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Interaction of a planar shock wave with a water surface

This work is about experimental study of a planar shock wave which slide over a water surface. The aim is to observe the air-water interface and the droplet entrainment which is associated. Experiments are performed at atmospheric pressure in a 200×200-mm²-squarecross-section shock tube for depths of 10, 20 and 30 mm and two incident planar shock waves having Mach number of 1.11 and 1.43. We recorded the pressure histories and high-speed visualization to study the flow patterns, surface waves and spray layers behind the shock wave. We observed two different flow patterns with ripples formed at the air-water interface for the weaker shock wave and the dispersion of a droplet mist for the stronger shock wave. We analyzed pressure signals both in the air and in the water at the same location. From these pressure signals we extracted the delay time between the arrival of the compression wave into the water and the shock wave in air at the same location. We show that the delay time evolves with the distance traveled over the water layer, the depth of the water layer and the Mach number of the incident shock wave.

Introduction

A planar shock wave which slides over a liquid surface induces complex situations from the perspective of either shock wave refraction or the hydrodynamics instabilities at the air-water interface. This type of problem is of great interest in many applications such as oceanography and industrial accidents. It is essential to understand the shock hydrodynamics associated with both the shock acceleration and the breakup of the liquid layer. However, relatively few experimental works on the subject have been reported in the literature [1][2][3][4]. As reported by Epstein et al. [5] and Milton et al. [START_REF] Milton | Proceedings of the 18 th international symposium on shock waves[END_REF], the Kelvin-Helmholtz mechanism could be responsible for the liquid-surface instability and entrainment. The surface tension and the viscosity are the relevant parameters for the transition from surface ripples to the wrenching of the liquid. With the exception of the recent work of Bitter and Shepherd [START_REF] Bitter | [END_REF], who experimentally studied detonations and deflagration-to-detonation transition in horizontal pipes partially filled with water, there have been no reports of quantitative variables used to describe the pressure evolution. In the present work, we focusing particularly on the pressure histories recorded both in the air and water at the same location for shock waves of Mach 1.11 and 1.43 and several water-layer depths from 10 to 30 mm.

Experimental setup

Experiments were conducted at the IUSTI Laboratory of Marseilles to study the interaction of a planar shock wave with a horizontal free water surface [8]. Experiments were performed at atmospheric pressure in a shock tube (T200) with a 200×200-mm²-square-cross-section [9] for depths of 10, 20 and 30 mm and two incident planar shock waves having Mach number of 1.11 and 1.43. We recorded the pressure histories and high-speed visualizations to study the flow patterns, surface waves and spray layers behind the shock wave. Figure 1.a shows the experimental set-up where the T200 shock tube was specifically equipped with a homemade device to complete the experimental chamber of a variable water reservoir of different depths. We placed two pressure transducers in the driven section at stations C7 and C9, and six pressure transducers were positioned in the test section at stations C10, C10 * , C15, C15 * , C17 and C17 * , as shown in Fig. 1a. We chose this gauge distribution to provide a detailed and accurate pressure map throughout both air and water. Prior to each run, the test section was partially filled with water at room temperature and atmospheric pressure. Image acquisition and slow-motion analysis were obtained via a Photron Fastcam SA1 at 30,000 fps for a spatial resolution of 1,024×176 pixels. In Fig. 1b, a picture extracted from an experiment is presented. With these experimental conditions (incident shock wave of Mach 1.43 and a water-layer depth of 10 mm), a thin mist of droplets is ejected into the air and disturbances appear at the air-water interface. We observed two different flow patterns with ripples formed at the air-water interface for the weaker shock wave and the dispersion of a droplet mist for the stronger shock wave (Fig. 2).

Fig. 2 Isometric views showing the interaction between a water layer with a depth of 30 mm and a planar shock wave with Mach number of a) 1.11 and b) 1.43. On each frame is indicated the time (in ms) which is passed since the incident shock wave reaches the beginning of the water layer.

In Fig. 3, we present an example of the pressure histories recorded both in air and water throughout the experimental apparatus.

Fig. 3 Pressure signals recorded during an experiments both in air and water.

As we can see, all pressure gauges record a first pressure increase across the incident shock wave, and later, a second one across the shock wave reflected from the end wall of the driven section. As we can see for this time scale, the signals recorded in air and water are merged.

Fig. 4 Pressure increase behind the planar incident shock wave in air (C15 station) and the compression wave in water (C15 * station). Δtexp represents the time gap between the two waves at the same location and ti represents the duration of the pressure increase in water.

We analyzed pressure signals both in the air and in the water at the same location (Fig. 4). From these pressure signals we extracted the delay time between the arrival of the compression wave into the water and the shock wave in air at the same location. We show that the delay time evolves with the distance traveled over the water layer, the depth of the water layer and the Mach number of the incident shock wave. In figure 5, we observed that the compression wave does not move at the speed of sound in water but is driven by the planar shock wave in air at any instant. The level of pressure recorded in air and water at the same location are the same (Fig. 4). Indeed, to equilibrate the pressure at the air-water interface and to ensure the continuity of the pressure at every instant, a compression wave transversely propagates in water above the shock wave in air and increases the pressure in the water.

Conclusion

We conducted experiments on the interaction of a planar shock wave and a horizontal water layer. The behavior of the water at the air-water interface depending on the strength of the incident shock wave. For the shock wave of Mach 1.11, the patterns at the interface exhibit "ripples" with some water droplets ejected into the air. For the shock wave of Mach 1.43, the patterns of the interface have the appearance of a very thin water mist of microscopic droplets and a large wave is moving along the water reservoir. We measure the pressure both in air and water at the same location and at three stations along the experimental chamber of the shock tube. The pressure signals reveal that the propagation of the compression wave in water is driven by the planar shock wave in air at any instant. The delay time between the shock wave in the air and the compression wave in the water and the time over which the pressure increases in water depend on the experimental conditions. These conclusions of pressure signals corroborate the scenario proposed by Borisov et al.

Fig. 1 a

 1 Fig. 1 a) Scheme of the T200 experimental section and principle of the experiment. SW represents the incident shock wave. b) Picture extracted from an experiment conducted with a water layer having a depth of 10 mm driven by a shock wave with a Mach number of 1.43.

Fig. 5

 5 Fig. 5 Diagrams which represent the scenario proposed by Borisov et al. and used by Teodorczyk at two times (t0 on the left and t1>t0, on the right) where the incident shock wave is slower than the speed of sound in water.
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