FUNDAMENTAL CONCEPTS OF
RADIATION

e Radiation Intensity
Emission, lrradiation, Radiosity

e Blackbody Radiation

Planck Distribution
Wien’s Displacement Law
Stefan-Boltzmann Law

« Surface Radiation Properties

Emissivity, Absorptivity, Reflectivity
Kirchhoff’s Law

e Environmental Radiation



Radiation Intensity

Intensity (spectral)

the amount of radiation energy
streaming out through a unit area
perpendicular to the direction of
propagation 2, per unit solid angle
around the direction o, per unit
wavelength around A4, and per unit
time about t.



solid angle: a region between the rays of
a sphere and measured as the ratio of
the element area dA_ on the sphere to the
square of the sphere’s radius

Rsméc?m do =di (steradian, sr)
- R’
\Q;\\ dA, :
9 v% dAnz(RS|n9d¢)( Rde)

- / = R?sin@dddg
’ \ dw:SlanHd¢
gl

d¢  €X) hemisphere:

o=[ do=["[""sin0dgdg =27 (sr)



spectral intensity

|, = d°Q

" dAcos@dwd Adt
[J/m? -sr-um-s]

|, (F,.2)=1,(x,Y,2,0,4)

total intensity: 1 =["1,dA

d‘Q = 1, cos@dAdwd Adt [J] 4| /T

d*Q

d°q =
T
= |,dAcosfdwd A [W]




4
d*q” = aQ _ |, cos@dwd A [W/m?]
dAdt

d*Q
dAdtd A
spectral radiative heat flux:

d; = 1,cosfdw =jmlﬂf2-ﬁda)

=1,cos0dw [W/m?*.um]

dq; =

= joz”jg’/z |, cos@sinfd@dg [W/m*- um]
total radiative heat flux:
q"=[qjdA=["[ 1,cos0dewd A
=["[7"[7"1, cos@singdGdgd A [Wim?]



Example 12.1 A,
6,=0

r,=0.5m A
04 =.0/\4

0, =30
6, =45 -

< 0 - 600 I /'/
AZI ~. }\.\. 1’/_!\/'/'/' r4 =05m
: |',r>

r,=0.5m o =7000 W/m?-sr

A . diffuse emitter
A=A=A=A=10"m"
Find.:
1) Intensity of emission in each of the three directions

2) Solid angles subtended by the three surfaces
3) Rate at which radiation is intercepted by the three surfaces

Assumption:
Ay, A, Ag, and A, > differential surfaces, (A;/r7) <<1



1) Diffusely emitted intensity:
iIndependent of direction

| =1_=7000 W/m?-sr
2) Solid angles

do=  dA =dA xcosd

2 ! J

I
o, ~ 22 XC00 _ 3 46 107%sr
r2
o, 270 4 00x107%sr
r3
0, , =200 _ 4 00x10%sr
r

4
3) Radiation rate on each surface

;= |, xAC0SO, xw,;_,
0., ~12.1x10°W, q,,~28.0x10°W, ¢, ,~19.8x10°W



Irradiation X

Irradiation: |, .92,
all incident radiative
heat flux through the
control surface

spectral irradiation: G, )
G,=] 1, cos6dw, |

Al N
total irradiation: G
G= | G,d4

- I:Im |,;cosfdw,dA




Radiosity
Radiosity: all out-going radiative heat flux
through the control surface

radiosity = emitted heat flux A
+ reflected heat flux N, ,

spectral radiosity: J, —
spectral emitted heat flux
(spectral emissive power)

qy, =jﬁ |, . cosé,da,

spectral reflected heat flux
a;, =] 1,,c0s6.dw,



spectral radiosity:
J,=q;.+0q;,=| 1,.cos6,dm, +[ 1, cosd,dm,
=[ (1,.+1,,)cos@dw = 1, cosfdw

total radiosity: J
total emitted heat flux (total emissive power)

'=["q;.dA = j(j |,.cos6,dw, )d/l
total reflected heat flux
"=["q;,dA =["[ (1,,cos6,dw, JdA

total radiosity: J = "J,dA=q/+q/
=["| 1,.cos0,dw,dA+["[ 1, cosf.dwdA



Emissive Power
directional spectral emissive power

N\

4
E,=1,.c086, =1, 02 -n

hemispherical spectral
emissive power

E,=d,.=] Iﬂ,e(F,!})cos@eda)e

= [ ]2, (F.2)cos0,5in0,d6,d¢,
hemispherical total emissive power
E =qé’=j;° E,dA
= (7] 1,.(F.2)cos8,dw,d A



Blackbody Radiation

a) blackbody: a perfect absorber for all
Incident radiation

b) Maximum emitter in each direction
and at every wavelength

N N/

T T
black non-black

black: termed based on the visible
radiation so not a perfect description

c) Emitted intensity from a blackbody:
Invariant with emission angle



Proof) consider energy exchange between an element
on a spherical black enclosure, dA, and an element at
the center of the enclosure, dA. Both elements are in
thermal equilibrium.

energy absorbed by dA

|, dAdAdw, =1, dAdA dA;‘jS 0

energy absorbed by dA,
| ,,(8,¢)dAcosfd Adw

=1, (6?,¢)dAc056?d/1C:%S

In equilibrium
1,,(6,6)=1,, , # function of (6,¢)

and since max at a given temperature
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Planck Law

blackbody hemispherical spectral
emissive power

qﬂbe — Iﬂb(r)COSHda)
2 prml?2 R ]
=IO jo | ,,(F)cos@sinfdfd ¢
=1,,(F)]. " [ cos@d(cos@)d¢

=7l ,,(r)



Planck’s law
(The Theory of Heat Radiation, Max Planck, 1901)

spectral distribution of hemispherical
emissive power of a blackbody in vacuum

B 3 27C,
Ep=mly= (e 1) C,=hC?, C,=hC,/k

h: Planck constant, k: Boltzmann constant

IN a medium with a refractive index n:
27C,

n245 (eCZMnT _ 1)

n=1invacuum and n =1.00029 in air at room
temperature over the visible spectrum

E,=7l, =



27C, E,(4,T) _ 27C,
15 (eCZI/lT _1) TS (/IT )5 (eCZMT _1)
= E(AT)

E/lb =

10°
108

107

Spectral emissive power, E;_, (W/m?um)
bt — — — o — — —
C o o o © o o O
= o = [i%] [¥3] L [3;] [s4]

-
=
n

109

AT

10-4 | | | |
0.1 0.2 04 06 1 2 4 6 10 20 40 60 100

Wavelength, A(um)

Blackbody spectral emissive power




Wien’s Displacement law (1891)

Ao - the wavelength at which E  (4,T)
IS maximum

Ep(4,T) _ 27C,
T* (AT) (e -1)

d E/Ib =0 _)/?’maxT=C2 —:(|3-/ T
d(ﬂ«T) T5 5 1_e 2 Amax

AT =C,=2897.8 um-K



Stefan-Boltzmann’s Law
blackbody total intensity and total emissive power

- = 2C
= 1.02= L _d2
b o 0 /15(6(:2/”—1)
4 3 4 4
2CTJ‘ & qo LT A o
ct Joef -1 Ci 15 =«

o= 2C17z /15C§1 =5.6696x10"° W/m*-K*
Stefan-Boltzmann’s law:
=Qy, = j;o E. dA=xl,=0T" [W/m?]

Stefan by experiment (1879): E, ~T*
Boltzmann by theory (1884): E, =oT"



Blackbody radiation in a wavelength interval

| for a given temperature j‘jj E,.(1,T)dA

- =
M=% 0

1
A A 2 oT*

[ E(A.T)dA

A

= | [ EW(AT)A= [ E, (A, T)dA

-F,,



Tty = oT*
1 e E,(41,T)
CoAT TS
o =T
AT
= FO—AZT - I:o—AJ




TaprLe 12.1 Blackbody Radiation Functions

AT I, (A, /o T? 1) »(A, T)
(].LIll ‘K) F{ﬂ—:»)l} (].LIH ‘K- Sr}_l Iﬁ.b{"lnmx’ T}

200 0.000000 0.375034 X 1077 0.000000
400 0.000000 0.490335 X 10713 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 10~* 0.186082
1,600 0.019718 0.249130 0.344904
1,800 0.039341 0.375568 0.519949
2,000 0.066728 0.493432 0.683123
2,200 0.100888 0.589649 X 10~* 0.816329
2,400 0.140256 0.658866 0.912155
2,600 0.183120 0.701292 0.970891
2,800 0.227897 0.720239 0.997123
2,898 0.250108 0.722318 X 10™* 1.000000
3,000 0.273232 0.720254 X 10~* 0.997143
3,200 0.318102 0.705974 0.977373
3,400 0.361735 0.681544 0.943551



TAapLE 12.1 Continued

AT I, ,(A, T)oT? I) »(A, T)
(,u_m . K) F{{]—>A_r {,um K- Sr}_l Iﬁ,b{"lumx? T}
9,500 0.903085 0.76533 0.105956
10,000 0.914199 0.653279 X 107 0.090442
10,500 0.923710 0.560522 0.077600
11,000 0.931890 0.483321 0.066913
11,500 0.939959 0.418725 0.057970
12,000 0.945098 0.364394 X 107 0.050448
13,000 0.955139 0.279457 0.038689
14,000 0.962898 0.217641 0.030131
15,000 0.96998 | 0.171866 X 1073 0.023794
16,000 0.973814 0.137429 0.019026
18,000 0.980860 0.908240 X 107 0.012574
20,000 0.985602 0.623310 0.008629
25,000 0.992215 0.276474 0.003828
30,000 0.995340 0.140469 X 107° 0.001945
40,000 0.997967 0.473891 X 1077 0.000656
50,000 0.998953 0.201605 0.000279
75,000 0.999713 0.418597 X 107 0.000058

100,000 0.999905 0.135752 0.000019




10%

)
Enclosure, ﬂ’l ﬂ’ma}x{ | )I'Z
: T =2000 K L em
Find:

1) Emissive power of a small aperture on the enclosure
2) Wavelengths below which and above which 10% of
the radiation is concentrated
3) Spectral emissive power and wavelength
associated with maximum emission
4) Irradiation on a small object inside
Assumption:

Areas of aperture and object are very small relative to
enclosure surface.



1) Emission from the aperture 4 E=Ey(T)
E=E/(T)=oT*

=5.67x20* =9.07x10°> W/m?*

Enclosure,

2) F(O—)ﬂ,l) — 01 T = 2000 K
From Table 12.1

AT =2200um-K , 4, =1.1um
Foss,) =09

Iﬂ:}-.. le: Iq}

AT ~9382um-K , A, =4.69um




3) Spectral emissive power and wavelength
associated with maximum emission

Wien’s law, 4 T =2898um- K
Aoy = 2898/2000=1.45 um

Ep=mly
From Table 12.1 . L
|,,(1.45um, T)=0.722x10"0T"> ity

_ 5 2 .

=1.31x10°W/m*-sr- um 4 E=Ey(T)

E, =nl, =4.12x10° W/m?- um

4) Irradiation of any small object
Inside the enclosure

G =E,(T)=9.07x10°W/m’

Enclosure,
T=2000 K



Example 12.4

\
\\\

—r>)>

ot

P

2 um 4 um
Blackbody at 1500 K

Find.:

Rate of emission per unit area in directions 0° <8 <60°,

and in a wavelength interval 2um< A <4um



0°<0<60", 2um<A<4um

|,y cosOdad, [ 1, cosfdwd \\ \
AE=_[ _[ |, cos8dwd A

-
AE=[I[" ["1,, cos@sinadadgd. v

| ,,: Independent of direction

—>»
——
~

\

L

Blackbody at 1500 K

AE=['1,, (joz”j:’gcosasinededys)dz

. 9 zl3
AE=] |ﬂb(2ﬂs'”2 0 sz =0.75[ 71,04
0

4
=0.75[ E,dA



4 N
AE =0.75[ E,dA E,,
s B, [
AE =0.75E, [ —*2d 2
2 Eb
AE =0.73E, I:F(0—>4um) — F(O—)Z,um):l |
From Table 12.1 2 um 4 um

AT =2umx1500K = 3000um-K — F, ) =0.273232
A, T =4umx1500K =6000um-K — Fq_,,m) =0.737313
E, =0T’

AE = O.750'T4|:F =

(0>4um) — (O—>2,um):|

=0.75x5.67x15" x(0.737818—0.273232) = 10°W/m*
0.75x 0.4645686 = 0.3484395



Surface Radiation Properties

Definition of Properties for Non-black
Opaque Surfaces 0

*_‘_,

7 Blackbody, I, , 7\

i Blackbody, T A P—— Real surface
Real surface, T e A L 0.T) =

&b, WD

A

J.L.:;.__ l::'l'-., T} = E?._ If}u.f} {;‘L,?}

ST
:,]. g
b

spectral distribution directional distribution

- Ity : Intensive, theoretical
- ance : extensive, experimental



Emissivity
Directional spectral emissivity €;(4,6,,¢,,T)

|, . Ccoso,
l ,,.COSO,

4

&, =

'
_ E,1 I/l,e
’
Eﬂb

A

Iﬂ,e =&, e

E'=¢"E’

A A —Ab



Directional total emissivity &£'(6,,4,,T)
|, 1,.c086,d4 [ ndd o, E

j Iﬂbecosedl j' ,,.dA 1. E
|, =¢&"l,.,, E'=¢'E,

e

N
or l,.,=¢l,.

o — Ijgﬁlﬂb’ed’l (Eb =7xl,. =0'T4)
[71,,.d2 |

_ | el dA | & EdA

oTl’ -~ oT!




Hemispherical spectral emissivity €,(4,T)
[ 1,.cos60,dw,

)
4. C080,dw,

[ 1, cos6,do,

ﬂlﬂb,e
. /
(I/l,e —8,1|/1b,e)

4
- Lgﬂ l ,,.COSO.dw,

”Iﬂb,e

1
== &, cos6,daw,
T



Hemispherical total emissivity &(T)
_ Igojm |,1,e COSlgeda)e aA B E
[ 1,.cos60,dw,di E,
I;O[Imgjllzb,e COSHGda)e]dﬂ (I

4

&

A
e € Iﬂb,e)

O

I;oﬂl/lb,e ijﬁé‘/'lcosﬁeda)e dA

oTl’
[“e,EpdA

- oT®




[ [1,.c086,dAde,
[ [71,.c056,dAdw,
[ cosa, [j;g; I)bb,ed/l]da)e
ol*
1 | cosé, [j;og;ﬂlﬂbdﬂ}da)e

4
T ol

or g¢=

o
(I/l,e _gﬂlﬂb,e)

j;oajlﬂlﬂbd/?. o

=£j cosé, - )
7" ol

1
=—[ ¢&'cosé,dw,
72. M



Ssummary
Directional spectral emissivity &;(4,6,,4,,T)

8/'1 = Il’e — E';“
I/lb,e Elb
Directional total emissivity &'(6,,4,,T)
_‘me;Eibd/l
r __ JO
& = 4
ol
Hemispherical spectral emissivity g,(1,T)

o r o
> .=l E, =¢,E},

1
£, = —_[ &, C0s6.dw,
72- M

Hemispherical total emissivity &(T)
Io &,E ,d4
8 =

ol*

1
or &= —j g'cosf.dw,
72- M



Theoretical trend: Maxwell’s equation
directional dependence
1) Dielectrics 2) Conductors




spectral dependence

1) Dielectrics 2) Conductors

T~

£, £,

A Visible ; A Visible



Directional emissivity of ideal
dielectrics predicted by EM theory




Directional spectral emissivity of platinum

=2 um,8,T)

Directional spectral emissivity
ex(A

at wavelength 4 =2 um

Absolute Source
temperature,
T,
K
S v 300  Ref. 22 o
- O 657 Ref. 23
= O 1400 Ref. 24
- Eq. (4-65) using data from o 8 Y,
1 Bl =57,x=97 o /\
. 8 vV Vv *7
i o8 & © /
A
t]llllllllLllIJlL‘
0 10 20 30 40 50 60 10 80 9%

Angle of emission 0, deg



Spectral, normal emissivity, £;_,

Spectral dependence of the spectral, normal

emissivity ¢, , of selected materials

1.0
0.8 P
i Silicon
carbide,
0.6 1000 K : . |
‘ T Alummum
. N oxide,
\, |, 1400
Dq' ‘\H "..
* Stainless steel, 1200 K
heavily oxidized
02—+ 1 (™feswsiidi=l =i
800 K Stainless steel, 800 K
Tungsten polished
0 1600 K
0.1 0.2 0.4 0.6 1 2 4 6 10 20 40 60 100

Wavelength, A(m)



Temperature dependence of the total, normal

1.0

o o o
= (8] Qo

Total, normal emissivity, £,

I
o

emissivity g, of selected materials

Silicon carbide
L ===
_...-""""_”
»="  Stainless steel,
P heavily oxidized
-""'-~-.._.'Aluminum oxide
Stainless steel — _#hmea

polished »~~| | | | ™"

//"Tu’-ngs-t;n'

700 1100 1500 1900 2300 2700

Temperature (K)

3100



Representative values of total, normal emissivity &,

Highly polished metals, foils, films
Polished metals
Metals, as received

0 0.05010 015

Metals, as received and unpolished
Metals, oxidized

Oxides, ceramics
Carbon, graphites

Minerals, glasses

Vegetation, water, skin

‘ special paints, anodized finishes

0 0.2 0.4 0.6 0.8 1.0
Total, normal emissivity, £,




Example 12.5 gk

; . ' T= 1600 K
0.8 s
2
o3 €4
0.4 |
0 . |
0 Z 5
A (um)
Find:

1) Hemispherical total emissivity, ¢

2) Total emissive power, E
3) Wavelength at which spectral emissive power will
be a max

Assumption:

Surface is a diffuse emitter.



1) Hemispherical total emissivity
|, .CosO, Ly

’
g/1 = =
I/lb,e COS ee I/1b,e

_[ |,.cos6.dw, jgglﬂbecosﬁedwe
— M ' — ¥ '

_[ |, . COSO.dw, =
b,

[ (71[ [ £E, cosﬁeda)e)dxl

&,

E =

[ Edi

7=1600 K
Ay =2um

j-: g,E,dA

O'T 4 0.4 2

&, (A)

2 5
& [ Es02 R [ E..d2

O_T 4 O_T 4 A (um)




1.0

2 5
_& [ Einda & [ E,d4

0.8
oT* oT*

&

\)

&,

0.4

&=¢é F(0—>2ym) T &, I:F(0—>5um) - F(0—>2ﬂm):|

0

T =1600 K
A =2um
Ay =5um

From Table 12.1 ’ ? :

A (um)

AT =2umx1600K = 3200um-K — F , . =0.318102
AT =5umx1600K = 8000um-K —> Fq o, = 0.856288

£ =0.4x0.318102+ 0.8 x (0.856282— 0.318102)
=0.4x0.318102+ 0.8x0.53818 = 0.558

2) Total emissive power

E=¢E, =¢0T" =0.558x5.67x16* = 207 kW/m?




3) Wavelength at which spectral '
emissive power will be a max °°

& [7\.)

J‘Il’ecosﬁeda)e E,

_"Iﬂbbecosé?edcoe =
A b,

0.4

&,

E,=¢E,
Maximum E,; may occur
N0<A=2umor2<A=5um.

First check where maximum E,;
OCCurs. =

From Wien’s law
_2898um-K
e 1600K

=1.81um (< 2,um)

. T=1600K
: Ay =2 um

2 5
A (um)

—-—e o e e e e e o - -

A=1.81 um

Thus, maximum may occurat A=1.81 umor A =2 um




|
E/1 =£/1E/1b =& (ﬂ.llb) =7Z'8/1(O__/|1_b5)0'-|—5

at A=1.81 um
From Table 12.1, AT = 2898 umK — I_?_bs =0.722x10™
O
E,(1.81 um,1600 K) = 7x0.4x0.722x10™* x5.67 x 10~ x 1600°
=54 KW/m? - um

atA=2 um

| _
From Table 12.1, AT = 3200 umK — o-'T'bE’ =0.706x10™

E,(2 um,1600 K) =z x0.8x0.706x10™* x5.67 x 10™° x 1600°
=105.5 kW/m? - um

Maximum spectral emissive power occurs at 4 =2 um.



Peak emission



Absorptivity
dependence on the directional and spectral

distributions of the incident radiation, thus
not a material property except «;

Directional spectral absorptivity a;(41,6.,¢.,T)
|/1 i‘Qi

__absorbed energy at 4 and (6,,4,)
|, cosé,




Kirchhoff’s law

blackbody
atT

absorbed energy=a/ 1 ,dAcos8dwd A

emitted energy=¢;1, dAcoséddwd A
in equilibrium «;(1,0,6,T)=¢,(1,0,4,T)
. NO restriction



Directional total absorptivity a'(6.,¢.,T)
absorbed energy at A and (6, ¢)=a;1,,cosé,

L@ cos6da[Tajl,da [T, da
[T1,,c00d4  ["1,,dA  ["1,.dA

J-;Og,’l E,,d4 _ I;ogjl l ,,d4

T ot [M1,da
i) when 1,,(1,6,,0,)=C(6.,¢)1,,:,(4,T)
—>a' =&

i) when &, notfunctionof A > ¢&; =¢

—>a'=¢" directional-gray surface



Hemispherical spectral absorptivity a,(4,T)
[ a1, cosdw, [ &1, cosfdw

@, = -
Im l,;C0s6,dw, L |, cosf,dw,

- jmg; |, cosf,dw,
Gﬂ

1
£, = ;Lg; cosd.dw,

) when 1 ,(4,6,,¢,)=1,,(1) only:
diffuse irradiation «, =g,
i) when &) independent of direction ¢, =¢,
—>a, =&, diffuse-spectral surface



Hemispherical total absorptivity «(T)

az.";ojma;lﬂ,i cosf.dw,dA (a =Ima:1|ﬂ,i COSHida)i\
I:L'MCOSHida)id,l \ ’ _“mU,iCOSHida)i y
j:aﬂGﬂd/l
G
a = I:Lgﬁlz,i cosg,dw,dA o= I;ojmeglﬂb cosf,dw,dA

[7[ 1, cos6dmdA [ 1,c056,dw,dA

) when &,(1,6,,4,,T)=¢(T) > a=¢

. diffuse-gray surface
i)y when 1,,(4,6,,¢)=Cl,(1,T) >a=¢
i) when £}, (1,6,,6.,T)=¢'(6.,4,,T) and 1,,(1,6,,4)=1,.(1)
iv) when ¢(1,6,,4,.T)=¢,(A2,T) and 1,,(1,6,,4)=C(6,,)1,,,(4,T)



Relations among
reflectivity, absorptivity, and emissivity

a) a;(4,60,4,T)+p;(4,0,4,T)=1
Kirchhoff's law @}(4,0,4,T)=¢,(1,0,4,T)

£,(4.0.9,

)+p,(4,0,4,T)=1

b) a'(6,¢.T)+ (0,4, T)=1

for a directional-gray surface,
a' (0,0, T)=£'(0,0,T)

£(0.0.T)+p(0.,.T)=1



C) a,(1,T)+p,(4,T)=1
for a diffuse-spectral surface,
a,(A4,T)=¢,(1,T)
&4, T)+p,(4,T)=1

d) a(T)+p(T)=1
for a diffuse-gray surface,
a(T)=¢&(T)
e(T)+p(T)=1



Example 12.7

E=c¢E, aG
TS =500 K
c=0.8
1.0 > T
T
3
5 £
=
r.—---5
0.2 >
0 ' 0
02 46 810121416 02 46 810121416
Alum) Alum)

Find.:
1) Spectral distribution of reflectivity
2) Hemispherical total absorptivity
3) Nature of surface temperature change



1) Spectral reflectivity

p,=l-a,
10
- 0.8
S
) <
0 —— |
0 2 4 6 810121416 0 . =
Aum) 0 2 4 B B 10 12 12 16

Al um)



2) Hemispherical total absorptivity

incident radiation in Qat A: |,;cosé

absorbed energy: a;l,;cosé 1.0 . -
_“aﬁ ,iCosGdw, _“aﬂ ,iCosGdw, <
a,
I |MCOSHd0) G,l 0.2
j (I a1, cosfdw, )d/i I a,G,dA T
o _“_“Iﬁ,cosedmdl G 500

Gy, (W/m?Zsum)

16
O.ZIGld/1+500_“aﬂd/1+1.0j‘ G,dA
a= —076

0
@+IG dﬂ,+IG dA ) — = 5000 W/m?2 61?me

Why is the value of a (=0.76) closer to unity ?




3) Nature of surface temperature change

E=¢E, aG
T, =500 K

£=0.8

Does the surface temperature increase or decrease”?

E.st = E.in _ E.out + Eg
=aG-¢E, =aG —&oT,
=0.76x5000—0.8x5.67 x107® x 500"

= 3800-2835= 965 W/m’

Since E, >0, the surface temperature will increase
with time.



Example 12.9 spectral emissivity of brick wall

1:0

T, =500 K
T, =2000 K

Find:
1) Hemispherical total emissivity of the fire brick wall
2) Total emissive power of the brick wall
3) Absorptivity of the wall to irradiation from the coals

Assumptions:

Spectral distribution of irradiation at the brick wall

approximates that due to emission from a blackbody
at 2000 K



1) Hemispherical total emissivity — '°
0.8

weﬂ E,dA
a(1)= IO oT. 0.1
> 0

1

4 Ay "
— — (81,1_‘-0 Elbdﬂ+gﬂ,2Li Eﬂbd/1+gﬂ,3LQ Eﬂbdz)

S

=&;1Fo5a) &40 I:F(o—>/12) - F(o—>,11):| TE,3 [1_ F(o—>,12):|
From Table 12.1
AT, =1.5x500=750 um-K: F
A, T, =10x500=5000 um-K: F
Hence,
£(Ts)=0.1x0+0.5x0.634+0.8(1-0.634) = 0.610

=0.000
=0.634

(0=>4)

(0-4;)



2) total emissive power

T. =500 K
T —2000 K B 1B1ICK

wall
(diffuse)

E(Ts) - g(Ts)Eb (Ts) - g(Ts)O-TS4
E(T.)=0.61x5.67x107° x500* = 2161 W/m?



3) total absorptivity to irradiation from coal
Since brick wall is diffuse, a,(1)=¢,(4)
Irradiation from the coal: G,(4) < E;, (4,T;)

.5 =

[ G.(2)da [ Ew@AT)da

a=¢&,,Fo . +tE, I:F(O—mz) — F(O—Mq):l +&, I:l— F(o_>/12):|
From Table 12.1
A, T, =1.5%x2000=3000 um-K: F,,,,=0.273
A,T, =10x2000= 20,000 gm-K: F,_, , =0.986
a=0.1x0.273+0.5x (0.986— O.273)+ 0.8(1— 0.986) =0.395
£ =0.610

Thus, the brick wall cannot be regarded as a gray surface.

-“oooaﬁ (2«)61 (l)dl j-ooo g/1 (l) E/ib (ﬂwTC)dﬂ,ﬁzﬁ
@ = =




Comments:
The foregoing expressions for ¢and a may be used
to determine their equivalent variation with T, and T,

1.0

0.8

0,616

w

0.4

=10.395

0.2

0
500 1000 1500 2000
T,or T, (K)




Environmental Radiation
extraterrestrial solar irradiation

Solar rays \ |
> Earth atmosphere

GS,o = Sc . f.cos@ B —Earth surface

)

S,0

S, : solar constant (flux of solar energy incident on a
surface oriented normal to the sun’s rays, when
the earth is at its mean distance from the sun)

S. = 1353 W/m?

f . correction factor to account for the eccentricity of
the earth’s orbit about the sun

097< f<1.03

@ incident angle of solar irradiation



=6.95 X 108 m

sun

l. — R
T =5780 K L =150 > 10" m L

4 2
S,=1,.cos0dw NCAF ﬂRZ) (cos@ = 1)
| r L
5.67x(57.8)" (6.95)" x10%
_ 567x(578) (6.95) X107 _ cq \pyym?
(1.5)" x10%

The earth surface can not be considered as gray
surface to the solar irradiation

Because: T, =5780K > 4 . ~0.5um
T. =250~ 300K > 4., ~10um

Earth irradiation due to atmospheric emission: G, = aTS‘,iy



Spectral distribution of solar radiation

2500

== == 5300 K Blackbody
= Solar irradiation

2000

1500

1000

Spectral irradiation (W/m?: tm)

500

0 0.5 1.0 1.5 2.0 2.5 3.0

Wavelength (um)



Directional distribution of solar radiation
at earth’s surface

Direct Direct

Scattered

Scattered
(diffuse
" approximation)

(a) (h)
actual diffuse



Scattering of solar radiation
In the earth’s atmosphere

Direct
solar

Particulates —
Gas molecules k“x

R

L 42
Rayiéig Mie_
scattering scattering

Scattered
radiation

Earth's surface



Example 12.11

o T =—10°Cl
s =750 W/m’
£=0.1 1@) T,=30°C, h=022(T,-T,)"
)

. =0.9 T, =120°C

Q 0,0 O O O flat-plate solar
collector

d, : useful heat removal
Find.:
1) Useful heat removal rate per unit area, q;[W/m?]
2) Efficiency n of the collector.

Assumptions:

steady-state
absorber surface diffuse



1) Useful heat removal rate G
G, = 750W/m? SPsy Ty, =110°C

. . c=0.1 h_ _
E.=E. b ?Z:‘_ETw,h =0.22(T,-T,)
S OOOOOOTS:lZOOC
" " ),
aSGS + asIQ/Gsky = qconv + E + qu " .(

d, : useful heat removal

1/3

" "
0, = aSGS + asIQIGsky —Ueorv — E

aSGS Qg sky ~" E
qconv

Gyy =0Tgy, Qg ~e=0.1
A =0 (T,-T,)=0.22(T,-T,)"

E=¢oT}

0" = &G + 60T}, =0.22(T, =T, )" - £0T i

=7125+27.1-88.7-135.2=516 W/m*



2) The collector efficiency

]
GS—750W/m %Gsky T = t10°c

" 2
== PLOWIM' _ 0,69 Y ZET, - 022(T -T,)"
G, 750 W/m? = 5} e
[OO 000 o
Comments: d; : useful heat removal

1) Since the spectral range of G, Is entirely different
from that of G, it would be incorrect to assume that

Tsiy = s,

2) With a convection coefficient h =5W/m?-K, the
useful heat flux and the efficiency are reduced to
g’ =161W/m* and 7=0.21. A cover plate can
contribute significantly to reducing convection (and
radiation) heat loss from the absorber plate.

h=0.22(T,-T,)" =0.22(120-30) " =0.986 W/m?-K



