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Comparison of Spectral Models in
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Transfer in Participating Media
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Accurate combustion models are necessary to preaticong other effects, the production
of pollutant gases and the heat transfer. As arpigmt part of the combustion modeling,
thermal radiation is often the dominant heat tramshechanism, involving absorption and
emission from soot and participating gases, suchvater vapor and carbon dioxides. If
the radiative heat transfer is not accurately prdd, the solution can lead to poor
prediction of the temperature field and of the fatibn and distribution of the gases and
soot. The modeling of the absorption coefficierthefgases is a very complex task due to
its highly irregular dependence on the wavenumk®r.the other hand, the absorption
coefficient of the soot is known to behave linearith the wavenumber, allowing for a
simpler approach. Depending on the amount of gbetmore sophisticated and expensive
gas models can be replaced by simpler ones, wittmngiderable loss of accuracy. In this
study, the radiative heat transfer for a medium posed of water vapor, carbon dioxide
and soot is computed with the gray gas (GG), theghted-sum-of-gray-gases model
(WSGG), and the cumulative wavenumber (CW) modéls. results are compared to
benchmark line-by-line (LBL) calculations.
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Introduction

The energy necessary to sustain the energy demamd f
industry and society is provided mostly by the caosilwn of
hydrocarbons. However, environmental concerns thighpollution
of gases emitted during the process require thatteehniques are
developed to control and reduce the levels of pioliu As such,
accurate modeling of the soot formed in the proégsmportant,
because it strongly affects the temperature field, an turn, the
concentration of emitted gases, which is highlyeshgfent on the
temperature. In radiative heat transfer, emisstomfsoot can be
dominant, so the absorption and the emission floerparticipating
gases, such as water vapor and carbon dioxide, maaylay an
important role when soot is present in a sufficembunt.

In the last few years, there has been a growinytetd predict
the soot formation in combustion process. The magéchanisms of
soot life are the nucleation, surface growth, ag@mtion, and
oxidation. Moss et al. (1988) proposed a model dase the
premise that the soot reaction rates could be Bpédn terms of the
mixture fraction. Experiments demonstrated that #cetylene is
responsible for the surface growth and that thgqyalic aromatic
hydrocarbons (PAH) initiate the soot nucleationeTdxidation is
performed mainly by the OH particles, but, @olecules are
important in this process and have to be considdfatiweather et
al. (1992) subsequently proposed a simplified tgoation model
for soot, where their model contains rate processhfe nucleation,
surface growth, agglomeration and oxidation. Experits made by
Sunderland et al. (1995) showed that the parameisesl by
Fairweather et al. (1992) are overestimated, whalld result in a
serious mistake in the amount of smoke producedhieyflame.
Wang et al. (2005) applied two radiation modelsato oxygen-
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enriched, propane-fueled, turbulent, non-premixed fiame. The
results showed that soot and spectrally radiatagtghase species
were distributed separately in the flame, and gegregation of
radiating media strongly affected the radiative thiéax, flame
structure and flame temperature. A numerical stofdgombustion
in a liquid rocket engine was performed by Byun &zek (2007).
The simulation considered spray combustion at pdleds in the
rocket engine with a non-gray finite-volume radiatimodel to
investigate the radiation effect in turbulent comstimn conditions,
adding the soot formation and its effect on thaatzmh and flow
field. Liu et al. (2004) studied the effects of iettbn and the
individual influence of gas and soot radiation @otsformation in
counterflow GH,SF diffusion flames by comparing the numerical
results against available experimental data inliteeature. On the
other hand, gas models have been developed sircel360's,
although the problem to compute radiation in gas®s hardly be
described as well as understood due to the highldgnptex
dependence of the absorption coefficient of gaset#h whe
wavenumber spectrum. A discussion of the statehefart of gas
modeling can be found in Galarca et al. (2011).

Soot emits a considerable amount of radiation imgarison to
water vapor and carbon dioxide, and changes thepdmture
distribution, the concentration and formation dfchlemical species
involved in the process. This justifies the impoo@a of an accurate
modeling of radiation in media composed of soot padicipating
gases. In this work, it is analyzed the use ofedéfit gas models to
compute the radiative heat transfer in a mediumposed of water
vapor, carbon dioxide and soot. Three gas modelscansidered:
gray gas (GG), weighted-sum-of-gray-gas (WSGG) anmdulative
wavenumber (CW). The main goal is to evaluate Hosvradiation
models behave with a mixture of gases and sootsidering
different amounts of soot in the medium. The resate compared
with the line-by-line spectral integration of thebsarption
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coefficient, which can be considered the benchnsatlition. The
spectral data for water vapor, carbon dioxide avat & obtained
either from commonly employed engineering correfadi or from
detailed spectral database.

Nomenclature

a  =]j-th gray gas corresponding blackbody weight,
dimensionless

b, = polynomial coefficients of the WSGG model, urits vary
C  =absorption cross-section,¥molecule
D; =fractional gray gas, cm

E, = blackbody total emissive power, W/m

E,, = blackbody spectral emissive power, WArm)
= soot volumetric fraction, dimensionless

= Heaviside step-function, dimensionless

= wavenumber interval, ¢ih

= total radiative intensity, W/

spectral radiative intensity, W/fneni?)
fractional gray gas intensity, W/m

vector normal to the surface element, dimensissl
molecular density, moleculeim

pressure, N/f

gr = radiative heat flux, Wi

dr = radiative heat source, Wfn

et s

-

uz>s

max(qR) = maximum radiative heat source, W/m
= number of species, dimensionless

=

s = distance traveled by the radiation intensity, m

s = vector in the direction of the radiation intetysi
dimensionless

S =integrated intensity of line i, in (molecule &t

T  =temperature, K

u; = function of the cumulative wavenumber method,
dimensionless

vj = function of the cumulative wavenumber method,
dimensionless

w = cumulative wavenumber function, dimensionless

X = position, m

Y = molar fraction, dimensionless

Greek Symbols

y = half-width, cm'/atm

o =error, %

4 =wavenumber interval, ch

¢ = surface emissivity, dimensionless

7 =wavenumber, cth

K = absorption coefficient, th

k' =absorption coefficient per unit of partial press, m* atm*

7 = optical thickness, dimensionless

Q =solid angle, sr

Subscripts

air = relative to air

avg = relative to the average value

b  =relative to blackbody

g = relative to any gas

i = relative to a spectral line i

j = relative to j-th partial gray gas

max = relative to the maximum value

ref = relative to the reference temperature

S = relative to soot
self = relative to self-broadening
w = relative to wall surface

The Absor ption Coefficient of Participating Gases and Soot

The absorption coefficient of participating gase&nown by its
strongly irregular variation with the wavenumberccarding to
Siegel and Howell (2002), for engineering applicas, the
absorption coefficient of the gases, can be obtained with the
Lorentz collision profile, given by:

» = NG, —NZS* = qyi y )

wherey is the wavenumbel is the molar density of the absorbing
species,C, is the absorption cross-sectio§, is the integrated
intensity of linei, #; is the line location, ang; is the half-width
given by:

N T \05
1% :(%] YVseltj +(%) @=Y Wi, 2

where Y is the molar fraction of the absorbing speci€ss the
temperaturey.e is the self-broadeningy,;, is the air broadening
half-width.

The parameters required to obtain the spectralrptisp cross-
section can be obtained from databases such as ANTEnd
HITEMP. For water vapor and carbon dioxide at Higimperatures,
the most appropriate database is the HITEMP, wisicbtained for
temperatures of 1000 and 1500 K. This means theapoiation of
the temperature for higher values will be more eateu when
compared to extrapolation with data from HITRAN, igh is
obtained for a temperature of 296 K. Figure 1 shthwesabsorption
coefficient for 10% HO at 2000 K, depicting its characteristically
complex dependence on the wavenumber. It shouttbberved that
the figure presents only a narrow interval of wawaber,
4000 cmt < 77 < 4020 crit. The entire wavenumber spectrum is
formed by thousands of spectral lines, so thasfestral integration
of the radiative transfer requires models to ob&ntutions with a
reasonable computational effort.

T T T T T T T

0 3

Absorption coefficient, cm’”

4004 4008 4012 4016 4020

Wavenumber, cm™

Figure 1. Absorption Coefficient of 10% H,O at 2000 K (From HITEMP
database 2008).

On the other hand, experiments have demonstratad thie
variation of the absorption coefficient of soottwthe wavenumber
can be approximated by a linear relation. One etiwn relation
was proposed in Hottel and Sarofim (1967):
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Ky =711 (3)

Equation (3) conveys that the dependence of therptisn
coefficient with soot volumetric fractior,, is much less complex
than the behavior depicted in Fig. 1. Moreover,newe small
quantities, soot radiation can be dominant overrdukation from
gases, so one question that arises is: how acalwatethe modeling
of the participating gases need to be when thel tatdiation
involves also the contribution of soot? Answerihgstquestion is
the main goal of this paper.

Radiation Heat Transfer M odeling
The radiative transfer equation (RTE) for non-ssatg media

is given by:

dl

ds

n__
=—Kply

(4)

+/(,7Ib,7

where |, is the spectral radiation intensitg, is the distance
traveled by the radiation ant,, is the spectral intensity of
radiation from a blackbody. In the right-hand siofethe above
equation, the first and second terms corresporgheively, to
the increase and decrease of the spectral radiattensity due to
absorption and emission in the medium. It shoulchbtced that
the above equation neglects scattering of theridiation, since
scattering from soot is negligible in comparisonitoabsorption
and emission. Participating gases such as watesrvapd carbon
dioxide do not scatter. Equation (4) is subjectedhte boundary
conditions at the walls:

lwy = Ewlpwy + (5)

E=2) 1 ngen

whereeg,, is the emissivity of a diffuse gray surface,is the solid
angle,n is the vector normal to the surface (outward) and is the
cosine of the angle between any incoming directoand the
surface normal. In the right-hand side of Eq. (8, first and second
terms correspond, respectively, to emission andeatidn of
radiation from the surface element.

The solution of Eq. (4) to determine the radiatiwat transfer
requires integration in the space and the specthurthis study, the
spatial integration will be carried out by the dete ordinates
method. The spectral integration will be performeéth the gray gas
(GG), the weighted-sum-of-gray-gases (WSGG), arcctimulative
wavenumber (CW) models. These three models wittdyapared to
the line-by-line (LBL) integration, in which Eq. X4s integrated in
every spectral line. Since the LBL integration iwes no
approximation in the spectral integration, it cas donsidered the
benchmark for comparison.

Gray GasMode

Several modern studies, especially in three-dinoerasi or
combined mode problems, still consider the gas eogtay, for
which the absorption coefficient is independenthaf wavenumber.
The integration of the RTE with the gray gas madelds:

ﬂ=_KI +Klb
ds

(6)
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In solving the above equation, the absorption dcdefit of the
mixture is computed by the sum of the absorpticeffcents of the
gas and the soot phases:

K =Kp,0tKco, *Ks Q)

In this study, the gray gas absorption coefficigbtsH,O and
CO, are correlated by Barlow et al. (2001), while theay
absorption coefficient for the soot is calculatesl suggested by
Atreya and Agrawal (1998). The correlations areetisin Table 1.
For H,O and CQ, the absorption coefficients are computed by
kg = K'gPg, Wherex'y is given in Table 1P is the partial pressure of
the gas, and the indgxrepresents eitherJ® or CQ.

Table 1. Curve fits for the absorption coefficient used in the gray gas model.

Species Absorption Coefficient
5
Ky =Y c(1000/T) in mtatnt*
i=0
G H,O Cco
HO | ¢, -0.23093 18.741
and
co, G 1.1239 -121.31
C 9.4153 2735
Cs -2.9988 -194.05
Cs 0.51382 56.31
cs | -1.8684x1C0 -5.8169
Soot ks = 1186,T in m*

The Weighted-Sum-of-Gray-Gases (WSGG) M odel

The integration of the RTE, Eq. (4), with the WS@@del
leads to:

d_SJ:_Kjlj+Kjajlb (8)
in which x4 and g corresponds, respectively, to the absorption
coefficient and the weighting factor for théh gray gas. Equation (8)
is subjected to the following boundary condition:

lj = aj(Tw)1(Tw) )
where the weighting factor for thi¢h gray gas is given by:
IA Ev (T,l])dl]
aj =" (10)

Ey(T)

In the above equatiof,, andE, are, respectively, the spectral
and the total blackbody emissive power, computethatmedium
temperature. Finally, the total intensity fbr gray gases can be
found by summing the intensities associated witthegay gas:

N
| =Z|j 11)
j=1
ABCM
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The WSGG model is frequently used with the coriefet where the dimension ¢fis mxn.
proposed by Smith et al. (1982, 1987) for the mixtof gases and
Soot. AIthough these correlations have been praodak outda}ted, The Cumulative Wavenumber M odel
as discussed in Galarga et al. (2008), they coatiale extensively
employed in engineering analysis, and were chosepetused in In this model, the entire spectral range of theogitson cross-
this work to illustrate how they compare to solnowith modern section is divided into several gray gases and mdezreasing
gas data. The correlations are listed in Tabler2afgas mixture function, called the cumulative wavenumber functienwhich is
with a molar ratio of 2:1 between water vapor aatbon dioxide. defined as:
The local absorption coefficient of the¢h gray gas is obtained by
the product between the modeled coefficieptand the total partial

CyJan

(16)

pressure of water vapor and carbon dioxiBgg, + Pyyo. The
temperature dependent weights are approximated bgukic
polynomial function, given by:

4
— i-1
=D by T
i=1

(12)

in which by is the polynomial coefficient obtained in Table 2,

wherem andn are labels for gray gas and soot, respectively.

Coefficients of the WSGG model for gas mixtures, and for the soot. Source:
Smith et al., 1982 and 1987.

MiXtUre, R—iZO’PC02=
m | Kom | bojax10" | g x1C° bg,,-,3><2107 bg,stlo11
(it (K) (K (K9
1 0.4201 6.508 -5.551 3.029 -5.35%
2 6.516 -0.2504 6.112 -3.882 6.528
3 131.9 2.718 -3.118 1.221 -1.617
Soot
n KS,nx]iUG bs,l bSy2X104 b5’3x2107 b5’4x%011
(m") (K) (K9 (K%)
1.00802 1.42 -7.7942  -0.38408 2.4166
2 3.2352 -0.42 7.7942 0.38408 -2.4166

For a mixture with soot, one more gray gas witH abkorption

coefficient is added #go = 0), corresponding to the transparent

windows of water vapor and carbon dioxide. Its espondent

temperature dependent weight is given by:

3
ag,0 :1_2%,J
=

In the case of pure gas mixtures, the transparegmomws do not
contribute to the process, but in a mixture of gaséh soot one
should consider the emission and absorption of <aootthe
corresponding spectral regions.

For soot, the corresponding absorption coefficiembtained by
the product of the model coefficient and the sootumetric
fraction, and its weighting is given in an analogoway to Eq. (12).
Thus, the absorption coefficient used in Eq. (#)tfe mixture of
the gases and soot is obtained by all possible tatibns of the
gas and soot absorption coefficients given in Tabktefined as:

(13)

K =Kgm*Ksn (14)

The temperature dependent weights for the mixtieelefined as:
(15)

aj =8mn = agnfsn

J. of the Braz. Soc. of Mech. Sci. & Eng.
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whereH(C-C,) is the Heaviside step-functiof, is the absorption
cross-section of the gray gas, abdis the absorption cross-section.

Differentiation of Eq. (16) with respect oyields:

wc) _

1for C> C a7
on

0 for C<C

Thus, the integration of the wavenumber only in thgions

where the gray gas coefficieftt is larger than the true absorption

cross-section is equivalent to integrating the wdéiie of the
cumulative wavenumber function in the entire speuatraccording to:

fog. ~J; k- e

The cumulative wavenumber method, proposed by §nland
Webb (2002), can be thought as a discretizatiothé fractional
gray gas wavenumberBj) space. This intervdD; is defined as an
intersection of two wavenumber intervait,andA;. The intervaH;
is the wavenumber region where the absorption eesBon is
between two adjacent gray gases, that is:

H;={7:C;4<C,<Cj, j=1-.n} (19)

And the interval A; is the wavenumber region divided in
subintervals:

B =[] =1 (20)

For a positions and ally O A;, the difference between two
adjacent gray gases can be viewed as a produebdfinctions:

wWC;j5.7)-WC;-1,5)= yj () () (21)
where the functionv;(n) is the difference in the wavenumber

function evaluated at a reference thermodynamite sfa Thus,
functionu;(s) can be defined as:

awc;.sn) - wWC, s.7)-wCj-1.5.7)
vi (7) V\{Cj ,s*,/7)— W(Cj_l,s*,/])

As shown in Solovjov and Webb (2002), the integratof the
radiative spectral intensity, over the fractional gray gases;
intervals, using the cumulative wavenumber apprgéelds:

Ildﬂ MJ()I lpdlv; (7 ] 4 (93(s)

uj (s) = (22)

(23)
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whereJ; andu; are viewed as a fractional gray gas intensity and its molar concentration, th0&q, = 0.1 andYi;,o = 0.2. The medium

local correction to the fractional gray gas inténsrespectively.
With this approach, Eq. (4) can be written as:

%

s —Kj Jij +Kj Jpij (24)
wherex; is the gray gas absorption coefficient, defined as

Kj = Nm (25)
andJy; is the fractional blackbody radiative energy seurc

Jbij (s)= L |b/7[T(S)J7]d[Vij (’7)] (26)

The total intensity is obtained by the summatiorthaf product
betweerw; andJ; over all fractional gray gases, that is:

6= (356

@7)

In the CW method, the spectrum is assumed to iaeatly
with the concentration:

Wy, (C.7)=we, (C1Y.7) (28)

It is also assumed that the intersections of tlag gase< with

the spectrunC, + C’ (the sum of the absorption cross-section with

the absorption coefficient of gray particles) produthe same
wavenumber intervals as the intersections of tley grasC - C
with the spectrunt,, that is:

we, .eo(cn)= we, (C—CD,U) (29)

For a mixture of gases and soot, Solovjov and WgflD?2)
defined some approaches that can facilitate theofisieis method:
the superposition approach, the multiplication apph, and the
hybrid approach. In this work, it is used the sppsition approach,
which assumes that the absorption cross-sectiottseofspecies do

not overlap and that the non-gray particles areeigise constant

in the intervalA;. Thus,

(30)

we.n)=(-rh+ Y w e ~co.)

whereC;® = k, for O A;, andkx, is given by Eq. (3).

Results

In this section, it is analyzed the influence ofotsan the
radiative heat transfer as well as in the resultthe different gas
models. It is considered a one-dimensional geomfrgned by
parallel black walls placed at a distanceLof 1.0 m from each
other. The position in the medium is definedhywith the walls

temperature varies according to the following epmat

T(X) = Trax — Ts(2x/ L -1)? (31)
where 0<x <L = 1.0 m,Ts = 500 K, andl .= 1000 K. With the
above relation, the temperature in the medium rarigem 500 K,
in the vicinity of the surfaces, to 1000 K at thelfhdistance
between the surfaces, which are assumed bkgck (). Four soot
volumetric fractions are consideref}: = 1x10%, 1x107, 1x10°
and 1x1@. The last case, with = 1x10° is a higher than usual
concentration in combustion of hydrocarbons, budaih represent
situations where soot formation is intensified tapposedly
increase the radiation effect.

Results are presented for the divergence of thiatiad heat
flux, in units of W/n?, which is one of the main parameters in
the computation of radiation in participating medidt
corresponds to the net rate of energy that leaseb element of
volume in the medium per unit of volume, and is igglent to
the radiative heat source, but with opposite sidg,/dx=-d, .

When the divergence of the radiative heat flux Gsipive, it
means that the element loses energy due to radiafitve
divergence of the radiative heat flux is expectedé positive in
the higher temperature regions of the medium anghtiee in
the lower temperature regions of the medium.

!
# g
50 | E
§ gﬁ Zl‘g
3] ¥ <F & %
© 0 . @% %@ 5
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£ *306555p05008"
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Figure 2. Benchmark results obtained with line-by-line calculations for the
radiative heat source, gg =-dgg/dx .

Figure 2 shows the radiative heat soune=-dq,/dx that

was obtained with line-by-line integration. In elises, the radiative
heat source was positive in the medium regionseclts the
surfaces, indicating that the gain of radiatiomfrthe hot regions of
the medium exceeded the loss of radiation to thfaces. Moving
from the surfacesy = 0 andx = L, towards the centeg = L/2, the
radiative heat source decreased until it reacheghtive values,
meaning that the loss exceeded the gain of radiagoergy.
Comparing the solutions for different soot volurieetiractions in
Fig. 2, one can see that there is no significaffiérdince between the
case where there was no soot and the case withna low
concentrationf( = 1x10%). When the soot volumetric concentration

located at positiong = 0 andx = L. The space between the twogas increased tfy = 1x107, a considerable increase occurred in the

walls is filled with a mixture of gases composedl6fs CQ and
20% H,O. From the ideal gas mixture theory, the ratioMeen the
partial pressure of each species to the total press equivalent to

116 / Vol. XXXIV, No. 2, April-June 2012

absolute value of the radiative heat source irhigber temperature
region of the medium, indicating an increase ofatoh transferred
to the colder regions of the domain. On the otlaerdy only a small
variation occurred in the colder region, indicatthgt the increased
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gain of energy from the hot regions of the mediuas wompensated compute the radiation exchange for engineering adatjpns when
with an increased loss of energy to the surfacguréi 2 also shows soot is not present.

that, when the soot concentration was incrementefy + 1x10°,

there was a strong in(_:rease in _the_radiation e’_g:dfmnln this case, Taple 3. Maximum and average errors in each solution when compared
the gas had only a minor contribution to the radéaheat transfer, with LBL model.

which was soot dominated. Finally, for the situatighere the soot
concentration was as high as 1X1@he absolute value of the
radiative heat source decreased in the centereofmigdium. In this

situation, the medium became so optically thickttbaused a

decrease in the amount of radiation exchangedérsyistem. This

behavior will be further explored later in this Seo.

Results for the radiative heat source obtained wulith GG,
WSGG and CW models for the case with no sdptz 0, are
presented in Fig. 3. As can be observed, the GGempesents
results with considerably large deviations from tH&l solution,
leading to an overestimation of the radiation exgfein the system.
The WSGG model presents results with a smaller it
noteworthy deviation from the LBL solution, whicharc be
attributed to the fact that the correlations preddn Smith et al.
(1982) were based on old gas data, which are kntwrbe
inaccurate. Finally, the CW model led to resulist tompared well
with the LBL solution, with exception of the mediuegion close to
the surfaces. It should be noted that the CW smiutias built with
the same spectral data of the LBL integration, #wedmodel itself is
based on a more sophisticated spectral analysis tte simpler
approaches of the GG and the WSGG solutions. Aalditi
comparison between the models can be made witlariagy/sis of
their relative errorsg, which was computed in this work as:

5= QR,mod?I_QRLBL 100%
max{dr LBL

(32)

where max(qR ,_BL)
source for each volumetric fraction of soot.

150 ————————————T————T——

100 - o —=—BL od
o —o—GG o
o —2—WSGG =
50 - o —v—CW o .
= ;Y o e ¥
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09:_50_ (o] vvvvvvvv © .
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Figure 3. Comparison of the radiative heat sources (g =—dqg/dx ) obtained
with the LBL integration and the gas models with no soot (f, = 0).

Results for the maximum and average values of diative
error, dnax and &, are presented in Table 3 for all cases discuss
in this study. The table indicates the high valeésthe relative
errors for the GG and WSGG solutions, with maximamors of
225.5% and 55.6%, respectively, for no soot. The @Wddel also
led to a large maximum errod.x = 29.5%, but the average error,
Jwg = 7.6%, indicates that the model can be suffityeatcurate to

J. of the Braz. Soc. of Mech. Sci. & Eng.

is the maximum value for the radiative heat
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‘ GG WSGG CcW
’ dax | Owg | Gnax | Owg | dnax | Owg
(%) (%) (%) (%) (%) (%)

0 2255| 1375/ 55.6| 231 294 7.6
1x10% | 205.2 | 126.7| 49.1 29.6) 27.] 5.2
1x107 | 1235| 742 | 447| 269 175 7.2
1x10° | 271 | 129| 50.9| 278 1949 113
1x10° | 14.4 7.9 87.6| 39.2| 297.7 1517

Figures 4 to 7 compares the solutions from the &SGG and
CW models with the LBL integration where the medigontains
different amounts of soot. For small concentratbsoot f, = 105,
seen in Fig. 4), the general trends of the solut@nained the same
of the case without soot, but in general the deiadf the solutions
to the LBL integration decreased, as can be obdean/&able 3. By
increasing the volumetric fraction of sootfto= 107, as shown in
Fig. 5, the deviation of the GG and WSGG modelgh®e LBL
solution continued to decrease, especially forGi@& model. As for
the CW solution, although the maximum and averaggeations did
not change considerably from the previous cadgs=(0 and
f, = 10%), the point of maximum deviation moved from thejiom
close to the surface to the center of the domagsuRs for the
highest amounts of sod,= 10° andf, = 10°, are presented in Figs.
6 and 7, with major modifications in previous trenéFirst, results
with the GG model became considerably more accuiate
comparison to the LBL solution, in special figr= 10°, where the
maximum and average errors decreaseddte, = 14.4% and
Owg = 7.9%, respectively. On the other hand, the CWehd¢ed to
considerably large deviationgy,., = 297.7% andd,y = 151.7%.
This change in the trend can be attributed to sadiation being
dominant forf, = 10°. While the GG model allows a straightforward
approach to include soot in the integration of théiative transfer
equation, the CW model, proposed to deal with figalj complex
dependence of the radiative properties of partitiga gases,
requires a more elaborate approach that can faéinwhdiation is
dominated by soot. Though not as critical as wita €W model,
the WSGG model led to large errors when the amo@isbot was
increased.

Although it is expected that some of the aboveltesiepend on
the thermal conditions and concentrations of trendbal species, it
is possible to draw some practical conclusionsraigg the use of
the different models to compute radiation heat dfanin media
containing participating gas and soot. Firstly, soofi the available
correlations to use the GG and the WSGG models brustrefully
used, since they may be obtained from old, inatceugas data. In
addition, these models are based on assumptions cdranot
represent a variety of physical conditions. Howevkese simple
models allow a more straightforward inclusion obtsthan modern
gas models such as the CW model, and can leadasomably
satisfactory results when soot radiation dominétesprocess. One
&dpallenge that follows from this is to compute héansfer in
systems in which the concentration of soot varazlly. In this
case, one possible approach, still not attemptefdrsevould be the
use of different gas models with dependence ommheunt of soot.
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obtained with the LBL integration and the gas models (f, = 10°).
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Figure 7. Comparison of the radiative heat sources (qg = —dqR/dx )
obtained with the LBL integration and the gas models (f, = 10°®).

One final discussion concerns the observation tttincrease
of soot fromf, = 0 tof, = 10° led to an increase in the overall
radiation heat transfer, but for an even higherceatration of soot,
f, = 10° an opposite effect was observed, that is, theedse in the
radiation transferred from the medium to the swe$ad-or a more
complete understanding of the phenomenon, Fig. ésents the
radiative heat source in the mid-point between tie surfaces
(XL = 0.5) for different values of the optical thicleset = «L. As
seen, forr — 0, the radiative heat source tends to zero, asateg
for the limit of non-participating media. For— oo, in the limit of
very thick media, the radiative heat source alsals$eto zero, since
the media is so thick that radiation hardly escathes point of
emission. Figure 8 shows that the maximum absolatee of the
radiative heat source occurs forl 3.0. Considering the radiation
properties determined from the gray gas model, dptical
thicknesses based on the average absorption deeffizeret 5.5
andt 015.4 for the cases with = 0 andf, = 10°, respectively,
explaining the decrease in the radiation excharege/den the first
and later cases. Thus, intensifying the formatibsamt to increase
radiation heat transfer can be beneficial onlyap tertain point.

o
(9]

-100

-da, /dx, kW/m®

-125

-150

175 I I I I 1 I L
0 2 4 6 8 10 12 14 16

Figure 8. Radiative heat source (gg =-dgg/dx ) at position x/L = 0.5 for
different values of the optical thickness, 1= kL.
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Conclusions

This study considered the solution of the radiakieat transfer in
a medium composed of soot and participating gagete( vapor and
carbon dioxide). The radiative heat transfer eguatvas integrated
with the use of three gas models, the gray gas ,(Bf@)weighted-
sum-of-gray-gas (WSGG) and the cumulative wavenungGaV)
models. The results of the three models were coedpaith the line-
by-line (LBL) integration, which can be consideradbenchmark
solution. The GG and WSGG models were based oelatons that
are widely employed in engineering analysis ofatidn heat transfer,
and led to results that shown considerable devidtiom the LBL
solution when the medium was composed solely oemaapor and
soot. The inclusion of soot led to an improvemehthe solutions
provided by these two models, especially when tmtiawas
dominated by soot. The CW model was built with shene spectral
data of the LBL, leading to a satisfactory comparifor the medium
composed solely of water vapor and soot, but ledrge deviations
when radiation was dominated by soot. The resukisgmted show,
therefore, that the choice of the gas model shialdel into account the
amount of soot. More importantly, they reveal theedh to develop
new models or approaches to attempt a generalmeeatof the
radiation heat transfer in media composed of cmstts that present
different spectral behavior, such as participatjiages and soot.
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