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Abstract 

This paper examines the effects of swirl hot co-flow on the combustion behavior of a MILD burner 

fueled by a mixture of methane and hydrogen. Towards this goal, realizable k- turbulence model, 

GRI. 2.11 reaction mechanism and the discrete ordinates radiation model are incorporated into a 

computational modelling of the reactive flow. The numerical results are, first, favorably compared 

against the existing experimental data. Subsequently, a number of swirl co-flows are implemented, 

and structures of the resultant reactive flows are investigated systematically. The outcomes 

indicate that increasing the swirl velocity leads to the reduction of ignition delay and significantly 

enhances the reaction completion. Analysis of the spatial distribution of hydroxyl and formyl (OH 

and HCO) radicals reveals that swirling MILD combustion radially extends the reaction zone in 

comparison with the conventional MILD combustion. Yet, it reduces the length of the reactive 

region and allows for occurrence of heat release in a shorter axial distance from the outlet fuel 

nozzle. Further, addition of swirl reduces the production of carbon monoxide through its influences 

upon flow temperature and generation of formyl radical. However, it is found that swirling hot co-

flow intensifies NOx emissions by strengthening of prompt and thermal mechanisms of NOx 

production. Reducing the temperature of the recycled flue gas is deemed to be an effective way of 

resolving this issue.  



Keywords: Jet-in-Hot Co-flow burner; MILD Combustion; Swirl Mild Combustion; Hydrogen-

methane blend; NOx and CO emissions. 

Nomenclature 

Symbols  *
iY  Fine-scale species mass fraction after 

reacting over the time * . 

A  pre-exponential factor Z mixture fraction 

C  volume fraction constant Wj atomic mass for element j 

C  time scale constant Greek letters 

E energy ε rate of dissipation of turbulence energy  

Ea activation energy *   length fraction of the fine scales 

h Enthalpy  i eddy viscosity, Pa.s 

Jj diffusion flux of species j v kinematic viscosity, m2/s 

k Turbulence kinetic energy  Density, kg/m3 

N total number of fluid phase 

chemical species present in the 

system 
Abbreviations 

p pressure 

R  gas constant CFD computational fluid dynamics 

r Radial direction EDC Eddy dissipation concept 

Ri net rate of production of species i 

by chemical reaction 

DO discrete ordinates 

Si rate of species production by 

addition from the dispersed phase 

plus any user-defined sources 

GRI-Mech detailed reaction mechanism  

Sh heat of chemical reaction, and any 

other volumetric heat sources 

JHC Jet-flame-in-hot-coflow  

T Temperature, K MILD Moderate or intense low oxygen dilution  

vx x-velocity  TMC Traditional MILD combustion 

vr Radial velocity   

 

 

https://en.wikipedia.org/wiki/Activation_energy
https://en.wikipedia.org/wiki/Turbulence_modeling
https://en.wikipedia.org/wiki/Gas_constant


1. Introduction  

Rapidly growing concerns about the emissions of greenhouse gases and the resultant climate 

change has significantly accelerated the development of renewable energy technologies [1-4]. 

Nonetheless, combustion of renewable and fossil fuels remains as an important method of energy 

generation for the foreseeable future. Recently, combustion of blends of green hydrogen and 

natural gas as a means of decarbonization of fuels has gained attention [5, 6]. Given the 

significance of combustion, many approaches are being explored to achieve high efficiency and 

reduced air pollutant emissions. MILD combustion is an advanced combustion technology with 

proven capabilities of delivering clean and efficient energy conversion [7, 8]. Yet, the physics of 

MILD combustion are still not fully understood and further research is required to unveil the 

complicated features of MILD combustion.  

The fundamental aspects of MILD combustion of different types of fuels were presented by 

Weber et al. [5], with a focus on industrial applications. In recent years, many studies have been 

carried out to provide in-depth physical understanding on the dependency of MILD combustion 

upon various working conditions. For instance, Özdemir and Peters [9] examined the features of 

the MILD combustion reaction zones. They reported that when the equivalence ratio of the non-

premixed mixtures was increased, the reactive region was shifted away from the burner and 

extended further downstream towards the chamber ceiling. Wang et al. [10] conducted a numerical 

study and concluded that the effects of variations in preheat temperature are stronger than those of 

adding hydrogen. Ayoub et al. [11], Mendez et al. [12], Mardani and Tabejamaat [13], and Gao et 

al. [14] found that a zero emission furnace can be achieved through using pure H2 fuel without air 

preheating under MILD condition. Moreover, Wahid [15] and Yan et al. [16] reported that the 

uniform temperature distribution and more stable process inside the flameless chamber could be 



obtained by adding a small amount of H2. Mousavi et al. [17-19] explained that by injecting fuel 

with an angle into the combustion chamber, the net rates of reaction and entropy generation 

increase. Through investigation of MILD combustion in a turbine combustor, Deng et al. [20] 

found that the premixed combustion mode features more uniform reaction zone and lower peak 

temperature and pollutant emissions than those of non-premixed combustion. The dependency of 

oxy-MILD combustion regime on turbulent characteristics is numerically examined by Liu and 

An [8]. They found that the inlet nozzle spacing of combustor plays an important role on formation 

of oxy-MILD combustion. Li et al. [21] displayed that as the equivalence ratio increases, the NO-

reburning reaction becomes stronger. The study of Mardani and Ghomshi [22] showed that in 

comparison with the MILD condition the reaction rates are slower under Oxy-MILD. These 

authors, further, showed that Oxy-MILD combustion features lower Damköhler number with 

respect to the normal MILD. Dai et al. [23] found that both temperature and dimension of the jet-

in-hot-coflow flame reduce substantially when changing the diluent from N2 to H2O. Sabia et al. 

[24] showed that an efficient recirculation of the exhausts produces a robust MILD combustion 

condition enabling combustion of low calorific fuels. Chinnici et al. [25] analyzed the thermal 

performance of a syngas-fuelled hybrid solar receiver combustor operated under MILD 

combustion regime. It was found that the type of fuel influences significantly the rate of radiative 

heat transfer and the ratio of radiative to convective heat transfer rates, and therefore the 

configuration must be optimized for each type of fuel. The same group [26] showed that MILD 

combustion can be successfully stabilized within the hybrid solar receiver combustor and it 

provides the ultra-low NOx and CO emissions. The pulverized coal Oxy-MILD combustion in 

H2O/CO2 atmospheres was simulated by Zhang et al. [27]. It was found that the effects of 

gasification reactivity on flame temperature is weakened by CO2 replacement with H2O. Tu et al. 



[28] showed that, due to chemical effects, CO2 dilution produces the lowest temperature increase 

under MILD combustion. Effects of Preheating and CO2 Dilution on Oxy-MILD combustion is 

numerically investigated by Moghadasi et al. [29]. They found that when diluting the oxidant, 

methylene CH2(s) plays an important role in CO formation compared with when pure oxygen is 

used, contributing to higher CO emission. 

Computational investigations on the physics of MILD combustion in different working 

conditions are often associated with major numerical challenges. Therefore, significant effort has 

been made to replicate the behavior of MILD combustion accurately and to produce pertinent and 

reliable numerical datasets. For instance, Christo and Dally [30] modeled turbulent MILD 

combustion and found that the eddy dissipation (EDC) model performs best in predicting the 

behavior of MILD combustion, and the same conclusion was made by Aminian et al. [31]. Hosseini 

and Galletti et al. [32] proposed two reduced NO formation models for CFD simulations of MILD 

combustion. Mardani [33] optimized the EDC model for simulation of MILD combustion of CH4-

H2. Hu et al. [34] indicated the potential of transported PDF simulations with sensitivity analysis 

to investigate the effects of finite-rate chemistry on the flame characteristics and emissions and 

reveal the controlling physio-chemical processes in MILD combustion. Ferrarotti et al. [35] 

showed the major role of mixing models to correctly handle turbulence/chemistry interactions and 

clearly demonstrated the superior performances of dynamic mixing model over the other 

investigated approaches. Parente et al. [36] simulated MILD combustion using large eddy 

simulation methodology to study the effects of subgrid closure. Furthermore, the role of mixing 

models in the simulation of MILD combustion using finite-rate chemistry combustion models was 

investigated by Ferrarotti et al. [35].  

https://www.sciencedirect.com/topics/engineering/chemical-effect
https://www.sciencedirect.com/topics/engineering/dilution
https://www.sciencedirect.com/topics/engineering/temperature-increase


It is well demonstrated that swirling flow burners have been advantageous to both premixed 

and non-premixed combustion systems because of their favorable influences on flame stability, 

combustion intensity and combustor performance [37-40]. It is therefore surprising that despite all 

the useful characteristics of swirl combustion, there is a shortage of in-depth studies of swirling 

MILD combustion. To address this issue, the current study investigates MILD combustion of a 

mixture of hydrogen and methane in a Jet-in-Hot Co-flow (JHC) burner by applying a swirling co-

flow. To this end, Eddy dissipation concept (EDC) model, realizable k- model turbulence model, 

discrete ordinates radiation model [41, 42], and GRI 2.11 reaction mechanism are utilized.  

 

2. Governing Equations 

The simulated reactive flow is dominated by the continuity of mass, transport of momentum, 

energy, and species conservation. The equations are solved in the cylindrical coordinate and take 

the following format. 
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In addition, the realizable k- model is used to renormalize the Navier-Stokes equations to account 

for the effects of smaller scales of motion. Furthermore, the discrete ordinates model is applied to 

solve the radiative transfer equation and it is coupled with energy equation (Eq. (4)) based on Ref. 

[43]. 

2-1. Eddy Dissipation Concept (EDC) 

Equation (5) is the conservation equation for chemical species in general form that solves for N-q 

species. The net source of chemical species I due to reaction, Ri which appeared as the source term 

in the species transport equation is computed as the sum of the reaction sources over the NR 

reactions among the species. 

The EDC is one of the turbulence-chemistry interaction models applicable to a wide range of 

combustion problems. In this method, the volume fraction of the fine scales and mean residence 

time (  ) are defined as 
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In the present framework, the volume fraction constant ( C ) and time scale constant ( C ) are set 

to 3 and 1, respectively. The mean reaction rate in the conservation equation is shown in Eq. (8) 

which for the mean species i is: 
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The EDC model can incorporate detailed chemical mechanisms into turbulent reacting flows, 

while GRI. 2.11 reaction mechanism is used. In this mechanism, the reaction rate is calculated by 

the following relation, 

 aE RTbr AT e−=  (10) 

Further, the variable of mixture fraction (Z) parameter is used to study the flame structure in the 

JHC and it is calculated as follows [44]: 
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3. Configuration, computational grid and Boundary Condition 

The current work includes two parts. In the first part, the numerical results are compared with the 

experimental data [45] obtained from a configuration in which the hot co-flow is injected to the 

burner axially. In the following step, the behavior of MILD combustion is investigated using swirl 

hot coflow conditions. Figure 1a shows a schematic view of the laboratory-scale burner of Dally 

[30, 45]. In Dally’s burner the flows inject to the burner axially. This is a co-flow burner and 

includes a wind tunnel, hot coflow inlet and fuel inlet with diameters of 210, 80, and 4.25 mm, 

respectively. The wind tunnel air consists of 23% O2 and 77% N2 with the velocity of 3.2 m/s. The 

temperature of wind tunnel is maintained at 300 K while the hot coflow preheats up to 1300 K. 

N2, H2O, CO2, and O2 are the components of hot coflow with the velocity of 3.2 m/s in the case of 

TMC. According to Fig. 1b, in the second part of the current work, the hot coflow is injected under 

swirl configuration and for these cases the details are shown in table 1. Further, the inlet fuel 

injected at the center of the burner consists of H2-CH4 (11.1%, 88.9%) with the inlet Reynolds 

number of 10000. The inlet conditions for the present study are summarized in table 1. 



The upstream boundary conditions are set by velocity profiles, inlet temperature and species 

mass fractions. The results of the present work illustrate that the solution is not sensitive to 

turbulence intensity at the hot co-flow and wind tunnel inlets. This finding is consistent with that 

reported by Christo et al. [30] and Frassoldati et al. [46]. However, the turbulence intensity at the 

fuel inlet is important. Ref. [45] did not report the experimental data relating to turbulence, while 

Christo et al. [30] reported the experimentally estimated mean turbulent kinetic energy of 16 m2/s2 

(it is approximately equivalent to 4%) at the fuel inlet, although it was adjusted to 60 m2/s2 in their 

modeling (it approximately is equivalent to 7.5%). In the present study, the fuel turbulence 

intensity was adjusted to be 7% to yield the best agreement between the calculated and measured 

mixture fraction distribution. In addition, Fig. 2 shows the sample of cells configuration of the 

investigated configuration, which was obtained after conduction of an extensive grid independency 

study, and it consists of 45000 structured cells.  

4. Validation  

In this section, the results from the finite volume solver are compared with the experimental data 

reported in Ref. [45] to validate the numerical framework. A comparison between the predicted 

mixture fraction and the experimental data at three radial locations of 30, 60, and 120 mm is shown 

in Fig. 3. Evidently, there is a good agreement between the mixture fractions at all positions 

obtained from the current finite volume code and those obtained experimentally; confirming that 

the present numerical setting is capable of predicting MILD combustion behaviors under various 

working conditions. 

5. Results and discussion 

In this section, the effects of swirl inlet velocity of hot coflow on the characteristics of MILD 

combustion are investigated. The boundary condition and the inlet properties are the same as 

section 3, and the inlet swirl velocities of hot coflow are those of table 2. Contours of Fig. 4 



represent the temperature distribution for traditional MILD combustion (TMC), S0.8 to S9.6. 

Comparing the swirl (S0.8-S9.6) and TMC conditions, it is clear that the temperature field has 

changed significantly by switching to the swirl flow conditions. For TMC case the hot coflow 

completely surrounds the high temperature gases produced by MILD combustion. These gases are 

produced downstream of the fuel injection nozzle and form a relatively narrow hot region. 

Addition of swirl results in elimination of the surrounding hot flow and yet widens the width of 

the area occupied with hot gases. Importantly, the sudden changes in the temperature of the 

reacting flow occurs in a region closer to the inlet fuel nozzle. It will be later shown that this is due 

to an upstream shift of combustion reactions. This means that by using swirl co-flow, the delay in 

combustion has diminished and thus the reactive flow residence time has increased.  

It should be noted that addition of swirl flow increases the turbulence intensity. This enhances 

the impacts of hot co-flow upon the reactants and results in more complete combustion. Therefore, 

the heat of reaction increases and consequently the flow temperature rises. By comparing the 

considered swirl cases (S0.8 to S9.6) in Fig. 4, it is apparent that the thickness of the high-

temperature zone is higher in the inlet area. This is due to the higher mass flow rate of the preheated 

inlet flow at higher swirl velocities. Nevertheless, according to Fig. 5, the flow temperature at the 

reacting zone centerline are higher for all the swirl cases than the corresponding points in TMC. 

By comparing the swirl cases in Fig. 5, it is evident that at higher swirl velocity the temperature 

increases faster along the burner centerline, implying a faster heat release. Further, considering the 

temperature distribution in the radial direction for different axial locations in Fig. 6, it is clear that 

the maximum flow temperature increases when swirl flow is established. Once again, this is 

indicative of faster heat release in swirling cases. A notable point in Fig. 6 is the axial distance of 

0.025 m, where combustion has not occurred for the TMC, and the temperature is still equal to the 



temperature of the preheated flow. However, at the same axial location and for the swirl cases, the 

maximum temperature exceeds 2000 K indicating intense reactions. Fig. 6 further shows that the 

ignition delay decreases dramatically when swirl conditions are applied. Also, by comparing the 

swirl cases, it is found that the maximum temperature is almost similar for different cases. 

Nonetheless, at larger radial distances, the combustion temperature for the S0.96 case is larger, 

which is due to the presence of more oxygen in those regions. Farther downstream of the inlet 

nozzle and at the distances of 0.15 and 0.2 m, the temperature distribution includes less variations 

in comparison with that in locations closer to the nozzle outlet.  

Figure 7 shows the radial distribution of mass fraction of OH free radicals at different axial 

locations. This chemical species is one of the main parameters used to determine the behavior of 

reacting flows as the reaction zone can be identified by the presence of this species. Considering 

the trend of changes of OH in Fig. 7, it is clear that by applying the swirl flow conditions, the 

amount of this radical increases substantially up to about 10 times. In keeping with the earlier 

discussions, this confirm that in the swirling cases the energy released at the investigated axial 

locations has increased. It should also be mentioned that according to Fig. 7, the width of reactive 

region increases significantly when swirl flow is in place. For instance, this figure shows that at 

an axial distance of 0.01 m, the width of reactive region has increased by about 25% and therefore, 

the generated reactive flow has radially expanded. A similar trend is observed at other axial 

locations.  

The contours in Fig. 8 show the distribution of the mass fraction of OH radical for different 

cases presented in table 2. According to these contours, the spatial variation of OH radical is 

significantly different for swirl and TMC cases, such that swirl flow causes the location of the 

sharp gradient of OH to approach closer to the inlet nozzle. The starting point of this gradient is 



shown in Fig 9, which demonstrates that by using swirl flow, the location of combustion initiation 

is pushed very close to the inlet nozzle. Figure 8 clearly shows that this trend is further augmented 

by increasing the swirl velocity. This could be attributed to the increased turbulence intensity, 

which intensifies the combustion process and therefore pushes the reactive region towards 

upstream. Further, when comparing the swirl case S0.8 to S9.6 in Fig. 7, it is observed that by 

increasing the swirl velocity up to the distance of 0.15 m from the inlet, the reactive region 

generated in case of S9.6 is thicker. However, by moving away from this region, the thickness of 

reactive part of the flow is no longer dependent on the swirl conditions. 

The graphs in Fig. 10 show the distribution of the mass fraction of HCO (formyl radical) at 

different axial distances along the burner radius. According to this figure, the distribution of formyl 

radical, representing the heat release during the combustion [47], is highly dependent on the hot 

co-flow entering the reactive region. Considering this figure, it is evident that the amount of HCO 

at distances near the inlet is significantly lower in the TMC than that of the swirl cases. For TMC 

combustion takes place away from the inlet nozzle and therefore, in comparison with the swirling 

cases, heat is released at a longer distance from the fuel inlet nozzle. Further, as S0.8 to S3.2 cases 

show, the amount of formyl at an axial distance of 0.025m is higher than the corresponding 

amounts at S6.4 and S9.6 cases. This is because the location of combustion initiation is very close 

to the inlet for these cases, and an intense heat release occurs between the inlet nozzle and a 

downstream distance of 0.025 m. For the cases of S0.8 to S3.2, considering the location of 

combustion initiation, a high value of HCO is expected at the axial distance of 0.025 m. Further, 

it can be observed in Fig. 10 that by gradually moving away from the inlet, the total amount of 

formyl radical decreases for various cases as it is far from the initial reaction zone. In other words, 

the farther axial locations shown in Fig. 10 are away from the initial stages of fuel decomposition. 



Although in regions away from the inlet, the HCO produced in TMC condition increases, the 

average amount of this radical is higher for the swirl cases than the TMC.  

The spatial variations of HCO free radical are depicted in Fig. 11. It can be observed that by 

changing the hot co-flow inlet conditions from TMC to various swirl states, the location of the 

maximum HCO free radical has changed in accordance with the alteration of the initial ignition 

location. By referring to the contours of S6.4 and S9.6, it is clear that the maximum of formyl 

concentration occurs in the vicinity of the fuel inlet nozzle. This is consistent with the earlier results 

indicating that addition of swirl pushes the reactive region upstream and towards the inlet fuel 

nozzle. Figure 12 shows the contours of CH2O species (formaldehyde) generated by the 

combustion of CH4-H2 through breaking the molecular bonds of H2 [48]. This is indicative of the 

accelerated speed of fuel decomposition, while it also illustrates increases in the level of heat 

release [48]. It is clear in Fig. 12 that by applying swirl conditions, the radial distribution of CH2O 

has become more uniform and strong gradients of formaldehyde do not exist anymore. This 

behavior re-confirms that by applying swirl conditions the reaction zone has expanded 

significantly and that the reactions are now taking place in larger volume. The presence of CH2O 

species in the fuel rich zone (especially for S6.4 and S9.6) shows that this chemical species is 

produced in the initial stages of fuel decomposition. Therefore, the delay in combustion has been 

reduced significantly. 

Considering the molar ratio of CH4 and H2 in the fuel inlet nozzle in accordance with table 2, 

it is clear that the primary fuel is CH4. Further, due to the very high reactivity of hydrogen, it is 

anticipated that hydrogen combustion occurs much quicker than that of methane. Therefore, in this 

section, the axial variations in the concentration of this molecule is investigated. Figure 13 

represents the molar concentration of CH4 along the burner centerline up to the outlet wherein 



methane concentration has dropped to zero. As can be observed in this figure, by establishing swirl 

conditions at similar points, the amount of unburned CH4 for TMC is considerably higher than that 

for the swirl cases (up to about 30%). This is due to the existence of reburning with applying the 

swirl condition [49]. According to the earlier discussions with regard to the reduction of ignition 

delay when using swirl condition, it can be stated that the amount of resistance time increases 

using the swirl condition and it provides sufficient time for the chemical reactions to fully take 

place. Towards the burner outlet, it is clear that the amount of unburned CH4 of TMC is more than 

the cases of S0.8 to S9.6 and by comparing the swirl cases. This is to be expected as by reducing 

the swirl velocity, the amount of unburned CH4 has diminished due to the increased residence time 

of reacting flow. Hence, the presented results imply that addition of swirl leads to shortening of 

the reactive region and completion of heat release in a more compact area.  

Figure 14 shows the radial distribution of the HO2 (hydroperoxyl) radical. This radical denotes 

the recombination process in the reacting flow [50, 51] and it is known as a key species in the 

occurrence of ignition [52]. The production of this radical is depending on the generation of CH2O, 

O2, H2O, N2, OH, and HCO through table 3. Given the preceding discussions, the amount of OH 

and CH2O increases by applying the swirl condition. In addition, increasing the swirl velocity 

causes N2, O2, and H2O mass fractions to increase. Based on variations in OH and HCO radicals 

in Figs. 7 and 10 and according to Fig. 14, for the close distances from the inlet nozzle and on the 

burner centerline, the concentration of HO2 species is higher for the TMC than the swirl 

combustion. However, by travelling farther downstream and moving crosswise in the burner, the 

amount of hydroperoxyl radical is observed to be higher for the swirl flows. Also, by considering 

the variations of HO2 radical at different axial locations, it is clear that by moving away from the 

inlet nozzles, the amount of HO2 for TMC decreases, while it increases significantly for the swirl 



combustion. Furthermore, by travelling downstream of the inlet nozzles, the concentration of HO2 

reduces for the TMC and increases for the S0.8 to S9.6 cases. Therefore, the mass fraction of HO2 

free radical increases with applying the swirl condition. These involved behaviors of hydroperoxyl 

radical have direct consequences upon the NOx emissions of the burner. It has been shown that 

hydroperoxyl correlates strongly with production of prompt NO in hydrocarbon fuel combustion 

[49]. Hence, according to Fig. 15, the rate of prompt NO increases with applying the swirl MILD 

combustion and this rate grows with the growth in swirl velocity. In addition, due to the increased 

combustion temperature, and with regard to the direct relation between thermal NO emissions and 

temperature the use of swirl flow leads to an increase in thermal NO emission. This is depicted by 

Fig. 16 which shows the average mass fraction of NO emission at the outlet zone of the burner. 

Clearly, using swirl condition causes the amount of NO to increase rather significantly. As a 

remedy, the temperature of hot co-flow can be reduced to avoid high temperatures in the reactive 

flow and suppress the mechanism of thermal NOx. Through doing this, the Mild conditions are 

retained, the cost of flow preheating is decreased, and the NO emissions are reduced.  

As observed in the Figs. 10 and 11, the average production of HCO for the TMC is slightly 

higher than S0.8 to S9.6 cases. One of the effective parameters on CO generation is the presence 

of HCO radical [53], its reduction under the swirl condition leads to drop of the produced CO. 

Further, increase in combustion temperature decreases the amount of CO and unburned 

hydrocarbon emissions by preventing the quenching of oxidation reactions [49]. Consequently, as 

shown in Fig. 17, using swirl flow for hot co-flow causes CO production to decrease at the outlet 

of the burner [56,57]. 

 

 



6. Conclusions 
 

The effects of adding swirling hot co-flow upon combustion of a mixture of hydrogen and methane 

in a burner operating under MILD regime was investigated numerically. The governing equations 

were solved using a finite volume, Reynold Averaged Navier-Stokes (RANS) solver in an 

axisymmetric configuration and with the inclusion of GRI. 2.11 reaction mechanism and the 

discrete ordinates model of thermal radiation. A non-swirling base case and five test cases with 

different swirl velocities were simulated. The numerical results were carefully validated against 

the existing experimental data. The key outcome of this work can be summarized as follows. 

• Analyses of the temperature fields as well as those of OH and HCO radicals showed that 

addition of swirl to the MILD combustion burner reduces the ignition delay and therefore 

pushes the exothermic reactions towards the outlet of the fuel nozzle. 

• Spatial distributions of temperature, formaldehyde and hydroperoxyl showed that 

application of swirling hot co-flow leads to radial expansion of the reactive flow. 

• It was demonstrated that addition of swirl reduces the length of the reactive flow and thus 

allows for achieving full heat release in a shorter axial distance.  

• Modification of formyl radical and flow temperature by swirl co-flow leads to suppression 

of CO emissions. 

• Increases in the concentration of hydroperoxyl radical and flow temperature increase the 

emission of NOx in all investigated swirling cases in comparison with the non-swirling 

base case.  

This study revealed the advantages of applying swirl co-flow to MILD combustion burners. The 

issue of increased NOx emission is expected to be largely resolved by reducing the temperature of 



recycled flue gas in practical burners. Nonetheless, this remains as an important problem for 

consideration in future studies.  
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Figure 1. Schematic of the investigated burner [30, 45]. 
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Figure 2. Sample grid configuration of the computational domain. 

 

 



 

Figure 3. Validation of the present numerical simulation. 
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Figure 4. Temperature distribution in TMC and swirl cases. The legend shows the flow 

temperature in Kelvin. 



 
Figure 5. Axial distributions of flow temperature under TMC and swirl conditions. 

+
+

+
+

+
+

+ + + + +

Axial Distance, m

Te
m

pe
ra

tu
re

,K

0 0.1 0.2 0.3 0.4 0.5

0

500

1000

1500

2000
TMC
S0.8
S1.6
S3.2
S6.4
S9.6

+

+ +
+

+

+

0.01 0.02
300

310

320

330

340



  
X=0.025 m X=0.05 m 

  
X=0.075 m X=0.1 m 

  
X= 0.15 m X= 0.2 m 

Figure 6. Radial temperature distributions at different axial locations along the burner centerline. 
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Figure 7. Radial distributions of the mass fraction of OH radical at different axial locations along 
the burner centerline.
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Figure 8. Spatial distributions of the mass fraction of OH radical.



 

Figure 9. Axial locations of the initial reaction zone.
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Figure 10. Distributions of the mass fraction of HCO radical in various axial distances.
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Figure 11. Spatial distributions the mass fraction of HCO radical. 
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 Figure 12. Spatial distributions the mass fraction of CH2O. 

 

 



 

Figure 13. Axial distributions of CH4 molar concentration along the burner centerline. 
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Figure 14. Distributions of mass fraction of HO2 radical in different axial locations.
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Figure 15. Thermal and prompt NO productions under swirl and TMC conditions 
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Figure 16. Average mass fraction of NO emission at the burner outlet. 
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Figure 17. Radial distribution of the molar concentration of Com measured at the burner outlet 

(x=0.5m).  
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Table 1. Operational conditions of the present work [45] 

Inlet condition Composition, mass fraction Axial Velocity, 
m/s Temperature, K 

Fuel H2=11.1, CH4=88.9 70 300 

Coflow O2=3, N2=88, H2O=6.5, CO2=5.5 3.2 1300 

wind Tunnel O2=23.3, N2=76.7 3.2 300 



Table 2. Hot coflow conditions 

Case TMC S0.8 S1.6 S3.2 S6.4 S9.6 

Hot coflow velocity, m/s 3.2 0.8 1.6 3.2 6.4 9.6 

Swirl angular velocity, rad/s 0 0.8 1.6 3.2 6.4 9.6 



Table 3. Reaction mechanism to product HO2 species [54,55] 

 Reactions 

1 O2+CH2O<=>HO2+HCO 

2 H+O2+M<=>HO2+M 

3 OH+HO2<=>O2+H2O 

4 H+2O2<=>HO2+O2 

5 H+O2+H2O<=>HO2+H2O 

6 H+O2+N2<=>HO2+N2 

7 OH+H2O2<=>HO2+H2O 

8 HCO+O2<=>HO2+CO 
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