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Abstract 
A comparison between experiments, 2D and 3D numerical simulations of large sca-
le premixed flames in moderately turbulent flow fields is presented. Experiments 
are carried out using a Bunsen configuration with different burner sizes and a range 
of propane-air mixtures. Direct numerical simulations are performed using a slot 
burner configuration in both 2D and 3D settings using a simplified one-step chemi-
stry. The range of parameters investigated by both the experiments and the numeri-
cal simulations are chosen by means of linear stability analysis ensuing from the 
asymptotic hydrodynamic theory of premixed flames. This feature is of particular 
relevance in the study of large scale premixed flames that can be influenced by 
Darrieus-Landau (DL) or hydrodynamic instability. The latter is characterized by a 
long wavelength nature and, therefore, it is expected to be ubiquitous in large scale 
combustion devices. Similar statistical trends, in terms of morphology and propa-
gation, are found in both experiments and 2D/3D numerical simulations for hydro-
dynamically unstable flames.  

Introduction 
The interaction between a reactive flame front and a turbulent flow field are com-
monly investigated by means of experiments and numerical simulations. The com-
mon objective of such approaches is improve both the current knowledge and to 
improve the limited predictive capabilities of the currently available combustion 
models [1-3]. In this context, direct numerical simulation (DNS), even if limited by  
the extremely high computational costs, is a fundamental tool for the study of tur-
bulent premixed combustion [4]. Nowadays many research groups are capable of 
investigating turbulent premixed flame using 3D DNS in realistic configurations 
and, concurrently, using detailed chemical kinetic mechanisms [5-7]. This has 
prompted an ever increasing interest toward DNS-oriented experiments, i.e. expe-
rimental configurations that can be simulated by means of currently available DNS 
codes and high performance computing (HPC) infrastructures.  
Substantial differences in the morphological and propagative properties of large-
scale compared to small scale flames have been unveiled in recent investigations. 
The DL instability in large scale flames was observed in both laminar and turbulent 
settings in multiple experimental [8,9] and numerical [10,11] studies. The DL indu-
ced morphology was found to be associated to an increase in flame area and to a 
consequent increase in laminar as well as turbulent propagation speed. 

Mario
Font monospazio
I15

Mario
Font monospazio



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

In the present work we utilize numerical simulations as well as experiments to col-
lect statistics on flame curvature and propagations highlighting DL-induced large 
scale effects on the investigated premixed flames. The qualitative comparison bet-
ween the experiments and 2D/3D DNS shows some common trends and similar 
DL-induced effects. 

Theoretical and Numerical Approach 
To study large scale premixed flames subject to DL instability, we adopt a one-step 
irreversible Arrhenius reaction model in which the reaction rate is determined by a 
deficient reactant. The use of the deficient reactant model enables the coherent use 
of results obtained within the asymptotic hydrodynamic theory of premixed flames 
developed in [12] and in particular the linear stability properties of flames derived 
therein. Operatively we non-dimensionalize spatial variables with respect to a criti-
cal hydrodynamic wavelength λc, which can be estimated from linear stability ana-
lysis [13], while time is non-dimensionalized by λc/SL0. 
A modified version [14,15] of the highly parallel, spectral element, incompressible 
and low-Mach number code nek5000 [16] is used to solve numerically the discreti-
zed system.  

Morphology and global propagation 
Figure 1(a) shows the instantaneous snapshot of 3D simulations for the small, SB 
(left panel) and large, LB (right panel) domain of the slot bunsen, while Figure 1(b) 

shows the experimental flames for two different burner sizes, small (SB) in the left 
panel and large (LB) in the right panel. Figure 2 shows the mean progress variable 
fields for 2D and 3D DNS. In particular the small scale flames with λc/L=0.5 are 
shown in the top panels of Fig. 2, where the flame brushes are comparable for 2D  

Figure 1: Overview of flames computational domains (a) and experiments (b), 
from left to right: small (SB) and large (LB) scale slot bunsen flame.
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and 3D simulations. The slightly different area of the same progress variable iso-
line (c=0.64), produce a difference in the global consumption speed ST,GC, for 3D 
ST,GC/SL0=1.13 and for 2D ST,GC/SL0=1.14. A similar result is also observed for the 
large scale flames with λc/L=2, where the difference of the ST,GC is, for 3D ST,GC/
SL0=1.29 and for 2D ST,GC/SL0=1.35. 
In two dimensional simulations [11] cusp-like formations were detected in terms of 
localized bursts of negative flame curvature (flame normal oriented toward burnt 
gases) conversely moderately positive curvature values were found along the trou-
ghs. The skewness of the flame curvature was thus identified as an unambiguous 
marker of the presence of the DL-instability [11]. In the three dimensional scenario 

Figure 3: Curvature, Mean and Gaussian curvature p.d.f.s for 2D, 3D simulations 
and experiments. Dashed lines are the large scale flames (LB) and solid lines are 
the small scale flames (SB).

Figure 2: Panel (a): mean progress variable fields for large scale (bottom panels) 
and small scale (top panels) flames, left panel 2D and right panel 3D DNS. Panel 
(b): mean progress variable fields for experiments, left panel Φ=0.75 and right 
panel Φ=1.5.
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similar considerations are expected to hold in terms of the mean curvature KM, and 
Gaussian curvature, KG defined as: 

Figure 3 shows the curvature p.d.f.’s for experiments and 2D/3D numerical simula-
tions. In the left panel of Fig. 3 the mean curvature p.d.f.’s are in qualitative agree-
ment with the experiments and 2D results. In the right panels of Fig. 3 the Gaussian 
curvature p.d.f.’s show a qualitative difference with respect experiments ann 2D 
statistical results due to that the Gaussian curvature provides information on the 
overall 3D structure of the surface. 
  
Local Propagation 
The displacement speed Sd concept [17] conveniently describes the local flame 
propagation. This important characteristic of premixed combustion can be defined 
as the propagation speed of a flame relative to the gas and it can be derived from 
the motion of a scalar field isoline described by a level set equation. Using the pro-
gress variable as scalar field, Sd can be expressed as follows:  

where the values are conditioned to the c = c* isoline. The displacement speed in 
Eq. (2) is dependent on the choice of c* and can be rendered independent through a 
normalization with respect to the local density ratio [17], Sd = Sd ρ/ρu. In addition 
Sd can be analyzed [18] by splitting it into a reaction rate and a diffusion contribu-
tion. The diffusion term can be further decomposed into a normal and a tangential 
contribution, respectively Sn and St, being Sr the reactive component:  

In order to investigate the statistical behavior of the displacement speed for both 
2D and 3D flames, the p.d.f.’s of Sd and its components are analyzed. All terms are 
conditioned to the c*=0.84 isoline, which corresponds to the progress variable loca-
tion in which the reaction rate peaks for an unstretched laminar flame with the 
same mixture properties.  
Figure 4, in left panel, shows the Sd  p.d.f.’s for both 2D and 3D simulations, the 
behavior of the local propagation is the same for 3D and 2D DNS. However, some 
three dimensional effects can be observed in terms of a wider p.d.f.’s on both sides. 
The skewed shape of the p.d.f.’s can be attributed to the above unity Lewis number 
resulting in a positive Markstein length, as shown in a dedicated DNS analysis 
[18].  The right panel of  Fig.4 shows the reaction component of  Sd, which is the 
major contributor to Sd, due to the choice of the c-isoline. Figure 4 shows the 
others contributions to the displacement speed, Sn  (left panel) and St (right panel). 
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Substantial differences are found for the reaction and normal diffusion components 
between 2D and 3D simulations. This suggests that progress variable scalar gra-
dients and dissipation rates can influence the flame local propagation in a 3D set-
ting.  

Conclusion 
The 3D computational results are compared with the experiments and 2D results. 
Curvature statistics obtained from both 2D and 3D DNS, show qualitative agree-
ment with the experiments, suggesting that 3D effects on flame curvature and glo-
bal propagation are not pronounced in the investigated conditions. 
Regarding the local propagation for both the 2D and 3D cases, the tangential diffu-
sion component of Sd is shown to be smaller than the reaction, Sr , and normal dif-
fusion, Sn. The values of Sr and Sn in the 2D simulations are found to be larger than 
those in the 3D cases. This effect can be attributed to the evolution of reaction pro-
gress variable scalar gradients. 

Figure 4: Displacement speed Sd and reaction component Sr  p.d.f.’s for 2D 
and 3D simulations. Dashed lines are the large scale flames (LB) and solid 
lines are the small scale flames (SB).

Figure 5: Normal component of the displacement speed p.d.f.’s for 2D and 
3D simulations. Dashed lines are the large scale flames (LB) and solid lines 
are the small scale flames (SB).
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