PROBLEM 13.1

KNOWN: Various geometric shapesinvolving two areas A1 and Ao.

FIND: Shapefactors, F12 and Foq, for each configuration.

ASSUMPTIONS: Surfaces are diffuse.

ANALYSIS: Theanalysisisnot to make use of tables or charts. The approach involves use of the
reciprocity relation, Eq. 13.3, and summation rule, Eq. 13.4. Recognize that reciprocity applies to two
surfaces; summation applies to an enclosure. Certain shape factors will be identified by inspection.
Note L isthe length normal to page.

(&) Long duct (L): By inspection, =1.0 <
R 2
A
¢ A By reciprocity, F, -ﬂﬁ S 2RL 0= o4 <
CAT A, B @R 3m
A_gpe
(b) Small sphere, A1, under concentric hemisphere, As, where A, = 2A
A, Summation rule Rq1+FRo+R3 =1
A, But F1» = F13 by symmetry, hence F1» = 0.50 <
\ I
\ / . . Al Al
N / By reciprocity, =—L1R, =—1x05=025 <
\‘J—’_As y reciprocity 1 A, F2 27,
(c) Long duct (L):
R <
. . A 2RL 2
Az By reciprocity, Py =—LRy=——x10===0637 <
A A2 TRL T
1
Summation rule, Fyp =1-F» =1-0.64 =0.363. <
By inspection,
Ro =10
(d) Long inclined plates (L):
As Summation rule R1+Ro+hR3 =
) 1th2+h3 =1
T X Az ’
10cm A But F1» = F13 by symmetry, hence F1» = 0.50 <
Z ! By reciprocity Py = A1 Ao = 0L L 05=0707. <
y 1=— PR =——(—— o =U. .
le—20cm—> Az 7 10(2)Y2L
(e) Sphere lying on infinite plane
_____ _ _&s Summation rule, Fii1tFio+Fi3=1
AlQ/— A‘1 But F12 = F13 by symmetry, hence F1o = 0.5 <
. . A .
By reciprocity, Fp = A—lF_LZ ~ 0since Ay — o, <
2

Continued .....



PROBLEM 13.1 (Cont.)

(f) Hemisphere over adisc of diameter D/2; find also F2o and Fos.

A, Az By inspection, F1, = 1.0
A Summation rule for surface Az iswritten as

D/Z e | N F31 + B + 3 =1. Hence, F3, =1.0.
By reciprocity, Fo3 = As Fap
A2
2 n(D/2)%8 o2
F23=%”Z - (4 ) D/”S E10:0.375.
J *H
. AL EInEDDZ nDZH
By reciprocity, =—= ><1.0 =0.125.
F1 A, Fo = 2 E_E
Summation rule for A, H1+Fo +Hg =1or

Fop =1-Fy1 —Fy3 =1-0.125 -0.375 =0.5.

Note that by inspection you can deduce F»> = 0.5
(g) Long open channel (L):

I‘—Zm —> Summation rule for A
Az R1+ho +h3 =0
17” /\_AS
!
A

but F12 = F13 by symmetry, hence F12 = 0.50.

By reciprocity [ —Fl —2X—L _4 x0.50 =0.637
! YUa, BT em)iaxe o

COMMENTS: (1) Note that the summation rule is applied to an enclosure. To complete the
enclosure, it was necessary in several cases to define athird surface which was shown by dashed
lines.

(2) Recognize that the solutions follow a systematic procedure; in many instancesit is possible to
deduce a shape factor by inspection.



PROBLEM 13.2

KNOWN: Geometry of semi-circular, rectangular and V grooves.
FIND: Eag View factors of grooves with respect to surroundings, (b) View factor for sides of V

groove, (c) View factor for sides of rectangular groove.
SCHEMATIC:
A
fxts—w
A |
z‘& A -A
1 2
P\ ow gy
A
—'A3

As=A,=Wp2+sine

ASSUMPTIONS: (1) Diffuse surfaces, (2) Negligible end effects, “long grooves’.

ANALYSIS: (a) Consider aunit length of each groove and represent the surroundings by a
hypothetical surface (dashed line).

Semi-Circular Groove:

Ao W
=1 =< = x1
P1=1 F12 Ay P1 (7'[W/2)
Fo=2/m <
Rectangular Groove:
Ay W
F =1 == F = x1
4(123) =t 123)4 Ap+A, +As 023 THiwH
F(l213)4:W/(W+2H). <
V Groove:
_q __A3 _ w
Fa(1.2) =1 W23~ A v A, L2 " Wiz, Wiz
snfé sn@
F(l2)3 =gné.
(b) FromEgs. 13.3and 134, FHo=1-HR3=1 —2—‘;’ 1.
From Symmetry, F31=1/2.
W 1 .
H , =]-—"" @ x= or =1-sné. <
oo 12 =1 2)7sine <2 2
(c) From Fig. 13.4, with X/L = H/W =2 and Y/L - oo,
F2 =0.62. <

COMMENTS: (1) Notethat for the V groove, F13 = F23 = F(1,2)3 =sing, (2) In part (c), Fig. 13.4
could also be used with Y/L = 2 and X/L = . However, obtaining the limit of Fjj as X/L - oo from
the figure is somewhat uncertain.



PROBLEM 13.3

KNOWN: Two arrangements (a) circular disk and coaxial, ring shaped disk, and (b) circular disk
and coaxial, right-circular cone.

FIND: Derive expressions for the view factor F1» for the arrangements (@) and (b) in terms of the
areas A1 and A, and any appropriate hypothetical surface area, aswell asthe view factor for coaxial

parallel disks (Table 13.2, Figure 13.5). For the disk-cone arrangement, sketch the variation of F12
with 6 for 0< 6 < 12, and explain the key features.

SCHEMATIC:
\;AZ AZ
6 Ay
A3 j. /7A1
(b)

(a)

ASSUMPTIONS: Diffuse surfaces with uniform radiosities.

ANALYSIS: (a) Define the hypothetical surface As, a co-planar disk inside thering of A1. Using
the additive view factor relation, Eq. 13.5,

A3 R13 =A1F2 +AzFs2
F2 = Ail [A(l,S) R13 ~A3 Fsz] <

where the parenthesis denote a composite surface. All the Fjj on the right-hand side can be evaluated
using Fig. 13.5.

(b) Define the hypothetical surface A3, the disk at the bottom of the cone. The radiant power leaving
Ao that isintercepted by A can be expressed as

F21=F3 D
That is, the same power also intercepts the disk at the bottom of the cone, A3. From reciprocity,
A1k =A2 )
and using Eq. (1),
A
F2 =2 Fos <
1

The variation of Fq2 asafunction of 8 is shown below for the disk-cone arrangement. In the limit
when 8 — 172, the cone approaches adisk of areaAz. That s,
F2 (6 - m/2)=F3

When 8 - 0, the cone area A» diminishes so that

N

Fis |-

o
v
D

0 /2



PROBLEM 134

KNOWN: Right circular cone and right-circular cylinder of same diameter D and length L
positioned coaxially adistance L, from the circular disk A1; hypothetical area corresponding to the
openingsidentified as As.

FIND: (a) Show that F»q = (A1/A2) F13 and Fo> = 1 - (A3/A2), where F13 isthe view factor between
two, coaxia parallel disks (Table 13.2), for both arrangements, (b) Calculate Fo1 and Fos for L =Lg =
50 mm and D1 = D3 = 50 mm; compare magnitudes and explain similarities and differences, and (c)
Magnitudes of F»1 and F»» asL increases and all other parameters remain the same; sketch and
explain key features of their variation with L.

SCHEMATIC:

D,

(a) Right-circular cone (b) Right-circular cylinder
ASSUMPTIONS: (1) Diffuse surfaces with uniform radiosities, and (2) Inner base and lateral
surfaces of the cylinder treated as asingle surface, Ao.
ANALYSIS: (&) For both configurations,
Fi3=F2 1)

since the radiant power leaving A1 that isintercepted by Az islikewise intercepted by As. Applying
reciprocity between A1 and Ao,

A1F2=A2 R )
Substituting from Eq. (1), into Eq. (2), solving for F»q, find

F1= (A1/Ap)F2 =(A1/A2)Ri3 <
Treating the cone and cylinder as two-surface enclosures, the summation rule for A is

Fo+F3=1 3)

Apply reciprocity between A, and Az, solve Eq. (3) to find
P22 =1-F3 =1-(A3/A2)F3
and since F3> =1, find

Fo=1-A3/A5 <

Continued .....



PROBLEM 13.4 (Cont.)

(b) For the specified values of L, Ly, D1 and Do, the view factors are calculated and tabulated bel ow.
Relations for the areas are:

. 2 2 2\V2 2
Disk-cone: A1=mnDi/4 Ao = 7TD3/2(L +(D3/2) ) Az=T1D3/4

Disk-cylinder: Aq=7D% /4 A, = D4/ 4+ Dl Ag = 1D%/4

The view factor F13 is evaluated from Table 13.2, coaxial parallel disks (Fig. 13.5); find F13 = 0.1716.

Fo1 F22
Disk-cone 0.0767 0.553
Disk-cylinder 0.0343 0.800

It follows that F»q is greater for the disk-cone (a) than for the cylinder-cone (b). That is, for (a),
surface A> seesmore of A1 and less of itself than for (b). Noticethat Fo» is greater for (b) than (a);
thisisaconsequence of Ao > Az 5.

(c) Using the foregoing equations in the IHT workspace, the variation of the view factors F»1 and Foo
with L were calculated and are graphed below.

Right-circular cone and disk Right-circular cylinder and disk,Lo =D =50 mm

1 |
| |
0.8 o 0.8
0.6 . 0.6 /
— |_|_T
- 0.4 7 0.4 /
0.2 # 0.2 )/k
\\ T~
0 0
0 40 80 120 160 200 0 40 80 120 160 200
Cone height, L(mm) Cone height,L(mm)
— F21 — F21
—— F22 ——F22

Note that for both configurations, when L = O, find that F»; = F13 = 0.1716, the value obtained for
coaxia parallel disks. AsL increases, find that Fo» — 1; that is, theinterior of both the cone and

cylinder see mostly each other. Notice that the changes in both Fo; and Foo with increasing L are
greater for the disk-cylinder; F»1 decreases while F»5 increases.

COMMENTS: From the results of part (b), why isn’'t the sum of Fo1 and F»7 equal to unity?



PROBLEM 135
KNOWN: Two paralel, coaxial, ring-shaped disks.
FIND: Show that the view factor F12 can be expressed as
o = o AL FiLa(24) ~A3 Faza) ~Aa(Fyns ~Fea))
A, 1103 13(24) 2,4) 4(1,3)
where all the Fig on the right-hand side of the equation can be evaluated from Figure 13.5 (see Table
13.2) for coaxial paralel disks.
SCHEMATIC:

ASSUMPTIONS: Diffuse surfaces with uniform radiosities.
ANALYSIS: Using the additive rule, Eg. 13.5, where the parenthesis denote a composite surface,

Fi2.4)=F2+F14

R2=F24) ~F4 )
Relation for F1(24): Using the additive rule

A1,3) A1,9)(2.4) =A1Fi2,4) *A3Fy24) (2)
where the check mark denotes a Fjj that can be evaluated using Fig. 13.5 for coaxial parallel disks.

Relation for F14: Apply reciprocity

A1Fi4=A4Fy €)
and using the additive rule involving F41,
A1Fa=Ay [F4(1,3) - I:43] (4)
Relation for F1o: Substituting Egs. (2) and (4) into Eq. (1),
A2 =4 A ~AsFy24) A4 (Fyrg) ~Faa)] <
A, 03 F1.3)(2.4) F32,4) 4(1,39)

COMMENTS: (1) The Fjj on the right-hand side can be evaluated using Fig. 13.5.

(2) To check the validity of the result, substitute numerical values and test the behavior at special
limits. For example, as Az, A4 — 0, the expression reduces to the identity F12 = Fq2.



PROBLEM 13.6
KNOWN: Long concentric cylinders with diameters D1 and D2 and surface areas A1 and Ao.

FIND: (a) Theview factor F12 and (b) Expressions for the view factors Fy» and F»1 in terms of the
cylinder diameters.

SCHEMATIC:

ASSUMPTIONS: (1) Diffuse surfaceswith uniform radiosities and (2) Cylinders are infinitely long
such that A1 and A, form an enclosure.

ANALYSIS: (@) View factor F1o. Sincetheinfinitely long cylinders form an enclosure with surfaces
A1 and Ao, from the summation rule on A4, Eq. 13.4,

F1t+ho =1 1)
and since A1 doesn't seeitself, F11 = 0, giving

Fo=1 <
That is, the inner surface views only the outer surface.

(b) View factors Fo> and F21. Applying reciprocity between A; and A, Eq. 13.3, and substituting
from Eq. (2),

A1R2=A2F ©)
Aq nDqL D1
== = - x]1=—= < (4
1 A, F12 7TDHL D, 4

From the summation rule on A, and substituting from Eq. (4),
FP1+Fo =1

Fpp =1-Fpy =1-0L <
D2



PROBLEM 13.7

KNOWN: Right-circular cylinder of diameter D, length L and the areas A1, A, and A3 representing
the base, inner lateral and top surfaces, respectively.

FIND: (a) Show that the view factor between the base of the cylinder and the inner lateral surface
has the form

Fo=2H {(u H2)1/2 —H}

whereH = L/D, and (b) Show that the view factor for the inner lateral surface to itself hasthe form

Fop =1+H —(1+H2)]j2

SCHEMATIC:

ASSUMPTIONS: Diffuse surfaces with uniform radiosities.

ANALYSIS: (a) Relation for F15, base-to-inner lateral surface. Apply the summation ruleto Ay,
noting that F11 =0

F1+F2+FH3=1
Fo=1-F3 (1)
From Table 13.2, Fig. 13.5, withi =1, = 3,

1 2 1/2

Fi3=7 {S—[Sz -4(D3/Dy) } } )
1+R 1 5

S=1+=—5° =5 +2=4H" +2 ©)

Rf R

where R =Rz =R =D/2L and H = L/D. Combining Egs. (2) and (3) with Eq. (1), find after some
manipulation

Continued .....



PROBLEM 13.7 (Cont.)

Fp =2 H[(1+H2)ﬂ2 —H} (4)
(b) Relation for Fop, inner lateral surface. Apply summation rule on A, recognizing that Foz = Fo1,

F1+Fp+h3 =1 Foo =1-2Fx (5)
Apply reciprocity between A1 and Ao,

F1=(A1/A2) Fi2 (6)

and substituting into Eg. (5), and using area expressions
Aq D 1

=1-2 —= =1-2 — =1-—— 7

F22 A, F12 a2 TR )

where A1 = TD%/4 and A» = TDL .

Substituting from Eq. (4) for F12, find

52:1—%2 H[(1+H2)]J2 —H}:1+H—(1+H2)1/2 <



PROBLEM 13.8
KNOWN: Arrangement of plane parallel rectangles.

FIND: Show that the view factor between A1 and A, can be expressed as

1

F12 = 2—A1[A (1.4) T1.4)(23) ~A1h3 ~Ag Fa2

where all Fjj on the right-hand side of the equation can be evaluated from Fig. 13.4 (see Table 13.2)
for aligned parallel rectangles.

SCHEMATIC:

()

@

ASSUMPTIONS: Diffuse surfaces with uniform radiosity.

ANALYSIS: Usingthe additive rule where the parenthesis denote a composite surface,
A(1’4) F(l,4)(2,3) =A1 R3+A1 Ry +A4 Fy3 +A4 Fp2 D

where the asterisk (*) denotes that the Fjj can be evaluated using the relation of Figure 13.4. Now,
find suitable relation for F43. By symmetry,

43 =1 2

and from reciprocity between A1 and Ao,
A
Fa1= 1 P2 ©
2
Multiply Eqg. (2) by A4 and substitute Eq. (3), with Az = Ao,
_ N
AsFa3=Ay FZl_A4EFlZ =A1F2 (4)
Substituting for A4 F43 from Eg. (4) into Eq. (1), and rearranging,

1 * * *
F2 = 2A,0(14) F1.4)(23) ~A1 3 ~A4 Faog N



PROBLEM 13.9
KNOWN: Two perpendicular rectangles not having a common edge.

FIND: (a) Shape factor, F12, and (b) Compute and plot F12 as afunction of Zy, for 0.05< Zp < 0.4 m;
compare results with the view factor obtained from the two-dimensional relation for perpendicular
plates with a common edge, Table 13.1.

SCHEMATIC:

ASSUMPTIONS: (1) All surfaces are diffuse, (2) Plane formed by A1 + Agis perpendicular to plane
of Ao.
ANALYSIS: (@) Introducing the hypothetical surface A3z, we can write

P(31) =Fes +Fa1: (1)

Using Fig. 13.6, applicable to perpendicul ar rectangles with a common edge, find
Y 03 06 Z 02

=019: withY =03, X =05 Z=Z, -Z, =0.2, and — =—— =0.6, = =04
23 a b X 05 X 05
F2 =0.25: withY =0.3, X =05, Z, =04 andi—E =0.6 E—% =0.8
(3'1) S o A X 05 X 05 .
Hence from Eq. (1)
1= F2(3_1) -3 =0.25-0.19 =0.06
By reciprocity,
2
Ro = ﬁle :—0'5x0'3m2 x0.06 =0.09 @ <
A 0.5x0.2m

(b) Using the IHT Tool — View Factors for Perpendicular Rectangles with a Common Edge and Egs.
(1,2) above, F12 was computed as a function of Z,,. Also shown on the plot below is the view factor

F3,1)2 for the limiting case Zy - Z,.

0.3

iT 0.2 o N S

12

o

5

8

= 0.1 —

L
o
0 0.1 0.2 0.3 0.4
Zb (m)

F12
—6— limit F(3,1)2 when Zb -> Za



PROBLEM 13.10

KNOWN: Arrangement of perpendicular surfaces without acommon edge.
FIND: (a) A relation for the view factor F14 and (b) The value of F14 for prescribed dimensions.

SCHEMATIC:

XK
L4 L1=L2=L4=W/Z
p— Ls=W
—

ASSUMPTIONS: (1) Diffuse surfaces.

ANALYSIS: (@) Todetermine F14, it isconvenient to define the hypothetical surfaces Ao and As.
From Eq. 13.6,

(A1+A2)F12)(34) =A1 Ri(34) +A2 Fa(34)

where F(1,2)(3,4) and Fx(3,4) may be obtained from Fig. 13.6. Substituting for A1 Fy(3 4) from Eg. 13.5
and combining expressions, find

A1 R(34) =A1 h3+A1L g

R4 = Ail HAL+A2)R12)(3.4) ~A1 Fi3 ~A2 B3 4)H

Substituting for A; F13 from Eg. 13.6, which may be expressed as
(A1+A2)R12)3 =A1 Rig +A2 Fos.
The desired relation is then
1
=— - - <
R4 ™ HAL+A2)R12)(3.4) +A2F23 ~(AL +A2)R1,2)3 ~A2 Fa(34)H

(b) For the prescribed dimensions and using Fig. 13.6, find these view factors:

Surfaces (1234 (YiX)="12 o1 (z/x) =537 g F12)(3.4) =022
Lo L3
Surfaces 23 Y/IX)==5=05 (z/X)==2= =0.28
rfaces (Y1x)=12=05 (2/X)=22 =1 Fos
Surfaces (1,2)3 (vix)=k2 oy (z/x) =58 o =0.20
! w w f12)s =0
_Lo _ _La+lg _ _

Surfaces 2(3,4) (Y/X) = ~0% (z/X)=——= =15, Fy(3.4) =031
Using the relation above, find

R4 = (WlL )[(WLl +WL,)0.22 +(WL5)0.28 -(WLq +WL,)0.20 <(WL,)0.3]]

1

F4 =[2(0.22) +1(0.28) -2(0.20) -1(0.31)] =0.01. <



PROBLEM 13.11
KNOWN: Arrangements of rectangles.
FIND: The shape factors, F1o.
SCHEMATIC:

ke3mde—6m—>]

----- 1
6757 2|1 4

%,;\3 1
N )

ASSUMPTIONS: (1) Diffuse surface behavior.

(3)

ANALYSIS: (@) Definethe hypothetical surfaces shown in the sketch as A3 and As. From the
additive view factor rule, Eg. 13.6, we can write
Vv Vv Vv
A(13) F(13)(2,4) =Ath2 +A1F14+A3F32 +AgRzy D
Note carefully which factors can be evaluated from Fig. 13.6 for perpendicular rectangles with a
common edge. (SeeV). It follows from symmetry that

Ath2 = AgFy3. )
Using reciprocity,
AsFa3=A3Ra,  then AR =AsRy. ©)
Solving Eq. (1) for F12 and substituting Eq. (3) for AsFay, find that
1
F2 = 2A; A (1.3)(1.3)(2.4) ~A1R4 ~AsFaaH (4)
Evaluate the view factors from Fig. 13.6:
Fij Y/X ZIX Fij
6 6
(1,3) (2,4) —=0.67 —=0.67 0.23
9 9
14 ) oy 0.20
6 6
32 L, o 0.14
3 3

Substituting numerical valuesinto Eq. (4) yields
_ 1 2 2 2
Fo _W Hex9)m*" x0.23-(6 x6)m* x0.20 (6 x38)m* »0.14-
m
R, = 0.038. <

Continued .....



PROBLEM 13.11 (Cont.)

(b) Define the hypothetical surface A3 and divide A2 into two sections, Aoa and Azg. From the

additive view factor rule, Eg. 13.6, we can write
v v
A1,3F(13)2 =Ath2 +AsR3(2a) *A3F3(2B)-

()

Note that the view factors checked can be evaluated from Fig. 13.4 for aligned, parallel rectangles.

To evaluate F3(2a), we first recognize arelationship involving F24y1 will eventually be required.

Using the additive rule again,
Vv
A2aR2a)(13) =A2a F(2a)t+A2aR2a)3:

Note that from symmetry considerations,
A2aR2a)(13) =A1h2

and using reciprocity, Eq. 13.3, note that
A2aFoa3 = Asfs(2a).

Substituting for AzF32a) from Eq. (8), Eq. (5) becomes

N v
A(1,3) F(13)2 = Ath2 *A2aR2a)3 A3 F3(2B).

Substituting for Ao Foa)3 from Eq. (6) using also Eq. (7) for Aza Foay(1,3) find that

v [] v U

A(13)F(13)2 =Ath2 + ﬁAlELZ —A2a I:(2A)1ﬁ+ A3 F3(2B)

and solving for F12, noting that A1 = Apop and A(1,3) = Az

O v v v o0
=—— [A5F o, +Aoa Fro v —AaF .
F2 =3 AL g*z (13)2 FA2a Foap ~A3 3(23)5
Evaluate the view factors from Fig. 13.4:
Fij X/L Y/L Fij
1 1.
(13) 2 1oy s 0.25
1 1
1 .
(2A)1 =) 95 05 o1
1 1
1 1
3(2B) Z=1 Z=1 0.20
1 1
Substituting numerical valuesinto Eqg. (10) yields
1
Ao = ————— H15x1.0)m? x025 +(05 x1)m? x0.11 ~(1 ¢)m? >0.207
2(05x1)m

F2 =0.23.

(6)

(7)

(8)

(9)

(10)



PROBLEM 13.12

KNOWN ed Two geometrical arrangements: (a) parallel plates and (b) perpendicular plates with a
common edge.
FIND: VIE%V factors using “ crossed-strings’ method; compare with appropriate graphs and analytical
expressions.
SCHEMATIC:

L=1m

C.—z -
be Az, AJ_7 aI tAz [AI o
le— wy=4m—> L=1m C’b|<'_-w1=4m——>|

(a) Parallel plates (b) Perpendicular plates with common edge
ASSUMPTIONS: Platesinfinite extent in direction normal to page.
ANALYSIS: The*crossed-strings’ method is
applicable

to surfaces of infinite extent in one direction having an
obstructed view of one another.

Fi2 = (/2w )[(ac +bd) - (ad +bc)].

() Parallel plates: From the schematic, the edge and diagonal distances are

2 2)1/2

ac:bd:(wl +L bc =ad =L.

With wq as the width of the plate, find

Ry = P Ez(wf +|_2)1/2 _z(L)E:ﬁgz(f +12)1/2 m-2(1 mg =0.781. <

Using Fig. 13.4with X/L =4/1=4 and Y/L = o, find F12 = 0.80. Also, using the first relation of
Table 13.1,
1/27]

/12
2
ﬁ:%vvi +WJ) +451 (W WJ) + E/ZWi
wherew; =w; =wq and W =w/L =4/1 =4, find

@4%)2 AHL H(a 4)2 D/2><4 =0.781.

(b) Perpendicular plates with acommon edge: From the schematic, the edge and diagonal distances
are

ac=wq bd =L adz(wf +L2) bc =0.

With wq as the width of the horizontal plates, find

1/2
R = (1/2w,) Ez(wl +L) _ﬁwf +'-2) +0@
/
Rp =(1/2x4 m) 54 +1)m —ﬁf +12)1 i +o@g:0.110. <

From the third relation of Table 13.1, withwj =w; =4 mandwj =L = 1m, find

N 120
FIJ = g+(wjlwi)—g+(wjlwl) Dl 0/2

U U

| 2t

=[1+(1/4)-2+(1/4 []/2 =0.110.
Rz =01 (1/4) - +(2/4)°H 0



PROBLEM 13.13
KNOWN: Parallel plates of infinite extent (1,2) having aligned opposite edges.

FIND: View factor F12 by using (a) appropriate view factor relations and results for opposing
parallel plates and (b) Hottel’ s string method described in Problem 13.12

SCHEMATIC:

ASSUMPTIONS: (1) Parallel planes of infinite extent normal to page and (2) Diffuse surfaces with
uniform radiosity.

ANALYSIS: From symmetry consideration (F12 = F14) and Eq. 13.5, it follows that
Rz =(1/2) fa(2,3.4) ~F3f]

where Az and A4 have been defined for convenience in the analysis. Each of these view factors can
be evaluated by the first relation of Table 13.1 for parallel plates with midlines connected
perpendicularly.

Fi3: W1=W1/L =2 Wo :W2/|_ =2
/2 1/2 1/2 1/2
Qw2 el B -w ol QeeP A R 2R
R3= = =0.618
2w, 2% 2
F1(2,3.4): Wy =wq/L=2 W(2’3,4) =3w,/L =6
/2 1/2
gro - Ho-2 o4
R(2,34) = %2 =0.944.
Hence, find  Fp =(1/2)[0.944 -0.618] =0.163. <
(b) Using Hottel’ s string method, g WIF2m b
Fiz = (11 207)[ (2 +bel) ~(ad +bc)] e
1/2 et T Ty
ac= (1+42) =4.123 & ozm
bd =1
1/2
ad = (12 +22) =2.236
bc = ad =2.236
and substituting numerical values find
Fo = (1/2x2)[(4.123 +1) -(2.236 +2.236)| =0.163. <

COMMENTS: Remember that Hottel’ s string method is applicable only to surfaces that are of
infinite extent in one direction and have unobstructed views of one another.



PROBLEM 13.14
KNOWN: Two small diffuse surfaces, A1 and Ao, on the inside of a spherical enclosure of radius R.

FIND: Expression for the view factor F12 in terms of Ao and R by two methods: (a) Beginning with
the expression Fjj = gjj/A; J; and (b) Using the view factor integral, Eq. 13.1.
SCHEMATIC:

ASSUMPTIONS: (1) Surfaces A and Ao arediffuseand (2) A1 and Ay << R%.

ANALYSIS: (@) Theview factor is defined as the fraction of radiation leaving A; whichis
intercepted by surface j and, from Section 13.1.1, can be expressed as

T

=—_ 1
A «y
From Eq. 12.5, the radiation leaving intercepted by A1 and A, on the spherical surfaceis
-2 =(J/m)Arcos @ [y 2
where the solid angle A, subtends with respect to A4 is
A2n Aocosh
(pq =5 =52 ®
r r
From the schematic above,
cosf; = cosbr r=2Rcosf; (4,5
Hence, the view factor is
= _(Jlln)AlcosQLmzcosezMchosq_ Ao <
= =
. Arh 4nR?
(b) The view factor integral, Eqg. 13.1, for the small areas A1 and Ay is
1 cos6y cosbr cos @) cos BHA »
=— ———=—<dAdA5 =
and from Egs. (4,5) above,
_ A2 <

rrR2
COMMENTS: Recognize the importance of the second assumption. We require that A1, Ao, << R2
so that the areas can be considered as of differential extent, A1 = dA4, and Ao = dAo.



PROBLEM 13.15

KNOWN: Disk A1, located coaxially, but tilted 30° of the normal, from the diffuse-gray, ring-shaped disk Ao.
Surroundings at 400 K.

FIND: Irradiation on A1, G1, dueto the radiation from Ao.

SCHEMATIC:
Az,T2_= 600K, 52_= 0,7

o A;,D,=
9é=30 - 1,14”7777

-A-L=lm A= \
oo =0

ASSUMPTIONS: (1) Az isdiffuse-gray surface, (2) Uniform radiosity over Ao, (3) The surroundings are large
with respect to Aq and Ao.

ANALYSIS: Theirradiationon A1 is
G1=0q21/A1 =(F1 [02A2)/ Ag D
where Jp isthe radiosity from A, evaluated as

4 4
Jp = £Ep o +P2Gp =£00T, +(1-£5)0Tgr

J, =0.7x5.67x10 8W/m? K4 (600 K)* +(1-0.7)5.67 x10 8w /m? ®* (400 K )*

J, =5144 +436 =5580 W /m?. )
Using the view factor relation of Eq. 13.8, evaluate view factors between A'l, the normal projection of A4, and
Azas

2 2
- 0.004 m -
3= ZD' > = ( . ) > =4.00x107°
Df +4L  (0.004 m)“ +4(1m)
and between A7 and (A2 + Ag) as
2 2
Dg 0.012 -
R(8)= 5 5= (2 ) > =360x107°
D2 +4L%  (0.012)% +4(1m)

giving Fr2 = Fr(2s) ~Fr3 =360X10™° ~4.0010° =320 1107,
From the reciprocity relation it follows that

For = AR 2/ Ay =(A1cos8;/Ay) Ry =3.20 1072 cosB; (Ag/ Ay). (3)
By inspection we note that all the radiation striking Aj_ will alsointercept Aq; that is

F1=Fr. 4
Hence, substituting for Egs. (3) and (4) for F»1 into Eq. (1), find

Gy = (3 20x107° cos6y (A1 /A5) xJy XAZ)/Al =3.20 x10 > cos6; I (5)

Gy =3.20x10™° cos(30°) x5580 W /m? =27.7 yW /m?, <

COMMENTS: (1) Note from Eg. (5) that G1 ~ cos81 such that G1is a maximum when A1 isnormal to disk As.



PROBLEM 13.16

KNOWN: Heat flux gauge positioned normal to a blackbody furnace. Cover of furnaceisat 350 K
while surroundings are at 300 K.

FIND: (@) Irradiation on gage, Gg, considering only emission from the furnace aperture and (b)
Irradiation considering radiation from the cover and aperture.

SCHEMATIC:

Furnace, Tg=1000K = .
B2 e To550K, 2002, D-ioomm
\-Aper"f‘ur'e, da=5'7—n'm Ga_uge, a’9=4;m/7E
pzzzzzzzZ) R=1m |

[ Iad “A

ASSUMPTIONS: (1) Furnace aperture approximates blackbody, (2) Shield is opague, diffuse and
gray with uniform temperature, (3) Shield has uniform radiosity, (4) Ag << R2, so that wy £ = Ag/RZ,
(5) Surroundings are large, uniform at 300 K.

ANALYSIS: (@) Theirradiation on the gauge due only to aperture emission is
4
UTf Ag
Gg =g _g/Ag :(le,f [A¢ cosbs |]<)g_f )/Ag :T A ER_Z/AQ
oTf' , _567x107°W/m? K* (1000 K)"*

Gg =1 A¢ - x(1/4)(0.005 m)? =3544 mw/m?. <
R (1 m)
(b) Theirradiation on the gauge due to radiation from the aperture (a) and cover (c) is
Fe—g LA
_ g e
Gg=Gg,at Aq
where F¢g and the cover radiosity are
2
D Ag
Fo-g =Fy-c(Ag/Ac)=—— B~ Jo =€cEp (Tc) +PcGe
o ~Foro(AglAc) 4R?+DZ Ac

but Gg = Epy (Tgyr) and pg =1-a¢ =1-e¢,J; =60 Te +(1 —€¢)oTay =(170.2 +387.4)W/m?,
Hence, theirradiation is
10 pg

Gy =Ggqg+—
979 R%2+DZ Ac

@%CJTC +(1-ec)oTdhAC

0
Gy =354.4 mwW / m? + 210
4%12 +0.102

5).2 x0(350)* +(1-0.2) x (300) *Ew /m?

Gy =354.4 MW/ m? +424.4 mW /m? +916.2 mW /m? =1 695 mW /m?2.

COMMENTS: (1) Note we have assumed As << A so that effect of the apertureis negligible. (2) In
part (b), theirradiation due to radi osty from the shield can be written also as Gg ¢ = Qc-¢/Ag =
(J/TO[A . o/Ag Where wy ¢ = Ag/R Thisis an excellent approximation since A << R".



PROBLEM 13.17
KNOWN: Temperature and diameters of acircular ice rink and a hemispherical dome.
FIND: Net rate of heat transfer to the ice due to radiation exchange with the dome.

SCHEMATIC:
Dome, D,=35m,,=15°C

Air‘, To

- T . 0
Ice rink, D;=25m,1,=0°C

1=

ASSUMPTIONS: (1) Blackbody behavior for dome and ice.
ANALYSIS: From Eg. 13.13 the net rate of energy exchange between the two blackbodiesis

— 4 4
421 = A2F210(T2 -1 )
From reciprocity, A> Fo1 = A1 F12 = (an / 4)1

AoFo1 = (11/4)(25 m)?1=491 m?.
Hence

U1 =491 m? (5.67 x1078W/m? [B(4) 3288 K)*-(273 K)‘E

Qo1 =3.69x10% W. <
COMMENTS: If theair temperature, T, exceeds T4, there will aso be heat transfer by convection

totheice. Theradiation and convection transfer to the ice determine the heat |oad which must be
handled by the cooling system.



PROBLEM 13.18
KNOWN: Surface temperature of a semi-circular drying oven.
FIND: Drying rate per unit length of oven.
SCHEMATIC:

T,=1200K, Ay=1mDf2 -L

—T;=325K, Ap=D-L
/4
l<——D=1m ——>

ASSUMPTIONS: (1) Blackbody behavior for furnace wall and water, (2) Convection effects are
negligible and bottom is insulated.

PROPERTIES: Table A-6, Water (325 K): hfg = 2.378x100J/ kg.
ANALYSIS: Applying asurface energy balance,
012 = Gevap = Mhig

where it is assumed that the net radiation heat transfer to the water is balanced by the evaporative heat
loss. From Eq. 13.13

_ 4 14
2 =A1 2 U(Tl -T, )

From inspection and the recipraocity relation, Eq. 13.3,

Ao DL
=< = x1=0.637.
2= 2 o)
Hence
4 _+4
.t _7D (Tl ‘Tz)
m:_:_Flzo'—

s W (1200K)-(325K)*
m2K?* 2378x100J/kg

., _m(1lm)
m = T x(0.637 x5.67 x10

or

m' =0.0492 kg/sm. <

COMMENTS: Air flow through the oven is needed to remove the water vapor. The water surface

temperature, T, is determined by a balance between radiation heat transfer to the water and the
convection of latent and sensible energy from the water.



PROBLEM 13.19

KNOWN: Arrangement of three black surfaces with prescribed geometries and surface temperatures.

FIND: (a) View factor F13, (b) Net radiation heat transfer from A1 to As.

SCHEMATIC:
A
r 2 A-005m2
L=2m As T;=1000K
Ts=500K
e -
D=3777 A1

ASSUMPTIONS: (1) Interior surfaces behave as blackbodies, (2) A> >> Aj.

ANALYSIS: (@) Definethe enclosure as the interior of the cylindrical form and identify Ag.
Applying the view factor summation rule, Eq. 13.4,

F1+h2+h3+hg =1 @
Note that F11 = 0and F14 =0. From Eq. 13.8,
)= 2D2 s= g?’m)z 5 =0.36. ©)
D+4L°  (3m)~ +4(2m)
From Egs. (1) and (2),
F3=1-F> =1-0.36 =0.64. <

(b) The net heat transfer rate from A1 to As follows from Eg. 13.13,
_ 4 4
m3=A1 k3 U(Tl _Tg)
13 = 0.05m? x0.64 x5.67 x10 oW /m? K* (10004 —5004) K4 =1700W. <

COMMENTS: Note that the summation rule, Eq. 13.4, applies to an enclosure; that is, the total
region above the surface must be considered.



PROBLEM 13.20
KNOWN: Furnace diameter and temperature. Dimensions and temperature of suspended part.
FIND: Net rate of radiation transfer per unit length to the part.
SCHEMATIC:

Tw=1000K,D=2m

T, =300 K ]i
A

ASSUMPTIONS: (1) All surfaces may be approximated as blackbodies.

ANALYSIS: From symmetry considerations, it is convenient to treat the system as a three-surface
enclosure consisting of the inner surfaces of the vee (1), the outer surfaces of the vee (2) and the
furnace wall (3). The net rate of radiation heat transfer to the part is then

3

h.2 = AR 0 (T ~Ta ) +As P 0 (T4 T4
From reciprocity,
A3R1 =A1R3=2L x0.5 =1Im
where surface 3 may be represented by the dashed line and, from symmetry, F13=0.5. Also,
A3z = A5 F3 =2L x1 =2m
Hence,
0.2 = (1+2)mx5.67 x10 8 W /m? [E(4(10004 —3004)K4 =169 0°W/m <

COMMENTS: With all surfaces approximated as blackbodies, the result is independent of the tube
diameter. Notethat F11 =0.5.



PROBLEM 13.21

KNOWN: Coaxial, parallel black plates with surroundings. Lower plate (A2) maintained at
prescribed temperature T, while electrical power is supplied to upper plate (A1).

FIND: Temperature of the upper plate T1.

SCHEMATIC:
JR=175W

- 300K %He#er
ur -
i Ay Dy=020m,T;

[=0.20m

i :Az, D,=040m, T,=500K

ASSUMPTIONS: (1) Plates are black surfaces of uniform temperature, and (2) Backside of heater
on A4 insulated.

ANALYSIS: The net radiation heat rate leaving A; is

N
4 -4 4 4
Pe= ajj :AlF_LzU(Tl —Tz) +A1F_LsU(T1 ‘Ts)
j=1
4 4 4 4
Fe =A10 aiz (Tl ‘T2)+F13 (Tl —Taur E (1

From Fig. 13.5 for coaxial disks (see Table 13.2),
Ri=r/L=010m/020 m =05 Ry =rp/L =0.20 m/0.20 m =1.0

2 2
1+R5 _, , 1+1

=9.0
Rl2 (05)°

S=1+

Y,
%2 (r2/0)°H a; %9%92 -4(02/00)% @ =0.469.

From the summation rule for the enclosure A1, A and Az where the last area represents the
surroundings with T3 = Ty,

Fo+R3=1 F3 =1-F, =1-0.469 =0531,
Substituting numerical valuesinto Eq. (1), with Aq = nDl /4 =3.142 %10 2m2
175 W =3.142x10"°m? x5.67 x10 Sw/m? K* 5)469( 500 )K
+ 0.531(T14 —~300 )K‘E
0.823x10° = 0.469(T14 —5004) +0.531(T14 —3004)

find by trial-and-error that Ty =456 K. <

COMMENTS: Notethat if the upper plate were adiabatic, T1 = 427 K.



PROBLEM 13.22
KNOWN: Tubular heater radiates like blackbody at 1000 K.
FIND: (a) Radiant power from the heater surface, A, intercepted by adisc, A1, at a prescribed

location qg_, 1; irradiation on the disk, G1; and (b) Compute and plot gs_, 1 and G1 as afunction of the
separation distance L1 for the range 0 < L1 < 200 mm for disk diameters D = 25, and 50 and 100 mm.

SCHEMATIC:
Ao e e Insulation

Heater surface
T =1000 K, A,
DZ =100 mm

Az

ASSUMPTIONS: (1) Heater surface behaves as blackbody with uniform temperature.

ANALYSIS: (a) Theradiant power leaving the inner surface of the tubular heater that is intercepted
by thedisk is

d2.1=(A2En2) P21 @
where the heater is surface 2 and the disk is surface 1. It follows from the reciprocity rule, Eqg. 13.3, that
A1
F1=—hp. )
A2

Define now the hypothetical disks, Az and Ag4, located at the ends of the tubular heater. By
inspection, it follows that

Ra=h2+h3 or h2 =h4 -h3

©)

where F14 and F13 may be determined from Fig. 13.5. Substituting numerical values, with D3 =Dy4 =
D2,
£=L1+L2= 200 _ L D3/2 :100/2 —0.25
rp Di/2 50/2 L Ly+Lo 200

F3=008  with

100 _, T} _Dg4l2 _100/2 _

- 0.5
50/2 L L 100

F4=020  with S—=_t1 =
i D1/2

Substituting Eqg. (3) into Eq. (2) and then into Eq. (1), theresult is
d2_1=A1(R4 —F3)Ep2

0 32 o, O §
Up1= gT(SOX1O 3) m?/47(0.20 -0.08) x5.67 x10 8W/m? &* (1000 K)* =13.4w <
0 0

where Epo = O'TS4. Theirradiation G4 originating from emission leaving the heater surfaceis
_Os.1 _ 13.4 W

A1 (0,050 m)?/4

Gy =6825W / m. @ <

Continued .....



PROBLEM 13.22 (Cont.)

(b) Using the foregoing equationsin IHT along with the Radiation Tool-View Factors for Coaxial

Parallel Disks, G1 and gs_, 1 were computed as afunction of L1 for selected values of D1. Theresults
are plotted below.

50 400
A
PRIRAN I I\
A\ N 3 \
o
g % \\\\ 3 \
E \ > 200 N
2 N ] \
£ 20 § S
(&) :\\ =
G 100
10 \ § T ~
\&\ i SN
o b \--....\ T ——
0
0 50 100 150 200 0 50 100 150 200
Separation distance, L1 {mm} Separation distance, L1 {mm)

—6— D1=25mm —&— D1 =25mm

— D1=50mm —— D1 =50mm

—A— D1 =100mm —4— D1 =100 mm

In the upper left-hand plot, G1 decreases with increasing separation distance. For a given separation
distance, the irradiation decreases with increasing diameter. With values of D1 = 25 and 50 mm, the
irradiation values are only dlightly different, which diminishes as L1 increases. In the upper right-
hand plot, the radiant power from the heater surface reaching the disk, gs_, 2, decreases with
increasing L1 and decreasing D;. Note that while Gy is nearly the same for D = 25 and 50 mm, their
respective gs_, 2 values are quite different. Why isthis so?



PROBLEM 13.23
KNOWN: Dimensions and temperatures of an enclosure and a circular disc at its base.
FIND: Net radiation heat transfer between the disc and portions of the enclosure.

SCHEMATIC:
f«—D=0.5m —>|

Enclosure, T=300K

Hypothetical } A

surfaces

BN
“—Circular disc, T;=1000K D,=002m

ASSUMPTIONS: (1) Blackbody behavior for disc and enclosure surfaces, (2) Areaof disc is much
less than that of the hypothetical surfaces, (A1/A2) << 1 and (A1/A3) << 1.

ANALYSIS: From Eg. 13.13 the net radiation exchange between the disc (1) and the hemispherical
dome (d) is

Mg :AlFlda(Tf' —T4).

However, since all of the radiation intercepted by the dome must pass through the hypothetical area
Ao, it follows from Eq. 13.8 of Example 13.1,

D? 1 1

55 = 5—= =0.410.
4L°+D% (2L/D)"+1 14441

Fig =F2 =

Hence

g = %(0.02 m)* x041x5.67x10" W/ m? (& 1000 K)"* ~(300 K)*Z

tig = 7.24 W. <

Similarly, the net radiation exchange between the disc (1) and the cylindrical ring (r) of length L/3is
— 4 _+4
ar = Fy o1 -14)

where

2
Fr=FR3-F2 = D 5 -0.41 =0.61 —0.41 =0.20.
4(2L/3)" +D?

Hence

i =75(0.02 m)* x0.2x5.67 x1073w/m? & * {1000 K ) ~(300 K )2

qr =353 W. <



PROBLEM 13.24

KNOWN: Circular plate (A1) maintained at 600 K positioned coaxially with a conical shape (A2)
whose backsideisinsulated. Plate and cone are black surfaces and located in large, insulated
enclosure at 300 K.

FIND: (a) Temperature of the conical surface To and (b) Electric power required to maintain plate at
600 K.

SCHEMATIC:

e E&.\ 9 0
23 JCone insulated back, A A

\ A,

Plate, A 600K
H E Ia- % ISOJM

ASSUMPTIONS: (1) Steady-state conditions, (2) Plate and cone are black, (3) Cone behaves as
insulated, reradiating surface, (4) Surroundings are large compared to plate and cone.

ANALYSIS: (@) Recognizing that the plate, cone, and surroundings from a three-(black) surface
enclosure, perform aradiation balance on the cone.

—n= _ 4 4 4 4
d2 =0=0z3 +d21 -A2F230(T2 ‘T3) +A2':210(T2 - )
where the view factor Foq can be determined from the coaxial parallel disksrelation (Table 13.2 or
Fig. 13.5) with R; = r/L=250/500 = 0.5, R{ = 0.5, S= 1 + (1+ Rjz)/ RZ =1+ (1 + 0.5/0.5” = 6.00,

and noting Fyq = Fyq,

/
Fo1 = 05% %2 /% Dlzg o@es %2 —4(0.5/0.5)251/%; =0.172.

For the enclosure, the summation rule provides, Fy3 =1-Fyq =1-0.172 =0.828. Hence,

0.828(T§‘ - 3004) =0+0.172 (T§1 —6004)

T, =413 K. <
(b) The power required to maintain the plate at T» follows from a radiation balance,

01 =012 +th3 =A1h20 (T14 T3 ) +A1h30 (T14 -3 )
where o =AyFyq/Aq =Fy =0.172 and F3 =1 -F, =0.828,

q = (n0.52/4)m208).172(6004 —4134) K4 +O.828(6004 —3004)K45

qp =1312 W. <



PROBLEM 13.25

KNOWN: Conical and cylindrical furnaces (A») asillustrated and dimensioned in Problem 13.2 (S)
supplied with power of 50 W. Workpiece (A1) with insulated backside located in large room at 300
K.

FIND: Temperature of the workpiece, T1, and the temperature of the inner surfaces of the furnaces,
To. Use expressions for the view factors F>1 and F»o given in the statement for Problem 13.2 (S).

SCHEMATIC:

<~— D;—| (a) Right-circular cone (b) Right-circular cylinder |[«—D;—>

|
|
i

D1=D3 =50 mm Fo1 =(A1/A2 )F13 \4
L=Lg =50 mm Fpo = 1- (Ag/A2) (2

% &
@/ Teur = 3002‘ %&/ Tsur = 300 K @/ /_@

DU A, % YA s

D] D, ——|

L

0

ASSUMPTIONS: (1) Diffuse, black surfaces with uniform radiosities, (2) Backside of workpieceis
perfectly insulated, (3) Inner base and lateral surfaces of the cylindrical furnace treated as single
surface, (4) Negligible convection heat transfer, (5) Room behaves as large, isothermal surroundings.
ANALYSIS: Considering the furnace surface (A»), the workpiece (A1) and the surroundings (Ag) as
an enclosure, the net radiation transfer from A1 and A5 follows from Eq. 13.14,

Workpiece 01 =0=A1 2 (Epy ~Ep2) +A1 s (Ep1 ~Eps) (1)
Furnace 42 =50 W =Aj Fp1 (Ep2 ~Ep1) +A2 Fos (Epz —Eps) 2
whereEp =0 T4 and g = 5.67 x 10'8 W/m2[K4. From summation ruleson A1 and A, the view

factors F15 and Fog can be evaluated. Using reciprocity, F1» can be evaluated.
Rs=1-Fp Fos =1-Fp1 —Fo Fi2 =(A2/A1)F1

The expressions for F»1 and F; are provided in the schematic. With Aq = 7TD:|2_ /4 the A, are:
12
Cone A2:7'rD3/2(L2 +(D3/2)2) Cylinder: Ao = er%/4+ D3l

Examine Egs (1) and (2) and recognize that there are two unknowns, T1 and T, and the equations
must be solved simultaneously. Using the foregoing equations in the IHT workspace, the results are

T; =544 K T, =828 K <
COMMENTS: (1) Fromthe IHT analysis, the relevant view factors are: F12 = 0.1716; F15 = 0.8284;
Cone: Fp1 = 0.07673, F2 = 0.5528; Cylinder: F»1 = 0.03431, F2» =0.80.

(2) That both furnace configurations provided identical results may not, at first, be intuitively obvious.
Since both furnaces (A») are black, they can be represented by the hypothetical black area A3 (the
opening of the furnaces). As such, the analysisis for an enclosure with the workpiece (A1), the

furnace represented by the disk Az (at T»), and the surroundings. Asan exercise, perform this
analysisto confirm the above results.



PROBLEM 13.26

KNOWN: Furnace constructed in three sections: insulated circular (2) and cylindrical (3) sections,
aswell as, an intermediate cylindrical section (1) with imbedded electrical resistance heaters.
Cylindrical sections (1,3) are of equal length.

FIND: (a) Electrical power required to maintain the heated section at T4 = 1000 K if all the surfaces
are black, (b) Temperatures of the insulated sections, T2 and T3, and (c¢) Compute and plot g, T and

T3 asfunctions of the length-to-diameter ratio, with 1 < L/D <5 and D = 100 mm.

SCHEMATIC:

Heaters _ v Insulation

SR S S S I AL

- L=200 mMm ———

ASSUMPTIONS: (1) All surfaces are black, (2) Areas (1, 2, 3) are isothermal.

ANALYSIS: (a) To complete the enclosure representing the furnace, define the hypothetical surface

A4 asthe opening at 0 K with unity emissivity. For each of the enclosure surfaces 1, 2, and 3, the
energy balances following Eq. 13.13 are

th = A1F2 (Ept ~Eb2) +A1Ri3 (Ept ~Ebs) +A1Ria +(Ept —Eba) 1)

0=A2R1 (Ep2 ~Epa) +A2R23(Ep2 ~Epz) +A2F4 (Ep2 —Epa) )

0=A3F31(Epz ~Ep1) +AsFaz (Enz ~Ep2) +A3Fs4 (Eps ~Epa) (3)
where the emissive powers are

Eg =0T  Epp=0Ts Epz=0T§  Epg =0 (4-7)

For this four surface enclosure, there are N2 =16 view factorsand N (N — 1)/2 = 4 x 3/2 = 6 must be
directly determined (by inspection or formulas) and the remainder can be evaluated from the
summation rule and reciprocity relation. By inspection,

F22 =0 F44 =0 (8,9)
From the coaxial paralel disk relation, Table 13.2, find Fo4
2 2
L1t F2e4 :1+1+(0.2502)
RS (0.250)
R, =rp/L =0.050m/0.200m =0.250 R4 =r4/L =0.250

S=1 =18.00

0 /2]
Foq =055~ étz —4(r4/r2)251 0
0 0

/
Foq =05 Els.oo - 58.002 —4(1)251 % =0.0557 (10)
O O

Consider the three-surface enclosure 1-2 -2 and find F1; as beginning with the summation rule,
Continued .....



PROBLEM 13.26 (Cont.)
R1=1-F -h> (11)
where, from symmetry, F> = R, and using reciprocity,

F12=A2F21/A1=(7TD2/4)F23/(71DL/2)=DF21/2L (12)

and from the summation rule on A»
F1=1-Fy =1-0.172 =0.828, (13)
Using the coaxial parallel disk relation, Table 13.2, to find Fyo1,

2 2
1+ f +0.
cop THRY 14050

=6.000
R3 0.50°

Rp =ry/L =0.050m/(0.200/ 2m) =0.500 Ry =0.500
0 o2

Ry =05B-5" -4(ry /1p) 0
O % H g

/
Fyp =056 H —4(1)25L U —0a716
0 0

Evaluating F1» from Eq. (12), find
F2 =0.100 mx0.828/2 x0.200 m =0.2071

and evaluating F11 from Eq. (11), find
F1=1-2xRo =1-2 x0.207 =0.586

From symmetry, recognize that F33 = F11 and F43 = Fo1. To this point we have directly determined
six view factors (underlined in the matrix below) and the remaining Fij can be evaluated from the

summation rules and appropriate reciprocity relations. The view factors written in matrix form, [Fij]
are.

0.5858 0.2071 0.1781 0.02896
0.8284 0 0.1158 0.05573
0.1781 0.02896 0.5858 0.2071
0.1158 0.05573 0.8284 0

Knowing al the required view factors, the energy balances and the emissive powers, Egs. (4-6), can
be solved simultaneously to obtain:

| =255W  Epy =5.02x10*W/m? Epg =2.79 x10*W / m? <
T, =970K T3 =837.5K <

Continued .....



PROBLEM 13.26 (Cont.)

(b) Using the energy balances, Egs. (1-3), along with the IHT Radiation Tool, View Factors, Coaxial

parallel disks, amodel was developed to calculate gq, T2, and T3 as afunction of length L for fixed
diameter D = 100 m. Theresults are plotted below.

280 o 1000
270 N ; 950
3 E -
g 260 g 800
o 1B a
5 £ 850 - A s
e 250 b k3 o
o < 800
240 T~ 100 200 300 400 500
230 Overall length, L {mm)

100 200 300 400 500

—&— Bottom surface, T2
Overall length, L (mm) —&— Cylindrical section, T3

For fixed diameter, as the overall length increases, the power required to maintain the heated section
at Tq = 1000 K decreases. Thisfollows since the furnace opening areais a smaller fraction of the
enclosure surface areaas L increases. As L increases, the bottom surface temperature T increases as
L increases and, in the limit, will approach that of the heated section, T1 = 1000 K. AsL increases,
the temperature of the insulated cylindrical section, T3, increases, but only dlightly. The limiting
value occurs when Epz = 0.5 x Epyp for which T3 - 840 K. Why isthat so?



PROBLEM 13.27
KNOWN: Dimensions and temperature of arectangular fin array radiating to deep space.
FIND: Expression for rate of radiation transfer per unit length from a unit section of the array.
SCHEMATIC:

Deep space f A; =W, T3=0K, g3 =1

>
<o

ASSUMPTIONS: (1) Surfaces may be approximated as blackbodies, (2) Surfaces are isothermal, (3)
Length of array (normal to page) is much larger than W and L.

ANALYSIS: Deep space may be represented by the hypothetical surface A3, which actsasa

blackbody at absolute zero temperature. The net rate of radiation heat transfer to this surfaceis
therefore equivalent to the rate of heat rejection by a unit section of the array.

L ! 4 4 I 4 4
Q3—A1F130(T1 —T3)+A2 FZSU(Tz ‘Ts)
With A'2F23:A'3F32 :AllF:I.Z’ Ty=To =T and T3 =0,

L Al 4 _ 4
q3=A1(R3+F2)oT" =WoT <
Radiation from a unit section of the array corresponds to emission from the base. Hence, if blackbody

behavior can, indeed, be maintained, the fins do nothing to enhance heat rejection.

COMMENTS: (1) The foregoing result should come as no surprise since the surfaces of the unit
section form an isothermal blackbody cavity for which emission is proportional to the area of the
opening. (2) Because surfaces 1 and 2 have the same temperature, the problem could be treated as a

two-surface enclosure consisting of the combined (1, 2) and 3. It followsthat g3 = q’(l 2)3 = A’(l 2)

F(l2)3aT4 = A3Ry1.2) aT*=WoT?, (3) If blackbody behavior cannot be achieved

(€1,£2 <1), enhancement would be afforded by the fins,



PROBLEM 13.28
KNOWN: Dimensions and temperatures of side and bottom wallsin acylindrical cavity.
FIND: Emissive power of the cavity.
SCHEMATIC:

ASSUMPTIONS: (1) Blackbody behavior for surfaces 1 and 2
ANALYSIS: Thedesired emissive power is defined as

E= Q3/A3
where
a3 =A1 h3Em +A2 Fp3Ep).

From symmetry, Fo3 = F»1, and from reciprocity, Fo1 = (A1/A2) F12. With F1o = 1 —Fq3, it follows
that

43 =A1F3Ep +A1(1-F3)Epp =A1Ep2 +A1R3(Ept —Ep2).

Hence, with A1 = A3,

_ 43 _ _ 14 4 -4
E_A_?;_Ebz +R3(Ep1 —Ep2) =0T, +F130(T1 _TZ)'

From Fig. 13.15, with (L/r}) = 4 and (rj/L) = 0.25, F13= 0.05. Hence

E=567x10"8W/m? K% +0.05x5.67 x10 " 8W/m? K4 (10004 —7004) K4

E =1.36x10%W/m? +0.22 x10%W / m?

E =1.58x104W/mZ. <



PROBLEM 13.29
KNOWN: Aligned, parallel discswith prescribed geometry and orientation.
FIND: Net radiative heat exchange between the discs.
SCHEMATIC:

| > D,=0.2m
r < > D;=0.15m
| 7////, W=

Ring-shaped disc,
L—‘—ITﬂ Az,E:.ZOOOK

!L ! !(Disc, A, T,=500K,D;=3071m

ASSUMPTIONS: (1) Surfaces behave as blackbodies, (2) A1 << Ao.

ANALYSIS: The net radiation exchange between the two black surfaces follows from Eq. 13.13
written as

_ 4 4
2 =A1 2 U(Tl ‘Tz)-

The view factor can be determined from Eq. 13.8 which is appropriate for asmall disc, aligned and

parallel to amuch larger disc.

Of

Rj=
D? +4L2

where Dj is the diameter of the larger disk and L is the distance of separation. It follows that

R =Fg —F; =0.00990 —0.00559 =0.00431
where

Fo =Da/ (D?J +4L2) =0.2%m?/ (0.22m2 +4x1 mz) =0.00990
Fj =D; /(Di2 +4L2) =0.15°m?/ (0.152m2 +4x1 m2) =0.00559.
The net radiation exchange is then

71(0.08m)? 8
Qi ==, X0.00431x5,67 X10

W
— (5004 —10004)|<4 = 0.162W.
m~ K

COMMENTS: Fq2 can be approximated using solid angle conceptsif Dy << L. Thatis, the view
factor for A1 to Ag (whose diameter isDg) is

m T oam® a4
Numerically, F1o = 0.0100 and it follows Ry = D? / 4L2 = 0.00563. This gives F1, = 0.00437. An

analytical expression can be obtained from Ex. 13.1 by replacing the lower limit of integration by
Di/2, giving

Fo =

Ao =L? 5—1/(D§/4 +L2) +1/(Di2/4 +L2E =0.00431.



PROBLEM 13.30
KNOWN: Two black, plane discs, one being solid, the other ring-shaped.
FIND: Net radiative heat exchange between the two surfaces.

SCHEMATIC:
D;=40cm
==
A, T,=1000K
' L=20cm
A, T;-300K
D,=80cm

ASSUMPTIONS: (1) Discsare parallel and coaxial, (2) Discs are black, diffuse surfaces, (3)

Convection effects are not being considered.

ANALYSIS: The net radiative heat exchange between the solid disc, A1, and the ring-shaped disc,

Ao, follows from Eqg. 13.13.

_ 4 4
2 = A1 0 (Tl =Tz )

The view factor F12 can be determined from Fig. 13.5 after some manipulation. Define these two

hypothetical surfaces,

2
D . ,
Az = TO, located co-planar with A, but asolid surface

2
mD;j . . o
Ay = TI located co-planar with Ao, representing the missing center.

From view factor relations and Fig. 13.5, it follows that
Ry =F3-Fgq =0.62-0.20 =0.42

[ 40/2 L 20
j
Fg =222 Y =0.20
TP r 80/2 14
80/2 L 20
j
Figzg  S=2%=p E- 2 opp, =0.62.
BT 0 i 80/2 13

Hence

thp = (7‘[0.802/4) m? x0.42x5.67 x10 W /m? K* (3004 —10004) K

o = —11.87 KW.

<

Assuming negligible radiation exchange with the surroundings, the negative sign impliesthat g, = -

11.87 kW and gp = +11.87 kW.



PROBLEM 13.31

KNOWN: Radiometer viewing asmall target area (1), A1, with asolid angle w = 0.0008 sr. Target
has an area A1 = 0.004 m? and is diffuse, gray with emissivity € = 0.8. Thetarget is heated by aring-
shaped disc heater (2) which isblack and operates at To = 1000 K.

FIND: (a) Expression for the radiant power leaving the target which is collected by the radiometer in
terms of the target radiosity, J;, and relevant geometric parameters; (b) Expression for the target
radiosity in terms of itsirradiation, emissive power and appropriate radiative properties; (c)
Expression for the irradiation on the target, G4, due to emission from the heater in terms of the heater

emissive power, the heater area and an appropriate view factor; numerically evaluate G1; and (d)
Determine the radiant power collected by the radiometer using the foregoing expressions and results.

SCHEMATIC:
E}*Radiometer
b »—D_=05m
; ' } D;=0.25m
[z Kgéééé‘s
\ Heater, A,
L=025m ®gq. = 0.0008 sr T,=1000 K, &, =1

Sample, Ay = 0.0004 m2
T,=500K, e, =08

ASSUMPTIONS: (1) Target isdiffuse, gray, (2) Target areais small compared to the square of the
separation distance between the sample and the radiometer, and (3) Negligible irradiation from the
surroundings onto the target area.

ANALYSIS: (a) From Eq. (12.5) with 1 = I1 ey = J1/T1, the radiant power |eaving the target collected
by the radiometer is

Ui rad = %Al C0S6) Wrad 1 <@
where 81 = 0° and wy43-1 IS the solid angle the radiometer subtends with respect to the target area.
(b) From Eq. 13.16, the radiosity is the sum of the emissive power plus the reflected irradiation.

31 =Ep +pGy =€Epy +(1-¢)Gy < @
where Epy = 0T14 and p =1 - € since the target is diffuse, gray.

(c) Theirradiation onto G1 due to emission from the heater area A2 is

Gy = 2.1
A1

where gy _, 1 istheradiant power leaving Ao which isintercepted by A1 and can be written as
d2_1=A2P1Ep €)
where Ep» = UTE1 . Fop isthefraction of radiant power leaving Ao which isintercepted by A1. The

view factor F1» can be written as
Continued .....



PROBLEM 13.31 (Cont.)

2 =h-o R- =05-0.2=0.3
where from Eq. 13.8,
2 2
D 0.5
-0~ 0 = =05 3
0" 2 .2 2 2
DG +4L° 05 +4(0.25)
2 2
= 2Di = 0.25 =02
Df +4L%  0.25% +4(0.25)
and from the reciprocity rule,
2
A 0.0004m“ x0.3
Ry = 2012 - m =0.000815

Az 71/4(0.52 —o.252) m?
Substituting numerical valuesinto Eq. (3), find

71/4(0.52 —0.252) m? x0.000815 x5.67 x10~°W /m? &+ (1000 K )*

G]_ = 2
0.0004m

Gy =17,013W/m? <

(d) Substituting numerical valuesinto Eqg. (1), the radiant power leaving the target collected by the
radiometer is

U rad = (623<8W/m2/nsr)><o.ooo4m2 x1x0.0008s" =635 LW <

where the radiosity, Jq, is evaluated using Eq. (2) and G;.
_ -8 2 x4 4 (1 2
J =0.8x5.67x10 “W/m~ K" x(500 K)" +(1-0.8) x17,013W /m

3 = (2835+3403) W/ m? =6238W /m? <

COMMENTS: (1) Note that the emitted and reflected irradiation components of the radiosity, Jq, are
of the same magnitude.

(2) Suppose the surroundings were at room temperature, Ty, = 300 K. Would the reflected
irradiation due to the surroundings contribute significantly to the radiant power collected by the
radiometer? Justify your conclusion.



PROBLEM 13.32

KNOWN: Thin-walled, black conical cavity with opening D = 10 mm and depth of L = 12 mm that
iswell insulated from its surroundings. Temperature of meter housing and surroundings is 25.0°C.
FIND: Optica (radiant) flux of laser beam, G, (W/mz), incident on the cavity when the fine-wire
thermocoupl e indicates a temperature rise of 10.1°C.

SCHEMATIC:

<« U\ Laser beam
G, (W/m?)

le— L=12mm —»
ASSUMPTIONS: (1) Cavity surfaceis black and perfectly insulated from its mounting material in

the meter, (2) Negligible convection heat transfer from the cavity surface, and (3) Surroundings are
large, isothermal.

ANALYSIS: Perform an energy balance on the walls of the cavity considering absorption of the
laser irradiation, absorption from the surroundings and emission.

Ein —Eout =0

Ao Go+Ag Ggyr ~Ag Ep (Te) =0
where Ag =Tt D2/4 represents the opening of the cavity. All of the radiation entering or leaving the
cavity passes through this hypothetical surface. Hence, we can treat the cavity asablack disk at Te.

Since Ggyr = Ep (Tgy), and Ep =0 T4 with 0 = 5.67 x 10'8 W/m2[K4, the energy balance has the form

Go +0(250+273) K ~0(250 +101 +273)*K* =0

G =638 W/ m? <



PROBLEM 13.33

KNOWN: Electrically heated sample maintained at Tg =500 K with diffuse, spectrally selective
coating. Sampleisirradiated by a furnace located coaxial to the sample at a prescribed distance.

Furnace hasisothermal walls at Tf = 3000 K with & = 0.7 and an aperture of 25 mm diameter.
Sampl e experiences convection with ambient air at T, = 300 K and h=20 W/mZDK. The
surroundings of the sample are large with a uniform temperature T4,y = 300 K. A radiation detector

sensitive to only power in the spectral region 3to 5 umis positioned at a prescribed location relative
to the sample.

FIND: (a) Electrical power, Pg, required to maintain the sample at Tg= 500 K, and (b) Radiant power
incident on the detector within the spectral region 3 to 5 um considering both emission and reflected
irradiation from the sample.

SCHEMATIC:

ASSUMPTIONS: (1) Steady-state condition, (2) Furnaceislarge, isothermal enclosure with small
aperture and radiates as a blackbody, (3) Sample coating is diffuse, spectrally selective, (4) Sample
and detector areas are small compared to their separation distance squared, (5) Surroundings are large,
isothermal.

ANALYSIS: (&) Perform an energy balance on the sample mount, which experiences electrical
power dissipation, convection with ambient air, absorbed irradiation from the furnace, absorbed
irradiation from the surroundings and emission,

Ein —Eout =0 Gy ag, Gy <E
N

Pe+[_h (Ts ~Too ) +01Gf +a gy Gar €Ep (Ts)]As =0 (1) AT A SO < Ts
(I HHENEEERENE}
where Ep, (Ts) =0 To and Ag = D2/ 4, /pe """"""""""

Irradiations on the sample: The irradiation from the furnace aperture onto the sample can be written
as

o s _ AtFisEnf _AtRsoT
AS AS AS

Gf = (2)

where As = 7TDf2/4 and Ag = an /4. Theview factor between the furnace aperture and sample
follows from the relation for coaxial parallel disks, Table 13.2,

Rf =1 /Lg =0.0125 m/0.750 m =0.01667 Rg =rg/Lg =0.0100 m/0.750 m =0.01333
LIRS R 0.01333°
R? 0.01667°

S=1 =3600.2

Continued .....



PROBLEM 13.33 (Cont.)

Z] O 1/12
Fg = 05[;3 %2 rs/rf) ] =0.5] 3600 Jéc«:esoo2 —4(0.05/0.0625)% ] =0.000178
O O 0

Hence the irradiation from the furnace is
_ (0,025 m)? / 4x0.000178x5.67 x10"SW /m? & 4 (3000 K )*

¢ = 5 =1277W/m?
n(o.ozo m2/4)

The irradiation from the surroundings which are large compared to the sample is
Geur =0Ty =567x10"8W/m? K (300K )* =450W / m?

Emissivity of the Sample: The total hemispherical emissivity in terms of the spectral distribution can
be written following Eq. 12.38 and Eq. 12.30,

— @ 4 _
£=[, &Exp(Ts)dA/0T" =&ifo-pT,) +&2 H -Fo-aT)H
€ =0.8x0.066728 +0.2[1 -0.066728] =0.240
where, from Table 12.1, with 1 Tg =4 umx=500 K =2000 um K, F(O—AT) =0.066728.

Absor ptivity of the Sample: The total hemispherical absorptivity due to irradiation from the furnace
follows from Eq. 12.46,

at =&1Fo-p; ) +€2 H-Fo-am; )H =08 ¥0.945008 +0.2[1 -0.945008] =0.767

where, from Table 12.1, with 1T =4 umx3000 K =12,000 um K, F(O—/\T) =0.945098. The
total hemispherical absorptivity dueto irradiation from the surroundingsis

Asur =E1F0-MTg, ) +€2 B ~Fo-Ty, )H =08 %0.00234 +0.2[1 -0.002134] =0.201
where, from Table 12.1, with A Tg,, =4 umx300 K =1200 um K, F(O—/\T) =0.002134.

Evaluating the Energy Balance: Substituting numerical valuesinto Eq. (1),

= Er2ow/ m? [K (500 ~300)K ~0.767 x1277 W / ng

~0.201x 459 W / m? +0.240 x5.67 x10 W/ m? [&* (500 K )* 1(0.020 m)? /4
P, =1.256 W ~0.308 W ~0.029 W +0.267 W =119 W <

(b) The radiant power leaving the sample which isincident on the detector and within the spectral
region, AA = 3 to 5um, follows from Eqg. 12.5 with Eq. 12.30,

- 2
Os-d,an = FEs.an *+Gf ref . *+Gaur,ref,m B(1/ ) Ag cos 6 (A g cos § / Ly
where 85 = 45° and Gd 0°. The emitted component is

Es.an =J'3 ") 0Ex b (T)

4
Esax ={£1 H:(O_‘Wm-TS) _F(0_3Umst) +£2EF(0_5/~’m’Ts) _F(0_4“m'TSE oTs

Continued .....



PROBLEM 13.33 (Cont.)
Esax ={0.8[0.066728 ~0.013754] +0.2[ 0.16169 ~0.06672d} & (500K )* =217.5W /m?
where, from Table 12.1, Fo-3um, 1) = 0.013754 a AT =3umx=500 K =1500 um [K;
Fo-4um,T,) = 0.066728 a A = 4umx500 K =2000 um [K; and Fg-5,m,T,) = 016169 at AT =

5um x 500 K = 2500 pmiK.
Thereflected irradiation from the furnace component is

Gt ref A0 j3 "(1-62) Gt A

where Gk, = E), p(T¥), using band emission factors,

Gt ref A ={(1‘5)H'(0—4um,Tf ) ~Fo-3um,7 )H+ (@ -€2)HR0-5um,7; ) ~Fo-4pmT; E} Gy
Gt ref ax ={0.2[0.9451-0.8900] +0.8 0.9700 -0.945]} 1277W /m? =39.51W / m?

where, from Table 12.1, Fo-3um,7; ) =0.8900 & AT¢ =3 pm x 3000 K = 9000 pmiK;

F0-4um,T; ) = 0.9451 @ ATy = 4 um x 3000 K = 12,000 umiK; and, Fo-5m,7; ) = 0.9700 a ATt =
5 pum x 3000 K = 15,000 pm(K.

Thereflected irradiation from the surroundings component is

Gsur, ref ,A) j3 " (162 )Gret A

where Gyet ) = Ej (Tsur), using band emission factors,
Gaur, ref A0 ={(1‘51) H(0-4pm Tgy ) ~F(0-3um, T, )H

+(1-22) Ho-5um, Ty, ) ~F0-4um,Tg, )HCsur

Gaur ref A ={0.2[0.002134 -0.0001685] -0.6 0.013754 ~0.002134} 450W /m? =4.44W / m?

where, from Table 12.1, F(0_3ﬂm1Tsur) =0.0001685 at ATgr = 3 pm x[300 K = 900 umiK;
F0-4um Ty, ) =0.002134 at ATgyr = 4 pm x 300 K = 1200 umlK; and Fo-5,m 1, ) = 0-013754 a
ATgur =5 pum %300 K=1500 pm(K. Returning to Eq. (3), find

Gag.ar =[217.5+3051+4.44 W/ m? (1/ ) {0,020 m)? /4]

0545° x8x10°m? xcos0° /(1 m)2 =1.48 uw <

COMMENTS: (1) Notethat Frgissmall, since A;, Ag<< L%f . Assuch, we could have evaluated

Of_ s using Eg. 12.5 and found

Ep,f / TAf (AS/L%f )
AS

(2) Recognizein the analysis for part (b), Eq. (3), the role of the band emission factors in calculating
the fraction of total radiant power for the emitted and reflected irradiation components.

G = =1276 W /m?




