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Moderate or intense low-oxygen dilution (MILD) combustion is a relatively new technology which 
provides both high fuel-efficiency and low emissions. In this concept, the products of combustion are 
recirculated and mixed with the reactants, resulting in a hot and diluted oxidizer and/or fuel. When the 
preheating is so high that the mixture auto-ignites and the dilution is so high that the temperature increase 
in the combustion chamber is lower than the auto-ignition temperature, the process is called MILD 
combustion [1]. The peak temperature occurring in MILD combustion is considerably lower than that 
of traditional combustion, which suppresses NOx emissions greatly. In addition, the combustion takes 
place in a homogenous manner. 

It is not clear if the flamelet assumption is valid or in particular if flamelet generated manifolds (FGM) 
is applicable to MILD combustion since its characteristics are quite different than conventional 
combustion systems. To assess this, an a priori FGM analysis of MILD combustion was conducted 
using 1D flames. Firstly, the HM1 case of the experiments of Dally et al. [2] was simulated using igniting 
mixing layers (IML) [3]. In the simulation, DRM19 reaction mechanism was used and constant Lewis 
numbers were employed. Later, using the results of the simulation, several FGM tables were created 
with different progress variable (PV) selections. To test the success of each table: PV and mixture 
fraction (Z) were calculated at every grid point and time step in the detailed simulation; parameters like 
species mass fractions, temperature and source term of PV were looked up from the corresponding table; 
these looked up parameters were compared to their calculated counterparts from the detailed simulation; 
an error term for each parameter, Pi, was calculated as: 
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where N is the number of grid points; and the error term is examined as a function of time. The emphasis 
was put on the prediction of source term of PV, since its miscalculation will lead to a wrong look-up 
and thus an inaccurate modeling. The error terms for various PV definitions are given in Figure 1. 

 

Figure 1. The error in predicting the source term of PV for various PV definitions. The vertical black 
line shows the start of the ignition 
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As seen in Figure 1, H2O fails as PV in the pre-ignition region with the huge error terms at the beginning 
of the simulation. This is because while the precursors like HO2 is formed in the pre-ignition period of 
MILD combustion, the product species like H2O do not vary much and hence cannot represent this stage 
of combustion. On the other hand, HO2 can represent the pre-ignition stage successfully, while it fails 
in the oxidation stage due to its consumption and resulting non-monotonicity. Following these findings, 
we have come up with the idea of using different PVs for different stages of combustion; multistage 
FGM (MuSt) method. 

In MuSt approach, every stage of combustion (pre-ignition, oxidation, post-combustion) is represented 
using a different PV. An FGM table is generated for each stage using the corresponding PV, which 
stores the source terms of all the PVs. During the actual FGM simulation, transport equations for all the 
PVs are solved simultaneously. Depending on the values of PVs and the limits of the tables, the table to 
be looked up is determined.  

For the current case, it was determined to use two PVs; one for the pre-ignition and another for the 
oxidation region. HO2 was selected as PV1 and H2O as PV2. The first table was generated until HO2 fails 
to be monotonic, i.e., until its maximum value is reached in Z–space. The second table was generated 
using the flamelets from there on. The value of PV2 is used to determine the switching between the 
tables: if PV2 is smaller than its minimum value in the second table, look up from the first table; else, 
look up from the second table. The a priori analysis was repeated using this formulation and the results 
were promising, as seen in Figure 1. In addition, an actual simulation was performed and the main results 
are presented in Figure 2. 

 

Figure 2. The evolution of the maximum values of PVs in the detailed and multistage FGM 
simulations. The vertical black line shows the start of the ignition. 

Figure 2 demonstrates that MuSt approach is successful in modeling MILD combustion of non-premixed 
type in a 1D setting. It is worth noting that standard FGM calculations using a single PV have either 
numerically failed or have not resulted in any ignition for the current case. 

We have shown here that MuSt method is a promising tool in modeling MILD combustion. It can also 
be used in other areas which include auto-ignition like diesel combustion, or which require emission 
prediction in the post-combustion zone. 
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