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Introduction

The gas flow turbulence strongly impacts the combustion efficiency for many combustion processes, such as internal combustion engine, aeronautic combustion or industrial furnaces. Particularly, for recent direct injection gasoline engines, the turbulent aerodynamic plays a crucial role since it conditions the fuel injection, the mixture formation, the ignition success and also the flame kernel stability and development. A better understanding of these physical mechanisms and their interactions with turbulent flows is a requirement for further enhancement of the combustion processes, in particular when multi-species fuel is considered. Indeed, one promising way to reduce the fossil fuel dependency of transport is the ethanol addition to conventional fuels, with the possibility to vary the ethanol volumetric fraction.

However, there is still a lack of data concerning the combustion characteristics of these new fuel mixtures. In particular, the influence of the turbulence intensity and scales on the flame propagation is still not fully understood whereas it plays a major role in the flame kernel development. This aspect can be investigated throughout the turbulent flame speed, which is a relevant parameter to indicate how the flame structure is affected by the turbulent flow. The turbulent flame velocity is also a key parameter for the reliability of turbulent combustion models dedicated to complex industrial situations, as well as for the validation of kinetic models.

Specifics objectives

In the present study, flame velocities of several fuel mixtures are measured in a model experimental set-up in which, a turbulent flow is generated and is representative of the aerodynamics encountered in internal combustion engines. This experimental bench ensures precise and reproducible initial conditions and it offers the possibility to dissociate the influence of several parameters such as the mixture fuel equivalence ratio, its composition and the turbulence intensity levels. The turbulent flow generated in the constant volume cell evolves in decay regime, allowing the variation of the turbulence intensity levels. The combustion is then ignited for a particular turbulent intensity level, chosen by an adaptation of the ignition timing.

In this work, the turbulence intensity level, the time and length scales of the turbulent structures are characterized by means of high repetitive rate Particle Image Velocimetry. The unsteady flow is analyzed by means of phase-locked averaged data at each time step of the cycle, but also with instantaneous spatial averaging data for each single acquisition. The propagation speed of spherical flames in expansion is then investigated in the turbulent flow with laser plane imaging technique. The iso-octane and ethanol mixtures are characterized at different fuel equivalence ratio and turbulence intensity.

Experimental set-up

The test bench is composed of a combustion cell and a compression volume separated by a perforated bloc (Fig. 1). After being introduced into the both volumes, the flammable mixture is compressed by means of the rapid motion of a pneumatic piston. The turbulence is generated in a constant volume cell by means of the rapid compression pushing the air/fuel mixture through a perforated bloc. This bloc is perforated with 25 cylindrical channels of 2.5mm in diameter forming a regular mesh, and it emerges on one side of the combustion volume. The test cell dimensions are 100×60×60mm 3 , with the longest length corresponding to the compression axis.

The rapid motion of the piston is triggered by the opening of solenoid valves, connected at the rear face of the piston. The departure of the piston defines the reference time noted T 0 . When the piston reaches the perforated bloc, the ignition of the mixture can then be performed thanks to a spark formed at the center of the volume by means of two very thin electrodes of 0.4 mm.

One experimental shot consists in four successive steps. The compression and combustion volumes are first filled in with fresh mixture during the backward motion of the piston. After having ensured the homogenization of the mixture in the test volume, it is compressed by the rapid motion of the piston triggered at the reference time T 0 . At the end of the compression step (T 0 +85ms), the turbulent flow generated in the chamber during the compression step is in decay regime, and the mixture can be ignited at various turbulence intensity levels by adjusting the spark timing. The last step consists in exhausting the combustion products by means of a vacuum pump before proceeding to a new experimental shot.

Dynamic pressure is measured in the test volume with a piezoelectric pressure transducer (Kistler 601A). The reproducibility of the experimental conditions is controlled from the pressure cycle associated to a recording of the piston displacement speed during the compression step. Few examples of the pressure recordings are presented in Fig. 2 during 300 ms after T 0 . The pressure increases rapidly during the 85 ms of the compression phase, and reaches 3.2 bar with a mixture temperature about 380 K at the end of the compression phase (T 0 +85ms) [1]. The significant thermal losses at the walls prevent to reach the adiabatic pressure estimated at 3.5bar. The pressure cycles measured during laminar and turbulent combustion of ethanol air mixtures are also reported in Fig. 2. Three examples of turbulent combustion cycles are plotted for ignition at T 0 +100ms, T 0 +120ms and T 0 +200ms, corresponding respectively to velocity fluctuations of 1.15m.s -1 , 0.78m.s -1 and 0.37m.s -1 . A rapid increase of the pressure is observed just after ignition due to the rapid heat release of combustion. As expected, the slope of pressure is steeper for the highest level of turbulence and decreases progressively up to the laminar case. The magnitude of the pressure peak is lower than the adiabatic estimation and this reduction is induced by the thermal exchanges of the flame with the test cell walls.

The flame speed is investigated with laser sheet tomography technique after the compression phase (T 0 +85ms) in a turbulent flow in decay regime. Flame speeds measured by means of the pressure rise, Schlieren and laser imaging have been compared and found to be consistent with our approach [2,3]. The turbulent flow aerodynamics is characterized by means of time resolved Particle Image Velocimetry (PIV) and the flame front propagation is analyzed thanks to laser tomography with a similar set-up. The light source consists in a Quantronix Darwin Duo laser of energy 2×30 mJ. The laser light sheet is formed with spherical and cylindrical lenses and it is focused in a horizontal plane through the median plane of the combustion chamber. The scattering signal from the seeding particles is recorded by a Phantom V10 camera equipped with a Nikkor 85mm lens, f#5.6 for the aerodynamics characterization and a 50mm f#2.8 for the reactive conditions. The investigation area for the PIV measurements corresponds to the whole field of the combustion chamber (60×100mm²) leading to a magnification factor of 24.18 px/mm. The spatial resolution is lowered for the combustion cases since the acquisition rate of the camera has to be increased to follow time evolution of the flame. So, only the central zone of the combustion chamber is visualized (57×66mm²), corresponding to the maximum observation size of the flame kernel. In this case, the magnification factor is reduced to 10.2 px/mm. The unsteady feature of the experiment imposes a precise time synchronization of the acquisition at the reference time (T 0 ). Moreover, the rapid motion of the piston, followed by the decay of the turbulent flow, lead to strong unsteady aerodynamic conditions with velocity level variations exceeding one order of magnitude between the beginning of the compression step and the end of the cycle. For that, a particular synchronization of the PIV acquisition has been developed (Fig. 3). The time delay between two laser shots ( t) is progressively adapted during the cycle. This adaptation enables the optimization of the PIV correlation for keeping a large dynamic range of velocity measurement at each acquisition time. The acquisition rate of the image couples is also adapted during the experimental cycle (Fig. 3). This original synchronization, variable over 310 ms, allows to obtain a fine description of the flow evolution both in the compression phase where the turbulence intensity level varies strongly and in the decay phase of turbulence.

Aerodynamic characterization

The time evolution of the turbulent flow in an individual cycle is investigated at 60 acquisition timings between T 0 +50ms and T 0 +360ms. To obtain a statistical description of the turbulent flow, 100 cycles are recorded.

Fig. 3. PIV Chronogram with adaptation of the time-delay ( t)

and the acquisitions frequency (f).

The velocity computation is based on intercorrelation with processing tools developed at the laboratory [1]. In this work, an iterative algorithm with a continuous windows shift approach has been retained. The computation is initialized with 32×32pixels windows size (1.32mm), which is iteratively decreased to finally achieve 20×20pixels (0.83mm). The peaklocking effect is minimized using a 4th-order image interpolation scheme. The validation rate of the velocities relies on several criteria (RSB, level, median) and it is over 95% on average thanks to a fine adjustment of the time delay (Fig. 3) to limit the effect of the out-of-plane particle motions induced by 3D fluid motions through the laser sheet.

During the compression phase, the maximum axial instantaneous velocity reaches 50m.s -1 (at T 0 +60ms) and decreases to 2m.s -1 at the end of the recording period (T 0 +360ms). After the compression, it has also been shown the velocity field rapidly tends to become spatially homogeneous. The mean velocity fluctuations reach a maximum of 10 m.s -1 during the compression and next present a fast decay due to the viscous energy dissipation of the turbulent flow. The large variation of the velocity range during the cycle put forward the interest to use an adaptable chronogram (Fig. 3).

The mean axial velocity spatially averaged and the corresponding fluctuations and are presented in Fig. 4. The spatial averaging is performed on instantaneous velocity fields in a central zone (40mm²) corresponding to the flow region interacting with the propagating flame. Indeed, the investigation range of flame diameter is restricted to 40 mm in order to avoid introducing the effects of both heat losses and flame-wall interaction in our analyze. The Fig. 4 shows that after the compression phase, the mean axial velocity rapidly tends to zero with weak oscillations resulting in a flapping of the jets produced during compression and their impact on the opposite face of the volume. The mean velocities fluctuations and decrease from 2 m.s -1 to 0.2 m.s -1 , and show the intense dissipative phenomena in our turbulent flow. The axial and transverse fluctuations evolve in a similar way and with comparable levels, and show a satisfactory isotropy in the central zone of the measurement plane.

Highest order moments of the velocity fluctuations are also plotted in Fig. 4 and provide details on the distribution shape of the fluctuations. They are normalized in order to describe the dissymmetry (3 rd order) and flatness (4 th order) coefficients. The axial and transverse (not shown here) dissymmetry coefficient are near zero during the turbulence decay. The distribution is thus symmetric and centered on the mean value. The axial and transverse flatness coefficients are about 3 during the acquisition as it is the case for a Gaussian distribution. The homogeneity level of a turbulent flow can be caracterised by means of an inhomogeneity coefficient defined as [4][5]:

(1)

Using this formulation, the coefficients are computed for the axial fluctuation, , the transverse fluctuation and for the turbulent kinetic energy . It should be noted here that the kinetic turbulent energy (TKE) is computed on the base of a homogeneous axisymmetric turbulence :

(2) The mean values of the three coefficients are lower than 0.1 during the acquisition period. These values confirm the rather good homogeneity of the velocity fluctuations which has also been observed on the central zone of the velocity maps. This nearly isotropic and homogeneous turbulent flow allows estimating the dissipation of the kinetic energy ( ), Kolmogorov time ( ) and scales ( ), from simple relations deduced from the kinetic energy budget and dimensional analyses. These characteristics times and scales can thus be estimated as follows:

(3)

The decay of the mean TKE and the single shot results are presented in Fig. 6. The mean TKE reaches 5m 2 .s -2 after the compression step and decreases to zero at the end of the acquisition. A dimensionnal analysis of an isotropic and homogeneous turbulence in decay behind a grid shows that the TKE decreases as a time power law with exponant -1.25 [6]. A power law fit of the mean TKE is superimposed on the experimental results and show that the turbulent flow generated in our experiments follows this theoretical trend. Single cycle results of TKE show a significant dispersion which is probably due to the fluctuating feature of the turbulent flow but also to the variability of large scale structures resulting in cycle-to-cycle variation. To overcome this effect on statistical flow analysis, further processings by filtering or decomposition techniques of the velocity field could be considered for the separation of the turbulent fluctuations and fluctuations due to the cyclic variability of the large scale structures. However, this standard statistical description of the turbulent flow provides data for a first-order analyze of the effect of the turbulence on the propagation speed of several fuel mixtures.

These results provide a satisfactory estimation of the mean dissipation rate by differentiation of the mean TKE (Eq.( 3)) and Fig. 6 shows that it rapidly decreases from 4m 2 .s -3 to zero. The results as well as others caracteristics properties of the turbulent flow are reported in Table 1 for three particular timing, T 0 +100ms, 120ms et 200ms. The viscous dissipation of the energy is rapid and is one hundred time smaller at the end of the acquisition period. The Kolmogorov scale increases with a diminution of the viscous dissipation. At the end of the acquisistion, the caracteristic scale of the smallest vortices is doubled and the vortices turnover time evolves from 280µs to 1.8ms. The taylor scale characterizing the limit of the inertial zone to the disspiation one, is about 2 mm and the Reynolds number (Re ) caracteristic of this scale is about 200. The large scale vortices size is estimated with the integral axial length scales and is about 8mm all along the experimental cycle. The mean value of is about 4.5 mm and the proportion , which caracterizes an isotropic and homogeneous turbulence is respected in this flow. The Reynolds number Re L caracteristic of these large scale structures decreases from 1200 to 451. The ratio between the integral scale to the Kolmogorov scale is about 100. The flame expansion is investigated in this characterized turbulent flow during the first 6 ms of its propagation. When comparing the duration of propagation to the turbulence decay time (Fig. 6), the turbulent properties of the flow ( are considered to be almost constant. Moreover, an eventual modification of the turbulent flow acting on the growing flame is not taken into account in this study.

Turbulent Flame velocities

The turbulent flame velocity measurements are performed with laser plane images which are acquired with similar experimental set-up than the previous one. The synchronization is adapted since the acquisition are now performed at a fixed frequency (f=4 kHz) to follow the flame development and for a reduced field of view. Several mixtures of ethanol and iso-octane are tested with different ethanol volumetric fractions (E0 (0% vol.), E80 (83% vol.), E100 (100% vol.), with variation of the fuel equivalence ratio (0.8, 0.9, 1, 1.1) and variation of the turbulence intensity level. The turbulence intensity is decreased for flame ignitions at increasing delays with the reference time: T 0 +100ms, T 0 +120ms and T 0 +200ms. For each condition, a minimum of 5 shots are recorded and the flame velocity is obtained by differentiation of an equivalent flame radius time evolution which is corrected by the burned to unburned gas density ratio [1].

The flame velocities versus the flame radius are presented in Fig. 7 for ethanol (a), E80 (b) and isooctane (c) at a fuel equivalence ratio of 1.1. The values of flame radius reached after 7 ms after ignition is indicated by a biggest colored dot. In order to evaluate the flame acceleration from early stage of its development, the turbulent flame velocity is normalized by the velocity measured at a flame radius of 6mm. The turbulence intensity is indicated through the velocity ratio , which controls the interaction between the flame chemistry and turbulence (values of are indicated in Table 2). Few examples of single shots results are also shown in Fig. 7 (a) and present significant dispersion due to the random feature of turbulence. The dispersion is larger for higher intensity levels. For all conditions, a decrease of the flame velocity is first observed. This is due to the deposit of the spark energy in excess. Then, the flame velocity continuously increases during the acquisition period as a consequence of the continuous increase of the wrinkled flame surface. In laminar conditions, an asymptotic behavior is observed and the flame speed is constant for the largest flame diameter [7][8][START_REF] Bradley | [END_REF][10][START_REF] Glaude | Proceedings of the European Combustion Meeting[END_REF]. There is not such stationary regime for the turbulent flame for the time scale considered in this experiment. The dimensions of the test cells are probably too small to reach constant flame speed. This has also been attributed to a modification of the turbulent spectrum during the flame expansion by authors [START_REF] Lawes | [END_REF].

For all three fuels, even for the weakest turbulence level (t=T 0 +200ms, 0.35m.s -1 ), the flame velocity shows a weak but significant acceleration and exceeds rapidly the laminar velocity, indicated in Table 2. For the two higher turbulence levels, a similar acceleration of the velocity is measured. The velocity increases with an order of magnitude of 2 between the early flame kernel development and a flame radius around 20mm. The ethanol flame acceleration measured for the highest turbulence levels exceeds the lowest case with a factor 1.5 for the largest flames. This result put forward the strong effect of turbulence on the flame speed. When comparing the different fuels, the turbulent flame present similar accelerations for the three fuels.

To deepen these results, flame speeds obtained for E80 at various turbulence intensity levels and several fuel equivalence ratio are presented in Fig. 8.

The flame relative acceleration is more pronounced for the weakest fuel equivalence ratio, corresponding to the largest ratio . This velocity ratio seems to enable a ranging of the turbulent flame relative acceleration. Flame velocities measured for different mixtures and different fuel equivalence ratio but nearly constant velocity ratio are presented in Fig. 9. E80 flames ignited at around 2.5 m.s -1 present very similar accelerations, whereas the fuel equivalence ratio is varied. The flame velocity increase is attributed to flame surface wrinkling under turbulence effect and could be counterbalanced by different flame response to stretch effect. A local investigation of reactive zones properties and topology would probably show the different influences of curvature and wrinkling for these fuels mixtures. Such data would bring more insight into the physical mechanisms involved during a flame expansion in a turbulent flow field.

Conclusion

Turbulent flame velocities of several fuel mixtures have been measured and analyzed in constant volume vessel with variation of the turbulence intensity level. Turbulent properties of the flow have been characterized by high rate PIV and show a good homogeneity and isotropy of velocity fluctuations in the central part of combustion chamber. Turbulent flame speeds measured for different fuel mixtures show that an increase of the turbulence intensity induces an increase of the flame acceleration which is comparable for the three fuels. For a more detailed analysis of the influence of the mixture composition and turbulence on the turbulent flame speed, the topology of the flame front should be further investigated in term of local curvature and wrinkling.
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 2 Fig.2. Volume pressure evolution during the compression step and during laminar or turbulent combustions.
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 1 Fig.1. Schematic view of the experimental bench.

Fig. 4 .

 4 Fig.4. Axial mean velocity, fluctuating velocities, skewness and flatness coefficients and isotropy ratio. The isotropy ratio based on mean fluctuations ( ) is also presented in Fig.4. This ratio is near unity after the compression phase and increases slightly with axial fluctuations exceeding the transverse ones. These results put forward a Gaussian behavior and a good isotropy of the mean velocity fluctuations during the experimental cycle. The isotropy is also qualified on an individual cycle basis in Fig.5 where spatiallly averaged transverse fluctuations are presented versus axial spatially averaged fluctuations. The flow is nearly isotropic along the acquisition period since the points do not deviate strongly from the unity slope line. The weakest fluctuations, measured at the end of the cycle show the best isotropic behaviour (T 0 +200ms). The homogeneity level of a turbulent flow can be caracterised by means of an inhomogeneity coefficient

Fig. 5 .

 5 Fig.5. Transverse versus axial velocity fluctuations for each individual cycle -spatial averaging.

Fig. 6 .

 6 Fig.6. Single shots and mean experimental TKE, fitted TKE and estimated dissipation.

Fig. 7

 7 Fig.7 Turbulent flame speed at =1.1 for various turbulence intensity levels-(a) E100 (b) E80 (c) E0-Big dots: 7ms from ignition.

Table 2

 2 Laminar flame velocities from the literature and unburned to burned gas density ratio at (380K, 3bar)

	E100	E80	E0
	T=380K, P=3bar	T=380K, P=3bar	T=380K, P=3bar

m.s -1 u/ u m.s -1 u/ u m.s -1 u/ u

  

	=1.1	0.60	6.68	0.62	6.72	0.47	6.62
	=1	0.57	6.57	0.61	6.60	0.48	6.66
	=0.9	0.50	6.29	0.55	6.30	0.45	6.34
	=0.8	0.41	5.88	0.46	5.90	0.38	5.91
	ref	[7-11]		[7-9]		[7-8-10-11]	

Table 1

 1 Flow characteristic scales ( =7.14 10 -6 m 2 .s -1 for air at 364K and 3.1 bar).

T

Re

ReL m.

s -1 m.s -1 m 3 .s -3 m 4 .s -4 m 2 .s -2 m 2 .s -3 mm ms mm mm

  

	T0+100ms	-0.020	1.156	-8.6 E-2	4.26 E0	1.970	88.23	0.045	0.28	1.27	7.38	206	1200
	T0+120ms	0.113	0.779	-1.6 E-2	9.10 E-1	0.880	26.11	0.061	0.52	1.58	8.12	172	885
	T0+200ms	0.057	0.370	3.5 E-4	4.60 E-2	0.210	2.21	0.113	1.80	2.58	8.69	134	451