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just after (delay of 2 us) the first image recorded by the “PIV camera”. This image obtained with this ‘flame
camera” is thus not affected by the laser.

Figure 2. On the left: image obtained by the "PIV camera". On the right: image obtained by the "flame camera”

3. Analysis method

Analysis methods for determining burning velocity and turbulence intensity just ahead of the flame front are
explained based on the schema of Figure 3.
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Figure 3: Schema of the analysis method
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3.1 Determination of turbulence intensity

From each pair of images recorded by the “PIV camera”, a PIV algorithm is applied to deduce 2D maps of
velocity vectors (2 components) using the software Dynamic Studio (Dantec Dynamics). A preliminary step is
mandatory to pre-process the raw images (image 2a on figure 3) before performing the PIV algorithm. This
preliminary step corrects the non-homogeneity of the grey level of the raw images due to the laser light
attenuation by the particles and the difference of laser light intensity between the two laser pulses. PIV
algorithm is then applied to these pre-processed images (image 2b on figure 3).

The grid step size of this PIV analysis is 8 x 8 pixels (spatial resolution) resulting in 88 (along the vertical axis)
x 141 (along the horizontal axis) velocity vectors calculated for this analysis (yellow vectors in the image 2c in
Figure3); the other vectors (located on the edges of the images) are not used for the analysis. The algorithm
used is adaptative. The size of the interrogation window used for the correlation calculation is adapted
depending on the particle density and on the flow field. For this analysis, the size of the adaptative windows is
adapted from 16 pixels to 64 pixels.

Turbulence intensity has to be determined just ahead of the flame front. Flame front location is first determined
as the vertical coordinate of the highest point of the flame contour detected. A zone (black square in Figure 3)
just ahead of the flame front is used for the calculation of the turbulence intensity. The height of this zone is
fixed at 45 interrogation windows.

For calculating the turbulence, a mean velocity has to be evaluated. For each interrogation window and for
each velocity component, the mean velocity (z and ¥) is defined as the spatial mean of the vectors located
around this interrogation window. The size of this zone used for the calculation of the mean is 15 interrogation
windows along each axis. For each interrogation window, the RMS fluctuations velocity (Vrms) is calculated
considering the vectors (uiand vi) previously used for the determination of the mean:

Viws = (FEa(u =0 + 2 ELL, 1 = 07 (1)

Global RMS velocity ahead the flame front is then defined as the spatial mean of the previous RMS velocities
calculated.

3.2 Determination of burning velocity

With this direct method, burning velocity is based on the direct measurement of two velocities: the propagation
velocity and the unburned flow velocity.

From the images obtained by the “flame camera”, the contour of the flame front is extracted. The flame front
position is defined as the vertical coordinate of the highest point of this contour. Propagation velocity is then
defined as the derivative of the evolution of this position over time.

Unburned flow velocity determination is based on the maps of velocity vectors previously obtained. As
exposed in Figure 3, mean unburned flow velocity determination is based on the analysis of the vectors of the
upper part of the images. For this analysis, the height of the zone of analysis is 10 interrogation windows.
Unburned flow velocity is defined as the spatial mean of the vertical component of these velocity vectors.
Propagation velocity and unburned flow velocity are defined as upwards velocities; they are collinear. Burning
velocity is thus defined as the difference between these two velocities.

4. Results

Unburned flow velocity is determined based on the results of the PIV analysis. The evolution of this velocity is
estimated while the flame crosses the PIV measurement zone. A constant unburned flow velocity of 22.5 m.s™
is measured.

Images of flame propagation are recorded by the “flame camera” while the flame crosses the PIV
measurement zone. Images are also recorded by the SA3 high-speed camera while the flame propagates on
the two upper sections of the prototype. Results obtained in the common measurement zone (i.e. in the PIV
measurement zone) are fairly close. A mean propagation velocity of 25 m.s™is obtained.

Burning velocity is finally deduced from these two velocities. This burning velocity is 2.5 m.s™.

Turbulent intensity just ahead of the flame front corresponding to this burning velocity is then estimated.
Applying the analysis method previously exposed, RMS velocity is 1.35 m.s™". Only three maps of velocity
vectors are analysed for this turbulence estimation. These three images correspond to the instants when the
flame reaches the PIV measurement zone; with these images, the turbulence intensity just ahead of the flame
front is determined. Other images of flame propagation obtained in this PIV measurement zone were not
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considered for this determination of the turbulence intensity as not enough interrogation windows are obtained
in front of the flame front (mean velocity calculation is based on 45 windows interrogations along the vertical
axis). This preliminary experiment and analysis lead to the local simultaneous estimation of the burning
velocity and the turbulence level just ahead of the flame front. The burning velocity obtained is 2.5 m.s™ at the
RMS velocity of 1.35 m.s™.

5. Conclusions

An innovative method has been proposed to simultaneously measure the burning velocity and the
corresponding turbulence level in front of the flame front during aluminium dust flame propagation. Contrary to
the widely used “open-tube method”, the estimation of the burning velocity is not based on an approximation
of the flame temperature. The burning velocity determination is based on the direct measurement of two
velocities: the propagation velocity and the unburned flow velocity. In this paper, the flow velocity is studied by
PIV (Particle Image Velocimetry). Performing PIV measurement in front of a propagation aluminium dust flame
is challenging. Because of the nature of the experiments (dense particle cloud, luminous flame, propagating
flame...), TR-PIV (Time-Resolved PIV) is implemented using a high-speed camera and pulsed laser with high
repetition rates. With this PIV setup, turbulence intensity ahead of the flame front can also be evaluated. The
corresponding analysis method and preliminary result on a first experiment have been presented.

This simultaneous estimation of burning velocity and turbulence intensity can be used for estimating the
relation between these two quantities. This relation is fundamental for modelling flame propagation in case of
real accidents. Furthermore, these experiments of propagating flames can also be used for the validation of
numerical simulations.

Other experiments will be realized with this optical setup and this analysis method. Different data on burning
velocity, and on the corresponding RMS velocity, will be obtained and used to determine the relation between
these two quantities to be implemented in numerical models. PIV measurement zone will be located at
different heights to obtain different turbulence levels. Indeed, as the flame propagates in the tube, the
turbulence intensity should increase resulting in an increase of the corresponding burning velocities.
Furthermore, to obtain higher turbulence intensities, obstacles will be located inside the prototype. These
experiments with obstacles will also be used to validate future numerical simulations.

Acknowledgments

The authors are grateful to IRSN (Institut de Radioprotection et de Surete Nucléaire) for scientific and financial
support to this project.

References

Chanut, C., Heymes, F., Lauret, P., Essaidi, Z., & Slangen, P. (2020). Visualization of aluminum dust flame
propagation in a square-section tube: comparison of schlieren, shadowgraphy and direct visualization
techniques. Journal of Visualization, 23(5), 885—894. https://doi.org/10.1007/s12650-020-00676-5

Dahoe, A. E., & de Goey, L. P. H. (2003). On the determination of the laminar burning velocity from closed
vessel gas explosions. Journal of Loss Prevention in the Process Industries, 16(6), 457-478.
https://doi.org/10.1016/S0950-4230(03)0007 3-1

Dahoe, Arief Edsel. (2000). Dust explosions: a Study of Flame Propagation.

Faghih, M., & Chen, Z. (2016). The constant-volume propagating spherical flame method for laminar flame
speed measurement. Science Bulletin, 61(16), 1296—1310. https://doi.org/10.1007/s11434-016-1143-6
Goroshin, S., Fomenko, |., & Lee, J. H. S. (1996). Burning velocities in fuel-rich aluminum dust clouds.
Symposium  (International) on  Combustion, 26(2), 1961-1967. https://doi.org/10.1016/S0082-

0784(96)80019-1

Julien, P., Whiteley, S., Soo, M., Goroshin, S., Frost, D. L., & Bergthorson, J. M. (2017). Flame speed
measurements in aluminum suspensions using a counterflow burner. Proceedings of the Combustion
Institute, 36(2), 2291-2298. https://doi.org/10.1016/j.proci.2016.06.150

Kahlili, 1. (2012). Sensibilité, sévérité et spécificitts des explosions de mélanges hybrides
gaz/vapeurs/poussieres.





