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Introduction 
Mild Combustion is a process defined on the ground of well-identified external 
parameters, namely the temperature of the reactants and the maximum allowable 
temperature increase [1], [2], [3] and [4]. More specifically it includes processes in 
which at least the temperature of a single reactant is higher than the stoichiometric 
ignition temperature of the mixture and the dilution of reactants is such that the 
maximum temperature increase is lower than the difference between the ignition 
temperature and the reference room temperature [1] and [2]. 
A further step toward the overall comprehension of the process is the study of the 
configuration, that is the analogous of the diffusion flame in feedback combustion, 
i.e., the one in which reactants are separated and interdiffuse. In the contest of 
MILD combustion, a not-premixed combustion process is named hot diluted 
diffusion ignition (HDDI) whether heating contributes significantly to the creation 
of an oxidative structure. In such a case, no combustion process occurs without it, 
and dilution is so intense that the maximum temperature attainable in the structure 
is very low. This affects significantly its placement in the mixture fraction domain, 
the reactive structure itself, and the physical and chemical kinetics when compared 
to a diffusion flame process. Different reactive structures compete to different 
combinations of hot, diluted fuel/oxidant flows. The one associated with hot 
oxidant and diluted fuel (HODF) has been extensively studied [5-7], using methane 
as fuel. However, in several practical systems, such as turbine and engines, high 
molecular weight paraffins are used, which are characterized by a more complex 
kinetic with respect to methane. As well known in literature, different kinetic 
routes are active in low, intermediate and high temperature ranges respectively, 
which are characterized by evolution time very different from each other. In 
addition, their competition is strongly affected by oxygen content the in system. In 
this framework, to generalize to different fuel categories the findings and the 
classification of different regimes carried out in previous works, it is necessary to 
extend the analysis of reactive structures stabilized in MILD diffusive conditions. 
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In this work, the reactive structures stabilized in a one-dimensional steady diffusive 
layer obtained from the interaction of a diluted n-heptane flow with a preheated air 
flow have been considered. Preliminary results have been reported discussing the 
effects of air inlet temperature and heptane dilution level. 
 
Numerical method 
The structure of reaction zones developing in a steady unidimensional diffusive 
layer was analyzed by considering the opposed jets configuration. The system was 
schematized in the sketch reported in Fig. 1. The Hot-Oxidant-Diluted-Fuel 
conditions refer to a diluted heptane-nitrogen flow, characterized by an inlet 
temperature (T0), velocity (V0) and a fuel molar fraction (Xf) that is fed toward an 
opposed flow of air at preheating temperature (Tin). Numerical analysis was carried 
out by means of Oppdif application of ChemKin package. San Diego mechanism 
was chosen in the numerical analysis described in the following [8]. 
The structure of reactive zone was analyzed by following temperature and heat 
release rate profiles as a function of mixture fraction (Z). For standard inlet 
conditions, corresponding to undiluted jets, at Tin = T0=300 K, T and heat release 
rate profiles were reported in Fig. 1 with red and blue lines, respectively. 
 

 
Figure 1. Reactive structure for undiluted (Xf=1) standard case. 

 
Results 
The pre-heating of the air as well as the dilution of fuel affects the flame structure 
in dependence of their magnitude. A synopsis of such variations in flame structure 
is reported in Fig. 2 where temperature profiles computed for a pre-heating 
temperature of 1800 K, V0 = 100 cm/s and p = 1 bar, were reported as a function of 
Z on curves parametric in Xf. The temperature profile obtained for Xf = 1, i.e. when 
no dilution is considered, is very similar in shape to the one reported for standard 
conditions in Fig. 1, although it covers a wider range of values. As expected due to 
the preheating, the temperature reaches a higher maximum value of 2550 K for Z = 
0.2, then decreases toward the frozen line. 
The fuel dilution stresses the differences with respect to the standard conditions. 
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For Xf = 0.5 the maximum of temperature profile shifts toward higher Z. The 
subsequent temperature decrease toward the frozen line is smoother than what 
happens in the absence of dilution. 

 
Figure 2. Temperature versus mixture fraction, parametric on Xf at T0=300 K, 

Tin=1800 K, and p=1 bar, for the system C7H16–O2-N2. 
 
The increase of dilution level makes the part of the mixing layer where the 
composition allows for the ignition, shift toward region characterized by lower 
frozen temperature. Therefore, the oxidative structure principally due to the air pre-
heating reduces its strength. 
 

 
Figure 3. Heat release rate versus mixture fraction, parametric on Xf at T0=300 K, 

Tin=1800 K, and p=1 bar, for the system C7H16–O2-N2. 
 
The mixtures with Xf higher than 0.1 show zones in which the temperature is lower 
than the frozen one. This effect is due to the specific heat of the mixture. 
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In Figure 3, heat release rate (Hdot) computed for a pre-heating temperature of 1800 
K, V0 = 100 cm/s and p = 1 bar, were reported as a function of Z on curves 
parametric in Xf. 
The analysis of the numerical results was carried out on the basis of the 
consideration that positive values of heat release are characteristic of oxidation 
reaction occurrence, while negative values suggest the establishment of pyrolytic 
reactions or the overcoming of decomposition reactions with respect to oxidation 
ones. 
For Xf=1 the heat release profile sharply increases up to an absolute maximum at 
Z=0.2 and it reveals a minimum at Z=0.5. As it occurs for temperature profiles, 
fuel dilution augments the differences of heat release rate profiles with respect to 
the one obtained in the standard conditions. 
The pyrolytic region slightly enlarges toward higher Z, although the main effect 
due to dilution is a decrease of the absolute value of the Hdot minimum. This 
behavior is even more evident by decreasing Xf, making the pyrolytic region 
vanish for Xf lower than 0.05. 
Evolution of the oxidative structure becomes more complex by varying the 
dilution. Decreasing Xf it persists to shift toward higher Z following the shift of Zst. 
On the basis of the considerations reported so far, the different shapes of Hdot 
profiles are related to different combustion regimes that can establish in 
dependence of the initial conditions. They can be used for pointing out a 
comprehensive classification by building up a map of behavior on a Tin − ∆T (∆T 
= maximum allowable temperature - frozen temperature) plane where the regions 
corresponding to the different combustion regimes were identified. In Fig. 4 the 
map obtained for K0 = 50 s−1, T0 = 300 K and p = 1 bar was reported. Tin was 
changed from 400 to 2200 K whereas ∆T ranged from 300 to 2200 K. The map 
was divided in four main regions. In the lower left region the “no combustion” 
zone, where the fluid-dynamic and temperatures of the two jets do not allow the 
combustion to take place, is reported. The upper left part of the map, i.e. the 
“feedback combustion” region, identifies the conditions in correspondence of 
which traditional flame structures stabilize. In this case the maximum of the heat 
release rate occurs for Z very close to the stoichiometric value and the oxidative 
region is followed by a well-defined pyrolytic region. The “high temperature 
combustion” area, in the upper right part of the map, is the region where very high 
maximum temperatures are reached due to the pre-heating and the flame structure 
can be assumed to be similar to the rough structure of “feedback combustion”. 
Therefore, both an oxidative and pyrolytic regions are present in the heat release 
profiles that in this case show two maxima in correspondence of the oxidative 
region. 
The lower left area of the map, namely the “MILD” zone represents the condition 
in which the diffusive structure no longer exists in its standard aspect. In this 
combustion regime only the oxidative structure is visible in the heat release 
profiles. 
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As it will be better discussed in the following, the boundaries among the different 
regimes are represented by transitional regions where the behavior of the system 
can not definitely associated to one controlling process but it has to be analyzed 
with more detail. Finally a low reactivity zone has been identified in the MILD one 
as the sub-area in which low n-heptane conversion occurs. 
 

 
Figure 4. Combustion regimes at p=1bar, Tin=300K and K0=50 s-1 

 
Discussion and Conclusions 
The results carried out using n-heptane as fuel confirm the occurrence of the main 
characteristic behavior of reactive structures stabilized in presence of dilution and 
pre-heating. In addition, they well agree with previous kinetic works pointed out on 
the same configuration [9, 10]. More specifically, a change of spatial distribution 
of heat release is associated to oxidant temperatures higher than the auto-ignition 
temperature of homogeneous charge for a characteristic time comparable to the 
convective characteristic time of the system. The most striking change related to 
pre-heating and dilution is the broadening of heat release profiles in the mixture 
fraction plot, which entails also a broadening of the spatial region where the heat 
release occurs. This result supports the conceptual model of “distributed oxidation” 
in contrast to the thin flame in the mixture fraction domain.  
High Temperature Combustion and MILD regimes are extended to a well-defined 
boundary that separates the two regions. This consists of the loci where a negative 
heat release, i.e. a pyrolytic region, is present or not present on the rich side of 
stratified charge. 
The transition from Feedback Combustion to High Temperature Combustion 
occurs through a region of the parameter plot, in which both a high and low 
conversion solutions are present. It is clear that the high conversion solution is 
related to the extinction of Feedback Combustion and the low reactivity solution is 
related to continuous enhancement of the heat release of the autoignition solution 
of the High Temperature Combustion with the temperature increase. 
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The transition from the “No-Combustion” region to the MILD Combustion one 
occurs in a more gradual way passing through a region where heptane is 
increasingly more converted by oxidation by increasing the air temperature. This 
reflects also the behavior of the system in terms of increase of stretch rate, which is 
not shown in the paper. In fact no abrupt transition from combustion/no 
combustion conditions has been identified in the explored regimes.  
The preliminary results presented in this paper show that the main features 
identified in MILD conditions do not depend on the fuel considered. A future 
comparative analysis of reaction flow could be useful to confirm such a 
consideration. 
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