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ABSTRACT

The main purpose of this work is to simulate tueiniilpremixed and stabilized flame in an adiabatic
combustion chamber. The turbulence is supposedetasttropic and homogeneous and the
chemistry is represented by a four-step schemeetiiame combustion.

The simulation, based on Monte Carlo scalar P.DaRsport method, was used to study the
spherical flame propagation characteristics undéfierdnt equivalence ratio and turbulence
intensity. So we have investigated the flame meahus, the turbulent flame radius, the flame
propagation velocity and the flame brush thicknasd our results were compared to different
experiments done in a nearly spherical vessel. Ggoeements were obtained.
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1. INTRODUCTION
Due to their fundamental importance for premixedmbastion theory, turbulent flame
characteristics were a subject of a large numbenalstigations for many decades.[1]
The main purpose of this work is to simulate a pxeweh turbulent flame in a constant volume
vessel. The adopted conditions are similar to tmeaksed in many experiments. The Monte Carlo
scalar PDF transport method that is the basis ofnamerical simulation has been used for few
decades by many authof2], [3], [4], [5] to simulate ignition delay anché flame growth in
turbulent combustion case. Nowadays, this methaedirages to be efficient for calculating flame
characteristics taking into account turbulence ahdmistry interaction using reduced chemical
kinetic mechanisms [6], [7]. For our case, turbukers supposed to be homogeneous and isotropic
with turbulence time scale of the order of %6 and the chemistry is described by the four-step
chemical kinetic mechanism of Jones & LindstedtTBg mixture is composed of methane as fuel
and air as oxidizer.
The calculation domain is divided into a given nembf cells. Initially, each one contains Ni
particles. These particles move in the domain thaakhe following velocities:
» Gas expansion velocity due to temperature gradietween burned gases (hot products) and
‘fresh gases’.
 Turbulent diffusion where a correlation velocityddeed from turbulence spectrum is respected.
An electric spark ignites the flame in a chosenarede.g., the middle) of the vessel. During this
period energy excess will be deposed, making teatyper grow highly in this region, [4Flame
front position is determined when finding a ‘pitobf’ of temperature in the vicinity of 600 K,
which corresponds to silicon oil vaporisation tenapere in the experimental case. A fractal
treatment method, [9], [10], allows us to calculdie flame mean radius, the flame turbulent radius,
the flame-brush thickness and the flame propagatdwcity.

2. FORMULATION

The equations that determine our problem are réispgc

* the mass conservation equation written in spheceatdinates, whose solution gives us the
expansion velocities due to temperature gradiettd®n hot products and fresh gas:



14emesJournées Internationales de Thermique JITH2009
27-29 Mars, 2009, Djerba, Tunisie

%, 100%0,) _,

ot r? or @)

* the Lagrangian joint PDF transport equation:
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p Is the densityji, is the Favre averaged radial velocity correspontbrige expansion velocity due
to the temperature gradient between hot products feesh gas. In equation (2% and uare

respectively a scalar vector and a velocity veatothe physical space and to which correspond
respectively the vectors of random valugsand V in the conditional spacer,, is the PDF of

velocities and scalars. The change terms that cteairzed the stochastic processand 9, present
the following terms:z; that is the strain tensoF,; is the stirred force per volume unify,is the

pressure,J” represents the diffusive fluxes, is the reaction rate and finallg, is source term. In
equation (3)T is Favre averaged temperature & the molar mass of the mixture.

3. PDF-MONTE CARLO METHOD

The use of probability density functions (PDF) ddoges a potential solution to describe the
evolution of turbulent reactive flows in which fluation terms need statistical treatment. The type
of PDF that we use in this work is the evolutionAFP{@ransported PDF) calld@lope's method [2]
This method uses a Monte Carlo particle solvertardorm of the PDF may freely evolve.

It can be highlighted that the high dimensionabifyunderlying PDF scalar transport equation
requires Monte Carlo stochastic solution methodentd Carlo method evokes the representation
of the PDF with a whole of elements distributedotlyhout the flow field, and from which the
moments of interest may be calculated. In Lagrangése, the elements (particles) are free to roam
the physical domain as dictated by the hydrodyndimeld, and the composition of the elements
changes only due to mixing and reaction.[11]

4. CHEMICAL KINETICS

Detailed chemical kinetic descriptions of hydro@arbcombustion may require the tracking of
hundreds of chemical species and thousands ofiweateps. For the foreseeable future, CPU time
and computer memory limitations will prohibit impientation of fully detailed descriptions of
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combustion chemistry into CFD simulations of contlmrshardware. As a result, it is important to
minimize this number while retaining essential teas of the detailed chemistry.

Reduced chemical kinetic mechanisms, that can septeamportant aspects of the behaviour of
these detailed mechanisms using few enough sctlatsthey can be implemented into CFD
simulations, offer large potential improvement ire tmodelling of practical combustion devices
[12]. The feasibility of these mechanisms in thadation of internal combustion engines (ICE)
was demonstrated in a previous study.[13]

In the present study, the four-step reaction meshaof Jones & Lindstedt [8] was chosen thanks
to its good results in ICE simulations [13]:

CH4 + 1/1202 - CO + 2H2
CH4 + H20 -~ CO + 3H2
H2 + 1/202 -~ H20

CO + H20 - CO2 + H2

5. RESULTS AND DISCUSSION

In this section we try to study more precisely tindulent flame front characteristics as: the flame
mean radius, the flame turbulent velocity and thené-brush thickness which are very important
for the turbulent combustion. The predicted valaesscompared to the experimental results realised
by many authorsThe geometry studied was a parallelepiped vess#l wiconstant volume.
Ignition occurs in the middle of the domain thefteme kernel grows spherically.

To detect more precisely the flame front evolutie, have chosen a cell size&r = 0.25 mm) and a
calculation time stepAt = 0.1 ms) which remain constant along the timeé averall the domain.
Turbulent time scale and turbulent length scaleeskre equal to those used in experimental cases.

5.1. Flame propagation velocity

The flame propagation velocity is defined as théetgntial of the flame mean radius vs. time. In
Figure 1 are compared the flame propagation védéscfound by our simulation and experimental
results presented obayashi et al. [17] and Aldredge et al.[18here is a very good agreement
between experimental and simulation results.

Concerning equivalence ratio effect on flame prepiag velocity, it has been known for many
decades in laminar combustion regimes, that thedldurning velocity is maximal when the
equivalence ratio is around stoichiometry valug dr@d [20].Besides in recent worRradley [16]
affirmed that for turbulent case the flame propegavelocity, which strongly depends on burning
velocity, increases with ER. These declarationsjustfied in Figure 1(a). We can remark that in
the case of lean flames (ER = 0.9), the flame pyapan velocity increases slowly.

In the case of turbulence intensity effect, it'sviglisly clear that the flame propagation velocity
increases with turbulence intensity. These resarksconfirmed by theory. In fact, a high level of
turbulence intensity makes micro-scale mixing meffeeient and turbulence diffusivity stronger, so
the flame will be much faster.

In order to discover the effect of the turbulenberuistry interaction on turbulent premixed flame
characteristics, we have represented the flamengl@atio St/SL versus u'/SL (see Figure 1(b)). In
comparison with the experimental results of Kobayat al.[17], we can affirm that the flame-
burning velocity ratio varies function of the dins@mnless turbulence intensity, responding to
Damkdohlers’ model in the case of n = 1. Thus, tkgression takes the following form:

S/ _ .
AL 1+C1%L (4)

This formula is similar to that given lyulder [10]for a fixed Damkdhler number. This finding is in
agreement too witdimont-Lipatnikov’'s model.[21]
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Figure 1. Turbulent flame propagation velocity.

5.2. Flame mean radius
The flame mean radiug{) is defined by Lecordier [9], as the radius ofile that contains the
same surface of burned g&)(

_ 1,
Ri ={7*S (5)

Figure 2 shows the flame mean radius evolutiontfanof time for different turbulence intensities
and different equivalence ratios. First of all vee learly that the predicted values found by our
simulation are in good agreements compared toxperamental ones.

In order to study the equivalence ratio ER effent ftame mean radius, one maintains the
turbulence intensity’ constant and varies the equivalence ratio. Thecedf this last parameter on
flame mean radius is shown in Figure 2. It is wartiting that for lean flames the flame mean
radius is fairly linear. However, when ER enhan¢a®und stoichiometry) the flame burning
velocity and the flame mean radius increase. Theselts are in perfect agreement with those
announced by Hainsworth [15] and Bradley [16].
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Figure 2. Flame mean radius evolution vs. time.
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5.3. Flame brush thickness

Figure 3 shows the flame-brush thicknegg Evolution vs. time. The agreement between
simulation and experimental results is satisfactditye asymptotic tendency of, affirmed by
Galzin [3] and Liptanikov & Chomiak [1], is obsexven our simulation. The increase éf is
mainly controlled by the turbulent diffusion lawhereas flame propagation reduéesand it can
reach approximately constant values after the dpweént phase. However, this constancy; @an

be caused by other effects (e.g. turbulence decayatl influence) rather than by reaching the
regime of turbulent flame propagation characterizga fully-developed:.

N M-C Simulat.
141 —_— = Peters Model|

F - Turbulent Diffusion Law ,.’"’
0 - [ ] Renou Data - e
8 12F e -
g - Av Leeds Data W P
x [ e -
S N e
FS 1 e e
o e -
€ B i P
S : - 2

— I L
l; 08 B e - N
@ [ .
ki i N o
£ osE 2 7
g -
E [ E
£ L /
s 04F -

:‘/

02l
3
0 1 il 1 1 1 1 1

0 0.2 04 086 08 1 1.2 14 1.6

dimensionless time
Figure 3. Flame brush thickness evolution vs. time.

6. CONCLUSION

Turbulent premixed combustion was numerically seted in an adiabatic constant volume vessel.
Simulation was based on the PDF-Monte Carlo methbatbulence was supposed to be

homogenous and isotropic. The chemistry was desitrliyy a four-step reaction mechanism of
methane combustion. Confrontation with many expental results gave satisfactory agreements,
especially on mean flame radii, turbulent propamatielocity and flame-brush thickness.

Finally, it will be very interesting, in a next wQqrto study the propagation flame characteristics b

more considering turbulence-chemistry interactioklso, it would be useful to take into account

more detailed chemistry allowing us to evaluatdéyptaht emissions.
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