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Abstract 
The present work shows the performance of a cyclonic burner operated in MILD 
combustion. The cyclonic flow was achieved by two pairs of oxidant/fuel jets that 
feed a prismatic combustion chamber in an anti-symmetric configuration thus 
realizing a centripetal cyclonic flow field with a top-central gas outlet. Autoignition 
and stabilization of distributed combustion regimes have been proved to occur 
when a sufficient entrainment of hot species in the fresh oxidant and fuel jets, by 
means of an efficient turbulent mixing, is reached. Experimental campaign has 
been performed for propane/air combustion without external dilution by varying 
the external parameters, namely average residence times of the gases and nominal 
thermal power. Temperature measurements inside the chamber and gas sampling 
analysis were carried out in order to evaluate the operability range of the cyclonic 
burner and its performance. It has been demonstrated that MILD Combustion can 
be achieved in a wide range of operating conditions even operating the cyclonic 
burner without external dilution. In particular, slightly fuel-lean conditions seem to 
be the optimal working point in order to minimize CO and NOx, simultaneously. In 
addition, the sustainability of the process in absence of oxidant flow preheating has 
been demonstrated for several values of the nominal thermal load. It has been 
showed that it is possible to achieve a complete fuel conversion and low pollutant 
emissions for nominal thermal powers lower than 6 kW. Such condition ensures 
very good performance in terms of stable working conditions of the cyclonic 
burner, thermal efficiency and eco-compatibility. It has been shown that the 
cyclonic burner is very flexible, stable and efficient in a wide range of operative 
conditions. 
 
Introduction 
The improvement of the performance in power generation systems, aiming to 
reduce costs, increasing the efficiency and fuel flexibility and reducing pollutants 
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emissions has driven the combustion community to study and develop new 
technologies [1]. 
Among them, MILD Combustion [2, 3] (often identified also as FLameless 
Oxidation-FLOX® [4]) is a rapidly developing technology to obtain high-energy 
savings with enhanced heat transfer combined with the advantages of low pollutant 
emissions and low noise [5] without flame instability phenomena. The operating 
conditions feature a process with a distributed reaction zone, relatively uniform 
temperatures within the combustion chamber, no visible flame, low noise, 
negligible soot formation and very low NOx and CO emissions [6]. Demonstration 
and industrial implementation of MILD or Flameless technologies has been 
realized for furnace applications worldwide where the thermal intensity is very low 
(about 0.1–1 MW/m3-Atm) and large combustion volume is available to achieve 
stable combustion [7]. An effective method to create recirculation zone in small 
scales involves the use of cyclone like configuration. Cyclone or vortex 
combustion chambers have been reported in many forms for gaseous fuels [8]. In 
this context, the present study investigates the performance and stability 
characteristics of a novel Laboratory Unit CYclonic (LUCY) burner operating 
under MILD combustion conditions [9,10]. 
In order to enhance the internal recirculation of burnt gas into the fresh fuel/oxidant 
mixture, a cyclonic flow configuration was chosen, where the outlet of exhaust 
gases is on the top of the chamber. 
The effect of the thermal intensity was investigated by varying the average 
residence time of the system. In particular, under air combustion conditions and for 
a fixed equivalence ratio, the average residence time in this system is directly 
related to the nominal thermal power of the combustor. Such analysis is therefore 
very important for scaling methodologies, in order to ensure that MILD 
combustion mode is achievable in scaled combustors for higher or lower thermal 
intensities. 
 
Experimental set-up 
The cyclonic burner is a prismatic (20x20x5 cm3) chamber [9,10]. 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 
1300 K by means of electrical ceramic fiber heaters, while the fuel is injected at 
ambient temperature. The cyclonic burner, built with an heat-insulating material, 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 flue gas 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 
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stable autoignition of MILD mixture. 
 
Results and discussion 
The results of the experimental campaign performed on the cyclonic burner are 
here presented in terms of working temperatures and pollutant emissions in the 
exhaust gases. 
The experimental campaign was carried, in a first phase, without any external 
dilution (Air condition) and with a preheating level of Tin=920 K, feeding the 
system with a mixture of C3H8 and Air. Afterwards the system was operated in the 
same condition with lower inlet temperatures, at Tin=350 K, close to ambient inlet 
temperature. 
 

 
Figure 1. Temperature as function of the equivalence ratio Φ, for three value of the 
residence time τ and Tin=920 K. 
 
Figure 1 shows the working temperature profiles obtained as a function of the inlet 
equivalence ratio of the mixture Φ for three values of the residence time τ here 
evaluated. In such conditions the nominal thermal power of the system is varying 
between 0 and 5 kW. In particular, three values of the average residence time were 
considered (τ = 0.5 s, τ = 1 s, τ = 1.5 s). Such conditions permit both to achieve the 
cyclonic flow inside the combustion chamber and to obtain the complete oxidation 
of the mixture. As reported in Fig.1, the temperatures inside the cyclonic burner 
vary from 1030 K at Φ = 0.17 to 1300 K at Φ = 1 for τ = 1.5 s, from 1090 K at Φ = 
0.17 to 1450 K at Φ = 1 for τ = 1 s, from 1120 K at Φ = 0.17 to 1600 K at Φ = 1 for 
τ = 0.5 s. The working temperature inside the burner increases both for the 
increment of the equivalence ratio and the decrement of the residence time due to 
the increasing of the nominal thermal power, as expected. 
Figure 2 shows the CO emissions trend varying the equivalence ratio of the 
mixture Φ for three values of the residence time τ. CO emissions are normalized to 
15% O2 in the exhaust, for the whole range of the equivalence ratio. 
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Figure 2. CO emissions as function of the equivalence ratio Φ, for three value of 
the residence time τ and Tin=920 K. 
 
CO emissions at the exit, as reported in Figure 2, rapidly decreases from 5000 ppm 
at Φ = 0.17 to 10 ppm at Φ = 0.9 for τ = 1.5 s. The same trend is observed both for 
τ = 1 s, where CO concentration is 1300 ppm at Φ = 0.17 that lows until 10 ppm at 
Φ = 0.9, and τ = 0.5 s, where CO emissions are 1300 ppm at Φ = 0.17 and decrease 
to 15 ppm at Φ = 0.9. For values of the equivalence ratio higher than Φ = 0.9, CO 
emissions increase for all the residence times here considered. 
NOx emissions are reported in Figure 3, as a function of the equivalence ratio. NOx 
concentrations are very low for all the τ values and the minimum values grow to its 
maximum at Φ = 0.5 and remains quite constant up to Φ = 1. 
 

 
Figure 3. NOx emissions as function of the equivalence ratio Φ, for three value of 
the residence time τ and Tin=920 K. 
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In particular, NOx emissions are negligible from Φ = 0.17 to Φ = 0.5 and 7 ppm 
from Φ = 0.67 to Φ = 1 for τ = 1.5 s. For τ = 1 s NOx emissions are zero from Φ = 
0.17 to Φ = 0.4 and 14 ppm from Φ = 0.5 to Φ = 1. NOx concentrations increase 
from 0 ppm to 35 ppm respectively from Φ = 0.17 to Φ = 0.5 and slightly decrease 
to 30 ppm varying the equivalence ratio up to 1. This behavior is ascribable to the 
lowering of the working temperatures at Φ < 0.5, and to the reburning processes 
occurring for values of the equivalence ratio that are close to the stoichiometric 
values [10]. In addition, further experimental tests have been performed in order to 
investigate the performance of the cyclonic burner with a slight external preheating 
of the inlet flows (Tin=350 K). 
As shown in Figure 4, the cyclonic burner has been performed decreasing the inlet 
temperature of the oxidizer flows to Tin=350 K, parametrically in the nominal 
thermal power for Air condition. It has been considered an equivalence ratio range 
from Φ = 0.6 to 1. In the figure CO and NOx emissions are reported as function of 
the equivalence ratio. It is relevant that both the emissions are kept very low 
despite the very low preheating level of the fresh reactants. 
 

 
Figure 4. CO and NOx emissions as function of the inlet equivalence ratio for Air 
condition and Tin=350 K. 
 
This is a key aspect concerning the sustainability of such combustor for 
technological aspects [9]. Although the cyclonic burner is fed by an oxidizer flow 
at temperatures close to the ambient one, as shown in Figure 4, the CO emissions 
result higher than 100 ppm only for Φ>0.9 and they are higher for the 2kW case. 
Thus, it is remarkable that it is possible to stabilize the process at constant working 
temperature keeping constant the nominal thermal power, that is keeping constant 
the mass flows and so the fluid-dynamic configuration. On the other hand NOx 
emissions are very low in the range of Φ and Pth here evaluated. NOx emissions are 
lower than 20 ppm for the conditions here considered. 
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Conclusions 
In this work the sustainability of the combustion process, depending on the internal 
recirculation of the burned gases (residence time) and the thermal intensity in a 
laboratory cyclonic burner is experimentally tested. Some general aspects of the 
performance of the cyclonic burner were caught: 

• The temperature increment, due to the heat released during the oxidation 
onset, becomes higher by decreasing the residence times. Higher thermal 
powers are attainable. 

• The combustion process can be stabilized with a slight inlet preheating 
level. It is not necessary to externally preheat the inlet flows. 

• CO and NOx emissions are very low in the whole range of experimental 
conditions here evaluated, even increasing the thermal power. 
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