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Abstract— Direct numerical simulation of autoigniting mixing layers are performed to investigate the turbulence chemistry interaction in jet-in-hot-coflow flames. The results of
these simulations with a skeletal reaction model are analyzed
in composition space. The ignition process appears to follow
a low-dimensional manifold that can be parameterized by
mixture fraction and a reaction progress variable.

I. I NTRODUCTION
The focus of this research is on new combustion concepts,
which produce energy from current and future fuels, with
substantially enhanced efficiency and significantly reduced
pollutant emissions. Going by names such as high efficiency
combustion and flameless oxidation, these new methods
allow the use of recuperated heat in high-temperature processes without the penalty of increased NOx emissions,
and offer the possibility of substantially homogenizing the
temperature field in combustion devices (see, e.g., [1, 2]).
In these combustion systems a high degree of preheating
of the reactants is coupled with a high degree of dilution.
Following [2], we use the term MILD combustion to refer
to these systems.
In MILD systems, combustion takes place in the midst
of turbulent mixing of the reactants. Since the temperature
of the reactants is above that of autoignition, a complex
interplay between turbulent mixing, molecular transport and
chemical kinetics occurs. In order to reveal the fundamental
reaction structures of MILD combustion, high-fidelity numerical simulations are needed in which all scales of turbulent motion are resolved. Combined with detailed chemical
reaction models, direct numerical simulation (DNS) is the
appropriate tool to investigate these phenomena. The drawback of DNS, conversely, is that it is extremely expensive
from a computational point of view.
In the present study, the process of a cold methanehydrogen fuel jet issuing in a hot diluted coflow and
the subsequent ignition process is modeled by DNS of
autoigniting mixing layers using detailed chemistry and
transport models. The conditions are taken to match the
experiments of Dally et al. [3] as close as possible. The interaction between the ignition chemistry and the developing
mixing layer is investigated by analyzing 2D DNS results
in composition space. It is investigated whether the ignition
process proceeds along a lower-dimensional manifold in

composition space, which could be the basis of a reduced
chemistry model.
II. DNS OF AUTOIGNITING M IXING L AYERS
Igniting temporally evolving mixing layers have been
modeled by using DNS. The employed DNS code solves
the governing equations in fully compressible form in
terms of density ρ, velocity u, species mass fractions Yα ,
and temperature T . The viscosity and conductivity of the
mixture are fitted as functions of temperature. The diffusion
of species is modeled by using a constant Lewis number
approach. The Lewis numbers were determined by fitting
the expressions to results of 1D simulations with more
detailed transport models. The chemical source terms are
computed by using the DRM19 reaction mechanism, which
is a reduced reaction set derived from the GRI mechanism
and contains 21 species and 84 reversible reactions [4].
The DNS consists of a temporally evolving, nonpremixed, 2D planar jet flame. A layer of fuel in the
domain center is surrounded by counterflowing oxidizer. In
the streamwise (x) direction, periodic boundary conditions
are applied, while in the cross-stream (y) direction, nonreflecting outlet boundaries are used assuming atmospheric
pressure at infinity. The fuel is a mixture of methane
and hydrogen, equal in volume. The oxidizer consists of
air diluted with combustion products and nitrogen. The
temperature of the oxidizer is 1300 K. The compositions of
the fuel and the oxidizer are chosen to match the conditions
of experiment HM1 in Ref. [3]. The stoichiometric mixture
fraction for these streams is Zst = 6.7×10−3 . The fuel core
width, W , is 2 mm, and the difference in the velocity of the
streams, ∆U , is 67 m/s. Together with the viscosity ν of
the fuel stream, this leads to a Reynolds number of 3850,
which is in the range of the experiments by Dally et al. [3].
A more detailed description of the code and the simulation
setup can be found in Refs. [5, 6].
The DNS results of the two-dimensional turbulent mixing
layer are presented in Fig. 1. The evolution of YH2 and
YH is shown. The contour plots of H2 show the growth
of the shear layer instability. This instability forms vortical
structures which interact and merge. Due to the very small
values of Zst , the stoichiometric isocontours lie at the
outside of the mixing layer and appear to enclose the
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Fig. 2.
Mass fraction of OH as a function of the progress variable
conditioned at Z = Zst . The scatter corresponds to the DNS results at
t = 0.24, 0.26, 0.28, 0.30, 0.40 ms from dark to light gray. The red curve
corresponds to a 1D laminar igniting mixing layer, and the blue curve
corresponds to a homogeneous ignition simulation.

Fig. 1. Mass fraction of H2 (left) and H (middle) and T (right) at
t = 0.2, 0.3, 0.4 ms (top to bottom). The gray scale varies from 0 to
0.111 and from 0 to 4.6 × 10−4 for H2 and H, respectively. The red
dashed lines represent the stoichiometric mixture fraction Z = Zst .

turbulent region. As a result, the reaction layers in these
flames are only mildly influenced by turbulence.
III. L OW-D IMENSIONAL M ANIFOLDS
In order to investigate whether the ignition chemistry
takes place in a lower-dimensional manifold, the DNS
results are analyzed in composition space. Since we are
dealing with a non-premixed system, the mixture fraction Z
is the principal controlling variable to describe the chemical
state. A second parameter is needed to describe the reaction
progress. The question is whether this 2D parametrization
with the mixture fraction Z and a reaction progress variable
Y is enough to describe the chemical state in this system
with a reasonable accuracy, or whether additional dimensions are needed.
In Fig. 2, the mass fraction of OH is plotted as a
function of the progress variable Y conditioned at Z = Zst .
The progress variable is a normalized linear combination
of reaction products. Since we are mainly interested in
the ignition chemistry, logarithmic scales are used in the
plot. The scatter from the DNS appears to collaps on a
single curve. This indicates that there is a strong correlation
between OH and the progress variable and that YOH =
f (Z, Y) apart from some small deviations. These small
deviations can be explained by variations in the scalar
dissipation rate along the stoichiometric isocontour. The
blue and red curves in Fig. 2 represent the correlations in
a homogeneous ignition simulation and in a 1D laminar
igniting mixing layer, respectively. In the homogeneous

simulation, the scalar dissipation rate is zero, while in the
laminar mixing layer it is comparable to that of the DNS
(see [6]). In the absence of gradients the OH mass fraction
is slightly higher, but the states in the 1D mixing layer agree
very well with the DNS results.
When ignition has occurred and a flame has been formed
(t > 0.3 ms), the correlation between OH and the progress
variable becomes much weaker. In this phase of the combustion process a third dimension seems inevitable, but
the ignition chemistry follows a 2D manifold that can be
parameterized by mixture fraction and a progress variable.
Due to the limited interaction of the turbulence with the
reaction layers for the conditions of the flames studied here,
this conclusion may not hold for other conditions with much
stronger turbulence chemistry interaction. The following
steps in this research include the use of this manifold in
the DNS and a validation against the detailed results.
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