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Abstract 
A recently developed direct numerical simulation dataset, is analyzed to 
statistically characterize large scale premixed flames. A premixed flame is a large 
scale flame if its reference hydrodynamic length-scale L is larger than a neutral or 
cutoff length-scale λc for which the Darrieus-Landau (DL) or hydrodynamic 
instability is balanced by diffusive effects. In this work a large scale slot Bunsen 
flame is compared to its small scale counterpart in terms of topology statistics, 
local propagation and straining patterns.  

Background and motivations  
In the context of the investigation of turbulent premixed combustion, direct 
numerical simulation (DNS) is a fundamental research tool from both modeling 
and physical standpoints. However, DNS comes with extremely high 
computational costs ensuing from the multi-scale and non-linear essence of the 
reactive Navier-Stokes equations [1-3]. As a result, the parameter space to be 
explored by DNS needs to be carefully chosen and directly addressed by specific 
theoretical and/or modeling questions [4,5].  A premixed flame is defined as a large 
scale flame if the reference hydrodynamic length-scale L of its particular 
configuration is larger than a neutral or cutoff length-scale λc for which the 
Darrieus Landau (DL) or hydrodynamic instability is balanced by diffusive effects. 
While the reference hydrodynamic length-scale can be easily estimated once the 
configuration is known, the neutral length scale is a function of the mixture and 
thermochemical conditions such as the unburned temperature and pressure. The 
latter can be either estimated by means of DNS or using theoretical model 
dispersion relations [6,7]. It has been assessed that large-scale flames (L>λc) are 
significantly different from their small-scale counterpart (L<λc) in terms of both 
morphological and propagative properties. In fact, both experimental [8-11] and 
numerical [12-17] studies have observed the characteristic cusp-like wrinkling due 
to DL instability in laminar and weakly turbulent settings. Such morphological 
behavior is expected to be mitigated for increasing turbulence intensity and the 
concept of a turbulence-induced DL cutoff as a function of turbulence and 
instability parameters was introduced by Chauduri et al. [18] to confine the 
instability effects to weakly turbulent scenarios. Nevertheless, the mutual 
interaction of turbulence and reactive front remains far to be completely 
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understood in both small and large scale flames [19-21] therefore motivating a 
substantial research effort. Since the investigation of large scale effects in three 
dimensional settings has been limited to weakly non linear models [22, 23] we 
recently presented a set of three dimensional DNS specifically designed for the 
investigation of large scale effects on weakly turbulent flames [24]. In the present 
work we delve deeper into these data, and in particular on the slot Bunsen flame 
configuration, comparing the small and large-scale flames in terms of topology 
statistics, local propagation and straining patterns.  

Formulation and DNS database 
In order to study large scale premixed flames subject to hydrodynamic instability, a 
one-step irreversible Arrhenius reaction is employed with the reaction rate 
determined by the concentration of a deficient reactant. Across the flame the 
deficient reactant is completely depleted while the other reactants concentration 
remains unaltered. This assumption is therefore considering a reacting mixture that 
is sufficiently off-stoichiometric and allow to assume all the transport properties to 
be constant and independent from the deficient reactant concentration. The 
governing equations are made non-dimensional starting from the neutral 
hydrodynamic wavelength λc estimated from analytical dispersion relations as done 
for instance in [16]. The complete derivation of the governing equations is 
described in [16], the only difference in the present work with respect [16] is the 
non-dimensionalization with respect to the cut-off wavelength λc, this resulting in 
δc replacing δ in the governing equations reported in [16].  

The governing equations are numerically integrated using an EoS independent 
version [25] of the massively parallel, spectral element based [26], incompressible 
and low-Mach [27] flow solver nek5000 [28]. This form of the governing 
equations has been used in [24] in order to isolate the effect of L and have a fair 
comparison between small and large scale flames by keeping constant all the 
mixture dependent quantities. In fact, contrary to [16, 17], all the parameters 
involved are function of the mixture only. 

Results  
In the present work we use the three dimensional small scale slot Bunsen flame 
(SB) and large scale slot Bunsen flame (LB) presented in [24] to which the reader 
is referred for DNS configuration details. The set of mixture dependent parameters 
employed is: σ=3, δc=0.0258, Le=1.2, Ze=6.0 and Pr=0.1. The value of δc has been 
estimated using an analytical form [7] and verified numerically. The flames are 
weakly perturbed by homogeneous isotropic turbulence (HIT) superimposed to the 
slot bulk flow with prescribed intensity u'/SL0 =1.1 and integral l0 / λc=0.1.  An 
overview of the flames is shown in Fig. 1, left panel, where an instantaneous span-
wise cut of the Θ field is displayed. It is clearly observable that the LB case is 
characterized by crests and wide troughs as morphological manifestation of the DL 
instability as easily observable in Fig. 1 (right panel). On the other hand on the SB 
flame, shown in scale in the inset of Fig. 1, diffusive effects prevail and DL cusp 
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are not present. Defining the flame normal n as positively oriented toward the burnt 
gases, it has been shown that cusp-like structures can be detected by largely 
negative values of the flame curvature [16]. This concept has been extended [24] to 
three dimensional settings using the mean curvature of the flame which can be 
defined as KM= 1/2 (κ1 + κ2) where κ1 and κ2 are the surface principal components. 
As a result the KM distribution conditioned to c*=0.64, being c the progress 
variable defined as c=1-Y, was found to be negatively skewed.  

Figure 1. Left panel: two dimensional span-wise cut of non-dimensional 
temperature of the large scale slot Bunsen flame LB and the small scale SB (inset, 
same scale). Right panel: 3D visualization of the flame LB. The red iso-surface is 
obtained using a reference temperature value Θ=0.1 and the gray iso-surface using 
the span wise component of the velocity w=0. 

We further analyze the topology statistics of LB and SB conditioned to c* iso-
surfaces by means of the joint pdf's of KM and the Gaussian curvature KG=κ1\ κ2 
which are shown in Fig. 2.  This representation is commonly employed for a 
comprehensive topological analysis [29] and is clearly observable that the complex 
curvatures region (KG>KM2) cannot be realized in practice. The two flames show a 
rather different behavior and, as expected, the bivariate distribution of KM and  KG 
for the LB case shows higher values in the negative KM region and positive  KG.  

Figure 2. Joint pdf's of mean KM and Gaussian KG curvatures of SB flame (left 
panel) and LB flame (right panel). 
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Figure 2: Three dimensional visualization of the large scale slot Bunsen flame (LB). The
red isosurface is obtained using a reference temperature value ✓ = 0.1 and the gray isosurface
using the spanwise component of the velocity w = 0.

Figure 3: Joint pdf’s of mean KM and Gaussian KG curvatures of SB flame (left panel)
and LB flame (right panel).
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This corresponds to cup-concave morphology, hence the wide DL troughs. 
Conversely the same region is less explored by the SB flame which show an almost 
symmetrical distribution for positive  KG. On the other hand in the  KG<0 region 
only slightly negative KM are present which can be tentatively attributed to the 
flame tip ensuing from the slot Bunsen configuration.  The topological differences 
induced by the DL instability have been also shown to be associated to a flame area 
increase and, as a result, to a DL-enhancement (+16\%) of the global consumption 
speed [24]. Locally, flame propagation is conveniently described by the 
displacement speed Sd [30]that in the present formulation it can be defined, based 
on the progress variable field, as: 

and its values are conditioned to the c=ĉ isoline, here chosen as ĉ=0.84 which 
represents the progress variable location where the reaction rate peaks is located. 
The Sd dependence on the particular isoline chosen is mitigated by normalizing it 
with respect to the local density ratioŜd= Sd ρ/ρu as suggested in [30].  Figure 3, in 
the left panel, shows the pdf of the displacement speed for the two cases. The 
distributions highlight that the two flames share a similar statistical behavior, with 
the SB case characterized by a wider pdf. This being caused by higher turbulence 
intensity experienced by the small-scale flame. In fact, although identical HIT 
perturbations and bulk velocity have been imposed, the SB flame is located much 
closer to the burner inlet. In addition, the most expected values of the two cases are 
of similar magnitude and located close to the laminar unstretched flame speed.  In 
order to better analyze local propagation statistics, the displacement speed  can be 
splitted into three terms Sd=Sr+Sn+St, respectively related to reaction rate Sr as well 
as normal Sn and tangential St diffusive contributions, in agreement with [31].   
Figure 3, in the right panel, shows the pdf's of the three components of the flame 
displacement speed for the two cases. It is clearly observable that in both cases the 
tangential term is negligible and the local balance between reaction and diffusion 
that governs the local propagation is mainly obtained trough normal diffusion.  

Figure 3. Probability density functions of displacement speed Ŝd (left panel) and  
its components (right panel) scaled  by the laminar unstretched flame speed SL0. 

Minor differences between LB and SB are obtained for the reactive part, while the 
difference in Sd shown in the left panel of the Fig. 3 can be directly attributed to the 
Sn term behavior. Therefore we can partially conclude that although globally a 
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Figure 4: Probability density functions of displacement speed Ŝd scaled by the laminar
unstretched flame speed S0
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only slightly negative KM are present which can be tentatively attributed to the flame tip
ensuing from the slot Bunsen configuration.

The topological di↵erences induced by the DL instability have been also shown to be
associated to a flame area increase and, as a result, to a DL-enhancement (+16%) of the
global consumption speed [24]. Locally, flame propagation is conveniently described by the
displacement speed Sd [30] that in the present formulation it can be defined, based on the
progress variable field, as:
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and its values are conditioned to the c = ĉ isoline, here chosen as ĉ = 0.84 which represents
the progress variable location where the reaction rate peaks is located. The Sd dependence on
the particular isoline chosen is mitigated by normalizing it with respect to the local density
ratio Ŝd = Sd⇢/⇢u as suggested in [30].

Figure 4 shows the pdf of the displacement speed for the two cases. The distributions
highlight that the two flames share a similar statistical behavior, with the SB case charac-
terized by a wider pdf. This being caused by higher turbulence intensity experienced by
the small-scale flame. In fact, although identical HIT perturbations and bulk velocity have
been imposed, the SB flame is located much closer to the burner inlet. In addition, the most
expected values of the two cases are of similar magnitude and located close to the laminar
unstretched flame speed.

In order to better analyze local propagation statistics, the displacement speed can be
splitted into three terms Sd = Sr + Sn + St, respectively related to reaction rate Sr as well
as normal Sn and tangential St di↵usive contributions, defined as follows [31]:
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significant DL-enhancement has been found, locally LB and SB flames propagate 
in a similar fashion consistently with two dimensional studies [17].   It is now of 
interest to analyze the strain and stretch statistics of the two flames considered 
conditioned to the same progress variable value ĉ.  

Figure 4. Probability density functions of tangential strain rate (left panel) and total 
stretch (right panel).

The tangential strain rate is conventionally expressed as [7] aT = ∇・u-(n・∇ u)・
n and the total stretch rate as K=Sd KM +aT. Figure 4 displays the pdf's of aT and K 
highlighting similar mean and peak values of the distributions between LB and SB. 
This suggesting that in the reaction zone the two flames are similarly strained and 
stretched. However, the small scale flame is observed to experience a wider range 
of strain and stretch values that can be caused by the higher turbulence intensity 
impacting the flame.  

Summary 
Large scale premixed flames have been characterized by means of a statistical 
analysis of a DNS dataset specifically designed to isolate the effect of the reference 
hydrodynamic length. The topological differences between large and small scale 
slot Bunsen flames have been investigated by means of the bivariate distribution of 
mean and Gaussian curvature. Such differences can be mainly attributed to the 
hydrodynamic instability which is promoted in the large scale case in which L is 
greater than λc. The local propagation has been investigated using the displacement 
speed concept and it has shown that large and small scale flames bear close 
similarities. It has been also shown that the two flames investigated are similarly 
strained and stretched and the dual behavior observed at low turbulence intensity in 
two-dimensional studies is less evident in the present 3D setting. Therefore the 
global DL-enhancement of the turbulent burning velocity is confirmed to be mainly 
caused by an increase of the flame area. 
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Figure 6: Probability density functions of tangential strain rate (left panel) and total stretch
(right panel).

Figure 7: Joint probability density functions of tangential strain rate and the mean curva-
ture for the SB flame (left panel) and LB flame (right panel).
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