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Abstract

The transition to cleaner energy sources has generated significant interest in oxy-combustion as an effective
method to enable Carbon Capture and Storage (CCS), reducing CO2 emissions while maintaining operational
efficiency. Despite the widespread availability and high energy density of natural gas, its residual use needs to be
combined with CCS to achieve carbon neutrality. In oxy-combustion, natural gas (primarily methane) is burned
with pure oxygen or oxygen-enriched air, producing exhaust gases with high CO2 concentrations that are easier to
separate and capture. However, the combustion process is highly complex, driven by intricate interactions between
heat release, fluid flow dynamics, and heat transfer, particularly radiative effects. Accurate modelling is therefore
essential for understanding and optimizing oxy-combustion flame behavior.

This study examines two oxygen-enriched methane flames from the Degeneve et al. dataset [1], characterized by
distinct swirl intensities. Flame AOQ is an attached flame with no swirl in the fuel channel but a fixed swirl in the
oxidizer, while flame A1, featuring an M-shaped configuration, includes swirl in both the methane and oxidizer
channels.

Large Eddy Simulation (LES), combined with tabulated chemistry approaches, is used to model oxy-combustion.
The non-premixed Flamelet Progress Variable (FPV) model is applied under adiabatic wall conditions. Since wall
heat losses significantly affect heat transfer within the combustor and can influence flame shape, non-adiabatic
FPV variants are developed and integrated into the LES framework with prescribed wall temperatures. Numerical
results for different swirl configurations are compared with experimental data in terms of flame shape and flow
velocity.

This work serves as a foundational step toward incorporating conjugate heat transfer and thermal radiation into a
multiphysics framework for accurately predicting heat transfer in oxy-flames.
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1. Introduction

Oxy-combustion, particularly the combustion of
methane with carbon dioxide-diluted oxygen, is a
promising technology for reducing pollutant forma-
tion, especially nitrogen oxides (NO,). Additionally,
it plays a crucial role in Carbon Capture and Storage
(CCS) by minimizing CO2 emissions [2]. The de-
liberate removal of nitrogen from the reactant mix-
ture significantly reduces thermal NO, formation, as
described in [3]. However, this nitrogen removal in-
troduces trade-offs: the higher oxygen concentration
increases fuel reactivity and elevates flame temper-
atures. These effects influence combustion stability
and can lead to higher localized temperatures, affect-
ing reaction rates and emission characteristics [4].

Furthermore, when nitrogen is replaced with car-
bon dioxide via flue gas recirculation, the radiative
properties of CO2 become significant. Radiative heat
transfer alters the local flame structure and chemi-
cal kinetics, making it essential for numerical models
to account for these effects to accurately capture the
flame’s thermo-chemical state [4].

For safety reasons, premixed oxy-combustion sys-
tems are generally avoided, as oxygen-enriched mix-
tures are more prone to flashback due to their high
reaction rates. Consequently, industrial applications
typically favor non-premixed injector designs. De-
tailed experimental and numerical studies are re-
quired to understand the complex flame dynamics
and stability characteristics of oxy-combustion sys-
tems. For instance, the work by Degeneve et al. [1]
has shown that varying swirl intensities in oxygen-
enriched flames can fundamentally alter flame stabi-
lization modes, transitioning from attached flames to
lifted or M-shaped configurations.

At the EM2C laboratory, the OxyTec burner was
specifically designed to enable parametric studies
of non-premixed oxy-combustion under atmospheric
conditions. This burner has been used to system-
atically investigate oxygen-enriched methane flames,
revealing how operating parameters such as the fuel
swirl number S; influence flame morphology. In par-
ticular, flames AO and A1 serve as benchmark cases,
illustrating the transition from an attached flame to an
M-shaped structure as swirl intensity increases [1].

The present work focuses on the numerical mod-
elling of these oxy-flames. First, cold flow injec-
tion is analyzed using Large Eddy Simulation (LES)
to validate the solver’s ability to capture turbulent
swirling flows with detailed chemistry and transport
properties. For this purpose, the YALES2 CFD solver
is employed [5], known for its high-fidelity simula-
tions of complex turbulent flows. Next, the Flamelet
Progress Variable (FPV) model is introduced for oxy-
combustion applications. Counterflow flame simu-
lations are used to generate a flamelet library that
overs the flame space of the S-Curve, including the
stable and unstable branches as well as a quenched
state. The FPV flamelet table is assembled through
the AGATH flame solver refAGATH.

The classical FPV framework has been extended to
incorporate nonadiabatic effects. For example, Kishi-
moto et al. [6] introduced enthalpy defect variables
to account for radiative heat losses, thereby improv-
ing the model’s applicability in regimes with signif-
icant heat dissipation. Unlike other approaches that
rely on automated optimization of the progress vari-
able definition, as in [7], the present work adopts a
typical definition based on key reaction products of
oxy-combustion. This ensures a consistent represen-
tation of the flame structure while preserving the non-
monotonicity property of the transported variables.

However, preliminary results from adiabatic simu-
lations of Flame AO reveal the limitations of an Adi-
abatic FPV model in capturing correct behaviour of
post-flame burnt gases, with a continuous OH pro-
duction in the burnt gas region. These findings high-
light the necessity of incorporating heat losses effects
to achieve a more accurate description of flame be-
haviour. Building upon this, the present work aims
at the development of a Radiative FPV model capa-
ble of accounting for enthalpy losses across the full
range of OxyTec operating conditions. By integrat-
ing a controllable radiative sink term, it is possible
to artificially impose an enthalpy loss, recovering the
non-adiabatic behaviour of the real flame.

2. Numerical Methods

This study utilizes the YALES2 CFD solver to nu-
merically investigate turbulent flows, relying on the
resolution of the Large Eddy Simulation (LES) under
a low-Mach, variable-density formulation.

Different modelling strategies are adopted depend-
ing on the presence or absence of chemical reactions.
For non-reacting flows, a detailed chemistry approach
is used, incorporating a reduced kinetic mechanism
that limits transported species to methane (CHy), oxy-
gen (O2), and nitrogen (N2), while accounting for de-
tailed transport properties. In contrast, the complexity
of methane combustion necessitates a tabulated chem-
istry approach for reacting flows, reducing the num-
ber of transported variables to passive scalars such
as the Mixture Fraction (Z), its variance (Z'), and a
progress variable (Y¢). When required, the enthalpy
H can also be transported as a passive scalar.

The SIGMA Subgrid-Scale (SGS) turbulence
model is utilized to capture unresolved scales, lever-
aging molecular viscosity from the kinetic mecha-
nism in non-reacting cases and tabulated values in
reacting cases. Both detailed and tabulated chem-
istry models utilize a mixture-averaged approach for
species transport. Spatial integration is performed us-
ing a fourth-order Finite Volume (FV) scheme, ensur-
ing high accuracy on structured meshes. However,
accuracy reduces to third order in distorted regions
and second order near boundaries, unless polynomial
reconstruction techniques are applied. These limita-
tions arise due to the node-centered formulation of the
scheme [8].Temporal discretization follows the same
order as spatial integration, as recommended in [9].



Specifically, the TFV4A (also referred to as TRK4)
scheme is employed in the present study to ensure
consistency in time advancement. Pressure-velocity
coupling is handled using a projection method, neces-
sitating the resolution of a Poisson equation for pres-
sure. YALES?2 includes a built-in Deflated Precondi-
tioned Conjugate Gradient (DPCG) solver, which effi-
ciently solves for the pressure field using a predictor-
corrector approach [10].

3. Non-reacting flows

The non-reacting configurations investigated in
this study aim to reproduce the experimental results
presented in [1]. A total of 60 cold flow cases have
been experimentally analyzed under varying swirl
conditions. Among these, three configurations have
been selected for detailed numerical study, as they
closely resemble the flow conditions of interest in the
reacting cases, specifically Flames AQ and Al.

3.1. Burner Geometry and Configurations

The OxyTec burner, developed at the EM2C lab-
oratory, serves as platform for both the experimental
and numerical studies. This device is designed to sta-
bilize swirled, pressurized flames at atmospheric op-
erating conditions. A schematic of the setup is pro-
vided in Fig. 1.
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Fig. 1: Schematic of the experimental rig for the OxyTec
burner. The injection swirlers are highlighted in red, and the
observation windows for diagnostics are indicated.

The combustion chamber consists of a square
cross-section with quartz optical windows, enabling
optical access for experimental diagnostics. A con-
verging outlet facilitates pressurized operation, while
a coaxial injector supports non-premixed combustion.
The inner injector, with a diameter of di = 6 mm,
delivers methane to the chamber and can impart swirl
to the flow via a metallic insert, allowing for differ-
ent swirl intensities. The oxidizer stream is supplied
through an annular injector, with an inner diameter of
14 mm and an outer diameter of do = 20 mm. The
swirl intensity in the oxidizer stream is regulated by

adjusting the volumetric flow ratio between the axial
and tangential injection channels. By controlling the
mass flow rates, different swirl numbers can be im-
posed.
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Fig. 2: Swirler schematics: (a) full system, (b) oxidizer in-
jection, and (c) fuel injection.

In this configuration, seven interchangeable metal-
lic inserts are available, providing trailing edge an-
gles of 61 = 0°,£30°,+50°, £60°, allowing for
both co-rotating and counter-rotating swirl configu-
rations. Although the surface roughness is not opti-
mal, the swirler is recessed within the injection chan-
nel, minimizing its impact on the flow. Experimental
tests confirm that variations in surface roughness do
not significantly alter the flow characteristics.

The geometrical swirl number for the methane in-
jector is given by:

S = %tan(@) (1)
For the oxidizer stream, swirl is introduced through
four tangential injection channels, which dictate the
rotational direction of the flow. The swirl number S
is determined by the ratio of tangential to axial flow
rates and is expressed as:

g, - T Hd: 1-(di/do)"
T UNIL1+ Q2./Qo0

where: H = 9 mm is the radial offset between the
tangential injection channels and the burner axis, [ =
3 mm is the channel width, L = 10 mm is the channel
height, N = 4 represents the number of tangential
injection channels. Finally, a key parameter to fix the
mass flow rates is the momentum flux ratio:
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The bulk velocities of the fuel and oxidizer are 15.0

“ and 10.2 7, respectively. Based on the total length
of the combustion chamber, a characteristic time is
defined as in Eq. 4, for the OxyTec burner, 7 =~ 0.037
s. To ensure statistically meaningful data collection,
the simulation was run for an initial transient period
of 57, followed by an additional 57 for final statistical
averaging, resulting in a total simulation time of 107.
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Fig. 3: Results for the non-reacting cases. On the left, the tangential velocity plots over the axial plane at 1.5mm from the
injector lip. On the right, the axial velocity over a plane on the middle of the combustion chamber. In both results, the first
column represents the experimental result next to the results obtained with the refined, medium, and coarse meshes in order..

3.2. Non-reacting cases of interest

The non-reacting cases of interest are characterized
by S1 = 0, meaning no metallic insert is used in the
fuel channel, while the oxidizer swirl number S is
systematically varied. The study focuses on three spe-
cific values of S3: 0.6, 0.8, and 1.0. The momentum
flux ratio, defined in Eq. 3, is set at 4 to ensure con-
sistent mass flow conditions across all cases.

A mesh refinement study was conducted for each
selected condition using three levels of discretization.
The initial coarse mesh consists of approximately 2.8
million tetrahedral cells, ensuring at least 10 grid
points across the injection pipe walls, with a mini-
mum mesh size of Ax = 0.6 mm. The first refine-
ment step reduces Az to 0.4 mm, increasing the to-
tal cell count to 9.3 million. A final refinement step,
reducing Az further to 0.2 mm, results in a highly
resolved grid with 22 million cells.

Results from the mesh refinement study, presented
in Fig. 3, indicate that while the coarse mesh cap-
tures the overall flow structures qualitatively, only the
finest level of refinement fully resolves expected flow
features. Specifically, the Central Recirculation Zone
(CRZ), observed in the experimental setup, is not en-
tirely captured in the coarser simulations. The tangen-
tial velocity plots highlight the impact of swirl num-
ber, where lower swirl values exhibit distinct patterns
imprinted by the oxidizer slits, while higher swirl
numbers lead to a more uniformly circular profile.

Discrepancies between numerical and experimen-
tal results are primarily attributed to physical bound-
ary conditions rather than numerical discretization er-
rors. A systematic offset of approximately 0.2 in
swirl number can be noticed when comparing nu-
merical results with experimental data, indicating an
inlet boundary-induced deviation rather than a mesh
resolution-related discrepancy.

4. Reacting Cases

Given the non-premixed burning condition of the
OxyTec configuration and the complexity of methane
combustion kinetics, tabulated chemistry was chosen
as the most efficient approach for modelling combus-
tion under these conditions. Specifically, the Flamelet
Progress Variable (FPV) model was evaluated as an

appropriate framework for adiabatic flame modelling,
with the flexibility to extend into a non-adiabatic
model such as the Radiative Flamelet Progress Vari-
able (RFPV) model [11].

4.1. The Flamelet Progress Variable Model

To accurately capture the complex physics of
oxy-combustion, the FPV model leverages tabulated
chemistry to significantly reduce computational cost
by limiting the number of transported scalars to three.
This approach offers a substantial efficiency advan-
tage over direct detailed chemistry simulations for
complex schemes such as methane combustion.

The FPV framework is based on the generation of a
flamelet library from counterflow non-premixed adia-
batic flames subjected to varying strain rates. The first
outcome of this process is the retrieval of an S-Curve
for the fuel-oxidizer combination , methane air and
subsequently, oxygen-enriched air. This curve can
be further extended to include unstable branch of the
S-Curve, thereby encompassing a broader range of
combustion conditions, including lower-temperature
flame states.

The flames within the database are remapped in
terms of both mixture fraction (Z) and progress vari-
able (Yc). The selection of an appropriate progress
variable is of paramount importance, as it must main-
tain the monotonicity of the tabulated quantities. En-
suring this property guarantees that each unique (Z,
Yc) pair corresponds to a single flamelet solution.

Once the flamelet library is constructed, it is fur-
ther processed using a [3-Probability Density Func-
tion (PDF) approach to incorporate a third dimension:
the mixture fraction variance (Z”'). This additional
dimension accounts for subgrid-scale turbulence-
chemistry interactions.

Finally, the tabulated chemistry model is integrated
into the CFD solver, which subsequently solves for
the transport equations governing the mixture frac-
tion (Z), mixture fraction variance (Z"'), and progress
variable (C') as given in Egs. 5, 6, and 7, respectively.
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4.2. Radiative Flamelet Progress Variable Model

When analyzing combustion chambers in the con-
text of oxy-combustion, two primary forms of heat
loss must be considered: wall heat losses and radia-
tive heat transfer.

In the tabulated chemistry approach, extending the
framework to account for these losses is straightfor-
ward. From a tabulation perspective, an additional
dimension must be incorporated to represent the en-
thalpy level of the flamelets. To achieve this, the 1D
flame solver AGATH is employed. The procedure be-
gins similarly to the FPV approach, where the stable
branch of the S-Curve is retrieved. However, in this
case, the unstable branch is not required. Instead, a
prescribed heat loss is applied to the flamelets along
the stable branch, followed by an unsteady simulation
initiated from the adiabatic flame state. The simula-
tion progresses until the imposed heat losses are fully
integrated, leading to a new steady-state solution. The
intermediate states are stored, enabling a proper map-
ping of the flamelet space to account for multiple en-
thalpy levels.

Heat losses are artificially introduced by scaling
the radiative heat losses through an optically thin
model [12]. This approach allows for controlled vari-
ation of the heat loss intensity by adding a scaling
factor to the radiative power term. The optically thin
model considers only emission losses while neglect-
ing absorption, ensuring a straightforward implemen-
tation of heat losses through a radiative effects.

Following this procedure, a new parameter—the
normalized enthalpy of the flamelet—is defined. In
the adiabatic case, corresponding to the stable S-
Curve branch, the enthalpy level is at its maximum
since no losses occur. In contrast, all other solu-
tions exhibit reduced enthalpy levels due to imposed
losses. However, this method has a limitation: once
the flame reaches a quenching point, its temperature
decreases, leading to a reduction in heat losses and,
consequently, an increase in the enthalpy level. This
behavior marks the boundary of the RFPV model in
its current implementation as the table would lose it’s
non monotonicity: it is not guaranteed that two differ-
ent sets of coordinates (Y'C, Z, H) retrieve different
flames. This factor limits the range of applicability of
the RFPV model in its current implementation.

The CFD solver must also transport this additional
enthalpy dimension as a passive scalar, Eq. 8.

WH 45 - (puH) = ¥ - (p(os + 0 VH) ®)

Here, H represents the enthalpy scalar transported
within the CFD software, effectively introducing a
fourth transport equation to be solved in order to ac-
cess the 4 dimensional flamelet table.

5. Results

The FPV model was initially applied in a validation
case study to compare a one-dimensional (1D) flame
solution obtained using the AGATH flame solver
with a two-dimensional (2D) solution computed in
YALES?2 under an equivalent counterflow configura-
tion. Once the YALES?2 implementation was success-
fully validated, the model was then used to simulate
Flame AO from [1]. Finally, the limitations of the FPV
model were assessed, leading to the development of
the RFPV model as a strategy to address these con-
straints.

5.1. Combustion Model Validation

To evaluate the applicability of the FPV model
within YALES2, a series of fundamental computa-
tions were performed. A 2D counterflow flame con-
figuration was designed, in which fuel was injected
from the top and oxidizer from the bottom. Two test
cases were examined: one corresponding to a con-
ventional methane-air combustion scenario and the
other representing an oxygen-enriched methane com-
bustion case, consistent with the OxyTec operating
conditions. Both cases aimed to reproduce the flame
structure at a strain rate of 400 %

Figure 4 presents the temperature profiles of the
two modelled flames. The boundary conditions were
prescribed to enforce a stagnation plane at the centre
of the domain, in accordance with a potential flow so-
Iution. This configuration ensures that the flame sta-
bilizes in the lower half of the domain, where the ox-
idizer is introduced.

The oxygen-enriched case, shown on the left, ex-
hibits a higher flame front temperature compared to
the air-methane case. This behaviour aligns with ex-
pectations, as the increased oxygen concentration en-
hances the reactivity of the mixture, leading to a more
intense combustion process.

Fig. 4: Comparison of the temperature field retrieved in a 2D
adiabatic counterflow case in YALES2. Air-methane (left)
and Oxygen-enriched air-methane (right)

The one-dimensional (1D) flame generated in
AGATH, which was used to tabulate values at the im-
posed strain rate, corresponds to the centerline of the
computational domain shown in Fig. 4. Therefore,
extracting key quantities along this line allows for a
direct comparison between the tabulated flamelet data
and the numerical results from YALES2.



For the methane-air case, the comparison shows an
excellent match between the 1D flame solution and
the 2D counterflow simulation. As illustrated in Fig-
ure 5, a slight discrepancy is observed in the veloc-
ity profile on the fuel side. However, this deviation
is attributed to boundary effects rather than inconsis-
tencies in the model. This conclusion is further sup-
ported by Figure 6, where the progress variable and
density profiles show near-perfect agreement with the
reference flamelet solution.

=N

Fig. 5: Comparison of the velocity profile (left) and the tem-
perature (right) over the mixture fraction

NS

Fig. 6: Comparison of progress variable (leffj and density
(right) over the mixture fraction

When applying the same post-processing approach
to the oxygen-enriched air case, the results also show
strong agreement with the reference flamelet data.
However, as illustrated in Figure 7, the discrepancies
in the velocity profile are slightly more pronounced,
particularly near the flame front, where a minor devia-
tion is observed. Despite this, the overall consistency
across all other variables, as shown in Figure 8, con-
firms that the observed differences are likely due to
mesh effects rather than model inaccuracies.

Fig. 7: Comparison of the velocity profile (left) and the tem-
perature (right) over the mixture fraction

Fig. 8: Compai‘ison of progress variable (left) and density
(right) over the mixture fraction

5.2. Flame AO/A1 Results

The burning conditions of the Flame A0 and Al
are reported in Table 1. The only difference in be-
tween the two configurations is the metallic insert on
the fuel line. From these inputs, retrieved from the ex-
perimental data, it is possible to define the mass flows
of oxidizer and fuel. Combined with the definition of
momentum flux ratio in Eq. 3 and the definition of the
swirl number S2 in Eq. 2. The resulting mass flows
are provided in Table 2.

The ratio between the tangential and axial oxidizer
streams fixes the oxidizer swirl number S5, while the
flame properties set the ratio between fuel and oxi-
dizer being injected.

The first result, related to the velocity field of the
simulated flames, reported in Figure 9, outlines the ro-
bustness of the CFD solver in reproducing a complex
swirled flow. The central recirculation zone (CRZ) is
correctly recovered in both swirled conditions , par-
ticularly the closed geometry on the S; = 0 and it’s
evolution to an open CRZ at a higher swirl intensity.

S1 =0.29
Fig. 9: Velocity field of Flame A.

To asses the refinement of the mesh, where a Az
=0.2mm is imposed in the flame region, the instan-
taneous fields of the OH field are plotted along the
experimental result of a single snapshot in Figure 10.



Set J Pin [kW] [ S Ss

Yo,,2 | Taa [K] | w1 [ms™'] | uz [ms™!]

A- | 40 9.4 0.40 | 0/0.29 | 0.85

12000 | 0.40 1824 10.2 15.0

Table 1: Operating conditions for Flame A0 and A1l.

Inlet S2 =0.85
Fuel Stream 0.188 g/s
Axial Oxid. Stream 1.298 g/s
Tangential Oxid. Stream | 3.464 g/s

Table 2: Inlet conditions and mass flow rates.

While there are some differences, particularly in the
top par of the flame where the OH field is diffusing
more in the flow, the pattern obtained in the numerical
case is considered valid. Indeed, the adiabatic model
being used is not well suited for oxy-combustion
flames as the flame does not fully quenched in the
higher region, but continuous burning resulting in a
higher production of OH in the burnt gases.

Fig. 10: Instantaneous field of Flame A.

In fact, when evaluating the averaged values of the
OH field, an accumulation of the specie can be no-
ticed in the higher part of the flame in Figure 11. In
the higher part of the domain, where experimental re-
sults outline a quenched burnt gas region, a high con-
centration of OH is present. This indicates that, lack-
ing heat losses such as radiation losses and heat trans-
fer to the walls, the heat remains in the burnt gases,
enabling reactions to continue until the upper region
of the combustion chamber.

6. Conclusions
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