FUNDAMENTALS OF
THERMAL RADIATION

o far, we have considered the conduction and convection modes of heat

transfer, which are related to the nature of the materials involved and

the presence of fluid motion, among other things. We now turn our at-
tention to the third mechanism of heat transfer: radiation, which is character-
istically different from the other two.

We start this chapter with a discussion of electromagnetic waves and the
electromagnetic spectrum, with particular emphasis on thermal radiation.
Then we introduce the idealized blackbody, blackbody radiation, and black-
body radiation function, together with the Stefan—Boltzmann law, Planck’s
law, and Wien’s displacement law.

Radiation is emitted by every point on a plane surface in all directions into
the hemisphere above the surface. The quantity that describes the magnitude
of radiation emitted or incident in a specified direction in space is the ra-
diation intensity. Various radiation fluxes such as emissive power, irradiation,
and radiosity are expressed in terms of intensity. This is followed by a discus-
sion of radiative properties of materials such as emissivity, absorptivity, re-
[lectivity, and transmissivity and their dependence on wavelength, direction,
and temperature.

The greenhouse effect is presented as an example of the consequences of the
wavelength dependence of radiation properties. The last section is devoted to
the discussions of atmospheric and solar radiation because of their importance.
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FIGURE 11-1
A hot object in avacuum chamber
loses heat by radiation only.
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FIGURE 11-2
Unlike conduction and convection,
heat transfer by radiation can occur

between two bodies, even when they
are separated by a medium colder than

both of them.

11-1 = INTRODUCTION

Consider a hot object that is suspended in an evacuated chamber whose walls
are at room temperature (Fig. 11-1). The hot object will eventually cool down
and reach thermal equilibrium with its surroundings. That is, it will lose heat
until its temperature reaches the temperature of the walls of the chamber. Heat
transfer between the object and the chamber could not have taken place by
conduction or convection, because these two mechanisms cannot occur in a
vacuum. Therefore, heat transfer must have occurred through another mecha-
nism that involves the emission of the internal energy of the object. This
mechanism is radiation.

Radiation differs from the other two heat transfer mechanisms in that it does
not require the presence of a material medium to take place. In fact, energy
transfer by radiation is fastest (at the speed of light) and it suffers no attenua-
tion in a vacuum. Also, radiation transfer occurs in solids as well as liquids
and gases. In most practical applications, all three modes of heat transfer oc-
cur concurrently at varying degrees. But heat transfer through an evacuated
space can occur only by radiation. For example, the energy of the sun reaches
the earth by radiation.

You will recall that heat transfer by conduction or convection takes place in
the direction of decreasing temperature; that is, from a high-temperature
medium to a lower-temperature one. It is interesting that radiation heat trans-
fer can occur between two bodies separated by a medium colder than both
bodies (Fig. 11-2). For example, solar radiation reaches the surface of the
earth after passing through cold air layers at high altitudes. Also, the radiation-
absorbing surfaces inside a greenhouse reach high temperatures even when its
plastic or glass cover remains relatively cool.

The theoretical foundation of radiation was established in 1864 by physicist
James Clerk Maxwell, who postulated that accelerated charges or changing
electric currents give rise to electric and magnetic fields. These rapidly moving
fields are called electromagnetic waves or electromagnetic radiation, and
they represent the energy emitted by matter as a result of the changes in the
electronic configurations of the atoms or molecules. In 1887, Heinrich Hertz
experimentally demonstrated the existence of such waves. Electromagnetic
waves transport energy just like other waves, and all electromagnetic waves
travel at the speed of light in a vacuum, which is C, = 2.9979 X 10% m/s. Elec-
tromagnetic waves are characterized by their frequency v or wavelength \.
These two properties in a medium are related by

C
AN=3 (11-1)
where ¢ is the speed of propagation of a wave in that medium. The speed
of propagation in a medium is related to the speed of light in a vacuum by
¢ = cy/n, where n is the index of refraction of that medium. The refractive index
is essentially unity for air and most gases, about 1.5 for glass, and about 1.33 for
water. The commonly used unit of wavelength is the micrometer (um) or mi-
cron, where 1 wm = 10~ m. Unlike the wavelength and the speed of propaga-
tion, the frequency of an electromagnetic wave depends only on the source and
is independent of the medium through which the wave travels. The frequency
(the number of oscillations per second) of an electromagnetic wave can range



from less than a million Hz to a septillion Hz or higher, depending on the
source. Note from Eq. 11-1 that the wavelength and the frequency of electro-
magnetic radiation are inversely proportional.

It has proven useful to view electromagnetic radiation as the propagation of
a collection of discrete packets of energy called photons or quanta, as pro-
posed by Max Planck in 1900 in conjunction with his quantum theory. In this
view, each photon of frequency v is considered to have an energy of

_he

e=hv X

(11-2)

where h = 6.6256 X 107%* J - sis Planck’s constant. Note from the second
part of Eqg. 11-2 that the energy of a photon is inversely proportional to its
wavelength. Therefore, shorter-wavelength radiation possesses larger photon
energies. It isno wonder that we try to avoid very-short-wavelength radiation
such as gammarays and X-rays since they are highly destructive.

11-2 - THERMAL RADIATION

Although all electromagnetic waves have the same general features, waves of
different wavelength differ significantly in their behavior. The electromag-
netic radiation encountered in practice covers a wide range of wavelengths,
varying from less than 10~1° um for cosmic rays to more than 10'° um for
electrical power waves. The electromagnetic spectrum also includes gamma
rays, X-rays, ultraviolet radiation, visible light, infrared radiation, thermal ra-
diation, microwaves, and radio waves, as shown in Figure 11-3.

Different types of electromagnetic radiation are produced through various
mechanisms. For example, gamma rays are produced by nuclear reactions,
X-rays by the bombardment of metals with high-energy electrons, microwaves
by specia types of electron tubes such as klystrons and magnetrons, and radio
waves by the excitation of some crystals or by the flow of alternating current
through electric conductors.

The short-wavelength gamma rays and X-rays are primarily of concern to
nuclear engineers, while the long-wavelength microwaves and radio waves
are of concern to electrical engineers. The type of electromagnetic radiation
that is pertinent to heat transfer is the thermal radiation emitted as a result
of energy transitions of molecules, atoms, and electrons of a substance. Tem-
perature is a measure of the strength of these activities at the microscopic
level, and the rate of thermal radiation emission increases with increasing
temperature. Thermal radiation is continuously emitted by all matter whose
temperature is above absolute zero. That is, everything around us such as
walls, furniture, and our friends constantly emits (and absorbs) radiation
(Fig. 11-4). Thermal radiation is also defined as the portion of the electro-
magnetic spectrum that extends from about 0.1 to 100 wm, since the radiation
emitted by bodies due to their temperature falls almost entirely into this wave-
length range. Thus, thermal radiation includes the entire visible and infrared
(IR) radiation as well as a portion of the ultraviolet (UV) radiation.

What we call light is simply the visible portion of the el ectromagnetic spec-
trum that lies between 0.40 and 0.76 pm. Light is characteristically no differ-
ent than other electromagnetic radiation, except that it happens to trigger the
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sensation of seeing in the human eye. Light, or the visible spectrum, consists
of narrow bands of color from violet (0.40-0.44 m) to red (0.63-0.76 pwm),

TABLE 11-1 as shown in Table 11-1.
A body that emits some radiation in the visible rangeis called alight source.
The sun is obviously our primary light source. The electromagnetic radiation
emitted by the sun is known as solar radiation, and nearly all of it fallsinto

The wavelength ranges of
different colors

Color Wavelength band  the wavelength band 0.3-3 um. Almost half of solar radiation is light (i.e., it
Violet 0.40-0.44 um fallsinto the visible range), with the remaining being ultraviolet and infrared.
Blue 0.44-0.49 pm The radiation emitted by bodies at room temperature fallsinto the infrared
Green 0.49-0.54 pm region of the spectrum, which extends from 0.76 to 100 um. Bodies start
Yellow 0.54-0.60 pm  emitting noticeable visible radiation at temperatures above 800 K. The tung-
g:jj”ge 8-22‘8-% ﬁm sten filament of alightbulb must be heated to temperatures above 2000 K be-

fore it can emit any significant amount of radiation in the visible range.
Theultraviolet radiation includes the low-wavelength end of the thermal ra-
diation spectrum and lies between the wavelengths 0.01 and 0.40 pm. Ultra-
violet rays are to be avoided since they can kill microorganisms and cause
serious damage to humans and other living organisms. About 12 percent of so-
lar radiation isin the ultraviolet range, and it would be devastating if it were
to reach the surface of the earth. Fortunately, the ozone (Os) layer in the at-
mosphere acts as a protective blanket and absorbs most of this ultraviolet radi-
ation. The ultraviolet rays that remain in sunlight are still sufficient to cause
serious sunburns to sun worshippers, and prolonged exposure to direct sunlight
isthe leading cause of skin cancer, which can be lethal. Recent discoveries of
“holes” in the ozone layer have prompted the international community to ban
the use of ozone-destroying chemicals such as the refrigerant Freon-12 in or-
der to save the earth. Ultraviolet radiation is also produced artificially in fluo-
rescent lamps for use in medicine as a bacteriakiller and in tanning parlors as
an artificial tanner. The connection between skin cancer and ultraviolet rays

FIGURE 11-5 has caused dermatol ogists to issue strong warnings against its use for tanning.
Food is heated or cooked in a Microwave ovens utilize electromagnetic radiation in the microwave
microwave oven by absorbing the region of the spectrum generated by microwave tubes called magnetrons,
electromagnetic radiation energy Microwaves in the range of 10>-10° um are very suitable for use in cooking
generated by the magnetron of the since they are reflected by metals, transmitted by glass and plastics, and
oven. absorbed by food (especially water) molecules. Thus, the electric energy con-

verted to radiation in a microwave oven eventually becomes part of the inter-
nal energy of thefood. The fast and efficient cooking of microwave ovens has
made them as one of the essential appliances in modern kitchens (Fig. 11-5).

Radars and cordless tel ephones al so use el ectromagnetic radiation in the mi-
crowave region. The wavelength of the electromagnetic waves used in radio
and TV broadcasting usually ranges between 1 and 1000 m in the radio wave
region of the spectrum.

In heat transfer studies, we are interested in the energy emitted by bodies
because of their temperature only. Therefore, we will limit our consideration
to thermal radiation, which we will ssimply call radiation. The relations
developed below are restricted to thermal radiation only and may not be
applicable to other forms of electromagnetic radiation.

The electrons, atoms, and molecules of all solids, liquids, and gases above
absolute zero temperature are constantly in motion, and thus radiation is con-
stantly emitted, as well as being absorbed or transmitted throughout the entire
volume of matter. That is, radiation is a volumetric phenomenon. However,



for opague (nontransparent) solids such as metals, wood, and rocks, radiation
is considered to be asurface phenomenon, since the radiation emitted by the
interior regions can never reach the surface, and the radiation incident on such
bodiesis usually absorbed within afew microns from the surface (Fig. 11-6).
Note that the radiation characteristics of surfaces can be changed completely
by applying thin layers of coatings on them.

11-3 - BLACKBODY RADIATION

A body at a temperature above absolute zero emits radiation in all directions
over a wide range of wavelengths. The amount of radiation energy emitted
from a surface at a given wavelength depends on the material of the body and
the condition of its surface as well as the surface temperature. Therefore, dif-
ferent bodies may emit different amounts of radiation per unit surface area,
even when they are at the same temperature. Thus, it is natural to be curious
about the maximum amount of radiation that can be emitted by a surface at a
given temperature. Satisfying this curiosity requires the definition of an ideal-
ized body, called a blackbody, to serve as a standard against which the radia-
tive properties of real surfaces may be compared.

A blackbody is defined as a perfect emitter and absorber of radiation. At a
specified temperature and wavelength, no surface can emit more energy than a
blackbody. A blackbody absorbs all incident radiation, regardless of wavelength
and direction. Also, a blackbody emits radiation energy uniformly in all direc-
tions per unit areanormal to direction of emission. (Fig. 11-7). That is, ablack-
body is a diffuse emitter. The term diffuse means “independent of direction.”

The radiation energy emitted by a blackbody per unit time and per unit
surface area was determined experimentally by Joseph Stefan in 1879 and
expressed as

E,(T) = oT* (W/m?) (11-3)

where o = 5.67 X 10~8 W/m? - K* is the Stefan-Boltzmann constant and T is
the absolute temperature of the surface in K. This relation was theoretically
verified in 1884 by Ludwig Boltzmann. Equation 11-3 is known as the
Stefan—-Boltzmann law and E, is called the blackbody emissive power. Note
that the emission of thermal radiation is proportional to the fourth power of
the absolute temperature.

Although a blackbody would appear black to the eye, a distinction should
be made between the idealized blackbody and an ordinary black surface. Any
surface that absorbs light (the visible portion of radiation) would appear black
to the eye, and a surface that reflects it completely would appear white. Con-
sidering that visible radiation occupies a very narrow band of the spectrum
from 0.4 to 0.76 pm, we cannot make any judgments about the blackness of a
surface on the basis of visual observations. For example, snow and white paint
reflect light and thus appear white. But they are essentially black for infrared
radiation since they strongly absorb long-wavelength radiation. Surfaces
coated with lampblack paint approach idealized blackbody behavior.

Another type of body that closely resembles a blackbody is alarge cavity
with a small opening, as shown in Figure 11-8. Radiation coming in through
the opening of area A will undergo multiple reflections, and thus it will have
several chancesto be absorbed by theinterior surfaces of the cavity before any
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emitter since it emits radiation energy
uniformly in all directions.

A
Small opening
of area A
Large cavity
T

FIGURE 11-8

A large isothermal cavity at
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area A closely resembles a blackbody
of surface area A at the same
temperature.
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part of it can possibly escape. Also, if the surface of the cavity isisothermal at
temperature T, the radiation emitted by the interior surfaces will stream
through the opening after undergoing multiple reflections, and thus it will
have a diffuse nature. Therefore, the cavity will act as a perfect absorber and
perfect emitter, and the opening will resemble a blackbody of surface area A
at temperature T, regardless of the actual radiative properties of the cavity.

The Stefan-Boltzmann law in Eqg. 11-3 gives the total blackbody emissive
power E,, which is the sum of the radiation emitted over all wavelengths.
Sometimes we need to know the spectral blackbody emissive power, which
is the amount of radiation energy emitted by a blackbody at an absolute tem-
perature T per unit time, per unit surface area, and per unit wavelength about
the wavelength \. For example, we are more interested in the amount of radi-
ation an incandescent light bulb emitsin the visible wavelength spectrum than
we are in the total amount emitted.

The relation for the spectral blackbody emissive power E,, was developed
by Max Planck in 1901 in conjunction with his famous quantum theory. This
relation is known as Planck’s law and is expressed as

~ Aexp (C,/AT) — 1]

En(\, T) (W/m2 - um) (11-4)

where

C, = 2mhcg = 3.742 X 108 W - pm¥Ym?
C, = hcg/k = 1.439 X 104 pm - K

Also, T is the absolute temperature of the surface, \ is the wavelength of the
radiation emitted, and k = 1.38065 X 10~2% JK is Boltzmann’s constant. This
relation is valid for a surface in a vacuum or a gas. For other mediums, it
needs to be modified by replacing C, by C,/n?, where n isthe index of refrac-
tion of the medium. Note that the term spectral indicates dependence on
wavelength.

The variation of the spectral blackbody emissive power with wavelength is
plotted in Figure 11-9 for selected temperatures. Several observations can be
made from thisfigure:

1. The emitted radiation is a continuous function of wavelength. At any
specified temperature, it increases with wavelength, reaches a peak, and
then decreases with increasing wavelength.

2. At any wavelength, the amount of emitted radiation increases with
increasing temperature.

3. Astemperature increases, the curves shift to the left to the shorter-
wavelength region. Consequently, alarger fraction of the radiation is
emitted at shorter wavelengths at higher temperatures.

4. The radiation emitted by the sun, which is considered to be a blackbody
at 5780 K (or roughly at 5800 K), reaches its peak in the visible region
of the spectrum. Therefore, the sun isin tune with our eyes. On the other
hand, surfacesat T = 800 K emit almost entirely in the infrared region
and thus are not visible to the eye unless they reflect light coming from
other sources.
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As the temperature increases, the peak of the curve in Figure 11-9 shifts
toward shorter wavelengths. The wavelength at which the peak occurs for a
specified temperature is given by Wien’s displacement law as

\T)max power = 2897.8 pm - K (11-5)

Thisrelation was originally developed by Willy Wien in 1894 using classical
thermodynamics, but it can also be obtained by differentiating Eq. 11-4 with
respect to A while holding T constant and setting the result equal to zero.
A plot of Wien’s displacement law, which is the locus of the peaks of the
radiation emission curves, is also given in Figure 11-9.

The peak of the solar radiation, for example, occurs at N\ = 2897.8/
5780 = 0.50 pm, which is near the middle of the visible range. The peak of
the radiation emitted by a surface at room temperature (T = 298 K) occurs at
9.72 pm, which iswell into the infrared region of the spectrum.

An electrical resistance heater starts radiating heat soon after it is plugged
in, and we can feel the emitted radiation energy by holding our hands facing
the heater. But thisradiation is entirely in the infrared region and thus cannot
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A surface that reflects red while
absorbing the remaining parts of the
incident light appears red to the eye.

=%

FIGURE 11-11

On an Ep,—A\ chart, the area under
acurve for agiven temperature
represents the total radiation energy
emitted by a blackbody at that
temperature.

be sensed by our eyes. The heater would appear dull red when its temperature
reaches about 1000 K, since it will start emitting a detectable amount (about
1 W/m? - wm) of visible red radiation at that temperature. As the temperature
rises even more, the heater appears bright red and is said to be red hot. When
the temperature reaches about 1500 K, the heater emits enough radiation in
the entire visible range of the spectrum to appear amost white to the eye, and
it is called white hot.

Although it cannot be sensed directly by the human eye, infrared radiation
can be detected by infrared cameras, which transmit the information to mi-
croprocessors to display visual images of objects at night. Rattlesnakes can
sense theinfrared radiation or the “body heat” coming off warm-blooded ani-
mals, and thus they can see at night without using any instruments. Similarly,
honeybees are sensitive to ultraviolet radiation. A surface that reflects al of
the light appears white, while asurface that absorbs all of the light incident on
it appears black. (Then how do we see a black surface?)

It should be clear from this discussion that the color of an object is not due
to emission, which is primarily in the infrared region, unless the surface tem-
perature of the object exceeds about 1000 K. Instead, the color of asurface de-
pends on the absorption and reflection characteristics of the surface and is due
to selective absorption and reflection of the incident visible radiation coming
from a light source such as the sun or an incandescent lightbulb. A piece of
clothing containing a pigment that reflects red while absorbing the remaining
parts of theincident light appears “red” to the eye (Fig. 11-10). Leaves appear
“green” because their cells contain the pigment chlorophyll, which strongly
reflects green while absorbing other colors.

It is left as an exercise to show that integration of the spectral blackbody
emissive power E,, over the entire wavelength spectrum givesthe total black-
body emissive power E,;

E(T) = f Ep(\, T)d\ = oT* (W/m?) (11-6)
0
Thus, we obtained the Stefan-Boltzmann law (Eg. 11-3) by integrating
Planck’slaw (Eq. 11-4) over al wavelengths. Note that on an E,,—\ chart, E,,
corresponds to any value on the curve, whereas E, corresponds to the area
under the entire curve for a specified temperature (Fig. 11-11). Also, the term
total means “integrated over al wavelengths.”

EXAMPLE 11-1 Radiation Emission from a Black Ball

Consider a 20-cm-diameter spherical ball at 800 K suspended in air as shown
in Figure 11-12. Assuming the ball closely approximates a blackbody, deter-
mine (a) the total blackbody emissive power, (b) the total amount of radiation
emitted by the ball in 5 min, and (c) the spectral blackbody emissive power at
a wavelength of 3 pm.

SOLUTION An isothermal sphere is suspended in air. The total blackbody
emissive power, the total radiation emitted in 5 minutes, and the spectral
blackbody emissive power at 3 mm are to be determined.

Assumptions The ball behaves as a blackbody.




Analysis (a) The total blackbody emissive power is determined from the
Stefan—Boltzmann law to be

E, = oT4 = (5.67 X 10-8W/m?- K*)(800 K)* = 23.2 x 10° W/m? = 23.2 kW/m?

That is, the ball emits 23.2 kJ of energy in the form of electromagnetic radia-
tion per second per m? of the surface area of the ball.

(b) The total amount of radiation energy emitted from the entire ball in 5 min
is determined by multiplying the blackbody emissive power obtained above by
the total surface area of the ball and the given time interval:

A, = wD? = m(0.2 m)? = 0.1257 m?

e[ 60s) _
At= (5 mm)(1 min) = 300s
_ _ 5 _ 1k
Qs = EpAs At = (23.2 kW/m?)(0.1257 m?)(300 S)<1OOO W s)

= 876 kJ

That is, the ball loses 876 kJ of its internal energy in the form of electromag-
netic waves to the surroundings in 5 min, which is enough energy to raise the
temperature of 1 kg of water by 50°C. Note that the surface temperature of the
ball cannot remain constant at 800 K unless there is an equal amount of energy
flow to the surface from the surroundings or from the interior regions of the ball
through some mechanisms such as chemical or nuclear reactions.

(c) The spectral blackbody emissive power at a wavelength of 3 wm is deter-
mined from Planck’s distribution law to be

Gy 3.743 X 108 W - pm*/m?

oG] o [oo (T X))

= 3848 W/m? - pm

En =

The Stefan—-Boltzmann law E,(T) = oT* gives the total radiation emitted
by a blackbody at all wavelengths from A = 0to A = <. But we are often
interested in the amount of radiation emitted over some wavelength band.
For example, an incandescent lightbulb is judged on the basis of the radia-
tion it emits in the visible range rather than the radiation it emits at all
wavelengths.

The radiation energy emitted by a blackbody per unit area over a wave-
length band from A = O to A isdetermined from (Fig. 11-13)

A
Ep on(T) = f En(\, T) d\ (W/m?) (11-7)
0

It looks like we can determine E,, o, by substituting the E,, relation from
Eg. 11-4 and performing thisintegration. But it turns out that thisintegration
does not have a simple closed-form solution, and performing a numerical
integration each time we need a value of E, ¢, is not practical. Therefore,
we define adimensionless quantity f, called the blackbody radiation func-
tion as
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TABLE 11-2
Blackbody radiation functions f,
NT, N,
pm - K f, pm - K fy
200 0.000000 6200 0.754140
400 0.000000 6400 0.769234
600 0.000000 6600 0.783199
800 0.000016 6800 0.796129
1000 0.000321 7000 0.808109
1200 0.002134 7200 0.819217
1400 0.007790 7400 0.829527
1600 0.019718 7600 0.839102
1800 0.039341 7800 0.848005
2000 0.066728 8000 0.856288
2200 0.100888 8500 0.874608
2400 0.140256 9000 0.890029
2600 0.183120 9500 0.903085
2800 0.227897 10,000 0.914199
3000 0.273232 10,500 0.923710
3200 0.318102 11,000 0.931890
3400 0.361735 11,500 0.939959
3600 0.403607 12,000 0.945098
3800 0.443382 13,000 0.955139
4000 0.480877 14,000 0.962898
4200 0.516014 15,000 0.969981
4400 0.548796 16,000 0.973814
4600 0.579280 18,000 0.980860
4800 0.607559 20,000 0.985602
5000 0.633747 25,000 0.992215
5200 0.658970 30,000 0.995340
5400 0.680360 40,000 0.997967
5600 0.701046 50,000 0.998953
5800 0.720158 75,000 0.999713
6000 0.737818 100,000 0.999905

f\(T) =

A
f Eo (N, T) dA
0

oT?

(11-8)

The function f, represents the fraction of radiation emitted from a blackbody
at temperature T in the wavelength band from A = Oto \. The values of f, are

listed in Table 11-2 as afunction of AT, where A isin pumand Tisin K.

The fraction of radiation energy emitted by a blackbody at tempera-
ture T over afinite wavelength band from A = A, to A = \, is determined

from (Fig. 11-14)

fxl-xz(T) = f)\z(T) - fxl(T)

where f, (T) and f, (T) are blackbody radiation functions corresponding to
N, T and A\, T, respectively.

(11-9)



EXAMPLE 11-2 Emission of Radiation from a Lightbulb

The temperature of the filament of an incandescent lightbulb is 2500 K. As-
suming the filament to be a blackbody, determine the fraction of the radiant en-
ergy emitted by the filament that falls in the visible range. Also, determine the
wavelength at which the emission of radiation from the filament peaks.

SOLUTION The temperature of the filament of an incandescent lightbulb is
given. The fraction of visible radiation emitted by the filament and the wave-
length at which the emission peaks are to be determined.

Assumptions The filament behaves as a blackbody.

Analysis The visible range of the electromagnetic spectrum extends from
N = 0.4 pm to A, = 0.76 pm. Noting that T = 2500 K, the blackbody radia-
tion functions corresponding to \; 7 and \, T are determined from Table 11-2
to be

T = (0.40 pm)(2500 K) = 1000 pm - K ——  f, = 0.000321
A.T = (0.76 pm)(2500 K) = 1900 pm - K ——> f, = 0.053035

That is, 0.03 percent of the radiation is emitted at wavelengths less than
0.4 um and 5.3 percent at wavelengths less than 0.76 uwm. Then the fraction
of radiation emitted between these two wavelengths is (Fig. 11-15)

fua, = fy, — fy, = 0.053035 — 0.000321 = 0.0527135

Therefore, only about 5 percent of the radiation emitted by the filament of the
lightbulb falls in the visible range. The remaining 95 percent of the radiation
appears in the infrared region in the form of radiant heat or “invisible light,” as
it used to be called. This is certainly not a very efficient way of converting elec-
trical energy to light and explains why fluorescent tubes are a wiser choice for
lighting.

The wavelength at which the emission of radiation from the filament peaks is
easily determined from Wien’s displacement law to be

28978 um - K

(AT max power = 2897.8 pm - K = Njoy power = 2500 K = 1.16 pm

Discussion Note that the radiation emitted from the filament peaks in the in-
frared region.

11-4 - RADIATION INTENSITY

Radiation is emitted by all parts of a plane surface in all directions into the
hemisphere above the surface, and the directional distribution of emitted (or
incident) radiation is usually not uniform. Therefore, we need a quantity that
describes the magnitude of radiation emitted (or incident) in aspecified direc-
tion in space. This quantity isradiation intensity, denoted by |. Before we can
describe a directional quantity, we need to specify direction in space. The di-
rection of radiation passing through a point is best described in spherical co-
ordinates in terms of the zenith angle 6 and the azimuth angle ¢, as shown in

CHAPTER 11

foa_076= fo_ 076~ fo_0a4

04 076 1.16 A, um
FIGURE 11-15

Graphical representation of the
fraction of radiation emitted in the
visible range in Example 11-2.
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Radiation intensity is used to describe
the variation of radiation energy with
direction.

Plain angle, Arc length

A dlice of watermelon of solid angle w

FIGURE 11-17

Describing the size of adlice of pizza
by aplain angle, and the size of a
watermelon slice by a solid angle.

Figure 11-16. Radiation intensity is used to describe how the emitted radia-
tion varies with the zenith and azimuth angles.

If al surfaces emitted radiation uniformly in all directions, the emissive
power would be sufficient to quantify radiation, and we would not need to
deal with intensity. The radiation emitted by a blackbody per unit normal area
isthe samein all directions, and thus there is no directional dependence. But
this is not the case for real surfaces. Before we define intensity, we need to
quantify the size of an opening in space.

Solid Angle

Let us try to quantify the size of adlice of pizza. One way of doing that is to
specify the arc length of the outer edge of the slice, and to form the slice by
connecting the endpoints of the arc to the center. A more general approach is
to specify the angle of the dice at the center, as shown in Figure 11-17. An an-
gle of 90° (or w/2 radians), for example, aways represents a quarter pizza, no
matter what the radius is. For a circle of unit radius, the length of an arc is
equivalent in magnitude to the plane angle it subtends (both are 2+ for acom-
pletecircle of radiusr = 1).

Now consider a watermelon, and let us attempt to quantify the size of a
slice. Again we can do it by specifying the outer surface area of the slice (the
green part), or by working with angles for generality. Connecting all points at
the edges of the dlice to the center in this case will form a three-dimensional
body (like aconewhosetip isat the center), and thus the angle at the center in
this case is properly called the solid angle. The solid angle is denoted by ,
and itsunit isthe steradian (sr). In analogy to plane angle, we can say that the
area of a surface on a sphere of unit radius is equivalent in magnitude to the
solid angle it subtends (both are 4+ for a sphere of radiusr = 1).

This can be shown easily by considering a differential surface area on a
sphere dS = r2 sin 6d6dd, as shown in Figure 11-18, and integrating it from
6 =0to6 =, andfromd = 0to b = 2m. We get

w

2m m

S=fd8=f f r2sin6de¢:2m2f Sn0de = 4mr2  (11-10)
$=0Jo=0 6=0

sphere

which isthe formulafor the area of a sphere. For r = 1 it reducesto S = 4,
and thus the solid angle associated with a sphere is w = 44 sr. For a hemi-
sphere, which is more relevant to radiation emitted or received by asurface, it
iISw = 27 .

The differential solid angle dw subtended by a differential area dS on a
sphere of radiusr can be expressed as

dm=‘:—§=gneded¢ (11-11)
Note that the area dSis normal to the direction of viewing since dSis viewed
from the center of the sphere. In general, the differential solid angle dw sub-
tended by a differential surface area dA when viewed from a point at a dis-
tancer from dA is expressed as
_dA, dAcosa

dm,?, r2 (1]-12)




Radiation
0=60=mn/2 emitted into
direction (9,¢)

Solid angle:
dw= dSr2
=sin6 dodo

Solid angle for a hemisphere:
12 2
o= Joo=[" ["snodeodo=2n

Hemisphere

where « is the angle between the normal of the surface and the direction of
viewing, and thus dA,, = dA cos « is the normal (or projected) areato the di-
rection of viewing.

Small surfaces viewed from relatively large distances can approximately be
treated as differential areasin solid angle calculations. For example, the solid
angle subtended by a 5 cm? plane surface when viewed from a point O at a
distance of 80 cm along the normal of the surfaceis

wE?Q:(soc—épnz)Z:]BleO*“sr
If the surface is tilted so that the normal of the surface makes an angle of
a = 60° with the line connecting point O to the center of the surface, the pro-
jected area would be dA, = dA cos a = (5 cm?)cos 60° = 2.5 cm?, and the
solid anglein this case would be half of the value just determined.

Intensity of Emitted Radiation
Consider the emission of radiation by a differential area element dA of a sur-
face, as shown in Figure 11-18. Radiation is emitted in all directionsinto the
hemispherical space, and the radiation streaming though the surface area dSis
proportional to the solid angle dw subtended by dS. It is also proportional to
the radiating area dA as seen by an observer on dS, which varies from a max-
imum of dA when dSis at the top directly above dA (6 = 0°) to aminimum of
zero when dSis at the bottom (6 = 90°). Therefore, the effective area of dA for
emission in the direction of 6 is the projection of dA on a plane normal to 6,
which is dA cos 6. Radiation intensity in a given direction is based on a unit
areanormal to that direction to provide acommon basis for the comparison of
radiation emitted in different directions.

The radiation intensity for emitted radiation (8, ¢) is defined as the rate
at which radiation energy dQ, is emitted in the (6, ¢) direction per unit area
normal to this direction and per unit solid angle about this direction. That is,

140, b) = €Q =
«6, d) " dAcosf-do  dAcosH sin §dedd

(W/m? - ) (11-13)
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dsS= (r sin6 de)( do)
=r2sin6 do d¢
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FIGURE 11-18

The emission of
radiation from
adifferential

surface element

into the surrounding
hemispherical space
through a differential
solid angle.
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Solid angle, @

FIGURE 11-19

Radiation intensity is based on
projected area, and thus the
calculation of radiation emission
from a surface involves the projection
of the surface.

10, 9)

Incident
radiation

FIGURE 11-20
Radiation incident on a surface in the
direction (0, ¢).

The radiation flux for emitted radiation is the emissive power E (the rate at
which radiation energy is emitted per unit area of the emitting surface), which
can be expressed in differential form as

_dQ.

dE = dA

=148, d) cos 6 sin 6dodd (11-14)

Noting that the hemisphere above the surface will intercept all the radiation
rays emitted by the surface, the emissive power from the surface into the
hemisphere surrounding it can be determined by integration as

27 w2
E=[ dE= f f 1(6, b) cos 6 Sin 6dodd  (W/m?)
$=0J6=0

hemisphere

(11-15)

The intensity of radiation emitted by a surface, in general, varies with di-
rection (especially with the zenith angle 0). But many surfacesin practice can
be approximated as being diffuse. For a diffusely emitting surface, the inten-
sity of the emitted radiation is independent of direction and thus |, = constant.

2m (w2

Noting that f cos 0 sin 6dodd = r, the emissive power relation in
$=0J6=0

EQ. 11-15 reduces in this case to

Diffusely emitting surface: E=ml, (W/m?) (11-16)
Note that the factor in Eq. 11-16 is . You might have expected it to be 27
since intensity is radiation energy per unit solid angle, and the solid angle as-
sociated with a hemisphereis 2. The reason for the factor being  isthat the
emissive power is based on the actual surface area whereas the intensity is
based on the projected area (and thus the factor cos 6 that accompaniesit), as
shown in Figure 11-19.

For a blackbody, which is a diffuse emitter, Eqg. 11-16 can be expressed as

Blackbody: E, = ml, (11-17)

where E, = oT* is the blackbody emissive power. Therefore, the intensity of
the radiation emitted by a blackbody at absolute temperature T is

o) = D T

Blackbodly: (W/m?2 - sr) (11-18)

Incident Radiation
All surfaces emit radiation, but they also receive radiation emitted or reflected
by other surfaces. The intensity of incident radiation 1,(8, ¢) is defined as the
rate at which radiation energy dG isincident fromthe (8, ¢) direction per unit
area of the receiving surface normal to this direction and per unit solid angle
about this direction (Fig. 11-20). Here 6 is the angle between the direction of
incident radiation and the normal of the surface.
Theradiation flux incident on a surface from all directionsis called irradi-
ation G, and is expressed as
2w [wl2
G=fde=f f (0, b) cos6 sinododd (WMD) (11-19)
$=0J6=0

hemisphere



Therefore irradiation represents the rate at which radiation energy is incident
on asurface per unit area of the surface. When theincident radiation is diffuse
and thus |I; = constant, Eq. 11-19 reducesto

Diffusely incident radiation: G = 7l (W/m?) (11-20)

Again note that irradiation is based on the actual surface area (and thus the
factor cos 0), whereas the intensity of incident radiation is based on the pro-
jected area.

Radiosity

Surfaces emit radiation as well as reflecting it, and thus the radiation leaving
a surface consists of emitted and reflected components, as shown in Figure
11-21. The calculation of radiation heat transfer between surfaces involves
the total radiation energy streaming away from a surface, with no regard for
its origin. Thus, we need to define a quantity that represents the rate at which
radiation energy leaves a unit area of a surface in all directions. This quantity
is called the radiosity J, and is expressed as

2m w2
J :f f l..,(6, b) cos® sinododd  (W/m?) (11-21)
$&=0J6=0

where |, , isthe sum of the emitted and reflected intensities. For a surface that
is both a diffuse emitter and a diffuse reflector, 1., = constant, and the ra-
diosity relation reducesto

Diffuse emitter and reflector: J=mlgy, (W/m?) (11-22)

For a blackbody, radiosity J is equivalent to the emissive power E, since a
blackbody absorbs the entire radiation incident on it and there is no reflected
component in radiosity.

Spectral Quantities

So far we considered total radiation quantities (quantities integrated over all
wavelengths), and made no reference to wavelength dependence. Thislumped
approach is adequate for many radiation problems encountered in practice.
But sometimesit is necessary to consider the variation of radiation with wave-
length aswell as direction, and to express quantities at a certain wavelength A
or per unit wavelength interval about N. Such quantities are referred to as
spectral quantities to draw attention to wavelength dependence. The modifier
“gpectral” is used to indicate “at a given wavelength.”

The spectral radiation intensity I, (\, 0, ¢), for example, is simply the total
radiation intensity 1(0, &) per unit wavelength interval about \. The spectral
intensity for emitted radiation I, (\, 6, ¢) can be defined asthe rate at which
radiation energy dQ, is emitted at the wavelength \ in the (6, ) direction per
unit area normal to this direction, per unit solid angle about this direction,
and it can be expressed as

dQe

—=_ (WM 5 - 11-2
dAcos0 - dw - dA (W/m*- s - um) (11-23)

l)\,e()\l e! d)) =
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Radiosity, J

(Reflected |, —
irradiation)

Irradiation, G _
Emissive
power, E

FIGURE 11-21

The three kinds of radiation flux
(in W/m?): emissive power,
irradiation, and radiosity.
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Integration of a‘“‘spectral” quantity for
all wavelengths gives the “total”
guantity.

FIGURE 11-23
Schematic for Example 11-3.

Then the spectral emissive power becomes
2w (wl2
E, = f f L o(\, 6, b)cos 6 Sin 6dodd  (W/m?) (11-24)
$=0J0=0

Similar relations can be obtained for spectral irradiation G,, and spectral ra-
diosity J, by replacing I, inthisequation by I, ; and |, ¢, respectively.

When the variation of spectral radiation intensity |, with wavelength \ is
known, the total radiation intensity | for emitted, incident, and emitted + re-
flected radiation can be determined by integration over the entire wavelength
spectrum as (Fig. 11-22)

|e:fx|7x,ed7\” |i:jx|)hid}\,, and |e+r:Jx|k,eAl'dx (11-25)
0 0 0

These intensities can then be used in Egs. 11-15, 11-19, and 11-21 to deter-
mine the emissive power E, irradiation G, and radiosity J, respectively.

Similarly, when the variations of spectral radiation fluxes E,, G,, and J,
with wavelength \ are known, the total radiation fluxes can be determined by
integration over the entire wavelength spectrum as

E:flEhdk, G:fokdk, and  J= Fdek (11-26)
0 0 0

When the surfaces and the incident radiation are diffuse, the spectral radia-
tion fluxes are related to spectral intensities as

Ek = Trl?u,&’ G). = ’TTl)Mi, and J;» = ’n-lk,e-%-r (11-27)

Note that the relations for spectral and total radiation quantities are of the
same form.

The spectral intensity of radiation emitted by a blackbody at an absolute
temperature T at a wavelength N has been determined by Max Planck, and is
expressed as

2hc3
AS[exp(hcy/AKT) — 1]
where h = 6.6256 X 10~3* J - sisthe Planck constant, k = 1.38065 x 1022

JK isthe Boltzmann constant, and ¢, = 2.9979 X 108 m/sisthe speed of light
in avacuum. Then the spectral blackbody emissive power is, from Eq. 11-27,

Eon(\, T) = 7wl (N, T) (11-29)

A simplified relation for E,, is given by Eq. 11-4.

® EXAMPLE 11-3 Radiation Incident on a Small Surface

A small surface of area A; = 3 cm? emits radiation as a blackbody at 7, = 600
K. Part of the radiation emitted by A; strikes another small surface of area A, =
5 cm? oriented as shown in Figure 11-23. Determine the solid angle subtended
by A, when viewed from A;, and the rate at which radiation emitted by A, that
strikes A,.
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® SOLUTION A surface is subjected to radiation emitted by another surface. The
solid angle subtended and the rate at which emitted radiation is received are to
be determined.
Assumptions 1 Surface A; emits diffusely as a blackbody. 2 Both A; and A, can
be approximated as differential surfaces since both are very small compared to
the square of the distance between them.
Analysis Approximating both A; and A, as differential surfaces, the solid angle
subtended by A, when viewed from A; can be determined from Eq. 11-12 to be

A2 Aycos6, (5cm?) cos40°
r2  r2  (75cm)?

(OPX] = = 6.81 X 10_4 ST

since the normal of A, makes 40° with the direction of viewing. Note that solid
angle subtended by A, would be maximum if A, were positioned normal to the
direction of viewing. Also, the point of viewing on A; is taken to be a point in
the middle, but it can be any point since A, is assumed to be very small.

The radiation emitted by A; that strikes A, is equivalent to the radiation
emitted by A; through the solid angle w,_;. The intensity of the radiation
emitted by A; is

EiT) oT{ (5.67 x 1078 W/m? - K*)(600 K)*

= 2339 W/m? - sr

1 m fny ™

This value of intensity is the same in all directions since a blackbody is a diffuse
emitter. Intensity represents the rate of radiation emission per unit area normal to
the direction of emission per unit solid angle. Therefore, the rate of radiation en-
ergy emitted by A; in the direction of 6; through the solid angle w,_; is deter-
mined by multiplying /; by the area of A; normal to 6; and the solid angle w,_;.
That is,

Q12 = 11(A; cOS 0w, 4
= (2339 W/m? - sr)(3 X 107* cos 55° m?)(6.81 X 10~ sr)
=274 X 104 W

Therefore, the radiation emitted from surface A; will strike surface A, at a rate
of 2.74 X 10~* W.

Discussion The total rate of radiation emission from surface A is Q, = Ao T# =
2.204 W. Therefore, the fraction of emitted radiation that strikes A, is 2.74 X
107%42.204 = 0.00012 (or 0.012 percent). Noting that the solid angle associ-
ated with a hemisphere is 2, the fraction of the solid angle subtended by A, is
6.81 X 10~%(2m) = 0.000108 (or 0.0108 percent), which is 0.9 times the frac-
tion of emitted radiation. Therefore, the fraction of the solid angle a surface oc-
cupies does not represent the fraction of radiation energy the surface will receive
even when the intensity of emitted radiation is constant. This is because radiation
energy emitted by a surface in a given direction is proportional to the projected
area of the surface in that direction, and reduces from a maximum at 8§ = O° (the
direction normal to surface) to zero at = 90° (the direction parallel to surface).

11-5 = RADIATIVE PROPERTIES

Most materials encountered in practice, such as metals, wood, and bricks,
are opaque to thermal radiation, and radiation is considered to be a surface
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phenomenon for such materials. That is, thermal radiation is emitted or ab-
sorbed within the first few microns of the surface, and thus we speak of radia-
tive properties of surfaces for opague materials.

Some other materials, such as glass and water, alow visible radiation to
penetrate to considerabl e depths before any significant absorption takes place.
Radiation through such semitransparent materials obviously cannot be con-
sidered to be a surface phenomenon since the entire volume of the material in-
teracts with radiation. On the other hand, both glass and water are practically
opaqueto infrared radiation. Therefore, materials can exhibit different behav-
ior at different wavelengths, and the dependence on wavelength is an impor-
tant consideration in the study of radiative properties such as emissivity,
absorptivity, reflectivity, and transmissivity of materials.

In the preceding section, we defined a blackbody as a perfect emitter and
absorber of radiation and said that no body can emit more radiation than a
blackbody at the same temperature. Therefore, a blackbody can serve as a
convenient reference in describing the emission and absorption characteristics
of real surfaces.

Emissivity

The emissivity of asurface representsthe ratio of the radiation emitted by the
surface at a given temperature to the radiation emitted by a blackbody at the
same temperature. The emissivity of a surface is denoted by &, and it varies
between zero and one, 0 = ¢ = 1. Emissivity is a measure of how closely a
surface approximates a blackbody, for which e = 1.

The emissivity of areal surface is not a constant. Rather, it varies with the
temperature of the surface as well as the wavelength and the direction of the
emitted radiation. Therefore, different emissivities can be defined for a sur-
face, depending on the effects considered. The most elemental emissivity of a
surface at a given temperature is the spectral directional emissivity, which is
defined as the ratio of the intensity of radiation emitted by the surface at a
specified wavelength in a specified direction to the intensity of radiation emit-
ted by a blackbody at the same temperature at the same wavelength. That is,

I (A, 0,4, T)
g6\, 0,0, T) = )elm(ﬁ (11-30)

where the subscripts A and 6 are used to designate spectral and directional
guantities, respectively. Note that blackbody radiation intensity isindependent
of direction, and thus it has no functional dependence on 6 and ¢.

The total directional emissivity is defined in alike manner by using total
intensities (intensities integrated over all wavelengths) as

(0, b, T) = 7IE(?;(4T)’)T) (11-31)

In practice, it is usually more convenient to work with radiation properties av-
eraged over al directions, called hemispherical properties. Noting that thein-
tegral of therate of radiation energy emitted at a specified wavelength per unit
surface area over the entire hemisphere is spectral emissive power, the spec-
tral hemispherical emissivity can be expressed as



E.(A, T)
Eoa(A, T)

Note that the emissivity of asurface at a given wavelength can be different at
different temperatures since the spectral distribution of emitted radiation (and
thus the amount of radiation emitted at a given wavelength) changes with
temperature.

Finally, the total hemispherical emissivity is defined in terms of the radia-
tion energy emitted over all wavelengthsin al directions as

E(T)
Ey(T)

e\, T) = (11-32)

g(T) =

(11-33)

Therefore, the total hemispherical emissivity (or simply the “average emis-
sivity”) of asurface at a given temperature represents the ratio of the total ra-
diation energy emitted by the surface to the radiation emitted by a blackbody
of the same surface area at the same temperature.

Noting from Eqs. 11-26 and 11-32 that E = f "E,d\ and E,(\, T) =
0

e, (N, TE,(\, T), and the total hemispherical emissivity can also be ex-
pressed as

£ Lxsx(k,T)Em(K,T)dx

Ey(T) oT*

since E(T) = oT % To perform this integration, we need to know the varia-
tion of spectral emissivity with wavelength at the specified temperature. The
integrand is usually a complicated function, and the integration has to be per-
formed numerically. However, the integration can be performed quite easily
by dividing the spectrum into a sufficient number of wavelength bands and as-
suming the emissivity to remain constant over each band; that is, by express-
ing the function &, (\, T) as a step function. This simplification offers great
convenience for little sacrifice of accuracy, since it allows us to transform the
integration into a summation in terms of blackbody emission functions.

As an example, consider the emissivity function plotted in Figure 11-24. It
seems like this function can be approximated reasonably well by a step func-
tion of the form

e(T) = (11-34)

&y = COI’IStant, )\1 = )\ < )\2 (1 1'35)

g, = constant, O0=A<)N
E\ T
g4 = constant, N =A<

Then the average emissivity can be determined from Eq. 11-34 by breaking
the integral into three parts and utilizing the definition of the blackbody radi-
ation function as

Ay L, *
. j E,dh & f E,dh e f Eu,di
S(T) _ 0 + Ay + Lo
E Ep Ep
= &1 fo\ (T) + &2 f -\ (T) + &3 fy,—o(T) (11-36)

Radiation is a complex phenomenon as it is, and the consideration of the
wavelength and direction dependence of properties, assuming sufficient data
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Approximating the actual variation
of emissivity with wavelength

by a step function.
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€9 # constant
€, # constant
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€, = constant

Diffuse, gray surface:
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FIGURE 11-25
The effect of diffuse and gray
approximations on the emissivity

of asurface.
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FIGURE 11-26
Typical variations of emissivity with
direction for electrical conductors
and nonconductors.

FIGURE 11-27

Comparison of the emissivity (a) and
emissive power (b) of areal surface
with those of agray surface and a
blackbody at the same temperature.

exist, makes it even more complicated. Therefore, the gray and diffuse ap-
proximations are often utilized in radiation calculations. A surfaceis said to be
diffuseif its properties are independent of direction, and gray if its properties
are independent of wavelength. Therefore, the emissivity of a gray, diffuse
surface is simply the total hemispherical emissivity of that surface because of
independence of direction and wavelength (Fig. 11-25).

A few comments about the validity of the diffuse approximation are in order.
Although real surfaces do not emit radiation in a perfectly diffuse manner as a
blackbody does, they often come close. The variation of emissivity with direc-
tion for both electrical conductors and nonconductorsis given in Figure 11-26.
Here 6 isthe angle measured from the normal of the surface, and thus6 = O for
radiation emitted in a direction normal to the surface. Note that &, remains
nearly constant for about 6 < 40° for conductors such as metalsand for 6 < 70°
for nonconductors such as plastics. Therefore, the directional emissivity of a
surface in the normal direction is representative of the hemispherical emissivity
of the surface. In radiation analysis, it is common practice to assume the sur-
faces to be diffuse emitters with an emissivity equal to the value in the normal
(6 = O) direction.

The effect of the gray approximation on emissivity and emissive power of a
real surfaceisillustrated in Figure 11-27. Note that the radiation emission from
areal surface, in general, differs from the Planck distribution, and the emission
curve may have severa peaks and valleys. A gray surface should emit as much
radiation asthereal surfaceit represents at the same temperature. Therefore, the
areas under the emission curves of the real and gray surfaces must be equal.

The emissivities of common materials are listed in Table A-18 in the appen-
dix, and the variation of emissivity with wavelength and temperature isillus-
trated in Figure 11-28. Typical ranges of emissivity of various materias are
givenin Figure 11-29. Note that metals generally have low emissivities, aslow
as 0.02 for polished surfaces, and nonmetal s such as ceramics and organic ma-
terials have high ones. The emissivity of metals increases with temperature.
Also, oxidation causes significant increases in the emissivity of metals. Heav-
ily oxidized metals can have emissivities comparable to those of nhonmetals.

€, E,

Blackbody, € = 1

o Blackbody, E,,

Gray surface, € = const.

Real surface, €,

T = const.
0 A A
@ (b)

0
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Care should be exercised in the use and interpretation of radiation property
data reported in the literature, since the properties strongly depend on the
surface conditions such as oxidation, roughness, type of finish, and cleanli-
ness. Conseguently, there is considerable discrepancy and uncertainty in the
reported values. This uncertainty islargely due to the difficulty in character-
izing and describing the surface conditions precisely.

EXAMPLE 114

The spectral emissivity function of an opaque surface at 800 K is approximated
as (Fig. 11-30)

Emissivity of a Surface and Emissive Power

g =03, 0=\AN<3pum
g, =1{ & =028, 3pm=A<7pm
g5 = 0.1, Tpm=\<ox

Determine the average emissivity of the surface and its emissive power.

SOLUTION The variation of emissivity of a surface at a specified temperature
with wavelength is given. The average emissivity of the surface and its emissive
power are to be determined.

Analysis The variation of the emissivity of the surface with wavelength is given
as a step function. Therefore, the average emissivity of the surface can be de-
termined from Eq. 11-34 by breaking the integral into three parts,

A\ Ao €3
SIJ’O Eb)\d)\ Gzﬁ\ Eb)\ dn 83J’)\ Eb)\ )N

+
oT*

) = oT? oT?
=g fml(T) + & fxrxz(T) + &3 f)\z,w(T)

1500 2000 2500 3000 3500

Temperature, K

(b)

1000

FIGURE 11-28
and (b) temperature for various materials.
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The spectral emissivity of the surface

=& fxl + 82(f>\2 - f)\l) + &5(1 - f>\2)

considered in Example 11-4.
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The absorption, reflection, and
transmission of incident radiation by a
semitransparent material.

where f, and f, are blackbody radiation functions corresponding to A\, T and
N\, T. These functions are determined from Table 11-2 to be

\T = (3pm)(800K) = 2400 um - K —  f, = 0.140256
AT = (7 um)(800K) = 5600 pm - K — f, = 0.701046

Note that fo, = f,, — fo = £, since fp = 0, and . = . — f,, =1 — 1,
since f, = 1. Substituting,

e = 0.3 X 0.140256 + 0.8(0.701046 — 0.140256) + 0.1(1 — 0.701046)
= 0.521

That is, the surface will emit as much radiation energy at 800 K as a gray surface
having a constant emissivity of £ = 0.521. The emissive power of the surface is

E = eoT4 = 0.521(5.67 X 10-8 W/m?2 - K#)(800 K)* = 12,100 W/m?

Discussion Note that the surface emits 12.1 kJ of radiation energy per second
per m? area of the surface.

Absorptivity, Reflectivity, and Transmissivity

Everything around us constantly emits radiation, and the emissivity represents
the emission characteristics of those bodies. This means that every body, in-
cluding our own, is constantly bombarded by radiation coming from al direc-
tions over a range of wavelengths. Recall that radiation flux incident on a
surfaceis called irradiation and is denoted by G.

When radiation strikes a surface, part of it is absorbed, part of it is reflected,
and the remaining part, if any, is transmitted, asillustrated in Figure 11-31.
The fraction of irradiation absorbed by the surface is called the absorptivity
«a, the fraction reflected by the surfaceis called the reflectivity p, and the frac-
tion transmitted is called the transmissivity 7. That is,

_ Absorbed radiation _ Gabsl
Incident radiation G

- ati G
Reflectivity: p= Ffi.?;ne?rﬁglozn = C;efl O0=p=1 (11-38)
_ Transmitted radiation _ G

Incident radiation =~ G

O=a=1 (11-37)

Absorptivity:

O=1=1 (11-39)

Transmissivity:

where G isthe radiation energy incident on the surface, and G, G, and G;;
are the absorbed, reflected, and transmitted portions of it, respectively. The
first law of thermodynamics requires that the sum of the absorbed, reflected,
and transmitted radiation energy be equal to the incident radiation. That is,

Gas + Grr + Gy = G (11-40)
Dividing each term of thisrelation by G yields
atp+r=1 (11-41)

For opaque surfaces, T = 0, and thus



atp=1 (11-42)

Thisisan important property relation since it enables us to determine both the
absorptivity and reflectivity of an opague surface by measuring either of these
properties.

These definitions are for total hemispherical properties, since G represents
the radiation flux incident on the surface from all directions over the hemi-
spherical space and over all wavelengths. Thus, «, p, and T are the average
properties of amedium for all directions and al wavelengths. However, like
emissivity, these properties can also be defined for a specific wavelength
and/or direction. For example, the spectral directional absorptivity and
spectral directional reflectivity of a surface are defined, respectively, asthe
absorbed and reflected fractions of the intensity of radiation incident at a spec-
ified wavelength in a specified direction as

L, as(A, 0, §) -
T 0,g) T PTG gy

Likewise, the spectral hemispherical absorptivity and spectral hemispher-
ical reflectivity of a surface are defined as

Gy, (M)
G.(M)

I (A, 0, b
. ok, 0, d) = et 8, 9)

Gy (M
and  p,(\) = g) ?}E) ) (11-44)

a(\) =

where G, is the spectral irradiation (in W/m? - wm) incident on the surface,
and G, 4 and G, ¢ are the reflected and absorbed portions of it, respectively.

Similar quantities can be defined for the transmissivity of semitransparent
materials. For example, the spectral hemispherical transmissivity of a
medium can be expressed as

Gk, lr(x)
G.(W)

™(\) = (11-45)
The average absorptivity, reflectivity, and transmissivity of a surface can
also be defined in terms of their spectral counterparts as

Jmp)\G)\d)\ JXTAG)\d)\
0 0

fx(xAG)\d)\

b 7 b b T
f G, d\ J G, d\
0 0

ol (11-46)

JxGAdA’
0

The reflectivity differs somewhat from the other propertiesin that it is bidi-
rectional in nature. That is, the value of the reflectivity of asurface depends not
only on the direction of the incident radiation but also the direction of reflec-
tion. Therefore, the reflected rays of aradiation beam incident on areal surface
in aspecified direction will form an irregular shape, as shown in Figure 11-32.
Such detailed reflectivity data do not exist for most surfaces, and even if they
did, they would be of little valuein radiation cal culations since this would usu-
ally add more complication to the analysis than it is worth.

In practice, for simplicity, surfaces are assumed to reflect in a perfectly
specular or diffuse manner. In specular (or mirrorlike) reflection, the angle
of reflection equals the angle of incidence of the radiation beam. In diffuse
reflection, radiation is reflected equally in all directions, as shown in Figure

(b)
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Different types of reflection from
asurface: (a) actual or irregular,
(b) diffuse, and (c) specular

or mirrorlike.
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Variation of absorptivity with
the temperature of the source of
irradiation for various common
materials at room temperature.

@\\%W/%
= Sun =
=

¢l

A

N

=06

Q

FIGURE 11-34

The absorptivity of a material may be
quite different for radiation originating
from sources at different temperatures.

11-32. Reflection from smooth and polished surfaces approximates specular
reflection, whereas reflection from rough surfaces approximates diffuse
reflection. In radiation analysis, smoothnessis defined relative to wavelength.
A surface is said to be smooth if the height of the surface roughness is much
smaller than the wavelength of the incident radiation.

Unlike emissivity, the absorptivity of a material is practically independent
of surface temperature. However, the absorptivity depends strongly on the
temperature of the source at which the incident radiation is originating. This
is aso evident from Figure 11-33, which shows the absorptivities of various
materials at room temperature as functions of the temperature of the radiation
source. For example, the absorptivity of the concrete roof of a house is about
0.6 for solar radiation (source temperature: 5780 K) and 0.9 for radiation orig-
inating from the surrounding trees and buildings (source temperature: 300 K),
asillustrated in Figure 11-34.

Notice that the absorptivity of aluminum increases with the source tempera-
ture, acharacteristic for metals, and the absorptivity of electric nonconductors,
in general, decreases with temperature. This decrease is most pronounced for
surfaces that appear white to the eye. For example, the absorptivity of awhite
painted surface is low for solar radiation, but it is rather high for infrared
radiation.

Kirchhoff’s Law

Consider asmall body of surface area A, emissivity &, and absorptivity o at
temperature T contained in alarge isothermal enclosure at the same tempera-
ture, as shown in Figure 11-35. Recall that alarge isothermal enclosure forms
ablackbody cavity regardless of the radiative properties of the enclosure sur-
face, and the body in the enclosureistoo small to interfere with the blackbody
nature of the cavity. Therefore, the radiation incident on any part of the sur-
face of the small body is equal to the radiation emitted by a blackbody at tem-
perature T. That is, G = E(T) = o T4, and the radiation absorbed by the small
body per unit of its surface areais

Gy = aG = aoT*
The radiation emitted by the small body is
Eonit = £0T4
Considering that the small body isin thermal equilibrium with the enclosure,

the net rate of heat transfer to the body must be zero. Therefore, the radiation
emitted by the body must be equal to the radiation absorbed by it:

AecT? = AjacT?
Thus, we conclude that

&(T) = o(T) (11-47)

That is, the total hemispherical emissivity of a surface at temperature T is
equal toitstotal hemispherical absorptivity for radiation coming froma black-
body at the same temperature. This relation, which greatly simplifies the radi-
ation analysis, was first developed by Gustav Kirchhoff in 1860 and is now
called Kirchhoff’s law. Note that this relation is derived under the condition



that the surface temperature is equal to the temperature of the source of irradi-
ation, and the reader is cautioned against using it when considerable difference
(more than afew hundred degrees) exists between the surface temperature and
the temperature of the source of irradiation.

The derivation above can also be repeated for radiation at a specified wave-
length to obtain the spectral form of Kirchhoff’s law:

a\(T) = o (T) (11-48)
This relation is valid when the irradiation or the emitted radiation is inde-
pendent of direction. The form of Kirchhoff’slaw that involves no restrictions
is the spectral directional form expressed as g, o(T) = «, o(T). That is, the
emissivity of a surface at a specified wavelength, direction, and temperature
is always equal to its absorptivity at the same wavelength, direction, and
temperature.

It isvery tempting to use Kirchhoff’s law in radiation analysis since the re-
lation ¢ = « together with p = 1 — « enables us to determine all three
properties of an opaque surface from a knowledge of only one property.
Although Eqg. 11-47 gives acceptable results in most cases, in practice, care
should be exercised when thereis considerabl e difference between the surface
temperature and the temperature of the source of incident radiation.

The Greenhouse Effect

You have probably noticed that when you leave your car under direct sunlight
on asunny day, the interior of the car gets much warmer than the air outside,
and you may have wondered why the car acts like a heat trap. The answer
lies in the spectral transmissivity curve of the glass, which resembles an in-
verted U, as shown in Figure 11-36. We observe from this figure that glass at
thicknesses encountered in practice transmits over 90 percent of radiation in
the visible range and is practically opague (nontransparent) to radiation in the
longer-wavelength infrared regions of the electromagnetic spectrum (roughly
N > 3 um). Therefore, glass has a transparent window in the wavelength
range 0.3 pm < N < 3 wm in which over 90 percent of solar radiation is
emitted. On the other hand, the entire radiation emitted by surfaces at room
temperature falls in the infrared region. Consequently, glass allows the solar
radiation to enter but does not allow the infrared radiation from the interior
surfaces to escape. This causes arise in the interior temperature as aresult of
the energy build-up in the car. This heating effect, which is due to the nongray
characteristic of glass (or clear plastics), is known as the greenhouse effect,
sinceit is utilized primarily in greenhouses (Fig. 11-37).

The greenhouse effect is also experienced on a larger scale on earth. The
surface of the earth, which warms up during the day as a result of the absorp-
tion of solar energy, cools down at night by radiating its energy into deep
space as infrared radiation. The combustion gases such as CO, and water
vapor in the atmosphere transmit the bulk of the solar radiation but absorb the
infrared radiation emitted by the surface of the earth. Thus, there is concern
that the energy trapped on earth will eventually cause global warming and
thus drastic changes in weather patterns.

In humid places such as coastal areas, there is not a large change between
the daytime and nighttime temperatures, because the humidity acts asabarrier
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FIGURE 11-35

The small body contained in alarge
isothermal enclosure used in the
development of Kirchhoff’s law.
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The spectral transmissivity of low-iron
glass at room temperature for different
thicknesses.
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A greenhouse traps energy by
allowing the solar radiation to comein
but not allowing the infrared radiation
to go out.
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FIGURE 11-38

Solar radiation reaching the

earth’s atmosphere and the total solar
irradiance.

FIGURE 11-39

Thetotal solar energy passing through
concentric spheres remains constant,
but the energy falling per unit area
decreases with increasing radius.

on the path of the infrared radiation coming from the earth, and thus slows
down the cooling process at night. In areas with clear skies such as deserts,
there is a large swing between the daytime and nighttime temperatures be-
cause of the absence of such barriers for infrared radiation.

11-6 = ATMOSPHERIC AND SOLAR RADIATION

The sun is our primary source of energy. The energy coming off the sun,
called solar energy, reaches us in the form of electromagnetic waves after
experiencing considerable interactions with the atmosphere. The radiation
energy emitted or reflected by the constituents of the atmosphere form the
atmospheric radiation. Below we give an overview of the solar and atmos-
pheric radiation because of their importance and relevance to daily life. Also,
our familiarity with solar energy makes it an effective tool in developing a
better understanding for some of the new conceptsintroduced earlier. Detailed
treatment of this exciting subject can be found in numerous books devoted to
this topic.

The sunisanearly spherica body that has adiameter of D = 1.39 X 10°m
and amass of m= 2 X 10*° kg and is located at amean distance of L = 1.50
X 10" m from the earth. It emits radiation energy continuously at a rate of
Eqn = 3.8 X 10?5 W. Lessthan abillionth of this energy (about 1.7 X 