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Abstract

Hydrodynamic or Darriues-Landau (DL) instabilities in weakly turbulent Bunsen flames are numerically
investigated under low-Mach number assumptions and a simplified deficient reactant thermochemistry. The
DL instabilities are responsible for the formation of sharp folds and cusps in the flame front. Varying
the ratio between the flame thickness and the Bunsen diameter the cut-off wavelength is modified and the
instabilities induced. It is shown that stability criteria developed in the framework of asymptotic theory for
planar flames can adequately predict the behavior of turbulent premixed flames in Bunsen configurations.
A statistical characterization of flame morphology in the presence/absence of hydrodynamic instability is
given in terms of flame curvature. Similar flame conformations were obtained in a recent experimental
work. The statistical analysis highlight that the skewness of the flame curvature probability density function
is a consistent marker of the instability presence and two different turbulent modes of flame propagation are
identified.

1. Introduction

Premixed combustion is commonly encountered in many practical combustion devices from domestic to
industrial burners. The premixed combustion processes can be largely influenced by the onset of Darrieus-
Landau (DL) hydrodynamic instabilities [1]. In large scale combustion devices DL instability is expected
to be often present given its long wavelength nature. The impact of DL instabilities were experimentally
investigated mainly in the wrinkled flamelet regime [2, 3, 4, 5, 6, 7, 8] while a number of numerical stud-
ies [9, 10, 11, 12] focussed on the role of DL instability in deriving scaling laws for the turbulent flame
speed S T . Two very distinct turbulent modes of flame propagation were identified and described for planar
premixed flames, denoted by the presence or absence of DL instability.

In a recent experimental work [13] evidence for this dual behavior within the wrinkled and corrugated
flamelet regimes was conjectured using a propane-air Bunsen flame. The existence of an equivalence ratio
range within which flames exhibit DL instability was predicted analytically for planar flames and then
observed experimentally for bunsen flames. Moreover the flame front morphology was characterized in
terms of curvature p.d.f. and its skewness assessing the presence of DL structures coexisting with the active
turbulent wrinkling.

Email addresses: pasquale.lapenna@uniroma1.it (P.E. Lapenna), francesco.creta@uniroma1.it (F. Creta)

antonio w7
Font monospazio

antonio w7
Font monospazio

antonio w7
Font monospazio

antonio w7
Font monospazio
II1.1



In the present work a low-Mach number formulation with a deficient reactant approach is implemented
in nek5000 [14] a highly-scalable incompressible flow solver, in order to simulate the propagation of turbu-
lent premixed flame and hydrodynamic instabilities in the less investigated Bunsen configuration. In order
to induce DL instabilities the ratio between the flame thickness and the Bunsen diameter is modified within
a range analytically derived for planar flames and induce DL instability. A parametric statistical analysis
is carried out to confirm that the skewness of the flame curvature probability density function can be con-
sidered a consistent marker of the instability presence. Finally the influence of instabilities on the mean
profiles and on the turbulent flame speed is investigated.

2. Theoretical and numerical formulation

In the low-Mach number limit the governing equations of a flow can be recast filtering out the acoustic
waves propagation [15]. This allows an efficient integration of the equations while density variations caused
by heat release and composition changes are fully taken into account [16]. Assuming that reacting mixture
is sufficiently off-stoichiometric, the combustion processes can be considered to be governed by the concen-
tration of a deficient reactant Y which is completely consumed crossing the premixed flame [17]. Therefore
all the transport properties can be considered constant since they are not influenced by the presence/absence
of the deficient reactant.

Under these assumption the non-dimensional form of the governing equations reads:

ρ
Du
Dt

= −∇p1 +
1

Re
∇ · (∇u + (∇u)T −

2
3

(∇ · u)I) (1)

ρ
DT
Dt
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δ
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ρ
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= ∇ · (
δ
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δ
(3)

while the continuity equation is replaced by a constrain on the velocity divergence:

∇ · u = (σ − 1)
[
∇ · (δ∇T ) +

ω̇

δ

]
(4)

where the non-dimensional state variables are the velocity u, the temperature T and the deficient reactant
mass fraction Y . The source/sink term and the equation of state are expressed as:

ω̇ =
Ze2

2Le
exp

( Ze(1 − T )
1 − (1 − 1

σ )(1 − T )

)
ρ =

1
(σ − 1)T + 1

(5)

The non-dimensional parameters are defined as:

• expansion ratio σ =
ρu
ρb

where subscript u and b are referring respectively to the unburnt and burnt
regions.

• flame thickness δ =
ld
L where ld is the dimensional flame thickness and L the characteristic hydrody-

namic scale.

• Lewis number Le = λ
ρucpD where λ is the thermal conductivity, cp the constant pressure specific heat

and D the diffusivity of the deficient reactant.
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• Reynolds number Re =
ρuS 0

Lδ

µ where S 0
L is the laminar flame speed and µ the dynamic viscosity.

• Zeldovich number Ze =
Ta(Tad−Tu)

T 2
ad

where Tad is the adiabatic flame temperature.

The spatial discretization of the governing equations is based on the spectral element method [18], with
conforming rectangular elements. Sums of tensor products of Legendre polynomials of order N, based the
Gauss-Lobatto-Legendre quadrature points, are used to express both the geometry and the solution. The
discrete form of the governing equation are solved with the highly scalable code nek5000 [14]. A semi-
explicit time integration is used together with high-order splitting scheme for the low-Mach number variable
density flows [16], the stiffness deriving from finite-rate chemistry is tackled solving the energy and species
equations implicitly using CVODE [19].

3. Results and Discussion

The configuration considered is a two dimensional Bunsen flame. Homogeneous turbulence (urms = 1.5)
is superimposed to the injected unburnt mixture while the surrounding co-flow is burnt mixture with a
velocity such that no shear turbulence is induced. The other in order to be representative of hydrocarbons
combustion and are summarized in Table 1.

Table 1: Parameters settings

Parameter Value

σ 8
δ [0.004, 0.0325]

Le 1.2
Re 200
Ze 9.0

The non dimensional flame thickness change in a range chosen based on asymptotic theory for the
stability of planar flames. Figure 1 show the stability region for a fixed σ value as a function of Le and
δ following [20]. This region can be identified imposing a single unstable wavelength Nc = 1. Given a
single value for the Lewis number a critical value of δ can be found, for the particular conditions chosen
δcr = 0.0155.
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Figure 1: Stable region (grey) in the Le-δ plane for planar premixed flames [20]. The bold line identify the Nc = 1.
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Figure 2: Instantaneous representation of the non-dimensional temperature fields for three representative δ values (δ1 = 0.008,
δ2 = 0.015, δ3 = 0.0275).

Figure 2 shows single realizations for three representative δ values (δ1 = 0.008, δ2 = 0.015, δ3 =

0.0275). Different morphology are clearly observable, the δ1 realization shows sharp creases visibly in-
dicating the presence of DL instabilities while the δ3 realization is characterized by a smooth and round
conformation hinting at a stable behavior of the flame front. The different morphology are then analyzed
statistically, investigating the probability density function (p.d.f.) of the flame front curvature κ. The flame
front is conventionally identified as a deficient reactant iso-line Y = 0.9, at which all the statical informa-
tions are conditioned.
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Figure 3: Flame front curvature probability density function for three representative delta values (left panel). Skewness of curvature
probability density function as a function of the ratio between the non-dimensional flame thickness and its critical value (right
panel).

The left panel of figure 3 show the curvature p.d.f. for the three cases considered. The non-symmetry
of the p.d.f. is accentuated by decreasing δ indicating that its skewness can be a consistent marker of the
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instabilities presence. The skewness of the κ p.d.f. is therefore analyzed for each value of δ normalized
by its critical value δcr. As shown in the right panel of figure 3 two very distinct trends can be observed:
(i) for δ/δcr > 1 an almost constant null values of the skewness indicates that a preferential curvature of
the flame front is not present, hence the flame can be considered as stable; (ii) for δ/δcr < 1 the skewness
decreases monotonically highlighting a general preference for negative curvature of the flame front that can
be attributed to DL instabilities.
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Figure 4: Averaged flame profile for three representative δ values (left panel). Turbulent flame speed as a function of the ratio
between the non-dimensional flame thickness and its critical value (right panel)

In order to evaluate the influence of hydrodynamic instabilities on the premixed flame propagation, the
effect of δ on turbulent flame speed S T is investigated. For a correct evaluation of S T the mean flame front
profiles have been calculated averaging a large number of realizations of the turbulent flow-field. The left
panel of fig. 4 shows the averaged flame profile for the three representative δ values considered (δ1 = 0.008,
δ2 = 0.015, δ3 = 0.0275). The flame area decreases as the flame becomes thinner and therefore the turbulent
flame speed increases. As shown in the right panel of fig. 4 and consistently with the previous analysis and
fig. 3 two distinct modes of propagation are evidenced. In the stable region (δ/δcr > 1) the turbulent flame
speed remains almost constant while a substantial increase is shown in the unstable region (δ/δcr < 1).
The DL instabilities inducing preferential negative curvature to the flame front modify the flame topology
reducing the height of the averaged flame profile and, therefore, its propagation characteristics. In particular
as the the flame becomes more unstable the turbulent flame speed increases.

4. Conclusion and perspective

Hydrodynamic instabilities in weakly turbulent Bunsen flames have been numerically investigated. A
low-Mach number formulation with simplified thermochemistry has been successfully implemented in the
highly scalable code nek5000. DL instabilities have been induced by varying the ratio between the flame
thickness and the Bunsen diameter, modifying the cut-off wavelength. The stability criteria developed in
the framework of asymptotic theory for planar flames have shown to correctly predict the behavior of the
Bunsen flames investigated in the present work. The statistical analysis of the flame morphology have
confirmed that the skewness of the flame curvature probability density function is a consistent marker of
the instability presence. Finally two very distinct turbulent modes of flame propagation were identified
analyzing the turbulent flame speed and the DL enhancement of it. Additional numerical effort is envisioned
in order to asses the turbulence-flame interaction in the presence of DL instabilities and its effects on flame
stretch and induced flow patterns
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