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ABSTRACT

Amid the growing focus on sustainable industrial practices, Carbon Capture and Storage (CCS) systems are
becoming increasingly essential for reducing the carbon footprint of Gas Turbine (GT) power generation. In
this context, an efficient GT-CCS coupling can be achieved by employing high Exhaust Gas Recirculation
(EGR) rates to boost CO, content at the CCS inlet. However, the reduced oxygen levels resulting from
these operating conditions pose significant challenges to conventional combustion systems, limiting flame
stability and, consequently, engine operability. Overcoming these challenges requires the development of novel
technical solutions aimed at enhancing combustor performance under high EGR rates.

Computational Fluid Dynamics (CFD) is crucial in this endeavour offering detailed analysis of intricate flow
behaviours, mixing process dynamics, flame structures, and stability thresholds within the combustor. Given
the demand for extensive simulations to assess flame stability across various burner designs and operating
conditions, balancing the necessity for high accuracy while keeping computational expenses in check is
mandatory.

This study employs a high-fidelity CFD approach to perform a comprehensive Lean Blow-Out (LBO)
analysis, with the goal of identifying burner designs that exhibit broader operability limits under highly CO,-
diluted air conditions, which emulate the effects of a real EGR system. All simulations utilise an extended
Flamelet Generated Manifold (FGM) turbulent combustion model, whose accuracy and cost-effectiveness have
been previously validated by the authors.

The numerical results demonstrate the capability of CFD to identify unique blow-off dynamics that are
challenging to observe experimentally. Additionally, the findings highlight the most effective design strategy
for extending the flame stability range under high EGR levels.

1. Introduction

to enable co-firing with carbon-free fuels and reduce CO, and NO,
emissions.

In the ongoing global energy transition towards carbon neutral-
ity [1], driven by the goals of the Paris Agreement [2], reducing
emissions from existing power plants remains critical. In power gen-
eration, gas turbines primarily rely on natural gas, which, although
cleaner than coal and oil (22% of emissions vs. 45% and 33%, respec-
tively [3,4]), still falls short of mid-century neutrality targets. Further
reductions are difficult to achieve through efficiency gains alone due to
thermodynamic limits, making a shift to carbon-free fuels, especially
hydrogen, essential [5]. However, hydrogen adoption is hindered by
infrastructure and production constraints [6-9]. Interim solutions are
therefore needed to lower emissions from conventional fuels while
supporting the gradual integration of cleaner alternatives. These aim
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Carbon Capture and Storage (CCS) is a leading interim option
for cutting CO, emissions from gas turbines [10,11]. Effective CCS
integration requires high Exhaust Gas Recirculation (EGR) rates to
enrich CO, at the capture unit inlet [12-16], resulting in reduced
oxygen concentration within the combustor and associated operational
challenges [17]. Specifically, recirculated flue gas increases CO, and
N, levels in the oxidiser, affecting flame stability [18-20]. Evulet
et al. [21] showed that the commercial GE’s 9FB DLN nozzle can
operate stably with up to 30% EGR at full load, and potentially 40%
with minor design modifications. Similar findings in [17] suggest that
up to 35% EGR is feasible with existing DLN combustors, especially
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with pilot fuel support. Staged combustion also offers improved flame
stability under these conditions [22,23].

In addition to EGR-based strategies, oxyfuel combustion, where
methane is burned in oxygen with CO, as the primary working fluid,
has gained significant attention for its potential to achieve near-zero
NO, and CO, emissions [24]. This approach can be seen as an “ex-
treme” form of EGR, operating in a nearly nitrogen-free environment
with flue gases mainly composed of CO, and H,O, leading to unique
flame dynamics and stability challenges. The high CO, content acts as
an effective diluent, reducing flame temperature, controlling thermal
loads on turbine components, and suppressing pollutant formation.
Several oxyfuel gas turbine combined cycle concepts have already been
proposed to exploit these advantages [25-27].

The European-founded project TRANSITION [28] - fuTure hydRogen
Assisted gas turbiNeS for effective carbon capTure IntegratiON - aims to
address the challenge of ensuring stable and efficient combustion under
high CO,-diluted conditions typical of advanced EGR systems. In this
context, Computational Fluid Dynamics (CFD) has the potential to play
a crucial role in identifying flame stability limits across various EGR
levels and burner configurations. However, industry demands pose a
dual challenge: the need for a robust turbulent combustion model
capable of accurately addressing near-blow-out phenomena, and the
requirement for extensive CFD simulations during the design phase to
evaluate the impact of different technical solutions on flame stability
across varying EGR levels, emphasising the imperative to manage
computational costs.

In this study, an enhanced version of the FGM model, previously
validated by the authors [29,30], is employed to address both objec-
tives. The primary goal of this work is to conduct a comprehensive
Lean Blow-Out (LBO) analysis through a Large Eddy Simulation (LES)
approach, assessing flame stability across different burner design so-
lutions under heavy CO,-diluted air conditions. The numerical results
are benchmarked against experimental data from an LBO test campaign
conducted by the THT Lab of the University of Florence, providing
a robust evaluation of the accuracy and reliability of the proposed
approach. The experimental test rig and the computational setup will
be outlined in the subsequent section, followed by a description of
the numerical LBO procedure. The Results and Discussion will offer a
direct comparison of volume-averaged chamber temperature and flame
topology among the different design burners investigated. This evalu-
ation will help identify the burner geometries with the most promis-
ing performance, which will be recommended for further advanced
experimental validation.

2. Lean-Blow Out phenomenology

Lean Blowout (LBO) limits low-emission operation in gas turbine
combustors, arising from the failure of flame stabilisation due to the
interplay of chemical heat release, fluid dynamics, and, in liquid fuels,
spray atomisation and evaporation. The transition to blowout follows
a multistage process involving both local and global phenomena [31,
32], and despite extensive research, its mechanisms remain partially
understood, with multiple theories proposed [33-36]. A recent, exper-
imentally supported flamelet-based view attributes blowout onset to
aerodynamic stretch and localised heat loss eroding the flame front
until global flame extinction occurs [37,38].

In turbulent bluff-body stabilised flames, this erosion begins with
local extinctions in high-strain shear layers, disrupting the flame front
and, over time, compromising the ability of recirculation zones to
sustain combustion [31]. This process unfolds over timescales longer
than flow residence time [39], revealing a gradual decay of flame
surface density and increased front curvature near extinction [40].
Recent approaches have linked the onset of blowout to threshold values
of the Karlovitz number, offering a physically grounded criterion for
extinction onset in turbulent premixed conditions [41].
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Swirl-stabilised flames add complexity through vortex breakdown
and the formation of inner and outer recirculation zones, cycling hot
combustion products to help anchor and stabilise the flame. However,
near blowout, perturbations such as cold reactants entering the inner
recirculation have been observed to trigger flame extinction [42].
Studies using high-speed diagnostics and numerical simulations have
revealed that flame stabilisation in swirled systems involves competing
dynamics between the flame root near the lower stagnation point and a
helical branch aligned with the precessing vortex core [43]. Extinction
is often characterised by the inability of the flame to re-ignite across
the shear layer, leading to flame root detachment and global blowout.

Several studies have demonstrated that pilot flames and hydrogen
enrichment significantly affect LBO limits [44-46]. For instance, pilot
jets near the flame root improve flameholding capacity due to enhanced
local heating, radical generation, and turbulence. Furthermore, the
pilot increases the local Damkohler number and creates a recirculation
of high-temperature gases, reducing the ignition delay of the main
flame front [47]. Muruganandam et al. [48] experimentally showed
that in a swirl burner with pilot injection, blowout is preceded by the
loss of the main flame while the pilot persists, followed by intermittent
reignition events. These fluctuating ignition-extinction cycles can delay
total blowout and indicate proximity to LBO. Recent work by Guib-
erti [49] highlights the crucial role of pilot composition and momentum
flux. Hydrogen-enriched pilots notably improve blowout margins via
faster kinetics and enhanced radical generation. However, while pilots
extend stability, they also introduce richer zones that can increase NO,
emissions [50,51]. Thus, understanding pilot-main flame interactions
is essential for both blowout prevention and optimising efficiency and
emissions.

While the LBO limit in swirl flames is influenced by multiple fac-
tors, including swirl number and direction, fuel composition, and inlet
temperature [52-54], it remains hard to predict due to the nonlinear
flow-reaction coupling. In practice, blowout proximity is often detected
via low-frequency combustion oscillations [55,56], though these in-
dicators need careful calibration and are not always reliable [43].
Therefore, advancing the fundamental understanding of blowout in
complex systems is vital for developing next-generation low-emission
combustors.

3. Experimental test rig and operating conditions
3.1. Burner geometry

The burner concept under investigation is a state-of-the-art lean
premixed design developed by Baker Hughes for heavy-duty gas turbine

applications. The burner is supplied with fuel through two separate
lines [57], as schematically depicted in Fig. 1. The fuel injected through
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Fig. 1. Schematics of Baker Hughes’ burner. Swirler representation is simplified for
confidentiality.
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Fig. 2. Schematics of the THT Lab reactive test cell [50,58].

the first manifold mixes with the oxidiser flow via a counter-rotating
swirler, ensuring uniform mixture delivery into the combustion cham-
ber. In contrast, the pilot line stabilises the flame by directly delivering
gas into the primary zone through circumferentially distributed holes.

3.2. Experimental test rig

The burner was investigated in the optically accessible reactive test
cell of the THT Lab of the University of Florence, whose schematics are
outlined in Fig. 2.

The test article is engineered to facilitate optical flame analysis
while offering adaptability for various burner configurations. The exter-
nal casing features an upstream vessel that accommodates the burner’s
entry point, and a downstream section equipped with a pair of per-
pendicular viewing ports, the latter strategically positioned to enable
comprehensive flame visualisation.

The combustion chamber has an internal diameter of 110 mm and
extends approximately 2.5 times its diameter. The combustor liner
is a 2.5 mm thick cylindrical structure made of quartz, while the
downstream flame tube liner is constructed from 2 mm thick stainless
steel. The entire flame tube is cooled by forced convection, using a
portion of the incoming air that flows through the annulus between the
liner and the confining vessel, bypassing the combustion process. The
same air is also employed to maintain the temperature of the optical
windows. In addition, the dome plate is cooled by a series of inclined
effusion holes.

Concerning flow measurements, the rig is outfitted with an array
of sensors. Thermocouples and static pressure probes are strategically
placed throughout the system, providing real-time data on flow param-
eters. A HORIBA PG-350 gas analyser is plunged into the downstream
flame tube to extract the exhaust gas for detailed emissions analy-
sis, with sampling occurring after approximately 9 ms of residence
time. This allows for accurate quantification of key pollutants, with
a particular focus on CO and NO,. For those seeking more in-depth
information on the design specifications and instrumentation details of
the rig, additional resources are available in related publications from
the authors [50,58].

The rig operates at standard atmospheric pressure, utilising CO,-
diluted air to simulate EGR-like conditions. The decision to use CO,-
enriched mixtures arises from the practical challenges associated with
recreating authentic EGR conditions or employing N,-enriched alterna-
tives on a laboratory scale, mainly due to cost constraints and volume
requirements. Although there are differences between CO, dilution
and real (dry) EGR, CO, dilution is recognised as a more demanding
condition for flame stability than actual EGR [59]. Consequently, this
conservative approach provides a robust compromise for the initial
design and investigation phase, establishing a solid foundation for
subsequent optimisation efforts. In particular, tests are conducted with
a 14% CO, dilution in volume, which is intended to simulate the
effects of an EGR level of approximately 50%. According to the fuel
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Table 1
LBO starting test point operating conditions.
Quantity Unit Value
Op. pressure [Pa] 101325
Toxia (K] 578
Thuel [X] 291
Oxid. comp. [%vol] 67.16 N,, 18.08 O,,

13.96 CO,, 0.8 Ar

Fuel comp. [%vol] 90.32 CH,, 6.06 C,Hg,
1.99 C3Hg, 0.68 C,H;,, 0.95 N,
Sim. EGR lv [%] 50
Pilot split [%] 30
AP/P [%] 4.2

composition measured during experimental tests, the natural gas used
in this setup featured a high C,+ (multi-carbon hydrocarbons) content
- approximately 9% by volume — with ethane (C,Hg), propane (C3Hg),
and butane (C4H;,) identified among the heavier hydrocarbons. The
fuel enters the system at a temperature of 291 K, while the airflow is
first dehumidified using a drying unit and then preheated to 578 K by
an electric heater. A constant air mass flow rate of 320 g/s is injected
through the plenum, including the component dedicated to liner cool-
ing. To achieve the target thermal power output of approximately 74
kW , the total fuel mass flow rate is adjusted accordingly, with 30% of
it directed through the pilot line. A modulating valve is employed to
ensure a consistent pressure drop (4P/P) of around 4.2% across the
combustor.

The above operating conditions define the starting test point for lean
blow-out analysis and are summarised in Table 1.

Under these conditions, the Reynolds number at the burner exit,
based on the bulk velocity, burner diameter, and local mixture proper-
ties, is approximately 56,000, indicating a fully turbulent flow regime.

4. Numerical setup

To capture the unsteady and localised flame dynamics near lean
blow-out, simulations were carried out using the commercial code AN-
SYS Fluent® 2022 R1 with a high-fidelity LES approach, as steady-state
models are insufficient for this purpose. Unresolved turbulence effects
are modelled using the Wall-Adapting Local Eddy-Viscosity (WALE)
sub-grid scale formulation [60], selected for its cost-effectiveness in
reconstructing the correct asymptotic behaviour of wall-bounded flows
[61]. The segregated Pressure-Implicit with Splitting of Operators
(PISO) algorithm [62,63] is employed for pressure-velocity coupling,
minimising the number of sub-iterations required per time-step to
achieve convergence [64]. For spatial discretisation, a second-order
upwind scheme is applied to all variables except momentum fluxes,
where a bounded central differencing scheme is used. Time integration
is performed using an implicit second-order scheme with a time step of
1x1073 s, allowing CFL numbers up to 3 in the regions of interest. This
choice is supported by a previous time-step sensitivity analysis by the
authors, in which simulations with CFL numbers well below 1 showed
negligible differences in flame shape prediction, thereby justifying the
adoption of this more computationally efficient setup.

In the context of LBO analysis, it is imperative to capture the
primary flame-quenching mechanisms, as they directly influence flame
dynamics under conditions of low reactivity, leading to phenomena
such as flame lift-off and elongation. Simultaneously, the burner design
phase demands several numerical simulations to assess how different
technical solutions affect flame stability under specific CO, dilution
levels, i.e., EGR levels. To this end, an enhanced version of the Flamelet
Generated Manifold (FGM) turbulent combustion model is employed,
featuring an extended Finite-Rate (FR) closure that incorporates stretch
and heat loss effects [65]. The rationale behind choosing this enhanced
yet tabulated chemistry approach lies in the higher computational
efficiency of the FGM method compared to models from the species
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Fig. 3. Finite-Rate turbulent progress variable source term (@.) within the mixture
fraction, strain, and heat loss 3D space.

transport approach family, specifically the Artificially Thickened Flame
(ATF) model. In previous work by the authors [29,30], it was demon-
strated that while the ATF model yielded results very similar to those
of the FGM approach, its computational cost was approximately six
times higher. Given that the LBO analysis involves simulating long
time frames with multiple changes in inlet boundary conditions, as
described in the following sections, the FGM model was selected for
its balance between computational efficiency and the ability to capture
local extinction phenomena. Further details are provided in the next
subsection.

4.1. Turbulent combustion modelling

The FGM approach is a widely used turbulent combustion model
within the flamelet framework [66]. This model represents turbulent
flames as an ensemble of laminar, one-dimensional flamelets embed-
ded in the turbulent flow field. During FGM pre-processing, laminar
flamelets are solved to create a multi-dimensional manifold where
thermodynamic variables depend solely on two control variables: the
mixture fraction (Z) and the reaction progress variable (¢) [67]. For
this study, a 64 x 32 look-up table in Z X ¢ space is generated by
solving premixed flamelets in ANSYS Fluent® with the GRI-Mech 3.0
mechanism, which includes 53 species and 325 reactions [68]. The
mixture fraction is based on Bilger’s formulation [69], and the reaction
progress variable is normalised as Y, = Yo, + Y¢o relative to its
equilibrium value. Turbulence-chemistry interactions are represented
by mass-weighted -PDFs of Z and ¢ (P(Z,¢)) [701, requiring transport
equations for both mean values and variances of Z and c¢. In LES,
however, the mixture fraction variance is modelled using an algebraic
expression rather than a dedicated transport equation [64]. To improve
efficiency, a pre-integrated turbulent look-up table is PDF-averaged
during pre-processing, replacing run-time integration with computa-
tionally efficient interpolation. For further details on the FGM model’s
mathematical foundation, refer to Ramaekers et al. [71].

This study employs an extended version of the Finite-Rate (FR)
closure, initially proposed by Klarmann et al. [72,73] within the RANS
framework and subsequently adapted to an LES context by Langone
et al. [65], to compute the Reynolds-averaged source term for the
reaction progress variable. Specifically, a correction factor I', which
accounts for the effects of strain (a) and heat loss (w), is applied to
the standard Finite-Rate turbulent reaction progress variable source
term (@,), effectively reducing the overall reactivity of the combustion
process. The adjusted reaction progress source term (5:) is calculated
as follows:

—_% — d)E(Z, C) ~
o =T (Z,ay) p// 2 B(Z,c)dZ de @
¢ X p(Z,c)

Standard FR turbulent ¢ source term (BC)
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Fig. 4. I' table in the mixture fraction and strain space for the adiabatic condition
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where @, is directly extracted from the laminar flamelets’ look-up table.
To determine I', several freely propagating flames (zero strain) and
premixed counterflow flames (strained) are solved using the Cantera
libraries [74] to generate a 3D map for @, in the mixture fraction (2),
strain (a), and heat loss (y) space, as shown in Fig. 3. Then, I'(Z, a,y) is
defined as the ratio between the maximum value of the strained, non-
adiabatic progress variable source term and the adiabatic, unstrained
one in a 1D laminar flame:

max w.(Z,a,y)

I(z,a,y)= (2)

max ®)(Z)
where y represents the heat loss parameter, defined as the temperature
deficit of the burnt gas relative to the corresponding equilibrium tem-
perature, and a represents the strain rate, calculated from the velocities
of the opposing jets. A 2D contour map of I' for the adiabatic case
(w = 1) is reported in Fig. 4.

At the start of the CFD simulation, the table is loaded into memory
via a custom C-language subroutine. The computed values of stretch,
heat loss, and mixture fraction are then used to query the table at
runtime for each domain cell. Since stretch and heat loss are not inher-
ently included in the FGM framework, a tailored modelling approach
is required, as described in the following section.

4.2. CFD: computing stretch and heat loss

Stretch (k) and heat loss (y) are computed using analytical expres-
sions embedded in a C-based User Defined Function (UDF), dynamically
called at each time step within ANSYS Fluent®. Here, stretch (x),
formally defined as the rate of the flame surface variation per unit
area [75], is expressed as a combination of resolved strain (d),
sub-grid scale strain (&Sgs), and curvature (o,) effects:

oi, \/ Ksgs o

i i ~ ~
+ T, +S10_x,- = lyes + dggs + 0, 3)

= 1ldA _ 9
0x; oA

K==y - )

where A is the surface area of an infinitesimal flame surface element,
6;; is the Kronecker delta, n is the normal vector to the flame front, I
is an efficiency function [76], k¢ is the sub-grid kinetic energy, and
S, is the laminar flame speed.

According to Eq. (3), flame stretch is calculated as the sum of strain
and curvature effects. It is important to note that the flame’s response
to stretch is determined solely by the magnitude of this combined
effect, regardless of how strain and curvature are distributed. This
allows the use of premixed counterflow flames, characterised by pure
strain, as a representative configuration when generating the I’ table,
effectively modelling the influence of both strain and curvature. As
also evident from Eq. (3), flame stretch can assume both positive and
negative values. However, since the FGM library is constructed using

sgs
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HTC = const.

Fig. 5. Computational grid on a plane intersecting two axes of the pilot fuel line (post-processing section). The mesh resolution is enhanced within the swirler and the primary
zone regions, with its peak in the pilot fuel injection for a refined characterisation of the mixing process. Design details omitted.

counterflow diffusion flames, which only provide tabulated data for
positive strain rates, the influence of negative stretch is neglected in the
current modelling approach. Specifically, for x < 0, the consumption
rate is assumed to equal that at k = 0, i.e., @.(k < 0) = @.(k = 0).
Despite this strong approximation, the primary objective is to make the
FGM model responsive to local flame quenching phenomena associated
with high positive strain rates. This rationale underpins the adopted
assumption, which has been validated in previous studies [65,77,78].
Regarding heat loss, w represents the temperature deficit in the
burnt gases (products) of laminar counterflow flamelets, corresponding
to the condition where ¢ = 1 and ¢’”? = 0. Within the CFD framework,
as dictated by the FGM model, the progress variable ¢ ranges from 0 to
1 across the reactive flow field. Consequently, w must be formulated to
allow for its calculation across the full range of the progress variable.
To achieve this, y is expressed as the ratio of the local temperature to
the local adiabatic flame temperature:
T, (2, 2,68 )

Y= —
T, T(Z,Z",E8", hy)

4

In this non-adiabatic FGM approach, as shown in Eq. (4), mixture
properties are formally defined as functions of five variables. To reduce
table dimensionality, the non-adiabatic flamelet libraries in Fluent
are constructed under the assumptions that species mass fractions are
insensitive to enthalpy variations and that the variance of the progress
variable can be neglected when evaluating thermodynamic properties,
enabling reduced-order tabulation [64]. The local values of stretch (k)
and heat loss (y), computed using Egs. (3)—(4), along with the mixture
fraction values natively provided by the solver, are used to query the
I'(Z,a,y) table stored in memory. The resulting value of I' is then
used to calculate the adjusted reaction progress source term. Additional
information on this extended version of the FGM is available in [29,72].

4.3. Computational domain and boundary conditions

The numerical domain, depicted in Fig. 5, includes a portion of the
rig upstream vessel that functions as an inlet plenum, the entire burner
geometry, encompassing both the premixer and pilot fuel manifolds,
the effusion cooling holes, the combustion chamber, and the discharge
downstream flame tube. Due to confidentiality constraints, some spe-
cific design details within the burner are omitted. The computational

grid is composed of a fully unstructured mesh, consisting of 22 million
polyhedral cells, with mesh sizes of 500 pm within the burner and
700 pm in the primary zone. Local refinements are applied within the
chamber to accurately capture mixing and flow dynamics. Specifically,
an annular body of influence with a local mesh size of 240 pm is gener-
ated near the dome, along with local refinements of 150 pm at the pilot
ducts’ ends, ensuring a precise reconstruction of the fluid interaction
between the pilot fuel and the premixed mixture from the swirler. A
preliminary assessment of the LES grid resolution, conducted in a prior
work by the authors [29], confirmed its adequacy, with Celik’s LES
quality index (LESIQ) values consistently exceeding 0.92 [79].

Regarding boundary conditions, the domain features two air in-
lets, one for the plenum and one for the effusion cooling holes, and
two fuel inlets, for the premixer manifold and the pilot line, respec-
tively. Constant mass flow rates and temperatures are specified for
both fuel and air at the respective inlet patches, based on the data
provided in Section 3.2, while the pressure-outlet boundary condition
is set to match standard atmospheric conditions. With the imposed
mass flow rates, a pressure drop of 4.2% is measured across the
burner, perfectly aligning with the experimental operating conditions.
A constant temperature boundary condition is imposed on the dome
walls, while a convective heat transfer boundary condition is applied
to the chamber and flame tube walls. The Heat Transfer Coefficient
(HTC) value, determined through a dedicated test campaign, ensures
an accurate reproduction of the wall temperatures observed during the
experiments. The remaining walls are modelled as adiabatic. The use
of the GRI-Mech 3.0 detailed mechanism allows for an exact match to
the experimental fuel composition, as outlined in Table 1, except for
propane, which was employed to represent both C3Hg and C4H;,, due
to species availability in the GRI-Mech 3.0 mechanism.

4.4. Numerical lean blow-out procedure

The primary objective of this analysis is to identify the burner
geometry that offers the broadest flame operability under high levels
of CO, dilution in the air. A logical initial approach in this context
would be to conduct a blow-out analysis by progressively increasing
the CO, concentration within the air. This “multi-stream” combustion
scenario is inherently addressed by species transport models, such as
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the ATF model. However, because of the computational cost associated
with the additional transport equations required to properly handle
the chemistry, it has been excluded from consideration. On the other
hand, a tabulated chemistry approach like the FGM, which relies on
accurately resolving non-reactive mixing, does not natively support this
strategy, thereby preventing analyses involving variations in the oxi-
diser or fuel composition. Therefore, instead of progressively increasing
the CO, concentration in the air, the workflow of this analysis involves
systematically reducing the fuel mass flow rate until lean blow-out
occurs [78] while maintaining a fixed oxidiser composition with high
CO, dilution levels. This approach avoids any changes in both fuel and
oxidiser composition, allowing for the use of a standard PDF dimension.
Although the two methods differ in their specifics, reducing the fuel
mass flow rate demonstrates similar blow-out behaviour and offers
comparable insights into flame stability, particularly under conditions
of high CO, dilution. As a result, this LBO methodology was adopted in
the current study to identify the burner configuration with the greatest
flame stability at high EGR levels, ultimately supporting burner design.

The first step of the analysis consists of an LES of the given geometry
under the starting test point operating conditions (Table 1), here iden-
tified as SO. All unsteady simulations are initialised from the respective
preliminary Reynolds-Averaged Navier-Stokes (RANS) calculations, the
latter featuring a k—e Realizable turbulence model. LES simulations are
then run for a time equivalent to 4 flow-through times (FTTs), each
approximately 14 ms, before activating the averaging procedure. To
ensure statistically converged results, 3 additional FTTs are simulated
during this initial stage. Following stabilisation, a 10% reduction in
fuel mass flow rate is applied, maintaining the pilot split constant at
30%. Since the air mass flow rate is kept constant throughout the entire
simulation campaign, each reduction in fuel mass flow rate corresponds
to a proportional decrease in the global equivalence ratio. Subsequent
reductions of 5% in fuel mass flow rate are iteratively implemented un-
til flame extinction occurs. Volume-averaged temperature and volume
integral of heat release monitors are employed to identify the onset
of LBO conditions [78]. It is noteworthy that every fuel mass flow rate
drop is applied upon reaching a stable thermodynamic condition under
the local boundary conditions.

The numerical procedure is consistent with the experimental prac-
tise, where a discrete fuel mass flow rate reduction is applied un-
til reaching blow-out, the latter evaluated by monitoring the wall
temperature from a thermocouple placed on the downstream flame
tube.

5. Investigated burner design solutions

As outlined earlier, the numerical LBO procedure evaluates how
different burner designs affect flame stability limits under high CO, di-
lution, simulating real EGR conditions. This procedure is systematically
applied to five different burner geometries, each with specific pilot line
and main premixer modifications.

5.1. Premixing duct and pilot line design

The first part of this work focuses on assessing the impact of two dif-
ferent fuel injection strategies occurring within the swirler, each linked
to a specific premixing duct geometry, and four pilot line configurations
on combustor aerodynamics and overall flame stability. Each tested
geometry, denoted AO, B1l, B2, and B3, employs the same counter-
rotating swirler and features distinct design characteristics, as detailed
below (Figs. 6-7-8):

+ AO: This configuration serves as the baseline for the investigation
and acts as the reference point for all subsequent comparisons.
Fuel from the premixed line (PMX) is injected at the tip of the
inner swirler through a narrow duct within the outer blades,
allowing it to mix with the airflow through strong turbulence
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gent sections. ES = external swirler; IS = inner swirler; PMX = premixer. Design details
are omitted for clarity.
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Fig. 7. Pilot ducts distribution on the dome.

generated by the shear layer between the two swirlers. The pre-
mixing duct has a two-stage convergence, starting with a steeper
angle near the swirler to direct the outer flow towards the duct
centre and enhance mixing, followed by a more gradual taper
towards the exit, as illustrated in Fig. 6a. The pilot line consists
of N holes, each with an equal diameter D, arranged in a non-
axisymmetric pattern around the burner (Fig. 7a). Notably, two
holes are positioned on a smaller radius on the dome with distinct
inward injection angles, while the remaining holes are directed
outward (Fig. 8).

B1: In this design variant, as with all subsequent configurations,
fuel is injected directly at the tip of the outer swirler. The pre-
mixing duct maintains a constant conical convergence from the
swirler to the exit section, with the exit diameter reduced by 5%
compared to the corresponding section in the A0 geometry (Fig.
6b). This conical shape keeps the fuel near the wall, allowing it
to efficiently feed the pilots upon entering the chamber, thereby
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Fig. 8. Schematics of pilot fuel injection angles: (a) Inward-directed and (b) outward-
directed. Design details omitted.

enhancing flame stabilisation. The pilot line consists of N holes
of equal diameter D, arranged in a rotationally symmetric pat-
tern around the burner, with all N pilot fuel injections directed
outward (Fig. 7b).

B2: This second pilot configuration features 2N smaller holes,
each with a diameter of 0.7 D, arranged in an axisymmetric
pattern (Fig. 7c). All holes direct their injections outward.

B3: This design is similar to B1 but includes a modification
where the holes are tilted in the direction of the swirled flow.
This adjustment aims to reduce the strain experienced by the
piloted flames, potentially enhancing flame stability and overall
performance (Fig. 7d).

This comparative analysis aims to evaluate how variations in premixing
duct and pilot line geometries impact flame stabilisation, particularly
under challenging operating conditions with reduced oxygen content.

5.2. Swirler design

The final phase of this investigation evaluated an alternative main
premixer design by replacing the counter-rotating swirler (Fig. 9a) with
a co-rotating configuration (AOx, Fig. 9b), while retaining the same
premixing duct and pilot line as in the A0 geometry. This modification
aims to isolate the effect of a different flame stabilisation mechanism
on the LBO limits.

In AOx, the preserved swirl number promotes a well-defined inner
recirculation zone (IRZ), supporting a stable, V-shaped flame (Fig. 10).
Although fuel is still injected through the pilot lines, the dominant
aerodynamic anchoring reduces the visible influence of the pilot flame.
Conversely, the counter-rotating swirler weakens the swirl, suppressing
the IRZ and making the pilot flame essential for stabilisation under
lean conditions. Comparing the two configurations thus reveals how
differing stabilisation mechanisms — IRZ-driven versus pilot-assisted
— affect flame stability under high CO, dilution. All tested design
solutions are summarised in Table 2.

(b) Co-rotating swirler

(a) Counter-rotating swirler

Fig. 9. Schematics of counter-rotating (a) and co-rotating swirlers (b). Illustrations do
not depict the actual Baker Hughes geometry for confidentiality reasons.
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Fig. 10. Normalised time-averaged contours of heat release rate (HRR) and axial
velocity (v,) on the midplane section of the burner for the counter-rotating (a) and
co-rotating (b) swirlers.

Table 2
Swirler and pilot configurations.

Configuration A0 Bl B2 B3 AO0x

Swirler
Counter-rot. X X X X
Co-rot. X

PMX fuel injection
Inner swirler
Outer swirler X X X

Pilots
8 non-axisym. X X
8 axisym. X
16 axisym. X
8 axisymm. tilted X

6. Results and discussion

This section presents the results of the LBO analysis conducted for
each tested geometry. The primary metrics used to evaluate the perfor-
mance of each design include the volume-averaged temperature within
the flame tube and the volume integral of heat release. Additionally, an
area-weighted average of the mixture fraction, calculated at the outlet
section, is used to monitor the evolution of the mixing flow field as the
inlet boundary conditions change. The results begin with an in-depth

Z/Znom [']

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
FT [s]

Fig. 11. Area-weighted averaged normalised mixture fraction plots as a function of
the flow time for each simulated geometry. Dashed lines indicate the nominal mixture
fraction corresponding to each phase of fuel mass flow rate reduction.
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Fig. 12. Left: normalised volume-averaged temperature and volume integral of heat release plots; the red dashed line illustrates the normalised nominal mixture fraction
corresponding to each change in boundary conditions. Right: static temperature and heat release rate contours on the midplane section of the burner at the end of each fuel mass

flow rate drop.

analysis of LBO dynamics for the baseline geometry (A0). Next, the
impact of an alternative fuel injection strategy in the premixing duct is
assessed, followed by a brief evaluation of the effects of the pilot line
design. Finally, the two proposed swirler designs are compared using
similar criteria.

Fig. 11 displays the area-weighted average mixture fraction plots
computed on a cross-sectional plane in the downstream region of the
flame tube, illustrating the fuel drop steps applied to each geometry.
Similar flow times were employed for each geometry during corre-
sponding steps to facilitate visual comparison, as shown in Fig. 11.
Minor variations arise based on the timing of flame stabilisation occur-
rence. Each LBO simulation required a total flow time of approximately
0.55 s from the stabilised starting operating point conditions, except
for the corotating swirler solution, which took almost 0.8 s to reach
blow-out. Considering an estimated flow-through-time (FTT) of about
0.014 s, this corresponds to approximately 40 FTTs. The dashed line
indicates the steps for the applied boundary condition. When reducing
the fuel mass flow rate, it takes approximately 2.5 FTTs to uniformly fill
the chamber with the new mixture. This process involves the convective
transport of the new information from the inlet across the burner,
followed by a mixing phase where the old and new boundary conditions
interact until the new conditions are fully established. This dynamic
further underscores the computational cost associated with each LBO
simulation.

6.1. Baseline LBO dynamics

As previously mentioned, step “zero” of the LBO analysis entails
simulating the selected geometry under the specified starting test point
operating conditions. This initial test point was first applied to the base-
line geometry (AO) to validate the numerical setup used throughout this
work. Detailed information on the validation process is not included
here for brevity, and readers are encouraged to consult [29,30] for
comprehensive insights.

Starting from the stabilised solution of the reference operating
condition (S0), the LBO numerical procedure, as previously described,
proceeds through a series of progressive fuel mass flow rate reduc-
tions. The initial step applies a 10% reduction in the inlet mixture’s
equivalence ratio. Following a delay of approximately 7-10 ms — corre-
sponding to the flow-through time of the chamber - the flame exhibits
an immediate response, characterised by decreases in both heat release
and temperature. These values stabilise at around 90% of their nominal

levels. During this phase, the flame appears elongated, as illustrated in
the contour maps of Fig. 12. Notably, the temperature at the pilot exit
is significantly reduced, coinciding with small local extinction events
that occur near the regions of higher local strain values. However, the
flame retains a stable pilot-anchored configuration for approximately
60 ms until the second reduction in fuel mass flow rate is applied,
which corresponds to a further 5% decrease in the equivalence ratio.
At this stage, the flame experiences a drastic temperature drop that
stabilises after around 50 ms, while heat release displays severe fluctu-
ations. During this transient phase, the flame, as depicted in the heat
release maps, is progressively quenched, ultimately adopting a new
lifted configuration approximately 50 mm from the dome. Despite this,
the flame is capable of periodically reaching the pilots’ downstream
region, resulting in “stable” near-blow-out flame dynamics. After a
total simulation time of 0.18 s, another 5% reduction in the inlet
equivalence ratio is applied. This results in another sharp decrease in
both temperature and heat release, leading to an even more lifted flame
configuration. The highest temperature region becomes predominantly
located within the downstream flame tube, yet the flame continues to
exhibit the dynamics observed in the previous phase, intermittently
reaching the downstream region of the pilots. Finally, upon applying
the fourth reduction in fuel mass flow rate, the flame encounters a
complete blow-out. The described blow-off dynamic is characterised by
a spiral vortex structure with a frequency of 40 Hz, whereby the flame
transitions from a stable anchored configuration to being progressively
ejected, as depicted in Fig. 13, where the flame topology evolution
over one period of the frequency mentioned above is displayed. For
a more comprehensive understanding of the flame dynamics involved
in the LBO process, Fig. 14 presents scatter plots of temperature and
stretch as a function of the mixture fraction. Under the initial operating
conditions (SO) and after the first fuel mass flow rate reduction (S1),
combustion occurs across a broad range of equivalence ratios, reflecting
a flame anchored to the locally diffusive pilot flames, primarily located
in the upstream section of the chamber, where the mixing process
remains incomplete. The flame also demonstrates high resistance to
strain, with high-temperature spots occurring at elevated stretch values,
predominantly associated with a rich mixture, further indicating a
flame anchored to the pilots operating under a locally diffusive regime.
In contrast, the temperature distributions for the second and third
fuel reductions exhibit sharp peaks concentrated around the nominal
mixture fraction values of each phase, indicating a heavily lifted flame,
with the highest temperature regions confined to the downstream
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Fig. 13. Flame dynamics over one period of the observed 40 Hz frequency for 15% (S2) fuel mass flow rate reduction. The flame front is identified by the iso-surface of Progress

Variable at 0.5.
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Fig. 14. Scatter plots for the reference plane of the domain. Temperature (top) and Stretch (bottom) as a function of the mixture fraction at the end of each fuel mass flow rate
reduction phase. In the stretch graphs, the scatter points are coloured by the temperature.

portion of the flame tube, where the mixing process is fully completed.
This trend is further supported by the stretch scatter plots, which show
high temperatures occurring only at low stretch values, characteristic
of the flow stabilising after the mixing process concludes and becoming
largely undisturbed. Finally, after the last fuel mass flow rate reduction,
the onset of LBO is observed.

Importantly, to assess the statistical steadiness of the third phase
(S3), a time-averaging procedure was applied to the monitored quan-
tities. Specifically, averaging was activated once the instantaneous
signals, after an initial transient decay due to the change in bound-
ary conditions, began oscillating around a seemingly constant mean
value. Since these mean values remained effectively unchanged for over
200 ms (approximately 15 FTTs), the phase was considered sufficiently
settled for analysis, despite the presence of strong fluctuations.

It is worth noting that a formal criterion for the completion of
extinction has been assumed to occur when the volume-averaged tem-
perature within the entire flame tube reaches the mixture inlet tem-
perature. Alternative definitions available in the literature, such as that
proposed by Cavaliere et al. [80], consider the blow-out event complete
when the OH* chemiluminescence total emission falls below 10% of its
mean value prior to decay. In this context, a similar approach can be
applied to the heat-release rate value approximately.

6.2. Premixing duct design: LBO analysis

A second LBO analysis was conducted on an alternative premixer
featuring fuel injection at the tip of the outer swirler (B1). As shown
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Fig. 15. Mixture fraction contours on the midplane of the burner for the external
(a) and internal (b) swirler fuel injection configurations, i.e., AO and B1, respectively.
The inner swirler injection ensures the delivery of a highly premixed mixture within
the primary zone, while the outer swirler, coupled with a conical-shaped premixing
duct, enriches the pilot region, thus enhancing local flame stabilisation. Design details
omitted.
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Fig. 16. Time-averaged temperature contours on the midplane of the burner for the
A0 (a) and B1 (b) configurations.

in Fig. 15b, this configuration forces the fuel to concentrate near the
conical wall of the duct, creating significant enrichment in the pilots’
region upon entering the chamber, at the expense of a substantially
leaner mixture within the primary zone’s central region. While this
setup is intended to improve flame stabilisation, it is essential to
emphasise that it is viable only in EGR applications. Under standard
air conditions, it would result in a substantial increase in NO, emissions
due to elevated local temperatures [81].

The effect of adopting a different fuel injection strategy within the
premixer is evident even under the starting test point operating con-
ditions. Fig. 16 illustrates the time-averaged normalised temperature
fields for the inner (a) and outer (b) swirler fuel injection configura-
tions. The AO configuration exhibits a noticeably longer flame than the
Bl geometry, suggesting higher reactivity associated with the latter.
Additionally, as anticipated from the mixing field, the pilot region
displays locally elevated temperatures, which support flame anchoring
near blow-out conditions, as will be further detailed. Moving to the
LBO, Fig. 17 illustrates the volume-averaged normalised temperature
plots as a function of flow time for both premixer configurations. The
two design solutions exhibit similar performance during the initial fuel
mass flow rate drop (S1), but a 15% reduction (S2) reveals higher tem-
peratures for the B1 configuration compared to AO. During this phase,
Bl maintains a stable pilot-anchored flame, whereas AO displays a
heavily lifted and elongated flame, as shown in Fig. 18, which presents
instantaneous temperature fields on the midplane of the burner for
A0 and B1 at each fuel reduction step. A clearer visualisation of the
flame shapes is provided in Fig. 19, which displays iso-surfaces of the
progress variable at 0.5, coloured by temperature, for both A0 and B1
geometries at the initial condition (SO) and after a 15% reduction in
fuel mass flow rate (S2). A trend reversal occurs with a 20% reduction
in fuel mass flow rate (S3), where B1 experiences a sharp temperature
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Fig. 17. Volume-averaged normalised temperature over flow time for the A0 and Bl
design configurations. The red dotted line depicts the time evolution of the numerical
boundary conditions, while the horizontal line marks the experimental extinction point
for the B1 configuration, both presented in terms of the normalised mixture fraction.
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Fig. 18. Instantaneous temperature contours on the midplane of the burner for the A0
(a) and B1 (b) design solutions at the end of each fuel reduction step.
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Fig. 19. Iso-surface of Progress Variable = 0.5 coloured by temperature for A0 (a) and
B1 (b) geometries under 0% (S0) and 15% (S2) fuel mass flow rate reduction.

drop, with flames transitioning from a stable pilot-anchored position
to a heavily lifted state, eventually resulting in a rapid blowout. In
contrast, the flame in the AO configuration, as previously observed,
periodically stabilises near the pilots’ downstream region, leading to
“stable” near-blow-out dynamics and maintaining higher temperatures
inside the flame tube compared to B1l. With the fourth (—25%) fuel
mass flow rate reduction, the AO flame also undergoes lean blow-out.

An LBO experimental campaign for the B1 geometry, conducted by
the THT Lab under the same operating conditions as the simulations,
was used to determine the fuel mass flow rate at which extinction
occurred. Experimentally, blow-out was observed at a 20.4% fuel mass
flow rate reduction, which closely aligns with the numerical prediction
of LBO at a 20% reduction (Fig. 17), based on the criteria used in
this study. However, since discrete fuel mass flow rate reductions were
applied, it is plausible that LBO might have occurred between 15%
and 20%. If an average of 17.5% is considered, the discrepancy be-
tween the experimental and numerical results narrows down to around
2.9 percentage points (or 14.2%). However, the approach effectively
reproduced both the experimental LBO dynamics and the fuel mass
flow rate value corresponding to the extinction event, demonstrating
the robustness of the predictive model.

A visual summary of flame dynamics during the lean blowout (LBO)
process is shown in Fig. 20, which presents time-resolved contours
of the heat release rate integrated along the vertical (y) direction.
This line integral provides a spatial-temporal projection of the flame
structure on the combustor’s central axis, offering a clear depiction of
axial evolution, including lift-off and retreat behaviour as blowout is
approached.
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Fig. 20. Time-space evolution contour of Heat Release Rate computed on the midplane
section of the burner and projected onto its centreline. A comparison between A0 (a)
and B1 (b) design solutions.

Both geometries exhibit flame elongation as the fuel mass flow
decreases. However, the outer fuel injection solution (B1) shows greater
resistance to flame lift-off during the initial fuel drops (S1-S2), with
flames remaining anchored to the pilots and high temperatures main-
tained near the dome. A significant decline in flame stability occurs
thereafter, suddenly transitioning to heavily lifted states and ultimately
leading to rapid blow-out (Fig. 20b). By contrast, AO demonstrates a
more linear response to fuel mass flow reduction, maintaining stable
near-blow-out dynamics during the S3 condition, thus indicating a
wider operability range overall (Fig. 20a).

The differences in flame dynamics between AQ and B1 are clearly
evident when comparing the scatter plots in Figs. 14 and 21. Starting
from similar distributions, B1, during steps 1 and 2, maintains high
temperatures across a wide range of both mixture fraction and stretch
values, with a slight progressive concentration on the lean side. This
broad mixture fraction distribution highlights the presence of a stable
pilot-anchored flame in the upstream region, where the mixing process
is still ongoing. Additionally, the flame demonstrates greater resistance
to the local high-strain values generated around the pilots. However,
despite this enhanced stability, the flame ultimately undergoes a rapid
blow-out when the final fuel mass flow rate reduction is applied.

The distinct flame dynamics between AQ and B1 can be attributed
to the differences in mixture fraction distributions within the primary
zone and around the pilots, as shown in Fig. 15. As discussed, fuel
injection at the tip of the outer swirler in B1, combined with a conical-
shaped premixer duct, produces a stoichiometric mixture that remains
stably concentrated near the dome, enriching the ORZ and supporting
an attached flame configuration. However, this local enrichment results
in a significantly leaner mixture in the primary zone’s central region
compared to the baseline design, which instead achieves more uniform
mixing prior to entering the chamber, enhancing fuel diffusion in the
primary zone. Consequently, while B1 promotes a strongly attached
flame even under very lean inlet conditions, a slight flame lift-off can
lead to sudden blow-out due to insufficient rich mixture downstream.
Conversely, AQ’s richer downstream mixture can sustain combustion
under heavily lifted flame states.

It is important to note that greater resistance to lean blow-out does
not inherently signify the optimal design for this application. Reaction
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Fig. 21. Scatter plots from the midplane of the burner for the Bl design solution.
Temperature (top) and Stretch (bottom) as a function of the mixture fraction at the
end of each fuel mass flow rate reduction phase. In the stretch graphs, the scatter
points are coloured by the temperature.

completion, particularly regarding CO emissions, is also critical. Given
the burner’s purpose of accommodating high EGR levels to maximise
CO, content at the turbine outlet, elevated CO emissions in A0 during
S2, attributed to lifted flame dynamics, might make the B1 design a
more favourable option.

6.3. Pilot line design: LBO analysis

Given the critical role played by the pilots in the B1 configuration,
the inner swirler fuel injection design has been selected to evaluate
the impact of different pilot line configurations on the overall flame
stability.

From an analysis of the mixing field within the chamber (Fig. 22) for
the AO configuration, no significant effects are attributable to the two

(a) ZI[-

max

Fig. 22. Mixture fraction contours on the midplane of the chamber for the inward (a)
and the outward (b) pilot configurations.
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Fig. 23. Normalised instantaneous temperature fields on the midplane of the burner for
each simulated pilot line design solution at stable conditions for the starting operating
test point: B1 (a), B2 (b), B3 (c).
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Fig. 24. Volume-averaged normalised temperature as a function of flow time for the
three pilot design configurations.

inward-directed pilots, as the flow field is primarily shaped by the pre-
mixer design. Consequently, this non-axisymmetric pilot configuration
has been excluded from further analyses in this section.

Fig. 23 illustrates the normalised instantaneous temperature fields
for each pilot line configuration as observed from the stabilised LES
simulations. While B1 and B2 exhibit similar thermal distributions,
B3 shows a widespread presence of low-temperature regions. This is
attributed to local stoichiometric mixture-wall interactions that reduce
the mixture’s temperature. Such behaviour arises from the stronger
tangential component in the pilot fuel jets of B3, causing them to
interact more directly with the dome walls upon entering the chamber.

Proceeding to the LBO analysis, all three configurations demon-
strated a similar response to decreasing inlet equivalence ratio: a highly
stable flame persisted through the initial two fuel mass flow rate
reductions, with a sudden blow-out occurring at step 3 (Fig. 24). In this
regard, further distinctions could potentially emerge by reducing the
fuel mass flow rate drop between steps 2 and 3. However, as previously
noted, the flow field is primarily governed by the premixer geometry
and fuel injection strategy, making the pilot line design comparatively
less impactful.

Finally, to distinguish between these pilot configurations, an exper-
imental assessment of CO emissions was conducted, as the FGM model
does not reliably predict absolute CO levels. Experimentally, the B2
design exhibited the lowest CO emissions under the reference stable
operating conditions, suggesting it may be the most favourable pilot
line configuration among those tested.

6.4. Swirler design: LBO analysis

The adoption of a co-rotating swirler (AOx), while maintaining the
same injection strategy and premixing duct geometry as the baseline
(A0), leads to a very different flow field and mixing process within
the burner, thus resulting in a conceptually opposite aerothermal field
within the chamber, with the classic V-shape jets coupled with a large
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Fig. 25. Mixture fraction contours on the midplane of the burner for the counter-
rotating (a) and co-rotating (b) swirler configurations, i.e., A0 and AOx, respectively.
The counter-rotating swirler ensures the delivery of a highly premixed mixture within
the primary zone; conversely, the co-rotating swirler leads to a locally rich mixture.

inner recirculating zone (IRZ) and two smaller but well-defined outer
recirculating zones (ORZ), as previously depicted in Fig. 10. Focusing
on the LBO analysis, the flame dynamics leading to extinction are
well captured in Fig. 26, which presents the static temperature and
heat release rate contours on the midplane section of the burner at
the end of each fuel mass flow rate reduction. Unlike the previous
pilot-stabilised flames, the co-rotating swirler configuration shows min-
imal variation in the flame anchoring position despite the progressive
reduction in the inlet equivalence ratio. This can be attributed to
two key factors: firstly, the swirl-stabilised design inherently promotes
flame stabilisation through hot gas recirculation, which pre-heats the
reactants, enhancing flame stability. Secondly, the mixture within the
burner exhibits a high degree of non-uniformity due to the reduced
mixing intensity introduced by the co-rotating swirler. This leads to the
consistent delivery of a rich mixture into the primary zone, regardless of
the progressive reduction in the nominal equivalence ratio throughout
the LBO analysis (Fig. 25).

This behaviour is further corroborated by the temperature scatter
plot in Fig. 27, where the temperature peak remains concentrated
around the same mixture fraction value, irrespective of the progres-
sively leaner nominal equivalence ratio. The narrow range of mixture
fraction values surrounding the nominal value suggests that the flame
develops in a region where mixing is nearly complete. Consequently,
the flame does not progressively lift; instead, it narrows its spreading
angle until blow-off occurs, following a linear trend as the inlet mixture
becomes leaner. As the flame anchoring position remains largely un-
changed throughout the LBO analysis, the highest temperature values
consistently occur around the same strain values, even though the
global temperature decreases due to the reduced equivalence ratio and
the diminishing flame resistance to stretch, the latter ultimately leading
to local flame quenching in the proximity of the shear layers where the
flame stabilises.

Comparing this design, identified as AOx, to the previously pre-
sented pilot-stabilised solutions, the co-rotating swirler demonstrates
the greatest resistance to blow-off, reaching complete flame extinction
later than the other configurations, as shown in Fig. 28. It is important
to note, however, that due to the specific aerothermal characteristics of
a swirl-stabilised design, the volume-averaged temperature inside the
combustion chamber is lower than that of the pilot-stabilised designs
at each fuel mass flow rate reduction. Therefore, the volume-averaged
temperature cannot be directly used to compare combustion efficiency
between AOx and the other design solutions.
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Fig. 26. Instantaneous static temperature and heat release rate contours on the midplane section of the burner at the end of each fuel mass flow rate drop for the AOx burner.
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Fig. 27. Scatter plots from the midplane of the burner for the co-rotating swirler. Temperature (top) and Stretch (bottom) as a function of the mixture fraction at the end of each
fuel mass flow rate reduction phase. In the stretch graphs, the scatter points are coloured by the temperature.
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Fig. 28. Volume-averaged normalised temperature plots as a function of flow time for
each simulated design solution.

7. Computational costs

All simulations featured in this analysis were executed on an HPC
cluster consisting of 20 multicore Intel® Xeon® Gold 6248 CPU nodes.
The total computational cost for each simulation, encompassing an
initial RANS calculation to establish a starting solution for the LES
reference test point, followed by flushing, sampling stages, and the full
LBO procedure, was estimated to be approximately 120,000 CPU hours.
This results in a cumulative computational expense of around 600,000
CPU hours for the entire comparative analysis.
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8. Conclusions

This study explored the impact of burner geometry on flame sta-
bility under high CO, dilution conditions, leveraging LES-based LBO
numerical analysis. Conducted within the framework of the European-
funded TRANSITION project, the research aimed to identify burner
designs capable of stable operation at elevated EGR levels. Numerical
assessments were performed across various burner configurations, in-
volving modifications to the premixer, pilot, and swirler designs, with
fuel mass flow rate systematically reduced to simulate LBO conditions.

The key findings of this numerical investigation are summarised
below:

+ In the baseline configuration (A0), blow-off occurs through the
development of a spiral vortex structure oscillating near 40 Hz,
leading to a linear transition from a firmly anchored flame op-
erating under partially premixed conditions to a progressively
lifted and extinguished state. This finding is significant, as such
dynamics were not discernible from experimental data due to the
absence of detailed 3D flow visualisation, highlighting the unique
insights provided by the CFD analysis.

Enhanced piloted flame stability was achieved with an alternative
premixer design featuring fuel injection at the tip of the outer
swirler (B-family configurations). The resulting flame primarily
operated in a non-premixed regime and exhibited reduced sus-
ceptibility to elongation during the initial LBO phases. However,
the presence of a leaner mixture in the primary zone’s core region
compared to the baseline design led to instability, transitioning to
a heavily lifted state and culminating in rapid blow-off.
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» The premixer geometry and fuel injection strategy were found to
primarily dictate the flow field, rendering the pilot line design
relatively less impactful.

A co-rotating swirler configuration (AOx) was introduced to assess
the influence of swirl-stabilisation mechanisms on LBO limits.
The consistent delivery of a rich mixture into the primary zone,
coupled with the enhanced flame stability associated with hot
gas recirculation, led to a different LBO dynamic. The flame,
instead of progressively lifting, maintains its anchoring position
and narrows its spreading angle until blow-out is reached.
Among all configurations, the swirl-stabilised flame exhibited the
highest blow-out resistance, reaching LBO after a 30% fuel mass
flow reduction, while the best-performing pilot-stabilised case
(A0) reached LBO at a 25% reduction.

The FGM model accurately predicted the fuel mass flow rate
corresponding to the extinction event measured during the exper-
imental campaign for the B1 configuration.

Ultimately, the final conclusions will rest on experimental validation.
Advanced testing at DLR (Deutsches Zentrum fiir Luft- und Raumfahrt),
the German aerospace research centre, will involve configurations AO,
B2, and AOx to facilitate the selection of an optimal geometry for
full-scale turbine installation and provide critical data for further CFD
validation.

These results underscore the pivotal role of burner design in over-
coming combustion challenges at high EGR levels. From a compu-
tational perspective, the FGM model, with appropriate modifications
to capture quenching phenomena, has demonstrated a robust balance
between accuracy and efficiency in reconstructing complex transient
flame dynamics, such as those observed in LBO events. Future devel-
opments could incorporate the approach proposed by Meloni et al. [82]
to further enhance the model’s predictive capabilities for CO and NO,
emissions.

Nomenclature
Acronyms
ATF Artificially Thickened Flame
CCS Carbon Capture and Storage
CFD Computational Fluid Dynamics
DLN Dry Low NOy
EGR Exhaust Gas Recirculation
ES External Swirler
FGM Flamelet Generated Manifold
FR Finite-Rate
FT Flow Time
FTT Flow-Through-Time
GT Gas Turbine
HPC High-Performance Computing
HTC Heat Transfer Coefficient
IRZ Inner Recirculation Zone
IS Inner Swirler
LBO Lean Blow-Out
LES Large Eddy Simulation
LESIQ LES Index Quality
LPC Lean Premixed Combustor
ORZ Outer Recirculation Zone
PDF Probability Density Function
PISO Pressure-Implicit with Splitting of Operators
PMX Premixer
RANS Reynolds-Averaged Navier—Stokes
THT Technology for High Temperature
UDF User Defined Function
WALE Wall-Adapting Local Eddy-viscosity
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Symbols
a Strain rate [s71]
c FGM unnormalised reaction progress variable [-]
k Turbulent kinetic energy [m? s—2]
n Normal vector to the flame front
P Static Pressure [Pa]
P(x) PDF of the x-variable
S, Laminar flame speed [m s~1]

u; Velocity i-component [m s

1
Y; Elemental Mass Fraction of the i-species
z Mixture fraction
Greek
r Extended-FR correction factor
I Extended-FR efficiency function
A LES filter length [-]
5 Kronecker delta
K Stretch [s7!]
P Density [kg m~3]
o, Curvature [s71]
v Extended-FR heat loss parameter
@, Turbulent progress variable source term [s~!]
Subscripts
ad Adiabatic
b Burnt gases
eq Equilibrium
0 Adiabatic unstrained
res Resolved quantity
sgs Sub-grid scale modelled quantity
T Turbulent quantity
Superscripts
! Reynolds fluctuation
" Favre fluctuation
- Reynolds averaged
~ Favre averaged
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