@ Springer

Journal of Mechanical Science and Technology 22 (2008) 1400~1407

Journal of
Mechanical
Science and
Technology

www.springerlink.com/content/1738-494x

Numerical solution of radiative transfer within a cubic enclosure filled
with nongray gases using the WSGGM

Won-Hee Park"" and Tae-Kuk Kim?

'Railroad Environment Research Department, Korea Railroad Research Institute, 360-1, Woram-dong, Uiwang-si, Gyeongi-do Korea
2School of Mechanical Engineering, Chung-Ang University, 221 Heukseok-dong, Dongjak-gu Seoul Korea

(Manuscript Received November 2, 2007; Revised April 21, 2008; Accepted April 22, 2008)

Abstract

Using a weighted sum of gray gases model with gray gas regrouping technique (WSGGM-RG), problems of radia-
tive transfer within three-dimensional enclosures filled with non-homogeneous and non-isothermal combustion gas
mixtures were solved. The radiative transfer equation was solved based on discrete ordinate method (DOM) and ray-
tracing method (RTM) with WSGGM-RG. The results using WSGGM-RG were compared with those using the statis-
tical narrow band (SNB) model. The average radiative intensities and radiative heat fluxes using WSGGM-RG corre-
sponded relatively well to those using the SNB model as reference data. A very good computational efficiency was also

noted.

Keywords: Radiation; WSGGM (Weighted sum of gray gases model); SNB (Statistical narrow band) model; DOM (Discrete Ordinate

Method); RTM (Ray Tracing Method)

1. Introduction

Solution schemes for the radiative transfer and
modeling of radiation properties for molecular gases
are required in analyzing the phenomena of radiative
heat transfer in media whose absorption and emission
characteristics vary depending on the wavelength, e.g.,
combustion gas. Radiation properties for molecular
gases are functions of wavelength, temperature, par-
tial pressure and so on. As a relatively simple and
accurate model, the weighted sum of gray gases
model (WSGGM) was proposed by Hottel and
Sarofim [1]. Modest [2], in particular, proved that this
method was easily applicable to any arbitrary radia-
tive heat transfer equation solvers. The modeling
results of Smith et al. [3] are widely used, and Kim
and Song [4, 5] applied WSGGM to narrow bands.
WSGGM was improved in these narrow bands to
make it applicable to gas mixtures containing arbi-
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trary substances by Park and Kim [6]. Gray gas re-
grouping [7], which was also attempted to shorten the
calculation time, produced good results. Although
several solution methods are suggested for three-
dimensional enclosures, the applicability and accu-
racy of these methods have yet to be tested fully, es-
pecially for nongray gases. This is because little
measured data and/or reference solutions for three-
dimensional nongray gas radiation problems can be
found in the literature, such as results of Liu [8], Park
and Kim [9], and Coelho [10].

In this paper, ray tracing method (RTM) and dis-
crete ordinate method (DOM) are used to analyze the
radiative heat transfer equation, and WSGGM with
gray gas regrouping (WSGGM-RG) is used to predict
the radiative properties for nongray gases. The calcu-
lation results were verified by comparing them with
those obtained by Park and Kim [9], and a correspon-
dence was noted, moreover, shortening the CPU time.
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2. Weighted sum of gray gases model with
gray gases regrouping (WSGGM-RG)

The equation for the absorption coefficient sug-
gested by Kim and Song [4,5] and Park and Kim [7]
expressed the local gray gas absorption coefficient
and total weighting factor of CO,-H,0O mixtures as:

a,/T o, /T

K KI?PXCOQ +K2?PXHOZ . (l)

mix

Six Ky, K, and five o, 0, are considered. With the
combination of six k;, K, and five o, oy, the total
number of gray gases required for a mixture gas is
900. The detailed process of acquiring the parameters
of WSGGM is explained in Kim and Song’s paper
[4]. To improve the computational efficiency of
WSGGM for gas mixtures while maintaining accu-
racy, Park and Kim [7] suggested WSGGM-RG
wherein the original number of gray gases was re-
grouped into a designated number (Ng). As the new
weighting factor, W; is obtained by simply summing
up the original weighting factors of gray gases in the
i-th group as:

Ni
W=)"W,,, )

where N; denotes the number of gray gases in the i-th
group and W; is a function of the gas temperature,
partial pressure of CO, and H,0O and the temperature
reference (Ty.y), partial pressure reference of CO,
(Pcoz e Jand HyO (Pyoo ) Where the reference values
are used for the gray gas regrouping process.

The new absorption coefficient of the i-th group
(x;) can be obtained by using an equation similar to
the Planck mean absorption coefficient:

S Y W )

Physically, the weighting factor in Eq. (2) corre-
sponds to the fraction of blackbody energy in the
spectral region of the effective absorption coefficient.

3. Solvers for the radiative transfer equation

3.1 Ray tracing method (RTM)

The radiative heat transfer equation for the distance co-

ordinates in media that absorb, emit, and do not scatter is
expressed as:

Z—SI=KIb—KI, “)

where I and x refer to the radiative intensity and
absorption coefficient, respectively; the lower sub-
script b refers to the blackbody. To use WSGGM,
radiative heat transfer equation (4) can be expressed
in WSGGM form as:

ﬂ =i;Wl -« , )
ds

where x; refers to the i-th gray gas, and, W,, to the
weighting factor of the gray gas representing the
fraction of blackbody radiation energy accounted for
by the gray gas of ;.

Considering the line-of-sight of the Q direction
in Fig. 1 wherein radiation energy is transferred in
the media in terms of the isothermal and homogene-
ous grids, the radiative heat transfer equation ex-
pressed by using WSGGM in Eq. (5) can be discre-
tized as:

L1 QL (Q)CXP[-K 12(Sj1-8 j)} ©

+WiJ+1/2IbeXP[l'eXp{'KJ“/Z(SJ“ 'SJ')H

where s; denotes the distance in the line-of-sight of
Q direction to the j-th grid point. The i-th radiative
intensity on the walls is calculated as:

L,=WI,, :WEOGT; > @)

where € and s refer to the emissivity on the walls
and Stefan-Boltzmann constant, respectively. Since
every wall is a blackbody, €5=1.0. All radiative in-
tensities for i-th gray gas in the Q. direction can be
obtained by using Egs. (6, 7), and the radiative inten-

Fig. 1. Grids in the line-of-sight of the Q direction.
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sity in the Q. direction at point j, by using the fol-
lowing equation:

L(Q)= Z Q). (8)

where Ngrefers to the number of gray gas groups in
WSGGM. Eq. (6) should be solved for as many as
Ng number of gray gas groups. The radiative heat
flux and average radiative intensity can be made
dimensionless as follows:

*_&: . )
" G’lelax GT‘iaX JQ:M (n Q) Io (Q)dQ
1 N ©)
= 6-9,)1,(@,)A0,
max m=1
. G .
G.= i1 Lo
J GT:lax/n GT‘iaX/n -Lz:;;n J( )
R (10)
=~ 2.1@Q,)AQ
GT;ax/an:; (Q)AQ,

where T, denotes the maximum temperature for
making them dimensionless, and 1, the unit normal
vector on the wall. The lower subscript m symbolizes
the discretization for the discrete directions by Thur-
good et al. [11] adopted to determine the discrete
directions and their angular weights, whereas N, re-
fers to the total number of discrete ordinates. This
study used Tgin the Ty quadrature, with N, as the
total number of discrete directions to 28,800. To
compare with the reference data directly, RTM-Tg,
was chosen because the reference data is obtained by
using RTM-Ty. It is helpful whether the WSGGM-
RG is well done in 3-dimensional enclosure by using
the same RTE solver and quadratures as those used
for the reference data. In terms of heat flux, the di-
rection of radiative heat flux toward the media from
the wall was set to positive. Eq. (6) was calculated by
modifying the program of Park and Kim [9] by using
RTM.

3.2 Discrete ordinates method (DOM)

Considering the radiative heat transfer equation in
media that absorb, emit, and do not diffuse by dividing
it into N, discrete directions in a three-dimensional x-
y-z space coordinate, Eq. (3) for the m-th discrete
direction can be estimated as:

U)xlni+0‘) 1ni+wzmi+]<i Imi:Ki\K]iIb' (1 1)
Mox Moy Moz "

The program of Kim [12] was modified for ana-
lyzing the above WSGGM-formed radiative transfer
equation. For DOM T, (128 discrete directions) was
employed. The dimensionless radiative heat flux and
average radiative intensity can be obtained by using
Equations (9) and (10).

4. Numerical results

4.1 Conditions for numerical analysis

Park and Kim [9] found accurate solutions for ra-
diative transfer for a black-walled cubic enclosure
filled with nongray gas mixtures having non-uniform
temperature and non-homogeneous concentration
profiles. RTM was used for the solution, with the Ty,
quadrature set (28,800 discrete directions). Transmit-
tances through the medium with non-uniform tem-
perature and concentration profiles are then computed
by RADCAL [13] with Curtis-Godson approximation
[14]. Their solutions are considered for the reference
data in this study. Analyses were performed under the
same system and conditions assumed by Park and
Kim [9]. The cube of L x L x L (L= 1m) was consid-
ered as shown in Fig. 2, of which all the walls were
blackbody. Three different temperature distributions,
wherein the temperature of the media and that of the
walls and partial pressures for each gas change along
the z-axis, were also considered. In each case, gases
were composed of combinations of CO,, H,O, and
N,; the partial pressure of each gas was 1 atmospheric
pressure (PcostPuotPn.= 1.0atm). Fig. 3 shows the
profiles of partial pressure CO, and temperature along
z-axis. The cases in Fig. 3 are summarized in Table 2.

Top wall

L=1m| I

’
1

/
H
E

=)
<

Bottom
wall N

t\x

Fig. 2. Schematic drawing of a cubic enclosure.
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Table 1. Profiles of temperature and partial gas pressure
considered for the 3-D cubic system.

Table 2. Average and maximum relative errors (%) for vari-
ous numbers of regrouped gray gases in Case 1 as obtained
using RTM-Tg and DOM-T,.

Case Temperature (K) Mole fraction Location (m) (%,0.5,0) | (x,0.5,1) | (05,1,2) [(0.5,05,2)
T Ave.| 1200 | 00 [ 926 | 757
z=1. T RTM-T
1 T Xco, =1.0 WSGGM “Max.[ 1215 | 00 | 1234 | 972
z#1; ‘min 3RG Ave.| 1250 | 013 | 1013 | 9.29
DOM-T,
2 T + (T Tz | Xco,™2 Xeo,=1-2 Max.| 1527 | 0.13 | 1323 | 1246
2505 RIM.T. | Ave.| 667 | 00 | 585 | 509
: , WSGGM “|Max.| 669 | 00 | 673 | 5.56
1500_30(1)(0-5—2) z<0.5, SRG | v [Ave | 720 [ 043 | 679 [ 691
05 1 (0 5., *[Max.|[ 10.19 [ 0.13 | 1146 | 939
3 X, =—- =
05—z < Ave.| 666 | 00 | 585 | 509
2000 3005 ) RTM-T
* [ 05 j JUSIN WSGGM “Max.| 669 | 00 | 673 | 556
3 0.5<z<1, el -TRG Ave.| 720 | 013 | 679 | 691
; 3005 DOM-T,
05 , Max.| 10.19 | 0.13 [ 1146 | 939
1500—900(2 s J Xio=2Xco, 055251 RTMLT. |Ave.| 661 [ 00 [ 582 | 507
3'5 Xp0=2/3 Xeo,=1/3 WSGGM “IMax.| 663 | 00 | 666 | 553
+600(z—0'5j ’ -0RG | o JAve | 714 [ 013 [ 676 | 689
05 ‘IMax.| 1014 [ 013 | 1145 | 936
Ave.| 643 | 00 | 562 | 488
RTM-T
- WSGGM “IMax.| 646 | 00 | 650 | 534
1.0 U 10 -15RG Ave.| 696 | 013 | 656 | 670
DOM-T,
09 1 09 Max.| 997 | 013 [ 1128 [ 917
08]  C1C0T) T cases(r) 08 ~ R | Ave | 643 [ 00 ['se2 | 488
: 2
07 o7 b, WSGGM “[Max.| 646 | 00 [ 650 | 534
£ 20RG | . ] ] .
_ o8 -~ 0s £ po.T, [Ave| 696 | 013 | 656 | 670
I s 3 Max.| 997 | 013 [ 1128 [ 917
: Case2(Peo, ™) |+
041 04 L._r Table 3. Average and maximum relative errors (%) for vari-
0.3 1 U 03 £ ous numbers of regrouped gray gases in Case 2 as obtained
” \Case 3 (Pgo) 02 using RTM-Tg and DOM-T,.
017 01 Location (m) (x,05,0)| (x.0.5,1)| (0.5, 1,2)|(0.5,05,2)
00 =00 Ave.| 512] 704| 574 092

00 01 02 03 04 05 06 07 08 09 10
z

Fig. 3. Profiles of concentration and temperature along the z
axis.

4.2 Comparison of regrouped gray gas numbers

The reference values for gray gas regrouping were
set as follows: Ty.r= 500 K, Pcoaer= 1.0, and Pypo er=
0.0 for Case 1; T,r = 1000 K, Pcoorer = 0.5, Praoer =
0.5 for Case 2, and; T,.r = 1000 K, Pcopee= 0.2, and
P10, =0.4 for Case 3.

Tables 2-4 show the average and maximum of the
relative errors obtained using RTM-Tg/ DOM-T,
and WSGGM with 3, 5, 7, 10, 15, and 20 regrouped
gray gases in each case. Average of relative errors is
obtained as

. 1<
(Relative Error), = EZQLWSGG /O oo (12)
=1

wsaam| XM o o T 54| 718 2953 | 3.76

3R
3RG | v, [Ave | 358 710] 669] 111
Max.| 587| 7.76| 3796 | 4.64

Ave.| 621| 238] 562| 234
RTM-Tj
WSGGM “IMax.| 660 246] 7.66| 507
5R
SRG | o, lAve | 7381 258] ss4] 218
Max.| 947| 3.17] 1197 | 4.14
Ave.| 7.04| 238| s546] 240
RTM-Tj
WSGGM “Max.| 747] 247] 772] 563
7R
TRG | v, lAve | 8221 258] s05] 223
Max.| 1033 | 3.17| 8.12] 438
Ave.| 767| 094 637] 260
wsaam| XM o o T 813 111 8147|607
-10R
ORG | v, [Ave | s82] 138[ 436] 238
Max.| 1095 | 168| 820 472
Ave.| 795 059] 6.69] 271
wsaam| XM o o T 843 08| sal| 626
-15R
SRG | ponr, [Ave | 902] 109] 449[ 247
Max.| 1125 | 155| 850| 4.89
Ave.| 795| 1.09| 686] 2.82
wsaam| XM o o T 845 113|856 624
20R
ORG | o, [Ave | 915] 115 500 256
Max.| 1130 | 3.61| 853| 4.92




1404 W.-H. Park and T.-K. Kim / Journal of Mechanical Science and Technology 22 (2008) 1400~1407

Table 4. Average and maximum relative errors (%) for vari-
ous numbers of regrouped gray gases in Case 3 as obtained
using RTM-T4 and DOM-T,.

Location (m) (x,05,0) | (x,05,1)[(0.5,1,2)*((0.5,0.5,2)
Ave. 395| 15.86 | 10.53 2.73
Max. 4,06 | 23.18 | 26.25 4.66
Ave. 2.51 | 1845 | 1098 3.04
Max. 391 | 38.13 | 22.12 591
Ave. 5.07 2.15 2.04 1.14
Max. 5.14 2.73 5.18 4.63
Ave. 3.33 6.17 6.32 1.89
Max. 5.13 | 12.46 | 2041 4.72
Ave. 5.15 3.11 2.16 1.09
Max. 5.25 4.15 5.21 4.65
Ave. 3.38 6.21 6.22 1.87
Max. 521 11.06 | 22.02 4.74
Ave. 5.10 3.15 2.12 1.01
Max. 5.21 4.29 504 | 4.57
Ave. 3.35 6.22 6.07 1.79
Max. 5.18 | 1091 | 22.29 4.72
Ave. 5.42 5.56 334 1.09
Max. 5.59 7.59 7.68 4.77
Ave. 3.59 6.51 6.48 1.83
Max. 5.51| 12.81 | 26.08 4.89
Ave. 2.93 1.79 1.83 0.64
Max. 3.05 2.60 3.93 2.70
Ave. 1.69 6.19| 496 1.18
Max. 296 | 12.90 | 20.65 3.11

WSGG |RTM-Tg
M
-3RG

DOM-T,

WSGG |RTM-Tg
M
-5RG

DOM-T,

WSGG |RTM-Tg
M
-TRG

DOM-T,

WSGG |RTM-Tg
M
-10RG | DOM-T,

WSGG |RTM-Tg
M
-15RG | DOM-T,

WSGG |RTM-Tg
M
-20RG | DOM-T,

* Since the reference value at z = 0.85m was very small for
(0.5m, 1m, z), the error at z = 0.85m was not considered for
the maximum and average errors.

where Jis 19 which is the calculated points along
the (x, 0.5m , Om ), (x, 0.5m, 1m), (0.5m, 1m, z) and
(0.5m, 0.5m, 0.5m), O, is obtained by using
WSGGM-RG in this work, and O, is reference
data [9]. Since the RTM used in this case employed
the same Ty, as are reference data, the relative errors
shown in Tables 2-4 for RTM-T60 can be compared
separately from the errors obtained using WSGGM-
RG in three-dimensional enclosure except the error
components arising from the different solvers of ana-
lyzing the radiative transfer equation. For RTM-Ty,
in Case 1, note that the average and maximum values
of relative errors in all locations being compared de-
creased with the increasing number of regrouped gray
gases (Table 2). Likewise, in Cases 2 and 3, the aver-
age and maximum values tended to decrease as the
number of regrouped gray gases increased. As seen in
most cases, the calculation results obtained using
RTM-Ty, corresponded better to the reference data
compared to those obtained using DOM-T,. In all
cases wherein RTM-T¢, was used and five or more

gray gases were regrouped, the average value of rela-
tive errors was approximately less than 8%; the
maximum of relative errors was approximately less
than 8.5%. Note that the difference of average and
maximum values is small at all the points compared.
For (0.5m, 1m, z) in Case 3, the values used as refer-
ence in the location (0.5m, 1m, 0.85m) were very
small; the values of the calculated relative errors
were relatively large, however. To prevent such
overestimation of errors, the location (0.5m, 1m,
0.85m) was excluded in the calculation of the aver-
age and maximum values of the relative errors (Ta-
bles 4). As the calculation results obtained with
WSGGM-5RG, the errors were observed to decrease
greatly compared with the errors obtained by
WSGGM-3RG. Moreover, even if the number of
regrouped gray gases was increased more than 5 gray
gases, the accuracy did not improve greatly. In the
dimensionless radiative heat flux of (x, 0.5m, 1m) for
Case 1, the top wall was hot; as such, other walls
where line-of-sights started and the media was line-
of-sight passed through were cold for Case 1. In this
case, dimensionless radiative fluxes were calculated
only by the integrals for solid angles regardless of the
modeling of radiation properties. Therefore, they
were smaller than the errors of the resulting values in
any other locations. The relative errors of the dimen-
sionless radiative heat flux in Cases 1 and 2 along the
location (x, 0.5m, Om) on the lower wall where the
temperature is low are larger than considered loca-
tions for almost number of regrouped gray gas
groups shown as Table 2 and 3. In all cases wherein
five or more gray gases were regrouped, the average
value of relative errors was approximately less than
9%; the maximum of relative errors was approxi-
mately less than 26%, with high relative errors in x =
0.85 - 0.95m in the (x, 0.5m, Om) location of Case 3
when DOM-T, is used.

4.3 Comparison of results using DOM-T, and RTM-
T

To assess the sensitivity of the solutions according
to the number of regrouped gray gases, the average
and maximum values of relative errors according to
the number of regrouped gray gases were compared
in the preceding section. Since accuracy did not im-
prove significantly even if five or more gray gases
were used, WSGGM-5RG was selected in all cases
for purposes of comparison.



W.-H. Park and T.-K. Kim / Journal of Mechanical Science and Technology 22 (2008) 1400~1407 1405

0.10
-0.15 4 a Q
Z -020
E
-]
2
025
2 = .
k= 4 a ul o} uf A
k-] B n g gunt
= <030
£
-
2 Ref. [9]
g 035 DOMT4,5RG  RTM.Te0.SRG
z [e] casel @
E a case2 ®H
£ A & ase3 A a
A -040
045
-0.50 ; r . . . . . ; .
00 01 02 03 04 05 06 07 08 09 10

X [m]

Fig. 4. Comparison of the dimensionless radiative bottom
wall heat fluxes obtained by different methods.
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Fig. 5. Comparison of the dimensionless radiative top wall
heat fluxes obtained by different methods.
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Fig. 6. Comparison of the dimensionless side wall heat fluxes
obtained by different methods.
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Fig. 7. Comparison of the dimensionless average radiative
intensities obtained by using different methods.

The resulting values are shown in each location for
all cases in one figure. Fig. 4 compares the reference
data and results obtained by using RTM with
WSGGM-5RG and results obtained using DOM with
WSGGM-5RG in relation to the dimensionless radia-
tive heat flux in the bottom wall (x, 0.5m, Om). Figs.
5, 6, and 7 show the dimensionless radiative heat flux
values on the top wall (x, 0.5m, 1m), dimensionless
average radiative heat fluxes on the side wall (0.5m,
Im, z), and dimensionless average radiative intensi-
ties along the (0.5m, 0.5m, z), respectively. Note that
the solid symbols denote the results obtained by using
RTM, and the empty symbols, the results obtained
with DOM. In Case 1, there were major differences
between the reference values and dimensionless ra-
diative heat flux values in the bottom wall regardless
of whether the RTM or DOM was used (Fig. 4). The
average and maximum values of relative errors in
Case 1 were approximately less than 6.7% when the
RTM-Tg, was used. In contrast, the average value of
relative errors was approximately less than 7.2%; the
maximum value was 11.4% when DOM-T, was used,
so that the relative errors were not large. As shown in
Fig. 4, the greatest dimensionless radiative heat flux
value was not found in the location of x = 0.5m; in-
stead, the highest value of error occurred in the loca-
tion of x = 0.35m, 0.65m for the results of dimen-
sionless radiative heat flux on the bottom wall where
low temperature was maintained by DOM. This in
turn could be attributed to the typical ray effects [15]
arising from DOM. In contrast, such errors did not
occur when RTM was used. For the dimensionless
top radiative wall, the heat flux obtained by using
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DOM and WSGGM-5RG was that arising from the
difference between radiative transfer solvers. For
Case 1, the top wall radiative heat fluxes both for
RTM and DOM almost coincided with reference 1, as
shown in Fig. 5. In Case 2, the average and maximum
of relative errors when RTM was used in all the com-
pared locations were approximately less than 6.2%
with the maximum value at about 7.7%, but the aver-
age value of relative errors was about less than 7.4%,
with the maximum value at about 12.0%. For the
dimensionless radiative heat flux on the top wall,
several smaller errors occurred near the location of x
= (0.2m with the use of RTM, unlike when DOM was
used; the opposite results occurred near the location
of x = 0.5m. For dimensionless radiative heat flux of
the side wall in Fig. 6, there were larger differences
found between the reference values and resulting
values obtained by using DOM in the location of
7=0.65-0.85m than those between the reference val-
ues and results obtained with RTM. In case 2 as
shown in Fig. 7, dimensionless average radiative in-
tensities along the center of the system (0.5m, 0.5m,
z), both the dimensionless average radiative intensity
obtained using RTM and that obtained using DOM
corresponded well with the reference solution. Simi-
lar to the cases of the dimensionless radiative side
wall heat flux and average radiative intensity in Case
2, the results obtained with DOM were sometimes
found to be more accurate than those obtained by
using RTM, since errors arising from the approxima-
tion of DOM offset those arising from WSGGM-5RG,
hence the results that were closer to the reference
solution. Likewise, in Case 3, which considered me-
dia of non-uniform temperature and partial pressure
distributions, very satisfactory results were obtained,;
the average error was below 6.3% in all the result
values regardless of the analysis method used. Com-
pared with the computation time taken with a com-
puter equipped with a 2.4GHz CPU, it took 1244
minutes to perform the calculations using the RTM-
T calculating the radiation properties with the SNB
model, which was the same numerical procedure as
obtaining the reference results [9]. Using WSGGM-
5SRG and RTM-Tg,took 10.8 minutes, thereby short-
ening the calculation time to about 1/115 compared to
the case of using the SNB model. Moreover, calcula-
tion using DOM employing T, together with
WSGGM-5RG took only about 21 seconds. There-
fore, WSGGM-RG together with DOM considered in
this study is effective for predicting the radiative

characteristics of real gas mixtures in a three-
dimensional enclosure well.

5. Conclusion

In this study, we analyzed the radiative heat trans-
fer characteristics in a three-dimensional cube filled
with gas mixtures of H,O, CO,, and N,. The charac-
teristics of the radiative properties of gas mixtures
were studied by using WSGGM-RG. For the analysis
of the radiative heat transfer equations, DOM and
RTM were used as the method of solution. T, (128
discrete directions) was employed in the case of
DOM, and Tg, (28,800 discrete directions), in the
case of RTM. Analyses were performed in three
cases, with the resulting values compared with the
previous fairly accurate results [9]. WSGGM-RG
considered in this study is effective for predicting the
radiative characteristics of real gas mixtures in a
three-dimensional enclosure well. WSGGM-RG to-
gether with DOM can be used to calculate fast for
accurate results from an engineering perspective.

Nomenclature

. Average radiative intensity, W/m’ sr
: Radiative intensity, W/m’sr

: Number of gray gases

: Number of discrete ordinates

: Total pressure, atm

. Radiative heat flux, W/m’

: Distance in the line-of-sight, m
: Temperature, K

: Mole fraction

x,y,z : Coordinate, m

W : Weighting factor for WSGGM

X=H2Le 9ZZ=0
& a

Greek symbols

oy, o : Parameters of absorption coefficient for
WSGGM

€ : Emissivity

K : Absorption coefficient, 1/m

K1, K, : Parameters of absorption coefficient for
WSGGM

o . Stefan-Boltzmann constant,
5.67 X 10°*W/m’K*

Q . Direction of line-of-sight

[0 : Direction cosine
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Subscripts

0 : Wall

b : Blackbody
est : Estimation

i : I-th gray gas
j : J-th grid

m : M-th ordinate

max : Maximum value

min : Minimum value

mix : H,O-CO, mixture gas
ref  : Reference

Superscripts

* : Dimensionless
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