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Abstract

The interaction of a Gaussian negative pulse with a H2/O2/N2 turbulent premixed flame is examined using Direct Numer
Simulation (DNS). Transport properties and chemical kinetics are described in a very detailed manner. An extended
local Rayleigh’s criterion, for laminar as well as turbulent, premixed or nonpremixed flames, is proposed. Situations i
amplification or attenuation occur are listed. Calculations of a turbulent flame are then carried out with and without an
wave and results are recorded at the same time. The influence of acoustic wave/turbulent flame interaction is ob
a simple difference. It is shown that longitudinal and transverse velocity components are perturbed by the turbule
Moreover, the vorticity induced by the acoustic wave is observed to be weak. Finally, Rayleigh’s criterion shows th
amplification occurs punctually.To cite this article: A. Laverdant, D. Thévenin, C. R. Mecanique 333 (2005).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Simulation Numérique Directe de l’interaction d’une onde acoustique gaussienne avec une flamme turbulente pr
mélangée. L’interaction d’une onde négative gaussienne avec une flamme turbulente prémélangée H2/O2/N2 est examinée à
l’aide d’une simulation directe. Les propriétés de transport et de cinétique chimique sont décrites de manière détaillé
tère de Rayleigh étendu au régime non linéaire, valable pour des flammes laminaires aussi bien que turbulentes, pré
ou de diffusion, est proposé. Les cas où il y a amplification (atténuation) sont recensés. Des simulations directes de
turbulentes sont ensuite effectuées avec et sans perturbations acoustiques. Les résultats sont stockés aux mêmes
simple soustraction, il est possible d’obtenir l’influence de la flamme turbulente sur le comportement de l’onde acou
est montré que les composantes de vitesse longitudinale et transversale sont perturbées par la flamme turbulente.
vorticité induite par le transport de l’onde acoustique est faible.Finalement, le critère de Rayleigh montre que l’amplificat
de l’onde est locale et située dans des zones de petites dimensions.Pour citer cet article : A. Laverdant, D. Thévenin, C. R.
Mecanique 333 (2005).
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1. Introduction

The coupling between acoustic waves and heat release fluctuations, induced by a turbulent premixed fl
fundamental problem of great practical interest (control of combustion instability). Diverging pressure fluctuation
have first been explained qualitatively by Lord Rayleigh [1–3]. He proposed this simple criterion:“. . . If heat be
given to the air at the moment of greatest condensation, or be taken from it at the moment of greatest rarefaction,
the vibration is encouraged. . . ” and“vice versa”. In a preceding paper, Laverdant and Thévenin [4] have prop
a mathematical nonlinear version of Rayleigh’s formulation. This local quantitative criterion is extended to d
chemical mechanism, multicomponent transport phenomena and turbulent fluctuations, in a direct way. A simpli
fied derivation is proposed in the present work. The behaviour of a Gaussian acoustic wave, which pro
through a turbulent premixed flame, is considered. In order to obtain a very precise solution, a Direct Nu
Simulation (DNS) is carried out with complete chemical kinetics and transport mechanisms (the present re
complete the presentation of [4]).

In this work, attention is focused on the following questions:

– Is the wave configuration modified by the spatial velocity of sound distribution?
– Does an acoustic wave still remains plane after crossing the flame front?
– Is the turbulent field perturbed by the acoustics? Is there a perturbed vorticity component?
– Where does the amplification of an acoustic wave occur for a turbulent flame?
– Does the modified Rayleigh’s criterion explain what happens?

2. Direct derivation of Rayleigh’s criterion

The developments of this paragraph constitute a majorextension of [5–7]. The complete developments
presented in [4] using standard notations of [8].

Keeping only the essential source term due to combustion, the balance equation for the acoustic energE takes
this simple form:

∂E

∂t
+ ∇ · F = γ − 1

γp
Π ′Q′ (1)

where:Π ′ = (1/γ ) log(1 + p′/p0) [9]; (·)0 denotes the unperturbed values and(·)′ acoustic perturbations;Q′ is
the heat release fluctuation. Moreover:

E = 1

2

(
v′2

c2 + Π ′2
)

(2)

F = v′Π ′ (3)

Q′ � −
N∑

i=1

hiẇ
′
i (4)

E, F are respectively the acoustic energy and the acoustic flux;c is the velocity of sound. If the right side o
Eq. (1) is negative, the wave is attenuated. It is possible to take into account the direct and reverse stoich
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Table 1
Situations involved in Rayleigh’s criterion, Eq. (5)

Π ′ −∑N
i=1 hiẇ

′
i Resulting effect

pressure fluctuation heat release fluctuation

>0 >0 amplification
>0 <0 attenuation
>0 =0 neutral
<0 >0 attenuation
<0 <0 amplification
<0 =0 neutral

Table 2
Flow conditions for DNS

Φ XH2 XO2 XN2 T (K) p (kPa) S0
l

(m/s) u′ (m/s) Λ (mm)

0.7 0.28 0.2 0.52 800 101 14.6 31.85 2.51

coefficients of theR elementary reactions, along with the molar production ratesω̇ik of speciesi in reactionk.
This gives finally either

Π ′
(

−
N∑

i=1

hiẇ
′
i

)
< 0 or Π ′

R∑
k=1

(
−

N∑
i=1

(ν′′
ik − ν′

ik)Wihi ω̇
′
ik

)
< 0 (5)

for attenuation resulting from the chemical reactions considered in the detailed mechanism. As a cons
all species and all direct and reverse reactions are important, and the values of the species enthalpy must also b
considered. The term−∑N

i=1 hiẇ
′
i in the left expression is in fact the fluctuation of the heat release term d

chemical reactions in the temperature equation [10]. Alldifferent possible cases are summarized in Table 1.

3. Numerical method

The numerical codeparcomb has been developed by Thévenin and coworkers [11,12]. It solves balance
tions for a gaseous compressible reactive flow. Spatial derivations are respectively of order six in the field and
order four on the boundaries. Temporal integration is realized with a classical Runge–Kutta algorithm (orde
Flow at boundariesis treated with the help of the Navier–Stokes Characteristic Boundary Condition (NSCBC)
technique [13], extended to take into account multicomponent thermodynamic properties [14]. Transport coef
cients and chemical kinetics are treated following CHEMKIN II and TRANSPORT methods [15,16]. The co
been parallelized and widely used to investigate turbulent flames (see for example [12,17,18]).

4. Problem definition

For this DNS, we investigate a H2/O2/N2 premixed turbulent flame in a two-dimensional flow. We choose h
to reproduce as far as possible the conditions used in [19], Case 4. Flow conditions are summarized in Table 2

The numerical domain is a square box ofLbox = 1.24 cm with 501 equidistant points for the mesh grid in eac
direction. This leads to a spatial resolution ofδx = δy = 25 µm, necessary to compute accurately the very
production of radicals like HO2.

We generate an initial turbulence field with an integral velocity fluctuationu′ and an integral scaleΛ (defined
in Table 2). It is shown in [4] that this corresponds to a flamelet-like regime in the Borghi diagram.

Details of the mechanism employed for hydrogen–oxygen kinetics may be found in [20]. Nine species (2, O2,
H2O, OH, H, O, HO2, H2O2 and N2) and 19 reversible reactions are taken into account.
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Fig. 1. Numerical configuration employed for the DNS.

The premixed laminar flame is first computed for a one-dimensional flow along thex-direction and the inle
velocity is adapted to keep the flame front in the middle of the domain. This steady solution is then tran
to a two-dimensional flow, with fresh gases on the left side and burnt gases on the right side. An isotrop
dimensional turbulence is superposed on top of it using a von Kármán spectrum coupled with Pao co
[12,17,21]. We then compute the interaction of the initially planar flame with the turbulence field during
equivalent to 0.72×(turbulence time) (Fig. 1).

A Gaussian acoustic wave (negative pulse) is instantaneously initialized as a straight wave across they-direction
at x0 = 0.85Lbox inside the burnt gases (near equilibrium zone). We choose this time as our new origin of tim
t ′ = 0 µs. The Gaussian acoustic perturbation has a stiffness of 60. Calculations of a turbulent flame
carried out with and without an acoustic wave and results are recorded at the same time. The influence of
wave/turbulent flame interaction is obtained by a simple difference.

5. Results

The longitudinal velocity induced by the interaction is plotted in what follows at either (a)t ′ = 4 µs (Fig. 2), or
(b) t ′ = 7 µs (Fig. 3). This corresponds respectively to (a) a wave crossing the reaction zone; and (b) propaga
in the fresh gases. In case (a), the wave will soon arrive in the fresh gases after crossing the flame an
considerably wrinkled. It can be noticed that this wave wrinkling is relatedto the global flame front structure
visible, for example, in Fig. 3. A low-amplitude reflected wave on the right side of the reaction zone ne
boundary (x � 8 mm) and a strong transmitted wave on the left side, arriving in the fresh gases are also
Structures with complex shapes are also observed in the longitudinal velocity field just behind the tran
wave front. This is probably due to wave scattering by the turbulent flame [22]. In case (b), the wave has
the reaction zone. The wave profile is complex with multiple fronts, local amplification and large gradien
examination of figures at successive timesshows the influence of focussing effect and the importance of the vel
of sound distribution.

The transverse component of the acoustic velocity is plotted in Fig. 4 att ′ = 7 µs. Alternating structures a
observed, whose maximum value is relatively weak, below 1.84 m/s.

The vorticity induced by the interaction is plotted in Fig. 5 fort ′ = 7 µs. The unperturbed vorticity field is plotte
in Fig. 6 for the same time. Small counter-rotating vortices are observed at different locations along the m
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ime.
Fig. 2. Acoustically-induced longitudinal velocity field att ′ = 4 µs.

Fig. 3. Acoustically-induced longitudinal velocity field att ′ = 7 µs. The maximum amplitude of the acoustic velocity is decreasing with t
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s.

front.
Fig. 4. Acoustically-induced transverse (y) velocity field att ′ = 7 µs. Transverse velocity perturbations are observed in the fresh gase

Fig. 5. Acoustically-induced vorticity field att ′ = 7 µs. Small size counter-rotating vortices are observed on the maximum heat release
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ions, is
Fig. 6. Unperturbed vorticity field att ′ = 7 µs. Vortices are essentially located in fresh gases, where dissipation levels are lower.

Fig. 7. Acoustically-induced heat release field att ′ = 2 µs. The maximum heat release front, close to the acoustic heat release fluctuat
not plotted for clearness.
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Fig. 8. Rayleigh’s criterion (Eq. (5)) att ′ = 2 µs. The maximum heat release front is not plotted for clearness.

heat release front. The order of magnitude of the maximum fluctuation in Fig. 6 is again very small, abou
the unperturbed value.

The heat release fluctuation induced by the acoustic interaction is plotted fort ′ = 2 µs in Fig. 7. Similar result
are available in [4]. The reaction zone is clearly observed in this last figure. Following the direction of
propagation, the perturbations of heat release present successively negative and positive values. This
corresponds to the beginning of the flame/wave interaction. This explain that the heat release fluctuatio
affected punctually. Here again, the induced perturbations are in fact quite weak (of the order of 1%) com
the mean values of heat release. It is interesting to note that the fluctuations may even not be observed
some regions.

The modified local Rayleigh’s criterion given by Eq. (5) is plotted in Fig. 8 fort ′ = 2 µs. As said previously
complementary results can be found in [4]. Small zones corresponding to negative or positive values are o
Acoustic wave amplification occurs at this last place.

As a whole, the perturbations induced on heat release and vorticity by the propagation of an acous
through a wrinkled turbulent premixed flame appear to be weak. Transverse velocity fluctuations are sma
their axial counterpart, but have a significant amplitude. Focussing effects and wave scattering are observed wh
the acoustic wave crosses regions with large velocity of sound gradients, in the flame zone.

Our development of this modified Rayleigh’s criterion shows that the wave may be amplified or dampe
influence of each species and each reaction included in themechanism on the amplification or damping of the wave
can therefore be directly explained.

6. Conclusions

The DNS of the propagation of a Gaussian wave through a H2/O2/N2 turbulent premixed flame has given t
following results:
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– A planar wave is scattered by the inhomogeneous velocity of sound distribution. The wave is wrinkled
passage through the flame front and transverse velocity component appear in fresh gases.

– A weak component of vorticity, induced by acoustic wave, is observed close to the reactive zone. T
turbation is, for a premixed turbulent flame, of negligible importance. The amplification of the acoustic
occurs locally where focussing effects are sensitive and where Rayleigh’s criterion is positive.

The present results and those of [4] give a new insight of wave amplification by turbulent premixed flam
identification of the main species and reactions leading to attenuation is in progress. Applications for active
of combustion instability now seem possible.
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