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On making holes in liquids 1

Just as a solid object would, a liquid jet or a stream of droplets impacting a free surface 5 deforms and perforates it. This generic flow interaction, met in everyday life but also in 6 cutting edge industrial processes, has puzzled scientists for centuries. Lee et al. (J. Fluid 7 Mech. vol XXX 2021) present an experimental study of a simple droplet train interacting 8 with a liquid bath and identify two stages in the interaction: a first where a cavity elongates 9 and finally bursts, and a second where the interface is steadily punched by the incoming 10 stream. Each of these regimes is explained with elementary but effective models arising from 11 first principles, thereby revealing a full and simple picture of the physics of making holes in 12 liquids.
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Introduction: the many facets of liquid perforation

14 Rain pouring over the ocean, spray cleaning techniques in microelectronics or promising 15 needle-free drug injection are a few of many illustrations of liquid streams (whether jets 16 or droplet trains) interacting with a soft/fluid target. However, the fluid dynamics of this 17 interaction can be an intricate matter, as a closer look at these examples reveals. Take rain 18 falling over the ocean for example: as each raindrop creates a centimetre-sized transient fluid 19 crater upon impact, it would be easy to conclude that the typical mixing length between fresh 20 (rain) and salty (ocean) water is of the same order of magnitude. But on each impact, self-21 propelled and interacting vortex rings are emitted, thereby promoting mixing. As a result, 22 the effective ocean 'skin' thickness exceeds the typical crater size by a factor of hundred 23 (Rodriguez & Mesler 1988;Schlössel et al. 1997). Drops falling on liquid films are also 24 routinely used in industry, typically for cleaning purposes. In the microelectronics industry, 

  Figure 1: (a) In the first moments of interaction, a droplet train makes a hole of constantly increasing length in the bath. (b) The hole depth grows linearly with time up to a point of sudden pinch-off where the maximal depth is reduced to that of a steady meniscus. (c) Detail of the pinch-off event and resulting air finger bursting into a myriad of bubbles. (d) top: control volume used to describe the interaction from an impacting drop train and the tip of the hole. Bottom : control volume around the punched interface in the steady state regime. (adapted from Lee et al.).
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 2 Overview of Lee et al.'s article: transient holes and steady punches 4 in this inertial limit. However these results prompt several key questions that should stir the 115 attention of the community. Much of the presented study has been devoted to an explnation of 116 the interface shapes, but not so much of the detailed forces at play. Prior drop impact studies 117 have revealed the highly inhomogeneous character of the impact forces both temporally 118 and spatially (Philippi et al. 2016). The question of the transmission and localization of 119 stresses in the bulk liquid remains to be addressed with, e.g., acoustic sensing of forces 120 (Bussonnière et al. 2020), because they are of critical importance in the context of silicon 121 wafer cleaning for example. The topology of the flow is also unclear. The success of the 122 static meniscus prediction is intriguing as we could have expected flow-induced free surface 123 deformations. In the quite different context of very viscous jets impacting equally viscous 124 baths, Lorenceau et al. (2004) observed the similar development of a static-like meniscus, 125 but there the viscous jet is sheathed with a thin lubricating air layer that physically disconnect 126 the jet flow from the meniscus. In the present experiment, there is no air layer so could a 127 boundary layer detachment event explain the agreement between observation and a static 128 solution? The air finger produced during impact is an intriguing object in itself: could it 129 be somehow stabilized? Could it reform after the interface has pinched off by varying the 130 impact frequency for example? The capillary fragmentation of this neat air finger and the size 131 distribution of the resulting bubble cloud are also part of the open questions of the physics 132 of making holes in liquids.

† We note that the whole dataset of (Lee et al. 2021) is made publicly available through GitHub' servers, and acknowledge this effort towards reproducible research.
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 Lee et al. (2021)propose in their article an elegant experimental study of a droplet train 71 impacting a liquid pool combined with really simple but effective models. The experiment 72 consists in producing a liquid jet with an ingenious pressurised tank system. The jet is excited 73 with a piezoelectric transducer at frequency (5-725 kHz), and disintegrates into a stream 74 of droplets with typical diameters of the order of 100 m and velocities ranging from a 75 few meters per second up to almost 50 m.s -1 . With the working liquids used in their study 76 (water-ethanol mixtures and glucose syrups with density , surface tension and viscosity
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) the impact on the pool is characterized by the Weber We = 2 / , Reynolds Re =
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/ and Froude Fr = 2 / numbers all greatly exceeding one. Inertia is therefore the 79 dominant mechanism here when compared to viscous, gravity or capillary effects.
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The interaction between the droplet train and the surface exhibits two sharply delimited, 81 successive regimes. In the first moments of the interaction, the droplet train perforates the 82 liquid as each drop impact digs the cavity deeper (Fig 1a The first result is that cavities elongate linearly with time at a rate that can be understood