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 𝛿𝑝

 𝛿𝑟  , 

 

 

𝛿𝑓



 

  
 

 

 

(𝐷𝑡ℎ)

(𝑆𝐿
0),  

𝛿𝑝 =
𝐷𝑡ℎ

𝑆𝐿
0 =

𝜆

𝜌𝑢 𝐶𝑝 𝑆𝐿
0 

        

𝜆 [𝑊.𝑚−1. 𝐾−1], 𝜌𝑢[𝑘𝑔.𝑚3] 𝐶𝑝 [𝐽. 𝑘𝑔−1. 𝐾−1]



 

  
 

𝐷𝑡ℎ

𝑆𝐿
0

 

(𝑇𝑢)  (𝑇𝑏)

𝛿𝑡ℎ =
𝑇𝑏 − 𝑇𝑢

(|𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   𝑇|)
𝑚𝑎𝑥

        

(𝛿𝑡𝑜𝑡)

(
𝑇 − 𝑇𝑢

𝑇𝑏 − 𝑇𝑢
)        



 

  
 

 

 

𝑆𝐿
0

𝜙



 

  
 

 

�⃗� 

�⃗⃗� 

𝑢𝑔⃗⃗ ⃗⃗ 

(𝑆𝐿)

�⃗⃗� = 𝑆𝐿�⃗� + 𝑢𝑔⃗⃗ ⃗⃗       

�⃗⃗� 𝑢𝑔⃗⃗ ⃗⃗ 

�⃗� 𝑉𝐿



 

  
 

𝑉𝐿 = �⃗⃗� ∙ �⃗� 

𝑆𝐿

�⃗� 𝑔

𝑉𝐿 = 𝑆𝐿 + 𝑢𝑔      

𝑆𝑐

𝜔�̇�

𝜔�̇�

𝑆𝑐 = −
1

𝜌𝑢𝑌𝑅
𝑢 ∫ �̇�𝑟 𝑑𝑛 =  

+∞

−∞

 
1

𝜌𝑢𝑌𝑃
𝑏 ∫ �̇�𝑝 𝑑𝑛 

+∞

−∞

          

𝜌𝑢 𝑌𝑅
𝑢 𝑌𝑃

𝑏

𝐾

𝑆𝑐 =
1

𝜌𝑢(𝑌𝐾
𝑏 − 𝑌𝐾

𝑢)
∫ �̇�𝐾 𝑑𝑛   

+∞

−∞

 

 



 

  
 

 

𝑆𝐿
0

  



 

  
 

 

 



 

  
 

 



 

  
 

 



 

  
 

 

(𝑆𝐿
0)

 

𝑘

𝛿𝐴



 

  
 

𝑘 =
1

𝛿𝐴

𝑑𝛿𝐴

𝑑𝑡
                 

 

k

�⃗� 

 𝛿𝐴 �⃗⃗� 

𝑘 = −�⃗� �⃗� ∶  ∇⃗⃗  𝑤⃗⃗⃗⃗ + ∇⃗⃗ .  𝑤⃗⃗⃗⃗                      

avec  �⃗� �⃗� ∶  ∇⃗⃗  𝑤⃗⃗⃗⃗ =  𝑛𝑖𝑛𝑗
𝜕𝑤𝑖

𝜕𝑥𝑗
. 

 

𝜹𝑨

�⃗⃗�  : 

𝑘 = −�⃗� �⃗� ∶  ∇⃗⃗  𝑢𝑔⃗⃗ ⃗⃗  ⃗ + ∇⃗⃗ ∙  𝑢𝑔⃗⃗ ⃗⃗  ⃗      +    𝑆𝐿 ∇⃗⃗ . �⃗�                

 
 

 (𝑘𝑠)  (𝑘𝑐) 



 

  
 

𝑘

  𝑘𝑠 𝑘𝑐

𝑘 = 𝑘𝑠 + 𝑘𝑐             

𝑅𝑓 𝐴 = 4𝜋𝑅𝑓
2 𝑘

𝑘 =
2

𝑅𝑓

𝑑𝑅𝑓

𝑑𝑡
          

𝑘𝑠

𝑘𝑐

𝑘𝑠 =
2

𝑅𝑓
𝑢𝑔      (𝑒q. - 3)      𝑒𝑡          𝑘𝑐 =

2

𝑅𝑓
𝑆𝐿        

(
𝑑𝑅𝑓

𝑑𝑡
 > 0)

 

𝑅𝑓

𝑉𝐿 𝑘

𝑉𝐿 =
𝑑𝑅𝑓

𝑑𝑡
        



 

  
 

𝑅𝑓

(𝑆𝐿(𝑘))

𝑆𝐿(𝑘) =  
𝜌𝑏

𝜌𝑢
𝑉𝐿(𝑘)     

𝜌𝑏 𝜌𝑢 [𝑘𝑔.𝑚−3]

𝑆𝑐
𝑝

𝑆𝑐 =
𝜌𝑏̅̅ ̅

𝜌𝑢

𝑑𝑅𝑝

𝑑𝑡
+

𝑅𝑝

3

1

𝜌𝑢

𝑑𝜌𝑏̅̅ ̅

𝑑𝑡
      

𝑅𝑝 𝜌𝑏̅̅ ̅



 

  
 

𝑆𝑐
𝑝

=
𝜌𝑏̅̅ ̅

𝜌𝑢

𝑑𝑅𝑝

𝑑𝑡
          

 

 

𝜌𝑏̅̅ ̅

(𝜌𝑏
𝑒𝑞

)

      

𝑆𝑐 =
𝜌𝑏

𝑒𝑞

𝜌𝑢(𝑡 = 0)

𝑑𝑅𝑝

𝑑𝑡
             

𝑅𝑝



 

  
 

 

(𝑆𝐿
0)

(𝑉𝐿)

SL
0



 

  
 

𝑉𝐿 = 𝑉𝐿
0 − 𝐿𝑏𝑘          

𝑉𝐿
0 𝐿𝑏

(
𝑉𝐿

𝑉𝐿
0 ≈ 1)

𝑅𝑓

(
𝑅𝑓

𝛿𝑓
≫ 1)

 

 

 

 (𝛿𝑓 ≪ 𝑅𝑓)

 

(𝐸𝑎𝑐𝑡 ≫ 𝑅𝑇)

 

 



 

  
 

(
𝑉𝐿

𝑉𝐿
0)

2

𝑙𝑛 (
𝑉𝐿

𝑉𝐿
0) = −

𝐿𝑏𝑘

𝑉𝐿
0          

𝜙 = 1,1

 

𝝓

(𝑉𝐿
0) 

𝑆𝐿
0



 

  
 

(𝑉𝐿
0) 

(𝑆𝐿
0)

𝑆𝐿
0 =

1

𝜎
 𝑉𝐿

0                

𝜎

𝜌𝑢 𝜌𝑏
𝑒𝑞

  (𝜎 =
𝜌𝑢

𝜌
𝑏
𝑒𝑞). 

 

 



 

  
 

 



 

  
 

 

𝜌𝑏 𝜌𝑢

𝑢

𝜎

 



 

  
 

𝛿𝐿

 

(𝐷𝑡ℎ) (𝐷𝑚)  :  

𝐿𝑒 =
𝐷𝑡ℎ

𝐷𝑚
         



 

  
 

 

𝐿𝑒 > 1

𝐿𝑒 < 1



 

  
 

𝐿𝑒 = 1

𝜙 ≤ 1 𝜙 > 1

𝐿𝑒𝑒𝑓𝑓 = 1 +
(𝐿𝑒𝐸 − 1) + (𝐿𝑒𝐷 − 1)𝐴

1 + 𝐴
         

 

où 𝐿𝑒𝑒𝑓𝑓

(𝐿𝑒𝐸)  (𝐿𝑒𝐷)

𝐴 = 1 + 𝛽(𝜙 − 1)         

𝛽

Leeff



 

  
 

(𝑳𝒆𝒆𝒇𝒇) (𝑳𝒆𝑬)

(𝑳𝒆𝑫)  𝝓

𝜙 < 1 𝐿𝑒𝐸 𝐿𝑒𝐷

𝜙 > 1



 

  
 

 
 

 



 

  
 

(𝑆𝑢~𝑃𝑛) 𝑛

𝜙



 

  
 



 

  
 

 

 

Ω =
𝑋(𝑂2)

𝑋(𝑂2) + 𝑋(𝑁2)
         

2𝜙



 

  
 

 𝑋(𝐻2𝑂)

𝑋(𝐻2𝑂) =
𝑎

1 +
2
𝜙

 
1
Ω

+ 𝑎 + 𝑏
     

𝑎

𝑎 =
𝑋(𝐻2𝑂)

𝑋(𝐶𝐻4)
 =

𝑋(𝐶𝑂2)

𝑋(𝐶𝐻4)

𝜙 = 2
𝑋(𝐶𝐻4)

𝑋(𝑂2)

 

(𝜙 = 1,0)



 

  
 



 

  
 

 



 

  
 



 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



 

 

 



 

 

 

 

1 𝐶𝐻4 + (
2

𝜙
) 𝑂2  + (

2

𝜙
)

1 −


 𝑁2 +  

𝑋(𝐶𝑂2)

𝑋(𝐶𝐻4)
 𝐶𝑂2 +  

𝑋(𝐻2𝑂)

𝑋(𝐶𝐻4)
𝐻2𝑂 

 

𝜙 = 2
𝑋(𝐶𝐻4)

𝑋(𝑂2)
𝛺 =

𝑋(𝑂2)

𝑋(𝑂2)+𝑋(𝑁2)
𝑋(𝑖)

𝑖  

𝜙



 

 

 



 

 

 

(𝜌𝑢)

(𝜌𝑏)

  

 

𝝓



 

 

λ

 



 

 

  

 

 



 

 

𝑅𝑓

𝑅𝑚𝑖𝑛

𝑅𝑚𝑎𝑥

𝑅𝑚𝑖𝑛 = 7 𝑅𝑚𝑎𝑥 = 25 𝑚𝑚 𝑅𝑚𝑎𝑥 = 25 𝑚𝑚

𝑅0 = 100 𝑚𝑚

(𝑉𝐿)

(𝑘)

  𝑉𝐿 =
𝑑𝑅𝑓

𝑑𝑡
 (𝑒q.1-13)     et      𝑘 =

2

𝑅𝑓

𝑑𝑅𝑓

𝑑𝑡
    

 

(𝑉𝐿)

(𝑘) (𝑉𝐿
0)



 

 

𝐿𝑏

𝑉𝐿
0

(
𝑉𝐿

𝑉𝐿
0)

2

𝑙𝑛 (
𝑉𝐿

𝑉𝐿
0) = −

𝐿𝑏𝑘

𝑉𝐿
0          

 

𝝓

 



 

 

 (𝑺𝑳
𝟎)

(𝑆𝐿
0)

𝑆𝐿
0 =

1

𝜎
 𝑉𝐿

0    

(𝑉𝐿
0)

(𝜌𝑏) (𝜌𝑢) (𝜎 =
𝜌𝑢

𝜌𝑏
𝑒𝑞)

(𝜌𝑏)

(𝜌𝑏
𝑒𝑞

)

(𝜌𝑏
𝑒𝑞

𝜌𝑢⁄ ) 𝑋(𝐻2𝑂)

 

𝜙

(𝑇𝑎𝑑𝑖𝑎𝑏)



 

 

𝝆𝒃 𝝆𝒖⁄

𝝓

 



 

 

 

𝝓

𝑅𝑓

𝑆𝐿
0

 

𝝓



 

 

 

 

𝑉𝐿

𝑘

(𝑃𝑒) 



 

 

(𝐿𝑏)

 

𝑉𝐿

𝑆𝐿
0

 

𝝓

 



 

 

 

  



 

 

 



 

 

 



 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

  

  

  

 

 

  



 

 
 

 

𝜙

1𝐶𝐻4 +
2

𝜙
(𝑂2 +

1 − Ω

Ω
𝑁2) + 𝑎𝐻2𝑂 + 𝑏𝐶𝑂2   

⇄  (1 + 𝑏)𝐶𝑂2 + (2 + 𝑎)𝐻2𝑂 +
2

𝜙
(

1 − Ω

Ω
) 𝑁2  +

2(1 − 𝜙)

𝜙
𝑂2   ( )

𝜙

Ω =
𝑋(𝑂2)

𝑋(𝑂2)+𝑋(𝑁2)
 )

 



 

 
 

𝑋(𝐻2𝑂) =
𝑎

1 +
2
𝜙  

1
𝛺 + 𝑎

     

𝑆𝐿
0

𝜙



 

 
 

 

 



 

 
 

 

𝑺𝑳
𝟎

λ



 

 
 

𝑓0 = 𝜌𝑢 ∗ 𝑆𝐿
0

𝑓0~(𝜆 𝑐𝑝⁄ )
1 2⁄

 𝜌𝑢

 

≤ ≤ 



 

 
 

 

𝑺𝑳
𝟎

 

≈ ≈ 

≈ 

≈ 



 

 
 

𝑆𝐿
0~𝑃(𝑛 2−1⁄ )exp (−𝐸𝑎 2𝑅0𝑇𝑎𝑑𝑖𝑎𝑏⁄ )

𝛼 𝛽

𝑆𝐿
0 = 𝑆𝐿𝑅𝐸𝐹

0 (
𝑃0

𝑃𝑅𝐸𝐹
)

𝛽

𝛼          

𝑆𝐿𝑅𝐸𝐹

0



 

 
 

𝛼 𝛽

𝛼 = −[𝐴 × 𝑋(𝐻2𝑂)] + 𝐵         (eq.3-5) 

𝛽 = −[𝐶 × 𝑋(𝐻2𝑂)] − 𝐷         (𝑒q.3-6) 

 



 

 
 

 

 

(𝑆𝐿
0)



 

 
 

 

𝑺𝑳
𝟎

𝝓



 

 
 

≥



 

 
 



 

 
 

 

 

(𝐿𝑏)

(𝛿𝑡ℎ) (𝜎) (𝐿𝑒)



 

 
 



 

 
 

 

𝜎 =
𝜌𝑢

𝜌𝑏
⁄

𝛿𝑡ℎ

 

 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 

𝝈 𝜹𝒕𝒉



 

 
 

 

 



 

 
 

(𝜙)



 

 
 

 ~

 



 

 
 

 

𝝓



 

 
 

∆𝑆𝐿
0 = 𝑆𝐿(𝐻2𝑂)

0 − 𝑆𝐿(𝐹𝐻2𝑂)

0          (𝑒 ) 

𝑆𝐿(𝐻2𝑂)

0 𝑆𝐿(𝐹𝐻2𝑂)

0  



 

 
 

 

𝝓

(𝑖. 𝑒.  ∆𝑆𝐿
0 𝑆𝐿(𝐻2𝑂)

0⁄ )

 

 

(𝑇𝑎𝑑𝑖𝑎𝑏)



 

 
 

(𝜙)

𝑆𝐿
0 = (4.5283 × 10−21) ∙ 𝑇𝑎𝑑𝑖𝑎𝑏

6.6206              (𝑒𝑞. 3 − 8)

𝑆𝐿
0 = (9.8036 × 10−24) ∙ 𝑇𝑎𝑑𝑖𝑎𝑏

7.3158              (𝑒𝑞. 3 − 9)

 

𝝓



 

 
 

 



 

 
 

𝜙 𝛽



 

 
 



 

 
 





 

 
 

𝜙

𝜙



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 

 



 

 
 





 

 
 



 

 
 

 

 



 

 
 





 

 
 

 

 

 

 

 





 

 
 

 













 

 
 















 

 
 

 







 

 
 

   

  



 

 
 

𝜙  𝜙



 



 

 
 

 

𝜙



 

 





 

 



 

 

 

 

 

 

 

 

 



 

 

 

  



 

 
 

 

 



 

 
 

 

 



 

 
 

 

 

  



 

 
 

 

 



 

 
 

𝐺𝜃

𝑟1 𝐺𝑧

𝑆𝑛 =
𝐺𝜃

𝑟1𝐺𝑧
                 

≈



 

 
 



 

 
 



 

 
 

 



 

 
 

𝑆𝑛 =
2

3
(

1 − (𝐷𝑏𝑑 𝐷𝑖𝑖⁄ )3

1 − (𝐷𝑏𝑑 𝐷𝑖𝑖⁄ )2) tan 𝛼                 

𝛼 𝐷𝑏𝑑 𝐷𝑖𝑖

 



 

 
 

𝝓 𝝓



 

 
 



 

 
 

 

 

 



 

 
 

 

 



 

 
 

 



 

 
 



 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 
 

 

 

 



 

 
 

 



 

 
 

 

~

 

 



 

 
 

 

 



 

 
 

(𝑆𝑛)

𝑆𝑛 =
2

3
(

1 − (𝐷𝑏𝑑 𝐷𝑖𝑖⁄ )3

1 − (𝐷𝑏𝑑 𝐷𝑖𝑖⁄ )2) tan 𝛼                 

𝛼 𝐷𝑏𝑑 𝐷𝑖𝑖

 𝑆𝑛

 



 

 
 



 

 
 

±

 



 

 
 

 



 

 
 

 

 

 



 

 
 

𝑁𝑂 + 𝑂3 ⟶ 𝑁𝑂2
∗ + 𝑂2 + ℎ𝑣          

𝑁𝑂2
∗ 𝑁𝑂2

∗ ⟶ ℎ𝑣 + 𝑁𝑂2



 

 
 

𝐸𝐼𝑝𝑜𝑙 [
𝑚𝑔𝑝𝑜𝑙

𝑘𝑔𝐶𝐻4

] = 𝑍𝑝𝑜𝑙[𝑝𝑝𝑚(𝑣)] ∙ 𝑉𝑓 ∙  
ℳ𝑝𝑜𝑙

ℳ𝐶𝐻4

               

ℳ𝑝𝑜𝑙 ℳ𝑁𝑂 ℳ𝐶𝑂

ℳ𝐶𝐻4
𝑍𝑝𝑜𝑙

𝑉𝑓 𝜙

(
�̇�𝐶𝑂2

�̇�𝐶𝐻4

)   

𝑉𝑓 = 𝑉𝑁2
+ 𝑉𝐶𝑂2

+ 𝑉𝑂2
 

𝑉𝑓 =  
2

𝜙
 (

1 −


 ) +  (1 +

�̇�𝐶𝑂2

�̇�𝐶𝐻4

ℳ𝐶𝐻4

ℳ𝐶𝑜2

) + 2 (
1 − 𝜙

𝜙
)            



 

 
 

 

 

~



 

 
 



 

 
 

 

±



 

 
 

𝝓
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