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f.lartigue
Zone de texte

f.lartigue
Tampon
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𝐵𝑎

 

𝐵𝑎 =
ℎ𝑟𝑆

𝐹𝑐𝑝

 

ℎ𝑟 

𝑆 

𝐹 

𝑐𝑝 

 

ℎ𝑟
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 𝑚 = 10 000 𝑘𝑔

 𝑆 = 54,5 𝑚2

 𝑆𝑓𝑢𝑠 = 7 𝑚2

 𝑆𝑡𝑟𝑎𝑖𝑛𝑠 = 0,5 𝑚2

 𝐶𝑥 𝑓𝑢𝑠 = 0,85

𝐶𝑥 𝑡𝑟𝑎𝑖𝑛𝑠 = 1

 𝜀 = 1,5°

 𝜌 = 1,225 𝑘𝑔/𝑚3

 : 

𝐹𝑓𝑟𝑜𝑡𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑃⃗ 𝑇⃗  

𝐹𝑓𝑟𝑜𝑡𝑡 = 𝑓. 𝑃

𝟒 
𝟑 

𝟐 

𝟏 

𝑭𝒇𝒓𝒐𝒕𝒕
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝑷⃗⃗  

𝑻⃗⃗  
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𝑓 𝐹𝑓𝑟𝑜𝑡𝑡

𝑇⃗  

𝑇 ≤ 𝐹𝑓𝑟𝑜𝑡𝑡 𝑚𝑎𝑥 = 𝑓𝑠𝑃

𝐹𝑓𝑟𝑜𝑡𝑡 = 𝐹𝑓𝑟𝑜𝑡𝑡 𝑔𝑙𝑖𝑠𝑠 = 𝑓𝑐 . 𝑃

𝑓𝑠 = 0,9 𝑓𝑐 = 0,8

 

 𝐺

 𝑅0 𝐺, 𝑥0⃗⃗⃗⃗ , 𝑦0⃗⃗⃗⃗ , 𝑧0⃗⃗  ⃗ 𝑦0⃗⃗⃗⃗ 

 𝑅𝑓 𝐺, 𝑥𝑓⃗⃗⃗⃗ , 𝑦𝑓⃗⃗⃗⃗ , 𝑧𝑓⃗⃗  ⃗ 𝑦𝑓⃗⃗⃗⃗ 𝑦0⃗⃗⃗⃗ 

 𝑅 𝐺, 𝑥 , 𝑦 , 𝑧 𝑦 𝑦0⃗⃗⃗⃗ 

 𝛼

 𝜀

 𝜃

 𝛾

𝛼 

𝛾 𝜃 

𝐹𝑧⃗⃗  ⃗ 

𝐹𝑥⃗⃗  ⃗ 

𝑥 𝑓 

𝑥0⃗⃗⃗⃗  

𝑥  

𝑚𝑔⃗⃗⃗⃗ ⃗⃗  

𝑇⃗  

𝑧0⃗⃗  ⃗ 

𝐺 

𝜀 

𝑉⃗  

𝑭𝒇𝒓𝒐𝒕𝒕 𝒎𝒂𝒙 
𝑭𝒇𝒓𝒐𝒕𝒕 𝒈𝒍𝒊𝒔𝒔 
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 𝐺

 

𝑇⃗ = 𝑇. 𝑥𝑓⃗⃗⃗⃗ 

 

𝑚𝑔⃗⃗⃗⃗ ⃗⃗ = 𝑚𝑔. 𝑧0⃗⃗  ⃗

𝑔 = 9,81 𝑚. 𝑠−2

 

𝐹𝑧⃗⃗  ⃗ = −𝐹𝑧. 𝑧 = −
1

2
𝜌𝑆𝑉2𝐶𝑧. 𝑧 

 

𝐶𝑧 = 𝐴𝛼

𝐴 = 0,1 𝑑𝑒𝑔−1

 

𝐹𝑥⃗⃗  ⃗ = −𝐹𝑥 . 𝑥 = −(𝐹𝑥 𝑎𝑖𝑙𝑒 + 𝐹𝑥 𝑓𝑢𝑠 + 𝐹𝑥 𝑡𝑟𝑎𝑖𝑛𝑠). 𝑥 = −
1

2
𝜌𝑉2(𝑆𝐶𝑥 + 𝑆𝑓𝑢𝑠𝐶𝑥 𝑓𝑢𝑠 + 𝑆𝑡𝑟𝑎𝑖𝑛𝑠𝐶𝑥 𝑡𝑟𝑎𝑖𝑛𝑠). 𝑥 

 

𝐶𝑥 = 𝐶𝑥0 + 𝑘𝐶𝑧
2

𝐶𝑥0 = 0,015 𝑘 = 0,03

 

𝑋  

𝑋 = 𝑎0𝑥0⃗⃗⃗⃗ + 𝑏0𝑦0⃗⃗⃗⃗ + 𝑐0𝑧0⃗⃗  ⃗

 

𝑋 = (

𝑎0

𝑏0

𝑐0

)

𝑅0

 

 

𝑉⃗ = (

𝑉𝑥0

𝑉𝑦0

𝑉𝑧0

)

𝑅0

 

 

‖𝑉⃗ ‖ = 𝑉 = √𝑉𝑥0
2 + 𝑉𝑦0

2 + 𝑉𝑧0
2

 

(
𝑑𝑉⃗ 

𝑑𝑡
)

𝑅0

𝑅0
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(
𝑑𝑉⃗ 

𝑑𝑡
)

𝑅0

𝑅0

= (𝑚𝑔⃗⃗⃗⃗ ⃗⃗ )𝑅0
+ (𝐹𝑧⃗⃗  ⃗)𝑅0

+ (𝐹𝑥⃗⃗  ⃗)𝑅0
+ (𝑇⃗ )

𝑅0

 (𝑚𝑔⃗⃗⃗⃗ ⃗⃗ )𝑅0
 𝑚𝑔⃗⃗⃗⃗ ⃗⃗ 

𝑅0

 𝑉⃗ 

(𝑉⃗ )
𝑅0

 

 𝛼, 𝜀, 𝛾 𝜃

 

𝑉𝑥0 = 250 𝑘𝑚/ℎ 𝑉𝑧0 = 10 𝑘𝑚/ℎ

 𝛾

.

 

𝐹𝑥
𝑇 𝛼

 𝜃

 

  𝑇
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𝑉𝑥0 = 220 𝑘𝑚/ℎ 𝑉𝑧𝑓 = 30 𝑘𝑚/ℎ

 

 

 

.

 

𝑅𝑎𝑟𝑟 = 2 000 𝑚

 

50 𝑘𝑚/ℎ

 𝑡𝑎𝑟𝑟

 

 𝑐𝑜𝑠𝛾 ≈ 1

𝑅𝑎𝑟𝑟 

𝑉⃗  
𝑉⃗  

𝑥0⃗⃗⃗⃗  

𝑧0⃗⃗  ⃗ 
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 𝐹𝑓𝑟𝑜𝑡𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

 𝑉

  

 

𝑉  𝐹𝑥 = 𝐾𝑉 𝐾

𝐾
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𝜂

 

 

 

 

𝑉𝑂𝑅𝐵 = 𝑅0√
𝑔0

𝑅0+ℎ
𝑅0 ℎ

𝑔0

𝑔0 = 9,81 𝑚. 𝑠−2
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𝑔 = 𝑔0 =
9,81 𝑚. 𝑠−2
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 𝑀 = 0,8 𝐻 = 40 000 𝑓𝑡

𝛿𝑆 𝜃

𝜃(𝑠)

𝛿𝑆(𝑠)
=

−7,02(𝑠 + 0,138)(𝑠 + 0,334)

(𝑠² + 0,145𝑠 + 0,175)(𝑠² + 0,844𝑠 + 4,452)
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𝜃 (𝑑𝑒𝑔)

 

    

 𝜔𝑎𝑚𝑜𝑟𝑡𝑖 ≈ 𝜔𝑛𝑎𝑡𝑢𝑟𝑒𝑙

 

 1°
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𝐹𝑆𝑇 𝛿𝑆𝑐

  𝛿𝑆𝑆𝐴𝑆
  

𝑞 =
𝑑𝜃

𝑑𝑡
= 𝜃̇

𝛿𝑆 𝛿𝑆𝑇

  

 

  𝛿𝑆𝐶
𝛿𝑆 = 𝛿𝑆𝐶

+ 𝛿𝑆𝑆𝐴𝑆

   𝛿𝑆𝐶
𝑞

 

 𝛿𝑆(𝑠)
 𝑞(𝑠)

 

𝜃(𝑠)

𝛿𝑆𝑐(𝑠)
=

−7,02(𝑠 + 0,138)(𝑠 + 0,334)

(𝑠² + 0,01335𝑠 + 0,0013)(𝑠 + 1,29)(𝑠 + 4,82)
 

𝛿𝑆𝐶
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    𝛿𝑆𝐶

𝜃
   

𝜃𝐶

 
1

2,8

 
 

𝛿𝑆𝐶

𝛿𝑆

 

 

 

 
𝜃(𝑠)

𝜃𝑐(𝑠)
 

 

 

𝛿𝑆𝐶
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80°𝐶

𝑅 = 3 𝑐𝑚 𝐿

 
𝒆𝒙⃗⃗⃗⃗  

𝟎 

𝑳 

𝒆𝒙⃗⃗⃗⃗  

𝟎 

𝑳 
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𝑆

𝑒 = 2 𝑚𝑚

𝑑𝑥 

𝑥

𝑆𝑙𝑎𝑡 𝑒𝑥𝑡

𝑑𝑟

𝑟 𝑅 > 𝑟 > 𝑅 − 𝑒

𝑺 

𝒆𝜽⃗⃗⃗⃗  

𝒆𝒓⃗⃗⃗⃗  

𝒆 

𝑹 

𝒆𝒙⃗⃗⃗⃗  

𝒙 𝒙 + 𝒅𝒙 

𝑺𝒍𝒂𝒕 𝒆𝒙𝒕 

𝒅𝒙 

𝒆𝒓⃗⃗⃗⃗  

𝒆 𝒓 

𝒓 + 𝒅𝒓 
𝒅𝒓 

…
 

𝒆𝒓⃗⃗⃗⃗  

𝒅𝒓 

𝒓 + 𝒅𝒓 
𝒓 

𝑺𝒍𝒂𝒕(𝒓) 
𝑺𝒍𝒂𝒕(𝒓 + 𝒅𝒓) 
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𝑑𝑟 𝑑𝑥

𝑈 𝑊

𝑄

 

 𝑟 𝑑𝑥

𝑺𝒆𝒄𝒉(𝒓)

𝜑𝑟 𝑆𝑒𝑐ℎ(𝑟)  

𝜑𝑟(𝑡) =
𝑑𝑄

𝑑𝑡

 𝜑𝑟  

𝑸 

𝑩𝒐𝒓𝒅 𝒅′𝒂𝒕𝒕𝒂𝒒𝒖𝒆 
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𝑗𝑡ℎ⃗⃗ ⃗⃗  (𝑟, 𝑡)  

𝜑𝑟(𝑡) = 𝑗𝑡ℎ⃗⃗ ⃗⃗  (𝑟, 𝑡). 𝑆𝑒𝑐ℎ(𝑟). 𝑒𝑟⃗⃗  ⃗ = 𝑗𝑡ℎ(𝑟, 𝑡). 𝑆𝑒𝑐ℎ(𝑟)

 𝑗𝑡ℎ  

 

 

𝑡 𝑡 + 𝑑𝑡 

𝑈(𝑡 + 𝑑𝑡) − 𝑈(𝑡) = 𝜑𝑟(𝑡)𝑑𝑡 − 𝜑𝑟+𝑑𝑟(𝑡)𝑑𝑡

 

𝑆𝑒𝑐ℎ(𝑟 + 𝑑𝑟) ≈ 𝑆𝑒𝑐ℎ(𝑟)

  

𝜑𝑟(𝑡)𝑑𝑡 − 𝜑𝑟+𝑑𝑟(𝑡)𝑑𝑡 = [𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)]𝑆𝑒𝑐ℎ(𝑟)𝑑𝑡

 𝑈

𝑢 𝐽.𝑚−3 𝑆𝑒𝑐ℎ(𝑟) 𝑑𝑟

  

𝑈(𝑡 + 𝑑𝑡) − 𝑈(𝑡) =
𝑑𝑈

𝑑𝑡
𝑑𝑡

 

𝑑𝑢

𝑑𝑡
=

𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)

𝑑𝑟

 

𝑗𝑡ℎ = −𝜆
𝑑𝑇

𝑑𝑟

𝜆 𝑇

 

 𝑟 

𝑗𝑡ℎ  
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 𝜆𝑎𝑙𝑢 = 226 𝑆𝐼 𝜆𝑓𝑒𝑟 = 72 𝑆𝐼

 

𝑒

𝜌𝑐
𝑑𝑇

𝑑𝑡
= 𝜆

𝑑2𝑇

𝑑𝑟2

𝜌 𝑐

 l’

𝑑2𝑇

𝑑𝑟2
=

𝑑 (
𝑑𝑇
𝑑𝑟

)

𝑑𝑟

 𝑐

 

5°𝐶

𝑟

 𝑟

 
𝑑𝑇

𝑑𝑟

 𝑗𝑡ℎ 𝑟

 

𝑆𝑒𝑐ℎ(𝑅) 𝑑𝑥

 𝑑𝑥 = 2 𝑐𝑚
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: 
 

: 
 

:
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𝐵𝑎

 

𝐵𝑎 =
ℎ𝑟𝑆

𝐹𝑐𝑝

 

ℎ𝑟 

𝑆 

𝐹 

𝑐𝑝 

 

ℎ𝑟

 

[𝑆] = 𝑚2

[𝐹] = 𝑘𝑔. 𝑠−1

[𝑐𝑝] = 𝐽. 𝐾−1. 𝑘𝑔−1

 

[𝐵𝑎] = [
ℎ𝑟𝑆

𝐹𝑐𝑝
] = 1

 

[ℎ𝑟] = [
𝐹𝑐𝑝

𝑆
] =

(𝑘𝑔. 𝑠−1). (𝐽. 𝐾−1. 𝑘𝑔−1)

𝑚2
=

𝐽. 𝐾−1. 𝑠−1

𝑚2
= 𝐽. 𝐾−1. 𝑠−1. 𝑚−2

 

[ℎ𝑟] = 𝑊.𝐾−1.𝑚−2
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 𝑚 = 10 000 𝑘𝑔

 𝑆 = 54,5 𝑚2

 𝑆𝑓𝑢𝑠 = 7 𝑚2

 𝑆𝑡𝑟𝑎𝑖𝑛𝑠 = 0,5 𝑚2

 𝐶𝑥 𝑓𝑢𝑠 = 0,8

𝐶𝑥 𝑡𝑟𝑎𝑖𝑛𝑠 = 1

 𝜀 = 1,5°

 𝜌 = 1,225 𝑘𝑔/𝑚3

 : 

𝐹𝑓𝑟𝑜𝑡𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑃⃗ 𝑇⃗  

𝐹𝑓𝑟𝑜𝑡𝑡 = 𝑓. 𝑃

𝟒 
𝟑 

𝟐 

𝟏 

𝑭𝒇𝒓𝒐𝒕𝒕
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝑷⃗⃗  

𝑻⃗⃗  
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𝑓 𝐹𝑓𝑟𝑜𝑡𝑡

𝑇⃗  

𝑇 ≤ 𝐹𝑓𝑟𝑜𝑡𝑡 𝑚𝑎𝑥 = 𝑓𝑠𝑃

𝐹𝑓𝑟𝑜𝑡𝑡 = 𝐹𝑓𝑟𝑜𝑡𝑡 𝑔𝑙𝑖𝑠𝑠 = 𝑓𝑐 . 𝑃

𝑓𝑠 = 0,9 𝑓𝑐 = 0,8

 

 𝐺

 𝑅0 𝐺, 𝑥0⃗⃗⃗⃗ , 𝑦0⃗⃗⃗⃗ , 𝑧0⃗⃗  ⃗ 𝑦0⃗⃗⃗⃗ 

 𝑅𝑓 𝐺, 𝑥𝑓⃗⃗⃗⃗ , 𝑦𝑓⃗⃗⃗⃗ , 𝑧𝑓⃗⃗  ⃗ 𝑦𝑓⃗⃗⃗⃗ 𝑦0⃗⃗⃗⃗ 

 𝑅 𝐺, 𝑥 , 𝑦 , 𝑧 𝑦 𝑦0⃗⃗⃗⃗ 

 𝛼

 𝜀

 𝜃

 𝛾

𝛼 

𝛾 𝜃 

𝐹𝑧⃗⃗  ⃗ 

𝐹𝑥⃗⃗  ⃗ 

𝑥 𝑓 

𝑥0⃗⃗⃗⃗  

𝑥  

𝑚𝑔⃗⃗⃗⃗ ⃗⃗  

𝑇⃗  

𝑧0⃗⃗  ⃗ 

𝐺 

𝜀 

𝑉⃗  

𝑭𝒇𝒓𝒐𝒕𝒕 𝒎𝒂𝒙 
𝑭𝒇𝒓𝒐𝒕𝒕 𝒈𝒍𝒊𝒔𝒔 
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 𝐺

 

𝑇⃗ = 𝑇. 𝑥𝑓⃗⃗⃗⃗ 

 

𝑚𝑔⃗⃗⃗⃗ ⃗⃗ = 𝑚𝑔. 𝑧0⃗⃗  ⃗

𝑔 = 9,81 𝑚. 𝑠−2

 

𝐹𝑧⃗⃗  ⃗ = −𝐹𝑧. 𝑧 = −
1

2
𝜌𝑆𝑉2𝐶𝑧. 𝑧 

 

𝐶𝑧 = 𝐴𝛼

𝐴 = 0,1 𝑑𝑒𝑔−1

 

𝐹𝑥⃗⃗  ⃗ = −𝐹𝑥 . 𝑥 = −(𝐹𝑥 𝑎𝑖𝑙𝑒 + 𝐹𝑥 𝑓𝑢𝑠 + 𝐹𝑥 𝑡𝑟𝑎𝑖𝑛𝑠). 𝑥 = −
1

2
𝜌𝑉2(𝑆𝐶𝑥 + 𝑆𝑓𝑢𝑠𝐶𝑥 𝑓𝑢𝑠 + 𝑆𝑡𝑟𝑎𝑖𝑛𝑠𝐶𝑥 𝑡𝑟𝑎𝑖𝑛𝑠). 𝑥 

 

𝐶𝑥 = 𝐶𝑥0 + 𝑘𝐶𝑧
2

𝐶𝑥0 = 0,015 𝑘 = 0,03

 

𝑋  

𝑋 = 𝑎0𝑥0⃗⃗⃗⃗ + 𝑏0𝑦0⃗⃗⃗⃗ + 𝑐0𝑧0⃗⃗  ⃗

 

𝑋 = (

𝑎0

𝑏0

𝑐0

)

𝑅0

 

 

𝑉⃗ = (

𝑉𝑥0

𝑉𝑦0

𝑉𝑧0

)

𝑅0

 

‖𝑉⃗ ‖ = 𝑉 = √𝑉𝑥0
2 + 𝑉𝑦0

2 + 𝑉𝑧0
2

 

(
𝑑𝑉⃗ 

𝑑𝑡
)

𝑅0

𝑅0
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(
𝑑𝑉⃗ 

𝑑𝑡
)

𝑅0

𝑅0

= (𝑚𝑔⃗⃗⃗⃗ ⃗⃗ )𝑅0
+ (𝐹𝑧⃗⃗  ⃗)𝑅0

+ (𝐹𝑥⃗⃗  ⃗)𝑅0
+ (𝑇⃗ )

𝑅0

 (𝑚𝑔⃗⃗⃗⃗ ⃗⃗ )𝑅0
 𝑚𝑔⃗⃗⃗⃗ ⃗⃗ 

𝑅0

 𝑉⃗ 

(𝑉⃗ )
𝑅0

𝛾  

𝑉⃗ = 𝑉𝑥0𝑥0⃗⃗⃗⃗ + 𝑉𝑦0𝑦0⃗⃗⃗⃗ + 𝑉𝑧0𝑧0⃗⃗  ⃗ = 𝑉𝑐𝑜𝑠𝛾. 𝑥0⃗⃗⃗⃗ − 𝑉𝑠𝑖𝑛𝛾. 𝑧0⃗⃗  ⃗

 

(𝑉⃗ )
𝑅0

= (
𝑉𝑥0 = 𝑉𝑐𝑜𝑠𝛾

0
𝑉𝑧0 = −𝑉𝑠𝑖𝑛𝛾

)

𝑅0

 

 

(𝑥0⃗⃗⃗⃗ , 𝑧0⃗⃗  ⃗)

𝑚
𝑑𝑉𝑧0

𝑑𝑡
= 𝑚𝑔 − 𝑇𝑠𝑖𝑛𝜃 − 𝐹𝑧𝑐𝑜𝑠𝛾 + 𝐹𝑥𝑠𝑖𝑛𝛾     (1) 

 

𝑚
𝑑𝑉𝑥0

𝑑𝑡
= 𝑇𝑐𝑜𝑠𝜃 − 𝐹𝑧𝑠𝑖𝑛𝛾 − 𝐹𝑥𝑐𝑜𝑠𝛾     (2) 

 𝛼, 𝜀, 𝛾 𝜃

 

𝜃 + 𝜀 = 𝛼 + 𝛾     (3) 

 

 

𝐹𝑧 =
1

2
𝜌𝑆𝑉2𝐶𝑧     (4)

𝐹𝑥 =
1

2
𝜌𝑉2(𝑆𝐶𝑥 + 𝑆𝑓𝑢𝑠𝐶𝑥 𝑓𝑢𝑠 + 𝑆𝑡𝑟𝑎𝑖𝑛𝑠𝐶𝑥 𝑡𝑟𝑎𝑖𝑛𝑠)     (5)
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𝑉𝑥0 = 𝑉𝑐𝑜𝑠𝛾     (6)

𝑉𝑧0 = −𝑉𝑠𝑖𝑛𝛾     (7)

7 7  𝑇, 𝐹𝑧, 𝐹𝑥 , 𝜃, 𝛼, 𝑉, 𝛾

 

𝑉𝑥0 = 250 𝑘𝑚/ℎ 𝑉𝑧0 = 10 𝑘𝑚/ℎ

 𝛾

.

  

𝑉𝑥0 = 𝑉𝑐𝑜𝑠𝛾     (6)

𝑉𝑧0 = −𝑉𝑠𝑖𝑛𝛾     (7)

  

√𝑉𝑥0
2 + 𝑉𝑧0

2 = 𝑉

 

𝑉 = √2502 + 102 = 250,199 𝑘𝑚/ℎ

 

𝑐𝑜𝑠𝛾 =
𝑉𝑥0

𝑉
=

250

250,199
= 0,999

𝑠𝑖𝑛𝛾 = −
𝑉𝑧0

𝑉
= −

10

250,199
= −0,040

𝛾 = −0,04

 

𝛾 = −0,04
360

2𝜋
= −2,29°
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𝐹𝑥
𝑇 𝛼

𝑧0⃗⃗  ⃗  𝑉𝑧0 = 𝑐𝑠𝑡𝑒

 

0 = 𝑚𝑔 − 𝑇𝑠𝑖𝑛𝜃 − 𝐹𝑧𝑐𝑜𝑠𝛾 + 𝐹𝑥𝑠𝑖𝑛𝛾 ≈ 𝑚𝑔 − 𝐹𝑧𝑐𝑜𝑠𝛾     (1) 

 

𝐹𝑧 =
𝑚𝑔

𝑐𝑜𝑠𝛾
=

10 000.9,81

0,999
= 98 178 𝑁

 

𝐹𝑧 =
1

2
𝜌𝑆𝑉2𝐶𝑧 =

1

2
𝜌𝑆𝑉2𝐴𝛼     (4)

 

𝐴 = 0,1 𝑑𝑒𝑔−1

 

𝛼 =
2𝐹𝑧

𝜌𝑆𝑉2𝐴
=

2.98 178

1,225.54,5 (
250
3,6

)
2

0,1

= 6,09°

 𝜃

 

𝜃 + 𝜀 = 𝛼 + 𝛾     (3) 

 

𝜃 = 𝛼 + 𝛾 − 𝜀 = 6,09 − 2,29 − 1,5 = 2,3°

 

 

𝐹𝑥 =
1

2
𝜌𝑉2(𝑆𝐶𝑥 + 𝑆𝑓𝑢𝑠𝐶𝑥 𝑓𝑢𝑠)     (5)

 

𝐶𝑥 = 𝐶𝑥0 + 𝑘𝐶𝑧
2

𝐶𝑥0 = 0,015 𝑘 = 0,03
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𝐶𝑥 = 0,015 + 0,03. (0,1.6,09)2 = 0,026

 

𝐹𝑥 =
1

2
1,225. (

250

3,6
)
2

(54,5.0,026 + 7.0,8) = 4 212 + 16 568 = 20 780 𝑁

  𝑇

𝑥0⃗⃗⃗⃗   𝑉𝑥0 = 𝑐𝑠𝑡𝑒

0 = 𝑇𝑐𝑜𝑠𝜃 − 𝐹𝑧𝑠𝑖𝑛𝛾 − 𝐹𝑥𝑐𝑜𝑠𝛾     (2) 

 

𝑇 =
𝐹𝑧𝑠𝑖𝑛𝛾 + 𝐹𝑥𝑐𝑜𝑠𝛾

𝑐𝑜𝑠𝜃
=

98 178. (−0,039) + 20 780.0,999

𝑐𝑜𝑠 (2,3
2𝜋
360)

= 16 853 𝑁

 

 

𝑉𝑥0 = 220 𝑘𝑚/ℎ 𝑉𝑧𝑓 = 30 𝑘𝑚/ℎ

 

 

𝑉𝑥0 = 𝑉𝑐𝑜𝑠𝛾     (6)

𝑉𝑧0 = −𝑉𝑠𝑖𝑛𝛾     (7)

  

√𝑉𝑥0
2 + 𝑉𝑧0

2 = 𝑉

 

𝑉 = √2202 + 302 = 222,036 𝑘𝑚/ℎ
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𝑐𝑜𝑠𝛾 =
𝑉𝑥0

𝑉
=

220

222,036
= 0,991

𝑠𝑖𝑛𝛾 = −
𝑉𝑧0

𝑉
= −

30

222,036
= −0,135

𝛾 = −0,135

 

𝛾 = −0,135
360

2𝜋
= −7,77°

(3)

(1)

 

0 ≈ 𝑚𝑔 − 𝐹𝑧𝑐𝑜𝑠𝛾     (1)

 

𝐹𝑧 =
𝑚𝑔

𝑐𝑜𝑠𝛾
=

10 000.9,81

0,991
= 99 008 𝑁

 

𝐹𝑧 =
1

2
𝜌𝑆𝑉2𝐴𝛼     (4)

 

𝛼 =
2𝐹𝑧

𝜌𝑆𝑉2𝐴
=

2.99 008

1,225.54,5 (
222
3,6 )

2

0,1

= 7,8°

 

 

𝐹𝑥 =
1

2
𝜌𝑉2(𝑆𝐶𝑥 + 𝑆𝑓𝑢𝑠𝐶𝑥𝑓𝑢𝑠 + 𝑆𝑡𝑟𝑎𝑖𝑛𝑠𝐶𝑥 𝑡𝑟𝑎𝑖𝑛𝑠)

 

𝐶𝑥 = 0,015 + 0,03. (0,1)2. (7,8)2 = 0,033

 

𝐹𝑥 =
1

2
1,225. (

168

3,6
)
2

(54,5.0,033 + 7.0,8 + 0,5.1) = 4 221 + 13 048 + 1 165 = 18 433 𝑁



 

Page 11 sur 42 
 

0 = 𝑇𝑐𝑜𝑠𝜃 − 𝐹𝑧𝑠𝑖𝑛𝛾 − 𝐹𝑥𝑐𝑜𝑠𝛾     (2) 

 

𝜃 + 𝜀 = 𝛼 + 𝛾     (3) 

𝜃 = 𝛼 + 𝛾 − 𝜀 = 6,09 − 7,77 − 1,5 = −1,47°

 

𝑇 =
𝐹𝑧𝑠𝑖𝑛𝛾 + 𝐹𝑥𝑐𝑜𝑠𝛾

𝑐𝑜𝑠𝜃
=

99 008. (−0,135) + 18 433.0,991

𝑐𝑜𝑠 (−1,47
2𝜋
360)

= 4 889 𝑁

 

. 

 

𝛾 

𝜃 

𝐹𝑧⃗⃗  ⃗ 

𝐹𝑥⃗⃗  ⃗ 

𝑥 𝑓 

𝑥0⃗⃗⃗⃗  

𝑥  

𝑚𝑔⃗⃗⃗⃗ ⃗⃗  

𝑇⃗  

𝑧0⃗⃗  ⃗ 

𝐺 

𝑉⃗  
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𝛾 
𝜃 

𝐹𝑧⃗⃗  ⃗ 

𝐹𝑥⃗⃗  ⃗ 

𝑥 𝑓 

𝑥0⃗⃗⃗⃗  

𝑥  

𝑚𝑔⃗⃗⃗⃗ ⃗⃗  

𝑇⃗  

𝑧0⃗⃗  ⃗ 

𝐺 

𝑉⃗  

 

𝑉 𝛾 𝛼 𝜃 𝑇 𝐹𝑧 𝐹𝑥
250 𝑘𝑚/ℎ −2,29° 6,09° 2,3° 16 853 𝑁 98 178 𝑁 20 780 𝑁
222 𝑘𝑚/ℎ −7,77° 7,8° −1,47° 4 889 𝑁 99 008 𝑁 18 433 𝑁

 

 

𝐹𝑥 𝑓𝑢𝑠 ∶  16 570 → 13 050 𝑁

𝐹𝑥 𝑎𝑖𝑙𝑒𝑠 ∶

 4 210 → 4 220 𝑁

𝐹𝑥 𝑡𝑟𝑎𝑖𝑛𝑠 = 1 165 𝑁
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𝑅𝑎𝑟𝑟 = 2 000 𝑚

 

50 𝑘𝑚/ℎ

 𝑡𝑎𝑟𝑟

 

𝑉 = 𝑅𝑎𝑟𝑟

𝑑𝛾

𝑑𝑡
= 𝑅𝑎𝑟𝑟

∆𝛾

𝑡𝑎𝑟𝑟
= 𝑅𝑎𝑟𝑟

−𝛾

𝑡𝑎𝑟𝑟

𝛾 = −7,77° 0°

−𝑅𝑎𝑟𝑟𝛾 𝑡𝑎𝑟𝑟

 

𝑡𝑎𝑟𝑟 = 𝑅𝑎𝑟𝑟

−𝛾

𝑉
= 2 000

7,77
2𝜋
360

222 − 50
3,6

= 5,67 𝑠

𝑅𝑎𝑟𝑟 

𝑉⃗  
𝑉⃗  

𝑥0⃗⃗⃗⃗  

𝑧0⃗⃗  ⃗ 
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 𝑐𝑜𝑠𝛾 ≈ 1

(𝑅)

𝑚 (
𝑑𝑉⃗ 

𝑑𝑡
)

𝑅0

𝑅

= (𝑚𝑔⃗⃗⃗⃗ ⃗⃗ )𝑅 + (𝐹𝑧⃗⃗  ⃗)𝑅
+ (𝐹𝑥⃗⃗  ⃗)𝑅

+ (𝑇⃗ )
𝑅

 

(
𝑑𝑉⃗ 

𝑑𝑡
)

𝑅0

𝑅

= (
𝑑𝑉⃗ 

𝑑𝑡
)

𝑅

𝑅

+ 𝛺𝑅/𝑅0
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗^ (

𝑉
0
0
)

𝑅

= 0⃗ + (

0
𝑑𝛾

𝑑𝑡
0

)

𝑅

^(
𝑉
0
0
)

𝑅

= (

0
0

−𝑉
𝑑𝛾

𝑑𝑡

)

𝑅

𝑧  

−𝑚𝑉
𝑑𝛾

𝑑𝑡
= 𝑚𝑔. 𝑐𝑜𝑠𝛾 − 𝐹𝑧 − 𝑇𝑠𝑖𝑛(𝛾 − 𝜃) ≈ 𝑚𝑔 − 𝐹𝑧

𝐹𝑧 = 𝑚𝑔 + 𝑚𝑉
𝑑𝛾

𝑑𝑡

1

2
𝜌𝑆𝑉2𝐶𝑧 = 𝑚𝑔 + 𝑚𝑉 (

−𝛾

𝑡𝑎𝑟𝑟
)

𝛼 =
2

𝜌𝑆𝑉2𝐴
[𝑚𝑔 + 𝑚𝑉 (

−𝛾

𝑡𝑎𝑟𝑟
)]

 

𝛼 =
2

1,225.54,5. (
222 − 50

3,6 )
2

0,1

[10 000.9,81 + 10 000. (
222 − 50

3,6
)(

−7,77
2𝜋
360

5,67
)] = 14,37°
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𝜀

 

𝐹𝑧 =
1

2
𝜌𝑆𝑉2𝐴𝛼

 

𝛼 = 𝜀 = 1,5°

𝑉 = 222 − 50 = 172 𝑘𝑚/ℎ

 

𝐹𝑧 =
1

2
1,225.54,5. (

172

3,6
)
2

. 0,1.1,5 = 11 435 𝑁

𝑅𝑠𝑜𝑙
⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝐹𝑥⃗⃗  ⃗ 𝑥0⃗⃗⃗⃗  

𝑚𝑔⃗⃗⃗⃗ ⃗⃗  

𝑧0⃗⃗  ⃗ 

𝐺 
𝑉⃗  

𝑅𝑠𝑜𝑙
⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝐹𝑓𝑟𝑜𝑡𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 𝐹𝑓𝑟𝑜𝑡𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝐹𝑧⃗⃗  ⃗ 
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𝑚𝑔 = 10 000.9,81 = 98 100 𝑁

 𝐹𝑓𝑟𝑜𝑡𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

 

𝐹𝑓𝑟𝑜𝑡𝑡 = 𝑓. 𝑅𝑠𝑜𝑙 = 𝑓.
𝑚𝑔

3

 

𝐹𝑓𝑟𝑜𝑡𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = −𝑓.

𝑚𝑔

3
𝑥0⃗⃗⃗⃗ 

 𝑉

  

𝑚
𝑑𝑉

𝑑𝑡
= −𝐹𝑥 + 3𝐹𝑓𝑟𝑜𝑡𝑡 = −(𝐹𝑥 𝑎𝑖𝑙𝑒 + 𝐹𝑥 𝑓𝑢𝑠 + 𝐹𝑥 𝑡𝑟𝑎𝑖𝑛𝑠) − 𝑓.𝑚𝑔

 

𝑚
𝑑𝑉

𝑑𝑡
= −

1

2
𝜌𝑉2(𝑆𝐶𝑥 + 𝑆𝑓𝑢𝑠𝐶𝑥𝑓𝑢𝑠 + 𝑆𝑡𝑟𝑎𝑖𝑛𝑠𝐶𝑥 𝑡𝑟𝑎𝑖𝑛𝑠) − 𝑓.𝑚𝑔

 

𝑚
𝑑𝑉

𝑑𝑡
= −𝑘2𝑉

2 + 𝑘1

𝑘2 𝑘1

𝑉2
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𝑉  𝐹𝑥 = 𝐾𝑉 𝐾

𝐾

 

𝐹𝑥 =
1

2
𝜌𝑉2(𝑆𝐶𝑥 + 𝑆𝑓𝑢𝑠𝐶𝑥𝑓𝑢𝑠 + 𝑆𝑡𝑟𝑎𝑖𝑛𝑠𝐶𝑥 𝑡𝑟𝑎𝑖𝑛𝑠)

 

𝐶𝑥 = 0,015 + 0,03. (0,1)2. (1,5)2 = 0,016

 

𝐹𝑥 =
1

2
1,225. (

172

3,6
)
2

(54,5.0,016 + 7.0,8 + 0,5.1) = 9 727 𝑁

𝐾 

𝐾 =
𝐹𝑥
𝑉

=
9 727

172
3,6

= 203,55 𝑘𝑔. 𝑠−1
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𝑓 = 𝑓𝑐

𝑚
𝑑𝑉

𝑑𝑡
= −𝐾𝑉 − 𝑓𝑐 .𝑚𝑔

𝑑𝑉

𝑑𝑡
+

𝐾

𝑚
𝑉 = −𝑓𝑐𝑔

 

𝑉(𝑡) = 𝑘1𝑒
−

𝐾
𝑚

𝑡 + 𝑘2

 

𝑉(𝑡 = 0) = 𝑉 → 𝑘1 + 𝑘2 = 𝑉

 

lim
𝑡→+∞

𝑉(𝑡) = 𝑘2 = −
𝑓𝑐 .𝑚𝑔

𝐾
 

𝑘1 = 𝑉 +
𝑓𝑐 .𝑚𝑔

𝐾
 

𝑉(𝑡) = (𝑉 +
𝑓𝑐 .𝑚𝑔

𝐾
)𝑒−

𝐾
𝑚

𝑡 −
𝑓𝑐 .𝑚𝑔

𝐾

 

(−
𝑓𝑐.𝑚𝑔

𝐾
)

−𝑓𝑐 .𝑚𝑔

𝑥 

−𝑥 

−
𝑓𝑐.𝑚𝑔

𝐾

0 𝑡  

𝑉(𝑡) = 0 = (𝑉 +
𝑓𝑐 .𝑚𝑔

𝐾
) 𝑒−

𝐾
𝑚

𝑡 −
𝑓𝑐 .𝑚𝑔

𝐾

𝑒−
𝐾
𝑚

𝑡 =

𝑓𝑐 .𝑚𝑔
𝐾

𝑉 +
𝑓𝑐 .𝑚𝑔

𝐾
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𝑒
𝐾
𝑚

𝑡 =
𝑉 +

𝑓𝑐 .𝑚𝑔
𝐾

𝑓𝑐 .𝑚𝑔
𝐾

𝐾

𝑚
𝑡 = 𝑙𝑛 (

𝑉 +
𝑓𝑐 .𝑚𝑔

𝐾
𝑓𝑐.𝑚𝑔

𝐾

) = 𝑙𝑛 (
𝐾𝑉

𝑓𝑐 .𝑚𝑔
+ 1)

 

𝑡 =
𝑚

𝐾
𝑙𝑛 (

𝐾𝑉

𝑓𝑐 .𝑚𝑔
+ 1) =

10 000

203,55
𝑙𝑛(

203,55. (
172
3,6

)

0,8.10 000.9,81
+ 1) = 5,7 𝑠
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∑𝐹 = 𝑇𝑚𝑎𝑥 − 𝐷 = 𝑚𝑎 ↔ 𝑎 =
𝑇𝑚𝑎𝑥 − 𝐷

𝑚

𝑇 𝐷



 

Page 21 sur 42 
 

 

𝑎𝑚𝑎𝑥 =
𝑇𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛

𝑚𝑚𝑖𝑛
=

2.35.10−3 − 4.10−3

1060
= 6,226.10−5 𝑚. 𝑠−2

𝑎𝑚𝑖𝑛 =
𝑇𝑚𝑎𝑥 − 𝐷𝑚𝑎𝑥

𝑚𝑚𝑎𝑥
=

2.35.10−3 − 12.10−3

1100
= 5,273.10−5 𝑚. 𝑠−2

𝑎𝑚𝑜𝑦 =
𝑇𝑚𝑎𝑥 − 𝐷𝑚𝑜𝑦

𝑚𝑚𝑜𝑦
=

2.35.10−3 − 8.10−3

1080
= 5,741.10−5 𝑚. 𝑠−2

 

𝜖𝑚𝑎𝑥−𝑚𝑜𝑦 =
6,226 − 5,741

5,741
100 = 8,45 %

𝜖𝑚𝑖𝑛−𝑚𝑜𝑦 =
5,273 − 5,741

5,741
100 = −8,15 %
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𝜂

 

 

 

𝑃𝑗𝑒𝑡 = 𝑃𝑜𝑢𝑠𝑠𝑒𝑒. 𝑉𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 

𝜂 =
𝑃𝑗𝑒𝑡

𝑃𝑒𝑙𝑒𝑐

 18 %, 29 %, 34 % 69 %

𝟏𝟐 𝒎𝑵
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𝑉𝑂𝑅𝐵 = 𝑅0√
𝑔0

𝑅0+ℎ
𝑅0 ℎ

𝑔0

𝑔0 = 9,81 𝑚. 𝑠−2

 

𝑉𝑂𝑅𝐵 = 6378.103√
9,81

6378.103 + 260.103
= 7753 𝑚. 𝑠−1(= 7,75 𝑘𝑚. 𝑠−1)

12 𝑚𝑁  

𝑃𝑢𝑡𝑖𝑙𝑒 = 7753.12.10−3 = 93 𝑊

15000 ℎ  𝑊. 𝑠  

𝐸𝑡𝑟𝑎𝑖𝑛𝑒𝑒 = 93.15000.3600 = 5 022 000 000 𝐽 = 5.109 𝐽

120 𝑘𝑔

 

12 𝑚𝑁 𝑃𝑗𝑒𝑡 = 262 𝑊

𝑃𝑒𝑙𝑒𝑐 = 380 𝑊 93 𝑊

69 %
93

380
100 =  24,5 %
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𝑔 = 𝑔0 =
9,81 𝑚. 𝑠−2

 

𝐸𝑡 = 𝐸𝑐 + 𝐸𝑝 =
1

2
𝑚𝑉𝑂𝑅𝐵

2 + 𝑚𝑔(𝑅0 + ℎ) =
1

2
1080.77532 + 1080.9,81. (6378 + 260). 103

= 32.109 + 70.109 = 102. 109 𝐽

 

 

1

2
𝑚𝑉𝑂𝑅𝐵

2 + 𝑚𝑔ℎ   ∆𝐸𝑡 = 𝑚𝑔𝑅0

 

 

𝐸𝑙𝑎𝑛𝑐𝑒𝑢𝑟 =
1

2
𝑚𝑉𝑂𝑅𝐵

2 + 𝑚𝑔ℎ =
1

2
1080.77532 + 1080.9,81.260. 103 = 35.109 𝐽

5.109 𝐽
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𝐸𝑙𝑎𝑛𝑐𝑒𝑢𝑟 + 𝐸𝑡𝑟𝑎𝑖𝑛𝑒𝑒 = (35 + 5). 109 = 40.109 𝐽

5

40
100 = 12,5%.

 

260 𝑘𝑚 7,75 𝑘𝑚/𝑠

12,5 %

15, 20 25 %

 

327 𝑘𝑚 181 𝑘𝑚

90

80 𝑘𝑚

330 𝑘𝑚 420 𝑘𝑚

 

 

 

https://www.youtube.com/watch?v=sMktaiW9_1M
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 𝑀 = 0,8 𝐻 = 40 000 𝑓𝑡

𝛿𝑆 𝜃

𝜃(𝑠)

𝛿𝑆(𝑠)
=

−7,02(𝑠 + 0,138)(𝑠 + 0,334)

(𝑠² + 0,145𝑠 + 0,175)(𝑠² + 0,844𝑠 + 4,452)
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𝜃 (𝑑𝑒𝑔)

 

    

𝑇𝑝  = 32 − 17 =  15 𝑠 𝑓𝑝  =
1

15
 𝐻𝑧 𝜔𝑝 =

2𝜋

15
=

0,419 𝑟𝑎𝑑. 𝑠−1

 𝜔𝑎𝑚𝑜𝑟𝑡𝑖 ≈ 𝜔𝑛𝑎𝑡𝑢𝑟𝑒𝑙

 

 

𝑠2 + 2𝜉𝜔𝑛𝑠 + 𝜔𝑛
2

 𝜔𝑝 = 0,419 𝑟𝑎𝑑. 𝑠−1

𝜔𝑝
2 = 0,4192 = 𝜔𝑛

2
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𝜔𝑝 = 𝜔𝑛√1 − 𝜉2

𝜉 (𝜔𝑝 ≈ 𝜔𝑛)

 
2𝜉𝜔𝑛

2𝜔𝑛
=

0,145

2.0,419
= 0,173

 

 1°
 

 

 

lim
𝑡→+∞

𝜃(𝑡) = lim
𝑠→0

𝑠𝑇(𝑠)

 

𝑇(𝑠) =
1

𝑠

𝜃(𝑠)

𝛿𝑠(𝑠)

1

𝑠
𝑠

1

𝑠

 

lim
𝑡→+∞

𝜃(𝑡) = lim
𝑠→0

𝜃(𝑠)

𝛿𝑠(𝑠)
= lim

𝑠→0
(

−7,02(𝑠 + 0,138)(𝑠 + 0,334)

(𝑠² + 0,145𝑠 + 0,175)(𝑠² + 0,844𝑠 + 4,452)
)

=
−7,02.0,138.0,334

0,175.4,452
= −0,415°
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−180°

0,075 𝐻𝑧 15 𝑑𝐵 

0 𝑑𝐵 0,03 𝐻𝑧 0,5 𝐻𝑧

−110° 70° −340°

20° 160°

  70°

 

 

𝜃

0° −180°
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𝐹𝑆𝑇 𝛿𝑆𝑐

  𝛿𝑆𝑆𝐴𝑆
  

𝑞 =
𝑑𝜃

𝑑𝑡
= 𝜃̇

𝛿𝑆

𝛿𝑆𝑇

  

 

  𝛿𝑆𝐶
𝛿𝑆 = 𝛿𝑆𝐶

+ 𝛿𝑆𝑆𝐴𝑆

   𝛿𝑆𝐶
𝑞

 

 

 

 

 

  

 

 

 

𝛿𝑆𝐶
 

0,75 

𝑞(𝑠)

𝛿𝑆(𝑠)
 

1

𝑠
 

𝐺(𝛿𝑆)

57,3
 

1

2,8
 

𝐹𝑆𝑇 𝛿𝑆𝑇  𝛿𝑆𝐶
 

𝛿𝑆𝑆𝐴𝑆
 

𝛿𝑆 𝑞 𝜃 + 
+ 
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 𝛿𝑆(𝑠)
 𝑞(𝑠)

  

𝑠
𝜃(𝑠)

𝛿𝑆(𝑠)

 

𝑞(𝑠)

𝛿𝑆(𝑠)
=

𝑠𝜃(𝑠)

𝛿𝑆(𝑠)
=

−7,02 ∗ 𝑠 ∗ (𝑠 + 0,138)(𝑠 + 0,334)

(𝑠² + 0,145𝑠 + 0,175)(𝑠² + 0,844𝑠 + 4,452)

𝜃(𝑠)

𝛿𝑆𝑐(𝑠)
=

−7,02(𝑠 + 0,138)(𝑠 + 0,334)

(𝑠² + 0,01335𝑠 + 0,0013)(𝑠 + 1,29)(𝑠 + 4,82)
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 0 𝑑𝐵

0,2 𝐻𝑧 100°

280° ±180°

 

 

 

    𝛿𝑆𝐶

𝜃
   

𝜃𝐶
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1

2,8

 
 

𝐹𝑆𝑇 =
1

2,8
𝛿𝑆𝑇 = 𝑘𝛿𝑆𝑇

𝛿𝑆𝐶

𝛿𝑆

 

 

 

 
𝜃(𝑠)

𝜃𝑐(𝑠)
 

 

𝛿𝑆𝑇

𝛿𝑆 𝐺

 

𝛿𝑆𝐶
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80°𝐶

𝑅 = 3 𝑐𝑚 𝐿

 
𝒆𝒙⃗⃗⃗⃗  

𝟎 

𝑳 

𝒆𝒙⃗⃗⃗⃗  

𝟎 

𝑳 
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𝑆

𝑒 = 2 𝑚𝑚

𝑑𝑥 

𝑥

𝑆𝑙𝑎𝑡 𝑒𝑥𝑡

𝑑𝑟

𝑟 𝑅 > 𝑟 > 𝑅 − 𝑒

𝑺 

𝒆𝜽⃗⃗⃗⃗  

𝒆𝒓⃗⃗⃗⃗  

𝒆 

𝑹 

𝒆𝒙⃗⃗⃗⃗  

𝒙 𝒙 + 𝒅𝒙 

𝑺𝒍𝒂𝒕 𝒆𝒙𝒕 

𝒅𝒙 

𝒆𝒓⃗⃗⃗⃗  

𝒆 𝒓 

𝒓 + 𝒅𝒓 
𝒅𝒓 

…
 

𝒆𝒓⃗⃗⃗⃗  

𝒅𝒓 

𝒓 + 𝒅𝒓 
𝒓 

𝑺𝒍𝒂𝒕(𝒓) 
𝑺𝒍𝒂𝒕(𝒓 + 𝒅𝒓) 
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𝑑𝑟 𝑑𝑥

𝑈 𝑊

𝑄

 

𝑈 = 𝑄 + 𝑊

 𝑟 𝑑𝑥

𝑺𝒆𝒄𝒉(𝒓)

𝑑𝑥 𝑟

𝑑𝑥
2𝜋𝑟

2

𝑸 

𝑩𝒐𝒓𝒅 𝒅′𝒂𝒕𝒕𝒂𝒒𝒖𝒆 
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𝑆𝑒𝑐ℎ(𝑟) =
2𝜋𝑟

2
𝑑𝑥 = 𝜋𝑟𝑑𝑥

𝜑𝑟 𝑆𝑒𝑐ℎ(𝑟)  

𝜑𝑟(𝑡) =
𝑑𝑄

𝑑𝑡

 𝜑𝑟  

𝜑𝑟 𝐽. 𝑠−1 𝑊

𝑗𝑡ℎ⃗⃗ ⃗⃗  (𝑟, 𝑡)  

𝜑𝑟(𝑡) = 𝑗𝑡ℎ⃗⃗ ⃗⃗  (𝑟, 𝑡). 𝑆𝑒𝑐ℎ(𝑟). 𝑒𝑟⃗⃗  ⃗ = 𝑗𝑡ℎ(𝑟, 𝑡). 𝑆𝑒𝑐ℎ(𝑟)

 𝑗𝑡ℎ  

 

 𝑗𝑡ℎ 𝑊.𝑚−2

𝑗𝑡ℎ

 

 

𝑈 = 𝑄
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𝑡 𝑡 + 𝑑𝑡 

𝑈(𝑡 + 𝑑𝑡) − 𝑈(𝑡) = 𝜑𝑟(𝑡)𝑑𝑡 − 𝜑𝑟+𝑑𝑟(𝑡)𝑑𝑡

 

𝑑𝑡

𝑆𝑒𝑐ℎ(𝑟)

𝑑𝑄𝑟 = 𝜑𝑟(𝑡)𝑑𝑡 𝑆𝑒𝑐ℎ(𝑟 + 𝑑𝑟) 𝑑𝑄𝑟+𝑑𝑟 = 𝜑𝑟+𝑑𝑟(𝑡)𝑑𝑡

𝑆𝑒𝑐ℎ(𝑟 + 𝑑𝑟) ≈ 𝑆𝑒𝑐ℎ(𝑟)

  

𝜑𝑟(𝑡)𝑑𝑡 − 𝜑𝑟+𝑑𝑟(𝑡)𝑑𝑡 = [𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)]𝑆𝑒𝑐ℎ(𝑟)𝑑𝑡

 

[𝜑𝑟(𝑡) − 𝜑𝑟+𝑑𝑟(𝑡)]𝑑𝑡 = [𝑗𝑡ℎ(𝑟, 𝑡). 𝑆𝑒𝑐ℎ(𝑟) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡). 𝑆𝑒𝑐ℎ(𝑟 + 𝑑𝑟)]𝑑𝑡

≈ [𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)]𝑆𝑒𝑐ℎ(𝑟)𝑑𝑡

𝑆𝑒𝑐ℎ(𝑟 + 𝑑𝑟) ≈ 𝑆𝑒𝑐ℎ(𝑟)

3 𝑐𝑚 2 𝑚𝑚

 𝑈

𝑢 𝐽.𝑚−3 𝑆𝑒𝑐ℎ(𝑟) 𝑑𝑟

 

𝑈 = 𝑢𝑆𝑒𝑐ℎ(𝑟)𝑑𝑟

  

𝑈(𝑡 + 𝑑𝑡) − 𝑈(𝑡) =
𝑑𝑈

𝑑𝑡
𝑑𝑡

 

𝑑𝑢

𝑑𝑡
=

𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)

𝑑𝑟

 

𝑈(𝑡 + 𝑑𝑡) − 𝑈(𝑡) = [𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)]𝑆𝑒𝑐ℎ(𝑟)𝑑𝑡
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𝑈(𝑡 + 𝑑𝑡) − 𝑈(𝑡) =
𝑑𝑈

𝑑𝑡
𝑑𝑡 =

𝑑(𝑢𝑆𝑒𝑐ℎ(𝑟)𝑑𝑟)

𝑑𝑡
𝑑𝑡 =

𝑑𝑢

𝑑𝑡
𝑆𝑒𝑐ℎ(𝑟)𝑑𝑟𝑑𝑡

 

𝑑𝑢

𝑑𝑡
𝑆𝑒𝑐ℎ(𝑟)𝑑𝑟𝑑𝑡 = [𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)]𝑆𝑒𝑐ℎ(𝑟)𝑑𝑡

𝑑𝑢

𝑑𝑡
𝑑𝑟 = [𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)]

 

𝑑𝑢

𝑑𝑡
=

𝑗𝑡ℎ(𝑟, 𝑡) − 𝑗𝑡ℎ(𝑟 + 𝑑𝑟, 𝑡)

𝑑𝑟

𝑟 𝑟 + 𝑑𝑟

 

𝑗𝑡ℎ = −𝜆
𝑑𝑇

𝑑𝑟

𝜆 𝑇

 

 

𝜆 = −
𝑗𝑡ℎ𝑑𝑟

𝑑𝑇

  

(𝑊.𝑚−2). (𝑚)

(𝐾)
= 𝑊.𝑚−1𝐾−1

 𝑟 

𝑗𝑡ℎ  

𝑟

80°𝐶
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𝑑𝑇

𝑑𝑟
< 0 𝑗𝑡ℎ > 0

𝑒𝑟⃗⃗  ⃗

 

 

 𝜆𝑎𝑙𝑢 = 226 𝑆𝐼 𝜆𝑓𝑒𝑟 = 72 𝑆𝐼

 

𝑒

𝜌𝑐
𝑑𝑇

𝑑𝑡
= 𝜆

𝑑2𝑇

𝑑𝑟2

𝜌 𝑐

 l’

𝑑2𝑇

𝑑𝑟2
=

𝑑 (
𝑑𝑇
𝑑𝑟

)

𝑑𝑟

 𝑐

 

𝑐 =
𝜆

𝜌

𝑑2𝑇

𝑑𝑟2

𝑑𝑡

𝑑𝑇
=

𝑊.𝑚−1. 𝐾−1

𝑘𝑔.𝑚−3

𝐾

𝑚2

𝑠

𝐾
= 𝑊𝑠.𝐾−1. 𝑘𝑔−1 = 𝐽. 𝐾−1. 𝑘𝑔−1

5°𝐶

𝑟

 𝑟

 

𝜆
𝑑2𝑇

𝑑𝑟2
= 𝜌𝑐

𝑑𝑇

𝑑𝑡
= 0

 

𝑑2𝑇

𝑑𝑟2
= 0
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𝑟 on a 

𝑇(𝑟) = 𝑘1𝑟 + 𝑘2

𝑘1 𝑘2 𝑟

 
𝑑𝑇

𝑑𝑟

 

𝑑𝑇

𝑑𝑟
= 𝑘1 = 𝑐𝑠𝑡𝑒 =

𝑇(𝑅) − 𝑇(𝑅 − 𝑒)

𝑅 − (𝑅 − 𝑒)

𝑑𝑇

𝑑𝑟
=

(273,15 + 5) − (273,15 + 80)

𝑒
=

5 − 80

2
1 000

= −37 500 𝐾.𝑚−1

 𝑗𝑡ℎ 𝑟

 

𝑗𝑡ℎ = −𝜆𝑎𝑙𝑢

𝑑𝑇

𝑑𝑟
= −226.−37 500 = 8 475 000 𝑊.𝑚−2

𝑟

𝑆𝑒𝑐ℎ(𝑟)

→
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𝑆𝑒𝑐ℎ(𝑅) 𝑑𝑥

 𝑑𝑥 = 2 𝑐𝑚

𝜑𝑅 = 𝑗𝑡ℎ. 𝑆𝑒𝑐ℎ(𝑅) = 𝑗𝑡ℎ. 𝜋𝑅. 𝑑𝑥 = 8 475 000. 𝜋
3

100
.

2

100
= 15 975 𝑊

15 975 𝐽

 

 

 

𝜑𝑅 = 𝑗𝑡ℎ. 𝑆𝑒𝑐ℎ(𝑅) = −𝜆𝑓𝑒𝑟

𝑑𝑇

𝑑𝑟
. 𝜋𝑅. 𝑑𝑥 = −72.−37 500. 𝜋

3

100
.

2

100
= 5 089 𝑊
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: 
 

: 
 

:
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𝑅 𝑣

 

𝐹 = −6𝜋𝜂𝑅𝑣

𝜂

𝜌

𝑁  

𝑁 = 𝜌. 𝜂𝐵. 𝑅𝐶 . 𝑣𝐷

 

 



 

Page 3 sur 15 
 

 

(0, 𝑒𝑥⃗⃗⃗⃗ , 𝑒𝑦⃗⃗⃗⃗ , 𝑒𝑧⃗⃗  ⃗)

 

 

 

 

𝑔 = −𝑔 𝑒𝑧⃗⃗  ⃗                  (avec 𝑔 = 9.81
𝑚

𝑠2
)

 

∇𝑝⃗⃗⃗⃗  ⃗ = 𝜌 𝑔 

𝑝(𝑥, 𝑦, 𝑧)

𝑇(𝑥, 𝑦, 𝑧)

𝑟 = 287
𝐽

𝑘𝑔.𝐾

  𝑝 = 𝜌𝑟𝑇

 𝑓 

∇𝑓⃗⃗ ⃗⃗ =

(

 
 
 
 

𝜕𝑓

𝜕𝑥
𝜕𝑓

𝜕𝑦
𝜕𝑓

𝜕𝑧)

 
 
 
 

𝜌0(𝑝0, 𝑇0) 𝑝0 = 101325 𝑃𝑎

𝑇0 = 288 𝐾

𝑝(𝑥, 𝑦, 𝑧) 𝑧

𝑝(𝑧) 𝑝, 𝑇, 𝑟 𝑒𝑡 𝑔
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𝑇 = 𝑇0 = 288 𝐾

𝑝

𝑧  

𝑝(𝑧) = 𝑝0𝑒
−
𝑧
𝐻0

𝐻0
𝑇0, 𝑟 𝑒𝑡 𝑔

𝐻0

(
𝜕𝑝

𝜕𝑧
)

  𝑧 = 2500 𝑚

𝑧 = 2500 𝑚

𝐿𝑧 𝐿𝑧

 

𝑝 = 𝐾𝜌𝛾 𝐾 𝛾 =
𝑐𝑝

𝑐𝑣
= 1.4

 

𝑝(𝑧) 𝑇(𝑧)

𝑝(𝑧) = 𝑝0 (1 −
𝛾−1

𝛾

𝑧

𝐻0
)

𝛾

𝛾−1
 𝑇(𝑧) = 𝑇0 (1 −

𝛾−1

𝛾

𝑧

𝐻0
)

(
𝜕𝑝

𝜕𝑧
)

𝑧 = 0 𝑚, 𝑧 = 2500 𝑚 𝑧 = 5000 𝑚

𝑧 = 2500 𝑚 𝐿𝑧
𝐿𝑧

(
𝜕𝑇

𝜕𝑧
)

𝐾

𝑘𝑚
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 

 

−6.5
𝐾

𝑘𝑚
𝑧 < 11 𝑘𝑚).

 

𝑳𝒛=𝟐𝟓𝟎𝟎𝒎 = 𝟏𝟎. 𝟔 𝒎 = 𝟑𝟒 𝒇𝒕

𝐿𝑧(ℎ𝑢𝑚𝑖𝑑𝑒)
𝐿𝑧(𝑠𝑒𝑐) 𝐿𝑧(𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑒)



 

Page 6 sur 15 
 

 

 

 

 

 

 

 75 𝑚

𝑎 = 4 𝑔

𝑇𝑚𝑜𝑡𝑒𝑢𝑟 = 75 𝑘𝑁

 𝑚 = 12 𝑡𝑜𝑛𝑛𝑒𝑠

 𝜌 = 1,225 𝑘𝑔/𝑚3

𝑥 𝑧  𝑥0⃗⃗⃗⃗ 𝑧0⃗⃗  ⃗

𝑥𝑎⃗⃗⃗⃗ 𝑧𝑎⃗⃗⃗⃗ 𝑉⃗ = 𝑉𝑥𝑎⃗⃗⃗⃗ 

 

 𝛾𝑎𝑖𝑙𝑒𝑠 = 5 °

 𝐶𝑧 = 0,1𝛼 𝛼

 𝐶𝑥 = 0,01 + 0,12𝐶𝑧
2

 𝑆 = 46 𝑚2

 (𝐶𝑥𝑆)𝑓 = 1 𝑚
2

𝑛𝑡  

𝑛𝑡⃗⃗  ⃗ =
𝐹𝑎⃗⃗  ⃗ + 𝑇⃗ 

𝑚𝑔

𝐹𝑎⃗⃗  ⃗ 𝑇⃗ 

𝒙⃗⃗  

𝒛⃗  

𝒙𝟎⃗⃗⃗⃗  

𝒛𝟎⃗⃗⃗⃗  

𝟏 𝟐 𝟑 
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 276 𝑘𝑚/ℎ

 

𝑥0⃗⃗⃗⃗ 

276 𝑘𝑚/ℎ

 

 

𝑠𝑖𝑛𝜃 ≈ 𝜃 (𝑟𝑎𝑑)

𝛾

 

 𝑛𝑥 , 𝑛𝑧  

𝑛𝑥 = 𝑛𝑡⃗⃗  ⃗. 𝑥 

𝑛𝑧 = 𝑛𝑡⃗⃗  ⃗. 𝑧 

 

𝑠𝑖𝑛𝜃 ≈ 𝜃 𝑠𝑖𝑛(𝛾 − 𝜃) ≈ 𝛾 − 𝜃 𝑐𝑜𝑠(𝛾 − 𝜃) ≈ 1

1,225 𝑘𝑔/𝑚3

 

400 𝑘𝑚/ℎ 𝑛𝑥 = 0,5
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(
∆𝑢̇

−𝑢0∆𝜃̇
) = (

𝑋𝑢 −𝑔
𝑍𝑢 0

)(
∆𝑢
∆𝜃
) + (

𝑋𝛿𝑒 𝑋𝛿𝑇
𝑍𝛿𝑒 𝑍𝛿𝑇

) (
∆𝛿𝑒
∆𝛿𝑇

)

𝑋 𝑍

  

𝑢0
𝜃0

𝛿𝑒0
𝛿𝑇0

 

∆𝑢 = 𝑢 − 𝑢0
∆𝜃 = 𝜃 − 𝜃0
∆𝛿𝑒 = 𝛿𝑒 − 𝛿𝑒0 

∆𝛿𝑇 = 𝛿𝑇 − 𝛿𝑇0

(
𝑎 𝑏
𝑐 𝑑

) (
𝑒
𝑓) = (

𝑎𝑒 + 𝑏𝑓
𝑐𝑒 + 𝑑𝑓

)

𝑤 𝑤̇ = 0

𝑍 ∆𝑤̇

−𝑢0∆𝜃̇



 

Page 9 sur 15 
 

 

𝑋𝛿𝑇 = 0,038 
𝑓𝑡/𝑠2

𝑑𝑒𝑔
 et 𝑍𝛿𝑇 = 0 

𝑓𝑡/𝑠2

𝑑𝑒𝑔

  

 .

 
∆𝑢(𝑠)

∆𝛿𝑇(𝑠)
=

0,038𝑠

𝑠2 + 0,039𝑠 + 0,053

 

 
∆𝜃(𝑠)

∆𝛿𝑇(𝑠)
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𝑘𝑓𝑏

 

 

   

𝑘𝑎
𝑠 + 0,1

𝑠
𝑘𝑎

   
10

𝑠 + 10
   

1

𝑠 + 0,1
   

0,038𝑠

𝑠2 + 0,039𝑠 + 0,053
   

𝑘𝑓𝑏(10𝑠 + 1)
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𝐻(𝑠) =
0,38𝑘𝑎

𝑠3 + 10,04𝑠2 + (0,44 + 3,8𝑘𝑎𝑘𝑓𝑏)𝑠 + 0,53 + 0,38𝑘𝑎𝑘𝑓𝑏

 

𝑘𝑎, 𝑘𝑓𝑏

𝑘𝑎 = 1 𝑘𝑓𝑏

          

 

𝑘𝑓𝑏 = 5 

𝑘𝑓𝑏 = 1 

𝑘𝑓𝑏 = 0,1 
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𝑘𝑎 = 1
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𝒅 = 𝟏𝟎𝟎 𝒎𝒎
𝒎 = 𝟏𝟎 𝒌𝒈
 

𝑻𝒏𝒆𝒊𝒈𝒆 = 𝟎°𝑪

𝒍 = 𝟓𝒎

 
𝝎𝑨 = 𝟐𝟎𝟎 𝒓𝒂𝒅/𝒔

 
𝒗𝑨 = 𝟏𝟎𝟎 𝒎/𝒔

 
𝑻𝒐𝒃𝒖𝒔 = 𝟒𝟎°𝑪

(𝐴𝐵𝑥 )

(𝒙𝑨 = 𝟎 𝒎, 𝒕𝑨 = 𝟎 𝒔).

  

 𝐽∆

𝐽∆ =
𝑚𝐷2

4

 

∆𝑄 = 𝑚𝑐𝑝∆𝑇 𝑚 𝑐𝑝

 (𝑒𝑛 
𝐽

𝐾𝑔.𝐾 
) ∆𝑇

 ∆  

𝐸𝑐𝑖𝑛 = 𝐽∆
𝜔∆
2

2
𝜔∆

  

∑𝑀∆,𝐹𝑒𝑥𝑡 = 𝐽∆
𝑑𝜔

𝑑𝑡

  ∆𝐸𝑐𝑖𝑛𝑒𝑡𝑖𝑞𝑢𝑒|𝐴
𝐵
= ∑𝑊𝐹𝑒𝑥𝑡|𝐴

𝐵
+ ∑𝑊𝐹𝑖𝑛𝑡|𝐴

𝐵

𝑅⃗ 

 𝛾

  𝑅⃗ 

 𝑃⃗  (𝐴𝐵𝑥 )
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𝛾 𝑣𝐴 𝑡𝐵 𝑡𝐵

|𝑅⃗ |

𝐶𝑓

𝐶𝑓

𝐶𝑓

 

𝑅 𝐶𝑓

 

∆𝐸𝑐𝑖𝑛𝑒𝑡𝑖𝑞𝑢𝑒|𝐴
𝐵

𝑚, 𝐽∆, 𝑣𝐴 𝜔𝐴

∑𝑊𝐹𝑒𝑥𝑡|𝐴
𝐵

∑𝑊𝐹𝑖𝑛𝑡|𝐴
𝐵

 

 

∆𝑄

𝑐𝑝 = 0.48
𝐽

𝑔.𝐾

𝑐 = 334 𝑘𝐽/𝑘𝑔
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: 
 

: 
 

:
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𝑅 𝑣

 

𝐹 = −6𝜋𝜂𝑅𝑣

𝜂

[𝐹] = [𝜂]. [𝑅]. [𝑣] = 𝑀. 𝐿. 𝑇−2

[𝜂] =
[𝐹]

[𝑅]. [𝑣]
=
𝑀. 𝐿. 𝑇

𝑇2. 𝐿2
=
𝑀

𝑇. 𝐿

𝜂
𝑘𝑔

𝑚.𝑠

𝜌

𝑁  

𝑁 = 𝜌. 𝜂𝐵. 𝑅𝐶 . 𝑣𝐷

[𝑁] = [𝜌]. [𝜂]𝐵. [𝑅]𝐶 . [𝑣]𝐷 =
𝑀

𝐿3
.
𝑀𝐵

𝑇𝐵. 𝐿𝐵
. 𝐿𝐶 .

𝐿𝐷

𝑇𝐷
= 𝑀(1+𝐵). 𝐿(𝐶+𝐷−𝐵−3). 𝑇−(𝐷+𝐵)

 

{
1 + 𝐵 = 0
𝐷 + 𝐵 = 0

𝐶 + 𝐷 − 𝐵 − 3 = 0                

                        
→        {

𝐵 = −1                     
𝐷 = −𝐵 = 1            
𝐶 = 3 − 𝐷 + 𝐵 = 1

  

 

𝑁 =
𝜌. 𝑅. 𝑣

𝜂

 

 

   


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(0, 𝑒𝑥⃗⃗⃗⃗ , 𝑒𝑦⃗⃗⃗⃗ , 𝑒𝑧⃗⃗  ⃗)

 

 

 

 

𝑔 = −𝑔 𝑒𝑧⃗⃗  ⃗                  (avec 𝑔 = 9.81
𝑚

𝑠2
)

 

∇𝑝⃗⃗⃗⃗  ⃗ = 𝜌 𝑔 

𝑝(𝑥, 𝑦, 𝑧)

𝑇(𝑥, 𝑦, 𝑧)

𝑟 = 287
𝐽

𝑘𝑔.𝐾

  𝑝 = 𝜌𝑟𝑇

 𝑓 

∇𝑓⃗⃗ ⃗⃗ =

(

 
 
 
 

𝜕𝑓

𝜕𝑥
𝜕𝑓

𝜕𝑦
𝜕𝑓

𝜕𝑧)

 
 
 
 

𝜌0(𝑝0, 𝑇0) 𝑝0 = 101325 𝑃𝑎

𝑇0 = 288 𝐾

𝜌 =
𝑝

𝑟𝑇
=

101325

287 × 288
= 1.225 𝑘𝑔/𝑚3
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𝑝(𝑥, 𝑦, 𝑧) 𝑧

𝑝(𝑧) 𝑝, 𝑇, 𝑟 𝑒𝑡 𝑔

∇𝑃⃗⃗⃗⃗  ⃗ =

(

 
 
 
 

𝜕𝑝

𝜕𝑥
𝜕𝑝

𝜕𝑦
𝜕𝑝

𝜕𝑧)

 
 
 
 

= 𝜌 𝑔 = −𝜌𝑔 𝑒𝑧⃗⃗  ⃗ = (
0
0
−𝜌𝑔

)

 

{
  
 

  
 
𝜕𝑝

𝜕𝑥
= 0  

                    
→       𝑝(𝑥, 𝑦, 𝑧) = 𝑝(𝑦, 𝑧)                                                

𝜕𝑝

𝜕𝑦
= 0 

                    
→       𝑝(𝑦, 𝑧) = 𝑝(𝑧)                                                          

𝜕𝑝

𝜕𝑧
= −𝜌𝑔 

                    
→      

𝜕𝑝

𝜕𝑧
=
𝑑𝑝

𝑑𝑧
= −𝜌𝑔

                    
→       𝑑𝑝 = −𝜌𝑔. 𝑑𝑧

𝑑𝑝 = −
𝑝

𝑟𝑇
𝑔. 𝑑𝑧 

                    
→       

𝑑𝑝

𝑝
= −

𝑔

𝑟𝑇
. 𝑑𝑧  

 

𝑇 = 𝑇0 = 288 𝐾

𝑝

𝑧  

𝑝(𝑧) = 𝑝0𝑒
−
𝑧
𝐻0

𝐻0
𝑇0, 𝑟 𝑒𝑡 𝑔

𝑇 = 𝑇0 = 288 𝐾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑒  
𝑑𝑝

𝑝
= −

𝑔

𝑟𝑇0
. 𝑑𝑧  

𝑑(ln 𝑝) = −
𝑔

𝑟𝑇0
. 𝑑𝑧

[ln 𝑝]𝑝0
𝑝
= −

𝑔

𝑟𝑇0
[𝑧]0

𝑧

𝑙𝑛 (
𝑝

𝑝0
) = −

𝑔

𝑟𝑇0
𝑧

𝑝(𝑧) = 𝑝0𝑒
−
𝑔
𝑟𝑇0
𝑧
= 𝑝0𝑒

−
𝑧
𝐻0

𝐻0 =
𝑟𝑇0

𝑔
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𝐻0

𝐻0 =
287×288

9.81
= 8425.7𝑚

(
𝜕𝑝

𝜕𝑧
)

  𝑧 = 2500 𝑚

𝜕𝑝

𝜕𝑧
|
𝑧=2500𝑚

= −
𝑝0
𝐻0
𝑒
−
𝑧
𝐻0 =

101325

8425.7
𝑒−

2500
8425.7 = −8.94 𝑃𝑎/𝑚

𝑧 = 2500 𝑚

𝐿𝑧 𝐿𝑧

𝜕𝑝

𝜕𝑧
|
𝑧=2500𝑚

= −8.94
𝑃𝑎

𝑚
=  −8.94 × 10−2

ℎ𝑝𝑎

𝑚

𝐿𝑧=2500𝑚 =
1

|
𝜕𝑝
𝜕𝑧
⁄ |

=  11.18
𝑚

ℎ𝑝𝑎
= 36.7 

𝑓𝑡

ℎ𝑝𝑎

 

𝑝 = 𝐾𝜌𝛾 𝐾 𝛾 =
𝑐𝑝

𝑐𝑣
= 1.4
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𝑝(𝑧) 𝑇(𝑧)

𝑝(𝑧) = 𝑝0 (1 −
𝛾−1

𝛾

𝑧

𝐻0
)

𝛾

𝛾−1
 𝑇(𝑧) = 𝑇0 (1 −

𝛾−1

𝛾

𝑧

𝐻0
)

 

𝑑𝑝 = −𝜌𝑔. 𝑑𝑧 = −(
𝑝

𝐾
)

1
𝛾
𝑔 𝑑𝑧  

𝑑𝑝

𝑝
1
𝛾⁄
= −

𝑔

𝐾
1
𝛾⁄
 𝑑𝑧  

𝛾

𝛾 − 1
𝑑 (𝑝

𝛾−1
𝛾 ) = −

𝑔

𝐾
1
𝛾⁄
 𝑑𝑧  

𝑝
𝛾−1
𝛾 − 𝑝0

𝛾−1
𝛾
= −

𝛾 − 1

𝛾

𝑔

𝐾
1
𝛾⁄
 𝑧   

                           
→           𝑝

𝛾−1
𝛾 = 𝑝0

𝛾−1
𝛾
−
𝛾 − 1

𝛾

𝑔

𝐾
1
𝛾⁄
 𝑧 

𝑝(𝑧) =  (𝑝0

𝛾−1
𝛾 −

𝛾 − 1

𝛾

𝑔

𝐾
1
𝛾⁄
 𝑧)

𝛾
𝛾−1

𝑝(𝑧) = 𝑝0(1 −
𝛾 − 1

𝛾

𝑔

𝑝0

𝛾−1
𝛾
𝐾
1
𝛾

 𝑧)

𝛾
𝛾−1

𝐾 =
𝑝0

𝜌0
𝛾

                           
→           𝐾

1

𝛾 =
𝑝0

1
𝛾

𝜌0
𝑟𝑇0𝑝0

(
1

𝛾
−1)

= 𝑟𝑇0𝑝0
(
1−𝛾

𝛾
)

𝑝(𝑧) = 𝑝0(1 −
𝛾 − 1

𝛾

𝑔

𝑝0
(
𝛾−1
𝛾
)
𝑝0
−(
𝛾−1
𝛾 )
𝑟𝑇0

 𝑧)

𝛾
𝛾−1

𝑝(𝑧) = 𝑝0 (1 −
𝛾 − 1

𝛾

𝑔

𝑟𝑇0
 𝑧)

𝛾
𝛾−1

= 𝑝0 (1 −
𝛾 − 1

𝛾

𝑧

𝐻0
 )

𝛾
𝛾−1

𝐾 =
𝑝

𝜌𝛾
=
𝑝𝑟𝛾𝑇𝛾

𝑝𝛾
=
𝑟𝛾𝑇𝛾

𝑝𝛾−1
 
                           
→         

𝑇

𝑝
𝛾−1
𝛾

= 𝐾′

𝑇0

𝑝0

𝛾−1
𝛾

=
𝑇

𝑝
𝛾−1
𝛾

                           
→         

𝑇(𝑧)

𝑇0
= (
𝑝(𝑧)

𝑝0
)

𝛾−1
𝛾

𝑇(𝑧) = 𝑇0 (1 −
𝛾 − 1

𝛾

𝑧

𝐻0
 )
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(
𝜕𝑝

𝜕𝑧
)

𝑧 = 0 𝑚, 𝑧 = 2500 𝑚 𝑧 = 5000 𝑚

 

𝜕𝑝

𝜕𝑧
= −

𝑝0
𝐻0
(1 −

𝛾 − 1

𝛾

𝑧

𝐻0
)

1
𝛾−1

𝜕𝑝

𝜕𝑧
|
𝑧=0

= −
𝑝0
𝐻0
=
101325

8425.7
= −12.025 𝑝𝑎/𝑚

𝜕𝑝

𝜕𝑧
|
𝑧=2500

= −12.025 (1 − (
0.4

1.4
)
2500

8425.7
)

1
0.4
= −9.64 𝑝𝑎/𝑚

𝜕𝑝

𝜕𝑧
|
𝑧=5000

= −12.025 (1 − (
0.4

1.4
)
5000

8425.7
)

1
0.4
= −7.56 𝑝𝑎/𝑚

𝑧 = 2500 𝑚 𝐿𝑧
𝐿𝑧

𝜕𝑝

𝜕𝑧
|
𝑧=2500

= −9.63
𝑝𝑎

𝑚
= −9.64 × 10−2

ℎ𝑝𝑎

𝑚

𝐿𝑧=2500𝑚 =
1

|
𝜕𝑝
𝜕𝑧
⁄ |

𝑧=2500

= 10.38 
𝑚

ℎ𝑝𝑎

(
𝜕𝑇

𝜕𝑧
)

𝐾

𝑘𝑚

𝜕𝑇

𝜕𝑧
= −

𝛾−1

𝛾

𝑇0

𝐻0
= −

0.4

1.4
 
288

8425.7
= 9.77 × 10−3𝐾 𝑚⁄     = 9.77𝐾 𝑘𝑚⁄
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 

 

−6.5
𝐾

𝑘𝑚
𝑧 < 11 𝑘𝑚).

 

𝑳𝒛=𝟐𝟓𝟎𝟎𝒎 = 𝟏𝟎. 𝟔 𝒎 = 𝟑𝟒 𝒇𝒕

𝐿𝑧(ℎ𝑢𝑚𝑖𝑑𝑒)
𝐿𝑧(𝑠𝑒𝑐) 𝐿𝑧(𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑒)
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 75 𝑚

𝑎 = 4 𝑔

𝑇𝑚𝑜𝑡𝑒𝑢𝑟 = 75 𝑘𝑁

 𝑚 = 12 𝑡𝑜𝑛𝑛𝑒𝑠

 𝜌 = 1,225 𝑘𝑔/𝑚3

𝑥 𝑧  𝑥0⃗⃗⃗⃗ 𝑧0⃗⃗  ⃗

𝑥𝑎⃗⃗⃗⃗ 𝑧𝑎⃗⃗⃗⃗ 𝑉⃗ = 𝑉𝑥𝑎⃗⃗⃗⃗ 

 

 𝛾𝑎𝑖𝑙𝑒𝑠 = 5 °

 𝐶𝑧 = 0,1𝛼 𝛼

 𝐶𝑥 = 0,01 + 0,12𝐶𝑧
2

 𝑆 = 46 𝑚2

 (𝐶𝑥𝑆)𝑓 = 1 𝑚
2

𝑛𝑡  

𝑛𝑡⃗⃗  ⃗ =
𝐹𝑎⃗⃗  ⃗ + 𝑇⃗ 

𝑚𝑔

𝐹𝑎⃗⃗  ⃗ 𝑇⃗ 

𝒙⃗⃗  

𝒛⃗  

𝒙𝟎⃗⃗⃗⃗  

𝒛𝟎⃗⃗⃗⃗  

𝟏 𝟐 𝟑 
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𝑚𝑎 = 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 + 𝑇𝑐𝑎𝑡𝑎𝑝𝑢𝑙𝑡𝑒 = 𝑚. 4𝑔 = 12 000. (4.9,81)

 

𝑇𝑐𝑎𝑡𝑎𝑝𝑢𝑙𝑡𝑒 = 470,9 − 2.75 = 320,9 𝑘𝑁

 276 𝑘𝑚/ℎ

 

𝑣 = ∫ 𝑎𝑑𝑡
𝑡

0

= 𝑎𝑡 → 𝑂𝑀 = ∫ 𝑣𝑑𝑡
𝑡𝑀

0

=
𝑎𝑡𝑀
2

2

𝑂 𝑀

𝟐𝑻𝒎𝒐𝒕𝒆𝒖𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝒎𝒈⃗⃗  

𝑹𝒔𝒐𝒍⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑹𝒔𝒐𝒍⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

𝑹𝒄𝒂𝒕𝒂𝒑𝒖𝒍𝒕𝒆⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

𝟐𝑻𝒎𝒐𝒕𝒆𝒖𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝒎𝒈⃗⃗  

𝑹𝒔𝒐𝒍⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑹𝒔𝒐𝒍⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

𝑭𝒛⃗⃗⃗⃗  

𝑻𝒄𝒂𝒕𝒂𝒑𝒖𝒍𝒕𝒆⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 
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75 𝑚  

𝑡𝑀 = √
2.𝑂𝑀

𝑎
= √

2.75

4.9,81
= 1,96 𝑠

 

𝑣𝑀 = 𝑎𝑡𝑀 = 4.9,81.1,96 = 76,7 𝑚/𝑠 = 276 𝑘𝑚/ℎ

 

𝑥0⃗⃗⃗⃗ 

276 𝑘𝑚/ℎ

 

 

𝛼 = 𝜃 + 𝛾𝑎𝑖𝑙𝑒𝑠 

 

 

 

 

 

 

 

𝑠𝑖𝑛𝜃 ≈ 𝜃 (𝑟𝑎𝑑)

 

 

 

 

 

 

 

𝒙⃗⃗  
𝜸𝒂𝒊𝒍𝒆𝒔 

𝜽 
𝑽⃗⃗  

𝜶 𝒙⃗⃗  

𝒙𝟎⃗⃗⃗⃗  

𝜽 𝒙⃗⃗  

𝒙𝟎⃗⃗⃗⃗  
𝟐𝑻𝒎𝒐𝒕𝒆𝒖𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝒎𝒈⃗⃗  

𝑭𝒙⃗⃗ ⃗⃗  

𝑭𝒛⃗⃗⃗⃗  
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𝑚𝑎 = 𝑚𝑔 + 𝐹𝑎⃗⃗  ⃗ + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

 

(𝑚𝑔 + 𝐹𝑎⃗⃗  ⃗ + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗). 𝑧0⃗⃗  ⃗ = 0

 

𝑚𝑔 − 𝐹𝑧 − 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟𝑠𝑖𝑛𝜃 = 0

 

𝐹𝑧 =
1

2
𝜌𝑆𝑉2𝐶𝑧 =

1

2
𝜌𝑆𝑉20,1𝛼 =

1

2
𝜌𝑆𝑉20,1(𝛾𝑎𝑖𝑙𝑒𝑠 + 𝜃)

 

𝑚𝑔 −
1

2
𝜌𝑆𝑉20,1(𝛾𝑎𝑖𝑙𝑒𝑠 + 𝜃) − 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 .

2𝜋

360
. 𝜃 = 0

 

𝐶𝑧 = 0,1𝛼

(
2𝜋

360
)

 

𝑚𝑔 =
1

2
𝜌𝑆𝑉20,1(𝛾𝑎𝑖𝑙𝑒𝑠 + 𝜃) + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 .

2𝜋

360
. 𝜃

𝑚𝑔 −
1

2
𝜌𝑆𝑉20,1𝛾𝑎𝑖𝑙𝑒𝑠 = (

1

2
𝜌𝑆𝑉20,1 + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 .

2𝜋

360
)𝜃

 

𝜃 =
𝑚𝑔 −

1
2 𝜌𝑆𝑉

20,1𝛾𝑎𝑖𝑙𝑒𝑠

1
2𝜌𝑆𝑉

20,1 + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 .
2𝜋
360

𝜃 =
12 000.9,81 −

1
21,225.46. 76,7

20,1.5

1
2 1,225.46. 76,7

20,1 + 2.75 000.
2𝜋
360

= 1,8 °

 

𝛼 = 5 + 1,8 = 6,8 °
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𝛾

 

 𝑛𝑥 , 𝑛𝑧  

𝑛𝑥 = 𝑛𝑡⃗⃗  ⃗. 𝑥 

𝑛𝑧 = 𝑛𝑡⃗⃗  ⃗. 𝑧 

 

 

 

 

 

 

 

 

 

 

𝐹𝑎⃗⃗  ⃗ + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝑚𝑔 = 0⃗ 

 

𝑛𝑥 =
(𝐹𝑎⃗⃗  ⃗ + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗). 𝑥 

𝑚𝑔
= −

𝑚𝑔 . 𝑥 

𝑚𝑔
= 𝑠𝑖𝑛𝜃 > 0

 

𝑛𝑧 =
(𝐹𝑎⃗⃗  ⃗ + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗). 𝑧 

𝑚𝑔
= −

𝑚𝑔 . 𝑧 

𝑚𝑔
= −𝑐𝑜𝑠𝜃

 

 

𝑛 = −𝑛𝑧𝑎 = −
(𝐹𝑎⃗⃗  ⃗ + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗). 𝑧𝑎⃗⃗⃗⃗ 

𝑚𝑔
=
𝑚𝑔 . 𝑧𝑎⃗⃗⃗⃗ 

𝑚𝑔
= 𝑐𝑜𝑠𝛾

 

 

𝜽 

𝒙⃗⃗  

𝒙𝟎⃗⃗⃗⃗  
𝟐𝑻𝒎𝒐𝒕𝒆𝒖𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝒎𝒈⃗⃗  

𝑭𝒙⃗⃗ ⃗⃗  

𝑭𝒛⃗⃗⃗⃗  
𝒙𝒂⃗⃗⃗⃗  

𝑽⃗⃗  

𝜸 
𝜶 𝜸𝒂𝒊𝒍𝒆𝒔 
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𝑠𝑖𝑛𝜃 ≈ 𝜃 𝑠𝑖𝑛(𝛾 − 𝜃) ≈ 𝛾 − 𝜃 𝑐𝑜𝑠(𝛾 − 𝜃) ≈ 1

1,225 𝑘𝑔/𝑚3

 

400 𝑘𝑚/ℎ 𝑛𝑥 = 0,5

 

 

𝛾, 𝜃, 𝛼, 𝑇𝑚𝑜𝑡𝑒𝑢𝑟

 

 

𝛼 = 𝜃 − 𝛾 + 𝛾𝑎𝑖𝑙𝑒𝑠      (1)

 

 

(𝐹𝑎⃗⃗  ⃗ + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝑚𝑔 ). 𝑥 = 0

−𝐹𝑧𝑠𝑖𝑛(𝛾 − 𝜃) − 𝐹𝑥𝑐𝑜𝑠(𝛾 − 𝜃) + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 −𝑚𝑔𝑠𝑖𝑛𝜃 = 0      (2)

 

−𝐹𝑧(𝛾 − 𝜃) − 𝐹𝑥 + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 −𝑚𝑔𝜃 = 0      (2)

 

(𝐹𝑎⃗⃗  ⃗ + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝑚𝑔 ). 𝑧 = 0

−𝐹𝑧𝑐𝑜𝑠(𝛾 − 𝜃) + 𝐹𝑥𝑠𝑖𝑛(𝛾 − 𝜃) +𝑚𝑔𝑐𝑜𝑠𝜃 = 0       (3)

 

−𝐹𝑧 +𝑚𝑔𝑐𝑜𝑠𝜃 = 0       (3)

 

𝑛𝑥 = 𝑠𝑖𝑛𝜃 ≈ 𝜃 = 0,5 → 𝜃 = 28,65 °

 

−𝐹𝑧 +𝑚𝑔𝑐𝑜𝑠𝜃 = 0       (3)

−
1

2
𝜌𝑆𝑉20,1𝛼 +𝑚𝑔𝑐𝑜𝑠𝜃 = 0       (3)
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𝛼 =
𝑚𝑔𝑐𝑜𝑠𝜃

1
2𝜌𝑆𝑉

20,1
=
12 000.9,81. 𝑐𝑜𝑠0,5

1
2 1,225.46. 111,1

20,1
= 2,97 °       (3)

400 𝑘𝑚/ℎ = 111,1 𝑚/𝑠

 

𝛾 = −𝛼 + 𝜃 + 𝛾𝑎𝑖𝑙𝑒𝑠       (1)

𝛾 = −2,97 + 28,65 + 5 = 30,67 °       (1)

 

−𝐹𝑧(𝛾 − 𝜃) − 𝐹𝑥 + 2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 −𝑚𝑔𝜃 = 0      (2)

2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 = 𝑚𝑔𝜃 + 𝐹𝑧(𝛾 − 𝜃) + 𝐹𝑥       (2)

 

𝐹𝑧 ≈ 𝑚𝑔𝑐𝑜𝑠𝜃 = 12 000.9,81. 𝑐𝑜𝑠0,5 = 103,3 𝑘𝑁

 

𝐹𝑥 = 𝐹𝑥 𝑎𝑖𝑙𝑒𝑠 + 𝐹𝑥 𝑓𝑢𝑠𝑒𝑙𝑎𝑔𝑒 =
1

2
𝜌𝑉2(𝑆𝐶𝑥 + (𝐶𝑥𝑆)𝑓)

=
1

2
1,225. 111,12(46 [0,01 + 0,12.0,2972] + 1)

= 14,7 𝑘𝑁

 

2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 = 12 000.9,81.28,6
2𝜋

360
+ 103 300(30,67 − 28,6)

2𝜋

360
+ 14 700      (2)

 

2𝑇𝑚𝑜𝑡𝑒𝑢𝑟 = 77,2 𝑘𝑁

𝜃 = 28,65 °, 𝛾 = 30,67 °, 𝛼 = 2,97 ° 

 

 

 

 

 

 

  

 

𝜽 

𝒙⃗⃗  

𝒙𝟎⃗⃗⃗⃗  
𝟐𝑻𝒎𝒐𝒕𝒆𝒖𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

𝒎𝒈⃗⃗  

𝑭𝒙⃗⃗ ⃗⃗  

𝑭𝒛⃗⃗⃗⃗  

𝑽⃗⃗  

𝜸 

𝜶 𝜸𝒂𝒊𝒍𝒆𝒔 

𝒛⃗  
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∆𝑢𝑟é𝑓
∆𝑢

  

    

    

 

(
∆𝑢̇

−𝑢0∆𝜃̇
) = (

𝑋𝑢 −𝑔
𝑍𝑢 0

)(
∆𝑢
∆𝜃
) + (

𝑋𝛿𝑒 𝑋𝛿𝑇
𝑍𝛿𝑒 𝑍𝛿𝑇

) (
∆𝛿𝑒
∆𝛿𝑇

)

𝑋 𝑍

  

𝑢0
𝜃0

𝛿𝑒0
𝛿𝑇0

 

∆𝑢 = 𝑢 − 𝑢0
∆𝜃 = 𝜃 − 𝜃0
∆𝛿𝑒 = 𝛿𝑒 − 𝛿𝑒0 

∆𝛿𝑇 = 𝛿𝑇 − 𝛿𝑇0
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(
𝑎 𝑏
𝑐 𝑑

) (
𝑒
𝑓) = (

𝑎𝑒 + 𝑏𝑓
𝑐𝑒 + 𝑑𝑓

)

𝑤 𝑤̇ = 0

𝑍 ∆𝑤̇

−𝑢0∆𝜃̇

 

𝑋𝛿𝑇 = 0,038 
𝑓𝑡/𝑠2

𝑑𝑒𝑔
 et 𝑍𝛿𝑇 = 0 

𝑓𝑡/𝑠2

𝑑𝑒𝑔

  

 .

 

∆𝑢

∆𝛿𝑇

 

𝑠∆𝑢 = 𝑋𝑢∆𝑢 − 𝑔∆𝜃 + 𝑋𝛿𝑇∆𝛿𝑇     (1)

𝑠∆𝜃 = −
𝑍𝑢
𝑢0
∆𝑢     (2)

 

𝑠∆𝑢 = 𝑋𝑢∆𝑢 −
𝑔

𝑠
[−
𝑍𝑢
𝑢0
∆𝑢] + 𝑋𝛿𝑇∆𝛿𝑇     (1)

𝑠2∆𝑢 = 𝑋𝑢𝑠∆𝑢 + 𝑔
𝑍𝑢
𝑢0
∆𝑢 + 𝑋𝛿𝑇𝑠∆𝛿𝑇

[𝑠2 − 𝑋𝑢𝑠 − 𝑔
𝑍𝑢
𝑢0
] ∆𝑢 = [𝑋𝛿𝑇𝑠]∆𝛿𝑇

∆𝑢

∆𝛿𝑇
=

𝑋𝛿𝑇𝑠

𝑠2 − 𝑋𝑢𝑠 − 𝑔
𝑍𝑢
𝑢0
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𝑠∆𝑢 = 𝑋𝑢∆𝑢 − 𝑔∆𝜃 + 𝑋𝛿𝑇∆𝛿𝑇     (1)

𝑠∆𝜃 = −
𝑍𝑢
𝑢0
∆𝑢     (2)

∆𝑢 =
1

𝑠 − 𝑋𝑢
[−𝑔∆𝜃 + 𝑋𝛿𝑇∆𝛿𝑇]     (1)

𝑠∆𝜃 = −
𝑍𝑢
𝑢0

1

𝑠 − 𝑋𝑢
[−𝑔∆𝜃 + 𝑋𝛿𝑇∆𝛿𝑇]     (2)

 

𝑢0(𝑠 − 𝑋𝑢)𝑠∆𝜃 = 𝑍𝑢𝑔∆𝜃 − 𝑍𝑢𝑋𝛿𝑇∆𝛿𝑇     (2)

[(𝑠 − 𝑋𝑢)𝑠 −
𝑍𝑢
𝑢0
𝑔] ∆𝜃 = −

𝑍𝑢
𝑢0
𝑋𝛿𝑇∆𝛿𝑇

[𝑠2 − 𝑋𝑢𝑠 −
𝑍𝑢
𝑢0
𝑔] ∆𝜃 = −

𝑍𝑢
𝑢0
𝑋𝛿𝑇∆𝛿𝑇

∆𝜃

∆𝛿𝑇
=

−
𝑍𝑢
𝑢0
𝑋𝛿𝑇

𝑠2 − 𝑋𝑢𝑠 −
𝑍𝑢
𝑢0
𝑔

 
∆𝑢(𝑠)

∆𝛿𝑇(𝑠)
=

0,038𝑠

𝑠2 + 0,039𝑠 + 0,053
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∆𝜃(𝑠)

∆𝛿𝑇(𝑠)

 

  

 

∆𝑢̇ = 𝑋𝑢∆𝑢 − 𝑔∆𝜃 + 𝑋𝛿𝑇∆𝛿𝑇

−𝑢0∆𝜃̇ = 𝑍𝑢∆𝑢

 

 𝑋𝛿𝑇∆𝛿𝑇 > 0 → ∆𝑢̇ > 0 

 𝑍𝑢∆𝑢 < 0 → ∆𝜃̇ > 0 

  𝑋𝑢∆𝑢 < 0 − 𝑔∆𝜃 < 0

→ ∆𝑢̇ < 0 

 

𝑤

(𝛼 ≈
𝑤

𝑢
)
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𝑠2 + 0,039𝑠 + 0,053

 

∆= 0,0392 + 4(−0,053) = −0,21

𝜆± =
𝑋𝑢 ± 𝑖√∆

2
= 𝜆± = −0,018 ± 0,23. 𝑖

𝜉𝜔𝑛 = 0,018 𝑠
−1 > 0

𝜔𝑝 = 0,23 𝑟𝑎𝑑. 𝑠
−1

→ 𝑇𝑝 =
2𝜋

𝜔𝑝
= 27,4 𝑠
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𝑘𝑓𝑏
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15 𝑠

30 𝑠

 

   

𝑘𝑎
𝑠 + 0,1

𝑠
𝑘𝑎

   
10

𝑠 + 10
   

1

𝑠 + 0,1
   

0,038𝑠

𝑠2 + 0,039𝑠 + 0,053
   

𝑘𝑓𝑏(10𝑠 + 1)
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𝐻(𝑠) =
0,38𝑘𝑎

𝑠3 + 10,04𝑠2 + (0,44 + 3,8𝑘𝑎𝑘𝑓𝑏)𝑠 + 0,53 + 0,38𝑘𝑎𝑘𝑓𝑏

  

𝐻(𝑠) =
𝑘𝑎
𝑠 + 0,1
𝑠

10
𝑠 + 10

1
𝑠 + 0,1

0,038𝑠
𝑠2 + 0,039𝑠 + 0,053

1 + 𝑘𝑎
𝑠 + 0,1
𝑠

10
𝑠 + 10

1
𝑠 + 0,1

0,038𝑠
𝑠2 + 0,039𝑠 + 0,053

𝑘𝑓𝑏(10𝑠 + 1)

𝐻(𝑠) =

0,38𝑘𝑎
(𝑠 + 10)(𝑠2 + 0,039𝑠 + 0,053)

1 +
0,38𝑘𝑎

(𝑠 + 10)(𝑠2 + 0,039𝑠 + 0,053)
𝑘𝑓𝑏(10𝑠 + 1)

𝐻(𝑠) =
0,38𝑘𝑎

(𝑠 + 10)(𝑠2 + 0,039𝑠 + 0,053) + 0,38𝑘𝑎𝑘𝑓𝑏(10𝑠 + 1)

𝐻(𝑠) =
0,38𝑘𝑎

𝑠3 + 0,039𝑠2 + 0,053𝑠 + 10𝑠2 + 0,39𝑠 + 0,53 + 3,8𝑘𝑎𝑘𝑓𝑏𝑠 + 0,38𝑘𝑎𝑘𝑓𝑏

𝐻(𝑠) =
0,38𝑘𝑎

𝑠3 + (0,039 + 10)𝑠2 + (0,053 + 0,39 + 3,8𝑘𝑎𝑘𝑓𝑏)𝑠 + 0,53 + 0,38𝑘𝑎𝑘𝑓𝑏

𝐻(𝑠) =
0,38𝑘𝑎

𝑠3 + 10,04𝑠2 + (0,44 + 3,8𝑘𝑎𝑘𝑓𝑏)𝑠 + 0,53 + 0,38𝑘𝑎𝑘𝑓𝑏
=

∆𝑢(𝑠)

∆𝑢𝑟é𝑓(𝑠)
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𝑘𝑎, 𝑘𝑓𝑏

lim
𝑡→+∞

∆𝑢(𝑡) = lim
𝑠→0
𝑠∆𝑢𝑟é𝑓(𝑠)𝐻(𝑠) = lim

𝑠→0
𝑠
1

𝑠
𝐻(𝑠) = lim

𝑠→0
𝐻(𝑠)

=
0,38𝑘𝑎

0,53 + 0,38𝑘𝑎𝑘𝑓𝑏

 
0,38𝑘𝑎

0,53 + 0,38𝑘𝑎𝑘𝑓𝑏
= 1

0,38𝑘𝑎 = 0,53 + 0,38𝑘𝑎𝑘𝑓𝑏

0,38𝑘𝑎(1 − 𝑘𝑓𝑏) = 0,53

𝑘𝑎 =
0,53/0,38

1 − 𝑘𝑓𝑏
 

𝑘𝑓𝑏 = 1 −
0,53

0,38𝑘𝑎

𝑘𝑎 = 1 𝑘𝑓𝑏

          

𝑘𝑓𝑏 = 1 

𝑘𝑓𝑏 = 0,1 
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𝑘𝑓𝑏   

𝑘𝑓𝑏 = 1

 

 

𝑘𝑓𝑏 = 1 −
0,53

0,38𝑘𝑎
= 1 −

0,53

0,38
= −0,39

𝑘𝑓𝑏
  

𝑘𝑓𝑏 = 5 
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𝑘𝑎 = 1
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𝒅 = 𝟏𝟎𝟎 𝒎𝒎
𝒎 = 𝟏𝟎 𝒌𝒈
 

𝑻𝒏𝒆𝒊𝒈𝒆 = 𝟎°𝑪

𝒍 = 𝟓𝒎

 
𝝎𝑨 = 𝟐𝟎𝟎 𝒓𝒂𝒅/𝒔

 
𝒗𝑨 = 𝟏𝟎𝟎 𝒎/𝒔

 
𝑻𝒐𝒃𝒖𝒔 = 𝟒𝟎°𝑪

(𝐴𝐵𝑥 )

(𝒙𝑨 = 𝟎 𝒎, 𝒕𝑨 = 𝟎 𝒔).

  

 𝐽∆

𝐽∆ =
𝑚𝐷2

8

 

∆𝑄 = 𝑚𝑐𝑝∆𝑇 𝑚 𝑐𝑝

 (𝑒𝑛 
𝐽

𝐾𝑔.𝐾 
) ∆𝑇

 ∆  

𝐸𝑐𝑖𝑛 = 𝐽∆
𝜔∆
2

2
𝜔∆

  

∑𝑀∆,𝐹𝑒𝑥𝑡 = 𝐽∆
𝑑𝜔

𝑑𝑡

  ∆𝐸𝑐𝑖𝑛𝑒𝑡𝑖𝑞𝑢𝑒|𝐴
𝐵
= ∑𝑊𝐹𝑒𝑥𝑡|𝐴

𝐵
+ ∑𝑊𝐹𝑖𝑛𝑡|𝐴

𝐵

𝑅⃗ 
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 𝛾

  𝑅⃗ 

 𝑃⃗  (𝐴𝐵𝑥 )

 :  

∑𝐹 = 𝑚𝛾 (𝑡) 

 

𝑚𝛾 (𝑡) = 𝑅⃗ + 𝑃⃗ cos(𝛼) 

𝑚𝛾(𝑡) = 𝑅 +𝑚𝑔cos (𝛼) 

 

𝛾 =
𝑅

𝑚
+ 𝑔cos (𝛼) 

 

𝛾 𝑣𝐴 𝑡𝐵 𝑡𝐵

𝛾(𝑡) =
𝑅

𝑚
+ 𝑔cos (𝛼) 

 

𝑣(𝑡) = 𝑣𝐴 + 𝛾𝑡

𝑥(𝑡) = 𝑣0𝑡 +
𝛾𝑡2

2

  𝑣(𝑡𝐴) = 𝑣(0) = 𝑣0 = 𝑣𝐴 𝑣(𝑡𝐵) = 𝑣(𝑡𝐵) = 𝑣𝐴 = 𝛾𝑡𝐵

𝑥(𝑡𝐴) = 𝑥(0) = 𝑥0 = 0 𝑥(𝑡𝐵) = 𝑥(𝑡𝐵) = 𝑣0𝑡𝐵 +
𝛾𝑡𝐵

2

2
= 𝑙

𝑡𝐵 = −
𝑣𝐴
𝛾

−
𝑣𝐴
2

𝛾
+
𝑣𝐴
2

2𝛾
= −

𝑣𝐴
2

2𝛾
= 𝑙

−
𝑣𝐴
2

2𝑙
= 𝛾 =  

−10000

10
= −103 𝑚/𝑠2       

𝑡𝐵 =
−100

−1000
= 0.1 𝑠
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|𝑅⃗ |

𝛾(𝑡) =
𝑅

𝑚
+ 𝑔 cos(𝛼)     

  𝑅 = 𝑚𝛾 −𝑚𝑔 cos(𝛼) = −104 − 10 × 9,81 × 0.707 =  −10069.35 𝑁  

𝐶𝑓

𝐶𝑓

∑𝑀∆,𝐹𝑒𝑥𝑡 = 𝐽∆
𝑑𝜔

𝑑𝑡
=
𝑚𝐷2

8
.
𝑑𝜔

𝑑𝑡
= 𝐶𝑓

𝑑𝜔

𝑑𝑡
=
8𝐶𝑓

𝑚𝐷2

𝐶𝑓

𝑑𝜔

𝑑𝑡
=
8𝐶𝑓

𝑚𝐷2

𝜔(𝑡) = 𝜔0 +
8𝐶𝑓

𝑚𝐷2
 𝑡

𝜔(𝑡𝐴) = 𝜔(0) = 𝜔𝐴 = 200 𝑟𝑎𝑑/𝑠

𝜔(𝑡𝐵) = 0 = 𝜔𝐴 +
8𝐶𝑓

𝑚𝐷2
 𝑡𝑏

𝐶𝑓 :

𝐶𝑓 = −
𝜔𝐴𝑚𝐷

2

4𝑡𝑏
= −

200 × 10 × 0.1 × 0.1

8 × 0.1
= −25 𝑁.𝑚. 𝑟𝑎𝑑

 

𝑅 𝐶𝑓

 

∆𝐸𝑐𝑖𝑛𝑒𝑡𝑖𝑞𝑢𝑒|𝐴
𝐵

𝑚, 𝐽∆, 𝑣𝐴 𝜔𝐴

∆𝐸𝑐𝑖𝑛𝑒𝑡𝑖𝑞𝑢𝑒|𝐴
𝐵
=
1

2
𝑚(𝑣𝐵

2 − 𝑣𝐴
2) + 𝐽∆

(𝜔𝐵
2 −𝜔𝐴

2)

2

∆𝐸𝑐𝑖𝑛𝑒𝑡𝑖𝑞𝑢𝑒|𝐴
𝐵
= −

1

2
𝑚𝑣𝐴

2 − 𝐽∆
𝜔𝐴
2

2



 

Page 30 sur 30 
 

∆𝐸𝑐𝑖𝑛𝑒𝑡𝑖𝑞𝑢𝑒|𝐴
𝐵
= −

1

2
105 −

4 × 103

16
= −5 × 104 − 0.25 × 103 = −50250 𝐽

∑𝑊𝐹𝑒𝑥𝑡|𝐴
𝐵

∑𝑊𝐹𝑒𝑥𝑡|
𝐴

𝐵

= 𝑃 × ℎ = 10 × 9.81 × 3,54 = 347,27 𝐽

∑𝑊𝐹𝑖𝑛𝑡|𝐴
𝐵

∆𝐸𝑐𝑖𝑛𝑒𝑡𝑖𝑞𝑢𝑒|𝐴
𝐵
=∑𝑊𝐹𝑒𝑥𝑡|

𝐴

𝐵

+∑𝑊𝐹𝑖𝑛𝑡|
𝐴

𝐵

= −50250 𝐽 = 347,27 +∑𝑊𝐹𝑖𝑛𝑡|
𝐴

𝐵

∑𝑊𝐹𝑖𝑛𝑡|
𝐴

𝐵

= −50250 − 347.27 = −50597,27 𝐽

 

 

∆𝑄

𝑐𝑝 = 0.48
𝐽

𝑔.𝐾

∆𝑄 = 𝑚𝑐𝑝∆𝑇 = 10 × 480 × 40 = 192 000 𝐽

 

192 000 𝐽 + 50597,27 𝐽 = 242 597,27 𝐽

𝑐 = 334 𝑘𝐽/𝑘𝑔

𝑚𝑛𝑒𝑖𝑔𝑒 =
242 597,27

334000
= 0,726 𝑘𝑔


