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Abstract

Moderate or intense low oxygen dilution (MILD) combustion is a relatively new technology which combines low emissions

with high efficiency. As the name suggests, it requires high degrees of dilution in addition to preheating of the reactants using

the combustion products. It has been applied to industrial burners for some time, but the complex physical mechanisms are

yet to be resolved to extend the application to other areas. In this study, our aim is to analyze MILD combustion conditions

to reveal the mentioned physical phenomena and their interactions. To this end, direct numerical simulations (DNS) in the

form of autoigniting mixing layers are conducted, and the results are thoroughly analyzed. Conditions used in the simulations

are taken from the jet in hot coflow experiments, which are designed to mimic MILD conditions. Detailed chemistry and

transport models are employed in the numerical tools to fully understand the interactions of turbulence, molecular diffusion

and chemical reactions. In addition, temperature variations due to heat loss effects in the experiments are taken into account.

We have found that the heat loss and preferential diffusion effects are crucial in predicting not only the ignition delay, but

also the flame structures and heat release rates. In addition, it is found that the flame formation is initiated by autoignition

with different ignition delays along the most reactive mixture fraction, instead of a flame propagation following an initial

autoignition spot. The findings of this study will broaden the knowledge on MILD combustion, and provide useful insight in

developing reduced turbulence and chemistry models in the future.
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1. Introduction

In combustion devices, it is desirable to increase efficiency and decrease harmful emissions. Moderate or intense low-

oxygen dilution (MILD) combustion is a promising concept to achieve these goals. The combustion process is considered as

MILD when the preheating is so high that the temperature of the reactants is higher than the autoignition temperature, and

the dilution is high enough that the increase of the temperature in the combustor is less than the autoignition temperature (in

Kelvin) [1]. The efficiency increases because the excess heat in the products is used, and the emissions decrease because the

maximum temperature in the combustion chamber is decreased as a result of the high dilution. In addition, combustion takes

place uniformly and silently, and there occurs no visible flame in the MILD combustion regime [1–3]. It is also referred to as

flameless oxidation (FLOX) [4], or high temperature air combustion (HiTAC) [5] in the literature.

MILD combustion has received increasing attention in the recent years due to its beneficial characteristics like high

efficiency and low emission of the pollutants CO [6] and NOx [7]. There have been several experimental investigations to

mimic and analyze the MILD conditions. One of the most used experimental setups to study MILD combustion is the jet in

hot coflow (JHC) configuration. JHC was studied under both laminar [8, 9] and turbulent [10, 11] conditions. In this type of

burner, a fuel jet is issued into a hot and diluted coflow, and the lifted flame is stabilized by autoignition. In [11], Oldenhof

et al. used natural gas as fuel and the products of a rich-operated secondary burner as oxidizer, which has an oxygen content

of 7-10% by mass. They varied the jet Reynolds number and observed that the lift-off height decreased with increasing jet

Reynolds number due to enhanced entrainment. Dally et al. [10] used methane-hydrogen mixture with equal amounts by

volume as fuel, and changed the oxygen content from 3% to 9% by mass. They found that the peak temperature rises and the

lift-off height decreases with increasing oxygen content.

JHC burners have also been studied extensively by the numerical community. Different Reynolds Averaged Navier-Stokes

(RANS) [12, 13] and large eddy simulation (LES) [14–16] studies were performed under turbulent conditions. De et al. [12]

used eddy dissipation concept (EDC) to simulate the experiments of Oldenhof et al. [11]. They predicted the radial profiles

of temperature and velocity reasonably well, but failed to match the lift-off heights found in the experiments. Christo and

Dally [13] modeled the flame in [10] employing different turbulence and chemistry models. They concluded that the EDC

with the standard k − ε turbulence model produces the best agreement with the experimental results, and differential diffusion

effects should be taken into account. In [14], Kulkarni and Polifke applied a flamelet/progress variable (FPV) approach and

found that the heat losses in the coflow are crucial in determining lift-off height. Afarin and Tabejamaat [15] investigated the

effect of the initial turbulence level in the fuel. They used three different turbulence intensities of 4, 7 and 10%, and obtained

the best agreement with the experimental results using 4% initial turbulence intensity. Ihme et al. [16] employed an FPV

formulation with a three stream approach to account for the outermost cold air stream in the experiments of Dally et al. [10].

They also adjusted the controlling variables to accurately represent the species profile of the coflow. In their computations,
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addition of the third stream yielded satisfactory results in terms of temperature and species profiles.

Although the aforementioned numerical studies have provided valuable information regarding MILD combustion, they

rely on models for turbulence and chemistry, and do not resolve the smallest scales of flow and flame structures. To reveal

the complex physical interaction between turbulence, chemistry, and diffusion; it is required to fully resolve the mentioned

physical phenomena, i.e., a direct numerical simulation (DNS) study must be conducted. Thorough 3D DNS calculations

of autoignition of a fuel jet in a heated coflow were performed by Yoo et al. [17, 18]. In [17], they observed that the main

source of flame stabilization is autoignition, and downstream of the flame base, premixed and non-premixed flames coexist

with autoignition. However, their conditions do not represent MILD combustion since the oxidizer was not diluted. Van

Oijen [19] performed 2D DNS of autoigniting mixing layers representative of JHC burner in [10] and compared the results

with 1D diffusive layer simulation results. His results show that the ignition delay times for the diffusive layer simulations

and the 2D DNS are almost the same, and they are strongly dependent on the preferential diffusion effects. Nevertheless,

real turbulence effects could not be reproduced in his study since the 2D turbulence lacks vortex stretching phenomenon and

has an inverse energy cascade. In addition, heat loss and the resulting non-uniform temperature profile of the coflow were

not taken into account. These two factors can have strong effects on the physics of the problem. To our knowledge, the

only 3D DNSs of MILD combustion were carried out by Minamoto et al. [20, 21]. They simulated a premixed MILD system

whose composition is obtained via 1D laminar flames, and compared the results with a conventional premixed case to examine

differences in flame structures. They concluded that there are strong chemically reacting zones in the MILD regime, but unlike

traditional premixed flames, the reaction layers are not sheet like and they interact with each other. Although their studies

shed light on MILD combustion flame structures for premixed cases, they do not provide any interpretation for spontaneous

mixing and chemistry, which is the case in many MILD systems including JHC experiments.

In the present study, the physical phenomena and their interactions in the MILD combustion were explored by performing

DNS computations with detailed chemistry and constant Lewis number approach. The influence of non-uniformities in the

temperature and species profiles were investigated, and the effects of preferential diffusion were carefully examined. Flame

formation mechanisms and characteristics at the ignition kernels in a MILD combustion system of non-premixed type were

revealed.

In the following parts of the paper; the numerical approach is explained, detailed information on simulated cases is given,

the results are presented and discussed, and finally some conclusions are drawn.

2. Numerical method and simulation setup

In the DNS code [22–24], the governing equations are solved in fully compressible forms in terms of density ρ, velocity

u j, pressure p, species mass fractions Yα, and temperature T :
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where cv is specific heat at constant volume and λ is thermal conductivity of the mixture, σ is stress tensor, Leα and ωα are the

Lewis number and source term of species α. Equation (3) is solved for N − 1 species excluding N2, and diffusion correction

is imposed by
∑

Yα = 1. To account for the diffusion correction in Eq. (4), enthalpy and gas constant for each species are

defined as h′α = hα − hN2 and R′α = Rα − RN2 , and the summation terms are computed for N − 1 species.

As can be seen from Eq. (4), viscous dissipation is taken into account. However, heat flux due to the mass diffusion (Dufour

effect), species diffusion due to temperature gradient (Soret effect), and the diffusion of species due to pressure gradients are

neglected. In order to close the Eqns. (1) - (4), a state relationship is required. In this study, the ideal gas law is used:

p = ρRT
N∑
α=1

Yα/Mα , (5)

where R is the universal gas constant and Mα is the molar mass of species α.

For the calculation of the source termsωα, enthalpies hα and heat capacities cp and cv, the DRM19 reaction mechanism [25],

which includes 21 species (H2, H, O, O2, OH, H2O, HO2, CH2, CH2(S), CH3, CH4, CO, CO2, HCO, CH2O, CH3O,

C2H4, C2H5, C2H6, N2, AR) and 84 reactions, was used. The DRM19 mechanism is a reduced version of the GRI 1.2

mechanism [26], and was tested and validated against the GRI mechanisms in terms of ignition delay and laminar flame

speed. It provides a good compromise between accuracy and computational cost. Thermal conductivity λ and viscosity µ

coefficients of the mixture are computed with simplified relations using the heat capacity and temperature of the mixture:

λ = cp × 2.55 × 10−5
( T
298

)0.71

, (6)
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µ = Pr
λ

cp
where Pr = 0.434 + 1.72 × 10−4T . (7)

Coefficients in Eqns. (6) - (7) and Lewis numbers of species were found by fitting the expressions to 1D simulations

performed with detailed transport models. By using the constant Lewis numbers, the preferential diffusion effects, which were

shown to be significant in [19], were included. It was also found in [19] that the constant Lewis number approach produces

very similar results with multi-component diffusion model including Dufour and Soret effects, which demonstrates that the

simplifications used in this study do not have a significant influence on the results.

For numerical discretization, an implicit 6th order compact finite difference (FD) scheme [27] for diffusive terms, and

a 5th order FD scheme with upwinding [28] for the convective terms are employed. The tri-diagonal system originating

from implicit diffusive terms is solved using the Thomas algorithm. A 3rd order explicit Runge-Kutta scheme is utilized

to calculate the time derivatives. To avoid numerical instabilities at the boundaries, Navier-Stokes characteristic boundary

conditions (NSCBC) [29] are implemented. Periodic boundary conditions in the streamwise and spanwise directions, and

non-reflecting boundary conditions in the transverse direction were used for the simulations conducted in this study.

In the simulations, the temporal evolution of mixing of the cold fuel core and the surrounding hot diluted oxidizer was

computed in both 2D and 3D with various settings. The composition used in the calculations corresponds to HM1 case of

Dally et al. [10], which was shown to be operating at MILD conditions, i.e., the initial temperature is high enough to cause

autoignition and the temperature increase is lower than the autoignition temperature of the fuel [1]. The fuel is composed of

methane and hydrogen equal in volume, and the oxidizer has 3% of oxygen, 85% of nitrogen, 6.5% of water and 5.5% of

carbon dioxide by mass fractions.

In 2D, the simulation domain has a rectangular shape, and this domain is simply extended in the extra dimension in 3D.

The initial flow of the oxidizer and the fuel jet is in x (streamwise) direction, and the radial boundary profiles of the experiment

are mapped on to y (transverse) direction. The profile is kept constant in z (spanwise) direction for the 3D simulations, such

that the configuration corresponds to a slot burner. This choice rather than a circular jet allowed us to make reasonable

comparisons between 2D and 3D. A simple sketch of the configuration is given in Fig. 1. Dimensions of the experiments are

scaled such that the thickness of the fuel layer is 2 mm compared to 4.25 mm in the experiments. The reason for scaling is

to decrease computational costs while still simulating the physical behavior. The resulting dimensions of the computational

domain are given in Table 1.

Between the fuel and oxidizer streams, a relative velocity of 67 m/s is applied, which is in the order of the experiments.

The relative velocity creates the shear layers and triggers mixing of the fuel and oxidizer flows. In the experimental setup,

the fuel stream goes through a relatively long pipe and has a high velocity, and thus it already contains fully developed

turbulent perturbations when it meets the oxidizer. In the current simulations, this condition is modeled by applying an
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Table 1: Computational and turbulence related parameters for the 3D actual profile case. Turbulence related parameters are
calculated at t = 0.8 ms and in the jet core (|y| ≤ 1 mm).

Parameter

Fuel jet width 2 mm
Domain size (Lx × Ly × Lz) 10 mm × 20 mm × 5 mm
Number of grid points (Nx × Ny × Nz) 253 × 505 × 127
Relative velocity between fuel and oxidizer (∆U) 67 m/s
Initial jet Reynolds number 3870
Initial turbulence fluctuations (u′/∆U) 0.05
Reynolds number based on Taylor microscale (Reλ) 186
Turbulence kinetic energy (k) 55 m2/s 2

Kolmogorov length scale (η) 0.024 mm

Figure 1: Not-to-scale sketch of the simulation domain for the 3D actual profile case.
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Figure 2: Initial profiles of temperature and molecular oxygen.

initial homogeneous and isotropic turbulence to the fuel region. In addition to mimicking the experimental conditions,

these perturbations also help develop initial vortices between the fuel and oxidizer. The intensity of the initial turbulence

perturbations is selected as 5%, where the intensity is defined as u′/∆U and u′ is the rms of velocity fluctuation in the fuel.

The computations can basically be split into two: simulations using nominal profiles and simulations using actual profiles.

In the nominal profile cases, initial temperature and species mass fractions are kept constant in the fuel and in the oxidizer.

In the experiments however, the distributions of temperature and species at the burner exit were not uniform, especially in

the oxidizer. To take these uniformities into account, measured experimental profiles for temperature and mass fractions of

species are applied as the initial condition in the actual profile cases. The size of the computational domain in y direction for

the actual profile cases is double that of the nominal profile cases. This is to prevent the ignition spot candidates going out

of the domain prematurely due to longer ignition delay and thus wider jet spreading in the actual profile cases. The initial

distributions of temperature and oxygen mass fraction for both of the profiles are given in Fig. 2.

In addition to the 2D and 3D turbulent mixing layer simulations, laminar 1D diffusive mixing computations were performed

in order to see the behavior of diffusion-reaction phenomenon isolated from turbulence. The 1D simulations were conducted

using both the actual profile and the nominal profile. An extra 1D computation using unity Lewis numbers was carried out for

the actual profile case to observe the effects of a simplified diffusion model.

In total, 6 cases were simulated: 3D with actual profile, 3D with nominal profile, 2D with actual profile, 1D with actual

profile, 1D with nominal profile, and finally 1D with actual profile and unity Lewis numbers. In the results section, emphasis is

on the simulation in 3D with the actual profile since it best represents the real situation in the experiments. Other simulations

provide a comparison for the 3D actual profile case to better understand the physical phenomena, and also show us the

consequences of various simplifications on the results. In Table 1, the computational and turbulence parameters for the 3D

actual profile case are given.

To make sure that the flow scales in the simulations were well captured, Kolmogorov length scale was checked and
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compared to the grid spacing. As seen from Table 1, the grid spacing is approximately 0.04 mm and was kept constant in all

the simulations, and Kolmogorov length scale is computed as 0.024 mm. According to Moin and Mahesh [30], it is enough

to have a grid spacing in the order of Kolmogorov length scale to have a sufficient spatial resolution, which justifies that the

resolution requirement in terms of turbulence is met in the current simulations. To find out if the chemical scales are well

resolved, a grid independency study in 1D was conducted. For the actual profile case, the number of grid points was doubled

and the results were compared with the original ones. The biggest discrepancy was observed as 3% in the peak concentration

of CH2, and for most other species the differences were below 1%, which demonstrates that the chemical scales were well

resolved. For the temporal resolution, the time step should be small enough to capture the acoustic waves since the code is

fully compressible. In the simulations, a constant time step of 10−8s was used and verified by checking the CFL condition.

3. Results and Discussion

In this section, the results of the performed simulations are presented. Before going into detail, contour plots of temperature

and mass fraction of hydrogen at different times are given in Fig. 3 to show how the flame develops. The snapshots are taken

at z = 0 mm and t = 0.1, 0.3, 0.8, and 1.2 ms for the 3D actual profile case. As seen in Fig. 3, firstly the shear layer between

the oxidizer and the fuel trigger the instabilities, then these instabilities grow into vortices. A while later, the fuel core spreads

wider and diffuses into the hotter regions of the oxidizer, starts to dissociate, and finally the ignition occurs.

In the following parts of this section; the effects of using actual temperature and species profiles on the autoignition and

flame characteristics are presented, preferential diffusion effects are discussed, and finally the flame formation mechanisms

and conditions at the ignition sites are demonstrated.

3.1. Heat loss effects

One of the obvious influences of including heat loss would be on ignition delay behavior. To investigate this influence, a

well established ignition delay criterion must be defined. For the cases with the nominal profile, an increase in the temperature

due to ignition will result in an increase in the maximum temperature of the whole domain since the stoichiometric mixture

fraction lies very close to maximum temperature initially. However, for the simulations with the actual profile, this is not the

case and monitoring the maximum temperature of the domain would bias the ignition delay prediction. Temperature increase

conditioned on mixture fraction might be proposed as a solution, but there occurs a big scatter in the temperature field due

to convective mixing in the turbulent simulations, and this leads to local temperature increases in mixture fraction space well

before the ignition starts. Therefore, it is more appropriate to check the ignition using the mass fraction of an intermediate

species.

The H radical is an intermediate species for hydrogen and methane combustion, and therefore can be used as an indicator

of ignition, as proposed by Echekki and Chen [31]. To determine at what mass fraction of H radical the ignition starts,
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Figure 3: Temperature (top) and hydrogen (bottom) fields for the 3D actual profile case at z = 0 mm and t = 0.1, 0.3, 0.8, 1.2
ms from left to right. Temperature ranges from 305 K to 1285 K and mass fraction of hydrogen ranges from 0 to 0.11.
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Figure 4: Ignition delay at different mixture fraction values, obtained using 0D homogeneous reactor simulations. Solid line
represents the ignition delay times based on maximum gradient of temperature, and symbols represent the the time when
YH = 2 × 10−5.

0D homogeneous reactor simulations at different mixture fraction values were conducted. Mixture fraction is defined using

Bilger’s formula [32] as: Z∗ = 2ZC/MC + 0.5ZH/MH − ZO/MO, where Mi is the molar mass of the element i. It is then

normalized as: Z = (Z∗ − Z∗ox)/(Z∗f u − Z∗ox), where Z∗f u and Z∗ox are selected as Z∗max and Z∗min in the initial mixture. Using the

results of homogeneous reactor calculations, the most reactive mixture fraction (ZMR), which is defined as the Z value where

the ignition delay is minimum [33], is calculated as well. Since preferential diffusion effects are taken into account and the fuel

and oxidizer compositions are not constant, the composition corresponding to a specific mixture fraction cannot be determined

assuming unity Lewis number mixing. Hence, a 1D non-reactive mixing simulation of the actual profile case was performed

to obtain the mixing compositions at different mixture fractions. These resulting compositions and temperatures were used as

the initial conditions for the 0D calculations at each Z value. The ignition point in the 0D calculations was defined as the time

at which the maximum gradient of temperature occurs. Resulting ignition delay behavior is given in Fig. 4 by the solid line.

The mixture ignited soonest at a mixture fraction of Z = 2.5 × 10−3, which is smaller than the stoichiometric mixture

fraction of Zst = 8 × 10−3. The H radical mass fraction when the ignition happened at ZMR = 2.5 × 10−3 was recorded as

YH = 2 × 10−5, and this value has been used as an indicator of ignition for turbulent mixing layer simulations. Ignition delay

times based on this definition, which are also shown in Fig. 4 with symbols, are not exactly the same as the ignition delay

based on the temperature gradient, but they follow a very similar trend.

The evolution of maximum H radical in the whole domain, which is given in Fig. 5, shows that the inclusion of heat

loss effects has a large impact on predicting ignition delay. The ignition delay for the actual profile case is almost 4 times

that of the nominal profile in the 3D cases. It is also notable from Fig. 5 that when the nominal profile was used, the 1D

and 3D simulation results for the ignition delay are almost the same. On the other hand, when the real profile was used, the

ignition was delayed much more for the 1D simulations compared to the 3D one. This means that turbulence plays no role in
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Figure 5: Time evolution of maximum H radical level in log scale for different cases. The horizontal line shows the threshold
value for ignition.

the ignition delay when the nominal profiles are used, whereas it accelerates the ignition when the real profiles are used. A

possible explanation for this acceleration is that turbulence helps the hot regions of the coflow to mix with the fuel, causing

hydrogen and methane to warm up, and thus increasing the reaction rates for H radical formation. In the nominal cases on the

other hand, the fuel and the hot regions of the oxidizer are very close to each other and hydrogen immediately diffuses into

these hot regions. As a result, the ignition reactions start too quick that turbulence cannot grow strong enough to affect the

chemistry or diffusion. To test the explanation on how turbulence helps mixing of the fuel and oxidizer in the actual profile

case, the temperature at the maximum H radical location is plotted in Fig. 6. The 3D and 1D cases display a similar trend until

about 0.1 ms, but then the temperature in the 3D case surpasses that of the 1D case. The same behavior is observed for the

maximum H level shown in Fig. 5, which demonstrates that the faster growth of H radical in the 3D case is due to the higher

temperature. Since the H radical build up is due to dissociation of hydrogen and methane, it is verified that turbulence speeds

up the ignition by better mixing the fuel with the hot regions of the coflow. Similar behaviors were observed in [11] and

in [34], where the researchers increased the jet Reynolds number and obtained lower lift-off heights due to better entrainment

of the fuel with the oxidizer.

The difference between the 3D actual and the 3D nominal profile results is not only in ignition delay, but in the flame

characteristics as well. Once the ignition starts, the reactions take place very rapidly in the nominal profile case, whereas it

happens more mildly in the actual profile case. To demonstrate this effect, total heat release in the whole domain per initial

fuel-oxidizer interface area, 1
LxLz

∑nx×ny×nz

i=1 qi, where qi is the heat release rate at each computational cell, is plotted against time

in Fig. 7. Although the maximum values are close to each other, the gradient of heat release with respect to time is almost

three times higher in the nominal case. This is caused by the fact that the ignition is more homogeneous and simultaneous in

the nominal profile case, while it happens in a more distributed fashion in the actual profile case. The difference between the
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Figure 6: Temperature at maximum H radical location for the 3D and 1D actual profile cases.
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Figure 7: Total heat release in the domain per initial oxidizer-fuel interface area as a function of time.

3D and 2D actual profile cases seen in Fig. 7 is elaborated further in Section 3.2.

3.2. Preferential diffusion effects

In his 2D DNS study [19], van Oijen concluded that the preferential diffusion effects are of utmost importance. In this

study, preferential diffusion effects are investigated by analyzing and comparing the 2D and 3D simulation results in order

to assess if his conclusion is still valid in 3D. The distributions of methane and hydrogen around the most reactive mixture

fraction were checked and compared with Le = 1 distribution and 1D diffusive mixing with Le = constant approach. Le = 1

distribution corresponds to extremely turbulent conditions since the turbulent eddies become smaller as the Reynolds number

increases, dominate the mixing process, and cancel the effects of molecular diffusion. On the other extreme, 1D diffusive

mixing represents the conditions where flow and turbulence effects are absent, and the distribution of species is governed

solely by molecular diffusion, which corresponds to a constant Lewis number mixing in this study. Note that the results

12



2 4 6 8 10

x 10
−3

0

0.002

0.004

0.006

0.008

0.01

Z

Y
C

H
4

 

 3D scatter
2D scatter
3D conditional
2D conditional
1D
Le=1 mixing

Z
ST

(a)

2 4 6 8 10

x 10
−3

0

1

2

3

4

5

6
x 10

−3

Z

Y
H

2

 

 
3D scatter
2D scatter
3D conditional
2D conditional
1D
Le=1 mixing 

Z
ST

(b)

Figure 8: Distribution of methane (a) and hydrogen (b) around stoichiometric mixture fraction. Dots represent scatters and
lines with symbols represent average values conditioned on mixture fraction at 0.8 ms for the 3D (black) and 2D (red) cases.
Solid lines are the Lei = 1 mixing and dashed lines are 1D diffusive mixing for the Lei = constant case.

presented in this subsection are only for the actual profile cases.

Figure 8 shows the scatter and the conditional mean in mixture fraction space of the mass fractions of methane and

hydrogen for the 2D and 3D cases, as well as the aforementioned Le = 1 and Le = constant curves. The difference between

the 2D and 3D results is remarkable, with the 2D showing much less scatter than the 3D. In the 2D results, the hydrogen

mass fraction is much higher than the methane mass fraction for the same Z values, although in Le = 1 mixing the situation

is vice-versa. Moreover, mass fractions in the 2D case are very close to the 1D mixing lines, which demonstrates that there

are no strong turbulent fluctuations in 2D to distort the distribution from laminar diffusive mixing. On the other hand, in the

3D case, there is much more scatter for both methane and hydrogen, and the deviation from the 1D mixing is much more

apparent. In addition, the hydrogen and methane mass fractions are comparable (almost the same at stoichiometric mixture

fraction). However, the preferential diffusion effect is still present as the conditional means are quite different than the Le = 1

case. It is also worth mentioning for the 3D case that there are points where the mass fraction of methane or hydrogen is close

to 1D mixing, which means that laminar-like structures still exist despite the turbulent nature of the jet (Reλ = 180); while

there are also regions where the mass fractions are close to Le = 1 mixing, which shows the presence of strongly turbulent

parts.

The reason behind such a big difference in scattering of species for the 2D and 3D simulations is worth more explanation.

Scalar dissipation rate, which is defined as χ = 2D( ∂Z
∂xi

∂Z
∂xi

), might be the cause of the wide scatter in the 3D case since the

variation of χ on a Z = const surface would cause species to diffuse at different rates. To investigate this effect, the probability

density function (pdf) of scalar dissipation rate around Zst = 8 × 10−3 for the 2D and 3D cases are computed and presented in

Fig. 9. It is seen that the scalar dissipation shows a rather peaky behavior in the 2D case, whereas it is more evenly distributed
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Figure 9: Probability density function of logarithm of scalar dissipation rate on the Zst = 8 × 10−3 line/surface for the 2D and
3D actual profile cases at t = 0.8 ms.

in the 3D case. However, the values of scalar dissipation are similar for both of the cases with a range between -1 and 0.5

on a log scale, and thus scalar dissipation rate alone cannot be responsible for such a big difference in species scatter. As

another candidate for the cause of the difference in the species distribution in 2D and 3D, velocity field was examined since

the most important difference between 2D and 3D is in the nature of turbulence. It was observed that the velocity distribution

is quite smooth in the 2D simulation, whereas in the 3D there are fluctuations of various scales. As a representative, the

change of streamwise velocity in the streamwise direction at t = 0.8 ms, y = 1 mm, and z = 0 mm is given in Fig. 10. As

can be seen, there are both small scale fluctuations and large scale changes in the velocity field in the 3D simulation. In the

regions where the velocity scales are large, the species and other scalars tend to follow the laminar distribution, while they

deviate from this behavior as the velocity scales get smaller. As explained before, this is because the mixing by eddies tends

to cancel the preferential effects of molecular diffusion as the eddies become smaller, and distributes the scalars close to the

unity Lewis number mixing. To check whether the eddies are small enough to disturb molecular diffusion in the 3D case,

time scales of turbulence and molecular transport are calculated and compared. Kolmogorov time scale, which is defined as

τη =
√
ν/ε where ν is kinematic viscosity and ε is turbulence dissipation rate, is used as turbulence time scale, and inverse of

scalar dissipation rate is used as diffusion time scale as suggested by Peters [35]. It is found that the minimum time scales of

turbulence and molecular diffusion are in the order of 10−5 s and 10−4 s respectively, and that the turbulence time scale is lower

than the diffusion time scale everywhere in the domain, assuring that the smallest eddies are capable of altering molecular

diffusion effects. In the light of these findings, it can be concluded that the large scatter of species is mostly due to the wide

range of scales in the fluid motion in the 3D calculations.

The difference in the distribution of the species in Z space for the 2D and 3D cases affects the reaction rates of the

corresponding species as well. To demonstrate this effect, the source terms of hydrogen and methane mass fractions at the
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Figure 10: The change of streamwise velocity u at y = 1 mm as a function of position x. The solid line is the 3D results at
z = 0 and the dashed line is the 2D results, both at t = 0.8 ms.

beginning of ignition are given in Fig. 11 for the 1D, 2D and 3D cases. To make a comparison, an additional 1D case with

unity Lewis number approximation was simulated and also shown in Fig. 11. As can be seen, there is a very large difference

between the 1D cases of constant Lewis number and unity Lewis number approximations. In the constant Lewis number case,

the source term of hydrogen is approximately three times that of methane; whereas in the unity Lewis number case, methane to

hydrogen source term ratio is almost equal to their initial mass fraction ratio, which is 8:1. As expected from the distributions

presented in Fig. 8, the reaction rates at the turbulent cases are in between these extreme cases. In the 2D case, the source term

of hydrogen is slightly higher than that of methane, and this difference is anticipated because the mass fraction of hydrogen is

considerably higher than methane around ZMR in the 2D case. On the other hand, in the 3D case, the source term of methane

is a little higher than that of hydrogen. The difference between the 2D and 3D cases can be explained by the fact that the

preferential diffusion effects are less pronounced in the 3D case than the 2D case as explained before, and thus the 3D case

is closer to the Le = 1 case compared to the 2D case. Although the higher methane source term in the 3D case might seem

contradictory to the existence of preferential diffusion, considering that the initial mass fraction of methane is 8 times that of

hydrogen, the source term ratio of approximately 1.5 still shows the presence of preferential diffusion.

Another point which is noticed from Fig. 11 is that the reaction occurs more uniformly along ZMR in the 2D case, while

a more localized behavior is observed in the 3D case. This is mainly due to the aforementioned wide range of velocity scales

and resulting large variation of species mas fraction distributions in the 3D case. In some regions, turbulent fluctuations are

stronger and dominate molecular diffusion effects, and in some other regions turbulence is weaker and preferential diffusion

dominates. Therefore, the ignition occurs with different time delays at different spatial locations. This effect has consequences

on the heat release rate as well, as seen in Fig. 7. The heat release rate in the 2D case increases abruptly after the ignition

starts due to homogeneous combustion along ZMR, while it increases mildly and remains relatively higher in the 3D case due
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Figure 11: Source terms (ωα/ρ) of the fuel components at the instance of ignition for the 1D constant Lewis (a), 1D unity
Lewis (b), 2D (c,d) and 3D (e,f) cases. For the turbulent cases, the source terms for methane (c,e) and hydrogen (d,f) are
presented separately.
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to ignition spots with different time delays. It is also worth mentioning that hydrogen has a small positive source term in some

parts of the domain as most clearly seen in Fig. 11f, which is due to the dissociation of methane.

3.3. Ignition and flame characteristics

In this subsection, the ignition and flame development mechanisms are investigated, and some properties at the initial

ignition kernels are examined. All the results presented in this subsection are obtained from the 3D actual profile case.

It is crucial to understand the flame formation mechanisms in MILD combustion because the design of practical burners

is highly dependent on this information. For this purpose, the ignition sites should be investigated thoroughly. It is already

revealed that the ignition exhibits a spotty behavior in the 3D actual profile case. However, whether the ignition starts as

autoignition at one site and then propagates along ZMR by diffusion of heat and/or species, or the ignition happens everywhere

by autoignition with different ignition delays remains to be determined. To investigate this, Echekki and Chen [31] defined a

Damköhler number as the ratio of species’ source term to the divergence of their diffusion flux, i.e.,

Daα =
ωα

| ∂/∂x j(ρYαV j,α) |
(8)

where V j,α is the diffusive velocity in the j direction and ωα is the source term of species α. Such defined Damköhler number

(Da) would indicate the relative magnitude of reaction compared to diffusion. If Da is much larger than unity at regions not

yet ignited, it means that those regions will autoignite after a while because the reaction rate at that location dominates the

diffusion. If Da is smaller than unity, it might mean that the ignition would be initiated by the diffusion of radicals from a

neighboring ignited region, depending on the direction of the diffusion. In a steady flame, reaction is balanced by diffusion and

Da approaches unity. In this study, the local source and diffusion terms are investigated separately instead of only checking the

Damköhler number, because Da is ill-defined in large portion of the domain due to negligible source and/or diffusion terms.

The H radical is chosen to calculate the source and diffusion terms as it is an intermediate species and the presence of such an

intermediate species can initiate ignition [36]. In [17, 31], water was used instead of the H radical, but it is not an option in

the present study since the coflow already contains a large amount of water.

Figure 12 shows the reaction rate and the divergence of the diffusion flux of H radical at 1 ms (beginning of ignition), 1.1

ms and 1.2 ms for the 3D case at z = 0 mm plane. To separate already ignited regions from the non-ignited ones, the ignition

threshold value of YH = 2 × 10−5 is drawn with a white line. In addition, to give an idea about the mixture fraction values at

the ignition sites, ZMR = 2.5 × 10−3 is shown with a magenta line. In Figs. 12a and 12b, it is seen that there is a very small

ignited region and the source term at that region is much bigger than the diffusion term. But more importantly, the source

terms just outside of the ignition kernel is also much higher than the diffusion term at the ignited region, which means that the

non-ignited neighboring regions will autoignite later on, rather than the initial ignition kernel would trigger them to ignite. In
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addition, the trend of the source term almost coincides with the ZMR curve, indicating that the autoignition occurs around ZMR,

as mentioned in the literature [19, 33, 37]. In Figs. 12c and 12d, it is seen that at 1.1 ms the ignition takes place in a wider

portion of the investigated area as apparent from the H radical lines. Although the difference between the source terms and

the diffusion terms are not as clear as at t = 1 ms, the source term at the neighboring region of the ignition site is still higher

than the diffusion to that region. Finally at 1.2 ms, there remains a small portion along the ZMR isoline where the ignition is

yet to occur, and the source term-diffusion term difference is even less apparent. However, when the tip of the already igniting

regions is examined by checking the vector field for the diffusion flux as shown in Fig. 13, it is noticed that the component of

the diffusion vector along the ZMR is small. Therefore, it can be concluded that the autoignition happens at different locations

with different ignition delays, rather than that the initial ignition propagates along ZMR and ignites other regions. It should

also be noted that even though the new autoignition sites occur close to ZMR, already burning regions move towards higher

mixture fractions as seen in Fig. 12e.

In order to strengthen the conclusion about the flame development mechanism, HO2 mass fractions just before the ignition

starts and 0.1 ms after that were also investigated. HO2 is a precursor for both hydrogen and methane combustion, and can be

used to check if the ignition is caused by autoignition [17, 31, 38]. In an autoigniting system, firstly the precursors like HO2

form, and then these precursors are converted into intermediate species like H and OH as the thermal runaway starts [17].

Figure 14 shows both the H and HO2 radical mass fractions at t = 0.98 ms and t = 1.08 ms in the z = 0 plane. In addition,

ωHO2 = 0 isoline is shown in Fig. 14c with a white contour to illustrate the area in which HO2 is consumed. Although there is

only a tiny region where the ignition is about to start at t = 0.98 ms, HO2 has already been formed in considerable amounts

along ZMR, as can be seen in Figs. 14a and 14b. Figure 14c shows that in the regions where ignition occur (YH > 2 × 10−5),

HO2 begins to be converted to other radicals and products as the negative source term suggests. Yet, it is seen in Fig. 14d that

HO2 builds up at future ignition sites. Note that at t = 0.98 ms, no negative source term of HO2 was observed.

By examining the HO2 radical concentrations and comparing them to that of H radical, the idea that the flame formation

is through autoignition everywhere with different time delays is supported. However, the conditions which cause the varying

ignition delays along Z = const are to be explored. To this end, probability density functions (pdf) of temperature and

scalar dissipation rate along ZMR at the beginning of ignition are calculated. In addition, the conditions at the spots with the

smallest and largest ignition delays (the initial ignition spot and the spot with the least HO2 concentration) are checked. The

resulting behaviors are shown in Fig. 15. It is seen that the temperature has a considerable range along ZMR, and the spot with

the smallest ignition delay is hotter compared to the spot with the largest ignition delay as expected since the temperature

accelerates the reaction rates substantially. However, there are points which ignite later than the initial ignition spot although

their temperatures are higher. This means that the temperature is not the only parameter which determines the ignition delay,

but it is one of the parameters whose combined effort determines the ignition timing. Scalar dissipation is another of these
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(a) Source term, 1.0 ms (b) Diffusion term, 1.0 ms

(c) Source term, 1.1 ms (d) Diffusion term, 1.1 ms

(e) Source term, 1.2 ms (f) Diffusion term, 1.2 ms

Figure 12: Source and diffusion terms of H radical for the 3D case at z = 0 mm plane and at t = 1.0, 1.1, and 1.2 ms. The
white contours show the threshold value of YH = 2 × 10−5 and the magenta lines show ZMR = 2.5 × 10−3.

Figure 13: Diffusion flux vectors of H radical drawn on a zoomed in region of Fig. 12f.
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(a) H, 0.98 ms (b) HO2, 0.98 ms (c) H, 1.08 ms (d) HO2, 1.08 ms

Figure 14: Mass fraction profiles of H and HO2 radicals for the 3D case at z = 0 mm plane, just before the ignition starts and
0.1 ms after. The white contour on the mass fraction of H after 0.1 ms of ignition (c) represents ωHO2 = 0 isoline in which
HO2 is consumed.

parameters since high scalar dissipation causes radicals to diffuse faster and prevent them from accumulating and initiating

the combustion reactions. Figure 15b shows that the scalar dissipation rate is very low along the whole ZMR surface and the

ignition happens earliest at a region close to the lower end of the distribution, but not at the minimum. Nevertheless, it should

be mentioned that Fig. 15 gives information about the instance when the mixture first ignites, but the history of the parameters

prior to ignition are also decisive on the ignition delay.

The formation and accumulation of intermediates like formaldehyde (CH2O) were shown to be important in stabilizing the

flames under MILD conditions [39, 40]. It was also experimentally observed by Medwell et al. [39] that CH2O forms even at

the jet centerline due to partial premixing. To examine its formation and understand its role in the flame stabilization, CH2O

profiles are checked and compared to the observations from [39] qualitatively. In their experiments, Medwell et al. monitored

the flame at an axial distance of 35 mm above the jet exit, but since the mixing layers in the current simulations evolve

temporally rather than spatially, it is difficult judge which time step in the simulations corresponds to the mentioned axial

distance. A suitable candidate can be chosen by matching the other characteristics of the flame in the experiment. Considering

that the mixture ignited, a continuous layer of OH formed, and temperature increase was yet not discernible at the location of

interest in the experiment; it is found that t = 1.4 ms is an appropriate time step to investigate.

Figure 16 shows the mass fractions of CH2O and OH at z = 0 mm and t = 1.4 ms. It is seen that OH has formed in

two separate regions with clear boundaries, whereas the distribution of CH2O is more irregular and random. Although there

are marks of CH2O near the jet centerline, it is not as apparent and strong as in the experiments of Medwell et al. To make

sure this behavior is not unique to the z = 0 mm plane but a general trend, mass fractions of CH2O and OH are averaged

in the x and z directions at t = 1.4 ms, and plotted against y direction in Fig. 17. Consistent with Fig. 16, Fig. 17 shows
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Figure 15: Probability density functions of temperature and scalar dissipation rate along ZMR = 2.5 × 10−3 at the start of
ignition (t = 1 ms). The spots with the maximum and minimum ignition delays are indicated on the top of each figure.

that even though CH2O appears inside the jet core, the peak values occur at the boundaries of the jet, slightly inward to the

peak locations of OH concentration. This agrees with the findings in [34] for all fuels except the C2H4/H2 combination, but

contradicts with [39] where the peak mean CH2O was measured at the jet centerline. The discrepancy with the latter study

can be due to the higher jet Reynolds number in the experimental study compared to the current simulations, which leads to

higher degrees of premixing and more CH2O production as shown in [39, 40]. Another reason for the disagreement might

be slightly different fuel compositions, since the small amounts of higher alkanes contained in natural gas may lead to earlier

formation of CH2O.

To find out if the formation of CH2O inside the jet region is due to O2 penetrating into the fuel and causing partial

premixing as concluded in [39], the conditionally averaged mass fractions of CH2O and O2 on mixture fraction at t = 1.4 ms

are plotted in Fig. 18. It is seen that O2 has permeated well into the fuel side and as a result, CH2O has formed in considerable

amounts in the fuel rich region, with a peak mass fraction occurring at Z = 0.02 (Zst = 0.008). The maximum mixture

fraction at this time level is approximately 0.35, which further demonstrates the degree of partial premixing. These results are

consistent with both experimental observations and laminar calculations of Medwell et al. [39, 40]. It is worth noting that the

decrease in O2 concentration around Zst = 0.008 is due to the consumption of oxygen as result of oxidation reactions.

4. Conclusions

In this study, DNSs of MILD combustion have been conducted in the form of autoigniting mixing layers. The initial

temperature and species composition have been taken from the JHC experiments of Dally et al. [10], which emulate MILD

regime. Constant Lewis number approach for the diffusion model and the DRM19 reaction mechanism for the chemistry have

been employed to explore the interaction of turbulence, chemistry and molecular diffusion in a detailed manner. The effects
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(a) CH2O (b) OH

Figure 16: Mass fractions of CH2O and OH at z = 0 mm plane and t = 1.4 ms.
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Figure 17: Mass fractions of CH2O and OH spatially averaged over x − z planes as a function of y direction at t = 1.4 ms.
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Figure 18: Mass fractions of CH2O and OH conditionally averaged on mixture fraction at t = 1.4 ms.
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of heat loss and preferential diffusion have been investigated, and the flame formation characteristics have been analyzed. In

addition, the 3D DNS results have been compared with the 1D and 2D results in order to both support the findings from the

3D results, and to assess the applicability and accuracy of 2D DNSs, which require much less computational power than 3D

ones. The main conclusions can be summarized as follows:

• Changing the temperature profile from the nominal to the actual has a crucial effect on the ignition delay. Only the

molecular diffusion and chemistry determine the ignition timing in the former, whereas the turbulence has an important

impact through enhanced entrainment of the fuel with the hot parts of the oxidizer in the latter one. In addition, using

the nominal profile results in a more uniform ignition and higher heat release rate.

• Even in the turbulent environment of the 3D actual profile case, the preferential diffusion effects are still present. Due

to the wide range of flow scales, there is a large scatter in species distribution on mixture fraction iso-surfaces, and both

the unity and constant Lewis number behaviors exist.

• The ignition happens by autoignition along the iso-surface of ZMR with different time delays, instead of flame front

propagation following an ignition spot. Therefore, the main flame formation mechanism is autoignition.

• The ignition happens first at the points where the mixture fraction is close to the most reactive value, the scalar

dissipation is low and the temperature is high. The position of the initial ignition spot is not determined solely by

a single parameter, but rather by a combined effect of various parameters and their history throughout the simulation.

• In the 2D case, the variation in species distribution is low due to the lack of small scale flow structures. This causes

more uniform reactions, higher heat release rate and more profound preferential diffusion compared to the 3D case.

Therefore, 2D DNS does not represent the flame accurately and should be used with care.

In future studies, the data from the 3D actual profile case will be further analyzed to determine the applicability of the

flamelet assumption and FGM method to MILD combustion. In addition, suitable sub-grid scale models will be developed to

be used in LES studies.
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