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Abstract 

Nowadays, the development of new combustion technologies is driven by the 

enhancement of fuel flexibility, high efficiency and very low pollutant emissions.  

In this scenario, the Moderate or Intense Low-oxygen Dilution (MILD) 

Combustion technology is a very promising tool. The stabilization of the reactive 

structures under MILD combustion is fulfilled by using internal dilution with large 

amounts of burnt reaction products to avoid the high-temperature regions which 

promote enhanced thermal NOx and CO formation. However, the main obstacle on 

its wide development on an industrial scale is the lack of understanding that the 

scientific community still has into such a combustion technology. In this context, 

the Computational fluid dynamics (CFD) tools could be helpful to the optimization 

and future introduction in practical applications of such systems. A reasonable 

choice for MILD Combustion modelling is to adopt the Flamelet Generated 

Manifold (FGM) model. In this work, it was applied to a novel cyclonic lab-scale 

burner. An analysis of the performances of the model in reproducing the MILD 

conditions for a broad range of dilution of the reactants was conducted. The results 

showed that the role of the internal EGR is crucial in the establishment of the 

typical isothermicity observed in this regime. In fact, for low dilution levels of the 

reactant mixture, the model, is not able to predict the low and more distributed 

reactivity of the system whereas it shows a good agreement for a high dilution at 

inlet.  

 

Introduction 

MILD Combustion regime [1] is based on the concept of burned gas recirculation 

and hence dilution of fresh gases. Temperature and species homogeneity can be 

observed inside the combustor chamber, in addition to the absence of a visible 

flame front, very low pollutants emissions [1, 2]. Such operative conditions are 

usually achieved through exhaust gas recirculation (EGR) techniques [3, 4].  

The main difference between MILD and conventional combustion systems is that 

the former has a strong chemistry/fluid dynamic coupling. Indeed, the two 
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processes have comparable time scales [5], with the local Damköhler number that 

approaches unity [6, 7]. Furthermore, the internal EGR means a high content of 

absorbing and emitting species (H2O and CO2) recirculating in the combustion 

chamber [8], which leads to a non-trivial modelling of the radiative heat transfer. 

These features make the modelling of MILD combustion very challenging and 

interesting for the scientific community. Tabulated chemistry techniques [9, 10] 

were used to model such systems. Among them, the Flamelet Generated Manifold 

model (FGM) [11, 12] is one of the most used and promising. Several works [13–

15] have already considered such approach for the simulation of a MILD 

combustion system. The development of comprehensive modelling tools needs 

active interconnections between experiments and computations. Therefore, an 

experimental and numerical study on a small-scale cyclonic burner [16] operating 

under MILD combustion is reported. Especially, the authors highlighted the crucial 

role of the dilution in stabilizing the peculiar MILD properties inside a small-scale 

configuration, even for different inlet operating conditions. 

 

Experimental setup 

The lab-scale (20x20x5 cm3) MILD cyclonic burner considered in this work was 

already described in previous works [16–18]. In Figure 1, a sketch of the reactor 

section at the midplane, the feeding configuration and the position of the 

thermocouples are reported. N-type thermocouples depicted in Fig. 1 can be moved 

along the y-direction. The burner is located within an electrically heated ceramic 

oven and its walls have a three layers structure made of alumina (99.7% Al2O3), 

Superwool 607 HT and stainless steel 310s (Fig.1). The main oxidizer stream 

(composed by oxygen and diluent) is preheated at 1000 K, whereas the fuel stream 

(methane) was fed at 300 K.  

 
Figure 1. Sketch of the midplane section of the cyclonic burner with the inlet 

configuration and the two movable thermocouples positions. 

 

The pressure was fixed at 1 bar and the inlet overall equivalence ratio is equal to 1 

(stoichiometric conditions). In Table 1 the operative conditions investigated in this 

work are reported. A percentage external dilution level d was defined as the ratio of 



 

42th Meeting of the Italian Section of the Combustion Institute 

the inlet moles of diluent and the overall inlet moles of diluent, oxygen and 

methane. Three values of d were investigated: 71.48 (corresponding to air 

conditions), 80 and 90 %. Furthermore, both N2 and CO2 were used as diluent. 

The fuel jet velocity was fixed at 15.8 m/s whereas the oxidizer jet velocity, Vox, 

was changed in order to guarantee a constant total thermal load of 2 KW. 

Moreover, a mean overall heat loss flux at walls, QW, was estimated. 

 

Table 1. List of the conditions investigated in this study. 

CASE Diluent d (%) Vox (m/s) QW (KW/m2) 

D71a N2 AIR (71.48) 17.78 13 

D80 N2 80 26.2 12 

D90 N2 90 54.2 11 

D71b CO2 AIR (71.48) 17.8 13 

 

Numerical modelling 

In this work, the RANS equations, with the k-ε model, were computed treating the 

turbulence-chemistry interaction with the Flamelet Generated Manifold (FGM) 

model [11] with a presumed β-PDF approach [19]. 

First, the chemistry was solved for one-dimensional (1D) flame configurations by 

means of Flamelet equations [12], and then the related thermochemical quantities 

were tabulated as functions of few controlling variables. The Flamelet equations 

were solved for a premixed flame configuration [11, 12]. The Flamelet equations 

were computed through the specialized solver Chem1D [20], developed at TU/e. A 

unity Lewis number assumption was chosen, whereas the C1C3 POLIMI scheme 

[21] was adopted as a kinetic mechanism. Two controlling variables were chosen: a 

progress variable Y, linear combination of the mole fractions of H2O, CO2 and 

HO2; and a mixture fraction Z, to represent the mixing between fuel and oxidizer 

[18, 22, 23]. Thus, all the thermochemical parameters calculated from Flamelet 

equations were tabulated as a function of Y and Z.  

Afterwards, the effect of the turbulence was considered incrementing the manifold 

dimension from 2 to 4 by using a presumed β-PDF approach [19], following the 

procedure reported in [18]. In this way, both the mean values (100 table points) and 

the variances (11 table points) of Y and Z are considered as controlling variables. 

The RANS equations for controlling variables (mean values and variances of Y and 

Z), mass, momentum and energy were solved using the commercial software 

ANSYS Fluent 18.1 [24]. Grid is composed of about 40000 hexahedral elements. 

The controlling variables steady-state transport equations, the mixing field inside 

the combustion chamber and the boundary conditions were already characterized in 

previous works [16, 18]. The radiation source term in the energy equation was 

calculated using the Discrete Ordinate Method (DOM) [25] to solve the radiative 

transfer equation (RTE). A modified weighted-sum-of-grey-gases (WSGG) model 

with four grey gases and one clear gas was adopted to evaluate the absorption 

coefficient required by the RTE. Wall emissivity was set equal to 0.8. 
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Results and discussion 

In Figures 2 and 3, the predicted temperature profiles along central and lateral 

position, respectively, are compared to experiments for different cases (Table 1). 

 

 
Figure 2. Measured (symbols) and predicted (solid lines) temperatures profiles 

along central position. 

 

The data underline the extreme isothermicity of the system for all the conditions 

investigated, with very small temperature gradients. About the central position 

(Fig. 2), the simulations for cases D71a and D80 are in good agreement, although 

they show an overestimation of about 100 degrees in the near-wall regions (0 < y < 

4 and 16 < y < 20 cm). For cases D71b and D90 such overprediction is strongly 

reduced. The most diluted case (D90), in particular, depicts the best accuracy, 

which corresponds to the more isotherm profile.  

Regarding the lateral position (Fig. 3), the cases D71a and D80 show a higher 

overestimation of the data (more than 200 degrees) and throughout the y 

coordinate, with a peak near the inlet.  

 
Figure 3. Measured (symbols) and predicted (solid lines) temperatures profiles 

along lateral position. 
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The agreement enhances for case D71b since the overestimation is reduced, 

especially for y > 4 cm. Anyway, only the case D90 is able to predict with a very 

good agreement the experimental data along the lateral position. 

Hence, the model can predict with a good agreement the data along the central 

position but not along the lateral one, where there is a consistent overestimation. 

The most diluted case D90 seems to be the only condition with a very good 

agreement along both positions. In general, the increase of the dilution level d 

highly affects the predictions (improving them) of the cyclonic burner. 

To better understand the reasons for such behavior, the contours of the source term 

of Y and the temperature, for different dilution level, are depicted in Figure 4.  

 
Figure 4. Contours of the source term of the progress variable and the temperature, 

for three levels of dilution. 

 

The air-diluted case (D71a) depicts a distributed source term in the zone in 

between the two nozzles, whereas in the more diluted cases (D80 and D90) this 

term has is lower but more extended and concentrated around the oxidizer flow. 

This transition is due to the modifications of the manifold for higher d. On the 

other hand, the stretching of the source terms is related to the higher velocities of 

the oxidizer jet, needed to keep the same thermal power for each case (Tab. 1). The 

same considerations are valid for the thermal field, with the temperature gradients 

lower and the ignition that moves away from the inlet going from D71a to D90. 

 

Conclusions 

According to the model, the central position of the chamber is dominated by the 

heat transfer whereas the reactivity is concentrated in the region near the inlets. 

Indeed, the comparisons with the experiments showed that the temperatures away 

from inlets are well predicted, but along the lateral position only the case with an 
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overall dilution at inlet of the 90% gives a very good agreement. Furthermore, the 

numerical results showed that the decrease of the reactivity tabulated (at inlet 

condition), achieved both by dilution and different diluent, leads to the 

displacement of the reaction zone around the oxidizer jet. In general, the model 

seems not able to predict the reactivity of the burner under MILD combustion (the 

mildened conditions) for slight dilutions at inlet, which means that it cannot 

consider the impact of the internal EGR on the chemistry.  
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