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Radiative heat transfer is studied numerically for reacting swirling flow in an industrial
gas turbine burner operating at a pressure of 15 bar. The reacting field characteristics
are computed by Reynolds-averaged Navier–Stokes (RANS) equations using the k-�
model with the partially stirred reactor (PaSR) combustion model. The GRI-Mech 2.11
mechanism, which includes nitrogen chemistry, is used to demonstrate the ability of
reducing NOx emissions of the combustion system. A photon Monte Carlo (PMC) method
coupled with a line-by-line (LBL) spectral model is employed to accurately account for
the radiation effects. Optically thin (OT) and PMC–gray models are also employed to
show the differences between the simplest radiative calculation models and the most
accurate radiative calculation model, i.e., PMC–LBL, for the gas turbine burner. It was
found that radiation does not significantly alter the temperature level as well as CO2 and
H2O concentrations. However, it has significant impacts on the NOx levels at downstream
locations. [DOI: 10.1115/1.4038153]

1 Introduction

In most gas turbine combustors, thermal radiation plays a major
role to the heat transfer from the hot combustion products to the
combustor walls, especially in luminous combustion where signif-
icant amount of soot particles are produced [1,2]. In modern sta-
tionary gas turbine combustor, air and fuel are premixed in a lean
burning regime in order to achieve a homogenous temperature dis-
tribution, reduce NOx and soot formation [3–7], and these gas tur-
bines often operate at elevated pressures. Radiation may be
important at higher pressure even in nonsooting flames as optical
thickness of radiatively participating media is much larger.

Gas turbine combustion is a very complex process governed by
a complicated turbulent flow field and strong effects of
turbulence–chemistry interactions [2]. However, the rapid
increase in computational power in recent years makes it possible
to conduct reacting flow simulations using sophisticated turbu-
lence models and detailed chemistry mechanisms [8–17]. How-
ever, adding detailed treatment of radiative heat transfer within
such reacting flow simulations remains computationally very
expensive. In these simulations, radiative heat transfer is either
neglected [11–13,15] or simulated with very simple radiation
models [9,10,14,16,17], which often leads to over- or underesti-
mations of temperature fields. Radiation and chemistry are tightly
coupled through the temperature, and correct temperature predic-
tion considering radiation effects is required for correct prediction
of all combustion species, in particular, NOx. In modern gas tur-
bine burners, swirl flames are used extensively to enable better
mixing and high energy conversion [4,5,18]. In such burners, it
was reported that with less than 0.1% of the energy released fluc-
tuation is sufficient to generate pressure fluctuations having peak
amplitudes equal to the mean chamber pressure [3]. Accurate pre-
diction of radiative energy in the system is also critical to ensure
combustion stability. Therefore, a high-fidelity radiation model is

necessary to improve numerical predictions of the overall heat
transfer in such systems.

The governing equation for radiative heat transfer in nongray
participating media is given by the radiative transfer equation
(RTE), which includes emission, absorption, and scattering. The
RTE is an integro-differential equation for radiative intensity in
six independent variables (three spatial, two directional, and one
spectral). Consequently, the high dimensionality of RTEs prevents
them from being solved exactly in general conditions [19]. The
optically thin (OT) approximation for radiative heat transfer cal-
culation was applied to several industrial gas turbine simulations
recently [17,20]. This approximation ignores self-absorption and
only gives total local emission from the medium and, therefore,
overestimates the radiative heat loss. By transforming the RTE
into a set of simultaneous partial differential equations, approxi-
mate solution methods were developed, such as the discrete ordi-
nates method (DOM) and the spherical harmonics method (or PN
method) [19]. The DOM is very popular in combustion solvers
because of its ease of implementation and extension to high
orders, and is commonly used for industrial combustor simula-
tions with radiative heat transfer. Jones and Paul [9] combined
DOM with large eddy simulation in a gas turbine combustor. The
values for absorption coefficients (m�1) of the radiatively partici-
pating medium were simply approximated as one tenth of mole
fraction of CO2 plus H2O. Karalus [21] simulated a jet stirred
reactor using DOM to account for radiation heat transfer from
CO2 and H2O. No detail for the spectral information was given in
the work and gases were assumed to be gray. Nemitallah and
Habib [14] studied an atmospheric diffusion oxy-combustion
flame in a gas turbine combustor applying DOM as the RTE
solver with gray-gas assumption, applying the Planck-mean
absorption coefficient. Kadar [22] investigated turbulent nonpre-
mixed combustion in industrial furnaces using DOM with gray
gas media. All these DOM calculations were implemented with
very simple spectral models, mainly because of large computa-
tional cost of the method [19,23]. On the other hand, the lowest
order spherical harmonics method, the P1 method, is relatively
easy to implement and has reasonable computational efficiency.
However, the P1 method is usually only accurate in media with
near-isotropic radiative intensity, and is extremely difficult to be
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extended to high orders due to the complicated mathematics
involved. Only a few numerical simulations for industrial combus-
tor have applied the P1 method as the RTE solver to account for
radiative heat transfer [22,24–26].

The photon Monte Carlo (PMC) method solves the RTE in a
stochastic manner, which directly mimics the physical processes
by releasing representative energy bundles (rays) into random
directions, which are traced until they are absorbed at certain
points in the medium or escape from the domain. This allows the
accurate treatment of the complications in radiative heat transfer
modeling, such as nongray spectral properties, inhomogeneous
media, and irregular geometries, with relative ease. The PMC
method, while computationally expensive, can readily be imple-
mented with the line-by-line (LBL) spectral model without signifi-
cantly increasing computational cost compared to gray
calculations [27,28]. The LBL spectral model resolves all individ-
ual spectral lines and is the most accurate spectral model, which
can be combined with PMC (PMC–LBL) to serve as benchmark
for other RTE solvers and spectral models. When increasing the
number of energy bundles, the PMC–LBL results will approach
the exact LBL solution with diminishing statistical error.

In the present work, the PMC–LBL radiation model was
applied to study the radiative heat transfer for reacting swirling
flow in an industrial gas turbine combustor operating at a pressure
of 15 bar [29]. The simulated gas turbine combustor is the Sie-
mens SGT-100, which premixes air and natural gas in a swirler
prior to burning to introduce better mixing and resulting in a lean
burning regime with low NOx emissions [30]. The original-sized
industrial gas turbine burner and combustion chamber of SGT-
100 were installed in a high-pressure test rig at German Aerospace
Center (DLR) in Stuttgart, Germany and operated with natural gas
and preheated air at pressures up to 6 bar [31]. Experimental
investigations have been conducted on the combustor for quantifi-
cation of flow field, composition, and temperature [6,31,32].
Reynolds-averaged Navier–Stokes (RANS) and large eddy simu-
lations have been performed to the experimental version of the
gas turbine combustor with different turbulent combustion models
and chemistry mechanisms [15,17,18,20,33,34]. However, no
detailed treatment for radiative heat transfer was included in any
of these simulations.

It should be noted that the purpose of this study is not to resolve
flame details quantitatively with sophisticated turbulence and
combustion models, but to demonstrate the radiation effects in
industrial gas turbine combustion with a high-fidelity radiation
model. The authors were not able to obtain all the details of the
geometry and operating conditions for the SGT-100 combustor
because of technical confidentiality issues [6]. Therefore, there
were no intentions to simulate the experimental gas turbine com-
bustion chamber operating at relatively lower pressures to resolve
all the flame details quantitatively. Without detailed information,
such as geometry and operating conditions, quantitative prediction
of temperature and other quantities, which can match with experi-
mental measurements, would be impossible and that is also
beyond the scope of our studies. The dimensions of the combustor
were obtained from Stopper and Meier’s experimental work [31].
The flow conditions were scaled to the turbine operating pressure
of 15 bar from case D (6 bar) in their experimental measurements.
The reacting swirling flow was simulated on a simplified two-
dimensional (2D) axisymmetric geometry by RANS simulations
with the standard k-� turbulence model. The partially stirred reac-
tor (PaSR), which has been extensively used for gas-turbine like
combustor simulations, was also applied here for turbulent com-
bustion modeling. The reaction chemistry was described using the
detailed GRI-Mech 2.11 chemical mechanism [35], which is
designed to model natural gas combustion, consisting of 227 ele-
mentary reactions among 49 species and including NO formation.
A newly generated high-pressure LBL database, specifically
applied to PMC calculation [36], was used for the radiative heat
transfer modeling. CO2, H2O, and CO were assumed to be the
only radiatively participating species and wall radiation was

considered as well. Results from optically thin and gray-gas calcu-
lations coupled with flow and combustion simulation were also
presented for comparison.

2 Mathematical Models

2.1 Governing Equations. In the RANS context, conserva-
tion equations (continuity, momentum, species, and enthalpy) can
be written in terms of Favre averages [37]. The Favre-averaged
continuity equation is given by

@q

@t
þ
@ q~ujð Þ

@xj
¼ 0 (1)

where the over bar (�) denotes the Reynolds averaging while the
tilde (�) denotes the Favre-averages. The Favre-averaged
momentum equation is given by

@ q~uið Þ

@t
þ
@ q~ui~ujð Þ

@xj
¼ �

@p

@xi
þ

@

@xj
sij � qu00iu00j
� �

(2)

where sij is the viscous stress. In the averaging procedure, the
Reynolds stress terms of �qu0 0i u

0 0
j are introduced, which are

unclosed and have to be modeled by a turbulence model. The
Favre-averaged species transport equation for species s is given
by

@ q ~Y s

� �

@t
þ
@ q ~Y s~uj
� �

@xj
¼

@

@xj
qDs

@ ~Y s

@xj
�qY00

su00j

 !

þ ~_xs

s¼1;……:;m (3)

where Ds is the mass diffusivity, ~_xs is the Favre-averaged
chemical reaction rate, and m is the total number of species in the
system. The Favre-averaged energy equation is given by

@ q ~h
� �

@t
þ
@ q ~h~uj

� �

@xj
¼

@

@xj
qa

@ ~h

@xj
� qh00u0 0j

 !

þ Sh þ Srad (4)

where a is the thermal diffusivity. The two averaged terms Sh and
Srad are the chemical and radiative heat sources, respectively. In
this study, turbulence–chemistry interaction is considered to close
the chemical reaction rate term and chemical heat source term by
combustion models. However, turbulence–radiation interaction is
neglected, i.e., Srad ¼ Srad and is calculated by radiation models.

2.2 Turbulence Model. In addition to the Reynolds stress

term �qu0 0i u
00
j in Eq. (2), the other two unclosed terms �qY00

s u00j
and �qh00u00j , in Eqs. (3) and (4), referred to as Reynolds flux

terms, have to also be modeled. In the present study, closure for
these terms in the government equations was achieved using the
standard k-� model [38]. By introducing the turbulent viscosity lt,
the Reynolds stress term is expressed as [39]

�qu00i u00j ¼ lt
@~ui

@xj
�
@~uj

@xi
�
2

3
dij

@~uk

@xk

� �

þ
2

3
qkdij (5)

where dij is the Kronecker delta and k is the Favre-averaged turbu-
lent kinetic energy. The turbulent viscosity can be calculated as

lt ¼ Cuq
k2

~�
(6)

where Cu is a model constant and ~� is the Favre-averaged dissipa-
tion rate of turbulence kinetic energy. Two additional transport
equations for the Favre-averaged turbulent kinetic energy and
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dissipation rate are solved in order to close the Reynolds stress
term. A more detailed discussion concerning these two equations
may be found in Refs. [22] and [40]. The Reynolds flux terms in
Eqs. (3) and (4) are closed by applying gradient diffusion assump-
tions, i.e.,

�qY00
s u

00
j ¼

lt
Scts

@ ~Y s

@xj
; �qh00u0 0j ¼

lt
Prth

@ ~h

@xj
(7)

where Scts and Prth are turbulent Schmidt number for species s and
turbulent Prandtl number for enthalpy, respectively.

2.3 Combustion Model. The reaction rate, as expressed by
the Arrhenius law with temperature in the exponent, is a highly
nonlinear term [41]. The Favre-averaged reacting rate ~_xs in Eq.
(3) can never be directly evaluated as a function of averaged spe-
cies mass fractions, densities, and temperature, which have to be
modeled by the combustion model. In the present study, the par-
tially stirred reactor combustion model is applied to model the
turbulence–combustion interaction. In the PaSR approach, a com-
putational cell is split into two different parts: a reacting part and
a nonreacting part. The reacting part is treated as a perfectly
stirred reactor, in which the composition is homogenously reacted
and mixed. After reactions have taken place, the species are mixed
due to turbulence for the mixing time smix, and the resulting con-
centration gives the final concentration in the entire, partially
stirred cell. The reader is referred to Refs. [22] and [42–44] for
more details. By using the PaSR model, the Favre-averaged reac-
tion rate is calculated as

~_xs ¼ ks _xs (8)

where _xs is the laminar reaction rate calculated using the detailed
chemical kinetic mechanism GRI-Mech 2.11 for species s, and ks
is the reactive fraction of the reactor cell, which is calculated from

ks ¼
sc

sc þ smix

(9)

where sc is the chemical time-scale determined by solving the
coupled ordinary differential equations governing the chemical
kinetics. The turbulence mixing time-scale smix is obtained from
the k-� model as [45]

smix ¼ Cmix

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

lþ ltð Þ

q~�

s

(10)

where Cmix is a parameter that can be used to scale the turbulence
mixing time-scale. In the present work, the default value of
Cmix¼ 0.1 was used. After the Favre-averaged reaction rate is
obtained, the chemical heat source in Eq. (4) is evaluated as

Sh ¼
X

m

s¼1

Dhs ~_xs (11)

where hs is the species formation enthalpy, which is obtained
from the detailed chemical kinetic mechanism GRI-Mech 2.11.

2.4 Radiation Model. In order to calculate the local radiative
heat source Srad in Eq. (4), the RTE has to be solved with species
spectral properties to obtain local radiative intensity [19]. For this
gas turbine simulation, a finite volume-based PMC–LBL model
was used. In the PMC analysis, photon bundles are emitted in ran-
dom directions from random locations in each computational cell.
The interaction between photon bundles and cells (i.e., absorp-
tion) is evaluated commensurate with the optical thickness that a

photon bundle travels through a cell. Thus, the RTE is solved to
provide the local radiative heat source of a cell by balancing the
energy emitted and absorbed in a cell, and wall heat flux by radia-
tion may be obtained by collecting all the photon bundles hitting
and leaving wall boundaries.

In PMC calculations, the emitting location, direction, and
wavenumber of a photon bundle must be determined in a statisti-
cally meaningful way. So-called random-number relations were
developed to obtain statistically meaningful locations, directions,
and wavenumbers of emitting photon bundles [19,27]. A random-
number relation determining the emitting location of a photon
bundle was developed according to the emissive energy distribu-
tion in the domain, i.e., a “hot” emitting zone is more likely to
release more photon bundles than a “cold” absorbing zone. For an
isotropic medium, photon bundles should be randomly released
into all directions with equal probability; a random-number rela-
tion for emission direction was developed to ensure photon bun-
dles are released “isotropically.” For gray gas analysis with the
PMC method, the Planck-mean absorption coefficient is used for
calculations: all photon bundles carry identical absorption coeffi-
cients and no spectral model is required. However, the combustion
products such as CO2, H2O, and CO are highly nongray, which
only emit and absorb across a few spectral bands with strong spec-
tral variations of radiative properties. Due to the rapid increase in
computational power, conducting line-by-line calculations, the
most accurate radiative heat transfer simulation has become possi-
ble. Wang and Modest [27] developed random-number relations
for LBL accurate spectral Monte Carlo models. By using random-
number relations, the wavenumbers with substantial emission are
more likely to be chosen. Therefore, fewer photon bundles are
required to yield accuracy comparable to the one obtained from
standard spectral integration. Based on Wang’s work, Ren and
Modest [28] developed a new wavenumber selection scheme,
which displays a significant improvement in computational effi-
ciency, and thus is employed in the present study. In this scheme,
when a random number for emitting wavenumber, Rg, is drawn,
the emitting species is determined first; then the emitting wave-
number and the corresponding absorption coefficient are deter-
mined from a tabulated random-number wavenumber relation
database, which has the form of

Rg;s ¼ f ðP;T; xs; gÞ;jg;s ¼ f ðP; T; xs; gÞ; s ¼ 1;……;m (12)

where P is total pressure, xs are mole fraction of species s and jg,s
is the absorption coefficient. Ren and Modest [36] built a database
tabulating these relations for CO2, H2O, CO, CH4, C2H4, and soot
for a temperature range from 300 K to 3000 K, and total pressures
ranging from 0.1 bar to 80 bar from LBL spectroscopic databases
[46,47] to cover most conditions found in industrial practice. In
the present study, CO2, H2O, and CO (no significant amount of
soot is generated due to the lean-premixed combustion in swirling
flow) are assumed to be the only radiatively participating species
and wall radiation is considered as well.

3 Computational Details

The SGT-100 is an industrial gas turbine with approximately
5MW output with a pressure ratio of approximately 15:1 [28].
Although the detailed geometrical features of the SGT-100 com-
bustor were not released, the original-sized experimental version
of the gas turbine combustor gives some detail as in Fig. 1 [31].
The system consists of a main burner, pilot burner, radial swirler,
and double-skinned can combustor. German natural gas (contain-
ing 96.97% of CH4) is mixed with preheated air in the radial swir-
ler and passes through the swirler vanes into the combustion
chamber. All the gases are assumed to be an “ideal gas” and obey
the “ideal gas law.” In the simulation, CH4 is considered as the
combustion fuel and the swirler is not included in the simulation.
The swirling flow is generated by enforcing a tangential velocity
to the inlet flow according to the 60 deg swirler vane angle,
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assuming air and CH4 are well premixed passing the swirler. The
2D axisymmetric computational domain (confined within the red-
dash lines) is indicted in Fig. 1, including flow inlet, combustor
walls, and flow outlet. The computational grid and boundaries are
shown in Fig. 2. The reacting compressible flow solver is built on
OpenFOAM [48], an open-source computational fluid dynamics
(CFD) software. OpenFOAM uses the finite volume method with
unstructured mesh topology. A wedge is the most common way to
represent an axisymmetric full cylinder in the finite volume CFD
simulation. Thus, the 2D axisymmetric domain was specified as a
5 deg three-dimensional wedge, and one cell thick running along
the plane of symmetry. Cyclic boundary conditions are applied to
an axisymmetric wedge geometry with approximately 15,000
cells. Prior to the inlet, CH4 and air are premixed in the swirler at
flow rates of 0.049 kg/s and 1.3875 kg/s, respectively. The mixture
has a temperature of 400 �C at the burner inlet. All walls are
assumed to be black and diffuse with fixed temperatures of
400 �C, governed by the temperature of the cooling air. RANS
equations were solved with the standard k-� model, the PaSR com-
bustion model with detailed reaction mechanism GRI-Mech 2.11,
and radiation models.

4 Results and Discussions

4.1 Grid Independence. A grid independence study was con-
ducted first to ensure numerically error-free results. The current
mesh of approximately 15,000 cells was refined in both directions,
resulting in a refined mesh size of approximately 40,000 cells.
The reacting swirling flow was simulated on both meshes without
any radiation model involved. The simulation results from the two
different grid systems are found to be in good agreement with
each other for flow fields, temperatures, and species compositions.
The axial velocity, temperature, and CO mass fraction distribu-
tions at one axial (x¼ 0.1 m) and one radial (r¼ 0.03 m) locations
of the combustion fields are compared for the two grid systems in
Fig. 3: the refined mesh does not result in any considerable varia-
tions in the results. Thus, the current mesh is considered to be grid
independent.

4.2 Flow Patterns and Overall Flame Characteristics.
Computed steady-state mean velocity magnitude contour with

superimposed pseudo-streamlines (on the x� r plane based on the
mean axial and radial velocity components), temperature, CO2,
H2O, and CO mass fraction contours are shown in Fig. 4. These
results were obtained with the PMC–LBL radiation model. The
fresh fuel–air mixture passes through the swirler vane (inlet) and
turns through a right angle into the combustion chamber, followed
by sudden expansion. A smaller outer recirculation zone develops
in the corner of the combustion chamber due to the confined
geometry of the burner. Under effects of the swirling flow, the
vortex breakdown leads to formation of a larger inner recircula-
tion zone, which is critical for flame stabilization. Similar flow
patterns were also observed in early observations of confined
swirling flows [3,12,32]. The inner recirculation drives the hot
combustion products back to the flame root and mixes them with
the incoming fuel–air mixture. The swirling flow introduces better
mixing of combustion products and efficient energy transport,
resulting in a relatively uniform temperature distribution inside
the combustion chamber. The combustion products like CO2 and
H2O are distributed pretty much uniformly at downstream loca-
tions with high concentrations. The maximum CO mass fraction is
about 1%, and has significantly lower levels downstream. The
mean CO mass fraction contour indicates the flame position in
the combustor. It can be seen that combustion takes place between
the two recirculation zones, where turbulence is intense and the
flame is short and thin. Within the larger IRZ, where the residence
time is long, turbulence is weak, the temperature remains rela-
tively high. The higher level of turbulence near the flame zone
and lower levels of turbulence downstreams were observed by
previous experimental measurements and large eddy simulations
calculations [15,17,18].

4.3 Radiation Effects on Combustion. Radiation models
coupled with a reacting flow solver are likely to yield different
combustion environments and to affect temperature and species
composition distribution as opposed to scenarios without consid-
ering radiation. The flame shapes calculated without any radiation
feedback (NoRad) and with OT, PMC–gray, and PMC–LBL radi-
ation models are illustrated by the temperature profiles given in
Fig. 5. Without considering radiation, there is zero radiative heat
loss from the hot combustion products. At the other extreme,
when using the OT approximation, self-absorption of the radia-
tively participating medium is ignored and maximum radiation
heat loss is obtained. With PMC–gray or PMC–LBL, the emitted
photon bundles will be (partially or totally) absorbed by the
medium along the path. Normally, NoRad predicts the overall
highest temperatures and OT predicts the lowest temperature
level; temperatures calculated by any other radiation models are
expected to be between these two extremes. As shown in Fig. 5,
due to the maximum radiative heat loss, with the OT radiation
model, the smallest hot temperate zone (T> 1900 K) is predicted.
For the PMC–gray model, due to some reabsorption, it predicts a
slightly smaller hot temperature zone compared to the results
obtained without radiation. For this gas turbine combustor, the
PMC–LBL predicts the largest hot temperature zone and tempera-
tures are higher than without considering radiation over most parts
of the downstream locations. The temperature profiles predicted
by different models along the radial direction near the burner exit

Fig. 1 The industrial burner with combustion chamber of the
SGT-100 [31]

Fig. 2 Computational mesh and boundaries for the gas turbine combustor
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(x¼ 0.5 m) are shown in Fig. 6. With the OT radiation model, the
maximum temperature drops about 80 K. However, using the
PMC–LBL radiation model, maximum temperature actually rises
about 10 K. The PMC–gray model predicts a lower temperature
compared to NoRad calculation. NOx formation is very sensitive
to the maximum temperature in combustion, and the slightly
higher temperature predicted with PMC–LBL model results in a
higher NOx mass fraction, which is also shown in Fig. 6.

In order to understand why the PMC–LBL radiation model pre-
dicts higher temperature than without considering radiation, the
mean mass fraction contours of the combustion radical OH from
NoRad and PMC–LBL calculations are shown in Fig. 7, to dem-
onstrate the radiation effects on combustion. Although the temper-
ature differences are not huge when comparing NoRad and

PMC–LBL calculations, the flame shapes are quite different. For
this gas turbine combustor, the two major radiatively participating
species, CO2 and H2O, are distributed pretty much uniformly at
downstream locations with high concentrations. Results by
PMC–LBL show that about 80% of the total emission from the
medium has been reabsorbed. Because of the long distance effects
from radiation, we speculate that the flame may be affected by
radiation from its high temperature and high concentration of radi-
atively participating species at downstream locations. Combustion
may be enhanced by the reabsorption process and result in a dif-
ferent flame shape and higher temperature. This is indeed the case
and also is indicated in Fig. 7, where a larger value of maximum
OH mass fractions is predicted by PMC–LBL calculations. This is
also demonstrated by the volume-averaged CO2, H2O, and CO

Fig. 3 The comparison of the axial velocity, temperature, and CO mass fraction distributions
calculated with current mesh of approximately 15,000 cells and refined mesh of approximately
40,000 cells
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mass fractions, as shown in Fig. 8. With PMC–LBL, more CO2,
H2O, and less CO are produced; combustion is enhanced and is
more complete with the effect of strong reabsorption of radiation.
Although the temperature calculated by PMC–LBL model is
higher than NoRad calculation, the enthalpy within the system
should be always between the enthalpies calculated with OT and
NoRad. The volume-integrated enthalpy in the computational
domain is also shown in Fig. 8, indicating that the enthalpy calcu-
lated with PMC–LBL model is indeed between the two extremes
of OT and NoRad.

The net radiative heat fluxes on the combustor walls have also
been calculated with different radiation models, which are shown
in Fig. 9 (refer to Fig. 2 for wall indices). Although the size of the
combustor chamber is not very large, CO2 and H2O are distributed
relatively uniformly downstream with higher mass fractions at a
higher pressure, which makes the optical thickness of the radia-
tively participating medium much larger. According to the
PMC–LBL predictions, the heat fluxes to the walls due to radia-
tion were not significant, i.e., only about 20% of the radiative
emission reaches the combustor walls. On the other hand, that

Fig. 4 Steady-state mean velocity magnitude (m/s) superimposed with pseudo-streamlines,
temperature (in kelvin), CO2, H2O, and CO mass fraction contours calculated with PMC–LBL
radiation model for the gas turbine combustion burner
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means the radiative heat fluxes to the walls are vastly overesti-
mated by the OT method, since all self-absorption is neglected.
For radiatively participating gases, such as CO2, H2O, and CO,
the absorption coefficients oscillate wildly within few spectral
bands across the electromagnetic spectrum. Therefore, the gray-
gas assumption may often lead to very significant errors in the

analysis. The radiative heat fluxes are also overestimated by
PMC–gray calculation, as shown in Fig. 9.

4.4 Computational Cost for PMC–LBL Radiation Model.
The PMC–LBL radiation model solves the nongray RTE and pro-
vides the radiative heat source Srad to the energy equation of Eq.

Fig. 5 Temperature (in kelvin) profiles calculated without radiation (NoRad) feedback, with
OT, PMC-gray, and PMC–LBL radiation models for the gas turbine combustion

Fig. 6 Temperature (in kelvin) and NOx mass fraction near the gas turbine burner exit
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(4). Since the PMC is statistical in nature, it yields a slightly dif-
ferent solution from time-step to time-step. To minimize this vari-
ation, a large number of photon bundles can be released and
traced, but this would be computationally very expensive. In the
multiscale simulation of combustion, the time-step is often deter-
mined by chemical models; the change of the mean-flow field is
much more slowly compared to the small time steps needed for
accurate chemical reaction modeling. Without considering turbu-
lence radiation interaction, the radiative heat source term is only
controlled by the mean-flow field and also changes much more
slowly, it is not necessary to solve the RTE at every time-step.
Instead of running a large number of photon bundles at every
time-step, tempered averaging may be used, with relatively few
photon bundles at every time-step, combined with time-blending
over steps, i.e., an updated radiative heat source is evaluated from
Refs. [23], [49], and [50]

S�rad¼aSn�1
rad þð1�aÞSnrad (13)

where a is a time-blending factor with a relatively large value, the
superscript n–1 denotes previous time-step, n represents current
time-step, and S�rad is the radiative heat source calculated at time-
step n using relatively few photon bundles with time-blending. In
the present study for PMC–LBL calculations, 100,000 photon

Fig. 7 The mean mass fraction contours of OH calculated without radiation (NoRad) feedback
and with PMC–LBL radiation for the gas turbine combustion burner

Fig. 8 Volume-averaged CO2, H2O, and CO mass fractions and volume-integrated enthalpy
and in the computational domain

Fig. 9 The net radiative heat fluxes on the combustor walls
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bundles are released at each time-step. A time-blending factor
a¼ 0.999 is used in Eq. (13) to include the impact of more histor-
ies in the average. By using this setup, comparing against no radi-
ation calculation, the PMC–LBL radiation model costs about
16.5% more central processing unit time, and the standard error
for the total radiative heat loss is estimated to be about 1% of the
mean value.

5 Conclusions

In the present study, existing turbulence and combustion models
were coupled with an improved, more realistic, high-fidelity radia-
tion model, PMC–LBL, to simulate an industrial gas turbine burner
operating at a pressure of 15 bar with reacting swirling flow. Results
obtained by applying OT and PMC–gray radiation models were
also presented for comparison. The local mean flow, temperature,
and combustion species fields are computed by solving RANS
equations with the k-� turbulence model and the PaSR combustion
model. The detailed natural gas–air reaction mechanism of GRI-
Mech 2.11 was applied to describe combustion kinetics.

The combustion simulations conducted with the most accurate
high-fidelity radiation model PMC–LBL indicate that combustion
may be enhanced by the reabsorption of the emission from the
radiatively participating combustion products, which predicted a
different flame shape and higher temperate than without consider-
ing radiation effects. PMC–LBL calculations resulted higher
downstream temperatures and NOx level. Results obtained with
different radiation models also indicated that for this gas turbine
combustion, due to the relatively large optical thickness of com-
bustion products at higher pressure, optically thin and gray calcu-
lations vastly overestimate the radiative heat losses, resulting in
overestimated radiative heat flux to the combustor walls. When
the radiative participating media have uniform and strong concen-
trations in a high-pressure gas turbine combustor, this results in
strong reabsorption through the media, and it is important to use
the PMC–LBL radiation model, in order to accurately predict tem-
perature distribution and NOx emission.
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Nomenclature

Cu ¼ k-� model constant
Cmix ¼ PaSR model constant
Ds ¼ mass diffusivity for species s, m2/s
h ¼ enthalpy, J/kg
k ¼ turbulent kinetic energy, m2/s2

P ¼ pressure, bar
Pr ¼ Prandtl number
q ¼ heat flux, W/m2

Rg ¼ random number for emitting wavenumber
Sc ¼ Schmidt number
Sh ¼ chemical heat source, W/m3

Srad ¼ radiative heat source, W/m3

t ¼ time, s
T ¼ temperature, K
uj ¼ velocity, m/s
xj ¼ spatial coordinate, m
xs ¼ mole fraction of species s
Ys ¼ mass fraction of species s

Greek Symbols

a ¼ thermal diffusivity, m2/s
dij ¼ Kronecker delta

� ¼ turbulent dissipation rate, m2/s3

g ¼ wavenumber, cm�1

jg ¼ absorption coefficient, cm�1

lt ¼ turbulent viscosity, kg/m � s
q ¼ density, kg/m3

sc ¼ chemical time-scale, s
smix ¼ turbulence mixing time-scale, s
sij ¼ viscous stress, Pa
_x ¼ gas species production rates, kg/m3 � s

Acronyms

LBL ¼ line-by-line
NoRad ¼ no radiation

OT ¼ optically thin
PaSR ¼ partially stirred reactor
PMC ¼ photon Monte Carlo

RANS ¼ Reynolds-averaged Navier–Stokes
RTE ¼ radiative transfer equation
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