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4 (√𝑗. 𝑉𝑎)
3

1
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1

4
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1

4
√𝑗. 𝑉𝑎

𝐻(𝑗. 𝑉𝑎)𝑉𝑎→∞ = 𝐻0. 

1
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3
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∆�̃�. cos(𝜔. 𝑡)

�̃�. cos(𝜔. 𝑡 − 𝜑𝑢)
+
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3. ∆�̃�
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cos(𝜔𝑡)

𝑅𝑒(𝑡)
+ 2. 𝑉𝑎. tan(𝜔𝑡 − 𝜑𝑢 )

∆�̃� = 1 𝑏𝑎𝑟,  

𝐿 = 2 𝑐𝑚, �̅� = 1,64 𝑘𝑔/𝑚3,  �̅� = 2. 10−5 𝑃𝑎. 𝑠  et  𝐷ℎ = 100 µ𝑚 .





𝑃𝑜∗

𝑡 = 𝜑𝑢 𝜔⁄

∆𝑃 (𝑡 =
𝜑𝑢
𝜔 )

𝑢 (𝑡 =
𝜑𝑢
𝜔 )

=
∆�̃�. cos (𝜔

𝜑𝑢
𝜔 )

�̃�. cos (𝜔
𝜑𝑢
𝜔 − 𝜑𝑢)

=
∆�̃�

�̃�
× cos(𝜑𝑢)

𝑑𝑢 (𝑡 =
𝜑𝑢
𝜔 )

𝑑𝑡
= −𝜔. �̃�. sin (𝜔

𝜑𝑢
𝜔
− 𝜑𝑢) = 0

𝑃𝑜∗

𝑃𝑜∗ =
2.𝐷ℎ

2

𝜇. 𝐿
×
∆�̃�

�̃�
× cos(𝜑𝑢)

∆�̃�

�̃� 𝜑𝑢

𝑃𝑜∗ = 2. |

1
4 (√

𝑗. 𝑉𝑎)
3

1
4√𝑗. 𝑉𝑎 − tanh (

1
4√𝑗. 𝑉𝑎)

| . cos(arg 

1
4 (√

𝑗. 𝑉𝑎)
3

1
4√𝑗. 𝑉𝑎 − tanh (

1
4√𝑗. 𝑉𝑎)

)



𝑃𝑜∗𝑉𝑎 → 0 = 2 × 48 × cos(0) = 96

𝑃𝑜∗

𝑷𝒐∗ 𝑽𝒂 → ∞

𝑃𝑜∗𝑉𝑎→∞ = 4√2. √𝑉𝑎

𝑃𝑜∗



𝑃𝑜∗

𝑉𝑎

𝑉𝑎

cos(𝜑𝑢)

cos(𝜑𝑢)



𝑃𝑜∗

𝑃𝑜∗ 𝑐𝑜𝑠(𝜑𝑢) 𝑃𝑜∗

𝑐𝑜𝑠(𝜑𝑢) = 1



𝑃�̃� ∆�̃� �̃�⁄

∆P̃ ũ⁄

 





𝐿𝐿 𝐿𝑇

∆𝑦 = 𝑒

2. 𝛽 = 𝛼 2⁄ ∆𝑥 ∆𝑥 = 𝑒. tan(𝛼 4⁄ ) 𝑏

𝑎

𝛼 𝑏 =  𝑎 tan(𝛼 2⁄ )⁄ 𝑐 =
1

2
√𝑎2 + 𝑏² 𝑎 𝛼

𝑒 𝐿𝐿 𝐿𝑇

𝐿𝐿 = b + 2. ∆x =
𝑎

tan (
𝛼
2)
+ 2. e. tan (

𝛼

4
)

𝐿𝑇 = 𝑎 + 2. ∆𝑦 = 𝑎 + 2. 𝑒

𝐿 𝑊

𝑛𝐿 𝑛𝑇  

𝑛𝑙𝑜𝑠



𝑛𝑙𝑜𝑠 =  2. 𝑛𝐿 . 𝑛𝑇

ℎ

𝑉𝑠

휀 = 1 −
𝑛𝑙𝑜𝑠. 𝑉𝑝

𝐿.𝑊. ℎ
= 1 −

2. 𝑛𝐿 . 𝑛𝑇 . 𝐴𝑝. ℎ

𝐿.𝑊. ℎ
= 1 −

2. 𝑛𝐿 . 𝑛𝑇 . 𝐴𝑝

𝐿.𝑊

𝐴𝑝

𝐿

𝑊

𝐿 ≈ 𝑛𝐿 . 𝐿𝐿

𝑊 = 𝑛𝑇 . 𝐿𝑇

𝐴𝑝 = (𝑎. 𝑏) 2⁄

휀 = 1 −
𝑎. 𝑏

𝐿𝐿 . 𝐿𝑇
= 1 −

1

1 +
2𝑒
𝑎 [1 + tan (

𝛼
2) tan (

𝛼
4)] + (

2𝑒
𝑎 )

2

. tan (
𝛼
2) tan (

𝛼
4)



𝐷ℎ =
4. 𝑉𝑔𝑎𝑧

𝐴𝑐
=

4. 휀. 𝑉𝑡𝑜𝑡
𝐴𝑙𝑎𝑡 + 𝐴𝐿𝑊 + 𝐴𝐿ℎ

𝐴𝑐

𝐴𝑙𝑎𝑡

𝐴𝐿𝑊

𝐴𝐿ℎ

𝐴𝑙𝑎𝑡 = 4. 𝑐. ℎ. 𝑛𝑙𝑜𝑠

𝐴𝐿𝑊 = 2. 휀. 𝐿.𝑊

𝐴𝐿ℎ = 2. (𝐿𝐿 − 𝑏). ℎ. 𝑛𝐿

𝐷ℎ =
4. 휀. 𝐿.𝑊. ℎ

4. 𝑐. ℎ. 𝑛𝑙𝑜𝑠 + 2. 휀. 𝐿.𝑊 + 2. (𝐿𝐿 − 𝑏). ℎ. 𝑛𝐿

𝐷ℎ0 = 2.𝑊. ℎ (𝑊 + ℎ)⁄



- 𝑎

𝑒

- 𝑒

𝛼



ε α

- 

- 

- 









𝑒

𝑎



















𝑟𝑎 = 𝑊 ℎ⁄



𝑎 𝑏 𝐿𝐿 𝐿𝑇

휀 𝑒



𝑎 𝑏

𝐿𝐿 𝐿𝑇

𝜶 𝜺 𝒂 𝒃 𝑳𝑳 𝑳𝑻 𝒆 𝑫𝒉



𝑒

𝑒















𝑞[𝑚𝑔 𝑠⁄ ] = 𝑄[𝑁𝐿 𝑚𝑖𝑛] ×
𝑃𝑎𝑡𝑚[𝑃𝑎] × 𝑀[𝑘𝑔 𝑚𝑜𝑙⁄ ] × 103

60 × 273.15 × 𝑅
⁄ = 𝐾𝐻𝑒 . 𝑄[𝑁𝐿 𝑚𝑖𝑛⁄ ]

𝑄

𝑃𝑎𝑡𝑚

𝑀

𝑅

𝑠(𝑄) = 0,2 %

𝑠(𝑄) = 0,8 %

𝑞

𝑠(𝑞) =  𝐾𝐻𝑒 . 𝑠(𝑄)

















𝑷𝟎 𝑻𝒎
�̃�𝑬

𝑃0

𝑃0



𝜌(𝑃, 𝑇)

�̅�

𝜌(𝑃, 𝑇) =
(𝑃𝑒 + 𝑃𝑒)

𝑟. (𝑇𝑒 + 𝑇𝑠)

�̅� =
2. 𝑃0

𝑟. (𝑇𝑒 + 𝑇𝑠)

𝑃𝑒

𝑃𝑒

𝑃0

𝑟

𝑇𝑒

𝑇𝑠

𝜇(𝑇)

𝜇(𝑇)[𝑃𝑎. 𝑠] = 10−7. (71,094 + 4,43. 10−1. 𝑇 − 5,18. 10−5. 𝑇²)



∆𝑃

Pe 𝑃𝑠

𝑃𝑒 𝑃𝑠

𝑠(∆𝑃) =

√2. 𝑠(𝑃) = 28 𝑚𝑏𝑎𝑟

𝑠(𝑓) = 10−3 𝐻𝑧

∆�̃�



𝑞

𝑢 =
𝑞

휀. �̅�(𝑃, 𝑇). ℎ.𝑊

𝑚(𝑡) =
𝑉𝑠
𝑟
×
𝑃𝑠(𝑡)

𝑇𝑠(𝑡)

𝑉𝑠

𝑟

𝑃𝑠(𝑡)

𝑇𝑠(𝑡)



𝑞(𝑡) =
𝑑𝑚(𝑡)

𝑑𝑡
=

𝑉𝑆
𝑟. 𝑇𝑆

×
𝑑𝑃𝑆(𝑡)

𝑑𝑡

𝑃𝑠(𝑡) = �̃�𝑠. sin(𝜔𝑡 − 𝜑𝑃𝑠)

𝑢(𝑡) =
𝑞(𝑡)

�̅�. 휀. ℎ.𝑊
=

𝜔. 𝑉𝑠. �̃�𝑠.

𝑃0. 𝑇𝑠. 휀. ℎ.𝑊
× cos(𝜔. 𝑡 − 𝜑𝑃𝑠)

𝑞(𝑡)

𝜔

�̃�𝑠

𝜑𝑃𝑠

𝑢(𝑡)

�̃� =
𝜔. 𝑉𝑠
휀. ℎ.𝑊

×
�̃�𝑠
𝑃0
×
𝑇𝑒 + 𝑇𝑠
2. 𝑇𝑠

𝑉𝑆

𝑉𝑆



∆𝑝(𝑡) = ∆�̃�. 𝑒𝑗𝜔𝑡

𝜑𝑢

𝜑𝑃𝑠

𝜑𝑢[°] = 𝜑𝑃𝑠 − 90

𝜑𝑃𝑠

∆𝑝(𝑡) 𝑃𝑆(𝑡)

𝐹(𝑡) ω

(𝑡)

�̅� cos(2. 𝜔𝑡 − 𝜑𝑃𝑠)

�̅� =
∆�̃�. �̃�𝑠
2

cos(𝜑𝑃𝑠)

𝜑𝑃𝑠

𝜑𝑃𝑠[°] =
180

𝜋
arccos (

2. �̅�

∆�̃�. �̃�𝑠
)

𝐹(𝑡) = ∆𝑃(𝑡). 𝑃𝑠(𝑡) 

= ∆�̃�. �̃�𝑠. sin(𝜔𝑡) . sin(𝜔𝑡 − 𝜑𝑃𝑠) 

=
∆�̃�. �̃�𝑠
2

[cos(𝜑𝑃𝑠) − cos(2. 𝜔𝑡 − 𝜑𝑃𝑠)] 



𝜑𝑢,1 𝜑𝑢,2

𝑅𝑒
𝑅𝑒 =

𝜌(𝑃, 𝑇). 𝑢. 𝐷ℎ
𝜇(𝑇)

𝑓
𝑓 =

𝐷ℎ
𝐿
×

∆𝑃

1
2
𝜌(𝑃, 𝑇). 𝑢2

𝑃𝑜
𝑃𝑜 = 𝑓. 𝑅𝑒

𝑉𝑎
𝑉𝑎 =

�̅�. 𝜔. 𝐷ℎ
2

𝜇(𝑇)

𝑅�̃�
𝑅�̃� =

�̅�. �̃�. 𝐷ℎ
𝜇(𝑇)

𝑃𝑜∗
𝑃𝑜∗ =

2. 𝐷ℎ
2

𝜇(𝑇). 𝐿
×
∆�̃�

�̃�
× cos(𝜑𝑢)









ε 𝑷𝒐̅̅ ̅̅





𝑒





 





𝜑𝑢
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𝑷𝒐∗

𝜑
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𝑃𝑜̅̅̅̅

𝑷𝒐̅̅ ̅̅

𝑃𝑜̅̅̅̅



𝑃𝑜∗ > 𝑃𝑜̅̅̅̅





𝜌

0

0,04

0,08

0,12

0,16

0,2

0 50 100 150 200

f (Hz)

A20-5020

A20-4033

A20-4060

A20-5090

E20-4033

E20-4090

𝑃 𝑠
𝑃 𝑒
⁄

 



𝑃𝑒(𝑡) − 𝑃𝑠(𝑡) =
𝑃𝑜

𝑅𝑒
×
𝐿

𝐷ℎ
×
1

2
𝜌. 𝑢2(𝑡) =

𝑃𝑜

2
×
𝜇. 𝐿

𝐷ℎ
2 × 𝑢(𝑡)

𝑃𝑠(𝑡) =
𝑚(𝑡)

𝑀
×
𝑅. 𝑇

𝑉𝑠

𝑑𝑚(𝑡)

𝑑𝑡
= 𝜌.𝑊. ℎ. 𝑢(𝑡)

𝑢(𝑡) =
𝑀. 𝑉𝑠

𝜌.𝑊. ℎ. 𝑅. 𝑇
×
𝑑𝑃𝑠(𝑡)

𝑑𝑡

𝑃𝑒(𝑡) − 𝑃𝑠(𝑡) =
𝑃𝑜

2
×
𝜇. 𝐿

𝐷ℎ
2 ×

𝑀.𝑉𝑠
𝜌.𝑊. ℎ. 𝑅. 𝑇

×
𝑑𝑃𝑠(𝑡)

𝑑𝑡



𝜌 = (𝑀. 𝑃𝑒) (𝑅. 𝑇)⁄

𝜏
𝑑𝑃𝑠(𝑡)

𝑑𝑡
+ 𝑃𝑠(𝑡) = 𝑃𝑒

𝜏 =
𝑃𝑜

2
×
𝜇. 𝐿

𝐷ℎ
2 ×

𝑉𝑠
𝑊. ℎ. 𝑃𝑒

τ

𝜏 =
12. 𝜇. 𝐿. 𝑉𝑠
𝑃𝑒 .𝑊. ℎ3

𝑃𝑠(𝑡) = 𝑃𝑒 − (𝑃𝑒 − 𝑃0). 𝑒
−
𝑡
𝜏

𝜏𝑟𝑒𝑔𝑒 =
𝑃𝑜

16
×

𝜇. 𝐿′. 𝑉

𝑛𝑇 . 𝑃𝑒 . ℎ. 𝑒3



𝑓𝑐 =
1

2𝜋. 𝜏𝑟𝑒𝑔𝑒
=
8. 𝑃𝑜

𝜋
×
𝑛𝑇 . 𝑃𝑒 . ℎ. 𝑒

3

𝜇. 𝐿′. 𝑉

≈



𝑔(𝑡) = ln (
𝑃𝑒 − 𝑃0
𝑃𝑒 − 𝑃𝑠(𝑡)

) =
𝑡

𝜏



𝜏

τ

𝑷𝒐̅̅ ̅̅ τ
τ

±

±

±

±

±

±

1/𝜏𝑒𝑥𝑝 



τ
τ



τ

𝜏

 



 



 



 







 



 

𝜕𝜌

𝜕𝑡
+ ∇⃗⃗ . (𝜌. �⃗� ) = 0 

𝜕�⃗� 

𝜕𝑡
+ (�⃗� . ∇⃗⃗ )�⃗� = −

1

𝜌
∇⃗⃗ 𝑝 + 𝑓 𝑣 + 𝜈. Δ⃗⃗ . �⃗�  

𝜕𝜌

𝜕𝑡
+ 𝜌 (

𝜕𝑢𝑥
𝜕𝑥

+
𝜕𝑢𝑦

𝜕𝑦
+
𝜕𝑢𝑧
𝜕𝑧
) = 0  

𝜕𝑢𝑥
𝜕𝑡

+ 𝑢𝑥
𝜕𝑢𝑥
𝜕𝑥

+ 𝑢𝑦
𝜕𝑢𝑥
𝜕𝑦

+ 𝑢𝑧
𝜕𝑢𝑥
𝜕𝑧

= −
1

�̅�

𝜕𝑝

𝜕𝑥
+ 𝑓𝑣𝑥 +

𝜇

�̅�
(
𝜕2𝑢𝑥

𝜕𝑥²
+
𝜕2𝑢𝑥

𝜕𝑦²
+
𝜕2𝑢𝑥

𝜕𝑧²
) 

𝜕𝑢𝑦

𝜕𝑡
+ 𝑢𝑥

𝜕𝑢𝑦

𝜕𝑥
+ 𝑢𝑦

𝜕𝑢𝑦

𝜕𝑦
+ 𝑢𝑧

𝜕𝑢𝑦

𝜕𝑧
= −

1

�̅�

𝜕𝑝

𝜕𝑦
+ 𝑓𝑣𝑦 +

𝜇

�̅�
(
𝜕2𝑢𝑦

𝜕𝑥²
+
𝜕2𝑢𝑦

𝜕𝑦²
+
𝜕2𝑢𝑦

𝜕𝑧²
)

𝜕𝑢𝑧
𝜕𝑡

+ 𝑢𝑥
𝜕𝑢𝑧
𝜕𝑥

+ 𝑢𝑦
𝜕𝑢𝑧
𝜕𝑦

+ 𝑢𝑧
𝜕𝑢𝑧
𝜕𝑧

= −
1

�̅�

𝜕𝑝

𝜕𝑧
+ 𝑓𝑣𝑧 +

𝜇

�̅�
(
𝜕2𝑢𝑧

𝜕𝑥²
+
𝜕2𝑢𝑧

𝜕𝑦²
+
𝜕2𝑢𝑧

𝜕𝑧²
) 

 



 𝑷𝒐∗ 𝑽𝒂 → ∞

lim
𝑉𝑎→∞

tanh (
1

4
√𝑗. 𝑉𝑎) = 1

𝑃𝑜∗𝑉𝑎→∞ = 2. |

1
4 (√𝑗. 𝑉𝑎)

3

1
4√𝑗. 𝑉𝑎 − 1

| . cos (arg 

1
4 (√𝑗. 𝑉𝑎)

3

1
4√𝑗. 𝑉𝑎 − 1

)

= 2. |
(√𝑗. 𝑉𝑎)

3

√𝑗. 𝑉𝑎 − 4
| . cos (arg [

(√𝑗. 𝑉𝑎)
3

√𝑗. 𝑉𝑎 − 4
])

|(√𝑗. 𝑉𝑎)
3
| = |𝑗. 𝑉𝑎.√𝑗. 𝑉𝑎| = |

𝑉𝑎. √2. 𝑉𝑎

2
(𝑗 − 1)| = 𝑉𝑎. √𝑉𝑎

|√𝑗. 𝑉𝑎 − 4| = |
√2. 𝑉𝑎

2
(1 + 𝑗) − 4| = |(

√2. 𝑉𝑎

2
− 4) + 𝑗

√2. 𝑉𝑎

2
|

= √𝑉𝑎 − 4. √2. 𝑉𝑎 + 16

|
(√𝑗. 𝑉𝑎)

3

√𝑗. 𝑉𝑎 − 4
| =

𝑉𝑎. √𝑉𝑎

√𝑉𝑎 − 4. √2. 𝑉𝑎 + 16



arg [
(√𝑗. 𝑉𝑎)

3

√𝑗. 𝑉𝑎 − 4
] = arg [

𝑉𝑎. √2. 𝑉𝑎. (𝑗 − 1)

(√2. 𝑉𝑎 − 8) + 𝑗√2. 𝑉𝑎
]

= arg [
(−𝑉𝑎. √2. 𝑉𝑎 + 𝑗. 𝑉𝑎. √2. 𝑉𝑎)(√2. 𝑉𝑎 − 8 − 𝑗√2. 𝑉𝑎)

(√2. 𝑉𝑎 − 8)
2
+ (√2. 𝑉𝑎)

2 ]

= arg [
−2. 𝑉𝑎2 − 8. 𝑉𝑎. √𝑉𝑎 + 𝑗. 2. 𝑉𝑎2 + 𝑗. 2. 𝑉𝑎2 − 𝑗. 8. 𝑉𝑎√2. 𝑉𝑎 + 2. 𝑉𝑎²

2. 𝑉𝑎 − 16. √2. 𝑉𝑎 + 64 + 2. 𝑉𝑎
]

arg [
(√𝑗. 𝑉𝑎)

3

√𝑗. 𝑉𝑎 − 4
] = arg [

−2. 𝑉𝑎. √2. 𝑉𝑎 + 𝑗. (𝑉𝑎2 − 2. 𝑉𝑎. √2. 𝑉𝑎)

𝑉𝑎 − 4. √2. 𝑉𝑎 + 16
]

arg [
(√𝑗. 𝑉𝑎)

3

√𝑗. 𝑉𝑎 − 4
] = arctan [−

𝑉𝑎2 − 2. 𝑉𝑎. √2. 𝑉𝑎

2. 𝑉𝑎. √2. 𝑉𝑎
] = arctan [1 −

𝑉𝑎

2. √2. 𝑉𝑎
]

cos(arctan[𝑋]) =
1

√1 + 𝑋²

cos (arctan [1 −
𝑉𝑎

2. √2. 𝑉𝑎
]) =

1

√1 + (1 −
𝑉𝑎

2. √2. 𝑉𝑎
)
2

=
1

√1 + 1 −
𝑉𝑎

√2. 𝑉𝑎
+ (

𝑉𝑎

2. √2. 𝑉𝑎
)
2



=
1

√𝑉𝑎
8 −

√𝑉𝑎

√2
+ 2

cos (arctan [1 −
𝑉𝑎

2. √2. 𝑉𝑎
]) =

2. √2

√𝑉𝑎 − 4. √2. 𝑉𝑎 + 16

𝑃𝑜∗𝑉𝑎→∞ = 2
𝑉𝑎. √𝑉𝑎

√𝑉𝑎 − 4. √2. 𝑉𝑎 + 16
×

2. √2

√𝑉𝑎 − 4. √2. 𝑉𝑎 + 16

=
4. 𝑉𝑎. √2. 𝑉𝑎

𝑉𝑎 − 4. √2. 𝑉𝑎 + 16

𝑉𝑎 −4. √2. 𝑉𝑎 +

16

𝑃𝑜∗𝑉𝑎→∞ = 4. √2. 𝑉𝑎

 



 








