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ARTICLE INFO ABSTRACT
Article type Double swirl burners are a type of advanced burner designed to improve combustion and increase
Research Article flame stability and efficiency. The burner used in current consists of two separate swirling air

streams. Various experiments have been performed and the results obtained from the tests have
been repeated in the case of installing a chamber on the burner to analyze and examine the
changes that have occurred. The basic variables include the equivalence ratio, inner swirl
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Accepted 2026.12.25 number, outer swirl number and flow split ratio. Tests conducted in both cases without a chamber
Available online 2025.12.31 and with a chamber indicate that adding a chamber generally limits the stability of the burner and
Keywords: in some cases results in a longer flame length. In addition, the results show that adding a chamber
Combustion Chamber in some places causes the lean blowout limit to extend to lower equivalence ratios. It is also
Double Swirl Burner shown that in certain conditions, increasing the outer flow split ratio leads to a shorter flame
Swirl Number length and an increase in flame width; both effects were simultaneously observed in the flame

Combustion Parameters area as well. In addition, at the points that were performed for both configuration (with and

without the chamber), with a certain confinement ratio, the flame liftoff height did not change.

Introduction

Background and Research Motivation

Swirl-stabilized burners play a pivotal role in flame stabilization and pollutant emission reduction in gas turbine
combustors and industrial furnaces, primarily owing to their capacity to establish an Inner Recirculation Zone
(IRZ) that promotes enhanced fuel-air mixing and continuous hot product recirculation. Increasing the swirl
number generally augments flame stability by strengthening the IRZ and prolonging reactant residence time.
However, excessive swirl intensity may trigger adverse phenomena, including flame liftoff, blowoff, or the onset
of large-scale vortex-induced instabilities.

Literature Review and Research Gap

The objective of this investigation is to experimentally compare the flame characteristics of a double-swirl
burner operating under two distinct configurations: an unconfined (open) flame and a confined flame enclosed
within a combustion chamber. Given the potential non-coincidence of stable operating points between these two
configurations, the comparative analysis was systematically conducted based on corresponding points evaluated
under both conditions. Early investigations into the fundamentals of swirling flows were pioneered by Gupta et al.
[1], who demonstrated that under weak swirl conditions (swirl number less than 0.4), the jet thickness increases
accompanied by the formation of toroidal ring vortices within the shear layer. Conversely, under intense swirl
conditions, toroidal vortex structures emerge within the mixing layer, significantly enhancing mixing efficiency.
Moreover, they established that exceeding a critical swirl number threshold precipitates vortex breakdown and jet
instability. [3], investigating coaxial liquid fuel and diesel combustion, reported that the implementation of a
double-swirl configuration elevates the centerline temperature and, under optimal fuel injection strategies within
the inner annulus, contributes to a measurable reduction in nitrogen oxide emissions. The establishment of an inner
recirculation zone (IRZ) is widely recognized as a critical prerequisite for stabilizing lean flames.Concerning
combustion instabilities, Huang and Yang [6] comprehensively categorized the driving mechanisms into four
principal sources: large-scale coherent vortical structures downstream of the injector, equivalence ratio
fluctuations induced by upstream acoustic perturbations, flame surface area variations arising from acoustic—
vortex interactions, and acoustic oscillations influencing droplet atomization dynamics. Investigations into
confinement effects have revealed the substantial influence of chamber boundaries on flame behavior. Ji et al. [7]
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reported that increasing the confinement ratio up to a certain limit extends the lean blowout limit, attributing this
improvement to the sequential influence of the outer recirculation zone (ORZ) and the inner recirculation zone. In
a numerical study, Barakat et al. [8] established that enlarging the combustor diameter expands both the IRZ and
ORZ dimensions, thereby reducing the mean axial velocity, increasing reactant residence time, and enhancing
flame stabilization. Similarly, Fu et al. [9] noted that the central recirculation region remains markedly short in
unconfined configurations, extending to merely 73 mm, whereas under confinement, this region elongates
substantially up to 250 mm. Burke et al. [10] examined outwardly propagating premixed flames within a
cylindrical chamber and concluded that the error in laminar flame speed determination remains below 3%,
provided the ratio of flame radius to chamber radius is maintained below 0.3. Chong et al. [11], investigating a
counter-rotating double-swirl burner, found that increasing the inner swirl number intensifies the reaction zone
luminosity and thickness. Furthermore, they noted that stratified fueling strategies, characterized by a lean inner
mixture and rich outer mixture, exacerbate pollutant emissions compared to homogeneous premixed combustion
along the centerline. Mardani et al. [12] investigated lean blowout limits in a gas turbine model combustor and
demonstrated that at elevated flow rates, the implementation of a vaned swirler injector reduces the lean blowout
limit by approximately 28%. Additionally, they reported that while preheating the inlet air to 100 °C enhances
stability margins by roughly 10%, it simultaneously incurs a more than threefold increase in nitrogen oxide
emissions.

Research Objectives

Drawing upon systematic experimental measurements, this paper presents a comprehensive comparative
analysis of how the addition of a rectangular combustion chamber to a double-swirl burner modifies the following
critical performance parameters: (1) the lean blowout limit and overall lean combustion envelope, (2) flame
stability characteristics and stability mapping, (3) flame macrostructure and geometrical attributes, including flame
length, width, projected area, and liftoff height, and (4) the coupled and individual influences of inner and outer
swirl numbers on the aforementioned parameters under both unconfined and confined operating conditions.

Methodology

The experimental facility employed in this investigation comprised a double-swirl burner capable of
independent regulation of air flow through four distinct passages, namely: inner axial flow, inner tangential
(swirling) flow, outer axial flow, and outer tangential (swirling) flow. The burner was integrated with a
square cross-section combustion chamber to enable systematic comparison between unconfined and
confined flame configurations. Compressed air was supplied by an air compressor and subsequently passed
through an air dryer to remove moisture prior to flow metering. The air flow rate through each individual
passage was measured and controlled using dedicated rotameters. The fuel utilized throughout the
experiments was natural gas, predominantly composed of methane, and its volumetric flow rate was
regulated via a separate, dedicated rotameter. The experimental campaign was conducted under two
primary configurations: an unconfined configuration, corresponding to a free-standing open flame, and a
confined configuration, wherein the burner was enclosed within the combustion chamber. To facilitate a
systematic analysis of the results and to reduce the requisite number of experimental trials, several
dimensionless parameters were employed, including the inner swirl number, the outer swirl number, the
flow split ratio, defined as the ratio of outer annulus air flow rate to inner annulus air flow rate, and the
global equivalence ratio. The actual volumetric flow rates of air and fuel were determined by applying
appropriate calibration correction factors to the rotameter readings, accounting for the actual ambient
pressure and temperature conditions prevailing at the test site. The swirl number was computed based on
the ratio of axial flux of tangential momentum to the axial flux of axial momentum, incorporating simplifying
assumptions appropriate for plug flow with solid-body rotation.

Flame structure and morphology were captured using direct high-speed photography with a digital
camera operating at a high shutter speed. Owing to the inherently transient and unsteady nature of the
flame, multiple sequential frames were acquired for each operating condition. A dedicated image processing
code was subsequently employed to perform temporal averaging of the acquired frames, thereby yielding
a stable and representative time-averaged image from which the flame boundaries could be reliably
extracted. The true physical dimensions of the flame, including length, width, and projected area, were
determined through spatial calibration using a gridded reference target positioned within the measurement
plane. The experimental test matrix was designed to encompass a comprehensive range of operating
conditions and comprised the following investigations: determination of the lean combustion envelope and
lean blowout limit, extraction of flame stability maps, and quantification of flame geometrical attributes,
including liftoff height, overall flame length, flame width, and projected flame area, across a parametric
sweep of varying inner and outer swirl numbers and flow split ratios. This systematic test matrix facilitated
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a direct and rigorous comparison of double-swirl burner performance between the unconfined and
confined configurations. Preliminary observations indicated that the presence of the combustion chamber
resulted in an apparent increase in the reaction zone thickness and an expansion of the flame opening angle,
whereas the flame liftoff height exhibited no discernible variation at stable operating points.

Results and Discussion

Effect of Confinement and Swirl Number on the Lean Blowout Limit

Adding a combustion chamber extended the lean blowout limit via recirculation of hot products and active
radicals (OH, CH) from chamber walls back to the reaction zone, sustaining flame temperature and delaying
extinction. The outer swirl number dominated this effect: increasing it intensified the radial pressure gradient,
drawing the IRZ closer to the burner exit. Increasing inner swirl improved the lean blowout limit only up to a
critical threshold, beyond which performance degraded, likely due to a reduced Damkohler number and partial
ejection of fuel from the recirculation zone.

Flame Stability: Unconfined vs. Confined

Contrary to expectations, confinement constricted rather than broadened the stability envelope. Many points
stable in the unconfined case became unstable with the chamber installed. While confinement strengthens the
ORZ, it alters IRZ structure and increases wall heat dissipation, destabilizing low-flow regimes. Best stability
occurred at high outer swirl and richer mixtures (lower-right of stability maps); worst stability occurred near purely
axial flow. At the lowest outer swirling flow rate, more stable points were recorded, possibly due to enhanced
mixing at reduced radial velocities.

Flame Macrostructure and Geometry under Confinement

The most striking change with confinement was the collapse of flame liftoff height to zero at all stable points;
the flame attached firmly to the burner exit, demonstrating powerful stabilization. Increasing inner swirl generally
broadened the flame and shortened it, especially at higher outer swirling flow rates, yielding a flatter, more
compact shape. The outer swirl number primarily increased flame width via greater tangential momentum and
lateral IRZ expansion. At the highest outer flow rate, confined flame length was shorter than unconfined, due to
wall impingement and inward flow deflection. At lower flow rates, the confined flame was occasionally longer,
indicating wall-induced stretching. The projected flame area was consistently smaller under confinement,
attributed to wall-quenching and a compacted reaction zone. At the highest outer flow rate, flame area decreased
monotonically with increasing outer swirl number.

Conclusions

1. Lean Blowout Limit: The combustion chamber extended the stable combustion envelope to leaner
mixtures.

2. Open Configuration: Reducing inner swirl sometimes broadened the flame, sometimes had no effect.
Maximum luminosity occurred when inner and outer flow split ratios were nearly equal.

3. Confinement Effect: The chamber contracted the inner recirculation zone by expanding the outer
recirculation zone via wall impingement, compressing the combustion region. Increasing inner swirl
expanded the flame cone angle, a trend unaffected by confinement. Confinement drastically reduced
flame liftoff height, making the flame mostly attached.

4. Combined Effects: Under confinement, flame length varied non-monotonically with inner swirl and was
strongly modulated by outer swirl, which promoted flame shortening. Flame projected area and width
depended markedly on outer swirl intensity and flow rate.

In essence: Adding a combustion chamber fundamentally alters flame morphology and dimensions

through complex swirl-flow interactions, while also improving stability margins.
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Figure 2 — Isometric view of the burner in the modeling environment
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Table 1 -used Gas fuel composition [13]

Chemical components Molar fraction Chemical formula
methane 87.8 CH,
ethane 4.7 C,Hg
nitrogen 4.7 N,
propan 1.74 C3Hg
butane 0.79 C,Hyo
pentane 0.23 CsHyy
hexane 0.23 CoHyy
Carbon dioxide 0.05 Cco,
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Table 2 — Specifications of the ignition system used [13]

Breakdown voltage Maximum current Ignition energy Electrod material
8kV 1000 mA 600 mJ tungsten
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Figure 3 — Isometric view of the combustion chamber in the modeling environment
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Figure 4 — Time-averaged flame images captured by the camera at a shutter speed of 1/350 s
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Figure 5 — Averaged image obtained from the images shown in Figure 4
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Figure 6 — Frozen flame motion captured by the camera
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Figure 7 — Image scale calibration using a grid plate
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Table 3 — Tests conducted to investigate the flame regime and combustion performance characteristics

Variable(s) Test goals Test

number
®sSR lean blow out zone test 1
¢ SR Flame stability zone test 2
SWout 9 SWin Falme morphology in deifferent split ratios 3
SWin sQran out Flame lift-off based on swirl number 4
Qeanout 3 SWin« SWout Flame height based in swirl number 5
Qtan out 5 SWin« SWour Flame Area based in swirl number 6
Qtan out 5 SWin« SWour Flame length based in swirl number 7
Qran out 9 SWin« SWour Flame width based in swirl number 8
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Figure 8 — Overall comparison of the flame structure in the double swirl burner for with chamber and without chamber
conditions at an outer swirl air flow rate of 100 L/min, with inner swirl number = 1.3 and outer swirl number = 1. The upper
image corresponds to the without chamber condition and the lower image corresponds to the with chamber condition.
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Figure 9 — Variation of the equivalence ratio as a function of the split ratio for different outer swirl numbers at an outer swirl air
flow rate of 80 L/min, for with chamber and without chamber conditions
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Figure 10 — Variation of the equivalence ratio as a function of the split ratio for different outer swirl numbers at an
outer swirl air flow rate of 100 L/min, for with chamber and without chamber conditions
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Figure 11 — Variation of the equivalence ratio as a function of the split ratio for different outer swirl numbers at an
outer swirl air flow rate of 130 L/min in the without chamber condition
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Figure 12 — Variation of the equivalence ratio as a function of the split ratio for different outer swirl numbers at an outer swirl
air flow rate of 130 L/min in the with chamber condition
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Figure 13 — Variation of the equivalence ratio as a function of the split ratio for different outer swirl numbers at an outer swirl
air flow rate of 130 L/min for with chamber and without chamber conditions
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Figure 14 — Stability diagram of the double swirl burner at an outer swirl air flow rate of 80 L/min in the without chamber
condition
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Figure 15 — Stability diagram of the double swirl burner at an outer swirl air flow rate of 80 L/min in the with chamber condition
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! Processing vortex core
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Figure 16 — Stability diagram of the double swirl burner at an outer swirl air flow rate of 100 L/min in the without chamber
condition

! Hydrodynamic stabilizing zone
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Figure 17 — Stability diagram of the double swirl burner at an outer swirl air flow rate of 100 L/min in the with chamber
condition
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Figure 18 — Stability diagram of the double swirl burner at an outer swirl air flow rate of 130 L/min in the without chamber
condition
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Figure 19 — Stability diagram of the double swirl burner at an outer swirl air flow rate of 130 L/min in the with chamber
condition
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Figure 20 — Flame images at different swirl numbers for an outer swirl air flow rate of 80 L/min in the without chamber
condition
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Figure 21 — Flame images at different swirl numbers for an outer swirl air flow rate of 100 L/min in the without chamber
condition
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Figure 22 — Flame images at different swirl numbers for an outer swirl air flow rate of 130 L/min in the without chamber
condition
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Figure 24 — Flame images for the with chamber condition at a constant inner swirl number of 1.3 for all cases
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Figure 25 — Variation of the flame lift-off height with inner swirl number at different outer swirl air flow rates for with chamber
and without chamber conditions
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Figure 26 — Variation of flame height as a function of inner swirl number at different outer swirl numbers and outer swirl air
flow rates in the without chamber condition
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Figure 27 — Variation of flame height as a function of outer swirl number at different outer swirl air flow rates for with chamber
and without chamber conditions
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Figure 28 — Variation of flame area as a function of outer swirl number at different outer swirl air flow rates for without
chamber conditions
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Figure 29 — Variation of flame area as a function of outer swirl number at different outer swirl air flow rates for with chamber
and without chamber conditions
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Figure 30 — Variation of flame width as a function of inner swirl number at different outer swirl air flow rates and outer swirl
numbers in the without chamber condition
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Figure 31 — Variation of flame width as a function of outer swirl number at different outer swirl air flow rates for with chamber
and without chamber conditions
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