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ARTICLE INFO ABSTRACT
Article type Flame stabilization in coaxial burners using steam dilution is an effective strategy for reducing
Research Article pollutants and stabilizing combustion systems. This study numerically investigates the effect of

the steam dilution mass flow rate (SFR) on dynamic stability and pollutant profiles in a coaxial

Article history burner configuration using large eddy simulation. The results indicate that increasing the dilution
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RS ) rate directly influences the shear layer structure and hydrodynamic instabilities including the
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Accepted 2026.06.23 Darrieus-Landau instability by modulating the local Lewis number and the thermal expansion
Available online 2026.06.25 ratio. Simulations confirm that within specific SFR ranges, increased dilution attenuates pressure

oscillations and drives the system from a limit-cycle regime to a stable state. While this approach
Keywords yields significant NOx reduction, analyses reveal that exceeding critical dilution thresholds leads
Coaxial Bumer to increased concentrations of unburned hydrocarbons and a risk of flame extinction due to local
Combustion Instability cooling and impacts on chemical kinetics. The findings of this research provide a numerical

Steam Dilution
Large Eddy Simulation (LES)
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framework for determining the optimal burner operating range to achieve a balance between
flame stability and environmental performance.

Introduction

Given the necessity of transitioning to sustainable, low-emission combustion systems, managing flame stability
through the use of diluents has become a key challenge in optimizing combustion processes. In coaxial and co-
flow burner geometries, the interaction between the reactive jet and the surrounding flow field creates a complex
environment where hydrodynamic instabilities specifically the Darrieus—Landau (D-L) mechanism can trigger
thermoacoustic oscillations, leading to structural damage and inefficient combustion.

Classical combustion theory, as established by Clavin and Searby, posits that the flame front acts as a gas
dynamic discontinuity. the expansion of gases across the reaction zone (¢ > 1) inherently destabilizes the flame, a
phenomenon known as the Darrieus—Landau instability governed by the coupling of density changes and flow
velocity. In concentric-tube configurations, this is further complicated by the shear layer between the central jet
and the annular diluent, which can trigger Kelvin—Helmholtz (K-H) instabilities, creating a multi-scale interaction
between chemical-thermal effects and fluid dynamics.

To mitigate these instabilities and reduce nitrogen oxide (NOx) emissions, steam or water-vapor dilution is
proposed as a dual-purpose strategy. Steam injection modifies the local thermophysical properties of the mixture,
including the Lewis number (Le), thermal diffusivity, density (p), specific heat capacity (cp), and viscosity (i). By
adjusting the diluent flow rate, it is theoretically possible to stabilize the flame front and dampen the growth of
unsteady fluctuations. However, the nonlinear relationship among dilution, flame-front wrinkling, and pollutant
formation remains poorly understood in the context of complex co-flow flows.

This study aims to bridge this gap by performing a detailed numerical investigation using Large Eddy
Simulation (LES). We focus on how the diluent flow rate affects the spectral characteristics of pressure and
temperature fluctuations, the morphological evolution of the flame surface, and the resulting emission profiles.
The findings contribute to the designing more stable and environmentally friendly non-premixed combustion
systems.
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Methodology

The numerical investigation is conducted using a high-fidelity Large Eddy Simulation (LES) framework to
capture the transient, multi-scale nature of combustion instabilities. The governing equations are the filtered
Navier-Stokes equations, coupled with a species transport model to account for the multi-component mixture of
CHa4, O3, N, and H,O (diluent).

1. Turbulence and Combustion Modeling:

The sub-grid scale (SGS) stresses are modeled using the Wall-Adapting Local Eddy-viscosity (WALE) model to
accurately capture the shear-induced turbulence in the co-flow annular gap. To account for the finite-rate
chemistry, a filtered Arrhenius-type reaction mechanism is implemented, capturing the heat release rate (Q)
essential for the coupling between fluid motion and chemical kinetics.

2. Numerical Domain and Boundary Conditions:

The computational domain represents a concentric-tube burner. The central tube delivers the steam diluent, while
the annular space provides the fuel non-premixed jet. Non-reflective boundary conditions are applied at the outlet
to prevent artificial pressure wave reflections, which are critical for studying acoustic-flame coupling.

3. Governing Parameters:

The study systematically evaluates the impact of diluent mass flow rate on thermo-acoustic stability by
modulating key dimensionless numbers:

e Reynolds Number (Re = pulL/u): Governs the shear layer development and the energy cascade to
smaller scales.

o Lewis Number (Le = a/D = ﬁ): Dictates the thermo-diffusive stability of flame front. Steam
pDi

dilution increases the effective Le, enhancing diffusive-thermal stabilization.
L/U
o Damkdhler Number (Da = Tfiow/Tenem = 5 /;gf
L/5L
in the current configuration suggest that local extinction is less likely, as the chemical time scales are shorter
than the flow time scales, despite intense turbulent strain.
The mesh resolution is validated to ensure that flame-front wrinkling, Kolmogorov scales, and the characteristic
wavelengths of D-L and K—H instabilities are sufficiently resolved.

): Characterizes the combustion regime. High Da values

Results and Discussion

The analysis of the LES data reveals a direct quantitative impact of the diluent flow rate (SFR) on both the
stability and chemical output of the burner within the investigated operating range.

1. Stability and Spectral Analysis:

Although D-L instability is inherently defined for premixed flame fronts, in coaxial burners operating under non-
premixed combustion conditions, initial mixing between the fuel and the oxidizer occurs near the burner rim,
leading to the formation of layers that exhibit premixed-like behavior. Fast Fourier Transform (FFT) analysis of
pressure (p') and velocity (u') signals indicates that at low diluent flow rates (SFR < 1.0), the flame exhibits strong
periodic oscillations characteristic of a limit-cycle, driven by the coupling of D-L instability and acoustic
resonance. Increasing SFRinduces a broadening of the power spectral density (PSD) peaks and a significant
reduction in the magnitude of dominant frequencies. This confirms that steam dilution acts as a quantifiable
damping mechanism, transitioning the system from coherent thermoacoustic instability to a stable, low-amplitude
turbulent state.

2. Flame Morphology and Hydrodynamics:

Increased dilution modifies the shear layer, suppressing Kelvin—Helmholtz vortex growth. Quantitative analysis
(Table 6) demonstrates that this stabilization is driven by an increased effective Lewis number (Le) and a reduced
thermal expansion ratio (o). This modification of non-dimensional parameters mathematically correlates with the
observed reduction in flame-front wrinkling and proves that the central recirculation zone (CRZ) acts as a reservoir
of hot products that stabilizes the flame front against fluctuations.
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3. Emission Profiles:

Data presented establish a clear correlation between dilution and pollutant reduction. The rise in steam
concentration increases the specific heat capacity of the mixture and lowers the adiabatic flame temperature.
Consequently, N O, production, which is exponentially dependent on temperature, is drastically reduced. However,
the data show that at excessively high diluent flow rates, an increase in unburned hydrocarbons, a reduction
in C0O,oxidation efficiency occurs, which is attributed to local thermal quenching where the flame temperature
drops below the autoignition threshold.

Conclusions

This study quantitatively assesses the role of steam dilution in controlling flame stability, emission profiles,
and propagation characteristics in non-premixed concentric flames using Large Eddy Simulation (LES). The
results demonstrate that increasing the steam-to-fuel mass flow ratio (SFR) is an efficient mechanism for
suppressing combustion instabilities. Spectral analysis confirms that at low dilution, the flame exhibits strong
limit-cycle oscillations at a characteristic frequency of 20 Hz; however, increasing SFR > 1.0enhances thermo-
diffusive damping—driven by modifications in the local Lewis number (Le) and thermal expansion ratio (o)—
thereby transitioning the system from a high-amplitude fluctuating regime to a stable, acoustically damped state.
Furthermore, the data indicate that steam injection strengthens the Central Recirculation Zone (CRZ) and modifies
shear layer dynamics, which significantly reduces flame-front wrinkling. While this approach effectively regulates
the peak flame temperature to suppress NO,formation, the results highlight a critical operating window: dilution
levels exceeding SFR > 2.1 lead to local thermal quenching, characterized by an increase in unburned
hydrocarbons, a reduction in € 0,o0xidation efficiency, and an increased risk of local extinction.

Based on these findings, the following directions are proposed for future research and development:

e  Optimal Burner Operation: Development of stability maps based on non-dimensional parameters (Reynolds,
Lewis, and Damkd&hler numbers) to define optimal operating points for industrial applications.

e Active Control Strategies: Investigation of active control for thermoacoustic oscillations, specifically through
pulsed steam injection techniques.

e Feedback Control Systems: Implementation and evaluation of real-time feedback control systems based on
oscillation indices, such as the Prandtl number or density fluctuations, in both experimental and numerical
studies.

e  Geometric Optimization: Improvement of burner and concentric nozzle geometries to reinforce the CRZ
structure and extend the flame stability limits under high-dilution conditions.
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Table 1- Burner geometric specifications and fuel, steam, and ambient air conditions.
Concentric double-tube nozzle specifications
Central steam jet of inner diameter: 5.54 mm Central steam jet of outer diameter: 6.35 mm
Annular fuel jet of inner diameter: 22.9 mm Annular fuel jet of outer diameter: 25.4 mm
Fuel composition and inlet conditions
CH4, C2H6, C3H8, C4H10, CO2 and N2
91.5%, 6.1%, 0.1%, 0.01%, 1% and 1.3%

Molar composition of natural gas

Steam inlet conditions 23.1-35.8 gr/min and 110-120 °C
Fuel inlet conditions 14.2 gr/min and 50-136 °C
Oxidizer (Ambient air)
Air (21% 02, 79% N2) | 22-24° C
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Table 2- Grid independence check for velocity variation parameter (RMS)

Gride Name Number of Cells (million) Velocity [m/s] RMSE Velocity [%] GCIV [%]
Coarse 2.5 9.03 - -
Medium 52 8.88 3.1% 0.88
Fine 8.8 8.81 0.8% 0.22
NOx 9 CO2 (o S )y goue Joo cdo -Y Jguo
Table 3- numerical model accuracy for temperature, CO, and NOx prediction
Variable Coarse Medium Fine GCI [%]
Temperature [K] 1830 1845 1850 0.2
CO; [g/min] 7.270 7.280 7.284 0.1
NOx [g/min] 0.00028 0.00026 0.00025 0.4
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Figure 2- Comparison of the maximum velocity in three grids with different cell density in the axial line of the nozzle
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Figure 3- Velocity-magnitude contours and streamlines at the outlet of the central steam jet and annular fuel jet.
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Figure 4- Instantaneous temperature contours of the reacting flow in the computational domain.
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Table 4 - Comparison of flame instability parameters with variations in the steam-to-fuel mass flow rate ratio (SFR)

SFR Le Da Pu/Pp wp_1(1/s) AU(m/s) 6(mm) wgy(1/s)
0 1.12 0.45 7.2 1250 12.0 1.2 20.0
1.6 1.08 0.52 6.8 1120 11.5 1.3 17.7
1.9 1.02 0.68 6.1 950 10.8 1.5 14.4
2.1 0.98 0.75 5.7 820 10.2 1.7 12.0
2.4 0.93 0.85 5.2 680 9.5 2.0 9.5
2.5 0.90 0.90 5.0 620 9.0 2.1 8.6
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Figure 5- Time diagram and analysis of density frequency spectrum in the combustion flow instability domain near the edges and
the burner nozzle opening
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Figure 6- Time diagram and analysis of Prandtl number frequency spectrum in the combustion flow instability domain near the
edges and the burner nozzle opening
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Figure 7- Comparison of the time diagram of pressure fluctuations and Heat release rate with changes in the mass flow rate of the
diluent stream (SFR=0, SFR=1.6, SFR=2.5).
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Figure 8- Recirculation zones of combustion gas flow in the cylindrical computational space of the burner in LES simulation
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Table 5- Comparison of pollutant emission rates NOx and CO: from numerical (LES) and experimental (EXP) results with
variations in the steam-to-fuel ratio (SFR)

NOx mass emission rate [g/min] CO2 mass emission rate [g/min] Carbon Conversion Efficiency [%]
SFR
LES EXP LES EXP LES EXP
1.6 0.0003 0.0003 32 39 88 100
1.9 0.0003 0.0003 31 38 87 98
2.1 0.00025 0.0002 7 8.5 14 22
24 0.0002 0.0002 4 4.5 4 10
2.5 0.000225 0.0002 2 2.5 2 5
Wousu¥T jLiuiil g aleds 5l (GolS’ b yiol )y 1 (oS Wigy -5 Jgu
Table 6 - Qualitative trend of the effect of key parameters on flame stability and pollutant emissions
Parameter Effect on Stability Effect on NO x Effect on CO2 Physical Mechanism
. Thermal mass increase
Dilution Rate I H Tl & T peak reduction
. Thermal-diffusive
Lewis Number (Le) 1l 1l T coupling
Thermal Expansion (o) T 1l ! Flame speed-flow
¢ pansio interaction
Damkohler Number 11 Ll ! Chemical reaction-
(Da) residence time ratio
Radical entrainment &
CRZ I L ! heat recirculation

Note: 1 1 = Strong positive effect, 1 = Moderate positive effect, | | = Strong negative effect, | = Moderate negative effect.
=—4— NOX mass emission rate (g/min) sim NOx mass emission rate (g/min) exp
CO2 mass emission rate (g/min) sim CO2 mass emission rate (g/min) exp
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Figure 9- Emission index of combustion pollutants NOx and CO: resulting from changes in the mass flow rate of steam to fuel ratio
[31].
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Figure 10- Comparison of instantaneous radiation intensity contour of the combustion gas flow in the cylindrical computational
space of the burner and instantaneous imaging of the flow resulting from steam-to-fuel ratio changes [31].
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