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ABSTRACT 

This work investigated the effects of wall confinement on lean blowout (LBO) characteristics of partially premixed 
methane/air flames in a single swirl gas turbine model combustor (GTMC). Two different swirlers with flat and fillet sleeve 
structures (SWA and SWB) were adopted under fully confined and unconfined conditions for comparison. The velocity field 
characteristics were measured by 2D Particle Image Velocimetry (PIV), while the flame macrostructures were obtained by 
CH* chemiluminescence imaging. Distinctively, different types of flame shapes and flow field patterns were observed 
under fully confined and unconfined conditions and an evident transition of flow field topology from nonreacting to 
reacting cases related to the Coanda effect was only found in the SWB cases. The results show that the confined flames 
have a larger expansion angle than the unconfined, and the LBO limits (ϕLBO) shift to much higher equivalence ratios 
corresponding to better stability performance. Additionally, the ϕLBO characteristics present a slight difference between the 
SWA and SWB cases, and the Reynolds number (Re) also has a limited effect. Thus, wall confinement is a dominant factor 
that affects the flame topology and ϕLBO which should be considered in practical gas turbine applications. 

INTRODUCTION 
Towards satisfying the progressively rigorous requirements of environmental protection, lean combustion strategy has 

been considered as one of the most promising candidates for low-emission combustion applications in stationary gas 
turbines and aero-engines (Huang and Yang, 2009). Nevertheless, both static (flashback and blowout) and dynamic 
(thermoacoustic) combustion instabilities encountered in lean flames hinder the development of lean-premixed combustion. 
In particular, the leaner flames tend to suffer from the narrower operating ranges of stability since lean flames operated 
close to the LBO limits are susceptible to small perturbations, increasing the risk of complete blowout (Stöhr et al., 2011). 

In aero-engines or gas turbines, the flame is mostly stabilized by aerodynamic swirlers. Thus, the LBO performance 
of swirling flames is a key aspect of interest within the field of gas turbine combustion in terms of reliability and safety 
issues (Candel et al., 2014). Many factors have direct impacts on ϕLBO, including swirling strength characterized by swirl 
number (Sayad et al., 2016), water steam (De Paepe et al., 2016) and CO2 (Li et al., 2017) dilution, and variation in fuel 
composition (Sigfrid et al., 2014), especially hydrogen addition (Samiran et al., 2016). Besides, Albrecht et al. (2010) and 
Liu et al. (2016) evaluated effects of pilot injection on combustion stability and proved that pilot injection suppresses 
combustion instability and thereby improves the LBO performance. On the other hand, geometric structures of combustion 
burners can influence LBO characteristics of swirling flames indirectly. Many previous studies focused on swirler 
configurations e.g. outer swirler vane angle and flares in single-venturi twin concentric swirlers of Lean Direct Injection 
(LDI)-based lean dome combustion systems (Ren et al., 2020), combinations of various inner and outer swirler vanes in a 
double-high swirl GTMC (Mardani et al., 2021), and quarls in a tangential inflow burner (Elbaz and Roberts, 2016). Indeed 
all the geometric differences of swirler configurations can be derived to change swirling flow patterns at the swirler exit, 
and subsequently downstream flow characteristics, flame topologies, and combustion stability. Apart from those changes 
at the generation stage of swirling flows dominated by the abovementioned swirler configurations, the geometric 
confinement can also pose a significant impact on the flame topologies inside the combustion chamber when the swirling 
flows touch the confinement wall at the stage of vortex-breakdown. For instance, a slope wall confinement studied by Song 
et al. (2020) realized to eliminate the corner recirculation zone (CRZ), which suppressed the combustion oscillations 
effectively. It was also found that confinement walls in different diameters alter the flame tip while the flame root remains 
constant (Wang et al., 2019). Furthermore, Tong et al. (2017) investigated the combustion stability of premixed methane-
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air flames with different wall confinements and found that bigger confinement has better performance on stabilizing flames 
close to ϕLBO. However, it should be mentioned that previous studies have mainly focused on premixed flames as 
summarized above, but relatively seldom on partially premixed combustion which is also a common combustion mode in 
gas turbine studies as reviewed by Masri (2015). 

The major objective of this work is to further this understanding of the geometric effect, in the context of wall 
confinement and sleeve structure of swirler, on LBO characteristics in a partially premixed single swirl GTMC through 
flame topology and flow field measurements. The structure of the flow field in both nonreacting and reacting conditions is 
examined by 2D PIV measurements, along with the flame macrostructures deduced from time-averaged CH* 
chemiluminescence imaging. The obtained results contribute to understanding the stabilization mechanism of partially 
premixed swirl flames with different confinement. 

EXPERIMENTAL METHODS 

Experimental setup 
The present measurements were conducted in a GTMC which is designed for single swirl-stabilized flames and has a 

similar geometry to the PRECCINSTA burner (Meier et al., 2007). The model combustor can be operated under both 
partially and perfectly premixed combustion modes. Figure 1a illustrates the schematic of the burner, which mainly features 
a cylinder intake plenum with a water-cooled base plate and a radial swirler nozzle. In this work, the burner was operated 
at atmospheric pressure under the partially premixed combustion mode that methane (purity greater than 99%) and air were 
separately supplied into the combustion chamber. The air was first fed into the plenum and then passed through a swirler 
with 12 radial vanes, as shown in Figure 1c. A perforated plate and a honeycomb are placed upstream of the swirler to 
straighten and homogenize the flow stream. The swirling air then entered the combustor chamber through a nozzle (D = 
37 mm) and a conical central bluff body after mixing with main fuel (methane) injected from 12 small holes (ø3 mm) inside 
the corresponding 12 vane channels, as shown in Figure 1b. In this case, the fuel and air streams were found to be not fully 
premixed at the nozzle exit, exhibiting a certain level of non-premixedness in previous works (Oberleithner et al., 2015) 
with a similar configuration. The flow rates of air and methane were continuously monitored and precisely regulated by 
two Mass Flow Controllers (Sevenstar D07-9E & D07-60B) with an accuracy of ±1%. According to the empirical 
correlation for swirling strength evaluation of radial swirler, the theoretical swirl number is estimated to be approximately 
0.8 using geometrical design parameters. 

 

Figure 1 Schematics of (a) the single swirl GTMC, (b) radial swirler and (c) swirl vanes, with all 
dimensions in millimeter (not to scale). 

A quartz tube with an inner diameter of 135 mm and a length of 200 mm can be placed on the base plate with an 
annular slot to form the wall confinement of the combustion chamber for confined flame cases, while no quartz tube for 
unconfined flame cases. The combustion chamber used in this work provides good optical access and yields well-defined 
boundary conditions both with and without wall confinement. Cartesian coordinates are used for 2D PIV measurements 
with the position vector x = (X, Z)T and corresponding velocity vector V = (Vx, Vz)T, and cylindrical coordinates are used 
for the inverse Abel transformation of CH* chemiluminescence imaging analysis with the position vector x = (Z, r, θ)T. As 
shown in Figure 1a, both coordinate systems adopt the same orientation, with the Z-axis centred to the nozzle axis and 
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orientated in the streamwise direction. The field of view (FOV) for CH* chemiluminescence and 2D PIV measurements, 
as shown in Figure 1a, is broad enough for capturing typical conical flame topologies and velocity fields. 

Figure 2 shows two types of radial swirlers with different sleeve structures at the nozzle exit. One with a typical 
cylindrical geometric configuration is labelled as “flat sleeve” (SWA), while the other one, labelled as “fillet sleeve” (SWB), 
features a conical shape with an expansion angle of 130° and a fillet of 5 mm in radius. Both the two swirlers have the 
same diameter of nozzle exit (D = 37 mm). The sleeve structure, also called flare in aero-engine combustors (Ren et al., 
2020) or quarl in gas turbines (Elbaz and Roberts, 2016), exhibits a significant impact on the downstream flow field 
characteristics and thus the flame macrostructures . In this study, the one with the flat sleeve was used as the baseline, while 
the other one with the fillet sleeve was comparatively studied to illustrate the differences on the flame topologies and LBO 
characteristics. 

 
Figure 2 Structures of (a) SWA and (b) SWB with different sleeve structures at the nozzle exit labelled 

by dashed squares. All dimensions are in millimeter. 

Operating conditions and LBO operating procedure 
In this study, we aim to study the flame topologies approaching LBO. However, operation near LBO is susceptible to 

quasi thermoacoustic instabilities in premixed flames. Prior studies have shown that swirl-stabilized flames approaching 
LBO experience two distinct stages, i.e. “stage A” featured by local extinction, where the overall flame macrostructure and 
flow field remain mostly unchanged, and “stage B” featured by harsh flame flapping or streamwise oscillation, where the 
overall flame macrostructure and flow field have significant changes (Rock et al., 2020). Thus, one condition far away 
from ϕLBO (ϕ = 0.7) and one close to ϕLBO (ϕ = 0.55) are investigated in this work. The experimental matrix consists of four 
cases from the combination of two different confinement conditions and two types of swirlers. Table 1 summarizes the 
range of operating conditions and the arrangement of experimental measurements for all the four test cases. Reynolds 
numbers based on the nonreacting air flow rate and the diameter of nozzle exit (D = 37 mm) are 10,000, 12,500, 15,000, 
17,500 and 20,000, corresponding to the burner-exit bulk velocities (Vb) ranging from 5.0 m/s to 10.0 m/s. For the 
abovementioned conditions, ϕLBO values and the cold flow fields were measured while the reacting flow fields of typical 
steady flames (ϕ = 0.7) were measured by 2D PIV. Moreover, average flame macrostructures of flames at two conditions 
(ϕ = 0.7 and 0.55) were recorded by average CH* chemiluminescence imaging. 
Table 1 Operating conditions and arrangement of measurements; operating pressure and temperature 

are constantly 1 atm and 300 K, respectively, “▲” symbolized the conducted measurements. 

Four Cases Vb (m/s) Re ϕ Average CH*  
chemiluminescence 

2D 
PIV ϕLBO 

<SWA, confined> & 
<SWA, unconfined> & 
<SWB, confined> & 
<SWB, unconfined>. 

5.0-10.0 10,000-20,000 nonreacting  ▲  
5.0-10.0 10,000-20,000 0.7-ϕLBO   ▲ 
5.0-10.0 10,000-20,000 0.7 ▲ ▲  
5.0-10.0 10,000-20,000 0.55 ▲   

For the measurements of reacting conditions, each flame was ignited at ϕ = 0.7, and after a warm-up period of typically 
10 minutes, the combustor confinement wall could reach thermal equilibrium. Subsequently, LBO was approached by 
gradually decreasing the equivalence ratio from 0.7 to ϕLBO. The decline in equivalence ratio was achieved by reducing the 
methane flow rate by steps of 0.5 SLM. During this procedure, the air flow rate was kept constant. After every change of 
the methane flow rate, the flame was stabilized for at least 3 minutes which allowed the confinement wall to reach thermal 
equilibrium again. The LBO procedures at all experimental conditions were repeatedly conducted 5 times to avoid 
systematic errors, and the ϕLBO data presented in this work are the average values together with an error bar obtained from 
the repeated tests. 

CH* chemiluminescence Imaging 
As a common optical diagnostic tool for reacting flow, spontaneous light emission by electronically excited CH 

radicals (noted as CH*) is known to be a good qualitative indicator of high heat-release regions. Hence line-of-sight 
integrated imaging of CH* chemiluminescence was performed to capture the global flame shapes, from which the sectional 
reaction zone of flames could be obtained by inverse Abel transformation method. As shown in Figure 3, the time-average 
flame macrostructures were recorded by a digital single-lens reflex (DSLR) camera (Canon EOS 80D) equipped with a 
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band-pass filter (Edmund, 430 ± 5 nm), with a long exposure time of 1 second, an aperture value of f/8 and a sensor 
sensitivity (ISO) of 640. Han et al. (2019) has previously confirmed that the long-exposure-time recorded result by a DSLR 
camera presents little difference with the obtained average result of hundreds of snapshots by a high-speed camera. 

 

Figure 3 Optical setup for CH* chemiluminescence imaging and 2D PIV measurements. 

PIV setup 
The mean velocity fields were quantitatively measured by imaging the motion of tracer particles seeded into a flow 

via two pulses of laser with an appropriate temporal interval (Δt). A schematic of the 2D PIV measurement setup is also 
shown in Figure 3. The PIV system consists of a dual cavity Q-switched Nd:YAG laser (Beamtech Vlite-200, 200 mJ, 0-
15 Hz) to create concentric 532 nm wavelength light patterns, a double-shutter CCD camera (IMPERX B1922, 1940×1460 
pixels mounted with a Nikon lens f = 50 mm) and a digital delay generator (SRS DG645). The light emitted from the laser 
passed through one turning mirror and two cylindrical lenses, which transformed it into a divergent laser sheet. The laser 
sheet has a 100 mm width and a thickness of 1-1.5 mm, within the FOV, to minimize out of sheet particle displacements 
of the swirling flow between the two laser pulses. A temporal interval between the two laser pulses was selected from Δt 
= 10-50 μs based on the bulk velocity. The 1.0 μm TiO2 particles were used as the seed particles and injected at about 1.0 
m upstream of the nozzle to ensure uniformity. The Stokes number was estimated to be smaller than one. Hundreds of 
image pairs were recorded at 10 Hz for every operating condition to reach statistical convergence of the mean and root 
mean square (RMS) components of the velocity field. The PIV images were processed using the LaVision DaVis 8.4 
platform. A multi-pass cross-correlation algorithm was applied, starting with an interrogation window size of 64 × 64 
pixels, and reducing to a window size of 32 × 32 pixels, both with an overlap of 75%. The resulting FOV size was 130 × 
100 mm2, with an approximately 75 μm in-plane pixel resolution. 

RESULTS AND DISCUSSION 

Flame macrostructures 
In this session, flame macrostructures will be qualitatively analyzed based on the CH* chemiluminescence images. 

The time-averaged flame shapes of confined SWA flames observed for varying Re are shown in the top row of Figure 4. 
The equivalence ratio was kept constant at 0.55. As Re increases from 10,000 to 20,000, a general trend can be observed 
that the flame shape remains almost the same but the flame height and area increases, which was also observed in premixed 
flames and was attributed to the larger total thermal power at higher Re (Tong et al., 2016). Besides, the inverse Abel 
transformed images in the bottom row of Figure 4 show that the reaction zone always anchors at the swirler exit with a 
typical conical “V” shape. 

Figure 5 presents the time-averaged flame shapes of confined and unconfined SWA flames at two equivalence ratios 
with Re of 20,000. The flame height and area are much larger at ϕ = 0.7 than those at ϕ = 0.55, and the higher CH* 
chemiluminescence emission intensity straightforwardly implies that the heat release rate increases with the equivalence 
ratio. The flame shape transition from “V” to “M” when ϕ changes commonly encountered in premixed flames (Guiberti 
et al., 2015; Oberleithner et al., 2015) has not been observed in this work for partially premixed flames. Inversely, the time-
averaged topologies at the flame root seem to be nearly identical in terms of expansion angle for two equivalence ratios. 
Besides, the unconfined flames exhibit a distinct macrostructure (noted as “bud” shape), different from the confined conical 
“V” shape, with a more compact reaction zone and a shrinking flame tip. The expansion angles at the flame root are 
approximately 60° and 42° for confined and unconfined flames, respectively, as shown in Figure 5. 

To illustrate the geometric effect concerning swirler sleeve and wall confinement on flame topologies, the time-
averaged flame shapes of the four cases listed in Table 1 are compared in Figure 6. For SWB cases, a distinct difference 
can be observed from the images between confined and unconfined flames, which is similar to the SWA cases. It is also 
noted that the flame heights in SWA cases are slightly larger than those in SWB cases, especially for the unconfined flames 
at ϕ = 0.55. The above results indicate the remarkable impact of wall confinement on flame topology while the effect of 
sleeve structure is negligible. 
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Figure 4 Time-averaged CH* chemiluminescence images (top) and corresponding inverse Abel 

transformed images (bottom) of confined flames for SWA at ϕ = 0.55. 

 
Figure 5 Time-averaged CH* chemiluminescence images (top) and inverse Abel transformed images 

(bottom) of (a) confined and (b) unconfined flames for SWA at two equivalence ratios (ϕ = 0.7 and 0.55) 
and Re = 20,000. 

 
Figure 6 Time-averaged CH* chemiluminescence images (top) and inverse Abel transformed images 

(bottom) of 4 cases at ϕ = 0.55 and Re = 20,000. The flame root is labelled by dash squares. 

Flow field characteristics 
The flow field downstream from the nozzle exit is investigated under both nonreacting and reacting conditions. The 

velocity magnitude is normalized by the burner-exit bulk velocity (Vb) corresponding to Re. Figure 7 highlights similar 
flow topologies and normalized velocity levels under nonreacting conditions of varying Re for the same confinement cases. 
The white lines at the inner side of the core jet delineate the boundaries of the internal recirculation zones (IRZ) where the 
axial velocity component is zero (Vz = 0). Without wall confinement, narrower IRZ can be observed. For confined cases, 
the white lines at the outer side of the core jet indicate ORZ also exists at the corner between the confinement wall and 
core jet. The difference in ORZ implies the important role of wall confinement in the formation of ORZ (Guiberti et al., 
2015). 

Figure 8 compares the flow field topology of the four cases featuring four different flow field patterns. The normalized 
velocity levels of reacting flows are much higher due to the density reduction in hot burning gas. For the unconfined SWA 
case, a closed IRZ within the FOV can be observed in the reacting flow field, which corresponds to a shrinking flame tip. 
For SWB with a fillet sleeve, it is worth mentioning that the flow field topology is greatly altered by combustion, as shown 
in Figure 8c, d. As the dashed arrow shows, the core jet flows parallelly to the base plate with a strong IRZ and ORZ 
diminishes in both unconfined and confined nonreacting cases, which is due to the so-called Coanda effect induced by a 
curved surface or an expansion structure (Vanierschot and Van den Bulck, 2007). According to the mechanism of the 
Coanda effect, when the air flows along the curved surface guided by the fillet sleeve structure of SWB, the pressure near 
the wall decreases and the pressure difference then induces the core jet to attach to the base plate. However, for the two 
reacting SWB cases, the flame topology transfers to the conventional conical pattern similar to SWA cases. A possible reason 
for the topology transition is that the pressure balance is broke when the static pressure in IRZ decreases because the hot 
gas mainly occupies the IRZ (Meier et al., 2007) where the lower density leads to higher velocities. It is supposed that the 
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Coanda effect can be suppressed by reaction, but more detailed simultaneous high-repetition-rate PIV/PLIF measurements 
will be done to get deep insight into this phenomenon. 

Figure 9 illustrates the normalized mean vorticity fields in the out-of-plane direction, ω, indicating the locations of the 
inner shear layers (ISL) and outer shear layers (OSL). Here, only the reacting cases are shown among the cases in Figure 
8. The average flame boundaries, defined by a threshold of 20% of maximum CH* chemiluminescence intensity in this 
work, are overlaid in the vorticity field. The same as in a previous study for partially premixed flames (Stöhr et al., 2017), 
the flames in the four investigated cases are all situated along the ISL with high vorticity, which implies the interaction 
between the flame surface and the ISL. Accordingly, the flame topology is essentially dominated by the flow field, and the 
geometric factors affect the flame macrostructures from changing the flow field patterns. 

 
Figure 7 Normalized nonreacting velocity fields of unconfined (top) and confined (bottom) SWA cases. 

White lines denote zero axial velocity points. 

 
Figure 8 Normalized nonreacting (top) and reacting (bottom) mean velocity fields of (a) unconfined 

SWA, (b) confined SWA, (c) unconfined SWB and (d) confined SWB cases at ϕ = 0.7, Re = 20,000. 

 
Figure 9 Scaled mean vorticity field of (a) unconfined SWA, (b) confined SWA, (c) unconfined SWB and 

(d) confined SWB cases under reacting conditions. Black lines denote the flame boundaries. 

Lean blowout limits 
Figure 10 shows the ϕLBO results of the four cases as a function of Re. Dramatic differences on the LBO equivalence 

ratios can be observed between the unconfined and confined cases. Unconfined flames blowout at a much lower 
equivalence ratio (ϕLBO,unconfined ≈ 0.35) than the confined flames (ϕLBO,confined > 0.5). It is also noted that SWA and SWB cases 
only show slight differences at most conditions, except for the ϕLBO of confined SWB flames which goes higher than that 
of confined SWA flames as Re increases from 15,000 to 20,000. The comparison implies that wall confinement is more 
influential to ϕLBO than the swirler sleeve structure for partially premixed flames. The flame roots of partially premixed 
flames (as shown in Figure 6) exhibit a remarkable difference among confined and unconfined cases, which is different 
from the situation of premixed flames where wall confinement altered the flame tip but the flame root remained constant 
(Wang et al. (2019). To present a quantitative comparison, Figure 11 gives the maximum value of CH* chemiluminescence 
intensity at each position (Z) along the flame height, which is derived from images in Figure 6 and normalized by the 
highest intensity value in the four cases. It indicates that the heat release rates at the flame roots of unconfined flames are 
much larger than those of the confined flames attributed to more compact reaction zones and a faster recirculation of hot 
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gas to the flame root in the IRZ, which can sustain higher shear strain, as discussed in Flame macrostructures, which can 
readily explain the difference in LBO performance. 

Besides, it is found that increasing Re does not dramatically change the flame stability performance. This also does 
not match the trend in premixed flames that an increase in Re results in a growth of blowout limits (Tong et al., 2017). In 
premixed flames, a higher equivalence ratio is required to give a higher flame speed which can match the increased airflow 
velocity regarding flame stabilization. In the present partially premixed burner, the local equivalence ratio at the swirler 
exit anchoring the flame root may increase due to the enhanced mixing of fuel and air at larger Re, which could be a reason 
for the less apparent change of flame stability performance with varying Re. 
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Figure 10 Comparison of measured ϕLBO for 

four cases as a function of Re. 
Figure 11 Maximum value of normalized CH* 

chemiluminescence intensity distribution along 
the flame height, data is extracted from inverse 

Abel transformed images in Figure 6. 

CONCLUSIONS 
The experimental investigations described in this paper documented the impact of geometric conditions, including 

wall confinement and sleeve structure of swirler, on flame topology and LBO characteristics in a single swirl partially 
premixed GTMC. Two different swirlers with flat and fillet sleeve structures (SWA and SWB) were adopted under fully 
confined and unconfined conditions for comparative study. 

The flame macrostructures were deduced from time-averaged CH* chemiluminescence imaging. It was observed that 
the unconfined flames exhibit a “bud” shape, different from the confined conical “V” shape, with a more compact reaction 
zone and the flame tip shrinks spatially. Both nonreacting and reacting mean flow field characteristics were revealed by 
2D PIV measurements. The flow topology and normalized velocity levels are very similar when Re increases. Different 
flow field patterns were observed for the studied four cases, but the flames are all located along the ISL. Thus, the flame 
topology is essentially dominated by the flow field, and wall confinement and sleeve structure affect the flame 
macrostructures from changing the flow field patterns. Besides, this paper observed an interesting transition of the flow 
field pattern from nonreacting to reacting flows for SWB with a fillet sleeve structure. The nonreacting flow field features 
a strong IRZ and diminished ORZ due to the Coanda effect, which transforms to the conventional conical pattern at reacting 
conditions. However, the mechanism of this transition remains unclear and we are ongoing conducting a further 
investigation on that using simultaneous high-repetition-rate PIV/PLIF measurements. 

The ϕLBO of the tested four cases as a function of Re was measured. It was noted that unconfined flames blowout at a 
much lower equivalence ratio (ϕLBO≈0.35) than the confined flames with ϕLBO well beyond 0.5. The difference in ϕLBO is 
found to be relevant to flame root change induced by wall confinement, distinct from that of the flame root in premixed 
flames. The ϕLBO values of SWA and SWB cases show a slight difference at most Re conditions. Thus, wall confinement is 
a dominant factor that affects the flame topology and ϕLBO, and the sleeve structure of swirler merely alters the flame 
macrostructures and nonreacting flow field patterns. 
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