
W. W. Yuen 

A. Ma 

Department of Mechanical 
and Environmental Engineering, 

University of California, 
Santa Barbara, CA 93106 

Evaluation of Total Emittance of an 
Isothermal Nongray Absorbing, 
Scattering Gas-Particle Mixture 
Based on the Concept of 
Absorption Mean Beam Length 
A general methodology to evaluate the total emittance of an isothermal, nongray, 
isotropically scattering particle-gas mixture is illustrated. Based on the concept of 
absorption mean beam length (AMBL), the methodology is demonstrated to be 
computationally efficient and accurate. As an illustration, the total emittance of a 
slab containing carbon particles and C02 is evaluated. The nongray extinction coef
ficient and scattering albedo of carbon particles are calculated based on Mie theory 
and the available index of refraction data. The narrow-band fixed-line-spacing model 
(Edwards et al., 1967) is used to characterize the nongray spectral absorption 
coefficient of C02. Numerical data show that the combined nongray and scattering 
effects are quite significant. For particles with moderate and large radius (say, > 1 
ixm), ignoring the effect of scattering can lead to error in the prediction of total 
emittance by more than 20 percent. The no-scattering results also yield incorrect 
qualitative behavior of the total emittance in terms of its dependence on the mixture 
temperature and particle concentration. The accuracy of many of the existing pre
dictions of total emittance of gas-particle mixtures that ignore the scattering effect 
is thus highly uncertain. 

1 Introduction 
In the assessment of performance of high-temperature en

gineering equipment such as industrial furnaces, the ability to 
predict accurately the radiative emission from a mixture of 
particles and gas is essential. Until now, this essential ability 
has been limited largely to absorbing particles and gas mixtures. 
With available spectroscopic absorption data for various gases 
and particles, together with the concept of mean beam length 
(MBL) originally introduced by Hottel (1927), accurate pre
dictions of total emittance of multidimensional nongray ab
sorbing gas-particle mixtures are now accepted as routine. Two 
important factors contribute to the success of these efforts. 
First, reasonably reliable spectral absorption data are now 
available for most gases. Second, MBL has been shown to be 
primarily a function only of geometry (i.e., independent of 
wavelength) and can be, to a good approximation, considered 
as constant in a nongray calculation. The necessary spectral 
integration is thus reduced to a one-dimensional form and can 
be readily evaluated. 

The success in estimating the radiative emission from a non
gray absorbing, scattering particle-gas mixture, on the other 
hand, has been quite limited. The primary difficulty is that 
even when the medium can be considered as gray, accurate 
numerical solution to the radiative transfer equation is difficult 
to obtain. Many approximation methods (see the review article 
by Viskanta and Menguc, 1987) have been proposed. The ac
curacy of such methods, however, is generally unknown. For 
nongray analysis, two general approaches are utilized. In one 
approach (Menguc and Viskanta, 1986), the computational 
method developed for a gray analysis is extended to the nongray 
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case by the Hottel's MBL concept. This extension, however, is 
done on an ad hoc basis. Without a rigorous theoretical jus
tification, the accuracy of this approach is highly uncertain. 
The second approach is to develop approximate solution tech
niques directly for the nongray analysis (Skocypec and Buckius, 
1984). While this approach has been successful in generating 
numerical data for a few selected problems (say, parallel slab 
geometry), the applicability of the method to analysis of general 
enclosures is uncertain. The accuracy of all existing solution 
approaches is also difficult to assess because of the lack of 
reliable "benchmark" numerical data for direct comparison. 

The objective of this work is to show that utilizing the concept 
of absorption mean beam length (AMBL) (Yuen, 1990, 1991), 
a general methodology can be developed for the evaluation of 
radiative emission from a nongray absorbing-scattering parti
cle-gas mixture. The methodology is computationally efficient, 
accurate, and applicable to enclosures with arbitrary geometry. 
As an illustration, the total emittance of a carbon particles/ 
C02 containing slab is calculated. In addition to generating a 
set of numerical data, which serves as a benchmark set of 
"exact" results for this class of problem, the importance of 
the scattering effect on the total emittance is also illustrated 
quantitatively. 

2 Analysis 
A schematic of the general methodology for the evaluation 

of total emittance of a nongray absorbing-scattering particle-
gas mixture is shown in Fig. 1. Similar to the MBL approach, 
which was successful for the evaluation of total emittance of 
a nonscattering medium, the fundamental principle of the meth
odology is to separate the geometric effect and the spectral 
effect in the numerical integration. Except for the increased 
complexity in the evaluation of AMBL, the present approach 
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Fig. 1 Schematics of the general methodology for the evaluation of 
total emittance of an absorbing/scattering particle-gas mixture 

has the same degree of mathematical complexity as the con
ventional MBL approach. 

2.1 Evaluation of AMBL. As shown in earlier work 
(Yuen, 1990,1991), AMBL is the radius of an equivalent purely 
absorbing and emitting hemisphere such that the heat flux 
evaluated at the center of its base is identical to the actual heat 
flux. For an isothermal medium with a known geometry, tem
perature T, and optical properties (i.e., absorption coefficient 
ax, scattering albedo cox and scattering phase function); the 
spectral heat transfer, gx, can be calculated by standard nu
merical techniques developed for a gray medium, e.g., the 
Monte Carlo Method (Howell and Perlmutter, 1964), the 
Zonal/Network Method (Hottel and Sarofim, 1967; Yuen, 
1990) for isotropically scattering media and Generalized Zonal 
Method (Yuen and Takara, 1990) for anisotropically scattering 
media. The mathematical definition of AMBL, Lab x, is given 
by 

Q\ = eKb(T)(.l-e-'^«i>*) (1) 

For an isothermal slab and with the assumption that the scat
tering is isotropic, AMBL calculated for the radiative heat 
transfer to one of its surfaces (Yuen, 1991) is presented in Fig. 
2. Note that the mathematical behavior of AMBL is quite 
different from that of Hottel's MBL. In contrast to MBL, for 
example, AMBL varies strongly with absorption coefficient 
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Fig. 2 Absorption mean beam length for a parallel slab with different 
absorption optical thickness, aD, and scattering albedo, o> 

and scattering albedo. While MBL increases as the character
istic dimension of the physical system increases, AMBL ap
proaches an asymptotic finite value in the optically thick limit 
for a medium with nonzero scattering albedo. Physically, MBL 
correlates approximately the optical "size" of the medium. 
AMBL, on the other hand, correlates only the optical "size" 
that contributes to the heat transfer. For a medium with a 
finite scattering albedo, increase in the physical dimension of 
the system will have less and less effect on AMBL since the 
additional medium has less and less influence on the overall 
heat transfer due to the effect of scattering. This explains the 
asymptotic behavior of AMBL in the optically thick limit. In 
the limit of a large scattering albedo. AMBL can be quite small 
even for a physically "large" system because the optical "size" 
that contributes to the heat transfer is small. 

Fundamentally, the important function of AMBL is to ac
count for the effect of enclosure geometry on radiation heat 
transfer without a simultaneous consideration of the detailed 
spectral properties of a specific mixture. The numerical data 
in Fig. 2, for example, account for the effect of the parallel 
slab geometry on radiation heat transfer over the entire range 
of radiation parameter. The same data can be used to analyze 
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gas absorption correlation pa
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gas absorption correlation pa
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Fig. 3 Measured data on complex index of refraction (n - U) for carbon F i g . 4 ( a ) A b s o r p t i o r i efficiency for carbon particles of different radius 

any isothermal mixture with the same geometry. Since AMBL 
is readily computable with established computational methods 
(developed for gray analysis) and the spectral integration is 
one dimensional, the overall computation is straightforward 
and requires little effort. 

2.2 Evaluation of Spectral Optical Properties. This proc
ess can be readily accomplished utilizing well-established nu
merical procedures and/or experimental data. For many 
common absorbing gaseous species, for example, the narrow
band fixed-line-spacing model (Edwards et al., 1967) is known 
to be an effective engineering approximation for the nongray 
spectral absorption behavior. The gaseous absorption coeffi
cient (suppressing the subscript X for simplicity) is given by 

P C 2 s inh(^ 2
J P e /2) 

" cosh (irB2Pe/2)- cos (2vv*/d) 

where v* is the wavenumber measured from the center of the 
band, C2(v, T), B2(v, T), d and Pe are specified in terms of 
isothermal gas correlation parameters as 

C2=(Ci/Ci)e-"*/ci (3) 

52=C2 / (4C,C3) (4) 

d=d0C3(T0), 7"0=100K (5) 

Pe=[(PB + bPA)/Po}", P 0 = l a t m (6) 

with PA being the partial pressure of the absorbing gas and 
PB the partial pressure of the N2 broadening gas. The gas 
correlation parameters, C\, C2, C3, b, and n are defined for 
various common gaseous species (e.g., C0 2 , HzO, CO, and 
CH4) in standard reference (Edwards et al., 1967). 

In the present work, the absorbing gas is assumed to be a 
CO2/N2 mixture at atmospheric pressure. Over the expected 
mixture temperature range (500 to 3000 K), numerical exper
iments show that the present calculation can predict the pure 
C0 2 emittance data from Hottel's chart (Hottel, 1967) to within 
10 percent by setting d0 = 30. This assumption is therefore used 
in the generation of all numerical data. 

If carbon particles in the mixture are assumed to be spherical, 
the evaluation of optical properties is also straightforward 
utilizing Mie theory (Van der Hulst, 1957). Specifically, for 
the set of index of refraction (n - in) data for graphite carbon 
(Phillips, 1977) as shown in Fig. 3, the absorption efficiency 
Qabs> the extinction efficiency Qext, and scattering albedo 
o = 1 - Qabs/Qext can be readily calculated for different particle 
sizes utilizing computer programs provided in standard ref
erences (Bohren and Huffman, 1983). The absorption coef
ficient, a, and extinction coefficient, K, can be generated from 
these efficiency factors by 

a = Nirr2Q&hs K = Mrr2Qext (7) 

Qext 1 
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Fig. 4(b) Extinction efficiency for carbon particles of different radius 
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Fig. 4(c) Scattering albedo for carbon particles of different radius 

4(c). It can be readily observed that the effect of scattering is 
quite significant when the particle radius is greater than 1 /jm. 

It is important to note that all results presented in this section 
are based on established information that is available from 
standard references. While the mixture characteristics are 
somewhat idealistic (pure C 0 2 and spherical carbon particles) 
and differ from those of an actual combustion product mix
ture, the assumed mixture is sufficient to illustrate the effec
tiveness of the proposed methodology and the qualitative effect 
of scattering on the mixture's emittance. The adaptation of 
the present approach to a combustion medium with "real" 
properties is straightforward. 

2.3 Integration to Obtain Total Emittance. Based on re
sults generated from sections 2.1 and 2.2, the total emittance 
of a homogeneous gas-particle mixture can be written as 

and N being the particle's number density and r the particle 
radius. Numerical results are presented in Figs. 4(a), 4(b), and 

_1_ 
JT4 r eXb( D ( l - e-ffaL«6.x<a<>M'.*>)dX (8) 
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Table 1 Effect of temperature and number density on particle emit
tance, tp (values in parenthesis are generated ignoring the effect of 
scattering) 

particle radius - 0.1 urn 

ND = 
1 0 ' 2 

1 0 ' 3 

1 0 ' 4 

T . 500 K 

0.00201 
(0.00201) 

0.0201 
(0.0201) 

0.177 
(0.176) 

1000 K 

0.00550 
(0.00548) 

0.0539 
(0.0537) 

0.334 
(0.335) 

1500 K 

0.0109 
(0.0109) 

0.102 
(0.101) 

0.504 
(0.511) 

2000 K 

0.0164 
(0.0163) 

0.146 
(0.145) 

0.618 
(0.639) 

2500 K 

0.0218 
(0.0216) 

0.182 
(0.181) 

0.686 
(0.726) 

3000 K 

0.0263 
(0.0260) 

0.213 
(0.212) 

0.724 
(0.786) 

particle radius - 1.0 um 

ND = 
1 0 ' ° 

1 0 " 

1 0 ' 2 

T - 500 K 

0.0342 
(0.0335) 

0.257 
(0.258) 

0.707 
(0.838) 

1000 K 

0.0354 
(0.0347) 

0.263 
(0.266) 

0.673 
(0.874) 

1500 K 

0.0343 
(0.0335) 

0.258 
(0.262) 

0.663 
(0.887) 

2000 K 

0.0337 
(0.0329) 

0.257 
(0.260) 

0.672 
(0.903) 

2500 K 

0.0336 
(0.0328) 

0.257 
(0.260) 

0.680 
(0.913) 

3000 K 

0.0338 
(0.0330) 

0.259 
(0.262) 

0.687 
(0.920) 

particle radius « 10 u m 

ND = 
108 

109 

1 0 ' ° 

T - 500 K 

0.0325 
(0.0318) 

0.248 
(0.251) 

0.6583 
(0.8773) 

1000 K 

0.0341 
(0.0335) 

0.258 
(0.261) 

0.6759 
(0.8787) 

1500 K 

0.0362 
(0.0355) 

0.271 
(0.273) 

0.6999 
(0.8921) 

2000 K 

0.0386 
(0.0378) 

0.287 
(0.289) 

0.7295 
(0.9144) 

2500 K 

0.0406 
(0.0398) 

0.300 
(0.301) 

0.7511 
(0.9281) 

3000 K 

0.0422 
(0.0413) 

0.310 
(0.310) 

0.7666 
(0.9362) 

with au\ and o>lt\ being the absorption coefficient and scattering 
albedo of the mixture given by 

a,,\ = aPiX + ag^ (9) 

and 

o, .x=i- a';x do) 

Note that the spectral AMBL, Labix, is evaluated based on the 
total absorption coefficient and total scattering albedo for the 
mixture. The subscript X is inserted to emphasize the spectral 
dependence of all optical properties and the AMBL. For math
ematical convenience, the total emittance can be separated into 
a particle emittance, ep, and a particle attenuated gas emittance, 
TPeg, by 

e = ep + Tpeg (11) 

with 

eP = -L\ eu(T)(l-e-aP.^^i'"^'^)dK (12) 

and 

al J n 

(l_e-«g,Mx(«i,w,x))dX (13) 
As in the utilization of conventional mean beam length for 
nonscattering media, AMBL reduces the spectral integration 
to an equivalent one-dimensional integral. 

3 Results and Discussion 
All numerical computations as outlined in sections 2.1, 2.2, 

and 2.3 are straightforward and can be carried out accurately 
and efficiently with little effort. Indeed, all numerical results 
presented in this work are generated either by a personal com
puter or a workstation and they are accurate to within a relative 
error of less than 1 percent. The present approach is thus 
particularly convenient for practical industrial applications. 

Table 2 Particle emittance (in the optically thick limit), £P.:..|S, for a par
t i c le - ! ^ mixture and a particle-C02 mixture at different temperatures 
and particle sizes 

particle radius - 0.1 um 

J. (um) 

2.7 
4.3 
9.4 
10.4 
15.0 

par t ic le-C0 2 mixture 

T . 1000K 

0.466 
0.104 
0.591 
0.516 -
0.00360 

2000K 

0.682 
0.130 
0.683 
0.640 
0.0141 

3000K 

0.775 
0.166 
0.780 
0.752 
0.0311 

par t ic le-N 2 mixture 

0.971 
0.991 
0.997 
0.997 
0.997 

particle radius - 1 um 

\ (um) 

2.7 
4.3 
9.4 
10.4 
15.0 

par t ic le-C0 2 mixture 

T . 1000K 

0.158 
0.0761 
0.539 
0.525 
0.00489 

2000K 

0.264 
0.0953 
0.611 
0.606 
0.0190 

3000K 

0.330 
0.116 
0.664 
0.674 
0.0410 

par t ic le-N 2 mixture 

0.708 
0.730 
0.842 
0.877 
0.942 

particle radius - 10 pm 

\ (lim) 

2.7 
4.3 
9.4 
10.4 
15.0 

par t ic le-C0 2 mixture 

T - 1000K 

0.181 
0.0748 
0.423 
0.377 
0.00665 

2000K 

0.300 
0.0904 
0.468 
0.437 
0.0233 

3000K 

0.372 
0.111 
0.517 
0.492 
0.0458 

part ic le-N2 mixture 

0.760 
0.747 
0.708 
0.700 
0.691 

3.1 Particle Emittance. The effect of temperature, par
ticle radius, and particle number density on the particle emit
tance, ep, is illustrated by numerical data presented in Table 
1. Results generated without consideration of the scattering 
effect are presented with the "exact" numerical results to il
lustrate the importance of the scattering effect. 

For particles with small radius (r = 0.1 fim) for which the 
scattering albedo is small (co<0.1), scattering has no effect on 
the particle emittance. ep increases with temperature because 
the absorption coefficient increases with increasing size pa
rameter (a = 27rr/X) in the small particle size range. As the 
particle size increases, the scattering albedo increases (a>>0 5 
for particle with radius greater than 1 /̂ m) and the "no-scat
tering" results are in significant error when the particle con
centration is large. Except for the lower temperature range, 
scattering also reduces the effect of temperature on ep because 
the variation of the scattering albedo with the size parameter 
is, in general, less than that of the absorption coefficient. 

In the optically thick limit (/)— co with optical properties 
kept constant), the spectral AMBL approaches a finite optically 
thick {aD>5.0) distribution as shown in Fig. 2. Physically, 
scattering reduces the contribution of the particle emission to 
a layer of thickness AMBL. At a given wavelength X, a scat
tering optically thick particle/gas layer thus behaves as a non-
gray emitter with 

ep,oo,x=l-e-aL"*(^) (14) 
and the particle emittance is reduced to less than unity. Since 
the scattering albedo is based on the optical properties of the 
mixture, the presence of an absorbing gas has an important 
effect on the particle emittance. The emittance can also be a 
function of temperature because of the temperature depend
ence of the gas absorption coefficient. As an illustration, ep,oo,x 
for a particle-N2 mixture and that for a particle-C02 mixture 
(with total gas pressure of 1 atm) at the center of the five C02 
absorption bands are tabulated in Table 2. 

3.2 Particle Attenuated Gas Emittance. The effect of 
temperature, particle radius, and particle number density on 
the particle attenuated gas emittance, Tpeg, is illustrated by 
numerical data presented in Table 3. In contrast to its effect 
on the particle emittance, scattering increases the particle at
tenuated gas emittance. Mathematically, the increase in Tpeg is 
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Table 3 Effect of temperature and number density on particle atten
uated gas emittance, r„eg (values in parentheses are generated ignoring 
the effect of scattering) 

ND=0 

1 0 ' 2 

10 1 3 

1 0 ' " 

ND = 0 

1 0 ' ° 

1 0 " 

10 1 2 

N D - 0 

1 0 8 

1 0 9 

10 ' ° 

T . 500 K 

0.164 

0.164 
(0.164) 

0.162 
(0.162) 

0.147 
(0.147) 

500 K 

0.164 

0.161 
(0.161) 

0.141 
(0.141) 

0.0818 
(0.0717) 

500 K 

0.1637 

0.161 
(0.161) 

0.140 
(0.139) 

0.0847 
(0.0678) 

particle radius -

1000 K 

0.189 

0.189 
(0.189) 

0.185 
(0.185) 

0.155 
(0.155) 

1500 K 

0.156 

0.155 
(0.155) 

0.151 
(0.151) 

0,120 
(0.120) 

particle radius • 

1000 K 

0.189 

0.186 
(0.186) 

0.159 
(0.158) 

0.0910 
(0.0718) 

1500 K 

0.156 

0.153 
(0.152) 

0.129 
(0.128) 

0.0705 
(0.0518) 

particle radius -

1000 K 

0.1893 

0.186 
(0.186) 

0.160 
(0.159) 

0.0927 
(0.0715) 

1500 K 

0.1555 

0.153 
(0.152) 

0.129 
(0.128) 

0.0709 
(0.0516) 

0.1 jim 

2000 K 

0.114 

0.114 
(0.114) 

0.111 
(0.110) 

0.0849 
(0.0847 

• 1 u.m 

2000 K 

0.114 

0.112 
(0.112) 

0.0940 
(0.0931) 

0.0487 
(0.0336) 

10 u, m 

2000 K 

0.1143 

0.112 
(0.112) 

0.0939 
(0.0930) 

0.0485 
(0.0334) 

2500 K 

0.0826 

0.0824 
(0.0823) 

0.0797 
(0.0796) 

0.0598 
(0.0595) 

2500 K 

0.0826 

0.0809 
(0.0808) 

0.0674 
(0.0667) 

0.0335 
(0.0219) 

2500 K 

0.0826 

0.0809 
(0.0807) 

0.0674 
(0.0666) 

0.0332 
(0.0216) 

3000 K 

0.0605 

0.0603 
(0.0603) 

0.0582 
(0.0582) 

0.0429 
(0.0427) 

3000 K 

0.0606 

0.0592 
(0.0591) 

0.0490 
(0.0484) 

0.0235 
(0.0147) 

3000 K 

0.0605 

0.0591 
(0.0591) 

0.0489 
(0.0483) 

0.0232 
(0.0145) 

Table 4 Effect of temperature and number density on total 
t, (values in parentheses are generated ignoring the effect of 

emittance, 
scattering) 

ND = 0 

10'2 

10'3 

10'4 

ND=0 

10'° 

1 0 " 

10'2 

ND-0 

108 

109 

10'° 

500 K 

0.164 

0.166 
(0.166) 

0.182 
(0.182) 

0.324 
(0.324) 

500 K 

0.164 

0.196 
(0.195) 

0.398 
(0.398) 

0.788 
(0.910) 

500 K 

0.164 

0.194 
(0.193) 

0.388 
(0.390) 

0.743 
(0.945) 

particle radius . 

1000 K 

0.189 

0.194 
(0.194) 

0.239 
(0.239) 

0.489 
(0.490) 

1500 K 

0.156 

0.166 
(0.166) 

0.253 
(0.252) 

0.624 
(0.631) 

particle radius . 

1000 K 

0.189 

0.221 
(0.221) 

0.422 .-- ' 
(0.424) 

0.764 
(0.946) 

1500 K 

0.156 

0.187 
(0.186) 

0.387 
(0.390) 

0.734 
(0.939) 

particle radius -

1000 K 

0.189 

0.220 
(0.219) 

0.418 
(0.420) 

0.769 
(0.950) 

1500 K 

0.156 

0.189 
(0.188) 

0.400 
(0.402) 

0.771 
(0.944) 

0.1 u.m 

2000 K 

0.114 

0.130 
(0.130) 

0.256 
(0.255) 

0.703 
(0.723) 

. 1 )irn 

2000 K 

0.114 

0.146 
(0.145) 

0.351 
(0.353) 

0.720 
(0.937) 

10 urn 

2000 K 

0.114 

0.151 
(0.150) 

0.381 
(0.382) 

0.778 
(0.948) 

2500 K 

0.0826 

0.104 
(0.104) 

0.262 
(0.261) 

0.746 
(0.785) 

2500 K 

0.0826 

0.115 
(0.114) 

0.325 
(0.327) 

0.713 
(0.935) 

2500 K 

0.0826 

0.122 
(0.121) 

0.368 
(0.368) 

0.784 
(0.950) 

3000 K 

0.0605 

0.0867 
(0.0862) 

0.271 
(0.270) 

0.767 
(0.829) 

3000 K 

0.0605 

0.0930 
(0.0921) 

0.306 
(0.310) 

0.711 
(0.934) 

3000 K 

0.0605 

0.101 
(0.100) 

0.359 
(0.358) 

0.790 
(0.951) 

due to the reduction of AMBL caused by the scattering effect. 
The particle transmissivity, e~aP'xiLab'x''a<-x'"''x), is increased by 
scattering while the gas emission effect, 1 -e~

aS'xL:ib'x(-a''XMt'x\ 
is reduced by scattering. Since the gas emission effect is es
sentially optically thin except near the center of an absorption 
band, the increase in the particle transmissivity dominates and 
leads to a larger value for the particle attenuated gas emittance. 

"t 

1 

0.8 

0.6 

0.4 

0.2 

6 8 10 12 14 16 18 
log (ND) 

Fig. 5 Total emittance of a particle/C02 mixture at 500 K 

Physically, this increase in the particle attenuated gas emittance 
can be attributed to the fact that scattering limits the mixture's 
contribution to the total heat transfer to within a layer of finite 
absorption optical thickness. Since particle absorption is the 
dominant effect, the particle attenuated gas emittance increases 
even though the region of particle emission decreases. 

3.3 Total Emittance. Numerical data for the total emit
tance are presented in Table 4. Since the scattering effect si
multaneously increases the particle attenuated gas emittance 
and decreases the particle emittance, its effect on the total 
emittance varies strongly with the particle size and temperature. 
For moderate and large particle sizes (1 and 10 /xm), scattering 
reduces the optically thick limiting value of the total emittance 
to less than unity. Since the limiting value can be as low as 
0.711 (7vX>= 1012 l /m\ particle radius = 1.0 /xm, T= 1000 K), 
this effect is quite appreciable and should not be ignored in 
practical engineering applications. At the low temperature limit 
(500 K) and high particle concentration (beyond the range 
shown in Table 4), the effect of scattering leads to the unusual 
behavior that the total emittance does not increase monoton-
ically with increasing particle concentration. This behavior is 
illustrated graphically in Fig. 5. 

4 Conclusion 
The absorption mean beam length (AMBL) is demonstrated 

to be an effective concept in generating accurate prediction of 
the emittance of an absorbing, emitting, and scattering par
ticle-gas mixtures. Numerical data for a carbon particle/C02 
slab is presented to provide benchmark solution for this class 
of problem and to demonstrate the effect of scattering on the 
mixture's emittance. 

The effect of scattering is shown to be very important and 
leads to qualitative behavior which differs significantly from 
the traditional no-scattering results. Specifically, the tradi
tional concept that an optically thick particle-gas mixture is 
effectively black is shown to be incorrect. A mixture of large 
carbon particles (r= 1, 10 fjm) has an emittance of less than 
unity in the optically thick limit (large particle number con
centration). At low and moderate temperature, the mixture's 
emittance can become a nonmonotonic function of the particle 
concentration due to the scattering effect. The mixture's emit
tance first increases with particle concentration, becomes a 
maximum at a finite particle number concentration, and then 
decreases toward a lower limiting value. 
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