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Introduction

Microbubbles are used in a large number of medical ultrasound applications. If these acoustically excited bubbles oscillate nonspherically or translationally, they are known to induce a relatively slow steady flow in the vicinity of the bubble. This flow, called microstreaming, goes along with shear stresses which can be exploited in medical treatment, e.g. by so-called sonoporation [1]. The detailed mechanisms of such treatments are however not yet fully understood. Our study therefore aims to provide a fundamental understanding on the exact nature of microstreaming induced by acoustically excited, nonspherically oscillating microbubbles. Experimentally, we show a large variety of streaming patterns which depend mainly on the dominant mode of oscillations, but also on more subtle details in the bubble dynamics [2]. Theoretically, a newly developed theory confirms the variety of patterns and succeeds in a so far qualitative comparison to the experiments.

Methods

For the experiments, gas bubbles are created by short, focused laser pulses (Nd:YAG pulsed laser, λ = 532 nm). The bubbles under consideration range between 40 µm and 80 µm in radius and are trapped in a cubic water tank (width 8 cm) in an acoustic standing field. The driving frequency of the transducer is fixed to 31.25 kHz and the acoustic pressure at the bubble position is varied between 5 kPa and 25 kPa. Through variation of the bubble size and of the acoustic pressure the nature of the bubble oscillations can be controlled: they will either show pure radial oscillations or exhibit surface oscillations [3], in our case the modes 2, 3 or 4. The bubble dynamics is captured with backlightning and a high speed camera (Phantom V12.1) at 180 kfps. In order to visualize the microstreaming flow around the bubble, fluorescent tracer particles (Thermofisher, 0.71 µm diameter) are added to water and illuminated by a thin laser sheet. The acquisition rate for the microstreaming is 600 Hz.

The theoretical model [4] for the microstreaming induced by a nonspherically oscillating bubble assumes the bubble dynamics (bubble size, complex modal amplitudes, oscillating frequency) to be known and takes these as input parameters. No restrictions are imposed on the ratio of the bubble radius to the viscous penetration depth, that means no restrictions on the bubble size and on the fluid viscosity. According to the model, microstreaming is generated due to the interaction of two nonspherical modes, n and m, oscillating at the same frequency. The general set of equations has been derived and then applied to specific cases: the interaction of the radial mode 0 with an arbitrary surface mode (case n -0), the interaction of the translational mode 1 with an arbitrary surface mode (case n -1), the self-interacting mode n (case n -n) and the interaction of two arbitrary modes n and m (case n -m, with n > m ≥ 2). All cases together cover the full range of possible interactions.

Results

The dynamics of the bubble surface is axisymmetric and can be expressed as a sum of different zonal modes. Mathematically, this means in spherical coordinates (r, θ, ϕ) that the bubble contour r s can be decomposed over a sum of Legendre Polynoms P n :

r s = R 0 + ∞ n=0
a n e -i2πfnt P n (cos θ) , where a n are the complex modal amplitudes of the mode n oscillating at the frequency f n and R 0 is the radius at rest of the bubble. Practically, we can reduce the infinite sum to a few relevant modes. In Fig. 1 (a2) for instance, only the radial mode 0 and the mode 2 appear in the bubble dynamics. The corresponding, experimentally observed streaming pattern is shown in Fig. 1 (a2). It shows a cross-like shape with two small pairs of recirculation zones close to the bubble. As the two modes 0 and 2 are oscillating at different frequencies (due to parametric excitation of the mode 2), we do not expect a streaming pattern due to the interaction of the two modes. Furthermore, the mode 0 alone does not lead to microstreaming. Consequently, the only interaction expected to lead to streaming is the selfinteracting mode 2. Indeed, we obtain the same type of pattern when considering the self-interacting mode 2 in the theoretical model, see Fig. 1 (a3). A second example is shown in Fig. 1 (b). Here, the bubble dynamics reveals components of the modes 0, 2 and 4. Consequently, a several interactions will contribute to the total streaming pattern. A first qualitative comparison to theory suggests however that the dominant interaction is the interaction between the modes 0 and 4, which leads to the pattern of eight lobes around the bubble.

Conclusion

We have experimentally shown a large variety of streaming patterns linked to the bubble dynamics of nonspherically oscillating microbubbles. These patterns are due to nonlinear effects, which can be described by an analytical model. The qualitative comparison between experiments and theory reveal very satisfying results, a more quantitative evaluation including the effect of several simultaneous interactions is under way.

Figure 1 :

 1 Figure 1: Two example streaming patterns (a1,b1) together with the corresponding bubble dynamics (absolute value of modal amplitudes ân ) (a2,b2) and a theoretical result giving the same type of pattern (a3,b3).
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