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В ̔́̈̆̂̊˷̉˷̍˿˿ ̂̅̆˷̉́˿ ˺˷˾̅˹̒̌ ̉̊̇˸˿̄ ̇˷˸̅̉˷̉̕ ˹ ̏˿̇̅́̅̃ ˿̄̉˼̇˹˷̂˼ ̎˷̈̉̅̉ ˻˿̄˷̃˿̎˼-

̈́˿̌ ̄˷˺̇̊˾̅́. ˩˷́˿˼ ̄˷˺̇̊˾́˿ ̈̅ ˹̇˼̃˼̄˼̃ ̃̅˺̊̉ ̆̇˿˹̅˻˿̉̓ ́ ̊̈̉˷̂̅̈̉̄̒̃ ˻˼̋̅̇̃˷̍˿̖̃, ̃˿́-

̇̅̉̇˼̐˿̄˷̃, ̎̉̅ ˿˾̃˼̖̄˼̉ ˻˿̄˷̃˿̎˼̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ́̅̄̈̉̇̊́̍˿˿ ̂̅̆˷̉̅́. ̂̅̆˷̉́˷ ̖˹̖̂˼̖̉̈ 

̊̆̇̊˺̅̀ ́̅̄̈̉̇̊́̍˿˼̀ ˿ ˿̃˼˼̉ ̈̆˼́̉̇ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ ˿ ̋̅̇̃ ́̅̂˼˸˷̄˿̀. ˥̄˿ ˹̂˿̖̉̕ 
̄˷ ˻˿̄˷̃˿̎˼̈́˿˼ ̈˹̅̀̈̉˹˷ ̈˷̃̅̀ ̂̅̆˷̉́˿ ˿ ˼ё ̈̆̅̈̅˸̄̅̈̉̓ ̇˼˷˺˿̇̅˹˷̉̓ ̄˷ ̇˷˾̂˿̎̄̒˼ ˹̅˾˻˼̀̈̉˹˿̖. 

˧˷˸̅̉˷ ˾˷́̂̎̕˷˼̖̉̈ ˹ ˿˾̊̎˼̄˿˿ ̈̅˸̈̉˹˼̄̄̅̀ ̎˷̈̉̅̉̒ ˿ ̋̅̇̃̒ ́̅̂˼˸˷̄˿̀ ̂̅̆˷̉̅̎-

̄̒̌ ̉̊̇˸̅̃˷̏˿̄ ˿ ˹ ̈̅˹˼̇̏˼̄̈̉˹̅˹˷̄˿˿ ̃˼̉̅˻̅˹ ̎˿̈̂˼̄̄̅˺̅ ̆̇̅˺̄̅˾˿̇̅˹˷̄˿̖ ˻˿̄˷̃˿-

̎˼̈́̅˺̅ ̅̉́̂˿́˷ ̂̅̆˷̉̅́ ̆̅˻ ̄˷˺̇̊˾́̅̀, ̎̉̅ ̖˹̖̂˼̖̉̈ ˷́̉̊˷̂̓̄̅̀ ˾˷˻˷̎˼̀, ̉˷́ ̆̅˾˹̖̅̂˼̉  
̅̌˷̇˷́̉˼̇˿˾̅˹˷̉̓ ˾˷˹˿̈˿̃̅̈̉̓ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ ́̅̂˼˸˷̄˿̀ ̅̉ ̇˼˽˿̃˷ ̇˷˸̅̉̒ ˿ ˺˷̇˷̄̉˿̇̅-

˹˷̄̄̅ ˿˾˸˼˽˷̉̓ ̇˼˾̅̄˷̄̈˷ ˻̖̂ ̆̇̅˼́̉˿̇̊˼̃̒̌ ̂̅̆˷̉̅̎̄̒̌ ˹˼̄̍̅˹ ˹ ̇˼˷̂̓̄̒̌ ̊̈̂̅˹˿̖̌ ̔́̈̆̂̊˷-

̉˷̍˿˿. 
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ANALYSIS OF RESONANCE AND NATURAL FREQUENCIES  
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Gas turbine blades operate in a wide frequency range of dynamic loads. Such loads can lead to 

fatigue deformations and microcracks with time, which changes the dynamic characteristics of the  of the 

blades. The blade is an elastic structure and has a spectrum of natural frequencies and vibration 

modes. They affect the dynamic properties of the blade itself and its ability to respond to 

various influences. The study consists in studying the natural frequency and vibration modes of 

turbomachine blades and in improving the methods of numerical prediction of dynamic response of 

blades under load, which is an urgent task, as it allows to characterize the dependence of natural 

frequencies of vibrations on the mode of operation and reliably avoid resonance for engineered blades in 

actual operating conditions . 
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В ̔́̈̆̂̊˷̉˷̍˿˿ ̂̅̆˷̉́˿ ˺˷˾̅˹̒̌ ̉̊̇˸˿̄ 

̇˷˸̅̉˷̉̕ ˹ ̏˿̇̅́̅̃ ˿̄̉˼̇˹˷̂˼ ̎˷̈̉̅̉ ˻˿̄˷-
̃˿̎˼̈́˿̌ ̄˷˺̇̊˾̅́. ˩˷́˿˼ ̄˷˺̇̊˾́˿ ̈̅ ˹̇˼̃˼-
̄˼̃ ̃̅˺̊̉ ̆̇˿˹̅˻˿̉̓ ́ ̊̈̉˷̂̅̈̉̄̒̃ ˻˼̋̅̇̃˷-
̍˿̖̃, ̃˿́̇̅̉̇˼̐˿̄˷̃, ̎̉̅ ˿˾̃˼̖̄˼̉ ˻˿̄˷̃˿-

̎˼̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ́̅̄̈̉̇̊́̍˿˿ ̂̅̆˷̉̅́ 

[1, 2].  

˭˼̂̓ ˻˷̄̄̅̀ ̇˷˸̅̉̒ ˾˷́̂̎̕˷˼̖̉̈ ˹ ˿˾̊̎˼-
̄˿˿ ̈̅˸̈̉˹˼̄̄̅̀ ̎˷̈̉̅̉̒ ˿ ̋̅̇̃̒ ́̅̂˼˸˷̄˿̀ 

̂̅̆˷̉̅̎̄̒̌ ˷̆̆˷̇˷̉̅˹ ̉˼̆̂̅˹̒̌ ̉̊̇˸̅̃˷̏˿̄ 

˿ ˹ ̈̅˹˼̇̏˼̄̈̉˹̅˹˷̄˿˿ ̃˼̉̅˻̅˹ ̎˿̈̂˼̄̄̅˺̅ 

̆̇̅˺̄̅˾˿̇̅˹˷̄˿̖ ˻˿̄˷̃˿̎˼̈́̅˺̅ ̅̉́̂˿́˷ ̂̅-

̆˷̉̅́ ̆̅˻ ̄˷˺̇̊˾́̅̀, ̎̉̅ ̖˹̖̂˼̖̉̈ ˷́̉̊˷̂̓̄̅̀ 

˾˷˻˷̎˼̀, ̉˷́ ̆̅˾˹̖̅̂˼̉ ˺˷̇˷̄̉˿̇̅˹˷̄̄̅ ˿˾˸˼-

˽˷̉̓ ̇˼˾̅̄˷̄̈˷ ˻̖̂ ̆̇̅˼́̉˿̇̊˼̃̒̌ ̂̅̆˷̉̅̎-

̄̒̌ ˹˼̄̍̅˹ ˹ ̇˼˷̂̓̄̒̌ ̊̈̂̅˹˿̖̌ ̔́̈̆̂̊˷̉˷-

̍˿˿.  

К˷́ ̆̇˷˹˿̂̅, ˹˼̂˿̎˿̄̒ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷-

̈̉̅̉ ́̅̂˼˸˷̄˿̀ ̂̅̆˷̉̅́ ˺˷˾̅˹̒̌ ̉̊̇˸˿̄ ˿˾-
̃˼̖̖̄̉̈̕ ˹ ˻˿˷̆˷˾̅̄˼ 100–30000 ˚̍ [4]. В˿˸-

̇˷̍˿̖ ̂̅̆˷̉́˿ ˸̊˻˼̉ ˹̒˾̒˹˷̉̓ ˻˿̄˷̃˿̎˼-

̈́˿˼ ̄˷̖̆̇˽˼̄˿̖, ̆̇˿˹̅˻̖̐˿˼ ́ ̊̈̉˷̂̅̈̉˿ 

̃˷̉˼̇˿˷̂˷ ̂̅̆˷̉́˿, ˿̂˿ ˻˷˽˼ ́ ˼˼ ̇˷˾̇̊-

̏˼̄˿̕.  

˞̄˷̖ ̈̅˸̈̉˹˼̄̄̒˼ ̎˷̈̉̅̉̒ ˿ ˹̅˾̃̊̐˷̐̕˿˼ 
˺˷̇̃̅̄˿́˿, ̃̅˽̄̅ ̅̆̇˼˻˼̂˿̉̓ ̋̅̇̃̒ ́̅̂˼˸˷-
̄˿̀, ́̅̉̅̇̒˼ ̃̅˺̊̉ ˹̅˾˸̊˽˻˷̖̉̓̈ ˹ ̇˷˸̅̎˼̃ 

˻˿˷̆˷˾̅̄˼ ̎˷̈̉̅̉ ˹̇˷̐˼̄˿̖, ˷ ̉˷́˽˼ ̎˷̈̉̅̉̒ 

˹̇˷̐˼̄˿̖, ̄˷ ́̅̉̅̇̒̌ ˹̅˾̃̅˽̄̒ ̇˼˾̅̄˷̄̈̒ 

̄˷ ˻˷̄̄̒̌ ̋̅̇̃˷̌ ́̅̂˼˸˷̄˿̀. А̄˷̂˿˾˼ ̎˷̈̉̅̉, 
̋̅̇̃ ˿ ̇˷̈̆̇˼˻˼̂˼̄˿̀ ̅̉̄̅̈˿̉˼̂̓̄̒̌ ˹˿˸̇˷-
̍˿̅̄̄̒̌ ̄˷̖̆̇˽˼̄˿̀ ̂̅̆˷̉́˿ ̍˼̂˼̈̅̅˸̇˷˾̄̅ 

˹̖̒̆̅̂̄̉̓ ̈ ̆̅̃̅̐̓̕ ̃˼̉̅˻˷ ́̅̄˼̎̄̒̌ ̔̂˼-
̃˼̄̉̅˹, ̇˼˷̂˿˾̅˹˷̄̄̅˺̅ ˹ ̆̇̅˺̇˷̃̃̄̅̃ ́̅̃-

̆̂˼́̈˼ Ansys [3]. 

ǑоǳǴǢǯоǤǬǢ ǩǢǦǢǹǪ 

1. В̒̆̅̂̄˿̉̓ ̃̅˻˷̂̓̄̒̀ ˷̄˷̂˿˾ ̂̅̆˷̉́˿, 

˺˼̅̃˼̉̇˿̎˼̈́˷̖ ̃̅˻˼̂̓ ́̅̉̅̇̅̀ ̆̇˼˻̈̉˷˹̂˼̄˷ 
̄˷ ̇˿̈. 1. 

2. ˥̆̇˼˻˼̂˿̉̓ ̆˼̇˹̒˼ 6 ̈̅˸̈̉˹˼̄̄̒̌ ̎˷-
̈̉̅̉ ˿ ̋̅̇̃ ́̅̂˼˸˷̄˿̀. 

3. В̒̆̅̂̄˿̉̓ ˺˷̇̃̅̄˿̎˼̈́˿̀ ˷̄˷̂˿˾ ̈˿-

̈̉˼̃̒ ̆̅˻ ˻˼̀̈̉˹˿˼̃ ̆˼̇˿̅˻˿̎˼̈́̅̀ ̈˿̂̒ 

200 ˤ. 

l = 160 ̃̃. 

˦˼̇˿̋˼̇˿̖: b = 56 ̃̃,  = 5,7 ̃̃,  

h = 11 ̃̃. 

К̅̇̄˼˹̅˼ ̈˼̎˼̄˿˼: b = 60 ̃̃,  = 9 ̃̃,  

h = 12 ̃̃. 

˨̇˼˻̄˼˼ ̈˼̎˼̄˿˼: b = 65 ̃̃,  = 7 ̃̃,  

h = 11,5 ̃̃. 

 = 7,8  103 ́˺/̃ (̈̉˷̂̓) 

ǅǧомǧǴǲǪǹǧǳǬǪǧ ǱǢǲǢмǧǴǲǽ обǲǢǩǸǢ Ǫ ǦǢǯǯǽǧ Ǳо мǢǴǧǲǪǢǭǵ 

 
 

˧˿̈. 1. ˥˸̐˿̀ ˹˿˻ ˿ ̅̈̄̅˹̄̒˼ ˺˼̅̃˼̉̇˿̎˼̈́˿˼ ̆˷̇˷̃˼̉̇̒ ̇˷˸̅̎˼̀ ̂̅̆˷̉́˿ [2] 

Fig. 1. General view and main geometrical parameters of the working blade [2] 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  1  

ǑǢǲǢмǧǴǲǽ ǭоǱǢǴǬǪ ǴǵǲбǪǯǽ 

Parameters of Turbine Blade 

˥˸̓˼̃ 1,2662∙105 ̃̃3 

ˣ˷̈̈˷ 0,99 ́˺
˦̂̅̉̄̅̈̉̓ ̈̉˷̂˿ 7,85∙10–6 ́˺/̃̃3

˦̇̅̎̄̅̈̉̓ ̆̇˿ ̈˽˷̉˿˿ 250 M˦a

˦̇̅̎̄̅̈̉̓ ̆̇˿ ̇˷̖̈̉˽˼̄˿˿ 250 M˦a

˦̇˼˻˼̂ ̆̇̅̎̄̅̈̉˿ ̆̇˿ ̇˷̖̈̉˽˼̄˿˿ 460 M˦a

ИǩǥǪбǯǽǧ ǬоǭǧбǢǯǪȁ ǭоǱǢǴоǬ 

˨̅˸̈̉˹˼̄̄˷̖ ̎˷̈̉̅̉˷ ̉˷̄˺˼̄̍˿˷̂̓̄̒̌ ́̅-

̂˼˸˷̄˿̀ ˻̂˿̄̄̅̀ ̂̅̆˷̉́˿ ̃̅˽˼̉ ˸̒̉̓ ̅̆̇˼˻˼-
̂˼̄˷ ̆̅ ̋̅̇̃̊̂˼ [2]:  

 min

2
,k

k

m EJ
f

Fl



 

˺˻˼ fk – k-̖ c̅˸̈̉˹˼̄̄˷̖ ̎˷̈̉̅̉˷ ̉˷̄˺˼̄̍˿˷̂̓-

̄̒̌ ́̅̂˼˸˷̄˿̀ ̂̅̆˷̉́˿, ˚̍; Е – ̃̅˻̊̂̓ ̊̆̇̊-

˺̅̈̉˿ ̃˷̉˼̇˿˷̂˷ ̂̅̆˷̉́˿, ˦˷; ρ – ̆̂̅̉̄̅̈̉̓ 

̃˷̉˼̇˿˷̂˷ ̂̅̆˷̉́˿, ́˺/̃3; Jmin – ̃̅̃˼̄̉ ˿̄˼̇-

̍˿˿ ̈˼̎˼̄˿̖ ̂̅̆˷̉́˿ ̅̉̄̅̈˿̉˼̂̓̄̅ ̅̈˿ ̃˿̄˿-

̃˷̂̓̄̅̀ ˿̄˼̇̍˿˿, ̃4; F – ̆̂̅̐˷˻̓ ̈˼̎˼̄˿̖ 

̂̅̆˷̉́˿, ̃2; l – ˻̂˿̄˷ ̂̅̆˷̉́˿, ̃. 

К̅̔̋̋˿̍˿˼̄̉ mk ˾˷˹˿̈˿̉ ̅̉ ̉̅̄˷ (̋̅̇̃̒) 

́̅̂˼˸˷̄˿̀, ˷ ̉˷́˽˼ ̅̉ ̉˿̆˷ ˾˷˻˼̂́˿ ́̅̄̍̅˹ 

̈̉˼̇˽̖̄ (̂̅̆˷̉́˿). ˞̄˷̎˼̄˿̖ ́̅̔̋̋˿̍˿˼̄̉̅˹ 

mk ˻̖̂ ̈̅˸̈̉˹˼̄̄̒̌ ́̅̂˼˸˷̄˿̀ ́̅̄̈̅̂̓̄̅-

˾˷́̇˼̆̂˼̄̄̅̀ ˿ ̄˼˾˷́̇̊̎˼̄̄̅̀ ̂̅̆˷̉́˿ ̆̇˿-

˹˼˻˼̄̒ ˹ ̉˷˸̂. 2: 
˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǉǯǢǹǧǯǪǧ ǬоǿǶǶǪǸǪǧǯǴǢ mk 

mk value 

n/n mk 

1 0,56

2 3,51

3 9,82

 

˛̖̂ ̆̇˿˸̂˿˽˼̄̄̒̌ ̇˷̈̎˼̉̅˹ ̂̅̆˷̉̅́  

 2 2
min 0,041 ( ) ˿ = 0,69 ,J b h F b        

˺˻˼ b – ̌̅̇˻˷ ̆̇̅̋˿̖̂;  – ̃˷́̈˿̃˷̂̓̄˷̖ ̉̅̂-

̐˿̄˷ ̆̇̅̋˿̖̂; h –̃˷́̈˿̃˷̂̓̄̒̀ ̆̇̅˺˿˸ ̈˼-
̇˼˻˿̄̄̅̀ ̂˿̄˿˿ ̆̇̅̋˿̖̂ (̈̃. ̇˿̈. 1)). 

ǑǲǪмǧǲ ǲǢǳǹёǴǢ Ǧǭȁ ǱǧǲǤоǫ (ǪǩǥǪбǯоǫ)  

Ƕоǲмǽ ǬоǭǧбǢǯǪǫ ǒǍ. 

ˤ˷˿̃˼̄̓̏˷̖ ̎˷̈̉̅̉˷ ̉̊̇˸˿̄̄̅̀ ̇˷˸̅̎˼̀ 

̂̅̆˷̉́˿ ̆˼̇˼̃˼̄̄̅˺̅ ̆̇̅̋˿̖̂ (̈̉˷̉˿̎˼̈́˷̖): 
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˦̅̆̇˷˹́˷ ̄˷ ́̅̄̊̈̄̅̈̉̓ ˧ˢ: 
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КǲǵǴǪǭǾǯǽǧ ǬоǭǧбǢǯǪȁ ǭоǱǢǴоǬ 

˨̅˸̈̉˹˼̄̄˷̖ ̎˷̈̉̅̉˷ ́̇̊̉˿̂̓̄̒̌ ́̅̂˼˸˷̄˿̀ 

̂̅̆˷̉́˿ ̃̅˽˼̉ ˸̒̉̓ ̅̆̇˼˻˼̂˼̄˷ ̆̅ ̋̅̇̃̊̂˼: 
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˺˻˼ fk – k-̖ c̅˸̈̉˹˼̄̄˷̖ ̎˷̈̉̅̉˷ ́̇̊̉˿̂̓̄̒̌ 

́̅̂˼˸˷̄˿̀ ̂̅̆˷̉́˿, ˚̍; G – ̃̅˻̊̂̓ ̈˻˹˿˺˷ 
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̃˷̉˼̇˿˷̂˷, ̇˷˹̄̒̀ 0,5E/(1+ ), ˦˷;  – ́̅-

̔̋̋˿̍˿˼̄̉ ˦̊˷̈̈̅̄˷; ρ – ̆̂̅̉̄̅̈̉̓ ̃˷̉˼̇˿-

˷̂˷ ̂̅̆˷̉́˿, ́˺/̃3; l – ˻̂˿̄˷ ̂̅̆˷̉́˿, ̃; Jр – 

̖̆̅̂̇̄̒̀ ̃̅̃˼̄̉ ˿̄˼̇̍˿˿ ̈˼̎˼̄˿̖ ̂̅̆˷̉́˿, 

̃4; К – ˺˼̅̃˼̉̇˿̎˼̈́˷̖ ˽˼̈̉́̅̈̉̓ ̄˷ ́̇̊̎˼-
̄˿̖ ̅̉̄̅̈˿̉˼̂̓̄̅ ̍˼̄̉̇˷ ˽˼̈̉́̅̈̉˿ ̈˼̎˼̄˿̖ 

̂̅̆˷̉́˿, ̃4. 

К̅̔̋̋˿̍˿˼̄̉ k ̈̅̅̉˹˼̉̈̉˹̊˼̉ ̄̅̃˼̇̊ ̈̅˸-

̈̉˹˼̄̄̅̀ ̎˷̈̉̅̉̒ ˿ ̋̅̇̃̒ ˿ ̆̇˿̄˿̃˷˼̉ ˾̄˷-
̎˼̄˿̖ 1, 2, 3 ˿ ̉. ˻. 

˛̖̂ ̆̇˿˸̂˿˽˼̄̄̒̌ ̇˷̈̎˼̉̅˹ ̂̅̆˷̉̅́:  

 3 30,126  ˿ 0,038 ,pK b J b      

˺˻˼ b – ̌̅̇˻˷ ̆̇̅̋˿̖̂;  – ̃˷́̈˿̃˷̂̓̄˷̖ ̉̅̂-

̐˿̄˷ ̆̇̅̋˿̖̂. 

ǓоǩǦǢǯǪǧ ǥǧомǧǴǲǪǹǧǳǬоǫ моǦǧǭǪ 

В ̔̉̅̀ ̇˷˸̅̉˼ ́̅̄˼̎̄̅-̔̂˼̃˼̄̉̄˷̖ ̃̅˻˼̂̓ 

̂̅̆˷̉́˿ ˺˷˾̅˹̅̀ ̉̊̇˸˿̄̒ ˸̒̂˷ ̆̅̈̉̇̅˼̄˷ ̄˷ 

̅̈̄̅˹˼ ˿̃˼̐̕˼̖̀̈ ˺˼̅̃˼̉̇˿̎˼̈́̅̀ ̃̅˻˼̂˿ 

(̇˿̈. 1), ˻˿̄˷̃˿̎˼̈́˿˼ ̌˷̇˷́̉˼̇˿̈̉˿́˿ ̂̅-

̆˷̉́˿ ˸̒̂˿ ̆̇̅˷̄˷̂˿˾˿̇̅˹˷̄̒ ̈ ̆̅̃̅̐̓̕ 

̆̇̅˺̇˷̃̃̄̅˺̅ ̅˸˼̈̆˼̎˼̄˿̖ Ansys Workbench 

[16]. ˮ˿̈̂˼̄̄̒̀ ̇˷̈̎˼̉ ̆̅˾˹̖̅̂˼̉ ̆̅̂̊̎˿̉̓ 

̆˼̇˹̒˼ 6 ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ ̂̅̆˷̉́˿ ̆̇˿ 

̄̅̃˿̄˷̂̓̄̒̌ ˿ ̇˼˾̅̄˷̄̈̄̒̌ ̊̈̂̅˹˿̖̌ ̔́̈-

̆̂̊˷̉˷̍˿˿, ˷ ̉˷́˽˼ ˺˷̇̃̅̄˿̎˼̈́˿̀ ̅̉́̂˿́ 

˹̅˾˸̊˽˻˷̐̕˼̀ ̈˿̂̒. 

˛̖̂ ̇˷̈̎˼̉˷ ˸̒̂˿ ˾˷˻˷̄̒ ̈̂˼˻̊̐̕˿˼ ˺̇˷-
̄˿̎̄̒˼ ̊̈̂̅˹˿̖: 

ˣ˷̉˼̇˿˷̂ ̂̅̆˷̉́˿ – ̈̉˷̂̓; 

˨́̅̇̅̈̉̓ ˹̇˷̐˼̄˿̖ – 6000 ̅˸/̃˿̄; 

ˮ˿̈̂̅ ̊˾̂̅˹ ̇˷̈̎˼̉̄̅̀ ̈˼̉́˿ – 52443, ̎˿̈-

̂̅ ̔̂˼̃˼̄̉̅˹ – 29651 (̇˿̈. 3). 

˨̄˷̎˷̂˷ ̆̇̅˹̅˻˿̖̉̈ ̈̉̇̊́̉̊̇̄̒̀ ˷̄˷̂˿˾ 
̂̅̆˷̉́˿ ̉̊̇˸˿̄̒ ̈ ̊̎˼̉̅̃ ̃˷́̈˿̃˷̂̓̄̅˺̅ ˾̄˷-
̎˼̄˿̖ ˻˷˹̂˼̄˿̖ ˿ ̆̅̂̄̅̀ ˻˼̋̅̇̃˷̍˿˿ ̂̅̆˷̉-
́˿. ˦̇˿ ̈̉̇̊́̉̊̇̄̅̃ ˷̄˷̂˿˾˼ ̃̒ ̆̅̂̊̎˿̂˿ 

̃˷́̈˿̃˷̂̓̄̅˼ ˾̄˷̎˼̄˿˼ ̄˷̖̆̇˽˼̄˿̀, ̇˷˹̄̅˼ 
239 ˣ˦˷, ˿ ̃˷́̈˿̃˷̂̓̄̊̕ ˻˼̋̅̇̃˷̍˿̕ ̂̅-

̆˷̉́˿ 0,22 ̃̃. 

ǎоǦǢǭǾǯǽǫ ǢǯǢǭǪǩ 

ˣ̅˻˷̂̓̄̒̀ ˷̄˷̂˿˾ ˿̈̆̅̂̓˾̊˼̖̉̈ ˻̖̂ ̅̆̇˼-
˻˼̂˼̄˿̖ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ ̉̊̇˸˿̄̄̅̀ ̂̅̆˷̉-
́˿. ˨̅˸̈̉˹˼̄̄̒˼ ̎˷̈̉̅̉̒ ˿ ̋̅̇̃̒ ́̅̂˼˸˷̄˿̀ 

̖˹̖̖̂̉̈̕ ̄˼̅˸̌̅˻˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿ ̆̇˿ 

́̅̄̈̉̇̊˿̇̅˹˷̄˿˿ ̂̅̆˷̉́˿ ̆̅ ̊̈̂̅˹˿̖̃ ˻˿̄˷-
̃˿̎˼̈́̅̀ ̄˷˺̇̊˾́˿ [5]. ˣ̅˻˷̂̓̄̒̀ ˷̄˷̂˿˾ 
̃̅˽˼̉ ˸̒̉̓ ˹̒̆̅̂̄˼̄ ˿ ˻̖̂ ̆̇˼˻˹˷̇˿̉˼̂̓̄̅ 

̄˷̖̆̇˽˼̄̄̅̀ ́̅̄̈̉̇̊́̍˿˿, ̉˷́̅̀ ́˷́ ˹̇˷̐˷-
̐̕˷̖̖̈ ̂̅̆˷̉́˷ ̉̊̇˸˿̄̒, ̄˷̌̅˻̖̐˷̖̖̈ ̆̅˻ 

˻˼̀̈̉˹˿˼̃ ̍˼̄̉̇̅˸˼˽̄̒̌ ̈˿̂.  

˧˷̈̈̎˿̉˷̄̒ ̆˼̇˹̒˼ 6 ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ 
̆̇˿ ̖̈́̅̇̅̈̉̌ ˹̇˷̐˼̄˿̖ 0, 500, 1500, 3000, 

6000 ̅˸/̃˿̄. ˧˼˾̊̂̓̉˷̉̒ ̆̇˼˻̈̉˷˹̂˼̄̒ ˹ ̉˷˸̂. 3. 

      

  

 

˧˿̈. 2. ˦̅̈̉̇̅˼̄̄˷̖ ̉˹˼̇˻̅̉˼̂̓̄˷̖ ̃̅˻˼̂̓ ̂̅̆˷̉́˿
Fig. 2. Solid model of blades

˧˿̈. 3. К̅̄˼̎̄̅-̔̂˼̃˼̄̉̄˷  ̖̃ ̅˻˼̂  ̓˿ ̈̈̂˼˻̊˼̃̅  ̀̂ ̅̆˷̉́˿
Fig. 3. The finite element model of the blade
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ǒǧǩǵǭǾǴǢǴǽ ǳǴǲǵǬǴǵǲǯоǥо ǢǯǢǭǪǩǢ 

 
˧˿̈. 4. ˦̅̂̄˷̖ ˻˼̋̅̇̃˷̍˿̖ ̂̅̆˷̉́˿ (̎˷̈̉̅̉˷ ˹̇˷̐˼̄˿̖ 6000 ̅˸/̃˿̄) 

Fig. 4. Total deformation of the blade with a rotation speed 6000 rpm 

 

     
 

˧˿̈. 5. И˾̃˼̄˼̄˿˼ ̄˷̖̆̇˽˼̄˿̖ ̂̅̆˷̉́˿ (̎˷̈̉̅̉˷ ˹̇˷̐˼̄˿̖ 6000 ̅˸/̃˿̄)  

Fig. 5. Stress of the blade with a rotation speed of 6000 rpm 

 

˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

ǓобǳǴǤǧǯǯǽǧ ǹǢǳǴоǴǽ ǱǲǪ ǲǢǩǯǽǷ ǹǢǳǴоǴǢǷ ǤǲǢǻǧǯǪǫ ǭоǱǢǴǬǪ 

The natural frequencies at different frequencies of rotation of the blade 

ˮ˷̈̉̅̉̒ ˹̇˷̐˼̄˿̖ 0 ̅˸/̃˿̄ 500 ̅˸/̃˿̄ 1500 ̅˸/̃˿̄ 3000̅˸/̃˿̄ 6000 ̅˸/̃˿̄ 

˫̅̇̃̒ ́̅̂˼˸˷̄˿̀ ˨̅˸̈̉˹˼̄̄̒˼ ̎˷̈̉̅̉̒ ́̅̂˼˸˷̄˿̖, ˚̍ 

1 481 482 483 488 511 

2 1038 1039 1039 1042 1057 

3 2078 2078 2080 2081 2089 

4 2792 2793 2794 2800 2824 

5 3350 3350 3352 3359 3389 

6 5034 5036 5039 5048 5091 
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 ˣ̅˻˷ 

f, ˚̍

 
 

˧˿̈. 6. ˦˼̇˹̒˼ 6 ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ ́̅̂˼˸˷̄˿̀ ̂̅̆˷̉́˿ ̆̇˿ ̈́̅̇̅̈̉˿ ˹̇˷̐˼̄˿̖ 6000 ̅˸/̃˿̄ 

Fig. 6. Natural frequency from each modal analysis at 6000 rpm 
 

 
f = 511 ˚̍ 

 
f = 1057 ˚̍ 

 
f = 2089 ˚̍ 

  

 
f = 2824 ˚̍ 

 
f = 3389 ˚̍ 

 
f = 5091 ˚̍  

 

˧˿̈. 7. ˣ̅˻˼̂˿̇̅˹˷̄˿˼ ̇˷˾̂˿̎̄̒̌ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ ̂̅̆˷̉́˿ ̉̊̇˸˿̄̒ ̆̇˿ ̎˷̈̉̅̉˼ 6000 ̅˸/̃˿̄ 

Fig. 7. Simulation of different natural frequencies of the turbine blade at a frequency of 6000 rpm 
 

˦̇˿ ̎˷̈̉̅̉˼ ˹̇˷̐˼̄˿̖ ̂̅̆˷̉́˿ 6000 ̅˸/̃˿̄, 

̎˷̈̉̅̉˷ ˹̅˾˸̊˽˻˷̐̕˼˺̅ ̄˷̖̆̇˽˼̄˿̖ 100 ˚̍, ̔̉˷ 
̎˷̈̉̅̉˷ ̅̉̈̉̅˿̉ ̅̉ ̆˼̇˹̅̀ ̈̅˸̈̉˹˼̄̄̅̀ ̎˷̈̉̅̉̒ 

˸̅̂˼˼ ̎˼̃ ̄˷ 80 % f1 (511 ˚̍ ˹ ̉˷˸̂. 2). ˢ̅̆˷̉́˷ 
̇˷˸̅̉˷˼̉ ̈̉˷˸˿̂̓̄̅ ˸˼˾ ̇˼˾̅̄˷̄̈˷.  

 ˨ ̊˹˼̂˿̎˼̄˿˼  ̃ ̈́̅̇̅̈̉  ˿ ˹̇˷̐˼̄˿  ̖ ̂̅̆˷̉́˿ 

̎˷̈̉̅̉˷ ˹̅˾˸̊˽˻˷̐̕˼˺  ̅̄˷˺̇̊˽˼̄˿  ̖̉˷́˽˼ ˹̅˾̇˷̈-
̉˷˼̉. ˦̇˿ ̈́̅̇̅̈̉  ˿˹̇˷̐˼̄˿  ̖6000 ̅˸/̃˿  ̄f1 = 511 

˚̍, f2 = 1057 ˚̍, f3 = 2089 ˚̍, ˷̃̆̂˿̉̊˻̒ ˻˿̄˷̃˿-

̎˼̈́˿̌ ̄˷̖̆̇˽˼̄˿  ̀ ̆  ̅ 2-̀ ˿ 3-̀ ̋̅̇̃˼ ̈̊̐˼-
̈̉˹˼̄̄̒, ˿ ̔̉  ̅ ̊˽˼ ˹̂˿̖˼̉ ̄˷ ˷̔̇̅˻˿̄˷̃˿̎˼̈́˿˼ 

̌˷̇˷́̉˼̇˿̈̉˿́˿ ̂̅̆˷̉́  ˿ ˿ ̈̄˿˽˷˼̉ ̔̋̋˼́̉˿˹-
̄̅̈̉̓ ̇˷˸̅̉̒ ̂̅̆˷̉́˿ ˿ ˼˼ ˹˿˸̇˷̍˿̅̄̄̊  ̄̕˷˻˼˽-

̄̅̈̉̓. ˜̈̂˿ ̂̅̆˷̉́˷ ̇˷˸̅̉˷˼̉ ˻̅̂˺̅ ̄˷ ̔̉˿̌ ̇˼˽˿-

̃˷̌, ̉  ̅ ˹˼̖̇̅̉̄̅̈̉̓ ̖̆̅˹̂˼̄˿  ̖ ̊̈̉˷̂̅̈̉̄̒̌ ̉̇˼-
̐˿  ̄˿ ̆̅̈̂˼˻̊̐̕˼˺  ̅̇˷˾̇̊̏˼̄˿  ̖˹̒̈̅́˷. ˦̅̔̉̅-

̃̊, ̆̇˿ ̆̇̅˼́̉˿̇̅˹˷̄˿˿ ̂̅̆˷̉́˿, ́̅˺˻˷ ˿˾˹˼̈̉̄̅, 

́˷́˿˼ ̇˼˽˿̃̒ ˿ ̎˷̈̉̅̉̒ ˹̇˷̐˼̄˿̖ ˸̊˻̊̉ ̆̇˼̅˸-

̂˷˻˷̐̕˿̃˿  ˹ ̇˼˷̂̓̄̒̌ ̊̈̂̅˹˿̖̌ ̔́̈̆̂̊˷̉˷̍˿˿, 

̈̅˸̈̉˹˼̄̄̒˼ ̎˷̈̉̅̉̒ ̆˼̇˹̒̌ 6 ̋̅̇  ̃ ́̅̂˼˸˷̄˿̀ 

˻̅̂˽̄̒ ̅˸̖˾˷̉˼̂̓̄  ̅̊̎˿̉̒˹˷̖̉̓̈, ̎̉̅˸̒ ˿˾˸˼˽˷̉̓ 
̇˼˾̅̄˷̄̈˷ ˿ ̆̇̅˻̂˿̉  ̓̈̇̅  ́̈̂̊˽˸̒ ̂̅̆˷̉́˿. 
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˧˿̈. 8. ˨̅˸̈̉˹˼̄̄̒˼ ̎˷̈̉̅̉̒ ˿ ̋̅̇̃̒ ́̅̂˼˸˷̄˿̖ ̂̅̆˷̉́˿: а) f = 511 ˚̍ (˿˾˺˿˸̄̅˼ ́̅̂˼˸˷̄˿˼);  

ȁ) f = 1057 ˚̍ (́̇̊̉˿̂̓̄̅˼ ́̅̂˼˸˷̄˿˼) 

Fig. 8. The natural frequency and shape of the blade: a) f = 511 ˚̍ (flexural oscillation);  

ȁ) f = 1057 ˚̍ (torsional oscillation 

 

И˾ ̇˿̈. 8 ˹˿˻̄̅, ̎̉̅ ̂̅̆˷̉́˷ ̅˸̂˷˻˷˼̉ ́˷́ 

́̇̊̉˿̂̓̄̒̃˿, ̉˷́ ˿ ˿˾˺˿˸̄̒̌ ̋̅̇̃˷̃˿ ́̅̂˼-
˸˷̄˿̀. ˥˸̄˷̇̊˽˼̄̅, ̎̉̅ ̈ ̇̅̈̉̅̃ ̈̅˸̈̉˹˼̄-

̄̅̀ ̎˷̈̉̅̉̒ ̃˷́̈˿̃˷̂̓̄˷̖ ̅̉̄̅̈˿̉˼̂̓̄˷̖ 

˻˼̋̅̇̃˷̍˿̖ ̂̅̆˷̉́˿ ̉˷́˽˼ ˹̅˾̇˷̈̉˷˼̉. ˫̅̇-

̃˷ ́̅̂˼˸˷̄˿̀ ˾˷˹˿̈˿̉ ̅̉ ˾̄˷̎˼̄˿̖ ̈̅˸̈̉˹˼̄-

̄̒̌ ̎˷̈̉̅̉, ˹ ̇˼˾̊̂̓̉˷̉˼ ˿˾˺˿˸̄̅˼ ́̅̂˼˸˷̄˿˼ 
̄˷˸̂̕˻˷˼̖̉̈ ̆̇˿ ̎˷̈̉̅̉˼ f = 511 ˚̍, ˷ ́̇̊-

̉˿̂̓̄̅˼ ́̅̂˼˸˷̄˿˼ ̆̇˿ ̎˷̈̉̅̉˼ f = 1057 ˚̍. 

˧˷̈̈̎˿̉˷̄̄̒˼ 2 ̋̅̇̃̒ ˿ ̎˷̈̉̅̉̒ ́̅̂˼˸˷-
̄˿̀ ̂̅̆˷̉́˿ ̆̇˿ ̄̊̂˼˹̅̀ ̎˷̈̉̅̉˼ ˹̇˷̐˼̄˿̖ 

̆̇˼˻̈̉˷˹̂˼̄̒ ̄˷ ̇˿̈. 2. ˦˼̇˹˷̖ ̋̅̇̃˷ – ̆˼̇-

˹˷̖ ˿˾˺˿˸̄˷̖ ̋̅̇̃˷ ́̅̂˼˸˷̄˿̀ ̂̅̆˷̉́˿, ˹̉̅-

̇˷̖ ̋̅̇̃˷ – ̆˼̇˹˷̖ ́̇̊̉˿̂̓̄˷̖. 
˩ ˷ ˸ ̂ ˿ ̍ ˷  4  

ǖоǲмǽ Ǫ ǹǢǳǴоǴǽ ǬоǭǧбǢǯǪǫ ǭоǱǢǴǬǪ  

ǱǲǪ ǯǵǭǧǤоǫ ǹǢǳǴоǴǧ ǤǲǢǻǧǯǪȁ 

The shape and frequency of oscillation of the blade  

at zero speed 

n 0

ˮ˷̈̉̅̉˷ f ̆˼̇˹̅̀ ̋̅̇̃̒ ́̅̂˼˸˷̄˿̀, ˚̍ 481

ˮ˷̈̉̅̉˷ f ˹̉̅̇̅̀ ̋̅̇̃̒ ́̅̂˼˸˷̄˿̀, ˚̍ 1038
 

˨̇˷˹̄˿̃ ̇˼˾̊̂̓̉˷̉̒ ̇˷̈̎ё̉̅˹ ˿ ̆̅̂̊̎˼̄-

̄̒˼ ̅̆̒̉̄̒̃ ̆̊̉ё̃ ˾̄˷̎˼̄˿̖ ̈̅˸̈̉˹˼̄̄̒̌ 

̎˷̈̉̅̉ ̆˼̇̅˹̅̀ ˿˾˺˿˸̄̅̀ ̋̅̇̃̒ ̂̅̆˷̉́˿. 

 
̇˷̈̎ ̅̆̒̉

̇˷̈̎

475 481
1,3%

481
.

f f

f

 
     

 ˧˼˾̊̂̓̉˷̉̒ ̇˷̈̎˼̉̅˹ ̈̇˷˹̄˿̂˿ ̈ ˻˷̄̄̒̃˿ 

̅̆̒̉̅˹, ̆̅˺̇˼̏̄̅̈̉̓ ̈̅̈̉˷˹˿̂˷ 1,3 %, ̎̉̅ 

̊˻̅˹̂˼̉˹̖̅̇˼̉ ˻̅̆̊̈̉˿̃̒̃ ̆̇˼˻˼̂˷̃ ̆̅-

˺̇˼̏̄̅̈̉˿. 

˨̇˷˹̄˿̃ ̇˼˾̊̂̓̉˷̉̒ ̇˷̈̎ё̉̅˹ ˿ ̆̅̂̊̎˼̄̄̒˼ 
̅̆̒̉̄̒̃ ̆̊̉ё̃ ˾̄˷̎˼̄˿̖ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉ 
̆̇˿ ̆˼̇˹̅̀ ́̇̊̉˿̂̓̄̅̀ ̋̅̇̃̒ ̂̅̆˷̉́˿. 

 
̇˷̈̎ ̅̆̒̉

̇˷̈̎

1063 1038
2,4 %

1038
.

f f

f

 
     

˧˼˾̊̂̓̉˷̉̒ ̇˷̈̎˼̉̅˹ ̈̇˷˹̄˿̂˿ ̈ ˻˷̄̄̒̃˿ 

̅̆̒̉̅˹, ̆̅˺̇˼̏̄̅̈̉̓ ̈̅̈̉˷˹˿̂˷ 2,4 %, ̎̉̅ 

̊˻̅˹̂˼̉˹̖̅̇˼̉ ˻̅̆̊̈̉˿̃̒̃ ̆̇˼˻˼̂˷̃ ̆̅-

˺̇˼̏̄̅̈̉˿. 

ǅǢǲмоǯǪǹǧǳǬǪǫ ǢǯǢǭǪǩ ǭоǱǢǴǬǪ ǴǵǲбǪǯǽ 

ˢ̕˸˷̖ ̊̈̉̅̀̎˿˹˷̖ ̍˿́̂˿̎˼̈́˷̖ ̄˷˺̇̊˾́˷ 

˸̊˻˼̉ ˹̒˾̒˹˷̉̓ ̊̈̉̅̀̎˿˹̒̀ ̍˿́̂˿̎˼̈́˿̀ ̅̉-
́̂˿́ (˺˷̇̃̅̄˿̎˼̈́˿̀ ̅̉́̂˿́) ˹ ̈̉̇̊́̉̊̇̄̅̀ 

̈˿̈̉˼̃˼ [10]. А̄˷̂˿˾ ˺˷̇̃̅̄˿̎˼̈́̅˺̅ ̅̉́̂˿́˷ 

˿̈̆̅̂̓˾̊˼̖̉̈ ˻̖̂ ̆̇̅˺̄̅˾˿̇̅˹˷̄˿̖ ̊̈̉̅̀̎˿-

˹̅˺̅ ˻˿̄˷̃˿̎˼̈́̅˺̅ ̆̅˹˼˻˼̄˿̖ ́̅̄̈̉̇̊́-

̍˿˿ – ̉˷́˿̃ ̅˸̇˷˾̅̃ ̆̇̅˹˼̖̇˼̖̉̈, ˸̊˻˼̉ ̂˿ 

́̅̄̈̉̇̊́̍˿̖ ̊̈̆˼̏̄̅ ̈̅̆̇̅̉˿˹̖̖̂̉̓̈ ̇˼˾̅-

̄˷̄̈̊, ̊̈̉˷̂̅̈̉̄̅̃̊ ̇˷˾̇̊̏˼̄˿̕ ˿ ˻̇̊˺˿̃ 

˹̇˼˻̄̒̃ ˹̅˾˻˼̀̈̉˹˿̖̃ ˹̒̄̊˽˻˼̄̄̅̀ ˹˿˸̇˷-

̍˿˿. ˚˷̇̃̅̄˿̎˼̈́˿̀ ˷̄˷̂˿˾ ̉̇˼˸̊˼̉ ˻˷̄̄̒̌ ̅ 

̍˿́̂˿̎˼̈́̅̀ ̄˷˺̇̊˾́˼ ˻̖̂ ˷̄˷̂˿˾˷.  
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 f = 481 Гɰ f = 1038 Гɰ 

Рɢɫ. 9. Фɨɪɦы ɤɨɥɟɛɚɧɢɣ ɥɨɩɚɬɨɤ ɩɪɢ n = 0 ɨɛ/ɦɢɧ 
Fig. 9. The shape of the oscillations of the blades at n = 0 rpm 

 

 
˧˿̈. 10. ˚˷̇̃̅̄˿̎˼̈́̅˼ ̄˷̖̆̇˽˼̄˿˼ ̂̅̆˷̉́˿  

̆̅˻ ˻˼̀̈̉˹˿˼̃ ̈˿̂̒ 200 ˤ 

Fig. 10. Harmonic tension of the blade  

under the action of a force of 200H

 
 
˧˿̈. 11. ˚˷̇̃̅̄˿̎˼̈́˷̖ ˻˼̋̅̇̃˷̍˿̖ ̂̅̆˷̉́˿  

̆̅˻ ˻˼̀̈̉˹˿˼̃ ̈˿̂̒ 200ˤ 

Fig. 11. Harmonic deformation of the blade  

under the action of a force of 200H 
 

˨˿̂˷, ̇˷̈̈̃˷̉̇˿˹˷˼̃˷̖ ˹ ˻˷̄̄̅̃ ̈̂̊̎˷˼ – 

̈̅˸̈̉˹˼̄̄̒̀ ˹˼̈ ̉̊̇˸˿̄̒. ˦̅̈́̅̂̓́̊ ̉̊̇˸˿̄˷ 
˹̇˷̐˷˼̖̉̈ ˹ ˹˼̇̉˿́˷̂̓̄̅̀ ̆̂̅̈́̅̈̉˿, ̈̅˸-

̈̉˹˼̄̄̒̀ ˹˼̈ ̄˷́̂˷˻̒˹˷˼̉ ̈˿̄̌̇̅̄̄̅˼ ˹̅˾˸̊˽-

˻˼̄˿˼ ̆̅ ̆̅̆˼̇˼̎̄̅̀ ˹˿˸̇˷̍˿˿. К˷́ ˹˿˻̄̅ ˿˾ 
̇˿̈. 10, 11, ̃˷́̈˿̃˷̂̓̄˷̖ ̆̅̂̄˷̖ ˻˼̋̅̇̃˷̍˿̖ 

̆̇˿ ˻˼̀̈̉˹˿˿ ˹̅˾˸̊˽˻˷̐̕˼̀ ̈˿̂̒ – 0,046 ̃̃, 

̃˷́̈˿̃˷̂̓̄̅˼ ˾̄˷̎˼̄˿˼ ̄˷̖̆̇˽˼̄˿̖ 52 ˣ˦˷, 
́̅̉̅̇̅˼ ̄˿˽˼ ̎˼̃ ˻̅̆̊̈̉˿̃̅˼ ̄˷̖̆̇˽˼̄˿˼ 
(250 ˣ˦˷) ̃˷̉˼̇˿˷̂˷ ˿ ̊˻̅˹̂˼̉˹̖̅̇˼̉ ́̇˿̉˼̇˿-

̖̃ ˹˿˸̇˷̍˿̅̄̄̅̀ ̆̇̅̎̄̅̈̉˿.  

И˾ ̇˿̈. 10 ̃̅˽̄̅ ˹˿˻˼̉̓, ̎̉̅ ̆̇˿ ̊˹˼̂˿̎˼-
̄˿˿ ̎˷̈̉̅̉̒ ˹̅˾˸̊˽˻˷̐̕˼̀ ̈˿̂̒ ̅̉ 300 ˻̅ 

1000 ˚̍, ˷̃̆̂˿̉̊˻˷ ˺˷̇̃̅̄˿̎˼̈́̅˺̅ ̄˷̖̆̇˽˼-
̄˿̖ ̇˼˾́̅ ̊˹˼̂˿̎˿˹˷˼̖̉̈ ˹˸̂˿˾˿ ̈̅˸̈̉˹˼̄̄̒̌ 

̎˷̈̉̅̉ (̈̃. ̉˷˸̂. 3). К̅˺˻˷ ̎˷̈̉̅̉˷ ˹̅˾˸̊˽˻˷̕-

̐˼̀ ̈˿̂̒ ˹̅˾̇˷̈̉˷˼̉ ˻̅ 2700 ˚̍, ˷̃̆̂˿̉̊˻˷ 
̄˷̖̆̇˽˼̄˿̖ ̊̃˼̄̓̏˷˼̖̉̈, ˾˷̉˼̃ ̇˼˾́̅ ̊˹˼̂˿-

̎˿˹˷˼̖̉̈ ̈ ̊˹˼̂˿̎˼̄˿˼̃ ̎˷̈̉̅̉̒ ̅̉ 2700 ˻̅ 

3300 ˚̍. В ̍˼̂̅̃, ˾̄˷̎˼̄˿˼ ̎˷̈̉̅̉̒ ˹̅˾˸̊˽˻˷-
̐̕˼̀ ̈˿̂̒ ̅́˷˾̒˹˷˼̉ ˸̅̂̓̏̅˼ ˹̂˿̖̄˿˼ ̄˷ 
˷̃̆̂˿̉̊˻̊ ˺˷̇̃̅̄˿̎˼̈́̅˺̅ ̄˷̖̆̇˽˼̄˿̖. 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  5  

ИǩмǧǯǧǯǪǧ ǥǢǲмоǯǪǹǧǳǬоǥо ǯǢǱǲȁǨǧǯǪȁ Ǥ ǩǢǤǪǳǪмоǳǴǪ оǴ ǹǢǳǴоǴǽ ǤоǩбǵǨǦǢȀǻǧǫ ǳǪǭǽ 200 Ǐ 

The change in the harmonic stress from the frequency of the loading force 200 N 

 ˮ˷̈̉̅̉˷, ˚̍ А̃̆̂˿̉̊˻̒, ̃̃)  ˮ˷̈̉̅̉˷, ˚̍ А̃̆̂˿̉̊˻̒, ̃̃)  ˮ˷̈̉̅̉˷, ˚̍ А̃̆̂˿̉̊˻̒, ̃̃)

1 300 7,04E-04 8 2400 1,08E-03 15 4500 9,22E-04 

2 600 4,12E-03 9 2700 5,65E-06 16 4800 1,58E-03 

3 900 7,35E-03 10 3000 3,84E-04 17 5100 4,64E-03 

4 1200 6,36E-03 11 3300 6,11E-03 18 5400 6,58E-04 

5 1500 2,96E-03 12 3600 1,65E-03 19 5700 2,99E-04 

6 1800 3,38E-03 13 3900 9,66E-04 20 6000 1,74E-04 

7 2100 2,42E-02 14 4200 8,31E-04    

 

 
 

˧˿̈. 10. ˚̇˷̋˿́ ˿˾̃˼̄˼̄˿̖ ˺˷̇̃̅̄˿̎˼̈́̅˺̅ ̄˷̖̆̇˽˼̄˿̖ ˹ ˾˷˹˿̈˿̃̅̈̉˿  

̅̉ ̎˷̈̉̅̉̒ ˹̅˾˸̊˽˻˷̐̕˼̀ ̈˿̂̒ 200 ˤ 

Fig. 10. The change in the harmonic stress from the frequency of the loading force 200 N 
 

˩ ˷ ˸ ̂ ˿ ̍ ˷  6  

ИǩмǧǯǧǯǪǧ ǥǢǲмоǯǪǹǧǳǬоǫ ǦǧǶоǲмǢǸǪǪ Ǥ ǩǢǤǪǳǪмоǳǴǪ оǴ ǹǢǳǴоǴǽ ǤоǩбǵǨǦǢȀǻǧǫ ǳǪǭǽ 200 Ǐ 

Variation of the harmonic deformation from the frequency of the loading force 200 N 

 ˮ˷̈̉̅̉˷, ˚̍ А̃̆̂˿̉̊˻̒, ̃̃)  ˮ˷̈̉̅̉˷, ˚̍ А̃̆̂˿̉̊˻̒, ̃̃)  ˮ˷̈̉̅̉˷, ˚̍ А̃̆̂˿̉̊˻̒, ̃̃)

1 300 6,1E-04 8 2400 2,1E-05 15 4500 8,4E-06 

2 600 5,2E-04 9 2700 2,0E-05 16 4800 2,1E-05 

3 900 1,7E-04 10 3000 1,9E-07 17 5100 7,7E-05 

4 1200 3,8E-04 11 3300 5,9E-05 18 5400 1,0E-05 

5 1500 1,1E-04 12 3600 6,8E-06 19 5700 6,5E-06 

6 1800 1,0E-04 13 3900 1,2E-06 20 6000 3,3E-06 

7 2100 8,2E-04 14 4200 4,1E-06    



 

158 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №2, 2019

 
 

˧˿̈. 12. И˾̃˼̄˼̄˿˼ ˺˷̇̃̅̄˿̎˼̈́̅̀ ˻˼̋̅̇̃˷̍˿˿ ˹ ˾˷˹˿̈˿̃̅̈̉˿  

̅̉ ̎˷̈̉̅̉̒ ˹̅˾˸̊˽˻˷̐̕˼̀ ̈˿̂̒ 200 ˤ 

Fig. 12. Variation of the harmonic deformation from the frequency  

of the loading force 200 N 
 

К̅˺˻˷ ̎˷̈̉̅̉˷ ˹̅˾˸̊˽˻˷̐̕˼̀ ̈˿̂̒ ̊˹˼̂˿-

̎˿˹˷˼̖̉̈ ̅̉ 300˚̍ ˻̅ 2100˚̍ (̈̃. ̇˿̈. 12), ˷̃-

̆̂˿̉̊˻˷ ˺˷̇̃̅̄˿̎˼̈́̅̀ ˻˼̋̅̇̃˷̍˿˿ ̇˼˾́̅ 

̊˹˼̂˿̎˿˹˷˼̖̉̈ ˻̅ 8,72∙10–4 ̃̃. К̅˺˻˷ ̎˷̈̉̅̉˷ 
˹̅˾˸̊˽˻˷̐̕˼̀ ̈˿̂̒ ˻̅̈̉˿˺˷˼̉ 3000 ˚̍, ˷̃̆̂˿-

̉̊˻˷ ̄˷̖̆̇˽˼̄˿̖ ̊̃˼̄̓̏˷˼̖̉̈ 1,99∙10–7 ̃̃, ˾˷-
̉˼̃ ̇˼˾́̅ ̊˹˼̂˿̎˿˹˷˼̖̉̈ ̈ ̊˹˼̂˿̎˼̄˿˼̃ ̎˷̈̉̅-

̉̒ ̅̉ 3000 ˻̅ 3300˚̍.  

И˾ ̇˿̈. 11, 12 ̌̅̇̅̏̅ ˹˿˻̄̅, ̎̉̅ ̆̇˿ ̆̇˿-

˸̂˿˽˼̄˿˿ ̎˷̈̉̅̉̒ ˹̅˾˸̊˽˻˷̐̕˼̀ ̈˿̂̒ ́ 

˾̄˷̎˼̄˿̖̃ ̈̅˸̈̉˹˼̄̒̌ ̎˷̈̉̅̉ ˺˷̇̃̅̄˿̎˼̈́˿˼ 

̄˷̖̆̇˽˼̄˿̖ ˿ ˻˼̋̅̇̃˷̍˿̖ ̇˼˾́̅ ̊˹˼̂˿̎˿˹˷-

̖̉̈̕. ˴̉̅̉ ̇˼˾̊̂̓̉˷̉ ̆̅˾˹̖̅̂˼̉ ̂˿̏̄˿̀ ̇˷˾ 
̊˻̅̈̉̅˹˼̇˿̖̉̓̈ ˹ ̉̅̃, ̎̉̅ ̇˼˾̅̄˷̄̈ ̆̇̅˿̈̌̅-

˻˿̉ ˹˸̂˿˾˿ ̈̅˸̈̉˹˼̄̄̒̌ ̎˷̈̉̅̉, 511, 1057 ˿ 

2089 ˚̍. 

ВǽǤоǦǽ 

1) В ̔̉̅̀ ̇˷˸̅̉˼ ̅̆̒̉̄̒̃ ̆̊̉ё̃ ˸̒̂˿ ̆̅-

̂̊̎˼̄̒ ̈̅˸̈̉˹˼̄̄̒˼ ̎˷̈̉̅̉̒ ́̅̂˼˸˷̄˿̀ ̉̊̇-

˸˿̄̄̅̀ ̂̅̆˷̉́˿. ˩˷́˽˼ ˸̒̂˿ ̇˷̈̈̎˿̉˷̄̒ 

̈̅˸̈̉˹˼̄̄̒˼ ̎˷̈̉̅̉̒ ̆˼̇˹̅̀ ˿˾˺˿˸̄̅̀ ˿ ́̇̊-

̉˿̂̓̄̅̀ ̋̅̇̃̒ ́̅̂˼˸˷̄˿̀ ̂̅̆˷̉́˿. ˧˼-

˾̊̂̓̉˷̉̒ ̇˷̈̎˼̉̅˹ ̈̇˷˹̄˿̂˿ ̈ ˻˷̄̄̒̃˿ ̅̆̒-

̉̅˹, ̆̅˺̇˼̏̄̅̈̉˿ ̈̅̈̉˷˹˿̂˿ 1,3 ˿ 2,4%, ̎̉̅ 

̊˻̅˹̂˼̉˹̖̅̇̉̕ ˻̅̆̊̈̉˿̃̒̃ ̆̇˼˻˼̂˷̃ ̆̅-

˺̇˼̏̄̅̈̉˿. 

2) В ̇˼˾̊̂̓̉˷̉˼ ̆̇̅˹˼˻˼̄̄̅̀ ̇˷˸̅̉̒ ̆̅́˷-
˾˷̄̅, ̎̉̅ ̆̅˻ ˻˼̀̈̉˹˿˼̃ ̈˿̂̒ 200ˤ ̃˷́̈˿-

̃˷̂̓̄̅˼ ̄˷̖̆̇˽˼̄˿˼ ˹ ̉˼̂˼ ̂̅̆˷̉́˿ ̈̅̈̉˷˹̖̂˼̉ 
52 ˣ˦˷, ̎̉̅ ˾̄˷̎˿̉˼̂̓̄̅ ̄˿˽˼ ̆̇˼˻˼̂˷ ˹̒-

̄̅̈̂˿˹̅̈̉˿ (460 ˣ˦˷). ˩˷́˿̃ ̅˸̇˷˾̅̃, ̆̇˿ 

˻˷̄̄̅̀ ̄˷˺̇̊˾́˼ ̊̈̂̅˹˿˼ ̆̇̅̎̄̅̈̉˿ ́̅̄̈̉̇̊́-

̍˿˿ ̂̅̆˷̉́˿ ˹̖̒̆̅̂̄˼̖̉̈.  

3) И˾ ̈̉̇̊́̉̊̇̄̅˺̅ ˷̄˷̂˿˾˷ ̅̆̇˼˻˼̂˼̄̅, 

̎̉̅ ̄˷̖̆̇˽˼̄˿˼, ˹̅˾̄˿́˷̐̕˼˼ ˹ ̂̅̆˷̉́˼ ̉̊̇-

˸˿̄̒ ̆̅˻ ˻˼̀̈̉˹˿˼̃ ̈̉˷̉˿̎˼̈́̅˺̅ ̄˷˺̇̊˽˼̄˿̖, 

̈̅̈̉˷˹̖̂˼̉ 239,45 ˣ˦˷.  
4) И˾ ̆̇̅˹˼˻˼̄̄̅˺̅ ̃̅˻˷̂̓̄̅˺̅ ˿ ˺˷̇̃̅-

̄˿̎˼̈́̅˺̅ ˷̄˷̂˿˾˷ ̅̆̇˼˻˼̂˼̄̅, ̎̉̅ ̆˼̇˹˷̖ 

̈̅˸̈̉˹˼̄̄˷̖ ̎˷̈̉̅̉˷ ̄˷̃̄̅˺̅ ˹̒̏˼ ̃˷́̈˿-

̃˷̂̓̄̅̀ ̇˷˸̅̎˼̀ ̎˷̈̉̅̉̒ (6000 ̅˸/̃˿̄), ̔̉̅ 

̅˾̄˷̎˷˼̉, ̎̉̅ ̂̅̆˷̉́˷ ̉̊̇˸˿̄̒ ̇˷˸̅̉˷˼̉ ˹ ˸˼˾-
̅̆˷̈̄̅̃ ˻˿˷̆˷˾̅̄˼ ̎˷̈̉̅̉ ˹̇˷̐˼̄˿̖ ̈ ̉̅̎́˿ 

˾̇˼̄˿̖ ˹˿˸̇̅̄˷˻˼˽̄̅̈̉˿. 

5) ˧˷̈̈̃̅̉̇˼̄ ̈̂̊̎˷̀ ̈˹̅˸̅˻̄̒̌ ́̅̂˼˸˷̄˿̀ 

̂̅̆˷̉́˿ ˺˷˾̅˹̅̀ ̉̊̇˸˿̄̒. ˦̇̅˹˼˻˼̄ ̎˿̈̂˼̄̄̒̀ 

˷̄˷̂˿˾ ̈̆˼́̉̇˷ ̎˷̈̉̅̉, ̋̅̇̃ ́̅̂˼˸˷̄˿̀, ̆̅̂̊-
̎˼̄̅ ̇˷̈̆̇˼˻˼̂˼̄˿˼ ̅̉̄̅̈˿̉˼̂̓̄̒̌ ̄˷̖̆̇˽˼-
̄˿̀ ˿ ˺˷̇̃̅̄˿́ ̎˷̈̉̅̉ ˹̅˾̃̊̐˷̐̕˿̌ ̈˿̂. 
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