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Radiation : Processes and Properties

= Themal radiation requires nomatter

m Applications: Industrial heating, cooling and drying processes,
energy conservation methods - fossil fuel combustion and solar
radiation

Objectives
a Means by which thermal radiation is generated
g Specific nature of radiation

= Mannerin which radiation interacts with matter
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o Ts > Tsur
= No conduction or convection - still solid will cool

w Solid gets cooled - emission of thermal radiation from the
surface of the solid
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Radiation - Propagation of electromagneticwaves

J.C. Maxwell - accelerated charges or changing electric currents
giverise to electric and magnetic fields. These moving fields are
caled Electromagnetic Waves or Electromagnetic Radiation

Electro-magnetic Radiation - energy emitted by matter asa
result of the changesin the electronic configurations of the atoms
or molecules.
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Characteristics of Electro-magnetic Radiation
w Frequency v(Hz - 1/s)
s Wavelength A (m)
c Co
— i C= o
v n

In vacuum c,= 2.998 x 108 m/s and n is the index of refraction

Material n
Airandmostgases 1.0
Glass 1.9
Water 1.33

Observations

A, ¢ depend on medium through which wavetravels.
v: independent of the medium dependsonly on the source.
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THE ELECTROMAGNETIC SPECTRUM
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Reflectivity, p is the fraction of the irradiation that is reflected.

Absorptivity, a is the fraction of the irradiation that is absorbed.

Transmissivity, t is the fraction of the irradiation that is
transmitted.

ptatt=1

J=E + tthef = E + ptt
¢ = J—tt= eoT— att
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Intensity of Emitted Radiation

Radiation intensity for emitted radiation I¢(6, ¢) is defined asthe
rate at which the radiation energy dgis emitted in the (0, ¢)
direction per unit areanomal to this direction and per unit solid
angle about this direction.

_ dq _ dq >
I(0, ¢) = dAicos O -dw dAjcos 0 -sin %d(p Wim=sr

Radiation flux for emitted radiation is the Emissive Power ( E):
rate at which radiation energy is emitted per unit area of the
emitting surface which is expressedin the differential form

dq

dE = T = Ie(6, @) cos Osin 6dBdp
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Emissive power from the surface into hemisphere surroundingit,
I fon /2
E= dE = Ie(6, @) cos Osin 6dBdp W /m?
hemisphere @=06=0

I varies with direction (especially with zenith angle 6). Practically
approximated as Diffuse, i.e., I is constant.

Izn .(1/2 '(1/2

cos Osin 6dBdp= 2w  cos Osin &dO

»=06=0 6=0
/2
Zﬁj . — coSs ZQ-E/Z
= sin 26d0= 1 . =0
2 2 8
6=0
= TCIe
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A small surfaceof area A1 = 1073 m?is known to emit diffusely and
from measurements the total intensity associated with emission in
the normal direction is I, = 7000 W/m? sr. Radiation emitted from
the surfaceis intercepted by other surfacesof area A, = Az = A=
1073 m?, which are 0.5 mfrom A;. What is the intensity associated
with emission in each of the three directions? What are the solid
angles subtendedby the three surfaces when viewed from A;? What
is the rate at which radiation emitted by A, is intercepted by the
three surfaces?
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Assumptions

m Surface A; emits diffusely

m A1, A>, A3, Asmaybe approximated asdifferential surfaces,
Aj/ rjz-l

Ag

 r3=0.5m

g I, = 7000 W/m?-sr /,>\A4
| : ‘ 1 C

22 g2\'—: 30 - 61 =45

-— \ v‘ i

o r;=0.5m

:
feasi
"3/
'
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Intensity is independent of direction, I = 7000 W/m? sr

d_An_é3_ =3
RB—-1 = Yy—1 = 2 —r2—4>(10 Sr
Gy—i = AZ-C—:-;—Q; = 346X 1073 sr

qi—j= IX Ajcos 61 X @j-1
qi—2= 12.1 X 107°W
qi-3= 28.0 X 107*W
gqi-4 = 19.8 X 107*W
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Relation to Irradiation

The intensity of incident radiation, (6, ¢) is the rate at which
radiation energy dtt is incident from the (6, @) direction per unit
areaof the receiving surface normalto this direction and per unit
solid angle about this direction.

jZn if/Z
tty(d) = In i(A, 6, ) cos Osin 6dBdp ——
®=06=0 'ad\wilon' - :
fo R .
tt= ttyd)dA N |
If the incident radiation is diffuse, P ]

tty = wly i(A); tt = nk
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Absorbs all incident radiation, regardiess of wavelength and
direction.

Foragiven T, A, no surface can emit more energy than a
blackbody.

B L=f (AT), independent of direction, Diffuse emitter.

| Diffuse emission
A
he=hp

vz

\ Isothermal surface, T—,
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The spectral distribution of blackbodyemission,

2hc’

T V

A3 exp( Ak’]‘) o

Iyt =

Planck constant: h= 6.625 x 10734 Js

Boltzmann constant: k= 1.3805 x 10723 J/K

The spectral emissive power of a blackbody (diffuse emission)

The first and secondradiation constants are:
C= 2nhcZ 3.742 X 10 W um/m¢ 2

Co= (hco/k) = 1.439 X 10* umK
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AmaxT' = C3= 2897.8 um K

B Maximum spectral power is displaced to shorter A with
increasing T

B Solar radiation - middle of the spectrum (A = 0.5 um), since
5800 K

B Blackbody at 1000 K, peak emission - 2.9 um

I With increasing T', shorter A become more prominent, until
eventually significant emission occurs over the entire visible
spectrum

B Tungsten filament lamp - 2900 K (Amax= 1.0 um) emits white
light, although most of the emission remains in infrared region
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[oo
Ep= -2 C(‘f,—zcu: oTW/m 2
; L (k)1

o= 5.67 X 1078 W/m? K¢

This enables calculation of the amount of radiation emitted in all
directions and over all wavelengths simply from the knowledge of
the temperature of the blackbody.

The total intensity associated with blackbody emission is:

Ep
Ip= o W/m? sr
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Consider alarge, isothermal enclosure of Ts within which several
small bodies are confined.

Regarkess of its orientation, the irradiation experenced by any
bodyin the cavity is diffuse and equalto emission from a
blackbody at Ts.
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Under steady state conditions, thermal equilibrium must exist,
Th= Th= Tz3= ...= Tsandthe netrate of energy transfer to
eachsurface must be zero.

Applying energy balance to acontrol surface about body 1,
aittA1 — E1(Ts)A1 =0

alEb(TS — E1(TS) =0 L= Eb(TS)
1 a az

This relation is known asKirchoff's law . No real surface can have an
emissive power exceeding that of ablack surface at the same
temperature, and the notion of the black body asan ideal emitter is
confirmed.
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£ _ & €

—_ = === 2= =i

ai ap az

'~

Hence, for any surfacein the enclosure, e = a.

Total hemispherical emissivity = total hemispherical absorptivity.

The restrictive conditions inherent in this derivationis:

w the surfaceirradiation has beenassumedto comrespondto
emission from a blackbody at the sametemperature asthe
surface.
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ex(T) = ax(T) , vald when tt is independent of direction.

The form of the Kirchoff's law that involves no restrictions is the
spectral directional form,

ero(T) = are(T)

m |t is very tempting to use Kirchoff's law in radiation analysis
""the relation £ = a together with p = 1 — a enablesusto
determine all three properties of a opaque surface from a
knowiedge of only oneproperty.

m Although, £ = a gives acceptable results in most cases, in
practice, care should be exercised when there is considerable
difference between Tsyrface @Nd Tsource.
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Radiation Exchange Between surfaces

Surface 2
Surface 1

‘ Surface 3

Point
source

= Radiation heat transfer between surfaces dependson the
orientation of the surfaces relative to each other aswell as
their radiation properties and temperatures.

m This dependence is accounted for by the view factor.

m By facing the fire from front or back - maximum radiation

m By facing the fire from the side - minimum radiation
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Fj; - the fraction of the radiation leaving surface : that strikes the
surface; directly.
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The rate at which radiation leaves dA; andis intercepted by dA; is,
dqi—j= Ie+r i cos 0;dAdwj—;

I.+r i - intensity of radiation leaving surface i, and dwj i - solid
angle subtended by dA; when viewed from dA;. dwj-i = quL

0
dgi~j= Iesr,i C—O—QI';‘O‘S—l dAdA]

Assuming that surface i emits and reflectsdiffusely,
COS GCOS 9
TR2
The total rate of radiation leaving surface : towards j,

Il
G—j = Ji
AiAj

dgi—j= Ji ldAdA

COS &COS 9

tR2

ldAdA
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F, = 9qi=
AiJi
|
_ 1 Ccos Qcos Q,dAl
Pz, L dAda
AiAj
J
Fji:_l cos@cosGdAldAdA.
Aj ntR2
AiAj

These equations may be usedto determine the view factor
associated with anytwo surfaces that are diffuse emitters and
reflectors and have uniform radiosity.
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(n Shield
T, I || T
£ s [l 5,2

- ng Q.p_’ |

|
|
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Fi3= K33 =
Al Ly
G2 = 1%( L 2 2
1l +1 1+ 1 4+ 1 1
€1 £2 €31 £3,2
Ao(TE+ T
(q12)N = . 63 10( 1 £>2
14+1 14+ 1+ 1 14+, .+ L 4+1 1
€1 £2 £3,1 £3,2 N,1 EN,2

If all emissivities are equal,

1
(q12)N= N+—1(q12)0

(q12)0 is the radiation transfer rate with no shields (N = 0).
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