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ɶ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ˉˊʰʴ˃ʰˍʶˏʶˍʰʽ ˍʹ˄ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ʶˉʽˉˍ˗ˋʶ˖˄ ˋˍʹ 

˂ʶʽˍˇˎˊʴʾʰ ˁˎˁ˂ˇ˒ˇˊʽʰˁ˗˄ ʵʽˁˍˏ˖˄ ˏʵˊʶˎˋʹˌ ˂ˈʴ˖ ˃ʶˍʰʲˇ˂ʺˌ ˍʹˌ ʸʺˍʹˋʹˌ ˄ʶˊˇˏ ˁʰʽ ˍʹˌ 

ˍˊʰ˔ˏˍʹˍʰˌ ˍ˖˄ ʰʴ˖ʴ˗˄Φ ɶ ˁˏˊʽʰ ʶ˒ʰˊ˃ˇʴʺ ʴʽʰ ˍʹ˄ ˃ʶ˂ʷˍʹ ʰˎˍʺ ʷʴʽ˄ʶ ˋˍˇ ˎʵˊʶˎˍʽˁˈ 

ʵʾˁˍˎˇ ˍˇˎ ˇʽˁʽˋ˃ˇˏ ɾˇˎˍʱ˂˂ˇˎ ˍˇˎ ʵʺ˃ˇˎ ˍʹˌ ʃʱ˒ˇˎΦ 

ɶ ʶˊʴʰˋʾʰ ˉˊʰʴ˃ʰˍˇˉˇʽʺʻʹˁʶ ˋˍʹ ʅ˔ˇ˂ʺ ɮʴˊˇ˄ˈ˃˖˄ ˁʰʽ ʆˇˉˇʴˊʱ˒˖˄ ɾʹ˔ʰ˄ʽˁ˗˄ ˍˇˎ 

ɳʻ˄ʽˁ̌ ˏ ɾʶˍˋˈʲʽˇˎ ʃˇ˂ˎˍʶ˔˄ʶʾˇˎ ˋˍˇ ɳˊʴʰˋˍʺˊʽˇ ɳʴʴʶʽˇʲʶ˂ˍʽ˖ˍʽˁ˗˄ ɴˊʴ˖˄ ˁʰʽ 

ɲ̔ ʰ˔ʶʾˊʽˋʹˌ ʇɻ ʰˍʽˁ˗˄ ʃ̍ ˊ˖˄ ˎˉˈ ˍʹ˄ ʶˉʾʲ˂ʶ˕ʹ ̱ ˇˎ ˁʰʻʹʴʹˍʺ ˁΦ ɱʽ˗ˊʴˇˎ ʆˋʰˁʾˊʹΦ 

ɮˉˈ ˍʹ ˃ʶˊʽʱ ˃ˇˎ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ˍˇ˄ ʶˉʽʲ˂ʷˉˇ˄ˍʰ ˁʰʻʹʴʹˍʺ ˃ˇˎ ˁΦ ɱʽ˗ˊʴˇ 

ʆˋʰˁʾˊʹ ʴʽʰ ˍʹ˄ ˁʰʻˇʵʺʴʹˋʹ ˁʰʽ ˍʹ˄ ʱˊʽˋˍʹ ˋˎ˄ʶˊʴʰˋʾʰΣ ˍˇ˄ ˁΦ ɾʽ˔ʱ˂ʹ ʅˉʹ˂ʽ˗ˍʹ ʴʽʰ ˍʹ˄ 

ˉˇ˂ˏˍʽ˃ʹ ʲˇʺʻʶʽʰ ˍˇˎ ˁ ʰʻ˗ˌ ˁʰʽ ˈ˂ˇˎˌ ˍˇˎˌ ˁʰʻʹʴʹˍʷˌ ˍˇˎ ˍˇ˃ʷʰ 

ʆʷ˂ˇˌ ʻʰ ʺʻʶ˂ʰ ˄ʰ ʶˎ˔ʰˊʽˋˍʺˋ˖ ʻʶˊ˃ʱ ˍʹ˄ ˇʽˁˇʴʷ˄ʶʽʰ ˃ˇˎ ˉˇˎ ˋˍʱʻʹˁʶ ʵʾˉ˂ʰ ˃ˇˎ ˈ˂ʰ 
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ɩʀʍʚʇʂʕʂ 
 

ɮ˄ʰ˃˒ʽˋʲʺˍʹˍʰ ˍʰ ˋˎˋˍʺ˃ʰˍʰ ʵʽʰ˄ˇ˃ʺˌ ˄ʶˊˇˏ ʰˉˇˍʶ˂ˇˏ˄ ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˋˍʹ˄ ʸ˖ʺ ˍˇˎ 

ʰ˄ʻˊ˗ˉˇˎ ʰ˒ˇˏ ʰˉˇˋˁˇˉˇˏ˄ ˋˍʹ˄ ˁʱ˂ˎ˕ʹ ˁʱʻʶ ʶʾʵˇˎˌ ʰ˄ʱʴˁʹˌ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍˇˎˌ 

ˎʵʰˍʽˁˇˏˌ ˉˈˊˇˎˌΦ ʃˈˋˇ ˃ʱ˂˂ˇ˄ ˋˍʽ̩ ˃ʷˊʶˌ ˃ʰˌ, ̍ ˉˇˎ ˇʽ ʵʽʰʻʷˋʽ˃ˇʽ ˎʵʰˍʽˁˇʾ ˉˈˊˇʽ ˇ˂ˇʷ˄ʰ 

ˁʰʽ ˃ʶʽ˗˄ˇ˄ˍʰʽΣ ʴʶʴˇ˄ˈˌ ˉˇˎ ʶˉʽˍʱˋˋʶʽ ˍʹ ˋ˖ˋˍʺ ˉˊˇˋˍʰˋʾʰ ˁʰʽ ʵʽʰ˔ʶʾˊʽˋʹ ˍˇˎˌΦ ɱʽʰ ˍʹ˄ 

ʶˉʾˍʶˎ˅ʹ ʶ˄ˈˌ ˍʷˍˇʽˇˎ ʶʴ˔ʶʽˊʺ˃ʰˍˇˌΣ ˋˁˈˉʽ˃ˇ ˁˊʾ˄ʶˍʰʽ ˄ʰ ˉˊˇʹʴʹʻʶʾ ˃ʶ˂ʷˍʹ ˁʰʽ ʰ˄ʱ˂ˎˋʹ 

ˍˇˎ ʵʽˁˍˏˇˎ ʵʽʰ˄ˇ˃ʺˌ ˄ʶˊˇˏ ˉˇˎ ʻʰ ˁʰ˂ˏˉˍʶʽ ʶˉʰˊˁ˗ˌ ˍʽˌ ʰ˄ʱʴˁʶˌ ʰˎˍʷˌΦ ɸh  ˉˊʷˉʶʽ ˄ʰ 

ʶ˅ʶˍʱʸˇ˄ˍʰʽ ˁʰʽ ˃ʶ˂˂ˇ˄ˍʽˁʱ ˋʶ˄ʱˊʽʰ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ 

ˍ˖˄ ʵʽˁˍˏ˖˄Σ ˃ʶ ˍˇ ˉʷˊʰˋ˃ʰ ˍˇˎ ˔ˊˈ˄ˇˎ. ɳˉʽˉ˂ʷˇ˄ ʹ ʰ˄ʱˉˍˎ˅ʹ ˍʹˌ ˍʶ˔˄ˇ˂ˇʴʾʰˌ ˃ʷˋ˖ ˍ˖˄ 

ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˎˉˇ˂ˇʴʽˋˍ˗˄ ˁʰʽ ˍ˖˄ ˉˊˇʴˊʰ˃˃ʱˍ˖˄Σ ʷ˔ʶʽ ʲˇʹʻʺˋʶʽ ˋʶ ˃ʶʴʱ˂ˇ ʲʰʻ˃ˈ ˋˍˇ˄ 

ˋ˔ʶʵʽʰˋ˃ˈΣ ̱ ʹ˄ ˁʰˍʰˋˁʶˎʺ ˁʰʽ ̱ ʹ˄ ʁ ˉʾ˂ˎˋʹ ˍ˖˄ ˎʵˊʶˎˍʽˁ˗˄ ʵʽˁˍˏ˖˄Φ 

ɶ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʶˊʴʰˋʾʰ ʰˉʰˊˍʾʸʶˍʰʽ ʰˉˈ ʵˏˇ ˃ʷˊʹΦ ʅˍˇ ˉˊ˗ˍˇ ˃ʷˊˇˌ 

ʰ˄ʰ˒ʷˊˇ˄ˍʰʽ ˇʽ ˍˊʶʽˌ ˉʶˊʽˋˋˈˍʶˊˇ ʵʹ˃ˇ˒ʽ˂ʶʾˌ ˃ʷʻˇʵˇʽ ʶˉʾ˂ˎˋʹˌ ˁ˂ʶʽˋˍ˗˄ ʵʽˁˍˏ˖˄ 

ˏʵˊʶˎˋʹˌ ˇʽ ˇˉˇʾʶˌ ʶʾ˄ʰʽ ʹ /ǊƻǎǎΣ ʹ bŜǿǘƻƴ ς wŀǇƘǎƻƴ ˁʰʽ ʹ DǊŀŘƛŜƴǘ ˃ʶ ˍʹ ˋʶʽˊʱ ˉˇˎ 

ʰ˄ʰ˂ˏʻʹˁʰ˄Φ ɮˁˇ˂ˇˎʻʶʾ ʹ ʰ˄ʱ˂ˎˋʹ ˍˇˎ ˉˊˇʴˊʱ˃˃ʰˍˇˌ ʶˉʾ˂ˎˋʹˌ ʵʽˁˍˏ˖˄ ˏʵˊʶˎˋʹˌ ˋʶ 

ˉʶˊʽʲʱ˂˂ˇ˄ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˎˉˇ˂ˇʴʽˋˍʺ ά9t!b9¢έ ˍˇ ˇˉˇʾˇ ʷ˔ʶʽ ˖ˌ ʲʱˋʹ ʴʽʰ ˍʹ˄ ʶˉʾ˂ˎˋʹ  

ˍ˖˄ ʵ̔ ˁˍˏ˖˄ ˍʹ˄ ˃ʷʻˇʵˇ DǊŀŘƛŜƴǘ ˍ˖˄ ¢ƻŘƛƴƛ ˁʰʽ Pilati (1987). ɹʵʽʰʾˍʶˊˇ ˔ʰˊʰˁˍʹˊʽˋˍʽˁˈ ˍˇˎ 

ˉˊˇʴˊʱ˃˃ʰˍˇˌ ˁʰʻʽˋˍʱ ˍˇ ʴʶʴˇ˄ˈˌ ˈˍʽ ˉʷˊʰ ʰˉˈ ˍʽˌ ʵˎ˄ʰˍˈˍʹˍʷˌ ˍˇˎ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ 

˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍʹˌ ˎʵˊʰˎ˂ʽˁʺˌ ˍ˖˄ ʵʽˁˍˏ˖˄ ʶʾ˄ʰʽ ˁʰʽ ˇʽ ʵˎ˄ʰˍˈˍʹˍʶˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ 

˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍʹˌ ˉˇʽˈˍʹˍʰˌ ˄ʶˊˇˏ ̀ ˍˇ ʵʾˁˍˎˇ. 

ʅˍˇ ʵʶˏˍʶˊˇ ˃ʷˊˇˌ ʷʴʽ˄ʶ ʹ ʶˉʾ˂ˎˋʹ ʵˏˇ ʵʽʰ˒ˇˊʶˍʽˁ˗˄ ʵʽˁˍˏ˖˄ ʵʽʰ˄ˇ˃ʺˌ ˄ʶˊˇˏΦ ʆˇ ˉˊ˗ˍˇ 

ʶʾ˄ʰʽ ʷ˄ʰ ʽʵʶʰˍˈ ʵʾˁˍˎˇ м3 ˃ˈ˂ʽˌ ˁˈ˃ʲ˖˄ ˍˇ ˇˉˇʾˇ ʶˉʽ˂ˏʻʹˁʶ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍˇˎ ά9t!b9¢έ. 

ʅʁ  ʰˎˍˈ ʶˁˍʶ˂ʷˋˍʹˁʰ˄ п ʵʽʰ˒ˇˊʶˍʽˁʱ ˋʶ˄ʱˊʽʰ ˃ʶˍʰʲˇ˂ʺˌ ˍ˖˄ ˎʵˊʰˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ 

ˍˇˎ ˁʰʽ ʶˁˍʽ˃ʺʻʹˁʰ˄ ˇʽ ʶˉʽˉˍ˗ˋʶʽˌ ˋˍʹ˄ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʽˌ ˍʽ˃ʷˌ ˍ˖˄ ˉʽʷˋʶ˖˄ 

ˍˇˎΦ ɶ ʵʶˏˍʶˊʹ ʶ˒ʰˊ˃ˇʴʺ ʰˉˇˍʶ˂ʶʾ ˍˇ ˁˎˁ˂ˇ˒ˇˊʽʰˁˈ ʵʾˁˍˎˇ ˏʵˊʶˎˋʹˌ ˍˇˎ ˇʽˁʽˋ˃ˇˏ 

ɾˇˎˍʱ˂˂ˇˎ ˍˇˎ ʵʺ˃ˇˎ ˍʹˌ ʃʱ˒ˇˎΦ ɽʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʹ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ʵʽˁˍˏˇˎ ˋʶ 

ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ˄ ˉʰˊʰʵˇ˔ʺ ʴʽʰ ˍʹ˄ ˍʽ˃ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ʷʴʽ˄ʶ ʹ ʶˉʾ˂ˎˋʺ ˍˇˎ ˃ʶ ˍʹ 

ʲˇʺʻʶʽʰ ˍˇˎ ά9t!b9¢έΦ ɴˉʶʽˍʰ ʷʴʽ˄ʶ ʹ ˎˉˈʻʶˋʹ  ʶ˄ˈˌ ˋʶ˄ʰˊʾˇˎ ˃ʶˍʰʲˇ˂ʺˌ ˍ˖˄ ˎʵˊʰˎ˂ʽˁ˗˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ ʵʽˁˍˏˇˎ ˋʶ ʲʱʻˇˌ ол ˔ˊˈ˄˖˄Φ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ˇʽ ˃ʶˍʰʲˇ˂ʷˌ ʰˎˍʷˌ 

ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ˄ ʸʺˍʹˋʹ ˄ʶˊˇˏ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˁʰʽ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ ˍ˖˄ ʰʴ˖ʴ˗˄Φ ɴˍˋʽ 

ʶˁˍʽ˃ʺʻʹˁʰ˄ ˇʽ ʶˉʽˉˍ˗ˋʶʽˌ ʰˎˍ˗˄ ˋˍʹ˄ ʶˎˊˏˍʶˊʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ʵʽˁˍˏˇˎΦ 

ʆʷ˂ˇˌ ˉʰˊʰˍʾʻʶ˄ˍʰʽ ˁʱˉˇʽʰ ʴʶ˄ʽˁʱ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˂ʶʽˍˇˎˊʴʾʰ ˍ˖˄ ʵʽˁˍˏ˖˄ 

ˉˇˎ ˃ʶ˂ʶˍʺʻʹˁʰ˄ ˍˈˋˇ ˋˍʹ˄ ʰˊ˔ʽˁʺ ˍˇˎˌ ˁʰˍʱˋˍʰˋʹ ˈˋˇ ˁʰʽ ˃ʶˍʱ ˍʹ˄ ˃ʶˍʰʲˇ˂ʺ ˍ˖˄ 

ˎʵˊʰˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎˌΦ 
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Abstract  
 

Undoubtedly the water distribution systems play an important role in human life since they 

are designed to cover every kind of need associated with water resources. Especially 

nowadays, where available water resources are increasingly reduced, a fact that requires 

proper protection and management. To achieve such a task, prior study and analysis of 

water distribution network are demanded that will adequately cover those needs. By the 

passage of time, future scenarios  should be examined on the effectiveness of the operation 

of networks. Moreover, the development of technology through electronic computers and 

programs has helped greatly in the design, manufacture and solving water supply networks. 

This diplomatic thesis consists of two parts. In the first part are referred the three most 

popular methods of solving closed water supply network which is the Cross, the Newton - 

Raphson and Gradient in turn analyzed. In the next chapter, it is analyzed the resolver 

program of the water supply networks in computer environment called "EPANET" which has 

as a basis for resolving the network the Gradient method of Todini and Pilati (1987). A 

special feature of the program makes the fact that beyond the capabilities of the modeling 

of hydraulic networks, there are the options for the modeling of water quality. 

In the second part took place the solving of two different water distribution networks. The 

first one is a virtual network of  13 nodes which was resolved through "EPANET". Four 

different scenarios were executed in this network concerning the change of its hydraulic 

characteristics and the impact made on the operation in relation to the values of the 

pressures. The second object of my study is the circulating water system of Moutallos, 

Paphos. The solving of the water distribution system executed through "EPANET" , given the 

characteristics of the network combined with the assumption for the roughness value. Then 

it was assumed a scenario of change related to the hydraulic characteristics of the network 

over a 30 year period. More specifically, these changes are related to water demand nodes 

and roughness friction factor of the pipes. So their effects were estimated in the wider 

network operation. 

Finally, some general conclusions listed about the function of the networks studied both in 

their original state and after the change of their hydraulic characteristics. 

 
 

 

 

 
 



3 
 

ɣʀʒʗʇɻʅʋ ρ  

ɞʅʎɻɾʖɾʙ 
 

мΦм ɮ˄ˍʽˁʶʾ˃ʶ˄ˇ ˍʹˌ ʶˊʴʰˋʾʰˌ 

ʅˍʹ˄ ʶˊʴʰˋʾʰ ʰˎˍʺ ˉˊʰʴ˃ʰˍˇˉˇʽʶʾˍʰʽ ʹ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ʶˉʽˉˍ˗ˋʶ˖˄ ˋˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍ˖˄ 

ˁˎˁ˂ˇ˒ˇˊʽʰˁ˗˄ ʵʽˁˍˏ˖˄ ˏʵˊʶˎˋʹˌ ˂ˈʴ˖ ˃ʶˍʰʲˇ˂ʺˌ ˍʹˌ ʸʺˍʹˋʹˌ ˄ʶˊˇˏ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˁʰʽ 

ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ ˍ˖˄ ʰʴ˖ʴ˗˄Φ ɱʽʰ ˍʹ˄ ʷʴˁˎˊʹ ʶˁˍʾ˃ʹˋʹ ˃ʶ˂ʶˍʺʻʹˁʰ˄ ʵˏˇ ʵʾˁˍˎʰΣ ʷ˄ʰ ʽʵʶʰˍˈ 

ˁʰʽ ʷ˄ʰ ˉˊʰʴ˃ʰˍʽˁˈΦ ɮ˒ˇˏ ʶˁˍʶ˂ʷˋˍʹˁʰ˄ ʵʽʱ˒ˇˊʰ ˋʶ˄ʱˊʽʰ ʴʽʰ ˍˇ ʽʵʶʰˍˈ ʵʾˁˍˎˇΣ ʶˉʽ˂ʷ˔ˍʹˁʶ 

˄ʰ ʶ˒ʰˊ˃ˇˋˍʶʾ ˋˍˇ ˎ˒ʽˋˍʱ˃ʶ˄ˇ ˎʵˊʶˎˍʽˁˈ ʵʾˁˍˎˇ ˍˇˎ ˇʽˁʽˋ˃ˇˏ ɾˇˎˍʱ˂˂ˇˎ ˋˍʹ ʃʱ˒ˇ 

όˉˊʰʴ˃ʰˍʽˁˈ ʵʾˁˍˎˇύ ʷ˄ʰ ˋʶ˄ʱˊʽˇ ˍˇ ˇˉˇʾˇ ˋˎ˄ʱʴʶʽ ˃ʶ ˍʽˌ ˉˊʰʴ˃ʰˍʽˁʷˌ ˃ʶˍʰʲˇ˂ʷˌ ˋˍʰ 

ˎʵˊʰˎ˂ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁʱʻʶ ʵʽˁˍˏˇˎΦ ɾʶ ʲʱˋʹ ˍˇ ˋʶ˄ʱˊʽˇ ʰˎˍˈ ʷʴʽ˄ʰ˄ ˉʰˊʰˍʹˊʺˋʶʽˌ 

ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ ʵʽˁˍˏˇˎ ˁʰʽ ˂ʺ˒ʻʹˁʰ˄ ˔ˊʺˋʽ˃ʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʴʽʰ ˍˇ˄ ˔ˊˈ˄ˇ 

ʸ˖ʺˌ ˍˇˎΦ 

 

1.2 ɲʽʱ̒́ˊ˖ˋʹ ̱ ʹˌ ʶˊʴʰˋʾʰˌ 

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ м ˉʶˊʽ˂ʰ˃ʲʱ˄ʶˍʰʽ ʹ ʶʽˋʰʴ˖ʴʺΦ 

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ н ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˇʽ ˍˊʶʽˌ ˃ʷʻˇʵˇʽ ʶˉʾ˂ˎˋʹˌ ˁ˂ʶʽˋˍ˗˄ ʵʽˁˍˏ˖˄ ˏʵˊʶˎˋʹˌ ˇʽ 

ˇˉˇʾʶˌ ʶʾ˄ʰʽ ʹ /ǊƻǎǎΣ ʹ bŜǿǘƻƴ ς wŀǇƘǎƻƴ ˁʰʽ ʹ DǊŀŘƛŜƴǘΦ 

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ о ʰ˄ʰ˂ˏʶˍʰʽ ˍˇ ʶ˂ʶˏʻʶˊˇ ˉˊˈʴˊʰ˃˃ʰ ά9t!b9¢έ ˉˇˎ ʲˇʹʻʱʶʽ ˋˍʽˌ ʶˉʽ˂ˏˋʶʽˌ 

ˍ˖˄ ˎʵˊʶˎˍʽˁ˗˄ ʵʽˁˍˏ˖˄ ˁʰʻ˗ˌ ˁʰʽ ʱ˂˂ʶˌ ʵˎ˄ʰˍˈˍʹˍʶˌ ˉˇˎ ˉˊˇˋʵʾʵʶʽ ˋˍˇ˄ ˔ˊʺˋˍʹΦ 

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ п ˉʶˊʽʴˊʱ˒ˇ˄̱hʽ ˍˇ ʽʵʶʰˍˈ ʵʾˁˍˎˇ ˁʰʽ ˍʰ ˋʶ˄ʱˊʽʰ ˃ʶ˂ʷˍʹˌ ˂ˈʴ˖ ˃ʶˍʰʲˇ˂ʺˌ 

ˍʹˌ ʸʺˍʹˋʹˌ ˄ʶˊˇˏ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˁʰʽ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ ˍ˖˄ ʰʴ˖ʴ˗˄. 

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ р ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˍˇ ˎʵˊʶˎˍʽˁˈ ʵʾˁˍˎˇ ˍˇˎ ˇʽˁʽˋ˃ˇˏ ɾˇˎˍʱ˂˂ˇˎ ˋˍʹ ʃʱ˒ˇ ˁʰʽ 

ʹ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ʷˉʶʽˍʰ ʰˉˈ ʶ˒ʰˊ˃ˇʴʺ ˍˇˎ ˋʶ˄ʰˊʾˇˎ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ 

˃ʶˍʰʲˇ˂ʺ ˍ˖˄ ˎʵˊʰˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎΦ 

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ с ʵʽʰˍˎˉ˗˄ˇ˄ˍʰʽ ˍʰ ˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ʰˉˈ ˍʹ˄ ʶ˒ʰˊ˃ˇʴʺ ˍ˖˄ ˋʶ˄ʰˊʾ˖˄ ˋˍʰ 

ˎʵˊʶˎˍʽˁʱ ʵʾˁˍˎʰ ˁʰʽ ˍˇ˄ʾʸʶˍʰʽ ʹ ˋʹ˃ʰˋʾʰ ˍˇˎˌΦ 
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ɣʀʒʗʇɻʅʋ ς 

ɥʘʃʋɿʋʅ ʀʌʚʇʑʎʂʏ ʑɿʍʀʑʐʅʆʡʉ ɿʅʆʐʞʖʉ 
 

нΦм ɱʶ˄ʽˁʱ 

ʅˁˇˉˈˌ ˍ˖˄ ʵʽˁˍˏ˖˄ ˏʵˊʶˎˋʹˌ ʶʾ˄ʰʽ ʹ ʶ˅ʰˋ˒ʱ˂ʽˋʹ ˍˇˎ ʰˉʰʽˍˇˏ˃ʶ˄ˇˎ ˄ʶˊˇˏ ˋʶ ʶˉʰˊˁʺ 

ˉˇˋˈˍʹˍʰ ˁʰʽ ˁʰˍʱ˂˂ʹ˂ʹ ˉˇʽˈˍʹˍʰ ˃ʷˋʰ ˋʶ ʰˉˇʵʶˁˍʱ ˈˊʽʰ ˉʾʶˋʹˌΣ ˍˇ ˇˉˇʾˇ ˉʰˊʷ˔ʶˍʰʽ ʴʽʰ 

ˍʹ˄ ˁʱ˂ˎ˕ʹ ˁʱʻʶ ʶʾʵˇˎˌ ʰ˄ʱʴˁʹˌ ˍ˖˄ ˁʰˍˇʾˁ˖˄ ˃ʾʰˌ ˉʶˊʽˇ˔ʺˌΦ ʆʰ ˋˍʱʵʽʰ ˉˇˎ 

ʰˁˇ˂ˇˎʻˇˏ˄ˍʰʽ ʴʽʰ ˍʹ˄ ʶˁˉˈ˄ʹˋʹ ˃ʾʰˌ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹˌ ˃ʶ˂ʷˍʹˌ ˏʵˊʶˎˋʹˌ ʶʾ˄ʰʽ ʹ ˉʰˊˇ˔ʺ 

ˋ˔ʶʵʽʰˋ˃ˇˏ ˍˇˎ ʵʽˁˍˏˇˎΣ ˇ ˋ˔ʶʵʽʰˋ˃ˈˌ ʷˊʴ˖˄ ʶ˅˖ˍʶˊʽˁˇˏ ˎʵˊʰʴ˖ʴʶʾˇˎΣ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ 

ˍ˖˄ ʵʶ˅ʰ˃ʶ˄˗˄ ˊˏʻ˃ʽˋʹˌ, ̫ ˉʶʽˍʰ ˇ ˋ˔ʶʵʽʰˋ˃ˈˌ ʷˊʴ˖˄ ʶˋ˖ˍʶˊʽˁˇˏ ˎʵˊʰʴ˖ʴʶʾˇˎ ˁʰʽ ˍʷ˂ˇˌ ʹ 

˃ʰʻʹ˃ʰˍʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍˇˎ ʵʽˁˍˏˇˎ ˃ʶ ˍʷˍˇʽˇ ˍˊˈˉˇ ˗ˋˍʶ ˄ʰ ˉ˂ʹˊˇˏ˄ˍʰʽ ˇʽ ˎʵˊʰˎ˂ʽˁʷˌ 

ʰˉʰʽˍʺˋʶʽˌ όˉʰˊˇ˔ʷˌΣ ʶ˂ʱ˔ʽˋˍʶˌ ˁʰʽ ˃ʷʴʽˋˍʶˌ ˉʽʷˋʶʽˌύΦ ɴˍˋʽΣ ˇ ˃ʶ˂ʶˍʹˍʺˌ ˋˎ˄ʺʻ˖ˌ ˋ˔ʶʵʽʱʸʶʽ 

ˁ˂ʶʽˋˍʱ ʺ ˁˎˁ˂ˇ˒ˇˊʽʰˁʱ ʵʾˁˍˎʰΣ ˍʰ ˇˉˇʾʰ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʱ ˉ˂ʶˇ˄ʶˁˍʺ˃ʰˍʰ ˋʶ 

ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍʰ ʰˁˍʽ˄˖ˍʱΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ʹ ˁʰ˂ˏˍʶˊʹ ˁˎˁ˂ˇ˒ˇˊʾʰ ˍˇˎ ˄ʶˊˇˏ ˁʰʽ ʹ ʶˎʶ˂ʽ˅ʾʰ ˉˇˎ 

ˉʰˊʷ˔ˇˎ˄ ˋʶ ˉʶˊʾˉˍ˖ˋʹ ʲ˂ʱʲʹˌ ˁʱˉˇʽˇˎ ˁ˂ʱʵˇˎ ˃ʷˋ˖ ˍ˖˄ ˉˇʽˁʾ˂˖˄ ʵʽʰʵˊˇ˃˗˄ ˉˇˎ 

ʵˏ˄ʰˍʰʽ ˄ʰ ʰˁˇ˂ˇˎʻʺˋʶʽ ʹ ˊˇʺ ˍˇˎ ˄ʶˊˇˏΦ 

ʅʶ ʰˎˍʱ ˍʰ ʷˊʴʰ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˍˊʾʰ ʲʰˋʽˁʱ ˉˊˇʲ˂ʺ˃ʰˍʰΦ ɮˎˍʱ ʶʾ˄ʰʽ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍʹˌ 

ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌ ˃ʶ ʴ˄˖ˋˍʱ ˋˍˇʽ˔ʶʾʰ ˁʰʽ ˍˇ ˎ˂ʽˁˈ ˍ˖˄ ʰʴ˖ʴ˗˄ ˁʰʽ ˍʹˌ ˉʰˊˇ˔ʺˌ 

ˋ˔ʶʵʽʰˋ˃ˇˏΣ ˇ ˍʹˌ ˉʰˊˇ˔ʺˌ ˃ʶ ʴ˄˖ˋˍʱ ˍʰ ʴʶ˖˃ʶˍˊʽˁʱ ˋˍˇʽ˔ʶʾʰ ˁʰʽ ˍˇ ˎ˂ʽˁˈ ˍ˖˄ ʰʴ˖ʴ˗˄ ˁʰʽ 

ˍʹˌ ˍ˖˄ ˎ˕˗˄ ˍʹˌ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌ ˁʰʽ ˇ ˉˊˇˋʵʽˇˊʽˋ˃ˈˌ ˍʹˌ ʵʽʰ˃ʷˍˊˇˎ ˍ˖˄ ʰʴ˖ʴ˗˄ 

˃ʶ ʴ˄˖ˋˍʱ ˍʰ όʶ˂ʱ˔ʽˋˍʰύ ˏ˕ʹ ˍʹˌ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌΣ ˍʹ˄ ˉʰˊˇ˔ʺ ˁʰʽ ˍˇ ˎ˂ʽˁˈ ˍ˖˄ 

ʰʴ˖ʴ˗˄Φ ʁʽ ʵˏˇ ʲʰˋʽˁʷˌ ʰˊ˔ʷˌ ˍʹˌ ˎʵˊʰˎ˂ʽˁʺˌ ˋˍʽˌ ˇˉˇʾʶˌ ˋˍʹˊʾʸʶˍʰʽ ʹ ʶˉʾ˂ˎˋʹ ˍ˖˄ 

ˁ˂ʶʽˋˍ˗˄ ʵʽˁˍˏ˖˄ ʶʾ˄ʰʽ ʹ ʰˊ˔ʺ ʵʽʰˍʺˊʹˋʹˌ ˍʹˌ ˃ʱʸʰˌ ˁʰʽ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌΦ ʅ̱ ˇ ˁʶ˒ʱ˂ʰʽˇ ʰˎˍˈ 

ˍˇ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ̀ ˎ˄ˇˉˍʽˁʱ ̌ ʽ ˉʰˊʰˁʱˍ˖ ˍˊʶʾˌ ̄ ʶˊʽˋˋˈˍʶˊˇ ʵʹ˃ˇ˒ʽ˂ʶʾˌ ˃ʷʻˇʵˇʽ: 

¶ ɾʷʻˇʵˇˌ Cross 

¶ ɾʷʻˇʵˇˌ bŜǿǘƻƴ ς Raphson 

¶ ɾʷʻˇʵˇˌ  Gradient 

 

2.2 ɾʷʻˇʵˇˌ Cross 

ɶ ˃ʷʻˇʵˇˌ ʰˎˍʺ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʰˉˈ ˍˇ˄ ɮ˃ʶˊʽˁʰ˄ˈ ˉˇ˂ʽˍʽˁˈ ˃ʹ˔ʰ˄ʽˁˈ IŀǊŘȅ /Ǌƻǎǎ ˍˇ мфоуΦ 

ɳʾ˄ʰʽ ʹ ˉʰ˂ʽˈˍʶˊʹ ˁʰʽ ʹ ˉʽˇ ʶˎˊʷ˖ˌ ˔ˊʹˋʽ˃ˇˉˇʽʹ˃ʷ˄ʹ ʶˉʰ˄ʰ˂ʹˉˍʽˁʺ ˃ʷʻˇʵˇˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏ 

ˉʰˊˇ˔˗˄Φ ɾʶ ˍʹ˄ ʶ˅ʷ˂ʽ˅ʹ ˍ˖˄ ʹ˂ʶˁˍˊˇ˄ʽˁ˗˄ ˎˉˇ˂ˇʴʽˋˍ˗˄ ʰˉˇʵʶʾ˔ˍʹˁʶ ˉ˖ˌΣ ʶ˄˗ ʶʾ˄ʰʽ ˃ʽʰ 

ʶˎ˄ˈʹˍʹ ˁʰʽ ˒ʽ˂ʽˁʺ ˋˍˇ˄ ˔ˊʺˋˍʹ ˃ʷʻˇʵˇˌΣ ˇ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˈˌ ˍʹˌ ˋʶ ʹ˂ʶˁˍˊˇ˄ʽˁˈ 

ˉʶˊʽʲʱ˂˂ˇ˄ ʶʾ˄ʰʽ ˉʽˇ ʵˏˋˁˇ˂ˇˌ ˁʰʽ ˂ʽʴˈˍʶˊˇ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˌ ʰˉˈ ʱ˂˂ʶˌ ˃ʶʻˈʵˇˎˌ ˉˇˎ 

ʰ˄ʰˉˍˏ˔ʻʹˁʰ˄ ʰˊʴˈˍʶˊʰΦ  
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ɶ ʶˉʾ˂ˎˋʺ ˍʹˌ Q ς /Ǌƻǎǎ ˃ʶʻˈʵˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍʽˌ ɲv-ʶ˅ʽˋ˗ˋʶʽˌΦ ʅˍˈ˔ˇˌ ˍʹˌ ʶʾ˄ʰʽ ˄ʰ 

ˎˉˇ˂ˇʴʾˋʶʽ ˍʽˌ ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌ ɲv1Σɲv2ΣΧΣɲvL ˍ˖˄ [ ʲˊˈ˔˖˄ ˍˇˎ ʵʽˁˍˏˇˎΦ ɮˎˍˈ 

ʶˉʽ˔ʶʽˊʶʾ ˄ʰ ˍˇ ˁʱ˄ʶʽ ˈ˔ʽ ˃ʶ ˍʹ˄ ʶˉʾ˂ˎˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˍ˖˄ ʶ˅ʽˋ˗ˋʶ˖˄ ʶ˄ʷˊʴʶʽʰˌΣ ʰ˂˂ʱ 

ˎˉˇ˂ˇʴʾʸˇ˄ˍʰˌ ˍʹ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺ ˁʱʻʶ ʲˊˈ˔ˇˎ ˅ʶ˔˖ˊʽˋˍʱ όWŜǇǇǎƻƴ,1976).  

ɳˉˇ˃ʷ˄˖ˌ ʴʽʰ ˍˇ˄ ˉˊ˗ˍˇ ʲˊˈ˔ˇ ˍˇˎ ʵʽˁˍˏˇˎ ʶʾ˄ʰʽ ʰˉʰˊʰʾˍʹˍʹ ʹ ʶˉʽ˂ˇʴʺ ʰˊ˔ʽˁ˗˄ ˍʽ˃˗˄ ʴʽʰ 

ˍʽˌ ˉʰˊˇ˔ʷˌ ˍ˖˄ ˁ˂ʱʵ˖˄ όvi 
ʰύΦ ɶ ʶˉʽ˂ˇʴʺ ˍˇˎˌ ʴʾ˄ʶˍʰʽ ʰˎʻʰʾˊʶˍʰ ˃ʶ ˃ˇ˄ʰʵʽˁʺ ˉˊˇːˉˈʻʶˋʹ 

˄ʰ ʽˁʰ˄ˇˉˇʽʶʾˍʰʽ ʹ ʰˊ˔ʺ ˋˎ˄ʷ˔ʶʽʰˌ ˍʹˌ ˃ʱʸʰˌ ˋʶ ˁʱʻʶ ˁˈ˃ʲˇ ʵʹ˂ʰʵʺ ʅQin=ʅQout. 

ʃˊˇˋʵʽˇˊʾʸˇ˄ˍʰˌ ʻʶˍʽˁʺ ˒ˇˊʱ ˁʾ˄ʹˋʹˌ ˍˇˎ ˄ʶˊˇˏ ˃ʷˋʰ ˋˍˇ ʲˊˈ˔ˇ ˁʰʽ ˎˉˇʻʷˍˇ˄ˍʰˌ ˒ˇˊʱ 

ˁʾ˄ʹˋʹˌ ˋʶ ˁʱʻʶ ˁ˂ʱʵˇΣ ˇʽ ˉʰˊʰˉʱ˄˖ ˉʰˊˇ˔ʷˌ ˉˊˇˋʹ˃ʰʾ˄ˇ˄ˍʰʽ ˁʰˍʱ˂˂ʹ˂ʰ Υ ˈˋʶˌ 

ʰˁˇ˂ˇˎʻˇˏ˄ ˍʹ ʻʶˍʽˁʺ ˒ˇˊʱ όˋˏ˃˒˖˄ʰ ˃ʶ ˍˇˎˌ ʵʶʾˁˍʶˌ ˍˇˎ ˊˇ˂ˇʴʽˇˏύ ˉʰʾˊ˄ˇˎ˄ ˍˇ 

ˉˊˈˋʹ˃ˇ ζҌη ˁʰʽ ˈˋʶˌ ˍʹ˄ ʰˊ˄ʹˍʽˁʺ ˍˇ ˉˊˈˋʹ˃ˇ ζ-η όʆˋʰˁʾˊʹˌΣ нлмлύΦ ɶ ʵʽʰ˒ˇˊʱ ˍ˖˄ 

ˉˊʰʴ˃ʰˍʽˁ˗˄ ˉʰˊˇ˔˗˄ ˍ˖˄ ˁ˂ʱʵ˖˄ ˁʰʽ ˍ˖˄ ʰˊ˔ʽˁ˗˄ ʻʶ˖ˊʹʻʶʽˋ˗˄ ˉʰˊˇ˔˗˄ ʶʾ˄ʰʽ ˃ʽʰ 

ˉˇˋˈˍʹˍʰ ɲv1 ́  ˇˉˇʾʰ ˇ˄ˇ˃ʱʸʶˍʰʽ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺ ˁʰʽ ʶˁ˒ˊʱʸʶˍʰʽ ˃ʶ ˍʹ ˋ˔ʷˋʹ Υ 

Qi = Qi
 h+ ɲv1                                                                                                                                       (2.1) 

ɶ ˍʽ˃ʺ ˍʹˌ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺˌ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰˌ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ ʶ˄ʷˊʴʶʽʰˌ 

ʲˊˈ˔ˇˎ: 

В Ὤ π                                                                                                                                        (2.2) 

 ̋

В Ὑὗ π                                                                                                                                  (2.3) 

όʂˉˇˎ ɿ1 Υ ˇ ʰˊʽʻ˃ˈˌ ˁ˂ʱʵ˖˄ ˍˇˎ ˉˊ˗ˍˇˎ ʲˊˈ˔ˇˎύ 

ɮ˄ ˈˉˇˎ Qi ̱ ʶʻʶʾ Qi0 Ҍ ɲQ ́  ˉh́ ʰˉʱ˄˖ ˋ˔ʷˋʹ ˃ʶˍʰˍˊʷˉʶˍʰʽ ˋʶ Υ 

В Ὑ ὗ ῳὗ  π                                                                                                               (2.4) 

ɮ˄ʰˉˍˏˋˋˇ˄ˍʰˌ ˍˇ ˉʰˊʰˉʱ˄˖ ʵʽ˗˄ˎ˃ˇ ʰˎˍˈ ʴʾ˄ʶˍʰʽ Υ 

В Ὑ ὗ  В ὲὙὗ  ῳὗ В ὲὙ ὗ  ῳὗ Ễ π               (2.5) 

ɮʴ˄ˇ˗˄ˍʰˌ ˍˇˎˌ ˈˊˇˎˌ ʵʶˏˍʶˊʹˌ ˁʰʽ ˃ʶʴʰ˂ˏˍʶˊʹˌ ˍʱ˅ʹˌΣ ˃ʽʰˌ ˁʰʽ ɲQ1<<Qi ˁ ʰʽ 

ʶˉʽ˂ˏˇ˄ˍʰˌ ˖ˌ ˉˊˇˌ ɲQ ́  ˋ˔ʷˋʹ ˉˇˎ ʵʾ˄ʶʽ ˍʹ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺ ʶʾ˄ʰʽ Υ 

ɲv1 =- 
В  

В ȿ  ȿ
                                                                                                                      (2.6) 

ɶ ˉˇˋˈˍʹˍʰ  В Ὑ ὗ   ʶʾ˄ʰʽ ˍˇ ʰ˂ʴʶʲˊʽˁˈ ʱʻˊˇʽˋ˃ʰ ˍ˖˄ ˎ˕˗˄ ʰˉ˖˂ʶʽ˗˄ ʶ˄ʷˊʴʶʽʰˌ 

ˉˇˎ ˍˇ ˉˊˈˋʹ˃ˈ ˍˇˎˌ ˁʰʻˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ ˒ˇˊʱ ˍʹˌ ˉʰˊˇ˔ʺˌΣ ʴʽʰ ʰˎˍˈ ˁʰʽ ˇʽ ˍʽ˃ʷˌ ˍ˖˄ 

ʰˊ˔ʽˁ˗˄ ˉʰˊˇ˔˗˄ ˉˊʷˉʶʽ ˄ʰ ʶʽˋʰ˔ʻˇˏ˄ ˃ʶ ˍˇ ̄ ˊˈˋʹ˃ˇ ˉˇˎ ˎˉˇʵʶʽˁ˄ˏʶʽ ʹ ˒ˇˊʱ ̱ ˇˎˌΦ 

ʋˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʹ˄ ˍʽ˃ʺ н ʴʽʰ ˍˇ˄ ˋˎ˄ˍʶ˂ʶˋˍʺ ζƴη ˍʹˌ ʶ˅ʾˋ˖ˋʹˌ нΦс ʴʽʰ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ 

ʰˉ˖˂ʶʽ˗˄ ̱ ˖˄ 5ŀǊŎȅ-Weisbach, ́  ˋ˔ʷˋʹ ̱ ʹˌ ʵʽˇˊʻ˖ˍʽˁʺˌ ˉʰˊˇ˔ʺˌ ʴʾ˄ʶˍʰʽ Υ 
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ɲv1 =- 
В  

В ȿ  ȿ
                                                                                                                              (2.7) 

ɶ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺ ˉˇˎ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˉˊˇˋˍʾʻʶˍʰʽ ˋˍʽˌ ʰˊ˔ʽˁʷˌ ʻʶ˖ˊʹʻʶʾˋʶˌ ˉʰˊˇ˔ʷˌΦ ʁʽ 

˄ʷʶˌ ˉʰˊˇ˔ʷˌ ˉˇˎ ˉˊˇˁˏˉˍˇˎ˄ όQiΩύΣ ˈ˃˖ˌ ʵʶ˄ ʶʾ˄ʰʽ ˁʰʽ ˇʽ ˍʶ˂ʽˁʷˌ ˉˊʰʴ˃ʰˍʽˁʷˌ ˉʰˊˇ˔ʷˌ ˍ˖˄ 

ˁ˂ʱʵ˖˄ ʴʽʰˍʾ ʰˉˈ ˍˇ ʵʽ˗˄ˎ˃ˇ ˍʹˌ ʶ˅ʾˋ˖ˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ʲˊˈ˔ˇˎ ʷ˔ˇˎ˄ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ˃ˈ˄ˇ 

ˇʽ ʵˏˇ ˉˊ˗ˍˇʽ ˈˊˇʽΣ ʴʽʰ ʰˎˍˈ ʹ ʵʽʰʵʽˁʰˋʾʰ ˉˊʷˉʶʽ ˄ ʰ ʶˉʰ˄ʰ˂ʹ˒ʻʶʾ ʰˉˈ ˍʹ˄ ʰˊ˔ʺ ˃ʶ ʰˊ˔ʽˁʷˌ 

ˉʰˊˇ˔ʷˌ ʰˎˍʺ ˍʹ ˒ˇˊʱ ʰˎˍʷˌ ˉˇˎ ˉˊˇʷˁˎ˕ʰ˄ ˃ʶˍʱ ˍʹ˄ ˉˊˈˋʻʶˋʹ ˍʹˌ ʵʽˇˊʻ˖ˍʽˁʺˌ 

ˉʰˊˇ˔ʺˌΦ ʂˍʰ˄ ˃ʶˍʱ ˍˇ ˉʷˊʰˌ ʶ˄ˈˌ ʰˊʽʻ˃ˇˏ ʶˉʰ˄ʰ˂ʺ˕ʶ˖˄ ʹ ˉˇˋˈˍʹˍʰ ɲQ ˍʶʾ˄ʶʽ ˄ʰ 

˃ʹʵʁ˄ ʽˋˍʶʾ όμɲQ|Җ0.000001 m3/s)Σ ˍˈˍʶ ˇʽ ˉʰˊˇ˔ʷˌ ˉˇˎ ʻʰ ˎˉˇ˂ˇʴʽˋˍˇˏ˄ ʻʰ ʶʾ˄ʰʽ ˇʽ 

ˉˊʰʴ˃ʰˍʽˁʷˌ ˁʰʽ ʻʰ ʽˁʰ˄ˇˉˇʽʶʾˍʰʽ ʹ ʰˊ˔ʺ ʵʽʰˍʺˊʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌ ˋˍˇ ʲˊˈ˔ˇΦ ɳʱ˄ ˍˇ ˉˊˈˋʹ˃ˇ 

ˍ˖˄ ˉʰˊˇ˔˗˄ ʷ˔ʶʽ ʵʽʰˍʹˊʹʻʶʾ ˈˉ˖ˌ ˋˍʹ˄ ʰˊ˔ʽˁʺ ˎˉˈʻʶˋʹ ˍˈˍʶ ˋˎ˃ˉʶˊʰʾ˄ʶˍʰʽ ˈˍʽ ʰˎˍʺ 

ʶʾ˄ʰʽ ˁʰʽ ʹ ˒ˇˊʱ ˁʾ˄ʹˋʹˌ ˍˇˎ ˄ʶˊˇˏ ˃ʷˋʰ ˋˍˇˎˌ ˁ˂ʱʵˇˎˌΦ ɳʱ˄ ˈ˔ʽ ˍˈˍʶ ˍˇ ˄ʶˊˈ ʻʰ 

ʰˁˇ˂ˇˎʻʶʾ ˍʹ˄ ʰ˄ˍʾˋˍˊˇ˒ʹ ˒ˇˊʱΦ 

ɶ ʾʵʽʰ ʵʽʰʵʽˁʰˋʾʰ ʰˁˇ˂ˇˎʻʶʾˍʰʽ ʴʽʰ ˈ˂ˇˎˌ ˍˇˎˌ ʲˊˈ˔ˇˎˌ ˍˇˎ ʵʽˁˍˏˇˎΣ ˈ˃˖ˌ ˇʽ ˁ˂ʱʵˇʽ ˉˇˎ 

ʰ˄ʺˁˇˎ˄ ˋʶ ʵˏˇ ʲˊˈ˔ˇˎˌ ˉˊʷˉʶʽ ˄ʰ ʵʶ˔ʻˇˏ˄ ˍʽˌ ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌ ˁʰʽ ʰˉˈ ˍˇˎˌ ʵˏˇΣ ʴʽʰ 

˄ʰ ʴʾ˄ʶʽ ʰˎˍˈΣ ʶʾˍʶ ˍˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʽ̩  ʵʽˇˊʻ˖˃ʷ˄ʹˌ ˁʱʻʶ ˒ˇˊʱ ˉʰˊˇ˔ʺˌ ˋˍˇ˄ ʷ˄ʰ˄ ʲˊˈ˔ˇ 

ʻʶ˖ˊʶʾˍʰʽ ˖ˌ ʰˊ˔ʽˁʺ ˉʰˊˇ˔ʺ ˍˇˎ ʱ˂˂ˇˎ Σ ʶʾˍʶ ˋˍʹ˄ ʰˊ˔ʽˁʺ ˉʰˊˇ˔ʺ ˉˊˇˋˍʾʻʶ˄ˍʰʽ ˁʰʽ ˇʽ ʵˏˇ 

ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌ ˁʰʽ ˍˇ ʰˉˇˍʷ˂ʶˋ˃ʰ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʰˉˈ ˁˇʽ˄ˇˏ ˁʰʽ ʴʽʰ ˍˇˎˌ ʵˎˇ 

ʲˊˈ˔ˇˎˌΦ 

ʅˎ˄ˇˉˍʽˁʱ ˍʰ ʲʺ˃ʰˍʰ ˍʹˌ ˃ʶʻˈʵˇˎ Υ 

1ˇ. ʁˊʾʸʶˍʰʽ ʻʶˍʽˁʺ ˒ˇˊʱ ʲˊˈ˔˖˄ όˋˏ˃˒˖˄ʰ ˃ʶ ˍˇˎˌ ʵʶʾˁˍʶˌ ˍˇˎ ˊˇ˂ˇʴʽˇˏύΣ ʴʽʰ ˍˇ˄ ˉˊ˗ˍˇ 

ʲˊˈ˔ˇ ʶˉʽ˂ʷʴˇ˄ˍʰʽ ˍˎ˔ʰʾʶˌ ˁʰˍʶˎʻˏ˄ˋʶʽˌ ˍ˖˄ ˉʰˊˇ˔˗˄ ˋˍˇˎˌ ˁ˂ʱʵˇˎˌ ˁʰʽ ʻʶ˖ˊˇˏ˄ˍʰʽ 

ʰˎʻʰʾˊʶˍʶˌ ˉʰˊˇ˔ʷˌ ˁ˂ʱʵ˖˄ ˃ʶ ˍˊˈˉˇ ˉˇˎ ˄ʰ ʽˁʰ˄ˇˉˇʽˇˏ˄ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ ˋˎ˄ʷ˔ʶʽʰˌ ˍ˖˄ 

ˁˈ˃̡̟ ˄Φ ɼʱʻʶ ˃ʾʰ h ˉˈ ʰˎˍʷˌ ˉʰʾˊ˄ʶʽ ˍˇ ˉˊˈˋʹ˃ˇ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾ ʹ ˒ˇˊʱ ˍʹˌΦ 

2ˇ. ʃˊˇˋʵʽˇˊʾʸˇ˄ˍʰʽ ˍʰ ˉʰˊʰˁʱˍ˖ ˃ʶʴʷʻʹ ʴʽʰ ˁʱʻʶ ˁ˂ʱʵˇΥ 

¶ ɮˊʽʻ˃ˈˌ wŜȅƴƻƭŘǎ Υ Re= 
 

 = 
 

  
 

¶ ʅˎ˄ˍʶ˂ʶˋˍʺˌ ˍˊʽʲʺˌ Ŧ ˁʰˍʱ {ǿŀƳŜŜ ϧ Wŀƛƴ : f=
Ȣ

Ȣ

Ȣ Ȣ
  

 

 

¶ ɮ˄ˍʾˋˍʰˋʹ ʰʴ˖ʴˇˏ ˁʰˍʱ 5ŀǊŎȅ-Weisbach : R =  

 

¶ ʈ˕ˇˌ ʰˉ˖˂ʶʽ˗˄ ʶ˄ʷˊʴʶʽʰˌ ˁʰˍʱ 5ŀǊŎȅ-Weisbach : hf = R Q|Q|  

3ˇ. ɼʰˍʰˋˁʶˎʱʸʶˍʰʽ ˍˇ ʱʻˊˇʽˋ˃ʰ ˍ˖˄ ʰˉ˖˂ʶʽ˗˄ ʶ˄ʷˊʴʶʽʰˌ ˁʰˍʱ ˃ʺˁˇˌ ˍˇˎ ˁʱʻʶ ʲˊˈ˔ˇˎ ˁʰʽ 

ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʹ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺ ˍˇˎ ʰˉˈ ˍʹ ˋ˔ʷˋʹ Υ 

ɲvi =- 
В  

В ȿ  ȿ
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4ˇ. ɶ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺ ɲvi ˉˊˇˋˍʾʻʶˍʰʽ ˋˍʽˌ ʰˊ˔ʽˁʷˌ ˉʰˊˇ˔ʷˌ ˁʰʽ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ˇʽ ˄ʷʶˌ 

ˍʽ˃ʷˌ ˍ˖˄ ˉʰˊˇ˔˗˄ ʴʽʰ ˍˇ˄ ˉˊ˗ˍˇ ʲˊˈ˔ˇΦ 

Qi = Qi
a +ɲQ 

5ˇ. ɶ ʵʽʰʵʽˁʰˋʾʰ ʶˉʰ˄ʰ˂ʰ˃ʲʱ˄ʶˍʰʽ ʰˉˈ ˍʹ˄ ʰˊ˔ʺ ˃ʷ˔ˊʽ ˈ˂ʶˌ ˇʽ ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌ 

ɲv1Σɲv2ΣΧΣɲvL ˄ ʰ ˍʶʾ˄ˇˎ˄ ˋˍˇ ˃ʹʵʷ˄ όɲvʽ Җ0.000001 m3/s). όʆˋʰˁʾˊʹˌΣ нлмлύ 

ʂ˃ˇʽʰ ˃ʶ ˍʹ ˃ʷʻˇʵˇ v ς /Ǌƻǎǎ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ʹ ʶˉʰ˄ʰ˂ʹˉˍʽˁʺ ˃ʷʻˇʵˇˌ ˋʶʽˊʽʰˁʺˌ ʶˉʾ˂ˎˋʹˌ 

ʰˉˈ ˁˈ˃ʲˇ ˋʶ ˁˈ˃ʲˇ ˃ʶ ʲʱˋʹ ˍʽˌ ɶ- ʁ ˅ʽˋ˗ˋʶʽˌΦ ɼʰˍʱ ˍʰ ʴ˄˖ˋˍʱ ʹ ˉʰˊˇ˔ʺ ʶ˄ˈˌ ˁ˂ʱʵˇˎ ʷˋˍ˖ 

(k-m) ˃ ʶ ʲʱˋʹ ˍʹ˄ ʶˁʻʶˍʽˁʺ ʶ˅ʾˋ˖ˋʹ ˍ˖˄ ʰˉ˖˂ʶʽ˗˄ ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ˃ʶ ʲʱˋʹ ˍʹ ˉʽʶʸˇ˃ʶˍˊʽˁʺ 

ʴˊʰ˃˃ʺ ˁʰʽ ˍʹ˄ ʰ˄ˍʾˋˍʰˋʹΥ 

Qk,m = 
ȟ

Ⱦ

= Rk,m
-1/n (hk ς hm)1/n                                                                                           (2.8) 

ʅˍʹ˄ ʶ˅ʾˋ˖ˋʹ ˋˎ˄ʷ˔ʶʽʰˌ ʴʽʰ ˁʱʻʶ ˁˈ˃ʲˇ mΣ ʻʶ˖ˊʶʾˍʰʽ ˈˍʽ ʷ˔ʶʽ ʻʶˍʽˁʺ ˒ˇˊʱ ʹ ˉʰˊˇ˔ʺ ˉˇˎ 

ˋˎ˃ʲʱ˂˂ʶʽ ˋˍˇ˄ ˁˈ˃ʲˇ ʰˎˍˈ ˁʰʽ ʰˊ˄ʹˍʽˁʺ ʰˎˍʺ ˉˇˎ ʰˉˇˁ˂ʾ˄ʶʽΦ ɴˍˋʽ ʹ ʶ˅ʾˋ˖ˋʹ нΦу 

ʴˊʱ˒ʶˍʰʽΥ 

Qk,m = Rk,m
-1/n (hk ς hm) | hk ς hm| (1/n)-1                                                                                              (2.9) 

ɴˍˋʽ ʹ ʶ˅ʾˋ˖ˋʹ ˋˎ˄ʷ˔ʶʽʰˌ ˋˍˇ˄ ˁˈ˃ʲˇ m ʶˁ˒ˊʰˋ˃ʷ˄ʹ ˖ˌ ˋˎ˄ʱˊˍʹˋʹ ʶ˅ʽˋ˖˃ʷ˄ʹ ˃ʶ ˍˇ ˃ʹʵʷ˄ 

ʶʾ˄ʰʽΥ 

Fm = В
 
 Rk,m

-1/n (hk ς hm) | hk ς hm| (1/n)-1 ς qm = 0,  ᶅ  m ɴ  (M-1)                                         (2.10) 

ˈˉˇˎ ɾ ʶʾ˄ʰʽ ˍˇ ˋˏ˄ˇ˂ˇ ˍ˖˄ ˁˈ˃ʲ˖˄ ˍˇˎ ʵʽˁˍˏˇˎΣ k(m) ˍˇ ˋˏ˄ˇ˂ˇ ˍ˖˄ ˁˈ˃ʲ˖˄ ˉˇˎ 

ˋˎ˃ʲʱ˂ˇˎ˄ ˋˍˇ˄ ˍˎ˔ʰʾˇ ˁˈ˃ʲˇ m ˁ ʰʽ qm ́  ˉʰˊˇ˔ʺ ˁʰˍʰ˄ʱ˂˖ˋʹˌ ˋˍˇ˄ ˁˈ˃ʲˇ m. 

ʅˍʹ ˃ʷʻˇʵˇ ɶ ς /Ǌƻǎǎ ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ʹ ʵʽˇˊʻ˖ˍʽˁʺ ˍʽ˃ʺ ˍˇˎ ˏ˕ˇˎˌ ˍʹˌ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ 

ʴˊʰ˃˃ʺˌ ʴʽʰ ˍˇ˄ ˁˈ˃ʲˇ mΦ ʅˏ˃˒˖˄ʰ ˃ʶ ˍʹ ˋ˔ʷˋʹ нΦмл ʰʴ˄ˇ˗˄ˍʰˌ ˍʹ˄ ʵʽʰ˒ˇˊʽˁʺ ʶˉʾʵˊʰˋʹ 

ˍ˖˄ ˎ˕˗˄ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌ ʴˊʰ˃˃ʺˌ ˍ˖˄ ʱ˂˂˖˄ ˁˈ˃ʲ˖˄ ˉˇˎ ˋˎ˃ʲʱ˂˂ˇˎ˄ ˋˍˇ˄ 

ˁˈ˃ʲˇ m όʻʶ˖ˊʶʾˍʰʽ ˈˍʽ ʹ ˃ˇ˄ʰʵʽˁʺ ˋˎ˄ʱˊˍʹˋʹ ˍʹˌ Fm ʶʾ˄ʰʽ ˍˇ ˏ˕ˇˌ ˍʹˌ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ 

ʴˊʰ˃˃ʺˌ ˋˍˇ˄ ˁˈ˃ʲˇ m, hmύ ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˄ʰ ˉˊˇˋʵʽˇˊʽˋʻʶʾ ʹ ˍʽ˃ʺ ˍˇˎ ˏ˕ˇˎˌ 

ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌ ˋˍˇ˄ ˁˈ˃ʲˇ m,ɲhm: 

ɲhm = - | k                                                                                                                                             (2.11) 

 ̋  

ɲhm = = В
 
 Rk,m

-1/n (hk ς hm) |hk ς hm| (1/n)-1 ς qm / В
 
 Rk,m

-1/n | hk ς hm| (1/n)-1            (2.12) 

ɳˉʾˋʹˌ ʹ ˍʽ˃ʺ ˍˇˎ ˏ˕ˇˎˌ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌ ˋˍˇ˄ ˁˈ˃ʲˇ m ˃ ˉˇˊʶʾ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ˖ˌ 

ˋˎ˄ʱˊˍʹˋʹ ˍ˖˄ ˉʰˊˇ˔˗˄ ˖ˌ ʶ˅ʺˌΥ 

ɲhm = 
В ȟ

В ȿ
ȟ
ȿ

 = 
В ȟ

В ȿ ȿ
 = 
В ȟ

В ȿ ȿ
                                                             (2.13) 
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ˈˉˇˎ i ʶʾ˄ʰʽ ˇ ˁ˂ʱʵˇˌ ˉˇˎ ˇˊʾʸʶˍʰʽ ʰˉˈ ˍˇˎˌ ˁˈ˃ʲˇˎˌ k ˁʰʽ m ʶ˄˗ I(m) ʁ ʾ˄ʰʽ ˍˇ ˋˏ˄ˇ˂ˇ ˍ˖˄ 

ʰʴ˖ʴ˗˄ I ˉˇˎ ˋˎ˃ʲʱ˂˂ˇˎ˄ ˋˍˇ˄ ˁˈ˃ʲˇ mΦ ʁ ˈˊˇˌ Qk,m ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍˇ˄ ˉˊˇˋʵʽˇˊʽˋ˃ˈ ˍʹˌ 

ˉʰˊˇ˔ʺˌ ˃ʶ ˍˇ ˉˊˈˋʹ˃ˇ ˍʹˌ ˈˉ˖ˌ ʺʵʹ ʰ˄ʰ˒ʷˊʻʹˁʶΦ 

ʃʰˊˈ˂ʰ ʰˎˍʱ ˈˍʰ˄ ʰˁˇ˂ˇˎʻʶʾˍʰʽ ʹ ˃ʷʻˇʵˇˌ ˍ˖˄ Darcy-Weisbach ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍ˖˄ 

ʴˊʰ˃˃ʽˁ˗˄ ʰˉ˖˂ʶʽ˗˄ ˍˈˍʶ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˍˊʽʲʺˌ ˁʰʽ ʹ ʰ˄ˍʾˋˍʰˋʹ R ʶ˅ʰˊˍʱˍʰʽ ʰˉˈ ˍˇ˄ 

ʰˊʽʻ˃ˈ Re ˁʰʽ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ʰˉˈ ˍʹ˄ ˉʰˊˇ˔ʺΦ ɮˎˍˈ ʵˎˋˁˇ˂ʶˏʶʽ ˍʹ˄ ʶˉʾ˂ˎˋʹ ˍˇˎ ʵʽˁˍˏˇˎ 

ˁʰʻ˗ˌ ʻʰ ˉˊʷˉʶʽ ˉˊ˗ˍʰ ˄ʰ ʴʾ˄ʶʽ ˇ ˎˉˇ˂ˇʴʽˋ˃ˈˌ ˍʹˌ ˉʰˊˇ˔ʺˌ ˍ˖˄ ˁ˂ʱʵ˖˄ ˁʰʽ ʷˉʶʽˍʰ ˍʹˌ 

ʰ˄ˍʾˋˍʰˋʹˌ RΦ ɱʽʰ ˍʹ˄ ʰˉˇ˒ˎʴʺ ˍʹˌ ʶˉʰ˄ʰ˂ʹˉˍʽˁʺˌ ʵʽʰʵʽˁʰˋʾʰˌ ʶˏˊʶˋʹˌ ˍʹˌ ˉʰˊˇ˔ʺˌ ˃ʶ 

ʲʱˋʹ ˍʰ ˏ˕ʹ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌΣ ˉˊˇˋʵʽˇˊʾʸˇ˄ˍʰʽ ˇʽ ʴˊʰ˃˃ʽˁʷˌ ʰˉ˗˂ʶʽʶˌ ˃ʶ ʲʱˋʹ ˍʹ 

ˉʽʶʸˇ˃ʶˍˊʽˁʺ ʴˊʰ˃˃ʺˌ όʆˋʰˁʾˊʹˌ нлмлύ ˁʰʽ ˁʰˍˈˉʽ˄ ˃ʶ ˍʹ ˔ˊʺˋʹ ˍʹˌ ˉʰˊʰˁʱˍ˖ 

ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹˌ ˊʹˍʺˌ ʶ˅ʾˋ˖ˋʹˌ όSwamee and Jain, 1976) ̄ ˇˎ ʽˋ˔ˏʶʽ ʴʽʰ ˍˎˊʲ˗ʵʹ ˊˇʺ, 

ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ʹ ˍʰ˔ˏˍʹˍʰ ˍˇˎ ˁ˂ʱʵˇˎ i (Featherstone and Nalluri, 1995): 

Vi = -2 
ȿ ȟȿ  log 

Ȣ

Ȣ

ȿ ȟȿ
                                                                     (2.14) 

ˇˉˈˍʶ ʹ ˉʰˊˇ˔ʺ ʻʰ ʶʾ˄ʰʽ Υ 

Qi = Vi                                                                                                                                           (2.15) 

ʂˋˇ ʰ˄ʰ˒ˇˊʱ ˍʹ˄ ˉʶˊʾˉˍ˖ˋʹ ˈˉˇˎ ʹ ˊˇʺ ʵʶ˄ ʶʾ˄ʰʽ ˍˎˊʲ˗ʵʹˌ ˃ˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʹ 

ˉʰˊʰˁʱˍ˖ ʶ˅ʾˋ˖ˋʹ ˃ʶ ˃ʷʴˋˍˇ ˋ˒ʱ˂˃ʰ ˁʰˍʱ ˍˇˎˌ όSwamee and Jain, 2008) ̱ ˇ лΦм҈ Υ 

Qi = Di
2 

ȿ ȟȿ

ừ
Ử
Ử
Ử
Ừ

Ử
Ử
Ử
ứ

ở

Ở
ờ

ȟ

Ợ

ỡ
Ỡ
 

ρȢρυσ

ụ
Ụ
Ụ
Ụ
ợ

ở

Ở
ờ

ȿ ȟȿ

Ợ

ỡ
Ỡ
 ÌÎ 

ở

Ở
ờ
Ȣ ȿ ȟȿ

Ợ

ỡ
Ỡ

Ứ
ủ
ủ
ủ
Ủ

 

ữ
Ử
Ử
Ử
Ữ

Ử
Ử
Ử
ử

 Ȣ     (2.16) 

ɳˉˇ˃ʷ˄˖ˌΣ ʰˁˇ˂ˇˎʻ˗˄ˍʰˌ ˍʹ ˃ʷʻˇʵˇ ˍ˖˄ Darcy-Weisbach ʴʽʰ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍ˖˄ 

ʴˊʰ˃˃ʽˁ˗˄ ʰˉ˖˂ʶʽ˗˄ ʹ ʵʽˇˊʻ˖ˍʽˁʺ ˍʽ˃ʺ ˍˇˎ ˏ˕ˇˎˌ ˍʹˌ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌ ʴʽʰ ˍˇ˄ 

ˁˈ˃ʲˇ m ̒ ʰ ʶʾ˄ʰʽΥ 

 

ɲhm = 2 
В ȟ

В
ȿ  ȿ

                                                                                                                       (2.17) 

ˈˉˇˎ  ɲhf,i = hk ς hm ˇʽ ʴˊʰ˃˃ʽˁʷˌ ʰˉ˗˂ʶʽʶˌ ˍˇˎ ˁ˂ʱʵˇˎ i ˉˇˎ ˇˊʾʸʶˍʰʽ ʰˉˈ ˍˇˎˌ ˁˈ˃ʲˇˎˌ 

k,m 

 

ʅˎ˄ˇˉˍʽˁʱ ˍʰ ʲʺ˃ʰˍʰ ˍʹˌ ˃ʶʻˈʵˇˎΥ 
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1ˇ. ɸʶ˖ˊˇˏ˄ˍʰʽ ʰˎʻʰʾˊʶˍʰ ˍʰ ˏ˕ʹ ˍʹˌ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˍˇˎ ʵʽˁˍˏˇˎΦ 

2ˇ. ʃˊˇˋʵʽˇˊʾʸˇ˄ˍʰʽ  ˇʽ ˉʰˊˇ˔ʷˌ ˋˍˇˎˌ ˁ˂ʱʵˇˎˌ ˃ʶ ʲʱˋʹ ˍʰ ˏ˕ʹ ˍʹˌ ˉʽʶʸˇ˃ʶˍˊʽˁʺ ʴˊʰ˃˃ʺˌ 

ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋʹΥ 

Q = -   
ȿ ȟȿ 

 
 log 

Ȣ  

Ȣ

 

 

ȿ ȟȿ 
 ,  

ɲhf,i = hk ς hm 

3ˇ. ɾʶ ʴ˄˖ˋˍʷˌ ˍʽˌ ʰˊ˔ʽˁʷˌ ˉʰˊˇ˔ʷˌ ˍ˖˄ ˁ˂ʱʵ˖˄ ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ʹ ʰ˄ˍʾˋˍʰˋʹ ˍ˖˄ ˁ˂ʱʵ˖˄Υ 

R = 
  

 

˃ʶ ˋˎ˄ˍʶ˂ʶˋˍʺ ˍˊʽʲʺˌ Ŧ ˁʰˍʱ {ǿŀƳŜŜ ϧ Wŀƛƴ : f=
Ȣ

Ȣ

Ȣ Ȣ
  

   

ˈˉˇˎ ʰˊʽʻ˃ˈˌ wŜȅƴƻƭŘǎ Υ Re= 
 

 = 
 

  
 

4ˇ. ɳ˒ʰˊ˃ˈʸˇ˄ˍʰˌ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ ˃ʱʸʰˌ ˋʶ ˁʱʻʶ ˁˈ˃ʲˇ ˉˊˇˋʵʽˇˊʾʸ˖ ˍʹ ɲh ɹ ʽʰ ˁʱʻʶ ˁˈ˃ʲˇΥ 

ɲhm = 2 
В ȟ

В
ȿ  ȿ

 

5ˇ. ɲʽˇˊʻ˗˄ˇ˄ˍʰʽ ˍʰ ˏ˕ʹ ˉʽʶʸˇ˃ʶˍˊʽˁʺˌ ʴˊʰ˃˃ʺˌ ˃ʶ ʲʱˋʹ ˍʰ ɲh 

hm = hm
ʰˊ˔ʽˁˈ + ɲhm 

6ˇ. H ʵʽʰʵʽˁʰˋʾʰ ʶˉʰ˄ʰ˂ʰ˃ʲʱ˄ʶˍʰʽ ˋʶʽˊʽʰˁʱ ʰˉˈ ˁˈ˃ʲˇ ˋʶ ˁˈ˃ʲˇ ʻʷˍˇ˄ˍʰˌ ˈ˃˖ˌ ˍʰ 

ˉʽʶʸˇ˃ʶˍˊʽˁʱ ˏ˕ʹ ˍ˖˄ ʵʽˇˊʻ˖˃ʷ˄˖˄ ˁˈ˃ʲ˖˄ ˁʰˍʱ ˍˇˎˌ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌ 

7ˇ. ɶ ʵʽʰʵʽˁʰˋʾʰ ˍʶˊ˃ʰˍʾʸʶˍʰʽ ˈˍʰ˄ ʽˁʰ˄ˇˉˇʽʹʻˇˏ˄ ˍʰ ˁˊʽˍʺˊʽʰ ˋˏʴˁ˂ʽˋʹˌ ʴʽʰ ˈ˂ˇˎˌ ˍˇˎˌ 

ˁˈ˃ʲˇˎˌΦ όʆˋʰˁʾˊʹˌΣ нлмлύ 

 

нΦо  ɾʷʻˇʵˇˌ bŜǿǘƻƴ-Raphson 

ɶ ˃ʷʻˇʵˇ ̩ Newton-Raphson ʶʾ ˄ʰʽ ˃ʽʰ ʶˉʰ˄ʰ˂ʹˉˍʽˁʺ ˃ʷʻˇʵˇˌ ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍʽˌ ɲv-

ʶ˅ʽˋ˗ˋʶʽˌ ʴʽʰ ˍʹ˄ ʶˉʾ˂ˎˋʺ ˍʹˌ ˁʰʽ ʻʰ ˃ˉˇˊˇˏˋʶ ˄ʰ ˔ʰˊʰˁˍʹˊʽˋʻʶʾ ˖ˌ ˃ʾʰ ʴʶ˄ʾˁʶˎˋʹ ˍʹˌ 

CrossΦ ʅʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍʹ˄ ˉˊˇʹʴˇˏ˃ʶ˄ʹΣ ˉˊˇˋˉʰʻʶʾ ˄ʰ ˎˉˇ˂ˇʴʾˋʶʽ ˍʹ˄ ˍʽ˃ʺ ˍʹˌ 

ʵʽˇˊʻ˖ˍʽˁʺˌ ˉʰˊˇ˔ʺˌ ɲv ʶˉʽ˂ˏˇ˄ˍʰˌ ˍˇ ˋˏˋˍʹ˃ʰ ˍ˖˄ ˃ʹ ʴˊʰ˃˃ʽˁ˗˄ ʶ˅ʽˋ˗ˋʶ˖˄ ˉˇˎ 

ˉˊˇˁˏˉˍˇˎ˄ ʰˉˈ ˍʹ˄ ʰˊ˔ʺ ʵʽʰˍʺˊʹˋʹˌ ˍʹˌ ʶ˄ʷˊʴʶʽʰˌ ˋʶ ˁʱʻʶ ʲˊˈ˔ˇΦ ɱʽʰ ˄ʰ 

ʴˊʰ˃˃ʽˁˇˉˇʽʹʻˇˏ˄ ˇʽ ʶ˅ʽˋ˗ˋʶʽˌ ʶ˄ʷˊʴʶʽʰˌ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˇ ʰ˂ʴˈˊʽʻ˃ˇˌ ˍ˖˄ bŜǿǘƻƴ-

wŀǇƘǎƻƴ ʰˉˈ ˈˉˇˎ ˉˊˇʷˊ˔ʶˍʰʽ ˁʰʽ ˍˇ ˈ˄ˇ˃ʰ ˍʹˌ ˃ʶʻˈʵˇˎ ʰˎˍʺˌ. ɶ ˃ʷʻˇʵˇˌ ʰˎˍʺ 

˔ˊ́ˋʽ˃ˇˉˇʽʶʾˍʰʽ ʶˎˊʷ˖ˌ ʵʽˈˍʽ ˋˎʴˁ˂ʾ˄ʶʽ ˉˇ˂ˏ ʴˊʺʴˇˊʰ ˋˍʽˌ ˉˊʰʴ˃ʰˍʽˁʷˌ ˍʽ˃ʷˌ ˍ˖˄ ˉʰˊˇ˔˗˄ 

(Jeppson,1976). 

ɴ˔ˇ˄ˍʰˌ ʻʶ˖ˊʺˋʶʽ ʰˎʻʰʾˊʶˍʶˌ ʰˊ˔ʽˁʷˌ ˍʽ˃ʷˌ ˉʰˊˇ˔˗˄ ˍ˖˄ ˁ˂ʱʵ˖˄ ˉˇˎ ˄ʰ ʽˁʰ˄ˇˉˇʽˇˏ˄ ˍʹ˄ 

ʰˊ˔ʺ ˋˎ˄ʷ˔ʶʽʰˌ ˉʰˊˇ˔ʺˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˁʰʽ ˃ʶ ʲʱˋʹ ˍʹ˄ ˍˎ˔ʰʾʰ ˁʰˍʶˏʻˎ˄ˋʹ ˍˇˎ ˄ʶˊˇˏ 
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ˋˍˇˎˌ ˁ˂ʱʵˇˎˌ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˍʰ ʰʻˊˇʾˋ˃ʰˍʰ ˍ˖˄ ʰˉ˖˂ʶʽ˗˄ ʶ˄ʷˊʴʶʽʰˌ ˁʱʻʶ ʲˊˈ˔ˇˎΦ ɴˍˋʽ 

ʰ˄ ʷ˄ʰ ʵʾˁˍˎˇ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ [ ʲˊˈ˔ˇˎˌ ˁʰˍʰˋˁʶˎʱʸˇ˄ˍʰʽ [ ʶ˅ʽˋ˗ˋʶʽˌΦ ʆˇ˄ʾʸʶˍʰʽ ˈˍʽ ˈˍʰ˄ 

ʹ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺ ʶʾ˄ʰʽ ˇ˃ˈˊˊˇˉʹ ˍʹˌ ˉʰˊˇ˔ʺˌ ˍˇˎ ˁ˂ʱʵˇˎ ˉˊˇˋˍʾʻʶˍʰʽ ˋʶ ʰˎˍʺ˄Σ 

ʶʽʵʱ˂˂˖ˌ h ˒ʰʽˊʶʾˍʰʽΦ ɴˍˋʽ ʴʽʰ ʷ˄ʰ˄ ˇˉˇʽˇʵʺˉˇˍʶ ˁˈ˃ʲˇ l ̄ ˊˇˁˏˉˍʶʽ:                                                    

FL =  В  
 ɴ
  Ri (Qi

a ҕ ɲQl ҕ ɲQM)n = 0, ᶅ  l ɴ  L                                                                           (2.18) 

ɶ ˇˉˇʾʰ ʴʽʰ ˍʹ˄ ʶ˄ˋ˖˃ʱˍ˖ˋʹ ˇˉˇʽʰˋʵʺˉˇˍʶ ʰ˂˂ʰʴʺˌ ˉˊˈˋʹ˃ˇˎ ˁʰˍʱ ˍʹ ʵʽʰʵʽˁʰˋʾʰ ˍ˖˄ 

ʶˉʰ˄ʰ˂ʹˉˍʽˁ˗˄ ˎˉˇ˂ˇʴʽˋ˃˗˄ ʴˊʱ˒ʶˍʰʽ ʽˋˇʵˏ˄ʰ˃ʰ 

FL =  В  
 ɴ
  Ri (Qi

a ҕ ɲQl ҕ ɲQM)n |  Qi
a ҕ ɲQl ҕ ɲQM| n-1 = 0, lґɾ , ᶅ  l ɴ  L                           (2.19) 

ʂˉˇˎ ɾ ˇ ʱ˂˂ˇˌ ˁˈ˃ʲˇˌ ˈˉˇˎ ˋˎ˃ʲʱ˂ʶʽ ˋˍˇ˄ ˁ˂ʱʵˇ i. 

ɴˍˋʽ ˃ʶ ˍʹ˄ ˃ʷʻˇʵˇ Newton-Raphson ̌ ʽ L ˃ ʹ ʴˊʰ˃˃ʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌ ʻʰ ʶˉʽ˂ˎʻˇˏ˄ 

F(x) = 

ụ
Ụ
Ụ
Ụ
ợ
Ὂὼ
ể

Ὂὼ
ể

Ὂὼ Ứ
ủ
ủ
ủ
Ủ

 = 0                                                                                                                             (2.20) 

ɾʶ ʲʱˋʹ ˃ʾʰ ʶˉʰ˄ʰ˂ʹˉˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰΦ ɮˊ˔ʽˁʱ ʻʶ˖ˊʶʾˍʰʽ ˃ʾʰ ˍʽ˃ʺ-ʵʽʱ˄ˎˋ˃ʰ 

xk = 

ụ
Ụ
Ụ
Ụ
ợ
ὼ
ể
ὼ
ể
ὼỨ
ủ
ủ
ủ
Ủ

                                                                                                                                           (2.21)  

ʶʾ˄ʰʽ ʵˎ˄ʰˍˈ˄ ˄ʰ ˉˊˇˋʵʽˇˊʽˋˍʶʾ ʷ˄ʰ ˄ʷˇ ʵʽʱ˄ˎˋ˃ʰ xkҌм ʰˉˈ ˈˉˇˎ ˅ʶˁʽ˄ʱʶʽ ʹ ˁʰʽ˄ˇˏˊʽʰ 

ʶˉʰ˄ʱ˂ʹ˕ʹ ˉˇˎ ˎˉʰˁˇˏʶʽ ˍʹ˄ ˋˎ˄ʱˊˍʹˋʹ F(xk+1) = 0 ˁ ʰʽ ˎˉʰˁˇˏʶʽ ˋˍʹ˄ ʶ˅ʾˋ˖ˋʹ  

(J| x=xk) (xk+1 - xk) = - F (xk)                                                                                                                 (2.22)   

ɾʶ J ́  ʽʰˁ˖˃ʲʽʰ˄ʺ ˃ʺˍˊʰ ˉˇˎ ʷ˔ʶʽ ˍʹ˄ ˃ˇˊ˒ʺΥ 

Jk = 

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ   Ễ

 ể    ể        ể ể

ể ể

Ễ
 
Ễ

ể ể

Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

                                                                                            (2.23) 

H ʵʽʰʵʽˁʰˋʾʰ ʰˎˍʺ ʶˉʰ˄ʰ˂ʰ˃ʲʱ˄ʶˍʰʽ ˃ʷ˔ˊʽ ˇʽ ˍʽ˃ʷˌ ˄ʰ ˋˎʴˁ˂ʾ˄ˇˎ˄ ˋʶ ʷ˄ʰ ʵʽʱ˄ˎˋ˃ʰ x. ɴˍˋʽ 

˃ʶ ˍʹ˄ ˃ʷʻˇʵˇ Newton-Raphson ˉˊˇˋʵʽˇˊʾʸˇ˄ˍʰʽ ˃ʷˋ˖ ˍ˖˄ ɲQ ʶ˅ʽˋ˗ˋʶ˖˄ ˇʽ ʵʽˇˊʻ˖ˍʽˁʷˌ 

ˉʰˊˇ˔ʷˌ ˖ˌ ʁ ˅ʺˌΥ 

ɲόɲQk) = ɲQk+1 - ɲQk = ɲQk+1                                                                                                           (2.24) 
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ɸʶ˖ˊ˗˄ˍʰˌ ˈˍʽ ʽˋ˔ˏʶʽ ʹ ʶ˅ʾˋ˖ˋʹ ʶ˄ʷˊʴʶʽʰˌ ʴʽʰ ˁʱʻʶ ʲˊˈʴ˔ˇ ˁʰʽ ˈˍʽ ʰˊ˔ʽˁʱ ɲQkҐл ˋˏ˃˒˖˄ʰ 

˃ʶ ˍʹ˄ ˋ˔ʷˋʹ нΦнн ʹ ˇˉˇʾʰ ʶˉʽ˂ˏʶˍʰʽ ˖ˌ ˉˊˇˌ ˍʽˌ ˍʽ˃ʷˌ ˍ˖˄ ʵʽˇˊʻ˖ˍʽˁ˗˄ ˍʽ˃˗˄ ˍʹˌ ˉʰˊˇ˔ʺˌ 

ˉˊˇˁˏˉˍʶʽΥ 

ɲQk+1 = -(Jk
-1)*  (F)k| ɲQk=0                                                                                                                                                                               (2.25)  

ʂˉˇˎ ʹ ʽʰˁ˖˃ʲʽʰ˄ʺ ˃ʺˍˊʰ ʰˎˍʺ ˍʹ ˒ˇˊʱ ʻʰ ʶʾ˄ʰʽ ʹ ʾʵʽʰ ˃ʶ ˍʹ˄ нΦно ʰ˂˂ʱ ˋˍˇ˄ 

ˉʰˊʰ˄ˇ˃ʰˋˍʺ ʰ˄ˍʾ ʴʽʰ x ̒ ʰ ˎˉʱˊ˔ˇˎ˄ ˇʽ ʰ˄ˍʾˋˍˇʽ˔ʶˌ ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌΦ 

ʅʶ ʰˎˍˈ ˍˇ ˋˍʱʵʽˇ ˉˊˇˋʵʽˇˊʾʸʶˍʰʽ ʹ ˉʰˊʱʴ˖ʴˇˌ ˍʹˌ ˋˎ˄ʱˊˍʹˋʹˌ Fl ʹ ˇˉˇʾʰ ʰ˄ʰˉʰˊʽˋˍʱ ˍʹ˄ 

ʶ˅ʾˋ˖ˋʹ ʶ˄ʷˊʴʶʽʰˌ ʲˊˈʴ˔ˇˎ l ̟ ˌ ˉˊˇˌ ˍʹ ʵʽˇˊʻ˖ˍʽˁʺ ˉʰˊˇ˔ʺ ˍˇˎ ʲˊˈʴ˔ˇˎ ɲQl ˁ ʰʽ ɲQɾ 

 =  ( В  
 ɴ
  Ri (Qi

a ҕ ɲQl ҕ ɲQM)|  Qi
a ҕ ɲQl ҕ ɲQM| n-1) = 

= В   
 ɴ
 nRi(| Qi

a ҕ ɲQl ҕ ɲQM|) n-1)                                                                                            (2.26) 

ɼʰʽ ʰ˄ˍʾˋˍˇʽ˔ʰ 

 = - nRi(| Qi
a ҕ ɲQl ҕ ɲQM| n-1)                                                                                                (2.27) 

ʃˊˇ˒ʰ˄˗ˌ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˎˍʱ ʰˁˇ˂ˇˎ̒ ˇˏ˄ ʷ˄ʰ ˃ˇˍʾʲˇ ˁʰʽ ˈˋˇ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ʵʽˇˊʻ˖ˍʽˁʺ 

ˉʰˊˇ˔ʺ ˍˇˎ ʲˊˈ˔ˇˎ ɲQl ʻʰ ʰˎ˅ʱ˄ˇ˄ˍʰʽ ˇʽ ˉʰˊˇ˔ʷˌ ˉˇˎ ʶʾ˄ʰʽ ˇ˃ˈˊˊˇˉʶˌ ˍʹˌ ʵʽˇˊʻ˖ˍʽˁʺˌ 

ˉʰˊˇ˔ʺˌ ʶ˄˗ ˇʽ ʰ˄ˍʾˊˊˇˉʶˌ ʻʰ ˃ʶʽ˗˄ˇ˄ˍʰʽΦ ɾʶ ʰˎˍˈ ˍˇ˄ ˍˊˈˉˇ ʻʰ ʰˎ˅ʱ˄ʶˍʰʽ ˍˇ ʱʻˊˇʽˋ˃ʰ 

ˍ˖˄ ʴˊʰ˃˃ʽˁ˗˄ ʰˉ˖˂ʶʽ˗˄Σ ʵʹ˂ʰʵʺ ʹ ˋˎ˄ʱˊˍʹˋʹ Fl. ɾʶ ˍˇ ˍʷ˂ˇˌ ˍʹˌ ʶˉʾ˂ˎˋʹˌΣ ˋˁˇˉˈˌ ʶʾ˄ʰʽ 

ʹ ˋˎ˄ʱˊˍʹˋʹ ʰˎˍʺ ˄ʰ ˃ʹʵʶ˄ʽˋˍʶʾΦ 

ʆʷ˂ˇˌ ˋʶ ʰˎˍʺ ˍʹ ˃ʷʻˇʵˇ ˋˎ˄ʹʻʾʸʶˍʰʽ  ˄ʰ ʵʽˇˊʻ˗˄ˇ˄ˍʰʽ ˇʽ ʰˊ˔ʽˁʷˌ ˉʰˊˇ˔ʷˌ ˃ʶ ʲʱˋʹ ˍʽˌ 

ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌ ˍˇˎ ʲˊˈʴ˔ˇˎΣ ʵʹ˂ʰʵʺ ˋˍʹ˄ ˁʰʽ˄ˇˏˊʽʰ ʶˉʰ˄ʱ˂ʹ˕ʹ  ˇʽ ʵʽˇˊʻ˖ˍʽˁʷˌ 

ˉʰˊˇ˔ʷˌ ʵʶ˄ ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˎˉˈ˕ʹ ˅ʰ˄ʱΦ ɴˍˋʽ ʹ ˃ʷʻˇʵˇˌ ʰˎˍʺ ˉˊˇˋʵʽˇˊʾʸʶʽ ˍʹ ʵʽˇˊʻ˖ˍʽˁʺ 

ˉʰˊˇ˔ʺ ˁʰʽ ˈ˔ʽ ˃ˈ˄ˇ ˍʹ ʵʽˈˊʻ˖ˋʹ ˍʹˌ ʵʽˇˊʻ˖ˍʽˁʺˌ ˉʰˊˇ˔ʺˌΦ ʆˈˍʶ ˇʽ ˉʰˊʱʴ˖ʴˇʽ ʶʾ˄ʰʽΥ 

| ɲQlҐлΣ ɲQM=0  = В   
 ɴ
  | nRi(Qi

a)n-1|                                                                                        (2.28) 

| ɲQl=0, ɲQM=0  = -| nRi(Qi
a)n-1|                                                                                                     (2.29) 

ˍʰ ˇˉˇʾʰ ʶʾ˄ʰʽ ˍʰ ˋˍˇʽ˔ʶʾʰ ˍʹˌ ˁˏˊʽʰˌ ʵʽʰʴ˖˄ʾˇˎ ˍʹˌ ʽʰˁ˖˃ʲʽʰ˄ʺˌ ˃ʺˍˊʰˌΦ 

ʅˎ˄ˇˉˍʽˁʱ ˍʰ ʲʺ˃ʰˍʰ ˍʹˌ ˃ʶʻˈʵˇˎ Υ 

1ˇ. ʅˏ˃˒˖˄ʰ ˃ʶ ˍʽˌ ʰˉʰʽˍʺˋʶʽˌ ˍʹˌ ʶ˅ʾˋ˖ˋʹˌ ˋˎ˄ʷ˔ʶʽʰˌ ˉʰˊˇ˔˗˄ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ 

ʻʶ˖ˊˇˏ˄ˍʰʽ ʰˎʻʰʾˊʶˍʰ ˇʽ ʰˊ˔ʽˁʷˌ ˉʰˊˇ˔ʷˌΦ 

2ˇ. ɾʶ ʲʱˋʹ ˍʽˌ ˍˎ˔ʰʾʶˌ ˁʰˍʶˎʻˏ˄ˋʶʽˌ ˍ˖˄ ˉʰˊˇ˔˗˄ ˋ˔ʹ˃ʰˍʾʸˇ˄ˍʰʽ ˇʽ ʶ˅ʽˋ˗ˋʶʽˌ ʰˉ˖˂ʶʽ˗˄ 

ʶ˄ ʷˊʴʶʽʰˌ ˁʰˍʱ ˃ʺˁˇˌ ˁʱʻʶ ʲˊˈ˔ˇˎΣ ˈˉˇˎ ʹ ˉʰˊˇ˔ʺ ʵʷ˔ʶˍʰʽ ʻʶˍʽˁʷˌ ˍʽ˃ʷˌ ˁʰʽ ˇˊʾʸˇ˄ˍʰʽ ˇʽ 

ʰ˄ˍʾˋˍˇʽ˔ʶˌ ˋˎ˄ʰˊˍʺˋʶʽˌ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ ˍ˖˄ Darcy-Weisbach: 

Fl =  В  
 ɴ
  Ri (Qi

a ҕ ɲQl ҕ ɲQM)2 = 0 
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3ˇ. ʇ̄ ˇ˂ˇʴʾʸˇ˄ˍʰʽ ˍʰ ˉʰˊʰˁʱˍ˖ ˃ʶʴʷʻʹ ʴʽʰ ˁʱʻʶ ˁ˂ʱʵˇ ˍˇˎ ʵʽˁˍˏˇˎ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ 

ʶ˅ʾˋ˖ˋʹ ˍ˖˄ Darcy-Weisbach : 

¶ ɮˊʽʻ˃ˈˌ wŜȅƴƻƭŘǎ Υ Re= 
 

 = 
 

  
 

¶ ʅˎ˄ˍʶ˂ʶˋˍʺˌ ˍˊʽʲʺˌ Ŧ ˁʰˍʱ {ǿŀƳŜŜ ϧ Wŀƛƴ : f=
Ȣ

Ȣ

Ȣ Ȣ
  

 

 

¶ ɮ˄ˍʾˋˍʰˋʹ ʰʴ˖ʴˇˏ ˁʰˍʱ 5ŀǊŎȅ-Weisbach : R = 
  

 

4ˇ. ʃˊˇˋʵʽˇˊʾʸˇ˄ˍʰʽ ˇʽ ˉʰˊʰˁʱˍ˖ ˉʾ˄ʰˁʶˌ ˁʰʽ ʹ ʽʰˁ˖˃ʲʽʰ˄ʺ ˃ʺˍˊʰΥ 

(F)k = 

ụ
Ụ
Ụ
Ụ
ợ
Ὂ
ể
 
ể
ὊỨ
ủ
ủ
ủ
Ủ

 , Jk = 

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ   Ễ

 ể    ể        ể ể

ể ể

Ễ
 
Ễ

ể ể

Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

,  | ɲQlҐлΣ ɲQM=0  = ςВ   
 ɴ
 | RiQi

a|  

 

5ˇ. ɸʷˍ̌˄ ˍʰˌ ˍʽˌ ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌ ˃ʹʵʷ˄ ˉˊˇˋʵʽˇˊʾʸˇ˄ˍʰʽ ˇʽ ʵʽˇˊʻ˖ˍʽˁʷˌ ˍʽ˃ʷˌ ˍ˖˄ 

ˉʰˊˇ˔˗˄ ˍ˖˄ ˁ˂ʱʵ˖˄ ˋˏ˃˒˖˄ʰ ˃ʶ ˍʹ˄ ʶ˅ʾˋ˖ˋʹΥ 

ɲQ k+1 = -(Jk
-1)*  (F)k| ɲQk=0  ̍ ˉ̌ˎ  ɲQ k+1= 

ɝ1
ể
ɝ1

 

ʁˉˈˍʶ ˃ʶ ʲʱˋʹ ˍˇ ˁˊʽˍʺˊʽˇ ˋˏʴˁ˂ʽˋʹˌ ʵʽˇˊʻ˗˄ˇ˄ˍʰʽ ˇʽ ˉʰˊˇ˔ʷˌ ˍ˖˄ ˁ˂ʱʵ˖˄ ʰˊˁʶʾ ˄ʰ 

ˎˉʱˊ˔ʶʽ ˍˇˎ˂ʱ˔ʽˋˍˇ˄ ˃ʾʰ ˃ʹ ˃ʹʵʶ˄ʽˁʺ ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇ˄ ˍˏˉˇΥ 

Qi = Qi
a ҕ ɲQl ҕ ɲQɾ 

6ˇ. ɲʽˇˊʻ˗˄ˇ˄ˍʰʽ ˇʽ ˍʽ˃ʷˌ ˍ˖˄ ˉʰˊˇ˔˗˄ ˃ʶ ʲʱˋʹ ˍʽˌ ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌ ˁʰʽ 

ʶˉʰ˄ʰ˂ʰ˃ʲʱ˄ʶˍʰʽ ʹ ʵʽʰʵʽˁʰˋʾʰ. ɶ ʵʽʰʵʽˁʰˋʾʰ ˍʶˊ˃ʰˍʾʸʶˍʰʽ ˈˍʰ˄ ˇʽ ʵʽˇˊʻ˖ˍʽˁʷˌ ˉʰˊˇ˔ʷˌ 

ˍʶʾ˄ˇˎ˄ ˄ ʰ ˃ʹʵʶ˄ʽˋˍˇˏ˄Φ όʆˋʰˁʾˊʹˌΣ нлмлύΦ 

 

2.4 Mʷʻˇʵˇˌ Gradient 

ɶ ʰ˄ʱ˂ˎˋʹ ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ˃ʶˍʰ˒ˇˊʱˌ ˄ʶˊˇˏ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍˇ˄ ˇˊʽˋ˃ˈ ˍʹˌ ˍʰ˔ˏˍʹˍʰˌ 

ˊˇʺˌ ˋˍˇ˄ ˁʱʻʶ ʰʴ˖ʴˈ ˁʰʽ ˍˇ ˉʽʶʸˇ˃ʶˍˊʽˁˈ ˒ˇˊˍʾˇ ˍʰ ˇˉˇʾʰ ʽˁʰ˄ˇˉˇʽˇˏ˄ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ 

ˋˎ˄ʷ˔ʶʽʰˌ ˁʰʽ ʵʽʰˍʺˊʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌΦ ʁʽ ʵˏˇ ʰˎˍʷˌ ʶ˅ʽˋ˗ˋʶʽˌ ˉʶˊʽʴˊʱ˒ˇ˄ˍʰʽ ˉʰˊʰˁʱˍ˖Υ 

I. ʅˎ˄ʷ˔ʶʽʰˌΥ ʆˇ ʰ˂ʴʶʲˊʽˁˈ ʱʻˊˇʽˋ˃ʰ ˍ˖˄ ˉʰˊˇ˔˗˄ ˋˍˇˎˌ ʰʴ˖ʴˇˏˌ ˉˇˎ ˋˎ˄ʰ˄ˍˇˏ˄ˍʰʽ 

ˋʶ ʷ˄ʰ ˁˈ˃ʲˇ ˃ʰʸʾ ˃ʶ ˁʱʻʶ ʱ˂˂ʹ ʶ˅˖ˍʶˊʽˁʺ ˊˇʺ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ ˍˇ ˃ʹʵʷ˄Υ 

 

В    QIJ ς FJ =0,  J=1, NJ                                                                                          (2.30) 
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ˋˍʹ˄ ˇˉˇʾʰ ˍˇ QIJ ʶʾ˄ʰʽ ʹ ˉʰˊˇ˔ʺ ˋˍˇ˄ ʰʴ˖ʴˈ IJ ˋˍˇ˄ ˁˈ˃ʲˇ J , NP(J) ˇ ʰˊʽʻ˃ˈˌ ˍ˖˄ 

ʰʴ˖ʴ˗˄ ˉˇˎ ˋˎ˄ʵʷˇ˄ˍʰʽ ˋˍˇ˄ ˁˈ˃ʲˇ J, FJ ˇʽ ʶ˅˖ˍʶˊʽˁʷˌ ˊˇʷˌ ˋˍˇ˄ J ˁʰʽ ɿJ ˇ 

ˋˎ˄ˇ˂ʽˁˈˌ ʰˊʽʻ˃ˈˌ ˁˈ˃ʲ˖˄ ˋˍˇ ʵʾˁˍˎˇΦ 

II. ɲʽʰˍʺˊʹˋʹ ʶ˄ʷˊʴʶʽʰˌΥ ʆˇ ʰ˂ʴʶʲˊʽˁˈ ʱʻˊˇʽˋ˃ʰ ˍʹˌ ʰˉ˗˂ʶʽʰˌ ˉʽʶʸˇ˃ʶˍˊʽˁ˗˄ 

˒ˇˊˍʾ˖˄ ˋˍˇˎˌ ʰʴ˖ʴˇˏˌΣ ˃ʰʸʽ ˃ʶ ˁʱʻʶ ˒ˇˊˍʾˇ ˉʰˊʰʴˈ˃ʶ˄ˇ ʰˉˈ ˍʽˌ ʶˋ˖ˍʶˊʽˁʷˌ 

ʶ˄ʽˋ˔ˎˍʽˁʷˌ ʰ˄ˍ˂ʾʶˌ ʴˏˊ˖ ʰˉˈ ˁʱʻʶ ˁ˂ʶʽˋˍˈ ʲˊˈʴ˔ˇ ˉˇˎ ˋ˔ʹ˃ʰˍʾʸʶˍʰʽ ʰˉˈ ʰʴ˖ʴˇˏˌ 

ʶʾ˄ʰʽ ʾˋˇ ˃ʶ ˃ʹʵʷ˄Φ 

 

В    hL,IJ ς Hm,IJ =0,  I=1, NJ                                                                                    (2.31) 

 

ˋˍˇ ˇˉˇʾˇ hL,IJ ʶʾ˄ʰʽ ʹ ˉʽʶʸˇ˃ʶˍˊʽˁʺ ʰˉ˗˂ʶʽʰ ˋˍˇ˄ ʰʴ˖ʴˈ J ˍˇˎ ʲˊˈʴ˔ˇˎ ɹ ˁʰʽ  Hm,IJ 

ʶʾ˄ʰʽ ˍˇ ˃ʰ˄ˇ˃ʶˍˊʽˁˈ ˒ˇˊˍʾˇ ˉʰˊʰʴˈ˃ʶ˄ˇ h ˉˈ ˃ʾʰ ʰ˄ˍ˂ʾʰ ˋˍʹ˄ ʴˊʰ˃˃ʺ IJ. 

 

ʆˇ ˋ˔ʺ˃ʰ нΦм ʵʶʾ˔˄ʶʽ ʷ˄ʰ ʵʽʰˁ˂ʰʵʽˋ˃ʷ˄ˇˎ ˍˏˉˇˎ ˋˏˋˍʹ˃ʰ ʰʴ˖ʴ˗˄ ˉˇˎ ˉʰˊʰʵʾʵʶʽ ˄ʶˊˈ ʰˉˈ 

ˍʹ ʵʶ˅ʰ˃ʶ˄ʺ ɮ ˋˍʽˌ ʵʶ˅ʰ˃ʶ˄ʷˌ B,C ˁ ʰʽ D, F ʁ ʾ˄ʰʽ ˇʽ ʴ˄˖ˋˍʷˌ ʰˉ˗˂ʶʽʶˌ ʰˉˈ ˍˇ˄ ˁˈ˃ʲˇ J. 

 

 

ʅ˔ʺ˃ʰ нΦм ɲʽʰˁ˂ʰʵʽˋ˃ʷ˄ˇˎ ˍˏˉˇˎ ˋˏˋˍʹ˃ʰ ʰʴ˖ʴ˗˄ 

 

ɴˋˍ˖ ˈˍʽ Zf   ʁ ʾ˄ʰʽ ˍˇ ʰ˂ʹʻʽ˄ˈ ˎ˕ˈ˃ʶˍˊˇ ˉʽʶʸˇ˃ʶˍˊʽˁˇˏ ˒ˇˊˍʾˇˎ ˋˍˇ JΣ ʹ ʰˉ˗˂ʶʽʰ ˒ˇˊˍʾˇˎ ˋʶ 

ˁʱʻʶ ʰʴ˖ʴˈ ˃ˉˇˊʶʾ ˄ʰ ʶˁ˒ˊʰˋˍʶʾ ˖ˌ ʹ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ɵJ ˁʰʽ ˍˇˎ ˉʽʶʸˇ˃ʶˍˊʽˁˇˏ ˒ˇˊˍʾˇˎ 

ˍʹˌ ʱ˂˂ʹˌ ˉ˂ʶˎˊʱˌΦ 

ɱʽʰ ˉʰˊʱʵʶʽʴ˃ʰΥ hL,ɮJ Ґ ɵɮ - ɵJ 

ɳˁ˒ˊʱʸˇ˄ˍʰˌ ˍʹ˄ ʰˉ˗˂ʶʽʰ ˒ˇˊˍʾˇˎ ˃ʶ ˍʹ ˃ˇˊ˒ʺ h= ɼQ2 , N ˍʷˍˇʽʶˌ ʶ˅ʽˋ˗ˋʶʽˌ ˃ˉˇˊˇˏ˄ ˄ʰ 

ʴˊʰ˒ˍˇˏ˄ ˈˉ˖ˌ ˇʽ ˉʰˊʰˁʱˍ˖ όˈˉˇˎ ɿ ʶʾ˄ʰʽ ˇ ʰˊʽʻ˃ˈˌ ˍ˖˄ ʰʴ˖ʴ˗˄ύΥ 

 

ụ
Ụ
Ụ
ợ
ὤ  ὤ

ὤ ὤ 

ể
ὤ ὤ Ứ

ủ
ủ
Ủ
=

ụ
Ụ
Ụ
Ụ
ợ
ὛὍὋὔὑ ὗ ςͮ

ὛὍὋὔὑ ὗ ςͮ

ể
ὛὍὋὔὑ ὗ ςͮỨ

ủ
ủ
ủ
Ủ

                                                                                             (2.32) 
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ɼʰʽ ʴʶ˄ʽˁ˗ˌ όSIGN) ʶʾ˄ʰʽ Ҍ ʺ ς ˋˏ˃˒˖˄ʰ ˃ʶ ˍˇ ˉˊˈˋʹ˃ˇ ˍˇˎ  όɵɹ - ɵJύΦɴˍˋʽ ʹ ˊˇʺ ˉˊˇˌ ˍˇ˄ 

ˁˈ˃ʲˇ ʶʾ˄ʰʽ ʻʶˍʽˁʺ ˁʰʽ ˈˍʰ˄ ʰˉˇ˃ʰˁˊˏ˄ʶˍʰʽ ʶʾ˄ʰʽ ʰˊ˄ʹˍʽˁʺΦ 

To ɼIJ ʶʾ˄ʰʽ ʹ ʰ˄ˍʾˋˍʰˋʹ ˍˇˎ ʰʴ˖ʴˇˏ ˁʰʽ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˍʹ˄ ʰˉ˗˂ʶʽʰ ˍˊʽʲʺˌ ˁʰʽ ˍˇˎˌ 

ˋˎ˄ˍʶ˂ʶˋˍʷˌ ˃ ʽˁˊʺˌ ʰˉ˗˂ʶʽʰˌΦ 

ɶ ʶ˅ʾˋ˖ˋʹ ˋˎ˄ʷ˔ʶʽʰˌ ʴʽʰ ˍʽˌ ˉʰˊˇ˔ʷˌ ̀ ˍˇ˄ J ʁ ʾ˄ʰʽ 

В QIJ ς F = QAJ + QBJ + QCJ + QDJ ς F =0                                                                                          (2.33) 

H ʶ˅ʷˍʰˋʹ ˍ˖˄ ʶ˅ʽˋ˗ˋʶ˖˄ 2.32 ˁʰʽ 2.33 ʵʶʾ˔˄ʶʽ ˈˍʽ ʹ ˇˊʻʺ ˍʽ˃ʺ ˍˇˎ ɵJ ʻʰ ˇʵʹʴʺˋʶʽ ˋʶ ˍʽ˃ʷˌ 

ˍˇˎ QIJ Σ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ʶˌ ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ 2.32 ́  ˇˉˇʾʰ ʽˁʰ˄ˇˉˇʽʶʾ ̱ ʹ˄ ʶ˅ʾˋ˖ˋʹ 2.33. 

ɶ ʰ˄ʰʵʽʱˍʰ˅ʹ ˍʹˌ ʶ˅ʾˋ˖ˋʹˌ 2.32 ˃ ʰˌ ʵʾ˄ʶʽ  

[Qij] = [(SIGN)(|ZI ς ZJ/KIJ)
1/2]                                                                                                          (2.34) 

ɶ ˍʽ˃ʺ ˍˇˎ ɵJ ˃ˉˇˊʶʾ ˄ʰ ʲˊʶʻʶʾ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˃ʾʰ ʶˉʰ˄ʰ˂ʹˉˍʽˁʺ ˃ʷʻˇʵˇ ʹ ˇˉˇʾʰ 

ˁʱ˄ˇ˄ˍʰˌ ʰˊ˔ʽˁʺ ʶˁˍʾ˃ʹˋʹ ˍʹˌ ɵJ Σ ˎˉˇ˂ˇʴʾʸʶʽ ˍʽˌ  ʰˉˇˊˊˇʷˌ ˍ˖˄ ʰʴ˖ʴ˗˄  ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ 

2.34 ˁ ʰʽ ʶ˂ʷʴ˔ʶʽ ˍʽˌ ˋˎ˄ʻʺˁʶˌ ˋˎ˄ʷ˔ʶʽʰˌ ˋˍʹ˄ ʶ˅ʾˋ˖ˋʹ 2.33. 

ɳʱ˄ όВ QIJ ς ɳύґл ό˃ʶ ʰˉˇʵʶˁˍʱ ˈˊʽʰύΣ ˃ʾʰ ʵʽˈˊʻ˖ˋʹ ɲɵJ  ʴʾ˄ʶˍʰʽ ˋˍˇ ɵJ ˁʰʽ ʹ ʵʽʰʵʽˁʰˋʾʰ 

ʶˉʰ˄ʰ˂ʰ˃ʲʱ˄ʶˍʰʽ ˃ʷ˔ˊʽ ʹ ʶ˅ʾˋ˖ˋʹ нΦ33 ˄ʰ ʽˁʰ˄ˇˉˇʽʶʾˍʰʽ ʶˏ˂ˇʴʰΦ ɾʾʰ ˋˎˋˍʹ˃ʰˍʽˁʺ 

ʵʽˈˊʻ˖ˋʹ ʴʽʰ ˍˇ ɲɵJ ˃ˉˇˊʶʾ ˄ʰ ʰ˄ʰˉˍˎ˔ʻʶʾΥ ʶˁ˒ˊʱʸˇ˄ˍʰˌ ˍʹ˄ ʰˉ˗˂ʶʽʰ ˒ˇˊˍʾˇˎ ˁʰˍʱ ˃ʺˁˇˌ 

ʶ˄ˈˌ ʰʴ˖ʴˇˏ ˖ˌ h= ɼQ2 Σ ʴʽʰ ʷ˄ʰ ˃ʽˁˊˈ ˂ʱʻˇˌ ˋˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍˇˎ ɵJ ʹ ʵʽˈˊʻ˖ˋʹ ˍˇˎ ɲɵJ 

ˇˊʾʸʶˍʰʽ ˖ˌ 

ɲɵJ = 2(В QIJ ς F)/ В QIJ/hIJ 

H ʁ ˁˍʾ˃ʹˋʹ ˍˇˎ ɼIJ ɹ ʽʰ ʵʾˁˍˎʰ ˃ʶ ˉˇ˂˂ʰˉ˂ʱ ʱʴ˄˖ˋˍʰ ˎ˕ˇ˃ʶˍˊʽˁʱ ˒ˇˊˍʾʰ ˁˈ˃ʲ˖˄ ʴʾ˄ʶˍʰʽΥ 

ɼIJ =  +   (=Kf + Km ) 

ˈˉˇˎ Cm  ʶʾ˄ʰʽ ˍˇ ʱʻˊˇʽˋ˃ʰ ˍ˖˄ ˋˍʰʻʶˊ˗˄ ʶ˂ʱ˔ʽˋˍʹˌ ʰˉ˗˂ʶʽʰˌ Σ ˂ ˃ˉˇˊʶʾ ˄ʰ ˉˊˇˋʵʽˇˊʽˋʻʶʾ 

ʰˉˈ ˍˇ ʵʽʱʴˊʰ˃˃ʰ Moody ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˖ˌ ʰˊ˔ʽˁʺ ˍʽ˃ʺ ˍʰ˔ˏˍʹˍʰˌ ˋˍˇ˄ ʰʴ˖ʴˈ м m/s. 

ɾʾʰ ˉʽˇ ˁˇ˄ˍʽ˄ʺ ˉˊˇˋʷʴʴʽˋʹ ˋˍʹ˄ ˍʰ˔ˏˍʹˍʰ ʴʾ˄ʶˍʰʽ ˈˍʰ˄ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʹ ʰˉˇˊˊˇʺΦ ɱʽʰ ˍʹ˄ 

ʰ˄ɦ˂ˎˋʹ ˋʶ ʰˎˍˈ˃ʰˍˇ ˎˉˇ˂ˇʴʽˋˍʽˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ ʹ ʶ˅ʾˋ˖ˋʹ 2.34 ʰ˄ˍʽˁʰʻʽˋˍʱˍʰʽ ʰˉˈ ˍˇ˄ 

ˋˎ˄ʵˎʰˋ˃ˈ ˍˇˎ Darcy-Colerbrook-White: 

 

Q = -2A ςὫὈ  log  
Ȣ

 
Ȣ

ϳ
                                                                               (2.35) 

ɱʽʰ ˁʱʻʶ ʰʴ˖ʴˈΣ hf,IJ  όʰˉ˗˂ʶʽʰ ˒ˇˊˍʾˇˎ ˍˊʽʲʺˌύ ʰˊ˔ʽˁˇˉˇʽʶʾˍʰʽ ˋʶ ɵI ς Zj, ̱ ˇ QIJ ˎˉˇ˂ˇʴʾʸʶˍʰʽ 

ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ 2.32 ˁ ʰʽ ˍˇ hf,IJ  ˅ ʰ˄ʰˎˉˇ˂ˇʴʾʸʶˍʰʽ ʰˉˈ hf,IJ Ґ όɵI ς Zj)-ɼmQIJ
2. 
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ɱʽʰ ˍˇ˄ ˇˊʽˋ˃ˈ ˍʹˌ ˃ʶʻˈʵˇˎ gradient h ˉʰʽˍˇˏ˄ˍʰʽ ʁ ˉʽˉ˂ʷˇ˄ ˇʽ ʰˁˈ˂ˇˎʻˇʽ ʵʽʰ˄ˎˋ˃ʰˍʽˁˇʾ ˁʰʽ 

ˉʽ˄ʰˁ˖ʽʵʶʾˌ ˇˊʽˋ˃ˇʾΥ  

NT Ґ ʰˊʽʻ˃ˈˌ ʰʴ˖ʴ˗˄ ˋˍˇ ʵʾˁˍˎˇ 

NN Ґ ʰˊʽʻ˃ˈˌ ʰʴ˄˗ˋˍ˖˄ ˉʽʶʸˇ˃ʶˍˊʽˁ˗˄ ˒ˇˊˍʾ˖˄ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ 

[A12] = ̆  ˉʾ˄ʰˁʰˌ ˋˎ˄ʵʶˋʽ˃ˈˍʹˍʰˌ ˘ ˋ˔ʶˍʽˁʺ ˃ʶ ˁʱʻʶ ʷ˄ʰ ʰˉˈ ˍˇˎˌ ˁˈ˃ʲˇˎˌΦ ʁʽ 

ʵʽʰˋˍʱˋʶʽˌ ˍʹˌ ʶʾ˄ʰʽ NT x NN ˃ ʶ ɻˏˇ ˃ʹ ˃ʹʵʶ˄ʽˁʱ ˋˍˇʽ˔ʶʾʰ ̀ ʶ ˁʱʻʶ ˋʶʽˊʱ 

-м ˋˍʹ˄ ˋˍʺ˂ʹ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍˇ˄ ʰˊ˔ʽˁˈ ˁˈ˃ʲˇ ˍˇˎ ʰʴ˖ʴˇˏ i 

м ˋˍʹ˄ ˋˍʺ˂ʹ ˉˇˎ ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋˍˇ˄ ˍʶ˂ʽˁˈ ˁˈ˃ʲˇ ˍˇˎ ʰʴ˖ʴˇˏ i 

ɿS Ґ ˇ ʰˊʽʻ˃ˈˌ ˍ˖˄ ʵʽˇˊʻ˖˃ʷ˄˖˄ ˒ ˇˊˍʾ˖˄ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ 

ώɮмлϐ Ґ ˍˇˉˇ˂ˇʴʽˁˈˌ ˉʾ˄ʰˁʰˌΥ ʰʴ˖ʴˈˌ ˉˊˇˌ ˁˈ˃ʲˇ ʴʽʰ ˍʰ NS ʵʽˇˊʻ˖˃ʷ˄ʰ ˒ˇˊˍʾʰ 

ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ 

ɴˍˋʽ ˉˊˇˁˏˉˍʶʽ ʹ ʰˉ˗˂ʶʽʰ ˒ˇˊˍʾˇˎ ˋʶ ˁʱʻʶ ʷ˄ʰ ʰʴ˖ʴˈ ˃ʶˍʰ˅ˏ ʵˏˇ ˁˈ˃ʲ˖˄ ʹ ˇˉˇʾʰ ʶʾ˄ʰʽΥ 

[ɮ11][Q] + [A12][H] = - [A10][H0]                                                                                                  (2.36) 

ʂˉˇˎ [ɮ11] = ɻ ʽʰʴ˗˄ʽˇˌ ˉʾ˄ʰˁʰˌ ʵʽʰˋˍʱˋʶ˖˄ NT x NT ̌ ˊʽˋ˃ʷ˄ˇˌ ˖ˌ ʶ˅ʺˌΥ  

[A11]=

ụ
Ụ
Ụ
Ụ
ợ‌ ὗ   ‍  π

π ‌ ὗ   ‍  

ể
π

ể
π

ȣ πȣ
ȣ π

ȣ
ể

‌  ὗ   ‍   
Ứ
ủ
ủ
ủ
Ủ

                                                                                                                                                                                                                                                                                        

                                                                                                                                                            (2.37)    

[Q] Ґ ʵʽʱ˄ˎˋ˃ʰ ʰˉˇˊˊˇʺˌ ʵʽʰˋˍʱˋʶ˖˄ NT x 1 

[H] = ɦ ʴ˄˖ˋˍˇ ʵʽʱ˄ˎˋ˃ʰ ˉʽʶʸˇ˃ʶˍˊʽˁˇˏ ˒ˇˊˍʾˇˎ ʵʽʰˋˍʱˋʶ˖˄ Nɿ x 1 

ώɶ0ϐ Ґ ʵʽˇˊʻ˖˃ʷ˄ˇ ʵʽʱ˄ˎˋ˃ʰ ˉʽʶʸˇ˃ʶˍˊʽˁˇˏ ˒ˇˊˍʾˇˎ ʵʽʰˋˍʱˋʶ˖˄ NS x 1 

ʰ Ґ ʰ˄ˍʾˋˍʰˋʹ ʶˁʱˋˍˇˍʶ ʰʴ˖ʴˇˏ 

ʲΣʴ Ґ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ˉˇˎ ˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍʽˌ ʰ˄ˍ˂ʾʶˌ ˍˇˎ ʵʽˁˍˏˇˎ 

ɶ ʶ˅ʾˋ˖ˋʹ 2.36 ʶʾ˄ʰʽ ˃ʾʰ ʶ˅ʾˋ˖ˋʹ ʵʽʰˍʺˊʹˋʹˌ ʶ˄ʷˊʴʶʽʰˌΦ ɶ ˋˎ˄ʷ˔ʶʽʰ ʶ˅ʾˋ˖ˋʹˌ ʴʽʰ ˈ˂ˇˎˌ 

ˍˇˎˌ ˁˈ˃ʲˇˎˌ ˋˍˇ ʵʾˁˍˎˇ ʶʾ˄ʰʽ 

ώɮнмϐώQ] = [q]                                                                                                                                   (2.38) 

ˈˉˇˎ ώɮнмϐ ʶʾ˄ʰʽ ˇ ʰ˄ʱˋˍˊˇ˒ˇˌ ˉʾ˄ʰˁʰˌ ˍˇˎ ώɮмнϐ ˁʰʽ ώqϐ ʹ ˁʰˍʰ˄ʱ˂˖ˋʹ ˄ʶˊˇˏ ˁʰʽ ʹ 

ʵʽʰ˄ˎˋ˃ʰˍʽˁʺ ˉʰˊˇ˔ʺ ˄ʶˊˇˏ ˋʶ ˁʱʻʶ ʷ˄ʰ ʰˉˈ ˍˇˎˌ ˁˈ˃ʲˇˎˌ ʵʽʰˋˍʱˋʶ˖˄ Nɿ x 1. 

ʅʶ ˃ˇˊ˒ʺ ˉʽ˄ʱˁ˖˄ ˇʽ ʶ˅ʽˋ˗ˋʶʽˌ ό2.36ύ ˁʰʽ ό2.38ύ ʶʾ˄ʰʽΥ 
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ρ̈́ρ ρ̈́ς
ς̈́ρ π

ὗ
Ὄ

 
ὃρπὌέ
ή

                                                                                    (2.39) 

ʆˇ ˉʰˊʰˉʱ˄˖ ˃ʷˊˇˌ ʶʾ˄ʰʽ ˃ʹ ʴˊʰ˃˃ʽˁˈΣ ˍˇ ˇˉˇʾˇ ˋˎ˄ʶˉʱʴʶˍʰʽ ˈˍʽ ʹ ʶ˅ʾˋ˖ˋʹ 2.39 ˉˊʷˉʶʽ ˄ʰ 

˔ˊʹˋʽ˃ˇˉˇʽʺˋʶʽ ˃ʶˊʽˁˇˏˌ ʶˉʰ˄ʰ˂ʹˉˍʽˁˇˏˌ ʰ˂ʴˈˊʽʻ˃ˇˎˌ ʴʽʰ ˍʹ˄ ˂ˏˋʹ ˍʹˌΦ ɶ ˃ʷʻˇʵˇˌ 

Gradient ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉʶˊʽˁˇ˃˃ʷ˄ʹ ʶˉʷˁˍʰˋʹ ˍˇˎ Taylor. ɽʶʽˍˇˎˊʴ˗˄ˍʰˌ ˍʰˎˍˈ˔ˊˇ˄ʰ 

ˋˍʰ ˉʶʵʾʰ όώQϐΣ ώɶϐύ ˁʰʽ ʶ˒ʰˊ˃ˈʸˇ˄ˍʰˌ ˍˇˎˌ ˔ʶʽˊʽˋ˃ˇˏˌ ˍʹˌ ˃ʶʻˈʵˇˎ gradient ˃ˉˇˊˇˏ˃ʶ ˄ʰ 

ʴˊʱ˕ˇˎ˃ʶΥ  

´ ρ̈́ρ˃ ρ̈́ς
ς̈́ρ π

Ὠὗ
ὨὌ

 
ὨὉ
Ὠή

                                                                                        (2.40) 

ʂˉˇˎ ώɿϐ ʶʾ˄ʰʽ ˇ ʵʽʰʴ˗˄ʽˇˌ ˉʾ˄ʰˁʰˌ όn1,n2,Χ,nNT) ʵʽʰˋˍʱˋʶ˖˄ NT x NT ˁʰʽ ώɮммϐ˘ˉʾ˄ʰˁʰ 

ʵʽʰˋˍʱˋʶ˖˄ NT x NT ̌ ˊʽˋ˃ʷ˄ˇ ˖ˌ ʶ˅ʺˌΥ   

ώɮммϐ˘Ґ 

ụ
Ụ
Ụ
Ụ
Ụ
ợὥὗ π π

π ὥὗ π

π
ể
π

π
ể
π

ὥὗ

ể
π

  

Ễ π
Ễ π
Ễ
Ễ
Ễ

π
ể

ὥ ὗ
Ứ
ủ
ủ
ủ
ủ
Ủ

                                      (2.41)                

ʅʶ ˁʱʻʶ ʶˉʰ˄ʱ˂ʹ˕ʹ i, [dE] ʶʾ˄ʰʽ ʹ ʶ˄ʶˊʴʶʽʰˁʺ ʰ˄ʽˋˇˊˊˇˉʾʰ ˋʶ ˁʱʻʶ ʰʴ˖ʴˈ ˁʰʽ ώdq] ʹ 

ʰˉ˗˂ʶʽʰ ʰˉˇˊˊˇʺˌ ˋʶ ˁʱʻʶ ˁˈ˃ʲˇΦ ɮˎˍʱ ʵʾ˄ˇ˄ˍʰʽ ʰˉˈ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌΥ 

[dE] = [A11][Qi] + [A12][Hi] + [A10][H0]                                                                                        (2.42) 

[dq] = [A21][Qi] ς [q]                                                                                                                       (2.43) 

O ˋˁˇˉˈˌ ˍʹˌ ˃ʶʻˈʵˇˎ gradient ʶʾ˄ʰʽ ˄ʰ ʶˉʽ˂ˏˋʶʽ ˍˇ ˋˏˋˍʹ˃ʰ ˉˇˎ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ʰˉˈ ˍʹ˄ 

ʶ˅ʾˋ˖ˋʹ 2.40 ˂ ʰ˃ʲʱ˄ˇ˄ˍʰˌ ˎˉˈ˕ʹ ̍ ˍʽ ˋʶ ˁʱʻʶ ʶˉʰ˄ʱ˂ʹ˕ʹΥ 

[dQ] = [Q i+1] ς [Qi]                                                                                                                           (2.44) 

[dH] = [Hi+1] ς [Hi]                                                                                                                             (2.45) 

ʋˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʴˊʰ˃˃ʽˁʺ ʱ˂ʴʶʲˊʰΣ ˃ˉˇˊˇˏ˃ʶ ˄ʰ ʵʶʾ˅ˇˎ˃ʶ ˍʹ ˂ˏˋʹ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˉˇˎ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ʰˉˈ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ 2.40 ́  ˇˉˇʾʰ ʶʾ˄ʰʽΥ 

[Hi+1] = -ϑώɮнмϐόώɿϐώɮммϐ˘ύ-1ώɮмнϐϒ-1 ϑώɮнмϐόώɿϐώɮммϐ˘ύ-1 όώɮммϐώQi]) + [A10][H0] ς 

([A21][Qi]) ς [q]}                                                                                                                (2.46) 

[Q i+1] = {[I] - ([ɿ][ɮ11]̆ ) - [ɮ11]}[Qi] ς {([ɿ][ɮ11]̆ )-1 ([A12][Hi+1] + [A10][H0] )}      (2.47) 

ɶ ˃ʷʻˇʵˇˌ ʰˎˍʺ ʷ˔ʶʽ ˍˇ ˉ˂ʶˇ˄ʷˁˍʹ˃ʰ ˍʹˌ ʴˊʺʴˇˊʹˌ ˋˏʴˁ˂ʽˋʹˌ ˁʰʽ ʵʶ˄ ˔ˊʶʽʱʸʶˍʰʽ 

ʶ˅ʽˋˇˊˊˈˉʹˋʹ ˍʹˌ ˋˎ˄ʷ˔ʶʽʰˌ ˋʶ ˁʱʻʶ ˁˈ˃ʲˇ ʴʽʰ ˄ʰ ˅ʶˁʽ˄ʺˋʶʽ ʹ ʵʽʰʵʽˁʰˋʾʰΦ ɶ ˃ʷʻˇʵˇˌ ʵʶ˄ 

ʶʾ˄ʰʽ ˁʰˍʱ˂˂ʹ˂ʹ ʴʽʰ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌ ˃ʶ ˍˇ ˔ʷˊʽΦ 
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ɼʶ˒ʱ˂ʰʽˇ о  

ɤʋɾʅʎʈʅʆʝ ʀʌʚʇʑʎʂʏ ʑɿʍʀʑʐʅʆʡʉ ɿʅʆʐʞʖʉ ɉ%0!.%4Ɋ 
 

оΦм ʆʽ ʶʾ˄ʰʽ ˍˇ EPANET 

ʆˇ EPANET ʶʾ˄ʰʽ ʷ˄ʰ ˉˊˈʴˊʰ˃˃ʰ ʹ˂ʶˁˍˊˇ˄ʽˁˇˏ ˎˉˇ˂ˇʴʽˋˍʺ ˍˇ ˇˉˇʾˇ ʶˁˍʶ˂ʶʾ ʶˁˍʶˍʰ˃ʷ˄ʶˌ 

ˉʶˊʽˈʵˇˎˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˎʵˊʰˎ˂ʽˁʺˌ ˁʰʽ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˉˇʽˈˍʹˍʰˌ ˄ʶˊˇˏ ˋʶ ʵʾˁˍˎˇ 

ʰʴ˖ʴ˗˄ ˎˉˈ ˉʾʶˋʹΦ ɴ˄ʰ ʵʾˁˍˎˇ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ʰʴ˖ʴˇˏˌΣ ˁˈ˃ʲˇˎˌΣ ʰ˄ˍ˂ʾʶˌΣ ʲʰ˂ʲʾʵʶˌ ˁʰʽ 

ʵʶ˅ʰ˃ʶ˄ʷˌ ʰˉˇʻʺˁʶˎˋʹˌ ʺ ˍʰ˃ʽʶˎˍʺˊʶˌΦ ʆˇ EPANET ˉʰˊʰˁˇ˂ˇˎʻʶʾ ˍʹ ˊˇʺ ˍˇˎ ˄ʶˊˇˏ ˋʶ 

ˁʱʻʶ ʰʴ˖ʴˈΣ ˍʹ˄ ˉʾʶˋʹ ˋʶ ˁʱʻʶ ˁˈ˃ʲˇΣ ˍˇ ˏ˕ˇˌ ˍˇˎ ˄ʶˊˇˏ ˋʶ ˁʱʻʶ ʵʶ˅ʰ˃ʶ˄ʺ ˁʰʽ ˍʹ˄ 

ˉʶˊʽʶˁˍʽˁˈˍʹˍʰ ˔ʹ˃ʽˁ˗˄ ˋˍˇʽ˔ʶʾ˖˄ ˋˍˇ ʵʾˁˍˎˇ ˁʰˍʱ ˍʹ˄ ˉʶˊʾˇʵˇ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˉˇˎ 

ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˉˇ˂˂ʰˉ˂ʱ ˔ˊˇ˄ʽˁʱ ʲʺ˃ʰˍʰΦ ɳˉʽˉ˂ʷˇ˄ ˈˋˇ˄ h˒ ˇˊʱ ˋ̱ ʰ ˔ʹ˃ʽˁʱ ˋˍˇʽ˔ʶʾʰΣ 

˃ˉˇˊʶʾ ʰˁˈ˃ʹ ˄ʰ ˉˊˇˋˇ˃ˇʽ˖ʻʶʾ ˇ ˔ˊˈ˄ˇˌ ˉʰˊʰ˃ˇ˄ʺˌ ˍˇˎ ˄ʶˊˇˏ ̀ ˍˇ ˋˏˋˍʹ˃ʰ. 

ʆˇ EPANET ʶʾ˄ʰʽ ˋ˔ʶʵʽʰˋ˃ʷ˄ˇ ˄ʰ ʶʾ˄ʰʽ ʷ˄ʰ ʶˊʴʰ˂ʶʾˇ ʷˊʶˎ˄ʰˌ ʴʽʰ ˍʹ˄ ʲʶ˂ˍʾ˖ˋʹ ˍʹˌ 

ˁʰˍʰ˄ˈʹˋʹˌ ˃ʰˌ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˁʾ˄ʹˋʹ ˁʰʽ ˍʹ˄ ˃ˇʾˊʰ ˍ˖˄ ˋˎˋˍʰˍʽˁ˗˄ ˍˇˎ ˉˈˋʽ˃ˇˎ ˄ʶˊˇˏ 

ʶ˄ˍˈˌ ˍ˖˄ ˋˎˋˍʹ˃ʱˍ˖˄ ʵʽʰ˄ˇ˃ʺˌ. ɾˉˇˊʶʾ ˄ʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ ʴʽʰ ˉˇ˂˂ʱ ʵʽʰ˒ˇˊʶˍʽˁʱ ʶʾʵʹ 

ʶ˒ʰˊ˃ˇʴ˗˄ ˋˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˋˎˋˍʹ˃ʱˍ˖˄ ʵʽʰ˄ˇ˃ʺˌΦ ɶ ʵʶʽʴ˃ʰˍˇ˂ʹ˕ʾʰ ˋ˔ʶʵʽʰˋ˃ˇˏ ˍˇˎ 

ˉˊˇʴˊʱ˃˃ʰˍˇˌΣ ʹ ʲʰʻ˃ˇ˄ˈ˃ʹˋʹ ˎʵˊʰˎ˂ʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎΣ ʹ ˎˉˇ˂ʶʽ˃˃ʰˍʽˁʺ ʰ˄ʱ˂ˎˋʹ ˔˂˖ˊʾˇˎ 

ˁʰʽ ʹ ʰ˅ʽˇ˂ˈʴʹˋʹ ˍʹˌ ʷˁʻʶˋʹˌ ˍ˖˄ ˁʰˍʰ˄ʰ˂˖ˍ˗˄ ʶʾ˄ʰʽ ˃ʶˊʽˁʱ ˉʰˊʰʵʶʾʴ˃ʰˍʰΦ ʆˇ 9t!b9¢ 

˃ˉˇˊʶʾ ˄ʰ ʲˇʹʻʺˋʶʽ ˋˍʹ˄ ʰ˅ʽˇ˂ˈʴʹˋʹ ʶ˄ʰ˂˂ʰˁˍʽˁ˗˄ ˋˍˊʰˍʹʴʽˁ˗˄ ʵʽʰ˔ʶʾˊʽˋʹˌ ʴʽʰ ˍʹ 

ʲʁ ˂ˍʾ˖ˋʹ ˍʹˌ ˉˇʽˈˍʹˍʰˌ ˍˇˎ ˄ʶˊˇˏ ̀ ʶ ʷ˄ʰ ˋˏˋˍʹ˃ʰΦ 

ʅʶ ʰˎˍʱ ˉʶˊʽ˂ʰ˃ʲʱ˄ˇ˄ˍʰʽΥ 

¶  ́h ˂˂ʰʴʺ ˍʹˌ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʹˌ ˉʹʴʺˌ ʶ˄ˍˈˌ ˉˇ˂˂ʰˉ˂˗˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˉʹʴʺˌΣ 

¶ ʹ ʰ˂˂ʰʴʺ ʱ˄ˍ˂ʹˋʹˌ ˁʰʽ ˔ˊˇ˄ˇʵʽʰʴˊʱ˃˃ʰˍʰ ˉ˂ʺˊ˖ˋʹ κ ʶˁˁʷ˄˖ˋʹ ʵʶ˅ʰ˃ʶ˄˗˄Σ 

¶ ʹ ˔ˊʺˋʹ ˄ʷ˖˄ ˃ʶʻˈʵ˖˄Σ ˈˉ˖ˌ ʹ ʶˁ ˄ʷˇˎ ˔˂˖ˊʾ˖ˋʹ ̀ ʶ ʵʶ˅ʰ˃ʶ˄ʷˌ ʰˉˇʻʺˁʶˎˋʹˌΣ 

¶ ˇʽ ˋˍˇ˔ʶˎˈ˃ʶ˄ˇʽ ˁ ʰʻʰˊʽˋ˃ˇʾ ˋ˖˂ʺ˄˖˄ ˁʰʽ ʰ˄ˍʽˁʰˍʱˋˍʰˋʺ ˍˇˎˌΦ 

ʆˇ 9t!b9¢ ˂ʶʽˍˇˎˊʴʶʾ ˋʶ ˉʶˊʽʲʱ˂˂ˇ˄ ²ƛƴŘƻǿǎΣ ˉˊˇˋ˒ʷˊʶʽ ʷ˄ʰ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ˇ ˉʶˊʽʲʱ˂˂ˇ˄ 

ʴʽʰ ʶˉʶ˅ʶˊʴʰˋʾʰ ʵʶʵˇ˃ʷ˄˖˄ ʶʽˋˈʵˇˎ ˍˇˎ ʵʽˁˍˏˇˎΣ ˍʹ ˂ʶʽˍˇˎˊʴʾʰ ˎʵˊʰˎ˂ʽˁ˗˄ ˁʰʽ 

ˉˊˇˋˇ˃ˇʽ˗ˋʶʽˌ  ˍʹˌ ˉˇʽˈˍʹˍʰˌ ˄ʶˊˇˏ ˉˇˎ ˇʵʹʴˇˏ˄ ˋʶ ˃ʽʰ ˉˇʽˁʽ˂ʾʰ ˃ˇˊ˒˗˄Φ ɮˎˍʷˌ 

ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄ ˔ʱˊˍʶˌ ˍˇˎ ʵʽˁˍˏˇˎ ˃ʶ ˔ˊ˖˃ʰˍʽˁʺ ˁ˖ʵʽˁˇˉˇʾʹˋʹΣ ˉʾ˄ʰˁʶˌ ʵʶʵˇ˃ʷ˄˖˄Σ 

ʴˊʰ˒ʺ˃ʰˍʰ ˔ˊˇ˄ˇˋʶʽˊ˗˄ ˁʰʽ ˇʽˁˈˉʶʵʰ ˉʶˊʽʴˊʱ˃˃ʰˍˇˌΦ 

 

оΦн ɲˎ˄ʰˍˈˍʹˍʶˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ ˎʵˊʰˎ˂ʽˁʺˌ 

ɶ ˇ˂ˇˁ˂ʹˊ˖˃ʷ˄ʹ ˁʰʽ ʰˁˊʽʲʺˌ ˎʵˊʰˎ˂ʽˁʺ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ʰˉˇˍʶ˂ˇˏ˄ ˉˊˇːˉˇʻʷˋʶʽˌ ʴʽʰ ˄ʰ 

ʴʾ˄ʶʽ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁʺ ʹ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍʹˌ ˉˇʽˈˍʹˍʰˌ ˍˇˎ ˄ʶˊˇˏΦ ʆˇ 9t!b9¢ ˉʶˊʽʷ˔ʶʽ ˃ʽʰ 

˃ʹ˔ʰ˄ʺ ʰ˄ʱ˂ˎˋʹˌ ˎʵˊʰˎ˂ʽˁʺˌ ˉˇˎ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˍʽˌ ʰˁˈ˂ˇˎʻʶˌ ʵˎ˄ʰˍˈˍʹˍʶˌΥ 

¶ ʵʶ˄ ʻʷˍʶʽ ˈˊʽˇ ˋˍˇ ˃ʷʴʶʻˇˌ ˍˇˎ ʵʽˁˍˏˇˎ ˉˇˎ ˃ˉˇˊʶʾ ˄ʰ ʰ˄ʰ˂ˎʻʶʾ 
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¶ ˎˉˇ˂ˇʴʾʸʶʽ ˍʽˌ ʰˉ˗˂ʶʽʶˌ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍˇˎˌ ˍˏˉˇˎˌ ˁʰˍʱ IŀȊŜƴ-Williams, Darcy- 

Weisbach, ̋  Chezy-Manning  

¶ ˉʶˊʽ˂ʰ˃ʲʱ˄ʶʽ ˃ʽˁˊʷˌ ʰˉ˗˂ʶʽʶˌ ʴʽʰ ˁˎˊˍ˗ˋʶʽˌΣ ʶ˅ʰˊˍʺ˃ʰˍʰΣ ˁΦ˂ˉΦ 

¶ ˎˉˇʵʶʽˁ˄ˏʶʽ ˍʹ˄ ˋˍʰʻʶˊʺ ʺ ˃ʶˍʰʲ˂ʹˍʺ ˍʰ˔ˏˍʹˍʰ ˋˍʽˌ ʰ˄ˍ˂ʾʶˌ 

¶ ˎˉˇ˂ˇʴʾʸʶʽ ˍʹ˄ ʱ˄ˍ˂ʹˋʹ ʶ˄ʷˊʴʶʽʰˌ ˁʰʽ ˁˈˋˍˇˎˌ 

¶ ˎˉˇʵʶʽˁ˄ˏʶʽ ʵʽʰ˒ˈˊ˖˄ ˍˏˉ˖˄ ʲʰ˂ʲʾʵʶˌ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʰ˄ˇ˃ʷ˄˖˄ ʰˎˍ˗˄ ˍʹˌ 

ʵʽʰˁˇˉʺˌΣ ʶ˂ʷʴ˔ˇˎΣ ˊˏʻ˃ʽˋʹˌ ˉʾʶˋʹˌ ˁʰʽ ˍʹ ˉʰˊˇ˔ʺ ʁ ˂ʷʴ˔ˇˎ ˍ˖˄ ʲʰ˂ʲʾʵ˖˄ 

¶ ʶˉʽˍˊʷˉʶʽ ˋˍʽˌ ʵʶ˅ʰ˃ʶ˄ʷˌ ʰˉˇʻʺˁʶˎˋʹˌ ˄ʰ ʷ˔ˇˎ˄ ˇˉˇʽˇʵʺˉˇˍʶ ˋ˔ʺ˃ʰ όʵʹ˂ʰʵʺ ʹ 

ʵʽʱ˃ʶˍˊˇˌ ˃ˉˇˊʶʾ ˄ʰ ˉˇʽˁʾ˂ʶʽ ˃ʶ ˍˇ ˏ˕ˇˌύ 

¶ ʻʶ˖ˊʶʾ ˉˇ˂˂ʰˉ˂ʷˌ ˁʰˍʹʴˇˊʾʶˌ ʸʺˍʹˋʹˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌΣ ˍˇ ˁʰʻʷ˄ʰ ˃ʶ ˍˇ ʵʽˁˈ ˍˇˎ 

ˉˊˈˍˎˉˇ ˃ʶˍʰʲˇ˂ʺˌ ˔ˊˈ˄ˇˎ 

¶ ˎˉˇʵʶʽˁ˄ˏʶʽ ˍʹ˄ ʰˉˇˊˊˇʺ ʶ˅ʰˊˍ˗˃ʶ˄ʹ ʰˉˈ ˍʹ˄ ˉʾʶˋʹ ˉˇˎ ʶ˅ʷˊ˔ʶˍʰʽ ʰˉˈ ˍˇˎˌ 

ˉˇ˃ˉˇˏˌ ό˕ʶˁʰˋˍʺˊʶˌύ 

¶ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˍˈˋˇ ˋʶ ˁʰ˄ˇ˄ʽˁˈ ʶˉʾˉʶʵˇ ˋˍʱʻ˃ʹˌ ˍʹˌ ʵʶ˅ʰ˃ʶ˄ʺˌ ʺ 

ˊˏʻ˃ʽˋʹ ˔ˊˇ˄ˇ˃ʷˍˊˇˎ ʰ˂˂ʱ ˁʰʽ ˋʶ ˉʽˇ ˉʶˊʾˉ˂ˇˁʶˌ ˊˎʻ˃ʾˋʶʽˌ.  

 

оΦо ɲˎ˄ʰˍˈˍʹˍʶˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ ˋ˔ʶˍʽˁʷˌ ˃ʶ ˍʹ˄ ˉˇʽˈˍʹˍʰ ˄ʶˊˇˏ 

ɳˁˍˈˌ ʰˉˈ ˍʹ˄ ˎʵˊʰˎ˂ʽˁʺ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹΣ ˍˇ EPANET ˉʰˊʷ˔ʶʽ ˁʰʽ ˍʽˌ ʰˁˈ˂ˇˎʻʶˌ 

ʵˎ˄ʰˍˈˍʹˍʶˌ ˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹˌ ˋ˔ʶˍʽˁʷˌ ˃ʶ ˍʹ˄ ˉˇʽˈˍʹˍʰ ˄ʶˊˇˏΥ 

¶ ˃ˇ˄ˍʷ˂ʰ ˍʹˌ ˁʾ˄ʹˋʹˌ ʶ˄ˈˌ ˃ʹ-ʰ˄ˍʽʵˊʰˋˍʽˁˈ ˎ˂ʽˁˇˏ-ʽ˔˄ʹʻʷˍʹ ˋˍˇ ʵʾˁˍˎˇ ˃ʶ ˍʹ˄ 

ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ 

¶ ˃ˇ˄ˍʷ˂ʰ ʴʽʰ ˍʹ ʵʽʰˁʾ˄ʹˋʹ ˁʰʽ ˃ˇʾˊʰ ʶ˄ˈˌ ʰ˄ˍʽʵˊʰˋˍʽˁˇˏ ˎ˂ʽˁˇˏΣ ˁʰʻ˗ˌ ˃ʶʴʰ˂˗˄ʶʽ 

όʃΦ˔ΦΣ ʷ˄ʰ ʰˉˇ˂ˎ˃ʰ˄ˍʽˁˈ ˎˉˇˉˊˇʿˈ˄ύ ʺ ʵʽʰˋˉʱˍʰʽ όˉΦ˔ΦΣ ˎˉˇ˂ʶʽ˃˃ʰˍʽˁˈ ˔˂˗ˊʽˇύ ˃ʶ 

ˍˇ˄ ˁʰʽˊˈ 

¶ ˃ˇ˄ˍʷ˂ʰ ˍˇˎ ˔ˊˈ˄ˇˎ ˉʰˊʰ˃ˇ˄ʺˌ ̱ ˇˎ ˄ʶˊˇˏ ˋʶ ˈ˂ˇ ˍˇ ʵʾˁˍˎ ̌

¶ ˉʰˊʰˁˇ˂ˇˎʻʶʾ ˍˇ ˉˇˋˇˋˍˈ ˍʹˌ ˊˇʺˌ ʰˉˈ ʷ˄ʰ ʵʶʵˇ˃ʷ˄ˇ ˁˈ˃ʲˇ ˒ʻʱ˄ˇ˄ˍʰˌ ˋʶ ˈ˂ˇˎˌ 

ˍˇˎˌ ʱ˂˂ˇˎˌ ˁˈ˃ʲˇˎˌ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ 

¶ ˎˉ̌ʵʶʽˁ˄ˏʶʽ ʰ˄ˍʽʵˊʱˋʶʽˌ ˍˈˋˇ ˋˍˇ ˁˏˊʽˇ ˃ʷˊˇˌ ˈˋˇ ˁʰʽ ˋˍˇ ˍˇʾ˔˖˃ʰ ˍˇˎ ʰʴ˖ʴˇˏ 

¶ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˁʽ˄ʹˍʽˁʺ ˄-ʽˇˋˍʺˌ ˍʱ˅ʹˌ ʴʽʰ ˄ʰ ˎˉˇʵʶʾ˅ʶʽ ˍʽˌ ʰ˄ˍʽʵˊʱˋʶʽˌ ˋˍˇ˄ ˈʴˁˇ 

ʰˉˇˊˊˇʺˌ  

¶ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˃ʹʵʶ˄ʽˁʺˌ ʺ ˉˊ˗ˍʹˌ ˍʱ˅ʹˌ ˁʽ˄ʹˍʽˁʺ ʴʽʰ ˄ʰ ˎˉˇʵʶʾ˅ʶʽ ʰ˄ˍʽʵˊʱˋʶʽˌ ˋˍˇ 

ˍˇʾ˔˖˃ʰ ˍˇˎ ˋ˖˂ʺ˄ʰ 

¶ ˁʱ˄ʶʽ ˎˉˇ˂ˇʴʽˋ˃ˇˏˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʰ ˈˊʽʰ ˍʹˌ ˃ʰʸʽˁʺˌ ˃ʶˍʰ˒ˇˊʱˌ ˁʰˍʱ ˍʹ˄ 

˃ˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍ˖˄ ʰ˄ˍʽʵˊʱˋʶ˖˄ ˋˍʰ ˍˇʽ˔˗˃ʰˍʰ ˍˇˎ ˋ˖˂ʺ˄ʰ 

¶ ʶˉʽˍˊʷˉʶʽ ˍʽˌ ʰ˄ˍʽʵˊʱˋʶʽˌ ʰ˄ʱˉˍˎ˅ʹˌ ʺ ʰˉˇˋˏ˄ʻʶˋʹˌ ˄ʰ ˉˊˇ˔˖ˊʺˋˇˎ˄ ˃ʷ˔ˊʽ ˃ʾʰ 

ˇˊʽʰˁʺ ˋˎʴˁʷ˄ˍˊ˖ˋʹ 

¶ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍˇˎˌ ˉʰʴˁˈˋ˃ʽˇˎˌ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ˍʰ˔ˏˍʹˍʰˌ ʰ˄ˍʾʵˊʰˋʹˌ ˉˇˎ ˃ˉˇˊˇˏ˄ 

˄ʰ ˍˊˇˉˇˉˇʽʹʻˇˏ˄ ˋʶ ˃ʾʰ ʲʱˋʹ ˋ˖˂ʺ˄ʰ ˃ʶ ˋ˖˂ʺ˄ʰ 

¶ ʶˉʽˍˊʷˉʶʽ ˋˍˇˎˌ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ˍʰ˔ˏˍʹˍʰˌ ˍˇ̔˔˖˃ʱˍ˖˄ ˍʹˌ ʰ˄ˍʾʵˊʰˋʹˌ ˄ʰ 

ˋˎˋ˔ʶˍʽˋˍˇˏ˄ ˃ʶ ˍʹ˄ ˍˊʰ˔ˏˍʹˍʰ ˍ˖˄ ˋ˖˂ʺ˄˖˄ 
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¶ ʶˉʽˍˊʷˉʶʽ ˍʹ ˔ˊˇ˄ʽˁʱ ˃ʶˍʰʲʰ˂˂ˈ˃ʶ˄ʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ʺ ˍʹ ˃ʱʸʰ ˄ʰ ʶʽˋʰ˔ʻʶʾ ˋʶ 

ˇˉˇʽʰʵʺˉˇˍʶ ʻʷˋʹ ˋˍˇ ʵʾˁˍˎˇ 

 

ɴ˔ˇ˄ˍʰˌ ʰˎˍʱ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱΣ ˍˇ EPANET ˃ˉˇˊʶʾ ˄ʰ ˃ʶ˂ʶˍʺˋʶʽ ˒ʰʽ˄ˈ˃ʶ˄ʰ ˉˇʽˈˍʹˍʰˌ 

˄ʶˊˇˏ ˈˉ˖ˌΥ 

¶ ʹ ʰ˄ʱ˃ʶʽ˅ʹ ˍˇˎ ˄ʶˊˇˏ ʰˉˈ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˉʹʴʷˌ 

¶ ˇ ˔ˊˈ˄ˇˌ ˉʰˊʰ˃ˇ˄ʺˌ ̱ ˇˎ ˄ʶˊˇˏ ˋʶ ʷ˄ʰ ˋˏˋˍʹ˃ʰ  

¶ ʹ ʰˉ˗˂ʶʽʰ ˍ˖˄ ˎˉˇ˂ʶʽ˃˃ʱˍ˖˄ ˔˂˖ˊʾˇˎ 

¶ ʹ ʰˏ˅ʹˋʹ ˍ˖˄ ˎˉˇˉˊˇʿˈ˄ˍ˖˄ ʰˉˇ˂ˏ˃ʰ˄ˋʹˌ 

¶ ʹ ˉʰˊʰˁˇ˂ˇˏʻʹˋʹ ˃ˇ˂ˎˋ˃ʰˍʽˁ˗˄ ʶˁʵʹ˂˗ˋʶ˖˄ ʵʽʱʵˇˋʹˌΦ 

 

3.4 ɰʺ˃ʰˍʰ ˋˍʹ˄ ˔ˊʹˋʽ˃ˇˉˇʾʹˋʹ ˍˇˎ EPANET 

ʆʰ ʲʺ˃ʰˍʰ ˉˇˎ ʰˁˇ˂ˇˏʻʹˋʰ ʴʽʰ ˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ˍˇˎ ʵʽˁˍˏˇˎ ˉʰˊˇ˔ʺˌ ˄ʶˊˇˏ ˋˍˇ EPANET 

ʶʾ˄ʰʽ ˍʰ ʰˁˈ˂ˇˎʻʰΥ 

1. ʅ˔ʶʵʽʰˋ˃ˈˌ ˃ʾʰˌ ʰ˄ʰˉʰˊʱˋˍʰˋʹˌ ˍˇˎ ʵʽˁˍˏˇˎ ˉʰˊˇ˔ʺˌ. 

2. ɳˉʶ˅ʶˊʴʰˋʾʰ ˍ˖˄ ʽʵʽˇˍʺˍ˖˄ ˍ˖˄ ʰ˄ˍʽˁʶʽ˃ʷ˄˖˄ ˉˇˎ ˎˉʱˊ˔ˇˎ˄ ˋˍˇ ˋˏˋˍʹ˃ʰ όˁˈ˃ʲˇʽΣ 

ʰʴ˖ʴˇʾΣ ʵʶ˅ʰ˃ʶ˄ʷˌύ. 

3. ʃʶ́ʽʴˊʰ˒ʺ ˍˇˎ ˍˊˈˉˇˎ ˂ʶʽˍˇˎˊʴʾʰˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˃ˇˎΦ 

4. ɮ˄ʱ˂ˎˋʹ ˍ˖˄ ˎʵˊʰˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ ʵʽˁˍˏˇˎ. 

5. ɳ˃˒ʱ˄ʽˋʹ ˍ˖˄ ʰˉˇˍʶ˂ʶˋ˃ʱˍ˖˄ ̱ ʹˌ ʰ˄ʱ˂ˎˋʹˌ ˋʶ ʴˊʰ˒ʺ˃ʰˍʰ ˁʰʽ ˉʾ˄ʰˁʶˌΦ 

 

3.5 ɾʶʻˇʵˇ˂ˇʴʾʰ ʶˉʾ˂ˎˋʹˌ ʵʽˁˍˏ˖˄ ˋˍˇ EPANET 

ɶ ˃ʷʻˇʵˇˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ˋˍˇ 9t!b9¢ ʴʽʰ ˄ʰ ˂ˏˋʶʽ ˍʹ ˋˎ˄ʷ˔ʶʽʰ ˊˇʺˌ ˁʰʽ ˍʽˌ 

ʶ˅ʽˋ˗ˋʶʽˌ ʰˉ˖˂ʶʽ˗˄ ˏ˕ˇˎˌ ˉˇˎ ˔ʰˊʰˁˍʹˊʾʸˇˎ˄ ˍʹ˄ ˎʵˊʰˎ˂ʽˁʺ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ʵʽˁˍˏˇˎ 

ˋ˖˂ʹ˄˗ˋʶ˖˄ ˋʶ ˃ʽʰ ʵʶʵˇ˃ʷ˄ʹ ˔ˊˇ˄ʽˁʺ ˋˍʽʴ˃ʺ ˃ˉˇˊʶʾ ˄ʰ ˇ˄ˇ˃ʰˋˍʶʾ ˖ˌ ˃ʽʰ ˎʲˊʽʵʽˁʺ 

ˉˊˇˋʷʴʴʽˋʹ ˁˈ˃ʲˇˌ ʲˊˈ˔ˇˎΦ ʁʽ ¢ƻŘƛƴƛ ˁʰʽ Pilati όмфутύ ˁʰʽ ʰˊʴˈˍʶˊʰ ˇ {ŀƭƎado et al. (1988) 

ʶˉʷ˂ʶ˅ʰ˄ ˄ʰ ˍʹ˄ ʰˉˇˁʰ˂ˇˏ˄ "Gradient Method"Φ ʃʰˊˈ˃ˇʽʶˌ ˉˊˇˋʶʴʴʾˋʶʽˌ ʷ˔ˇˎ˄ ˉʶˊʽʴˊʰ˒ʶʾ 

ʰˉˈ ˍˇˎˌ Hamam ˁʰʽ .ǊŀƳŜƭƭŜǊ όмфтмύ όʹ ˎʲˊʽʵʽˁʺ ˃ʷʻˇʵˇˌύ ˁʰʽ ʰˉˈ ˍˇ˄ hǎƛŀŘŀŎȊ όмфутύ 

(the "Newton Loop-Node Method") Φ ɶ ˃ˈ˄ʹ ʵʽʰ˒ˇˊʱ ˃ʶˍʰ˅ˏ ʰˎˍ˗˄ ˍ˖˄ ˃ʶʻˈʵ˖˄ ʶʾ˄ʰʽ ˇ 

ˍˊˈˉˇˌ ˃ʶ ˍˇ˄ ˇˉˇʾˇ ˇʽ ˉʰˊˇ˔ʷˌ ˋˍˇˎˌ ʰʴ˖ʴˇˏˌ ʶ˄ʹ˃ʶˊ˗˄ʶˍʰʽ ˃ʶˍʱ ʰˉˈ ˃ʽʰ ˄ʷʰ 

ʵˇˁʽ˃ʰˋˍʽˁʺ ˂ˏˋʹ ʴʽʰ ˍʽˌ ʰˉ˗˂ʶʽʶˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌΦ ɳˉʶʽʵʺ ʹ ˉˊˇˋʷʴʴʽˋʹ ˍˇˎ ¢ƻŘƛƴƛ ʶʾ˄ʰʽ 

ʰˉ˂ˇˏˋˍʶˊʹΣ ʶˉʽ˂ʷ˔ʻʹˁʶ h ˎˍʺ ɹ ʽʰ ˍʹ˄ ˔ˊʺˋʹ ˋˍˇ 9t!b9¢Φ 

ɮˌ ˎˉˇʻʷˋˇˎ˃ʶ ˈˍʽ ʷ˔ˇˎ˃ʶ ʷ˄ʰ ʵʾˁˍˎˇ ˋ˖˂ʹ˄˗ˋʶ˖˄ ˃ʶ ˁˈ˃ʲˇˎˌ ɿ ˁʰʽ NF ˁˈ˃ʲˇˎˌ 

ˋˍʰʻʶˊʺˌ ˋˍʱʻ˃ʹˌ όʵʶ˅ʰ˃ʶ˄ʷˌύΦ ɴˍˋʽ ʹ ʶ˅ʾˋ˖ˋʹ ˉʰˊˇ˔ʺˌ-ʰˉ˖˂ʶʽ˗˄ ˋʶ ʷ˄ʰ ˋ˖˂ʺ˄ʰ ˃ʶˍʰ˅ˏ 

ˍ˖˄ ˁˈ˃ʲ˖˄ i ˁ ʰʽ j  ɻ ʾ˄ʶˍʰʽ ˖ˌΥ 

Hi - Hj = hij = rQij
n + mQij

2                                                                                                                   (3.1) 
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ˈˉˇˎ I Ґ ˒ˇˊˍʾˇ ˁˈ˃ʲˇˎΣ Ƙ Ґ ʰˉ˗˂ʶʽʰ ˒ˇˊˍʾˇˎΣ Ǌ Ґ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰ˄ˍʾˋˍʰˋʹˌΣ v Ґ ˉʰˊˇ˔ʺ , n 

Ґʶˁʻʷˍʹˌ ˊˇʺˌΣ ˁʰʽ m Ґ ʶ˂ʱˋˋ˖˄ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉ˗˂ʶʽʰˌΦ ɶ ˍʽ˃ʺ ˍˇˎ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰ˄ˍʾˋˍʰˋʹˌ 

ʻʰ ʶ˅ʰˊˍʹʻʶʾ ʰˉˈ ˍˇ ˉˇʽʰ ˍˏˉˇˎ ʶ˅ʾˋ˖ˋʹ ˍˊʽʲʺˌ ʻʰ ˔ˊʹˋʽ˃ˇˉˇʽʹʻʶʾ όʲ˂ʷˉʶ ˉʰˊʰˁʱˍ˖ύΦ ɱʽʰ 

ˍʽˌ ʰ˄ˍ˂ʾʶˌΣ ˍˇ ˏ˕ˇˌ ʰˉ˖˂ʶʽ˗˄ ˃ˉˇˊʶʾ ˄ʰ ʰ˄ˍʽˉˊˇˋ˖ˉʶˏʶˍʰʽ ʰˉˈ ʷ˄ʰ ˄ˈ˃ˇ ʵˏ˄ʰ˃ʹˌ ˃ʶ 

˃ˇˊ˒ʺ 

hij = -˖2( h0 - r (Qij  κ˖ύ
n) 

ˈˉˇˎ Ƙ0 ʁ ʾ˄ʰʽ ˍˇ ˒ˇˊˍʾˇ ʵʽʰˁˇˉʺˌ ʴʽʰ ˍˇ˄ ʰʴ˖ʴˈΣ ˍˇ ˖ ʶʾ˄ʰʽ ˃ʽʰ ˋ˔ʶˍʽˁʺ ˊˏʻ˃ʽˋʹ ˍʰ˔ˏˍʹˍʰˌΣ 

ˁʰʽ ˍʰ r ˁ ʰʽ n ʁ ʾ˄ʰʽ ˇʽ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ˍʹˌ ˁʰ˃ˉˏ˂ʹˌ ˍʹˌ ʰ˄ˍ˂ʾʰˌΦ ʆˇ ʵʶˏˍʶˊˇ ˋˏ˄ˇ˂ˇ ʶ˅ʽˋ˗ˋʶ˖˄ 

ˉˇˎ ˉˊʷˉʶʽ ˄ʰ ʽˁʰ˄ˇˉˇʽˇˏ˄ˍʰʽ ʶʾ˄ʰʽ ˇʽ ʶ˅ʽˋ˗ˋʶʽˌ ̀ ˎ˄ʷ˔ʶʽʰˌ ˋʶ ̍ ˂ˇˎˌ ˍˇˎˌ ˁˈ˃ʲˇˎˌΥ 

В Qij  - Dij  = 0            for i = 1,... N.                                                                                                 (3.2) 

 
 

 

ˈˉˇˎ 5ƛ ʶʾ˄ʰʽ ʹ ʸʺˍʹˋʹ ˊˇʺˌ ˋˍˇ˄ ˁˈ˃ʲˇ ƛ ˁʰʽ ˁʰˍʱ ˋˎ˄ʻʺˁʹΣ ʹ ˊˇʺ ˋˍˇ˄ ˁˈ˃ʲˇ ʁ ʾ˄ʰʽ ʻʶˍʽˁʺ. 
ɱʽʰ ʷ˄ʰ ˋˏ˄ˇ˂ˇ ʴ˄˖ˋˍ˗˄ ˒ˇˊˍʾ˖˄ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˋˍʰʻʶˊʺˌ ˉˇʽˈˍʹˍʰˌΣ ʶˉʽʵʽ˗ˁˇˎ˃ʶ ˃ʽʰ 
˂ˏˋʹ ʴʽʰ ˈ˂ʰ ˍʰ ˎ˕ˈ˃ʶˍˊʰ Hi ˁ ʰʽ ˍʽˌ ˊˇʷˌ Qij ̄ ˇˎ ʽˁʰ˄ˇˉˇʽˇˏ˄ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ ό3Φмύ ˁʰʽ ό3.2). 
 
ɶ ˃ʷʻˇʵˇˌ Gradient ˅ ʶˁʽ˄ʱ ˃ʶ ˃ʽʰ ʰˊ˔ʽˁʺ ʶˁˍʾ˃ʹˋʹ ˍ˖˄ ˊˇ˗˄ ˋʶ ˁʱʻʶ ˋ˖˂ʺ˄ʰ ˈˉˇˎ ˉʽʻʰ˄ˈ˄ 
˄ʰ ˃ʹ˄ ˃ˉˇˊʶʾ ˄ʰ ʽˁʰ˄ˇˉˇʽʺˋʶʽ ˁʰˍ ϥʰ˄ʱʴˁʹ˄ ˍʹ ˋˎ˄ʷ˔ʶʽʰ ˍʹˌ ˊˇʺˌΦ ʅʶ ˁʱʻʶ ʶˉʰ˄ʱ˂ʹ˕ʹ ˍʹˌ 
˃ʶʻˈʵˇˎΣ ˄ʷʰ ˒ˇˊˍʾʰ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ʲˊʾˋˁˇ˄ˍʰʽ ʰˉˈ ˍʹ˄ ʶˉʾ˂ˎˋʹ ˍʹˌ ʶ˅ʾˋ˖ˋʹˌ ˍ˖˄ 
ˉʽ˄ʱˁ˖˄: 
 
AH=F                                                                                                                                                     (3.3) 
 
ʂˉˇˎ ɮ ʶʾ˄ʰʽ ʷ˄ʰˌ όɿxNύ ʽʰˁˇ˃ʲʽʰ˄ˈˌ ˉʾ˄ʰˁʰˌ ɶ ʷ˄ʰ όɿx1ύ ʵʽʱ˄ˎˋ˃ʰ ʰʴ˄˗ˋˍ˖˄ ˒ˇˊˍʾ˖˄ 
ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˁʰʽ F ̫ ˄ʰ όɿx1ύ ʵʽʱ˄ˎˋ˃ʰ ̱ ˖˄ ˈˊ˖˄ ˍʹˌ ʵʶ˅ʽʱˌ ˉ˂ʶˎˊʱˌΦ 
ʆʰ ʵʽʰʴ˗˄ʽʰ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ʽʰˁˇ˃ʲʽʰ˄ˇˏ ˉʾ˄ʰˁʰ ʶʾ˄ʰʽΥ 
   
ɮ̔ ʽ =В pij 

 
ɳ˄˗ ˍʰ ˃ʹ ˃ʹʵʶ˄ʽˁʱ ˋˍˇʽ˔ʶʾʰ ʶˁˍˈˌ ˍʹˌ ʵʽʰʴ˖˄ʾˇˎ ʶʾ˄ʰʽ Υ Aij = -pij 
 
ʂˉˇˎ pij ʶʾ˄ʰʽ ʹ ʰ˄ˍʾˋˍˊˇ˒ʹ ˉʰˊʱʴ˖ʴˇˌ ˍʹˌ ʰˉ˗˂ʶʽʰˌ ˒ˇˊˍʾˇˎ ˋˍʹ ˋˏ˄ʵʶˋʹ ˃ʶˍʰ˅ˏ ˍ˖˄ 
ˁˈ˃ʲ˖˄ ƛ ˁʰʽ Ƨ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˊˇʺΦ ɱʽʰ ˋ˖˂ʺ˄ʶˌΣ 
 
 pij = 1/ nr| Qij|

n-1 + 2m| Qij| ʶ˄˗ ʴʽʰ ˍʽˌ ʰ˄ˍ˂ʾʶˌ pij = 1/ n˖2r(Qij/˖ύ
n-1 

   
ɼʱ̒ ʁˈˊˇˌ ˋˍʹ˄ ʵʶ˅ʽʱ ˉ˂ʶˎˊʱ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ ˍʹ˄ ʰ˄ʽˋˇˊˊˇˉʾʰ ˊˇʺˌ ˋʶ ʷ˄ʰ˄ ˁˈ˃ʲˇ ˋˎ˄ 
ʷ˄ʰ ˋˎ˄ˍʶ˂ʶˋˍʺ ɻ ʽˈˊʻ˖ˋʹˌ ̱ ʹˌ ˊˇʺˌ: 
 

Fi = (В Q ij   - Di) + В yij + В pifHf 

 
ˈˉˇˎ ˇ ˍʶ˂ʶˎˍʰʾˇˌ ˈˊˇˌ ʽˋ˔ˏʶʽ ˁʰʽ ʴʽʰ ˍˎ˔ˈ˄ ˋˎ˄ʵʷˋʶʽˌ ˉˇˎ ˋˎ˄ʵʷʶʽ ˍˇ˄ ˁˈ˃ʲˇ ƛ ˃ʶ ʷ˄ʰ 
ˋˍʰʻʶˊˈ ˁˈ˃ʲˇ Ŧ ˁʰʽ ̌  ʵʽˇˊʻ˖ˍʽˁˈˌ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˊˇʺˌ ȅij ʁ ʾ˄ʰʽ ɹ ʽʰ ʰʴ˖ʴˇˏˌΥ 
 
yij = pij (r| Qij|

n + m| Qij|
2)sgn(Qij)  

 
ˁʰʽ ʴʽʰ ʰ˄ˍ˂ʾʶˌ   yij = -pij ̟

2 (h0 - r (Qij  κ˖ύ
n) 
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ˈˉˇˎ sgn(x) ʁ ʾ˄ʰʽ м ʰ˄ x > 0 h ˂˂ʽ˗ˌ -мΦ όʆˇ Qij ʁ ʾ˄ʰʽ ˉʱ˄ˍʰ ʻʶˍʽˁˈ ʴʽʰ ʰ˄ˍ˂ʾʶˌύΦ 
 
ɮ˒ˇˏ ˎˉˇ˂ˇʴʽˋʻˇˏ˄ ˍʰ ˄ʷʰ ˒ˇˊˍʾʰ ˂ˏ˄ˇ˄ˍʰˌ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ 3.3 ̌ ʽ ˄ʷʶˌ ˊˇʷˌ ʲˊʾˋˁˇ˄ˍʰʽ ʰˉˈΥ 
 
QijΩ = Qij ς (yij ς pij ( Hi ς Hj ))                                                                                                              (3.4) 
 
ɮ˄ ˍˇ ʱʻˊˇʽˋ˃ʰ ˍ˖˄ ʰˉˈ˂ˎˍ˖˄ ˍʹˌ ˉʰ́ˇ̝̋ ˌ ʰ˂˂ʱʸʶʽ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˇ˂ʽˁʺ ˊˇʺ ˋʶ ˈ˂ˇˎˌ 
ˍˇˎˌ ˋˎ˄ʵʷˋ˃ˇˎˌ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˉˈ ˁ ʱˉˇʽʰ h ˄ˇ˔ʺ όˉΦ˔ΦΣ лΦллмύΣ ˍˈˍʶ ˇʽ ɳ˅Φ ό3Φоύ ˁʰʽ ό3.4) 
ʶˉʽ˂ˏˇ˄ˍʰʽ ˁʰʽ ˉʱ˂ʽΦ ʁ ˍˏˉˇ ̩ʶ˄ʹ˃ʷˊ˖ˋʹˌ ˍʹˌ ˉʰ́ˇ̝̋ ˌ ό3Φпύ ˇʵʹʴʶʾ ˉʱ˄ˍʰ ˋʶ ˋˎ˄ʷ˔ʶʽʰ ˍʹˌ 
ˉʰ́ˇ̝̋ ˌ ʴˏˊ˖ ʰˉˈ ˁ ʱʻʶ ˁˈ˃ʲˇ ˃ ʶˍʱ ̱ ʹ˄ ̄ ˊ˗ˍʹ ʶˉʰ˄ʱ˂ʹ˕ʹΦ 
 
ʆˇ EPANET ˎ ˂ˇˉˇʽʶʾ ʰˎˍʺ ˍʹ ˃ʷʻˇʵˇ ̝ ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ˍʰ ʰˁˈ˂ˇˎʻʰ ʲʺ˃ʰˍʰΥ 
 

1. ʆˇ ʴˊʰ˃˃ʽˁˈ ˋˏˋˍʹ˃ʰ ʶ˅ʽˋ˗ˋʶ˖˄ 3Φо ˂ˏ˄ʶˍʰʽ ˔ˊʹˋʽ˃ˇˉˇʽ˗˄ˍʰˌ ʷ˄ʰ ˉʾ˄ʰˁʰΣ 
˃ʷʻˇʵˇˌ ˉˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍˇ˄ ˁˈ˃ʲˇ ʰ˄ʰʵʽʱˍʰ˅ʹ ̩(George and Liu, 1981).ɾʶˍʱ ˍʹ˄ 
ʰ˄ʰʵʽʱˍʰ˅ʹ ˍ˖˄ ˁˈ˃ʲ˖˄  ʶ˂ʰ˔ʽˋˍˇˉˇʽʶʾˍʰʽ ʹ ̄ˇˋˈˍʹˍʰ ˍˇˎ ʴʶ˃ʾˋ˃ʰˍˇˌ ˃ʷˋʰ ˋˍˇ˄ 
ˉʾ˄ʰˁʰ ɮΣ ˃ʾʰ ˋˎ˃ʲˇ˂ʽˁʺ ˉʰˊʰʴˇ˄ˍˇˉˇʾʹˋʹ ʶˁˍʶ˂ʶʾˍʰʽ ʷˍˋʽ ˗ˋˍʶ ˃ˈ˄ˇ ˍʰ ˃ʹ 
˃ʹʵʶ˄ʽˁʱ ˋˍˇʽ˔ʶʾʰ ˍˇˎ ɮ ˔ˊʶʽʱʸʶˍʰʽ ˄ʰ ʰˉˇʻʹˁʶˎˍˇˏ˄ ˁʰʽ ˄ʰ ˂ʶʽˍˇˎˊʴˇˏ˄ ˋˍʹ 
˃˄ʺ˃ʹΦ ɱʽʰ ʶˁˍʶˍʰ˃ʷ˄ʹ ˉʶˊʾˇʵˇ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ̩ ʰˎˍʺ ʹ ʰ˄ʰʵʽʱˍʰ˅ʹ ˁʰʽ ʹ 
ˉʰˊʰʴˇ˄ˍˇˉˇʾʹˋʹ ˉˊʰʴ˃ʰˍˇˉˇʽˇˏ˄ˍʰʽ ˃ˈ˄ˇ ˃ʾʰ ˒ˇˊʱ ˁʰˍʱ ˍʹ˄ ʷ˄ʰˊ˅ʹ ˍʹˌ 
ʰ˄ʱ˂ˎˋʹˌΦ 
 

2. ɱʽʰ ˍʹ˄ ˉˊ˗ˍʹ ʶˉʰ˄ʱ˂ʹ˕ʹΣ ʹ ˊˇʺ ˋʶ ʷ˄ʰ ˋ˖˂ʺ˄ʰ ʶˉʽ˂ʷʴʶˍʰʽ ʾˋʹ ˃ʶ ˍʹ ˊˇʺ ˉˇˎ 
ʰ˄ˍʽˋˍˇʽ˔ʶʾ ˋʶ ˍʰ˔ˏˍʹˍʰ 1 m κ ǎŜŎΣ ʶ˄˗ ʹ ˊˇʺ ˃ʷˋʰ ˋʶ ˃ʾʰ ʰ˄ˍ˂ʾʰ ʽˋˇˏˍʰʽ ˃ʶ ˍʹ ˊˇʺ 
ˍˇˎ ˋ˔ʶʵʽʰˋ˃ˇˏ ˉˇˎ ˇˊʾʸʶˍʰʽ ʴʽʰ ˍʹ˄ ʰ˄ˍ˂ʾʰΦ όʂ˂ˇʽ ˇ̔  ˎˉˇ˂ˇʴʽˋ˃ˇʾ ʴʾ˄ˇ˄ˍʰʽ ˃ʶ ˍˇ 
˒ˇˊˍʾˇ ˋʶ ˃ʷˍˊʰ ˁ ʰʽ ˍʹ ˉʰ́ˇ̝̋  ˋʶ CFS). 
 

 
3. ɱʽʰ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ ʰˉ˗˂ʶʽʰˌ ˒ˇˊˍʾˇˎ ˁʰˍʱ Darcy-Weisbach, ̌  ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˍˊʽʲʺˌ f 
ˎˉˇ˂ˇʴʾʸʶˍʰʽ ʰˉˈ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ʶ˅ʽˋ˗ˋʶʽˌΣ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ˄ ɮˊʽʻ˃ˈ Reynolds (Re): 
 
ɼʰˍʱ Hagen-Poiseuille ɹ ʽʰ Re < 2000 (Bhave,1991) :  f = 64/Re 
 
ɼʰˍʱ Swamme and Jain ˋˏ˃˒˖˄ʰ ˃ ʁˍʹ˄ ʶ˅ʾˋ˖ˋʹ ˍ˖˄ Colerbrook ς White ʴʽʰ Re > 
4000 (Bhave,1991):   
 

 f=
Ȣ

Ȣ

Ȣ Ȣ
  

 

 
ɾʶ ˁˎʲʽˁʺ ˉʰˊʶ˃ʲˇ˂ʺ ʰˉˈ ˍˇ ʵʽʱʴˊʰ˃˃ʰ ˍˇˎ Moody ɹ ʽʰ нллл ғ Re < 4000 (Dunlop, 
1991) : 
 
F = (X1+R(X2+R(X3+X4))) 
R = Re/2000 
X1 = 7FA ς FB 
X2 = 0.128 -17FA +2.5FB 
X3 = -0.128 +13FA ς 2FB 
X4 = R (0.032 ς 3FA + 0.5FB) 
FA = (Y3)-2 
FB = FA (2 ς 0.00514215/(Y2)(Y3)) 
Y2 = ʁ /3.7d + 5.74/Re0.9 
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Y3 = -0.86859Ln( /ʁ3.7d + 5.74/Re0.9) 
ʂˉˇˎ ʶ Ґ ˍˊʰ˔ˏˍʹˍʰ ʰʴ˖ʴˇˏ ˁʰʽ d Ґ ʵʽʱ˃ʶˍˊˇˌ ʰʴ˖ʴˇˏ 
 

4. ʁ ʶ˂ʱ˔ʽˋˍˇˌ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˉ˗˂ʶʽʰˌ ˉˇˎ ʲʰˋʾʸʶˍʰʽ ˋˍˇ ˒ˇˊˍʾˇ ˍʰ˔ˏˍʹˍʰ ̩ όɼύ 
˃ʶˍʰˍˊʷˉʶˍʰʽ ˋʶ ʁ ˁʶʾ˄ʹ ˉˇˎ ʲʰˋʾʸʶˍʰʽ ʶˉʾ ˍʹˌ ˉʰ́ˇ̝̋ ˌ όƳύ ˃ʶ ˍʹ˄ ʰˁˈ˂ˇˎʻʹ ̀ ˔ʷˋʹΥ  
 
m=0.02517K/d4 
 

5. ʁʽ ˉˇ˃ˉˇʾ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ʷ˔ˇˎ˄ ˃ˇ˄ˍʶ˂ˇˉˇʽʹʻʶʾ ˖ˌ ʷ˄ʰˌ ʶʽˁˇ˄ʽˁˈˌ ʰʴ˖ʴˈˌ ˃ʶˍʰ˅ˏ 
ˍˇˎ ˁˈ˃ʲˇˎ ˁʰʽ ˃ʽʰ ̩ʶʽˁˇ˄ʽˁʺ ̩ʵʶ˅ʰ˃ʶ˄ʺ.̩ ʁʽ ˉʰˊʰ˃ʶˍˊʽˁʷˌ ʰˉ˗˂ʶʽʶˌ ˍ˖˄ ʰʴ˖ʴ˗˄ 
ʶʾ˄ʰʽ ƴ Ґ όм κ ʴ), r = (1 / C) nΣ ˁʰʽ ˍˇ Ƴ Ґ л ˈˉˇˎ / ʶʾ˄ʰʽ ˇ ̀ˎ ˄ˍʶ˂ʶˋˍʺˌ ʰˉˇˊˊˇʺˌ ˍˇˎ 
ˉˇ˃ˉˇˏ ˁʰʽ ʴ ʶʾ˄ʰʽ ˇ ʁˁ˒ˊʰˋˍʺˌ ˍʹˌ ˉʾʶˋʹˌ ˍˇˎΦ ʆˇ ˒ˇˊˍʾˇ ˋˍʹ˄  ˉ˂ʰˋ˃ʰˍʽˁʺ 
ʵʶ˅ʰ˃ʶ˄ʺ ʶʾ˄ʰʽ ˍˇ ˏ˕ˇˌ ˍˇˎ ˁˈ˃ʲˇˎΦ ɶ ˎˉˇ˂ˇʴʽʸˈ˃ʶ˄ʹ ˊˇʺ ˃ʷˋ˖ ˍˇˎ ˉ˂ʰˋ˃ʰˍʽˁˇˏ 
ʰʴ˖ʴˇˏ ɹ ʾ˄ʶˍʰʽ ʹ ˊˇʺ ˉˇˎ ˋ˔ʶˍʾʸʶˍʰʽ ˃ ʶ ˍˇ˄ ˉˇ˃ˉˈ. 
 

 
6. ʅˍʽˌ ʰ˄ˇʽˁˍʷˌ ʲʰ˂ʲʾʵʶˌ ʷ˔ʶʽ ʶˁ˔˖ˊʹʻʶʾ ˃ʽʰ ˍʽ˃ʺ w ʻʶ˖ˊ˗˄ˍʰˌ ˈˍʽ ʹ ʰ˄ˇʽˁˍʺ ʲʰ˂ʲʾʵʰ 
ˋˎ˃ˉʶˊʽ˒ʷˊʶˍʰʽ ˖ˌ ʷ˄ʰˌ ˇ˃ʰ˂ˈˌ ʰʴ˖ʴˈˌ (f = 0,02) ̱ ˇˎ ˇˉˇʾˇˎ ˍˇ ˃ʺˁˇˌ ʶʾ˄ʰʽ ˍˇ 
ʵʽˉ˂ʱˋʽˇ ˍʹ̩ ɻʽʰ˃ʷˍˊˇˎ ˍʹˌ ʲʰ˂ʲʾʵʰˌΦ ʁʽ ˁ˂ʶʽˋˍʷˌ ˋˎ˄ʵʷˋʶʽˌ ˎˉˇˍʾʻʶˍʰʽ ˈˍʽ 
ˎˉʰˁˇˏ˄ʶ ˃ʽʰ ʴˊʰ˃˃ʽˁʺ ˋ˔ʷˋʹ ʰˉ˗˂ʶʽʰ ̩˃ʶ ʷ˄ʰ ˃ʶʴʱ˂ˇ ˋˎ˄ˍʶ˂ʶˋˍʺ ʰ˄ˍʾˋˍʰˋʹˌΣ 
ˈˉ˖ˌ h = 108vΣ ʷˍˋʽ ˗ˋˍʶ Ǉ Ґ мл-8 ˁʰʽ ʴ Ґ vΦ ɱʽʰ ˍˇˎˌ ʰʴ˖ʴˇˏˌΣ ˈˉˇˎ όǊ Ҍ Ƴύ v ғмл-7, 
ˊ Ґ мл7 ˁ ʰʽ ȅ Ґ v κ ƴΦ 
 

7. ʁʽ ̫˂ ʶʴ˔ˇʽ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍ˖˄ ʰ˄ˍ˂ʽ˗˄Σ ʲʰ˂ʲʾʵ˖˄ ʶ˂ʷʴ˔ˇˎ ό/±ύΣ 
ʲʰ˂ʲʾʵ˖˄ ʶ˂ʷʴ˔ˇˎ ˊˇʺˌΣ ˁʰʽ ˍ˖˄ ˋ̟ ˂ʹ˄˗ˋʶ˖˄ ˉˇˎ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ ˍʽˌ ʴʶ˃ʱˍʶ ̩/ 
ˁʶ˄ʷˌ ʵʶ˅ʰ˃ʶ˄ʷˌ ʴʾ˄ʶˍʰʽ ˃ʶˍʱ ʰˉˈ ˁʱʻʶ ʱ˂˂ʹ ʶˉʰ˄ʱ˂ʹ˕ʹΣ ˃ʷ˔ˊʽ ˍʹ˄ млʹ 
ʶˉʰ˄ʱ˂ʹ˕ʹΦ ɾʶˍʱ ʰˉˈ ʰˎˍˈΣ ˇʽ ʷ˂ʶʴ˔ˇʽ ˁʰˍʱˋˍʰˋʹˌ ɹ ʾ˄ˇ˄ˍʰʽ ˃ˈ˄ˇ ʰ˒ˇˏ ʶˉʽˍʶˎ˔ʻʶʾ 
ʹ ˋˏʴˁ˂ʽˋʹΦ ɴ˂ʶʴ˔ˇʽ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍ˖˄ ʲʰ˂ʲʾʵ˖˄ ʶ˂ʷʴ˔ˇˎ ˉʾʶˋʹˌ όtw±ǎ 
ˁʰʽ t{±ǎύ ʴʾ˄ˇ˄ˍʰʽ ˃ʶˍʱ ʰˉˈ ˁʱʻʶ ʶˉʰ˄ʱ˂ʹ˕ʹ. 
 

 
8. ɼʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍ˖˄ ʶ˂ʷʴ˔˖˄ ˁʰˍʱˋˍʰˋʹˌΣ ˇʽ ʰ˄ˍ˂ʾʶˌ ʷ˔ˇˎ˄ ˁ˂ʶʾˋʶʽ ʰ˄ ˍˇ ˁʷˊʵˇˌ 
˒ˇˊˍʾˇˎ ʶʾ˄ʰʽ ˃ʶʴʰ˂ˏˍʶˊˇ ʰˉˈ ˍˇ ˒ˇˊˍʾˇ ʵʽʰˁˇˉʺˌ όʴʽʰ ˍʹ˄ ˉˊˈ˂ʹ˕ʹ ˍʹˌ 
ʰ˄̱ʾˋˍˊˇ˒ʹˌ ˊˇʺˌύΦ ʁ˃ˇʾ˖ˌΣ ʶ˂ʷʴ˔ˇ˄ˍʰʽ ʰ˄ ˇʽ ʲʰ˂ʲʾʵʶˌ ʶʾ˄ʰʽ ˁ˂ʶʽˋˍʷˌ ˁʰʽ ʶʱ˄ ʹ 
ʰˉ˗˂ʶʽʰ ˒ˇˊˍʾˇˎ ˃ʷˋʰ ʰˉˈ ʰˎˍʷˌ ʶʾ˄ʰʽ ʰˊ˄ʹˍʽˁʷˌ όʲ˂ʷˉʶ ˉʰˊʰˁʱˍ˖ύΦ ʂˍʰ˄ ˇʽ 
ˉˊˇːˉˇʻʷˋʶʽˌ ʰˎˍʷˌ ʵʶ˄ ˎˉʱˊ˔ˇˎ˄Σ ʹ ˋˏ˄ʵʶˋʹ ʰ˄ˇʾʴʶʽ ʶˁ ˄ʷˇˎΦ ɾʽʰ ˉʰˊˈ˃ˇʽʰ 
ˁʰˍʱˋˍʰˋʹ ʶ˂ʷʴ˔ˇˎ ʴʾ˄ʶˍʰʽ ʴʽʰ ˍʽˌ ˋˎ˄ʵʷˋʶʽˌ ˉˇˎ ˋˎ˄ʵʷˇ˄ˍʰʽ ˃ʶ ʱʵʶʽʶˌ κ ˉ˂ʺˊʶˌ 
ʵʶ˅ʰ˃ʶ˄ʷˌΦ ɮˎˍˇʾ ˇʽ ʵʶˋ˃ˇʾ ʶʾ˄ʰʽ ˁ˂ʶʽˋˍˇʾ ʶʱ˄ ʹ ʵʽʰ˒ˇˊʱ ˋˍʰ ˒ˇˊˍʾʰ ˃ʷˋ˖ ˍʹˌ 
ʸʶˏ˅ʹˌ ʻʰ ˃ˉˇˊˇˏˋʶ ˄ʰ ˉˊˇˁʰ˂ʷˋʶʽ ˃ʾʰ ʱʵʶʽʰ ʵʶ˅ʰ˃ʶ˄ʺ ˍʹ˄ ʰˉˇˋˍˊʱʴʴʽˋʹ ʺ ʷ˄ʰ 
ʴʶ˃ʱˍˇ ˊʶʸʶˊʲˇˎʱˊ ˄ʰ ʴʶ˃ʾˋʶʽΦ ɮˎˍʷˌ ˅ʰ˄ʰ˄ˇʾʴˇˎ˄ ˁʰˍʱ ˍˇ˄ ʶˉˈ˃ʶ˄ˇ ʷ˂ʶʴ˔ˇ 
ˁʰˍʱˋˍʰˋʹˌ h ˄ ʰˎˍʷˌ ˍʽˌ ˋˎ˄ʻʺˁʶˌ ʵʶ˄ ʽˋ˔ˏˇˎ˄ ˉ˂ʷˇ˄Φ 
 

9. ɮˉ˂ʱ ʶ˂ʷʴ˔ˇ˄ˍʰˌ ʶʱ˄ Ƙ ғл ʴʽʰ ˄ʰ ˁʰʻˇˊʽˋˍʶʾ ʶʱ˄ ˃ʽʰ ʲʰ˂ʲʾʵʰ ʶ˂ʷʴ˔ˇˎ ʻʰ ˉˊʷˉʶʽ ˄ʰ 
ʶʾ˄ʰʽ ˁ˂ʶʽˋˍʺ ʺ ʰ˄ˇʽˁˍʺ ʲˊʷʻʹˁʶ ˄ʰ ˉˊˇˁʰ˂ʶʾ ˍʹ˄ ʰ˄ʰˁˏˁ˂˖ˋʹ ˃ʶˍʰ˅ˏ ʰˎˍ˗˄ ˍ˖˄ 
ʵˏˇ ˃ʶ˂˗˄ ˋʶ ˇˊʽˋ˃ʷ˄ʰ ʵʾˁˍˎʰ ˂ˈʴ˖ ˇˊʾ˖˄ ˋˍʹ˄ ʰˊʽʻ˃ʹˍʽˁʺ ʰˁˊʾʲʶʽʰΦ ɶ ʰˁˈ˂ˇˎʻʹ 
ʵʽʰʵʽˁʰˋʾʰ ʶˉʽ˄ˇʺʻʹˁʶ ʴʽʰ ˄ʰ ˉʰˊʷ˔ʁ ʽ ˃ʽʰ ˉʽˇ ʽˋ˔ˎˊʺ ʵˇˁʽ˃ʰˋʾʰ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ˍʹˌ 
ʲʰ˂ʲʾʵʰˌ ʶ˂ʷʴ˔ˇˎ ό/±ύΥ 
if |h| > Htol then 

if h < -Htol then status = CLOSED 

if Q < -Qtol then status = CLOSED 

else status = OPEN 
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else 

if Q < -Qtol then status = CLOSED 

      else status = unchanged 

      where Htol = 0.0005 ft and Qtol = 0.001 cfs 

 

10. ɳʱ˄ ˇ ʷ˂ʶʴ˔ˇˌ ˁʰˍʱˋˍʰˋʹˌ ˁ˂ʶʾ˄ʶʽ ˃ʽʰ ʰ˄ˇʽˁˍʺ ʰ˄ˍ˂ʾʰΣ ˋ˖˂ʺ˄ʰΣ ʺ CVΣ ʹ ˊˇʺ ˍˇˎ 
ˇˊʾʸʶˍʰʽ ˋˍʰ 10-6 CFSΦ ɮ˄ ˃ʽʰ ʰ˄ˍ˂ʾʰ ʰ˄ˇʾ˅ʶʽ ʶˁ ˄ʷˇˎΣ ʹ ˊˇʺ ˍʹˌ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˃ʶ ˍʹ˄ 
ʶ˒ʰˊ˃ˇʴʺ ˍ́ˌ ˍˊʷ˔ˇˎˋʰ ʰˏ˅ʹˋʹ ˍˇˎ ˒ˇˊˍʾˇˎ ˍʹˌ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺˌ ˁʰ˃ˉˏ˂ʹˌ ˍʹˌΦ 
ɮ˄ ʷ˄ʰˌ ˋ˖˂ʺ˄ʰˌ ʺ CV ʶʾ˄ʰʽ ʶˁ ˄ʷˇˎ ʰ˄ˇʽ˔ˍʱ,  ́ˊˇʺ ˍˇˎ ˁʰʻˇˊʾʸʶˍʰʽ ʰˉˈ ˍʹ˄ 
ʶˉʾ˂ˎˋʹ ˍʹˌ ɳ˅Φ ό3Φмύ ʴʽʰ Q ˃ʽˁˊˈˍʶˊˇ ˍʹˌ ˍˊʷ˔ˇˎˋʰˌ ʰˉ˗˂ʶʽʰˌ ˒ˇˊˍʾˇˎ h, 
ʰʴ˄ˇ˗˄ˍʰˌ ˇˉˇʽʶˋʵʺˉˇˍʶ ˃ʽˁˊʷˌ ʰˉ˗˂ʶʽʶˌΦ 
 

11. ʁʽ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ˍˇˎ ˉʾ˄ʰˁʰ ʴʽʰ ˍʽˌ ʲʰ˂ʲʾʵʶˌ ˉʾʶˋʹˌ (PBVs), ̱ ʾʻʶ˄ˍʰʽ ˖ˌ ʶ˅ʺˌΥ p = 108 
ˁʰʽ ȅ Ґ мл8 IǎŜǘΣ ˈˉˇˎ IǎŜǘ ʶʾ˄ʰʽ ʹ ˉˍ˗ˋʹ ˋˍʹ˄ ˊˏʻ˃ʽˋʹ ˍʹˌ ˉʾʶˋʹˌ ʴʽʰ ˍʹ ʲʰ˂ʲʾʵʰ 
όˋʶ ˉˈʵʽʰύΦ ʁʽ ̡h˂ʲʾʵʶˌ ʶ˂ʷʴ˔ˇˎ ʴˁʰʸʽˇˏ ό¢/±ǎύ ʰ˄ˍʽ˃ʶˍ˖ˉʾʸˇ˄ˍʰʽ ˖ˌ ˋ˖˂ʺ˄ʶˌ ˃ʶ ǊΣ 
ˈˉ˖ˌ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˋˍˇ ˋʹ˃ʶʾˇ с ʰ˄˖ˍʷˊ˖ ˁʰʽ ˍˇ m ʻ h˂ʹ˒ʻʶʾ ˖ˌ ʹ ˍʽ˃ʺ ˃ʶˍʱ ˍʹ 
˃ʶˍʰˍˊˇˉʺ ˍʹˌ ˊˏʻ˃ʽˋʹˌ ˍʹˌ ʲʰ˂ʲʾʵʰˌ όʲ˂ʷˉʶ ʰ˄˖ˍʷˊ˖ ˋʹ˃ʶʾˇ пύΦ 
 

 
12. ʁʽ ̀ˎ ˄ˍʶ˂ʶˋˍʷˌ ˉʽ˄ʱˁ˖˄ ʴʽʰ ˍʹ ˃ʶʾ˖ˋʹ ˍʹˌ ˉʾʶˋʹˌΣ ˋˎ˄ˍʹˊˇˏ˃ʶ˄ʹ ˉʾʶˋʹΣ ˁʰʽ 
ʶ˂ʷʴ˔ˇˎ ˊˇʺˌ ʲʰ˂ʲʾʵʶˌ όtw±ǎΣ t{±ǎ ˁʰʽ C/±ǎύ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ˃ʶˍʱ ʰˉˈ ˈ˂ʶˌ ˍʽˌ 
ʱ˂˂ʶˌ ˋˎ˄ʵʷˋʶʽˌ ˉˇˎ ʷ˔ˇˎ˄ ʰ˄ʰ˂ˎʻʶʾΦ ɴ˂ʶʴ˔ˇʽ ˋ˔ʶˍʽˁʱ ˃ʶ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ tw±ǎ ˁʰʽ 
t{±ǎ ʴʾ˄ˇ˄ˍʰʽ ˈˉ˖ˌ ˉʶˊʽʴˊʱ˒ʶˍʰʽ ˋˍˇ ˋʹ˃ʶʾˇ т ʰ˄˖ˍʷˊ˖Φ ʁʽ ʲʰ˂ʲʾʵʶˌ ʰˎˍʷˌ ˃ˉˇˊʶʾ 
˄ʰ ʶʾ˄ʰʽ ʶʾˍʶ ˉ˂ʺˊ˖ˌ ʰ˄ˇʽˁˍʷˌΣ ˍʶ˂ʶʾ˖ˌ ˁ˂ʶʽˋˍʷˌΣ ʺ ʵˊʰˋˍʹˊʽˇˉˇʽˇˏ˄ˍʰʽ ˋˍʹ˄ ˉʾʶˋʹ 
ʺ ́̌ ʺ ˉˇˎ ʷ˔ˇˎ˄ ˊˎʻ˃ʽˋˍʶʾ. 
 

13. ɶ ˂ˇʴʽˁʺ ˉˇˎ ˋˎ˄ʹʻʾyʁ ˍʰʽ ˄ʰ ʶ˂ʷʴ˔ʶʽ ˍʹ˄ ˁʰˍʱˋˍʰˋʹ ˍ˖˄ PRV ʁ ʾ˄ʰʽ ʹ ʰˁˈ˂ˇˎʻʹΥ 
 

If current status = ACTIVE then 

if Q < -Qtol then new status = CLOSED 

if Hi < Hset + Hml ï Htol then new status = OPEN 

else new status = ACTIVE 

 

If curent status = OPEN then 

if Q < -Qtol then new status = CLOSED 

if Hi > Hset + Hml + Htol then new status = ACTIVE 

else new status = OPEN 

 

If current status = CLOSED then 

if Hi > Hj + Htol 

and Hi < Hset ï Htol then new status = OPEN 

if Hi > Hj + Htol 

and Hj < Hset - Htol then new status = ACTIVE 

else new status = CLOSED 

 

ˈˉˇˎ v ʶʾ˄ʰʽ ʹ ˊˇʺ ˊʶˏ˃ʰˍˇˌ ˃ʷˋʰ ʰˉˈ ˍʹ ʲʰ˂ʲʾʵʰΣ Ii ʶʾ˄ʰʽ ˍˇ h˄ʱ˄ˍʹ ˒ˇˊˍʾˇΣ Ij 
ʶʾ˄ʰʽ ˍˇ ˁʰˍʱ˄ˍʹ, HǎŜǘ ʶʾ˄ʰʽ ʹ ˊˏʻ˃ʽˋʹ ˍʹˌ ˉʾʶˋʹˌ ˉˇˎ ˃ʶˍʰˍˊʷˉʶˍʰʽ ˋʶ ˒ˇˊˍʾˇ, Hml 
ʶʾ˄ʰʽ ʹ ʶ˂ʱ˔ʽˋˍʹ ʰˉ˗˂ʶʽʰ ˈˍʰ˄ ʹ ʲʰ˂ʲʾʵʰ ʶʾ˄ʰʽ ʰ˄ˇʽˁˍʺ όҐmQ2ύΣ ˁʰʽ Htol ˁʰʽ vtol 
ʶʾ˄ʰʽ ˇʽ ʾʵʽʶˌ ˍʽ˃ʷˌ ˉˇˎ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˄ˍʰʽ ʴʽʰ ʲʰ˂ʲʾʵʶˌ ʶ˂ʷʴ˔ˇˎ ˋˍˇ ˋʹ˃ʶʾˇ ф 
ʰ˄˖ˍʷˊ˖Φ ɴ˄ʰ ˉʰˊˈ˃ˇʽˇ ˋˏ˄ˇ˂ˇ ʵˇˁʽ˃˗˄ ˔ˊʹˋʽ˃ˇˉˇʽʶʾˍʰʽ ʴʽʰ t{±ǎΣ ʶˁˍˈˌ ʰˉˈ ˍˇ 
ˈˍʽ ˁʰˍʱ ˍʽˌ ʵˇˁʽ˃ʷˌ ʷ˄ʰ˄ˍʽ IǎŜǘΣ ˇʽ ʵʶʾˁˍʶˌ ƛ ˁʰʽ Ƨ ʰ˂˂ʱʸˇˎ˄ ˈˉ˖ˌ ʵʶʾ˔˄ˇˎ˄ ˍʰ ˇʽ 
ʰ˄ʽˋ˗ˍʹˍʶˌ Ҕ ˁʰʽ ғ. 
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14. ɶ ˊˇʺ ˃ʷˋ˖ ʶ˄ˈˌ ʶ˄ʶˊʴˇˏ tw± ʵʽʰˍʹˊʶʾˍʰʽ ʴʽʰ ˄ʰ ʰ˄ʰʴˁʱˋʶʽ ˍʹ ˋˎ˄ʷ˔ʶʽʰ ˋˍˇ ˍˇˎ 
ˁʰˍʱ˄ˍʹ ˁˈ˃ʲˇ ʶ˄˗ ʹ ˊˇʺ ˃ʷˋ˖ t{± ˁʱ˄ʶʽ ˍˇ ʾʵʽˇ ˋˍˇ˄ ʰ˄ʱ˄ˍʹ ˁˈ˃ʲˇΦ ɱʽʰ ˃ʽʰ 
ʶ˄ʶˊʴˈ tw± ʰˉˈ ˍˇ˄ ˁˈ˃ʲˇ ƛ ˋˍˇ˄ ƧΥ 

 
pij = 0 
Fj = Fj + 108Hset 
Ajj = Ajj + 108 

 
ɮˎˍˈ ʰ˄ʰʴˁʱʸʶʽ ˍˇ ˒ˇˊˍʾ ̌ˋˍˇ ˁʰˍʱ˄ˍʹ ˁˈ˃ʲˇ ˄ʰ ʶʾ˄ʰʽ ˋˍʹ˄ ˊˏʻ˃ʽˋʹ IǎŜǘ ˍʹˌ 
ʲʰ˂ʲʾʵʰˌΦ ɾʾʰ ʽˋˇʵˏ˄ʰ˃ʹ ʶˁ˔˗ˊʹˋʹ ˍ˖˄ ˋˎ˄ˍʶ˂ʶˋˍ˗˄ ʴʾ˄ʶˍʰʽ ʴʽʰ ˃ʽʰ ʶ˄ʶˊʴʺ t{± 
ʶˁˍˈˌ ˇ ʵʁʾ ˁˍʹˌ ʴʽʰ ˍˇ C ˁʰʽ ˍˇ ɮ ʶʾ˄ʰʽ ˇ ʰ˄ʱ˄ˍʹ ˁˈ˃ʲˇ ̩ i. ʁʽ ˋˎ˄ˍʶ˂ʶˋˍʷˌ ʴʽʰ 
ʰ˄ˇʽˁˍʷˌ κ ˁ˂ʶʽˋˍʷˌ  tw±ǎ ˁʰʽ t{±ǎ ʰ˄ˍʽ˃ʶˍ˖ˉʾʸˇ˄ˍʰʽ ˃ʶ ˍˇ˄ ʾʵʽˇ ˍˊˈˉˇ ˈˉ˖ˌ ˁʰʽ ʴʽʰ 
ˍˇˎˌ ʰʴ˖ʴˇˏˌΦ 
 

15. ɱʽʰ ˍʽˌ ʶ˄ʶˊʴʷˌ C/± ʰˉˈ ˍˇ˄ ˁˈ˃ʲˇ ƛ ˋˍˇ˄ Ƨ ˃ʶ ˍʹ ˊˏʻ˃ʽˋʹ ˍʹˌ ˊˇʺˌ vǎŜǘΣ ʹ vǎŜǘ 
ˉˊˇˋˍʾʻʶˍʰʽ ˋˍʹ ˊˇʺ ʰ˒ʺ˄ˇ˄ˍʰˌ ˍˇ˄ ˁˈ˃ʲˇ ƛ ˁʰʽ ʶʽˋʷˊ˔ʶˍʰʽ ˋˍˇ˄ ˁˈ˃ʲˇ ƧΣ ˁʰʽ 
ʰ˒ʰʽˊˇˏ˄ˍʰʽ ʰˉˈ ˍˇ Cƛ ˁʰʽ ˉˊˇˋˍʾʻʶˍʰʽ ˋˍˇ CƧΦ ɳʱ˄ ˍˇ ˒ˇˊˍʾˇ ˋˍˇ˄ ˁˈ˃ʲˇ ƛ ʶʾ˄ʰʽ 
˃ʽˁˊˈˍʶˊˇ ʰˉˈ ˈˍʽ ˋˍˇ˄ ˁˈ˃ʲˇ ƧΣ ˍˈˍʶ ʹ ʲʰ˂ʲʾʵʰ ʵʶ˄ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʰʵ˗ˋʶʽ ˍʹ ˊˇʺ 
ˁʰʽ ʰ˄ˍʽ˃ʶˍ˖ˉʾʸʶˍʰʽ ̟ ˌ ʷ˄ʰˌ ʰ˄ˇʽˁˍˈˌ ʰʴ˖ʴˈˌ. 
 

16. ɮ˒ˇˏ ʶˉʽˍʶˎ˔ʻʶʾ ʹ hˊ˔ʽˁʺ ˋˏʴˁ˂ʽˋʹ όˊˇʺ ˋˏʴˁ˂ʽˋʹˌ ˔˖ˊʾˌ ˁʰ˃ʾʰ ʰ˂˂ʰʴʺ ˍˇˎ 
ˁʰʻʶˋˍ˗ˍˇˌ ʴʽʰ ˍʽˌ tw±ǎ ˁʰʽ t{±ǎύΣ ˃ʽʰ ʱ˂˂ʹ ˁʰˍʱˋˍʰˋʹ ʶ˂ʷʴ˔ʶʽ ˍʽˌ ʰ˄ˍ˂ʾʶˌΣ ˍʰ CVs, 
ˍʰ C/±ǎΣ ˁʰʻ˗ˌ ˁʰʽ ̱ ʽˌ ̀ ˎ˄ʵʷˋʶʽˌ ˃ʶ ̱ ʽˌ ʵʶ˅ʰ˃ʶ˄ʷˌ. ɳˉʾˋʹˌΣ ʹ ˁʰˍʱˋˍʰˋʹ ˍ˖˄ 
ˋˎ˄ʵʷˋʶ˖˄ ʁ ˂ʷʴ˔ˇ˄ˍʰʽ ʰˉˈ ʵʽʰˁˈˉˍʶˌ ˉʾʶˋʹˌ όˉΦ˔ΦΣ ˃ʽʰ ʰ˄ˍ˂ʾʰ ʶ˂ʷʴ˔ʶˍʰʽ ʰˉˈ ˍʹ 
ˉʾʶˋʹ ̀ ʶ ʷ˄ʰ ˁˈ˃ʲˇ ʷ˄˖ˋʹˌύ ʶ˂ʷʴ˔ʶˍʰʽΦ ɮ˄ ˋˎ˃ʲʶʾ ˁʱˉˇʽʰ ʰ˂˂ʰʴʺ ˁʰˍʱˋˍʰˋʹˌΣ 
ˇʽ ʶˉʰ˄ʰ˂ʺ˕ʶʽˌ ˉˊʷˉʶʽ ˄ʰ ˋˎ˄ʶ˔ʽˋˍˇˏ˄ ʴʽʰ ˍˇˎ˂ʱ˔ʽˋˍˇ˄ ʵˏˇ ʰˁˈ˃ʹ ʶˉʰ˄ʰ˂ʺ˕ʶʽˌ 
όʵʹ˂ʰʵʺΣ ʷ˂ʶʴ˔ˇˌ ˍʹˌ ˋˏʴˁ˂ʽˋʹˌ ˉʰˊʰ˂ʶʾˉʶˍʰʽ ʰˉˈ ˍʹ˄ ʶˉˈ˃ʶ˄ʹ ˁʽˈ˂ʰˌ 
ʶˉʰ˄ʱ˂ʹ˕ʹύΦ ɮ˂˂ʽ˗ˌΣ ̫ ˄ʰ ˍʶ˂ʽˁˈ ʰˉˇˍʷ˂ʶˋ˃ʰ ̫ ˔ʶʽ ˂ʹ˒ʻʶʾΦ 

 
17. ɱʽʰ ˍʹ˄ ʶˁˍʶˍʰ˃ʷ˄ʹ ˉʶˊʾˇʵˇ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ̩ (Et{ύΣ ʹ ʰˁˈ˂ˇˎʻʹ ʵʽʰʵʽˁʰˋʾʰ 
ʶ˒ʰˊ˃ˈʸʶˍʰʽ ˖ˌ ʶ˅ʺˌ: 
 
a. ɾʶˍʱ ˍʹ˄ ʶˏˊʶˋʹ ˍʹˌ ˂ˏˋʹˌ ʴʽʰ ˍʹ˄ ˍˊʷ˔ˇˎˋʰ ˔ˊˇ˄ʽˁʺ ˉʶˊʾˇʵˇΣ ˍˇ ˔ˊˇ˄ʽˁˈ 
ʲʺ˃ʰ ʴʽʰ ˍʹ˄ ʶˉˈ˃ʶ˄ʹ ˂ˏˋʹ ʶʾ˄ʰʽ ˍˇ ʶ˂ʱ˔ʽˋˍˇΥ 

¶ ˍˇˎ ˔ˊˈ˄ˇˎ ˃ʷ˔ˊʽ ˄ʰ ʰˊ˔ʾˋʶʽ ˃ʽʰ ˄ʷʰ ˉʶˊʾˇʵˇˌ ʸʺˍʹˋʹˌΣ 

¶ ˍˇˎ ˃ʽˁˊˈˍʶˊˇˎ ˔ˊˈ˄ˇˎ ɹ ʽʰ ˃ʽʰ ʵʶ˅ʰ˃ʶ˄ʺ ʴʽʰ ˄ʰ ʴʶ˃ʾˋʶʽ ʺ ˄ʰ ʰʵʶʽʱˋʶʽΣ 

¶ ˍ ̌ ˋˎ˄ˍˇ˃ˈˍʶˊˇ ˔ˊˇ˄ʽˁˈ ʵʽʱˋˍʹ˃ʰ ˃ʷ˔ˊʽ ˄ʰ ˒ˍʱˋʶʽ ˍˇ ʶˉʾˉʶʵˇ ˍʹˌ 
ʵʶ˅ʰ˃ʶ˄ʺˌ  ˋʶ ʷ˄ʰ ˋʹ˃ʶʾˇ ˉˇˎ ˉˊˇˁʰ˂ʶʾ ˃ʽʰ ʰ˂˂ʰʴʺ ˍˇˎ ˁʰʻʶˋˍ˗ˍˇˌ ʴʽʰ 
ˁʱˉˇʽˇ ˋˏ˄ʵʶˋ˃ˇ όˉΦ˔ΦΣ ʰ˄ˇʾʴʶʽ ʺ ˁ˂ʶʾ˄ʶʽ ˃ʽʰ ʰ˄ˍ˂ʾʰύΣ ˈˉ˖ˌ ˇˊʾʸʶˍʰʽ ˋʶ ʷ˄ʰ 
ʰˉ˂ˈ ʷ˂ʶʴ˔ˇΣ 

¶ ˍʹˌ ʶˉˈ˃ʶ˄ʹ ̩˒ˇˊʱ̩Σ ˃ʷ˔ˊʽ ʷ˄ʰ ̩ʰˉ˂ˈ ̩˔ˊˇ˄ˇʵʽʰˁˈˉˍʹ ̩ˋʶ ʷ˄ʰ ˋˏ˄ʵʶˋ˃ˇ 
˄ʰ ʶ˄ʶˊʴˇˉˇʽʹʻʶʾ, 

¶ ˍʹˌ ʶˉˈ˃ʶ˄ʹ ̩˒ˇˊʱ̩ ˁʰˍʱ ˍʹ˄ ˇˉˇʾʰ ʷ˄ʰ ˋˍˇʽ˔ʶʾˇ ʶ˂ʷʴ˔ˇˎ ˉˊˇˁʰ˂ʷˋʶʽ ˃ʽʰ 
ʰ˂˂ʰʴʺ ˁʰˍʱˋˍʰˋʹ ̩ˁ ʱˉˇˎ ˋˍˇ ʵʾˁˍˎˇΦ 
 
ɼʰˍʱ ˍˇ˄ ˎˉˇ˂ˇʴʽˋ˃ˈ ˍ˖˄ ˔ˊˈ˄˖˄ ˃ʶ ʲʱˋʹ ˍʰ ʶˉʾˉʶʵʰ ˍʹˌ ʵʶ˅ʰ˃ʶ˄ʺˌΣ ˇʽ 
ˍʶ˂ʶˎˍʰʾʶˌ ˎˉˇˍʾʻʶˍʰʽ ˈˍʽ ʰ˂˂ʱʸˇˎ˄ ˃ʶ ʴˊʰ˃˃ʽˁˈ ˍˊˈˉˇ ˃ʶ ʲʱˋʹ ˍʹ˄ 
ˍˊʷ˔ˇˎˋʰ ˂ˏˋʹ ˊˇʺˌΦ ʁ ˔ˊˈ˄ˇˌ ʶ˄ʶˊʴˇˉˇʾʹˋʹˌ ˍ˖˄ ˋˍˇʽ˔ʶʾ˖˄ ʶ˂ʷʴ˔ˇˎ 
ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˖ˌ ʶ˅ʺˌΥ 
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¶ ʀʶˁʽ˄˗˄ˍʰˌ ʰˉˈ ˍʹ˄ ˍˊʷ˔ˇˎˋʰ ˗ˊʰΣ ˇʽ ˁʰ˄ˈ˄ʶˌ ʰ˅ʽˇ˂ˇʴˇˏ˄ˍʰʽ ˋʶ ʷ˄ʰ 
ˁʰ˄ˇ˄ʽˋ˃ʷ˄ˇ ˔ˊˇ˄ʽˁˈ ʲʺ˃ʰΦ ɶ ˉˊˇˁʰʻˇˊʽˋ˃ʷ˄ʹ ˍʽ˃ʺ ˍˇˎ ʶʾ˄ʰʽ мκмл ˍˇˎ 
ˁʰ˄ˇ˄ʽˁˇˏ ˎʵˊʰˎ˂ʽˁˇˏ ˔ˊˇ˄ʽˁˇˏ ʲʺ˃ʰˍˇˌ όˉΦ˔ΦΣ ʶʱ˄ ˍʰ ˎʵˊʰˎ˂ʽˁʱ ˋˍˇʽ˔ʶʾʰ 
ʶ˄ʹ˃ʶˊ˗˄ʶˍʰʽ ˁʱʻʶ ˗ˊʰΣ ʷˉʶʽˍʰ ̌  ̔ˁ ʰ˄ˈ˄ʶˌ ʰ˅ʽˇ˂ˇʴˇˏ˄ˍʰʽ ˁʱʻʶ с ˂ʶˉˍʱύΦ 

¶ ʃʱ˄˖ ʰˉˈ ʰˎˍˈ ˍˇ ˁʰ˄ˇ˄ʽˋ˃ʷ˄ˇ ˔ˊˇ˄ʽˁˈ ʲʺ˃ʰΣ ˍ ̌ ˊˇ˂ˈʽ ˍˇˎ ˔ˊˈ˄ˇˎ 
ʶ˄ʹ˃ʶˊ˗˄ʶˍʰʽΣ ˈˉ˖ˌ ʶʾ˄ʰʽ ˍʰ ʶˉʾˉʶʵʰ ˄ʶˊˇˏ ˋʶ ʵʶ˅ʰ˃ʶ˄ʷˌ ʰˉˇʻʺˁʶˎˋʹˌ 
ό˃ʶ ʲʱˋʹ ˍʹ˄ ˍʶ˂ʶˎˍʰʾʰ ˋʶʽˊʱ ˍ˖˄ ʰˉˇˊˊˇ˗˄ ˋˍˇˎˌ ʰʴ˖ʴˇˏˌ ˉˇˎ 
ˎˉˇ˂ˇʴʾʸʶˍʰʽύΦ 

¶ ɳʱ˄ ̔ˁʰ˄ˇˉˇʽˇˏ˄ˍʰʽ ˇʽ ˋˎ˄ʻʺˁʶˌ ˍˇˎ ˁʰ˄ˈ˄ʰΣ ˍˈˍʶ ˇʽ ʵˊʱˋʶʽˌ ˍˇˎ 
ˉˊˇˋˍʾʻʶ˄̱ ʰʽ ˋʶ ˃ʽʰ ˂ʾˋˍʰΦ ɮ˄ ˃ʽʰ ʶ˄ʷˊʴʶʽʰ ʷˊ˔ʶˍʰʽ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ʰˎˍʺ ɹ ʽh 
ˍˇ˄ ʾʵʽˇ ˋˏ˄ʵʶˋ˃ˇ ˉˇˎ ʶʾ˄ʰʽ ʺʵʹ ˋˍʹ ˂ʾˋˍʰΣ ˍˈˍʶ ʹ ʶ˄ʷˊʴʶʽʰ ˋˏ˃˒˖˄ʰ ˃ʶ 
ˍˇ˄ ˁʰ˄ˈ˄ʰ ˃ʶ ˍʹ˄ ˎ˕ʹ˂ˈˍʶˊʹ ˉˊˇˍʶˊʰʽˈˍʹˍʰ ˉʰˊʰ˃ʷ˄ʶʽ ˋˍʹ ˂ʾˋˍʰ ˁʰʽ ˇ 
ʱ˂˂ˇˌ ʵʽʰʴˊʱ˒ʶˍʰʽΦ ɳʱ˄ ˇʽ ˉˊˇˍʶˊʰʽˈˍʹˍʶˌ ʶʾ˄ʰʽ ˇʽ ʾʵʽʶˌΣ ˍˈˍʶ ʹ ʰˊ˔ʽˁʺ 
ʵˊʱˋʹ ˉʰˊʰ˃ʷ˄ʶʽ ˋˍʹ˄ ˂ʾˋˍʰ. 

¶ ɴˉʶʽˍʰ ˈ˂ˇʽ ˇʽ ˁʰ˄ˈ˄ʶˌ ʰ˅ʽˇ˂ˇʴˇˏ˄ˍʰʽΣ ʶʱ˄ ʹ ˂ʾˋˍʰ ʵʶ˄ ʶʾ˄ʰʽ ˁʶ˄ʺ ˍˈˍʶ 
˂ʰ˃ʲʱ˄ˇ˄ˍʰʽ ˇʽ ˄ʷʶˌ ʵˊʱˋʶʽˌΦ ɮ˄ ʰˎˍˈ ˉˊˇˁʰ˂ʷˋʶʽ ˍʹ˄ ʰ˂˂ʰʴʺ ˁʰˍʱˋˍʰˋʹˌ 
ʶ˄ˈˌ ʺ ˉʶˊʽˋˋˇˍʷˊ˖˄ ˋˎ˄ʵʷˋ˃˖˄ ˄ʰ ʰ˂˂ʱ˅ˇˎ˄ ˍˈˍʶ ˃ʾʰ ˄ʷʰ ˎʵˊʰˎ˂ʽˁʺ 
˂ˏˋʹ ˎˉˇ˂ˇʴʾʸʶˍʰʽ ˁʰʽ ʹ ʵʽʰʵʽˁʰˋʾʰ ʰˊ˔ʾʸʶʽ ʶˁ ˄ʷˇˎΦ 

¶ ɳʱ˄ ʵʶ˄ ʰ˂˂ʱ˅ʶʽ ʹ ˁʰˍʱˋˍʰˋʹ ʴʽʰ ˍʹ˄ ˇˉˇʾʰ ˁ˂ʺʻʹˁʰ˄Σ ˇ ˁʰˍʱ˂ˇʴˇˌ ʵˊʱˋʹˌ 
ʶˁˁʰʻʰˊʾʸʶˍʰʽ ˁʰʽ ˍ ̌ʶˉˈ˃ʶ˄ˇ ˔ˊˇ˄ʽˁˈ ʲʺ˃ʰ ˂ ʰ˃ʲʱ˄ʶˍʰʽ ˎˉˈ˕ʹ ʶˁˍˈˌ ʰ˄ ˍˇ 
ˁʰ˄ˇ˄ʽˁˈ ˎʵˊʰˎ˂ʽˁˈ ˔ˊˇ˄ʽˁˈ ʲʺ˃ʰ ʷ˔ʶʽ ˉʰˊʷ˂ʻʶʽΦ 
 

b. ɶ ˗ˊʰ ˉˊˇ˖ʻʶʾˍʰʽ ʰˉˈ ˍˇ ˎˉˇ˂ˇʴʽˋˍʽˁˈ ˔ˊˇ˄ʽˁˈ ʲʺ˃ʰΣ ˇʽ ˄ʷʶˌ ʰˉʰʽˍʺˋʶʽˌ 
ʲˊʷʻʹˁʰ˄Σ ˍʰ ʶˉʾˉʶʵʰ ʵʶ˅ʰ˃ʶ˄ʺˌ ˉˊˇˋʰˊ˃ˈˋˍʹˁʰ˄ ˃ ʶ ʲʱˋʹ ˍʹ˄ ˍˊʷ˔ˇˎˋʰ ˂ˏˋʹ 
ˊˇʺ̩Σ ˁʰʽ ˇʽ ˁʰ˄ˈ˄ʶˌ ʶ˂ʷʴ˔ˇˎ ˋˍˇˎˌ ˋˎ˄ʵʷˋ˃ˇˎ̩ ʶ˂ʷʴ˔ˇ˄ˍʰʽ ʴʽʰ ˄ʰ ˁʰʻˇˊʽˋˍʶʾ 
ˉˇʽˇʽ ˋˏ˄ʵʶˋ˃ˇʽ ʰ˂˂ʱʸˇˎ˄ ˁʰˍʱˋˍʰˋʹ. 
 

c. ɾʾʰ ˁʰʽ˄ˇˏˊʽʰ ʶˉʰ˄ʰ˂ʹˉˍʽˁʺ ʵʽʰʵʽˁʰˋʾʰ ˃ʶ ˍʽˌ ʶ˅ʽˋ˗ˋʶʽˌ 3.3 ˁʰʽ 3.4 ˅ʶˁʽ˄ʱʶʽ 
ˋˍˇ ˍˊʷ˔ˇ˄ ˋˏ˄ˇ˂ˇ ˊˇ˗˄Φ 

 
 
 

оΦс ɳˊʴʰ˂ʶʽˇʻʺˁʹ ˍˇˎ ɳPANET 

 
ɶ ʶˊʴʰ˂ʶʽˇʻʺˁʹ ζ9ǇʰƴŜǘ tǊƻƎǊŀƳƳŜǊΩǎ ¢ƻƻƭƪƛǘη ʶʾ˄ʰʽ ˃ʾʰ ʵˎ˄ʰ˃ʽˁʺ ʲʽʲ˂ʽˇʻʺˁʹ 
ʵʽʰˋˏ˄ʵʶˋʹˌ όŘȅƴŀƳƛŎ link libraryς5[[ύ ʰˉˈ ˋˎ˄ʰˊˍʺˋʶʽˌ ˉˇˎ ʶˉʽˍˊʷˉˇˎ˄ ˋʶ 
ˉˊˇʴˊʰ˃˃ʰˍʽˋˍʷˌ ˄ʰ ˉˊˇˋʰˊ˃ˈʸˇˎ˄ ˍʹ˄ ˎˉˇ˂ˇʴʽˋˍʽˁʺ ˃ʹ˔ʰ˄ʺ ˍˇˎ 9t!b9¢ ˋˍˇˎˌ ˋˁ ˇˉˇˏˌ 
ˍ˖˄ ʰ˄ʰ˂ˏˋʶ˖˄ ˍˇˎˌΦ ʁʽ ˋˎ˄ʰˊˍʺˋʶʽˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʶ˄ˋ˖˃ʰˍ˖ʻˇˏ˄ ˋʶ ˇˉˇʽʰʵʺˉˇˍʶ ʴ˂˗ˋˋʰ 
˃ˉˇˊʶʾ ˄ʰ ˁʰ˂ʷˋʶʽ ˋˎ˄ʰˊˍʺˋʶʽˌ ʰˉˈ ˃ʾʰ ʲʽʲ˂ʽˇʻʺˁʹ ό5[[ύ ²ƛƴŘƻǿǎΦ ɶ ʲʽʲ˂ʽˇʻʺˁʹ 
ˇ˄ˇ˃ʱʸʶˍʰʽ 9t!b9¢нΦ5[[ ˁʰʽ ˋˎ˄ˇʵʶˏʶˍʰʽ ʰˉˈ ʵʽʱ˒ˇˊʰ ʰˊ˔ʶʾʰ ˉˇˎ ʵʽʶˎˁˇ˂ˏ˄ˇˎ˄ ˍʹ˄ 
ʵʽʰˋˏ˄ʵʶˋʹ ˍʹˌ ˃ʶ ˍʽˌ ʴ˂˗ˋˋʶˌ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ˇˏ /κ/ҌҌΣ 5ŜƭǇƘƛΣ ±ƛǎǳŀƭ .ŀǎƛŎΦ ʂˉ˖ˌ ˁʰʽ ˍˇ 
9t!b9¢Σ ʰˎˍʺ ʰ˄ʰˉˍˏ˔ʻʹˁʶ ˁʰʽ ʵʽʰ˄ʷ˃ʶˍʰʽ ʶ˂ʶˏʻʶˊʰ ʰˉˈ ʆ˃ʺ˃ʰ ʃʰˊˇ˔ʺˌ ʈʵʰˍˇˌ ˁʰʽ 
ʇʵʰˍʽˁ˗˄ ʃˈˊ˖˄ ˍʹˌ ʇˉʹˊʶˋʾʰˌ ʃˊˇˋˍʰˋʾʰˌ ʃʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˍ˖˄ ɶ˄˖˃ʷ˄˖˄ ʃˇ˂ʽˍʶʽ˗˄Φ 
 
 
ʆˇ 9t!b9¢ ¢ƻƻƭƪƛǘ ʶʾ˄ʰʽ ʴˊʰ˃˃ʷ˄ˇ ˋʶ ʴ˂˗ˋˋʰ !b{L ǎǘŀƴŘŀǊŘ / ˃ʶ ˅ʶ˔˖ˊʽˋˍˇˏˌ ˁ˗ʵʽˁʶˌ ʴʽʰ 
ˍʹ˄ ʶʽˋʰʴ˖ʴʺ ˋˍˇʽ˔ʶʾ˖˄Σ ˍʹ˄ ˎʵˊʰˎ˂ʽˁʺ ʰ˄ʱ˂ˎˋʹΣ ˍʹ˄ ʰ˄ʱ˂ˎˋʹ ˉˇʽˈˍʹˍʰˌ ˄ʶˊˇˏ ˁʰʽ 
ˉʰˊʰʴ˖ʴʺ ʰ˄ʰ˒ˇˊʱˌΦ ɶ ˊˇʺ ˍʹˌ ˉ˂ʹˊˇ˒ˇˊʾʰˌ ʰˁˇ˂ˇˎʻʶʾ ˍʹ ˉʰˊʰˁʱˍ˖ ʵʽʰʵʽˁʰˋʾʰ ʴʽʰ ˍʹ˄ 
ʰ˄ʱ˂ˎˋʹ ʶ˄ˈˌ ʵʽˁˍˏˇˎ ʰʴ˖ʴ˗˄Υ 
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¶ ʁ ˁ˗ʵʽˁʰˌ ʶˉʶ˅ʶˊʴʰˋʾʰˌ ʵʶʵˇ˃ʷ˄˖˄ ʶʽˋʰʴ˖ʴʺˌ όƛƴǇǳǘ ǇǊƻŎŜǎǎƻǊ ƳƻŘǳƭŜύ ʵʷ˔ʶˍʰʽ 
ˍʹ ˉʶˊʽʴˊʰ˒ʺ ˍˇˎ ʵʽˁˍˏˇˎ ˃ʷˋ˖ ʶ˄ˈˌ ʶ˅˖ˍʶˊʽˁˇˏ ʰˊ˔ʶʾˇˎ ʶʽˋʰʴ˖ʴʺˌ (.INP). ʆʰ 
ˉʶˊʽʶ˔ˈ˃ʶ˄ʰ ˍˇˎ ʰˊ˔ʶʾˇˎ ʶˊ˃ʹ˄ʶˏˇ˄ˍʰʽ ˁʰʽ ˃ʶˍʰ˒ʷˊˇ˄ˍʰʽ ˋʶ ˃ʾʰ ˉʶˊʽˇ˔ʺ ˃˄ʺ˃ʹˌΣ 
ˁˇʽ˄ˈ˔ˊʹˋˍʹ ˃ʶ ˍˇˎˌ ʱ˂˂ˇˎˌ ˁ˗ʵʽˁʶˌΦ 
 

¶ ʁ ˁ˗ʵʽˁʰˌ ˎʵˊʰˎ˂ʽˁʺˌ ʶˉʾ˂ˎˋʹˌ όƘȅŘǊŀǳƭƛŎǎ ǎƻƭǾŜǊ ƳƻŘǳƭŜύ ʶˁˍʶ˂ʶʾ ˍʹ 
ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˎʵˊʰˎ˂ʽˁʺˌ ˂ʶʽˍˇˎˊʴʾʰˌΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˋʶ ˁʱʻʶ ʲʺ˃ʰ ˍʹˌ 
ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʴˊʱ˒ˇ˄ˍʰʽ ˋʶ ʷ˄ʰ ʶ˅˖ˍʶˊʽˁˈΣ ʵˎʰʵʽˁˈ ʰˊ˔ʶʾˇόΦI¸5ύΦ ɾʶˊʽˁʱ ʰˉˈ 
ʰˎˍʱ ˍʰ ˔ˊˇ˄ʽˁʱ ʲʺ˃ʰˍʰ ʻʰ ˃ˉˇˊˇˏˋʰ˄ ˄ʰ ʰ˄ˍʽˉˊˇˋ˖ˉʶˏˇˎ˄ ʶ˄ʵʽʱ˃ʶˋʰ ˔ˊˇ˄ʽˁʱ 
ˋʹ˃ʶʾʰ ˈˉˇˎ ˇʽ ˋˎ˄ʻʺˁʶˌ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˂˂ʱʸˇˎ˄ ʶˉʶʽʵʺ ˇʽ ʵʶ˅ʰ˃ʶ˄ʷˌ ʴʶ˃ʾʸˇˎ˄ 
ʺ ʰʵʶʽʱʸˇˎ˄ ʺ ˇʽ ʰ˄ˍ˂ʾʶˌ ʶ˄ʶˊʴˇˉˇʽˇˏ˄ˍʰʽ ʺ ʰˉʶ˄ʶˊʴˇˉˇʽˇˏ˄ˍʰʽ ˂ˈʴ˖ ˍ˖˄ ʶ˂ʷʴ˔˖˄ 
ˋˍʱʻ˃ʹˌ ʺ ˍʹˌ ˉˊˇʴˊʰ˃˃ʰˍʽˋ˃ʷ˄ʹˌ ˂ʶʽˍˇˎˊʴʾʰˌΦ 
  

¶ ɮ˄  ʸʹˍʶʾˍʰʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹ ˍʹˌ ˉˇʽˈˍʹˍʰˌ ˍˇˎ ˄ʶˊˇˏΣ ˇ ˁ˗ʵʽˁʰˌ ˍʹˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ 
ˉˇʽˈˍʹˍʰˌ όǿŀǘŜǊ ǉǳŀƭƛǘȅ ƳƻŘǳƭŜύ ˔ˊʹˋʽ˃ˇˉˇʽʶʾ ˍʰ ʵʶʵˇ˃ʷ˄ʰ ʰˉˈ ˍˇ ʰˊ˔ʶʾˇ όΦI¸5ύ 
ˁʰʻ˗ˌ ˎˉˇ˂ˇʴʾʸʶʽ ˍʹ ˃ʶˍʰ˒ˇˊʱ ˍ˖˄ ˇˎˋʽ˗˄ ˁʰʽ ˍʽˌ ˔ʹ˃ʽˁʷˌ ʰ˄ˍʽʵˊʱˋʶʽˌ ˉˇˎ 
˂ʰ˃ʲʱ˄ˇˎ˄ ˔˗ˊʰ ˋʶ ˁʱʻʶ ʲʺ˃ʰ ˍʹˌ ˎʵˊʰˎ˂ʽˁʺˌ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌΦ ɼʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ 
ʰˎˍʺˌ ˍʹˌ ʵʽʰʵʽˁʰˋʾʰˌ ˃ˉˇˊˇˏ˄ ˄ʰ ʴˊʰ˒ˇˏ˄ ˁʰʽ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˎʵˊʰˎ˂ʽˁʺˌ 
ʰ˄ʱ˂ˎˋʹˌ ˉˇˎ ˉˊˇʹʴʺʻʹˁʶ ˁʰʽ ˍʹˌ ˉˇʽˇˍʽˁʺˌ ʰ˄ʱ˂ˎˋʹˌ ʴʽʰ ˁʱʻʶ ʲʺ˃ʰ ˋʶ ʷ˄ʰ 
ʵʽʰʵʽˁˈ ʰˊ˔ʶʾˇ ʶ˅ˈʵˇˎ όΦh¦¢ύΦ ɳʱ˄ ʵʶ˄ ʸʹˍʹʻʶʾ ʹ ʰ˄ʱ˂ˎˋʹ ˍʹˌ ˉˇʽˈˍʹˍʰˌ ˍˇˎ ˄ʶˊˇˏ 
ʸʹˍʺʻʹˁʶΣ ˍˈˍʶ ˍʰ ˎʵˊʰˎ˂ʽˁʱ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˉˇʻʹˁʶˏˇ˄ˍʰʽ ˋˍˇ ʰˊ˔ʶʾˇ ΦI¸5 ˍˇ 
ˇˉˇʾˇ ˃ˉˇˊʶʾ ʰˉ˂ʱ ˄ʰ ʰ˄ʰʴˊʰ˒ʻʶʾ ˋˍˇ ʵˎʰʵʽˁˈ ʰˊ˔ʶʾˇ ʶ˅ˈʵˇˎ ˋʶ ˇ˃ˇʽˈ˃ˇˊ˒ʰ 
ʵʽʰˋˍʺ˃ʰˍʰ ʰ˄ʰ˒ˇˊʱˌΦ 

 

¶ ʂˉˇˍʶ ʸʹˍʹʻʶʾΣ ʷ˄ʰˌ ˁ˗ʵʽˁʰˌ ʵʹ˃ʽˇˎˊʴʾʰˌ ʰ˄ʰ˒ˇˊʱˌ όǊŜǇƻǊǘ ǿǊƛǘŜǊ ƳƻŘǳƭŜύ 
ʰ˄ʰˁʰ˂ʶʾ ˍ hˎˉˇ˂ˇʴʽˋ˃ʷ˄ʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʰˉˈ ˍˇ ʰˊ˔ʶʾˇ ʶ˅ˈʵˇˎ όΦh¦¢ύ ʴʽʰ ˁʱʻʶ 
ˉʶˊʾˇʵˇ ʰ˄ʰ˒ˇˊʱˌ  ˁʰʽ ˋʹ˃ʶʽ˗˄ʶʽ ˍʽˌ ʶˉʽ˂ʶʴ˃ʷ˄ʶˌ ˍʽ˃ʷˌ ˋʶ ʷ˄ʰ ˃ˇˊ˒ˇˉˇʽʹ˃ʷ˄ˇ 
ʰˊ˔ʶʾˇ ʰ˄ʰ˒ˇˊʱˌ όΦwt¢ύΦ ʁˉˇʽʰʵʺˉˇˍʶ ˃ʹ˄ˏ˃ʰˍʰ ˂ʱʻˇˎˌ ʺ ˉˊˇʶʽʵˇˉˇʽʺˋʶʽˌ 
ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˁʰˍʱ ˍʹ ʵʽʱˊˁʶʽʰ ˍˇˎ ˍˊʶ˅ʾ˃ʰˍˇˌ ˋʹ˃ʶʽ˗˄ˇ˄ˍʰʽ ʶˉʾˋʹˌ ˋʶ ʰˎˍˈ ˍˇ 
ʰˊ˔ʶʾˇ. 
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Kʀʒʗʇɻʅʋ τ  

ɞʆʐʚʈʂʎʂ ʀʌʅʌʐʡʎʀʖʉ ʎʐʂʉ ʇʀʅʐʋʑʍɾʚɻ ʅɿʀɻʐʋʞ 

ɿʅʆʐʞʋʑ ʞɿʍʀʑʎʂʏ  
 

 

пΦм ɾˇ˄ˍʶ˂ˇˉˇʾʹˋʹ ˍˇˎ ʵʽˁˍˏˇˎ 

ʅˍˇ ˁʶ˒ʱ˂ʰʽˇ ʰˎˍˈ ʶˁˍʽ˃ˇˏ˄ˍʰʽ ˇʽ ʶˉʽˉˍ˗ˋʶʽˌ ˋˍʹ˄ ˂ʶʽˍˇˎˊʴʾʰ ʶ˄ˈˌ ˁˎˁ˂ˇ˒ˇˊʽʰˁˇˏ 

ʵʽˁˍˏˇˎ ˏʵˊʶˎˋʹˌ ˃ʽˁˊʺˌ ˁ˂ʾ˃ʰˁʰˌ ˃ʶ ˍʹ˄ ˃ʶˍʰʲˇ˂ʺ ʵʽʰ˒ˈˊ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄Φ ɶ ˁʱʻʶ 

˃ʶˍʰʲˇ˂ʺ ʶˉʹˊʶʱʸʶʽ ˍˇ ʵʾˁˍˎˇ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁˈ ˍˊˈˉˇ ˖ˌ ˉˊˇˌ ˍʹ˄ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎΦ ʁʽ 

˃ʶˍʰʲˇ˂ʷˌ ˉˇˎ ʻʰ ʶ˅ʶˍʰˋˍˇˏ˄ ʷ˔ˇˎ˄ ʱ˃ʶˋˇ ʰ˄ˍʾˁˍˎˉˇ ˋˍʽˌ ˉʽʷˋʶʽˌ ˍˇˎ ʵʽˁˍˏˇˎ ˋʶ ˁʱʻʶ 

ˁˈ˃ʲˇ ˍˇˎΦ ɴˍˋʽ ʶ˂ʷʴ˔ˇ˄ˍʰˌ ˍʰ ˎʵˊʰˎ˂ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ʵʽˁˍˏˇˎ ʴʽʰ ˁʱʻʶ ˋʶ˄ʱˊʽˇ 

ʶʾ˃ʰˋˍʶ ˋʶ ʻʷˋʹ ˄ʰ ʶ˅ʶˍʱˋˇˎ˃ʶ ʶʱ˄ ˍˇ ʵʾˁˍˎˇ ʶʾ˄ʰʽ ˂ʶʽˍˇˎˊʴʽˁˈ  ˁʰʽ ˁʰ˂ˏˉˍʶʽ ˍʽˌ ʰ˄ʱʴˁʶˌ 

ˍ˖˄ ˁʰˍʰ˄ʰ˂˖ˍ˗˄Φ 

ʅˍˇ ˋ˔ʺ˃ʰ пΦм ʲ˂ʷˉˇˎ˃ʶ ʷ˄ʰ ʻʶ˖ˊʹˍʽˁˈ ˉʰˊʱʵʶʽʴ˃ʰ ʶˉʽ˂ˎ˃ʷ˄ˇˎ ʵʽˁˍˏˇˎ ʵʽʰ˄ˇ˃ʺˌ ˄ʶˊˇˏ 

˃ʽˁˊʺˌ ˁ˂ʾ˃ʰˁʰˌΦ ʆ ̌ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ʵʾˁˍˎˇ ˉʱˊʻʹˁʶ ʰˉˈ ˍ ̌ʶˉʽˋˍʹ˃ˇ˄ʽˁˈ ʱˊʻˊˇ ˃ ʁˍʾˍ˂ˇ 

ɅModelling Pressure Deficient Water Distribution Networks in 9t!b9¢Ʌ ˍ˖˄  aΦ !Φ IΦ !ōŘȅ 

{ŀȅȅŜŘΣ wΦ DǳǇǘŀ ˁʰʽ ¢Φ¢Φ ¢ŀƴȅƛƳōƻƘΦ 

ʆˇ ˎ˕ˈ˃ʶˍˊˇ ˁʰʽ ˍ˖˄ ʵˏˇ ʵʶ˅ʰ˃ʶ˄˗˄ ʶʾ˄ʰʽ слΣфсmΦʆˇ ʵʾˁˍˎˇ ʰˉˇˍʶ˂ʶʾˍʰʽ ʰˉˈ мо ˁˈ˃ʲˇˎˌ 

ˁʰʽ нм ʰʴ˖ʴˇˏˌΦ ʅˍˇ˄ ˉʾ˄ʰˁʰ 4.м ʲ˂ʷˉˇˎ˃ʶ ˍˇ˄ ˄ˇˏ˃ʶˊˇΣ ˍˇ ˃ʺˁˇˌ ˁʰʽ ˍʹ˄ ʵʽʱ˃ʶˍˊˇ ˍˇˎ 

ˁʱʻʶ ʰʴ˖ʴˇˏΦ ʅˍˇ˄ ˉʾ˄ʰˁʰ 4.н ʲ˂ʷˉˇˎ˃ʶ ˍˇ˄ ʰˊʽʻ˃ˈ ˍ˖˄ ˁˈ˃ʲ˖˄Σ ̱ ˇ ˎ˕ˈ˃ʶˍˊˇ ˍˇˎˌ ˁʰʽ ˍʹ˄ 

ˉʰˊˇ˔ʺ ˍˇˎˌΦ  
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ʅ˔ʺ˃ʰ пΦм ʅˏˋˍʹ˃ʰ ʵʽʰ˄ˇ˃ʺˌ ˄ʶˊˇˏ 

ʃʾ˄ʰˁʰˌ пΦм ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰʴ˖ʴ˗˄ 

 

ɮɱʍɱʁʅ ɿˇΦɾɶɼʁʅ όƳύɲɹɮɾɳʆʄʁʅόƳƳύ

1 609.6 762

2 243.8 762

3 1524 609

4 1127.76 609

5 1188.72 406

6 640.08 406

7 762 254

8 944.88 254

9 1676.4 381

10 883.92 305

11 883.92 305

12 1371.6 381

13 762 254

14 822.96 254

15 944.88 305

16 579 305

17 487.68 203

18 457.2 152

19 502.92 203

20 883.92 203

21 944.88 305
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ʃʾ˄ʰˁʰˌ пΦн ʋʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁˈ˃ʲ˖˄ 

 

 

 

ɱʽʰ ˍʹ˄ ʰˊ˔ʽˁʺ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ʵʽˁˍˏˇˎ ˂ʱʲʰ˃ʶ ˎˉˈ˕ʹ ˈˍʽ ˇʽ ʰʴ˖ʴˇʾ ʶʾ˄ʰʽ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇʽ 

ʰˉˈ ˍˇ ʾʵʽˇ ˎ˂ʽˁˈ ˁʰʽ ʹ ˍʽ˃ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˍˇˎˌ ʶʾ˄ʰʽ ʾˋʹ ˃ʶ лΣлс mm. ɴˍˋʽ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ 

ˍˇˎ EPANET ˎˉˇ˂ˇʴʾˋˍʹˁʰ˄ ˇʽ ˍʽ˃ʷˌ ˍʹˌ ˉʾʶˋʹˌ ˍˇˎ ʵʽˁˍˏˇˎ ˋʶ ˁʱʻʶ ˁˈ˃ʲˇΦ ʆʰ 

ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˒ʰʾ˄ˇ˄ˍʰʽ ˋˍˇ ˋ˔ʺ˃ʰ пΦнΦ 

 

 

ʅ˔ʺ˃ʰ пΦн ʃʽʷˋʶʽˌ ˁˈ˃ʲ˖˄ ˋˍʹ˄ ʰˊ˔ʽˁʺ ˁʰˍʱˋˍʰˋʹ 

ɼʁɾɰʁʅ ɿ ʇ̌ʌʁɾɳʆʄʁ όƳύʃɮʄʁʋɶ ό[κǎύ

1 27.43 0

2 33.53 59

3 28.96 59

4 32 178

5 30.48 59

6 31.39 190

7 29.56 178

8 31.39 91

9 32.61 0

10 34.14 0

11 35.05 30

12 36.58 30

13 33.53 0
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пΦн ʅʶ˄ʱˊʽʰ ˃ʶˍʰʲˇ˂ʺˌ ˎʵˊʰˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ 

ɳ˅ʶˍʱʸˇ˄ˍʰʽ ˖ˌ ˋʶ˄ʱˊʽʰ ˃ʶˍʰʲˇ˂ʺˌ ˍ˖˄ ˎʵˊʰˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍʰ ̄ ʰˊʰˁʱˍ˖Υ 

a. ɾʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ʰˉˈ лΦлсmm ̫ ˖ˌ мΣнmm, 

b. ɱˊʰ˃˃ʽˁʺ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎΣ 

c. ɾʶˍʰʲˇ˂ʺ ˍʹˌ ˉʰˊˇ˔ʺˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˃ʶ ˍʽˌ ʰˎ˅ˇ˃ʶʽ˗ˋʶʽˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˃ʶ ˍʹ˄ 

ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎΣ 

d. ʅˎ˄ʵˎʰˋ˃ˈˌ ˍ˖˄ ˃ʶʻˈʵ˖˄ b ˁ ʰʽ c. 

 

ɶ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˋˍˇˎˌ ʰʴ˖ʴˇˏˌ ˍˇˎ ʵʽˁˍˏˇˎ ʶʾ˄ʰʽ ʷ˄ʰ ʰˉˈ ˍʰ ˎʵˊʰˎ˂ʽˁʱ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍʰ ˇˉˇʾʰ ʷ˔ˇˎ˄ ʱ˃ʶˋʹ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ʰˉˈʵˇˋʹ ˍˇˎ ʵʽˁˍˏˇˎΦ ʁʽ 

ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˍˊʰ˔ˏˍʹˍʰˌ ˍ˖˄ ʰʴ˖ʴ˗˄ ˃ˉˇˊˇˏ˄ ˄ʰ ʶˊ˃ʹ˄ʶˎʻˇˏ˄ ˃ʶ ʵˏˇ ˍˊˈˉˇˎˌΦ ʁ 

ˉˊ˗ˍˇˌ ʶʾ˄ʰʽ ˈˍʽ ʵʽʰ˒ˇˊʶˍʽˁʺ ˍʽ˃ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ʽˋˇʵˎ˄ʰ˃ʶʾ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁˈ ˎ˂ʽˁˈ 

ˁʰˍʰˋˁʶˎʺˌ ˋ˖˂ʹ˄˗ˋʶ˖˄Φ ɶ ʵʶˏˍʶˊʹ ʶˊ˃ʹ˄ʶʾʰ ˉˇˎ ʵʾ˄ʶˍʰʽ ˋˍʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ 

ˍˊʰ˔ˏˍʹˍʰˌ ʶʾ˄ʰʽ ˈˍʽ ʷ˄ʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˎ˂ʽˁˈ ʰʴ˖ʴ˗˄ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ ˒ʻʶʾˊʶˍʰʽ 

ˁʰʽ ˔ʱ˄ʶʽ ˍʽˌ ʽʵʽʰʽˍʶˊˈˍʹˍʶˌ ˍˇˎ ˍˇ ˇˉˇʾˇ ʷ˔ʶʽ ˖ˌ ʰˉˇˍʷ˂ʶˋ˃ʰ ˍʹ˄ ʰ˂˂ʰʴʺ ˋˍʽˌ ˍʽ˃ʷˌ ˍʹˌ 

ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ʶˉʽˉˊˇˋʻʷˍ˖ˌ ˋˍʰ ˎˉˈ˂ˇʽˉʰ ˎʵˊʰˎ˂ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ʵʽˁˍˏˇˎΦ ɶ 

ʰˏ˅ʹˋʹ ˍʹˌ ˍʽ˃ʺˌ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˍ˖˄ ʰʴ˖ʴ˗˄ ʽˋˇʵˎ˄ʰ˃ʶʾ ˃ʶ ˃ʶʾ˖ˋʹ ˍʹˌ ʰˉˈʵˇˋʹˌ ˍˇˎ 

ʵʽˁˍˏˇˎΦ ʅˍˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˋʶ˄ʱˊʽˇ ʶˉʽ˂ʷ˔ʻʹˁʰ˄ ˍʽ˃ʷˌ ʰˉˈ ˍʰ 0.06mm όʽʵʶʰˍʺ ˉʶˊʾˉˍ˖ˋʹ 

ʰʴ˖ʴˇˏύ ʷ˖ˌ ˍʰ мΦнmm ˋʶ ˈ˂ˇ ˍˇ ʵʾˁˍˎˇ ˗ˋˍʶ ˄ʰ ʶˁˍʽ˃ʹʻˇˏ˄ ˇʽ ʶˉʽˉˍ˗ˋʶʽˌ ˉˇˎ 

ˉˊˇˁʰ˂ˇˏ˄ˍʰʽ ˋˍˇ ʵʾˁˍˎˇΦ 

ɴ˄ʰ ˉʽˇ ˊʶʰ˂ʽˋˍʽˁˈ ˋʶ˄ʱˊʽˇ ʶʾ˄ʰʽ ˇ ˇˊʽˋ˃ˈˌ ˍ˖˄ ˋ˖˂ʹ˄˗ˋʶ˖˄ ʰˉˈ ʷ˄ʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˎ˂ʽˁˈ 

ˁʰʽ ˉ˖ˌ ʹ ˍˊʰ˔ˏˍʹˍʰ ʰˎˍˇˏ ʰ˂˂ʱʸʶʽ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎΦ ʅʶ ʰˎˍˈ ˍˇ ˋʹ˃ʶʾˇ ʷʴʽ˄ʶ ʹ 

ˎˉˈʻʶˋʹ ˉ˖ˌ ˇʽ ʰʴ˖ʴˇʾ ʶʾ˄ʰʽ ˁʰˍʰˋˁʶˎʰˋ˃ʷ˄ˇʽ ʰˉˈ ˍˇ ʾʵʽˇ ˎ˂ʽˁˈ ˍˇˎ ˇˉˇʾˇˎ ʹ ˍˊʰ˔ˏˍʹˍʰ 

ʶʾ˄ʰʽ ʾˋʹ ˃ʶ 0.06mm. ʆˇ ˎ˂ʽˁˈ ʰˎˍˈ ʶʾ˄ʰʽ ʽʵʶʰˍˈ ˁʰʻ˗ˌ ʹ ˃ʽˁˊʺ ʰˎˍʺ ˍʽ˃ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ 

ʵʹ˂˗˄ʶʽ ˈˍʽ ˇʽ ˍˊʽʲʷˌ ˍˇˎ ˄ʶˊˇˏ ˃ʶ ˍˇˎˌ ʰʴ˖ʴˇˏˌ ʶʾ˄ʰʽ ˉˇ˂ˏ ˃ʽˁˊʺˌ ˋʹ˃ʰˋʾʰˌΦ ɮ˒ˇˏ 

ʶˉʽ˂ʷ˔ʻʹˁʶ ʹ ˍʽ˃ʺ ʰˎˍʺ ʷʴʽ˄ʶ ˃ʾʰ ʵʶˏˍʶˊʹ ˎˉˈʻʶˋʹ ʹ ˇˉˇʾʰ ʰ˒ˇˊʱ ˍʹ˄ ʵʽʰˁˏ˃ʰ˄ˋʹ ˍʹˌ 

ˍˊʰ˔ˏˍʹˍʰˌ ˋʶ ˋ˔ʷˋʹ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎΦ ɶ ˋ˔ʷˋʹ ʰˎˍʺ ʶʾ˄ʰʽ ʴˊʰ˃˃ʽˁʺ ˁʰʽ 

ʰˁˇ˂ˇˎʻʶʾ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ ʶˎʻʶʾʰˌ y = 0.018x + 0.06 ˈˉˇˎ x ˇ ˔ˊˈ˄ˇˌ ˋʶ ʷˍʹ ˁʰʽ y ʹ ˍʽ˃ʺ ˍʹˌ 

ˍˊʰ˔ˏˍʹˍʰˌ ˋʶ mm. ʁ ˔ˊˈ˄ˇˌ ʴʽʰ ˍˇ˄ ˇˉˇʾˇ ʶˁˍʶ˂ʷˋˍʹˁʶ ˍˇ ˋʶ˄ʱˊʽˇ ʰˎˍˈ ʶʾ˄ʰʽ ˍʰ ол ˔ˊˈ˄ʽʰ 

ˁʰʽ ˇʽ ˉʰˊʰˍʹˊʺˋʶʽˌ ˋˍʰ ˎʵˊʰˎ˂ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˍˇˎ ʵʽˁˍˏˇˎ ʷʴʽ˄ʰ˄ ˃ʶ ʲʺ˃ʰ 

ˉʶ˄ˍʰʶˍʾʰˌΦ 

ʅˍˇ ˍˊʾˍˇ ˋʶ˄ʱˊʽˇ ʻʶ˖ˊʶʾˍʰʽ ˍˇ ˎ˂ʽˁˈ ˍ˖˄ ʰʴ˖ʴ˗˄ ʰ˃ʶˍʱʲ˂ʹˍˇ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ 

ˁʰʽ ʾˋˇ ˃ʶ 0.06 mm ʰ˂˂ʱ ˎˉʱˊ˔ʶʽ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˉʰˊˇ˔ʺˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌΦ ɮˎˍʺ ʹ ˃ʶˍʰʲˇ˂ʺ 

ˋ˔ʶˍʾʸʶˍʰʽ ˃ʶ ˍʽˌ ʰˎ˅ˇ˃ʶʽ˗ˋʶʽˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏΦ ɸʶ˖ˊˇˏ˃ʶ ˈˍʽ ʹ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ 

ʰˁˇ˂ˇˎʻʶʾ ˍʹ˄ ˃ʷʻˇʵˇ ˍʹˌ ˋˍʰʻʶˊʺˌ ˋ˔ʶˍʽˁʺˌ ˃ʶˍʰʲˇ˂ʺˌ όˋˍʰʻʶˊˈ ˉˇˋˇˋˍˈ ˃ʶˍʰʲˇ˂ʺˌύΦ 

ɴˍˋʽ ʹ ʰ˄ʰʵˊˇ˃ʽˁʺ ˋ˔ʷˋʹ ʴˊʱ˒ʶˍʰʽΥ Pi = h Pi-1        ̍ ˉˇˎ ʰ Ґ м Ҍ ʴ ˁʰʽ ʴ Ґ Pi - Pi-1  /  Pi-1  Ґ ˋˍʰʻʶˊˈ 

ˁʰʽ ˉˊˇˁˏˉˍʶʽ      P˄  Ґ ʰ
˄ P0 Φʁʽ ˎˉˇ˂ˇʴʽˋ˃ˇʾ ˍ˖˄ ˉʰˊˇ˔˗˄ ʷʴʽ˄ʰ˄ ʴʽʰ ʵʽʱˊˁʶʽʰ ол ʶˍ˗˄ ˃ʶ 

ʲʺ˃ʰ ˉʶ˄ˍʰʶˍʾʰˌΦ ɴˍˋʽ ʶ˅ʶˍʱˋˍʹˁʰ˄ ˇʽ ˉʶˊʽˉˍ˗ˋʶʽˌ ʰˏ˅ʹˋʹˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˁʰˍʱ лΦр҈ Σ м҈ 

Σ мΦр҈ Σ  н҈ ˁʰʽ нΦр҈ ˁʰʽ ˇʽ ˃ʶʾ˖ˋʹ ʰˎˍˇˏ ˁʰˍʱ лΦр҈ ˁʰʽ м҈Φ 
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ʆʶ˂ʶˎˍʰʾˇ ˋʶ˄ʱˊʽˇ ʰˉˇˍʶ˂ʶʾ ˇ ˋˎ˄ʵˎʰˋ˃ˈˌ ˍ˖˄ ʵˏˇ ˍʶ˂ʶˎˍʰʾ˖˄ ˋʶ˄ʰˊʾ˖˄ ˍˇ ˇˉˇʾˇ ʶʾ˄ʰʽ 

ˁʰʽ ˍˇ ˉʽˇ ˊʶʰ˂ʽˋˍʽˁˈΦ ɮˎˍˈ ˋ˔ʶˍʾʸʶˍʰʽ ʱ˃ʶˋʰ ˃ʶ ˍʹ˄ ˉˊʰʴ˃ʰˍʽˁˈˍʹˍʰ ˁʰʻ˗ˌ ˂ʰ˃ʲʱ˄ʶʽ 

ˎˉˈ˕ʹ ˁʰʽ ˍʽˌ ʵˏˇ ˋʹ˃ʰ˄ˍʽˁʷˌ ˃ʶˍʰʲˇ˂ʷˌ ˍ˖˄ ˎʵˊʰˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˉˇˎ ˎ˒ʾˋˍʰˍʰʽ 

ʷ˄ʰ ˊʶʰ˂ʽˋˍʽˁˈ ʵʾˁˍˎˇ ʵʽʰ˄ˇ˃ʺˌ ˄ʶˊˇˏ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ Σ ˍˈˋˇ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ 

ˈˋˇ ˁʰʽ ˍʹˌ ˉʰˊˇ˔ʺˌΦ 

 

пΦо ɮˉˇˍʶ˂ʷˋ˃ʰˍʰ ˎ ʵˊʰˎ˂ʽˁ˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ ɻ ʽˁˍˏˇˎ 

   

пΦоΦм ɾʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ʰˉˈ лΦлсmm ̫ ˖ˌ мΣнmm 

ɾʶ ˈ˂ʰ ʰˎˍʱ ˍʰ ʵʶʵˇ˃ʷ˄ʰΣ ʶʾ˃ʰˋˍʶ ˍ˗ˊʰ ˋʶ ʻʷˋʹ ˄ʰ ˎˉˇ˂ˇʴʾˋˇˎ˃ʶ ˍʹ˄ ˉʾʶˋʹ ˋʶ ˁʱʻʶ ʷ˄ʰ 

ˁˈ˃ʲˇ ˍˇˎ ʵʽˁˍˏˇˎΦ ɮˎˍˈ ʻʰ ʴʾ˄ʶʽ ʴʽʰ нл ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ όkύ ˅ʶˁʽ˄˗˄ˍʰˌ 

ʰˉˈ ˍʰ лΣлсmm ˒ˍʱ˄ˇ˄ˍʰˌ ˍʰ мΣнmm ˃ʶ ʲʺ˃ʰ лΣлсΦɴˍˋʽ ʴʽʰ ˁʱʻʶ ˁˈ˃ʲˇ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍˇˎ 

EPANET ɻ ˈʻʹˁʰ˄ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍʹˌ ˉʾʶˋʹˌ ˍˇˎΣ ˁ ʰʻ˗ˌ ʱ˂˂ʰʸʶ ʹ ˍˊʰ˔ˏˍʹˍʰ ˍ˖˄ ʰʴ˖ʴ˗˄Φ 

ɾʶ ˍʹ ʲˇʺʻʶʽʰ ˈ˂˖˄ ʰˎˍ˗˄ ˍ˖˄ ˍʽ˃˗˄ ʵʹ˃ʽˇˎˊʴʺˋʰ˃ʶ ˍʰ ʰ˄ˍʾˋˍˇʽ˔ʰ ʵʽʰʴˊʱ˃˃ʰˍʰ 

ˍˊʰ˔ˏˍʹˍʰˌόmm)-ˉʾʶˋʹˌόmύΦʃʰˊʰˁʱˍ˖ ʲ˂ʷˉˇˎ˃ʶ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˈˋˇ ˋʶ ˃ˇˊ˒ʺ 

ˉʽ˄ʱˁ˖˄ ˈˋˇ ˁʰʽ ˋʶ ˃ˇˊ˒ʺ ʴˊʰ˒ʺ˃ʰˍˇˌΦ 

 

ʅ˔ʺ˃ʰ пΦо ʆˊʰ˔ˏˍʹˍʰ-ʃʾʶˋʹ ʴʽʰ ˁʱʻʶ ˁˈ˃ʲˇ 
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ʅ˔ʺ˃ʰ пΦо όʅˎ˄ʷ˔ʶʽʰύ 
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 ʅ˔ʺ˃ʰ пΦо όʅˎ˄ʷ˔ʶʽʰύ 
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ʅ˔ʺ˃ʰ пΦо όʅˎ˄ʷ˔ʶʽʰύ 
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ʅ˔ʺ˃ʰ пΦо όʅˎ˄ʷ˔ʶʽʰύ 
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ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˋʶ ˈ˂ˇˎˌ ˍˇˎˌ ˁˈ˃ʲˇˎˌ ˁʰʻ˗ˌ ʰˎ˅ʱ˄ʶˍʰʽ ʹ ˍˊʰ˔ˏˍʹˍʰ ˍ˖˄ ʰʴ˖ʴ˗˄ ˍˈˋˇ 

ˍˇ ˏ˕ˇˌ ˉʾʶˋʹˌ ˃ʶʽ˗˄ʶˍʰʽΦ ʂ˂ˇʽ ˇʽ ˁˈ˃ʲˇʽ ʰˁˇ˂ˇˎʻˇˏ˄ ˍʹ˄ ʾʵʽʰ ʴˊʰ˒ʽˁʺ ˉʰˊʱˋˍʰˋʹ ʰ˂˂ʱ 

ˍˇ ˉˇˋˇˋˍˈ ˃ʶʾ˖ˋʹˌ ˍʹˌ ˉʾʶˋʹˌ ʵʽʰ˒ʷˊʶʽ ʰˉˈ ˁˈ˃ʲˇ ˋʶ ˁˈ˃ʲˇ ˃ʶ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˍʽ˃ʺˌ ˍʹˌ 

ˍˊʰ˔ˏˍʹˍʰˌ ʰˉˈ лΣлсmm ˋˍʰ мΣнmm. ɶ ˁʰˍʱˍʰ˅ʹ ʰˎˍʺ ˒ʰʾ˄ʶˍʰʽ ˋˍˇ˄ ˉʾ˄ʰˁʰ 4.о ˇ ˇˉˇʾˇˌ 

ʶʾ˄ʰʽ ʵʽʰ˃ˇˊ˒˖˃ʷ˄ˇˌ ˁʰˍʱ ʰˏ˅ˇˎˋʰ ˋʶʽˊʱΦ ɴ˔ˇ˄ˍʰˌ ʵʹ˂ʰʵʺ ˉˊ˗ˍˇ ˍˇ˄ ˁˈ˃ʲˇ ˉˇˎ 

ʶ˃˒ʰ˄ʾʸʶʽ ˍˇ ˃ʽˁˊˈˍʶˊˇ ˉˇˋˇˋˍˈ ˃ʷˍˊ˖˄ ˉʾʶˋʹˌ ˁʰˍʱ ˍʹ˄ ʵʽʰˁˏ˃ʰ˄ˋʹ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ʶ˄˗ 

ˍʶ˂ʶˎˍʰʾˇ ʰˎˍˈ˄ ˃ʶ ˍˇ ˃ʶʴʰ˂ˏˍʶˊˇ ˉˇˋˇˋˍˈ ˃ʷˍˊ˖˄ ˉʾʶˋʹˌ ˁʰˍʱ ˍʹ˄ ʵʽʰˁˏ˃ʰ˄ˋʹ ˍʹˌ 

ˍˊʰ˔ˏˍʹˍʰˌΦ 

ʃʾ˄ʰˁʰˌ пΦо ɲʽʰ˒ˇˊʱ ˉʾʶˋʹˌ ʰˊ˔ʽˁʺˌ ˁʰʽ ˍʶ˂ʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ʰ˄ʱ ˁˈ˃ʲˇ 

 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˇʽ ˁˈ˃ʲˇʽ ˉˇˎ ʶ˃˒ʰ˄ʾʸˇˎ˄ ˃ʶʴʱ˂ʶˌ ʵʽʰ˒ˇˊʷˌ ˉʾʶˋʹˌ ʶʾ˄ʰʽ ˇʽ ˉʽˇ 

ʰˉˇ˃ʰˁˊˎˋ˃ʷ˄ˇʽ ʰˉˈ ˍʽˌ ʵʶ˅ʰ˃ʶ˄ʷˌ όтΣсΣуΣ ммΣмнύ ˋʶ ʰ˄ˍʾʻʶˋʹ ˃ʶ ˍˇˎˌ ˁˇ˄ˍʽ˄ˇˏˌ 

όмΣнΣоΣрΣпύΦɱʶʴˇ˄ˈˌ ˍˇ ˇˉˇʾˇ ʶʾ˄ʰʽ ʰˉˇ˂ˏˍ˖ˌ ˂ˇʴʽˁˈ ˁʰʻ˗ˌ ˇʽ ˁˈ˃ʲˇʽ ˉˇˎ ʶ˃˒ʰ˄ʾʸˇˎ˄ 

˃ʶʴʱ˂ʶˌ ʵʽʰ˒ˇˊʷˌ ˉˇˋˇˋˍ˗˄ ˉʾʶˋʹˌ ˉʰˊʶ˃ʲʱ˂˂ˇ˄ˍʰʽ ˉʶˊʽˋˋˈˍʶˊˇʽ ʰʴ˖ʴˇʾ ˁʰʽ ˉˇ˂˂ʷˌ 

˒ˇˊʷˌ ˃ʶʴʰ˂ˏˍʶˊˇˎ ˃ʺˁˇˎˌ ˇˉˈˍʶ ˇʽ ʰˉ˗˂ʶʽʶˌ ˍ˖˄ ˉʽʶʸˇ˃ʶˍˊʽˁ˗˄ ˒ˇˊˍʾ˖˄ ʶʾ˄ʰʽ 

˃ʶʴʰ˂ˏˍʶˊʶˌΦ 

 

пΦоΦн ɱˊʰ˃˃ʽˁʺ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ 

 

ʅʶ ʰˎˍʺ ˍʹ ˃ʷʻˇʵˇ ˇʽ ˍʽ˃ʷˌ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˍ˖˄ ʰʴ˖ʴ˗˄ ˋˎˋ˔ʶˍʾʸˇ˄ˍʰʽ ˃ʶ ˍˇ˄ ˔ˊˈ˄ˇ ˁʰʽ ˉʽˇ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ ʰˁˇ˂ˇˎʻˇˏ˄ ˍʹ˄ ʶ˅ʾˋ˖ˋʹ ʶˎʻʶʾʰˌ ȅ Ґ лΦлмуȄ Ҍ лΦлс ˈˉˇˎ Ȅ ˇ ˔ˊˈ˄ˇˌ ˋʶ ʷˍʹ 

ˁʰʽ ȅ ʹ ˍʽ˃ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˋʶ ƳƳΦ ɴˍˋʽ ˃ʶ ˍʹ ʲˇʺʻʶʽʰ ˍˇˎ EPANET ˂ˏʻʹˁʶ ˍˇ ʵʾˁˍˎˇ ʰˎˍˈ 

ˁʰʽ ˎˉˇ˂ˇʴʾˋˍʹˁʰ˄ ʴʽʰ ˁʱʻʶ ˔ˊˇ˄ʽˁʺ ˉʶˊʾˇʵˇ ʹ ˍʽ˃ʺ ˍʹˌ ˉʾʶˋʹˌ ˋʶ ˁʱʻʶ ˁˈ˃ʲˇ ˈˉ˖ˌ 

ˉʰˊˇˎˋʽʱʸʶˍʰʽ ˉʰˊʰˁ

ɼʁɾɰʁʅ ɿɲ̌ɹɮʊʁʄɳʅ ʃɹɳʅɶʅ όƳύʃʁʅʁʅʆʁ ɾɳɹʍʅɶʅ ʃɹɳʅɶʅ ό҈ύ

1 0.72 2.26

2 1.01 4.04

3 2.72 9.6

5 3.28 12.56

4 3.25 13.25

10 3.6 16.27

9 4.14 18.11

13 4.63 21.79

7 5.64 23.49

6 5.7 25.84

8 5.75 26.21

11 5.43 28.67

12 5.46 31.56
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 ʅ˔ʺ˃ʰ пΦп ʋˊˈ˄ˇˌ-ʃʾʶˋʹ ˃ʶ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ʴʽʰ ˁʱʻʶ ˁˈ˃ʲˇ 
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ʅ˔ʺ˃ʰ пΦп όʅˎ˄ʷ˔ʶʽʰύ 
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ʅ˔ʺ˃ʰ пΦп όʅˎ˄ʷ˔ʶʽʰύ 

 

ʃʰˊʰˍʹˊʶʾˍʰʽ ˈˍʽ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍ˖˄ ʶˍ˗˄ ˁʰʽ ˍʹ˄ ʰˏ˅ʹˋʹ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌΣ ˋʶ ˁʱʻʶ ˁˈ˃ʲˇ ʹ 

ˍʽ˃ʺ ˍʹˌ ˉʾʶˋʹˌ ˃ʶʽ˗˄ʶˍʰʽ ˃ʶ ˍˇ˄ ʾʵʽˇ ˍˊˈˉˇ ʰ˂˂ʱ ˃ʶ ʵʽʰ˒ˇˊʶˍʽˁʱ ˉˇˋˇˋˍʱ ˋʶ ˁʱʻʶ ʷ˄ʰ˄ 

ʰˉˈ ʰˎˍˇˏˌΦ ʆˇ ˋʶ˄ʱˊʽˇ ʰˎˍˈ ʰˁˇ˂ˇˎʻʶʾ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ˉˊˇʹʴˇˏ˃ʶ˄ˇˎ ʰ˂˂ʱ ˃ʶ 

˃ʽˁˊˈˍʶˊʶˌ ʵʽʰ˒ˇˊʷˌ ˍˈˋˇ ˋˍʹ˄ ˉʾʶˋʹ ˈˋˇ ˁʰʽ ˋˍʰ ˉˇˋˇˋˍʱ ˃ʶʾ˖ˋʹˌ ʰˎˍʺˌΦ ʅˍˇ˄ ˉʾ˄ʰˁʰ п.4 

˒ʰʾ˄ˇ˄ˍʰʽ ʰ˄ʰ˂ˎˍʽˁˈˍʶˊʰ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 
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ʃʾ˄ʰˁʰˌ пΦп ɲʽʰ˒ˇˊʱ ˉʾʶˋʹˌ ʰˊ˔ʽˁʺˌ ˁʰʽ ˍʶ˂ʽˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ʰ˄ʱ ˁˈ˃ʲˇ 

 

 

пΦоΦо ɾʶˍʰʲˇ˂ʺ ˍʹˌ ˉʰˊˇ˔ʺˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˃ʶ ˍʽˌ ʰˎ˅ˇ˃ʶʽ˗ˋʶʽˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˁʰʽ ˍʹ˄ 

ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ 

 

ɶ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˉʰˊˇ˔ʺˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˋ˔ʶˍʾʸʶˍʰʽ ʱ˃ʶˋʰ ˃ʶ ˍʽˌ ˃ʶˍʰʲˇ˂ʷˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ 

ʴˏˊ˖ ʰˉˈ ˍˇ ʵʾˁˍˎˇ ˏʵˊʶˎˋʹˌΦ ɴˍˋʽ ʴʽʰ ˍʽˌ т ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˉʶˊʽˉˍ˗ˋʶʽˌ ˃ʶˍʰʲˇ˂ʺˌ ˍˇˎ 

ˉ˂ʹʻˎˋ˃ˇˏ όлΦр҈ Σ м҈ Σ 1.5% , 2% , 2.5% , -лΦр҈ ˁʰʽ -м҈ ύ ˉˊˇˁˏˉˍʶʽ ˁʰʽ ʷ˄ʰˌ ʵʽʰ˒ˇˊʶˍʽˁˈˌ 

ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰΦ ʁ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˎˍˈˌ ˎ˕˗˄ʶˍʰʽ ˋʶ ʷ˄ʰ˄ ʶˁʻʷˍʹ ˄ ˇ ˇˉˇʾˇˌ ˉˊˇˋʵʽˇˊʾʸʶʽ ˍʹ 

˔ˊˇ˄ʽˁʺ ˉʶˊʾˇʵˇ ˉˇˎ ʷ˔ʶʽ ˉʶˊʱˋʶʽ ʰˉˈ ˍʹ˄ ʰˊ˔ʽˁʺ ˁʰˍʱˋˍʰˋʹ ˍˇˎ ʵʽˁˍˏˇˎΦ ɾʶ ʰˎˍˈ˄ ˍˇ˄ 

ˍˊˈˉˇ ˇ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰ˄ ˉˇ˂˂ʰˉ˂ʰˋʽʱʸʶˍʰʽ ˋʶ ˁʱʻʶ ˉʶˊʾˉˍ˖ˋʹ ˃ʶ ˍʽˌ ʰˊ˔ʽˁʷˌ ˉʰˊˇ˔ʷˌ ˍˇˎ 

ʵʽˁˍˏˇˎ ˁʰʽ ˉˊˇˁˏˉˍˇˎ˄ ˇʽ ˄ʷʶˌ ˎˉˇ˂ˇʴʽˋ˃ʷ˄ʶˌ ˉʰˊˇ˔ʷˌ ˋˍˇ ʵʾˁˍˎˇ ʴʽʰ ˍʹ˄ ʶˁʱˋˍˇˍʶ 

˃ʶˍʰʲˇ˂ʺ ˉ˂ʹʻˎˋ˃ˇˏ ˁʰʽ ˔ˊˇ˄ʽˁʺ ˉʶˊʾˇʵˇΦ ʅˍˇ ʶˉˈ˃ʶ˄ˇ ʲʺ˃ʰ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍˇ EPANET ˇʽ 

˄ʷʶˌ ˉʰˊˇ˔ʷˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˁʰʽ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ˇʽ ˉʽʷˋʶʽˌΦ ʆʰ ʵʶʵˇ˃ʷ˄ʰ ʰˎˍʱ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ 

˃ʶ ˍʹ ˃ˇˊ˒ʺ ˉʽ˄ʱˁ˖˄ ˁʰʽ ʷˉʶʽˍʰ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ˔ˊˈ˄ˇˎ ˉʾʶˋʹˌ ʴʽʰ ˁʱʻʶ 

ˁˈ˃ʲˇ ˁʰʽ ʴʽʰ ˍʽˌ т ˃ʶˍʰʲˇ˂ʷˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏΦ 

 

 

 

 

 

 

 

 

ɼʁɾɰʁʅ ɿ ɲ̌ɹɮʊʁʄɳʅ ʃɹɳʅɶʅ όƳύʃʁʅʁʅʆʁ ɾɳɹʍʅɶʅ ʃɹɳʅɶʅ ό҈ύ

1 0.46 1.41

2 0.65 2.50

3 1.73 6.11

5 2.09 8.00

4 2.07 8.44

10 2.28 10.31

9 2.61 11.42

13 2.93 13.79

7 3.56 14.83

6 3.59 16.27

8 3.62 16.50

11 3.4 17.95

12 3.42 19.77
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ʃʾ˄ʰˁʰˌ пΦр ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ʰˏ˅ʹˋʹ ˉ˂ʹʻˎˋ˃ˇˏ лΦр҈ 

 

 

 

 

ʃʾ˄ʰˁʰˌ пΦс ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ʰˏ˅ʹˋʹ ˉ˂ʹʻˎˋ˃ˇˏ м҈ 
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 ʃʾ˄ʰˁʰˌ пΦ7 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ʰˏ˅ʹˋʹ ˉ˂ʹʻˎˋ˃ˇˏ м.5% 

 

 

 

 

ʃʾ˄ʰˁʰˌ пΦ8 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ʰˏ˅ʹˋʹ ˉ˂ʹʻˎˋ˃ˇˏ 2% 
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ʃʾ˄ʰˁʰˌ пΦ9 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ʰˏ˅ʹˋʹ ˉ˂ʹʻˎˋ˃ˇˏ 2.5% 

 

 

ʃʾ˄ʰˁʰˌ пΦ10 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶʾ˖ˋʹ ̄ ˂ʹʻˎˋ˃ˇˏ 0.5% 
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ʃʾ˄ʰˁʰˌ пΦ11 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶʾ˖ˋʹ ˉ˂ʹʻˎˋ˃ˇˏ м҈ 

 

 

 

 

ʅ˔ʺ˃ʰ пΦр ʋˊˈ˄ˇˌ-ʃʾʶˋʹ ˃ʶ ˃ʶˍʰʲˇ˂ʺ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ʴʽʰ ˁʱʻʶ ˁˈ˃ 
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ʅ˔ʺ˃ʰ пΦр όʅˎ˄ʷ˔ʶʽʰύ 
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ʅ˔ʺ˃ʰ пΦр όʅˎ˄ʷ˔ʶʽʰύ 
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ʅ˔ʺ˃ʰ пΦр όʅˎ˄ʷ˔ʶʽʰύ 
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ʅ˔ʺ˃ʰ пΦр όʅˎ˄ʷ˔ʶʽʰύ 
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ʅ˔ʺ˃ʰ пΦр όʅˎ˄ʷ˔ʶʽʰύ 
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ʅ˔ʺ˃ʰ пΦр όʅˎ˄ʷ˔ʶʽʰύ 
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ɾʶ ˍʹ˄ ʶˉʾ˂ˎˋʹ ˈ˂˖˄ ˍ˖˄ ʶ˄ʵʶ˔ˇ˃ʷ˄˖˄ ˉˊˇˁˏˉˍʶʽ ˈˍʽ ˍˇ ʵʾˁˍˎˇ ˂ʶʽˍˇˎˊʴʶʾ ʴʽʰ ˈ˂ʶˌ ˍʽˌ 

ˉʶˊʽˉˍ˗ˋʶʽˌ ʶˁˍˈˌ ʰˉˈ ˍʹ˄ ˉʱˊˇʵˇ ˍ˖˄ ол ˔ˊˈ˄˖˄ ˃ʶ ʰˏ˅ʹˋʹ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˁʰˍʱ нΦр҈ 

όʷ˔ʶʽ ˋʹ˃ʶʽ˖ʻʶʾ ˃ʶ ˁʾˍˊʽ˄ˇ ˔ˊ˗˃ʰ ˋˍˇˎˌ ˉʾ˄ʰˁʶˌύΦ ɱʽʰ ʰˎˍˈ ˍˇ ˂ˈʴˇ ˋˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ʹ 

ˉʶˊʾˉˍ˖ˋʹ ʰˏ˅ʹˋʹˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˁʰˍʱ нΦр҈ ˋˍʰ˃ʰˍʱʶʽ ˋˍʰ нр ˔ˊˈ˄ʽʰΦ 

ɳʾ˄ʰʽ ˉˊˇ˒ʰ˄ʷˌ ˈˍʽ ʹ ʰˏ˅ʹˋʹ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ʰˁˇ˂ˇˎʻʶʾˍʰʽ ʰˉˈ ˉʶˊʽˋˋˈˍʶˊʹ ʸʺˍʹˋʹ 

˄ʶˊˇˏΦ ɴˍˋʽ ʹ ˉʰˊˇ˔ʺ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ʰˎ˅ʱ˄ʶˍʰʽ ˁʰʽ ˃ʶ ˍʹ˄ ˋʶʽˊʱ ˍʹˌ ʹ ˉʾʶˋʹ ˃ʶʽ˗˄ʶˍʰʽΦ 

ʂˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ʶʾ˄ʰʽ ʹ ʰˏ˅ʹˋʹ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˍˈˋˇ ˉʽˇ ˊʰʴʵʰʾʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʷ˔ʶʽ ˋˍʹ˄ 

ˉʰˊˇ˔ʺ ˁʰʽ ˋˍʹ˄ ˉʾʶˋʹΦ ɮˎˍˈ ˒ʰʾ˄ʶˍʰʽ ʰˁˈ˃ʹ ˉʽˇ ˅ʶˁʱʻʰˊʰ ˈˍʰ˄ ˋˎʴˁˊʾ˄ʶˍʰʽ ʷ˄ʰˌ ˁˈ˃ʲˇˌ 

ˋʶ ˃ʾʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˔ˊˇ˄ʽˁʺ ˋˍʽʴ˃ʺΦ ʅʶ ˈ˂ʰ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ʹ ʰˏ˅ʹˋʹ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˋʶ 

ˁʱʻʶ ˔ˊˇ˄ʽˁʺ ˋˍʽʴ˃ʺ ˋˎ˄ˇʵʶˏʶˍʰʽ ʰˉˈ ˃ʶʾ˖ˋʹ ˍʹˌ ˍʽ˃ʺˌ ˍʹˌ ˉʾʶˋʹˌΦ 

ɮˉˈ ˍʹ˄ ʱ˂˂ʹ ˉ˂ʶˎˊʱ ʹ ˃ʶʾ˖ˋʹ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ʰˁˇ˂ˇˎʻʶʾˍʰʽ ʰˉˈ ˃ʶʽ˖˃ʷ˄ʹ ʸʺˍʹˋʹ ˄ʶˊˇˏΦ 

ɴˍˋʽ ʹ ˉʰˊˇ˔ʺ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˃ʶʽ˗˄ʶˍʰʽ ˁʰʽ ʹ ˉʾʶˋʹ ʰˎ˅ʱ˄ʶˍʰʽΦ ʂˋˇ ˃ʶʴʰ˂ˏˍʶˊʹ ˃ʶʾ˖ˋʹ 

ˎ˒ʾˋˍʰˍʰʽ ˇ ˉ˂ʹʻˎˋ˃ˈˌ ˁʰˍʱ ʰˉˈ˂ˎˍʹ ˍʽ˃ʺ  ˍˈˋˇ  ˂ʽʴˈˍʶˊʹ ˉʰˊˇ˔ʺ ʰˉʰʽˍʶʾˍʰʽ ˋˍˇˎˌ 

ˁˈ˃ʲˇˎˌ ˍˇˎ ʵʽˁˍˏˇˎ ˍˇ ˇˉˇʾˇ ʽˋˇʵˎ˄ʰ˃ʶʾ ˃ʶ ʰˏ˅ʹˋʹ ˍʹˌ ˍʽ˃ʺˌ ˍʹˌ ˉʾʶˋʹˌΦ ɮˎˍˈ ˒ʰʾ˄ʶˍʰʽ 

ʰˁˈ˃ʹ ˉʽˇ ˅ʶˁʱʻʰˊʰ ˈˍʰ˄ ˋˎʴˁˊʾ˄ʶˍʰʽ ʷ˄ʰˌ ˁˈ˃ʲˇˌ ˋʶ ˃ʾʰ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹ ˔ˊˇ˄ʽˁʺ ˋˍʽʴ˃ʺΦ ʅʶ 

ˈ˂ʰ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ ʹ ˃ʶʾ˖ˋʹ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˋʶ ˁʱʻʶ ˔ˊˇ˄ʽˁʺ ˋˍʽʴ˃ʺ ˋˎ˄ˇʵʶˏʶˍʰʽ ʰˉˈ 

ʰˏ˅ʹˋʹ ˍʹˌ ˍʽ˃ʺˌ ˍʹˌ ˉʾʶˋʹˌΦ 

 

 

4.3.4 ɾʶˍʰʲˇ˂ʺ ˍʹˌ ˉʰˊˇ˔ʺˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˃ʶ ˍʽˌ ʰˎ˅ˇ˃ʶʽ˗ˋʶʽˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˁʰʽ ˍʹˌ 

ˍˊʰ˔ˏˍʹˍʰˌ ˃ʶ ˍʹ˄ ˉʱˊˇʵˇ ˍˇˎ ˔ˊˈ˄ˇˎ 

 

ʆˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ˇ ˋʶ˄ʱˊʽˇ ʰˉˇˍʶ˂ʶʾ ˍʰˎˍˈ˔ˊˇ˄ˇ ˋˎ˄ʵˎʰˋ˃ˈ ˍ˖˄ ʵˏˇ ˉˊˇʹʴˇˎ˃ʷ˄˖˄ 

ˋʶ˄ʰˊʾ˖˄Φ ɳʵ˗ ʶ˅ʶˍʱʸˇ˄ˍʰʽ ˍʰ т ˋʶ˄ʱˊʽʰ ˃ʶˍʰʲˇ˂ʺˌ ˉ˂ʹʻˎˋ˃ˇˏ όлΦр҈ Σ м҈ Σ мΦр҈ Σ н҈ Σ 

2.5% , -лΦр҈ ˁʰʽ -м҈ ύ  ˍʰˎˍˈ˔ˊˇ˄ʰ ˃ʶ ˍʹ˄ ʰ˂˂ʰʴʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˉˇˎ ʰˁˇ˂ˇˎʻʶʾ ˍʹ˄ 

ʶ˅ʾˋ˖ˋʹ ʶˎʻʶʾʰˌ ȅ Ґ лΦлмуȄ Ҍ лΦлс ˈˉˇˎ Ȅ ˇ ˔ˊˈ˄ˇˌ ˋʶ ʷˍʹ ˁʰʽ ȅ ʹ ˍʽ˃ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˋʶ 

ƳƳ ˋʶ ʲʱʻˇˌ ол ˔ˊˈ˄˖˄Φ ɶ ˉʰˊˇ˔ʺ ˉʰˊʰ˃ʷ˄ʶʽ ˋˍʽˌ ʾʵʽʶˌ ˍʽ˃ʷˌ ˃ʶ ˍˇ ˉˊˇʹʴˇˏ˃ʶ˄ˇ ˋʶ˄ʱˊʽˇ 

ʰ˂˂ʱ ʹ ˍʰˎˍˈ˔ˊˇ˄ʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˒ʷˊʶʽ ˁʰʽ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˍʽ˃ʷˌ ˋˍʹ˄ ˉʾʶˋʹΦ ɴˍˋʽ 

ˋˍˇ ʶˉˈ˃ʶ˄ˇ ʲʺ˃ʰ ˍˇˉˇʻʶˍʶʾˍʰʽ ˋˍˇ EPANET ˇʽ ˉʰˊˇ˔ʷˌ ˋˍˇˎˌ ˁˈ˃ʲˇˎˌ ˁʰʽ ˇʽ ˍˊʰ˔ˏˍʹˍʶˌ 

ˍ˖˄ ʰʴ˖ʴ˗˄ ʴʽʰ ˁʱʻʶ ˔ˊˇ˄ʽˁʺ ˉʶˊʾˇʵˇ ˁʰʽ ˎˉˇ˂ˇʴʾʸˇ˄ˍʰʽ ˇʽ ˄ʷʶˌ ˉʽʷˋʶʽˌ ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ 

ˍ˖˄ ˇˉˇʾ˖˄ ʶ˃˒ʰ˄ʾʸˇ˄ˍʰʽ ˃ʶ ˍʹ ˃ˇˊ˒ʺ ˉʾ˄ʰˁʰΦ ɴˉʶʽˍʰ ʵʹ˃ʽˇˎˊʴˇˏ˄ˍʰʽ ˍʰ ʵʽʰʴˊʱ˃˃ʰˍʰ 

˔ˊˈ˄ˇˎ ˉʾʶˋʹˌ ʴʽʰ ˁʱʻʶ ˁˈ˃ʲˇ ˁʰʽ ʴʽʰ ˍʽˌ т ˃ʶˍʰʲˇ˂ʷˌ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ˇʽ ˇˉˇʾʶˌ 

ˋˎ˄ʵˎʱʸˇ˄ˍʰʽ ˃ʶ ˍʽˌ ˍʽ˃ʷˌ ˍˊʰ˔ˏˍʹˍʰˌ ˃ʶ ʲʱˋʹ ˍˇ ˉʷˊʰˌ ˍʹˌ ˔ˊˇ˄ʽˁʺˌ ˉʶˊʽˈʵˇˎ ʰˉˈ ˍʹ˄ 

ʰˊ˔ʽˁʺ ˋˎ˄ʻʺˁʹΦ 

 

 

 

 



52 
 

ʃʾ˄ʰˁʰˌ пΦмн ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ʰˏ˅ʹˋʹ 

ˉ˂ʹʻˎˋ˃ˇˏ лΦр҈ 

 

 

ʃʾ˄ʰˁʰˌ пΦ13 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ʰˏ˅ʹˋʹ 

ˉ˂ʹʻˎˋ˃ˇˏ 1% 
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ʃʾ˄ʰˁʰˌ пΦ14 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ʰˏ˅ʹˋʹ 

ˉ˂ʹʻˎˋ˃ˇˏ 1.5% 

 

 

 

ʃʾ˄hˁ ʰˌ пΦ15 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ʰˏ˅ʹˋʹ 

ˉ˂ʹʻˎˋ˃ˇˏ 2% 
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ʃʾ˄ʰˁʰˌ пΦ16 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ʰˏ˅ʹˋʹ 

ˉ˂ʹʻˎˋ˃ˇˏ 2.5% 

 

 

 

ʃʾ˄ʰˁʰˌ пΦ17 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ˃ʶʾ̟̀ ʹ 

ˉ˂ʹʻˎˋ˃ˇˏ лΦр҈ 

 

 

 



55 
 

ʃʾ˄ʰˁʰˌ пΦ18 ɲʶʵˇ˃ʷ˄ʰ ˉʰˊˇ˔ʺˌ ˁʰʽ ˉʾʶˋʹˌ ʴʽʰ ˃ʶˍʰʲˇ˂ʺ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ˃ʶʾ˖ˋʹ 

ˉ˂ʹʻˎˋ˃ˇˏ 1% 

 

 

ʅ˔ʺ˃ʰ пΦс ʋˊˈ˄ˇˌ-ʃʾʶˋʹ ˃ʶ ˍʰˎˍˈ˔ˊˇ˄ʹ ˃ʶˍʰʲˇ˂ʺ ˍʹˌ ˍˊʰ˔ˏˍʹˍʰˌ ˁʰʽ ˍˇˎ ˉ˂ʹʻˎˋ˃ˇˏ ʴʽʰ ˁʱʻʶ 

ˁˈ˃ʲˇ 
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ʅ˔ʺ˃ʰ пΦс όʅˎ˄ʷ˔ʶʽʰύ 


