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Convection Coefficient for Laminar Flow
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B. Constant 𝑻𝑻𝒔𝒔
𝑻𝑻𝒔𝒔

𝑵𝑵𝑵𝑵𝑫𝑫 =
𝒉𝒉𝒉𝒉
𝒌𝒌𝒇𝒇

= 𝟑𝟑.𝟔𝟔𝟔𝟔

A. Constant heat flux

𝒒𝒒𝒔𝒔"

𝑵𝑵𝑵𝑵𝑫𝑫 =
𝒉𝒉𝒉𝒉
𝒌𝒌𝒇𝒇

= 𝟒𝟒.𝟑𝟑𝟑𝟑

ReD<2300 Rex<𝟓𝟓 � 𝟏𝟏𝟏𝟏𝟓𝟓

𝑁𝑁𝑁𝑁𝑥𝑥 = 0.332𝑅𝑅𝑅𝑅𝑥𝑥1/2𝑃𝑃𝑃𝑃1/3

𝑁𝑁𝑁𝑁𝑥𝑥 = 0.664𝑅𝑅𝑅𝑅𝑥𝑥1/2𝑃𝑃𝑃𝑃1/3

𝑻𝑻𝒔𝒔

𝒒𝒒𝒔𝒔" 𝑁𝑁𝑁𝑁𝑥𝑥 = 0.435𝑅𝑅𝑅𝑅𝑥𝑥1/2𝑃𝑃𝑃𝑃1/3

Internal Forced Convection External Forced Convection
𝑻𝑻𝒇𝒇 = 𝑻𝑻𝒎𝒎 =

(𝑻𝑻𝒎𝒎,𝒊𝒊 + 𝑻𝑻𝒎𝒎,𝒐𝒐)
𝟐𝟐

𝑻𝑻𝒇𝒇 =
(𝑻𝑻𝒔𝒔 + 𝑻𝑻∞)

𝟐𝟐
Laminar Flow condition 
& Film properties

Fully developed flow (x>xfd,t)



This Lecture
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 Correlations for internal forced convection

 Circular tubes (laminar and turbulent)

 Non-circular tubes

 The entrance region

Learning Objectives:
 Calculate the heat transfer coefficient for flow in pipes under different 

geometrical and flow conditions



Convection Coefficient for Turbulent Flow in Circular Tubes
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ReD>2300

ℎ𝐷𝐷
𝑘𝑘𝑓𝑓

= 𝑁𝑁𝑁𝑁𝐷𝐷 = 0.023𝑅𝑅𝑅𝑅𝑥𝑥4/5𝑃𝑃𝑃𝑃𝑛𝑛𝑅𝑅𝑅𝑅𝐷𝐷 > 10000
𝑛𝑛 = 0.4 for HEATING

𝑛𝑛 = 0.3 for COOLING

3000 < 𝑅𝑅𝑅𝑅𝐷𝐷 < 5 � 106 𝑁𝑁𝑁𝑁𝐷𝐷 =
( ⁄𝑓𝑓 8) 𝑅𝑅𝑅𝑅𝐷𝐷 − 1000 𝑃𝑃𝑃𝑃

1 + 12.7( ⁄𝑓𝑓 8) ⁄1 2(𝑃𝑃𝑃𝑃 ⁄2 3 − 1)



Convection Coefficient for Non-circular Tubes

5

When dealing with non-circular tubes, we have to define a proper characteristic length.

𝑫𝑫𝒉𝒉 =
𝟒𝟒𝑨𝑨𝒄𝒄
𝑷𝑷

where P = 𝜋𝜋𝐷𝐷 = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝We observe that for a circular tube:  𝐴𝐴𝑐𝑐 =
𝜋𝜋𝐷𝐷2

4
=

𝜋𝜋𝜋𝜋 𝐷𝐷
4

=
𝑃𝑃𝑃𝑃
4

For a non-circular tube we thus define:  

hydraulic diameter
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 Correlations for internal forced convection

 Circular tubes (laminar and turbulent)

 Non-circular tubes

 The entrance region

Learning Objectives:
 Calculate the heat transfer coefficient for flow in pipes under different 

geometrical and flow conditions



The Entrance Region
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dmy

The temperature gradients along x cannot be 
simplified as done in the previous slides. 

In the entrance region there is 
advection also in the radial direction

Two possible cases:

• Thermal entry length with fully developed velocity profile (Pr >> 1)

• Combined thermal and flow entry length 



This Lecture
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 Correlations for internal forced convection

 Circular tubes (laminar and turbulent)

 Non-circular tubes

 The entrance region

Learning Objectives:
 Calculate the heat transfer coefficient for flow in pipes under different 

geometrical and flow conditions



Example 1
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Example 2
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Forced Convection RECAP
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Introduction to Convection
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Convection refers to the heat transfer between a solid and a fluid in motion when they are at different temperatures.

1. Forced 
Convection

2. Natural (Free) 
Convection

3. Boiling 4. Condensation



Forced Convection

16

Convection refers to the heat transfer between a solid and a fluid in motion when they are at different temperatures.

FLUID DYNAMICS HEAT TRANSFER
Mass conservation → Continuity equation 
Momentum conservation → Navier-Stokes equations

Energy conservation → 1st Law of Thermodynamics

Velocity profile: 𝒖𝒖(𝒙𝒙,𝒚𝒚)

Temperature profile: 𝑻𝑻(𝒙𝒙,𝒚𝒚)

Heat transfer includes advection!

Flow condition (Laminar/turbulent) → 𝑹𝑹𝑹𝑹 Boundary Conditions (Heat flux/Temperature)
𝑷𝑷𝑷𝑷

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

Transport Laws (Newton/Fourier)

ℎ(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞) = −𝑘𝑘𝑓𝑓 �
𝝏𝝏𝑻𝑻
𝝏𝝏𝒚𝒚 𝑦𝑦=0

No slip condition 𝑢𝑢 𝑥𝑥, 0 = 0

𝑵𝑵𝑵𝑵

• Shear stress 𝜏𝜏𝑤𝑤
• Friction coefficient 𝐶𝐶𝑓𝑓
• Friction factor 𝑓𝑓

Forced convection occurs when we can impose the initial velocity (or mass flow rate) and temperature of the fluid.  



Forced Convection
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Forced convection occurs when we can impose the initial velocity (or mass flow rate) and temperature of the fluid.  

1. Forced 
Convection

1. External Forced Convection: 

2. Internal Forced Convection

• the velocity/thermal boundary layer can grow indefinitely 

• there exist always and “unperturbed” flow at u∞, T∞

• the velocity/thermal boundary layer cannot grow indefinitely

• there exist an “entrance” region and a “fully developed” region

→ In the fully developed region the velocity profile does not change with position 𝜕𝜕𝑢𝑢
𝜕𝜕𝑥𝑥

= 0, ∃𝑢𝑢𝑚𝑚 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

→ In the fully developed region the temperature profiles are similar  𝜕𝜕θ
𝜕𝜕𝜕𝜕

= 0, ∃𝑇𝑇𝑚𝑚(𝑥𝑥)



Dimensionless numbers & Forced Convection
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External Forced Convection Internal Forced Convection

𝑅𝑅𝑅𝑅 =
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃𝑃𝑃 =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑁𝑁𝑁𝑁 =
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑅𝑅𝑅𝑅𝑥𝑥 =
𝜌𝜌𝑢𝑢∞𝑥𝑥
𝜇𝜇 𝑅𝑅𝑅𝑅𝐷𝐷 =

𝜌𝜌𝑢𝑢𝑚𝑚𝐷𝐷ℎ
𝜇𝜇 =

4𝑚̇𝑚
𝜇𝜇𝜇𝜇𝐷𝐷ℎ

𝐷𝐷ℎ = 4𝐴𝐴𝑐𝑐
𝑃𝑃

=
hydraulic diameter

𝑃𝑃𝑃𝑃 =
ν𝑓𝑓
𝛼𝛼𝑓𝑓

=
𝜌𝜌𝑓𝑓𝑐𝑐𝑝𝑝,𝑓𝑓

𝑘𝑘𝑓𝑓
𝑃𝑃𝑃𝑃 =

ν𝑓𝑓
𝛼𝛼𝑓𝑓

=
𝜌𝜌𝑓𝑓𝑐𝑐𝑝𝑝,𝑓𝑓

𝑘𝑘𝑓𝑓

𝑁𝑁𝑁𝑁𝑥𝑥 =
ℎ𝑥𝑥
𝑘𝑘𝑓𝑓

𝑥𝑥 = 𝐿𝐿 𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑥𝑥 = 𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Etc.

𝑁𝑁𝑁𝑁𝐷𝐷 =
ℎ𝐷𝐷ℎ
𝑘𝑘𝑓𝑓



Forced Convection: Coefficient for Laminar Flow
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B. Constant 𝑻𝑻𝒔𝒔

A. Constant heat flux

𝑻𝑻𝒔𝒔
𝑁𝑁𝑁𝑁𝐷𝐷 = 3.66

𝒒𝒒𝒔𝒔"

𝑁𝑁𝑁𝑁𝐷𝐷 = 4.36

Internal Forced Convection
𝑻𝑻𝒇𝒇 = 𝑻𝑻𝒎𝒎 =

(𝑻𝑻𝒎𝒎,𝒊𝒊 + 𝑻𝑻𝒎𝒎,𝒐𝒐)
𝟐𝟐

𝑹𝑹𝑹𝑹𝒙𝒙 < 𝟓𝟓 � 𝟏𝟏𝟏𝟏𝟓𝟓

𝑁𝑁𝑁𝑁𝑥𝑥 = 0.332𝑅𝑅𝑅𝑅𝑥𝑥1/2𝑃𝑃𝑃𝑃1/3

𝑁𝑁𝑁𝑁𝑥𝑥 = 0.664𝑅𝑅𝑅𝑅𝑥𝑥1/2𝑃𝑃𝑃𝑃1/3

𝑻𝑻𝒔𝒔

𝒒𝒒𝒔𝒔" 𝑁𝑁𝑁𝑁𝑥𝑥 = 0.435𝑅𝑅𝑅𝑅𝑥𝑥1/2𝑃𝑃𝑃𝑃1/3

External Forced Convection
𝑻𝑻𝒇𝒇 =

(𝑻𝑻𝒔𝒔 + 𝑻𝑻∞)
𝟐𝟐

Laminar Flow condition 
& Film properties

Fully developed conditions (x>xfd,t)

𝑹𝑹𝑹𝑹𝑫𝑫 < 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐



Forced Convection
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Forced convection occurs when we can impose the initial velocity (or mass flow rate) and temperature of the fluid.  

1. Forced 
Convection

1. External Forced Convection: 

2. Internal Forced Convection

• Horizontal plate

• Cross-flow around a cylinder
• Bank of tubes

Laminar vs Turbulent Heat Flux vs Temperature

Flow Condition (Re) Thermal BC

• Circular pipe

• Non-circular pipe
Laminar vs Turbulent Heat Flux vs Temperature

Flow Condition (Re) Thermal BC



General methodology for calculating the forced convection coefficient
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0.       Identify the type of convection (Forced/External, Forced/Internal, Natural, Boiling/Condensation)

1. Recognize the flow geometry (plate, cylinder, inner/outer flow etc.) [GEOM]

2. Specify the appropriate reference temperature and evaluate the pertinent fluid properties at that temperature 𝑻𝑻𝒇𝒇
• External convection over a plate/cylinder: 𝑻𝑻𝒇𝒇 = ⁄(𝑻𝑻𝒔𝒔 + 𝑻𝑻∞) 𝟐𝟐

• External convection over a bank of tubes: 𝑻𝑻𝒇𝒇 = ⁄(𝑻𝑻𝒊𝒊𝒊𝒊 + 𝑻𝑻𝒐𝒐𝒐𝒐𝒐𝒐) 𝟐𝟐

• Internal convection: 𝑻𝑻𝒇𝒇 = ⁄(𝑻𝑻𝒎𝒎,𝒊𝒊 + 𝑻𝑻𝒎𝒎,𝒐𝒐) 𝟐𝟐

3. Calculate the Reynolds number (be careful to use the right characteristic dimension - 𝑥𝑥, 𝐿𝐿,𝐷𝐷 – and velocity - 𝑢𝑢𝑚𝑚, 𝑢𝑢∞) and 
determine the flow conditions (laminar/turbulent) [FLOW]

4. Decide whether a local or surface average coefficient is required [Loc/Ave]

5. Calculate Pr or get it from the table [Pr]

6. Select the appropriate correlation, determine Nu and the convection coefficient [Nu, h]

Note: If the necessary temperatures are unknown, we can use 𝑇𝑇∞
or 𝑇𝑇𝑖𝑖𝑖𝑖 to estimate the fluid properties. Once we obtain 𝑇𝑇𝑠𝑠, 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,
𝑇𝑇𝑚𝑚,𝑜𝑜 we need to check whether it was reasonable.
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Q&A Session



Jupyter Notebooks
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Jupyter Notebooks are interactive teaching supports that combine text, images, animations 
and pieces of codes (Python). We have developed a Jupyter Notebook on Convection to help 
you revise the theory and practice the use of the correlations thanks to a number of guided 
exercises. 



Jupyter Notebooks
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Jupyter Notebooks are interactive teaching supports that combine text, images, animations 
and pieces of codes (Python). We have developed a Jupyter Notebook on Convection to help 
you revise the theory and practice the use of the correlations thanks to a number of guided 
exercises. 

1. Log in on Moodle

2. Open a new tab and paste this link: https://go.epfl.ch/ConvectionNotebook

The first time you access the notebook, it will require some minutes to start the JupyterLab
environment as the system will have to copy the files to your directory. Once the system 
starts, you should see a list of files on the left and a web-like page on the right (possibly 
with some code visible).

https://go.epfl.ch/ConvectionNotebook


Jupyter Notebooks

25

3. On the tope-left side of the JupyterLab environment, click on “Run” and then on “Run All Cells” (repeat every time 
you open a new page)
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Enhancement of Convection Coefficient

27

Coiled pipe (Nu will depend also on θ ! ) 



Table of Correlation for internal flow

28



The Entry Region

29Heat and Mass Transfer Course |  2018

Two possible solutions:

• Thermal entry length with fully developed velocity profile (Pr >> 1 or unheated length) 

• Combined thermal and flow entry length 



The Entry Region
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Constant Surface Temperature

Thermal entry problem Combined entry problem

Equation 8.56 Equation 8.57

These properties must be evaluated at 



The Entry Region

31
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