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Abstract-The total hemispherical emittance from a planar layer containing a spectrally absorbing gas and 
isotropically scattering particulate is determined. The exponential wide band model is used to represent the 
gaseous absorption while the optical path length concept is employed to include the effects of scattering. Total 
emittance values for either water vapor or carbon dioxide with particulate are presented. Numerous gas- 
scattering interactive effects and variable effects are identified and explained. A charted solution technique is 
presented which allows approximate yet accurate total emittance values to be obtained without calculation. 

Ai. 

/” 
i 

L 
N 
P 

PA 
P*L 

Q 
4 
T 

Y 

wide band absorptance for band i 
correction factor, defined in equation (24) 
blackbody fraction function 
intensity 
length 
total number of bands 
reflectance path length distribution function, 
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absorbing gas partial pressure 
product of absorbing gas partial pressure 
and path length 
heat flux path length distribution function 
radiative heat flux 
transmittance path length distribution 
function, temperature 
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surface. 
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absorption coefficient 
integrated band intensity parameter 
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emittance 
wide band emittance for band i 
pressure broadening parameter 
optical depth 
optical depth at band head or center 

(as + fl)Y 
optical path length 
mean optical path length 
wavenumber 
reflectance 
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US 

wide band reflectance for band i 

scattering coefficient, Stefan-Boltzmann 
constant 
transmittance 
wide band transmittance for band i 
band width parameter 
scattering albedo [ = o/(c(, + a)]. 

Superscripts 

+ positive direction 
- negative direction. 

NOMENCLATURE Subscripts 
b blackbody 
G gas quantity 

;. 
evaluated at band i 
evaluated at the total perpendicular layer 
depth 

1 lower 

H 
wavenumber dependent quantity 
scattering quantity 

T total quantity 
U Upper 
* dimensionless quantity 

INTRODUCTION 

NUMEROUS heat transfer problems require the analysis 
of radiative transfer within a medium containing 
molecular gases and particulate. The molecular gases 

absorb and emit in a very spectrally dependent fashion 
while the particulate absorb and emit as well as scatter 
radiant energy. Both constituents have received 
considerable attention separately although a complete 
analysis of the composite medium has been lacking. 
The results of this analysis are certainly applicable to 
energy conversion systems such as furnaces, combus- 
tors and engines, in which hot combustion gases are 
accompanied by solid by-products of ash and soot. The 
radiative transfer from plumes containing metallic 
oxides, such as those trailing solid propellant rockets, 
can be determined. Additional applications include 
evaluating the heat transfer from fires and smokes, 
luminous flames and coal dust flames. The significance 
of the effect of the solids on the heat transfer is readily 
evaluated. The method of analysis is adaptable to 
evaluating the radiative transfer from any high 
temperature industrial process involving real gases and 
particulate. 

The total emittance charts by Hottel [l] are very 
useful to obtain real gas emittance values. Based on 
experimental data, the charts have been found to be 
quite accurate except in regions outside the 
experimental domain requiring extrapolation. Since 
charted results do not easily lend themselves to 
numerical computations, many models of real gas 
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emission have arisen. Some, such as the narrow band 
models [Z], maintain reasonable physical detail at the 
expense of prohibitively large computation time while 
others, such as the weighted sum of gray gases models 
[3], may attain reasonable accuracy with simple 
execution by eliminating the true detail of gaseous 
emission. A third technique, the exponential wide band 
model [4,5], maintains the spectral nature and reduces 
the necessary computation by grouping the absorption 
lines into wider bands whose shape, size and position 
are thereby represented. The gray emittance from a 
layer of pure scattering particulate has also been 
considered. Both isotropic [6] and anisotropic [7] 
scattering have been investigated. Taylor and Foster 
[S] used empirical absorption coefficients to model the 
soot emission in luminous flames by a multiple gray 
gases scheme. 

Work has also been performed on combined real gas 
and particulate emission [8-lo] although no heat 
transfer analysis has been undertaken which includes 
real gas-scattering interactions on a fundamental basis. 
Felske and Tien [9] restricted their analysis to the small 
particle Rayleigh limit of Mie theory and, although 
emission by the particulate was included, redistribution 
of radiant energy by particulate scattering was 
therefore neglected. The deviation of their analytic 
results from experimental data was attributed to the 
neglect of scattering effects. Other works have treated 
particulate similarly by adding an additional absorp- 
tion term [lo]. 

The purpose of this investigation is twofold. First, to 
determine the total hemispherical emittance from a 
complete yet simple analytical basis incorporating real 
gas effects with the exponential wide band model and 
including all scattering effects by the photon path 
length concept [ll]. In essence, Hottel’s charts are 
extended to include scattering particulate. Particular 
attention is paid to gas-scattering interactive effects. 
The second objective is to provide simple yet accurate 
charted solutions with a wide range of application, 
which allow approximate total emittance values to be 
obtained without calculation. 

ANALYSIS AND SOLUTION 

The system of interest is composed of an isothermal 
homogeneous planar layer at temperature T with 
transparent boundaries at ti = 0 and Q. Both the gas 
and particulate are assumed to have temperature T. If 
the layer is nonisothermal, it may be possible to utilize a 
wide band scaling approximation [4] although this has 
not been considered in this work. The nongray 
absorption is due to the existence of a gaseous 
constituent, either CO, or H,O in this work, and thus is 
banded. Three parameters per band, the effective 
broadening parameter qb, the integrated band intensity 
u+, and the exponential decay width w,,, are required to 
describe the gaseous absorption by the exponential 
wide band model [4] in terms of the dimensionless band 

absorption, &(K,,~, q,,). The optical depth at the head 

or center of band i is IC”~. All three parameters are 
generally functions of temperature and g, is also 
dependent on pressure. The scattering components are 
assumed to absorb and scatter energy independent of 
wavenumber and therefore are gray. Isotropic 
scattering is assumed for all scattering constituents, 

which have an optical depth denoted as ICY = (as + 0)~ 
with a scattering albedo of ws = a/(%, + o$ The effect of 
anisotropic scattering particulate can be analyzed by 
scaling ~~~ and ws as indicated in ref. 1123. The layer has 
a scattering optical thickness of ~~~ = (cc,+a)L. The 
spectral heat flux at optical depth tis, q$ (K~, Key, us, y), 

includes the spectral gaseous absorption, which is 
parameterized by y = c(,/(zs + u). 

The spectral heat flux must be integrated over all 
wavenumbers to obtain the total value. The total heat 
flux exiting the layer at K~ = 0 is 

s 

IX 

4 (0, KSL, Qs, Y) = Y; (0, tisL> us> ~1 dv. (1) 
0 

Adding and subtracting the spectral heat flux resulting 
from the particulate alone yields 

s 

Z 

4 (0, KSL> us> Y) = q,-(0, KSL, % 0) dv 
” 

_ s ,: CCL: (0, “-a_, us, 0) - 4; (0, +,L, us, 191 dv. (4 

The frst integral represents the emission from the 
particulate and is expressed in terms of the emittance 
for the scattering constituents. The second integral 
includes the banded gaseous contribution. The 
integrand goes to zero outside the banded regions and, 
assuming that the Planck function evaluated at the 
band head or center is a constant over the banded 
region, the second integral is represented as a sum over 
N bands. Equation (2) becomes [13] 

N %dT) 
= %(“SLI us) - c 7 

i=l 

X W~;E~*(KSL, US, KHLi, Vbi)r (3) 

where the total emittance is shown to have a direct 
dependence on PAL and T, since, for a given absorbing 
gas and total pressure, the wide band parameters are 
functions only of PAL and T. The term E~(K~~, ws) is the 
total hemispherical gray emittance of the particulate 
which absorbs and scatters and is given by 

1 s Ir, 

%(KSLI (4) = (TT~ 4, (0, GL> us, 0) dv. (4) 
0 

The gaseous contribution from a single band is given by 



The difference between the total heat flux with only 

gray scattering constituents and the total heat flux with 
both gray and band absorption in equation (5) can be 
expressed in terms ofthe transmittance and reflectance. 
For a boundary source problem with the medium 
having no emission, the hemispherical spectral 
reflectance and transmittance are defined in terms of 
the radiative heat flux which exits the layer at K~ = 0 

and $Ll respectively, and are denoted as 

&(KsL, ‘%Y Y) = 
4; (0, KSL, ‘%t Y) 

7&b(T) ’ (6) 

and 

~(KsL~ as, Y) = 
4: (KsLt KSL, Q’s, Y) 

%U) . 
(7) 

The optical path length concept is utilized to obtain 

Pi*(‘%., %T~HL, qb) and ri*(KsL, %,KHL,~~) [141. 

The optical path length distribution functions 

Q *(~J,K~, awSL) da, p@, whL) dl and T@, WG~) dl 
are viewed as probabilities that a photon which 
traverses an optical path length between 1 and 1+ di 
contributes to the radiative heat flux, reflectance and 
transmittance, respectively. The distributions are 
defined so that when integrated over the entire 1 
domain, they are equivalent to the radiative heat flux, 
reflectance and transmittance, respectively, in a con- 

servative medium (os = 1). The arguments w~K~( = rry) 
and c+K~~( =aL) are used since the path length 

distribution functions are results for a conservative 
medium. The radiative heat flux for a gray non- 
conservative scattering medium is expressed as 

The hemispherical spectral emittance for an isothermal 
layer at T with no boundary incidence is given by an 
energy balance as 

46(% %L>%+Y = 0) 

&v(Ks~>Ws> Y)+ P&sL>% Y)+ %(KsL~%Y) = 1. (8) 

Expressions for the total heat flux exiting the 
medium for a single wide band are also written in terms 

of the reflectance and transmittance. Termed hemi- 
spherical wide band quantities [13], expressions for 
reflectance and transmittance are defined as 

z.r 

s 

m 

e-clios-l)iQ*(~,~SKS,~SKSL) di. (13) 
0 

Defining the spectral reflectance and transmittance in 
terms of the optical path length distributions yields 

Pi*(‘%L, %,KHL,'~~) = 

s 

Cc CP"(%LT%O) 
0 

P&sL>%Y = 0) = 

s 

02 
e-clios- 'Ii P(A, o,K,,) dl, 

0 

(14) 
and 

~KsL,%, Y= 0) = 
s 

m 
e-(l’wum ‘)’ T(A, coS~SL) di., 

0 

(9) (15) 7 

and 

ri*(KsL, %KHL,V~) = 

s 

cc C4~SL~%O) 
0 

-~KsL,%Y)~ d $ 

0 

. (10) 

The hemispherical wide band emittance for an 
isothermal layer given in equation (5) is correspond- 
ingly obtained from the reflectance and transmittance 
quantities as 

sAKsL, % KHL, Vb) 

= [E,(Ks,_,Ws, O)-E,(KSL>% Y)] d ; 

0 

= -PP(KSLT %>KHL, V~)-~~*(KSLP%KHL, '7b)~ (11) 

where equations (SHlO) have been utilized. Therefore, 
equation (3) is alternately represented as 

&sL,%, T,p,L) 

N N,b(T) 
= %("s~>Q's)+ 1 7 

i=l 

Pi*(Kst., %,Ic~~t qb) 

s 

m 

zz e-(liOs- ')' P(A, CJJ,K,,)A,,(K,,~/K,,, qb) di, (17) 
0 

and 

ri*(“& %> IcHL, l]b) 

X WbiCPi*(‘%La % KHLi, qbi ) m 

+ ri*(%., %, KHLir )Ibi)l. 

= 

(12) JO 

e-(l/ws- ')' T(I, w~K~~)A~~(Ic~~~/IK~~, qb) dl, (18) 
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Exact analysis 

where P(~,w~K~~) and T(/~,w,K,,) are equivalent to 
Q-(A, 0, c+K~~) and Q’(1, coS~SL, COCKLE) divided by x, 
respectively, corresponding to a system with diffuse 
unit incident intensity at ICY = 0 and a transparent 
boundary at ICY = rcSL. Thus, with equation (8) 

%(KsL,%) = I- 

s 

02 
e~cliws~l)'[P(~,WsKSL) 

0 

+ T(&wSKSL)I dl. (16) 

The photon path length distribution functions are 
used to easily include the effect of the spectral gaseous 
absorption. Note that the absorption is viewed as a 
depletion of an existing photon path length 
contribution by an amount dependent upon the 
absorption at the specified wavenumber under 
consideration. Thus, the hemispherical wide band 
reflectance and transmittance quantities for both gray 
and spectral absorption in the medium become 
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where ~~~ is the optical depth at band head for a strictly 
gaseous layer. Closed-form representations of 
P(L, ostisJ and T(i, wstisL,) have been presented in ref. 
[ 111. Once the expression for the wide band absorption 
is chosen, the total hemispherical emittance is obtained 
by equation (12), after performing the direct 
integrations in equations (I 7) and (18) with the known 
photon path length distributions. 

The exponential wide band model as developed by 
Edwards and co-workers [4.5] is used to evaluate the 
radiative gas properties. Model parameters for carbon 
dioxide and water vapor, among others, have been 
presented [4,5]. Modak [ 151 recommended alternate 
parameters for the pure rotational band of water vapor 
with all remaining band parameters taken from 
Edwards. The alternate parameters are adopted in this 
investigation. Although Modak used the single band 

absorptance equation of Felske and Tien [16] in his 
work, the original four region expression of Edwards is 
used in this endeavor due to better comparisons with 
total gas emittance values when the original expression 
is employed with the reported parameters. 

For multi-band problems including only molecular 
gases, two methods ofdeterminin~ total gas emittance 
values are possible. A simple summation over all bands 
is feasible, although band overlap is not recognized. 
The resulting expression is [4] 

A preferable method, especially applicable to gas 
mixtures or wide-banded gases such as water vapor, is 
the block calculation procedure. Knowing the band 
absorption, a transmittance for each band is designated 
23s 

x dA,(i<,,,, q,,)i:dti,, < 0.90, (20) 

where the smaller of -co,i( hn,+, [lb) and 0.90 is taken as the 
transmittance value. The band width is defined as 

Ar, = (+UG,,, Q,):CI -~.(;.,(k.u,_, dl. (21) 

Whenever bands overlap. a new effective band is 
created with a transmittance equivalent to the product 
of the two original band transmittance values. The gas 
emittance becomes 

’ C.f(r3 l’li) -.f(T, vuj)l> (22) 

where the summation is over all gas bands, including 
the effective bands created, and vii and I’,,~ represent the 
lower and upper limit of band i, respectively, in terms of 
wavenumber. 

Recognizing that band overlap is not included in the 
calculation of sT(tisL, ws, T. P,L) by equations (12), (17) 
and (18), the block calculation method is utilized to 
determine the total emittance. Comparing equations 

(19) and (22) and substituting for Ai*(~nL,ub) in 
equations (17) and (IS), the expression for 
cr(tisL, (+,, T, P+,L) becomes 

where the summation is over all gas bands as above. 

The total emittance charts for H,O and CO, 

presented by Hottel [ 11 are very convenient and useful 
in real gas radiation calculations. The exact analysis 
presented in the previous section incorporates 
scattering into real gas radiation problems. In the same 
vein as Hottel’s charts, an approach is developed to 
include scattering in the form of charts. 

The total helllisphericai emittance of an emitting 
layer, for which the total pressure is maintained 
constant, is dependent upon four variables, those being 
the scattering opticai depth tisr, and albedo <I+, and the 
gas temperature Tand partialpressureand path length 
product P,L. To more easily understand and present 
results which span the domains of these variables, a 
correction factor, C, is adopted and expressed as 

so that 

where +(x~~, (us) is the equivalent emittance of a layer 
containing no spectral gaseous absorption but which 
has identical values of the scattering parameters, and 
co(T,PAL) is the equivalent emittance from a layer 
containing no scattering particulate but which has 
identical values of the gas parameters. The reason for 
defining C by equation (24) is appreciated by 
comparing equations (25) and (3) and noting that C, in 
effect, accounts for the detailed interaction of gaseous 
absorption and scattering. Thus. one can quickly 
determine the effect of particulate-spectral absorption 
interactions on the emittance and identify areas where 
scattering or gaseous contributions dominate. 

As will be shown in the following section, the factor 
C, as defined by equation (24), is a very useful 
parameter. It is still a function of the four variables but 
the functional dependence is very smooth. The 
scattering variables are reduced by one by using the 
combination (1 -w&. which has been suggested by 
other work [17]. The resulting charts enable accurate 
and quick evaluation of the total hemispherical 
emittance for gaseous and particulate systems. 
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FIG. 1. Total hemispherical emittance isopleths for H,O. Values increase from the indicated quantity in the 
order: 0.05, 0.1,0.2,0.3,0.4,0.5, 0.6,0.7,0.8, 0.85,0.9,0.95, 0.97. 

RESULTS AND DISCUSSIONt 

All results presented employ the block calculation 
method to determine the total and gas emittance values 
at a total pressure of 1 atm. The application of the 
results to other Pr values is discussed at the end of this 
section. The results differ from the non-block 
calculation method only for water vapor at low 
temperatures where the extremely wide rotational 
band has a large influence. Modak [lS] has indicated 
that at 300 K, 80% of the gaseous emission by water 
vapor is due to the rotational band. 

The pure gas emittance for H,O and CO, is shown in 
Appendix A as Figs. Al and A2, respectively. The 

partial pressure of the absorbing species, PA, is 
maintained at the zero limit since the emittance is 
influenced in a more complex manner by PA and Pr 
when PA is nonzero for H,O. Thus, to correlate the 
results the limit of PA + Ois taken, as has been presented 
in Hottel’s charts and others. Although the effect of 
nonzero PA is not great for CO,, the limit of PA + 0 is 
also taken for uniformity. 

t The parenthetical information for cT, Ed, and eS are not 
explicitly denoted for clarity. 

The pure scattering emittance is shown in Fig. A3 of 
Appendix A for ws # 1, since the nonabsorbing case of 
unity albedo requires E~(K~~, ws = 1) = 0. As either KS,_ 

increases or ws decreases, sS intensifies due to a rise in 
gray absorption and thus re-emission. The emittance is 
highly nonlinear with respect to large ws. 

Exact results 

The effects of the four variables upon which the total 
hemispherical emittance depends are somewhat 
complex, with a large degree of gas-scattering 
interaction. Gas effects dominate in certain regions 
while scattering effects prevail in other areas. Figures 1 
and 2 present the total hemispherical emittance as 
isopleths, or constant sr curves, over the domains 
0.1 < ws < 1.0 and 0.0 < ksL < 6.0 for the particular 
gas parameter values indicated. From Fig. 1 for low 
PAL, theeffect of Tis observed only at low temperatures 
and small sr values. By comparing the T = 300 and 
1500 K graphs maintaining constant values of the 
scattering variables, it is seen that as T increases sr 
diminishes, and a gradual shift in isopleth position 
occurs as the isopleth values become smaller. However, 
all total emittances greater than 0.95 remain unchanged 
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due to dominant scattering which eliminates the trends very similar to those of H,O. A slight drop in er 
temperature dependence. Negligible T effects are seen occurs only for the smallest scattering influence region 
for ~sr larger than 4.0. By progressing to larger P,L (small rcs,_ and large 0)s) as T increases from 300 to 1500 
values, the gas effect on the total emittance is enhanced K for low PAL. The total emittance is unchanged for 
and not only is the effect of T larger but it also occurs for those values greater than or equal to 0.2. This is to be 
all xsL presented. For T = 300 K, an augmentation ofe, compared to the value of0.95 for H,O. The values of sr 
occurs as P,Lincreases and is very large and evident at larger than 0.4 are unchanged as T increases from 1500 
all tisL due to the relatively large magnitude of co. The to 3000 K. As noted for H,O, an increase in PAL 
PAL effect diminishes at higher T values although an intensifies the T effect and for PAL = 10.0 atm m the 
increase in the total emittance is still present. The effect of Takers the emittance as it does in Fig. A2. As T 
interaction of scattering with gas emission diminishes rises from 300 to 1500 K, &r is enhanced due to the 
for both Figs. 1 and 2 as rcsr goes to zero since 8s tends maximum in the .ao curves for CO,. The total emittance 
toward zero. Total emittance or therefore approaches declines for all xsL as T further increases to 3000 K with 
ho although, even for the smallest scattering optical the effect being more pronounced at smaller or 
depth investigated (~sr = O.OOl), scattering is found to isopleths. The P,L effect follows the same trend in 
enhance the otherwise pure gaseous emission by a general as that for H,O although, at 7’ = 1500 K and 
factor of approximately 1.7 or more. This trend toward P& = 10.0 atm m, the normally competing effects of T 
eG is augmented by an increase in PAL, a decline in T and PAL now reinforce each other due to the change in 
(increasing so), or by increasing ws toward unity local T effect, yielding a large net Ed intensification. The 
(decreasing .a& magnitude of .sT at T = 3000 K and large ~sr are not 

Figure 2, the isopleth plot of E= for CO,, exhibits affected by an increase in PAL from 0.001 to 0.1 atm m, 
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Fro. 2. Total hemispherical emittance isopleths for C02. Values increase from the indicated quantity in the 
order: 0.05,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.85,0.9,0.95,0.97. 
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yet ar values rise at all xsL for larger P,L, reflecting the 
change in ao. 

The effects of the scattering variables on l.:r suggest a 
division into conservative and nonconservative cases. 
For the nonconservative case as indicated above, aT 
diminishes as ws increases due to less gray emission (~1s 
is decreasing). This gray emission by the particulate 
phase dominates the emitted energy. Increasing ~0s 
results in longer possible path lengths but lower 
magnitudes for the path length distributions. (See ref. 
[ll], noting the different definitions of optical depth.) 
The wide band absorption is a monotonically in- 
creasing function in length, which offsets the decrease in 
the path length distribution magnitudes, so that 
Pi*(Icst,j L+, xHL, vi,) and rp(~sL, os, rcnr, vi,) increase with 
increasing os. The diminution of the particulate phase 
emittance more than offsets the rise in the wide band 
emittance, resulting in a net decrease in or. 

Contrary to the total hemispherical emittance trends 
with respect to ~~~ discussed for the nonconservative 
case, ar declines as xsL rises for conservative scattering. 
The explicit exponential decay in equations (17) and 
(18) vanishes without gray absorption, and the result of 
the integration over i can be interpreted in terms of a 
mean photon path length (1) [18]. To better 
understand the discussion of the scattering-band 
absorption interaction, it is beneficial to recognize the 
us,_ dependence of the optical path length distributions. 
As lcsL increases, the quantity (i)/~s, falls for P(J., Key) 
yet increases for T(& rcsL), while the value of P(i, ICKY) 

remains on the same order of magnitude but the value 
of T&k-s,) drops greatly. [For example, the peak 
T(L, Q) value of about 2000 occurs at /z = k’sL for xSL 
= 0.001 compared to the peak T(A, rcs,J value of about 
0.02 near >. = ~~~ for icsL = 50.1 Both distributions 
decay to zero at large R, and as ~~~ increases the 
distributions broaden markedly in i [ill. Since 

<~)I%. is large at small ~~~ for P(&tis& the 
Ai*(KHLA/KSL, q,,) magnitudes within the integration 
over 1 in equation (17) are large. As it, rises, the path 
length distributions become longer and lower in 
magnitude and the product of Ai*(~uL1&L,~b) 
and P(R,+,) lessens. As ~~~ increases, the rise in 
(i.)/t~s, for T(~;,K&, and thus the augmentation of 
Ai*(KHLd/K&_,g& is more than offset by the drop 
in overall magnitude of T@,KSL). A net decrease 
in the product of T(&rc,,) and ~~(~u~~/~s~,~~) re- 
sults. At best, ~i*~~~~~~~~~, qb) may only increase at a 
linear rate with respect to its first argument, thus 

!d%L~ %P lCHL? abk TP(KSL~ w,, K"~, qb) and consequently 
&r decrease as ~~~ rises. 

The total hemispherical emittance can be less than 
thepuregasemittanceforthesame TandP,Ldueto the 
scattering path length and band absorptance 
interaction. For the conservative scattering case, the 
particulate phase only redistributes radiant energy and 
there is no emission by this phase. The increase in 
scattering optical depth to large values impedes the 
emission process of the layer. The ‘shielding’ effect is 
found to occur only for the conservative case at large 

P,L and tcsL values. The nonconservative case shows a 
marked as increase as lcs,_ rises so that a net 
enhancement in er occurs. Physically, the possibility of 
longer path lengths amplifies the amount of absorption 
in the nonconservative layer, thereby increasing the 
emittance. 

The complexities of competing scattering and 
gaseous effects on the total emittance have been 
demonstrated. To diminish the complications some- 
what and present &r in a more understandable manner, 
the parameter C as expressed in equation (24) is utilized. 
The parameter C z 1 can be thought of as the 
enhancement of gas emittance due to the presence of 
particulate, and C < 1 signifies the depletion of gas 
emittancedue to scattering.Thedependence ofCon the 
four variables lcsL, ws, Tand P,L., is shown in Appendix 
B and a discussion of the effects of the variables on the 
gas-smattering interaction is presented. It is shown that 
reasonable accuracy in the determination of the 
correction factor can be maintained by approximating 
the T effect linearly and the PAL effect logarithmically 
between appropriate values. Figures 3-6 are to be 
used in conjunction with Figs. Al-A3 to determine 
approximate values of eT graphically. 

A number of significant trends are present in Figs. 3 
and 4. Scattering emittance becomes dominant as 
(1 - wJK~,+ increases and the effects of the gas parameters 
become negligible as all curves coalesce into a single 
curve. The upper curves begin to bend toward a unity 
correction factor as (1 - c~s)~s~ approaches zero, and if 
smaller (1 -CO&~ values are examined all curves tend 
towardunity.Thescatterofdatapointsisdueto thefact 
that (I -w&+,_ is not an exact scattering length scale for 
the entire ws and us,_ domains presented 1171. 

The use of Figs. 3 and 4 requires the knowledge of T, 
P,L, w, and t+L of a layer containing either HZ0 or COz 
gas. Once the appropriate ao and es are read from Figs. 
Al-A3, the correction factor is obtained by locating 
PAL between those presented for both T = 300 and 
3000 K and performing a logarithmic interpolation in 
PAL between the appropriate C values presented. A 
linear interpolation in Tbetween the two C values just 
calculated yields the legitimate factor. The total 
emittance is thus given by equation (25). Using the 
figures provided and interpolation as indicated yields 
accuracies to within 5%. Extremely small E= values may 

yield slightly higher error percentages. Considering the 
expected accuracy of the exponential wide band model 
[S], these deviations are acceptable. For (1 - ws)~s~ 
values greater than those provided, approximating Ed 

by as is reasonable and for values of (I- oJK~~ > 5, this 
approximation is within 5%. 

The correction factor for conservative scattering, as 
displayed in Figs. 5 and 6, indicates ; ‘shielding’ (C < 1) 
occurs at large PAL and Key, high PAL eliminates any T 
effect, and C -+ 1 as xSL -+ 0. As lcsL increases from 
moderate values, the total emittance decreases as noted 
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I v T =3000, PAL= 0.100 

x T: 3000, PAL= 1,000 

FIG. 3. The correction factor C for HZ0 and nonconservatjve scattering. All references to PAL and 7’ values 
have units of atm m and K, respectively. Solid curves are a best fit approximation. 

6 1 T~3000, P,L-=lO~OO 

t 

0 T=300,P~~21000 

x T=3000, P,L=QOOl 

1 + T=3000, P41._=1.Uo0 

Ftc;,4.ThecorrectionfactorCForC@,andnonconservativescatterine;.AIlreferencestoP,Land Tvalueshave 
units of atm m and K, respectively. Solid curves are a best fit approximation. 

FIG. 5. The correction factor C for H,O and conservative scattering. All references to PAL and T values have 
units of atm m and K. respectively. 
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rT=300, P,,L= 0.001 T=3000, P,L=O.OOl-’ 

1 co*, ws = 1 

FIG. 6. The correction factor C for CO, and conservative scattering. All references to &I. and T values have 
units of atm m and K, respectively. 

in Appendix B except at low PAL and high r, where er is 
enhanced for H,O only. The use of Figs. 5 and 6 is 
identical to that described for ws # 1 with the exception 
that E~(K~~,c+ = I) = 0. Similar accuracies can be 

expected. 
The correction factor C, as presented in Figs. 3-6 for 

a total pressure of 1 atm, can be applied to situations 
which have other PT values with slight additional error. 
Calculating the total emittance for nonunity total 
pressure by equation (25), using Ed at the appropriate 
total pressure, yields results within 15% of the exact 
total emittance. The PAL and PT values tested are those 
in Hottel’s pressure correction charts for gas emittance 
[ 11, although Hottel’s pressure correction factor was 
not used. The partial pressure PA was maintained at the 
zero limit and the remaining parameters spanned the 
domains previously identified. Average errors below 
3% can be expected although extremely small total 
emittance values may yield slightly higher error 
percentages. 

CONCLUSIONS 

Total hemispherical emittance values for a medium 
containing a real gas and isotropically scattering 
particulate have been successfully determined by 
quantifying the gaseous absorption with the exponen- 
tial wide band model, and incorporating the scattering 
effects through the optical path length approach. The 
exact method of analysis has been indicated and 
demonstrated. The technique only requires explicit 
integrations of known functions to yield results which 
can be considered extensions of Hottel’s gas emittance 
charts to include scattering. An approximate graphical 
method of solution was presented utilizing the 
parameter 

C = [s&s,, %, T, PAL) - &SL, %)]/Ec( T, PAL) 

which was shown to be reasonably linear with respect 
to T and logarithmic in PAL. A wide range of parameter 
values has been covered (0.001 < PAL [atm m] < 10.0, 

300 G T[K] G 3000, 0.001 G (1 -QJK~~ d 10.0 or 
0.001 6 KsL < 6.0 for ws = l), for which an average 
error of 5”/, can be expected. Extremely small 
er(r+, us, T, PAL) values may yield slightly higher error 

percentages. 
The total emittance values have been shown to be 

affected in numerous ways as a consequence of the gas- 
scattering interactions. Some of the more significant 
observations include : 

(1) The inclusion of gray absorption by the 
particulate alters the gas-scattering interaction such 
that the ws = 1 and ws # 1 cases are signilicantly 

different. 
(2) For the conservatively scattering case, scattering 

generally enhances the gas emittance except at large K~,. 

and PAL where +(K~~, ws, T,P,L) can be less than 
so( T, PAL). As in the nonconservative case, the total 
emittance approaches pure gas emittance at large PAL. 

(3) The elfect of a decrease in ws or a rise in K~,_ yields 
an increase in total emittance because E~(K~~, us) rises 

more than +(K~~, us, tiHL, qb) diminishes. 
(4) The total emittance exhibits trends similar to 

pure gas emittance for high P,Land low Tvalues when 
(1 - w~)Ic~~ is small. 

(5) Scattering emittance dominates the total 
emittance for large ~~~ and small ws, or large (1 - w~)K~~ 

values. E~(K~~, us, T, PAL) can be approximated by 
cs(lcsL, ws) for all (1 -co~)K~~ > 5.0 for either carbon 
dioxide or water vapor with an expected error below 
5”‘. /0 
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APPENDIX A 

PURE GAS AND PURE SCATl-ERING 
EMITTANCE 

(See Figs. Al-A3.) 

APPENDIX B 

THE EFFECT OF GAS AND SCATTERING 

VARIABLES ON THE CORRECTION 
FACTOR C 

The explicit temperature dependence of C is presented in 
Figs. Bl(a) and (b). Figure Bl(a) demonstrates a number of 
interesting effects for conservative scattering. Scattering 
generally enhances the gas emittance except at large r+L and 
PAL, where the ‘shielding’ phenomenon occurs (noted by C 
< 1). The enhancement (C > 1) is amplified at low PAL since 
both sG(T, PAL) and the effective gas optical depth are small, 
so that any amount of scattering increases them significantly. 
The wide band absorptances are low at small PAL yielding 
small gas emittance values. However, the magnitude of 
A,.(K,,~/K,,,~~) can rise greatly as E. increases within the 
integrand of equations (17) and (18). An increase in Tfurther 
lowers the wide band absorptance and additionally augments 
the scattering enhancement. The crossover for low PALis due 
to the rate of increase of .4i.(~Hti/~SL, qb) relative to the decay 
rate of the path length distributions as i becomes longer. The 
integrand product of the linearly increasing ~~,(ti~,~~/~s~,~~) 
and P(& I& or T(R, rcsL) is larger for large sL as T increases. 
This is not seen for larger PAL values because the rate of 
increase of Ai.(~n&sL, qb) with I lessens toward the log or 
square root region. The correction factor is constant with 
respect to T and tends toward unity for large PAL because 
eo(T,P*L) dommates E~(K~~.c+. T,P,L) and both have the 
same T dependence. 

Figure Bl(b) presents the correction factor for the 
nonconservative case as a function of the group (1 - o)~)Q, or 
a&, since it is the appropriate approximate scattering length 
scale 1171. The scaling is valid only for the nonconservative 
case because not only are the physics ofthe ws = 1 and os # 1 
cases different, but the lower limit of the scaling does not agree 
for both cases. As (1 -ws)xsL increases, C values diminish 
toward zero for all Tsince E&.~, us) becomes more dominant. 
Similar to the conservative case discussed above, small PAL 
results retain the gaseous characteristics as indicated by the 
effect of T, while exhibiting no T effect at high PAL. There is 
little effect of PAi. on C as (1 -o+)K~~ increases toward unity. 

Ro. Al. Total hemispherical pure gas emittance for H,O. 
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FIG. A2. Total hemispherical pure gas emittance for CO*. 
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FIG. A3. Total hemispherical particulate emittance with isotropic scattering. 
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FIG. Bl(a). The effect of temperature on the correction factor C 
for conservative scattering. 

FIG. Bl(b). The effect oftemperature on the correction factor C 
for nonconservative scattering. 
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Fit. B2(a). The effect of the partial pressure and path length 
product on the correction factor Cfor conservative scattering. 

For small (1 - ~s)tis~, a reduction in PAL renders an increase in 
C until (1 -o@cSL = 1 where no PAL effect is noted. Further 
increases in the length scaie yield a decrease in C for a 
reduction in PAL. The cause of the reversal is believed to be due 
to higher orders of scattering forcing T(1, o+K~,,) to peak at /1 
values greater than us,.. which is the peak location in I for 
smaller ~cs~. The exponential decay factor plays a large role 
since the reversal is not apparent for the conservative case. A 
reasonable linear approximation for the effect of T on the 
correction factor is made, cognizant that nonlinearity occurs 
at small PAL and T. 

FIG. B2(b). The effect of the partial pressure and path length 
product on the correction factor C for nonconservative 

scattering. 

A more detailed view of the correction factor in terms of PAL 
is shown in Figs. B2(a) and (b). One new phenomenon is shown 
in Fig. B2(a) in addition to previously identified trends. At low 
PAL and high T, the smallest am occurs and the effect of ksL 
crosses, indicating how the smallest Aie(~bILl/~SL,t~b) values 
interact differently with the path length distributions. Figure 
B2(b) for the nonconservative case exhibits the trends 
previously noted for Fig. Bl(b). Logarithmic interpolation 
between appropriate PAL values is a plausible approximation, 
especially for high (1 -w&s, and PAL. 

EMITTANCES HEMISPHERIQUES TOTALES POUR CO, ET H,O INCLUANT LA 
DIFFUSION PARTICULAIRE 

Racy-Ond~termine~~mittance h~misph~rique totale~unecoucheplanecont~nant ungazs~ctral~ment 
absorbant et a diffusion isotrope particulaire. Le modile de bande exponentiel est utilise pour rep&enter 
l’absorption gazeuse tandis que le concept d’epaisseur optiqueest employepour inclure les effets de ladiffusion. 
Les valeurs d’emittance totale pour la vapeur d’eau ou le dioxyde de carbone avec des particules sont 
present&es. De nombreux effets interactifs gaz-diffusion et des effets variables sont identifies et expliques. Une 
solution technique est present&e qui fournit sans calculs Ies valeurs approchees mais assez precises de 

i’emittance totaie. 

HALBRAUMSTRAHLUNG VON CO, UND Ha0 BE1 TEILWEISER STREUUNG 

Zusammenfassung-Es wird die Gesamtemission in den Halbraum von einer ebenen Schicht untersucht, 
welche ein spektral absorbierendes Gas und isotrop streuende Partikel enthllt. Die Absorption im Gas wird 
mit dem exponentiellen Breitbandmodeli beschrieben und die Einfliisse der Streuung nach dem Konzept der 
optischen Wegliingen behandelt. Es werden die Gesamtwerte fiir die Emission von Wasserdampf und 
Kohlendioxid mit Streuung an Partikeln angegeben. Zahlreiche Wechselwirkungen zwischen Gasabsorption 
und Streuung sowie unabhingige Einfiisse werden festgestellt und erkllrt. Mit einer tabellarischen 

Liisungsmethode lassen sich nahezu genaue Gesamtemissionswerte ohne Berechnung bestimmen. 
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OI-IPEAEJIEHME CYMMAPHOI? rIOJIYC@EPWqECKOn JIYqEBCfIYCKATEJIbHOfi 
CLIOCOGHOCTM CO2 M H,O C Y’-IETOM PACCEIlHMR HA MAKPOqACTkiuAX 

.hiHOTauH~-OnpeneneHa cyk4MapHan nonyc+epe9ecras nyqeacnycKarenbHan cnoco6HocTb nnocKor0 

cnos, conepxaulero cneKTpanbH0 nornouamuufi ra3 A e30~pon~o pacceucsamuae MaKpovacTwbI. 

jY(ns 0npeAeneHm nornouleHm ra3osoii +asoii wznonbsyemzn 3KcnoweHUUanbHan wepoKononocHan 

Moaenb, a npe6nweHse AmHbI onTwecKor0 ny~H IicnonbsyeTce mm ygeTa ~++CKTOB paccenam. 

npeACTaBneHb1 CyMMapHbIC 3HaYCHEiII ny'IeUIyCKaTeJIbHOfi CIIOCO6HOCTi4 BOARHOrO IIapa Ei yrneKW 

cnoro ra38, coAepEaurux MaKpoqacTwbI. OnpeAeneHbI pa3nmHbIe 3c@eKTbI ssam4oAeZcrBGi B 

pacceeBaloueM ra3e I( AaHo Mx 06EdiCHeHHe. FIpeAc-raBneH rpa@wecKG MeToA pemeeaa. nosBonmo- 

UIUR, He nps6eraa K pacqeTaM, nonyqaTb rIpH6JIWKeHHbIe, HO BnonHe yAosnemopmenbHbre. 

3HaqeHHII CyMMapHbIX K03+&,I,HeHTOB ny'SeHCIIyCKa"HR. 


