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Convection

Heat Transfer Mechanisms

2

Involve physical contact

Involves mass transport

Conduction Radiation



 Emission of Thermal Radiation 

 Spatial distribution and Diffuse Emitter

 Spectral distribution 

 Stefan-Boltzmann and Wien’s laws

Previously

3

Learning Objective:

 Understand emission of thermal radiation

 Quantify the emission of thermal radiation



Emission of Thermal Radiation
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Emission of Thermal Radiation
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T [K]

λ3
λ2

λ1

T [K]

𝜃𝜃,𝜑𝜑

Spectral distribution

λ1

𝐸𝐸(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: Spectral Distribution
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Emission Spectrum

𝐼𝐼λ,𝑏𝑏 λ,𝑇𝑇 =
2ℎ𝑐𝑐02

λ5 exp ⁄ℎ𝑐𝑐0 λ𝑘𝑘𝑘𝑘 − 1

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

Stefan-Boltzman Law (total emissive power)

𝑇𝑇 = absolute temperature [K]
σ = 5.670367 10-8 W/m2K4𝑬𝑬𝒃𝒃 𝑻𝑻 = 𝜋𝜋�

0

∞
𝐼𝐼𝜆𝜆,𝑏𝑏 𝜆𝜆,𝑇𝑇 𝑑𝑑𝜆𝜆 = 𝝈𝝈𝑻𝑻𝟒𝟒 𝐼𝐼𝑏𝑏 =

𝐸𝐸𝑏𝑏
𝜋𝜋

Total intensity of thermal emission

(λ𝑻𝑻)𝒆𝒆λ=𝒎𝒎𝒎𝒎𝒎𝒎= 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝝁𝝁𝝁𝝁 � 𝑲𝑲

Wien’s Law (peak 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 (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



 Interaction of Thermal Radiation with Matter

 Absorptivity, Reflectivity and Transmissivity

 Irradiation and Radiosity

 Black-body

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

This Lecture

9



Interaction of Thermal Radiation with Matter

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

How does thermal radiation interacts with matter?



Absorptivity, Reflectivity, Transmissivity

11

𝐺𝐺λ,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜌𝜌λ𝐺𝐺λ
𝐺𝐺λ,𝑡𝑡𝑡𝑡 = 𝜏𝜏λ𝐺𝐺λ

𝐺𝐺λ,𝑎𝑎𝑎𝑎𝑎𝑎 = 𝛼𝛼λ𝐺𝐺λ

𝜌𝜌λ = 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜏𝜏λ = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝛼𝛼λ = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐺𝐺λ = 𝐺𝐺λ,𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐺𝐺λ,𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐺𝐺λ,𝑡𝑡𝑡𝑡 1 = 𝛼𝛼λ + 𝜌𝜌λ + 𝜏𝜏λ



Irradiation G 
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𝑑𝑑𝐴𝐴1

Similarly to emission, irradiation can also have spatial and spectral distributions.



Irradiation G 
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Spatial distribution of the incident radiation →  𝐼𝐼λ,𝑖𝑖 λ,θ,Φ

𝐺𝐺 = �
0

∞
𝐺𝐺λ λ 𝑑𝑑λ = �

0

∞
�
0

2𝜋𝜋
�
0

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

𝐺𝐺𝝀𝝀 λ = �
0

2𝜋𝜋
�
0

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

• Spectral irradiation:

• Total irradiation:

Diffuse irradiation: 𝐼𝐼λ,𝑖𝑖 λ,θ,Φ = 𝐼𝐼λ,𝑖𝑖 λ

𝐺𝐺 = 𝜋𝜋�
0

∞
𝐼𝐼λ,𝑖𝑖 λ 𝑑𝑑λ = 𝜋𝜋𝐼𝐼𝑖𝑖

of irradiation𝐼𝐼𝑖𝑖 = �
0

∞
𝐼𝐼λ,𝑖𝑖 λ 𝑑𝑑λ = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖



Radiosity J

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

When we look at a surface we detect BOTH the emitted and reflected radiation !

Emission, 𝑬𝑬𝝀𝝀



Radiosity J
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𝐽𝐽 = �
0

∞
𝐽𝐽λ λ 𝑑𝑑λ = �

0

∞
�
0

2𝜋𝜋
�
0

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

Diffuse emitter AND diffuse reflector:   𝐼𝐼λ,𝑒𝑒+𝑟𝑟 λ,θ,Φ = 𝐼𝐼λ,𝑒𝑒+𝑟𝑟 λ

𝐽𝐽 = 𝜋𝜋�
0

∞
𝐼𝐼λ,𝑒𝑒+𝑟𝑟 λ 𝑑𝑑λ = 𝜋𝜋𝐼𝐼𝑒𝑒+𝑟𝑟

of radiosity

𝐽𝐽λ λ = �
0

2𝜋𝜋
�
0

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

Radiosity (J) accounts for ALL the energy leaving the surface along all 

spatial directions. It thus combines emission and reflection of irradiation.

𝐼𝐼𝑒𝑒+𝑟𝑟 = �
0

∞
𝐼𝐼λ,𝑒𝑒+𝑟𝑟 λ 𝑑𝑑λ = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

• Spectral radiosity:

• Total radiosity:



Measures of Radiation
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Intensity 𝑰𝑰λ,𝒙𝒙

Spectral 𝑿𝑿λ
𝑋𝑋λ λ = �

0

2𝜋𝜋
�
0

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

Total 𝑿𝑿
𝑋𝑋 = �

0

∞
𝑋𝑋λ λ 𝑑𝑑λ

Emission 𝑰𝑰λ,𝒆𝒆 λ,θ,Φ 𝑬𝑬λ = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

Irradiation 𝑰𝑰λ,𝒊𝒊 λ,θ,Φ 𝑮𝑮λ = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐺𝐺 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

Radiosity 𝑰𝑰λ,𝒆𝒆+𝒓𝒓 λ,θ,Φ 𝑱𝑱λ = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐽𝐽 = 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Diffuse radiation and surfaces = spectral intensity independent of the angular direction

𝐼𝐼𝑥𝑥 = �
0

∞
𝐼𝐼λ,𝑥𝑥 λ 𝑑𝑑λ = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

• Diffuse emitter : 𝐼𝐼λ,𝑒𝑒 λ,θ,Φ = 𝐼𝐼λ,𝑒𝑒 λ
• Diffuse irradiation : 𝐼𝐼λ,𝑖𝑖 λ,θ,Φ = 𝐼𝐼λ,𝑖𝑖 λ
• Diffuse emitter and diffuse reflector : 𝐼𝐼λ,𝑒𝑒+𝑟𝑟 λ,θ,Φ = 𝐼𝐼λ,𝑒𝑒+𝑟𝑟 λ



 Interaction of Thermal Radiation with Matter

 Absorptivity, Reflectivity and Transmissivity

 Irradiation and Radiosity

 Black-body

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

This Lecture

17



Black-body

18

A black-body is an object that, for all wavelengths, 
absorbs all the radiation that is impinging on it:

𝛼𝛼𝜆𝜆 = 1 𝜌𝜌𝜆𝜆 = 𝜏𝜏𝜆𝜆 = 0

Emission, 𝑬𝑬λ,𝒃𝒃

Black-body

𝐺𝐺λ = 𝐺𝐺λ,𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸λ,𝑏𝑏

A black-body is by definition a diffuse emitter:

𝐼𝐼λ,𝑏𝑏 λ,θ,Φ = 𝐼𝐼λ,𝑏𝑏 λ = 2ℎ𝑐𝑐02

λ5 exp ⁄ℎ𝑐𝑐0 λ𝑘𝑘𝑘𝑘 −1

𝑬𝑬𝒃𝒃 𝑻𝑻 = 𝜋𝜋�
0

∞
𝐼𝐼𝜆𝜆,𝑏𝑏 𝜆𝜆,𝑇𝑇 𝑑𝑑𝜆𝜆 = 𝝈𝝈𝑻𝑻𝟒𝟒

Emission Spectrum



Black-body

19

Isothermal surface



 Interaction of Thermal Radiation with Matter

 Absorptivity, Reflectivity and Transmissivity

 Irradiation and Radiosity

 Black-body

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

This Lecture

20



Real Surfaces: Emissivity

21

We describe the emission of a real surface with respect to the ideal blackbody 
introducing a “correction” factor called the surface emissivity ε, such that:

𝑬𝑬𝝀𝝀 𝝀𝝀,𝑻𝑻 = 𝜺𝜺𝝀𝝀𝑬𝑬𝝀𝝀,𝒃𝒃 𝝀𝝀,𝑻𝑻 𝑰𝑰𝝀𝝀 𝝀𝝀,𝜽𝜽,𝜱𝜱,𝑻𝑻 = 𝜺𝜺𝝀𝝀,𝜽𝜽𝑰𝑰𝝀𝝀,𝒃𝒃 𝝀𝝀,𝑻𝑻



Real Surfaces: Emissivity

22

𝜀𝜀λ,𝜃𝜃 =
𝐼𝐼λ λ,𝜃𝜃,Φ,𝑇𝑇
𝐼𝐼λ,𝑏𝑏 λ,𝑇𝑇

Spectral hemispherical emissivity 
(directional average at a given wavelength)

Total hemispherical 
emissivity 

0 < 𝜀𝜀 < 1

𝜀𝜀λ λ, T =
𝐸𝐸λ(λ,𝑇𝑇)
𝐸𝐸λ,𝑏𝑏(λ,𝑇𝑇)

𝜀𝜀 T =
𝐸𝐸 (𝑇𝑇)
𝐸𝐸𝑏𝑏(𝑇𝑇) =

∫0
∞ 𝜀𝜀λ λ, T 𝐸𝐸λ,𝑏𝑏 λ,𝑇𝑇 𝑑𝑑λ

𝐸𝐸𝑏𝑏(𝑇𝑇)

𝑬𝑬 𝑻𝑻 = 𝜺𝜺𝑬𝑬𝒃𝒃(𝑻𝑻) = 𝜺𝜺𝝈𝝈𝑻𝑻𝟒𝟒



Real Surfaces: Diffuse & Gray Surfaces

23

1 = 𝛼𝛼λ + 𝜌𝜌λ + 𝜏𝜏λ

Black-body :  𝛼𝛼𝜆𝜆 = 1, 𝜌𝜌𝜆𝜆 = 𝜏𝜏𝜆𝜆 = 0

Real surface : 𝛼𝛼𝜆𝜆 < 1, 𝜌𝜌𝜆𝜆 > 0, 𝜏𝜏𝜆𝜆 > 0

Emission, 𝑬𝑬𝝀𝝀

For a real surface, we can then calculate:

𝛼𝛼 ≡
𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎
𝐺𝐺

=
∫0
∞𝛼𝛼λ𝐺𝐺λ𝑑𝑑λ

∫0
∞𝐺𝐺λ𝑑𝑑λ

𝜌𝜌 ≡
𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟
𝐺𝐺

=
∫0
∞𝜌𝜌λ𝐺𝐺λ𝑑𝑑λ

∫0
∞𝐺𝐺λ𝑑𝑑λ

𝜏𝜏 ≡
𝐺𝐺𝑡𝑡𝑡𝑡
𝐺𝐺

=
∫0
∞ 𝜏𝜏λ𝐺𝐺λ𝑑𝑑λ

∫0
∞𝐺𝐺λ𝑑𝑑λ

Note: We typically assume that 𝐺𝐺λ ∝ 𝐸𝐸λ,𝑏𝑏(λ,𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) so that 𝐺𝐺λ can be replaced by 𝐸𝐸λ,𝑏𝑏 in the above expressions. 



Real Surfaces: Diffuse & Gray Surfaces

24

1 = 𝛼𝛼λ + 𝜌𝜌λ + 𝜏𝜏λ

𝐺𝐺λ,𝑎𝑎𝑎𝑎𝑎𝑎 = 𝛼𝛼λ𝐺𝐺λ = 𝐸𝐸λ = 𝜀𝜀λ𝐸𝐸λ,𝑏𝑏

Both absorption and emission occur at the surface of a body. 
Is there any relationship between spectral absorptivity, 𝜶𝜶𝝀𝝀 , and spectral emissivity, 𝜺𝜺𝝀𝝀 ?   

Black-body :  𝛼𝛼𝜆𝜆 = 1, 𝜌𝜌𝜆𝜆 = 𝜏𝜏𝜆𝜆 = 0

Real surface : 𝛼𝛼𝜆𝜆 < 1, 𝜌𝜌𝜆𝜆 > 0, 𝜏𝜏𝜆𝜆 > 0

Emission, 𝑬𝑬𝝀𝝀



Real Surfaces: Diffuse and Gray Surfaces

25

We define the following special cases for real surfaces:

• Diffuse surface: 𝛼𝛼λ,𝜃𝜃 and 𝜀𝜀λ,𝜃𝜃 are independent of 𝜃𝜃,𝜑𝜑

𝜀𝜀λ,𝜃𝜃 = 𝜀𝜀λ 𝛼𝛼λ,𝜃𝜃 = 𝛼𝛼λ

• Gray surface: 𝛼𝛼λ and 𝜀𝜀λ are independent of λ

𝜀𝜀λ = 𝜀𝜀 𝛼𝛼λ = 𝛼𝛼

Emission, 𝑬𝑬𝝀𝝀



Emission, 𝑬𝑬𝝀𝝀

Real Surfaces: Kirchoff’s Laws
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It can be shown that the following relationship is always true:

𝜀𝜀λ,𝜃𝜃 = 𝛼𝛼λ,𝜃𝜃

In addition, if the irradiation is diffuse (𝐼𝐼λ,𝑖𝑖 λ,θ,Φ = 𝐼𝐼λ,𝑖𝑖 λ ) 
OR the surface is diffuse:

𝜀𝜀λ = 𝛼𝛼λ

Finally, if the irradiation is a black-body emission (𝐺𝐺λ(λ) = 𝐸𝐸λ,𝑏𝑏(λ, T)
and G = 𝐸𝐸𝑏𝑏 𝑇𝑇 ) OR the surface is gray:

𝜀𝜀 = 𝛼𝛼

These are Kirchoff’s Laws and define the conditions under which we 
can establish simple relationships for emissivity and absorptivity. 



 Interaction of Thermal Radiation with Matter

 Absorptivity, Reflectivity and Transmissivity

 Irradiation and Radiosity

 Black-body

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