RADIATIVE TRANSFER

BETWEEN TWO OR MORE SURFACES

e View Factor
e Methods of View Factor Evaluation
e Blackbody Radiation Exchange

e Radiation Exchange between Diffuse,
Gray Surfaces in an Enclosure

e Radiation in Participating Media



The (Diffuse) View Factor
configuration factor, angle factor, shape factor

View Factor Integral
radiation energy intercepted by A

I radiation energy leaving A hemispherically
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Cos 6, cosb,
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When I. Is independent of propagation
direction (diffuse radiation) and J. Is uniform
over A,
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For diffuse radiation,

J =J‘ﬁjooo |, cosfdAdw =j | cosfdw =

_[ _[ | cosi;gsé’
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View Factor Relations

CoS@. cos@.
F, =ij [ 220 dndA,
A AN

R2 J

1 Cos 6, cosb,
= =ijAj Lﬁ - OAdA

Reciprocity: AF, = AF; open
{ surface

Summadtion rule:

ZN: F, =1
j=1




Methods of View Factor Evaluation

= Direct integration

Area integral
Contour integral

* Flux algebra

Cross-string method: 2D only
Decomposition of shapes

» Sphere method

Unit sphere method:
only from a differential area

Inside sphere method



Area Integral

Example 13.1 |
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Find:
View factor of small surface w.r.t. disk, F;;

Assumptions:
1) Diffuse surfaces.
2) A << A



The view factor

_j- I cosé. cosé.

LdAdA,
ey A

dr
@, 6 and R independent of

17 Y]
position on A, dA,

Cos @, cosé, A
Fi=| —LdA,
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since 6,=60,=0
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Cross-String Method : 2-D

For an enclosure with 3 planes or convex surfaces

A1F12=A2F21’ I:12'|'|:13=1
A1F13=A3F31’ I:21'|'|:23=1
A2F23=A3F32’ F31+F32=1

6 unknowns and 6 eguations

_A+A-A
2A,

—> F,




cross-string method q

F,=1-F;-F, ': \ o
= _ab+aC—bC As': \\\ / ':
13 2ab A
~ab+bd —ad 0

F
14 2ab : N
~ab+ac—hc+ab+bd -ad

F.,=1
12 2ab

_ (bc+ad)-(ac +bd)
2ab




ex) view factor between parallel plates with midlines
connected by perpendicular

[l oy e ] fffn -y o]
Fij: 2W.
|:(Wj +W, )2+4L2:|1/2—|:(wj —W, )2+4L2:|1/2 T ,/!i\_\ W!i _,:l:\
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Decomposition of Shapes

F,,: known, F,, : known, F,; =7
), = |:1—(3+4) =F,+Fy,

F,=F,-F,
Remark: F,,,, # Fy, +F,
iy = F

(3+4)-1 — A( 1-(3+4) A2 = A3 + A4
3+4)

= i|:|:13 + I:14]

A,
=A1 A3F31+A Fu Azl:31'|'ﬁ|:41
A LA A A A,




ex) F,=7

: 2
Known: F 1.3y 044y Fi+3)-ar Fa-24ay Faa
I:(1+3)—(2+4) = F(1+3)—2 + F(1+3)—4 ; A ;
I L
= i |:2—(1+3) + F(1+3)—4 \\ 3 \\
3 \\ \
1
— i( F21 + Fzs ) + |:(1+3)—4 \
3
Fy = % Fy,
F =F F., = i F F F.= i F - F
3-(244) = Mgy T Mg = A, 3T Py > Fn= A ( 3-(2+4) 34)
A, [Al A, ]
F = F,+—F -F,)[+F
(1+3)—(2+4) 12 3 (2+4) 34 (1+3)-4
A A A, ( )

_ AP T AP — ARy iy — APy
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Blackbody Radiation Exchange

Between two black surfaces
J,=["| 1,cos0dwdi =7l,=E =0T"

4 4
0;=ol, Ak, q._, =0l AF,
Jj=0'T-4

Ji =0 =Uis; =05 — i

A A J. =0'Ti4
=0l AiFij —O'Tj Aj Fji @

4 4
=oT'AF, —-oT'AF,

=oAF(T-T/)



enclosure with N surfaces . oper
~ssurrace
qi=(‘]i_Gi)Ai =J;A -G;A I
G,A =0T, AF, +oT, AF, i\]‘Ji =0T/’
+-+0T AFy el 5
o =O-Ti4Ai N

—(aT14A1F1iN+ oT, AF, ++0T AFy)
J=



A, T, =1350°C

L=0.15m heater
A, T,=1650°C
D=0.075m- I Insulated

Find:
Power required to maintain prescribed temperatures

Assumptions:
1) Interior surfaces behave as blackbodies.
2) Heat transfer by convection is negligible.
3) Outer surface of furnace is adiabatic.



Heat loss ds T = 300K

% = (5 =) A, ! AT, =T,
=0T, A, 7 -
_(O-T14A1F13 + O-T24A2F23) L=0.1

F,4: From Fig. 13.5,
r /[L=0.0375m/0.15m=0.25 B

L/r,=0.15m/0.0375m=4

A, T,=1350°C

A, T, =1650°C

F,, = 0.06
Fis: F,,=1-F,, =0.94
0.06 2
. —F, =i|:21 _aD /4 0075 o, 0118

zDL % 4x0.15
q, =—1844 W



Radiation Exchange between Diffuse,

Gray Surfaces in an Enclosure

e Ray tracing method
e Net-radiation method

Irradiation and radiosity -

G: irradiation, W/m?
J: radiosity, W/m?

J=["[1,,c0s6dwdA

G=["[ 1,,cos0dwdA



J=eoT"+ pG
0"=J-G =(e0T*+ pG)-G

=eoT" - (1-p)G /
=eoT" —aG ::::??: —

=¢(oT*-G) .
1 £
":J——J— -|-4 _ < 4
0 p( eoT") p(O'T J)
=-_° (0'T4—J)

1-¢



Radiation Exchange in an Enclosure
enclosure with n surfaces

O = Jx — Gy
J, =0T +(1-¢,)G,

n & 4
Qi = 1_¢ (O-Tk B ‘Jk) kth surface
. . . : Ak1 8k1 Tk
irradiation

G A=J AR+ AR+ +J AR,
=J, AR, +J,AFR,+-+J AR,
=Z‘]iAkai=AkZ‘]iFki or Gk=Z‘]iFki
i—1 i—1 i—1



summary

" &y 4
— 4 — n - -
‘]k - gkO-Tk T (1 gk)éj' Fk' kth surface
k=1’2,3’...’n Ak,gkka

at the boundary T, or q, specified
2n unknowns: J, and g, or T,

When all T,’s are specified, the two
equations are decoupled.

n unknowns: J,



Electric Network Analogy

" 8 L

iy =" (6T -3,). G, =3 J,F,
— & i=1

q = A = oT, —J, _ Ey —Ji

o (1-¢)/ & A R

=A (3 -G,)= Ak(szniji —gJiFki)

=1

= Ak_zn:(Jkai _‘]iFki)







ex) two infinite parallel plates

o0 TZ,.82 o0
% %= 1fkgk (0T =3.)
T, &
q; fl (O-T14 - ‘]1)’ qg fz (O-Tz4 - Jz)
1 2

Jo =0T +(1-¢)X I F,

=1 |
J1=810'T14+(1—51)J2, J2=820'T24+(1—82)J1
ol(T' -T.
q£r=_q;r= 1( 1 1 2)

—+—-1
81 82




Using network analogy

T ]
<00 2.2  q =Ebk_‘]k=zn:‘]k_‘]'
K 1_‘9k i=1 1
> T, & gkAk Akal
Ebl ‘Jl i - Jz Eb2
o—/"\ "N —"00—""NNNN—"D0—"A NN —0
1-¢ 1 1-¢,
& A AFp, &,A,




ex) a body in an enclosure




The enclosure acts like a black cavity.
Remark: when A, Is a black enclosure

0, = 1O-T14A1 — alGlAl
GlAl = O-T24A2 I:21 = O-T24A1F12 = O-T24A1

0, =&0T, A —£0T, A =g0A (T14 _T24)



Example 13.3

Coating on a curved solar absorber surface
solar absorber, L=10m

- m T, =600K, A, =15 m?,

- T, =300K
a g,=05
H=1m

— T, =1000K, A =10 m?,
Y
. & =09

W =1m’\ heater, L=10m

Find:
Net rate of heat transfer to the absorber surface

Assumptions:
1) Convection effects are negligible.
2) Absorber and heater surfaces are diffuse and gray.



solar absorber, L=10m
T, =600K, A, =15 m?,

Tsur =300 K—“ | | | &, =0.5
H =1m :/%%’TfTsur'gs:l
I T, =1000K, A, =10 m?,
Y
. & =09

W =1m>\ heater, L=10m

Electric network: 3-surface enclosure system

1
O1 AF U2
E, —» J, AF, J, <2 E,
o—/VW\
1-¢
& A
AR



X
Ebl_‘]l ‘Jl_‘]z Jl_E i_ IAz

0 & _di-9, L-Be | ET Yo,
(1_81)/81AL L AF, 1/AF, i |0 OzetAg
T | | qlT A
q, = E,,-J, _ J,-J; _l_‘Jz_Ebs j
1 (1-g)leA LUAF, 1IAF, - -
W =1m
Foi Fo=F, (F,+F,;=1 F,+F,=1) L=10m
From Fig. 13.4: Y/L=10, X/L=1 > F,=0.39

1x1
For AF,=AF,, Fy =i|:12 =>£—50><O.39 =0.26

A,



F.. F,=1-F,=061

Fosi Fyy=Fyy = F; = ﬁ Fis

A, H=1m

Fo=tp o P9 6120305
A, 2(10x1)

Fo="p —2 0305041
A, 15

Ebl_‘]l — ‘J1_Jz +J1_Eb3
(1—<91)/,91A1 1/AF, 1/AF,

Ebz_Jz _ ‘JZ_‘Jl +J2_Eb3

g, =

= (1-¢)/e,A, 1AF, 1/AF,




E,, =0T, =56,700 W/m’
E,, =oT, =7,348 W/m? | |

T, =300K
E,, =0T/ =459 W/m? | A
T, = 1000 K

56,700—J, _J,-J, J,—459

= — -10J,+0.39J, =-510,002
(1-0.9)/0.9 1/0.39 1/061

7,348-3, J,-J, J,-459

= + —50.26J,-1.67J, = 7536
(1-05)/05 1/0.26 1/0.41

~.J,=12,528 W/m?

E,-J,  7,348-12,528

B = =-T77.7 KW
5 (1_82)/A252 (1—0.5)/0.5><15




Radiation Shield

T., A
31 3
':‘_I ™~ <
™ R
~ &1~ 8.2 W
I—‘> |—C\I

Ebl ‘]1 J3 1 Eb3 ‘JB 2 J2 Eb2

1-¢ 1 l-&, l-¢g, 1 1-¢
Ae, AF; Ag, As, AF, Ag,

O'(T4—T4)

g, =

1—gl+ 1 1 831 1- 832 1 1 &,
Algl Al I:13 A383 1 A383 2 AS I:32 A282



when Al — A2 p— A3 and F13 = F32 =1
Ac(T!-T,)

0, =

1 1- 1-— —
SR P i LAY P
& &3 €3 &
Ao (T -T,))
1 1 1 1
+—+—+—-2

1

for N shields, (ql)N = N +1(q1)0




Reradiating Surface

a surface with zero net radiation transfer

g =A(3,-G,) = f‘g (6T -3))=0

&
J =G, =0T’



Example 13.6

Equilateral
triangle
T, =1200K
£.=08 4/ R & =08

Find:

1) Rate at which heat must be supplied per unit length of
duct, q;, 0;

2) Temperature of the insulated surface, Ty

Assumption: All surface are opaque, diffuse, gray, and of
uniform radiosity.



1-¢g R 1-¢,
& A &R,
g, = E,—Ep
l — —
1-¢ N R+1 &,
& A &R,
1 1
P A1F12+
R 1/ AF,+1/ AF,,
g, = Ebl_EbZ
tol-g 1 L1-6

o ' AlFlz+|:(1/A1F1R)+(1/A2F2R):|_1 &7,



Equilateral
triangle
T, =1200K

From symmetry,

Fo=FRr=F;r=05

TR
)A1 = ,A2 =W . L ’;'7' T2 = 500K
; g, =04
W=1m
q 5.67x107® (12004 —5004)
q' = 1 =
17 T 1-08 1 1-0.4

+ —+
0.8x1 1><o.5+(2+2) 0.4x1

=37 kW/m =-0;,



2) Tg
‘Jl_EbR _ EbR_‘Jz
1/A1F1R l/AZFZR
g, = E,—J; — J;—J, — J, —Ep
1 1_81 R 1_82
& A &M,
1—81 )
‘Jl - Ebl _—A1q1 =108,323 W/m

&

1-g,

J,=E,,+ g, = 59,043 W/m’

&,

E,. =0T =83,683 W/m’

T = ( 83,683

1/4
5.67><10‘8) =HzK



Comments:

1) The results are independent of the q,
value of & . Ep,
2) This problem may also be solved using 1-¢
the matrix inversion method. J51A1
1
E,—-J; — J;=J, + J; = Jg Us = 1/A1F12
(1-&)/e,A 1UAF, 1/AF; 3.
Ebz_‘]z _ ‘]2_‘]1 + JZ_JR ‘]J_Z
(1-¢,)/e,A,  1IAF, 1/AF, i
&R,
0— J, —J; N J, —J, E.,
1/ AR, 1/ AR, 0,

10J, - J, —J., = 940,584
~J, +3.33,-J, =4725
~J,-J3,+23.=0



From these equations, the matrices are

10 -1 -10[J,] [940,584
-1 333 -1||J, 4725
-1 -1 2|, 0

Solving the equation, it follows that
J, =108,328 W/m*

J, =59,018 W/m?
J. =83,673 W/m’

Recognizing that J, =oTs ,

1/4 1/4
o 5.67x107°




Example 13.7 3 T,,6=038

Multimode Heat Transfer : '-_»IT“;:-:_.__.:;.; i .;:1.;._".!-:;._2__:._? - ro =20 mm
allr = \"insulated
h=66.2 W/m=K
T. =400K

% 'T, =1000K , & =0.8

ql conv q2 conv
——EM N
1-¢g - &, q2 =0
Find: & A A1F12 52A2

Rate at which heat must be supplied and temperature
of insulated surface.

Assumption:
Diffuse, gray surfaces



ql,conv qz’conv

_,gE {q:rag A Jol A A A J:Z A A ﬂz,radhEbz
—
ql 1-¢ 1 — & 9, =0

‘91A1 A1F12 ‘92A2

4, = ql,rad + ql,conv’ 0, = qz,rad + qz,conv =0

O'(T14—T24)
R 1_82+hA1(T1—Tm)

+ +
ehA AR, &A
c)'(T24 —T14)
d2 = 1-¢, 1 1-g
+ +
ehA AR, &A

+hA, (T,-T,)=0




1,,6=08

I Loy g i ny
PR vt L 1
L O05E rr =20 mm
P e - Wik Rt —
A..‘.,'.;-.‘-' I r\' YA 0
II‘II..* d .'j‘}.::n

ail’ —2 - winsulated
h=66.2 W/m2K &

T =400K

%', =1000K , &, =0.8

c)'(Tz4 —T14)
1-¢ 1 1-¢,
+ +
eh  AF, &A

5.67x107°T +146.5T, -115,313=0 — T, =696 K

+hA2(T2—Tm)=O, F,=1

c)'(Tl4 —T24)
T
+ +
A AF, &A,

+hA, (T,-T,)=2820 W/m




Radiation in Participating Media

participating:
absorbing, emitting and scattering
Attenuation by Absorption and Scattering

dl, =—«,1,dx (experimental observation)

dl, K,
or —~=—x,1l,
dx |,
o — —1,+dl,
K,. extinction coefficient

[cm™]

kK, =x,(41,T,P,C.)

Xx=0 %x+dx X =L



K,=a,+0,
a,: absorption coefficient
o,. scattering coefficient

dl, =—«,1,dx =
il(L)dlﬂ_ L q Ii» — |, +dlI,
."iﬂ(()) | __.[o K, (X)dX

Xx=0 ’xx+dx X=L

|/1(L)__ L
In 1 (0) = Io K, (X)dx

|, (L) = IA(O)exp[—joLxl(x)dx} : Bouguer’s law

When x, = constant, I,(L)=1,(0)e™*"



Transmittance, Absorptance and Emittance
1,(L)=1,(0)e™"

transmittance

Tﬂ= IA(L)=e—KﬂL
1, (0)
absorptance
.(0)—1,(L .
_LO-LO) g ey,
,(0)

emittance: when Kirchhoff’s law I1s assumed
a,=¢&,



Gaseous Emission and Absorption

radiation emission from a hemispherical gas
mass of temperature T, to a surface element dA,
which is located at the center of the
hemisphere’s base

_ 4
Eg = ggaTg

£, =&, (Tg,Pg L)

mixtures of water and carbon dioxide:
£,=¢&,+e, —A¢g

For geometries other than hemisphere:
use mean beam length L,



Emissivity of water vapor in a mixture with nonradiating
gases at 1-atm total pressure and of hemispherical shape

0.6 =

) o

0.2

LS

0.06 PP et S

Emissivit

0.03 k— ‘

IO 4 e 0 i,

NN PN
0.008[—1 7~ G005 fratm |

0006 i i | { { 1
300 600 S00 1200 1500 1800 2100

Gas temperature, 7, (K)




Correction factor for obtaining water vapor emissivities
at pressure other than 1 atm

pL=
1.8 0-0.05ft-atm
0.25
1.6 0,50
1.0
1.4 & 2.5
« 5.0
U 1.9 10.0

R
O

o
o

Pressure correction, C
)
oo

O
~

o
M

-

0 0.2 0.4 0.6 0.8 1.0 1.2
(p,. + pi2 (atm)



Emissivity of carbon dioxide in a mixture with nonradiating
gases at 1-atm total pressure and of hemispherical shape

0.3 O e IR WS SR RS (R R R N Spies R e
Seshedud b D g caOftatme b P o p el

0.06 |~

noa| p | : |
0.03 N s o

Emissivity, €,

0.006[ o o i i s s O i S DS D~ 0 R U~

O'OO%OO 600 900 1200 '1500 -1800 2100

Gas temperature, 7, (K)



Correction factor for obtaining carbon dioxide emissivities
at pressure other than 1 atm

2.0

e =
o O

ol bd 8 SRR

Pressure correction,C.

o o 2
£~ ol O

2.0 3.0 5.0

o
ow
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Mixture correction, Ag

0.07

0.06

0.05

0.04

0.03

0.02

0.01

Correction factors associated with mixtures of
water vapor and carbon dioxide

5 ft-atm —

T,=125°C

&

L (Pw G Dc.‘} =

0.2 04 06 08 1.0 O
P
P+ P,

Tg =-540°C
Lip,+p,)=

5 ft-atm ~‘

1.0 0

T,2930°C
Lip,+p)=
5 ft-atm

Pet Py

0.2 04 06 0.8
P



Net Radiation Transfer from Gas Mass
to Black Surfaces

Unet = ASO'(8ng4 _ agTs4)

water:

-

S

T 0.45 T
aw = CW (_g] X gw (Ts 1 PW Le _S)
Tg

carbon dioxide:

0.65 _
a =CC(—9) x & (T.,PL, ==

st c e
9

S



