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Previously
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 Introduction to Free Convection

 Governing Equations of Free Convection 

 Grashof number and Rayleigh number

Learning Objectives:
 Understand free convection

 Derive the equation of free convection



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



Introduction to Free Convection
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A solid is in contact with a fluid at a different temperature. Free convection occurs when temperature-driven

density changes result in a net-buoyancy force that sets the fluid in motion. 

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

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

The velocity and the temperature of the fluid are controlled by the heat exchange with the solid. 

Free (Natural) Convection



Free Convection
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Free convection occurs when temperature-driven density changes result in a net-buoyancy force that sets the fluid in motion.

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 (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 Temperature-driven fluid-motion!



Governing Equations
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boundary layer

𝑢𝑢
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑔𝑔𝛽𝛽 𝑇𝑇 − 𝑇𝑇∞ + ν
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑦𝑦2

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0

𝑢𝑢
𝜕𝜕𝑇𝑇
𝜕𝜕𝑥𝑥

+ 𝑣𝑣
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

= 𝛼𝛼
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2 Heat transfer 

includes 
advection!

Temperature-driven 
fluid-motion!

(Mass conservation)

(Momentum conservation)

(Energy conservation)



Governing Equations – Grashof Number
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boundary layer 𝑥𝑥∗ =
𝑥𝑥
𝐿𝐿

𝑦𝑦∗ =
𝑦𝑦
𝐿𝐿

𝑢𝑢∗ =
𝑢𝑢
𝑢𝑢0

𝑣𝑣∗ =
𝑣𝑣
𝑢𝑢0

𝑇𝑇∗ =
𝑇𝑇 − 𝑇𝑇𝑠𝑠
𝑇𝑇∞ − 𝑇𝑇𝑠𝑠

Non-dimensional variables: 

𝑢𝑢∗
𝜕𝜕𝑢𝑢∗

𝜕𝜕𝑥𝑥∗
+ 𝑣𝑣∗

𝜕𝜕𝑢𝑢∗

𝜕𝜕𝑦𝑦∗
= 𝑇𝑇∗ +

1
𝑮𝑮𝑮𝑮𝑳𝑳

𝜕𝜕2𝑢𝑢∗

𝜕𝜕𝑦𝑦∗2
𝑢𝑢∗
𝜕𝜕𝑇𝑇∗

𝜕𝜕𝑥𝑥∗
+ 𝑣𝑣∗

𝜕𝜕𝑇𝑇∗

𝜕𝜕𝑦𝑦∗
=

1
𝑮𝑮𝑮𝑮𝑳𝑳𝑷𝑷𝑷𝑷

𝜕𝜕2𝑇𝑇∗

𝜕𝜕𝑦𝑦∗2

(Momentum conservation) (Energy conservation)

Grashof number – replaces Re in free convection 
problems (it accounts for thermal effects on the flow)𝐺𝐺𝐺𝐺𝑥𝑥 ≡

𝑔𝑔𝑔𝑔 𝑇𝑇𝑠𝑠 − 𝑇𝑇∞ 𝑥𝑥3

𝜈𝜈2

Rayleigh number – determines the flow conditions𝑅𝑅𝑅𝑅𝑥𝑥 ≡ 𝐺𝐺𝐺𝐺𝑥𝑥𝑃𝑃𝑃𝑃 =
𝑔𝑔𝑔𝑔 𝑇𝑇𝑠𝑠 − 𝑇𝑇∞ 𝑥𝑥3

𝜈𝜈𝛼𝛼

𝑅𝑅𝑅𝑅𝑥𝑥 < 109

𝑅𝑅𝑅𝑅𝑥𝑥 > 109

Laminar Flow

Turbulent Flow



This Lecture
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 Free Convection on a Vertical Plate

 Correlations for Free Convection 

Learning Objectives:
 Calculate the convection coefficient for free convection



Free Convection on a Vertical Plate – Laminar Flow
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boundary layer

𝑢𝑢
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑔𝑔𝛽𝛽 𝑇𝑇 − 𝑇𝑇∞ + ν
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑦𝑦2

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0

𝑢𝑢
𝜕𝜕𝑇𝑇
𝜕𝜕𝑥𝑥

+ 𝑣𝑣
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

= 𝛼𝛼
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2

(Mass conservation)

(Momentum conservation)

(Energy conservation)

Boundary conditions: 

A solution to the equations can be obtained identifying a similarity parameter η and a 
single-variable function 𝑓𝑓(η) that are related via the streamline function ψ 𝑥𝑥,𝑦𝑦 :

η ≡
𝑦𝑦
𝑥𝑥

𝐺𝐺𝐺𝐺𝑥𝑥
4

1/4

ψ(𝑥𝑥, 𝑦𝑦) ≡ 𝑓𝑓(η) 4ν
𝐺𝐺𝐺𝐺𝑥𝑥
4

1/4

(Momentum conservation)

(Energy conservation)

Temperature BC



Free Convection on a Vertical Plate – Laminar Flow
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boundary layer

FLUID DYNAMICS HEAT TRANSFER



Free Convection
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Free convection occurs when temperature-driven density changes result in a net-buoyancy force that sets the fluid in motion.

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 Temperature-driven fluid-motion!



Free Convection on a Vertical Plate – Laminar Flow

12

boundary layer
= ℎ(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)

𝑁𝑁𝑁𝑁𝑥𝑥 =
ℎ𝑥𝑥
𝑘𝑘𝑓𝑓

= −

𝑵𝑵𝑵𝑵𝒙𝒙 =
𝒉𝒉𝒉𝒉
𝒌𝒌𝒇𝒇

=
𝑮𝑮𝑮𝑮𝒙𝒙
𝟒𝟒

�𝟏𝟏 𝟒𝟒
𝒈𝒈(𝑷𝑷𝑷𝑷) 𝒈𝒈 𝑷𝑷𝑷𝑷 =

𝟎𝟎.𝟕𝟕𝟕𝟕𝑷𝑷𝑷𝑷𝟏𝟏/𝟐𝟐

𝟎𝟎.𝟔𝟔𝟔𝟔𝟔𝟔+ 𝟏𝟏.𝟐𝟐𝟐𝟐𝟐𝟐𝑷𝑷𝑷𝑷𝟏𝟏/𝟐𝟐 + 𝟏𝟏.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝟏𝟏/𝟒𝟒

Local coefficient: 



Free Convection on a Vertical Plate – Average h
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boundary layer

𝑁𝑁𝑁𝑁𝐿𝐿 = 0.825 +
0.387 𝑅𝑅𝑅𝑅𝐿𝐿

⁄1 6

1 + ⁄0.492 𝑃𝑃 𝑟𝑟 ⁄9 16 ⁄8 27

2

Average coefficient (laminar and turbulent): 

𝑇𝑇𝑓𝑓 =
𝑇𝑇𝑠𝑠 + 𝑇𝑇∞

2
Where we use



This Lecture
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 Free Convection on a Vertical Plate

 Correlations for Free Convection 

Learning Objectives:
 Calculate the convection coefficient for free convection



Correlations for Natural Convection – External Flows
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A. Horizontal Plates



Correlations for Natural Convection – External Flows
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B. Long horizontal Cylinder



This Lecture
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 Free Convection on a Vertical Plate

 Correlations for Free Convection 

Learning Objectives:
 Calculate the convection coefficient for free convection



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

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
3. Calculate the Reynolds/Rayleigh 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]



Free Convection - Example
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[Conv]
a) Free Convection (air is quiescent)
b) Forced Convection (there is an externally imposed flow velocity)

[GEOM]: Vertical plate

𝑻𝑻𝒇𝒇 =
𝑇𝑇𝑠𝑠 + 𝑇𝑇∞

2

[FLOW]
a) Rayleigh
b) Reynolds

Free Convection - Example

20

< 109

Laminar Flow



Free Convection - Example

21FLUID DYNAMICS

The boundary layer ends where 𝑓𝑓′ η ~0

η ≡
𝑦𝑦
𝑥𝑥

𝐺𝐺𝐺𝐺𝑥𝑥
4

1
4

~6 𝛿𝛿𝐿𝐿 = 𝑦𝑦(η𝑥𝑥=𝐿𝐿~6)



[Conv]
a) Free Convection (air is quiescent)
b) Forced Convection (there is an externally imposed flow velocity)

[GEOM]: Vertical plate

𝑻𝑻𝒇𝒇 =
𝑇𝑇𝑠𝑠 + 𝑇𝑇∞

2

[FLOW]
a) Rayleigh
b) Reynolds

Free Convection - Example

22

𝑅𝑅𝑅𝑅𝐿𝐿 < 5 � 105 Laminar Flow



Free Convection - Example
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𝛿𝛿
𝑥𝑥

=
4.92
𝑅𝑅𝑅𝑅𝑥𝑥

For the laminar boundary layer over a plate we recall (W5L1 – slide 20)

Observe that the boundary layer thickness for free convection is much larger than for forced convection. This is often the case.



This Lecture
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 Free Convection on a Vertical Plate

 Correlations for Free Convection 

Learning Objectives:
 Calculate the convection coefficient for free convection
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Supplementary Slides



Correlations for Natural Convection – External Flows
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C. Inclined Plates

Fbuoyancy

Fbuoyancy

u// < u(y)max

?



Correlations for Natural Convection – External Flows
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C. Inclined Plates

Break-up of the boundary layer enhances heat transfer!!

For θ<60° for the top and bottom surfaces of a cooling or heating 
plate, respectively,  use equation of vertical plate (slide 23) but with:

𝑔𝑔′ = 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝜃𝜃



Correlations for Natural Convection – Enclosures
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D. Rectangular Cavities

a. Horizontal cavities (τ = 0 , T1 > T2)

<

No onset of flow (only 
conduction)

RaL > 5 x 104

Turbulent flow

Note: for τ = 180 , no flow is created and only conduction occurs



Correlations for Natural Convection – Enclosures
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b. Vertical cavities (τ = 90 )



Correlations for Natural Convection – Enclosures
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E. Concentric Cylinders


	Heat and Mass Transfer ME-341
	Previously
	Introduction to Convection
	Introduction to Free Convection
	Free Convection
	Governing Equations
	Governing Equations – Grashof Number
	This Lecture
	Free Convection on a Vertical Plate – Laminar Flow
	Free Convection on a Vertical Plate – Laminar Flow
	Free Convection
	Free Convection on a Vertical Plate – Laminar Flow
	Free Convection on a Vertical Plate – Average h
	This Lecture
	Correlations for Natural Convection – External Flows
	Correlations for Natural Convection – External Flows
	This Lecture
	General methodology for calculating the convection coefficient
	Free Convection - Example
	Free Convection - Example
	Free Convection - Example
	Free Convection - Example
	Free Convection - Example
	This Lecture
	Slide Number 25
	Correlations for Natural Convection – External Flows
	Correlations for Natural Convection – External Flows
	Correlations for Natural Convection – Enclosures
	Correlations for Natural Convection – Enclosures
	Correlations for Natural Convection – Enclosures

