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Abstract— Dominant physical processes that characterize
the combustion of a lean methane/air mixture, diluted with
exhaust gas recirculation (EGR), under turbulent MILD premixed conditions are identified using the combined approach
of Computational Singular Perturbation (CSP) and Tangential
Stretching Rate (TSR). Applied to the MILD conditions where
the flame structures exhibit nearly distributed combustion
modes, the TSR metric was found to be an excellent diagnostic
tools to depict the regions of important activities.

I. I NTRODUCTION
Developing modern combustion engines needs to address
stringent environmental regulations such as efficiency, pollutants and noise. As a promising approach to achieve
high efficiency and reduced emissions, moderate or intense low-oxygen dilution (MILD) combustion [1] has been
investigated. In MILD conditions, a reactant mixture is
preheated and highly diluted by using exhaust gas or flue
gas to achieve stable combustion and relatively low flame
temperature. This leads to lower thermal NOx formation
and noise, as well as high combustion efficiency.
Previous studies addressed key issues for MILD combustion, such as dominant reaction pathways depending
on different diluent gases at varying dilution levels, and
the morphology of MILD reaction zones exhibiting multimode combustion [2]. However, proper characterization
of the structure of turbulent flames at MILD conditions
may require a significantly different approach compared
to conventional flames depending on the thermochemical
conditions of the reactant mixture.
To this end, the mathematical tools provided by the computational singular perturbation (CSP) [3] method serves
as a systematic tool to analyze the physics involving multiple chemical and transport processes with different time
scales. Furthermore, the tangential stretching rate (TSR) [4],
a unified and extended metric to represent the significance of
the dominant modes, can be employed as a diagnostic tool
to identify various dynamical characteristics of a reactivetransport system. TSR adopts major concepts from the CSP
framework and uses its algorithmic tools in order to identify

the explosive/dissipative states of the system, by accounting
for the effect of all CSP modes.
In the present study, the combined approach of CSP
and TSR and their algorithmic tools are used to analyze
the dynamics of an EGR-type methane/air premixed flame
under MILD combustion conditions, that was previously
simulated in the context of 3D DNS with a complex
chemistry [2]. The objective of this work is twofold: (i) to
investigate the topology of the system, and (ii) to investigate
the effect of turbulence on the system’s dynamics and the
dominant chemical pathways.
II. DNS: C OMPUTATIONAL S ETUP
For the analysis of turbulent MILD flames, we used the
DNS data of a lean methane-air mixture combustion diluted
with exhaust gas recirculation (EGR) [2] in which details of
the configuration and parametric conditions can be found.
III. R ESULTS
Figure 1 shows the spatial distribution of the HCO along
with temperature for DNS data.
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Fig. 1. The mid-z plane spatial distribution of temperature (a) and the
mass fractions of HCO (b) and OH (c) for the DNS case at t = 0.9 ms.

The corresponding TSR behavior on this turbulent MILD
flame field is next investigated. The extended TSR, ΩR+T
is computed including all transport terms (both convective
and diffusive). Figure 2 shows the instantaneous distribution

of ΩR+T and ΩR for the same solution field shown in
Fig. 1. As shown, the reactive TSR ΩR is negative everywhere, indicating that the net effect of all CSP modes
when accounting for solely chemical kinetics is dissipative.
When transport is taken into account, however, there are
regions where ΩR+T becomes positive, suggesting that the
dominant dynamics there is explosive. In this region, one or
more explosive modes are enhanced by transport, leading to
positive ΩR+T .

(a)

The dominant role of turbulent convective transport in the
flame dynamics is further elaborated by the TSR-API metric
in Fig. 4, by comparing HChem , HConv , and HDif f , the
contributions of reaction, convection, and diffusion to the
explosive dynamics of ΩR+T . Again, the contribution of
diffusion is insignificant everywhere. HChem is dominant
in most regions, varying approximately from 50 to 100%.
However, within the explosive ΩR+T regions (denoted by
the isolines), its contribution is reduced and supplemented
by the convective contribution HConv , approximately up to
40%. These results clearly suggest that, although chemistry
is the dominant component of the system’s dynamics, the
turbulent convective transport makes the difference and
becomes important in driving the explosive nature of ΩR+T .

(b)

Fig. 2. The mid-z plane spatial distributions of (a) ΩR+T and (b) ΩR
for the DNS case at t = 0.9 ms.

To further investigate the nature of the explosive dynamics, ΩR+T and the system’s explosive eigenvalue Λe,f are
compared in Fig. 3, along with the heat release rate. As
shown, Λe,f exists in a broader region in the DNS case,
and does not represent the intense heat release region. On
the other hand, ΩR+T in Fig. 2, also overlaid here with the
HRR, appears to be well correlated with the heat release
profiles. This finding suggests that the use of Λe,f alone
as an indicator of the system’s dominant dynamics may
be misleading in describing turbulent flame characteristics.
Furthermore, the main distinct point in the ΩR+T behavior
in DNS is that it becomes dissipative in much of the preheat
zone where (although not shown here) diffusion was found
to drive explosive dynamics in the 1D laminar flames. It is
evident that the additional convective transport associated
with small scale turbulent eddies significantly affects the
flame dynamics.
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Fig. 4. The mid-z plane spatial distributions of the HChem (a), HConv
(b) and HDif f (c) overlaid with the ΩR+T = 0 isoline for the DNS case
at t = 0.9 ms.

Further analysis of the CSP modes with the largest contributions to ΩR+T revealed that the explosive mode is mostly
favored by hydrogen-related reactions and the convection of
CH4 , while in the dissipative modes carbon-related reactions
are found to be the most significant processes. As a result,
the competition between these two different sets of reactions
and the convection of CH4 are identified to be not only the
key processes but also the main reason for the competitive
action of the most important CSP modes, which results in a
limited region of explosive dynamics in the computational
domain, despite the extended existence of explosive modes.
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Fig. 3. The mid-z plane spatial distributions of (a) Λe,f and (b) the heat
release rate [J/(sec × m3 )], overlaid with the ΩR+T = 0 isoline for the
DNS case at t = 0.9 ms.
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