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The study of an acoustic bubble pair is a first step in the understanding of mechanisms ruling cavitation clouds and groups of contrast agents. Such bubbles interact through acoustic coupling but can also be influenced by the fluid flows that they generate. Here, this fluid interaction is evidenced for a micro-metric bubble pair. Conditions on shape instabilities needed to obtain such interactions are shown using experimental observations of free bubble induced fluid flows.

Introduction

The acoustic bubble has been studied for more than a century. First considered as a purely theoretical object, it has now resonance in many applicative fields. One can cite, for example, the use of coated microbubbles in acoustic imaging [START_REF] Tanter | Ultrafast imaging in biomedical ultrasound[END_REF], in bubble-mediated therapies [START_REF] Marmottant | Controlled vesicule deformation and lysis by single oscillating bubbles[END_REF], but also for industrial applications [START_REF] Chahine | Modeling of surface cleaning by cavitation bubble dynamics and collapse[END_REF], in which more violent processes can be used. In all these applications, microbubbles allow one to focus the acoustic energy from the characteristic length of the sound wave-length, to the much smaller one of the bubble (two orders of magnitude smaller in water). But in all those kinds of applications, bubbles do not often come alone, but rather gathered in small groups, for coated bubbles, or in large clouds for cavitation bubbles. Such configurations imply that bubbles are close to each other. When acoustically excited, they will start oscillating. Along with these oscillations comes individual sound emission: each bubble acts as a sound source and radiates in its vicinity as a secondary (compared to the primary external one) sound source. Each bubble interacts with the other ones through this acoustic emission. Many effects highlighting these interactions have been reported in literature. They range from change in the resonance frequency [START_REF] Combriat | Acoustic interaction between 3D fabricated cubic bubbles[END_REF] up to oscillatory behavior modifications [START_REF] Liang | Investigations on dynamics of interacting cavitation bubbles in strong acoustic fields[END_REF]. Also, the change in the local pressure gradient around two closely-spaced bubbles has been evidenced as a cause of interaction force, called the secondary Bjerknes force, which makes the two bubbles attract or repel each other if they respectively oscillate in or out of phase.

While the acoustic interaction has been widely studied, only few studies focused on the case of bubble-induced fluid interaction. Such phenomena occur when bubbles are either translating or oscillating non-spherically. Few papers have reported experimental observations of these flows, for wallattached bubbles [START_REF] Tho | Cavitation microstreaming patterns in single and multiple bubble systems[END_REF], while theoretical approaches [START_REF] Doinikov | Acoustic microstreaming produced by nonspherical oscillations of a gas bubble. I. Case of modes 0 and m[END_REF] or numerical simulations [START_REF] Jalal | Interaction of Spherical Particles Owing to Steady Streaming Induced by Ultrasound[END_REF] consider the case of free bubbles in an infinite medium. The induced fluid flows can come either from scattering of the spherical wave radiated by one bubble on the other one [START_REF] Doinikov | Microstreaming generated by two acoustically induced gas bubbles[END_REF] or directly by non-spherical oscillations. It is a slow mean flow, whose origin lies in the attenuation of the wave scattered by a bubble in the surrounding viscous fluid. May 10-13, 2021, Daejon, Korea

In this paper, we report observations of fluid interactions in the case of an oscillating bubble pair in water, kept far away from boundaries. We focus here on fluid flows, while a previous study on the interaction force has already been published [START_REF] Regnault | Secondary radiation force between two closely spaced acoustic bubbles[END_REF]. Bubble pair induced fluid flows are shown and discussed in relation to bubble oscillating behaviors.

Materials and methods

The experimental setup used for this work is displayed in Figure 1. A transparent plastic tank (PMMA) of 8-cm side is filled with filtered water. Bubbles are created one by one, using pressurized air supplied through a thin capillary of a 20-µm inner diameter. Multiple consecutive bubbles are created inside the tank. They all rise up due to buoyancy. The bubbles size ranges from 70 to 120 µm. In order to trap them, a 1 MHz standing wave is generated inside the tank using a transducer (Sofranel IDMF018, 1 MHz nominal frequency) situated on top of the water tank. Since the bubbles are much larger than the resonant size of a bubble at 1 MHz, they are trapped due to the primary Bjerknes force at pressure anti-nodes of the standing wave [START_REF] Leighton | Primary Bjerknes forces[END_REF]. The inter-bubble distance corresponds to half the wavelength of the 1 MHz field, following the theory of primary radiation force [START_REF] Leighton | Primary Bjerknes forces[END_REF]: d ~ 750 µm. Once trapped, only a pair of bubbles situated on two consecutive nodes is kept.

The bubble oscillations are initiated by emitting in the tank a low frequency wave, at 31.9 kHz, using a Langevin Transducer (SinapTec®, 31 kHz nominal frequency) situated below the tank. The bubble oscillations and positions are recorded with a CMOS camera (Vision Research, V12.1) at a cadence of 130 kfps. The observation is achieved using backlight illumination. This way, the bubble contour within the focal plane of the camera can be extracted. Further explanations on the method can be found in [START_REF] Regnault | Secondary radiation force between two closely spaced acoustic bubbles[END_REF]. Microstreaming measurement can also be achieved using this set-up. As shown in literature, for free bubbles in an unbounded fluid, spherical oscillations are not sufficient to generate microstreaming. One thus has to trigger shape modes in order to observe such fluid flows. Here, the shape instabilities are triggered either by increasing the low-frequency pressure amplitude for sufficiently large bubbles or by making them grow, through rectified diffusion, at constant but large pressure amplitude. Once at least one bubble is non-spherically oscillating, the fluid flow is observed using fluorescent tracers (R700 * Corresponding Author: Gabriel Regnault, gabriel.regnault@insa-lyon.fr ThermoFisher, 0,71µm in diameter) enlightened by a continuous wave laser sheet of 150µm in depth. The camera used for the bubble dynamics observation is as well used to assess microstreaming, but at lower frame rates, within the range of [500-1000] fps. A recording session consists in consecutive observation of bubble dynamics and induced fluid flows, in order to allow linking their interface motion to microstreaming.

Results

As predicted, no microstreaming is observed if both bubbles are only spherically oscillating. Such oscillations lead only to acoustic coupling. The inter-bubble distance is too large here to enable the creation of cavitation microstreaming through scattering of the wave emitted by each bubble on the other one. Only with the triggering of non-spherical oscillations come fluid flows and possible fluid interactions between the bubbles.

In Figure 2, particular cases of the two-bubble microstreaming that has been observed are shown. The bubble contours and positions are shown on left of every sub-figure while the fluid pattern is on the right. The fluid flows are obtained by superimposing hundreds of consecutive images. Here, it is shown that shape modes and bubble induced fluid flow do not always come with fluid interaction. Evidence of such cases is displayed in Figure 2.a, b, c. In case a), the inter-bubble distance is 1.5 mm, twice the distance between two consecutive nodes. Both bubbles oscillate on the main mode 4. The fluid patterns are confined close to the bubble interface and do not connect to each other. A background mean flow is observed as well, but it only slightly affects the pattern extension around the bubbles. In case b), the two bubbles oscillate as well on mode 4 but with an inter-distance of 750 µm. The fluid pattern is formed by 8 lobes, also near the bubbles interfaces. No fluid interaction is observed. In case c), only one bubble * Corresponding Author: Gabriel Regnault, gabriel.regnault@insa-lyon.fr d,e) For some cases, the fluid motions can reach the other bubble and even interact, leading to recirculation zones between the two bubbles. May 10-13, 2021, Daejon, Korea undergoes a shape mode, of order 5. The microstreaming that it generates does not reach the bottom bubble (which remains spherical here) even if the inter-bubble distance is decreased, due to secondary Bjerknes force [START_REF] Regnault | Secondary radiation force between two closely spaced acoustic bubbles[END_REF].

Although the previous cases are not, the following two indeed evidence microstreaming interaction. The shape modes here, in cases d) and e), are quite intriguing. They belong to the zonal instabilities and not to the sectoral ones. For the sake of brevity, no discussion on this point is provided here. Such modes have almost a shape close to axisymmetric mode 2 in side view within the focal plane. Their associated fluid flow looks like a large cross (see Figure 2.d), a pattern which is confirmed by recently published theories [START_REF] Inserra | Acoustic microstreaming produced by nonspherical oscillations of a gas bubble. III. Case of selfinteracting modes n-n[END_REF][START_REF] Spelman | Arbitrary axisymmetric steady streaming: Flow, force and propulsion[END_REF]. When both the bubbles generates microstreaming, it leads in this case to modifications of the pattern, with re-circulation zones in the area between the two bubbles.

Conclusions

Fluid flow interaction between two non-spherically oscillating bubbles is not straightforward to achieve. Conditions on the mode order, and possibly its kind, must be reached. The global flow is enriched with re-circulation zones, which can be of great interest for bubble induced therapies since shear stress in these areas is increased. Further results must be obtained to enrich these first observations.
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 1 Figure 1. The experimental set-up. a) First the bubbles are created and observed by backlight illumination at 130 kfps. b) Fluorescent tracers injected in the water are enlightened by a laser sheet to observe microstreaming, using the same camera.
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 2 Figure 2. Bubble pair induced fluid flow patterns and associated snapshots of the bubbles interfaces. a, b, c) No fluid interaction is observed. Microstreaming remains confined close to the bubbles. d, e) For some cases, the fluid motions can reach the other bubble and even interact, leading to recirculation zones between the two bubbles.
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