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˃ˇˎ ˉˇˎ ˉʱ˄ˍʰ ʰˉˇˍʶ˂ˇˏ˄ ˁʽ˄ʹˍʺˊʽʰ ʵˏ˄ʰ˃ʹ.  
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ˉˊˇˋʵʽˇˊʽˋ˃ˇˏ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌ ˁʰʽ ˉʰˊʰ˃ʷˍˊ˖˄ ˍˊʰ˔ˏˍʹˍʰ ̩˃ʶ ˍʽˌ ˉ˂ʷˇ˄ ʰˁˊʽʲʷˋˍʶˊʶˌ 
˃ʶʻˇʵˇ˂ˇʴʾʶˌ ˉˇˎ ʷ˔ˇˎ˄ ˉʰˊˇˎˋʽʰˋˍʶʾ ˋˍʹ˄ ʶˉʽˋˍʹ˃ˇ˄ʽˁʺ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰΦ ɳ˅ʶˍʱʸˇ˄ˍʰʽ ˉʷ˄ˍʶ 
ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˔˖ˊʽˁʷˌ ʵʽʰ˃ˇˊ˒˗ˋʶʽˌ ˉˏˁ˄˖ˋʹˌ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˍʹˌ 
ʶ˅ʷ˂ʽ˅ʹˌ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ˃ʷˋʰ ˋˍˇ ˔˗ˊˇ ʵˇˁʽ˃˗˄ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰΦ̩ ʃʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˁʰʽ 
˃ʶ˂ʶˍ˗˄ˍʰʽ ˉʷ˄ˍʶ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˃ʶʻˇʵˇ˂ˇʴʾʶˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʵʽʰˉʽˋˍ˖ʻʶʾ ʹ ˁʰˍʰ˂˂ʹ˂ˈ˂ʹˍʰ 
ˍˇˎˌ ʴʽʰ ˍʹ˄ ˉˊˇˋʰˊ˃ˇʴʺ ˃ʷˋ˖ ʰ˄ʰ˂ˎˍʽˁ˗˄ ˋˎ˄ʰˊˍʺˋʶ˖˄ ˁʰˍʰ˄ˇ˃˗˄ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ 
ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ʶ˂ʺ˒ʻʹˋʰ˄Φ ʆˇ ˉʶʾˊʰ˃ʰ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˋˍʹ˄ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺ ˋʺˊʰʴʴʰ ˋˍʽˌ 
ʶʴˁʰˍʰˋˍʱˋʶʽˌ ̱ ˇˎ ʶˊʴʰˋˍʹˊʾˇˎ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺˌ ̱ ˇˎ ɳʻ˄ʽˁˇˏ ɾʶˍˋˈʲʽˇˎ ʃˇ˂ˎˍʶ˔˄ʶʾˇˎΦ 
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Abstract 
 
This thesis deals with the experimental simulation of the Atmospheric Boundary Layer (ABL) in a 
wind tunnel. The main purpose of the work is to study and characterize the velocity profiles by 
determining the friction speed and roughness parameters with the most accurate methodologies 
that have been presented in the scientific literature. Five different layouts of different area 
density are considered. Five different methodologies are presented and studied to establish the 
suitability of analytical expressions to the experimental data obtained. The experiment was 
carried out in the wind tunnel at the premises of the aerodynamics laboratory of the National 
Technical University of Athens. 



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

7 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

Contents 
1 ɳʽˋʰʴ˖ʴʺ .......................................................................................................................... 9 

1.1 ʁˊʽʰˁˈ ˋˍˊ˗˃ʰ ..................................................................................................... 9 

1.2 ɲˇ˃ʺ ˍʹˌ ʶˊʴʰˋʾʰˌ ................................................................................................ 9 

2 ɮˍ˃ˇˋ˒ʰʽˊʽˁˈ ʁˊʽʰˁˈ ʅˍˊ˗˃ʰ ...................................................................................... 11 

2.1 ɰʰˋʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ..................................................................... 11 

2.1.1 ɲˇ˃ʺ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ................................................................................. 11 

2.1.2 ɳˎˋˍʱʻʶʽʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ........................................................................ 13 

2.1.3 ɼˎˁ˂ˇ˒ˇˊʾʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ..................................................................... 15 

2.2 ɶ ˋʹ˃ʰˋʾʰ ˍˇˎ ɮʁʅ ˋˍʹ˄ ʶˊʶˎ˄ʹˍʽˁʺ ˁˇʽ˄ˈˍʹˍʰ ................................................ 16 

2.3 ɼʰˍʰʴˊʰ˒ʺ ˁʰʽ ˃ʷˍˊʹˋʹ ˍˇˎ ɮʁʅ ...................................................................... 17 

2.4 ʅ˔ʹ˃ʰˍʽˋ˃ˈˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ...................................................................... 18 

2.4.1 ʅˍˊ˖ˍˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ................................................................................. 18 

2.4.2 ɾʶˍʰʲʰˍʽˁˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ......................................................................... 18 

2.4.3 ʆˎˊʲ˗ʵʶˌ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ............................................................................ 19 

2.5 ɰʰˋʽˁʺ ʻʶ˖ˊʾʰ ˍˇˎ ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ........................................ 19 

2.5.1 ɹ˅˗ʵʶˌ ˎˉˈˋˍˊ˖˃ʰ ........................................................................................ 19 

2.5.2 ɽˇʴʰˊʽʻ˃ʽˁˈ ˋˍˊ˗˃ʰ .................................................................................... 21 

2.5.3 ɳ˅˖ˍʶˊʽˁˈ ˋˍˊ˗˃ʰ ........................................................................................ 25 

2.6 ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ɮʁʅ ........................................................................................... 27 

2.6.1 ɾʷˋʹ ˍʰ˔ˏˍʹˍʰ ............................................................................................. 27 

2.6.2 ɴ˄ˍʰˋʹ ˍˏˊʲʹˌ .............................................................................................. 27 

2.6.3 ʁ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ˁ˂ʾ˃ʰˁʰ ˃ʺˁˇˎˌ ˍˏˊʲʹˌ ....................................................... 29 

2.6.4 ɳˉʾʵˊʰˋʹ ˍˊʰ˔ˏˍʹˍʰˌ ˍˇʽ˔˗˃ʰˍˇˌ ............................................................... 31 

2.6.5 ɮˊʽʻ˃ˈˌ ˍˊʰ˔ˏˍʹˍʰˌ wŜȅƴƻƭŘǎ ...................................................................... 32 

2.7 ʋʰˊʰˁˍʹˊʽˋ˃ˈˌ ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄ ˋˍˇ ɮʁʅ ...................................................... 33 

2.7.1 ɳˁʻʶˍʽˁˈˌ ˄ˈ˃ˇˌ όǇƻǿŜǊ ƭŀǿύ ........................................................................ 33 

2.7.2 ɽˇʴʰˊʽʻ˃ʽˁˈˌ ˄ˈ˃ˇˌ όƭƻƎ ƭŀǿύ ....................................................................... 34 

2.7.3 ʃˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˁʰʽ aǳǎƪŜǊ ......................................................................... 35 

2.7.4 ɼʰˍʰ˄ˇ˃ʺ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˋʶ ˍˊʰ˔ʶʾˌ ʶˉʽ˒ʱ˄ʶʽʶˌ - ɿˈ˃ˇˌ ˍˇˎ ˍˇʾ˔ˇˎ ʴʽʰ 
ˉ˂ʺˊ˖ˌ ˍˊʰ˔ʶʾˌ ʶˉʽ˒ʱ˄ʶʽʶˌ .......................................................................... 37 

2.7.5 Clauser-IŀƳŀ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ................................................................. 40 

3 ʃʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ˁʰʽ ʵʽʰʵʽˁʰˋʾʰ ............................................................................ 43 

3.1 ʃˊˇˋˇ˃ˇʾ˖ˋʹ ɮʁʅ ˋʶ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺ ˋʺˊʰʴʴʰ ς ɳˉʽˋˁˈˉʹˋʹ ˉʶˊʽˇˊʽˋ˃˗˄ ˁʰʽ 
ˉ˂ʶˇ˄ʶˁˍʹ˃ʱˍ˖˄ ................................................................................................. 43 

3.2 ɶ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺ ˋʺˊʰʴʴʰ ˍˇˎ ɳɾʃ ................................................................... 43 

3.3 ʆʶ˔˄ʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ........................... 46 

3.3.1 ʁʲʶ˂ʾˋˁˇʽ ...................................................................................................... 47 

3.3.2 ʊˊʱ˔ˍʹˌ ς ʆˇʾ˔ˇˌ .......................................................................................... 48 

3.3.3 ʅˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ...................................................................................... 49 

3.4 ʃʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ .......................................................................................... 52 



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

8 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

3.5 ɾʷˍˊʹˋʹ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ..................... 59 

3.5.1 ʆʶ˔˄ʽˁʷˌ ʰ˄ʶ˃ˇ˃ʶˍˊʾʰˌ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ ..................................................... 59 

3.5.2 ɸʶˊ˃ˈ ˄ʺ˃ʰ ................................................................................................... 60 

3.5.3 ɾʹ˔ʰ˄ʽˋ˃ˈˌ ˁʰʽ ˊˎʻ˃ʾˋʶʽˌ ˍˊʰʲʷˊˋʰˌ ........................................................ 65 

4 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ................................................................................................................ 67 

4.1 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶˁʻʶˍʽˁˇˏ ˄ˈ˃ˇˎ ........................................................................ 67 

4.2 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ .................................................................. 73 

4.2.1 ɳ˒ʰˊ˃ˇʴʺ ˍˇˎ ʶˁʻʶˍʽˁˇˏ ˁʰʽ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ 
ʵʶʵˇ˃ʷ˄ʰ mǎǘŜǊƭǳƴŘ...................................................................................... 79 

4.3 ɳ˒ʰˊ˃ˇʴʺ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ {ǇŀƭŘƛƴƎ .................................................................... 83 

4.3.1 ɳ˒ʰˊ˃ˇʴʺ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ {ǇŀƭŘƛƴƎ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ mǎǘŜǊƭǳƴŘ 83 

4.3.2 ɳ˒ʰˊ˃ˇʴʺ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ {ǇŀƭŘƛƴƎ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˍʹˌ 
ʰʶˊˇˋʺˊʰʴʴʰˌ ˍˇˎ ɳɾʃ ............................................................................... 87 

4.4 ɳ˒ʰˊ˃ˇʴʺ ˄ˈ˃ˇˎ ˍˇˎ Musker ˃ʶ {ŜǉǳŜƴǘƛŀƭ vǳŀŘǊŀǘƛŎ tǊƻƎǊŀƳƳƛƴƎ ˉˊˇˌ 
ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˉʷ˄ˍʶ όрύ ˉʰˊʰ˃ʷˍˊ˖˄ ˍʹˌ ˊˇʺˌ .............................................. 90 

4.4.1 ɳ˒ʰˊ˃ˇʴʺ ˁ˗ʵʽˁʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ mǎǘŜǊƭǳƴŘ ................................................ 93 

4.4.2 ɳ˒ʰˊ˃ˇʴʺ ˁ˗ʵʽˁʰ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰˌ ɳɾʃ ... 94 

4.5 ʃˊˇ˒ʾ˂ /ƭŀǳǎŜǊ-Hama ......................................................................................... 97 

4.5.1 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ mǎǘŜǊƭǳƴŘ ............................................... 97 

4.5.2 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˊˇ˒ʾ˂ /ƭŀǳǎŜǊ-IŀƳŀ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ ɳɾʃ ................... 99 

5 ʅˎ˃ˉʶˊʱˋ˃ʰˍʰ ς ʃˊˇˍʱˋʶʽˌ ʴʽʰ ˃ʶ˂˂ˇ˄ˍʽˁʺ ˃ʶ˂ʷˍʹ .................................................. 103 

5.1 ʅˏ˄ˇ˕ʹ .............................................................................................................. 103 

5.2 ʅˎ˃ˉʶˊʱˋ˃ʰˍʰ .................................................................................................. 109 

5.3 ʃˊˇˍʱˋʶʽˌ ʴʽʰ ˃ʶ˂˂ˇ˄ˍʽˁʺ ˃ʶ˂ʷˍʹ .................................................................... 109 

6 ɼʰˍʱ˂ˇʴˇˌ ʃʽ˄ʱˁ˖˄ ..................................................................................................... 111 

7 ɼʰˍʱ˂ˇʴˇˌ ʅ˔ʹ˃ʱˍ˖˄ ................................................................................................... 112 

8 ɼʰˍʱ˂ˇʴˇˌ ɮ˄ʰ˒ˇˊ˗˄ .................................................................................................. 115 

9 ʃʰˊʱˊˍʹ˃ʰ ................................................................................................................... 121 

9.1 ʅˎ˃ˉ˂ʹˊ˖˃ʰˍʽˁʱ ʵʽʰʴˊʱ˃˃ʰˍʰ ....................................................................... 121 

9.2 ɼ˗ʵʽˁʰˌ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ a!¢[!.  ˃ʶ ˍʹ ˃ʷʻˇʵˇ {ŜǉǳŜƴǘƛŀƭ vǳŀŘǊŀǘƛŎ 
Programming .................................................................................................... 126 

 
  



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

9 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

1 ɳʽˋʰʴ˖ʴʺ  

1.1 ʁˊʽʰˁˈ ̀ ˍˊ˗˃ʰ 

ɶ ʷ˄˄ˇʽʰ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˋˍʹ˄ ˊʶˎˋˍˇ˃ʹ˔ʰ˄ʽˁʺ ʶʽˋʺ˔ʻʹ ˉʽʻʰ˄ˈˍʰˍʰ ʰˉˈ ˍˇ˄ CǊƻǳŘŜ ˇ 
ˇˉˇʾˇˌ ˃ʶ˂ʷˍʹˋʶ ˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ˍˊʽʲʺˌ ˂ʶˉˍʺˌ ʶˉʾˉʶʵʹˌ ˉ˂ʱˁʰˌ ˋˎˊˈ˃ʶ˄ʹ ˋʶ ˄ʶˊˈΦ ʁ ˈˊˇˌ 
˒ʰʾ˄ʶˍʰʽ ˄ʰ ʶʽˋʺ˔ʻʹ ʰˉˈ ˍˇ˄ tǊŀƴŘǘƭ ˍˇ мфл5Σ ˈˉˇˎ ˁʰʽ ʶˊ˃ʹ˄ʶˏˍʹˁʶ ʹ ˉʶˊʽˋˍˊˇ˒ʺ ˍ˖˄ ʰʷˊʽ˖˄ 
ˋˍˊ˖˃ʱˍ˖˄ ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ʴʹˌ [1]. ɲʽʰˍˏˉ˖ˋʶ ʴʽʰ ˉˊ˗ˍʹ ˒ˇˊʱ ˍʹ˄ ˇˎˋʾʰ ˍʹˌ 
ˎˉˈʻʶˋʹˌ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˇˉˇʾʰ ˇʽ ʶˉʽʵˊʱˋʶʽˌ ˍˇˎ ʽ˅˗ʵˇˎˌ ʰ˒ˇˊˇˏ˄ 
ʷ˄ʰ ˂ʶˉˍˈ ˋˍˊ˗˃ʰ ˊʶˎˋˍˇˏΣ ˍˇ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰΣ ˉˇˎ ʲˊʾˋˁʶˍʰʽ ʰ˃ʷˋ˖ˌ ˃ʶˍʱ ʰˉˈ ˇˉˇʽˇʵʺˉˇˍʶ 
ˋˍʷˊʶˇ ̀ ˏ˄ˇˊˇ.  

ɶ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ɱʹˌ ʶˉʹˊʶʱʸʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˃ʽʰ ˉʶˊʽˇ˔ʺ ˍˇˎ ʰʷˊʰ ˉˇˎ ʶʾ˄ʰʽ ʴ˄˖ˋˍʺ ˖ˌ 
ʰˍ˃ˇˋ˒ʰʽˊʽˁˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ όɮʁʅύΦ ʃʰˊʱ ˍʽˌ ˋʹ˃ʰ˄ˍʽˁʷˌ ˉˊˇˈʵˇˎˌ ˋˍʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˃ʶ ˍʹ 
ʲˇʺʻʶʽʰ ˍˇˎ ˎˉˇ˂ˇʴʽˋˍʺ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ɮʁʅΣ ʶ˅ʰˁˇ˂ˇˎʻˇˏ˄ ˄ʰ ˎˉʱˊ˔ˇˎ˄ 
ʰ˄ʶˉʾ˂ˎˍʶˌ ˉˇ˂ˎˉ˂ˇˁˈˍʹˍʶˌ ˋˍʹ ˄ˁʰˍʰ˄ˈʹˋʹ ˍʹˌ ˊˇʺˌΦ ʍˌ ʶˁ ˍˇˏˍˇˎΣ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʺ ˍˇˎ ˋˍʹ˄ 
ʰʶˊˇʵˎ˄ʰ˃ʽˁʺ ˋʺˊʰʴʴʰ ˋˎ˄ʶ˔ʾʸʶʽ ˄ʰ ʶʾ˄ʰʽ ʷ˄ʰ ʰˉˈ ˍʰ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊʰ ʁ ˊʴʰ˂ʶʾ hɻ ʽʶˊʶˏ˄ʹˋʹˌ ˁʰʽ 
˃ʶ˂ʷˍʹˌ ˍˇˎΦ  

1.2 ɲˇ˃ʺ ˍʹˌ ʶˊʴʰˋʾʰˌ 

ɶ ɻ̔ ˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ф ˁʶ˒ʱ˂ʰʽʰ ˍʰ ˇˉˇʾʰ ˇˊʴʰ˄˗˄ˇ˄ˍʰʽ ˖ˌ ʶ˅ʺˌΥ 

ʅˍˇ ˉʰˊˈ˄ ˁʶ˒ʱ˂ʰʽˇ όɼʶ˒ʱ˂ʰʽˇ 1ύ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˃ʶ ˉʶˊʽ˂ʹˉˍʽˁˈ ˍˊˈˉˇ ʶʽˋʰʴ˖ʴʽˁʱ ˁʰʽ 
ʽˋˍˇˊʽˁʱ ˋˍˇʽ˔ʶʾʰ ʴʽʰ ˍʹ˄ ʷ˄˄ˇʽʰ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˁʰʽ ʹ ˉʰˊˇˏˋʰ ʵˇ˃ʺ ˋˍʹ˄ ˇˉˇʾʰ 
ʵʽʰˊʻˊ˗˄ʶˍʰʽ ˍˇ ˋˏ˄ˇ˂ˇ ˍʹˌ ʶˊʴʰˋʾʰˌΦ  

ʅˍˇ ɼʶ˒ʱ˂ʰʽˇ 2 ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ˃ʽʰ ˉʰˊˇˎˋʾʰˋʹ ˍ˖˄ ˋˍˇʽ˔ʶʽ˖ʵ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍʹˌ 
ʰˍ˃ˈˋ˒ʰʽˊʰˌ ˁʰʽ ˇ ˍˊˈˉˇˌ ˉˇˎ ˎˉʶʽˋʷˊ˔ʶˍʰʽ ʹ ʷ˄˄ˇʽʰ ˍˇˎ ˇˊʽʰˁˇ  ˏ ˋˍˊ˗˃ʰˍˇˌ ˋˍʹ˄ 
ʰˍ˃ˈˋ˒ʰʽˊʰ ʰ˄ʰʵʶʽˁ˄ˏˇ˄ˍʰˌ ˍʹ ˋʹ˃ʰˋʾʰ ˁʰʽ ˍˇˎˌ ˍˊˈˉˇˎˌ ˁʰˍʰʴˊʰ˒ʺˌ ˍˇˎΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ 
ʵʾ˄ʶˍʰʽ ʷ˃˒ʰˋʹ ˋˍˇ˄ ˍˊˈˉˇ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ ˍˇˎ ɮʁʅ ˁʰʽ ˁˎˊʾ˖ˌ ˋˍʹ ʲʰˋʽˁʺ ʻʶ˖ˊʾʰ ˍˇˎ 
ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌΦ ɾʶˍʷˉʶʽˍʰ ˁʰˍʰʴˊʱ˒ʶˍʰʽ ʹ ˃ʶ˂ʷˍʹ ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ 
ɮʁʅ ˍʰ ˇˉˇʾʰ ʰˉˇˍʶ˂ˇˏ˄ ˋʹ˃ʶʾˇ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ ˁʰʽ ʴʽʰ ˍʽˌ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ ˋʶ 
ʰʶˊˇˋʺˊʰʴʴʰΦ ʆʷ˂ˇˌΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˇʽ ˍʷˋˋʶˊʽˌ ʶˁ ˍ˖˄ ˉʷ˄ˍʶ ˃ʶʻˇʵˇ˂ˇʴʽ˗˄ ˉˇˎ ˃ʶ˂ʶˍʺʻʹˁʰ˄ 
ˁʰʽ ˉˊˇˋʰˊ˃ˈˋˍʹˁʰ˄ ʰˊʴˈˍʶˊʰ ̀ ˍˇ ɼʶ˒ʱ˂ʰʽˇ 4 ̀ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ. 

ʆˇ ɼʶ˒ʱ˂ʰʽˇ 3 ʰ˒ˇˊʱ ˍʹ˄ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ˉˇˎ ʰˁˇ˂ˇˎʻʺʻʹˁʶ ˁʰʽ ˍˇ˄ ʶ˅ˇˉ˂ʽˋ˃ˈ ˉˇˎ 
˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ʴʽʰ ˍˇ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰʽ ˍʹ˄ ˇ˂ˇˁ˂ʺˊ˖ˋʹ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌΦ ʃʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ 
ˉʰˊˇˎˋʾʰˋʹ ˍʹˌ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺˌ ˋʺˊʰʴʴʰˌ ˍˇˎ ʃˇ˂ˎˍʶ˔˄ʶʾˇˎΣ ˍʽˌ ʶˉʽ˃ʷˊˇˎˌ ʵʽʰˍʱ˅ʶʽˌ ˉˇˎ 
˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˁʰʽ ˍʽˌ ˃ʶˍˊʹˍʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ 
ˁʰˍʰʴˊʰ˒ʺˌ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄Φ  
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ʅˍˇ ɼʶ˒ʱ˂ʰʽˇ п ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˈ˂˖˄ ˍ˖˄ ˃ʶʻˇʵˇ˂ˇʴʽ˗˄ ˃ʶ ˍʽˌ ˇˉˇʾʶˌ 
ˉˊˇˋʶʴʴʾˋˍʹˁʰ˄ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ ɳɾʃΦ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ ˇʽ ˃ʶʻˇʵˇ˂ˇʴʾʶˌ ʵʶ˄ 
ʺˍʰ˄ ʶˉʰˊˁʶʾˌ ʴʽʰ ˍʹ ˒ˏˋʹ ˍ˖˄ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʷ˄ˍ˖˄ ˃ʶˍˊʺˋʶ˖Σ˄ ʵˇˁʽ˃ʱˋʻʹˁʰ˄ ˋʶ ʵʶʵˇ˃ʷ˄ʰ 
ˉʰˊʶ˂ʻˇ˄ˍʽˁʺˌ ˃ʶ˂ʷˍʹˌ ˍʹˌ ˇˉˇʾʰ ̩ˇʽ ˃ʶˍˊʺˋʶʽˌ ʽˁʰ˄ˇˉˇʽˇˏˋʰ˄ ʰˊˁʶˍʱ ˉʰˊʰˉʱ˄˖ ˁˊʽˍʺˊʽʰΦ 
ɹʵʽʰʾˍʶˊʹ ʰ˄ʰ˒ˇˊʱ ʵʾ˄ʶˍʰʽ ˋˍˇ˄ ˍˊˈˉˇ ˎ˂ˇˉˇʾʹˋʹˌ ˍʹ˄ ˉʷ˃ˉˍʹˌ ˃ʶʻˈʵˇˎΣ ˃ʶ ˁ˗ʵʽˁʰ 
ʵʽʰʵˇ˔ʽˁˇˏ ˍʶˍˊʰʴ˖˄ʽˁˇˏ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏ, ˈˉˇˎ ˁʰʽ ʰ˄ʰ˂ˏʶˍʰʽ ʹ ˃ʶʻˇʵˇ˂ˇʴʾʰ ˉˇˎ ʷ˔ʶʽ 
ʰ˄ʰˉˍˎ˔ʻʶʾ ʰˉˈ ʶˊʶˎ˄ʹˍʷˌ ˍʰ ˍʶ˂ʶˎˍʰʾʰ ˔ˊˈ˄ʽʰ ˁʰʽ ˉʱ˄˖ ˋˍʹ˄ ˇˉˇʾʰ ˋˍʹˊʾ˔ʻʹˁʶ ʹ ˎ˂ˇˉˇʾʹˋʹ 
ˁʰʽ ʹ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˁ˗ʵʽˁʰ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ MATLAB.  

ʆˇ ɼʶ˒ʱ˂ʰʽˇ 5 ̄ ʰˊˇˎˋʽʱʸʶʽ ˍʹ ˋˏ˄ˇ˕ʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ʴʽʰ ˍʽˌ ˃ʶʻˈʵˇˎˌ ˉˇˎ ˂ʶʽˍˇˏˊʴʹˋʰ˄ 
ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ʴʽʰ ˍʽˌ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ˃ʶˍˊʺˋʶʽˌ ˍˇˎ ɳɾʃΣ ˍʰ ˋˎ˄ˇ˂ʽˁʱ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˁʰʽ 
ʶ˄ʵʶ˔ˈ˃ʶ˄ʶˌ ˉˊˇˍʱˋʶʽˌ ʴʽʰ ˃ʶ˂˂ˇ˄ˍʽˁʷˌ ˃ʶ˂ʷˍʶˌ ˉˊˇˌ ʰ˅ʽˇˉˇʾʹˋʹ ˍ˖˄ ˉˇˊʽˋ˃ʱˍ˖˄ ˉˇˎ 
ʶ˅ʺ˔ʻʹˋʰ˄ ʰˉˈ ˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰΦ 

ʆʰ ɼʶ˒ʱ˂ʰʽʰ 6, 7 ˁ ʰʽ 8 ̄ ʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ˍˇˎˌ ˁʰˍʰ˂ˈʴˇˎˌ ˍ˖˄ ˋˎ˄ˇ˂ʽˁ˗˄ ˉʽ˄ʱˁ˖˄Σ ˋ˔ʹ˃ʱˍ˖˄ ˁʰʽ 
ʰ˄ʰ˒ˇˊ˗˄ h ˄ˍʾˋˍˇʽ˔ʰ. 

ʆʷ˂ˇˌ, ˍˇ ɼʶ˒ʱ˂ʰʽˇ 9 ʰˉˇˍʶ˂ʶʾ ˋˎ˃ˉ˂ʹˊ˖˃ʰˍʽˁˈ ˉʰˊʱˊˍʹ˃ʰ ˋˍˇ ˇˉˇʾˇ ʷ˔ˇˎ˄ ʶ˄ˋ˖˃ʰˍ˖ʻʶʾ 
ʵʽʰʴˊʱ˃˃ʰˍʰ ʵʽʰˁˏ˃ʰ˄ˋʹˌ ˍʹˌ ˍˏˊʲʹˌ ˁʰʽ ˍʹˌ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺˌ ˁ˂ʾ˃ʰˁʰˌ ˃ʺˁˇˎˌ ˍʹˌ ˁʰʽ ˇ 
ˁ˗ʵʽˁʰˌ MATLAB  ̌ ˇˉˇʾˇˌ ʶ˅ʺʴʰʴʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˃ʶ ˍʹ ˃ʷʻˇʵˇ ˍˇˎ ʵʽʰʵˇ˔ʽˁˇˏ 
ˍʶˍˊʰʴ˖˄ʽˁˇˏ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏ ˉˊˇˌ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˉʷ˄ˍʶ ˉʰˊʰ˃ʷˍˊ˖˄ ˍʹˌ ˊˇʺˌ ʴʽʰ ˁʱʻʶ 
˅ʶ˔˖ˊʽˋˍˈ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄Φ 
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2 ɮˍ˃ˇˋ˒ʰʽˊʽˁˈ ʁ́ ʽʰˁˈ ʅˍˊ˗˃ʰ  

2.1 ɰʰˋʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ 

ɶ ʰˍ˃ˈˋ˒ʰʽˊʰ ʰˉˇˍʶ˂ʶʾ ˍˇ ˋ˒ʰʽˊˇʶʽʵʷˌ ˋˍˊ˗˃ʰ ʰʶˊʽ˗˄ ˉˇˎ ˉʶˊʽˁ˂ʶʾʶʽ ʷ˄ʰ ˇˎˊʱ˄ʽˇ ˋ˗˃ʰΣ 
ˈˉ˖ˌ ʹ ɱʹ ˁʰʽ ˋˎʴˁˊʰˍʶʾˍʰʽ ˋʶ ˎʵˊˇˋˍʰˍʽˁʺ ʽˋˇˊˊˇˉʾʰ ʰˉˈ ˍʽˌ ʲʰˊˎˍʽˁʷˌ ɻ ˎ˄ʱ˃ʶʽˌ ˍˇˎ ˉ˂ʰ˄ʺˍʹΦ 
ɶ ʰˍ˃ˈˋ˒ʰʽˊʰ ˍʹˌ ɱʹˌ ʶˁˍʶʾ˄ʶˍʰʽ ʰˉˈ улл ʷ˖ˌ мллл ˔ʽ˂ʽˈ˃ʶˍˊʰ ˉʱ˄˖ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ 
ʶʵʱ˒ˇˎˌΣ ˃ʶ ˍʰ ʰʷˊʽʰ ˉˇˎ ˍʹ˄ ʰˉˇˍʶ˂ˇˏ˄ ˄ʰ ʶʾ˄ʰʽ ʰ˄ˇ˃ˇʽˈ˃ˇˊ˒ʰ ˁʰˍʰ˄ʶ˃ʹ˃ʷ˄ʰΣ ˗ˋˍʶ ˍˇ ффΦф҈ 
ˍʹˌ ˇ˂ʽˁʺˌ ˃ʱʸʰˌ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ˄ʰ ʲˊʾˋˁʶˍʰʽ ˋˍʰ ˉˊ˗ˍʰ рл ˔ʽ˂ʽˈ˃ʶˍˊʰ ˁʰʽ ˍˇ ˎˉˈ˂ˇʽˉˇ 
лΦлфф҈ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˃ʶˍʰ˅ˏ рл ˁʰʽ млл ˔ʽ˂ʽˇ˃ʷˍˊ˖˄ ˏ˕ˇˎˌ [2]. ɼˎˊʾʰˊ˔ʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍʹˌ 
ʰˍ˃ˈˋ˒ʰʽˊʰˌ ʶʾ˄ʰʽ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰΣ ʹ ˉʾʶˋʹ ˁʰʽ  ́ˉˎˁ˄ˈˍʹˍʰΦ ʆʰ ˃ʶʴʷʻʹ ʰˎˍʱ ˉˇʽˁʾ˂˂ˇˎ˄ ˋ ʁ
˃ʶʴʱ˂ˇ ʲʰʻ˃ˈ ʰ˄ʱ˂ˇʴʰ ˃ ʁˉʰˊʰ˃ʷˍˊˇˎˌΣ ˈˉ˖ˌ ˍˇ ˎ˕ˈ˃ʶˍˊˇΣ  ̌˔ˊˈ˄ˇ,̩ ʹ ʶˉˇ˔ʺ ˁʰʽ ʹ ʹ˂ʽʰˁʺ 
ʰˁˍʽ˄ˇʲˇ˂ʾʰ. ɮ˄ʱ˂ˇʴʰ ˃  ʁ̱  ́̒ ʶˊ˃ˇˁˊʰˋʾʰΣ ́  ʰˍ˃ˈˋ˒ʰʽˊʰ ˃ˉˇˊʶʾ ˄ʰ ̝ ˖ˊʽˋˍʶʾ ̀  ʁ̱ ˊˇˉˈˋ˒ʰʽˊʰΣ 
ˋˍˊʰˍˈˋ˒ʰʽˊʰΣ ˃ʶˋˈˋ˒ʰʽˊʰ ˁʰʽ ʻʶˊ˃ˈˋ˒ʰʽˊʰΦ ʇˉʱˊ˔ˇˎ˄ ʶˉʾˋʹˌ ˁʰʽ ˇʽ ʶ˄ʵʽʱ˃ʶˋʶˌ ʸ˗˄ʶˌ 
˃ʶˍʰ˅ˏ ʰˎˍ˗˄, ˈˉ˖ˌ ʹ ˍˊˇˉˈˉʰˎˋʹΣ ʹ ˋˍˊʰˍˈˉʰˎˋʹ ˁʰʽ ʹ ˃ʶˋˈˉʰˎˋʹΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ 
ʅ˔ʺ˃ʰ 2.1. ɶ ˍˊˇˉˈˋ˒ʰʽˊʰ ʶʾ˄ʰʽ ʹ ˁˏˊʽʰ ʸ˗˄ʹ ˋˍʹ˄ ˇˉˇʾʰ ˋˎ˃ʲʰʾ˄ˇˎ˄ ˍʰ ˁʰʽˊʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰ 
ˁʰʽ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˃ʶʽ˗˄ʶˍʰʽ ˁʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ˍˇ ˎ˕ˈ˃ʶˍˊˇΦ ɶ ˋˍˊʰˍˈˋ˒ʰʽˊʰΣ ʰ˄ˍʾʻʶˍʰΣ 
ˉʰˊˇˎˋʽʱʸʶʽ ʰˏ˅ʹˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˃ʶ ˍˇ ˎ˕ˈ˃ʶˍˊˇ ˁʰʽ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍˇ ˈʸˇ˄Σ ˍˇ ˇˉˇʾˇ 
ˉˊˇˋˍʰˍʶˏʶʽ ˍʹ ɱʹ ʰˉˈ ˍʹ˄ ʶˉʽʲ˂ʰʲʺ ˎˉʶˊʽ˗ʵʹ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˍˇˎ ʺ˂ʽˇˎΦ ɶ ˃ʶˋˈˋ˒ʰʽˊʰ ʶʾ˄ʰʽ ʹ 
ʸ˗˄ʹ ˈˉˇˎ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˃ʶʽ˗˄ʶˍʰʽ ˅ʰ˄ʱ ˃ʶ ˍˇ ˎ˕ˈ˃ʶˍˊˇΣ ʁ ˄˗ ʹ ʻʶˊ˃ˈˋ˒ʰʽˊʰ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ 
ʰˉˈ ʰˎ˅ʹ˃ʷ˄ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˂ˈʴ˖ ˍʹˌ ʰˉˇˊˊˈ˒ʹˋʹˌ ˎ˕ʹ˂ʺˌ ʶ˄ʷˊʴʶʽʰˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ʰˉˈ ˍˇ˄ 
ʺ˂ʽˇΦ ɶ ʰˍ˃ˈˋ˒ʰʽˊʰ ʵʽʰˍʹˊʶʾˍʰʽ ˋʶ ˁʰˍʱˋˍʰˋʹ ʽˋˇˊˊˇˉʾʰˌ ˂ˈʴ˖ ˍ˖˄ ʲʰˊˎˍʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˍʹˌ 
ʴʹΦ̩ ɾʾʰ ˋʶʽˊʱ ʵʽʰˍʰˊʰ˔˗˄ ˁʰʽ ˒ʰʽ˄ˇ˃ʷ˄˖˄ ̍ ˉ˖ˌ ˇ ˁʰʽˊˈˌΣ ˍʰ ʵʽʱ˒ˇˊʰ ʁ ˉʽˁˊʰˍˇˏ˄ˍʰ ˁ ˂ʽ˃ʰˍʽˁʱ 
˃ˇˍʾʲʰ ˁʰʽ ˇʽ ʰ˂˂ʰʴʷˌ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˃ʽˁˊʷˌ ʰˉˇˁ˂ʾˋʶʽˌ ʰˉˈ ʰˎˍʺ˄ ˍʹ 
ˁh ˍʱˋˍʰˋʹ ʽˋˇˊˊˇˉʾʰˌ ˁʰʽ ˋˎ˄ʶˉ˗ˌ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ˄ ʰˍ˃ˈˋ˒ʰʽˊʰ. 

2.1.1 ɲˇ˃ʺ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ  

ɶ ˍˊˇˉˈˋ˒ʰʽˊʰ ʰˉˇˍʶ˂ʶʾ ˍˇ ˁʰˍ˗ˍʶˊˇ ˋˍˊ˗˃ʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ˁʰʽ ˍʰˎˍˈ˔ˊˇ˄ʰ ˍʹ˄ ˉʶˊʽˇ˔ʺ 
ˈˉˇˎ ˋˎ˃ʲʰʾ˄ˇˎ˄ ˍʰ ˉʶˊʽˋˋˈˍʶˊʰ ˁʰʽˊʽˁʱ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˁʰʽ ˇʽ ˉʶˊʽˋˋˈˍʶˊʶˌ ʸ˖ˍʽˁʷˌ ʲʽˇ˂ˇʴʽˁʷˌ 
ʵʽʶˊʴʰˋʾʶˌΦ ɳˁˍʶʾ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ɱʹˌ ˃ʷ˔ˊʽ ˍʹ˄ ˍˊˇˉˈˉʰˎˋʹΣ ʹ ˇˉˇʾʰ ʲˊʾˋˁʶˍʰʽ ˋʶ 
ˎ˕ˈ˃ʶˍˊˇ ˉʶˊʾˉˇˎ у ˔ʽ˂ʽˇ˃ʷˍˊ˖˄ ˋˍʽˌ ˉʶˊʽˇ˔ʷˌ ˍ˖˄ ˉˈ˂˖˄ ˁʰʽ му ˔ʽ˂ʽˇ˃ʷˍˊ˖˄ ˋˍʹ˄ ʽˋʹ˃ʶˊʽ˄ʺ 
ʴˊʰ˃˃ʺΦ ʆˇ ˁˏˊʽˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˍʹˌ ˍˊˇˉˈˋ˒ʰʽˊʰˌ ʶʾ˄ʰʽ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰΣ ʹ ˇˉˇʾʰ ˃ʶʽ˗˄ʶˍʰʽ 
ˁʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ˍˇ ˎ˕ˈ˃ʶˍˊˇΣ ˃ ʶ ˊˎʻ˃ˈ ˉʶˊʾˉˇˎ сΦр°C h ˄ʱ ˔ʽ˂ʽˈ˃ʶˍˊˇΦ ʅ˔ʁʵˈ˄ ˈ˂ʹ ʹ ˉˇˋˈˍʹˍʰ 
ˍ̟ ˄ ˎʵˊʰˍ˃˗˄ ʲˊʾˋˁʶˍʰʽ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʽˇ˔ʺ. ʃˊˈˁʶʽˍʰʽ ʴʽʰ ʷ˄ʰ ˉˇ˂ˏ ˂ʶˉˍˈ ˍ˃ʺ˃ʰ ˍʹˌ 
ʰˍ˃ˈˋ˒ʰʽˊʰˌΣ ˍˇ ˇˉˇʾˇ ˈ˃˖ˌ ʰˉˇˍʶ˂ʶʾ ˍˇ ул҈ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ ˃ʱʸʰˌ ˍˇˎ ʰʷˊʰΦ ɶ ʰ˂˂ʰʴʺ ʰˎˍʺ 
ˇ˒ʶʾ˂ʶˍʰʽ ˋˍʹ˄ ʰˉˇˊˊˈ˒ʹˋʹ ˍʹˌ ʹ˂ʽʰˁʺˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ɱʹˌΣ ˉˇˎ 
˃ʶˍʰ˒ʷˊʶʽ ʻʶˊ˃ˈˍʹˍʰ ˋˍʹ˄ ˍˊˇˉˈˋ˒ʰʽˊʰ ˃ʷˋ˖ ˍʹˌ ʶˉʰ˒ʺˌ ˍˇˎ ʰʷˊʰ ˃ʶ ˍˇ ʷʵʰ˒ˇˌΦ ɮˎˍʺ ʹ 
ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˉˊˇˁʰ˂ʶʾ ʰ˄ʰʵʽʰ˃ˈˊ˒˖ˋʹ ˍˇˎ ʰʷˊʰΣ ˉˇˎ ˇʵʹʴʶʾ ˋʶ ˁˎˁ˂ˇ˒ˇˊʾʶˌΣ 
ˈˉ˖ˌ ˇʽ ʱ˄ʶ˃ˇʽ ˁʰʽ ˍʰ ˊʶˏ˃ʰˍʰ ʰ˄ˈʵˇˎ ˁʰʽ ˁʰʻˈʵˇˎΣ ˉˇˎ ʵʽʷˉˇˎ˄ ˍˇ˄ ˁʰʽˊˈ ˁʰʽ ˍˇ ˁ˂ʾ˃ʰ ˋʶ 
ˍˇˉʽˁˈ ˁʰʽ ˉʰʴˁˈˋ˃ʽˇ ʶˉʾˉʶʵˇΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ʹ ˍˊˇˉˈˋ˒ʰʽˊʰ ʵʽʰʵˊʰ˃ʰˍʾʸʶʽ ˁˊʾˋʽ˃ˇ ˊˈ˂ˇ ˋˍʹ 
ˊˏʻ˃ʽˋʹ ˍˇˎ ˁ˂ʾ˃ʰˍˇˌΣ ˁʰʻ˗ˌ ˉʶˊʽʷ˔ʶʽ ʰʷˊʽʰ ʻʶˊ˃ˇˁʹˉʾˇˎΣ ˈˉ˖ˌ ˍˇ ʵʽˇ˅ʶʾʵʽˇ ˍˇˎ ʱ˄ʻˊʰˁʰΣ ˍˇ 
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˃ʶʻʱ˄ʽˇ ˁʰʽ ˍˇ ʵʽˇ˅ʶʾʵʽˇ ˍˇˎ ʰʸ˗ˍˇˎ ˍʰ ˇˉˇʾʰ ʰˉˇˊˊˇ˒ˇˏ˄ ˁʰʽ ʶˉʰ˄ʶˁˉʷ˃ˉˇˎ˄ ˎˉʷˊˎʻˊʹ 
ʰˁˍʽ˄ˇʲˇ˂ʾʰΣ ˋˎ˃ʲʱ˂˂ˇ˄ˍʰˌ ˃ʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇ ˋˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ˍˇˎ ˒ˎˋʽˁˇˏ ʻʶˊ˃ˇˁʹˉʾˇˎΦ ʅʶ 
ʰˎˍˈ ˍˇ ˍ˃ʺ˃ʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ʵʽʰˁˊʾ˄ʶˍʰʽ ʹ ˉʰˊˇˎˋʾʰ ʸ˖˄˗˄ ˁˎˁ˂ˇ˒ˇˊʾʰˌ όʺ ˁˎ˕ʶ˂ʾʵʶˌύ, 
ˉˇˎ ʶʾ˄ʰʽ ˃ʶʴʱ˂ʶˌ ˁˎˁ˂ˇ˒ˇˊʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ˉˇˎ ʶˁˍʶʾ˄ˇ˄ˍʰʽ ˋʶ ʵʽʱ˒ˇˊʰ ʴʶ˖ʴˊʰ˒ʽˁʱ ˉ˂ʱˍʹ όʲ˂Φ 
ɼˎˁ˂ˇ˒ˇˊʾʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ). 

ɶ ˋˍˊʰˍˈˋ˒ʰʽˊʰ ʰˉˇˍʶ˂ʶʾ ˍˇ ʵʶˏˍʶˊˇ ˁˏˊʽˇ ˋˍˊ˗˃ʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌΣ ʲˊʾˋˁʶˍʰʽ ʰˁˊʽʲ˗ˌ ˉʱ˄˖ 
ʰˉˈ ˍʹ˄ ˍˊˇˉˈˋ˒ʰʽˊʰ ˁʰʽ ˒ˍʱ˄ʶʽ ˃ʷ˔ˊʽ ˍˇ ˏ˕ˇˌ ˍ˖˄ рл ˔ʽ˂ʽˇ˃ʷˍˊ˖˄Φ ʆˇ ˁˏˊʽˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ 
ˍʹˌ ˋˍˊʰˍˈˋ˒ʰʽˊʰˌ ʶʾ˄ʰʽ ʹ ˉʰˊˇˎˋʾʰ ˍʹˌ ˋˍʽʲʱʵʰˌ ˍˇˎ ˈʸˇ˄ˍˇˌΣ ˃ʽʰˌ ˉʶˊʽˇ˔ʺˌ ˃ʶ ˎ˕ʹ˂ʺ 
ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˋʶ ˈʸˇ˄. ɶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˃ʷ˔ˊʽ ˍˇ ˎ˕ˈ˃ʶˍˊˇ ˍ˖˄ ор ˔ʽ˂ʽˇ˃ʷˍˊ˖˄ ʵʶ˄ ʵʽʰ˄ˏʶʽ 
ˋʹ˃ʰ˄ˍʽˁʺ ˃ʶˍʰʲˇ˂ʺΦ ʅˍʹ ʸ˗˄ʹ ˍ˖˄ ор-рлƪƳΣ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ʰˎ˅ʱ˄ʶˍʰʽ ˋˎ˄ʶ˔˗ˌ ˁʰʻ˗ˌ 
ʰ˄ʶʲʰʾ˄ˇˎ˃ʶ ˋʶ ˎ˕ˈ˃ʶˍˊˇΣ ˒ˍʱ˄ˇ˄ˍʰˌ ˍʹ˄ ˍʽ˃ʺ ˍ˖˄ -нϲ/ ˋˍˇ ˈˊʽˇ ˍʹˌ ˋˍˊʰˍˈˉʰˎˋʹˌΦ ɮˎˍʺ ʹ 
ʰˏ˅ʹˋʹ ˉˊˇˁˏˉˍʶʽ ˂ˈʴ˖ ˍ˖˄ ˎ˕ʹ˂˗˄ ˋˎʴˁʶ˄ˍˊ˗ˋʶ˖˄ ˍˇˎ ˈʸˇ˄ˍˇˌΣ ˍˇ ˇˉˇʾˇ ʰˉˇˊˊˇ˒ʱ ʷ˄ʰ 
˃ʷˊˇˌ ˍʹˌ ˎˉʶˊʽ˗ʵˇˎˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˋˍʹ ˋˍˊʰˍˈˋ˒ʰʽˊʰ ˎˉʱˊ˔ˇˎ˄ ˊʶˏ˃ʰˍʰ ʰʷˊʰ, ̱  h
ˇˉˇʾ hʰˉˇˁʰ˂ˇˏ˄ˍʰʽ άjet streamsέ ˁʰʽ ˃ˉˇˊˇˏ˄ ˄ʰ ʶʾ˄ʰʽ ʵˏˇ ˒ˇˊʷˌ ˉʽˇ ʽˋ˔ˎˊ  ɦˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʰ 
ʰ˄ˍʾˋˍˇʽ˔ʰ ˍʹˌ ˍˊˇˉˈˋ˒ʰʽˊʰˌΦ 

ʆˇ ˋˍˊ˗˃ʰ ˉˇˎ ʶˁˍʶʾ˄ʶˍʰʽ ʰˉˈ рл ʷ˖ˌ улƪƳΣ ʴ˄˖ˋˍˈ ˖ˌ ˃ʶˋˈˋ˒ʰʽˊʰΣ ˉʰˊˇˎˋʽʱʸʶʽ ʴˊʺʴˇˊʹ 
˃ʶʾ˖ˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˁʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ˍˇ ˎ˕ˈ˃ʶˍˊˇΦ ɼˏˊʽˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ʰˎˍˇˏ ˍˇˎ 
ˋˍˊ˗˃ʰˍˇˌ ʶʾ˄ʰʽ ˇʽ ʶ˅ʰʽˊʶˍʽˁʱ ˔ʰ˃ʹ˂ʷˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ όˉʶˊʾˉˇˎ -ул ϲ/ύΣ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ ˁˎˊʾ˖ˌ 
˂ˈʴ˖ ˍʹˌ ʰˉˇˎˋʾʰˌ ˍˇˎ ˈʸˇ˄ˍˇˌ ̀ ʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʽˇ˔ʺΦ  

ʆʷ˂ˇˌΣ ˍˇ ˍʷˍʰˊˍˇ ˋˍˊ˗˃ʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ʰˉˇˍʶ˂ʶʾ ˍʹ ʻʶˊ˃ˈˋ˒ʰʽˊʰ ˁʰʽ ʶˁˍʶʾ˄ʶˍʰʽ ʰˉˈ ул 
˃ʷ˔ˊʽ ˉʶˊʾˉˇˎ пллƪƳ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ɱʹˌΦ ʅˍʹ ʲʱˋʹ ˍʹˌΣ ˎˉʱˊ˔ʶʽ ˃ʽʰ ˋˍʰʻʶˊʺ 
ʻʶˊ˃ˇˁˊʰˋʽʰˁʺ ʵˇ˃ʺΣ ʹ ˇˉˇʾʰ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʰˎ˅ʱ˄ʶˍʰʽΣ ˒ˍʱ˄ˇ˄ˍʰˌ ˃ʷ˔ˊʽ ˍˇˎˌ тллϲ/ ˁʰʽ ˍˇˎˌ 
1700°C ˋˍʰ ʰ˄˗ˍʰˍʰ ʶˉʾˉʶʵʱ ˍʹˌ ʴʽʰ ˃ʷˋʹ ˁʰʽ ʽˋ˔ˎˊʺ ʹ˂ʽʰˁʺ ʵˊʰˋˍʹˊʽˈˍʹˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰΦ ɶ 
ʰˏ˅ʹˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˉˈ ˍʹ˄ ʰˉˇˊˊˈ˒ʹˋʹ ˍˇˎ ˃ʶʴʰ˂ˏˍʶˊˇˎ ˃ʷˊˇˎˌ ˍʹˌ 
ˎˉʶˊʽ˗ʵˇˎˌ ʹ˂ʽʰˁʺˌ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌ ˁˎˊʾ˖ˌ ʰˉˈ ˍˇ ˃ˇˊʽʰˁˈ ˇ˅ˎʴˈ˄ˇΣ ˁʰʻ˗ˌ ˁʰʽ ʰˉˈ ˍʹ˄ 
ʶˉʾʵˊʰˋʹ ˍʹˌ ʹ˂ʽʰˁʺˌ ʵˊʰˋˍʹˊʽˈˍʹˍʰˌΦ 
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ʅ˔ʺ˃ʰ 2.1 ɼʰˍʰˁˈˊˎ˒ʹ ʵˇ˃ʺ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ˁʰʽ ˍˇˎ ˉ˂ʰ˄ʹˍʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ [3]  

2.1.2 ɳˎˋˍʱʻʶʽʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ    

ɼʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍʹˌ ʹ˃ʷˊʰˌΣ ˇ ʺ˂ʽˇˌ ʶˁˉʷ˃ˉʶʽ ˋˎ˄ʶ˔ʺ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˉˊˇˌ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ 
ʶʵʱ˒ˇˎˌΣ ʶʽʵʽˁʱ ˋˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ ʹ ˄ʷ˒˖ˋʹ ʶʾ˄ʰʽ ʶ˂ʱ˔ʽˋˍʹ ʺ ʰ˄ˏˉʰˊˁˍʹΦ ɮˎˍˈ ˇʵʹʴʶʾ ˋʶ 
ˋˍʰʵʽʰˁʺ ʻʷˊ˃ʰ˄ˋʹ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌΣ ʹ ˇˉˇʾʰ ˍʰˎˍˈ˔ˊˇ˄ʰ ˔ʱ˄ʶʽ ʻʶˊ˃ˈˍʹˍʰ ˂ˈʴ˖ 
ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΦ ɶ ʰˏ˅ʹˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰ ̩ˍˇˎ ˉʰˊʰˍʹˊʶʾˍʰʽ ˃ˈ˄ˇ ˈˍʰ˄ ˇ ˊˎʻ˃ˈˌ ʻʷˊ˃ʰ˄ˋʹˌ 
ʰˉˈ ˍʹ˄ ʹ˂ʽʰˁʺ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˎˉʶˊʲʰʾ˄ʶʽ ˍʽˌ ʰˉ˗˂ʶʽʶˌ ˂ˈʴ˖ ʰˁˍʽ˄ˇʲˇ˂ʾʰˌΦ 

ɼʰʻ˗ˌ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ʰˎ˅ʱ˄ʶʽ ˁʰʽ ˒ʻʱ˄ʶʽ ˋʶ ʷ˄ʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʶˉʾˉʶʵˇΣ 
ˉˊˇˁʰ˂ʶʾˍʰʽ ʹ ʵʹ˃ʽˇˎˊʴʾʰ ˊʶˎ˃ʱˍ˖˄ ˋˎ˄ʰʴ˖ʴʺˌ ˉˇˎ ˃ʶˍʰ˒ʷˊˇˎ˄ ʻʶˊ˃ˈˍʹˍʰ ˋʶ ˉʽˇ ˕ʹ˂ʱ 
ˋˍˊ˗˃ʰˍʰ ʰʷˊʰΦ ɮˎˍˈ ˇ˒ʶʾ˂ʶˍʰʽ ˋˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˇ ʰʷˊʰˌΣ ˖ˌ ˋˎ˃ˉʽʶˋˍˈ ˊʶˎˋˍˈΣ ʵʽʰˋˍʷ˂˂ʶˍʰʽ 
ˁʰʻ˗ˌ ʰ˄ʶʲʰʾ˄ʶʽ ˉˊˇˌ ˋˍˊ˗˃ʰˍʰ ˃ʶ ˔ʰ˃ʹ˂ˈˍʶˊʹ ˉʾʶˋʹΣ ˉˊˇˁʰ˂˗˄ˍʰˌ ˍʹ˄ ˕ˏ˅ʹ ˍˇˎΦ  

ʁ ˊˎʻ˃ˈˌ ˕ˏ˅ʹˌ ʰˎˍʺˌ ˍʹˌ ˊˇʺˌ ʰʷˊʰ ˃ˉˇˊʶʾ ˄ʰ ˎˉˇ˂ˇʴʽˋˍʶʾ ʰˉˈ ˍʹ˄ ˁʰˍʰˋˍʰˍʽˁʺ ʶ˅ʾˋ˖ˋʹ ˍ˖˄ 
ʰʶˊʾ˖˄Υ 

╟ ⱬ╡♆  (2.1) 

ɶ ˁʰˍʰˋˍʰˍʽˁʺ ʶ˅ʾˋ˖ˋʹ ˋˎ˄ʵʷʶʽ ˍʹ˄ ˉʾʶˋʹ όtύ ˃ʶ ˍʹ˄ ˉˎˁ˄ˈˍʹˍʰ όˊύ ˁ ʰʽ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ό¢ύ ˃ ʷˋ˖ 
ˍʹˌ ˋˍʰʻʶˊʱˌ ̱̟ ˄ ʰʶˊʾ˖˄ (R) ̍ ˉˇˎ ʶ˅ʰˊˍʱˍʰʽ h ˉˈ ˍʹ ˔ʹ˃ʽˁʺ ˋˏ˄ʻʶˋʹ ˍˇˎ ʰʶˊʾˇˎ ɹ ʽʰ ʰʵʽʰʲʰˍʽˁʺ 
˃ʶˍʰʲˇ˂ʺ:  
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╟

╟╞

ⱬ

ⱬⱪ

♬

 
(2.2) 

Σ ˈˉˇˎ ʄ ̌ˁʰʽ ˊ ̌ʶʾ˄ʰʽ ˇʽ ʰˊ˔ʽˁʷˌ ˍʽ˃ʷˌ ʴʽʰ ˃ʾʰ ˃ʶˍʰʲˇ˂ʺ ˁʰʽ ʴ ʶʾ˄ʰʽ ˇ ˂ˈʴˇˌ ˍ˖˄ ʶʽʵʽˁ˗˄ 
ʻʶˊ˃ˇˍʺˍ˖˄ ˍˇˎ ʰʷˊʰ ˋʶ ˋˍʰʻʶˊʺ ˉʾʶˋʹ ˁʰʽ ˋˍʰʻʶˊˈ ˈʴˁˇ ˁ ʰʽ ˍʹ˄ ˎ ʵˊˇˋˍʰˍʽˁʺ ʶ˅ʾˋ˖ˋʹΥ 

⸗╟

⸗◑
ⱬ▌  

(2.3) 

Σ ˈˉˇˎ z ̱ ˇ ˏ˕ˇˌ ˁʰʽ g ́  ʶˉʽˍʱ˔ˎ˄ˋʹ ˍʹˌ ʲʰˊˏˍʹˍʰˌΦ  

ɮ˄ʰ˂ˈʴ˖ˌ ˃ʶ ˍʹ˄ ˁʰˍʰˁˈˊˎ˒ʹ ˁ˂ʾˋʹ ˍʹˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ όˁʰˍʰˁˈˊˎ˒ʹ ʻʶˊ˃ˇʲʰʻ˃ʾʵʰύΣ ʵʹ˂ʰʵʺ 
ˍˇ˄ ˊˎʻ˃ˈ ˃ʶʾ˖ˋʺˌ ˍʹˌ ˃ʶ ˍˇ ˏ˕ˇˌΣ ˃ˉˇˊʶʾ ˄ʰ ˔ʰˊʰˁˍʹˊʽˋˍʶʾ ʹ ʶˎˋˍʱʻʶʽʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ 
(ʅ˔ʺ˃ʰ 2.2). ɱʽʰ ʷ˄ʰ ˋˍˇʽ˔ʶʽ˗ʵʶˌ ˍ˃ʺ˃ʰ ˍˇˎ ʰʷˊʰ ˉˇˎ ʰ˄ˎ˕˗˄ʶˍʰʽ ˃ʶ ʾʵʽʰ ˉʾʶˋʹ ˁʰʽ ˃ʽˁˊʺ 
ʻʶˊ˃ˇˁˊʰˋʽʰˁʺ ʵʽʰ˒ˇˊʱ ˃ʶ ˍˇ ˎˉˈ ˎʵˊˇˋˍʰˍʽˁʺ ʽˋˇˊˊˇˉʾʰ ˉʶˊʽʲʱ˂˂ˇ˄ ˍˇˎ, ʹ ˁʰˍʰˁˈˊˎ˒ʹ 
ʻʶˊ˃ˇʲʰʻ˃ʾʵʰ ˃ʷˋ˖ ˍ˖˄ ʶ˅ʽˋ˗ˋʶ˖˄ (2.1), (2.2), (2.3) ɻ ʾ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋ:́ 
 

⸗╣

⸗◑

♬ ▌

♬╡
 

(2.4) 

ʂˍʰ˄ ʽˁʰ˄ˇˉˇʽʶʾˍʰʽ ʹ (2.4) ʹ ˁʰˍʱˋˍʰˋʹ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ˖ˌ ˇˎʵʷˍʶˊʹ. ʆˇ ʵʶ˅ʾ 
˃ʷ˂ˇˌ ˇ˄ˇ˃ʱʸʶˍʰʽ ˅ʹˊʺ ʰʵʽʰʲʰˍʽˁʺ ʻʶˊ˃ˇʲʰʻ˃ʾʵʰ. ʂˍʰ˄ ʹ ˉˊʰʴ˃ʰˍʽˁʺ ˁʰˍʰˁˈˊˎ˒ʹ 
ʻʶˊ˃ˇʲʰʻ˃ʾʵʰ ˍˇˎ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ʶʾ˄ʰʽ ˃ʽˁˊˈˍʶˊʹ ˍʹˌ ˅ʹˊʺˌ ʰʵʽʰ̡h ˍʽˁʺˌ, ʹ ˁʰˍʱˋˍʰˋʹ ˍʹˌ 
ʰˍ˃ˈˋ˒ʰʽˊʰˌ ˁˊʾ˄ʶˍʰʽ ʶˎˋˍʰʻʺˌΣ ʶ˄˗ ˋʶ ʰ˄ˍʾʻʶˍʹ ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ˍʹˌ ˅ʹˊʺˌ 
ʰʵʽʰʲʰˍʽˁʺˌ, ˁ ˊʾ˄ʶˍʰʽ ʰˋˍʰʻʺˌ. 

 

ʅ˔ʺ˃ʰ 2.2 ɮˍ˃ˇˋ˒ʰʽˊʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ʶˎˋˍʱʻʶʽʰˌ [2] 
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2.1.3 ɼˎˁ˂ˇ˒ˇˊʾʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ 

ɶ ʰˍ˃ˇˋ˒ʰʽˊʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ˉʶˊʽʴˊʱ˒ʶʽ ˍʹ ˁʾ˄ʹˋʹ ˁʰʽ ˍʹ ˊˇʺ ˍˇˎ ʰʷˊʰ ˋʶ ˉ˂ʰ˄ʹˍʽˁʺ ˁ˂ʾ˃ʰˁʰ 
ʴˏˊ˖ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ɱ́ ˌΦ ʆ ̌мтор ˉˊˇˍʱʻʹˁʶ ʰˉˈ ˍˇ˄ ɯʴʴ˂ˇ ˒ˎˋʽˁˈ ˁʰʽ ˃ʶˍʶ˖ˊˇ˂ˈʴˇ 
DŜƻǊƎŜ IŀŘƭŜȅΣ ʷ˄ʰ ˃ˇ˄ˍʷ˂ˇ ʰˍ˃ˇˋ˒ʰʽˊʽˁʺˌ ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˍˇˎ ʰʷˊʰ ˍʹˌ ɱ́ ˌ ˍˇ ˇˉˇʾˇ ʶ˅ʹʴˇˏˋʶ 
ˍˇˎˌ ʰ˂ʹʴʶʾˌ ʰ˄ʷ˃ˇˎˌΣ ʵʹ˂ʰʵʺ ˍˇˎˌ ʰ˄ʷ˃ˇˎˌ ˉˇˎ ˉ˄ʷˇˎ˄ ˃ʶˍʰ˅ˏ ˍʹˌ ˉʶˊʽˇ˔ʺˌ ˃ʶ ˎ˕ʹ˂ʷˌ 
ʲʰˊˇ˃ʶˍˊʽˁʷˌ ˉʽʷˋʶʽˌ όʸ˗˄ʹ ˎˉˇˍˊˇˉʽˁ˗˄ ˄ʹ˄ʶ˃ʽ˗˄ύ ˁʰʽ ˍʹˌ ˉʶˊʽˇ˔ʺˌ ˃ʶ ˔ʰ˃ʹ˂ˈˍʶˊʶˌ όʸ˗˄ʹ 
ˍˊˇˉʽˁ˗˄ ˄ʹ˄ʶ˃ʽ˗˄ύΦ ʅʺ˃ʶˊʰ ʹ «ˁˎ˕ʶ˂ʾʵʰ ˍˇˎ IŀŘƭŜȅ» ʁ ʾ˄ʰʽ ʷ˄ʰˌ ˈˊˇˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ 
ˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ʰ˄ˎ˕˖˃ʷ˄ˇˎ ʰʷˊʰ ˁˇ˄ˍʱ ˋˍˇ˄ ʽˋʹ˃ʶˊʽ˄ˈΦ ɽˈʴ˖ ˍʹˌ ˋ˔ʶˍʽˁʺˌ ʻʷˋʹˌ ˍˇˎ ʹ˂ʾˇˎ 
ˁʰʽ ˍʹˌ ˁ˂ʾˋʹˌ ˍʹˌ ʴʹˌΣ ˇ ʽˋʹ˃ʶˊʽ˄ˈˌ ʵʷ˔ʶˍʰʽ ˍʹ ˃ʶʴʰ˂ˏˍʶˊʹ ʹ˂ʽʰˁʺ ʰˁˍʽ˄ˇʲˇ˂ʾʰ ˋʶ ˉ˂ʺˊʹ 
ʰ˄ˍʽˉʰˊʰʲˇ˂ʺ ˃ʶ ˍˇˎˌ ˉˈ˂ˇˎˌ ˍʹˌ ˉˇˎ ʵʷ˔ˇ˄ˍʰʽ ˍʹ ˃ʽˁˊˈˍʶˊʹΦ ɶ ˁʾ˄ʹˋʹ ˍˇˎ ʰʷˊʰ ʵʽʰ˄ʷ˃ʶʽ ˍʹ˄ 
ˉˊˇʶˊ˔ˈ˃ʶ˄ʹ ʰˉˈ ˍˇ˄ ʺ˂ʽˇ ʻʶˊ˃ˈˍʹˍʰ ˋˍʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˉʶˊʽˇ˔ʷˌ ˉʶˊʽ˃ʶˍˊʽˁʱ ˍʹˌΣ 
ʶˉʹˊʶʱʸˇ˄ˍʰˌ ˁʰˍʱ ˋˎ˄ʷˉʶʽʰ ˍʰ ˍˇˉʽˁʱ ˁ˂ʾ˃ʰˍʰΦ ɼʱʻʶ ˃ʾʰ ʰˉˈ ˍʽˌ ʻʶ˖ˊʹˍʽˁʱ ʶʵˊʰʽ˖˃ʷ˄ʶˌ 
ˁˎ˕ʶ˂ʾʵʶˌ ̄ ˊˇˁʰ˂ʶʾ ˍˇˎˌ ʰ˄ˍʾˋˍˇʽ˔ˇˎˌ ʶˉʽˁˊʰˍˇˏ˄ˍʶˌ ʰ˄ʷ˃ˇˎˌ ˉ˄ʶˈ˃ʶ˄ˇˎˌ ʰ˄ʰˍˇ˂ʽˁʱ ʺ ʵˎˍʽˁʱΦ 
ʁ ʲʰˋʽˁˈˌ ˂ˈʴˇˌ ʴʽʰ ˍˇ˄ ˇˉˇʾˇ ˇʽ ʱ˄ʶ˃ˇʽ ʵʶ˄ ʷ˔ˇˎ˄ ˁʰˍʶˏʻˎ˄ˋʹ ʰˉˈ ˍˇ˄ ʲˇˊˊʱ ˉˊˇˌ ˍˇ˄ ˄ˈˍˇ ʺ 
ʰ˄ˍʾˋˍˊˇ˒ʰ ʶʾ˄ʰʽ ʹ ʶˉʾʵˊʰˋʹ ˍʹˌ ʵˏ˄ʰ˃ʹˌ /ƻǊƛƻƭƛǎΦ 

ɼʰˍʱ ˍʹ ʻʷˊ˃ʰ˄ˋʹ ʰʶˊʾ˖˄ ˃ʰʸ˗˄ ˋˍʹ˄ ˁˎ˕ʶ˂ʾʵʰ ˍˇˎ IŀŘƭŜȅ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˉʶˊʽˇ˔ʷˌ ˔ʰ˃ʹ˂ʺˌ 
ˉʾʶˋʹˌ ˁʰʻ˗ˌ ʰˎˍʷˌ ʰ˄ʷˊ˔ˇ˄ˍʰʽ ˂ˈʴ˖ ˍʹˌ ˃ʶʽˇˏ˃ʶ˄ʹˌ ˉˎˁ˄ˈˍʹˍʰˌΦ ʁʽ ˃ʱʸʶˌ ʰˎˍʷˌ ʰ˄ʶˊ˔ˈ˃ʶ˄ʶˌ 
˒ˍʱ˄ˇˎ˄ ˍʹ˄ ˍˊˇˉˈˉʰˎˋʹΣ ˍˇ ʰ˄˗ˍʰˍˇ ˈˊʽˇ ˍʹˌ ˍˊˇˉˈˋ˒ʰʽˊʰˌΣ ˈˉˇˎ ˁʰʽ ˁʰˍʶˎʻˏ˄ˇ˄ˍʰʽ ˉˊˇˌ 
ˍˇˎˌ ʵˏˇ ˉˈ˂ˇˎˌΦ ɮ˄ˍʽʻʷˍ˖ˌ ˁʰʽ ˃ʶ ˈ˃ˇʽˇ ˍˊˈˉˇ ˇ ˒ˎˋʽˁˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˈˌ ˍˇˎ ˁ˂ʶʽˋˍˇˏ ʲˊˈ˔ˇˎ 
ˁˎˁ˂ˇ˒ˇˊʾʰˌ ˇ˂ˇˁ˂ʹˊ˗˄ʶˍʰʽ ˃ʶ ˍʽˌ ʰʷˊʽʶˌ ˃ʱʸʶˌ ˉˇˎ ˁʰˍʷ˔ˇˎ˄ ˕ˎ˔ˊˈˍʶˊˇ ʻʶˊ˃ʽˁˈ ˒ˇˊˍʾˇ ˁʰʽ 
ˇʽ ˇˉˇʾʶˌ ˋˍʽˌ ˉʶˊʽˇ˔ʷˌ ˍ˖˄ ол ˃ˇʽˊ˗˄ ʵʹ˃ʽˇˎˊʴˇˏ˄ ˍˇˉʽˁʱ ʶˁˍʱˋʶʽˌ ˃ʶ ˎ˕ʹ˂ˈˍʶˊʹ ˉʾʶˋʹΣ 
ʰ˄ˍʽˁʰʻʽˋˍ˗˄ˍʰˌ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˍˇˎ ɹˋʹ˃ʶˊʽ˄ˇˏ ˍʰ ʰ˄ˎ˕˖˃ʷ˄ʰ ʻʶˊ˃ʱ ˋˍˊ˗˃ʰˍʰ ˍˇˎ ʰʷˊʰΦ  

ʁʽ ˉˇ˂ʽˁʷˌ ˁˎ˕ʶ˂ʾʵʶˌ ʶʾ˄ʰʽ ˇʽ ˃ʽˁˊˈˍʶˊʶ ̩ˁʰʽ ˇʽ ʰˋʻʶ˄ʷˋˍʶˊʶˌ ʶˁ ˍ˖˄ ˍˊʽ˗˄Φ ɮ˒ˇˊˇˏ˄ ˍʹ˄ 
ˁˎˁ˂ˇ˒ˇˊʾʰ ˍˇˎ ˕ˎ˔ˊˇˏ ʰʷˊʰ ˃ʶˍʰ˅ˏ ˍ˖˄ сл ˁʰʽ фл ˃ˇʽˊ˗˄ ʴʶ˖ʴˊʰ˒ʽˁˇˏ ˉ˂ʱˍˇˎˌ ʹ ˇˉˇʾʰ 
ˁʰˍʶˎʻˏ˄ʶˍʰʽ ˉˊˇˌ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ʴʹˌ ʵʹ˃ʽˇˎˊʴ˗˄ˍʰˌ ˎ˕ʹ˂ʺ ˉʾʶˋʹΦ ɶ ˁˎˁ˂ˇ˒ˇˊʾʰ ʰˎˍʺ 
ʰ˄ ʰ˃ʶʽʴ˄ˏʶˍʰʽ ˁʰʽ ʻʶˊ˃ʰʾ˄ʶˍʰʽ ˃ʶ ˔ʰ˃ʹ˂ʺˌ ˉʾʶˋʹˌ ˋˍˊ˗˃ʰˍʰ ʰʷˊʰ ˉˇˎ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˋˍʽˌ сл 
˃ˇʾˊʶˌ ʴʶ˖ʴˊʰ˒ʽˁˈ ˉ˂ʱˍˇˌ ˁʰʽ ˋˍʹ ˋˎ˄ʷ˔ʶʽʰ ʰ˄ʶʲʰʾ˄ʶʽ ʶˉʽˋˍˊʷ˒ˇ˄ˍʰˌ ˋˍʰ ˎ˕ʹ˂ˈˍʶˊʰ ʶˉʾˉʶʵʰ 
ˍ˖˄ ˉˈ˂˖˄Φ  
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ʅ˔ʺ˃ʰ 2.3 ɱʶ˄ʽˁʺ ˁˎˁ˂ˇ˒ˇˊʾʰ ʰʷˊʰ ʴʽʰ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˉˇˎ ʹ ʴʹ ʺˍʰ˄ ˇ˃ʰ˂ʺ ˁʰʽ ˃ʶ ˇ˃ˇʽˈ˃ˇˊ˒ʹ 
ˋˏˋˍʰˋʹ [4] 

2.2 ɶ ̀́ ˃ʰˋʾʰ ˍˇˎ ɮʁʅ ˋˍʹ˄ ʶˊʶˎ˄ʹˍʽˁʺ ˁˇʽ˄ˈˍʹˍʰ 

ɶ ˃ʶ˂ʷˍʹ ˍˇˎ ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʰˉˇˍʶ˂ʶʾ ̀ ʹ˃ʰ˄ˍʽˁʺ ˉˍˎ˔ʺ ˍʹˌ ˃ʶˍʶ˖ˊˇ˂ˇʴʾʰˌ 
ʹ ˇˉˇʾʰ ʷ˔ʶʽ ʶˎˊʶʾʶˌ ʶˉʽˉˍ˗ˋʶʽˌ ˋˍʹ˄ ʶˊʶˎ˄ʹˍʽˁʺ ˁˇʽ˄ˈˍʹˍʰ ˁʰʽ ˋˍʹ˄ ˁʰʻʹ˃ʶˊʽ˄ʺ ʸ˖ʺΦ ɶ 
ˋʹ˃ʰˋʾʰ ˍˇˎ ʷʴˁʶʽˍʰʽ ˋˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ʰˉˇˍʶ˂ʶʾ ˍˇ ˉˊ˗ˍˇ ˋˍˊ˗˃ʰ ˉˇˎ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺ ˃ʶ ˍʹ˄ 
ʶˉʽ˒ʱ˄ʶʽʰ ˍʹˌ ɱʹˌ, ʁ ˉʹˊʶʱʸˇ˄ˍʰˌ ˁ ˊʾˋʽ˃ʰ ˍʹ˄ ˁˎˁ˂ˇ˒ˇˊʾʰ ˍˇˎ ʰʷˊʰΣ ˍʹ˄ ʵˎ˄ʰ˃ʽˁʺ ˍˇˎ ˁ˂ʾ˃ʰˍˇˌ, 
ʰˁˈ˃ʹ ˁ ʰʽ ˍʹ˄ ˉˇʽˈˍʹˍʰ ˍˇˎ ʰʷˊʰ ˉˇˎ ʰ˄ʰˉ˄ʷˇˎ˃ʶΦ ʅˎ˄ʶˉ˗ˌΣ ʹ ʶˁˍʶ˄ʷˋˍʶˊʹ ˃ ʶ˂ʷˍʹ ˍˇˎ ˃ˉˇˊʶʾ 
˄ʰ ʁ̄ ʽ˒ʷˊʶʽ ˂ˏˋʶʽˌ ˋʶ ˉˊˇʲ˂ʺ˃ʰˍʰ ˃ʶˍʶ˖ˊˇ˂ˇʴʾʰˌ ˋʶ ʰˋˍʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄, ʴʶ˖ˊʴʽˁʺ ̩
˃ʶˍʶ˖ˊˇ˂ˇʴʾʰ ̩ˁʰʽ ˎʵˊˇ˂ˇʴʾʰΣ̩ ˊˏˉʰ˄ˋʹˌ ˍˇˎ ʰʷˊʰ ˁʰʽ ʵʽʰˋˉˇˊʱˌ ˍ˖˄ ˊˏˉ˖˄, ˉˊˈʴ˄˖ˋʹˌ 
ˁʰʽˊˇˏ ˁʰʽ ˁ˂ʾ˃ʰˍˇˌΦ  

ʅ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ʰˋˍʽˁʺ ˃ʶˍʶ˖ˊˇ˂ˇʴʾʰ ʹ ɻ ʽʰˋˉˇˊʱ ˍʹˌ ʰʽʻʰ˂ˇ˃ʾ˔˂ʹˌ ˁʰʽ ˍ˖˄ ́ ˏˉ˖˄ ʶ˅ʰˊˍʱˍʰʽ ˋʶ 
˃ʶʴʱ˂ˇ ʲʰʻ˃ˈ ʰˉˈ ˍʽˌ ˃ʶˍʶ˖ˊˇ˂ˇʴʽˁʷˌ ˋˎ˄ʻʺˁʶˌΦ ɶ ˃ʶˍʰ˒ˇˊʱ ˁʰʽ ʹ ʵʽʰˋˉˇˊʱ ˍ˖˄ 
ʰˍ˃ˇˋ˒ʰʽˊʽˁ˗˄ ˊˏˉ˖˄ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʰ˄ˇ˃ʷ˄˖˄ ˍ˖˄ ʲʽˇ˃ʹ˔ʰ˄ʽˁ˗˄ ˉ˂ˇˎ˃ʾ˖˄ ˁʰʽ ˍʹˌ ˍˎˊʲ˗ʵˇˎˌ 
ʰ˄ʱ˃ʶʽ˅ʹˌ ˋˍˇ ʰˍ˃ˇˋ˒ʰʽˊʽˁˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁʺ ˁʰʽ ʱ˃ʶˋʰ ˋˎ˄ˎ˒ʰˋ˃ʷ˄ʹ ˃ʶ ˍʹ˄ 
ˉˇʽˈˍʹˍʰ ˍˇˎ ʰʷˊʰ ˉˇˎ ʰ˄ʰˉ˄ʷˇˎ˃ʶ ˋʶ ˁʰʻʹ˃ʶˊʽ˄ˈ ʶˉʾˉʶʵˇ. ʅʶ ʰˎˍˈ ˍˇ ˉ˂ʰʾˋʽˇΣ ʹ ˃ʶ˂ʷˍʹ ˍʹˌ 
ʰˍ˃ˇˋ˒ʰʽˊʽˁʺˌ ˍˏˊʲʹˌ ˁʰʽ ˍʹˌ ˍˇˉʽˁʺˌ ˃ʶˍʶ˖ˊˇ˂ˇʴʾʰˌ ʷ˔ʶʽ ʰˊˁʶˍʱ ˉˊʰˁˍʽˁʺ ʶ˒ʰˊ˃ˇʴʺ ˋˍ́˄ 
ʶˉʾʵˊʰˋʹ ˍ˖˄ ˁˎˁ˂ˇ˒ˇˊʽ˗˄ ˃ʶˋˇˁ˂ʾ˃ʰˁʰˌ όʻʰ˂ʰˋˋʽ˄ʺ ʰˏˊʰΣ h ˏˊʰ ˁˇʽ˂ʱʵʰˌΣ ɦ ˄ʶ˃ˇʽ ̄ ˂ʰʴʽʱˌ). 
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ʆʷ˂ˇˌΣ ʵʽʰʵʽˁʰˋʾʶˌ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ ʴʶ˖ˊʴʽˁʺ ˉʰˊʰʴ˖ʴʺ ˈˉ˖ˌ ʹ ˅́ ˊʺ ʰˉˈʻʶˋʹ ʰʶˊʾ˖˄ ˁʰʽ 
ˊˏˉ˖˄ ˋˍʽˌ ˁʰ˂˂ʽʷˊʴʶʽʶˌ, ʹ ʶ˅ʱˍ˃ʽˋʹΣ ʹ ʶ˅ʱ˔˄˖ˋʹ (ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ ˎʵˊʰˍ˃ˇˏύ ˁʰʽ ˇ ˋ˔ʹ˃ʰˍʽˋ˃ˈˌ 
ˉʰʴʶˍˇˏ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ʷ˄ˍˇ˄ʰ ˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ɮʁʅΣ ˍʹ˄ ʷ˄ˍʰˋʹ ˍʹˌ ˍˏˊʲʹˌ ˁʰʽ ˍˇ ʶ˄ʶˊʴʶʽʰˁˈ 
ʽˋˇʸˏʴʽˇ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌ [5]. 

2.3 ɼʰˍʰʴˊʰ˒ʺ ˁʰʽ ˃ʷˍˊʹˋʹ ˍˇˎ ɮʁʅ  

ɶ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ ˁʰˍ˗ˍʶˊˇˎ ˍ˃ʺ˃ʰˍˇˌ ˍˇˎ ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˃ˉˇˊʶʾ ˄ʰ 
ʶˉʽˍʶˎ˔ʻʶʾ ˃ʶ ˉʶʽˊʱ˃ʰˍʰ ˉʶʵʾˇˎ ˈˉˇˎ ˁˏˊʽʶˌ ˉʹʴʷˌ ʵʶʵˇ˃ʷ˄˖˄ ʶʾ˄ʰʽ ʰʽˋʻʹˍʺˊʶˌ ˇʽ ˇˉˇʾˇʽ 
ˉˊˇˋʰˊ˃ˈʸˇ˄ˍʰʽ ˋʶ ˁˍʾˊʽʰ ˉˏˊʴ˖˄ ˇʽ ˇˉˇʾˇʽ ʶˁˍʶʾ˄ˇ˄ˍʰʽ ʰˉˈ ˃ʶˊʽˁʱ ˃ʷˍˊʰ ʷ˖ˌ ˁʰʽ нлл-300 
˃ʷˍˊʰ. ɱʽʰ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ ɮʁʅ ʷ˔ˇˎ˄ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˉʰ˂ʽˈˍʶˊʰ ˁʰˍʰˋˁʶˎʷˌ 
ˉˇˎ ˉʶˊʽ˂ʱ˃ʲʰ˄ʰ˄ ʶ˂ʶˏʻʶˊʰ ˁʰʽ ʵʶ˃ʷ˄ʰ ʰʶˊˈˋˍʰˍʰ-˃ˉʰ˂ˈ˄ʽʰΦ ɴˉʶʽˍʰ ʰˉˈ ˁʰʽˊˈ ˍʶ˔˄ʽˁʷˌ 
ʰʶˊˇˋˁʰ˒˗˄ ˁʰʽ ˍʶ˔˄ˇ˂ˇʴʽˁʱ ˉʽˇ ˉˊˇʹʴ˃ʷ˄˖˄ ʶʴˁʰˍʰˋˍʱˋʶ˖˄ ʷʴʽ˄ʰ˄ ˉʽˇ ʶˎˊʷ˖ˌ 
ʵʽʰʵʶʵˇ˃ʷ˄ʶˌΦ ɴ˄ʰ ʰˉˈ ˍʰ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊʰ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˍʹˌ ˔ˊʺˋʹˌ ʰʶˊˇˋˁʰ˒˗˄ ˖ˌ 
˃ʶˍˊʹˍʽˁˈ ˋˏˋˍʹ˃ʰ ˍˇˎ ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ  ʶʾ˄ʰʽ ʹ ʶˎʶ˂ʽ˅ʾʰ ˋˍʹ˄ ˁʾ˄ʹˋʹ ˍˇˎ 
˃ʶˍˊʹˍʽˁˇˏ ˇˊʴʱ˄ˇˎ ˍˇˎˌΣ ˁʰʻ˗ˌ ˁʰʽ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ʵʹ˃ʽˇˎˊʴʾʰ ̩ʵʽʶˎˊˎ˃ʷ˄ʹˌ ʴˊʰ˃˃ʺˌ ˍ˖˄ 
˃ʷˋ˖˄ ˍ˖˄ ˍˎˊʲ˖ʵ˗˄ ˃ʶʴʶʻ˗˄ [5]. ʆʽˌ ˍʶ˂ʶˎˍʰʾʶˌ ˍˊʶʽˌ ʵʶˁʰʶˍʾʶˌ ʹ  ˉʰˊʰˍʺˊʹˋʹ ˁʰʽ ʹ 
ˁʰˍʰʴˊʰ˒ʺ ˍˇˎ ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʷ˔ˇˎ˄ ʶ˄ˍʰʻʶʾ ʰˉˈ ˍʶ˔˄ʽˁʷˌ 
ˍʹ˂ʶˉʽˋˁˈˉʹˋʹˌ (remote sensing). ʅˍʰ ˄ʷʰ ʰˎˍʱ ˈˊʴʰ˄ʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ άsodarέ (sonic 
ŘŜǘŜŎǘƛƻƴ ŀƴŘ ǊŀƴƎƛƴƎύΣ ʹ˔ʹˍʽˁʱ ˁʰʽ ˇˉˍʽˁʱ ˊʰ˄ˍʱˊ (ʴ˄˖ˋˍʱ ˖ˌ άlidarά - light detection and 
ǊŀƴƎƛƴƎύ ˁʰʽ ˍʰ ˊʰ˄ˍʱˊ άdopplerέ. ʍˋˍˈˋˇ ˍˇ ˁˈˋˍˇˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ˄ ˋˎ˔˄ʺ 
ʷ˂˂ʶʽ˕ʹ ˃ʶˍˊʺˋʶ˖˄ ˋʶ ˃ʰˁˊˇ˔ˊˈ˄ʽˇ ˔ˊˇ˄ʽˁʱ ˉ˂ʰʾˋʽˇ ˋˍʽˌ ˉʶˊʽˇ˔ʷˌ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ ˇʵʹʴˇˏ˄ 
ˋˎ˔˄ʱ ˋˍʹ ˔ˊʺˋʹ ʰˊʽʻ˃ʹˍʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄Φ 

ʆʰ ˃ˇ˄ˍʷ˂ʰ ʰˊʽʻ˃ʹˍʽˁʺˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˉʰˊʷ˔ˇˎ˄ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʴʽʰ ˍʰ ˍˇˉʽˁʱ ˉʶʵʾʰ ʰ˄ʷ˃ˇˎ 
ˈˉˇˎ ˇʽ ˃ʶˍˊʺˋʶʽˌ ʵʶ˄ ʶʾ˄ʰʽ ʵʽʰʻʷˋʽ˃ʶˌ ˁʰʽ ʷ˔ˇˎ˄ ʶˉʾˋʹˌ ʵˎ˄ʰˍˈˍʹˍʶˌ ˉˊˈʲ˂ʶ˕ʹˌΦ ʁʽ 
ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ ˊˇʺˌ ʰ˄ʷ˃ˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ʰˊʽʻ˃ʹˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ˃ʷˋʹˌ ˁ˂ʾ˃ʰˁʰˌ ˉˇˎ 
ˉˊˇˋˇ˃ˇʽ˗˄ˇˎ˄ ˍˇˉʽˁʷˌ ˁˎˁ˂ˇ˒ˇˊʾʶˌΦ ɾˉˇˊˇˏ˄ ʶˉʾˋʹˌ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˃ˇ˄ˍʷ˂ʰ 
ˎˉˇ˂ˇʴʽˋˍʽˁʺˌ ˊʶˎˋˍˇʵˎ˄ʰ˃ʽˁʺˌ ό/C5ύ ˃ʶ ˋ˔ʺ˃ʰˍʰ ˁ˂ʶʽˋʾ˃ʰˍˇˌ ˎ˕ʹ˂ʺˌ ˍʱ˅ʹˌΣ ʱ˃ʶˋʹ 
ʰˊʽʻ˃ʹˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ό5b{ύΣ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˃ʶʴʱ˂˖˄ ˋˍˊˇʲʾ˂˖˄ ό[9{ύ ˁʰʽ ˃ˇ˄ˍʷ˂ʰ wŜȅƴƻƭŘǎ-
Averaged-Navier-Stokes (R!b{ύ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˊˇ˗˄ ˃ʷˋʰ ˁʰʽ ʴˏˊ˖ 
ʰˉˈ ˉˇ˂ˏˉ˂ˇˁʰ ˁˍʾˊʽʰ ˁʰʽ ˋˍʶ˄ˇˏˌ ʵˊˈ˃ˇˎˌΦ 

ɶ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰˌΣ ˍʷ˂ˇˌΣ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ʷˋʶʽ ʰˊˁʶˍʱ ʰ˅ʽˈˉʽˋˍʹ 
˃ʷʻˇʵˇ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ɮʁʅΦ ʋˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍʹ˄ ʶˊʴʰˋˍʹˊʽʰˁʺ ʷˊʶˎ˄ʰ ʴʽʰ ʷ˄ʰ 
ʶˎˊˏ ˒ʱˋ˃ʰ ʶ˒ʰˊ˃ˇʴ˗˄Σ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʰ˄ˇ˃ʷ˄ʹˌ ˍʹˌ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍ˖˄ 
ˇ˔ʹ˃ʱˍ˖˄Σ ˍʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍ˖˄ ˁʰˍʰˋˁʶˎ˗˄ ˁʰʽ ˍ˖˄ ˁˍʽˊʾ˖˄ ˋˍʹ ˊˇʺ ˍˇˎ ʰ˄ʷ˃ˇˎ ˁʰʽ ˍʹˌ 
˃ʶ˂ʷˍʹˌ ˍʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍ˖˄ ʰ˄ʶ˃ˇʴʶ˄˄ʹˍˊʽ˗˄Φ ɳˁˍʶ˄ʷˋˍʶˊʶˌ ˉ˂ʹˊˇ˒ˇˊʾʶˌ ʴʽʰ ʰˎˍʺ ˍʹ 
˃ʷʻˇʵˇ ʵʾ˄ˇ˄ˍʰʽ ˋʶ ˃ʶˍʰʴʶ˄ʷˋˍʶˊˇ ˁʶ˒ʱ˂ʰʽˇ (ɼʶ˒ʱ˂ʰʽˇ 3: ʃʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ˁʰʽ 
ʵʽʰʵʽˁʰˋʾʰ).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

18 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

2.4 ʅ˔ʹ˃ʰˍʽˋ˃ˈˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ 

ɮ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ʶʾʵˇˌ ˍʹˌ ˊˇʺˌ ʶ˄ˍˈˌ ˍˇˎ ̌ ˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌΣ ʰˎˍˈ ʵʽʰˁˊʾ˄ʶˍʰʽ ˋʶ ̀ ˍˊ˖ˍˈ, 
˃ʶˍʰʲʰˍʽˁˈ ˁʰʽ ˍˎˊʲ˗ʵʶˌ όʲ˂Φ ʅ˔ʺ˃ʰ 2.4). 

 

ʅ˔ʺ˃ʰ 2.4 ɮ˄ʱˉˍˎ˅ʹ ̌ ˊʽʰˁˇˏ ̀ ˍˊ˗˃ʰˍˇˌ [6] 

2.4.1 ʅˍˊ˖ˍˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ 

ɶ ˉˊ˗ˍʹ ˉʶˊʽˇ˔ʺ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˉˇˎ ˋˎ˄ʰ˄ˍʱˍʰʽ ʶʾ˄ʰʽ ˍˇ ˋˍˊ˖ˍˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ʹ 
ˇˉˇʾʰ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ˇ˃ʰ˂ʺ ˁʰʽ ˃ˈ˄ʽ˃ʹ ˊˇʺΦ ɳʾ˄ʰʽ ̀ ʹ˃ʰ˄ˍʽˁˈ ʴʽʰ ˍʹ ˊˇʺ ˎʴˊ˗˄ ˃ʶ ˃ʶʴʱ˂ˇ 
ʽ˅˗ʵʶˌ ˁʰʽ ʴʽʰ ˉˊˇʲ˂ʺ˃ʰˍʰ ˊˇʺˌ ˃ʶ ˋ˔ʶˍʽˁʱ ˃ʽˁˊʷˌ ˁ˂ʾ˃ʰˁʶˌ ˃ʺˁˇˎˌ ˋʶ h˄ ˍʾʻʶˋʹ ˃ʶ ˍʰ 
ˉʶˊʽˋˋˈˍʶˊʰ ˉˊˇʲ˂ʺ˃ʰˍʰ ˉˊʰˁˍʽˁˇˏ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌΣ ˈˉˇˎ ʹ ʷˁˍʰˋʹ ˁʰʽ ˁʰˍ ɦˋˎ˄ʷˉʶʽʰ ʹ 
ˋˎ˄ʶʽˋ˒ˇˊʱ ˍˇˎ ʶʾ˄ʰʽ ʰˊˁʶˍʱ ˃ʽˁˊʺ [6]. ɮˁˊʽʲ˗ˌ ˉʱ˄˖ ʰˉˈ ˍˇ ˍˇʾ˔˖˃ʰ ˎˉʱˊ˔ʶʽ ʷ˄ʰ ˂ʶˉˍˈ 
ˋˍˊ˗˃ʰ ˋˍˇ ˇˉˇʾˇ ʹ ˍʰ˔ˏˍʹˍʰ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˃ʽˁˊˈˍʶˊʹ ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ̀ ʹ˃ʶʾˇ ̄ ˇˎ ʲˊʾˋˁʶˍʰʽ 
ˋʶ ˃ʶʴʰ˂ˏˍʶˊʹ h ˉˈˋˍʰˋʹ ʰˉˈ ˍˇ ˍˇʾ˔˖˃ʰΣ ʷ˔ˇ˄ˍʰˌ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ˉʱ˔ˇˎˌ ˍˇˎ 
ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʵ ˁʰˍʱ ˃ʺˁˇˌΦ  

2.4.2 ɾʶˍʰʲʰˍʽˁˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ 

ʆˇ ˃ʶˍʰʲʰˍʽˁˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ʰ˒ˇˊʱ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˈˉˇˎ ˍˇ ˋˍˊ˖ˍˈ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ 
˃ʶˍʰˋ˔ʹ˃ʰˍʾʸʶˍʰʽ ˋʶ ˍˎˊʲ˗ʵʶˌΣ ˈˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.4. ʅˍʹ˄ ˉʶˊʰʽˍʷˊ˖ ʰ˄ʱˉˍˎ˅ʹ 
ˍˇˎ ˋˍˊ˖ˍˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌΣ ˇʽ ʽ˅˗ʵʶʽˌ ˍʱˋʶʽˌ ʷ˔ˇˎ˄ ˈ˂ˇ ˁʰʽ ˃ʽˁˊˈˍʶˊʹ ʽˁʰ˄ˈˍʹˍʰ ˄ʰ 
ʰˉˇˋʲʷˋˇˎ˄ ˍʽˌ ʵʽʰˍʰˊʰ˔ʷˌ ̄ ˇˎ ˉʰˊˇˎˋʽʱʸʶʽ ʹ ˊˇʺΦ ʅˎ˄ʶˉ˗ˌΣ ˂ˈʴ˖ ˍ˖˄ ˋˎ˄ʶ˔˗ˌ ʰˎ˅ʰ˄ˈ˃ʶ˄˖˄ 
ʵʽʰˍʰˊʰ˔˗˄Σ ˅ʶˁʽ˄ʱʶʽ ˄ʰ ˉˊˇˁʰ˂ʶʾˍʰʽ ʰˋˍʱʻʶʽʰ ˋˍʹ ˊˇʺ ˋˍˇ ˂ʶʴˈ˃ʶ˄ˇ ˁˊʾˋʽ˃ˇ ˋʹ˃ʶʾˇ. ɶ 
ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ ˍ˖˄ ˋˍˊˇʲʾ˂˖˄ ˉˇˎ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˁˇ˄ˍʱ ˋˍˇ ˍˇʾ˔˖˃ʰ ˇʵʹʴˇˏ˄ ʶ˄ ˍʷ˂ʶʽ ˋˍʹ 
ʵʽʰ˃ˈˊ˒˖ˋʹ ʶ˄ˈˌ ˉ˂ʺˊˇˎˌ ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ. ɶ ˋˎ˃ʲʰˍʽˁʺ ˍʽ˃ʺ ˍˇˎ ˁˊʾˋʽ˃ˇˎ 
ʰˊʽʻ˃ˇˏ wŜȅƴƻƭŘǎ ʴʽʰ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ʶˉʾˉʶʵʹˌ ˉ˂ʱˁʰˌ ʶʾ˄ʰʽ 5×105. ɶ ˃ʶˍʱʲʰˋʹ ˋʶ ʷ˄ʰ 
ˍˎˊʲ˗ʵʶˌ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ˃ˉˇˊʶʾ ˄ʰ ʶˉʹˊʶʰˋˍʶʾ ˁʰʽ ʰˉˈ ʱ˂˂ʶˌ ˋˎ˄ʻʺˁʶˌ ˍʹˌ ʶ˅ʶˍʰʸˈ˃ʶ˄ʹˌ 
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ˊˇʺˌΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ʹ ˍˏˊʲʹ ʶ˂ʶˏʻʶˊˇˎ ́ ʶˏ˃ʰˍˇˌΣ ʹ ˁ˂ʾˋʹ ˍʹˌ ˉʾʶˋʹˌΣ ʹ ˍˊʰ˔ˏˍʹˍʰ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ 
ˁʰʽ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍˇˎ [6].  

2.4.3 ʆˎˊʲ˗ʵʶˌ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ  

ʆˇ ˍˎˊʲ˗ʵʶˌ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ʷ˄ˍˇ˄ʶˌ ˃ʶʾ˅ʶʽˌ ˊʶˎ˃ʱˍ˖˄ ˁʰʻ˗ˌ ˃ʶˍʰ˒ʷˊʶˍʰʽ 
ˊʶˎˋˍˈ ˎ˕ʹ˂ʺˌ ˍʰ˔ˏˍʹˍʰˌ ʰˉˈ ˍʹ˄ ʰˁ˃ʺ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ˉˇˎ ʲˊʾˋˁʶˍʰʽ 
ˁˇ˄ˍʱ ˋˍˇ ˍˇʾ˔˖˃ʰΦ ɮˉˇˍʷ˂ʶˋ˃ʰ ˍʹˌ ʰ˄ʱ˃ʶʽ˅ʹˌ ˍ˖˄ ˊʶˎ˃ʱˍ˖˄ ˍʹˌ ˊˇʺˌ ʶʾ˄ʰʽ ˍˇ ˉˊˇ˒ʾ˂ 
ˍʰ˔ˏˍʹˍʰˌ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʽˇ˔ʺ ˄ hʶ˃˒ʰ˄ʾʸʶˍʰʽ ˉʽˇ «ʴʶ˃ʱˍƻ» ˇʵʹʴ˗˄ˍʰˌ ˋʶ ʰˎ˅ʹ˃ʷ˄ʹ ˁ˂ʾˋʹ 
ˍʰ˔ˏˍʹˍʰˌ ˋˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰΦ ɮˎˍˈ ʶ˅ʹʴʶʾ ˁʰʽ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ˍʱˋʹˌ ˋˍˇ ̀ ʹ˃ʶʾˇ ˈˉˇˎ 
ˍˇ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ˁʰʻʾˋˍʰˍʰʽ ˍˎˊʲ˗ʵʶˌΦ  

I ˁʰˍʰ˄ˇ˃ʺ ˍʰ˔ˎˍʺˍ˖˄ ˋˍˇ ˍˎˊʲ˗ʵʶˌ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ʶʾ˄ʰʽ ˉʽˇ ˉˇ˂ˏˉ˂ˇˁʹ ˁʰʻ˗ˌ ˉʶˊʽʷ˔ʶʽ ˍˊʶʽˌ 
ˉʶˊʽˇ˔ʷˌ ˊˇʺˌ ˉˇˎ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ʰˉˈ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌ ˋˍʽˌ ˇˉˇʾʶˌ ʰ˄ʰ˂ˏʶˍʰʽ ˁʰʽ ʹ 
ʲʰˋʽˁʺ ʻʶ˖ˊʾʰ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌΦ  

2.5 ɰʰˋʽˁʺ ʻʶ˖ˊʾʰ ˍˇˎ ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ 

2.5.1 ɹ˅˗ʵʶˌ ˎˉˈˋˍˊ˖˃ʰ 

ʆˇ ʽ˅˗ʵʶˌ ˎˉˈˋˍˊ˖˃ʰ (viscous sublayer) ʶʾ˄ʰʽ ʹ ʸ˗˄ʹ ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˉ˂ʹˋʽʷˋˍʶˊʰ ˍˇˎ 
ˍˇʽ˔˗˃ʰˍˇˌ (ώȾ‏ πȢρ πȢς) ˁʰʽ ʲˊʾˋˁʶˍʰʽ ˋˍʹ˄ ʶˋ˖ˍʶˊʽˁʺ ˉʶˊʽˇ˔ʺ όƛƴƴŜǊ ǊŜƎƛƻƴύ ˍˇˎ 
ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ. ʋʰˊʰˁˍʹˊʾʸʶˍʰʽ ʰˉˈ ˍʹ˄ ʶ˅ʰʽˊʶˍʽˁʱ ˂ʶˉˍʺ ˉʶˊʽˇ˔ʺ ˍˇˎ (ʅ˔ʺ˃ʰ 
2.5) ̍ ˉˇˎ ʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˊʶˎˋˍˇˏ ˉʰˊˇˎˋʽʱʸʶʽ ˋʹ˃ʰ˄ˍʽˁʺ ˁ˂ʾˋʹ όˉʶˊʾˉˇˎ ˍˇ тл҈ ˍʹˌ ˋˎ˄ˇ˂ʽˁʺˌ 
ˁ˂ʾˋʹˌ ˍʰ˔ˏˍʹˍʰˌύ. ɾʷˋʰ ˋʶ ʰˎˍˈ ˍˇ ˎˉˈˋˍˊ˖˃ʰΣ ʹ ˊˇʺ ˉʰˊʰ˃ʷ˄ʶʽ ˁˎˊʾ˖ˌ ̀ ˍˊ˖ˍʺ ʰ˒ˇˏ ʹ ˃ʽˁˊʺ 
ʰˉˈˋˍʰˋʹ ʰˉˈ ˍˇ ˋˍʶˊʶˈ ˋˏ˄ˇˊˇ ʺ ˍˇʾ˔˖˃ʰ ˃ʶˍˊʽʱʸʶʽ ˍʹ˄ ʰ˄ʱ˃ʶʽ˅ʹ ˍ˖˄ ˊʶˎ˃ʱˍ˖˄ ˍʹˌ ˊˇʺˌΦ ɶ 
ˍˇˉʽˁʺ ˃ʷˋʹ ˍʰ˔ˏˍʹˍʰ ˋʶ ʰˎˍʺ ˍʹ˄ ˉʶˊʽˇ˔ʺ ʶʾ˄ʰʽ ˋˎ˄ʱˊˍʹˋʹ ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ˍʱˋʹˌ ˍˇˎ 
ˍˇʽ˔˗˃ʰˍˇˌΣ ˍʹˌ ˉˎˁ˄ˈˍʹˍʰˌ ˍˇˎ ˊʶˎˋˍˇˏΣ ˍˇˎ ˁʽ˄ʹ˃ʰˍʽˁˇˏ ʽ˅˗ʵˇˎˌ ˁʰʽ ˍʹˌ ʰˉˈˋˍʰˋʹˌ ʰˉˈ ˍˇ˄ 
ˍˇʾ˔ˇΦ ʆˇ ̱ ʁ ʾ˄ʰʽ ˋˍʰʻʶˊˈ ˁʰʽ ʾˋˇ ˃ʶ ˍʹ ʵʽʰˍ˃ʹˍʽˁʺ ˍʱˋʹ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ 0̱Φ ɴ˔ˇˎ˃ʶ ˂ˇʽˉˈ˄: 

▀◊

▀◐

Ⱳ

Ⱨ
  

(2.5) 

ʁ˂ˇˁ˂ʹˊ˗˄ˇ˄ˍʰˌ ˍʹ˄ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʹ ˉˊˇˁˏˉˍʶʽ: 

Ἵ  
ὁ
  Ἵ  

ὁ

  
Ἵ
  

Ἶ
ὁ  

(2.6) 
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ʆˇ ˃ʷʴʶʻˇˌ   ʶ˃˒ʰ˄ʾʸʶˍʰʽ ˋˎ˔˄ʱ ˋˍʹ ʻʶ˖ˊʾʰ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˁʰʽ ʷ˔ʶʽ ʵʽʰˋˍʱˋʶʽˌ 

ˍʰ˔ˏˍʹˍʰˌΣ ˇˉˈˍʶ ˁʰʽ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ˍˇ˄ ˈˊˇ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ ʺ ˍʰ˔ˏˍʹˍʰ ʵʽʱˍ˃ʹˋʹˌ. 
ʅˎ˃ʲˇ˂ʾʸʶˍʰʽ ˃ʶ ǳ*

. ɳΩ˅ ̌ ˊʽˋ˃ˇˏ ˂ˇʽˉˈ˄ ʷ˔ˇˎ˃ʶΥ 

◊ᶻ  
Ⱳ

ⱬ
  

(2.7) 

ʅˎ˄ʵˎʱʸˇ˄ˍʰˌ ˍ̔ ˌ ʶ˅ʽˋ˗ˋʶʽˌ (2.5) ˁʰʽ (2.6) ˉˊˇˁˏˉˍʶʽ ʹ ʰʵʽʱˋˍʰˍʹ ˁʰˍʰ˄ˇ˃ʺ ˍʰ˔ˎˍʺˍ˖˄ ʴʽʰ ˍˇ 
ʽ˅˗ʵʶˌ ˎˉˈˋˍˊ˖˃ʰΥ  

◊

◊z
 
◐ ◊ᶻ 

○
  

(2.8) 

Σ ˈˉˇˎ 
◊

◊z
ό  ˁ ʰ̔ 

◐ ◊z 

○
ώ  

ʅʶ ˃ʽʰ ˂ʶˉˍˇ˃ʶˊʷˋˍʶˊʹ ʰ˄ʱ˂ˎˋʹ ˍˇˎ ʽ˅˗ʵˇˎˌ ˎˉˇˋˍˊ˗˃ʰˍˇˌΣ ʰˎˍˈ ˃ˉˇˊʶʾ ˄ʰ ʻʶ˖ˊʹʻʶʾ ˈˍʽ 
ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʵˏˇ ʶˉʽ˃ʷˊˇˎˌ ˉʶˊʽˇ˔ʷˌ [7]:  

i. ʆˇ ʴˊʰ˃˃ʽˁˈ ˎˉˈˋˍˊ˖˃ʰ (linear sublayer) ώ  χ, ό  ώ )Σ ˈˉˇˎ ʹ ˋˎ˄ˇ˂ʽˁʺ ʵʽʰˍ˃ʹˍʽˁʺ 

ˍʱˋʹ ˍ ʁʾ ˄ʰʽ ˋ˔ʶʵˈ˄ ˋˍʰʻʶˊʺ ˁʰʽ ʾˋʹ ˃ʶ ˍʹ ʵʽʰˍ˃ʹˍʽˁʺ ˍʱˋʹ ˍˇˎ ˍˇʾ˔ˇˎ 

ii. ʆˇ ˃ʁ ˍʰʲʰˍʽˁˈ ˋˍˊ˗˃ʰ ʺ ʸ˗˄ʹ ˃ʶˍʱʲʰˋʹˌ (buffer layer) (χ  ώ  τπ)Σ ˈˉˇˎ ˍˇ ˉˊˇ˒ʾ˂ 

ˍʰ˔ˏˍʹˍʰˌ ʰˉˇˁ˂ʾ˄ʶʽ ʰˉˈ ˍʹ ʴˊʰ˃˃ʽˁˈˍʹˍʰ ˁʰʽ ˉʰˊˇˎˋʽʱʸʶʽ ˎ˕ʹ˂ʷˌ ʵʽʰˁˎ˃ʱ˄ˋʶʽˌ 
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ʅ˔ʺ˃ʰ 2.5 ɹ˅˗ʵʶˌ ˎˉˈˋˍˊ˖˃ʰΣ ˃ʶˍʰʲʰˍʽˁʺ ʸ˗˄ʹ ˁʰʽ ˂ˇʴʰˊʽʻ˃ʽˁˈ ˋˍˊ˗˃ʰ [6] 

2.5.2 ɽˇʴʰˊʽʻ˃ʽˁˈ ̀ ˍˊ˗˃ʰ 

ʆˇ ˂ˇʴʰˊʽʻ˃ʽˁˈ ˋˍˊ˗˃ʰ όƭƻƎŀǊƛǘƘƳƛŎ layer) ʰˉˇˍʶ˂ʶʾ ˍʹ ʸ˗˄ʹ ˊˇʺˌ ʷ˅˖ ʰˉˈ ˍˇ ʽ˅˗ʵʶˌ 
ˎˉˈˋˍˊ˖˃ʰ, ˈˉˇˎ ʹ ˊˇʺ ʶʾ˄ʰʽ ʷ˄ˍˇ˄ʰ ˍˎˊʲ˗ʵʹˌ ˁʰʽ ʲˊʾˋˁʶˍʰʽ ˋˍʹ˄ ʶˋ˖ˍʶˊʽˁʺ ˉʶˊʽˇ˔ʺ ˍˇˎ 
ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ. ɶ ʶˉʾʵˊʰˋʹ ʰ˄ʱ˃ʶʽ˅ʹˌ ˍʹˌ ˊˇʺˌ ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˋʶ ʷ˄ʰ 
ˇˊʽˋ˃ʷ˄ˇ ˋʹ˃ʶʾˇ ˍʹˌ ˊˇʺˌ ˇʽ ˍʰ˔ˏˍʹˍʶˌ ˄ʰ ʵʽʰˁˎ˃ʰʾ˄ˇ˄ˍʰʽ ˃ʶ ˍˇ ˔ˊˈ˄ˇΦ ʂˉ˖ˌ ʻʰ ˉʰˊˇˎˋʽʰˋʻʶʾ 
ˋˍˇ Kʁ ˒ʱ˂ʰʽˇ 3 ˁ ʰʽ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.6 ̫ ˄ʰ ʰ˄ʶ˃ˈ˃ʶˍˊˇ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ ˃ʶˍˊʱʶʽ ˃ʾʰ 
ʵʽʰˁˎ˃ʰʽ˄ˈ˃ʶ˄ʹ ˍʰ˔ˏˍʹˍʰΣ ˉˇˎ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˃ʾʰ ˃ʷˋʹ ˍʽ˃ʺ u ˋˎ˄ ˃ʾʰ ˋˎ˄ʽˋˍ˗ˋʰ 
ʵʽʰˁˏ˃ʰ˄ˋʹˌ u ,̆ ̄ ˇˎ ʶˁ˒ˊʱʸʶʽ ̱ ʹ ʵˊʱˋʹ ʰ˄ʱ˃ʶʽ˅ʹˌ ˁ ʰʽ ˇˊʾʸʶˍʰʽ ˖ˌ ʶ˅ʺˌ [7]: 

Ἵ˃ ■
▀◊

▀◐
 

(2.9) 

Σ ˈˉˇˎ du/dy ʹ ˁ˂ʾˋʹ ˍʹˌ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˁʰʽ l ˍˇ ˃ʺˁˇˌ ʰ˄ʱ˃ʶʽ˅ʹˌ ˍˇ ˇˉˇʾˇ ʶʽˋʹʴʺʻʹˁʶ ˇ 
Prandtl ˁ ʰʽ ˍˇ ˇˉˇʾˇ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍʹ˄ ʰˉˈˋˍʰˋʹ ˉˇˎ ˃ʽˁˊʺ ˃ʱʸʰ ˍˇˎ ˊʶˎˋˍˇˏ ʵʽʰ˄ˏʶʽ ˁʰˍʱ ˍʹ˄ 
ʶʴˁʱˊˋʽʰ ʵʽʶˏʻˎ˄ˋʹ. 
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ʅ˔ʺ˃ʰ 2.6 ɲʽʰˁˎ˃ʱ˄ˋʶʽˌ ˍʰ˔ˏˍʹˍʰˌ ˍˎˊʲ˗ʵˇˎˌ ˊˇʺˌ [6] 

ɶ ʵʽʰʵʽˁʰˋʾʰ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ˍˇ ˒ʰʽ˄ˈ˃ʶ˄ˇ ʰ˄ˍʰ˂˂ʰʴʺˌ ˇˊ˃ʺˌ ˃ʶˍʰ˅ˏ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ 
˃ʽˁˊ˗˄ ˃ʰʸ˗˄ ˉˇˎ ˃ʶˍʰˉʹʵˇˏ˄ ʰˉˈ ʸ˗˄ʶˌ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˍʰ˔ˎˍʺˍ˖˄ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ʵˊʱˋʹˌ 
ʰ˄ʱ˃ʶʽ˅ʹˌ ˍʹˌ ˍˏˊʲʹˌ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʰ˂˂ʹ˂ʽˋˍʶʾ ˃ʶ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˃ʾʰˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ˍʱˋʹˌ ˋˍˇ 
ˊʶˎˋˍˈ [8]Φ ʁʽ ʵʽʰˍ˃ʹˍʽˁʷˌ ˍʱˋʶʽˌ ʰˎˍʺˌ ˍʹˌ ˒ˏˋʶ˖ˌ ˋˍʹ˄ ˍˎˊʲ˗ʵʹ ˊˇʺ ˇ˄ˇ˃ʱʸˇ˄ˍʰʽ ˍʱˋʶʽˌ 
Reynoldǎ ˁʰʽ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ ʵʽʰˁˎ˃ʰʽ˄ˈ˃ʶ˄ʹ ˋˎ˄ʽˋˍ˗ˋʰ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ: 

Ⱳ►▄◐▪▫■▀▼ ⱬ◊○ (2.10) 

Σ ˈˉˇˎ uΩΣ ǾΩ ̌ ʽ ˋˎ˄ʽˋˍ˗ˋʶˌ Ȅ ˁʰʽ ȅ ̱ ˇˎ ʵʽʰˁˎ˃ʰʽ˄ˈ˃ʶ˄ˇˎ ˍ˃ʺ˃ʰˍˇˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ʰ˄ˍʾˋˍˇʽ˔ʰΦ 

ʁ tǊŀƴŘǘƭ ʻʶ˗ˊʹˋʶ ˉ˖ˌ ˍˇ ˃ʷˍˊˇ ˍʹˌ ʶʴˁʱˊˋʽʰˌ ʵʽʰˁˎ˃ʰʽ˄ˈ˃ʶ˄ʹˌ ˋˎ˄ʽˋˍ˗ˋʰˌ ʶʾ˄ʰʽ ʰ˄ʱ˂ˇʴˇ 
ˍˇˎ ˃ʷˍˊˇˎ ˍʹˌ ʵʽhˁ ˎ˃ʰʽ˄ˈ˃ʶ˄ʹˌ ˋˎ˄ʽˋˍ˗ˋʰˌ ˁʰˍʱ ˍʹ˄ ˉˊ˖ˍʰˊ˔ʽˁʺ ˁ ʰˍʶˏʻˎ˄ˋʹ ˍʹˌ ˊˇʺˌ ʰ˒ˇˏ 
ˇʽ ˋˎ˄ʽˋˍ˗ˋʶˌ ˉˊˇʷˊ˔ˇ˄ˍʰʽ ʰˉˈ ˍˇ ʾʵʽˇ ˋˏ˄ˇ˂ˇ ɻ ʽ˄˗˄ [6]. 

○ᴂ ⱭⱲ♪ⱣȢȿ◊ȿ  ■
▀◊

▀◐
 

(2.11) 

ʅˎ˄ʵˎʱʸˇ˄ˍʰˌ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ (2.9), (2.10) ˁʰʽ (2.11) ʹ ʵʽʰˍ˃ʹˍʽˁʺ ˍʱˋʹ wŜȅƴƻƭŘǎ  ˃ˉˇˊʶʾ ˄ʰ 
ʴˊʰ˒ʶʾΥ 

Ⱳ►▄◐▪▫■▀▼ ⱬ■
▀◊

▀◐
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 ̋ɻ ʽʰˋ˒ʰ˂ʾʸˇ˄ˍʰˌ ˉ˖ˌ ˍˇ ˉˊˈˋʹ˃ˇ ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ˍʱˋʹˌ ʶʾ˄ʰʽ ˋ˖ˋˍˈ: 

Ⱳ►▄◐▪▫■▀▼ ⱬ■
▀◊

▀◐

▀◊

▀◐
 

(2.12) 

ɶ ʻʶ˖ˊʾʰ ˉˇˎ ˇʵʹʴʶʾ ˋˍʹ˄ ʶ˅ʾˋ˖ˋʹ (2.12) ˇ˄ˇ˃ʱʸʶˍʰʽ ʻʶ˖ˊʾʰ ˍˇˎ tǊŀƴŘǘƭ ʴʽʰ ˍˇ ˃ʺˁˇˌ 
ʰ˄ʱ˃ʶʽ˅ʹˌ [9] ˁ ʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʶˎˊʷ˖ˌ ̀ ˍ̔ˌ ʰ˄ʰ˂ˏˋʶʽˌ ˍʹˌ ˍˎˊʲ˗ʵˇˎˌ ˊˇʺˌΦ ɱʽʰ ˃ ʾʰ ˉʶˊʽˇ˔ʺ 
ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˁˇ˄ˍʱ ̀ ˍˇ ˍˇʾ˔˖˃ʰ ̀ ʶ ʰˎˍˈ ̔ ˋ˔ˏʶʽ ˈˍʽ: 

¶ ˍˇ ˃ʺˁˇˌ ʰ˄ʱ˃ʶʽ˅ʹˌ ʶʾ˄ʰʽ ʰ˄ʱ˂ˇʴˇ ˍʹˌ ʰˉˈˋˍʰˋʹˌ ʰˉˈ ˍˇ ˍˇʾ˔˖˃ʰΣ ʵʹ˂ʰʵʺ: ὰ ‖ώ 

¶ ʹ ʵʽʰˍ˃ʹˍʽˁʺ ˍʱˋʹ ʶʾ˄ʰʽ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˁʰʽ ˉˊˇˋʶʴʴʽˋˍʽˁʱ ʾˋʹ ˃ʶ ˍʹ ʵʽʰˍ˃ʹˍʽˁʺ ˍʱˋʹ ˋˍˇ 

ˍˇʾ˔˖˃ʰΣ ʵʹ˂ʰʵʺΥ 

Ⱳ►▄◐▪▫■▀▼ ⱬ■
▀◊

▀◐
ⱬⱥ◐

▀◊

▀◐
Ⱳ 

(2.13) 

ʆʶˍˊʰʴ˖˄ʾʸˇ˄ˍʰˌ ˁʰʽ ˍʰ ʵˏˇ ˃ʷ˂ʹ ˍʹˌ (2.13) ̫ ˔ˇˎ˃ʶΥ 

Ⱳ  ⱬ▓◐
▀◊

▀◐
 
Ⱳ 
ⱬ
  ⱥ◐

▀◊

▀◐

Ⱳ 
ⱬ
  ◊z 

 ◊ᶻ  ⱥ◐
▀◊

▀◐
  

 

(2.14) 

ʁ˂ˇˁ˂ʹˊ˗˄ˇ˄ˍʰˌ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ (2.14): 

◊

◊z ⱥ
■▪◐╒  

(2.15) 

Σ ˈˉˇˎ C ʹ ˋˍʰʻʶˊʱ ˇ˂ˇˁ˂ʺˊ˖ˋʹˌ ˁʰʽ ʹ ˇˉˇʾʰ ˁʰʻˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ ˋˎ˄ʻʺˁʹ ˋˍˇ˄ ˍˇʾ˔ˇ. ɶ 
˔ˊʹˋʽ˃ˈˍʹˍʱ ˍʹˌ ʷʴˁʶʽˍʰʽ ̀ ˍ́˄ ˉˊˇˋʰˊ˃ˇʴʺ ˍʹˌ ˍˎˊʲ˗ʵˇˎˌ ˁʰˍʰ˄ˇ˃ʺˌ ˍʰ˔ˏˍʹˍʰˌ ˋʶ ʰˎˍʺ˄ ˍˇˎ 
ˋˍˊ˖ˍˇˏ ˎˉˇˋˍˊ˗˃ʰˍˇˌ ˋʶ ˃ʾʰ ˉʶˊʽˇ˔ʺ ˉˇˎ ʲˊʾˋˁʶˍʰʽ ˉ˂ʹˋʾˇ˄ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌΣ ˈˉˇˎ ˇʽ 
ˋˍˊ˖ˍʷˌ ˁʰʽ ˇʽ ˍˎˊʲ˗ʵʶʽˌ ʵʽʰˍ˃ʹˍʽˁʷˌ ˍʱˋʶʽˌ ʶʾ˄ʰʽ ˍʹˌ ʾʵʽʰˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ. 

ɼʰʻˇˊʾʸˇˎ˃ʶ ˍʹ˄ ˋˍʰʻʶˊʱ ˇ˂ˇˁ˂̋ ˊ˖ˋʹˌ C  h ˉˈ ˍʹ ˋˎ˄ʻʺˁʹ ˃ʹ ˇ˂ʾˋʻʹˋʹˌΣ ʵʹ˂ʰʵʺ ˍʹ ˃ʹʵʶ˄ʽˁʺ 
ˍʰ˔ˏˍʹˍʰ όu 0) ˋʶ ˃ʾʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʰˉˈˋˍʰˋʹ ώ ʰˉˈ ˍˇ˄ ˍˇʾ˔ˇΦ ɴˍˋʽΣ ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ʹ ˄ʷʰ 
ˋ˔ʷˋʹΥ 
 

◊

◊z ⱥ
■▪◐■▪◐   

(2.16) 
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24 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

ʆˇ ˃ʷʴʶʻˇˌ ώ ʁ ʾ˄ʰʽ ˍʹˌ ˍʱ˅ʹˌ ˃ʶʴʷʻˇˎˌ ˍˇˎ ˉʱ˔ˇˎˌ ˍˇˎ ˋˍˊ˖ˍˇˏ ˎˉˇˋˍˊ˗˃ʰˍˇˌΦ ɳ˒ʰˊ˃ˈʸˇ˄ˍʰˌ 
ˍʹ ˃ʷʻˇʵˇ ˍʹˌ ʵʽʰˋˍʰˍʽˁʺˌ ʰ˄ʱ˂ˎˋʹˌ ώ  ά , ὺ  ά Ⱦί, όᶻ άȾί)Σ ˉʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ 

 ́h ˉˈˋˍʰˋʹ ώ ʁ ʾ˄ʰʽ ʰ˄ʱ˂ˇʴʹ ˍˇˎ ˂ˈʴˇˎ 
ᶻ
Φ ɳˉˇ˃ʷ˄˖ˌ ˃ˉˇˊʶʾ ˄ʰ ʴˊʰ˒ˍʶʾ ˈˍʽ: 

◐ ♫
○

◊z
  (2.17) 

Σ ˈˉˇˎ  ̡ʁ ʾ˄ʰʽ h ʵʽʱˋˍʰˍʹ ˋˍʰʻʶˊʱΦ ɮ˄ˍʽˁh ʻʽˋˍ˗˄ˍʰˌ ˋˍʹ˄ (2.16) ̱ ʹ˄ (2.17) ̫ ˔ˇˎ˃ʶΥ 

◊

◊z ⱥ
■▪
◐◊ᶻ

○
■▪♫ 

(2.18) 

ʁ ˈˊˇˌ ˍʹˌ ˋˍʰʻʶˊʱˌ  ὰὲ‍ ˃ˉˇˊʶʾ ˄ʰ ʰ˄ˍʽˁʰˍʰˋˍʰʻʶʾ ˃ ʶ ˃ʾʰ ˄ʷʰ ˋˍʰʻʶˊʱ ʷˋˍ˖ ὄ ˇˉˈˍʶ ˁʰʽ 

ʹ ˉʰˊʰˉʱ˄˖ ʶ˅ʾˋ˖ˋʹ ˃ ˉˇˊʶʾ ˄ ʰ ˂ʱʲʶʽ ˍʹ ˃ˇˊ˒ʺΥ 

◊

◊z ⱥ
■▪
◐◊z

○
◓ᵼ◊  

ⱥ
■▪◐ ║  

(2.19) 

I ˋˍʰʻʶˊʱ ὄ ʲˊʾˋˁʶˍʰʽ ˋˍˇ ʶˏˊˇˌ оΦр-сΦнр ˋˍʽˌ ʵʽʱ˒ˇˊʶˌ ʵʽʶˊʶˎ˄ʺˋʶʽˌ ˉˇˎ ʷ˔ˇˎ˄ 
ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˈˉ˖ˌ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.7Σ ˃ʶ ˍʽˌ ˉʽˇ ˋˎ˄ʺʻʶʽˌ ˍʽ˃ʷˌ ˄ʰ ʶʾ˄ʰʽ рΣ рΦм 
ˁʰʽ рΦр ʴʽʰ ˂ʶʾˇ ˍˇʾ˔˖˃ʰ  [10]. ʂ̄ ˖ˌ ʻʰ ˉʰˊˇˎˋʽʰˋˍʶʾ ˋʶ ʶˉˈ˃ʶ˄ʹ ʶ˄ˈˍʹˍʰ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ 
ˍˊʰ˔ˏˍʹˍʰ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌΦ ɶ ̄h ˊʰ̄ɦ˄˖ ʁ ˅ʾˋ˖ˋʹ (2.19) ̀ ˎ˄ʰ˄ˍʱˍʰʽ ˃ʶ ˍˇ ˈ˄ˇ˃ʰ ζ˂ˇʴʰˊʽʻ˃ʽˁˈˌ 
˄ˈ˃ˇˌ ˍˇˎ ˍˇʾ˔ˇˎηΣ ˖ˋˍˈˋˇ ʶˉʶʽʵʺ ˍˇ ˈ˄ˇ˃ʰ ˃ˉˇˊʶʾ ˄ʰ ʻʶ˖ˊʹʻʶʾ ˉʰˊʰˉ˂ʰ˄ʹˍʽˁˈ ʻʰ 
ʰ˄ʰ˒ʷˊʶˍʰʽ ʶ˄ ˋˎ˄ʶ˔ʶʾʰ ˖ˌ ˄ˈ˃ˇˌ ˍˇˎ ˍˇʾ˔ˇˎ όƭŀǿ ƻŦ ǘƘŜ ǿŀƭƭύΦ 

◊

◊z ⱥ
■▪
◐◊z

○
◓ᵼ◊  

ⱥ
■▪◐ ║  

(2.19) 
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ʅ˔ʺ˃ʰ 2.7 ʆʽ˃ʷˌ ˍ˖˄ ˋˍʰʻʶˊ˗˄ ˁ ˁʰʽ ɰ ʴʽʰ ˍˇ ˄ˈ˃ˇ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ʰˉˈ ˉ˂ʺʻˇˌ ˃ʶ˂ʶˍ˗˄ ˋˍˇ 
ˉʰˊʶ˂ʻˈ˄ [10] 

2.5.3 ɳ˅˖ˍʶˊʽˁˈ ˋˍˊ˗˃ʰ 

ʆˇ ʶ˅˖ˍʶˊʽˁˈ ˋˍˊ˗˃ʰ ʺ ʰ˂˂ʽ˗ˌ ˋˍˊ˗˃ʰ ʰˉˈˁ˂ʽˋʹˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ (defect layer) h ˉˇˍʶ˂ʶʾ ˍʹ˄ 
ʶ˅˖ˍʶˊʽˁʺ ˉʶˊʽˇ˔ʺ (outer region) ˍˇˎ ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˋˍʹ˄ ˇˉˇʾʰ ˍˇ ˉˊˇ˒ʾ˂ 
ˍʰ˔ˎˍʺˍ˖˄ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍˇ ˄ˈ˃ˇ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˁˊʾ˄ʶˍʰʽ ʰ˄ʶˉʰˊˁʷˌΦ ʅʶ ʰˎˍˈ ˍˇ ˋˍˊ˗˃ʰ, 
ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍʹ˄ ˉʰˊʰˁʱˍ˖ ʶ˅ʾˋ˖ˋʹΣ ˍˇ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ʵʶ˄ ʶˉʹˊʶʱʸʶˍʰʽ ʱ˃ʶˋʰ ʰˉˈ ˍˇ 
ʽ˅˗ʵʶˌ ˁʰʽ ˇʽ ˃ˇ˄ʰʵʽˁʷˌ ˋ˔ʶˍʽˁʷˌ ˁ˂ʾ˃ʰˁʶˌ ʶʾ˄ʰʽ ʰˎˍʷˌ ˍʹˌ u* ˁʰʽ ˍˇˎ .ɻ ʆ̌  ̄ɦ ˔ˇˌ ˍˇˎ ˇˊʽʰˁˇˏ 
ˋˍˊ˗˃ʰˍˇˌ ˂ˇʽˉˈ˄ ʰˉˇˍʶ˂ʶʾ ˍʹ˄ ˁʰˍʰ˂˂ʹ˂ˈˍʶˊʹ ʶˉʽ˂ˇʴʺ ʴʽʰ ʰʵʽʰˋˍʰˍˇˉˇʾʹˋʹ ˍʹ̩ ʰˉˈˋˍʰˋʹ ̩
ʰˉˈ ˍˇ˄ ˍˇʾ˔ˇ ˁʰʽ ʹ ̱h ˔ˏˍʹˍʰ ˍˊʽʲʺˌ ̀ ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ʶ˂ʶˏʻʶˊʹˌ ˊˇʺˌΣ ˁʰʻ˗ˌ ʹ ˍˇˉʽˁʺ 
ˍʰ˔ˏˍʹˍʰ ʶʾ˄ʰʽ ˉˇ˂ˏ ˁˇ˄ˍʱ ˋʶ ʰˎˍʺ˄Φ ʅˎ˄ʶˉ˗ˌ h ˄ˍʾ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ό ̝ ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˇ ˈˊˇˌ ό
ό ˇ ˇˉˇʾˇˌ ˇ˄ˇ˃ʱʸʶˍʰʽ ʰˉˈˁ˂ʽˋʹ ˍʰ˔ˏˍʹˍʰˌ όǾŜƭƻŎƛǘȅ ŘŜŦŜŎǘύΣ ˈˉˇˎ ό ʹ ˍʰ˔ˏˍʹˍʰˌ ʶ˂ʶˏʻʶˊʹˌ 
ˊˇʺˌ. ɶ ʴʶ˄ʽˁʺ ˃ˇˊ˒ʺ ˍˇˎ ˉˊˇ˒ʾ˂ ̱ ʰ˔ˎˍʺˍ˖˄Σ ˂ˇʽˉˈ˄Σ ʶʾ˄ʰʽΥ 
 

◊ ◊

◊z
█
◐

♯
  (2.20) 

ʆˇ ʶ˅˖ˍʶˊʽˁˈ ˋˍˊ˗˃ʰ ˉˊˇˋʶʴʴʽˋˍʽˁʱ ʰ˒ˇˊʱ ˉʶˊʽˇ˔ʺ ˍʽ˃˗˄ ώȾ‏ πȢρυ ˁʰʽ ώ υππΣ ˖ˋˍˈˋˇ 
ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁˈ ˄ʰ ʰ˄ʰ˒ʶˊʻʶʾ ˈˍʽ ʹ ˇˊʽˇʻʷˍʹˋʹ ʰ˄ʱ˃ʶˋʰ ˋˍˇ˄ ˄ˈ˃ˇ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˁʰʽ ˋˍˇ˄ 
ʶ˅˖ˍʶˊʽˁˈ ˄ˈ˃ˇ ʶʾ˄ʰʽ ˉˊˇˋʶʴʴʽˋˍʽˁʺ ˁʰʽ ʰˎʻʰʾˊʶˍʹ ˖ˌ ʷ˄ʰ˄ ʲʰʻ˃ˈ, ˃ˉˇˊʶʾ ˄ʰ ˉˇʽˁʾ˂˂ʶʽ 



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

26 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍʽˌ ʶˁʱˋˍˇˍʶ ˋˎ˄ʻʺˁʶˌ ˍʹˌ ˊˇʺˌ ˁ ʰʽ ʴʽΩ h ˎˍˈ ˍˇ ˂ˈʴˇ ˎˉʱˊ˔ʶʽ ˋʹ˃ʰ˄ˍʽˁʺ ʶˉʽˁʱ˂ˎ˕ʹ 
˃ʶˍʰ˅ˏ ʰˎˍ˗˄ ˍ˖˄ ʵˏˇ ˉʶˊʽˇ˔˗˄Φ ɾʾʰ ˉ˂ʺˊʹˌ ˁʰˍʰ˄ˇ˃ʺ ˍʰ˔ˎˍʺˍ˖˄ ˁʰʽ ˍ˖˄ ʰ˄ˍʾˋˍˇʽ˔˖˄ 
ˉʶˊʽˇ˔˗˄ ˋʶ ˍˎˊʲ˗ʵʶˌ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.8. 

 

ʅ˔ʺ˃ʰ 2.8 ɼʰˍʰ˄ˇ˃ʺ ˍʰ˔ˎˍʺˍ˖˄ ̀ ˍʽˌ ˉʶˊʽˇ˔ʷ ̩̱ ˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ [7] 
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2.6 ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ɮʁʅ 

2.6.1 ɾʷˋʹ ˍʰ˔ˏˍʹˍʰ 

ʇˉʱˊ˔ˇˎ˄ ˉˇ˂˂ʷˌ ˃ʰʻʹ˃ʰˍʽˁʷˌ ˋ˔ʷˋʶʽˌ ˉˇˎ ʰˉʶʽˁˇ˄ʾʸˇˎ˄ ˉ˗ˌ ʹ ˃ʷˋʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ 
ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʾˇˎ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˍˇ ˏ˕ˇˌΦ ɴ˄ʰ ʰˉˈ ˍʰ ˉˊˇʲ˂ʺ˃ʰˍʰ ˉˇˎ ʰ˄ˍʽ˃ʶˍ˖ˉʾʸˇˎ˄ ˇʽ 
ʶˊʶˎ˄ʹˍʷˌ ʶʾ˄ʰʽ ˉ˗ˌ ˄ʰ ʶˁ˒ˊʱˋˇˎ˄ ˍʹ˄ ˁʰˍʰˁˈˊˎ˒ʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˇˊʽʸˈ˄ˍʽʰˌ ˋˎ˄ʽˋˍ˗ˋʰˌ ˍʹˌ 
ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ ʰʷˊʰ ˃ʶ ˁʱˉˇʽˇ ˃ʰʻʹ˃ʰˍʽˁˈ ˄ˈ˃ˇΣ ʶʾˍʶ ʰˎˍˈˌ ʶʾ˄ʰʽ ʶˁʻʶˍʽˁˈˌ ʶʾˍʶ ˂ˇʴʰˊʽʻ˃ʽˁˈˌΦ 
ʃˇ˂˂ʷˌ ˃ʶ˂ʷˍʶˌ ʷ˔ˇˎ˄ ʵʽʶ˅ʰ˔ʻʶʾ ʴʽʰ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ʶˁ˒ˊʱˋʶ˖˄ ˍʹˌ ˁʰˍʰˁˈˊˎ˒ʹˌ ˃ʶˍʰʲˇ˂ʺˌ ˍʹˌ 
ˇˊʽʸˈ˄ˍʽʰˌ ˋˎ˄ʽˋˍ˗ˋʰˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ ʰʷˊʰ ˁʰʽ ˍʹ ˋˏ˄ʵʶˋʹ ʰˎˍ˗˄ ˃ʶ ˁʱˉˇʽˇ ˃ʰʻʹ˃ʰˍʽˁˈ 
˃ˇ˄ˍʷ˂ˇ [11]. 

ʆˇ муул ˇ {ǘŜǾŜƴǎƻƴ ˉˊˈˍʶʽ˄ʶ ˍˇ˄ ˉʰˊʰʲˇ˂ʽˁˈ ˄ˈ˃ˇ [12] ˉˇˎ ˉʰˊʶʾ˔ʶ ˃ʽʰ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ 
ʰ˄ʰˉʰˊʱˋˍʰˋʹ ˍ˖˄ ˉˊˇ˒ʾ˂ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ʰ˂˂ʱ ˈ˔ʽ ˋʶ ˋˍʰ ˍʶ˂ʶˎˍʰʾʰ мл Ƴ ˍ˖˄ ˃ʶˍˊˇˏ˃ʶ˄˖˄ 
ˍʰ˔ˎˍʺˍ˖˄Υ 

◊

◊►▄█
  

◐

◐►▄█
  

(2.21) 

ɲˏˇ ʶˁ ˍ˖˄ ʰˉ˂ˇˏˋˍʶˊ˖˄ ˁʰʽ ˉʰˊʱ˂˂ʹ˂ʰ ˁˎˊʽˈˍʶˊ˖˄ ˃ʶʻˈʵ˖˄ ʴʽʰ ˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ˍ˖˄ ˃ʷˋ˖˄ 
ˉˊˇ˒ʾ˂ ʰ˄ʷ˃ˇˎ ˃ʷˋʰ ˋˍˇ ɮʁʅ ʰˉˇˍʶ˂ˇˏ˄ ˇ ˂ˇʴʰˊʽʻ˃ʽˁˈˌ ˁʰʽ ˇ ʶˁʻʶˍʽˁˈˌ ˄ˈ˃ˇˌ ˇʽ ˇˉˇʾʶˌ 
ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋʶ ˉʰˊʰˁʱˍ˖ ʶ˄ˈˍʹˍʰ ό2.7) 

2.6.2 ɴ˄ˍʰˋʹ ˍˏˊʲʹˌ 

ʁʽ ʵʽʰˍʰˊʰ˔ʷˌ ˍʰ˔ˏˍʹˍʰˌ ˍʹˌ ˊˇʺˌ ˍˇˎ ʰʷˊʰ ˔ʰˊʰˁˍʹˊʾʸˇ˄ˍʰʽ ʰˉˈ ˍˎ˔ʰʽˈˍʹˍʰ ˁʰʽ ʵʶ˄ ˃ˉˇˊˇˏ˄ 
˄ʰ ʰ˄ʰ˂ˎʻˇˏ˄ ˃ʶ ˄ˍʶˍʶˊ˃ʽ˄ʽˋˍʽˁˈ ˍˊˈˉˇΦ ɳˉˇ˃ʷ˄˖ˌ ʴʽʰ ˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍʹˌ 
˃ʶˍʰʲˇ˂ʺˌ ˍˇˎ ʰ˄ʷ˃ˇˎ ʴʶ˄ʽˁˈˍʶˊʰ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ˋˍʰˍʽˋˍʽˁʷˌ ˍʶ˔˄ʽˁʷˌΦ ɶ ˋˍʰˍʽˋˍʽˁʺ ʻʶ˖ˊʾʰ 
ˍʹˌ ˍˏˊʲʹˌΣ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˉˊˇʲ˂ʺ˃ʰˍʰ ʵʽʱ˔ˎˋʹˌ, ˍʹ˄ ˁ˂ʾ˃ʰˁʰ ˁʰʽ ˍˇ ˒ʱˋ˃ʰ ˍʹˌ ˍˏˊʲʹˌ 
ˇ˒ʁʾ˂ʶˍʰʽ ˋʶ ˃ʶʴʱ˂ˇ ʲʰʻ˃ˈ ˋˍˇ DΦLΦ ¢ŀȅƭƻǊ ˍʹ˄ ˉʶˊʾˇʵˇ мфмр-1938 [5]. ɶ ˉʽˇ ʰˉ˂ʺ ˁʰʽ ʹ ˉʽˇ 
ˋˎ˄ʺʻʹ ̩˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʹ ˃ʷʻˇʵˇˌ ˉʶˊʽʴˊʰ˒ʺˌ ˍʹˌ ˍˏˊʲʹˌ ʶʾ˄ʰʽ ʹ ʷ˄ˍʰˋʹ ˍʹˌ ˍˏˊʲʹˌΦ ɶ 
ʷ˄ˍʰˋʹ ˁ ʰʽ ˍˇ ˃ʷˍˊˇ ˃ʶˍʰʲ˂ʹˍˈˍʹˍʰˌ ̱ ʹˌ ˍˏˊʲʹˌ ˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ˄ ˋ˔ʷˋʹΥ 

╘◊  
◊►□▼
◊
  (2.22) 

Σ ˈˉˇˎ όrms ʹ ˍˎˉʽˁʺ ʰˉˈˁ˂ʽˋʹ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ʴʽʰ ʵʶʵˇ˃ʷ˄ˇ ˏ˕ˇˌ z ́  ˇˉˇʾʰ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ 
ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ  

◊►□▼ ♆
◊◄ ◊ ▀◄
♆

 

(2.23) 

ʃʰˊˇ˃ˇʾ˖ˌ ˇˊʾʸˇ˄ˍʰʽ ˁʰʽ ˇʽ ʶ˄ˍʱˋʶʽˌ ˍʹˌ ˍˏˊʲʹ̩ ), ) ɾʅɻ ʐʅʏ ʐɻʔʞʐʂʐʀʏ Ö ʆɻʅ × ɻʉʐʚʎʐʋʅʔɻȢ 
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ɶ ʷ˄ˍʰˋʹ ˍʹˌ ˍˏˊʲʹˌ ʷ˔ʶʽ ʵʶʽ˔ʻʶʾ ʰˉˈ ˃ʶˍˊʺˋʶʽˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˁʱˍ˖ ʰˉˈ ʽʵʰ˄ʽˁʷˌ 
ˋˎ˄ʻʺˁʶˌ (ˇˎʵʷˍʶˊʹ ʰˍ˃ˈˋ˒ʰʽˊʰ Σ ʶˉʾˉʶʵ ́ʁ ˉʽ˒ʱ˄ʶʽʰ ˁʰʽ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˍˊʰ˔ˏˍʹˍʰ ʶʵʱ˒ˇˎˌύ ˈˍʽ 
ʷ˔ʶʽ ʱ˃ʶˋʹ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ ˋˎ˄ʵʷˇ˄ˍʰˌ ˍʰ ʵˏˇ ˃ʶʴʷʻʹ ˃ʶ ˍʹ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹ [2]: 
 

◊►□▼ͯ Ȣ ◊
ᶻ (2.24) 

ʅˎ˄ʵˎʱʸˇ˄ˍʰˌ ˍˇ˄ ˂ˇʴʰˊʽʻ˃ʽˁˈ ˄ˈ˃ˇ ˃ʶˍʰʲˇ˂ʺˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ʶ˅ʱʴʶˍʰʽ ˋ˔ʷˋʹ ˉˇˎ ˋˎˋ˔ʶˍʾʸʶʽ 
ˍʹ˄ ʷ˄ˍʰˋʹ ˍʹˌ ˍˏˊʲʹˌ ˃ʶ ˍˇ ˏ˕ˇˌΥ 

╘◊
ἴἶ
◐
◑▫

 
(2.25) 

 

ʅ˔ʺ˃ʰ 2.9 ɶ ʷ˄ˍʰˋʹ ˍʹˌ ˍˏˊʲʹˌ ˋʶ ˋˎ˄ʱˊˍʹˋʹ ˃ʶ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ 
ˇʵʹʴʾʶˌ ±5L [13] [14] 
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ʅ˔ʺ˃ʰ 2.10 ɼʰˍʰˁˈˊˎ˒ʹ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˍˏˊʲʹˌ ˁʰˍʱ 9{5¦ ʴʽʰ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˃ʺˁˇˎˌ 
ˍˊʰ˔ˏˍʹˍʰˌ Ȋo [2] 

2.6.3 ʁ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ˁ˂ʾ˃ʰˁʰ ˃ʺˁˇˎˌ ˍˏˊʲʹˌ 

ɶ ̱̀ ʰˍʽˋˍʽˁʺ ʻʶ˖ˊʾʰ ˍʹˌ ˍˏˊʲʹΣ̩ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ̱ ʹ˄ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ˁ˂ʾ˃ʰˁʰ ˁʰʽ ˍˇ ˒ʱˋ˃ʰ ˍʹˌ 
ʻʶ˃ʶ˂ʽ˗ʻʹˁʶ ʰˉˈ ˍˇ˄ G.I. Taylor [5]. ʁ ¢ŀȅƭƻǊ ˉʰˊʰˍʹˊ˗˄ˍʰˌ ˈˍʽ ˇʽ ʵʽʰˁˎ˃ʱ˄ˋʶʽˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ 
ʶʾ˄ʰʽ ʷ˄ˍˇ˄ʶˌ ˍˈˋˇ ˔˖ˊʽˁʱ ˈˋʰ ˁʰʽ ˔ˊˇ˄ʽˁʱ ˋˎ˃ˉʷˊʰ˄ʶ ˉ˖ˌ ʹ ̀ˎ˄ʱˊˍʹˋʹ ʰˎˍˇˋˎˋ˔ʷˍʽˋʹˌ 
˃ˉˇˊʶʾ ˄ʰ ˉʰˊʷ˔ʶʽ ˃ʾʰ ʷ˄ʵʶʽ˅ʹ ˍʹˌ ˁ˂ʾ˃ʰˁʰˌ ˍʹˌ ˍˏˊʲʹˌ ˍˇˎ ʰ˄ʷ˃ˇˎΦ ɶ ʻʶ˖ˊʾʰ ˍˇˎ ¢ŀȅƭƻǊ ˃ˉˇˊʶʾ 
˄ʰ ʵʶʽ˔ʻʶʾ ˋˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹ ˃ ʶ ˍʹ˄ ˉʰˊʰʵˇ˔ʺ ˉ˖ˌ ̌ ʽ ʵʽʰˍʰˊʰ˔ʷˌ ˍʹˌ ˊˇʺˌ ˁ ʽ˄ˇˏ˄ˍʰʽ ˃ ʶ ˍʹ 
˃ʷˋʹ ˍʰ˔ˏˍʹˍʰΥ 

╛◊● ◊ ╡Ⱳ▀Ⱳ  
(2.26) 

Σ ˈˉˇˎ R(̱ ) ʶʾ˄ʰʽ ʹ ʰˎˍˇˋˎˋ˔ʷˍʽˋʹ ˍʹˌ ˁˎ˃ʰʽ˄ˈ˃ʶ˄ʹˌ ʵʽʰ˃ʺˁˇˎˌ ˍʰ˔ˏˍʹˍʰˌ ˁʰʽ  ̱ʹ ˔ˊˇ˄ʽˁʺ 
ˎˋˍʷˊʹˋʹ ˃ ʶˍʰ˅ˏ ˃ʶˍˊˇˏ˃ʶ˄˖˄ ˍʰ˔ˎˍʺˍ˖˄Φ 

ɶ ʰˎˍˇˋˎˋ˔ʷˍʽˋʹ ˃ʽʰ ˔ˊˇ˄ˇˋʶʽˊʱˌ ǳόǘύ ʴʽʰ ʵˏˇ ˍˎ˔ʰʾʶˌ ˔ˊˇ˄ʽˁʷˌ ˋˍʽʴ˃ʷˌ ǘ1 ˁ ʰʽ ǘ2 ̌ ˊʾʸʶˍʰʽ ʰˉˈ ˍʹ 
ˋ˔ʷˋʹΥ 

╡◄ȟ◄  ◊◄◊◄  (2.27) 
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ʂˉ˖ˌ ˈ˃˖ˌ ʵʽʰˉʽˋˍ˗˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ (2.26) ʹ ʰˎˍˇˋˎˋ˔ʷˍʽˋʹ ʶ˅ʰˊˍʱˍʰʽ ʰˉˇˁ˂ʶʽˋˍʽˁʱ 
ʰˉˈ ˍʹ ˔ˊˇ˄ʽˁʺ ˎˋˍʷˊʹˋʹ  ̱ˁ ʰʽ ˈ˔ʽ ʰˉˈ ˍʽˌ ˔ˊˇ˄ʽˁʷˌ ˋˍʽʴ˃ʷˌ ὸ ˁ ʰʽ ὸ (ʅ˔ʺ˃ʰ 2.11)Φ ɳˉˇ˃ʷ˄˖ˌ ʴʽʰ 
˃ʽʰ ˋˍʰˍʽˋˍʽˁʱ ˉʰʴʽ˖˃ʷ˄ʹ ˔ˊˇ˄ˇˋʶʽˊʱ ˃ˉˇˊʶʾ ˄ʰ ʴˊʰ˒ʶʾ ̟ :̩ 

╡Ⱳ  ◊◄◊◄ Ⱳ  (2.28) 

ɾʶ ʰʵʽʰˋˍʰˍˇˉˇʾʹˋʹ ˇˊʾʸʶˍʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ ʰˎˍˇˋˎˋ˔ʷˍʽˋʹˌΥ 

►
 ◊◄◊◄ Ⱳ 

◊
 

(2.29) 

ʂˍʰ˄ ʹ ˔ˊˇ˄ʽˁʺ ˁʰʻˎˋˍʷˊʹˋʹ  ̱ʶʾ˄ʰʽ ˃ʹʵʷ˄Σ ʹ ˋˎ˄ʱˊˍʹˋʹ ʰˎˍˇˋˎˋ˔ʷˍʽˋʹˌ ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ˍʽ˃ʺ 
ˍʹˌ ˃ˇ˄ʱʵʰˌ ˁʰʽ ʷˉʶʽˍʰ ˃ʶʽ˗˄ʶˍʰʽ ˁʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ˍʽ˃ʺ Σ̱ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 2.12. 
ʂˋˇ ʹ ˔ˊˇ˄ʽˁʺ ˁʰʻˎˋˍʷˊʹˋʹ ʰˎ˅ʱ˄ʶˍʰʽ ˉʶˊʽˋˋˈˍʶˊˇΣ ʹ ˋˎ˄ʱˊˍʹˋʹ ˍʶʾ˄ʶʽ ˉˊˇˌ ˍˇ ˃ʹʵʷ˄Σ ʵʽˈˍʽ 
ʹ ˍˏˊʲʹ ʰˉˇˍʶ˂ʶʾ ̀ ˍˇ˔ʰˋˍʽˁˈ ˒ʰʽ˄ˈ˃ʶ˄ˇΦ ʅˎ˄ʶˉ˗ˌ ̌ ˊʾʸʶˍʰʽ ́  ̌˂ ˇˁ˂ʹˊ˖ˍʽˁʺ ˁ ˂ʾ˃ʰˁʰ ̝ ˊˈ˄ˇˎ: 

♆ ♆◊● ►Ⱳ▀Ⱳ  
(2.30) 

ɮˉˈ ˍʹ ˋ˔ʷˋʹ (2.26) ʹ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ˁ˂ʾ˃ʰˁʰ ˃ʺˁˇˎˌ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ʲʱˋʶʽ ˍʹˌ 
ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺˌ ˁ˂ʾ˃ʰˁʰˌ ˔ˊˈ˄ˇˎΥ 

╛◊● ◊ z ♆◊●  (2.31) 

 

ʅ˔ʺ˃ʰ 2.11 ɾʷʻˇʵˇˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍʹˌ ʰˎˍˇˋˎˋ˔ʷˍʽˋʹˌ ˍʹˌ ˔ˊˇ˄ˇˋʶʽˊʱˌ ◊◄◊◄ Ⱳ [15] 
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ʅ˔ʺ˃ʰ 2.12 ʅˎ˄ʱˊˍʹˋʹ ʰˎˍˇˋˎˋ˔ʷˍʽˋʹˌ ˁʰʽ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ˁ˂ʾ˃ʰˁʰ ˔ˊˈ˄ˇˎ [15] 

ɴ˔ˇˎ˄ ʰ˄ʰˉˍˎ˔ʻʶʾ ʵʽʱ˒ˇˊʶˌ ʶ˃ˉʶʽˊʽˁʷˌ ˋˎˋ˔ʶˍʾˋʶʽˌ ˃ʶˍʰ˅ˏ ˍˇˎ ˏ˕ˇˎˌ ˁʰʽ ˍˇˎ ˃ʺˁˇˎˌ ˍʹˌ 
ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺˌ ˁ˂ʾ˃ʰˁʰˌ ˍʹˌ ˍˏˊʲʹˌ ˃ ʾʰ ʶˁ ˍ˖˄ ˇˉˇʾ˖˄ ʶʾ˄ʰʽ ʰˎˍʺ ˍˇˎ /ƻǳƴƛƘŀƴ [16]: 

╛◊● ╒ ◐z□ (2.32) 

Σ ˈˉˇˎ C ˁ ʰʽ m ̀ ˍʰʻʶˊʷˌ ˉˇˎ ʶ˅ʰˊˍ˗˄ˍʰʽ ʰˉˈ ˍˇ ˃ʺˁˇˌ ˍˊʰ˔ˏˍʹˍʰˌ z0. 

ʅˏ˃˒˖˄ʰ ˃ʶ 9{5¦ όEngineering Sciences Data Unit) 75001 ˉˊˇˍʶʾ˄ʶˍʰʽ ˋ˔ʷˋʹ ʴʽʰ ˇˎʵʷˍʶˊʹ 
ʰˍ˃ˈˋ˒ʰʽˊʰ ̄ ˇˎ ʵʾ˄ʶʽ ʰˁˊʾʲʶʽʰ ҕол҈ ˁʰʽ ˋˍʹˊʾʸʶˍʰʽ  ̀ ʶ ̄˂ʷˇ˄ ʰ˅ʽˈˉʽˋˍʰ ʵʶʵˇ˃ʷ˄ʰ: 

╛◊●
◐Ȣ

◑▫
Ȣ

 
(2.33) 

2.6.4 ɳˉʾʵˊʰˋʹ ˍˊʰ˔ˏˍʹˍʰ ̩̱ ˇʽ˔˗˃ʰˍˇˌ 

ɸʶ˖ˊʹˍʽˁʱ ˁʰ˃ʾʰ ʶˉʽ˒ʱ˄ʶʽʰ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ʻʶ˖ˊʹʻʶʾ ˖ˌ ˍʶ˂ʶʾ˖ˌ ˂ʶʾʰΣ ˖ˋˍˈˋˇ ˎˉʱˊ˔ˇˎ˄ 
ʶˉʽ˒ʱ˄ʶʽʶˌ ˍ˖˄ ˇˉˇʾ˖˄ ʹ ˍˊʰ˔ˏˍʹˍʰ ʶʾ˄ʰʽ ˃ʽˁˊʺ ˋʶ ʲʰʻ˃ˈ ˉˇˎ ˄ʰ ˃ʹ˄ ˉˊˇˁʰ˂ʶʾˍʰʽ ˁʱˉˇʽʰ 
ʰʶˊˇʵˎ˄ʰ˃ʽˁʺ ʰˉ˗˂ʶʽʰ ˁʰʽ ʰˎˍʷˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ʰˊʰˁˍʹˊʽˋˍˇˏ˄ ˖ˌ ʰʶˊˇʵˎ˄ʰ˃ʽˁʱ ˂ʶʾʶˌΦ ʁʽ 
ˍˊʰ˔ʶʾˌ ʶˉʽ˒ʱ˄ʶʽʶˌ ˉʶˊʽˉ˂ʷˁˇˎ˄ ˋʶ ˃ʶʴʰ˂ˏˍʶˊˇ ʲʰʻ˃ˈ ˍʹ˄ ˎˉˇ˂ˇʴʽˋˍʽˁʺ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍ˖˄ 
ˊˇ˗˄ ˉʱ˄˖ ˋʶ ʰˎˍʷˌ ˁʰʽ ʰˉʰʽˍˇˏ˄ ˍˊˇˉˇˉˇʽʹ˃ʷ˄ʹ ˉˊˇˋʷʴʴʽˋʹΦ  

ɶ ˍˊʰ˔ˏˍʹˍʰ ˃ˉˇˊʶʾ ˄ʰ ˍʰ˅ʽ˄ˇ˃ʹʻʶʾ ˋʶ ʴʶ˄ʽˁʱ ˉ˂ʰʾˋʽʰ ˋʶ ˍˊʰ˔ˏˍʹˍʰ ˍˏˉˇˎ d (ʅ˔ʺ˃ʰ 2.13ύΣ ˈˉˇˎ 
ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʰˎ˂ʰˁ˗ˋʶʽˌ ˋʶ ˂ʶʾʰ ʶˉʽ˒ʱ˄ʶʽʰ ˁʰʽ ˋʶ ˍˊʰ˔ˏˍʹˍʰ ˍˏˉˇˎ ƪ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ 
ˉˊˇʶ˅ˇ˔ʷˌ ˋʶ ˂ʶʾʰ ʶˉʽ˒ʱ˄ʶʽʰΣ ˈˉˇˎ ˋˍʹ˄ ˎˉˈ ˃ʶ˂ʷˍʹ ˉʶˊʾˉˍ˖ˋʹ ˃ʰˌ ˋʰ˄ ˉˊˇʶ˅ˇ˔ʷˌ ʻʰ 
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ʻʶ˖ˊʹʻˇˏ˄ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ [17]Φ ɶ ˋˎ˄ʱˊˍʹˋʹ ˍˊʰ˔ˏˍʹˍʰˌ όῳὟύ ˉˇˎ ˉˇˋˇˍʽˁˇˉˇʽʶʾ ˍʹ˄ 
ʶˉʾʵˊʰˋʹ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ʶʾ˄ʰʽ ʵʽʰ˒ˇˊʶˍʽˁʺ ʴʽʰ ʰˎˍˇˏˌ ˍˇˎˌ ʵˏˇ ˍˏˉˇˎˌ ˁʰʽ ʹ ˉʶˊʰʽˍʷˊ˖ 
˃ʶ˂ʷˍʹ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˋˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʻʰ ˉʶˊʽˇˊʽˋˍʶʾ ˋˍˇ ʵʶˏˍʶˊˇ ˍˏˉˇΦ  

ʁ Schlichting [8] ˉˊˈˍʶʽ˄ʶ ˈˍʽ ˃ʽʰ ˃ʶ˃ˇ˄˖˃ʷ˄ʹ ˉʰˊʱ˃ʶˍˊˇˌΣ ˍˇ ˏ˕ˇˌ ˍˊʰ˔ˏˍʹˍʰˌ 
όˋˎ˃ʲˇ˂ʽʸˈ˃ʶ˄ˇ ˖ˌ hύ ʵʶ˄ ʶˉʰˊˁʶʾ ʴʽʰ ˄ʰ ʴʶ˄ʽˁʶˏˋʶʽ ˍʹ˄ ʶˉʾʵˊʰˋʹ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ 
ˍˊʰ˔ˏˍʹˍʰˌΦ ɳˉʽˋʺ˃ʰ˄ʶ ˍˇ˄ ˊˈ˂ˇ ˉˇˎ ˉʰʾʸˇˎ˄ ˇʽ ʰˉˇˋˍʱˋʶʽˌ ˃ʶˍʰ˅ˏ ʰˎˍ˗˄ ˋˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ 
ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎΦ  

 

       όʰύ               όʲύ 

ʅ˔ʺ˃ʰ 2.13 ɮ˄ʰˉʰˊʱˋˍʰˋʹ ˍˊʰ˔ˏˍʹˍʰˌ ˍˏˉˇˎ-Ř όʰύ ˁʰʽ ˍˏˉˇˎ-ƪ όʲύ [18] 

2.6.5 ɮˊʽʻ˃ˈˌ ˍˊʰ˔ˏˍʹˍʰˌ wŜȅƴƻƭŘǎ  

ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍ˖˄ ˍˎˊʲ˖ʵ˗˄ ˇˊʽʰˁ˗˄ ˋˍˊ˖˃ʱˍ˖˄ ʹ ˍˊʰ˔ˏˍʹˍʰ ˎˉˈ ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ˋˎ˄ʻʺˁʶˌ 
˃ˉˇˊʶʾ ˄ʰ ˃ʹ˄ ʷ˔ʶʽ ˁʱˉˇʽʰ ʶˉʾʵˊʰˋʹ ˁʰʽ ˍˇ ˍˇʾ˔˖˃ʰ ˄ʰ ʻʶ˖ˊʹʻʶʾ ʰʶˊˇʵˎ˄ʰ˃ʽˁʱ ˂ʶʾˇΦ ɶ 
ˉˊʰˁˍʽˁʺ ˔ˊʹˋʽ˃ˈˍʹˍʰ ˍʹˌ ʰˉˇʵʶˁˍʺˌ ˍˊʰ˔ˏˍʹˍʰˌ ʴʽʰ ʵʶʵˇ˃ʷ˄ʶˌ ˋˎ˄ʻʺˁʶˌ  ʶʾ˄ʰʽ ʰˊˁʶˍʱ ˃ʶʴʱ˂ʹ 
ʰ˒ʶ˄ˈˌ ʴʽʰ ˄ʰ ˉˊˇˋʵʽˇˊʽˋʻʶʾ ˁʱʻʶ ˒ˇˊʱ ʹ ʰˊ˃ˈʸˇˎˋʰ ˉˊˇˋˉʱʻʶʽʰ ˉˇˎ ˁʰˍʰʲʱ˂˂ʶˍʰʽ ʴʽʰ ˍʹ˄ 
ˁʰˍʰˋˁʶˎʺ ʵʽʰˍʱ˅ʶ˖˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˁʰʽ ʰ˒ʶˍʷˊˇˎ ʴʽʰ ˍʹ˄ ˃ʶˍʷˉʶʽˍʰ ʶˉʶ˅ʶˊʴʰˋʾʰ ˍ˖˄ 
˃ʶˍˊʺˋʶ˖˄ ˃ʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˃ˇ˄ˍʷ˂ʰ ʶ˅ʽˋ˗ˋʶ˖˄ ˁʰʽ ˉˊˈˍˎˉʰ ˉˊˇ˒ʾ˂ ˉˇˎ ˂ʶʽˍˇˎˊʴˇˏ˄ ˋʶ 
ˋˎʴˁʶˁˊʽ˃ʷ˄ʶˌ ˋˎ˄ʻʺˁʶˌ ό˂ʶʾʰ ʺ ˍˊʰ˔ʽʱ ˍˇʽ˔˗˃ʰˍʰύΦ ʃˊˇˁʶʽ˃ʷ˄ˇˎ ʷ˄ʰ ˍˇʾ˔˖˃ʰ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ 
ʻʶ˖ˊʹʻʶʾ ʰʶˊˇʵˎ˄ʰ˃ʽˁʱ ˂ʶʾˇ ʶ˅ʶˍʱʸʶˍʰʽ ˇ ʰʵʽʱˋˍʰˍˇˌ ʰˊʽʻ˃ˈˌ ˍˊʰ˔ˏˍʹˍʰˌ wŜȅƴƻƭŘǎΥ 

╡▄ᶻ
◊ᶻ ◑z▫
○
  

(2.34) 

Σ ˈˉˇˎ v ̱ ˇ ˁʽ˄ʹ˃ʰˍʽˁˈ ʽ˅˗ʵʶˌ ˍˇˎ ˊʶˎˋˍˇˏ  

ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˋˏ˃˒˖˄ʰ ˃ʶ ʵʹ˃ˇˋʽʶˎ˃ʷ˄ʶˌ ˃ʶ˂ʷˍʶˌ [19] ˇ ʰˊʽʻ˃ˈˌ ˍˊʰ˔ˏˍʹˍʰˌ wŜȅƴƻƭŘǎ 
ˉˊʷˉʶʽ ˄ʰ ˂ʱʲʶʽ  ˃ʾʰ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ʰˎ˅ʹ˃ʷ˄ʹ ̱ ʽ˃ʺ ˃ʶʴʰ˂ˏˍʶˊʹˌ ̱ ʹˌ ˃ˇ˄ʱʵʰˌ ˁʰʽ ˄ʰ ˎˉʶˊʲʰʾ˄ʶʽ 
ˍˇˎ˂ʱ˔ʽˋˍˇ˄ ˍˇ ʵˏˇ ˁʰʽ ʾˋ˖ˌ ˁʰʽ ˍˇ ˉʷ˄ˍʶ ˉˊˇˍˇˏ ˇʽ ʽ˅˗ʵʶʽˌ ʶˉʽʵˊʱˋʶʽˌ ʻʶ˖ˊʹʻˇˏ˄ ʰˋʺ˃ʰ˄ˍʶˌΦ 
ʅˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ˇʵʹʴʾʶˌ ±5L [13] ʴʽʰ ˍʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˉˊʷˉʶʽ 
˄ʰ ʵˇʻʶʾ ˋʹ˃ʰˋʾʰ ˋˍʹ˄ ˉˊˇːˉˈʻʶˋʹ ˇ ʰˊʽʻ˃ˈˌ ˍˊʰ˔ˏˍʹˍʰˌ wŜȅƴƻƭŘǎ ˄ʰ ˅ʶˉʶˊ˄ʱʶʽ ˍˇ ˉʷ˄ˍʶΦ ʅʶ 
ʵʽʰ˒ˇˊʶˍʽˁʺ ˉʶˊʾˉˍ˖ˋʹ ˉˊʷˉʶʽ ˄ʰ ʵˇʻˇˏ˄ ʶʽʵʽˁʷˌ ʰˉˇʵʶʾ˅ʶʽˌ ʴʽʰ ˍʹ˄ ˉˇʽˈˍʹˍʰ ˍˇˎ ˇˊʽʰˁˇˏ 
ˋˍˊ˗˃ʰˍˇˌ ˋˍʹ˄ ʰʶˊˇˋʺˊʰʴʴʰΦ  
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2.7 ʋʰˊʰˁˍʹˊʽˋ˃ˈˌ ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄ ˋˍˇ ɮʁʅ 

2.7.1 ɳˁʻʶˍʽˁˈˌ ˄ˈ˃ˇˌ όǇƻǿŜǊ ƭŀǿύ 

ʆˇ мфмс ˉʰˊˇˎˋʽʱˋˍʹˁʶ ˇ ʶˁʻʶˍʽˁˈˌ ˄ˈ˃ˇˌ ʰˉˈ ˍˇ˄ IŜƭƭƳŀƴ [20] ˇ ˇˉˇʾˇˌ ʷ˔ʶʽ ˍʹ˄ ʰˁˈ˂ˇˎʻʹ 
˃ˇˊ˒ʺΥ 

◊

◊►▄█
 

◐ ▀

◐►▄█▀

♪

  
(2.35) 

ɶ ˇˊʽʸˈ˄ˍʽʰ ˍʰ˔ˏˍʹˍʰ ό(y) ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍʹ ˃ʷˋʹ ˍʰ˔ˏˍʹˍʰ ˋʶ ˏ˕ˇˌ y ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ 
ʶʵʱ˒ˇˎˌΦ ʂˉˇˎ ǳref ́  ˃ʷˋʹ ˍʰ˔ˏˍʹˍʰ ˋˍˇ ˏ˕ˇˌ ʰ˄ʰ˒ˇˊʱˌΣ ˈˉˇˎ ˋˍʹ˄ ˃ʶˍʶ˖ˊˇ˂ˇʴʾʰ ˂ʰ˃ʲʱ˄ʶˍʰʽ 
yref = 10mΦ ʁ ʶˁʻʷˍʹˌ  hʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ ˍˇˎ ʶʵʱ˒ˇˎˌ (ʅ˔ʺ˃ʰ 2.14). h ʶˁʻʶˍʽˁˈˌ 
˄ˈ˃ˇˌ ˉʶˊʽʴˊʱ˒ʶʽ ˍˇ ɮʁʅ ˃ʶ ʽˁʰ˄ˇˉˇʽʹˍʽˁˈˍʶˊˇ ˍˊˈˉˇ ʰˉˈ ˍˇ˄ ˉʰˊʰʲˇ˂ʽˁˈ ˄ˈ˃ˇΣ ˖ˋˍˈˋˇ 
ʶ˅ʰˁˇ˂ˇˎʻʶʾ ˄ʰ ˃ʹ˄ ˉʶˊʽʴˊʱ˒ʶʽ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ˍʰ ˍʶ˂ʶˎˍʰʾʰ млƳΦ ʋˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʰˁˈ˃ʰ ˂ˈʴ˖ 
ˍʹˌ ʰˉ˂ˈˍʹˍʰˌ ˉˇˎ ˍˇ˄ ʵʽʷˉʶʽΦ 

 

ʅ˔ʺ˃ʰ 2.14 ɳˁʻʷˍʹˌ  hҡ ʁʲʱˋʹ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ ˍˇˎ ʶʵʱ˒ˇˎˌ [21] 
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ʃʾ˄ʰˁʰˌ 2.1 ʆˎˉʽˁʷˌ ˍʽ˃ʷˌ ˍˇˎ ʶˁʻʷˍʹ ʰ ʴʽʰ ʵʽʱ˒ˇˊˇˎˌ ˍˏˉˇˎˌ ʶʵʱ˒ˇˎˌΣ ˈˉˇˎ Ȅ ʶʾ˄ʰʽ ʹ 
ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ ʶ˃ˉˇʵʾ˖˄ ˁʰʽ Ƙ ˍˇ ҡ˃ʷˋˇ ˏ˕ˇˌ ˍˇˎˌ [22]  

ɇɨˊɞɠ ŮˊɘűɎɜŮɘŬɠ ȺəɗɏŰɖɠ Ŭ 

ȷɜɞɘɢŰɐ ɗɎɚŬůůŬ, ɤəŮŬɜɧɠ 0.10 

ȰŭŬűɞɠ ÕŮ ɢɘɧɜɘ ɐ ɚɎůˊɖ : ɢɤɟɑɠ ɓɚɎůŰɖůɖ əŬɘ ŮɛˊɧŭɘŬ 0.13 

ɃɛŬɚɧ ɏŭŬűɞɠ : ɔɟŬůɑŭɘ, ŮɚɎɢɘůŰŬ ŭɘŮůˊŬɟɛɏɜŬ ŮɛˊɧŭɘŬ 0.14 

ɉŬɛɖɚɏɠ əŬɚɚɘɏɟɔŮɘŮɠ : ůˊɞɟŬŭɘəɎ ɛŮɔɎɚŬ ŮɛˊɧŭɘŬ (x/h > 20) 0.18 

Ɉɣɖɚɏɠ əŬɚɚɘɏɟɔŮɘŮɠ : ŭɘɎůˊŬɟŰŬ ŮɛˊɧŭɘŬ (15 < x/h < 20) 0.22 

ȯɚůɞɠ, ɗɎɛɜɞɘ : ́ ɞɚɡɎɟɘɗɛŬ ŮɛˊɧŭɘŬ 0.29 

ɇɡˊɘəɐ əɎɚɡɣɖ ÕŮ ɛŮɔɎɚŬ ŮɛˊɧŭɘŬ : ŭɎůɞɠ, ɡˊŮɟŬůŰɘəɐ ́ Ůɟɘɞɢɐ 0.33 

ȷůŰɘəɧ əɏɜŰɟɞ ÕŮ ɡɣɖɚɎ əŬɘ ɢŬɛɖɚɎ əŰɐɟɘŬ 0.40-0.67 

 

2.7.2 ɽˇʴʰˊʽʻ˃ʽˁˈˌ ˄ˈ˃ˇˌ όƭƻƎ ƭŀǿύ 

ʆˇ мфпф ˇ {ǳǘǘƻƴ [23] h ˄ʷˉˍˎ˅ʶ ˃ʽʰ ˉʽˇ ˁʰˍʱ˂˂ʹ˂ʹ ʰ˄ʰˉʰˊʱˋˍʰˋʹ ˍˇˎ ˉˊˇ˒ʾ˂ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ 
ˉˇˎ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˋˍʰ ˔ʰ˃ʹ˂ˈˍʶˊʰ ˏ˕ʹ ˍ˖˄ млƳ ˁʰʽ ˋˍˇ ˎˉˈˋˍˊ˖˃ʰ ʰʵˊʱ˄ʶʽʰˌΣ ˍˇ˄ 
˂ˇʴʰˊʽʻ˃ʽˁˈ ˄ˈ˃ˇΦ ʁ ˂ˇʴʰˊʽʻ˃ʽˁˈˌ ˄ˈ˃ˇˌ ˎˉˇʻʷˍʶʽ ˈˍʽ ˍˇ ˉˊˇ˒ʾ˂ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ ʰ˄ʷ˃ˇˎ 
ʶʾ˄ʰʽ ˂ˇʴʰˊʽʻ˃ʽˁʺˌ ˒ˏˋʹˌΣ ˉˇˎ ˋʹ˃ʰʾ˄ʶʽ ˈˍʽ ʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ʰ˄ʷ˃ˇˎ ʰˎ˅ʱ˄ʶˍʰʽ ˂ˇʴʰˊʽʻ˃ʽˁʱ 
ˁʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ˁʱʻʶˍʹ ʰˉˈˋˍʰˋʹ ʰˉˈ ˍˇ ʷʵʰ˒ˇˌΦ h ˄ˈ˃ˇˌ ʲʰˋʾʸʶˍʰʽ ˋˍʹ˄ ʷ˄˄ˇʽʰ ˍˇˎ 
ˍˎˊʲ˗ʵˇˎˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌΣ ˈˉˇˎ ʹ ˍˊʽʲʺ ˃ʶˍʰ˅ˏ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ˁʰʽ ˍʹˌ ˎˉˇˁʶʾ˃ʶ˄ʹˌ 
ʶˉʽ˒ʱ˄ʶʽʰˌ ʵʹ˃ʽˇˎˊʴʶʾ ʰ˄ʰˍʰˊʱ˅ʶʽˌ ˉˇˎ ʰ˄ʰ˃ʶʽʴ˄ˏˇˎ˄ ˍʹ˄ ˇˊ˃ʺ ˁʰʽ ˍʹ ʻʶˊ˃ˈˍʹˍʰΣ ˇʵʹʴ˗˄ˍʰˌ 
ˋʶ ˃ʽʰ ˋˍʰʵʽʰˁʺ ʰ˂˂ʰʴʺ ˋˍʹ˄ ˍʰ˔ˏˍʹˍʰ ˁʰʽ ˍʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍˇˎ ʰ˄ʷ˃ˇˎ ˃ʶ ˍˇ ˏ˕ˇˌΦ ʁ 
˂ˇʴʰˊʽʻ˃ʽˁˈˌ ˄ˈ˃ˇˌ ˉʰˊʷ˔ʶʽ ʷ˄ʰ˄ ʰˉ˂ˈ ˁʰʽ ˁʰʻˇ˂ʽˁˈ ˍˏˉˇ ʴʽʰ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ 
ʰ˄ʷ˃ˇˎ ˋʶ ˇˉˇʽˇʵʺˉˇˍʶ ˏ˕ˇˌ ʶ˄ˍˈˌ ˍˇˎ ɮʁʅ ˁʰʽ ʹ ˃ʷˋʹ ˍʰ˔ˏˍʹˍʰ ˋʶ ˏ˕ˇˌ Ȋ ˉʱ˄˖ ʰˉˈ ˍʹ˄ 
ʶˉʽ˒ʱ˄ʶʽʰ ˍˇˎ ʶʵʱ˒ˇˎˌ ʶˁ˒ˊʱʸʶˍʰʽ ˃ʰʻʹ˃ʰˍʽˁʱ ʰˉˈ ˍʹ ˋ˔ʷˋʹΥ 

◊◐  
◊z

ⱥ
ἴἶ
◐ ▀

◑
  

(2.36) 

, ̍ ˉˇˎ z0  ʹ ˍˊʰ˔ˏˍʹˍʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌΣ u* ʹ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌΣ  ˁʹ ˋˍʰʻʶˊʱ von Kármán ˁ ʰʽ d ˍˇ 
ʶ˄ʵʶ˔ˈ˃ʶ˄ˇ ʶˉʾˉʶʵˇ ˃ʹʵʶ˄ʽˁʺˌ ˃ʶˍʰˍˈˉʽˋʹˌΦ 

ʆˇ ʶˉʾˉʶʵˇ ˃ʹʵʶ˄ʽˁʺˌ ˃ʶˍʰˍˈˉʽˋʹˌ d (ʅ˔ʺ˃ʰ 2.15), ˇˊʾʸʶˍʰʽ ˖ˌ ʹ ʰˉˈˋˍʰˋʹ ʰˉˈ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰ 
ˍˇˎ ʶʵʱ˒ˇˎˌ ˈˉˇˎ ʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ʰ˄ʷ˃ˇˎ ʴʾ˄ʶˍʰʽ ˃ʹʵʶ˄ʽˁʺ ˂ˈʴ˖ ˍʹˌ ˉʰˊˇˎˋʾʰˌ ˍ˖˄ ʶ˃ˉˇʵʾ˖˄ 
ˋˍʹ ˊˇʺ ˍˇˎ ʰ˄ʷ˃ˇˎΦ ʅˎ˄ʺʻ˖ˌΣ ʰˎˍˈ ˍˇ ʶˉʾˉʶʵˇ ʻʶ˖ˊʶʾˍʰʽ ˈˍʽ ʲˊʾˋˁʶˍʰʽ ˋʶ ˏ˕ˇˌ ˉˇˎ ʰ˄ʷˊ˔ʶˍʰʽ 
ˋˍʰ нκо ˍˇˎ ˃ʷˋˇˎ ˏ˕ˇˎˌ ˍ˖˄ ʶ˃ˉˇʵʾ˖˄Φ ʅˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˈ˃˖ˌ ˉˇˎ ʹ ˉˎˁ˄ˈˍʹˍʰ ˍ˖˄ ʶ˃ˉˇʵʾ˖˄ 
ʶʾ˄ʰʽ ˎ˕ʹ˂ʺΣ ˃ˉˇˊˇˏ˃ʶ ˄ʰ ˎˉˇʻʷˋˇˎ˃ʶ ˈˍʽ Ὠ ὬΦ ɶ ˍʽ˃ʺ ˍˇˎ d ɻ ʶ˄ ʶˉʹˊʶʱʸʶʽ ˍʹ˄ ˁʰˍʰˁˈˊˎ˒ʹ 
ˁʰˍʰ˄ˇ˃ʺ ˍˇˎ ʰ˄ʷ˃ˇˎΣ ʰ˂˂ʱ ʰˉ˂˗ˌ ˃ʶˍʰˍˇˉʾʸʶʽ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˁʰˍʱ ˍˇ ˃ʺˁˇˌ Ř [24].  



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 
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ʆˇ ˃ʺˁˇˌ ˍˊʰ˔ˏˍʹˍʰˌ Ȋ0 ʶʾ˄ʰʽ ˃ʽʰ ˉʰˊʱ˃ʶˍˊˇˌ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ 
ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˋˍʹ ˊˇʺ ˍˇˎ ʰ˄ʷ˃ˇˎ ˁʰʽ ˁˎ˃ʰʾ˄ʶˍʰʽ ˃ʶˍʰ˅ˏ ˍˇˎ мκмл ˁʰʽ мκол ˍˇˎ ˃ʷˋˇˎ ˏ˕ˇˎˌ 
ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˊʰ˔ˏˍʹˍʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌΦ ɮˉˇˍʶ˂ʶʾ ˍˇ ˏ˕ˇˌ ˈˉˇˎ ˂ʰ˃ʲʱ˄ˇˎ˄ ˔˗ˊʰ ˃ʶˊʽˁʷˌ 
ʵʽʶˊʴʰˋʾʶˌ ˍʹˌ ˊˇʺˌ ʰ˂˂ʱ ʹ ˃ʷˋʹ ˍʰ˔ˏˍʹˍʰ ˍʹˌ ˊˇʺˌ ʶʾ˄ʰʽ ˃ʹʵʶ˄ʽˁʺΦ ʆˇ ˃ʺˁˇˌ ˍˊʰ˔ˏˍʹˍʰˌ 
ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˉʱ˄˖ ʰˉˈ ˍˇ ʶˉʾˉʶʵˇ ˃ʹʵʶ˄ʽˁʺˌ ˃ʶˍʰˍˈˉʽˋʹˌ ˁʰʽ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ ˋ˔ʺ˃ʰ ˁʰʽ ˍʹ˄ 
ˉˎˁ˄ˈˍʹˍʰ ˁʰˍʰ˄ˇ˃ʺˌ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˊʰ˔ˏˍʹˍʰˌΦ  
 
ʃʾ˄ʰˁʰˌ 2.2 ʆˎˉʽˁʷˌ ˍʽ˃ʷˌ ˃ʺˁˇˎˌ ˍˊʰ˔ˏˍʹˍʰˌ zo ɹ ʽʰ ʵʽʰ˒ˇˊʶˍʽˁˇˏ ˍˏˉˇˎ ʶˉʽ˒ʱ˄ʶʽʶˌ [13] 

ʆˏˉˇˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ɾʺˁˇˌ ˍˊʰ˔ˏˍʹˍʰˌ zo 

ʃʱʴˇˌΣ ˔ʽˈ˄ʽΣ ʶˉʽ˒ʱ˄ʶʽʰ ˄ʶˊˇˏ 10ς5 - 5x10ς3 

ɽʽʲʱʵʽΣ ˁʰ˂˂ʽʶˊʴʺˋʽ˃ʹ ʴʹ 5x10ς3 - 10ς1 

ʃʱˊˁˇΣ ́ ˃ʽʰˋˍʽˁʺ ̄ ʶˊʽˇ˔ʺ 0.1 ς 0.5 

ɲʱˋˇˌΣ ʰˋˍʽˁʺ ˉʶˊʽˇ˔ʺ 0.5 ς 2 

 

 
ʅ˔ʺ˃ʰ 2.15 ɽˇʴʰˊʽʻ˃ʽˁʺ ˁʰˍʰ˄ˇ˃ʺ ˍˇˎ ʰ˄ʷ˃ˇˎ ˃ʶ ˍˇ ˏ˕ˇˌΣ ˈˉˇˎ Ř ˍˇ ʶˉʾˉʶʵˇ ˃ʹʵʶ˄ʽˁʺˌ 
˃ʶˍʰˍˈˉʽˋʹˌΣ z0 ̱ ˇ ˃ʺˁˇˌ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ Ƙ ˍˇ ˃ʷˋˇ ˏ˕ˇˌ ˍ˖˄ ʶ˃ˉˇʵʾ˖˄ [25] 

 

2.7.3 ʃˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˁʰʽ aǳǎƪŜǊ 

ʁ {ǇŀƭŘƛƴƎ όмфсмύ [26] ʰˉʷʵʶʽ˅ʶ ˈˍʽ ˍˇ ˃ʷˋˇ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ  ˋˍʹ˄ ˋˍˊ˖ˍʺΣ ˃ʶˍʰʲʰˍʽˁʺ ˁʰʽ 
ˍˎˊʲ˗ʵʹ ˉʶˊʽˇ˔ʺ ˍʹˌ ˊˇʺˌ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ʰ˄ʰ˂ˎˍʽˁʺ ˋ˔ʷˋʹ ʹ ˇˉˇʾʰ 
ʶˁ˒ˊʱʸʶˍʰʽ ˃ʷˋ˖ ʰ˄ʰˉˍˏʴ˃ʰˍˇˌ ˋʶ ˋʶʽˊʱ όǇƻǿŜǊ ǎŜǊƛŜǎ interpolation): 



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 
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◐  ◊ ἭὀἸⱥ◓ἭὀἸⱥ◊ ⱥ◊
ⱥ◊

Ȧ
  
ⱥ◊

Ȧ
  

ⱥ◊

Ȧ
  

(2.37) 

Σ ˈˉˇˎΥ 

◐  
◐ ◐

○
◊ᶻ (2.38) 

 

◊
◊

 ◊z
 (2.39) 

Σ ˈˉˇˎ y0  ́  ʁ ˄ʵʶ˔ˈ˃ʶ˄ʹ ʰʲʶʲʰʽˈˍʹˍʰ ʰˉˈ ˍʹ˄ ˉˊʰʴ˃ʰˍʽˁʺ ʻʷˋʹ ˍʹˌ ˃ʷˍˊʹˋʹˌ ʰˉˈ ˍˇ˄ ˍˇʾ˔ˇ 

ʁ ˈˊˇˌ 
Ȧ

 ˍʹˌ ˋ˔ʷˋʹˌ (2.37) ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʰ˂ʹ˒ʻʶʾ ˁʰʻ˗ˌ ʹ ʰˁˊʾʲʶʽʰ ˉˇˎ ˉˊˇˋʵʾʵʶʽ ʶʾ˄ʰʽ 

ʰ˄ʶˉʰʾˋʻʹˍʹΦ ʆˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ʷˁ˒ˊʰˋʹˌ ʷʴˁʶʽˍʰʽ ˋˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ʶʾ˄ʰʽ 
ʷʴˁˎˊʹ ˋʶ ˈ˂ˇ ˃ʶʴʰ˂ˏˍʶˊˇ ʶˏˊˇˌ h ʵʽʰˋˍʰˍˇˉˇʽʹ˃ʷ˄ʹˌ ʰˉˈˋˍʰˋʹˌ y+.  

ʁ wŜƛŎƘŀǊŘǘ [27] ˉˊˈˍʶʽ˄ʶ ˃ʾʰ ˉʰˊˈ˃ˇʽʰ ˋˎˋ˔ʷˍʽˋʹ ʴʽʰ ˍˇ ˃ʷˋˇ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ʲʰˋʽʸˈ˃ʶ˄ˇˌ 
ˋʶ ʵʶʵˇ˃ʷ˄ʰ ˍˎˊʲ˗ʵˇˎ̩ ˊˇʺˌ ˋʶ ˋ˖˂ʺ˄ʶˌ ˁʰʽ ˁʰ˄ʱ˂ʽʰΣ ʹ ˇˉˇʾʰ ʶˁ˒ˊʱʸʶʽ ˍʹ ˄ˁʰˍʰ˄ˇ˃ʺ 
ˍʰ˔ˏˍʹˍʰˌ ˁˇ˄ˍʱ ˋˍˇ ˍˇʾ˔˖˃ʰ ˁʰʽ ˋˍˇ ˁˎˊʽˈˍʶˊˇ ˁˇ˃˃ʱˍʽ ˍʹˌ ˊˇʺˌΦ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʷˁ˒ˊʰˋʹ 
ʵʶ˄ ʻʰ ˎ˂ˇˉˇʽʹʻʶʾ ˋˍʰ ˉ˂ʰʾˋʽʰ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌΣ ˖ˋˍˈˋˇ ʰ˄ʰ˒ʷˊʶˍʰʽ ʴʽʰ ˂ˈʴˇˎˌ 
ˉ˂ʹˊˈˍʹˍʰˌΦ ɶ ˁʰˍʰ˄ˇ˃ʺ ʶˁ˒ˊʱʸʶˍʰʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ 

◊
ⱥ
ἴἶ ⱥ◐ Ȣ ▄●▬

◐
 
◐
ἭὀἸ Ȣ ◐  

(2.40) 

ɼʰʽ ˇʽ ʵˏˇ ʶˁ˒ˊʱˋʶʽˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˒ʰˊ˃ˇˋˍˇˏ˄ ˋʶ ʰˋˎ˃ˉʾʶˋˍʶˌ ˍˎˊʲ˗ʵʶʽˌ ˊˇʷˌ ˔˖ˊʾˌ 
ʰ˄ˍʾˋˍˊˇ˒ʹ ˁ˂ʾˋʹ ˉʾʶˋʹˌ ˁʰʽ ʰˉˇˁˈ˂˂ʹˋʹΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ˇ ˄ˈ˃ˇˌ ˍˇˎ {ǇŀƭŘƛƴƎ ˁʰʽ ˍˇˎ wŜƛŎƘŀǊŘǘ 
ʽˁʰ˄ˇˉˇʽˇˏ˄ ˍʹ ˋˎ˄ʻʺˁʹ ˃ʹ ˇ˂ʾˋʻʹˋʹˌΣ ˔˖ˊʾˌ ˉʱˊʰˎˍʰ ˄ʰ ʽˁʰ˄ˇˉˇʽʶʾ ˍʹ ˃ʹʵʶ˄ʽˁʺ ˁ˂ʾˋʹ ˍˇˎ 
ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ˋˍˇ ʶ˅˖ˍʶˊʽˁˈ ˁˇ˃˃ʱˍʽ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ. 

ɶ ˔ˊʹˋʽ˃ˈˍʹˍʰ ʰˎˍʺˌ ˍʹˌ ˋ˔ʷˋʹˌΣ ˈˉ˖ˌ ˁʰʽ ˍʹˌ ʶ˅ʾˋ˖ˋʹˌ (4.1) ˉˇˎ ˉʶˊʽʴˊʱ˒ʶʽ ˍˇ ˉˊˇ˒ʾ˂ ˍˇˎ 
aǳǎƪŜǊ ˉˇˎ ʵʾ˄ʶˍʰʽ ˉʰˊʰˁʱˍ˖Σ ʷʴˁʶʽˍʰʽ ˋˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍʹˌ ˄ʰ ˉʰˊʷ˔ʶʽ ʰˁˊʽʲʷˋˍʶˊʶˌ ʶˁˍʽ˃ʺˋʶʽˌ 
ˍʹˌ ʵʽʰˍ˃ʹˍʽˁʺˌ ˍʱˋʹˌ ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌΣ ˋˏ˃˒˖˄ʰ ˃ʶ 
˃ʶ˂ʷˍʹ ˉˇˎ ʰ˅ʽˇˉˇʾʹˋʶ ˁʰʽ ˍʰ ʵˏˇ ˉˊˇ˒ʾ˂ [28]. ʆʰ ɻʁ ʵˇ˃ʷ˄ʰ ˉˇˎ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ʴʽʰ ˍˇ˄ 
ˎˉˇ˂ˇʴʽˋ˃ˈ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍʶ˂ˇˏ˄ ʰˁˈ˃ʹ ˁʰʽ ʵʽʱˋˉʰˊˍʰ ˋʹ˃ʶʾʰ ˍˇˎ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ˁʰʽ ˈ˔ʽ 
ʰˉʰˊʰʾˍʹˍʰ ʵʶʵˇ˃ʷ˄ʰ ˉ˂ʺˊ˖˄ ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄Φ ʅˍʹ˄ ʰˊ˔ʽˁʺ ˍˇˎˌ ʷˁ˒ˊʰˋʹ ˍʰ ʵˏˇ ˉˊˇ˒ʾ˂ 
ˍ˖˄ aǳǎƪŜǊ ˁʰʽ {ǇŀƭŘƛƴƎ ˃ˉˇˊˇˏ˄ ˄ʰ ˉʶˊʽʴˊʱ˕ˇˎ˄ ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄ ˁˇ˄ˍʱ ˋʶ ˂ʶʾʰ ˍˇʽ˔˗˃ʰˍʰΣ 
ˈˉˇˎ ˇʽ ʶˉʽʵˊʱˋʶʽˌ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ʶʾ˄ʰʽ ʰ˄ʶˉʰʾˋʻʹˍʶˌ ˋˏ˃˒˖˄ʰ ˃ʶ ʵˏˇ ˉʰˊʱʴˇ˄ˍʶˌ ˉˇˎ ʻʰ 
ˉʰˊˇˎˋʽʰˋʻˇˏ˄ ʶ˄ ˋˎ˄ʶ˔ʶʾʰΦ  
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2.7.4 ɼʰˍʰ˄ˇ˃ʺ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˋʶ ˍˊʰ˔ʶʾˌ ʁ ˉʽ˒ʱ˄ʶʽʶˌ - ɿˈ˃ˇˌ ˍˇˎ ˍˇʾ˔ˇˎ ʴʽʰ ˉ˂ʺˊ˖ˌ 
ˍˊʰ˔ʶʾˌ ʶˉʽ˒ʱ˄ʶʽʶˌ 

ʅˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎΣ ʻʶ˖ˊʶʾˍʰʽ ˈˍʽ ʹ ˊˇʺ ˁˇ˄ˍʱ ˋˍˇ ˍˇʾ˔˖˃ʰ ˔ʰˊʰˁˍʹˊʾʸʶˍʰʽ 
ʰˉˈ ˍˇ ʽ˅˗ʵʶˌΦ ʍˋˍˈˋˇΣ ʰˎˍˈ ʽˋ˔ˏʶʽ ʴʽʰ ʰʶˊˇʵˎ˄ʰ˃ʽˁʱ ˂ʶʾʶˌ ʶˉʽ˒ʱ˄ʶʽʶˌ ˈˉˇˎ ˍˇ ˃ʷˋˇ ˏ˕ˇˌ ˍ˖˄ 
ˋˍˇʽ˔ʶʾ˖˄ ˍˊʰ˔ˏˍʹˍʰˌ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁʱ ˃ʽˁˊˈˍʶˊˇ ʰˉˈ ˍˇ ˉʱ˔ˇˌ ˍˇˎ ʽ˅˗ʵˇˎˌ ˎˉˇˋˍˊ˗˃ʰˍˇˌΦ ʁ 
˄ˈ˃ˇˌ ʰˉˈˁ˂ʽˋʹˌ ˍʰ˔ˏˍʹˍʰˌ όvelocity ŘŜŦŜŎǘ ƭŀǿύ ʽˋ˔ˏʶʽ ʴʽʰ ˂ʶʾʶˌ ˁʰʽ ˍˊʰ˔ʶʾˌ ʶˉʽ˒ʱ˄ʶʽʶˌΦ 
ʅˎ˄ʶˉ˗ˌΣ ʹ ˍˊʰ˔ˏˍʹˍʰ ʶˉʽʵˊʱ ˃ˈ˄ˇ ˋˍʹ˄ ʶˋ˖ˍʶˊʽˁʺ ˉʶˊʽˇ˔ʺ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˁʰʽ ʷˍˋʽ 
ˁˊʾ˄ʶˍʰʽ ˋˁˈˉʽ˃ˇ ˄ʰ ˇˊʽˋˍʶʾ ˃ʾʰ ˁ˂ʾ˃ʰˁʰ ˍˊʰ˔ˏˍʹˍʰˌ ʹ ˇˉˇʾʰ ˄ʰ ʰ˄ˍʽˉˊˇˋ˖ˉʶˏʶʽ ˍʹ˄ ʶˉʾʵˊʰˋʹ 
ˍ˖˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˊʰ˔ˏˍʹˍʰˌ ˋˍʹ ˊˇʺΦ ɶ ʻʶ˃ʶ˂ʽ˗ʵʹˌ ˉʶʽˊʰ˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ˋʶ ʰˎˍʺ˄ ˍʹ˄ 
ˁʰˍʶˏʻˎ˄ˋʹ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ʰˉˈ ˍˇ˄ ʵʽʵʰˁˍˇˊʽˁˈ ˒ˇʽˍʹˍʺ ˍˇˎ tǊŀƴŘǘƭΣ WƻƘŀnn Nikuradse 
(1933) [29]Σ ˇ ˇˉˇʾˇˌ ˃ʷˍˊʹˋʶ ˍˇ˄ ˉʰˊʱʴˇ˄ˍʰ ˍˊʽʲʺˌ ˋʶ ˋ˖˂ʺ˄ʶˌ ˉˇˎ ʶʾ˔ʰ˄ ˍˊʰ˔ˎ˄ʻʶʾ ˍʶ˔˄ʹˍʱ 
˃ʶ ˉˎˁ˄ˇˏˌ ˁˈˁˁˇˎˌ ʱ˃˃ˇˎ ˃ʶʴʷʻˇˎˌ kΦ ʆʷʻʹˁʰ˄ ʷˍˋʽ ˍʰ ˉˊ˗ˍʰ ʻʶ˃ʷ˂ʽʰ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˋˍʹ˄ 
ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˉ˂ʷˇ˄ ʶˎˊʷ˖ˌ ʹ ʽˋˇʵˏ˄ʰ˃ʹ ˍˊʰ˔ˏˍʹˍʰ ˁˈˁˁ˖˄ ʱ˃˃ˇˎ ks 
(equivalent sand - ƎǊŀƛƴ ǊƻǳƎƘƴŜǎǎύ ʴʽʰ ˍˇ ˔ʰˊʰˁˍʹˊʽˋ˃ˈ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˋʶ ˊˇʷˌ ˁˇ˄ˍʱ ˋʶ ˍˊʰ˔ʽʱ 
ˍˇʽ˔˗˃ʰˍʰΦ ʆˇ ˇˉˇʽˇʵʺˉˇˍʶ ˍˇʾ˔˖˃ʰ ʻʶ˖ˊʶʾˍʰʽ ˃ʶ ʰˎˍʺ˄ ˍʹ˄ ˉˊˇˋʷʴʴʽˋʹ ˉ˖ˌ ˁʰ˂ˏˉˍʶˍʰʽ ʰˉˈ 
ʷ˄ʰ ˇ˃ˇʽˈ˃ˇˊ˒ˇ ˉˎˁ˄ˈ ˋˍˊ˗˃ʰ ˋ˒ʰʽˊ˗˄Φ ʋˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ʽ˅˗ʵʹ ˁ˂ʾ˃ʰˁʰ ˃ʺˁˇˎˌ όǾƛǎŎƻus 

lengthscale) ‏  z ˂ ʰ˃ʲʱ˄ˇˎ˃ʶ ˍˇ˄ ʰ˄ˍʾˋˍˇʽ˔ˇ ʰʵʽʱˋˍʰˍˇ ʰˊʽʻ˃ˈΥ 

▓▼  
◊ᶻ ▓z▼ 

○
 

(2.41) 

ɾʶ ʲʱˋʹ ʰˎˍˈ˄ ˃ˉˇˊˇˏ˄ ˄ ʰ ˇˊʽˋˍˇˏ˄ ˍˊʶʽ̩  ʲʰˋʽˁʷˌ ˉʶˊʽˇ˔ʷˌΥ  

¶ ʁ˃ʰ˂ʺ όὯ Ὧ Σ ˈˉˇˎ ʹ ˍˊʰ˔ˏˍʹˍʰ ʵʶ˄ ʷ˔ʶʽ ˁʰ˃ʾʰ ʶˉʾʵˊʰˋʹ ˋˍˇ ˃ʷˋˇ ˉˊˇ˒ʾ˂ 
ˍʰ˔ˏˍʹˍʰˌ ˁʰʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ʲˊʾˋˁˇ˄ˍʰʽ ʶ˅Ω ˇ˂ˇˁ˂ʺˊˇˎ ˋˍˇ ʽ˅˗ʵʶˌ ˎˉˈˋˍˊ˖˃ʰΦ 

¶ ɾʶˍʰʲʰˍʽˁʱ ˍˊʰ˔ʽʱ όὯ Ὧ Ὧ Σ ˈˉˇˎ ˍˈˋˇ ˍˇ ʽ˅˗ʵʶˌ ˈˋˇ ˁʰʽ ʹ 

ˍˊʰ˔ˏˍʹˍʰ ʶˉʽʵˊˇˏ˄Φ 

¶ ʃ˂ʺˊ˖ˌ ˍˊʰ˔ʽʱ όὯ Ὧ Σ ˈˉˇˎ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ˒ˍʱ˄ˇˎ˄ ʷ˅˖ ʰˉˈ ˍˇ 

ʽ˅˗ʵʶˌ ˎˉˈˋˍˊ˖˃ʰ ˁʰʽ ʹ ˍˊʽʲʺ ˍˇˎ ˍˇʾ˔ˇˎ ʴʾ˄ʶˍʰʽ ˇˎˋʽʰˋˍʽˁʱ ʰ˄ʶ˅ʱˊˍʹˍʹ ʰˉˈ ˍʹ˄ 
ʶˉʾʵˊʰˋʹ ˍˇˎ ʽ˅˗ʵˇˎˌ όʰˊʽʻ˃ˈ wŜȅƴƻƭŘǎύΦ 

ʁ ʃʾ˄ʰˁʰˌ 2.3 ̄ ʰˊˇˎˋʽʱʸʶʽ ̱ ʽˌ ̱ ʽ˃ʷˌ ˉˇˎ ʵˈʻʹˁʰ˄ ʰˉˈ ʶˊʶˎ˄ʹˍʷˌ ʴʽʰ Ὧ  ˁ ʰʽ Ὧ  : 

ʃʾ˄ʰˁʰˌ 2.3 ɼʰˍ˗ˍʶˊʶˌ ˁʰʽ ʰ˄˗ˍʶˊʶˌ ˍʽ˃ʷˌ ʴʽʰ ˍʹ˄ ˃ʶˍʰʲʰˍʽˁʱ ˍˊʰ˔ʽʱ ˉʶˊʽˇ˔ʺ 

ɳˊʶˎ˄ʹˍʺˌ ἳἻἵἷἷἼἰ ἳἺἷἽἯἰ 

Nikuradse [29], Schlichting  [8] 5.00 70 

Cebeci and Bradshaw [30] 2.25 90 
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Schultz and Flack [31] 2.50 25 

ʁ /ƭŀǳǎŜǊ [32] [33] ˃ʶ˂ʷˍʹˋʶ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ˋˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ 
˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˁʰʽ ˉʰˊˇˎˋʾʰˋʶ ˃ʽʰ ˃ʷʻˇʵˇ ˉˇˎ ʰˉʷʵʶʽ˅ʶ ˄ʰ ʶʾ˄ʰʽ ʶˎˊʷ˖ˌ ʶ˒ʰˊ˃ˇˋ˃ʷ˄ʹΦ 
ʇˉˇˋˍʺˊʽ˅ʶ ˈˍʽ ˍˇ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ˋˍˇ ʴˊʰ˃˃ʽˁˈ ˎˉˈˋˍˊ˖˃ʰ ʵʶ˄ ʽˋ˔ˏʶʽ ʴʽʰ ˍˊʰ˔ʶʾˌ ʁ ˉʽ˒ʱ˄ʶʽʶˌ 
ˁʰʽ ʵʶ˄ ʰˁˇ˂ˇˎʻʶʾ ˍˇ ˂ˇʴʰˊʽʻ˃ʽˁˈ ˉˊˇ˒ʾ˂ ˈˉ˖ˌ ʾˋ˔ˎʶ ʴʽʰ ˍʽˌ ˂ʶʾʶˌ ʶˉʽ˒ʱ˄ʶʽʶˌΦ ʁ ʾʵʽˇˌ ˁʰʽ ˇ 
Hama (1956) [34] ̄ ʰˊʰˍʺˊʹˋʰ˄ ˁʰʽ ˁʰˍʷʴˊʰ˕ʰ˄ ˈˍʽ ʹ ʶˉʾʵˊʰˋʹ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˋˍˇ ˉˊˇ˒ʾ˂ ˍʹˌ 
˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ʺˍʰ˄ ˃ʽʰ ˉˊˇˌ ˍʰ ˁʱˍ˖ ˃ʶˍʰˍˈˉʽˋʹ ˍˇˎ ˋˍʹ˄ ʶ˅ʾˋ˖ˋʹ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ, 
ʶ˄ʵʶʽˁˍʽˁʺ ˍʹˌ ʰˏ˅ʹˋʹ ̩̱ ˇˎ ʶ˂˂ʶʾ˃˃ʰˍˇˌ ˇˊ˃ʺˌ ˋʶ ˋˏʴˁˊʽˋʹ ˃ʶ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˍˇˎ ˍʶ˂ʶʾ˖ˌ ˂ʶʾˇˎ 
ˍˇʽ˔˗˃ʰˍˇˌΦ 

 

ʅ˔ʺ˃ʰ 2.16 ɶ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄ ˋʶ˄ʰˊʾˇˎ ˃ʶ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ 
ˍˊʰ˔ˏˍʹˍʰˌ ʲʰˋʽˋ˃ʷ˄ˇ ˋʶ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ 5b{ YƛƳ Ŝǘ al. [35] 
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ʅ˔ʺ˃ʰ 2.17 ɱʶ˄ʽˁʶˎ˃ʷ˄ˇˌ ˄ˈ˃ˇˌ ˍˇˎ ˍˇʾ˔ˇˎ ʴʽʰ ˂ʶʾʶˌ ˁʰʽ ˍˊʰ˔ʶʾˌ ʁ ˉʽ˒ʱ˄ʶʽʶˌ [36] 

ɶ ˃ʷˋʹ ˁʰˍʰ˄ˇ˃ʺ ˍʰ˔ˏˍʹˍʰˌ ˁˇ˄ˍʱ ˋʶ ˍˊʰ˔ʽ ɦˍˇʽ˔˗˃ʰˍʰΣ ˈˍʰ˄ ˋ˔ʶʵʽʱʸʶˍʰʽ ˋʶ ʹ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁʺ 
ˁ˂ʾ˃ʰˁʰΣ ˈˉ˖ˌ ˋˍˇ ʅ˔ʺ˃ʰ 2.17, ʷ˔ʶʽ ˍʹ˄ ʾʵʽʰ ˁ˂ʾˋʹ όρȾ‖), ʰ˂˂ʱ ˃ʾʰ ʵʽʰ˒ˇˊʶˍʽˁʺ ˋˍʰʻʶˊʱ 
ʶ˅ʾˋ˖ˋʹˌ ʶˎʻʶʾʰˌΦ ɶ ˃ʶˍʰˍˈˉʽˋʹ ˍˇˎ ʵʽʰˁʷ˄ˇˎΣ ɲ. όʺ ῳὟύΣ ʶʾ˄ʰʽ ˋˎ˄ʱˊˍʹˋʹ ˍˇˎ ˏ˕ˇˎˌ 

ʰʵʽʱˋˍʰˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˍ˖˄ ˁˈˁˁ˖˄ ʱ˃˃ˇˎ Ὧ  [37]Φ ʁ IŀƳŀ [34] ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʶ ˃ʽʰ ʶˁˍʶ˄ʺ 
ˉʶʽˊʰ˃ʰˍʽˁʺ ˃ʶ˂ʷˍʹ ˁʰʽ ˉˊˈˍʶʽ˄ʶ ˍʹ ˋˎ˄ʱˊˍʹˋʹ ˍˊʰ˔ˏˍʹˍʰˌ ʴʽʰ ˉ˂ʺˊ˖ˌ ˍˊʰ˔ʶʾˌ ́ ˇʷˌΥ 

◕║ ◕╤  
ⱥ
 ■▪▓▼ ╒ ║ 

(2.42) 

Σ ˈˉˇˎ ɰ ʁ ʾ˄ʰʽ ʹ ˋˍʰʻʶˊʺ ˍʽ˃ʺ уΦр ʴʽʰ ˉ˂ʺˊ˖ˌ ˍˊʰ˔ʽʱ ˊˇʺ ˋʶ ˋ˖˂ʺ˄ʶˌ ˁʰʽ ˉ˂ʺˊ˖ˌ ˍˊʰ˔ʽʱ ˇˊʽʰˁʱ 
ˋˍˊ˗˃ʰˍʰ ˉʱ˄˖ ʰˉˈ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˋ˒ʰʽˊʽˁʺ ˍˊʰ˔ˏˍʹˍʰ ˁʰʽ ὅ υ. 

ʅˎ˄ʶˉ˗ˌΣ ʹ ʶ˅ʾˋ˖ˋʹ (2.42) ̄ ʰʾˊ˄ʶʽ ̱ ʹ˄ ˉʰˊʰˁʱˍ˖ ˃ˇˊ˒ʺ ˉˇˎ ˋˎ˄ʰ˄ˍʱˍʰʽ ˋˎ˔˄ʱΥ 

◕║ ◕╤
ⱥ
 ■▪▓▼ Ȣ 

(2.43) 

ʁ ˄ˈ˃ˇˌ ˍˇˎ ˍˇʾ˔ˇˎ ʴʽʰ ˍˊʰ˔ʽʱ ˍˇʽ˔˗˃ʰˍʰ  ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ (2.19) ʁ ʾ˄ʰʽΥ 

◊   
ⱥ
■▪◐ ║ ◕◓▓▼  

(2.44) 
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ɲʽʰ˒ˇˊʶˍʽˁʱ ʶ˄ˋ˖˃ʰˍ˗˄ˇ˄ˍʰˌ ˍˇˎˌ ʵˏˇ ̱ ʶ˂ʶˎˍʰʾˇˎˌ ̍ ˊˇˎˌΥ 

◊   
ⱥ
■▪◐ ║  

(2.45) 

Σ ˈˉˇˎ ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇˎˌ /ŜōŜŎƛ ˁʰʽ .ǊŀŘǎƘŀǿ όмфттύ [30]: 

║ ╪║ ╪◓▓ ⱥ
■▪▓▼   (2.46) 

ˁʰʽ 

╪

ừ
Ử
Ừ

Ử
ứ

ȟ ἳἻ Ȣ  

Ἳἱἶ
Ⱬἴἶ

▓▼
Ȣ

ἴἶ
Ȣ

ȟȢ ἳἻ  

ȟ ἳἻ  

 

, ʁ ˄˗ ̀ ˏ˃˒˖˄ʰ ˃  ʁ̱ ˇ˄ Apsley (2007) [38]: 

║ ◓▓ ⱥ
■▪▓▼ ╒  (2.47) 

ˁh  ̔     ╒ ▄◓▓ ║  

ʁʽ ʵˏˇ ˋˎʴʴˊʰ˒ʶʾˌ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʶ˂ʰ˒ˊ˗ˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˋˍʰʻʶˊʷˌ ὄ ˁʰʽ `Φ ʁʽ ʶˎˊʷ˖ˌ 
˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʶˌ ʶʾ˄ʰʽ ˇʽ ˍʽ˃ʷˌ р ˁʰʽ уΦр ʰ˄ˍʾˋˍˇʽ˔ʰΦ   

2.7.5 Clauser-IŀƳŀ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ  

ɱʽʰ ˍˎˊʲ˗ʵʹ ˇˊʽʰˁʱ ˋˍˊ˗˃ʰˍʰ ˉʱ˄˖ ʰˉˈ ˍˊʰ˔ʽʱ ˍˇʽ˔˗˃ʰˍʰΣ ˍˇ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ˃ˉˇˊʶʾ ˄ʰ 
ʰ˄ʰˉʰˊʰˋˍʰʻʶʾ ˈˉ˖ˌ ˉˊˈˍʶʽ˄ʶ ˇ /ƭŀǳǎŜǊ ʰˉˈ ˃ʽʰ ʶ˃ˉʶʽˊʽˁʺ ˋ˔ʷˋʹ ʴʽʰ ˍˇ ˋ˒ʱ˂˃ʰ ˍʰ˔ˏˍʹˍʰˌ 
ˉˇˎ ˉˊˈˍʶʽ˄ʶ ˇ IŀƳŀΦ ʅˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˉˊˈˍʰˋʹ ˍ˖˄ LȅŜƴƎŀǊ ˁʰʽ CŀǊŜƭƭ [39] ˃ˉˇˊˇˏ˄ ˄ʰ 
ʵʽʰˍˎˉ˖ʻˇˏ˄ ˇʽ ʰˁˈ˂ˇˎʻʶˌ ʶˁ˒ˊʱˋʶʽˌΥ 

 

╤♯ ╤

◊z
█Ⱪȟ        Ⱪ

◐ ▀

♯
 

(2.48) 

█Ⱪ
ⱥ
ἴἶⱩ Ȣ   Ⱪ Ȣ  

█Ⱪ Ȣ Ⱪ  Ȣ Ⱪ  
 

(2.49) 
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♯
♯ᶻ

╒

╤♯
◊z
ȟ ╒ █Ⱪ

ⱩⱲⱠⱦⱤⱥʝ

Ⱪ♪ⱬⱵⱤⱥʝ

▀Ⱪ Ȣ   

(2.50) 

Σ ˈˉˇˎ Ὗ ́ ˍʰ˔ˏˍʹˍʰ ʶ˂ʶˏʻʶˊʹˌ ˊˇʺˌ ˁʰʽ ʵϝ ̱ ˇ ˉʱ˔ˇˌ ˃ʶˍʰˍˈˉʽˋʹˌΦ 

ɶ ʶ˅ʾˋ˖ˋʹ (2.48) ˃ˉˇˊʶʾ ˄ʰ ʴˊʰ˒ʶʾ ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ˄ (2.49) ˋʶ ˃ˇˊ˒ʺ ˍʷˍˇʽʰ ˗ˋˍʶ ˄ʰ 
ˋˎ˃ˉʶˊʽ˂ʱʲʶʽ ˍˇ ˃ʺˁˇˌ ˍˊʰ˔ˏˍʹˍʰˌ Ȋ0:  

╤

◊z

╤♯
◊z ⱥ

ἴἶ
◐ ▀

♯
Ȣ  ╪ᵼ

╤

◊z

╤♯
◊z ⱥ

ἴἶ
◐ ▀

◑

◑

♯
Ȣ

ᵼ
╤

◊z

╤♯
◊z ⱥ

ἴἶ
◐ ▀

◑
■▪
◑

♯
Ȣ ᵼ 

╤

◊z ⱥ
■▪
◐ ▀

◑

╤♯
◊z ⱥ

■▪
◑

♯
Ȣ   

(2.51) 

ʅˍʽˌ ˉʶˊʽˋˋˈˍʶˊʶˌ ˍ˖˄ ˉʶˊʽˉˍ˗ˋʶ˖˄ ʹ ˉʶˊʽʴˊʰ˒ʺ ˍˇˎ ˉˊˇ˒ʾ˂ ʶʾ˄ʰʽ ʶˉʰˊˁʺˌΦ ɾʶ ˋˁˇˉˈ ˄ʰ 
ˁʰ˂ˏ˕ˇˎ˃ʶ ˃ʶ ˉ˂ʹˊˈˍʹˍʰ ˁʱˉˇʽʰ ˉˊˇ˒ʾ˂ ʶʽˋʱʴˇˎ˃ʶ ˁʱˉˇʽʶˌ ˉʶˊʶˍʰʾˊ˖ ˋ˔ʷˋʶʽˌ ʴʽʰ ˍʹ˄ ʽ˅˗ʵʹ 
ˉʶˊʽˇ˔ʺ. ɶ ʽ˅˗ʵʹˌ ˉʶˊʽˇ˔ʺ ʰˉˇˍʶ˂ʶʾ ˍʹ ˃ʽˁˊˈˍʶˊʹ ˁʰʽ ˍʹ˄ ˉʽˇ ˉˊʰˁˍʽˁʱ ˃ʹ ʰ˅ʽˇˉˇʽʺˋʽ˃ʹ ˉʶˊʽˇ˔ʺ 
ˍ˖˄ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ̄ ˊˇ˒ʾ˂ ̱ ˇˎ ɳɾʃ ˂ ˈʴ˖ ˍˇˎ ˈˍʽ ˇʽ ˃ʶˍˊʺˋʶʽˌ ˉˊʷˉʶʽ ˄ʰ ʲˊʾˋˁˇ˄ˍʰʽ ˉˇ˂ˏ ˁˇ˄ˍʱ 
ˋˍˇ ʷʵʰ˒ˇˌΣ ˋˎ˄ʻʺˁʹ ˉˇˎ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ʶ˅ʰˋ˒ʰ˂ʾˋˇˎ˄ ˍʰ ˃ʶˍˊʹˍʽˁʱ ˃ʰˌΦ ʅˎ˄ʶˉ˗ˌ ˋˍʽˌ 
ˉʶˊʽˉˍ˗ˋʶʽˌ ˈˉˇˎ ʷ˔ˇˎ˄ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˃ʶˍˊʺˋʶʽˌ ˁˇ˄ˍʱ ˋˍˇ ʷʵʰ˒ˇˌ ʹ ʶˉʾʵˊʰˋʹ ˍˇˎ 
ʽ˅˗ʵˇˎˌ ˋʶ ʰˎˍʺ ˍʹ˄ ʸ˗˄ʹ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʰ˂ʹ˒ʻʶʾ. ʁʽ ˉʰˊʰˁʱˍ˖ ʹ˃ʽʶ˃ˉʶʽˊʽˁʷˌ ˋ˔ʷˋʶʽˌ 
ˉˊˇˍʱʻʹˁʰ˄ h ˉˈ ˍˇ˄ IŀƳŀ ɹ ʽʰ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʽˇ˔ʺ [34]: 

ⱴ
Ѝ ◑

◑
╕
Ѝ
ȟⱶ   

(2.52) 

Σ ˈˉˇˎ • Ѝς‌
ᶻ
ȟᾀ Ѝς‌ ᶻ, ‌ πȢρρ, F  ˍˇ ʶ˂˂ʶʽˉˍʽˁˈ ˇ˂ˇˁ˂ʺˊ˖˃ʰ мˇ  ˎʶʾʵˇˎˌ ˍˇ ˇˉˇʾˇ 

ˋˍʹ ʴʶ˄ʽˁʺ ˍˇˎ ˉʶˊʾˉˍ˖ˋʹ ˉˊˇˁˏˉˍʶʽ ʰˉˈ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˃ʺˁˇˎˌ ˍˈ˅ˇˎ ʷ˂˂ʶʽ˕ʹˌ ʺ 
ʶ˂˂ʶʽ˕ˇʶʽʵˇˏˌ ˁ ʰ˃ˉˏ˂ʹˌ: 

╕▓ȟⱴ
▀●

Ѝ ▓▼░▪●
 

ⱴ

 
(2.53) 

ɱʽʰ Ὧ
Ѝ

 , • ‪ḳὥὶὧὧέίρ ᾀ Ⱦρ ᾀ Σ ˍʽ˃ʷˌ ˇʽ ˇˉˇʾʶˌ ʵʾ˄ˇ˄ˍʰʽ ʰˉˈ ˍˇ˄ Hama, ˍˇ 

ʶ˂˂ʶʽˉˍʽˁˈ ˇ˂ˇˁ˂ʺˊ˖˃ʰ (2.53) ɹ ʾ˄ʶˍʰʽΥ 

╕▓ȟⱴ
▀◑

Ѝ ◑

◑

 
(2.54) 
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ʁʽ ̱̔ ˃ʷˌ ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ •ᾀ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍˇ ˉˊˇ˒ʾ˂ ˍˇˎ ˋˍˊ˖ˍˇˏ ˎˉˇˋˍˊ˗˃ʰˍˇˌΣ ˈˉˇˎ 
ʽˋ˔ˏʶʽ ό ώ  ʴʽʰ ˉˇ˂ˏ ˃ʽˁˊʷˌ ˍʽ˃ʷˌ ˍˇˎ ώ  ˁʰʽ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˇ˃ʰ˂ˈ ˍˊˈˉˇ ˃ʶ ˍˇ ˎˉˈ˂ˇʽˉˇ 
ˉˊˇ˒ʾ˂Φ ɶ ˉʰˊʰˉʱ˄˖ ˉʶˊʽʴˊʰ˒ʺ ̱ ˇˎ ˉˊˇ˒ʾ˂ ̱ ʹˌ ʽ˅˗ʵˇˎˌ ˉʶˊʽˇ˔ʺˌ ʽˋ˔ˏʶʽ ʴʽʰ π ώ σςȢυ. 
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3 ʃʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ˁʰʽ ʵʽʰʵʽˁʰˋʾʰ  

3.1 ʃˊˇˋˇ˃ˇʾ˖ˋʹ ɮʁʅ ˋʶ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺ ˋʺˊʰʴʴʰ ς ɳˉʽˋˁˈˉʹˋʹ ˉʶˊʽˇˊʽˋ˃˗˄ 
ˁʰʽ ˉ˂ʶˇ˄ʶˁˍʹ˃ʱˍ˖˄  

ɶ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˋʶ ʰʶˊˇˋʺˊʰʴʴʰ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ ˋʹ˃ʰ˄ˍʽˁˈ ʶˊʴʰ˂ʶʾˇ ʴʽʰ ˍʹ ˃ʶ˂ʷˍʹ ˍˇˎ 
ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌΣ ˖ˋˍˈˋˇ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁˈ ˄ʰ ʰ˄ʰ˒ʶˊʻˇˏ˄ ˁʰʽ ˁʱˉˇʽˇʽ 
ˉʽʻʰ˄ˇʾ ˉʶˊʽˇˊʽˋ˃ˇʾ. ɴ˄ʰˌ ˋʹ˃ʰ˄ˍʽˁˈˌ ʰˊʽʻ˃ˈˌ ˍ˖˄ ʰʶˊˇʵˎ˄ʰ˃ʽˁ˗˄ ˋʹˊʱʴʴ˖˄ ʵʶ˄ ʶʾ˄ʰʽ ʶʽʵʽˁʱ 
ˋ˔ʶʵʽʰˋ˃ʷ˄ʶˌ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʻʶˊ˃ʽˁ˗˄ ʶˉʽʵˊʱˋʶ˖˄Σ ˁʱˍʽ ˉˇˎ ˇʵʹʴʶʾ ˋˍʹ˄ ˍˎˉʽˁʺ 
ˎˉˈʻʶˋʹ ʶˊʴʰˋʾʰˌ ˍ˖˄ ˇˎʵʷˍʶˊ˖˄ ˋˎ˄ʻʹˁ˗˄Φ ɳˉʾˋʹˌ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˊˇ˗˄ ˉʱ˄˖ ʰˉˈ 
ʶ˅ʰʽˊʶˍʽˁʱ ˂ʶʾʶˌ ʶˉʽ˒ʱ˄ʶʽʶˌ ˃ˉˇˊʶʾ ˄ʰ ˁʰˍʰˋˍʶʾ ʰˊˁʶˍʱ ʵˏˋˁˇ˂ʹΦ ɶ ˍˏˊʲʹ ˋˍʰ ˔ʰ˃ʹ˂ˈˍʶˊʰ 
ˍ˃ʺ˃ʰˍʰ ˍʹˌ ʰˍ˃ˈˋ˒ʰʽˊʰˌ ʵʽʰ˒ˇˊˇˉˇʽʶʾˍʰʽ ʰˉˈ ˍʹ˄ ˍˏˊʲʹ ˉˇˎ ˋˎ˄ʺʻ˖ˌ ˃ʶ˂ʶˍʱˍʰʽ ˋʶ 
ʰʶˊˇˋʺˊʰʴʴʶˌ ˋʶ ʵˏˇ ʲʰˋʽˁˇˏˌ ʱ˅ˇ˄ʶˌΦ ɮˊ˔ʽˁʱΣ ʹ ˍˏˊʲʹ ʹ ˇˉˇʾʰ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍ ́ʻʶˊ˃ʽˁʺ 
˃ʶˍʰ˒ˇˊʱ ˋˎ˄ˎˉʱˊ˔ʶʽ ˃ʶ ˍʹ ˃ʹ˔ʰ˄ʽˁʺ ˍˏˊʲʹ ˉˇˎ ʵʹ˃ʽˇˎˊʴʶʾˍʰʽ ˃ʶ ˍʹ ʵʽʱˍ˃ʹˋʹ ˍˇˎ ʰ˄ʷ˃ˇˎΦ 
ɼʰˍʱ ʵʶˏˍʶˊˇ˄Σ ʹ ˍˏˊʲʹ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʰ˂˂ʹ˂ʶˉʽʵˊʱ ˃ ʶ ˍʹ ˃ʷˋʹ ˊˇʺ ̄ ˇˎ ʶˉʹˊʶʱʸʶˍʰʽ 
ʰˉˈ ˍʹ˄ ˉʶˊʽˋˍˊˇ˒ʺ ˍʹˌ ɱʹˌ [5]. 

ʃʰˊʱ ˍˇˎˌ ˉˊˇʰ˄ʰ˒ʶˊʻʷ˄ˍʶˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌ ʹ ̄ˊˇˋˇ˃ˇʾ˖ˋʹ ˋʶ hʁ ˊˇˋʺˊʰʴʴʰ ʵʽʰʻʷˍʶʽ ˁʰʽ 
ʰˊˁʶˍʱ ˋʹ˃ʰ˄ˍʽˁʱ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰΣ ʷ˄ʰ ʶˁ ˍ˖˄ ˇˉˇʾ˖˄ ʶʾ˄ʰʽ ʹ ˃ʹ ʰ˄ʱʴˁʹ ʶˉʾ˂ˎˋʹˌ ˍ˖˄ 
ˍˊʽˋʵʽʱˋˍʰˍ˖˄, ʁ ˅ʰˊˍ˗˃ʶ˄˖˄ ʰˉˈ ˍˇ ˔ˊˈ˄ˇ ʶ˅ʽˋ˗ˋʶ˖˄ Navier-Stokes ɹ ʽʰ ˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍˇˎ 
ˉʶʵʾˇˎ ˊˇʺˌ. ɮˎˍʺ ʹ ˉˊˇˋʷʴʴʽˋʹ ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ˖ˌ ʱ˃ʶˋʹ ʰˊʽʻ˃ʹˍʽˁʺ 
ˉˊˇˋˇ˃ˇʾ˖ˋʹ ό5ƛǊŜŎǘ bǳƳŜǊƛŎal Simulation - DNS) ˁʰʽ ʴʽʰ ˉˇ˂˂ʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˊˇʺˌ 
˃ʹ˔ʰ˄ˇ˂ˇʴʽˁˇˏ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ ʵʶ˄ ʶʾ˄ʰʽ ˉˊʰˁˍʽˁʺ [40]. H ʁ ˉʾˍʶˎ˅ʹ ˃ʶˍˊʺˋʶ˖˄ ˎ ˕ʹ˂ʺˌ ˔˖ˊʽˁʺˌ 
ˁʰʽ ˔ˊˇ˄ʽˁʺˌ ʰ˄ʱ˂ˎˋʹˌ ˋʶ ˉʶʽˊʱ˃ʰˍʰ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺˌ ˋʺˊʰʴʴʰ ̩ ˉˊˇˋ˒ʷˊˇˎ ˄ ˃ʽʰ ˉʽˇ 
ˇʽˁˇ˄ˇ˃ʽˁʺ ˁʰʽ ʱ˃ʶˋʰ ʵʽʰʻʷˋʽ˃ʹ ʶ˄ʰ˂˂ʰˁˍʽˁʺ ˂ˏˋʹ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ ˉʶʵʾˇˎΦ ɳˉʽˉˊˈˋʻʶˍʰΣ ˇʽ 
ˋˎ˄ʻʺˁʶˌ ʶʽˋˈʵˇˎ ˍʹˌ ʶˁʱˋˍˇˍʶ ˊˇʺˌ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ ˃ʶˍˊʹʻˇˏ˄ ˃ʶ ˎ˕ʹ˂ˈ ʲʰʻ˃ˈ ʰˁˊʾʲʶʽʰˌ 
ˁʰʽ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ʶ˂ʷʴ˔ˇˎ ˍ˖˄ ˋˍʰˍʽˋˍʽˁʱ ˋˍʰˍʽˁ˗˄ ˇˊʽʰˁ˗˄ ˋˎ˄ʻʹˁ˗˄ ʶʾ˄ʰʽ ˎ˕́˂ʺˌ ̀ ʹ˃ʰˋʾʰˌ 
ʴʽʰ ʰˁˊʽʲʶʾˌ ˋˎʴˁˊʾˋʶʽˌ ˃ʶˍʰ˅ˏ ˃ˇ˄ˍʷ˂˖˄Φ 

3.2 ɶ ʰʶˊˇʵˎ ˄ʰ˃ʽˁʺ ˋʺˊʰʴʴʰ ̱ ˇˎ ɳɾʃ 

ɶ ˁˏˊʽʰ ʶʴˁʰˍʱˋˍʰˋʹ ˍˇˎ ʶˊʴʰˋˍʹˊʾˇˎ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺˌ ˍˇˎ ɳɾʃ ʶʾ˄ʰʽ ʹ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺ 
ˋʺˊʰʴʴʰΣ ʹ ˇˉˇʾʰ ʶʾ˄ʰʽ ˔ʰ˃ʹ˂ʺˌ ˍʰ˔ˏˍʹˍʰˌΣ ˎˉˇʹ˔ʹˍʽˁʺ ˁʰʽ ˁ˂ʶʽˋˍˇˏ ˍˏˉˇˎΦ ɲʽʰʻʷˍʶʽ ʰ˅ˇ˄ʽˁˈ 
˒ˎˋʹˍʺˊʰ у ˉˍʶˊˎʴʾ˖˄ ҡʶ ʵʽʱ˃ʶˍˊˇ нΦстƳΣ ˇ ˇˉˇʾˇˌ ˍˊˇ˒ˇʵˇˍʶʾˍʰʽ ʰˉˈ ʹ˂ʶˁˍˊˇˁʽ˄ʹˍʺˊʰ 
ˋˎ˄ʶ˔ˇˏˌ ˊʶˏ˃ʰˍˇˌ ʽˋ˔ˏˇˌ оллƪ²Φ ʆˇ ˋˎ˄ˇ˂ʽˁˈ ˃ʺˁˇˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ʶʾ˄ʰʽ онƳ ˁʰʽ ʷ˔ʶʽ ˍˊʶʽˌ 
˔˗ˊˇˎˌ ʵˇˁʽ˃˗˄Σ ˍˇ˄ ˃̔ˁˊˈΣ ˍˇ˄ ˃ʶˋʰʾˇ ˁ ʰʽ ˍˇ˄ ˃ʶʴʱ˂ˇ ̝ ˗ˊˇ ʵˇˁʽ˃˗˄ (ʅ˔ʺ˃ʰ 3.1)Σ ˇʽ ʵʽʰˋˍʱˋʶʽˌ 
ˍ˖˄ ˇˉˇʾ˖˄ ʵʾ˄ˇ˄ˍʰʽ ˋˍˇ˄ ʃʾ˄ʰˁʰˌ 3.1  [41]. 
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ʅ˔ʺ˃ʰ 3.1 ʅˁʰˊʾ˒ʹ˃ʰ ʰʶˊˇʵˎ˄ʰ˃ʽˁʺˌ ˋʺˊʰʴʴʰˌ ɳɾʃ [41] 

ʃʾ˄ʰˁʰˌ 3.1 ɲʽʰˋˍʱˋʶʽˌ ˁʰʽ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍ˖˄ ʶˉʽ˃ʷˊˇˎˌ ˔˗ˊ˖˄ ʵˇˁʽ˃˗˄ 

ʋ˗ˊˇˌ ʵˇˁʽ˃˗˄ ʃ˂ʱˍˇˌ [m] ʈ˕ˇˌ ώƳϐ ɾʷʴʽˋˍʹ ̱ ʰ˔ˏˍʹˍʰ [m/s]  

ɾʶʴʱ˂ˇˌ 4.5 3.5 9.5 

ɾʶˋʰʾˇˌ 3.5 2.5 17.0 

ɾʽˁˊˈˌ 1.8 1.4 60.0 

 
ʁ ˃ʁ ʴʱ˂ˇˌ ̝ ˗ˊˇˌ ʵˇˁʽ˃˗˄ ʁ ʾ˄ʰʽ ʽʵʰ˄ʽˁˈˌ ˔˗ˊˇˌ ʴʽʰ ˍʹ˄ ʵˇˁʽ˃ʺ ˃ ʽˁˊ˗˄ ʰʶˊˇˁʽ˄ʹˍʺˊ˖˄. ʁ ˃̔ ˁˊˈˌ 
˔˗ˊˇˌ ɻ ˇˁʽ˃˗˄ ʷ˔ʶʽ ʵʽʰˋˍʱˋʶʽˌ ˉ˂ʱˍˇˎˌ мΦуƳ ˁʰʽ ˏ˕ˇˎˌ мΦпƳ ˁʰʽ ʰ˄ʰˉˍˏˋˋʶʽ ˃ʷʴʽˋˍʹ ̱ ʰ˔ˏˍʹˍʰ 
ˊˇʺˌ слƳκǎ ҡʶ ʶˉʾˉʶʵˇ ˍˏˊʲʹˌ лΦн҈Φ ɾˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˍʹ˄ ʵˇˁʽ˃ʺ ʵʽˋʵʽʱˋˍʰˍ˖˄ 
ʰʶˊˇˍˇ˃˗˄Σ ˉˍʶˊˎʴʾ˖˄ ˁ ʰʽ ˃ˇ˄ˍʷ˂˖  ˄h ʶˊˇˋˁʰ˒˗˄Σ ʰˍˊʱˁˍ˖˄Σ ˇ˔ʹ˃ʱˍ˖˄ ˁ ˂ˉΦ ʁ ˃ʶˋʰʾˇˌ ̝ ˗ˊˇˌ 
ʵˇˁʽ˃˗˄ ʶʾ˄ʰʽ ˇ ˔˗ˊˇˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˍˇ ̄ʁ ʾˊʰ˃ʰΦ ɴ˔ʶʽ ʵʽʰˋˍʱˋʶʽˌ ˉ˂ʱˍˇˎˌ оΦрƳΣ 
ˏ˕ˇˎˌ нΦрƳΣ ˁʰʽ ˃ʺˁˇˎˌ мнƳ ˁʰʽ ʰ˄ʰˉˍˏˋˋʶʽ ˃ʷʴʽˋˍʹ ˍʰ˔ˏˍʹˍʰ ˊˇʺˌ мтƳκǎΦ ɲʽʰʻʷˍʶʽ ʹ˂ʶˁˍˊʽˁʱ 
ʶ˂ʶʴ˔ˈ˃ʶ˄ʹ ˉʶˊʽˋˍˊʶ˒ˈ˃ʶ˄ʹ ˍˊʱˉʶʸʰ ʵʽʰ˃ʷˍˊˇˎ нΦрƳΦ ɳʾ˄ʰʽ ʽʵʰ˄ʽˁˈˌ ˔˗ˊˇˌ ʴʽʰ ˍʹ˄ ˃ʶ˂ʷˍʹ 
˃ʽˁˊ˗˄ ʰʶˊˇˁʽ˄ʹˍʺˊ˖˄ ˁʰʽ ʲʽˇ˃ʹ˔ʰ˄ʽˁ˗˄ ʶ˒ʰˊ˃ˇʴ˗˄Σ ˈˉ˖ˌ ˇˉˍʽˁˇˉˇʾʹˋʹ ˍʹˌ ˊˇʺˌ ˁʰʽ 
ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ʰʶˊˇʵˎ˄ʰ˃ʽˁ˗˄ ʵˎ˄ʱ˃ʶ˖˄ ˉˇˎ ʰˋˁˇˏ˄ˍʰʽ ˋʶ ˁˍʹˊʽʰˁʷˌ ˁʰˍʰˋˁʶˎʷˌΣ ˃ʶ˂ʷˍʶˌ 
ʵʽʰˋˉˇˊʱˌ ˊˎˉʰ˄ˍ˗˄ ˁʰʽ ʱ˂˂ʰΦ 
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ʅ˔ʺ˃ʰ 3.2 ʆˊʽˋʵʽʱˋˍʰˍˇ ˃ ˇ˄ˍʷ˂ˇ ̱ ˇˎ ˃ ʶˋʰʾˇˎ ̝ ˗ˊˇˎ ɻ ˇˁʽ˃˗˄ ̱ ʹˌ ̀ ʺˊʰʴʴʰˌ [42] 

 

 

 

ʅ˔ʺ˃ʰ 3.3 ʅˁʰˊʾ˒ʹ˃ʰ ˁʱˍˇ˕ʹˌ ˍˇˎ ˃ʶˋʰʾˇˎ ˔˗ˊˇˎ ʵˇˁʽ˃˗˄ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰˌ [42]  
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ʅ˔ʺ˃ʰ 3.4 ʊ˖ˍˇʴˊʰ˒ʾʰ ʶ˄ˍˈˌ ˍˇˎ ˃ʶˋʰʾˇˎ ˔˗ˊˇˎ ʵˇˁʽ˃˗˄ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰˌ 

3.3 ʆʶ˔˄ʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ h ˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇ́ ʽʰˁˇˏ ˋ̱ ˊ˗˃ʰˍˇˌ 

ɱʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ɮʁʅΣ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʵʽʱ˒ˇˊʶˌ ˃ʷʻˇʵˇʽ ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ 
ˁʰˍʹʴˇˊʽˇˉˇʽʹʻˇˏ˄ ˋʶ ʶ˄ʶˊʴʹˍʽˁʷˌ ˁʰʽ ˉʰʻʹˍʽˁʷˌΦ ɶ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˋʶ ˃ʶʴʱ˂ʹ ˁ˂ʾ˃ʰˁʰ ʰˉʰʽˍʶʾ 
ˍʹ ʵʽʶ˅ʰʴ˖ʴʺ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌ ˋʶ ʰˊˁʶˍʱ ˃ʶʴʱ˂ʹ ˋʺˊʰʴʴʰ ˃ʺˁˇˎˌ нл-ол ˃ʷˍˊ˖˄Σ ˗ˋˍʶ ˄ʰ 
ʶˉʽˍʶˎ˔ʻʶʾ ʽˁʰ˄ˇˉˇʽʹˍʽˁʺ ʵʽʰ˃ˈˊ˒˖ˋʹ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌΦ ʁʽ ʶ˄ʶˊʴʹˍʽˁʷˌ ˃ʷʻˇʵˇʽ 
˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ ʴʶ˄˄ʺˍˊʽʶˌ ˍˏˊʲʹˌΣ ˈˉ˖ˌ ʵʷˋ˃ʶˌ ʰʷˊʰΣ ʴʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ɮʁʅ. ɮ˄ˍʾˋˍˇʽ˔ʰΣ 
ˇ̔ ̄ ʰʻʹˍʽˁʷˌ ˃ʷʻˇʵˇʽ ̄ ʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ʁ ˃ˉˈʵʽʰΣ ˈˉ˖ˌ ˉ˂ʷʴ˃ʰΣ ʶˉʾˉʶʵʶˌ ˉ˂ʱˁʶˌΣ ˍˇʾ˔ˇˌ-˒ˊʱ˔ˍʹˌΣ 
ˍʱ̄ʹˍʶˌΣ ˇˊʻˇʴ˖˄ʽˁʱ ʺ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ˁΦʰ. ɶ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˋʶ ˃ʽˁˊˈˍʶˊʶˌ ˋʺˊʰʴʴʶˌΣ ʷ˔ʶʽ 
ʰˉˇʵʶʽ˔ʻʶʾ ˈˍʽ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʶ ˋˎ˄ʵˎʰˋ˃ˈ ̌ ʲʶ˂ʾˋˁ˖˄ ˋˍʹ˄ ʰˊ˔ʺ ˍʹˌ ˋʺˊʰʴʴʰˌ ˁ ʰʽ ˃ ʶ ˋˍˇʽ˔ʶʾʰ 
ˍˊʰ˔ˏˍʹˍʰˌ ˁʰˍʱ ˃ʺˁˇˌ ʰˎˍʺˌ. ɴ˔ˇˎ˄ ʴʾ˄ʶʽ ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ ˃ʶ ˇʲʶ˂ʾˋˁˇˎˌ ʵʽʰ˒ˈˊ˖˄ ˋ˔ʹ˃ʱˍ˖˄Σ 
ˈˉ˖ˌ ʶ˂˂ʶʽˉˍʽˁˇˏˌΣ ˍˊʽʴ˖˄ʽˁˇˏˌΣ ʰˁˈ˃ʰ ˁʰʽ ˃ʶ ˁˇ˃˃ʷ˄ʰ ˍʰ ʶˉʱ˄˖ ʱˁˊʰ ˍˇˎˌΣ ˁʰʻ˗ˌ ˁʰʽ ˃ʶ 
ʱ˂˂ʶˌ ˍʶ˔˄ʽˁʷˌΦ ʍˌ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌ ˃ˉˇˊˇˏ˄ ʶˉʽˍˎ˔˗ˌ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ 
ˁˏʲˇʽ ʺ ˉˊʾˋ˃ʰˍʰ ʶʾˍʶ ˃ʶ ˇ˃ˇʽˈ˃ˇˊ˒ʹ ˁʰˍʰ˄ˇ˃ʺ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˋʶ ˈ˂ʹ ˍʹ˄ ʶˉʽ˒ʱ˄ʶʽʰΣ ʶʾˍʶ ˃ʶ 
ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˉˎˁ˄˗ˋʶʽˌ ʰ˄ʱ ˃ˇ˄ʱʵʰ ʶˉʽ˒ʱ˄ʶʽʰˌΦ ɳˉʽˉ˂ʷˇ˄Σ ˖ˌ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ʷ˔ˇˎ˄ 
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˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˍʱˉʹˍʶˌΣ ˔ʰ˂ʾˁʽΣ ˁˎ˂ʽ˄ʵˊʽˁʱ ˋˍˇʽ˔ʶʾʰ ˁʰʽ ʱ˂˂ʰ ʰˁʰ˄ˈ˄ʽˋˍʰ ˋ˔ʺ˃ʰˍʰ [43] [44] 
[45] [46] [47] [48].  

3.3.1 ʁʲʶ˂ʾˋˁˇʽ 

ʁʽ ˇʲʶ˂ʾˋˁˇʽ ʶˉʽˍˎʴ˔ʱ˄ˇˎ˄ ˍʹ˄ ʰˏ˅ʹˋʹ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌΦ ʁ LǊǿƛƴ [49] ̄ ˊˈˍʶʽ˄ʶ ˍʹ ˔ˊʺˋʹ 
ˇʲʶ˂ʾˋˁ˖˄ ˍˊʽʴ˖˄ʽˁˇˏ ˋ˔ʺ˃ʰˍˇˌ ˁʰʽ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ˖ˌ ˃ʷʻˇʵˇ ʴʽʰ ˍʹ˄ 
ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ɮʁʅΦ ʅʶ ˃ʽʰ ˋʺˊʰʴʴʰ ˏ˕ˇˎˌ нΦрƳ όIҐнΦрƳύΣ ˃ʶ ˋˍˈ˔ˇ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʷ˄ʰ 
ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˏ˕ˇˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʵΣ ˃ʶ ˃ʽʰ ˁʰˍʰ˄ˇ˃ʺ ˍʰ˔ˏˍʹˍʰˌ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾ ˍˇ˄ 
ʶˁʻʶˍʽˁˈ ˄ˈ˃ˇ ˃ʶ ʶˁʻʷˍʹ ʰΣ ˇʽ ʵʽʰˋˍʱˋʶʽˌ ˍ˖˄ ˇʲʶ˂ʾˋˁ˖˄ όōϊƘύ (ʅ˔ʺ˃ʰ 3.5) ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ 
˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʽˌ ˉʰˊʰˁʱˍ˖ ʶ˅ʽˋ˗ˋʶʽˌΥ 
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ɱʽʰ ˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˉʶʾˊʰ˃ʰΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˇ ʶ˅ˇˉ˂ʽˋ˃ˈˌ ˉˇˎ ˋ˔ʶʵʽʱˋˍʹˁʶ ʰˉˈ ˍˇ˄ Z. Xing 
[42] ̌  ˇˉˇʾˇˌ ˁʰʽ ˎˉˇ˂ˈʴʽˋʶ ˍʽˌ ʵʽʰˋˍʱˋʶʽˌ ˍ˖˄ ˇʲʶ˂ʾˋˁ˖˄ ʲʱˋʶʽ ˍ˖˄ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʶ˖˄ ό(3.1)-
(3.4)) ʴʽʰ ʷ˄ʰ ˏ˕ˇˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˉˇˎ ˁˎ˃ʰʾ˄ʶˍʰʽ ʰˉˈ м-мΦрƳ ʶ˄ˍˈˌ ˃ʽʰˌ ˋʺˊʰʴʴʰˌΦ ʁʽ 
ˍʽ˃ʷˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʺˍʰ˄ ʰҐлΦмн-0.30 ˁʰʽ ˁ˂ʾ˃ʰˁʰ ʰ˄ʰ˂ˇʴʾʰˌ мΥоллΦ ɮˉˇˍʷ˂ʶˋ˃ʰ 
ʰˎˍ˗˄ ˍ˖˄ ˎˉˇ˂ˇʴʽˋ˃˗˄ ʶʾ˄ʰʽ ˇʽ ʵʽʰˋˍʱˋʶʽˌ ƘҐмΦулƳ ˁʰʽ ōҐлΦнƳ ˍ˖˄ ˍʶˋˋʱˊ˖˄ ˎ˕ʹ˂˗˄ 
ˇʲʶ˂ʾˋˁ˖˄Σ ʶ˄˗ ˍ˖˄ ˎˉˈ˂ˇʽˉ˖˄ ʶˉʽˉˊˈˋʻʶˍ˖˄ ˍˊʽ˗˄ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˋˍʽˌ ˍʷˋˋʶˊʽˌ ʶˁ 
ˍ˖˄ ˉʷ˄ˍʶ ʵʽʰˍʱ˅ʶ˖˄ ʶʾ˄ʰʽ ̄ ʶˊʾˉˇˎ ƘҐмΦрлƳ ˁʰʽ ōҐлΦнƳΦ 
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ʅ˔ʺ˃ʰ 3.5 ʅ˔ʷʵʽˇ ̱ ˊʽʴ˖˄ʽˁˇˏ ̌ ʲʶ˂ʾˋˁˇˎ ˁ ʰˍʱ Irwin [49] 

 

 

 

ʅ˔ʺ˃ʰ 3.6 ʃʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˁʰˍʱ LǊǿƛƴ [49] 

3.3.2 ʊˊʱ˔ˍʹˌ ς ʆˇʾ˔ˇˌ 

ɶ ˔ˊʺˋʹ ˒ˊʱˁˍʹ ς ˍˇʾ˔ˇˎ ˋˍʹ ˊˇʺ ʶ˄ˍˈˌ ʰʶˊˇˋʺˊʰʴʴʰˌ ʴʽʰ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ɮʁʅ 
ˉˊˇˍʱʻʹˁʶ ʰˉˈ ˍˇ˄ Counihan [50] [51]Φ ʁ ˒ˊʱ˔ˍʹˌ ʵʽʰʵˊʰ˃ʰˍʾʸʶʽ ˊˈ˂ˇ ˋˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ʰˊ˔ʽˁˇˏ 
ʶ˂˂ʶʾ˃˃ʰˍˇˌ ˇˊ˃ʺˌ ˁʰʽ ʲʱʻˇˎˌ ˋˍˇ ˇˊʽʰˁˈ ˋˍˊ˗˃ʰΣ ˍˇ ˇˉˇʾˇ ʰ˄ʰ˃ʶ̔ ʴ˄ˏʶˍʰʽ ˃ʶ ˍʹ˄ 
ʰ˄ʰˉˍˎˋˋˈ˃ʶ˄ʹ ˊˇʺ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍ˖˄ ˇʲʶ˂ʾˋˁ˖˄Φ ʆˇ ˏ˕ˇˌ ˍˇˎ ˒ˊʱ˔ˍʹ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ 
ˋʶ ˍʷˍˇʽˇˎ ʶʾʵˇˎˌ ˉʶʽˊʱ˃ʰˍʰ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˉʶˊʾˉˇˎ ˋʶ ʷ˄ʰ ˈʴʵˇˇ ˍˇˎ ˏ˕ˇˎˌ ˍ˖˄ ˇʲʶ˂ʾˋˁ˖˄Φ 
ʅˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ˉʶʽˊʰ˃ʰˍʽˁʺ ˃ʶ˂ʷˍʹ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʾʹˋʶ ˇ [ƛƴ [52]Σ ʹ ˏˉʰˊ˅ʹ ˍˇˎ ˒ˊʱ˔ˍʹ 
ʶˉʹˊʶʱʸʶʽ ˍˈˋˇ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˈˋˇ ˁʰʽ ˍʹ˄ ʷ˄ˍʰˋʹ ˍʹˌ ˍˏˊʲʹˌΦ ʆˇ ˏ˕ˇˌ ˍˇˎ 
˒ˊʱ˔ˍʹ ʁ ʾ˄ʰʽ нлΦрŎƳΦ 
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3.3.3 ʅˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ 

ʆʰ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ʶˉʽˍˎʴ˔ʱ˄ˇˎ˄ ˍʹ˄ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˍˇˎ ʶʵʱ˒ˇˎˌ. ʆʰ 
ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ˉˇˎ ʶˉʽ˂ʷʴˇ˄ˍʰʽ ˁʰˍʱ ˁ ˈˊˇ˄ ˁʰʽ ʶʾ˄ʰʽ ˉʽˇ ʶˎˊʷ˖ˌ ̝ ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʰ ʁ ʾ˄ʰʽ 
ˍʰ ˁˎʲʽˁʱ ˁʰʽ ˍʰ ˇˊʻˇʴ˖˄ʽˁʱΣ ʶ˄˗ ʷ˔ˇˎ˄ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʶˉʽˍˎ˔˗ˌ ˁʰʽ ˁˎ˂ʽ˄ʵˊʽˁʱ ˋˍˇʽ˔ʶʾʰ ʰ˂˂ʱ 
ˁʰʽ ˍʱˉʹˍʰˌ ˁʰʽ ˔ʰ˂ʾˁʽ. ɶ ˃ʶʻˇʵˇ˂ˇʴʾʰ ˎˉˇ˂ˇʴʽˋ˃ˇˏ ˍ˖˄ ʶˁʱˋˍˇˍʶ ʵʽʰˋˍʱˋʶ˖˄ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ 
ˍˊʰ˔ˏˍʹˍʰ ̩̄ ʰˊˇˎˋʽʱʸʶˍʰʽ ˉʰˊʰˁʱˍ˖ [44] [49]. 

ɾʶˍʰ˅ˏ ˍʹˌ ˉ˂ʶˎˊʱˌ ƪ ˍ˖˄ ˁˎʲʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˁʰʽ ˍʹˌ ʰˉˈˋˍʰˋʹˌ 5 ˃ʶˍʰ˅ˏ ʰˎˍ˗˄Σ ʴʽʰ ˏ˕ˇˌ 
ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʵ ˁʰʽ ʶˁʻʷˍʹ ʰ ˁʰˍʰˍˇ˃ʺˌ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌΣ ʽˋ˔ˏʶʽ ʹ ˋ˔ʷˋʹΥ 

▓
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Ȣ  
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Ȣ

Ȣ

 
(3.5) 

, ̍ ˉ̌ :ˎ 

╒█ Ȣ  
╪

╪
  

(3.6) 

ʁʽ ˉʰˊʰˉʱ˄˖ ˋ˔ʷˋʶʽˌ ʽˋ˔ˏˇˎ˄ ˈˍʰ˄ ʽˁʰ˄ˇˉˇʽʶʾˍʰʽ ʹ ˋˎ˄ʻʺˁʹ: 

♯╓

▓
  

(3.7) 

ʅˍˇ ˉʰˊˈ˄ ˉʶʾˊʰ˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˇ ʶ˅ˇˉ˂ʽˋ˃ˈˌ ˋˍˇʽ˔ʶʾ˖˄ ˍˊʰ˔ˏˍʹˍʰˌ ˍˇˎ ½Φ Xing [42] o 
ˇˉˇʾˇˌ ˃ʶ ʲʱˋʹ ˍʽˌ ˉʰˊʰˉʱ˄˖ ˁʰˍʶˎʻˏ˄ˋʶʽˌ ˋ˔ʶʵʽʰˋ˃ˇˏ ˁʰʽ ˁʰˍˈˉʽ˄ ʵˇˁʽ˃˗˄Σ ʶˉʷ˂ʶ˅ʶ ˉ˂ʶˎˊʱ 
ˁˏʲ˖˄ ƪҐрŎƳ ˁʰʽ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˍˇˎˌ 5ҐнлŎƳΣ ˈˋˇ˄ ʰ˒ˇˊʱ ˍʰ ˃ˉ˂ˇˁ ʵʽʰˍʱ˅ʶ˖˄ ˃ʶ ˍʰ 
˃ʶʴʰ˂ˏˍʶˊʰ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰΦ ʋˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʶˉʾˋʹˌ ʵˏˇ ˃ˉ˂ˇˁ ʵʽʰˍʱ˅ʶ˖˄ ˋˎ˄ˇ˂ʽˁ˗˄ 
ʵʽʰˋˍʱˋʶ˖˄ 2.95 ʋ 0.60m ˋˍʰ ˇˉˇʾʰ ˍʰ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ˉ˂ʶˏˊʰˌ ƪҐоŎƳ ʰ˄ʰʵʽʰˍʱ˔ʻʹˁʰ˄ 
ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇˌ ʵʶʾˁˍʹˌ ˉˎˁ˄ˈˍʹˍʰˌ ʶˉʽ˒ʱ˄ʶʽʰˌ (planar area index 

p˂). ʆʰ ˋˍˇʽ˔ʶʾʰ ˁʰˍʰˋˁʶˎʱˋˍʹˁʰ˄ ʰˉˈ ʵʽˇʴˁ˖˃ʷ˄ʹ ˉˇ˂ˎˋˍʶˊʾ˄ʹ ό˒ʶ˂ʽʸˈ˂ύ. ʆˇˉˇʻʶˍʹ˃ʷ˄ʰ ˃ʶ 
ˁˈ˂˂ʰ ˁʰʽ ˋʶ ˁʱˉˇʽʶˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˍʰʽ˄ʾʰ ʵʽˉ˂ʺˌ ˈ˕ʶ˖ˌ ˋʶ ˅ˏ˂ʽ˄ʶˌ ˃ʰˁʷˍʶˌ, ˉˇˎ ˃ˉˇˊˇˏ˄ ˄ʰ 
ˁʽ˄ʹʻˇˏ˄ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ˋʺˊʰʴʴʰˌ ˗ˋˍʶ ˄ʰ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˁʱʻʶ ˒ˇˊʱ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ 
ʵʽʰ˒ˇˊʶˍʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˃ʶ ʰˉ˂ʺ ˃ʶˍʰˁʾ˄ʹˋʹ ˍ˖˄ ˃ˉ˂ˇˁ ˁʰˍʱ ˃ʺˁˇˌ ˍʹˌ ˊˇʺˌ. 

ʂˋˇ˄ ʰ˒ˇˊʱ ˍˇ ˃ˉ˂ˇˁ ˃ʶ ˍʰ ˃ʽˁˊˈˍʶˊʰ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ˉ˂ʶˎˊʱˌ ƪҐоŎƳ ́  ˉˎˁ˄ˈˍʹˍʰ ˋˍˇʽ˔ʶʾ˖˄ 
ʰ˄ʱ ˃ˇ˄ʱʵʰ ʶˉʽ˒ʱ˄ʶʽʰˌ [53] ʁ ˉʽ˂ʷ˔ʻʹˁʶ ˖ˌ лΦмнр ˁʰʽ ʰˉˇˍʷ˂ʶˋʶ ˉʰˊʱ˃ʶˍˊˇ ˋ˔ʶʵʾʰˋʹˌ ʴʽʰ ˍʹ˄ 
ʵʹ˃ʽˇˎˊʴʾʰ ˍʹˌ ˃ʰˁʷˍʰˌ (ʅ˔ʺ˃ʰ 3.7, ʅ˔ʺ˃ʰ 3.8). ʆ̌  ˉ˂ʺʻˇˌ ˍ˖˄ ˁˎʲʽˁ˗  ˄ˋˍˇʽ˔ʶʾ˖  ˄ˉˇˎ ʷˉˊʶˉʶ 
˄ʰ ˍˇˉˇʻʶˍʹʻˇˏ˄  ʷˉʶʽˍʰ ʰˉˈ ˋ˔ʶˍʽˁˇˏˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌ ʺˍʰ˄ нпр. ɶ ˉˎˁ˄ˈˍʹˍʰ ˋˍˇʽ˔ʶʾ˖˄ ʰ˄ʱ 
˃ˇ˄ʱʵʰ ʶˉʽ˒ʱ˄ʶʽʰˌ ˇˊʾʸʶˍʰʽ ̟ ˌΥ 

Ἰ

ἋἜ
Ἃἢ
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Σ ˈˉˇˎ !  ́  ʁ̄ ʽ˒ʱ˄ʶʽʰ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ !  ́  ˋˎ˄ˇ˂ʽˁʺ ʶˉʽ˒ʱ˄ʶʽʰΦ 

 

 

ʅ˔ʺ˃ʰ 3.7 ɼʱˍˇ˕ʹ ˋ˔ʶʵʾˇˎ ˃ʶ ʵʽʰˋˍʱˋʶʽˌ ˋʶ ˔ʽ˂ʽˇˋˍʱ όmmύ ʴʽʰ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ˃ʶ 
ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ оcm ̀ ˍˇ SolidWorks 

 

ʅ˔ʺ˃ʰ 3.8 3D ˃ ˇ˄ˍʷ˂ˇ ʴʽʰ ̱  ́ɻ ʽʱˍʰ˅ʹ ˃ʶ ˍʰ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ оcm 
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ʅ˔ʺ˃ʰ 3.9 ʊ˖ˍˇʴˊʰ˒ʾʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ ˃ʶ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ 3cm 

 

ʅ˔ʺ˃ʰ 3.10 ʊ˖ˍˇʴˊʰ˒ʾʰ (ˁʱˍˇ˕ʹ) ̱ ʹˌ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ  
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3.4 ʃʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ 

ʅˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ˃ʶ˂ʶˍʺʻʹˁʰ˄ ˋˎ˄ˇ˂ʽˁʱ 5 ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ ʴʽʰ ˍʹ˄ 
ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ɮʁʅ, ˇʽ ˇˉˇʾʶˌ ˋˍʹˊʾ˔ˍʹˁʰ˄ ˋʶ н ʵʽʰ˒ˇˊʶˍʽˁˇˏ ˍˏˉˇˎ ˃ʰˁʷˍʶˌ. ɶ ˉˊ˗ˍʹ 
ʰ˒ˇˊˇˏˋʶ ˍʹ˄ ʺʵʹ ˎˉʱˊ˔ˇˎˋʰ ʵʽʱˍʰ˅ʹ ˍˇˎ ½Φ·ƛƴƎ [42] ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ 
ˍˊʰ˔ˏˍʹˍʰˌ ˃ʶ ˉ˂ʶˎˊʱ ƪҐрŎƳ ˁʰʽ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˍˇˎˌ 5ҐнлŎƳΦ ɶ ʵʶˏˍʶˊʹ ˃ʰˁʷˍʰ 
ˁʰˍʰˋˁʶˎʱˋˍʹˁ ʁˁʰʽ ʰ˄ʰˉˊˇˋʰˊ˃ˈˋˍʹˁʶ ˃ʶ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ˃ʶ ˉ˂ʶˎˊʱ ƪҐоŎƳ ˁʰʽ 
ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˍˇˎˌ D=5.485cm ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʵˇˁʽ˃ʰˋˍˇˏ˄ ˄ʷʶˌ ʵʽʰˍʱ˅ʶʽˌ ˉˇˎ 
ˁʰˍʰ˂ʰ˃ʲʱ˄ˇˎ˄ ʰˊˁʶˍʱ ˃ʽˁˊˈˍʶˊˇ ˃ʷˊˇˌ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰˌ ˋˍˇ ˃ˉˊˇˋˍʽ˄ˈ ʺ ˍʶ˂ʶˎˍʰʾˇ ˁ ˇ˃˃ʱˍʽ 
ˍʹˌ ˊˇʺˌ ʶʽˋˈʵˇˎΦ ɳˉʽˉ˂ʷˇ˄ ˋʶ ˈ˂ʶˌ ˍʽˌ ʵʽʰˍʱ˅ʶʽˌ ˉ˂ʹ˄ ˍʹˌ ˍʶ˂ʶˎˍʰʾʰˌ ˉˊˇˋˍʷʻʹˁʶ ˁʰʽ ʷ˄ʰˌ 
˒ˊʱ˔ˍʹˌ-ˍˇʾ˔ˇˌ ˏ ˕ˇˎˌ нлΦрŎƳ ˉʾˋ˖ ʰˉˈ ˍˇˎˌ ˇʲʶ˂ʾˋˁˇˎˌ ˋˏ˃˒˖˄ʰ ҡʶ ˍʹ˄ ˉʶʽˊʰ˃ʰˍʽˁʺ ˃ʶ˂ʷˍʹ 
ˍˇˎ [ƛƴ [52]. ɶ ʻʷˋʹ ˃ʷˍˊʹˋʹˌ ʶˉʽ˂ʷ˔ʻʹˁʶ ˄ʰ ʶʾ˄ʰʽ ˋˍˇ ˁʷ˄ˍˊˇ ˍʹˌ ˉʶˊʽˋˍˊʶ˒ˈ˃ʶ˄ʹˌ ˍˊʱˉʶʸʰˌ όȄ 
= 0), ̍ ˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ ʅ˔ʺ˃ʰ 3.11Φ ɱʽʰ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ʹ ˁʰˍʱ˂˂ʹ˂ʹ ʰˁˊʾʲʶʽʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ 
ʰˎˍˇˊˊˎʻ˃ʽʸˈ˃ʶ˄ˇ ɹ ˊʰ˃˃ʽˁˈ ʰ˂ ˒ʱʵʽ ƭŀǎŜǊ ˁˈˁˁʽ˄ʹˌ ʵʷˋ˃ʹˌ ( 
ʅ˔ʺ˃ʰ 3.12) 
 
 

 
ʅ˔ʺ˃ʰ 3.11 ɸʷˋʹ ˃ʷˍˊʹˋʹˌ ˋˍʹ˄ ˉʶ́ʽ̱̀ ˊʶ˒ˈ˃ʶ˄ʹ ˍˊʱˉʶʸʰ ̀ ˍʽˌ ̄ ʶʽˊʰ˃ʰˍʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ 
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ʅ˔ʺ˃ʰ 3.12 ʋˊʺˋʹ ʴˊʰ˃˃ʽˁˇˏ ʰ˂˒ʰʵʽˇˏ ƭŀǎŜǊ ʴʽʰ ˍˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˁʰʽ ˍʹ˄ ˍˇˉˇʻʷˍʹˋʹ ˍˇˎ 
˃ʶˍˊʹˍʽˁˇˏ ̀ ˍ́ ʻʷˋʹ ȄҐл ˍʹˌ ˉʶˊʽˋˍˊʶ˒ˈ˃ʶ˄ʹˌ ˍˊʱˉʶʸʰˌ 

ɶ ʰˊ˔ʽˁʺ ʵʽʱˍʰ˅ʹ ζрŎƳψпǎǇƛǊŜǎη ˉʶˊʽ˂ʱ˃ʲʰ˄ʶ 4 ˇʲʶ˂ʾˋˁˇˎ ̩όǎǇƛǊŜǎύ ˋˍʹ˄ ʶʾˋˇʵˇ ˍʹˌ ˊˇʺˌΣ ˍˇ˄ 
˒ˊʱ˔ˍʹ  ˁʰʽ ˍʰ мл ˃ˉ˂ˇˁ ˃ʰˁʷˍʰˌ ˃ʶ ˍʰ ˁˎʲʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ˍ˖˄ рŎƳΣ ˈˉ˖ˌ ˒ʰʾ˄ʶˍʰʽ 
ˋˍʰ ˉʰˊʰˁʱˍ˖ ˋ˔ʺ˃ʰˍʰΦ  
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ʅ˔ʺ˃ʰ 3.13 ʅˁʰˊʾ˒ʹ˃ʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ рŎƳψпǎǇƛǊŜǎ 

 

 

ʅ˔ʺ˃ʰ 3.14 ʊ˖ˍˇʴˊʰ˒ʾʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ рcm_4spires 
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ʅˍʹ ˋˎ˄̫ ˔ʶʽʰ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ т ˇʲʶ˂ʾˋˁˇʽ ˋˍʹ˄ ʶʾˋˇʵˇ ˍʹˌ ˊˇʺˌ, ʶ˄˗ ˍ h˃ˉ˂ˇˁ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ 
ˍˊʰ˔ˏˍʹˍʰˌ ˉʰˊʷ˃ʶʽ˄ʰ ˄ʰˁˊʽʲ˗ˌ ˍʰ ʾʵʽʰΦ ʆˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ 
˒ʷˊʶʽ ˍˇ ˈ˄ˇ˃ʰ ζрŎƳψтǎǇƛǊŜǎη 

 

ʅ˔ʺ˃ʰ 3.15 ʅˁʰˊʾ˒ʹ˃ʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ рŎƳψтǎǇƛǊŜǎ 
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ʅ˔ʺ˃ʰ 3.16 ʊ˖ˍˇʴˊʰ˒ʾʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ рŎƳψтǎǇƛǊŜǎ 

ɶ ˍˊʾˍʹ ʵʽʱˍʰ˅ʹ ˉʶˊʽ˂ʱ˃ʲʰ˄ʶ ˉˏˁ˄˖ˋʹ ˍˇˎ ˉˊ˗ˍˇˎ ˃ˉ˂ˇˁ ˃ʶˍʱ ˍʹ˄ ʶʾˋˇʵˇ ˍʹˌ ˊˇʺˌ ʰˉˈ ˍˇˎˌ 
ˇʲʶ˂ʾˋˁˇˎˌ ˁʰʽ ˍˇ˄ ˒ˊʱˁˍʹ ˃ʶ ˃ʽˁˊˈˍʶˊʰ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ 
ˁˎʲʽˁˇˏ ˋ˔ʺ˃ʰˍˇˌ ˃ʶ ˉ˂ʶˎˊʱ k=3cm ˁʰʽ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ D=5.485cm. ʆˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˍʹˌ 
ʶ˄ ˂ˈʴ˖ ʵʽʱˍʰ˅ʹˌ ˒ʷˊʶʽ ˍˇ ˈ˄ˇ˃ʰ ζрҌоŎƳψтǎǇƛǊŜǎηΦ 
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ʅ˔ʺ˃ʰ 3.17 ʅˁʰˊʾ˒ʹ˃ʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ 5+3cm_7spires 

 

ʅ˔ʺ˃ʰ 3.18 ʊ˖ˍˇʴˊʰ˒ʾʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ рҌоŎƳψтǎǇƛǊŜǎ 
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ɮ˄ˍʽʻʷˍ˖ˌΣ ʹ ˍ̫ ˍʰˊˍʹ ʵʽʱˍʰ˅ʹ ˉʶˊʽʶ˂ʱʲʰ˄ʶ ˉˏˁ˄˖ˋʹ ˍˇˎ ˍʶ˂ʶˎˍʰʾˇˎ ˃ˉ˂ˇˁ ˉˊʽ˄ ʰˉˈ ˍʹ 
˃ʷˍˊʹˋʹ, ˃ʶ ˃ʽˁˊˈˍʶˊʰ ˋˍˇʽ˔ʶʾʰ ˍˊʰ˔ˏˍʹˍʰˌ ˃ʶ ˉ˂ʶˎˊʱ ƪҐоŎƳ ˁʰʽ ʰˉˈˋˍʰˋʹ ˃ʶˍʰ˅ˏ ˍˇˎˌ 
5ҐрΦпурŎƳΦ ʆˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˍʹˌ ʶ˄ ˂ˈʴ˖ ʵʽʱˍʰ˅ʹˌ ˒ʷˊʶʽ ˍˇ ˈ˄ˇ˃ʰ ζ3cm+5cm_7spires». 

 

ʅ˔ʺ˃ʰ 3.19 ʅˁʰˊʾ˒ʹ˃ʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ оҌрŎƳψтǎǇƛǊŜǎ 

 

ʅ˔ʺ˃ʰ 3.20 ʊ˖ˍˇʴˊʰ˒ʾʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ 3+5cm_7spires 
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ɶ ˍʶ˂ʶˎˍʰʾʰ ʵʽʱˍʰ˅ʹ ʶʾ˄ʰʽ ˉʰ˄ˇ˃ˇʽˈˍˎˉʹ ˍʹˌ ˍʷˍʰˊˍʹˌ ˃ʶ ˍ ́˃ˈ˄ʹ ʶʽʵˇˉˇʽˈ ʵʽʰ˒ˇˊʱ ˍʹ˄ 
ʰ˒ʰʾˊʶˋʹ ˍˇˎ ˒ˊʱ˔ˍʹ ˋˍʹ˄ ʶʾˋˇʵˇ ˍʹˌ ˊˇʺˌΣ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʰˉˇˍˎˉ˖ʻʶʾ ʹ ʶˉʾʵˊʰˋʹ ˍʹˌ 
ʰˉˇˎˋʾʰˌ ˍˇˎ ˁʰʽ ˒ ʷˊʶʽ ˍˇ ˈ˄ˇ˃ʰ ζоŎƳҌрŎƳψтǎǇƛǊŜǎψɿŤrip». 

 

 

ʅ˔ʺ˃ʰ 3.21 ʅˁʰˊʾ˒ʹ˃ʰ ˉʶʽˊʰ˃ʰˍʽˁʺˌ ʵʽʱˍʰ˅ʹˌ оҌрŎƳψтǎǇƛǊŜǎψɿˇ¢ǊƛǇ 

3.5 ɾʷˍˊʹˋʹ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ  

ɶ ˃ʷˍˊʹˋʹ ˍʹˌ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ ʰ˄ʷ˃ˇˎ ʴʾ˄ʶˍʰʽ ҡʶ ʵʽʱ˒ˇˊʶˌ ˍʶ˔˄ʽˁʷˌΣ ʶˉʶ˃ʲʰˍʽˁʷˌ ˁʰʽ ҡʹΦ 
ɱʽʰ ˍʹ˄ ˃ʷˍˊʹˋʹ ˍʹˌ ˍˏˊʲʹˌΣ ˈ˃˖Σ̩ ʰˉʰʽˍʶʾˍʰʽ ҡʾʰ ˃ʷʻˇʵˇˌ ҡʶ ˎ˕ʹ˂ʺ ʰˁˊʾʲʶʽʰ ʴʽʰ ˍʹ˄ 
ˁh ˍʰʴˊʰ˒ʺ ˍ˖˄ ʵʽʰˁˎ˃ʱ˄ˋʶ˖˄ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌΦ ɮˎˍˈ ˃ˉˇˊʶʾ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ҡʶ ʰ˄ʶҡˇҡʶˍˊʾʰ 
ʻʶˊ˃ˇˏ ˄ ʺ˃ʰˍˇˌ (hot ς wire method) ς ̀ ˍʰʻʶˊʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ (CTA) [54]. 

3.5.1 ʆʶ˔˄ʽˁʷˌ ʰ˄ʶ˃ˇ˃ʶˍˊʾʰˌ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ 

ɶ ʰ˄ʶ˃ˇ˃ʶˍˊʾʰ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ ʶ˃ˉʶˊʽʷ˔ʶʽ ʵʽʱ˒ˇˊʶˌ ˍʶ˔˄ʽˁʷˌ ˇʽ ˇˉˇʾʶˌ ˋˎ˄ˇ˕ʾʸˇ˄ˍʰʽ ˋˍʽˌ 
ˉʰˊʰˁʱˍ˖Υ  

ω ʅˍʰʻʶˊˇˏ ˊʶˏ˃ʰˍˇˌ ό/ƻƴǎǘŀƴǘ /ǳǊǊŜƴǘ !ƴŜƳƻƳŜǘǊȅ - //!ύΣ ˈˉˇˎ ˍˇ ʻʶˊ˃ˈ ˄ʺ˃ʰ ʵʽʰˍʹˊʶʾˍʰʽ 
ˋʶ ˋˍʰʻʶˊˈ ˊʶˏ˃ʰ ˁʰʽ ˁʰʻ˗ˌ ˍˇ ˊʶˎˋˍˈ ˊʷʶʽΣ ʵʽʰˉʶˊ˄ʱ ˍˇ ˋˏˊ˃ʰΣ ˍˇ ˕ˏ˔ʶʽΣ ˉˊˇˁʰ˂˗˄ˍʰˌ 
ʰ˂˂ʰʴʺ ˍʹˌ ʰ˄ˍʾˋˍʰˋʺˌ ˍˇˎΦ ʅˍʹ ˋˎ˄ʷ˔ʶʽʰ ˃ʶˍ́̔ ʷˍʰʽ ́  ˍʱˋʹ ˋˍˇ ˁʰ˂˗ʵʽˇ ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ 
ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ ˊʶˎˋˍˇˏΦ 

ω ʅˍʰʻʶˊʺˌ ˍʱˋʹˌ ό/ƻƴǎǘŀƴǘ ±ƻƭǘŀƎŜ !ƴŜƳƻƳŜǘǊȅ - /±!ύΣ ˈˉˇˎ ˍˇ ʻʶˊ˃ˈ ˄ʺ˃ʰ ʵʽʰˍʹˊʶʾˍʰʽ ʰˎˍʺ 
ˍʹ ˒ˇˊʱ ˋʶ ˋˍʰʻʶˊʺ ˍʱˋʹ ˁʰʽ ˃ʶˍˊʽʷˍʰʽ ̱ ˇ ˊʶˏ˃ʰ ˉˇˎ ʵʽʰˊˊʷʶʽ ˍˇ ˁʰ˂˗ʵʽˇΦ ɶ ˊˇʺ ˍˇˎ ˊʶˎˋˍˇˏ 
ˉˊˇˁʰ˂ʶʾ ˍʹ˄ ˕ˏ˅ʹ ˍˇˎ ˋˏˊ˃ʰˍˇˌΣ ʹ ˇˉˇʾʰ ˃ʶˍʰʲʱ˂˂ʶʽ ˉʱ˂ʽ ˍʹ˄ ʰ˄ˍʾˋˍʰˋʺ ˍˇˎ ˁʰʽΣ ʶˉˇ˃ʷ˄˖ˌΣ 
ˍˇ ˊʶˏ˃ʰ ˉˇˎ ˊʷʶʽ ˃ʷˋʰ ʰˉˈ ʰˎˍˈΦ ʁ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˋˎ˄ʶˉ˗ˌ ʶʵ˗ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˊʶˎˋˍˇˏ ʴʾ˄ʶˍʰʽ 
˃ʶ ˍʹ˄ ˃ʷˍˊʹˋʹ ˍʹˌ ˃ʶˍʰʲˇ˂ʺˌ ˍˇˎ ˊʶˏ˃ʰˍˇˌΦ 
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ω ʅˍʰʻʶˊʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ ό/ƻƴǎǘŀƴǘ ¢ŜƳǇŜǊŀǘǳǊŜ !ƴŜƳƻƳŜǘǊȅ - /¢!ύΣ ˈˉˇˎ ˍˇ ʻʶˊ˃ˈ ˄ʺ˃ʰ 
ʰˊ˔ʽˁʱ ʻʶˊ˃ʰʾ˄ʶˍʰʽ ˋʶ ʻʶˊ˃ˇˁˊʰˋʾʰ ˎ˕ʹ˂ˈˍʶˊʹ ʰˉˈ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ ˎʴˊˈΦ ɼʰʻ˗ˌ ˍˇ ˊʶˎˋˍˈ 
ʵʽʰˊˊʷʶʽ ˍˇ ˄ʺ˃ʰΣ ˍˇ ˕ˏ˔ʶʽΣ ˉˊˇˁʰ˂˗˄ˍʰˌ ʰ˂˂ʰʴʺ ˍʹˌ ʰ˄ˍʾˋˍʰˋʺˌ ˍˇˎΦ ʆˇ ˊʶˏ˃ʰ ʵʽʰ˃ʷˋˇˎ ˍˇˎ 
ˋˏˊ˃ʰˍˇˌ ˊˎʻ˃ʾʸʶˍʰʽ ˗ˋˍʶ ˄ʰ ʵʽʰˍʹˊʶʾˍʰʽ ˋˍʰʻʶˊʺ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍˇˎ ˁʰʽ ʹ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ 
ˊʶˏ˃ʰˍˇˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ ˊʶˎˋˍˇˏΦ ɶ ˃ʷʻˇʵˇˌ ʰˎˍʺ 
ˉˊˇˋ˒ʷˊʶʽ ʰˎ˅ʹ˃ʷ˄ʹ ʶʴˁˎˊˈˍʹˍʰ ˁʰʽ ʰˁˊʾʲʶʽʰ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˁʰʻ˗ˌ ˋˍʽˌ ˉˊ˗ˍʶˌ ʵˏˇ ˉˇˎ 
ˉ́ ˇʰ˄ʰ˒ʷˊʻʹˁʰ˄ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊˇˎˋʽʱʸʶʽ ʵʽʰˁˎ˃ʱ˄ˋʶʽˌ ˂ˈʴ˖ ʶ˄ʵʶ˔ˇ˃ʷ˄˖˄ 
ʰ˂˂ʰʴ˗˄ ˋˍʽˌ ˋˎ˄ʻʺˁʶˌ ˍʹˌ ˊˇʺˌ ˍˇˎ ˊʶˎˋˍˇˏ ˇʽ ˇˉˇʾʶˌ ˃ʶ ˍʹ ˋʶʽˊʱ ˍˇˎˌ ʶˉʹˊʶʱʸˇˎ˄ ˍʰ 
ˋ˒ʱ˂˃ʰˍʰ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄Φ ɮˎˍˈ ˇ˒ʶʾ˂ʶˍʰʽ  ˁʰʽ ˋˍʹ˄ ˃ʶʽ˖˃ʷ˄ʹ ʶˎʰʽˋʻʹˋʾʰ ˁʰʽ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ 
ʰˎˍʺˌ ˍʹˌ ˃ʶʻˈʵˇˎ ˋˍˇ˄ ʹ˂ʶˁˍˊʽˁˈ ʻˈˊˎʲˇΣ ʶ˄˗ ˉʰˊʱ˂˂ʹ˂ʰ ˇ ʶ˄ˍˇˉʽˋ˃ˈˌ ˃ʽˁˊˈˍʶˊ˖˄ 
˃ʶˍʰʲˇ˂˗˄ ˋˍʹ˄ ʰ˄ˍʾˋˍʰˋʹ ˍˇˎ ˋˏˊ˃ʰˍˇˌ ˋˎ˃ʲʱ˂˂ʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˋˍʹ˄ ˎ˕ʹ˂ˈˍʶˊʹ ʰˁˊʾʲʶʽʰΦ 
ɳˉʽˉˊˈˋʻʶˍʰ ˋʹ˃ʰ˄ˍʽˁˈ ʶʾ˄ʰʽ ˄ʰ ˍˇ˄ʽˋˍʶʾ ˈˍʽ ʹ ʰ˄ʶ˃ˇ˃ʶˍˊʾʰ ˋˍʰʻʶˊʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ 
˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˃ʽˁˊʺˌ ʷ˄ˍʰˋʹˌ ˊʶˏ˃ʰ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʵʽʰˍʹˊʶʾˍʰʽ ˋˍʰʻʶˊʺ ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍˇˎ 
ˋˏˊ˃ʰˍˇˌ ˍˇ ˇˉˇʾˇ ʷ˔ʶʽ ˖ˌ ˋˎ˄ʷˉʶʽʰ ˍʽˌ ˃ʶʽ˖˃ʷ˄ʶˌ ʵˇ˄ʺˋʶʽˌ ˍˇˎ ˉˇˎ ˋˎ˄ʶˉʱʴʶˍʰʽ 
ˋˍʰʻʶˊˈˍʶˊʶˌ ˁʰʽ ˎ˕ʹ˂ˈˍʶˊ˖˄ ʰˁˊʾʲʶʽʰˌ ˃ʶˍˊʺˋʶʽˌΦ 

3.5.2 ɸʶˊ˃ˈ ˄ʺ˃ʰ 

ɶ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ʰ˄ʶ˃ˈ˃ʶˍˊˇ ˋˍʰʻʶˊʺˌ 
ʻʶˊ˃ˇˁˊʰˋʾʰˌ (CTA), ˍ ̌ˇˉˇʾ ̌˃ʶˍˊʱ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ˋʶ ʷ˄ʰ ˉˊˇˁʰʻˇˊʽˋ˃ʷ˄ˇ ˋʹ˃ʶʾˇ ˃ʶ ˎ˕ʹ˂ʺ 
ʰˁˊʾʲʶʽʰ ˁʰʽ ˋˎ˔˄ˈˍʹˍʰ ʰˉˈˁˊʽˋʹˌΦ ʆʰ ˋˎ˄ʺʻʹ ˄ʺ˃ʰˍʰ ˁʰˍʰˋˁʶˎʱʸˇ˄ˍʰʽ ˉˊ˖ˍʾˋˍ˖ˌ ʰˉˈ ˍˊʾʰ 
ˎ˂ʽˁʱΣ ˍˇ ʲˇ˂˒ˊʱ˃ʽˇ ˍʹ˄ ˉ˂ʰˍʾ˄ʰ ˁʰʽ ˍ ̌ˁˊʱ˃ʰ ˉ˂ʰˍʾ˄ʰˌ ʽˊʽʵʾˇˎ. ɽʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʽ˄ ˍʹ˄ 
ˉʰˊʱ˃ʶˍˊˇ ˋ˔ʶʵʾʰˋʹˌ ˍʹˌ ʵʽʰ˃ʷˍˊˇˎ ˍˇˎ ˄ʺ˃ʰˍˇˌ, ʹ ˇˉˇʾʰ ˇ˒ʶʾ˂ʶʽ ˄ʰ ʵʽʰˋ˒ʰ˂ʾʸʶʽ ˈˍʽ ʰˎˍʺ 
ʶʾ˄ʰʽ ʰˊˁʶˍʱ ˃ʽˁˊʺ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˃ʹ˄ ʴʾ˄ʶˍʰʽ ʶ˃˒ʱ˄ʽˋʹ ˍˇˎ ˒ʰʽ˄ˇ˃ʷ˄ˇˎ ʷˁ˂ˎˋʹˌ ʵʽ˄˗˄ ˉˇˎ 
ˉˊˇˁʰ˂ʶʾ ʻˈˊˎʲˇ ˋˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˁ ʰʽ ˄ʰ ˁʰʻʽˋˍʱ ˍˇ ˔ˊˈ˄ˇ ʰˉˈˁˊʽˋʹˌ ˃ʽˁˊˈ ˂ˈʴ˖ ˍʹˌ ˃ʽˁˊ̱ʁ̍ ˊʹˌ 
ʻʶˊ˃ʽˁʺˌ ʰʵˊʱ˄ʶʽʰˌΣ ʰ˂˂ʱ ˍʰˎˍˈ˔ˊˇ˄ʰ ˁʰʽ ʰˊˁʶˍʱ ˃ʶʴʱ˂ʹ ʴʽʰ ˂ˈʴˇˎˌ ʰ˄ˍˇ˔ʺˌ ˁʰʽ ʰˉˇ˒ˎʴʺˌ 
ʶˉʽˁʱʻʹˋʹˌ ˋˁˈ˄ʹˌ· ́  ʶˉʽˁˊʰˍʷˋˍʶˊʹ ʵʽʱ˃ʶˍˊˇˌ ˁʰʽ ˃ʺˁˇˌ ʁ ʾ˄ʰʽ ʰˉˈ нΦр ʷ˖ˌ р˃Ƴ ˁ ʰʽ ʷ˖ˌ мƳƳ 
ʰ˄ˍʾˋˍˇʽ˔ʰ [55]. ʂˉ˖ˌ ˉˊˇʰ˄ʰ˒ʷˊʻʹˁʶ ˋˍʹ ʵʽʱˍʰ˅ʹ ˍˇˎ ʰ˄ʶ˃ˇ˃ʷˍˊˇˎ ˋˍʰʻʶˊʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ 
ʹ ʻʶˊ˃ˇˁˊʰˋʾʰ ˍˇˎ ˄ʺ˃ʰˍˇˌ ʵʽʰˍʹˊʶʾˍʰʽ ˋˍʰʻʶˊʺ ˃ʷˋ˖ ˁˎˁ˂˗˃ʰˍˇˌ ʰ˄ʱʵˊʰˋʹˌΣ ˈˉˇˎ ˇ 
ʶ˄ʽˋ˔ˎˍʺˌ ˍʱˋʹˌ ʰ˄ʰ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ʽˋˇˊˊˇˉʾʰ ˃ʾʰˌ ʴʷ˒ˎˊʰˌ ²ƘŜŀǘǎǘƻƴŜ ˈˍʰ˄ ʹ ˃ʶˍʰʲʰ˂˂ˈ˃ʶ˄ʹ 
ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˊʶˎˋˍˇˏ ˉˊˇˁʰ˂ʷˋʶʽ ˋˍʽʴ˃ʽʰʾʰ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˖˃ʽˁʺˌ ʰ˄ˍʾˋˍʰˋʹˌ ˍˇˎ ʻʶˊ˃ˇˏ 
˄ʺ˃ʰˍˇˌΦ ɱʽʰ ˉʰˊʱʵʶʽʴ˃ʰ ˋˍˇ ˋʶ˄ʱˊʽˇ ˉˇˎ ʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˊʶˎˋˍˇˏ ʰˎ˅ʱ˄ʶˍʰʽΣ ʹ ˖˃ʽˁʺ 
ʰ˄ˍʾˋˍʰˋʹ ˍˇˎ  ˄ʺ˃ʰˍˇˌ ˃ʶʽ˗˄ʶˍʰʽ ʶ˅ʰʽˍʾʰˌ ˍʹˌ ˕ˏ˅ʹˌ ˍˇˎ, ˈˉ˖ˌ ˁʰʽ ʹ ˉˍ˗ˋʹ ˍʱˋʹˌ ˋˍʰ ʱˁˊʰ 
ˍˇˎ Vɰɱ  ˁ ʰʽ ˋˎ˄ʶˉ˗ˌ ʹ ˉˍ˗ˋʹ ˍʱˋʹˌ ±ɲɰ ̱̀ ʰ ʱˁˊʰ ˍˇˎ ʶ˄ʽˋ˔ˎˍʺ ˍʱˋʹˌ ʰˎ˅ʱ˄ʶˍʰʽ ό±ɲɰ =Vɲɱ -Vɰɱ). 
ʁ ʶ˄ʽˋ˔ˎˍʺˌ ˉʰˊʱʴʶʽ ˃ʽʰ ˍʱˋʹ ˉˇˎ ʶʾ˄ʰʽ ˉˇ˂˂ʰˉ˂ʱˋʽˇ ˍʹˌ ˍʱˋʹˌ ˍʹˌ ʴʷ˒ˎˊʰˌ ²ƘŜŀǘǎǘƻƴŜΦ ɶ 
ʰˎ˅ʹ˃ʷ˄ʹ ʰˎˍʺ ˍʱˋʹ ˇʵʹʴʶʾ ˋʶ ʰˏ˅ʹˋʹ ˍˇˎ ˊʶˏ˃ʰˍˇˌ ˉˇˎ ʵʽʷˊ˔ʶˍʰʽ ʰˉˈ ˍˇ ˄ʺ˃ʰΣ ˃ʶ 
ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ ̫̒ˊ˃ʰ˄ˋʹ ˍˇˎ ˄ʺ˃ʰˍˇˌ ˁʰʽ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ʹ˂ʶˁˍˊʽˁʺˌ ʰ˄ˍʾˋˍʰˋʺˌ ˍˇˎΦ ɴˍˋʽΣ ʹ 
ˉˍ˗ˋʹ ˍʱˋʹˌ ˋˍʰ ʱˁˊʰ ˍˇˎ ˄ʺ˃ʰˍˇˌ όVɰɱύ ʰˎ˅ʱ˄ʶˍʰʽΦ ʆʶ˂ʽˁʱΣ ʹ ʵʽʰ˒ˇˊʱ ˍʹˌ ˍʱˋʹˌ ʶʽˋˈʵˇˎ ˍˇˎ 
ʶ˄ʽˋ˔ˎˍʺ όVɲɰύ ˃ʹʵʶ˄ʾʸʶˍʰʽ ʶˉʽˍˎʴ˔ʱ˄ˇ˄ˍʰˌ ˃ʶ ʰˎˍˈ˄ ˍˇ˄ ˍˊˈˉˇ ʽˋˇˊˊˇˉʾʰ ˋˍʹ ʴʷ˒ˎˊʰΦ ɾʷˋ˖ 
ˍʹˌ ʹ˂ʶˁˍˊʽˁʺˌ ʵʽʱˍʰ˅ʹˌ ˍˇˎ ʶ˄ʽˋ˔ˎˍʺ ˍʱˋʹˌ ʰˉˇʵʶʽˁ˄ˏʶˍʰʽ ˈˍʽ ʹ ˋˍʰʻʶˊʱ ˔ˊˈ˄ˇˎ ˍˇˎ ˇˊʴʱ˄ˇˎ 
ʶʾ˄ʰʽ ʽˁʰ˄ʺ ʴʽʰ ˍʹ˄ ʰ˄ʶˉʽ˒ˏ˂ʰˁˍʹ ˔ˊʺˋʹ ˍˇˎ ˇˊʴʱ˄ˇˎ ʴʽʰ ˃ʶˍˊʺˋʶʽˌ ʴˊʺʴˇˊ˖˄ ˃ʶˍʰʲˇ˂˗˄ 
ˍʰ˔ˏˍʹˍʰˌ ˍʹˌ ˍʱ˅ʹˌ ˍ˖˄ мллƪIȊ [55]. 
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ʅ˔ʺ˃ʰ 3.22 ɲʽʱˍʰ˅ʹ ˄ʺ˃ʰˍˇˌ ˋˍʰʻʶˊʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ [55] 

 

 

 

ʅ˔ʺ˃ʰ 3.23 ɮˉʶʽˁˈ˄ʽˋʹ ʰʽˋʻʹˍʺˊʰ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ [55] 

 

 

ʅ˔ʺ˃ʰ 3.24 ɽʶˉˍˇ˃ʷˊʶʽʰ ʰʽˋʻʹˍʺˊʰ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ [55] 

3.5.2.1 ɲʽʱˍʰ˅ʹ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ 

ɶ ˋˎ˄ˇ˂ʽˁʺ ʵʽʱˍʰ˅ʹ ˉˇˎ ʶʾ˄ʰʽ ˎˉʶˏʻˎ˄ʹ ʴʽʰ ˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˍˇˎ ˉʰˊˈ˄ˍˇˌ ˉʶʽˊʱ˃ʰˍˇˌ 
ʰˉˇˍʶ˂ʶʾˍʰʽ ˁˎˊʾ˖ˌ ʰˉˈ ˍ̌  ʰ˄ʶ˃ˈ˃ʶˍˊˇ ˋˍʰʻʶˊʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ LC! 300 (ʅ˔ʺ˃ʰ 3.25)Σ ˍˇ˄ 
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ʰʽˋʻʹˍʺˊʰ όǇǊƻōŜύ ˁʰʽ ˍˇ˄ ˎˉˇ˂ˇʴʽˋˍʺ ʴʽʰ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˁʰʽ ˍʹ˄ ʰˉˇʻʺˁʶˎˋʹ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄Σ 
˃ʷˋ˖ ˍˇˎ ˂ˇʴʽˋ˃ʽˁˇˏ ¢ƘŜǊƳŀƭtǊƻΦ 
 
ʁ ʰʽˋʻʹˍʺˊʰˌΣ ˇ ˇˉˇʾˇˌ ʶʾ˄ʰʽ ˍˇ ˃ˇ˄ˍʷ˂ˇ aƻŘŜƭ мнлм-лс 5ƛǎǇƻǎŀōƭŜ tǊƻōŜ ˍʹˌ ʶˍʰʽˊʶʾʰˌ ¢{L 
(ʅ˔ʺ˃ʰ 3.27), ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍʹ˄ ʲʱˋʹ ˋˍʺˊʽ˅ʹ̩  όǇǊƻōŜ ǎǳǇǇƻǊǘύ ʶˉʾˋʹˌ ˍʹˌ ¢{L ˁʰʽ ˃ˇ˄ˍʷ˂ˇˎ 
Model 1155-6 Standard Probe Support (ʅ˔ʺ˃ʰ 3.28) ˁʰʽ ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ˍˇ LC!олл ˃ʷˋ˖ 
ˁʰ˂˖ʵʾ˖ˋʹˌΦ ɶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ʲʱˋʹ ˋˍʺˊʽ˅ʹˌ ʷ˔ʶʽ ˍʹ ʵˎ˄ʰˍˈˍʹˍʰ ˄ʰ ˎˉˇˋˍʹˊʾ˅ʶʽ ˁʰʽ ʰʽˋʻʹˍʺˊʶˌ 
˃ʷˍˊʹˋʹˌ ʵˏˇ ʵʽʰˋˍʱˋʶ˖˄. ɶ ʰ˄ˍʾˋˍʰˋʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʶʾ˄ʰʽ лΦфлʍ ˁʰʽ ʹ ʰ˄ˍʾˋˍʰˋʹ ˂ʶʽˍˇˎˊʴʾʰˌ 
ˍˇˎ ˋʷ˄ˋˇˊʰ фΦорʍΦ ʅˍˇ ʅ˔ʺ˃ʰ 3.25 ̄ ʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ʵʽʱ˒ˇˊʰ ˃ʷˊʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰΦ 
 

 
ʅ˔ʺ˃ʰ 3.25 ɳˉʽˋˁˈˉʹˋʹ ˍʹˌ ʵʽʱˍʰ˅ʹˌ ʰ˄ʶ˃ˇ˃ʶˍˊʾʰˌ ˋˍʰʻʶˊʺˌ ʻʶˊ˃ˇˁˊʰˋʾʰˌ LC! олл [56] 
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ʅ˔ʺ˃ʰ 3.26 ɲʽʰˁˊʽˍʱ ˃ʷˊʹ ˍˇˎ ʰʽˋʻʹˍʺˊʰ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ [56] 

 

 
ʅ˔ʺ˃ʰ 3.27 ʅ˔ʷʵʽˇ ˁʰˍʰ˂ˈʴˇˎ ˍʹˌ ¢{L ̱ ˇˎ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ [57] 
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ʅ˔ʺ˃ʰ 3.28 ʅ˔ʷʵʽˇ ˁ ʰˍʰ˂ˈʴˇˎ ˍʹˌ ¢{L ɹ ʽʰ ˍʹ ʲʱˋʹ ˋˍʺˊʽ˅ʹˌ ˍˇˎ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ [57] 

3.5.2.2 ɰʰʻ˃ˇ˄ˈ˃ʹˋʹ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ 

ʃʰˊʱʴˇ˄ˍʶˌ ˈˉ˖ˌ ʹ ʶˉʽˁʱʻʹˋʹ ˋˁˈ˄ʹˌΣ ʹ ʴʺˊʰ˄ˋʹ ˍ˖˄ ˎ˂ʽˁ˗˄ ʰ˂˂ʱ ˁʰʽ ʹ ʰ˂˂ʰʴʺ ˍʹˌ 
ʻʶˊ˃ˇˁˊʰˋʾʰˌ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˁʰʻʽˋˍˇˏ˄ ʶˉʽˍʰˁˍʽˁʺ ˍʹ˄ ʰ˄ʱʴˁʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ ˍˇˎ ʻʶˊ˃ˇˏ 
˄ʺ˃ʰˍˇˌ ˉˊʽ˄ ʰˉˈ ˍʹ˄ ˔ˊʺˋʹ ˍˇˎΦ ɮˎˍˈ ʶˉʽˍˎʴ˔ʱ˄ʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˉˊˇˋʵʽˇˊʽˋ˃ˇ  ˏˍʹˌ ˁʰ˃ˉˏ˂ʹˌ 
ˍʱˋʹˌ ʶ˅ˈʵˇˎ ˍʹˌ ʴʷ˒ˎˊʰˌ-ˍʰ˔ˏˍʹˍʰˌ ˊˇʺˌ. ʁʽ ʁ̄ ʽˁˊʰˍˇˏˋʶˌ ˋˎ˄ʻʺˁʶˌ ˈˋˇ˄ ʰ˒ˇˊʱ ˍʹ˄ 
ʰˍ˃ˇˋ˒ʰʽˊʽˁʺ ˉʾʶˋʹ ˁʰʽ ˍʹ˄ ʻʶˊ˃ˇˁˊʰˋʾʰ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ʶˁˍʷ˂ʶˋʹˌ ˍ˖˄ ˉʶʽˊʰ˃ʱˍ˖˄ 
˃ʶˍˊʺʻʹˁʰ˄ ффΦрлƪtŀ ˁ ʰʽ нфΦр°C. ʆˇ ʻʶˊ˃ˈ ˄ʺ˃ʰ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋʶ ˊʶˏ˃ʰ ˊʶˎˋˍˇˏ ˉˇ˂ˏ ˔ʰ˃ʹ˂ˇˏ 
ʶˉʽˉʷʵˇˎ ˍˏˊʲʹˌ ˃ʰʸʾ ˃ʶ ˋ˖˂ʺ˄ʰ PranŘǘƭ όʺ ʰ˂˂ʽ˗ˌ PitotςStatic) ˋʶ ˃ʽˁˊʺ ʰˉˈˋˍʰˋʹ ʰˉˈ ˍˇ 
˄ʺ˃ʰ (14.8cm) ˁ ʰʽ ˋʶ ʻʷˋʹ ˍʷˍˇʽʰ ˗ˋˍʶ ˄ ʰ ˃ʹ˄ ʶˉʹˊʶʱʸʶʽ ˍʽˌ ˃ ʶˍˊʺˋʶʽˌ ˍˇˎ ˄ʺ˃ʰˍˇˌΦ ɶ ˍʰ˔ˏˍʹˍʰ 
ˍʹˌ ˊˇʺˌ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ ʰˉˈ ˃ʹʵʷ˄ ˃ʷ˔ˊʽ ˂ʾʴˇ ˉʽˇ ˉʱ˄˖ ʰˉˈ ˍˇ ˈˊʽˇ ˍʰ˔ˏˍʹˍʰˌ ˉˇˎ ˃ʶ˂ʶˍʱˍʰʽ 
ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˎˉʱˊ˔ʶʽ ˍˇ ʵˎ˄ʰˍˈ˄ ˃ʶʴʰ˂ˏˍʶˊʹ ʰ˅ʽˇˉʽˋˍʾʰ ˋˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ ɶ ˍʰ˔ˏˍʹˍʰ 
ʶ˂ʷʴ˔ʶˍʰʽ ˃ʶ ˍˇ˄ ʷ˂ʶʴ˔ˇ ˍ˖˄ ˋˍˊˇ˒˗˄ ˍˇˎ ˒ˎˋʹˍʺˊʰ ˋˍʹ ˋʺˊʰʴʴʰΣ ˁʰʽ ʹ ˍʰ˔ˏˍʹˍʰ ˍʹˌ ˊˇʺˌ 
ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˃ʷˋ˖ ˍˇˎ ˋ˖˂ʺ˄ʰ PrandtlΦ ɱʽʰ ˄ʰ ˁʰˍʰʴˊʰ˒ʶʾ ʹ ʵˎ˄ʰ˃ʽˁʺ ˉʾʶˋʹ ǉΣ ˇ ˋ˖˂ʺ˄ʰˌ 
Prandtl ˋˎ˄ʵʷʶˍʰʽ ˃ʶ ʷ˄ʰ˄ ʰ˄ʰ˂ˇʴʽˁˈ-˕ʹ˒ʽʰˁˈ ˃ʶˍʰˍˊˇˉʷʰ ό!5/ύ ˉˇˎ ˃ʶ ˍʹ˄ ˋʶʽˊʱ ˍˇˎ 
ˋˎ˄ʵʷʶˍʰʽ ˋˍˇ˄ ́ ˂ʶˁˍˊˇ˄ʽˁˈ ˎˉˇ˂ˇʴʽˋˍʺΦ ɶ ˍʰ˔ˏˍʹˍʰ ˍʹˌ ˊˇʺˌ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˃ʷˋ˖ ˍʹˌ ˋ˔ʷˋʹˌ:  

◊
╟▀
ⱬ

 

(3.8) 

, ̍ ˉˇˎ ὖ ́  ʵˎ˄ʰ˃ʽˁʺ ˉʾʶˋʹ ˁʰʽ ” ́  ˉˎˁ˄ˈˍʹˍʰ ˍˇˎ ˊʶˎˋˍˇˏΦ 
 
ɶ ˁʰ˃ˉˏ˂ʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ (ʅ˔ʺ˃ʰ 3.29) ˉˊˇˁˏˉˍʶʽ ˃ʶˍʱ ˍʹ ˂ʺ˕ʹ 22 ˋʹ˃ʶʾ˖˄ ˃ʷˋʰ ʰˉˈ ˍˇ 
˂ˇʴʽˋ˃ʽˁˈ ¢ƘŜǊƳŀƭtǊƻ ˉˊˇˋʶʴʴʾʸʶˍʰʽ ˃ʶ ˉˇ˂ˎ˗˄ˎ˃ˇ пˇ  ˎ̡ ʰʻ˃ˇˏ: 
 

◊ ╪ ╪╔ ╪╔ ╪╔ ╪╔  
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Σ ˈˉˇˎ 

ừ
Ử
Ừ

Ử
ứ
╪  Ȣ
╪ Ȣ
╪ Ȣ
╪  Ȣ
╪ Ȣ

 

ʆˇ ˃ʷˋˇ ˍʶˍˊʰʴ˖˄ʽˁˈ ˋ˒ʱ˂˃ʰ όMSE - mean square error) ˎˉˇ˂ˇʴʾˋˍʹˁʶ 0.00052 [άA/ίA].  

 

ʅ˔ʺ˃ʰ 3.29 ɼʰ˃ˉˏ˂ʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹˌ ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ 

3.5.3 ɾʹ˔ʰ˄ʽˋ˃ˈˌ ˁ ʰʽ ˊˎʻ˃ʾˋʶʽˌ ˍˊʰʲʷˊˋʰˌ 

ʆʰ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ʶ˂ ʺ˒ʻʹˋh ˄ ˃ʷˋ˖ ˍʹˌ ˔ˊʺˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˍʹˌ ˍˊʰʲʷˊˋʰˌ ˉˇˎ ˒ʰʾ˄ʶˍʰʽ 
ˋˍˇ ʅ˔ʺ˃ʰ 3.30. ɶ ˃ʶˍʰˁʾ˄ʹˋʺ ˍˇˎ ʶʾ˄ʰʽ ʰˎˍˇ˃ʰˍˇˉˇʽʹ˃ʷ˄ʹΣ ʶ˂ʷʴ˔ʶˍʰʽ ˃ʷˋ˖ ʶ˄ˈˌ ˂ˇʴʽˋ˃ʽˁˇˏ 
ˋˍˇ˄ ʹ˂ʶˁˍˊˇ˄ʽˁˈ ˎˉˇ˂ˇʴʽˋˍʺ ˁʰʽ ʵʽʶˁˉʶˊʰʽ˗˄ʶˍʰʽ ˃ʷˋ̟ ˍ˖˄ ʹ˂ʶˁˍˊˇˁʽ˄ʹˍʺˊ˖˄ ˍˇˎ 
˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˉˊˇ˒ʷˊˇ˄ˍʰˌ ˁʾ˄ʹˋʹ ˍˊʽ˗˄ ʲʰʻ˃˗˄ ʶ˂ʶˎʻʶˊʾʰˌ ˁʰˍʱ ˃ʺˁˇˌ ˍ˖˄ ˍˊʽ˗˄ ʰ˅ˈ˄˖˄ x,y 
ˁʰʽ Ȋ ˍˇˎ ˔˗ˊˇˎ. ɶ ʰ˄ʰ˂ˇʴʾʰ ˍ˖˄ ʲʹ˃ʱˍ˖˄ ˃ʶ ˍʹ˄ ʰˉˈˋˍʰˋʹ ˃ʶˍʰˁʾ˄ʹˋʹˌ ˋˍʽˌ ˍˊʶʽˌ ʰˎˍʷˌ 
ʵʽʶˎʻˏ˄ˋʶʽˌ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ˄ ʃʾ˄ʰˁʰˌ 3.2: 

ʃʾ˄ʰˁʰˌ 3.2 ɮ˄ʰ˂ˇʴʾʰ ʰˉˈˋˍʰˋʹˌ ʲʹ˃ʱˍ˖˄ ʴʽʰ ˍˇ ˃ʹ˔ʰ˄ʽˋ˃ˈ ˍʹˌ ˍˊʰʲʷˊˋʰˌ 

ɲʽʶˏʻˎ˄ˋʹ x y z 

ɮ˄ʰ˂ˇʴʾʰ 
ʰˉˈˋˍʰˋʹˌκʲʹ˃ʱˍ˖˄ 

ˍˊʰʲʷˊˋʰˌ 

125mm/1000steps 55mm/1000steps 2.5mm/1000steps 

1.45

1.55

1.65
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1.95
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ɴ˔ˇ˄ˍʰˌ ˎˉˈ˕ʽ˄ ̄ ˖ˌ ˍˇ ʶˏˊˇˌ ˁʾ˄ʹˋʹˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ʶʾ˄ʰʽ ˉʶˊʽˇˊʽˋ˃ʷ˄ˇ ʶ˄ˍˈˌ ˍʹˌ ˋʺˊʰʴʴʰˌ, 
ˍˇ ˃̫ʴʽˋˍˇ ˏ˕ˇˌ ˃ʷˍˊʹˋʹˌ ʰˉˈ ˍˇ ʵʱˉʶʵˇ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰˌ ʶʾ˄ʰʽ ˉʶˊʾˉˇˎ л.67m ˂ˈʴ˖ ˍˇˎ 
ˍʷ˂˃ʰˍˇˌ ˍˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˁʰʽ ˍˇ ʶ˂ʱ˔ʽˋˍˇ ˏ˕ˇˌ ˉʶˊʾˉˇˎ л.035m ˂ ˈʴ˖ ˍʹˌ ʲʱˋʹˌ ˋˍʺˊʽ˅ʹˌ ˍˇˎ 
ʻʶˊ˃ˇˏ ˄ʺ˃ʰˍˇˌ.  

 

ʅ˔ʺ˃ʰ 3.30 ʊ˖ˍˇʴˊʰ˒ʾʰ ˃ʹ˔ʰ˄ʽˋ˃ˇ  ˏ̱ ˊʰʲʷˊˋʰˌ  
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4 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ  

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ʻʰ ˉʰˊˇˎˋʽʰˋˍˇˏ˄ ʰˊ˔ʽˁʱ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ 
ˋˎ˃ʲʰˍʽˁ˗˄ ˃ʶʻˈʵ˖˄ ʶˁʻʶˍʽˁˇˏ ˁʰʽ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ ʴʽʰ ˍˇ ˔ʰˊʰˁˍʹˊʽˋ˃ˈ ˍ˖˄ ˁʰˍʰ˄ˇ˃˗˄ 
ˍʰ˔ˏˍʹˍʰˌ ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʰ˄ ˋˍʹ˄ ʰʶˊˇˋʺˊʰʴʴʰ ˍˇˎ ɳɾʃΦ ɴˉʶʽˍʰ 
ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ˉˊˇ˒ʾ˂ Spalding, Clauser-Hama ˁʰʽ ʹ ˃ʷʻˇʵˇˌ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ 5 
ˉʰˊʰ˃ʷˍˊ˖˄ ˃ʶ ˍˇ˄ ʰ˄ˍʾˋˍˇʽ˔ˇ ˒ˎˋʽˁʱ ˁ˗ʵʽˁʰΦ  

4.1 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶˁʻʶˍʽˁˇ  ˏ˄ ˈ˃ˇ ˎ 

ʂˉ˖ˌ ˉʰˊˇˎˋʽʱˋʻʹˁʶ ˁʰʽ ˋˍʹ˄ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁʺ ʰ˄ʰˋˁˈˉʹˋʹΣ ˇ ʰˉ˂ˇˏˋˍʶˊˇˌ ˍˊˈˉˇˌ ˃ʶ ˍˇ˄ 
ˇˉˇʾˇ ˃ˉˇˊˇˏ ˄˄ʰ ˔ʰˊʰˁˍʹˊʽˋˍˇˏ˄ ˍh ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄ ʶʾ˄ʰʽ ˇ ʶˁʻʶˍʽˁˈˌ ˁʰʽ ˇ ˂ˇʴʰˊʽʻ˃ʽˁˈˌ 
˄ˈ˃ˇˌ. ɱʽʰ ˍˇ˄ ˔ʰˊʰˁˍʹˊʽˋ˃ˈ ˁʱʻʶ ˃ʷˋˇˎ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ˇ ʶˁʻʷˍʹˌ ,h ˃ʶ ˍʹ 
˔ˊ̋ˋʹ ʶˁʻʶˍʽˁˇˏ ˄ˈ˃ˇˎ ˉˇˎ ˍʰʽˊʽʱʸʶʽ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ ˍʹˌ ʶˁʱˋˍˇˍʶ ʵʽʱˍʰ˅ʹˌ. ʆ̌ zref ʶˉʽ˂ʷ˔ʻʹˁʶ 
˄ʰ ʶʾ˄ʰʽ лΦммнлm ˁʰʽ uref ʹ ʰ˄ˍʾˋˍˇʽ˔ʹ ˍʰ˔ˏˍʹˍʰ ˋˍˇ ˏ˕ˇˌ ʰ˄ʰ˒ˇˊʱˌ zref. ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˉʰˊʰˁʱˍ˖Υ  

 

=h 0.125
R² = 0.9879
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ʅ˔ʺ˃ʰ 4.1 ɲʽʰˁˏ˃ʰ˄ˋʹ ˍ˖˄ ˃ʷˋ˖˄ ˍʰ˔ˎˍʺˍ˖˄ ˍˇˎ ʰ˄ʷ˃ˇˎ ˃ʶ ˍˇ ˏ˕ˇˌ ˁʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ʶˁʻʶˍʽˁˇ  ˏ
˄ˈ˃ˇ ˎɹ ʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ рŎƳψпǎǇƛǊŜǎ 

 

ʅ˔ʺ˃ʰ 4.2 ɲʽʰˁˏ˃ʰ˄ˋʹ ˍ˖˄ ˃ʷˋ˖˄ ˍʰ˔ˎˍʺˍ˖˄ ˍˇˎ ʰ˄ʷ˃ˇˎ ˃ʶ ˍˇ ˏ˕ˇˌ ˁʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ 
ʶˁʻʶˍʽˁˇˏ ˄ˈ˃ˇˎ ɹ ʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ рŎƳψтǎǇƛǊŜǎ 
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ʅ˔ʺ˃ʰ 4.3 ɲʽʰˁˏ˃ʰ˄ˋʹ ˍ˖˄ ˃ʷˋ˖˄ ˍʰ˔ˎˍʺˍ˖˄ ˍˇˎ ʰ˄ʷ˃ˇˎ ˃ʶ ˍˇ ˏ˕ˇˌ ˁ ʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ʶˁʻʶˍʽˁˇˏ 
˄ˈ˃ˇˎ ɹ ʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ рŎƳ+3cm_7spires 

 

ʰ = 0.210
R² = 0.982

0.00

1.00

2.00

3.00

4.00

5.00

6.00

0.00 0.50 1.00 1.50 2.00

u/ uref

5+3cm_7spires

Power (5+3cm_7spires)

z/
z r

e
f



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

70 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

 

ʅ˔ʺ˃ʰ 4.4 ɲʽʰˁˏ˃ʰ˄ˋʹ ˍ˖˄ ˃ʷˋ˖˄ ˍʰ˔ˎˍʺˍ˖˄ ˍˇˎ ʰ˄ʷ˃ˇˎ ˃ʶ ˍˇ ˏ˕ˇˌ ˁʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ʶˁʻʶˍʽˁˇˏ 
˄ˈ˃ˇˎ ʴʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ оŎƳҌрŎƳψтǎǇƛǊŜǎ 
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ʅ˔ʺ˃ʰ пΦр ɲʽʰˁˏ˃ʰ˄ˋʹ ˍ˖˄ ˃ʷˋ˖˄ ˍʰ˔ˎˍʺˍ˖˄ ˍˇˎ ʰ˄ʷ˃ˇˎ ˃ʶ ˍˇ ˏ˕ˇˌ ˁʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ʶˁʻʶˍʽˁˇˏ 
˄ˈ˃ˇˎ ɹ ʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ оŎƳҌрŎƳψтǎǇƛǊŜǎψbƻ¢ǊƛǇ 

ʰ = 0.216
R² = 0.9944

0.00

1.00

2.00

3.00

4.00

5.00

6.00

0.00 0.50 1.00 1.50 2.00
u/ uref

3+5cm_7spires_NoTrip

Power (3+5cm_7spires_NoTrip)

z/
z r

e
f



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

72 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

 

ʅ˔ʺ˃ʰ 4.5 ʅˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʶˁʻʶˍʽˁˇˏ ˄ˈ˃ˇˎ ʴʽʰ ˈ˂ʶˌ ˍʽˌ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ 
ˉˇˎ ʵˇˁʽ˃ʱˋʻʹˁʰ˄ ˋˍʹ˄ ʰʶˊˇˋʺˊʰʴʴʰ ̱ ˇˎ ɳɾʃ 
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4.2 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ 

ʆˇ ˃ʺˁˇˌ ˍˊʰ˔ˏˍʹˍʰˌ zo ˁʰʽ ʹ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ u* ˉˊˇˋʵʽˇˊʾˋˍʹˁʰ˄ ˉˊˇˋʰˊ˃ˈʸˇ˄ˍʰˌ ˍˇ 
˃ʶˍˊˇˏ˃ʶ˄ˇ ˉˊˇ˒ʾ˂ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˋˍˇ˄ ˂ˇʴʰˊʽʻ˃ʽˁˈ ˄ˈ˃ˇΦ ʆˇ ʶˉʾˉʶʵˇ ˃ʹʵʶ˄ʽˁʺˌ 
˃ʶˍʰˍˈˉʽˋʹˌ ʻʶ˖ˊʺʻʹˁʶ ˃ʹʵʷ˄Φ 

 
ʅ˔ʺ˃ʰ 4.6 ɼʰˍʰˍˇ˃ʺ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˃ʶˍˊʺˋʶ˖˄ ˍˇˎ ˉʶʽˊʰ˃ʰˍʽˁˇˏ ˋʶˍ рŎƳψпǎǇƛǊŜǎ ˋʶ 
ʹ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁ ʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ  

 

y = 0.0489e2.2528x

0.01

0.10

1.00

10.00

100.00

1000.00

0.00 2.00 4.00 6.00

z
(m

m
)

u (m/s)

5cm_4spires

Expon. (5cm_4spires)

u* = 0.1776 m/s
z0 = 0.0489 (mm)

R² = 0.9907



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

74 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

 
ʅ˔ʺ˃ʰ 4.7 ɼʰˍʰˍˇ˃ʺ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˃ʶˍˊʺˋʶ˖˄ ˍˇˎ ˉʶʽˊʰ˃ʰˍʽˁˇˏ ˋʶˍ рŎƳψ7spires ˋʶ 
ʹ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁ ʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ  
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ʅ˔ʺ˃ʰ 4.8 ɼʰˍʰˍˇ˃ʺ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˃ʶˍˊʺˋʶ˖˄ ˍˇˎ ˉʶʽˊʰ˃ʰˍʽˁˇˏ ˋʶˍ рŎƳҌоŎƳψтǎǇƛǊŜǎ ˋʶ 
ʹ˃ʽ˂̌ ʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁ ʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ 
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ʅ˔ʺ˃ʰ 4.9 ɼʰˍʰˍˇ˃ʺ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˃ʶˍˊʺˋʶ˖˄ ˍˇˎ ˉʶʽˊʰ˃ʰˍʽˁˇˏ ˋʶˍ оŎƳҌрŎƳψтǎǇƛǊŜǎ ˋʶ 
ʹ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁ ʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ 
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ʅ˔ʺ˃ʰ 4.10 ɼʰˍʰˍˇ˃ʺ ˃ʷˋʹˌ ˍʰ˔ˏˍʹˍʰˌ ˃ʶˍˊʺˋʶ˖˄ ˍˇˎ ˉʶʽˊʰ˃ʰˍʽˁˇˏ ˋʶˍ 
оŎƳҌрŎƳψтǎǇƛǊŜǎψbƻ¢ǊƛǇ ˋʶ ʹ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ˁʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ 
˄ˈ˃ˇˎ 

y = 1.4486e1.7208x
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ʅ˔ʺ˃ʰ 4.11 ʅˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋʶ ʹ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ ʴʽʰ ˈ˂ʶˌ ˍʽˌ 
ˉʶʽˊʰ˃ʰˍʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ ˉˇˎ ʵˇˁʽ˃ʱˋʻʹˁʰ˄ ˋˍʹ˄ ʰʶˊˇˋʺˊʰʴʴʰ ˍˇˎ ɳɾʃ 

 

 

 

 

 

 

  

 
 
 

1.00

10.00

100.00

1000.00

1.00 2.00 3.00 4.00

5cm_4Spires

5cm_7Spires

5+3 cm_7Spires

3+5 cm_7Spires

3+5 cm_7Spires_No Trip

u (m/s)

z
 (m

m
)



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 
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ʃʰˊʰˁʱˍ˖ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ˋˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌΣ ˍˇˎ ˃ʺˁˇˎˌ 
ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ˍˇˎ ʶˁʻʷˍʹ ʰ ˉˇˎ ʶ˅ʱʴˇ˄ˍʰʽ ʰˉˈ ˍˇ˄ ʶˁʻʶˍʽˁˈ ˁʰʽ ˍˇ˄ ˂ˇʴʰˊʽʻ˃ʽˁˈ ˄ˈ˃ˇ ɹ ʽʰ ˈ˂ʶˌ 
ˍʽˌ ʵʽʰˍʱ˅ʶʽˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄. 

ʃʾ˄ʰˁʰˌ 4.1 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ǳΣ Ȋ0Σ ˁʰʽ ʰ 

ɝʅɻʐʗʊʀʅʏ ◊ᶻ(m/s) ◑▫ □□  ♪ 

5cm_4spires 0.1776 0.0489 0.125 

5cm_7spires 0.2045 0.8926 0.183 

5+3cm_7spires 0.2176 1.4473 0.210 

3+5cm_7spires 0.2264 1.6983 0.220 

3+5cm_7spires_No Trip 0.2325 1.4486 0.220 

4.2.1 ɳ˒ʰˊ˃ˇʴʺ ˍˇˎ ʶˁʻʶˍʽˁˇˏ ˁʰʽ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ 
Österlund  

ʃʰˊʰˁʱˍ˖ ˉʰˊʰˍʾʻʶ˄ˍʰʽ ˁʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˍˇ˄ ʶˁʻʶˍʽˁˈ ˁʰʽ ˂ˇʴʰˊʽʻ˃ʽˁˈ ˄ˈ˃ˇ ʴʽʰ ˍʰ 
ʵʶʵˇ˃ʷ˄ʰ mǎǘŜǊƭǳƴŘ ˍʰ ˇˉˇʾʰ ʰ˅ʽˇˉˇʽʺʻʹˁʰ˄ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʰ˅ ʽˇ˂ˇʴʺˋˇˎ˃ʶ ˍʹ ˔ˊʹˋʽ˃ˈˍʹˍʱ 
ˍˇˎˌ ʴʽʰ ˍʹ ˃ʷʻˇʵˇ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˋˍʹ˄ ʶˉˈ˃ʶ˄ʹ ʶ˄ˈˍʹˍʰ ό4.3).  

ɽˈʴ˖ ˍʹˌ ʵʽʰ˒ˇˊʶˍʽˁʺˌ ˒ˏˋʶ˖ˌ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˍʰ ˇˉˇʾʰ ʶˋˍʽʱʸˇˎ˄ ˋʶ ˋʹ˃ʰ˄ˍʽˁˈ ʲʰʻ˃ˈ ˋʶ 
ˉˇ˂ˏ ˁˇ˄ˍʽ˄ˈˍʶˊʶˌ ʰˉˈ ˍˇ˄ ˍˇʾ˔ˇ ˃ʶˍˊʺˋʶʽˌ, ˇʽ ʵˏˇ ˄ˈ˃ˇʽ ʵʶ˄ ʵʾ˄ˇˎ˄ ˁʰ˂ʺ ˉˊˇˋʰˊ˃ˇʴʺ ˋʶ 
ˋˏʴˁˊʽˋʹ ˃ʶ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ ɳɾʃΣ ˖ˋˍˈˋˇ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʴʽʰ ˂ˈʴˇˎˌ ˉ˂ʹˊˈˍʹˍʰˌΦ ʆʰ 
ʵʶʵˇ˃ʷ˄ʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ʰˊˁʶˍʷˌ ˃ʶˍˊʺˋʶʽˌ ˋˍˇ ʽ˅˗ʵʶˌ ˎˉˈˋˍˊ˖˃ʰΣ ˍˇ ˃ʶˍʰʲʰˍʽˁˈ ˋˍˊ˗˃ʰ 
ˁʰʽ ˋˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ ˉʶˊʽˇ˔ʺ όƻǳǘŜǊ ƭŀȅŜǊύ ˈˉˇˎ ˁʰʽ ˇʽ ʵˏˇ ˄ˈ˃ˇʽ ɻ ʶ˄ ʶʾ˄ʰʽ ʰ˄ˍʽˉˊˇˋ˖ˉʶˎˍʽˁˇʾ ˁʰʽ 
ˋˎ˄ʶˉ˗ˌ ʰˊˁʶˍʱ ʷʴˁˎˊˇʽΦ ʆʰ ˋ˒ʱ˂˃ʰˍʰ ʶʾ˄ʰʽ нтΦфт҈ ˁʰʽ мфΦус҈ ʴʽʰ ˍʰ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ 
«SW981005Aη ˁʰʽ ζSW981129Jη ʰ˄ˍʾˋˍˇʽ˔ʰΦ  

 



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

80 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

 

ʅ˔ʺ˃ʰ 4.12 ʃˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ʶˁʻʶˍʽˁˇˏ ˄ˈ˃ˇˎ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ mǎǘŜǊƭǳƴŘ SW981005A 
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ʅ˔ʺ˃ʰ 4.13 ʃˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ʶˁʻʶˍʽˁˇˏ ˄ˈ˃ˇˎ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ mǎǘŜǊƭǳƴŘ SW981129J 
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ʅ˔ʺ˃ʰ 4.14 ʃ́ ˇˋʰˊ˃ˇʴʺ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ Österlund SW981005A ̀ ʶ 
ʹ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ 
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ʅ˔ʺ˃ʰ 4.15 ʃˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ Österlund SW981129J ˋʶ 
ʹ˃ʽ˂ˇʴʰˊʽʻ˃ʽˁˈ ʵʽʱʴˊʰ˃˃ʰ 

4.3 ɳ˒ʰˊ˃ˇʴʺ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ {ǇŀƭŘƛƴƎ 

4.3.1 ɳ˒ʰˊ˃ˇʴʺ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ {ǇŀƭŘƛƴƎ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ mǎǘŜǊƭǳƴŘ 

ɶ ˎ˂ˇˉˇʾʹˋʹ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ {ǇŀƭŘƛƴƎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˉˊ˗ˍʰ ˋ ʁʵʶʵˇ˃ʷ˄ʰ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹˌ 
˃ʶ˂ʷˍʹˌ ˉˇˎ ʶʾ˄ʰʽ ˉˊˇˋʲʱˋʽ˃ʰ [58] ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶˉʽˍʶˎ˔ʻʶʾ ˁʰ˂ˏˍʶˊʹ ˉˊˇˋʰˊ˃ˇʴʺ ˋˍʽˌ 
ˉʶʽˊʰ˃ʰˍʽˁʷˌ ˁʰ˃ˉˏ˂ʶˌ ˁʰʽ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˁˊʾʲʶʽʰ ˋˍʹ˄ ʶˏˊʶˋʹ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌ. ɶ ʶˉʾˍʶˎ˅ʹ 
ˍ˖˄ ˉʰˊʰˉʱ˄˖ ʷʴˁʶʽˍʰʽ ˋˍˇ ˃ʶʴʰ˂ˏˍʶˊˇ ʶˏˊˇˌ ώ  ɹ ʽʰ ˍˇ ˇˉˇʾˇ ˍˇ ˉˊˇ˒ʾ˂ Spalding ʁ ʾ˄ʰʽ ʷʴˁˎˊˇΦ 
ʅˎʴˁʶˁˊʽ˃ʷ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ н ˉʶʽˊʰ˃ʰˍʽˁʱ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ [59]Φ ɮˎˍˈ ʷʴʽ˄ʶ ʰ˒ʶ˄ˈˌ ʴʽʰˍʾ 
ˋˍʹ˄ ˉʶʽˊʰ˃ʰˍʽˁʺ ʰˎˍʺ ʵʽʱˍʰ˅ʹ ˎˉʺˊ˅ʶ ʰˁˊʽʲʺˌ ˃ʷˍˊʹˋʹ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌ ˃ʶ ˍʹ ˃ʷʻˇʵˇ oil 
ŦƛƭƳ ƛƴǘŜǊŦŜǊƻƳŜǘǊȅ όhCLύΣ ˇˉˈˍʶ ʰˎˍˈ ʵʽʶˎˁˈ˂ˎ˄ʶ ˍʹ˄ ˃ʷʻˇʵˇ ˉˊˇˋʷʴʴʽˋʹˌ ˁʰʽ ˋˏʴˁˊʽˋʺˌ ˍʹˌ ˃ʶ 
ˍˇ ˄ˈ˃ˇ ˍˇˎ {ǇŀƭŘƛƴƎ ˁʰʽ ʰ˒ʶˍʷˊˇˎ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʶʴˁʰʻʽʵˊˎʻʶʾ ˁʰʽ ˄ʰ ʶˉʽʲʶʲʰʽ˖ʻʶʾ ʹ ˋ˖ˋˍʺ 
ˎ˂ˇˉˇʾʹˋʹ ˍʹˌ ˃ʶʻˈʵˇˎ ˉˊˇˌ ˇˊʻʺ ˔ˊʺˋʹ ˍʹˌ ˃ʶˍʷˉʶʽˍʰ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ 
ˋˎ˂˂ʷ˔ʻʹˁʰ˄ ˋˍʹ˄ ʰʶˊˇˋʺˊʰʴʴʰ ˍˇˎ ɳɾʃΦ  
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ʆʰ ʵˏˇ ˉʶʽˊʰ˃ʰˍʽˁʱ ˋʶˍ ˋˍʰ ˇˉˇʾʰ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˇ ˄ˈ˃ˇˌ ˍˇˎ {ǇŀƭŘƛƴƎ ʶʾ˄ʰʽ ˍˇ «SW981005A» 
ˁʰʽ ˍˇ «SW981129J» [59]. ɼʰʽ ˋˍʽˌ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ос ˋʹ˃ʶʾʰ 
˃ʷˍˊʹˋʹˌ. ɴˉʶʽˍʰ ʶʾˍʶ ʰˉˈ ʰˉʶˎʻʶʾʰˌ ˃ʶˍˊʺˋʶʽˌ ʶʾˍʶ ʰˉˈ ˎ̄ˇ˂ˇʴʽˋ˃ˇˏˌ  ˉˇˎ ʵʶ˄ ʻʰ 
ʰ˄ʰ˒ʶˊʻˇˏ˄ ˋˍˇ ˉʰˊˈ˄ ʶʵʱ˒ʽˇ ɻ ʾ˄ˇ˄ˍʰʽ ˍˇ ʵˎ˄ʰ˃ʽˁˈ ʽ˅˗ʵʶˌ ˃ Ґ 1.8181 × 10-5Σ ʹ ˉˎˁ˄ˈˍʹˍʰ ˊ Ґ 
1.24736 ˁ ʰʽ ˍʰ ˉʰˊʰˁʱˍ˖ ˒ˎˋʽˁʱ ˃ʶʴʷʻʹΥ 

ʃʾ˄ʰˁʰˌ 4.2 ɲʶʵˇ˃ʷ˄ʰ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ˋʶˍ SW981005A ˁʰʽ SW981129J ʰˉˈ ˍʹ ʲʱˋʹ ʵʶʵˇ˃ʷ˄˖˄ 
ˍˇˎ msterlund [61] 

Name  SW981005A SW981129J 

╧ m 5.5 1.5 

◊Њ m/s 21.4 53.7 

◊z m/s 0.75 1.91 

╬█  2.44e-03 2.54e-03 

╡▄Ᵽ  12633 10162 

Ᵽ m 8.6e-03 2.7e-03 

♯ᶻ m 1.2e-03 3.6e-03 

╗  1.3e-00 1.3e-00 

◕ m 3.3e-01 1.0e-01 

♯ m 5.7e-02 1.8e-02 

♯   2903 2385 

▀◌░►▄ m 1.27e-06 1.25e-06 

■◌░►▄ m 2.50e-04 2.50e-04 

■◌░►▄  12.8 33.2 

█
▼
 Hz 29940.1 40000.0 

╣▼ s 35.0 33.7 

 

ɾ  ʁ˔ˊʺˋʹ ˍ˖˄ ˋ˔ʷˋʶ˖˄ (2.37), (2.38), (2.39) ˁʰˍʰˋˁʶˎʱˋˍʹˁʶ ˃ʾʰ ˋˎ˄ʱˊˍʹˋʹ Ŧόǳ*) ́  ˇˉˇʾʰ ʶʾ˔ʶ 
˖ˌ ʶʽˋˈʵˇˎˌ: 

i. ˍʹ˄ ʶˁʱˋˍˇˍʶ ʰˉˈˋˍʰˋʹ y (m) h ˉˈ ˍˇ ʷʵʰ˒ˇˌ   
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ii. ˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ˍʰ˔ˏˍʹˍʰ u (m/s) ̄ ˇˎ ˃ʶˍˊʺʻʹˁʶ 

iii. ˍˇ ˁʽ˄ʹ˃ʰˍʽˁˈ ʽ˅˗ʵʶˌ v (m2/s)Σ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ˇ ʰˉˈ ˍˇ ʵˎ˄ʰ˃ʽˁˈ ʽ˅˗ʵʶˌ  ˃ˁʰʽ ˍʹ˄ 
ˉˎˁ˄ˈˍʹˍʰ ˍˇˎ ˊʶˎˋˍˇˏ ́  (kg/m3) 

iv. ˍʹ ˋˍʰʻʶˊʱ von Kármán ˁ  Ґ лΦпм  

v. ˍʹ ˋˍʰʻʶˊʱ ɰ Ґ рΦл [28] 
 

ʊʷˊ˄̌˄ˍʰˌ ˈ˂ʶˌ ˍʽˌ ˃ʶˍʰʲ˂ʹˍʷˌ ˋˍˇ ˉˊ˗ˍˇ ˃ʷ˂ˇˌ ˁʰʽ ʷ˔ˇ˄ˍʰˌ ˉ˂ʷˇ˄ ˃ʽʰ ˋˎ˄ʱˊˍʹˋʹ ˃ʶ ˃ˈ˄ʹ 
ʱʴ˄˖ˋˍʹ ˃ʶˍʰʲ˂ʹˍʺ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ όᶻ ˉˊˇˁˏˉˍʶʽ ʹ Ὢόᶻ π, ʹ ˇˉˇʾʰ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ 
ˉˊˈʲ˂ʹ˃ʰ ˃ʹ ʴˊʰ˃˃ʽˁʺˌ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌΦ ɳˉʽ˂ʷ˔ʻʹˁʶ ˄ʰ ˂ˎʻʶʾ ˃ʶ ˍʹ ˃ʷʻˇʵˇ GRG (Generalized 
Reduced Gradient) ˃ʹ ɹ́ ʰ˃˃ʽˁˇˏ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏ ˃ʶ ʷˍˇʽ˃ʹ ʲʽʲ˂ʽˇʻʺˁʹ άsolverέ ̱̌ ˎ Excel, 
ˁʰʻ˗ˌ ʹ ʰ˄ˍʽˁʶʽ˃ʶ˄ʽˁʺ ˋˎ˄ʱˊˍʹˋʹ f(u*) ʶʾ˄ʰʽ ˃ʹ ʴˊʰ˃˃ʽˁʺΦ ɶ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ ˂ˇʽˉˈ˄ 
ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˋʶ ˁʱʻʶ ˋʹ˃ʶʾˇ ˃ʷˍˊʹˋʹˌ ˁʰʽ ʷˉʶʽˍʰ ʲˊʾˋˁʶˍʰʽ ʹ ˃ʷˋʹ ˍʽ˃ʺ ˍʹˌΦ ʅʶ ʰˎˍʺ ̱ ʹ ˃ʷʻˇʵˇ 
ʶˉʾ˂ˎˋʹˌ ʶ˅ʶˍʱʸʶˍʰʽ  ́ˁ˂ʾˋʹ ˍʹˌ ʰ˄ˍʽˁʶʽ˃ʶ˄ʽˁʺˌ ˋˎ˄ʱˊˍʹˋʹˌ ˁʰʻ˗ˌ ʰ˂˂ʱʸˇˎ˄ ˇʽ ˃ʶˍʰʲ˂ʹˍʷˌ 
ʰˉˈ˒ʰˋʹˌ ˁʰʽ ˉˊˇˋʵʽˇˊʾʸʶˍʰ̔ ́ ʶˉʾˍʶˎ˅ʹ ˍʹˌ ʲʷ˂ˍʽˋˍʹˌ ˂ˏˋʹˌ ˈˍʰ˄ ˇʽ ˃ʶˊʽˁʷˌ ˉʰˊʱʴ˖ʴˇʽ 
ʽˋˇˏ˄ˍʰʽ ˃ʶ ˃ʹʵʷ˄Φ 

 

ʅ˔ʺ˃ʰ 4.16 ɳ˒ʰˊ˃ˇʴʺ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˋˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ {²фумллр! ˍˇˎ 
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ʅ˔ʺ˃ʰ 4.17 ɳ˒ʰˊ˃ˇʴʺ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˋˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ {²фум129J ˍˇˎ 
Österlund 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ʹ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ʶʾ˄ʰʽ ʰˊˁʶˍʱ 
ˁʰ˂ʺ ˃ʷ˔ˊʽ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍˇˎ άwakeέ ˋˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ ˉʶˊʽˇ˔ʺ ˈˉˇˎ ʰˊ˔ʾʸʶʽ ˁʰʽ ˅ʶˁʽ˄ʱʶʽ ʹ 
ʰˉ̍ˁ˂ʽˋʹΦ ʆʰ ʵʶʵˇ˃ʷ˄ʰ {²фунммнфW ʰˊ˔ʾʸˇˎ˄ ˁʰʽ ʰˉˇˁ˂ʾ˄ˇˎ˄ h ˉˈ ˍˇ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ɹ ʽʰ ˍʽ˃ʷˌ 
ˉʶˊʾˉˇˎ ώ σππ ˈˉˇˎ ˁʰʽ ʰˉʶʽˁˇ˄ʾʸʶˍʰʽ  ́ʶˉʾʵˊʰˋʹ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˉˇˊʶˏ˃ʰˍˇˌ όǿŀƪŜ 
ŎƻƳǇƻƴŜƴǘύ ʃ [28]. ʅˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ˎˉʱˊ˔ˇˎ˄ ˉ˂ʺʻˇˌ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ˍʽ˃˗˄  ʴʽʰ ˍʽˌ ˇˉˇʾʶˌ ˍˇ 
ˉˊˇ˒ʾ˂ ʵʾ˄ʶʽ ˁʰ˂ʺ ˉˊˇˋʰˊ˃ˇʴʺ ˁʰʽ ʶ˅ʰˊˍʱˍʰʽ ˋʶ ˃ʶʴʱ˂ˇ ʲʰʻ˃ˈ ʰˉˈ ˍʽˌ ʶˁʱˋˍˇˍʶ ˋˎ˄ʻʺˁʶˌ  ̱ ʹˌ 
ˊˇʺˌΦ  ʁʽ ˍʰ˔ˏˍʹˍʶˌ ˍˊʽʲʺˌ ˖ˌ ˉˊˇˌ ˍʽˌ ˉˊʰʴ˃ʰˍʽˁʷˌ ˉˇˎ ˃ʶˍˊʺʻʹˁʰ˄ ˉʰˊˇˎˋʽʱʸˇˎ˄  ˋ˒ʱ˂˃ʰ 
2.86-2.89%.  
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4.3.2 ɳ˒ʰˊ˃ˇʴʺ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ {ǇŀƭŘƛƴƎ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰˌ 
ˍˇˎ ɳɾʃ 

ʅˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍˇˎ ˉˊˇ˒ʾ˂ ˍˇˎ {ǇŀƭŘƛƴƎ ʹ ˋˍʰʻʶˊʱ ɰ ̒ ʶ˖ˊʺʻʹˁʶ ʾˋʹ ˃ʶ р ˁʰʽ ˍˇ ȅ0 ˃ ʹʵʶ˄ʽˁˈΦ ɶ 
ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ ǳ* ʲˊʷʻʹˁʶ лΦмроƳκǎ (ʅ˔ʺ˃ʰ 4.18)Φ ɶ ˍʽ˃ʺ ˍʹˌ ʎʐɻʃʀʍʗʏ  ` υ ʰ˒ˇˊʱ ˂ʶʾˇ 
ˍˇʾ˔˖˃ʰΣ ˃ʽʰ ˋˎ˄ʻʺˁʹ ˉˇˎ ʵʶ˄ ʰ˒ˇˊʱ ˁʰ˃ʾʰ ʰˉˈ ˍʽˌ ʵʽʰˍʱ˅ʶʽˌ ˉˇˎ ʵˇˁʽ˃ʱˋˍʹˁʰ˄ ˋˍʹ˄ 
ʰʶˊˇˋʺˊʰʴʴʰ. ʍˋˍˈˋˇΣ ʶ˅ʶˍʱʸˇ˄ˍʰˌ ˍˇ˄ ʰˊʽʻ˃ˈ ˍˊʰ˔ˏˍʹˍʰˌ (ʃʾ˄ʰˁʰˌ 4.3) όʹ ʰ˂˂ʽ˗ˌ ˁˊʾˋʽ˃ˇˌ 
ʰˊʽʻ˃ˈˌύ wŜȅƴƻƭŘǎ όʲ˂Φ 2.6.5ύ ˃ʶ ʲʱˋʹ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ ˖ˌ ˉˊˇˌ ˍʹ˄ 
ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌ ˁʰʽ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰΣ ˃ˉˇˊʶʾ ˃ˈ˄ˇ ʹ ˉˊ˗ˍʹ ʵʽʱˍʰ˅ʹ ˄ʰ ʻʶ˖ˊʹʻʶʾ ʶ˄ ʵˎ˄ʱ˃ʶʽ 
ʰʶˊˇʵˎ˄ʰ˃ʽˁʱ ˂ʶʾʰ ʶˉʽ˒ʱ˄ʶʽʰ ˇˉˈˍʶ ˁʰʽ ˄ʰ ʶ˅ʶˍʰˋˍʶʾ ˃ʶ ʰˎˍʺ˄ ˍʹ˄ ˉʰˊʰʵˇ˔ʺ ˖ˌ ˍʷˍˇʽʰΦ ʅˍʽˌ 
ˎˉˈ˂ˇʽˉʶˌ ʵʽʰˍʱ˅ʶʽˌ ʹ ˉˊˇˋʰˊ˃ˇʴʺ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ {ǇŀƭŘƛƴƎ ʵʶ˄ ʰˉˇʵʾʵʶʽ ˋ˖ˋˍʱ ˍʹ˄ ˁʰˍʰ˄ˇ˃ʺ 
ˍ˖˄ ˍʽ˃˗˄ ˍʰ˔ˏˍʹˍʰˌΣ ˉʽʻʰ˄ˈ˄ ʶˉʶʽʵʺ ˍˇˉˇʻʶˍʺʻʹˁʰ˄ ˉʶˊʽˋˋˈˍʶˊˇʽ ˇʲʶ˂ʾˋˁˇʽ όǎǇƛǊŜǎύ ˋʶ 
ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ˄ ʰˎ˅ʹ˃ʷ˄ʹ ˍˊʰ˔ˏˍʹˍʰ ˍ˖˄ ʵʽʰˍʱ˅ʶ˖˄Φ ʍˋˍˈˋˇ ˉʰˊʰˍʾʻʶ˄ˍʰʽ ʴʽʰ ˂ˈʴˇˎˌ 
ˉ˂ʹˊˈˍʹˍʰˌΦ  

ʃʾ˄ʰˁʰˌ 4.3 ʆʽ˃ʷˌ ˁˊʾˋʽ˃ˇˎ ʰˊʽʻ˃ˇˏ Reynolds h ˄ʱ ʵʽʱˍʰ˅ʹ 

 5cm_4spires 5cm_7spires 5+3cm_7spires 3+5cm_7spires 3+5cm_7spires_NoTrip 

╡▄ᶻ 0.54 11.35 19.58 23.91 20.95 

 

 

ʅ˔ʺ˃ʰ 4.18 ɳ˒ʰˊ˃ˇʴʺ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˋˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ рŎƳψпǎǇƛǊŜǎ 
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ʅ˔ʺ˃ʰ 4.19 ɳ˒ʰˊ˃ˇʴʺ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˋˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ рŎƳψтǎǇƛǊŜǎ 

 

ʅ˔ʺ˃ʰ 4.20 ɳ˒ʰˊ˃ˇʴʺ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˋˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ рҌоŎƳψтǎǇƛǊŜǎ 
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ʅ˔ʺ˃ʰ 4.21 ɳ˒ʰˊ˃ˇʴʺ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˋˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ оҌрŎƳψтǎǇƛǊŜǎ 

 

ʅ˔ʺ˃ʰ 4.22 ɳ˒ʰˊ˃ˇʴʺ ˉˊˇ˒ʾ˂ {ǇŀƭŘƛƴƎ ˋˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ оҌрŎƳψтǎǇƛǊŜǎψbƻ¢ǊƛǇ 

0

5

10

15

20

25

30

35

100 1000 10000

u
+

y+

3+5cm_7spires

Spalding

u* = 0.109 m/s

0

5

10

15

20

25

30

35

100 1000 10000

u
+

y+

3+5cm_7spires_NoTrip

Spalding

u* = 0.107 m/s



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

90 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

4.4 ɳ˒ʰˊ˃ˇʴʺ ˄ˈ˃ˇˎ ˍˇˎ Musker ˃ ʁSeǉǳŜƴǘƛŀƭ vǳŀŘǊŀǘƛŎ tǊƻƎǊŀƳƳƛƴƎ ˉˊˇˌ 
ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˉʷ˄ˍʶ (5) ̄ ʰˊʰ˃ʷˍˊ˖ ˄̱ ʹˌ ˊˇʺˌ 

ʃʽˇ ˉˊˈˋ˒ʰˍʰ ʰˉˇʵʶˁˍʺ ˁʰʽ ʰˁˊʽʲʺˌ ˃ʷʻˇʵˇˌ ʰˊʽʻ˃ʹˍʽˁʺˌ ʶˉʾ˂ˎˋʹˌ ʶʾ˄ʰʽ ʹ ˃ʷʻˇʵˇˌ ˉˇˎ 
˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˉʽˇ ˋˏ˄ʻʶˍʶˌ ˎ˂ˇˉˇʽʺˋʶʽˌ ˉˊˇˋʰˊ˃ˇʴʺˌ ˁʰʽ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˍʹ ˃ʷʻˇʵˇ ˍˇˎ 
ɲʽʰʵˇ˔ʽˁˇˏ ʆʶˍˊʰʴ˖˄ʽˁˇˏ ʃˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏ ό{ŜǉǳŜƴǘƛŀƭ vǳŀŘǊŀǘƛŎ tǊƻƎǊŀƳƳƛƴƎύ ʹ ˇˉˇʾʰ 
ˁʱ˄ʶʽ ˔ˊʺˋʹ ˍʹˌ ʰ˄ʰ˂ˎˍʽˁʺˌ ˋ˔ʷˋʹˌ ˍˇˎ ausker. ʃʶˊʽʶʴˊʱ˒ʹˁʶ ˁʰʽ ˃ʶ˂ʶˍʺʻʹˁʶ ʶˁˍʶ˄˗ˌ ʰˉˈ 
ˍˇˎˌ wƻŘǊƛƎǳŜȊ el al. [60] ˁ ʰʽ ʹ ˉʰˊʰˁʱˍ˖ ʰ˄ʱˉˍˎ˅ʹ ˁ ʰʽ ˉˊˇˋʰˊ˃ˇʴʺ ˍˇˎ ˁ˗ʵʽˁʰ ˋˍʹˊʾ˔ʻʹˁʶ ˋʶ 
ʵʹ˃ˇˋʾʶˎˋʹ ˍˇˎˌΦ ɶ ʰ˄ʱʴˁʹ ʴʽʰ ˍʹ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ˁ˗ʵʽˁʰ ʴʶ˄˄ʱˍʰʽ ʰ˒ʶ˄ˈˌ ʰˉˈ ˍʹ˄ ʰʵˎ˄ʰ˃ʾʰ 
ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ Spalding ˄ʰ ˉʶˊʽʴˊʱ˕ʶʽ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍˇˎ άwakeέ ˋˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ ˉʶˊʽˇ˔ʺ ˁʰʽ 
ʰ˒ʶˍʷˊˇˎ ˍʹ˄ ˉ˂ʹˊʷˋˍʶˊʹ ˁʰʽ ʰˁˊʽʲʷˋˍʶˊʹ ˉʶˊʽʴˊʰ˒ʺ ˍʹˌ ʶˁʱˋˍˇˍʶ ˁ ʰˍʰ˄ˇ˃ʺ ˍʰ˔ˏˍʹˍʰˌ ˃ʷˋʰ 
ʰˉˈ ˍʹ˄ ʶˏˊʶˋʹ ˉʶˊʽˋˋˈˍʶˊ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ˍʹˌ ˉʷˊʰ ʰˉˈ ˍʹ˄ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ. 

ʆˇ ˋʹ˃ʰ˄ˍʽˁˈ ˋˎʴˁˊʽˍʽˁˈ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ʷ˄ʰ˄ˍʽ ˍ˖˄ ˉˊˇʹʴˇˏ˃ʶ˄˖˄ ˃ʶʻˈʵ˖˄ ʷʴˁʶʽˍʰʽ ˋˍˇ˄ 
ˍʰˎˍˈ˔ˊˇ˄ˇ ˎˉˇ˂ˇʴʽˋ˃ˈ ˉʷ˄ˍʶ ˃ʶˍʰʲ˂ʹˍ˗˄ ˍʹˌ ˊˇʺˌ ʰˉˈ ˃ʾʰ ˃ʶˍˊʹ˃ʷ˄ʹ ˁʰˍʰ˄ˇ˃ʺ ˍʰ˔ˏˍʹˍʰˌ. 
ɴˍˋʽ ˃ʶ ˍʹ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˍ˖˄ ˉʷ˄ˍʶ ˉʰˊʰ˃ʷˍˊ˖˄ ˉˇˎ ʶˉʽ˂ʷʴˇ˄ˍʰʽ ˇʽ ˎˉˇʻʷˋʶʽˌ ˖ˌ ˉˊˇˌ ˍʹ 
˒ˏˋʹ ˍˇˎ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ʵʶ˄ ʶʾ˄ʰʽ ʰ˄ʰʴˁʰʾʶˌ ˈˉ˖ˌ ˁʰʽ ˁʰ˃ʾʰ ʶˁ ˍ˖˄ ˎˋˍʷˊ˖˄ ˉ˂ʹˊˇ˒ˇˊʾʰ 
ʺ ʴ˄˗ˋʹ ʴʽʰ ˍʹ˄ ʷˁˍʰˋʹ ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˋˍˊ˗˃ʰˍˇˌΣ ˉʷˊʰ ʰˉˈ ˍʹ˄ ˏˉʰˊ˅ʺ ˍˇˎ [60]. ɶ 
ˁʰ˄ˇ˄ʽˁʺ ˉʶˊʽʴˊʰ˒ʺ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʴʽʰ ˏ˕ʹ y ʶ˄ˍˈˌ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ  ɻ
ˋˍʹˊʾʸʶˍʰʽ ˋˍˇ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ Musker [61] ˍˇ ˇˉˇʾˇ ˃ʶ ˍʹ ˋʶʽˊʱ ˍˇˎ ˋˍʹˊʾʸʶˍʰʽ ˋˍˇ 
˃ˇ˄ˍʷ˂ˇ ˍˎˊʲ˗ʵˇˎˌ ˋˎ˄ʶˁˍʽˁˈˍʹˍʰˌΦ ʆˇ ˉˊˇ˒ʾ˂ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ̱ ˇˎ Musker ̝ ˖ˊʾˌ ˍˇ ʵʶˏˍʶˊˇ ˁʰʽ 
ˍˊʾˍˇ ˈˊˇ ˍʹˌ ˋ˔ʷˋʹˌ (4.7) ʵʽʰ˒ʷˊʶʽ ʶ˂ʱ˔ʽˋˍʰ ʰˉˈ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ˍˇˎ Spalding ˁʰʽ ʹ ʶ˂ʱ˔ʽˋˍʹ 
ʶʽʵˇˉˇʽˈˌ ʵʽʰ˒ˇˊʱ ˍˇˎˌ ʶ˄ˍˇˉʾʸʶˍʰʽ ʰˉˇˁ˂ʶʽˋˍʽˁʱ ˋˍʹ˄ ʶ˄ ʵʽɦ˃ ʶˋʹ ʸ˗˄ʹ όbuffer layer) ˃ʶ ˍˇ 
ʵʽˇˊʻ˖ˍʽˁˈ ˈˊˇ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˉʰˊʰˁʱˍ˖. ʆˇ ˉˊˇ˒ʾ˂ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ ˂ˏˋʹ ˍʹˌ ʱˊˊʹˍʹˌ 
ˋˎ˄ʱˊˍʹˋʹˌΥ  

▀◊□◊▼▓▄►
▀◐

 

◐
ⱥ ▼

◐
◐
ⱥ ▼

  

(4.1) 

 ɶ ˋˎ˄ˇ˂ʽˁʺ ˉʶˊʽʴˊʰ˒ʺ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʵʾ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ˉʰˊʰˁʱˍ˖ ˋ˔ʷˋʹΥ 

◊╬╪▪▫▪░╬╪■  = ◊ □◊▼▓▄► + ◊ ╫◊□▬ + 
♂

ⱥ
╦

◐

♯
 (4.2) 

Σ ˈˉˇˎ ʹ ˃ʶˍʰʲ˂ʹˍʺ ǎ ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ʶ˅ʽˋ˗˄ˇ˄ˍʰˌ ˍʹ ˂ˏˋʹ ˍʹˌ ˉʰˊʰˉʱ˄˖ ʶ˅ʾˋ˖ˋʹˌ ˃ʶ ˍʹ˄ 
ʶ˅ʾˋ˖ˋʹ ˍʹˌ ˂ˇʴʰˊʽʻ˃ʽˁʺˌ ˉʶˊʽˇ˔ʺˌ ʴʽʰ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ˃ʶʴʱ˂ˇ ȅ+. h ˈˊˇˌ ό  ʰ˒ˇˊʱ 

ʵʽˇˊʻ˖ˍʽˁˈ ˈˊˇ ˇˉˇʾˇˌ ˉˊˇˋʰˊ˃ˈʸʶʽ ˍʹ˄ ˁʰ˃ˉˏ˂ʹ ˃ʶ ˃ʶʴʰ˂ˏˍʶˊʹ ʰˁˊʾʲʶʽʰ ˋˍʹ˄ ˉʶˊʽˇ˔ʺ ʰˉˈ 
ώ τ ʷ˖ˌ ώ υπ όōǳƳǇ ǇǊƻŦƛƭŜύΦ ʅˏ˃˒˖˄ʰ ˃ʶ ˉˊˇʹʴˇˏ˃ʶ˄ʶˌ ˃ʶ˂ʷˍʶˌ [62] ʷ˔ʶʽ ʰ˃ʶ˂ʹˍʷʰ 
ʶˉʾʵˊʰˋʹ ˖ˋˍˈˋˇ ʰ˄ʰ˒ʷˊʶˍʰʽ ˁʰʽ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʴʽʰ ˂ˈʴˇˎˌ ˉ˂ʹˊˈˍʹˍʰˌΦ 
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◊ ╫◊□▬  
ἭὀἸ■▫▌

◐

Ȣ
 

(4.3) 

ʆʷ˂ˇˌΣ ˇ ˍˊʾˍˇˌ ˈˊˇˌ 
♂

ⱥ
╦

◐

♯
 ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ˉʰˊʱ˃ʶˍˊˇ ˁ˂ʾˋʹˌ ˉʾʶˋʹˌ ʃ όǿŀƪŜ ǇŀǊŀƳŜǘŜǊύ 

ˁʰʽ ˍʹ ˋˎ˄ʱˊˍʹˋʹ ʶˁʻʶˍʽˁˇˏ ˍˏˉˇˎ ² [63] ˉˇˎ ʰ˄ˍʽˉˊˇˋ˖ˉʶˏʶʽ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ ʵˎ˄ʰ˃ʽˁʺˌ 
ˍʹˌ ʶ˅˖ˍʶˊʽˁʺˌ ˉʶˊʽˇ˔ʺˌ όǿŀƪŜ ŦǳƴŎǘƛƻƴύ ˁʰʽ ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍʹ˄ ˃ʶˍʰʲ˂ʹˍʺ Ɫ ◐Ⱦ♯Φ ʁˊʾʸʶˍʰʽ 
˖ˌ ʶ˅ʺˌΥ 

ἥ
ἭὀἸ ╪ ╪ ╪ Ɫ ╪Ɫ ╪Ɫ ╪Ɫ

▄●▬╪  ╪  ╪ Ⱦ

♂
ἴἶⱢ  

(4.4) 

Σ ˈˉˇˎ 

 ╪ Ȣ
      ╪  Ȣ
╪  Ȣ

 

ɲˇˁʽ˃ʱˋʻʹˁʶ ʶˉʾˋʹˌ ˁʰʽ ʵʽʰ˒ˇˊʶˍʽˁʺ ˋˎ˄ʱˊˍʹˋʹ W ʹ ˇˉˇʾʰ ˉˊˇˍʱʻʹˁʶ ʰˉˈ ˍˇˎˌ CƛƴƭŜȅ et al. 
[64] ˁ ʰʽ ˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ ˋ˔ʷˋʹΥ 

ἥ ♂Ɫ ♂Ɫ (4.5) 

ʆʰ ˁʰˍ˗ˍʶˊʰ ˁʰʽ ʰ˄˗ˍʶˊʰ ˈˊʽʰ ʰ˂˂ʱ ˁʰʽ ˇʽ ʰˊ˔ʽˁʷˌ ˍʽ˃ʷˌ ˋˍʹˊʾ˔ʻʹˁʰ˄ ˋˍʽˌ ˉˊˇˍʱˋʶʽˌ ˍʹˌ 
ʵʹ˃ˇˋʾʶˎˋʹˌ [60] ˁʰʽ ˇ ʃʾ˄ʰˁʰˌ 4.4 ˍʰ ˉʰˊˇˎˋʽʱʸʶʽΦ ʁʽ ʰˊ˔ʽˁʷˌ ˍʽ˃ʷˌ ʰˉˇˋˁˇˉˇˏ˄ ˋˍʹ˄ 
ˍʰ˔ˏˍʶˊʹ ˋˏʴˁ˂ʽˋʹ ˁʰʽ ʵʶ˄ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ ʲʷ˂ˍʽˋˍʹ ˂ˏˋʹ ˍˇˎ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ʶˁˍˈˌ ʶ˄ʵʶ˔ˇ˃ʷ˄˖ˌ 
ʰˉˈ ʰˎˍʺ˄ ˍˇˎ ˉʱ˔ˇˎˌ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ όˋʶ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰύ ʹ 
ˇˉˇʾʰ ˈ˃˖ˌ ʵʶ˄ ʶˉʹˊʶʱʸʶʽ ˍʹ˄ ˁˏˊʽʰ ˖ˌ ˉˊˇˌ ˍˇ ʶ˄ʵʽʰ˒ʷˊˇ˄ ˃ʶˍʰʲ˂ʹˍʺ  ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌΣ 
ˉʰˊʱ ˃ˈ˄ˇ ˍʹ˄ ˉʰˊʱ˃ʶˍˊˇ ʃΦ 
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ʃʾ˄ʰˁʰˌ 4.4 ɮˊ˔ʽˁʷˌ ˍʽ˃ʷˌΣ ˁʰˍ˗ˍʶˊʰ ˁʰʽ ʰ˄˗ˍʶˊʰ ˈˊʽʰ ˉʰˊʰ˃ʷˍˊ˖˄ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ 

 ɼʰˍ˗ˍʶˊˇ ˈˊʽˇ ɮ˄˗ˍʶˊˇ ˈˊʽˇ ɮˊ˔ʽˁʺ ˍʽ˃ʺ 

u*
 (m/s) 0.5u*log law 1.5u*log law u*log law  

ɲȅ (mm) -yfirst measurement yfirst measurement 0 

 ɻ(mm) лΦуʵ99 у9ɻ9 мΦоʵ99 

ʃ 0 5 0.5 

 ˁ 0.2 0.8 0.4 

 

ʁ ʵʽʰʵˇ˔ʽˁˈˌ ˍʶˍˊʰʴ˖˄ʽˁˈˌ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˈˌ ʰ̄ ˇˍʶ˂ʶʾ ˃ʾʰ ʰˉˈ ˍʽˌ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʶˊʶˌ 
˃ʶʻˈʵˇˎˌ ʴʽʰ ˍʹ˄ ʶˉʾ˂ˎˋʹ ˉˊˇʲ˂ʹ˃ʱˍ˖˄ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ ˃ʶ ̄ʁ ˊʽˇˊʽˋ˃ˇˏˌ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ 
ʴˊʰ˃˃ʽˁʷˌ ˁʰʽ ˃ʹ-ʴˊʰ˃˃ʽˁʷˌ ˋˎ˄ʰˊˍʺˋʶʽˌ ˉʶˊʽˇˊʽˋ˃˗˄ ˁʰʽ ʷ˔ʶʽ ˍʹ ˃ˇˊ˒ʺΥ  

ἵἱἶ
●╡ꜗ╝
█●ᴆ 

ˎˉˈ ˍˇˎˌ ˉʶˊʽˇˊʽˋ˃ˇˏˌΥ 

     ⱴ░●  ȟ░  ȟȣȟ□ ȟ 

     ▐▒●  ȟ▒  ȟȣȟ□  

 

ɶ ˃ʷʻˇʵˇˌ {vt ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʶˋ˖ˍʶˊʽˁʷˌ ˁʰʽ ʶ˅˖ˍʶˊʽˁʷˌ ʶˉʰ˄ʰ˂ʺ˕ʶʽˌ. ʁ ̔ʶˋ˖ˍʶˊʽˁʷˌ 
ʶˉʰ˄ʰ˂ʺ˕ʶʽˌ ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˋˍʽˌ ʶˉʰ˄ʰ˂ʺ˕ʶʽˌ ˉˇˎ ʰˉʰʽˍˇˏ˄ˍʰʽ ʴʽʰ ˍʹ ˂ˏˋʹ ˍˇˎ ˍʶˍˊʰʴ˖˄ʽˁˇˏ 
ˎˉˇˉˊˇʲ˂ʺ˃ʰˍˇˌΣ ʶ˄˗ ˇʽ ʶ˅˖ˍʶˊʽˁʷˌ ʰ˒ˇˊˇˏ˄ ˍʽˌ ʶˉʰ˄ʰ˂ʺ˕ʶʽˌ ˇʽ ˇˉˇʾʶˌ ʰ˄ʰ˄ʶ˗˄ˇˎ˄ ˍˇ 
ˍʶˍˊʰʴ˖˄ʽˁˈ ˎˉˇˉˊˈʲ˂ʹ˃ʰ [65]. ʆˇ ˁˏˊʽˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍ˖˄ ˃ʶʻˈʵ˖˄ ˉˇˎ ʲʰˋʾʸˇ˄ˍʰʽ ˋˍʹ˄ {vt 
ʶʾ˄ʰʽ ˈˍʽ ˍʰ ˍʶˍˊʰʴ˖˄ʽˁʱ ˎˉˇˉˊˇʲ˂ʺ˃ʰˍʰ ˍˇˎ ˉˊˇʲ˂ʺ˃ʰˍˇˌ ˋˎʴˁ˂ʾ˄ˇˎ˄ ʴˊʺʴˇˊʰ ˁʰʻ˗ˌ 
ˉˊˇ˔˖ˊˇˏ˄ ˇʽ ʶ˅˖ˍʶˊʽˁʷˌ ʶˉʰ˄ʰ˂ʺ˕ʶʽˌΦ ʆˇ ˋʹ˃ʰ˄ˍʽˁˈˍʶˊˇ ˃ʶʽˇ˄ʷˁˍʹ˃ʰ ʰˎˍ˗˄ ˍ˖˄ ˃ʶʻˈʵ˖˄ 
˖ˋˍˈˋˇ ʶʾ˄ʰʽ ˈˍʽ ʵʶ˄ ˁʱ˄ˇˎ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʺ ˔ˊʺˋʹ ˍʹˌ ʵʶˏˍʶˊʹˌ ˉʰˊʰʴ˗ʴˇˎ ˍʹˌ 
ʰ˄ˍʽˁʶʽ˃ʶ˄ʽˁʺˌ ˋˎ˄ʱˊˍʹˋʹˌ όʶʱ˄ ˍˇ ˃ʹˍˊ˗ˇ ̱ ʹˌ ʵʶˏˍʶˊʹˌ ˉʰˊʰʴ˗ʴˇˎ ʵʶ˄ ʶʾ˄ʰʽ ʻʶˍʽˁʱ ˇˊʽˋ˃ʷ˄,̌ 
ˍˇ ˍʶˍˊʰʴ˖˄ʽˁˈ ˎˉˇˉˊˈʲ˂ʹ˃ʰ ʶʾ˄ʰʽ ˉʽʻʰ˄ˈ ˄ʰ ˃ʹ˄ ˋˎʴˁ˂ʾ˄ʶʽύΦ ɳˉˇ˃ʷ˄˖ˌΣ ˋˍʹ ˃ʷʻˇʵˇ {vtΣ ˇʽ 
ʰˁˊʽʲʶʾˌ ʵʶˏˍʶˊʶˌ ˉʰˊʱʴ˖ʴˇʽ ˍʹˌ ʰ˄ˍʽˁʶʽ˃ʶ˄ʽˁʺˌ ˋˎ˄ʱˊˍʹˋʹˌ ʵʶ˄ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽΣ ʰ˂˂ʱ ʰ˄ˍΩ 
ʰˎˍˇˏ ˉˊˇˋʶʴʴʾʸˇ˄ˍʰʽ ˇʽ ʵʶˏˍʶˊʶˌ ˉˇˎ ʰˉʰʽˍˇˏ˄ˍʰʽ ʴʽʰ ˍʹ ˂ˏˋʹ. ɽˈʴ˖ ˍˇˎ ʴʶʴˇ˄ˈˍˇˌ ˈˍʽ ˇ 
ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍ˖˄ ʵʶˏˍʶˊ˖˄ ˉʰˊʰʴ˗ʴ˖˄ ʵʶ˄ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍˇˌΣ ʹ ˃ʷʻˇʵˇˌ {vt ˁʰʻʾˋˍʰˍʰʽ 
ʶˎˊʷ˖ˌ ˔ˊʺˋʽ˃ʹ ˋˎ˔˄ʱ ˋʶ ʶ˒ʰˊ˃ˇʴʷˌ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ ˁʰʽ ˋˍˇ˄ ˍˇ˃ʷʰ ˍʹˌ ˎˉˇ˂ˇʴʽˋˍʽˁʺˌ 
ˊʶˎˋˍˇʵˎ˄ʰ˃ʽˁʺˌΣ ˈˉˇˎ ˍˇ ˎˉˇ˂ˇʴʽˋˍʽˁˈ ˁˈˋˍˇˌ ˃ˉˇˊʶʾ ˄ʰ ʶʾ˄ʰʽ ˉˇ˂ˏ ˎ˕ʹ˂ˈΦ 

ɶ ʰ˄ˍʽˁʶʽ˃ʶ˄ʽˁʺ ˋˎ˄ʱˊˍʹˋʹ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˃ʾʰ ˋˎ˄ʱˊˍʹˋʹ ˋ˒ʱ˂˃ʰˍˇˌ (4.6) ʹ ˇˉˇʾʰ ˍʶʾ˄ʶʽ ˄ʰ 
ʶ˂ʰ˔ʽˋˍˇˉˇʽʹʻʶʾΦ ɶ ˋˎ˄ʱˊˍʹˋʹ ʰˎˍʺ ʰ˒ˇˊʱ ˍʹ˄ ʵʽʰ˒ˇˊʱ ʶ˄ˈˌ ˁʰ˄ˇ˄ʽˁˇˏ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ 
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(u+
canonical) ʰˉˈ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ όǳ+

experimental). ʆˇ ˁʰ˄ˇ˄ʽˁˈ ˉˊˇ˒ʾ˂ ʶʾ˄ʰʽ 
ˋˎ˄ʱˊˍʹˋʹ р ˉʰˊʰ˃ʷˍˊ˖˄ ˍʹˌ ˊˇʺˌΣ ˍʹˌ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ όǳ*ύΣ ʶ˄ˈˌ ʶ˄ʵʶ˔ˈ˃ʶ˄ˇˎ ˏ˕ˇˎˌ 
˃ʶˍʰˍˈˉʽˋʹˌ ʰˉˈ ˍˇ˄ ˍˇʾ˔ˇ όȅoύΣ ˍʹˌ ˋˍʰʻʶˊʱˌ von Kármán όˁύΣ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰˉˇˊʶˏ˃ʰˍˇˌ 
(wake parameterύ όʃύ ˁʰʽ ˍˇˎ ˉʱ˔ˇˎ̩  ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ όʵύ. ɾʷˋ˖ ˍʹˌ {vtΣ ˂ˇʽˉˈ˄ 
ˋˍˇ˔ʶˏʶˍʰʽ ʹ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹ ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ ˋ˒ʱ˂˃ʰˍˇˌ ˃ʷˋ˖ ˍʹˌ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ ˍ˖˄ р 
ˉʰˊʰ˃ʷˍˊ˖˄ ˉˇˎ ʰ˄ʰ˒ʷˊʻʹˁʰ˄ ˁʰʽ ˇʽ ˇˉˇʾʶˌ ˒ˎˋʽˁʱ ˎˉˈˁʶʽ˄ˍʰʽ ˋʶ ʷ˄ʰ ʶˏˊˇˌ ˉˊˇˌ ʶˉʾˍʶˎ˅ʹˌ 
ˍʰ˔ˏˍʶˊʹˌ ˋˏʴˁ˂ʽˋʹˌ [60].  

◖ ◊ᶻȟ◐▫ ȟⱥȟ♂ȟ♯
◊╬╪▪▫▪░╬╪■◊ᶻȟ◐▫ ȟⱥȟ♂ȟ♯  ◊▄●▬▄►░□▄▪◄╪■

◊╬╪▪▫▪░╬╪■◊zȟ◐▫ ȟⱥȟ♂ȟ♯
   

(4.6) 

ɶ ˃ʷʻˇʵˇˌ {vt ʵʶ˄ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍʹ˄ ˍʶˍˊʰʴ˖˄ʽˁʺ ˉˊˇˋʷʴʴʽˋʹ ˍʹˌ ʰ˄ˍʽˁʶʽ˃ʶ˄ʽˁʺˌ ˋˎ˄ʱˊˍʹˋʹˌΣ 
ʵʹ˂ʰʵʺ ˍʹˌ ɳ1 ˁʰʽ ˍʹ˄ ʴˊʰ˃˃ʽˁʺ ˉˊˇˋʷʴʴʽˋʹ ˍ˖˄ ˉʶˊʽˇˊʽˋ˃˗˄Σ ʰ˂˂ʱ ˍʹ˄ ˍʶˍˊʰʴ˖˄ʽˁʺ 
ˉˊˇˋʷʴʴʽˋʹ ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ [ŀƎǊŀƴƎŜ ʴʽʰ ˍˇ ˉˊˈʲ˂ʹ˃ʰ ʰˎˍˈΥ 

︡●ᴆȟⱦᴆ  ◖●ᴆ ⱦ ▐●ᴆ  (4.7) 

, ˈˉˇˎ ʹ ˋˎ˄ʱˊˍʹˋʹ h ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʰ ˈˊʽʰ ˍʹˌ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ ʶˁ˒ˊʰˋ˃ʷ˄ʰ ʰˉˈ ˍˇˎˌ 
ˉʶˊʽˇˊʽˋ˃ˇˏˌ Ὤὼᴆ π ˁʰʽ  ˂ˇʽ ˉˇ˂˂ʰˉ˂ʰˋʽʰˋˍʷˌ [ŀƎǊŀƴƎŜΦ ɶ ʰ˂ʴˇˊʽʻ˃ʽˁʺ ʶˉʾ˂ˎˋʹ ˍˇˎ 
ˉˊˇʲ˂ʺ˃ʰˍˇˌ ʶˁˁʽ˄ʶʾ ˃ʶ ʷ˄ʰ ˁʰʻˇˊʽˋ˃ʷ˄ˇ ὼᴆ ˍˇ ˇˉˇʾˇ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʹ˄ ʰˊ˔ʽˁˇˉˇʾʹˋʹ ˍ˖˄ р 
ˉʰˊʰ˃ʷˍˊ˖˄ ˁʰʽ ʲʱˋʹ ˍˇˎ ˇˉˇʾˇˎ ˉˊˇʶʴʴʾʸʶˍʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ [ŀƎǊŀƴƎŜ ˃ʷˋ˖ ˍʶˍˊʰʴ˖˄ʽˁˇˏ 

ʶˉʾˋʹˌ ˎˉˇˉˊˇʲ˂ʺ˃ʰˍˇˌΦ ʅˍʹ˄ ˉˇˊʶʾʰ ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ˍˇ ʵʽʱ˄ˎˋ˃ʰ Ὠᴆ ˃ʷˋ˖ ˃ʽʰˌ ˎˉˇˊˇˎˍʾ˄ʰˌ 
ˍˇˎ ˉˊˇʴˊʱ˃˃ʰˍˇˌ, ̱ ˇ ˇˉˇʾˇ ̌ ˊʾʸʶˍʰʽ ˖ˌ ˁʰˍʶˏʻˎ˄ˋʹ ʰ˄ʰʸʺˍʹˋʹˌ ˁ ʰʽ ʶˁ˒ˊʱʸʶʽ ˍʹ˄ ˁʰˍʶˏʻˎ˄ˋʹ 
ˋˍʹ˄ ˇˉˇʾʰ ˇ ʰ˂ʴˈˊʽʻ˃ˇˌ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ ˋʶ ˁʱʻʶ ʶˉʰ˄ʱ˂ʹ˕ʹ ʻʰ ʶ˄ʹ˃ʶˊ˗ˋʶʽ ˍʽˌ  ˉʷ˄ˍʶ 
˃ʶˍʰʲ˂ʹˍʷˌ ʰˉˈ˒ʰˋʹˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʲʶ˂ˍʽ˗ˋʶʽ ˍʹ˄ ʶ˂ʰ˔ʽˋˍˇˉˇʾʹˋʹ ˍʹˌ ʰ˄ˍʽˁʶʽ˃ʶ˄ʽˁʺˌ 
ˋˎ˄ʱˊˍʹˋʹˌΦ 

4.4.1 ɳ˒ʰˊ˃ˇʴʺ ˁ˗ʵʽˁʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ mǎǘŜǊƭǳƴŘ  

ʁʽ ˋˎ˄ʻʺˁʶˌ ˁʱˍ˖ ʰˉˈ ˍʽˌ ˇˉˇʾʶˌ ˇ˂ˇˁ˂ʹˊ˗ʻʹˁʶ ʹ ˃ʶ˂ʷˍʹ ˍˇˎ mǎǘŜǊƭǳƴŘ ˁʰʻʽˋˍˇˏ˄ ʽʵʰ˄ʽˁʺ ˍʹ˄ 
ʶ˒ʰˊ˃ˇʴʺ ˍˇˎ. ʁʽ ˃ʶˍˊʺˋʶʽˌ ʰ˒ˇˊˇˏ˄ ˂ʶʾˇ ˍˇʾ˔˖˃ʰ ˁʰʽ ʷ˔ˇˎ˄ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˋʶ ˉˇ˂ˏ 
ˁˇ˄ˍʽ˄ʺ ʰˉˈˋˍʰˋʹ ʰˉˈ ʰˎˍˈ (ώ ρπ) ʰˎ˅ʱ˄ˇ˄ˍʰˌ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ˄ ʰˁˊʾʲʶʽʰ ˍ˖˄ 
ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ˁʰʽ ˍʹ˄ ˋʹ˃ʰˋʾʰ ˍʹˌ ʰʲʶʲʰʽˈˍʹˍʰˌ ˍʹˌ ˃ʷˍˊʹˋʹˌ ʰˉˈ ˍˇ˄ ˍˇʾ˔ˇ [60]Φ ɳˉʾˋʹˌ ˍˇ 
ʴʶʴˇ˄ˈˌ ˈˍʽ ʹ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ ʷ˔ʶʽ ˃ʶˍˊʹʻʶʾ ˁʰʽ ˉʶʽˊʰ˃ʰˍʽˁʱ ˁʰʻʽˋˍʱ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ 
˃ʶʻˈʵˇˎ ʱ˃ʶˋʰ ˋˎʴˁˊʾˋʽ˃ʰΦ ʁ ˁ˗ʵʽˁʰˌ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˋʶ ʵˏˇ ˉʶʽˊʰ˃ʰˍʽˁʱ ˋʶˍ ˍˇˎ mǎǘŜǊƭǳƴŘ 
ώпсϐ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍ˖˄ ˇˉˇʾ˖˄ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˉʰˊʰˁʱˍ˖Φ 
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ʃʾ˄ʰˁʰˌ 4.5 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁ˗ʵʽˁʰ {vt ʴʽʰ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ˋʶˍ ˍˇˎ mǎǘŜǊƭǳƴŘ 

 Österlund (SW981005A) Österlund (SW981129J) 

u* (m/s) 0.7410 1.9013 

ɲȅ (mm) 0.0044 -1.37E-04 

 ɻ(mm) 98.816 29.8477 

ʃ 0.4594 0.4068 

 ˁ 0.3782 0.3724 

 

ʁ ʃʾ˄ʰˁʰˌ 4.2 ɻ ʾ˄ʶʽ ˍʽˌ ̱ ʰ˔ˏˍʹˍʶˌ ˍˊʽʲʺˌ ˉˇˎ ˃ʶˍˊʺʻʹˁʰ˄ ˉʶʽˊʰ˃ʰˍʽˁʱ ̀ ʶ ˉʰˊʶ˂ʻˇ˄ˍʽˁʺ ˃ʶ˂ʷˍʹΦ 
ʆˇ ˋ˒ʱ˂˃ʰ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˋʶ м҈ ˁʰʽ лΦсф҈ ʴʽʰ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ˋʶˍ {²фумллр! ˁʰʽ SW981129J 
ʰ˄ˍʾˋˍˇʽ˔ʰ.  

4.4.2 ɳ˒ʰˊ˃ˇʴʺ ˁ˗ʵʽˁʰ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˍʹˌ ʰʶˊˇˋʺˊʰʴʴʰˌ ɳɾʃ 

ʁ ˁ˗ʵʽˁʰˌ ʶ˒ʰˊ˃ˈˋˍʹˁʶ ˁʰʽ ʴʽʰ ˍʽˌ ˉʷ˄ˍʶ ˉʶʽˊʰ˃ʰˍʽˁʷˌ ʵʽʰˍʱ˅ʶʽˌ. ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʴʽʰ ˈ˂ʶˌ ˍʽˌ ʵʽʰˍʱ˅ʶʽˌ ˖ˋˍˈˋˇ ʰ˄ˍʽˉˊˇˋ˖ˉʶˎˍʽˁˈˍʶˊʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
˂ʰ˃ʲʱ˄ˇˎ˃ʶ ˃ˈ˄ˇ ʴʽʰ ˍʹ ʵʽʱˍʰ˅ʹ «5cm_4spires» ˉˇˎ ˉˊˇˋˇ˃ˇʽ˗˄ʶʽ ˍˇ ˇˊʽʰˁˈ ˋˍˊ˗˃ hˋˍˇ 
ˇ˃ʰ˂ˈˍʶˊˇ ˍˇʾ˔˖˃ʰ ̀ ʶ ˋˏʴˁˊʽˋʹ ˃ʶ ˍʽˌ ˎˉˈ˂ˇʽˉʶˌΦ 

ʃʾ˄ʰˁʰˌ 4.6 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁ˗ʵʽˁʰ {vt ʴʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ 5cm_4spires 

 5cm_4spires 

u*
 (m/s) 0.1482 

ɲȅ (mm) -0.0087 

 ɻ(mm) 1820 

ʃ 0.0987 

 ˁ 0.3415 

 

ʅ˔ʶˍʽˁʱ ˃ʶ ˍʽˌ ˉʷ˄ˍʶ ˃ʶˍʰʲ˂ʹˍʷˌ ˉˇˎ ʶ˅ʺ˔ʻʹˋʰ˄ ˇ˒ʶʾ˂ˇˎ˃ʶ ˄ʰ ˁʱ˄ˇˎ˃ʶ ˍʽˌ ʶ˅ʺˌ ˉʰˊʰˍʹˊʺˋʶʽˌΦ 
ɳ˒ˈˋˇ˄ ˍˇ ˃ʶˍˊˇˏ˃ʶ˄ ̌̄ ˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ʵʶ˄ ʷ˔ʶʽ ˒ˍʱˋʶʽ ˋʶ ʰˊˁʶˍʱ ˁˇ˄ˍʽ˄ʷˌ ʰˉˇˋˍʱˋʶʽˌ ώ
ρπ ʰ̄ ˈ ˍˇ˄ ˍˇʾ˔ˇ ʹ ˉʽʻʰ˄ˈˍʹˍʰ ʰʲʶʲʰʽˈˍʹˍʰˌ ˃ʷˍˊʹˋʹˌ ʰˉˈ ˍˇ˄ ˍˇʾ˔ˇΣ ʵʹ˂ʰʵʺ ˍˇ ˃ʷʴʶʻˇˌ ɲȅ 
ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ˂ʹ˒ʻʶʾ ˎˉˈ˕ʽ˄ [60]. ɶ ˋʹ˃ʰˋʾʰ ʶˉˇ˃ʷ˄˖ˌ ˍˇˎ ˉˊ˗ˍˇˎ ˋʹ˃ʶʾˇˎ ˃ʷˍˊʹˋʹˌ 
ˋˏ˃˒˖˄ʰ ˃ʶ ˍʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˍʹˌ ˃ʶʻˈʵˇˎ ˍʹˌ ʵʹ˃ˇˋʾʶˎˋʹˌ ʷ˔ʶʽ ʲʰˊˏ˄ˇˎˋʰ ˋʹ˃ʰˋʾʰ ʴʽʰ ˍʹ 
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ˋˎ˃ˉʶˊʾ˂ʹ˕ʹ ˍˇˎ ɲȅ ʰ˂˂ʱ ˁʰʽ ʴʽʰ ˍʹ˄ ʰˁˊʾʲʶʽʰ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ʴʽʰ ˍʰ u*
 ˁʰʽ ɲȅ. ʆˇ ˉʱ˔ˇˌ 

ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ  ɻ ˁʰʽ ʹ ˉʰˊʱ˃ʶˍˊˇˌ ˍˇˎ «wake» ʃ ʰˉˇˍʶ˂ˇˏ˄ «ˉʶˊʽʴˊʰ˒ʽˁʷˌ 
ˉʰˊʰ˃ʷˍˊˇˎˌ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˇʽ ˇˉˇʾʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻˇˏ˄ ˖ˌ ʵʽʰʴ˄˖ˋˍʽˁʺ 
ˉˇˋˈˍʹˍʰ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ʰ˅ʽˇ˂ˇʴʹʻʶʾ ʹ ʶʴˁˎˊˈˍʹˍʰ ˍˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʹ̒ ʷ˄ˍˇˌ ˉʶʽˊʱ˃ʰˍˇˌη 
[60]. ʅˎ˄ʶˉ˗ˌΣ ˉʷˊʰ ʰˉˈ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ ˍʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʹ ̌̄ ˇʾʰ ˁʰʻʽˋˍʱ ˍˇ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ 
˃ʹ ʶˉʰˊˁʷˌ ˉˊˇˌ ˉʶˊʽʴˊʰ˒ʺ ˁʰʽ ʱ˂˂ʶˌ ˉʰˊʱ˃ʶˍˊˇʽ ˈˉ˖ˌ ʴʽʰ ˉʰˊʱʵʶʽʴ˃ʰ ʹ ˁˇ˄ˍʽ˄ʺ ʻʷˋʹ ˍˇˎ 
˃ʶˍˊʹˍʽˁˇˏ ʰˉˈ ˍʹ˄ ʵʽʱˍʰ˅ʹ ˃ˉˇˊʶʾ ˄ʰ ʷ˔ˇˎ˄ ʶˉʾʵˊʰˋʹ ˋˍʹ ˃ʹ ˋ˖ˋˍʺ ʶ˒ʰˊ˃ˇʴʺ ˍʹˌ ˃ʶʻˈʵˇˎ 
ˋˍʽˌ ʵʽʰˍʱ˅ʶʽˌ. ɶ ˋˍʰʻʶˊʱ von Kármán ʰ˒ʷʻʹˁʶ ʶ˂ʶˏʻʶˊʹ ˗ˋˍʶ ˄ʰ ˂ʱʲʶʽ ˃ʾʰ ˍʽ˃ʺ ʹ ˇˉˇʾʰ ʻʰ 
ʰ˄ˍʽˉˊˇˋ˖ˉʶˏʶʽ ˍʽˌ ʶˁʱˋˍˇˍʶ ˋˎ˄ʻʺˁʶˌ ˍʹˌ ˊˇʺˌ [60], ˁʱˍʽ ˍˇ ˇˉˇʾ ̌ʶˉʽʲʶʲʰʽ˗˄ʶˍʰʽ ʰˉˈ 
˃ʶ˂ʷˍʶˌ ˇʽ ˇˉˇʾʶˌ ˎˉˇʵʶʽˁ˄ˏˇˎ˄ ʶ˅ʱˊˍʹˋʹ ˍʹˌ ˋˍʰʻʶˊʱˌ ˁ h̄ ˈ ˍˇ˄ ˍˏˉˇ ˁʰʽ ˍʹ˄ ˁ˂ʾˋʹ ˉʾʶˋʹˌ 
ˍʹˌ ˊˇʺˌ [66]. ʃʰˊ Ωˈ˂ʰ h ˎˍʱ ɻ ˇˁʽ˃ʱʸˇ˄ˍʰˌ ˄ʰ ˃ ʶʽ˗ˋˇˎ˃ʶ ̱ ˇ ʶˏˊˇˌ ˍ˖˄ ̄̔ ʻʰ˄˗˄ ˍʽ˃˗˄ ʰˉˈ лΦн-
лΦу ˋʶ 0.38-0.41 ˉˇˎ ʰˉˇˍʶ˂ˇˏ˄ ˍʽˌ ˉʽˇ ˋˎ˄ʺʻʶʽˌ ˍʽ˃ʷˌ ˍʹˌ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰˌ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ 
ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉʰˊʰˁʱˍ˖Φ 

ʃʾ˄ʰˁʰˌ 4.7 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁ˗ʵʽˁʰ {vt ʴʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ рŎƳψпǎǇƛǊŜǎ ʴʽʰ ˋˍʶ˄ˈˍʶˊˇ 
ʶˏˊˇˌ ˍʽ˃˗˄ ˁ  ‭ (0.38-0.41) 

 5cm_4spires Spalding profile  

u*
 (m/s) 0.1532 0.153  

ɲȅ (mm) -0.0224  

 ɻ(mm) 1820  

ʃ 0.3532  

 ˁ 0.3800  

 

ɼʰʽ ˋˍʽˌ ʵˏˇ ˉʶˊʽˉˍ˗ˋʶʽˌ ʹ ˍʰ˔ˏˍʹˍʰ ˍˊʽʲʺˌ ʶʾ˄ʰʽ ˁˇ˄ˍʱ ˋˍʹ˄ ʰ˄ˍʾˋˍˇʽ˔ʹ ˍˇˎ Spalding (ʅ˔ʺ˃ʰ 
4.18)Σ ʰˉˇˍʷ˂ʶˋ˃ʰ ʰˉˇ˂ˏˍ˖ˌ ˂ˇʴʽˁˈ ʰ˒ˇˏ ˍʰ ʵˏˇ ˉˊˇ˒ʾ˂ ˍ˖˄ {ǇŀƭŘƛƴƎ ˁʰʽ aǳǎƪŜǊ ʶʾ˄ʰʽ 
ˉʰˊˈ˃ˇʽʰΦ  
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ʃʾ˄ʰˁʰˌ 4.8 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁ˗ʵʽˁʰ {vt ʴʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ рŎƳψтǎǇƛǊŜǎ 

 5cm_7spires 

u*
 (m/s) 0.1154 

ɲȅ (mm) 0.0451 

 ɻ(mm) 1430 

ʃ 1.2834 

 ˁ 0.4544 

 

ʃʾ˄ʰˁʰˌ 4.9 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁ˗ʵʽˁʰ {vt ʴʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ рҌоŎƳψтǎǇƛǊŜǎ 

 5+3cm_7spires 

u*
 (m/s) 0.1074 

ɲȅ (mm) -15.8140 

 ɻ(mm) 1169.8 

ʃ 0.9870 

 ˁ 0.4544 

 

ʃʾ˄ʰˁʰˌ 4.10 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁ˗ʵʽˁʰ {vt ʴʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ оҌрŎƳψтǎǇƛǊŜǎ 

 3+5cm_7spires 

u*
 (m/s) 0.1103 

ɲȅ (mm) -25.3457 

 ɻ(mm) 1234.6 

ʃ 0.8616 

 ˁ 0.3500 
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ʃʾ˄ʰˁʰˌ 4.11 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁ˗ʵʽˁʰ {vt ʴʽʰ ˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ оҌрŎƳψтǎǇƛǊŜǎψbƻ¢ǊƛǇ 

 3+5cm_7spires_NoTrip 

u*
 (m/s) 0.1094 

ɲȅ (mm) -24.5506 

 ɻ(mm) 1299.8 

ʃ 0.7621 

 ˁ 0.2918 

 

4.5 ʃˊˇ˒ʾ˂ Clauser-Hama 

4.5.1 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ mǎǘŜǊƭǳƴŘ 

ʁ ˄ˈ˃ˇˌ ʰˉˈˁ˂ʽˋʹˌ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ όǾŜƭƻŎƛǘȅ ŘŜŦŜŎǘ ƭŀǿύ (2.20) ˋˍˇ˄ ˇˉˇʾˇ ʲʰˋʾʸʶˍʰʽ  ˍˇ ˉˊˇ˒ʾ˂ 
Clauser-IŀƳŀΣ  ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰ ʶʾ˄ʰʽ ʴʶ˄ʽˁˈˌ ʴʽʰ ˍˊʰ˔ʶʾˌ ˁʰʽ ˇ˃ʰ˂ʷˌ ʶˉʽ˒ʱ˄ʶʽʶˌΦ 
ʃˊˇˁʶʽ˃ʷ˄ˇˎΣ ˂ˇʽˉˈ˄Σ ˄ʰ ʵʽʰˉʽˋˍ˗ˋˇˎ˃ʶ ˉ˗ˌ ʶ˒ʰˊ˃ˈʸʶˍʰʽ ˋʶ ˇˊʽʰˁʱ ˋˍˊ˗˃ʰˍʰ ˁˇ˄ˍʱ ˋˍˇ ˁʰˍʱ 
ˍˇ ʵˎ˄ʰˍˈ˄ ˇ˃ʰ˂ˈˍʶˊʰ ˍˇʽ˔˗˃ʰˍʰ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˁʰʽ ʶʵ˗ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ζmǎǘŜǊƭǳƴŘηΦ  

ɶ ʵʽʰ˒ˇˊˇˉˇʾʹˋʹ ˋˍʹ˄ ˃ʶʻˇʵˇ˂ˇʴʾʰ ʶ˒ʰˊ˃ˇʴʺˌ ˍˇˎ ˉˊˇ˒ʾ˂ ˋˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ 
ɳɾʃ ʰ˒ˇˊʱ ˍʹ ˋˍʰʻʶˊʱ C1 ˍʹˌ ˇˉˇʾʰˌ ʹ ˍʽ˃ʺ ˁʰʻˇˊʾʸʶˍʰʽ 3.3715 ʰˉˈ ˍˇ˄ Hama [34]Φ ʆʰ 
ʵʶʵˇ˃ʷ˄ʰ ˋʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˁʰ˂ˏˉˍˇˎ˄ ˈ˂ˇ ˍˇ ʶˏˊˇˌ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˍˇ ˇˉˇʾˇ 
ˉˊˇˋ˒ʷˊʶʽ ˃ʶʴʰ˂ˏˍʶˊʹ ʰ˅ʽˇˉʽˋˍʾʰ ˁʰʽ ʰˁˊʾʲʶʽʰ ˍʹˌ ʶ˒ʰˊ˃ˇʴʺˌ ˍˇˎ ˉˊˇ˒ʾ˂Φ ʅˍˇ ʾʵʽˇ ˉ˂ʰʾˋʽˇ 
ˍˇˎ ʶˏˊˇˎˌ ˍ˖˄ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ˍʽ˃˗˄ ˉˇˎ ˂ʺ˒ʻʹˁʰ˄ ˋˍʹ˄ ˃ʶ˂ʷˍʹ ˍˇˎ mǎǘŜǊƭǳƴŘΣ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁˈ 
˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ˇʽ ˃ʷʻˇʵˇʽ ˃ʷˍˊʹˋʹˌ ʶˉʷˍˊʶ˕ʰ˄ ˋˍʽˌ ˃ʶˍˊʺˋʶʽˌ ˄ʰ ˁʽ˄ʹʻˇˏ˄ ˉʱˊʰ ˉˇ˂ˏ ˁˇ˄ˍʱ 
ˋˍˇ ˍˇʾ˔˖˃ʰΣ ˋˍʹ ˂ʶʴˈ˃ʶ˄ʹ ʽ˅˗ʵʹ ˉʶˊʽˇ˔ʺΦ ɮˎˍˈ ˉˊˈˋʻʶˋʶ ˋˍʹ ˃ʶʻˇʵˇ˂ˇʴʾʰ ˉˇˎ 
ʰˁˇ˂ˇˎʻʺʻʹˁʶ ˍʹ˄ ˉʶˊʽʴˊʰ˒ʺ ʰˎˍʺˌ ˍʹ ʸ˗˄ʹˌ ʴʽʰ ώ σςȢυ ˃ ʷˋ˖ ˍ˖˄ (2.52), (2.53), (2.54) ̄ ˇˎ 
ˉʰˊˇˎˋʽʱˋʻʹˁʰ˄ ˋˍˇ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁˈ ˁˇ˃˃ʱˍʽΦ ʃʰˊʰˁʱˍ˖ ʵʾ˄ˇ˄ˍʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˍʰ 
ˉʶʽˊʰ˃ʰˍʽˁʱ ˋʶˍ ζ{²фумллр!η ˁʰʽ ζ{²фуммнфWηΦ 
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ʃʾ˄ʰˁʰˌ 4.12 ʅˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ˋʶˍ ˍˇˎ mǎǘŜǊƭǳƴŘ 

ɩʀʅʍɻʈɻʐʅʆʗ 
ʎʀʐ 

Spalding 
ˉˊˇ˒ʾ˂ 

          

◊ᶻἵȾἻ 

Clauser-
Hama 
ˉˊˇ˒ʾ˂           

◊ᶻἵȾἻ 

Clauser-
Hama 
ˉˊˇ˒ʾ˂ 

◑▫ □□  

ɣʡɿʅʆɻʏ 
MATLAB 

SQP 

◊ᶻἵȾἻ 

ɾʶˍˊʹʻʶʾˋʰ 
ˍʰ˔ˏˍʹˍʰ 

◊ᶻἵȾἻ 

SW981005A 0.768 0.7375 0.0034 0.7410 0.74853 

SW981129J 1.971 1.8927 0.0012 1.9013 1.9146 

 

 

ʅ˔ʺ˃ʰ 4.23 ʃˊˇˋʰˊ˃ˇʴʺ /ƭŀǳǎŜǊ-IŀƳŀ ˉˊˇ˒ʾ˂ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ {²фумллр! 

0

0.2

0.4

0.6

0.8

1

1.2

1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00

U
/U
ʵ

z (m)

SW981005A

Clauser-Hama

u* = 0.7375m/s

z0 = 0.0034 (mm)

R² = 0.9996



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

99 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

 

ʅ˔ʺ˃ʰ 4.24 ʃˊˇˋʰˊ˃ˇʴʺ /ƭŀǳǎŜǊ-IŀƳŀ ˉˊˇ˒ʾ˂ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ {²фуммнфJ 

 

4.5.2 ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˊˇ˒ʾ˂ Clauser-Hama ̀ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ ɳɾʃ 

ʆʰ ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ˂ʺ˒ʻʹˁʰ˄ ˋˍʹ˄ ʰʶˊˇˋʺˊʰʴʴʰ ˍˇˎ ɳɾʃ ̀ ʶ ˈ˂ʶˌ ˍʽˌ ʵʽʰˍʱ˅ʶʽˌ ˃ʶ ˍʽˌ ʵʶʵˇ˃ʷ˄ʶˌ  
ˋˎ˄ʻʺˁʶˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ʵʶ˄ ˁʱ˂ˎˉˍʰ˄ ˈ˂ˇ ˍˇ ʶˏˊˇˌ ˍˇˎ ˇˊʽʰˁˇˏ 
ˋˍˊ˗˃ʰˍˇˌ ˂ˈʴ˖ ˍʹˌ ˍˊʰʲʷˊˋʰˌ ʹ ˇˉˇʾʰ ʵʶ˄ ˃ˉˇˊˇˏˋʶ ˄ʰ ˃ʶˍˊʺˋʶʽ ˋʶ ˏ˕ˇˌ ˃ʶʴʰ˂ˏˍʶˊˇ 
ˉʶˊʾˉˇˎ ˍˇˎ лΦссƳΦ ɱʽʰ ˍˇ ˂ˈʴˇ ʰˎˍˈ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ̄ ˊˇˋʰˊ˃ˇʴʺ ̱ ʹˌ ˋˍʰʻʶˊʱˌ C1 h ˂˂ʱ ˁʰʽ 
ˍˇˎ ˉʱ˔ˇˎˌ ˃ʶˍʰˍˈˉʽˋʹˌ *ɻ ˍˇ ˇˉˇʾˇ ˉˊˇˋʶʴʴʾˋˍʹˁʶ ˃ʶ ˍˇ˄ ˁʰ˄ˈ˄ʰ ˍˇˎ ˍˊʰˉʶʸʾˇˎ ʲʱˋʶʽ ˍ˖˄ 
ˎˉʰˊ˔ˈ˄ˍ˖˄ ˃ʶˍˊʺˋʶ˖˄ ˃ʷˋ˖ ˁ˗ʵʽˁʰ a!¢[!.. ʆˇ ˉʱ˔ˇˌ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ 
ˋ˔ʷˋʹΥ 

♯ᶻ
◊

╤♯
 ▀◐  

(4.8) 

ɱ̔ ʰ Ὠ π ˂ˈʴ˖ ˍˇˎ ˈˍʽ ˍˇ ʶˉʾˉʶʵˇ ˃ʹʵʶ˄ʽˁʺˌ ˃ʶˍʰˍˈˉʽˋʹˌ d ˂ʰ˃ʲʱ˄ʶʽ ˍʽ˃ʷˌ ˉˇˎ ʻʶ˖ˊˇˏ˄ˍʰʽ 
ʰ˃ʶ˂ʹˍʷʶˌΣ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ˍˇ ˉʱ˔ˇˌ ˃ʶˍʰˍˈˉʽˋʹˌ *ɻ ˁʰʽ ʹ ˋˍʰʻʶˊʱ C1. ʅʶ ˁʱʻʶ ˏ˕ˇˌ 

ˎˉˇ˂ˇʴʾˋˍʹˁʶ ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ (2.48) ʹ ˉʰˊʱ˃ʶˍˊˇˌ  ˅ˁʰʽ ʹ ˋˎ˄ʱˊˍʹˋʹ ˍˊʰ˔ˏˍʹˍʰˌ 
ᶻ ᶻ

 

˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˍˊʰ˔ˏˍʹˍʰˌΦ ɶ ʵʽʰ˒ˇˊʱ ˍ˖˄ ˉʶʽˊʰ˃ʰˍʽˁ˗˄ ʵʶʵˇ˃ʷ˄˖˄ ˁʰʽ ˍ˖˄ ˁʰ˃ˉˎ˂˗˄ 
ʴʽʰ ˍʽˌ ʵʽʱ˒ˇˊʶˌ ˍʽ˃ʷˌ ˍˊʰ˔ˏˍʹˍʰˌ ˉˇˋˇˍʽˁˇˉˇʽʺʻʹˁʶ ˃ʷˋ˖ ˍˇˎ ˃ʷˋˇˎ ˍʶˍˊʰʴ˖˄ʽˁˇˏ 
ˋ˒ʱ˂˃ʰˍˇˌΦ ɳˉʽ˂ʷ˔ʻʹˁʶ ʹ ˍʽ˃ʺ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌ ˉˇˎ ʷ˔ʶʽ ˍˇ ʶ˂ʱ˔ʽˋˍˇ ˃ʷˋˇ ˍʶˍˊʰʴ˖˄ʽˁˈ 
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100 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

ˋ˒ʱ˂˃ʰ ˁʰʽ ʲʱˋʹ ʰˎˍʺˌ ˎˉˇ˂ˇʴʾˋˍʹˁʶ ˍˇ ˃ʺˁˇˌ ˍˊʰ˔ˏˍʹˍʰˌ z0 ˃ʷˋ˖ ˍʹˌ (2.51). ʃʰˊʰˁʱˍ˖ 
ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍʰ ʶ˅ʰ˔ʻʷ˄ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˁʱʻʶ ʵʽʱˍʰ˅ʹΦ 
 

 

ʅ˔ʺ˃ʰ 4.25 ʃˊˇˋʰˊ˃ˇʴʺ /ƭŀǳǎŜǊ-IŀƳŀ ˉˊˇ˒ʾ˂ ˋ̱ ʰ ʵʶʵˇ˃ʷ˄ʰ рŎƳψпǎǇƛǊŜǎ 
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ʅ˔ʺ˃ʰ 4.26 ʃˊˇˋʰˊ˃ˇʴʺ /ƭŀǳǎŜǊ-IŀƳŀ ˉˊˇ˒ʾ˂ ˋ̱ ʰ ʵʶʵˇ˃ʷ˄ʰ 5cm_7spires 

 

ʅ˔ʺ˃ʰ 4.27 ʃˊˇˋʰˊ˃ˇʴʺ /ƭŀǳǎŜǊ-IŀƳŀ ˉˊˇ˒ʾ˂ ˋ̱ ʰ ʵʶʵˇ˃ʷ˄ʰ рҌоŎƳψтǎǇƛǊŜǎ 
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ʅ˔ʺ˃ʰ 4.28 ʃˊˇˋʰˊ˃ˇʴʺ /ƭŀǳǎŜǊ-IŀƳŀ ˉˊˇ˒ʾ˂ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ b¢¦! оҌрŎƳψтǎǇƛǊŜǎ 

 

ʅ˔ʺ˃ʰ 4.29 ʃˊˇˋʰˊ˃ˇʴʺ /ƭŀǳǎŜǊ-IŀƳŀ ˉˊˇ˒ʾ˂ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ b¢¦! оҌрŎƳψтǎǇƛǊŜǎψbƻ¢ǊƛǇ 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0.01 0.1 1

U
/U
ʵ

z (m)

NTUA 3+5cm_7spires
Clauser-Hama

u* = 0.2083 m/s 
z0 = 2.1044  (mm)

R² = 0.9987   

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0.01 0.1 1

U
/U
ʵ

z (m)

NTUA 3+5cm_7spires_NoTrip
Clauser-Hama

u* = 0.2013 m/s 
z0 = 1.7399   (mm)

R² = 0.9987   



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

103 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

5 ʅˎ˃ˉʶˊʱˋ˃ʰˍʰ ς ʃˊˇˍʱˋʶʽˌ ʴʽʰ ˃ʶ˂˂ˇ˄ˍʽˁʺ ˃ʶ˂ʷˍʹ 

5.1 ʅˏ˄ˇ˕ʹ 

ʃʰˊʰˁʱˍ˖ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˋˎ˄ˇˉˍʽˁʱ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˍʹ ˃ʷʻˇʵˇ ˍˇˎ ʶˁʻʶˍʽˁˇˏ ˄ˈ˃ˇˎΣ 
ˍˇˎ ˂ˇʴʰˊʽʻ˃ʽˁˇˏ ˄ˈ˃ˇˎ ˁʰʽ ˍˇˎ ˉˊˇ˒ʾ˂ Clauser-Hama. ʃʰˊʰˍʾʻʶ˄ˍʰʽΣ ʵʹ˂ʰʵʺ ˇʽ ˃ʷʻˇʵˇʽ ˉˇˎ 
ʷʵ˖ˋʰ˄ ʷʴˁˎˊʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ʰ˄ʱ ˉʶʽˊʰ˃ʰˍʽˁˈ ˋʶˍ ˃ʶˍˊʺˋʶ˖˄ ˃ʶ ˋˍˈ˔ˇ ˍʹ˄ ˉˇʽˇˍʽˁˈˍʶˊʹ 
ˋˎʴˁˊʽˍʽˁʺ ʶˉˇˉˍʶʾʰ. 

ʃʾ˄ʰˁʰˌ 5.1  ʅˎʴˁʶ˄ˍˊ˖ˍʽˁʱ ʰ̄ ˇˍʶ˂ʷˋ˃ʰˍʰ ʴʽʰ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ˋʶˍ ˍˇˎ ɳɾʃ 

ɝʅɻʐʗʊʀʅʏ ɤʋɾɻʍʅʃʈʅʆʝʏ 
ʉʝʈʋʏ  

◊ᶻἵȾἻ 

ɤʋɾɻʍʅʃʈʅʆʝʏ 
ʉʝʈʋʏ 

◑▫ □□  

 ɳˁʻʶˍʽˁˈˌ 
˄ˈ˃ˇˌ  

♪ 

Clauser-Hama 

◊ᶻἵȾἻ 

Clauser-Hama  

◑▫ □□  

5cm_4spires 0.1776 0.0489 0.125 0.1688 0.0586 

ʆˏˉˇˌ ʶʵʱ˒ˇˎˌ  ɴʵʰ˒ˇˌ ˃ʶ ˃ʽˁˊʺ 
ˍˊʰ˔ˏˍʹˍʰ όˉʱʴˇˌΣ 
˔ʽˈ˄ʽΣ ʶˉʽ˒ʱ˄ʶʽʰ 
˄ʶˊˇˏύ 

ɴʵʰ˒ˇˌ ̝ ˖ˊʾˌ 
ʲ˂ʱˋˍʹˋʹκʶ˃ˉˈʵʽʰ 

 ɴʵʰ˒ˇˌ ˃ʶ ˃ʽˁˊʺ ˍˊʰ˔ˏˍʹˍʰ 
όˉʱʴˇˌΣ ˔ʽˈ˄ʽΣ ʶˉʽ˒ʱ˄ʶʽʰ 

˄ʶˊˇˏύ 

5cm_7spires 0.2045 0.8926 0.183 0.1926 1.1023 

ʆˏˉˇˌ ʶʵʱ˒ˇˎˌ  ɶ˃ʽʰˋˍʽˁʺ ˉʶˊʽˇ˔ʺ ɴʵʰ˒ˇˌ ˃ʶ ˔Ŭɛɖɚɏɠ 

əŬɚɚɘɏɟɔŮɘŮɠ 
 ɶ˃ʽʰˋˍʽˁʺ ˉʶˊʽˇ˔ʺ 

5+3cm_7spires 0.2176 1.4473 0.210 0.2059 1.9215 

ʆˏˉˇˌ ʶʵʱ˒ˇˎˌ  ɶ˃ʽʰˋˍʽˁʺ ˉʶˊʽˇ˔ʺ ɴʵʰ˒ˇˌ ˃ʶ ˎ˕ʹ˂ʷˌ 
əŬɚɚɘɏɟɔŮɘŮɠ 

 ɮˋˍʽˁʺ ˉʶˊʽˇ˔ʺ 

3+5cm_7spires 0.2264 1.6983 0.220 0.2083 2.1044 

ʆˏˉˇˌ ʶʵʱ˒ˇˎˌ  ɮˋˍʽˁʺ ˉʶˊʽˇ˔ʺ ɴʵʰ˒ˇˌ ˃ʶ ˎ˕ʹ˂ʷˌ 
əŬɚɚɘɏɟɔŮɘŮɠ 

 ɮˋˍʽˁʺ ˉʶˊʽˇ˔ʺ 

3+5cm_7spires_ 

No Trip 

0.2325 1.4486 0.220 0.2013 1.7399 

 

ʆˏˉˇˌ ʶʵʱ˒ˇˎˌ  ɶ˃ʽʰˋˍʽˁʺ ˉʶˊʽˇ˔ʺ ɴʵʰ˒ˇˌ ˃ʶ ˎ˕ʹ˂ʷˌ 
əŬɚɚɘɏɟɔŮɘŮɠ 

 ɮˋˍʽˁʺ ˉʶˊʽˇ˔ʺ 
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104 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

 

ʅ˔ʺ˃ʰ 5.1 ʅˎ˄ˇˉˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ рcm_4spires 

 

ʅ˔ʺ˃ʰ 5.2 ʅˎ˄ˇˉˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ рcm_4spires ̀ ʶ ʰʵʽʱˋˍʰˍʹ ˃ˇˊ˒ʺ 
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ʅ˔ʺ˃ʰ 5.3 ʅˎ˄ˇˉˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ рcm_7spires 

 

 

ʅ˔ʺ˃ʰ 5.4 ʅˎ˄ˇˉˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ рcm_7spires ̀ ʶ ʰʵʽʱˋˍʰˍʹ ˃ˇˊ˒ʺ 
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ʅ˔ʺ˃ʰ 5.5 ʅˎ˄ˇˉˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ рҌоŎƳψтǎǇƛǊŜǎ 

 

 

ʅ˔ʺ˃ʰ 5.6 ʅˎ˄ˇˉˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ рҌоŎƳψтǎǇƛǊŜǎ ˋʶ ʰʵʽʱˋˍʰˍʹ ˃ˇˊ˒ʺ 
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ʅ˔ʺ˃ʰ 5.9 ʅˎ˄ˇˉˍʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋˍʰ ʵʶʵˇ˃ʷ˄ʰ оҌрŎƳψтǎǇƛǊŜǎψNoTrip 
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5.2 ʅˎ˃ˉʶˊʱˋ˃ʰˍʰ 

ʅˍʹ˄ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶ˅ʶˍʱˋˍʹˁʶ ʹ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰˍ˃ˇˋ˒ʰʽˊʽˁˇˏ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ р 
ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ʵʽʰˍʱ˅ʶ˖˄ ˋʶ ˉʶʽˊʰ˃ʰˍʽˁʺ ʵʽʱˍʰ˅ʹ ʰʶˊˇˋʺˊʰʴʴʰˌ ˁʰʽ ˇ ˔ʰˊʰˁˍʹˊʽˋ˃ˈˌ ˍ˖˄ 
ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄ ˃ʶ ˁˏˊʽˇ ˋʹ˃ʶʾˇ ʶ˄ʵʽʰ˒ʷˊˇ˄ˍˇˌ ˍʹ˄ ʶˏˊʶˋʹ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ ˍˊʽʲʺˌΦ  

ɮˉˈ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˇˎ ʶ˅ʺ˔ʻʹˋʰ˄ ˉˊˇʷˁˎ˕ʶ ˈˍʽ ˍˇ ˉˊˇ˒ʾ˂ Spalding ˁʰʽ Musker ʰʵˎ˄ʰˍʶʾ 
˄ʰ ˉʶˊʽʴˊʱ˕ʶʽ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˉˇˎ ʶ˂ʺ˒ʻʹˋʰ˄ ˋˍʹ˄ ʰʶˊˇˋʺˊʰʴʴʰ ˍˇˎ ɳɾʃΦ ɮˎˍˈ 
ˇ˒ʶʾ˂ʶˍʰʽ ˋʶ ˉʰˊʱʴˇ˄ˍʶˌ ˉˇˎ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ ˒ˏˋʹ ˍ˖˄ ʵʶʵˇ˃ʷ˄˖˄ ˈˉ˖ˌ ˍʰ ˃ʰˁˊʽ˄ʱ ˋʹ˃ʶʾʰ 
˃ʷˍˊʹˋʹˌ ʰˉˈ ˍˇ ˍˇʾ˔˖˃ʰΣ ʹ ˁʰˍʱ˄ˍʹ ʰˉˈˋˍʰˋʹ ˍʹˌ ˃ʷˍˊʹˋʹˌ ʷˉʶʽˍʰ ʰˉˈ ˍʹ˄ ʰ˂˂ʹ˂ʶˉʾʵˊʰˋʹ 
ˍʹˌ ˊˇʺˌ ˃ʶ ˍʽˌ ʵʽʰˍʱ˅ʶʽˌ ˁʰʽ ˇʽ ʾʵʽʶˌ ˇʽ ʵʽʰˍʱ˅ʶʽˌ ˇʽ ˇˉˇʾʶˌ ˁʰʻʽˋˍˇˏ˄ ʰˎ˅ʹ˃ʷ˄ʹ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ 
ˍˇˎ ˍˇʽ˔˗˃ʰˍˇˌ ˃ʶ ˍˇ ˇˉˇʾˇ ʹ ˊˇʺ ʷˊ˔ʶˍʰʽ ˋʶ ʶˉʰ˒ʺΦ ʅˎ˄ʶˉ˗ˌΣ ˉʰˊʱ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˁʰʽ 
ˉˊˇˋʰˊ˃ˇʴʺ ˁ˗ʵʽˁʰ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ р ˉʰˊʰ˃ʷˍˊ˖˄ ˍʹˌ ˊˇʺˌΣ ʰˎˍˈˌ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ʰ˅ʽˇˉˇʽʹʻʶʾ 
ˋˍʰ ˉ˂ʰʾˋʽʰ ˍˇˎ ˉʶʽˊʱ˃ʰˍˇˌ ˉˇˎ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˇˎ ʶ˅ʺ˔ʻʹˋʰ˄ 
ˎˉˇʵʹ˂˗˄ˇˎ˄ ˈˍʽ ʹ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˃ʶʻˇʵˇ˂ˇʴʾʰ ˁʰʽ ʶˊʴʰ˂ʶʾˇ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ʰ˅ʽˇˉˇʽʹʻʶʾ ˋʶ 
ˍˎˊʲ˗ʵʹ ˇˊʽʰˁʱ ˋˍˊ˗˃ʰˍʰ ˍˊʰ˔ʽ˗˄ ˍˇʽ˔˖˃ʱˍ˖˄Σ ˈˉˇˎ ʹ ʶˉʾʵˊʰˋʹˌ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ʹ ˇˉˇʾʰ 
ˉˇˋˇˍʽˁˇˉˇʽʶʾˍʰʽ ˁˎˊʾ˖ˌ ˃ʶ ˍˇ ῳὟ ɻ ʶ˄ ˃ˉˇˊʶʾ ˄ʰ ʰˉˇˍˎˉ˖ʻʶΦʾ ʆˇ ˉˊˇ˒ʾ˂ ˍˇˎ aǳǎƪŜǊ ˋˍˇ ˇˉˇʾˇ 
ˋˍʹˊʾʸʶˍʰʽ ˋʹ˃ʰ˄ˍʽˁˈ ˃ʷˊˇˌ ˍˇˎ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ˍˇˎ ˁ˗ʵʽˁʰΣ ˈˉ˖ˌ ˁʰʽ ˍˇ ʰ˄ˍʾˋˍˇʽ˔ˇ ˍˇˎ 
{ǇŀƭŘƛƴƎ ʵʾ˔˖ˌ ˁʱˉˇʽʰ ˉʶˊʰʽˍʷˊ˖ ˍˊˇˉˇˉˇʾʹˋʹ ˃ˉˇˊˇˏ˄ ˄ʰ ˉʶˊʽʴˊʱ˕ˇˎ˄ ˇˊʽʰˁʱ ˋˍˊ˗˃ʰˍʰ ̀ ʶ 
˂ʶʾʰ ˍˇʽ˔˗˃ʰˍʰΦ  ʍˋˍˈˋˇ ˁʰʻʾˋˍʰˍʰʽ ˉˇ˂ˏ ˔ˊʺˋʽ˃ˇˌ ʴʽʰ ˍʹ˄ ʶ˅ʰʴ˖ʴʺ ˃ʶ˂˂ˇ˄ˍʽˁ˗˄ ˉˇˊʽˋ˃ʱˍ˖˄ 
ʶ˒ˈˋˇ˄ ˋ˔ʶʵʽʰˋˍʶʾ ʶ˅ʰˊ˔ʺˌ ˍˇ ˉʶʾˊʰ˃ʰΣ ˋˎ˄ʻʺˁʹ ˉˇˎ ʵʶ˄ ʰˉˇˍʷ˂ʶˋʶ ˋʶ˄ʱˊʽˇ ʶˊʴʰˋʾʰˌ ˍʹˌ 
ˉʰˊˇˏˋʰˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ ʶˊʴʰˋʾʰˌΦ ɳˉʽʲʶʲʰʽ˗ʻʹˁʶ ʹ ˂ʶʽˍˇˎˊʴʽˁˈˍʹˍʰ ˁʰʽ ʹ ʰ˅ʽˇˉʽˋˍʾʰ ˍˇˎ ʰˉˈ 
ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ˋʶ ʵʶʵˇ˃ʷ˄ʰ ˉˊˇʴʶ˄ʷˋˍʶˊʹˌ ˃ʶ˂ʷˍʹˌ ˎˉˈ ˍʹ ˋˎ˄ʻʺˁʹ ˋ˔ʶʵˈ˄ 
ʰ˃ʶ˂ʹˍʷʰˌ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ˃ʹʵʶ˄ʽˁʺˌ ˁ˂ʾˋʹˌ ˉʾʶˋʹˌΦ ʆˇ ˉˊˇ˒ʾ˂ Clauser-Hama ˁʰʽ ʹ ˉˊˇʻʺˁʹ 
ˍˇˎ ʶ˂˂ʶʾ˃ʰˍˇˌ ˍʰ˔ˏˍʹˍʰˌ ˃ˉˇˊʶʾ ˄ʰ ˉʶˊʽʴˊʱ˕ʶʽ ʽˁʰ˄ˇˉˇʽʹˍʽˁʱ ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄ ˋʶ 
ˍˇʽ˔˗˃ʰˍʰ ˃ʶ ʰˎ˅ʹ˃ʷ˄ʹ ˍˊʰ˔ˏˍʹˍʰ ʽʵʽʰʽˍʷˊ˖ˌ ˋˍʹ˄ ʶ˅˖ˍʶˊʽˁʺ ˉʶˊʽˇ˔ʺ ˍˇˎ ˉˊˇ˒ʾ˂ (outer 
region)Σ ˈˉ˖ˌ ˎˉˇʵʶʽˁ˄ˏˇˎ˄ ˃ʶ˂ʷˍʶˌ ˉˇˎ ʷ˔ˇˎ˄ ˉˊʰʴ˃ʰˍˇˉˇʽʹʻʶʾ ˋˍˇ ˉʰˊʶ˂ʻˈ˄Φ ɳ˄ˍˇˏˍˇʽˌ 
ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁˈ ˄ʰ ˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ˉ˂ʹˊʷˋˍʶˊˇ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ˉˇˎ ˁʰ˂ˏˉˍʶʽ ˃ʶʴʰ˂ˏˍʶˊˇ 
ʶˏˊˇˌ ˍˇˎ ˇˊʽʰˁˇˏ ˋˍˊ˗˃ʰˍˇˌ ˃ˉˇˊʶʾ ˄ʰ ʵ˗ˋʶʽ ˉˇʽˇˍʽˁˈˍʶˊʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΦ 

5.3 ʃˊˇˍʱˋʶʽˌ ʴʽʰ ˃ʶ˂˂ˇ˄ˍʽˁʺ ˃ʶ˂ʷˍʹ 

ɾʶ ʲʱˋʹ ˍʰ ˉʰˊʰˉʱ˄˖ ˋ˔ˈ˂ʽʰ ˁʰʽ ˉˇˊʾˋ˃ʰˍʰ ʹ ʵˎ˄ʰˍˈˍʹˍʰ ʶˉʷˁˍʰˋʹˌ ˍʹˌ ʵʽˉ˂˖˃ʰˍʽˁʺˌ 
˃ˉˇˊʶʾ ˄ʰ ˁʽ˄ʹʻʶʾ ˋʶ ʵˏˇ ʱ˅ˇ˄ʶˌΦ ɶ ˍˊˇˉˇˉˇʾʹˋʹ ˍˇˎ ˄ˈ˃ˇˎ ˍˇˎ Spalding ˁ ʰʽ ˇ ˋˎ˄ʵˎʰˋ˃ˈˌ ˍˇˎ 
˃ʶ ˋˎ˄ʰˊˍʺˋʶʽˌ ˍˊʰ˔ˏˍʹˍʰˌ ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˃ˉˇˊʶʾ ˄ʰ ʰ˅ʽˇˉˇʽʹʻʶʾ ˋʶ ˉˊˇ˒ʾ˂ ˍʰ˔ˎˍʺˍ˖˄ ˃ʶ 
ʰˎ˅ʹ˃ʷ˄ʹ ˍˊʰ˔ˏˍʹˍʰ ʰˉˇˍʶ˂ʶʾ ˍˇ˄ ˉˊ˗ˍˇ ʱ˅ˇ˄ʰΦ ʁ ʵʶˏˍʶˊˇˌ ʱ˅ˇ˄ʰ ʰ˒ˇˊʱ ˍˇ˄ ˁ˗ʵʽˁʰ ˁʰʽ ˍʹ 
˃ʷʻˇʵˇˌ ˍˇˎ ʵʽʰʵˇ˔ʽˁˇˏ ˍʶˍˊʰʴ˖˄ʽˁˇˏ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏΣ ʵʹ˂ʰʵʺ ˋˍʹ˄ ʶˋˍʾʰˋʹ ˍˇˎ ˉˊˇ˒ʾ˂ 
Musker ˁʰʽ ˋˍʽˌ ʵˎ˄ʰˍˈˍʹˍʶˌ ˁʰʽ ʰʵˎ˄ʰ˃ʾʶˌ ˉˇˎ ˉʰˊˇˎˋʽʱʸʶʽ ˋʶ ʷ˄ʰ ʶˏˊˇˌ ˋˎ˄ʻʹˁ˗˄ 
ˎ˕ʹ˂ˈˍʶˊʹˌ ˍˊʰ˔ˏˍʹˍʰˌΦ ʅʶ ʰˎˍʺ˄ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ʹ ˂ʶʽˍˇˎˊʴʽˁʺ ʶˎˊ˖ˋˍʾʰ ʻʰ ʵʽʶˎˊˎ˄ˈˍʰ˄ ʴʽʰ 
ʷ˄ʰ ˉˇ˂ˏ ˔ˊʺˋʽ˃ˇ ʶˊʴʰ˂ʶʾˇ ˍˇ ˇˉˇʾˇ ˃ˉˇˊʶʾ ˄ʰ ʰ˅ʽˇˉˇʽʺˋʶʽ ˉˊˇ˒ʾ˂ ˍʰ˔ˏˍʹˍʰˌ ʰˁˈ˃ʹ ˁʰʽ ˃ʶ 
˂ʽʴˇˋˍʱ ˋʹ˃ʶʾʰ ˃ʷˍˊʹˋʹˌΦ ʅʶ ʰˎˍˈ ˍˇ ˉ˂ʰʾˋʽˇ ʶʾ˄ʰʽ ˋʹ˃ʰ˄ˍʽˁˈ ˄ʰ ˃ʶ˂ʶˍʹʻʶʾ ˁʰʽ ʹ ˋʹ˃ʰˋʾʰ ˍˇˎ 
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9 ʃʰˊʱˊˍʹ˃ʰ 

ʅˍˇ ˉʰˊʱˊˍʹ˃ʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ʵʽʰʴˊʱ˃˃ʰˍʰ ˉˇˎ ʰ˒ˇˊˇˏ˄ ˍʹ˄ ʷ˄ˍʰˋʹ ˁʰʽ ˍʹ˄ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ 
ˁ˂ʾ˃ʰˁʰ ˃ʺˁˇˎˌ ˍʹˌ ˍˏˊʲʹˌ ʴʽʰ ˍʹ˄ ˉ˂ʺˊʹ ˉʶˊʽʴˊʰ˒ʺ ˍˇˎ ˉˊˇʲ˂ʺ˃ʰˍˇˌΦ ɮˁˈ˃ʹ ˉʰˊˇˎˋʽʱʸʶˍʰʽ 
ˇ ˁ˗ʵʽˁʰˌ {vt ˋˍʹ a!¢[!. ˇ ˇˉˇʾˇˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʶ ˁʰʽ ˉˊˇˋʰˊ˃ˈˋˍʹˁʶ ʴʽʰ ˍʹ˄ ʶˏˊʶˋʹ р 
ˉʰˊʰ˃ʷˍˊ˖˄ ˍʹˌ ˊˇʺˌ ʴʽʰ ˍʰ ˉʶʽˊʰ˃ʰˍʽˁʱ ʵʶʵˇ˃ʷ˄ʰ ˍˇˎ ɳɾʃΦ 

9.1 ʅˎ˃ˉ˂ʹˊ˖˃ʰˍʽˁʱ ʵʽʰʴˊʱ˃˃ʰˍʰ 

ʅʶ ʰˎˍʺ˄ ˍʹ˄ ʶ˄ˈˍʹˍʰ ʵʾ˄ˇ˄ˍʰʽ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ɹ ʽʰ ˍʹ˄ ˉ˂ʹˊʷˋˍʶˊʹ ˉʶˊʽʴˊʰ˒ʺ ˍ˖˄ ˉʶʽˊʰ˃ʱˍ˖˄ 
ˉˇˎ ʵʽʶˁˉʶˊʰʽ˗ʻʹˁʰ˄Φ  

 

ʅ˔ʺ˃ʰ 9.1 ɲʽʰˁˏ˃ʰ˄ˋʹ ʷ˄ˍʰˋʹˌ ˍˏˊʲʹˌ ˃ʶ ˍˇ ˏ˕ˇˌ ɹ ʽʰ ˍʰ ʵʶʵˇ˃ʷ˄ʰ рcm_4spires 
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ʅ˔ʺ˃ʰ 9.2 ɲʽʰˁˏ˃ʰ˄ˋʹ ʷ˄ˍʰˋʹˌ ˍˏˊʲʹˌ ˃ʶ ˍˇ ˏ˕ˇˌ ʴʽʰ ˍʰ ʵʶʵˇ˃ʷ˄ʰ рcm_7spires 

 

ʅ˔ʺ˃ʰ 9.3 ɲʽʰˁˏ˃ʰ˄ˋʹ ʷ˄ˍʰˋʹˌ ˍˏˊʲʹˌ ˃ʶ ˍˇ ˏ˕ˇˌ ʴʽʰ ˍʰ ʵʶʵˇ˃ʷ˄ʰ рҌоcm_7spires 
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ʅ˔ʺ˃ʰ 9.4 ɲʽʰˁˏ˃ʰ˄ˋʹ ʷ˄ˍʰˋʹˌ ˍˏˊʲʹˌ ˃ʶ ˍˇ ˏ˕ˇˌ ʴʽʰ ˍʰ ʵʶʵˇ˃ʷ˄ʰ оҌрcm_7spires 

 

ʅ˔ʺ˃ʰ 9.5 ɲʽʰˁˏ˃ʰ˄ˋʹ ʷ˄ˍʰˋʹˌ ˍˏˊʲʹˌ ˃ʶ ˍˇ ˏ˕ˇˌ ʴʽʰ ˍʰ ʵʶʵˇ˃ʷ˄ʰ оҌрcm_7spires_NoTrip 
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ʅ˔ʺ˃ʰ 9.6 ɲʽʰˁˏ˃ʰ˄ˋʹ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ̩ ˁ˂ʾ˃ʰˁʰ ̩ ˃ʺˁˇˎˌ ˍʹˌ ˍˏˊʲʹˌ ʴʽʰ ˍ h ʵʶʵˇ˃ʷ˄ʰ 
5cm_7spires 

 

ʅ˔ʺ˃ʰ 9.7 ɲʽʰˁˏ˃ʰ˄ˋʹ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ̩ ˁ˂ʾ˃ʰˁʰ ̩ ˃ʺˁˇˎˌ ˍʹˌ ˍˏˊʲʹˌ ʴʽʰ ˍ h ʵʶʵˇ˃ʷ˄ʰ 
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ʅ˔ʺ˃ʰ 9.8 ɲʽʰˁˏ˃ʰ˄ˋʹ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ̩ ˁ˂ʾ˃ʰˁʰ ̩ ˃ʺˁˇˎˌ ˍʹˌ ˍˏˊʲʹˌ ʴʽʰ ˍ h ʵʶʵˇ˃ʷ˄ʰ 
3+5cm_7spires 

 
ʅ˔ʺ˃ʰ 9.9 ɲʽʰˁˏ˃ʰ˄ˋʹ ˇ˂ˇˁ˂ʹˊ˖ˍʽˁʺ ˁ˂ʾ˃ʰˁʰ ̩ ˃ʺˁˇˎˌ ˍʹˌ ˍˏˊʲʹˌ ʴʽʰ ˍʰ ɻʁ ʵˇ˃ʷ˄ʰ 
3+5cm_7spires_NoTrip 
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9.2 ɼ˗ʵʽˁʰˌ ˋˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ a!¢[!.  ˃ʶ ˍʹ ˃ʷʻˇʵˇ {ŜǉǳŜƴǘƛŀƭ vǳŀŘǊŀǘƛŎ 
Programming 

 

function [results_optimized,sqp_ouputs] = SQP (y_exp , u_exp , visc)  

˧ǜ ȀǯȁǯǺȋȄȊ ǺȕǳǹǺǯȃ ǯȀǿȂǺǿȀǴȎ ȂȄǶǽ ǴǻǯȈǹȂȄǿȀǿȎǶȂǶ ȄǶȃ ȂȅǽȋȁȄǶȂǶȃ 
ȂȆȋǻǼǯȄǿȃ ǼǴȄǯǾȒ Ȅǿȅ ǴǺȋȂȄǿȄǴ ȀǴǹȁǯǼǯȄǹǺǿȒ ȀȁǿȆȎǻ ȄǯȈȒȄǶȄǯȃ Ǻǯǹ Ȅǿȅ 
ǺǯǽǿǽǹǺǿȒ ȀȁǿȆȎǻ ȄǯȈȒȄǶȄǯȃ Ȁǿȅ ǰǯȂȎǵǴȄǯǹ ȂȄǿ ȀȁǿȆȎǻ Ȅǿȅ Musker 

˧ǝǻǶȁȌȂȄǴȁǶ ǴǹǺȑǽǯ ǲǹǯ ǼȌȁǿȃ ȄǶȃ ǼǴǷǿǳǿǻǿǲȎǯȃ Ǻǯǹ Ȅǿȅ ǺȕǳǹǺǯ Ȁǿȅ 
ǯǺǿǻǿȅǷȍǷǶǺǴ ȀȁǿȂȆȌȁǿǽȄǯǹ ȂȄǶǽ ǴǾȍȃ ǳǶǼǿȂȎǴȅȂǶƙ 

% Rodríguez - López, Eduardo ; Bruce, Paul J. K. ; Buxton, Oliver R. H., 
A robust post - processing method to determine skin friction in 
turbulent boundary layers from the velocity profile, DOI: 
10.1007/s00348 - 015- 1935- 5 

˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧ǒȎȂǿǳǿǹ˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧ 

% ufreestream     ˮ ǠǯȈȒȄǶȄǯ ǴǻǴȒǷǴȁǶȃ ȁǿȍȃ ȂǴ Ǽǿǽȋǳǯ 
ǼȌȄȁǯ ǯǽȋ ǳǴȅȄǴȁȑǻǴȀȄǿ ǁm/ s]  

% y_exp                 ˮ ǑǹȋǽȅȂǼǯ ǼǴ Ȅǯ ȒȉǶ ȄȊǽ ǼǴȄȁȍȂǴȊǽ ȂǴ 
ǼǿǽȋǳǴȃ ȈǹǻǹǿȂȄȕǽ ǁmm]  

% u_exp                 ˮ ǑǹȋǽȅȂǼǯ ǼǴ Ȅǹȃ ǼȌȂǴȃ ȄǯȈȒȄǶȄǴȃ ȄȊǽ 
ǼǴȄȁȍȂǴȊǽ ȂȄǯ ǯǽȄȎȂȄǿǹȈǯ ȒȉǶ Ȅǿȅ y_exp ȂǴ ǼǿǽȋǳǴȃ ǼȌȄȁǯ ǯǽȋ 
ǳǴȅȄǴȁȑǻǴȀȄǿ ǁm/ s]  

% visc      ˮ ǗǹǽǶǼǯȄǹǺȑ ǹǾȕǳǴȃ Ȅǿȅ ǯȌȁǯ ȄǶȃ 
ǯǴȁǿȂȍȁǯǲǲǯȃ ȂǴ Ǽǿǽȋǳǯ ǼȌȄȁǯ ȂȄǿ ȄǴȄȁȋǲȊǽǿ ǯǽȋ ǳǴȅȄǴȁȑǻǴȀȄǿ ǁm̂ 2/ s]  

% delta _approximation    ˮ ǑȎǽǴȄǯǹ Ȃǯǽ ǴȎȂǿǳǿȃ Ǽȑǽǿ ȂȄǶǽ 
ȀǴȁȎȀȄȊȂǶ ȑȀǿȅ Ƕ ȄǯȈȒȄǶȄǯ ǴǻǴȒǷǴȁǶȃ ȁǿȍȃ ǳǴǽ ǴȎǽǯǹ ǲǽȊȂȄȍ ȂǴ Ǽǿǽȋǳǯ 
ȈǹǻǹǿȂȄȕǽ ƽmm)  

 

˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧ǧǾǿǳǿǹ˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧˧ 

% results _optimized          = ǜǹ ʪ ȀǯȁȋǼǴȄȁǿǹ ǰǴǻȄǹȂȄǿȀǿȎǶȂǶȃ ȄǶȃ 
ȁǿȍȃ Ǻǯǹ Ƕ ȄǹǼȍ ȄǶȃ ǼǴȄǯǰǻǶȄȍȃ s 

% sqp_ouputs      ˮ ǧǾǿǳǿǹ ȄǶȃ ȂȅǽȋȁȄǶȂǶȃ 
ǰǴǻȄǹȂȄǿȀǿȎǶȂǶȃ fmincon  
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integr _steps =2; %x10^( integr _steps ƾ ǰȍǼǯȄǯ Ȁǿȅ ȈȁǶȂǹǼǿȀǿǹǿȒǽȄǯǹ ȂȄǶǽ 
ǯȁǹǷǼǶȄǹǺȍ ǿǻǿǺǻȍȁȊȂǶ Ȅǿȅ ȀȁǿȆȎǻ ȄǯȈȒȄǶȄǯȃ Musker. ǐǹǯ ǲȁǶǲǿȁȑȄǴȁǯ 
ǯȀǿȄǴǻȌȂǼǯȄǯ ǴȀǹǻȌǲǴȄǯǹ Ƕ ȄǹǼȍ ʧƗ Ǵǽȕ ǲǹǯ ǯǺȁǹǰȌȂȄǴȁǯ Ƕ ȄǹǼȍ ʨ 

precalculated_values=load( './precalculated_values.mat' , 'kappa' , 's_inte
gr_const' );  

˧ Ǡǿ ȀȁǿȆȎǻ ȄǯȈȒȄǶȄǯȃ Musker ǯǽǯȀȄȒȂȂǴȄǯǹ Ȋȃ ȂȅǽȋȁȄǶȂǶ ȄǶȃ sƗ Ƕ ǿȀǿȎǯ 
ǯǽǯȆȌȁǴȄǯǹ Ȋȃ ȂȄǯǷǴȁȋ ǿǻǿǺǻȍȁȊȂǶȃ Ǻǯǹ ȂȈǴȄȎǵǴȄǯǹ ǼǴ ȄǶǽ ǯǽȄȎȂȄǿǹȈǶ 
ȂȄǯǷǴȁȋ ǿǻǿǺǻȍȁȊȂǶȃ Ǐ Ȅǿȅ ǽȑǼǿȅ Ȅǿȅ ȄǿȎȈǿȅ. ǔ ǼǴȄǯǰǻǶȄȍ s ǻȒǽǴȄǯǹ ǼǴ 
ǯǽȄǹȂȄǿȎȈǹȂǶ ȄǶȃ ǻȒȂǶȃ u+( y˩ƾ ǯȀȑ ȄǶ ȂȈȌȂǶ Ȅǿȅ Musker ȂȄǶ ǻǿǲǯȁǹǷǼǹǺȍ-
ǲȁǯǼǼǹǺȍ ȀǴȁǹǿȈȍ Ȅǿȅ ǽȑǼǿȅ Ȅǿȅ ȄǿȎȈǿȅ ǲǹǯ ǹǺǯǽǿȀǿǹǶȄǹǺȋ ǼǴǲȋǻǿ y+ . 
ǎȆǿȒ ǻȅǷǴȎ ǯȁǹǷǼǶȄǹǺȋ ǿ ȀȎǽǯǺǯȃ precalculated _values  ȀǴȁǹȌȈǴǹ ȄǹǼȌȃ 
ǲǹǯ ȄǶ ȂȄǯǷǴȁȋ Ǻ von Karman,  ǲǹǯ ȄǶ ȂȄǯǷǴȁȋ B Ǻǯǹ ȄǶǽ ǯǽȄǹȂȄǿȎȈǹȂǶ 
ǯȅȄȕǽ ǼǴ ȄǶ ȂȄǯǷǴȁȋ ǿǻǿǺǻȍȁȊȂǶȃ s 

 

 

%%%%%%%%%%%%%%%%%˧ ˧˧˧ǒǽǳǴǹǺȄǹǺȋ ǳǴǳǿǼȌǽǯ ǼǴȄȁȍȂǴȊǽ%%%%%%%%%%%%%%%%%%%% 

˧ ǔ ȂȅǽȋȁȄǶȂǶ ǼǴ Ȅǿǽ ȄȁȑȀǿ Ȁǿȅ ǴȎǽǯǹ ǿȁǹȂǼȌǽǶ ǯȀǯǹȄǴȎ Ȅǹȃ ǴǹȂȑǳǿȅȃ 
ȀȁǿǺǴǹǼȌǽǿȅ ǽǯ ǼȀǿȁǴȎ ǽǯ ȄȁȌǾǴǹ ǿ ǺȕǳǹǺǯȃƚ ǝȁǿȃ ǳǹǴȅǺȑǻȅǽȂǶ ȄǶȃ 
ǺǯȄǯȈȕȁǶȂǶȃ ǼǴȄǯǰǻǶȄȕǽ ǴǹȂȑǳǿȅ ȌȈǿȅǽ ǴǽȄǯȈǷǴȎ ȂȄǿǽ ǺȕǳǹǺǯ ȑǻǯ Ȅǯ 
ȀǴǹȁǯǼǯȄǹǺȋ ȂǴȄ Ȁǿȅ ǳǿǺǹǼȋȂǷǶǺǯǽ ȂǴ ǼǿȁȆȍ ȂȈǿǻȎȊǽ ȕȂȄǴ ǼǴ ǼȎǯ ǯȀǻȍ 
ȄȁǿȀǿȀǿȎǶȂǶ Ȅǿ ȀȁȑǲȁǯǼǼǯ ǽǯ ǼȀǿȁǴȎ ǽǯ ǺǯȄǯȂȄǴȎ ǻǴǹȄǿȅȁǲǹǺȑ.  

%%% Österlund  ȀǴǹȁǯǼǯȄǹǺȑ ȂǴȄ SW981005A %%% 

% visc =1.4576 e- 05;  

% ufreestream=21.4;  

% y_exp = [0.07884, 0.10424, 0.13790, 0.17441, 0.22235, 0.27855, 
0.35094, 0.43603, 0.54080, 0.67098, 0.83163, 1.02562, 1.26724, 
1.55744, 1.92097, 2.35817, 2.89887, 3.56149, 4.37270, 5.36489, 
6.58345, 8.07760, 9.90893, 12.15270, 14.90065, 18.26932, 22.39903 , 
27.46124, 33.66803, 41.27309, 50.59359, 62.01975, 76.02432, 93.19023, 
114.23122, 140.02453];  

% u_exp = [3.08438, 3.87503, 4.79327, 5.84115, 6.76529, 7.61486, 
8.39634, 9.00168, 9.58917, 10.11600, 10.48699, 10.90896, 11.27841, 
11.62745, 12.00624, 12.30744, 12.78857, 13.13549, 13.55416, 13.92195, 
14.29471, 14.71768, 15.12935, 15.58713, 15.97442, 16.5 0758, 17.01912, 
17.63209, 18.30386, 19.07177, 19.92621, 20.74109, 21.31995, 21.43755, 
21.43103, 21.41052];  
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%%% Österlund  ȀǴǹȁǯǼǯȄǹǺȑ ȂǴȄ 37ʮʭʦʦʧʮ* ˧˧˧ 

% visc=1.44051e - 05;  

% ufreestream=53.7;  

% y_exp = [4.08068E - 02, 5.82699E - 02, 7.95420E - 02, 1.07164E - 01, 
1.38917E- 01, 1.79867E - 01, 2.30678E - 01, 2.92268E - 01, 3.68788E - 01, 
4.58959E- 01, 5.75159E - 01, 7.15180E - 01, 8.90121E - 01, 1.11083E+00, 
1.36983E+00, 1.69883E+00, 2.10144E+00, 2.59824E+00, 3.20974E+00, 
3.96414E+00, 4.89545E+00, 6.03995E+00, 7.45506E+00, 9.19497E+ 00, 
1.13444E+01, 1.39884E+01, 1.72504E+01, 2.12714E+01, 2.62314E+01, 
3.23415E+01, 3.98765E+01, 4.91645E+01, 6.06126E+01, 7.47237E+01, 
9.21247E+01, 1.13224E+02];  

% u_exp = [10.39700555, 13.22400626, 16.34100761, 19.11100877, 
21.49600876, 23.46801038, 25.07001173, 26.40701137, 27.64701163, 
28.72901336, 29.81001375, 30.8390136, 31.83201515, 32.81201465, 
33.91101611, 34.93101543, 36.01301524, 37.11301612, 38.18301714, 
39.392 01811, 40.50801739, 41.83201882, 43.27601971, 44.87401954, 
46.69602182, 48.62002251, 50.69002293, 52.60602442, 53.58702334, 
53.64302348, 53.6750241, 53.72502388, 53.7180241, 53.68802423, 
53.73302499, 53.68202388];  

 

˧˧˧˧˧ ǑǴǳǿǼȌǽǯ ȀǴǹȁǯǼǯȄǹǺȕǽ ǳǹǯȄȋǾǴȊǽ ǯǴȁǿȂȍȁǯǲǲǯȃ ǒǙǝ ˧˧˧˧˧ 

 

%%% NTUA 5cm_4spires %%% 

% visc = 1.608e - 05;  

% ufreestream=5;  

% y_exp = [37, 42, 47, 52, 57, 62, 67, 72, 77, 82, 92, 102, 112, 122, 
132, 142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372, 
392, 412, 432, 452, 502, 552, 602, 652];  

% u_exp = [2.99811, 3.02509, 3.05216, 3.10858, 3.12123, 3.18091, 
3.18522, 3.2277, 3.2806, 3.312, 3.29339, 3.3671, 3.45751, 3.47706, 
3.45539, 3.53553, 3.56409, 3.63682, 3.6476, 3.67862, 3.75335, 3.81896, 
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3.83783, 3.86806, 3.93366, 3.87052, 3.96921, 3.98101, 4.00239, 
3.97871, 4.06358, 4.03406, 4.14466, 4.13308, 4.17614, 4.19523];  

% delta _approximation  =1400;  

˧ ǎȁȈǹǺǿȀǿȎǶȂǶ Ȅǿȅ ȀȋȈǿȅȃ ǿȁǹǯǺǿȒ ȂȄȁȕǼǯȄǿȃ ȂǴ ǯȁǺǴȄȋ ȀȁǿȂǴǲǲǹȂȄǹǺȍ 
ȄǹǼȍ ǺǯǷȕȃ Ȅǿ ȀȁǿȆǹǻ ǼǴȄȁȍȂǴȊǽ ǳǴǽ ǺǯǻȒȀȄǴǹ ȑǻǿ Ȅǿ ǿȁǹǯǺȑ ȂȄȁȕǼǯ 

% ufriction 0=0.1776;  

˧ ǎȁȈǹǺǿȀǿȎǶȂǶ ȄǶȃ ȄǯȈȒȄǶȄǯȃ Ȅȁǹǰȍȃ ǰȋȂǴǹ Ȅǿȅ ǻǿǲǯȁǹǷǼǹǺǿȒ ǽȑǼǿȅ 

 

 

%%% NTUA 5cm_7spires %%% 

% visc = 1.608e - 05;  

% ufreestream=4.2;  

% y_exp = [37, 42, 47, 52, 57, 62, 67, 72, 77, 82, 92, 102, 112, 122, 
132, 142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372, 
392, 412, 432, 452, 502, 552, 602, 652];  

% u_exp = [2.11418, 2.15109, 2.18455, 2.19804, 2.21827, 2.20978, 
2.25471, 2.27957, 2.28852, 2.35145, 2.34364, 2.37384, 2.42324, 2.4619, 
2.43907, 2.48579, 2.5216, 2.56446, 2.63833, 2.65826, 2.76516, 2.77216, 
2.83805, 2.84484, 2.90729, 2.91759, 2.94575, 2.99 584, 3.0382, 3.09779, 
3.12253, 3.1791, 3.28922, 3.42171, 3.48484, 3.65088];  

% delta_approximation = 1100;  

 

 

%%% NTUA 5+3cm_7spires %%% 

% visc = 1.608e - 05;  

% ufreestream=4.2;  

% y_exp = [37, 42, 47, 52, 57, 62, 67, 72, 77, 82, 92, 102, 112, 122, 
132, 142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372, 
392, 412, 432, 452, 502, 552, 602, 652];  
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% u_exp = [1.8982, 1.8900, 1.9867, 2.0038, 2.0010, 2.0764, 2.1339, 
2.1341, 2.2000, 2.1832, 2.2414, 2.3155, 2.3637, 2.3614, 2.3856, 
2.4527, 2.4579, 2.4989, 2.6188, 2.6467, 2.6853, 2.7289, 2.7610, 
2.8164, 2.8724, 2.9164, 2.9361, 2.9356, 3.0561, 3.0470, 3.126 7, 
3.2101, 3.3059, 3.3850, 3.5187, 3.6509];  

% delta_approximation = 900;  

 

%%% NTUA 3+5cm_7spires %%% 

% visc = 1.608e - 05;  

% ufreestream=4.2;  

% y_exp = [42, 47, 52, 57, 62, 67, 72, 77, 82, 92, 102, 112, 122, 132, 
142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372, 392, 
412, 432, 502, 552, 602, 652];  

% u_exp = [1.9244, 1.9645, 1.9927, 2.0523, 2.0555, 2.0883, 2.1617, 
2.1714, 2.1687, 2.1644, 2.2937, 2.3517, 2.3860, 2.3843, 2.4942, 
2.5664, 2.5794, 2.6406, 2.6898, 2.7142, 2.7586, 2.8314, 2.8314, 
2.9201, 2.9685, 2.9698, 3.0633, 3.0563, 3.0845, 3.1777, 3.180 0, 
3.3383, 3.4021, 3.5074];  

% delta_approximation = 950;  

 

% %%% NTUA 3+5cm_7spires_NoTrip %%% 

% visc = 1.608e - 05;  

% ufreestream=4.2;  

% y_exp = [37, 42, 47, 52, 57, 62, 67, 72, 77, 82, 92, 102, 112, 122, 
132, 142, 152, 172, 192, 212, 232, 252, 272, 292, 312, 332, 352, 372, 
392, 412, 432, 452, 502, 552, 602, 652];  

% u_exp = [2.0038, 2.0381, 2.0106, 2.0640, 2.1294, 2.1427, 2.2123, 
2.2524, 2.2675, 2.3428, 2.3926, 2.4773, 2.5308, 2.5617, 2.5959, 
2.6358, 2.7568, 2.8049, 2.8743, 2.9014, 2.9348, 2.9842, 2.9767, 
3.0823, 3.1014, 3.1603, 3.1623, 3.1733, 3.2238, 3.2900, 3.2985, 
3.3721,  3.4835, 3.5655, 3.6239, 3.6239];  

% delta_approximation = 1000;  
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˧ǎȁȈǹǺȌȃ ȂȅǽǷȍǺǴȃ 

ufriction 0=u_exp( end)/25;  

Delta_y0=0;  

kappa0=0.4;  

for n = 1:length(y_exp)  

 if u_exp(n) > 0.99 * ufreestream  

  delta_approximation = y_exp(n);  

  break ;  

  end 

 end 

delta0=1.3*delta_approximation  

PI 0=0.5;  

 

%ǗǯȄȕȄǴȁǯ ȑȁǹǯ ǼǴȄǯǰǻǶȄȕǽ ǰǴǻȄǹȂȄǿȀǿȎǶȂǶȃ 

lower _ufriction =0.5* ufriction 0;  

lower_Delta_y= - y_exp(1)+0.001  

lower_kappa=0.29;  

lower_delta=0.8*delta_approximation; %In units of delta99  

lower _PI =0;  

 

˧ǎǽȕȄǴȁǯ ȑȁǹǯ ǼǴȄǯǰǻǶȄȕǽ ǰǴǻȄǹȂȄǿȀǿȎǶȂǶȃ 

upper_ufriction=1.5*ufriction0;  

upper_Delta_y=5; %(mm) 

upper_kappa=0.8;  

upper_delta=8*delta_approximation;  



 ɲʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ς ʃʰˏ˂ˇˌ ɲʽˇ˄ˎˋˈˉˇˎ˂ˇˌ 

 

 

 

 

 

 

133 ʅʶˉˍʷ˃ʲˊʽˇˌ 2023 

upper_PI=5;  

 

optim_vars_init=[ufriction0,Delta_y0,delta0,PI0,kappa0];  

optim_vars_lower=[lower_ufriction,lower_Delta_y,lower_delta,lower_PI,l
ower_kappa];  

optim_vars_upper=[upper_ufriction,upper_Delta_y,upper_delta,upper_PI,u
pper_kappa];  

˧ǝȁǿȂǳǹǿȁǹȂǼȑȃ ȄǶȃ ȂȅǽȋȁȄǶȂǶȃ ȂȆȋǻǼǯȄǿȃ 

 function  [err] = error_function  
 (optim_vars,y_exp,u_exp,bsk_s,bsk_k,integr_steps,visc)  

 

 ufriction=optim_vars(1);  

 Delta_y=optim_vars(2);  

 delta=optim_vars(3);  

 PI=optim_vars(4);  

 kappa=optim_vars(5);  

 

 s=interp1(bsk_k,bsk_s,kappa, 'linear' );  

 [~,u_plus] = canonical_profile 
 (kappa,s,integr_steps,(y_exp+Delta_y),ufriction,visc,delta,PI);  

 

 uplus_exp=u_exp./ufriction;  

 err=mean(abs(u_plus - uplus_exp)./u_plus);  
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˧ ǟȒǽǷǴȂǶ ǺǯǽǿǽǹǺǿȒ ȀȁǿȆȎǻ -ÕÓËÅÒ 

 function [y_plus,u_plus] = canonical_profile 
 (kappa,s,integr_steps,y_exp,ufriction,visc,delta,PI)  

 ˧˧˧ ǒȎȂǿǳǿǹ ˧˧˧ 

 %ȂȄǯǷǴȁȋ ǺƗ ȂȄǯǷǴȁȋ ǿǻǿǺǻȍȁȊȂǶȃ sƗ ǯȁǹǷǼȑȃ ǰǶǼȋȄȊǽ ǲǹǯ ȄǶǽ 
 ǯȁǹǷǼǶȄǹǺȍ ǿǻǿǺǻȍȁȊȂǶ Ȅǿȅ ȀȁǿȆȎǻ ȄǯȈȒȄǶȄǯȃ MuskerƗ ǯȀȑȂȄǯȂǶ ǯȀȑ 
 Ȅǿǽ ȄǿȎȈǿƗ ȄǯȈȒȄǶȄǯ ȄȁǹǰȍȃƗ ǹǾȕǳǴȃƗ ȀȋȈǿȃ ǿȁǹǯǺǿȒ ȂȄȁȕǼǯȄǿȃƗ 
 ȂȅǽȄǴǻǴȂȄȍȃ ǯȀǿȁǴȒǼǯȄǿȃ  

  

 u_musker(1:length(y_exp))=0;  

 yd=y_exp./delta;  

 bound_layer_index=find(yd<1,1, 'last' );  

 w=wake_fst(yd(1:bound_layer_index),PI);  

 w_inf=wake_fst(1,PI);  

 ˧ǜǻǿǺǻȍȁȊȂǶ Ȅǿȅ ȀȁǿȆȎǻ Ȅǿȅ -ÕÓËÅÒ 

 range_y_musker=0:10^( -
 integr_steps):(y_exp(bound_layer_index)/1000/visc*ufriction+5);  

 umusk(1:length(range_y_musker))=0;  

 for m=1:length(range_y_musker) - 1 

 slope_i=(range_y_musker(m)^2/kappa+1/s)/(range_y_musker(m)^3+rang
e_y_musker(m)^2/kappa+1/s);  

 umusk(m+1)=umusk(m)+slope_i*(range_y_musker(m+1) -
range_y_musker(m));  

 end 

 

 ˧ ǡȀǿǻǿǲǹȂǼȑȃ u_bump 

 M1=30;  

 M2=2.85;  

 up_bump(1:length(range_y_musker))=0;  
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 up_bump(2:length(range_y_musker))=exp( -
 log(range_y_musker(2:length(range_y_musker))/M1).^2)./M2;  

 

 umusk=umusk+up_bump; 

 y_musker=y_exp./1000./visc.*ufriction;  

 for m=1:bound_layer_index  

 u_musker(m)=interpolation_search(range_y_musker,umusk,y_musker(m)
 );  

 end 

 

˧ǔ ȀǯȁǯǺȋȄȊ ȂȅǽȋȁȄǶȂǶ ǴȀǹȄȅǲȈȋǽǴǹ ǲȁǯǼǼǹǺȍ ȀǯȁǴǼǰǿǻȍ ǲǹǯ ȄǶǽ ȄǹǼȍ 
yƚǎǽǯǵǶȄǴȎȄǯǹ Ƕ ȄǹǼȍ z ȂȄǿ ǳǹȋǽȅȂǼǯ x Ǻǯǹ ǳȎǽǴǹ Ȋȃ ȌǾǿǳǿ ȄǶǽ ȄǹǼȍ v 
ǲǹǯ ȄǶǽ ȄǹǼȍ Ȅǿȅ ǳǹǯǽȒȂǼǯȄǿȃ y ȂȄǶǽ Ȏǳǹǯ ǷȌȂǶ Ȁǿȅ ǰȁȌǷǶǺǴ Ƕ ȄǹǼȍ Ȅǿȅ a 

 function v=interpolation_search(x,y,z)  

 

 

 length_x=length(x);  

 for i=1:length_x  

  if x(i)>z  

  break  

  end 

 end 

 

 x_lower=x(i - 1);  

 x_upper=x(i);  

 y_lower=y(i - 1);  

 y_upper=y(i);  
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 v=y_lower+(z - x_lower)*((y_upper - y_lower)/(x_upper - x_lower));  

 

 end 

 

 

 y_musker_inf=delta./1000./visc.*ufriction;  

 u_musker_inf=interpolation_search(range_y_musker,umusk,y_musker_ i
nf);  

 

 u_musker(1:bound_layer_index)=u_musker(1:bound_layer_index) + 
 2.*PI./kappa.*w;  

 u_musker((bound_layer_index+1):end)=u_musker_inf+2.*PI./kappa.*w_
inf;  

 

 y_plus=y_musker;  

 u_plus=u_musker;  

 %%disp(y_plus)  

 %%disp ( u_plus )  

 end 

 

 

 end 
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˧˧ ǜȁǹȂǼȑȃ ǯǽȄǹǺǴǹǼǴǽǹǺȍȃ ȂȅǽȋȁȄǶȂǶȃ Ǻǯǹ ǺǻȍȂǶ ȂȅǽȋȁȄǶȂǶȃ fmincon  ǲǹǯ 
ȄǶǽ ǴȒȁǴȂǶ ʪ ȀǯȁǯǼȌȄȁȊǽ 

˧˧˧ ǒȎȂǿǳǿǹ ˧˧˧ 

˧ ǔ ǯǽȄǹǺǴǹǼǴǽǹǺȍ ȂȅǽȋȁȄǶȂǶ ƽȂȅǽȋȁȄǶȂǶ ȂȆȋǻǼǯȄǿȃƾ 

˧ ǜǹ ǯȁȈǹǺȌȃ ȂȅǽǷȍǺǴȃ ȄȊǽ ʪ ȀǯȁǯǼȌȄȁȊǽ Ȁȁǿȃ ǴȒȁǴȂǶ 

˧ Ǡǯ ǺǯȄȕȄǴȁǯ Ǻǯǹ ǯǽȕȄǴȁǯ ȑȁǹǯ ȄȊǽ ʪ ȀǯȁǯǼȌȄȁȊǽ 

˧ ǫǻǴȃ ǿǹ ǴȀǹǼȌȁǿȅȃ ǴȀǹǻǿǲȌȃ ǴǺȄȌǻǴȂǶȃ ȄǶȃ ȂȅǽȋȁȄǶȂǶȃ fmincon  

 

 

˧˧˧ ǧǾǿǳǿǹ ˧˧˧ 

˧ ǝȎǽǯǺǯȃ ǳǿǼȍȃ sqp_ouputs  Ȁǿȅ ȀǴȁǹȌȈǴǹ ȄǶǽ ȄǹǼȍ ȄǶȃ ǯǽȄǹǺǴǹǼǴǽǹǺȍȃ 
ȂȅǽȋȁȄǶȂǶȃ ȂȄǿ ǰȌǻȄǹȂȄǿ ȂǶǼǴȎǿ ƽfval ƾƗ ȂǶǼǯȎǯ ǴǾȑǳǿȅ Ȁǿȅ ȅȀǿǳǴǹǺǽȒǴǹ 
ȄǶǽ ǺǯȄȋȂȄǯȂǶ ȄǴȁǼǯȄǹȂǼǿȒ ƽflag ƾƗ ȀȎǽǯǺǯ ǳǿǼȍȃ Ȁǿȅ ȀǴȁǹǻǯǼǰȋǽǴǹ 
ȀǻǶȁǿȆǿȁȎǴȃ ȂȈǴȄǹǺȋ ǼǴ ȄǶ ǳǹǯǳǹǺǯȂȎǯ ȄǶȃ ǰǴǻȄǹȂȄǿȀǿȎǶȂǶȃ ƽoutput ), 
ȀǿǻǻǯȀǻǯȂǹǯȂȄȌȃ Lagrange  ȂȄǶ ǻȒȂǶ ƽlambdaƾƗ ǺǻȎȂǶ ȄǶȃ ǯǽȄǹǺǴǹǼǴǽǹǺȍȃ 
ȂȅǽȋȁȄǶȂǶȃ ȂȄǶ ǻȒȂǶ ( gradƾ Ǻǯǹ ǒȂȂǹǯǽȑȃ ȀȎǽǯǺǯȃ ȄǶȃ ǯǽȄǹǺǴǹǼǴǽǹǺȍȃ 
ȂȅǽȋȁȄǶȂǶȃ ȂȄǶ ǻȒȂǶ ( hessian )  

 

objective_function=@(optim_vars)error_function 
(optim_vars,y_exp,u_exp,precalculated_values.s_integr_const,precalcula
ted_values.kappa,integr_steps,visc);  

 

[results_optimized_point, fval, flag, output, lambda, grad, hessian] = 
fmincon(objective_function, ...  

optim_vars_init, [], [], [], [], optim_vars_lower, optim_vars_upper, 
[], ...  

optimoptions( 'fmincon' , 'Algorithm' , 'sqp' , 'Diagnostics' , 'off' , ...  

'DiffMaxChange' , Inf, 'DiffMinChange' , 0, 'Display' , 'off' , ...  

'FinDiffRelStep' , eps^(1/3), 'FinDiffType' , 'central' , 'GradObj' , 
'off' , ...  

'MaxFunEvals' , 1000, 'MaxIter' , 1000, 'PlotFcns' , @optimplotfval, ...  
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'TolCon' , 1e - 6, 'TolFun' , 1e - 10, 'TolX' , 1e - 10, 'UseParallel' , 
'never' ));  

 

 

sqp_outputs = struct( 'fval' , fval, 'flag' , flag, 'output' , output, 
'lambda' , lambda, 'grad' , grad, 'hessian' , hessian);  

 

 

results_optimized.ufriction=results_optimized_point(1);  

results_optimized.Delta_y=results_optimized_point(2);  

results_optimized.delta=results_optimized_point(3);  

results_optimized.PI=results_optimized_point(4);  

results_optimized.kappa=results_optimized_point(5);  

final_s=interp1(precalculated_values.kappa,precalculated_values.s_inte
gr_const,results_optimized_point(5), 'linear' );  

results_optimized.s=final_s;  

 

 

function  w=wake_fst(eta,PI)  

 

w=(1+6.*PI).*eta.^2 - (1+4.*PI)*eta.^3;  

 

end 

function w=wake_exp(eta,PI)  

 

 % eta =y/ delta  ƽǯǳǹȋȂȄǯȄǶ ǼǴȄǯǰǻǶȄȍ Ƕƾ 

 % PIˮǝ ƽȀǯȁȋǼǴȄȁǿȃ ǺǻȎȂǶȃ ȀȎǴȂǶȃ-ǯȀǿȁǴȒǼǯȄǿȃ/ wake parameter )  
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 ˧ǟȄǯǷǴȁȌȃ ǯʦƗ ǯʧ Ǻǯǹ ǯʨ 

 a2=132.8410;  

 a3=- 166.2041;  

 a4=71.9114;  

 

 %ǡȀǿǻǿǲǹȂǼȑȃ ȄǶȃ wake function  

 w=(1- exp(a2.*(eta.^5)+a3.*(eta.^6)+a4.*(eta.^7) -
(5*a2+6*a3+7*a4).*(eta.^4)./4))/(1 - exp( -
(a2+2.*a3+3.*a4)./4));  

   w=w.*(1 - log(eta)./2./PI);  

 end 

end 

 


