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𝛼

𝛽

𝛽𝑟𝑒𝑓

𝛽′

𝛿

휀𝑔

휀𝑝

휀𝑐

𝜂𝑟𝑒𝑓

𝜇𝑓

𝜈

𝜎

𝜌

𝜏𝑤

𝑣�̃�

𝑣𝑟

𝑣𝜃

Ω

𝐴𝑐

𝐴𝑤

𝑏



𝐶𝑝

𝐷

𝐷ℎ

𝐷𝑖

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝑓

𝑓𝑟

𝑓𝜃

𝑔

𝐺𝑧𝐷

𝐡

ℎ

ℎ𝑓𝑖

ℎ𝑤

ℎ𝑐,𝑐−𝑎

ℎ𝑐,𝑝−𝑐

ℎ𝑟,𝑐−𝑎

ℎ𝑟,𝑝−𝑐

𝐼

𝑘

𝐿

𝐿𝑔



𝑙𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒−ℎ𝑦𝑑𝑟𝑜𝑙𝑖𝑐

𝑙𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒−𝑡ℎ𝑒𝑟𝑚𝑎𝑙

�̇�

�̇�𝑡𝑢𝑏𝑒

𝑁

𝑁𝑢

𝑃

𝑃𝑎𝑡𝑚

𝑃𝑐

𝑃𝑟

𝑞𝑒

𝑞′′

𝑞𝑢

𝑞𝑒𝑑𝑔𝑒

𝑄

𝑄𝑐 

𝑄ℎ

𝑄𝑢

𝑟

𝑅𝑒𝐷

𝑆

𝑇

𝐓

𝑇𝑎



𝑇𝑏

𝑇𝑐

𝑇𝑝

𝑇𝑝𝑚

𝑇𝑏𝑜

𝑇𝑟𝑒𝑓

𝑇𝑓𝑖

𝑇𝑓𝑜

𝑇𝑓

𝐔

𝑈𝑙

𝑈𝑡

Vf

𝑉𝑂𝐶

�̇�

𝑊







 

3.8 × 1023 1.8 × 1014



 

 



 

• 

. 

 

 



• 

 



𝑉𝑜𝑐 =
𝑘𝑇

𝑞
(ln 𝐼𝑆𝐶 − ln𝐵′ −  𝛾𝑙𝑛𝑇 +

𝑞𝑒𝑉𝐺0

𝑘𝑇
)

𝐵′ 𝛾 𝑘

𝑞 𝑉𝐺0 𝐸𝐺0/𝑞𝑒 𝐸𝐺0

𝑇 𝐼𝑆𝐶

𝐼𝑆𝐶

𝑑𝑉𝑜𝑐

𝑑𝑇
=

𝑉𝑜𝑐 − 𝑉𝐺0

𝑇
−

𝛾𝑘

𝑞𝑒
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84 
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𝑄ℎ = �̇�(𝐡3 − 𝐡2)

�̇� 𝐡3 𝐡2

𝑄𝑐 = �̇�(𝐡4 − 𝐡1)

𝐡4

𝜂𝑠 =
𝐡4𝑎 − 𝐡3

𝐡4 − 𝐡3

𝐡4𝑎 𝐡4

𝜂𝑚

𝑊 = �̇�(𝐡3 − 𝐡4)𝜂𝑚

 



 

℃

 

 



 



 

𝑇𝑐  [𝐾] 𝑃𝑐  [𝑀𝑃𝑎] 𝐶𝑝  [
𝐽

𝐾𝑔 𝐾
]



 

 

 

 

 

 

 

 

𝑞′′ = 𝑆 − 𝑞𝑒𝑑𝑔𝑒 − 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 

𝑆 𝑞𝑒𝑑𝑔𝑒

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙







 

𝜂𝐼−𝑚𝑎𝑥 = 1 − (
𝑇𝐶

𝑇𝐻
)  

𝑇𝑐 𝑇𝐻

𝜂𝐼𝐼 = 1 −
𝑥𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑

𝑥𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑑
  

𝑥𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑑 

𝑥𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑑 = (1 −
𝑇𝑎𝑚𝑏

𝑇𝐻
) 𝑞𝑖𝑛  

𝑇𝑎𝑚𝑏 𝑞𝑖𝑛

𝑥𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 = 𝑇𝑎𝑚𝑏(Δs −
𝑞

𝑇𝑠𝑜𝑢𝑟𝑐𝑒
)  

Δ𝑠 𝑇𝑠𝑜𝑢𝑟𝑐𝑒



Δ𝑠 [
𝑘𝐽

𝑘𝑔 𝐾
] 𝑇𝑠𝑜𝑢𝑟𝑐𝑒[℃] 𝑞 [

𝑘𝑗

𝑘𝑔
] 𝑥𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 [

𝑘𝑗

𝑘𝑔
]



 

 

 

 

𝑈𝐿

𝑇𝑝𝑚

𝑇𝑎



𝐴𝑐

𝑄𝑢 = 𝐴𝑐[𝑆 − 𝑈𝑙(𝑇𝑝𝑚 − 𝑇𝑎)] 

 

 

 

 

 

 



𝑇𝑎, 𝑇𝑐 𝑇𝑝 𝑇𝑏

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 
(𝑅𝑐,𝑐−𝑎) 

𝑅𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 
(𝑅𝑐,𝑐−𝑎) 

𝑅𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 
(𝑅𝑐,𝑝−𝑐) 

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 
(𝑅𝑐,𝑝−𝑐) 

𝑆𝑜𝑙𝑎𝑟  
𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 



𝑞𝑟,𝑝−𝑐 =
𝜎(𝑇𝑝

4 − 𝑇𝑐
4)

1
휀𝑝

+
1
휀𝑐

− 1
 

𝑞𝑟,𝑝−𝑐 =
𝜎(𝑇𝑝 + 𝑇𝑐)(𝑇𝑝

2 + 𝑇𝑐
2)

1
휀𝑝

+
1
휀𝑐

− 1
× (𝑇𝑝 − 𝑇𝑐) = ℎ𝑟,𝑝−𝑐(𝑇𝑝 − 𝑇𝑐) 

𝑁𝑢 =
ℎ𝐿𝑔

𝑘
 

𝑅𝑎 =
𝑔𝛽′𝛥𝑇 𝐿𝑔

3

𝜈𝛼
 

𝑃𝑟 =  
𝜈

𝛼
 

ℎ 𝐿𝑔

𝑘 𝑔 𝛼

𝜈 𝛽′



1/𝑇 𝑇

𝛽

𝑁𝑢 = 1 + 1.44 [1 −
1708(𝑠𝑖𝑛(1.8𝛽)) 1.6 

𝑅𝑎 𝑐𝑜𝑠 (𝛽)
] [1 −

1708

𝑅𝑎 𝑐𝑜𝑠(𝛽)
]
+

+ [(
𝑅𝑎 𝑐𝑜𝑠 𝛽

5830
)

1
3
− 1]

+

 

ℎ𝑐,𝑝−𝑐 =
𝑘

𝐿𝑔

. (1 + 1.44 [1 −
1708(𝑠𝑖𝑛(1.8𝛽)) 1.6 

𝑅𝑎 𝑐𝑜𝑠(𝛽)
] [1 −

1708

𝑅𝑎 𝑐𝑜𝑠(𝛽)
]
+

+ [(
𝑅𝑎 𝑐𝑜𝑠 𝛽

5830
)

1
3

− 1]

+

)

𝑅𝑝−𝑐
𝑡𝑜𝑡 = (

1

𝑅𝑟,𝑝−𝑐
+

1

𝑅𝑐,𝑝−𝑐
)

−1

= (ℎ𝑟,𝑝−𝑐 + ℎ𝑐,𝑝−𝑐)
−1

𝑅𝑟,𝑝−𝑐 𝑅𝑐,𝑝−𝑐



𝑞𝑟,𝑐−𝑎 = 𝜎휀(𝑇𝑎 + 𝑇𝑐)(𝑇𝑎
2 + 𝑇𝑐

2)(𝑇𝑐 − 𝑇𝑎)

𝑅𝑐−𝑎
𝑡𝑜𝑡 = (

1

𝑅𝑟,𝑐−𝑎
+

1

𝑅𝑐,𝑐−𝑎
)

−1

= (ℎ𝑟,𝑐−𝑎 + ℎ𝑐,𝑐−𝑎)
−1

𝑈𝑡 =
1

𝑅𝑐−𝑎
𝑡𝑜𝑡 + 𝑅𝑝−𝑐

𝑡𝑜𝑡  



𝐸𝑛𝑒𝑡 = 𝑆𝐴𝑐 − 𝑈𝑙𝐴(𝑇𝑝𝑚 − 𝑇𝑎)



Layer Thickness [mm] Thermal Conductivity [W/(m. K)] 



𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 + 𝐸𝑠𝑜𝑙𝑎𝑟 − 𝐸ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠 = 0

Δ𝑥

(−𝑘𝛿
𝑑𝑇

𝑑𝑥
)
|𝑥

− (−𝑘𝛿
𝑑𝑇

𝑑𝑥
)
|𝑥+𝛥𝑥

+ 𝑆𝛥𝑥 − 𝑈𝑙𝛥𝑥(𝑇𝑥 − 𝑇𝑎) = 0

𝛿 𝑘 𝑆

Δ𝑥 Δ𝑥

𝑑2𝑇

𝑑𝑥2
−

𝑈𝑙

𝑘𝛿
(𝑇 − 𝑇𝑎 −

𝑆

𝑈𝑙
) = 0

𝑥 = 0

𝑑𝑇

𝑑𝑥|@𝑥=0
= 0 (𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑤𝑎𝑙𝑙)

𝑇
|@𝑥=

𝑊−𝐷
2

= 𝑇𝑏𝑜 (𝑘𝑛𝑜𝑤𝑛 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 



𝑇 − 𝑇𝑎 −
𝑆
𝑈𝑙

𝑇𝑏𝑜 − 𝑇𝑎 −
𝑆
𝑈𝑙

=

𝑐𝑜𝑠ℎ  (√𝑈𝑙

𝑘𝛿
𝑥)

𝑐𝑜𝑠ℎ (√𝑈𝑙

𝑘𝛿
) (𝑊 − 𝐷)/2 

𝑞𝑓𝑖𝑛
′ = −𝑘𝛿

𝑑𝑇

𝑑𝑥|@𝑥=
𝑊−𝐷

2

= (𝑊 − 𝐷)𝐹[𝑆 − 𝑈𝑙(𝑇𝑏𝑜 − 𝑇𝑎)]

𝐹 = 𝑡𝑎𝑛ℎ[(√𝑈𝑙/𝑘𝛿)(𝑊 − 𝐷)/2] /
(√𝑈𝑙/𝑘𝛿)(𝑊 − 𝐷)

2

𝑞𝑡𝑢𝑏𝑒−𝑟𝑎𝑑 = 𝐷[𝑆 − 𝑈𝑙(𝑇𝑏𝑜 − 𝑇𝑎)]



𝑞𝑡𝑜𝑡 = ((𝑊 − 𝐷)𝐹 + 𝐷)[𝑆 − 𝑈𝑙(𝑇𝑏𝑜 − 𝑇𝑎)]

𝑞𝑡𝑜𝑡 = (𝑇𝑏𝑜 − 𝑇𝑓)/
1

ℎ𝑓𝑖𝜋𝐷𝑖

ℎ𝑓𝑖

𝐷𝑖 𝑇𝑓

𝑇𝑏𝑜

𝑞𝑡𝑜𝑡 = 𝑊𝐹′[𝑆 − 𝑈𝑙(𝑇𝑓 − 𝑇𝑎)]

𝐹′

𝐹′ = 
1/𝑈𝑙

𝑊[
1

𝑈𝑙[𝐷 + (𝑊 − 𝐷)𝐹]
+

1
𝜋𝐷𝑖ℎ𝑓𝑖

]
 

𝐹′

ℎ𝑓𝑖

 

 



 

 

𝑙𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒−ℎ𝑦𝑑𝑟𝑜𝑙𝑖𝑐 = 0.05 × 𝐷𝑖 × 𝑅𝑒𝐷 

𝑙𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒−𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 0.05 × 𝐷𝑖 × 𝑅𝑒𝐷 × 𝑃𝑟

𝐷𝑖 𝑃𝑟

𝑅𝑒𝐷



𝑅𝑒𝐷 =
4�̇�𝑡𝑢𝑏𝑒

𝜋𝐷𝑖𝜇𝑓

�̇�𝑡𝑢𝑏𝑒 𝜇𝑓

𝑁𝑢̅̅ ̅̅
𝐷 = 3.66 +

0.0668 𝐺𝑧𝐷

1 + 0.04 𝐺𝑧𝐷
2/3

𝐺𝑧𝐷

𝐺𝑧𝐷 =
𝐷

𝑥
 𝑅𝑒𝐷𝑃𝑟

𝑥 𝐷, 𝑅𝑒𝐷 , 𝑃𝑟

𝑁𝑢̅̅ ̅̅
𝐷 =

3.66

𝑡𝑎𝑛ℎ [2.264 𝐺𝑧𝐷

−
1
3 + 1.7 𝐺𝑧𝐷

−
2
3]

+ 0.0499 𝐺𝑧𝐷 𝑡𝑎𝑛ℎ(𝐺𝑧𝐷
−1)

𝑡𝑎𝑛ℎ [2.432𝑃𝑟
1
6 𝐺𝑧𝐷

−
1
6]





ℎ̅𝑡𝑢𝑏𝑒 =
[(𝑙𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 × ℎ̅𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒) + (𝑙𝑡𝑢𝑏𝑒 − 𝑙𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒) × ℎ𝑓𝑢𝑙𝑙𝑦𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑]

𝑙𝑡𝑢𝑏𝑒



�̇�𝑡𝑢𝑏𝑒

�̇�𝑡𝑢𝑏𝑒 = �̇�𝑡𝑜𝑡/𝑁

�̇�𝑡𝑜𝑡

�̇�𝑡𝑜𝑡

𝑁
𝐶𝑝

𝑑𝑇𝑓

𝑑𝑦
− 𝑊𝐹′[𝑆 − 𝑈𝑙(𝑇𝑓 − 𝑇𝑎)] = 0

𝑈𝑙 𝐹′ 𝑦

(𝑇𝑓 − 𝑇𝑎 −
𝑆

𝑈𝑙
)/(𝑇𝑓𝑖

− 𝑇𝑎 −
𝑆

𝑈𝑙
) = 𝑒

(−
𝑈𝑙𝑁𝑊𝐹′𝑦

�̇�𝑡𝑜𝑡
)

𝑇𝑓𝑖

�̇�𝑡𝑢𝑏𝑒𝐶𝑝𝑇𝑓|𝑦 + Δ𝑦�̇�𝑡𝑢𝑏𝑒𝐶𝑝𝑇𝑓|𝑦

𝑞𝑡𝑜𝑡 Δ𝑦

 Δ𝑦 





𝑊/𝑚2𝐾

�̇�𝑡𝑜𝑡

𝑁
𝛥ℎ𝑓𝑙𝑢𝑖𝑑𝑙 − 𝑊𝐹′[𝑆 − 𝑈𝑙(𝑇𝑓 − 𝑇𝑎)] = 0

𝐹𝑅 =
�̇�𝐶𝑝(𝑇𝑓𝑜 − 𝑇𝑓𝑖)

𝐴𝑐[𝑆 − 𝑈𝐿(𝑇𝑓𝑖 − 𝑇𝑎)]



𝐹𝑅 =
�̇�𝐶𝑝

𝐴𝑐𝑈𝐿
[1 −

𝑆
𝑈𝑙

− (𝑇𝑓𝑜 − 𝑇𝑎)

𝑆
𝑈𝑙

− (𝑇𝑓𝑖 − 𝑇𝑎)
]

𝐹𝑅 =
�̇�𝐶𝑝

𝐴𝑐𝑈𝑙
[1 − exp (−

𝐴𝑐𝑈𝑙𝐹′

�̇�𝐶𝑃
)]

𝑞𝑢 =
𝑄𝑢

𝐴𝑐
= 𝐹𝑅[𝑆 − 𝑈𝑙(𝑇𝑖 − 𝑇𝑎)] 

𝑞𝑢 = [𝑆 − 𝑈𝑙(𝑇𝑃𝑚 − 𝑇𝑎)] 

𝑇𝑃𝑚

𝑞𝑢

𝑇𝑃𝑚 = 𝑇𝑓𝑖 +
𝑞𝑢

𝐹𝑅𝑈𝑙

[1 − 𝐹𝑅] 

𝑈𝑙

𝑇𝑝𝑚 𝑇𝑐 𝑇𝑃𝑚







 





 

 

𝑳𝒈 

휀𝑔 

휀𝑝 

ℎ𝑤



𝑃𝑎𝑡𝑚

𝑇𝑝

𝛽

𝑔

𝜎 5.67 × 10−8

𝑘

𝜇 3.342 × 10−4



𝑊 − 𝐷 > 0



�̇� =

 







�̇� =



�̇�

 







𝐻𝑜𝑢𝑟 𝑇𝑎[℃] 𝑆[
𝑊

𝑚2
] 𝑇𝑃[℃] 𝑈𝐿[

𝑊

𝑚2𝐾
]  𝑇𝑃[℃] 𝑈𝐿[

𝑊

𝑚2𝐾
]  𝑇𝑃[℃] 𝑈𝐿[

𝑊

𝑚2𝐾
]  𝑇𝑃[℃] 𝑈𝐿[

𝑊

𝑚2𝐾
]

𝜂𝑐 = 𝜂𝑟𝑒𝑓[1 − 𝛽𝑟𝑒𝑓(𝑇𝑃 − 𝑇𝑟𝑒𝑓)]

𝜂𝑟𝑒𝑓 𝛽𝑟𝑒𝑓

℃. 



𝑃𝑠𝑎𝑣𝑒𝑑 = ∑∑(𝜂𝑡𝑢𝑏𝑒,𝑖𝑗 − 𝜂𝑤/𝑜 𝑡𝑢𝑏𝑒,𝑖𝑗

200

𝑗=1

) × 𝑆𝑖

16

𝑖=8 

× 0.01 × 1



𝜂𝑡𝑢𝑏𝑒 𝜂𝑤/𝑜 𝑡𝑢𝑏𝑒 

𝑆𝑖 𝐴

𝑚2 2 × 1 𝑚)



𝐻𝑜𝑢𝑟 𝑇𝑎[℃] 𝑆[
𝑊

𝑚2
] 𝑇𝑃[℃] 𝑈𝐿[

𝑊

𝑚2𝐾
] 𝐿1𝑚𝑖𝑛  [𝑐𝑚] 𝐿2𝑚𝑖𝑛  [𝑐𝑚] 𝐿𝑡𝑜𝑡−𝑚𝑖𝑛 [𝑐𝑚]



𝐾



 





 

 

 

𝑟𝑖

𝑟𝑜

𝑏

θ



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 







(
𝑣�̃�𝑏

2

𝜈 𝑟
), 𝑣�̃�

𝜈



 

 



 

 

 

𝜃

 

𝑣𝑟

𝑣𝜃

 

𝑟𝑖

𝑟𝑜

𝑏

𝑟𝑖

𝑟𝑜

θ

𝑟



 

1

𝑟

𝜕(𝑟𝑣𝑟)

𝜕𝑟
= 0

𝑣𝑟

𝜕𝑣𝑟

𝜕𝑟
−

𝑣𝜃
2

𝑟
= −

1

𝜌
(
𝜕𝑃

𝜕𝑟
) + 𝑓𝑟

𝑣𝑟  (
𝜕𝑣𝜃

𝜕𝑟
) +

𝑣𝑟𝑣𝜃

𝑟
= 𝑓𝜃

𝑣𝑟

2𝜋𝑟𝑣𝑟𝑏𝜌 = �̇� ⟹ |𝑣𝑟| =
�̇�

2𝜋𝑟𝑏𝜌

𝜌

𝑣𝑟⃗⃗  ⃗ = −
�̇�

2𝜋𝑟𝑏𝜌
 �̂�

𝜃

𝐹𝜃 = 𝜏𝑤𝐴𝑤



𝐹𝜃

𝑓𝜃 =
𝐹𝜃

𝜌V𝑓
=

𝜏𝑤𝐴𝑤

𝜌V𝑓
= 4

𝜏𝑤

𝜌𝐷ℎ

V𝑓 𝐴𝑤

𝐷ℎ

𝐷ℎ =
4V𝑓

𝐴𝑤
=

4 × 𝜋 × (𝑟𝑜
2 − 𝑟𝑖

2) × 𝑏

2 × 𝜋 × (𝑟𝑜2 − 𝑟𝑖
2)

= 2𝑏

𝜏𝑤 =
1

2
𝜌𝑓𝑣�̃�

2

𝑓 𝑣�̃�

𝜃 (𝑣�̃� = 𝑣𝜃 − 𝑟Ω , 𝑟Ω = 𝑈)

𝜃

𝑓 =
8𝜏𝑤

𝜌𝑉2
=

24

𝑅𝑒



𝑅𝑒 =
𝜌𝑣�̃�𝐷ℎ

𝜇

𝑓𝜃 =
4𝜏𝑤

𝜌𝐷ℎ
=

4(
1
2𝜌𝑓𝑣�̃�

2)

𝜌𝐷ℎ
=

48
𝑅𝑒 𝑣�̃�

2

𝐷ℎ
=

48𝜇 𝑣�̃�

𝜌𝐷ℎ
2

𝜃 𝑧

𝑣𝑟  (
𝑑𝑣𝜃

𝑑𝑟
) +

𝑣𝑟𝑣𝜃

𝑟
= −

48𝜇 𝑣�̃�

𝜌𝐷ℎ
2

𝑣𝑟

𝑑𝑣𝜃

𝑑𝑟
− (

24𝜋𝜇𝑟

𝑏�̇�
−

1

𝑟
) +

24𝜋𝜇𝑟2𝜇Ω

𝑏�̇�
= 0

𝑎𝑡 𝑟 = 𝑟𝑜 , 𝑣𝜃 = 𝑉𝑜

𝑉𝑜 𝑟 = 𝑟𝑜

𝑓𝜃



𝐹𝜃 =
48𝜇𝑣�̃�

𝜌𝐷ℎ
2 𝜌𝑏𝑟𝑑𝑟𝑑𝜃 ⟹ 𝐹𝜃 =

12𝜇𝑣�̃�

𝑏
𝑟𝑑𝑟𝑑𝜃

𝐓 = ∫ ∫
12𝜇(𝑣𝜃 − 𝑟 × Ω)

𝑏
𝑟2𝑑𝑟𝑑𝜃

2𝜋

0

𝑟𝑜

𝑟𝑖

 

𝜏 =
𝑓𝜌

8
[(𝑣𝜃 − 𝑟Ω)2 + 𝑣𝑟

2]

𝑓 =
2𝑓𝜌

8
[(𝑣𝜃 − 𝑟Ω)2 + 𝑣𝑟

2]𝑟𝑑𝜃𝑑𝑟

𝜃 𝜃



𝑓 =
𝑓𝜌(𝑣𝜃 − 𝑟Ω)

4
√[(𝑣𝜃 − 𝑟Ω)2 + 𝑣𝑟

2]
 
𝑟𝑑𝜃𝑑𝑟

𝑑𝑣𝜃

𝑑𝑟
+

𝑣𝜃

𝑟
=

𝑓𝜋𝑟𝜌(𝑣𝜃 − 𝑟Ω)

2�̇�
√(𝑣𝜃 − 𝑟Ω)2 +

�̇�2

4𝜋2𝑟2𝑏2𝜌2

𝐓 = ∫ ∫
𝑓𝜌

4

2𝜋

0

𝑟𝑜

𝑟𝑖

√[(𝑣 − 𝑟Ω)2 + 𝑣𝑟
2](𝑣𝜃 − 𝑟Ω)𝑟2𝑑𝑟𝑑𝜃

𝐓 = ∫ ∫
𝑓𝜌

4

2𝜋

0

𝑟𝑜

𝑟𝑖

√[(𝑣 − 𝑟Ω)2 + (−
�̇�

2𝜋𝑟𝑏𝜌
)
2

] × (𝑣𝜃 − 𝑟Ω)𝑟2𝑑𝑟𝑑𝜃

 







 









 

𝐓 = 𝐼𝛼

𝐼 𝛼



𝐓𝑖𝑛𝑙𝑒𝑡−𝑓𝑙𝑜𝑤 − 𝐓𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝐼𝛼𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

−𝐓𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝐼𝛼𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐓𝑖𝑛𝑙𝑒𝑡−𝑓𝑙𝑜𝑤 = 𝐼𝛼𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐼𝛼𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝛼𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐓𝑖𝑛𝑙𝑒𝑡−𝑓𝑙𝑜𝑤 = 𝐼𝛼𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐼|𝛼𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛|

𝐠𝐫.𝐦𝐦𝟐



 

  Steady-state region 

Steady-state region 









𝐸𝑟𝑟𝑜𝑟 =
|𝐓𝑒𝑥𝑝. − 𝐓 |

𝐓𝑒𝑥𝑝.

(7.5 ± 0.95) × 10−4

3.38 × 10−4 ±

3.36 × 10−4 ±

 4.72 × 10−4 ±8

4.97 × 10−4 ±8

4.64 × 10−4 ±8

4.89 × 10−4 ±8

4.72 × 10−4 ±8

4.49 × 10−4 ±8



 

(10 ± 0.16) × 10−4

5.66 × 10−4 ±

5.46 × 10−4 ±0.4

 6.55 × 10−4 ±1

7.97 × 10−4 ±1

7.42 × 10−4 ±1

× 10−4 ±1

6.50 × 10−4 ±1

6.95 × 10−4 ±1



 



𝜇 1.253 × 10−5 [𝑘𝑔/(𝑚. 𝑠) ] �̇� 0.003  [𝑘𝑔/𝑠]

𝜌 44.65 [𝑘𝑔/𝑚3] P 800 [𝑘𝑃𝑎]

𝑁 9000 [𝑅𝑃𝑀] 𝑟𝑜 9 [𝑐𝑚] 

𝑏 1 [𝑚𝑚]

Δ𝑃 550 𝑘𝑃𝑎 𝜌 1297 [𝑘𝑔/𝑚^3]



𝑃 = 𝐓 × 𝜔

𝑃𝑝𝑢𝑚𝑝 = �̇� × 1/𝜌 × (Δ𝑃)

�̇� 𝜌 Δ𝑃



 

℃



.



 

• 

• 

𝐺𝑠,𝑓

𝐺𝑠,𝑓











 



 







0.0038 [𝑟𝑎𝑑]

Ω =
Δ𝜃

Δ𝑡

Ω Δ𝜃 Δ𝑡

𝐔Ω = √(
𝐔Δ𝜃

Δ𝑡
)
2

+ (−
Δ𝜃

Δ𝑡2
𝐔Δt)

2

𝑈Δ𝜃

𝑈Δt

𝐔Ω = √(
√2𝐔𝜃

Δ𝑡
)

2

+ (−
Ω

Δt
𝐔Δt)

2



𝑇 = 𝐼 × 𝛼

𝐔𝑇 = √(𝐔𝐼𝛼)2 + (𝐔𝛼𝐼)2

𝐔𝑇 = |𝐔𝛼𝐼|

𝛼 =
ΔΩ

Δ𝑡

𝐔𝛼 = √(
√2𝐔Ω

Δ𝑡
)

2

+ (−
𝛼

Δt
𝐔Δt)

2



• 

• 

• 



 

• 

• 

• 

• 

• 

• 



 

 



• 

• 

• 

• 









• 

𝑇𝑐 = 647.1 [K] 𝑇𝑀𝑎𝑥 = 120 [℃] 𝑃𝑀𝑎𝑥 = 198.5 [kPa] 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 40 [℃] 𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 7.38 [kPa]

𝑃23[kPa] 𝑇23−𝑠𝑎𝑡[℃] 𝑇𝑚𝑎𝑥[℃] 𝐡3 [
kj

kg
] 𝑠3 [

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡4 [

kj

kg
] 𝐡4𝑎 [

kj

kg
] 𝐡1 [

kj

kg
] 𝑠1[

𝑘𝐽

𝑘𝑔 𝐾
] 𝑠2[

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡2 [

kj

kg
] Δ𝐡𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [

kj

kg
] �̇� [

kg

s
] 𝑄ℎ[𝑘𝑊]

120 104.8 120 2714 7.378 2299 2506.5 167 0.5723 0.5723 167.6 207.5 0.00024 0.6136 

130 107.1 120 2713 7.339 2287 2500 167 0.5723 0.5723 167.6 213 0.00023 0.5975 

140 109.3 120 2712 7.303 2275 2493.5 167 0.5723 0.5723 167.6 218.5 0.00023 0.5822 

150 111.4 120 2711 7.269 2265 2488 167 0.5723 0.5723 167.6 223 0.00022 0.5703 

160 113.3 120 2710 7.237 2255 2482.5 167 0.5723 0.5723 167.7 227.5 0.00022 0.5587 

170 115.2 120 2709 7.207 2245 2477 167 0.5723 0.5723 167.7 232 0.00022 0.5477 

180 116.9 120 2708 7.179 2236 2472 167 0.5723 0.5723 167.7 236 0.00021 0.5382 

190 118.6 120 2707 7.152 2228 2467.5 167 0.5723 0.5723 167.7 239.5 0.00021 0.5301 

• 

𝑇𝑐 = 427.2[K] 𝑇𝑀𝑎𝑥 = 120 [℃] 𝑃𝑀𝑎𝑥 = 1929 [kPa] 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 40 [℃] 𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 =  249.6 [kPa]

𝑃23[kPa] 𝑇23−𝑠𝑎𝑡[℃] 𝑇𝑚𝑎𝑥[℃] 𝐡3 [
kj

kg
] 𝑠3 [

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡4 [

kj

kg
] 𝐡4𝑎 [

kj

kg
] 𝐡1 [

kj

kg
] 𝑠1[

𝑘𝐽

𝑘𝑔 𝐾
] 𝑠2[

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡2 [

kj

kg
] Δ𝐡𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [

kj

kg
] �̇� [

kg

s
] 𝑄ℎ[𝑘𝑊]

400 55.07 120 513.1 1.956 502.3 507.7 252.6 1.179 1.179 252.7 5.4 0.00926 2.4111 

600 69.4 120 510.4 1.925 490.9 500.65 252.6 1.179 1.179 252.8 9.75 0.00513 1.3210 

800 80.46 120 507.5 1.902 482.3 494.9 252.6 1.179 1.179 253 12.6 0.00397 1.0099 

1000 89.61 120 504.5 1.882 475.1 489.8 252.6 1.179 1.179 253.1 14.7 0.00340 0.8551 

1200 97.5 120 501.1 1.864 468.8 484.95 252.6 1.179 1.179 253.3 16.15 0.00310 0.7672 

1400 104.5 120 497.3 1.847 462.8 480.05 252.6 1.179 1.179 253.5 17.25 0.00290 0.7067 

1600 110.8 120 493.1 1.829 457 475.05 252.6 1.179 1.179 253.6 18.05 0.00277 0.6634 

1800 116.5 120 488.1 1.812 451 469.55 252.6 1.179 1.179 253.8 18.55 0.00270 0.6315 



• 

𝑇𝑐 = 374.21[K] 𝑇𝑀𝑎𝑥 = 95 [℃] 𝑃𝑀𝑎𝑥 = 3594 [kPa] 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 40 [℃] 𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 =  1017 [kPa]

𝑃23[kPa] 𝑇23−𝑠𝑎𝑡[℃] 𝑇𝑚𝑎𝑥[℃] 𝐡3 [
kj

kg
] 𝑠3 [

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡4 [

kj

kg
] 𝐡4𝑎 [

kj

kg
] 𝐡1 [

kj

kg
] 𝑠1[

𝑘𝐽

𝑘𝑔 𝐾
] 𝑠2[

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡2 [

kj

kg
] Δ𝐡𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [

kj

kg
] �̇� [

kg

s
] 𝑄ℎ[𝑘𝑊]

400 8.91 

 
600 21.55 

800 31.31 

1000 39.37 

1200 46.29 95 327.4 1.069 323 325.2 108.3 0.3949 0.3949 108.4 2.2 0.02273 4.9773 

1400 52.4 95 324.8 1.051 316.6 320.7 108.3 0.3949 0.3949 108.6 4.1 0.01220 2.6366 

1600 57.88 95 322.2 1.035 310.8 316.5 108.3 0.3949 0.3949 108.8 5.7 0.00877 1.8719 

1800 62.87 95 319.3 1.019 305.4 312.35 108.3 0.3949 0.3949 108.9 6.95 0.00719 1.5137 

2000 67.45 95 316.3 1.004 300.3 308.3 108.3 0.3949 0.3949 109.1 8 0.00625 1.2950

• 

𝑇𝑐 = 425.13[K] 𝑇𝑀𝑎𝑥 = 120  [℃] 𝑃𝑀𝑎𝑥 = 2212 [kPa] 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 40 [℃] 𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 =  379.2 [kPa]

𝑃23[kPa] 𝑇23−𝑠𝑎𝑡[℃] 𝑇𝑚𝑎𝑥[℃] 𝐡3 [
kj

kg
] 𝑠3 [

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡4 [

kj

kg
] 𝐡4𝑎 [

kj

kg
] 𝐡1 [

kj

kg
] 𝑠1[

𝑘𝐽

𝑘𝑔 𝐾
] 𝑠2[

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡2 [

kj

kg
] Δ𝐡𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [

kj

kg
] �̇� [

kg

s
] 𝑄ℎ[𝑘𝑊]

600 57.43 120 798.6 2.815 774.8 786.7 296.5 1.328 1.328 296.9 11.9 0.00420 2.1080 

800 69.45 120 793.5 2.764 755.8 774.65 296.5 1.328 1.328 297.2 18.85 0.00265 1.3164 

1000 79.42 120 788 2.722 740.4 764.2 296.5 1.328 1.328 297.6 23.8 0.00210 1.0303 

1200 88.01 120 782.2 2.685 727 754.6 296.5 1.328 1.328 297.9 27.6 0.00181 0.8774 

1400 95.61 120 775.9 2.651 714.9 745.4 296.5 1.328 1.328 298.3 30.5 0.00164 0.7830 

1600 102.4 120 769 2.618 703.5 736.25 296.5 1.328 1.328 298.7 32.75 0.00153 0.7180 

1800 108.7 120 761.2 2.585 692.4 726.8 296.5 1.328 1.328 299 34.4 0.00145 0.6718 

2000 114.4 120 752.3 2.552 681.1 716.7 296.5 1.328 1.328 299.4 35.6 0.00140 0.6361 



• 

𝑇𝑐 = 369.30[K] 𝑇𝑀𝑎𝑥 = 85  [℃] 𝑃𝑀𝑎𝑥 = 4037 [kPa] 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 40 [℃] 𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 1534 [kPa]

𝑃23[kPa] 𝑇23−𝑠𝑎𝑡[℃] 𝑇𝑚𝑎𝑥[℃] 𝐡3 [
kj

kg
] 𝑠3 [

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡4 [

kj

kg
] 𝐡4𝑎 [

kj

kg
] 𝐡1 [

kj

kg
] 𝑠1[

𝑘𝐽

𝑘𝑔 𝐾
] 𝑠2[

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡2 [

kj

kg
] Δ𝐡𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [

kj

kg
] �̇� [

kg

s
] 𝑄ℎ[𝑘𝑊]

1800 46.69 85 453.2 1.796 448.6 450.9 249.8 1.167 1.167 250 2.3 0.02174 4.4174 

2000 51.26 85 450.7 1.781 443.2 446.95 249.8 1.167 1.167 250.2 3.75 0.01333 2.6733 

2200 55.5 85 448.1 1.766 438.2 443.15 249.8 1.167 1.167 250.4 4.95 0.01010 1.9970 

2400 59.46 85 445.3 1.752 433.4 439.35 249.8 1.167 1.167 250.6 5.95 0.00840 1.6361 

2600 63.19 85 442.4 1.738 428.8 435.6 249.8 1.167 1.167 250.7 6.8 0.00735 1.4096 

2800 66.71 85 439.3 1.724 424.3 431.8 249.8 1.167 1.167 250.9 7.5 0.00667 1.2560 

3000 70.04 85 435.9 1.709 419.7 427.8 249.8 1.167 1.167 251.1 8.1 0.00617 1.1407 

3200 73.21 85 432.2 1.695 415.1 423.65 249.8 1.167 1.167 251.3 8.55 0.00585 1.0579 

• 

𝑇𝑐 = 513.8[K] 𝑇𝑀𝑎𝑥 = 120  [℃] 𝑃𝑀𝑎𝑥 = 428.6 [kPa] 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 40 [℃] 𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 17.89 [kPa]

𝑃23[kPa] 𝑇23−𝑠𝑎𝑡[℃] 𝑇𝑚𝑎𝑥[℃] 𝐡3 [
kj

kg
] 𝑠3 [

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡4 [

kj

kg
] 𝐡4𝑎 [

kj

kg
] 𝐡1 [

kj

kg
] 𝑠1[

𝑘𝐽

𝑘𝑔 𝐾
] 𝑠2[

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡2 [

kj

kg
] Δ𝐡𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [

kj

kg
] �̇� [

kg

s
] 𝑄ℎ[𝑘𝑊]

50 61.42 120 1188 3.789 1119 1153.5 147.7 0.6971 0.6971 147.7 34.5 0.00145 1.5077 

100 77.94 120 1185 3.658 1075 1130 147.7 0.6971 0.6971 147.8 55 0.00091 0.9429 

150 88.54 120 1182 3.578 1050 1116 147.7 0.6971 0.6971 147.9 66 0.00076 0.7834 

200 96.54 120 1179 3.521 1031 1105 147.7 0.6971 0.6971 147.9 74 0.00068 0.6967 

250 103.1 120 1176 3.474 1017 1096.5 147.7 0.6971 0.6971 148 79.5 0.00063 0.6465 

300 108.6 120 1173 3.435 1005 1089 147.7 0.6971 0.6971 148.1 84 0.00060 0.6101 

350 113.4 120 1170 3.401 994.1 1082.05 147.7 0.6971 0.6971 152.2 87.95 0.00057 0.5786 

400 117.7 120 1167 3.371 984.6 1075.8 147.7 0.6971 0.6971 148.2 91.2 0.00055 0.5586 



• 

𝑇𝑐 = 351.26[K] 𝑇𝑀𝑎𝑥 = 70  [℃] 𝑃𝑀𝑎𝑥 = 4877 [kPa] 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 40 [℃] 𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 2478 [kPa]

𝑃23[kPa] 𝑇23−𝑠𝑎𝑡[℃] 𝑇𝑚𝑎𝑥[℃] 𝐡3 [
kj

kg
] 𝑠3 [

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡4 [

kj

kg
] 𝐡4𝑎 [

kj

kg
] 𝐡1 [

kj

kg
] 𝑠1[

𝑘𝐽

𝑘𝑔 𝐾
] 𝑠2[

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡2 [

kj

kg
] Δ𝐡𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [

kj

kg
] �̇� [

kg

s
] 𝑄ℎ[𝑘𝑊]

2600 41.98 70 557 2.139 554.9 555.95 275.6 1.252 1.252 275.7 1.05 0.04762 13.3952 

2800 45.08 70 552.8 2.117 547.7 550.25 275.6 1.252 1.252 276 2.55 0.01961 5.4275 

3000 48.02 70 548.3 2.096 540.6 544.45 275.6 1.252 1.252 276.2 3.85 0.01299 3.5338 

3200 50.81 70 543.7 2.075 533.7 538.7 275.6 1.252 1.252 276.4 5 0.01000 2.6730 

3400 53.47 70 538.7 2.054 526.8 532.75 275.6 1.252 1.252 276.6 5.95 0.00840 2.2025 

3600 56.01 70 533.5 2.032 519.9 526.7 275.6 1.252 1.252 276.9 6.8 0.00735 1.8868 

3800 58.44 70 527.8 2.01 512.9 520.35 275.6 1.252 1.252 277.1 7.45 0.00671 1.6826 

4000 60.77 70 521.6 1.987 505.7 513.65 275.6 1.252 1.252 277.3 7.95 0.00629 1.5365 

• 

𝑇𝑐 = 386.41[K] 𝑇𝑀𝑎𝑥 =  100  [℃] 𝑃𝑀𝑎𝑥 = 3511 [kPa] 𝑇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 40 [℃] 𝑃𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 910.3 [kPa]

𝑃23[kPa] 𝑇23−𝑠𝑎𝑡[℃] 𝑇𝑚𝑎𝑥[℃] 𝐡3 [
kj

kg
] 𝑠3 [

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡4 [

kj

kg
] 𝐡4𝑎 [

kj

kg
] 𝐡1 [

kj

kg
] 𝑠1[

𝑘𝐽

𝑘𝑔 𝐾
] 𝑠2[

𝑘𝐽

𝑘𝑔 𝐾
] 𝐡2 [

kj

kg
] Δ𝐡𝑡𝑢𝑟𝑏𝑖𝑛𝑒 [

kj

kg
] �̇� [

kg

s
] 𝑄ℎ[𝑘𝑊]

1200 50.72 100 606.6 2.262 595.2 600.9 271.7 1.242 1.242 272.1 5.7 0.00877 2.9342 

1400 57.03 100 602.7 2.234 585.5 594.1 271.7 1.242 1.242 272.3 8.6 0.00581 1.9209 

1600 62.7 100 598.7 2.209 576.8 587.75 271.7 1.242 1.242 272.5 10.95 0.00457 1.4895 

1800 67.85 100 594.5 2.186 568.7 581.6 271.7 1.242 1.242 272.8 12.9 0.00388 1.2469 

2000 72.6 100 590 2.163 561.1 575.55 271.7 1.242 1.242 273 14.45 0.00346 1.0969 

2200 76.99 100 585.2 2.141 553.8 569.5 271.7 1.242 1.242 273.2 15.7 0.00318 0.9936 

2400 81.1 100 580.1 2.119 546.6 563.35 271.7 1.242 1.242 273.5 16.75 0.00299 0.9152 

2600 84.94 100 574.6 2.097 539.5 557.05 271.7 1.242 1.242 273.7 17.55 0.00285 0.8573 

2800 88.57 100 568.4 2.074 532.3 550.35 271.7 1.242 1.242 273.9 18.05 0.00277 0.8158 


