
 

 



 

 



 

 



 

 

 



 

 



 

 



 

 

𝐴 𝑡

𝐴𝑀𝑆 𝑇

𝐴𝑤 𝑢

𝐶𝑝 𝑣

𝐷 < 𝑣 >

𝑒 𝑉

𝐸 𝑤

𝐸𝐶𝑀 𝑊

𝐸𝑉𝑅 𝑋

𝐺

ℎ

ℎ𝑐 𝑎

ℎ𝑐 𝑎𝑥𝑖𝑠

𝐻𝑅 𝑏ℎ

𝑘 𝑏𝑠

𝑘 𝑐

𝐾 𝑐

𝐿𝑐 𝑐𝑖𝑙

𝑛 𝑒𝑓𝑓

𝑃 𝑒𝑥𝑡𝑟𝑎

𝑃𝑀 𝑓

𝑅 𝑔

𝑟 𝑖

𝑠 𝑖

𝑆 𝑖𝑛𝑡𝑟𝑎

𝕊 𝑖𝑟



 

 

𝑙 𝛼𝐵

𝑟 𝜀

𝑠 𝜆

𝑠 𝜆

𝑣𝑜𝑙 𝜇

𝑤 𝜇

𝑥 𝜈

𝑦 𝜋

𝑧 𝜌

∞ 𝜎

 𝜐

 𝜙

𝑁𝑢 𝜓

𝑃𝑟 𝜔

𝑅𝑒

𝑆𝑐

𝑆ℎ



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

 

 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

 

 

 

 

 

 

 



 

 

𝐽𝐴𝑍 = −𝐷𝐴𝐵
𝑑𝐶𝐴
𝑑𝑍



 

 

𝑄 =
𝑘

𝜇
(𝑃𝑙 − 𝑃𝑔)

𝑞𝑥
𝐴
= −𝑘

𝑑𝑇

𝑑𝑥



 

 

𝜕𝑇

𝜕𝑡
= 𝛼

𝜕2𝑇

𝜕𝑥2
   ⇒    

𝜕𝑇

𝜕𝑡
= 𝛼 (

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
+
𝜕2𝑇

𝜕𝑧2
)

𝑞 = ℎ𝐶𝐴(𝑇∞ − 𝑇𝑖)



 

 

𝑇∞



 

 

. L

𝐴𝑤

𝑀(1 − 𝐴𝑤)
=

1

𝑀1𝐶
+
𝐶 − 1

𝑀1𝐶
𝐴𝑤



 

 



 

 



 

 



 

 



 

 

 

 

 

 

 



 

 

𝜕𝜌

𝜕𝑡
+ 𝜌(∇ ∙ �⃗�) = 0

∇ ∙ 𝜎 + 𝜌�⃗⃗� = 𝜌�⃗�

𝜎 = 𝜎𝑇

𝜌
𝜕𝑈

𝜕𝑡
= 𝜎: 𝑑 + (𝜌𝑟 − ∇ ∙ 𝑞)

𝑃𝑒 + 𝑄𝑒 =
𝜕ℇ

𝜕𝑡
=
𝜕℧

𝜕𝑡
+
𝜕𝜘

𝜕𝑡



 

 



 

 

𝜎𝑖𝑗 =∑𝐶𝑖𝑗,𝑘𝑙𝜀𝑘𝑙



 

 

 

 

𝜋

𝑡𝜋 = �̇�(𝑛𝜋)

�̇�



 

 

�̇� = [

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧
𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧
𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

] = [

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧
𝜏𝑦𝑥 𝜎𝑦𝑦 𝜏𝑦𝑧
𝜏𝑧𝑥 𝜏𝑧𝑦 𝜎𝑧𝑧

]

𝜎𝑥𝑥 𝜎𝑦𝑦 𝜎𝑧𝑧

𝜎𝑥𝑦 𝜎𝑦𝑧 𝜎𝑧𝑥

𝐷 = [

𝜀𝑥𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧
𝜀𝑦𝑥 𝜀𝑦𝑦 𝜀𝑦𝑧
𝜀𝑧𝑥 𝜀𝑧𝑦 𝜀𝑧𝑧

] =

[
 
 
 
 
 𝜀𝑥𝑥

1

2
𝛾𝑥𝑦

1

2
𝛾𝑥𝑧

1

2
𝛾𝑦𝑥 𝜀𝑦𝑦

1

2
𝛾𝑦𝑧

1

2
𝛾𝑧𝑥

1

2
𝛾𝑧𝑦 𝜀𝑧𝑧 ]

 
 
 
 
 



 

 

𝜀𝑖𝑗 =
1

2
(
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝑢 𝑥

𝑣, 𝑦 𝜔, 𝑧

𝜆

𝛍

𝐸 =
𝜎𝑥𝑥
𝜀𝑥𝑥

=
𝜇(3𝜆 + 2𝜇)

𝜆 + 𝜇



 

 

𝐺 =
𝜏𝑥𝑦

𝛾𝑥𝑦
= 𝜇

𝜐 =
𝜆

2(𝜆 + 𝜇)

𝜎𝑖𝑗 =∑𝐶𝑖𝑗,𝑘𝑙𝜀𝑘𝑙

𝜎𝑖𝑗 = 𝜎11 𝜀𝑖𝑗 = 𝜀11 𝐶11 = 𝐸

𝜎 = 𝐸 ∙ 𝜀

𝜀

𝜐 𝛼

𝜀𝑥𝑥 =
1

𝐸
[𝜎𝑥𝑥 − 𝜐(𝜎𝑦𝑦 + 𝜎𝑧𝑧) + 𝛼Δ𝑇] 𝜀𝑥𝑦 =

(1 + 𝜐)

𝐸
𝜎𝑥𝑦 =

𝜎𝑥𝑦

2𝐺



 

 

𝜀𝑦𝑦 =
1

𝐸
[𝜎𝑦𝑦 − 𝜐(𝜎𝑥𝑥 + 𝜎𝑧𝑧) + 𝛼Δ𝑇] 𝜀𝑦𝑧 =

(1 + 𝜐)

𝐸
𝜎𝑦𝑧 =

𝜎𝑦𝑧

2𝐺

𝜀𝑧𝑧 =
1

𝐸
[𝜎𝑧𝑧 − 𝜐(𝜎𝑥𝑥 + 𝜎𝑦𝑦) + 𝛼Δ𝑇] 𝜀𝑥𝑧 =

(1 + 𝜐)

𝐸
𝜎𝑥𝑧 =

𝜎𝑥𝑧
2𝐺

{
 
 

 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜏𝑥𝑦
𝜏𝑥𝑧
𝜏𝑦𝑧}

 
 

 
 

=

[
 
 
 
 
 
(𝜆 + 2𝜇)

𝜆
𝜆
0
0
0

𝜆
(𝜆 + 2𝜇)

𝜆
0
0
0

𝜆
𝜆

(𝜆 + 2𝜇)
0
0
0

0
0
0
𝜇
0
0

0
0
0
0
𝜇
0

0
0
0
0
0
𝜇]
 
 
 
 
 

{
 
 

 
 
𝜀𝑥𝑥
𝜖𝑦𝑦
𝜖𝑧𝑧
𝛾𝑥𝑦
𝛾𝑥𝑧
𝛾𝑦𝑧}
 
 

 
 



 

 

{
 
 

 
 
𝜀𝑥𝑥
𝜖𝑦𝑦
𝜖𝑧𝑧
𝛾𝑥𝑦
𝛾𝑥𝑧
𝛾𝑦𝑧}
 
 

 
 

=

[
 
 
 
 
 
 
 
 
1

𝐸
−𝜐

𝐸
−𝜐

𝐸
0
0
0

−𝜐

𝐸
1

𝐸
−𝜐

𝐸
0
0
0

−𝜐

𝐸
−𝜐

𝐸
1

𝐸
0
0
0

0
0
0
1

𝐺
0
0

0
0
0
0
1

𝐺
0

0
0
0
0
0
1

𝐺
]
 
 
 
 
 
 
 
 

{
 
 

 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜏𝑥𝑦
𝜏𝑥𝑧
𝜏𝑦𝑧}

 
 

 
 

𝑏 = (𝑏𝑥 , 𝑏𝑦 , 𝑏𝑧) 

𝜕𝜎𝑥𝑥
𝜕𝑥

+
𝜕𝜎𝑥𝑦

𝜕𝑦
+
𝜕𝜎𝑥𝑧
𝜕𝑧

+ 𝑏𝑥 = 0

𝜕𝜎𝑦𝑥

𝜕𝑥
+
𝜕𝜎𝑦𝑦

𝜕𝑦
+
𝜕𝜎𝑦𝑧

𝜕𝑧
+ 𝑏𝑦 = 0

𝜕𝜎𝑧𝑥
𝜕𝑥

+
𝜕𝜎𝑧𝑦

𝜕𝑦
+
𝜕𝜎𝑧𝑧
𝜕𝑧

+ 𝑏𝑧 = 0

(𝐸) (𝐺) (𝜐)

𝑋 =
𝐸

1 − 𝜐(1 + 2𝜐)
[(1 − 𝜐)

𝜕2𝑢

𝜕𝑥2
+ 𝐺 (

𝜕2𝑢

𝜕𝑦2
+
𝜕2𝑢

𝜕𝑧2
) + (𝜐 + 𝐺) (

𝜕2𝑣

𝜕𝑥𝜕𝑦
+
𝜕2𝜔

𝜕𝑥𝜕𝑧
)]

𝑌 =
𝐸

1 − 𝜐(1 + 2𝜐)
[(1 − 𝜐)

𝜕2𝑣

𝜕𝑦2
+ 𝐺 (

𝜕2𝑣

𝜕𝑥2
+
𝜕2𝑣

𝜕𝑧2
) + (𝜐 + 𝐺) (

𝜕2𝑢

𝜕𝑥𝜕𝑦
+
𝜕2𝜔

𝜕𝑦𝜕𝑧
)]



 

 

𝑍 =
𝐸

1 − 𝜐(1 + 2𝜐)
[(1 − 𝜐)

𝜕2𝜔

𝜕𝑧2
+ 𝐺 (

𝜕2𝜔

𝜕𝑥2
+
𝜕2𝜔

𝜕𝑦2
) + (𝜐 + 𝐺) (

𝜕2𝑢

𝜕𝑥𝜕𝑧
+
𝜕2𝑣

𝜕𝑦𝜕𝑧
)]

𝑢, 𝑣 𝜔 𝑥, 𝑦 𝑧

𝑛 = (𝑛𝑥 , 𝑛𝑦 , 𝑛𝑧)

𝑓 = (𝑓𝑥 , 𝑓𝑦 , 𝑓𝑧)

𝜎𝑥𝑥𝑛𝑥 + 𝜎𝑥𝑦𝑛𝑦 + 𝜎𝑥𝑧𝑛𝑧 = 𝑓𝑥

𝜎𝑦𝑥𝑛𝑥 + 𝜎𝑦𝑦𝑛𝑦 + 𝜎𝑦𝑧𝑛𝑧 = 𝑓𝑦

𝜎𝑧𝑥𝑛𝑥 + 𝜎𝑧𝑦𝑛𝑦 + 𝜎𝑧𝑧𝑛𝑧 = 𝑓𝑧

 

 



 

 

 

 

 

 

 

𝑢, 𝑣 𝜔

(𝜎𝑡𝑜𝑡𝑎𝑙)

(𝜎)

𝜎𝑓𝑙𝑢𝑖𝑑𝑜

𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎𝑖𝑗 + 𝜎𝑓𝑙𝑢𝑖𝑑𝑜𝛿𝑖𝑗

𝛿𝑖𝑗 = 1 𝑠𝑖 𝑖 = 𝑗;  𝛿𝑖𝑗 = 0 𝑠𝑖 𝑖 ≠ 𝑗

𝛿𝑖𝑗  

𝑖 ≠ 𝑗



 

 

(𝜙) 

𝜎𝑓𝑙𝑢𝑖𝑑𝑜 = 𝜙𝑝

𝑝

𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎𝑖𝑗 + 𝜙𝑝



 

 



 

 



 

 

 

 

 



 

 



 

 



 

 



 

 



 

 

(𝑊𝑖)

𝑊𝑖 =
𝑃𝑒𝑠𝑜 ℎú𝑚𝑒𝑑𝑜 − 𝑃𝑒𝑠𝑜 𝑠𝑒𝑐𝑜

𝑃𝑒𝑠𝑜 𝑠𝑒𝑐𝑜

𝑃𝑆𝐶 =
𝑝

100 +𝑊
× 100

𝑊𝑎𝑐𝑡𝑢𝑎𝑙 =
𝑝 − 𝑃𝑆𝐶

𝑃𝑆𝐶
× 100



 

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 

 

 

 



 

 

𝑊



 

 

𝜕𝑊

𝜕𝑡
+

1

𝜌𝑠
𝛻 ∙ (𝑛𝑙) +

1

𝜌𝑠
𝛻 ∙ (𝑛𝑣) +

1

𝜌𝑠
𝛻 ∙ (𝑛𝜎) = 0

𝑖 =

𝑇



 

 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝑖𝐶𝑝𝑖

𝑛𝑖 ∙ 𝛻𝑇 − 𝛻 ∙ (𝑘𝛻𝑇) + 𝜆(𝑛𝑣) = 0

𝜌𝑎

𝜕𝜌𝑎
𝜕𝑡

+ 𝛻 ∙ (𝑛𝑎) = 0



 

 

𝑛𝑙 = −𝜌𝑙
𝑘𝑙
𝜇𝑙

𝜕𝑃𝑙
𝜕𝑠

𝑛𝑙 𝑃𝑙

𝑘𝑙 𝜇𝑙 𝑠

𝑃𝑐 = 𝑃𝑔 − 𝑃𝑙

 𝑛𝑙 = −𝜌𝑙
𝑘𝑙
𝜇𝑙

𝜕(𝑃𝑔 − 𝑃𝑐)

𝜕𝑠



 

 

𝑛𝑙 = −𝜌𝑙
𝑘𝑙
𝜇𝑙

𝜕𝑃𝑔

𝜕𝑠
+ 𝜌𝑙

𝑘𝑙
𝜇𝑙

𝜕𝑃𝑐
𝜕𝑠

𝑛𝑙

𝑃𝑔 𝑃𝑐

𝑘𝑙 𝜇𝑙

𝑛𝑙 = 𝜌𝑙
𝑘𝑙
𝜇𝑙
∇(𝑃𝑐 − 𝑃𝑔)



 

 



 

 

𝜓

𝜓𝑤,𝑖𝑛𝑡𝑟𝑎 = 𝜓𝑤,𝑖 + 𝑅𝑔𝑇 𝑙𝑛(𝑎𝑤,𝑖𝑛𝑡𝑟𝑎)  

𝜓𝑤,𝑒𝑥𝑡𝑟𝑎 = 𝜓𝑤,𝑖 + 𝑅𝑔𝑇 𝑙𝑛(𝑎𝑤,𝑒𝑥𝑡𝑟𝑎)  

Δ𝜓
𝑤
= [𝜓

𝑤,0
+ 𝑅𝑔𝑇 𝑙𝑛(𝑎𝑤,𝑖𝑛𝑡𝑟𝑎)] − [𝜓𝑤,0 + 𝑅𝑔𝑇 𝑙𝑛(𝑎𝑤,𝑒𝑥𝑡𝑟𝑎)]

Δ𝜓𝑤 = 𝑅𝑔𝑇 𝑙𝑛(𝑎𝑤,𝑖𝑛𝑡𝑟𝑎) − 𝑅𝑔𝑇 𝑙𝑛(𝑎𝑤,𝑒𝑥𝑡𝑟𝑎)

Δ𝜓𝑤 = 𝑅𝑔𝑇[𝑙𝑛(𝑎𝑤,𝑖𝑛𝑡𝑟𝑎) − 𝑙𝑛(𝑎𝑤,𝑒𝑥𝑡𝑟𝑎)]

Δ𝜓𝑤 = 𝑅𝑔𝑇 𝑙𝑛 (
𝑎𝑤,𝑖𝑛𝑡𝑟𝑎
𝑎𝑤,𝑒𝑥𝑡𝑟𝑎

)

𝑅𝑔 𝑇

𝑎𝑤

Δ𝑝𝑤 =
𝑅𝑔𝑇

𝑉𝑤
𝑙𝑛 (

𝑎𝑤,𝑖𝑛𝑡𝑟𝑎
𝑎𝑤,𝑒𝑥𝑡𝑟𝑎

)



 

 

𝑉𝑤 𝑝𝑤

𝑛𝑤 = −𝜌𝑤
𝑘𝑒𝑓𝑓

𝜇𝑤

Δ𝑝𝑤
Δ𝑥

𝑘𝑒𝑓𝑓

𝑛𝑤 = −𝜌𝑤𝐿𝑤Δ𝑝𝑤

𝐿𝑤

𝑘𝑒𝑓𝑓

𝐿𝑤 =
𝑘𝑒𝑓𝑓

𝜇𝑤Δ𝑥



 

 



 

 

𝑛𝑤 = −𝜌𝑤
𝑘𝑒𝑓𝑓

𝜇𝑤

Δ𝑝𝑤
Δ𝑐𝑤

Δ𝑐𝑤
Δ𝑥

𝑛𝑤 = −𝜌𝑤
𝑘𝑒𝑓𝑓

𝜇𝑤

Δ𝑝𝑤
Δ𝑐𝑤

∇𝑐𝑤 = −𝐷𝑐∇𝑐𝑤

𝐷𝑐

𝐷𝑐 = 𝜌𝑤
𝑘𝑒𝑓𝑓

𝜇𝑤

Δ𝑝𝑤
Δ𝑐𝑤

= 𝜌𝑤
𝑘𝑒𝑓𝑓

𝜇𝑤

∂𝑝𝑤
∂𝑐𝑤

𝐷𝑐

𝐷𝑐

𝐷𝑐

𝐷𝑐



 

 

𝑛𝑤 = −𝜌𝑤
𝑘𝑜𝑢𝑡
𝜇𝑤

Δ𝑝𝑤
Δ𝑥

𝐷𝑐

𝐷𝑐 = −𝜌𝑤
𝑘𝑜𝑢𝑡
𝜇𝑤

∂𝑝𝑤
𝜕𝑥

𝐷𝑐



 

 

𝑑𝑐𝑖
𝑑𝑡

= −𝐷𝑐
𝑑𝑐𝑖
𝑑𝑠

𝑐𝑖 𝑠

𝑛𝑙 = {
−𝐷𝑐𝛻𝑐𝑙 , 𝑊 ≥ 𝑊𝑐
0 , 𝑊 < 𝑊𝑐

𝜔𝑣 𝜔𝑎

𝑐𝑣 𝑐𝑎



 

 

𝑐𝑣 = 𝜔𝑣𝑐𝑔

𝑐𝑎 = 𝜔𝑎𝑐𝑔

𝜕(𝜔𝑣𝑐𝑔)

𝜕𝑡
+ ∇( 𝑛𝑣 ) = 0

𝑐𝑔 𝜔𝑣

𝑛𝑣

𝜔𝑎 = 1 − 𝜔𝑣

𝑛𝑣 = −𝜌𝑣
𝑘𝑔

𝜇𝑔
∇𝑃𝑔 − 𝜌𝑔𝐷𝑒𝑓𝑓∇𝑥𝑣

𝑘𝑔 𝜌𝑔 𝜇𝑔



 

 

𝑛𝑣 = {

0 , 𝑊 ≥ 𝑊𝑐

−𝜌𝑔𝐷𝑒𝑓𝑓𝛻𝑋𝑣 = −𝜌𝑔𝐷𝑒𝑓𝑓𝛻 (
𝑃𝑣
𝑃𝑔
) , 𝑊 < 𝑊𝑐

𝐷𝑒𝑓𝑓 𝑥𝑣

𝑛𝑎 = {

0 , 𝑊 ≥ 𝑊𝑐

−𝜌𝑔𝐷𝑒𝑓𝑓𝛻𝑋𝑎 = −𝜌𝑔𝐷𝑒𝑓𝑓𝛻 (
𝑃𝑎
𝑃𝑔
) , 𝑊 < 𝑊𝑐

𝑛𝜎 = −
𝜌𝑘𝑙
𝜙𝑆𝑙𝜇𝑙

𝛻𝑃𝑙



 

 



 

 

−�⃗⃗� ∙ 𝐷𝑒𝑓𝑓𝛻𝑊|𝑠
=
1

𝜌𝑠
ℎ𝑚(𝐶𝑣∞ − 𝐶𝑣

𝑔
) −�⃗⃗� ∙ 𝐷𝑒𝑓𝑓𝛻𝑊|𝑎𝑥𝑖𝑠

= 0

−�⃗⃗� ∙ 𝑘𝛻𝑇|𝑠 = ℎ𝑐(𝑇∞ − 𝑇𝑠) − 𝜆[ℎ𝑚(𝐶𝑣∞ − 𝐶𝑣
𝑔
)] −�⃗⃗� ∙ 𝑘𝛻𝑇|𝑎𝑥𝑖𝑠 = 0

𝜌𝑎|𝑠 = 𝜌𝑎∞ 𝜌𝑎|𝑎𝑥𝑖𝑠 = 𝜌𝑎

𝜎𝑓|𝑠
= 𝑃∞ + 𝜎𝐴𝑀𝑆 𝜎𝑓|𝑎𝑥𝑖𝑠

= 𝜎𝑓

𝑢, 𝑣, 𝑤|1 = 0    ;     𝑢, 𝑣, 𝑤|2,3 = 𝑙𝑖𝑏𝑟𝑒 𝑢, 𝑣, 𝑤|𝑎𝑥𝑖𝑠 = 0

(𝑊𝑖)

(𝑊𝑖)

(𝑊𝑖)

(𝜌𝑎𝑖)

(𝜌𝑎𝑖)

(𝜌𝑎𝑖)



 

 

(𝑇𝑖)

(𝑃𝑖)

(𝐻𝑅∞)

(𝑃∞)

(𝑇∞)

(< 𝑣 >)

(ℎ𝑐𝑖𝑙)

(𝑟𝑐𝑖𝑙)

(𝜓)

(𝑊𝑐)

(𝑆𝑖𝑟)

(𝐶𝑝𝑎)

(𝐶𝑝𝑣)

(𝑃𝑀𝑎)

(𝑃𝑀𝑣)

(𝑃∞𝑖)

(𝑘𝑖𝑔)

(𝐶𝑝𝑙)

(𝑘𝑖𝑙)

(𝜌𝑙)

(𝜐𝑤)

(𝛼𝐵)

(𝜙)

(𝜌𝑠)



 

 

𝑊𝑏ℎ =
𝑊

𝑊 + 1

𝑘 = 0.148 + 0.493𝑊𝑏ℎ

𝐶𝑝 = 4.184 × 10
3(0.406 + 0.00146𝑇

+ 0.203𝑊
− 0.0249𝑊2)

𝜌 = 1780 − 1.05𝑇

𝐷𝑐 = 10
−8𝑒−2.8+2𝑊

𝐴𝑤 = {
𝐴𝑤 , 𝑊 < 𝑊𝑐
1 , 𝑊 ≥ 𝑊𝑐



 

 

𝜆 = (2501.3 −
2.301

𝑇[°𝐶]
−
0.00142

(𝑇[°𝐶])2
) × 103

𝐶𝑙𝑠𝑢𝑝 = (1 − 𝜙)𝜌𝑠𝑊

𝑘𝑙 = 𝑘𝑖𝑙𝑘𝑟𝑙

𝑘𝑟𝑙 = {

0 , 𝑆𝑙 < 𝑆𝑖𝑟

(
𝑆𝑙 − 𝑆𝑖𝑟
1 − 𝑆𝑖𝑟

)
3

, 𝑆𝑙 ≥ 𝑆𝑖𝑟

𝑆𝑙 =
𝑊𝑏ℎ𝜌𝑠(1 − 𝜙)

(1 −𝑊𝑏ℎ)𝜙𝜌𝑙

𝐶𝑣𝑠𝑢𝑝 = 2.166 × 10
−3
𝑃𝑣
𝑇

𝜌𝑔 = 𝜌𝑣 + 𝜌𝑎

𝜌𝑣 =
𝑃𝑣𝑃𝑀𝑣𝜙𝑆𝑔

𝑅𝑇

𝜌𝑎 = 𝐶𝑎𝜙𝑆𝑔

𝐷𝑒𝑓𝑓

= 1.0418 × 10−5exp (
−25.77

8.314 × 10−3𝑇
)

𝑘𝑔 = 𝑘𝑖𝑔𝑘𝑟𝑔

𝑘𝑟𝑔 = {
0 , 𝑆𝑙 ≤

1

1.1

1 − 1.1𝑆𝑙 , 𝑆𝑙 >
1

1.1

𝑃𝑎 =
𝜌𝑎𝑅𝑇

𝑃𝑀𝑎

𝑃𝑔 = 𝑃𝑣 + 𝑃𝑎

𝑃𝑣 = 𝐴𝑤𝑃𝑣𝑠𝑎𝑡

𝑃𝑣𝑠𝑎𝑡 = exp (53.53 +
6834.27

𝑇
− 5.169𝑙𝑛𝑇)

𝑆𝑔 = 1 − 𝑆𝑙

𝑋𝑣 =
𝑃𝑣
𝑃𝑔

𝑋𝑎 =
𝑃𝑎
𝑃𝑔



 

 

ℎ𝑐 =
𝑁𝑢 𝑘𝑎
𝐿𝑐

ℎ𝑚 =
𝑆ℎ 𝐷𝐴𝐵
𝐿𝑐

𝑅𝑒 =
 𝜌∞ < 𝑣 > 𝐿𝑐

𝜌∞

𝑁𝑢 = 0.664𝑅𝑒1 2⁄ 𝑃𝑟1 3⁄

𝑃𝑟 =
 𝜇∞𝐶𝑝∞
𝑘∞

𝑆𝑐 =
 𝜈∞
𝐷𝐴𝐵

𝑆ℎ = 0.664𝑅𝑒1 2⁄ 𝑆𝑐1 3⁄



 

 

𝐿𝑐 =
𝑉

𝐴𝑠

𝐷𝐴𝐵 = 1.87 × 10−10𝑇2.072

𝑘∞ = 0.0000732110436223133𝑇∞
+ 0.00367318753174902

𝜇∞ = 0.000000142252457205966𝑇∞
+ 0.0000209375342241858

𝜈∞ =
𝜇∞
𝜌∞

𝐾 =
𝐸

3(1 − 2𝜈)

𝜈 =
𝜆

2(𝜆 + 𝐺)
=
𝜀𝑡𝑟𝑎𝑛𝑠
𝜀𝑙𝑜𝑛𝑔



 

 

𝐺 =
𝐸

2(1 + 𝜈)

𝐸 = {
1.691 × 107exp(−0.522W) , 𝑊 ≥ 1

5.23 × 107exp(−1.704W) , 𝑊 < 1

𝜆 =
𝐸𝜈

(1 − 𝜈)(1 − 2𝜈)

𝜇 =
𝐸

2(1 + 𝜈)

𝜎𝐴𝑀𝑆 =
𝜌∞ < 𝑣 >2

2

𝜎𝑖 = 𝜓 − 𝜋 

𝜋 = 𝜐𝑤𝑅𝑇𝑙𝑛(𝐴𝑤)

(σ)

(𝜎𝑠)

(𝜎𝑙)

𝜕𝜎

𝜕𝑡
= ∇ ∙ 𝜎𝑠 + ∇ ∙ 𝜎𝑙



 

 

𝜕𝜎

𝜕𝑡
= ∇ ∙ 𝜎𝑠 + 𝜙(∇𝑃𝑙)

𝜎𝑓

(𝑢, 𝑣 𝑦 𝑧)

(𝑒𝑣𝑜𝑙

𝜌𝕊
𝜕𝜎𝑓

𝜕𝑡
+ 𝛻 ∙ (−

𝜌𝑘

𝜇
𝛻𝜎𝑓) + 𝜌𝛼𝐵

𝜕𝑒𝑣𝑜𝑙
𝜕𝑡

= 0

(𝛼𝐵)



 

 

(𝕊)



 

 



 

 



 

 



 

 

𝐸𝐶𝑀 =
1

𝑛
∑(

𝑥𝑒𝑥𝑝,𝑖 − 𝑥𝑠𝑖𝑚,𝑖

𝑥𝑒𝑥𝑝,𝑖
)

2𝑛

𝑖=1

𝑥𝑒𝑥𝑝,𝑖 𝑥𝑠𝑖𝑚,𝑖 𝑖

𝑛



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

°



 

 

𝜋

 

𝜋𝑤,𝑖𝑛𝑡𝑟𝑎 = 𝜋𝑤,0 + 𝑅𝑔𝑇 𝑙𝑛(𝑎𝑤,𝑖𝑛𝑡𝑟𝑎)

𝜋𝑤,𝑒𝑥𝑡𝑟𝑎 = 𝜋𝑤,0 + 𝑅𝑔𝑇 𝑙𝑛(𝑎𝑤,𝑒𝑥𝑡𝑟𝑎)  

 

Δ𝜋𝑤 = 𝑅𝑔𝑇 𝑙𝑛 (
𝑎𝑤,𝑖𝑛𝑡𝑟𝑎
𝑎𝑤,𝑒𝑥𝑡𝑟𝑎

)

𝑅𝑔 𝑇

𝑎𝑤



 

 



 

 



 

 



 

 

  



 

 



 

 



 

 

𝜈 = −𝑒3×10
−5𝑊4−1.11×10−3𝑊3+1.06×10−2𝑊2+9.42×10−4𝑊+0.45



 

 

𝐾 = −𝑉 (
𝜕𝑃

𝜕𝑉
)

𝑃 𝑉 𝜕𝑃 𝜕𝑉



 

 



 

 



 

 

(ℎ𝑐𝑖𝑙) (𝐻𝑅∞) (𝑃∞)

(𝑟𝑐𝑖𝑙) (𝑇∞)

(𝑇𝑖) (< 𝑣 >)

(𝑊𝑖)



 

 



 

 



 

 



 

 



 

 



 

 



 

 

 



 

 



 

 


