Radiation Part 2: View Factor Algebra
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Radiation exchange between two surfaces

e Radiation exchange between two or more surfaces depends strongly on
e Temperatures of the surfaces
e their radiative properties
e the surface geometries and orientations

e We already know about the first two factors

e How does the shape and relative orientation of the surfaces??
* Need to introduce the concept of view factor/ shape factor/ configuration factor



The concept of solid angle

Radiation

0=0<=x7? emitted into |

direction (9,¢) dS = (rsin® dg)r d8)

=risin® dO d¢

rsin rdé
Solid angle:
dw = d5r? — rsin @ dg
= sin@ dé dp
P 3
Solid angle for a hemisphere: <

o= Jeo =_£f:_|;ir;sin 6 d6 dop=2n
emisphere



. o ° . AN
Intensity of emitted radiation 0
. ~—C0SH dA,;
e Radiant powerd{.emitted per unit solid angle in a
direction (6,¢), per unit area of the emitter i,
projected normal to the line of view of the receiver as
from the radiating element o= smodde
___do.  _ do, : |
L6.¢) = Tacese- dw ~ dA cos Bsin 6 db db (W/m? - s1)

Radiation flux: gz= ig'" = (0, ¢) cos 8 sin 6 b dep

Hemispherical emission
E= { df =

heimisphere

A -"..I_

r ._L,{H. &) cos 0 sin O df dd (W/m?)
=0

Jp=UJC

Radiation
emitted into
direction (8,¢)

Diffusely emitting surface: L = constant = F==l  (W/m) ke
ST R NS
For blackbody surface: 5,(n = ,f;ﬂ = ‘Iﬁr (W/m? - sr) L i~ | )



A small surface of area A, = 3 cm? emits radiation as a blackbody at T, =
Example 2

A, = b em?
600 K. Part of the radiation emitted by A, strikes another small surface of area Tm—
A, = b cm? oriented as shown in Fig. 21-23. Determine the solid angle sub- 8, = 40° |
tended by A, when viewed from A,, and the rate at which radiation emitted by /
A, strikes A,. 8, = 55 r— 75 cm
“\,»/
. ——
Assumptions: A, = 3 cm?
1. A, emits as blackbody (diffuse) I = 600K
2. Both surface dimensions << r; surfaces
may be treated as differential areas
E(T) oTt (567 X107 W/m?-K*% (600 K)*
L= = = = = 2339 W/m? - sr A
e
o A2 Aycos®, (5cm?) cos40° T 0, An2 = AC0s0,
el g2 e (75 cm)*? ' €= A,Cos0,

@1-2 = [(A; cos 6))w;

= (2339 W/m? - sr)(3 X 107 cos 55° m?)(6.81 X 10~* sr)
=2.74 x 10-*W



Incident radiation and Irradiation

* Intensity of incident radiation (1;) is the rate at which
T radiation energy dG is incident from the (6, ¢) direction
radiation per unit area of the receiving surface normal to this
direction and per unit solid angle about this direction

Irradiation:
G= |dG= | | L6.4) cosOsinf ) dp  (W/m?)
hemisphere Jep=1J0=
Diffusely incident radiation. G = 7l (W/m?)

[, = constant



Surface 2

Surface 1
. . . * Surface 3
View factor/ Shape factor/ Configuration factor
2 Applicable for Blackbody and
Diffuse Grey Surfaces only

Point

Radiation from dA, falling on dA, :  souree
. f*i\ r AZ . _ 7 JA. d _ 7 JA dAZ COS 92

| sa QdA1—>dA2 = [j cos 0 dA| dw,) = 1) cos 0, dA, 2

dew 91 |,= Radiation Intensity (magnitude of radiation emitted in a particular direction, per
unit area, from A,

| Total radiation from dA; : @ﬂml = Ji dA, = w1, dA,
1

Q A, — a4, COs By cos B
Its fraction falling on dA, 1 dF,, . 41, = dO - = ﬂlrrz : dA,

cos 6, cos 6,

) Fraction of radiation emitted
Tt “ from dA, that falls on A,

Integrating over surface A,: Fas 4, = J

2



F

; = the fraction of the radiation leaving surface i that strikes surface j directly

View factor (contd...)
Radiation leaving the ENTIRE A, :
Gy, = A, = mhA,
Radiation falling on dA, :

QA, —dA, — f
A

: [, cos 6, cos 8, dA,
QdAl —dA, — ! ? dA

| r

1

Integrating over A, :

: : [, cos 6, cos 6,
4, 4, JA, r
OAJ >4 1 cos 6, cos 0,
Fi,=Fy 4 =—"1T—"=— dA, dA



F.

; = the fraction of the radiation leaving surface i that strikes surface j directly

View factor (contd...)

qul — A 1 - COS 91 COS 92
Fo,=Fy_ ,=— . JA, dA,
L A 2
QAE_}A] 1 [ [ cos®@, cos®b,
E.=F, — = _ 1 T4 A
U4, 2 I, Ja, I

Al F 12 — A2 FZI Reciprocily relation

What is F,,?




oL
Self view factor Fi51=0

(a) Plane surface

F,_, ;= the fraction of radiation leaving surface i that strikes itself directly

@

Fz—:.z:{]

(b) Convex surface

®

Fy 370

(c) Concave surface




View Factor Algebra: Summation Rule

The sum of the view factors from surface i of an enclosure to all
surfaces of the enclosure, including to itself, must equal unity.

Surface i
[* J\,

ZFI—>

J=1

EFI—U l—>l+Fl—>2+Fl—>3:1

j=1

Flat Surface
Outer Fll — -

Reciprocity rule A,
i s , ey AR, =AF,=F, = F12
Radiation leaving any surface i of A
an enclosure must be intercepted Summation rule
completely by the surfaces of the
enclosure. Therefore, the sum of
the view factors from surface 7 to
each one of the surfaces of the
enclosure must be unity.

F,+R,=1=>F,=1=>F, =

H'I'I
+
B'I'I
I
[EEY
B'I'I
I
=
S'I'I
R
[EEY
>
N—



View factor algebra: Symmetry rule

©)

Fl—}E:Fl—ﬂ
I{*"j"lsc'* ‘FE—}IZF3—}1J

F, = Fi3= Fy = s
5
E Flj=F]1+F]2+F13+F]4+Fl15=1
j=1

Fll — D
Fip=t3= Fiy= Fi5= 025



Assignment

_A1+A2_A3_L1+L2_L3

Fo=—"=74 21,
F =A1+A3_A2=L1+L3_L2
Show that: . 2‘41 2L1

_A2+A3_A1_L2+L3_L]

Fas 24, 2L,



Examples

a

Sphere within a cube

F.=0; F,=1

Find F;, and F,;

A1F12 - A2F21 — |:21 — % |:12 —

For Surface 2: Fo+F,+F;=1F,=0; F;=1-F,=1-

a

Infinitely long right angle triangular prism

By observation: F, =0;

SummationRule: K, +F,+F;=1=F,+F;=1

By observation, A; and A, are symmetrically placed F, =F;,

1
Fo=Fa=2>
2= T
Reciprocity Rule: 1 1
AR, =AF, = \/iaz =aF, =k, = ﬁ

1

V2



More problems on View Factor

Determine F, and F,, for the following configurations (c) Long duct. What is F>, for this case?

using the reciprocity theorem and other basic shape fac- _
tor relations. Do not use tables or charts. ey NITREDIANN,
- A, : diameter D
(a) Long duct § Az A,, disk,
e - p— diameter D/2
(¢)
()
‘v\ ! (d) Long inclined plates (point B is directly above the -f Long inclined surfaces
90° center of A,)
" 1m
- i
B Al—ll * AE
(b) Small sphere of area A, under a concentric hemi- 100 mm — 2 M —]

sphere of area A, = 24, A,
Ay ©

(d)
%]

Ay (e) Sphere lying on infinite plane

(b)

(h) D

Cube inside a spherical shell

Ans: (a) 1, 4/3m, (b) 0.5, 0.167, (c) 1-2/x, (d) 0.5, 1/¥/2, (€) 0.5, 0, (f) 1, 1/8, (g) 0.5, 4/m, (h) 1, 6/25n



Hottel’s Crossed-
string Method

View Factors between Infinitely Long
Surfaces
developed by H. C. Hottel in the 1950s

Wrong expression in Cengel and Ozisik

Correct Expression:
2 (Crossed strings) — ~ (Uncrossed strings)

2 X Curved Length of surface I

F;‘—a»j:




’ : 2 (Crossed strings) — X (Uncrossed strings)
Hottel’s Crossed-string Method £, =

2 X (String on surface 1)

b=lp=5cm Li=a=12em L,=V7°+62=922cm
c @ p  IL=b=5cm  Lj=\5+62=78lcm
hN /N Ly=c=6cm Lg= V122 + 6% = 1342 cm

| \\
|
L3: ! S “54
| S ; H}j\ N . a
C:ﬁcmi rr.f.fx LS 6 H“‘,k\t\\\\ Flnd F121 F211 Floo and FZOO
[ “:\_
| Ny
A e B
a=L =12 cm
+L.)-(L,+L
(L) (L) o
2L,
L.+L.)—(L,+L
o = ( > 6)2L( Ls 4) = 0.6 Verify reciprocity relation (a + a) — (\/Ea + O) 1
2 Fre = =1-—
View Factor of the background with respect to the plates: 2a \/E

F, =1-F,=075 F, =1-F, =0.4



Attention: Use the correct form of Hottel’s crossed-string method!

Assignment 4 (V3R++5R)~(R+R) h
Z F,= ~0.618
7\ .
/ SR+~5R)—(R+R
R FBAz(J_ VSR)-(RR) 394
- 5 2R y
_ T R !
/ Find Fyg, Fas, Fas @nd Fye. Also find F, and Fy, \ / \
Summation FAA +FAB _|_F4ﬂ =1 -
F,+F, +F, =1 F,=1-F,=1-0.618=0.382

Ob [ =
SEELER S8 = F, =1-F,,—-F,, =1-0.393-0.363

Reciprocity relation between Curved surface B and /_\B _
the hypothetical open face (C) ) 5 J =0.244
C
TREF,. =2RF = FBC:—FCB:— \ /

i T A
\Fyp =1-2/7=0363 /




The “crossed-strings™ method of Hottel [7] provides a

simple means to calculate view factors between sur-

ASSlgn ments faces that are of infinite extent in one direction. For
1 two such surfaces (a) with unobstructed views of one

another, the view factor 1s of the form
What fraction of radiation leaves from the
open lid of the infinitely long square cavity? k. = ﬁ[{m + bd) — (ad + bc)]
F,p=7
—am—s 1m

d A

i C A

S - P TR R
1m p—a m—s

(a) (b ]

Use the "crossed strings” method of Hottel to compute F1z for the
surfaces shown below assuming they are large in the other dimension

2m

llm

2
1
|

4 m wide

Use this method to evaluate the view factors Fi; for
sketches (b) through (¢). Compare your results with
those from using the appropniate graphs, analytical
expressions, and view factor relations.



How to draw the straight- and crossed- strings
A C

Crossed String Length BC = arc BH + Line HC

Obstruction Obstruction
»
B

Straight String Length AB = As obtained by joining the common tangent
Crossed String Length BC = arc BH + Line HG + Arc GC

F,,=(ZCrossed strings- XCrossed strings-)/2(total curved surface of 1)
Straight String Length BC = arc BH + Line HC



Exercise: Find the view factor between two identical, parallel, long cylinders of
radius R, separated by a distance L




N=3, N?=9

Summation Rule: 3
Reciprocity Rule =3 (F, &
Fa1, Fa3 g F3,and Fy3 & Fyy)
Remaining: 3

View factor algebra: how many equations do we need?

« Radiation exchange in an enclosure of N surfaces: N2

view factors required
F11 F12 o F1N
F21 Fzz o FzN
_FNI FNz o FNI\ |

« Summation rule can be applied to get N equations which
gives N view factors

* Application of Reciprocity relation for N(N-1)/2 times F,=F,=F,=0,
gives N(N-1)/2 view factors

* So we need essentially N2-N-N(N-1)/2 J2



View factor algebra: Additive property of view factor

Radiation falling on a composite surface

K = Z E,  Multiply A, on both sides,

4

ﬁg 1 1(]3' = A ZF _AlFll +A1F1‘-' +A1F13 +____+A1F1ﬂ
=
3 AF, =AF+AF +AF +———+A L,

J(l) ZA

n
ZAkai
_ k=
iji} o n

2 Ay
k=1




Exercise:

Determine the shape factor, F,, for the rectangles
shown.

i\l

(a) Perpendicular rectangles
without a common edge.

(b) Parallel rectangles of
unequal areas.

Consider the parallel rectangles shown schematically.

Show that the view factor F, can be expressed as

|
Fia= _ZA [AqaFag0s = ArFi3 — AFy)
1

Consider the perpendicular rectangles shown sche-
matically.

(a) Determine the shape factor F,.



Geometry

Relation

Parallel plates with midlines
connected by perpendicular line

View factor of infinitely long

parallel surfaces

Perpendicular plates with a common edge

[— Wi — W = w/L and H—J:= er.."i
]
[ : ~ (W] + I’I_-I’,-','I2 + 4]”2 - {I‘E}'— I’I-}-','IE + 4]”2
L 1 j
| W, |
Inclined plates of equal width
and with a common edge
/\ j
; F =1 -sin la’
i 2
i
| |J=
| w |
Infinite plane and row of cylinders
AP R P P2 b
D000 | .
+ D tan™! i_—ﬂ—ﬂ "
?

@

__J'
1 w.l211/2
J i 2 ; W,
T |j
| w; |
Wi+ W W
i) T ow

1

A

JA; ).

cos 6, cos 6,

A, mr

2 dzil 1 dzil 2



View Factors of more complicated 3-D

View factor expressions for some common geometries of finite size (3D)

Geometry

Relation

W2(1 + W2 + H9)

surface (analytical and graphical methods) ligned parallel rectangls XML and 7= 11
e ERIIENEEARNII .0 oo 2 In (1+X%)(1 + Y2 |2
o7 ——l B Al Sses s I m =) XY 1+ X2+ 72
S { O, | L
CEH b A S 5 I ! TEI X
A b / }3’ g —_',1_‘(]1. m + X(]. + Y (—]:?—E]—ﬁ
03 2 T X _
27 2 6+ Tl . VA2, -1 Y
e 5= + M1+ X tan " ——=——
i i T (1+ X917
Fis 7% ’01'31 —
01 s any o025 - Xtan! X- YtanlY}
0.09 ; S T 0.2 ———
0.08 7 7 PP = T 8%% E——
0ob A S e e o s L0 —
005 fFaNIEba A TR0 e Ny = 2 . .
004 ] AN AN % g {01 092" /], //"' T @ %T Coaxial parallel disks
W ol A4 5 R=ryLand = 5L
/ A 3 L 4 _
0.02 % ‘ 0.7 7/ e 1 @ 1+ %2
7 2 157 | | §=1+—2
: 06 - — | R
7 i Fi, / | 125 | ry L
BT 02 03 040506 08 I 3 4 56 8 10 20 05 1 I 1 2 r\21v2
Ratio L,/D o /| 0] F;‘—U =3 S-15°-4 ?;
\A\2\|||Hu|\|\[|‘zuu|\|\\Hu T T T T T % 037/ // 0.8"-'/——_‘_.____.— r
=L' 0.1 £ / ,// L
0.15 _‘:: 0.2 / 7 7 / /0.5 — .
0.4 02 0 / L] A L1 05— Perpendicular rectangles H=/7/Xand W= VX
5 0.1 /% AN 0a— T with a common edge
0.3 E /%/—4—4::_: Fr —l .3
g; 3 0.1 02 0304 06 10 2 3 456 810 F, _| Witan 12 1 +Htan‘1i
0.3 (]:6 E Lir _)J' o1 H
YL — ,, 1
Y 0.8 . - (H? + Votan ! — ———
B i 3 ig 3 7 ( WZ] (HZ WZ} /2
—_— 3
v e — T~—X L1 [ A1)
——
zg“ . 4 1+ W2+ H?

———
0.5
0.1

|

1
2 6 =
e —
/10 -
= 20— ]
0 ==————11 S TR REEET NN RS N N R RN TN R .
0.1 02 03 040506 08 1 2 3 456 8 10 20

Ratio L,/W

(1+ W) (W2 + H?)
H2(1 + H2 + W2) |#°
(1+ H?)(H? + W3




. . /L8 —— N
Examples: Determine the view factors F,, and F,, oy ﬁ/rs:ﬁf/-- ~
[/ L
/| L r
3 7 !
"f / r2/ 157 @
1 A -
y / ///1.25
}_ / /| fl.u“’"’f
/ //// o= | |
L~
,/ / // D_B-—""’_—F—F——:__
From summation rule, Fi,+F,+F;=1 /// A os—T |
where F,, =0 A A 0a—T 1
1 ;;‘ ﬁgﬁi_________._-rzﬂ,_'m
By symmetry, Fr=Fy; 304 06 L0 2 3 456 810
Hence F,» = 0.50 ) Liny
with (ry/L) = 0.5and (L/r)) = 2, F,; = 0.172
By reciprocit F =g, = V2L o507 ~
y reciprocity, 2T, I From summation rule, F,, + F,, + F3; = |
or,with F,, =0,F, =1 — F,; = 0.828
A 2
From reciprocity, Fy = AI Fi,= %14 X (0.828 = 0.207
2



