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Abstract 

The ability to effectively control the process of laminar-turbulent transition in boundary layer 

on a rough flat plate is investigated using direct numerical simulations (DNS). The streamlined 

smooth plate includes roughness portion with regularly spaced sinusoidal peaks and troughs to 

generate the artificial two-dimensional disturbances. The calculations based on structured grids 

with more than one million elements are performed by using the NERAT-2D code developed 

in Institute for Problems in Mechanics Russian Academy of Sciences (IPMech RAS). The 

complete system of two-dimensional nonstationary Navier  Stokes equations for a compressi-

ble gas is integrated. The various heat transfer boundary conditions at the flat plate (adiabatic 

or isothermal surface) are considered. Numerical investigation of the influence of temperature 

factor on the stability of laminar boundary layer is performed. The kinetic theory is used to 

predict the viscosity and thermal conductivity coefficients. The two-dimensional viscous in-

stability which causes laminar-turbulent transition is observed. The simulation results show a 

satisfactory agreement with the available experimental and calculated data.  

Keywords: direct numerical simulation (DNS), laminar-turbulent transition, compressible 

boundary layer, Navier  Stokes equations 

 
Two-dimensional instability in the flow field over an isothermal rough flat plate in terms of abso-

lute pressure (Pa). Non-dimensional pressure distributions across the surface, velocity and tem-

perature boundary-layer proýles at various constant wall temperatures  
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ɸʥʥʦʪʘʮʠʷ 

ʄʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʦʚʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ 
ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʤ ʧʝʨʝʭʦʜʦʤ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʧʣʦʩʢʦʡ 
ʧʣʘʩʪʠʥʝ ʩ ʚʦʣʥʠʩʪʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʴ.ʁ ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʜʚʫʤʝʨʥʳʭ 
ʚʦʟʤʫʱʝʥʠʡ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʛʣʘʜʢʦʡ ʧʣʘʩʪʠʥʳ ʙʳʣ ʧʨʝʜʫʩʤʦʪʨʝʥ ʫʯʘʩʪʦʢ ʩ ʨʘʩ-

ʧʨʝʜʝʣʝʥʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʤʦʜʝʣʠʨʦʚʘʣʘʩʴ ʛʨʫʧʧʦʡ ʧʝʨʠʦʜʠʯʝʩʢʠʭ, ʨʝʛʫ-
ʣʷʨʥʦ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʩʠʥʫʩʦʠʜʘʣʴʥʳʭ ʚʳʩʪʫʧʦʚ ʠ ʚʧʘʜʠʥ. ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ 
ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʩʝʪʢʘʭ ʨʘʟʤʝʨʥʦʩʪʴʶ ʙʦʣʝʝ ʤʠʣʣʠʦʥʘ ʷʯʝʝʢ ʩ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝʤ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ NERAT-2D, ʨʘʟʨʘ-
ʙʦʪʘʥʥʦʛʦ ʚ ʃʘʙʦʨʘʪʦʨʠʠ ʨʘʜʠʘʮʠʦʥʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ ʀʇʄʝʭ ʈɸʅ. ʀʥʪʝʛʨʠʨʦʚʘ-
ʣʘʩʴ ʧʦʣʥʘʷ ʩʠʩʪʝʤʘ ʜʚʫʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ ʜʣʷ ʩʞʠ-

ʤʘʝʤʦʛʦ ʛʘʟʘ. ʈʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʨʘʟʣʠʯʥʳʝ ʫʩʣʦʚʠʷ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʧʣʘʩʪʠʥʝ (ʠʟʦʪʝʨʤʠ-
ʯʝʩʢʠʝ, ʘʜʠʘʙʘʪʠʯʝʩʢʠʝ). ɼʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʪʝʤ-
ʧʝʨʘʪʫʨʥʦʛʦ ʬʘʢʪʦʨʘ (ʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʥʢʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʣʥʦʛʦ ʘʜʠʘʙʘ-
ʪʠʯʝʩʢʦʛʦ ʪʦʨʤʦʞʝʥʠʷ) ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠʩʪʝʥʦʯʥʦʛʦ ʪʝʯʝʥʠ ̫ ʜʣʷ ʩʣʫʯʘʝʚ 

* 0.2 1wT T = ·. ʇʨʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʨʝʞʠʤʝ ʪʝʯʝʥʠʷ ( M 5= ) ʫʯʠʪʳʚʘʣʘʩʴ ʟʘʚʠʩʠ-
ʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʪʝʢʫʱʝʛʦ ʛʘʟʘ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʨʘʤʢʘʭ ʤʦʣʝʢʫʣʷʨʥʦ-ʢʠʥʝʪʠʯʝʩʢʦʡ ʪʝʦʨʠʠ. ɺ ʭʦʜʝ ʨʘʩʯʝʪʥʦʛʦ ʠʩʩʣʝʜʦ-
ʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʩʞʠʤʘʝʤʦʛʦ ʣʘʤʠʥʘʨʥʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʧʣʘʩʪʠʥʝ ʩ ʰʝʨʦʭʦʚʘ-
ʪʳʤ ʫʯʘʩʪʢʦʤ ʚʳʷʚʣʝʥʦ ʚʦʟʙʫʞʜʝʥʠʝ ʜʚʫʤʝʨʥʳʭ ʥʝʫʩʪʦʡʯʠʚʳʭ ʢʦʣʝʙʘʥʠʡ ʚʷʟʢʦʡ ʤʦʜʳ, 
ʠʥʠʮʠʠʨʫʶʱʠʭ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ. ʇʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʠʩʢʫʩʩʪʚʝʥʥʳʝ  
ʚʦʟʤʫʱʝʥʠʷ ʜʣʷ ʫʤʝʨʝʥʥʳʭ ʯʠʩʝʣ ʄʘʭʘ ( M 5¢ ) ʤʦʛʫʪ ʩʧʨʦʚʦʮʠʨʦʚʘʪʴ ʩʤʝʥʫ ʨʝʞʠʤʘ 
ʪʝʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʪʝʧʣʦʧʝʨʝʜʘʯʘ ʦʪ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʢ ʩʪʝʥʢʝ ( *

wT T< ) ʦʢʘʟʳʚʘʝʪ 

ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʘʪʷʛʠʚʘ-
ʥʠʶ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴ-
ʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʠʤʝʶʱʠʤʠʩʷ ʨʘʩʯʝʪʥʳʤʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ, 

ʩʞʠʤʘʝʤʳʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ, ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ ï ʉʪʦʢʩʘ  

1. ɺʚʝʜʝʥʠʝ  

ʀʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʞʠʤʘʝʤʳʭ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʝʚ ʧʨʠ ʩʚʝʨʭʟʚʫ-

ʢʦʚʦʤ ʪʝʯʝʥʠʠ ʧʨʦʜʠʢʪʦʚʘʥ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʧʦʪʨʝʙʥʦʩʪʷʤʠ ʨʘʢʝʪʥʦ-ʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩ-

ʣʠ. ʈʘʟʨʘʙʦʪʢʘ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʫʧʨʘʚʣʝʥʠʷ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʤ ʧʝʨʝʭʦʜʦʤ ʷʚ-

ʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩʦʟʜʘʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʣʝʪʘʪʝʣʴ-

ʥʳʭ ʘʧʧʘʨʘʪʦʚ (ɻʃɸ). ɸʵʨʦʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʣʘ, ʣʝʪʷʱʝʛʦ ʩʦ ʩʚʝʨʭʟʚʫ-

ʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ (ʣʦʙʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʧʦʜʲʝʤʥʘʷ ʩʠʣʘ, ʪʝʧʣʦʚʳʝ ʧʦʪʦʢʠ, ʪʝʤʧʝʨʘʪʫʨʘ 
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ʧʦʚʝʨʭʥʦʩʪʠ) ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʦʩʪʦʷʥʠʝʤ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ɼʚʠʞʝʥʠʝ ʩʦ ʩʢʦʨʦʩʪʷʤʠ, ʤʥʦ-

ʛʦʢʨʘʪʥʦ ʧʨʝʚʳʰʘʶʱʠʤʠ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ, ʧʨʠʚʦʜʠʪ ʢ ʵʢʩʪʨʝʤʘʣʴʥʦʤʫ ʪʝʧʣʦʚʦʤʫ ʥʘʛʨʝʚʫ 

ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʪʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ, ʚʩʣʝʜʩʪʚʠʝ ʪʨʝʥʠʷ ʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʩʞʘʪʠʷ. ʇʨʠ 

ʩʤʝʥʝ ʨʝʞʠʤʘ ʪʝʯʝʥʠʷ (ʪʫʨʙʫʣʠʟʘʮʠʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ) ʠ ʙʝʟ ʪʦʛʦ ʟʥʘʯʠʪʝʣʴʥʳʝ ʪʝʧʣʦ-

ʚʳʝ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʛʨʫʟʢʠ ʤʦʛʫʪ ʚʦʟʨʘʩʪʠ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ. ɺʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʷʪʴ ʧʨʦ-

ʮʝʩʩʦʤ ʧʝʨʝʭʦʜʘ ʣʘʤʠʥʘʨʥʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʪʫʨʙʫʣʝʥʪʥʳʡ (ʩʤʝʱʝʥʠʝ ʪʦʯʢʠ ʧʝʨʝʭʦ-

ʜʘ ʚʚʝʨʭ ʠʣʠ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ) ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʘʵʨʦʜʠʥʘʤʠ-

ʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ [1]. ɺ ʯʘʩʪʥʦʩʪʠ, ʟʘʪʷʛʠ-

ʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʧʝʨʝʭʦʜʘ ʠʤʝʝʪ ʚʘʞʥʦʝ ʧʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʣʝʪʘ-

ʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ ʠ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʪʨʝʥʠʷ ʠ ʘʵʨʦʜʠʥʘʤʠ-

ʯʝʩʢʠʡ ʥʘʛʨʝʚ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʫʤʝʨʝʥʥʳʭ ʠ ʙʦʣʴʰʠʭ ʯʠʩʣʘʭ ʈʝʡʥʦʣʴʜʩʘ. 

ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʝʨʝʭʦʜʦʤ ʢ ʪʫʨʙʫʣʝʥʪʥʦʤʫ ʨʝʞʠʤʫ ʪʝʯʝʥʠʷ ʚ ʩʞʠʤʘʝʤʦʤ ʧʦʛʨʘʥʠʯ-

ʥʦʤ ʩʣʦʝ ʧʨʠʤʝʥʷʶʪʩʷ ʜʚʝ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʠ. ʇʝʨʚʘʷ ʛʨʫʧʧʘ ʤʝʪʦʜʦʚ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʚʦʣʥʳ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʨʦʩʪ ʢʦʪʦʨʳʭ ʠʥʠ-

ʮʠʠʨʫʝʪ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ. ʉʤʝʥʘ ʭʘʨʘʢʪʝʨʘ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʪʝʯʝʥʠʷ ʚʳʟr-

ʚʘʝʪʩʷ ʜʚʫʤ ̫ʪʠʧʘʤʠ ʥʘʠʙʦʣʝʝ ʥʝʫʩʪʦʡʯʠʚʳʭ ʚʦʟʤʫʱʝʥʠʡ ï ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʤʦʜʘʤʠ ʄʵʢʘ 

[2ï4]. ʇʝʨʚʘʷ (ʚʷʟʢʘʷ) ʤʦʜʘ ʠʜʝʥʪʠʯʥʘ ʚʦʣʥʘʤ ʊʦʣʣʤʠʥʘ ï ʐʣʠʭʪʠʥʛʘ, ʨʘʟʚʠʚʘʶʱʠʤʩʷ ʚ 

ʥʝʩʞʠʤʘʝʤʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ɺʦʟʤʫʱʝʥʠʷ ʚʪʦʨʦʡ ʤʦʜʳ ʥʦʩʷʪ ʥʝʚʷʟʢʠʡ ʭʘʨʘʢʪʝʨ ʠ 

ʠʤʝʶʪ ʘʢʫʩʪʠʯʝʩʢʫ  ʁʧʨʠʨʦʜʫ. ʉ ʨʦʩʪʦʤ ʯʠʩʣʘ ʄʘʭʘ ʚʣʠʷʥʠʝ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʟʤʫʱʝʥʠʡ ʥʘ 

ʨʘʟʚʠʪʠʝ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʚʦʟʨʘʩʪʘʝʪ ʠ ʧʨʠ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʩʢʦʨʦʩʪʷʭ 

ʧʦʪʦʢʘ ʟʚʫʢʦʚʘʷ ʤʦʜʘ ʩʪʘʥʦʚʠʪʩʷ ʜʦʤʠʥʠʨʫʶʱʝʡ [2]. 

ʕʬʬʝʢʪʠʚʥʦ ʚʦʟʜʝʡʩʪʚʦʚʘʪʴ ʥʘ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʤʦʞʥʦ ʪʘʢʞʝ ʧʦʩʨʝʜʩʪʚʦʤ ʛʝʥʝʨʘ-

ʮʠʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʚʦʟʤʫʱʝʥʠʡ. ʉʦʛʣʘʩʥʦ ʧʨʠʥʮʠʧʫ ʩʫʧʝʨʧʦʟʠʮʠʠ, ʠʩʢʫʩ-

ʩʪʚʝʥʥʦ ʚʦʟʙʫʞʜʘʝʤʳʝ ʚʦʣʥʳ ʤʦʛʫʪ ʩʧʨʦʚʦʮʠʨʦʚʘʪʴ ʩʤʝʥʫ ʨʝʞʠʤʘ ʠʣʠ, ʥʘʧʨʦʪʠʚ, ʥʘʭʦʜʷʩʴ 

ʚ ʧʨʦʪʠʚʦʬʘʟʝ, ʩʧʦʩʦʙʥʳ ʦʢʘʟʘʪʴ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʠ ʟʘ-

ʪʷʥʫʪʴ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʚʦʟʤʫʱʝʥʠʡ ʧʨʠʤʝʥʷʶʪʩʷ ʫʧʨʫʛʠʝ 

ʜʝʬʦʨʤʠʨʫʝʤʳʝ ʧʦʚʝʨʭʥʦʩʪʠ (ʥʘʧʨʠʤʝʨ, ʚʠʙʨʠʨʫʶʱʘʷ ʣʝʥʪʘ) ʠ ʨʘʟʣʠʯʥʳʝ ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ 

ʠʩʪʦʯʥʠʢʠ ʚʠʙʨʘʮʠʠ, ʧʝʨʠʦʜʠʯʝʩʢʠʡ ʚʜʫʚ-ʦʪʩʦʩ ʠ ʪ.ʧ. ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʛʠ-

ʧʝʨʟʚʫʢʦʚʳʤ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʟʚʫʢʦʧʦʛʣʦʱʘʶʱʠʝ ʧʦʨʠʩʪʳʝ ʧʦ-

ʢʨʳʪʠʷ, ʢʦʪʦʨʳʝ ʦʩʣʘʙʣʷʶʪ ʘʢʫʩʪʠʯʝʩʢʠʝ ʚʦʟʤʫʱʝʥʠʷ, ʦʜʥʘʢʦ ʦʢʘʟʳʚʘʶʪ ʜʝʩʪʘʙʠʣʠʟʠ-

ʨʫʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʚʷʟʢʠʝ ʚʦʟʤʫʱʝʥʠʷ (ʚʷʟʢʫʶ ʤʦʜʫ) ʠʟ-ʟʘ ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʩʚʦʡʩʪʚʝʥ-

ʥʦʡ ʧʦʨʠʩʪʳʤ ʧʦʢʨʳʪʠʷʤ [5].  

ɺʪʦʨʦʡ ʢʣʘʩʩ ʧʦʜʭʦʜʦʚ ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʩʨʝʜʥʝʝ ʪʝʯʝʥʠʝ ʚ ʧʦʛʨʘʥʠʯʥʦʤ 

ʩʣʦʝ (ʩʦʟʜʘʥʠʝ ʙʣʘʛʦʧʨʠʷʪʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ, ʦʭʣʘʞʜʝʥʠʝ ʠʣʠ ʥʘʛʨʝʚ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʦʪʩʘʩʳʚʘʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ). 

ʇʦʣʦʞʝʥʠʝ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ ʥʘ ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʧʘ-

ʨʘʤʝʪʨʘʤʠ ï ʯʠʩʣʦʤ ʄʘʭʘ, ʝʜʠʥʠʯʥʳʤ ʯʠʩʣʦʤ ʈʝʡʥʦʣʴʜʩʘ, ʘ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʛʠʭ ʬʘʢ-

ʪʦʨʦʚ ï ʫʩʣʦʚʠʡ ʪʝʧʣʦʧʝʨʝʜʘʯʠ ʤʝʞʜʫ ʦʙʪʝʢʘʝʤʦʡ ʩʪʝʥʢʦʡ ʠ ʪʝʢʫʱʝʡ ʩʨʝʜʦʡ, ʨʘʜʠʫʩʘ ʟʘ-

ʪʫʧʣʝʥʠʷ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ, ʫʛʣʘ ʘʪʘʢʠ, ʚʝʣʠʯʠʥʳ ʥʘʯʘʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ ʠ ʪ.ʜ. ɺ ʯʘʩʪʥʦ-

ʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʬʘʢʪʦʨ (ʦʪʥʦʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʥʢʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʣʥʦʛʦ ʘʜʠʘ-

ʙʘʪʠʯʝʩʢʦʛʦ ʪʦʨʤʦʞʝʥʠʷ) ʚ ʫʩʣʦʚʠʷʭ ʠʥʪʝʥʩʠʚʥʦʛʦ ʥʘʛʨʝʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʩʚʝʨʭʟʚʫʢʦ-

ʚʦʤ ʦʙʪʝʢʘʥʠʠ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʚʦʣʶʮʠʶ ʚʦʣʥ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʠʥʠ-

ʮʠʠʨʫʶɦ ʠʭ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ [6ï8] ʧʦʢʘʟʳʚʘ-

ʶʪ, ʯʪʦ ʦʭʣʘʞʜʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʘʚʣʷʝʪ ʨʦʩʪ ʚʦʟʤʫʱʝʥʠʡ ʧʝʨʚʦʡ ʤʦʜʳ ʠ ʦʢʘʟʳʚʘʝʪ 

ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʚʪʦʨʫ  ʁʤʦʜʫ. ʋʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʬʘʢʪʦʨʘ ʜʘ-

ʝʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʵʬʬʝʢʪ ʜʣʷ ʦʙʝʠʭ ʤʦʜ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ ʫʤʝʨʝʥʥʳʭ ʩʚʝʨʭʟʚʫʢʦʚʳʭ 

ʩʢʦʨʦʩʪʷʭ ( M 5¢ ), ʢʦʛʜʘ ʧʝʨʚʘʷ ʤʦʜʘ ʜʦʤʠʥʠʨʫʝʪ ʚ ʧʨʦʮʝʩʩʝ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝ-

ʨʝʭʦʜʘ, ʦʭʣʘʞʜʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦʣʞʥʦ ʧʨʠʚʝʩʪʠ ʢ ʟʘʪʷʛʠʚʘʥʠʶ ʩʤʝʥʳ ʨʝʞʠʤʘ ʪʝʯʝʥʠʷ. 

ɼʣʷ ʟʥʘʯʠʪʝʣʴʥʳʭ ʯʠʩʝʣ ʄʘʭʘ ʭʘʨʘʢʪʝʨʥʦ ʧʨʝʦʙʣʘʜʘʥʠʝ ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʦʜ, ʧʦʵʪʦʤʫ, 

ʫʤʝʥʴʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʬʘʢʪʦʨʘ, ʥʘʧʨʦʪʠʚ, ʦʢʘʞʝʪ ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ 

ʥʘ ʛʠʧʝʨʟʚʫʢʦʚʦʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ [9]. 
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ɿʘ ʧʦʩʣʝʜʥʠʝ 50 ʣʝʪ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʧʨʝʜʩʢʘʟʘʥʠʷ ʟʦʥʳ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫ-

ʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʨʘʟʨʘʙʦʪʘʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʨʘʟʣʠʯʥʳʝ ʢʨʠʪʝʨʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ. ʕʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʪʝʯʝʥʠʡ ʚ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʩ-

ʪʘʥʦʚʢʘʭ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʤʘʪʝʨʠʘʣʴʥʳʭ ʟʘʪʨʘʪ ʠ ʩʦʧʨʷʞʝʥʦ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʪʝʭʥʠʯʝ-

ʩʢʠʤʠ ʪʨʫʜʥʦʩʪʷʤʠ, ʧʦʵʪʦʤʫ ʨʦʣʴ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʨʝʰʝʥʠʠ ʧʦʜʦʙʥʳʭ ʟʘʜʘʯ 

ʩʣʦʞʥʦ ʧʝʨʝʦʮʝʥʠʪʴ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫ-

ʯʠʪʴ ʭʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʦʜʥʘʢʦ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʥʘʢʣʘʜʳʚʘʝʪ 

ʞʝʩʪʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʛʝʦʤʝʪʨʠʶ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʧʘʨʘʤʝʪʨʳ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ, ʘ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʜʭʦʜʘ ʣʠʤʠʪʠʨʦʚʘʥʳ ʫʟʢʠʤ ʢʣʘʩʩʦʤ ʬʠʟʠʯʝʩʢʠʭ ʧʦʩʪʘʥʦʚʦʢ. ʇʦʵʪʦʤʫ ʜʣʷ 

ʨʝʰʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʠʥʞʝʥʝʨʥʳʭ ʠ ʥʘʫʯʥʳʭ ʟʘʜʘʯ ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ 

ʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʨʝʰʝʥʠʷ ʧʦʣʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ. 

ɺ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦ-

ʛʠʡ ʤʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟʫʯʘʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʣʘ-

ʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʤ ʧʝʨʝʭʦʜʦʤ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʝ 

ʩ ʚʦʣʥʠʩʪʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ. 

ɸʚʪʦʨ ʥʝ ʩʪʘʚʠʪ ʧʝʨʝʜ ʩʦʙʦʡ ʟʘʜʘʯʫ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʚʦʟʤʫʱʝʥʠʡ ʥʘ ʚʩʝʭ 

ʩʪʘʜʠʷʭ ʨʘʟʚʠʪʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʳʭ ʤʦʜʝʣʝʡ. ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ï ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʚʫʤʝʨʥʳʭ ʥʝ-

ʫʩʪʦʡʯʠʚʳʭ ʢʦʣʝʙʘʥʠʡ ʧʝʨʚʦʡ ʤʦʜʳ, ʚʦʟʥʠʢʘʶʱʠʭ ʥʘ ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʧʨʠʚʦʜʷʱʠʭ ʚʧʦʩʣʝʜʩʪʚʠʠ ʢ ʩʤʝʥʝ ʨʝʞʠʤʘ ʪʝʯʝʥʠʷ ʚ ʧʦʛʨʘʥʠʯ-

ʥʦʤ ʩʣʦʝ. 

2. ʌʠʟʠʯʝʩʢʘʷ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʉ ʮʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʥʘ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʭʦʜ ʨʝʰʘʝʪʩʷ ʟʘʜʘʯʘ ʧʨʷʤʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʫʤʝʨʥʦʛʦ, 

ʣʘʤʠʥʘʨʥʦʛʦ, ʚʷʟʢʦʛʦ, ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʪʝʯʝʥʠʷ ʛʘʟʘ ʦʢʦʣʦ ʧʣʦʩʢʦʡ ʪʦʥʢʦʡ ʧʣʘʩʪʠʥʳ ʩ ʦʩʪ-

ʨʦʡ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʦʡ ʧʦʜ ʥʫʣʝʚʳʤ ʫʛʣʦʤ ʘʪʘʢʠ. ʉʭʝʤʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 1.  

 

ʈʠʩ. 1.  ʉʭʝʤʘʪʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʟʘʜʘʯʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʦʙʪʝʢʘʥʠʷ ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʳ ʩ ʫʯʘʩʪʢʦʤ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʳʙʨʘʥʥʦʡ ʩʠʩʪʝʤʦʡ ʢʦʦʨʜʠʥʘʪ ʦʩʴ x ʥʘʧʨʘʚʣʝʥʘ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ; ʦʩʴ 

y ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ. ʅʠʞʥʷʷ ʩʪʦʨʦʥʘ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʦʙʣʘʩʪʠ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʧʝʨʝʯʥʳʡ ʨʘʟʤʝʨ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʷʣʩʷ ʩ 

ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʫʜʘʨʥʘʷ ʚʦʣʥʘ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʘʷʩʷ ʦʪ ʢʨʦʤʢʠ, ʥʝ ʙʫʜʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦ-

ʚʘʪʴ ʩ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʃʝʚʘ ̫ʛʨʘʥʠʮʘ ʦʪʩʪʦʠʪ ʥʘ 0.5ʩʤ ʚʚʝʨʭ ʧʦ ʧʦ-
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  5 

ʪʦʢʫ ʦʪ ʢʨʘ̫ ʧʣʘʩʪʠʥʳ. ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ 

ʛʣʘʜʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣ ʧʨʝʜʫʩʤʦʪʨʝʥ ʫʯʘʩʪʦʢ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ, ʢʦʪʦ-

ʨʘʷ ʤʦʜʝʣʠʨʦʚʘʣʘʩʴ ʛʨʫʧʧʦʡ ʧʝʨʠʦʜʠʯʝʩʢʠʭ, ʨʝʛʫʣʷʨʥʦ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʩʠʥʫʩʦʠʜʘʣʴʥʳʭ 

ʚʳʩʪʫʧʦʚ ʠ ʚʧʘʜʠʥ ʘʤʧʣʠʪʫʜʦʡ k (ʨʠʩ. 1). 

ʅʘ ʧʝʨʝʜʥʠʡ ʢʨʘʡ ʧʣʘʩʪʠʥʳ ʥʘʙʝʛʘʝʪ ʥʝʚʦʟʤʫʱʝʥʥʳʡ ʩʚʝʨʭʟʚʫʢʦʚʦʡ ʧʦʪʦʢ ʤʦʣʝʢʫ-

ʣʷʨʥʦʛʦ ʘʟʦʪʘ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʩʦʩʪʦʷʥʠʶ ʘʪʤʦʩʬʝʨʳ ʥʘ ʚʳʩʦʪʝ 25 ʢʤ: 

2550ʇʘp¤= , 222 KT¤= , 3ɟ 0.0387ʢʛ/ʤ¤= . ʈʝʞʠʤ ʦʙʪʝʢʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʘʢʞʝ ʩʢʦʨʦ-

ʩʪʴʶ ʪʝʯʝʥʠʷ 1519ʤ/ʩV¤= , ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʯʠʩʣʫ ʄʘʭʘ M 5=  ʠ ʫʤʝʨʝʥʥʦʤʫ ʜʠʘʧʘʟʦʥʫ 

ʝʜʠʥʠʯʥʳʭ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ 6 1
1Re 4.05 10ʤ-¤= ³ . ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʧʝʨʝʥʦʩʥʳʝ ʩʚʦʡʩʪʚʘ ʘʟʦʪʘ: 

 
A

7 1 ɼʞ
8.314 1039

2 M ʢʛ K
pc = =

Ö
, 

3
AM 28 10 ʢʛ/ʤʦʣʴ-= ³  

ɺʦ ʚʩʝʭ ʨʘʩʯʝʪʥʳʭ ʩʣʫʯʘʷʭ ʧʦʢʘʟʘʪʝʣʴ ʘʜʠʘʙʘʪʳ ʧʨʠʥʠʤʘʣʩ ̫ʨʘʚʥʳʤ 1.4g= . 

ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʯʠʩʝʣ ʄʘʭʘ ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ m ʠ 

ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ l ʚʳʯʠʩʣʷʣʠʩʴ ʠʟ ʩʦʦʪʥʦʰʝʥʠʡ ʤʦʣʝʢʫʣʷʨʥʦ-ʢʠʥʝʪʠʯʝʩ-

ʢʦʡ ʪʝʦʨʠʠ [10ï12]: 

 A5

2 (2,2)*

M
2.6693 10

ɋ

T
m

s

-= ³ . (1) 

ɺ ʬʦʨʤʫʣʝ (1) 3.68s= ¡ ï ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʜʣʠʥʘ ʚ ʘʥʛʩʪʨʝʤʘʭ ʜʣʷ ʘʟʦʪʘ [10], 

ʚʭʦʜʷʱʘʷ ʚ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʤʝʞʘʪʦʤʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʃʝʥʥʘʨʜʘ ï ɼʞʦʥʩʘ; 
(2,2)* * 0.1472ɋ 1.157 ( )T -= Ö  ï ʠʥʪʝʛʨʘʣ ʩʪʦʣʢʥʦʚʝʥʠʡ, ʢʦʪʦʨʳʡ ʟʘʚʠʩʠʪ ʦʪ *T kTe=  ï ʙʝʟʨʘʟ-

ʤʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨ.r ɺ ʧʦʩʣʝʜʥʝʤ ʩʦʦʪʥʦʰʝʥʠʠ ( )71.4Kke = [10] ï 

ʧʘʨʘʤʝʪʨ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʬʫʥʢʮʠʠ ʃʝʥʥʘʨʜʘ ï ɼʞʦʥʩʘ ʜʣʷ ʘʟʦʪʘ; 231.38 10 ɼʞ Kk -= ³  ï ʧʦ-

ʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ. 

 
( )0 A4

2 (2,2)*
A

0.115 0.354 M
8.334 10

M ů ɋ

pc RT
l -

+
= ³  (2) 

ɺ ʩʦʦʪʥʦʰʝʥʠʠ (2) 0 8.314ɼʞ/(ʤʦʣʴ K)R = Öï ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ.   

ʇʨʠ ʵʪʦʤ ʪʘʢʠʝ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʨʝʜʳ, ʢʘʢ ʯʠʩʣʦ ʇʨʘʥʜʪʣʷ Pr ʠ ʫʜʝʣʴʥʘʷ ʪʝʧʣʦ-

ʝʤʢʦʩʪʴ, ʧʨʝʜʧʦʣʘʛʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ (ʛʘʟ ʩʯʠʪʘʣʩʷ ʢʘʣʦʨʠʯʝʩʢʠ ʩʦʚʝʨʰʝʥʥʳʤ). 

ʇʨʠʩʪʝʥʦʯʥʳʡ ʩʣʦʡ ʥʘʯʠʥʘʝʪ ʨʘʟʚʠʚʘʪʴʩʷ ʦʪ ʧʝʨʝʜʥʝʛʦ ʢʨʘʷ ʧʣʘʩʪʠʥ rʠ ʦʩʪʘʝʪʩʷ ʣʘ-

ʤʠʥʘʨʥʳʤ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤ ʯʠʩʣʝ ʈʝʡʥʦʣʴʜʩʘ, ʢʦʪʦʨʦʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚʜʦʣʴ 

ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʘʩʩʪʦʷʥʠʶ ʦʪ ʢʨʦʤʢʠ. ʇʨʦʜʦʣʴʥʳʡ ʨʘʟʤʝʨ ʨʘʩ-

ʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʙʳʣ ʚʳʙʨʘʥ ʨʘʚʥʳʤ 18ʩʤL=  (ʨʠʩ. 1). ɺʳʙʦʨ ʦʙʫʩʣʦʚʣʝʥ ʟʥʘʯʝʥʠʝʤ ʢʨʠ-

ʪʠʯʝʩʢʦʛʦ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ _Rex ʢʨ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʧʝʨʝʭʦʜ ʦʪ ʣʘʤʠʥʘʨʥʦʛʦ ʪʝʯʝʥʠʷ ʢ 

ʪʫʨʙʫʣʝʥʪʥʦʤʫ ʚ ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ɼʘʞʝ ʜʣʷ ʧʨʦʩʪʝʡʰʝʡ ʛʝʦʤʝʪʨʠʠ ʧʦʣʦ-

ʞʝʥʠʝ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʛʠʭ ʧʘʨʘʤʝʪʨʦʚ: ʯʠʩʣʘ ʄʘʭʘ, ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʬʘʢʪʦʨʘ, ʝʜʠʥʠʯʥʦʛʦ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ, ʨʘʜʠʫʩʘ ʟʘʪʫʧʣʝʥʠʷ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ, ʫʛʣʘ ʘʪʘʢʠ, 

ʚʝʣʠʯʠʥʳ ʥʘʯʘʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ. ɿʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ, ʜʘʥʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʦʧʳʪʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʧʨʝʜʩʢʘʟʘʥʠʷ 

ʧʦʣʦʞʝʥʠʷ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʤʝʞʜʫ 

ʩʦʙʦʡ ʚʩʣʝʜʩʪʚʠʝ ʥʝʩʦʚʝʨʰʝʥʩʪʚʘ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʨʘʟʚʠʪʠʷ ʥʝʫʩʪʦʡʯʠʚʳʭ ʚʦʟʤʫʱʝʥʠʡ, 

ʦʩʦʙʝʥʥʦ ʥʘ ʥʝʣʠʥʝʡʥʦʡ ʩʪʘʜʠʠ. ʇʨʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʣʘʤʠʥʘʨʥʦ-

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʪʘʢʞʝ ʧʨʠʭʦʜʠʪʩʷ ʩʪʘʣʢʠʚʘʪʴʩʷ ʩ ʨʷʜʦʤ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ: 

ʪʨʫʜʥʦʩʪʴ ʦʮʝʥʢʠ ʫʨʦʚʥʷ ʠ ʩʧʝʢʪʨʘ ʥʘʯʘʣʴʥʳʭ ʚʦʟʤʫʱʝʥʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʢʘʞʜʦʡ ʘʵʨʦ-
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ʜʠʥʘʤʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʠ, ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʝʩʢʦʥʝʯʥʦ 

ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ ʠ ʪ.ʜ. [13, 14]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʡ ʧʨʦʪʷʞʝʥʥʦʩʪʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

ʥʘʯʘʣʦ ʟʦʥʳ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʩʞʠʤʘʝʤʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʦʧʨʝʜʝʣʷ-

ʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʮʝʥʦʯʥʦʛʦ ʟʥʘʯʝʥʠʷ 5
_Re 5 10x ʢʨ= ³ , ʢʦʪʦʨʦʝ ʦʙʳʯʥʦ ʧʨʠʥʠʤʘʶʪ 

ʧʨʠ ʧʨʦʜʦʣʴʥʦʤ ʦʙʪʝʢʘʥʠʠ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ [15].  

ɺʦʣʥʠʩʪʳʡ ʫʯʘʩʪʦʢ ʜʣʠʥʦʡ 5 ʩʤ ʥʘʯʠʥʘʝʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 5 ʩʤ ʦʪ ʧʝʨʝʜʥʝʛʦ ʢʨʘʷ 

ʧʣʘʩʪʠʥʳ ʠ ʥʘ ʚʩʝʡ ʧʨʦʪʷʞʝʥʥʦʩʪʠ ʠʤʝʝʪ 15 ʧʦʣʥʳʭ ʧʝʨʠʦʜʦʚ. ɺʳʩʦʪʘ ʥʝʨʦʚʥʦʩʪʝʡ ʦʪ ʜʥʘ 

ʚʧʘʜʠʥʳ ʜʦ ʚʝʨʰʠʥʳ ʚʳʩʪʫʧʘ ʚʳʙʨʘʥʘ ʨʘʚʥʦʡ k = 0.25 ʤʤ, ʯʪʦ ʢʘʢ ʤʠʥʠʤʫʤ ʚ 3 ʨʘʟʘ ʤʝʥʴ-

ʰʝ ʣʦʢʘʣʴʥʦʡ ʪʦʣʱʠʥʳ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʩʝʯʝʥʠʠ X = 5 ʩʤ (ʪʦʣʱʠʥʘ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ 

ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʧʣʦʚʳʭ ʫʩʣʦʚʠʡ ʥʘ ʧʣʘʩʪʠʥʝ). ɼʣʷ ʧʨʠʙʣʠʞʝʥʥʦʡ ʦʮʝʥʢʠ 

ʩʦʩʪʦʷʥʠʷ ʣʘʤʠʥʘʨʥʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʧʨʠʩʪʝʥʦʯʥʦʛʦ ʩʣʦʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʝ ʧʨʦʬʠʣʠ [15], ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʰʠʨʦʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʯʠʩʝʣ ʄʘʭʘ ʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʡ 

ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʅʘ ʚʳʭʦʜʥʦʡ ʛʨʘʥʠʮʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʩʪʘʚʠʣʦʩʴ ʫʩʣʦʚʠʝ ʥʫʣʝʚʦʛʦ ʛʨʘʜʠʝʥʪʘ. ʅʘ 

ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ ʟʘʜʘʚʘʣʠʩʴ ʧʘʨʘʤʝʪʨʳ ʥʘʙʝʛʘʶʱʝʛʦ ʥʝʚʦʟʤʫʱʝʥʥʦʛʦ ʧʦʪʦʢʘ. ʅʘ ʦʙʪʝʢʘʝ-

ʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʣʠʟʦʚʳʚʘʣʠʩʴ ʫʩʣʦʚʠʷ ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ ʠ ʫʩʣʦʚʠʝ ʨʘʚʝʥʩʪʚʘ 

ʥʫʣʶ ʥʦʨʤʘʣʴʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ. ʇʨʦʜʦʣʴʥʦʝ ʦʙʪʝʢʘʥʠʝ ʠʟʫʯʘʣʦʩʴ ʧʨʠ ʘʜʠʘʙʘʪʠʯʝ-

ʩʢʠʭ ʠ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʪʝʧʣʦʚʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘ ʧʣʘʩʪʠʥʝ. ʇʨʠ ʵʪʦʤ ʠʩʩʣʝʜʦʚʘʣʦʩʴ 

ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʬʘʢʪʦʨʘ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ. ɺ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʣʫʯʘʷʭ ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʝʥʢʠ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʚ ʧʨʝʜʝʣʘʭ ʦʪ wT T¤=  ʜʦ 
*

wT T= , ʛʜʝ *T  ï ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʣʥʦʛʦ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʪʦʨʤʦʞʝʥʠʷ:  
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ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʨʝʛʫʣʷʨʥʳʭ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʩʝʪʢʘʭ ʨʘʟʤʝʨʥʦʩʪʴʶ ʙʦʣʝʝ ʤʠʣ-

ʣʠʦʥʘ (3500 Ĭ 300) ʷʯʝʝʢ. ɺ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ ʭ ʘhʛ ʩʝʪʢʠ ʚʳʙʠʨʘʣʩʷ ʨʘʚʥʦʤʝʨʥʳʤ ʠ ʨʘʚʥʳʤ 

0.05ʤʤxD º . ʂʦʦʨʜʠʥʘʪʥʳʝ ʣʠʥʠʠ ʩʛʫʱʘʣʠʩʴ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ ʪʘʢ, ʯʪʦ 

min 0.002ʤʤyD = , ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʦʙʣʘʩʪʴ ʨʘʟʚʠʪʦʛʦ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ 

ʧʨʠʭʦʜʠʣʦʩʴ ʧʦʨʷʜʢʘ 100 ʫʟʣʦʚ, ʧʨʠ ʵʪʦʤ ʤʠʥʠʤʘʣʴʥʦʝ ʦʙʝʟʨʘʟʤʝʨʝʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʦʪ 

ʧʝʨʚʦʛʦ ʫʟʣʘ ʜʦ ʩʪʝʥʢʠ ʩʦʩʪʘʚʣʷʣʦ Y 0.3+= . ʅʝʦʙʭʦʜʠʤʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʯʝʥʴ ʧʦʜʨʦʙ-

ʥʳʭ ʩʝʪʦʯʥʳʭ ʤʦʜʝʣʝʡ ʧʦʜʙʠʨʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ñʛʨʫʙʦʛʦò ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʷ. ʉ ʮʝʣʴʶ ʧʨʦʚʝʨʢʠ ʪʦʛʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʨʝʰʝʥʠʷ ʥʝ ʷʚʣʷʶʪʩʷ ʩʣʝʜʩʪʚʠʝʤ 

ʯʠʩʣʝʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ, ʧʨʦʚʦʜʠʣʠʩʴ ʩʝʨʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʥʘ ʩʝʪʢʘʭ ʩ 

ʨʘʟʨʝʰʝʥʠʝʤ, ʫʚʝʣʠʯʝʥʥʳʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʛʦ ʚ ʜʚʘ ʠ ʯʝʪʳʨʝ ʨʘʟʘ. ʅʘ ʨʠʩ. 2 ʧʨʝʜ-

ʩʪʘʚʣʝʥ ʬʨʘʛʤʝʥʪ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚʙʣʠʟʠ ʚʦʣʥʠʩʪʦʛʦ ʫʯʘʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʦʜʥʦʛʦ ʧʝ-

ʨʠʦʜʘ.    

 

ʈʠʩ. 2. ʌʨʘʛʤʝʥʪ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚʙʣʠʟʠ ʩʠʥʫʩʦʠʜʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʰʝʨʦʭʦʚʘʪʦʩʪʠ 
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3. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʘʩʧʝʢʪʳ 

ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʯʝʥʠʷ ʩʞʠʤʘʝʤʦʛʦ, ʚʷʟʢʦʛʦ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʛʘ-

ʟʘ ʦʢʦʣʦ ʧʣʘʩʪʠʥʳ ʩ ʫʯʘʩʪʢʦʤ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣ ̫ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ NERAT-2D, ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʚ 

ʃʘʙʦʨʘʪʦʨʠʠ ʨʘʜʠʘʮʠʦʥʥʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ ʀʇʄʝʭ ʈɸʅ [16,17]. ʇʨʦʛʨʘʤʤʘ ʨʝʘʣʠʟʫʝʪ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʦʣʥʦʡ ʩʠʩʪʝʤ rʜʚʫʤʝʨʥʳʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ ʜʣʷ 

ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ ʥʘ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʩʝʪʢʘʭ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʫʨʘʚʥʝʥʠʝ ʥʝʨʘʟʨʳʚʥʦʩʪʠ, ʩʠʩʪʝʤʫ ʫʨʘʚʥʝ-

ʥʠʡ ʅʘʚʴʝ ï ʉʪʦʢʩʘ, ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ [16,17]: 
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ɺ ʩʦʦʪʥʦʰʝʥʠʷʭ (4)ï(8) x , y  ï ʜʝʢʘʨʪʦʚʳ ʢʦʦʨʜʠʥʘʪʳ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ ʠ ʧʦ 

ʥʦʨʤʘʣʠ ʢ ʥʝʡ; u ,v  ï ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ V  ʚʜʦʣʴ ʢʦʦʨʜʠʥʘʪʥʳʭ ʣʠʥʠʡ x , y ; 

r, p  ï ʧʣʦʪʥʦʩʪʴ ʠ ʜʘʚʣʝʥʠʝ; m ï ʜʠʥʘʤʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʚʷʟʢʦʩʪʠ; pc  ï ʫʜʝʣʴʥʘʷ ʪʝ-

ʧʣʦʝʤʢʦʩʪʴ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ; T  ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ; l ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦ-

ʚʦʜʥʦʩʪʠ; Qm ï ʦʙʲʝʤʥʘʷ ʤʦʱʥʦʩʪʴ ʪʝʧʣʦʚʳʜʝʣʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʜʠʩʩʠʧʘʪʠʚʥʳʤʠ ʧʨʦ-

ʮʝʩʩʘʤʠ ʚ ʛʘʟʝ. ʋʨʘʚʥʝʥʠʷ (4)ï(8) ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʦʚʤʝʩʪʥʦ ʩ ʫʨʘʚʥʝʥʠʝʤ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʩʦ-

ʚʝʨʰʝʥʥʦʛʦ ʛʘʟʘ.    

ʈʘʩʯʝʪʥʘʷ ʤʦʜʝʣʴ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʚ ʢʨʠʚʦʣʠʥʝʡʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ( ),x yx x= , 

( ),x yh h= , ʩʚʷʟʘʥʥʦʡ ʩ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʀʩʭʦʜʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (4)ï(8) ʜʦ-

ʧʫʩʢʘʝʪ ʚʟʘʠʤʥʦ ʦʜʥʦʟʥʘʯʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʩ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʦʡ ʢʦʦʨ-

ʜʠʥʘʪ ʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʫʜʦʙʥʦʡ ʜʣʷ ʯʠʩʣʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʬʦʨʤʝ [16, 17]:  
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 ,y x y xU u V ux x h h* *= + = +v v  (16) 

ɺ ʬʦʨʤʫʣʘʭ (9)ï(16) xxt , xy yxt t= , yyt  ï ʢʦʤʧʦʥʝʥʪʳ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʝʥʟʦʨʘ ʚʷʟʢʠʭ ʥʘʧʨ̫-

ʞʝʥʠʡ; Re ï ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ; x y y xJ xh xh= -  ï ʷʢʦʙʠʘʥ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢʦʦʨʜʠʥʘʪ, ʷʚ-

ʣ̫ʶʱʠʡʩʷ ʦʧʨʝʜʝʣʠʪʝʣʝʤ ʤʘʪʨʠʮʳ ʗʢʦʙʠ:  
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ʇʨʠ ʵʪʦʤ ʫʨʘʚʥʝʥʠʝ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʢ ʩʣʝʜʫʶʱʝʤʫ ʚʠʜʫ [16, 17]:  
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=  ï ʯʠʩʣʦ ʇʨʘʥʜʪʣʷ; 0L  ï ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ; Vc  ï ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʤ ʦʙʲʝʤʝ; ɆQ  ï ʦʙʲʝʤʥʘ ̫ʤʦʱʥʦʩʪ ɹʪʝʧʣʦʚʳʜʝʣʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʘ ̫ʨʘʙʦʪʦʡ ʩʠʣ 

ʜʘʚʣʝʥʠʷ pQ  ʠ ʚʷʟʢʦʡ ʜʠʩʩʠʧʘʮʠʝʡ ʚ ʛʘʟʝ Qm. 
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  9 

ʀʥʜʝʢʩ ñÐò ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ.  

ʉʬʦʨʤʫʣʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʠʥʘʤʠʢʠ ʩʞʠʤʘʝʤʦʛʦ ʚʷʟʢʦ-

ʛʦ ʪʝʧʣʦʧʨʦʚʦʜʥʦʛʦ ʛʘʟʘ ʨʝʰʘʣʘʩʴ ʤʝʪʦʜʦʤ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʬʠʟʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ. ʋʨʘʚ-

ʥʝʥʠʷ ʅʘʚʴʝ ï ʉʪʦʢʩʘ ʠ ʥʝʨʘʟʨʳʚʥʦʩʪʠ ʠʥʪʝʛʨʠʨʦʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ AUSM ʢʦʥʝʯʥʦ-

ʨʘʟʥʦʩʪʥʳʭ ʩʭʝʤ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ [18]. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʧʦʨʷʜʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʧʦʪʦʢʦʚ ʥʘ ʛʨʘʥʷʭ ʵʣʝʤʝʥʪʘʨʥʳʭ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʭ ʦʙʲʝʤʦʚ ʧʨʠʤʝʥʷʣʩʷ ʘʣʛʦʨʠʪʤ 

MUSCL ʩ ʦʛʨʘʥʠʯʠʪʝʣʝʤ minmod [19, 20]. 

ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʫʨʘʚʥʝʥʠʷ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʥʝʷʚʥʦʡ 

ʧʷʪʠʪʦʯʝʯʥʦʡ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ [16, 17]. 

4. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ  

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʝʰʘʣʘʩʴ ʢʣʘʩʩʠʯʝʩʢʘʷ ʟʘʜʘʯʘ ʦ ʜʚʫʤʝʨʥʦʤ 

ʚʷʟʢʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʧʦʪʦʢʘ ʛʘʟʘ ʩ ʧʣʦʩʢʦʡ ʧʦʣʫʙʝʩʢʦʥʝʯʥʦʡ ʧʣʘʩʪʠʥʦʡ 

ʩ ʦʩʪʨʦʡ ʢʨʦʤʢʦʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʪʝʧʣʦʦʙʤʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʘʨʘʤʝʪʨʳ ʧʦʪʦ-

ʢʘ, ʥʘʙʝʛʘʶʱʝʛʦ ʥʘ ʧʣʘʩʪʠʥʫ ʩʣʝʚʘ ʥʘʧʨʘʚʦ ʧʦʜ ʥʫʣʝʚʳʤ ʫʛʣʦʤ ʘʪʘʢʠ (ʩʤ. ʨʠʩ. 1), ʙʳʣʠ ʦʧ-

ʨʝʜʝʣʝʥʳ ʚʳʰʝ ʜʣʷ ʩʣʫʯʘʷ ʦʙʪʝʢʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʫʯʘʩʪʢʦʤ ʚʦʣʥʠʩʪʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ. 

ɼʣʠʥʘ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ x ʩʦʩʪʘʚʣʷʣʘ 18ʩʤL= .  

ɺ̫ ʟʢʦʝ ʩʚʝʨʭʟʚʫʢʦʚʦʝ ʦʙʪʝʢʘʥʠʝ ʧʣʦʩʢʦʡ ʛʣʘʜʢʦʡ ʧʣʘʩʪʠʥ rʩ ʦʩʪʨʦʡ ʧʝʨʝʜʥʝʡ ʢʨʦʤ-

ʢʦʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʣʘʚʥʳʤ ʪʦʨʤʦʞʝʥʠʝʤ ʧʦʪʦʢʘ ʦʪ ʩʢʦʨʦʩʪʠ ʥʝʚʦʟʤʫʱʝʥʥʦʛʦ ʪʝʯʝʥʠʷ 

ʜʦ ʥʫʣʷ ʥʘ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ɹʳʩʪʨʦʝ ʥʘʨʘʩʪʘʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʩʞʠʤʘʝʤʦʤ 

ʧʨʠʩʪʝʥʦʯʥʦʤ ʪʝʯʝʥʠʠ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʘ ʦʩʪʨʦʡ ʢʨʦʤʢʝ ʧʣʘʩʪʠʥʳ ʧʨʠʩʦʝʜʠ-

ʥʝʥʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʦʩʣʝʜʥʝʡ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʣʦʢʘʣʴʥʦʝ ʜʘʚʣʝ-

ʥʠʝ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. ɼʘʚʣʝʥʠʝ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ, ʚʩʣʝʜ-

ʩʪʚʠʝ ʧʨʦʷʚʣʝʥʠʷ ʵʬʬʝʢʪʦʚ ʚʷʟʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʩ ʧʦʛʨʘʥʠʯʥʳʤ 

ʩʣʦʝʤ. ʉʪʝʧʝʥʴ ʚʣʠʷʥʠʷ ʚʷʟʢʦ-ʥʝʚʷʟʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [21] ʥʘ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙ-

ʪʝʢʘʝʤʦʡ ʩʚʝʨʭʟʚʫʢʦʚʳʤ ʪʝʯʝʥʠʝʤ, ʢʦʪʦʨʘʷ ʩʥʠʞʘʝʪʩʷ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ, ʫʜʦʙʥʦ ʦʮʝʥʠʪʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʨʘʤʝʪʨʘ c: 
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 ï ʧʦʧʨʘʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʫʯʠʪʳʚʘʶʱʠʡ ʥʝ-

ʣʠʥʝʡʥʦʩʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʚʷʟʢʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ [21]. ʃʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʢʘʟʘʥʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʨʝʜʧʦʣʘʛʘʣʘʩʴ ʧʨʠ ʚʳʚʦʜʝ ʩʦʦʪʥʦʰʝʥʠʷ (22). ɿʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥ, ʚʭʦʜʷʱʠʭ ʚ 

ʬʦʨʤʫʣʫ ʜʣʷ ʧʦʧʨʘʚʦʯʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ, ʚʳʯʠʩʣʷʶʪʩʷ ʠʟ ʚʳʨʘʞʝʥʠʷ (1).  

ʇʨʠ ʵʪʦʤ ʦʙʣʘʩʪ ɹʪʝʯʝʥʠʷ, ʜʣʷ ʢʦʪʦʨʦʡ 3c> , ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʠʣʴʥʳʤ ʚʷʟʢʦ-ʥʝ-

ʚʷʟʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʘ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ 3c<  ʟʘʜʘʶʪ ʨʝʞʠʤ ʩʣʘʙʦʛʦ ʚʷʟʢʦ-ʥʝʚʷʟ-

ʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʚʝʨʭʟʚʫʢʦʚʦʛʦ ʧʦʪʦʢʘ ʩ ʣʘʤʠʥʘʨʥʳʤ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ. ɼʣʷ ʟʘʜʘʥ-

ʥʳʭ ʫʩʣʦʚʠʡ ʦʙʪʝʢʘʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʯʠʩʣʦʤ ʄʘʭʘ M 5=  ʠ ʝʜʠʥʠʯʥʳʤ ʯʠʩʣʦʤ ʈʝʡ-

ʥʦʣʴʜʩʘ 6 1
1Re 4.05 10ʤ-¤= ³ , ʩʠʣʴʥʦʝ ʚʷʟʢʦ-ʥʝʚʷʟʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʦʷʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʚ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ ʢʨʦʤʢʠ ʧʣʘʩʪʠʥʳ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʜʝʣʠʨʫʝʤʦʝ ʪʝʯʝʥʠʝ 

ʜʦʣʞʥʦ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʪʴʩʷ ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʡ ʪʝʦʨʠʝʡ ʩʣʘʙʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [21, 22]. ɺ 

ʨʘʤʢʘʭ ʫʢʘʟʘʥʥʦʡ ʪʝʦʨʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʝ, ʢʦʪʦʨʦʝ ʠʥʜʫʮʠʨʫ-

ʝʪʩʷ ʚʷʟʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ ʩ ʧʦʛʨʘʥʠʯʥʳʤ ʩʣʦʝʤ, ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦ-

ʩʪʴʶ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʣʝʜʫʶʱʝʤʫ ʩʦʦʪʥʦʰʝʥʠ ʁ[21, 22]:  

 21 0.31 0.05wp

p
c c

¤

= + +  (23) 
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ʈʝʟʫʣʴʪʘʪʳ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʨʘʩʯʝʪʥʦʛʦ ʧʨʦʬʠʣʷ ʜʘʚʣʝʥʠʷ ʥʘ ʧʣʦʩʢʦʡ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʧʣʘ-

ʩʪʠʥʝ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ (23), ʧʨʝʜʩʢʘʟʘʥʥʳʤ ʪʝʦʨʠʝʡ ʩʣʘʙʦʛʦ ʚʷʟʢʦ-ʥʝʚʷʟʢʦʛʦ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʷ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʥʘ ʨʠʩ. 3. ʍʦʨʦʰʝʝ ʩʦʚʧʘʜʝʥʠʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʜʦʩʪʦʚʝʨʥʦʩʪʴ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ. 

 

ʈʠʩ. 3. ʉʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ ʧʨʦʬʠʣʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ p p¤ ʥʘ ʘʜʠʘʙʘʪʠ-

ʯʝʩʢʦʡ ʛʣʘʜʢʦʡ ʧʣʘʩʪʠʥʝ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʧʨʝʜʩʢʘ-

ʟʘʥʥʳʭ ʪʝʦʨʠʝʡ ʚʷʟʢʦ-ʥʝʚʷʟʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ  

ɼʣʷ ʧʦʜʨʦʙʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʩʣʝʜʫʝʤʦʡ ʧʨʦʙʣʝʤʳ ʥʝʦʙʭʦʜʠʤʦ ʚʳʯʠʩʣʠʪʴ ʧʦʣ ̫ʩʢʦʨʦ-

ʩʪʝʡ ʠ ʪʝʤʧʝʨʘʪʫʨ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʧʨʦʬʠʣʠ ʣʦʢʘʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʚʝʨʭʥʦʩʪʥʦ-

ʛʦ ʪʨʝʥʠʷ fʉ  ʠ ʪʝʧʣʦʦʪʜʘʯʠ ( )w aw wq T Ta= -  ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʛʜʝ awT  ï ʪʝʤʧʝʨʘʪʫʨʘ ʘʜʠʘ-

ʙʘʪʠʯʝʩʢʦʡ ʩʪʝʥʢʠ (ʜʣʷ ʩʣʫʯʘʷ ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ ʧʣʘʩʪʠʥʳ ʧʣʦʪʥʦʩʪʴ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ 

0wq = ), ʘ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʫʢʘʟʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʟʘʜʘʯʠ. 

ʂʨʦʤʝ ʵʪʦʛʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʧʦʚʝʜʝʥʠʝ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʢʘʢ ʙʝʟ-

ʨʘʟʤʝʨʥʘʷ ʪʦʣʱʠʥʘ, ʪʦʣʱʠʥʘ ʚʳʪʝʩʥʝʥʠʷ, ʪʦʣʱʠʥʘ ʧʦʪʝʨʠ ʠʤʧʫʣʴʩʘ ʠ ʪ.ʧ. ʆʜʥʘʢʦ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʠʥʞʝʥʝʨʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤʠ ʷʚʣʷʶʪʩʷ ʟʥʘʯʝʥʠ̫ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʠ ʪʝʧʣʦʦʪʜʘʯʠ ʥʘ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʅʘ ʨʠʩ. 4, 5 ʧʦʤʝʱʝʥʳ ʨʘʩʯʝʪʥʳʝ ʧʦʣʷ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ ʚʙʣʠʟʠ ʪʝʧʣʦʠʟʦʣʠʨʦ-

ʚʘʥʥʦʡ ʧʣʘʩʪʠʥʳ. ʀʟ ʨʠʩ. 4 ʚʠʜʥʦ, ʯʪʦ ʠʩʩʣʝʜʫʝʤʦʝ ʪʝʯʝʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʝʟʢʠʤ ʩʢʘʯ-

ʢʦʤ ʜʘʚʣʝʥʠʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʧʝʨʝʜʥʝʡ ʢʨʦʤʢʠ, ʢʦʪʦʨʦʝ ʟʘʪʝʤ ʧʣʘʚʥʦ ʩʥʠʞʘʝʪʩʷ ʚʥʠʟ ʧʦ ʧʦ-

ʪʦʢʫ. 

 



ɸ.ʃ. ɾʝʣʝʟʥʷʢʦʚʘ  çʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʘ éè 

  11 

ʈʠʩ. 4. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ (ʇʘ) ʚ ʦʙʣʘʩʪʠ ʚʦʟʤʫʱʝʥʥʦʛʦ ʪʝʯʝʥʠʷ ʦʢʦʣʦ ʘʜʠʘʙʘ-

ʪʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʳ 

 

ʈʠʩ. 5. ʇʦʣʝ ʪʝʤʧʝʨʘʪʫʨ (K) ʚʙʣʠʟʠ ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ ʧʣʘʩʪʠʥʢʠ. ʆʙʣʘʩʪʴ ʚʦʟʤʫʱʝʥ-

ʥʦʛʦ ʪʝʯʝʥʠʷ, ʦʛʨʘʥʠʯʝʥʥʘʷ ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ (ʚʚʝʨʭʫ) ʠ ʪʝʧʣʦʚʦʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ 

(ʚʥʠʟʫ) 

ʅʘ ʨʠʩ. 6 ʧʦʢʘʟʘʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʧʦʧʝʨʝʢ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʥʘ ʧʣʦʩʢʦʡ 

ʧʣʘʩʪʠʥʝ ʜʣʷ ʩʝʨʠʠ ʩʝʯʝʥʠʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʟʣʠʯʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʝʝ ʧʝʨʝʜʥʝʡ 

ʢʨʦʤʢʠ.  



ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʘʷ ʢʠʥʝʪʠʢʘ ʚ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʝ 2016 ʊ.17(4)             http://chemphys.edu.ru/issues/2016-17-4/articles/642/ 

 12 

 

ʈʠʩ. 6. ʇʨʦʬʠʣʠ ʪʝʤʧʝʨʘʪʫʨ (K) ʚ ʨʘʟʣʠʯʥʳʭ ʩʝʯʝʥʠʷʭ ʚʜʦʣʴ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʳ 

ʈʘʩʯʝʪʥʳʝ ʜʘʥʥʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʣʘʚʥʳʡ ʨʦʩʪ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʚʥʠʟ ʧʦ ʪʝʯʝʥʠʶ 

ʦʢʦʣʦ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʷ ~ 1150 K ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʢʨʦʤʢʠ ʜʦ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʧʦʣʥʦʛʦ ʪʦʨʤʦʞʝʥʠʷ *T . ʅʘ ʨʠʩ. 7 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʯʝʪʥʳʝ ʧʨʦʬʠʣʠ ʙʝʟʨʘʟʤʝʨʥʦʡ 

ʩʢʦʨʦʩʪʠ u V¤ ʧʦʧʝʨʝʢ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚʜʦʣʴ ʧʣʘʩʪʠʥʳ ʜʣʷ ʪʦʡ ʞʝ ʩʝ-

ʨʠʠ ʩʝʯʝʥʠʡ.  
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ʈʠʩ. 7. ʇʨʦʬʠʣʠ ʧʨʦʜʦʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʚ ʨʘʟʣʠʯʥʳʭ ʩʝʯʝʥʠʷʭ ʚʜʦʣʴ ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ 

ʧʣʘʩʪʠʥʳ 

ʇʦʣʫʯʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʦʚʝʪʫʶʪ ʣʘʤʠʥʘʨʥʦʤʫ ʨʝʞʠʤʫ ʪʝʯʝʥʠʷ [15]. ʅʘ ʜʦʩʪʘ-

ʪʦʯʥʦ ʥʝʙʦʣʴʰʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʢʨʘʷ ʧʣʘʩʪʠʥʳ (ʦʢʦʣʦ 5 ʩʤ) ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʩʢʦʨʦʩʪʠ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘ ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʦʜʥʦʡ ʧʝʨʝʤʝʥʥʦʡ 

V
y

x
h

n

¤

¤

= Ö
Ö
, ʛʜʝ 

m
n

r

¤
¤

¤

=  ï ʢʦʵʬʬʠʮʠʝʥʪ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ (ʨʠʩ. 8). ʅʘ ʨʠʩʫʥʢʝ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʛʨʘʬʠʯʝʩʢʠʭ ʦʙʣʘʩʪʷʭ ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ʦʪʣʦʞʝʥʳ ʟʥʘʯʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʳʭ 

ʩʢʦʨʦʩʪʠ 
u

V¤
 ʠ ʪʝʤʧʝʨʘʪʫʨʳ 

T

T¤
, ʧʦ ʦʩʠ ʘʙʩʮʠʩʩ ï ʙʝʟʨʘʟʤʝʨʥʘʷ ʧʦʧʝʨʝʯʥʘʷ ʢʦʦʨʜʠʥʘʪʘ h.  

ɼʣʷ ʣʘʤʠʥʘʨʥʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʪʝʯʝʥʠʷ ʦʢʦʣʦ ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʳ ʦʮʝʥʦʯʥʳʝ ʟʥʘʯʝʥʠʷ 

ʣʦʢʘʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʪʨʝʥʠʷ ʚʜʦʣʴ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʠʟ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ [23] 

 
[ ] *
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Ö
 ï ʧʘʨʘʤʝʪʨ ʏʝʧʤʝʥʘ ï ʈʫʙʝʟʠʥʘ, ʢʦʪʦʨʳʡ ʘʥʘʣʦʛʠʯʝʥ ʧʘʨʘʤʝʪʨʫ C  ʚ ʩʦ-

ʦʪʥʦʰʝʥʠʠ (22). 
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ʈʠʩ. 8. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʙʝʟʨʘʟʤʝʨʥʳʭ ʩʢʦʨʦʩʪʝʡ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʞʠʤʘʝʤʦʤ ʣʘʤʠ-

ʥʘʨʥʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʥʘ ʧʨʦʜʦʣʴʥʦ ʦʙʪʝʢʘʝʤʦʡ ʛʣʘʜʢʦʡ ʧʣʘʩʪʠʥʝ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʪʝʧʣʦʧʝʨʝʜʘʯʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʝʯʝʥʠʡ   

ʅʘ ʨʠʩ. 9 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʪʨʝʥʠʷ  ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʠʩʣʝʥ-

ʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʟ ʦʮʝʥʦʯʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ (24).  

 

ʈʠʩ. 9. ʉʨʘʚʥʝʥʠʝ ʨʘʩʯʝʪʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʨʝʥʠʷ ʥʘ ʪʝʧ-

ʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ ʧʣʘʩʪʠʥʝ ʩ ʧʨʦʬʠʣʝʤ, ʧʦʩʪʨʦʝʥʥʳʤ ʧʦ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʤʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʯʠʩ-

ʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʚʦʣʥʠʩʪʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʩ ʘʤʧʣʠʪʫʜʦʡ 

ʤʝʥʴʰʝʡ ʣʦʢʘʣʴʥʦʡ ʪʦʣʱʠʥʳ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ (ʩʤ. ʨʠʩ. 1), ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠʩʪʝʥʦʯʥʦ-

ʛʦ ʪʝʯʝʥʠʷ ʥʘ ʪʝʧʣʦʠʟʦʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʦʩʪʘʥʦʚʢʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ ʥʠ-

ʯʝʤ ʥʝ ʦʪʣʠʯʘʣʘʩʴ ʦʪ ʧʨʝʜʳʜʫʱʝʡ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʘʣʠʯʠʷ ʫʯʘʩʪʢʘ ʚʦʣʥʠʩʪʦʡ ʰʝʨʦʭʦʚʘ-

ʪʦʩʪʠ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʣʦʩʢʦʡ ʧʣʘʩʪʠʥʳ. ʅʘ ʨʠʩ. 10ï13 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪ rʧʨʷʤʦʛʦ 

ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʚʠʜʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚʜʦʣʴ ʦʙʪʝʢʘʝ-

ʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʨʠʩ. 10), ʘ ʪʘʢʞʝ ʨʘʩʯʝʪʥʳʭ ʧʦʣʝʡ ʜʘʚʣʝʥʠʷ (ʨʠʩ. 11), ʪʝʤʧʝʨʘʪʫʨʳ 

(ʨʠʩ. 12) ʠ ʩʢʦʨʦʩʪʠ (ʨʠʩ. 13) ʚʙʣʠʟʠ ʧʣʘʩʪʠʥʳ. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʜʘʥʥʳʝ ʠʣʣʶʩʪʨʠʨʫʶʪ, ʯʪʦ 

ʥʘʣʠʯʠʝ ʰʝʨʦʭʦʚʘʪʦʡ ʩʝʢʮʠʠ ʜʝʩʪʘʙʠʣʠʟʠʨʫʝʪ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʠ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦ-

ʚʝʥʠʶ ʥʝʫʩʪʦʡʯʠʚʳʭ ʢʦʣʝʙʘʥʠʡ, ʠʥʠʮʠʠʨʫʶʱʠʭ ʚʧʦʩʣʝʜʩʪʚʠʠ ʣʘʤʠʥʘʨʥʦ-ʪʫʨʙʫʣʝʥʪʥʳʡ 

ʧʝʨʝʭʦʜ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʜʚʫʤʝʨʥʳʝ ʥʝʫʩʪʦʡʯʠʚʳʝ ʚʦʟʤʫʱʝʥʠʷ ʨʘʟʚʠʚʘʶʪʩʷ ʚʥʠʟ ʧʦ ʧʦʪʦʢʫ 

ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʢʦʥʮʘ ʰʝʨʦʭʦʚʘʪʦʛʦ ʫʯʘʩʪʢʘ. 


