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ABSTRACT

This work is an experimental study of the dynamic fields of a turbulent premixed methane-air flame in
a Bunsen burner. The Particle Image Velocimetry (PIV) is used to determine the dynamic fields, and
Laser Sheet Tomography (LST) for the flame fronts. The turbulent main jet has a Reynolds number
Re =10 000. Turbulence is generated using perforated grids having three whose provide different inlet
turbulence intensities. Velocity fields are measured for various equivalence ratio (® = 0.6—1.3) and dif-
ferent axial flame positions. For the reactive jet, interesting results are obtained concerning the dynamic
field and the flame front. It is shown that radial profiles of U and V correspond to the axial positions
located before the end of the potential core in the reactive jet. The velocity increases at the jet center
to 20 m/s, and is less influenced by turbulent mixing in the flame. The greatest velocity and turbulent
kinetic energy are obtained using the grid with the smallest ratio (d/M). Most important values of the
radial velocity correspond to the lean flames.
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1 INTRODUCTION
The various technological applications of premixed turbulent combustion require a better under-
standing of the flow structure, the mechanisms of the flame stabilization and also their extinction
limits. The improvement of each element needs well characterization of the morphology of the
inner flow and other phenomena relating to the temperature distribution in the flame, interaction
between turbulence and chemical reactions, dynamic behavior and flame stability [1]. For many
years, different aspects of this combustion were studied [2-5]. Bray et al. [6] have assumed that
the density variations could overcome the viscous dissipation and lead due to thermal expansion
to a net production of turbulent kinetic energy in the flame. In their work on gas dynamics in
flames, Plessing et al. [7] have shown that the turbulence intensity is decreased at the down-
stream by the flame but remains substantially constant at the burner exit. A comparison between
the cold and reactive dynamic fields was presented by Deschamps [8], and an increase in the
axial velocity due to the acceleration of the particles on the flame front has been highlighted. A
significant increase in the turbulence intensity between the cold and reactive flow cases was
observed. The role of the laminar flame thickness was recognized as an important parameter for
study and comprehension of the flame/turbulence interactions [9]. Various studies have tried to
analyze the influence of chemical reaction due to combustion on turbulence field flame [3, 4,
10-14]. Chekired et al. [15] using Peters and Williams mechanism, showed good agreement
between the numerical results and the experimental ones of the Aachen flame F3. Battista et al.
numerically and experimentally studied turbulent premixed flames in different flame regimes.
The fractal scaling properties of turbulent premixed flame fronts have been investigated taken
into consideration for the LES and DNS modeling [16]. Tamadonfar & Giilder have experimen-
tally studied the influence of the equivalence ratio, turbulence intensity and Bunsen burner
diameter on the aerodynamic characteristics, the flame brush characteristics, instantaneous flame
front structures, and burning velocities in the context of lean, stoichiometric and rich turbulent
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premixed flames. The Particle Image Velocimetry (PIV) and Rayleigh scattering techniques were
used to measure the dynamic fields, temperature fields, and turbulence statistics. Perforated
plates were used to generate different turbulence levels. Results show that the height flame is
very sensitive to the equivalence ratio and burner diameter. The non-dimensional leading edge
turbulent burning velocity improved with non-dimensional turbulence intensity for the different
burners used. The effect of the equivalence ratio and turbulence intensity on the mean turbulent
flame stretch factor has been studied. The flame brush thickness improved with increasing axial
distance from the burner exit and equivalence ratio [17-19]. Leventiu et al. experimentally and
numerically studied the instantaneous thermal structure of the flame front of premixed turbulent
combustion of the lean methane-air mixture. A decreasing of averaged temperature gradient was
observed for turbulent combustion case. The results show that the flame front thickness PDF and
the curvature PDF decrease with the turbulence intensity [20]. More recently, a work using Mie
scattering on lean premixed methane Bunsen flames has investigated the interactions between
turbulence and the flame front. The results show that the smallest scales reduce the total flame
brush. For different mode, the flame front length is carried out [21].

This work constitutes a parametric study of conical premixed turbulent flames for various
conditions of equivalence ratio and turbulence to observe their impact on the local dynamic
field structure. It is essential to understand how the velocity and equivalence ratio, locally
influence the flame propagation in turbulent environments. The PIV is used to determine the
dynamic fields in a turbulent premixed methane/air flame. The flame front was identified
using Laser Sheet Tomography (LST). The characterization of the aerodynamic field in the
turbulent flames is achieved using a reactive air-methane mixture with different equivalence
ratio conditions (® = 0.6 + 1.3). The LST will provide information on front positions. Besides
determining the velocity profiles, this study also aims to analyze the different characteristics
and parameters influencing combustion along with a better understanding of local interaction
mechanisms between turbulence structure and flame dynamics. The combustion is produced
in flamelet regime. The results presented can be used like a data base for numerical model
validation.

2 EXPERIMENTAL SET-UP
Optical systems with powerful laser light sources and light detectors have the disturbing less
advantage the studied system, to obtain averages and instantaneous flame properties with a
spatial resolution generally very satisfactory. The PIV System was used to determine the
aerodynamic characteristics of both reactive and non-reactive flows. A self-calibration elimi-
nates calibration errors. A laser sheet illuminates the flow at two successive instants [22]. A
camera collects images of the two illuminated particle field. Thus, the particles present on the
images are being moved between the two times of recording. Digital processing of the
obtained images allows finding the velocity field at given instant [23, 24]. A Computer pro-
cessing of the PIV image determines the median vector field (U and V) from the vectors
window and deviation of neighboring vectors (u’ and v’). The experiments are carried out on
a Bunsen burner. The main jet in the burner is issuing from a 30 mm diameter and consisting
of methane/air mixture surrounded by a pilot flame and coflow. The turbulent main jet has a
Reynolds number (Re = 10 000) based on the burner nozzle diameter. The turbulence level at
the inlet is generated by an interchangeable grid set (03 grids: P, M and G), with ‘d’ is the hole
diameter, ‘M’ is the mesh, G is the solidity and Cp, is the pressure drop coefficient (Table 1).
A seeding zirconium oxide particles were used (Fig. 2). Equivalence ratio is controlled by
varying the air flow and methane using sonic throat appropriately calibrated, while maintain-
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Figurel: Burner.

Table 1: Grids geometric characteristics.

Grid M(@mm) d(mm) d/M (%) C, (%) w/U (%)
P 2.40 2 0.83 0.38 37.5 7.5
M 3.52 3 0.85 0.34 26.5 13.4
G 4.54 4 0.88 0.30 18.4 12.4

supply  system system

Figure 2: Experimental set up.
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ing the flow outlet constant. In our range, the flames can be classified into three categories:
stoichiometric having a @ equal or close to 1; fuel rich between 1.1 and 1.3 and fuel lean
between 0.9 and 0.6 [25].

3 RESULTS
The study of local aerodynamics in the reaction zone is necessary to understand the interac-
tion phenomena between the flame and turbulence for turbulent premixed flame.

3.1 V and U velocities and their fluctuations v’ and u’ (rms)

Figures 3 and 4 represent the radial and axial velocities component in the reactant field. From
Figs 3 and 4, radial profiles of U and V correspond to the axial positions located before the
end of the potential core of the reactive jet. The velocity increases at the jet center to 20 m/s.
Further stream a decrease in flow velocity is observed due to the jet expansion and dissipation
mechanisms. It’s a change in the gradient evolution in the flame location area in the axial
directions. This is largely due to the heat release. We can observe also a gradient decrease, a
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Figure 3: Radial profiles of V at different axial positions in the burner.
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Figure 4: Radial profiles of U at different axial position.
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shift of the maximum value of the velocity position outwardly of the jet, and finally a change
in the slope.

The radial profile (V), for varying axial positions (y) defines the following areas: an increase
in the radial velocity near to the reaction zone, due to the hot gases driving mechanisms that
allow the reaction supply with oxidizer. Peak value of radial velocity is due to the coupling
between volume expansion and thermophoresis. The mean radial velocity allows the evacuation
of the burnt gases out of the reaction zone. Finally, a gradual decrease of the radial velocity (V)
in the burned gas is observed (Fig. 3). The lag curve is due to the conical shape of flames.

In Fig. 4, for axial velocities (U) we observe however a change in velocity values. First
increasing velocity is explained by the presence of the flame and by the mixing development
which implies cold gas driving. The peak value of the radial velocity tends to be localized for
all axial positions on the same axis for the first part and follow the flame front contour there-
after, which is absolutely conical. It is interesting to compare the values of these velocities
according to different turbulence grids (Fig. 5). In fact, these are characteristics of both
important driven zones and volume expansion.

Regarding the radial velocity V, we note sensitivity to the turbulence. Indeed, we can see
the trends are similar, the location of the peak velocity value shifts inward. It is interesting to
compare the values of U according turbulence grids. In fact, these characteristics are impor-
tant drive zones and volume expansion. Clearly, the axial velocity U is insensitive to
turbulence variations (Fig. 6).

The visualization of the instant velocity fields obtained by PIV provides us information
about the flow dynamic structure. It helps to obtain local information of the flow and conse-
quently its dynamic structure (Figs 7 and 8). A good homogeneity of velocity in all areas is
observed. As a result the potential core width remains constant and the large-scale perturba-
tions on its periphery are absent. The velocity is almost constant in the potential core region
until the reaction zone region after it decreases gradually. Negative velocity values are observed
due to the existence of a recirculation zone. The radial velocity field is presented in Fig. 7.

In the same way as the axial velocity (Fig. 8), there are no perturbations from a dynamic
point of view, only the chemical reaction effect is clear. In the potential core region, radial
velocity intensities are small. Near the flame front region, particle acceleration is observed in
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Figure 5: Radial profiles of V for different turbulence grids (P,M and G).
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Figure 6: Axial velocity U as a function of the radius and for different turbulence grids
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Figure 7: Radial velocity contours (V) for P grid and @ = 0,6.

the opposite direction of the temperature gradient. First, there is a deceleration in particle
movement before the flame front region. Passing this region, particles will be accelerated.
When approaching the flame front region, the velocity vector deviation is clearly visible. It
appears that a large laminarisation is generated by the flame in this region. This one prevents
the development of large-scale instabilities and delays the mixture. The internal mixing layer
presents a good lamination with little large-scale perturbations. In the outer layer, significant
fluctuations and high velocity gradients are observed. This fact indicates the presence of less
important turbulent mixing in the shear region while large structures are present outside.

On Fig. 9, we comparing the radial velocity (V), for different equivalence ratio (® = 0.6 +
1.3). The results concern G grid at axial distance Y = 0.0339 m from the burner exit. The results
founded previously seem to be confirmed. Similar trends are observed where insignificant
values in the potential core region are noted, followed by an increase of velocity in the mixing
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Figure 8: Axial velocity (U) contours for P grid and ® = 0,6.
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Figure 9: Radial velocity (V) profiles for different equivalence ratio.

region characterized by a maximum velocity in the flame front region, and finally a decrease in
the burnt gases region (Fig. 9). Most important values of the radial velocity are corresponding
well to the lean flames (@ = 0.6, 0.7 and 0.8), followed by rich flames (® = 1.3 and 1.2). The
maximum values of the radial velocity are encountered in flames having the following stoichi-
ometric ratios (® = 0.9, 1.0 and 1.1). The results can be explained by the behavior of laminar
flame speeds of methane as a function of equivalence ratio [26]. As observed before, the
maximum values location of the radial velocity gives comparable flames positions around the
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stoichiometric ratios, and inward shifted values for rich and lean flames. Stoichiometric flames
give uniform velocities, where the presence of an almost flat profile, indicates a rapid and
uniform mixing between the different gases (short flame). The effect of equivalence ratio on the
flame size was studied by Boulahlib er al. [2]. This one is in part controlled not only by the
turbulence but also by the combustion.

The axial evolution of the mean axial velocity U seems less influenced by the effects of
equivalence ratio (Fig. 10). By focusing on the influence of equivalence ratio on the longitu-
dinal velocity U, it appears the spatial shift is more specific to each equivalence ratio.

In the potential core region radial and axial velocity fluctuations are less important.
The gradual increase of v’ indicates the end of the potential core region. The region in the
potential core is characterized by low and almost constant velocity fluctuations versus to
velocity fluctuations in non-reactive case. These fluctuations decrease rapidly in the burned
gas region after an increase across the flame front region where they reach their maximum
values (Fig. 12). The evolutions of radial fluctuating velocities v’, in the flames are
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Figure 10: Axial velocity (U) depending on the burner radius, for different equivalence
ratio.
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Figure 11: Radial profiles of axial velocity fluctuations u’(rms) at different axial positions in
the burner.
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Figure 12: Radial profiles of radial velocity fluctuations v’ (rms) at different axial positions.

almost identical to those already found to u’ (Figs 11 and 12). Indeed at the radial and
axial velocity fluctuations, we note low fluctuations in the potential core jet. The evo-
lutions longitudinal fluctuating velocities in the flames are almost identical to that in the air
jetexcept for some areas, where the slopes are different. Then begins a gradual increase in the
u’ value, corresponding to the output of the potential core.

The general trend, for lower heights at the end of the potential core is characterized by low
and constant values comparable to those obtained in the non-reactive case. It peaked across
the flame front, and finally decreases rapidly in the burned gas. The analysis of changes in
values of the axial velocity fluctuations (u’) indicates that they are roughly equal to the radial
velocity fluctuations (v’). The heights are not ordered because they refer to a couple of simi-
lar conditions.

3.2 Isotropy (u’/v’)

The estimation of u’/v’ ratio (Fig. 13), allows us to assess the turbulence isotropy generated
in the flame by the grid. The u’/v’ ratio, is important on the burner axis, and then remains
almost constant with a value comprising between 1 and 2 near the reaction zone. The u” and
v’ remaining equals across the turbulent flame front thickness, then the isotropic character of
turbulence will not be preserved before stabilizing finally. Thus, the flame tends to destroy the
isotropic nature of turbulence. It is also well observed that the isotropy in lean flames is rela-
tively well preserved. In fresh gas, the flame front being closest will influence the dynamic
field. In addition, the v’ increases as u’ remains substantially constant. Behind the flame front,
while v’ begins to decrease, u’ increases and u’/v’ will have an important increase. In the
region where there is mixing between burnt gases and the ambient air, v’ increases again in
the same proportions as u’. It is noted that the isotropic nature of turbulence in the flame is
found to be disturbed across the flame front only.

3.3 Turbulence intensity (u’/U) and kinetic energy (k)
Equivalence ratio influences appreciably the evolution of turbulence intensity across the

flame (Fig. 14). The mixing zone, in terms of turbulence intensity in the flame is being clear.
Less important turbulence intensity is observed in the flames having an equivalence ratio
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Figure 13: Isotropy contours in the flame: P grid and ®@ = 0,8.
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Figure 14: Turbulence intensity as a function of equivalence ratio.

@ = 0.7 and 0.8, followed by flames with @ = 0.6 and 1.3 and finally ® = 1.The turbulence
intensity is maximum in the flame having an equivalence ratio @ = 1.1, which corresponds
well to the value of maximum heat release by the flame. A conclusion can be extracted is that,
for lean or rich mixtures u’/U is large. This likely reflects the fact that lean and rich flames are
much longer in terms of size [2] and that away from the outlet of the burner, even without
flame, the turbulence intensity continues to grow. Furthermore, for the lean flames (® = 0.7
and 0.8), regardless of their mean velocities, the u’/U values are smaller than the turbulence
intensity obtained in the jet. Therefore, the combustion reduces the turbulence intensity in the
reactants for these flames.

The turbulence intensity u’/U in the reactants, seems to remain constant until the mixing
zone. From unburnt gases to products region, a gradual increase of turbulence intensity is
observed. u’/U reaches the maximum value, which will be followed by a rapid decreasing
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across the flame front (Fig. 14). Nevertheless, the turbulence intensity for lean flames is atten-
uated by the flame. Initial turbulence intensity, defined by the grid geometry, does not modify
the evolution of u’/U (Fig. 15). Thus, the turbulence intensity would tend to vary with the
mixture equivalence ratio rather than its initial value at the burner exit.

In Fig. 16 and 17, it is apparent in the potential core region, low and constant values of the
turbulence intensity are observed. At the potential core end, and further stream near the reac-
tion zone, u’/U will increase. Outwardly, the maximum of u’/U is located at the shear layer
between the burnt and the ambient gases.
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Figure 15: Turbulence intensity as a function of the burner radius and varying grid
turbulence.
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Figure 16: Turbulent kinetic energy k contours in the flame.
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Figure 17: Turbulence intensity u’/U in the flame.
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CONCLUSION

The main objective of this study is to contribute to understand various complex phenomena
of dynamic field that are involved in turbulent premixed methane-air flames. The different
interactions between turbulence and combustion have been identified through a wide range of
equivalence ratio and grid turbulence. The PIV technique was more appropriate and zirco-
nium oxide was suitable for our study. It is shown that the grid used does not influence the
radial velocity component U and u’/U. The important velocity and turbulent kinetic energy
values are obtained using the smallest ratio (d/M). The equivalence ratio appreciably influ-
ences the turbulence intensity evolution through the flame. The turbulence intensity
would tend to vary with the mixture equivalence ratio rather than its initial value at
the burner exit. The axial and radial velocity fluctuations (u” and v’) remaining equal across
the turbulent flame front thickness, then the isotropic character of turbulence is not pre-
served. Thus, the flame tends to destroy the isotropic nature of turbulence. It is also well
observed that the isotropy in lean flames is relatively well preserved.

NOMENCLATURE
LES: Large Eddy Simulation
DNS: Direct Numerical Simulation
PIV: Particle Image Velocimetry
PDF: Probability Density Function
LST: Laser Sheet Tomography
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Re: Reynolds number
Cp: grid Pressure drop coefficient

uw/v

: isotropy

u’/U: turbulence intensity

P, M and G: Grids

D: grid hole diameter

M: grid mesh

U: axial velocity

V: radial velocity

k: kinetic energy

u’: velocity fluctuation in axial direction
v’: velocity fluctuation in radial direction
y: vertical axis

r: horizontal axis

@ : equivalence ratio

o: grid solidity
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