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View Factors

13-1C The view factor F;_,; represents the fraction of the radiation leaving surface i that strikes surface j directly. The view
factor from a surface to itself is non-zero for concave surfaces.

13-2C The pair of view factors F;_,; and F;_,; are related to each other by the reciprocity rule AjF; = A;Fj; where Aj is

the area of the surface i and Aj is the area of the surface j. Therefore,

A
AR, =A R —F, = -z Fa

A

N
13-3C The summation rule for an enclosure and is expressed as Z Fi_,j =1 where N is the number of surfaces of the

j=L
enclosure. It states that the sum of the view factors from surface i of an enclosure to all surfaces of the enclosure, including to
itself must be equal to unity.

The superposition rule is stated as the view factor from a surface i to a surface j is equal to the sum of the view
factors from surface i to the parts of surface j, Fy_,o3 =F_,, +F 3.

13-4C The cross-string method is applicable to geometries which are very long in one direction relative to the other
directions. By attaching strings between corners the Crossed-Strings Method is expressed as

Z Crossed strings — Z Uncrossed strings
F- L=

1—]

2xstring on surface i
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13-5 Two coaxial parallel circular disks (D = 1 m) and two aligned parallel square plates (1 m x 1 m) have the same distance
of 1 m apart. The view factors of the two geometries are to be determined.

Assumptions 1 The surfaces are diffuse
emitters and reflectors.

Analysis For the coaxial parallel disks, from ,‘__,j,'/ /:
Table 13-1 with i =1, j = 2, we have e 7 . > |
- ,-'// / |
s’ & - |
Rl:RZZR:RZE . — i
2L 2 l £ :
1+ R2 1 Im : // Ay o
S=1+=—2%=2+—-=2+4(L/D)* =6 | >
R; R . Y
2 1/2
Fiz disk _Llg |52 4 B2 ~Lis—(s2-ay21= L6 (62 —4)"?1=0.1716
* 2 D, 2 2

For the parallel plates, from Table 13-1 withi=1, j = 2, we have
X=X/L=1 and Y=Y/L=1

— _ 1/2 —
2 @+ X2)1+Y?) TaLvat2 1 X
F =—=<1In e + X@A+Y tan —
12.plate = o5y {1+x2+\(2 ( ) 1+Y?)Y?
+Y‘(1+>?2)1'2tan1(1;W_>?tanl>?_v‘tanlv‘}
+

1/2
F 23] o 21’2tan*1i—tan*1(1) =0.1998
12,plate = 3 21/2

The view factor of the aligned parallel square plates is greater than that of the coaxial parallel disks, Fiz piae > Fi2 gisk-

Discussion Fi piae IS €xpected to be greater than Fy, g because the area of a 1 m x 1 m plate is greater than the area of a disk
with a diameter of 1 m. At the same spacing apart, the geometry with the larger area is expected to have larger view factor.
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13-6 Two coaxial parallel circular disks spaced apart at a distance L. The parameter that would increase the view factor F;, by
a factor of 5 is to be determined.

Assumptions 1 The surfaces are diffuse emitters and reflectors.

Analysis For coaxial parallel disks, from Table 13-1 with r; = r;, we have

1-v4R?% +1 r D
Fi,=1+———— where R=—=—
2R2 L 2L

So,

1-J4[D/2L)J% +1 :1+1_,/(D/ L)% +1

P =l L (1/2)(D/L)?

For F3; = 0.1, and solving for D/L;, we have

_ 2
_p VLT D 20973

T @W2)(brL)? L

To increase the view factor by a factor of five to F;, = 0.5, we have

_ 2
_ VO +L D, ees

T @W2)(D/L,)? L,
For fixed diameter of the disks, we have

L, DL, 070273

- - =0.2485
L L D 28284

Discussion In order to increase the view factor by a factor of five, the distance between the disks needs to be reduced to about
a quarter of its initial distance, L, = 0.2485L;.

13-7 A row of cylinders is spaced between two large parallel plates. The view factor between the plate and the row of
cylinders is to be determined.

Assumptions 1 The surfaces are diffuse emitters and reflectors.

Analysis From symmetry, the view factor between the plate (top or bottom) and the row of cylinders is the same, and from
Table 13-2, we get
S [,

G ey
]G

=0.8426

Discussion If the spacing between the cylinders is the same as the diameter (s = D), then the view factor would be F;, = 1.
Note that the equation is only valid for s > D.

e
[ {3
N/
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13-8 An enclosure consisting of thirteen surfaces is considered.
The number of view factors this geometry involves and the
number of these view factors that can be determined by the
application of the reciprocity and summation rules are to be
determined.

Analysis A thirteen surface enclosure (N = 13) involves
N2 =122 =144 view factors and we need to determine
N(N-1) 12(12-1)

2 2

remaining 144 - 66 = 78 of the view factors can be determined
by the application of the reciprocity and summation rules.

=66 view factors directly. The

13-9 An enclosure consisting of five surfaces is considered. The number of

view factors this geometry involves and the number of these view factors that 1
can be determined by the application of the reciprocity and summation rules

are to be determined.

Analysis A five surface enclosure (N=5) involves N? =52 =25 view factors

NIN=D _5G=D _14 view factors directly. The

and we need to determine

remaining 25-10 = 15 of the view factors can be determined by the 3

application of the reciprocity and summation rules.

13-10 A semispherical furnace is considered. The view factor from the dome of this furnace to its flat base is to be
determined.
Assumptions The surfaces are diffuse emitters and reflectors.

)

Analysis We number the surfaces as follows:

(1): circular base surface

(2): dome surface K 1)

Surface (1) is flat, and thus F; =0. | D
| |
Summationrule: F+F,=1—->F,=1
ﬂDz
N A A 4 1
reciprocity rule: A;F, = A)Fy —— Fy =—F,=—@0) = =—=0.5
procity 112 = Aoy 21 A, 12 Az() D2 2
2
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13-11 The view factor from the conical side surface to a hole located at the center of the base of a conical enclosure is to be
determined.

Assumptions The conical side surface is diffuse emitter and reflector.
Analysis We number different surfaces as

the hole located at the center of the base (1)

=

the base of conical enclosure 2 3
conical side surface 3)

Surfaces 1 and 2 are flat, and they have no direct view of each other. Therefore,

Flu=Fp=F,=F;=0 —v (o @

L ad? 7Dh d? D
reciprocity rule: A F,, = A;F 1) = F F.,, =
p y 1F13 331 2 oy S 317 5pn [

13-12 The four view factors associated with an enclosure formed by two very long concentric cylinders are to be determined.
Assumptions 1 The surfaces are diffuse emitters and reflectors. 2 End effects are neglected.

Analysis We number different surfaces as

the outer surface of the inner cylinder (1) @ 1)
the inner surface of the outer cylinder (2) y/- )
No radiation leaving surface 1 strikes itself and thus F;; =0 O) D, |D; -.
All radiation leaving surface 1 strikes surface 2 and thus F, =1 Z |
reciprocity rule: A;F, = AjF,; —— Fpy = A Fip = Zgl: = B—:
summationrule: Fy, + Fyy =1—— F,, =1-F,, = 1—%
2
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13-13 View factors from the very long grooves shown in the figure to the surroundings are to be determined.
Assumptions 1 The surfaces are diffuse emitters and reflectors. 2 End effects are neglected.
Analysis (a) We designate the circular dome surface by (1) and the imaginary flat top surface by (2). Noting that (2) is flat,

summationrule: F,;+F,, =1——F,; =1

@
o A, D 2
T

2

(b) We designate the two identical surfaces of length b by (1) and (3), and the imaginary flat top surface by (2). Noting that
(2) is flat,

|
summationrule: F,q + Fyy + Fy3 =1—— F,; =F,3 =05 (symmetry) )
summation rule: Fy, +Fy g, =1——>F5 4.5 =1 b 3) ) /
reCIpI'OCIty I’U|e :AZ F2_)(1+3) - A(1+3) F(1+3)_)2
A a
—>Fai352 =Fuis =—2 - ()=—-
1+3)—> (1+3)—>surr A(1+3) 2b
(c) We designate the bottom surface by (1), the side surfaces by (2) and (3), and 4)
the imaginary top surface by (4). Surface 4 is flat and is completely surrounded
by other surfaces. Therefore, F,, =0 and Fy_,(1,5,5 =1. b b
) ®)
reciprocity rule : A, Fy_,10.3) = Agiora) Fuai) 4 1)
A a
—> Fai243)54 = Faizes = )=
(1+2+3)—> (1+2+3)—>surr A(l+2+3) a+2b a
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13-14 A cylindrical enclosure is considered. (a) The expression for the view factor between the base and the side surface Fi3

in terms of K and (b) the value of the view factor Fy; for L = D are to be determined.

Assumptions 1 The surfaces are diffuse emitters and reflectors.

Analysis (a) The surfaces are designated as follows: Base surface as A;, top surface as A,, and side surface as A;

Applying the summation rule to A;, we have

Fii+F,+F3=1  (where F;=0)
or Fs=1-F, (1)
For coaxial parallel disks, from Table 13-1, withi=1, j =2,

1/2

2

1 2 D2 1 2 1/2
F,=={S—|S°—-4| == ==—[S—-(S° -4 2
12= 7 { (DlH S[s (3% ~4)"%] @

2

S=l+@=2+i2=2+ 4 2=2+4K2 3

R} R (D/L)

where
D 1

R: = = e— D e—
1m 2L 2K

Substituting Eq. (3) into Eq. (2), we get

Fiy :%{2+4K2 —[(2+4K?)2 —4]"%}

= %[2+4K2 —(16K* +16K %))

:%[2+4|<2 —4K(K? +1)Y?]
=1+2K?% —2K(K? +Y?
Substituting the above expression for Fi, into Eq. (1) yields the expression for Fy3:
Fs =1-[1+2K? —2K(K? +1)/?]
Hence,
Fis = 2K(K? +1)Y2 2K 2
(b) The value of the view factor Fy3 for L =D (i.e., K=1) is

Fia = 2012 +1)¥2 —2(1)? =242 -2=0.828

Discussion If the cylinder has a length and diameter of L = 2D, then from the expression for F.; we have

Fis = 2(2)(2% +1)Y% —2(2)? = 0.944

-
T
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13-15 A circular cone is positioned on a common axis with a circular disk, the values of Fy; and Fy, for specified L and D are
to be determined.

Assumptions 1 The surfaces are diffuse emitters and reflectors. 2 The surface A; is treated as a single surface.

Analysis The area for A;, A,, and A; are

1/2
oo o gnee :
The surfaces A; and A; can be treated as an enclosure, and using the summation rule yields A - L
Fii+F=1 4, S
Applying reciprocity relation between A; and Az, we have :12 . L
AF3=~AFy — Fip=1-F3=1-(As/ A)Fs T
Note that T4

Fip + Fy3=1 — F; =1 (since F33=0)
Hence, the view factor Fy4 is

D2
Fii=1-(A/A)=1-———=0.553
11 Agl A 5D,

The radiation leaving A, is intercepted by A; and A equally,
I:21 = F23

Applying reciprocity relation between A; and A,, we have

F
AR, =AF, - Fio = (A A)Fp = (A I A)Fp3 ==
J5
For coaxial parallel disks, the view factor F,; is evaluated from Table 13-1 as
2 1/2
1 2 Ds 1 2 124 1 2 12
F,n==<S—|S*“ -4 — ==[S—-(S“ -4 =—[6-(6°“-4 =0.1716
23775 [ (Dz)] 2[( )]2[( )71
where
D 1
1o 2L 2
1+R3 1

S=1+

=2+—=2+4=6
R? R?

Hence, the view factor Fy, is
F,; 0.1716

RN -

Discussion As long as L = D, the view factors are constant at F1; = 0.553 and F3, = 0.0767 (i.e., Fy; and Fy, are independent
of L and D).

=0.0767
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13-16 A cylindrical surface and a disk are oriented coaxially a distance L apart. The view factor F, between them is to be
determined.

Assumptions The surfaces are diffuse emitters and reflectors. — Cylindrical surface — Disk

—

Analysis The end surfaces A; and A, are treated as hypothetical surfaces.

The summation rule for surfaces facing the disk can be expressed as i_ A [ i_ _
Foz=Fy +Fyy - Foi=Fas—Fy @ ? i : 8 i HA'.‘ A; ?
From reciprocity relation, we have : :
ARy = ARy @ | ;
Substituting Eq. (2) in to Eqg. (1) and rearranging give k L
(ATA)F =Fs—Fyy = Ry =(A/ A)(Fas—Fy) 3)

The view factors F,3 and F,,4 can be determined from the relation in Table 13-1 by treating the two surfaces as coaxial parallel
disks of identical diameters:

_ / 2
F; -=1+w where R:E

I:iaj =i oR2

For surface 3 (L = 2D):

rR.r_Dl2_Di2_,
L L 2D
and
2
Fpy =14 vAx0.257 1 “4XO'252 1 0.05573
2x0.25
Forsurface 4 (L=4D): R=+=2/2_D/2 450
L L 4D
and
2
Fy, =14 V012741 1505

2x0.125°

Substituting these values of F,3 and F», into Eq. (3), and noting that L = 2D, the view factor between the cylindrical surface
and the disk is determined to be

A, aD? 14 aD? 14
12 A (Foa = Fas) DL (Foa = Fa4) aD(2D)

(Fa3 —F24)
1 1
=2 (Fog ~ Fay) = £ (0.05573-0,01515) =0.00507

Discussion The view factors F,3 and F,, can also be determined using Fig. 13-7, but this would involve reading error.
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13-17 A cylindrical surface and a disk are oriented coaxially a distance L apart. The view factor F;, between them is to be
determined.

Assumptions The surfaces are diffuse emitters and reflectors. — Cylindrical surface _— Disk
Analysis The end surfaces A; and A, are treated as hypothetical surfaces. LSl ; |
The summation rule for surfaces facing the disk can be expressed as L R ]
Dl Ty A, Ay | (P
Faa=Fau+Fy  —  Fu=Fpa-Fy 1) . P ’
I I
I I

From reciprocity relation, we have

ARy = ARy (2) | 7 I
Substituting Eq. (2) in to Eq. (1) and rearranging give
(ATA)F =Fs—Fyy = Ry =(A/ A)(Fas—Fy) 3)

The view factors F,3 and F,,4 can be determined from the relation in Table 13-1 by treating the two surfaces as coaxial parallel
disks of identical diameters:

_ / 2
F; -=1+w where R:E

F 1= 2R2

i>j =

For surface 3 (L = D):
r D/2 D/2

R=— 0.5
L L D
and
_ 2
Fpg =14 1 VAx057+1 4X0'52 1 01716
2x05
For surface 4 (L = 2D):
RZLZ D/2: D/2:0.25
L L 2D
and
] 2
Fyp =14 L2 VAX027HL ) hee7s

2x0.25°

Substituting these values of F,3 and F», into Eq. (3), and noting that L = D, the view factor between the cylindrical surface and
the disk is determined to be

A aD? 14 1
Frp=—2(Fpa—Fpy) = ——— (Fya—F,,) ==(0.1716 —0.05573) = 0.0290
12 A1 ( 23 24) 7ZDL ( 23 24) 4( )

Discussion The view factors F,3 and F,, can also be determined using Fig. 13-7, but this would involve reading error.
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13-18 A circular cone is positioned on a common axis with a disk and a cylindrical surface oriented coaxially with a disk.
The view factors of the two geometries are to be determined.

Assumptions 1 The surfaces are diffuse emitters and reflectors.

o

Analysis For the circular cone and disk geometry: The

area for A;, A,, and A; are /'\ T
22 \/— 2 D2 ‘~:"'~/ \\ !
AL:E L2+2 _¥ob'7 and Ay =A;=—— / \
2 2 4 4 /’ \
S 3
The radiation leaving A; is intercepted by A; and A equally, "‘\-'_-_.TL =
F21 = F23 I/ I
Applying reciprocity relation between A; and A,, we have R — le—=2 >
2 ™ v e Y
Fas G ——

AR,=AF; - F12=(A2/A1)F21=(A2/A1)F23:E il =

For coaxial parallel disks, the view factor F,; is evaluated from Table 13-1 as

/2
1 2 D, 1 2 2q 1 2 N2
For==<:S—-|S“ -4 = =—[S—-(5°-4 =—[6-(6“"-4 =0.1716
23775 [ DJ} 2[ ( )] 2[ ( )]

2
and S=1+1+§2=2+i%=2+4:6
: R

where R, =R, =R=

N |-

D
2L
Hence, the view factor Fy, is

F,; 0.1716

NG

For the circular surface and disk geometry: The end surfaces A; and A, are treated as hypothetical surfaces. From the
summation rule for surfaces facing the disk and the reciprocity relation, we have

Fpa=Fut+Fy - Fy=ks-Fy and ARy =AR,

=0.0767 (circular cone and disk)

Hence
(Al / A2)F12 = F23 - F24 - F12 = (AZ / Al)(FZS - F24) (l)

The view factors F,3 and F», can be determined from the relation in Table 13-1 by treating the two surfaces as coaxial parallel
disks of identical diameters:

1-vV4R? +1 r
R =FiLi :1+—2R2 where R =1
_ 2
For surface 3: F23=1+W=0.1716 where R:L=D—/2:D—/2:O.5
2x0.5 L L D
_ / 2
For surface 4: F24=1+M=0.05573 where R :L:D—/Z:D—/Z:O.ZS
2x0.25° 2L 2L 2D
Using Eqg. (1), with L = D, we get

A, D? 14 1 . .
Fo= E(FZS -F)= H(F23 -F)= 2 (0.1716 —0.05573) =0.0290 (circular surface and disk)

Discussion The F;, for the circular cone and disk geometry is greater than the F;, for the circular surface and disk geometry.
This is expected as surface 1 of the circular cone and disk geometry is angled toward the disk, but such is not the case for the
circular surface and disk geometry.
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13-19 The view factors from the base of a cube to each of the other five surfaces are to be determined.

Assumptions The surfaces are diffuse emitters and reflectors.

2
Analysis Noting that L, /D=L, /D =1, from Fig. 13-6 we read @

F,, =02
12 (3), (4), (5), (6)

Because of symmetry, we have side surfaces

Fio=F3=F4=Fs=F=0.2

M)

13-20 The view factors between the rectangular surfaces shown in the figure are to be determined.
Assumptions The surfaces are diffuse emitters and reflectors.

Analysis From Fig. 13-6,

W=3m
% = % =0.33
L o1 Fa1=025 LEIm A @
Wl =3° 0.33
and |_1 =1m Al (1)
Lo L=im>_ A 6
W3 =3- 0.33
Lo+L 2 Fa a2 = 0.32
12 _ 3 0.67

We note that A; = As. Then the reciprocity and superposition rules gives
AF; = A ——>F3=F; =0.25
Fs i) =Fsi+Fp——> 032=0.25+F5,——F;, =0.07
Finally,

13-13
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13-21 The view factors between the rectangular surfaces shown in the figure are to be determined.

Assumptions The surfaces are diffuse emitters and reflectors.

Analysis We designate the different surfaces as follows: 3m
shaded part of perpendicular surface by (1),
bottom part of perpendicular surface by (3), tm @
shaded part of horizontal surface by (2), and 1m 3)
front part of horizontal surface by (4). » ?)
1m 4)

(a) From Fig.13-6

%:%20,33 W:%:o.m

L1 F,;=0.25 and L1 Fy .3 =0.32
A _2-033 —L-2-033

W 3 w 3

reciprocity rule: A, = A, —> AR, =AF)y— R, =F,;=0.07

(b) From Fig.13-6,

L2103 22 o6

L 2 F(4+2)*)3 = 016 al’ld L 2 F(4+2)*)(1+3) = 022
A _Z_067 2L _-2-067

W 3 3

SuperpOSItIOI’] I‘U|e : F(4+2)*)(1+3) = F(4+2)*>1 + F(4+2)*)3 —> F(4+2)—)l = 022_016 = 006

reciprocity rule : Ay, Fai2)1 = AR, 442

442 6 3m
— P4 = Awz Fa+2)1 = - (0.06) =0.12
Al 3 Im 1
@
superpositionrule: Fy_, 4.5 = Fq+ Fpp @
—>F,=012-0.06=0.06 1m
(4)
since F, =0.07 (from part a). Note that F,, in part (b) is Im
Im (2)

equivalentto F;, in part (a).
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13-15

(c) We designate
shaded part of top surface by (1), 2m
remaining part of top surface by (3), _ (1) 1 ml
remaining part of bottom surface by (4), and ®)
shaded part of bottom surface by (2). om

Lm e, @
From Fig.13-5, im
L 2 F(2+4)4)(1+3) = 020 and L 1 F14 = 012
D 2 D 2

SUpEI’pOSItIOﬂ I’U|e F(2+4)4)(1+3) = F(2+4)4)1 + F(2+4)4)3

symmetryrule: Fo, a5 =Foia)3

Substituting symmetry rule gives

F 0.20
(+4)>1+3) 0.
I:(2+4)»l = I:(24-4)a3 = - ; = = 2 =0.10

reciprocity rule: AR 2.4y = AiayFaray1 — (A F, 2.4y = (4)(0.10) ——Fy (5,4 =0.20

superpositionrule:  Fy_, ;5,4 =F, +F,——020=F,+012——>F,=0.20-0.12=0.08
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13-22 A cylindrical enclosure is considered. The view factor from the side surface of this cylindrical enclosure to its base
surface is to be determined.

Assumptions The surfaces are diffuse emitters and reflectors.

Analysis We designate the surfaces as follows:

Base surface by (1), /\
top surface by (2), and !2)//

side surface by (3).
Then from Fig. 13-7

L = ﬂ =4 (3) L=2D=4r
P R

. Fi = Fpy =0.05 ) :
2=-2-025 =

L 4n e ST

summationrule: F; + F, + 3 =1

2 2
. . 7 7l
reciprocity rule: A F 3 = AjFy; —— F3; = % Fis = Zml - Fig= 87;2 Fis :%(0.95) =0.119
3 1 1

Discussion This problem can be solved more accurately by using the view factor relation from Table 13-1 to be

I I
Ry=1=-1=025

L 4n

I I
R,=-2=-—2-0.25

L 4n

1+R2 252
S=1+ +22 _1+1+02§’ ~18

R; 0.25
0.5

2 5705

R 1
F,=1/5-|52_4 -2 =1J18-|18% -4/ = =0.056
12 2 Rl 2 1

Frs =1-F,, =1-0.056 = 0.944

. . . A 7z|’12 7zr12 1
3 1

1

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.
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13-23 For a right circular cylinder the view factors F;5 and F3;3 are to be determined.
Assumptions 1 The surfaces are diffuse emitters and reflectors.

Analysis Neither result is given in the book tables or figures. To obtain F;3, we can make use of Fig. 13-7 or Table 13-1 for
the two parallel disks.

Dy =8 em
L0 o5 and 222 o4 /—Q
n 4 L 10 ()

vT

For

From Fig. 13-7 or compute from item 2 of Table 13-1
FlZ =0.12

{3 10 em
From the summation rule, Eq. 13-12
N s v — .
2 Fy=1 (1) )
j=1
Fiu+Fp+Fp=1
where

F]_]_:O

Fi3=1-F;,=1-0.12=0.88
To obtain F33, the summation rule (Eq. 13-12) requires
Fas+ Far+ Fa=1=Fg3+ 2F3
Since the cylinder has identical views from the top and bottom disks. To obtain F3; use the reciprocity relation (Eq. 13-10).
AsFa = AsFis
where
A; = 7D,L =80 zcm?
and
A, = zD*=16 zcm?
Fa1 = (A/A;) Fi3 = (16 7cm% 80 zcm?) (0.88) = 0.176
Finally, from the summation rule eq. above
Fss=1- 2F3=1- 2(0.176) = 0.65
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13-24 The expression for the view factor F;, of two infinitely long parallel plates is to be determined using the Hottel’s
crossed-strings method.

Assumptions 1 The surfaces are diffuse emitters and reflectors.

Analysis From the Hottel’s crossed-strings method, we have ‘ W

Eo ¥ (Crossed strings) — X (Uncrossed strings) +— =1L11
e 2% (String on surface i) N ey | X ;
For uncrossed strings, we have W I.\l‘* 3 - lr N\ Ja
L =Ly = (W +wWH)Y? = (w? +w?)M? = 2w | \ EL4 B \\\\
For crossed strings, we have II:-—-II 4,

Ly=(w?+4w?)"2=\Bw and L,=w
Applying the Hottel’s crossed-strings method, we get Fy, as

_ (Lg+Ly) = (L + L)
2w

_ (/5w + W) — (V2w + 2w)

2w

I:12

=0.204

Discussion The Hottel’s crossed-string method is applicable only to surfaces that are very long, such that they can be
considered to be two-dimensional and radiation interaction through the end surfaces is negligible.

13-18

13-25 The view factor between the two infinitely long parallel cylinders located a distance s apart from each other is to be

determined.
Assumptions The surfaces are diffuse emitters and reflectors.

Analysis Using the crossed-strings method, the view factor between two cylinders
facing each other for s/D > 3 is determined to be

Z Crossed strings — z Uncrossed strings

I:1—2 - -
2xStringon surface 1 ‘
_2Js?+D? -2s
2(nD12) R
2(\/52 +D? —sj
or F,= 5
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13-26 The expressions for the view factors F;, and F,; of two
Hottel’s crossed-strings method.

Assumptions 1 The surfaces are diffuse emitters and reflectors.
Analysis From the Hottel’s crossed-strings method, we have

_ X(Crossed strings) — X (Uncrossed strings)

F .=
e 2x (String on surface i)
where,
L3=L4=L5=,/W2+(W/2)2=§W
, (3.) 13
L=, W +| -W| =—
2 2

Applying the Hottel’s crossed-strings method, we get Fy; as
_(Ls+Le)—(Ls+Ly)

2w
 (J5W/ 2+ 13w/ 2) — (\/5BW/ 2+ 5W/ 2)

2w

Fl 2

=0.3424

13-19

infinitely long parallel plates are to be determined using the

w

Since surface 1 and surface 2 have the same width, thus the Hottel’s crossed-strings method will give

Ly=w
le = >l
—_ ‘.
[ %
Xos J £ /A
R &
\ < / \
\ ~ / \
\ pRY. / \
\ S / \
\ ~ / \
\ g / \
\ . T /
\
L\ 4
\ ’ ~
\ / o 5
\ ’ ~
N
A\ / ~
\ / P
\ / [‘5 L(y
\ /
\ 7 3
¥ \/ / I
3 ’
- - - —
w/2 Li=w

Discussion The Hottel’s crossed-string method is applicable only to surfaces that are very long, such that they can be
considered to be two-dimensional and radiation interaction through the end surfaces is negligible.
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13-20
13-27 Two view factors associated with three very long ducts with different geometries are to be determined.

Assumptions 1 The surfaces are diffuse emitters and reflectors. 2 End effects are

neglected. )
Analysis (a) Surface (1) is flat, and thus F; =0.
1)
summationrule: Fp;+F,=1—->F,=1 v
D
A, ( D js Vs
2 N

(b) Noting that surfaces 2 and 3 are symmetrical and thus F;, = F,5, the summation

rule gives b

Also by using the equation obtained in Example 13-4, |
a
L,+L,-L —
Fp, = 1+l —Ls _a+b b:i:l:o_5 |
2L, 2a 2a 2
o A a (l a _
reciprocity rule: A,F,, = A,F), — > F,, =—F,, =—| = |=— L,=a
p y 1M12 221 21 A, 1279127 2
(c) Applying the crossed-string method gives L=b L.=b

(Ls +Lg)—(Lz +L,)
2L,

_ 2va?+b% -2b _ vaZ+b? -b
2a a

Fo=F =
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13-21

Radiation Heat Transfer between Surfaces

13-28C The analysis of radiation exchange between black surfaces is relatively easy because of the absence of reflection. The
rate of radiation heat transfer between two surfaces in this case is expressed as Q = A,Fy,o(T,* —T,"*) where A, is the
surface area, Fy, is the view factor, and T, and T, are the temperatures of two surfaces.

13-29C Radiosity is the total radiation energy leaving a surface per unit time and per unit area. Radiosity includes the emitted
radiation energy as well as reflected energy. Radiosity and emitted energy are equal for blackbodies since a blackbody does
not reflect any radiation.

1-¢; . . -
L and it represents the resistance of a surface to the emission of

13-30C Radiation surface resistance is given as R; =
i€i
radiation. It is zero for black surfaces. The space resistance is the radiation resistance between two surfaces and is expressed
1

17 1)

13-31C Some surfaces encountered in numerous practical heat transfer applications are modeled as being adiabatic as the
back sides of these surfaces are well insulated and net heat transfer through these surfaces is zero. When the convection
effects on the front (heat transfer) side of such a surface is negligible and steady-state conditions are reached, the surface must
lose as much radiation energy as it receives. Such a surface is called reradiating surface. In radiation analysis, the surface
resistance of a reradiating surface is taken to be zero since there is no heat transfer through it.

13-32C The two methods used in radiation analysis are the matrix and network methods. In matrix method, equations 13-34
and 13-35 give N linear algebraic equations for the determination of the N unknown radiosities for an N -surface enclosure.
Once the radiosities are available, the unknown surface temperatures and heat transfer rates can be determined from these
equations respectively. This method involves the use of matrices especially when there are a large number of surfaces.
Therefore this method requires some knowledge of linear algebra.

The network method involves drawing a surface resistance associated with each surface of an enclosure and
connecting them with space resistances. Then the radiation problem is solved by treating it as an electrical network problem
where the radiation heat transfer replaces the current and the radiosity replaces the potential. The network method is not
practical for enclosures with more than three or four surfaces due to the increased complexity of the network.
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13-33 The rate of heat loss from a person by radiation in a large room whose walls are maintained at a uniform temperature is
to be determined for two cases.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque,
diffuse, and gray. 3 Convection heat transfer is not considered.

Properties The emissivity of the person is given to be & =0.85.

Analysis (a) Noting that the view factor from the person to the walls
Fi, =1, the rate of heat loss from that person to the walls at a large

room which are at a temperature of 300 K is

le = 51F12A10(T14 —T24)
=(0.85)(1)(1.9m?)(5.67 x107® W/m? - K*)[(303K)* — (300 K)*]
=30.1W

(b) When the walls are at a temperature of 280 K,

le = 51F12A10(Tl4 —T24)
=(0.85)(1)(1.9m?)(5.67 10 W/m? - K*)[(303K)* — (280 K)*]
=209 W
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13-34 Two coaxial parallel circular disks spaced apart at a distance of L = D. The radiation heat transfer coefficient between
the disks is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered.
Analysis The net radiation heat flux between the two circular disks is
dip = I:125(T14 _T24)
=F,0(Ty +T2)(T12 +T22 )T =Tp) =3

Also, expressed in terms of the radiation heat transfer coefficient, we have T, = 500°C
12 =hpg (Ty = T2)
Hence, the radiation heat transfer coefficient can be expressed as T

g = F120(Ty +T2)(T12 +T22)

For coaxial parallel disks, from Table 13-1 with r; = rj, we have

1-V4R? +1

Fi,=1+—————  where R:L:R:O.S
2R? L 2L
So,
1-/4(0.5)% +1
F, = +(—)2:0.1716
2(0.5)
Thus,

hrag = Fro0(Ty + Tz)(T12 +T22)
=(0.1716)(5.67 x10~8 W/m? - K*)(793 + 773) K (793? + 773%) K2
=18.69 W/m? -K

Discussion The radiation heat transfer coefficient h,q is dependent upon the view factor and the temperatures of both disks.
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3
13-35 Two coaxial parallel circular disks spaced apart at a distance L. The effect of the distance L on the radiation heat
transfer coefficient between the disks is to be evaluated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
T_1=520 [C]
T_2=500 [C]
D=1 [m]

"ANALYSIS"

R=D/(2*L)

F_12=1+(1-(4*R"2+1)"0.5)/(2*R"2)
h_rad=F_12*sigma#*((T_1+273)+(T_2+273))*((T_1+273)"2+(T_2+273)"2)

L [m] Fo hrag [WIM*K] 100
0.05 0.9049 98.53 b
0.10 0.8190 89.18
0.15 0.7416 80.75
0.20 0.6721 73.18
0.25 0.6096 66.38
0.30 0.5536 60.28
0.35 0.5034 54.81
0.40 0.4584 49,91
0.45 0.4181 45,52
0.50 0.3820 41.59
0.75 0.2500 27.22
1.0 0.1716 18.68
15 0.09167 9.982
2.0 0.05573 6.068
2.5 0.03709 4,038 |
3.0 0.02633 2.867 e
0 0.5 1 1.5 2 2.5 3

L [m]

hrad [W/mZ'K]

Discussion By reducing the spacing L between the parallel disks the radiation heat transfer coefficient h,y increases. As L
decreases below the diameter of the disks D, h,.q increases drastically.
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13-36 Two coaxial parallel disks of equal diameter 1 m are originally placed at a distance of 1 m apart. The new distance
between the disks such that there is a 75% reduction in radiation heat transfer rate from the original distance of 1 m is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered.
Analysis For coaxial parallel disks, from Table 13-1, withi =1, j =2,

1/2

2
T

1

2
s=1+1+§2 =2+i2=2+4(|_/D)2 ) '
R R K E

where R, =R, = R:R
2L

Substituting Eq. (2) into Eq. (1), we get

Fi :%(2+4(L/ D)2 —{[2+4(L/D)?]? - 4}'?)

= %{2+4(L/ D)2 —[16(L/D)* +16(L/D)?1*'?}

= %{2 +4(L/D)? —4(L/D)[(L/D)? +1¥?}
Fy, =1+2(L/ D)% —2(L/D)[(L/D)? +1*'*
Hence, for D =1 m we have
Fp, =1+2L% —2L[L2 +11¥2 (3)
From Eq. (3), the view factor at the original distance L =1 m (with D =1 m) is
Fio ol =1+2()2 —2[(D)? +1%2 =3-212 =0.1716
The rate of radiation heat transfer between the two surfaces is
Q12 = AFlzo'(Tl4 _T24)

The percentage of reduction in radiation heat transfer rate can be expressed as

% Change = Q.12,0|§ _Q12.new _ Fi2.01d = F12, new

12,0ld FlZ,oId

For the two surfaces to experience 75% reduction in radiation heat transfer rate, the new view factor should be
F12, new = 025F12' old = 00429

Then, substituting the value of F, into Eq. (3), the new distance L, such that the two surfaces experience 75%

2, new
reduction in radiation heat transfer rate can be calculated as

I:12,r1ew =1+ 2Lr21ew - 2Lnew[|-$1ew +1]1/2
0.0429 =1+ 212, — 2L e [L2ey + 1172
Hence, Lo, =2.31m

Discussion Increasing the distance between the disks would decrease the view factor F1,, thereby reducing the radiation heat
transfer rate Q,,.
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13-37 A row of tubes is spaced between two large parallel plates. The net radiation heat flux leaving the bottom plate is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered.

Analysis From energy balance, the net radiation heat flux leaving the bottom plate (surface 1) is
d; =0ip +G13 = ':120'(1-14 —T24) + ':130(-'-14 —T34)

1 3

. T, = 100°C ‘
g, = F120'(Tl4 —T24) +(@- F12)0'(T14 _T34) s -] D

ecarl Vs '
The view factor between the bottom plate and the row of T:=10°C @ @ @ @ @ (@ﬁ

tubes (s = 2D), from Table 13-2, is
T, =350°C

b @TE]

=1-(1-0.5%)% 4+ (0.5)[tan *(22 —-1)°°]
=0.6576

Thus,
G, =olFy (Tl4 _T24) +(1- FlZ)(T14 _T34 )]
=(5.67x107® W/m? - K*)[(0.6576)(623* — 283*)K* + (1- 0.6576)(623* —373*)K*]
=7927 W/m?

Discussion The view factor between the bottom plate and the circular tubes F;, is independent of the distance between them.
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13-38E Two black parallel rectangles are spaced apart by a distance of 1 ft, the temperature of the bottom rectangle is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered.
Analysis For D =1 ft, L, = 3 ftand L, = 5 ft, we have

IA‘
L . 2
Lo 3.3 a0 2.3 -
D 1 D 1 :
From Fig. 13-5, we get 4,
F,, ~0.60

The rate of radiation heat transfer between the two rectangles is

:

|

N 4 4y 4 4 l
Qiz = AFo(Ty —Ty') = L, Fpo(T =T,) D
|

|

|

Hence

. 1/4
T, = Q1 + T24
LL,F,o

/
- 180000 Btu/h + (60 + 460)" R H
(31)(51)(0.60)(0.1714x1078 Btu/h- 2 - R*)

T, =1851R

Discussion If T; and T, are constant, increasing the distance between the two rectangles will decrease the view factor F,,
thereby decreasing the radiation heat transfer rate received by the top rectangle.
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13-39E For a square room with specified dimensions and floor, wall and ceiling temperatures, determine the net radiation heat
transfer (a) from floor to walls and (b) from floor to ceiling.

Assumptions 1 All surfaces are assumed black.

Analysis [ (;) 20 ft -
(@ Q 152345 = 4AFpp o (T14 —T24) e 6 e
Since for a square (.5) _.20%: (3)
Fio=Fi3=Fuy=Fys @
From Fig. 13-6 or Table 13-1 with 91t
L,/ W =20/20 =1 ' !
and i) =
L, /W=9/20~045 — F;;~0.14
Q 152345 = 4 (20 x 20) ft? (0.14) (0. 1714x 10°® Btu/h-ft-R*) x [(560)* - (520)*]R*
Q 152345 = 9686 Btu/h  (Floor to four walls)
0  Qie=AFo (T -T)

From Fig. 13-5 with

and

L_ 2055
D 9
L, 20

D 9

Q 1,6 = (20 x 20) ft? (0.45) (0. 1714x 107 Btu/h-ft-R%) x [(560)* — (500)*]R*

Q 1,6 = 11,059 Btu/h (Floor to ceiling)
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13-40 Two aligned parallel rectangles are apart by a distance of 2 m. The percentage of change in radiation heat transfer rate
when the rectangles are moved apart from 2 m to 8 m is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered.
Analysis For D=2 m, L; =6 mand L, = 8 m, we have

i=§:3 and ﬁ=§:4
D 2 D 2

14'\

&
3

From Fig. 13-5, we get
F, =0.58 (for D = 2m)

ForD=8m,L;=6mand L, =8 m, we have

I
:
|
D
ﬁ:§:0_75 and ﬁzﬁzl :
D 8 D 8 |

From Fig. 13-5, we get
The rate of radiation heat transfer between the two rectangles is
le = AFlZO-(Tl4 —T24)

Hence, the percentage of change in radiation heat transfer rate is
Qp(D=2m)-Q;,(D=8m) _Fy,(D=2m)—F,(D=8m)
Qi2(D=2m) Fio(D=2m)

_ 0.58-0.165

0.58
=0.716 (or 71.6%)

% Change =

Discussion By moving the distance between the two parallel rectangles from 2 m to 8 m, there is about 72% reduction in
radiation heat transfer rate.
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13-41 The base and the dome of a long semi-cylindrical dryer are maintained at uniform temperatures. The drying rate per
unit length experienced by the base surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered. 4
The dryer is well insulated from heat loss to the surrounding.

Properties The latent heat of vaporization for water is hy = 2257 kJ/kg (Table A-2)
Analysis The view factor from the dome to the base is determined from

Fi+F,=1 — F,=1 (where F;=0)

Hence, from reciprocity relation, we get ,=1000 K
A DL 2 e
Fa=p P =i,
2 T

7 S
Applying energy balance on the base surface, we have // é /
Qa1 :Qevap = mhfg /{® 4 4
/
Hence, |-‘ [)— 1.5m ""(

, 7DL 370K
mhy = A, I:210'“-2 T1 ):T I:210'(1-2 T14)

or
m 7D D 2
—=—F -1, )=——— -T
L 2hfg 210U2 1) thg Ucrz 1)
D
=h—0(T2 _Tl)
fg
(1.5m)

= @10 gy O8I0 Wi (10007 -370%) K
x g

=0.0370 kg/s-m

Discussion The view factor from the dome to the base is constant F,; = 2/z, which implies that the view factor is independent
of the dryer dimensions.
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13-42 The base, top, and side surfaces of a furnace of cylindrical shape are black, and are maintained at uniform temperatures.
The net rate of radiation heat transfer to or from the top surface is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are black.

3 Convection heat transfer is not considered. T, =700 K
Properties The emissivity of all surfaces are ¢ = 1 since they i/
are black. R=2m

Analysis We consider the top surface to be surface 1, the base
surface to be surface 2 and the side surfaces to be surface 3.
The cylindrical furnace can be considered to be three-surface
enclosure. We assume that steady-state conditions exist. Since eai=hlt
all surfaces are black, the radiosities are equal to the emissive
power of surfaces, and the net rate of radiation heat transfer

from the top surface can be determined from . T,=1400K e
. 4 =1
Q= A1F120'(T14 _T24) + A1F13J(Tl4 _T34) i RZ: om  — o

and A =R? = z(2m)? =12.57m?

The view factor from the base to the top surface of the cylinder is F;, =0.38 (From Figure 13-7). The view factor from the
base to the side surfaces is determined by applying the summation rule to be

Fi,+F+F3=1—>F3=1-F,=1-0.38=0.62
Substituting,
Q = A1F120'(-|—14 _T24) + A1F130'(-|—14 —T34)
= (12.57m?)(0.38)(5.67 x10® W/m?.K*)(700 K* —500 K*)
+(12.57m?)(0.62)(5.67 x10® W/m?.K*)(700 K* —1400 K*)
=4.810x10* W—-1.591x10° W = -1.543x10°% W = -1543kW

Discussion The negative sign indicates that net heat transfer is to the top surface.
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13-43 Two parallel disks whose back sides are insulated are black, and are maintained at a uniform temperature. The net rate
of radiation heat transfer from the disks to the environment is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of all surfaces are € = 1 since they are black.

Analysis Both disks possess same properties and they are black. Noting
that environment can also be considered to be blackbody, we can treat this

Disk 1, T, = 450 K, g, = 1

geometry as a three surface enclosure. We consider the two disks to be
surfaces 1 and 2 and the environment to be surface 3. Then from Figure D=0.6m
13-7, we read Environment
Fi, = Fpy =0.26 0.40 m Ta :30(1) K
&1 =
Fi3=1-0.26=0.74 (summationrule) !
The net rate of radiation heat transfer from the disks into the environment Disk 2, T,= 450K, g, =1

then becomes
Qs = Q13 + st = 2Q13
Q3 = 2F13A10'(T14 —T34)
=2(0.74)[#(0.3m)?](5.67x10"8 W/m? -K*)[(450 K)* —(300 K )]
=781W

13-44 The base and the dome of a hemispherical furnace are maintained at uniform temperatures. The net rate of radiation
heat transfer from the dome to the base surface is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are
opaque, diffuse, and gray. 3 Convection heat transfer is not
considered.

T, =1000 K

Analysis The view factor is first determined from e=1
T,=400K
Fy; =0 (flat surface) / 61 =0.7
Fi;+F, =1— F, =1 (summation rule) N
D=5m |

Noting that the dome is black, net rate of radiation heat transfer [ |
from dome to the base surface can be determined from

Q21 = —le = _5A1F120'(r14 —T24)
=—(0.7)[7(5m)?/4](1)(5.67 x10™® W/m? - K*)[(400 K)* — (1000 K)*]

=7.594x10° W
=759kW

The positive sign indicates that the net heat transfer is from the dome to the base surface, as expected.
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13-45 The base and the dome of a long semi-cylindrical dryer are maintained at uniform temperatures. The length of the dryer
necessary to dry the materials at 0.1 kg/s is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered. 4
The dryer is well insulated from heat loss to the surrounding.

Properties The latent heat of vaporization for water is hy = 2257 kJ/kg (Table A-2)

Analysis The view factor from the dome to the base is determined from
Fi+F,=1 — F,=1 (with F;=0)

Hence, from reciprocity relation, we get

A DL

Fpy=—tFp,=
2TA, P aDLi2

T, =500°C

2
T

Applying energy balance on the base (surface 1), we have

Q21 = Qevap =mh fg

"
AT L
Hence, /’(@ /
, DL 2 |
Mhyg = Ay Fpro (T —T14)=T—0(T24 -T") D=20m =]
r T, =40°C
which gives

- mh
Do(T,' -T,')
. (0.1kg/s)(2257 x 10° J/kg) B
(2m)(5.67 x107® W/m? . K*)(773* -313*)K*

5.73 m

Discussion The view factor from the dome to the base is constant F,; = 2/z, which implies that the view factor is independent
of the dryer dimensions.
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13-46 Two parallel black disks are positioned coaxially, where the lower disk is heated electrically. The temperature of the
upper disk is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered.

Analysis For coaxial parallel disks, from Table 13-1, withi=1, j =2,

|
Rl:D1/2:o.2/2:0_4 ond R2=D2/2=0'4/2=0.8
L 025 L 025
: L
|

2 2
JLHRE L 1108 o

S=1
RZ (0.4)2

212 5 U2
F,=~ls—|s?-al D2 ~ L1105 a1.25)2 o[ 24 — 03676
2 2 02

Then, using the summation rule,
Fio + Fisur =1 - Fisur =1—-F, =0.6324

The net radiation heat transfer rate leaving the lower surface can be expressed as
Qelec :le +leurr = A1F126(Tl4 _T24) + AlFlsurrO-(Tl4 _Tsﬁrr)
Qelec = AolF, (Tl4 _T24) + Frsur (T14 _Tsﬁrr)]

Hence
1/4

. 1/4 .
Qe Fi 4 a4 4 4Qyq Fis 4 a4
T, =|T ——dlec “Lsur (74 _ ) e L dec | Toum (74 _ 74 )

2 |:l A1F120- F12 1 surr 1 7ZD12F120' Flz 1 surr

4(100 W)
7(0.2m)?(0.3676)(5.67 x10~8 W/m? - K*)

T, = {(500 K)* -

1/4
+ 26524 04 _300¢) K*
0.3676
T, =241K
Discussion The view factor F, can also be determined using Fig. 13-7 to be
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13-47E A radiation shield is placed between two parallel disks which are maintained at uniform temperatures. The net rate of

radiation heat transfer through the shields is to be determined.
T,=1200R, g =1

Assumptions 1 Steady operating conditions exist 2 The
surfaces are black. 3 Convection heat transfer is not considered.

Properties The emissivities of surfaces are given to be T —s10R
g1 =g =1and g3 =0.15. 1ft °°83:1
Analysis From Fig. 13-7 we have F;, = F;3 =0.52. Then
F;, =1-0.52=0.48. The disk in the middle is surrounded by

black surfaces on both sides. Therefore, heat transfer between 11t

the top surface of the middle disk and its black surroundings T,=700R, g,=1

can expressed as

Qs =gA3o-[F31(I'34 —T14)] + gAso'[Fsz(TsA _T24)]
=0.15(7.069 ft 2)(0.1714 x 1072 Btu/h.ft? - R*){0.52[(T,' — (1200 R)*]+ 0.48[T,' — (540 R)*]}

where A, = z(31)% /4=7.0691 2. Similarly, for the bottom surface of the middle disk, we have
- Qs = gA3a[F32(I'24 _T44)] + 8A3C7[F34(T34 _T44)]
=0.15(7.069 f 2)(0.1714 x10"® Btu/h.f? - R*){0.48[(T;' — (700 R)*1+ 0.52[T5' — (540 R)*1}

Combining the equations above, the rate of heat transfer between the disks through the radiation shield (the middle disk) is
determined to be

Q=872Btu/h and T;=894R
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13-48 A hot cylindrical surface is placed coaxially with a disk at a distance L apart. The radiation heat transfer rate from the
cylindrical surface to the disk is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces
are black. 3 Convection heat transfer is not considered. 4 Outer — Cylindrical surface — Disk

surface of the cylinder is well insulated. ,—é—‘

Analysis The end surfaces A; and A, are treated as hypothetical | 1) :
surfaces. Applying the summation rule, we have D i_ﬂh-'f.; E‘1 4 ;" n
Fos=Fy +Fy - For=Fy—Fyy (1) | | - _
From reciprocity relation, we have I I
ARy = AR (2) | 7 ; I
Substituting Eq. (2) in to Eq. (1), we get
(AT Ag)Fip =Fp3 —Fyy - Fio = (A 1 A)(Fo3—Fyy) 3)
The view factors F,3 and F,,4 can be determined by treating them as view factors for coaxial parallel disks using Table 13-1:
with R, :%:DT/Z:o.s and  Ry=R, =%:DT/2=0.5
We get
s g, 1 RZ =1+1+(0.5)2 s

R2 (0.5)2

2 1/2
1 2 D3 1 2 1/2
F..=-JS—-|52_4/=3 =_[6-(6°-4 =0.1716

With R, = Dz—:_z =0.25 and R, =R, =0.25
We get
2 2
S=l+1+ I;e4 =1+1+(0.252) _18
R; (0.25)

2 1/2
F24=% 5{32_4(&j } :%[18—(182—4)1’2]:0.05573

Substituting the values of Fy; and F,,4 into Eqg. (3), we have
Fio = (Ay 1 A)(Fpz — Fy) = (A, 1 A)(0.1716 — 0.05573) = 0.1159(A, / A))
The rate of heat transfer by radiation is then
le = A1F120(r14 —T24)
=0.1159A, (A, / A)o(T* =T,
=0.1159A,0(T* -T,})
=0.1159(zD? / 4o (T, - T,})

2
= 0.1159@ (5.67x10°8 W/m? - K*)(1000* —300%) K*

=205W

Discussion The view factors F»3 and F,, can also be determined using Fig. 13-7.
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13-49 The radiation heat flux between two infinitely long parallel plates of specified surface temperatures is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered. 4

The surface temperatures are uniform.
Analysis From the Hottel’s crossed-strings method, we have

¥ (Crossed strings) — X (Uncrossed strings)

I:iaj =

2 x (String on surface i)
For uncrossed strings, we have

L=L,= (Wz +W2)1/2 _ (Wz +W2)1/2 = 2w
For crossed strings, we have

Ly=(W? +4w?)"2 =\B8W and L,=w
Applying the Hottel’s crossed-strings method, we get Fy, as

_ (Lg+Ly) = (L +Ly)
2w

_ (/5w +w) — (V2w +2w)

2w

I:12

=0.204

The radiation heat flux between the two surfaces is

tho = Froo(@' - T5)

= (0.204)(5.67 x10~® W/m? - K*)(700* - 300*) K*

= 2680 W/m?

- -
o
B N \’
i %
B NP -!‘} | X
\ e | N\
IS \ ~ N
W Ly I N
\ | N N
oLy RN
N 55Q
v S
L 14,

Discussion The Hottel’s crossed-string method is applicable only to surfaces that are very long, such that they can be
considered to be two-dimensional and radiation interaction through the end surfaces is negligible.
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13-50 Two long parallel cylinders are maintained at specified temperatures. The rates of radiation heat transfer between the
cylinders and between the hot cylinder and the surroundings are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are black. 3 Convection heat transfer is not considered.

Analysis We consider the hot cylinder to be surface 1, cold cylinder to be surface 2, and the surroundings to be surface 3.
Using the crossed-strings method, the view factor between two cylinders facing each other is determined to be

Z Crossed strings — z Uncrossed strings

I:1—2 - -
2xStringon surface 1
_2Js?+D? -2s
2(nD12)
or
2(\/52+D2 —s)
Fro=——7——

D
2( 0.32 +0.202 —0.5)

7(0.20)
=0.444

The view factor between the hot cylinder and the surroundings is
Fi3 =1-F;, =1-0.444 = 0.556 (summation rule)

The rate of radiation heat transfer between the cylinders per meter length is

A=7DL/2=7(0.20m)(Lm)/ 2 = 0.3142 m?

le = A':120(-'—14 _T24)
=(0.3142 m?)(0.444)(5.67 x10~® W/m? .°C)(425* - 275*)K *
=212.8W

Note that half of the surface area of the cylinder is used, which is the only area that faces the other cylinder. The rate of
radiation heat transfer between the hot cylinder and the surroundings per meter length of the cylinder is

A, = 7DL = 7(0.20 m)(1m) = 0.6283 m?
le = A1|:130'(-|-14 _T34)

= (0.6283m?)(0.556)(5.67 x10® W/m?.°C)(425* —300*)K*
=485.8W
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13-51 The radiation heat flux between two infinitely long parallel plates of specified surface temperatures is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered. 4
The surface temperatures are uniform.

Analysis From the Hottel’s crossed-strings method, we have

_ X(Crossed strings) — X (Uncrossed strings)

F

el 2x (Stringon surface i) Ly=w '
where,
SR .
Ll = I_2 =W 4 !\\ ~ Y| - / /,‘
v e & / \
\/g \\ ~ 2 1 ,, \\
\ > / \
L3=L4=L5=,/w2+(w/2)2=7w \ ; \
\ het /" ‘\
w L SR LY/
9 3 2 \/E 3N 2N X
LGZ W~ + EW :TW \‘. "’ N \\
. . \ /f[‘S ,’(}\\\ \
Applying the Hottel’s crossed-strings method, we get Fy; as 5 NG
\ 7 ~( SN
A4 A\ % <\
F :(L5+L6)_(L3+L4) i ’ |
12 oW L
- &
 (V5W/ 2+ 13w/ 2) — (J5W/ 2 + 5w/ 2) w/2 Li=w
- 2w
=0.3424

The radiation heat flux between the two surfaces is
G = Flsz(rl4 —T24)
=(0.3424)(5.67 1078 W/m? - K*)(773* —=323*)K*
=6720 W/m?

Discussion The Hottel’s crossed-string method is applicable only to surfaces that are very long, such that they can be
considered to be two-dimensional and radiation interaction through the end surfaces is negligible.
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13-52 Two perpendicular rectangular surfaces with a common edge are maintained at specified temperatures. The net rate of
radiation heat transfers between the two surfaces and between the horizontal surface and the surroundings are to be
determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.
Properties The emissivities of the horizontal rectangle and the surroundings are ¢=0.75 and & = 0.85, respectively.

Analysis We consider the horizontal rectangle to be surface 1, the vertical rectangle to be surface 2 and the surroundings to be
surface 3. This system can be considered to be a three-surface enclosure. The view factor from surface 1 to surface 2 is
determined from

L _08_ T, =550 K

05 "
\LV ig Fi, =0.27 (Fig. 13-6) e=1 W=16m

2 .
—2=""2075 _
W 16 L,=12m A @ Ig_ 598%K
3— V.
The surface areas are A (1)
- 1
A, =(0.8m)(1.6 m) =1.28m? L;=0.8m
A, = (1.2m)(1.6 m) =1.92 m? T, =400 K
g, =0.75

A, = 2x 1208 | 082 11227 x1.6-3.268m?

Note that the surface area of the surroundings is determined assuming that surroundings forms flat surfaces at all openings to
form an enclosure. Then other view factors are determined to be

AR, =AF;—(1.28)(0.27) = (1.92)F,; —— F,; =0.18 (reciprocity rule)
Fii+Fy+F3=1—>0+027+F;=1——F;;3;=0.73 (summation rule)
Fo1+Fyp +Fy3 =1——0.18+0+ Fy3 =1—— F,3 =0.82 (summation rule)
A F 5 = AjF3, —>(1.28)(0.73) = (3.268) F3; —— F3;, = 0.29 (reciprocity rule)

Ay Fog = AgF3, —(1.92)(0.82) = (3.268) F;, —— F5, =0.48 (reciprocity rule)

We now apply Eq. 13-35 to each surface to determine the radiosities.

1-¢
O'T14:Jl+ ! [F12(31_32)+F13(31_~]3)]
Surface 1: !
(5.67 x1078 W/m? K*)(400 K)* = J, + %[o.zwl -J,)+0.73(3; - J3)]
Surface 2: oT, =3, —>(5.67x107° W/m? K*)(550K)* = J,
4 1-43
olg =J3+ [F31(33_31)+F32(J3_32)]
Surface 3: 8
(5.67 x1078 W/m? K*)(290 K)* = J, + 1;(;'585 [0.29(35 - J;) +0.48(3; — J,)]

Solving the above equations, we find
J; =1587 W/m?, J, =5188 W/m?, J, =811.5W/m’

Then the net rate of radiation heat transfers between the two surfaces and between the horizontal surface and the surroundings
are determined to be

Qo1 =-Q1 =—AF,(J; - J,) =—(1.28m?)(0.27)(1587 — 5188) W/m? =1245 W
Qi3 = AF3(J; — J3) =(1.28m?)(0.73)(1587 — 811.5)W/m* = 725 W
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13-53 A furnace shaped like a long equilateral-triangular duct is considered. The temperature of the base surface is to be
determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered. 4 End effects are neglected.

Properties The emissivities of surfaces are given to be g, = 0.8 and ¢, = 0.4.

Analysis This geometry can be treated as a two surface enclosure since
two surfaces have identical properties. We consider base surface to be
surface 1 and other two surface to be surface 2. Then the view factor
between the two becomes F;, =1. The temperature of the base surface is

determined from

T, =500 K

o o' -T,%) €2=05
12 = 7 — =800 W/m?
1-g N 1 N 1-¢g / ¢ Zos
As AR, A am

(5.67x107¢ W/m? - K*)[(T,)* - (500K)*] ‘

B0O0W="—""73 1 1-05 b=2m
+ + [ [
(Im?)(0.8) (@Am?)D) (2m?)(0.5)
T, =543K

Note that A, =1m? and A, =2m?.
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€€
13-54 Prob. 13-53 is reconsidered. The effects of the rate of the heat transfer at the base surface and the temperature
of the side surfaces on the temperature of the base surface are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

a=2 [m]

epsilon_1=0.8
epsilon_2=0.5
Q_dot_12=800 [W]
T_2=500 [K]

sigma=5.67E-8 [W/m”2-K"4]

"ANALYSIS"

"Consider the base surface to be surface 1, the side surfaces to be surface 2"
Q_dot_12=(sigma*(T_1"4-T_2"4))/((1-epsilon_1)/(A_1*epsilon_1)+1/(A_1*F_12)+(1-
epsilon_2)/(A_2*epsilon_2))

F 12=1
A_1=1"[m~2], since rate of heat supply is given per meter square area"
A 2=2*A 1

Qi 1 552

[W] [K] 549E

500 528.4 c

525 529.7 546

550 531 .

575 532.2 . 543f

600 533.5 X .

625 534.8 o %00

650 536 R

675 537.3 -

700 538.5 534

725 539.8 :

750 541 s31f

775 542.2 ’ ]
800 543.4 528
805 cALe 500 600 700 800 900 1000
850 545.8 Q12 [W]

875 547

900 548.1

925 549.3

950 550.5

975 551.6

1000 552.8
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T2 T
(K] [K]
300 425.5
325 435.1
350 446.4
375 459.2
400 473.6
425 489.3
450 506.3
475 524.4
500 543.4
525 563.3
550 583.8
575 605
600 626.7
625 648.9
650 671.4
675 694.2
700 717.3
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13-55 A solid sphere is placed in an evacuated equilateral triangular enclosure. The view factor from the enclosure to the

sphere and the emissivity of the enclosure are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is

not considered.
Properties The emissivity of sphere is given to be & = 0.45.

Analysis (a) We take the sphere to be surface 1 and the surrounding
enclosure to be surface 2. The view factor from surface 2 to surface
1 is determined from reciprocity relation:

A, =D = z(lm)® =3.142m”

L=D+6 = (1m)?/6 =2.449m
2
A, = 4"7‘/§ = 1%4/3 = (2.449m)2 /3 =10.39 m?
AFp = ARy
(3.142)(1) = (10.39)F,,

We note that the tetrahedron has four equal surfaces.

T: =600 K
& =0.45

(b) The net rate of radiation heat transfer can be expressed for this two-surface enclosure to yield the emissivity of the

enclosure:
4 4
Q= O'(Tl -T, )
1-g 1 1-¢,
+ +
Ag ARy A,
-8 2 4 4 4
3100 W - __(5:67x107° W/m? . K )[(600 K)* —(420K) ]
1-045 1 L 1-a
(3.142m?)(0.45) (3.142m?%)(1) (5.196 m?)e,
£, =0.7515
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13-56 A long semi-cylindrical duct with specified temperature on the side surface is considered. The temperature of the base
surface for a specified heat transfer rate is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivity of the side surface is € = 0.4.

Analysis We consider the base surface to be surface 1, the side surface to be surface 2. This system is a two-surface enclosure,
and we consider a unit length of the duct. The surface areas and the view factor are determined as

A =@.0m)1.0m)=1.0m?
A, =7DL/2=z(1.0m)Am)/2=1571m?

The temperature of the base surface is determined from

6, - 0" =T
1277 1-g
+
AF, A,
1900 W — (5.67x1078 W/m? . K“)[T,* — (650 K)*]
1, 1-04
(1.0m?)1Q) (1.571m?)(0.4)
T, =684.8K

13-57 A hemisphere with specified base and dome temperatures and heat transfer rate is considered. The emissivity of the
dome is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivity of the base surface is ¢ = 0.55.

Analysis We consider the base surface to be surface 1, the dome surface to be surface 2. This system is a two-surface
enclosure. The surface areas and the view factor are determined as

A =7D? | 4=7(0.20m)? /4=0.03142m?
A, =2D?%/2=7(0.20m)? /2 =0.06283 m?

€y = ?

The emissivity of the dome is determined from ‘/‘:
Oy =—0,, =— o' -T,*) D=02m
AT X2T g 1 1-45 ' |

Ay " AF, A
(5.67 %1078 W/m? - K*)[(400 K )* — (600 K)*]
1-0.55 . 1 . 1-¢,
(0.03142m?)(0.55)  (0.03142m?)(1) (0.06283m?)s,

50W: /5220.209
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13-58E The base and the dome of a long semicylindrical duct are maintained at uniform temperatures. The net rate of
radiation heat transfer from the dome to the base surface is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse,
and gray. 3 Convection heat transfer is not considered.

Properties The emissivities of surfaces are given to be €, = 0.5 and &, = 0.9.
Analysis The view factor from the base to the dome is first determined from T. =550 R
1=

F;; =0 (flat surface) K g, =05

F, +F, =1— Fj, =1 (summation rule) D=15ft |

T,=1800 R
&= 0.9

The net rate of radiation heat transfer from dome to the base surface can be I
determined from

Gr =Gy = oM -T,%) _ (0.1714x10°® Btw/h.* -R*)[(550 R)* — (1800 R)*]
21="V12 = 1_51+ 1 +1_52_ 1-05 N 1 N 1-0.9
Mo AF, A (15%2)(05) (15%2)Q) {W}(o_g)
2

=129,200Btu/h per ft length
The positive sign indicates that the net heat transfer is from the dome to the base surface, as expected.
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13-59 Radiation heat transfer occurs between a sphere and a circular disk. The view factors and the net rate of radiation heat
transfer for the existing and modified cases are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of sphere and disk are given to be & = 0.9 and &, = 0.5, respectively.

Analysis (a) We take the sphere to be surface 1 and the disk to be surface 2. The view factor from surface 1 to surface 2 is
determined from

2 -0.5 2 -0.5
F,=051-|1+| 2 0501 | 14[ L2M =0.2764
h 0.60m

The view factor from surface 2 to surface 1 is determined from
reciprocity relation:

A, = 4nr? =47(0.3m)? =1.131m?

A, = a1, = 7(L.2m)? = 4524 m? ' h
AFi = ARy L T2
} w
(1.131)(0.2764) = (4.524)F,,
F,; =0.0691
(b) The net rate of radiation heat transfer between the surfaces can be determined from
6= l_gla(Tl41_T242_82 _ 1(_5§gxloiW/m2 : K;)[(873 K)4+— (473;}52)‘:]3 _8550W

Ao AFn A,  (1131m2)(09)  (L131m?2)(0.2764)  (4.524m?)(0.5)

(c) The best values are ¢; =¢, =1 and h=r; =0.3m. Then the view factor becomes

2 -0.5 2 -0.5
F,=051-|1+| 2 0511422 —0.3787
h 0.30m

The net rate of radiation heat transfer in this case is

Q-= AlFlza('Fl4 -T,* ): (1.131m?)(0.3787)(5.67x10° W/m? - K4)[(873 K)* (473 K)4]: 12,890W
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13-60 Two very large parallel plates are maintained at uniform temperatures. The net rate of radiation heat transfer between
the two plates is to be determined.

Assumptions 1 Steady operating conditions exist 2 The
surfaces are opaque, diffuse, and gray. 3 Convection heat
transfer is not considered. g, =05

Properties The emissivities ¢ of the plates are given to be
0.5and 0.9.

Analysis The net rate of radiation heat transfer between the
two surfaces per unit area of the plates is determined
directly from

T, =400 K

; 4 - 4 -8 2. k? 4 4
%2 :aiTl 1T2 ) _ (5.67x10 W/le )£(600 K)” ~(400K)"T _ 5293 \W/m?2

s —+—-1 —+—-1
& & 05 09
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13-49

13-61 Prob. 13-60 is reconsidered. The effects of the temperature and the emissivity of the hot plate on the net rate of
radiation heat transfer between the plates are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

sigma=5.67E-8 [W/m~2-K"4] “Stefan-Boltzmann constant"

g_dot_12=(sigma*(T_17-T_274))/(1/epsilon_1+1/epsilon_2-1)

Qo [W/M?]

"GIVEN"

T_1=600 [K]

T_2=400 [K]

epsilon_1=0.5

epsilon_2=0.9

"ANALYSIS"
T1[K] Gy [WIM?]
500 991.1
525 1353
550 1770
575 2248
600 2793
625 3411
650 4107
675 4888
700 5761
725 6733
750 7810
775 9001
800 10313
825 11754
850 13332
875 15056
900 16934
925 18975
950 21188
975 23584
1000 26170
& Gy, [Wim?]
0.1 583.2
0.15 870
0.2 1154
0.25 1434
0.3 1712
0.35 1987
0.4 2258
0.45 2527
0.5 2793
0.55 3056
0.6 3317
0.65 3575
0.7 3830
0.75 4082
0.8 4332
0.85 4580
0.9 4825

30000

25000

20000

Qo [WIim?]

15000

10000

5000

500

5000

600 700 800 900 1000
T1 [K]

4500»
4000»
3500»
3000»
2500»
2000»
1500»

1000

02 03 04 05 06 07 08 09
e1
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13-62 Air is flowing between two infinitely large parallel plates. The convection heat transfer coefficient associated with the
air is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque, diffuse, and gray. 3 The surface temperatures
are uniform.

Properties The emissivity of the upper plate is given as ¢; = 0.7. The lower plate surface is black, &, = 1.

Analysis For infinitely large parallel plates, the rate of radiation heat transfer is (from Table 13-3),

Q,, = AO'(T14 —T24)
—+—-1
& &
AT, &
Applying energy balance on the lower plate, we have e
s Air, b, Ty ——
le =Qconv B — ‘/_:F], -Jr':, £y
Ac(Ty! -T)
hA(T, -T,)=————5%~
(T2 Too) 1 1
—+—-1
a &
h= o (Tl4 _T24)
i_’_i_l (TZ _Too)
& &
_ (5.67x107° w/m? - K*) (500" -330*) K*
%H_l (330-290) K

h =50.3 W/m? - K

Discussion The calculated value of the convection heat transfer coefficient (h = 50.3 W/m?-K) is typical for forced
convection of gases (see Table 1-5)
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13-63 Liquid nitrogen is stored in a spherical tank this is enclosed by a concentric spherical surface at 273 K. The rate of
vaporization for the liquid nitrogen is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque, diffuse, and gray. 3 Heat transfer by radiation
only.

Properties The emissivity of the two surfaces is given as D,
&1 = & = 0.01. The latent heat of vaporization for ' 3
nitrogen is hyy = 198.6 kJ/kg (Table A-2).

Analysis For concentric spheres, the rate of radiation heat
transfer at the inner surface is (from Table 13-3),

Q _ Aio'(T14 _T24) 3
12 — 2 ~
1 + 1-& [DlJ 4,
& & D, Vacuum
= =0
Hence, BT R 4
2 -8 2 14 4 4y 1 4
Qpp = (L m)“(5.67x10™° W/m= - K")(80" —273")K 7082 W

1, 1-001( 1Y
001 001 (16

The rate of vaporization can be determined using
-Qp, = mhfg

o Qo -7082W

“hyy  198.6x10° Jkg
m = 3.57x107° kg/s

Discussion The rate of vaporization can be reduced by placing a radiation shield midway between the inner and outer
spherical surfaces.
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13-64 Two very long concentric cylinders are maintained at uniform temperatures. The net rate of radiation heat transfer
between the two cylinders is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are

opaque, diffuse, and gray. 3 Convection heat transfer is not considered. D,=05m D,=0.35m

Properties The emissivities of surfaces are given to be ¢; = 1 and &, = 0.55. T, =500 K T1 =950 K

Analysis The net rate of radiation heat transfer between the two cylinders
per unit length of the cylinders is determined from

=" ~
1 1-&,(r
1 1-a(n
& &, \h

_ [#(0.35m)(1m)](5.67x10"® W/m? - K*)[(950 K)* — (500 K)*]
- 1,1-055 (35}

1 055 |5
=29,810 W = 29.81kW
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13-65 A long cylindrical black surface fuel rod is shielded by a concentric surface that has a uniform temperature. The surface
temperature of the fuel rod is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The fuel rod surface is black. 3 The shield is opaque, diffuse, and gray. 4
The fuel rod and shield form an infinitely long concentric cylinder.

Properties The emissivity of the shield is given as &, = 0.05. The fuel rod surface is black, ¢ = 1.

A b, 1

P 7 Shield
Vacuum

Fuel rod
A " TI_ £

Analysis For infinitely long concentric cylinder, the rate of radiation heat transfer at the fuel rod surface is (from Table 13-3),

4 T4 4 T4
Qi = Aoy - Te) _ Ao —T) _ 0.09524Ao(T;" - T,')
1 1-&( D }+1—0.05 25
& & \D,) 1 005 (50
Applying energy balance on the shield, we have the following expression:

Q12 :Qconv +de :hAZ(TZ _Too)+€2A20-(T24 _Tsﬁrr)

Hence
T4 _ h(rz _Too)+820-(T24 _Tsﬁrr) & +T4
1~ 2
0.095240
_ N, =T) +£0(T ~Ton) (Do), 14
0.09524¢ )l
or

. 4 4 1/4
T = h(TZ _Too)+‘920—(TZ _Tsurr) & +-|—4
! 0.09524¢ D) °

[ _ -8 4 _annd 14
T, - (15)(320 —300) + (0.05)(5.67 x 10 i )(320" —300%) (@j K* 1+ (320 K)*
0.09524(5.67x107") 25

T, =594K

Discussion The use of absolute temperatures is necessary for calculations involving radiation heat transfer.
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13-66 A long cylindrical rod coated with a new material is placed in an evacuated long cylindrical enclosure which is
maintained at a uniform temperature. The emissivity of the coating on the rod is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are
opaque, diffuse, and gray. D;=01m D, =0.01m
T,=200K T, =500 K

Properties The emissivity of the enclosure is given to be &, = 0.95. ¢, = 0.95 6, =7

Analysis The emissivity of the coating on the rod is determined from

o=~
1 1-& (1
1, 1=6n
& & \ I

[7(0.01m)(1m)](5.67 x10~® W/m? - K*)[(500 K)* — (200 K)*]

8W=
i+ 1-095( 1
& 0.95 \10
which gives
€, =0.0738
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13-67 H Liquid NH; flows in an insulated tube that is protected by a concentric shield. The surrounding temperature is to be
determined so that the NH; is maintained in the liquid state.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque, diffuse, and gray. 3 The ambient temperature is
equal to the temperature of the surrounding surfaces, T, = Tgyr.

Properties The emissivity of both surfaces is given to be ¢ = ¢; = ¢, = 0.33.

Analysis The net rate of radiation heat transfer between the two concentric cylinders is

Radiation heat transfer rate from the outer sphere to the surrounding is

Qrad = 8A20(Tsfm _T24) =&h U(Tog _T24)

The natural convection heat transfer rate from the outer surface is

Qconv = hAZ (T, - T2)

Performing the energy balance on the outer surface, we have

le = Qconv + Qrad
4 4
-T

Ao -1 ) =hA,(T,, —T,) +eAy o (T —T24)
1 1-¢ [ D, J
J— + - | —=
€ e \ Dy
D,o(Ty ~T,")

1 1-¢( D
7+7 R
£ e \ D,

(0.04m)(5.67x1078 W/m? - K*)(283* —273*)K*
1 1-0.33(0.04m
0.33  0.33 0.08m

=hD, (T, -T,) +5D20'(To;1 —T24)

Thus,

= (3 W/m? - K)(0.08 m)(T,, — 283)K

+(0.33)(0.08 M)(5.67 %1078 W/m? - K*)(T.* - 283*)K*

The surrounding air temperature T,, can be solved by trial-and-error to yield T,, = 11.3°C.

Discussion By monitoring the temperatures of the surrounding air and the shield surface, the vaporization of the liquid NH;
flowing inside the tube can be prevented.
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13-68 W Hot fluid flowing inside a long tube and the tube is enclosed in a concentric cylindrical thin cover. The emissivity
of the inside tube is to be determined so that the outer surface temperature is kept below 45°C to prevent thermal burn
hazards.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque, diffuse, and gray. 3 The ambient temperature is
equal to the temperature of the surrounding surfaces, T, = Tgyr.

Properties The emissivity of outer cylindrical cover is given to be ¢, = 0.6.

Analysis The net rate of radiation heat transfer between the two concentric cylinders is

12 =
1_
1. 1-5D
& & D,

Radiation heat transfer rate from the outer sphere to the surrounding is

: 4 4
Qrd =62 A20(Ty" = Tgirr)

The natural convection heat transfer rate from the outer surface is

Qconv = hAZ (TZ -T,)

Performing the energy balance on the outer surface, we have
Q12 =Qrg + Qconv

Ac(m' -T,%)

1 . 1-6(D
&1 & D,

=& A UUZA _Tsﬁrr) + hAZ (rz -T,)

Thus,
4 4 -1
g = Aoy -Tp") 1-4 [&J
| €2 Asz(Tz4 —Teur) + A (T, - T,,) & (D,
i 4 4 -1
_ Dio(Ty” -Tp') 1-4 (ﬂ)
_52[)20(-'—24 ~Tam) +hD, (T, -T,) & \D;
H (0.025m)(5.67 x10~® W/m? - K*)(423* —318%)K*
| (0.6)(0.05m)(5.67x10" W/m? - K*)(318* - 293*) K* + (8 W/m? - K)(0.05 m)(318 — 293) K
1-06(0.025m)["
0.6 | 0.05m
£ =0.573

Discussion In order to keep the outer surface at 45°C, the emissivity of the inner tube should be 0.573 or lower.
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13-69 Two phase gas-liquid oxygen is stored in a spherical tank this is enclosed by a concentric spherical surface at 273 K.
The heat transfer rate at the spherical tank surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque, diffuse, and gray. 3 Heat transfer by radiation
only.

Properties The emissivity of the two surfaces is given as &; = ¢, = 0.01. le D, o
The normal boiling point of oxygen is —183°C (Table A-2).

Analysis For concentric spheres, the rate of radiation heat transfer at
the inner surface is (from Table 13-3),

S Aio-(T14 _T24)
Q= >
1 . 1-6[D \
& & (D, Az
= =8, =001
Note that the spherical tank surface has the same temperature as the , A £ =5
oxygen at normal boiling point, T; = —183°C = 90 K. Hence, Vacuum
2 -8 2 4 4 4 4
= z(Lm)“(5.67x107° W/m* - K")(90" —273") K __705W

1, 1-001( 1
001 001 \16

Discussion The negative value of Q,, indicates that heat is being added to the oxygen. As long as the oxygen is maintained in
the two-phase gas-liquid state, its temperature will remain constant at the normal boiling point.
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13-70 Two concentric spheres are maintained at uniform temperatures. The net rate of radiation heat transfer between the two
spheres and the convection heat transfer coefficient at the outer surface are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are

opaque, diffuse, and gray. Ty =30°C
Properties The emissivities of surfaces are given to be & = 0.5 D,=04m T,=30°C
and & =0.7. T, =500 K D;=03m
. - €,=0.7 T,=700K
Analysis The net rate of radiation heat transfer between the two &, =05
spheres is
4 4)
3 Aio'(Tl -1
Q2= >
& &y \ Iy

_ [n(o.s m)® Is.m x1078 W/m? - K41(7oo K)* - (500 K)“]
1 1-07 (0.15mj2
05 07 | 03m

=1351W
Radiation heat transfer rate from the outer sphere to the surrounding surfaces are
Qrad = 5FA20(T24 _Tsurr4)
=(0.35)(1)[ (0.4 m)?](5.67 x 1078 W/m? - K*)[(500 K)* — (30 + 273 K)“]
=539W

The convection heat transfer rate at the outer surface of the cylinder is determined from requirement that heat transferred from
the inner sphere to the outer sphere must be equal to the heat transfer from the outer surface of the outer sphere to the
environment by convection and radiation. That is,

Quony = Q1p — Qpag =1351-539=812 W
Then the convection heat transfer coefficient becomes
Qconv. = hAZ (TZ - TOO)
812 W = hl1z(0.4 m)? {500 K - 303 K)
h=8.20W/m? -°C
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13-71 A spherical tank filled with liquid nitrogen is kept in an evacuated cubic enclosure. The net rate of radiation heat

transfer to the liquid nitrogen is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is

not considered. 4 The thermal resistance of the tank is negligible.
Properties The emissivities of surfaces are given to be g, = 0.1 and ¢, = 0.8.

Analysis We take the sphere to be surface 1 and the surrounding cubic
enclosure to be surface 2. Noting that F;, =1, for this two-surface enclosure,

the net rate of radiation heat transfer to liquid nitrogen can be determined from

Aol -1,

Cube,a=3m

T,=240K

D;=2m
T, =100 K
€1=0.1

)

N/

Qzl = —le ==

1 1=6[A
&1 & A,

[z2m)?]5.67x10¢ Wim? . K4I(1OO K)* - (240 K)“]

1 ,1-08|7(2 m)?
6(3m)2

Vacuum

01 08

=228W

13-72 A spherical tank filled with liquid nitrogen is kept in an evacuated spherical enclosure. The net rate of radiation heat
transfer to the liquid nitrogen is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered. 4 The thermal resistance of the tank is negligible.

Properties The emissivities of surfaces are given to be ¢, = 0.1 and
€= 0.8.

Analysis The net rate of radiation heat transfer to liquid nitrogen can be
determined from

D2:3m D1:2m
T,=240K T, =100 K

(2 =038 =01

[z m)? [5.67x10"° wim? . K4](240 K)* - (100 K)“]

1 1—0.8{ (1m)? }
7+7 - <
01 08 |(1.5m)?

=227TW
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13-73 Prob. 13-72 is reconsidered. The effects of the side length and the emissivity of the cubic enclosure, and the

emissivity of the spherical tank on the net rate of radiation heat transfer are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

D=2 [m]

a=3 [m]

T_1=100 [K]

T _2=240 [K]

epsilon_1=0.1

epsilon_2=0.8

sigma=5.67E-8 [W/m”2-K"4] “Stefan-Boltzmann constant"

"ANALYSIS"

"Consider the sphere to be surface 1, the surrounding cubic enclosure to be surface 2"
Q_dot_12=(A_1*sigma*(T_1"-T_2/4))/(1/epsilon_1+(1-epsilon_2)/epsilon_2*(A_1/A_2))
Q_dot_21=-Q_dot_12

A_1=pi*D"2
A_2=6*a’2
a Q.1 229
[m] W]
2.5 227.4
2.625 2275 2285
2.75 227.7
2.875 227.8
3 227.9 E
3.125 228 228
3.25 228.1 S
3.375 228.2
35 228.3 o7 5
3.625 228.4
3.75 228.4
3.875 228.5
4 228.5 o7l oo
4.125 228.6 2.5 3 35 4 c
4.25 228.6 a [m]
4.375 228.6
4.5 228.7
4.625 228.7
4.75 228.7
4.875 228.8
5 228.8

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course

preparation. If you are a student using this Manual, you are using it without permission.



€1 Q21
(W]
0.1 227.9
0.15 340.9
0.2 453.3
0.25 565
0.3 676
0.35 786.4
0.4 896.2
0.45 1005
0.5 1114
0.55 1222
0.6 1329
0.65 1436
0.7 1542
0.75 1648
0.8 1753
0.85 1857
0.9 1961
& Q21
(W]
0.1 189.6
0.15 202.6
0.2 209.7
0.25 214.3
0.3 217.5
0.35 219.8
0.4 2215
0.45 222.9
0.5 224.1
0.55 225
0.6 225.8
0.65 226.4
0.7 227
0.75 227.5
0.8 227.9
0.85 228.3
0.9 228.7
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13-74 H Cold fluid stored in a spherical tank enclosed in a concentric outer cover. The gap of the vacuumed enclosure is to
be determined so that the outer surface temperature is not below the dew point.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque, diffuse, and gray. 3 Radiation heat transfer
between the outer surface and the surrounding is negligible.

Properties The emissivity of both surfaces is given to be ¢ = ¢; = ¢, = 0.6.

Analysis The net rate of radiation heat transfer between the two spheres is

The natural convection heat transfer rate from the outer surface is

Qconv = hAZ (T2 -T,)

Performing the energy balance on the outer surface, we have

QlZZQconv
4 4 2 4 4
ol -T Dio(T* -T
Aot Te) oy r, - 1,) Dol T ) - hozqr, -1,)
1 1-¢(D; 1 1-¢(D
&g & D2 & & DZ

Hence,

2 4 L4 05
D. = Dieo(T,” -T, )—(l—g)D2
| h(-T.) '

| 3m)?(0.6)(5.67x10"% W/m? - K*)(278" - 283*)K*
(3W/m? - K)(283 - 286) K

0.5
—(1-0.6)@3 m)z}

=3.38m
Thus, the gap of the vacuumed enclosure is

_ _D;-D,_338-3
gap 2 2

m=0.19m

Discussion To keep the outer surface temperature above the dew point of 10°C, the vacuumed gap should be greater than 19
cm. Gap size below 19 cm will bring the outer surface temperature to below 10°C and condensation could occur to cause
electrical hazards.
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13-75 H A spherical tank is filled with chemical in an exothermic reaction that heats up the surface temperature. The tank in
enclosed by a concentric outer cover to prevent thermal burn hazards. The temperature of the outer cover is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque, diffuse, and gray. 3 The ambient temperature is
equal to the temperature of the surrounding surfaces, T, = Tgyr.

Properties The emissivity of both surfaces is given to be ¢ = ¢; = ¢, = 0.5.

Analysis The net rate of radiation heat transfer between the two spheres is

Radiation heat transfer rate from the outer sphere
to the surrounding is

: 4 a4
Qrad =¢hA, O-(TZ _Tsurr)

The natural convection heat transfer rate from the
outer surface is

Qconv = hAZ (TZ -T,)

Performing an energy balance on the outer surface,
we have

Q12 = Qrad + Qconv

Alo-(Tl4 —T24) _
1,1-¢(D )
DZ

A O-(T24 _Tsﬁrr) +hAy (T,
& &

Dio(h’-T,") _
1 1-¢(D, )
7+7 =

D2

SD?? O-(T24 _Tsﬁrr) +h DZ:2 (T,

& &
Hence,

(3m)2(5.67x1078 W/m? - K*)(393* -T,})K*

1 ,1-05(3m Y’
05 05 (31m

Dy ——>]

Air, 30°C
h=5Wm-K —

('hcmi)

rcucli(.\n//J ~A,

Sem— E,=&6=0)5
/ 2
Vacuum

_Too)
_Too)

=(0.5)(3.1m)?(5.67x10"® W/m? - K*)(T,' —303*)K*

+(5W/m? -K)(3.1m)?(T, —-303) K

The outer cover temperature T, can be solved by trial-and-error to yield T, = 55.7°C > 45°C.

Discussion The outer cover temperature is above the safe temperature of 45°C, and that is a potential thermal burn hazard.
This hazard can be alleviated by lowering the emissivity of both surfaces to 0.23 or lower. Another approach is adding
radiation shields between the concentric surfaces to lower the radiation heat transfer from the inner surface to the outer
surface (see section 13-5 of the text for additional information).
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13-76E A room is heated by electric resistance heaters placed on the ceiling which is maintained at a uniform temperature.
The rate of heat loss from the room through the floor is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered. 4 There is no heat loss through the side surfaces.

Properties The emissivities are &£ = 1 for the ceiling and £ = 0.8 for the floor. The emissivity of insulated (or reradiating)
surfaces is also 1.

Analysis The room can be considered to be three-surface enclosure with the ceiling

surface 1, the floor surface 2 and the side surfaces surface 3. We assume steady-state Ceiling: 12 ft x 12 ft
conditions exist. Since the side surfaces are reradiating, there is no heat transfer through
them, and the entire heat lost by the ceiling must be gained by the floor. Then the rate of T, =90°F
heat loss from the room through its floor can be determined from e =1
0, = Ep —Ep2 )
1 Insulated side

-1
(1+ 1 J +R, 9ft | surfacess
Riz  Riz+Ry;

where
4 -8 2 54 4 2 T, = 65°F
Eyp=ol, = (0.1714x107° Btu/h.ft“.R")(90+ 460 R)" =157 Btu/h.t £,=0.8

Ep, =oT,” =(0.1714x1078 Btu/h.ft2.R*)(65+460 R)* =130 Btu/h. 2
and
A=A, =121)% =144 17

The view factor from the floor to the ceiling of the room is F,, =0.27 (From Figure 13-5). The view factor from the ceiling
or the floor to the side surfaces is determined by applying the summation rule to be

F,+Fy+F3;=1—F3;=1-F,=1-0.27=0.73

since the ceiling is flat and thus F;; = 0. Then the radiation resistances which appear in the equation above become

R, = %2 _ 1_38 = 0.00174 2

Azgz (144ﬁ )(0.8)
Ry, = CH 21 =0.025721 *

AR,  (14412)(0.27)
Rys = Ryg = CH 21 =0.009513 1t

AFi3 (1441 2)(0.73)
Substituting,
_ 2

Oy, = (157 —130) Btu/h. ft _2130Btu/h

-1
! ~+ ! 5 +0.00174 1 2
0.025721t 2  2(0.009513 1 2)
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13-77 The floor and the ceiling of a cubical furnace are maintained at uniform temperatures. The net rate of radiation heat
transfer between the floor and the ceiling is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of all surfaces are ¢ = 1 since they are black or reradiating.

Analysis We consider the ceiling to be surface 1, the floor to be surface 2 and the side surfaces to be surface 3. The furnace
can be considered to be three-surface enclosure. We assume that steady-state conditions exist. Since the side surfaces are
reradiating, there is no heat transfer through them, and the entire heat lost by the ceiling must be gained by the floor. The view
factor from the ceiling to the floor of the furnace is F;, =0.2. Then the rate of heat loss from the ceiling can be determined

from

: Ey —E
Q= oL P2 =} a=4m
[1+ 1 ] T,=1100 K
Ri2 Riz+Rys g =1
where e
Reradiating side
Ep =0T, = (5.67x107 W/m?.K*)(1100 K)* = 83,015 W/m? surfaces
Ep, =oT,” =(5.67x1078 W/m? K*)(550 K)* =5188 W/m?
and
T, =550 K
A=A, =(4m)? =16m? &=1
Riz = ! . i =0.3125m™2
AlFi,  (16m*)(0.2)
Ryz =R,3 = CH i =0.078125m
AlFi3 (16m*)(0.8)
Substituting,
_ 2
Qi = (83,015 -5188) Wim = T.47x10° W=T747kW

1 - 1 .
0.3125m™ 2(0.078125m™)

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




13-66

13-78 A circular grill is considered. The bottom of the grill is covered with hot coal bricks, while the wire mesh on top of the
grill is covered with steaks. The initial rate of radiation heat transfer from coal bricks to the steaks is to be determined for two

Ccases.
Steaks, T, =278 K, e, =1

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque,
diffuse, and gray. 3 Convection heat transfer is not considered.

Properties The emissivities are ¢ = 1 for all surfaces since they are black or
reradiating.

Analysis We consider the coal bricks to be surface 1, the steaks to be surface
2 and the side surfaces to be surface 3. First we determine the view factor 0.20m
between the bricks and the steaks (Table 13-1),

R =R, i 0.15m ~075

L 0.20m Coal bricks, T; =950 K, ¢; =
1+R;®> 140752
_ i 4007

S=1+ 2= e =3.7778
, .
1 A 075\ ]

Flp=Fj==4S- S2 -4 L ==13.7778—|3.7778% — 4 —= =0.2864
2 R, 2 0.75

(It can also be determined from Fig. 13-7).
Then the initial rate of radiation heat transfer from the coal bricks to the stakes becomes
Q12 = ':12A15(T14 _T24)
= (0.2864)[7(0.3m)? / 4](5.67x10~8 W/m? - K)[(950 K)* — (278 K)*]
=928W

When the side opening is closed with aluminum foil, the entire heat lost by the coal bricks must be gained by the stakes since
there will be no heat transfer through a reradiating surface. The grill can be considered to be three-surface enclosure. Then the
rate of heat loss from the coal bricks can be determined from

Ebl — Eb2

1
- + -
Riz Riz+Rps

Ep =0T, = (5.67x1078 W/m? K*)(950 K)* = 46,183 W/m?

le

where
Evy =0T, = (5.67x107° W/m? K*)(5+273K)* =339 W/m’
2
and A=A = @ =0.07069 m?
Rip= = 12 =49.39m™
AFi,  (0.07069 m?*)(0.2864)
Rig =Ros = - ! 19.82m™

AFis  (0.07069m?)(1—0.2864)

(46,183 —339) W/m?

Substituting, Q= —=2085W

1, 1
49.39m™?  2(19.82m)
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13-79E Top and side surfaces of a cubical furnace are black, and are maintained at uniform temperatures. Net radiation heat
transfer rate to the base from the top and side surfaces are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.
Properties The emissivities are given to be &= 0.7 for the bottom surface and 1 for other surfaces.

Analysis We consider the base surface to be surface 1, the top surface to be surface 2 and the side surfaces to be surface 3.
The cubical furnace can be considered to be three-surface enclosure. The areas and blackbody emissive powers of surfaces
are

A =A, =(10%)% =1001 2 A =4(101)% = 4001 2

T,=1600 R
Ey =0T, = (0.1714x107® Btu/h.£%.R*)(800 R)* = 702 Btu/h. 2 =1
Ep, = oT,” =(0.1714x1078 Btu/h.f2.R*)(1600 R)* =11,233 Btu/h. 2 T = 2400 R
3=
Eys =oT," = (0.1714x10°8 Btu/h.ft2.R *)(2400 R)* = 56,866 Btu/h. t2 &=1
The view factor from the base to the top surface of the cube is F;, =0.2. From the
summation rule, the view factor from the base or top to the side surfaces is
FiutFp+F3=1—>F;3;=1-F,=1-02=038 T,=800R
& = 0.7

since the base surface is flat and thus F;; =0 . Then the radiation resistances become

R —1Tf_ 1_8'7 = 0.004286 f 2
A (1001 2)(0.7)

Rip = —— = 12 =0.0500 %
AR, (1001°)(0.2)

Ry ! L =0.0125f 2

~ AF,  (10012)(0.8)

Note that the side and the top surfaces are black, and thus their radiosities are equal to their emissive powers. The radiosity of
the base surface is determined from

Ebl_‘]l + EbZ_Jl + Eb3_‘]l _

0
Rl R12 R13
Substituting,
702-J, +ll233—J1 +56,866—Jl _0 J1:14,813W/m2
0.004286 0.05 0.0125

(a) The net rate of radiation heat transfer between the base and the side surfaces is
_ Eps—J; (56,866 —14,813) Btu/h. 12
Ry 0.0125f 2
(b) The net rate of radiation heat transfer between the base and the top surfaces is
1—Ep,  (14,813-11,233) Btu/h. ft?
Ry, 0.05f
The net rate of radiation heat transfer to the base surface is finally determined from
Q, = Q,; +Qy; = -7.161x10% +3.364x10° = 3.293x 10° Btu/h

Qs =3.364x10° Btu/h

=7.161x10* Btu/h

: J
Q12 =

Discussion The same result can be found form

J—Ep  (14,813-702) Btu/h.ft*
R 0004286t

The result is the same as expected. The slight difference is due to round-off error.

=3.292x10° Btu/h

Ql =
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3
13-80E Prob. 13-79E is reconsidered. The effect of base surface emissivity on the net rates of radiation heat transfer
between the base and the side surfaces, between the base and top surfaces, and to the base surface is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
a=10 [ft]
epsilon_1=0.7
T_1=800 [R]
T_2=1600 [R]
T_3=2400 [R]

"ANALYSIS"

sigma=0.1714E-8 [Btu/h-ft"2-R"4] “Stefan-Boltzmann constant"
"Consider the base surface 1, the top surface 2, and the side surface 3"
E_bl=sigma*T_1™M

E_b2=sigma*T_2"4

E_b3=sigma*T_3™

A 1=a"2

A 2=A1

A 3=4*a"2

F_12=0.2 "view factor from the base to the top of a cube”
F_11+F_12+F 13=1 "summation rule"

F_11=0 "since the base surface is flat"
R_1=(1-epsilon_1)/(A_1*epsilon_1) "surface resistance"
R_12=1/(A_1*F_12) "space resistance"

R_13=1/(A_1*F_13) "space resistance"
(E_b1-J_1)/R_1+(E_b2-J 1)/R_12+(E_b3-J _1)/R_13=0"J 1 : radiosity of base surface"
ll(a)ll

Q_dot_31=(E_b3-J_1)/R_13

ll(b)ll

Q_dot_12=(J_1-E_b2)/R_12

Q_dot_21=-Q_dot_12

Q_dot_1=Q _dot_21+Q dot_31

& Qa1 Q12 Q

[Btu/h] [Btu/h] [Btu/h]
0.1 1.106E+06 636061 470376
0.15 1.295E+06 589024 705565
0.2 1.483E+06 541986 940753
0.25 1.671E+06 494948 1.176E+06
0.3 1.859E+06 447911 1.411E+06
0.35 2.047E+06 400873 1.646E+06
0.4 2.235E+06 353835 1.882E+06
0.45 2.423E+06 306798 2.117E+06
0.5 2.612E+06 259760 2.352E+06
0.55 2.800E+06 212722 2.587E+06
0.6 2.988E+06 165685 2.822E+06
0.65 3.176E+06 118647 3.057E+06
0.7 3.364E+06 71610 3.293E+06
0.75 3.552E+06 24572 3.528E+06
0.8 3.741E+06 -22466 3.763E+06
0.85 3.929E+06 -69503 3.998E+06
0.9 4.117E+06 -116541 4.233E+06
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Radiation Shields and the Radiation Effect

13-81C Radiation heat transfer between two surfaces can be reduced greatly by inserting a thin, high reflectivity(low
emissivity) sheet of material between the two surfaces. Such highly reflective thin plates or shells are known as radiation
shields. Multilayer radiation shields constructed of about 20 shields per cm. thickness separated by evacuated space are
commonly used in cryogenic and space applications to minimize heat transfer. Radiation shields are also used in temperature
measurements of fluids to reduce the error caused by the radiation effect.

13-82C The influence of radiation on heat transfer or temperature of a surface is called the radiation effect. The radiation
exchange between the sensor and the surroundings may cause the thermometer to indicate a different reading for the medium
temperature. To minimize the radiation effect, the sensor should be coated with a material of high reflectivity (low
emissivity).

13-83C A person who feels fine in a room at a specified temperature may feel chilly in another room at the same temperature
as a result of radiation effect if the walls of second room are at a considerably lower temperature. For example most people
feel comfortable in a room at 22°C if the walls of the room are also roughly at that temperature. When the wall temperature
drops to 5°C for some reason, the interior temperature of the room must be raised to at least 27°C to maintain the same level
of comfort. Also, people sitting near the windows of a room in winter will feel colder because of the radiation exchange
between the person and the cold windows.
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13-84 A thin aluminum sheet is placed between two very large parallel plates that are maintained at uniform temperatures.
The net rate of radiation heat transfer between the two plates is to be determined for the cases of with and without the shield.

Assumptions 1 Steady operating conditions exist 2 The surfaces are
opaque, diffuse, and gray. 3 Convection heat transfer is not considered.

Properties The emissivities of surfaces are given to be ¢; = 0.5,
£,=0.8, and g3 =0.15.

Analysis The net rate of radiation heat transfer with a thin aluminum
shield per unit area of the plates is

S ) o =T, T, =650 ‘K\_,Radiation shield
12,0neshield — _ €3 = 0.15
1 1 1 1 £2=08
—F—-1|+ —+—-1
& & €31 €32
_ (5.67x10°% W/m* - K*)[(900 K)* — (650 K)*]
(1+1_1}+(1+1_1
05 0.8 0.15 0.15
=1857W/m?

The net rate of radiation heat transfer between the plates in the case of no shield is

T, =900 K
€1 = 0.5

- oM -T,%)  (5.67x1078 w/m? - K*)[(900 K)* — (650 K)*]
Q12,noshield = =

1,14 1,1,
T 05 08

& &
Then the ratio of radiation heat transfer for the two cases becomes

=12,035 W/m?

le,oneshield _ 1857 W :l
Qi2noshiela 12,035W 6
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€€
13-85 Prob. 13-84 is reconsidered. The net rate of radiation heat transfer between the two plates as a function of the
emissivity of the aluminum sheet is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
epsilon_3=0.15
T_1=900 [K]
T_2=650 [K]
epsilon_1=0.5
epsilon_2=0.8

"ANALYSIS"
sigma=5.67E-8 [W/m”2-K"4]
Q_dot_12 1shield=(sigma*(T_174-T_274))/((1/epsilon_1+1/epsilon_2-1)+(1/epsilon_3+1/epsilon_3-1))

&3 Q12,15hield
[W/m’] 3000
0.05 656.5
0.06 783
0.07 908.1 2500
0.08 1032 N
0.09 1154 =
0.1 1274
0.11 1394 E 2000
0.12 1511 °
0.13 1628 2 1500
0.14 1743 2
0.15 1857 &
0.16 1969 .
0.17 2081 < 1000
0.18 2191
0.19 2299
0.2 2407 500 ' - . - . - .
0.21 2513 0,05 0,1 0,15 0,2 0,25
0.22 2619 €3
0.23 2723
0.24 2826
0.25 2928
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13-86 A radiation shield is placed between two large parallel plates which are maintained at uniform temperatures. The
emissivity of the radiation shield is to be determined if the radiation heat transfer between the plates is reduced to 15% of that
without the radiation shield.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of surfaces are given to be g, = 0.6 and ¢, = 0.9.

Analysis First, the net rate of radiation heat transfer between the two large parallel plates per unit area without a shield is

: oM -T,Y)  (5.67x1078 W/n? - K*)[(650 K)* — (400 K)*]
QlZ,noshieId = 1 1 = 1 1
—+ =1 — 4+ =
& & 06 09

= 4877 W/n?

The radiation heat transfer in the case of one shield is

le,oneshield =0.15x le,noshield
=0.15x 4877 W/m? = 731.6 W/m?

Then the emissivity of the radiation shield becomes

oM’ -T,")

le,oneshield: 1 1 1 1
(+—1j+ —+—1
& & €31 €32

(5.67x1078 W/m? - K*)[(650 K)* — (400 K)*]

1 1 2
—+——1|+| —-—
(0.6 0.9 ) [53 j

73L.6 W/n? =

which gives &3 =0.18
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13-87 Prob. 13-86 is reconsidered. The effect of the percent reduction in the net rate of radiation heat transfer
between the plates on the emissivity of the radiation shields is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T_1=650 [K]

T_2=400 [K]

epsilon_1=0.6
epsilon_2=0.9
PercentReduction=85 “[%]”

"ANALYSIS"

sigma=5.67E-8 [W/m”2-K"4] “Stefan-Boltzmann constant”

Q_dot_12 NoShield=(sigma*(T_1"4-T_274))/(1/epsilon_1+1/epsilon_2-1)
Q_dot_12_1shield=(sigma*(T_1"4-T_2"4))/((1/epsilon_1+1/epsilon_2-1)+(1/epsilon_3+1/epsilon_3-1))
Q_dot_12 1shield=(1-PercentReduction/100)*Q_dot_12 NoShield

Percent €3 1
Reduction

[%]

40 0.9153

45 0.8148

50 0.72

55 0.6304

60 0.5455

65 0.4649

70 0.3885 &
75 0.3158

80 0.2466

85 0.1806

90 0.1176

95 0.05751

40 50 60 70 80 90 100
PercentReduction [%)]
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13-88 A coaxial radiation shield is placed between two coaxial cylinders which are maintained at uniform temperatures. The
net rate of radiation heat transfer between the two cylinders is to be determined and compared with that without the shield.

Assumptions 1 Steady operating conditions exist 2 The surfaces are

opaque, diffuse, and gray. 3 Convection heat transfer is not considered. D,=05m D;=01m
. . . T,=500 K T, =750 K
Properties The emissivities of surfaces are given to be 6,=04 6 =0.7

€,=0.7,6=04.and g5 =0.2.
Analysis The surface areas of the cylinders and the
shield per unit length are
Agipeinner = Ay = Dy L = 7(0.1m)(1m) = 0.314 m?
Apipeouter = Ay =D, L = 7(0.5m)(Im) =1.571m?
Agierg = As = 5L = (0.2 m)(1m) = 0.628 m?

The net rate of radiation heat transfer between the two

cylinders with a shield per unit length is Radiation shield

D3 =02m
oM =T, £3=0.2
l-g 1 l-& l-é& 1 1-g
+ + + + +
Aey AR Agesr Aggsp AR Ave,

(5.67x107® W/m? - K*)[(750 K)* — (500 K)*]

le,oneshield =

1-07 1 "1-02 1 1-04
(0.314)(0.7) ~ (0.314)1) ~ (0.628)(0.2) (0.628)(1)  (L.571)(0.4)
~726W

If there was no shield,

6 oM =T, (567x107° wim? - K750 K)* - (500 K)*]
12,noshield 1 1- &, D1 i . 1-04 (Olj
o & \D, 07 04 \05

Then their ratio becomes

=8329W

le,oneshield _ 726 W

3 = =0.0872
QlZ,noshieId 8329 W
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3
13-89 Prob. 13-88 is reconsidered. The effects of the diameter of the outer cylinder and the emissivity of the radiation
shield on the net rate of radiation heat transfer between the two cylinders are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
D_1=0.10 [m]
D_2=0.50 [m]
D_3=0.20 [m]
epsilon_1=0.7
epsilon_2=0.4
epsilon_3=0.2
T_1=750 [K]
T_2=500 [K]

"ANALYSIS"

sigma=5.67E-8 [W/m”2-K"4] “Stefan-Boltzmann constant"

L=1 [m] “a unit length of the cylinders is considered"

A 1=pi*D_1*L

A_2=pi*D_2*L

A _3=pi*D_3*L

F 13=1

F 32=1

Q_dot_12_1shield=(sigma*(T_1"4-T_2"4))/((1-epsilon_1)/(A_1*epsilon_1)+1/(A_1*F_13)+(1-
epsilon_3)/(A_3*epsilon_3)+(1-epsilon_3)/(A_3*epsilon_3)+1/(A_3*F_32)+(1-epsilon_2)/(A_2*epsilon_2))

I[:)r;] Q12,15hield 730 [
[W] 725
0.25 692.8 i
0.275 698.6 720
0.3 703.5 . i
0.325 707.8 < 715
0.35 711.4 _ -
0.375 714.7 < 710
0.4 7175 < :
0.425 720 < 705
0.45 722.3 &> i
0.475 724.3 700
0.5 726.1 i
695
690 ' ' ' ' '
0.25 0.3 0.35 0.4 0.45 0.5

D2 [m]
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€3 Q12,sshield
(W]
0.05 213.1
0.07 2915
0.09 366.5
0.11 438.3
0.13 507
0.15 572.9
0.17 636
0.19 696.7
0.21 755
0.23 811.1
0.25 865
0.27 917
0.29 967.1
0.31 1015
0.33 1062
0.35 1107

Q12.1shield [W]
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13-90 Two very large plates are maintained at uniform temperatures. The number of thin aluminum s
net rate of radiation heat transfer between the two plates to one-fifth is to be determined.

13-78

heets that will reduce the

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is

not considered.
Properties The emissivities of surfaces are given to be & = 0.5, &, =0.5, and & =0.1.
Analysis The net rate of radiation heat transfer between the plates in the case of no shield is

- _ o' -T,")

le,noshield -7 N
—+—-1
& &

_ (5.67x10°° W/m? - K*)[(1000K)* — (800 K)“]

T, =1000 K

i_}ri_l
05 05

=11159 W/m?

The number of sheets that need to be inserted in order to
reduce the net rate of heat transfer between the two plates to
one-fifth can be determined from

3 _ O'(T14 —T24) =05
Q12shields = . 1 1 )
{+—1j+ Nihiet) —— +————1
& & €31 €32

2y (5.67 x107® W/m? - K*)[(1000 K)* — (800 K)*]

1 1 1 1
—+— 1|+ Ngpjerg| —+—-1
(0.5 05 j S“'e'd(o.l 0.1 j

%(11,159 W/m

Radiation shields
€3 = 0.1

That is, only one sheet with a low emissivity is more than enough to reduce heat transfer to one-fifth.
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13-91 Five identical thin aluminum sheets are placed between two very large parallel plates which are maintained at uniform
temperatures. The net rate of radiation heat transfer between the two plates is to be determined and compared with that
without the shield.

Assumptions 1 Steady operating conditions exist 2 The surfaces are T; =800 K
opaque, diffuse, and gray. 3 Convection heat transfer is not considered. €=0.1

Properties The emissivities of surfaces are givento be &, =¢,=0.1
and g5 =10.1.

Analysis Since the plates and the sheets have the same emissivity
value, the net rate of radiation heat transfer with 5 thin aluminum
shield can be determined from

Q . —LQ 1 G(r14_T24)
12,5shield — N+1 12, noshield — N +1[ 1 1 1J e e e e
7.,_7_
& & Radiation shields
1 (5.67x107 W/m? . K*)[(800 K)* — (450 K)*] =01 e3=0.1
- i =183W/m?
5+1 1 1
—+—-1
0.1 0.1
The net rate of radiation heat transfer without the shield is
1

Q12,55hield = QlZ, noshield —)le, noshield = (N +1)Q12,55hield =6x183W=1098W

N +1
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13-92 Prob. 13-91 is reconsidered. The effects of the number of the aluminum sheets and the emissivities of the plates
on the net rate of radiation heat transfer between the two plates are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

N=5

epsilon_3=0.1

epsilon_1=0.1

epsilon_2=epsilon_1

T_1=800 [K]

T_2=450 [K]

"ANALYSIS"

sigma=5.67E-8 [W/m”2-K"4] “Stefan-Boltzmann constant”
Q_dot_12 shields=1/(N+1)*Q_dot 12 NoShield
Q_dot_12_NosShield=(sigma*(T_174-T_2"4))/(1/epsilon_1+1/epsilon_2-1)

N Q125shields
[W/m?]

1 550

2 366.7

3 275

4 220

5 183.3

6 157.1

7 137.5

8 122.2

9 110

10 100

& Q125shields
[W/m?]

0.1 183.3

0.15 282.4

0.2 387

0.25 497.6

0.3 614.7

0.35 738.9

0.4 870.8

0.45 1011

0.5 1161

0.55 1321

0.6 1493

0.65 1677

0.7 1876

0.75 2090

0.8 2322

0.85 2575

0.9 2850
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13-93 Two thin radiation shields are placed between two large parallel plates that are maintained at uniform temperatures.
The net rate of radiation heat transfer between the plates with and without the shields, and the temperatures of radiation
shields are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of surfaces are given to be & = 0.6, &, = 0.7, &5 =0.10, and & = 0.15.

Analysis The net rate of radiation heat transfer without the shields per unit
area of the plates is

- oM -T5*)
Q12,noshield == 1
1 1
—+—-1
&1 &
_ (5.67x107% W/m* -K*)[(600 K)* — (300 K)*]
1.1
0.6 07
= 3288 W/m?

The net rate of radiation heat transfer with two thin radiation shields per
unit area of the plates is

Q ilgs = 0'(T14 —T24)
12 two—shields —
(ul_l}(nl_l}(ul_l}
& & &3 &3 &4 &y
_ (5.67x107° W/m? -K*)[(600 K)* (300 K)*]
06 0.7 0.10 0.10 0.15 0.15

=206 W/m?
The equilibrium temperatures of the radiation shields are determined from

4 4 -8 2 4 4 4
. T 5.67x10% W/m? - K*)[(600 K)* —T
Gy =2 T ) 206 Wim? = 587 mROWO0K) Ts 1 r _saok
1,1, (hl_lj
& & 0.6 0.10
4 4 -8 2 4 4 4
. T 5.67x10° W/m? - K ~(300K
Gy = 2T —T2 ) 206 Wim? = 567 m?-KOMa —GOKT 5 a9k

11
]
[0.15 0.7 ]
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13-94 H An engine cover is made of two parallel plates. The number of radiation shields necessary to keep the top plate
below 150°C, to prevent fire hazards in the event of oil leakage, is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivity of all the surfaces is
givento be ¢ = 0.3.

| 2 Top surface. Ts. ¢

Analysis The net radiation heat flux between  Radiation

the two parallel plates engine cover is shields =
Gy = 0'(|'14 —T24) — Bottom .\Inmjl’acc
1271 1 — T, =300°C. &
e PEtfeteeeeteeeeene

. 125 W/m?
The temperature of the top plate of the engine

cover is
. 1/4
T, [T _@(zg_lﬂ
O \ & &

1/4
2
= {(573 K)* —( 125 W/m J{i L —1}1 =556 K = 283°C >150°C

5.67x107° W/m?.K* | 0.3 0.3

So, without radiation shield, the top plate temperature is above the safe temperature of 150°C. The number of radiation
shields needed to reduce the top plate temperature to 150°C can be determined using,

O'(Tl4 —T24)
(N +l)[1+1—1j
£

5

q12 =

Hence,
N = O'(I-14—T24) -1
(101
Gup| —+— 1
E &
_ (5.67x107° W/n? -K*)(573% —423")K*

125 W/mz)(l L —1}
0.3 0.3

1

=5.07
Thus, placing 6 radiation shields will reduce the top plate to below 150°C.

Discussion In order to keep the top plate of the engine cover below 150°C, to prevent fire hazards in the event of oil leakage,
the heat flux through the plates can be reduced using radiation shields. By placing 6 or more radiation shields in parallel
between the two plates, the top plate temperature can be reduced to below 150°C.
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13-95 The temperature of hot gases in a duct is measured by a thermocouple. The actual temperature of the gas is to be
determined, and compared with that without a radiation shield.

Assumptions The surfaces are opaque, diffuse, and gray.
Properties The emissivity of the thermocouple is given to be ¢ =0.7.

Analysis Assuming the area of the shield to be very close to the sensor of the thermometer, the radiation heat transfer from the
sensor is determined from

4 4 -8 2 4 4 4
: o(T,"-T,7) (5.67x107° W/m* -K™)[(530 K)™ — (380 K)"]

Qrad,fromsensor= 1 L 21 = 1 1 =2579 W/m2
—-1|+|2—-1 [—1}{2—1}
& & 0.7 0.15 n

Then the actual temperature of the gas can be determined from a
heat transfer balance to be

qCOf‘IVIO sensor = qconvfrom sensor
h(T¢ —Ty) = 257.9 W/m?
120 W/m? -°C(T{ —530) = 257.9 W/m?

Thermocouple
T =530 K
€1 = 0.7

— T, =532K Air T,

Without the shield the temperature of the gas would be

4 4
Eno (T —Ty )

T =Ty, +
f th h
_ 530K s (0N)(E:67x10° W/m? - K*)[(530K)* (380 K)“]
120 W/m? -°C
~549.2K
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Radiation Exchange with Absorbing and Emitting Gases

13-96C A nonparticipating medium is completely transparent to thermal radiation, and thus it does not emit, absorb, or scatter
radiation. A participating medium, on the other hand, emits and absorbs radiation throughout its entire volume.

13-97C Spectral transmissivity of a medium of thickness L is the ratio of the intensity of radiation leaving the medium to that

. . . L
entering the medium, and is expressed as 7, = Il— =e ™l and 1,=1-0,.
4,0

13-98C Gases emit and absorb radiation at a number of narrow wavelength bands. The emissivity-wavelength charts of gases
typically involve various peaks and dips together with discontinuities, and show clearly the band nature of absorption and the
strong nongray characteristics. This is in contrast to solids, which emit and absorb radiation over the entire spectrum.

13-99C Using Kirchhoff’s law, the spectral emissivity of a medium of thickness L in terms of the spectral absorption

coefficient is expressed as ¢, =, =1—e ™",

13-100 An equimolar mixture of CO, and O, gases at 800 K and a total pressure of 0.5 atm is considered. The emissivity of
the gas is to be determined.

Assumptions All the gases in the mixture are ideal gases.
Analysis Volumetric fractions are equal to pressure fractions. Therefore, the partial pressure of CO, is
P =Yco, P =0.5(0.5atm) =0.25atm

Then,
P.L=(0.25atm)(1.2m)=0.30m-atm = 0.981 -atm
The emissivity of CO, corresponding to this value at the gas temperature of T, = 800 K and 1 atm is, from Fig. 13-36,

€¢,1atm = 0.15

This is the base emissivity value at 1 atm, and it needs to be corrected for the 0.5 atm total pressure. The pressure correction
factor is, from Fig. 13-37,

C.=0.90
Then the effective emissivity of the gas becomes
£q =Cc&¢1am =0.90x0.15=0.135
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13-101 A mixture of CO, and N, gases at 600 K and a total pressure of 1 atm are contained in a cylindrical container. The
rate of radiation heat transfer between the gas and the container walls is to be determined.

Assumptions All the gases in the mixture are ideal gases.

Analysis The mean beam length is, from Table 13-4 /;m\
A U
L =0.60D = 0.60(8 m) = 4.8 m

8m T, = K
P.L=(0.15atm)(4.8m)=0.72m-atm = 2.361 -atm Tg _ ggg K
=

Then,

The emissivity of CO, corresponding to this value at the gas

temperature of Ty = 600 K and 1 atm is, from Fig. 13-36, v

&c 1am = 0.16
For a source temperature of T = 450 K, the absorptivity of the gas is again determined using the emissivity charts as follows:
450K

T
L—==(0.15atm)(4.8m)—— =0.54m-atm =1.77 1 -atm
T, 600 K

P

c

The emissivity of CO, corresponding to this value at a temperature of T, = 450 K and latm are, from Fig. 13-36,

&c 1am = 0.14
The absorptivity of CO, is determined from

0.65 0.65

T 600 K

o =CC[T_QJ €c,1atm = (D(Wj (0.14)=0.17
S

The surface area of the cylindrical surface is

aD? (8 m)?

A, = 7DH +ZT=7r(8m)(8m)+2 =301.6m?

Then the net rate of radiation heat transfer from the gas mixture to the walls of the furnace becomes
Qnet = Aso'(gng4 _agTs4)
=(301.6m?)(5.67 %10 W/m? - K*)[0.16(600 K)* —0.17(450 K)*]
=2.35x10° W
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13-102 A mixture of H,0 and N, gases at 600 K and a total pressure of 1 atm are contained in a cylindrical container. The
rate of radiation heat transfer between the gas and the container walls is to be determined.

Assumptions All the gases in the mixture are ideal gases. /\
Analysis The mean beam length is, from Table 13-4 A Qmj

L =0.60D = 0.60(8 m) =4.8m

Then 8m T, = 600 K
P,L=(0.15atm)(4.8m)=0.72m-atm =2.36f -atm T, =450 K

The emissivity of H,O corresponding to this value at the gas temperature of T, = 600 K v

and 1 atm is, from Fig. 13-36, ~_

Ewlatm = 0.36
For a source temperature of T = 450 K, the absorptivity of the gas is again determined using the emissivity charts as follows:
450K

T
L—=(0.15atm)(4.8m)—— =0.54m-atm =1.77 1 -atm
T, 600 K

P

w

The emissivity of H,O corresponding to this value at a temperature of Tg = 450 K and latm are, from Fig. 13-36,

=0.34

gw,latm
The absorptivity of H,O is determined from

0.65 0.45

T 600 K

ay, = CW{T—QJ Ew1am = (1)(Wj (0.34) =0.39
S

The surface area of the cylindrical surface is

aD? 7(8m)?

A, = 7DH +ZT=7r(8m)(8m)+2 =301.6m?

Then the net rate of radiation heat transfer from the gas mixture to the walls of the furnace becomes
Qnet = ASO'(Sng4 _agTs4)
=(301.6m?)(5.67x10 W/m? - K*)[0.36(600 K)* —0.39(450 K)*]
=5.244x10° W
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13-103 A mixture of CO, and N, gases at 1200 K and a total pressure of 1 atm are contained in a spherical furnace. The net
rate of radiation heat transfer between the gas mixture and furnace walls is to be determined.

Assumptions All the gases in the mixture are ideal gases.
Analysis The mean beam length is, from Table 13-4
L=0.65D=0.65(3m)=1.95m
The mole fraction is equal to pressure fraction. Then,
P.L = (0.15atm)(1.95m)=0.2925m - atm = 0.96 - atm

The emissivity of CO, corresponding to this value at the gas temperature of Ty = 1200 K
and 1 atm is, from Fig. 13-36,

€c,1atm = 0.16

For a source temperature of T = 600 K, the absorptivity of the gas is again determined using the emissivity charts as follows:

P.L s - (0.15atm)(1.95m) 220K
T 1200K

g

=0.146 m-atm =0.481 - atm

The emissivity of CO, corresponding to this value at a temperature of T, = 600 K and latm are, from Fig. 13-36,

&c1am =0.11
The absorptivity of CO, is determined from

TV 1200 K \*®°
Q. = CC [T—J gc,latm = CD(W) (Oll) =0.1726
S

The surface area of the sphere is
A =7D? = z(3m)? =28.27 m?
Then the net rate of radiation heat transfer from the gas mixture to the walls of the furnace becomes
Qnet = ASU(é‘gT; - agTSA)
=(28.27m?)(5.67 x10~® W/m? - K*)[0.16(1200 K)* —0.1726(600 K)*]
=4.96x10° W
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13-104 The temperature, pressure, and composition of a gas mixture is given. The emissivity of the mixture is to be
determined.

Assumptions 1 All the gases in the mixture are ideal gases. 2 The emissivity determined is the mean emissivity for radiation
emitted to all surfaces of the cubical enclosure.

Analysis The volumetric analysis of a gas mixture gives the mole fractions y; of the components, which are equivalent to
pressure fractions for an ideal gas mixture. Therefore, the partial pressures of CO, and H,0O are

Pe =Yco, P =0.10(1atm) = 0.10 atm

Py = Vi,0P =0.09(Latm) = 0.09 atm 6m
The mean beam length for a cube of side length 6 m for radiation
emitted to all surfaces is, from Table 13-4,
L =0.66(6 m)=3.96m Combustion
gases
Then, 1000 K
P.L =(0.10atm)(3.96 m) = 0.396 m-atm =1.301t -atm

P,L =(0.09atm)(3.96 m) =0.36 m-atm =1.181 -atm
The emissivities of CO, and H,0 corresponding to these values at the gas temperature of Ty = 1000 K and 1latm are, from Fig.
13-36,

&cqam =016 and & 14 =0.24

Both CO, and H,0O are present in the same mixture, and we need to correct for the overlap of emission bands. The emissivity
correction factor at T = T, = 1000 K is, from Fig. 13-38,

P.L+P,L=130+1.18=2.48

Pv _ 009 0474 [ De=0.038

P, +P. 009+010

Then the effective emissivity of the combustion gases becomes
£q =Ccé&c1am + Cyéy 1am —A&=1x0.16 +1x0.24 - 0.038=0.362

Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm.
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13-105 The temperature, pressure, and composition of combustion gases flowing inside long tubes are given. The rate of heat
transfer from combustion gases to tube wall is to be determined.
Assumptions All the gases in the mixture are ideal gases.

Analysis The mean beam length for an infinite cicrcular cylinder is, from
Table 13-4, '/ T, =500 K

L =0.95(0.10 m) = 0.095 m
Then (_ lID=10cm — ()
P.L = (0.12atm)(0.095 m) = 0.0114 m-atm = 0.037 ft -atm Combulsti?“
P,L =(0.18atm)(0.095m) =0.0171m-atm = 0.056 ft -atm gassséooaén
\=

The emissivities of CO, and H,O corresponding to these values at the gas
temperature of Ty = 800 K and 1atm are, from Fig. 13-36,

&c1am =0.056 and &, 14y =0.050
Both CO, and H,O are present in the same mixture, and we need to correct for the overlap of emission bands. The emissivity
correction factor at T = T, = 800 K is, from Fig. 13-38,

P.L + P, L=0.037 + 0.056 = 0.093

Py __ 018 _06 Ae=0.0
P,+P. 018+0.12

Then the effective emissivity of the combustion gases becomes

£q =Cc&¢ 1am + Cyéw,1am — A& =1x0.056 +1x 0.050 — 0.0 =0.106

Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. For a source temperature of T, =
500 K, the absorptivity of the gas is again determined using the emissivity charts as follows:

T
P.L—> = (0.12atm)(0.095 m)% =0.007125m-atm = 0.023f -atm
T 800K

9

T
P, L= =(0.18atm)(0.095m) 500K =0.01069 m-atm = 0.0351 -atm
T 800 K

g
The emissivities of CO, and H,O corresponding to these values at a temperature of T; = 500 K and latm are, from Fig. 13-36,
Eciam =0.042 and & 14y =0.050

Then the absorptivities of CO, and H,O become

T 800K \*%°
. = CC [T—J gc,latm = (1)[@) (0042) =0.057
S

Ty 045 800 K 1045
Qy = CW[T—J gw,latm = (1)(@} (0050) =0.062
S

Also Aa. = Ag, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T; = 500 K instead of T4 = 800 K.
There is no chart for 500 K in the figure, but we can read Ag values at 400 K and 800 K, and interpolate. At P,/(P,+ P.) = 0.6
and P.L +P,L = 0.093 we read Ae = 0.0. Then the absorptivity of the combustion gases becomes

a, =a, +a, —Aa =0.057+0.062-0.0=0.119

g
The surface area of the pipe is

A = DL = 7(0.10 m)(6 m) =1.885m?
Then the net rate of radiation heat transfer from the combustion gases to the walls of the tube becomes
QneI = Ascr(gng4 - agTS4)
=(1.885m?)(5.67 x10~® W/m? - K*)[0.106(800 K)* — 0.119(500 K)*]
=3846 W
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13-106 The temperature, pressure, and composition of combustion gases flowing inside long tubes are given. The rate of heat
transfer from combustion gases to tube wall is to be determined.
Assumptions All the gases in the mixture are ideal gases.
Analysis The volumetric analysis of a gas mixture gives the mole fractions y; of the components, which are equivalent to
pressure fractions for an ideal gas mixture. Therefore, the partial pressures of CO, and H,O are

Pe = Yco, P =0.06(1atm) = 0.06 atm

Py = Yn,0P =0.09(Latm) = 0.09 atm / T, =600 K
The mean beam length for an infinite cicrcular cylinder is, from
Table 13-4, ( I b=15cm — ()

L =0.95(0.15m) =0.1425 m Combustion
Then, gases, 1 atm

P, L = (0.06 atm)(0.1425 m) = 0.00855 m - atm = 0.028t -atm Ty =1500K

P,L = (0.09atm)(0.1425m) =0.0128 m-atm = 0.042f - atm
The emissivities of CO, and H,O corresponding to these values at the gas temperature of Ty = 1500 K and latm are, from Fig.
13-36,

Ec1am =0.034 and &, 14y, =0.016
Both CO, and H,0O are present in the same mixture, and we need to correct for the overlap of emission bands. The emissivity
correction factor at T = T, = 1500 K is, from Fig. 13-38,

P.L+P,L =0.028+0.042 = 0.07

P,+P, 0.09+0.06

Then the effective emissivity of the combustion gases becomes

£q =Ccéc1am T Cwéw,1am — A& =1x0.034+1x0.016-0.0=0.05

Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. For a source temperature of T, =
600 K, the absorptivity of the gas is again determined using the emissivity charts as follows:

T

P.L—> = (0.06 atm)(0.1425m) 600K _ 0.00342 m-atm = 0.011ft -atm
T, 1500 K
T

P, L= =(0.09 atm)(0.1425m) 600K =0.00513m-atm =0.017ft -atm
T 1500 K

g
The emissivities of CO, and H,O corresponding to these values at a temperature of T; = 600 K and latm are, from Fig. 13-36,
Ec1am =0.031 and & 14y =0.027

Then the absorptivities of CO, and H,O become

T )% 1500 K\
a, =CC[T—J Ecram = (1)( 0K ] (0.031) = 0.056
S

T )% 1500 K \**°
a, = CW[T—] Eu 1atm = (1)[ oK j (0.027) = 0.041
S

Also Aa. = Ag, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T; = 600 K instead of T, = 1500
K. There is no chart for 600 K in the figure, but we can read Ae values at 400 K and 800 K, and take their average. At
Pw/(Pyt+ P;) =0.6 and P.L +P,L = 0.07 we read Ae = 0.0. Then the absorptivity of the combustion gases becomes

ag =ag +a, —Aa=0.056+0.041-0.0=0.097
The surface area of the pipe per m length of tube is

A, = DL = 7(0.15m)(1m) = 0.4712 m?
Then the net rate of radiation heat transfer from the combustion gases to the walls of the furnace becomes

Qnet = 'A‘so-(gg-rg;1 _agTs4)

= (0.4712m?)(5.67x10~® W/m? - K*)[0.05(1500 K)* —0.097(600 K)*1= 6427 W
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13-107 The temperature, pressure, and composition of combustion gases flowing inside long tubes are given. The rate of heat
transfer from combustion gases to tube wall is to be determined.
Assumptions All the gases in the mixture are ideal gases.
Analysis The volumetric analysis of a gas mixture gives the mole fractions y; of the components, which are equivalent to
pressure fractions for an ideal gas mixture. Therefore, the partial pressures of CO, and H,O are

Pe = Yco, P =0.06(1atm) = 0.06 atm

Py = Yn,0P =0.09(1atm) = 0.09 atm / T; =600 K
The mean beam length for an infinite cicrcular cylinder is, from
Table 13-4, ( D=15¢cm — | )

L =0.95(0.15 m) =0.1425 m Combustion
Then, gases, 3 atm

P.L = (0.06 atm)(0.1425 m) = 0.00855 m - atm = 0.028 1t - atm T, = 1500 K

P,,L = (0.09 atm)(0.1425 m) = 0.0128 m-atm = 0.042 -atm
The emissivities of CO, and H,O corresponding to these values at the gas temperature of Ty = 1500 K and latm are, from Fig.
13-36,

Ec1am =0.034 and &, 14 =0.016

These are base emissivity values at 1 atm, and they need to be corrected for the 3 atm total pressure. Noting that (P, +P)/2 =
(0.09+3)/2 = 1.545 atm, the pressure correction factors are, from Fig. 13-37,
C.=15 and C,=138
Both CO, and H,0 are present in the same mixture, and we need to correct for the overlap of emission bands. The emissivity
correction factor at T = T, = 1500 K is, from Fig. 13-38,
P.L+P,L =0.028+0.042 = 0.07
P 009 _,6 Ae=00

P, +P, 009+0.06

Then the effective emissivity of the combustion gases becomes
£q =Ccéc 1atm T Cwéy 1am —A& =1.5x0.034+1.8x0.016-0.0 = 0.080

For a source temperature of T = 600 K, the absorptivity of the gas is again determined using the emissivity charts as follows:

T

P.L—> = (0.06 atm)(0.1425m) 600K _ 0.00342 m-atm = 0.011ft -atm
T, 1500 K
T

P, L =>=(0.09 atm)(0.1425 m) 600K =0.00513m-atm =0.0171 -atm
T 1500 K

9
The emissivities of CO, and H,O corresponding to these values at a temperature of T, = 600 K and 1atm are, from Fig. 13-36,
Ec1am =0.031 and & 14y =0.027

Then the absorptivities of CO, and H,O become

T 1500 K \>%°
a, :CC(T—QJ Ec 1am = (1.5)[ j (0.031) =0.084

. 600 K
0.45
T 1500 K \>*°
oy, = CW[%j Ew1am = (1.8)( 00K j (0.027) = 0.073

Also Aa. = Ag, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T; = 600 K instead of T, = 1500
K. There is no chart for 600 K in the figure, but we can read Ae values at 400 K and 800 K, and take their average. At
Pw/(Pyt+ P;) =0.6 and P.L +P,L = 0.07 we read Ae = 0.0. Then the absorptivity of the combustion gases becomes

ag =ac+a, —Aa= 0.084+0.073-0.0=0.157
The surface area of the pipe per m length of tube is

A, = DL = 7(0.15m)(1m) = 0.4712 m?
Then the net rate of radiation heat transfer from the combustion gases to the walls of the furnace becomes

Qnet = ASO'(Eng4 _agTs4)

=(0.4712m?)(5.67x107® W/m? - K*#)[0.08(1500 K)* —0.157(600 K)*1=10,280W
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13-108 The temperature, pressure, and composition of combustion gases flowing inside long tubes are given. The rate of heat
transfer from combustion gases to tube wall is to be determined.

Assumptions All the gases in the mixture are ideal gases.

Analysis The volumetric analysis of a gas mixture gives the mole fractions y; of the components, which are equivalent to
pressure fractions for an ideal gas mixture. Therefore, the partial pressures of CO, and H,0 are

Pe =Yco, P =0.10(1atm) = 0.10 atm

Py = Yi,0P =0.10(1atm) = 0.10atm Ve Ts=600K
The mean beam length for this geometry is, from Table 13-4, ‘ Combustion
L=3.6UA,=1.8D=1.8(0.20m)=0.36m 20cm <+—— %asfsizlozgn}l
where D is the distance between the plates. Then, o

P.L=PR,L=(0.10atm)(0.36 m)=0.036 m-atm = 0.1181t - atm

The emissivities of CO, and H,O corresponding to these values at the gas temperature of Ty = 1200 K and latm are, from Fig.
13-36,
Ec1am =0.080 and &, 14, =0.055

Both CO, and H,O are present in the same mixture, and we need to correct for the overlap of emission bands. The emissivity
correction factor at T = T, = 1200 K is, from Fig. 13-38,

P.L+P,L=0.118+0.118=0.236
Py _ 010 .o Ae =0.0025
P,+P. 010+010

Then the effective emissivity of the combustion gases becomes
&g =Cc&¢1am +Cuyéw 1am —A& =1x0.080+1x0.055-0.0025 = 0.1325

Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. For a source temperature of T, =
600 K, the absorptivity of the gas is again determined using the emissivity charts as follows:

T T
P, L_I_—S = PWL_I_—S = (0.10 atm)(0.36 m) 600K

g 9

=0.018 m-atm = 0.059f -atm
1200 K

The emissivities of CO, and H,0 corresponding to these values at a temperature of T, = 600 K and latm are, from Fig. 13-36,
&c1am =0.060 and & 14, =0.067

Then the absorptivities of CO, and H,O become

IR 1200 K \**°
a, =CC£T—J Ec ratm = (1)( — J (0.060) = 0.090
S

T )% 1200 K \**°
a, = CW[T—j Eu1am = (1)[ o j (0.067) = 0.092
S

Also Aa. = Ag, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T; = 600 K instead of T, = 1200
K. There is no chart for 600 K in the figure, but we can read Ae values at 400 K and 800 K, and take their average. At
Pw/(Pyt+ P;) =0.5 and P.L +P,L = 0.236 we read Ae = 0.00125. Then the absorptivity of the combustion gases becomes

o, =a. +a, —Aa=0.090+0.092-0.00125 = 0.1808

g

Then the net rate of radiation heat transfer from the gas to each plate per unit surface area becomes
Qnet = ASO'(Sng4 - agTs4)

=(1m?)(5.67x107 W/m? - K*)[0.1325(1200 K)* —0.1808(600 K)*]

=1.42x10* W
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Special Topic: Heat Transfer from the Human Body

13-109C (a) Heat is lost through the skin by convection, radiation, and evaporation. (b) The body loses both sensible heat by
convection and latent heat by evaporation from the lungs, but there is no heat transfer in the lungs by radiation.

13-110C Sensible heat is the energy associated with a temperature change. The sensible heat loss from a human body
increases as (a) the skin temperature increases, (b) the environment temperature decreases, and (c) the air motion (and thus
the convection heat transfer coefficient) increases.

13-111C Latent heat is the energy released as water vapor condenses on cold surfaces, or the energy absorbed from a warm
surface as liquid water evaporates. The latent heat loss from a human body increases as (a) the skin wettedness increases and
(b) the relative humidity of the environment decreases. The rate of evaporation from the body is related to the rate of latent

heat 10ss by Qe = Myaporfg Where hyg is the latent heat of vaporization of water at the skin temperature.

13-112C The insulating effect of clothing is expressed in the unit clo with 1 clo = 0.155 m2.°C/W = 0.880 ft%.°F.h/Btu.
Clothing serves as insulation, and thus reduces heat loss from the body by convection, radiation, and evaporation by serving
as a resistance against heat flow and vapor flow. Clothing decreases heat gain from the sun by serving as a radiation shield.

13-113C Yes, roughly one-third of the metabolic heat generated by a person who is resting or doing light work is dissipated
to the environment by convection, one-third by evaporation, and the remaining one-third by radiation.

13-114C The operative temperature Toperaive IS the average of the mean radiant and ambient temperatures weighed by their
respective convection and radiation heat transfer coefficients, and is expressed as

T o hcoanambient + hradeurr ~ Tambient +Tsurr
operative — =
hconv + hrad 2

When the convection and radiation heat transfer coefficients are equal to each other, the operative temperature becomes the
arithmetic average of the ambient and surrounding surface temperatures. Another environmental index used in thermal
comfort analysis is the effective temperature, which combines the effects of temperature and humidity.
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13-115 The convection heat transfer coefficient for a clothed person while walking in still air at a velocity of 0.5 to 2 m/s is
given by h = 8.6V %> where V is in m/s and h is in W/m?.°C. The convection coefficients in that range vary from 5.96
W/m?.°C at 0.5 m/s to 12.42 W/m%.°C at 2 m/s. Therefore, at low velocities, the radiation and convection heat transfer
coefficients are comparable in magnitude. But at high velocities, the convection coefficient is much larger than the radiation
heat transfer coefficient.

Velocity, | h=8.6°% 14—
m/s W/m?.°C 13
0.50 5.96
0.75 7.38 ;
1.00 8.60
1.25 9.68 :
1.50 10.66 = 9
1.75 11.57 [
2.00 12.42 i
5]

0.5 0.75 1 1.25 15 1.75 2

13-116 There are 100 chickens in a breeding room. The rate of total heat generation and the rate of moisture production in the
room are to be determined.

Assumptions All the moisture from the chickens is condensed by the air-conditioning system.

Properties The latent heat of vaporization of water is given to be 2430 kJ/kg. The average metabolic rate of chicken during
normal activity is 10.2 W (3.78 W sensible and 6.42 W latent).

Analysis The total rate of heat generation of the chickens in the breeding room is

Qgen,total = Qgen,total (NO- of ChiCkenS)

= (10.2 W/chicken)(100 chickens) =1020W

: : : 100 102 W
The latent heat generated by the chicken and the rate of moisture production are Chickens

Qgen,latent = qgen,latent(NO- of ChiCkenS)

= (6.42 W/chicken)(100 chickens) = 642 W
=0.642 kW

; Quentaent _ 0.642KIIS _ o 35064 ks — 0,264 /s

m - = =
TORUE T hy  2430ki/kg
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13-117 The average mean radiation temperature during a cold day drops to 18°C. The required rise in the indoor air
temperature to maintain the same level of comfort in the same clothing is to be determined.

Assumptions 1 Air mation in the room is negligible. 2 The average clothing and exposed skin temperature remains the same.
3 The latent heat loss from the body remains constant. 4 Heat transfer through the lungs remain constant.

Properties The emissivity of the person is 0.95 (from Appendix tables). The convection heat transfer coefficient from the
body in still air or air moving with a velocity under 0.2 m/s is heny = 3.1 W/m?.°C (Table 13-5).

Analysis The total rate of heat transfer from the body is the sum of the rates of heat loss by convection, radiation, and
evaporation,

Qbody,total = Qsensible + Qlatent + Qlungs = (Qconv + Qrad ) + Qlatent + Qlungs

Noting that heat transfer from the skin by evaporation and from the lungs 29°C /’
remains constant, the sum of the convection and radiation heat transfer from the
person must remain constant. 22°C

Qsensiblepld = hAs (Ts _Tair, old) + gAsO-(Ts4 _Tsﬁrr,old

=hA (T, —22)+0.95A,0[(T, +273)* —(22+273)*]
Qsensiblenew = hAs (rs _Tair, new) + gAsO-(I—SA _Tsﬁrr,new

=hA (Ts —Tair new) + 0.95Aof(T +273)* — (18+273)"]

Setting the two relations above equal to each other, canceling the surface
area A, and simplifying gives

—22h-0.955(22 + 273)* = —hT,;; pew —0.950(18 + 273)*

3.1(Tyir new — 22) +0.95x5.67x1078(291* - 295%) =0
Solving for the new air temperature gives

Tair, new = 29.0°C

Therefore, the air temperature must be raised to 29°C to counteract the increase in heat transfer by radiation.
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13-118 The average mean radiation temperature during a cold day drops to 10°C. The required rise in the indoor air
temperature to maintain the same level of comfort in the same clothing is to be determined.

Assumptions 1 Air mation in the room is negligible. 2 The average clothing and exposed skin temperature remains the same.
3 The latent heat loss from the body remains constant. 4 Heat transfer through the lungs remain constant.

Properties The emissivity of the person is 0.95 (from Appendix tables). The convection heat transfer coefficient from the
body in still air or air moving with a velocity under 0.2 m/s is heny = 3.1 W/m?.°C (Table 13-5).

Analysis The total rate of heat transfer from the body is the sum of the rates of heat loss by convection, radiation, and
evaporation,

Qbody,total = Qsensible + Qlatent + Qlungs = (Qconv + Qrad ) + Qlatent + Qlungs

Noting that heat transfer from the skin by evaporation and from the lungs remains 22°C /
constant, the sum of the convection and radiation heat transfer from the person
must remain constant.

Qsensibleold = hAs (rs _Tair, old) + ‘C:Aso-(rs4 _Tsﬁrr,old)
=hA, (T, —22) + 0.95A,0[(T, + 273)* — (22+ 273)"]

Qsensiblenew = hAs (rs _Tair, new) + 5A56U54 _Tsﬁn,new)
= A (Ts = Tair new) + 0.95A0[(T, +273)* — (10 + 273)*]

Setting the two relations above equal to each other, canceling the surface
area A, and simplifying gives

—22h - 0.955(22 + 273)* =-hT,; new — 0.950(10 + 273)*

31Ty new — 22) +0.95x5.67 x107%(283* - 295%) =0
Solving for the new air temperature gives

Tair, new = 42.1°C

Therefore, the air temperature must be raised to 42.11°C to counteract the increase in heat transfer by radiation.
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13-119 Chilled air is to cool a room by removing the heat generated in a large insulated classroom by lights and students. The
required flow rate of air that needs to be supplied to the room is to be determined.

Assumptions 1 The moisture produced by the bodies leave the room as vapor without any condensing, and thus the classroom
has no latent heat load. 2 Heat gain through the walls and the roof is negligible.

Properties The specific heat of air at room temperature is 1.00 kl/kg-°C (Table A-15). The average rate of metabolic heat
generation by a person sitting or doing light work is 115 W (70 W sensible, and 45 W latent).

Analysis The rate of sensible heat generation by the people in the

room and the total rate of sensible internal heat generation are Re;?rm
Qgen,sensible = qgen,sensible(NO- of people) Ch:ilred ﬁ]
= (70 W/person)(90 persons) = 6300 W IL T,
: : : Lights
Qtotal,sensible = Qgen,sensible + Qlighting 15°C %\ 2 aW /%\ 25°C
=6300+ 2000 =8300 W ! !
Then the required mass flow rate of chilled air becomes o 90 Students
mair _ Qtotal,sensible I/ . l_ '@. "9.
CpAT H l_ ﬁ I
8.30 kJ/s —0.830 kgls

" (L.0KJ/kg-°C)(25 —15)°C

Discussion The latent heat will be removed by the air-conditioning system as the moisture condenses outside the cooling
coils.
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13-120 A car mechanic is working in a shop heated by radiant heaters in winter. The lowest ambient temperature the worker
can work in comfortably is to be determined.

Assumptions 1 The air motion in the room is negligible, and the mechanic is standing. 2 The average clothing and exposed
skin temperature of the mechanic is 33°C.

Properties The emissivity and absorptivity of the person is given to be 0.95. The convection heat transfer coefficient from a
standing body in still air or air moving with a velocity under 0.2 m/s is hegny = 4.0 W/m2.°C (Table 13-5).

Analysis The equivalent thermal resistance of clothing is

Rejoth = 0.7 clo = 0.7x0.155m? °C/W = 0.1085m? .°C/W Radiant

Radiation from the heaters incident on the person and the rate of heater

sensible heat generation by the person are
Qrad incident = 0:05% Qg 101 = 0.05(4 kW) = 0.2 kW = 200 W a f
Qgen.sensible = 0-5% Qgen. totar = 0.5(350 W) =175 W -

Under steady conditions, and energy balance on the body can be

expressed as ’

Ein —Eout + Egen =0

Qrad from heater — Qconv+rad from body + Qgen,sensible =0

or

O‘Qrad, incident — hconvAs (Ts _Tsurr) - gAs O-(Ts4 _Tsﬁn) + Qgen,sensible =0
0.95(200 W)— (4.0 W/m? - K)(1.8 m?)(306 — T, )
~0.95(1.8m?)(5.67x10® W/m? -K*)[(306 K)* -T2 ) +175W =0

Solving the equation above gives
T = 284.8K = 11.8°C

surr

Therefore, the mechanic can work comfortably at temperatures as low as 12°C.

13-121E An average person produces 0.50 Ibm of moisture while taking a shower.
The contribution of showers of a family of four to the latent heat load of the air- )
conditioner per day is to be determined. Moisture

Assumptions All the water vapor from the shower is condensed by the air-
conditioning system.

Properties The latent heat of vaporization of water is given to be 1050 Btu/Ibm.
Analysis The amount of moisture produced per day is
Myapor = (Moisture produced per person)(No. of persons)

= (0.5 Ibm/person)(4 persons/day) = 2 Ibm/day

Then the latent heat load due to showers becomes
Qiatent = Myaportg = (2 Ibm/day)(1050 Btu/lbom) = 2100 Btu/day
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13-122 A man wearing summer clothes feels comfortable in a room at 20°C. The room temperature at which this man would
feel thermally comfortable when unclothed is to be determined.

Assumptions 1 Steady conditions exist. 2 The latent heat loss from the person remains the same. 3 The heat transfer
coefficients remain the same. 4 The air in the room is still (there are no winds or running fans). 5 The surface areas of the
clothed and unclothed person are the same.

Analysis At low air velocities, the convection heat transfer coefficient for a standing
man is given in Table 13-5 to be 4.0 W/mZ2.°C. The radiation heat transfer coefficient at { Troom= 20°C
typical indoor conditions is 4.7 W/m?.°C. Therefore, the heat transfer coefficient for a — e

standing person for combined convection and radiation is ’O Tain= 33°C

heompined = Neony + g = 4.0+4.7 =8.7 W/m?.°C \ 4\ )
The thermal resistance of the clothing is given to be "
2. _ 25 Clothed
Reoih =1.1clo =1.1x0.155m“.°C/W = 0.171m“.°C/W person
Noting that the surface area of an average man is 1.8 m? the sensible heat loss from this el
person when clothed is determined to be
. A (Toin = Tarpiont) (1.8m?2)(33—20)°C
Qsensibleplothed = 2 skin ar:wl‘nblent = 1 =82W
Reoth +————— 0.171m2.°C/W+72
Ncombined 8.7W/m*.°C

From heat transfer point of view, taking the clothes off is equivalent to removing the clothing insulation or setting Rgjo = O.
The heat transfer in this case can be expressed as

Q' ) — As (Tskin _Tambient) _ (1-8 mz)(33_Tambient)oC
sensibleunclothed 1 1

Neombined 8.7 W/m?.°C

To maintain thermal comfort after taking the clothes off, the skin temperature of the person and the rate of heat transfer from
him must remain the same. Then setting the equation above equal to 82 W gives

Tampient = 27.8°C

Therefore, the air temperature needs to be raised from 22 to 27.8°C to ensure that the person will feel comfortable in the room
after he takes his clothes off. Note that the effect of clothing on latent heat is assumed to be negligible in the solution above.
We also assumed the surface area of the clothed and unclothed person to be the same for simplicity, and these two effects
should counteract each other.
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Review Problems

13-100

13-123 Two diffuse surfaces A; and A, placed at an specified orientation, (a) the expression for the view factor F,, in terms of
A, and L, and (b) the value of the view factor F;, when A, = 0.02 m? and L = 1 m are to be determined.

Assumptions 1 The surfaces A; and A, are diffuse. 2 Both A; and A, can be approximated as differential surfaces since both

are very small compared to the square of the distance between them.

Analysis (a) The view factor for surfaces A; and A, can be determined using the integral

:_J._[ cos¢9lcos¢92dA1dA2

€os 6, cos 6 A

= 1 1—22 A dA, | o

A da Tr R i

1 cos @, cos 6, / ‘{)
=————2AA . X

A zr |
_ Cos o, cgs 0, A, \\‘.. /

Tr . \,/

From orientation of the two surfaces, we have

0, =6, — cos g; = cos 6, (1)
and

r=2Lcosé, (2)
Substituting Egs. (1) and (2) into the expression for Fy,, we get

(cos 6,)? AP
R e

12 —

(b) The value of the view factor F;, when A, = 0.02 m?and L =1 mis

A, 0.02m?

Z_ - : =1.59x107°
A7 4AAm)° 7z

Fio =

Discussion The view factor F,; can simply be determined with the reciprocity relation as

A
4%r

A
Fpr=—tFp,=
21~ A2 12

_-//1

“—_ Spherical
surface
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13-124 An enclosure consisting of eight surfaces is considered. The number of view factors this geometry involves and the
number of these view factors that can be determined by the application of the reciprocity and summation rules are to be
determined.

Analysis An eight surface enclosure (N = 8) involves N2 =82 =64
N(N-1) _ 8(8-1) 28 view

2 8
factors directly. The remaining 64 - 28 = 36 of the view factors can be 4
determined by the application of the reciprocity and summation rules.

view factors and we need to determine
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13-125 A cylindrical enclosure is considered. (a) The expression for the view from the side surface to itself Fz; in terms of K
and (b) the value of the view factor Fs; for L = D are to be determined.
Assumptions 1 The surfaces are diffuse emitters and reflectors.
Analysis (a) The surfaces are designated as follows: Base surface as A;, top surface as A,, and side surface as A;
Applying the summation rule to A;, we have
Fiit+F,+F5=1 (where Fj;=0)

A,
or .Fl3 =1- Flz. N ' (1) s
For coaxial parallel disks, from Table 13-1, withi=1, =2, o \
512 [ &
1 2 D, 1 2 4\1/2
F,=-1S—|s%-4| =2 ==[S—-(52-4 2
12 =5 { (Dlj } 2[ ( )] ) |
Ay
1+R2 1 4 : |
S=1+——=%=2+—=2+ - =2+4K? (3)
R? R (D/L)
where R, =R, = rR-D_1 | D =

2L 2K -
Substituting Eq. (3) into Eq. (2), we get X\__,/

Fiy :%{2+4K2 —[(2+4K?)2 —4]"%}

:%[2+4K2 —(16K* +16K %))
:%[2+4|<2 —4K (K2 +1)Y?]

=1+2K?% —2K(K? +Y?
Substituting the above expression for Fi, into Eq. (1) yields the expression for Fy3:
Fis =1-[1+2K? —2K(K? +D)¥?] = 2K(K? +1)/2 — 2K ? ()
Then, applying the summation rule to A, we have
Fap+Fy+Fyy =1 (where F3;=Fg,)
or Fa =1-2F;;
Applying reciprocity relation, we have
F33 =1- 2F13(AEL / AS)
where  F5=F3(A/A;)
Also, we know that

A=D2/4 and A-mL —» x_D
A, 4L
Hence, the expression for Fs3 becomes
D 1
Fin=1-2—F,=1-—F 5
33 4L 13 2K 13 ()

Finally, substituting Eq. (4) into Eq. (5) yields the expression for Fas:
Fas :1—%[2K(K2 +)Y2 —2K?]

Hence, Fy3=1+K —(K?2+1)%2

(b) The value of the view factor F3 for L =D (i.e., K=1) is
Fas =1+ K— (K2 +D)¥2 =1+1- 12 +)¥? =2-1/2 =0.589

Discussion If the cylinder has a length and diameter of L = 2D, then from the expression for Fs; we have
Fas =1+2—(22 +1)"2 =0.764
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13-126 Two parallel black disks are positioned coaxially, where the lower disk is heated electrically. The temperature of the
upper disk is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are black. 3 Convection heat transfer is not considered. 4
Radiation heat transfer only between the two disks. 5 No heat loss to the surrounding.

Analysis For coaxial parallel disks, from Table 13-1, withi=1, j = 2,
Rl:—Dl/Z:—O'Z/Z:OA and R2=—D2/2=—0'4/2=0.8

L 0.25 L 0.25 | ;
2 2 ' '
gog. 1t 222 :1+1+(O.82) =11.25 m
R (0.4)
27M2 ,1/2
Fi, _Lls |s2_4[ D2 _ Lo (11.25)% -4 04 =0.3676
2 D, 2 0.2

The net radiation heat transfer rate leaving the lower surface can be expressed as

. 1/4
X X 4Q lec
Quec =Q1p = A FLo (T =T, T, =| T4 el
elec 12 Al 12 1 2 2 1 7ZD12F120'
1/4
T, =| (500K)* - MW _ 423K
7(0.2m)?(0.3676)(5.67 x10~® W/m? - K*)

Discussion The view factor Fy, can also be determined using Fig. 13-7 to be

F, = 0.36 with L/p=25 and r,/L=0.8
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13-127 A simple solar collector is built by placing a clear plastic tube around a garden hose. The rate of heat loss from
the water in the hose by natural convection and radiation is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Air is an ideal gas with
constant specific heats.

Properties The emissivities of surfaces are given to be &; =&, =0.9. The properties of air are at 1 atm and the film
temperature of (Ts+T,,)/2 = (40+25)/2 = 32.5°C are (Table A-15)

k =0.02607 W/m?eC T, =25°C
v =1.632x10"° m?/s Ty = 15°C Plastic cover,
€, =0.9, T, =40°C
Pr=0.7275
po— L _0003273K? Water W
(32.5+273) K D,=6cin
Analysis Under steady conditions, the heat transfer rate from the water Air space
in the hose equals to the rate of heat loss from the clear plastic tube to P
the surroundings by natural convection and radiation. The Garden hose
characteristic length in this case is the diameter of the plastic tube, D;=2cm, T,
Lc =Dpjastic = D, =0.06 m. g=0.9
_T D3 . 2y0. -1 _ _ 3
Ra = gpa(T; : »)D5 Pr— (9.81m/s“)(0.003273 K 5)(42 225)K(0 06 m) (0.7275) = 2.842x10°
v (1.632x107° m?/s)
2
387R 1/6 ) . 5\1/6
NU =106+ 0.387 Rap _Joea 0.387(2.842x107) ~10.30
9/16 p/27 9/16 B/27
+(0.559/Pr) +(0.559/0.7241)
h= K Ny = 202607 WIMZC ) 50y _ 4,475 Wim?.oC
D, 0.06m

Apjastic = Ay = D, L = 7(0.06 m)(1m) = 0.1885m?
Then the rate of heat transfer from the outer surface by natural convection becomes
Quony = NA, (T —T,) = (4.475 W/m? °C)(0.1885m?)(40—25)°C = 12.7W
The rate of heat transfer by radiation from the outer surface is determined from
Qraa = A0 (Ty" =Ty ")

=(0.90)(0.1885m?)(5.67 x108 W/m? - K*)[(40+ 273 K)* —(15+273K)*]
=26.1W

Finally,
Qootaljoss =12.7+26.1=38.8 W

Discussion Note that heat transfer is mostly by radiation.
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13-128 Radiation heat transfer occurs between two concentric disks. The view factors and the net rate of radiation heat
transfer for two cases are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of disk 1 and 2 are given to be ¢, = 0.6 and ¢, = 0.8, respectively.
Analysis (a) The view factor from surface 1 to surface 2 is determined using Fig. 13-7 as

L:—0'10:0.5, r—22%21——)[:12:0-19
rn 020 L 010 2

Using reciprocity rule, |

A, = 7(0.2m)? =0.1257 m? /_‘\ L
A, = 7(0.1m)? = 0.0314 m? L 1

2
Fpy= oL, = 2157TM 519)_0.76
A, 0.0314m
(b) The net rate of radiation heat transfer between the surfaces can be determined from
4 4 -8 2 4 4 4
- o-(Tl -T, ) _ (5.67x10"° W/m* -K )[(1073 K)* -(573K) ] _1250W
1-g 1 +1—€2 1-0.6 1 1-0.8

+ + +
Ae AF, A, (0.1257m?)(0.6) (0.1257m?)(0.19) (0.0314m?)(0.8)

(c) When the space between the disks is completely surrounded by a refractory surface, the net rate of radiation heat transfer
can be determined from

Q _ Alo-(Tl4 —T24)
AﬁAz—ZAlFm[ 1 _1J+A1(1_ J
A, - AR €2
_ (01257 m?)(5.67x10® W/m? - K4)[(1073 K)* - (573 K)“]
0.1257+o.0314—2(0.1257)(0.19)+( 1 1}0.1257 ( 1 j
0.0314—(0.1257)(0.19) 0.6 0.031410.8

€1 A,

=1510W

Discussion The rate of heat transfer in part (c) is 21 percent higher than that in part (b).
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13-129 The base and the dome of a long semi-cylindrical dryer are maintained at uniform temperatures. The drying rate per
unit length experienced by the base surface is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The surfaces are opaque,
diffuse, and gray. 3 Convection heat transfer is not considered. 4 The dryer is
well insulated from heat loss to the surrounding.

T, = 1000 K

Properties The latent heat of vaporization for wateris 72 77 £ === ===
hrg = 2257 ki/kg (Table A-2)

Analysis The view factor from the dome to the base is determined from

Hence, from reciprocity relation, we get /
proctty g }' D=15m ~+
A DL 2 T,=370K
e £ =0.5
2 T L‘,'l 0.5
Applying energy balance on the base surface, we have
4 4 4 4
: : ) o, -T. , (o/hi)(T, =T)
QZl:Qevap:mhfg = 1 (T 1) - m= :
—& 1 l1-¢, 1-g 2 21-¢y)
+ + + +
Ae ARy Ay DLg; #DLF,, 7DLeg,

Hence

m_ D(o/hg)T,' -T,")

L 1—€1+ 2 Jr2(1—52)
&1 iy 2]
D(o/hey )T, -Ty)

Cl-g 1 2(1-¢&,)

_ (1.5m)(1000* —370%) K* (5.67 x1078 W/m? - K* J

_ _ 3
1-05 . 2(1-0.8) 2257 x10° J/kg

0.5 0.87
=0.0171 kg/s-m

Discussion The view factor from the dome to the base is constant F», = 2/z, which implies that the view factor is independent
of the dryer dimensions.
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13-130 Radiation heat transfer occurs between a tube-bank and a wall. The view factors, the net rate of radiation heat transfer,
and the temperature of tube surface are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 The tube wall thickness and
convection from the outer surface are negligible.

Properties The emissivities of the wall and tube bank are given to be &; = 0.8 and ¢; = 0.9, respectively.

Analysis (a) We take the wall to be surface i and the tube bank to be
surface j. The view factor from surface i to surface j is determined from

L o <
F =1—_1—(%J } +(%j tan—l{(%) _] I® OO Q_?,;_)

e ({0 frooe

The view factor from surface j to surface i is determined from reciprocity relation. Taking s to be the width of the wall

A
AF; =AF; —F; = -1 Fy = i Fi __S Fi =L(0.658) =0.419
A DL 7D 7(L.5)

(b) The net rate of radiation heat transfer between the surfaces can be determined from

G(TiA—TjA) B U(TiA—TJA)

(1—&} 101 (1)1 1-g 1 (l-&|A
— 4 + — 1 AR

F..
-8 2 4 4 4
_ (5:67x10"° w/m® K )[(1173K) (333K) ]:57,900W/m2
1-08 1 +[1—0.9j (0.03m)
08 0658 | 09 )r(0.015m)

(c) Under steady conditions, the rate of radiation heat transfer from the wall to the tube surface is equal to the rate of
convection heat transfer from the tube wall to the fluid. Denoting T,, to be the wall temperature,

Urad = Yconv

U(Ti4_TW4) —hA; (T, -T;)

1_€i 1 1_€j Ai
+—+ —
& F” €j AJ

(5.67x107° W/m? -K4)[(1173 K)* —TV;‘]
1-08 1 +(1—0.9j (0.03m)

7(0.015m)
0.03m

= (2000 W/m? - K)[ }[TW —(40+273K)]

+
08 0658 ( 0.9 )r(0.015m)

Solving this equation by an equation solver such as EES, we obtain

T, =331.4 K = 58.4°C
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13-131 Radiation heat transfer occurs between two parallel coaxial disks. The view factors and the rate of radiation heat
transfer for the existing and modified cases are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of disk a and b are given to be ¢, = 0.60 and ¢, = 0.8, respectively.
Analysis (a) The view factor from surface a to surface b is determined as follows
_a_ 020 T
2L 2(0.10) i
|
b 0.40 ! L

B=— — _2
2L 2(0.10) P T

2 2
Co1r AT g I s
B? 22

2 2708 2 2708
F., =0.5 Bllc-|cz-4 2 —05{ 2] J15-|152 4 L =0.764
A B 1 2

The view factor from surface b to surface a is determined from reciprocity relation:

m® _ x(0.2m)?

A==, =0.0314m?
2 2
A = ”% _7OAMT 6 1257 m?

AaFap = Ay Fpa
(0.0314)(0.764) = (0.1257)F,, —> F,, =0.191
(b) The net rate of radiation heat transfer between the surfaces can be determined from

6o = 0'(Ta4 —Tb4) ~ (5.67x10°° W/m? -K4)[(873 K)* (473 K)“] _ 464w
DT e, 1 1o 1-06 1 1-038 N

+ + 2 + 2 + 2
Aaca  AsFa Avep  (0.0314m2)(0.6) (0.0314m2)(0.764) (0.1257 m?)(0.8)

(c) In this case we have &, =0.7, A, -, Fy. = F,. =1 and Q,. =Qg, = Q... An energy balance gives
i) i)
1—5a+ 1 +1—6‘C 1—gc+ 1 +1—5b
Aaga Aa Fac Acgc Acgc Achb Abgb

P P P IS
1- B 1-
i+ 1 +0 0+ 1 + “b
Aaga Aa I:ac Ab Fbc Abgb
873" -1, ~ T, 473
1-0.6 1 B 1 R 1-0.8

(0.0314 m?)(0.6) " (0.0314m?)(1)  (0.1257m?)(1) (0.1257 m?)(0.8)
— T, =605K

Then
6, =0, = a(Ta4—Tc4) _ (5.67x10°° W/mz.K4)[(873 K)* - (605 K)4]_477W
R T 1-0.6 1 N
+ + 5 + 5 +0
Acea AFa A (0.0314m?)(0.6)  (0.0314 m?)(1)

Discussion The rate of heat transfer is higher in part (c) because the large disk c is able to collect all radiation emitted by disk
a. Itis not acting as a shield.
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13-132 Radiation heat transfer occurs between two square parallel plates. The view factors, the rate of radiation heat transfer
and the temperature of a third plate to be inserted are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of plate a, b, and ¢ are given to be €, = 0.8, g, = 0.4, and g, = 0.1, respectively.
Analysis (a) The view factor from surface a to surface b is determined as follows
L 40 L 40

Fab =2—1A{[(B+A)2 +4]0.5 _[(B—A)2 +4]o.5}=ﬁ

The view factor from surface b to surface a is determined from

reciprocity relation: E

A, =(0.2m)(0.2m) =0.04 m? ;

A, = (0.6 m)(0.6 m) = 0.36 m? D L

Aa Fab = Ab Fba b | -
(0.04)(0.592) = (0.36)F,, — > F,, = 0.0658

(b) The net rate of radiation heat transfer between the surfaces can be determined from

15

{[(1.5+0.5)2 +a® [5-05)? +4]°'5} ~0.592

4 4 -8 2 b 4 4
o, - a(Ta ~Tp ) _ (6567x107° w/m?-K )[(1073 K)* —(473K) ] _1374W
-5, 1 1-5 1-08 | 1 . 1-04
Acea  AFa Avep,  (0.04m?)(0.8) (0.04m?)(0.592) (0.36 m?)(0.4)
(c) In this case we have
_a_02m _ —E—Z'Om—lo
L 02m L 02m
Foo = i{[(c N1 i TR +4]°'5} _ L{[(lmo.s)z +4f® —[a0-05)? +4]* } =0.981
2A 2(0.5)
:E: 0.6m _3, CZEZ 20m _10
L 02m L 02m
Fyo = i {[(c +B)2+4]° ~[c-B)?+ 4]0‘5}
. {[(10 +3)2 +4° [0-3)2+ 4]0'5} _0.979
2(3)
Abec = Achb
(0.36)(0.979) = (4.0)Fy, —> Fp, =0.0881
An energy balance gives
Qac = ch
i) )
l-¢g, . 1 +1—5C 1-¢, . 1 +l—gb
Aaga AaFac Acgc Acgc Ac I:cb Abgb
1073K)* -1.* - T,* —(473K)*
1-0.8 1 1-01  1-0.1 1 1-0.4

2 + 2 + 2 2 + 2 + 2
(0.04m“)(0.8) (0.04m<)(0.981) (4m<)0.1) (4m“)0.) (4m<)(0.0881) (0.36m*)(0.4)
Solving the equation with an equation solver such as EES, we obtain T, =754 K = 481°C
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13-133 A double-pane window consists of two sheets of glass separated by an air space. The rates of heat transfer through the
window by natural convection and radiation are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque,
diffuse, and gray. 3 Air is an ideal gas with constant specific heats. 4 Heat
transfer through the window is one-dimensional and the edge effects are
negligible.

Properties The emissivities of glass surfaces are given to be &, =¢,=0.9.
The properties of air at 0.3 atm and the average temperature of (T,+T,)/2 =
(15+5)/2 = 10°C are (Table A-15)

k = 0.02439 W/meC
V =V / 0.3=1.426x107°/0.3=4.753x10 "> m?/s

Pr=0.7336
B= L _po03534K*
(10+273) K

Analysis The characteristic length in this case is the distance between the glasses, L, =L =0.03m

Ra

g -Ty)L® by (981 m/s?)(0.003534 K *)(15-5)K(0.03m)*>
= - -

(0.7336) = 3040
v (4.753x10° m?/s)?

-1/9 -1/9
Nu = 0.197Ra"/ 4(%) =0.197(3040)" 4(&} =0.971

Note that heat transfer through the air space is less than that by pure conduction as a result of partial evacuation of the space.
Then the rate of heat transfer through the air space becomes
A, =(2m)(5m)=10m?

(15-5)°C
0.03m

. T,-T
Qeonv = KNUA, 1T2 = (0.02439 W/m?°C)(0.971)(10 m?) =78.9W

The rate of heat transfer by radiation is determined from

Ao -T,%)  (10m?)(5.67x10® W/m? - K*)[(15+273K)" —(5+273K)"]
1 1 - 1 1
—+—-1 e
& & 09 09

Qug = =421W

Then the rate of total heat transfer becomes
Qtotal = Qconv + Qrad =79+421=500W

Discussion Note that heat transfer through the window is mostly by radiation.
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13-134 A solar collector is considered. The absorber plate and the glass cover are maintained at uniform temperatures, and
are separated by air. The rate of heat loss from the absorber plate by natural convection and radiation is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Air is an ideal gas with
constant properties.

Properties The emissivities of surfaces are given to be &; = 0.9 for glass Absorber plate
and &, = 0.8 for the absorber plate. The properties of air at 1 atm and the \ T, =80°C
average temperature of (T,+T,)/2 = (80+32)/2 = 56°C are (Table A-15) Solar \

radiation

k =0.02779 W/m°C
v =1.857x10"° m?/s
Pr=0.7212
1

B= o1 . 0.003040 K *
T, (56+273)K

Analysis For @ =0°, we have horizontal rectangular enclosure. Glas_s co:/er,

The characteristic length in this case is the distance between the T2 ‘_35 gc

two glasses L, = L = 0.03 m Then, g2=b

_gpT -Ty)L® by _ (981 m/s?)(0.00304 K 1)(80—32 K)(0.03m)?
v? (1.857x107° m?/s)?

Ra (0.7212) = 8.083x10*

A, =HxW = (1.5m)(3m) = 4.5m?

1708 1'[. 1708(in1.80)¢ | [(Racoso)® |’
Nu=1+1.441- 1- : + -1
Racos @ Racos 4 18
1708 [, 1708[sin(L.8x 20)[° [(8 083x10%) cos(20)]1/3 ’
=1+1.44{1- . 1- v + &= -1
(8.083x10*) cos(20) (8.083x10*) cos(20) 18
=3.747
. T,-T —32)°
Q = kNuA; +—2 =(0.02779 W/m?°C)(3.747)(4.5m?) ©0-32°C 750w

0.03m
Neglecting the end effects, the rate of heat transfer by radiation is determined from

4 4 2 -8 2 4 4 4
: -7 . . : -
6., _A0(-T,") _ (45m)(5.67x10"° W/m? -K*)[(80+273K)* ~(32+273K)*] __ 100\
1 1 1 1
el | . |
& & 08 0.9

Discussion The rates of heat loss by natural convection for the horizontal and vertical cases would be as follows (Note that
the Ra number remains the same):

Horizontal:
+ s + 43 F
Nu =1+1.44{1—@} LR =1+1.44{1— 1708 } | B083x101)7 4| 5810
Ra 18 8.083x10* 18
: T,-T —32)°
Q= KNuA, -2 — (0.02779 W/m-C)(3.812)(6 m?) ©0-32C_ 1017w
Vertical:
H -0.3 2m -0.3
Nu=0.42RaY*4 pr0012 | =0.42(8.083x10%)/4(0.7212)%%14 _=— | =2.001
L 0.03m
: T,-T —32)°
Q= kNuA, -2 — (002779 Wim~C)(2.001)(6 m?) ©0-32)C _cayw
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13-135 A double-walled spherical tank is used to store iced water. The air space between the two walls is evacuated. The rate
of heat transfer to the iced water and the amount of ice that melts a 24-h period are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are
opaque, diffuse, and gray.

Properties The emissivities of both surfaces are given to be
€1=8& = 0.15.

Analysis (a) Assuming the conduction resistance s of the walls to be g a
negligible, the rate of heat transfer to the iced water in the tank is S
determined to be

water © |

A, =D, = 7(2.01m)? =12.69 m?

2
1 1-¢ (D
—+ 2| L 0.5¢cm
& &

 (12.69m?)(5.67x10"° W/m® -K*)[(20+ 273 K)* — (0+273K)*]
1 1-0.15 ( 2.01]2
+

0.15 0.15 \2.04
=107.4W

(b) The amount of heat transfer during a 24-hour period is
Q = QAt = (0.1074 kJ/s)(24x3600s) = 9279 kJ
The amount of ice that melts during this period then becomes

Q = mhy —>m:&=927—9k‘]=27.8kg
h;  333.7 ki/kg
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13-136 A solar collector consists of a horizontal copper tube enclosed in a concentric thin glass tube. The annular space
between the copper and the glass tubes is filled with air at 1 atm. The rate of heat loss from the collector by natural convection
and radiation is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Air is an ideal gas with
constant specific heats.

Properties The emissivities of surfaces are given to be &; = 0.85 for the tube

surface and &, = 0.9 for glass cover. The properties of air at 1 atm and the Plastic cover,
average temperature of (T;+T,)/2 = (60+40)/2 = 50°C are (Table A-15) T, = 40°C
k = 0.02735 W/m°C Yy w=09
_ -5 2 \
v =1798x10"" m*/s Water
Pr=0.7228 )
B= 1 _0003096K™? ' 3
(50+273) K Air space
Analysis The characteristic length in this case is Copper tube
1 1 D; =5cm, T; = 60°C
L. =E(D2—Dl)=§(0.12m-0.05m):0.07m g,=0.85
-T,)L . 2(0. 1)60- : 3
Ra = gp(T, —T,)Le Pr_ (9.81m/s“)(0.003096 K ™ )(60—40)K(0.035 m) (0.7228) = 5.823x10°%

2 (1.798x107° m?/s)?
The effective thermal conductivity is
in(o, /D))" [In(0.12/0.05)]*

_ _ ~0.1678
3 i73/5 073/5 035m 05m)35 4 (0.12 M) >
L2(D; " +D,"°)®  (0.035m)®|(0.05 m) 35 + (0.12 m) "%

F

cyl

Pr 1/4
K. =0.386k| —— F..Ra)Y*
eff (0.861+ Pr} (FoyiRa)

0.7228

1/4
m] [(0.1678)(5.823x10)["* = 0.08626 W/m=°C
. + 0.

= 0.386(0.02735 W/m ."C)(

Then the rate of heat transfer between the cylinders becomes

27K gt 272(0.08626 W/m?°C)
(T T,) =
In(D, / D;) In(0.12/0.05)

Qeonv = (60—40)°C =12.4W

The rate of heat transfer by radiation is determined from

6 = Ao (T -T,Y)  [2(0.05m)Am)|5.67x107° Wim? -K*)[(60+273K)* —(40+273K)"]
"1 14 (D 1 1-09(5
g & \ Dy 085 09 \12

=19.7W

Finally,
Qootalioss =12.4+19.7=32.1W (per m length)
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13-137 Two concentric spheres which are maintained at uniform temperatures are separated by air at 1 atm pressure. The rate
of heat transfer between the two spheres by natural convection and radiation is to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Air is an ideal gas with
constant properties.

Properties The emissivities of the surfaces are given to be g; = ¢, = 0.75. D, = 25 cm
The properties of air at 1 atm and the average temperature of (T,+T,)/2 = T,= 275K D;=15cm
(350+275)/2 = 312.5 K = 39.5°C are (Table A-15) £,=0.75 T,=350K

€1=0.75

k =0.02658 W/m?°C
v =1.697x10° m?/s

Pr=0.7256
B= 1 _poosekt
312.5K

Analysis (a) Noting that D; = D; and D, = D, , the characteristic length is

L, =%(DO —Di)=%(0.25m—0.15m)=0.05m

Then
T, . 2(0. 1 - : 3
Ra=9PTi-To)le o (8.81m/s”)(0.003200 K™ )(350 =275 KYO.05M)"  7rce) _ 7 415105 The effective
2 (1.697 x107° m?/s)?
thermal conductivity is
L. 0.05m
Fooh = S oD D T y — —— =0.005900
(DiD)* (D 7"° +D, ") [(0.15m)(0.25m)]*[(0.15m) "5 + (0.25 m) "]
Pr 1/4
Ky =0.74k| ——— |  (F,,nRa)Y*
eft [0.861+Pr] (FspnRa)
1/4
= 0.74(0.02658 W/m PC)[%] [(0.00590)(7.415><105)]1/4
. + V.

=0.1315 W/m?°C
Then the rate of heat transfer between the spheres becomes

D,D, (0.15m)(0.25 m)

(0.05m)

Q =k ;{ J(ri ~T,)=(0.1315 W/mF’C)z{ }(350 —275)K =23.2W

C
(b) The rate of heat transfer by radiation is determined from

A, = D,% = #(0.15m)? = 0.0707 m?
Ao (T,* -T,*)  (0.0707m?)(5.67x10°8 Wim? - K*)[(350 K)* — (275 K)*]

1,15 (D) 1 +1—0.75(0.15)2
&1 &y D2 0.75 0.75 0.25

Q= —25.6W
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13-138E The circulating pump of a solar collector that consists of a horizontal tube and its glass cover fails. The
equilibrium temperature of the tube is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The tube and its cover are isothermal. 3 Air is an ideal gas. 4 The surfaces
are opaque, diffuse, and gray for infrared radiation. 5 The glass cover is transparent to solar radiation.

Properties The properties of air should be evaluated at the

average temperature. But we do not know the exit temperature 30 Btu/h.ft
of the air in the duct, and thus we cannot determine the bulk / / / /
fluid and glass cover temperatures at this point, and thus we T,=75°F )
cannot evaluate the average temperatures. Therefore, we will Toy = 60°F P'aSE'C cover,
assume the glass temperature to be 85°F, and use properties at 2=09,T
an anticipated average temperature of (75+85)/2 =80°F (Table N\ o
A-15E), Water W
D2 =5 in"‘ ,I,I
k =0.01481 Btu/h-ft -°F Yoo
v =1.697x10* %2 /s Alir space
0.5 atm .
Pr=0.7290 Aluminum tube
1 1 Dy =25 in, T,
p= =— £ =09
Tawe S40R

Analysis We have a horizontal cylindrical enclosure filled with air at 0.5 atm pressure. The problem involves heat transfer
from the aluminum tube to the glass cover and from the outer surface of the glass cover to the surrounding ambient air. When
steady operation is reached, these two heat transfer rates must equal the rate of heat gain. That is,

Qtubeglass = leass—ambient = Qsolargain =30Btu/h  (per foot of tube)
The heat transfer surface area of the glass cover is
Ay = Aglass = (1DW) = (5/121t)(11) =1.3091 > (per foot of tube)

To determine the Rayleigh number, we need to know the surface temperature of the glass, which is not available. Therefore,
solution will require a trial-and-error approach. Assuming the glass cover temperature to be 85°F, the Rayleigh number, the
Nusselt number, the convection heat transfer coefficient, and the rate of natural convection heat transfer from the glass cover
to the ambient air are determined to be
-7,)D3
RaDozgﬂ(TO OC) (o] Pr

2
14

(32215 *)[1/(540R)1(85- 75 R)(5/12 1)°
(1.697x107* # 2/s)?

(0.7290) =1.092x10°

1/6 611/6
Nu)06a. 0387Rap 1 loss 0.387(1.092x10°) _
1+ (0.559/Pr)" e[ f1+(0.559/0.7200)°¢
=14.95
ho =DL Nu = 0'014851?;;; h-ft-°F (14.95) = 0.5315 Btu/h-1t 2 -°F
0

Qoconv = No Ay (T, —T.,) = (05315 Btu/h-ft * - °F)(1.309 ft *)(85 - 75)°F = 6.96 Btu/h
Also,
Qo,rad =8,0R, (T04 _Tsiy)

- (0.9)(0.1714x10° Btuh- 2 -R*)(1.309 1 ?)[(545 R)* — (520 R)* |
=30.5Btu/h
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Then the total rate of heat loss from the glass cover becomes
Qo,total = Qo,conv +Qo,rad =7.0+30.5=37.5 Btu/h

which is more than 30 Btu/h. Therefore, the assumed temperature of 85°F for the glass cover is high. Repeating the
calculations with lower temperatures (including the evaluation of properties), the glass cover temperature corresponding to 30
Btu/h is determined to be 81.5°F.

The temperature of the aluminum tube is determined in a similar manner using the natural convection and radiation
relations for two horizontal concentric cylinders. The characteristic length in this case is the distance between the two
cylinders, which is

L. =(D, —D;)/2=(5-25)/2=1.25in=1.25/121
Also,
A = Aype = (IDW) = 7(2.5/12 1t )(1ft) = 0.6545 1 > (per foot of tube)

We start the calculations by assuming the tube temperature to be 118.5°F, and thus an average temperature of (81.5+118.5)/2
= 100°F=560 R. Using properties at 100°F,

9B, -T,)L3 op (32215 2)[1/(560 R)](118.5-81.5R)(1.25/12 )3
. -

0.726) =1.334x10*
y [(1.809%x10~* f 2/s)/0.5]° (0.720)

RaL =

The effective thermal conductivity is

_ [In(D, / D;)]* _ [In(5/2.5)*
L3(D;35 +D%%)%  (1.25/121)%[(2.5/12 1) 35 + (5/121) *°]

- =0.1466

cyc

Pr

K. =0.386k| ——
eff (0.861+ Pr

1/4
J (FcchaL)l/4

0.726

=0.386(0.01529 Btu/h -t - °F)) —————
0.861+0.726

j(O.l466xl.334><104)1/ 4

=0.03227 Btu/h-f - °F
Then the rate of heat transfer between the cylinders by convection becomes

27K g 27(0.03227 Btu/h- & -°F)
(T, T,) =
In(D, / D;) In(5/2.5)

Qi conv = (118.5-81.5)°F =10.8 Btu/h

Also,
oA (T -T4)
1,15 [DJ
& g, Dy
0.

(0.1714x1078 Btu/h-ft 2 - R *#)(0.6545 ft 2)[(578.5 R)* —(541.5 R)4]
1 1—0.9(2.5in]

Qi,rad =

=25.0Btu/h

[ + — -

09 09 | 5in

Then the total rate of heat loss from the glass cover becomes
Qi,total = Qi,conv + Qi,rad == 108+ 250 = 358 Btu/h

which is more than 30 Btu/h. Therefore, the assumed temperature of 118.5°F for the tube is high. By trying other values, the
tube temperature corresponding to 30 Btu/h is determined to be 113°F. Therefore, the tube will reach an equilibrium
temperature of 113°F when the pump fails.
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13-139 A long cylindrical black surface fuel rod is shielded by a concentric surface that has a uniform temperature. The fuel
rod generates 0.5 MW/m? of heat per unit length. The surface temperature of the fuel rod is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The fuel rod surface is black. 3 The shield is opaque, diffuse, and gray. 4
The fuel rod and shield formed an infinitely long concentric cylinder.

Properties The emissivity of the shield is given as &, = 0.05. The fuel rod surface is black, ¢; = 1.

Analysis The heat generation of the fuel rod is

E 4E . D2L " D,
. gen gen . . 1
€gen =— = —5— — Egen =€genV =€ 0
gen gen gen gen
vV DI 4 .
Hence, the total heat generation rate per unit length (L =1 m)
by the fuel rod is
2 2 —
. L . T o
Egen = Egen ik 05x108 wyn?) 2@ MAM) _ 545 4y p Shicld
4 Vacuum . As Too iy
For infinitely long concentric cylinder, the rate of radiation heat Fuel rod
transfer at the fuel rod surface is (from Table 13-3), AT, g,

|

4 4
. o T
Egen =Qp, = A ! <

1 +l—6‘2 Dy
& & D,
. 1/4 . 1/4
T1 = i+1_82 & Egen +T24 = i+1—32 & Egen +T24
«91 52 D2 A]_O- gl 52 D2 7ZD1LU

1/4
:{1+1—0.05(§H 2454 W + (320 K)4}

1 005 \50/]7(0.025m)(1m)(5.67x1078 W/m? - K*)
T, =876 K

Discussion The use of absolute temperatures is necessary for calculations involving radiation heat transfer.
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13-140 A cylindrical furnace with specified top and bottom surface temperatures and specified heat transfer rate at the bottom
surface is considered. The emissivity of the top surface and the net rates of heat transfer between the top and the bottom

surfaces, and between the bottom and the side surfaces are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is

not considered.
Properties The emissivity of the bottom surface is 0.90.

Analysis We consider the top surface to be surface 1, the base surface to be
surface 2, and the side surface to be surface 3. This system is a three-surface

T, =700 K
g =7

enclosure. The view factor from the base to the top surface of the cube is from
Fig. 13-5 F;, =0.2. The view factor from the base or the top to the side surfaces

is determined by applying the summation rule to be

Fll + F12 + F13 =1— Fl3 =1- F12 =1-02=08

since the base surface is flat and thus F;; = 0. Other view factors are

T3 =450 K
83:1

Fy = Fy, =0.20, Fjs = F13=0.80, Fa; =F3, =020

We now apply Eq. 13-35 to each surface

T,=950 K
€,=0.90

1-¢
O'T14 =J;+ A L [FlZ(Jl_J2)+F13(Jl_‘]3)]
Surface 1: ) !
(5.67x1078 W/m2.K*)(700K)* = J, +=——22[0.20(J; - J,) +0.80(J; — J5)]
€1
1-¢
0T24 =J,+ : [F21(Jz =J1)+Fp(J, —33)]
Surface 2: 2
B67x10" m°-. =J,+——|o. - +0. -
5.67x107° W/m?.K*)(950K)* = J, 1033002032 J;)+0.80(3, —Js
T4 =J
Surface 3: o's 3

(5.67x107° W/m? K*)(450K)* = J,

We now apply Eq. 13-34 to surface 2

Q,=A, [le(Jz —J1)+F(d; _Js)]= © mz)[O.ZO(JZ —J1)+0.80(J; _Js)]
Solving the above four equations, we find

£ =0.44, J; =11736 W/m?, J, =41985 W/m?, J, = 2325 W/m?
The rate of heat transfer between the bottom and the top surface is

A=A, =(3Bm)®>=9m?

Q, = AF,, (3, — J;) = (9m?)(0.20)(41,985 —11,736)W/m? = 54.4KW
The rate of heat transfer between the bottom and the side surface is

Ag =4A, =49m?)=36m?

Qus = A Fp3(Jd, — J3) = (9 M?)(0.8)(41,985 — 2325)W/m? = 285.6 KW

Discussion The sum of these two heat transfer rates are 54.4 + 285.6 = 340 kW, which is equal to 340 kW heat supply rate

from surface 2.

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course

preparation. If you are a student using this Manual, you are using it without permission.



13-119

13-141 A cylindrical furnace with specified top and bottom surface temperatures and specified heat transfer rate at the bottom
surface is considered. The temperature of the side surface and the net rates of heat transfer between the top and the bottom
surfaces, and between the bottom and the side surfaces are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of the top, bottom, and side surfaces are 0.70, 0.50, and 0.40, respectively.

Analysis We consider the top surface to be surface 1, the bottom surface to be surface 2, and
the side surface to be surface 3. This system is a three-surface enclosure. The view factor

from surface 1 to surface 2 is determined from T, =500
L 12 £, =0.70
r 06 ° : \\“:W

F,, =0.17 (Fig. 13-7)

{:%:05 h=12m
. =7
The surface areas are 1-3_ 0 40
3 = .
A=A, =aD?/4=7(12m)?/4=1131m?
A, = 7DL = 7(1.2 m)(1.2m) = 4.524 m? J—— Ty 2 G50 K
Then other view factors are determined to be &, =0.50
Fip=F;; =017 r2=06m .........................

AF ;= AjF;; —>(1.131)(0.83) = (4.524) F;; —— F5;, = 0.21 (reciprocity rule), F;, =F3; =021
We now apply Eq. 13-35 to each surface

—-&
UT14=31+ ! [F12(J1—Jz)+|:13(‘]1_\]3)]

Surface 1: 1

(5.67x1078 W/m? K*)(500K)* = J, +1507.go [0.17(3, - J,)+0.83(3; — J5)]

4 1-¢
ol =Jy+ [F21(32—31)+ Fzs(Jz—Js)]

Surface 2: &

(5.67x10~% W/m? K*)(500 K)* = +15%§° [0.17(3, - 3,)+0.83(3, - J5)]

4 1-¢3
oly" =J3+ [F31(33_31)+F32(33_32)]

Surface 3: é3

(5.67x107% w/m? K*)T,* _J3+10040[021(J3 3,)+0.21(3; - J,)]

We now apply Eq. 13-34 to surface 2
Q, = Ay [Fpr (3, —31) + Fps(3, —J3)]= 1.131m?)[0.17(J, — ;) +0.83(J, — J5)]
Solving the above four equations, we find
T, =631K, J, =4974W/m?, J, =8883W/m?, J; =8193 W/m?
The rate of heat transfer between the bottom and the top surface is
Q,1 = AyF,,(J, —J;) = (1.131m?)(0.17)(8883— 4974)W/m? = 751.6 W
The rate of heat transfer between the bottom and the side surface is
Qus = A Fy3(J, —J3) = (1.131m?)(0.83)(8883—-8193) W/m? = 648.0 W

Discussion The sum of these two heat transfer rates are 751.6 + 644 = 1395.6 W, which is practically equal to 1400 W heat
supply rate from surface 2. This must be satisfied to maintain the surfaces at the specified temperatures under steady
operation. Note that the difference is due to round-off error.
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13-142 A thin aluminum sheet is placed between two very large parallel plates that are maintained at uniform temperatures.
The net rate of radiation heat transfer between the plates and the temperature of the radiation shield are to be determined.

Assumptions 1 Steady operating conditions exist 2 The surfaces are opaque, diffuse, and gray. 3 Convection heat transfer is
not considered.

Properties The emissivities of surfaces are given to be g, = 0.8, & =0.7, and & =0.12.

Analysis The net rate of radiation heat transfer with a thin aluminum shield per unit area of the plates is

0@14 _T24)

le,oneshield: 1 1 1 1
[+—1J+ —t—-1
&1 & €31 €32

_ (5.67x107% W/m? - K")[(750 K)* — (400 K)*]

1 1 1 1
—t—-1|+| ——+—-1
(0.8 0.7 ] (0.12 0.12 j

=951 W/m?

The equilibrium temperature of the radiation shield is determined from

4 14 -8 2 b 4_ 14

: -T B67x107° W/m® -K*)[(750K)" —T.
Gy 20T g5 e - 7102 Wi K(TS0K)" T,
—+—-1
(0.8 0.12 )

&1 €3

Ty =644K

13-143 The temperature of air in a duct is measured by a thermocouple. The radiation effect on the temperature measurement
is to be quantified, and the actual air temperature is to be determined. -

Assumptions The surfaces are opaque, diffuse, and gray.
Properties The emissivity of thermocouple is given to be £=0.6.

Analysis The actual temperature of the air can be determined from

4 4
Eno(Tey —Tw )

T =Ty + h AIr T, S 1herrgggolzple
-8 2 14 4_ 4 —_ th =
_850K + (0.6)(5.67 %10 V\/6/(r)‘nW/K2 )[((8:50 K)" — (500 K)"] T, =500 K c=06
m®-°
111K e
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13-144 Combustion gases flow inside a tube in a boiler. The rates of heat transfer by convection and radiation and the rate of
evaporation of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Combustion gases are
assumed to have the properties of air, which is an ideal gas with constant properties.

Properties The properties of air at 1200 K = 927°C and 1 atm are (Table A-15)
p =0.2944 kg/m?®

k =0.07574 W/meC Ts =105°C

v =1.586x10"* m?/s '/

¢, =1173J/kg.°C ( Dolacm — O

Pr=0.7221 Combustion

. . gases, 1 atm
Analysis (a) The Reynolds number is T,= 1200 K
V,,,D 3m/s
Re— ~e= _ (3m/s)(0.15m) _ 2837

v 1586x107* m%/s
which is a little higher than 2300, and thus we assume laminar flow. The Nusselt number in this case is

Nu = hDy =3.66
k
Heat transfer coefficient is
h= X Nu= QOTSTAWIMIC o ooy 1 gag Wim?.oC
D 0.15m

Next we determine the exit temperature of air
A= 7DL = 7(0.15m)(6 m) = 2.827 m?
A, =D? /4 =7(0.15m)?/4=0.01767m?
m = pVA, = (0.2944 kg/m*)(3 m/s)(0.01767 m?) = 0.01561kg/s

_ (1.848(2.827)

—hA/(rhc,) =105 (105-927)e (00156)(1173 _ 793 0oC

T, =T _(Ts -Tj )e
Then the rate of heat transfer by convection becomes

Quony = MC o (Ti —T¢) = (0.01561kg/s)(1173 J/kg.°C)(927 — 723)°C = 3735 W
Next, we determine the emissivity of combustion gases. First, the mean beam length for an infinite circular cylinder is, from
Table 13-4,

L=0.95(0.15m) =0.1425m
Then,

P.L = (0.08atm)(0.1425m) = 0.0114 m-atm = 0.037 ft -atm

P, L =(0.16 atm)(0.1425m) = 0.0228 m-atm = 0.0751t -atm
The emissivities of CO, and H,O corresponding to these values at the average gas temperature of Tyg=(Ty+T)/2 = (927+723)/2
= 825°C = 1098 K and latm are, from Fig. 13-36,

Ec1am =0.055 and & 14m =0.045
Both CO, and H,O are present in the same mixture, and we need to correct for the overlap of emission bands. The emissivity
correction factor at T = T4 = 1100 K is, from Fig. 13-38,

P.L+P,L=0.037+0.075=0.112

Py __ 016 o {A=00

P, +P, 016+0.08
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Then the effective emissivity of the combustion gases becomes
£q =Ceéc1am T Cwéw 1am —A& =1x0.055+1x0.045-0.0 = 0.100
Note that the pressure correction factor is 1 for both gases since the total pressure is 1 atm. For a source temperature of T, =
105°C = 378 K, the absorptivity of the gas is again determined using the emissivity charts as follows:
378K
1098 K

T
P, L= =(0.16 atm)(0.1425 m)ﬂ =0.00785m-atm = 0.026 ft -atm
T 1098 K

9

=0.00392 m-atm = 0.013f -atm

T
P.L T—S = (0.08 atm)(0.1425m)
g

The emissivities of CO, and H,O corresponding to these values at a temperature of T, = 378 K and 1atm are, from Fig. 13-36,
Ec1am =0.032 and & 14y =0.049

Then the absorptivities of CO, and H,O become

T )% 1098 K \*%
a, = CC[T—J Ecram = (1)[ 5K J (0.032) = 0.0640
S

L 1098 K \**°
a, = CW[T—j Eu 1atm = (1)[ 5K j (0.049) = 0.0792
S

Also Aa. = Ag, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T; = 378 K instead of T, = 1098
K. We use the chart for 400 K. At P,/(P,+ P;) = 0.67 and P.L +P,L = 0.112 we read Ae = 0.0. Then the absorptivity of the
combustion gases becomes

ay, =a. +oa, —Aa =0.0640+0.0792-0.0=0.143

g

The emissivity of the inner surfaces of the tubes is 0.9. Then the net rate of radiation heat transfer from the combustion gases
to the walls of the tube becomes

: g +1
Qrad = ST ASJ(89T94 _a9T54)
~09+1
2
=21,690W

(2.827 m?)(5.67x10~8 W/m? - K*)[0.100(1098 K)* —0.143(378 K)*]

(b) The heat of vaporization of water at 1 atm is 2257 kJ/kg (Table A-9). Then rate of evaporation of water becomes

: . , , Qeonv+Qra (3735+21,690) W
conv rad evap''fg evap h g 2257 x 103 J/kg
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13-145 Combustion gases flow inside a tube in a boiler. The rates of heat transfer by convection and radiation and the rate of
evaporation of water are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Combustion gases are
assumed to have the properties of air, which is an ideal gas with constant properties.

Properties The properties of air at 1200 K = 927°C and 3 atm are (Table A-15)
p =0.2944 kg/m?

k =0.07574 W/m?°C / T; =105°C
v = (1.586x10™* m?/s)/3=0.5287x10"* m?/s
(] p=15cm — ()

¢, =1173J/kg.°C Combusti
ombustion
Pr=0.7221 gases, 3 atm
Analysis (a) The Reynolds number is T,=1200 K

3mls

Re— VaD _ (3m/s)(0.15m)
v 0.5287x107* m?/s
which is greater than 2300 and close to 10,000. We assume the flow to be turbulent. The entry lengths in this case are roughly
L, = L; 10D =10(0.15m)=1.5m

=8511

which is much shorter than the total length of the duct. Therefore, we can assume fully developed turbulent flow in the entire
duct, and determine the Nusselt number from

_ hD,

Nu =0.023Re"® Pr®3 = 0.023(8511) %8 (0.7221)*3 = 29.06

Heat transfer coefficient is
he h NU = 0.07574 W/m=eC
D 0.15m

Next we determine the exit temperature of air

(29.06) =14.67 W/m?.°C

A=7DL = 7(0.15m)(6 m) = 2.827 m?
A, =7D? /4= 7(0.15m)?/4=0.01767m?
= pVA, = (0.2944 kg/m®)(3 m/s)(0.01767 m?) = 0.01561kg/s

(1467)(2.827)

—hA/(rmc,) 2105_(105_927)(;W —190.4°C

T =T, (T, —T;)e
Then the rate of heat transfer by convection becomes

Qony = MC p (Ti =T¢) =(0.01561kg/s)(1173 J/kg.°C)(927 —190.4)°C =13,490W
Next, we determine the emissivity of combustion gases. First, the mean beam length for an infinite circular cylinder is, from
Table 13-4,

L =0.95(0.15m) =0.1425m
Then,

P.L = (0.08atm)(0.1425 m) = 0.0114 m-atm = 0.037 ft -atm

P,L =(0.16 atm)(0.1425 m) = 0.0228 m-atm = 0.075#% -atm

The emissivities of CO, and H,O corresponding to these values at the average gas temperature of Ty=(T+T,)/2 = (927+190)/2
=559°C = 832 K and latm are, from Fig. 13-36,

&c1am =0.055 and & 14y =0.062
These are the base emissivity values at 1 atm, and they need to be corrected for the 3 atm total pressure. Noting that (P,+P)/2
= (0.16+3)/2 = 1.58 atm, the pressure correction factors are, from Fig. 13-37,
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C.=15 and C,=1.38

Both CO, and H,O are present in the same mixture, and we need to correct for the overlap of emission bands. The emissivity
correction factor at T = T, = 832 K is, from Fig. 13-38,

P.L+P,L=0.037+0.075=0.112

Pw _ 0.16 0.67 Ae=0.0

P, +P, 0164008

Then the effective emissivity of the combustion gases becomes
£q =Ccé1am T Cwéw 1am —A& =1.5x0.055+1.8x0.062-0.0=0.194

For a source temperature of T, = 105°C = 378 K, the absorptivity of the gas is again determined using the emissivity charts as
follows:

T
P.L—> = (0.08atm)(0.1425 m)% =0.00518 m-atm = 0.017 ft -atm
T 832K

9

T
P, L= =(0.16 atm)(0.1425 m)ﬂ =0.0104 m-atm = 0.034% -atm
Ty 832K
The emissivities of CO, and H,O corresponding to these values at a temperature of Ts = 378 K and latm are, from Fig. 13-36,

Ec1am =0.037 and & 14y =0.062

Then the absorptivities of CO, and H,O become

o 832K \*°°
a, :cC[T—gJ Ec 1am = (1.5)( j (0.037) = 0.0927

] 378K
0.45
T 832 K 0.45
oy, = CW[%j Ew1am = (1.8)(m] (0.062) = 0.1592

Also Aa. = Ag, but the emissivity correction factor is to be evaluated from Fig. 13-38 at T = T, = 378 K instead of T, = 832 K.
We use the chart for 400 K. At P,/(P,+ P¢) = 0.67 and P.L +P,L = 0.112 we read Ac = 0.0. Then the absorptivity of the
combustion gases becomes

ag =a, +a, —Aa=0.0927+0.1592-0.0 = 0.252
The emissivity of the inner surfaces of the tubes is 0.9. Then the net rate of radiation heat transfer from the combustion gases
to the walls of the tube becomes
: g, +1
Qg = ST Aso-(gng4 _agTs4)

_09+1
2
=13,370W
(b) The heat of vaporization of water at 1 atm is 2257 kJ/kg (Table A-9). Then rate of evaporation of water becomes
 Qoonv+Qra _ (13,490+13370) W

Oy +Qrag = My ashtg ——> Myyay = =0.0119kg/s
conv rad evap''fg evap hfg 2257><103 J/kg

(2.827m?)(5.67x1078 W/m? - K*)[0.194(832 K)* —0.252(378 K)*]
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Fundamentals of Engineering (FE) Exam Problems

13-146 Consider an infinitely long three-sided triangular enclosure with side lengths 2 cm, 3, cm, and 4 cm. The view factor
from the 2 cm side to the 4 cm side is

(a) 0.25 (b) 0.50 (c) 0.64 (d) 0.75 (e) 0.87

Answer (d) 0.75

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

wl=2 [cm]

w2=3 [cm]

w3=4 [cm]

F_13=(wl+w3-w2)/(2*w1l) "from Table 13-2"

"Some Wrong Solutions with Common Mistakes"
W_F_13=(wl+w2-w3)/(2*wl) "Using incorrect form of the equation”

13-147 Consider a 15-cm-diameter sphere placed within a cubical enclosure with a side length of 15 cm. The view factor
from any of the square cube surface to the sphere is

() 0.09 (b) 0.26 (c) 0.52 (d)0.78 (€)1

Answer (c) 0.52

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=0.15 [m]

$=0.15 [m]

Al=pi*D"2

A2=6*s"2

F 12=1

A1*F_12=A2*F_21 "Reciprocity relation"

"Some Wrong Solutions with Common Mistakes"
W_F_21=F_21/6 "Dividing the result by 6"
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13-148 A 70-cm-diameter flat black disk is placed in the center of the top surface ofal m x 1 m x 1 m black box. The view
factor from the entire interior surface of the box to the interior surface of the disk is

(a) 0.077 (b) 0.144 (c) 0.356 (d) 0.220 () 1.0

Answer (a) 0.077

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

d=0.70 [m]

Al=pi*d"2/4 [m"2]

A2=5*1*1 [m"2]

F12=1

F21=A1*F12/A2

13-149 Consider two concentric spheres with diameters 12 cm and 18 cm, forming an enclosure. The view factor from the
inner surface of the outer sphere to the inner sphere is

(a) 0 (b) 0.18 (c) 0.44 (d) 0.56 () 0.67

Answer (c) 0.44

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D1=0.12 [m]

D2=0.18 [m]

Al=pi*D1/2

A2=pi*D2"2

F 12=1

Al*F_12=A2*F_21 "Reciprocity relation"

"Some Wrong Solutions with Common Mistakes"
W1_F_21=F 12 "Using F_12 as the answer"
D1*F_12=D2*W2_F 21 "Using diameters instead of areas”
W3_F_21=1-F_21 "Evaluation of F_22"
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13-150 The number of view factors that need to be evaluated directly for a 10-surface enclosure is
(@1 (b) 10 (c) 22 (d) 34 (e) 45

Answer (e) 45

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

N=10

n_viewfactors=1/2*N*(N-1)

13-151 Consider two concentric spheres forming an enclosure with diameters 12 and 18 cm and surface temperatures 300 and
500 K, respectively. Assuming that the surfaces are black, the net radiation exchange between the two spheres is

(@) 21 W (b) 140 W (c) 160 W (d) 1275 W (e) 3084 W

Answer (b) 140 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D1=0.12 [m]

D2=0.18 [m]

T1=300 [K]

T2=500 [K]

sigma=5.67E-8 [W/m”2-K"4]
Al=pi*D1"2

F 12=1
Q_dot=A1*F_12*sigma*(T2"4-T1"4)

"Some Wrong Solutions with Common Mistakes"

W1 Q_dot=F_12*sigma*(T2"4-T1”4) "Ignoring surface area"
W2_Q_dot=A1*F_12*sigma*T1"4 "Emissive power of inner surface"
W3_Q_dot=A1*F_12*sigma*T2”4 "Emissive power of outer surface"
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13-152 Consider a vertical 2-m-diameter cylindrical furnace whose surfaces closely approximate black surfaces. The base,
top, and side surfaces of the furnace are maintained at 400 K, 600 K, and 900 K, respectively. If the view factor from the base
surface to the top surface is 0.2, the net radiation heat transfer between the base and the side surfaces is

(a) 22.5 kW (b) 38.6 KW (c) 60.7 kW (d) 89.8 KW (€) 151 kW

Answer (d) 89.8 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=2 [m]

T1=400 [K]

T2=600 [K]

T3=900 [K]

F_12=0.2

Al=pi*D"2/4

A2=A1

F 13=1-F 12

sigma=5.67E-8 [W/m”2-K"4]
Q_dot_13=A1*F_13*sigma*(T174-T3"4)

"Some Wrong Solutions with Common Mistakes"
W_Q _dot_13=A1*F_12*sigma*(T174-T3"4) "Using the view factor between the base and top surfaces"

13-153 Consider a vertical 2-m-diameter cylindrical furnace whose surfaces closely approximate black surfaces. The base,
top, and side surfaces of the furnace are maintained at 400 K, 600 K, and 900 K, respectively. If the view factor from the base
surface to the top surface is 0.2, the net radiation heat transfer from the bottom surface is

(a) -93.6 kW (b) -86.1 KW (c) 0 kW (d) 86.1 kW () 93.6 KW

Answer (a) -93.6 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D=2 [m]

T1=400 [K]

T2=600 [K]

T3=900 [K]

Al=pi*D"2/4

A2=A1

F_12=0.2

F_13=1-F 12

sigma=5.67E-8 [W/m"2-K"4]
Q_dot_12=A1*F_13*sigma*(T1"4-T2"4)
Q_dot_13=A1*F_13*sigma*(T1/4-T3"4)
Q_dot_1=Q_dot_12+Q_dot_13

"Some Wrong Solutions with Common Mistakes"

W1 Q dot 1=-Q_dot 1 "Using wrong sign"

W2_Q dot_1=Q_dot_12-Q_dot_13 "Substracting heat transfer terms"
W3 _Q dot 1=Q dot 13-Q dot_12 "Substracting heat transfer terms"
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13-154 A solar flux of 1400 W/m? directly strikes a space vehicle surface which has a solar absortivity of 0.4 and thermal
emissivity of 0.6. The equilibrium temperature of this surface in space at 0 K is

(a) 300 K (b) 360 K () 410 K (d) 467 K (€) 510 K

Answer (b) 360 K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

a=0.4

e=0.6

Q=1400 [W/m~2]

a*Q=e*sigma#*T"4

13-155 A 70-cm-diameter flat black disk is placed at the center of the ceilinga 1l m x 1 m x 1 m black box. If the
temperature of the box is 620°C and the temperature of the disk is 27°C, the rate of heat transfer by radiation between the
interior of the box and the disk is

(@) 2 kW (b) 5 kW (c) 8 KW (d) 11 kW () 14 kKW

Answer (e) 14 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

d=0.7 [m]

Al=pi*d"2/4 [m"2]

A2=5*1*1 [m~2]

F12=1

T2=893 [K]

T1=300 [K]

F21=A1*F12/A2

Q=A2*F21*sigma#*(T2"4-T1"4)
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13-156 Consider two infinitely long concentric cylinders with diameters 20 and 25 cm. The inner surface is maintained at 700
K and has an emissivity of 0.40 while the outer surface is black. If the rate of radiation heat transfer from the inner surface to
the outer surface is 2400 W per unit area of the inner surface, the temperature of the outer surface is

(a) 605 K (b) 538 K (€) 517 K (d) 451 K (e) 415 K

Answer (a) 605 K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

D1=0.20 [m]

D2=0.25 [m]

T1=700 [K]

epsilon_1=0.40

epsilon_2=1

Q_dot_12=2400 [W/m"2]

sigma=5.67E-8 [W/m"2-K"4]

Q_dot_12=epsilon_1*sigma*(T1"4-T2"4)

"Some Wrong Solutions with Common Mistakes"
Q_dot_12=(sigma*(T1M-W1_T2"))/((1/epsilon_1)+(1-epsilon_1)/epsilon_1*D1/D2) "Incorrect equation”
Al=pi*D1*1[m] "Finding the area for a unit length of the inner cylinder"
Q_dot_12=Al*epsilon_1*sigma*(T1"-W2_T2"4)

13-157 Consider a surface at 0°C that may be assumed to be a blackbody in an environment at 25°C. If 300 W/m? radiation is
incident on the surface, the radiosity of this black surface is

(a) 0 W/m? (b) 15 W/m? (c) 132 W/m? (d) 300 W/m? (e) 315 W/m?

Answer (e) 315 W/m?

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T=0[C]

T_infinity=25 [C]

G=300 [W/m"2]

sigma=5.67E-8 [W/m"2-K"4]

J=sigma*(T+273)"4 "J=E_b for a blackbody"

"Some Wrong Solutions with Common Mistakes"

W1 _J=sigma*T"4 "Using C unit for temperature"

W2_J=sigma*((T_infinity+273)"4-(T+273)"4) "Finding radiation exchange between the surface and the
environment"

W3_J=G "Using the incident radiation as the answer"

W4 _J=J-G "Finding the difference between the emissive power and incident radiation”
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13-158 Consider a gray and opaque surface at 0°C in an environment at 25°C. The surface has an emissivity of 0.8. If the
radiation incident on the surface is 240 W/m?, the radiosity of the surface is

(a) 38 W/m? (b) 132 W/m? (c) 240 W/m? (d) 300 W/m? (e) 315 W/m?

Answer (d) 300 W/m?

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T=0[C]

T_infinity=25 [C]

epsilon=0.80

G=240 [W/m"2]

sigma=5.67E-8 [W/m"2-K"4]

J=epsilon*sigma*(T+273)"4+(1-epsilon)*G

"Some Wrong Solutions with Common Mistakes"

W1 J=sigma*(T+273)"4 "Radiosity for a black surface”

W2_J=epsilon*sigma*T*4+(1-epsilon)*G "Using C unit for temperature”
W3_J=sigma*((T_infinity+273)"4-(T+273)"*4) "Finding radiation exchange between the surface and the
environment"

W4_J=G "Using the incident radiation as the answer"

13-159 Consider a 3-m x 3-m x 3-m cubical furnace. The base surface is black and has a temperature of 400 K. The
radiosities for the top and side surfaces are calculated to be 7500 W/m? and 3200 W/m?, respectively. If the temperature of the
side surfaces is 485 K, the emissivity of the side surfaces is

(2) 0.37 (b) 0.55 (c) 0.63 (d) 0.80 (e) 0.89

Answer (e) 0.89

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

s=3 [m]

T1=400 [K]

epsilon_1=1

J2=7500 [W/m"2]

J3=3200 [W/m~2]

T3=485 [K]

sigma=5.67E-8 [W/m”"2-K"4]

F 31=0.2

F 32=F_31

Jl=sigma*T1"M
sigma*T3"M=J3+(1-epsilon_3)/epsilon_3*(F_31*(J3-J1)+F_32*(J3-J2))

PROPRIETARY MATERIAL. © 2015 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course
preparation. If you are a student using this Manual, you are using it without permission.




13-132

13-160 The base surface of a cubical furnace with a side length of 3 m has an emissivity of 0.80 and is maintained at 500 K. If
the top and side surfaces also have an emissivity of 0.80 and are maintained at 900 K, the net rate of radiation heat transfer
from the top and side surfaces to the bottom surface is

(a) 194 kW (b) 233 kW (c) 288 kW (d) 312 kW (€) 242 KW

Answer (b) 233 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

Sigma=5.67

T1=500

T2=900

Al1=3*3

A2=5*A1

Eps1=0.8

Eps2=0.8

F12=1
Q=sigma*((T1/100)"4-(T2/100)4)/(((1-Eps1)/(A1*Epsl)+1/(A1*F12)+(1-Eps2)/(A2*Eps2)))

"Some Wrong Solutions with Common Mistakes:"
W1_Q=Al1*Epsl*sigma*((T1/100)"4-(T2/100)"4)

13-161 Two grey surfaces that form an enclosure exchange heat with one another by thermal radiation. Surface 1 has a
temperature of 400 K, an area of 0.2 m? and a total emissivity of 0.4. Surface 2 has a temperature of 600 K, an area of 0.3
m?, and a total emissivity of 0.6. If the view factor F;, is 0.3, the rate of radiation heat transfer between the two surfaces is

(2) 135 W (b) 223 W (c) 296 W (d) 342 W () 422 W

Answer (b) 223 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

A1=0.2 [m"2]

T1=400 [K]

el=04

A2=0.3 [m"2]

T2=600 [K]

e2=0.6

F12=0.3

R1=(1-el)/(Al*el)

R2=1/(A1*F12)

R3=(1-e2)/(A2*e2)
Q=sigma#*(T2"4-T1"4)/(R1+R2+R3)
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13-162 The surfaces of a two-surface enclosure exchange heat with one another by thermal radiation. Surface 1 has a
temperature of 400 K, an area of 0.2 m? and a total emissivity of 0.4. Surface 2 is black, has a temperature of 600 K, and an
area of 0.3 m?. If the view factor Fy, is 0.3, the rate of radiation heat transfer between the two surfaces is

(a) 87 W (b) 135 W () 244 W (d) 342 W (e) 386 W

Answer (c) 244 W

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

Al1=0.2 [m"2]

T1=400 [K]

el=0.4

A2=0.3 [m"2]

T2=600 [K]

F12=0.3

R1=(1-el)/(Al*el)
R2=1/(A1*F12)
Q=sigma#*(T274-T174)/(R1+R2)

13-163 Two concentric spheres are maintained at uniform temperatures T; = 45°C and T, = 280°C and have emissivities & =
0.25 and & = 0.7, respectively. If the ratio of the diameters is D1/D, = 0.30, the net rate of radiation heat transfer between the
two spheres per unit surface area of the inner sphere is

(a) 86 W/m? (b) 1169 W/m? (c) 1181 W/m? (d) 2510 W/m? (e) 3306 W/m?

Answer (b) 1169 W/m?

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T1=45 [C]

T2=280 [C]

epsilon_1=0.25

epsilon_2=0.70

D1\D2=0.30

sigma=5.67E-8 [W/m”"2-K"4]
Q_dot=((sigma*((T2+273)"4-(T1+273)"4)))/((L/epsilon_1)+(1-epsilon_2)/epsilon_2*D1\D2"2)

"Some Wrong Solutions with Common Mistakes"

W1 _Q_dot=((sigma*(T2"4-T1")))/((1/epsilon_1)+(1-epsilon_2)/epsilon_2*D1\D2/2) "Using C unit for
temperature"

W2_Q_dot=epsilon_1*sigma*((T2+273)*4-(T1+273)"4) "The equation when the outer sphere is black"
W3_Q_dot=epsilon_2*sigma*((T2+273)"4-(T1+273)"4) "The equation when the inner sphere is black"
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13-164 Consider a 3-m x 3-m x 3-m cubical furnace. The base surface of the furnace is black and has a temperature of 400 K.
The radiosities for the top and side surfaces are calculated to be 7500 W/m? and 3200 W/m?, respectively. The net rate of
radiation heat transfer to the bottom surface is

(a) 2.61 KW (b) 8.27 kW (c) 14.7 KW (d) 23.5 KW () 141 kKW

Answer (d) 23.5 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

s=3 [m]

T1=400 [K]

epsilon_1=1

J2=7500 [W/m"2]

J3=3200 [W/m~2]

sigma=5.67E-8 [W/m"2-K"4]

Al=s"2

F 12=0.2

F_13=0.8

Jl=sigma*T1"M
Q_dot_1=Al1*(F_12*(J1-J2)+F_13*(J1-J3))

"Some Wrong Solutions with Common Mistakes"
W1_Q_dot_1=(F_12*(J1-J2)+F_13*(J1-J3)) "Not multiplying with area"
W2_Al1=6*s"2 "Using total area"

W2 _Q dot 1=W2_ Al1*(F_12*(J1-J2)+F_13*J1-J3))

13-165 Two very large parallel plates are maintained at uniform temperatures T,; = 750 K and T, = 500 K and have
emissivities & = 0.85 and &, = 0.7, respectively. If a thin aluminum sheet with the same emissivity on both sides is to be
placed between the plates in order to reduce the net rate of radiation heat transfer between the plates by 90 percent, the
emissivity of the aluminum sheet must be

(a) 0.07 (b) 0.10 (c) 0.13 (d) 0.16 (€) 0.19

Answer (c) 0.13

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES
screen.

T1=750 [K]

T2=500 [K]

epsilon_1=0.85

epsilon_2=0.70

f=0.9

sigma=5.67E-8 [W/m”2-K"4]

Q_dot_noshield=(sigma*(T1"4-T24))/((1/epsilon_1)+(1/epsilon_2)-1)
Q_dot_1shield=(1-f)*Q_dot_noshield
Q_dot_1shield=(sigma*(T1/4-T2"4))/((1/epsilon_1)+(1/epsilon_2)-1+(1/epsilon_3)+(1/epsilon_3)-1)
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13-166 ..... 13-168 Design and Essay Problems
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