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Abstract—A computational approach to radiative emission analysis is presented for applications where
multidimensional, absorbing, emitting, and scattering media are important and real gas contributions must
be incorporated. The mean emission length method of solving for the energy transfer is developed as an
approximate yet accurate approach to such problems. Although developed using the photon path length
method, the resulting analysis does not require knowledge of the photon path length distribution functions.
Exampies of the application of this approach for emission are included with particular emphasis upon its
utility in problems involving real gases and scattering particles. Numerical results for planar and cylindrical
media for ranges of optical depth and scattering albedo are presented, and the superior accuracy and
computational efficiency of this method as compared to other common approaches are demonstrated.

INTRODUCTION

CHARACTERISTIC lengths for radiative transfer in gen-
eral multidimensional absorbing, emitting and scat-
tering systems have been developed in a previous
study [1], and the importance of such lengths to the
general understanding of radiative transfer phenom-
ena is noted. The mean beam length and geometric
mean beam length are alternate characteristic lengths
which scale complex volumes to a single line-of-sight.
These lengths characterize emission from isothermal
gas volumes, but neither includes the influence of scat-
tering in its definition. The mean photon path lengths
in non-emitting media have been defined [2-4] to
incorporate the effects of scattering and absorption
into characteristic lengths. These definitions require
knowledge of the radiative heat flux and the derivative
of the heat flux in the absorbing and scattering (non-
emitting) medium and are quite general. However, the
reflection/transmission mean photon path length does
not characterize medium behavior when volumetric
emission is allowed. The mean emission length has
been defined to overcome this difficulty [1].

In radiative emission calculations involving real
gases, the band models used to describe the gaseous
absorption and emission typically require the speci-
fication of a path length. With the exception of the
photon path length method (described for radiation
heat transfer in planar media in ref. [2] and generalized
to multidimensional media in ref. [1]), radiative trans-
fer solutions for scattering media do not rigorously
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incorporate this path length dependence and must
approximate the non-gray gas absorption by the
definition of mean absorption coefficients for specified
spectral intervals. For lack of a better approach, the
mean absorption coefficients are usually derived using
the mean beam length as the characteristic length scale
in the scattering medium. Unfortunately, there is no
rigorous basis for this choice. Furthermore, a gray
absorption coefficient for a gas which applies over a
given spectral interval is an artifice that is not even
qualitatively valid in its modeling of gas absorption
and emission [5]. The use of the mean absorption
coefficient is also questioned by Mengiic and
Viskanta [6}] in their study of emission from mixtures
of gases and particles. Clearly, radiative transfer solu-
tions that account for the influence of scattering and
include radiative emission from real gases in a fun-
damentally correct manner are needed.

This work develops an approach for approximately
and accurately computing the radiative emission from
multidimensional, homogencous mixtures of scat-
tering components and real gases. The mean emission
length (mean photon path length for volume emis-
sion) is identified as a valid characteristic length for
such problems, and its use in solving for the energy
transfer is described. Examples of the application of
this mean emission length method are included with
particular emphasis upon its utility in problems
involving real gases and scattering particles.

MEAN EMISSION LENGTH ANALYSIS

Initially, the medium is taken to consist of an
absorbing, scattering, and emitting constituent that is
homogeneous and isothermal with temperature 7.
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dA4 differential area element at which the flux
is evaluated [m?]

dV  differential volume element [m?]

D cylinder diameter [m]

F,,  blackbody fraction

iy total blackbody intensity [Wm™2sr™']

iy spectral blackbody intensity
Wemm—2sr™']

/ photon path length [m]

{I>& mean emission length at all wave

numbers (gray medium) for volume

emitted energy arriving at d4 [m]

mean emission length at wave number v

for volume emitted energy arriving at

dA4 [m]}

L total layer depth [m]

O

L., surface area average mean beam length,
4V A, [m]

L., local mean beam length [m]

ny, normal vector to area element dA4

N number of gas bands

P phase function

g3 total flux at d4 from volume emission
[Wm ]

qx spectral flux at d4 from volume emission
[Wemm™7

r radial coordinate of the cylinder [m]

rgy  location of volume element dV

T medium temperature [K]

|4 total medium volume [m?]

y layer coordinate normal to the

boundaries [m]
axial coordinate of the cylinder [m].

3]

Greek symbols

& gas band intensity [m? g~ ' cm™']
B extinction coefficient, (a+0¢) [m™']
€ emittance

NOMENCLATURE
a absorption coefficient [m '] & band emittance
ds,, mean gas absorption coefficient for wave 1 gas band line width to spacing parameter
number interval Av [m~'] v wave number [cm ']
a, spectral absorption coefficient [m™"] v, wave number location of band center for
a,, secondary spectral absorption coefficient band i {cm™"]
[m™"] v, lower wave number limit for band i or
A area [m’] block k fcm™']
A; wide-band absorption for gas band i Yy upper wave number limit for band i or
[em™" block k [cm™']
A, total surface area of the boundary [m?]

0 gas density (kg m™?]

¢ scattering coefficient [m™']

gas transmissivity for band 7 or block &

gas optical depth based upon cylinder

diameter, a;pD/w;

Tw;  gas optical depth at band head or center
of band i

T, gasoptical depth based upon layer depth,
wpLio,

W*(/) path length function for volume emission
from the entire medium [sr]

Y(l ry,) path length function for volume
emission from the element dV [srm ]

w scattering albedo, /(¢ + o)
w; gas band width parameter
[cm~'].
Superscripts
+ positive direction

— negative direction.

Subscripts
a mean absorption coefficient value
b blackbody
c center
e emission quantity
exact exact value
g real gas property
i gas band number
k wave number block number
1

local quantity, lower

l evaluated at path length /

{I> mean emission length value

mb  mean beam length quantity

s surface quantity

u upper

wave number dependent quantity

Av evaluated at wave number interval Av.

-

The boundary is assumed to be transparent, and its
shape is arbitrary with the exception that the outer
surface cannot view itself. The absorption and scat-
tering within the medium are described by an absorp-
tion coefficient a, and scattering coefficient o, where v
denotes wave number. The medium phase function is

denoted by P,. This is the same geometrically general
medium shown in ref. [1]. In the next sections, an
expression for the emitted flux for this medium is
developed and a characteristic length for emission
defined. The introduction of a real gas is then
addressed using these fundamental analyses.
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Radiative heat flux for emission

At an area element dA, either within or on the
boundary of the medium, the radiant heat flux result-
ing from volume emitted energy from all volume
elements d¥ which reaches dA4 after absorption and
scattering in the medium with a transparent boundary
is ¢=(T, a,, o,, P,). The positive (+) and negative
(—) directions are defined relative to a defined normal
ny, at element d4. Note that the entire medium is
considered since scattering is a volumetric, rather than
line-of-sight, phenomenon. In obtaining an
expression for g, let W*(/, ry,) d/ denote the photon
path length probability distribution function for pho-
tons with travel lengths between [ and /+d/, which
have been emitted by a volumetric source dV located
atr,, and have arrived at element dA4 after traversing
the conservative medium (the medium with g, set to
zero). The photon path length distribution function
for the entire homogeneous volume ¥ * (/) is obtained
by integrating over all elemental volumes

P () = J‘Pi(l,rdy)dV. )

The internal volume sources in this case are considered
to be diffuse thermal sources of strength 4z dV. The
flux at d4 which results from volume emitted energy
that reaches d 4 in a conservative medium with sources
of strength 4na, i (T) dVis

dve = a,in(T) J% v dl 2
0

where the quantity {a,i,,(T) W*(/) d/} represents the
contribution to the emitted flux at d4 from photons
with travel lengths between / and /4 d!/. Introducing
absorption, the emitted energy flux is

Gic = a‘l}h(T)J e »PE()dL (3)
0
Noting that
(1 —e~4h) oy
T =4a,€ (4)

it is possible to rewrite equation (3) as

*© (1l —e™
g = in(T )L »i—-—él—f‘lfi(l)dl. 'S

Integrating equation (5) by parts and noting
Y (o) = 0{1], g reduces to

* av=(
G = _ivb(T)J; (1—6“"")7()&- 6

Finally, with ¥*(0) = = [1], equation (6) reduces to

o ()
ol

qic = nivb(T)+ivb(T)J e di. (D
0

This is a general expression for the emitted radiative
flux to d4. Although equation (7) can be used directly

to solve for the flux, the computations required to
define the path length function \W*(/) are prohibitive
for most practical applications. Therefore, in the fol-
lowing sections, an approximate methodology which
applies characteristic length scales is developed.

Mean emission length

The integral in equation (7) involves a quantity
useful in describing volume emission to the area
element dA by the medium. The fact that the integral
is over path length with the integrand composed of a
probability function leads naturally to the definition
of the characteristic mean length for emission using
the first moment of the integrand [1]. The mean emis-
sion length {/>Z is defined as

¢ a v

<1>i — 43*4‘_.

J’K e—a\‘l a\Pi ([)
which describes a characteristic emission length for
the volume radiating to dA. This length can also be
expressed as

-1 3¢t ¥{In[min(T)—qxl}

[q& —niw(T)] da, da,

i =
®

which is obtained by rearranging equation (7) and
applying the definition of {/>% from equation (8).
The general characteristics of this mean emission
length are presented in ref. [1], where the behavior of
{I>% in various limits and for various geometries is
discussed. For example, the value for an area ele-
ment d4 on the boundary of an optically thin medium
(6, -0, a, — 0) is the local value of the mean beam
length. It is important to note that using equation
(9) to solve for the mean emission length does not
require knowledge of the photon path length dis-
tribution function. The mean emission length can be
evaluated from derivatives of the radiative heat flux
with the heat flux determined by any method desired.

Scattering and real gas emission

To complete the development of the computational
approach, emission from a more complex medium
composed of a mixture of gray scattering constituents
and a gaseous absorber is considered. As a first step,
a secondary gaseous absorber (no scattering con-
tribution by this component) with absorption
coefficient a,, is introduced into the volume. The
medium is then taken to be composed of one gray
constituent with constant absorption coefficient «,
scattering coefficient ¢, and phase function P and a
gaseous, purely absorbing constituent with spectrally
dependent absorption coefficient a,,. In this case,
equation (6) can be rearranged to yield (a, = a+a,,)
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q\i = q\%(avg = O)—lvb(T)
* ol
x| [1—e 4] e""—(—)dl (10)
0 5]

where g5 (a,, = 0) is the contribution for the medium
without a real gas component. If the secondary con-
stituent is a real gas such as CO, or H,O and the gas
absorption is modeled with the exponential wide-band
model [5], integration over wave number introduces
the wide-band absorption A4;, defined as

A,=£ [1—e %] d[v—v,|. (11)
and /

For a gas with a single wide band, equation (10) then
becomes

(1)

d/
(12)

where only the functional dependence of A4, on path
length is explicitly denoted. In the weak band
(optically thin gas) limit, 4, is a linear function of
path length /

g& = qE (ay = 0)— L (DA

pl
Al = oty = o; (Zﬂ) = apl.
w

i

(13)

In equation (13), 1y, is the gas optical depth at band
head or center evaluated with length /, «; the band
intensity, w; the band width parameter, and p the gas
density. Introducing equation (13) into equation (12)
and applying the definition of the mean emission
length {/>%, the optically thin gas limit is obtained
as

f = gt (g = 0 J n(Dapite = 2O
(14)
or
i,p(T)
g =qi (g = G ol e
x g {a,, = 0)—mi(T)]. (15)

Replacing a0/ >F by A4,({/>F), which is strictly valid

in the optically thin gas limit, equation (15) reduces

to

i,5€T)
i(T)
x[g¢ (a,, = 0)—min(TH].  (16)

For a gas with many bands, equation (16) is easily
extended as

q& =g (a,, =0)—

\b( )
o 5000

x[gé (ayg = 0) —min(T))-

g =g (a, =

a7

If band overlap exists, the block transmissivity form of
the wide-band gas modeling is desirable [5]. Equation
(16) for a single band i is

45" = g¢ (a = 0) = {[1 =7 (KDDE)NFop m(<DE),
vui(<l>ei)’ T)}[qei (avg = O)_nlb(T)] (18)

and equation (17) for multiple bands is

qét = qei (avg =0)— {Z[l —rgk(<1>ei)]th(vlk(<l>ei),

vu(KDé), T)}[qei (@ =0)—min(T)].  (19)

In equations (18) and (19), v, and v, are the lower and
upper wave number bounds for band i or spectral
block k, Fy,, the blackbody fraction, and 7, the block
transmissivity of the gas within band i or spectral
block k.

The advantage of equations (16)—(19) is that
g (a,, > 0) is calculated very easily for an optically thin
real gas using only ¢; (a,, = 0) and (/> defined for
the gray-constituent medium. For fixed values of the
scattering coeflicient ¢, absorption coefficient a, and
phase function P, which describe the gray constituent,
the flux ¢ (a,, > 0) may be calculated approximately
for any desired condition of the gaseous constitu-
ent(s). That is, with the gray constituent fixed,
g (a,, = 0) and (/> are also fixed, and the only
variables in equations (16)-(19) are the gas band
absorption quantities, evaluated with length {/>F.

If a second-order finite difference approximation is
used in calculating the derivative in equation (9), at the
most three calculations of the gray medium flux (e.g.
g (a, a,,=0), gf(a+Aa, a,=0), and gF(a—

a,, = 0)) are necessary to define ¢ (a,, =0) and
{I>Z. By contrast, conventional methods of solving
for the flux g (a,, > 0) require the definition of mean
gas absorption coefficients d,,, for each band using
the mean beam length as the radiative length scale.
The complete solution for a problem with N bands
then requires N+ 1 flux calculations (one for each ith
band with absorption coeflicient (a+4da,,) and one
for the spectral regions outside the bands with absorp-
tion coefficient a). The mean emission length
approach requires only three flux calculations, regard-
less of the number of bands, and therefore provides
a significant computational advantage. Furthermore,
the application of the mean gas absorption coefficients
is an uncertain process, as noted in the Introduction.

Also, note that even though the formulation above
is presented in terms of the wide-band model for gase-
ous absorption and emission, narrow-band gas
models present no added complexity. The effective
bandwidth of a narrow band is a linear function of
path length in the optically thin gas limit, just as for
a wide band. Thus, with a slight change in notation,
the formulations given above are easily generalized to
incorporate narrow-band gas modeling. In this case,
the computational advantage of the mean emission
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length approach is even greater. For example, with
the hundreds of narrow bands that may require con-
sideration for a mixture of gases and gray particles,
the mean emission length approach still requires only
three evaluations of the medium flux, in contrast to the
mean absorption coefficient approach which requires
N+ 1 flux calculations (for N narrow bands).

For a medium with a non-gray particulate, the radi-
ative properties of the particles can generally be
approximated as gray over spectral intervals that are
large compared to the extent of gas bands. In this
situation, the mean emission length approach requires
three flux calculations for each spectral interval over
which the particulate is considered gray and retains
its computational advantage as long as the number of
gas bands within each gray-particle spectral interval
is greater than two.

The utility of this mean emission length formulation
would indeed be limited if only an optically thin gas
were treatable. As will be demonstrated below, equa-
tions (16)—(19) provide reasonably accurate solutions
for the flux ¢, even when the gas is optically thick.
This flexibility was previously noted in ref. [2] for
reflection and transmission problems involving scat-
tering media with real gases.

RESULTS

In order to demonstrate the use and accuracy of
equations (16)—(19), the radiant flux is computed at
the boundary of media containing isotropically scat-
tering gray particles (characterized by a,6,and P = 1)
and a real gas with a single wide band i. So that the
accuracy of the mean emission length approach may
be judged, exact flux values are also calculated.
Finally, to demonstrate the relative accuracy of the
approximate mean absorption coefficient approach,
flux calculations obtained via this method are also
given.

Band emittance expressions

An approximate comparison between these three
sets of results which isolates that element of the flux
calculation that is most sensitive to the modeling
differences is based on a band emittance quantity &,
for a boundary element dA4. This band emittance is
plotted in the figures which follow and is defined as

_ 49 —4c (ap = 0)

b = win(T) (20)

The positive (+) normal vector at d4 is directed out of
the medium. Because the mean absorption coefficient
approach requires the construction of a gray band
with well-defined wave number bounds, the block
transmissivity form of the wide-band gas modeling is
employed. For a single wide band i, the exact band
emittance is developed from equation (10) using a
procedure similar to that used in developing the mean
emission length result in equation (18). This yields

R
Ep.exact — TJ; {[1 _Tgi(l)]be(vli(l)’ vui(l)s T)}

e —al __

v ()

2l dl. 2D
This equation is solved by numerically simulating the
photon path length function — ¥ * (/)/6/ using Monte
Carlo in the conservative medium with a transparent
boundary [1].

The comparable mean emission length result is
obtained from equation (18) as

ey = — {1 =KD
X Fop I8, v, T)}

1
x[gd (@, = 0)*7Tib(T)]m (22)
or
Ey,1y = "{[] _Tgi(<l>e+)]
X Fop (KD, v, T e(@ — 11 (23)

where &(a) is the gray-medium emittance (not band
emittance) for absorption coefficient a, scattering
coefficient ¢, and phase function P

4c (a,, = 0)
ela) = (1) (24)
The comparable mean absorption coefficient result is
obtained by spectrally integrating equation (10) to
obtain the total emitted flux ¢} at a boundary location
dA. However, rather than introduce the wide-band
absorption A4, for the gas band, an approximate mean
absorption coefficient d,,, is defined for the spectral

band, v, to v,;, as

qJ=qJ(avg=0)—L U iw(T)

s ()]
ol

x (1 —e ey dv:| e dl. (25

The band emittance &,;, obtained using the mean

absorption coefficient, is then

47 —4¢ @, =0 -1

oz = wi,(T) T

N I AU Py _a 0¥ ()
xJ:) [J; (T (1—e A)dv:le 2l = dlL

(26)

Since d,,,, is constant, the factor (1 —e %) can be
removed from the spectral integration, giving

-1
&5 = Fpo(Viis Vs T) <'n )

« _ ot
XJ (1—e %y e ) dl (27
0 dl
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or

—1 6‘1’* (
&va = Fon (Vi Vi T) [”J € (ﬁf) d/
0

| oW (/
+J et ¢ ”dl] 28)
0

e

Considering equation (7) and equation (24), note that
the emittance (not band emittance) of a gray medium
with absorption coefficient a can be written as

+ 17wty
@)=L~ J Dy,
0

i, (T) m ol 29)

Then, adding and subtracting unity within the brack-
ets in equation (28) yields

ey = Fop(vipn v T)

| ovr
+ [1 + = J e Tapp —,@ d/}} (30)
T Jo ol

(€2))

or

&g = Fop (Vi Vi Te(a+ ¢7Ar,g) —e&(a)]

where &(a) is defined by equation (29) and e(a+dj,,)
is the gray medium cmittance for absorption
coefficient (a+d,,,). The remaining medium prop-
erties, scattering coefficient o and phase function P,
are unchanged.

Equation (31) is therefore used to evaluate the band
emittance under the approximation of the mean
absorption coefficient. However, da, ., vy, and v,; must
first be properly defined for gas band i. To ensure the
greatest measure of consistency between this cal-
culation and that of the mean emission length, the
block transmissivity form of the wide-band gas model-
ing [5] is applied. To define d,,,, the block (or band)
transmissivity t,; for block / is evaluated using
Edwards’ relations with the corrected mean beam
length (0.9L,,,) used as the medium length scale (i.e.
with ty; as the gas optical depth at band head or center
for band i evaluated with length 0.9 L,..). @a,, is then
approximated by writing t,; as

Ty = €XP (—d4.00.9 Loyy). (32)

Thus, a,,, is calculated as

In (7). (33)

—1

e =09L,,
The block or band limits, v,, and v,;, are computed
using the appropriate expressions from Edwards for
a centered band at v, where the wave number interval
Av; also incorporates 0.9 L., as the characteristic
length scale. Thus, the quantities needed for the evalu-
ation of the band emittance in equation (31) are
defined.
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Comparisons

Equations (21), (23), and (31) define the band
emittance &, for the three approaches: exact, mean
cmission length, and mean absorption coefficient. In
the results to follow, &, ... is computed by numerically
simulating the photon path length function
—o¥*(/)/ol via Monte Carlo. ¢, and &, require
calculations of the emittance ¢ of a gray medium
&, requires &(a) and ela+da,,) while &, ., requires
&(a), at least. &, also nceds the mean emission
length {/>;, which could be defined using &(a+ Aa)
and g(a—Aa) as part of a finite difference approxi-
mation to the derivative in equation (9). Instead, since
the exact solution produces the path length function
— ¥ *(l)/él directly, (/> is computed using the in-
tegral expression of equation (8) and is defined for
the gray medium with properties «, 6, and P.

With &, cyucr En¢ry» and &, ; described, representative
calculations for planar and cylindrical media with
transparent boundaries are provided in Figs. 1-7. As
stated previously, the constituents are an isotropically
scattering gray particulate (a, o, P = 1) and a real gas
with a single wide band. The band width parameter
w; is fixed at 50 cm~', the line width to spacing par-
ameter #, is fixed at 2, the temperature is 1000 K, the
total pressure is | atm, and the gas band is the 2.7 yum
CO, band. Results for the layer are given in Figs. 1
and 2, where ¢, is plotted vs layer gas optical depth
Tne 5 results for the cylinder with aspect ratio LjD = 3

10!
w.ﬂ
g 10-2J w=1.0
£
% Layer
E ®=05 BL=05
£ 103
=
mean emission length result
mean absorption coefficient result
104 ~®— exactresult
0? 10?10 10° w0' w: 10® w0
Layer Gas Optical Depth, T
Fi1G. 1. Comparison of band emitiances for a layer with
particle optical depth gL = 0.5.
mean emission length result
mean absorption coefficient result
m.ﬁ
g
&
k-]
E
=
]
5
-]

10° 107 107 10° 10" w0w? w® w0
Layer Gas Optical Depth, TaL

FiG. 2. Comparison of band emittances for a layer with
particle optical depth R7. = 5.0.
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r-]

w

g 102

& w=10

g D=3

3 /D =00,pD =035

g 10 =05

K] 4
——%--  mean emission length result
---®--  mean absorption coefficient result

104 ——e— exact result
- ol - . r A .
10?7 1 10t 10° w' 10® 10’ w0
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101
--4-- meanemission lengthresult o pmee
-=~®-=  mean absorption coefficient result g zz28=C pm
—*— exactresult P
& 2 T
& 102 ©=10 v P s
2 e
g ®=09 P
g P =
= =05
=
£ 103
“ LD=3
/D =00,pD =50
104 o - - o r -~
- E B 3 4
10 107 w0t 1w’ w' 1w w0’ 1w

Diametrical Gas Optical Depth, Tup

F1G. 3(a). Comparison of band emittances at radial location
r/D = 0.0 of a cylinder (aspect ratio L/D = 3) with particle
optical depth D = 0.5.

101
s 1 £
w
s 102
2
2
g ®=05
E 03 /D =0.375, BD = 0.5
E J
mean emission length result
mean absorption coefficient result
104 ——*— exactresult
E ST I NP R 4
10 10 10 10 10 10 10 10

Diametrical Gas Optical Depth, up

F1G. 3(b). Comparison of band emittances at radial location
r/D = 0.375 of a cylinder (aspect ratio L/D = 3) with particle
optical depth $D = 0.5.

(L is the axial length and D the diameter) are given
in Figs. 3-7, where ¢, is plotted vs diametrical gas
optical depth 7y ,. The particle properties investigated
are extinction optical depths SL of 0.5 and 5.0 for the
layer and gD of 0.5 and 5.0 for the cylinder. The
scattering albedo w is fixed at 0.5, 0.9, and 1.0;
in some cases, the w =09 data is disregarded
since its inclusion would make the plotted lines
indistinguishable.

In each figure, a single value of particle optical
depth is investigated, and the plotted values of &, .t
&.<1y> and g, ; generally group together for each value
of albedo. Figures 1 and 2 are plots of band emittance
for the layer with particle extinction optical depths of
0.5 and 5.0, respectively. Figures 3—6 each involve a
pair of figures which compare ‘corner’ and ‘center’
locations on the L/D = 3 cylinder for a single value
of particle optical depth. Corner locations are taken
to mean the locations r/D = 0.375 and z/D = 0.05
while center locations are /D = 0.0 (the base center)
and z/D = 1.5 (the side center). Each of Figs. 3—6 then
compares either the base corner to base center or side
corner to side center for a particular value of particle
optical depth. Figure 7 is a plot of band emittance for
a particle optical depth of 5.0 and a location
z/D = 0.375 on the cylinder’s side (between z/D =
0.05 and L.5).

Diametrical Gas Optical Depth, Tup
Fi1G. 4(a). Comparison of band emittances at radial location

r/D = 0.0 of a cylinder (aspect ratio L/D = 3) with particle
optical depth D = 5.0.

10t

= =%== mean emission length result
--=*=="  mean absorption coefficient result -
[—*— exactresult o i e
el 0=10\ AT e
- 102 N T YT
g “
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E
= 0=05
£ 103
5
1/D=0375,pD =50
10+ r ' . r vy .
10 1?2 ' 10® 10' 10® 10 w0’

Diametrical Gas Optical Depth, L

F1G. 4(b). Comparison of band emittances at radial location
r/D = 0.375 of a cylinder (aspect ratio L/D = 3) with particle
optical depth D = 5.0.

For each plotted value of ¢,, the Monte Carlo solu-
tions for &peqgq, &(a), e(a+da,,), and (DS each
entailed five iterations of 10000 bundles. As a general
rule, the 99% confidence intervals for the computed
quantities are less than about +4.25% of the com-
puted average values, in the worst case, and are typi-
cally less than +1%.

Considering Figs. 1-7, it is apparent that the general
trend is for the mean emission length approach to
provide better accuracy than the mean absorption
coefficient method at both small (linear gas absorption
regime) and large (logarithmic gas absorption regime)
gas optical depths. In fact, in the limit of 7, or 7y,
approaching zero, the mean emission length results
are exact. At intermediate values of gas optical depth
(approximately 1-10), the two approaches are of com-
parable accuracy—the mean emission length result
is generally more accurate yet the mean absorption
coefficient result is more accurate in some instances.

Other trends are also apparent. Greater differences
between &, ., and &,, generally occur as fL or §D
increases (compare L or fD = 0.5 results to those of
BL or pD = 5.0 for each location) and as w decreases,
with the mean emission length results typically being
more accurate. Also, comparing the band emittances
&,¢» and g, for corner and center locations for a
single value of particle optical depth (i.e. compare Fig.
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3(a) to 3(b), 4(a) to 4(b), etc.) greater differences
clearly exist in the corners. These trends are explain-
able considering the values of the mean emission
length in these instances. The plotted values of
{I>F /Ly, for the L/D = 3 cylinder in ref. [1] demon-
strate analogous trends. That is, the differences between
>} and L, are most evident as fD becomes large,
as w becomes small, and as the corner of the cylinder
is approached. This demonstrates that the effect of
the participating medium and the multidimensional
nature of the energy transfer to the cylinder’s bound-
ary are of paramount importance in determining the
proper characteristic length in the medium. Therefore,
the mean absorption coefficient approach, which uses
L., as the medium’s length scale, predicts the band
emittance g, poorly under precisely those conditions
where (/> and L, differ the most. Figure 7, which
applies for an intermediate location (z/D = 0.375) on
the cylinder’s side, shows trends very similar to those
in Fig. 6(b), which applies for the same particle opticat
depth (8D = 5.0) but at the side center location
(z/D = 1.5). Analogously, the values of {/>) /L.,
from ref. [1] at these locations are not significantly
different for D = 5.0, at least for w = 0.5 and 0.9.
Thus, the fact that the characteristic length {/)7
changes little between the two locations is reflected in
the similarity of the band emittance results.
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FiG. 7. Comparison of band emittances at axial location
z{D = 0.375 of a cylinder (aspect ratio L/D = 3) with particle
optical depth D = 5.0.

All of the plotted results are for fixed values of the
band parameters #; and ®; (1, = 2, w; = 50 ¢cm "), fixed
temperature (7 = 1000 K), fixed band position (2.7
pum CO, band), and fixed cylinder aspect ratio
(L/D = 3). In order to test if the trends noted in
discussing Figs. 1-7 are extendable to other medium
conditions, further comparisons between &, e 8o.cr5»
and g,; were performed for varying values of #,, w,,
T, band position, and cylinder aspect ratio. For all
cases tested, the trend of &, ., being more accurate at
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both small and large gas optical depth 1, remained
valid. At intermediate values of 7y, &, ¢, and &, ; were
again of comparable accuracy, with the mean emission
length approach showing its greatest percent error in
this region.

CONCLUSIONS

A photon path length formulation has been pre-
sented for the evaluation of the emitted flux to an area
element within or on the boundary of an arbitrarily
shaped, homogeneous, absorbing, emitting, and scat-
tering medium. With this formulation and the intro-
duction of the mean emission length (a meaningful
characteristic length for emission in a scattering
medium), an approximate yet accurate approach for
computing the emission from a medium containing
scattering particles and a real gas is developed.
Although the photon path length approach is used in
the formulation, the resulting method may be used
without knowledge of the path length distribution
function. An example of how the mean emission
length approach may be applied to radiation problems
with a generic secondary absorber is provided, along
with specific calculations for emission from scattering
media containing a real gas. It is shown that the mean
emission length constitutes a radiative length scale

that is applicable over a wide range of gas optical
depths. The mean emission length approach to radi-
ative emission calculations involving real gases gen-
erally provides superior accuracy and computational
efficiency, compared to results obtained using mean
gas absorption coefficients.
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APPROCHE PAR LA LONGUEUR D’EMISSION MOYENNE POUR LE TRANSFERT
RADIATIF AVEC DIFFUSION ET ABSORPTION DES GAZ REELS

Résumé—On présente une approche numérique de I’analyse de I'émission radiative pour les applications
ot les milieux multidimensionnels, absorbants, émettants et diffusants sont importants et ou les con-
tributions des gaz réels peuvent étre incluses. La méthode de la longueur d’émission moyenne est développée
pour résoudre le transfert d’énergie, comme étant une approche précise de ces problémes. Bien qu’utilisant
la méthode de la longueur de parcours du photon, I'analyse choisie ne nécéssite pas la connaissance des
fonctions de distribution des longueurs de parcours des photons. Des exemples d’application de cette
approche pour I’émission sont inclus avec une attention particuliére sur son utilité dans les problémes
concernant les gaz réels et les particules diffusantes. Des résultats numériques pour des milieux plans et
cylindriques et plusieurs domaines d’épaisseurs optiques et d’albedos sont présentés et la précision élevée
et I'efficacité des calculs de cette méthode comparées a celles d’autres approches connues sont démontrées.

ANWENDUNG DES VERFAHRENS DER MITTLEREN EMISSIONSLANGE AUF DEN
MEHRDIMENSIONALEN STRAHLUNGSAUSTAUSCH UNTER BERUCKSICHTIGUNG VON
STREUUNG UND ABSORPTION IM REALEN GAS

Zusammenfassung—Die Emission von Strahlung wird mit Rechnerunterstiitzung fir mehrdimensionale
absorbierende emittierende und streuende Medien fiir solche Fille untersucht, bei denen die Realgas-
Beitrage beriicksichtigt werden miissen. Es wird ein Verfahren zur Losung des Energietransport-Problems
aufgrund mittlerer Emissionsldngen entwickelt, das eine Ndherungsmethode fiir solche Probleme darstellt
und trotzdem genau ist. Obwohl das Verfahren unter Verwendung der Photonenpfadldngen-Methode
entwickelt wurde, ist fiir die daraus folgende Analyse keine Kenntnis der Verteilungsfunktion der
Photonenpfadlinge erforderlich. Es werden Beispicle fiir die Anwendung dieses Ansatzes fiir die
Emission vorgestellt, wobei besonderer Wert auf seine Nitzlichkeit bei der Losung von Problemen mit
realen Gasen und streuenden Partikeln gelegt wird. Numerische Ergebnisse fiir ebene und zylindrisch
angeordnete Medien werden in einem Bereich der optischen Dicke und des Streualbedo vorgestellt. Dabei
wird insbesondere die hohe Genauigkeit und die Effizienz der Berechnungen mit diesem Verfahren
im Vergleich zu anderen iiblichen Rechenmethoden demonstriert.
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WICTTOJIL30BAHUE METOJA CPEAHEN JJIMHBI UJIYUEHUSA A1 ONPEJEIEHUA
MHOTOMEPHOTO JIYYUCTOI'O IMEPEHOCA C YYETOM PACCESIHHUA U
TMOTJIOIMEHUA PEAJIBHOI'O T'A3A

Annotamms—IIpencrasnen MeTo pacyera mpouecca H3JIy4eHHs B MHOI'OMEPHBIX TIOTJIOIIAIOIIHX, H3JTY-
HAKOLIMX M PACCEMBAIOLIMX CPeax ¢ YYeTOM CBOMCTB peasbHOro rasa. Paspaboran npuOamXeHHbIH, HO
JMOCTATOYHO TOYHBIA METOX CpefHel MIMHBI H3JIyMeHHs INS pellileHus 3aJauy nepeHoca sHepruu. Hec-
MOTPA Ha TO, YTO aHAJIM3 OCHOBAaH Ha METOJIe /UIMHbI npobera GoOTOHa, A1 Hero He TpebyeTcs 3HaHMS
¢dbyHKIMA pacnpeneseHus 3Tod AnnHBL JlaroTcs mpHMeEpBl HCNOJIB30OBAaHHA MPEAI0XKEHHOTO MOAX0Aa K
ONpefeNeHHIO H3NyYeHHs, NpHYeM 0coboe BHHMaHHE YAEJAETCH 3ajavaM, BKJIIOYAIOLIMM pealibHbIC
ra3sl ¥ paccenBarouine JacThibl [IpencTaBieHbl YHC/IEHHBIE PE3YJIbTATHI A CPEl MIOCKHX H IMIMHI-
puyeckux 00bEMOB B MCCIelyeMbIX HHana3oHax ONTHYecKol rnyOHHBI M anbbeno paccesHusd, U mpoje-
MOHCTpUpOBaHa 0oJiee BBICOKasE TOYHOCTE M 3QQEeKTHBHOCTD PpAacCYeTOB C HCHOJIB30OBaHHAEM
NpeASIONEHHOTO METOAA TIO CPABHEHHUIO € [IPYTHMH MOAXOAAMH.



