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𝐻5𝑂2
+  → 𝐻2𝑂 + 𝐻3𝑂

+

𝐻3𝑂
+ → 𝐻2𝑂 + 𝐻+
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 𝐴𝑙2𝑂3 𝑆𝑖𝑂2 𝑍𝑛𝑂

𝐺 𝐶𝑢

 





𝑪𝒑𝒏𝒑     [
𝑱

𝒌𝒈 ∙ 𝑲
] 𝝆𝒏𝒑       [

𝒌𝒈

𝒎𝟑] 𝒌𝒏𝒑      [
𝑾

𝒎 ∙ 𝑲
] 𝒅𝒏𝒑   [𝒏𝒎]

𝐴𝑙2𝑂3

𝑆𝑖𝑂2

𝑍𝑛𝑂

𝐺

𝐶𝑢



𝑇𝑒𝑏
𝑜 =  100 ℃ 

𝑇𝑐𝑟
𝑜 = 0 ℃

𝑀𝑚𝑒𝑔 = 62.07
𝑔𝑟

𝑚𝑜𝑙

𝑘𝑒𝑏 = 0.52 
℃ ∙ 𝑘𝑔

𝑚𝑜𝑙

𝑘𝑐𝑟 = 1.86 
℃ ∙  𝑘𝑔

𝑚𝑜𝑙



 96 485 (
𝐶

mol
)

(𝛿𝑚𝑒𝑚) 0.183 (mm)

8.314 (
𝐽

𝑚𝑜𝑙 ∙ 𝐾
)

(𝐼0𝑎𝑛
/𝐼0𝑐𝑎𝑡

)
 10/10  (

A

cm2
)

(𝑃𝐻2
/𝑃𝑂2

/𝑃𝐻2𝑂)

224 (
𝑘𝐽

𝑚𝑜𝑙
)

(𝑅𝑒𝑙) 10.6 x 10−6(Ω)

(𝜌𝑒𝑓𝑓
𝑎𝑛) 43.1 x 10−6(Ω cm)

(𝜌𝑒𝑓𝑓
𝑐𝑎𝑡) 16 x 10−3(Ω cm)

(𝜆) 22

160 (cm2)



Φ𝑒𝑔 = 1 − Φ𝐻2𝑂

𝑚𝑒𝑔 = 𝑉𝑒𝑔 ∙ 𝜌𝐸𝐺

𝑚𝐻2𝑂 = 𝑉𝐻2𝑂 ∙ 𝜌𝐻2𝑂

𝑛 =
𝑚𝑒𝑔

𝑀𝑚𝑒𝑔

𝑚 =
𝑛

𝑚𝐻2𝑂

∆𝑇𝑒𝑏 = 𝑘𝑒𝑏 ∙ 𝑚

𝑇𝑒𝑏 = 𝑇𝑒𝑏
𝑜 + ∆𝑇𝑒𝑏

∆𝑇𝑐𝑟 = 𝑘𝑐𝑟 ∙ 𝑚

𝑇𝑐𝑟 = 𝑇𝑐𝑟
𝑜 − ∆𝑇𝑐𝑟





𝜌𝑏𝑓 = 𝜌𝑒𝑔 ∙ Φ𝑒𝑔 + 𝜌𝐻2𝑂 ∙ Φ𝐻2𝑂

Φmeg
= 𝜌𝑒𝑔 ∙ [

Φ𝑒𝑔

𝜌𝑒𝑔 ∙ Φ𝑒𝑔 + 𝜌𝐻2𝑂 ∙ Φ𝐻2𝑂
]

ΦmH2𝑂
= 𝜌H2𝑂 ∙ [

ΦH2𝑂

𝜌𝑒𝑔 ∙ Φ𝑒𝑔 + 𝜌𝐻2𝑂 ∙ Φ𝐻2𝑂
]

𝐶𝑝𝑏𝑓 =
𝐶𝑝𝑒𝑔 ∙ Φ𝑒𝑔 ∙ 𝜌𝑒𝑔 + 𝐶𝑝𝐻2𝑂 ∙ Φ𝐻2𝑂 ∙ 𝜌𝐻2𝑂

𝜌𝑏𝑓

𝑘𝑏𝑓 = Φmeg
∙ 𝑘𝑒𝑔 + ΦmH2𝑂

∙ 𝑘𝐻2𝑂 − 0.72 ∙ Φmeg

∙ ΦmH2𝑂
∙ (𝑘𝐻2𝑂 − 𝑘𝑒𝑔)

𝜇𝑏𝑓 = Φmeg
∙ 𝜇𝑒𝑔 + ΦmH2𝑂

∙ 𝜇𝐻2𝑂

𝜌𝑜
𝑏𝑓 = 𝜌𝑜

𝑒𝑔 ∙ Φ𝑒𝑔 + 𝜌𝑜
𝐻2𝑂 ∙ Φ𝐻2𝑂

𝑑𝑏𝑓 = [
6 ∙ (𝑀𝑚𝑒𝑔 + 𝑀𝑚𝐻2𝑂)

6.022 𝑥 1026 ∙ 𝜋 ∙ 𝜌𝑜
𝑏𝑓

]

1
3

Pr𝑏𝑓 =
𝐶𝑝𝑏𝑓 ∙ 𝜇𝑏𝑓

𝑘𝑏𝑓





𝑅𝑒𝑛𝑝 =
2 ∙ 𝜌𝑏𝑓 ∙ 𝑘𝑏 ∙ 𝑇𝑏𝑓

𝜋 ∙ 𝜇𝑏𝑓
2 ∙ 𝑑𝑛𝑝

ρnf = Φ𝑛𝑝 ∙ 𝜌𝑛𝑝 + (1 − Φ𝑛𝑝) ∙ 𝜌𝑏𝑓

Cpnf =
 Φ𝑛𝑝 ∙ 𝐶𝑝𝑛𝑝 ∙ 𝜌𝑛𝑝 + (1 − Φ𝑛𝑝) ∙ 𝐶𝑝𝑏𝑓 ∙ 𝜌𝑏𝑓

𝜌𝑛𝑓

𝜇𝑛𝑓 = 𝜇𝑏𝑓 ∙

[
 
 
 
 

1

1 − 34.87 ∙ (
𝑑𝑛𝑝

𝑑𝑏𝑓
)
−0.3

∙ Φ𝑛𝑝
1.03

]
 
 
 
 

𝑘𝑛𝑓 = 𝑘𝑏𝑓 ∙ [1 + 4.4 ∙ 𝑅𝑒𝑛𝑝
0.4 ∙ 𝑃𝑟𝑏𝑓

0.66 ∙ (
𝑇𝑏𝑓𝐾

𝑇𝑐𝑟𝐾

)

10

 ∙ (
𝑘𝑛𝑝

𝑘𝑏𝑓

)

0.03

∙ Φ𝑛𝑝
0.66]

𝑃𝑟𝑛𝑓 =
𝐶𝑝𝑛𝑓 ∙ 𝜇𝑛𝑓

𝑘𝑛𝑓

𝜈𝑛𝑓 =
𝜇𝑛𝑓

𝜌𝑛𝑓











𝑄𝑢 = 𝑚𝑟̇ ∙ 𝐶𝑝𝑛𝑓𝑟
∙ (𝑇𝑖𝑛𝑟

− 𝑇𝑜𝑢𝑡𝑟
)

𝑄𝑢 = 𝐴𝑎𝑝 ∙ 𝐹𝑅 ∙ (𝑆 −
𝐴𝑟

𝐴𝑎𝑝

∙ 𝑈𝐿 ∙ (𝑇𝑖𝑛𝑟
− 𝑇𝑎))

𝑆 = 𝐺𝑏 ∙ 𝜂𝑟

𝜂𝑟 = 𝜌 ∙ 𝛾 ∙ 𝜏 ∙ 𝛼 ∙ 𝐾

𝐹𝑅 =
𝑚𝑟̇ ∙ 𝐶𝑝𝑛𝑓𝑟

𝐴𝑟 ∙ 𝑈𝐿

∙ (1 − exp (
−𝐴𝑟 ∙ 𝑈𝐿 ∙ 𝐹´

𝑚̇𝑟 ∙ 𝐶𝑝𝑛𝑓𝑟

))

𝐹´ =

1
𝑈𝐿

1
𝑈𝐿

+
𝐷𝑟𝑜

𝐷𝑟𝑖
∙ ℎ𝑓𝑖

+
𝐷𝑟𝑜

2 ∙ 𝑘𝑟
∙ ln (

𝐷𝑟𝑜

𝐷𝑟𝑖
)

ℎ𝑓𝑖
=

𝑁𝑢𝑛𝑓𝑟
∙ 𝑘𝑛𝑓𝑟

𝐷𝑟𝑖

𝑁𝑢𝑛𝑓𝑟 = 0.023 ∙ 𝑅𝑒𝑛𝑓𝑟
0.8 ∙ 𝑃𝑟𝑛𝑓𝑟

0.4

𝑈𝐿 = [
𝐴𝑟

(ℎ𝑤 + ℎ𝑟𝑐−𝑎 
) ∙ 𝐴𝑐

+
1

ℎ𝑟𝑟−𝑐

]

−1

ℎ𝑟𝑐−𝑎 
= 𝜀𝑐 ∙ 𝜎 ∙ (𝑇𝑐 + 𝑇𝑟) ∙ (𝑇𝑐

2 + 𝑇𝑟
2)

ℎ𝑟𝑟−𝑐 
=

𝜎 ∙ (𝑇𝑐 + 𝑇𝑟) ∙ (𝑇𝑐
2 + 𝑇𝑟

2)

1
𝜀𝑐

+
𝐴𝑟

𝐴𝑐
∙ (

1
𝜀𝑐

− 1)

ℎ𝑤 =
𝑁𝑢𝑎𝑖𝑟 ∙ 𝑘𝑎𝑖𝑟

𝐷𝑜𝑢𝑡𝑐

𝑇𝑐 =
𝐴𝑟 ∙ ℎ𝑟𝑟−𝑐

∙ 𝑇𝑟 + 𝐴𝑐 ∙ (ℎ𝑟𝑐−𝑎
+ ℎ𝑤) ∙ 𝑇𝑎

𝐴𝑟 ∙ ℎ𝑟𝑟−𝑐
+ 𝐴𝑐 ∙ (ℎ𝑟𝑐−𝑎

+ ℎ𝑤)

𝑁𝑢𝑎𝑖𝑟 = 0.4 + 0.54 ∙ 𝑅𝑒𝑎𝑖𝑟
0.52       0.1 < 𝑅𝑒𝑎𝑖𝑟 < 1000

𝑁𝑢𝑎𝑖𝑟 = 0.3 ∙ 𝑅𝑒𝑎𝑖𝑟
0.6                  1000 < 𝑅𝑒𝑎𝑖𝑟 < 50 000

𝑄𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑎𝑝 ∙ 𝐹𝑟 ∙ 𝑆 ∙ 𝑁

𝐴𝑎𝑝 = (𝑊 − 𝐷𝑜𝑢𝑡𝑐
) ∙ 𝐿





𝑚̇𝑛𝑓𝐶𝐻𝐸
= 𝜌𝑛𝑓𝐶𝐻𝐸

∙ 𝑉̇𝑛𝑓𝐶𝐻𝐸

𝑚̇𝐻2𝑂𝐶𝐻𝐸
=  𝜌𝐻2𝑂𝐶𝐻𝐸

∙ 𝑉̇𝐻2𝑂𝐶𝐻𝐸

𝐶ℎ𝑜𝑡 = 𝑚̇𝑛𝑓𝐶𝐻𝐸
∙ 𝐶𝑝𝑛𝑓𝐶𝐻𝐸

𝐶𝑐𝑜𝑙𝑑 = 𝑚̇𝐻2𝑂𝐶𝐻𝐸
∙ 𝐶𝑝𝐻2𝑂𝐶𝐻𝐸

𝐶𝑚𝑎𝑥 = max(𝐶ℎ𝑜𝑡, 𝐶𝑐𝑜𝑙𝑑)

𝐶𝑚𝑖𝑛 = min(𝐶ℎ𝑜𝑡, 𝐶𝑐𝑜𝑙𝑑)

𝐶∗ =
𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥

𝑄𝐶𝐻𝐸 = 𝐶ℎ𝑜𝑡 ∙ (𝑇𝑖𝑛𝑛𝑓𝐶𝐻𝐸
− 𝑇𝑜𝑢𝑡𝑛𝑓𝐶𝐻𝐸

)

𝑄𝐶𝐻𝐸 = 𝐶𝑐𝑜𝑙𝑑 ∙ (𝑇𝑜𝑢𝑡𝐻2𝑂𝐶𝐻𝐸
− 𝑇𝑖𝑛𝐻2𝑂𝐶𝐻𝐸

)

𝑄𝑚𝑎𝑥 = 𝐶𝑐𝑜𝑙𝑑 ∙ (𝑇𝑖𝑛𝑛𝑓𝐶𝐻𝐸
− 𝑇𝑖𝑛𝐻2𝑂𝐶𝐻𝐸

)    𝑖𝑓   𝐶𝑐𝑜𝑙𝑑 < 𝐶ℎ𝑜𝑡



𝑄𝑚𝑎𝑥 = 𝐶ℎ𝑜𝑡 ∙ (𝑇𝑖𝑛𝑛𝑓𝐶𝐻𝐸
− 𝑇𝑖𝑛𝐻2𝑂𝐶𝐻𝐸

)    𝑖𝑓   𝐶ℎ𝑜𝑡 < 𝐶𝑐𝑜𝑙𝑑

𝜀 =
𝐶𝑐𝑜𝑙𝑑 ∙ (𝑇𝑜𝑢𝑡𝐻2𝑂𝐶𝐻𝐸

− 𝑇𝑖𝑛𝐻2𝑂𝐶𝐻𝐸
)

𝐶𝑚𝑖𝑛 ∙ (𝑇𝑖𝑛𝑛𝑓𝐶𝐻𝐸
− 𝑇𝑖𝑛𝐻2𝑂𝐶𝐻𝐸

)

𝑁𝑇𝑈 = (
1

1 − 𝐶∗) ∙ ln (
1 − 𝜀 ∙ 𝐶∗

1 − 𝜀
)

𝑁𝑇𝑈 = 𝑈𝐶𝐻𝐸 ∙
𝐴𝐻𝐸

𝐶𝑚𝑖𝑛

𝑅𝑒𝑛𝑓𝐶𝐻𝐸
=

𝑉̇𝑛𝑓𝐶𝐻𝐸

𝜋 ∙
𝐷𝑖𝑖𝑡

2

4

∙
𝐷𝑖𝑖𝑡

𝜈𝑛𝑓𝐶𝐻𝐸

𝑓𝑖 =
1

[−1.8 ∙ log(
10.9

𝑅𝑒𝑛𝑓𝐶𝐻𝐸

+ (
𝜀𝐶𝑢

3.7 ∙ 𝐷𝑖𝑖𝑡
)
1.11

)]

2

𝑁𝑢𝑛𝑓𝐶𝐻𝐸
= 1.953 ∙ (𝑅𝑒𝑛𝑓𝐶𝐻𝐸

∙ 𝑃𝑟𝑛𝑓𝐶𝐻𝐸
∙ 𝐷𝑖𝑖𝑡

)

1
3
      𝑠𝑖      𝑅𝑒𝑛𝑓𝐶𝐻𝐸

< 2300

𝑁𝑢𝑛𝑓𝐶𝐻𝐸
=

𝑓𝑖
8

∙ (𝑅𝑒𝑛𝑓𝐶𝐻𝐸
− 1000) ∙ 𝑃𝑟𝑛𝑓𝐶𝐻𝐸

1 + 12.7 ∙ (
𝑓𝑖
8
)
0.5

∙ (𝑃𝑟𝑛𝑓𝐶𝐻𝐸

2
3 − 1) 

      𝑠𝑖      𝑅𝑒𝑛𝑓𝐶𝐻𝐸
≥ 2300

ℎ𝑖 =  
𝑁𝑢𝑛𝑓𝐶𝐻𝐸

∙ 𝑘𝑛𝑓𝐶𝐻𝐸

𝐷𝑖𝑖𝑡

𝑅𝑒𝐻2𝑂𝐶𝐻𝐸
=

𝑉̇𝐻2𝑂𝐶𝐻𝐸

𝜋 ∙
(𝐷𝑖𝑜𝑡 − 𝐷𝑜𝑖𝑡

)
2

4

∙
(𝐷𝑖𝑜𝑡 − 𝐷𝑜𝑖𝑡

)

𝜈𝐻2𝑂𝐶𝐻𝐸

𝑓𝑜 =
1

[−1.8 ∙ log(
10.9

𝑅𝑒𝐻2𝑂𝐶𝐻𝐸

+ (
𝜀𝐶𝑢

3.7 ∙ (𝐷𝑖𝑜𝑡
− 𝐷𝑜𝑖𝑡

)
)

1.11

)]

2

𝑁𝑢𝐻2𝑂𝐶𝐻𝐸
= 1.953 ∙ (𝑅𝑒𝐻2𝑂𝐶𝐻𝐸

∙ 𝑃𝑟𝐻2𝑂𝐶𝐻𝐸
∙ (𝐷𝑖𝑜𝑡

− 𝐷𝑜𝑖𝑡
))

1
3
    𝑠𝑖   𝑅𝑒𝐻2𝑂𝐶𝐻𝐸

< 2300

𝑁𝑢𝐻2𝑂𝐶𝐻𝐸
=

𝑓𝑜
8

∙ (𝑅𝑒𝐻2𝑂𝐶𝐻𝐸
− 1000) ∙ 𝑃𝑟𝐻2𝑂𝐶𝐻𝐸

1 + 12.7 ∙ (
𝑓𝑜
8

)
0.5

∙ (𝑃𝑟𝐻2𝑂𝐶𝐻𝐸

2
3 − 1) 

      𝑠𝑖      𝑅𝑒𝐻2𝑂𝐶𝐻𝐸
≥ 2300

ℎ𝑜 = 
𝑁𝑢𝐻2𝑂𝐶𝐻𝐸

∙ 𝑘𝐻2𝑂𝐶𝐻𝐸

𝐷𝑜𝑖𝑡

𝑅𝑖 =
1

ℎ𝑖 ∙ 𝜋 ∙ 𝐷𝑖𝑖𝑡 ∙ 𝐿𝐶𝐻𝐸

𝑅𝑤𝑎𝑙𝑙 =

ln (
𝐷𝑜𝑖𝑡
𝐷𝑖𝑖𝑡

)

2 ∙ 𝜋 ∙ 𝑘𝐶𝑢 ∙ 𝐿𝐶𝐻𝐸

𝑅𝑜 =
1

ℎ𝑜 ∙ 𝜋 ∙ 𝐷𝑜𝑖𝑡 ∙ 𝐿𝐶𝐻𝐸

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑖 + 𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑜

𝐴𝐶𝐻𝐸 = 𝜋 ∙ 𝐷𝑜𝑖𝑡 ∙ 𝐿𝐶𝐻𝐸

𝑈𝐶𝐻𝐸 =
1

𝑅𝑡𝑜𝑡𝑎𝑙 ∙ 𝐴𝐶𝐻𝐸











𝑉 = 𝑉𝑂𝐶 + 𝑉𝑎𝑐𝑡𝑎𝑛
+ 𝑉𝑎𝑐𝑡𝑐𝑎𝑡

+ 𝑉𝑜ℎ𝑚𝑖𝑐 + 𝑉𝑐𝑜𝑛𝑎𝑛
+ 𝑉𝑐𝑜𝑛𝑐𝑎𝑡

𝑉𝑜𝑐 = 1.23 − 0.00058 ∙ (𝑇𝑒𝑙𝑒𝑐 − 298) + 0.0000438 ∙ 𝑇𝑒𝑙𝑒𝑐 ∙ ln (
𝑃𝐻2

∙ 𝑃𝑂2

0.5

𝑃𝐻2𝑂
)

𝑉𝑎𝑐𝑡𝑎𝑛
=

𝑅 ∙ 𝑇𝑒𝑙𝑒𝑐

𝐹
∙ sinh−1 (

𝐽

2 ∙ 𝐽𝑂𝑎𝑛

) 

𝑉𝑎𝑐𝑡𝑐𝑎𝑡 =
𝑅 ∙ 𝑇𝑒𝑙𝑒𝑐

𝐹
∙ sinh−1 (

𝐽

2 ∙ 𝐽𝑂𝑐𝑎𝑡

)

𝑉𝑜ℎ𝑚𝑖𝑐 = 𝑅𝑐𝑒𝑙𝑙 ∙ 𝐼 = (𝑅𝑒𝑙 + 𝑅𝑏𝑝 + 𝑅𝑚𝑒𝑚) ∙ 𝐼

𝑅𝑒𝑙𝑏𝑝
= 𝜌𝑒𝑓𝑓 ∙

𝐼

𝐴

𝑅𝑚𝑒𝑚 =
𝛿𝑚𝑒𝑚

𝐴 ∙ 𝜎𝑚𝑒𝑚

𝜎𝑚𝑒𝑚 = (0.005139 ∙ 𝜆 − 0.00326) ∙ [1264 ∙ (
1

303
−

1

𝑇𝑒𝑙𝑒𝑐
)]

𝑉𝑐𝑜𝑛𝑎𝑛 =
𝑅𝑇𝑒𝑙𝑒𝑐

4 ∙ 𝐹
∙ ln (

𝐶𝑂2

𝑚𝑒𝑚

𝐶𝑂2𝑜

𝑚𝑒𝑚)

𝑉𝑐𝑜𝑛𝑐𝑎𝑡 =
𝑅𝑇𝑒𝑙𝑒𝑐

4 ∙ 𝐹
∙ ln (

𝐶𝐻2

𝑚𝑒𝑚

𝐶𝐻2𝑜

𝑚𝑒𝑚)

𝑃𝑠𝑡𝑎𝑐𝑘 = 𝑁𝑐𝑒𝑙𝑙 ∙ 𝑉 ∙ 𝐼

𝑚𝐻2 =
𝐼 ∙ 𝑡 ∙ 𝑀𝐻2

2𝐹
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