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Convection

Heat Transfer Mechanisms
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Involve physical contact

Involves mass transport

Conduction Radiation



Electromagnetic Radiation
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Electromagnetic Radiation
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Wavelength

Red BlueDistinguish sources from detectors….



Thermal Radiation
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Very Bright Visible Light Emission

Low T 

What is the relationship between the temperature of an object and 
its emission of electromagnetic waves (intensity and wavelength)?

Medium T High T 

Visible Light Emission Infrared Light Emission (needs IR camera)



Thermal Radiation
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Wavelength

Temperature ~ 6000 K 

Note: the light from LEDs, from 
gases etc. are NOT thermal 
radiation !!! It originates from 
electronic processes in materials.



Thermal Radiation
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Temperature and material properties determine how an object EMITS thermal radiation.

Thermal emission

T [K]



Thermal Radiation
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How does thermal radiation interacts with matter?

*High-resolution remote thermography using luminescent low-dimensional tin-halide perovskites



Thermal Radiation
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Wavelength and material properties determine how 
thermal radiation interacts with objects.

Thermal emission

T [K]



Radiative Heat Transfer
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 Emission of Thermal Radiation 

 Spatial distribution and Diffuse Emitter

 Spectral distribution 

 Stefan-Boltzmann and Wien’s laws

This lecture
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Learning Objective:

 Understand emission of thermal radiation

 Quantify the emission of thermal radiation



Emission of Thermal Radiation
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T [K]

λ3
λ2

λ1

T [K]

𝜃𝜃,𝜑𝜑

Spatial distribution Spectral distribution

λ1



Emission of Thermal Radiation: Spatial Distribution
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If the surface 𝒅𝒅𝑨𝑨𝟏𝟏 emits energy at a rate 𝒅𝒅𝒅𝒅 [𝑾𝑾], 
how much of this radiation reaches the area 𝒅𝒅𝑨𝑨𝒏𝒏

located at an angle 𝜽𝜽,𝜱𝜱 with respect to the normal to 𝒅𝒅𝑨𝑨𝟏𝟏?     

T [K]

𝜃𝜃,Φ

λ1

𝑑𝑑𝐴𝐴1

𝑑𝑑𝐴𝐴𝑛𝑛



𝐼𝐼λ,𝑒𝑒 λ, θ,Φ =
𝑑𝑑𝑑𝑑

𝑑𝑑𝐴𝐴1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑑𝑑𝜔𝜔𝑑𝑑λ

𝐼𝐼λ,𝑒𝑒 λ, θ,Φ,𝑇𝑇 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

rate at which energy is emitted at wavelength λ and along the direction (Φ,θ)

 per unit area of the emitting surface normal to this direction = 𝑑𝑑𝐴𝐴1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃

 per unit solid angle about this direction = 𝑑𝑑𝜔𝜔

 per unit wavelength interval about λ = 𝑑𝑑λ

Emission of Thermal Radiation: Spatial Distribution
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Note: for convenience, we avoid to explicitly indicate the T dependence



Emission of Thermal Radiation: Spatial Distribution
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𝐼𝐼λ,𝑒𝑒 λ, θ,Φ =
𝑑𝑑𝑑𝑑/𝑑𝑑λ

𝑑𝑑𝐴𝐴1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠Φ𝑑𝑑𝑑𝑑)
=

𝑑𝑑𝑄𝑄λ/𝑑𝑑𝐴𝐴1
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ𝑑𝑑𝑑𝑑

=
𝑑𝑑𝑞𝑞λ"

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑛𝑛 = 𝑟𝑟2𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ

𝑑𝑑𝜔𝜔 ≡
𝑑𝑑𝐴𝐴𝑛𝑛
𝑟𝑟2 = 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ

𝐼𝐼λ,𝑒𝑒 λ, θ,Φ =
𝑑𝑑𝑑𝑑

𝑑𝑑𝐴𝐴1𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑑𝑑𝜔𝜔𝑑𝑑λ



Emission of Thermal Radiation: Spatial Distribution
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𝐸𝐸 = �
0

∞
𝐸𝐸λ λ 𝑑𝑑λ = �

0

∞
�
0

2𝜋𝜋
�
0

𝜋𝜋/2
𝐼𝐼λ,𝑒𝑒 λ,θ,Φ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ𝑑𝑑𝑑𝑑𝑑𝑑λ

Total (hemispherical) emissive power E 𝑊𝑊
𝑚𝑚2 :

Spectral (hemispherical) emissive power 𝑊𝑊
𝑚𝑚2𝜇𝜇𝑚𝑚

:

𝐸𝐸𝝀𝝀 λ = 𝑞𝑞λ
" λ = �

0

2𝜋𝜋
�
0

𝜋𝜋/2
𝐼𝐼λ,𝑒𝑒 λ,θ,Φ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ𝑑𝑑𝑑𝑑

𝑑𝑑𝑞𝑞λ" = 𝐼𝐼λ,𝑒𝑒 λ, θ,Φ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ𝑑𝑑𝑑𝑑



Emission of Thermal Radiation: Diffuse Emitter
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𝐸𝐸 = 𝜋𝜋�
0

∞
𝐼𝐼λ,𝑒𝑒 λ 𝑑𝑑λ = 𝜋𝜋𝐼𝐼𝑒𝑒

of emitted radiation𝐼𝐼𝑒𝑒 = �
0

∞
𝐼𝐼λ,𝑒𝑒 λ 𝑑𝑑λ = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐼𝐼λ,𝑒𝑒 λ, θ,Φ = 𝐼𝐼λ,𝑒𝑒 λ

We define a diffuse emitter as a surface that emits radiation 
at the same rate irrespective of the emission direction θ,Φ :

𝐸𝐸λ λ = 𝐼𝐼λ,𝑒𝑒 λ �
0

2𝜋𝜋
�
0

𝜋𝜋/2
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ𝑑𝑑𝑑𝑑 = 𝜋𝜋𝐼𝐼λ,𝑒𝑒 λ



Emission of Thermal Radiation
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T [K]

λ3
λ2

λ1

T [K]

𝜃𝜃,𝜑𝜑

Spectral distribution𝐸𝐸(𝑇𝑇) = �
0

∞
�
0

2𝜋𝜋
�
0

𝜋𝜋/2
𝐼𝐼𝜆𝜆,𝑒𝑒 𝜆𝜆,𝜃𝜃,𝛷𝛷,𝑇𝑇 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃Φ𝑑𝑑𝑑𝑑𝑑𝑑λ

𝐸𝐸(𝑇𝑇) = 𝜋𝜋�
0

∞
𝑰𝑰𝝀𝝀,𝒆𝒆 𝝀𝝀,𝑻𝑻 𝑑𝑑λ (diffuse emitter)



 Emission of Thermal Radiation 

 Spatial distribution and Diffuse Emitter

 Spectral distribution 

 Stefan-Boltzmann and Wien’s laws

This lecture

19

Learning Objective:

 Understand emission of thermal radiation

 Quantify the emission of thermal radiation



Emission of Thermal Radiation: Spectral Distribution
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T [K]

Thermal radiation consists of electromagnetic waves with many different wavelengths.

The temperature of the object determines the spectrum of emitted thermal radiation. 

λ1
λ2

λ3



Emission of Thermal Radiation: Spectral Distribution
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Emission Spectrum

𝐼𝐼λ,𝑏𝑏 λ,𝑇𝑇 =
2ℎ𝑐𝑐02

λ5 exp ⁄ℎ𝑐𝑐0 λ𝑘𝑘𝑘𝑘 − 1

Planck constant
Boltzmann constant
Speed of light

Temperatures MUST BE in Kelvin: T[K]

Spectral intensity of a black-body* 𝑊𝑊
𝑚𝑚2𝑠𝑠𝑠𝑠 𝜇𝜇𝜇𝜇

:

*a black-body is a diffuse emitter that absorbs all energy that impinges on it. We discuss this in detail later



Emission of Thermal Radiation: Spectral Distribution
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Stefan-Boltzman Law (total emissive power)

𝑇𝑇 = absolute temperature [K]
σ = 5.670367 10-8 W/m2K4

Emission Spectrum
𝑬𝑬𝒃𝒃 𝑻𝑻 = 𝜋𝜋�

0

∞
𝐼𝐼𝜆𝜆,𝑏𝑏 𝜆𝜆,𝑇𝑇 𝑑𝑑𝜆𝜆 = 𝝈𝝈𝑻𝑻𝟒𝟒

Temperatures MUST BE in Kelvin: T[K]

𝐼𝐼𝑏𝑏 =
𝐸𝐸𝑏𝑏
𝜋𝜋

Total intensity of thermal emission



Emission of Thermal Radiation: Spectral Distribution
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T in K !!!! Often we want to know what is the emissive power within a 
limited wavelength range λ1, λ2 . Therefore we define: 

The values of F are tabulated. Hence within a given 
wavelength range we have:

λ1 λ2



Emission of Thermal Radiation: Spectral Distribution
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(λ𝑻𝑻)𝒆𝒆λ=𝒎𝒎𝒎𝒎𝒎𝒎= 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝝁𝝁𝝁𝝁 � 𝑲𝑲

Wien’s Law (peak emission)Emission Spectrum

Temperatures MUST BE in Kelvin: T[K]



Emission of Thermal Radiation (Black-body)
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T [K]

λ3
λ2

λ1

T [K]

𝜃𝜃,𝜑𝜑

𝑬𝑬𝒃𝒃 𝑻𝑻 = 𝝈𝝈𝑻𝑻𝟒𝟒

𝐼𝐼λ,𝑏𝑏 λ,𝑇𝑇 =
2ℎ𝑐𝑐02

λ5 exp ⁄ℎ𝑐𝑐0 λ𝑘𝑘𝑘𝑘 − 1𝐼𝐼λ,𝑒𝑒 λ,θ,Φ,𝑇𝑇 = 𝐼𝐼λ,𝑏𝑏 λ,𝑇𝑇



 Emission of Thermal Radiation 

 Spatial distribution and Diffuse Emitter

 Spectral distribution 

 Stefan-Boltzmann and Wien’s laws

This lecture
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Learning Objective:

 Understand emission of thermal radiation

 Quantify the emission of thermal radiation



 Interaction of Thermal Radiation with Matter

 Absorptivity, Reflectivity and Transmissivity

 Irradiation and Radiosity

 Black-body

 Real surfaces: Emissivity, Diffuse & Gray Surfaces, Kirchoff’s Laws 

Next Lecture

27
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