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An exact solution is developed for bubble-induced acoustic microstreaming in the case
of a gas bubble undergoing asymmetric oscillations. The modelling is based on the
decomposition of the solenoidal, first- and second-order, vorticity fields into poloidal and
toroidal components. The result is valid for small-amplitude bubble oscillations without
restriction on the size of the viscous boundary layer (2v/w)'/? in comparison to the bubble
radius. The non-spherical distortions of the bubble interface are decomposed over the
set of orthonormal spherical harmonics Y, (6, ¢) of degree n and order m. The present
theory describes the steady flow produced by the non-spherical oscillations (n, £m) that
occur at a frequency different from that of the spherical oscillation, as in the case of a
parametrically excited surface oscillation. The three-dimensional aspect of the streaming
pattern is revealed as well as the particular flow signatures associated with different
asymmetric oscillations.

Key words: drops and bubbles

1. Introduction

The high-frequency interfacial motion of ultrasound-driven gas bubbles can generate
a steady flow in the surrounding fluid, called acoustic microstreaming. Interest in the
bubble-induced streaming and the resulting stresses exerted on surrounding bodies is
motivated by a variety of technological, chemical and biomedical applications. Oscillating
bubbles close to or in contact with a wall can actuate the transport of particles within the
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viscous boundary layer at solid surfaces, with applications in the removal of contamination
particles and surface cleaning (Kim et al. 2009; Reuter et al. 2017), the amplification of
chemical treatments (Mason 1999), the handwashing and cleaning of sensitive surfaces
(Birkin, Offin & Leighton 2016), and the micromixing of fluids (Wang, Rallabandi &
Hilgenfeldt 2013). Cavitation microstreaming is also a propelling source for small water-
floating objects and bubble-driven microrobots (Dijkink ef al. 2006; Ahmed et al. 2015).
These artificial, acoustically driven microswimmers act as propulsion devices that can
carry a payload, with a great potential for microfluidic applications and targeted drug
delivery. The commonly used geometry for these microrobots includes a gas bubble
trapped in the robot body cavity, whose oscillations create an axisymmetric flow that
orients and propels the microrobot (Zhou, Dai & Jiao 2022). The orientation of the
propeller can be controlled by inducing one or several holes on armoured bubbles (Bertin
et al. 2015) by combining acoustic powering and magnetic steering (Aghakhani et al.
2020), or by designing gear-like bubble-based propellers in order to actuate rotational
motion along closed trajectories (Mohanty et al. 2021). Biomedical applications based on
bubble-induced flows include cell detachment (Ohl & Wolfrum 2003), the sorting and
manipulation of biological materials (Volk et al. 2020), the lysis of vesicles (Marmottant,
Biben & Hilgenfeldt 2008), and ultrasound-mediated targeted drug delivery (Lajoinie et al.
2016; Pereno et al. 2018). The ultrasound-mediated delivery of a drug is based on the action
of oscillating microbubbles nearby biological barriers that increase their permeability and
allow drug and genes to penetrate into individual cells without serious consequence for
the cell viability (Fan et al. 2014). The temporary permeabilisation of biological barriers
is caused by shear stresses exerted on cell tissues by the bubble-induced flows (Wu &
Nyborg 2008), which are responsible for a ‘massage’ effect on cells and the creation of
transient pores on the cell membrane. Even if no consensus exists on the exact mechanism
responsible for cell poration and the required bubble activity (collapsing/inertial regime or
stably oscillating regime), determining the bubble-induced flows and resulting shear stress
is mandatory.

The first theoretical investigation of acoustic microstreaming was performed by Nyborg
(1958). By investigating the near-boundary streaming induced by a compressible body
(a gas bubble) resting on a surface, he showed how resonant bubbles produced a
pronounced microstreaming in the surface vicinity. Davidson & Riley (1971) have
considered the case of a spherical bubble oscillating laterally in an unbounded fluid. Their
investigation covers a wide range of situations with respect to the orders of magnitude of
two dimensionless parameters. The first, e = U/ Row, is the ratio of the vibration amplitude
of the velocity U occuring at the angular frequency w to the bubble radius Ry. The second
parameter quantifies the ratio of the thickness of the Stokes layer to the bubble radius,
¥ = (2v/w)'/?/Ry = 8,/ Ry, where v is the kinematic viscosity, and 8, is the thickness of
the oscillatory shear layer. A great theoretical achievement of their work is the introduction
of a matching approximation between the solution within the inner boundary layer and
the one in the outer boundary, performed in the case of large bubbles (y <« 1) driven at
relatively low frequencies and with small amplitudes of lateral oscillations (¢ < 1). This
approximation has been used in later decades by several authors, adding the contribution of
small radial oscillation (Longuet-Higgins 1998), of small-amplitude axisymmetric shape
oscillations in the case of the nth distortion mode with n >> 1 (Maksimov 2007), and of
any arbitrary combination of axisymmetric shape oscillations (Spelman & Lauga 2017).
All the above-mentioned theoretical works are based on the matching of the inner/outer
solution that assumes a small viscous penetration depth in comparison to the bubble radius.
This assumption limits the findings to the case of large bubbles in low-viscosity fluids.
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Recently, Doinikov et al. (2019a) have overcome these limitations by calculating exactly
the second-order mean flow induced by all possible interactions between axisymmetric
shape oscillations (including the spherical and translational ones).

Yet the similarity between all these theoretical derivations is to consider initially (at
rest) spherical bubbles far from any boundary. While this scenario has been recovered
experimentally by using levitating, acoustically trapped bubbles (Cleve et al. 2019), the
majority of experimental work on acoustic microstreaming is performed on substrate-
attached microbubbles. The positional stability of the bubble is therefore ensured, hence
facilitating the capture of the interface dynamics as well as the surrounding fluid
motion. Marmottant et al. (2006) resolved the acoustic streaming surrounding a wall-
attached bubble experiencing spherical oscillations and a translational one occurring
perpendicularly to the wall. Tho, Manasseh & Ooi (2007) performed an extensive
study of streaming patterns surrounding a substrate-attached bubble from the top view.
In addition to the cases of varying translational and/or oscillating motion of the
bubble interface, the authors have also extended the analysis to the case of shape
oscillations, without mentioning the triggered shape instability. Marin et al. (2015)
revealed the three-dimensional nature of the acoustic streaming flow surrounding a
wall-attached cylindrical bubble by using an astigmatism particle tracking velocimetry
(APTV) technique. Using the same APTV technique, Bolanos-Jimenez et al. (2017)
captured the three-dimensional axisymmetric, ‘fountain-like’ flow pattern surrounding
a hemispherical bubble. Interestingly, the strength of the flow was used as a way
of finding the bubble’s lowest resonant frequency. When summarizing the literature,
it becomes obvious that experimental and theoretical works on bubbles experiencing
asymmetric (i.e. non-axisymmetric) oscillations are scarce, while the ease of triggering
asymmetric deformations is facilitated by the contact line dynamics and the breaking of the
spherical symmetry. Usually, the complexity of the asymmetric oscillations is disregarded
experimentally, where undetermined shape modes are sometimes reported (Saint-Michel
& Garbin 2020). The landscape of emergence of specific spherical harmonics for high-
amplitude-driven microbubbles was proposed by Fauconnier, Bera & Inserra (2020).
The ease of triggering specific asymmetric modes near the minimum of the instability
threshold, as well as the partitioning of the triggered modes within the instability
region of existence for shape oscillations, was demonstrated. The only theoretical work
discussing the emergence and triggering of asymmetric oscillations was performed by
Maksimov (2020) in the case of a spherical bubble located in front of a wall. The splitting
(partitioning) of the shape modes was recovered theoretically. Concerning the induced
flows, a systematic study of the acoustic microstreaming surrounding a wall-attached
bubble has been performed by Fauconnier et al. (2022). High-amplitude acoustic driving
allowed the triggering of non-spherical shape oscillations, including asymmetric ones.
The flow signatures were correlated to the bubble interface dynamics decomposed over
the set of orthonormal spherical harmonics Y," (9, ¢) of degree n and order m. The self-
interaction of a given asymmetric shape oscillation results in various flower-like patterns
whose numbers of lobes are associated with the degree n and order m of the triggered
harmonics. Only top view observations were performed, and the three-dimensional nature
of these asymmetric patterns has still to be determined.

The present paper provides the mathematical modelling of the second-order mean
flow surrounding a bubble experiencing asymmetric oscillations at a frequency different
from that of the spherical oscillations, so that the microstreaming comes from the
interaction of the shape oscillation with itself (self-interaction). This case is relevant
to parametrically excited shape oscillations. Section 2 describes the derivation of the
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Figure 1. Coordinate system used in calculations.

second-order mean flow, with a particular focus on the decomposition of the solenoidal,
first- and second-order, vorticity fields into poloidal and toroidal components. The
derivation is valid for small-amplitude bubble oscillations with no restriction on the size
of the viscous boundary layer 8, = (2v/w)'/? in comparison to the bubble radius. This
means that our theory is valid for any value of the liquid viscosity v, which in turn means
that our theory is valid for any value of the ratio 6,/ Rg, where Ry is the equilibrium bubble
radius. We emphasise this fact because in many previous studies on acoustic streaming, the
ratio &,/ Rp is assumed to be small, which means that the liquid viscosity is assumed to be
very low and/or Ry to be big. Section 3 presents various numerical examples obtained by
the proposed model, highlighting the three-dimensional nature of the streaming patterns,
the reversal of the flow atop the bubble by means of the generation of an anti-fountain
behaviour, and the possibility of creating flows with a strong azimuthal component when
a travelling surface wave propagates at the interface of the bubble.

2. Theory

We consider a gas bubble surrounded by an infinite viscous incompressible liquid. We
assume that the bubble, which is spherical at rest, undergoes asymmetric oscillations
in response to an external acoustic excitation. Figure 1 shows a spherical coordinate
system, originated at the equilibrium centre of the bubble, that is used in our calculations.
Our derivation follows the conventional procedure for calculating acoustic streaming. We
assume that the amplitudes of the bubble oscillation modes are small compared to the
equilibrium bubble radius. This assumption allows us to linearise the equations of liquid
motion (Navier—Stokes equations) and to find their solutions, assuming the amplitudes of
the bubble oscillation modes to be given quantities. These solutions give us a first-order
velocity field generated by the bubble in the liquid. Then the equations of liquid motion
are written with accuracy up to terms of second order of smallness with respect to the
first-order solutions and averaged over time. As a result, we obtain equations that describe
the velocity field of acoustic streaming produced by the bubble.
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2.1. First-order solutions

The surface of a bubble undergoing the oscillation modes (n, m) and (n, —m) can be
represented by

rs(0, ¢, 1) = Ro+e ' s YO, ¢) + e ST YO, 9), (2

where Ry is the bubble radius at rest,  is the angular frequency of the bubble oscillations,
s®Mand s™-=m are the complex amplitudes of the modes (n,m) and (n, —m),
respectively, and Y," (6, ¢) are spherical harmonics of degree n and order —n <m <n,
which are defined by (D1) in Appendix D. Here, the azimuthal dependency as a complex
exponential has been preferred to the cosine form (known as the real spherical harmonics)
for the following reason. The cosine representation of the azimuthal part of the angular
function implies an established, standing wave at the interface of the bubble. In order to
allow for the most general case of two oppositely moving travelling waves at the interface
of the bubble, the two components (n, =m) are considered. When the amplitudes of the
two components are equal, s = s~ 4 stationary azimuthal wave is established.
When they differ, a quasi-stationary wave exists that is composed of a partially stationary
and a partially travelling component. In the general case, any three-dimensional bubble
deformation can be decomposed over the set of orthonormal spherical harmonics, which
means that several modes can coexist. The interaction of several modes oscillating at the
same frequency (mixed-mode streaming) has been described as a dominant contribution
to acoustic microstreaming in many situations; see, for example, Longuet-Higgins (1998)
and Rallabandi, Wang & Hilgenfeldt (2014). However, the consideration of two interacting
modes (n1, m1) and (ny #ny, my #my) will lead to serious mathematical complexity
in calculating the resulting flow. According to the work of Fauconnier et al. (2022), the
possibility of triggering a single, well-identified, asymmetric mode was demonstrated.
The associated flow, resulting from the interaction of the triggered asymmetric mode with
itself, was captured. It is therefore worth considering a single asymmetric mode interacting
with itself for the description of the induced acoustic microstreaming, as in (2.1).

The values of s"*™) and w are considered as known quantities. They are assumed
to be measured experimentally and serve as input data in our study. We also assume
that |s"*™)|/Rg < 1, which allows us to linearise the equations of liquid motion. The
linearised equations of a viscous incompressible liquid are given by (Landau & Lifshitz
1987)

V.v1 =0, (2.2)

0 1
el =——Vpr+vAv, (2.3)
ot 0

where v; and p; are the first-order liquid velocity and pressure, respectively, p is the
constant liquid density, v =n/p is the kinematic liquid viscosity, and 7 is the dynamic
liquid viscosity.

The first-order velocity field generated by modes (n, m) and (n, —m) can be written as

v = vﬁ"’m) + v]"’_m), 2.4
—m)

where vi”"") and v|"

(n, m) and (n, —m), respectively. Both vi”’m) and v(ln’fm) obey (2.2) and (2.3).

The commonly used procedure to solve (2.2) and (2.3) consists in decomposing the
first-order liquid velocity v into the scalar ¢ and the vector ¥ velocity potentials using
the Helmholtz decomposition v; =V + V x ¥. In spherical coordinates associated
with the basis set of vectors (e, eg, eg), the general forms of these potentials are

are the first-order liquid velocities generated by the modes
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=, 0,¢,1) and ¥ =v,(r,0,9,1) e, +Yp(r,0,¢,1) eo + Yy (r, 0, ¢, 1) es. The
Helmholtz decomposition is suitable for solving axisymmetric cases because the azimuthal
invariance reduces the decomposition of the velocity field to only two unknowns,
o(r,0,¢,1) and Yy(r, 0, ¢,t) (Doinikov et al. 2019a). In the present problem, the
general form of the scalar and vector potentials should be kept, leading to four unknown
functions. Using the divergence-free property of the velocity field in (2.2), an alternative
decomposition can be proposed to reduce the number of unknown functions, such
as the poloidal—toroidal decomposition sometimes called the Mie representation of a
vector field. Indeed, Mie (1908) was the first to introduce this decomposition in the
investigation of Maxwell’s equations in a spherical geometry, after Lamb (1881), who
introduced the toroidal part only in hydrodynamics. The application of the poloidal—
toroidal decomposition of a solenoidal field concerns mainly terrestrial magnetism
(Elsasser 1946; Bullard & Gellman 1954; Backus 1986). Chandrasekhar (1961) adapted
this representation to treat a convective-flow stability problem in a spherical cavity.
The validity of the poloidal-toroidal decomposition for any solenoidal fields has been
demonstrated by Chadwick & Trowbridge (1967) in a bounded annular region, by Backus
(1958) in a closed ball, and by Padmavati & Amaranath (2002) for unbounded regions.
In the context of bubble physics, Prosperetti (1977) proposed this decomposition for the
vorticity field induced by bubble non-spherical oscillations in order to determine the
equations of motion of the bubble interface accounting for non-spherical perturbations
in viscous fluids. Therefore, we follow the approach of Prosperetti (1977), and calculate
the curl of both sides of (2.3), which results in

Bw("’m)

1 (n,m)
=V A , 2.5
a7 vV Aw, (2.5)

(n

where a)gn’m) =V x v(ln’m) is called the vorticity of the velocity field v, ™ We then apply
the poloidal—toroidal decomposition of the vorticity (Backus 1986)

wgn,m) _ Pgn,m) + Tin’m), (2.6)

where, in view of the equation of the bubble surface (2.1), the poloidal Pi"’m) and toroidal
T %n’m) fields are written by

PU™ = ¢TIV X V x [ey Pun(r) Y6, )], 2.7)
T =e™' V x [e, Tym(r) Y,"(0. §)]. 2.8)
with e, = r/r being the unit radial vector.
Substitution of (2.6) into (2.5) yields
(n,m) (n,m)
aPy"™ T
at at

In view of the orthogonality of the poloidal and toroidal fields, (2.9) can be split into
two equations:

=v AP v AT, (2.9)

(n,m)
P
—L_—yapi"™, (2.10)
ot
(n.m)
oT
o =v AT, 2.11)
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Substituting (2.7) and (2.8) into (2.10) and (2.11), and using the identity
dF@r) nmn+1)
dr? r2

F(r)
+2v [TYZ"(& ¢>)] :

Ale, F(r) Y0, )] =, Y0, §) [ F(r)}

2.12)

where F(r) is an arbitrary function, one obtains
—ioV xV x[e Pun(r) Y)' O, 9)|=vV x V

d’P,,(r) nm+1)
a2 - ) Pum (7‘):| } s

X {e, Y, (O, ¢) |: (2.13)

, ETm() nm+1)
—iwV x e Tun(r) Y (0, )] =v V x =e, Y, ¢)[ ;r"; -— Tnm(r)]} :
(2.14)
It follows from (2.13) and (2.14) that P, (r) and T}, (r) obey the equations
2 n@m+1)
[m — —r2 + k5:| Py (r) =0, (2.15)
2 nm+1)
[ﬁ — —1’2 + k3i| Tom(r) =0, (216)

where k, =(1+41i)/8, is the viscous wavenumber, and &, =+/2v/w is the viscous
penetration depth.

It is easy to check that both (2.15) and (2.16) are transformed to the Riccati-Bessel
equation (Abramowitz & Stegun 1972) by multiplying by r2. Solutions to the above
equation are given by kyr z,(kyr), where z, is the spherical Bessel function of the first
or second kind, or the spherical Hankel function of the first or second kind. Since we are
looking for solutions in the form of an outgoing wave, we get

Pom (r) = aumkor b (kyr), (2.17)
Tum () = bamkor D (kur), (2.18)
where ap,, and b,, are constants, called the linear scattering coefficients, that are

determined by boundary conditions at the bubble surface, and h,(zl) is the spherical Hankel
function of the first kind.
Substituting (2.7) and (2.8) into (2.6), and using (2.17) and (2.18), one obtains

o™ =TV 5V x e aumkor BD (ko) Y16, 6) |
+V x [er bunkor hD teur) Y120, ) || (2.19)

(n,m)

It follows from (2.19) that v can be written as
p(m) = gion {V X [e, aumkor BD (kyr) Y™ (6, ¢)]
e bunkor b (ko) Y36, 6) — Vo | (2.20)

where a scalar function ¢ is introduced in order to satisfy (2.2).
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Substitution of (2.20) into (2.2) yields

Ap=V. [e, bumbkor B (kyr) Y™ (0, ¢)] . 2.21)

Equation (2.21) is the inhomogeneous Laplace equation, which is also called Poisson’s
equation. Since we are looking for a solution for » > Ry, the solution to (2.21) can be
represented by

@ (1,0, ) = Ccomr TV Y™ O, @) + @um (r) YO, ), (2.22)

where the first term on the right-hand side is the solution to the Laplace equation (A¢ = 0),
cnm being a constant coefficient, and the second term is a particular solution to Poisson’s
equation (2.21), ¢, (r) being a function to be found.

To find ¢, (r), we substitute (2.22) into (2.21), and calculate the right-hand side of
(2.21). As a result, we obtain the equation

|:d_2 2d n(n+1):|

dx?2 x dx (an( )— |: h(l)(x)+xh(l)/(x)]

kv
bum [(n +3) hD(x) —x hf}jl(x)] 22

v

where x =k,r, and the prime denotes the derivative with respect to an argument in
brackets.
To solve (2.23), we use the identities (Abramowitz & Stegun 1972)

Eha)(x)_h(l)/( )= h<1>1(x) (2.24)

h(l)( )+ a0 =nY (0. (2.25)
With the help of (2.24) and (2.25), we obtain
d? +2 d n@+1) [
x2

PR a h® () + px h'Y, (x)] =28 —a) KD @) — Bx b, (x).

(2.26)
Comparison of (2.23) with (2.26) reveals that the solution to (2.23) is obtained by setting
a=—(n+ l)bnm/kv and ,3 = bnm/kv:

o () = 2 [h(l)l(x) (n+1)h,<}>(x)]. (2.27)

kv
It follows that the general solution to (2.21) is given by

_ b
00, ¢)= {cnmr 2 [lor )y Geor) = 1) A (kvr)]} Y. 9).
v

(2.28)

The coefficients ay,,, by, cnm are calculated in Appendix A. In the process of this
calculation, the following boundary conditions at the bubble surface have been used: the
condition that the normal component of the first-order liquid velocity is equal to the normal
component of the bubble surface velocity, and the condition that the tangential stress
generated by the liquid motion vanishes at the bubble surface because the gas viscosity
is much lower than the liquid viscosity. By using the results obtained in Appendix A,

vi"’m) is represented by
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o™ =v{1e, + vy en +v] " ey, (2.29)

vi};,m) — ot g(n.m) V, (r) Y™ (0, ¢), (2.30)

D) _ gmion ) gy, W, n>l, (2.31)

v%m) — g it g(1.m) Wf1 (r) 3" 6. ¢), n,m>1, (2.32)
sin 6 ap

where the functions V,,(r) and W, (r) are calculated by

n+1Da,  nm+1)B.hY k)

V=" o , (2.33)
o B
W)=+ [(n +1) 1D (kr) — korh ", (kvr)] , (2.34)
and the coefficients «;, and B, are given by

ioRy 2 [(2=n—n?) ni" @ - Phil" @]
o= 1 L nzo. @39)

n+1) [#hi, @) — (n2 430 +2) bV (f)]

2 (1 +2) %

= fnt 2 xo izl 236)

oD [P @ = (2430 +2) ) 0]

where x = k, Rg. Note that (2.33)—(2.36) follow from (AS8), (A9), (A22) and (A23) by
setting ¢, = sM e and by, = s(”*m),Bn.

The first-order velocity generated by the mode (n, —m) is obtained by replacing m with
—m in (2.29)—(2.32):

vﬁ"’*’") = v}':’fm)er + vf’é’fm)eg + vf';’fm)ed), (2.37)
v =TIy, () Y (0, §) (2.38)
_ . ay "™ (o,
T = it mmyyy () T T aeg 9D =, (2.39)
—m
ol = gl gl —m) Wa () 3, 0. 9) , n,m>1. (2.40)
¢ sin 6 ¢
With the help of (D1) and (D3) from Appendix D, (2.38)—(2.40) are represented by
v = eI, () (<D Y 6. 9) (241)
_ . ay’* (o,
v T =TI, () (1) aé LUt (2.42)
_ ; W, Y= (9,
T = et gln—m) TN 22 ) (=" L ©D  m=1, (2.43)
¢ sin 6 ap
where the asterisk denotes the complex conjugate.
2.2. Solutions of the equations of acoustic streaming
The equations of acoustic streaming are given by (Doinikov et al. 2019q)
1010 A48-9
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V. vg=0, (2.44)
1
AV xvg=-V x(v;-Vuvy), (2.45)
v
where vg is the Eulerian streaming velocity, i.e. the time-averaged second-order liquid

velocity, and ( ) means the time average.
Substitution of (2.4) into (2.45) yields

1
AV xvg=-V
%
X< (n,m) van ,m) +v]n —m) Vv]n —m) +v§n ,m) Vvln —m) +v(n —m) Vv(n m)>
(2.46)
This equation can be divided into three equations:
1 :
AV x o™ = v ><< (n.m) 7 (1 ")> (2.47)
v
_ 1 _
AV x %n m) _ VX< (n,=m) o (n m)> (2.48)
v
1 _ -
AV x vy ==V x (o™ - Vo ol ), (2.49)

where (2.47) describes the acoustic streaming generated by the mode (n, m) alone,
(2.48) describes the acoustic streaming generated by the mode (n, —m) alone, and (2.49)
describes the acoustic streaming due to the interaction of the above modes (streaming due
to cross-terms).

Let us first consider (2.47). Since V x vg"m) is a divergence-free vector field, it can be
represented by a poloidal-toroidal decomposition (Backus 1986)

Vx o™ =V x V x |:e, > Z U™ (ry Yl (0, ¢)}

k=11=—k

+V x |:erz STy )Y,ﬁ(&d))}

k=1 Il=—k

| kk+1) BYT
=2 {e’ Ly 0.9)

PI™ (r) { Yl ©,¢) ey 3V (e,qb)}
€p + —
a0 sin 6 ap

+

r

(n,m) l [
L) { e V0. 8) Y (9,¢>>”_ 250

sinf ¢ Y,

r

Recall that the prime in the superscript denotes the derivative with respect to an
(n,m)

argument in brackets. Substitution of (2.50) into (2.47) and the calculation of AV x v
yield

1010 A48-10


https://doi.org/10.1017/jfm.2025.284

https://doi.org/10.1017/jfm.2025.284 Published online by Cambridge University Press

Journal of Fluid Mechanics

nm k(k+1> e k (k+1) PI™ (r)
AV x o™ = ZZ{ P ") - 5 }Yé(e,q»

k=11=—k

1 imym k(k+1) P,jf*’"” ) 2k (k+1)PS™ (1)
o Pa ()= +
r r2 r3
Y} o, Y} o,
« | e j ( ¢)+f¢ i (0, 0)
a0 sin 6 op
L pemr y _kGAD Tk""” ][ eo 3¥i@.8) _ 0Y[©,9)
r| K r2 sinf 3¢ Y]
1
=~V x (o™ Vo). 2.51)
Equating the r-components of both sides of (2.51), one obtains
oo k (n,m)
k (k+1) k(k+1) P, (r)
2.2 [Pk(?’m)” (r) = 5 Y; 6. ¢)
k=11=—k

_ %e, [V (o v (2.52)

Calculating the curl of both sides of (2.51) and taking the r-component, one finds

o0 k (n,m)
KD [ omy . kG+DT,
> 2 %[Tk(f oRe )rzkl (r)}Yzf ©, ¢)

k=11=—k

1
- [V XV x < () gy ’">>] (2.53)
U

Equations (2.52) and (2.53) make it possible to calculate Pk(f’m)(r) and Tk(ln ’m)(r), and

hence vg’m). In view of the cumbersome nature of these calculations, they are performed
in Appendix B. As a result, we obtain the components of the Eulerian streaming velocity
in the following form:

o0

(n,m) 1 7 nm) (n.m)/
v =5 ; 2%kt 1 [ (r) + @] (r)] P (cos),  (2.54)
v (r, 0) = Z V2k+108™ () P! (cos6) (2.55)
i (1, 0) = ———— Z V2k+1PY™ (r) P (cos6) (2.56)

where Py is the Legendre polynomial of degree &, Pk is the associated Legendre polynomi-

al of first order and degree k, and the functions P, (n, m)( ), T(" m)(r) q§(" m)( ), cD(" m)/(r)
are calculated by (B18), (B24), (B33) and (B45)

In the process of the calculation of v<E"’m) in Appendix B, we also calculate the Stokes
drift velocity v(" ) (Longuet-Higgins 1998), whose components are given by
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(n m)|2 o

(n m) nmnm
(r, 9)_4fw Z«/2k+ A
x Re {i V() [2" (ot 1)2; KEFD oy — v (r)]} Py (cos6),
(2.57)
5 s [ [ Wa () - -
0= 5=, Re{z A (r)|: ; ! (r)“l; V2k+ 1A plcos 6)
(2.58)
vis™ (r,0) = Z EM™ (r) P (cos6)
(2.59)

where Re means ‘the real part of’, the coefficients A} are calculated by (D20), and
the function E; (n.m) s defined by (B63). Note that (2.57) and (2.58) follow from (B54) and
(B56) using fnm(r) =s"MV, (r) and gum (r) = s W, (r).

™ and v("’m), we can calculate the Lagrangian streaming velocity
produced by the mode (n, m), which is defined by v(" " — (n "y v(" ),

Due to symmetry, solutions to (2.48) are expressed in terms of the solutlons to (2.47) as
follows:

; (n,
Knowing vy

| (n,—m) |2

o™ (r, 0) = AECTIER v (7 — 0), (2.60)
|s(n m)|2
oy (1 0) = =™ — 6), (2.61)
s |
(n,—m) |Sn m)|2 (nm)
UL¢ (r 9)_—W Lo (l" T — 9) (262)

To solve (2.49), by analogy with the solution of (2.47), V x v%x)

poloidal—toroidal decomposition,

ook
vaggx)=Re{VxVx |:erz Z Pk(lX) (r)Yli(Q’¢)i|

is represented by a

k=11=-k
ook
+V x [er > Y nve. ¢)”
k=1Il=—k

oo k (x)
RIS {erk(k+132Pk, (r)Y]é 0.0

+P“’( r) [eané ©.9) e aY/ <9,¢)}

r 20 sin 6 1)

(2.63)

7 () [ eo Y (0.4) oY (9,¢)”
+ . — €y s
sin 6 Lo} a0

r
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where the functions P(X)(r) and Tk(lx) (r), by analogy with (2.52) and (2.53), obey the
equations

k ()
k (k+1 <1 kk+1)P

YR ){Péz) - (r)}Yé(e,qs)

I=—k

o0

Re Z
k=1

1

~ e, [v x< (1) (1= y (1= gy ’")>] (2.64)
v
ook (x)
k(k+1) k(k+1) T (r)
Re Y Z {T,flx)” (r) — = K Y! (0, ¢)
k=1 l=—k
1 _ _
= [V x Vo (o Vot o vt )] (2.65)
v
Equations (2.64) and (2.65) are solved in Appendix C. As a result, we obtain the
components of v%x) in the form
2 (.0, ¢) = Rez Z [T(X) ) + o (r)] Y. 0. ¢). (2.66)
k=11=—k
<1>,£f’< )

v (r, 0, ¢)_Rez Z

k=11l=—k

x [\/k k+D)— 1A+ DY 0. ¢)e - Jkk+ 1) —1(1— DY 0. ¢) e"¢] ,

(2.67)
(x) ip
(x) _ oy, (r) e QRk+1) (k—D!
Vg (10, ¢) = Re];l;k ey
[(k—1+2)/2]
2k —4s+3)(k+1—-2
x ) ( 3 Ly Y a1 6, 0), (2.68)

(k—1—25s+2)!

where the functions T,; (), @ (r) and @ (r) are calculated by (C13), (C22) and
(C33).

The components of the Stokes drift velocity produced by the interaction of the modes
(n, m) and (n, —m) are given by

w0, 6, ¢) = Rez SO0 (r) Z Dyl 6, ¢) (2.69)

k=1 I=—k

v (r, 6, ¢) = —Re Upm () % Z Z D””‘””‘[\/k (k+1) =1+ DYTo, ge®

k=11l=—k

~Vkk+D—1I-1 YO, ¢) e"¢“ , (2.70)
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2k+1) (k —1)!
vy (0. ¢) = —Re {zUnm (1) e kZ”_Zk %D;ﬁ{””m

[““’f”” Gk—45+3) k+1-29)!

(k—1—-2s+2)!

X k 2Y+1 @,¢)¢, (271

where the coefficients D;;""™ are calculated by (D27), and the functions S,ix)(r) and
Upm (r) are defined by (C43) and (C44).

Knowing v( x) 09 we can calculate the corresponding Lagrangian streaming
velocity: v ( ) = vE ) 4 v(x).

Finally, summmg the three components of the acoustic streaming, we get the total
flow:

and Vg

0D (0, ) =0 (r, 0) + 0V T (r,6) + 0 (1,6, 8) . 2.72)

In the process of the calculations described in this section, we have applied the boundary
conditions for the acoustic streaming at the bubble surface that assume that the normal
velocity and the tangential stress produced by the Lagrangian streaming vanish at the
equilibrium bubble surface.

It is worth noting that we do not provide expressions for the first- and second-order
pressures because they are not used in the calculation of acoustic streaming. The above
pressures are needed, for example, for the calculation of the acoustic radiation force on
the bubble. However, this problem is beyond the scope of our paper. It requires individual
consideration somewhere else because, in particular, the calculation of the second-order
pressure is not a trivial mathematical problem.

3. Results and discussion
3.1. Three classes of spherical harmonics

Let us first consider how the asymmetric shape deformations are described
mathematically. In the general case, the shape of a deformed three-dimensional body
can always be decomposed over the set of orthonormal spherical harmonics Y, (6, ¢)
of degree n and order m. These two indexes are related to the spatial evolution of the
spherical harmonics along the spherical angular coordinates, the colatitude 6 € [0, 7] and
the longitude ¢ € [0, 2r]. For a given degree n, three classes of spherical harmonics
are usually considered: the zonal harmonics when m =0 < n, the tesseral harmonics
when 0 < m < n, and the sectoral harmonics when m = n. The three classes of spherical
harmonics are represented in figure 2 for degree n = 5.

In figure 2(a), the bubble undergoes the zonal harmonic Y50 . The bubble interface is
axisymmetric, the bubble contour looks spherical from the top view, and the shape from
the side view is a Legendre polynomial (m = 0). Figure 2(b) illustrates the case of the
tesseral harmonic Y53. The bubble interface is complex to describe at first, as angular
deviations from the sphere appear along both the elevation and azimuthal directions.
A closer look reveals that the bubble interface possesses n — m = 2 nodal lines along the
elevation (see figure 2(b), side view), and m = 3 meridian nodal lines (see figure 2(b), top
view). Along the azimuthal direction, and equivalently along the elevation, two successive
extrema are out of phase from both side of the nodal lines. Figure 2(c) displays a bubble
experiencing the sectoral harmonic Y55. The top view contour of a sectoral harmonic of
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Figure 2. Numerical shape deformations of a bubble experiencing (a) the zonal harmonic YS0 , (b) the tesseral
harmonic Y53, and (c) the sectoral harmonic Y55. Every isometric view of the spherical harmonics is displayed
in top (upper) and side (lower) views.

degree n corresponds to an n-lobe deformation and is easily recognisable. The side view of
a sectoral harmonic is close to the spherical shape. In fact, the side view contour resembles
a bell-shape function, with a higher amplitude at the equator & = r/2, and a decreasing
oscillation amplitude when reaching the poles. It is worth mentioning that the so-called top
and side views are ruled experimentally by the existence of a preferential direction for the
triggering of a given shape oscillation at the bubble interface. For instance, in the case of a
substrate-attached deformable body, the normal to the substrate is always the preferential
direction for the triggering of asymmetric oscillations, as observed in Fauconnier et al.
(2022) for wall-attached bubbles, and in Chang et al. (2015) for sessile drops.

In the present derivation of the bubble-induced microstreaming, only self-interacting
asymmetric oscillations are considered. We recall here that the main mechanism for
generating shape oscillations at the bubble interface is the Faraday instability occurring
at the subharmonic of the driving frequency. Therefore, interactions of shape oscillations
with the radial (spherical) oscillations of the bubble cannot lead to fluid mean flows, as the
radial mode oscillates at the driving frequency. In addition, near the instability threshold
of a given shape oscillation, we also assume that a single instability is triggered without
considering the energy transfer to secondary shape oscillations, as theoretically discussed
by Shaw (2006) and experimentally observed by Guédra et al. (2016). An analysis of the
intermodal interactions and their impact on the microstreaming pattern is performed in
Regnault er al. (2021). The analysis of self-interacting axisymmetric modes is well-known
theoretically (Inserra et al. 2020a) and has been observed from a side view in a plane
containing the bubble symmetry z axis using acoustically trapped bubbles, being far from
any boundary (Cleve et al. 2019). The case of self-interacting asymmetric oscillations
was considered by Fauconnier et al. (2022). The authors investigated experimentally the
top view microstreaming flow induced by a wall-attached bubble experiencing various
asymmetric oscillations. The predominant shape oscillations were selected using a spectral
analysis of the displacement of the bubble interface, and the modal content of the bubble
could safely be associated with the observed fluid pattern. For some experimental cases,
the secondary excited shape oscillations were so weak that the microstreaming pattern
could be confidently related to the self-interaction of the main triggered surface oscillation.
Such patterns resulting from self-interacting asymmetric oscillations are reproduced
in figure 3 (adapted from Fauconnier et al. 2022). Figure 3(a) shows the top view
microstreaming pattern induced by the self-interacting zonal harmonic Y, f. The pattern is
exclusively radial, since the oscillating bubble interface exhibits no azimuthal dependence
(figure 2a, top view). Figure 3(b) represents the top view microstreaming pattern induced
by the self-interacting tesseral harmonic Y42. The pattern is characterised by 4m = § lobes,
arranged by pairs around the z axis orthogonal to the image, each pair being located
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Figure 3. Microstreaming patterns associated with the three classes of spherical harmonics, i.e. (a) zonal,
(b) tesseral and (c) sectoral, experienced by a wall-attached bubble and observed with microscope in a top view
configuration. Images are reproduced from Fauconnier ez al. (2022).

between two displacement nodes of the bubble interface (the location of the four meridian
lines is clearly visible through the light shades inside the bubble). Figure 3(c) shows
the top view microstreaming pattern induced by the self-interacting sectoral harmonic
Y33. The microstreaming pattern displays 4m = 12 lobes that are also arranged in pairs.
Because sectoral modes are devoid of nodal parallels and exhibit an azimuthal shape that
corresponds to the cos(m¢) function along the equator, 2m = 6 extrema of displacements
are observed on the bubble interface. Therefore, two vortices are expected between two
successive nodal meridians, leading to the observed 12-lobe pattern.

For all these experimental microstreaming patterns, the top view configuration avoids
the analysis of the full three-dimensional signature of fluid flows induced by asymmetric
oscillations, as the seeded particles tracking the fluid motion can escape from the focal
plane of observation. The dependence in elevation for the above-mentioned pattern is
therefore not ensured and can only be guessed using physical arguments. The three-
dimensional nature of the fluid flow was investigated by Marin et al. (2015) and Bolanos-
Jimenez et al. (2017) using an APTV technique. However, the analysis was performed on
a wall-attached bubble exhibiting an axisymmetric flow around the perpendicular to the
wall. In the following, we illustrate the three-dimensional nature of the flow surrounding
asymmetric bubbles using the present modelling.

3.2. Signature for axisymmetric, zonal (m = 0) harmonics

Axisymmetric shape oscillations are the widely investigated cases because of the ease of
triggering them in various experimental configurations. The lack of the dependence of
the zonal harmonics in the azimuthal direction significantly facilitates their mathematical
analysis, as already discussed in the Introduction. Therefore, we first analyse the case of
a zonal (axisymmetric) harmonic, namely the case n =3, m = 0. The bubble equilibrium
radius is set to 73.8 wm, as in the experimental case (figure 3c) displaying a shape
oscillation of degree n = 3. This value is close to the resonant radius of the nth shape
oscillation, as derived by Lamb (1916):

— n—-Dm+1)n+2)0
res — ,060[21/4

where o is the surface tension, p is the liquid density, and w; =27 f; is the angular
frequency of acoustic driving. The value of w, differs from the frequency of the shape
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Figure 4. Presentation of the microstreaming pattern observed for a bubble (equilibrium radius 73.8 pum)
exhibiting zonal oscillations on the mode (n =3, m =0): (a) numerical contours of the bubble interface in
the top, side and three-dimensional views; (b) top, (c) side and (d) isometric views of the resulting flow.

oscillation when the surface deformation is induced by a parametric instability. It should
hence be noted that in all the following numerical simulations of microstreaming induced
by a shape oscillation, the angular frequency w used in the theoretical derivation is
assumed equal to half the driving frequency: here, w = w;/2.

For the axisymmetric shape oscillations of degree n = 3, the resonant radius is R, =
65.9 wm for an air bubble in water with p = 1000kg m™3, 0 =0.0727 Nm~! at f; =30.5
kHz. The value of the frequency corresponds to the experimental driving frequency
in Fauconnier et al. (2022). We recall that the resonant radius (2.73) is theoretically
independent of order m of the spherical harmonics. The amplitudes of the two modes
sUEM) are set equal to 15um (]s™%™ /Ro| ~0.2), so that the case of a stationary
surface oscillation is investigated. It is worth mentioning that we have chosen the value
of the oscillation amplitude that corresponds approximately to measured amplitudes of
asymmetric oscillations in Fauconnier et al. (2022). This value leads to a not very small
value of the dimensionless parameter |s(”’im)/ Rp|, which, however, in practice is small
enough to ensure the convergence of the first-order solutions (see § 2.1). What is more,
from the point of view of the qualitative behaviour of acoustic streaming, the value of
the oscillation amplitude is of no importance in our simulations because mathematically
the streaming velocity is directly proportional to the oscillation amplitude squared. Hence
a change in the oscillation amplitude does not change, qualitatively, the obtained results.
Numerical simulations are performed for an asymmetric deformation oscillating at half
the driving frequency, i.e. for f = 15.25 kHz, as the shape oscillations are supposed to be
triggered by the Faraday parametric instability. The dimensionless thickness of the viscous
boundary layer is therefore y =4, /Ro ~ 0.06 < 1.

The bubble interface and the resulting microstreaming are presented in figure 4.
This display will be used in all investigated numerical cases of standing-wave patterns.
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Figure 4(a) shows the deformation of the bubble interface on the axisymmetric mode Y7,
with a display similar to that in figure 2 (top, side and three-dimensional views). Keeping
the same orientation of the Cartesian frame, figures 4(b)—4(d) present the microstreaming
pattern derived from the Lagrangian velocity field. The streamlines have been obtained
using the library pyvista from Python programming. The top and side views of the
microstreaming are obtained by calculating the streamlines in a narrow area (in depth)
along the whole equator (for the top view, figure 4b) or along a whole meridian (side view,
figure 4c). The procedure is as follows. The considered equator/meridian is segmented
in 48 particle clouds, termed as source, homogeneously distributed along the perimeter.
A source particle cloud is located at the radial distance 1.01 Ry from the centre of
the bubble, for a given angular position (6, ¢). Each source contains 10 particles. The
streamlines are generated by using each particle as a starting location. For the sake of
readability, the three-dimensional streamlines are computed in figure 4(d) only inside
a constrained range of the longitude ¢ of the three-dimensional space surrounding the
bubble, and by calculating 400 streamlines in the investigated region. Note that because
of these different numerical calculations for the streamlines, the velocity range displayed
in the colour bars may differ from one view to another. The derived streamlines are in
full agreement with the theoretical predictions (Doinikov et al. 2019a) and experimental
observations (Cleve et al. 2019; Fauconnier et al. 2022) of the microstreaming induced
by an axisymmetric oscillation. The side view exhibits a cross-like shape with small
recirculation loops in the vicinity of the bubble interface. It is worth mentioning that while
theoretically all streamlines are closed vortical trajectories, some of the vortices are so
extended spatially that they appear as straight lines in figure 4(c). In fact, these streamlines
will close at a large distance from the centre of the bubble. Increasing the number of
calculated streamlines would fill the region between the two orthogonal branches of the
cross-like shape in figure 4(c), for instance. Due to the absence of azimuthal dependence,
the streamlines from the top view are purely radial. Note that the small recirculation loops
along the meridian are not observed because of the cutting of the microstreaming field
along the equator. This situation is similar to that encountered when looking at a streaming
field in the focal plane of a microscope (figure 2a). The rotational direction of the flow can
be perceived from a close look at the streamlines in the side and three-dimensional views:
it is known that the fluid particles are propelled away from the anti-nodes (where the
streamlines start) and attracted back to the nodes of displacement of the bubble interface
(where the streamlines finish). This fact will be very useful in the following to discern the
three-dimensional pattern of the flow, in the case of asymmetric modes.

3.3. Signature for various asymmetric modes with the same degree n

For the same bubble equilibrium radius and mode amplitudes, figures 5—7 show the
resulting microstreaming patterns for the class of tesseral (Y., figure 5, and Y2, figure 6)

and sectoral (Y3, figure 7) harmonics of the same degree n = 3.

The tesseral mode Y3l possesses m = 1 meridian nodal lines (figure 5a, top view) and
n —m =2 nodal parallels (figure 5a, side view). From the top view configuration, the
bubble contour exhibits two nodes and two anti-nodes of displacement. The resulting top
view pattern is characterised by a cross shape (figure 5b), similar to the quadrupole pattern
generated by a solid-body translation oscillation without shape deformation (Longuet-
Higgins 1998; Doinikov et al. 2019b). The main difference with this axisymmetric
quadrupole pattern lies in the out-of-plane component of the velocity field, as streamlines
go away from the equatorial plane and from a closed loop that reaches the nearest
displacement node on the bubble interface. The closeness of this top view asymmetric
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Figure 5. Presentation of the microstreaming pattern observed for a bubble (equilibrium radius 73.8 pm)
exhibiting tesseral oscillations on the mode (n =3, m =1): (a) numerical contours of the bubble interface
in the top, side and three-dimensional views; (b) top, (c¢) side and (d) isometric views of the resulting flow.
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Figure 6. Presentation of the microstreaming pattern observed for a bubble (equilibrium radius 73.8 pum)
exhibiting tesseral oscillations on the mode (n =3, m =2): (a) numerical contours of the bubble interface
in the top, side and three-dimensional views; (b) top, (¢) side and (d) isometric views of the resulting flow.
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Figure 7. Presentation of the microstreaming pattern observed for a bubble (equilibrium radius 73.8 pm)
exhibiting sectoral oscillations on the mode (n =3, m =3): (a) numerical contours of the bubble interface
in the top, side and three-dimensional views; (b) top, (c¢) side and (d) isometric views of the resulting flow.

pattern to the translation-induced quadrupole shape confirms the importance of capturing
both the acoustic (high-frequency) dynamics of the bubble interface and the fluid flow,
in order to avoid misinterpretation of the physical origin of the streaming pattern. In
particular, from the top view, the tesseral m = 1 harmonic, whatever the degree n, always
exhibits an up-and-down oscillation around the x axis that resembles the translational
oscillation of the bubble along the y axis. From the side view, the bubble interface displays
six extrema of displacement. It results in a recognisable 12-lobe flow pattern (figure Sc¢),
where the lobes are arranged in pairs and are oriented from the extremum of the bubble
interface towards the nearest displacement node. Combining these two views, and the fact
that the fluid particles move from the anti-node towards the nearest displacement node on
the bubble interface, the isometric view of the pattern can be guessed in figure 5(d).

The tesseral mode Y32 possesses m = 2 meridian nodal lines (figure 6a, top view) and
n —m =1 nodal parallels (figure 6a, side view). From the top view configuration, the
bubble contour exhibits four nodes and four anti-nodes of displacement. Note that because
the nodal parallel is located on the equator of the bubble interface, the so-called top
view nodes and anti-nodes are located out of the equatorial plane. The resulting top view
pattern (figure 6b) is characterised by a lobe-type pattern with 4m = 8 recirculation loops
arranged in pairs. The overall structure of the top view streaming is in good agreement with
the experimental top view pattern displayed in figure 3(b) for another tesseral oscillation
whose order also equals m = 2. The microstreaming pattern from the side view (figure 6¢)
is harder to interpret as the bubble interface displays four extrema of displacement whose
location is dependent on the orientation of the bubble around the z axis. Here, eight lobes
are arranged in pairs and are superimposed on a cross-type pattern. A closer look at
the pairs of lobes located at the poles (§ =0 and 6 = ) reveals that the recirculation
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loops are in fact split into two loops. This artefact is due to the slicing of the streamlines
along the plane containing meridians. In fact, the isometric view (figure 6d) indicates
how the streamlines start from the displacement anti-node located in the upper right
corner in figure 6(d), and reach the nearest displacement nodes that form a triangular
shape surrounding this anti-node. It results in a seemingly axisymmetric vortex around the
normal at the bubble interface passing through the displacement anti-node.

The results for an asymmetric bubble experiencing sectoral oscillations on the modeY33
are shown in figure 7. Being devoid of nodal parallels, the maximal longitudinal
displacement occurs at the equatorial plane, where the bubble interface exhibits as many
azimuthal lobes as the modal degree n to which it belongs. The amplitude of the oscillation
displacement at a given acoustic phase decreases along the line going from the equator to
the poles of the bubble. For n = 3, it results in 2n = 6 extrema for the displacement of
the interface along the equator (figure 7a), an azimuthal shape that is easily recognisable
from the top view observation. From the side view, the bubble contour is almost spherical,
with an outgrowth located at the equator. Due to the (relative) simplicity of the bubble
deformation along the elevation and the azimuthal direction, the resulting microstreaming
pattern is easy to analyse from the top, side, and even isometric view. The top view is
characterised by a 4n = 12-lobe flower-like pattern, where the lobes are arranged in pairs
around all extrema of the bubble interface displacement. This pattern is in good qualitative
agreement with the experimental microstreaming pattern shown in figure 3(c), both for the
number of recirculation loops and for the spatial extension of the vortices. The side view
resembles a cross-like shape (figure 7¢), typical of a quadrupole pattern. This pattern is
the analogue of the top view streaming resulting from the tesseral mode m = 1 (figure 5b)
when switching from the top to the side view observation. Indeed, sectoral oscillations
from the side view exhibit an out-of-phase motion along a meridian from one side of
the bubble to the opposite one around the z axis, so that the oscillation seems like that
of a solid-body translation oscillation. Because the sectoral harmonic Y33 possesses only
meridian nodal lines, the vortices observed from the top view configuration spread with a
decreasing amplitude towards the poles of the bubble (figure 7d).

The numerical streaming patterns obtained for the self-interacting tesseral (figure 6)
or sectoral (figure 7) oscillations are found to be in good agreement with the patterns
(figure 3) obtained by Fauconnier et al. (2022). Unlike the experimental observations of
the latter, the present theory considers neither the presence of a wall in the bubble vicinity,
nor the tethering of the bubble on a surface. It was shown in Fauconnier et al. (2020)
that the contact angle between the bubble interface and the substrate lies in the range
40°-60°, with no dependence on the bubble equilibrium radius. It is also indicated that
the contact angle remains the same after the activation of the ultrasound driving sequence.
For this range of contact angle values, the bubble tethering does not influence strongly
the dynamics of the oscillation, and the majority of the existing asymmetric oscillations
for a given degree n are triggered. Concerning the resulting acoustic microstreaming, it
is known that the mathematical modelling of the flow surrounding a free bubble, being
far from any boundary, can be in fairly good agreement with the experimental flows in
the form of a large-scale streaming induced by a substrate-attached bubble (Marmottant
& Hilgenfledt 2003). Here, in the case of asymmetric oscillations, the vortices with the
highest velocity magnitude are confined in the close vicinity of the bubble interface
(figure 7b) and extend much less than the large-scale quadrupole-like streaming. It can
then be inferred that the influence of the bubble tethering on the resulting flow can
be less pronounced in comparison to the case of an axisymmetric flow. In addition, it
should be mentioned that our theory does not consider the effect of buoyancy, which may
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cause the deviation of experimental streamlines from theoretical Lagrangian streamlines.
This fact should be taken into account when comparing experimental results with our
theory.

3.4. Extension to other spherical harmonics of any degree n

The previously investigated case of the microstreaming induced by the three classes of
spherical harmonics for the same degree n = 3 can help us in predicting the pattern for
any asymmetric modes, whatever the degree n and order m. The simplest case concerns
bubbles exhibiting zonal oscillations Y,?, for which theoretical predictions exist (Inserra
et al. 2020a). Due to the absence of azimuthal dependence for the bubble displacement,
the top view pattern of a zonal-induced microstreaming is unique and consists in a purely
radial flow. Due to the axisymmetry of the zonal harmonics, slicing the three-dimensional
microstreaming pattern in a plane containing the z axis always provides the same pattern,
which consists of a large-scale cross pattern with small recirculation zones in the vicinity
of the bubble interface. This general signature is identical whatever the degree n of the
investigated zonal harmonics. Only the number of small vortices in the vicinity of the
bubble interface increases as the degree n increases.

In general, a bubble exhibiting an asymmetric oscillation on a tesseral harmonic of order
m, whatever the degree n, will exhibit the same top view patterns as shown in figure 5
when m =1, or figure 6 when m = 2. Indeed, these patterns are uniquely linked to the
number of meridian nodal lines, which equals m. For tesseral harmonics with higher
order m, top view streaming will be characterised by a lobe-type pattern with 4m lobes
arranged in pairs. This top view signature of the pattern resulting from a self-interacting
tesseral mode is similar to the shape obtained from another self-interacting spherical
harmonics (obtained from a side or top view). This means that without knowing the
bubble equilibrium radius and hence the degree n ruled by (2.73), the identification of
the triggered mode at the bubble interface cannot be inferred when viewing the resulting
streaming pattern. The analysis from the side view only is even more complicated, as the
orientation of the focal plane around the z axis significantly affects the conformation of
the captured flow.

The prediction of the microstreaming pattern induced by the class of sectoral harmonics
is far easier to infer in comparison to the tesseral harmonics. All the sectoral harmonics
m =n possess the same spatial conformation for the bubble displacement, with a
maximal longitudinal displacement occurring at the equatorial plane. Along the equator,
as many azimuthal lobes as the modal degree n to which they belong exist. The bubble
displacement at the poles always tends to zero, so that the side view microstreaming pattern
always resembles a cross-like shape, whatever the degree n of the sectoral oscillations.
This is evidenced in figure 8, where the top and side view patterns resulting from
self-interacting sectoral oscillations from n =2 to n =35 are shown. Here, the bubble
equilibrium radii are chosen so that they correspond to the resonant radius of a given
degree n: R2, =46 um (y =8,/Ro~0.1), R}, =68 um (y =8,/Ro ~0.06), R} =
90 pm (y =68,/Ro ~0.05) and Rfes =110 pm (y =38,/ R ~ 0.04). The amplitudes of
the two modes s ">*" are set equal to 15 um, resulting in a stationary sectoral oscillation.
The top view microstreaming is characterised by a lobe-type pattern where the lobes are
arranged in pairs, and their number equals twice the number of extrema of the bubble
displacement along the equator. Therefore, a 4n-lobe shape is expected from the top view,
as shown in figure 8. This signature is in full agreement with experimental observations
of top view microstreaming patterns induced by sectoral oscillation for various degrees n

in Fauconnier et al. (2022).
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Figure 8. Presentation of the microstreaming pattern observed for various sectoral oscillations, with the
degree n ranging from 2 to 5. Every line corresponds to a given degree n. (a,d.g.j) The projected side view
microstreaming pattern. (b,e,h,k) The deformation of the bubble interface exhibiting the sectoral oscillation.
(cf,i,]) The top view microstreaming pattern.

3.5. Influence of the thickness of the viscous boundary layer on the streaming pattern

The acoustic microstreaming is driven by the streaming inside the oscillatory boundary
layer around the bubble, while nonlinear second-order effects of the hydrodynamic
equations are responsible for extending the streaming field much further than the viscous
boundary layer. This explains why Elder (1959) reported different types of streaming
patterns whose appearance depended mostly on the bubble surface velocity and the fluid
viscosity. For a given bubble equilibrium radius and driving frequency, the influence
of the thickness of the viscous boundary layer was investigated for varying values of
the liquid viscosity in Doinikov et al. (2019a) and Inserra et al. (2020b) in the case
of axisymmetric shape oscillations. For the translational oscillation of a solid body,
Li et al. (2023) reveal changes in the structure of the streaming pattern for varying
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Figure 9. Evolution of the microstreaming pattern for the sectoral oscillation n =m =3 for varying values
of the dimensionless thickness of the viscous boundary layer. The liquid dynamic viscosities and resulting
dimensionless thickness of the viscous boundary layer are (a) n = 107% Pas, y =0.06; (b) n =4 x 107° Pas,
y =0.12, and (¢) n = 16 x 107° Pa s, y = 0.24. Only the top and side views are displayed.

driving frequencies while keeping the body size and the liquid viscosity constant. Here,
we investigate the influence of the value of the dimensionless thickness of the viscous
boundary layer on the microstreaming pattern. We have previously considered the case
(figure 7) of a sectoral oscillation n = m = 3 at frequency f = 15.25 kHz for a bubble with
equilibrium radius 73.8 jum in water (dynamic viscosity 7 = 1076 Pa s). It corresponds to
the dimensionless thickness of the viscous boundary layer y =4, /Ro ~ 0.06. In order to
modify the thickness of the viscous boundary layer §,, the liquid viscosity is varied while
keeping the bubble equilibrium radius and the oscillation frequency constant, so that the
triggered shape oscillation given by (2.73) remains unchanged. For the same parameters
as in figure 7, figure 9 presents the microstreaming patterns when the liquid viscosity is
varied from = 107 Pa's (y = 0.06, figure 9a) to =4 x 107® Pa s (y = 0.12, figure 9b)
and n =16 x 107° Pa s (y = 0.24, figure 9¢).

When the size of the viscous boundary layer is varied by four times, the overall
structure of the streaming pattern remains unchanged: the top view is characterised
by a 12-lobe flower-like pattern, and the side view looks like a cross (quadrupolar)
shape. When the ratio y = §,/ Ry is increased, the magnitude of the maximum streaming
velocity decreases, while the size of the small vortices visible in the top view increases
slightly. More pronounced modifications of the microstreaming pattern can be expected
for large values of the dimensionless parameter y, but such values would correspond
to unrealistic experimental conditions (too large kinematic viscosity or a bubble size or
driving frequency no longer matching (2.73)).

3.6. Sign reversal of the flow at the bubble zenith

Substrate-attached microbubbles are commonly used as microactuators for the trapping
and manipulation of small particles or biological bodies in their vicinity. The
hydrodynamic flow field generated by the bubble oscillation can rotate single
microparticles within microchannels (Ahmed et al. 2016), precisely manipulate
millimetric fish eggs (Lee et al. 2012), or manipulate and rupture vesicles (Marmottant
et al. 2008). In most microfluidic applications, a substrate-attached microbubble
experiences a combination of spherical and translational oscillations, at the origin of a
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Figure 10. Investigation of the orientation of the flow at the zenith of the bubble (6 = 0). (@) Three-dimensional
view of the bubble interface oscillating on asymmetric modes with n € [2, 5]. (b) Evolution of the value of the
colatitude 6,,,, at which the displacement of the bubble interface is maximum, as a function of the order m for
various degrees n. (¢) Evolution of the amplitude of the radial velocity at the zenith (6 = 0) of the bubble, at
the distance r = 3Ry as a function of the order m for various degrees n. A positive value corresponds to the
fountain-like streaming, while a negative value is typical of the anti-fountain behaviour.

large-scale microstreaming pattern constituted of two symmetric vortices (in the plane
of observation, from a side view) atop the bubble. When particles are injected near the
oscillating bubble, they are expelled from the top bubble interface and move along a closed
loop back to the substrate. This motion is often called fountain-like streaming, as the fluid
particles are expelled from the bubble interface to the surrounding medium at the zenith
(6 = 0) of the bubble. A similar fountain behaviour is obtained when axisymmetric modes
are triggered at the bubble interface, because the zenith of the bubble interface is always
a displacement anti-node, whatever the degree n of the zonal harmonics (see the first
column of figure 10a). In the case of wall-bounded semi-cylindrical bubbles, Wang et al.
(2013) and Rallabandi et al. (2014) have observed an inversion of the flow direction atop
the bubble, identifying an anti-fountain behaviour of the vortices near the pole. This flow
inversion was shown to result from the interaction between the radial oscillation and an
axisymmetric shape oscillation (mixed-mode streaming). When asymmetric modes are
triggered, the location of the maximum displacement on the bubble interface evolves as
the order m increases, tending to a maximum at the equator of the bubble in the case of
a sectoral mode. Figure 10(a) illustrates the three-dimensional bubble shapes for various
degrees n ranging from 2 to 5. In addition, the value of the colatitude 6,,,, at which
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the location of the maximum displacement on the bubble interface occurs, whatever the
value of the azimuthal angle ¢, is shown in figure 10(b). When the order m is smaller
than (n + 1)/2, 6,4 ranges from O to /4, and the maximum displacement at the
bubble interface is located in the upper part of the bubble, between the zenith and the
bisector 6,4, = /4. For higher values of m, 6,,,x gets closer to 7 /2, and the maximum
displacement tends to the equatorial plane.

For the investigated asymmetric modes, the direction of the resulting microstreaming
has been evaluated atop the bubble, at the radial distance » =3Rp and for 6 =0.
Figure 10(c) shows the amplitude of the radial component of the Lagrangian velocity at
this location. A sign reversal of the velocity amplitude occurs when the order m reaches
(n+1)/2, in agreement with the evolution of the colatitude 6,,,,. In the case of zonal
oscillations, the fluid particles are expelled (positive radial component of the velocity)
from the zenith of the bubble, resulting in a fountain-like behaviour. In the case of
sectoral oscillations, the analysis of the deformation of the bubble interface reveals that
the maximum displacement occurs at the equator, while the zenith (6 = 0) of the bubble
becomes a displacement node. The fluid particles are therefore expelled from the equator
and are attracted from the zenith of the bubble to the bubble interface. This results in an
anti-fountain behaviour, which has not been observed experimentally so far in the case
of self-interacting mode streaming. It is worth noting that the observation of the flow
direction atop the bubble indirectly provides information on the triggered shape oscillation,
as the direction of the flow is correlated to the order m of the asymmetric oscillation. If
the bubble equilibrium radius is known, then the degree n of the shape oscillations is
obtained from the Lamb spectrum (2.73), and the range of possible triggered order m can
be deduced from the observation of a fountain or anti-fountain flow.

3.7. The case of travelling surface waves

Up to now, only the stationary shape oscillations were considered, meaning that the
amplitudes of the two modes s”*™ were equal. A slight change in the amplitude
of the surface perturbation propagating in one direction along the azimuthal angle ¢
in comparison to the one propagating in the opposite direction will result in a quasi-
stationary surface wave. Such a bubble will experience a rotating asymmetric surface
wave, whose angular velocity will depend on the difference in the two amplitudes of modes
(n, £m). This has already been reported once in the literature by Mekki-Berrada, Thibault
& Marmottant (2016), who measured a constant angular velocity of approximately 0.5
revolutions per second for every modal degree n, in the case of bubbles flattened between
two elastic walls. The underlying cause for the triggering of a rotating shape oscillation so
far remains unknown.

The case of travelling surface waves is investigated in figure 11, for different ratios of
the amplitudes of the two propagating modes (n, £m). The case of the sectoral oscillation
n =m =3 is investigated, for which the microstreaming pattern obtained in the case of a
stationary wave is presented in figure 7. Only the top and isometric views of the streaming
pattern are displayed in figure 11, and the amplitude of the (n, m) wave is kept equal
to 15 wm. When the amplitude of the (n, —m) wave is modified to 14.9 pm, i.e. when
s=m) g(nm) — .99, streamlines are curved along the azimuthal direction (figure 11(a),
top view) and the maximum amplitude of the Lagrangian velocity reaches 8.3 cm s~ .
From figure 7, it is worth noting that the maximum amplitude of the Lagrangian velocity
reaches 7.65 cm s~! in the case of a stationary wave, i.e. when s /5" =1 The
increase in difference between the amplitudes of the two counter-propagating surface
waves results in a stronger azimuthal component of the velocity field. The amplitude of
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Figure 11. Evolution of the microstreaming pattern in the case of a quasi-stationary wave, for the sectoral
oscillation n =m = 3. Three ratios of the amplitudes of the two modes s~ /s"™ are investigated for
(@) sO=m /s =099, (b) s /5(tm) = (0.93 and (c) s~ /5™ = 0.66. Only the top and isometric
views are displayed.

the streaming flow can increase by a factor of 2 (figure 11b) when s~ /s(-"M) = (.93,
or a factor of 4 (figure 11¢) when s~ /5™ — (.66, in comparison to the stationary
case.

The morphology of the swirling flow can be explained as follows. When the amplitudes
sEM) of a given shape oscillation are set equal, a standing shape oscillation is formed
on the bubble interface. This means that displacement anti-nodes (starting points of
the streamlines) and nodes (end points of the streamlines) remain at the same location
with time. The resulting flow is constituted of vortical lines that are spatially stationary.
When the amplitudes s”*™ of the two components of a shape oscillation differ, a
quasi-propagating wave is triggered in a preferential direction on the bubble interface.
‘Quasi-propagating’ refers to the coexistence of a purely standing wave at the bubble
interface and a purely propagating wave. Hence the locations of the displacement nodes
and anti-nodes constantly move along the bubble interface with time. This prevents the
spatial stationarity of the flow, so a convective-like flow is generated around the bubble.
This flow follows the direction of propagation of the propagative surface wave, and is
characterised by a strong azimuthal component of the flow velocity and a large-scale
extension at the equator. However, why this flow is stronger in amplitude in comparison to
the one induced by the standing wave alone is difficult to explain. Nevertheless, these
results highlight the possibility to drastically enhance the streaming efficiency around
bubbles if the bubble rotation can be controlled.

4. Conclusion

We present for the first time a theoretical modelling of acoustic microstreaming induced
by a bubble experiencing asymmetric oscillations. The modelling is based on the
decomposition of the first- and second-order vorticity field into the poloidal and toroidal
fields, allowing the exact analytical derivation of the Lagrangian streaming induced by
the bubble. This derivation is valid whatever the bubble size and the liquid viscosity,
without any limitation on the thickness of the viscous boundary layer at the bubble
interface. By representing the shape of the bubble interface in terms of the set of
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the orthonormal spherical harmonics, the signatures of the microstreaming patterns are
investigated as a function of different classes of triggered spherical harmonics (zonal,
tesseral or sectoral oscillations). Keeping in mind that the streamlines start from the
displacement anti-node at the bubble interface, and close at the displacement nodes,
the three-dimensional asymmetric patterns are shown to be easily predicted once the
asymmetric shape deformation of the bubble is known. For a given class of spherical
harmonics of degree n, it is shown that the sign reversal in the flow orientation atop the
bubble is obtained when the order m evolves between 0 and n: zonal harmonics result
in the fountain-like streaming, while the anti-fountain flow occurs in the case of sectoral
oscillations. In between, the flow reverses for a typical value of the order m that helps in
the identification of the triggered asymmetric mode by means of the indirect observation
of the flow orientation. The case of travelling surface waves along the bubble interface
reveals the possibility of a drastic enhancement of the streaming strength. This observation
highlights the interest in the controlling of oscillations of rotating bubbles for practical use.
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Appendix A. Calculation of a,;, by, and ¢y,
To find ayyy, by and ¢y, we apply boundary conditions at the bubble surface.

The first boundary condition requires that the normal component of v(l"’m) atr = Ro be
equal to the respective normal component of the bubble surface velocity. This condition is
written as

(n,m) _ dr§n,n1)
Lr r=Ry dr

= —iws™"™ TN YM (0, §), (AD)

where vg’m) is the normal component of vgn’m), and "™ is given by the second term of

(2.1).

The second boundary condition assumes slippage on the bubble surface, which means
that the tangential stress generated by the liquid motion should be zero on the bubble
surface. This condition is written as

LA
oeg=n\—- + — =0 atr =Ry, (A2)
r 00 ar r
(n,m) (n,m) (n,m)
dv, 1 v v
¢ 1r 1p
= — =0 tr = Ry, A3
ore "( or T rsing 90 r ar==no (A3)

where 0,9 and o,4 are the tangential components of the liquid stress in spherical
coordinates (Landau & Lifshitz 1987). It should be mentioned that in the case when there
are impurities and surfactants on the bubble surface, and in the case of a contrast agent
bubble having a shell, the boundary condition of slippage should be replaced by the no-
slip boundary condition, i.e. by the condition of adhesion of liquid particles to the bubble
surface. In the case of a bubble with a shell, the behaviour of the shell material should also
be taken into consideration. In view of its complexity, this case requires a separate study.
The general algorithm of calculations remains the same, but all constants related to the
boundary conditions at the bubble surface should be recalculated.
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Substitution of (2.28) into (2.20) yields

o =M, 4y e, 4 v%m) ey, (Ad)
vy ™ = e fu () Y0, ). (AS)
(D m m
(n,m) —iwt anmkvhn (kvr) 3Yn (9’ ¢) 8Yn (97 ¢)
-, A6
Vig =e |: Sin o 8(]5 + gnm (r) Y: ( )
oy ot [ W BV O.9) | gum () DY) (6, §) N
U1¢ =e |: anmkyhy,” (kyr) Y + sing 3¢ ) (A7)
where f,,,(r) and g, (r) are given by
(1)
(n+1) cum nn+1)bynhy” (kyr)
fnm (r) = rn+2 kvr k) (A8)
c b
g ()= =2+ 2 [ DI o) = kori )y on)] . (49)
Substituting (AS) and (AS8) into (A1), one obtains
an+2h(1) (I) iCORn+2S(n’m)
Cnm + ——— by = ——————, (A10)
X n+1
where x =k, Ry.
Substitution of (A5)—-(A7) into (A2) and (A3) yields
_ _ _] 1 9y 0, 9)
ank [T 00 = 1P @] =
aY™ (0, ¢)
+ [ fam (Ro) — gnm (Ro) + Rogpy, (Ro)] "T =0, (All)
Y™ (o,
ke [ @) — 2 (] T2
1 Y (0, ¢)
+ [ fam (Ro) = gum (Ro) + Rogp,, (Ro)| — sne op 0, (Al2)
where
n+2)c
S (1) = 5 +-k 2{( + D) korhl! o) = hD hr) | = Gy Y ko) .
(A13)

Multiplying (A11) by (sin~' 6) Y (6, ¢)/9¢ and subtracting (A12) multiplied by
Y (6, ¢)/00, one obtains

1Ay @, 971 Tarr @6, 97
o 000 [y 02T [T

It follows from (A14) that
anm =0. (A15)

Accordingly, (A6) and (A7) take the form

Yy (6, @)

o™ = e gy (1) YR (A16)
P _ i g (r)aY," @, ¢)' (A17)

¢ sin Lo}
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Multiplying (All) by dY)"(0,¢)/06 and adding to (Al2) multiplied by
(sin=' 0) dY" (0, ¢)/d¢, one obtains

oY, (9,¢)} +[ 1y <9,¢>} }:O.
a0 sin 6 ot}

[fnm (Ro) — 8nm (Ro) + ROg;m (RO)] { [

(A18)
It follows from (A18) that

fnm (Ro) — 8nm (Ro) + Rog;,m (Ro) =0. (A19)
Substituting (A8) and (A9) into (A19) and using the identity

n
hily () = D @) = () (A20)
one obtains
2(n+2 b L _
—(Rn+2 )Cnm + ;m [(n2 +n—=2)h\D @) +x2nD” (x)] —0. (A21)
0

Combining (A10) and (A21), one finds

o RS [C—n—n?)n @ -0 @ |
=5’

(A22)

Cnm

n+1) [fzh,ﬁ”” @ — (n2+3n+2) h" (7)] ’

2i(n+2)xw
(n+1) [#h,&”” @ — (n2+3n+2) (f)] ’

by = s n>1. (A23)

Appendix B. Solving the equations of acoustic streaming for the mode (n, m)
To solve (2.52) and (2.53), we first need to calculate their right-hand sides.

The calculation of v(ln’m) . Vvi"’m) yields

9 v(n,m) P vgl;;m) 3
(n,m) (n,m) (n,m) 10 (n,m) (n,m) (n,m)
v -Vov = (v — 4+ — + — —(v e +v ey +v e)
! 1 (1’ or r 90  rsind aqs) ir Or TR 0T g €9

(n,m) nm)\* | [, m))?
o g e (57 ()

—e (n,m) AV V1o
i or r 00 rsinf 0¢ r
(n,m) (n,m) (n,m) (n,m) (n,m) (n,m) (n,m)
tep v(n,m)avle 4 Yo dvyg n Vg~ duyg S T A cos 6 (v(n,m>)2
I ar ro 96 rsinf 9¢ r rsing \'1¢

(n,m) , (n,m) (n,m) (n,m) (n,m) (n,m)
o [y 2010 +U$ B P P s VN L
Ir or r 00  rsinf 93¢ r rsing 10l |
(B1)
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Substituting (AS), (A16) and (A17) into (B1), and averaging it over time, one obtains
<v§n,m) . Vvin,m))

1
=§Re {er |:f fan;lnY}T*

(fum — &nm) g;,km aY’:n 8Y,:n* 1 8Yr'ln aY,f”*
r a6 a0 sin6 9¢ 0¢
gnm)ym*aY,;" lgun | (O 02V 1 Ay oty
96 r 30 302 sin2H 3¢ 0094

g aym
[fnm( o )y

+eg [f (gnm +
cosf AY"* 8Y,f”)i|

B sin9 9¢p d¢p sin 0 ¢
N gum|? (Y Y L] dymx g2y m . ®2)
r 30 309¢ = sin20 9 32

For simplicity, we drop the arguments of the functions in (B2).

The calculation of V x (vgn’m) . Vv(ln’m))

V x <v§"’”’) : Vvﬁ”’"@):lRe e, Jam (g""’frg;m) DA S e
2 r2sin 6 0 00 o 030
_ (fnmgnm +Ff mgnm) €9 Ym*ayr’ln —e m*aY’:n
sing " ap " ap
fnmf/* + mfnm e 0 3
2’,. Sln98¢(" n ) ed’ae(l’l n )
+2i [fnmg:m + i~ Zmbin (gnmg;fm)/}
r r
eg d (oY) oYl 1 oy oy
X _
sinf d¢p \ 96 36  sin’@ ¢ 3¢
o [oY™oym* 1 oy"oaym*
_e¢_ n n + — n n . (B3)
30 \ 90 30  sin?0 d¢ 0¢
Comparison of (2.52) and (B3) leads to

wmy k1) PG
ZZk(k+1)|:( " (ry - £ )r (”}Yéw,w

k=11l=—k

! Re Jom (gnm +rg;zm) Yy oY, _ oy, oy, . (B4)
2 sin 6 dp 96 I 90

With the help of (D8) and (D21), the right-hand side of (B4) is transformed so that (B4)
takes the form

o K k (k4 1) P"™
YD kk+1) [P;;”’")” (- L )rzkl m}Y,ﬁ ©. ¢)

k=1l=—k

1 1
=5, Re Z Z lmfnm &nm + rgnm) [nc(n+1)m (BISH— ymnm + Bnm(n+ )m)
k=11=—k

—(n4+1)Cp (Blgz—l)mnm + Bnm(n l)m)] Y]ﬁ ©, ), (B5)

, after some rearrangements, results in

r
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where Cp, and By}™'""? are constants that are calculated by (D11) and (D22),
respectively. In fact, (B5) involves only terms with [ =0, as m; =myB,}"""*""* =0 for
[ #0. This fact is in agreement with the right-hand side of (B4), Wthh is independent
of ¢.

Keeping only non-zero terms, one obtains from (B5),

k(k+1
Pk((r)l,m)//( ) — ( + )P(n m)( )= Fk(n,m) ), (B6)
FM™ (1) = " Re {ifi () [gm () + rgpm (M])
k T2k (k+ D nm () [ §nm Enm

% [”C(n—i-l)m (Blig+l)mnm + Bnm(n+l)m) _ (l’l + 1) Com (B]ngl)mnm + Bnm(n l)m)] )
(B7)

The calculation of the r-component of V x V x (v, (2,m) Vv(" m)) gives

V xV % (nm) Vv (nm) —Re fnmﬂﬁn"‘ n*mfr:mLZ [YmYm*]
4r2 non
4r3 200 06 sinZ 6

(frongnm + 1 m) [0Y™ OY™M*  m2ymym*
_ Hyrym™ |t (B8
+ 272 90 06 sin% 6 it DL, ®8)

where L? stands for the square of the orbital angular momentum operator (Varshalovich,
Moskalev & Khersonskii 1988),

1 2
L2=—_—i sing - _ L (B9)
sin 8 06 90  sinZ 6@ 8(]52

By using (D5), it can be shown that the following identity holds:

1, JYmaym=  mlymym
_ —L Ym Ym* — n n + n n _ + 1 Ym Ym*' BIO
2 [ n n ] 89 30 sin2 0 n (n ) n n ( )

Substitution of (B10) into (B8) yields

e [V x V x (vi”’m) . Vv(ln’m)ﬂ

1
=-——=Re {L4 [Yy:nY;:n*] [2gnmg;1km - fnmg:m - f:mgnm +r (gnmg::m)/]

8r3

+ 2L2 [Y:‘Y;”*] {r [fnm r:*m + fn*mfrim - (fr;kmgnm + rf:mgi/lm)/]

+n (n+1) [fnmg;fm + fom8@nm — 28nm&nm — T (gnmg;fm)/] }} : (B11)
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By using (D17) and the identity LzYlg = k(k + 1)Y/, one obtains

e [V x v x (o van’””)] = Rez Z k (k+1) Ayl 0, ¢)

k=11=—k
< {2r [fam Fin+ Lim Fom = (Fin8om +7in8im) |

1 G+ 1) =20 60+ D [ 28un 8 — fomin — Frin&om + 7 (@ungin) ]}
(B12)
where the constant coefficients A};""™ are calculated by (D20). In fact, (B12) involves

only terms with [ =0 as A};""" =0 for [ #0.
Comparing (2.53) with (B12), and keeping only non-zero terms, one obtains

k&+n

Tk((i)z,m)//( ) — T(n ,n) r) = G]({n,m) "), (B13)

(n,m) Anmnm / "
G (ry=—"—Re{rfy, () [2fnm (r) = 28 (r) — 1&g, (1]
o (1) [gnm (r) +rgp, ()]
+ [k (k+ 1) =2n(n+1)] gnm (r) [gnm (r) +rgnm — fum (r)]}

(B14)
The derivatives that appear in (B14) are calculated by
m+1H(n+2)c nn+1)b
Fom () = = 2 T [ — D D () — ) ()]
’ (B15)

n+2)c b
Bom ) =" [[# = 1= Geor?] D o) + korh(, i)}, B16)
(n+2) (1+3) cum b
hor [ = 1= o2 | D ko) = korh 1)y Gy + Rar? 11 Geor) |

B17)

Equations (B6) and (B13) are solved by the method of variation of parameters (Boyce
& DiPrima 2001). According to this method, a solution to (B6) is given by

PG™ (1) =r*Iei™ () + ke ™ ) (B18)
where C, (m, m)(r) and C, (m, m)(r) obey the equations
PR () + r R CS™ () =0, (B19)
k+ 1) rkc™" )y —kr 1™ (ry = ™ () (B20)
Solving (B19) and (B20) gives
(n,m) 1 7/{

™ (r)=Cy ‘*ﬂ:j F™ (s) ds, (B21)

(n,m) —(n.m) 1 k1 g (n.m)
Cy™ (r)=Cy __2k-r1‘/ HLE™™ (5) ds, (B22)
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where fi’,i’m) and 65’,?’") are constants. From the condition that the acoustic streaming
vanishes at infinity, one finds
o _ 1

o0
—k g (n,m)
Ik __2k+1 Ry ' Fk'”” (o). 29

while 6?,:"1) is calculated by boundary conditions at the bubble surface; see below.
Equation (B13) is similar to (B6), so its solution can be written by analogy,

Tio™ () =r ey ™ )+ r ™ (o), (B24)
(nm) \ _ =(nm) 1 Tk m)
" 0 =Cx +W/ROS G (s) ds, (B25)
(n,m) ~(n,m) 1 "k m)
Cy" (r)=Cyy _m/ROS HG™ (s) ds, (B26)
e oL [T kgm oy as, (B27)
2k+1 Jg, k

where a(g{m) is a constant to be calculated by boundary conditions at the bubble surface;
see below.
Continuing the calculation of vg”

00 k
o =90 3 A 00

k=11=—k

m), one obtains from (2.50),

ook
+e Y D T () YO, 9)+ VO™ (1,0, 9). (B28)
k=11=—k

It follows from (2.44) that

ook
A<p(n’m)(r7 0, ) =— Z Z V- [Tk(ln,m)(r)yli(e, Per]

k=1l=—k
ook

==Y > rd™ e + 2 T 6. ¢). (B29)
k=11=—k

In fact, (B29) involves only terms with / =0 as Tk(l" ’m)(r) =0forl #0.
We assume that

ook
@ (nm) (r, 0, ) = Z Z q)lil;’m) ) Ylg 0, ¢) . (B30)

k=11=—k
Substituting (B30) into (B29), using (B24) and keeping only non-zero terms, one has

™" (r) + %@,ﬁg’m)’ ) (krj D o™ (ry=H""™ (), (B31)
where
H™ ()= —1™ () = 2r 7118 ()
=—(k+3)r Cy™ () + k=2 r *eg™ () (B32)
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Equation (B31) is solved by the method of variation of parameters, which results in

o™ (1) =rkCi™ () +r o™ ), (B33)
where CéZ’m)(r) and Cé’,ﬁ’m)(r) obey the equations
ey )+ r e g™ () =0, (B34)
kr teg™ () — (k+ D r 2™ ) = H () (B35)
Solving (B34) and (B35) gives

) oy _wm LT ke am)
Cq™ (r)=Cs; +m Ros H'""™ (s)ds, (B36)

wm oy _wem LT e em
Ce" (r)=Cg _Zk—Jrl/ROS H""™ (s) ds. (B37)

The constant fg,i’m) is calculated by boundary conditions at the bubble surface; see
below.
From the condition that the acoustic streaming vanishes at infinity, one finds

cam L[ koo g (B38)
S5k 2k +1 RO k
Substituting (B32) into (B38) and using (B26), one obtains
—(n,m)
— k—2)C
com K22 Ca o (B39)

(4k2 — 1) RZ!

k+3 [ k=2 [T (" d
pm = K2 / rCy™ (ndr + ——— / [ / SFHLGE™ (s) ds:| =
2k+1 Jg, Qk+1)% Jry LJg, r

(B40)
Substitution of (B30) into (B28) yields
ook
W =303 e [T 0+ @™ 0] Y 6. 9)
k=11=—k
L[, 0.6 ey 97 0.0
r a6 sin 6 ¢
LR [ e Y[ @.0) Y[ 0.9) .
: ¢ - (B41)
r sin 6 I} a6

Keeping only non-zero terms (those with / = 0) and using (D1) and (D9), one obtains

1 o
(n.m) _ (n,m) (n,m)/
NG kE_l VRFT[TH™ () + 5™ ()] P (cos ), (B42)
1 x
(n.m) S VaIEFTO0L™ () P
Vg = 2 /ar & 2k +1&5™ (r) Py (cost) (B43)
1 o
oy == > V2k+1PG™ (r) Pl (cos ). (B44)
k=1
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https://doi.org/10.1017/jfm.2025.284

https://doi.org/10.1017/jfm.2025.284 Published online by Cambridge University Press

C. Inserra, C. Mauger, P. Blanc-Benon and A.A. Doinikov
Equation (B42) involves =™/ (r), which is calculated by (B33) and (B34) to be

o™ (1) =kt G () — e+ 1) P2 (). (B43)

In order to go on with the calculation, we need to apply boundary conditions for acoustic
streaming at the bubble surface. To do this, we need to know the Stokes drift velocity
(Longuet-Higgins 1998), which is calculated by (Doinikov et al. 2019a)

1 :
v(Sn’m) =50 Re {zvgn’m) . van’m)*} . (B46)
Equation (B46) gives
(n,m)* (n,m) (n,m)* (n,m) (n,m)*
(n,m) — _i I U(Vl,m) 8U1r v19 8vll’ U1¢ 81)1’, (B47)
Sr Ir or r 90 rsinf 3¢ ’
(n,m)* (n,m) (n,m)* (n,m) (n,m)* (n,m)*_(n,m)
pm _ 1 v(n,m)avle 4 Ve dvyg Vig vy Vi, Vg
S 1r : ’
w ar r a0 rsinf  d¢ r
(B48)
(n,m)* (n,m) (n,m)* (n,m) (n,m)* (n,m)_(n,m)*
¢ 20 Ir or r 90 rsinf 3¢ r

cos 6 Vi Vig

4 (B49)

(n,m)_(n,m)*
rsind }

Substituting (AS), (A16) and (A17) into (B47)-(B49) and using (D6), one obtains

1
v.(S‘r;’m) = _Z Re {lfn*mflémyyyf* +

r 30 00 sin” 0
1 * —nmn+1)g* o (ymym*
vgré,m)z_ERe{i |:fn*mg;zm_ ( nm ( - )gnm)gnm:| ( réen )}’ (B51)
(nmy _ M * ’ gnm\ Y'Y,
Vsg =5, Re {fnm <gnm -, ) “sing
Sum&m (Y AY™ m?YMY™  2cos _, dYM*
- - - — f (B52)
rsin@ 960 96 sinZ @ sin 0 26

With the help of (B10) and (D17), (B50) is represented by

, 1 . nn+1) fumg, i fam&,
Ugim):—%Re {l |:fn*mfr:m+ r fn YanYr’ln*_ n;rnmLz [Y,;’ﬂY’:Vl*]

ok
1 . A nmnm k(k+1)—2 +1 * * g/
= gre ) 3 g [HEEDE RO D g g | 0.

2w = 2r
(B53)
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Keeping only non-zero terms and using (D1), one obtains

(n,m) nmnm
v 4ﬁw2«/2k+ A7
. 2n(n+1)—kk+1)
x Re {, o () [ > Gum (1) = i () | | P (c086) .
(B54)
Substitution of (D17) into (B51) yields
1
(” m) nmnm 8nm [fnm n (l’l + 1) gnm] x 7 8Yk (9» ¢)
RGZ Z A { — Jam&nm :
k=11=—k r 20
(B55)
Keeping only non-zero terms and using (D1) and (D9), one obtains
e.¢]
vgfém) 8f Re {lfn*m r) |:grm;(r) _ glfqm (r):|} Z 2k +1 AZOmnmPkl (cosf) .
k=1
(B56)
With the help of (B10), (B52) is represented by
2 my ms
(nm) _m * / _gnm> nn+1)Igmml” | V'Y,
S¢ - 2w Re {|:fnm <gnm ’ + , sin 0
|gum|> & (Y 3Y)"
— . B57
+ r 06 \sinf 06 (B37)

Note that vé’};m) =0 for m=0. For n=m =1, with the help of (DI), (B57) is
represented by

vy =EMD (1) P! (cosb) | (BS8)
“Re { £ ) [en ) —rgly O] —len O P}, (B59)

For n > 1, by using (D23), (D24), (D1), (D3) and (D15), keeping only non-zero terms,
(B57) is represented by

3
EWLD —
") 167w

vgy" Z E"™ (r) Pl (cos6), (B60)
k=1
where
ma/2k + 1
B0 = 2= [ Casim B = 0+ D Con BE ™™ | 1gm ()1
Cn+1)(n —m)!
- \/ ! Re | forn (1) [8am (r) = rgp, ()] = n(n + l)lgnm(r)lz}
[(n m+2)
1 2n —4s +3)(n +m —2s)! (n—2s+1)(m—1)nm
A B61
CKEED Z \/ (n—m—2s+2)! k=D (Bol)
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Equations (B58) and (B60) can be combined as follows:

vgy" ZE,E" ™ (r) P} (cos 6) , (B62)
k=1

where

ECD (8, n=1,

- B63
E"Y 0y, n>1. (B63)

E™ (r) = {

We can now apply the boundary conditions for the acoustic streaming at the bubble
surface. They are given by

v =0 atr = Ry, (B64)
(n m) (n,m) (n,m)
(n,m) 10v; vy, vw
ILre 7 (r 89 or r d 0 (B63)
(n,m) (n,m) (n,m)
dv 1 ov v
(n,m) L¢ Lr L¢
o = + — — =0 atr=Ry, B66
Lro "( or ' rsing 9¢ r 0 (B66)
where v(" m v(" ) + v(" m is the Lagrangian streaming velocity, and o! and o lm
L E grang g y Lre Lro

are the tangential components of the stress produced by v(" ™ We use (B64)—-(B66) in

order to calculate the constants C,; cym ,C f(,l( "™ and C (67{ "

Substituting (B42) and (B54) 1nt0 (B64) one obtains

(n m) (R )—I—d)(n ,m)/ (R )_ Q(n m)’ (B67)
where
A . ktk+1)—2n(n+1
0m = 20 Re bipe (Ro) | £, (Ro) + < CED o R [}
2w 2Ry

(B68)
To calculate o,",", we use (B42), (B43), (B54) and (B56):

200 (r) ~ 200 (r)

r r2

(n n)
Ulir;,gm) — Z V2k +1 Pk (cos 9) { v )
A%““"
+ ——Re{ifrs (r) [gnm (1) — rgp, (]

4owr
2 1) — 1)—2
—|—if,fm(r)|: nn+1)—kk+1)

gnm () + 28 (1) — 181 (1) = 21,1, (r)] }} :

’
(B69)
Substitution of (B69) into (B65) yields
2
Tk((r)l,m) (Ro) + 2¢(n Jm)/ (Ro) — —gD(n ,m) (Ro) = S]En,m)’ (B70)
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where
n,m Anmnm . .
s = 0 Re i (Ro) [Roghm (Ro) = gum (R0)] + ity (RO)
24+kk+1)—2n(n+1
X [ ( Ry ( )gnm (Ro) — 28, (Ro) + Roghin (Ro) + 2 fom (Ro)”

(B71)
Combining (B67) and (B70), and using (B24), (B33), (B39) and (B45), one finds

—my _ (k—1) R}
4k k+1)2k+1)

(n,m)

[(+2) 0™ _ (k4 1) S™™ — (k + 3) REFITY,

—2 2k +1) RE! I,f””")] , (B72)
2
—(n,m) Ro (k+1) Bk — 1) =(n.m) 2k+1-~(n,m) 2k—1 y(n,m) k ~@m,m)
c =k+1[ oG+ R kR — RY Q)
(B73)
To calculate o{%"), we use (B44) and (B62):
2k +1
o' = 5 o |G e 0 s o)
—rE,E"’m) ")+ B (0], (B74)
where Pk((')’ () and E, (n.m)! 1) are calculated by
PO™ (1) = (k + 1) £ C™ (1) — kr =100 (1) (B75)
1,1y —
(n,m) E (r)dik, n=1,
E = B76
k ) { E]En>1,m)/ (I’), n>1, ( )

s Re {£71 () gl 0 = gl ) — g1 ()]
+rffy @) [gn ) = rghy O]+ 5 ) [gn () =28 O]}, BT
E’En>1,m) (I")

E(Ll)/ —
(r) T3

ES7 () = -

n m~/2k + 1

(1) (n+1)
o |2 RelEn (85, 0) [ Cln s B = 14+ )G B

2n +1)(n —m)!
_\/ G DO} Re {0 ) [80m () — 18 ()] = 7y ()0

(n+m)!
2001+ Dghn ()85 () |

|:(n—m+2)]
2
1 2n —4s+3)(n+m —25)! (2541 (m—1nm
NAED) A B78
CVRGTD 2 (n—m —2s +2)! k(=1) (B78)
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Substituting (B74) into (B66), and using (B18) and (B75), one finds

k+1
—(n,m) RO k~(n,m) 2ﬁ (n,m) (n,m)/ }
C = k—1)R,C + — [E ’ Ro) — RoE R ] .
% k+2{( ) RoC iy T Lok (Ro) — RoE} (Ro)

(B79)
Appendix C. Solving the equations of acoustic streaming for the cross terms
To solve (2.64) and (2.65), we first need to calculate their right-hand sides.

The calculation of v(ln’m) . van’_m) yields

(n,m) (n,—m)
v, . Vv1
(n,m

) (n,m)
om0 Vg 9 Vip D < (n,—m) (n,—m) (n,—m) )
=(v —+ —+t——7=]\Vv e +v ep+v e

( I 5y r 06 rsin6 d¢ Ir g 16 0 1 ¢

(n,—m) (n,m) o (n,—m) (n,m)  (n,—m)
— o [ypm vy, Vg vy, Vig ~ dvy,
T\ or r 90 rsinf 3¢

(n,m)_ (n,—m (n,m)_(n,—m)

)
Vigh Vg U Vg )

r

(n,—m) (n,m) (n,—m) (n,m) (n,—m) (n,m)_ (n,—m)
+e9< (nm) Vg Vg vy Vig vy, Vi Vir

vlr :
ar r a0 rsinf  d¢ r
cos 0 vi';’m)v%’_m)
- rsin @
(n,—m) , (n,—m) (n,m) o (n,—m) (n,m)_ (n,—m)
(nm) V1g o™ v vig iy Vig Vi
+ep | vy, + ’
ar r a0 rsinf  d9¢ r
(n,m) _ (n,—m)
cosf v v
1 10
+ 2 ) (C1)
rsin @

Substituting (2.30)-(2.32) and (2.41)—(2.43) into (C1), and averaging over time, one
obtains

(n,m) (n,—m)
<v1 - Vo, >

(=™ wroma Wa (VE=WE) [ fay™\* 1 [ar"\?
- Re {ee{V, V> (¥,
5 e{”{ )T+ ; o) s (e

W,V aym
+e98{<v,,W,;*+ L ">Y,'," ag

W, |2 [ay,;n 32ym 1 Y™ 9*¥Y™  cosf (ay,;")zﬂ

r | 0 962 T 5?0 9¢ 9096 simo \ 9

w,V* aym |\W,|* [oy™m 32ym 1 aym32ym
+8¢8 V”erl*+ nVy erln n +| nl n n_oy — n ; ,
r Y r 30 9093¢ sin’0 o ¢
(C2)

where & = s s-=m)* For simplicity, we drop the arguments of the functions in (C2).
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The calculation of the curl of (C2) results in

nm) o m—m) _ (=D eps 7 ym OV
Vx<vl”m 'Vvln m>= 2 Re rsinf [ZV”VVZ*_(rVnWr/l*"'WnVn*)]Y"‘nTQZ

2W, (V* — w* aym gzym 1 aymy2ym
+ "( n Vl) _(WnW:)/ n n_oy — n g
r d0 000¢ sin“H 0¢p 0¢

ese / qym 2W, (VF—W*
o {[(FV"W’{* 00 —2an,[*] =i+ [(an;f)/ — M}
Yy Yy n 1 ay™a%y™  cos@ (Y™ 2 )
X - .
30 362  sin?H 9 9039 sin®6H \ 3¢

Since (C3) does not contain a radial component, (2.64) leads to

k(k+1 P ()

P (r) - - 0. (C4)
A solution to (C4) is given by
PO () =T P 1 Ty r (C5)

where Ei:) and fgz) are constants. From the condition that the acoustic streaming
vanishes at infinity, it follows that

¢ =o, (C6)

while 5;2) is calculated by boundary conditions at the bubble surface; see below.

(n,m) (n,—m)
1V

The calculation of the r-component of V x V x (v ) results in

e - [V x V x <v§"’m) . Vvln’fm)ﬂ

_(=D"
42

2Wa (Vi = W) a2 [N, L (i’
+s[ ; —(Wan)i|L |:(89>+sin20<3¢> ., (CD

where the operator L? is given by (B9).

The r-component of V x V x (vin’fm) . Vvin’m)) is calculated from (C7) by swapping
m with —m. Doing so and using (D3), one obtains

Re{e [2Va Vi = (rva Wy + Wav) | 22 [ (v)]

(="

4r2

/
x Re {s[zvn VLT 2= (rVa W W V) = (VW W:Vn)/:| 2 [(rm)’]

V,W* 4+ VEW, — 2W, W* aym\2  m?(y")?
+2e[ AURRILAE L "—(WHW:)/}LZ[(—H> GO e

e - [V x V x <v§"’m> . Vv(ln’_m) + vi"’_m) : Vvi"’m))] =

r 00 sin? 0
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By using (DS), it can be shown that the following identity holds:

ay™\2  m?(ym)? 1
(55) - —voenoer S forr]. o

Substitution of (C9) into (C8) yields

- - —-H"
o [ - )

/
x Re {5L2 [(Y,;")Z] {2V,,Vn/* FoviV) - (rv,,W,{* VW, + VW + VnW,;*‘)

-]}

VW + VEW, —2an,j]}

VoW + VEW, — 2W, W
r

rert[)’] | oy

Substituting (C10) into (2.65), expressing (Y,’l")2 by (D25), and using the identity
LZY,f =k(k + l)Y,f, one obtains

+2n (n+1) [

(C10)

r

kk+1
1 () = SEEL 100 oy = DG 0 ) (€D
72

where the constant coefficients D" are calculated by (D27), and G,(CX) (r) is given by

G (r)

- (_;)vm “Re [V ) [2v1 () =20, () = vl 0] = VI ) [Wa )+ 1 W ()]

+2n(n+1)—k(k+1)

r

W (r) [V (r) = Wy, (r) — r W, (r)]} ) (C12)

A solution to (C11) is given by

Tk(lx) r) = Dnmnm [ k—HC(X) (r) —|—r_kc(><) (r)] , (C13)
(x) g0, | —k ()

C N=Cx + 377 Ros G () ds, (€19
(x) e 1 k1 (%)

i r)=C 2k_+1/ G (s) ds. (C15)

The constant fg:) is calculated from the condition that the acoustic streaming vanishes
at infinity,

Cyp =——— *"G(” (s) ds, (C16)

and the constant 53? is calculated by boundary conditions at the bubble surface; see
below.
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From (2.63), it follows that

ook
v%x) —Re {V x [e, Z Z Pk(lx) r) Y} (@, ¢)}
=k

k=11=—
[ee) k
ter Y Y T ()Y ©0.¢)+ VO (0, ¢)} . (C17)
k=11=—k

Substitution of (C17) into (2.44) yields

ook
80X (0, )== 3 3 V-[157 () ¥ 0. 9 e

k=11=—k
ook
=YY [ o+ P olies.
k=11=—k
ook
o) (0, 0= Y &) (Y[ 6. 9). (C19)

k=1Il=—k

Substituting (C19) into (C18), and using (C13), one obtains

2 k(k+1)
o0 (r) + ;cp,ﬁf)/ (r) = 5@ () = D" H (). (C20)
HX ()=~ k+3) "¢ ) + (k-2 r 1l o). (C21)

Equation (C20) is solved by the method of variation of parameters, which results in
o (=D [l ) +r el 1] (C22)
(x) (x) .
where Cs; " (r) and C¢, " (r) obey the equations

eSO iy +r e iy =0, (C23)
keSO ) — (k+ 1) r R 2 (= H) (). (C24)
Solutions to (C23) and (C24) are given by

(x) =(x) 1 "k gy ()
c iy =C +—/ s EOO (5 ds, (C25)
Sk X2k +1 Jg, k
(x) —(x) 1 k2 ()
C, (n=cC ——/ s“TCH 7 (s) ds, (C26)
6k 6k i

2%+ 1 Jg,

where fg:) and féz) are constants. The constant fé;) is calculated by boundary
conditions at the bubble surface; see below. The constant fgz) is calculated from the
condition that the acoustic streaming vanishes at infinity, which gives

f(x)— 1 %k gy (0
s = s “H, ™ (s) ds. (C27)

2%k +1Jx
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Substituting (C21) into (C27), and using (C15), one obtains
=(x)

—(x) (k —2) Cyy (x)
C - - I )
R
(C28)
k+3 [ k—2 [
=2 / rey () dr—l——2/ r U SHGY (5) ds] dr.
2%+ 1 Jg, 2k + 12 Jr, Ro
(C29)
Substitution of (C19) into (C17) yields
o0 _Rez Z [Tk(,*) ")+ o0V (r )] vl 6, ). (C30)
k=11=—k
) _ g Z Xk: o) (r)aY’ o, ¢>) PO () oYl 60, ¢) s
=Re
VE6 26 v 3¢
k=1I1=—k
(x) (x) I
@, (r) oY, (0, ) Py ()Y (6, 4)
(x) kl k kl k
=R . C32
VEp e;l—x—:k[ r sin 6 ¢ r a0 i| (€©32)

The function (D,EZX)/ (r), which appears in (C30), is calculated by (C22) and (C23) to be
o (r)= D [krk_lcélf) (r) — (k+ 1) r*=2¢clo (r)] . (C33)

In order to go on with the calculation, we need to apply the boundary conditions for
the acoustic streaming at the bubble surface. To do this, we need to know the Stokes drift
velocity, which is calculated by

I .
vy = 5—Re {i{™" - Vol T i ol (C34)

(n,m) . Vv(n,—m)>c<
1

The expression Re{iv; } is calculated by

Re {lvgn m) Vv("’fm)*}

(n,—m)x (n,m) o (n,—m)* (n,m) (n,—m)* (n,m)_(n,—m)*
—Re {e ; (v(" m) 9V, Vig vy, Vig v, _ Ve Vig
- r 1r

8r

r a0 r sin 6 Rl r
(n,m) (n,—m)x*
Vg Vig )

r

(n —m)* (n,m) (n,—m)* (” m) (n —m)* (n,m) (n,—m)x*
+egi | 0™ dv Vg vy dv Vig Vir
Ir ar r 90 r s1n9 aq> r
cos 0 v(n m)vﬁ; —mx
rsin @
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(n —m)* (n,m) (n,—m)* (n,m) (n,—m)* (n,m)_ (n,—m)x*
teui (0™ dv vy Vg Vig Vg Vig "Y1y
s\ ar r 30 rsind 96 r
cos 6 v(n m)vig ;m)*
+ rsinf ' (€35)

Substituting (2.30)—(2.32) and (2.41)—(2.43) into (C35), and using (C9), one obtains

Re {iv{"" - vo{" ="} = (~ 1y

X Re{erie{ |:VnVn/*+ nnt1)Wn ( W*)i|(Y,;")2 — MZP [(Yr’ln)z]}

r

ie d W, (Vi +n(n+1) Wy) ) W,W 2
+e95£{|:VnW,{*+ e n }(Y,’,") ——’;r"LZ[(Y,;")]}

i i{[v,,w,{*JrW” (v, +n(n+1)wn)}(yén)2_W,;W,;‘Lz[(yf)z]”_

i 99 r r
(C36)

The expression Re{ivgn’_m) . van’m) *} is calculated from (C36) by swapping m with

—m. Doing so, and using (D3), one obtains

1" n(n+1) (V,Wr = ViW,
b0 = DT )Re{i8{|:VnVn/*—Vn*V’— (1) (VWi = Vi ”)}(Y'")Z

Usr = 2w " r "

VaWE — VW, 2
I = W2 )]}} (C37)

2
00 _ (=™ VoW — V,;*W,,} 3 (Ym)
N

a0

r

Re {ia [VnW,{* — VW, — } . (C38)

2

- VaWr—Viw,T 1 oy

g;g_( D" ge {ie VWS — vEw) - T T T o)l (C39)
4w r sinf  d¢

With the help of (D25) and the identity L2Y,f=k(k+l)Yl, (C37)—(C39) are
transformed to

00 k
v =Re Y S () Y Dyl @0, ¢), (C40)
k=1 I=—k
oY}, (.,
vgy =R { am () Z Z D —E ( ?) } (C41)
k=11l=—k
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vi; =Re {lUnm (r) Z Z 1y L 12 ;”} : (C42)
k=11=—k sin
50 0= S Em v o [ o = D 0|+ EOE R v o w0
(C43)
e e [y - 220
Upm (r) = Im vV, ()| W, )———|. (C44)
2w r

Equations (C41) and (C42) are convenient to use in the boundary conditions at the
bubble surface. However, for the numerical calculation of véé) and vé}? , it is convenient
to transform (C41) and (C42).

With the help of (D9), (C41) is transformed to

1 |
vi) = 3Re {Unm %Y Z D [k + D =TT+ D v 6. ¢) e

k=1I1=—k

~Vkk+1)—1I-1) Y1, ¢) e"¢“. (C45)

With the help of (D16), (C42) is transformed to

00 k
(x) . i} Zk+1) (k=D! nmnm
—R U, || ———— 2D
Vgy = —Re {l wm (1) € 1;:1 I:Ek *+ D) ki

["“’f)/” k=45 +3) (+1-29)1

k—1—-2s+4+2)! éw—] (CA )R (C46)

X

We can now apply the boundary conditions for the acoustic streaming at the bubble
surface.

They are given by
v)=0 atr =Ry, (C47)
(x) (x) ()
10v av v
(x) 10V, Lo _ VLo ) _ _
O =" (r 20 + or " ) 0 atr =Ry, (C48)
() x) (0
dv 1 ov v
(x) L¢ Lr Lo
o — =0 atr=Ro, C49
Lre ™ 77( or +rsin9 00 r " 0 (€49
where v(x) =vg S v(x) is the Lagrangian streaming velocity, and oréxe) and o £X<;)> are the

tangential components of the stress produced by v ) . We use (C47)-(C49) in order to

calculate the constants C. 2k ,C f‘:) and C (;).

Substituting (C30) and (C40) into (C47), and using (C13), (C28) and (C33), one obtains

k+1) Bk —1)—=x

T Cyt) —(k+1) Ry 2C((3Z) _ _R2k+1C(><) . kngflllix) _ RISS,EX) (Ro) .

(C50)
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The calculation of o L(f(; and o 1(;4)5 results in

o) _nReZ Z {D"’""’” { KL ) +r el i 42 = 1) R0 o)
k=1 Il=—k

2k +2)r 3¢ (i + -0

r

SCO () = U (r) +1U, <r)} vl ©, ¢)

—il (k+2) T2 "szf)}, (C51)

ook
ol =nRed > {D,';;""m [rkcg,j) ) +r e )+ 2%k - DRl ()
k=1Il=—k

2 (k+2)r 3¢ o) +

SO () = U (r) +1U,, (r)i| ily!

r sin 6

Y}
+ (k+2) C<X> —k—2%"k (C52)
90
Equations (C51) and (C52) show that (C48) and (C49) are satisfied if 622) = 0. In this
case, (C48) and (C49) give

2k? + 6k — 5C(><)
4k2 — o

—Ro[ St (Ro) = Unn (Ro) + RoUy, (R0) | (€53)

2 (k+2) Ry°Cs) = —RHCE) — 2 (k — 1) R

Combining (C50) and (C53), one obtains

—(x) (k + 3) (2k 1) 2k+1~(x) 2 (2]{ — 1) 2U—1 7(x)
4k =——Ro 3k —Ro Iy
k+1)Q2k+1 k+1

% -1 [k+3 (x /
1R | iy (RO A+ Unm (Ro) = RoUyy, (Ro) | (C54)
— 3k 1 - Rk+2 ~
é;):4/# 1 2C3:)+k+1[RkHC(X)+kR§ USR] ©59)
where
(=D7e Wy (r)
Upp (1) =" ——Im V" () | W, (1) = =

W, () Wy (r)]}

+Vy () [W,{/ (r) = =+ = (C56)
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Since Ci:) = C;;) =0 and hence Pkl )(r) =0, vge) and UE¢ given by (C31) and
(C32), are represented by using (D9) and (D16) as follows:

(x) (x)
UEZX@)_RGZ Z ¢kl (r) 8Yk (0 d)) Z Z qﬁkl (r)

k=1 1=k k=1 1=k
x [\/k k+D)—1(+ 1)1/,5+1 @.¢) e —Jkk+ 11— DY " 0. ef¢] ,
(C57)
(x) ll¢l£lx) (r) Y, (6, ¢)
VE¢ = Re kz; I_X—:k sin 6
ilo0 (r) ei® \/(2k 1) (k=)
__R Kl
e;l;k k+1)!
[(k—l+2)/2]
Oy Ok — ds +3) (k +1 — 25)! il 0.6, ©s8)

(k—1—-2s+2)!

Appendix D. Mathematical identities used in calculations

In our derivation, the function Y,"(6, ¢) is defined by the following equations
(Varshalovich et al. 1988):

Y™ (0, ¢) = \/(2”4: (12 E:’n;):")! e™? PM (cos@), O<m<n, (D1)

m/2 d" P,
Py = (=" (1-122) d—nf“) m 20, 02)

w
Y, "0,0)=(D"Y" 6, -¢)=(=D"Y," 0, 9¢), (D3)

2w b4
/ d¢/ do sin 6 Y"1 (6, ¢) Y'2* (0, ) = Spynymyma (D4)
0 0

where P, (u) is the Legendre polynomial of degree n, P)”(u) is the associated Legendre
polynomial of order m and degree n, ;© = cos 8, 8, is the Kronecker delta, and the asterisk
denotes the complex conjugate.

In the process of calculations, the following identities are used (Varshalovich et al.
1988):

2ym m 2ym
7Y, (9’¢)+cot9 Y,  (0,¢)  m<Y;" (0, )

m
s g kDY 6.9). (DY)
[(n+1)/2]
dP, (1)
o= X r-sEd P, ezl (D6)
k=1

2 b4
/ d¢/ O sing Y} (0, ¢) Y12 (6, ¢) Yi3* (6. ¢)
0 0

:\/(an + 1 @2na+1) ™0 onmms (D7)

4w (nz+ 1) mOm0 Tmmimm
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_aym (e,
sme%‘”mcmnmml<0,¢)—(n+1)can,;"_1(9,¢>, n>1 (D8)
Y™ (@, 1 .
% - 5\/11 m+1)—mm+1)Y" 6, ¢) e?
1 .
— 5\/n n+1D)—m@m—1Y" 1@, ¢) 2, (DY)
cos 0 Y," (0, ) =CurnymY,yy 0, @)+ ComY, (6, 0), (D10)
where Cy,,, is defined by
n2_m2
Com = . D11
o Cn—1)2n+1) (DI

Here, [ ] means the integer part of an expression in brackets, and C,Z‘f,,’ffnzmz =

(nimnomy | n3m3) are the Clebsch—Gordan coefficients. The Clebsch—Gordan coeffi-
cients are zero unless the following conditions are satisfied: m3z =m +mo, ny +ny —
n3>0,ny —ny+n3 >0, —ny +ny+n3 >0, |m| <ny, |mz| <ny, Im3| <ns.

In our derivation, we use the fact that an arbitrary function f (9, ¢) can be expanded in
spherical harmonics by

FO=D D" am¥y 0,9, (D12)

n=0m=—n

where the expansion coefficients are calculated by
2 b4
anm=/ qu/ dosin6 Y"* (6, ¢) f (6, ¢) . (D13)
0 0
From (D13), by using (D3), one obtains
2 F14 *

aem=0" | [T 0 [Carsnor 0.0 0.0 O

0 0

If f(6, ¢) is a real function, then it follows from (D14) that
an(—m) = (=" ar,. (D15)

With the help of (D1), (D2) and (D6), one obtains

,0,¢) 1 Cn+Dm—m)! g (22 d" P ()
= Mz\/ drgmy ¢ D (1 “) dpm

sin 6 J1 =

— it Qn+1)(n— m)!ei(m—l)q& (—1ym! (1 _ Mz)”‘zl dm=' (dP, (0)
4 (n+m)! T\ dp
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. —m)! m-l
=_€l¢\/(2n+1) (n m)-el<m71)¢ (—l)mil (1—M2> 2

4 (n +m)!
[(n+1)/2] 4
d" ™ Py—2k+1 (1)
x Y (n—4k+3) d;m_j
k=1

B _ei¢\/(2n 1) (n—m)! “”‘%2)/2] (n — 4k +3) (n+m — 2k)!
k=1

(n+m)! (n—m—2k+2)!

X Y"1 0.9) n,m=> 1. (D16)

Let us expand Y,f’l” 0, d))Y,ﬁz*(@, ¢) in spherical harmonics. According to (D12) and
(D13), we obtain

o0 n
YO, ) YR (0, 0) =) D AmmITRYT (6, ¢), (D17)
n=0m=—n
where
2w kg
Aj iz :/ dqb/ dosin6 Y,"* (6, ¢) Y,f’fl ©, o) Yn"gz* ®, o). (D18)
0 0

It follows from (D7) that

2w T
/ d¢/ do sin0 Y,"* (0, ¢) Y,' (0, ¢) Y,22* (6, ¢)
0 0

(D19)

_ 2n+1)(2ny+1) n10 cmimi
= 4 (an + 1) n0ny0 ™~ nmnymy*

This equation is non-zero only if m 4+ my =m and |n; — n2| <n <np + njy. Therefore,
AR o calculated b
nm y

2n+1)(2ny+1)
R o oCrnbma. m=m1 —my and |nj — o]

Ammimme — } <n <ny+n,
0, m#Emy —my

orn<|ny —na| orn>np+no.
(D20)

Note that Ay,L""*"? is real. It also follows from the properties of the Clebsch-Gordan
coefficients that A" ">""? =0 unless |m1| <ni, |my| <n, and |m| < n. This fact should
be kept in mind when implementing a numerical code.

The use of (D16) and (D17) gives the expansion

o0

Yoi' (0.¢) Yny™ (0. ) _ 3

n
sin2 0 Z B\ MRy (@, ), nip,mpp>1,  (D21)

n=0m=—n
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where

[(11=m142)/2] [(n2—m2+2)/2]
Bnlmmmzz\/anwn @2+ 1) (1 —m)! 2 —mp)!t " Z ’ i
nm

(n1 +my)! (ny +my)!

k=1 k=1

» (2ny — 4k 4+ 3) 2ny — 4ky +3) (n1 +mq — 2ky)! (np + mp — 2k»)!
(n1—my —2k; +2)! (no —my — 2ky + 2)!
XA;%—Zkl—kl)(ml—1)(n2—2k2+])(m2—l)' (D22)

Note that By,},"'">"? is real. It should be emphasised that (D21) and (D22) are not valid
if m; =0 or my =0. In our derivation, such terms vanish. However, in order to avoid
problems in numerical simulations, one should specify By,,""*"? =0if m; =0 or my =
0. It also follows from (D21) that Bj,"'"*"? = 0 if |m1| > n or |m2| > ny or |m| > n.

In order to transform the angle-dependent functions that appear in (B64), we apply the
following equations.

With the help of (D16) and (D17), we obtain the identity

Yo' (0, 9) Vi)™ <9’¢)=—\/(2m+1)(m_m1)!i Z Y™, ¢)e'?

sin 6 (n1+mp)!

[(n1—m1+2)/2]

n=0m=—n

Qny — 4k 4 3) (n1 +my — 2k)!
<)
=1 (ny —my — 2k +2)!

x A —2kEDm=bnam =y gy > 1. (D23)
The use of (D8) and (D21) gives
1 %' 6. 9)
sin 0 20

o0 n
= 37 [ Carim B =y 4+ 1) Gy B~ [ Y 0, 9)

n=0m=—n

Y% (0, ¢)

(D24)

Let us expand Yy|' (0, ¢)Yn2(0, ¢) in spherical harmonics. According to (D12) and
(D13), we obtain

o0 k
Y@, ) Y2 @, 0)=>_ Y Dy"™"™"y, 0, ¢), (D25)
k=0 1=—k
nyminamy __ o T . Ix mi my
D} = dp [ dosing Y (6, 0) V" (6, 9) Y2 (0, ¢) . (D26)
0 0
Cni+1)2na+1) 49 l
Dlemlnzmz =\/ Ir kT D) Cn10n20Cn1m1n2m2' (D27)

The coefficients Dj;™!"*"? are non-zero only if the following conditions are satisfied:
l=mi+ma, [n1 —n2| <k <ni+ny, |mi| <ny, [maf <n, [I| <k.
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