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Abstract 

A challenging strategy to stabilize the oxidation process in novel combustion 

technologies is the exhaust gas recirculation. In such systems the mass and sensible 

enthalpy ratio of recycled exhausted gas represents a key parameter to promote and 

stabilize the oxidation process. 

The chemical/thermodynamic features of the oxidation process were investigated 

by means of a numerical analysis. The process was schematized as a CSTR where 

part of the exhausted gas was recirculated back to the reactor. The stability of the 

process was investigated as a function of the pre-heating temperature and of the 

dilution level of propane/oxygen/nitrogen mixtures for a fixed recirculation ratio. 

On the other hand experimental tests were realized in a small size burner 

characterized by a strong internal recirculation ratio, induced by a cyclonic fluid-

dynamic pattern obtained with the geometrical configuration of the reactor and of 

the feeding system.  

The experimental results suggest that the cyclonic configuration represents a 

challenging choice to stabilize the oxidation process in small-size applications, 

extending the burner operability conditions.  

 

Introduction 

Gas recirculation has been used for a relatively long time to stabilize combustion 

processes in several practical systems. To this aim several configurations have been 

considered based on fluid-dynamic stabilization by swirling or other strongly 

convoluted flow fields [1]. It is well assessed that recirculating heat and/or 

combustion products can have beneficial effects not only on flame stability but also 

on pollutants production. Typical combustion technologies are MILD, HiTAC and 

other regenerative burners (FLOX) [2]. 

One of the main limitations to the large deployment of recirculation based 

combustion devices is the difficulty in stabilizing small scale systems due to the 

increasingly higher heat losses in small scale systems. The goal is to identify a 

suitable configuration and geometries capable of realizing stable, efficient and 

clean combustion processes on small scale. In previous investigations on a small-
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scale cyclone burner [3], the achievement of MILD combustion conditions in 

systems externally diluted in N2 or CO2 was demonstrated and they showed that a 

cyclonic flow motion provided large residence time and enhanced the mixing 

between the reactants. 

 

Burner size and process sustainability  

A numerical analysis will be presented to identifying admissible thermal power for 

burners with internal gas recirculation fed with increasing external dilution levels 

and different pre-heating temperatures. The system was schematized as a CSTR 

and the numerical integrations were performed using ChemKin 3.7 [4, 5] software. 

Pre-heating temperature Tin was changed from 300 K up to 2000 K and the 

nitrogen content XN2 from 0.758 up to 0.98. The numerical results were reported in 

Fig. 1 in a dilution level – thermal power plane, where the iso-preheating 

temperature lines are reported. The thermal power diminishes with both increasing 

the inlet temperature and the dilution level of the mixture. 

In  Figure 1 it is possible to define the following zones: 

I) “no ignition”: Tin and XN2 delineate operating conditions for which no ignition 

occurs 

II) “incomplete combustion”: the ignition/oxidation process occurs but τres<τox  

III) “sustainable”: the ignition/oxidation process occurs and τres > τox 

IV)“hysteresis”: a second stationary steady state for the same operating conditions 

was numerically predicted. 

 

 
Figure 1. Numerical identification of the mixture “pre-heating temperatures- 

dilution level” values to sustain the oxidation process in a constant volume non-

adiabatic system with a fixed recirculation ratio and identification of relative 

thermal power. 
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In Fig. 2 the temperature increment as a function of Tin for air, XN2 = 0.88 and 0.94 

is reported. The “isothermal line” denotes the conditions for which the flow inlet 

and the outlet temperatures are equal, thus no reactions occur. For the air case the 

reactor working temperature (T) remains equal to the inlet one up to 785 K, then 

the mixture ignites and T becomes equal to about 1480 K. As Tin is increased, the 

temperature increment diminished. For Tin < 785 K, a secondary solution was 

predicted. By lowering Tin, it is possible to note that the temperature increment 

increases, because of the mixture thermal power increase.  
 

 
Figure 2. Numerical temperature increment as a function of Tin for air and two 

mixture dilution levels (XN2 = 0.88, 0.94) for a stoichiometric mixture. 

 

Similar results are obtained for XN2 = 0.88 and XN2 = 0.94. The mixture ignition 

temperature (Tin = 800 K) is slightly higher than in the previous case, while the 

temperature increment is less pronounced, because of the higher dilution level. For 

Tin < 800 K, T diminishes as Tin decreases. The system is not able to sustain the 

oxidation process because the low heat release rate does not compensate heat 

losses. For low temperatures no double solution is predicted, resembling a typical 

condition of MILD combustion processes [7]. The numerical analysis here reported 

aims at highlighting the feasibility and usefulness of MILD Combustion in respect 

to the working conditions of interest from a practical point of view (in term of 

power density, residence time, temperature and compositions) toward the burner 

used in the experimental analysis reported in this paper and helps to collocate the 

burner itself within the real applications. 

 

Experimental set-up 

The core of the system [8] is a prismatic (20x20x5 cm
3
) chamber. Two injection 

systems feed the combustion chamber in an anti-symmetric configuration realizing 

a centripetal cyclonic flow field with a top-central gas outlet. The injection system 

is made of a main duct (where a mixture of oxygen and diluent gases is fed) and an 

adjacent smaller duct used to inject the fuel. The main flow can be preheated up to 
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1200 K by means of electrical ceramic fiber heaters, while the fuel is injected at 

ambient temperature. The burner is located within electrical ceramic fiber heaters 

to minimize heat exchange towards the surroundings. The cyclonic burner, made in 

vermiculite, is provided with a set of N thermocouples and an optical access (a 

quartz window). The exhaust gases are sampled using an in house built cooled 

probe and analyzed by means of an inline analyzer and a Gas chromatographic 

system. The burner is designed to have very long residence times to permit the 

complete oxidation of diluted mixtures. The high gas recirculation rates promote 

the attainment of high temperature low oxygen concentration condition required for 

the stable autoignition of MILD mixture. 

 

Results and discussion 

Experimental tests were carried out for C3H8/O2/N2 mixtures varying the inlet 

temperatures of the main flow (Tin) from 500 K to 1100 K and the initial nitrogen 

mole fraction (XN2) from air to XN2= 0.94. The mixture equivalence ratio (Φ) was 

changed from fuel lean to rich values. The flow average residence time was fixed 

at 0.5 s. The results were obtained by using two different operative procedures: the 

“upward” procedure, by increasing the inlet temperature of the oxidizer up to the 

auto ignition one from a chemically frozen state by means of an external preheating 

system, and the downward procedure performed to achieve the reactive conditions 

from a partially or fully burned state by decreasing the inlet temperature of the 

oxidizer, thus identifying a hysteresis behavior, corresponding to different working 

T for the same external parameter set. Figure 3 reports the maximum values of the 

temperatures inside the burner (T) as a function of Tin, and equivalence ratios (Φ) 

at three XN2. 
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Figure 3. Experimental temperature increment as a function of Tin for three 

C3H8/O2/N2 mixtures (with oxidizer stream composed by air or diluted air with 

XN2= 0.88 and 0.94) and for fuel lean, stoichiometric and rich conditions. 

 

As shown in Figure 3, the minimum oxidizer Tin useful to achieve the reactive 

condition varies from Tin= 910 K to Tin= 1010 K, testifying that the ignition occurs 

in a range of 100 K for all the conditions considered. 

These temperature values correspond to the lowest (air) and the highest (XN2=0.94) 

value of the nitrogen molar fraction respectively, at the lowest Φ used. It is evident 

that for a fixed Φ, T measured for air are higher than temperatures achieved for XN2 

= 0.88 and XN2 = 0.94 within Tin range here considered, for both operational 

procedures. 

The results pointed out a challenging and key feature of such combustor based on 

the occurrence of hysteresis behavior. It permits to stabilize MILD combustion 

regimes not achievable from frozen conditions, thus extending the range of 

operative conditions of interest from a practical point of view. 

This is further testified by the curves reported in Figure 4 where the extinction Φ 

(Φext), corresponding to the lowest possible Φ, for a fixed XN2, where stable 

working conditions could be established, is reported as a function of XN2 at three 

inlet temperatures. 
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Figure 4. Experimental identification of Φext as a function of C3H8/O2/N2 mixture 

dilution levels on curves parametric in Tin. 

 

On the same diagram also the Φ corresponding to the low flammability limit (ΦLFL) 

were reported for the three considered temperatures [9]. 

 

Conclusions 

In this work the sustainability of the combustion process, depending on inlet 

mixture pre-heating and dilution level, in a laboratory cyclonic burner is 

experimentally tested. Some general aspects of the oxidation process in the 

cyclonic burner were caught: 

• The temperature increment, due to the heat released during the oxidation 

onset, become, at increasing both pre-heating temperature and mixture dilution 

level, progressively more gradual. 

• Both numerical predictions and experimental tests show the occurrence of 

a hysteresis behavior in the low pre-heating temperature range, thus potentially 

increasing the working range of the system by using a suitable ignition strategy. 

As matter of fact, the kinetic characteristic times (ignition, oxidation) become 

longer under diluted condition, because of low reactants concentration and mixture 

high thermal capacity that limits the temperature increase. Therefore, the 

prolongation of local residence times is beneficial for both the stability of the 

process and the full fuel conversion. 
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