Experimental and numerical investigation on the accuracy of phosphor streak velocimetry
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We establish by a combination of experiments and simulations the performance of a new Phosphor Particle Streak Velocimetry 1 in a range of flow conditions, and imaging parameters. A new image segmentation algorithm is developed to improve the density of measurements to 0.004 streaks per pixel. Two phosphors with decay times of 564.2 µs (Gd2O2S:Tb 3+ ) and 0.92 µs (BaMgAl10O17:Eu 2+ ) are used to measure slow liquid flows and fast turbulent jets. To assess the uncertainty of the approach, synthetic streaks are generated and validated against experimental data. Finally, the impact of out-of-plane motion is investigated experimentally.

Abstract

To complement established velocimetry techniques such as particle tracking velocimetry (PTV), we previously introduced a new Lagrangian particle tracking method based on phosphor particle tracers 1 , which is named as phosphor Particle Streak Velocimetry (phosphor PSV). The emission from phosphor particles dispersed in the flow, which lasts much longer than Mie scattering from a pulsed laser and decays exponentially with time, produces light streaks that mark the flow motion. These streaks contain local velocity information which can be extracted by applying to each streak a two-dimensional fit describing a linearly moving point source with a mono-exponential decaying emission. In that study, a tin-doped phosphor (Sr,Mg)3(PO4)2:Sn 2+ was used to successfully resolve the sharp gradients of a 300 µm thin laminar boundary layer. Owing to the frequency shift of the luminescence, which prevented laser reflections at the wall to interfere with the measurements and the subpixel localisation accuracy of the fitting concept, measurements could be performed down to 30 µm away from the wall.

This study further expands on the experimental setup and data processing method, and matures the technique by extending the applicable velocity range, and establishing the measurement uncertainty of the concept. Figure 1(a) shows the experimental setup for the phosphor-PSV technique. We developed an image segmentation method that based on the image dilation algorithm, and greatly extended the maximum streak density that could be processed, as demonstrated in a stirred cuvette flow dispersed with Gd2O2S:Tb 3+ particles in figure 1(b) and (c). A vector density of 0.004 streaks per pixel was achieved. Figure 1(e) shows two example instantaneous vector fields of the cuvette liquid flow. shows the mean and rms velocity profiles extracted from accumulated vector field at h = 1.2D. The mean profiles were compared with the PIV results, which were conducted separately. A comparison data from another study in a round air jet of a similar Reynolds number at the same height 2 is also presented, measured by a hot-wire anemometer (HWA). The mean profiles obtained by PSV, PIV and hot-wire anemometer agree well within 0.5D. The rms velocity profile measured by PSV also shows a similar profile as the HWA data, but show larger fluctuations in the core region. This is due to the contribution of the rms error of the PSV technique, estimated at about 8% in the laminar jet experiment 1 . We also used virtual streaks including camera noise to predict the dynamic range of (Sr,Mg)3(PO4)2:Sn 2+ and compare with the experimental result. For each virtual streak, the sum of pixel intensity is set to 6000 counts, a median value estimated from the experimental data. Figure 3(a)(b) shows the comparison of numerical predictions and experimental results. The dynamic range predicted by the simulation to the two criteria (SNR and displacement) is from 0.2 to 7 m/s, slightly wider than the 0.5-7 m/s range obtained from experiment. For displacement during the 1/e decay time less than 5 px, the rms errors are also under-predicted by the virtual streaks, as shown in figure 3(b). These differences can be attributed to the fact that real streak images are non-ideal due to aberration or other effects caused by the collection angle, filter quality, etc. Finally, to investigate the impact of out of plane motion, we conducted PSV in an air jet with vz/vy=10% and 40% out-of-plane motion, by introducing a 5.6º and a 22º inclination angle (towards the camera) to the jet, respectively. The mean axial velocity of the jet in the core region is 4.8 m/s, measured in separate experiments by a normal PIV with no inclination. We processed all images from the two cases in the same way as for jets with no inclination, and results are presented in figure 3(c)(d). The mean velocity averaged spatially in the region highlighted in the figure is 4.6 m/s and 4.4 m/s for the two cases, respectively, which shows a satisfactory agreement with their theoretical counterpart 4.77 m/s and 4.45 m/s, derived from the velocity profile of the upright jet. The result suggests the in-plane velocity vectors can still be extracted from the projection of 3D streaks recorded by a single camera.

Conclusion

This study extends the application of phosphor-PSV to a wider range of flow conditions, and conducts uncertainty analysis for the technique. It paves the way for a wide implementation of the new phosphor-PSV technique in flow research and in particular to study two-phase flows and confined flows near solid boundaries.

Figure 1

 1 Figure 1 (a) experimental setup, (b) an instantaneous streak image taken in a liquid cuvette flow, (c) a zoom-in view of the streak image, (d) streak images after segmentation and the extracted velocity, and (e) two example velocity fields superimposed on the vorticity field.

Figure 2

 2 Figure 2(a) presents single-shot raw images and the corresponding velocity vectors of a 10 mm inner diameter, Re = 55000, turbulent air jet measured with BAM:Eu 2+ particles. Figure 2(b)shows the mean and rms velocity profiles extracted from accumulated vector field at h = 1.2D. The mean profiles were compared with the PIV results, which were conducted separately. A comparison data from another study in a round air jet of a similar Reynolds number at the same height 2 is also presented, measured by a hot-wire anemometer (HWA). The mean profiles obtained by PSV, PIV and hot-wire anemometer agree well within 0.5D. The rms velocity profile

Figure 2

 2 Figure 2 (a)(b) A raw image and the instantaneous velocity field of the BAM:Eu 2+ in a Re = 55000 air jet, (c) the accumulated vector field, and (d) comparisons of velocity profiles obtained by PIV and the result reported in a previous study.

Figure 3

 3 Figure 3 Comparison of the (a) mean and (b) rms error obtained in experiments and predicted by simulation; accumulated vector fields obtained for a jet with a (c) 5.6º and a (d) 22º inclination angle.
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