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Ɋɚɡɪɚɛɨɬɚɧɚ ɦɟɬɨɞɢɤɚ ɫɚɦɨɫɨɝɥɚɫɨɜɚɧɧɨɝɨ ɪɚɫɱɟɬɚ ɤɨɧɬɚɤɬɚ ɪɨɥɢɤɚ ɫ ɭɩɪɭɝɨɣ ɩɥɚɫɬɢɧɨɣ ɤɨɧɟɱɧɵɯ ɪɚɡ-
ɦɟɪɨɜ ɩɪɢ ɧɚɥɢɱɢɢ ɫɦɚɡɨɱɧɨɝɨ ɫɥɨɹ ɫ ɭɱɟɬɨɦ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɜɹɡɤɨɫɬɢ ɨɬ ɞɚɜɥɟɧɢɹ. Кɥɸɱɟɜɵɦ 

ɦɨɦɟɧɬɨɦ ɹɜɥɹɟɬɫɹ ɨɩɪɟɞɟɥɟɧɢɟ ɮɭɧɤɰɢɣ ɩɨɞɚɬɥɢɜɨɫɬɢ, ɭɫɬɚɧɚɜɥɢɜɚɸɳɢɯ ɮɭɧɤɰɢɨɧɚɥɶɧɭɸ ɫɜɹɡɶ ɞɟɮɨɪɦɚ-
ɰɢɣ ɩɨɜɟɪɯɧɨɫɬɟɣ ɪɨɥɢɤɚ ɢ ɩɥɚɫɬɢɧɵ ɫ ɞɚɜɥɟɧɢɟɦ ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ. Ⱦɥɹ ɪɚɫɱɟɬɚ ɮɭɧɤɰɢɣ ɩɨɞɚɬɥɢɜɨɫɬɢ ɩɪɢ-
ɦɟɧɹɟɬɫɹ ɢɡɜɟɫɬɧɵɣ ɩɪɨɝɪɚɦɦɧɵɣ ɤɨɦɩɥɟɤɫ ANSYS, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɦɟɬɨɞɟ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɚ ɬɚɤɠɟ ɪɚɡ-
ɥɨɠɟɧɢɟ Ɏɭɪɶɟ. Ⱦɥɹ ɭɫɬɪɚɧɟɧɢɹ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɲɭɦɨɜ ɬɢɩɚ ɦɟɥɤɨɦɚɫɲɬɚɛɧɵɯ ɨɫɰɢɥɥɹɰɢɣ ɜɜɨɞɹɬɫɹ ɪɟɝɭɥɹ-
ɪɢɡɢɪɭɸɳɢɟ ɦɧɨɠɢɬɟɥɢ ɞɥɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ Ɏɭɪɶɟ. ɇɚɣɞɟɧɧɵɟ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɫɚ-
ɦɨɫɨɝɥɚɫɨɜɚɧɧɨɝɨ ɪɚɫɱɟɬɚ ɞɚɜɥɟɧɢɹ ɢ ɩɪɨɝɢɛɚ ɩɨɜɟɪɯɧɨɫɬɟɣ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ ɩɨ ɩɪɟɞɥɨɠɟɧɧɨɣ ɢɬɟɪɚɰɢɨɧɧɨɣ 
ɫɯɟɦɟ. ɉɪɟɞɫɬɚɜɥɟɧɵ ɤɨɧɤɪɟɬɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɞɚɜɥɟɧɢɹ ɢ ɞɟɮɨɪɦɚɰɢɣ ɜ ɨɛɥɚɫɬɢ ɤɨɧɬɚɤɬɚ ɪɨɥɢɤɚ  
ɢ ɩɥɚɫɬɢɧɵ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɧɚɝɪɭɡɨɤ. ɉɨɤɚɡɚɧɚ ɛɵɫɬɪɚɹ ɫɯɨɞɢɦɨɫɬɶ ɢɬɟɪɚɰɢɣ. ɉɪɢ ɷɬɨɦ ɧɟɨɛɯɨɞɢɦɨɟ ɱɢɫɥɨ 
ɢɬɟɪɚɰɢɣ ɡɚɜɢɫɢɬ ɨɬ ɧɚɝɪɭɡɤɢ ɧɚ ɪɨɥɢɤ: ɜɨɡɪɚɫɬɚɧɢɟ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɤɨɧɬɚɤɬɧɨɝɨ ɞɚɜɥɟɧɢɹ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢ-
ɱɟɧɢɸ ɱɢɫɥɚ ɢɬɟɪɚɰɢɨɧɧɵɯ ɰɢɤɥɨɜ.  
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This article deals with the problem of the hydrodynamic contact of a roller with finite size elastic plate. The lubri-

cant viscosity coefficient is assumed to be a function of the pressure. Generally, this problem requires joined solution of 

the 2-D hydrodynamic Reynolds’ equations and 3-D equations of solid mechanics. Our approach allows one to de-

couple the task of solid mechanics from the hydrodynamic task. At the first step, we solve the task of solid mechanics 

and find the compliance matrix, which establishes a functional relationship between surface deflections and pressure 

distributions along the lubricant layer. Determined ones, this matrix can be used for any pressure distributions along 

the lubrication layer. At the second step, we implement the obtained compliance matrix for solving the hydrodynamic 

problem. To find the compliance matrices, we apply the well known ANSYS package based on the finite element method, 

and also the Fourier series expansion. For suppressing the numerical noise-like small scaled oscillations we introduce 

regularization factors for the Fourier coefficients. The determined compliance matrices are used for self-consistent cal-

culation of the pressure and surface deflections by the proposed iterative scheme. The particular results of calculations 

of pressure distributions and surface deformations are presented for different loadings. Fast convergence of the itera-

tions is shown. Number of iterations depends on the loading conditions: An enhancement of the maximal contact pres-

sure leads to increase of the number of the required iteration cycles.  

 

Keyword: iterations, contact interaction, lubricant layer. 
  

ȼɜɟɞɟɧɢɟ. Ɋɚɫɱɟɬ ɭɩɪɭɝɨɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɤɨɧ-

ɬɚɤɬɚ ɪɨɥɢɤɚ ɫ ɞɟɮɨɪɦɢɪɭɟɦɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ ɹɜɥɹɟɬ-
ɫɹ ɞɨɜɨɥɶɧɨ ɫɥɨɠɧɨɣ ɡɚɞɚɱɟɣ, ɬɚɤ ɤɚɤ ɬɪɟɛɭɟɬ ɫɨɜɦɟ-
ɫɬɧɨɝɨ ɪɟɲɟɧɢɹ ɭɪɚɜɧɟɧɢɣ ɝɢɞɪɨɞɢɧɚɦɢɤɢ ɜ ɫɦɚɡɨɱ-
ɧɨɦ ɫɥɨɟ ɢ ɭɪɚɜɧɟɧɢɣ ɭɩɪɭɝɨɫɬɢ ɜ ɞɟɮɨɪɦɢɪɭɟɦɨɦ 

ɬɟɥɟ. Эɬɚ ɡɚɞɚɱɚ ɬɟɫɧɨ ɫɜɹɡɚɧɚ ɫ ɩɪɨɛɥɟɦɨɣ ɦɨɞɟɥɢɪɨ-
ɜɚɧɢɹ ɩɨɞɲɢɩɧɢɤɨɜ ɤɚɱɟɧɢɹ, ɤɨɬɨɪɵɟ ɲɢɪɨɤɨ ɢɫ-
ɩɨɥɶɡɭɸɬɫɹ ɜɨ ɦɧɨɝɢɯ ɬɟɯɧɢɱɟɫɤɢɯ ɭɫɬɪɨɣɫɬɜɚɯ. ɋɥɟ-
ɞɭɟɬ ɨɫɨɛɨ ɨɬɦɟɬɢɬɶ ɩɪɢɦɟɧɟɧɢɟ ɩɨɞɲɢɩɧɢɤɨɜ ɤɚɱɟ-
ɧɢɹ ɜ ɚɜɢɚɰɢɨɧɧɵɯ ɢ ɪɚɤɟɬɧɵɯ ɞɜɢɝɚɬɟɥɹɯ, ɝɞɟ ɨɧɢ 
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ɩɨɞɜɟɪɝɚɸɬɫɹ ɩɪɟɞɟɥɶɧɵɦ ɧɚɩɪɹɠɟɧɢɹɦ. Ȼɨɥɶɲɢɟ 
ɫɢɥɵ ɢ ɷɤɫɬɪɟɦɚɥɶɧɵɟ ɬɟɦɩɟɪɚɬɭɪɵ ɡɚɫɬɚɜɥɹɸɬ ɞɟɬɚ-
ɥɢ ɪɚɛɨɬɚɬɶ ɧɚ ɩɪɟɞɟɥɟ ɢɯ ɬɟɯɧɢɱɟɫɤɢɯ ɜɨɡɦɨɠɧɨɫɬɟɣ. 

ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɨɧɢ ɞɨɥɠɧɵ ɨɬɜɟɱɚɬɶ ɫɚɦɵɦ ɫɬɪɨɝɢɦ 

ɬɪɟɛɨɜɚɧɢɹɦ ɛɟɡɨɩɚɫɧɨɫɬɢ. Эɬɨ ɧɚɤɥɚɞɵɜɚɟɬ ɩɨɜɵ-

ɲɟɧɧɵɟ ɬɪɟɛɨɜɚɧɢɹ ɤ ɬɨɱɧɨɫɬɢ ɪɚɫɱɟɬɚ ɪɚɛɨɱɢɯ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤ ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɩɨɞɲɢɩɧɢɤɚ. 
ɉɪɢ ɷɬɨɦ ɤɨɪɪɟɤɬɧɵɣ ɪɚɫɱɟɬ ɞɟɮɨɪɦɚɰɢɣ ɪɚɛɨɱɢɯ 
ɩɨɜɟɪɯɧɨɫɬɟɣ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɫɦɚɡɤɢ ɫɬɚɧɨɜɢɬɫɹ ɤɥɸ-

ɱɟɜɨɣ ɡɚɞɚɱɟɣ.  

ɉɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱɢ ɢ ɩɨɞɯɨɞɵ ɤ ɪɟɲɟɧɢɸ ɨɛɫɭɠ-

ɞɚɥɢɫɶ ɜ ɪɚɛɨɬɚɯ [1–10], ɜ ɤɨɬɨɪɵɯ ɪɚɫɫɦɚɬɪɢɜɚɥɫɹ 
ɤɨɧɬɚɤɬ ɪɨɥɢɤɚ ɫ ɭɩɪɭɝɢɦ ɩɨɥɭɩɪɨɫɬɪɚɧɫɬɜɨɦ. ȼ ɷɬɢɯ 
ɪɚɛɨɬɚɯ ɞɥɹ ɪɚɫɱɟɬɚ ɡɨɧɵ ɤɨɧɬɚɤɬɚ ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ 
ɢɧɬɟɝɪɚɥɶɧɨɟ ɭɪɚɜɧɟɧɢɟ ɫɜɹɡɢ ɞɚɜɥɟɧɢɹ P ɢ ɞɟɮɨɪɦɚ-
ɰɢɢ δ: 

 

( ) ( ) ( )į ' ' 'x P x K x x dx

∞

−∞

= −∫ , (1) 

ɝɞɟ 1 2( ') ( ') ( ')K x x K x x K x x− = − + −
 

– ɫɭɦɦɚɪɧɚɹ 
ɮɭɧɤɰɢɹ ɩɨɞɚɬɥɢɜɨɫɬɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɚɹ ɜɥɢɹɧɢɟ 
ɞɚɜɥɟɧɢɹ ɜ ɬɨɱɤɟ 'x  ɧɚ ɩɪɨɝɢɛ ɜ ɬɨɱɤɟ x; K1 – ɮɭɧɤ-
ɰɢɹ ɩɨɞɚɬɥɢɜɨɫɬɢ ɭɩɪɭɝɨɣ ɩɥɚɫɬɢɧɵ; K2 – ɮɭɧɤɰɢɹ 
ɩɨɞɚɬɥɢɜɨɫɬɢ ɪɨɥɢɤɚ. ȼ ɩɭɛɥɢɤɚɰɢɹɯ [2; 3] ɞɟɮɨɪɦɚ-
ɰɢɹ ɪɨɥɢɤɚ ɜɨɨɛɳɟ ɧɟ ɭɱɢɬɵɜɚɥɚɫɶ (K2 = 0), ɚ ɜɦɟɫɬɨ 
ɩɥɚɫɬɢɧɵ ɪɚɫɫɦɚɬɪɢɜɚɥɨɫɶ ɭɩɪɭɝɨɟ ɩɨɥɭɩɪɨɫɬɪɚɧɫɬ-
ɜɨ, ɞɥɹ ɤɨɬɨɪɨɝɨ ɮɭɧɤɰɢɹ ɩɨɞɚɬɥɢɜɨɫɬɢ K1 ɢɦɟɟɬ ɩɪɨ-
ɫɬɨɣ ɚɧɚɥɢɬɢɱɟɫɤɢɣ ɜɢɞ:  

 

( )22 1 2
( ') Ln

π '

m L
K x x

E x x

− ⎛ ⎞
− = ⎜ ⎟⎜ ⎟−⎝ ⎠

, (2) 

ɝɞɟ m ɢ E – ɤɨɷɮɮɢɰɢɟɧɬ ɉɭɚɫɫɨɧɚ ɢ ɦɨɞɭɥɶ ɭɩɪɭɝɨ-
ɫɬɢ ɦɚɬɟɪɢɚɥɚ. Ɉɞɧɚɤɨ ɜ ɪɟɚɥɶɧɨɦ ɫɥɭɱɚɟ ɤɨɧɬɚɤɬɚ 
ɪɨɥɢɤɚ ɫ ɩɥɚɫɬɢɧɨɣ ɤɨɧɟɱɧɨɣ ɬɨɥɳɢɧɵ ɮɭɧɤɰɢɹ ɩɨ-
ɞɚɬɥɢɜɨɫɬɢ ɡɚɜɢɫɢɬ ɨɬ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, 
ɢ ɟɟ ɩɨɜɟɞɟɧɢɟ ɧɟ ɨɩɢɫɵɜɚɟɬɫɹ ɩɪɨɫɬɨɣ ɥɨɝɚɪɢɮɦɢɱɟ-
ɫɤɨɣ ɮɨɪɦɭɥɨɣ (2). ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɨɬɫɭɬɫɬɜɭɸɬ ɚɧɚɥɢ-
ɬɢɱɟɫɤɢɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ ɢ 
ɧɟɨɛɯɨɞɢɦɨ ɩɪɢɜɥɟɤɚɬɶ ɱɢɫɥɟɧɧɵɟ ɦɟɬɨɞɵ ɪɟɲɟɧɢɹ 
ɡɚɞɚɱɢ. ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɩɨɫɬɪɨɟɧɢɟ 
ɦɟɬɨɞɚ ɱɢɫɥɟɧɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢɹ ɮɭɧɤɰɢɣ ɩɨɞɚɬɥɢɜɨ-
ɫɬɢ ɤɨɧɬɚɤɬɢɪɭɸɳɢɯ ɩɨɜɟɪɯɧɨɫɬɟɣ ɞɥɹ ɫɥɭɱɚɹ ɤɨɧ-
ɬɚɤɬɚ ɪɨɥɢɤɚ ɤɨɧɟɱɧɨɣ ɞɥɢɧɵ ɫ ɭɩɪɭɝɢɦ ɬɟɥɨɦ ɤɨɧɟɱ-
ɧɨɣ ɬɨɥɳɢɧɵ ɩɪɢ ɧɚɥɢɱɢɢ ɫɦɚɡɤɢ. Ⱦɥɹ ɜɵɩɨɥɧɟɧɢɹ 
ɪɚɫɱɟɬɨɜ ɩɪɢɜɥɟɤɚɟɬɫɹ ɢɡɜɟɫɬɧɵɣ ɜɵɱɢɫɥɢɬɟɥɶɧɵɣ 
ɤɨɦɩɥɟɤɫ ANSYS.  

Ɉɩɢɫɚɧɢɟ ɦɟɬɨɞɚ ɪɚɫɱɟɬɚ. ɉɪɟɞɥɚɝɚɟɦɵɣ ɦɟɬɨɞ 
ɪɚɫɱɟɬɚ ɦɨɠɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɞɥɹ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ 
ɩɨɞɲɢɩɧɢɤɨɜ ɤɚɱɟɧɢɹ. Ɍɚɤ ɤɚɤ ɪɚɞɢɭɫ ɪɨɥɢɤɚ ɨɱɟɧɶ 
ɦɚɥ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɪɚɞɢɭɫɨɦ ɤɨɥɶɰɚ, ɩɨ ɤɨɬɨɪɨɦɭ ɨɧ 
ɤɚɬɢɬɫɹ, ɬɨ ɦɨɠɧɨ ɩɪɢɛɥɢɠɟɧɧɨ ɩɪɢɧɹɬɶ ɜɧɟɲɧɟɟ 
ɤɨɥɶɰɨ ɩɨɞɲɢɩɧɢɤɚ ɩɥɨɫɤɨɣ ɩɥɚɫɬɢɧɨɣ [7]. Ⱦɥɹ ɢɥ-
ɥɸɫɬɪɚɰɢɢ ɦɟɬɨɞɚ ɪɚɫɫɦɨɬɪɢɦ ɤɨɧɬɚɤɬɧɨɟ ɜɡɚɢɦɨ-
ɞɟɣɫɬɜɢɟ ɰɢɥɢɧɞɪɢɱɟɫɤɨɝɨ ɪɨɥɢɤɚ ɫ ɞɜɢɠɭɳɟɣɫɹ ɩɥɚ-
ɫɬɢɧɨɣ, ɩɨɤɪɵɬɨɣ ɫɥɨɟɦ ɫɦɚɡɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ (ɪɢɫ. 1). 
ȼɟɫɶ ɯɨɞ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɪɚɡɛɢɜɚɟɦ ɧɚ ɬɪɢ ɷɬɚɩɚ. 
ɇɚ ɩɟɪɜɨɦ ɷɬɚɩɟ ɨɩɪɟɞɟɥɹɟɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɞɚɜɥɟ-

ɧɢɹ ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ ɢɡ ɪɟɲɟɧɢɹ ɭɪɚɜɧɟɧɢɹ Ɋɟɣ-
ɧɨɥɶɞɫɚ: 

 

3

0exp( α ) 6μP h
h P V

x x x

∂ ∂ ∂⎛ ⎞ ⎛ ⎞− =⎜ ⎟ ⎜ ⎟∂ ∂ ∂⎝ ⎠ ⎝ ⎠
, (3) 

ɝɞɟ P – ɞɚɜɥɟɧɢɟ ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ; V – ɫɤɨɪɨɫɬɶ ɞɜɢ-

ɠɟɧɢɹ ɩɥɚɫɬɢɧɵ; μ0 – ɞɢɧɚɦɢɱɟɫɤɚɹ ɜɹɡɤɨɫɬɶ ɦɚɫɥɚ 
ɩɪɢ ɧɨɪɦɚɥɶɧɨɦ ɞɚɜɥɟɧɢɢ; α – ɩɶɟɡɨɤɨɷɮɮɢɰɢɟɧɬ 
ɞɚɜɥɟɧɢɹ [11]. Ɉɫɶ x ɨɪɢɟɧɬɢɪɨɜɚɧɚ ɜ ɧɚɩɪɚɜɥɟɧɢɢ 

ɞɜɢɠɟɧɢɹ ɩɥɚɫɬɢɧɵ.  

 

 
 
Ɋɢɫ. 1. ɋɯɟɦɚ ɪɚɫɩɨɥɨɠɟɧɢɹ ɪɨɥɢɤɚ, ɩɥɚɫɬɢɧɵ  

ɢ ɫɥɨɹ ɠɢɞɤɨɝɨ ɫɦɚɡɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ 
 

ɉɪɟɞɩɨɥɚɝɚɹ, ɱɬɨ ɪɚɡɦɟɪ ɨɛɥɚɫɬɢ ɤɨɧɬɚɤɬɚ ɰɢɥɢɧɞ-
ɪɚ ɢ ɩɥɚɫɬɢɧɵ ɦɚɥ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɪɚɞɢɭɫɨɦ ɪɨɥɢɤɚ R, 

ɩɨɥɭɱɚɟɦ ɫɥɟɞɭɸɳɟɟ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɬɨɥɳɢɧɵ ɫɥɨɹ 
ɫɦɚɡɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ [2]: 

 
( )2( ) / 2m mh h x x R= + − , (4) 

ɝɞɟ hm – ɦɢɧɢɦɚɥɶɧɚɹ ɬɨɥɳɢɧɚ ɫɦɚɡɨɱɧɨɝɨ ɫɥɨɹ;  
xm – ɤɨɨɪɞɢɧɚɬɚ ɬɨɱɤɢ ɦɢɧɢɦɚɥɶɧɨɝɨ ɡɚɡɨɪɚ. Ɏɨɪɦɭ- 
ɥɚ (4), ɜ ɤɨɬɨɪɨɣ ɩɨɤɚ ɧɟ ɭɱɬɟɧɵ ɭɩɪɭɝɢɟ ɞɟɮɨɪɦɚɰɢɢ 

ɩɨɜɟɪɯɧɨɫɬɢ, ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɝɨ ɪɚɫ-
ɱɟɬɚ ɞɚɜɥɟɧɢɹ ɜ ɨɛɥɚɫɬɢ ɤɨɧɬɚɤɬɚ. Ⱦɟɮɨɪɦɚɰɢɢ ɛɭɞɭɬ 
ɭɱɬɟɧɵ ɜ ɞɚɥɶɧɟɣɲɟɦ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɢɬɟɪɚɰɢɣ, 

ɨɩɢɫɚɧɧɵɯ ɜ ɩɨɫɥɟɞɧɟɦ ɪɚɡɞɟɥɟ.  
Ƚɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɫɥɭɱɚɟ 

ɢɦɟɸɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ [1; 2]: 

 
( ) ( ) ( )1 2 2 0

dP
P x P x x

dx
= = = , (5) 

ɝɞɟ x1 ɢ x2 – ɜɯɨɞɧɚɹ ɢ ɜɵɯɨɞɧɚɹ ɝɪɚɧɢɰɵ ɫɦɚɡɨɱɧɨɝɨ 
ɫɥɨɹ.  
Ⱦɥɹ ɭɞɨɛɫɬɜɚ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɜɜɨɞɢɦ ɛɟɡɪɚɡɦɟɪ-

ɧɵɟ ɩɟɪɟɦɟɧɧɵɟ: 
1/2( ) / ( ) ,m mx x x h R= −   ( )3/ 2 / 6μ ,mq P h V R=  

1/ 2/ ( ) .mt tV h R=  

ɉɨɫɥɟ ɩɟɪɟɯɨɞɚ ɤ ɛɟɡɪɚɡɦɟɪɧɵɦ ɩɟɪɟɦɟɧɧɵɦ 

ɭɪɚɜɧɟɧɢɟ Ɋɟɣɧɨɥɶɞɫɚ (3) ɩɪɢɧɢɦɚɟɬ ɛɨɥɟɟ ɩɪɨɫɬɨɣ 

ɜɢɞ: 

 

( ) ( )3
exp( α ) ,

H xq
H x q

x x x

∂∂ ∂⎛ ⎞− =⎜ ⎟∂ ∂ ∂⎝ ⎠
 (6) 

ɝɞɟ ( ) 21 / 2;H x x= +  
3/2

0α 6αμ / .mV R h=  

ɉɨɥɨɠɟɧɢɹ ɜɯɨɞɧɨɣ ɢ ɜɵɯɨɞɧɨɣ ɝɪɚɧɢɰ ɛɭɞɟɦ ɯɚ-
ɪɚɤɬɟɪɢɡɨɜɚɬɶ ɛɟɡɪɚɡɦɟɪɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ a ɢ b:  

( )
( )

( )
( )

1 2

1/2 1/2
, .

m m

m m

x x x x
a b

R h R h

− −
= =  

Ɂɧɚɱɟɧɢɟ ɩɚɪɚɦɟɬɪɚ a ɡɚɜɢɫɢɬ ɨɬ ɤɨɥɢɱɟɫɬɜɚ ɫɦɚɡ-
ɤɢ. ȼ ɫɥɭɱɚɟ ɨɛɢɥɶɧɨɣ ɫɦɚɡɤɢ ɩɨɥɚɝɚɸɬ a = –∞ [2–4]. 
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ɂɧɬɟɝɪɢɪɭɹ ɭɪɚɜɧɟɧɢɟ (6) ɢ ɢɫɩɨɥɶɡɭɹ ɧɭɥɟɜɨɟ 
ɝɪɚɧɢɱɧɨɟ ɭɫɥɨɜɢɟ (5) ɞɥɹ ɩɪɨɢɡɜɨɞɧɨɣ ɮɭɧɤɰɢɢ ɞɚɜ-
ɥɟɧɢɹ ɩɪɢ x = x2, ɩɨɥɭɱɚɟɦ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɭɪɚɜ-
ɧɟɧɢɟ ɩɟɪɜɨɝɨ ɩɨɪɹɞɤɚ: 

 

( ) ( )
( )

( )
( )

2 2

3 3
2

/ 2
exp( α )

1 / 2

x bH x H bq
q

x H x x

−−∂
− = =

∂ +
. (7) 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɭɪɚɜɧɟɧɢɹ (7) ɧɚɯɨ-
ɞɢɦ ɮɭɧɤɰɢɸ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɭɸ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɞɚɜ-
ɥɟɧɢɹ ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ ɢ ɡɚɜɢɫɹɳɭɸ ɨɬ ɩɚɪɚɦɟɬɪɚ b: 

( )
( )

2

2 2

2 2
2

1 exp( α ( )) π 2 3
arctan 1

α 2 4 22

3 1
  2 1 .

2 2 22

q x x
b

x x
b b

xx

⎛ ⎞− − ⎛ ⎞ ⎛ ⎞= + − −⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠⎝ ⎠

⎛ ⎞
⎛ ⎞⎛ ⎞⎜ ⎟− + + −⎜ ⎟⎜ ⎟⎜ ⎟ +⎝ ⎠⎝ ⎠+⎝ ⎠

  (8) 

ɇɟɢɡɜɟɫɬɧɵɣ ɩɚɪɚɦɟɬɪ b ɨɩɪɟɞɟɥɹɟɦ ɫ ɩɨɦɨɳɶɸ 
ɝɪɚɧɢɱɧɨɝɨ ɭɫɥɨɜɢɹ q(b) = 0, ɢɡ ɤɨɬɨɪɨɝɨ ɫɥɟɞɭɟɬ 
ɬɪɚɧɫɰɟɧɞɟɧɬɧɨɟ ɭɪɚɜɧɟɧɢɟ 
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(9) 

Ɋɟɲɚɹ ɭɪɚɜɧɟɧɢɟ (9) ɱɢɫɥɟɧɧɨ ɦɟɬɨɞɨɦ ɇɶɸɬɨɧɚ, 
ɧɚɯɨɞɢɦ ɡɧɚɱɟɧɢɟ ɢɫɤɨɦɨɝɨ ɩɚɪɚɦɟɬɪɚ: b = 0,67155. 
ɉɨɞɫɬɚɜɥɹɹ ɧɚɣɞɟɧɧɨɟ ɡɧɚɱɟɧɢɟ b ɜ ɭɪɚɜɧɟɧɢɟ (8), 
ɩɨɥɭɱɚɟɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɞɚɜɥɟɧɢɹ ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ, 
ɭɞɨɜɥɟɬɜɨɪɹɸɳɟɟ ɜɫɟɦ ɝɪɚɧɢɱɧɵɦ ɭɫɥɨɜɢɹɦ. 
ɇɚ ɜɬɨɪɨɦ ɷɬɚɩɟ ɧɚɣɞɟɧɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɞɚɜɥɟ-

ɧɢɹ ɢɫɩɨɥɶɡɭɟɦ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɩɪɨɝɢɛɚ ɭɩɪɭɝɨɣ 
ɩɨɜɟɪɯɧɨɫɬɢ, ɤɨɧɬɚɤɬɢɪɭɸɳɟɣ ɫ ɪɨɥɢɤɨɦ, ɢ ɞɟɮɨɪɦɚ-
ɰɢɢ ɫɚɦɨɝɨ ɪɨɥɢɤɚ. Ⱦɥɹ ɷɬɨɝɨ ɩɪɢɦɟɧɹɟɦ ɩɪɨɝɪɚɦ- 
ɦɧɵɣ ɤɨɦɩɥɟɤɫ ANSYS, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɦɟɬɨɞɟ ɤɨ-
ɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ [12]. ȼ ɧɟɦ ɫɬɪɨɢɬɫɹ ɦɨɞɟɥɶ ɩɥɚ-
ɫɬɢɧɵ ɢ ɪɨɥɢɤɚ, ɤɨɬɨɪɵɟ ɪɚɡɛɢɜɚɸɬɫɹ ɫɟɬɤɨɣ ɧɚ ɷɥɟ-
ɦɟɧɬɚɪɧɵɟ ɤɨɧɟɱɧɵɟ ɷɥɟɦɟɧɬɵ. ɉɪɢ ɪɚɡɛɢɟɧɢɢ ɧɚ 
ɷɥɟɦɟɧɬɵ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ, ɱɬɨ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ 
ɫɟɬɤɚ ɞɨɥɠɧɚ ɛɵɬɶ ɫɬɪɨɝɨ ɭɩɨɪɹɞɨɱɟɧɧɨɣ ɢ ɞɨɫɬɚɬɨɱ-
ɧɨ ɦɟɥɤɨɣ ɞɥɹ ɛɨɥɟɟ ɬɨɱɧɨɝɨ ɪɚɫɱɟɬɚ. ɇɚ ɝɪɚɧɢɱɧɵɯ 
ɭɡɥɚɯ ɫɟɬɤɢ ɜ ɨɛɥɚɫɬɢ ɤɨɧɬɚɤɬɚ ɡɚɞɚɟɬɫɹ ɧɚɣɞɟɧɧɨɟ ɧɚ 
ɩɟɪɜɨɦ ɷɬɚɩɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɞɚɜɥɟɧɢɹ. Ⱦɚɥɟɟ ɜɵɩɨɥ-
ɧɹɟɬɫɹ ɪɚɫɱɟɬ ɜ ANSYS, ɩɨɫɥɟ ɤɨɬɨɪɨɝɨ ɫɧɢɦɚɸɬɫɹ 
ɩɨɤɚɡɚɧɢɹ ɩɪɨɝɢɛɨɜ ɤɨɧɬɚɤɬɢɪɭɸɳɢɯ ɩɨɜɟɪɯɧɨɫɬɟɣ, 
ɤɨɬɨɪɵɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɜ ɞɚɥɶɧɟɣɲɟɦ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ 
ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ. 
ɇɚ ɬɪɟɬɶɟɦ ɷɬɚɩɟ ɨɩɪɟɞɟɥɹɟɦ ɮɭɧɤɰɢɢ ɩɪɨɝɢɛɨɜ 

ɧɚ ɨɫɧɨɜɟ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɚ ANSYS ɢ ɢɧɬɟɝɪɚɥɶɧɨɣ 

ɮɨɪɦɭɥɵ (1). Ⱦɥɹ ɢɫɤɨɦɵɯ ɮɭɧɤɰɢɣ ɩɨɞɚɬɥɢɜɨɫɬɢ 
ɢɫɩɨɥɶɡɭɟɦ ɪɚɡɥɨɠɟɧɢɟ Ɏɭɪɶɟ ɫɥɟɞɭɸɳɟɝɨ ɜɢɞɚ:  
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∑ , (10) 

ɝɞɟ l – ɢɧɬɟɪɜɚɥ ɢɡɦɟɧɟɧɢɹ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ 
(ɩɨɪɹɞɤɚ ɞɥɢɧɵ ɤɨɧɬɚɤɬɚ). 
ɉɨɞɫɬɚɜɥɹɟɦ ɜɵɪɚɠɟɧɢɟ (10) ɜ ɭɪɚɜɧɟɧɢɟ (1),  
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ɢ ɢɧɬɟɝɪɢɪɭɟɦ ɨɬ –l / 2 ɞɨ l / 2. ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɨɥɭɱɚɟɦ 
ɫɢɫɬɟɦɭ ɥɢɧɟɣɧɵɯ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ ɭɪɚɜɧɟɧɢɣ ɨɬɧɨɫɢ-
ɬɟɥɶɧɨ ɧɟɢɡɜɟɫɬɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ Mk  ɢ Nk: 
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 (11) 

Ɋɟɲɚɹ ɫɢɫɬɟɦɭ ɥɢɧɟɣɧɵɯ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ ɭɪɚɜɧɟ-
ɧɢɣ (11), ɧɚɯɨɞɢɦ ɤɨɷɮɮɢɰɢɟɧɬɵ Ɏɭɪɶɟ: 

2 2 2 2
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2 2
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 (12) 

ɝɞɟ  
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2π
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k
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Y P x k x dx
l−

⎛ ⎞= ⋅⎜ ⎟
⎝ ⎠∫ ,  

/2

/2

2π
( )sin

l

k

l

X P x k x dx
l−

⎛ ⎞= ⋅⎜ ⎟
⎝ ⎠∫ , 

/ 2

/ 2

2πį( )sin

l

k

l

C x k x dx
l−

⎛ ⎞= ⋅⎜ ⎟
⎝ ⎠∫ , 

/ 2

/2

2πį( ) cos

l

k

l

D x k x dx
l−

⎛ ⎞= ⋅⎜ ⎟
⎝ ⎠∫ . 

Ɂɞɟɫɶ ɮɭɧɤɰɢɢ P(x) ɢ δ(x) ɨɩɪɟɞɟɥɹɸɬɫɹ ɫɩɥɚɣɧ-

ɢɧɬɟɪɩɨɥɹɰɢɟɣ ɫɟɬɨɱɧɵɯ ɡɧɚɱɟɧɢɣ Pi ɢ δi. ȼɚɠɧɨ ɨɬ-
ɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɜɨɫɫɬɚɧɨɜɥɟɧɢɢ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨ-
ɫɬɢ ɜɨɡɧɢɤɚɸɬ ɲɭɦɵ, ɫɜɹɡɚɧɧɵɟ ɫ ɜɥɢɹɧɢɟɦ ɦɟɥɤɨ-
ɦɚɫɲɬɚɛɧɵɯ ɩɨɝɪɟɲɧɨɫɬɟɣ ɜ ɢɫɯɨɞɧɵɯ ɞɚɧɧɵɯ, ɩɨɥɭ-
ɱɟɧɧɵɯ ɧɚ ɨɫɧɨɜɟ ɪɚɫɱɟɬɚ ANSYS. ɑɬɨɛɵ ɭɫɬɪɚɧɢɬɶ 
ɷɬɢ ɲɭɦɵ, ɧɟɨɛɯɨɞɢɦɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɩɟɰɢɚɥɶɧɭɸ 

ɪɟɝɭɥɹɪɢɡɚɰɢɸ. Ɉɛɳɚɹ ɬɟɨɪɢɹ ɪɟɝɭɥɹɪɢɡɚɰɢɣ ɩɪɢ 

ɪɟɲɟɧɢɢ ɢɧɬɟɝɪɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɨɩɢɫɚɧɚ ɜ ɦɨɧɨ-
ɝɪɚɮɢɢ [13]. Ⱦɥɹ ɩɨɞɚɜɥɟɧɢɹ ɲɭɦɨɜ ɜɜɨɞɢɦ ɪɟɝɭɥɹɪɢ-

ɡɢɪɭɸɳɢɟ ɦɧɨɠɢɬɟɥɢ ɜɢɞɚ 
4

1

1 İjg
j

=
+

, ɝɞɟ ε – ɦɚ-

ɥɵɣ ɩɚɪɚɦɟɬɪ, ɩɨɞɛɢɪɚɟɦɵɣ ɞɥɹ ɭɦɟɧɶɲɟɧɢɹ ɩɚɪɚ-
ɡɢɬɧɵɯ ɨɫɰɢɥɥɹɰɢɣ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɜɵɪɚɠɟɧɢɹ (12) 

ɩɪɢɧɢɦɚɸɬ ɜɢɞ 
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. (13) 

ɉɨɞɫɬɚɜɥɹɹ ɧɚɣɞɟɧɧɵɟ ɡɧɚɱɟɧɢɹ Mk ɢ Nk ɢɡ (13)  

ɜ ɮɨɪɦɭɥɭ (10), ɩɨɥɭɱɚɟɦ ɫɝɥɚɠɟɧɧɭɸ ɮɭɧɤɰɢɸ  

ɩɨɞɚɬɥɢɜɨɫɬɢ: 

 

( )
0

2π 2π
cos sin

n

k k

k

K x M x k N x k
l l=

⎡ ⎤⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
∑ . (14) 

Ɏɨɪɦɭɥɚ (14) ɩɪɢɦɟɧɢɦɚ ɤɚɤ ɞɥɹ K1 – ɮɭɧɤɰɢɢ 

ɩɨɞɚɬɥɢɜɨɫɬɢ ɭɩɪɭɝɨɣ ɩɥɚɫɬɢɧɵ, ɬɚɤ ɢ ɞɥɹ K2 – ɮɭɧɤ-
ɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ ɪɨɥɢɤɚ. Ɏɭɧɤɰɢɢ K1 ɢ K2 ɦɨɝɭɬ ɫɭ-
ɳɟɫɬɜɟɧɧɨ ɨɬɥɢɱɚɬɶɫɹ ɜ ɫɢɥɭ ɪɚɡɥɢɱɢɣ ɝɟɨɦɟɬɪɢɱɟ-
ɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɫɜɨɣɫɬɜ ɦɚɬɟɪɢɚɥɨɜ ɩɥɚɫɬɢɧɵ ɢ 

ɪɨɥɢɤɚ. 
ɇɚ ɩɨɫɥɟɞɧɟɦ ɷɬɚɩɟ ɢɫɩɨɥɶɡɭɟɦ ɧɚɣɞɟɧɧɭɸ ɮɭɧɤ-

ɰɢɸ ɩɨɞɚɬɥɢɜɨɫɬɢ ɞɥɹ ɭɬɨɱɧɟɧɧɨɝɨ ɪɚɫɱɟɬɚ ɪɚɫɩɪɟɞɟ-
ɥɟɧɢɣ ɞɚɜɥɟɧɢɹ ɢ ɩɪɨɝɢɛɚ ɢɬɟɪɚɰɢɨɧɧɵɦ ɫɩɨɫɨɛɨɦ. 

ɂɬɟɪɚɰɢɨɧɧɚɹ ɮɨɪɦɭɥɚ ɢɦɟɟɬ ɜɢɞ 
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 (15) 

ɝɞɟ n – ɧɨɦɟɪ ɢɬɟɪɚɰɢɢ; β = (R hm)1/2/Ly;  

A = 6 μ0 V R /hm
2 – ɤɨɷɮɮɢɰɢɟɧɬɵ, ɜɵɱɢɫɥɹɟɦɵɟ ɩɨ 

ɡɚɞɚɧɧɵɦ ɩɚɪɚɦɟɬɪɚɦ ɡɚɞɚɱɢ; Ly – ɬɨɥɳɢɧɚ ɩɥɚɫɬɢɧɵ.
 
 

ɇɚ ɧɭɥɟɜɨɣ ɢɬɟɪɚɰɢɢ ɪɚɫɱɟɬ ɞɚɜɥɟɧɢɹ ɜ ɫɦɚɡɨɱɧɨɦ 

ɫɥɨɟ ɜɵɩɨɥɧɹɟɬɫɹ ɛɟɡ ɭɱɟɬɚ ɩɪɨɝɢɛɚ ɭɩɪɭɝɨɝɨ ɫɥɨɹ.  
ȼ ɩɪɨɰɟɫɫɟ ɫɯɨɞɹɳɢɯɫɹ ɢɬɟɪɚɰɢɣ ɩɨɥɭɱɚɟɦ ɫɚɦɨɫɨ-
ɝɥɚɫɨɜɚɧɧɵɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɞɚɜɥɟɧɢɹ ɢ ɩɪɨɝɢɛɚ ɜ ɨɛ-
ɥɚɫɬɢ ɤɨɧɬɚɤɬɚ. 

ɂɥɥɸɫɬɪɚɰɢɹ ɦɟɬɨɞɚ ɧɚ ɤɨɧɤɪɟɬɧɨɦ ɩɪɢɦɟɪɟ. 
Ⱦɥɹ ɪɚɫɱɟɬɨɜ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɫɥɟɞɭɸɳɢɟ ɱɢɫɥɨɜɵɟ 
ɩɚɪɚɦɟɬɪɵ: hm = 0,00001 ɦ, μ = 0,024 ɉɚ·ɫ, V = 7 ɦ/ɫ,  
R = 0,005 ɦ (ɡɚ ɨɫɧɨɜɭ ɜɡɹɬ ɩɨɞɲɢɩɧɢɤ 32114  

ɫɟɪɢɢ [14]). Ⱦɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɪɢɦɟɦ, ɱɬɨ ɦɚɬɟɪɢɚ-
ɥɵ ɩɥɚɫɬɢɧɵ ɢ ɪɨɥɢɤɚ ɢɞɟɧɬɢɱɧɵ ɢ ɢɦɟɸɬ ɫɥɟɞɭɸ-

ɳɢɟ ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ: E = 2,1·1011 ɉɚ – ɦɨɞɭɥɶ 
ɭɩɪɭɝɨɫɬɢ (ɫɬɚɥɶ), m = 0,3 – ɤɨɷɮɮɢɰɢɟɧɬ ɉɭɚɫɫɨɧɚ. 
Ɋɟɲɚɹ ɭɪɚɜɧɟɧɢɟ (9) ɱɢɫɥɟɧɧɨ ɦɟɬɨɞɨɦ ɇɶɸɬɨɧɚ, 

ɧɚɯɨɞɢɦ b = 0,67155. ɉɨɞɫɬɚɜɥɹɹ ɧɚɣɞɟɧɧɨɟ ɡɧɚɱɟɧɢɟ 
b ɜ ɭɪɚɜɧɟɧɢɟ (8), ɩɨɥɭɱɚɟɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɞɚɜɥɟɧɢɹ, 
ɩɨɤɚɡɚɧɧɨɟ ɧɚ ɪɢɫ. 2. Ⱦɚɥɟɟ ɧɚɣɞɟɧɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ 
ɞɚɜɥɟɧɢɹ ɢɫɩɨɥɶɡɭɟɦ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɩɪɨɝɢɛɨɜ ɭɩɪɭ-
ɝɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɪɨɥɢɤɚ. 

 
 

Ɋɢɫ. 2. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɛɟɡɪɚɡɦɟɪɧɨɝɨ ɞɚɜɥɟɧɢɹ  
ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ ɩɪɢ ɨɬɫɭɬɫɬɜɢɢ ɭɩɪɭɝɢɯ ɞɟɮɨɪɦɚɰɢɣ. 

Ʉɨɨɪɞɢɧɚɬɚ ɧɨɪɦɢɪɨɜɚɧɚ ɤ ɯɚɪɚɤɬɟɪɧɨɦɭ ɪɚɡɦɟɪɭ  
 

ɡɨɧɵ ɤɨɧɬɚɤɬɚ R0 = (R hm)1/2 
 

ȼ ɩɪɨɝɪɚɦɦɧɨɦ ɤɨɦɩɥɟɤɫɟ ANSYS ɞɥɹ ɦɨɞɟɥɢɪɨ-
ɜɚɧɢɹ ɩɪɨɰɟɫɫɚ ɤɨɧɬɚɤɬɚ ɛɵɥɚ ɩɨɫɬɪɨɟɧɚ ɪɚɫɱɟɬɧɚɹ 
ɦɨɞɟɥɶ ɭɩɪɭɝɨɣ ɩɥɚɫɬɢɧɵ (ɭɩɪɭɝɢɣ ɩɚɪɚɥɥɟɥɟɩɢɩɟɞ 

ɪɚɡɦɟɪɚɦɢ Lx × Ly × Lz = 0,2 × 0,05 × 0,2 ɦ). ȼɫɹ ɪɚɫ-
ɱɟɬɧɚɹ ɨɛɥɚɫɬɶ ɪɚɡɛɢɜɚɥɚɫɶ ɧɚ 40 ɷɥɟɦɟɧɬɨɜ ɩɨ ɞɥɢɧɟ, 
10 ɷɥɟɦɟɧɬɨɜ ɩɨ ɜɵɫɨɬɟ ɢ 4 ɷɥɟɦɟɧɬɚ ɩɨ ɲɢɪɢɧɟ 
(ɤɪɭɩɧɚɹ ɫɟɬɤɚ). ȼ ɡɨɧɟ ɞɟɣɫɬɜɢɹ ɧɚɝɪɭɡɤɢ ɞɟɥɚɥɨɫɶ 
ɞɨɩɨɥɧɢɬɟɥɶɧɨɟ, ɛɨɥɟɟ ɦɟɥɤɨɟ ɪɚɡɛɢɟɧɢɟ ɨɛɥɚɫɬɢ ɧɚ 
90 ɹɱɟɟɤ ɜɞɨɥɶ ɩɹɬɧɚ ɤɨɧɬɚɤɬɚ ɞɥɹ ɛɨɥɶɲɟɣ ɬɨɱɧɨɫɬɢ 

ɪɚɫɱɟɬɨɜ (ɪɢɫ. 3, ɚ). ȼɧɭɬɪɢ ɭɩɪɭɝɨɝɨ ɪɨɥɢɤɚ  
(R = 0,005 ɦ) ɪɚɫɱɟɬɧɚɹ ɨɛɥɚɫɬɶ ɨɬ R = 0 ɦ, ɞɨ  
R = 0,002 ɦ ɪɚɡɛɢɜɚɥɚɫɶ ɫɜɨɛɨɞɧɨɣ ɫɟɬɤɨɣ, ɩɪɟɞɥɨ-
ɠɟɧɧɨɣ ɤɨɦɩɥɟɤɫɨɦ ANSYS. Ɉɛɥɚɫɬɶ ɨɬ R = 0,002 ɦ, 

ɞɨ R = 0,005 ɦ ɪɚɡɛɢɬɚ ɧɚ 10 ɷɥɟɦɟɧɬɨɜ. Ɋɚɫɱɟɬɧɚɹ 
ɨɛɥɚɫɬɶ, ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɩɹɬɧɚ ɤɨɧɬɚɤɬɚ, ɪɚɡɛɢɬɚ  
ɧɚ 40 ɷɥɟɦɟɧɬɨɜ ɩɨ ɞɥɢɧɟ ɨɤɪɭɠɧɨɫɬɢ, ɚ ɫɚɦɨ ɩɹɬɧɨ 
ɤɨɧɬɚɤɬɚ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɪɚɡɛɢɬɨ ɧɚ 90 ɷɥɟɦɟɧɬɨɜ 
(ɪɢɫ. 3, ɛ). 

 

 

 
 

Ɋɢɫ. 3. ɋɯɟɦɚ ɪɚɫɱɟɬɧɨɣ ɫɟɬɤɢ, ɢɫɩɨɥɶɡɭɟɦɨɣ ɜ ANSYS: 

ɚ – ɞɥɹ ɭɩɪɭɝɨɣ ɩɥɚɫɬɢɧɵ; ɛ – ɞɥɹ ɭɩɪɭɝɨɝɨ ɪɨɥɢɤɚ 

ɚ 
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ȼ ɤɚɱɟɫɬɜɟ ɧɚɝɪɭɡɤɢ ɡɚɞɚɜɚɥɨɫɶ ɞɚɜɥɟɧɢɟ, ɞɟɣɫɬ-
ɜɭɸɳɟɟ ɧɚ ɤɚɠɞɭɸ ɹɱɟɣɤɭ ɫɟɬɤɢ ɜɞɨɥɶ ɩɹɬɧɚ ɤɨɧɬɚɤ-
ɬɚ. ȼɵɩɨɥɧɹɹ ɪɚɫɱɟɬ ANSYS ɞɥɹ ɡɚɞɚɧɧɨɝɨ ɪɚɫɩɪɟɞɟ-
ɥɟɧɢɹ ɞɚɜɥɟɧɢɹ (ɪɢɫ. 2), ɩɨɥɭɱɚɟɦ ɡɧɚɱɟɧɢɹ ɞɟɮɨɪɦɚ-
ɰɢɣ ɪɨɥɢɤɚ ɢ ɩɥɚɫɬɢɧɵ, ɩɨɤɚɡɚɧɧɵɟ ɧɚ ɪɢɫ. 4. 

 

 
 

Ɋɢɫ. 4. ɉɪɨɝɢɛ ɩɨɜɟɪɯɧɨɫɬɢ, ɩɨɥɭɱɟɧɧɵɣ ɜ ɪɟɡɭɥɶɬɚɬɟ ɦɨ-
ɞɟɥɢɪɨɜɚɧɢɹ ɜ ANSYS: 1 – ɭɩɪɭɝɨɣ ɩɥɚɫɬɢɧɵ; 2 – ɭɩɪɭɝɨɝɨ 

ɪɨɥɢɤɚ 
 

ɂɫɩɨɥɶɡɭɹ ɧɚɣɞɟɧɧɨɟ ɪɚɧɟɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɞɚɜɥɟ-
ɧɢɹ ɜ ɫɥɨɟ ɢ ɪɚɫɫɱɢɬɚɧɧɵɟ ɩɨ ɩɪɨɝɪɚɦɦɟ ANSYS  

ɞɟɮɨɪɦɚɰɢɢ, ɨɩɪɟɞɟɥɹɟɦ ɢɡ ɪɟɲɟɧɢɹ ɫɢɫɬɟɦɵ (12) 

ɤɨɷɮɮɢɰɢɟɧɬɵ Ɏɭɪɶɟ. 
Ⱦɥɹ ɫɝɥɚɠɢɜɚɧɢɹ ɩɚɪɚɡɢɬɧɵɯ ɨɫɰɢɥɥɹɰɢɣ ɜɜɨɞɢɦ 

ɪɟɝɭɥɹɪɢɡɢɪɭɸɳɢɟ ɦɧɨɠɢɬɟɥɢ. Ɉɫɰɢɥɥɹɰɢɢ ɫɢɥɶɧɟɟ 
ɩɪɨɹɜɥɹɸɬɫɹ ɧɚ ɤɪɚɹɯ ɢ ɜ ɦɟɧɶɲɟɣ ɫɬɟɩɟɧɢ – ɜ ɰɟɧ-

ɬɪɚɥɶɧɨɣ ɱɚɫɬɢ ɨɛɥɚɫɬɢ ɨɩɪɟɞɟɥɟɧɢɹ ɮɭɧɤɰɢɢ ɩɨɞɚɬ-
ɥɢɜɨɫɬɢ. ɉɨɷɬɨɦɭ ɜ ɰɟɧɬɪɚɥɶɧɨɣ ɱɚɫɬɢ ɩɪɢɦɟɧɹɟɦ 

ɦɧɨɠɢɬɟɥɢ g1k ɫ ɦɟɧɶɲɢɦ ɫɝɥɚɠɢɜɚɧɢɟɦ, ɚ ɧɚ ɩɟɪɢ-

ɮɟɪɢɢ – ɦɧɨɠɢɬɟɥɢ g2k ɫ ɛɨɥɶɲɢɦ ɫɝɥɚɠɢɜɚɧɢɟɦ: 
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ɉɨɞɫɬɚɜɥɹɹ ɧɚɣɞɟɧɧɵɟ ɡɧɚɱɟɧɢɹ Mk ɢ Nk ɫ ɦɧɨɠɢ-

ɬɟɥɹɦɢ (16) ɜ ɮɨɪɦɭɥɭ (14), ɩɨɥɭɱɚɟɦ ɨɤɨɧɱɚɬɟɥɶɧɨɟ 
ɜɵɪɚɠɟɧɢɟ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ ɜ ɜɢɞɟ 
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Ƚɪɚɮɢɤ ɧɚɣɞɟɧɧɵɯ ɮɭɧɤɰɢɣ ɩɨɤɚɡɚɧ ɧɚ ɪɢɫ. 5. 

Ɂɧɚɱɟɧɢɹ ɮɭɧɤɰɢɣ ɧɨɪɦɢɪɨɜɚɧɵ ɤ ɢɯ ɦɚɤɫɢɦɚɥɶɧɵɦ 

ɡɧɚɱɟɧɢɹɦ: Kmax1 = 3,267·10–15 ɉɚ–1 ɞɥɹ ɭɩɪɭɝɨɣ ɩɥɚ-
ɫɬɢɧɵ ɢ Kmax2 = 3,45·10–15 ɉɚ–1 ɞɥɹ ɭɩɪɭɝɨɝɨ ɪɨɥɢɤɚ. 
ɉɢɤɢ ɮɭɧɤɰɢɣ ɩɨɞɚɬɥɢɜɨɫɬɢ ɩɥɚɫɬɢɧɵ ɢ ɪɨɥɢɤɚ 
ɨɱɟɧɶ ɛɥɢɡɤɢ ɩɨ ɡɧɚɱɟɧɢɹɦ. Эɬɨ ɨɛɴɹɫɧɹɟɬɫɹ ɢɞɟɧ-

ɬɢɱɧɨɫɬɶɸ ɦɟɯɚɧɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɦɚɬɟɪɢɚɥɨɜ ɪɨɥɢɤɚ 
ɢ ɩɥɚɫɬɢɧɵ. ɉɪɢ ɷɬɨɦ ɮɭɧɤɰɢɹ ɩɨɞɚɬɥɢɜɨɫɬɢ ɩɥɚɫɬɢ-

ɧɵ ɫɭɳɟɫɬɜɟɧɧɨ ɦɟɞɥɟɧɧɟɟ ɫɩɚɞɚɟɬ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɮɭɧɤɰɢɟɣ ɩɨɞɚɬɥɢɜɨɫɬɢ ɪɨɥɢɤɚ, ɱɬɨ ɫɜɹɡɚɧɨ ɫ ɪɚɡɥɢ-

ɱɢɟɦ ɢɯ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ. ɏɚɪɚɤɬɟɪ ɭɛɵ-

ɜɚɧɢɹ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ ɞɥɹ ɪɨɥɢɤɚ ɡɚɜɢɫɢɬ ɨɬ 
ɟɝɨ ɪɚɞɢɭɫɚ, ɚ ɞɥɹ ɩɥɚɫɬɢɧɵ – ɨɬ ɟё ɬɨɥɳɢɧɵ. 

ɉɨɥɭɱɟɧɧɚɹ ɮɨɪɦɭɥɚ (14) ɞɥɹ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨ-
ɫɬɢ ɦɨɠɟɬ ɩɪɢɦɟɧɹɬɶɫɹ ɩɪɢ ɥɸɛɵɯ ɪɚɫɩɪɟɞɟɥɟɧɢɹɯ 
ɞɚɜɥɟɧɢɹ ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ ɞɥɹ ɡɚɞɚɧɧɵɯ ɪɚɡɦɟɪɨɜ 

ɩɥɚɫɬɢɧɵ ɢ ɪɨɥɢɤɚ. ɉɪɨɜɟɪɤɚ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɜɵɩɨɥ-
ɧɟɧɚ ɜ [15].  

 

 
 

Ɋɢɫ. 5. Ƚɪɚɮɢɤ ɮɭɧɤɰɢɣ ɩɨɞɚɬɥɢɜɨɫɬɢ:  

1 – ɭɩɪɭɝɨɣ ɩɥɚɫɬɢɧɵ; 2 – ɭɩɪɭɝɨɝɨ ɪɨɥɢɤɚ 
 

Ⱦɚɥɟɟ ɜɤɥɸɱɚɟɦ ɧɚɣɞɟɧɧɵɟ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨ-
ɫɬɢ ɜ ɨɛɳɭɸ ɢɬɟɪɚɰɢɨɧɧɭɸ ɫɯɟɦɭ ɞɥɹ ɫɚɦɨɫɨɝɥɚɫɨ-
ɜɚɧɧɨɝɨ ɪɚɫɱɟɬɚ ɞɚɜɥɟɧɢɹ ɢ ɩɪɨɝɢɛɚ ɜ ɡɨɧɟ ɤɨɧɬɚɤɬɚ. 
ɋɧɚɱɚɥɚ ɜɵɩɨɥɧɹɟɦ ɪɚɫɱɟɬ ɞɥɹ hm = 0,000001 ɦ.  

Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɪɨɝɢɛɚ ɢ ɞɚɜɥɟɧɢɹ ɩɪɟɞɫɬɚɜɥɟ-
ɧɵ ɜ ɬɚɛɥɢɰɟ. ɇɭɥɟɜɚɹ ɢɬɟɪɚɰɢɹ ɧɟ ɭɱɢɬɵɜɚɟɬ ɩɪɨɝɢɛ 
ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɩɨɷɬɨɦɭ ɞɚɟɬ ɧɚɢɛɨɥɶɲɢɣ ɩɢɤ ɞɚɜɥɟ-
ɧɢɹ. ɉɪɢ ɫɥɟɞɭɸɳɢɯ ɢɬɟɪɚɰɢɹɯ, ɭɱɢɬɵɜɚɸɳɢɯ ɩɪɨ-
ɝɢɛ, ɩɢɤ ɞɚɜɥɟɧɢɹ ɡɚɦɟɬɧɨ ɫɧɢɠɚɟɬɫɹ. Ʉɚɤ ɜɢɞɧɨ ɢɡ 
ɬɚɛɥɢɰɵ, ɭɫɬɚɧɨɜɢɜɲɢɣɫɹ ɪɟɠɢɦ ɞɥɹ ɞɚɧɧɨɝɨ ɫɥɭɱɚɹ 
ɧɚɫɬɭɩɚɟɬ ɭɠɟ ɧɚ ɬɪɟɬɶɟɦ ɢɬɟɪɚɰɢɨɧɧɨɦ ɲɚɝɟ. ɇɚ 
ɞɚɥɶɧɟɣɲɢɯ ɢɬɟɪɚɰɢɨɧɧɵɯ ɲɚɝɚɯ ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɢɡ-
ɦɟɧɟɧɢɹ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɩɪɨɝɢɛɚ ɢ ɞɚɜɥɟɧɢɹ ɨɱɟɧɶ 
ɦɚɥɵ (ɫɨɫɬɚɜɥɹɸɬ ɫɨɬɵɟ ɞɨɥɢ ɩɪɨɰɟɧɬɚ). 

 
Ɍɚɛɥɢɰɚ 

Ɇɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɞɚɜɥɟɧɢɹ  

ɢ ɩɪɨɝɢɛɚ ɞɥɹ hm = 0,000001 ɦ 
 

ɉɪɨɝɢɛ į·10–8 ɦ №  

ɢɬɟɪɚɰɢɢ
Ⱦɚɜɥɟɧɢɟ 
P·107 ɉɚ Ʉɨɥɶɰɨ Ɋɨɥɢɤ 

ɇɚɝɪɭɡɤɚ 
103, ɇ 

0 1,33280 2,88508651 2,98079148 4,871 

1 1,2209 2,715387 2,804656146 4,499 

2 1,2272 2,725262225 2,8149000698 4,522 

3 1,2268 2,7244631096 2,8140732702 4,52 

4 1,2269 2,7250222903 2,8146484524 4,522 

5 1,22687 2,7247243298 2,8143419046 4,521 

 

Ⱦɚɥɟɟ ɩɪɨɜɨɞɢɦ ɫɟɪɢɸ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢ-

ɦɟɧɬɨɜ, ɩɨɫɬɟɩɟɧɧɨ ɭɜɟɥɢɱɢɜɚɹ ɞɚɜɥɟɧɢɟ ɡɚ ɫɱɟɬ 
ɭɦɟɧɶɲɟɧɢɹ ɦɢɧɢɦɚɥɶɧɨɝɨ ɡɚɡɨɪɚ. Ɍɚɤ, ɜɵɩɨɥɧɹɟɦ 

ɪɚɫɱɟɬɵ ɞɥɹ ɫɥɟɞɭɸɳɢɯ ɡɧɚɱɟɧɢɣ ɦɢɧɢɦɚɥɶɧɨɝɨ ɡɚ-
ɡɨɪɚ hm: 0,00000085, 0,00000065, 0,0000005, 

0,00000037 ɢ 0,00000025. Ɋɚɫɱɟɬɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ 
ɭɦɟɧɶɲɟɧɢɟ ɩɚɪɚɦɟɬɪɚ hm (ɭɜɟɥɢɱɟɧɢɟ ɜɧɟɲɧɟɣ ɧɚ-
ɝɪɭɡɤɢ) ɩɪɢɜɨɞɢɬ ɤ ɧɟɤɨɬɨɪɨɦɭ ɡɚɦɟɞɥɟɧɢɸ ɫɯɨɞɢɦɨ-
ɫɬɢ ɩɪɨɰɟɫɫɚ ɢ ɭɜɟɥɢɱɟɧɢɸ ɱɢɫɥɚ ɢɬɟɪɚɰɢɨɧɧɵɯ ɲɚ-
ɝɨɜ ɞɥɹ ɞɨɫɬɢɠɟɧɢɹ ɬɪɟɛɭɟɦɨɣ ɬɨɱɧɨɫɬɢ. ɇɚ ɪɢɫ. 6 

ɩɨɤɚɡɚɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɦɢɧɢɦɚɥɶɧɨɝɨ ɡɚɡɨɪɚ ɜ ɫɦɚɡɨɱ-
ɧɨɦ ɫɥɨɟ ɨɬ ɤɨɧɬɚɤɬɧɨɣ ɧɚɝɪɭɡɤɢ. Ɂɚɜɢɫɢɦɨɫɬɶ ɧɚ-
ɝɪɭɡɤɢ ɨɬ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɤɨɧɬɚɤɬɧɨɝɨ ɞɚɜɥɟɧɢɹ ɨɩɪɟ-
ɞɟɥɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɢɧɬɟɝɪɚɥɶɧɵɦ ɭɪɚɜɧɟɧɢɟɦ: 
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ɝɞɟ W – ɤɨɧɬɚɤɬɧɚɹ ɧɚɝɪɭɡɤɚ. 
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Ɋɢɫ. 6. Ɂɚɜɢɫɢɦɨɫɬɶ ɦɢɧɢɦɚɥɶɧɨɝɨ ɡɚɡɨɪɚ  
ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ hm ɨɬ ɤɨɧɬɚɤɬɧɨɣ ɧɚɝɪɭɡɤɢ W (17) 

 

Ɂɚɤɥɸɱɟɧɢɟ. Ɋɚɡɪɚɛɨɬɚɧ ɩɨɞɯɨɞ ɤ ɪɟɲɟɧɢɸ  

ɡɚɞɚɱɢ ɭɩɪɭɝɨɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɤɨɧɬɚɤɬɚ ɪɨɥɢɤɚ  
ɫ ɞɜɢɠɭɳɟɣɫɹ ɩɥɚɫɬɢɧɨɣ ɤɨɧɟɱɧɨɣ ɬɨɥɳɢɧɵ. ɇɚ ɩɟɪ-
ɜɨɦ ɷɬɚɩɟ ɧɚ ɨɫɧɨɜɟ ɪɟɲɟɧɢɹ ɭɪɚɜɧɟɧɢɹ Ɋɟɣɧɨɥɶɞɫɚ 
ɜɵɩɨɥɧɹɟɬɫɹ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɣ ɪɚɫɱɟɬ ɞɚɜɥɟɧɢɹ ɜ ɫɦɚ-
ɡɨɱɧɨɦ ɫɥɨɟ ɛɟɡ ɭɱɟɬɚ ɞɟɮɨɪɦɚɰɢɣ ɩɨɜɟɪɯɧɨɫɬɢ.  

Ⱦɚɥɟɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɷɬɨɝɨ ɞɚɜɥɟɧɢɹ ɡɚɞɚɟɬɫɹ ɜ ɩɪɨ-
ɝɪɚɦɦɟ ANSYS ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɭɩɪɭɝɢɯ ɞɟɮɨɪɦɚɰɢɣ 

ɩɥɚɫɬɢɧɵ ɢ ɪɨɥɢɤɚ. ȼ ɩɪɟɞɩɨɥɨɠɟɧɢɢ ɥɢɧɟɣɧɨɣ ɢɧɬɟ-
ɝɪɚɥɶɧɨɣ ɫɜɹɡɢ ɞɟɮɨɪɦɚɰɢɢ ɢ ɞɚɜɥɟɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ ɤɨɧɬɚɤɬɢɪɭɸɳɢɯ ɬɟɥ. ɇɚɣ-

ɞɟɧɧɵɟ ɮɭɧɤɰɢɢ ɩɨɞɚɬɥɢɜɨɫɬɢ ɧɟ ɡɚɜɢɫɹɬ ɨɬ ɤɨɧɤɪɟɬ-
ɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɞɚɜɥɟɧɢɹ ɜ ɫɦɚɡɨɱɧɨɦ ɫɥɨɟ ɢ ɢɫ-
ɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɢɬɟɪɚɰɢɨɧɧɨɝɨ ɪɚɫɱɟɬɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɫɦɚɡɨɱɧɨɝɨ ɫɥɨɹ ɢ ɞɟɮɨɪɦɚɰɢɣ ɩɨɜɟɪɯɧɨɫɬɟɣ ɩɪɢ ɪɚɡ-
ɥɢɱɧɵɯ ɧɚɝɪɭɡɤɚɯ.  

 

Ȼɢɛɥɢɨɝɪɚфɢɱɟɫɤɢɟ ɫɫɵɥɤɢ 
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