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Abstract. A numerical study on the effects of air/fuel configuration on NOx emissions control using methane fuel 

combustion at different thermal intensity was conducted in this paper. The investigation employed the structure of small 

combustors which are influenced by some combustion factors. The layout is produced through diverse air and fuel injection 

configurations selected due to their potential on distinct combustion characteristics. In reverse configurations mode, the air 

injection port is located at the exit end of the combustor; while in the forward configurations, the air injection port is placed 

at the reversed end of the combustor exit, with a change of fuel position. Our investigation indicated that in both non-

premixed and premixed combustion modes, the NOx discharge is extremely low. However, in premixed combustion mode, 

the forward and reverse flow configuration (FP, RP) premixed produced a significantly low level of NO and CO compared 

to the other air configurations in non-premixed at all equivalence ratios Φ. The investigation observed that any changes to 

the fuel injection position affect the mixture preparation, resulting in premature combustion at very low emissions, hot 

spots and increased emissions. The reverse-cross-flow configuration (RC1) has more potential to attain lower NO 

(approximately 1.30E-05 ppm) together with low CO (approximately 223 ppm) emissions when compared to the other 

flow configuration (RC2 and RC3). More so, a lower combustor volume leads to a very high thermal intensity of 324–393 

MW/m3- atm thus resulted in a reduced residence time and gas recirculation, and high CO and NOx emissions. 

INTRODUCTION 

Approximately 80% of the world’s electricity today is produced by the combustion method, involving various 

natural resources as fuel. The main resources used as the source of power generation are coal (45%), natural gas (20%) 

and nuclear energy (15%) respectively [1]. The primary confrontation from utilizing fossil fuel is the pollutants given 

off during the combustion process, leading to negative effects on the environment and human health [2,3]. Various 

pollutants, including unburned hydrocarbon, carbon dioxide (CO2), carbon monoxide (CO), nitride oxide (NOx), soot, 

and particulate matter, are typically discharged into the air during combustion [4]. Currently, minimizing these 

unhealthy emissions during combustion and conserving energy are two prevailing problems faced in the creation of 

modern combustion systems and the energy conversion process [2]. In mitigating the aforementioned catastrophe, 

flameless combustion is one of the most important recent progress in combustion technology and is used in industrial 

furnaces that have demonstrated very low NOx performance and practised effective energy conservation [5]. 
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Flameless combustion is created by certain techniques such as High-Temperature Air Combustion (HiTAC), Moderate 

or Intense Low Oxygen Dilution (MILD) combustion or Colourless Distributed Combustion (CDC) [6,7]. The 

structure of high thermal intensity CDC combustor needs regulation of factors including gas recirculation, 

fuel/oxidizer mixing, air preheats, and residence time distribution. The structure is produced through several air and 

fuel injection configurations selected for their potential to attain distinct combustion characteristics [8]. Various 

studies have been presented on how high-temperature recirculated combustion gases affect the flame [9].  

The ratio of recirculated gases to fresh air stream ranged between 0% and 950%, with oxygen concentration in the 

hot diluted oxidizer fluctuating between 21% and 2%, respectively [10]. Progressive eddy dispersion combustion 

promises to be an effective technique in attaining an increased gas recirculation and intense reaction. It can be used to 

gain an increased residence time and thorough combustion, with little to almost no NOx emissions and constant 

temperature in the combustion zone [8,11]. There are a few techniques that can be utilized to enhance combustion and 

constancy, for instance, vortex and swirl flame. The first study on vortex flames was made by Gabler in 1998 [12] as 

shown in Fig. 1. Asymmetrical vortex combustor (AVC) is an innovative combustor model that can hold a constant 

flame over an extensive range of equivalence ratios [13]. The experiment made on ultra-reduced NOX emissions was 

to investigate asymmetric compared to axisymmetric due to good mixing of air and fuel [14]. The vortex enhances the 

combined reactants and flame stability at the combustor inlet located at the Central Recirculation Zone (CRZ)  [15]. 

Factors such as dilution, velocity, the position of fuel and air are all required during the combination process between 

fuel and air to produce effective flameless combustion [16–18]. Also, the ignition delay is needed to attain complete 

combustion. Ignition delay duration should be longer than the time taken to mix fuel in the oxidizer. This ensures the 

reactants are mixed adequately until hot recirculation gases occur [19,20]. However, for complete combustion, the 

combustion delay period should be shorter than the residence time in the reactor Any changes in the fuel and air 

injection position affects the reaction time of the mixing process, resulting in very low emission or premature ignition 

of hot spots and high emissions. Additionally, the position of the fuel injection significantly influences the internal 

recirculation rate [8,11,18,21,22]. Pre-heating air is a method that is an important part of flameless combustion. It 

increases the temperature in the combustion chamber, higher than that of the fuel auto-ignition. This ensures that there 

is adequate mixing between the fresh reactants and the hot recirculation gases, resulting in steady combustion and 

constant temperature, ultimately lowering the NOx emission [20,23,24]. The varying fuel and air injection 

configurations is a crucial factor in attaining CDC combustor. Air is either injected from the reverse end of the exit 

(forward flow configuration, ‘F’) or from the same end as exit  (reverse flow configuration, ‘R’) [21,22]. Fuel is either 

injected from the same side of air injection (‘S’), the opposite side of air injection (‘O’) or in the cross-flow (‘C’). The 

combined air and fuel-injected results in a definitive flow configuration [8] as shown in Fig.2. Various research works 

have been presented on the effects of air and fuel configuration without vortex combustor flameless   [21,22,25]This 

study goal is to investigate the effects of various air and fuel configuration on reaction in the flameless vortex 

combustion to achieve sufficient power at ultra-low emissions. The outcome of this study will contribute toward 

solving the greenhouse effect and ozone layer depletion caused by emission. 
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FIGURE 1. Schematic of the asymmetric vortex combustor reported by a) Gabler [12], b) Saqr [14].  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2. Important factors for the design of CDC combustor[8] 

 

 

METHODOLOGY 

COMPUTATIONAL FLUID DYNAMICS (CFD) MODELLING 

The CFD developed for this numerical analysis is based on the combustor geometry used in a previous study 

[14,26] and uses an asymmetric combustor with tangential air inlets and axial air and fuel inlets as shown in Fig. 3. 

The asymmetric vortex combustor has a dimension layout; a, b, R and L of 4, 4, 15 and 45 mm respectively. The fuel 

and air inlet nozzles had a 1.5 mm diameter and were circular in cross-section, respectively. Exhaust gases exit the 

burner through a 3mm diameter central outlet. Fig. 4A shows the asymmetric chamber design of non-premixed and 

premixed forward air/fuel configuration. The design features six tangential air inlets and two axial fuels inlets as well 

as two forward axial air inlets. In forward configurations, the air injection port is located at the combustor front. The 

varying number of fuel injection ports produces different configurations (FS, FO and FP), as shown in Fig.4 (a), 4 (b) 

and 4(c). In reverse configurations, the air injection port is located at the combustor exit end. The position of fuel 

injection ports is changed for different configurations as shown in Fig. 4 (B). The reverse configuration has two axial 

air inlets and two fuel inlets on the same side as the outlet exhaust (RS), as shown in Fig. 4 (e). Fig. 4 (f) has two axial 

air flows inlet on the same side with the exhaust, and two fuel inlets on the opposite side of the exhaust outlet (RO). 

However, Fig. 4 (g) shows that reverse configuration has two air and fuel premixed flows inlet on the same side of the 

outlet as called (RP). Note the air tangential jet is located perpendicular to the axil fuel jet and introduces air, a full 

tangential velocity component into the asymmetric combustor, to improve the vortex flow in the combustion chamber. 

The asymmetric chamber in Fig. 5 is designed with the reversed configuration of the shifting fuel location. In the 

reversed configuration, the method of cross-flow (RC1, RC2 and RC3) is affected by the fuel injection location. The 

fuel location is adjusted in position from the air injector to achieve fuel/oxidizer mixing enhancement. Simulations 

are carried out in stoichiometric proportions, with 100% density of CH4 at a temperature of 300K is calculated to be 

about 0.6682 Kg/m3. The equivalence ratio is regulated by changing the inlet mass flow of air and fuel as shown in 

Table 1. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3. The design of mesoscale combustor flameless combustion (a) isometric view (b) top view. 

 

 
TABLE 1. The equivalence ratio used 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

FIGURE 4. (A and B) Geometry Meso-scale vortex flameless combustion with various forward and reversed air configuration  

respectively. 

 

Φ ma kg/s mf kg/s 

0.6 3.83×10-6 5.37×10-7 

0.8 3.83×10-6 7.16×10-7 

1 3.83×10-6 8.95×10-7 

1.2 3.83×10-6 1.07×10-6 

1.4 3.83×10-6 1.25×10-6 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5. Geometry Meso-scale vortex flameless combustion with various fuel locations at reversed configuration 
 

 

GOVERNING EQUATIONS 

This research investigates the flameless traits of an asymmetrical vortex combustor functioning on methane at 

various air-fuel configurations. This section concentrates on the computational solution for constant chemically 

reacting vortex flows. The 3D conservation equations are given below for mass, momentum, and also energy [27–29]. 

The mass conservation is given as 

 

𝑢𝑖 = �̅�𝑖  +   �́�𝑖                                                                                                                (1) 
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 Where; ρ and ui are density and flow velocity in the i-direction respectively. The momentum equation is stated as 
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With the viscous tensor 𝜏𝑖,𝑗 expressed as 
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Where 𝜌, Yk, fk,j stands for the pressure, the species k mass fraction, along with the volume force that acts on the j 

direction of the species (k) respectively, while 𝛿𝑖𝑗 and µ indicates the Kronecker symbol and the dynamic viscosity 

respectively. The energy equation is given as: 
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Where variables Cp, T, and λ represent the mass heat capacity, the temperature, the thermal conductivity of the 

mixture, while �̇�𝑇, cp, k and Q is the rate of heat release, the mass heat capacity of species k, and the heat source 

term. 
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Where 𝑉𝑘,𝑖 and �̇�𝐾  stands for the species k in the direction i and the reaction rate of species k diffusion velocity 

respectively. Assuming all species are fixed in the gas phase, it can be conjected that the optimum gas behaviour is 

for all species. In this stable state of CFD simulation, methane (CH4) is used as the fuel and the equivalence ratio is 

variable of non-premixed flameless combustion mode. Methane-air-2step is used to model the species transport and 

is calculated by the following equations [30]: 
 

CH4 + 3
2⁄ 𝑂2  →  CO + 2H2O   ΔG = −

632.68KJ

mol
                                                (7) 

 

CO + 1
2⁄ 𝑂2 ⇄ CO2  ΔG = −257.19KJ/mol                                                                (8)   

The different equilibrium constant against the temperature can be written as Eq. (9). 
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                                                                                                                   (9) 

where Xi, Xj, vi and vj are the molar fractions of the reactant i, product j, the stoichiometric coefficients of the 

reactant i and product j respectively. For the computation of Arrhenius parameters of reaction (Equation 8) is an 

example of the equilibrium constant K1 and K2 are defined as: 
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The reaction rate is calculated by the Arrhenius equation [31]. 

 

𝑘 = 𝐴𝑇𝛽𝑒−(
𝐸

𝑅𝑇
)                                                                                                                            (12) 

Where the reaction rate, gas constant, pre-exponential and temperature are denoted by k, R, A, T, respectively 

while β is a dimensionless number. Assuming all species are fixed in the gas phase, it can be conjected that the 

optimum gas behaviour is for all species. The heat loss from the wall to the surroundings is also calculated by the 

equation. (13), Both thermal radiation and natural convective heat transfer are considered [32]. 

. 

 

𝑞 = ℎ(𝑇𝑠,𝑂 − 𝑇∞) + 𝜀𝑆(𝑇4
𝑠,𝑜 − 𝑇4

∞)                                                                            (13) 

According to previous studies on macro-scale flameless combustion technology, dilution of oxidants is often 

referred to as one of the flameless formation fundamentals [33][34]. In Meso-flameless mode, the temperature of the 

inlet oxidizer (7% O2 and 93% N2 by vol.) is adopted 900K which is higher than the self-ignition temperature of 

methane. 
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NUMERICAL CONDITIONS 

Flameless oxidation, colorless dispersed combustion, moderate to extreme low oxygen Dilution (MILD) 

combustion, and high-temperature air combustion (HiTac) are all terms used to describe flameless combustion [35–

39]. In this analysis, a three-dimensional finite volume solver in FLUENT 16 is used for stable, non-mixed combustion 

[40]. The CFD developed for this numerical analysis is based on the geometry combustion of a previous study by Saqr 

[14]. .  The simulations are focused on the flow field profile, temperature profile, and emissions of the combustor under 

methane compositions at various equivalence ratios (Φ). The spatial discretization of the mass, momentum, and energy 

transportation equations, is based on the upwind second-order scheme. In discrete momentum equations, the SIMPLE 

algorithm is utilized for combinations of pressure velocity. Volumetric chemical processes are designed closely to the 

methane-2 phase with the k–𝜺 method as the viscous model reaction procedure. Turbulent-chemical interactions are 

created with eddy dissipation equations in a previous study [41,42]. Thermal NOx calculation uses the partial 

equilibrium model to predict the O radical concentration required. The boundary conditions are picked according to 

the previous macro-scale flameless mode experiments [1]. The running pressure and temperature are 0.5 bar and 300K 

respectively. The temperature of the inlet oxidizer (case: 7% O2 and 93% N2 by vol.) is adopted in the Meso-flameless 

mode, 900 K, higher than the methane self-ignition temperature. Table 2 depicts the boundary conditions for the inlet 

oxidant. Table 3 shows the boundary conditions for the fuel inlet, wall and pressure outlet, while the general simulation 

is illustrated in Table 4. To calculate the approximate O2 radical concentrations needed for thermal NOx prediction, 

partial equilibrium models were used. In subsequent iterations, if the residual in each equation is less than 1x10-6, the 

solution is determined to be concentrated as calculated through grid independence tests. M3=405,827 cells with a 

minimum cell size of 0.003 mm per grid independence test as shown in Fig 6. The residence time profile gathered 

from numerical simulations is studied in the case of a perfectly stirred reactor. The residence time (tres) for a perfectly 

stirred reactor is obtained by Eq. (14) 

 

 

𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒 =  𝑡𝑟𝑒𝑠 =  
𝑝𝑣

𝑚⁄                                                                            (14) 

 

Where; P=average gas density in a combustor, V=combustor volume, m=total mass flow rate through the 

combustor. 

 

 
TABLE 2. The boundary condition of inlet oxidant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxidizer inlet Value 

Temperature Tinlet air = 300 K 

Gauge Pressure  0 

Hydraulic diameter 2mm 

Turbulent intensity 10 

Oxygen concentration  7% 

Density (𝜌) Kg/m3 𝜌= 1.16 kg/m3 



 

 

 
TABLE 3. The boundary condition of fuel inlet, wall and pressure outlet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 4. Initial Settings of simulation 

 

 

 

 

 

 

 

 

 

 

 

The grid independence test was performed to discretize the flow domain as illustrated in Fig6. Fig 7 shows the 

plots of central axis temperature along with the axial position for four various meshes. M1 consists of 173,212 cells, 

while M2 consists of 200,282 cells. Tetrahedral elements were used to make M3=405,827 cells and M4=650,381 cells. 

Since the needed computation time is still tolerable given the capacity, the final mesh with M3 was chosen for 

subsequent simulation runs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6. Mesh Meso-scale flameless combustion. 
 

 Boundary conditions  

 

 

 

Fuel inlet 

Temperature Tinlet fuel = 300 

Gauge pressure 0 

Hydraulic diameter 3 

Turbulent intensity 10 

Fuel CH4 

Density 0.6682 Kg/m3 

Mass flow rate Variable  

 

Wall 

Wall slip Non-slip 

Material Steel 

Heat transfer confection 5 w/m2 k 

 

Pressure 

outlet 

Hydraulic diameter 3mm 

Gauge pressure 0 

Turbulent intensity 5 

Steps  

Viscous model k–e Standard 

Radiation model Discrete ordinate (DO) 

Combustion model Species transport / partially premixed combustion 

Mixture properties Methane–air  

Turbulence chemistry interaction EDM Volumetric 

Reaction Thermal NOx 

NOx Prompt NOx 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 7. Grid independence test. 

 
 

MODEL VALIDATION 

The model validation performed was associated with the geometry and boundary conditions, used by Wu et al. 

[43]. Air goes into the asymmetric combustor (300K) with full tangential velocity. The combustor comprises six 

tangential air flows, two axial air and two axial fuel inlets. Fuel component was conducted at a ratio of equal to Φ = 

1. The mass flow rate of the air inlet was set at 3.83x10-06 kg/s. Reactions were conducted based on the different 

turbulence structures to compare the experimental results with K-epsilon (2 Eq) RNG was picked as the turbulence 

model. The validity of the code was taken when compared with the results of other turbulence models which were 

experimentally associated and produced according to Saqr and Khaleghi [44,45]. Extremely little NOx concentrations 

were identified in both the premixed and non-premixed combustion modes. The current study is compared with the 

experimental records, thereby confirming that the simulated results are reliable, similar to the presentations by 

[8,39,46–48]. The forward flow premixed configuration FP created a substantially lesser number of NO and CO 

emissions in comparison to other air configurations (RS, FO and FS) at all identical ratios Φ, similar to the findings 

by [8,46]. The results also show that NOx and CO emission levels of forward configuration (FS) is lesser than 

configuration (FO) at an equivalence ratio of Φ=0.6 to 1.4 in line with previous studies observation  [8,39] 

Additionally, the results suggested that NOx and CO emission level of reversed configuration (RS) is lesser than 

configuration (RO) by the data collated, explained the same with past reports [8][49]. The current study shows the 

differences in NOx emission circulation factored by the change fuel position as compared to the previous experiment 

[8,11,22]. Residence time and gas recirculation are also further decreased when the combustor is running at an 

increased thermal intensity, leading to an increase in CO and NOx emissions. This is the same with past presentations 

[8,21]. 

 

 
RESULTS 

 EFFECT OF AIRFLOW CONFIGURATION FORWARD ON NOX EMISSIONS 
 

Fig. 8 shows the airflow design, tested on the forward airflow configuration in non-premixed and 

premixed at the various air and fuel inlets. The test analysed the impact of NOx pollution resulting from 

flameless vortex combustion. In the FS and FP configuration as the equivalence ratio increases, NOx emission 

was found to be significantly lowered from Φ=0.6 until to Φ=1.4. In the FO configuration, NOx emission 

was found to rise sharply from Φ=0.6 until Φ=1.4, reaching (5.20E-03ppm) at Φ=1.4. NOx emission level in 

the FS configuration is lesser than the FO configuration at Φ=0.6 to Φ=1.4. NOx emissions were observed to 

be lower in premixed configuration FP than in non-premixed configurations FS and FO, recorded the same 



result on previous presentation [21,39]. In FO configuration, the CO behaviour was found to be more active 

as the equivalence ratio increases up to 529 ppm at Φ=1.4. CO starts to slowly decrease in FS configuration 

from 327 ppm at Φ=0.6 to 285 ppm at Φ=1.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 8. Effects of Equivalence ratio on NOx emissions at forward flow configuration. 

 

In the FP premixed configuration, CO starts to lessen slowly till it hits 102 ppm at Φ=1.4 as indicated in Fig. 9. In 

conclusion, the CO emission level in the FS configuration is lesser than in the FO configuration at all equivalence 

ratios. The least amount of CO emissions was observed at FP configuration in premixed combustion modes instead of 

the non-premixed configuration FS & FO, at an equivalence ratio from Φ=0.8 to 1.4, similar to work presented 

previously [8,39].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 9. Effects of Equivalence ratio on CO mass fraction at forward flow configuration. 

 

 

Fig. 10 depicts the volumetric temperature distribution inside the chamber in flameless combustion for various 

forward configurations (T = 300 K, Oxygen concentration = 7%), as well as the concentration of various species of 

combustion reactants for various configurations to create NOx. In multicomponent systems, the species distribution 

is the product of a chemical reaction as well as the mass transport mechanism. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE10. Geometry mesoscale vortex flameless combustion with various forward air configurations (a) FS (b) (FO), (c) (FP) 

on Temperature and NOx emission at (Φ=1). 

 

 

 

 EFFECT OF AIRFLOW CONFIGURATION REVERSED ON NOX EMISSIONS 
 

In RP configuration results as in Fig. 11, as the equivalence ratio increases, the NOx level was found to be lowered 

significantly from Φ=0.6 to Φ=1.4. In RS configuration, NOx emission was observed to diminish considerably from 

(1.59E-04 ppm) at Φ=0.6 to (1.50E-04 ppm) at Φ=0.8, before rising to (2.42E-04ppm) at Φ=1.4. In contrast, RO 

configuration saw a gradual decrease from (1.50E-05ppm) at Φ=0.6 to (1.44E-05 ppm) at Φ=1, before rising to (2.23E-

05ppm) at Φ=1.4. In conclusion, NOx emission in RO configuration is substantially lesser than RS configuration, 

stated the same on presentations [8,49]. The lowest NOx emission was identified in RP premixed configuration instead 

of RS and RO non-premixed configuration [8,49]. CO emissions were seen to increase from Φ=0.6 to Φ=1.4 for both 

RS and RO cases. In RP configuration, CO emissions are seen to be decreased when the equivalence ratio rises. The 

CO emissions in RS configuration fluctuates when the equivalence ratio increased to 426 ppm at Φ = 1.4. In RO 

configuration, CO starts to rise steadily from 251 ppm at Φ=0.6 to 305 ppm at Φ=1.4. For RP configuration, CO 

emission starts to rise gradually at 102 ppm at Φ=0.6, before decreasing to 85 ppm at Φ=1.4. The RO non-premixed 

configuration has the potential to attain lower NO and CO emissions compared to the RS configuration [8,49]. RP 

premixed configuration (RP) has more promise to attain lower NO and CO emission compared to RS and RO 

configurations, supported by past studies [8,22].  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 11. Effects of Equivalence ratio on NOx emissions at forward flow configuration. 

 

Fig. 12, concluded that the CO emission level in RO configuration is substantially lesser than RS. The lowest CO 

emission was seen in RP premixed combustion instead of RS and RO non-premixed configuration. Fig. 13 depicts the 

volumetric temperature distribution within the burner during flameless combustion for various reversed flow 

configurations (T=300K, oxygen concentration = 7%), as well as the various types of combustion reactants used to 

produce NOx emissions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE. 12 Effects of Equivalence ratio on CO mass fraction at Reverse flow configuration 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 13. Geometry mesoscale vortex flameless combustion with various Reversed air configuration (d) (RS), (f) (RO) and 

(g) (RP) on Temperature and NOx emission at (Φ=1). 

 

EFFECT OF FUEL LOCATION ON NOX EMISSIONS IN AIRFLOW REVERSED 

CONFIGURATION 
 

Fig. 14 and 15 described the reverse flow configuration in cross-flow based on fuel location (see Fig. 5), RC1 

Configuration had the very lowest NO (about 1.30E-05 ppm) and CO (about 223 ppm) emissions as compared to RC2 

and RC3. Additionally, the length between the air and fuel injection ports affects the combustor behaviour. If the fuel 

injection is positioned further from the air injection, the ignition delay will be brief and combust before the fuel is 

thoroughly mixed, resulting in a rise of emitted NO and CO. If the fuel injection is positioned closer to the air injection 

port, the fuel/oxidizer mixing is improved, resulting in lesser emitted NO and CO, supported by the previous works 

[8,11,22]. The RC1 non-premixed configuration has a lot of potentials to attain lower NOx and CO gas is given off 

due to encouraging flameless combustion traits. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 14. Effects of inlet fuel location on NOx emissions in reversed air configuration at (Φ=1).  

 

 

 
 

FIGURE 15. Effects of inlet fuel location on CO emissions in reversed air configuration at (Φ=1). 

 

 

EFFECT OF THERMAL INTENSITY VARIATION ON NOX EMISSION 
 

In thermal Intensity, the level of heat or energy is given off are calculated by the quantity of heat energy emitted per 

unit, measured in a combustor unit volume, adjusted by the operating pressure. The unit of thermal strength is MW/m3-

atm. Thermal Intensity is a representation of the residence time of gases in the combustor [50,51]. However, numerous 

complications due arise such as attaining flame stabilisation, higher flow rates and hitting the peak fuel conversion. 

The complications are due to the duration required for mixing and full combustion must be shorter than the time 

needed for a residence. The process of converting carbon monoxide takes a long time. The reduced residency time 

will lead to an increase in CO levels[39,50,51]. The structure requirement for combustor applications differs because 

of the high thermal strength and pressure operation that significantly lowers residence time [52]. To prevent the effects 

of fuel/air mixing on combustion, these combustors are studied for the effects of thermal intensity on NOx and CO 

emissions in a premixed simulation. In most studies, the inlet temperature of the air and fuel mixture was kept at a 

constant 300 K. Fig. 4A(a) analyzed the forward flow configurations at the thermal intensity of 65-324 MW/m3-atm, 

with FS configuration utilized. As mentioned earlier, the combustor size fluctuates caused by a fuel injection mass 

flow rate at 8.95x10-07 kg/s and air injection mass flow rate at 3.83x10-06 kg/s at an equivalence ratio of 1. Combustions 

occur at a higher thermal intensity, within the range of 65-324MW/m3-atm. Emission concentration was calculated at 

an equivalence ratio of 1.  
Fig. 16 shows the emitted NO and CO levels at the thermal intensity range of an equivalence ratio of 1. NO 

emissions are found to be very low (less than 8E-04 ppm) in all studies done. However, NO emission rises in rising 

thermal intensity, possibly due to the approximately lesser heat losses at higher thermal intensity. This led to an 
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increased gas temperature and subsequently, an increase in NO and CO emissions [52]. At the thermal intensity of 65 

MW/m3-atm, CO given off is only 279 ppm, whereas, at a thermal intensity of 183 MW/m3-atm, CO emitted rose to 

330 ppm, and 349 ppm at a thermal intensity of 324 MW/m3-atm. Take note that the air injection temperature, injection 

mass flow rate and injection diameter, is kept constant in all three tests done. The rise in CO is suggested to be due to 

the decreased residence time at increased thermal intensities as shown in Fig. 17 (a) and (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 16 (a) NO, and (b) CO emissions for forward flow mode corresponding to a thermal intensity range of 65–324 

MW/m3-atm. 

 

Fig. 17 (a) and (b) show the effects of thermal strength on residence time and CO emissions. CO oxidation is a 

time-consuming process in all combustion operations. Therefore, lesser residence time results in more CO emission 

levels. Fig. 17 (b) suggests that a stronger thermal intensity relates to a lesser residence time, leading to an increase in 

CO emissions 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 17. Effect of thermal intensity on (a) average residence time and (b) CO emissions (perfectly stirred reactor, Φ=1) for 

forward flow mode 

 

An increase in heat intensity results in decreased residence time. This is because of the increase in the volumetric 

flow of air and fuel for the same heat load. For example, the thermal intensity of 65MW/-m3-atm has a residence time 

of 7.7s, while the thermal intensity of 183 MW/-m3-atm has a residence time of 1.5s. CO emission of about 279 ppm 

happens at 65 MW/m3-atm while emission of 331 ppm occurs at 183 MW/m3-atm. The mean residence time for the 

various combustors is shown in Fig. 17, which suggests that the residence time goes down from 7.70 s to 0.38 s when 

the thermal intensity rises from 65 to 324 MW/m3-atm. The residence time was calculated at an equivalence ratio of 

1. In conclusion, it can be said that combustors with stronger thermal intensity have lesser residence time, leading to 

an increase in CO emissions (see Fig. 17 (b)). 

The reverse flow configurations were studied at a thermal intensity of 81-393 MW/m3-atm (see Fig. 4 B (e)) with 

RS configuration utilized. Similar to forward combustor configuration, the combustor size fluctuates caused by a fuel 

injection mass flow rate at 8.95x10-07 kg/s and air injection mass flow rate at 3.83x10-06 kg/s at an equivalence ratio 

of 1. Fig. 18 shows NO and CO emission at a thermal intensity of 81-393 MW/m3 atm. The NO (less than (1.150E-04 



ppm) and CO (less than 436 ppm) given off is very low. However, the NOx level rises when thermal intensity gain 

strength. This can be due to the decrease in heat losses at stronger thermal intensity, leading to an increase in gas 

temperatures and consequently, an increase in NO emitted. There is a substantial difference in CO levels in reversed 

flow[8]. Fig. 19 (a) depicts varying combustors with the mean residence time decreasing from 6 s to 0.3 s when 

thermal intensity is increased from 81 to 393 MW/m3-atm. The residence time was calculated at an equivalence ratio 

of Φ=1. At the thermal intensity of 81MW/m3-atm, CO emitted is only 436 ppm and it rises to 479 ppm when thermal 

intensity is at 196 MW/m3-atm. CO emission is at 440 ppm when thermal intensity is at 393 MW/m3-atm. Fig. 19 (b) 

shows substantial differences in CO emitted in reversed flow configurations. In contrast, Fig. 17 (b) shows the CO 

emissions rising with stronger thermal intensity in forward flow configuration. 
 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 18. Emissions for reversed flow mode corresponding; NO (a), and CO (b) to a thermal intensity range of 81–393 

MW/m3-atm at (Φ=1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE.19. Effect of thermal intensity on (a)average residence time and (b) CO emissions (perfectly stirred reactor, Φ=1) for 

reversed flow mode. 

 

CONCLUSIONS 

To produce flameless combustion in asymmetric vortex operation, a detailed assessment of the various inputs and 

process guidelines for minimal NOx emission to minimize pollution is needed. Two flow premixed and four non-

premixed configurations of different variations were assessed with algorithmic simulations to pick the optimum 

structure that gives off the least NOx. These assessments concluded that substantial internal recirculation of gases was 

reliant on the design of an asymmetric vortex combustor. These assessments also presented very low NOx gases for 

varying combinations of air and fuel configuration in a flameless asymmetric vortex as compared to the previous 

study. The differences between fuel injection and different directions of air influences mixture formation resulting in 

early combustion occurring with very low emissions or hot spots with increased emissions. Each combustor has two 

types of air configuration: forward flow and reversed flow in premixed and non-premixed modes. Extremely low NOx 

emissions were identified in both the premixed and non-premixed combustion. However, the forward flow premixed 

configuration (FP, RP) produced a significantly lower level of NOx and CO emissions as compared to other air 

configurations (RS, RO, FO and FS) at all equivalence ratios Φ. This can be attributed to an efficient mixing between 



the fuel and oxidizer, leading to an increased residence time of the created gases inside the combustor. The forward 

flow configuration "FS, FP" resulted in very low NOx (about (4.50E-05ppm) ppm in non-premixed and (6.50E-

09ppm) ppm in premixed) and CO emissions (285 ppm in non-premixed and 102 ppm premixed). The reversed flow 

configuration "RO" achieved minimal NOx at approximately (1.44E-05 ppm) in non-premixed at Φ=1 and CO 

emissions 251 ppm at Φ=0.6. The reversed-cross-flow configuration (RC1) has the potential to achieve lesser NOx 

and CO emissions compared to other configurations (RC2 and RC3). As the fuel injection location was placed further 

below away from air injection for the cross-flow modes, NOx and CO that are given off rises, probably due to lower 

mixing and residence time. It was found that the operation of the combustor at an increased thermal intensity lead to 

a decreased residence time and gas recirculation. Still, in reversed configuration results, there is a substantial variation 

in CO emissions. 

 

NOMENCLATURE 

 

CFD Computational Fluid Dynamics 

AVC Asymmetrical vortex combustor 

CRZ Central Recirculation Zone 

F Forward flow configuration 

R Reverse flow configuration 

P Premixed flow configuration 

 
Greek symbols 
ρ density 

𝑡𝑟𝑒𝑠 residence time 

 
Subscripts 

Φ Equivalence ratios 

q Mass of heat transfer 

K Reaction rate 

E Exit 
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