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Abstract. As part of the development of a numerical framework to study soot formation in turbulent combustion
processes, a flamelet progress variable (FPV) combustion model is utilized here to perform numerical simulations of
turbulent reacting flows. More specifically, a non-premixed turbulent flame of methane-air stabilized in a semi-infinite
bluff-body burner is numerically studied using OpenFOAM. The selected axisymmetric configuration consists of a
central jet of CHy in a cylindrical bluff-body and an outer coflowing-air stream. The interaction between chemical
reactions and turbulence is described with the FPV combustion model and finite-rate chemistry effects are accounted
for through the detailed chemical kinetic mechanism GRI-MECH 3.0. The flamelet library is built up in the pre-
processing step using a laminar counterflow diffusion flame configuration, following specific criteria carefully chosen
so as to properly describe several flame conditions ranging from long enough flow residence times to flame extinction
limits. All numerical simulations are performed in a large eddy simulation (LES) based context. For the LES studies, the
wall-adapting local eddy-viscosity (WALE) model is used as subgrid-scale one. Numerical results are compared with an
experimental data set including velocity field and OH radical fluorescence obtained by joint particle image velocimetry
(PIV) and planar laser induced fluorescence (PLIF). The comparisons between the obtained numerical results and the
corresponding experimental data include mean fields of velocity, Reynolds stress tensors, turbulent kinetic energy and
normalized OH. Overall, a relatively good agreement between numerical predictions and experimental results was
observed. Both the double vortex structure and the recirculation zone length were in particular well predicted. In
addition, Reynolds stresses and turbulent kinetic energy predictions agree relatively well with the experiment. However,
predicted normalized OH radical profiles presented significantly discrepancies when compared to the experiments due
to the lifted nature of the measured flame was not well predicted.
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1. INTRODUCTION

Nowadays approximately 80% of consumed global energy comes from combustion processes. In addition, compared
to the amount corresponding to 2011, global energy demand is expected to increase near one-third by 2040. However, in
spite of the rapid growth in the use of renewable energies, fossil fuels - oil, gas and coal - will remain the main sources
for global energy supply in the next few years (Randers, 2012). However, due to the associated emission of greenhouse
gases, particulate matter and soot, the wide use of combustion systems has a significant impact on both health and
environment (Bourdrel, 2017). Therefore, in order to increase fuel efficiency and to reduce pollutant emissions,
continuous design improvements in combustion systems need to be introduced.

Bluff-body burner like configurations featuring strong turbulence-chemistry interactions are typically used as a means
of flame stabilization in both gas turbine combustors and industrial burners. The characteristic recirculating flow regions
formed in such configurations have a significant influence on both flame stabilization mechanisms and residence time
distributions, which subsequently affect soot and NOx formation in flames (Rowhani et al., 2020). Previous studies have
shown that the peak of soot volume fraction is associated with the low strain rates, high temperature regions of the flame,
whereas advection processes can explain the presence of soot in high local strain rates shear layer regions unfavorable for
soot to form (Mueller et al., 2013). Both time and length scales characterizing turbulent reacting flows control indeed the
pollutant formation in flames. An adequate treatment of the turbulence-chemistry interactions usually present in bluff-
body burner configurations is therefore needed in order to improve existing combustion systems.
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Combustion processes and flame behavior in particular are highly sensitive to inflow conditions (Peters, 2000). This
means that accurate modelling of turbulent transport of momentum, energy and species mass is paramount to obtaining
reliable simulation results. Non-reactive and reactive flow studies show that, compared to Reynolds-averaged Navier-
Stokes (RANS) approaches, large-eddy simulations (LES) based ones predict scalar mixing processes and dissipation
rates with considerably improved accuracy, especially in complex flows (Pitsch, 2006). In this work in particular, the
wall-adapting local eddy viscosity (WALE) model is used as sub-grid scale (SGS) one to close the LES equations. For
turbulent bluff-body related flows, WALE model has been shown to capture general flow features including the shear
layer, sudden expansion and recirculation zone (Lee and Cant, 2016).

Regarding combustion modeling, a finite-rate chemistry combustion model, i.e., the flamelet/progress variable (FPV)
(Pierce and Moin, 2004) one, is employed here. The non-premixed flame structure is a priori computed in mixture fraction
space by solving the steady flamelet equations (Peters, 2000). In order to consider all steady flamelet solutions, a reaction
progress parameter, denoted by C, has been introduced in the FPV model. This parameter identifies each single flame
state including both stable and unstable solutions and it is represented here by a linear combination of major reaction
product mass fractions. In this work therefore, all thermochemical quantities are parameterized with a reduced set of
variables (mixture fraction Z, progress variable C) and stored in a database that is accessed during LES simulations.

The main objective of this work is to assess the FPV model capabilities to predict turbulent non-premixed flames in
bluff-body burner configurations featuring strong turbulence-chemistry interactions. In addition, it is of particular interest
to determine whether the modeling approaches employed are able to capture the fundamental reactive flow features
characterizing the studied burners. The numerical results obtained here are compared with those measured in a flame
featuring a wake-dominated flow field with intense turbulence where intermittent flame lift-off and partial extinctions
may occur (Caetano and Figueira da Silva, 2015). All numerical simulations are carried out using the open source
computational tool OpenFOAM, version v2006 (OpenCFD, 2020). Due to the strong coupling between chemistry,
turbulence and soot formation, the combustion model has a significant impact on soot predictions (Valencia et al., 2021).
Accordingly, this work represents an additional effort towards the long-term goal involving the development of a
numerical framework to properly describe soot formation in turbulent combustion processes. This work is organized as
follows. Sections 2 and 3 describe, respectively, the mathematical and numerical modeling approaches employed here. In
Section 4 the main results are presented and discussed, in both qualitative and quantitative terms. Finally, Section 5
summarizes the main conclusions drawn from the results obtained here.

2. MATHEMATICAL MODEL

The main features of the mathematical model utilized in this work are briefly described in this section. A particular
empbhasis is put on the flow governing equations and the combustion modeling approach employed here.

2.1. LES governing equations

In LES approaches, coherent large-scale structures of the turbulent flow are computationally resolved, and the effects
of smaller and numerically unresolved scales on the large ones are modeled. The decomposition of scales is carried out
by applying a low-pass filter to the flow field quantities. The Favre-filtered equations describing the conservation of mass
and momentum are written thus as (Poinsot and Veynante, 2005),

ap_ oy _ (1)
ot axj ’

aO_SgS

ij , ,
Jforiandj =123,
at ax; ox, | ox; T ax, cortandd

opn; 0L __0p 05, @)

where p stands for filtered density, p is the filtered pressure, i is the filtered velocity, and 6;; is the filtered viscous stress
tensor. In this work, this last parameter is computed from,
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where p is the dynamic viscosity. The subgrid-scale (SGS) stress tensor, Gisjgs = p(@;; — 1), appears in unclosed

form, and it is modeled here using the WALE model (Nicoud and Ducros, 1999).
2.2. Combustion modeling

The flamelet/progress variable (FPV) model (Pierce and Moin, 2004; Ihme and Pitsch, 2005) employed in this work
is based on the flamelet equations, which describe turbulent diffusion flames by an ensemble of laminar flame structures
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(Peters, 2000). Under the hypothesis that all chemical species form on a fast-enough time scale, so that their mass fractions
and temperature are in quasi-steady state, the temporal derivatives related terms appearing in the full flamelet equations
are negligible, so the steady flamelet are described by (Peters, 2000),
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where p represents density, ¢ is the vector of chemical species mass fractions and temperature, Z is the mixture fraction,
and w denotes their respective source terms. The scalar dissipation rate of the mixture fraction y appearing in Eq. (4) is
in turn given by,

X = 2D|VZ|?, (5)

where D is the mass diffusivity, which is assumed to be equal for all species here. An analytical expression for y (Peters,
2000) based on a counter-flow diffusion flame model is used in this work. Notice that the solution of flamelet equations
is usually represented using the so-called S-shaped curve, whose upper and lower branches describe the stable burning
and non-burning solutions, respectively, and the middle branch the unstable one (Pierce and Moin, 2004). The FPV model
utilized here involves an additional flamelet parameter, denoted by C, which is a reactive scalar uniquely identifying each
single flame state along the S-shaped curve, including the unstable branch. In the present study the reaction progress
variable is supposed to be a linear combination of reaction product species, C = Yy, + Yo, + Yu, + Yo Similarly, the
reaction progress variable source term, denoted by @, is a linear combination of the chemical source term for the mass
fractions of reaction product species, W¢ = Wy, o + Wco, + Wy, + Wco (Thme and Pitsch, 2005). All thermochemical
quantities obtained from the solution of the steady flamelet equations are thus parameterized in terms of both the mixture
fraction and the progress variable as ¢ = ¢(Z, C).

For further evaluation of the filtered quantities, the joint probability density function (PDF) of the two flamelet
parameters P(Z, C) is required. The filtered scalar values are then obtained from,

Cmax 1
¢ = f $(Z,0)P(Z,C)dzdc. (6)
0
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And, since C is supposed to be statistically independent from Z, the joint PDF is written as,
P(z,¢)=P2)P(0), (7

where the marginal PDF of the mixture fraction is described by a beta-function, which is determined from the mixture
fraction mean and variance. For the sake of simplicity, the marginal PDF of C is described by a Dirac delta function
(Pierce and Moin, 2004).

Since the range mixture fraction variance Z'2 is related to the Z mean value, a scaled variance of mixture fraction
Zotq defined as,

Z 3 Zl12 (8)
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is used as controlling parameter instead, together with Z and C.
The FPV model requires the solution of the following transport equations for the filtered mixture fraction Z, the SGS
mixture fraction variance Z 2 and the filtered progress variable C (Pierce and Moin, 2004),
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where D is the mass diffusivity, D, is the turbulent diffusivity, C; is a model constant set equal to 2, and 4 is the filter
width (computed as the cube root of the cell volume). In this work, unity Lewis numbers have been assumed for all
species. In addition, D, is modeled according to the relation Sc; = u; /(p D;) = 0.7, where Sc; is the turbulent Schmidt
number and g, is the turbulent dynamic viscosity. C, in fact is not a free model constant since a theoretical value of 2 is
found in the derivation of the exact transport equation (Ihme and Pitsch, 2005), and this value is adopted here. C; is a
model constant set equal to 2, as in (Peters, 2000). Finally, all filtered thermochemical quantities, including g and @, are
retrieved from the steady-state flamelet library parametrized by Z, Z,;,, and C.

3. NUMERICAL MODELING

The numerical modeling approach employed here is described in this section. A particular emphasis is put on the
solver and numerical schemes utilized, the spatial and temporal discretization schemes employed, the geometric
configuration accounted for, the boundary conditions imposed and the chemical kinetic mechanism used to generate the
flamelets.

3.1. Solver and numerical schemes

All simulations in this work are carried out with the open source CFD package OpenFOAM, version v2006
(OpenCFD, 2020). In addition, new libraries have been compiled for the flamelet progress variable storage and retrieval
algorithms. The employed solver, referred here as ‘FPVFoam’, is based on the PIMPLE algorithm, a combination of PISO
(Pressure implicit with splitting of operator) and SIMPLE (Semi-implicit method for pressure-linked equations)
algorithms (OpenCFD, 2020). The workflow associated to this particular solver is shown in Figure 1a. In order to carry
out the LES simulations, the transport equations are spatially discretized using a finite volume method (FVM), implicit
second-order method Crank-Nicolson with blending factor ¢ = 0.9 is used for the temporal integration, whereas the
convection and Laplacian terms are discretized by second-order accuracy total variation diminishing (TVD) schemes,
‘Gauss van Leer’ and ‘Gauss van Leer corrected’, respectively (OpenCFD, 2020). The time step is fixed as 10 ps obtaining
maximum CFL number 0.8 and the steady state is reached at about 300 ms from the initial state. Averaging of properties
starts at 500 ms, corresponding to roughly 5 flow-throughs time based on the fuel jet mean velocity. The averaging process
is carried along 1.5 s.
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Figure 1. a) FPVFoam solver workflow. b) Geometric configuration, dimensions in mm. ¢) 3D Computational mesh
cross-section.

3.2. Geometric configuration and mesh generation

The bluff body geometric configuration and the associated computational domain numerically simulated here have
been chosen so as to describe the experimental setup (Caetano and Figueira da Silva, 2015) used as reference in this work.
As noticed in Figure 1b, a 200 mm long annular duct is simulated to describe the air inlet boundary. Similarly, outlets
have been placed far enough from the jet discharge in order to avoid their influence on the region of interest, i.e., the bluff
body near wake. Other main geometric parameters accounted for such as bluff body diameter D = 60 mm are also depicted
in Figure 1b.

The computational domain has been discretized using the OpenFOAM blockMesh utility. An O-grid type mesh has
been used to avoid yielding low quality cells near the centerline due to either excessively small cells in the bluff body
vicinity or high aspect ratios in the far field. Figure 1c shows the discretized axisymmetric computational domain. The
smallest cells have a characteristic size of 120 um at the vicinity of the bluff body lip and wake, whereas the largest cells
feature a 5 mm size at the exit plane farthest radial distance. A y+ value of about 1.5 is ensured at the bluff-body wall,
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whereby the boundary layer of the coflow inlet is expected to be properly described. The computational mesh used here
features 4.4 million cells.

3.3. Boundary and initial conditions

In accordance with the experimental setup (Caetano and Figueira da Silva, 2015) accounted for here, the fuel jet
involved methane (100%) at a temperature of 300 K and a mean flow velocity of 5.3 m/s (Reynolds number of about
2428). The coflow stream was characterized in turn by a mean flow velocity of 8 m/s, a mean turbulent kinetic energy
(TKE) of 0.92 m?/s?, a temperature of 300 K and a mole fraction composition featuring 79 % N, and 21% O..

Regarding boundary conditions, velocity is specified at the inlet, the outlet is defined with the standard inletOutlet
boundary condition, and for the walls a noSlip condition is set. Concerning pressure, zeroGradient condition is set for the
inlets, fixedValue condition of 100 kPa for the outlet, and zeroGradient condition for the walls. The eddy viscosity is set
to calculated at both inlet and outlet, and zeroGradient for walls. Filtered mixture fraction has been set to unity and zero
at fuel inlet and coflow, respectively. In addition, both mixture fraction subgrid variance and filtered progress variable
have been set to zero at both inlets, and zeroGradient condition have been assumed for all walls. In the simulations, a
divergence-free synthetic eddy method (DFSEM) (Poletto et al., 2013) has been used at the coflow inlet boundary to
reproduce the turbulent inlet coflow measured in the associated experiment.

3.4. Chemical kinetic mechanism

The steady flamelet equations are solved using the FlameMaster code (Pitsch, 1998). The gas-phase chemical kinetic
mechanism used for this purpose is the GRI-Mech 3.0 (Smith ef al., 2007). This mechanism includes 53 chemical species
and 325 reactions. This mechanism has been optimized and extensively validated for methane as fuel and it has been
employed in the past in the numerical simulation of different turbulent flames (Xie, 2021).

4. RESULTS AND DISCUSSION

In this section the main numerical results obtained in this work are presented and discussed. More specifically, a
flamelet solution study performed to verify the quality of the generated flamelets in the preprocessing step is firstly
described. Next, velocity, turbulent kinetic energy (TKE) fields, as well as the Reynolds stresses are closely analyzed
based on experimental data available. The referred results are discussed in both qualitative and quantitative terms.

4.1. Generation of flamelets

In Figure 2a, the full set of temperature-related steady flamelet solutions obtained from Eq. (4) is represented by the
so-called S-shaped curve, which represents the stoichiometric flame temperature as a function of the stoichiometric scalar
dissipation rate. In the referred figure, three branches of solutions, namely (i) top stable burning branch, (ii) middle
unstable branch of partially extinguished states and (iii) bottom branch of completely extinguished states, are identified.
The turning point between the upper and middle branches occurs at the stoichiometric scalar dissipation rate
corresponding to the quenching limit y; 4, approximately equal to 30 s™L. A total of 181 flamelet profiles (100 belonging
to the fully burning, 80 to the partially extinguished and 1 to the fully extinguished states) have been provided as inputs
to the pre-integration codes generating the look-up-tables of the mean thermochemical quantities accounted for.

As highlighted in Figure 2b, the generated flamelet profiles consist of a thin diffusive-reaction zone characterized by
a high temperature gradient around the stoichiometric mixture fraction, Zg= 0.055. As the stretch y,; on the flamelets
increases, peak temperatures drop because the heat losses to the outer regions of the reaction zone are larger than the
amount of heat released. The flamelets finally extinguish when the stretch rate reaches the quenching limit yy, , resulting
in an inert mixing of the reactants. The partially extinguished states identified by dashed lines in Figure 2b provide a
smooth transition from fully burning to complete extinction conditions. Other flamelet properties have been analyzed,
i.e., chemical species CHs, H,O, CO,, H,, CO, OH, O, H, O, C;H,, CH,O and HO,, but the associated results are not
included here for the sake of brevity. It is worth noticing as well that, in order to properly describe the flamelets solution
curves, a number of points equal to 160 featuring a maximum change in slope ratio and curvature ratio of 0.2 and 0.3,
respectively, has been utilized. In addition, the number of flamelets (181) employed here has been defined in such a way
that the difference between 2 consecutive values for each thermochemical quantity analyzed is less than 2%.
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Figure 2. Steady flamelet solutions. Temperature as a function of a) y,; at stoichiometric mixture fraction Zg = 0.055
and b) mixture fraction (—) fully burning, (- -) partially extinguished and (-.-) fully extinguished states.

4.2. Mean flow velocity comparison

Contour plots of computed axial (U,) and radial (U,) mean velocities are qualitatively compared to the measured ones
in Figure 3. It is noticed from this figure that the computed and measured average flow structure is similar. In particular,
the jet penetration depth, the wake spread, and the locations of both the inner vortex close to the fuel jet and the outer one
between the inner vortex and the co-flow air are predicted quite well. In quantitative terms in turn, Figure 4 shows that
along the centerline (x/D = 0) the mean axial velocity behavior is in agreement as well with the experimental data.
However, in further downstream near the stagnation point, the central jet velocity does not decrease as fast as in the
experiment (Figure 4). The location of the computed stagnation point is thus shifted upstream (y = 80 mm) when
compared to the one observed from the experimental data (y = 70 mm) (Figure 4).

In addition, Figure 5 shows a detailed comparison of the mean axial and radial velocity profiles at four different
locations corresponding to y equal to 10, 30, 50 and 70 mm, where y is the axial distance from the bluff body face. As
observed from this last figure, the agreement between predicted results and experimental data is relatively good. Aty =
10 mm for instance, both mean radial and axial velocities agree with the experiments. For all axial locations downstream
from y = 10 mm, the location of the minimum mean axial velocity within the recirculation zone (0.05 < |x/D| < 0.5)
also agrees with the experiment. However, the lowest peak of mean axial velocity is significantly over predicted. For
instance, at y = 30 mm the predicted axial velocity is equal to -0.5 m/s but the experimental data indicates -2.5 m/s. Also,
the maximum and minimum peaks of the mean radial velocity are under predicted but their locations are in general well
captured. For the sake of explaining the referred trends, the discussion about the Reynolds stress tensor normal
components and the turbulent kinetic energy along the burner center line is developed below.

FPVFoam

a) U %0 Experiment FPVFoam b)
y

Experiment

90

80 u 80

70 70

9 B
8 =
7 =
s 60 60—
5 —
4 .§50 ._.50E
3 E 40 a0~
2 > B
1 30 30—
0] =
4 20—
2 =
-3 10

I AN N N

-075 -05 -025 0 0.75
x/D

Figure 3. Contour plots of a) axial (U,) and b) radial (U,) mean velocities (m/s). Plots left side: experiment, plots right
side: model.
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Figure 4. Comparison of computed mean axial (U,,) velocity, Reynolds stress tensor normal components (R,,,,, Ry,) and
turbulent kinetic energy (k) (solid lines) with experimental data (O symbols) along burner center line.
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Figure 5. Comparison of computed mean axial (U,,) (solid lines) and radial (U, ) velocities (dashed lines) with
experimental results (axial and radial, A and O symbols, respectively) at different burner axial positions.

4.3. Reynolds stress tensors and Turbulent Kinetic energy

From Figure 6, which compares in qualitative terms the Reynolds stress tensor components R, Ry, and Ry, and the
turbulent kinetic energy k, it is observed that the computed flow structure, in terms of R,,,, Ry, and k is quite similar to
the experimental data. Concerning R, (Figure 6b) until y = 60 mm a qualitative similar distribution is seen but beyond
this point, however, some large discrepancies between numerical and experimental results are noticed. Quantitatively,
along the burner centerline, Figure 4 shows that the normal components of the Reynolds stress tensor (Ryy, R,,) and the
turbulent kinetic energy (k) present overall similar trends to those characterizing the experimental data. Due to the intense
turbulence resulting from the jet breakup within the vortex region, R,,, R,,, and k increase up to an axial distance of y =

50 mm, reach a maximum value and then decrease downstream this point. The location of the peak values of Ryy, R,
and k at about y = 50 mm is correctly predicted. The R,, predicted maximum value of 1.8 m?/s? is indeed in agreement
with the experimental results, but both R,,,, and k maximum values are under-predicted. From Figure 4 it should be noticed
as well that beyond y = 60 mm, predicted R,, tends to increases, whereas in the experimental data this parameter is
nearly constant. R, and k are also over-predicted upstream y =70 mm by approximately 1 m?%s? and 2 m?s?,
respectively.

Finally, Figure 7 also highlights the Reynolds stress tensors and the turbulent kinetic energy k, but this time at different
axial positions. From this figure, it is observed that the R,,,, Ry, and k profiles at different axial positions agree relatively
well with the experimental results, especially for axial locations up to y = 50 mm. The double peaked structure
characterizing these turbulent flow properties at each axial position is captured relatively well. Notice that the inner peak
corresponds to the inner shear layer, whereas the outer peak corresponds to the outer one. Due to the jet breakup within
the inner vortex region, the inner shear layer experiences more production of turbulence and hence greater level of
fluctuations than the outer one. Thus, at y = 30 mm, Ry, reaches 8 m%/s? in the inner layer whereas a value of 2 m?/s? is
obtained in the outer one. For all axial positions, the k trends are in agreement with the experiment. Within the
recirculation zone, k is over-predicted however at the outer peak and under-predicted at the inner peak. Further
downstream y = 70 mm, k is over-predicted. Regarding the Reynolds stress component R,,,, Figure 7b shows that both
the shape and the radial profiles peak values characterizing this tensor component are well captured. The largest values
of Ry, occur indeed along the boundaries between the fuel jet and the flow inner vortex.
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Figure 7. Comparison of computed a) Ry, and b) Ry, (solid lines) with experiment (A symbols), and a) R, and b) k
(dashed lines) with experiment (O symbols) at different axial positions.
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4.4. OH distributions and profiles

Figure 8 shows the instantaneous hydroxyl radical (OH). From this figure it is noticed that there is no a qualitative
agreement between the numerical and the experimental results. Indeed, discrepancies between the numerical predictions
and the experiments are evident. For instance, in the numerical results, the flame is attached to the burner surface, whereas
in the experiment the flame is lifted from the burner and thus a partial premix region is formed upstream the flame edge.
In addition, local flame extinctions are not properly predicted as well. In order to deepen the analysis, Figure 9a shows a
numerical/experimental comparison of the OH mean contours overlapped by the corresponding streamlines. Notice that
here that OH fields have been normalized by their maximum values. It is readily observed from this figure that the double
vortex structure characterizing the flame is well predicted. The ensemble averaged fields underscore however the
significant discrepancies between computed and measured data. For instance, the maximum OH region is predicted as
being close to the burner face, whereas the experiment indicates that this region is located downstream the recirculation
zone (Figure 9a). In other words, in the numerical simulations the flame is attached to the burner, which is not the case in
the associated experiment. Finally, Figure 9b shows radial profiles of normalized OH at different axial positions.
Specifically, at y = 10 mm, compared to the experimental results where values smaller than 0.1 are found, the computed
mass fraction of OH is over-predicted. For all axial positions downstream y = 20 mm, the trends are somewhat similar.
However, there are some discrepancies in the OH maximum values. The OH maximum peak is over-predicted at y = 30
mm and it is under-predicted further downstream, at both y = 50 mm and y = 70 mm. These discrepancies are related
to the fact that the zone of maximum OH is not downstream of the recirculation zone as in the experimental work used as
reference here. Due to the lifted nature of this combustion-related situation, prediction of OH is particularly challenging.
Overall, the OH-related performance of the FPV model employed here highlights the need of choosing a more adequate
combustion model for studying this particular burner configuration.
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Figure 8. Qualitative comparison of the instantaneous fields of OH radical. a) Experimental PLIF-OH data, b) computed
mass fractions.
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Figure 9. a) Comparison of normalized OH contours and streamlines. b) Comparison between normalized OH predicted
values (solid lines) and experimental PLIF-OH data (O symbols) at different axial positions.
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5. CONCLUSIONS

In this work, a flamelet/progress variable (FPV) combustion model was qualitatively and quantitatively assessed using
previously measured experimental data characterizing turbulent non-premixed flames stabilized in circular bluff-body
burner configurations. GRI-Mech 3.0 chemical kinetic mechanism was used to describe the finite-rate chemistry effects.
Flamelets were generated using the FlameMaster code. In order to properly describe the flamelets solution curves, a
number of points equal to 160 featuring a maximum change in slope ratio and curvature ratio of 0.2 and 0.3, respectively,
was utilized. In addition, the number of flamelets (181) employed here was defined in such a way that the difference
between 2 consecutive values for each thermochemical quantity analyzed is less than 2%. All numerical simulations were
carried out in a LES context using OpenFOAM as solver. The numerical results obtained here were compared with the
available experimental data using contours and radial profiles at different burner axial positions. Regarding the velocity
components, a relatively good agreement between the numerical and experimental results was observed. Both the double
vortex structure and the recirculation zone length were well predicted. In addition, Reynolds stresses and turbulent kinetic
energy predictions agree with the experiment. Discrepancies downstream the average recirculation zone were observed,
however, especially for the Reynolds stress tensor radial component R,,. Normalized values of OH radical presented
discrepant trends with respect to those associated with the experiment. The obtained results are indeed unable to capture
the lifted nature of the measured flame. Intermittently lifted flames present in fact a significant modeling challenge. The
final version of the manuscript will further explore the sources of the observed discrepancies. All models developed in
this work will be used in a numerical framework currently under development capable of modeling soot formation in
combustion systems featuring strong turbulence-chemistry-soot interactions.
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