Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester




Heat Transfer Mechanisms
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Involves mass transport

Involve physical contact



d Emission of Thermal Radiation
Y Spatial distribution and Diffuse Emitter
1~ 4 Spectral distribution

&  Stefan-Boltzmann and Wien'’s laws

Learning Objective:

Y Understand emission of thermal radiation

i~ Quantify the emission of thermal radiation



Emission of Thermal Radiation

Spatial distribution

Spectral distribution



Emission of Thermal Radiation
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Emission of Thermal Radiation: Spectral Distribution

10 Fultraviolet | visible infrared
i

Emission Spectrum

Spectral intensity of a black-body* [mzsm:um]:
h=6.626 X 10 *"]-s
k=1.381x10 ®J/K

c, = 2.998 X 10% m/s

2hcé
[exp(hcy/AKT) — 1]

I?\,b (}\) T) = A5

= Temperatures MUST BE in Kelvin: T[K]

)
Wavelength % (um)

Stefan-Boltzman Law (total emissive power) Total intensity of thermal emission
(00}
_ _ 4 T = absolute temperature [K] _ @
Ey(T)=n jo by T)dA = oT 0 = 5.670367 103 W/m2K* b

Wien’s Law (peak emission)

(AT)e,_, .= 2898 um- K

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



Intensity / (arb. units)

Emission of Thermal Radiation: Spectral Distribution
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TapLE 12.1 Bl;l['kllnll_v Radiation Functions

Wavelength A (Um)

-
2.0

3.0

AT I s, DicT? LA T)
(pm - K) Fo-y (um - K- sr)”! L A e D
200 0.000000 0.375034 x 10777 0.000000
400 0.000000 0.490335 x 107"% 0.000000
600 0.000000 0.104046 x 1078 0.000014
800 0.000016 0.991126 x 1077 0.001372
1,000 0.000321 0.118505 x 10°° 0.016406
1,200 0.002134 0.523927 x 107° 0.072534
1,400 0.007790 0.134411 x 1071 0.186082
1,600 0.019718 0.249130 0.344904
1,800 0.039341 0.375568 0.519949

Often we want to know what is the emissive power within a
limited wavelength range [A;, A, ]. Therefore we define:

: AT E
Fn =% == - f “2dAT) = FAT)
0 ol

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

Az

Ay
E)l.b dA - Ekbfﬂ
Q0 0
Foony = o7




Emission of Thermal Radiation (Black-body)

I?\,e (}\; 0, d, T) = I?\,b (}\' T)

E,(T) = oT*

2hcé

lexp(hcy/AKT) — 1]



This Lecture

U Interaction of Thermal Radiation with Matter
a Absorptivity, Reflectivity and Transmissivity
a Irradiation and Radiosity

ad Black-body

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



Interaction of Thermal Radiation with Matter

IR thermo-
gram

Transmittance

; Water Glass
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Vis Thermography IR Thermography

Reflection L
G Irradiation
M, ref
G?-L
G?L = Gh‘abs + G}L,ref + G?x
Semitransparent — . ., AbSOrption
medium G} abs
Transmission
GI'&,tr

How does thermal radiation interacts with matter?

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

Jgr
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Ahsorptivity, Reflectivity, Transmissivity

Reflection o
G Irradiation
M, ref G?;
Gk,ref = p)LG)L p}\ = reflectivity habs T G?L,ref + Gr,tr
G =T17,G — i esivi .
Atr AYA T) = transmissivity Semitransparent — A A, Absorption
o medium Gy abs
Gyabs = Gy a, = absorptivity

Transmission
G,

Atr

Gy = G)\,abs + G?\,ref + G?\,tr E’ 1=a,+p)y+1)
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Irradiation G

Incident
radiation, £ ;

2 Reflection o
I G Irradiation
M, ref G~
| 4 A
\ 1
T
| N 3] A= Giaps t G?m,ref + G
| AN i
I s I m .
I —_— ===
L do N\ | g4 Semitransparent — . ., AbSOrption
I e medium Gy abs
| >
I e mmmmmmm— T
: /‘:o Transmission
I/// I Gl'rx,tr

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

Spatial distribution of the incident radiation — I, ; (A, 6, ®)

Incident
radiation, £ ;

N\

»  Spectral irradiation:

--=

2w /2
| AN ' G, = J _[ LA, 8, ®)cosOsinfdddo
| \\ 9/. 0 Jo
[ \ . o
! » Jotal irradiation:
i v | & oo © 2T T/2
i g ] G =f G;\(}\)d)\zJ f f L.; (A, 0, ®)cosOsin0dddOdA
e 0 o Jo Jo
Lo

Diffuse irradiation: I, ;(A,0,®) =1, ;(A)

(0]

Q G = T[f I)\,l()\)dk = T[Il'
0

I; = j I ;(A)dA = total intensity of irradiation
0
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Emission, E;

IR thermo- Reflection rradiation
rradi
gram G:-.,ref G,

A

GR = G)L‘abs + G,

A, ref + G?x,tr

Semitransparent — . ., AbSOrption

medium G} abs
Transmmittair e e
;- Water Glass - Transmission
04 06 08 1 2 3 4 5 10 15 20 Gy
\ ) Wavelength (um) y J '
Vis Thermography IR Thermography

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

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



Radiosity )

\Qdiosity

Reflected
portion of
irradiation

Emission
[rradiation

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

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

» Spectral radiosity:
2w /2
Jr(A) =j j D e+r(A, 8, P)cosOsinfdPdo
0 0

 Total radiosity:

o0 © 2T /2
Ji =f ];\(7\)d7\=j f j boe+r(A, 8, ®)cosOsinfdPdOdA
0 o Jo Jo

Diffuse emitter AND diffuse reflector: I) (1,0, ®) = ) o1, (R)

J=n j b psr (DA = Tl
0

J f I e+ (M) dA = total intensity of radiosity
0
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Spectral X, Total X
i 2w m/2 [e9)
In ST 1y X0 = j J I (A, 8, ®)cosOsinfdddo X = f X, (V) dA
0 (0] (0]
Emission I, .(A,6,P) E, = spectral emissive power E = emissive power
Irradiation I, ;(2,0,P) G, = spectral irradiation G = irradiation
Radiosity Iy e+r(A, 6, D) J». = spectral radiosity ] = radiosity

Diffuse radiation and surfaces = spectral intensity independent of the angular direction
 Diffuse emitter: I . (4,0, ®) = I} . (A)
« Diffuse irradiation : I, ; (A, 8, @) = I, ; (1)
- Diffuse emitter and diffuse reflector : I ¢+ (A, 0, ®) = I ¢4 (A)
D = f I x(A)dA = total intensity
0
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This Lecture

i | Interaction of Thermal Radiation with Matter
i | Absorptivity, Reflectivity and Transmissivity
ol | Irradiation and Radiosity

ad Black-body

U Real surfaces: Emissivity, Diffuse & Gray Surfaces, Kirchoff’'s Laws
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Blacl(-llﬂllv Emission, E j,

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

4BIM Absorption
a, = 1 Pr=T) = 0 Gy, abs

Gy = Graps = Exp

A black-body is by definition a diffuse emitter: T Emission Spectrum

2hcd
AS[exp(hcy/AKT)—1]

Lp(A0,0) =1 ,R) =

Intensity / (arb. units)

(0]

E,(T)=m j L,(A,T)dA = oT*
0
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)

Diffuse emission
b.e=4

w1r

\L Isothermal surface

19



This Lecture

i | Interaction of Thermal Radiation with Matter
i | Absorptivity, Reflectivity and Transmissivity
ol | Irradiation and Radiosity

o Black-body

U Real surfaces: Emissivity, Diffuse & Gray Surfaces, Kirchoff’'s Laws
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Blackbody, I
Real surface, T

E;L (A1) = £y Ek,b(}": D

A

e
f

Blackbody, £,
! 'b\\ Real surface

;-'— ]}» (l, 9, T) =
&0 b M T)

»

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

El()’i T) — glEl,b (A, T)

IA(A,, 6, P, T) = 8/1,91/1,17()" T)
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Blackbody, T’
Real surface, T’

Ex (A1) = &y EM,O»,T)

A

8}\(}\; T) =
_L(A0,9,T)
* T L, T)

e(T) =

Ex(A,T)
Exp(AT)

E(T) [, &x(WT)Ey (A T)dA

‘“?—9’
Blackbody, £,
"b\ Real surface
T — L (8,1)=
&,0b,, 01

»

Spectral hemispherical emissivity
(directional average at a given wavelength)

Total hemispherical

m) E() = &eEy(T) = eoT*

Ey(T)

E,(T) emissivity

0<e<l1
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Real Surfaces: Diffuse & Gray Surfaces

Seckbod Emission, E;
ack-body: ay =1, pp=1,=0 Reflection .
C Irradiation

Real surface . a; <1, p; >0, 17, >0

1= a + Pa + ) Semitransparent — . A A A~y Absc,;orption
medium A.abs
For a real surface, we can then calculate: § Tra"gﬁf“”
. Gabs _ J,” arGydA . Grer [y PaGadA G _ [, T2 GrdA
G [TGdr G [T GydA ~ G [TGdA

Note: We typically assume that G, o Ej , (A, Ts,,) SO that Gy, can be replaced by Ej ;, in the above expressions.
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Real Surfaces: Diffuse & Gray Surfaces

Emission, E;

BIaCk'bOdy: a = 1' Pr =Ty = 0 Reflection
C Irradiation

Real surface : a; < 1, >0, 7; >0
/1 p)' /1 G.l = Gl.abs + G ¢+ G?.,tr

A FE

1= an + P + T Semitransparent — . A~ AbSOrPtion
medium Gy abs
¢ G?\,abs = a?\GK — E)\ — SAEA,b §Tranznission
b tr

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

24



Real Surfaces: Diffuse and Gray Surfaces

We define the following special cases for real surfaces: Emission, E;

Reflection L.
C Irradiation

- Diffuse surface: a; g and ¢, ¢ are independent of 8, ¢
G.l = Gl.abs + G."wef + G?h,tr
D Se9=& @me=an oo 204

Semitransparent — Absorption
medium Gy abs

- Gray surface: o and ¢, are independentofA ~ =======1 § --------

Transmission

G,

b tr

D & =€ a, = «a
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Real Surfaces: Kirchoff’'s Laws

It can be shown that the following relationship is always true:

Emission, E;
87\,9 — a?\,e Reflection L.
C Irradiation
L ref G?.
" . . T : : _ G,l = G}«.abs + G?. ref ¥ G?. tr
In addition, if the irradiation is diffuse (I, ;(2, 06, ®) = I, ;(A)) Tl - | | ’
OR the surface is diffuse: Semitransparent —+ ., AbSOPtion
medium G, abs

=« =EmEEEmm=mm===—=-

Transmission
G,

b tr

Finally, if the irradiation is a black-body emission (G (A) = Ej , (A, T)
and G = E,(T)) OR the surface is gray:

E=a

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



This Lecture

ﬁ/ Interaction of Thermal Radiation with Matter
ﬁ/ Absorptivity, Reflectivity and Transmissivity
ﬁ/ Irradiation and Radiosity
{ Black-body
‘{ Real surfaces: Emissivity, Diffuse & Gray Surfaces, Kirchoff’'s Laws
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Next Lecture

ad Examples
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