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Lecture 3: Radiation

Building Simulation .
| Curricula
[ Introduction || 2x4h Lectures
IThermaI Analysis | Conduction
||Conduction | Convection
|Convection | Radiation
Coupled heat transfer
2 x 4h Tutorials and project
Model your own SmartHome
i -
@ Simulate and dlslcuss
1 x 2h Defend your project
1 x2h Written exam
Coupled Transfer |
Prerequisites
Calculus
Linear algebra
Thermodynamics
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* Reception

— total illuminance
dS| m

— spectral illuminance
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* Relation emissive power - illuminance

Heat Flux directional
d’®,, =L, [@ScosdHQ

Hemispheric flux
do = L [dS[ cosd[dQ
S

:Lmsjds
C
= LS Or

dﬁ:l_m
ds

ds=dslcosd

. . . . C
Relation emissive power - illuminance
M =7
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» Relation between physical quantities:

de Bouguer
source receiver
ds D ds,
da C0891 B - \\" """" d% C0592
d2o,, = L, [dS cosd, [HQ, dQ, = %
d*® cosd, [¢0s8
dE = 12 — 1 24
s b e tds
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Gray body
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Radiation laws

Black body :

» absorbs all incident radiation  (regardless of wavelength or
direction)

e emits the maximum energy for a given temperature and
wavelength

* is adiffuse emitter (butin function of temperature and
wavelength) according to Lambert law

0
M Mg
T

LO

Black body is:

» reference for real bodies : “yardstick” for radiation
perfect “source” and “absorber”

characterized by hemispheric physical quantities (no

ted ° )
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 Plank law
. CA®

M®, ;= c12
e’ -1

C, = 27hc? = 3740107 [W [n’]
C, =hc/k =14002[m K]

c speed of light
h Plank constant
k Boltzmann constant

E
=
-
longwave (LW) o |
o —_ ClT
AT

Lieu des maxima

Spectre visible 0.4 - 0.8um

0.5 1
Am]

x 10°
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 Plank law 10°

1. Emissive power
varies with wavelength.

2. Emissive power
increases with the
temperature of the 2"
source for every 10° |
wavelength.

[W/m3]

M

3. Visible spectrum
contains a large —

Lieu des maxima

Spectre Visible 0.4 - 0.8um

majority of solar 0
radiation.

4. Effective emission band depends on source temper

0.5 1
A [m]

x 10°

ature:

higher the temperature, higher the frequency radiation (Wien laws,

separation SW / LW).
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Ty
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Coupled Transfer | 0 100
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Effective spectral band

solar emission: 50% visible, 40% IR, 8% UV:

T=5800°C

SW and LW
radiation




Rayonnement

Radiation

~0,'um-100pm

Rayonnement solaire

~0,7um-3pum

Building Simulation

|Introduction | A 19“ 193 102 07 100 10 10 -2 110'3 Longueur d’onde (um)
I Y Y Y Y Y ( Y réquence (s~ !
|Therma| Analysis | X 107 10 10 o™ 0% 107 107 Fremvencr e L
I Infrarouge Ultraviolet
|IC°"dU°ti°" | -0,7 um-1000 wm - 0,6 um-10"" um
|Convection |
Visible
Emissive power of black body
Temperature Emissive power Max. Spectral band
wavelength
Absolue, T Celsius,8 M° A 054,, =54,
(K] [°C] [W/cm?] [pm] [pm]
300 27 0.05 9.6 48-41
Coupled Transfer | 500 227 0.36 5.7 3.0-25
750 477 1.80 3.8 2.0-16
1000 727 5.70 2.9 15-12
1200 927 11.82 24 1.2-11
1500 1227 28.90 1.9 1.0-8
2000 1727 91.00 14 0.7-6
3000 2727 462.00 0.96 05-4
5790 5517 6383.6 0.50 0.25-25
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|
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Coupled Transfer

----- SiCa1670 K
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Emissivity: particular cases

ng,/l - EOX ;‘9/1 - &
EOX,A - 51; 50x - &

EOX,A - &

Example of emissivity
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Coupled Transfer | 22 s J}'\ s
0 4 101
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» Kirchhoff law: relation emissivity and absorptivity

£Ox,/1 = an,)I

AL
ts2sy

Emissiol:
(020, ). = £, L dScosg d

absorption

(dZCDOX, ; )a =a,,, L, dScosf dQ

IS
2P —
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[Introduction | — diffuse emission £, =0,
[Thermal Analysis | — in general EZQ
I
|Conduction | © 0 o 0
' . &,M;(T)dA &M (T)dA
|Convect|on | S(T) — MO(T) — .[0 — A = J.O A A4 (OWH temp).
MM MO aT
°
o
g, _ ) GEdA o
a= Ea ==L (dependsnreceivedadiation)
J, B
,
— exceptions
Coupled Transfer | ° gray bodies €=a
« blackbody £=a=1
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Practical consequences: radiative heating
Radiation in different spectral bandgs,_s, = 0956

1

0.9+
T=1000°C

T=20°C

L L
0 0.5 1
23 Am 98 < 10°
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* Practical consequences: radiative heating

for every surfaces corresponding to a spectral band

Eope = 1 505 (@A =09
20¢ T 5a_gds y

1
E1000c = 5_1 05 Ji2s

0.9 . . -
Mo/M, ., (T=1000 S Matériau

0.8 T~

0.7 -

Brigue rouge
£ 0.6 :
s° Blanc de zinc

505 M /M (T=20° C Nei
= 5o (T= ) eige propre
w 0.4p== Chrome poli
0.3 Or poli
0.2r= cuivre poli
0.1 cuivre, oxydé
0 Y v
0 5 10 15
2.3 9.8
A (um)

57

Carton goudronné noir |0,82

0,79
0,22
0.20
0.40
0,29
0.18
0,70

° &, [l =043

90K 300K

il £
0,91
0,93
0,92

...0,35|0,95
0.0v
0,026
0.03
0,45
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» Practical consequences: radiative heating

a

P, =¢£,,cM°=090(293* = 376[10° W/m?

P, >P, = bodyis heating

P. = £,00,cM ° = 0430(1273* = 67010 W/m?

Temperature

* OWN

 source of radiation
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* Practical consequences: greenhouse effect

“.E AES b glv o E =1000W/m?
R l ned
‘oo ] L 4 |
7 \_oE ar, a,aT*.
[ S
/ ‘r,E £aTy aty \,OZUT %
-------- > CLO (025< A< 25um), T =5780K (A, =0.5um)
=+ => GLO(3<A < 30um),T =450K (1, =6.1um)
= = = GLO (551 < 50um),T =300K (1, =9.8um)
Bilan sur la vitre 2¢ 0T," = a,E + a,0T* + a,0T.
Rayonnemedrabsorbé Rayonnemdrémis:
a,E  -solaire 2¢[0T," -lesdeuxsurfaceslela vitre

a,0T* -émisparlasurfacenoire
a,oT.! -émisparl environnerant
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* Practical consequences: greenhouse effect

" E plE..." t ol o E =1000W/m?
S £aT)] 1 0T
‘g | ) 4 1
7 Lz aT, a,oT”
‘Kf Tl 4/ ﬁ %
/ ir,E Ty aTy 0,07 %

-------- > CLO (025<A < 25um), T =5780K (4,, =0.5um)
— - —> GLO@B<A<30um),T =450K (4, =6.1um)
— — & GLO(5<4<50um), T =300K (4, =9.8um)

Balance on black absorber

Absorbedadiatiorn

r,E trasmittedsolarradiation
throughtheglass

oT* =1,E+ 0T + p,0T*
Emmittedradiation
oT* -towardstheglass

£dT,' emmittedoy theglass
0,0T* reflectecby theglass
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* Practical consequences: greenhouse effect

“LEOPES Aol g E =1000W/m’
N, & edT) | N

7 RV 1I . 4 T4l
N E al, a,oT".
\k T 4/*\ 2e0T? =aE+a,dT* +a,0T)
: I R % 2

4, -
/ r,E £JT1| a‘!’/ \pZO'T % 0.T4 = TlE + :02 0.T4 + 50'T14

—»> GLO(3<A < 30um),T =450K (A, =6.1um)
— — > GLO(5<4<50um), T =300K (A, =9.8um)

=T =460K =187°C

Radiative properties of glass

Spectral band Temperature a P T
1 025 A< 25um 5780 K (A =05um) 0 0.05 0.95
2 3<A<30um 450 K (A =61um)  0.65 0.30 0.05
3 5<A<50um 300K (A =98um) 1.00 0 0
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Q
[0)
<
3 LT

Practical consequences: greenhouse effect

Propriétés radiatives du verre

Bande Température de a P T
spectrale rayonnement
1 025< A< 25um 5780 K (A = 0.5um) 0 0.05 0.95
2 5< A <50um 300 K (A = 9.8um) 1.00 0 0

S

gl 1]
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* Bouguer relation

as

dS cosg,

ds,

dS, cosb,
_ dS, cosb,
- D?

0

d*®,, = L, [@S cosd, [dQ, dQ,

d’®,,
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View factor

0
420, = °[dS cosd, ([0, = L [dS cosf, adsz[‘;ifs‘gz
Vs
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dS cosf, [dS cosb,
rD?

=M/ |
S S

View factor

chZ — chZ

F12

1 dS cosg, [dS, cosb,
o I

M)S 78 5% D*

®,, _ 1
®, 75

dS cosd, [dS, cos@
E, J J S cosf, [dS, )
S 'S

D2
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Relations between view factors

— reciprocity SF,=SF,;

— complementarity n
> F =1
=1

(closed enclosure)

o, =Y o,
j=1

Q=2ﬁ®
E
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Radiation laws F —_

* Relations between view factors

Sk, =Sk,

facteurs de forme a calculer

si la surface est plane ou concave
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« Exemples of view factors

0 1 12 21
S
F,=1 Sk, =S, FutF,=1
0 1
F= _S 7R2 1 _1
1/2 1/2 F21———1——§ Fzz_z
S 4R
2
F,=1 Sk, =Sk, FutFy=1
F:{ o 1 } > - _S _2Rh_2 c 2
2/m 1-2/m 21 S JRh 7 22 s
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Two small surfaces

0
d20,, = L° [dS cosh, [dQ, = M—ﬂl WS cosh, adsz[c)i‘z’sez

®, = MO ds§ cos&llt[ﬁs? cosb, o, =M. S
F,= 212 _ M(;ng _ cosg, [(:20362 ds,
1 1 S ID
cosg, [cosb
Fpy = #dﬁ
0 cosf, Ekzosé?2 ds
- D
F cosd, [tosh,
71132 2dg 0
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Net radiative heat exchange
— exchange in a closed black enclosure

n

G =P 0= _Zcbji =P, _ZFjicDj =SM? - SijiM?
) -1 =]

| .
net sent received

]

Black surfaces
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Net heat

— black, closed enclosure

SF,=SF, =>®,,= SMiO_ZSﬁFjiM? = SMiO_SZFijM?
j=1 j=1

recu

%_}
net

;v_J
Réciprocité emis

ZFij:]' :>q)i,net:SMio_SZFiijp:SMiOZFij_SZFijM?
1= =t j=1 =1

Complémentarit o = Z”: SF.(M°-M?)
i,net ij i j
=1

flux échangé entre les
surfaces noire§ > §

D et = ZSFU (Mio -M ?) = Z(SFU MiO -SFM ?) = Zcbij,net
j=1 j=1 j=1 N
éemis regu net
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Thermal circuit

\ R, 2 _ _ _
K |:|7V Oij - q)ij,net - I:ij ('\/Ii0 M ?)
M 0 1/(81F12) 0 Y \ ¥
P I M 2 -1
T T a R (6-6)
l/(SZle)

/R
chZ,net = SlFlz(Mlo - Mg) = 82|:21(M10 - Mg)
S2S
— o = o o
chlnet =S,F,(M; —M;) =SF,(M; —M))
S22
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Thermal circuit

7
4 = Prei :SFij(Mio_M?) g

q R™ (6| _Hj)

afF P 1(SF)

M°  ou M?

/Eb%anetz 2—' Vi) ~>
= * (SR, )oul/(S,F,,)

1/(S) Hy) ou T/(Sy Fyy)

M3

< USE) >

0&2 = chetlZ = SlFlz(M:I(.) - Mg)

4 4 4
Ou = chetl = ZS.LFlj(Mf - M ?) = Z(Dnetlj = quj
j=2 j=2 j=2
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Thermal circuit
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J=aM’+ pE
Opaquesurface =0
= p=1l-a=1-¢
=J=aM’+([1-¢)E

gual if the same wavelength!

or gray body
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* Thermal circuit (at surface)
E JS=(pE+&M°)S

S

ES
PES

ANV 4

P — = =

| aes]

®_ =JS—ES
=(pE+aM°)S-ES
= eM°S— (1- p)ES
= &M °S-0aES
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» Thermal circuit (between surfaces)
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e Circuit thermique

|\/|10=(7T14 i J; J, i M§=UT24
4 = Ppett 1-¢ %o 1/(SF,) L 1-g, 4G =Py
;I; ‘9151 ou 5282 j;
“ 1/(52F21) “
SurfaceS, Surfaces,
Surface Between surfaces Surface
resistance resistance resistance
_ _ £ 0
4 = ch,net =— (Ml - Jl)
=P =SF. (J°-J=SF, (J°-J°
q12 - 12,net — S1 12( 1 2) ) 21( 1 2)
_ _ € 0
G, =cD2,net_ 2 (Mz _‘]2)
1l-¢,
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Thermal circuit

o S, SKY

L,

Energyoalanced, ., = ®, ...~ P, =0
cDS,net = £3M??Ss - aSE383 =0
£
cDS,net = 1_8 (Mig - ‘JS)Ss = 0
— Mg = J3
1(SF,)ou 1/(SF,) J ; _________________ |\_/|_2; -----




