UNIT IV
RADIATION
41RADIATION
Definition:

Radiation is the energy transfer across a system boundary due to aAT, by the mechanism of
photon emission or electromagnetic wave emission.

Because the mechanism of transmission is photon emission, unlike conduction and convection,
there need be no intermediate matter to enable transmission.
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The significance of this is that radiation will be the only mechanism for heat transfer whenever a
vacuum is present.

4.2 Electromagnetic Phenomena.

We are well acquainted with a wide range of electromagnetic phenomena in modern life. These
phenomena are sometimes thought of as wave phenomena and are, consequently, often described
in terms of electromagnetic wave length, A. Examples are given in terms of the wave distribution
shown below:
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One aspect of electromagnetic radiation is that the related topics are more closely associated with
optics and electronics than with those normally found in mechanical engineering courses.
Nevertheless, these are widely encountered topics and the student is familiar with them through
every day life experiences.

From a viewpoint of previously studied topics students, particularly those with a background in
mechanical or chemical engineering will find the subject of Radiation Heat Transfer a little
unusual. The physics background differs fundamentally from that found in the areas of
continuum mechanics. Much of the related material is found in courses more closely identified
with quantum physics or electrical engineering, i.e. Fields and Waves. At this point, it is
important for us to recognize that since the subject arises from a different area of physics, it will
be important that we study these concepts with extra care.

4.3 Stefan-Boltzman Law

Both Stefan and Boltzman were physicists; any student taking a course in quantum physics will
become well acquainted with Boltzman’s work as he made a number of important contributions
to the field. Both were contemporaries of Einstein so we see that the subject is of fairly recent
vintage. (Recall that the basic equation for convection heat transfer is attributed to Newton)

Eb = G'Tabs4

where: Ep = Emissive Power, the gross energy emitted from an ideal surface per unit area, time.
o = Stefan Boltzman constant, 5.67-108 W/m?2.K*

Tans = Absolute temperature of the emitting surface, K.

Take particular note of the fact that absolute temperatures are used in Radiation. It is suggested,
as a matter of good practice, to convert all temperatures to the absolute scale as an initial step in
all radiation problems.



You will notice that the equation does not include any heat flux term. q”. Instead we have a term
the emissive power. The relationship between these terms is as follows. Consider two infinite
plane surfaces, both facing one another. Both surfaces are ideal surfaces. One surface is found to
be at temperature, T1, the other at temperature, T2. Since both temperatures are at temperatures
above absolute zero, both will radiate energy as described by the Stefan-Boltzman law. The heat
flux will be the net radiant flow as given by:

q"=Ep1=-Egz= G‘T14 = 0"T24

4.4Plank’s Law

While the Stefan-Boltzman law is useful for studying overall energy emissions, it does not allow
us to treat those interactions, which deal specifically with wavelength, L. This problem was
overcome by another of the modern physicists, Max Plank, who developed a relationship for
wave-based emissions.

Eyy = f(A)
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We haven’t yet defined the Monochromatic Emissive Power, Ey. An implicit definition is
provided by the following equation:

E = E, -dA

&
We may view this equation graphically as follows:
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A definition of monochromatic Emissive Power would be obtained by differentiating the integral
equation:

dE,
L ="

The actual form of Plank’s law is:
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Ci= 2-71:~h-co2 = 3.742.10° W-p11n4;’1n2
C, =h-c/k=1.439:-10 pm-XK

Where: h, ¢, k are all parameters from quantum physics. We need not worry about their precise
definition here.

This equation may be solved at any T, X to give the value of the monochromatic emissivity at
that condition. Alternatively, the function may be substituted into the integral

Eb = }o Ew, -dA to find the Emissive power for any temperature. While performing this
integral by hand is difficult, students may readily evaluate the integral through one of several
computer programs, i.e. MathCad, Maple, Mathmatica, etc.

EhzlfTEmdﬂ :O"T4



4.5 Emission over Specific Wave Length Bands

Consider the problem of designing a tanning machine. As a part of the machine, we will need to
design a very powerful incandescent light source. We may wish to know how much energy is
being emitted over the

Ultraviolet band (10 to 0.4 yum), known to be particularly dangerous.

E,(0.0001 > 04) = |; o E, -dA

With a computer available, evaluation of this integral is rather trivial. Alternatively, the text
books provide a table of integrals. The format used is as follows:

E(00015 04) LomEndh [*"E,-dk |0""E, -d2
A _ e [°., U b= F(0 04)- F(0- 0.000])
£, l Eb;,'(m y Eb;,'d’t b Em‘ -dA

Referring to such tables, we see the last two functions listed in the second column. In the first
column is a parameter, A-T. This is found by taking the product of the absolute temperature of

the emitting surface, T, and the upper limit wave length, A. In our example, suppose that the
incandescent bulb is designed to operate at a temperature of 2000K. Reading from the table:

8

AT, pm K
0.0001 2000 0.2 0
0.4 2000 600 0.000014
F(1.4>0.0001pm) = F()—0.4pm)- F(1—>0.0001pm) 0.000014

This is the fraction of the total energy emitted which falls within the IR band. To find the
absolute energy emitted multiply this value times the total energy emitted:

Eyr = F(0.4—0.0001pm)-¢ T" = 0.900014-5.67-10'820004 =957
Wm~

4.6 Solar Radiation



The magnitude of the energy leaving the Sun varies with time and is closely associated with such
factors as solar flares and sunspots. Nevertheless, we often choose to work with an average
value. The energy leaving the sun is emitted outward in all directions so that at any particular
distance from the Sun we may imagine the energy being dispersed over an imaginary spherical
area. Because this area increases with the distance squared, the solar flux also decreases with the
distance squared. At the average distance between Earth and Sun this heat flux is 1353 W/m2, so
that the average heat flux on any object in Earth orbit is found as:

Geo=Sefcos B
Where S¢ = Solar Constant, 1353 W/m?
f = correction factor for eccentricity in Earth Orbit, (0.97<f<1.03)

0 = Angle of surface from normal to Sun.

Because of reflection and absorption in the Earth’s atmosphere, this number is significantly
reduced at ground level. Nevertheless, this value gives us some opportunity to estimate the

potential for using solar energy, such as in photovoltaic cells.
Some Definitions

In the previous section we introduced the Stefan-Boltzman Equation to describe radiation from
an ideal surface.

g 4
Eb =8 Tabs

This equation provides a method of determining the total energy leaving a surface, but gives no
indication of the direction in which it travels. As we continue our study, we will want to be able
to calculate how heat is distributed among various objects.

For this purpose, we will introduce the radiation intensity, I, defined as the energy emitted per
unit area, per unit time, per unit solid angle. Before writing an equation for this new property, we
will need to define some of the terms we will be using.

4.7 Angles and Arc Length

We are well accustomed to thinking of an angle as a two dimensional object. It may be used to
find an arc length:
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Solid Angle

We generalize the idea of an angle and an arc length to three dimensions and define a solid
angle. €, which like the standard angle has no dimensions. The solid angle, when multiplied by
the radius squared will have dimensions of length squared, or area, and will have the magnitude
of the encompassed area.

4.8 Projected Area

The area, dA1, as secen from the prospective of a viewer, situated at an angle 6 from the normal
to the surface, will appear somewhat smaller.as cos 0-dAl. This smaller area is termed the
projected area.

Aprojecred — COS E}'i“‘:\nonnal



dAcos B

4.9 Intensity

The ideal intensity, Ib, may now be defined as the energy emitted from an ideal body, per unit
projected area, per unit time, per unit solid angle.

g daq
cos & -dA4, - dQ

410  Spherical Geometry

Since any surface will emit radiation outward in all directions above the surface, the spherical
coordinate system provides a convenient tool for analysis. The three basic coordinates shown are
R, ¢. and 6, representing the radial. azimuthal and zenith directions.

In general dA1 will correspond to the emitting surface or the source. The surface dA2 will
correspond to the receiving surface or the target. Note that the area proscribed on the
hemisphere, dA2, may be written as:

d4, =[(R -sin 6)-dg]-[R-d6]
or, more simply as:
dA4,=R*-sin@-dg-do]
Recalling the definition of the solid angle,

dA =R%.4Q



we find that:

dQ =R %sin 6-d6-de

411 Real Surfaces

Thus far we have spoken of ideal surfaces, i.e. those that emit energy according to the Stefan-
Boltzman law:

S 4
Eb A Tabs

Real surfaces have emissive powers, E, which are somewhat less than that obtained theoretically
by Boltzman. To account for this reduction, we introduce the emissivity. ¢.

so that the emissive power from any real surface is given by:
4
E=g6"T:,

Receiving Properties

Targets receive radiation in one of three ways; they absorption, reflection or transmission. To
account for these characteristics, we introduce three additional properties:

+ Absorptivity. . the fraction of incident radiation absorbed.

* Reflectivity. p. the fraction of incident radiation reflected.



+ Transmissivity, 1, the fraction of incident radiation transmitted.

Reflected Inc1de I.lt
o Radiation,
Radiation
G
Absorbed
Radiation

\ Transmiited
Radiation

We see, from Conservation of Energy, that:

atptt=1

In this course, we will deal with only opaque surfaces, T = 0, so that:
a+p=1 Opaque Surfaces

4.12  Relationship Between Absorptivity,a, and Emissivity,e

Consider two flat, infinite planes, surface A and surface B, both emitting radiation toward one
another. Surface B is assumed to be an ideal emitter. i.e. eg = 1.0. Surface A will emit radiation
according to the Stefan-Boltzman law as:

Ex= sA'G‘T;’
and will receive radiation as:
g = CLA‘G'TB4
The net heat flow from surface A will be:

3% 4 4
q =eacTa -oaacTs
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Now suppose that the two surfaces are at exactly the same temperature. The heat flow must be
zero according to the 2nd law. If follows then that:

aa = €A

Because of this close relation between emissivity, €, and absorptivity, o, only one property is
normally measured and this value may be used alternatively for either property.

Let’s not lose sight of the fact that, as thermodynamic properties of the material, « and ¢ may
depend on temperature. In general, this will be the case as radiative properties will depend on
wavelength, &. The wave length of radiation will, in turn, depend on the temperature of the
source of radiation. The emissivity, €. of surface A will depend on the material of which surface
A is composed, i.e. aluminum, brass, steel, etc. and on the temperature of surface A. The

absorptivity, o. of surface A will depend on the material of which surface A is composed. i.e.
aluminum, brass, steel, etc. and on the temperature of surface B.

In the design of solar collectors, engineers have long sought a material which would absorb all
solar radiation, (@ = 1, Tsun ~ 5600K) but would not re-radiate energy as it came to temperature
(e << 1, Tcollector~ 400K). NASA developed an anodized chrome, commonly called “black
chrome™ as a result of this research.

4.13 Black Surfaces

Within the visual band of radiation, any material, which absorbs all visible light, appears as
black. Extending this concept to the much broader thermal band, we speak of surfaces with o = |
as also being “black™ or “thermally black™. It follows that for such a surface. ¢ = 1 and the
surface will behave as an ideal emitter. The terms ideal surface and black surface are used
interchangeably.

4.14 Lambert’s Cosine Law:

A surface is said to obey Lambert’s cosine law if the intensity, 1. is uniform in all directions. This
is an idealization of real surfaces as seen by the emissivity at different zenith angles:
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The sketches shown are intended to show is that metals typically have a very low emissivity, <,
which also remain nearly constant. expect at very high zenith angles. 0. Conversely., non-metals
will have a relatively high emissivity, ¢, except at very high zenith angles. Treating the
emissivity as a constant over all angles is

Generally a good approximation and greatly simplifies engineering calculations.

4.15 Relationship between Emissive Power and Intensity

By definition of the two terms, emissive power for an ideal surface, Eb, and intensity for an ideal
surface, Ip

E,= [1,-cos 6-dO

hemisplere

Replacing the solid angle by its equivalent in spherical angles:

2-7 7 .
E,=| " |/*1,-cos @ -sin@-do-dg

Integrate once, holding I, constant:

E, =2-7r-Ib-IOAcost9-sin€-d9

Integrate a second time. (Note that the derivative of sin 6 is cos 0-d6.)
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4.16 Radiation Exchange

During the previous lecture we introduced the intensity, I, to describe radiation within a
particular solid angle.

7= 9q
cos 8 -dA, - dQ

This will now be used to determine the fraction of radiation leaving a given surface and striking
a second surface.

Rearranging the above equation to express the heat radiated:

dg=1-cos6-d4, -dQ

Next we will project the receiving surface onto the hemisphere surrounding the source. First find
the projected area of surface dAz, dAz-cos 62. (82 is the angle between the normal to surface 2
and the position vector, R.) Then find the solid angle, 2, which encompasses this area.

Substituting into the heat flow equation above:
_ I-cos @ -dA -cos8,d4,
= =

To obtain the entire heat transferred from a finite area, dAl, to a finite area, dA, we integrate
over both surfaces:

dq

. f-cos @ -d4, -cosB,d4,
d152 _'[‘12 IA] R2

To express the total energy emitted from surface 1, we recall the relation between emissive
power, E, and intensity, I.

Qemitted = E1-A1 =1 11-Aq



dAs>-cos 62

4.16 View Factors-Integral Method

Define the view factor, F1-2, as the fraction of energy emitted from surface 1, which directly
strikes surface 2.

J- J~ I-cos @ -dd -cosB,dA,
E _ Y Ayl RZ
12 — o
Qemr‘!!ea‘ 71 [11

after algebraic simplification this becomes:

_ b _[ J- cos G, -cos8, -d4, -dA4,
12 — 4, Jada R

Example 4.1 Consider a diffuse circular disk of diameter D and area Aj and a plane diffuse
surface of area A

I << AJ. The surfaces are parallel, and Ai is located at a distance L from the center of Aj. Obtain
an expression for the view factor Fj;



The view factor may be obtained from:

o cos O, -cos@, -dAd -dA4,
¥ T —A—l'LZLI p—

Since dA;is a differential area

P :j cosd, -cosb, -d4,
12 2

.41 72' . R
Substituting for the cosines and the differential area:

(%)2-2;17-1’-0’?’

Fiyy = '[41 - R2

After simplifying:

P _Ll I 2.r-dr

1=2 4
R

Let |:>2 =L°+1 =R’ Then 2:prdp = 2-1dr.

I’ 2-p-dp
F;—)Q:jl ,04

After integrating,
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Substituting the upper & lower limits

o4 AP
s 4.I}+D* '], 4L+D’°

This is but one example of how the view factor may be evaluated using the integral method. The
approach used here is conceptually quite straight forward; evaluating the integrals and
algebraically simplifying the resulting equations can be quite lengthy.

Enclosures

In order that we might apply conservation of energy to the radiation process, we must account
for all energy leaving a surface. We imagine that the surrounding surfaces act as an enclosure
about the heat source which receives all emitted energy. Should there be an opening in this
enclosure through which energy might be lost, we place an imaginary surface across this opening
to intercept this portion of the emitted energy. For an N surfaced enclosure, we can then see that:

v

D_F 1

) A i . .. . : -
=1 This relationship is known as “Conservation Rule™.

Example: Consider the previous problem of a small disk radiating to a larger disk placed directly
above at a distance L.



The view factor was shown to be
given by the relationship:

D-°
s =" 7
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Here. in order to provide an
enclosure, we will define an
mmagiary surface 3. a truncated
cone intersecting cireles | and 2.

From our conservation rule we have:

ey
_I_
Ry

N
2 B =F,+
j=1

Since surface 1 is not convex F1,1 = 0. Then:

PR Dz‘
AP - TN

Bm=

—>3

4.17 Reciprocity

We may write the view factor from surface i to surface j as:

cos Y, -cosb, -dA, -dA;
4 Foy =l | f

i—=F A9, ﬂ"RQ

Similarly, between surfaces j and i:



cos &, -cosf, -dA, -dA,
Fra=[ [0

Comparing the integrals we see that they are identical so that:

This relation is known as “Reciprocity™.

Example:4.2 Consider two concentric spheres shown to the right. All radiation leaving the
outside of surface 1 will strike surface 2. Part of the radiant energy leaving the inside surface of
object 2 will strike surface 1, part will return to surface 2. To find the fraction of energy leaving
surface 2 which strikes surface 1, we apply reciprocity:

D
4y Fyy = A F, By =g, = D
4, 274,

4.18 Associative Rule

Consider the set of surfaces shown to the right: Clearly, from conservation of energy, the fraction
of energy leaving surface i and striking the combined surface j+k will equal the fraction of
energy emitted from i and striking j plus the fraction leaving surface i and striking k.

B soy =g  Flag

iI=(j+k) =

4.19 Radiosity



We have developed the concept of intensity, I, which let to the concept of the view factor. We
have discussed various methods of finding view factors. There remains one additional concept to
introduce before we can consider the solution of radiation problems.

‘E G # G
JT= S‘Eb = pG b \p s

Radiosity, J, is defined as the total energy leaving a surface per unit area and per unit time. This
may initially sound much like the definition of emissive power, but the sketch below will help to
clarify the concept.

4.20 Net Exchange Between Surfaces

Consider the two surfaces shown. Radiation will travel from surface
i to surface j and will also travel from j to i.

Qi = Tt Ay Fiy J;
o oo
T
likewise. e
Qi = Iy Ay Fiog I

The net heat wransfer is then:
Qi—i ety = Ji' Ay Fij - Iy Ay B
From reciprocity we note that F;_»"A; = F>_;"A, so that

P =defr-Br g=Jrap B g =ag Fi—»j‘(Ji - Jj)



4.21 Net Energy Leaving a Surface

The net energy leaving a surface will be  o.g, pG G
the difference between the energy leaving \ 7

a surface and the energy received by a N
surface: "y

qi1— — [E'Eb — (I'G]'Al

Combine this relationship with the definition of Radiosity to
eliminate G.

J=eE,+pG=2> G=[J-eE]p
Q- = {e'Ey— o [J - e Ep)/p}-Ay
Assume opaque surfaces so thata + p=1 = p =1 — «. and substitute
for p.
1— = {eEy — o [J - eEp)/(1 —a)} A

Put the equation over a common denominator:

s (l1-a)s-E,—-a-J+a ¢-E, q gl = =d 4
1 e ! . 1

If we assume that ¢ = ¢ then the equation reduces to:

g F -5 J g A
gla:‘:b—:l"‘ql:[ lill(Eb_J)
l—-¢ |

4.22 Electrical Analogy for Radiation

We may develop an electrical analogy for radiation, similar to that produced for conduction. The
two analogies should not be mixed: they have different dimensions on the potential differences,
resistance and current flows.



Equivalent Equivalent Potential
Current Resistance Difference
Ohms Law 1 E AV
Net Energy 1l—2
Leaving Surface qQ1— - E,-J
Net Exchange 1
Between Qi Ji—J
Surfaces A

Example 4.3: Consider a grate fed boiler. Coal is fed at the bottom, moves across the grate as it
burns and radiates to the walls and top of the furnace. The walls are cooled by flowing water
through tubes placed inside of the walls. Saturated water is introduced at the bottom of the walls
and leaves at the top at a quality of about 70%. After the vapor is separated from the water, it is
circulated through the superheat tubes at the top of the boiler. Since the steam is undergoing a
sensible heat addition, its temperature will rise. It is common practice to subdivide the super-
heater tubes into sections, each having nearly uniform temperature. In our case we will use only
one superheat section using an average temperature for the entire region.

Surface 3
L5 ‘hes
SH S el.he At
Tubes

section

Ceoal “
Chute Surface 2

Water Walls

Surface 1
Buming Coal

Energy will leave the coal bed, Surface 1, as
described by the equation for the net energy leaving g, [1-5}
a surface. We draw the equivalent electrical

network as seen to the right:

The heat leaving from the surface of the coal may
proceed to either the water walls or to the super-heater section. That
part of the ciwcut 1s represented by a potential difference between
Radiosity:

Ia

Tt should be noted that surfaces 2 and 3




will also radiate to one ancther.

I3

It remains to evaluate the net heat
flow leaving (entering) nodes 2
and 3.

Alternate Procedure for Developing Networks

s (Count the number of surfaces. (A surface must be at a
“uniform™ temperature and have uniform properties, i.e. g, a,
p-)

e Draw a radiosity nede for each surface.

+ (Connect the Radiosity nodes using view factor resistances,
1/AF, .

+ Connect each Radiosity node to a grounded battery, through a

surface resistance, 1— % . 4l

This procedure should lead to exactly the same circuit as we obtain
previously.

4.23 Simplifications to the Electrical Network

¢ Insulated surfaces. In steady state heat transfer, a surface cannot receive net energy if it is
insulated. Because the energy cannot be stored by a surface in steady state, all energy must be re-
radiated back into the enclosure. Insulated surfaces are often termed as re-radiating surfaces.
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Electrically cannot flow through a battery if it is not grounded.

Surface 3 is not grounded so that the battery and surface resistance serve no purpose and are
removed from the drawing.

» Black surfaces: A black. or ideal surface, will have no surface resistance:

l-¢ =1

g A 1-4
In this case the nodal Radiosity and emissive power will be equal.

This result gives some insight into the physical meaning of a black surface. Ideal surfaces radiate
at the maximum possible level. Non-black surfaces will have a reduced potential, somewhat like
a battery with a corroded terminal. They therefore have a reduced potential to cause heat/current
flow.

« Large surfaces: Surfaces having a large surface area will behave as black surfaces, irrespective
of the actual surface properties:

1= 1—s&

_ = = 0

- A g o0
Physically, this corresponds to the characteristic of large surfaces that as they reflect energy,
there is very little chance that energy will strike the smaller surfaces; most of the energy is

reflected back to another part of the same large surface. After several partial absorptions most of
the energy received is absorbed.




4.24 Solution of Analogous Electrical Circuits.

* Large Enclosures

Consider the case of an object, 1, placed inside a large enclosure, 2. The system will consist of
two objects, so we proceed to construct a circuit with two radiosity nodes

LAALFL 5)
Ta

AN
Now we ground both Radiosity nodes through a surface
resistance.

(1-e1)/(e1-A)) VAT 1-2) (1 g yie0A0)

ok Jq F Ja o
FuloTd R, Ris R, Fulo T

Since As is large, R» = 0. The view factor, Fi1_.>=1

(1-g1)/(e1-Ay) /(A Fr—2)
o I e I3
FLI CT'T|4 Rl Rlz F‘;t—.’) f"J"Tﬂ4

Sum the sertes resistances:
Reries = (1-81)/(81-A) + VA = 1/(e1-Ay)
Ohm’s law:
1= AV/R
or by analogy:
q = AE/Rseries = s Ayro{T" — T24)

You may recall this result from Thermo I, where it was
intreduced to solve this type of radiation preblem.



s Networks with Multiple Potentials

Systems with 3 or more
grounded potentials
will require a slightly
different sclution, but
one which students
have previously
encountered in the
Circuits course.

The procedure will be to
apply Kirchoff’s law to each L

of the Radiosity junctions.

J> I3

In this example there are three junctions, so we will obtain three equations. This will allow us to
solve for three unknowns.

Radiation problems will generally be presented on one of two ways:
1. The surface net heat flow is given and the surface temperature is to be found.
2. The surface temperature is given and the net heat flow is to be found.

Returning for a moment to the coal grate furnace, let us assume that we know (a) the total heat
being produced by the coal bed, (b) the temperatures of the water walls and (c) the temperature
of the super heater sections.

Apply Kirchoff’s law about node 1. for the coal bed:

g+, T4, =4, +

Similarly, for node 2:

G+ T 410 =



(Note how node 1, with a specified heat input, is handled differently than node 2, with a
specified temperature.

And for node 3:

Eb_'&—']:% +J1—J3 +J2_J3 =

+ e
Gy T4 3 Td5 43 R, R, 7,

The three equations must be solved simultaneously. Since they are each linear in J, matrix
methods may be used:

I S £ i3
Ry Ry Ry Ry & -4
L S S 1 Jg || ZEw
Ky Rk Ry Ry Ry J_ e
1 S I S U Es
| Ry R Ry Rj; Ry | | & ]

The matrix may be solved for the individual Radiosity. Once these are known, we return to the
electrical analogy to find the temperature of surface 1, and the heat flows to surfaces 2 and 3.

Surface 1: Find the coal bed temperature, given the heat flow:

4 0.25
g _En—-J4 o1 _J1:>T: g, - & +J,
: R, R, : &

Surface 2: Find the water wall heat input, given the water wall temperature:

S O g e
R, R,

Surface 3: (Similar to surface 2) Find the water wall heat input, given the water wall
temperature:



Module 9: Worked out problems

1. A spherical aluminum shell of inside diameter D=2m is evacuated and is used as a radiation
test chamber. If the inner surface is coated with carbon black and maintained at 600K, what is
the irradiation on a small test surface placed in the chamber? If the inner surface were not coated
and maintained at 600K, what would the irradiation test?

Known: Evacuated, aluminum shell of inside diameter D=2m, serving as a radiation test
chamber.

Find: Irradiation on a small test object when the inner surface is lined with carbon black and
maintained at 600K.what effect will surface coating have?

Schematic:

Aluminium sphere,
D=2m

Small test surface A,

arbon black coating, Ts=600K

Assumptions: (1) Sphere walls are isothermal, (2) Test surface area is small compared to the
enclosure surface.

Analysis: It follows from the discussion that this isothermal sphere is an enclosure behaving as a
black body. For such a condition, the irradiation on a small surface within the enclosure is equal
to the black body emissive power at the temperature of the enclosure. That is

Gy=E,(I,) =0T}
G, =5.67x10"°W /m’ K(600K)" = 7348W /m"
The irradiation is independent of the nature of the enclosure surface coating properties.

Comments: (1) The irradiation depends only upon the enclosure surface temperature and is
independent of the enclosure surface properties.



(2) Note that the test surface area must be small compared to the enclosure surface area. This
allows for inter-reflections to occur such that the radiation field, within the enclosure will be
uniform (diffuse) or isotropic.

(3) The irradiation level would be the same if the enclosure were not evacuated since; in general,
air would be a non-participating medium.

2 Assuming the earth’s surface is black. estimate its temperature if the sun has an equivalently
blackbody temperature of 5800K.The diameters of the sun and earth are 1.39*109 and
1.29*107m, respectively, and the distance between the sun and earth is 1.5*1011m.

Known: sun has an equivalently blackbody temperature of 5800K. Diameters of the sun and
earth as well as separation distances are prescribed.

Find: Temperature of the earth assuming the earth is black.

Schematic:

. Sun T =580k,
e D.=1.39"0"m Earih, T,
£ 2e-1.2810'm

_-—-__J\_ lr;' S
Tt Caowe !
w -

2.,.-18510"m E

Assumptions: (1) Sun and earth emit black bodies, (2) No attenuation of solar irradiation enroute
to earth, and (3) Earth atmosphere has no effect on earth energy balance.

Analysis: performing an energy balance on the earth

o

out

E:!'”_ E
Ae.p'GS = ‘43__;'56(1;)
(#D} 1 4)G = nD 0T}

e (T



Where Aspand Aes are the projected area and total surface area of the earth, respectively. To
determine the irradiation GS at the earth’s surface. perform an energy bounded by the spherical
surface shown in sketch

nD;.oT) =4n[R;, — D,/ 2]'G;
m(L39x10° m) x 5.67x 107 W / m . E(5800K)" =

4x[1.5%10" —1.29%107 / 2 m° x G

G, =1377.5W /m’®

Substituting numerical values, find

T, = (137750 [m* /4x5.67x10°W (m* K )" = 19K
Comments:

(1) The average earth’s temperature is greater than 279 K since the effect of the atmosphere is to
reduce the heat loss by radiation.

(2) Note carefully the different areas used in the earth energy balance. Emission occurs from the
total spherical area, while solar irradiation is absorbed by the projected spherical area.

3 The spectral, directional emissivity of a diffuse material at 2000K has the following
distribution.

Determine the total, hemispherical emissivity at 2000K.Determine the emissive power over the
spherical range 0.8 t0 2.5 nm and for the directions 0<0<30°.

Known: Spectral, directional emissivity of a diffuse material at 2000K.



Find: (1) The total, hemispherical emissivity, (b) emissive power over the spherical range 0.8 t0
2.5 um and for the directions 0=0<30°.

Schematic:

€0

15
AL

Assumptions: (1) Surface is diffuse emitter.
Analysis: (a) Since the surface is diffuse.c2.0 is independent of direction; from Eq. &, y=¢;

#(T) = [ £,(2)E 4, (A, T)dA [ E(T)
9

15

15
&(T) = [ £)E, ;(4,2000)d4/ E; )+ [ £,E, ,(2,20000d2/ E,
L] i}

Written now interms of £~ with F = =0.2733 41 37=1.5%2000=30000um.K. find

E(Q2000K) = £,F g 15 + &2l - Fgy1)|= 9.2 0.2732 + 0,81 0.2732] = 0.636

(b) For the prescribed spectral and geometric limits,

158lax'6

AE = | [ [£161:5(A, TYcos@sin g d@d$dA

o8¢ 0



wherel, (A.0,8)=£,,1,,(A,T).Sincethe surface isdiffuse,£, , = £;, and nothing I, ; is independent

of directionandequalto E ; , -ar, we can write

1.5 5
o ED) [, 02 Tyd [2,E,,(2.T)d2
AE:{_[ Icosﬂsinﬂdﬂdﬁ} Cas sl 1
00 T

E.D) | EgD)

Or in terms F g_,;y values,

= sin’ 76| of™
AE :{¢‘ x ‘ }—{51 [Fios _E(o—.o.a)]}+£: [Fionasy — Foan
o

: [ =
AT = 0.8% 2000 = 160001, K F, = 0.0197
From table _ G i
AT = 2.5 % 2000 = 50001 . K Fiy s = 0.6337
in® /6 5.67x107°2000% W
AE = 2w x> ;’ e 2 {0.2[0.2732 — 0.0197] + [0.80.6337 — 0.2732]}
w m°

AE = 0.25x (567 <107 x 2000* W / m” x 0.339 = 76.80W / m°

4. A diffusely emitting surface is exposed to a radiant source causing the irradiation on the
surface to be 1000W/m?.The intensity for emission is 143W/m?2.sr and the reflectivity of the
surface is 0.8.Determine the emissive power ,E(W/m?),and radiosity ,J(W/m?),for the surface.
What is the net heat flux to the surface by the radiation mode?

Known: A diffusely emitting surface with an intensity due to emission of Is=143W/m?.sr and a
reflectance p=0.8 is subjected to irradiation=1000W/mz2,

Find: (a) emissive power of the surface, E (W/m?), (b) radiosity, J (W/m?), for the surface, (c) net
heat flux to the surface.

Schematic:
l(0)=143W M-~ 51
«

G=1 ooowme‘\ P
“| — ' [+—Surface,p=0.8

Assumptions: (1) surface emits in a diffuse manner.

Analysis: (a) For a diffusely emitting surface, Is(0) =l is a constant independent of direction. The
emissive power is



E=nal, =asex143W /m’.sr = 4490 i m*
Note that 7 has units of steradians (sr).
(b) The radiosity is defined as the radiant flux leaving the surface by emission and reflection,

J=E+pG=44 [ m" +0.8x 1000/ [ m" = 1249%W / m’

(c) The net radiative heat flux to the surface is determined from a radiation balance on the
surface.

" " "
Bree = qraa’,:'n - qran‘,am‘

g..,.=G—JF=1000W /m> — 1249 /m* = 249 /m"

Comments: No matter how the surface is irradiated, the intensity of the reflected flux will be
independent of direction, if the surface reflects diffusely.

5. Radiation leaves the furnace of inside surface temperature 1500K through an aperture 20mm
in diameter. A portion of the radiation is intercepted by a detector that is 1m from the aperture, as
a surface area 10°m?, and is oriented as shown.

If the aperture is open, what is the rate at which radiation leaving the furnace is intercepted by
the detector? If the aperture is covered with a diffuse, semitransparent material of spectral
transmissivity TA=0.8 for 2=2pm and 1A=0 for A>2pum, what is the rate at which radiation leaving
the furnace is intercepted by the detector?

Known: Furnace wall temperature and aperture diameter. Distance of detector from aperture and
orientation of detector relative to aperture.

Find: Rate at which radiation leaving the furnace is intercepted by the detector, (b) effect of
aperture window of prescribed spectral transmissivity on the radiation interception rate.

Schematic:



Aperture,D=0.02 nk
i !
A=nD4

0.8

Y oa=e
T=1500K B 2 NyT T T
\ Al

%
o \D=a5°
_/'\ 'Cx >
A=10"m? 2pum

(1) Radiation emerging from aperture has characteristics of emission from a black body, (2)
Cover material is diffuse, (3) Aperture and detector surface may be approximated as
infinitesimally small.

Assumptions:

Analysis: (a) the heat rate leaving the furnace aperture and intercepted by the detector is

¢ =14 cosdw,, Heat and Mass Transfer

; B o}  5.67x107°(1500)"

-3

=9.14x 10 W / m’ s

T T zz

AT A_.cos@” . 10" m?* cos 45°

s—a 2 a

¥ r” (Lm)?

= 0.70710 =.ss

"

Hence

g =94 x 10" W [ m* se[m(0.02)m” i 4]€0s 30°x 0.707 x107 s# = 1.76x 107 W

(b) With the window, the heat rate is

g=7(I,A, cos@w,__)



where 7 is the transmissivity of the window to radiation emitted by the furnace wall.

[7:6,d, [#,E, (T)da X
T =24 e = 0'81(51,5 fEAA=0.8F ...,
[6.4, [E,,da ;
]

1

with AT = 2 an x 1500K = 3000 an. K, from table F(0 — 2 m) = 0.273,
hence with 0.273 x 0.8 = 0.218,find

q=0.218x1.76 x107 W = 0.384 x 107 W

6.A horizontal semitransparent plate is uniformly irradiated from above and below, while air at
T=300K flows over the top and bottom surfaces. providing a uniform convection heat transfer
coefficient of h=40W/m2.K.the total, hemispherical absorptivity of the plate to the irradiation is
0.40.Under steady-state conditions measurements made with radiation detector above the top
surface indicate a radiosity(which includes transmission, as well as reflection and emission) of
J=5000W/m2,while the plate is at uniform temperature of T=350K

Determine the irradiation G and the total hemispherical emissivity of the plate. Is the plate gray
for the prescribed conditions?

Known: Temperature, absorptivity, transmissivity, radiosity and convection conditions for a
semi-transparent plate.

Find: Plate irradiation and total hemispherical emissivity.

Schematic:
J=5000W/m’

. —
=300K . G
h=40W/m>K " Qic

/




Assumptions: From an energy balance on the plate

Ein- Eout

2G=2q"com+2]

Solving for the irradiation and substituting numerical values,
G=40W/m?.K (350-300) K+5000W/m?=7000W/m?

From the definition of J
J=E+pG+16=E+(1-a)C
Solving for the emissivity and substituting numerical values,

J—(1—a)G (S000F / # >)—0.6(7000 W i m 1)
or ! 5.67x10"*W /m? K*(350K)"

£ =

= 0.94

Hence

a*EE

And the surface is not gray for the prescribed conditions.

Comments: The emissivity may also be determined by expressing the plate energy balance as

20G =24 2F
hience

soT!' =aG — (T —T)
0.4(7000W / m*)— 40W i m” . K(50K)
s =

- =0.94
5.67x 1073 W i m? . K4(350K)*

7 An opaque, gray surface at 27°C is exposed to irradiation of 2000W/m2, and 800W/mz2 is
reflected. Air at 17°C flows over the surface and the heat transfer convection coefficient is
15W/m2.K.Determine the net heat flux from the surface.

Known: Opaque, gray surface at 27°C with prescribed irradiation, reflected flux and convection
process.

Find: Net heat flux from the surface.



Schematic:

5=1000W/m*
G
Air f)
— / e =000W/m* 4 / E
T.=17°C ' // P \ / / .
h=15Wim’‘ Kk Ty=27%( / ’/

Assumptions:

1) Surface is opaque and gray,

2) Surface is diffuse,

3) Effects of surroundings are included in specified irradiation.

Analysis: From an energy balance on the surface, the net heat flux from the surface is

qnw = Enm - Ein

B = Do + E+ Gy —G =TI, —T)+ £0l, + G,y — G
e=a=1-p=1-(G,, /G)=1—(800/1000)=1-0.8=10.2

where p=G_,/G.the net heat flux from the surface
q,., =15 /m> EQ27 1K +02x5.67x10°W /m* . K'(27+273)' K" + 800W / m* — 10000 / m*

G, = (150+91.9+ 800 — 10000 {m’ = 420 im"”

Comments: (1) For this situation, the radiosity is

J =G, +E=(800+9L9W /m* = 8920 | m*



The energy balance can be written involving the radiosity (radiation leaving the surface) and the
irradiation (radiation to the surface).

G = F — G+l = (892—1000+150)F /tn” = 420 | mt°

Note the need to assume the surface is diffuse, gray and opaque in order that Eq (2) is applicable.

8. A small disk 5 mm in diameter is positioned at the center of an isothermal, hemispherical
enclosure. The disk is diffuse and gray with an emissivity of 0.7 and is maintained at 900 K. The
hemispherical enclosure, maintained at 300 K, has a radius of 100 mm and an emissivity of 0.85.

Calculate the radiant power leaving an aperture of diameter 2 mm located on the enclosure as
shown.

Known: Small disk positioned at center of an isothermal, hemispherical enclosure with a small
aperture.

Find: radiant power [uW] leaving the aperture.

Schematic:

Hup

-
4 g _,//_:\[1U1't1||L'i A ) D=2mm
\ Hemispherical enclosure (A,)
" 1 s
I =300K.&:=0.85

Disk({A).T,=900K D;=5mm,;=0.7

Assumptions: (1)Disk is diffuse-gray,(2) Enclosure is isothermal and has area much larger than
disk,(3) Aperture area is very small compared to enclosure area, (4) Areas of disk and aperture
are small compared to radius squared of the enclosure.

Analysis: the radiant power leaving the aperture is due to radiation leaving the disk and to
irradiation on the aperture from the enclosure. That is



Gop = G152 +O2.A,

The radiation leaving the disk can be written in terms of the radiosity of the disk. For the diffuse
disk

1
d1 = ;JI'AI cosdy .y,

and with £ = & for the gray behavior, the radiosity is
J, =£E,(L,)+ pG, = g,0T; + (1-£))oT}
Where the irradiatin | is the emissive power of the black enclosure, E, (T;):
G, =G, =E,(T,).The solid angle &, ;follows
a, = A, R?

Combining equations. (2), (3) and (4) into eq.(1) with G2=5T*s, the radiant power is

1 4 1 A" E |
4, = —ole, 77 +(1—5,}T; |4, cos8, R—; + 4,07,
F4

1 2y i ) T z o
Ao = ;5.6? x 1078 /m® K '[0.7(900K) + (1 —0.7)(300K)* ?(0.00591] cos45°x

7/ 4(0.002m)°

r - 1
e+ T (0.002m)25.67 x 10 W T LK (300K}
(0.100m)" 4

g, = (36.2+0.19 + 1443) u¥ = 14796



