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Abstract. Flameless combustion is a state-of-the-art combustion technique that provides uniform temperature distribution
while increasing efficiency and reducing emissions. An internally preheated swirling flameless burner (IPSFC) operating
in flameless mode has been developed and tested to provide improved combustion characteristics and very low pollutant
emissions. The IPSFC burner was operated at a heat input of 7 kW to 15 kW with a preheated combustion temperature. In
the study, the effects of combustion air with and without preheating on gaseous fuel combustion characteristics are
investigated for the six cases: SFR2, SFR4, SFR42, PSFR2, PSFR4 and PSFR42. The results show that the best
configuration for a flameless burner is the SFR42 case, a vortex burner with four tangential air inlets, 12 axial air inlets,
and 11 coaxial fuel inlets. The preheated air was found to increase the thermal efficiency of the process by about 10%
compared to the process without preheating but at the cost of a small increase in NOx emissions. At an equivalence ratio
of 0.8, the lowest NOx and CO emissions were found to be 3 ppm and 24 ppm, respectively. Temperature uniformity
varied from 0.03 in SFR42 to 0.04 in SFR2 at different equivalence ratios.

INTRODUCTION

Combustion processes are used to produce heat and power, which are essential components of our daily life. The
combustion process is characterized by a series of exothermic processes. The energy held in fuel's chemical bonds
are converted to heat energy, which can be used in a variety of applications such as heavy industries and power
plant, to generate the necessary steam for turbines, which then produce heat and electricity [1]. The population of the
world is growing significantly and hence energy demand is increasing due to economic developments in countries
like China and India [2] and [3]. This process results in excessive heat generation and increased global warming.
The issue of global warming is really important and needs to be addressed. A permanent shift in the earth's climate
is projected due to the gradual increase in the average temperature of the planet. Human civilization is under grave
danger as a result of this transformation [4]. The emissions of potential pollutants and greenhouse gases are linked to
the combustion of fossil fuels, which is the primary cause of global warming [3,5]. Various researches have been
done to reduce the formation of such harmful gases [6]. As a result, lowering combustion emissions and increasing
combustion system thermal efficiency are significant problems in the design of thermal energy and power systems.



Several combustion strategies have been developed to reduce polluting gas emissions [7]. One of these methods is
flameless combustion, it is important to know that flameless combustion has various characteristics that differs from
conventional combustion [8-11]. The absence of a high-temperature flame front is the most unique aspect of
flameless combustion. Flameless combustion has a number of advantages over conventional combustion models,
including minimal combustor pressure oscillation, which minimizes noise, excellent combustion efficiency, which
helps to reduce energy consumption, and, most critically, exceptionally low polluting exhaust emissions [12]. The
reaction occurs consistently across the combustion chamber, considerably below the temperature at which N2
dissociates, decreasing NOx generation. This type of combustion has low oxygen content, which is lower than that
found in the atmosphere. Slower chemical reaction rates, homogeneous temperature distribution, larger reaction
zones, and an unseen flame characterize the ignition process. The concept of exhaust gas and heat recirculation
serves as the technique's basic operating premise. The heat from the exhaust gases is utilized to raise the temperature
of the oxidant stream [13,14] while the exhaust gases are used to dilute the oxidant stream and so lower the oxygen
concentration in the combustion zone to maintain a low temperature. Less NO is produced as a result of this method
[15]. When compared to conventional flames, the term "flameless™ refers to the lack of visible signature from the
flames.

Flameless combustion is a promising technique that combines high efficiency with extremely low emissions. It is
based on high flue gas recirculation and fuel and oxidizer mixing. Internal recirculation entrains the flue gas from
the separated fuel, which has a high velocity. As a result, the amount of oxygen in the combustion zone is reduced
and chemical energy is released at a more evenly distributed rate, avoiding high peak temperatures and lowering
polluting emissions. A high recirculation ratio requires the high-speed jet of the oxidizer (with or without
preheating) or of the fuel [16]. Internal and exterior flue gas recirculations (FGR) are the two types of FGR. The
former is based on burner design, whereas the latter is based on an external pipe returning flue gas to the combustor.
The flue gases are cycled back to the combustor in the internal FGR due to the burner aerodynamics. In combustion
operations, recirculation and good mixing of air and fuel are critical. During swirl flow, a similar process is
employed to induce recirculation and stabilize the combustion. This is important because it allows the hot
combustion products to be recirculated back to the flame source. The creation of whirling combustion by tangential
air entry in a cylindrical combustor is one of the ways employed for that procedure. Without the use of a flame
stabilizer, swirling flameless combustion is used in a direct injection of both air and fuel. Air is injected tangentially
and axially to impart swirling without the need of swirlers, which are generally employed in conventional
combustors, to create an auto swirling process. The ultra-low pollutant emissions, homogenous temperature inside
the combustion chamber and stable combustion are all advantages of flameless combustion technology.
Environmental difficulties in power generation play a significant role in the economic viability of power plants,
especially in light of today's stringent emission restrictions. The current trend is to create industrial combustion
devices with high efficiency and low emissions in order to eliminate harmful emissions. NOx produced by
combustion operations is one of these hazardous emissions. The design and implementation of flameless combustion
is one of the most effective strategies for lowering NOx. There are two key needs to meet in order to accomplish
flameless combustion [17]. That is, the combustion temperature inside the chamber should be higher than the
mixture's auto ignition temperature (800 °C for natural gas/air [17,18] ). and the flue-gas recirculation ratio (Kv)
between the fuel, the oxidizer, and the diluted gas (flue gas, N2, or CO2) should be more than three (>3) [17][19].

The ability to provide proper mixing between the entering fresh fuel/air mixture and the re-circulated hot burnt
gases is critical for the efficient construction of a flameless combustor. For flameless combustion, adequate and
rapid mixing between the injected air and the internally recirculated hot reactive gases to generate a hot and diluted
oxidant, followed by rapid mixing with fuel, is crucial. To obtain the high circulation required for flameless
combustion, many researchers employed diluted gases like CO2 and/or N2 fed into the combustion chamber. Swirl
is a natural phenomenon that aids combustion. To create swirl, many studies employed vanes or tangential entrance
[10,20,21]. Using an asymmetric vortex combustor, several researchers advocated introducing swirl with tangential
entrance. The asymmetric vortex combustor, on the other hand, has an issue with the low temperature zone in the
centre [22]. This is not ideal for combustion without the use of a flame. The axial thrust of the reacting flow within
the combustor is critical, and it is usually accomplished by producing a swirl motion caused by the interplay of axial
and tangential air velocity components. A new design for a flameless combustor with high recirculation for quick
mixing is offered in this study. As a result, while being a non-premixed flame, the vortex flame exhibits the aesthetic
qualities of a premixed flame.

This research has practical applications in the manufacturing industry in general, and in gas turbines in
particular. It also makes a substantial contribution to addressing the issue of global warming and reducing ozone
depletion. It also assists relevant sectors, such as gas turbines, in achieving more efficient combustion processes.
Without the use of gas dilution, new combustor architecture is designed to accomplish swirling flameless



combustion (e.g N2, CO2 etc.). This study focuses on the newly designed asymmetric swirling flow combustion
system. The objectives of this present work are: To investigate experimentally the effects of multiple air-fuel
injection configurations on swirling flameless and to investigate the effect of air preheating on thermal efficiency of
swirling flameless combustion.

MATERIALS AND METHOD

For testing purposes, the burner was built to run in vortex and swirling combustion modes as well as flameless
mode. Natural gas was used to power the burner at a thermal load of 12kW in stoichiometry for both flame and
flameless modes. The air was directed to travel within the helical stainless steel pipe fixed inside the combustion
chamber to pre-heat tangential air from the air supply system. As a result, the temperature of the air delivered was
raised to 600 degrees Fahrenheit. For certain fuels, this preheating device is necessary to keep the inside of the
combustor above the auto ignition temperature.
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FIGURE 1. (a) Schematic of the swirling flameless combustor, (b) Internally air preheat system

As illustrated in Figure 3.2, the test rig is equipped with multiple instrumentation units for recording the
following variables. Flow meters were used to measure the air and fuel flow rates. The equivalence ratio can be
changed by altering the inlet mass flow rate of air and fuel. In the current experiment, the fuel was natural gas, with
methane accounting for around 92 percent of the fuel content. S-type thermocouples were used to measure the
temperature of the preheated air and the temperature of the midplane along the combustion chamber (TC).
Temperature measurements are taken through six holes. The first hole is 60 mm away from the burner, while the
second, third, fourth, fifth, and sixth holes are 90, 120, 150, 210, and 270 mm away from the burner, respectively.
Air is supplied at 2 bar pressure by a compressor with a dampening tank. The natural gas used has a heating value of
35.0 MJ/Kg and is supplied under 4.5 bar pressure from a pressurized tank while the air for this experiment was
supplied by two air compressors, one of which provided tangential air and the other axial air.
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FIGURE 2. Experimental set up for swirling flameless combustion

EXPERIMENTAL MEASUREMENT

During the experiment, the flow measurement system used variable area flow meters to monitor flow rates in the
flow metres for air and fuel. The flow of natural gas was measured using two Cole Parmer flow metres (maximum
3286.8 mL/min, minimum 231.3 mL/min, and standard accuracy. To measure air flow, six Dwyer VFB- 55 flow
meters with a maximum flow rate of 200 standard cubic feet per hour (SCFH) and standard accuracy were utilized.
Manufacturers of various area flow meters state that full-scale readings must be accurate to within 2% of maximum
flow and have a repeatability rate of 0.25 percent. Near-full-scale operation is recommended for this class of metres.
Five quick-disconnect S-type thermocouples (maximum range —50°C to +1760°C, accuracy: 1.5°C or 0.25 percent
of reading, whichever is larger) were inserted within the combustion chamber to monitor the furnace's temperature
profile. A K-type thermocouple was inserted at the air nozzle input to measure air temperature during flameless
combustion (maximum range: —100°C to +1370°C, accuracy: 2°C or 0.75 percent of reading, whichever is greater).
In the middle of the combustion chamber, an S-type thermocouple was installed. A Picolog data collecting system
was used to record all temperatures (TC-08). Temperature measurements were taken with a TC-08 thermocouple
data logger, which performed quickly and accurately. The TC-08 is linked to thermocouples and wired into a USB
port on the computer to collect temperature data. The temperature range of the TC-08 is -270°C to +1820°C. The
TC-08's quick conversion time (less than a second) allows for up to ten temperature measurements per second. The
TC-08, on the other hand, can detect minute temperature changes because to its high resolution (20 bits).

In this investigation, it is critical to measure gas emissions. Microprocessor-based gas analyzers make up a large
part of the product line. To assess flue within the exhaust hole for the current project, we used a KM9106 Quintox
gas analyzer. The KM9106 Quintox includes long and short probes that can evaluate flue gas components within 5
minutes of direct contact with the exhaust and can sample NOX, CO, and oxygen content every 5 minutes. A 1-
meter-long temperature probe (sensitive to 1200°C) is also included with the gas analyzer, allowing for safe
monitoring of flameless combustor gas emissions. A KM9106 Quintox gas analyzer is used to measure exhaust gas
emissions. A KM9106 Quintox gas analyzer was used to measure pollutant emissions inside the exhaust hole for this
study.



Cases Investigated
All the cases investigated in this research are summarized in the table 1 below. The case name indicates the axial
air and fuel injection location, as well as the combustion mode. Case SA8F4 denotes vortex combustion with eight
inlet air ports and four fuel injection ports; SFR4 denotes a swirling flameless combustion at the site of the axial air
inlet, organized symmetrically around the centre of the burner with distance (R/4). In each side of the cylinder, two
ports of inflow tangential air and five ports of fuel were used to explore swirling flameless combustion, as shown in
Figure 3. The following are the variables that were used in the experiments:

TABLE 1. Experimental parameters used to investigate swirling flameless combustor

Total air
Location of Axial air Tangential air Equivalence
Cases axial air Flow rate Numbers Flow rate Numbers ratio
of ports of ports
Without SFR4 R/4 50 % 6 50 % 4 0.5-1.2
preheatair ™ orrs RI2 50 % 6 50 % 4 0.5-1.2
SFR42 | R/4andR2 | 50% 12 50 % 4 0.5-1.2
With | PSFR4 | R/4 50 % 6 50 % 4 0.5-1.2
?{iﬁfgg K | PSFR2 | Rp2 50 % 6 50 % 4 0.5-1.2
PSFR42 | R/4andR/2 | 50% 12 50 % 4 0.5-1.2
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Thermal Efficiency
The thermal efficiency of a process determines how well it converts or transfers energy. In general, thermal
efficiency is defined as the energy ratio between a device's useful output and its input. The following is a generic
definition of thermal efficiency:

— Qout

Thermal Efficiency, ng, = o "
i m
— Qout _ tha+CPa*(Tout=Tin)*( 1450 )
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where m 4, Cpa, my, and LHV are the air mass flow rate, specific heat for air, fuelmass flow rate and the

lower heat value for fuel, respectively.

Experimental Procedure

LPG was used to preheat the combustion chamber for around 1 hour in all experiments with swirling flameless
combustion. The typical flame continued to burn natural gas once the combustion chamber was heated up. The
furnace was heated with a normal flame until the threshold temperature was attained in order to establish flameless
combustion. The fuel was then turned back on when the flame had quenched, which took less than a minute. The
furnace temperature was kept above the threshold temperature during this operation. This is due to the fact that the
flameless combustion regime is highly dependent on ambient temperature, which must be high enough to maintain
chemical reactions in the absence of a flame front. The average furnace midplane temperature was above 1200 K in
this investigation, resulting in stable natural gas combustion. This temperature was higher than the natural gas auto
ignition temperature.

RESULTS AND DISCUSSION
As shown in Table 1, six scenarios are considered depending on tangential air preheat: three with preheat
PSFR4, PSFR2, and PSFR42, and three without preheat SFR4, SFR2, and SFR42. The increased temperature of the
air inlet is expected to have a significant impact on combustion kinetics, pollutant production, and emissions. A
greater flame temperature is caused by a higher air intake temperature. Experiments were carried out with
equivalency ratios ranging from 0.5 to 1.2. The findings were used to compare the performance of the combustor
with and without a 600 K warmed tangential air temperature.

Temperature Distribution
At stoichiometric equivalence ratios, Figure 4 illustrates the temperature profiles along the central axis for instances
with preheated tangential air PSFR4, PSFR2, and PSFR42, and cases without preheated tangential air SFR4, SFR2,
and SFR42. It demonstrates that flameless combustion is possible with or without preheated air if the temperature
within the chamber is higher than the fuel's auto ignition temperature. All cases of preheated tangential air (PSFR4,
PSFR2, and PSFR42) had greater temperatures than cases without preheated tangential air (SFR4, SFR2, and
SFR42). The temperature of the air input had a significant impact on combustion kinetics, pollutant production, and
emissions. Higher flame temperatures are caused by higher air inlet temperatures. However, because recirculation
increased air-fuel mixing by reducing the local high temperature zone, the temperature distribution is determined to
be evenly reduced toward the combustor outlet in all circumstances. At stoichiometric equivalence ratio, the



maximum temperature for Case PSFR42 was found to be higher than for the other Cases. This is because the
whirling in Case SFR42 resulted in good air-fuel mixing and recirculation to finish the combustion.
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FIGURE 4. Temperature distribution along the central axis for case with and withoutpreheat tangential air at stoichiometric
equivalence ratio.

The average NOx emission for the swirling flameless examples SFR4 and PSFR4 is shown in Figure 5. The
NOXx emission during flameless combustion was always less than 14 ppm, as shown in this graph. The NOx
emission was lower in the absence of preheated air, due to low temperatures in the combustion chamber. The NOx
concentration in the lean cases is lower than in the rich and stoichiometric cases, based on these findings. Cases
SFR2 and PSFR2, as shown in Figure 6, and cases SFR42 and PSFR42, as shown in Figure 7, experienced the same
circumstance. With and without preheated tangential air, case SFR42 had the lowest NOx emission.
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The average CO emission concentrations for cases SFR4 (without preheated tangential air) and PSFR4 (with
preheated tangential air) for various equivalence ratios are shown in Figure 8. At stoichiometric equivalence ratio,
CO emission was less than 60 ppm for case SFR4 and 55 ppm for case PSFR4 during flameless combustion. At
various equivalence ratios, the CO emission in the case with preheated air was lower than the case without preheated
air. It's worth noting that a greater air inlet temperature leads to a higher flame temperature, which speeds up the
conversion of CO to CO2. CO emissions have fallen considerably, which is a good thing. The drop in CO is due to
the fact that as the flame temperature rises, the conversion of CO to CO2 accelerates, resulting in less CO in the
product gases. As illustrated in Figures 9 and 10, this was repeated for cases PSFR2 and PSFR42, respectively. In all
of these graphs, the lowest CO value was recorded in lean combustion (equivalence ratio =0.8).
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CONCLUSION

This work used an asymmetric swirling flameless combustor with natural gas as the fuel in order to understand
the effect of preheating and also to observe the effect of swirling in a combustor system experimentally. It was
observed that combustor design plays a vital role in achieving flameless combustion without using a diluent such as
CO2, H20, N2, or Ar. Six different cases i.e. SFR2, SFR4, SFR42, PSFR2, PSFR4 and PSFR42 were investigated,
where SFR42 stands for a swirling flameless combustor with four tangential air inlets, 12 axial air inlets, and 11
coaxial fuel inlets and SFR42 was found to be the best configuration for the combustor in order to achieve flameless
combustion and low emissions. In the case of SFR42, NOx and CO emissions are lowest at lean conditions with an
equivalence ratio of 0.8, equaling 3 ppm and 24 ppm, respectively. Thermal efficiency was found to have increased
by about 10% for PSFR42 when compared to the non-preheated SFR42. Temperature homogeneity was investigated
for all the six (6) cases in swirling flameless combustion and was found to be 0.03, 0.04, and 0.03, respectively.
These findings suggest that the temperature within the combustion chamber is relatively the same, which is a key
feature of flameless combustion. This research also showed that swirling flameless combustion may be achieved
with or without preheated tangential air. Preheated air has aided in the improvement of thermal efficiency in general.
However, this comes at the cost of an increase in NOx emissions.
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