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Abstract. Flameless combustion techniques have created a huge opportunity in the patronizing high number of combustible
fuel materials. This opportunity is connected with its potential in providing acceptable features of the combustion regime,
mostly centered on mixing the working medium (reactants) above the temperature of auto-ignition of the fuel. Recent
research has provided some potential of flameless combustion towards pollution reduction and energy generation.
However, this technology still requires more attention to improve its versatility. The effect of flameless combustion on
emissions reduction and its performance enhancement both on biofuels and fossil products is reported in this paper.
Flameless combustion follows mixture before oxidizes in the combustion process, thus generates lower NOx emissions
with clear and flameless of very little visible radiation. Similar values in the area of pollutant emissions for all studied fuels,
especially with bio-fuel showed that flameless combustion yields good results both on conventional and diluted fuels. The
review still points that flameless combustion regime modelling might not be capable of predicting intermediate species for
reducing the emissions to zero level due to some inherited properties in the operation. Assessing the thermal performance
of flameless combustion, showed similar temperature distribution for all the fuels studied, although bio-fuel temperature
observed little below, due to the inert gases of CO2 of large amount towards cooling the reactants. Challenges like wall-
flame quenching and residence time were discovered on micro-scale combustors. The report suggests that little
modifications on the flameless combustor in the area of wall-flame quenching will contribute to solving the NOx emission
problems.

INTRODUCTION

In combustion, fossil fuels like coal, petroleum and natural gas are the most pronounced energy source globally,
however, the full expectations from the patronage of those products are not satisfactory based on the associated
emission. Consequently, considering the negative environmental effect from the use of fossil feedstock’s turn out to
be quite detrimental. Although other materials like biofuel of similar combustible properties of the fossil were brought
as a substitute because of its eco-friendly features. Even with some good characteristics recorded from bio-fuel as a
sustainable fuel, yet, challenges still occur. These confrontations emanate from low calorific values (LCV) (biogas
about 30 MJ/kg to compare fossil of about 50 MJ/kg) [1,2], ignition temperature problem and need to be upgraded
(purified) as to remove CO; from biomaterials [3] and some levels of emissions. During the Kyoto protocol summit
in 1997, series of patent reports from many developed countries on the need and possibility of reducing the emissions
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accumulations in the environment as well as in the atmosphere [4,5]. Obvious that most of the industrial plants work
at high operation temperatures resulting in emissions generation especially NOx. Following the eminence of these
pollutants, industries are the main source of emissions both for the lower and upper layer of the atmosphere [6,7]. In
the analysis, the ecological catastrophes come from emissions from different pollutants like NOx, CO, CO;
hydrocarbon and soot from the consumption of fossil fuel that was not well combusted [7,8].

Therefore, there is a need for modification of techniques in the field of combustion that will control these
emissions manifestation from the use of fossil and even biomass feedstock. One of the successful approaches and
promising worldwide is flameless combustion mode, thus free from high operating temperature [9-11]. Flameless
combustion was created to reduce thermal NOx generation and improve combustion performance in burners that use
heated combustion air to heat industrial furnaces. This is accomplished by preheating the combustion air in the
furnaces, and then transferring energy from the exhaust gases back to the combustion air via regenerative or
recuperative processes [12]. This combustion process is commonly used in gas turbines and boilers where high power
production is required [12]. Flameless combustion burner can be designed for several applications with the flame front
as the main confronting challenge resulting from humming or fluctuation which affects premix-base combustor [13].

FLAMELESS COMBUSTION

Flameless combustion [5,14,15] also known as high-temperature air combustion technology (HiTAC) combustion
or moderate intensive low oxygen Dilution (MILD) combustion was designed owing to their ability to control the
emissions and support the system with high output performance [16,17]. As the performance of combustion is
temperature-dependent, the flame is stabilizing by hot peak temperature, meanwhile, the formation of thermal NO
comes from the same peak temperature [14,18,19]. In the flameless burner, a combustion reaction takes place with the
mixing of fuel/air, utilizing energy from recirculated combustion exhaust through a heat transfer mechanism while the
flame front is avoided [20]. Generally, flameless combustion mode low emission is caused by fresh inlet air dilution
by exhaust gasses like N2 and CO; [2,21,22]. During the flameless mode operation, the inlet diluted oxidizer
temperature is higher than the use of fuel self-ignition, thus ignition is eliminated [17,23,24]. In thermodynamics,
plant combustion output and efficiency are a function of flame temperature as shown in Fig. 1. This revealed that
higher flame temperature improves the system operation [12,25]. With long residence time for molecular constituents
of nitrogen at temperature together with the high oxygen availability, result in the formulation of NOx [19,26]. The
new product species developed are from oxidation of the reaction free nitrogen in the combustion medium of air or
fuel, otherwise known as NOx. This generally depends on the stoichiometric adiabatic flame temperature of the
combustion fuel (temperature of burning a theoretically correct mixture of fuel and air in an insulated vessel) [6]. To
achieve a regime with a pure feature of flameless combustion mode, the incoming medium temperature must be higher
than the auto-ignition temperature of the fuel [13]. Also, the auto-ignition temperature of the fuel must be higher than
the difference between the incoming reactant medium temperature and the peak combustion temperature [16,19].
These conditions can be achieved simply by using the hot exhaust flue gas recirculation adopting regenerator [27] or
by fluid dynamics conditions through internal gas recirculation.

Using stability limit diagram as illustrated in Fig. 1, shows different combustion mode boundaries. Stable
combustion donated by zone A, due establish almost the entire system temperature with little recirculation rate window
[25]. when recirculation rates of up to 30% (somewhat increased at higher temperatures). With higher recirculation
rates, the flame will become unstable (zone B). Accordingly, when the operating temperature is lower than the
temperature of self-ignition, the unstable flame is recorded resulting in extinguishment (NO reaction zone).
Consequently, operation with high temperature beyond system self-ignition, alongside high recirculation gas exhaust,
lead to stable and steady reaction without flame, referred to as flameless zone C. This is possible because, at a high
recirculation rate, the system hot exhaust gas dilutes the oxygen concentration of the fresh inlet air and further preheat
the air stream with an increase in chemical reaction time, finally yield a smaller Damkohler number as an essential
characteristic for the formation of flameless combustion [12,28]. Table 1 summarizes some of the flameless
combustion characteristics.
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FIGURE 1. Stability limits diagram as Influence of temperature and flue gas recirculation rate: zone A - stable
combustion, zone B - unstable combustion, zone C- flameless zone [12,25].

Temperature rise in flameless combustion mode is dispersed and moderate because of its heat release distribution,
resulting in a significant reduction in NOy emission. The various combustion regimes concerning inlet temperature
(Tin) and temperature increase (AT) coordinate using methane as fuel (molar fractions CH4/O2/N; = 0.1/0.05/0.85) as
shown in Fig. 2 (a and b) [29]. Numerical computation was applied to estimate self-ignition temperature (Tsi) (1000
K) as boundaries to map the various combustion zones. Adequate temperature referred to as traditional combustion
for flame sustaining is guaranteed through the region of higher temperature AT as in feedback. Generally, the
acceptable governing condition of AT<Tsi and Tin>Tsi as in Mild Combustion mode in Fig. 2 (a) fulfil flameless
combustion formation
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FIGURE 2. Combustion state distribution of inlet temperature with temperature raise(residence time=1s, atmospheric
pressure) (a) [17] and Result between the power output of the plant and the emission generation (b) [6,29].



TABLE 1. Summary and results of some flameless combustion

Type of fuel  Combusti  Operation Atomizati  Study of Remarks Ref.
on Type Conditions on Methods
Methane Non Air tempt. 425 K No need Chemkin The flameless [30]
premixed  Air flow rate (Chemical combustor is [31]
0.01-0.025 m3 /s. Reactor experimented and [32]
Fuel flow rate Modeling). exhibits stable
0.2-0.43 gs. Experiments with  operation over a
Equivalence. ratio LDV, gas relatively wide range
0.24-0.28 temperature, and  of operating
emissions conditions
measurement
Propane Premix Air temperature No need Experiments with ~ The transition to [33]
523-823 K Air PIV, ICCD flameless mode from
mass flowrate10- Camera for regular combustion
35 g/s (© 100 flame images, was gradual and
mm) Equivalence emissions cannot be well
ratio 0.3-0.55 measurement defined
Gaseous fuel  Partial Tangential airflow  No need Experiments with ~ Cavity air injection [34]
premix rate 0-12 g/s PIV, pressure pattern and the
Axial airflow rate spectra, flame cavity equivalence
0-12 g/s Main images, and ratio were identified
airflow rate 47.2 emissions as the major
g/s Air measurement parameters for
temperature 298 flameless
K Equivalence combustion
ratio0.59-0.78 controlling
Butane and Partial O2 mass fraction No need House CFD code  Validated and [35]
propane premix 6.7 -7.3% Oxidant (k — & model, supplied CFD code
pressure 200 kPa laminar flamelet  from the Mechanical
Oxidant joint PDF), Engineering
temperature>1300 Experiments Department at
K Oxidant mass Imperial College
rate70-102 g/s (@ London
160 mm) air
excess factor
0.95-1.5
Liquid Non- The velocity of No Fluent (RANS The outflow [36]
keroseneand  premixed  fuel 20 m/s mention and LES, EDM temperature is not
Methane Velocity of inlet and EBU) uniform, therefore,
air 40-100 m/s the characteristics of
Inlet air pressure flameless are not
30 atm obvious
Equivalence ratio
0.5-0.69
Methane Partial The initial No need Experiments with  Both frequency and [37]
premix temperature 1000 PIV, OH* amplitude of the
K The initial chemiluminescen  pulsation are specific
pressure 1 bar ce images, for each equivalence
Reference pressure ratio, which have a
Velocity 12 m/s pulsating, strong impact on

Combustor

NOx emissions




Liquid diesel

Liquid
Kerosene

Liquid
biofuels

Liquid

Kerosene

Syngasfue |

Biomass gas

Natural gas
and H:

Non-
premixed

Non-
premixed

Lean
premixed

Non-
premixed

Premixed

Partial
premix

Non-
premixed

diameter 10 mm
Equivalence ratio
0.57-0.8

02 mass fraction
0.23 Oxidant
temperature 323
K Oxidant flow
rate 0.5 mé /h
Equivalence ratio
0.25-0.5
Reactants dilution
ratio >2.71 Fuel
mass flow rate
28.67 g/s at 9 bar
injection pressure
Equivalence ratio
0.6-1

O2 mass fraction
0.17-0.23 Oxidant
temperature 905
K Oxidant flow
rate 0.808 kg/s
Fuel mass flow
rate 0.0065 kg/s
Reference
Velocity 12-22
m/s Oxidant
temperature >560
K Equivalence
ratio 0.2-0.36
Inlet air pressure
20 bar Inlet air
temperature 700K
Inlet air velocity
62-75 m/s
Equivalence ratio
0.2-1.4

O2 mass fraction
0.17-0.23 Oxidant
pressure 270 kPa
Oxidant
temperature 723
K Oxidant rate 90
g/s (O 110 mm)
Equivalence ratio
0-1

Inlet air pressure
20 bar Inlet air
temperature 600-
735K Inlet air
velocity 40-160
m/s

The SMD
is between
30-60 pm

A pressure
swirl fuel
injector
provides
SMD 17-
23 um

No
mention

No
mention

No need

No need

No need

emissions
measurement

Fluent (Realize
k-¢).

Experiments with
outlet gas
analyser,
thermocouples

Fluent (RSM and
P1 and PDF).
Experiments with
outlet gas
analyser,
thermocouples

Fluent (Realize
k-g and EDC)

Chemkin and
Fluent (Realize
k-e& DO &
PDF).

Chemkin and
Fluent (Realize
k-¢, LES and P1,
EDC)

Chemkin and
Experiments
(without further
information)

Experiment with
PLIF,
temperature,
pressure and
emissions
measurement

There is a critical
injection momentum
from the air blast
atomizer for the
combustion mode is
converting

The outstanding
performance of the
burner with very low
chemical and
acoustic emissions at
high heat release
rates

Building the
relationship between
the emissions and
recirculation ratio

Trapped-vortex is
used as the gas
generator and flame
stabilizer

The preliminary
optimization of
geometry causes
different flows in
perfect balance and a
vortex filling the
entire volume

A 3 staged
combustor for micro-
gas turbine

A successful
operation of the
FLOX® combustor
with low emissions
could be the first
time at high pressure

[38]
[39]

[10]
[40]
[11]

[41]

[42]
[40]

[43]
[44]

[45]

[46]
[47]




Liquid Non- Oxidant Pressure Experiment with  All fuels except for [48]

hydrocarbons premixed temperature >600  atomizer SPIV, PLIF, n-butane showed
K Oxidant flow with 0.8 temperature, and  very similar
rate 355 g/s Flow noise and combustion
Equivalence ratio  Number emissions characteristics
0.25-0.75 measurement

MICRO FLAMELESS COMBUSTION

As to solve the problem from the demand of small scale electricity generation, different small scale called micro
combustor power source has been designed and developed. Although some challenges were associated with the system
during operation and investigations [9]. However, its combustion features lead to system improvement and design
optimization. Modification of old EU burner version with development of improved concept adopting swirl approach
for high turbulence intensity was tested both for flameless and pollution reduction, thus yielded huge success [31,33].
A new combustor was investigated under experiment, observed to be stable over a wide range of subjected conditions
[49]. At air inlet temperature of 425 K, equivalent ratio 0.24-0.28, the emission on NOx level was found lower than
10 ppm. The CO level was measured as relatively high of about 700-1200 ppm, indicating more possibility for
improvement especially on the design geometry as to increase the combustion efficiency without affecting the
performance[6]. According to [9,50,51], on an investigation of bluff-body micro-flameless combustion. The analysis
involved two cases of different diluents with different corresponding concentrations (case one: O, of concentration of
7% and N diluent applied while case two: O, of concentration of 7% and CO- diluent applied, as shown in Fig. 3 [9].
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FIGURE 3. Effect of various diluents on the temperature distribution in the micro flameless mode [9].

The investigation indicated a maximum temperature of 1551 °K and 1345 °K for N2 and CO- diluent application
respectively, but show the better result with N> diluent, hence reported better performance in achieving higher
temperature. Also conducted with and without bluff body using the same concentration and diluent cases, the structure
of flameless micro-combustion in the cases indicated distribution along the mid axis or centreline, demonstrating the
wall temperature of various conditions of micro-flameless mode as in Fig. 4 (a) [9].
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FIGURE 4. Micro flameless combustion mode: (A). Temperature contour of micro-flameless, (B), Temperature distribution
along the centerline, (C), wall temperature of the micro-flameless mode [9]

A better explanation of micro-flameless combustion was obtained in terms of temperature distribution and
flameless stability when used with the bluff body at the inlet combustor. The shift in the peak temperature to the inlet
of the micro flameless combustor with an oxygen concentration of 5% and 7% using bluff body was illustrated in Fig.
4 (B) and (C). With the bluff-body, the maximum temperature of the flameless combustion of CH4 was 1551 °K and
1376 °K at 7% and 5% oxygen content in the oxidizer respectively. According to [22,52,53], CO; and N, were applied
as a diluent (oxidizer) in flameless combustion and found eligible.

COMBUSTION IN ASYMMETRIC VORTEX CHAMBERS

Asymmetric vortex chamber is another recommended approach of reducing NOx emission from the combustion
process. This technique improves combustion and is capable to keep a stable flame for a wide range of equivalence
ratios [54-56]. The vortex flame is created by injecting air via a tangential port in a cylindrical combustor. The first
operation of this kind was in 1998 by Gabler [57]. The use of two methods like asymmetric and axisymmetric for
applying fuel was adopted as shown in Fig. 5. During the use of this mode, the developed flam like conventional swirl
was found stabilized if introduced axisymmetric fuel inlet thus gives different combustion characteristics if
asymmetric fuel inlet was applied. The technology of vortex provide good characteristic for burner combustion
[54,55]. Among the huge benefit, it permits operation at excess air premixed regime, provides use of different fuel
type for combustion as well as improve flame stability through the opportunity of extending the flammability limits.
The most important one is the provision of ultra-low pollutant emission without post-combustion treatment or dilution
method [58]. The stabilize combustion and recirculation mode is achieved through swirl flow that recirculates the hot
exhaust gas back to the flame root thereby provide optimal mixing and combustion [59,60].
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Because of zero-emission combustion analysis, an experiment was conducted by [56,57] on asymmetric
combustion compared to axisymmetric mode, thus revealed significant NOy emissions reduction rate. As NOx
emission strongly depends on oxygen concentration and system temperature, this implies that a decrease in oxygen
concentration and temperature reduces NOy formation [53,61]. In vortex combustion, high swirl intensity and low
temperature lead to low NOx when compared with conventional combustion mode [27,62]. Again, NOx emission is
found lower with rich combustion to compare stoichiometric and lean combustion, due to the generation of low
temperature from incomplete combustion [63]. However, the experimental data result is higher than predicted NOy
due to the condition of under-prediction of temperature as shown in Fig. 6.
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FIGURE 6. Variation of NOx and oxygen concentration at different equivalence ratio [63]

In the study, visible low NOx emissions and uniform thermal distribution with all equivalence ratios if compare to
the counterpart of conventional combustion were achieved. The analysis further detected greater NOx emission under
the condition of stoichiometry, followed lean before the condition of the rich system, hence occur the same in
simulation and in experimental. A trapped vortex combustion model of flameless was designed, a very significant
reduction in NOy was recorded with high-performance systems [42,64].

In another new flameless combustion approach called asymmetric whirl combustion as an improved method of
NOx reduction was conducted [54,65]. The operation was done using methane fuel, air injection rate from 100 to 200
litres/minute, the fuel flow rate of 1 to 4 litres/minute. In the combustion, the lean fuel-air mixture adiabatic flame
temperature rose from 564 to 1389K with the overall equivalence ratio increased from ¢ = 0.095 to 0.38 NO as a result
of the developed Zeldovich mechanism by ¢ increase. Further observed that increase in equivalent ratio brings about
excess of HO; that help in converting NO to NO; [66]. At the same time, with higher equivalence ratios, high
concentration of reacting radical species, like H, O and OH atom shows rapid destruction of NOy to NO. Since the



formation of NOy is ¢ ratio-dependent as shown in Fig. 7, at Q.ir=100 litres/minute, NOx<15 ppm was recorded for ¢
<0.18. However, at the same air inlet working condition (Q4=100 litres/minute), NOx < 25 ppm for $<0.38. Reports
from other researchers discovered similar results on rapid quenching of combustion gases that could promote the
conversion of NO to NO,, both in probe walls and gas phase. [67,68]

=) 30 4 - v
£ .
. 25 4 v ™
- 8
L]
N 204 -
m
a

£ :
z 154 v
- a
L o Q. =150spm
» L-1
g 5 . w Q4 =200 sipm

0 T T T T T Y

0,05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

[1o]

FIGURE 7. NOx Emissions versus Equivalence ratio, insulated combustor without Air Preheat [65]

Since the reaction of NO and NO; gives the summary of all the major nitrogen oxides irrespective of their formation
mode. Also, the formation of NO and fuel oxidation are strongly temperature-dependent, lower NO and increased
CH4, CO emissions will be generated as illustrated in Fig. 8 and 9. In a combustion reaction, CO oxidation rates due
occur only with temperature however, significant oxidation is mostly observed at temperatures below 1100 K [69—
71].
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The CH, and CO mole fractions were found to be high during the leanest investigation with 1389 ppm 230 ppm
respectively on ¢ = 0.095 at O, at lowest air inlet rate, without air preheat. Continuously, increased ¢, fuel oxidation
rates accelerated and fuel emission level decreases. With 100 litres/minute, complete consumption of CH4 was
established with ¢ = 0.28 and CO level with a significant drop to 3 ppm by ¢ =0.38 [72]. In addition, oxidation of CO
to CO; possibly can be achieved through quenching at a system cool wall surface[73]. As the system combustor flame
zone is positioned close to the combustor wall in the turbulent shear layer. As a result of this, the temperature of the
quartz combustor wall was observed to be cool if compared to normal combustion temperature [74,75]. In the
application of preheated inlet air, NO formation and CO oxidation rates are completely dependent on system
operating temperature. With that, minimizing one of the species automatically affects the other specific
condition. More so, in the kinetic study of the compounds (CO and NO), the two may exist within temperature
regime 1700 K, the threshold for NO formation [64,76], and 1100 K, the threshold for CO oxidation [77,78].
This may yield burnout of CO with no significant record of NO formation [78]

BIOMASS FLAMELESS COMBUSTION AND NOx EMISSION

As mentioned earlier of having some NOx emission confrontations from the utilization of biomaterials. Going
flameless combustion mode is because of its significant effects on emission reduction as well as system operation
performance enhancement. According to [17,79] on the experiment conducted using biomaterial, observed that the
temperature of the furnace was about 1000 °C, while the preheating combustion air was around 650 °C. The reaction
and image displayed showed a complete breakdown of the reactants with a pronounced image of flame [80] as shown
in Fig. 10. The analysis results further indicate stable combustion, low carbon monoxide in exhaust flue gas (<1 ppm)
and NOx emission approximately zero [80].

FIGURE 1. Various combustion modes: (a). The flame mode A: conventional flame. B: flameless Combustion. (b). Direct
photographs of “A” of visible flame, and “B” of flameless combustion modes using HIREF apparatus [81].




According to [82] on numerical investigation of the asymmetric vortex combustion running on biogas with a
component of methane (CH.), carbon dioxide (CO2), water (H20), Oxygen (O), Nitrogen (N2), Hydrogen sulphide
(H2S) and Hydrogen (H) [83]. Application of 80% and 90% methane fuel compositions yielded higher values of NOx
compared when using pure methane and other compositions. Again, less or no formation of NO x when 50% and 60%
methane compositions were used, hence because of low flame temperatures. Generally, the NOy emissions were found
to be ultra-low as the greatest concentration was of 3.45*10° mole fraction with equivalent to less than 1 ppm. Ultra-
low NOy emission is achieved at 25 ppm [84], this is possible due to the vortex combustor low flame temperature. On
the other hand, analysis by [85] 50% methane composition possess the greatest of CO», This is because CO, is already
present as a component of biogas.

Pure methane indicates much CO concentration, with other samples showed lower CO constituents though close
to each other if compared. With vortex combustion, high CO emission was recorded near the combustor bottom,
reduced close to about 0.002 mass fraction of CO because of oxidation of CO to CO in the vortex flame [86].
According to[1] emissions were found to be low and similar during flameless combustion of NG and biogas, thus
measured only residual values of CO and NO from the chimney. Indicate that dilution of NG fuel using inert gases
like CO- of about 40% gives infinitesimal effect on emissions [87]. More so, dilute fuel with inert gases lead to a
reduction of NOyx emission, yielding cooling of inert gases that further lower the operating temperature of the burning
zone [22]. NOx emission formation during flameless combustion using wood pellets as fuel was conducted by [88]
The result pointed oxygen element in the mixture to be the influencing parameter. Indicate that the level of oxygen
concentration in the reactant inlet air and combustion air temperature is proportional to NOx emission [89]. This is to
say that at the increase in combustion air temperature (1000 °C), the formation of NOy increases simultaneously with
combustion air oxygen concentration, as in Fig. 11 (a) and (b).

ORS00 | Y 0% =021
: b -

—y 0% 0021 % {
1000 f ¥ % —=005%

NOx [ppm]

0 2 40 60 8 100 120 0 160 180 0 N 4 60 & M 120 W w0 "W
Time (s) Time [s]

FIGURE 11. Effect of Oz concentration with time on NOx emission at 1000 °C and 800 °C [81,90]

The comparison on the formation of NOy under different oxygen concentration and combustion air temperature of
1000 °C and 800 °C, clearly show the strength of oxygen content in the reaction mixture towards NOy emission
generation [89]. In the analysis, the oxygen concentration of 70% yield the greatest level of NOy emission and recorded
maximum in the two different air temperatures (1000 and 800 °C) and resulted from nitrogen rounded within fuel
matrix and excess oxygen (1000 °C) and oxygen and nitrogen from the air (800 °C). In another work conducted by
[91,92], on the effect of high preheats air combustion on NOy emission. The result depicts low NOx emissions even
when conducted under high temperature, thus pointed to be one of the most benefits from using flameless combustion
mode [91,93]. The operation still achieved recommended result using an exhaust diluent approach to yield NOy
emissions of about 50 ppm [91]. When temperature increases in traditional combustion approaches, experiences
thermal NOy which is in contrast with the flameless combustion mode [47,94]. Furthermore, in the application of
biomass as fuel, when the recirculation ratio of exhaust gas increases [95], certainly, NOy emission decreases after the
increase at the starting and drastically decreases and maintain it as shown in Fig. 12 [81].
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FIGURE 12. Effect of the recirculation ratio on NOx emission using biomass [81]

In addition, the CO and CO, effects due to manifest from values of temperature and oxygen concentration in
exhaust combustion gases. As temperature changes from 800 °C to 1000 °C, with 5% oxygen dilution, CO emissions
rises from 10.1% to 11.0%. In the case of CO- generation, only pronounced at higher oxygen concentration and lower
temperature [81]. This shows that CO emissions can be detected in the diluted condition of 5% oxygen. At preheated
air combustion when biomass was used as fuel, observed that ignition time decreases as combustion air temperature
rises from 350 °C to 800 °C and the same with fossil fuel of coal [24]. A study has it that ignition delay increases with
decreasing oxygen concentration and decreases oxidizer temperature thus very important in NOx emission study
[96,97].

FLAMELESS COMBUSTION PERFORMANCE

One of the most advantages of combustion under flameless conditions is their ability to burn fuels of changing and
fluctuating quality (LCV of the fuel). Currently, there is serious interest in the combustion flameless regime using
fuels from biomass with some reports from researchers concerning their phenomenological features of burning fuels
of (LCV) under Mild combustion mode [22,87]. An investigation has been conducted in detail within the European
R$D project BIO-PRO [98] on (LCV) liquid and gases under flameless mode. Although a few assessments work on
the performance of industrial operations with bio-fuels has been conducted [99]. Performance of a flameless
combustion furnace using biogas and natural gas was conducted [1]. On the temperature profile of the fuels (NG and
biogas), the left and right axis are not well pronounced because of their similarity with the central axis profile while
on flameless mode. Burning with biogas, a slight reduction of temperature of 907 °C was recorded at the mid-plane
while the average temperature in mid-plane for NG was observed at about 953 °C. Generally, the temperature reduction
when fuelled with natural gas was about 4.8% to the temperature of the burner. The various temperature profile of
different fuel used during combustion operations is shown in Fig 13.
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FIGURE 13. Operation Temperature profile along the central axis (Biogas and NG on flameless) and (NG on conventional
mode) [1]



Also, there was an observation of excess fumes corresponds to the mass fraction of CO; in the biogas, thus increase
the amount of the fumes by 8.5% if compared to the overall fumes generated by natural gas [1,22]. With this result,
CO; possesses better cooling than N2 because of its characteristics in high heat capacity (Cp) (Cp CO./CpN, =1.28/1.20
at 1200 °K) at high temperatures [1]. These properties promote radiation features to absorb greater radiation within
the reaction zone. This suggests replacing the burning of NG with biogas product, which will not affect the temperature
field inside the chamber [22].

The side of energy balance during flameless combustion using a different type of fuel are shown in Table 2.
Temperature and mass flow rates measurements of air leaving the cooling tubes and entering air were used to calculate
the amount of energy removed by air-cooled tubes. During combustion with biogas in flameless mode, the hot exhaust
products together energy loss through chimney was estimated 26 % under the temperature of about 851 °K. Under
flameless mode, the energy loss from the chimney fuelled with biogas is found higher compared that loss from the use
of NG from the same chimney, also recorded higher efficiency of the regenerative system [72,100].

TABLE 2. Energy balance of combustion (flameless and conventional) using biogas and NG [100].

Combustion mode (fuel) Flameless Flameless Conventional
mode (biogas) mode (NG) mode (NG)

Energy input (fuel+ comb air + 21.13 21.31 21.02

cooling air)

Energy removed by the cooling 14.39 14.99 8.71

tubes (kW)

Energy losses through the wall 3.00 3.07 3.2

(kw)

The energy of the combustion 1.01 1.36 0

products after the regenerative

system (KW)

Energy output through the 2.72 1.39 8.25

chimney (kW)

Efficiency (%) 68 70 414

In Table. 2, more energy losses found in the use of biogas fuel through the chimney, are from higher CO,
concentration with more absorption capacity heat radiation. When fuelled with NG, 15% of the combustion products
under 881 ° C were escaped through the exhaust path with an energy loss of 6.5 % of the operation total energy input
[100]. In flameless combustion, the application of dilute gasoline leads to improvement in managing fuel consumption.
This is true because of low combustion temperature product at partial loads thereby losing less heat if compared to
ordinary conventional combustion mode [19]. In addition, a flameless combustion engine utilizes an adequate fuel
injected to regulate the operating load, instead of restricting the system throttling (inlet airflow) to regulate operation.
Generally, as the combustion products are at their optimal levels, it allows the engine to work more efficiently than
conventional mode[72,100].

CHALLENGES OF MICRO-SIZE COMBUSTOR

Thermodynamically, it has been proven that combustion performance enhancement is theoretically possible
through the turbine burner, mostly with higher compression ratios and bypass ratios projected for future designs. It is
essentially important to understand these changes by addressing the combustion difficulties inside the combustion
system stages. As the size of the combustor is reduced, the surface of the combustor to volume ratio significantly
increases, thus generating high thermal and chemical interactions within the structure of the combustor, flame, and
flame-solid interface. To understand heat loss, the effect on the flame extinction in a channel was conducted [101-
103] to ascertain the flow velocity applying Lewis number and width of the channel of the flame propagation. The
outcome indicated that the near wall-flame quenching together with the flame curvature exhibited a significant role in
flame extinction. Another challenge to micro-combustion is how to complete reaction combustion in a micro-scale
combustor

which is called residence time [68,104]. To sustain combustion in any combustors, residence time should be larger
than chemical reaction time. In general, the residence time is a significant factor that plays an essential role to achieve
complete combustion. Supporting the finding, the investigation was carried out by [68,104] to ascertain the heat
transfer in the solid phase and also in the system coupling flames. The findings further show that the coupling flame-



wall thermal provide a quenching limit, thus led to the manifestation of a new flame regime. In addition, an increase
in flame temperature, result in an increase in material strength at elevated pressure and high temperature is another
problem incurred. In analysing the effect of excess enthalpy in a Swiss-roll design burner stabilization [105,106],
independently for the impact of heat recirculation coming from the burned flue gas to the unburned reactants as shown
in Fig. 14, adopting the counter-propagating mode in two parallel techniques.
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FIGURE 14. Distributions of temperature in the micro swirling burner and heat recirculation burner[107].

Fig. 14, explained that the limit of flammability increased through burned flue gas heat recirculation also, indicated
that the flame temperature and flame position due affected by the heat recirculation. Further observed that sub-limit
flame due manifest with an increase in flow velocity. In micro combustion future design, the fuel distribution should
seriously consider because of the temperature profile, as a more homogeneous profile allows a preferable combustion
chamber temperature without affecting the stress on the turbine parts and system load. Therefore, adequate distribution
of temperature and inlet flow of the fuel vapour and the air is very essential. Because of solving these confrontations,
many micro-thrusters incorporated with different combustor materials, length scales, ignition methods and propellants
have been carefully designed and tested with recommendable results [108-110]. Also, to maintain good thermal and
chemical sustainability, various micro and mesoscale thrusters designed with high melting point materials were
produced and tested using ceramic and quartz tubes, micro-scale combustor of two stages comprises of mesoscale
quartz combustor of 10 mm in diameter and sub-millimetre scale catalytic reactor was fabricated and tested
successfully[111].

CONCLUSION

Flameless combustion shows great characteristics towards substituting the conventional combustion mode of any
form. Avoiding the high adiabatic flame temperature conditions contribute to reducing the associated combustion high
NOx emission. These features make flameless mode worthy of attention and further investigation. Operation utilizing
trapped vortex, micro flameless, asymmetric vortex chambers etc. combustor provides intrinsic nature of improving
the mixing of hot combustion gases and fresh mixture that represents a prerequisite for diluted combustion and at the
most flameless combustion regime. Several advantages were offered from various modified flameless burners like an
extension of the flammability limits, burning low calorific value fuels, and extremely low NOx emissions. In most of
the flameless combustion, pollutant emissions of NOx and CO were found to be very low at about 3 ppm and 16 ppm
respectively during the burning of biogas and natural gas. Operating with biogas fuel, the system efficiency was 2 %
lower with little reduction in exhaust temperature. With this, flameless combustion using biogas stands to hold thermal
load constant than natural gas but yet better to practice than conventional mode. The performance of the system
flameless combustion furnace remains almost constant with all fuel types, thus recorded more advantage over the
counterpart. The overall approach in achieving flameless with high pollutants reduction is to design the flow field of
the combustor to have a dilution of fresh reactants and high-temperature flue gas recirculation. The outcome of a
flameless combustion regime permits consumption or interchangeability among combustion fuels of different
compositions.



Although flameless proves promising technology, yet, some challenges due arise in flameless combustion mode like
predicting the most efficient mixing approach (fuel/air), resulting from fuel spry characteristics, port
geometry/configuration and others. An issue like uncontrolled combustion and explosion from a stochastic misfire
and knock due arise. Most of these issues emanate from the combustion design and flameless phenomena analysis.
Difficulties are still found in flameless operation which is not understood from the experiment and numerical studies.
Due to behaviour exhibited by some fuels during chemical reactions, additional work is seriously required during the
computational simulations to predict suitable parameters (flow) before computational fluid dynamics modelling to
solve the problem of uncertainty. Capturing accurate mass flow rate, pressure, high enthalpy states and temperature is
very difficult with the experimental approach due to some errors during data reading. However, flameless mode
advantages in emission control, performance optimization and fuel economy make it a more interesting and worthy
technology.
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