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abstract
Stepped spillways have been used for many centuries. The stepped design increases the rate of energy dissipation on the chute and reduces the size of the downstream energy dissipation system. Downstream of the inception point of free-surface aeration, strong air-water mixing takes place. Large amounts of air are entrained and very-strong interactions between main stream turbulence, step cavity recirculation zones and free-surface are observed. This study presents an experimental study conducted in a large-size stepped chute (θ= 22°, h=0.1 m, W=1 m) for several flow rates (1.0 ≤ dc/h ≤ 1.57) with phase-detection intrusive probes: single-tip conductivity probes (∅ = 0.35 mm) and double-tip conductivity probes (∅ = 0.25 mm). For all experiments, the scan time was 45 s and the scan rate 20 kHz. For some experiments, two probe sensors separated by a known transverse or streamwise distance were sampled simultaneously. An advanced signal processing technique with new signal correlation analyses was developed and applied. A complete characterization of the flow was developed at macro and microscopic scale in terms of void fraction, bubble count rate, flow resistance, velocity, turbulence and in terms of bubble chord distributions, auto- and cross- correlation functions. The results provided a new understanding of the air-water turbulence structure, the spray properties and the energy dissipation mechanisms. The void fraction distributions showed an S-shape profile that was observed in previous studies. Dimensionless distributions of bubble count rate showed consistently a characteristic shape with a maximum about 40-60% void fraction. The maximum bubble count rate was observed for 0.35 ≤ C ≤ 0.6 with most data sets within 0.4 ≤ C ≤ 0.5.  Air-water interfacial velocities were recorded for three flow rates (dc/h=1.15, dc/h=1.33, dc/h=1.45). The data were measured with a double-tip conductivity probe that provides air-water flow velocity V and turbulence, in addition to the void fraction C, the bubble count rate F and the chord length of bubbles. For all flow rates the velocity distributions had the same patterns. The velocity profiles compared well with a power-law function for y/Y90 < 1. For greater values of y/Y90 the velocity distributions tended to be quasi-uniform. Experimental results included further the turbulence. The turbulence intensity reached a maximum for values of y/Y90 ranging between 0.6 and 0.9. It showed a similar trend to the bubble count rate in relation to y/Y90. It is believed that high levels of turbulence extending from y=0 to y=Y90 were caused by the strong aeration. Therefore turbulence intensity distribution is strongly related to the bubble count rate distribution. 

At a microscopic scale air bubble and water droplet chords were analysed in terms of the probability distribution functions. The results are divided in three sections according to the structure of the air-water flow: bubbly flow (0 < C ≤ 0.3), spray (C ≥ 0.7) and the intermediate region (0.3 < C < 0.7). All the data had similar trends for all step edges. In the bubbly flow and in the intermediate region all distributions tended to follow a log-normal probability distribution function and the distributions of air chords were skewed with a preponderance of small bubbles relative the mean size. For C ≥ 0.95 that is the upper flow region the flow structure consists of individual ejected water droplets surrounded by air. 
Correlation analyses were performed for some experiments during which two identical sensors separated by a known transverse or streamwise distance were recorded simultaneously. Correlation analyses yielded a characterisation of the large eddies advecting the bubbles. The results included the maximum cross-correlation coefficient (Rxy)max, the characteristic time lag τ and the integral time scales Txx Txy.
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