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In the gas turbine framework, the adoption of carbon capture and storage (CCS)
systems coupled with strategies to improve the exhaust CO2 content is a
promising technology to abate the carbon footprint of such machines.
However, any departure of the oxidant from the air can compromise the
accuracy of the conventional models to represent the combustion process. In
this work, the effect of the CO2 enrichment of the mixture on an atmospheric
premixed swirled flame is investigated by means of large eddy simulation (LES),
comparing the numerical predictions with the experimental results. The high-
fidelity numerical model features a dedicated global reaction mechanism derived
through an in-house optimization procedure presented in this study. The
chemical scheme is obtained by optimizing a widely used CH4–air two-step
mechanism to improve key flame parameters such as the laminar flame speed and
thickness and the resistance of the flame to the stretch with moderate CO2

dilution. The numerical results are analyzed in terms of flame shape, heat losses,
and pressure fluctuations, showing a promising agreement with the experimental
measurements and demonstrating the capabilities of the numerical model for
CO2-diluted combustion.
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1 Introduction

The unprecedented high levels of greenhouse gases in the atmosphere impose the
adoption of concrete solutions for containing the pollutant emissions of the energy sector.
Despite the increasing share of renewable sources, conventional systems based on fossil fuel
combustion, such as gas turbines, still require new clean technologies to mitigate CO2

emissions. There are two possible ways to considerably reduce CO2 emissions: first is to use
carbon-free fuels (such as H2) and second is to burn carbon-containing fuels by coupling gas
turbines with carbon capture and storage (CCS) systems. However, the use of a CCS system
can introduce a significant penalty (reduction) in the power plant’s total efficiency (Li et al.,
2011), so important technical efforts must be focused on the maximization of the CCS
efficiency, strictly linked with the CO2 concentration in the exhaust plumes (Li et al., 2011).
The introduction of exhaust gas recirculation (EGR) in gas turbines allows the maximization
of the CO2 content in the exhaust gases, significantly increasing the efficiency of the CCS
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system. Moreover, as pointed out by Burnes et al. (2020), the
recirculation of a portion of the exhaust gases decreases the
exhaust mass flow for a fixed power output, thus allowing a
reduction in the needed CCS system’s size. These aspects make
any increase in the portion of recirculating gases convenient for the
overall system efficiency, enabling EGR as a very promising
combustion strategy when combined with CCS.

On the other hand, there are several limiting aspects when the
EGR level is increased; first, upon increasing EGR, the mixture gets
depleted of O2, and according to this, the theoretical maximum EGR
level ensures complete O2 consumption in the exhaust gases (Li
et al., 2011; Burnes et al., 2020). This limit is only theoretical as, in
practical combustor operations, emissions and flame stability limits
are reached earlier. From the emissions point of view, EGR is found
to be beneficial for NOx reduction under gas turbine conditions
owing to several different contributions (Hejie et al., 2009).
However, CO emissions can be negatively affected by EGR, and
the containment of these emissions can be a potential limit to the
increase in the EGR level (Burdet et al., 2010; Guethe et al., 2011).

As mentioned previously, in the case of beforehand emissions,
the increase in the CO2 content of the fresh mixture strongly affects
the reactivity by modifying the stability limits of the combustors. To
investigate the thermodynamics and kinetics effect of such CO2

enrichment on the flame speed, several experimental and numerical
laminar flame investigations have been performed in the literature
(Halter et al., 2009; Galmiche et al., 2011; Chan et al., 2015; Chen
et al., 2020; Duva et al., 2020; Xie et al., 2020). Xie et al. (2020)
numerically isolated different contributions that compete for such
laminar flame speed (LFS) reduction, showing that CO2 is far from
being inert from the kinetics perspective. Because of this expected
change in the mixture characteristics, to ensure wide combustor
operability margins with high EGR levels, modifications in the
combustor architecture would be necessary, and the numerical
modeling will provide valuable contributions to support such
efforts. The effectiveness of the existing numerical models must
be validated against experimental measurements for use as a reliable
design tool.

Several experimental studies have been conducted in the past
years to investigate the effect of CO2 addition on the flame stability
and emissions of actual combustor systems. Evulet et al. (2009)
successfully operated the 9FB DLN burner up to 35% of the EGR
level without any major design modifications, measuring a CO2

volume concentration of 8% in the plumes. They concluded that
the admitted EGR level could be further extended with the addition
of a small pilot percentage, which would enhance flame
stabilization without affecting NOx emissions. The concept of
staged combustion uses a completely different machine
architecture but with the same effects from the plume
composition’s perspective. This technology has been found very
effective as well managing high EGR levels while maintaining the
stability margin at the same time. Burdet et al. (2010)
experimentally operated the DLN SEV single-cup burner under
gas turbine-relevant conditions with very low residual O2 in the
exhaust gases (2%–5% by volume). Apart from the studies carried
out on industrial burners, the effect of CO2 addition on the flame
has also been widely investigated in simplified laboratory burners
(Kobayashi et al., 2007; Cohé et al., 2009; Erete et al., 2017; Han
et al., 2017; Han et al., 2018). Nevertheless, in the literature, few

experimental studies can be found on swirled stabilized flames (De
Persis et al., 2013; Jourdaine et al., 2017; Vandel et al., 2020). To the
best of the authors’ knowledge, the experimental study carried out
by De Persis et al. (2013) is the only one that experimentally
investigates a CO2-enriched methane–air swirl stabilized flame. In
this work, several conditions have been studied to investigate the
effect of CO2 enrichment on flame stabilization. Trying to
numerically reproduce some of these experimental test points,
high-fidelity numerical simulations have been performed to assess
the model prediction capacity and investigate the predicted flame
characteristics with and without CO2 addition. In a generalized
context, the numerical model must be adequate to characterize the
combustor behavior near the blow-out limit because it would be
very useful to investigate the blow-out mechanism to extend the
stability margin of the combustor. The correct prediction of these
conditions depends on the ability of the numerical model to
correctly reproduce complex behaviors, such as heat loss and
stretch effect on the flame front (Nassini et al., 2021).

In this work, the artificially thickened flame model (ATFM) is
used for the description of the turbulence chemistry interaction. In
this model, the accuracy in the prediction of the stretch and heat
loss effects is largely entrusted to the chosen chemical mechanism.
In the literature, different approaches can be found to characterize
the chemistry. Franzelli (2011)compared different chemical
reaction mechanisms to identify the best cost–accuracy
compromise. From this perspective, the two-step chemistry is
very cost-effective, and this peculiarity motivates the choice of
such chemical reaction mechanisms for this study. More recently,
Cailler et al. (2020) presented a work on an advanced optimization
method for one- and two-step chemistry. They completely
redefined the concept of species, considering virtual species
optimized for the specific conditions of interest. In this study,
the CH4–air BFER* (Franzelli, 2011) reaction mechanism has been
taken as a reference reaction mechanism. However, the LFS
prediction of this mechanism worsens rapidly outside the
operating conditions for which it has been developed and
optimized. Therefore, the addition of a non-negligible amount
of CO2 to the fresh mixture requires the mechanism to be re-
optimized. Moreover, any further change in the mixture
composition in terms of CO2 content would require a
mechanism readjustment, raising the need to define an
automatic procedure to accomplish that task.

In Section 2, the details of the optimization of the chemical
kinetics scheme are presented with a description of the automatic
procedure adopted. In Section 3, the derived mechanism is applied
for the investigation of a turbulent combustion test case. Regarding
the test case, the description followed by the results of two high-
fidelity simulations are provided, comparing the predictions with
experimental data.

2 Chemical kinetics

2.1 Reaction mechanism optimization

The optimization procedure adopted has been developed in
Python with a modified version of the Cantera library. This
modification is necessary to ensure consistency between how the
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species transport, and their properties have been computed in the
CFD solver and within Cantera. In this customized version of
Cantera (adapted version of Cantera form CERFACS, 2017), the
mass and thermal diffusion coefficients are computed considering
constant Schmidt and Prandtl numbers, and the power law, reported
in Eq. 1, is used for the molecular viscosity.

μ � μ0
T

Tref
( )

b

, (1)

where the constants μ0 and Tref are calculated by fitting the
molecular viscosity of the mixture from the unburned to the burned
side of a freely propagating laminar flame.

The automated optimization procedure used to adapt the BFER*
mechanism is schematically presented in Figure 1. First, the
variables that control the kinetics and species diffusion, which
have to be changed to obtain the target design requirements,
must be chosen. In this work, the selected variables are all the
Arrhenius constants (Ak, bk, and Eak, with the subscript k referring
to the reaction) and the two reaction orders (nCH4and nO2) of the
first reaction. Moreover, as described in Franzelli (2011),
optimization has been performed to improve the laminar flame
response with respect to the strain rate.

Once the variables have been defined, for a complete definition
of the optimization problem, the cost function (CF) must be
specified. In this work, CF is evaluated using Eq. 2, where TQ
and PQ refer, respectively, to the target quantities and the predicted
quantity on the laminar flame, whileNq andNc are the numbers of
different reference quantities and the number of tested operating
conditions, respectively. It must be noted that the number of
conditions can be different based on quantity q. Moreover,
different weights wi

k included in the CF formulation guide the
choice set of variables that enhance the model prediction under
the condition of major interest.

CF � ∑Nq

i�1
∑
Nc( )q

k�1
wi

k

TQi
k − PQi

k

TQi
k

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣. (2)

The reference quantities chosen in this optimization process are
LFS, computed from a 1D freely propagating flame, and the flame
consumption speed Sfuel evaluated in the counterflow premixed
flame configuration using Eq. 3. All TQs have been preliminarily
computed for each condition (Nc) using GRI3.0 (Smith et al., 2000)
as a reference detailed reaction mechanism. This detailed
mechanism, whose accuracy is well known for the description of
CH4/air combustion, has also shown optimal performance in
predicting CO2-diluted conditions (Halter et al., 2009; Galmiche
et al., 2011; Chan et al., 2015; Chen et al., 2020; Duva et al., 2020; Xie
et al., 2020). The considered conditions for each flame configuration
are summarized in Table 1.

Sfuel � 1
ρfYf

∫+∞

−∞
_−ωfdx. (3)

The optimization problem is now completely defined; thus, in
principle, the minimization of CF can be afforded in multiple ways.
In this work, because of the simplicity of the reaction mechanism
and the low computational cost of each single-flame evaluation, the

FIGURE 1
Schematic description of the reaction mechanism optimization procedure implemented in Python.

TABLE 1 Conditions considered for the evaluation of CF (Eq. 2).

φ [-] T (fresh) [K] α [1/s]

Freely propagating flame 0.6–0.8 300–700 -

Counterflow premixed flame 0.6 600 K 1e+2 - 3e+4

Fuel: CH4

Oxidizer: XCO2 � 0.089, XO2 � 0.191, and XN2 � 0.720
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design of the experiment procedure has been chosen to explore the
variable space and find the CF minima. The Latin hypercube
sampling (lhs) method has been adopted to assemble the variable
test matrix that has the dimension Nvar × Nsamp. This lhs criterion
allows identifying the convenient set of variables spacing over the
whole design space (variable space), the boundaries of this space,
and the number of sampling points Nsamp that must be chosen.
After the test matrix assembly, for each set of variables, the value of
CF will be evaluated by solving a series of flames under all the
conditions. It is worth noting that this process is very easily
parallelizable, allowing a significant reduction in the
computational cost if needed.

2.2 Chemical kinetics results

The set of variables for the new reaction mechanism, identified
after the optimization process, is presented in Table 2.

The performances of the two-step BFER_CO2* reaction
mechanism in terms of LFS prediction are shown in Figure 2. This
is in accordance with the reference GRI3.0 mechanism in the whole
range of conditions included in the optimization. Focusing on the

prediction of BFER_CO2*, the accuracy gets better at 600 K and φ = 0.6,
which are exactly the freshmixture conditions for turbulent combustion
investigations presented in the next paragraph. This was made possible
by the proper choice of thewi

k in Eq. 2. Asmentioned previously, in the
next turbulent combustion analysis, a perfectly premixed mixture at a
well-specified temperature level will be considered. Despite that, the
kinetics scheme is required to perform better in a wider range of
conditions. The good LFS prediction at various unburnt temperatures
shown in Figure 2 ensures the capacity of the mechanism to correctly
characterize the wall heat loss impact on the flame.

The prediction of the BFER* mechanism always overestimates
the reactivity, and this is expected mostly to be due to the kinetic
effect of the CO2 dissociation reactions. The BFER* was optimized
for conditions in which these dissociation reactions play a marginal
role, but as pointed out by Xie et al. (2020), these reactions should
gain importance by increasing CO2 enrichment, affecting the global
fuel consumption capacity.

However, unlike BFER*, BFER_CO2* does not include any pre-
exponential adjustment (PEA). The PEA allows the pre-exponential
factor A to be dependent on the local φ, allowing a better flame speed
prediction in a wide range of φ. As a result, the validity range of the
BFER_CO2* mechanism is only within lean conditions, which are

TABLE 2 Summary of the optimized mechanism kinetics and transport parameters. Units: cal, K, mol, cm3, and s.

CH4 oxidation reaction CO − CO2 equilibrium reaction

A 6.38e+12 1.84e+11

Ea 31,532 1.2151e+4

b 0 0.58

Reaction orders nCH4 = 0.95 nCO = 1

nO2 = 0.81 nO22 = 0.5

Sc [-] 1.5

FIGURE 2
Comparison of the atmospheric unstretched LFS predicted by the original (BFER*) and the improved mechanisms (BFER_CO2*) against the
reference detailed scheme (GRI30). The colors represent the different unburnt mixture temperatures: 700 K— green, 600 K— blue, 450 K— red, and
300 K— black.
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the conditions of interest in this study. According to the fact that the
BFER* mechanism overestimates the reactivity, it can be observed in
Figure 3 that this mechanism underestimates the flame thermal
thickness (Eq. 4). On the other hand, the BFER_CO2* prediction of
Dt is very close to the prediction of GRI3.0.

Dt � Tb − Tf

max ∂T
∂x

∣∣∣∣ ∣∣∣∣( ). (4)

As highlighted in Table 1, the reaction mechanism has been
optimized considering counterflow premixed flames in the fresh-to-
burnt configuration at various strain rate levels. The prediction of
the BFER_CO2* mechanism is not accurate in increasing the strain
rate level, even though the Schmidt number has been included in the
variables for optimization. In any case, the Schmidt number finally
chosen allows the best reconstruction of the laminar consumption
speed increasing the strain (Figure 4).

3 Turbulent combustion test case

An experimental test case has been chosen to assess the prediction
of the kinetics scheme in the context of turbulent combustion. In the
following section, the experimental facility and the selected test points
are described. Afterward, the setup description and the results
discussion of the high-fidelity numerical simulations are presented.

FIGURE 3
Comparison of the atmospheric unstretched laminar flame thickness predicted by the original (BFER*) and the improved mechanisms (BFER_CO2*)
against the reference detailed scheme (GRI30). The colors represent the different unburnt mixture temperatures: 700 K— green, 600 K— blue,
450 K— red, and 300 K— black.

FIGURE 4
Sensitivity of LFS to the strain predicted by the original (BFER*)
and improved mechanisms (BFER_CO2*) against the reference
detailed scheme (GRI30). The simulations are relative to a fresh-to-
burnt counterflow premixed flame at atmospheric pressure.

FIGURE 5
Schematic representation of the experimental facility (De Persis
et al., 2013).
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3.1 Experimental test rig

The experimental rig is described in De Persis et al. (2013). The
facility architecture, shown in Figure 5, consists of an inlet plenum,
an axial swirler, and a cylindrical Herasil quartz combustion
chamber. The rig is operated at atmospheric pressure under fully
premixed conditions. The CO2/air/CH4 mixture is prepared in the
mixing volume upstream the swirler so that when it enters the
combustion chambers, it can reasonably be assumed perfectly
premixed. The fresh mixture can be heated up to 700 K to
reproduce the gas turbine combustors’ inlet temperature levels.
The objective of the experimental study was to investigate the
effect of the CO2 dilution on the flame stability and the
corresponding change in the flame topology. The researchers
have analyzed a wide range of operating conditions by varying
the equivalence ratio and the CO2 content in the fresh mixture. The
observed flame shape changed from a lifted anchored condition
toward the extinction, increasing the CO2 dilution. It is worth noting
that the CO2 dilution adopted in this experimental study is not
actually consistent with any EGR level. The relative N2 content in
EGR is expected to be higher than that in a pure CO2 dilution.

The experimental apparatus consists of an ICCD camera for
detecting CH* chemiluminescence and a gas analyzer for
investigating the composition of the exhaust gases.

The details of the two high-temperature test points selected for
the numerical models’ validation are reported in Table 3.

3.2 Numerical setup and computational
domain

Reactive high-fidelity simulations have been carried out using
the fully compressible AVBP code (CERFACS, 2023). The third
order in time and space TTGC numerical scheme (Colin and
Rudgyard, 2000) has been used to discretize the convective term
of the Navier–Stokes equations. The time discretization is
explicit, and the timestep is automatically chosen in order to
ensure a constant maximum CFL = 0.7. The dynamic
Smagorinsky–Lilly formulation (Lilly, 1992) is used to treat
the sub-grid fluctuations.

The turbulence chemistry interaction has been modeled using
ATFM (Colin et al., 2000) with a constant thickening factor selected
to ensure a constant number of grid points in the unstretched
laminar flame front equal to 5.

The computational domain is shown in Figure 6. At the inlet
plenum, the mass flow condition is specified, whereas in the outlet
plenum, the atmospheric pressure is prescribed on the dome and an
auxiliary co-flow inlet has been assigned to the plenum ring. All the
inlet and outlet boundaries are modeled with partially non-reflecting
Navier–Stokes characteristic boundary conditions (NSCBCs)
(Poinsot and Lelef, 1992). All the walls are modeled via the wall
function approach. A fixed temperature has been imposed on the
wall boundaries in the combustion chamber, and the estimated
temperatures for the quartz, backplate, and the center body are 1000,
900, and 900 K, respectively. In terms of inlet temperature, mixture
composition, and mass flow, the numerical boundary conditions are
the same as described in Table 3 for the experimental test point.

3.3 Numerical results

The results discussion is organized as follows: first, the
assessment of the flame prediction is focused with respect to the
experimental measurements. Afterward, the impact of the heat loss
on the flame shape is discussed, and finally a brief characterization of
the numerically predicted flame dynamics is provided.

3.3.1 Flame prediction assessment
In Figure 7, the line of sight (LOS) of the time-averaged heat release

rate (HR) is compared to the experimental CH* chemiluminescence for
the two investigated cases. The numerical prediction of the flame for the
case without CO2 addition shows an M-shaped flame, which is
stabilized near the swirler exit. However, only a weak trace of HR
can be identified near the center body of the swirler and the backplate,

TABLE 3 Selected test point operating conditions and the corresponding
unstretched laminar flame characteristics.

0% v CO2 8.9% v CO2

φ 0.6 0.6

T 600 K 600 K

_mtot 4.14 g/s 4.74 g/s

XCO2 (in the oxidizer) 0 0.089

Dt 0.62 mm 0.78 mm

Sfuel 0.46 m/s 0.35 m/s

FIGURE 6
Computational domain and mesh detail in the flame stabilization
region.
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where the wall heat loss plays a key role in the inhibition of flame
stabilization, which will be pointed out later. Upon increasing the CO2

content, the predicted flame topology changes, and the anchoring on
the external shear layer gets completely lost. Moreover, in this CO2-
enriched case, a certain axial shift of the HR peak can be observed,
indicating that the flame is globally approaching the blow-off due to the
increase in both the CO2 content and the mass flow. From this
perspective, the simulations have been found capable of predicting
the global change in the flame shape as well as the change in the
stabilization mechanism observed experimentally, which is the main
objective of this model validation experiment. Some discrepancies exist
between the experimental and prediction results; there exist differences
between the experimental CH* and the numerical heat-released
map. An explanation for these discrepancies is that different
quantities are considered for the comparison of the numerical and
experimental data. The CH* is not necessarily fully representative of the
heat release rate. In particular, for a very thick flame front and nearly
distributed reaction zone (CO2 diluted case), the comparison would not
be so straightforward. The thick flame front would amplify the

differences in the production region of the CH* with respect to the
heat released, resulting in amismatch between the two fields. Lauer et al.
(2011) developed a procedure to correct the CH* and OH*
chemiluminescence fields to retrieve the heat-released field. From
the experimental data that are considered in this study, there is no
possibility to perform such correction on the CH* field due to the lack of
information about the flow field. A second possible reason for the
observed difference is that whenCO2 is added, the flame approaches the
blowout and its luminosity is expected to decrease significantly with the
increasing noise. Eventually, the experimental investigation was not
conducted aiming at validating numerical models, so there is a lack of
data, such as the thermal boundary conditions and the flow field. On the
other hand, this test case is the only study in the literature that
characterizes an open geometry with optical measurements.

From the numerical side, the uncertainty of the wall thermal
boundary partially precludes the accuracy of the solution in some
regions. To highlight the role of the heat loss, the following section is
dedicated to the investigation of the enthalpy defect effect on the
local flame reactivity.

FIGURE 7
Comparison between the numerical time-averaged heat release rate (left) and the experimental CH* chemiluminescence (right) for the (A) CH4–air
case and (B) CH4/CO2/air case. All the maps are line-of-sight integrated.
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3.3.2 Impact of heat loss on the flame
To investigate the role of wall heat loss (HL) in affecting the

combustion process, the enthalpy h of the mixture has been
computed as the sum of the sensible enthalpy hs and the
standard formation enthalpy h0:

h � hs +∑N

k�1YkΔh0f,k. (5)

Here,N is the number of species in the mixture and Δh0f,k is the
standard formation enthalpy of the species k. The enthalpy defined
in Eq. 5 is preserved under any adiabatic process; thus, any variation
in this quantity during the combustion can be ascribed to the effect
of the wall HL (neglecting the second-order contributions of the
preferential diffusion). To define a parameter that can represent the
local level of HL of the mixture with respect to the inlet fresh mixture
enthalpy (hu), the relative enthalpy has been defined as

hrel � h − hu. (6)
Figure 8 shows the hrel contour for the two investigated cases,

and the hrel is zero at the combustion chamber inlet fresh mixture
and then decreases progressively due to the presence of the non-
adiabatic walls. In the figure, some progress variable (PV) isolines
have been reported. The progress variable has been defined as the
sum of the CO and CO2 species mass fraction YPV � YCO + YCO2

and then normalized as

PV � YPV − YPVu

YPVb
− YPVu

. (7)

Here, YPVb and YPVu are the unnormalized PVs evaluated for
the burnt and the fresh mixture, respectively. The PV isolines allow
highlighting the significant differences in the instantaneous flame
topology of the two cases. The flame shape strongly affects the role

FIGURE 8
Instantaneous relative enthalpy contour. The isolines represent the progress variable computed according to Equation 7, with the PV = 0.8 isoline
colored with the local relative enthalpy. (A) CH4–air case; (B) CH4/CO2/air case.

FIGURE 9
Instantaneous heat release rate dependence on the local progress variable on the chamber midplane colored by the level of relative enthalpy. (A)
CH4–air case; (B) CH4/CO2/air case.
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of the wall heat losses in the CH4–air case, stabilized on the
external shear layer, and enhances the heat loss in the corner
recirculation region (CRR) due to the high temperature of the

recirculating combustion products. The enthalpy losses of this
region affect the flame in the regions behind the backplate, as
shown by the PV = 0.8 isoline colored with the local hrel. The

FIGURE 10
Predicted fluctuations of pressure in the combustion chamber pcc

′ (probe on the axis y = 20 mm), pressure in the inlet plenum p′
p (probe on the axis

y = −40 mm), and mean integral heat release rate HR′
m . (A) CH4–air case; (B) CH4/CO2/air case.

FIGURE 11
FFT of the signal of pressure in the combustion chamber pcc

′ (probe on the axis y = 20 mm), pressure in the inlet plenum p′
p (probe on the axis

y = −40 mm), and mean integral heat released rate HR′
m . (A) CH4–air case; (B) CH4/CO2/air case.
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colored isoline in Figure 8A shows that the higher losses are
identified on the external shear layer, closer to the backplate,
where the mixture reactivity and the fuel consumption are
expected to be significantly slowed down by the enthalpy loss.
On the contrary, the predicted V-shaped flame in the CO2-
enriched case allowed the CRR to be filled with low-
temperature fresh gases limiting the HL in this region, as
shown in Figure 8. Because of that, and the lower adiabatic
flame temperature of the latter case, the flame is less affected by
the HL.

Defining the flame stretch as the sum of the strain and curvature
contribution (Poinsot and Veynante, 2005), the role of the flame
front curvature on the local HL can be identified on the PV =
0.8 isoline (Figure 8B); the negative flame curvature regions are
characterized by higher hrel values, whereas the positive flame
curvature regions are affected by much higher HL levels.

Investigating the stability characteristics of the flame is
particularly interesting due to the effect of HL on the flame
speed and, analogously, on the related HR. For this purpose, in
Figure 9 the scatterplot of HR and PV has been reported with respect

to the local hrel level. The plots clearly show the decrease in HR,
where hrel is lower, highlighting the role of the local flame HL in
slowing down the flame kinetics and, consequently, reducing the
amount of heat released by the formation of the products.
Comparing the two cases in Figure 9, it is evident that the CO2-
enriched case shows significantly lower HR values of approximately
PV = 0.8 for the same level of hrel. It is verified that the flame
consumption speed is lower, despite the level of HL that affects this
flame being less intensive. Moreover, it is worth noting that the
higher HL level attributed to the burnt gases does not directly affect
the combustion process. This is confirmed by the scatterplot in
Figure 9, which shows that the lower hrel values are clustered on
PV = 1, where HR = 0.

3.3.3 Flame dynamics
The increase in the CO2 content of the fresh gas mixture has

been found to significantly cause changes in the flame dynamics in
the simulations. In Figure 10, the pressure oscillations in the plenum
and combustion chamber (CC) have been reported together with the
mean instantaneous HR of the two cases. In the CH4–air case

FIGURE 12
Instantaneous snapshots of the heat release rate and velocity vector on the midplane during a cycle of the flame dynamics for the CH4–air case. (A)
Low CC pressure, high fresh mixture inlet velocity, low HR; (B) Pressure and HR increase with inlet velocity decrease; (C) Highest HR and pressure with
lowest fresh mixture inlet velocity; (D) Lowest pressure and HR with Highest fresh mixture inlet velocity.
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(Figure 10A), high-amplitude-pressure oscillations of the order of
5 kPa have been observed in CC, whereas the pressure oscillations
appear strongly dumped in the inlet plenum, where the fluctuations
are 100 Pa. Similar high-amplitude and low-frequency fluctuations
are also observed in the mean HR signal for the CH4–air case. With
the addition of CO2 in the mixture (Figure 10B), the pressure
oscillations in the combustion chamber decrease in terms of
amplitude and are comparable to the oscillations observed in the
inlet plenum (200–500 Pa). In Figure 11, the similar signals in the
frequency domain have been reported, and the aligned peaks in all
the signals at the frequency of 356 Hz (Figure 11A) suggest the
presence of a certain thermoacoustic coupling between the heat
release rate and pressure fluctuations. On the contrary, for the CO2-
enriched case (Figure 11B), the pressure fluctuations appear
decoupled from HR, and the two high-frequency peaks observed
(Figure 11B) are completely out of the frequency range that could
trigger any thermoacoustic coupling.

A visualization of the periodic flame dynamics for the
CH4–air case is shown in Figure 12. In the first snapshot
(Figure 12A), the combustion chamber’s instantaneous
pressure is near its minimum, and the flame is very compact
near the swirler exit, resulting in a global low heat release rate.
The temporary lower pressure of the chamber with respect to the
plenum enhances the fresh mixture entering the combustion
chamber with a higher velocity. This is confirmed by the
vector plot superimposed on the HR contour, which shows the
high-velocity region near the CC inlet. The rapid fresh mixture
refill enhances the increase in HR in the next phase, which in turn
makes the pressure increase consistent, decreasing the pressure
drop across the swirler feeding channel. The consequent
slowdown of the inlet fresh mixture enhances the rapid fuel
consumption (Figure 12C) until the flame once again becomes
more compact (with lower HR), allowing the pressure to decrease
again (Figure 12D).

These differences in the thermoacoustic responses observed in
the two investigated cases can be due to the change in the flame
shape, which in turn affects the temperature field and, thus, the
speed of sound. In general, as mentioned previously, the increase in
the CO2 content of the mixture decreases the power density, and this
has been found to be a beneficial effect in the mitigation of
thermoacoustic coupling (ElKady et al., 2008; Evulet et al., 2009).

4 Conclusion

The impact of CO2 addition on a swirled stabilized CH4–air
flame was numerically investigated. First, an automatic procedure
for global reaction mechanism optimization has been presented
and subsequently used to retrieve an optimized version of
the BFER* two-step kinetics scheme for the CO2-enriched
environment. The optimization has been carried out considering
several parameters in order to improve the prediction of
different flame configurations, thermodynamic conditions, and
mixture compositions. The novel BFER_CO2* kinetics scheme
shows that the level of accordance with the reference reaction
mechanism is better for the freely propagating flames, whereas its
response to the strain level of the premixed counterflow
configuration could still be improved.

The BFER* and BFER_CO2* mechanisms have been used to
perform high-fidelity CFD simulations trying to numerically
reproduce two flames experimentally investigated by De Persis
et al. (2013): first without CO2 dilution and second with 8.9%
CO2 (by volume in the oxidized state). The numerical prediction
has been found capable of qualitatively reproducing the change in
the flame topology, whichmoves from a liftedM-shaped flame in the
CH4–air case to a V-shaped flame with CO2 addition. The effect of
HL has been found to be the discriminating factor which, through
the reactivity slowing down near the backplate, induces the flame
lift-off in the CH4–air case. With the CO2 addition and the change in
the flame shape, the effect of HL on the reactivity is mitigated. The
lower HR rates prove the essential role of CO2 in decreasing the
speed capacity of the local flame consumption. This would have
contributed to the change in flame shape and the stabilization
mechanism observed in the two cases. Numerically, CO2 dilution
leads to a strong mitigation of the pressure oscillations that are
observed in the methane–air case. Overall, the model has shown a
satisfactory level of agreement with the experimental data, paving
the way for the setup application for the study of real EGR cases.
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Nomenclature

Acronyms

ATFM artificially thickened flame model

CC combustion chamber

CCS carbon capture and storage

CF cost function

DLN dry low NOx

EGR exhaust gas recirculation

HR heat release rate [W/m3]

lhs Latin hypercube sampling

LOS line of sight

PQ predicted quantity

PV progress variable [-]

TQ target quantity

Symbols

Ak Arrhenius pre-exponential factor

bk Arrhenius temperature exponent [-]

Dt thermal flame thickness [m]

Eak Arrhenius activation energy

h chemical and sensible enthalpy [J/kg]

nk reaction order

N generic dimension

p static pressure [Pa]

Sc Schmidt number [-]

Sf uel fuel consumption speed [m/s]

T static temperature [K]

Greek symbols

Φ equivalence ratio [-]

μ laminar viscosity

ρ density [kg/m3]

Subscripts

b burnt

f formation

m mean

p plenum

ref reference

rel relative
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