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Abstract 
The onset of autoignition in a transient non-premixed combustion of gaseous fuels 
and its connection with the mixing field has been investigated by simulating the 
behaviour of a reactive diffusive layers named “layerlet”.  
The fundamentals of the associated transport-chemistry interactions are 
emphasized for two different conditions: 
1. Hot Oxidant Diluted Fuel (HODF) conditions, which are representative of low-

heat-value fuel burning in a high-temperature air flow. 
2. Hot Fuel Diluted Fuel (HFDF) conditions, which are representative of fuel 

injected in a high-temperature recirculated flow burning, in turn, in low-
temperature airflow. 

For both cases, the analysis of the reaction zones in mixture fraction space has been 
performed and regime diagrams are presented in which the main characteristic 
times of the autoignition and stabilization processes are reported. These results 
extend the conditions over which the quantitative characterization of the diffusive 
autoignition and flame growth was studied in steady conditions.  
Autoignition occurs usually away from stoichiometry at a “most reactive mixture 
fraction” and the analysis reveal that the most reactive mixture fraction is always 
placed on the high-temperature side with respect to the stoichiometric mixture 
fraction under both MILD combustion conditions. It is also found that the 
autoignition delay time is strictly correlated to the inlet temperature only for HFDF 
conditions, whereas they also depend on dilution level under HODF conditions. 
Finally the influence of the stretch rate on the characteristic times of the process 
was analyzed. 
  
Introduction 
MILD combustion was defined in a conceptual frame that characterizes process 
properties (broadening of heat release zones, depression of pyrolysis regions, 
maximum of heat release rate uncorrelated with stoichiometric position [1-4]) under 
steady conditions. Experimental characterization of MILD combustion processes, 
mainly within conditions of high-temperature diluted oxidants; support such frames 
and enriches them with peculiar features, under steady condition regimes [5-8]. 
In contrast, few studies have been devoted to these topics under unsteady 
conditions, with noticeable exceptions that depict both the basic [9-11] and 
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practical [12,13] aspects of the process. These studies have taken advantage from 
the vast literature on experiments conducted under transient regimes in the 
feedback regimes (e.g., [14]) and autoignition under undiluted conditions (e.g., 
[15]). All these pieces of information are collected in a review paper [16], which 
has standardized the nomenclature and definitions used both in the literature and in 
this paper. 
Unsteady combustion regimes are of interest for many combustion processes 
because they describe part of the stabilization process. A system with internal 
recirculation is one of the possible examples of unsteady combustion process. In 
fact, heated fuel injected in an exhausted flue gas stream with residual oxygen 
present yields Hot Fuel Diluted Oxidant (HFDO) conditions.  
Some of these regimes, specifically HODF and HFDF, are addressed in this paper 
because they can be compared directly with the steady regimes presented in 
previous papers [5,6]. 
The analysis was performed following the same approach. It consists of detailed 
simulations of the thermo-chemical patterns in a dense grid of input parameters 
synthesized in regime diagrams, and it differs from the other approaches only in the 
inlet conditions.  
 
Numerical method and characteristic times 
The study of an unsteady diffusion layer, named “layerlet”, was performed by 
means of the opposed jets configuration. Depending on the pre-heating and/or 
dilution of fuel and/or of the oxidant jets, four cases of inlet conditions can, in 
principle, lead to an oxidative structure related to Hot Diluted Diffusion Ignition 
(HDDI). In this work, attention was focused on the system in which an undiluted 
air stream is always fed in counter-flow toward a nitrogen-diluted methane jet with 
a different fuel molar fraction Xf. Two types of preheating conditions were 
established: 
1. Preheating of the air (room temperature for the fuel), referred to as a Hot 

Oxidant Diluted Fuel (HODF) condition 
2. Preheating of fuel (room temperature for the air), referred to as a Hot Fuel 

Diluted Fuel (HFDF) condition 
The system, schematized in the sketch in Fig. 1, refers to an HODF condition. 
The inlet temperature and velocities are reported throughout the paper with the 
subscript “in” (Tin, vin) when referring to the preheated condition and with the 
subscript “0” when referring to the room-temperature condition. The flow rates of 
the two jets were set such that their kinetic energies were equal and that the 
“average” stain rate on the cold side was fixed at a=100 s-1. 
A structured 2D mesh, generated with Gambit, was used. It consists of 4×1000 
quadrilateral cells with a uniform spacing of 10-5 m. Velocity inlet boundary 
conditions was used to define the flow velocity at the fuel and oxidant inlets, while 
outflow boundary conditions was used to model flow exits. Numerical analysis was 
performed with Fluent [17] by using, as ChemKin-import mechanism [18], the GRI 
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3.0 mechanism [19]. The GRI-3.0 mechanism was implemented without the NOx 
reactions, which resulted in 219 reversible reactions that involved 36 chemical 
species [20, 21].  
The flow regime is laminar, so there is no need to introduce a turbulence model. 
Simulations were performed at atmospheric pressure for a CH4/N2 jet with a fuel 
molar fraction of 1, 0.5, 0.3, 0.15 and 0.07, T0=300 K, and Tin which ranges from 
1000 K to 2200 K. 
 

 
Figure 1. Schematization of the steady unidimensional diffusive layer configuration. 

 
The initial distribution of the mixture fraction, velocity, temperature and species 
mass fractions was set equal to a step function from the inlet values. 
The structure of the reactive zone was analyzed by an evaluation of temperature 
(T) profiles as a function of the mixture fraction (Z) along the axial coordinate of 
the system evaluated on the nitrogen mass fraction, which is conserved in the 
kinetic scheme used in this case. 
The ensemble of T-Z profiles for each preheating and dilution condition allow 
three relevant characteristic times, partially used previously by other authors [16, 
22], to be determined: the minimum ignition time (τign), the temperature-
maximization time (τmax) and the stabilization time (τstab). 
The aforementioned relevant times are reported in Fig. 2 with the associated 
mixture fractions.  
 

 
Figure 2. Characteristic times for P=1 bar and Tin=1400K. 

 
Results and Discussion 
The plots of the combustion regimes, in terms of the maximum allowable 
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temperature increase (ΔΤMax) and inlet temperature of the preheated reactant (Tin), 
are reported in fig. 3 such that they are outlined for both the HODF and HFDF 
regimes under the steady-state conditions reported in previous papers [5,6]. 
The pink, red and blue regions represent the feedback regime, the high-temperature 
combustion processes and the MILD combustion processes, respectively. It is 
worthwhile to note that in Mild Combustion the process cannot be sustained 
without preheating the reactants. In contrast, feedback and high temperature 
combustion satisfy the necessary condition for which a traditional combustion 
process may occur. The black dashed areas are the transitional regions where the 
existence of multiple steady states were identified with ΔΤMax values greater or 
less than ΔΤMax/MILD, as also reported in fig. 3. Isolines at the fixed autoignition 
time (τign), the maximization time (τmax) and the stabilization time (τstab) have been 
drawn on these plots with solid, dashed and dashed/dotted lines, respectively. The 
autoignition-time isolines for the HODF case, shown in the upper part of fig. 3, 
exhibit nearly hyperbolic behaviour with an easily identifiable vertical asymptote. 
These isolines also exhibit a tendency to become more horizontal for inlet-
temperature values. This tendency, in turn, indicates that τign depends only on Tin in 
the high-temperature combustion (red-coloured) region, whereas it tends to depend 
on ΔΤMax and Tin in the MILD combustion (blue-coloured) region.  
 

 
Figure 3. Map of the behaviours under HODF conditions (upper part) and HFDF 

conditions (lower part) for P=1 bar and a=100 s-1. Isolines at the fixed autoignition time 
(τign), the maximization time (τmax) and the stabilization time (τstab) have been drawn with 

solid, dashed and dashed/dotted lines, respectively. 
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It is interesting to note that for inlet temperature lower than those on the left of the 
autoignition isolines at 20 ms, no ignition occurs.  
The behaviour of the characteristic times for HFDF is different with respect to 
those of HODF as reported in the lower part of Fig. 3. In fact, for HFDF, all of the 
times are approximately perpendicular to the abscissa in the MILD combustion 
region, which shows that all of them can be considered to depend only on the inlet 
temperature Tin. In contrast, two of the characteristic times, specifically the 
maximization and stabilization times, bend in the high-temperature combustion 
region (red-coloured region) in such a way that they are dependent on both Tin and 
ΔΤMax. Different from the HODF case, the autoignition time is nearly the same over 
the whole studied region, with a slight dependence only on the inlet temperature, as 
indicated by the vertical isolines. Similar to the HODF case, the overlapping of the 
steady (feedback and no-combustion zone) and unsteady regimes is not perfect in 
the case of HFDF. The two domains differ from the blue dashed area, which partly 
covers the transitional black-dashed area also shown in the upper part of fig 3. 
 

 
 

Figure 4. Characteristic times of the process as a function of the average strain rate. 
 
In order to better understand the effect of the inlet velocity on the process, in Fig. 4 
the trend of the three characteristic times are reported as a function of the average 
strain rate. 
The results show that while the stabilization and maximization times decrease with 
the increase of the strain rate, the ignition time increases with the stretching. 
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Conclusions 
In conclusion, we emphasize that the results presented in this paper support the 
inclusion of an additional property for the characterization of MILD combustion, 
i.e., a property that accounts for the fact that this process can be auto-sustained 
with autoignition. Nevertheless, the whole process must be analyzed not only in 
terms of the autoignition time but also in terms of the evolution of the oxidation. 
The presumed slowness of the autoignition process is not universal because it 
depends on which part of the reactants is under the high-temperature conditions. In 
this respect, the inlet temperature is the controlling parameter in both cases, as has 
been shown in the literature [19], even though the role of the maximum allowable 
temperature increase (i.e., the reactant dilution) needs to be taken into account in 
one of the two cases in which the oxidant is the preheated flow. 
Finally, it is worthwhile to note that the stretch rate plays an important role with 
respect to the relevant times of the process. In fact, by increasing the inlet velocity, 
the minimum ignition time increases while the other characteristic times show an 
opposite trend. 
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