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Narrow Band Radiative Solutions within a Cubical Enclosure
Filled with Real Gas Mixtures
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Radiative transfer by nongray gas mixtures with nonumiform concentration and temperature
profiles is studied by using the statistical narrow-band model and the ray-tracing method with
the sufficiently accurate T quadrature Set. Transmittances through the nonhomogeneous gas

mixtures are caleulated by using the Curtis-Godson approximation, Three different cuses with
different temperature and concentration profiles are considered to obtain benchmark solubions
for the Padiative transfer by nongray gas mixtures. The solutions obtamed from this study are

verified and found to be very well matched with the previous solutions for uniform gas mixtures.

The results presented in this paper ¢an be used as benchmark solutions in developing various

solution methods for radiative transfer by nongray gas mixitures.
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top . Top wall

U . Upstream point

4  Upper limit of the band
i D Wall

A o Spectral
Saperscripts

% C Dimensionless
- . Band averaged

1. Introduction

Radiative heat transfer plays a major role in
high temperature Systems such as Turnaces, tome

bustors, boilers efe, Hence accurate estimation of

the radiative “heat transfer s essential to these
systems. For this reason, vatious solition schemes
for the radiative trafsfer have been proposed.
Among them, there are such schemes developed
for vegular shupes as the zonal method by Hotiel
(1967, the Monte Carlo method by Howell and
Perlmutter 11964) - the PN methed by Menguc
and  Viskanta (1985, the flux method - by
Lackwood and Spalding {19710 and the discrete
ordinate method (DOM) by Carson and Lathrop
(1968}, Fiveland (1984) and Kim and Led
(1988}, For drregular systemss, finite volume
method (F¥M) by Raithby and Chui (1990),
radiation element method AREM) by Maruyama
and Atharal{1997), and discrete ordinate inter-
polation method (DOIM) {Cheing and Song,
1997, Qe and Kim, 1998, Kini; Seo, Min and Son,
1998 are suggested,

Although there are many solution methods
suggested Tor three~dimensional enclosures, the
apphicabilities and accuracies of these methods
have not yet been fully -tested especially for
nongray gases. Thigis because the measured data
and/or the benachmark solutions for the three-
dimensional nongray gas tadiation are very fare
in the Hwerature: Diffieulties in modeling radia-
tion with nongray gases are related 1o the fact that
the radiative properties and the mtensity are
strongly wavelength dependent. Therefore, simple
gpeciral averagimg method such a8 gray gas or
gray band approximation may lead (o inacaiirae
splutions, The most sccurate Tesults using the
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ling=by-line method (Hartmann ete, 1984; Taine,
1983) requires too much computition times even
tor one-dimensional problems. To reduce hegvy
load of culeulations, radiative properties are av-
eraged over spectral bands which are the basis of
the band wodel, The narrow band model was

used for gettng exact sclutions (Kim; etal, 1991)

for one-dimensional systems. Recently Kim et al.
(2001)

HOngray ga

&

presented some radiative Solutions Tor
esin an-enclosture which has uniform

remperature and concentration profiles tsing the
narrow band model.

The purpose of this study is 1o find highly
accurate solitions of radiative transfer for a black
walled cubical enclosire filled with nongray gas
miixtures which have nonuniform temperature
and sonhontogeneous concentration profiles. The
diserete transfer method by Lockwood and Shah
(1981), which i upplied by tracing the rays
starting from the: black walls tw the point in the
medium and/or "o the wall,- i used for the
solition dad the Ty guadratice s&t by Thurgood
et al. 11995) s adopted for determining the
discrete directions and the angular weights, The
transmittances through the medium with nonuni-
form temperature and concentration profiles are
computed by using the Curtis-Gadson méthod
[Crodson, 1953).

2. Basic Equations

2.4 Radiative trausfer cguation

The radiation transfer equation I RTE) along «
ling of travel from $yt0 8 in e direction & for an
absorbing medium as shown dn Fig. 1 can be
and Howell, 1992 Modest,

WEHten s
1993,

‘f);ip 5\‘?5}‘ ‘5:2

whre @y is the spectral absorption coetficient dand
Lo is the spectral blackbody dntensity of the
meditm a4t & The tramspattance from Sy 1o §p 18

defined -as

by Sy g

Then the RTE can be expressed as
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Fig. 1 Schematic drawing of the cubical énclosure
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2.2 Narrow band approximation

Since the radiative intensity 18 a strong Tunetion
of the wavelength, the RTE needs to be averaged
over @ finite wavelength interval, Al The proce
dure of spectral average can be perfermed for Eq.
{30 "over 254 a8

i Lt

[Loslss @) 1dA {4

i,

A

where the narrow band has the lower limit A==
Aws 272 and upper Hmit Ag=A4 442 To sim-
plify ‘notation, the process of averaging over a
parrow band will be indicated with the over-bar
symbol hereafter. - Then the averaged radative
intensity is wiitten 48

(5)
New By, 13} becormes
‘[,{,;1{:3[}-, ‘52\* Sp
St i
1 aals) Luls) Tusoseds

ke

Since the strong spectral dependencies of the
transmittance and the intensity cause correlations
between them, the spectral average of their prod-
uet should be handled carefully. The terms of
(6) contain this kind of
spectral -correlations. However the variation. of
blackbudy
saooth as compared 1o the transmittance, the

right hand side of Eq.

intensity with wavelength is relatively

spectral correlation with the blackbedy intensity
and the transmittance iy negligible (Zhang, et al.,
1988, Souftant and Taine, 1989; Kim et al., 1991,
Since all walls are black in this stady, upstream
POl 8y iy - located on the black
correlanon with the blackbody iutgnsiy from
salls and the transmittance s neglected, Then Eq.

wall, -the

(o) can be expressed as

;,‘a‘gzxéb”pk Q* G S ; 5
e " - - e\’?y
T j @i ls) tosese * dnlalds
L

The correlated average, ails

s CHEBE
expressed explivitly i terms of the transmittancs

an,

and we can rewrite Eqo (7)) by using the

transmittance as

[,hgz {;»\&;‘n 5.?,

Lip {:\‘;p( e
(oh)

P T

s

where the band average radiative Tntensity L.

the band i

blackbody fraction over the band Fryna,. are

average Uransmittance 7, and the
defined respectively as

s ‘ | ( o .
Fiplss, 0 i } Liowls, 82704 L)

o= [l dsyda (1)

A

/‘«i;
P g, =
gremse s

Referring vo Fig. L, the path is divided by the
MM discrete zones that cun be assumned to-have
uriform temperarare and concentiation. Then for
a diseréte divection &y and for a navrow band at
A By, [9b) is approsimated in the following
discrete form as
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where A4 is the width of the /** band.

By solving Eq. (13}, the total radiative intensi-
ty at $ van-then be obtained by simply summing
up the intensity for each band a8

4 s
[f),mm §:;I¢‘p,mlf/t, { 14)
=

The radiative flux and the averaged radiative
intengity arve then obtained by using the radiative
intensity as

T LN
{15)
2[;&; e OF Ey OF Tig) Wi
ol F
wls i o
= = ‘ Elp‘mzm {16)
el mm 4o Rgxm mel

where, W, tn, Hn and & are the gquadrature
weight and the x, ¥, z-direction cosines for
the w1 ordinate direction which form the Ty
guadrature set (Thurgood et al., 1995) where M
is the total number of directions. The radiative
heat flux from the wall is s&t positive.

The average transmittance for each narrow
band 18 computed by using the statistical narrow
band model {Ludwig, e al, 1973} and the
nenisothermal and/or nonhomogensous gas is
freated by using the puath dveraging procedure
called the Curtis=Godson approximation {(God-
son, 1953) . The narrow band parameters from the
RADCAL by Grosshandler (J980) are used for
the computations over the wave number range
between SUcm™ and 9300cm ™",

3. System Descriptions

Numerical caleulations are performed for a
XL L {L=1m} cubical enclosure as shown
in Fig. 1 where the dimensionless coordinates are
defined as x%=x/ L, v*=y/ L and 2% =g/, We
consider three different cases havmg different
The

profiles of temperature and concentration.
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total pressure of the gas medium is maintained at
1 oabm (fcm A !i‘”}ggo"f”;ﬁwwxl
peratire, Tmax, is 1500K and minimum tempera-
tare, D, 15 SO00K.
Case 1.

atin} . Maximum tefn-

The medium is a uniform pure C0y
gas at 4 uniform temperature. Top wall 1s main-
tained 4t T while all other walls and the
migdiom are at T,

Case 2 " Temperature of the medium and the
walls i linearly increased from T at the bottom
wiall 160 Towy at the top wall along the
partial pressure of C0 18 alse linearly increased
(Pyvy=0.0 and Pup=1 Proy) from the bottom
wall.

z-axis. The

Case 3 | The medium is a nonuniform mixtore
of OO HaO and Ny s

a #L .
2 A & wg ¥y ==

Poo, (%) - {175

‘,* el A ®
AP A B

where the partial pressures of HaO and €0 have
the Pﬁm *f((;z and P&f e | “’“I(m o
Fino, respectively.

The temperature profile is expressed as (Seleuk,
1985)

relations,

¥
< Zmie

e . o e
712" = T30 Ton wma!(

A

el
it

5% LN

+ 3(me f\mm‘ < ==

E

where 2. 18 the position having the maximum
temperature and 7, s the exit temperature at
2= 1.0, And in this study these values are Zme =
0.5 and 7= 1200K, yespauuvalv Figure 2
the graphical profiles of temperature and partial
pressire of {0k explained above.

shows
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Table 1 Comparison of the current results with the previous ones by Kim, Park and Lee(2000)
, | bottom wall heat flux top wall heat flux side wall heat flux average intensity
X

present Kim et al. present

Kim et al.

present | Kim et-al. present | Kim ef al.

0.00119.37509E-01 9.37509E-01 1 48265E-01 1.48269E-01 4.68737E-01 468747801 5.31236E-0115.31 246 E-01
0.05 19.37509E~-01 9.37509E~01, 1.55611E~01|1.55615E~01|3.94059E~01 3.94069E -1 |4.53738E-01 4530248 -01
0.0/ 9.37509E-019.37509E-01 1.63750E~01 1.63754E-01 | 357148 E=01 3.57157E-01 4.1 1T10E~01 14,1 1794801
(.15 9.37509E-01 9.37509E-01 L.70777E~01] L.70781E-01 3.23905E-01 3:23913E-01 |3.74557B~01 3.74509E-01
0.20 19.37509E-01 9.37509E-01 1.77227E~011.77232E-01 2931 15E-01.2.931238-01|3.414875-01 3.4T119E-01
0.25 9.37509E-01 9.37509E-01 L.83201E~01]1.83206E-01 2.64564E~01 2:64570E~01]3.09803E-01 3.09816E-01
0.30 9.37509E-01]9.37509E-01 L87733E-0111.87738E-01 2.38916E-01 |2.38922E-01 2.82137E-01 287230801
0.35 [9.37509E-0119.37509E-01 191484 E~01 1.91488F-01 21521001 |2.1521SE-01 2.58255E-01|2.5761 1E-01
0.40.19.37509E~01[9.37500E~0111.94508E-01 194428 B-01)1.93724F-01] 1L93729E-01 2.36246 E-01 | 2.36 036 E-01
045 [9.375098-0119.37509E-01 1.96096E-01 .96 101E-01|1.74406E-01 1.744108-01 2. 17S7TE~01 |2 171 SE-01

0.50/19.37508

01 9.37509E-01 L96509E~011.96514E-01 |1.57062E-01 1.57066E-01]2.03853E-01|2.02546E-01

0.55 9.375090E-01 9.37509E~01 1.96096E-011.96101 E-01| 1L.41533E-01 1.41536E-011.85990E-01 1.86004E-01
0.60° 9.37509E-01 9.37509E-01 1.94508E-01] L94024E-01 1 27746 E-01 1277495011 1.73647E~01 1.73582E-01
0.65 | 9.37509E-01 9.37509E-01) L.91484E~01 | 1.91488E-01) LIS236E-011.15239E-01]1.62883E-01 1 6374301
0.70 9.37509E-019.37509E-01| 1L.87733E-01 1L.87738E-01 1.04093E-01|1.04096E-01 | 1.53072E~0111.53031 E~01
075 9.37509E-01]9.37309E-01 183201 E~01 1.83206E-01 9.41356F-02(9.41380E-02 144721 E=0111 44637801
0.8019.37509E-0119.37509E-01 177227601 1,77232E-0118.53385E-02|8.53407E-02 1.37523E-01 1. 37317E-01
0:85 |9.37509E-01\9.37509E-01 L70777E~01 L7078 1E-01 ' 7.73403E~02 7.73422E-072 1.30489E-07| 1. 3056 5E-01
0.90119.37509E~0119.37509E-01 1L.63750E-01 L63577E-01|7.02038E-02 7.02056E-02| 1.247 1 TR-011 1 24751 E-01
095 |9.37509E-01 9.37509E-011 L5561 1E~01 1.55615E-01]6.41308E-02 6.41324E-021.200026-01 | 1. 19751 E-01
100 19.37509E-01 9.37509E-01 1.48265E-01|1.48269E-01 57778 1E-02 5.77795E-02] 115068 E-01 1.15003E-01

ErTOT 0% 0.021% 0.002% 0.104%
- intensities are computed along the z axis through
" \\(" /(,/ m‘\\ o the medium at w=y=05L. To obtain the nu-
i /{/‘jm,, // merical solutions with sufficient accuracy, the
Case 1) / N“"‘“\{:ase:a‘(fm‘ S number of the spatial discretization is set to be
/ /'3// T MM=20 and the number of the angular
7 PN discretization is set to be N=60 (M=28800

P ‘\“”'s\\
Tt o
et Case 3Py, )
o
00 01 02 GE 0B 07 08 08 10
2
Fig. 2 Profiles of partial pressure of €0 and tem-

perature along the 2 axis

4. Numerical Selutions

In this puaper, the radiative heat fluxes are
computed on the bottom and top walls along the
xaxig at v=0.5L and on the side wall along the
z axis at y==0.5L, respectively. And the average

directions) . The typical CPU time is about 230
hours on a Pentium IIl 733 MHz PC.

4.1 Validation of the results

To validate the solution procedure used in this
work, we compare the current result with the
previous work by Kim et al. (2001), where the
radiative transfer for uniform temiperafure and
coneentration (case 1) is analyzed by using the
SNB model and ray-tracing method with suffi-
ciently black
cubical enclosure is filled with. the pure CO) gus
whergas one wall is maintained 1000K and the
medium and the other walls are at the temperature
of 500K, Table | compares the results obtained
from -this study with the previous one. Relative
errors for radiative heat fluxes and average inten-

accurate. T quadrature. The

Copyright (C) 2003 NuriMedia Co., Ltd.
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Fig. 3 Comparison. ol the present result and the
result for the tafinite plane layer

sity are algo shown in Table 1. The wall heat
fluxes are very well ‘matched “with the previous
solutions but the errors for the average intensity
are appreciable. This shows that the current
results obtained by using the Curtis~Godson ap-
proximation and the Te quadrature set are actus
rate enough to be regarded as benchmark solu-
tions.

Another way to show our caleulations are ap-
propriate is to compire our results with the pre-
vicus solutions -of the I-dimensional infinite
plane layver problem (Kim, et alo 1991). To com-
pare with the I-dimensional system, & rectangular
systern with 100w ) T00m X L 18 considered. The
bottom and top walls are maintained at OK and
the other walls and the medium are maintained at
1O00K. The mediun in the systent is the pure £,0
gas at 1 oatm. The radiative source ferms are
obtained along the central 2 ling of the thin
rectangle. Figure -3 shows the radiative source
terms obtained from the l-dimensional and the
F-dimensional analyses, respectively. The results
agree fairly well with each other, and the differ-
ences between the data are possibly due to differ-
ent ‘SNB models and parameters used for edch
calculation.

4.2 Solutions by Curtis-Gedson approxima-
tion
Figure 4 shows dimensionléss net wall heat

Copyright (C) 2003 NuriMedia Co., Ltd.
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Fig. 4 Net bottom wall heat fluxes

(2%==0). The net
bottom wall heat fluxes reach a mafitmuin value at

fluxes on the bottom wall

the center o4 axis in all cases, because thecenter
of bottom wall is most affected by hot mediam
and Hotter walls. But the medium 18 maintained at
Trw vt the case 1, the radiative bottorm wall heat
flux has the smallest one. Since the medium has
maximum temperatiure at 2" =05 Jn the case 3,
the bottom wall heat flux is larger than those of
the other cases. The net bottom wall heat flux in
the case 2 has an dotermediate distribution of net
wall hedt flux betweern the case 1and 3.

Figure 5 shows the dimensionless netwall heat
fluxes on the top wall [2%=1). Inthe case 1, since
the top black wall 1s myamtained at Thees 1500K
and the other black walls and the mediom are
maintained cold at To= Tan= /3 Thew the exact
analyuc solution for net top wall heat flux can be
obtained as

= 0‘\ Tr?xzm o T;@in ) /f(yTr;?mx ==(1.98 7654

The dimensionless net top wall heat Hux of
0987661 as shown in Fig. 5 for the case 1 is
quite aceurate with a relative greor of 0.0007%, In
case 3, the maximum temperature 1§ located at the
mid-height of the system where the side walls are
also at the highest temperiture. And the net heat
flux at the center of the top wall can be reduced
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due to- the heat flux from the hottest side wall to
the center of the top wall, and this resulis in the
shight drop of the wall beat flux profite shown in
Fig, 5 {case 31 The dimensionless
heat fluxes are demonstrated in-Figo 6. The outs

nét side wall

going net side wall flux increases at larger 2% in
the
inside at the smaller 2 and then 1o outside at the
larget =% inthe case 2 ¢ the netside wall heat flux
has the largest at 2" =0.5 in the case 3,

The dimensionless average intensities along
2" =015,

the central =2
yiER05] Stmilar to Eq.

ase 1 o the net side -wall Dux 1§ directed 1o

axis of the enclosurs Ly

are given o Figo 7

£

o |

0.8 l
o -
wE ol Gt F

e Caive 2 F
e Cage 3

0.4 T ¥
00 w1 02wy o wd 83 Bs T nr 43 8y as
i

Fig. 7 -Avérage mitensities |

(197, the exact analytic average intensity on the
hot wall can also be obtained a3

gﬁ;f}ﬁjgg * ?ﬁ” (i’?;éax

M,

. n
(/t\a R )
4.

(20

o

& T+ T = w7 Cﬁ“?ﬁ;ﬁax

Re
= 50617

The calculated result 10 the case 11w 050625

as” shown i Flg 6, which 48 quite accurate

L

with a relative eérror of 0.016%. In both cises |

and 2, dimensionless average intensities have &
monotonously mereasing nature. However, there
is a4 sumilarity between the protile of the dimen-
stonless average ntensity and that of the temper-
ature in the case 3.

5. Conclusion

In this study, the radiative transter solutions
within @ cubical enclogure with noghomogeneous
composition and nonuniform temperature profiles
are obtained. The nonuniform gas effect is treated
by “the Curtiy
obtained front this study are verified and found w
be very well matched with the previous solutions

godson method, The solutions

tor uniform gas. Three cases are studied i this
paper: 1) the ‘medium hag uniform temperatire
and Concenfration; 27 {emperature and concen-
tration of medium have linear profiles: and 3) the
profifes of temperature and concentration are

Copyright (C) 2003 NuriMedia Co., Ltd.
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given as a function of z-coordinate by consider-
g @ real furmace. In each case, radiative wall
heat fluxes and wverage radiative intensities ure
obtained. Although the solution method used in
this study s not suitable for engineering purposes,
the resulting solutions are proved o be quite
accurate and can be used as a feference data 1o
verify various schemes for radiative transfer by
NONEray gases.
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