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RECAP of Forced and Free Convection
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 Definition of Convection

 Boundary layer concept & Governing Equations

 Forced External/Internal Convection & Free Convection 

 Non-dimensional numbers & Flow Conditions

 General procedure to determine the convection coefficient



Definition of 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.

During convection heat is transferred through both diffusion (random molecular motion) and advection (net macroscopic mass transport)

diffusion advection

Solid, Ts

Fluid in motion, 𝑇𝑇𝑓𝑓 ≠ 𝑇𝑇𝑠𝑠 𝑢𝑢, 𝑚̇𝑚



Definition of Convection

4

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

During convection heat is transferred through both diffusion (random molecular motion) and advection (net macroscopic mass transport)

diffusion advection

Solid, Ts

Fluid in motion, 𝑇𝑇𝑓𝑓 ≠ 𝑇𝑇𝑠𝑠 𝑢𝑢, 𝑚̇𝑚
Energy transfer at the 
solid-fluid interface !!
(Boundary layer)



Velocity boundary layer
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𝒖𝒖 𝜹𝜹 = 𝟎𝟎.𝟗𝟗𝟗𝟗𝒖𝒖∞

Velocity Boundary 
Layer

𝒖𝒖 𝟎𝟎 = 𝟎𝟎

No-slip condition
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𝒖𝒖 𝜹𝜹 = 𝟎𝟎.𝟗𝟗𝟗𝟗𝒖𝒖∞

Viscous Flow
𝜏𝜏 ≠ 0

Shear stress 𝝉𝝉 = friction force per unit area

Inviscid Flow
𝜏𝜏 = 0

𝝉𝝉

Newtonian fluids:         𝜏𝜏 �𝑦𝑦 = μ �𝜕𝜕𝑢𝑢
𝜕𝜕𝑦𝑦 𝑦𝑦= �𝑦𝑦

⁄𝑁𝑁 𝑚𝑚2 where μ 𝑁𝑁𝑁𝑁
𝑚𝑚2 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝜌𝜌[𝑘𝑘𝑘𝑘

𝑚𝑚3] � ν[𝑚𝑚
2

𝑠𝑠
]

At the wall (𝑦𝑦 = 0):    τ 0 = 𝜏𝜏𝑤𝑤 = 𝐶𝐶𝑓𝑓
𝜌𝜌𝑢𝑢∞2

2
where   𝐶𝐶𝑓𝑓 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Velocity boundary layer



𝑻𝑻∞

Thermal boundary layer
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𝑻𝑻𝒔𝒔 − 𝑻𝑻 δ𝒕𝒕
𝑻𝑻𝒔𝒔 − 𝑻𝑻∞

= 𝟎𝟎.𝟗𝟗𝟗𝟗

Thermal 
Boundary Layer

𝑻𝑻𝒔𝒔 > 𝑻𝑻∞

The total amount of heat removed by convection depends on what happens at the solid/fluid interface

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐" = h(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)



Thermal boundary layer
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At the wall the velocity is zero (no advection, only diffusion). 
Heat transfer by diffusion is described by Fourier’s law: 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐" = 𝑞𝑞" 0 = −𝒌𝒌𝒇𝒇 �
𝜕𝜕𝑇𝑇
𝜕𝜕𝑦𝑦 𝑦𝑦=0

𝑞𝑞" 0

The heat that is transferred to the fluid must satisfy Newton’s law: 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐" = h(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)

ℎ =
−𝑘𝑘𝑓𝑓 �𝜕𝜕𝑇𝑇

𝜕𝜕𝑦𝑦 𝑦𝑦=0

(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)



Thermal boundary layer
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𝑞𝑞" 0

ℎ =
−𝑘𝑘𝑓𝑓 �𝜕𝜕𝑇𝑇

𝜕𝜕𝑦𝑦 𝑦𝑦=0

(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)

To find the convection coefficient we need to know the temperature profile 𝑇𝑇(𝑥𝑥,𝑦𝑦)

To find 𝑇𝑇(𝑥𝑥,𝑦𝑦) we need to write the energy balance (1st law) for a control volume in the boundary layer.



𝑻𝑻𝒔𝒔

𝑻𝑻∞
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𝑻𝑻𝒔𝒔 > 𝑻𝑻∞

Energy Conservation Equation (OPEN SYSTEM)

𝑚̇𝑚
Control volume

𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝒖𝒖 � 𝜵𝜵𝜵𝜵 = 𝑘𝑘𝛻𝛻2𝑇𝑇 + 𝑞̇𝑞

Enthalpy 
advection

Heat 
diffusion

Energy 
storage

Energy 
generation

To find 𝑇𝑇(𝑥𝑥,𝑦𝑦) we need to know the velocity profile 𝒖𝒖(𝒙𝒙,𝒚𝒚)

To find 𝒖𝒖(𝒙𝒙,𝒚𝒚) we need to write the:
• Mass conservation equation
• Momentum conservation equations (Navier-Stokes)



Governing Equations
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Conservation of mass

Conservation of momentum

Conservation of energy

Velocity profile

Temperature profile

𝑻𝑻𝒔𝒔

𝑻𝑻∞

ℎ =
−𝑘𝑘𝑓𝑓 �𝜕𝜕𝑇𝑇

𝜕𝜕𝑦𝑦 𝑦𝑦=0

(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)

Boundary Conditions 
(Temperature/Heat Flux)



Today: RECAP of Forced and Free Convection
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 Definition of Convection

 Boundary layer concept & Governing Equations

 Forced External/Internal Convection & Free Convection 

 Non-dimensional numbers & Flow Conditions

 General procedure to determine the convection coefficient



Forced Convection
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 Conservation of mass

 Conservation of momentum

 Conservation of energy

𝑢𝑢
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑣𝑣

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = −

1
𝜌𝜌
𝜕𝜕𝑝𝑝
𝜕𝜕𝑥𝑥 + ν

𝜕𝜕2𝑢𝑢
𝜕𝜕𝑦𝑦2

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 +

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0

𝑢𝑢
𝜕𝜕𝑇𝑇
𝜕𝜕𝑥𝑥 + 𝑣𝑣

𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕 = 𝛼𝛼

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2

Velocity profile

Temperature profile

We can solve these equations to obtain u(x,y) and T(x,y), and hence h, only for very 

simple cases (laminar flow, planar geometry). For all other cases we use correlations!!



Forced External Convection – Laminar FLow
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𝑻𝑻∞

 Thermal boundary layer thickness: 
δ𝑡𝑡
𝑥𝑥

=
4.92
𝑅𝑅𝑅𝑅𝑥𝑥

=
𝛿𝛿
𝑥𝑥

ℎ𝑥𝑥
𝑘𝑘𝑓𝑓

= 𝑁𝑁𝑁𝑁𝑥𝑥 = 0.332𝑅𝑅𝑅𝑅𝑥𝑥1/2𝑃𝑃𝑃𝑃1/3

�ℎ𝑥𝑥
𝑘𝑘𝑓𝑓

= 𝑁𝑁𝑁𝑁𝑥𝑥 = 0.664𝑅𝑅𝑅𝑅𝑥𝑥1/2𝑃𝑃𝑃𝑃1/3

𝐶𝐶𝑓𝑓 =
0.664
𝑅𝑅𝑅𝑅𝑥𝑥

𝜏𝜏𝑤𝑤 = 0.332
𝜇𝜇𝑢𝑢∞
𝑥𝑥 𝑅𝑅𝑅𝑅𝑥𝑥

𝐶𝐶𝑓𝑓 =
1.328
𝑅𝑅𝑅𝑅𝑥𝑥

𝜏𝜏𝑤𝑤 = 0.664
𝜇𝜇𝑢𝑢∞
𝑥𝑥 𝑅𝑅𝑅𝑅𝑥𝑥



Forced External Convection – Film Properties

15

𝑻𝑻𝒔𝒔

𝑻𝑻∞
𝑷𝑷𝑷𝑷 > 𝟎𝟎.𝟔𝟔

𝜹𝜹
𝜹𝜹𝒕𝒕

~𝑷𝑷𝑷𝑷𝟏𝟏/𝟑𝟑

𝑻𝑻𝒇𝒇 =
(𝑻𝑻𝒔𝒔 + 𝑻𝑻∞)

𝟐𝟐

Fluid physical properties

Density ρ(𝑇𝑇𝑓𝑓)

Viscosity ν(𝑇𝑇𝑓𝑓)

Thermal diffusivity 
𝛼𝛼𝑓𝑓(𝑇𝑇𝑓𝑓)

Specific heat 𝑐𝑐𝑝𝑝,𝑓𝑓(𝑇𝑇𝑓𝑓)
Thermal conductivity 𝑘𝑘𝑓𝑓(𝑇𝑇𝑓𝑓)

𝒉𝒉𝒉𝒉
𝒌𝒌𝒇𝒇

= 𝑵𝑵𝑵𝑵𝒙𝒙 = 𝑪𝑪𝑹𝑹𝑹𝑹𝒙𝒙𝒂𝒂𝑷𝑷𝑷𝑷𝒃𝒃

BL temperature:



Forced Internal Convection – Laminar Flow
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Velocity Profile Temperature Profile

In the fully developed region ⁄𝜕𝜕𝑢𝑢 𝜕𝜕𝑥𝑥 = 0 𝜃𝜃 =
𝑇𝑇𝑠𝑠(𝑥𝑥) − 𝑇𝑇(𝑟𝑟, 𝑥𝑥)
𝑇𝑇𝑠𝑠 𝑥𝑥 − 𝑇𝑇𝑚𝑚(𝑥𝑥)

In the fully developed region ⁄𝜕𝜕𝜕𝜕 𝜕𝜕𝑥𝑥 = 0

𝑻𝑻𝒔𝒔 𝒒𝒒𝒔𝒔" 𝑻𝑻𝒎𝒎,𝒐𝒐𝑻𝑻𝒎𝒎,𝒊𝒊

𝑢𝑢(𝑟𝑟) 𝑇𝑇𝑚𝑚 𝑥𝑥 =
𝑞𝑞𝑠𝑠"𝑃𝑃
𝑚̇𝑚𝑐𝑐𝑝𝑝

𝑥𝑥 + 𝑇𝑇𝑚𝑚,𝑖𝑖

• Constant surface temperature

• Constant surface heat flux
𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑚𝑚,𝑜𝑜

𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑚𝑚,𝑖𝑖
= 𝑒𝑒𝑒𝑒𝑒𝑒 −

�ℎ𝐴𝐴
𝑚̇𝑚𝑐𝑐𝑝𝑝

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑞𝑞𝑠𝑠"𝑃𝑃𝑃𝑃

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �ℎ𝐴𝐴∆𝑇𝑇𝑙𝑙𝑙𝑙

𝑵𝑵𝑵𝑵𝑫𝑫 = ⁄𝒉𝒉𝒉𝒉 𝒌𝒌𝒇𝒇 = 𝟒𝟒.𝟑𝟑𝟑𝟑• Constant surface heat flux

• Constant surface temperature 𝑵𝑵𝑵𝑵𝑫𝑫 = ⁄𝒉𝒉𝒉𝒉 𝒌𝒌𝒇𝒇 = 𝟑𝟑.𝟔𝟔𝟔𝟔



Forced Internal Convection – Film Properties

17

𝑻𝑻𝒇𝒇 = 𝑻𝑻𝒎𝒎 =
(𝑻𝑻𝒎𝒎,𝒊𝒊 + 𝑻𝑻𝒎𝒎,𝒐𝒐)

𝟐𝟐

Fluid physical properties

Density ρ(𝑇𝑇𝑓𝑓)

Viscosity ν(𝑇𝑇𝑓𝑓)

Thermal diffusivity 
𝛼𝛼𝑓𝑓(𝑇𝑇𝑓𝑓)

Specific heat 𝑐𝑐𝑝𝑝,𝑓𝑓(𝑇𝑇𝑓𝑓)
Thermal conductivity 𝑘𝑘𝑓𝑓(𝑇𝑇𝑓𝑓)

𝒉𝒉𝒉𝒉
𝒌𝒌𝒇𝒇

= 𝑵𝑵𝑵𝑵𝑫𝑫 = 𝑪𝑪

BL temperature:

𝑻𝑻𝒔𝒔 𝒒𝒒𝒔𝒔"
𝑻𝑻𝒎𝒎,𝒐𝒐𝑻𝑻𝒎𝒎,𝒊𝒊



Free Convection
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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)

𝑻𝑻𝒇𝒇 =
𝑇𝑇𝑠𝑠 + 𝑇𝑇∞

2



Free Convection on a Vertical Plate – Laminar Flow
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boundary layer

FLUID DYNAMICS HEAT TRANSFER



Today: RECAP of Forced and Free Convection
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 Definition of Convection

 Boundary layer concept & Governing Equations

 Forced External/Internal Convection & Free Convection 

 Non-dimensional numbers & Flow Conditions

 General procedure to determine the convection coefficient



Non-dimensional Numbers
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𝑅𝑅𝑅𝑅𝑥𝑥 =
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

𝜌𝜌𝒖𝒖𝒖𝒖
𝜇𝜇

𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

=
ν𝑓𝑓
𝛼𝛼𝑓𝑓

=
𝜇𝜇𝑓𝑓𝑐𝑐𝑝𝑝,𝑓𝑓

𝑘𝑘𝑓𝑓
=
𝛿𝛿
𝛿𝛿𝑡𝑡

𝑵𝑵𝑵𝑵𝒙𝒙 =
𝒉𝒉𝒉𝒉
𝒌𝒌𝒇𝒇

𝐺𝐺𝐺𝐺𝑥𝑥 ≡
𝑔𝑔𝑔𝑔 𝑇𝑇𝑠𝑠 − 𝑇𝑇∞ 𝑥𝑥3

𝜈𝜈2

𝑅𝑅𝑅𝑅𝑥𝑥 ≡ 𝐺𝐺𝐺𝐺𝑥𝑥𝑃𝑃𝑃𝑃 =
𝑔𝑔𝑔𝑔 𝑇𝑇𝑠𝑠 − 𝑇𝑇∞ 𝑥𝑥3

𝜈𝜈𝛼𝛼

𝑁𝑁𝑁𝑁𝑥𝑥 = 𝐹𝐹(𝑅𝑅𝑅𝑅,𝑃𝑃𝑃𝑃)

𝑁𝑁𝑁𝑁𝑥𝑥 = 𝐹𝐹(𝑅𝑅𝑅𝑅,𝑃𝑃𝑃𝑃)

(forced convection) (free convection)

Fluid dynamics:

Convection coefficient:

Heat Transfer:

(forced convection)

(free convection)

𝒖𝒖 = 𝒖𝒖∞ for external forced conv.
𝒖𝒖 = 𝒖𝒖𝒎𝒎 for internal forced conv.



Flow Conditions
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Forced External Convection
𝑅𝑅𝑅𝑅𝑥𝑥 < 5 � 105

𝑅𝑅𝑅𝑅𝑥𝑥 > 5 � 105

Laminar

Turbulent

Forced Internal Convection
𝑅𝑅𝑅𝑅𝐷𝐷 < 2300

𝑅𝑅𝑅𝑅𝐷𝐷 > 2300

Laminar

Turbulent

Free Convection
𝑅𝑅𝑎𝑎𝑥𝑥 < 109

𝑅𝑅𝑎𝑎𝑥𝑥 > 109

Laminar

Turbulent



Today: RECAP of Forced and Free Convection
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 Definition of Convection

 Boundary layer concept & Governing Equations

 Forced External/Internal Convection & Free Convection 

 Non-dimensional numbers & Flow Conditions

 General procedure to determine the convection coefficient



General methodology for calculating the convection coefficient

24

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]



4. Free conv The problem considers only 
losses from the side surface 
area. However, one can also
compute radiation  and 
convection from the top and
bottom surfaces
(what correlations would you use 
for these?). Are they important 
or negligible compared to losses 
from the side surface? 
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Assume Tm,o =773K
Assume Ts = 523 K
Ignore the conduction resistance of the stack
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