨ ɜɧɟɲɧɟɣ ɝɪɚɧɶɸ. ɉɨɦɢɦɨ ɭɞɚɪ-
ɧɨɣ ɫɢɥɵ  (ɬɨɱɧɟɟ, ɪɟɚɤɰɢɢ ɨɬ ɭɞɚɪɚ), ɞɟɣɫɬɜɭɟɬ ɢɧɟɪɰɢɨɧɧɚɹ ɫɢɥɚ 

dtmcdω  ɢ ɫɢɥɚ ɪɟɚɤɰɢɢ ɲɚɪɧɢɪɚ R. Ɍɪɟɧɢɟɦ ɦɨɥɨɬɤɚ ɨ ɫɥɨɣ ɦɚɬɟɪɢɚ-
ɥɚ ɩɪɟɧɟɛɪɟɝɚɟɦ. 

ȼ ɫɥɭɱɚɟ ɪɚɜɧɨɜɟɫɢɹ ɦɨɥɨɬɤɚ ɫɭɦɦɚ ɩɪɨɟɤɰɢɣ ɫɢɥ ɧɚ ɨɫɶ -  ɢ 

ɫɭɦɦɚ ɦɨɦɟɧɬɨɜ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɲɚɪɧɢɪɚ ɪɚɜɧɵ ɧɭɥɸ, ɬ.ɟ. 
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ɝɞɟ  – ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɨɫɢ ɩɨɞɜɟɫɚ ɞɨ ɰɟɧɬɪɚ ɬɹɠɟɫɬɢ ɦɨɥɨɬɤɚ, ɦ; l – 

ɪɚɫɫɬɨɹɧɢɟ ɨɬ ɨɫɢ ɩɨɞɜɟɫɚ ɞɨ ɧɚɪɭɠɧɨɣ ɝɪɚɧɢ ɦɨɥɨɬɤɚ, ɦ; m – ɦɚɫɫɚ 
ɦɨɥɨɬɤɚ, ɤɝ; dtdω  – ɭɝɥɨɜɨɟ ɭɫɤɨɪɟɧɢɟ ɦɨɥɨɬɤɚ ɜɨ ɜɪɟɦɹ ɭɞɚɪɚ ɫ–2;               

J – ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ ɦɨɥɨɬɤɚ; dtmcdω  – ɫɢɥɚ ɢɧɟɪɰɢɢ ɦɨɥɨɬ-
ɤɚ, ɤɝ⋅ɦ/ɫ2; dtmcdω  – ɭɫɤɨɪɟɧɢɟ ɜ ɰɟɧɬɪɟ ɬɹɠɟɫɬɢ ɦɨɥɨɬɤɚ, ɦ/ɫ2. 

ɉɨɞɫɬɚɜɥɹɹ ɡɧɚɱɟɧɢɟ ɫɢɥɵ  (2.22) ɢɡ ɩɟɪɜɨɝɨ ɜɵɪɚɠɟɧɢɹ ɜɨ ɜɬɨ-
ɪɨɟ, ɩɨɥɭɱɢɦ ( ) dtdmclJR ω−= . Ɉɬɫɸɞɚ ɫɥɟɞɭɟɬ, ɱɬɨ ɧɟɡɚɜɢɫɢɦɨ ɨɬ 
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ɫɢɥɵ ɭɞɚɪɚ ɢ ɭɝɥɨɜɨɝɨ ɭɫɤɨɪɟɧɢɹ ɪɟɚɤɰɢɹ ɲɚɪɧɢɪɚ R ɪɚɜɧɚ ɧɭɥɸ ɩɪɢ 

ɭɫɥɨɜɢɢ 0=−mclJ . ȿɫɥɢ 2ρ= mJ , ɝɞɟ ρ – ɪɚɞɢɭɫ ɢɧɟɪɰɢɢ ɦɨɥɨɬɤɚ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɲɚɪɧɢɪɚ, ɦ, ɬɨ  

 

cl=ρ2 .                                            (2.23) 
 

ȼ (2.23) ɪɚɫɫɬɨɹɧɢɟ l ɧɚɡɵɜɚɸɬ ɩɪɢɜɟɞёɧɧɨɣ ɞɥɢɧɨɣ ɮɢɡɢɱɟɫɤɨɝɨ 
ɦɚɹɬɧɢɤɚ. Ɇɨɥɨɬɤɢ, ɭɞɨɜɥɟɬɜɨɪɹɸɳɢɟ ɭɫɥɨɜɢɸ (2.23), ɧɚɡɵɜɚɸɬɫɹ 
«ɭɪɚɜɧɨɜɟɲɟɧɧɵɟ ɧɚ ɭɞɚɪ». 

ɉɪɟɧɟɛɪɟɝɚɹ ɩɥɨɳɚɞɶɸ ɨɬɜɟɪɫɬɢɹ, ɞɥɹ ɦɨɥɨɬɤɚ ɜ ɜɢɞɟ ɩɪɹɦɨ-
ɭɝɨɥɶɧɨɣ ɩɥɚɫɬɢɧɵ 

 

12

22

0

ba +=ρ ,                                        (2.24) 

 

ɝɞɟ ρ0 – ɪɚɞɢɭɫ ɢɧɟɪɰɢɢ ɦɨɥɨɬɤɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɰɟɧɬɪɚ ɬɹɠɟɫɬɢ, ɦ. 

Ɋɚɞɢɭɫ ɢɧɟɪɰɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɲɚɪɧɢɪɚ (ɩɪɢ ɩɚɪɚɥɥɟɥɶɧɨɦ 

ɩɟɪɟɧɨɫɟ ɨɫɟɣ) ( ) 222222
0 12 ccac ++=+ρ=ρ . 

ȿɫɥɢ ɭɞɚɪ ɩɪɢɯɨɞɢɬɫɹ ɧɚ ɤɨɧɟɰ ɦɨɥɨɬɤɚ, ɬɨ 2acl +=  ɢ ɩɨɞɫɬɚɜ-
ɥɹɹ ɡɧɚɱɟɧɢɹ c ɢ l ɜ (2.23), ɩɨɥɭɱɢɦ 

 

a

ba
c

6

22 += ,                                        (2.25) 

 

ɝɞɟ  – ɞɥɢɧɚ ɦɨɥɨɬɤɚ, ɦ; b – ɲɢɪɢɧɚ ɦɨɥɨɬɤɚ, ɦ. 

Ⱦɥɹ ɦɨɥɨɬɤɨɜ ɬɚɤɨɣ ɠɟ ɮɨɪɦɵ, ɧɨ ɫ ɞɜɭɦɹ ɨɬɜɟɪɫɬɢɹɦɢ ɞɢɚɦɟɬ-
ɪɨɦ d ɷɬɨ ɪɚɫɫɬɨɹɧɢɟ ɪɚɜɧɨ 

 

B
AA

c ++=
42

2

,                                   (2.26) 

 

ɝɞɟ 222 adbaA −π= , ( ) 86 2222 ddbaabB +π+= . 

ɉɪɢ ɭɞɚɪɟ ɩɨ ɤɭɫɤɚɦ ɦɨɥɨɬɨɤ ɜ ɧɟɤɨɬɨɪɵɯ ɫɥɭɱɚɹɯ ɦɨɠɟɬ ɫɨɜɟɪ-
ɲɚɬɶ ɤɨɥɟɛɚɧɢɹ ɧɚ ɧɟɤɨɬɨɪɵɣ ɭɝɨɥ ϕ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ɲɚɪɧɢɪɚ 
(ɪɢɫ. 2.5, ). ɗɬɨ ɜɵɡɵɜɚɟɬ ɢɡɦɟɧɟɧɢɟ ɦɨɦɟɧɬɚ ɢɧɟɪɰɢɢ ɛɚɪɚɛɚɧɚ ɢ ɟɝɨ 
ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɜɪɚɳɟɧɢɹ. 

Ⱦɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɭɫɬɨɣɱɢɜɨɫɬɢ ɞɜɢɠɟɧɢɹ ɦɨɥɨɬɤɚ ɪɟɤɨɦɟɧɞɭɟɬɫɹ 
ɩɨɞɛɢɪɚɬɶ ɪɚɡɦɟɪɵ ɦɨɥɨɬɤɚ l ɢ ɪɚɞɢɭɫ ɩɨɞɜɟɫɚ ɦɨɥɨɬɤɚ Rɩ ɩɨ ɭɫɥɨɜɢɸ 

 

lR 25,2ɩ = ,   lR 4ɩ = .                                (2.27) 
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