THE EXCHANGE OF THERMAL

RADIATION BETWEEN NONDIFFUSE
NONGRAY SURFACES

e General Formulation
e Exchange in an Enclosure
« Diffuse-Nongray Surfaces

e Directional-Gray Surfaces



General Formulation

L, (r,0Q) (1, £2)

iﬂ,o(L"é) = i,1,e (L’[})'l' i,q,,r(L’[})

= £, (1, Q)i (1) +i,,(r,2)
di, (r,2,02)=p!(r,2,2)i, (r,2)cosbdw
pZ(L.(AQi ,f2) . bidirectional spectral reflectivity

L (1Q)=| pi(r.02,0Q)i,,(r,2)cos6dw,



0(1,02) = £(X, Q)i (1)
+ pl(r,2,Q)i,,(r,2)cosfdw
net radiative heat flux
q"(r)=J3(r)-G(r)=["J,(r)dA-["G,(r)dA
=j':jmiﬂ,o(g,f2)cosé’dwd/1
(7] i,:(r.02)cos6,dw,d A



0(1,92) = &, (1, Q)i (1)
+H pl(r,2,0)i,.(r,2)cosfdo,
J,(r) =Liﬂ,okg,f2)cosb’da)
=[ &(r,02)i,(r)cosfdw
+L“m o!(r, 2 ,.(Az)im(L,éi)cosﬁida)i}cosﬁda)
sincel p;(L.(}i)=jﬁp}f(g,éi,fz)cosé’da)
L[Li p;’(L.(}i ,.(Az)iﬂ,i(L,[}i)cosé’idwi]coseda)

=L_ Ump/'{(L[}i,[})COSHda)] i, .(r,2)cosbdw
= _‘-m_ P; (L"éi )IPR (L"éi )cos& dw,



Jﬂ(£)=L‘?}(L,!})iﬂb(g)cosedw
+L_ P, (r, 2 )], (r,2)cosdw
Ijmgi (r,)i, (r)cosfdw
Liﬂb(g)cosé’da)
Li Py (r.02)i,,(r,£2)cosfdw

&) (L) —

p,(r)= [ i,,(r,2)cos6do,

J,(r)=&,(r)| i,,(r)cosfde
+p, (L)L_ i,.(r,2)cosfdow,

=¢g,(r)e,(r)+p,(r)G,(r)



Exchange in an Enclosure

dAj q/’l’,dk = J/l,dk _Gﬂ,dk

11.0.di i =€ aCma T P1aCr
'« 1) irradiation from dAj to dA

%Gﬂ,dk =i, , 4 C0SO,do dA,
cosé’;dAk dA
I
jk

. C0sd,coso,
T3 0.4 2 dAdA,

=104 c:os«9j

Tl 04 7 J/i,dj



2) irradiation from A, to dA,
G, u= jAj ﬂiﬂ,o,ddedk—dj

3) irradiation from n surfaces
n

G,u = ZIA. ﬂ’.lﬂ,o,ddedk—dj
j=1

J

summary

"o _
qﬂ,dk _ ‘Jﬂ,dk Gﬂ,dk

n
i = €raCmac T pﬂ,deIA_ ﬂ-lﬂ,o,ddedk—dj
i



Diffuse-Nongray Surfaces

For diffuse surfaces

Jl,dj — Im i/l,o,dj COSHda) — ﬂ.lﬂ,o,dj

n

o = €1 akCama T p,l,dkz_“A_ ﬂ’.lﬂ,o,ddedk—dj
i

n
=&, «kCapak T P ak ZIA_ Jﬂ,ddedk—dj
=1



" _ .
Qiak = Ik — G, a

=&, 0Cmak T PraCra —Cra

n
= gﬂ,dkeﬂb,dk — gﬂ’dkzj‘A. J/l’ddedk—dj
e

n

J 1ok = E1.kCm o +(1_ 8ﬂ,dk)ZjA J .1 9F s

1 i

Total quantities

qé'k = IOOO gﬂ,dkeﬂb,dkdﬂ — Iow(gﬂ,dk ZIA' Jﬂ,ddedk—dj )dl
j=1

Jdk = Io 8ﬂ,dkeﬂb,dkdﬂ

+Iow (1_gﬂ,dk)zn;_[A_Jﬂ’ddedk_dj dA
1= | -




Band approximation

m=1 m=2, m=3,
0 A, A, A, A

Ogk = IOOO €,.k€m.ad A — Iow(gﬂ,dk Z;_[A J 101 F kg )d/l
A

qdkm = Eqk mCh.ak.m — €k mz_[ ‘demdde _dj

Jacm = EqkemCoaem T Pukm I de ndFg _dj
j=

= Z‘Jdk,m’ Qi = quk m



Simplified zone analysis

AG,, = jAk G, 4 dA = jAk (Z 1 IAijddedj)dAk
j=1
=Z;IAKIA_‘]/1,ddedk—djdAk
= :



n
"o
Uik = €1k k _5,1,kzl‘]/1,j F
J:

J =€ 8 +(1—gﬂ,k)§JL F
Band approximation

Ohi',m = & mCokm _8k,mJZ:‘]j,m ij

Jim = EcmCiom +(1_gk,m)zjj,m F

J\ =Z‘]k,m’ CIL' =qu’<',m



Two infinite parallel plates

T, = 1680 K 04 0<A<3um
B © €17108 3um<A

0y =7
= © o 0.7 OSASS,um
1,=1120K 227103 5um < A

0ir =J—Can Jik = &0k (1 ‘9,1k)z~],11|:kj
Ji = Eu8m +(1_5,11)G,11’ G, =J,,F,= Jzz
‘J,12 = &8 2 T (1_ ‘9,12)‘],11

e,..—@e
"o _ _ Abl Ab2
q,u —‘J,ll_G,u - 1 1




w_ [ Cap1 ~Cupo <] <
a=| . dA %:{04 0<A<3um

—1 08 3um<A

8/11 8/{2
e = 0.7 0<A<5um
42103 5um< A

_ 3 €1~ S
_Io 1 1 dA

+—-1
04 0.7

> €1 — € ® €1~ €2
+j3 1 1 dﬂ+j5 1 1 dA

+—-1 +—-1
0.8 0.7 08 0.3




=0.341 O'T4IO ’_1;_)1 dA — O'T4IO ’_T_’Z dA
O O

+0.596 aT“L ﬂTbl di— 0'T4L fFZ di
O O

+0.299 0'T4L ﬂTbl di— 0'T4L fFZ di
O O

= 0'341[0'-'-14 Fo_ar, — oT, Fo_ar, ]

+0.596

+0.279

i 4 4
R4 T, F3T1—5T1 —-ol, F3T2—5T2]

0T, Fyr ., — 0T, Fyr _, | =140,500 W/m?®



04 0<A<3um
0.8 3um<A

Iwg e da . _J0.7 0<A<5um
A1° b1 22103 5
0o 2 —04F,, +08F, _ pm <4
ol ' '

= 0.4F; 50,0 +0.8(1— F,_s,0 ) = 0.545
&, = 0.7F; 500 + 0.3(1— Fy_g50 ) = 0.580

Remark: using average property ¢, =

& =

, o(T'-T)) 5.67x10°](1680)" - (1120)" |
11 S S
g & 0.545 0.580

=141,637 W/m* 0.8% error
140,500 W/m?




__T,=3000K 08 0<A<2um
17102 A>2um

0o 02 0<A<4um
T,=1000 K £y = {0_8 192 ur/rl\

n_ 2 €1 — € * €1~ Capo
/= [ g0 [

—+—-1
08 0.2 0.2 0.2

® €1~ Cn2
+j4 1 7 dA

+—-1
02 0.3




=0.190 I:O' T14 FO—GOOO - O-T24 |:0—2000 :I

+0.111 _O-T14 Foo00-12000 = O Tz4 F2000-4000 :I

+0.190 :O' T, Fra000-0 = 15 Fagooe :I

= 788,374 W/m?*

using average property

g =08F, .. +02F . =0.643
g,=02F, ., +0.8F,, . =0511

. o(T-T)) _ 5.67| 30* ~10" |

h="7 1 1 1
+ -1 + -1

0.643 0.511 0.643 0.511
=1,805,328 W/m®  129% error




Directional-Gray Surfaces

General formulation
J,(r)= i,,(r,2)cosfdew
(1, 2) = 8,(r,2)i(r)
+Li pl(r,2,02)i,,(r,2)cosbdw
J()=[ ["i,,(r.Q2)cosfd Adw
=Lcosé’[j':eﬁ(ﬁ,!})ilb(g)dﬂ

+[*[ py(r,2,9)i,,(r,.2)cos6dwdA |de



Im COSHIOw 8/'1 (L ‘é)iﬂb (L)d Adw =

o-T“(L)iLg’(L[})cosé’da) =¢g(r)oT*(r)

7, £,(1,02)i,,(r)dA
oT"(r)

£'(r,02) =

g'(r, Q)

j‘o‘” £ (L"(})i/ib (r)yda =
T

oT*(r)




LCOSHU:L p"(r, 02 ,.(Az)im(L,fzi)cosﬁidwid/l]dw
=1, ] p.(r,2)i, (r,2)cosfdwdA
=jo°°pﬂ(£)jmi i, .(r,Q)cosfdwdA
= [ ()G, (r)da = p(r)| "G, (r)dA
=[1-&(r)]G(r)
py(r.2)= pi(r.Q, 2)cosfdw

| P (r.2)i,,(r,02)cosfdo,

Li i, .(r,2)cosfdw

P (L) =



Finally,

J(r)=¢e(r)oT*(r)+[1-e(r)]G(r)

For an enclosure

n
ZIA_ ﬂ.lﬂ,o,ddedk—dj
=1

C0s 6, cosd.

=> jA_ zi —LdA

7Y

4
o = €40 Ty +(1_8dk)Gdk

"o
Ug = €ux

n
4 -
j=1" "

d/1=JZ:IA

| ”'o,ddedk—dj

J



