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Abstract A vast number of physical processes involving oscillations of a bounded viscous fluid are rel-
evantly influenced by acoustic streaming. When this happens a steady circulation of fluid develops in a
thin boundary adjacent to the interface. Some examples are refracted sound waves, a fluid inside a spheri-
cal cavity undergoing torsional oscillations or a pulsating liquid droplet. Steady streaming around circular
interfaces consists of a hemispherically symmetric recirculation of fluid from the equatorial plane to the
polar axes closely resembling the meridional circulation pattern observed in the Sun’s convection zone that
determines the solar cycle. In this paper, it is argued that the acoustic pulsations exhibited by the Sun would
lead to acoustic streaming in the boundary of the convection zone. A simple estimation using a typical
dominant frequency of 3 mHz and the observed surface oscillation amplitude yields a steady streaming
velocity us ~ 10 m s~%, which is on the order of the meridional circulation velocity observed in the Sun’s
convection zone.
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1 INTRODUCTION

The search for a correlation between steady meridional cir-
culation (MC) currents in the convection zone (CZ) of the
Sun and the solar activity cycle is a matter of great cur-
rent interest (Arkhypov et al. 2012; Roudier et al. 2014;
Hanasoge et al. 2015). Experimental evidence and simula-
tions agree on the existence of a steady poleward MC in
the near-surface layers of the Sun across both the north-
ern and southern hemispheres with a characteristic veloc-
ity 1020 m s~ !, which is superposed on the granular (~1
Mm across) and supergranular (~30-35 Mm across) con-
vective cells (Hathaway 2011; Miesch & Hindman 2011;
Featherstone & Miesch 2015; Hanasoge et al. 2015). The
mean MC plays a central role in dynamo models and may
largely regulate properties of the solar cycles (Choudhuri
et al. 1995; Karak et al. 2014). Thus, determining the
mechanisms that drive the MC as well as its main prop-
erties is of considerable interest. However, the structure
of the MC in the deep CZ is a matter of active dis-
cussion. Observational studies yield controversial results
on the equatorward flow required by mass conservation
(Featherstone & Miesch 2015).

Early studies based on SOHO/MDI suggested that the
MC would span at least the upper half of the CZ, whose
base is determined to be at r = 0.713R, where Ro =
6.96 x 108 m is the Sun’s radius. Thus, the double-cell
MC pattern employed by different models to predict the
solar activity cycle usually assumes a deep return flow at

depths below r = 0.85R (Pipin & Kosovichev 2013;
Hazra et al. 2014; Lord et al. 2014). Yet, more recent he-
lioseismic investigations indicate that a return equatorward
flow would occur at shallower depths (r ~ 0.95R) with
perhaps other meridional cells stacked beneath the one
nearest the surface (Hathaway 2011; Miesch & Hindman
2011; Hanasoge et al. 2015). A rotational boundary layer
would take place entirely within a sharply stratified shear
layer at the upper edge of the solar convective envelope
(0.95Rs <7 < Rp).

In this so-called Near-Surface Shear Layer (NSSL)
the angular frequency /27 increases inward by about
10-20 nHz (Miesch & Hindman 2011). Its nature is one
of the puzzles being actively investigated nowadays (see
Hanasoge et al. 2015 and references therein). Intriguingly,
the depth of the NSSL is roughly equal to the characteristic
size of supergranules observed at the photosphere, which is
suggestive of some link between the supergranules and the
depth of the surface shear layer (Hathaway 2011).

A plausible theory is that the structure of the NSSL
is the outcome of a complex nonlinear coupling between
the differential rotation and the MC (gyroscopic pumping),
which involves a balance between small scale turbulent
transport, large-scale mean flows, and a link to the deep
CZ (Miesch & Hindman 2011).

In this mechanism, a minimum viscous dissipation is
required to reproduce a realistic shallow meridional flow.
A more recent theoretical work extending the global con-
vection simulation to 0.99 R, proposes that the turbulent
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viscous stress that results from the radial gradient of the
meridional flow is a driving mechanism for the mainte-
nance of the NSSL (Hotta et al. 2015). On the other hand,
ring-diagram based helioseismology measurements have
very recently yielded pretty high values of the convective
flow speeds in the subsurface of the NSSL. Horizontal flow
velocities are seen to peak at 430 m s~ ! (rms) near the sur-
face, decreasing to about 120 m s~! between 20 and 30
Mm at the bottom of the NSSL in contrast with previous
measurements indicating an rms upper limit of 1 m s~ at
a depth of 30 Mm (Greer et al. 2015). The newly mea-
sured amplitudes of the convective flow velocity in the
NSSL give Rossby numbers ‘Ro’ above unity suggesting
that convection in the NSSL is not significantly affected
by the Sun’s rotation (Ro = U/QL, where U is a typi-
cal velocity amplitude, €2 is the rotation rate and L is the
characteristic length scale of convection).

Turbulent convection models generally assume that
there is an important transfer of momentum in the Sun’s
CZ due to diffusion of the small-size turbulent eddies ap-
pearing as grain-like structures or granules on the sur-
face with typical size ~1 Mm across and fluctuating with
typical vertical and horizontal velocities of 1-2 km s~ *.
Molecular viscosity is then replaced in the conservation
equations by a much larger eddy viscosity that can be esti-
mated as Ve ~ ucle, Where u, is the typical eddy velocity
and [, is its size (Gilman 1979; Sturrock 1985; Stothers
2000). By using an eddy viscosity v, ~ 10° m? s~ 1,
negligible values of the nominal Prandtl number in stel-
lar CZs of 1076 — 101 instead become of the order of
1 — 102 (Sturrock 1985; Featherstone & Miesch 2015).
Thus, viscous dissipation of momentum could become a
phenomenon of similar importance to thermal transport.
High-resolution nonmagnetic simulations of turbulent con-
vection using the anelastic spherical harmonic (ASH) code
have provided some insight into the processes that drive
and shape the MC within the CZ (Miesch et al. 2008;
Featherstone & Miesch 2015). The simulation solves the
3D equations of fluid motion in a rotating spherical shell
under the anelastic approximation. The system domain ex-
tends from near the base of the CZ (r = 0.71 — 0.72 R)
tor =0.965 — 0.98 Rg.

Featherstone and Miesch (Featherstone & Miesch
2015) have conducted a sensitive analysis on the effects
of the eddy kinematic viscosity and the thermal diffusiv-
ity () in the ranges v, ~ 2 — 8 x 10° m? s=! and
ae ~ 16 — 32 x 109 m? s~ ! at the surface, both decreas-
ing with density as ~ p~'/2 while the Prandtl number
Pr = ve/ae ~ 0.1 — 0.5 was kept constant with depth.
In a previous work (Miesch et al. 2008), they were fixed at
Ve = 1.2x108m? s7! and o, = 4.8x 108 m? s~ through-
out the computational domain, yielding a Prandtl number
Pr = 0.25. The simulations show a correlation between
the MC and differential rotation as driven by the convective
angular momentum transport. However, this link is thought
to be quite sensitive to the subtle dynamics in the upper and
lower boundary layers, which may significantly influence
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the MC profile in the solar CZ. Since the upper boundary
(14 Mm below the photosphere) cannot be treated by the
anelastic approximation, the possible influence of granula-
tion and supergranulation on the MC near the photosphere
cannot be resolved (Miesch et al. 2008).

Arguably, the shallow return of the MC currents in-
ferred from recent observations could be due to a boundary
layer effect that remains to be investigated (Featherstone &
Miesch 2015). An important attribute of the anelastic ap-
proximation is that it removes pressure waves, which are
filtered out by neglecting the dp/dt term in the mass con-
servation equation. This can be justified only if the Mach
number (Ma = convective fluid velocity/local sound speed)
is very small for the turn-over time to be much longer
than the acoustic time. If the fluid velocity is compara-
ble to the local sound speed, a fully compressible model
including acoustic waves is needed. The characteristic ve-
locity of solar interior convective motions is indeed much
smaller than the speed of sound with a Mach number on
the order of Ma = 1072. Yet, turbulent convection near
the surface is intense and the Mach number may become
close to unity (Christensen-Dalsgaard 2002). The possi-
ble correlation between turbulent convection and the Sun’s
acoustic oscillations is thus unknown. Some attempts to
model oscillations in this thin layer have been made but the
treatment of perturbations to the convective flux and tur-
bulent pressure is not satisfactory (Christensen-Dalsgaard
2002). On the other hand, numerical simulations using
Pencil Code have led also to interesting results regarding
the cyclic magnetic activity due to turbulent convection
(Képyld et al. 2012; Karak et al. 2015). Remarkably, since
these simulations allow for compressible flows, they could
be useful to tackle the anelastic approximation limitation
when the convective velocity is comparable to the sound
speed.

2 ACOUSTIC STREAMING

Let us consider a standing pressure wave with finite wave-
length A = 27/k oscillating in a viscous fluid otherwise
at repose and adjacent to a solid wall (z = 0 plane). The
velocity of the fluid far from the boundary is

Ve = Uex ethv

where Uex(x) = uj cos(kx), x is the direction of wave
propagation, u; is the wave velocity amplitude, w = 27 f
and the non-slip and impenetrable boundary conditions
(vy = v, = 0at z = 0) apply. A perturbation analysis of
the Navier-Stokes conservation equations yields a 2nd or-
der time-independent circulation of the fluid near the wall
of characteristic size (\/4) x 1.94,, where §, ~ /v/w is
the distance of penetration of the rotational flow from the
wall into the fluid (the so-called Stokes boundary layer)
(Lighthill 1978). The streaming velocity at the edge of the
Stokes boundary layer is given by Lighthill (1978)

31 dUox
4w 7 dx’

(1)

Ug =



Acoustic Streaming in the Sun

with a maximum value

3u?
us = g @)
where c is the pressure wave speed. Remarkably, ug is
independent of the fluid viscosity despite being gener-
ated by viscous Reynolds-like stresses. It must be noted
that Equation (1) yields the time averaged velocity of
any particular parcel of the fluid (the Lagrangian mean
flow), which serves to draw the fluid streamlines as ex-
perimentally tracked (i.e. what we see as the trajectory of
a fluid parcel). The time-averaged Lagrangian velocity dif-
fers from the Eulerian velocity (the velocity of the fluid
parcel that is present at a fixed position at a given instant)
whose time-average is zero (Valverde 2015). The differ-
ence between the Lagrangian and Eulerian velocities is
more generally known as Stokes drift. A similar scaling
law to Equation (2) is obtained for the Stokes drift veloc-
ity (us; ~ u?/2c) induced by a surface gravity wave in a
liquid.

Near boundary streaming (Schlichting or inner stream-
ing) gives rise to a recirculation of the fluid outside the
boundary layer (Rayleigh or outer streaming), which is de-
termined by the system size and the slip velocity at the
edge of the Stokes boundary layer (Lee & Wang 1990;
Trinh & Robey 1994). In the case of a sound wave that
impinges upon a circular cylinder whose radius is much
smaller than the wavelength (R < A) and in the limit
of small oscillations with amplitude (§1/R < 1) (Riley
1966; Gopinath & Mills 1993), the tangential component
of the wave velocity is given by Usx =~ 2v;sinf =
2uy sin(z/R), where 6 is the polar angle and * = R6.
Thus, the mean slip velocity is obtained as

3

In the case of a sphere a similar law can be derived (ug ~
u?/wR).

For a spherical surface of radius 12 and in the limit of
small oscillations (§; < R)) the steady streaming motion
takes the form of a hemispherically symmetric recircula-
tion.

Figure 1a shows a schematic representation of the in-
ner and outer streaming cells developed around a solid
sphere immersed in a viscous fluid and subjected to a
sound wave (or, equivalently undergoing translational os-
cillations in the viscous fluid). As may be seen, the fluid in
the outer boundary circulates from the equatorial plane of
symmetry toward both the upper and lower poles.

Acoustic streaming circulation patterns are usually ob-
served in systems having in common the oscillations of
a viscous fluid in the proximity of an interface (Valverde
2015).

Figure 1b shows the steady circulation patterns ob-
served within a resonant tube. The transduction by mam-
malian inner ear hair is thought to be affected by acous-
tic streaming, which arises from cochlear traveling waves
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propagating in the liquid-filled inner ear (Lighthill 1992).
Acoustic streaming occurs also in the protoplasm within
individual cells of plant leaves, where steady circula-
tion currents are induced by oscillations (Nyborg 1953).
Another example is the vitreous humour in the eye, which
exhibits a steady MC caused by the torsional oscillations
of the eyeball (Repetto et al. 2008) (see Fig. 1c). Acoustic
streaming is also observed within a pulsating liquid droplet
(Mugele et al. 2011) as seen in Figure 2. MC is generated
inside the liquid drop with a characteristic velocity ug that
conforms to Equation (2) (Mugele et al. 2011).

3 ACOUSTIC STREAMING AND MC IN THE SUN

A yet unexplored mechanism in solar physics is whether
acoustic streaming arising from pressure oscillations in
the Sun plays a relevant role on the MC observed in the
CZ. To this end, it is necessary to quantify the relative
strength of the characteristic streaming velocity that would
result as compared to observed velocities and predicted
by models based on the coupling between differential ro-
tation and turbulent convection (us ~ 10 — 20 m s~ 1)
(Featherstone & Miesch 2015). Obviously, the treatment
of acoustic streaming in the Sun is much more complex
than the study of a homogenous viscous fluid radially os-
cillating at a single frequency. The oscillation regime of
the Sun is far more complicated and the amplitude of
each one of the oscillation modes in the Sun is rather
low (< 0.1 m s™1) as experimentally observed and de-
termined by the balance between the excitation rate and
the damping rate from the stochastic turbulent excitation
model (Houdek et al. 1999; Christensen-Dalsgaard 2002;
Belkacem et al. 2008). The simultaneous excitation of mil-
lions of oscillation modes causes radial oscillations of the
Sun’s surface with amplitudes of hundreds of kilometers
at frequencies mostly in the 2—4 mHz range (Christensen-
Dalsgaard 2002; Belkacem et al. 2008). On the other hand,
the turbulent viscosity in the CZ is decreased with den-
sity whereas pressure waves are progressively refracted
as they propagate downward by the increase of temper-
ature and depending on their wavelength (Christensen-
Dalsgaard 2002). Clearly, an exhaustive analysis on the
streaming flow associated with the simultaneous action of
so many oscillation modes in such a complex fluid would
require a full numerical study, which is outside the scope
of this manuscript. In order to get a grip on the relevance
of acoustic streaming we would assume then at the Sun’s
surface oscillates with a single frequency of f ~ 3 mHz
and amplitude ¢ = 100 km, which gives an oscilla-
tion amplitude of u; = 1.9 km s~ (similar to the typi-
cal velocity of microturbulence at the Sun’s photosphere,
which is in the range 1-2 km s~1). Using Equation (2) and
¢~ 100 km s~ as a typical value of the sound speed near
the photosphere we obtain us ~ 10 m s~! for the stream-
ing velocity near the surface, which remarkably fits in the
range of velocities reported for the near surface MC in the
CZ of the Sun (Hathaway 2011; Hathaway et al. 2013;
Featherstone & Miesch 2015). Note also that the stream-
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Fig.1 (a) Schematic representation of the steady circulation of fluid around a sphere in a standing acoustic wave in the horizontal
direction or a sphere undergoing translational oscillations in the fluid otherwise at rest (reproduced from Leung & Wang 1985). (b)
Acoustic streaming inside a resonant tube as visualized by particle image velocimetry (PIV) (reproduced from Campbell et al. 2000).
(c) PIV visualization of the steady streaming flow of glycerol filling a spherical cavity undergoing periodic torsional oscillations around

its vertical axis (reproduced from Repetto et al. 2008).
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Fig.2 Top: Schematic representation of a liquid drop undergoing pulsations driven by an alternating applied voltage (f = 120 Hz).
The snapshots show different states during oscillation. Lines in (a) sketch the steady streaming flow field that developed within the
droplet. Bottom: vertical and horizontal cross-sections of the oscillating liquid drop showing steady large-scale streaming as traced by

PIV of colloidal seed particles (reproduced from Mugele et al. 2011).

line pattern observed for a pulsating liquid drop (Fig. 2)
resembles the MC in the CZ, although the oscillation pat-
tern on the surface of the Sun is much more complicated.
It may be thus argued that the study of acoustic stream-
ing in the CZ of the Sun as affected by the radial surface
oscillations deserves further analysis. An additional pos-

sibility is that acoustic streaming is developed by viscous
dissipation of the waves refracted at the NSSL and radia-
tive zone boundaries, which could in principle give rise to
an MC near these boundaries of the type obtained for the
refraction of an acoustic wave on a sphere (Fig. 1a). In this
case however, it is difficult to obtain a simple estimation
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of the characteristic streaming velocity from Equation (2)
that will depend on the combined action of the particular
set of modes refracted in each surface, their frequency and
amplitude. Moreover, in the boundary layers of the Sun,
the limit R < A does not apply.

Acoustic streaming is used in applications for the en-
hancement of heat and mass transfer to intensify diverse
processes (Yavuzkurtet al. 1991; Valverde 2015). The con-
vective heat transfer as due to acoustic streaming has been
analyzed theoretically by Gopinath and Mills (Gopinath
& Mills 1993). The time averaged Nusselt number is de-
termined by the Prandtl number ‘Pr’ and the streaming
Reynolds number Re; (defined as Res = ugR/v, where
R is a typical size of the system) according to the law

Nu = ARe™Pr", )

where m ~ 0.5. The prefactor A and the exponent n de-
pend only slightly on the value of ‘Pr’. Thus, A ~ 1
and n =~ 0.5 for Pr< 1. The validity of Equation (4) is
upheld by experimental measurements (Yavuzkurt et al.
1991; Gopinath & Harder 2000; Riley 2001). Typically,
Nu varies in a range from Nu ~ 1 (in the case of slow
laminar flows) to Nu ~ 10? — 103 in the case of intense
convective flows. Using us ~ 10 m s~!, R ~ R and
v =1vs ~ 10° m? s7!, it is Re; ~ 10 and Nu~ 1 for
Pr ~ 0.1, which implies that the contribution of acous-
tic streaming to the heat transport in the CZ would not be
significant compared to turbulent convection.

An additional point that deserves further discussion is
the parallelism existing between one of the mechanisms
proposed for the excitation of pressure oscillations in the
turbulent convective region of the Sun (thermal overstabil-
ity) (Sturrock 1985; Houdek et al. 1999) and the amplifi-
cation of acoustic waves in thermoacoutic engines (Swift
2002). Thermal overstability (Houdek et al. 1999) and
stochastic excitation by turbulent convection (Belkacem
et al. 2008) are considered the most plausible mechanisms
for the excitation of pressure waves in the CZ. Thermal
overstability operates if large enough temperature gradi-
ents exist capable of amplifying the oscillations of fluid
parcels.

As the gas parcels move back and forth in each oscil-
lation cycle (compressing and expanding, respectively) a
net work is added to the acoustic wave if the temperature
change in the surroundings is higher than the variation of
temperature suffered by the fluid parcel due to adiabatic
compression and expansion. The thermodynamic cycle of
a fluid parcel in the CZ would thus resemble that of a fluid
parcel in a thermoacoustic engine. In their most simpli-
fied version, thermoacoustic engines basically consist of a
resonant tube filled with a viscous fluid in which a stand-
ing acoustic wave is subjected to a gradient of temperature
(Swift 2002). The fluid parcels interchange heat with the
walls as they compress and expand adiabatically. Work is
added to the fluid parcel if there is a sufficiently large tem-
perature gradient across the resonant tube similar to what
happens in the thermal overstability mechanism in the Sun.
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The amplification of the sound wave leads to a perturbation
of the characteristic streaming velocity, which might also
occur in the Sun if thermal overstability operates. By as-
suming that acoustic oscillations are small (to justify a lin-
earization of the Navier-Stokes equations) and that the core
of the flow within the resonant tube was inviscid, the char-
acteristic streaming velocity in a thermoacoustic engine is
given by Rott (1974),

31 dUex

v = g Uerg (1He)
U2, 1 dT,,
tee 2w Ty da’ )
where
2 v Pr
€ = g(l—C)(W—l)ma (6)
1—¢)(1—-+Pr
. - (1=90- VP o

2(1+ vPr)(1 +Pr)’

Here, < is the exponent in the assumed power-law depen-
dence of viscosity on temperature (v ~ T(%)) and v is
the isentropic expansion factor of the gas (adiabatic index).
Because the gas in the Sun behaves nearly like an ideal
gas, these are v ~ 1.6 and T" o p (Featherstone & Miesch
2015). On the other hand, since kinematic viscosity in the
CZ decreases with density according to the law v, o p~1/2
(Featherstone & Miesch 2015), the exponentis ¢ = —3/2,
which contrasts with the increase of (molecular) viscos-
ity with temperature for common gases. Using Pr = 0.1
as a typical value (independent of density) (Featherstone
& Miesch 2015) gives values of ¢; = 0.3 and co = 0.6.
Thus, the correction factor on the characteristic streaming
velocity will be significant only for very high local tem-
perature gradients. In the case of thermally driven acoustic
oscillations in a thermoacoustic engine, the second term is
not small, which gives rise to an important drift near the
resonant tube wall and towards the hot end (Rott 1974). A
further possibility to be explored in a more detailed anal-
ysis of MHD conservation equations is whether a steady
flow due to acoustic streaming could be modulated by the
magnetic field. Global convection simulations suggest the
existence of a time varying circulation (Karak et al. 2015),
which can have a profound effect on variations of the so-
lar cycle according to some dynamo models (Karak 2010;
Karak & Choudhuri 2013).

4 CONCLUSIONS

Acoustic streaming is a universal phenomenon that occurs
whenever a bounded viscous fluid oscillates. The main fea-
ture of acoustic streaming is the development of a steady
rotational flow of the viscous fluid near the interface (inner
streaming). Inner streaming drives in turn the onset of a
steady circulation of fluid outside the boundary layer (outer
streaming) whose strength is decreased with the distance to
the boundary. Acoustic streaming in spherical boundaries
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usually assumes an MC pattern closely resembling the MC
observed in the CZ.

In this manuscript, it is argued that acoustic oscilla-
tions of the Sun might lead to this type of streaming in
the CZ, quite similar to the steady streaming that devel-
ops within a pulsating droplet of a viscous fluid. A sim-
ple estimation of the associated drift velocity yields ug ~
10 m s—! of the same order of the observed MC veloci-
ties in the Sun. A rigorous numerical analysis should con-
sider the interaction of pressure waves and turbulent con-
vection usually neglected as well as the refraction of pres-
sure waves in the boundary layers of the CZ that might also
give rise to steady streaming currents. Acoustic streaming
is present in a vast number of natural systems and scales.
It happens in our eye and ear, plant cells, pulsating flows
(think about the flow of blood through veins and arteries),
vibrating structures and fluids, etc. The perspective that it
might also be occurring in the Sun is certainly appealing.
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