PROBLEM 12.2

K NOWN: A diffuse surface of area A; = 10“m? emits diffusely with total emissive power E = 5 x 10
W/

FIND: (a) Rate this emission isintercepted by small surface of areaA, =5 x 10™ m? at a prescribed
location and orientation, (b) Irradiation G, on A,, and (c) Compute and plot G, as afunction of the
separation distancer, for therange 0.25 < r, < 1.0 mfor zenith angles 6, = 0, 30 and 60°.

SCHEMATIC:
n, A, = 5x104 m?
A Ny, < K,/i §/>

7 6,=30°

.~ r,=05m
x /,/
A; =104 m? ‘
E, = 5x10% W/m2 @ 64 =60°
ASSUMPTIONS: (1) Surface A; emits diffusely, (2) A; may be approximated as a differential surface
areaand that Az/rz2 <<l

ANALYSIS: (a) Therate at which emission from A; isintercepted by A, follows from Eq. 12.5 written
on atotal rather than spectral basis.

d.2=le1(6,¢)ArcosGd 1. (1)
Since the surface A; is diffuse, it follows from Eq. 12.13 that
le1(6,9)=1lg1=Eq/m. @

The solid angle subtended by A, with respect to A is

dwo_1 = AoltosB) / r22 : (3

Substituting Egs. (2) and (3) into Eq. (1) with numerical values gives

A,cosf, 5x10% W/m2

B E‘L: x10™*m? xcos30° 5
01,2 =—[Acosf
s

Usr (4)

5  (osm)* H

oy » =15,915W/ m%r x(s x107° m2) x1.732 x10 s =1.378 10 W . <

X (10_4 m?2 xcos60° ) x
r22 TSt

(b) From section 12, 2.3, theirradiation is the rate at which radiation is incident upon the surface per unit
surface area,

G_o 1378x107°wW

A2 5x1074m?
(c) Using the IHT workspace with the foregoing equations, the G, was computed as a function of the
separation distance for selected zenith angles. The results are plotted below.

G, = =2.76W/m? 5 <

Continued...



PROBLEM 12.2 (Cont.)
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For all zenith angles, G, decreases with increasing separation distancer, . From Eg. (3), note that duy.4
and, hence G,, vary inversely as the square of the separation distance. For any fixed separation distance,
G, isamaximum when 6, = 0° and decreases with increasing 6,, proportional to cos 6,.

COMMENTS: (1) For adiffuse surface, theintensity, |, isindependent of direction and related to the
emissive power as | = E/ T Note that Tthas the units of [sr] in thisrelation.

(2) Note that Eqg. 12.5 is an important relation for determining the radiant power leaving a surfacein a
prescribed manner. It has been used here on atotal rather than spectral basis.

(3) Returning to part (b) and referring to Figure 12.10, the irradiation on A2 may be expressed as
A
Gy = li,2 00892%891
2

Show that the result is G = 2.76 Wi/m?, Explain how this expression follows from Eq. (12.15).



PROBLEM 129
KNOWN: Emissive power of a diffuse surface.
FIND: Fraction of emissive power that leaves surface in the directionsp/4 £ g £ p/2and0 £ £ p.
SCHEMATIC:

k.Di ffuse emitting surface

ASSUMPTIONS: (1) Diffuse emitting surface.
ANALYSIS: According to Eq. 12.12, the total, hemispherical emissive power is

¥ 2p p/2 :
E=qQ (ap Qf | e(l,q,f )cosgsingdqdf di .
For adiffuse surface || ¢ (I, g, f ) isindependent of direction, and as given by Eq. 12.14,
E=ple

The emissive power, which has directions prescribed by the limitson qand f , is

DE = @ I e dI eéde /ArcosqsquqbI

2P \
DE =Ig[f ]'8 e—u Ie[p]%(l- 0.7072)§
b /a
DE =0.25p | .
It follows that
DE _025ple _ 55, <
E ple

COMMENTS: The diffuse surface is an important concept in radiation hesat transfer, and the
directiona independence of the intensity should be noted.



PROBLEM 12.10
KNOWN: Spectral distribution of E, for a diffuse surface.

FIND: (a) Total emissive power E, (b) Total intensity associated with directions ® = 0° and 6 = 30°,
and (c) Fraction of emissive power leaving the surfacein directions 74 < 6 < 172.

SCHEMATIC:

A
200 F
E)
(W/m2eum)
100 }
: : > A (um
0 5 10 15 20 (wm)

ASSUMPTIONS: (1) Diffuse emission.
ANALYSIS: (a) From Eqg. 12.11 it follows that

E= [ ExA) =J'§(O) i +f510(100) i +I11§(200) R, +1125°(100) d -+ Ok

E = 100 W/m? [@m (10 - 5) um + 200W/m? [m (15 - 10) pm + 100 W/m? [im (20-15) pm

E = 2000 W/ <
(b) For adiffuse emitter, | isindependent of 8 and Eq. 12.14 gives

_E_ 2000W,/ m?
° IS S
lo =637 W/ m2tr <
(c) Sincethe surfaceisdiffuse, use Egs. 12.10 and 12.14,
2m /2 .
E(/4 - 12) =.[0 Im4 lecos@sinf@dOdy
E g

/2 . 21 12
E(n/4 - 12) =In/4 cosf'sinfdof " dg :ig-nzeg (p‘gn
E T mH 2 @n/4

E(/4-m2) _10L .o - 2. [_ <
= ng(l 0.707%)(2m O)E 0.50

COMMENTS: (1) Note how a spectral integration may be performed in parts.

(2) In performing the integration of part (c), recognize the significance of the diffuse emission
assumption for which the intensity isuniformin al directions.



PROBLEM 12.16

KNOWN: Isothermal enclosure of surface area, Ag, and small opening, A, through which 70W
emerges.

FIND: (8 Temperature of the interior enclosure wall if the surface is black, (b) Temperature of the
wall surface having e = 0.15.

SCHEMATIC:

ASSUMPTIONS: (1) Enclosureisisothermd, (2) Ay << As.

ANALYSIS: A characteristic of an isothermal enclosure, according to Section 12.3, is that the radiant
power emerging through a small aperture will correspond to blackbody conditions. Hence

4
drad =AoEb(Ts)=A 05 Ts
where (4 IS the radiant power leaving the enclosure opening. That is,

1/4 1/4

5 & 0
To=orad D oW - = 498K. <

Recognize that the radiated power will be independent of the emissivity of the wall surface. Aslong as
Ao << Ag and the enclosure is isothermal, then the radiant power will depend only upon the
temperature.

COMMENTS: Itisimportant to recognize the unique characteristics of isothermal enclosures. See
Fig. 12.12 to identify them.



PROBLEM 12.20
KNOWN: Various surface temperatures.

FIND: (& Waveength corresponding to maximum emission for each surface, (b) Fraction of solar
emission in UV, VIS and IR portions of the spectrum.

ASSUMPTIONS: (1) Spectra distribution of emission from each surface is approximately that of a
blackbody, (2) The sun emits as a blackbody at 5800 K.

ANALYSIS: (a) From Wien'slaw, Eq. 12.27, the wavelength of maximum emission for blackbody
radiation is

_ C3_ 2897.6 nmxK

| oy = =3 = £920.0 MR
max— "t T

For the prescribed surfaces

Hot Cool
Surface Sun Tungsten metal in  metal
(5800K) (2500K) (1500K) (305K) (60K)
| max(Mm) 0.50 1.16 1.93 950 483 <

(b) From Fig. 12.3, the spectral regions associated with each portion of the spectrum are

Spectrum Wavelength limits, mm
uv 0.0-04
VIS 0.4-0.7
IR 0.7 -100
For T = 5800K and each of the wavelength limits, from Table 12.1 find:

| (mm) 102 04 07 10

| T(mmK) 58 230 4060 58  10°

Foe1) 0 0125 0491 1

Hence, the fraction of the solar emission in each portion of the spectrum is:
Fuy =0.125-0=0.125 <
Fvis=0.491 —-0.125 = 0.366

Fir = 1—0.491 = 0.509. <

COMMENTS: (1) Spectra concentration of surface radiation depends strongly on surface
temperature.

(2) Much of the UV solar radiation is absorbed in the earth’ s atmosphere.



PROBLEM 12.32

KNOWN: Metallic surface with prescribed spectral, directional emissivity at 2000 K and 1 pum (see
Example 12.6) and additional measurements of the spectral, hemispherical emissivity.

FIND: (a) Total hemispherical emissivity, €, and the emissive power, E, at 2000 K, (b) Effect of
temperature on the emissivity.

SCHEMATIC:
A

0a| A 5l18m2000K) =036

\ €1

02} £y =0.2

&

1 1 1 =
>

0 1 2 3 4 A (um)
ANALYSIS: (@) Thetotal, hemispherical emissivity, €, may be determined from knowledge of the
spectral, hemispherical emissivity, €, , using Eq. 12.38.

. Exp(A, T)dA Exp@ )
M=, gA(/\)EA,b(/\,T)dA/Eb(T):£1I§um "’ETwz ;ﬁ,: “;T

or from Egs. 12.28 and 12.30,

e(T) = &R0 a) €2 Ho-42) ~Ro-apH

From Table 12.1,
M=2um, T=2000K: MT =4000um K, Fo- ) =0481

Ao =4pum, T=2000K: A,T =8000umIK, F(oq)\z) =0.856
Hence,

£(T) = 0.36x0.481 +0.20(0.856 —0.481) = 0.25 <

From Egs. 12.28 and 12.37, the total emissive power at 2000K is
E(2000 K) = € (2000 K) [E;, (2000 K)

E(2000 K) = 0.25%5.67 x10 8 W/m2K # x(2000 K)* =2.27 x10° W/m? . <
(b) Using the Radiation Toolpad of IHT, the following result was generated.

0.4

0.3

0.2

Emissivity, eps

0.1

500 1000 1500 2000 2500 3000

Surface temperature, T(K)

Continued...



PROBLEM 12.32 (Cont.)

At T =500 K, most of the radiation is emitted in the far infrared region (A > 4 um), in which case € =0.

With increasing T, emission is shifted to lower wavelengths, causing e toincrease. AST - o, € -
0.36.

COMMENTS: Note that the value of €, for 0 <A < 2 um cannot be read directly fromthe ¢

distribution provided in the problem statement. Thisvalueis calculated from knowledge of €) g (6) in
Example 12.6.



PROBLEM 12.35
KNOWN: Directiona emissvity, ey, of a selective surface.

FIND: Ratio of the normal emissvity, ey, to the hemispherica emissvity, e.
SCHEMATIC:

A
—a
08 ©
-17|4

0.3 >Ee

ASSUMPTIONS: Surfaceisisotropicin f direction.
ANALYSIS: From Eq. 12.36 written on atotal, rather than spectral, basis, the hemispherical
emissvity is
12 :
e= 2(5 &y (9)cosqsinqda.

Recognizing that the integral can be expressed in two parts, find

Ap/a . /2 : )
ezzgé e(q)cosqsquq+§/4e(q)cosqsquqa

L., P/4 . p/2 . U
e-ZgO.SQ cosg Sing dg +0'39/4 cosqg sing quI

H 2 T 2
p/a
sin O.3S|n q

0 2

/2U
q pr2

é
e=260.8

W
e= 2%.8%(0.50- 0)+03’ %(1- 0.50)Y= 0.550.

& H
Theratio of the normal emissivity (ey,) to the hemispherical emissvity is
en_ 08 _
e 0550

COMMENTS: Note that Eq. 12.36 assumes the directional emissivity is independent of the f
coordinate. If thisis not the case, then Eq. 12.35 is appropriate.

p/4H



PROBLEM 12.37
KNOWN: Incandescent sphere suspended in air within a darkened room exhibiting these
characterigtics:
initially: brighter around the rim
after sometime: brighter in the center

FIND: Plausible explanation for these observations.

ASSUMPTIONS: (1) The sphereisat auniform surface temperature, Te.

ANALYSIS: Recognize that in observing the
sphere by eye, emission from the central region
isin anearly normal direction. Emission from
the rim region, however, has alarge angle from

the normal to the surface. @

il

Note now the directional behavior, eq, for conductors and non-conductors as represented in Fig. 12.17.

Assume that the sphere is fabricated from a metallic material. Then, the rim would appear brighter
than the central region. Thisfollows since e is higher a higher angles of emission.

If the metallic sphere oxidizes with time, then the ey characteristics change. Then eq a small angles of
g become larger than at higher angles. Thiswould cause the sphere to appear brighter at the center
portion of the sphere.

COMMENTS: Sincethe emissvity of non-conductors is generally larger than for metallic materials,
you would also expect the oxidized sphere to appear brighter for the same surface temperature.



PROBLEM 12.44

KNOWN: Temperature and spectral emissivity of small object suspended in large furnace of prescribed
temperature and total emissivity.

FIND: (a) Total surface emissivity and absorptivity, (b) Reflected radiative flux and net radiative flux to
surface, () Spectral emissive power at A = 2 um, (d) Wavelength Ay, for which one-half of total
emissive power isin spectral region A = Ay,.

SCHEMATIC:

| 7;=2000K,
Sf 0.2

T, =400 K

ASSUMPTIONS: (1) Surfaceis opaque and diffuse, (2) Walls of furnace are much larger than object.
ANALYSIS: (a) The emissivity of the object may be obtained from Eq. 12.38, which is expressed as

IO SA E}\ b /\ TS)dA D
£(Ts)= Ep (T) =& H:(O—»Sum) _F(Oalum)g"'sZDl Ho- SumE

where, with A, Ts = 400 pmK and A, Ts = 1200 umiK, Fp_1,m = 0 and F(0_> 3um) = 0.002. Hence,
& (Ts) = 0.7(0.002) +0.5(0.998) =0.500 <
The absorptivity of the surface is determined by Eq. 12.46,

_j a (A ) _[UAQ\)EAbQ‘ T )

Io G, /\)d)\ Ep (Tr )

Hence, with A;T; = 2000 umiK and A;T; = 6000 umiK,, Fio_ym = 0.067 and F(g _ 3m) =0.738. It
follows that

a =a1 o 3um) ~Fo - 1um)H*a2H Ko aum}] =07 x0.671 +05 x0.262 =0.601 <
(b) The reflected radiative flux is
Gres = PG = (1-a)Ep (T; ) =0.399 x5.67 x10~ 8 W/m? K* (2000k )* =3.620 a0®w/m? <
The net radiative flux to the surface is

Orad =G ~ PG —€Ep (Ts) =aEp (T; ) ~€Ep (Ts)

Qe = 567108 W/ m?K* £9.601(2000K )* ~0.500(400K )*H=5.438 x10° W/ m® <

(c) At A =2 pm, ATs= 800 K and, from Table 12.1, I, 5(A,T)/0T> = 0.991 x 107 (umK Sr)™. Hence,
Continued...



PROBLEM 12.44 (Cont.)

24
s W/ m’K* x(400K )° =0.0575
pHm K Csr m? (um &

I p =0.991x10"" x5.,67 x10
Hence, with E, = E)\E)\,b = E)\T[I)\,b,

E, =0.7(7sr)0.0575W,/m? [um & =0.126W/m? (um <
(d) From Table 12.1, F_ = 0.5 corresponds to ATs = 4100 um(K, in which case,

M2 = 4100 um K /400K =10.3um <

COMMENTS: Because of the significant difference between T; and T, o # €. Withincreasing Ts —
Tt, € would increase and approach a value of 0.601.



PROBLEM 12.50
KNOWN: Spectra distribution of the absorptivity and irradiation of a surface at 1000 K.

FIND: (&) Tota, hemispherical absorptivity, (b) Tota, hemispherical emissvity, (¢) Net radiant flux to
the surface.

SCHEMATIC:
Ga
06 5000

—t>A ———4+—=> (|

0 2 4 ¢ 0 4 )

ASSUMPTIONS: (1)a; =¢.
ANALYSIS: (a) From Eq. 12.46,

Q al G q errma| G d +c‘§mna| G dl +(‘fmna| G| dl

Q Gl d Qf”m G d +Q4”m G d +c‘f”m G d
0" 1/2(2- 0)5000+0.6(4- 2)5000+0.6" 1/2(6- 4)5000

=T 172(2- 0)5000+ (4- 2)(5000)+1/2(6- 4)5000

- 9000 = 0.45. <
20,000

(b) From Eq. 12.38,
¥ 2mm ¥
A € E pd  Og¢ El pdl 06aQ E| pdl
_ Q ° Hb _ Q I ,b N Q Elb
Ep Ep Ep

e =0.6F2mme ¥) =068~ Fop2mm)
From Table 12.1, with | T=2mm” 1000K = 2000 nmX, find Fg® 2 mm) = 0.0667. Hence,
e=0.6[1- 0.0667] =0.56. <
(c) The net radiant heat flux to the surfaceis

dfbd,net =aG- E=aG- es T4

Ot et = 0.45(20,000W/m2) - 056" 5.67" 10" 8W/m?>K*” (1000K)*

Ot net = (9000- 31,751) W/m? =- 22,751W/m?, <



PROBLEM 12.53
KNOWN: Spectral emissivity of an opaque, diffuse surface.

FIND: (a) Total, hemispherical emissivity of the surface when maintained at 1000 K, (b) Total,
hemispherical absorptivity when irradiated by large surroundings of emissivity 0.8 and temperature 1500
K, (c) Radiosity when maintained at 1000 K and irradiated as prescribed in part (b), (d) Net radiation
flux into surface for conditions of part (c), and (€) Compute and plot each of the parameters of parts (a)-
(c) asafunction of the surface temperature T for the range 750 < Ts< 2000 K.

SCHEMATIC:

0.8 - 87\’,1

Er

od
03 F A2

A
' >).(um)
0 6

ASSUMPTIONS: (1) Surfaceisopaque, diffuse, and (2) Surroundings are large compared to the
surface.

ANALYSIS: (a) When the surfaceis maintained at 1000 K, the total, hemispherical emissivity is
evaluated from Eq. 12.38 written as

£ :J'goe)\ Ex,b(T)dA/Ep (T) =€, ,1J'é‘1 Ej p(T)dA/Ep (T) +&) ZI;LE’\ (T /Ep(T)

£ =€) 1Ro-AT) t81 ,2L-RoA;T))
wherefor AT = 6um x 1000 K = 6000umlK, from Table 12.1, find Fy— 1 =0.738. Hence,

€ = 0.8x0.738 + 0.3(1 - 0.738) = 0.669. <

(b) When the surface isirradiated by large surroundings at Tg, = 1500 K, G = Ey(Taw).
From Eqg. 12.46,

(o0} 00 00
a =J'0 a)G, dA .[0 Gy A :.IO €2 Ex b (Tsur) A /Ep (Teyr)
a= 8)\ ,lF(O_AngJr) +£/\ 12(1 _F(O_A]_T&Jr))
wherefor A Ter = 6 umx 1500 K = 9000 umiK,, from Table 12.1, find Fg- 1) =0.890. Hence,

o = 0.8x0.890 + 0.3 (1 - 0.890) = 0.745. <
Notethat a, =¢, for al conditions and the emissivity of the surroundings isirrelevant.

(c) Theradiosity for the surface maintained at 1000 K and irradiated asin part (b) is

J = eE(T)+pG = eEx(T) + (1 — a)Ep(Tsw)
J = 0.669 x 5.67 x 10°® W/m? [K* (1000 K)* + (1 — 0.745) 5.67 x 10°® W/m* [K* (1500 K)*
J = (37,932 + 73,196) W/m? = 111,128 W/n? <

Continued...



PROBLEM 12.53 (Cont.)

(d) The net radiation flux into the surface with G = 0Ty, is J
pG ¢k
Q' reain = 5.67 x 108 W/IM® & (1500 K)* - 111,128 WIN? ™ iy
q"raain = 175,915 W/m?. <

(e) Theforegoing equations were entered into the IHT workspace along with the IHT Radiaton Tool,
Band Emission Factor, to evaluate F,_,, values and the respective parameters for parts (a)-(d) were

computed and are plotted below.

0.9
[
5 0.8
K : —
5
® 0.7 =]
o
(]

0.6 [

05

500 1000 1500 2000

Surface temperature, Ts (K)

—6— Emissivity, eps
— Absorptivity, alpha; Tsur = 1500K

Note that the absorptivity, a =a (@, Tgyr) , remains constant as Ts changes since it is a function of

ay (orey) and Tsur only. Theemissivity € = &(g), Tg) isafunction of Tsand increasesas Ts
increases. Could you have surmised as much by looking at the spectral emissivity distribution? At what
conditionise = a?

1E6

500000

J or g"radin (W/m"2)

\s\

500 1000 1500 2000
Surface temperature, Ts (K)

-5ES5

Radiosity, J (W/m”2)
—&— Net radiation flux in, g"radin (W/m"2)

The radiosity, J; increases with increasing T, since E,(T) increases markedly with temperature; the
reflected irradiation, (1 - a)Ey(Ty) decreases only dlightly as T increases compared to Ey(T). SinceGis
independent of T, it follows that the variation of qyaq iy Will be due to the radiosity change; note the

sign difference.

COMMENTS: Wedidn't use the emissivity of the surroundings (¢ = 0.8) to determine the irradiation
onto the surface. Why?



	Problems 12.1-12.25
	12.1
	12.2
	12.003
	12.004
	12.005
	12.6
	12.007
	12.8
	12.9
	12.10
	12.11
	12.12
	12.13
	12.14
	12.15
	12.16
	12.17
	12.18
	12.19
	12.20
	12.21
	12.22
	12.23
	12.24
	12.25

	Problems 12.26-12.50
	12.26
	12.27
	12.28
	12.29
	12.30
	12.31
	12.32
	12.33
	12.34
	12.35
	12.36
	12.37
	12.38
	12.39
	12.40
	12.41
	12.42
	12.43
	12.44
	12.45
	12.46
	12.47
	12.48
	12.49
	12.50

	Problems 12.51-12.75
	12.51
	12.52
	12.53
	12.54
	12.55
	12.56
	12.57
	12.58
	12.59
	12.60
	12.61
	12.62
	12.63
	12.64
	12.65
	12.66
	12.67
	12.68
	12.69
	12.70
	12.71
	12.72
	12.73
	12.74
	12.75

	Problems 12.76-12.100
	12.76
	12.77
	12.78
	12.79
	12.80
	12.81
	12.82
	12.83
	12.84
	12.85
	12.86
	12.87
	12.88
	12.89
	12.90
	12.91
	12.92
	12.93
	12.94
	12.95
	12.96
	12.97
	12.98
	12.99
	12.100

	Problems 12.101-12.125
	12.101
	12.102
	12.103
	12.104
	12.105
	12.106
	12.107
	12.108
	12.109
	12.110
	12.111
	12.112
	12.113
	12.114
	12.115
	12.116
	12.117
	12.118
	12.119
	12.120
	12.121
	12.122
	12.123
	12.124
	12.125

	Problems 12.126-12.142
	12.126
	12.127
	12.128
	12.129
	12.130
	12.131
	12.132
	12.133
	12.134
	12.135
	12.136
	12.137
	12.138
	12.139
	12.140
	12.141
	12.142


