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𝜶 m2/s

𝜷 1/K

𝜹𝒕 m

𝜹𝒉 m

𝝆 kg/m3

𝝁 kg/m. s

𝒗 m2/s
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𝒃
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Chapter 2:  
Literature study 

(𝜌𝑉2 𝐷⁄ ) (𝜇𝑉 𝐷2⁄ )

𝑅𝑒 =
𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=

𝜌𝑉2

𝜇 (
𝑉
𝐷)

=
𝜌𝑉𝐷

𝜇

𝑁𝑢 =
𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
=

ℎ𝐷

𝑘
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𝑃𝑟 =
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 ℎ𝑒𝑎𝑡
=

𝜇𝐶𝑝

𝑘
=

𝑣

𝛼

≪ 

 ( ≫ )

𝐺𝑟 =
𝑔𝛽(𝑇𝑤 − 𝑇𝑏)𝐷

3

𝑣2

  𝐺𝑟 𝑅𝑒2⁄

 (𝐺𝑟 𝑅𝑒2⁄ ≫  1)

 (𝐺𝑟 𝑅𝑒2⁄ ≪  1)

 (𝐺𝑟 𝑅𝑒2⁄ ≈ 1)

𝑅𝑎 = 𝐺𝑟𝑃𝑟 =
𝑔𝛽(𝑇𝑤 − 𝑇𝑏)𝐷

3

𝑣2
𝑃𝑟 =  

𝑔𝛽(𝑇𝑤 − 𝑇𝑏)𝐷
3

𝑣𝛼
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𝛥𝑃 = 𝑓
𝐿

𝐷

𝜌𝑉2

2

𝑓 =
8𝜏𝑤

𝜌𝑉2
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 𝐺𝑟/𝑅𝑒2

𝐺𝑟

𝑅𝑒2
< 0.1

0.1 <  
𝐺𝑟

𝑅𝑒2
< 10

𝐺𝑟

𝑅𝑒2
> 10
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(𝛿𝑡,𝑙𝑎𝑚𝑖𝑛𝑎𝑟)  (𝛿𝑡,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡)

𝛿𝑡,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = 0.05𝑅𝑒𝑃𝑟𝐷

𝐿𝑡,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 ≈ 10𝐷 

𝛿ℎ,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = 0.05𝑅𝑒𝐷

𝐿ℎ,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 ≈ 10𝐷 
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𝜀

𝐷
=0

Author(s) Proposed correlation Flow condition 

Isothermal friction factor 

Poiseuille 
(1840) 𝑓 =

64

𝑅𝑒
 

Laminar fully-
developed flow 

Churchill 
(1977) 

2

𝑓
= 4 (

1

[(8/𝑅𝑒)10 + (𝑅𝑒/36500)20]1/2
+ [2.21 × ln (𝑅𝑒/7)])

1/5

 

Laminar, 
transitional, and 
turbulent fully-
developed flow 

Hrycak 
and 

Andruskiw 
(1974) 

𝑓 = 4(−3.1 × 10−3 + 7.125 × 10−6𝑅𝑒 − 9.7 × 10−10𝑅𝑒2) 
Transitional fully-
developed flow 

Ghajar 
and 

Madon 
(1992) 

𝑓 = 4(−2.56 × 10−3 + 2.49 × 10−5𝑅𝑒 − 4.25 × 10−9𝑅𝑒2) 

𝑓 = 4(−9.88 × 10−3 + 1.15 × 10−5𝑅𝑒 − 1.29 × 10−9𝑅𝑒2) 

Transitional fully-
developed flow 
Square-edged 
Re-entrant 

Petukhov 
(1970) 

𝑓 = (0.79𝑙𝑛(𝑅𝑒) − 1.64)−2 
Turbulent fully-
developed flow 

Blasius 
(1913) 

𝑓 = 0.316𝑅𝑒−0.25 
Turbulent fully-
developed flow 

Diabatic friction factor 

Deissler 
(1951) 

𝑓 =
64

𝑅𝑒
(
𝜇𝑏

𝜇𝑤
)
𝑚

 

𝑚 = −0.58  

Laminar fully-
developed flow 

Test 
(1968) 

𝑓 =
64

𝑅𝑒

1

0.89
(
𝜇𝑏

𝜇𝑤
)
𝑚

 

𝑚 =  0.2 

Laminar fully-
developed flow 

Tam and 
Ghajar 
(1997) 

𝑓 =
64

𝑅𝑒
(
𝜇𝑏

𝜇𝑤
)
𝑚

 

𝑚 = 1.65 − 0.13𝑃𝑟0.84𝐺𝑟0.17 

Laminar fully-
developed flow 

Tam and 
Ghajar 
(1997) 

𝑓 = 4 [1 + (
𝑅𝑒

𝑎
)
𝑏

]

𝐶

(
𝜇𝑏

𝜇𝑤
)
𝑚

 

𝑎 = 4230, 𝑏 = −0.16, 𝑐 =  −6.57,𝑚 =  −1.13 − 0.396𝐺𝑟0.16𝑃𝑟0.51 
𝑎 = 5840, 𝑏 =  −0.0145, 𝑐 = −6.23,𝑚 =  −1.1 − 0.46𝐺𝑟−0.133𝑃𝑟0.41 

Transitional fully-
developed flow 
Square-edged 
Re-entrant 

Allen and 
Eckert 
(1964) 

𝑓 = 0.316𝑅𝑒−0.25 (
𝜇𝑏

𝜇𝑤
)
−0.25

 
Turbulent fully-
developed flow 
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�̇�𝑤𝑎𝑡𝑒𝑟 = �̇�𝐶𝑝(𝑇𝑒 − 𝑇𝑖)

�̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝑉𝐼

𝐿𝑜𝑠𝑠𝑒𝑠[%] =  
�̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 − �̇�𝑤𝑎𝑡𝑒𝑟

�̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

× 100
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𝑇𝑏 = 
𝑇𝑓,11 + 𝑇𝑓,12

2

𝑇𝑤 = 
1

𝐿
∫ 𝑇𝑤(𝑥)𝑑𝑥

𝐿

0

𝑇𝑤(𝑥)

∆𝑇 =  �̇�𝑅𝑡𝑢𝑏𝑒

𝑅𝑡𝑢𝑏𝑒

𝑅𝑡𝑢𝑏𝑒  =
ln (

𝑑𝑜
𝑑𝑖

)

2𝜋𝐿𝑘

𝑅𝑒 =
4�̇�

𝜇𝐷𝑖𝜋

𝑓 =
2𝐷𝑖∆𝑃

𝜌𝑉2𝐿
=

ρΔ𝑃𝐷5𝜋2

8�̇�2𝐿
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𝜇 [Pa ∙ 𝑠] 𝜌[kg/m3 ] 𝑘[W/m ∙ K] 𝐶𝑝 [J/kg ∙ K] 𝑃𝑟

1% 0.004% 2% 0.04% 2.3%

𝛿𝑚 = (𝑏𝑖
2 + 𝑝𝑖

2)
0.5
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𝑅𝑒 =
4�̇�

𝜇𝐷𝑖𝜋

𝛿𝑅𝑒 =
4

𝜋
[(

1

𝜇𝐷𝑖
𝛿�̇�)

2

+ (−
�̇�

𝜇𝐷𝑖
2 𝛿𝐷)

2

+ (−
�̇�

𝜇2𝐷
𝛿𝜇)

2

]

0.5
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𝑓 =
ρΔ𝑃𝐷5𝜋2

8�̇�2𝐿

𝛿𝑓 =
π2

8

[
 
 
 
 (

Δ𝑃𝐷5

�̇�2𝐿
𝛿𝜌)

2

+ (
𝜌𝐷5

�̇�2𝐿
𝛿Δ𝑃)

2

+ (
5𝜌Δ𝑃𝐷4

�̇�2𝐿
𝛿D)

2

+(−
2𝜌Δ𝑃𝐷5

�̇�3𝐿
𝛿�̇�)

2

+ (−
𝜌Δ𝑃𝐷5

�̇�2𝐿2
𝛿𝐿)

2

]
 
 
 
 
0.5
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Appendix A: Calibration 

𝑚 =
∑ {(𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)}𝑛

𝑖=1 

∑ (𝑥𝑖 − �̅�)2𝑛
𝑖=1 

𝑐 = �̅� − 𝑚�̅�

°C

°C

15°C

67.5°C +2.5°C

−2.5°C 67.5°C 15°C.
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15°C 65°C +2.5°C

−2.5°C 65°C 15°C.
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Station 
name 

Left tube Centre tube Right tube 

m c m c m c 

T1 

1.0082 -0.91635 1.0075 -1.2079 1.0093 -1.3122 

1.0071 -1.1743 1.0064 -1.4608 1.0102 -1.364 

1.0084 -1.6181 1.0041 -1.1869 1.0045 -1.2509 

T2 

1.0098 -1.0448 1.0095 -1.3846 1.011 -1.2609 

1.0051 -0.80314 1.006 -1.4263 1.0105 -1.5336 

1.01 -1.0477 1.0093 -1.6885 1.0155 -2.0683 

T3 

1.0094 -1.1484 1.0071 -1.5136 1.0077 -1.2627 

1.0088 -0.93349 1.0077 -1.4698 1.012 -1.9454 

1.0105 -1.4208 1.0031 -1.4016 1.005 -1.4756 

T4 

1.0104 -1.437 1.0001 -0.99537 1.0089 -1.2644 

1.0044 -1.6974 1.0027 -1.1602 1.0137 -1.1121 

1.0126 -1.5281 1.0089 -1.8232 1.008 -0.68683 

T5 

1.0096 -1.0782 1.0058 -1.4665 1.0098 -0.68197 

1.0118 -1.615 1.0104 -1.6122 1.0091 -0.76474 

1.0067 -1.1062 1.0038 -1.7542 1.0069 -0.75868 

T6 

1.0129 -1.6727 1.0124 -1.6121 1.0144 -1.1315 

1.0078 -1.1878 1.0052 -0.97934 1.0143 -1.4001 

1.0139 -1.7093 1.0062 -0.69602 1.016 -1.0882 

T7 

1.0144 -1.6304 1.0067 -0.67965 1.011 -1.407 

1.0145 -1.7079 1.0073 -0.83949 1.0122 -1.4267 

1.0126 -1.3092 1.0036 -0.70482 1.0079 -1.2782 

T8 

1.0097 -1.6685 1.0055 -1.245 1.0121 -1.0367 

1.0053 -0.64251 1.0061 -0.94331 1.0161 -1.5048 

1.0093 -1.2796 1.0085 -1.3187 1.0168 -1.8402 

T9 

1.0105 -0.85141 1.0074 -0.67123 1.0103 -1.0651 

1.0105 -0.61257 1.0093 -1.2094 1.0147 -1.5347 

1.0125 -1.0709 1.0055 -0.67578 1.0082 -1.4857 

T11 

1.0098 -0.71691 1.008 -1.0124 1.0147 -1.976 

1.0086 -0.72826 1.0036 -0.4405 1.0125 -1.3991 

1.0155 -1.2589 1.0078 -0.84311 1.017 -1.72 

T12 

1.0114 -1.0921 1.0075 -0.9201 1.0115 -1.5936 

1.0154 -1.2406 1.0075 -1.1442 1.013 -1.5913 

1.0107 -1.0963 1.0034 -0.65788 1.0081 -1.1333 

T13 

1.0103 -1.1114 1.0137 -1.433 1.0149 -1.8217 

1.0061 -0.77263 1.0052 -0.95173 1.0171 -1.7253 

1.0139 -1.1939 1.008 -0.81997 1.0152 -1.4776 

T14 

1.0073 -0.82641 1.0065 -1.3327 1.0137 -1.6574 

1.012 -0.89859 1.0091 -1.0748 1.0141 -1.5753 

1.0131 -0.93471 1.0052 -0.96696 1.0086 -1.2156 
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