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A B S T R A C T   

Moderate or intense low oxygen dilution (MILD) combustion is investigated in a co/counter-swirl using OH*- 
chemiluminescence, species measurements, OH planar laser-induced fluorescence (OH-PLIF), two-dimensional 
particle image velocimetry (2D-PIV), and microphone measurements. Experiments are performed in a two- 
stage combustor, where the first stage of combustor is catalytic stage and the second stage is the swirl stage 
(co/counter-swirl configuration). A fuel-rich syngas (20 % H2, 20 % CO, 12 % CO2, 2 % CH4, and 46 % N2) reacts 
with air in the catalytic stage. Then, the mixture of unconsumed syngas and products of catalytic combustion is 
supplied to the swirl stage where the mixture is burnt with oxidizer with varied oxygen concentration. The flame 
in the swirl stage is established by two concentric swirling streams where the inner stream is the hot gases from 
the catalytic stage, and the outer stream is the oxidizer. Co/counter-swirl flames are generated by changing the 
swirl direction of the inner stream. After achieving a stable flame, the macrostructure, flame steadiness, CO and 
NOx emissions, reaction zone distribution, and sound pressure level (SPL) are investigated at several oxygen 
concentrations (O2 = 13.13 %–21 %) with an aim to assess the MILD combustion mode in co/counter-swirl 
configuration. 

As the oxygen percentage decreases, the flame luminosity decreases for both co/counter-configuration. 
However, the reduction in luminosity is profound for co-swirl configuration. Clear distinctions between co 
and counter-swirl configurations are observed regarding flame height and stand-off height. Two-dimensional 
particle image velocimetry (2D-PIV) is utilized to understand these trends. The steadiness of the flame is 
investigated using standard deviations (SD) of OH*-chemiluminescence images and global luminosity (I(t)). The 
flame steadiness is found to be improved as the oxygen concentration decreases. The OH-PLIF indicates the 
distributed nature of combustion. The NOx emission is found to be extremely low in all studied cases; however, 
the CO emission shows an increasing trend when O2 reduces. Finally, the sound pressure level and the dynamics 
stability are investigated using microphone measurements. The SPL decreases by ~3 dB and ~7 dB for the 
counter-swirl and co-swirl configuration, respectively. Furthermore, the frequency domain analysis suggests that 
the fundamental axial mode of the combustor is excited at high oxygen concentration. However, the unsteady 
combustion and chamber acoustics become decoupled at lower O2 concentrations. Thus, the present paper, for 
the first time, confirms that MILD combustion can be achieved in co/counter-swirl configuration, provided the 
oxygen concentration is low (~13 %). The present study also establishes that the co-swirl configuration is more 
suitable than the counter-swirl for achieving the MILD combustion mode.   

1. Introduction 

In recent years, the development of low-emission combustion stra-
tegies has been the central theme of combustion research in order to 
meet strict emission standards. Lean-premixed combustion [1,2], 
rich-burn quick-quench lean-burn [3–5], catalytic combustion [6,7], 
moderate or intense low oxygen dilution combustion (MILD) [8–10] are 

among such few promising combustion strategies. All these strategies 
have their advantages and disadvantages. Among these, the MILD 
combustion mode has several desirable characteristics, such as low 
emissions and improved stability. It is often characterized by uniform 
temperature distribution, homogenization of reaction zones, and low 
sound pressure level [11]. Other concepts such as flameless combustion 
(FC) [11], flameless oxidation (FLOX®) [12], colorless distributed 
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combustion (CDC) [13,14], and high-temperature air combustion 
(HiTAC) [15] share many common features with MILD combustion. 
Thus, in the present study, we use the above concepts interchangeably 
and adopt the acronym ‘MILD’ as combustion happens in a low-oxygen 
environment. 

Historically, the MILD combustion regime was first observed by 
Wünning and Wünning [12] while working with industrial furnaces, 
although they referred to the regime as flameless oxidation (FLOX®). 
After that, the combustion regime is explored using simple canonical 
flames [16–18], reverse flow combustor [8,19,20], and swirl combustor 
[21,22]. Canonical flames simplify the measurements and simulation 
owing to their symmetry. Dally et al. performed one of the first studies 
on canonical Jet-in-Hot-Coflow [16]. They investigated the flame with 
single-point Raman-Rayleigh-laser-induced fluorescence techniques 
using CH4/H2 as a fuel and highly diluted oxidizer (O2 = 3–9 %). At such 
low O2 concentrations, the flame luminosity, peak flame temperature, 
OH, and CO levels decreased substantially. Using the same configura-
tion, Medwell et al. [23] showed the broadening of OH distribution, 
although the peak concentration decreases in the oxygen-deficit envi-
ronment. Partial premixing or the transport of O2 through the reaction 
zone is also suggested at such low oxygen concentrations [24]. 
Compared to atmospheric pressure, Proud et al. [25] showed that an 
increase in pressure has a similar impact on OH* and CH*-intensity as a 
reduction in O2 concentration. The decrease in OH*-chemiluminescence 
intensity is because of a different OH* formation pathway rather than an 
increased quenching rate at elevated pressure. It should be also noted 
that the OH concentration is fuel-specific. For example, the OH con-
centration is lower for CH4/H2/NH3 flames compared to CH4/H2 flames 
at MILD conditions [26]. 

Besides canonical flames, several researchers investigated MILD 
combustion using a laboratory-scale combustor. Li et al. [27] performed 
experiments using a laboratory-scale furnace and observed near-zero CO 
emissions at MILD conditions. Pramanik et al. [8] achieved the MILD 
combustion regime using reverse flow combustion and reported that the 
reaction zone was volumetric and distributed when the oxygen con-
centration in the oxidizer stream was 7.6 vol%. They also reported 
negligible NOx emission (<1 ppm) and very low CO emission (~300 
ppm). A similar study performed by Veríssimo et al. [28] showed that 
the OH* radicals were uniformly distributed over the combustor while 
operating in MILD conditions, and the normalized NOx and CO emis-
sions were 10 ppm and 12 ppm, respectively. Although the flame 
appeared volumetric, slightly luminous, and transparent, it was not 
entirely flameless or colorless in these studies. Similar observations can 
be found in the work by Reddy et al. [29] and Arghode et al. [13]. Apart 
from a reduction in flame luminosity, the combustion stability increases 
in MILD conditions. Pramanik et al. [8] utilized high-speed OH*-che-
miluminescence to assess the stability of the combustion process. They 
found that the standard deviation (SD) of chemiluminescence intensity 
was lower in MILD combustion, indicating improved combustion sta-
bility. Reddy et al. [29] found that the sound pressure level (SPL) 
reduced by ~8 dB when the combustion mode was shifted from con-
ventional to MILD. Similarly, Sharma et al. [30] also observed a 
reduction in decibel levels. Recently, Pramanik et al. [31] performed 
OH-planar laser-induced fluorescence (PLIF) to inspect the distribution 
of reaction zones, and they found that the reaction zone was volumetric 
in the MILD conditions. The NO production and destruction were thor-
oughly investigated by Li et al. [32] numerically and experimentally. 
They observed that NO is generated mainly through the N2O-inter-
mediate route in MILD combustion, and most of the produced NO is 
consumed through various pathways. 

The characteristics of MILD combustion, such as low emissions, high 
combustion stability, low SPL, and distributed reaction zones are 
experimentally verified. However, achieving such a combustion mode in 
practical combustors poses several challenges. To achieve the MILD 
combustion regime, Cavaliere and de Joannon [33] argued that the 
reactant inlet temperature (Tin) must be higher than the auto-ignition 

temperature (Tauto) and the temperature rise (ΔT) due to combustion 
should be less than the auto-ignition temperature. Thus, the inlet tem-
perature is one of the crucial parameters for MILD combustion. In our 
previous study with a reverse flow combustor, we found that the MILD 
combustion regime was achieved when the preheat temperature was 
above 724 K, below which the combustion became unstable [34]. Be-
sides inlet temperature, the recirculation of product gases is also 
essential for many systems. Prior to combustion, the fresh reactants can 
mix with combustion products to create high-temperature low oxygen 
conditions. Thus, it is possible to attain the MILD regime despite having 
a low reactant temperature. However, the product gases should mix with 
the reactant within a limited ignition delay time [35]. The ignition delay 
time is lower for fuel with higher hydrogen concentration. Ignition time 
decreases even further if the reactant is preheated. Thus, MILD com-
bustion can be achieved using hydrogen-containing fuels provided the 
recirculation of the product gases or the recirculation ratio is high. 
However, for a swirl combustor, the recirculation ratio is generally low 
[36]; thus, achieving the MILD regime using such a combustor is even 
more challenging. 

Very few research studies discussed MILD combustion in a swirl 
combustor. One of the earlier studies on MILD combustion in swirl- 
stabilized combustors was reported by Khalil et al. [37]. The authors 
termed the combustion mode as ‘colorless distributed combustion’ 
(CDC). Khalil et al. [37] performed experiments using methane as fuel in 
a combustion chamber with a length of 290 mm, and the swirl number is 
0.67. They stabilized the swirl flame in a premixed mode where the 
oxygen percentage was varied by adding N2 and CO2. They reported a 
substantial reduction in flame luminosity when the oxygen percentage 
was reduced. The bluish swirl flame became almost invisible at O2 = 15 
%. The corresponding OH* chemiluminescence suggested a distributed 
nature of the combustion. The profound reduction (~90 %) in NOx 
emission is reported when O2 concentration changes from 21 % to 15 %. 
They reported almost zero CO emissions under MILD conditions. Khalil 
et al. [21] investigated the MILD combustion regime using particle 
image velocimetry (PIV) and planar laser-induced fluorescence (PLIF). 
They found a stark difference in OH radical distribution between con-
ventional and distributed swirling flames. The OH radicals are primarily 
found in the shear layer between the inner recirculation zone, and the 
incoming stream for conventional swirl flows. However, the radicals 
were pushed to the low-velocity region in MILD combustion. Very few 
literatures discuss the effect of fuel composition on such combustion 
regime. Khalil et al. [38] experimented with fossil and biomass fuels in a 
swirl combustor, and they found that the combustion process resembled 
a well-stirred reactor characterized by a low Damköhler number (Da). 
Recently, Feser et al. [39] reported distributed swirl combustion using 
propane as fuel. They found that the transition from conventional to 
distributed occurred when the N2 concentration was 15 %. The 
distributed combustion can be achieved using CO2 as a diluent. As CO2 
has a higher heat capacity, distributed combustion can be achieved at a 
higher O2 concentration [40]. Apart from a reduction in flame lumi-
nosity, distributed combustion is beneficial as it reduces combustion 
noise. Khalil et al. [40] found that the sound pressure level (SPL) was 
reduced by 17 dB when the combustion mode changed from conven-
tional to distributed. Zhang et al. [41] simulated the distributed com-
bustion using large eddy simulation (LES) with biomass. They found two 
sets of coherent structures in distributed combustion mode, where the 
first set corresponded to the vortex shedding resulting from the shear 
layer instability, and the second set represented the precessing vortex 
core (PVC). 

A review of the literature has helped identify key gaps in the liter-
ature. First, all experiments with the swirl combustor were conducted in 
premixed mode, which means the fuel and oxidizer were mixed before 
entering the combustion chamber. Secondly, experiments are typically 
performed in a combustor with a single swirler configuration. Compared 
to a single swirler, a twin-swirler or co/counter-swirl configuration is 
superior in terms of mixing, which is a key parameter to achieve the 
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MILD combustion regime. However, no study discusses MILD combus-
tion in non-premixed mode using a co/counter-swirl configuration. 
Thus, the present study addresses a very important gap in the literature. 
Furthermore, the study aims to provide a detailed investigation high-
lighting the difference and complexity of co and counter-swirl configu-
rations for low outer-to-inner area ratio. 

Thus, the present study assesses the feasibility of achieving the MILD 
combustion regime using a co/counter-swirl configuration by reducing 
the oxygen concentration of the oxidizer stream. During experiments, a 
mixture of syngas and air is supplied to the catalytic stage. Syngas is 
partially consumed, and the mixture of unburnt syngas and catalytic 
combustion products is supplied to the swirl stage. The species con-
centrations of the mixture at the catalytic stage’s exit are reported in our 
previous study [42]. This mixture is burnt with an oxidizer with various 
oxygen concentrations in the swirl stage. In contrast to the previous 
work [42], a mixture of air and N2 is used as an oxidizer, and the total 
flow rate is also kept constant. The paper focuses on the flame shape, 
luminosity, OH radical distributions, and sound pressure level of the 
co/counter-swirl flames in the swirl stage at various O2 concentrations. 

The paper contains a detailed description of the two-stage 
combustor, flowlines, experimental conditions, and a discussion of the 
measurement techniques followed by a discussion of the results and 
finally summarizing several key findings of the study. 

2. Experimental details 

2.1. Experimental setup and flowlines 

Fig. 1(a) shows the experimental setup, which is divided into two 
stages: the catalytic stage (stage 1) and the swirl stage (stage 2). A 
mixture of biomass-derived syngas (20 % CO, 20 % H2, 12 % CO2, 2 % 
CH4, 46 % N2 by volume) and air (21 % O2 and 79 % N2) with an 
equivalence ratio (Фfirst) of 4 is supplied to the catalytic stage. Syngas 
and air are mixed far upstream of the catalytic stage to ensure the gases 
are entirely mixed. The fuel is consumed partially because of the cata-
lytic combustion in stage 1 (catalytic stage). The remaining unconsumed 
syngas are combusted with an oxidizer with varying oxygen concen-
trations in the swirl stage. Understanding the flame characteristics in the 
swirl stage by changing the O2 concentration from 13.13 % to 21 % is the 
primary objective of the present work. Furthermore, the feasibility of 
achieving MILD combustion at low O2 concentration is explored. 

The details of the catalytic stage can be found in our previous study 
[6,42,43]. A FeCr-alloy monolith coated with Pt catalysts is kept inside 
the combustion chamber, and the catalysts facilitate combustion inside 
the monolith channels. 

Fig. 1(b) shows the schematic of the swirl stage, which is an optically 
accessible square chamber. The chamber walls are made of quartz, 
supported by steel columns at the corner. Quartz plates are chosen 
because of their low absorptivity. The combustion products leave the 
swirl stage through the exhaust tube, which is made of stainless steel. As 
the cross-section of the exhaust tube is smaller than the chamber’s cross- 
section, the gases exit at a higher velocity, preventing any air entrain-
ment from the surrounding. The injector of the swirl stage consists of 
two concentric tubes: inner and outer tubes. The mixture of catalytic 
combustion products and unconsumed syngas flows through the inner 
tube, whereas the oxidizer passes through the outer tube. Swirling mo-
tion is imparted on both inner and outer streams using two separate 
swirlers positioned inside the tubes. Co-swirl flow fields are established 
when the swirling directions are the same for both streams. In contrast, 
the swirling direction of the inner stream is opposite to the outer stream 
for counter-swirl configuration. The geometric swirl number is obtained 
for the inner and outer streams individually using the following equation 
[44], 

SN =
2
3

tan θ
1 −

(
r1
r2

)3

1 −

(
r1
r2

)2 (1)  

where r1 and r2 are the inner and outer radius and vane angle is denoted 
by θ. The dimensions of r1 and r2 are 14 mm and 24 mm, respectively. 
The geometric swirl number for the inner tube (SNin) is 0.67 for the co- 
swirl, whereas the swirl number is − 0.67 for counter-swirl configura-
tions. However, the swirl number for the outer tube (SNout) is kept 
constant at 0.83 in the present study. 

Fig. 2 shows the schematic of the flowlines along with the experi-
mental setup. During experiments, we supplied a preheated and fuel- 
rich syngas-air mixture (Фfirst = 4) to the catalytic stage. An electrical 
heater (power rating = 5 kW) was used to preheat the syngas-air mixture 
to the desired temperature. Catalytic combustion occurred on the sur-
face of the platinum catalysts embedded on the monolith walls when the 
syngas-air mixture was supplied. The mixture of unburnt syngas and 
product gases from the catalytic stage flowed continuously through the 
inner tube. When the temperature at the outlet of the monolith reached a 
steady value, an oxidizer with O2 = 21 % and a flow rate of 400 SLPM 
was supplied through the outer tube. The mixture of unburnt gases and 
oxidizer was then ignited using a flame torch. Once the flame was 
established, the oxygen percentage of the oxidizer stream was changed 

Fig. 1. (a) The two-stage combustor highlighting the catalytic and swirl stage, 
(b) the schematic of the swirl stage with necessary dimensions showing injector 
configuration, quartz windows, and exhaust tube, where D1 and D2 are 28 mm 
and 48 mm (‘U’ represents the mixture of unburnt syngas and catalytic com-
bustion products, and ‘O’ indicates the oxidiser). 

Fig. 2. The graphical representation of the flowlines (acronyms: MFC→ mass 
flow controller, GA → gas analyzer, DAQ→ Data acquisition system, TC→ 
Thermocouple, and MP→ microphone). 
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by varying the proportion of air and N2 while keeping the total flow rate 
constant at 400 SLPM. 

For the catalytic stage, the air and syngas flow rates were precisely 
controlled by two separate mass flow controllers (Make: ALICAT, ac-
curacy: 0.8 % of the reading + 0.2 % of full scale). Mass flow controller 
(MFC)-1, used for syngas, ranges from 0 to 800 SLPM, and MFC-2 ranges 
from 0 to 100 SLPM, which is used for air. In the swirl stage, the oxygen 
percentage in the oxidizer stream was controlled by air and N2 flow 
rates. Air and N2 flow rates were precisely controlled by two separate 
MFCs, denoted as MFC-3 and MFC-4, respectively, in Fig. 2. Both MFCs 
range from 0 to 800 SLPM and have accuracy similar to MFC-1. 

2.2. Operating conditions 

The operating conditions of the stage-1 is crucial as the products of 
catalytic combustion and unconsumed syngas are supplied to the stage- 
2. The equivalence ratio for the catalytic stage is chosen such that the 
maximum temperature inside the monolith is below an allowable tem-
perature (Tmax). If the monolith inside temperature exceeds the Tmax, the 
catalysts may disintegrate from the monolith wall, degrading the 
monolith performance. The allowable temperature is 1173 K, which is 
prescribed by the manufacturer. Additionally, catalytic combustion of 
syngas under fuel-lean conditions is not recommended because of the 
hydrogen present in the fuel. Hydrogen easily diffuses on the surface of 
the catalyst and can create hotspots [45]. These hotspots reduce the 
catalyst life significantly. Thus, we supplied a fuel-rich mixture to the 
catalytic stage. The equivalence ratio is selected such that the corre-
sponding adiabatic temperature is less than Tmax. We utilized the equi-
librium module in CHEMKIN PRO(R) and GRI 3.0 [46] to calculate the 
adiabatic flame temperature. It is found that the equivalence ratio 
should be greater or equal to 4 for safe operation when the inlet tem-
perature is 573 K. 

The selection of a catalyst is not straightforward. The reactivity of the 
catalysts depends on several parameters such as catalyst type, fuel 
composition, equivalence ratio (fuel-lean vs. fuel-rich), the conductivity 
of the monolith wall temperature, etc. Among studied catalysts, noble 
catalysts such as platinum (Pt), palladium (Pd), and rhodium (Rh) are 
found to be more reactive compared to metal oxides. Pd-based catalyst is 
more suited for practical combustion owing to its higher reactivity and 
lower light-off temperature. However, Pd-catalysts often exhibit un-
predictable behavior for methane oxidation, such as deactivation and 
hysteresis in reaction rate at high temperatures due to Pd–PdO catalyst 
morphology [47,48]. It is also possible to encounter such unpredictable 
behaviors when CO/H2 mixtures are used as fuel. Furthermore, for 
H2/O2 mixtures, hydrogen inhibits its ignition at fuel-rich conditions as 
the active sites on the catalyst surface are covered by H(s), preventing 
the adsorption of O2 [49]. Compared to Pd-based catalysts, Pt-based 
catalysts show lower reactivity. These catalysts also exhibit 
self-inhibition at higher equivalence ratios for the same reason. How-
ever, Pt-based catalysts do not display any deactivation or hysteresis. In 
contrast to the previous two noble catalysts, the Rh-based catalysts do 
not self-inhibit hydrogen oxidation and are better suited for 
hydrogen-containing fuels. However, Mantzaras [49] pointed out that 
the thermal effects can become significant at higher equivalence ratios 
for practical combustors, overriding the chemical self-inhibition. Apart 
from monometallic catalysts, bi-metallic catalysts also have several ad-
vantages. For Pd–Pt bi-metallic catalysts, lower ignition and higher 
reactivity can be achieved because of Pd, whereas Pt provides stability 
by reducing the possibility of having deactivation or hysteresis of re-
action rate. Persson et al. [50] compared the methane conversion under 
lean fuel-air conditions between palladium-platinum (Pd–Pt) bi-metallic 
catalysts and palladium (Pd) monometallic catalysts. They found that 
Pd–Pt showed moderate reactivity at the start compared to Pd-catalysts, 
but it increased over time. However, the complex surface chemistry of 
these bi-metallic catalysts has yet to be fully understood. In the present 
study, we choose platinum catalysts as they have been studied 

extensively by several studies [51,52]. 
The operating conditions of the catalytic stage are listed in Table 1, 

and the flow rates, equivalence ratio (Φfirst), and inlet temperature 
remained unchanged in the study. For the swirl stage, the O2 concen-
tration in the oxidizer stream is systematically varied from 21 % to 
13.13 % with the objective of achieving the MILD combustion regime. 
The required oxygen percentage to achieve such combustion mode de-
pends on various parameters such as inlet temperature, fuel type, and 
recirculation ratio. For example, Verissimo et al. [28] used air (21 % O2, 
79 % N2 by volume) as an oxidizer. They achieved MILD combustion by 
controlling the mixing between air and fuel jets. Pramanik et al. [8] 
achieved the MILD combustion regime using syngas (20 % CO, 20 % H2, 
and 60 % N2) when the oxygen concentration in the oxidizer stream was 
7.6 % by volume. In jet-in-hot-co-flow (JHC) burners, several re-
searchers studied this combustion regime at extremely low oxygen 
concentrations (3 %–9 % by volume) [16,23]. Khalil et al. [38,40] 
investigated the MILD combustion regime using a single-swirl 
combustor, and they achieved this combustion regime when the O2 =

15 %. As no study is performed in a twin-swirl configuration, we reduced 
the oxygen concentration gradually and monitored the CO and NOx 
emissions at the exit of the swirl stage. When O2 concentration is 
changed from 13.13 % to 11.8 %, although the flame luminosity de-
creases, a sharp increase in CO emission is observed. The measured CO 
emission was above 10,000 ppm, considerably higher than the emission 
norm. Thus, we investigated the combustion mode above 13.13 % by 
volume in the present study. 

The variation in the O2 concentration is achieved by varying the 
proportion of air and N2 while keeping the total flow rate constant. The 
total flow rate of air (Qair) and N2 (QN2) is kept constant at 400 SLPM. 
The complete experimental conditions are listed in Table 1. 

2.3. Measurement techniques 

2.3.1. Temperature measurement 
Temperatures were measured at several locations using thermocou-

ples. One thermocouple placed upstream of the monolith (radius = 0 
mm) measured the inlet temperature. Monolith outlet temperatures 
were measured using four thermocouples kept at various radial loca-
tions. The monolith outlet temperature is crucial as it indicates the 
temperature of the gases supplied to the swirl stage. We chose K-type 
thermocouples for both inlet and outlet because the expected tempera-
ture ranges from 300 K to 1200 K. 

2.3.2. Species measurement 
Species concentrations were measured at two locations, namely the 

exit of the catalytic and swirl stages. At the exit of the catalytic stage, 
samples were collected through a ¼-inch stainless-steel tube. Collected 
gases were passed through the condenser, where water was extracted. 
Then the sample was supplied to a gas analyzer (Make: SICK, model: 
S715), which is capable of measuring CO2, CO, CH4, H2, and O2. 

At the exit of the combustor, a TESTO-350 gas analyzer monitored 
the CO and NOx concentrations during experiments. The analyzer’s 
probe was placed at the combustor centerline and 50 mm downstream of 
the combustor exit plane. The gas analyzer can measure CO, NOx, and 
O2. The range and accuracy of the analyzers can be found in our previous 
study [42]. 

2.3.3. Sound measurement 
A microphone (Make: PCB 130E20) was used to record the sound 

emitted from the combustor. The microphone was placed horizontally at 
the combustor exit plane and 250 mm away from the combustor 
centerline. Before conducting any experiment, the microphone was 
calibrated using an acoustic calibrator (Make: PCB, Model: CAL200) 
with a sound pressure level (SPL) of 94 dB and 114 dB (±0.2 dB) at 1 kHz 
(±1 %). At each operating condition, the sound was recorded at a fre-
quency of 50 kHz using a data acquisition system (NI-DAQ). 
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2.4. Low-speed OH*-chemiluminescence setup 

Apart from temperature, species, and sound measurement, we 
investigated the change in flame macrostructure when the O2 percent-
age decreases using a low-speed (10 Hz) OH*-chemiluminescence im-
aging. Images were captured using a CCD camera (Make: Lavision, 
Model: Imager SX) equipped with intensified relay optics (Make: Lav-
ision) and a UV lens. A bandpass filter centered around 308 nm (FWHM 
= 10 nm) was attached to the UV lens (Make: Nikkor, focal length = 105 
mm, aperture (f) = 2.8) to remove the unwanted wavelength. The 
exposure time for each image was set to ~1 ms, and the flame macro-
structure was obtained by averaging 400 images. 

2.5. High-speed OH*-chemiluminescence setup 

The high-speed OH* chemiluminescence experimental setup con-
sisted of high-speed intensified relay optics (Make: Lavision), a CMOS 
camera (Make: Photron, Model: Fastcam), and a UV lens fitted with a 
bandpass filter (308 nm ± 10 nm). A programmable timing unit (Make: 
Lavision, PTU V9) provided the triggering signal to all components. 
During experiments, the exposure time was kept to 60 μs, and images 
were recorded at a frequency of 5 kHz for 1 s. 

2.6. Laser diagnostics 

2.6.1. Planar laser-induced fluorescence (PLIF) of OH radicals 
Planar laser-induced fluorescence (PLIF) was utilized to investigate 

the OH radical distribution at various oxygen concentrations. The 

schematic for the setup for OH-PLIF experiments is shown in Fig. 3(a). 
The experimental setup consisted of two main components: Nd:YAG 
laser and dye laser. A Nd:YAG laser supplied the laser beam with a 
wavelength of 532 nm at 10 Hz. Two dichroic mirrors directed the laser 
beam into the dye laser (Make: Sirah Lasertechnik). We obtained a laser 
beam with a wavelength of 283.55 nm at the outlet of the dye laser. 
Thus, the radicals were excited by the Q1(8) line belonging to the OH 
spectra’s A2∑+ →X2∏ (1,0) band. The output of the dye laser was 
converted into a parallel laser sheet using a collimator and sheet optics. 
The height and thickness of the sheet were ~47 mm and ~0.5 mm, 
respectively. A single laser sheet was not sufficient to obtain useful in-
formation because the flame height reached up to 80 mm in some 
conditions. Thus, the laser sheet was moved at three axial locations 
during the experiments to span the entire flame. We made a mirror 
arrangement in order to change the laser sheet location vertically. The 
sheet optics, energy monitor, and collimator were kept on a screw jack 
and two UV mirrors were placed at the exit of the dye laser, which 
directed the output beam to sheet optics. By rotating the screw jack, the 
sheet was obtained at different axial locations. Fig. 3(b) shows the laser 
sheets at three axial locations, which are denoted as L1, L2, and L3 in 
figure. A sufficient overlap was provided among the sheets, which hel-
ped in combining the three average images. The laser energy at the 
output of the dye laser was always checked prior to the experiments, and 
the energy was maintained at ~25 mJ/pulse. 

The fluorescence signal at this energy was found to be in the linear 
region. At this transition, the Boltzmann fraction is insensitive to the 
variation in the gas temperature (<10 %). The fluorescence was recor-
ded using a CCD camera. As the signal intensity is extremely low, the 

Table 1 
List of the experimental conditions (acronyms: LC →low-speed chemiluminescence, HC→ high-speed chemiluminescence, PLIF→ planar laser-induced fluorescence, 
PIV → particle image velocimetry).  

Syngas 
flowrate 
(SLPM) 

Air flowrate in 
catalytic stage 
(SLPM) 

Air flowrate in 
swirl stage 
(SLPM) 

N2 flowrate in 
swirl stage 
(SLPM) 

O2 percentage in the 
oxidizer stream (%) 

Equivalence ratio in 
the swirl stage (Φswirl) 

Configuration Diagnostic 

233 67 400 0 21 0.49 Co-swirl OH*-HC (5 kHz) + OH*- 
LC (10 Hz) + OH-PLIF +
PIV 

0.49 Counter-swirl 

375 25 19.69 0.52 Co-swirl OH*-LC (10 Hz) 
0.52 Counter-swirl 

350 50 18.37 0.55 Co-swirl OH*-HC (5 kHz) + OH*- 
LC (10 Hz) + OH-PLIF 0.55 Counter-swirl 

325 75 17.1 0.60 Co-swirl OH*-LC (10 Hz) 
0.60 Counter-swirl 

300 100 15.75 0.65 Co-swirl OH*-HS (5 kHz) + OH*- 
LC (10 Hz) + OH-PLIF 0.65 Counter-swirl 

250 150 13.125 0.78 Co-swirl OH*-HC (5 kHz) + OH*- 
LC (10 Hz) + OH-PLIF +
PIV 

0.78 Counter-swirl  

Fig. 3. (a) The schematic of different components used for OH-PLIF experiments, (b) The axial locations of the three laser sheets, denoted as L1, L2, and L3 with 
respect to the dump plane. 
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incoming fluorescence signal was increased using intensified relay op-
tics (IRO, Make: Lavision), which is connected to the CCD camera. 
Additionally, a UV lens and a 308 nm (FWHM = 10 nm) bandpass filter 
were connected with IRO to capture only the OH fluorescence signal. 
The intensifier opening time was kept constant at 50 ns. To get the 
complete radical distribution, 200 images were recorded at 10 Hz at 
three different axial locations for all experimental conditions. As part of 
the post-processing, all the raw images were corrected for pulse-to-pulse 
energy variation and nonuniformity of the sheet energy profile. 

2.6.2. Particle image velocimetry (PIV) 
Two-dimensional particle image velocimetry (2D-PIV) was used to 

obtain two components of the velocities (U) at the midplane of the 
combustor. Instantaneous velocity field was acquired at a frequency of 5 
Hz. Fig. 4(a) shows the schematic of the experimental setup. A Nd:YAG 
laser provided a high-intensity dual-pulsed laser beam with a wave-
length of 532 nm. The circular laser beam was transformed into a sheet 
using sheet optics. In the present study, Alumina particles with a mean 
diameter of 1 μm were used as seeding particles. The Stokes’ number 
corresponding to such particles was found to be extremely low, which 
ensures that the particles follow the actual velocity field. The interval 
between two pulses was set between 10μs and 20μs. The scattering from 
the seeding particles was recorded using a CCD camera (Make: Lavision, 
Model: Imager Pro X). The CCD camera was equipped with a Nikkor lens 
(focal length = 105 mm, f5.6) and a bandpass filter (532 nm ± 10 nm). 
The resolution of the camera was 2048 pixels × 2048 pixels. The ve-
locity was computed from two frames using Davis software using stan-
dard cross-correlation methods and an interrogation window of 32 
pixels × 32 pixels (two passes) with an overlap of 75 %. Based on the 
uncertainty of cross-correlation algorithm, the random uncertainty of 
the measurement was found to be ±0.57 m/s. At each experimental 
condition, 200 images were captured to obtain several statistical 
quantities of the velocity field. 

3. Results and discussions 

3.1. Temperature and species concentrations at the exit of the catalytic 
stage 

As stated before, the temperature and species concentrations at the 
catalytic stage’s exit are important parameters that influence the flame 
structure and emissions in the swirl stage. Thus, we begin by discussing 
the temperature profiles at the inlet and outlet of the catalytic stage 
briefly. Fig. 5(a) shows the evolution of the temperature profiles with 
time, where the blue line denotes the monolith inlet temperature (r = 0 
mm), and the red lines denote the outlet temperatures at four radial 

locations. The monolith outlet temperature starts to increase as soon as 
the premixed syngas-air mixture is supplied. As evident from the figure, 
the outlet temperatures (r < 60 mm) reach a steady state within 400 s. 
However, the temperature measured at r = 60 mm, takes longer to reach 
a steady state because of the heat loss to the combustor wall. Fig. 5(b) 
shows the radial temperature distribution at the monolith outlet at a 
steady state. Temperature is almost uniform within a 40 mm radius from 
the center, and the temperature variation is only 20 K. However, the 
temperature decreases significantly after r = 40 mm. The steady-state 
temperature at r = 60 mm is ~150 K lower than at r = 0 mm. To 
check the repeatability, the same experiment is repeated several times 
and we found that the average monolith temperature (r = 0 mm) is 
~860 K, and the deviation of the temperature between experiments is 
found to be small. Fig. 5(b) shows a maximum standard deviation of 
~15 K. Thus, it is confirmed that the average monolith outlet 

Fig. 4. (a) The schematic of the different components used in PIV experiments, (b) The schematic of the swirl stage showing the field of view of PIV experiments 
(field of view = 80 mm × 100 mm). 

Fig. 5. (a) The temperature evolution at the inlet and outlet of the monolith, 
(b) the temperature variation in the radial direction at steady state. 
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temperatures remain unchanged in all the experiments. 
Along with temperature, we also verified that the species composi-

tion remains unchanged in all experiments. As the gases from the cata-
lytic stage are supplied to the swirl stage, the species concentrations 
indicate the composition of the gas flowing through the inner tube. We 
performed species measurements four times, and the average concen-
trations of the main species are listed in Table 2. The standard deviation 
is extremely small compared to the accuracy of the measuring device. 
Thus, we considered the accuracy of the measuring device as the error in 
the experiment. The accuracy of the measuring device for different gas 
species is presented in the previous section. From species concentration, 
we infer that a portion of syngas is consumed in the catalytic stage. Apart 
from CO and H2, a significant amount of CO2 and N2 is also present in 
unburnt gas. Additionally, we found a trace amount of methane (CH4) 
and oxygen (O2) at the catalytic stage’s exit. Apart from the mean 
concentrations, the percentage conversion of CO, H2, CH4, and O2 is also 
listed in Table 2. A more detailed description of the concentration 
measurement can be found in our previous study [42]. 

In summary, the catalytic stage partially consumes the syngas-air 
mixture because of hetero-/homogeneous combustion occurring inside 
the monolith channels. A detailed investigation of the combustion pro-
cess inside a single channel is impossible in the present study, as the 
monolith is placed inside a catalytic stage. However, a study by Bolanos- 
Chaverii et al. [53] indicates that heterogeneous and homogeneous 
combustion can occur in the channel for fuel-rich conditions. The con-
sumption of limiting species O2 on the catalysts’ surface is slower due to 
its lower diffusivity, allowing H2 and CO to be consumed through 
several gaseous pathways. As a result of the hetero-/homogeneous 
combustion, the monolith outlet temperatures increase. At steady-state, 
the temperature at the outlet is high, ~860 K, at r = 0 mm. Thus, the 
catalytic stage helps in producing high-temperature unburnt gases, 
which is beneficial for achieving MILD combustion. The unburnt gas 
contains a significant amount of CO, H2, CO2, CH4, H2O, and N2, which 
is supplied to the swirl stage. A small amount of O2 is also present in 
species composition. We infer that the incomplete combustion inside the 
channels situated in the vicinity of the combustor wall is the source of 
this oxygen. The steady-state temperature profile indicates that the 
temperature is maximum in the monolith center and drops sharply when 
r > 40 mm. This drop in temperature is due to the heat loss from the 
monolith to the combustor wall. Thus, the consumption of oxygen is 
significantly affected in the channels near the combustor wall; as a 
result, a small amount of O2 is present in the species concentration. 

The high-temperature unburnt gas from the catalytic stage is com-
busted with an oxidizer, and the impact of the oxidizer’s O2 concen-
tration on the flame macrostructure, emission, and stability are 
discussed in the following sections. Furthermore, the feasibility of 
achieving MILD combustion in the swirl stage is assessed based on OH*- 
chemiluminescence intensity, the steadiness of the reaction zone, the 
distribution heat release zone, and the sound pressure level (SPL). 

3.2. Mean-OH* chemiluminescence of co/counter-swirl flames in swirl 
stage 

The flame in the swirl stage is ignited with an oxidizer with 21 % O2 
when the monolith outlet temperature reaches a steady state. After 
establishing a stable flame, the O2 concentration of the oxidizer stream is 
systematically reduced to 13.13 %. We utilize OH*-chemiluminescence, 
which is extensively used in literature to investigate the flame structure 
and reaction zone [8,37]. 

The averaged OH*-chemiluminescence for co/counter-swirl flames 
at different O2 concentrations is shown in Fig. 6. At O2 = 21 %, the co- 
swirl configuration produces a ‘Trumpet’-shaped flame. The highest 
OH*-chemiluminescence intensity is observed at ~35 mm from the 
dump plane. At axial location (x) = 35 mm, the intensity increases until 
radius (r) = 30 mm from the centerline, then decreases near the chamber 
wall. The same intensity profile can be observed at all axial locations 
except close to the dump plane. The central region has relatively low 
OH* intensity, possibly due to product gas recirculation which happens 
because of the adverse pressure gradient created by two swirling steams. 
The angular momentum of the inner and outer streams changes along 
the axial direction because of the difference in velocity magnitude and 
sudden expansion. The outer oxidizer stream tries to reduce the mo-
mentum of the inner stream. This decay in momentum generates an 
adverse pressure gradient which recirculates the burnt gases. Thus, the 
central region is expected to be filled with burnt gases, and low intensity 
is because of the low concentration of OH radicals. The recirculation of 
gases helps in flame stabilization as the hot burnt gases mix with fresh 
incoming streams. At the same oxygen concentration, the counter-swirl 
forms a distinct and more compact flame than the co-swirl. The chem-
iluminescence image shows a highly luminous central region and the 
highest intensity is located at ~30 mm from the dump plane. The central 
region is relatively filled with OH radicals compared to the co-swirl 
configuration. Merkle et al. [54] reported that the counter-swirl cre-
ates a compact recirculation zone, whereas the co-swirl creates a long 
recirculation zone. Thus, the difference in flame shape is attributed to 
the flow field generated by co/counter-swirl configurations, which is 
verified in the later sections. 

When the O2 percentage decreases, the chemiluminescence intensity 
decreases, and the region with the highest luminosity gradually moves 
away from the dump plane for both configurations. For example, at O2 
= 17.10 %, the location of peak intensity shifts to axial location(x) ~40 
mm for co-swirl configuration. In comparison, the peak location moves 
from ~30 mm to ~40 mm for counter-swirl under the same reduction in 
oxygen concentration. The OH intensity is lowest when oxygen con-
centration is 13.13 %, which is expected as the formation of OH radicals 
depends on the oxygen concentration. For H2 oxidation, the primary 
chain-initiation reaction is H2 + O2→HO2 + H at low temperatures [55]. 
The H-radicals further react with oxygen (O2) and produce OH-radicals 
via H+ O2→OH+ O. Similarly, for CO oxidation, CO + O2→CO2 + O 
reaction provides O-radicals which later react with H2O or H2 and 
produces OH radicals. If OH radicals are present in the reaction zone, CO 
is mainly converted to CO2 via CO+ OH→CO2 + H. Thus, the 
chain-initiation and chain-branching reactions significantly depend on 
the oxygen concentration, and the reduction in O2 concentration 
directly implies the reduction in OH radicals. Thus, the OH* intensity 
reduces with O2 concentration. Moreover, the background emission 
from CO2* can play an important role in reducing the luminosity, as 
suggested by Zhou et al. [56]. It should be worth mentioning that the 
flame neither becomes invisible nor colorless even though the flame 
OH* chemiluminescence intensity reduces. In a similar study with a 
premixed swirl combustor, Feser et al. [39] also reported a reduction in 
OH*-chemiluminescence intensity when O2 concentration reduces. 
However, they have performed experiments with premixed fuel-air 
mixtures, and the swirl configuration is entirely different from that of 
the present study. 

3.3. Flame height and stand-off distance 

Apart from a decrease in OH* intensity, a change in flame height and 
stand-off distance is observed when O2 concentration reduces. The flame 
height is measured by identifying the flame front. We utilized the Otsu 
thresholding method to obtain the flame front from the average chem-
iluminescence images [57]. The furthest location of the flame front from 
the dump plane (x = 0 mm) is considered as flame height. 

The variation of flame height with O2 concentration for co/counter- 

Table 2 
The steady-state species concentrations at the exit of the catalytic stage.  

Species CO (%) CO2 (%) O2 (%) CH4 (%) H2 (%) 

Mole fraction 13.74 12.6 0.29 0.98 11.82 
Conversion (%) 11.7 – 93.8 37 24  
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swirl configurations is shown in Fig. 7(a). As discussed in the previous 
section, the counter-swirl flame is smaller than the co-swirl flame at O2 
= 21 %. One of the possible explanations is that the counter-swirl 
configuration produces a small recirculation zone (RZ) close to the 
dump plane. Furthermore, the counter-swirl configuration promotes 
higher mixing, allowing unburnt gases to react with the oxidizer within 
a shorter distance. As the O2 percentage decreases, the flame height 
gradually increases for both configurations till O2 is ~15.75 %. Addi-
tionally, the flame is progressively distributed over a larger volume of 
the combustor (see Fig. 6). An interesting trend is observed when the O2 
< 15 %. For co-swirl, the flame height increases from ~63 mm to ~74 
mm when the O2 concentration changes from 15.75 % to 13.13 %. 
Interestingly, a substantial increment is found for the counter-swirl 

configuration. The flame height becomes ~80 mm at O2 = 13.13 %, 
which is larger than that observed in co-swirl at the same condition. In 
Fig. 7(a), the curve corresponding to K/O2 is also shown with a dashed 
line, where K is the proportionality constant. For both configurations, 
the flame height closely follows the curve, which is expected as the re-
action rate and chemical time scale depend on oxygen concentration. 
The reaction rate decreases when oxygen concentration decreases due to 
the scarcity of radicals. Thus, the gases require a larger length for 
complete conversion, indicating that the flame height inversely varies 
with oxygen concentration. However, the flame height and trend are 
different for co/counter-swirl configuration at the same O2 concentra-
tion suggesting that the flame height also depends on the flow field apart 
from chemical kinetics. Thus, in the later section, flow field corre-
sponding to co/counter-swirl flames is studied in detail. 

Interesting phenomena are observed in the vicinity of the dump 
plane. By carefully examining the chemiluminescence images, the flame 
base is found to be either attached to the dump plane or completely in a 
lifted state. This motivated us to examine the variation of average stand- 
off distance at several O2 concentrations. Flame stand-off distance in-
dicates the distance of the nearest flame front from the dump plane. A 
different method reported by Sadanandan et al. [58] is adopted to 
calculate the distance. First, the averaged and normalized chem-
iluminescence images are binarized using an arbitrary threshold value 
(0.1 for the present study). After binarization, the distance of the nearest 
pixel with an intensity of 1 from the dump plane is considered as 
stand-off distance. Even though the threshold is chosen arbitrarily, the 
trend obtained after binarization is insensitive to the threshold value 
[58]. 

The stand-off distances for co/counter-swirl configurations are 
shown in Fig. 7(b). At O2 = 21 %, the co-swirl flame stabilizes mostly 
away from the dump plane. However, in a few instances, the flame edge 
moves upstream, and the flame temporarily stays attached to the burner 
rim. The average stand-off distance is found to be ~14 mm. In com-
parison, the flame randomly oscillates between attached and lift-off 
states for counter-swirl configuration, leading to a smaller stand-off 
distance (~6 mm). As the O2 concentration changes to 15.75 %, the 
stand-off distance gradually increases for both configurations. However, 
a drastic increase in stand-off distance is observed for the co-swirl 
configuration when O2 changes from 15.37 % to 13.13 %. The dis-
tance becomes approximately 30 mm. In contrast, the stand-off distance 
slightly increases for counter-swirl under a similar reduction in oxygen 
concentration. Fig. 7(b) also suggests that the stand-off distance is al-
ways smaller for the counter-swirl configuration compared to the co- 

Fig. 6. The averaged OH* chemiluminescence images of co/counter-swirl flames at different O2 concentrations (images are normalized by the maximum intensity 
observed at O2 = 21 %). 

Fig. 7. (a) The variation of flame height with the oxygen percentage in the 
oxidizer stream where K is a proportionality constant and K = 1, (b) the stand- 
off distance of the flame from the dump plane at different O2 percentage. 
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swirl configuration. The maximum distance for counter-swirl is ~12 
mm, which is smaller than that observed for co-swirl at O2 = 21 %. Thus, 
it is evident that flame elongates and stand-off distance increases when 
O2 concentration decreases, and OH radicals occupy a considerable 
volume of the combustor. This is different from the conventional swirl 
flames where the luminous region is concentrated in the shear layer. A 
low OH*-chemiluminescence intensity and increase in flame height at 
low O2 concentration indicate that MILD combustion is possible with co/ 
counter-swirl configuration. Besides intensity and height, the stability of 
combustion, distribution reaction zone, and emissions are also impor-
tant parameters for attaining MILD combustion. Thus, we discuss the 
stability of the combustion using high-speed OH* chemiluminescence in 
the next section. Then, in the following few sections, the detailed 
investigation of flame structure using PLIF and PIV and CO and NOx 
emissions at various O2 concentrations are presented. 

3.4. Evaluation of unsteadiness using standard deviation and average 
global luminosity 

We adopted two approaches to evaluate the unsteadiness of the co/ 
counter-swirl flames. The spatial unsteadiness can be captured by 
considering the standard deviation (SD) of chemiluminescence images. 
Apart from SD, global luminosity (I(t)) is evaluated from each chem-
iluminescence image by averaging the chemiluminescence signal over 
the spatial domain. The spatial domain (90 mm × 86 mm) is kept the 
same for all oxygen concentrations. The standard deviation of global 
luminosity represent the temporal steadiness of the combustion. 

Fig. 8 shows the standard deviation (SD) of OH* chemiluminescence 
images for co/counter-swirl configuration at various O2 concentrations. 
In order to understand the change in SD, the images are normalized by 
the maximum SD found at O2 = 21 %. Figure indicates that the highest 
SD is found at O2 = 21 % for both configurations. For co-swirl config-
uration, the highest SD is located at x ~30-mm and ~20-mm away from 
the combustor centreline, indicating a significant unsteadiness in the 
location and intensity of the heat release zone. In contrast, the central 
region also shows a high SD for counter-swirl. The SD decreases when 
oxygen concentration reduces, and the minimum SD is found when O2 =

13.13 %, which suggests that the stability and steadiness of the location 
of the heat release rate increases. 

Fig. 9 shows the distribution of I(t) at several oxygen concentrations. 
For brevity, we consider only four conditions. The distribution is ob-
tained from 5000 instantaneous OH* chemiluminescence images. The 

mean of the distribution is denoted as μ in the figure. Fig. 9 corroborates 
the observation found from the flame macrostructure. Similar to the 
chemiluminescence intensity, the value of μ decreases with a reduction 
in O2 concentration. However, it is now possible to quantify the change 
in OH* intensity using a single parameter. The mean intensity (μ) is 
highest (49.8 a.u.) for co-swirl configuration at O2 = 21 %. For counter- 
swirl, the mean intensity is slightly lower, which is 40.6. At O2 = 18.37 
%, the value of μ reduces to 45.8 for the co-swirl configuration. Sur-
prisingly, the μ remains unaltered for counter-swirl configuration. As the 
O2 percentage decreases further, the mean intensity (μ) decreases for 
both configurations. It is evident from the mean intensity (μ) that the 
two configurations behave differently with O2 concentration. When O2 

Fig. 8. Standard deviation of OH* chemiluminescence images where the first and second row represent the co-swirl and counter-swirl configuration, respectively 
(intensity is normalized by the maximum counts found at O2 = 21 %). 

Fig. 9. Distribution of I(t) calculated from instantaneous OH*-chem-
iluminescence images (frequency = 5 kHz), where μ is the mean intensity (a.u. 
represents the value of global luminosity in counts). 
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decreases from 21 % to 13.13 %, the value of μ for co-swirl reduces from 
49.8 to 24.2, which means μ reduces by nearly ~52 %. In comparison, 
the μ reduces from 40.6 to 31.1 for the counter-swirl configuration under 
the same reduction in O2 concentration, which means the reduction is 
only by ~23 %. Thus, the reduction in chemiluminescence intensity is 
profound for co-swirl configuration. 

Fig. 9 also shows the spread or standard deviation (SD) of global 
intensity distribution at several O2 concentrations. At O2 = 21 %, both 
configurations have the largest standard deviation (SD) of the I(t) dis-
tribution. The average global intensity distribution resembles a Gaussian 
distribution closely. A large standard deviation (SD) indicates that the 
global intensity varies significantly with time, and the combustion 
process is highly unsteady. The SD shows a decreasing trend with O2 
concentration for co-swirl configuration. SD is minimum at O2 = 13.13 
%, indicating the stable nature of the combustion process. In compari-
son, the SD for counter-swirl configuration follows approximately a 
Gaussian distribution at all O2 concentrations, and a slight reduction in 
SD is found only at O2 = 13.13 %. 

In summary, several notable phenomena are observed for co/ 
counter-swirl flames when the O2 percentage is varied in the oxidizer 
stream. The flame luminosity decreases, and the flame height increases 
with a reduction in O2. The standard deviation (SD) of chem-
iluminescence images and global luminosity indicate an increase in the 
steadiness of the reaction zone. Thus, it is possible to achieve MILD 
combustion in the co/counter-swirl configuration by reducing the O2 
concentration, as suggested by the flame luminosity and SD. However, 
the heat release rate (HRR) distribution, sound pressure level (SPL), and 
emissions are other important parameters that need further investiga-
tion. The chemiluminescence only provides a line-of-sight integrated 
intensity of OH radicals, whereas planar laser-induced fluorescence 
(PLIF) provides a complete picture of radical distribution or heat release 
zone. Thus, the following sections discuss the influence of O2 concen-
tration on HRR. At the same time, two-dimensional (2D) particle image 
velocimetry (2D-PIV) is utilized to explain the difference between co and 
counter-swirl flames. Finally, the sound pressure level and emissions are 
discussed. 

3.5. Influence of O2 concentration on heat release rate (HRR) 

3.5.1. OH radicals as heat release marker 
We conducted counterflow simulations using CHEMKIN PRO© and 

GRI 3.0 [46] as a reaction mechanism at two global strain rates (ag) to 
choose a suitable marker to capture the heat release rate. A diffusion 
flame is established between two nozzles that are 10 cm apart from each 
other. From one nozzle, unburnt gas from the catalytic stage is supplied, 
and the air is supplied from the other nozzle. Fig. 10 shows that the peak 
locations of heat release rate (HRR) and OH profiles are slightly apart at 
a low strain rate (ag = 50 sec− 1). The OH profile closely correlates with 
the HRR profile even at a high strain rate (ag = 300 sec− 1). The sepa-
ration between the peaks reduces when the O2 percentage of the oxidizer 
stream reduces, and the OH profile matches the HRR profile closely. 
Thus, it can be concluded from counterflow 1-D simulations that the OH 

contours represent the heat release location with reasonable accuracy. 

3.5.2. Instantaneous OH distribution 
This section discusses the flame structure using planar laser-induced 

fluorescence (PLIF) of OH radicals. As stated in the previous section, the 
location of the heat release can be obtained from OH radical distribu-
tion. Fig. 11 shows the normalized instantaneous OH radical distribution 
at O2 = 21 % and 13.13 %. It should be noted that PLIF images are taken 
at several axial locations for each experimental condition. In order to 
obtain a complete flame structure, we randomly choose instantaneous 
contours at different locations. For co-swirl, at O2 = 21 %, radicals are 
distributed in the ‘V’-shaped region, and large gradients in OH radicals 
can be found near the edge. In comparison, radicals are predominantly 
observed in the central region of the combustor for counter-swirl 
configuration. At O2 = 13.13 %, radicals are distributed well over the 
combustor for both configurations. Thus, it can be concluded that the 
heat is released over a significantly large volume at a lower oxygen 
concentration. Fig. 11 also shows that the radicals are present in highly 
corrugated regions due to the turbulent nature of the flow. These 
wrinkled regions also indicate an excellent transport of heat and mass 
between inner and outer streams. 

A stark difference is observed between OH*-chemiluminescence and 
PLIF images near the dump plane. The chemiluminescence signal is low 
close to the dump plane; however, PLIF images indicate the presence of 
OH radicals in significant quantity. This disparity is possibly due to the 
shape of the flame. The flame shape resembles an inverted cone, and the 
apex is located at the dump plane. As chemiluminescence provides line- 
of-sight integrated intensity, the signal close to the dump plane is low 
because of the smaller radius of the flame. The size of the flame increases 
downstream, which leads to an increase in the chemiluminescence 

Fig. 10. The OH and heat release rate (HRR) profiles at a global strain rate of 50 sec− 1 and 300 sec− 1 and O2 concentrations of 21 % and 13.13 %.  

Fig. 11. The instantaneous OH distribution of co/counter swirl configurations 
at O2 = 21 % and 13.13 % (each contour is normalized by its 
maximum intensity). 
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signal. 

3.5.3. Mean OH distribution and velocity field 
Fig. 12 shows the mean OH-radical distribution and velocity field of 

co/counter-swirl flames. The intensity is normalized by the peak in-
tensity found at O2 = 21 % in order to investigate the change in intensity 
with O2 concentration. Fig. 12 indicates a reduction in OH intensity 
which corroborates the finding using chemiluminescence. PLIF images 
also confirm that the OH distribution is volumetric for both configura-
tions, making the co/counter-swirl flames suitable for achieving MILD 
combustion. 

The flow field of co/counter-swirl flames is discussed thoroughly in 
this section, as both flames show completely different flame topologies. 
At O2 = 21 %, the co-swirl creates a flow field comprising a long slender 
central recirculation zone (CRZ) and an outer recirculation zone (ORZ). 
Near the dump plane, the radicals are present primarily inside the CRZ, 
which spans ~20 mm in the radial direction. No OH radicals can be 
found in ORZ because it is mainly filled with air or a mixture of air and 
product gases. No drastic change in the flow field is observed when 
oxygen concentration is reduced to 13.13 %. However, in order to assess 
the change in the strength of CRZ, we obtained recirculation ratio (re) at 
two O2 concentrations. The value of re is defined as the ratio of recir-
culated (Qre) and incoming (Qin) volume flowrate, where the recircu-
lated volume flow rate is obtained from axial velocity profiles using the 
following relation [59], 

Qre =

∫ +r*

− r*
− π × r × Ux dr (2)  

re=Qre/Qin (3)  

where, Ux is the average axial velocity and it is negative between radial 
location +r* and − r*. Here, we assume that the velocity profile is 
axisymmetric. Fig. 13(a) shows the variation in the recirculation ratio 
for co-swirl flames. The peak occurs at axial location (x) ~ 24 mm for O2 
= 21 %. The strength of the recirculation reduces, and the peak location 

shifts downstream when oxygen concentration reduces to 13.13 %. 
In comparison, the counter-swirl configuration generates an entirely 

different flow field (as shown in Fig. 12(b) and (d)). At O2 = 21 %, the 
flow field consists of a small ellipsoidal recirculation zone (RZ) which 
has a maximum radius of ~15 mm and spans ~40 mm in the axial di-
rection. Near the dump plane, inner and outer streams mix vigorously 
because of the opposite swirling direction. This significantly reduces 
tangential momentum and generates a strong adverse pressure gradient 
along the combustor centerline. Flow recirculates under the influence of 
the adverse pressure gradient. As a result, a small recirculation zone is 
found near the dump plane. Fig. 12(b) also shows that the RZ zone is 

Fig. 12. The average OH contours and streamlines for co/counter-swirl flames at O2 = 21 % and 13.13 % (Intensity is normalized with the maximum intensity found 
at O2 = 21 %). 

Fig. 13. (a) and (b) the variation of recirculation ratio (re) for co-swirl and 
counter-swirl flames, respectively. 
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filled with OH radicals. Far from the downstream (x > 40 mm), no 
recirculation zone can be found. Although the overall flow field did not 
alter significantly, the size of the RZ slightly reduced at O2 = 13.13 %. 
From Fig. 13(b), it is inferred that the trend of re is entirely different 
from co-swirl flames. The peak location shifts away from the dump plane 
for co-swirl when O2 reduces. In contrast, the peak moves towards the 
dump plane for counter-swirl, and the peak value of re is higher than that 
observed at O2 = 21 %. 

As stated in the previous section, the differences in flame shape, 
height, and stand-off distance strongly depend on the velocity field 
generated by the co/counter-swirl configuration. The shape of the 
recirculation zone plays an important role in determining the flame 
shape. Near the dump plane, the reaction rate and recirculation ratio 
impact the flame stabilization. The reaction rate reduces in an oxygen- 
deficit environment, which makes the flame base susceptible to 
quenching. Thus, the flame stabilizes away from the dump plane. On the 
other hand, the recirculation of product gases promotes combustion and 
tries to stabilize the flame near the dump plane. These two opposing 
effects determine the flame stand-off height. In the case of co-swirl 
configuration, the strength of RZ reduces at low oxygen concentration, 
which leads to a higher stand-off height. However, for counter-swirl, the 
strength of RZ increases which tries to stabilize the flame base near the 
dump plane and counteract the effect of the reaction rate. As a result, the 
stand-off height slowly increases for counter-swirl compared to co-swirl. 

Apart from the velocity field and OH-PLIF intensity, fine structures 
are investigated by calculating the gradient of OH-PLIF intensity. The 
gradient of the OH-PLIF is investigated from each instantaneous image 
in order to observe the fine structure in the flame. The gradient is 
calculated using the following relation, 

∇I =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂I
∂x

)2

+

(
∂I
∂y

)2
√

(4)  

Where I is the OH-PLIF intensity of the OH-PLIF signal. Fig. 14 (a) and 
(b) show the instantaneous PLIF image and its corresponding gradient in 
the entire domain. For all cases, even in MILD conditions, fine structures 
are observed near the dump plane. However, the maximum gradient 
decreases for both configurations when the oxygen concentration de-
creases. The probability distribution of the maximum gradient in the 

entire field (∇Imax) is obtained from 200 instantaneous images. The 
primary observation is that the maximum gradient decreases and the 
distribution narrows when O2 changes to 13.13 % for both co and 
counter-swirl configurations. Thus, OH-PLIF indicates that the locali-
zation of the heat release region progressively decreases when oxygen 
concentration decreases. 

In summary, the OH radical distribution and flow field of co/counter- 
swirl configuration are investigated using PLIF and PIV. The velocity 
field explains several vital differences between co and counter-swirl 
configurations. The PLIF images confirm that the radicals are distrib-
uted over a significant portion of the combustor for both configurations 
at low O2 concentrations. The radical distribution proves the feasibility 
of achieving MILD combustion using a co/counter-swirl configuration. 

3.6. Emissions at the exit of the combustor 

The volumetric nature of the heat release rate is of little importance if 
the emission at the combustor exit is high. Thus, we investigate the 
impact of O2 concentration on CO and NOx emissions. The NOx emission 
normalized by the 15 % O2 is below 2 ppm for all conditions. At con-
ventional conditions (O2 = 21 %), a low NOx emission is expected as the 
equivalence ratio in the swirl stage is low (~0.49). The flame temper-
ature is also low because of such a low equivalence ratio. Dolai et al. 
[42] found that the peak temperature is lower than 1400 K, which is 
significantly lower than the critical temperature for the production of 
thermal NOx. The flame temperature reduces gradually with the 
reduction in O2. Thus, the lower oxygen concentration is more favorable 
for achieving ultra-low NOx emission. However, the reduction in flame 
temperature affects the consumption rate of CO. The normalized CO 
emission is low (~10 ppm) at O2 = 21 %. However, the emission slowly 
increases till O2 = 15.75 % for both configurations (see Fig. 15). Then, a 
three-fold rise in CO emission is observed when the O2 concentration is 
reduced to 13.13 %. While comparing co-swirl with counter-swirl flame, 
the co-swirl flame produces lower CO emissions at all oxygen percent-
ages. Thus, the co-swirl configuration is preferable compared to the 
counter-swirl for achieving MILD combustion. 

Fig. 14. (a) The instantaneous OH-planar laser-induced fluorescence image for co-swirling flames when O2 = 21 %, (b) the gradient of OH-PLIF intensity of the same 
instantaneous image, (c) and (d) the distribution of maximum gradient obtained from 200 instantaneous images. 
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3.7. Sound emitted by the combustor 

Fig. 15 shows the trend of sound pressure level (SPL) measured using 
the microphone. The SPL is obtained from time series data (duration =
10 s) acquired at a frequency of 50 kHz. The decibel level is obtained 
using the following equations, 

p= vrms/s (5)  

dB= 20 log10
p
po

(6)  

where vrms is the root mean square (RMS) of the voltage recorded by NI- 
DAQ, s is the sensitivity of the instrument (Volts/Pa), and po is the 
reference pressure (20 μPa). For co-swirl configurations, the SPL shows a 
decreasing trend. The SPL level is ~112 dB at O2 = 21 %, then gradually 
decreases to 109 dB when O2 changes to 17.10 %. Then a sharp drop in 
decibel level (~3 dB) is observed as O2 reduces to 15.75 %. The SPL level 
reduces even further at O2 = 13.13 %. It is found that the SPL reduces by 
nearly 7 dB when O2 is reduced from 21 % to 13.13 %. In comparison, 
the SPL decreases slowly for the counter-swirl configuration. The SPL 
falls gradually from ~109 dB to ~106 dB. The reduction in SPL is only 
by 3 dB, half of the reduction observed in co-swirl configurations. The 
SPL trend can be explained by examining the unsteadiness of the com-
bustion. The pressure fluctuation inside the combustor is generated due 
to the unsteady heat release. Thus, any reduction in SPL indicates the 
steadiness of the combustion process. We utilized the standard deviation 
(SD) of chemiluminescence images and the averaged global intensity (I 

(t)) to assess the steadiness of combustion. As stated in the previous 
section, the SD decreases when O2 concentration reduces, and this 
reduction in SD confirms that the steadiness of the combustion increases. 
Similarly, the distribution of I(t) also provides information about the 
steadiness of combustion. The spread of I(t) decreases with O2, indi-
cating that the combustion process becomes steadier with O2 reduction. 
Similar to SPL, the value of SD reduces more for co-swirl configuration. 

3.8. Power spectral density of sound data and OH* chemiluminescence 

This section discusses the frequency spectrum of sound data emitted 
from the combustor to augment the understanding of the combustion 
process under a low O2 environment. Fig. 16 shows the frequency 
spectrum corresponding to sound and average global luminosity (I(t)) 
for the co-swirl configuration. At O2 = 21 %, the sound contains a 
dominant frequency (fs) at ~287 Hz. The same dominant frequency is 
also present at O2 = 18.38 %; however, the amplitude of the peak re-
duces. At O2 = 15.75 %, no single dominant frequency is observed; 
instead, few clusters can be found between 200 Hz and 600 Hz. The 
amplitude corresponding to these clusters reduces even further at O2 =

13.13 %. Thus, the amplitude of fs shows a similar trend as SPL con-
firming a direct correlation between amplitude and SPL. The corre-
sponding frequency spectrum obtained from high-speed OH* 
chemiluminescence is also shown in Fig. 15. At O2 = 21 %, a dominant 
frequency (fch) is found at ~275 Hz, close to the dominant frequency (fs) 
found in sound measurement. The heat release rate fluctuates approxi-
mately in periodic motion as the OH* intensity strongly correlates with 
the heat release rate (HRR). The fluctuation in heat release provides 
energy, which is exciting few modes of the combustor. If we consider the 
combustor as a quarter-wave resonator and the temperature inside the 
combustor is 1000 K, then the fundamental frequency of the axial mode 
is ~230 Hz, which is close to the fs and fch. Thus, it can be concluded that 
the unsteady combustion process excites the axial mode of the 
combustor. The unsteadiness of the combustion process decreases with 
O2 concentration, and no dominant peak can be found at O2 = 15.75 % 
and 13.13 %. As the combustion process drives the pressure fluctuation, 
the SPL reduces with O2 reduction because of the reduction in OH 
concentration, homogenization of the heat release region, and reduction 
in heat release fluctuation [60]. However, it should be noted that the 
combustion process may excite several modes other than axial mode, 
which will be studied in the future. 

Fig. 17 shows the frequency spectrum of sound and I(t) for counter- 
swirl configuration. The frequency spectrum is more complex compared 
to the co-swirl counterpart. At O2 = 21 %, a dominant frequency (fs) is 
observed at ~284 Hz. The location of the dominating frequency is the 

Fig. 15. The effect of O2 concentration on CO emissions and sound pressure 
level (dB) for co/counter-swirl configuration (solid line → SPL and dashed line 
→ CO). 

Fig. 16. The frequency spectrum of sound measurement and global luminosity (I(t)) for co-swirl at four O2 percentages (fs → dominant frequency of noise data, fch → 
dominating frequency of I(t)). 
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same for co and counter-swirl flames. The corresponding frequency 
domain of I(t) does not contain a definite dominant frequency. A cluster 
of peaks is located around 233 Hz, close to the dominant frequency (fs) 
found in sound measurement. When the O2 percentage is 18.38 %, the 
noise data has a dominant peak around 289 Hz, and the amplitude is 
slightly lower than that observed at O2 = 21 %. The corresponding 
chemiluminescence has a dominant peak at ~233 Hz. However, the 
frequency domain contains a large cluster of small peaks. As the O2 
percentage decreases to 15.75 %, several clusters of peaks emerge at 
~255, 290, 400, and 420 Hz. The amplitude of these peaks is compa-
rable to the dominating frequency found at 18.38 %. The change in peak 
amplitude is not as prominent as in the co-swirl configuration. The 
corresponding frequency domain for chemiluminescence is similar to 
higher O2 concentrations, and a peak is observed near 147 Hz. As the O2 
percentage reduces further to 13.13 %, the amplitude of the peaks near 
255 Hz and 290 Hz decreases. The corresponding frequency spectrum of 
I(t) shows several peaks within ~300 Hz. A direct correlation between 
chemiluminescence and sound measurement is not observed for the 
counter-swirl configuration, which needs further investigation. It should 
also be noted that the frequency domain analysis does not retain any 
information with time. Thus, a thorough analysis of noise data and 
chemiluminescence data is required to understand the dynamics in 
greater detail. Furthermore, the noise originating from the combustion 
can be comprised of both direct and indirect noise. At higher oxygen 
concentrations, the fluctuation in heat release rate generates tempera-
ture fluctuation, which can produce entropy waves [61]. As the global 
fluctuation is suppressed in MILD conditions, a detailed study of entropy 
waves can provide a useful understanding of indirect noise when com-
bustion mode in MILD. Thus, a detailed investigation of combustion 
dynamics, along with entropy generation, will be presented in our future 
study. 

3.9. Assessment of co/counter-swirl configuration for achieving MILD 
combustion 

We considered five criteria to distinguish MILD mode from conven-
tional combustion mode. During MILD combustion, the heat release 
zone should be volumetric, and the flame luminosity should be low [8, 
28]. Besides luminosity, the combustion stability should be higher than 
conventional combustion [8,62]. The sound pressure level (SPL) and 
emissions should also be low [40]. By reviewing all these criteria, it can 
be concluded that the MILD combustion regime is achieved in 
co/counter-swirl configurations by reducing the oxygen concentration 
of the oxidizer stream. Both configurations show a reduction in OH* 
chemiluminescence intensity with O2 concentration. The global lumi-
nosity suggests that the reduction of intensity is higher for the co-swirl 

compared to the counter-swirl configuration. However, it should be 
mentioned that the flames were neither colorless, invisible, nor trans-
parent. The combustion mode is considered as MILD mode because of 
the low oxygen level. The PLIF images confirm the distributed nature of 
the combustion at low oxygen concentrations for both configurations. 
The combustion stability has improved for both configurations at lower 
O2 concentrations. However, the co-swirl configuration shows higher 
stability than the counter-swirl. The sound pressure level (SPL) reduces 
for both configurations, and the lowest decibel level is observed for the 
co-swirl configuration at O2 = 13.13 %. The NOx emission is found to be 
below 2 ppm for all studied conditions. One drawback of the O2 
reduction is the trend of increasing CO emissions. However, compared to 
the counter-swirl configuration, the co-swirl configuration exhibits 
lower emissions for all studied conditions. Thus, we qualitatively 
conclude that MILD combustion can be achieved in the non-premixed 
mode at lower O2 concentration and that the co-swirl configuration is 
preferable to the counter-swirl configuration. 

4. Conclusions 

The present study assesses the feasibility of achieving the MILD 
combustion regime in a co/counter-swirl configuration by reducing the 
oxygen concentration of the oxidizer stream from 21 % to 13.13 %. We 
investigated the flame structure, stability, emission, and sound pressure 
level (SPL) using high-speed OH*-chemiluminescence (5 kHz), planar 
laser-induced fluorescence (PLIF), two-dimensional particle image 
velocimetry (2D-PIV), species measurement, and sound measurement 
using a microphone. In the context of MILD combustion, the key findings 
of the work are the following. 

1) The OH* chemiluminescence intensity decreases with the O2 con-
centration. The mean intensity decreases by ~53 % for co-swirl when 
O2 changes from 21 % to 13.13 %. In comparison, the intensity de-
creases only by ~23 % for the counter-swirl configuration. It should 
be mentioned that the flame was neither flameless nor colorless, even 
though the intensity was reduced significantly.  

2) The unsteadiness of the combustion process is assessed using the 
standard deviation (SD) of chemiluminescence intensity and global 
intensity (I(t)). SD decreases for both configurations; however, the 
reduction for the co-swirl configuration is profound. A similar 
conclusion can be drawn from the I(t) distribution. A small standard 
deviation of I(t) indicates the stability of the combustion process. The 
standard deviation of global intensity (I(t)) reduces for co-swirl 
flames, whereas it remains approximately unchanged for counter- 
swirl flames, which implies that the co-swirl flame becomes more 
stable at lower O2 concentrations. 

Fig. 17. The frequency spectrum of sound and global luminosity (I(t)) for counter-swirl (fs → dominant frequency of noise data, fch → dominating frequency of I(t)).  
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3) The mean OH-PLIF images indicate the distributed nature of the 
combustion. Radicals occupy a substantially larger volume of the 
combustor at a low O2 percentage.  

4) The sound pressure level (SPL) decreases for both configurations 
with a reduction in O2 percentage. The reduction in SPL for the co- 
swirl flame is almost twice of that observed with the counter-swirl 
flame.  

5) The NOx emission (@15 % O2) is below 2 ppm for all conditions. The 
CO emission shows an increasing trend when the O2 percentage is 
reduced for both configurations.  

6) The frequency domains of sound and global luminosity (I(t) confirm 
that the combustion is exciting the fundamental axial mode of the 
combustor at O2 = 21 %. At high oxygen concentrations, the fre-
quency spectrums show a dominant frequency near ~280 Hz. 
However, the corresponding amplitude decreases with O2 concen-
tration. At O2 = 13.13 %, no dominant frequency can be found for 
both sound and chemiluminescence measurements, which indicates 
that low-oxygen dilution combustion can be an effective strategy to 
decouple the unsteady heat-release rate and combustor acoustics. 

Furthermore, the present study highlights a few differences between 
co and counter-swirling flames. The key differences are the following.  

1) The co and counter-swirl flames exhibit completely different velocity 
fields. The co-swirl creates a long spindle-shaped recirculation zone 
(RZ), whereas the counter-swirl configuration generates a small 
ellipsoidal RZ near the dump plane. The recirculation ratio decreases 
for co-swirl and increases for counter-swirl configuration when ox-
ygen concentration decreases.  

2) Although the flame height and stand-off height increase for both 
configurations, the trend differs for co and counter-swirl 
configurations.  

3) The co-swirl flames produce lower CO emissions at all conditions 
than the counter-swirl flames. 

Thus, the present study, for the first time, successfully demonstrated 
MILD combustion in co/counter-swirl configurations using syngas as a 
fuel, and the co-swirl configuration is preferable compared to the 
counter-swirl configuration. Additionally, several differences between 
co and counter-swirling flow fields are presented. 
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