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ʋˊʹ˃ʰˍˇʵˈˍʹˋʹ 
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ɼˇʽ˄˖˄ʽˁˈ ʆʰ˃ʶʾˇύ ˁʰʽ ʰˉˈ ʶʻ˄ʽˁˇˏˌ ˉˈˊˇˎˌΦ 
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ɸʷ˃ʰˍʰ ʵʽʰ˂ʷ˅ʶ˖˄ 

ωɰʰˋʽˁʷˌ ʰˊ˔ʷˌ ˃ʹ˔ʰ˄ʽˁʺˌ ˊʶˎˋˍ˗˄ 

ωɮˊ˔ʷˌ ʵʽʰˍʺˊʹˋʹˌ ˋʶ ˁʽ˄ˇˏ˃ʶ˄ʰ ˊʶˎˋˍʱ 

ωʄˇʺ ˎʴˊˇˏ ˋʶ ʰʴ˖ʴˈ ˁˎˁ˂ʽˁʺˌ ʵʽʰˍˇ˃ʺˌ  
ςɳʾʵʹ ˊˇʺˌ  

ςɮ˄ˍʾˋˍʰˋʹ ˊˇʺˌ 

ςɲʽʰ˔˖ˊʽˋ˃ˈˌ ˊˇʺˌ 

ωʃʰ˂˃ʽˁʺ ˊˇʺ 

ωʄˇʺ ˋʶ ʶ˂ʰˋˍʽˁˇˏˌ ˋ˖˂ʺ˄ʶˌ 

ωɮʽ˃ˇʵˎ˄ʰ˃ʽˁʺ ʻʶ˗ˊʹˋʹ ˍʹˌ ʰʻʹˊ˖˃ʱˍ˖ˋʹˌ 

ωɮʽ˃ˇʵˎ˄ʰ˃ʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˋʶ ʶ˅ʽʵʰ˄ʽˁʶˎ˃ʷ˄ʰ ˁʰʽ 
ʰ˄ʰˍˇ˃ʽˁʱ ˇˊʻʱ ˃ˇ˄ˍʷ˂ʰ 



  

 

 ɰʰˋʽˁʷˌ ɮˊ˔ʷˌ  

 ɾʹ˔ʰ˄ʽˁʺˌ ʄʶˎˋˍ˗˄ 





ɼʰˍʱˊˊʶˎˋʹ ʴʷ˒ˎˊʰˌ Tacoma 
Narrows (Washington)  

ω7/11/1940Σ ˍʰ˔ˏˍʹˍʰ ʰ˄ʷ˃ˇˎ су km/hr 

ω12m ̄ ˂ʱˍˇˌΣ уро m ˃ ʺˁˇˌ 

ωʅˎ˄ˍˇ˄ʽˋ˃ˈˌ ʽʵʽˇˋˎ˔˄ˈˍʹˍʰˌ ʴʷ˒ˎˊʰˌ ˃ʶ ˍʹ ˋˎ˔˄ˈˍʹˍʰ ˍʹˌ 
ʵˎ˄ʰ˃ʽˁʺˌ ˁʰˍʰˉˈ˄ʹˋʹˌ ʶ˅Ω ʰʽˍʾʰˌ ˍ˖˄ ˉʶˊʽˇʵʽˁ˗˄ ʵʽ˄˗˄ ˉʾˋ˖ 
ʰˉˈ ˍʹ ʴʷ˒ˎˊʰ 

 

ʃʶˊʽˇʵʽˁʷˌ ʵʾ˄ʶˌ όKarman vortex 
street) ̀ ʶ ˃ˇ˄ˍʷ˂ˇ ˍˇˎ 
ˇʵˇˋˍˊ˗˃ʰˍˇˌ ˍʹˌ ʴʷ˒ˎˊʰˌ 

 



ʅˎ˃ˉʶˊʽ˒ˇˊʱ ʄɳʇʅʆʍɿ ˁʰʽ ʅʆɳʄɳʍɿ ˎˉˈ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʱˋʶ˖˄ 

ɶ ʱˋˁʹˋʹ ˋˍʰʻʶˊʺˌ ˍʱˋʹˌ 
ˉˊˇˁʰ˂ʶʾ ˋˍʰʻʶˊʺ 
ˉʰˊʰ˃ˈˊ˒˖ˋʹ 
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όʽʵʶ˗ʵʶˌ ʶ˂ʰˋˍʽˁˈ ˋˍʶˊʶˈύ 
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ɿˈ˃ˇˌ Hooke F ~ ˒    ɶ ˉʰˊʰ˃ˈˊ˒˖ˋʹ ʶʾ˄ʰʽ ʰ˄ʱ˂ˇʴʹ ˍʹˌ ʵˏ˄ʰ˃ʹˌ 

ʁˊʽˋ˃ˈˌ ʄʶˎˋˍˇˏ 



ʅˎ˃ˉʶˊʽ˒ˇˊʱ ʄɳʇʅʆʍɿ ˁʰʽ ʅʆɳʄɳʍɿ ˎˉˈ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʱˋʶ˖˄ 

ɶ ʱˋˁʹˋʹ ˍʱˋʹˌ 
ˉˊˇˁʰ˂ʶʾ 
ˉʰˊʰ˃ˈˊ˒˖ˋʹ 
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ʰˋˁʶʾˍʰʽ ʹ ˍʱˋʹ 

t=t3 

2˒ 1˒ 

F 

t=t1 t=0 

F 

Fɻ ʽʰˍ˃ʹˍʽˁʺ ~ d˒ κdt                

ɲʽʰˍ˃ʹˍʽˁʺ ʵˏ˄ʰ˃ʹ  ʰ˄ʱ˂ˇʴʹ ˍˇˎ ˊˎʻ˃ˇˏ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ 

ʁˊʽˋ˃ˈˌ ʄʶˎˋˍˇˏ 



ʁˊʽˋ˃ˈˌ ʄʶˎˋˍˇˏ 

ωʄʶˎˋˍʱ (Fluids) ̌ ˄ˇ˃ʱʸˇ˄ˍʰʽ ʶˁʶʾ˄ʰ ˍʰ ˎ˂ʽˁʱ 
ˋ˗˃ʰˍʰ ˍʰ ˇˉˇʾʰ ̄ ʰˊʰ˃ˇˊ˒˗˄ˇ˄ˍʰʽ ˋˎ˄ʶ˔˗ˌ ˎˉˈ 
ˍʹ˄ ʶˉʾʵˊʰˋʹ ʵʽʰˍ˃ʹˍʽˁʺˌ ˍʱˋʹˌ ̌ ˉˇʽˇˎʵʺˉˇˍʶ 
˃ʶʴʷʻˇˎˌ  

ωɶ ʵʽʰʵʽˁʰˋʾʰ ˍʹˌ ˋˎ˄ʶ˔ˇˏˌ ˉʰˊʰ˃ˈˊ˒˖ˋʹˌ ˍ˖˄ 
ˊʶˎˋˍ˗˄ ˇ˄ˇ˃ʱʸʶˍʰʽ ʄˇʺ (Flow)  

ωɶ ʄˇʺ ʰˉˇˍʶ˂ʶʾ ˍʹ ʻʶ˃ʶ˂ʽ˗ʵʹ ʽʵʽˈˍʹˍʰ ˍ˖˄ ˊʶˎˋˍ˗˄ 
ˉˇˎ ˃ʰˌ ʶˉʽˍˊʷˉʶʽ ˄ʰ ˍʰ ʵʽʰˁˊʾ˄ˇˎ˃ʶ ʰˉˈ ˍʰ ˋˍʶˊʶʱ 
ˋʶ ˋ˔ʷˋʹ ˉʱ˄ˍʰ ˃ʶ ˍʹ ʵˎ˄ʰ˃ʽˁʺ όˊˇʿˁʺύ 
ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˍˇˎˌ 

 



ɳʾʵʹ ʄʶˎˋˍ˗˄ 

ÅɅŮɡůŰɎ: ŬɏɟɘŬ əŬɘ ɡɔɟɎ.  

ÅɄɞɘŬ ɖ ŭɘŬűɞɟɎ; 
ςʇʴˊʱ:  

ωʃˎˁ˄ʱ ʵˇ˃ʹ˃ʷ˄ʰ  

ωɹˋ˔ˎˊʷˌ ˋˎ˄ʶˁˍʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ 

ωɲʽʰˍʺˊʹˋʹ ˈʴˁˇˎ 

ωʈˉʰˊ˅ʹ ʶ˂ʶˏʻʶˊʹˌ 
ʶˉʽ˒ʱ˄ʶʽʰˌ  

ωɮˋˎ˃ˉʾʶˋˍʰ (ˊ Ґ ˋˍʰʻʶˊˈύ 

ïȷɏɟɘŬ:  

ÅȷɟŬɘɎ 

ÅȷůɗŮɜŮɑɠ ůɡɜŮəŰɘəɏɠ 
ŭɡɜɎɛŮɘɠ 

ÅȹɘŬůŰɏɚɚɞɜŰŬɘ ŮɚŮɨɗŮɟŬ 

ÅɆɡɛˊɘŮůŰɎ 

 
 

Ɉɔɟɧ 

ȺɚŮɨɗŮɟɖ ŮˊɘűɎɜŮɘŬ 

ȷɏɟɘɞ ȹɘŬůŰɏɚɚŮŰŬɘ 

 



 ʆˇ ʰʾ˃ʰ ˖ˌ ˊʶˎˋˍˈ 

 

ÅŤ  ʰʾ˃ʰ ˎˉˈ ˒ˎˋʽˇ˂ˇʴʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ʻʶ˖ˊʶʾˍʰʽ 

ʰˋˎ˃ˉʾʶˋˍˇ ́ ʶˎˋˍˈ ˃ʶ ˉˎˁ˄ˈˍʹˍʰΥ 

ɟ = 1.05 gr/cm3 



ɲˎ˄ʱ˃ʶʽˌ ˋˍʰ ˊʶˎˋˍʱ 
  

ςʂʴˁˇˎ ʺ ɾʱʸʰˌ 

ɾˇ˄ʱʵʶˌΥ N/m3 ̋  dyn/cm3  

ʃʰˊʱʵʶʽʴ˃ʰΥ ɰʰˊˏˍʹˍʰ 

ςɳˉʽ˒ʱ˄ʶʽʰˌ ʺ ʆʱˋʶʽˌ 
(stresses)  

ɾˇ˄ʱʵʶˌΥ N/m2 ̋  dyn/cm2  

ωɼʱʻʶˍʹ ʵʽʶˏʻˎ˄ˋʹ ˋˍʹ˄ 
ʶˉʽ˒ʱ˄ʶʽʰ 
ςʃʰˊʱʵʶʽʴ˃ʰΥ ʃʾʶˋʹ 

ωɳ˒ʱˉˍˇ˄ˍʰʽ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ 
ςʃʰˊʱʵʶʽʴ˃ʰΥ ɲʽʰˍ˃ʹˍʽˁʺ ˍʱˋʹ 

(shear stress) 

ȹɨɜŬɛɖ 

ˊɑŮůɖɠ 

ȹɨɜŬɛɖ 

ɛɎɕŬɠ 

ȹɘŬŰɛɖŰɘəɐ 

ŰɎůɖ 

ȹɘŬŰɛɖŰɘəɐ 

ŰɎůɖ 



ȾȷŪȺɇȼ  ɇȷɆȼ  (Normal stress)  

ȺɎɜ ɖ ŭɨɜŬɛɖ Fz ɏɢŮɘ űɞɟɎ 

əɎɗŮŰɖ ˊɟɞɠ Űɖɜ ŮˊɘűɎɜŮɘŬ, 

ŰɧŰŮ ɖ ŰɎůɖ ˊɞɡ 

ŬɜŬˊŰɨůůŮŰŬɘ ɞɜɞɛɎɕŮŰŬɘ     

ˊɑŮůɖ (pressure) 

ȹȽȷɇɀȼɇȽȾȼ ɇȷɆȼ   (Shear stress) 

ɆɈɀȸɃȿȽɆɀɃɆ ɇȷɆȺɋɁ 

ŭŮɑɢɜŮɘ Űɞɜ ɎɝɞɜŬ əɎɗŮŰŬ ůŰɞɜ ɞˊɞɑɞ ɓɟɑůəŮŰŬɘ ɖ ŮˊɘűɎɜŮɘŬ ůŰɖɜ ɞˊɞɑŬ 

ŬůəŮɑŰŬɘ ɖ ŰɎůɖ                                                                                           

ŭŮɑɢɜŮɘ Űɞɜ ɎɝɞɜŬ ůŰɞɜ ɞˊɞɑɞ ɓɟɑůəŮŰŬɘ ɖ ŭɨɜŬɛɖ ɖ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑ Űɖɜ 

ŰɎůɖ 

F :ŰɡɢŬɑŬ ŭɨɜŬɛɖ ŬůəɞɨɛŮɜɖ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ ŮɛɓŬŭɞɨ ȷ 
Y 

ɼʱʻʶˍʶˌ ˁʰʽ ʵʽʰˍ˃ʹˍʽˁʷˌ ˍʱˋʶʽˌ 
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ȾȷŪȺɇȼ  ɇȷɆȼ  (Normal stress) -ɄɑŮůɖ  ȹȽȷɇɀȼɇȽȾȼ ɇȷɆȼ   (Shear stress) 

ɆɈɀȸɃȿȽɆɀɃɆ ɇȷɆȺɋɁ 

ɼʱʻʶˍʶˌ ˁʰʽ ʵʽʰˍ˃ʹˍʽˁʷˌ ˍʱˋʶʽˌ 
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ŭŮɑɢɜŮɘ Űɞɜ ɎɝɞɜŬ əɎɗŮŰŬ ůŰɞɜ ɞˊɞɑɞ ɓɟɑůəŮŰŬɘ ɖ ŮˊɘűɎɜŮɘŬ ůŰɖɜ ɞˊɞɑŬ 

ŬůəŮɑŰŬɘ ɖ ŰɎůɖ                                                                                           

ŭŮɑɢɜŮɘ Űɞɜ ɎɝɞɜŬ ůŰɞɜ ɞˊɞɑɞ ɓɟɑůəŮŰŬɘ ɖ ŭɨɜŬɛɖ ɖ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑ Űɖɜ 

ŰɎůɖ 
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ɶ ˎˉˈʻʶˋʹ ˍˇˎ ˋˎ˄ʶ˔ˇˏˌ ˃ʷˋˇˎ 
(continuum hypothesis) 

Áɰʰˋʾʸʶˍʰʽ ˋˍʹ˄ ˉʰˊʰʵˇ˔ʺ ˈˍʽ ˍˇ ˊʶˎˋˍˈ 
ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˃ʽʰ ˋˎ˄ʶ˔ʺ ʰˁˇ˂ˇˎʻʾʰ ˃ʽˁˊ˗˄ 
ˋˍˇʽ˔ʶʽ˖ʵ˗˄ ˈʴˁ˖˄Φ  

Áʁ ʰˉʶʽˊˇʶ˂ʱ˔ʽˋˍˇˌ (ˋˍˇʽ˔ʶʽ˗ʵʹˌ) ̍ ʴˁˇˌ ˉˇˎ 
ʻʶ˖ˊˇˏ˃ʶ (fluid particle) ̄ ʶˊʽʷ˔ʶʽ ˉˇ˂˂ʱ ˃ˈˊʽʰ 
˗ˋˍʶ ʹ ˃ˇˊʽʰˁʺ ˋˏˋˍʰˋʹ ˄ʰ ˃ʹ˄ ʶʾ˄ʰʽ ˍˇ 
ʰ˄ˍʽˁʶʾ˃ʶ˄ˇ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ ʰ˂˂ʱ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ 
ˍˇˎ ˄ʰ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˃ʰˁˊˇˋˁˇˉʽˁʱ ʰˉˈ ˃ʷˋʶˌ 
ˉˇˋˈˍʹˍʶˌ 



ɶ ˎˉˈʻʶˋʹ ˍˇˎ ˋˎ˄ʶ˔ˇˏˌ ˃ʷˋˇˎ 
(continuum hypothesis) 

ςʅʶ ˁʱʻʶ ˋʹ˃ʶʾˇ ˎˉʱˊ˔ʶʽ ʷ˄ʰ ˋˍˇʽ˔ʶʽ˗ʵʹˌ ˈʴˁˇˌ ˍˇˎ ˊʶˎˋˍˇˏ 

ςɴ˄ʰˌ ˃ʶʴʱ˂ˇˌ ˈʴˁˇˌ ˊʶˎˋˍˇˏ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʷ˄ʰ ˋˎ˄ʶ˔ʷˌ 
ˋˎ˄ʱʻˊˇʽˋ˃ʰ ˋˍˇʽ˔ʶʽ˖ʵ˗˄ ˈʴˁ˖˄ ˇ ˁʰʻʷ˄ʰˌ ʰˉˈ ˍˇˎˌ ˇˉˇʾˇˎˌ ʷ˔ʶʽ 

ˇˊʽˋ˃ʷ˄ʹ u, T, ́ Σ P 

  

ïɃ ůŰɞɘɢŮɘɩŭɖɠ ɧɔəɞɠ ɗŬ ˊɟɏˊŮɘ ɜŬ 

ŮɑɜŬɘ:  

 1) ŬɟəŮŰɎ ɛŮɔɎɚɞɠ ɩůŰŮ ɜŬ ˊŮɟɘɏɢŮɘ 

ŬɟəŮŰɎ ɛɧɟɘŬ əŬɘ ɜŬ ɏɢɞɡɜ ɜɧɖɛŬ ɞɘ 

ɛɏůŮɠ Űɘɛɏɠ  

 2) ŬɟəŮŰɎ ɛɘəɟɧɠ ɩůŰŮ ɜŬ ɛˊɞɟŮɑ ɜŬ 

ɞɟɘůŰŮɑ ůɖɛŮɘŬəɎ ůŰɖ ɛŬɗɖɛŬŰɘəɐ 

ŬɜɎɚɡůɖ 



ɹ˅˗ʵʶˌ 

Áɳˁ˒ˊʱʸʶʽ ˍʹ˄ ˉʹˁˍˈˍʹˍʰ ˍˇˎ ˊʶˎˋˍˇˏ 

Áɾʷˍˊˇ ˍʹˌ ʽˁʰ˄ˈˍʹˍʰˌ ˍˇˎ ˊʶˎˋˍˇˏ ˄ʰ 
ʶˉʽˍˊʷˉʶʽ ˃ʷˋ˖ ˍʹˌ ˃ʱʸʰˌ ˍˇˎ ˍʹ ʵʽʱʵˇˋʹ ˍʹˌ 
ˇˊ˃ʺˌ 

Áɾʷˍˊˇ ˍʹˌ ʰ˄ˍʾˋˍʰˋʹˌ ˍˇˎ ˊʶˎˋˍˇˏ ˋˍʹ 
ʵʽʱˍ˃ʹˋʹ 

Áʁ˒ʶʾ˂ʶˍʰʽ ˋˍʽˌ ˃ˇˊʽʰˁʷˌ ˋˎ˄ʶˁˍʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ  

  



Fvisc 

U 

Y 
y 

u 
y 

x 

ɹ˅˗ʵʶˌ ʶʾ˄ʰʽ ʹ ʵˏ˄ʰ˃ʹ ˉˇˎ ʰˉʰʽˍʶʾˍʰʽ ˄ʰ ʰˋˁʹʻʶʾ ˋʶ ˃ʽʰ ˉ˂ʱˁʰ ˃ˇ˄ʰʵʽʰʾʰˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˁʰˍʱ ˍʹ 
˒ˇˊʱ ˍʹˌ ˁʾ˄ʹˋʹˌ ˗ˋˍʶ ˃ʶ ˍʹ˄ ˁʾ˄ʹˋʺ ˍʹˌ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˃ʽʰ ˃ˇ˄ʰʵʽʰʾʰ ˁ˂ʾˋʹ ˍʰ˔ˏˍʹˍʰˌΦ 
 

ʅˎ˄ˍʶ˂ʶˋˍʺˌ ɹ˅˗ʵˇˎˌ 



x 

y 

Fvisc 

Ʌɞɐ ɛŮŰŬɝɨ ůŰŬɗŮɟɐɠ əŬɘ 

əɘɜɞɨɛŮɜɖɠ ˊɚɎəŬɠ 



ʆʰ ˋˍˊ˗˃ʰˍʰ όlamina) ̱ ˇˎ ˊʶˎˋˍˇˏ ˊʷˇˎ˄ ˃ʶ ˍʰ˔ˏˍʹˍʰ u ̄ ˇˎ 

˃ʶˍʰʲʱ˂˂ʶˍʰʽ ˃ʶˍʰ˅ˏ 0 ̀ ˍʹ ˋˍʰʻʶˊʺ ˉ˂ʱˁʰ ς ̀ ˎ˄ʻʺˁʹ 

˃ʹʵʶ˄ʽˁʺˌ ˇ˂ʾˋʻʹˋʹˌ- ˁʰʽ u0 Σ ʰˎˍʺ ˍʹˌ ˁʽ˄ˇˏ˃ʶ˄ʹˌ ˉ˂ʱˁʰˌ. 

ʄˇʺ ˃ʶˍʰ˅ˏ ˋˍʰʻʶˊʺˌ ˁʰʽ 
ˁʽ˄ˇˏ˃ʶ˄ʹˌ ˉ˂ʱˁʰˌ 



ɹ˅˗ʵʶˌ 

ɛ (20ɞ C) 

ȷɏɟŬɠ  0.018 cP 

ɁŮɟɧ 

Ƀɟɧɠ 

1.002 cP 

1.016 cP 

ȷɘɗ. ȷɚəɞɧɚɖ 1.190 cP 

ɈŭɟɎɟɔɡɟɞɠ 1.547 cP 

ũɚɡəŮɟɑɜɖ 1.609 cP 

ɈɔɟɎ: ɇ ŷ   ,  ɛ Ź    

ȷɏɟɘŬ:  ɇŷ  ,  ɛŷ 



ɿʶˎˍ˗˄ʶʽˇ ˊʶˎˋˍˈ 



ʄʶˇ˂ˇʴʾʰ ɮʾ˃ʰˍˇˌ (blood 
rheology) 

ωɹ˅˗ʵʶˌ ˉ˂ʱˋ˃ʰˍˇˌ (90% H2O) ~ 1.2 10-3 Pa s =1.2 cP 

 ɹ˅˗ʵʶˌ h ʾ˃ʰˍˇˌ ˁʰʽ ʵʽʰˍ˃ʹˍʽˁʺ ˍʱˋʹ (ˍύ 

 

ȷɘɛŬŰɞəɟɑŰɖɠ~45% 



10 

0 
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ȷɘɛŬŰɞəɟɑŰɖɠ 

plasma 

H2O 

ɹ˅˗ʵʶˌ ʰʾ˃ʰˍˇˌ ˁʰʽ ʰʽ˃ʰˍˇˁˊʾˍʹˌ 



ʄʶˇ˂ˇʴʾʰ ʰʾ˃ʰˍˇˌ (blood 
rheology) 

    üʅʶ ˃ʶʴʱ˂ʰ ʰʴʴʶʾʰ ˈˉˇˎ όˍ >100 s-1ύ ʻʶ˖ˊˇˏ˃ʶ ˍˇ 
ʰʾ˃ʰ ˖ˌ ɿʶˎˍ˗˄ʶʽˇ ˃ʶ ˃ʷˋˇ ʽ˅˗ʵʶˌ п cP 

üɳʾ˄ʰʽ ˍˇ ʰʾ˃ʰ ˉʶˊʽˋˋˈˍʶˊˇ ˉʰ˔ˏˊʶˎˋˍˇ ʰˉˈ ˍˇ 
˄ʶˊˈΤ 

 ɿʰʽΦ  

üɹ˅˗ʵʶˌ ˉ˂ʱˋ˃ʰˍˇˌ (1.2 cP)  Ҕ ɹ˅˗ʵʶˌ H2O (1 cP) 

& 

üɹ˅˗ʵʶˌ ʰʾ˃ʰˍˇˌ Ҕ ɹ˅˗ʵʶˌ ˉ˂ʱˋ˃ʰˍˇˌ ό ̱>0) 

 



ʃʾʶˋʹ 

ωɲˏ˄ʰ˃ʹ ʰ˄ʱ ˃ˇ˄ʱʵʰ ʶˉʽ˒ʱ˄ʶʽʰˌ 

     ̋

ωɳ˄ʷˊʴʶʽʰ ʰ˄ʱ ˃ˇ˄ʱʵʰ ˈʴˁˇˎ όʶ˄ʶˊʴʶʽʰˁʺ ˉˎˁ˄ˈˍʹˍʰύ 



1 lb water 

1 psi 

27.7 inches 

 of water 

4 inches2 

4 lb water 

1 psi 

1 inch2 

P=F/A=ɟg

h 

h 

(Pounds per sq. 

inch) 

ʇʵˊˇˋˍʰˍʽˁʺ ˉʾʶˋʹ  



4 lb water 110.8 inches 

 of water 

4 psi 

4h P=F/A=ɟgh 

27.7 inches 

 of water 

1 lb water 

1 psi 
h 

1 inch2 

ʇʵˊˇˋˍʰˍʽˁʺ ˉʾʶˋʹ 



Q=10 

ml/s 

Q= 0 

ml/s 

Q=5 ml/s 

h 

h/2 

P1 P2 

ɲˎ˄ʰ˃ʽˁʺ ʄˇʺˌ ( Q = ɲP/R ) 



A 2 cm2 

u 5 cm/s 

1 cm2 

10 cm/s 

10 cm2 

1 cm/s 

Q=10 cm3/s 

Å  ȼ ɟɞɐ (Q) ŮɑɜŬɘ ůŰŬɗŮɟɐ. ȼ ɛŮɑɤůɖ (ɐ Ŭɨɝɖůɖ) Űɖɠ ŭɘŬŰɞɛɐɠ Űɞɡ Ŭɡɚɞɨ ŬɜŰɘůŰŬɗɛɑɕŮŰŬɘ ɛŮ 

ŬɚɚŬɔɏɠ ůŰɖɜ ŰŬɢɨŰɖŰŬ ɟɞɐɠ. ȳɛɤɠ ɖ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ŭɘŬŰɐɟɖůɖ Űɖɠ ɟɞɐɠ 

ŮɑɜŬɘ ŬɜŰɘůŰɟɧűɤɠ ŬɜɎɚɞɔɖ ɛŮ Űɖɜ ŭɘŬŰɞɛɐ Űɞɡ Ŭɔɤɔɞɨ.  

ũɘŬŰɑ; 

ʄˇʺ ˋʶ ˁˎ˂ʽ˄ʵˊʽˁˈ ʰʴ˖ʴˈ 
˃ʶˍʰʲ˂ʹˍʺˌ ʵʽʰˍˇ˃ʺˌ 



ɲʽʰ˔˖ˊʽˋˍʽˁʱ ɮ˄ʶˎˊˏˋ˃ʰˍʰ 
ωViscous drags όˇˉʽˋʻʷ˂ˁˇˎˋʶˌ ʵˎ˄ʱ˃ʶʽˌύ 

 
 
 
 

ωʋʰ˂ʱˊ˖ˋʹ ˋˎ˄ʵʷˋ˃ˇˎ ʶ˄ʵˇʻʹ˂ʾˇˎ- 
ω˃ʷˋˇˎ ˔ʽˍ˗˄ʰ ˃ʶ ˍˇ˄ ʷ˅˖ ˔ʽˍ˗˄ʰ 
 
 

ωʄʺ˅ʹ ˔ʽˍ˗˄˖˄  
 

ωɳ˄ʵˇʻʹ˂ʽʰˁʱ ˊʺʴ˃ʰˍʰ 
 

ωɲʽʰ˔˖ˊʽˋˍʽˁˈ ʰ˄ʶˏˊˎˋ˃ʰ 
 

ω  ʃʰˊʰˍʹˊʶʾˍʰʽ ˋˎ˄ʺʻ˖ˌ ˋˍʹ˄ ʻ˖ˊʰˁʽˁʺ ʰˇˊˍʺ 



  

 

ɮˊ˔ʷˌ ɲʽʰˍʺˊʹˋʹˌ ˋʶ  

ɼʽ˄ˇˏ˃ʶ˄ʰ ʄʶˎˋˍʱ 



ɸʶ˃ʶ˂ʽ˗ʵʶʽˌ ʰˊ˔ʷˌ ˃ʹ˔ʰ˄ʽˁʺˌ 
ˊʶˎˋˍ˗˄ 

ωɲʽʰˍʺˊʹˋʹ ˃ʱʸʰˌ (ɳ˅ʾˋ˖ˋʹ ʅˎ˄ʷ˔ʶʽʰˌύ 

 

ωɲʽʰˍʺˊʹˋʹ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ όɳ˅ʾˋ˖ˋʹ Bernoulli)  

 

ωɲʽʰˍʺˊʹˋʹ ˍʹˌ ˇˊ˃ʺˌ (ɳ˅ʾˋ˖ˋʹ Navier Stokes) 

 
ҔҔɼʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˃ʽʰˌ ˃ʶˍʰʲˇ˂ʺˌ ʹ ˇ˂ʽˁʺ ˃ʱʸʰΣ ʹ ʶ˄ʷˊʴʶʽʰ 
ˁʰʽ ʹ ˇˊ˃ʺ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ˉʰˊʰ˃ʷ˄ˇˎ˄ ˋˍʰʻʶˊʷˌ ʰˉˈ ˍʹ˄ 
ʰˊ˔ʽˁʺ ˃ʷ˔ˊʽ ˍʹ˄ ˍʶ˂ʽˁʺ ˒ʱˋʹ  



ɲʽʰˍʺˊʹˋʹ ˍʹˌ ˃ʱʸʰˌ  

Velocity Vectors Colored By Velocity Magnitude (m/s)

FLUENT 5.5 (2d, segregated, lam)

Oct 27, 2003

7.38e-02

6.32e-02

5.27e-02

4.21e-02

3.16e-02

2.11e-02

1.05e-02

4.88e-07

ȷ2,u2 

ɶ ˉˇˋˈˍʹˍʰ ˍʹˌ ˃ʱʸʰˌ ʹ 
ˇˉˇʾʰ ʶʽˋʷˊ˔ʶˍʰʽ ˋˍˇ 
ˋˏˋˍʹ˃ʰ ˋˍʹ ˃ˇ˄ʱʵʰ 
ˍˇˎ ˔ˊˈ˄ˇˎ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ 
ʰˎˍʺ ˉˇˎ ʶ˅ʷˊ˔ʶˍʰʽ  

ȷ1,u1 



ɳ˅ʾˋ˖ˋʹ ˋˎ˄ʷ˔ʶʽʰˌ όContinuity) 

ȷůɡɛˊɑŮůŰŬ 

ɟŮɡůŰɎ  

ɟ = ůŰŬɗ. 



ɳ˅ʾˋ˖ˋʹ ˋˎ˄ʷ˔ʶʽʰˌ - 
ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ 

ωɮˏ˅ʹˋʹ ˍʰ˔ˏˍʹˍʰˌ ˊˇʺˌ ˋʶ ˋˍʷ˄˖ˋʹ ˁʰʽ ˃ʶʾ˖ˋʹ ˍʰ˔ˏˍʹˍʰˌ ˋʶ 
ʵʽʱˍʰˋʹ ˍˇˎ ʰʴʴʶʽʰˁˇˏ ʰˎ˂ˇˏ 

ωɾʶ ˔ˊʺˋʹ ˍʹˌ ˋ˔ʷˋʹˌ  

 

 

 Ąʰˉˈ ˍʹ ˃ʷˍˊʹˋʹ ˍʹˌ ʵʽʰ˃ʷˍˊˇˎ ʰˎ˂ˇˏ D ˁ ʰʽ ˍʹˌ ˃ʷˋʹˌ 
ˍʰ˔ˏˍʹˍʰˌ ˊˇʺˌ u όˉΦ˔Φ ˃ʶ ˔ˊʺˋʹ ˎˉʶˊʹ˔ˇˍˇ˃ˇʴˊʰ˒ʾʰˌύ 
˃ˉˇˊʶʾ ˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾ όˉˊˇˋʶʴʴʽˋˍʽˁʱύ ʹ ʰʽ˃ʰˍʽˁʺ ˊˇʺ ˋʶ 
ˁʱˉˇʽˇ ʰʴʴʶʾˇΦ    



ɲʽʰˍʺˊʹˋʹ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ όɳ˅ʾˋ˖ˋʹ 
Bernoulli) 

>> ɱˊʰ˃˃ʺ ˊˇʺˌ (stream line)  

 ɾʽʰ ˋˎ˄ʶ˔ʺˌ ʴˊʰ˃˃ʺ ˋˍˇ ˊʶˎˋˍˈ ˍʹˌ 
ˇˉˇʾʰˌ ʹ ʶ˒ʰˉˍˇ˃ʷ˄ʹ ˋʶ ˁʱʻʶ ˋʹ˃ʶʾˇ 
ʷ˔ʶʽ ˍʹ˄ ˁʰˍʶˏʻˎ˄ˋʹ ˍˇˎ ˊʶˎˋˍˇˏ ˋˍˇ 
ˋʹ˃ʶʾˇ ʰˎˍˈ  

 

ҔҔɱʽʰ ˃ʹ ʽ˅˗ʵʹΣ ˋˍʰʻʶˊʺ ˊˇʺΣ 
ʰˋˎ˃ˉʾʶˋˍˇˎ ˊʶˎˋˍˇˏΣ ʹ ˇ˂ʽˁʺ 
ʶ˄ʷˊʴʶʽʰ ʰ˄ ˃ˇ˄ʱʵʰ ˈʴˁˇˎ ˁʰˍʱ ˃ʺˁˇˌ 
˃ʽʰˌ ʴˊʰ˃˃ʺˌ ˊˇʺˌ ˉʰˊʰ˃ʷ˄ʶʽ 
ˋˍʰʻʶˊʺΦ 



ɲʽʰˍʺˊʹˋʹ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ όɳ˅ʾˋ˖ˋʹ 
Bernoulli) 

ȹɡɜŬɛɘəɐ ˊɑŮůɖ : ȾɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ ŬɜɎ ɛɞɜɎŭŬ ɧɔəɞɡ Űɞɡ ɟŮɡůŰɞɨ 



ɾʷˍˊʹˋʹ 
ʶ˄ʵʰʴʴʶʽʰˁʺˌ 
ˉʾʶˋʹˌ ˃ʶ 
ˁʰʻʶˍʺˊʰ 

u=1 m/s u=4 m/s u=1 m/s 

1/2 ɟu2 = 3.8 mmHg 

ȹɡɜŬɛɘəɐ ˊɑŮůɖ 

60.8 mmHg 3.8 mmHg 

d d/2 

ȹɘŬŰɐɟɖůɖ  

ɛɎɕŬɠ 

ȹɘŬŰɐɟɖůɖ 

ŮɜɏɟɔŮɘŬɠ 

P1 P2 P3 P4 P5 P6 

P4<P2 
P6=P2 

ʄˇʺ ˋʶ ˋˎ˃˃ʶˍˊʽˁʺ ˋˍʷ˄˖ˋʹ 



ɲˎ˄ʰ˃ʽˁʺ ˉʾʶˋʹ ˋˍˇ ˁˎˁ˂ˇ˒ˇˊʽˁˈ 
ˋˏˋˍʹ˃ʰ 

ωɮˇˊˍʺ ς ˎ ˕ʹ˂ʺ ˋˍʰˍʽˁʺ ˉʾʶˋʹ 

ςɮ˄ʱˉʰˎˋʹ  Pdyn<< Ptot 

ςɯˋˁʹˋʹ  Pdyn< Ptot 

ωɾʽˁˊʷˌ ʰˊˍʹˊʾʶˌ ˁʰʽ ˒˂ʷʲʶˌ 

    Pdyn<< Ptot 

ωɼˇʾ˂ʶˌ ˒˂ʷʲʶˌΣ ɼˈ˂ˉˇʽΣ ʃ˄ʶˎ˃ˇ˄ʽˁʺ ʰˊˍʹˊʾʰ 

ςˎ ˕ʹ˂ʺ ˊˇʺ ϧ ˔ʰ˃ʹ˂ʺ ˋˍʰˍʽˁʺ ˉʾʶˋʹ 

    Pdyn< Ptot 



Venturi tube 

P1 

P2 

P3 



ɳ˄ʶˊʴʶʽʰˁʷˌ ɮˉ˗˂ʶʽʶˌ 
ɹ˅˗ʵʹˌ ˊˇʺ 

h1 
h2 

P1, u1 
P2, u2 

Ⱥɝɑůɤůɖ Darcy 

f: ɆɡɜŰŮɚŮůŰɐɠ Űɟɘɓɐɠ Moody  

(f=64/Re, laminar; f=0.316/Re1/4, turbulent)  



ɲʽʰˍʺˊʹˋʹ ˍʹˌ ˇˊ˃ʺˌ 
нˇˌ ɿˈ˃ˇˌ ˍˇˎ ɿʶˏˍ˖˄ʰ 

ω ʁʽ ʵˎ˄ʱ˃ʶʽˌ  όˁ˂ʾˋʶʽˌύ ˉʾʶˋʹˌ ˇʵʹʴˇˏ˄ ˍʹ ˊˇʺ 

ω ʁʽ ʵˎ˄ʱ˃ʶʽˌ ʽ˅˗ʵˇˎˌ ˍʶʾ˄ˇˎ˄ ˋˍʹ˄ ʰˉˈˋʲʶˋʹ όdamping) 
ˍʹˌ ˁʾ˄ʹˋʹˌ 

ω ʁʽ ʶ˅˖ˍʶˊʽˁʷˌ ʵˎ˄ʱ˃ʶʽˌ όʵˎ˄ʱ˃ʶʽˌ ˃ʱʸʰˌύ ˈˉ˖ˌ ʹ 
ʲʰˊˏˍʹˍʰ ˃ˉˇˊˇˏ˄ ˄ʰ ʻʷˋˇˎ˄ ˍˇ ˊʶˎˋˍˈ ˋʶ ˁʾ˄ʹˋʹ 



ɳ˅ʾˋ˖ˋʹ Navier-Stokes 

( ) 0
t

r
r

µ
+ÐÖ =

µ
u

ωɮ˄ʰ˂ˎˍʽˁʺ ˂ˏˋʹ ˃ˈ˄ˇ ˋʶ 
ʶ˂ʱ˔ʽˋˍʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌ 

ωʋˊʺˋʹ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ʶʻˈʵ˖˄ 
ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˉʶʽˊʱ˃ʰˍʰ ʴʽʰ 
ˍʰ ˉʶˊʽˋˋˈˍʶˊʰ ˉˊˇʲ˂ʺ˃ʰˍʰ 
ˊˇʺˌ 

 



ʅˏˋˍʹ˃ʰ ɳ˅ʽˋ˗ˋʶ˖˄ ˊˇʺˌ 

ɳ˅ʾˋ˖ˋʹ ˋˎ˄ʷ˔ʶʽʰˌ ˋʶ 
ʰˋˎ˃ˉʾʶˋˍʰ ˊʶˎˋˍʱ  

ɳ˅ʾˋ˖ˋʹ 
Navier- Stokes 

ɳ˅ʾˋ˖ˋʹ ˋˎ˄ʷ˔ʶʽʰˌ 
(continuity 
equation) 

ɼʰˊˍʶˋʽʰ˄ˈ ʰ˄ʱˉˍˎʴ˃ʰ 
ʶ˅ʾˋ˖ˋʹˌ ˋˎ˄ʷ˔ʶʽʰˌ ˋʶ 
ʰˋˎ˃ˉʾʶˋˍʰ ˊʶˎˋˍʱ  

1 

2 



ɮʴʴʶʽʰˁˈˌ ˉˍʶˊˎʴʽˋ˃ˈˌ όflutter)  

ω ɮˏ˅ʹˋʹ ʶ˅˖ˍʶˊʽˁʺˌ ˉʾʶˋʹˌ ʺ 
ʰ˄ʱˉˍˎ˅ʹ ʰʻʹˊ˖˃ʰˍʽˁʺˌ ˉ˂ʱˁʰˌ 
 

ω ʅˍʷ˄˖ˋʹ  
 (r2=1/3r1, A2~1/9A1, u2~9u1) 

 
ω ʆˇˉʽˁʺ ʰˏ˅ʹˋʹ ʵˎ˄ʰ˃ʽˁʺˌ ˁʰʽ 
ˉˍ˗ˋʹ ˋˍʰˍʽˁʺˌ ˉʾʶˋʹˌ ˋˍʹ˄ 
ˋˍʷ˄˖ˋʹ  
 

ω ɼʰˍʱˊˊʶˎˋʹ ˍˇʽ˔˗˃ʰˍˇˌ  
 

ω ɲʽʰˁˇˉʺ ˊˇʺˌ 
 

ω ɮˏ˅ʹˋʹ ˋˍʰˍʽˁʺˌ ˉʾʶˋʹˌ P1 
 

ω ɲʽʱ˄ˇʽ˅ʹ ʰˉˈ˒ˊʰ˅ʹˌ 



ɮʻʹˊ˖˃ʰˍʽˁʺ ʰˉˈ˒ˊʰ˅ʹ ˁʰʽ 
ʶ˃ʲˇ˂ʺ 

u1<<u2 

P1 >> P2   

Ʌɐɝɖ ŬɗɖɟɤɛŬŰɘəɞɨ ɘůŰɞɨ 

ȷɗɖɟɤɛŬŰɘəɎ ɏɛɓɞɚŬ 

ȷɟŰɖɟɘɞ-ŬɟŰɖɟɘŬəɐ 

ŬɗɖɟɤɛŬŰɘəɐ Ůɛɓɞɚɐ 



ɳˉʾʵˊʰˋʹ ˎʵˊˇˋˍʰˍʽˁʺˌ ˉʾʶˋʹˌ 
ˋˍʹ˄ ˁˎˁ˂ˇ˒ˇˊʾʰ  



  

 

ʄˇʺ ʇʴˊˇˏ ˋʶ  

ɮʴ˖ʴˈ ɼˎˁ˂ʽˁʺˌ ɲʽʰˍˇ˃ʺˌ  



ɳʾʵʹ ˊˇʺˌ 

ωʅˍˊ˖ˍʺ όlaminar) 
 ʁʽ ʵˎ˄ʱ˃ʶʽˌ ʽ˅˗ʵˇˎˌ ʵʶ˄ ʶʾ˄ʰʽ ʰ˃ʶ˂ʹˍʷʶˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʽˌ ʵˎ˄ʱ˃ʶʽˌ ʰʵˊʱ˄ʶʽʰˌΦ ʆˇ 
ˊʶˎˋˍˈ ˁʽ˄ʶʾˍʰʽ ˇ˃ˇʽˈ˃ˇˊ˒ʰ ˋʶ ˋˍˇʽʲʱʵʶˌΦ  

ωɲʽʰˍʰˊʰʴ˃ʷ˄ʹ ʅˍˊ˖ˍʺ όdisturbed laminar) 

 ɶ ˊˇʺ ʶ˃˒ʰ˄ʾʸʶʽ ˋˍˊˇʲʽ˂ʽˋ˃ˇˏˌ όvortices) h ˂˂ʱ ʵʽʰˍʹˊʶʾ ˋˎ˄ʶˁˍʽˁʷˌ ʵˇ˃ʷˌ 

(coherent structures).  

ωʆˎˊʲ˗ʵʹˌ (turbulent) 

  ʁʽ ʵˎ˄ʱ˃ʶʽˌ ʽ˅˗ʵˇˎˌ ʷ˔ˇˎ˄ ˃ʽˁˊʺ ˋˎ˃˃ʶˍˇ˔ʺ ˋˍʹ ʵʽʰ˃ˈˊ˒˖ˋʹ ˍʹˌ ˊˇʺˌΦ 

 ɳ˃˒ʱ˄ʽˋʹ ˍˇˉʽˁ˗˄ ˉʶˊʽʵˎ˄ʾˋʶ˖˄ (local eddies). ɶ ˁʾ˄ʹˋʹ ˍ˖˄ ˋ˖˃ʰˍʾ˖˄ ˍˇˎ 
ˊʶˎˋˍˇˏ ʰˉˇˁˍʱ ˃ʽʰ ʰˁʰ˄ˈ˄ʽˋˍʹ ˁʰʽ ˔ʰˇˍʽˁʺ ˋˎ˄ʽˋˍ˗ˋʰ ʶˉʽˉ˂ʷˇ˄ ˍʹˌ ˃ʷˋʹˌ ˊˇʺˌ 
ʹ ˇˉˇʾʰ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˃ʶ ˃ʷˋʶˌ ˍʽ˃ʷˌ ˉʾʶˋʹˌ ˁʰʽ ˍʰ˔ˏˍʹˍʰˌΦ 



ɮˊʽʻ˃ˈˌ Reynolds 

ˊ Υ ˉˎˁ˄ˈˍʹˍʰ ˊʶˎˋˍˇˏ 

˃ Υ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʽ˅˗ʵˇˎˌ 

˄ Υ ˁʽ˄ʹ˃ʰˍʽˁˈ ʽ˅˗ʵʶˌ 

˔ Υ ˋˎ˄ʽˋˍ˗ˋʰ ʴʽʰ ˍʹ˄ ˇˉˇʾʰ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ʹ ˋ˔ʷˋʹ  

u : ˃ ʷˋʹ ˍʰ˔ˏˍʹˍʰ ˊˇʺˌ 

Re=ŬŭɟŬɜŮɘŬəɏɠ ŭɡɜɎɛŮɘɠ / ɘɝɩŭŮɘɠ ŭɡɜɎɛŮɘɠ 



ɼˊʾˋʽ˃ʹ ˍʽ˃ʺ ʰˊʽʻ˃ˇˏ Reynolds ς 
ʆˎˊʲ˗ʵʹˌ ˊˇʺ  

Å  ɾʶˍʱ ʰˉˈ ˋˍʶ˄˖ˍʽˁʺ ʲʰ˂ʲʾʵʰ ό˒ˏˋʹ˃ʰ ʶ˅˗ʻʹˋʹˌύ 
Å  ɾʶˍʱ ʰˉˈ ʰˊˍʹˊʽʰˁʷˌ ˋˍʶ˄˗ˋʶʽˌ 
Å  ʅˍʹ˄ ʰ˄ʽˇˏˋʰ ʰˇˊˍʺ ˁʰˍʱ ˍʹ˄ ˒ʱˋʹ ˃ʷʴʽˋˍʹˌ ˋˎˋˍˇ˂ʽˁʺˌ ʶ˅˗ʻʹˋʹˌ  

ȹɘŬŰŬɟŬɔɛɏɜɖ 

ůŰɟɤŰɐ ɟɞɐ ɇɡɟɓɩŭɖɠ ɟɞɐ 

ȼ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɘɛɐ Re ůŰɖɜ ɞˊɞɑŬ ɖ ůŰɟɤŰɐ ɟɞɐ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ 

Űɡɟɓɩŭɖɠ ɞɜɞɛɎɕŮŰŬɘ əɟɑůɘɛɖ 



ɼˊʾˋʽ˃ʹ ˍʽ˃ʺ ʰˊʽʻ˃ˇˏ Reynolds ς ʆˎˊʲ˗ʵʹˌ ˊˇʺ 
ʆˇ ˉʶʾˊʰ˃ʰ ˍˇˎ Reynolds (1883) 

ɆŰɟɤŰɐ ɟɞɐ 

ȹɘŬŰŬɟŬɔɛɏɜɖ 

ɟɞɐ 

ɇɡɟɓɩŭɖɠ 

ɟɞɐ 

ȹɘɞɢɏŰŮɡůɖ 

Ŭˊɧ ɚŮˊŰɧ 

Ŭəɟɞűɨůɘɞ 

ɛŮɚŬɜɐɠ ɛɏůŬ 

ůŮ ɔɡɎɚɘɜɞ 

əɡɚɘɜŭɟɘəɧ 

ůɤɚɐɜŬ  



ʆˎˊʲ˗ʵʹˌ ˊˇʺ ˁʰʽ ʶ˄ʶˊʴʶʽʰˁʷˌ 
ʰˉ˗˂ʶʽʶˌ 

Å  ɶ ʰ˄ʱˉˍˎ˅ʹ ˍˏˊʲʹˌ ʶ˂ʰˍˍ˗˄ʶʽ ˍʹ˄ ˊˇʺ ʴʽʰ ˃ʽʰ ʵʶʵˇ˃ʷ˄ʹ 
ˉʾʶˋʹ ʰʽ˃ʱˍ˖ˋʹˌ όʰˎ˅ʹ˃ʷ˄ʶˌ ʶ˄ʶˊʴʶʽʰˁʷˌ ʰˉ˗˂ʶʽʶˌύΦ 



5ǊΦ WŜŀƴ [ŞƻƴŀǊŘ aŀǊƛŜ tƻƛǎŜǳƛƭƭŜ 
(1797-1869) 



ʁ˃ˇʽˈˍʹˍʰ (Similitude) 

Áʇˉˈ ˈ˃ˇʽʶˌ ʴʶ˖˃ʶˍˊʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˍʰ ˎʴˊʱ ˍʰ 
ˇˉˇʾʰ ʷ˔ˇˎ˄ ˍˇ˄ ʾʵʽˇ ʰˊʽʻ˃ˈ Re (ˁ ʰʽ 
ˉʰˊʱ˃ʶˍˊˇ Womersley h ˄ ˉˊˈˁʶʽˍʰʽ ʴʽʰ 
˔ˊˇ˄ʽˁʱ ˃ʶˍʰʲʰ˂˂ˈ˃ʶ˄ʹ ˊˇʺύ ʶ˃˒ʰ˄ʾʸˇˎ˄ 
ˋˏ˃˃ʶˍˊʹ ʵˎ˄ʰ˃ʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ 



ɿˈ˃ˇˌ Poiseuille 

ÅɆŰɟɤŰɐ ɟɞɐ, ŬɛŮŰɎɓɚɖŰɖ ůŰɞ ɢɟɧɜɞ, ˊɚɐɟɤɠ 

ŬɜŮˊŰɡɔɛɏɜɖ, ŮɡɗɡŰŮɜɐɠ əɡɚɘɜŭɟɘəɐɠ ŭɘŬŰɞɛɐɠ 

Ŭɔɤɔɧɠ ɛŮ ɎəŬɛˊŰŬ ŰɞɘɢɩɛŬŰŬ, ɁŮɡŰɩɜŮɘɞ ɟŮɡůŰɧ 

 



ɇɞɑɢɤɛŬ 

ɇɞɑɢɤɛŬ 

ʄˇʺ ˃ʶˍʰ˅ˏ ˉʰˊʱ˂˂ʹ˂˖˄ ˉ˂ʰˁ˗˄ 



1) ʅˍˊ˖ˍʺ ˊˇʺ 

2) ʆˎˊʲ˗ʵʹˌ ˊˇʺ 

ɼʰˍʰ˄ˇ˃ʺ u(r) ̀ ʶ ʶˎʻˎˍʶ˄ʺ ʰʴ˖ʴˈ ˁˎˁ˂ʽˁʺˌ ʵʽʰˍˇ˃ʺˌ  

ɿˈ˃ˇˌ Poiseuille 



ɳˉʽˉˇ˂ʺˌ 
˃ʹˊʽʰʾʰ 
ʰˊˍʹˊʾʰ 

ɿˈ˃ˇˌ Poiseuille 



  R= 
8 ɛ l 

ˊ r4
 

Q = 
ȹP 

R 

Q = 
ȹP ́  r4 

8 ɛl ȹP  = 
Q 8 ɛl 

 ́r4 

ɿˈ˃ˇˌ Poiseuille - ʇʵˊʰˎ˂ʽˁʺ 
ɮ˄ˍʾˋˍʰˋʹ ʄˇʺˌ όR)  



8ɛl 

ŕ4
 

8 ɛ l 

ŕ4 

8 ɛ l 

ˊ r4 

8 ɛ l  

ŕ4 



ʆ˃ʺ˃ʰ ˂ʰʴˈ˄ʽʰˌ ʰˊˍʹˊʾʰˌ мл cm  

ɿˈ˃ˇˌ Poiseuille 



ʊˎˋʽˇ˂ˇʴʽˁʷˌ ʰˉˇˁ˂ʾˋʶʽˌ ʰˉˈ ˍˇ 
˄ˈ˃ˇ Poiseuille 

ωʆˇ ʰʾ˃ʰ ʵʶ˄ ʶʾ˄ʰʽ ɿʶˎˍ˗˄ʶʽˇ ˊʶˎˋˍˈ όʰˉˇˍʶ˂ʶʾ ʰʽ˗ˊʹ˃ʰ 

˃ʽˁˊˇˋ˖˃ʰˍʽʵʾ˖˄ ˋˍˇ ˉ˂ʱˋ˃ʰ  -  ˃ ʽˁˊˇˁˎˁ˂ˇ˒ˇˊʾʰ) 

ωɶ ʰʽ˃ʰˍʽˁʺ ˊˇʺ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ ˔ˊˈ˄ˇ 

ωɶ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˋˍʰ ʰʴʴʶʾʰ ˋʶ ˉˇ˂˂ʷˌ 
ˉʶˊʽˉˍ˗ˋʶʽˌ ʵʶ˄ ʶʾ˄ʰʽ ˉʰˊʰʲˇ˂ʽˁʺ  

ωʆʰ ˍˇʽ˔˗˃ʰˍʰ ˍ˖˄ ʰʴʴʶʾ˖˄ ʶʾ˄ʰʽ ʶ˂ʰˋˍʽˁʱ 

 

ʃʰˊˈ˂ʰ ʰˎˍʱ ΧΦΦ 

 ɮˉˇˍʶ˂ʶʾ ˃ʽʰ ˉˊˇˋʶʴʴʽˋˍʽˁʺ ˉˇˋˇˍʽˁʺ ˉʶˊʽʴˊʰ˒ʺ 
ˍʹˌ ˋˎˋ˔ʷˍʽˋʹˌ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ʰʽ˃ʰˍʽˁʺˌ ˊˇʺˌ P, 
Q, R ̀ ˍʹ ˃ʶʴʰ˂ˇˁˎˁ˂ˇ˒ˇˊʾʰ  



             I = ɟŮɨɛŬ (ɖɚŮəŰɟɘəɐ ɟɞɐ) 

             V= ŰɎůɖ (ɖɚŮəŰɟɘəɐ ŭɡɜŬɛɘəɐ ŮɜɏɟɔŮɘŬ) 

             R = ŬɜŰɑůŰŬůɖ ɟɞɐɠ  

        

             Q = ɟɞɐ ɟŮɡůŰɞɨ (ŬɑɛŬŰɞɠ) 

             P =  ́ ɑŮůɖ (ŭɡɜŬɛɘəɐ ŮɜɏɟɔŮɘŬ) 

             R = ŬɜŰɑůŰŬůɖ ɟɞɐɠ 

Ɂɧɛɞɠ Űɞɡ Ohm:  I=V/R  

ɆŰɖ ɛɖɢŬɜɘəɐ ɟŮɡůŰɩɜ:     Q=P/R 

P1 

Q 

R 

P 
2 

ʇʵˊʰˎ˂ʽˁʺ ʰ˄ˍʾˋˍʰˋʹ-  
ʄʶˎˋˍˇʵˎ˄ʰ˃ʽˁˈ ʰ˄ʱ˂ˇʴˇ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ Ohm 

 



5 L/min 

2 

2 

2 

= + 
1 

RT 

1 

Rn 

1 

R1 

1 

R2 
+ 

= + 
1 

RT 
1 

2 

1 

2 

1 

2 
+ = 3 

2 
RT = 

2 

3 

ɮ˄ˍʽˋˍʱˋʶʽˌ ˍˇˉˇʻʶˍʹ˃ʷ˄ʶˌ 
ˉʰˊʱ˂˂ʹ˂ʰ 



ʃ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˉʰˊʱ˂˂ʹ˂ʹˌ 
ʵʽʱˍʰ˅ʹˌ ʰ˄ˍʽˋˍʱˋʶ˖˄ 

ωʁ˂ʽˁʺ ʰ˄ˍʾˋˍʰˋʹ ˃ʽˁˊˈˍʶˊʹ ʰˉˈ ˍʹ˄ 
ʰ˄ˍʾˋˍʰˋʹ ˇˉˇʽʰˋʵʺˉˇˍʶ ʰ˄ˍʾˋˍʰˋʹˌ ˔˖ˊʽˋˍʱ 

 

ωɶ ʶˉʾˉˍ˖ˋʹ ʰ˂˂ʰʴ˗˄ ˋˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ˃ʶˊʽˁ˗˄  
ʰʴʴʶʽʰˁ˗˄ ˁˇʽˍ˗˄ ̀ ˍʹ˄ ˉʾʶˋʹ 
ʶ˂ʰ˔ʽˋˍˇˉˇʽʶʾˍʰʽ 



Aorta Arteries 
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ɲʽʰˍˇ˃ʷˌ ˁʰʽ ˃ʷˋʹ ˍʰ˔ˏˍʹˍʰ ˊˇʺˌ 
ˋˍˇ ʰʴʴʶʽʰˁˈ ˋˏˋˍʹ˃ʰ 
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ɼʰˍʰ˄ˇ˃ʺ ˉʾʶˋʹˌ ˁʰʽ ˈʴˁˇˎ 
ʰʾ˃ʰˍˇˌ ˋˍʰ ʰʴʴʶʾʰ 



ɼʰˍʰ˄ˇ˃ʺ ˉʾʶˋʹˌ ˁʰʽ ˈʴˁˇˎ 
ʰʾ˃ʰˍˇˌ ˋˍʰ ʰʴʴʶʾʰ 



ɼˏˊʽʶˌ ʰ˄ˍʽˋˍʱˋʶʽˌ ˍˇˎ 
ˁˎˁ˂ˇ˒ˇˊʽˁˇˏ ˋˎˋˍʺ˃ʰˍˇˌ 

ɆɢŮŰɘəɐ ŮəŬŰɞůŰɘŬɑŬ ŬɜŰɑůŰŬůɖ Poiseuille Űɤɜ Ůˊɘɛɏɟɞɡɠ ŬɔɔŮɑɤɜ 

ȷɞɟŰɐ 4 % ūɚŮɓɑŭɘŬ 4 % 

ɀŮɔɎɚŮɠ ȷɟŰɖɟɑŮɠ 5 % ɇŮɟɛŬŰɘəɏɠ ūɚɏɓŮɠ 0.3 % 

ɀŮůŬɑŮɠ ȷɟŰɖɟɑŮɠ 10 % Ⱦɨɟɘɞɘ űɚŮɓɘəɞɑ 

əɚɎŭɞɘ 

0.7 % 

ɇŮɟɛŬŰɘəɞɑ ȾɚɎŭɞɘ 6 % ɀŮɔɎɚŮɠ űɚɏɓŮɠ 0.5 % 

ȷɟŰɖɟɘɧɚɘŬ 41 % Ⱦɞɑɚɖ űɚɏɓŬ 1.5 % 

ɇɟɘɢɞŮɘŭɐ 27 % 

ȷɟŰɖɟɘŬəɐ 

ȷɜŰɑůŰŬůɖ 

93 % ūɚŮɓɘəɐ 

ȷɜŰɑůŰŬůɖ 

7 % 



ʅʶ ˋʶʽˊʱ ˁʰʽ ˉʰˊʱ˂˂ʹ˂ʹ ˋˏ˄ʵʶˋʹ 
ʰ˄ˍʽˋˍʱˋʶ˖˄ 



ʅʶ ˋʶʽˊʱ ˁʰʽ ˉʰˊʱ˂˂ʹ˂ʹ ˋˏ˄ʵʶˋʹ ʰ˄ˍʽˋˍʱˋʶ˖˄ 

ɾʹˊˇˁ˄ʹ˃ʽʰʾˇ 
˒˂ʶʲʽˁˈ 
˃ˈˋ˔ʶˎ˃ʰ 

ɲʽ˔ʰ˂˖ˍˈ 
˒˂ʶʲʽˁˈ 
˃ˈˋ˔ʶˎ˃ʰ 

ʁˉʾˋʻʽʰ 
ˁ˄ʹ˃ʽʰʾʰ 
ʰˊˍʹˊʾʰ 

ɲʽ˔ʰ˂˖ˍˈ 
˒˂ʶʲʽˁˈ 
˃ˈˋ˔ʶˎ˃ʰ 



ʁˊʽʰˁʺ ˋˍˇʽʲʱʵʰ όBoundary 
Layer) 

ωɶ ˉʶˊʽˇ˔ʺ ˍˇˎ ˊʶˎˋˍˇˏ ʹ ˇˉˇʾʰ ʶˉʹˊʶʱʸʶˍʰʽ 
ʰˉˈ ˍˇ ˍˇʾ˔˖˃ʰ ˁʰʽ ˈˉˇˎ ʹ ˍʰ˔ˏˍʹˍʰ 
˃ʶˍʰʲʱ˂˂ʶˍʰʽ ʰˉˈˍˇ˃ʰ ʰˉˈ ˍʰ ʽ˅˗ʵʹ 
˒ʰʽ˄ˈ˃ʶ˄ʰΦ  

 



ʁˊʽʰˁʺ ʅˍˇʽʲʱʵʰ όBoundary 
layer) 

ȷˊŮɘəɧɜɘůɖ ɛŮ ɢɟɐůɖ űɡůŬɚɑŭɤɜ ȼ 

ʁ Prandtl ̱ ˇ 1904 ʁ ʽˋʺʴʰʴʶ ˍʹ˄ ʷ˄˄ˇʽʰ ˍʹˌ ˇˊʽʰˁʺˌ 
ˋˍˇʽʲʱʵʰˌ 



ʁˊʽʰˁʺ ˋˍˇʽʲʱʵʰ  
ωɲʹ˃ʽˇˎˊʴʶʾˍʰʽ ʶ˅ʰʽˍʾʰˌ ˍˇˎ ʽ˅˗ʵˇˎˌ ˍˇ ˇˉˇʾˇ ʰˉˇˍʶ˂ʶʾ ˍˇ ˃ʷˋˇ ʴʽʰ ˍʹ 
˃ʶˍʰ˒ˇˊʱ ˍʹˌ ˇˊ˃ʺˌ ˃ʶˍʰ˅ˏ ˍ˖˄ ˋ˖˃ʰˍʾ˖˄ ˍˇˎ ˊʶˎˋˍˇˏ 

ωʆʰ ˋ˖˃ʱˍʽʰ ˊʶˎˋˍˇˏ ʶˉʽʲˊʰʵˏ˄ˇ˄ˍʰʽ ˁˇ˄ˍʱ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ 
ˋˍʶˊʶˇˏ ˁʰʽ ˍˇ ˋˍʶˊʶˈ ʵʷ˔ʶˍʰʽ ˃ʽʰ ˇˉʽˋʻʷ˂ˁˇˎˋʰ ʵˏ˄ʰ˃ʹ ˍˊʽʲʺˌ ˃ʶ  
ˁʰˍʶˏʻˎ˄ˋʹ ʰˎˍʺ ˍʹˌ ˊˇʺˌ 



ʁˊʽʰˁʺ ˋˍˇʽʲʱʵʰ ˁʰʽ ˉʶˊʽˇ˔ʺ 
ʶʽˋˈʵˇˎ όentrance region) 

ɮˇˊˍʺ  



ʃʶˊʽˇ˔ʺ ʶʽˋˈʵˇˎ ˋʶ ˋˍˊ˖ˍʺ ˊˇʺ 



ɮˉˇˁˈ˂˂ʹˋʹ ʺ ʵʽʰ˔˖ˊʽˋ˃ˈˌ ˊˇʺˌ 



ɮˉˇˁˈ˂˂ʹˋʹ ʺ ʵʽʰ˔˖ˊʽˋ˃ˈˌ ˊˇʺˌ 

ωɮʾˍʽʰ ʵʹ˃ʽˇˎˊʴʾʰˌ ˒ʰʽ˄ˇ˃ʷ˄ˇˎΥ 

ςɮ˄ʱˉˍˎ˅ʹ ʰ˄ʱʵˊˇ˃ʹˌ ˁ˂ʾˋʹˌ ˉʾʶˋʹˌ ˋˍʹ˄ 
ˁʰˍʶˏʻˎ˄ˋʹ ˍʹˌ ˊˇʺˌΦ  

ω ˍʰ˔ʶʾʰ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ ˇˊ˃ʺˌ ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄ ˊʶˎˋˍˇˏ  

ω ˍʰ˔ʶʾʰ ʰ˄ʱˉˍˎ˅ʹ ˍʹˌ ˇˊʽʰˁʺˌ ˋˍˇʽʲʱʵʰˌ 

ς  ɮˉˈˍˇ˃ʹ ʶˁˍˊˇˉʺ ˍʹˌ ʵʽʶˏʻˎ˄ˋʹˌ ˊˇʺˌ 

ω ˍʰ˔ʶʾʰ ʶ˂ʱˍˍ˖ˋʹ ˍʹˌ ˇˊ˃ʺˌ ˍ˖˄ ˋ˖˃ʰˍʽʵʾ˖˄ ˊʶˎˋˍˇˏ  

 



ɮˉˇˁˈ˂˂ʹˋʹ ʺ ʵʽʰ˔˖ˊʽˋ˃ˈˌ ˊˇʺˌ 



ɮˉˇˁˈ˂˂ʹˋʹ ʺ ʵʽʰ˔˖ˊʽˋ˃ˈˌ ˊˇʺˌ 
- ʁ˃ʰ˂ʺ ˋˍʷ˄˖ˋʹ 



ɮˉˇˁˈ˂˂ʹˋʹ ʺ ʵʽʰ˔˖ˊʽˋ˃ˈˌ ˊˇʺˌ 
- ʁ˅ʶʾʰ ˋˍʷ˄˖ˋʹ 



ɮˉˇˁˈ˂˂ʹˋʹ ʺ ʵʽʰ˔˖ˊʽˋ˃ˈˌ ˊˇʺˌ 



ɮˉˇˁˈ˂˂ʹˋʹ ʺ ʵʽʰ˔˖ˊʽˋ˃ˈˌ ˊˇʺˌ 

ʄˇʺ ˉʾˋ˖ ʰˉˇ ˁˎ˂ʽ˄ʵˊˇ 


