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(Levenspiel, 1999)



 

 



 

 

 

 



 

𝐶(𝑡)

𝐸(𝑡)

𝐸(𝑡) =
𝐶(𝑡)

∫ 𝐶(𝑡)𝑑𝑡
∞

0



 ∫ 𝐸(𝑡)𝑑𝑡 = 1
∞

0

𝜇𝑛 𝜈𝑛 

𝜇𝑛 = ∫ 𝑡𝑛. 𝐸(𝑡). 𝑑𝑡
∞

0

  𝜈𝑛 = ∫ (𝑡 − 𝜇1)
𝑛. 𝐸(𝑡). 𝑑𝑡 

∞

0

𝜇1  𝜈2

 𝜇1 = ∫ 𝑡. 𝐸(𝑡)𝑑𝑡
∞

0

 𝜎2

𝜈2 = ∫ (𝑡 − 𝜇1)𝐸(𝑡)𝑑𝑡
∞

0

𝑉 [𝑚3]  𝑄 [
𝑚3

𝑠
]

𝜏 =
𝑉

𝑄

𝜏

𝜇1





𝑉𝑗

𝑄𝑣

𝑢(𝑡) 𝑦(𝑡)

 𝑄𝑚 [
𝑚𝑜𝑙

𝑠
] = 𝑄𝑣 [

𝑚3

𝑠
] . 𝑢(𝑡) [

𝑚𝑜𝑙

𝑚3 ]

 𝑄𝑚 [
𝑚𝑜𝑙

𝑠
] = 𝑄𝑣 [

𝑚3

𝑠
] . 𝑦(𝑡) [

𝑚𝑜𝑙

𝑚3 ]

 𝑟𝑖 [
𝑚𝑜𝑙

𝑠.𝑚3] . 𝑉𝑗[𝑚
3]



 𝑉𝑗[𝑚
3].

𝑑𝑦(𝑡)[
𝑚𝑜𝑙

𝑚3
]

𝑑𝑡[𝑠]

𝑄𝑣 . 𝑢(𝑡) + 𝑟𝑖 . 𝑉𝑗 =  𝑄𝑣. 𝑦(𝑡) + 𝑉𝑗
𝑑𝑦(𝑡)

𝑑𝑡

𝑢(𝑡) = 𝑦(𝑡) + 𝜏
𝑑𝑜𝑢𝑡(𝑡)

𝑑𝑡

𝑢(𝑡)  =  + ∞ 𝑡 = 0 𝑢(𝑡)  =  0

 𝐸(𝑡) =
1

𝜏
exp (−

𝑡

𝜏
)

 

 



 



0.7 𝑚 0,5 𝑚  0,9 𝑚











 𝜏 =
𝑉

𝑄

𝜈1

𝑉2

𝜈2

𝜈1 𝑉2



𝐴 → 𝐵 → 𝐶 𝐴 𝐵

𝐶  

 







 





 

 



(C. Laquerbe et al., 2001)





 





 

 

 



 

𝑘 − 𝜖

𝑘

[𝑚2. 𝑠−2] 𝜖

[𝑚2. 𝑠−3]

𝜇𝑡 [𝑘𝑔.𝑚−1. 𝑠−1]

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜖
 

𝐶𝜇

𝐶𝜇 = 0,09 𝜌



 

 



 

 



𝑤

𝑛 𝑚

𝑛 × 𝑛 ×𝑚

2 × 2 × 𝑛 × 𝑛 × 𝑚



𝑘

𝑘

< 𝑣𝑡𝑢𝑟𝑏 >  =  √
2

3
𝑘2





 





𝑘

𝜖



𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
] =

𝐷𝑡 [
𝑚2

𝑠
] × 𝑆[𝑚2]

Δ𝑥 [𝑚]

𝐷𝑡 [
𝑚2

𝑠
] =

𝐶𝜇

𝑆𝑐𝑡
×
𝑘2

𝜖

𝐴 → 𝑝𝑟𝑜𝑑𝑢𝑖𝑡𝑠 𝑣 = 𝑘[𝐴]1

𝐴 + 𝐵 → 𝑝𝑟𝑜𝑑𝑢𝑖𝑡𝑠 𝑣 = 𝑘[𝐴]1[𝐵]1

𝐴 + 𝐵 → 𝑅 𝑅 + 𝐵 → 𝑆







1 𝑚. 𝑠−1 𝑚. 𝑠−1

𝑁𝑂𝑥

𝐶𝑂



𝑁𝑂𝑥

𝑁𝑂𝑥

Γ

𝑇𝑟 𝑎



𝑁𝑂𝑥

𝑁𝑂𝑥

 









𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
] = 𝛼 × 𝑄𝑣

𝑐𝑜𝑛𝑣 [
𝑚3

𝑠
]

{
 
 

 
 𝑄𝑣

𝑡𝑢𝑟𝑏 = |
√𝐴2 + 8𝐴

4𝐴
−
1

4
| × 𝑄𝑣

𝑐𝑜𝑛𝑣

𝐴 =
𝑄𝑣
𝑐𝑜𝑛𝑣 × Δ𝑥 × 𝑆𝑐𝑡 × 𝜖

2 × 𝑆 × 𝐶𝜇 × 𝑘
2



𝜏 = 𝑉/𝑄 𝜏



𝑘 𝜖

 



 



 





𝑃

𝑃0

|𝑃0 − 𝑃| < 𝛼 𝛼

𝑃

𝑃

𝐶0



𝑃

 𝛼



𝛼

 𝐶𝑂2 𝑙𝑒𝑠 𝑆𝑂𝑥  𝑁𝑂𝑥

𝐶𝑂2

 0.0063 𝑚/𝑠





 

 

 

 

 

 



 



 

𝑄𝑚 [
𝑚𝑜𝑙

𝑠
] = 𝑄𝑣 [

𝑚3

𝑠
] × 𝐶 [

𝑚𝑜𝑙

𝑚3 ] 𝑄𝑚

𝑄𝑣 𝐶

𝑄𝑣
𝑐𝑜𝑛𝑣 [

𝑚3

𝑠
] = 𝑆[𝑚2] ×< 𝑣𝑐𝑜𝑛𝑣 > [

𝑚

𝑠
] 𝑆

< 𝑣𝑐𝑜𝑛𝑣 >

 

𝐷𝑡 Δ𝑥

 

 

< 𝑣𝑡𝑢𝑟𝑏 >

< 𝑣𝑐𝑜𝑛𝑣 >



 









 



 

 

 



 

 

 



 

 

 

 



 

𝑁

 

 



 

 



←    𝑴𝑶𝑫𝑬𝑳𝑰𝑺𝑨𝑻𝑰𝑶𝑵 𝑪𝑶𝑴𝑷𝑨𝑹𝑻𝑰𝑴𝑬𝑵𝑻𝑨𝑳𝑬   →

→  𝒄𝒐𝒎𝒑𝒍𝒆𝒙𝒊𝒇𝒊𝒄𝒂𝒕𝒊𝒐𝒏 𝒔𝒊𝒎𝒑𝒍𝒊𝒇𝒊𝒄𝒂𝒕𝒊𝒐𝒏 ←

𝑘 𝜖

< 𝑑𝑖𝑧𝑎𝑖𝑛𝑒 < 𝑐𝑒𝑛𝑡𝑎𝑖𝑛𝑒



 

 𝑀 𝑉𝑚

 𝑉𝑚

 

𝑀

𝑉𝑚 𝑚 𝑀

 



 

 

 

𝑇𝐺𝐼𝐶𝐼

 

 𝐿𝑡

 𝑀 𝑉𝑚

𝐿𝑡 = 𝑀 ×

𝑙𝑡 𝑙𝑡

 

𝑀



 

 𝑀

 

 

𝑇𝐺𝐼𝐶𝐼

𝑇𝐺𝐼𝐶𝐼

𝑇𝐺𝐼𝐶𝐼



 

𝑀 𝑉𝑚

 

  𝑙

 𝑙1 𝑙2

 

𝑀 𝑉𝑚

𝑀 = 1

𝑉𝑚

𝑁

 

 

𝐶𝑛 𝑛



 

𝐶𝑛 𝑛

𝐶𝑛

𝑐𝑛

 

𝐶 𝑁

𝐶 𝑐

𝑁 = 3



𝑁 = 3

𝑛 𝑛

𝐶𝑛

𝐶1 𝐶2

𝑘 𝐶3

𝐶𝑛

𝐶𝑛 𝑐𝑛

𝐶𝑛 𝐶 𝑐

 

𝐶𝑛



𝐶𝑛 𝑛

𝐶𝑛

𝐶𝑛

𝑛



𝐶𝑛

𝐶𝑛



𝐷𝑡𝑜𝑡 𝑑

1 𝐷𝑡𝑜𝑡 Φ

 𝑑 = 0 𝐶𝑛

 ΔΦ

𝑛

𝑛

𝑐𝑛 = 𝑐𝑛 + 1 𝑑 = 𝑑 + 1

𝑑 = 2

 𝑑 = 𝐷𝑡𝑜𝑡



𝑑 = 2

𝑐𝑛 = 𝐷𝑡𝑜𝑡 + 1



 

𝑛

𝑁 𝐶𝑛 𝑛 𝑁

𝑐𝑛

𝑁 = 2

𝑁 = 2 𝐶𝑛 𝐶1 𝐶2 𝑐𝑛 𝑐1 = 2 𝑐2 = 3

𝑁 𝐶𝑛 𝐶

𝐶𝑛

𝑐

𝐶



𝐶𝑛 𝑐𝑛
𝑛 𝐶 𝑐

 

𝑡𝑟𝑒𝑎𝑐𝑡

𝜏𝑗

𝑡𝑟𝑒𝑎𝑐𝑡 ≫ 𝜏𝑗



𝜏𝑗 =
𝑉𝑗

𝑄𝑣,𝑗
𝑉𝑗 𝑄𝑣,𝑗

𝑄𝑣,𝑗

𝑡𝑟𝑒𝑎𝑐𝑡 ≫ 𝜏𝑗

𝑐1 = 2 𝑐2 = 3

𝑐1 = 3 𝑐2 = 6

𝜏𝑗 𝐶 𝑐 = 5 𝑐 = 11



 

 

𝑖 𝑄𝑚

𝑄𝑣 𝐶𝑖

𝑄𝑚 [
𝑚𝑜𝑙

𝑠
] = 𝑄𝑣 [

𝑚3

𝑠
] × 𝐶𝑖 [

𝑚𝑜𝑙

𝑚3
]

𝑄𝑚

𝐶𝑖

𝐶𝑖

𝑄𝑣

𝑄𝑣

𝑄𝑣

𝑄𝑣 Δ𝑡

𝑄𝑣
𝑐𝑜𝑛𝑣 𝑄𝑣

𝑡𝑢𝑟𝑏

𝑄𝑣
𝑐𝑜𝑛𝑣



 

 

 

𝑄𝑣

https://fr.wikipedia.org/wiki/Concentration
https://fr.wikipedia.org/wiki/Esp%C3%A8ce_chimique
https://fr.wikipedia.org/wiki/Ph%C3%A9nom%C3%A8ne_de_transport
https://fr.wikipedia.org/wiki/Irr%C3%A9versibilit%C3%A9
https://fr.wikipedia.org/wiki/Migration_(mati%C3%A8re)


 

𝐴 𝐵  𝑆

𝑆

𝑄𝑣
𝑐𝑜𝑛𝑣

< 𝑣𝑐𝑜𝑛𝑣 > 𝑆

𝑄𝑣
𝑐𝑜𝑛𝑣 [

𝑚3

𝑠
] = 𝑆[𝑚2] ×< 𝑣𝑐𝑜𝑛𝑣 > [

𝑚

𝑠
]

< 𝑣𝑐𝑜𝑛𝑣 >= 𝑣 . �⃗� 



�⃗� 𝑆 𝑣 

< 𝑣𝑐𝑜𝑛𝑣 >

 

𝐴 𝐵 Δ𝑥

 𝑆

𝑆

𝑄𝑣
𝑡𝑢𝑟𝑏

𝑄𝑣
𝑡𝑢𝑟𝑏



 

𝑖 𝐶𝑖

𝐽𝑑𝑖𝑓𝑓 𝑖 𝐽𝑑𝑖𝑓𝑓

𝑖

𝐷

𝐽𝑑𝑖𝑓𝑓 [
𝑚𝑜𝑙

𝑚2. 𝑠
] = −𝐷 [

𝑚2

𝑠
].  
Δ𝐶𝑖 [

𝑚𝑜𝑙
𝑚3 ]

Δ𝑥 [𝑚]

𝑘 𝜖

𝐶𝜇 𝑘 − 𝜖

𝑆𝑐𝑡  

𝐷𝑡 [
𝑚2

𝑠
] =

𝐶𝜇

𝑆𝑐𝑡
×
𝑘2

𝜖

𝐽𝑑𝑖𝑓𝑓 𝑆

𝑄𝑚 [
𝑚𝑜𝑙

𝑠
] = −𝐷𝑡 [

𝑚2

𝑠
] × 𝑆[𝑚2] ×

Δ𝐶𝑖 [
𝑚𝑜𝑙
𝑚3 ]

Δ𝑥 [𝑚]

𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
] =

𝐷𝑡 [
𝑚2

𝑠
] × 𝑆[𝑚2]

Δ𝑥 [𝑚]

 𝑄𝑚 = −𝑄𝑣
𝑡𝑢𝑟𝑏 × Δ𝐶𝑖

                      = −𝑄𝑣
𝑡𝑢𝑟𝑏 × (Ci

𝐵 − 𝐶𝑖
𝐴) 

                                  = 𝑄𝑣
𝑡𝑢𝑟𝑏 × 𝐶𝑖

𝐴 − 𝑄𝑣
𝑡𝑢𝑟𝑏 × 𝐶𝑖

𝐵  



𝐷𝑡 𝐷𝑡

 

𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
] = 𝑆[𝑚2] ×< 𝑣𝑡𝑢𝑟𝑏 > [

𝑚

𝑠
]

𝑘

< 𝑣𝑡𝑢𝑟𝑏 >  =  √
2

3
𝑘2

< 𝑣𝑡𝑢𝑟𝑏 >

< 𝑣𝑡𝑢𝑟𝑏 >

 

𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
] = 𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐 × 𝑄𝑣

𝑐𝑜𝑛𝑣 [
𝑚3

𝑠
]

𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐

2(𝐽𝑎𝑝𝑝 − 1) = 𝑃𝑒

𝐽𝑎𝑝𝑝 𝑃𝑒

𝐽𝑎𝑝𝑝

𝐽𝑎𝑝𝑝  𝐽𝑎𝑝𝑝 = 2



𝑃𝑒 =
< 𝑣𝑡𝑢𝑟𝑏 > [

𝑚
𝑠
] × Δ𝑥 [𝑚]

𝐷𝑡 [
𝑚2

𝑠
]

𝐷𝑡 < 𝑣𝑡𝑢𝑟𝑏 >

 𝑆

< 𝑣𝑡𝑢𝑟𝑏 >

< 𝑣𝑡𝑢𝑟𝑏 > [
𝑚

𝑠
] =

𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
]

𝑆[𝑚2]
=
𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐 × 𝑄𝑣

𝑐𝑜𝑛𝑣

𝑆

𝑃𝑒 =
𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐 × 𝑄𝑣

𝑐𝑜𝑛𝑣 × Δ𝑥 × 𝑆𝑐𝑡 × 𝜖

𝑆 × 𝐶𝜇 × 𝑘
2

𝐽𝑎𝑝𝑝

𝐽𝑎𝑝𝑝 =
𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐 × 𝑄𝑣

𝑐𝑜𝑛𝑣 × Δ𝑥 × 𝑆𝑐𝑡 × 𝜖

2 × 𝑆 × 𝐶𝜇 × 𝑘
2

+ 1

𝐽𝑎𝑝𝑝 𝐽𝑟𝑒𝑡𝑟𝑜 𝛼𝑝𝑜𝑡𝑖𝑒𝑟

𝐽𝑎𝑝𝑝 =
𝐽𝑟𝑒𝑡𝑟𝑜

1 + 2𝛼𝑝𝑜𝑡𝑖𝑒𝑟 −
2𝛼𝑝𝑜𝑡𝑖𝑒𝑟(1 + 𝛼𝑝𝑜𝑡𝑖𝑒𝑟)

𝐽𝑟𝑒𝑡𝑟𝑜
+
2𝛼1+𝐽𝑟𝑒𝑡𝑟𝑜(1 + 𝛼𝑝𝑜𝑡𝑖𝑒𝑟)

1−𝐽𝑟𝑒𝑡𝑟𝑜

𝐽𝑟𝑒𝑡𝑟𝑜
 

𝐽𝑟𝑒𝑡𝑟𝑜 = 2

𝐽𝑎𝑝𝑝 =
2(1 + 𝛼𝑝𝑜𝑡𝑖𝑒𝑟)

1 + 2𝛼𝑝𝑜𝑡𝑖𝑒𝑟

𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐 𝛼𝑝𝑜𝑡𝑖𝑒𝑟

𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐 = 𝛼𝑝𝑜𝑡𝑖𝑒𝑟

𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐  



𝛼𝑙𝑒𝑚𝑜𝑢𝑙𝑙𝑒𝑐 = 
±√𝐴2 + 8𝐴

4𝐴
−
1

4

𝐴 =
𝑄𝑣
𝑐𝑜𝑛𝑣 × Δ𝑥 × 𝑆𝑐𝑡 × 𝜖

2 × 𝑆 × 𝐶𝜇 × 𝑘
2

𝛼

𝛼

{
 
 

 
 𝑄𝑣

𝑡𝑢𝑟𝑏 = |
√𝐴2 + 8𝐴

4𝐴
−
1

4
| × 𝑄𝑣

𝑐𝑜𝑛𝑣

𝐴 =
𝑄𝑣
𝑐𝑜𝑛𝑣 × Δ𝑥 × 𝑆𝑐𝑡 × 𝜖

2 × 𝑆 × 𝐶𝜇 × 𝑘
2

 

 𝐽

𝑗 𝐽

 𝑊

𝑤 𝑊

 𝐼 𝑖

𝐼

 𝑃 𝑃 = 𝐽 × 𝐼

𝑝 𝑃



 

𝑢𝑗(𝑡)

𝑦𝑗(𝑡) 𝑗 𝑉𝑗

 𝑄𝑣,𝑗

𝑄𝑣

 𝑄𝑚,𝑗 [
𝑚𝑜𝑙

𝑠
] = 𝑄𝑣,𝑗 [

𝑚3

𝑠
] . 𝑢𝑗(𝑡) [

𝑚𝑜𝑙

𝑚3 ]

 𝑄𝑚,𝑗 [
𝑚𝑜𝑙

𝑠
] = 𝑄𝑣,𝑗 [

𝑚3

𝑠
] . 𝑦𝑗(𝑡) [

𝑚𝑜𝑙

𝑚3 ]

 𝑟𝑖 [
𝑚𝑜𝑙

𝑠.𝑚3
] . 𝑉𝑗[𝑚

3]

 𝑉𝑗[𝑚
3].

𝑑𝑦𝑗(𝑡)[
𝑚𝑜𝑙

𝑚3
]

𝑑𝑡[𝑠]

𝑗

𝑄𝑣,𝑗 . 𝑢𝑗(𝑡) + 𝑟𝑖 . 𝑉𝑗 =  𝑄𝑣,𝑗 . 𝑦𝑗(𝑡) + 𝑉𝑗
𝑑𝑦𝑗(𝑡)

𝑑𝑡

Δ𝑡

 

𝐼 = 1



𝑄𝑣,𝑗 . 𝑢𝑗(𝑡) =   𝑄𝑣,𝑗 . 𝑦𝑗(𝑡) + 𝑉𝑗
𝑑𝑦𝑗(𝑡)

𝑑𝑡

𝑦𝑗(𝑡)

𝑉𝑗 𝑄𝑣,𝑗

𝑢𝑗(𝑡) 𝜏𝑗

𝜏𝑗 =
𝑉𝑗

𝑄𝑣,𝑗

𝑢𝑗(𝑡) = 𝑦𝑗(𝑡) + 𝜏𝑗
𝑑𝑦𝑗(𝑡)

𝑑𝑡

𝑗

𝐶𝑖𝑛(𝑡)



𝐶𝑖𝑛(𝑡)

𝑗 𝑢𝑗(𝑡)

𝑦𝑗(𝑡) 𝜏𝑗

𝑌 = 𝐽 × 𝐼 = 3 × 1 = 3

𝑢𝑗(𝑡) 𝜏𝑗

𝑢𝑗(𝑡) 𝑦𝑗(𝑡) 𝜏𝑗

𝑉1

𝑢1(𝑡)

=
𝑄𝑣,𝑖𝑛. 𝐶𝑖𝑛(𝑡) + 𝑄𝑣,𝑙𝑜𝑜𝑝. 𝑦3(𝑡)

𝑄𝑣,𝑖𝑛 + 𝑄𝑣,𝑙𝑜𝑜𝑝

𝑦1(𝑡)

𝜏1

=
𝑉1

𝑄𝑣,𝑖𝑛 + 𝑄𝑣,𝑙𝑜𝑜𝑝

𝑉2 𝑢2(𝑡) = 𝑦1(𝑡) 𝑦2(𝑡)

𝜏2

=
𝑉2

𝑄𝑣,𝑖𝑛 + 𝑄𝑣,𝑙𝑜𝑜𝑝

𝑉3 𝑢3(𝑡) = 𝑦2(𝑡) 𝑦3(𝑡) = 𝐶𝑜𝑢𝑡(𝑡)

𝜏3

=
𝑉3

𝑄𝑣,𝑖𝑛 + 𝑄𝑣,𝑙𝑜𝑜𝑝

{
 
 

 
 𝑢1(𝑡) = 𝑦1(𝑡) + 𝜏1

𝑑𝑦1(𝑡)

𝑑𝑡

𝑢2(𝑡) = 𝑦2(𝑡) + 𝜏2
𝑑𝑦2(𝑡)

𝑑𝑡

𝑢3(𝑡) = 𝑦3(𝑡) + 𝜏3  
𝑑𝑦3(𝑡)

𝑑𝑡



𝑦3(𝑡)

2

1

 

𝐽 = 1 𝑊

𝑤 𝑤 𝑊

𝑤

∑𝜈𝑤,𝑖 . 𝐴𝑖 = 0

𝜈𝑤,𝑖  𝑖

𝑤  𝐴𝑖 𝐶𝑂2

𝜈𝑤,𝑖 < 0 𝜈𝑤,𝑖 > 0 𝐶𝑖

𝐴𝑖

𝑟𝑤  
𝑚𝑜𝑙

𝑚3.𝑠
 𝑤

𝑟𝑤 = 𝑘𝑤∏𝐶𝑖
𝑚𝑤,𝑖 

𝐴𝑖 𝑟𝑖

𝑟𝑖 = ∑ 𝜈𝑤,𝑖 . 𝑟𝑤

𝑊

𝑤=1

 

𝑚𝑤,𝑖  𝑖 𝑤 𝑘𝑤

𝑤 𝑚𝑤,𝑖

𝑘𝑤 𝑚𝑤,𝑖

 𝐽 = 1

https://fr.wikipedia.org/wiki/Loi_d%27Arrhenius


𝑢𝑗=1(𝑡) + 𝑟𝑖𝜏𝑗=1 = 𝑦𝑗=1(𝑡) + 𝜏𝑗=1
𝑑𝑦𝑗=1(𝑡)

𝑑𝑡

𝑟𝑖

𝑃 = 𝐽 × 𝐼

(𝐽 > 1

(𝐽 = 2)

𝑊 = 2 ; 𝐼 = 3)

{
𝐴 → 2𝐵

𝐵 + 2𝐴 → 𝐶

{
𝑟1 = 0,05 × [𝐴]

0.8

𝑟2 = 0,24 × [𝐵]
1.2[𝐴]0.3

{

𝑟𝐴 = −1 × 0,05× [𝐴]
0.8 − 2 × 0,24 × [𝐵]1.2[𝐴]0.3

𝑟𝐵 = 2 × 0,05× [𝐴]
0.8 − 1 × 0,24 × [𝐵]1.2[𝐴]0.3

𝑟𝐶 = 1 × 0,24 × [𝐵]
1.2[𝐴]0.3

𝑃 = 𝐽 × 𝐼 = 2 × 3 = 6



𝑖 𝑖 𝑎𝑙𝑙𝑎𝑛𝑡 𝑑𝑒 1 à 𝐼) 𝑗 𝑗 𝑎𝑙𝑙𝑎𝑛𝑡 𝑑𝑒 1 à 𝐽)

𝑝 𝑝 𝑎𝑙𝑙𝑎𝑛𝑡 𝑑𝑒 1 à 𝑃 = 𝐽 × 𝐼)

𝑢𝑝(𝑡) + 𝑟𝑝(𝑡)𝜏𝑗 = 𝑦𝑝(𝑡) + 𝜏𝑗
𝑑𝑦𝑝(𝑡)

𝑑𝑡

𝑉1
→ 𝑗 = 1

𝜏1 =
𝑉1
𝑄𝑣,1

𝐴 → 𝑖 = 1

𝑝 = 1
𝑟1 = −1 × 0,05× 𝑦1(𝑡)

0,8 − 2 × 0,24

× 𝑦2(𝑡)
1,2𝑦1(𝑡)

0,3

𝑢1(𝑡) + 𝑟1𝜏1 = 𝑦1(𝑡)
+ 𝜏1𝑦1

′(𝑡)

𝐵 → 𝑖 = 2

𝑝 = 2
𝑟2 =  2 × 0,05× 𝑦1(𝑡)

0,8 − 1 × 0,24

× 𝑦2(𝑡)
1,2𝑦1(𝑡)

0,3

𝑢2(𝑡) + 𝑟2𝜏1 = 𝑦2(𝑡)
+ 𝜏1𝑦2

′(𝑡)

𝐶 → 𝑖 = 3
𝑝 = 3

𝑟3 =  1 × 0,24 × 𝑦2(𝑡)
1,2𝑦1(𝑡)

0,3

𝑢3(𝑡) + 𝑟3𝜏1 = 𝑦3(𝑡)
+ 𝜏1𝑦3

′(𝑡)

𝑉2
→ 𝑗 = 2

𝜏2 =
𝑉2
𝑄𝑣,2

𝐴 → 𝑖 = 1

𝑝 = 4
𝑟4 = −1 × 0,05× 𝑦4(𝑡)

0,8 − 2 × 0,24

× 𝑦5(𝑡)
1,2𝑦4(𝑡)

0,3

𝑢4(𝑡) + 𝑟4𝜏2 = 𝑦4(𝑡)
+ 𝜏2𝑦4

′(𝑡)

𝐵 → 𝑖 = 2

𝑝 = 5
𝑟5 =  2 × 0,05× 𝑦4(𝑡)

0,8 − 1 × 0,24

× 𝑦5(𝑡)
1,2𝑦4(𝑡)

0,3

𝑢5(𝑡) + 𝑟5𝜏2 = 𝑦5(𝑡)
+ 𝜏2𝑦5

′(𝑡)

𝐶 → 𝑖 = 3
𝑝 = 6

𝑟6 =  1 × 0,24 × 𝑦5(𝑡)
1,2𝑦4(𝑡)

0,3

𝑢6(𝑡) + 𝑟6𝜏2 = 𝑦6(𝑡)
+ 𝜏2𝑦6

′(𝑡)

𝑢𝑝(𝑡) 𝜏𝑗



 

𝐹(𝑡, 𝑦, 𝑦′) = 0

𝑦(𝑡0) = 𝑦0 𝑦′(𝑡0) = 𝑦0
′

𝑡𝑛+1

𝐹(𝑡, 𝑦, 𝑦′) = 0

𝜏𝑗𝑦𝑝
′(𝑡) + 𝑦𝑝(𝑡) − 𝑢𝑝(𝑡) − 𝑟𝑝(𝑡)𝜏𝑗 = 0

𝑡

Δ𝑡

 

[𝑨𝑪𝑫]



 [𝑨𝑪𝑫]

 

 [𝑨𝑪𝑫]

[𝑨𝑪𝑫] 𝑵𝒏𝒅

𝑵𝒃𝒓 𝑏𝑟𝑖

𝒊 𝒂𝒍𝒍𝒂𝒏𝒕 𝒅𝒆 𝟏 à 𝑵𝒃𝒓 𝑛𝑑𝑖 𝒊 𝒂𝒍𝒍𝒂𝒏𝒕 𝒅𝒆 𝟏 à 𝑵𝒏𝒅)

𝐶𝑖  [
𝑚𝑜𝑙

𝑚3 ] × 𝑄𝑣 [
𝑚3

𝑠
] 

𝑄𝑣 [
𝑚3

𝑠
]

[𝑨𝑪𝑫]



𝐶𝑖

𝐶𝑖  

[𝑨𝑪𝑫]

[𝑨𝑪𝑫]

[𝑨𝑷]

𝑁𝑏𝑟

[𝑨𝑪𝑫]

[𝑨𝑷]

 

[𝑨𝑪𝑫]

 

 

 



[𝑨𝑪𝑫]

𝑛𝑑1 𝑛𝑑2 𝑛𝑑3

𝐵𝑟1
𝐵𝑟2

∑

[𝑨𝑷]

𝐵𝑟1 𝑽𝟏
𝐵𝑟2 𝑽𝟐

𝑁𝑛𝑑 = 3 𝑁𝑏𝑟 = 2



[𝑨𝑪𝑫]
𝑛𝑑1 𝑛𝑑2

𝐵𝑟1
𝐵𝑟2

∑

[𝑨𝑷]

𝐵𝑟1 𝑽𝟏
𝐵𝑟2 𝑽𝟐

𝑁𝑛𝑑 = 2 𝑁𝑏𝑟 = 2



[𝑨𝑪𝑫]

𝑛𝑑1 𝑛𝑑2 𝑛𝑑3

𝐵𝑟1
𝐵𝑟2
𝐵𝑟3

𝐵𝑟4

∑

[𝑨𝑷]

𝐵𝑟1 𝑽𝟏
𝐵𝑟2 𝑽𝟐
𝐵𝑟3 𝑽𝟑
𝐵𝑟4

𝑁𝑛𝑑 = 3 𝑁𝑏𝑟 = 4



 

𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
].

[𝑨𝑪𝑫]

𝑄𝑣
𝑐𝑜𝑛𝑣 =  𝛼

𝑄𝑣(1→2)
𝑡𝑢𝑟𝑏 = 𝛽

𝑄𝑣(2→1)
𝑡𝑢𝑟𝑏 = 𝛽

[𝑨𝑪𝑫]

𝑄𝑣 = 𝑄𝑣
𝑐𝑜𝑛𝑣 + 𝑄𝑣

𝑡𝑢𝑟𝑏

[𝑨𝑪𝑫]



𝑸𝒗
𝒄𝒐𝒏𝒗 𝑛𝑑1 𝑛𝑑2 𝑛𝑑3 𝑛𝑑4

𝛼

𝐵𝑟1 −𝛼 𝛼

𝐵𝑟2 −𝛼 𝛼

𝐵𝑟3
𝐵𝑟4 −𝛼 𝛼

−𝛼

𝑸𝒗
𝒕𝒖𝒓𝒃 𝑛𝑑1 𝑛𝑑2 𝑛𝑑3 𝑛𝑑4

𝐵𝑟1 −𝛽 𝛽

𝐵𝑟2 −𝛽 𝛽

𝐵𝑟3 𝛽 −𝛽

𝐵𝑟4 −𝛽 𝛽

𝑸𝒗
𝑛𝑑1 𝑛𝑑2 𝑛𝑑3 𝑛𝑑4

𝛼

𝐵𝑟1 −𝛼 − 𝛽 𝛼 + 𝛽

𝐵𝑟2 −𝛼 − 𝛽 𝛼 + 𝛽

𝐵𝑟3 𝛽 −𝛽

𝐵𝑟4 −𝛼 − 𝛽 𝛼 + 𝛽

−𝛼



 

 [𝑨𝑪𝑫]

 [𝑨𝑪𝑫]

 

 [𝑨𝑪𝑫]

 

 

 



  [𝑨𝑪𝑫]

𝑛𝑑1 𝑄𝑒𝑛𝑡𝑟é𝑒
𝑐𝑜𝑛𝑣

𝑄3→1
𝑐𝑜𝑛𝑣 𝑄1↔3

𝑡𝑢𝑟𝑏 𝑛𝑑6

𝑛𝑑1 𝑊 = 𝑄𝑒𝑛𝑡𝑟é𝑒
𝑐𝑜𝑛𝑣 +

𝑄3→1
𝑐𝑜𝑛𝑣 + 𝑄1↔3

𝑡𝑢𝑟𝑏 𝑛𝑑3 𝑋 =  𝑄1→2
𝑐𝑜𝑛𝑣 + 𝑄3→2

𝑐𝑜𝑛𝑣



ETAPE 4 
𝑛𝑑1 𝑛𝑑2 𝑛𝑑3 𝑛𝑑4 𝑛𝑑5 𝑛𝑑6 𝑛𝑑7 𝑛𝑑8

𝑄𝑒𝑛𝑡𝑟é𝑒
𝑐𝑜𝑛𝑣

𝑏𝑟1 𝑄3→1
𝑐𝑜𝑛𝑣

+ 𝑄1↔3
𝑡𝑢𝑟𝑏

−(𝑄3→1
𝑐𝑜𝑛𝑣

𝑄1↔3
𝑡𝑢𝑟𝑏)

𝑏𝑟2 −𝑊 𝑊

𝑏𝑟3 −𝑄1↔3
𝑡𝑢𝑟𝑏 𝑄1↔3

𝑡𝑢𝑟𝑏

𝑏𝑟4 −𝑄1→2
𝑐𝑜𝑛𝑣 𝑄1→2

𝑐𝑜𝑛𝑣

𝑏𝑟5 𝑄2→3
𝑐𝑜𝑛𝑣 −𝑄2→3

𝑐𝑜𝑛𝑣

𝑏𝑟6 −𝑋 𝑋

𝑏𝑟7 −𝑄2↔4
𝑡𝑢𝑟𝑏 𝑄2↔4

𝑡𝑢𝑟𝑏

𝑏𝑟8 −𝑌 𝑌

𝑏𝑟9 𝑄4↔3
𝑡𝑢𝑟𝑏 −𝑄4↔3

𝑡𝑢𝑟𝑏

𝑏𝑟10 −𝑍 𝑍

−𝑄𝑠𝑜𝑟𝑡𝑖𝑒
𝑐𝑜𝑛𝑣



 [𝑨𝑪𝑫]

 [𝑨𝑪𝑫]

 

 [𝑨𝑪𝑫]

𝑇𝐺𝐼𝐶𝐼

𝑀 = 5  𝑇𝐺𝐼𝐶𝐼 𝑐 = 4 

𝐽 = 20



 [𝑨𝑪𝑫]

 

𝑦

 

𝑥

 

𝑧

 [𝑨𝑪𝑫]



 

 [𝑨𝑪𝑫]

𝐶𝑖𝑛 𝐶𝑜𝑢𝑡

 𝐶𝑜𝑢𝑡

𝐶𝑜𝑢𝑡  𝐶𝑖𝑛

 

𝐶𝑖𝑛 = 𝐶𝑜𝑢𝑡

𝐶𝑜𝑢𝑡 𝐶𝑖𝑛

 

𝑉𝑗

𝐶𝑜𝑢𝑡 𝐶𝑖𝑛

 𝐶𝑖𝑛

𝑐 𝑁𝑐𝑜𝑛𝑣 = 3

𝑁𝑑𝑖𝑣 = 2 𝐶𝑖𝑛

𝑛𝑑



𝑖 𝑁𝑐𝑜𝑛𝑣 = 3 𝐵𝑟1, 𝐵𝑟2, 𝐵𝑟3)

𝑁𝑑𝑖𝑣 = 2 𝐵𝑟4, 𝐵𝑟5

𝐶𝑖𝑛 𝑄𝑚

∑ 𝑄𝑣,𝐵𝑟𝑖 . 𝐶𝐵𝑟𝑖  

𝑁𝑐𝑜𝑛𝑣

𝑖=1

= ∑ 𝑄𝑣,𝐵𝑟𝑗 . 𝐶𝐵𝑟𝑗  

𝑁−𝑑𝑖𝑣 

𝑗=1

𝐶𝑖𝑛

𝐶𝑖𝑛 =
∑ 𝑄𝑣,𝐵𝑟𝑖 . 𝐶𝐵𝑟𝑖  
𝑁𝑐𝑜𝑛𝑣
𝑖=1

∑ 𝑄𝑣,𝐵𝑟𝑗  
𝑁𝑑𝑖𝑣
𝑗=1

𝐶𝑖𝑛 = 
𝑄𝑣,𝐵𝑟1. 𝐶𝐵𝑟1 + 𝑄𝑣,𝐵𝑟2. 𝐶𝐵𝑟2 + 𝑄𝑣,𝐵𝑟3. 𝐶𝐵𝑟3

𝑄𝑣,𝐵𝑟4 + 𝑄𝑣,𝐵𝑟5

 



 

 

 

 

 

 





 

 



 

 

[𝑨𝑪𝑫] [𝑨𝑪𝑫]

[𝑨𝑪𝑫]

[𝑨𝑪𝑫]

[𝑨𝑪𝑫]



[𝑨𝑪𝑫]

 

Δ𝑡

[𝑨𝑪𝑫]







 



 

 

 

𝐶𝑂2
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𝐿 = 1,40 𝑚 𝑙 = 0,7 𝑚 𝐻 = 0,47 𝑚

http://www.buzzle.com/articles/how-does-eutrophication-affect-the-environment.html
http://www.buzzle.com/articles/how-does-eutrophication-affect-the-environment.html


𝑄 = 1 𝑚3/ℎ 2,78 ×

10−4 𝑚3/𝑠

2 𝑐𝑚 𝑉𝑎𝑐𝑐 =

1,40 × 0,7 × 0,47 =  0,4606 𝑚3



 

 

𝑅𝑁𝐺 𝑘 − 𝜖

𝑘 𝜖

 

 





 

𝑧 = 47 𝑐𝑚

0,2  0,05 𝑚. 𝑠−1



0,01 𝑚. 𝑠−1)

𝑦 = 140 𝑐𝑚

𝑚/𝑠

𝑦 =

12 𝑐𝑚

𝑦 = 140 𝑐𝑚



𝑚/𝑠

𝑦 = 56 𝑐𝑚

0,01 𝑚. 𝑠−1)

𝑦 = 12𝑐𝑚

𝑚/𝑠

1𝑐𝑚 𝑥 = 139 𝑐𝑚)



0,05 𝑚. 𝑠−1)

0,01 𝑚. 𝑠−1)

𝑚/𝑠

0,2 𝑒𝑡 0,01 𝑚. 𝑠−1

0,05 𝑚. 𝑠−1

0,01 𝑚. 𝑠−1



 𝑘 𝜖

𝑘

𝜖

𝑘

𝜖

𝑘 𝜖



𝑘

𝜖

 

𝜏 =
𝑉

𝑄
=

0,4606

2,78×10−4
=

1657 𝑠𝑒𝑐

𝑅𝑁𝐺 𝑘 − 𝜖



 





 



 

 

 

𝑇𝐺𝐼𝐶𝐼

TGICI)

𝑵𝑳

𝑁𝐿 𝑀



𝑁𝐿 = 8 𝑁𝐿 = 10

 

𝑇𝐺𝐼𝐶𝐼



 𝑵𝒉 𝒉𝒎 𝑚

𝑁ℎ ℎ1

 𝑵𝒍 𝒍𝒍 𝑙 𝑁𝑙

𝑙1

 𝑵𝑳 𝑳𝒌 𝑘 𝑁𝐿

𝐿1

𝐿𝑘

𝑙𝑡

𝐿𝑘 =
𝐿

𝑁𝐿

ℎ𝑚 𝑙𝑙

𝑁𝐿 = 5

𝐿𝑘 =
𝐿

𝑁𝐿
=

1,40

5
 𝑚è𝑡𝑟𝑒

𝑁ℎ 2 𝑁𝑙



𝑁𝐿 𝑁ℎ 𝑁𝑙

ℎ𝑚 𝑙𝑙

 

 Γ

0,5 < Γ < 1 Γ = 1

 Θ

0 < Θ < 1 Θ = 0

Θ = 1

Γ Θ

 

𝑖 𝑄𝑚

𝑄𝑣 𝐶𝑖

𝑄𝑚 [
𝑚𝑜𝑙

𝑠
] = 𝑄𝑣 [

𝑚3

𝑠
] × 𝐶𝑖 [

𝑚𝑜𝑙

𝑚3
]

𝐶𝑖



𝑄𝑣

𝑄𝑣
𝑐𝑜𝑛𝑣

𝑄𝑣
𝑡𝑢𝑟𝑏 𝑄𝑣

𝑐𝑜𝑛𝑣

𝐴 𝐵  𝑆

𝑆

𝑄𝑣
𝑐𝑜𝑛𝑣

𝑄𝑣
𝑐𝑜𝑛𝑣 [

𝑚3

𝑠
] = 𝑆[𝑚2] ×< 𝑣𝑐𝑜𝑛𝑣 > [

𝑚

𝑠
]

𝑆 < 𝑣𝑐𝑜𝑛𝑣 >

 



 

 

𝑇𝐺𝐼𝐶𝐼

 

 𝑁ℎ = 2

ℎ1

 

𝑙𝑙 ≥ 8 𝑐𝑚 ℎ1 ≥ 2 𝑐𝑚

 𝑙 = 0,7 𝑚 𝑁𝑙 = 7

𝑙1 = 𝑙2 = 𝑙3 = 𝑙5 = 𝑙6 = 𝑙7 = 8 𝑐𝑚 𝑙4 = 22 𝑐𝑚

 𝑁𝐿

 ℎ1

ℎ1



ℎ1

 𝒉𝟏 = 𝟔 𝒄𝒎

 

 𝒉𝟏 = 𝟏𝟐 𝒄𝒎

 𝒉𝟏 = 𝟏𝟖 𝒄𝒎

ℎ1 = 6 −
12 − 18 𝑐𝑚

ℎ1 = 12 𝑐𝑚

 𝑁𝐿

𝑁𝐿

𝑁𝐿

𝑁𝐿



𝐿𝑘

ℎ𝑚 𝑙𝑙

𝑁𝐿 = 3;  5 ; 7 ; 9 ; 11

𝑁𝐿 = 3 𝑁𝐿 = 11

𝑁𝐿 = 7

𝑁𝐿 = 4 𝑁𝐿 = 14

 𝑵𝑳 = 𝟒 𝑁𝐿 = 7

𝐿𝑘 =
𝐿

4
=

140

4
= 35 𝑐𝑚

 𝑵𝑳 = 𝟕

𝑁𝐿 =

3;  5 ; 7 ; 9 ; 11 𝐿𝑘 =
𝐿

7
=

140

7
= 20 𝑐𝑚

 𝑵𝑳 = 𝟏𝟒 𝑁𝐿 = 7

𝐿𝑘 =
𝐿

14
=

140

14
= 10 𝑐𝑚

Γ

 𝑁𝐿 = 4

𝑁𝐿 = 7 𝑁𝐿 = 14



 𝑁𝐿 =

4 𝑁𝐿 = 7 𝑁𝐿 = 14

𝑦 = 12 𝑐𝑚

𝑁𝐿 = 4 𝑁𝐿 = 7 𝑁𝐿 = 14



= 47 𝑐𝑚

𝑁𝐿 = 4 𝑁𝐿 = 7 𝑁𝐿 = 14



Γ Θ

Γ < Γ > Θ

𝑁𝐿

< Γ >

< Γ >

𝑁𝐿 = 14

Θ

< Γ > Φ

𝛤 𝛷

𝑦 = 12 𝑐𝑚 𝑁𝐿

𝑁𝐿 = 4 𝑁𝐿 = 7 𝑁𝐿 = 14

< Γ >

Θ

𝛤 𝛷

𝑁𝐿

𝑁𝐿 = 4 𝑁𝐿 = 7 𝑁𝐿 = 14

< Γ >

Θ

𝑁𝐿

𝑁𝐿 = 14 𝑁𝐿 = 9

𝑁𝐿 = 14 𝑁𝐿 = 9

 𝑁𝐿

 

𝑁𝐿

𝑁𝐿 = 4 



𝑁𝐿 = 14

𝑁𝐿 = 7

 𝑁𝐿 = 14

𝑁𝐿 = 7

𝑁𝐿 = 4

 

𝑁𝐿 = 4

 

Γ = 1

𝑁𝐿  

𝑁𝐿

𝑁𝐿 = 4 − 7 − 14 𝑁𝑙 = 7 𝑁ℎ =

2 ℎ1 = 12 𝑐𝑚



< Γ > Φ

< Γ > Φ

Γ Φ

< Γ >

Φ 𝑁𝐿 = 7

 

𝑁𝐿 = 7 𝐿𝑖

𝑁𝑙 = 7 𝑙𝑖

𝑁ℎ = 2 ℎ𝑖



𝑧 = 47 𝑐𝑚

𝑦 = 12 𝑐𝑚

𝑦 = 58 𝑐𝑚

𝑁 = 7 𝑁𝑙 = 7 𝑙1 = 𝑙2 = 𝑙3 = 𝑙5 = 𝑙6 = 𝑙7 = 8 𝑐𝑚 𝑙4 = 22 𝑐𝑚

𝑁ℎ = 2 ℎ1 = 12 𝑐𝑚



𝑁𝑙 = 7 𝑁ℎ = 2 𝐿𝑐𝑜𝑚𝑝 =
1,40

𝑁𝐿
 𝑚è𝑡𝑟𝑒 ℎ1 = 12 𝑐𝑚

𝑁𝐿
𝑁𝑙 𝑁ℎ

𝑁𝐿 𝑁𝑙 𝑁ℎ

𝐿𝑖

𝐿1 𝐿2 𝐿3 𝐿4 𝐿5 𝐿6 𝐿7
𝐿

𝑁𝐿
= 20

𝐿

𝑁𝐿
= 20

𝐿

𝑁𝐿
= 20

𝐿

𝑁𝐿
= 20

𝐿

𝑁𝐿
= 20

𝐿

𝑁𝐿
= 20

𝐿

𝑁𝐿
= 20



𝑙𝑖

𝑙1 𝑙2 𝑙3 𝑙4 𝑙5 𝑙6 𝑙7

8 8 8 22 8 8 8

ℎ𝑖

ℎ1 ℎ2

12 𝐻 − ℎ1
= 35

𝑁𝐿 = 7 𝑁ℎ = 2 ℎ1 = 12 𝑐𝑚 𝑁𝑙 = 7

𝑙1 = 𝑙2 = 𝑙3 = 𝑙5 = 𝑙6 = 𝑙7 = 8 𝑐𝑚 𝑙4 = 22 𝑐𝑚



 

𝑁𝑙 ℎ1

𝑁ℎ = 3

< 𝛤 > 𝛷

 ℎ1

 ℎ1

𝑁𝑙 = 7 𝑁ℎ = 2 𝑁𝐿 = 7

ℎ1 = 6 − 12 − 18 𝑐𝑚



𝑦 = 12 𝑐𝑚

ℎ1 = 6 𝑐𝑚 ℎ1 = 12 𝑐𝑚 ℎ1 = 18 𝑐𝑚





ℎ1

 ℎ1

ℎ1

 

ℎ1

ℎ1 = 6 𝑐𝑚

ℎ1 = 12 𝑐𝑚

ℎ1 = 18 𝑐𝑚

 ℎ1 = 6 𝑐𝑚

ℎ1 = 12 𝑐𝑚 ℎ1 =

18 𝑐𝑚

 ℎ1 = 6 𝑐𝑚

ℎ1 = 12 𝑐𝑚 ℎ1 = 18 𝑐𝑚

 

ℎ1 =  6 𝑐𝑚 ℎ1 =  12𝑐𝑚 ℎ1 =

 18 𝑐𝑚 ℎ1

ℎ1 = 6 𝑐𝑚



ℎ1 = 6 − 12 −

18 𝑐𝑚 𝑁𝑙 = 7 𝑁ℎ = 2 𝑁𝐿 = 7

ℎ1

ℎ1 

ℎ1

ℎ1

ℎ1 = 12 𝑐𝑚

 𝑁𝑙

𝑁𝑙 𝑁𝐿 = 7 𝑁ℎ = 2 ℎ1 = 12 𝑐𝑚

𝑁𝑙 = 4 − 7 − 8)



 𝑵𝒍 = 𝟒

ℎ𝑖 =
𝑙

4
=

70

4
= 17,5 𝑐𝑚

 𝑵𝒍 = 𝟕

𝑙1 = 𝑙2 =

𝑙3 = 𝑙5 = 𝑙6 = 𝑙7 = 8 𝑐𝑚 𝑙4 = 22 𝑐𝑚

 𝑵𝒍 = 𝟖

𝑁𝑙 = 7

𝑙1 = 𝑙2 = 𝑙3 = 𝑙6 = 𝑙7 = 𝑙8 = 8 𝑐𝑚 𝑙4 = 𝑙5 = 11 𝑐𝑚



= 47 𝑐𝑚

𝑁𝑙 = 4

𝑁𝑙 = 7 𝑁𝑙 = 8



𝑁𝑙

𝑁𝑙 = 7 𝑁𝑙 = 8

 𝑁𝑙

𝑁ℎ 𝑁𝑙 = 7 𝑁𝑙 = 8

𝑁𝑙 = 4

 

𝑁𝑙 = 7 𝑁𝑙 = 8 𝑁𝑙 = 4

 𝑁𝑙 = 4

𝑁𝑙 = 7 𝑁𝑙 = 8

 𝑁𝑙 = 4

𝑁𝑙 = 7 𝑁𝑙 = 8

 

𝑁𝑙



𝑁𝑙 = 4 − 7 −

8 𝑁𝐿 = 7 𝑁ℎ = 2 ℎ1 = 12 𝑐𝑚

𝑁𝑙

𝑁𝑙  

𝑁𝑙 𝑁𝑙 = 7

𝑁𝐿

𝑁𝑙 𝑁𝑙 = 7



 𝑁ℎ

ℎ1

𝑁ℎ = 3

𝑁𝑙 = 7 𝑁𝐿 = 7

𝑁ℎ = 3 𝑁ℎ =

2

 𝑵𝒉 = 𝟑 𝒉𝟏 = 𝒉𝟐 = 𝟔 𝒄𝒎 ℎ1 =

12 𝑐𝑚

 𝑵𝒉 = 𝟐 𝒉𝟏 = 𝟏𝟐 𝒄𝒎

ℎ1

 𝑵𝒉 = 𝟑 𝒉𝟏 = 𝟏𝟐 𝒄𝒎 𝒉𝟐 = 𝟔 𝒄𝒎

ℎ1 = 12 𝑐𝑚



𝑦 = 12 𝑐𝑚

𝑁ℎ = 3 ℎ1 = ℎ2 = 6 𝑐𝑚 𝑁ℎ = 2 ℎ1 = 12 𝑐𝑚

𝑁ℎ = 3 ℎ1 = 12 𝑐𝑚 ℎ2 = 6 𝑐𝑚



𝑁ℎ = 2 ℎ1 =

12 𝑐𝑚 𝑁ℎ = 3 ℎ1 = 12 𝑐𝑚 ℎ2 = 6 𝑐𝑚

𝑁𝑙 = 7 𝑁𝑙 = 8

 

 

ℎ1 = ℎ2 = 6 𝑐𝑚

 ℎ1 = ℎ2 = 6 𝑐𝑚

 ℎ1 = ℎ2 = 6 𝑐𝑚

 



𝑁ℎ = 2 − 3 𝑁𝐿 = 7 𝑁𝑙 = 7

𝑁ℎ = 3 ℎ1 = 12 𝑐𝑚 ℎ2 = 6 𝑐𝑚

 



𝑁𝑙 = 7

𝑁ℎ = 2 ℎ1 = 12 𝑐𝑚

 𝑁𝐿 = 7

 𝑁𝐿 = 9

𝑁𝐿 =

𝑁𝐿 = 9

𝑁𝐿 = 14

𝑁𝐿 = 9

𝑁𝐿 = 14

𝑁𝐿 = 14

𝑁𝐿 = 9



𝑦 = 12 𝑐𝑚

𝑁𝐿 = 7 𝑁𝐿 = 9



= 47 𝑐𝑚

𝑁𝐿 = 7 𝑁𝐿 = 9



𝑁𝐿 = 7)

𝑁𝐿 = 9

𝑁𝐿 = 7

𝑁𝐿 = 9

𝑁𝐿 = 9 𝑁𝐿 = 7

𝑁𝐿 = 7

𝑁𝐿 = 9

𝑁𝐿 = 14

𝑁𝐿 = 9



 

Γ

Θ

< Γ > Θ

𝑁𝐿

𝑁𝑙 𝑁ℎ

 

𝑙𝑖 𝑙1 = 𝑙2 =

𝑙3 = 𝑙6 = 𝑙7 = 𝑙8 = 8 𝑐𝑚 𝑙4 = 𝑙5 = 11 𝑐𝑚 𝑙𝑖 =
𝑙

8

𝑙𝑖 =
𝑙

8

ℎ𝑖

ℎ𝑖 =
𝐻

8

𝐿𝑖 =
𝐿

𝑁𝐿

 𝑵𝑳 = 𝟕

𝑁𝐿 = 7

 𝑵𝑳 = 𝟏𝟒

< Γ > Φ



𝑦 = 12 𝑐𝑚

𝑁𝐿 = 7

𝑁ℎ = 2 ℎ1 = 12 𝑐𝑚 𝑁𝑙 = 7 𝑵𝑳 = 𝟕 𝑁ℎ = 8

ℎ𝑖 =
𝐻

8
=

47 𝑐𝑚

8
= 5,875 𝑐𝑚 𝑁𝑙 = 8 𝑵𝑳 = 𝟏𝟒 𝑁ℎ = 8

ℎ𝑖 =
𝐻

8
=

47 𝑐𝑚

8
= 5,875 𝑐𝑚 𝑁𝑙 = 8



= 47 𝑐𝑚

𝑁𝐿 = 7 𝑁ℎ = 2 𝑁𝑙 = 7 𝑙1 = 𝑙2 =

𝑙3 = 𝑙5 = 𝑙6 = 𝑙7 = 8 𝑐𝑚 𝑙4 = 22 𝑐𝑚 𝑁𝐿 = 7 𝑁ℎ = 8

𝑁𝑙 = 8 𝑙1 = 𝑙2 = 𝑙3 = 𝑙6 = 𝑙7 = 𝑙8 = 8 𝑐𝑚 𝑙4 = 𝑙5 = 11 𝑐𝑚

𝑁𝐿 = 14 𝑁ℎ = 8 𝑁𝑙 = 8 𝑙𝑖



 

 

𝑁𝐿 = 14

 

𝑁𝐿 = 7

𝑁𝐿 = 14

 𝑁𝐿 =

14

 

Γ



𝑁𝐿 = 7

𝑁ℎ = 2 𝑁𝑙 = 7 𝑁𝐿 = 7 𝑁𝐿 = 14

𝑁ℎ = 8 𝑁𝑙 = 8

< Γ > Φ

<

Γ > Φ



𝑁𝐿 = 7 ; 𝑁𝑙 =

7 ; 𝑁ℎ = 2 𝑎𝑣𝑒𝑐 ℎ1 = 12 𝑐𝑚

 

 

𝑇𝐺𝐼𝐶𝐼

𝑇𝐺𝐼𝐶𝐼

𝑇𝐺𝐼𝐶𝐼

𝑇𝐺𝐼𝐶𝐼

𝑁𝐿 𝑁𝑙

ℎ1 𝑁ℎ



 

Γ Θ

Γ Φ

 Θ → 1 Γ = 1

Γ < 1

0,5 ≤ Γ < 0,6

 Θ → 0

0,9 ≤ Γ < 1

Γ Φ

 

 



 

 

 

 

 𝑁ℎ = 3 ℎ1 = 12 𝑐𝑚 ℎ2 = 6 𝑐𝑚

 𝑁𝐿 = 9







 

 

 

𝑖 𝑄𝑚

𝑄𝑣 𝐶𝑖

𝑄𝑣
𝑡𝑢𝑟𝑏

𝐴 𝐵 Δ𝑥

 𝑆

𝑆

𝑄𝑣
𝑡𝑢𝑟𝑏



 

𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
] =

𝐷𝑡 [
𝑚2

𝑠
] × 𝑆[𝑚2]

Δ𝑥 [𝑚]

𝐷𝑡 [
𝑚2

𝑠
] =

𝐶𝜇

𝑆𝑐𝑡
×
𝑘2

𝜖

 

𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
] = 𝑆[𝑚2] ×    < 𝑣𝑡𝑢𝑟𝑏 > [

𝑚

𝑠
]

< 𝑣𝑡𝑢𝑟𝑏 >  =  √
2

3
𝑘2

 

𝑄𝑣
𝑡𝑢𝑟𝑏 [

𝑚3

𝑠
] = |𝛼| × 𝑄𝑣

𝑐𝑜𝑛𝑣 [
𝑚3

𝑠
]

{
 
 

 
 𝑄𝑣

𝑡𝑢𝑟𝑏 = |
√𝐴2 + 8𝐴

4𝐴
−
1

4
| × 𝑄𝑣

𝑐𝑜𝑛𝑣

𝐴 =
𝑄𝑣
𝑐𝑜𝑛𝑣 × Δ𝑥 × 𝑆𝑐𝑡 × 𝜖

2 × 𝑆 × 𝐶𝜇 × 𝑘
2



𝑘 𝜖

𝑆𝑐𝑡 𝐶𝜇

 

𝑘 𝜖 𝐶𝜇 𝑆𝑐𝑡

𝑘 𝜖

𝐶𝜇 𝑆𝑐𝑡 𝐶𝜇 = 0.09 𝑆𝑐𝑡 = 0.8

 

𝑘 𝜖

𝑘 𝜖

𝑘 𝜖

𝑌 =  8 𝑐𝑚 16 𝑐𝑚

 𝑙01

𝑙01

 𝑙05

𝑙05

 𝑙𝑜01



𝑙𝑜01

 ℎ01

ℎ01

𝑁𝐿 = 7 𝑁ℎ = 2 ℎ1 = 12 𝑐𝑚 𝑁𝑙 = 7

 

 

𝑙01 ℎ01

𝑙05

𝑙01 05 "𝑙05 − ℎ𝑎𝑢𝑡 − 1"

l06



lo01

"𝑙𝑜01 − ℎ𝑎𝑢𝑡 − 6"

ℎ01



𝑙01

𝑙05



𝑙𝑜01

ℎ01



 

𝑁𝐿 = 7 𝑁ℎ = 2

ℎ1 = 12 𝑐𝑚 𝑁𝑙 = 7



𝑘 𝜖

𝑘 𝜖 𝑁𝐿 = 8 𝑁ℎ = 2

ℎ1 = 6 𝑐𝑚 𝑁𝑙 = 4



𝑁𝐿 = 8 𝑁ℎ = 2 ℎ1 = 6 𝑐𝑚 𝑁𝑙 = 4
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𝑡 𝐶(𝑡)

 

𝑡𝑚𝑖𝑛 𝑡𝑚𝑎𝑥

𝑡𝑚𝑖𝑛 𝑡𝑚𝑎𝑥



 

𝑋 𝑌 𝑡 − 𝑋)

(𝐶(𝑡) − 𝑌)

𝑋 𝑌



 

𝑋1 𝑋2

𝑋1 𝑋2

 

𝑑𝑡

𝑑𝑡



 



 

𝑡 = 𝑋𝑒1 𝑡 = 𝑋𝑒2

𝑡𝑜𝑙 × 𝑌𝑚𝑎𝑥 𝑡𝑜𝑙 𝑌𝑚𝑎𝑥

𝑑𝑡

𝑋𝑒1 𝑋𝑒2 𝑡𝑜𝑙 𝑑𝑡

 



𝑁(𝑡) 𝑁0

𝜆 𝑠−1

𝑁(𝑡) = 𝑁0𝑒
−𝜆𝑡

𝜆 𝑁0

𝐶𝑐𝑜𝑟𝑟𝑖𝑔é𝑒(𝑡) =
𝐶𝑚𝑒𝑠𝑢𝑟é𝑒(𝑡)

𝑁0𝑒
−𝜆𝑡

 

 

 

 

 

 



 

 

 

 



1 2 3 4

𝑉1 = 0,4 𝑉2 = 1,2 𝑉3 = 0,5 𝑉4 = 1,9

 



 

𝑄𝑣

𝑄𝑣
𝑒𝑛𝑡𝑟é𝑒



𝐸𝑛𝑡𝑟é𝑒 →  1 1 → 2 1 → 3 3 → 2 3 → 4 2 → 4 4 → 𝑠𝑜𝑟𝑡𝑖𝑒

 1 0,6 0,4 0,1 0,3 0,7 1

 

 

 



{
2𝐴 + 3𝐵 → 4𝐶
𝐵 + 2𝐶 → 5𝐷

𝜈𝑤,𝑖

𝑤 𝑖

1 𝜈1,𝐴 = −2 𝜈1,𝐵 = −3 𝜈1,𝐶 = 4 𝜈1,𝐷 = 0

2 𝜈2,𝐴 = 0 𝜈2,𝐵 = −1 𝜈2,𝐶 = −2 𝜈2,𝐷 = 5

{
𝑟1 = 0,05[𝐴]

0.8[𝐵]0.7

𝑟2 = 0,24[𝐵]
1.2[𝐶]0.3

𝑚𝑤,𝑖

𝑘𝑤

1 𝑚1,𝐴 = 0,8 𝑚1,𝐵 = 0,7 𝑚1,𝐶 = 0 𝑚1,𝐷 = 0

2 𝑚2,𝐴 = 0 𝑚2,𝐵 = 1,2 𝑚2,𝐶 = 0,3 𝑚2,𝐷 = 0

1 𝑘1 = 0,05
2 𝑘2 = 0,24

 





𝑡0 𝐶𝑇𝑟1(𝑡0) 𝐶𝑇𝑟2(𝑡0) 𝐶𝐴1(𝑡0) 𝐶𝐴2(𝑡0) 𝐶𝐵(𝑡0)

𝑡𝑓 𝐶𝑇𝑟1(𝑡𝑓) 𝐶𝑇𝑟2(𝑡𝑓) 𝐶𝐴1(𝑡𝑓) 𝐶𝐴2(𝑡𝑓) 𝐶𝐵(𝑡𝑓)

2 4



 

 𝑡𝑠𝑖𝑚𝑢

𝑡𝑓

𝑡𝑠𝑖𝑚𝑢 ≤ 𝑡𝑓

 Δ𝑡

𝑡𝑠𝑖𝑚𝑢 = 2000 𝑠𝑒𝑐

Δ𝑡 = 1 𝑠𝑒𝑐

 



 

 

 

 

 

[𝑨𝑪𝑫] [𝑨𝑷]

𝑛𝑑1 𝑛𝑑2 𝑛𝑑3 𝑛𝑑4 𝑛𝑑5 𝑛𝑑6 𝑛𝑑7 𝑛𝑑8

𝑏𝑟1
𝑏𝑟2
𝑏𝑟3
𝑏𝑟4

𝑏𝑟5
𝑏𝑟6
𝑏𝑟7

𝑏𝑟8
𝑏𝑟9



0
𝑏𝑟1 𝑉1 = 0,4 𝐿
𝑏𝑟2 0
𝑏𝑟3 0
𝑏𝑟4 𝑉2 = 1,2 𝐿
𝑏𝑟5 0
𝑏𝑟6 0
𝑏𝑟7 𝑉3 = 0,5 𝐿
𝑏𝑟8 0
𝑏𝑟9 𝑉5 = 0.1 𝐿

0

 

 𝐽 𝑗

𝐽

 𝑊

𝑤 𝑊

 𝐼 𝑖 𝐼

 𝑃 𝑃 = 𝐽 × 𝐼

𝑝 𝑃

𝐽 = 4 𝐼 = 6

𝑃 = 4 × 6 = 24

𝜏𝑗𝑦𝑝
′(𝑡) + 𝑦𝑝(𝑡) − 𝑢𝑝(𝑡) − 𝑟𝑝(𝑡)𝜏𝑗 = 0



 𝜏𝑗 𝑗

 𝑟𝑝(𝑡) 𝑟𝑤

𝑖 𝑗

 𝑢𝑝(𝑡) 𝑖 𝑗

 𝜏𝑗

 𝑟𝑝(𝑡) 𝑢𝑝(𝑡)

o 𝑗 = 1

o 𝑗 = 2

o 𝑗 = 3

o 𝑗 = 4

𝑢𝑝(𝑡)

 



𝜏𝑗 𝑗

𝑗 𝜏𝑗 =
𝑉𝑗

𝑄𝑣,𝑗

𝑄𝑣,1 = 𝑄𝑣(𝑒𝑛𝑡𝑟é𝑒 → 1) = 1 × 𝑄𝑣
𝑒𝑛𝑡𝑟é𝑒

𝝉𝟏 =
𝑽𝟏
𝑸𝒗,𝟏

𝑄𝑣,2 = 𝑄𝑣(1 → 2) + 𝑄𝑣(3 → 2)

= (0,6 + 0,1) × 𝑄𝑣
𝑒𝑛𝑡𝑟é𝑒

= 0,7 × 𝑄𝑣
𝑒𝑛𝑡𝑟é𝑒

𝝉𝟐 =
𝑽𝟐
𝑸𝒗,𝟐

𝑄𝑣,3 = 𝑄𝑣(1 → 3) = 0,4 × 𝑄𝑣
𝑒𝑛𝑡𝑟é𝑒

𝝉𝟑 =
𝑽𝟑
𝑸𝒗,𝟑

𝑄𝑣,4 = 𝑄𝑣(2 → 4) + 𝑄𝑣(3 → 4)

= (0,7 + 0,3) × 𝑄𝑣
𝑒𝑛𝑡𝑟é𝑒

= 1 × 𝑄𝑣
𝑒𝑛𝑡𝑟é𝑒

𝝉𝟒 =
𝑽𝟒
𝑸𝒗,𝟒

𝑢𝑝(𝑡) 𝑟𝑝(𝑡)

𝑖 𝑗 = 1

𝑗 = 1
𝑇𝑟1

→ 𝑖 = 1
𝑢1(𝑡) = 𝐶𝑇𝑟1(𝑡)

𝑟1 = 0
𝑇𝑟2 

→ 𝑖 = 2
𝑢2(𝑡) = 0
𝑟2 = 0

𝐴 
→ 𝑖 = 3

𝑢3(𝑡) = 0
𝑟3 = −2 × 0,05. 𝑦3(𝑡)

0,8. 𝑦4(𝑡)
0,7

𝐵 
→ 𝑖 = 4

𝑢4(𝑡) = 0
𝑟4 = −3 × 0,05. 𝑦3(𝑡)

0,8. 𝑦4(𝑡)
0,7 − 1 × 0,24. 𝑦4(𝑡)

1,2. 𝑦5(𝑡)
0,3

𝐶 
→ 𝑖 = 5

𝑢5(𝑡) = 0
𝑟5 = 4 × 0,05. 𝑦3(𝑡)

0,8. 𝑦4(𝑡)
0,7 − 2 × 0,24. 𝑦4(𝑡)

1,2. 𝑦5(𝑡)
0,3

𝐷
→ 𝑖 = 6

𝑢6(𝑡) = 0
𝑟6 = 5 × 0,24. 𝑦4(𝑡)

1,2. 𝑦5(𝑡)
0,3



𝑢𝑝(𝑡) 𝑟𝑝(𝑡)

𝑖 𝑗 = 2

𝑗 = 2
𝑇𝑟1

→ 𝑖 = 1 𝑢7(𝑡) =
𝑦1(𝑡) × 𝑄𝑣(1 → 2) + 𝑦13(𝑡) × 𝑄𝑣(3 → 2)

𝑄𝑣(1 → 2) + 𝑄𝑣(3 → 2)

𝑟7 = 0
𝑇𝑟2 

→ 𝑖 = 2 𝑢8(𝑡) =
𝑦2(𝑡) × 𝑄𝑣(1 → 2) + 𝑦14(𝑡) × 𝑄𝑣(3 → 2)

𝑄𝑣(1 → 2) + 𝑄𝑣(3 → 2)
+ 𝐶𝑇𝑟2(𝑡)

𝑟8 = 0
𝐴 

→ 𝑖 = 3 𝑢9(𝑡) =
𝑦3(𝑡) × 𝑄𝑣(1 → 2) + 𝑦15(𝑡) × 𝑄𝑣(3 → 2)

𝑄𝑣(1 → 2) + 𝑄𝑣(3 → 2)
+ 𝐶𝐴1(𝑡)

𝑟9 = −2 × 0,05. 𝑦9(𝑡)
0,8. 𝑦10(𝑡)

0,7

𝐵 
→ 𝑖 = 4 𝑢10(𝑡) =

𝑦4(𝑡) × 𝑄𝑣(1 → 2) + 𝑦16(𝑡) × 𝑄𝑣(3 → 2)

𝑄𝑣(1 → 2) + 𝑄𝑣(3 → 2)

𝑟10 = −3 × 0,05. 𝑦9(𝑡)
0,8. 𝑦10(𝑡)

0,7 − 1 × 0,24. 𝑦10(𝑡)
1,2. 𝑦11(𝑡)

0,3

𝐶 
→ 𝑖 = 5 𝑢11(𝑡) =

𝑦5(𝑡) × 𝑄𝑣(1 → 2) + 𝑦17(𝑡) × 𝑄𝑣(3 → 2)

𝑄𝑣(1 → 2) + 𝑄𝑣(3 → 2)

𝑟11 = 4 × 0,05. 𝑦9(𝑡)
0,8. 𝑦10(𝑡)

0,7 − 2 × 0,24. 𝑦10(𝑡)
1,2. 𝑦11(𝑡)

0,3

𝐷
→ 𝑖 = 6 𝑢12(𝑡) =

𝑦6(𝑡) × 𝑄𝑣(1 → 2) + 𝑦18(𝑡) × 𝑄𝑣(3 → 2)

𝑄𝑣(1 → 2) + 𝑄𝑣(3 → 2)

𝑟12 = 5 × 0,24. 𝑦10(𝑡)
1,2. 𝑦11(𝑡)

0,3

𝑢𝑝(𝑡) 𝑟𝑝(𝑡)

𝑖 𝑗 = 3

𝑗 = 3
𝑇𝑟1

→ 𝑖 = 1
𝑢13(𝑡) = 𝑦1(𝑡) × 𝑄𝑣(1 → 3)

𝑟13 = 0
𝑇𝑟2 

→ 𝑖 = 2
𝑢14(𝑡) = 𝑦2(𝑡) × 𝑄𝑣(1 → 3)

𝑟14 = 0
𝐴 

→ 𝑖 = 3
𝑢15(𝑡) = 𝑦3(𝑡) × 𝑄𝑣(1 → 3) + 𝐶𝐴2(𝑡)
𝑟15 = −2 × 0,05. 𝑦15(𝑡)

0,8. 𝑦16(𝑡)
0,7

𝐵 
→ 𝑖 = 4

𝑢16(𝑡) = 𝑦4(𝑡) × 𝑄𝑣(1 → 3)

𝑟16 = −3 × 0,05. 𝑦15(𝑡)
0,8. 𝑦16(𝑡)

0,7 − 1 × 0,24. 𝑦16(𝑡)
1,2. 𝑦17(𝑡)

0,3

𝐶 
→ 𝑖 = 5

𝑢17(𝑡) = 𝑦5(𝑡) × 𝑄𝑣(1 → 3)

𝑟17 = 4 × 0,05. 𝑦15(𝑡)
0,8. 𝑦16(𝑡)

0,7 − 2 × 0,24. 𝑦16(𝑡)
1,2. 𝑦17(𝑡)

0,3

𝐷
→ 𝑖 = 6

𝑢18(𝑡) = 𝑦6(𝑡) × 𝑄𝑣(1 → 3)

𝑟18 = 5 × 0,24. 𝑦16(𝑡)
1,2. 𝑦17(𝑡)

0,3



𝑢𝑝(𝑡) 𝑟𝑝(𝑡)

𝑖 𝑗 = 4

𝑗 = 4
𝑇𝑟1

→ 𝑖 = 1 𝑢19(𝑡) =
𝑦7(𝑡) × 𝑄𝑣(2 → 4) + 𝑦13(𝑡) × 𝑄𝑣(3 → 4)

𝑄𝑣(2 → 4) + 𝑄𝑣(3 → 4)

𝑟19 = 0
𝑇𝑟2 

→ 𝑖 = 2 𝑢20(𝑡) =
𝑦8(𝑡) × 𝑄𝑣(2 → 4) + 𝑦14(𝑡) × 𝑄𝑣(3 → 4)

𝑄𝑣(2 → 4) + 𝑄𝑣(3 → 4)

𝑟20 = 0
𝐴 

→ 𝑖 = 3 𝑢21(𝑡) =
𝑦9(𝑡) × 𝑄𝑣(2 → 4) + 𝑦15(𝑡) × 𝑄𝑣(3 → 4)

𝑄𝑣(2 → 4) + 𝑄𝑣(3 → 4)

𝑟21 = −2 × 0,05. 𝑦21(𝑡)
0,8. 𝑦22(𝑡)

0,7

𝐵 
→ 𝑖 = 4 𝑢22(𝑡) =

𝑦10(𝑡) × 𝑄𝑣(2 → 4) + 𝑦16(𝑡) × 𝑄𝑣(3 → 4)

𝑄𝑣(2 → 4) + 𝑄𝑣(3 → 4)
+ 𝐶𝐵(𝑡)

𝑟22 = −3 × 0,05. 𝑦21(𝑡)
0,8. 𝑦22(𝑡)

0,7 − 1 × 0,24. 𝑦22(𝑡)
1,2. 𝑦23(𝑡)

0,3

𝐶 
→ 𝑖 = 5 𝑢23(𝑡) =

𝑦11(𝑡) × 𝑄𝑣(2 → 4) + 𝑦17(𝑡) × 𝑄𝑣(3 → 4)

𝑄𝑣(2 → 4) + 𝑄𝑣(3 → 4)

𝑟23 = 4 × 0,05. 𝑦21(𝑡)
0,8. 𝑦22(𝑡)

0,7 − 2 × 0,24. 𝑦22(𝑡)
1,2. 𝑦23(𝑡)

0,3

𝐷
→ 𝑖 = 6 𝑢24(𝑡) =

𝑦12(𝑡) × 𝑄𝑣(2 → 4) + 𝑦18(𝑡) × 𝑄𝑣(3 → 4)

𝑄𝑣(2 → 4) + 𝑄𝑣(3 → 4)

𝑟24 = 5 × 0,24. 𝑦22(𝑡)
1,2. 𝑦23(𝑡)

0,3



𝑃 = 24 𝐽 = 4

𝐼 = 6

𝑗 = 1

𝑇𝑟1
→ 𝑖 = 1

𝑝 = 1
𝜏1𝑦1

′(𝑡) + 𝑦1(𝑡) − 𝑢1(𝑡) − 𝑟1𝜏1 = 0
𝑇𝑟2 

→ 𝑖 = 2
𝑝 = 2

𝜏1𝑦2
′(𝑡) + 𝑦2(𝑡) − 𝑢2(𝑡) − 𝑟2𝜏1 = 0

𝐴 
→ 𝑖 = 3

𝑝 = 3
𝜏1𝑦3

′(𝑡) + 𝑦3(𝑡) − 𝑢3(𝑡) − 𝑟3𝜏1 = 0
𝐵 

→ 𝑖 = 4
𝑝 = 4

𝜏1𝑦4
′(𝑡) + 𝑦4(𝑡) − 𝑢4(𝑡) − 𝑟4𝜏1 = 0

𝐶 
→ 𝑖 = 5

𝑝 = 5
𝜏1𝑦5

′(𝑡) + 𝑦5(𝑡) − 𝑢5(𝑡) − 𝑟5𝜏1 = 0
𝐷

→ 𝑖 = 6
𝑝 = 6

𝜏1𝑦6
′(𝑡) + 𝑦6(𝑡) − 𝑢6(𝑡) − 𝑟6𝜏1 = 0

𝑗 =  2

𝑇𝑟1
→ 𝑖 = 1

𝑝 = 7
𝜏2𝑦7

′(𝑡) + 𝑦7(𝑡) − 𝑢7(𝑡) − 𝑟7𝜏2 = 0
𝑇𝑟2 

→ 𝑖 = 2
𝑝 = 8

𝜏2𝑦8
′(𝑡) + 𝑦8(𝑡) − 𝑢8(𝑡) − 𝑟8𝜏2 = 0

𝐴 
→ 𝑖 = 3

𝑝 = 9
𝜏2𝑦9

′(𝑡) + 𝑦9(𝑡) − 𝑢9(𝑡) − 𝑟9𝜏2 = 0
𝐵 

→ 𝑖 = 4
𝑝 = 10

𝜏2𝑦10
′(𝑡) + 𝑦10(𝑡) − 𝑢10(𝑡) − 𝑟10𝜏2 = 0

𝐶 
→ 𝑖 = 5

𝑝 = 11
𝜏2𝑦11

′(𝑡) + 𝑦11(𝑡) − 𝑢11(𝑡) − 𝑟11𝜏2 = 0
𝐷

→ 𝑖 = 6
𝑝 = 12

𝜏2𝑦12
′(𝑡) + 𝑦12(𝑡) − 𝑢12(𝑡) − 𝑟12𝜏2 = 0

𝑗 = 3

𝑇𝑟1
→ 𝑖 = 1

𝑝 = 13
𝜏3𝑦13

′(𝑡) + 𝑦13(𝑡) − 𝑢13(𝑡) − 𝑟13𝜏3 = 0
𝑇𝑟2 

→ 𝑖 = 2
𝑝 = 14

𝜏3𝑦14
′(𝑡) + 𝑦14(𝑡) − 𝑢14(𝑡) − 𝑟14𝜏3 = 0

𝐴 
→ 𝑖 = 3

𝑝 = 15
𝜏3𝑦15

′(𝑡) + 𝑦15(𝑡) − 𝑢15(𝑡) − 𝑟15𝜏3 = 0
𝐵 

→ 𝑖 = 4
𝑝 = 16

𝜏3𝑦16
′(𝑡) + 𝑦16(𝑡) − 𝑢16(𝑡) − 𝑟16𝜏3 = 0

𝐶 
→ 𝑖 = 5

𝑝 = 17
𝜏3𝑦17

′(𝑡) + 𝑦17(𝑡) − 𝑢17(𝑡) − 𝑟17𝜏3 = 0
𝐷

→ 𝑖 = 6
𝑝 = 18

𝜏3𝑦18
′(𝑡) + 𝑦18(𝑡) − 𝑢18(𝑡) − 𝑟18𝜏3 = 0

𝑗 = 4

𝑇𝑟1
→ 𝑖 = 1

𝑝 = 19
𝜏4𝑦19

′(𝑡) + 𝑦19(𝑡) − 𝑢19(𝑡) − 𝑟19𝜏4 = 0
𝑇𝑟2

→ 𝑖 = 2
𝑝 = 20

𝜏4𝑦20
′(𝑡) + 𝑦20(𝑡) − 𝑢20(𝑡) − 𝑟20𝜏4 = 0

𝐴
→ 𝑖 = 3

𝑝 = 21
𝜏4𝑦21

′(𝑡) + 𝑦21(𝑡) − 𝑢21(𝑡) − 𝑟21𝜏4 = 0
𝐵

→ 𝑖 = 4
𝑝 = 22

𝜏4𝑦22
′(𝑡) + 𝑦22(𝑡) − 𝑢22(𝑡) − 𝑟22𝜏4 = 0

𝐶
→ 𝑖 = 5

𝑝 = 23
𝜏4𝑦23

′(𝑡) + 𝑦23(𝑡) − 𝑢23(𝑡) − 𝑟23𝜏4 = 0
𝐷

→ 𝑖 = 6
𝑝 = 24

𝜏4𝑦24
′(𝑡) + 𝑦24(𝑡) − 𝑢24(𝑡) − 𝑟24𝜏4 = 0



𝑟𝑝(𝑡) 𝑢𝑝(𝑡)

𝑖 = 3) 𝑗 =

2 𝑝 = 9 𝑢9(𝑡)

𝑦3(𝑡)

𝑦15(𝑡)

 

 

 



𝑇𝐺𝐼𝐶𝐼

𝑇𝐺𝐼𝐶𝐼

 

𝐿𝑡

 

 

𝑇𝐺𝐼𝐶𝐼



 

0 𝑥, 𝑧

 𝐿

o 𝑁𝐿

 𝐿𝑘 𝑘 𝑁𝐿

 𝑙

o 𝑁𝐿

 𝑙𝑙 𝑙 𝑁𝑙

 𝐻

o 𝑁ℎ

 ℎ𝑚 𝑚 𝑁ℎ



𝐿

𝐿 − 𝑁𝐿  

𝐿𝑘 𝐿1 𝐿2 𝐿3 𝐿4 𝐿5 𝐿6

𝑙

𝑙 − 𝑁𝑙
𝑙𝑙 𝑙1 𝑙2 𝑙3

ℎ

𝐻 − 𝑁ℎ
ℎ𝑚 ℎ1 ℎ2 ℎ3 ℎ4



 

𝐿𝑘 𝑘 

𝑙𝑙 𝑙 

ℎ𝑚

𝑚 

𝑗

𝑗 → 𝑘𝑙𝑚

𝑘 = 1 𝑙 = 2 𝑚 = 1

𝑘 = 5 𝑙 = 1 𝑚 = 1



 

𝑒𝑦 𝑦

𝑒𝑥 𝑥

𝑒𝑧 𝑧

 𝑒𝑦 𝑥

𝑧

 𝑒𝑥 𝑦

𝑧

 𝑒𝑧 𝑥

𝑦

𝑄𝑣
𝑐𝑜𝑛𝑣

𝑄𝑣
𝑡𝑢𝑟𝑏



𝑒𝑦

𝑒𝑥 𝑒𝑧

 



 

𝐽 = 𝑁𝐿 × 𝑁𝑙 × 𝑁ℎ

𝑒𝑥

𝑁𝑝𝐿 = (𝑁𝐿 − 1) × 𝑁𝑙 × 𝑁ℎ

𝑒𝑦

𝑁𝑝𝑙 = 𝑁𝐿 × (𝑁𝑙 − 1) × 𝑁ℎ

𝑒𝑧

𝑁𝑝ℎ = 𝑁𝐿 × 𝑁𝑙 × (𝑁ℎ − 1)

𝑁𝑝𝑇𝑇 = 𝑁𝑝𝐿 +𝑁𝑝𝑙 + 𝑁𝑝ℎ

𝑁𝑛𝑑 = 2 × 𝐽

𝑁𝑏𝑟 = 𝐽 + 2 × 𝑁𝑝𝑇𝑇 + 2

𝑗 𝑛𝑑𝑗(𝑒𝑛𝑡𝑟é𝑒) 𝑛𝑑𝑗(𝑠𝑜𝑟𝑡𝑖𝑒)

𝑛𝑑𝑗(𝑒𝑛𝑡𝑟é𝑒) = 2 × 𝑗 − 1



𝑛𝑑𝑗(𝑠𝑜𝑟𝑡𝑖𝑒) = 2 × 𝑗

𝑛𝑑𝑗(𝑒𝑛𝑡𝑟é𝑒) 𝑛𝑑𝑗(𝑠𝑜𝑟𝑡𝑖𝑒) 𝑗

 

𝑗 𝑘𝑙𝑚 𝑘

𝑙 𝑚

𝑘, 𝑙,𝑚 (0, 𝑥, 𝑦, 𝑧)

𝐽

𝑥 𝑦 𝑧

𝑘𝑙𝑚

𝑗 𝐽



"𝑗" "𝑘𝑙𝑚"

𝑗 𝑘 𝑙 𝑚 𝑗 𝑘 𝑙 𝑚 𝑗 𝑘 𝑙 𝑚

1 1 1 1 7 1 1 2 13 1 1 3

2 2 1 1 8 2 1 2 14 2 1 3

3 3 1 1 9 3 1 2 15 3 1 3

4 1 2 1 10 1 2 2 16 1 2 3

5 2 2 1 11 2 2 2 17 2 2 3

6 3 2 1 12 3 2 2 18 3 2 3

𝑉𝑗 = 𝐿𝑘 × 𝑙𝑙 × ℎ𝑚

 











 

 

 



 

 





 

𝐷𝑡 Δ𝑥

 

 

< 𝑣𝑡𝑢𝑟𝑏 > < 𝑣𝑐𝑜𝑛𝑣 >



























𝑘 − 𝜖



𝐴 → 𝐵 → 𝐶



𝑚3



𝑘 − 𝜖 ≅ 106

𝑘 − 𝜖



𝑘 − 𝜖

𝑚3 𝑚3/ℎ

𝜔 



𝑁𝑜𝑥

𝐶𝑂2

𝑘 − 𝜖



3,6

0,18 × 0,2

𝑘 − 𝜖

ℎ𝑎  1,7 𝑚 10 𝑚

0,9 𝑚

𝑘 − 𝜖



𝑘 − 𝜖



𝑘 − 𝜖



𝛤 𝑁𝐿 = 4

𝚪 𝑁1 𝑁2 𝑁3 𝑁4
ℎ1
ℎ2

𝛤 𝑁𝐿 = 7

𝚪 𝑁1 𝑁2 𝑁3 𝑁4 𝑁5 𝑁6 𝑁7
ℎ1
ℎ2

𝛤 𝑁𝐿 = 14

𝚪 𝑁1 𝑁2 𝑁3 𝑁4 𝑁5 𝑁6 𝑁7
ℎ1
ℎ2

𝚪 𝑁8 𝑁9 𝑁10 𝑁11 𝑁12 𝑁13 𝑁14
ℎ1
ℎ2



𝛤 𝑁𝐿 = 4

𝚪 𝑁1 𝑁2 𝑁3 𝑁4
𝑙1

𝑙2

𝑙3

𝑙4
𝑙5

𝑙6

𝑙7

𝛤 𝑁𝐿 = 7

𝚪 𝑁1 𝑁2 𝑁3 𝑁4 𝑁5 𝑁6 𝑁7
𝑙1
𝑙2

𝑙3

𝑙4

𝑙5

𝑙6

𝑙7

𝛤 𝑁𝐿 = 14

𝚪 𝑁1 𝑁2 𝑁3 𝑁4 𝑁5 𝑁6 𝑁7
𝑙1
𝑙2

𝑙3

𝑙4

𝑙5

𝑙6

𝑙7

𝚪 𝑁8 𝑁9 𝑁10 𝑁11 𝑁12 𝑁13 𝑁14
𝑙1

𝑙2

𝑙3

𝑙4
𝑙5

𝑙6

𝑙7






