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Abstract This paper presents a study of the effect of
thermal radiation in the simulation of a turbulent, non-
premixed methane—air flame. In such a problem, modeling
of radiative properties of the gaseous mixture is a funda-
mental aspect to be evaluated. In this work, such properties
were modeled using three different models [a constant-ratio
(CR-) and a non-constant-ratio (NCR-) weighted-sum-of-
gray-gases (WSGG); and a gray-gas (GG) model], both
based on newly obtained correlations from HITEMP 2010
database. The chemical reaction rates were considered as
the minimum values between Arrhenius and Eddy Break-
Up rates. A two-step global reaction mechanism was used,
while the turbulence modeling was considered via standard
k—e model. The source terms of the energy equation con-
sisted of the heat generated in the chemical reaction rates
as well as in the radiation exchanges. The discrete ordi-
nates method (DOM) was employed to solve the radiative
transfer equation (RTE), including the TRI. Comparisons
of simulations with/without radiation demonstrated that
the temperature, the radiative heat source, and the wall
heat flux were importantly affected by thermal radiation,
while the influence on species concentrations proved to be
less important. The numerical results considering radia-
tion in the analysis were closer to the experimental data
from literature when compared to the case neglecting it;
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the computation of radiation with both the CR-WSGG
and NCR-WSGG models provided better results than GG
model, when compared with experimental data. For the
combustion chamber and turbulence and combustion mod-
els employed in the present work, it was shown that the
CR-WSGG is the recommended model, due to the accept-
able agreement with experimental data and relatively low
computational requirements in comparison to the NCR-
WSGG model. The results show the importance of thermal
radiation for an accurate prediction of the thermal behavior
of a combustion chamber.

Keywords Radiation heat transfer - WSGG model - GG
model - Combustion

1 Introduction

Combustion problems involve a number of coupled phe-
nomena, such as fluid mechanics, heat transfer, and chemi-
cal kinetics of gaseous species and soot, in which thermal
radiation can be the dominant heat transfer mode. Heat
transfer directly affects the temperature field and, therefore,
the chemical kinetics. Therefore, an accurate description
of radiative heat transfer is of great importance for simula-
tions of combustion systems. On the other hand, modeling
thermal radiation exchanges in combustion gases (such as
water vapor and carbon dioxide) is a difficult task due to the
highly complex dependence of the absorption coefficient
with the wavenumber, which is typically characterized by
hundreds of thousands or millions of spectral lines. Thus,
the integration of the radiative transfer equation (RTE) over
the spectrum would be very expensive or even impossible
without the use of spectral models. As a first simplifica-
tion, the RTE is frequently solved with the gray-gas (GG)
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model, where the dependence of the absorption coefficient
over the wavenumber is simply neglected. To provide real-
istic results, more refined models are however needed. As
one advance to the GG model, the weighted-sum-of-gray-
gases (WSGG) [1] makes perhaps the best compromise
between accuracy and computation demand, especially in
global simulation of combustion processes in which the
RTE is solved together with fluid flow, chemical kinetics
and energy equation. In the WSGG model, the entire spec-
trum is represented by a few bands having uniform absorp-
tion coefficients, each band corresponding to a gray gas.
The weighting coefficients account for the contribution of
each gray gas, such as in [2, 3]. In a recent study, Demarco
et al. [4] assessed several radiative models, such as the nar-
row band, wide band, GG and global models such as the
WSGG and spectral-line-based WSGG (SLW). According
to the authors, the WSGG is very efficient from a compu-
tational point of view, and can yield accurate predictions.
Simplified radiative property models, such as the WSGG or
GG models, are often used in computational fluid dynam-
ics (CFD) to simulate combustion problems. The main
reason is that implementing more sophisticated models
may become excessively time consuming when fluid flow/
combustion/radiative heat transfer are coupled. Examples
of works applying those models can be found in Watan-
abe et al. [S5], where it was presented a numerical simula-
tion of turbulent spray combustion to predict the combus-
tion behavior in a jet burner taking into account thermal
radiation by means of the WSGG model; in Bidi et al. [6],
where the RTE was solved using the WSGG model to com-
pute non-gray radiation in combustion gases in a cylindri-
cal chamber; in Bazdidi-Tehrani and Zeinivand [7], who
investigated a two-phase reactive flow corresponding to a
diesel oil-air flame to predict the turbulent flow behavior
and the temperature distribution; and the investigation on
the effect of turbulence and radiation models on combus-
tion characteristics in propane-hydrogen diffusion flames
reported in Yilmaz et al. [8]. Crnomarkovic et al. [9] com-
pared the numerical results obtained when the GG and the
WSGG models were applied to model the radiative proper-
ties of the gas phase inside a lignite fired furnace. In Yadav
et al. [10], the combustion processes of turbulent non-pre-
mixed pilot stabilized flames were studied including radia-
tive heat transfer by means of the WSGG model. In Silva
et al. [11], the authors applied the GG model to study the
combustion of coal in a commercial thermal power plant to
simulate the operational conditions and identify the factors
of inefficiency.

Several researchers have studied new WSGG correla-
tions for application in combustion systems. Taking into
account that a limitation of the WSGG is that its correla-
tions coefficients are generally established for a particu-
lar ratio of partial pressures for CO, and H,O mixtures,
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Krishnamoorthy [12] obtained new WSGG parameters
computed from total emissivity correlations encompassing
the range of the H,O/CO, ratios encountered within Sandia
Flame D. With the same motivation, Johansson et al. [13]
modified the WSGG to account for various ratios of H,O
and CO, concentrations, covering from oxyfuel combustion
of coal to combustion of natural gas.

One important advance in the modeling of radiation in
participating gas was the establishment in the past century
of high-resolution spectral database that provides spec-
troscopic parameters to generate the transition lines, such
as HITRAN, built at a reference temperature of 296 K
for atmospheric applications, and HITEMP, which was
established for high-temperature applications. Recently,
HITEMP 2010 [14] was released as a major improvement
of previous versions, expanding the number of transition
lines for H,O and CO,, and also allowing for application
in temperatures up to 4000 K. In recent works, Kangwan-
pongpan et al. [15] considered the determination and evalu-
ation of new correlations for the WSGG model, fitted from
emittance charts calculated from the up-to-date HITEMP
2010 database, to predict the radiative transfer in gases
under oxyfuel conditions, while Dorigon et al. [16] gener-
ated correlations for typical ratios of partial pressures of
the products of combustion of methane and fuel oil. Cas-
sol et al. [17] developed new coefficients for the WSGG
based on HITEMP 2010 but with a methodology that pro-
vides separate coefficients for H,O and CO,, together with
a methodology that allows the mixture of any concentration
of those chemical species. Cassol et al. [18] fitted temper-
ature-dependent coefficients for a GG model also based on
HITEMP 2010 data.

This study presents a numerical RANS (Reynolds Aver-
age Navier—Stokes) simulation of turbulent non-premixed
methane—air flame in a cylindrical combustion chamber
taking into account radiation effect of non-gray gases by
means of different WSGG [16, 17] and GG [18] correla-
tions both generated from HITEMP 2010 database [14]
and including TRI [19], with the objective of evaluating the
influence of the different radiation models on the overall
thermal behavior of the combustion chamber. For evalu-
ation of the proposed solution, the case described in [20]
was studied, since detailed spatial measurements are availa-
ble for the main gas species concentrations and for the tem-
perature field. Previous works demonstrated: (1) the impor-
tance of using updated WSGG coefficients for constant
ratios of partial pressures of H,O and CO, in relation to old
coefficients [21]; and (2) the importance of computing TRI
effects [22]. The present study investigates the effect of
using different WSGG models: CR-WSGG, which consid-
ers a constant ratio between the H,O and CO, partial pres-
sures, and the NCR-WSGG, which considers a non-con-
stant ratio. The analysis also presents the use of an updated
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gray-gas model, which is still often used in combustion
simulations. In all cases, TRI effects are considered. It is
expected that the results presented in this paper will pro-
vide a guide for the choice of the radiative gas model in the
simulation of combustion processes.

2 Problem statement

The physical system consists of the natural gas combustion
chamber described in [20], which presents several chal-
lenges for radiation modeling in the sense that the flame is
turbulent, and with highly non-isothermal, non-homogene-
ous medium. Several experimental data for temperature and
species concentrations profiles along axial and radial coor-
dinates were presented in [20], in addition to the results
provided in the investigations of [23—-25], making it a good
test case for the methodology that is presented in the cur-
rent study.

Keeping the same conditions as described in [20], the
cylindrical chamber has length and diameter of 1.7 m
and 0.5 m, respectively, as shown in Fig. 1. Natural gas
is injected into the chamber by a duct aligned with the
chamber centerline, leading to a non-swirling flame. In all
cases, a fuel excess of 5 % (equivalence ratio of 1.05) was
prescribed. For a fuel mass flow rate of 0.01453 kg/s at
a temperature of 313.15 K, this requires an air mass flow
rate of 0.1988 kg/s, at a temperature of 323.15 K. The
fuel enters the chamber through a cylindrical duct hav-
ing 0.06 m diameter, while air enters the chamber through
a centered annular duct having a spacing of 0.02 m. For
such mass flow rates, the fuel and air velocities are 7.23
and 36.29 m/s, respectively. The Reynolds number at the
entrance (weighted for the air—fuel streams) is 1.8 x 10*.
The inlet air is composed of oxygen (23 % in mass frac-
tion), nitrogen (76 %) and water vapor (1 %), while the
fuel is composed of 90 % of methane and 10 % of nitro-
gen. The operational pressure of the chamber is 101,325 Pa
(1 atm). The burner power is about 600 kW. Buoyancy
effects are neglected due to the high velocities that are pro-
vided by the burner. Figure 1 also depicts the symmetry

Fig. 1 Combustion chamber

in the centerline and prescribed temperature on the walls
(393.15 K). In addition, impermeability and no-slip con-
ditions were assumed on the walls. In the symmetry line,
it was assumed that both radial velocity and velocity gra-
dient were null. The same procedure was adopted for the
turbulent kinetic energy and its dissipation rate, enthalpy,
and species concentrations in the symmetry line. In the
outlet, null diffusive fluxes were assumed for all variables,
the axial velocity component was corrected by a factor
to satisfy mass conservation, and the radial velocity was
imposed to be null. Both chamber walls, inlet and the out-
let ducts were modeled as black surfaces. The temperature
at the outlet duct was equal to the outlet flow bulk temper-
ature. In the inlet, the velocity and concentration profiles
were assumed uniform in the axial direction, while the
turbulent kinetic energy was computed as k = 1.5(u;,i)>%,
where i is the turbulence intensity (6 and 10 % for the air
and for the fuel streams) and u;, is the inlet axial mean
velocity, and for the turbulent kinetic energy dissipation

. 3/4 3Q
rate, the relation e = | C,["k [ was employed, where

! is the turbulence characteristic length scale (0.04 and
0.03 m for the air and the fuel streams). For both energy
and momentum conservation equations, standard wall
functions were applied for the combustor walls treatment
[26].

3 Mathematical formulation

The proposed work is stated as: considering a steady turbu-
lent non-premixed methane—air flame in a cylindrical cham-
ber, compute the temperature, species concentrations and
velocity fields, and verify the influence of radiation on the
process. To do that, it is taking into account a WSGG model
with correlations obtained for a fixed ratio between the con-
centrations of the participating species [16], a WSGG model
with correlations that allow variations in the concentration
ratios [17], and a sophisticated gray-gas model which allows
temperature dependence for the absorption coefficient [18],
both based on HITEMP 2010 data [14].
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3.1 Governing equations

Conservation equations for mass, momentum in the axial
and radial directions, k— turbulence model, energy, and
chemical species mass fractions (CH,, O,, CO,, CO, H,0)
for steady low-Mach flow in 2D axisymmetric coordinates
are solved. Detailed information about governing equations
can be found in [22].

3.2 Combustion kinetics

As a basic assumption, it is considered that the combustion
process occurs at finite rates with methane oxidation tak-
ing two global steps: 2CH, 4 3(0, 4 3.76N,) — 2CO 44
H,0 + 11.28N, and 2CO + (O, + 3.76N,) — 2CO, + 3.
7T6N,.

The rate of formation or consumption, R, of each «a-
th species in each c-th reaction (there are two reactions, so
¢ = 2) is obtained by the Arrhenius—Magnussen’s model
[27-29], in which the rate of formation or consumption of
the chemical species is taken as the smallest one between
the values obtained from Arrhenius kinetics (finite rate
chemistry—FRC) or from Magnussen’s equations (Eddy
Break-Up—EBU) [30]. In Magnussen’s model, the chemi-
cal reaction rate is governed by the large-eddy mixing time
scale, k/e, while combustion proceeds whenever turbulence
is present (k/e > 0). In the model, the Arrhenius rate acts as
a kinetic “switch”; once the flame is ignited, the Magnus-
sen’s rate is generally smaller than the Arrhenius rate, so
reactions are mixing-limited [29]. The investigation in Silva
et al. [23], which considered the same combustion cham-
ber, provided the relative importance of the combustion
kinetics by computing the Damkohler number, and found
that the combustion process is governed by Arrhenius rates
in the flame core and by Magnussen’s rates in all the other
regions. This formulation was also successfully employed
in [21-23, 25]. Also, the chemistry described above does
not involve soot formation/oxidation, considering that the
methane flame is low sooting. However, it should be recog-
nized that even small quantities of soot can affect the radia-
tion heat transfer, so the inclusion of soot into the analysis
is one possible advance for future researches.

3.3 Radiation modeling

The radiative transfer equation (RTE) for non-scattering

media, in cylindrical coordinates, with the discrete ordi-

nates method (DOM), is given by:

oI, al, ol, ¢l

— =pu— — — = — = —kyl, I

as Mar +$82 r 0¢ “ntn F fenlnb 1)
Subjected to boundary conditions for diffusively emit-

ting and reflecting opaque surface:
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1—¢
Inw = 8r/wlnb(Tw) + (7_["W) /In

s

where w, ¢, and & are the directions, 7 is the wavenumber, I,]
is the spectral intensity, I, is the blackbody spectral inten-
sity, Eqw is the wall emissivity, 7 and § are the vector normal
to the surface element and the vector in the direction of the
radiation intensity, respectively, €2 is the solid angle, 7,, is
the wall temperature, and «, is the spectral absorption coef-
ficient. In the right side of Eq. (1), the first and the second
terms represent, respectively, attenuation due to absorption
and augmentation due to emission. Once the RTE is solved,
the radiative heat source, presented in the energy equation

as S,,4 1s calculated as:

Srad = —V . ér = // (K77177 — K,]Inb)dﬁdﬂ (3)
2 1

where ¢, is the radiative heat flux. The spectral absorption
coefficient (k) is strongly dependent on the wavenumber,
which for participating gases can involve several thousands
or millions of spectral lines. Therefore, solving Eq. (1) for
all spectral lines is in general excessively time consuming
for coupled solutions of the conservation equations. As
such, gas models have been developed to solve the RTE
quickly. A brief description of each gas model selected for
the present analysis, the WSGG and the gray-gas models is
presented in Sects. 3.4-3.6.

3.4 The constant-ratio weighted-sum-of-gray-gases
(CR-WSGG) model

The original formulation of the WSGG model [1] consists
of expressing the total gas emittance by weighted-sum-of-
gray-gas emittances. The emission weighted factors, a(7),
and the absorption coefficients, «;, for the j™ gray gas are
in general determined from the best fit of the total emit-
tance with the constraint that the a; must sum to 1. From
a more general point of view, the WSGG model can be
applied as a non-gray-gas model [31], solving the RTE for
the N (number of gray gases) plus one (j = 0, represent-
ing spectral windows where H,O and CO, are transparent
to radiation):

d;
ds
In which I,(T) = 0 T*/ 71(o is the Stefan-Boltzmann con-
stant) and the emission weighted factor a(T) is given by,

= —«jl; + kja;(T)I,(T) 4

5
ai(T) = b T )
i=1



J Braz. Soc. Mech. Sci. Eng. (2015) 37:1839-1850

1843

Table 1 Coefficients of

j [[m~latm™!] b, x 10’
the WSGG model [16], J Ky lm-atm by X

by, x 10* [K™']

by x 10" [K™?] b, x 10" [K™] b5 x 10" [K™]

PH,0/PCO, =2 1 0192 0.5617
2 1719 1.4260
3 11.370 1.3620
4 111.016 1.2220

7.8440 —8.5630 4.2460 —7.4400
1.7950 —0.1077 —0.6972 1.7740
2.5740 —3.7110 1.5750 —2.2670
—0.2327 —0.7492 0.4275 —0.6608

with j varying from 0 to N, and [ = ijco I;. The func-
tional dependence of the weighted factors with temper-
ature is generally fitted by polynomials, Eq. (5), where
the polynomial coefficients (b; ;) as well as the absorption
coefficients for each gray gas can be tabulated. For H,O/
CO, mixtures, these coefficients are generally established
for particular ratios of the partial pressure, pH,o/Pcoy
which could limit the application of the method. In the
present study, the weighted factors polynomial coef-
ficients and absorption coefficients were taken from
Dorigon et al. [16] for pH,0/Pco, = 2. Such WSGG corre-
lations were fitted from HITEMP 2010 [14], which is the
most recent molecular spectroscopic database for high
temperatures. In the same study, Dorigon et al. [16] com-
pared results obtained with the new coefficients against
line-by-line (LBL) benchmark calculations for one-
dimensional non-isothermal and non-homogeneous prob-
lems, finding maximum and average errors of about 5
and 2 % for radiative heat sources in different test cases.
For convenience, Table 1 shows the pressure absorption
coefficient k,, ; and coefficients b;; obtained in [16]. The
absorption coefficient of each gray gas in Eq. (4) can be
computed from the pressure absorption coefficient by the
following relation:

ki = (PHy0 + PCO, ) Kp, (6)

where ph,o and po, are the local partial pressures of H,O
and CO,, respectively. This is one important aspect of the
WSGG model, for it allows its ready application to non-
homogeneous problems, in which the local partial pres-
sure of the participating species varies from point to point
in the computational domain. In this manner, besides the
coefficients of the CR-WSGG being obtained for a con-
stant ratio between partial pressures of H,O and CO,, it
must be emphasized that this model is capable of taking
into account inhomogeneity of H,0O and CO, concentra-
tions inside the combustion chamber to compute the radia-
tive transfer. Centeno et al. [21] tested the coefficients pre-
sented in Table 1 against old ones presented in [2] for an
axisymmetric cylindrical combustion chamber, and found
the new coefficients to make better agreement with experi-
mental data. In this paper, the results from WSGG using
the coefficients in Table 1 will be addressed as CR-WSGG
(constant-ratio WSGG).

3.5 The non-constant-ratio weighted-sum-of-gray-gases
(NCR-WSGG) model

Perhaps, the major limitation of the standard WSGG
model is that the correlations are obtained for a fixed ratio
between the partial pressures of the participating species,
such as pH,0/pco, = 2. There has been some recent works
that propose an additional dimension to the correlations,
in addition to the temperature dependence, to allow vari-
ations in the concentration ratios [13, 15, 32]. A different
approach was proposed in [17], which obtained correla-
tions separately for H,O and CO,, and then combined those
correlations to solve mixtures with arbitrary ratios in the
concentration.

According to [17], the weighting factor a; can be inter-
preted as the probability that the energy of the blackbody is
emitted in the regions of the spectrum where the absorption
coefficient is ;. Therefore, the probability that the gray-gas
absorption coefficient of the mixture is the sum of a given
combination of the gray-gas absorption coefficients of the
components will be equal to the product of their respective
probabilities. Therefore, for a mixture of H,O and CO,:

Kj = KHy0,ju,0 T KCOsjco, (7a)

@j = AH,0,n,0 X ACOyjco, (7b)

where ju,0 and jco, represent one of the gray gases,
respectively, for H,O and CO,. The absorption coef-
ficients are computed as kH,0; = PH,0KkpH,0, and
KCO,,j = PCO,Kp,CO,.j> where KpH,0, and Kp,CO,,j are the
pressure absorption coefficients for H,O and CO,. The
gray-gas weighting coefficients amn,0,y,o and aco,,jco,
are computed according to Eq. (5), only replacing the
coefficients b;; by bp,0,;i and bcozj;, respectively.
The coefficients «kpH,0,5, Kp,COyj» DH,04,i and bco, i
obtained in [17] are presented in Tables 2 and 3. The
correlations consider four gray gases for H,O and
CO,, Ju,0 =Jco, = 4. In this paper, the results from
WSGG using the coefficients in Tables 2 and 3 will be
addressed as NCR-WSGG (non-constant-ratio WSGG).
In Egs. (7a) and (7b), the transparent windows of H,O
and CO, (kpH,00 = 0 and k), co,,0 = 0) need to be con-
sidered, so 0 < jH,0 < JH,0, 0 <jco, < Jco,. For the

mixture, the number of gray gases will be therefore
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Table 2 Coefficients of the WSGG model for H,O with four gray gases [17]

J Kp Hyo, (atm-m) ™! by0j1 x 101 bpyoja x 100(K™Y  buyojs x 108(K™)  buy0,4 x 101K bpyo5 x 101 (K™%
1 0.171 0.6617 55.48 —48.41 22.27 —40.17

2 1.551 1.1045 0.576 24.00 —17.01 30.96

3 5.562 —0.4915 70.63 —70.12 26.07 —34.94

4 49.159 2.3675 —18.91 —0.907 4.082 —8.778

Table 3 Coefficients of the WSGG model for CO, with four gray gases [17]

J Kp.Cor (MM~ beoyjy x 100 beoyja x 10°(K™)  beoyya x 108(K™)  beoyja x 10 (K™ beo, s x 1015 (K™
1 0.138 0.9990 64.41 —86.94 4127 —67.74
2 1.895 0.0942 10.36 2277 —2.134 6.497
3 13.301 14511 ~30.73 37.65 —18.41 30.16
4 340811 —0.2915 25.23 —26.10 9.965 —13.26

Table 4 Absorption coefficients for the gray-gas model [18]

i=CO, i=H,0

co (em™latm™1h —6.4750 x 107! 7.5702 x 107!
¢; (em™latm 'K~ 4.2895 x 1073 —1.9716 x 1073
¢, (em™'atm™'K™?) —6.6089 x 107° 2.1998 x 107°
¢; (em™latm 'K~ 4.4190 x 107~ —1.2492 x 107°
¢, (em™latm™IK™%) —1.3796 x 10712 3.5385 x 10713
cs (em™latm 'K ™) 1.6484 x 10716 —3.9663 x 1077

J = (Jm,0 + 1) x (Jco, + 1). Therefore, while the num-
ber of gray gases for the CR-WSGG model is J = 4,
for the NCR-WSGG model the number of gray gases is
increased to J = 25, increasing the computation time in
about 6 times.

The application of the NCR-WSGG model to integrate
the RTE in the spectrum is very similar to the CR-WSGG
model. The only difference is that, prior to solving Eq. (4),
the absorption coefficient and the weighting factor of each
gray gas are obtained by means of Egs. (7a) and (7b).

3.6 The gray-gas (GG) model

In the gray-gas model, the absorption coefficient is consid-
ered to be independent of the wavenumber and can be deter-
mined by an emission-based average along the spectrum.
The gray-gas model is a quite simple implementation if com-
pared with other spectral models due to the single constant
absorption coefficient consideration. This approximation is
unrealistic for gases, since they have a strong variation along
the wavenumber, but it can still be found in modern studies
on combustion [9, 11, 33] due to its simplicity.

To assist in the application of the gray-gas model, Cassol
et al. [18] proposed new absorption coefficient correlations
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for H,O and CO,, based on the up-to-date HITEMP 2010
database. The proposed temperature-dependent polyno-
mial relation is presented in Eq. (8), while its coefficients
are shown in Table 4. «; is the absorption coefficient for
each species (H,O or CO,) and p; is the partial pressure.
The absorption coefficient of the mixture is obtained as
K = KH,0 + kco,- The RTE for the gray-gas model is simi-
lar to Eq. (4) but withj = 1.

Ki = pi (co + 1T + +eaT? 4 T2 + 4T + C5T5) (8)
3.7 Turbulence-radiation interactions

The radiative transfer equation (RTE) is applicable to
instant quantities that fluctuate in a turbulent flow, while
the RANS turbulence model can only provide time-aver-
aged (mean) quantities and, possibly, their mean square
fluctuations. Considering the spectrally integrated form of
the RTE, and time averaging, it results in:

dl

$=—H+K71b C))

The absorption coefficient-radiation intensity correlation,
i.e., the first term in the right hand of Eq. (9) can be expressed
ask 1 = i + k’T'. Several studies have neglected the second
term on the right hand side of this expression («’1”) based on
arguments of Kabashnikov and Kmit [34], known as the opti-
cally thin fluctuation approximation (OTFA), which relies on
the assumption that the absorption coefficient fluctuations are
weakly correlated with the radiation intensity fluctuations,
ie., k'I' ~ 0, if the mean free path for radiation is much
larger than turbulence integral length scale.

In the second term in the right hand of Eq. (9), which is
proportional to kT4, the instant values of k and T correlate
in a turbulent flow. In the present study, it is applied the
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Fig. 2 Temperature fields: a radiation neglected; b radiation com-
puted with the CR-WSGG model; ¢ radiation computed with the
NCR-WSGG model; d radiation computed with gray-gas (GG)

approximation proposed in Snegirev [19], in which both
the absorption coefficient—temperature correlation and the
temperature self-correlation are considered. These two TRI
correlations were found to be the most important in reactive
flows [35-37]. Decomposition of temperature and absorp-
tion coefficient into average and fluctuating components,
T=T+T and k = i + «’, followed by time averaging,
and neglecting higher order terms, k7% can be written as
[19]:

S — G 7" o
4 _ . T4 —

kT* =k T<1+CTRI6 +4K ToT ) (10)
which allows the consideration of the absorption coeffi-
cient-temperature correlation and the temperature self-cor-
relation. The value for CT / was initiall suggested by [19]
from data fitting for T4 T and 77 / as presented in
Burns [38], followed by an adjustment leading to a value
of 2.5 for Cy,. To evaluate 77, required for Eq. (10), an
additional transport equation for temperature fluctuation
variance is solved.

4 Results and discussions

The set of equations were solved using the finite volume
method [26] by means of a Fortran code. The power law
was applied as the diffusive—advective interpolation func-
tion on the faces of the control volumes. The pressure—
velocity coupling was made by the SIMPLE method. The
resulting system of algebraic equations was solved by the
TDMA algorithm, with block correction in all equations
except the equations for k and . A grid with 140 volumes
in the axial direction and 48 volumes in the radial direction
was used. The numerical accuracy was checked compar-
ing predicted results calculated using this grid with results

model. Chemical species mole fraction fields: e H,O; f CO,; g ratio
between mole fractions of H,0 and CO,

obtained using coarser and thinner grids by means of a GCI
(grid convergence analysis) study. As found, the 48 x 140
grid provided grid independent results, and required rea-
sonable computational effort. The grid is uniformly spaced
in both radial and axial directions. The radiative transfer
calculations were performed using the same spatial grid,
and S quadrature. Convergence criteria were based on the
imposition that the normalized residual mass in the simple
method was 107%. For the other equations, the maximum
relative variation between iterations was 107°.

To study the effect of the gas radiation heat transfer
inside the combustion chamber, four different scenarios
were considered. In the first scenario, radiation was com-
pletely ignored to analyze the importance of radiation in
this particular flame simulation. In the second and third
scenarios, radiation was considered with different WSGG
models: CR-WSGG [16] and NCR-WSGG [17]. In the
fourth scenario, radiation was computed with gray-gas
model [18]. TRI was computed in both radiative scenarios
using the approximation described above [19]. Compari-
sons were made to verify how the different radiative sce-
narios affect the temperature, H,O and CO, mol fractions,
and radiative heat source fields, as well as some of the ther-
mal quantities, such as the radiant fraction and heat fluxes
at chamber walls.

Figure 2a—d shows the results for temperature fields
obtained for the four scenarios that were described
above. Figure 2e—g shows the mole fraction distribution
for the most important radiative chemical species, H,O
and CO,, as well as the ratio between these two quanti-
ties. Figure 2e—g can be considered representative of any
scenario, since H,O and CO, mol fractions were not sig-
nificantly affected by the different scenarios as will be dis-
cussed later.

As can be seen in Fig. 2a—d, consideration of the radia-
tive transfer and different radiative properties models
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Fig. 3 Radiative heat source fields: a radiation computed with the CR-WSGG model; b radiation computed with the NCR-WSGG model; ¢
radiation computed with the gray-gas (GG) model; d axial profiles of the radiative heat source along the chamber centerline

played an important role in the temperature field. Com-
puted flame peak temperatures were 1809, 1679, 1678
and 1547 K for cases without radiation, and with radia-
tion computed with CR-WSGG, NCR-WSGG and gray-
gas, respectively. While these peaks were local, they can
be taken as a measure to characterize the entire tempera-
ture field. The decrease in the peak temperature as a result
of neglecting or considering radiative transfer (ATg,p) is
next analyzed. In the present study, the peak temperature
dropped ATy,p = 130, 131, and 262 K for radiation com-
puted with CR-WSGG, NCR-WSGG and gray-gas, respec-
tively. In similar investigation, Li and Modest [36] found
a decrease of ATy, = 145 K for a flame with an optical
thickness of 0.474. The flame of the current study has an
optical thickness of about 0.43, therefore with a slightly
smaller influence of thermal radiation, so the differences
between the studies are consistent when CR- and NCR-
WSGGs were employed. Also, Poitou et al. [39] found
drops of ATgz,p = 150 K in the peak temperature for a
propane—air turbulent diffusion flame. Peak temperature
decreases are in agreement with literature data when CR-
WSGG and NCR-WSGG were used, while gray-gas model
provided overestimated peak temperature decreases.

Figure 2g shows the ratio xn,0/xco, (which is equiva-
lent to pH,0/pco,) inside the chamber domain, where it
is noted that almost the entire chamber has a ratio close
to 2.0, which is an important aspect to model the radiative
properties of the medium, especially when the CR-WSGG
model is considered. Since this is an essentially emitting
flame, the control volumes with temperature greater than
approximately 1000 K are radiatively more important,
since they are the emitting volumes, while the control vol-
umes with temperature less than 1000 K are considered as
the absorbing volumes. Great part of the control volumes
with temperatures above 1000 K has the ratio xn,0/Xco,
very close to 2.0, indicating that the use of WSGG correla-
tions obtained for a fixed xp,0/Xco, = 2 ratio, as seen in
Table 1, is in fact a reasonable choice.

@ Springer

Figure 3 shows the radiative heat source obtained for the
second, third and fourth radiative scenarios, i.e., those sce-
narios in which thermal radiation was computed with CR-
WSGG, NCR-WSGG and gray-gas model, respectively.

As with the temperature field, radiation fields also
changed significantly as a result of the different radia-
tive models (WSGG or gray-gas). The flame region with
the highest temperatures emits more radiation than it
absorbs, leading to negative heat sources, while the flame
region with the smallest temperatures absorbs more
radiation than it emits, leading to positive heat sources.
As seen, the radiative heat source calculated with gray-
gas model was in general higher than the one calculated
with both WSGG models. The higher differences were
located at a large region of the flame, with intermedi-
ate and high temperature levels and negative net radiative
source (emitting region). Differences between the radia-
tive heat sources computed with gray-gas (Fig. 3c) and
WSGG models (Fig. 3a, b) reached 300 %, while the dif-
ference between CR-WSGG (Fig. 3a) and NCR-WSGG
(Fig. 3b) is located in a very narrow region and reached
a local maximum of 30 %. In addition, Fig. 3d shows S
profiles along axial direction at chamber centerline. From
this figure, it is observed that the consideration of gray-
gas model increased the absolute value of the radiative
heat source, as also shown in Fig. 3a—c and as corrobo-
rated by the results that will be presented later in Tables 6
and 7. Besides, Centeno et al. [40] employed CR-WSGG
and NCR-WSGG in a computation of the radiative heat
source term using prescribed fields of temperature, H,O
and CO,, and found average and maximum errors of 1.6
and 8.5 % for the CR-WSGG and of 1.4 and 6.6 % for
the NCR-WSGG, respectively, as compared to line-by-line
calculations employing HITEMP 2010 database. From
[40] results, it could be implied that errors related to gray-
gas model, when comparing the radiative heat source term
with line-by-line calculations, are much higher than those
for CR- or NCR-WSGG models.
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Figures 4 and 5 show the temperature and CO, mol
fraction profiles along the axial direction at the chamber
centerline, and along the radial direction at axial positions
of z=0.312m, z = 0912 m, and z = 1.312 m from the
chamber entrance, considering the scenarios described
above together with the experimental data of Garréton and
Simonin [20] (experimental data error bars are not available
in [20]). One observes that the temperature values and tem-
perature gradients decreased when radiation was consid-
ered since the heat transfer was improved. The same behav-
ior is observed comparing results obtained with WSGG
models and gray-gas model, that is, since computation of
radiation with gray-gas model led to higher radiative trans-
fer in comparison to the computation with WSGG mod-
els, the temperature and gradients reduced when gray-gas
model was considered. The same analysis could be implied
from Fig. 2. Since the reaction rate coefficients depend on
the temperature, radiation should affect the formation and

0.0 0.10 0.15 0.20
radial direction at z=0.912 m [m]

0.00
0.00 0.25

consumption of the species involved in the process. In spite
of this, the mean variations of CO, mol fractions using the
different radiative scenarios were less than 1.0 %, show-
ing that the species mole fractions were considerably less
affected by the radiative modeling than the temperature.
This could be caused by the use of EBU-FRC combustion
model employed in the present study, in which chemical
reaction rate is primarily controlled by turbulent mixing
and, therefore, is less sensitive to temperature. On the other
hand, the heat transfer rate through the chamber longitudi-
nal wall, the net radiative heat loss and the radiant fraction
strongly depended on the radiation modeling, as revealed in
Figs. 2 and 3, and Tables 6 and 7. Figures 4 and 5 also show
that for the radiation scenarios considering CR-WSGG and
NCR-WSGG models, the mean temperature and mean
mole fraction of CO, followed the experimental data trend
despite some minor deviations. Those differences had prob-
ably minor relation to the choice of the radiation modeling,

@ Springer



1848

J Braz. Soc. Mech. Sci. Eng. (2015) 37:1839-1850

Table 5 Average relative deviation expressing the temperature and CO, mol fraction difference between experimental data and numerical

results for both radiative scenarios

Without radiation CR-WSGG NCR-WSGG gray-gas
Temperature: axial profile (Fig. 4) 2.6 2.8 2.8 3.6
Temperature: radial profile at z = 0.312 m (Fig. 4) 6.3 4.1 4.2 11.3
Temperature: radial profile at z = 0.912 m (Fig. 4) 18.1 10.3 10.1 9.2
Temperature: radial profile at z = 1.312 m (Fig. 4) 11.8 2.8 2.6 5.0
CO,: axial profile (Fig. 5) 12.3 10.3 10.3 9.7
CO,: radial profile at z = 0.912 m (Fig. 5) 6.7 4.6 4.7 4.7

Table 6 Heat transfer rate on the combustion chamber longitudinal wall

Convective heat transfer rate [kKW]

Radiative heat transfer rate [kW]

Total rate (radiation 4 convection) [kKW]

without radiation 89.5 0.0
CR-WSGG 62.9 94.1
NCR-WSGG 63.1 94.0
Gray-gas 58.2 164.9

89.5
157.0
157.1
223.1

Table 7 Predicted net radiative heat loss and fraction of radiative
heat loss

Net radiative heat loss [kW] Radiant fraction [%]

CR-WSGG 119.0 19.8
NCR-WSGG  119.2 19.8
Gray-gas 213.5 354

arising from limitations of the other models (turbulence
and combustion models).
Table 5 presents the average relative deviation computed
n

as %Dev =Y %[IOO(VCXP,,- — Vrad,i) / Vexpmax | express-
1

ing the difference between experimental data (V) and
numerical results (V,,4) (V can assume values of tempera-
ture or CO, mol fraction in the previous expression, and n
is the total number of experimental data in each case) for
both scenarios without radiation and with radiation com-
puted with CR-WSGG, NCR-WSGG and gray-gas models,
for all the results of Figs. 4 and 5. These deviations indicate
that the major effect of radiation is on the temperature field,
especially in the radial direction profiles, with minor effect
on CO, mol fractions, which corroborates the results shown
in Figs. 4 and 5.

An additional view of the effect of thermal radiation
is presented in Table 6, which shows the heat transfer
rates through the chamber longitudinal wall. The inclu-
sion of thermal radiation has a major effect in the radia-
tion—convection combined heat transfer mode, leading to
an increase in the total heat transfer from 89.5 kW (only
convection, without radiation heat transfer) to a maximum

=
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of 223.1 kW (sum of convection and radiation heat trans-
fer for the scenario with radiation computed with gray-gas
model). It is interesting to note that when thermal radia-
tion was included, the convective heat transfer decreased in
comparison to the scenario in which thermal radiation was
neglected, since the temperature gradients in the chamber
were reduced. The results also show that the radiation heat
transfer was increased when the gray-gas model was con-
sidered, as compared to WSGG model results, as expected
since the radiative heat source (Fig. 3) was higher in that
case. The net effect of the different models was an increase
in the flame radiative emission, as seen in Fig. 3, and since
the participant gaseous medium has an optical thickness
relatively thin, higher flame radiative emission led in turn
to higher radiative heat fluxes through the chamber walls.

The net radiative heat loss and its normalized vari-
able, the radiant fraction (f,,4), are important quantities to
describe the overall radiation field of the flame. The net
radiative heat loss corresponds to the integral of S, over
the computational domain, while the radiant fraction is the
ratio of this value to the heat released in the combustion. In
all simulation scenarios, these quantities were calculated,;
the results are shown in Table 7. As seen, the radiation loss
and the corresponding radiant fraction from the present
flame achieved significant values. It is observed in Table 7
that the net radiative heat loss and the radiant fraction were
approximately the same for CR-WSGG and NCR-WSGG
models, while for the gray-gas model they increased about
80 % when compared to both WSGG models.

As a final comment, the overall energy balance on the
combustion chamber, as well as the radiative energy bal-
ance, was strictly verified in all simulations. The differences
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between the radiative heat transfer rates reported in Table 6
and the net radiative heat losses reported in Table 7 were
because the results in Table 6 are related only to radia-
tive heat transfer on the longitudinal wall of the chamber,
not taking into account the annular walls located at the
entrance and exit of the chamber, as well as the inlet and
outlet boundaries of the chamber.

5 Conclusions

This study presented an analysis of the thermal radiation in
a turbulent non-premixed methane—air flame in a cylindri-
cal combustion chamber. The radiation field was computed
with different absorption coefficient models both based on
the up-to-date HITEMP 2010 and considering TRI effects.
A two-step global reaction mechanism was used and turbu-
lence modeling was considered via standard k-¢ model. The
RTE was solved employing the discrete ordinates method.
This work showed the importance of accurate predictions of
the radiative heat transfer for combustion problems by means
of four scenarios: radiation neglected from calculations, and
radiation computed with CR-WSGG, NCR-WSGG and
gray-gas models. The comparison of the results obtained
from the different scenarios showed that the temperature
(especially at high temperature regions), the radiative heat
source, the heat transfer through chamber wall and the radi-
ant fraction were importantly affected by the different sce-
narios, while radiation had minor importance in the predic-
tion of the chemical species concentrations for the adopted
chemical reaction model. The numerical results considering
radiation in the analysis were closer to the experimental data
[20] when compared to the case neglecting it; the computa-
tion of radiation with any WSGG (CR- or NCR-) provided
better results than gray-gas model, when comparing present
results with quantitative experimental data and with qualita-
tive literature results. Therefore, for the combustion cham-
ber and turbulence and combustion models employed in the
present work, it was shown that the standard CR-WSGG is
the most recommended to be employed, taking into account
both accuracy and computational requirements. Some pos-
sible future advances in the radiation analysis are including
kinetics for soot formation, a needed step prior to modeling
combined soot and gas radiation.
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