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Abstract 

This study investigates the flame-wall interaction of a two-
dimensional (2D) laminar premixed flame using direct numerical 
simulation (DNS). The flame is excited by velocity perturbations 
at the inlet for a range of forcing frequencies. A single-step 
chemistry model is used to perform the simulations. The wall is 
assumed to be at the same temperature as the fresh gas.  

The flame behavior is closely analyzed by using the contours of 
various parameters. This qualitative inspection is followed by 
determination of the Peclet number (Pe) in each case, in order to 
understand the nature of the flame quantitatively. A combination 
of the qualitative and quantitative methods provide more clarity 
on the various mechanisms involved in the flame-wall 
interaction.  

The flame behavior is found to be different at low, intermediate 
and high frequencies. In particular, the flame behavior at 
intermediate frequencies is interesting as it showed a 
combination of head-on quenching and side-wall quenching 
during the flame interaction with the wall. Also, it can be inferred 
from the results that some conventional wall heat flux analysis 
methods may have to be modified to understand the flame 
behavior completely. The present study is a step towards 
performing a more realistic simulation to eventually account for 
the effects of turbulence and chemistry on the behavior of forced 
flames interacting with walls. 
 
Introduction  

Flame-wall interaction and quenching of flames near walls are 
present in both gas turbines and reciprocating engines. These are 
important phenomena due to their influence on the produced 
emission and fuel consumption. As a result, there is a great 
interest in the research community to better understand the flame 
behavior near walls.  

Accurate experimental studies on flame-wall interaction  
introduce a tremendous challenge because quenching occurs very 
close to the wall and therefore it is difficult to measure the 
parameters of interest accurately [1, 6, 7]. Direct numerical 
simulation (DNS) is an alternative approach that can be used to 
study the fundamentals of flame-wall interaction in 
unprecedented detail e.g. [3, 5, 8, 9]. DNS has been widely used 
to study the influence of various key factors such as turbulence 
and/or chemistry in the context of flame-wall interaction e.g. [8, 
9].  

Early DNS studies on flame-wall interaction were performed for 
premixed flames in a head-on quenching configuration e.g. [9]. 
In this type of configuration, a propagating flame towards the 
wall is quenched when it is within a certain distance, known as 
quenching distance, from the wall. It was generally shown that a 

simple chemistry model is adequate for prediction of the flame 
behavior during its interaction the wall, when the wall 
temperature is below a certain threshold e.g. [11]. However, at 
higher wall temperatures, radical recombination plays an 
important role suggesting the need for using a detailed chemistry 
model.      

Two-dimensional (2D) and three-dimensional (3D) DNSs have 
been also performed to study flame-wall interaction [3, 9]. For 
instance, Poinsot et al. [9] performed 2D DNS of flame-wall 
interaction of turbulent premixed flames. It was shown that the 
maximum heat flux and quenching distance results for turbulent 
cases were of the same order of magnitude in laminar cases. In a 
later study by Gruber et al. [8], the importance of flame 
thickening during flame-wall interaction was highlighted. It was 
also found that coherent turbulent structures have an important 
contribution on the wall heat transfer by pushing the hot products 
towards the wall. By performing a spectral analysis, they related 
the wall heat flux to the dominant time and length scales of these 
coherent turbulent structures.  

Due to the high computational cost of DNS, 3D simulations of 
flame-wall interaction are limited to few cases, e.g. [3, 8]. 
However, laminar flames subjected to velocity perturbation under 
a range of forcing frequencies can be used as an alternative to 
study the transient effects during flame-wall interaction. 
Therefore, the present study aims to investigate this phenomenon 
for an acoustically forced flame using a single-step chemistry 
model.  

  

Numerical Method 

A 2D domain as shown in Figure 1 was used with 800 equally 
spaced grid points in the streamwise direction and 120 grids in 
the transverse direction. The number of grid points was chosen 
such that there are at least 10 grid points within the flame 
thickness. The upper boundary is the wall and is at the same 
temperature as the inlet. Inlet to the domain is at X+=x/Lref=0 
from Y+=0.2 to 1.2, where Lref is the width of the inlet. A 
symmetry condition is applied to the bottom boundary. The flame 
is anchored at  X+=0 from Y+=0 to 0.2, using tanh functions for 
both mass fraction and temperature. A parabolic velocity profile, 
corresponding to ducted laminar flows is induced at the inlet 
from Y+=0.2 to 1.2. Sinusoidal velocity perturbations at 25% of 
the mean inflow velocity are provided at the inlet corresponding 
to St=0.01, 0.015, 0.02, 0.025, 0.03, 0.04, 0.05, 0.1, where 
 St = fLref/cref is the non-dimensional number corresponding to 
the frequency of excitation, f. The variable cref is the speed of 
sound in the fresh gas. Non-reflecting outflow at the left 
boundary was imposed using Navier-Stokes Characteristic 
Boundary Condition (NSCBC) [10]. The flame position was 
defined by the points where the reaction rate is maximum. 



The DNS code NTMIX [4] was used to conduct the simulations. 
NTMIX is a high-order accurate solver that has been used to 
perform DNS of reactive flows using a single step chemistry e.g. 
[2, 12, 13]. It features a sixth-order compact scheme for spatial 
derivatives, combined with a third-order Runge–Kutta time 
integrator. The governing differential equations are as shown 
below [4]: 
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The variable u is the velocity, p is the pressure, 𝜏𝜏𝑖𝑖𝑖𝑖  is the stress 
tensor, q is the heat flux, et is the specific total internal energy, Y 
is the unburnt fuel mass fraction, �̇�𝜔 is the reaction rate, Q is the 
specific rate of reaction, T is the temperature, xi refer to the 
spatial coordinates, t is the time, Bo is the pre-exponential factor, 
𝛿𝛿𝑖𝑖𝑖𝑖  is kronecker delta and ϴ is the reduced temperature. The non-
dimensional parameters used are Re=(cL/ν)ref, Pr=(cpμ/λ)ref, 
Sc=(νD)ref, Le=Sc/Pr, Da=(DΛ/sL

2)ref, sL
*=(sL/c)ref where ν is the 

kinematic viscosity, cp is the specific heat at constant pressure, λ 
is the thermal conductivity, μ is the dynamic viscosity, ρ is the 
density, D is the mass diffusion coefficient, Λ is the reduced pre-
exponential factor, sL is the laminar flame speed, Re is the 
acoustic Reynolds number, Pr is the Prandtl number, Sc is the 
Schmidt number, Le is the Lewis number, Da is the Damkohler 
number, δL is the flame thickness and sL

* is the non-dimensional 
laminar flame speed. The subscript ref refers to unburnt gas 
properties which are treated as the reference condition. T1 and T2 
refer to the temperatures of unburnt and burnt gases respectively. 
The heat release by the flame and the activation energy are 
measured by α and β respectively. The input parameters used in 
the simulation are Re=2000, Le=1, Pr=0.75, sL/cref=0.016, Tb/Tu 
=4, α=0.75, β=8. The variables Tu and Tb refer to the unburnt and 
burnt gas temperatures respectively. These parameters are taken 
for a typical premixed flame simulated in Ref.[9]. 

 
Results and Discussions 
Simple 1D transient simulation was performed initially, for the 
case of head-on quenching. The Peclet number (Pe) defined as 
the distance (y) of the flame from the wall, normalised by the 
reference flame thickness (δL), i.e. Pe=y/δL was calculated. 

Quenching (minimum Pe in the domain) was found to occur at a 
Pe=3.6.  

2D DNS was then conducted for the case of a steady flow. The 
contours of temperature and reaction rate for 2D steady flow are 
shown in Figure 2. The minimum Pe in this case was found to be 
4.35 which is close to that in the 1D head-on quenching.  

At high frequency of excitation (St=0.1), the flame does not 
respond strongly to the incoming velocity perturbations. The Pe 
number varies from 4.35 to 4.6, while the minimum Pe in the 
case of steady flame was found to be 4.35. This is expected as the 
flame position changes slightly in this case.  

At an intermediate frequency of excitation (St=0.025), the flame 
is closest to the wall at t=0, with a Pe of 3.6 which is close to the 
value corresponding to head-on quenching (HOQ), reported 
earlier. At this instant, the flame has a long tail, parallel to the 
wall, making the flame-wall interaction more like a 1D head-on 
quenching.  After extinction of this long tail, the flame starts to 
move backward with Pe number increasing until t=3(T/5). The 
flame then starts to move forward as the forcing of the inlet 
velocity goes into the positive side of the cycle.  As illustrated in 
Figure 4, the flame continues to move away from the wall until 
the Pe number reaches its maximum value of 7. This value 
corresponds to the side-wall quenching (SWQ), as reported in the 
literature [9]. Afterwards, the flame developed a longer tail, 
while moving closer to the wall and the cycle starts again. The 
main observation from the flame behaviour at St=0.025 is that 
flame-wall interaction involves a combination of HOQ and SWQ.  

In the case of low frequency of excitation (St=0.01), the flame 
moves away from the wall from t=0 to t=2(T/5) as Pe changes 
from 4.1 to 5.1, and moves towards the wall from t=3(T/5) 
onwards. At each value of Pe, the flame brushes along the X+ 
direction, which is why there are multiple data points with the 
same Pe number (not all data points are shown for clarity). The 
minimum Pe in this case is 4.1, which is less than the value for 
steady flames (Pe=4.35). This indicates that the flame moves 
closer to the wall than a steady flame. 

 

Figure 2: Contours of reaction rate and temperature (steady flame). 
 

 
Figure 1:The computational Domain. 

 



The time-averaged mean and root mean square (RMS) values of 
wall heat flux (φmean and φrms), for different St, are plotted against 
X+ in Figure 5. For clarity, only the plots of three selected 
frequencies are shown. Decreasing the excitation frequency 
spreads out the heat flux profile. In addition, higher RMS values 
are observed at lower excitation frequencies. This is expected 
since the flame travels a larger distance against the wall as the 
excitation frequency decreases. The RMS values of up to 50% of 
the mean values can be observed at low excitation frequencies 
showing a high level of heat flux fluctuations. The peak of the 
mean heat flux is located downstream of flame whereas the peak 
RMS is located closer to the inlet. 

The variation of wall heat flux φ with time observed at the X+ 
locations corresponding to maximum φmean and φrms were named 
φt, @max mean and φt, @ max rms, respectively. The mean with respect 
to time was deducted from φt, @max mean and φt, @ max rms, expressing 
the fluctuation of these two variables as φ’t, @max mean and φ’t, @ max 

rms. Also, the total wall heat flux φtotal for each time was 
calculated by integrating φ over X+. The mean with respect to 
time was deducted from φtotal, and the fluctuation of total wall 
heat flux, was expressed as φ’total. The Fourier transforms of φ’t, 

@max mean, φ’t, @ max rms and φ’total  were obtained to calculate the 

amplitudes of these fluctuations, as shown in Figure 6. 

The trend observed in this Figure 6 is consistent with what was 
reported earlier in the literature [8]. φ’total shows a stronger 
variation with respect to the excitation frequency compared with 
φ’t, @max mean and φ’t, @ max rms. This suggests that the analysis of 
the wall heat flux at a single point may not be appropriate in the 
case of flame-wall interaction of forced flames. 

Figure 6 shows that at high excitation frequencies, φ’total, φ’t, @max 

mean and φ’t, @ max rms converge to similar small values because the 
flame does not respond strongly to the incoming velocity 
perturbations. At an intermediate frequency, St =0.025, the 
maximum amplitude for the heat flux is observed. In particular, 
φ’total is much higher than φ’t, @max mean. At this frequency, φ’t, 

@max mean and φ’t, @ max rms also show a peak. As discussed earlier, 
both HOQ and SWQ play a role during flame wall interaction for 
this case. At the lowest frequency of excitation, a comparable 
amplitude for φ’total and φ’t, @ max rms is observed. This is expected 
as the flame is mostly brushing against the wall at this frequency. 
Therefore, φ’total will be mainly dominated by φ’t, @ max rms. 

 
Figure 3: Snapshots of reaction rate contours at various times for St=0.01, 0.025 and 0.1 respectively. 

 
 

 

Figure 4: Minimum Pe number (minimum in the domain) vs time for St=0.01, 0.025 and 0.1 respectively. 
 
 



 

Figure 5: Mean and rms wall heat flux vs direction of flow (X+) for 
different St (φs: maximum wall heat flux for steady flame). 

 

 
Figure 6: Amplitude of Fourier transforms of different φ’, plotted in log-

linear scale (φs: maximum wall heat flux for steady flame). 

 
Conclusions 
 
The present work investigated the flame behaviour near walls by 
studying the interaction of unsteady laminar premixed flames 
with a constant temperature wall. Two-dimensional DNSs of a 
forced flame were carried out for a range of excitation 
frequencies. To reduce the computational cost, a single-step 
chemistry model was used. The flame behavior was analysed in 
detail at St=0.01, 0.025 and 0.1. While the flame did not respond 
strongly at high frequency, it showed a brushing action at low 
frequency. The flame behaviour for intermediate frequencies 
showed a combination of head-on quenching and side-wall 
quenching. This behaviour resulted in significantly different 
trend of total wall heat flux from that of the wall heat flux 
calculated using conventional methods. This suggests that more 
consideration must be given to this calculation in order to 
appropriately characterise the flame behaviour. 
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