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𝑆 𝑇𝑠

𝑇

𝑄 𝐶



 

𝜏 = 0

𝐺



𝛼 𝜖



𝐸

𝐸 = 𝜎 𝜖 𝑇4  [
𝑊

𝑚2
]

𝜎 𝜖 𝑇

𝐺 𝑖

𝑗

𝐺𝑖𝑗 = 𝐹𝑖𝑗  𝐸𝑖  [
𝑊

𝑚2
] 

𝐸𝑖 𝑖 𝐹𝑖𝑗 𝐹𝑖𝑗

𝑖 𝑗

𝑖 𝑗

𝑄𝑖𝑛 = 𝑞𝑖𝑛𝐴 = 𝛼 𝐺 𝐴  [𝑊]

𝛼 𝐴 𝑞𝑖𝑛

𝑄𝑖𝑛

𝑄𝑜𝑢𝑡 = 𝐸 𝐴𝑜𝑢𝑡 = 𝜖 𝜎 𝑇4 𝐴𝑜𝑢𝑡

𝐸𝑠

𝐸𝑠 = 1367 [
𝑊

𝑚2
]

𝛼 = 𝜖 = 1

𝑄𝑖𝑛 = 𝑄𝑜𝑢𝑡  ⟺  𝛼 𝐸𝑠 𝐴𝑖𝑛 = 𝜖 𝜎 𝑇𝑒𝑞
4  𝐴𝑜𝑢𝑡

𝐴𝑖𝑛

𝜋𝑅2 𝐴𝑜𝑢𝑡 4𝜋𝑅2

𝑇𝑒𝑞 = (
𝛼

𝜖

𝐸𝑠

4𝜎
)

1
4

𝛼 𝜖



𝛼𝐼𝑅 = 𝜖𝐼𝑅 = 𝜖

 

- 𝐻

𝑎

- 𝑖

- Ω

Ω

𝛾

𝜃 𝜃 = 0°

𝜃 = 180°

𝜃 = 360°



Ω

𝛾

Ω 𝛽

𝛽

𝛽 𝛽

𝛽 = 45°



 

𝐺𝑠 𝐹𝑒𝑐𝑙

𝐺𝑠 = 𝐹𝑒𝑐𝑙𝐸𝑠

𝐸𝑠 𝐹𝑒𝑐𝑙 𝐹𝑒𝑐𝑙 = {
0 
1 daytime       

𝜃 𝜃 = 0°

𝜃𝑒𝑐𝑙

𝐹𝑒𝑐𝑙 𝜃 < |𝜃𝑒𝑐𝑙|

𝐻 𝐻′

𝜃 𝜃𝑒𝑐𝑙

𝛽

𝛽 = 5° 𝛽 = 90°

𝛽



𝛽 𝛽 𝛽𝑚𝑎𝑥

𝐻 𝛽 𝜃𝑒𝑐𝑙

𝜃𝑒𝑐𝑙 = 𝜋 − acos (
√ℎ2 − 1

ℎ 𝑐𝑜𝑠(𝛽)
)

ℎ =
𝑅𝑒+𝐻

𝑅𝑒
𝑅𝑒 𝐻

𝛽 𝛽𝑚𝑎𝑥

𝛽𝑚𝑎𝑥 = asin (
1

ℎ
)

𝐹𝑒𝑐𝑙 = {
0 𝑖𝑓 𝜃 ≥ |𝜃𝑒𝑐𝑙|
1 𝑖𝑓 𝜃 < |𝜃𝑒𝑐𝑙|

𝜃𝑒𝑐𝑙 𝛽 = 0°

𝜃𝑒𝑐𝑙,𝑚𝑖𝑛 = 𝜋 − acos (
√ℎ2 − 1

ℎ
) = 𝜋 − asin (

1

ℎ
)

𝜃𝑒𝑐𝑙, = 114°
𝜃𝑒𝑐𝑙,

180°
= 0.63 

𝛽 > 𝛽

𝐹𝑒𝑐𝑙
̅̅ ̅̅ ̅

𝐹𝑒𝑐𝑙
̅̅ ̅̅ ̅ = [0.63; 1]         𝛽 = [0; > 𝛽 ]        𝛽 = 65°

𝐺𝑠 = [861; 1367]  [
𝑊

𝑚2
]     𝛽 = [0; > 65°]



𝛽 = 0°

 



 

𝐸𝑒 = 𝜎 𝑇𝑒
4 = 240 [

𝑊

𝑚2
] 

𝐺𝑒,ℎ

𝐺𝑒,ℎ =  𝐹𝑒,ℎ𝐸𝑒

𝐺𝑒 =  𝐹𝑒𝐸𝑒

𝐸𝑒

𝐹𝑒,ℎ

𝐹𝑒,ℎ =
4𝜋𝑅𝑒

2

4𝜋(𝑅𝑒 + 𝐻)2
= (

𝑅𝑒

𝑅𝑒 + 𝐻
)

2

=
1

ℎ2

𝐹𝑒

𝐹𝑠−𝑠

𝐹𝑠−𝑠 =
1

2
 (1 − √1 −

1

ℎ2
)

ℎ =
𝑅𝑒+𝐻

𝑅𝑒
𝑅𝑒 𝐻

𝐹𝑠−𝑠 4𝜋𝑟2

𝜋𝑟2

𝐹𝑒 = 4𝐹𝑠−𝑠 = 2 (1 − √1 −
1

ℎ2
)

𝐹𝑒 𝐹𝑒,ℎ ℎ

𝐹𝑒 = 1.19



𝐹𝑒

𝐺𝑒 = 285 [
𝑊

𝑚2
] 

𝐺𝑒,ℎ = 200 [
𝑊

𝑚2
]

 

𝑎

𝐺𝑎 = 𝑎 𝐹𝑎 𝐸𝑠

𝐸𝑠 𝐹𝑎

𝑎

𝑎

𝐹𝑎

𝐹𝑒 𝐹𝑙𝑜𝑐 𝐹𝑙𝑜𝑐

𝐹𝑎 = 𝐹𝑒  𝐹𝑙𝑜𝑐  

𝛽

𝜃

𝜙

𝜙

𝛽 𝜃

𝜙

𝐸a,max cos(𝜙) 𝐸a,max

𝐹𝑙𝑜𝑐



𝑖 ≅ 90°

cos(𝜙) = cos(𝜃) cos(𝛽) 𝜃 𝛽 𝐹𝑙𝑜𝑐

𝐹𝑙𝑜𝑐 = 𝐹𝜃,𝛽𝐹′𝑒𝑐𝑙 = cos(𝛽) cos(𝜃) 𝐹′𝑒𝑐𝑙

𝐹𝑙𝑜𝑐 𝐹′𝑒𝑐𝑙 𝜃 ≤ |90°| 𝐹𝑙𝑜𝑐

𝜃𝑒𝑐𝑙

𝐹𝑙𝑜𝑐

𝐺𝑎 = 𝑎 𝐹𝑒 cos(𝛽) cos(𝜃)  𝐹′𝑒𝑐𝑙  𝐸𝑠

𝐺𝑎

𝛽 𝛽

𝜷



𝐹𝑙𝑜𝑐
̅̅ ̅̅ ̅

𝐹𝑙𝑜𝑐
̅̅ ̅̅ ̅ =

1

2𝜋
∫ cos(𝛽) cos(𝜃)  θ

𝜋
2

−
𝜋
2

=
1

𝜋
cos(𝛽)

𝛽 = 0° 𝐹𝑙𝑜𝑐,
̅̅ ̅̅ ̅̅ ̅̅ ̅ =

1

𝜋
≈ 0.32

𝐹𝑒 𝐹𝑎̅

𝐹𝑎,
̅̅ ̅̅ ̅̅ ̅ = 0.38    →      𝐹𝑎̅ = [0,0.38]         𝛽 = [90; 0°]

𝐺𝑎
̅̅ ̅ = [0; 154]  [

𝑊

𝑚2
]     𝛽 = [90; 0°]

 

𝛽

𝛽 = 0° 𝛽 = 𝛽

𝛽 𝛽 𝛽

𝛽

𝜷



𝐺𝑖𝑛 = 𝐺𝑠 + 𝐺𝑒 + 𝐺𝑎 = 𝐹𝑒𝑐𝑙𝐸𝑠 + 𝐹𝑒𝐸𝑒 + 𝑎 𝐹𝑎 𝐸𝑠  [
𝑊

𝑚2
]

𝐺𝑖𝑛 𝛽

𝐺𝑖𝑛 𝛽 = 0° 𝐺𝑠, 𝐺𝑒 𝐺𝑎

𝛽 = 0°

𝜃

𝐺𝑖𝑛 ∈ [285;  2130] [
𝑊

𝑚2
]     𝛽 < 𝛽

𝑞𝑖𝑛 𝑄𝑖𝑛 𝑞

𝑄

𝑞𝑖𝑛 = 𝛼 𝐺𝑖𝑛   [
𝑊

𝑚2
]                     𝑄𝑖𝑛 = 𝐴 𝑞𝑖𝑛 = 𝛼 𝐴 𝐺𝑖𝑛  [𝑊]

𝛼 𝐴

𝜷

𝜷 = 𝟎°



 

𝑚 𝑐
𝑇

= ∑ 𝑄 = 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡

𝑄𝑖𝑛 𝑄𝑜𝑢𝑡 = 𝜎 𝜖 𝐴𝑜𝑢𝑡  𝑇4 𝑇

𝑚 𝑐 𝐶 𝑚𝑐

𝑐

                    

                 

                                              



𝑇1

𝑇2

𝑇1 𝑇2

𝑇2



                    

                 

                                              



 

𝑄𝑜𝑢𝑡 = 𝜎 𝜖 𝐴𝑜𝑢𝑡  𝑇4

𝜖 𝐴𝑜𝑢𝑡 𝑇

𝑄𝑖𝑛 −𝑄𝑜𝑢𝑡 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 𝑄𝑖𝑛

𝑄𝑜𝑢𝑡



𝑚 𝑐
𝑇

= ∑ 𝑄 = 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 + 𝑄𝑖𝑛𝑡

𝑄𝑖𝑛𝑡

𝑄𝑖𝑛

𝑄𝑜𝑢𝑡

𝑄𝑖𝑛𝑡

𝑇 𝑇′

𝑚 𝑐
𝑇

= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡  

𝑚 𝑐
𝑇′

= 𝑄𝑖𝑛 − 𝑄′𝑜𝑢𝑡 + 𝑄𝑖𝑛𝑡

𝑄𝑜𝑢𝑡 𝑄𝑜𝑢𝑡
′

𝑇 𝑇′
𝑇

 ≅  
𝑇′

𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 ≅ 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡
′ + 𝑄𝑖𝑛𝑡       →       𝑄𝑖𝑛𝑡 ≅ |𝑄𝑜𝑢𝑡

′ | − |𝑄𝑜𝑢𝑡| = 𝜎 𝜖 𝐴𝑜𝑢𝑡  (𝑇′4 − 𝑇4)

𝑄𝑖𝑛𝑡

𝑇′4 ≅ 𝑇4 +
𝑄𝑖𝑛𝑡

𝜎 𝜖 𝐴𝑜𝑢𝑡

𝑄𝑖𝑛

𝑄𝑖𝑛𝑡

𝑄𝑖𝑛 𝑄′𝑖𝑛

𝑄′𝑜𝑢𝑡



𝑇′

𝑄𝑖𝑛𝑡

𝜎 𝜖 𝐴𝑜𝑢𝑡

= 𝑇′4 − 𝑇4 ≅ 4 𝑇𝑚
3  Δ𝑇 ≅ 4 𝑇3 Δ𝑇

Δ𝑇 =
𝑄𝑖𝑛𝑡

4 𝑇3 𝜎 𝜖 𝐴𝑜𝑢𝑡

     →     Δ𝑇̅ ≅
𝑄𝑖𝑛𝑡

4 𝑇̅3 𝜎 𝜖 𝐴𝑜𝑢𝑡

𝑄𝑖𝑛𝑡

Δ𝑇 𝑇̅

𝑇𝑎𝑣𝑔 𝑄𝑖𝑛𝑡

𝑇 = −40

40

Δ𝑇 Δ𝑇 = 50°𝐶 𝑇𝑚 = 50°𝐶
1

𝑇3

1

𝑇̅3





 

𝛼 𝜖

𝛼 = 𝜖 =

1

𝑄𝑖𝑛 𝑄𝑜𝑢𝑡

𝑄𝑖𝑛 = 𝛼 𝐴𝑖𝑛 𝐺𝑖𝑛               𝑄𝑜𝑢𝑡 = 𝜎 𝜖 𝐴𝑜𝑢𝑡  𝑇4    [𝑊]

𝐺𝑖𝑛 𝐴𝑖𝑛 𝛼 𝜖

A𝑜𝑢𝑡

𝛼

𝜖

𝛼𝐼𝑅 = 𝜖𝐼𝑅 = 𝜖

𝛼 𝜖

𝛼, 𝜖



𝛽 = 0°

𝛼 = 0

𝜖 = 0

𝛼/𝜖

𝛼/𝜖



𝜂 (𝑉𝐼)

𝜂 =
(𝑉𝐼)

𝐸𝑠𝐴𝑠𝑐

𝐸𝑠 𝐴𝑠𝑐

𝜂 = 0.3

𝐹𝑠𝑝

𝐺𝑠

𝜌 𝐺𝑠 𝑞𝑡ℎ

𝑞𝑒𝑙𝑒𝑐 𝑞𝑑𝑖𝑠𝑠

𝑞𝑒𝑥𝑡

𝑞𝑜𝑢𝑡



𝐺𝑠 = 𝜌 𝐺𝑠 + 𝛼 𝐺𝑠 = 𝜌 𝐺𝑠 + 𝑞𝑡ℎ + 𝑞𝑒𝑙𝑒𝑐

𝛼 𝐺𝑠 = 𝑞𝑡ℎ + 𝑞𝑒𝑙𝑒𝑐 = 𝛼𝑡ℎ𝐺𝑠 + 𝛼𝑒𝑙𝑒𝑐  𝐺𝑠         →        𝛼 = 𝛼𝑡ℎ + 𝛼𝑒𝑙𝑒𝑐      𝛼𝑒𝑙𝑒𝑐 = 𝐹𝑠𝑝𝜂

𝛼 𝛼𝑡ℎ 𝛼𝑒𝑙𝑒𝑐

𝛼𝑡ℎ

𝛼 𝛼𝑡ℎ

𝛼 𝐹𝑠𝑝

𝛼𝑡ℎ

𝑞𝑒𝑙𝑒𝑐

𝑞𝑒𝑥𝑡 ≠ 0)



𝑞𝑒𝑥𝑡

𝑞𝑖𝑛,𝑂𝐹𝐹 = 𝛼
𝐺𝑠 + 𝐺𝑎 + 𝐺𝑒

𝐴𝑜𝑢𝑡

             𝑞𝑖𝑛,𝑂𝑁 = 𝛼𝑡ℎ

𝐺𝑠 + 𝐺𝑎

𝐴𝑜𝑢𝑡

+ 𝛼
𝐺𝑒

𝐴𝑜𝑢𝑡

+ 𝑞𝑖𝑛𝑡   

𝐺𝑖𝑛 = 𝐺𝑠 + 𝐺𝑎 + 𝐺𝑒 𝑞𝑖𝑛𝑡

𝑞𝑖𝑛,𝑂𝐹𝐹 𝑞𝑖𝑛,𝑂𝑁

𝑞𝑖𝑛,𝑂𝐹𝐹

𝑞𝑖𝑛,𝑂𝑁)

𝑞

5

𝑃𝑠𝑝ℎ𝑒𝑟𝑒, =
1

4
𝐹𝑠𝑝 𝜂 𝐸𝑠 = 0.82 [

𝑊

𝑑𝑚2
]



𝑞𝑖𝑛𝑡

𝛽 = 0° 𝛽 > 𝛽 𝑃𝑠𝑝ℎ𝑒𝑟𝑒,

𝑃 = 2 𝑃𝑠𝑝ℎ𝑒𝑟𝑒,

 

 



𝛼/𝜖

𝛼/𝜖

(|𝛽| < |𝛽 |)

𝑇
=

𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡

𝑚 𝑐
=

𝐴

𝑚 𝑐
 (𝑞𝑖𝑛 − 𝑞𝑜𝑢𝑡)

𝐴 𝑚 𝑐

𝑟 𝑚 𝑐 𝑓

𝑟′ = 𝑓 𝑟           𝐴′ = 𝜋𝑟2𝑓2          𝑉′ =
4

3
𝜋𝑟3𝑓3          𝑚′ ∝ 𝑉′ → 𝑚′ = 𝑚 𝑓3          𝑐′ = 𝑐

𝑇′
=

𝐴′

𝑚′ 𝑐
 (𝑞𝑖𝑛 − 𝑞𝑜𝑢𝑡) =

1

𝑓

𝐴

𝑚 𝑐
 (𝑞𝑖𝑛 − 𝑞𝑜𝑢𝑡)

𝑓

𝛽 = 0°



 

𝑄𝑖𝑛 = 𝑄𝑜𝑢𝑡        ⇒          𝑇𝑒𝑞 = (
𝛼

𝜖

𝐴𝑖𝑛

𝐴𝑜𝑢𝑡

𝐸𝑖𝑛

𝜎
)

1
4

𝐸𝑖𝑛 𝛼 𝜖

𝐴𝑜𝑢𝑡 𝐴𝑖𝑛
𝐴𝑖𝑛

𝐴𝑜𝑢𝑡
=

1

4
𝐴𝑖𝑛

𝐴𝑜𝑢𝑡
=

1

2

     

     

     



- 𝛼/𝜖

𝛼/𝜖

𝐴𝑖𝑛/𝐴𝑜𝑢𝑡

- 

𝛼𝐼𝑅 = 𝜖 ⟶ 𝛼𝐼𝑅/𝜖 = 1

𝑇𝑒𝑞,𝑒𝑐𝑙 = (
𝛼𝐼𝑅

𝜖

𝐴𝑖𝑛

𝐴𝑜𝑢𝑡

𝐸𝑖𝑛

𝜎
)

1
4

= (
𝐴𝑖𝑛

𝐴𝑜𝑢𝑡

𝐸𝑒

𝜎
)

1
4

𝐴𝑖𝑛/𝐴𝑜𝑢𝑡 𝐸𝑒



 

𝛼𝑡𝑜𝑡,𝑂𝐹𝐹 = 𝛼𝑠𝑝𝑟𝑠𝑝 + 𝛼2(1 − 𝑟𝑠𝑝)             𝛼𝑡𝑜𝑡,𝑂𝑁 = 𝛼𝑠𝑝,𝑡ℎ𝑟𝑠𝑝 + 𝛼2(1 − 𝑟𝑠𝑝) 

𝜖𝑡𝑜𝑡 = 𝜖𝑠𝑝𝑟𝑠𝑝 + 𝜖2(1 − 𝑟𝑠𝑝)

𝑟𝑠𝑝 𝛼𝑠𝑝 𝛼2

𝛼𝑡𝑜𝑡,𝑂𝐹𝐹

𝛼𝑡𝑜𝑡,𝑂𝑁

𝜖𝑡𝑜𝑡

𝛼/𝜖

𝑟𝑠𝑝

- 

- 



- 𝑟𝑠𝑝

𝑟𝑠𝑝

𝛼/𝜖

𝛼 𝜖

 



𝛽 𝛽𝑚𝑎𝑥

 

𝜋𝑅2

𝑟𝑝𝑟

√3𝑐2

𝑟𝑝𝑟,𝑐𝑢𝑏𝑒 ∈ [
1

6
;
√3

6
] = [0.167; 0.289]



1/4 



- 

- 

- 

- 

- 

- 

𝜌 𝜌

𝐺𝑠,𝑖 = cos(𝜌𝑖) 𝐸𝑠  𝐹𝑒𝑐𝑙  [
𝑊

𝑚2
]

𝑖



𝐹𝑒

𝐹𝑒,𝑖 𝑖

𝜂𝑖

𝑓𝑜𝑟 |𝜂𝑖| ≤ acos (
1

ℎ
) ∶  𝐹𝑒,𝑖 =

cos(𝜂𝑖)

ℎ2         

𝑓𝑜𝑟 |𝜂𝑖| > acos (
1

ℎ
) ∶ 

𝐹𝑒,𝑖 =
1

𝜋ℎ2
(cos(𝜂𝑖) acos(𝑦) − 𝑥 sin (𝜂𝑖√1 − 𝑦2)) +

1

𝜋
atan (

𝑠𝑖𝑛(𝜂𝑖√1 − 𝑦2)

𝑥
)

𝑥 = √ℎ2 − 1 𝑦 = −𝑥 cot(𝜂𝑖)

𝐹𝑒,𝑖

𝜂𝑖

𝜂 > 90°

- 𝐺𝑒 = 𝐹𝑒 𝐸𝑒 = 1.19 𝐸𝑒  [
𝑊

𝑚2]

𝐺′𝑒 = 0.297 𝐸𝑒  [
𝑊

𝑚2]

- 𝐺′
𝑒 =

1

6
∑𝐹𝑒,𝑖  𝐸𝑒

𝜂 = 0° 𝜂 = 90° 𝐺′𝑒 =
1

6
(0.835 + 4 ∗ 0.25)𝐸𝑒 = 0.305 𝐸𝑒  [

𝑊

𝑚2]



- 

- 

- 

- 



𝛽 = 0°



 

𝛼/𝜖





 

 



- 

- 

- 



 

 









~



 





 

- 

- 

- 



 



- 

- 

- 

 

 



 

 



 

- 

- 

 



 





 



 



 

 



 

• 

• 

• 

• 

• 



 



 



- 

- 

- 



±66°







 

- 

- 

- 



- 



 

 





- 

- 



𝜶 𝝐

𝛼

𝜂𝑐𝑒𝑙𝑙

~

~



𝒄𝒑  [
𝑱

𝒌𝒈𝑲
]

[
𝑱

𝑲
]



 

- 

- 

- 

- 

- 

- 

𝐶
𝑇

= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 + 𝑄𝑖𝑛𝑡

𝐶 𝑄𝑖𝑛,𝑜𝑢𝑡,𝑖𝑛𝑡

𝑇𝑆

𝑄𝑖𝑛𝑡

𝐶 = 𝑚𝑐 [
𝐽

𝐾
]

   

    

    
  

  

      

  

  

    



Δ𝑡

𝑖 𝑡 = 𝑡𝑛

𝑡 = 𝑡𝑛+1 = 𝑡𝑛 + Δ𝑡

𝐶𝑖

𝑇𝑖,𝑛+1 − 𝑇𝑖,𝑛

Δ𝑡
= 𝑄𝑖,𝑛 = 𝑄𝑖𝑛,𝑖,𝑛 − 𝑄𝑜𝑢𝑡,𝑖,𝑛 + 𝑄𝑖𝑛𝑡,𝑖,𝑛

𝑇𝑖,𝑛 𝑇𝑖,𝑛+1 𝑖 𝑡𝑛 𝑡𝑛+1 𝑄𝑖𝑛,𝑖,𝑛

𝑖 𝑡𝑛 𝑄𝑜𝑢𝑡,𝑖,𝑛 𝑄𝑖𝑛𝑡,𝑖,𝑛

𝑄𝑖,𝑛 = 𝑄𝑐𝑜𝑛𝑑,𝑖,𝑛 + 𝑄𝑟𝑎𝑑,𝑖,𝑛 + 𝑄𝑖𝑛𝑡,𝑖,𝑛

𝑄𝑖,𝑛 = 𝑄𝑠,𝑖,𝑛 + 𝑄𝑎,𝑖,𝑛 + 𝑄𝑒,𝑖,𝑛 + 𝑄𝑐𝑜𝑛𝑑,𝑖,𝑛 + 𝑄𝑟𝑎𝑑,𝑖,𝑛 + 𝑄𝑖𝑛𝑡,𝑖,𝑛 − 𝑄𝑜𝑢𝑡,𝑖,𝑛

𝑄𝑠 , 𝑄𝑎 , 𝑄𝑒

𝑄𝑜𝑢𝑡

𝑄𝑜𝑢𝑡,𝑖 = 𝐴𝑖𝜖𝑖𝜎 𝑇𝑖
4

𝑇𝑖 𝑖 𝐴𝑖 𝜖𝑖 𝜎

𝑖

𝑖

𝑄𝑐𝑜𝑛𝑑,𝑖 = ∑ 𝑄𝑐𝑜𝑛𝑑,𝑖,𝑗

𝑗

= ∑ 𝐺𝑖,𝑗

𝑗

(𝑇𝑗 − 𝑇𝑖)

𝑄𝑟𝑎𝑑,𝑖 = ∑ 𝑄𝑟𝑎𝑑,𝑖,𝑗

𝑗

= ∑ 𝐴𝑖𝜖𝑖𝑗𝜎 (𝑇𝑗
4 − 𝑇𝑖

4)

𝑗

𝐺𝑖,𝑗 𝑖 𝑗 𝜖𝑖𝑗

𝑖 𝑗



 

𝐺𝑐 𝐺𝑟

𝑘 𝑖 𝑗

𝑄𝑐 = 𝐺𝑐  Δ𝑇              𝐺𝑐 =
𝑘 𝑆

𝐿
  [

𝑊

𝐾
]

Δ𝑇 = 𝑇𝑗 − 𝑇𝑖 𝑖 𝑗 𝐿

𝑆

𝑘𝐴𝑙𝑢 = 167 [
𝑊

𝑚𝐾
] 𝑟 =

0.16 [𝑐𝑚]19 𝑑

𝜖20

𝑖 𝑗

𝑄𝑟 = 𝐴𝑖𝜖𝑖𝑗𝜎 (𝑇𝑗
4 − 𝑇𝑖

4)

𝛼 = 𝜖



𝜎 𝐴𝑖 𝑖 𝜖𝑖𝑗

𝜖𝑖𝑗

𝜖𝑖𝑗 =
𝐹𝑖𝑗𝜖𝑖𝜖𝑗

𝐹𝑖𝑗(𝜖𝑖 + 𝜖𝑗) + 𝜖𝑖𝜖𝑗(1 − 2𝐹𝑖𝑗)
≈

𝜖𝑖𝜖𝑗

𝜖𝑖 + 𝜖𝑗 − 𝜖𝑖𝜖𝑗

𝜖𝑖 𝜖𝑗 𝑖 𝑗 𝐹𝑖𝑗

Δ𝑇

𝑇𝑖
4 − 𝑇𝑗

4 ≈ 4𝑇𝑚
3  Δ𝑇                 𝑇𝑚 =

𝑇𝑖 + 𝑇𝑗

2
 (≈ 𝑇𝑖)

Δ𝑇 𝑇𝑚 = 50

𝑄𝑟 ≈ 𝐺𝑟  Δ𝑇                𝐺𝑟 = 4𝐴𝑖𝜖𝑖𝑗𝜎𝑇𝑚
3     [

𝑊

𝐾
]

𝐺𝑟 𝑇𝑚 𝑖 𝑗

𝜖𝑖 = 𝜖𝑗 = 𝜖𝐹𝑅4 = 0.89 𝜖𝑖𝑗 = 0.8

𝐴𝑖 = 88.4 [𝑐𝑚2]

𝑑 = 1.5 [𝑐𝑚]

𝑇𝑚 = 25 [°𝐶] = 298 [𝐾]

𝐺𝑐 = 0.36 [
𝑊

𝐾
]            𝐺𝑟 = 0.04 [

𝑊

𝐾
]

𝐺𝑐 𝐺𝑟



𝐺𝑟𝑜𝑑𝑠 = 0.36 [
𝑊

𝐾
] , 𝐺𝑠𝑝𝑎𝑐 = 0.21 [

𝑊

𝐾
] , 𝐺𝑝𝑖𝑛𝑠 = 0.26 [

𝑊

𝐾
]            

⇒    𝐺𝑃𝐶𝐵 = 0.83 [
𝑊

𝐾
] 

𝐺𝑃𝐶𝐵



- 

𝜖𝑖𝑗 = 𝐹𝑖𝑗 = 0.2

𝐺𝑟,𝑝𝑙

𝐺𝑟,𝑝𝑙 = 0.07 [
𝑊

𝐾
]

- 



𝜖 = 0.03 𝜖𝑖𝑗
′ = 0.026

𝐺𝑟,𝑝𝑙
′ = 0.01 [

𝑊

𝐾
]

𝜖𝑖𝑗 ≈ 1

𝐺𝑐,𝑂𝐵𝐶

𝐺𝑐,𝑂𝐵𝐶 = 0.05 [
𝑊

𝐾
]



 

- 

- 

- 

- 

- 𝐶

- 𝑄𝑖𝑛

𝐺𝑖𝑛

𝑄𝑖𝑛,𝑖(= 𝛼𝑖𝐴𝑖𝐺𝑖𝑛,𝑖)

- 𝑄𝑜𝑢𝑡

- 𝑄𝑖𝑛𝑡

- 𝑄𝑐𝑜𝑛𝑑 𝐺

𝑄𝑐𝑜𝑛𝑑 = 𝐺 Δ𝑇



𝑄𝑖𝑛 , 𝑄𝑜𝑢𝑡

𝑞



- 

- 

- 

- 

[
𝑾

𝑲
]



 

 

- 

- 





 

- 

- 

- 

- 

- 



- 

- 



- 

 

𝛽

𝛽 𝛽 𝛽

𝜷



𝛽 𝛽



- 

- 

- 



- 

- 

- 

- 

- 







 

51st

   

   

      

    

      

   

  

         

      

      

      

      

      

      

      

      



𝐶
𝑇

= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 + 𝑄𝑖𝑛𝑡

    

            

    

        

    

    

    

    

    

    

    

    

    

    

    

    

     

    

     

     

    

    

    

    

    

    

    

    

    

    

     

     

     

   

     

     

     

     

          

    

        

    

    

    

     

     

     

     

                       

                        

               

                      

            





51st



 

- 

- 

- 

- 







 









 

𝐺𝑎 = 𝑎 𝐹𝑎 𝐸𝑠

𝐸𝑠 𝑎 𝐹𝑎

𝐹𝑎 𝐹𝐸

𝐹𝐸 = 𝑟2.1  (sin (
𝜌

2
))

𝑒

𝑒 = 160.31𝑟6 + 723.36𝑟5 + 1380𝑟4 + 1394.6𝑟3 + 780.65𝑟2 +  226.81𝑟 + 21.232

𝑟 =
𝑅𝑒

𝑅𝑒+ℎ
𝜌

𝐹𝑎 = 𝐹𝐸  (cos(0.9 𝜃))1.5 𝐹𝑒𝑐𝑙

𝜃 𝐹𝑒𝑐𝑙



 

Δ𝑇̅ ≅
𝑄𝑖𝑛𝑡

4 𝑇̅3 𝜎 𝜖 𝐴𝑜𝑢𝑡
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