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Abstract This study makes an analysis of the radiation
heat transfer in a turbulent non-premixed methane—air
cylindrical combustion chamber. The highly complex
dependence of the radiative properties with the wave-
number spectrum is modeled with the weighted-sum-of-
gray-gas (WSGG), making use of the classical correlations
of Smith et al. (J Heat Transfer 104:602-608, 1982) and of
the more recently in obtained correlations of Dorigon et al.
(IJHMT 64:863-873, 2013), based on HITEMP2010. The
reaction rates were considered as the minimum values
between the Arrhenius and Eddy Break-Up rates. A two-
step global reaction mechanism was used, and turbulence
modeling was considered via standard k—& model. The
source terms of the energy equation consisted of the energy
involved in the reaction rates and radiation exchanges. The
discrete ordinates method (DOM) was employed to solve
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the radiative transfer equation (RTE). The results show that
the temperature, the radiative heat source, and the wall heat
flux can be importantly affected by the WSGG correlations,
while their influence on the species concentrations tends to
be negligible. Numerical results considering the WSGG
model with the new correlations were closer to experi-
mental data presented in the literature.

Keywords Radiation heat transfer - WSGG model -
Combustion - Turbulent non-premixed flames

Symbols

a;(T) Emission weighted factor (WSGQG),
dimensionless

b; Polynomial coefficients of the WSGG model,
units can vary

c Each reaction on mechanism, dimensionless

Cpa Specific heat, J/(kg K)

C;.s Cy.  Constants of the turbulence model,
dimensionless

C, Constant of the turbulence model,
dimensionless

CH, Methane

CO Carbon monoxide

CO, Carbon dioxide

Jrad Radiant fraction, dimensionless

h Specific enthalpy, J/kg

o Formation enthalpy of species o, J/kg

H,O Water vapor

1 Total radiative intensity, W/m?

I, Spectral radiative intensity, W/(m> m™ )

K Turbulent kinetic energy, m*/s*

k; Absorption coefficient for the j-th gray gas for
WSGG model, m™!
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ky; Pressure absorption coefficient for the j-th
gray gas for WSGG model, m ™" atm™'

MM, Molar mass, kg/kmol

n Vector normal to the surface -element,
dimensionless

Ng Number of gray gases (WSGQG),
dimensionless

N, Nitrogen

(0)) Oxygen

p Pressure, Pa

Pu,o/Pco, Ratio of H,O and CO, partial pressures,
dimensionless

p* Modified pressure, Pa

Pr, Sc, Turbulent Prandtl and Schmidt numbers,
dimensionless

q, Radiative heat flux, W/m*

r Radial coordinate, m

R Universal gas constant, J/(kmol K)

R, Volumetric rate of formation or destruction of
o, kg/(m3 S)

s Distance traveled by the radiation intensity, m

S Vector in the direction of the radiation
intensity, dimensionless

Stad Radiative heat source, W/m>

N4 Source term for ¢, W/m>

T Temperature, K

u Axial velocity, m/s

v Radial velocity, m/s

w Angular velocity, m/s

Vo Mass fraction, kg,/kgmix

z Axial coordinate, m

Greek symbols

e Dissipation rate of k, m%/s’

&, Wall emissivity, dimensionless

¢ Generic variable, units can vary

® Angular coordinate, rad

Iy Diffusive coefficient for ¢, N s/m?

Ky Spectral absorption coefficient, m ™"

U Viscosity, N s/m”

Ly Turbulent viscosity, N s/m?

U, ¢, & Discrete ordinates method directions

0 Density, kg/m’

0w 0, Prandtl numbers for k£ and ¢, dimensionless

Q Solid angle, sr

Subscripts

b Blackbody

Dorigon  WSGG model coefficients from Dorigon et al.
(6]

J Each gray gas of the WSGG model

rad Radiation

ref Reference
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Smith WSGG model coefficients from Smith et al. [25]
w Wall

o Each chemical species

n Wavenumber, m™!

1 Introduction

In non-premixed flames the fuel and oxidant are initially
separated, so the combustion is controlled by diffusion and
turbulence. Since combustion problems involve a number
of coupled phenomena, such as fluid flow, heat transfer and
chemical kinetics of gaseous species and soot, an accurate
prediction of the thermal radiation heat transfer in partic-
ipating medium, which can be the dominant heat transfer
mode in some combustion processes, iS necessary to
achieve accurate solutions. Heat transfer directly affects
the temperature field, and chemical Kkinetics can be
strongly dependent on temperature; in this way, accurate
description of radiative heat transfer is crucial for simu-
lations of combustion systems. On the other hand, its
modeling is a difficult task due to the highly complex
dependence of the absorption coefficient with the wave-
number, which is typically characterized by hundreds of
thousands of spectral lines. Thus, the solution of the
radiative heat transfer equation (RTE) is very expensive or
even impossible without a model to solve the spectral
problem. As a simplification, the RTE is frequently solved
with the gray gas (GG) model, where the dependence of
the absorption coefficient over the wavenumber is
neglected. In order to provide better results, spectral
models are commonly used. Among the spectral dependent
models, the weighted-sum-of-gray-gases (WSGGQG) [11] is a
method that is still widely used nowadays, 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
spectrum is represented by a few bands having uniform
absorption coefficients, each band corresponding to a gray
gas. The weighting coefficients account for the contribu-
tion of each gray gas, representing the fractions of the
blackbody energy in the spectrum region where the gray
gases are located. In practice, those coefficients are
obtained from fitting total emittances computed from
experimental-gas-data, such as those presented in Smith
et al. [24] and Smith et al. [25]. In a recent study, Demarco
et al. [5] assessed several radiative models, such as narrow
band, wide band, GG and global models as the WSGG and
the spectral-line-based WSGG (SLW), and stated that the
non-gray formulation of the WSGG can be very efficient
from a computational point of view, and yields consider-
ably improved predictions, but can lead to significant
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discrepancies in high soot loadings. Simplified radiative
property models, such as the WSGG or GG models, are
often used in computational fluid dynamics (CFD) to
simulate combustion problems. The main reason is that
implementing more sophisticated models may become
extremely time-consuming when fluid flow/combustion/
radiative heat transfer are coupled. Examples of works
applying those simplified radiative models are presented in
Bidi et al. [1], where the authors employed the discrete
ordinates method (DOM) to solve the RTE, and the WSGG
model to compute non-gray radiation in a cylindrical
combustion chamber, with the purpose of studying the
radiation effect on the flame structure. Crnomarkovic et al.
[4] compared the numerical results obtained when the GG
and the WSGG models were applied to model the radiative
properties of the gas phase inside a lignite fired furnace. In
Yadav et al. [28] the combustion processes of turbulent
non-premixed pilot stabilized flames (Sandia Flame D and
Delft Flame III) were studied including radiative heat
transfer by means of the WSGG model. Guedri et al. [10]
investigated the thermal radiation transfer effects on a fire
scenario using the narrow band-based WSGG model. In
Silva et al. [23], the authors studied the combustion of coal
in a commercial thermal power plant with the objective of
simulating the operational conditions and identifying fac-
tors of inefficiency considering the radiation properties by
means of the GG model.

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 established for particular ratio of the
partial pressures for CO, and H,O mixtures, Krishna-
moorthy [14] obtained parameters for a new WSGG
computed from total emissivity correlations encompassing
the range of the H,O/CO, ratios encountered within the
Sandia Flame D. Predictions from the new model com-
pared favorably against the SLW model and existing
benchmarks. With the same motivation, Johansson et al.
[12] modified the WSGG to account for various ratios of
H,O and CO, concentrations, covering from oxy-fuel
combustion of coal, with dry or wet flue gas recycling, as

Fig. 1 Combustion chamber

well as combustion of natural gas. The modified WSGG
model significantly improved the estimation of the radia-
tive source term compared to the gray models, while the
accuracy of wall fluxes was similar to the gray models or
better.

One important advance in the modeling of radiation in
participating gas was the establishment in the past century
of high-resolution spectral database that provide spectro-
scopic parameters to generate the transition lines, such as
HITRAN, built at a reference temperature of 296 K for
atmospheric applications, and HITEMP, which was estab-
lished for high temperature applications. Recently, HI-
TEMP2010 [21] 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. Several independent studies
have pointed that radiative computations using HI-
TEMP2010 as the most accurate make it the best source of
information to date for the development of spectral models
for application in high temperature conditions. In recent
works, Kangwanpongpan et al. [13] considered the deter-
mination and evaluation of new correlations for the WSGG
model, fitted from emittance charts calculated from the up-
to-date HITEMP 2010 database [21], to predict the radia-
tive transfer in gases under oxy-fuel conditions, while
Dorigon et al. [6] generated correlations for typical prod-
ucts of the combustion of methane and fuel oil.

With the objective of evaluating the influence of the
different correlations on the radiation and consequently on
the overall thermal behavior, this work presents a numer-
ical RANS simulation of turbulent non-premixed com-
bustion of methane—air in a cylindrical chamber taking into
account the radiation effect of non-gray gases by means of
WSGG model based on two different correlations, the
classical ones of Smith et al. [25] and the new ones
obtained in Dorigon et al. [6] based on the HITEMP 2010
database. For evaluation of the proposed solution, the case
described by Garréton and Simonin [9] was studied, since
detailed measurements are available of spatial distributions
of major gas species concentrations as well as of the
temperature field.
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Table 1 Generic variable,

ati ¢
diffusive coefficient, source Equation ¢ Ty §
terms. for the conservation Continuity 1 0 0
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Energy h ( o ) T
te) s + (M4 [ cpudT|R,
% Tref
CH4, Oz, COz, CO and Hzo Vo ( Rx

mass fraction

2 Problem statement

The physical system chosen to be analyzed in the current
investigation consists of the natural gas combustion
chamber described in Garréton and Simonin [9], which
presents several challenges for radiation modeling in the
sense that the flame is turbulent, and with highly non-iso-
thermal, non-homogeneous medium. Several experimental
data for temperature and species concentrations profiles
along axial and radial coordinates were presented in
Garreton and Simonin [9], in addition to the results pro-
vided by the investigations of Magel et al. [16], Nieckele
et al. [19] and Silva et al. [22], making it a good choice for
the current work.

The cylindrical chamber has length and diameter of 1.7
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. The
burner provides the necessary amount of air and natural gas
as required by the process. In all cases, an excess fuel of
5 % (equivalence ratio of 1.05) was prescribed. For a fuel
mass flow rate of 0.0125 kg/s at a temperature of 313.15 K,
this requires an air mass flow rate of 0.186 kg/s, at a
temperature of 323.15 K. The fuel enters the chamber
through a cylindrical duct having diameter of 6 cm, while
air enters the chamber through a centered annular duct
having a spacing of 2 cm. For such mass flow rates, the
fuel and air velocities are 7.76 and 36.29 m/s, respectively.
The Reynolds number at the entrance, approximately
1.8 x 104, points that the flow is turbulent. The inlet air is
composed of oxygen (23 % in mass fraction), nitrogen
(76 %) and water vapor (1 %), while the fuel is composed
of 90 % of methane and 10 % of nitrogen. The burner
power is about 600 kW. The fan and the other external
components are not included in the computational domain,
although their effects are taken into account through the
inlet flow conditions. Buoyancy effects are neglected due

@ Springer

to the high velocities that are provided by the burner.
Turbulence intensities of 6 % at the oxidant stream and
10 % at the fuel stream were specified at the inlet. The
characteristic length to determine the dissipation at the
inlet was specified as 0.04 m at the oxidant opening and
0.03 m at the fuel stream. Both chamber walls, inlet and
outlet ducts were modeled as black surfaces.

3 Mathematical formulation

The proposed work can be stated as follows: considering a
steady turbulent non-premixed methane—air flame in a
cylindrical chamber, compute the temperature, chemical
species concentrations and velocity fields, and verify the
influence of the thermal radiation on the process, taking
into account the WSGG model correlations from Smith
et al. [25] and Dorigon et al. [6].

3.1 Governing equations

Considering the conservation equation for steady incom-
pressible flow in 2D axisymmetric coordinates for the
generic variable ¢, Eq. (1), the mass, momentum in the
axial and radial directions, k—¢ turbulence model, the
energy and chemical species conservation equations can be
determined by choosing ¢, I'y, and source term S? from

Table 1.
0o o)
6_z> 5) tom

In Table 1, the following variables are used: z and r are
the axial and radial coordinates (both in m), u# and v are the
time average velocities in these respective directions (both
in m/s), w is the average angular velocity (in m/s), p is the
density of the gaseous mixture (in kg/m’), u is the gaseous
mixture dynamic viscosity and g, is the turbulent viscosity

+16
ror

0
% <pud) -Ty (rpvqﬁ — Iy
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(both in N s/m?), defined as W= upkz /¢e. The term p* =
p — (2/3)k is the modified pressure (in Pa), C, is an
empirical constant of the turbulence model (C,, = 0.09), p
is the combustion chamber operational pressure
(p = 101,325 Pa [26]), and k (in mz/sz) and ¢ (in mz/s3)
are the turbulent kinetic energy and its dissipation. Also,
C;. and C,, are empirical constants of the turbulence
model (C;, =144 and C,, = 1.92), 6, and o, are the
Prandtl numbers of the kinetic energy and dissipation,
respectively (o, = 1.0 and o, = 1.3). Pr, and Sc, are the
turbulent Prandtl and Schmidt numbers, R, [in kg/(m3 s)] is
the average volumetric rate of formation or destruction of
the a-th chemical species (CHy, O,, CO,, CO, H,0) (this
term is briefly discussed in the Sect. 3.2 of this work). T is
the average temperature of the mixture (in K). MM,(in
kg/kmol), ¢, , [in J/(kg K)], hg (in J/kg) and Tier o (in K) are
the molecular mass, the specific heat, the formation
enthalpy and the reference temperature of each o-th
chemical species. S;q (in W/m? ) is the radiative heat
source term, calculated as the negative divergence of the
radiative heat flux, discussed in the Sect. 3.3 of this work.

In addition to the conservation laws presented in
Table 1, an equation of state is required to calculate the
mixture density. Considering the mixture of fuel, oxidant
and products as an ideal gas, the equation of state can be
written as:

p

P RIS, y,/MM, @
where R is the universal gas constant [R = 8.314 kJ/
(kmol K)], and y, (in kg,/kg) is the average mass fraction
of each o-th chemical species. Also, it is important to note
that in the present work all quantities (as u, v, h, T, ¢, Y4, p,
R, S, etc.) are time-averaged (mean), but they are not
written with an overbar (usual in RANS simulations) in
order to not confuse with molar quantities (which are
denoted with an overbar).

3.2 Combustion kinetic

As a basic assumption, it is considered that the combustion
process occurs at finite rates with methane oxidation taking
two global steps according to Eq. (3), given by:

2cH{® +3 (ofz) + 3.76N§28>)

—2C0%) 4 4H,008) 4 11.28N*

200 4 1(0232) . 3.76N528>) —2c05 4 3.76NSY
(3)

The rate of formation or destruction, R, ., of each a-th
species in each c-th reaction (in this formulation there are
two reactions as shown in Eq. (3), so ¢ = 2) is obtained by

the Arrhenius—Magnussen’s model [7, 8, 27]), in which the
rate of formation or destruction of the chemical species is
taken as the smallest one between the values obtained from
Arrhenius kinetic rate relation or Magnussen’s equations
(Eddy Break-Up) [17]. In Magnussen’s model, the
chemical reaction rate is governed by the large-eddy
mixing time scale, k/¢, and combustion proceeds whenever
turbulence is present (k/¢ > 0). So, the Arrhenius—
Magnussen’s model takes the net reaction rate as the
minimum of these two rates, in a manner that the Arrhenius
rate act as a kinetic “switch”; once the flame is ignited, the
Magnussen’s rate is generally smaller than the Arrhenius
rate, and reactions are mixing-limited [8]. The
investigation in Silva et al. [22] provided the relative
importance to the combustion kinetics in the sense that the
authors computed the Damkohler number for the same
combustion chamber 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 successfully employed in Nieckele et al.
[19] and Silva et al. [22], where all model parameters are
described in detail, with the only exception that the
activation energy for the first reaction was adjusted here to
2.3 x 10® J/kmol. That adjustment to the activation energy
was made to improve the agreement between numerical
results and experimental data. However, even with the
original activation energy the numerical results were in
good agreement with experiments.

The above mentioned two-equation chemistry assump-
tion was employed in the current study for economy of the
CPU time. While the two-equation chemistry assumption
(and even one-equation) has been used with great success
in combustion modeling, it should be recognized that
detailed reaction mechanism effects may be very important
in several practical applications, especially those involving
flame ignition and extinction, or those involving predic-
tions of minor species such as soot, NO and other radicals,
which are not the aim of the present work. Also, the
chemistry presented in Eq. (3) does not involve soot for-
mation/oxidation, considering that the methane flame is
expected to be low sooting. However, it should be recog-
nized that even small quantities of soot can affect the
radiation heat transfer, so the inclusion of soot into the
analysis would be one possible advance in the research. As
for the present study, considering only gas radiation per-
mits assessing the effect of the gas radiation in a turbulent
methane flame as well as making a direct comparison of the
gas models. The proper understanding of the gas radiation
models is an important step prior to investigations includ-
ing both gaseous species and soot.

The average volumetric rates of formation or destruction
of the a-th chemical species, R,, which appears in both the
energy and species mass fraction equations, are then

@ Springer
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computed from the summation of the volumetric rates of
formation or destruction in all the c-th reactions, where the
o-th species is present, according to:

Roz = ZC Roz,c (4)

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:

o, oL, o, cdl,

as Moar T rop

subjected to boundary conditions for diffusely emitting and
reflecting opaque surface:

—teply + Kylpy (5)

1—g,
Loy = &wlpwn(T) + (771) / Iyn - s|dQ (6)

ns<0

where p, ¢, and & are the directions, # is the wavenumber,
Ip,,, is the blackbody intensity, I, is the intensity, &, is wall
emissivity, n and s are the vector normal to the surface
element and the vector in the direction of the radiation
intensity, respectively, Q is the solid angle, T, is wall
temperature, and k., is the spectral absorption coefficient.
In the right side of Eq. (5), the first and the second terms
represent, respectively, attenuation in the intensity due to
absorption and augmentation due to emission. Once the
RTE is solved, the radiative heat source, presented in the
energy equation as Sy.q, is calculated as (where q, is the
radiative heat flux):

Stg = =V - q, = // (#nly — 1<yl ) ddQ (7)
Q n

The spectral absorption coefficient (i,) is strongly
dependent on the wavenumber, which for participating
gases can involve several thousands of spectral lines.
Therefore, solving Eq. (5) 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
the gas model selected for the present analysis, the WSGG
model, is presented in Sect. 3.4.

Considering Reynolds averaging, the mean radiative
source term and the mean RTE are unclosed a priori due to
instantaneous fluctuating terms related to the absorption
coefficient and the blackbody emissive power, a problem
known as turbulence-radiation interaction (TRI). Accord-
ing to Coelho [2] and Li and Modest [15], TRI tends to
increase the radiation heat transfer, therefore leading to
cooler flames. In the current work, these interactions were
not accounted for, so all fundamental equations, relations,

@ Springer

results and analysis were related to mean quantities. This is
a good assumption for optically thin flames, but should be
addressed for in optically thick flames, as implied in Li and
Modest [15]. The optical thickness for the flame studied
here is about 0.43, which is considered of low-to-medium
optical thickness. In this manner, it is expected that this
analysis is not pronouncedly affected by neglecting TRI,
since the main objective is comparing the radiative calcu-
lations using the two different WSGG correlations, while
both analyses were taken without this effect.

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

The original formulation of the WSGG model [11] consists
of expressing the total gas emittance by weighted-sum-of-
gray-gas emittances. The emission weighted factors, a;(T),
and the absorption coefficients, ;, for the ™ gray gas were
determined from the best fit of the total emissivity with the
constraint that the a; must sum to the unity. From a more
general point of view, the WSGG model can be applied as
a non-gray gas model [18], solving the RTE for the Ng
(number of gray gases) plus one (j = 0, representing
spectral windows where H,O and CO, are transparent to
radiation) for a transparent gas:

dI.
d_; = —kl; + kja;(T)1,,;(T) )

with j varying from 0 to Ng, and [ = 18/0 I;. The func-
tional dependence of the emission weighted factors with
temperature is generally fitted by polynomials, where the
polynomial coefficients (b;) as well as the absorption
coefficients for each gray gas can be tabulated. For CO,/
H,O mixtures, these coefficients are generally established
for particular ratios of the partial pressure, pm,o/Pco,s
which could limit the application of the model. In the
present study, the emission weighted factors polynomial
coefficients and the absorption coefficients were taken
from both formulations of Dorigon et al. [6] and Smith
et al. [25] for pu,o/pco, = 2. Dorigon et al. [6] obtained
WSGG model coefficients fitted from HITEMP2010
molecular spectroscopic experimental database [21], which
is the latest molecular spectroscopic database that is
available nowadays for high temperatures. In the same
study, Dorigon et al. [6] compared the results obtained with
the new coefficients against LBL benchmark calculations
for one-dimensional non-isothermal non-homogeneous
problems, finding consistently satisfactory agreement with
maximum and average errors of about 5 and 2 % for dif-
ferent test cases. Table 2 shows the coefficients proposed
in Dorigon et al. [6], while Table 3 presents the classical
coefficients of Smith et al. [25]. It is assumed here that the
contribution from other radiating species, such as CO
and CH,, is negligible. The contribution from CO in the
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Table 2 WSGG model coefficients [6]

j ky; (m~" atm™") b x 10 by x 10* (K™Y bz x 107 (K™?) by x 100 (K™?) bis x 10" (K™%
1 0.192 0.5617 7.8440 —8.5630 4.2460 —7.4400

2 1.719 1.4260 1.7950 -0.1077 —0.6972 1.7740

3 11.370 1.3620 2.5740 —3.7110 1.5750 —2.2670

4 111.016 1.2220 —0.2327 —0.7492 0.4275 —0.6608

PHy0/Pco,= 2

Table 3 WSGG model coefficients [25]

ik by x 10" by x 10*  bj; x 107 by x 10"
(m~ ! atm™) (K™ (K™ (K™

1 04201 6.508  —5.551 3.029  —5.353
6.516 —-02504  6.112  —3.882 6.528
131.9 2718 —3.118 1.221 —1.612

PHyo/Pco,= 2

combustion gases is negligible, as long as its concentration
does not exceed relatively high values of the order of
0.05 %, while the contribution from CH, is even lower [3].

4 Results and discussions

Figure 1 depicts the thermal boundary conditions of the
cylindrical chamber: symmetry in the centerline, and pre-
scribed temperature on the wall, equal to 393.15 K. The set
of equations were solved using the finite volume method
[20] by means of a Fortran code. The power law was
applied as the diffusive—advective interpolation function 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 for
the k and ¢ equations. A grid with 50 volumes in the radial
direction and 90 volumes in the axial direction was used.
The numerical accuracy was checked by comparing the
predicted results calculated using the above grid with those
obtained using coarser and thinner grids. Table 4 provides
the radiant fraction (defined as the ratio between the inte-
gral of S,,q4 over the computational domain and the heat

released in the combustion reaction) as well as the con-
vective and radiative heat transfer rates on the combustion
chamber radial wall obtained with different grids, together
with the relative deviation for each value in relation to the
value of the grid immediately coarser. Results in Table 4
were obtained using coefficients of Smith et al. [25] WSGG
model for radiation calculations. The radiative transfer
calculations were performed using the same spatial grids,
and S¢ quadrature. As found, the 50 x 90 grid provided
grid independent results, and required reasonable compu-
tational effort, and was applied in all test cases presented in
this study. The 50 x 90 grid, illustrated in Fig. 2, is non-
uniformly spaced in the radial direction but uniformly
spaced in the axial direction. Convergence criteria were
based on the imposition that the normalized residual mass
in the SIMPLE method is 10°. For the other equations the
maximum relative variation between iterations is 107°.
The radiative transfer in molecular gases depends on the
number of (radiative) participant molecules per unit vol-
ume. In the present work, the pressure absorption coeffi-
cient for the j-th gray gas for the WSGG model, k,;
(in m~'atm™"), present in Tables 2 and 3, was multiplied
by the summation of the partial pressures of H,O and of
CO, for each computational volume cell, obtaining the
absorption coefficient for the j-th gray gas, k; (in m™ "),
necessary to compute Eq. (8). In this manner, inhomoge-
neity of H,O and CO, concentrations inside the chamber
were also taken into account to compute the radiative
transfer.

In order to study the effect of the radiative transfer and
radiative properties modeling on the thermal behavior,
three different scenarios were considered. In the first sce-
nario, radiation was completely ignored to analyze the

Table 4 Radiant fraction and
convective and radiative heat

Heat transfer rate on the combustion chamber radial wall

transfer rates on the combustion Grid Sraa (%) % Dev. Convection (kW) % Dev. Radiation (kW) % Dev.

chamber radial wall obtained

with different grids 35 x 70 12.219 - 71.119 - 62.765 -
40 x 80 12.150 0.565 71.551 0.607 62.145 0.988
45 x 85 12.124 0.214 71.822 0.379 61.889 0.412
50 x 90 12.113 0.091 72.012 0.265 61.768 0.195
55 x 110 12.106 0.058 72.063 0.071 61.727 0.066
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Fig. 2 Grid with 50 x 90
volumes that was employed in
the calculations

Fig. 3 Temperature fields for
the three scenarios: a radiation
neglected; b radiation computed

with Smith et al. [25]
correlations; ¢ radiation
computed with Dorigon et al.
[6] correlations. Radiative heat

source computed with: d Smith
et al. [25] correlations;

e Dorigon et al. [6] correlations;
f relative deviation between

dande

0.5

importance of radiation in this particular flame simulation.
In the second and third scenarios, radiation was considered
and the absorption coefficient was modeled using two
different WSGG models. Comparisons were made to verify
how the radiative scenarios affect the temperature, H,O
concentration, CQO, concentration, and radiative heat
source fields, as well as some of the thermal quantities,
such as the radiant fraction and heat fluxes through
chamber walls.

Figure 3 shows the results of the temperature and the
radiative heat source. Figure 3a—c shows the temperature
plots obtained for the three scenarios that were described
above. Figure 3d—f shows the radiative heat source
obtained for the second and third radiative scenarios, as
well as the relative deviation between them, computed as:

(7 Deviation 100 Srad,Smith - Srad,Dorigon (9)
O =
Strad Smith

In Eq. (9) subscripts Smith and Dorigon indicate which
WSGG model correlations were used in the calculation of
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S,qa- As can be seen in Fig. 3a—c, consideration of the
different WSGG models plays an important role in the
temperature field. Flame peak temperatures were 1,839,
1,714, and 1,636 K, for scenarios neglecting radiation, and
considering radiation with Smith et al. [25] and with
Dorigon et al. [6] WSGG correlations, respectively. While
these peaks are local, they can be taken as a measure to
characterize the entire temperature field. Neglecting
radiation, the maximum temperature in the medium was
125 and 203 K higher than the maximum temperatures that
were obtained for the cases with radiation using the
correlations of Smith et al. [25] and with Dorigon et al. [6],
respectively.

As with the temperature field, radiation fields also
changed significantly as a result of the different WSGG
model correlations. Figure 3d, e shows the radiative heat
source contours. In the regions with the highest tempera-
tures, emission of radiation exceeds absorption, leading to
negative radiative heat sources. On the other hand,
absorption exceeds emission in the regions with the lowest
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temperatures, leading to positive radiative heat sources.
Also, Fig. 3f shows the relative deviation of the radiative
heat source obtained from different WSGG model corre-
lations, computed per Eq. (9). The radiative heat source
calculated with Dorigon et al. [6] correlations is higher
than the one calculated with Smith et al. [25]. The higher
differences are located at the flame core, with relatively
low temperature levels and positive net radiative source
(absorbing region).

Figure 4 shows the temperature, H,O molar fraction and
CO; molar fraction profiles along the chamber centerline
and along the radial direction at axial position 0.912 m
from the chamber entrance, considering the three scenarios
described above in addition to experimental data from
Garréton and Simonin [9] (data not available for H,O). It is
observed that the temperature values and temperature
gradients are decreased when radiation heat transfer is
considered since there is an additional heat transfer mode
inside the computational domain. The same behavior is

0.00
0.00 0.05 010 0.15

radial direction [m]

0.20  0.25

observed comparing the results obtained with the different
WSGG model correlations, i.e., since the use of Dorigon
et al. [6] correlations provides higher radiative heat source
than Smith et al. [25] correlations, the temperature and
gradient levels are smaller for the former correlations. The
same analysis can be implied from Fig. 3. Since the reac-
tion rate coefficients depend on the temperature, radiation
should be expected to affect the formation and destruction
of the species involved in the process. In spite of this, the
mean variations of H,O and CO, molar fractions using the
different correlations are less than 1.0 %, showing that the
species molar fractions were considerably less affected by
the radiative modeling than the temperature. This could be
caused by the use of the reduced-chemistry assumption, in
which chemical reaction rate is primarily controlled by
turbulent mixing and, therefore, is less sensitive to tem-
perature. On the other hand, the heat transfer rate through
chamber side wall, the net radiative heat loss and the
radiant fraction strongly depended on the radiation
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Fig. 5 Axial profiles of the 600 . . : :
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Table 5  Average relative deviation expressing the difference
between experimental data and numerical results for both scenarios
without radiation and with radiation

Without With With

radiation radiation® radiation”
Figure 4a (%) 2.0 2.2 2.6
Figure 4b (%) 13.4 8.5 55
Figure 4c (%) 11.2 9.6 9.0
Figure 4d (%) 6.9 5.8 5.1

# Using WSGG correlations of Smith et al. [25]
® Using WSGG correlations of Dorigon et al. [6]

modeling, as revealed in Figs. 3, 5, and Tables 6, 7. Also,
Fig. 4 shows that for all the radiation models the mean
temperature and the mean molar fraction of CO, follow the
experimental data trend, despite some deviations, which
had probably minor relation to the choice of the radiation
modeling, arising from limitations of the other models
(turbulence and combustion).
Table 5 presents the average relative deviation com-
%Dev = 31 [100(Vexpi — Vrad,i) / Vexp,max|]
i=1
expressing the difference between experimental data (Veyp)
and numerical results (V,4) for both scenarios without
radiation and with radiation calculated with Smith et al.
[25] and Dorigon et al. [6] correlations for all the results of
Fig. 4. 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, molar frac-
tions, which corroborates the results shown in Fig. 4.

An additional view of the effect of thermal radiation is
presented in Table 6, which shows the heat transfer rate
through the chamber wall. The inclusion of thermal radi-
ation has a major effect in the radiation—convection com-
bined heat transfer mode, leading to an increase in the total
heat transfer from 79.73 kW (only convection, without
radiation transfer) to a maximum of 160.09 kW (sum of
convection and radiation transfer). The pattern of these
results agrees with Silva et al. [22], where it was shown

puted as
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that the predicted heat transfer through the chamber wall
was approximately doubled when radiation was taken into
account. It is interesting to note that when thermal radiation
is included, the convective transfer decreases in compari-
son to when thermal radiation is neglected, since the
temperature gradients in the chamber are reduced due to
the additional volumetric heat source. Also, the results
show that radiation transfer is increased when the new
WSGG model correlations are used, as expected, since the
radiative heat source (Fig. 3) is higher using them.

The role of using different WSGG correlations on
radiative heat transfer can be alternatively shown by iso-
lating their effects on the radiation calculations alone. This
can be done by freezing the species molar fraction and
temperature fields, and then calculating radiation fields
using WSGG model correlations from Smith et al. [25] and
Dorigon et al. [6]. These calculations are decoupled from
the other mechanisms, and, therefore, uncertainties arising
from turbulence and combustion models do not influence
the comparison. This procedure was applied using the same
converged temperature, and H,O and CO, fields obtained
from the simulation which neglects radiation heat transfer.
The results of this analysis are presented as “decoupled
CFD/radiation calculations” in Table 7 and Fig. 5. It is
emphasized that all the other radiation results presented
previously or further on the present work were obtained
with coupled calculations.

An important quantity that describes the overall radia-
tion field of a flame is the net radiative heat loss from the
flame and its normalized variable, the radiant fraction (f;.q).
The net radiative heat loss corresponds to the integral of
Sraq Over the computational domain; the radiant fraction is
the ratio of this value to the heat released in the combustion
reaction. These quantities were calculated and are shown in
Table 7. The radiation loss and the corresponding radiant
fraction from the present flame have significant values. The
radiant fraction increased considerably using the WSGG
model correlations proposed by Dorigon et al. [6]. Also, the
radiant fraction follows the same trend for both coupled
and decoupled CFD/radiation calculations, i.e., it increases
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Table 6 Heat transfer rate on the combustion chamber radial wall

Without  With With
radiation radiation® radiation®
Convection heat transfer rate 79.73 72.01 62.61
(kW)
Radiative heat transfer rate (kW)  0.00 61.77 97.48
Total rate 79.73 133.78 160.09

(radiation + convection) (kW)

* Using WSGG correlations of Smith et al. [25]
° Using WSGG correlations of Dorigon et al. [6]

Table 7 Predicted net radiative heat loss and radiant fraction

Coupled CFD/radiation
calculations

Decoupled CFD/radiation
calculations

Net radiative frad
heat loss (kW) (%)

Net radiative frad
heat loss (kW) (%)

WSGG [25]
WSGG [6]

71.12
115.18

12.11
19.73

85.68
166.31

14.49
28.12

due to the different WSGG model correlations. In addition,
the net radiative heat loss and radiant fraction from
“decoupled calculations” are higher than from “coupled
calculations” since the temperatures are higher for calcu-
lations without radiation. Using this temperature field to
compute the radiation heat transfer will lead to higher
values. The overall energy balance on the combustion
chamber, as well as the radiative energy balance, was
verified during all computations. The differences between
the radiative heat transfer rates reported on Table 6 and the
net radiative heat losses reported on Table 7 are because
results on Table 6 are related only to rates on the cylin-
drical 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.

Figure 5 presents profiles of the radiative heat source
along the axial direction at the chamber centerline for
coupled and decoupled CFD/radiation calculations cases.
As seen, the radiative heat source is essentially the same in
both coupled and decoupled cases, with a multiplication
factor between them in some regions that supports the
results of Table 7. In addition, Fig. 5a also shows an
important and interesting result, identified as “Smith et al./
Dorigon et al. (uniform partial pressures)”. In those com-
putations, the radiative heat source was computed disre-
garding the effect to inhomogeneity of H,O and CO,
concentrations inside the combustion chamber, i.e., the
pressure absorption coefficient for the j-th gray gas for the
WSGG model, &, ; (in rn*latmfl), present in Tables 2 and

3, was not multiplied by the summation of the partial
pressures of H,O and of CO, for each computational vol-
ume cell to obtain the absorption coefficient for the j-th
gray gas, k; (in mfl), but, in that case, k,; was multiplied
by the summation of constant values of partial pressures of
H,0 and of CO; (pu,0 = 0.2 atm and pcp, = 0.1 atm).
This result allowed verifying the effect of inhomogeneity
of H,O and CO, concentrations inside the combustion
chamber on the radiative heat transfer. Despite the differ-
ence shown in Fig. 5a not being large, its effect is not
negligible. For example, disregarding the inhomogeneity of
H,O and CO, concentrations leads to an increase on
computed flame peak temperature from 1,714 to 1,722 K,
and to a reduction on the radiant fraction from 12.11 to
10.95 %, when using classical WSGG correlations. The
variations are from 1,636 to 1,645 K and from 19.73 to
18.42 % when using Dorigon et al. [6] WSGG correlations.

5 Conclusions

RANS simulations of a turbulent non-premixed methane—
air flame in a cylindrical chamber were performed to
investigate the radiation effects of non-gray gases by
means of two different WSGG models: the well-known
correlations of Smith et al. [25] and the recently obtained
correlations of Dorigon et al. [6] based on the up-to-date
HITEMP2010. A two-step global reaction mechanism was
used and turbulence modeling was considered via standard
k—& model. The discrete ordinate method was employed to
solve the radiative transfer equation. This work showed the
importance of accurate predictions for the radiative heat
transfer for combustion problems. The comparison of the
results obtained with the two WSGG correlations showed
that temperature, radiative heat source, heat transfer
through chamber wall and radiant fraction were sensible
and affected by the different WSGG model correlations,
while its effect on species concentrations was of minor
relevance. Since the radiative heat source changed signif-
icantly with the two correlations, it is conclusive that, to
achieve an accurate prediction of the temperature field and
wall chamber heat transfer, it is mandatory to use an
accurate radiation model in the simulations. Also, the
numerical results obtained for the case considering the new
WSGG model correlations were closer to the experimental
data [9] than the case with the classical correlations. It was
also investigated the effects of inhomogeneities in the
concentrations of H,O and CO, inside the combustion
chamber on the radiative heat transfer, which proved to be
of moderate importance in this particular application.
Overall, this study shows that radiation heat transfer and
radiative properties modeling are very important issues in
combustion predictions. Some possible future advances in
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the radiation analysis include kinetics for soot formation, a
needed step prior to modeling combined soot and gas
radiation, and considering turbulence-radiation interaction

(TRI).
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