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Abstract 
Direct Numerical Simulations of three-dimensional lean methane/air flames in a 
spatially developing turbulent slot Bunsen burner are performed. This 
configuration is of interest as it retains selected characteristics of real devices, such 
as turbulent production by mean shear. The jet consist of a methane/air mixture 
with equivalence ratio 0.7 and temperature of 800 K. The simulations are 
performed at 4 atm. The coflow is composed of Argon at the temperature of the 
combustion products. The flame is in the thin-reaction zone regimes and the 
Reynolds number based on the jet width and velocity is 5600. A supporting 
simulation is performed to generate the inflow conditions for the jet.  Chemistry is 
treated with a new skeletal chemical mechanism developed specifically for the 
DNS and consists of 33 species. The macroscopic and microscopic characteristics 
of the flame are analyzed. Due to the inert coflow, the flame starts from a location 
few millimeters above the nozzle. The flame structure is similar to the one-
dimensional premixed flame, while the heat release rate is found to be affected by 
the mixing field.  
 
Configuration & Numerical Methods 
The flame configuration considered is a slot turbulent premixed jet flame 
surrounded by a coflow of Argon at high temperature. This arrangement is similar 
to piloted flames used in experiments [1] and to the configuration of a previous 
study from the authors [2]. 
The jet consist of a methane/air mixture with global equivalence ratio 0.7 and 
temperature of 800 K. The background pressure is 4 atm. The temperature in the 
coflow corresponds to the temperature of the equilibrium state of the unburnt 
reactive mixture (2218 K). The choice of the coflow is made in order to stabilize 
the flame with the hot gas, without affecting NOx production with a coflow 
containing hot nitrogen and nitrogen oxides. The bulk jet velocity is Ub=100 ms, 
while the coflow has a uniform velocity of Uc=15 ms. The slot width is H=1.2 mm, 
and the resulting jet Reynolds number based on the slot width and the jet bulk 
velocity is UbH/ν=5600 (ν is the kinematic viscosity of the reactants). 
The size of the computational domain is 24H in the streamwise (x), 16H in the 
crosswise (y), and 4.3H in the spanwise (z) direction. The jet and the coflow 
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streams are separated at the inlet by walls of thickness H/10. The domain is 
periodic in z, open boundary conditions are prescribed at the outlet in x and no-slip 
conditions are imposed at the boundaries in y. The inlet conditions for the velocity 
field are obtained from four auxiliary simulations of fully developed turbulent 
channel flow. The mesh is uniform in all three directions with a resolution δx=20 
µm, resulting in 1440x960x256=350M grid points. The resolution is such that the 
laminar flame thickness to grid size ratio δL/Δx~6 and in a cell size to Kolmogorov 
scale ratio of  Δx/ηmin<2.  
A supporting simulation is performed to generate the inflow conditions of the 
central jet. The velocity field is extracted from a fully developed turbulent channel 
simulation. The 2D field is sampled at a selected streamwise location in the 
channel and used as the inflow conditions for the main slot burner simulations.  
The simulation is performed using the NGA code. The gas phase hydrodynamics 

are modeled with the reactive, 
unsteady Navier-Stokes equations 
in the low Mach number limit [3]. 
The species obey the ideal gas 
equation of state and all transport 
properties are computed with a 
mixture-average approach [4]. 
Combustion is modeled using a 
new skeletal mechanism developed 
targeting lean premixed methane-
air flame. The skeletal mechanism 
has 33 species and 181 reactions. It 
is obtained from the application of 
the directed relation graph (DRG 
[5]) method on the GRI-3.0 [6] 
detailed mechanism and is tailored 
to the lean conditions of the DNS. 
The mechanism has been validated 
for flame speed and flame structure 
for the target unburnt mixture 
conditions and good agreement was 
obtained.  
Each simulation required 3 million 

CPU hours on 16384 cores of the CRAY XC40 supercomputer ``Shaheen'' 
available at King Abdullah University of Science and Technology. 
 
 
Results 
Four simulations with different level of premixing have been performed. The first 
flame has a fully premixed inlet, while the other three have increasing level of 
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Figure 1: Contour plots of methane mass fraction at 
four different axial locations in the channel flow 
simulation. The fields at x=20H, 30H, 40H, are used 
as inlet conditions for the PPL, PPM, and PPH 
cases. 
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partial premixing (PPL: low, PPM: medium, PPH: high). 
The flame is initially planar near the jet nozzle and shows significant development 
and wrinkling with downstream distance. The flame is strongly wrinkled and the 
scales of wrinkling are characterized by a wide range of sizes. 
Figure 2 shows the contour plots of the mean fields of temperature, axial velocity 
U and OH and NO mass fractions. The analysis of these simulations is carried out 
at selected axial locations: in this way it is possible to reduce the amount of data to 
post-process. These axial locations are showed in Fig. 2 superimposed on the 
temperature contour.  
Due to the inert coflow the flame starts few millimeters above the nozzle exit as 
seen from the mean field of YOH. Where the flame is completely developed, it 
shows the same features of a flame with a coflow composed of burnt product [2], 
hence justifying the use of pure Argon in the coflow to avoid entrainment of NOx 
that would be present in a coflow based on fully burned products.  
An important factor in partially premixed flames is mixing. To account for the 
different inlets, two mixture fractions have been defined, and a characterization of 
the mixing process is somehow necessary. Two mixing processes can be identified: 
(i) one due to the intrinsic nature of the spatially evolving Bunsen configuration, 
where the mixing happens between the jet and the coflow and (ii) one introduced 
by the partially premixed jet inlet where the mixing happens between fuel and 
oxidizer contained in the jet mixture. Figure 3 shows a schematic of these 
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Figure 2: Contour plot of select mean quantities in the XY plane for the fully premixed flame. 
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processes. The mixture fractions are defined in order to isolate the mixing effects 
when needed: Zj is defined based on the fuel mass fraction at the inlet (Zj = YCH4 at 
the inlet); and Zc is 1 in the jet and zero in the coflow.  
In order to understand the influence of the partially mixed jet on the overall mixing 
field, the conditional means and PDF of the mixture fractions at the axial location 6 
are shown in Fig. 4. The jet mixture fraction (Zj) conditional mean indicates that 
increasing the level of partial premixing the average mixture fraction decreases, in 
particular at the flame location (T=1800 K); this implies that the average mixture is 
leaner. The PDF is broader and peaks at lower values when increasing the 
inhomogeneities of the mixture, meaning also that the inlet characteristic is still 
affecting the flow at this axial location. The jet-coflow mixture fraction (Zc) 
conditional means show a similar trend, but the PDF result almost unchanged.  
The joint probability density functions of heat release rate (HRR) and temperature 
in Fig. 5 show that decreasing the level of premixing the fluctuations of HRR 
increase, but the conditional mean of the heat release rate decreases. Moreover the 
conditional means are almost identical to the HRR in a laminar freely propagating 
flame, indicating that the turbulent premixed flames belong to the thin reaction 
zone regime.  
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Figure 3: Conditional mean and conditional 
PDF of mixture fractions Zj and Zc at the 
axial location 6. 

Figure 4: Sketch of the mixing fields and 
mixture fractions definitions. 
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Figure 5: Joint PDF of heat release rate and temperature for the four flames at the axial 
location 6. 

2

4

6

8

10

 800  1600  2400

HR
R

T

Fully Premixed
Cond. Mean
1D

2

4

6

8

10

 800  1600  2400

10-16
10-14
10-12

 800  1600  2400
T

Part. Prem. Low

 800  1600  2400

10-16
10-14
10-12

 800  1600  2400
T

Part. Prem. Medium

 800  1600  2400

10-16
10-14
10-12

 800  1600  2400
T

Part. Prem. High

 800  1600  2400

10-16
10-14
10-12



JOINT MEETING 
THE GERMAN AND ITALIAN SECTIONS 
OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

 
The fluctuations of HRR can be traced back to the inlet inhomogeneities: regions 
with different local equivalence ratio, which can be tracked using Zj will produce 
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Figure 6: Joint PDF of HRR and temperature conditioned at different values of Zj for the four 
flames at the axial location 6. One-dimensional solutions are computed with PREMIX [7]. 
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higher and lower heat release rate. Fig. 6 shows the heat release rate and 
temperature joint PDF conditioned at values of Zj at the axial location 6. For the 
fully premixed flame, the heat release happens mainly at Zj=0.032, which is the 
mean value of Zj at T=1000 K; it is worth noting that the equivalence ratio 0.7 at 
the inlet correspond to Zj=0.03927, and this decrease of Zj is due to the mixing 
between jet and coflow. Increasing the level of partial premixing, the heat release 
rate grows also at different values of Zj. For the PPH flame it is clear that low 
values of heat release rate at temperature greater than 800 K are due to mixture at 
Zj=0.022, while high values of HRR happen for Zj=0.042, i.e. a richer mixture.  
It is worth noting that even if samples at Zj=0.012 are present for the fully 
premixed flame, the heat release rate still follows the 1D profile; this doesn’t 
happen increasing the level of partial premixing.  
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