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Acoustic streaming by ultrasonic vibrating

electrode (USVE)
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In a voltammetry employing an electrode with a diameter of 2 mm, vibrating at ultrasonic
frequecy of 38 kHz and at an amplitude of 0.5 through 3 gm,_,, acoustic streamings were
investigated by the flow visualizing experiment and the analysis of a two-dimensional finite
element method. The experiment revealed that a gas bubble was generated on the electrode
surface at the amplitude above 0.7 ym,_,, and the vibrating mode of the bubble played an
important role in the acoustic streaming. These mechanisms were successfully simulated by
the analysis assuming a vortex pair located on the electrode.
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1. INTRODUCTION

High sensitive chemical analysis can be performed
with the voltammetry by measuring the electric
voltage and current in electrolyte solution. The
residual electric current subtracted the current by
supporting solvent from-the total current is station-
ary during the oxidation or the reduction reaction
and it is proportional to the concentration of the
solute. Then the small amount of solute can be
detected by voltammetry. In the early stage of this
method, stationary solid electrodes were used. To
take more precise measurements, external forcing
flow methods such as hydrodynamic modulation
voltammetry,’~® pulse-rotation voltammetry,® the
stopped-flow technique” and rotating disc electrode
voltammetry, have been widely used. On the other
hand, methods applying ultrasonic irradiation to
the solid electrode surface or vibrating wire elec-
trode technique®~'® have been reported. We have
reported a new voltammetry using an ultrasonic
vibrating electrode in which the sensitivity was
considerably enhanced in the oxidization reaction of
chlorpromazine as a test sample.!¥ However, mea-
surements or detailed analysis of the flow fields by
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the above methods have not been performed. If
reaction products accumulate near the electrode
surface, exchange reaction with unreacted substance
will be extremely hindered, which will lead to the
lowered sensitivity of the analysis.

In this study, we have tried to clarify the detailed
flow profile of solution by a visual observation and
a numerical simulation in the ultrasonically vibrat-
ing electrode voltammetry. “ These results will help
to know the conditions of the effective exchange
between reactant and reaction products created by
acoustic flow of solution. Thus an optimum condi-
tion of the measurements will be obtained.

While most of the studies on the acoustic stream-
ing have been done at a high vibrating frequency
and a high output power, the ultrasonic source in
our voltammetry employed the frequency of 38 kHz,
and the input electrical power to an oscillator elec-
trode of 2 mm diameter was only about 10W.
Thus the velocity of the acoustic streaming was
estimated to be at most a few cm/s. Detailed
studies on such a low power acoustic streaming have
not been done so far. The experiment of the present
method of voltammetry revealed that the measured
values of the electric current were extremely unstable
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and less reproducible about at both the vibrational
displacements of about 0.7 ym,_, and 1.8 ym, ..
The former might be due to the generation and
growth of a gas bubble due to cavitation on the
electrode surface, and the latter might be due to the
change in the vibrating mode of the bubble. S. A.
Edler'® has reported that the gas bubble due to
cavitation is generated when a ultrasonic wave is
irradiated vertically to the flat wall and then a
vibrating cavitation microstreaming occurs. In this
study the authors conducted the flow visualization
experiment and the numerical simulation in which a
2-dimensional finite element method was used for
investigating the acoustic streaming.

2. FLOW VISUALIZING EXPERIMENT

The solution of K,SO, (0.1 mol//) suspending a
small amount of alumina particles (<1 mmg¢) as
flow tracers was placed in a rectangular vessel whose
inside width, depth and height were 40 mm, 40 mm
and 70 mm respecitively, as shown in Fig. 1. The
flow field on a plane containing the electrode was
illuminated by a xenon lamp through a slit of 1 mm
width, and the path lines of the flow were recorded
by a video camera and a still camera. It should be
especially noted that the acoustic streaming was
hardly observed below the electrode’s vibrating
amplitude of 0.5 gm,_,, but above 0.7 ym,_, a gas
bubble appeared irregularly on the electrode surface,

(a)

amplitude 2 ym,_p.
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(b)
Fig. 2 (a) Photograph of flow path lines at electrode amplitude 1.5 gm,,_,,.
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and it disappeared after expansion, and at the same
time the downward streaming was ejected perpendic-
ularly from the electrode surface. Such a behaviour
seems to make the flow neither stable nor stationary.
With the increase of the vibrating amplitude in the
range of 0.8-1.6 ym,_,, a gas bubble with a diame-
ter upto 0.2 mm appeared and vibrated continuously
and steadily. The concomitantly performed
straight downward flow was stable and seemed to
make the solution exchange effective. At the
amplitude of 1.8 ym, , the electric current in the
voltammetry became unstable but the gas bubble
remained like a oblate sphere and seemed to take a
strong downward pumping action where its chang-
ing position and shape could hardly be discriminat-
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Fig. 1 Vessel for flow visualizing use.
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(b) Flow path lines at electrode

(c) Flow path lines at electrode amplitude 3 ym,_,.
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ed. Therefore it is plausible to condsider that the
strong pumping action is due to the shift of another
vibrating mode. In Figs. 2(a), 2(b) and 2(c), the
path lines in the flows at the amplitudes of 1.5, 2, 3
um, , are shown respectively. The maximum
speed of flows is 1-3X 1072 m/s judging by a data
reduction from video pictures.

3. NUMERICAL SIMULATION

There are several theoretical research studies on
an acoustic streaming®~2" in which simple bound-
aries are concerned, and no studies treating such a
complex vessel as that used in the present voltam-
metry are found. In the numerical simulation on
an acoustic field and a flow field in such complex
boundaries, a 2-dimensional finite element method
(FEM) is considered to be the most effective method,
and then the following calculations are examined.
First, the sound pressure p induced by piston
motion of the electrode is obtained through the
numerical solution by FEM on the wave equation in
Cartesian coordinates (x, )

72+ (wo/c)p=0 (1)

where @, is the angular frequency of the electrode
and c is the velocity of sound. Following Ref. 22),
the sound pressure is calculated after the calculus of
variation and the discretization on the above equa-
tion. - In this case, the boundary conditions are the
perfect reflective on the vessei wall and zero pressure
on the free surface of the liquid. The pressure on
the electrode surface which corresponds to the vi-
brating amplitude is derived from the acoustic
impedance due to the piston motion on an infinite
flat plate.?® Here the pressures are converted to
sound particle velocities u,, v, as

1 a -1 9 (2)
Oowo OX '’ Oowo OY

a =

where p, is the density of the solution.

The acoustic forcing term to be added in the
equation of motion of an incompressible viscous
flow is derived from the above velocities. The
equation of motion of the fluid velocity u(u, v)
containing the effect of acoustic driving force f is
given as

% (u-p)u—v7u= ~Lhiy, (3)

where v denotes dynamic viscosity, p, denotes fluid
pressure, and f is shown as

F=—(ua*7)us>—<ua(V - ua)> (4)

where the brackets mean the time average.

The method of solving incompressible viscous
fluid motion by 2-dimensional FEM relayed on Ref.
24). Equation (3) is transformed by employing the
equation of vorticity @ defined by

0V _ du (5)

©=or oy’
and the stream function denoted as ¢, to the equa-
tion of motion as

9 dw_0p 8w\ _
ot +(ay oz ox ay) wWe
=L fer L f (6)
oy’* ox’Y
with
fo= ——a—‘}<u£>—a—i<uava> (7)
f=— 3‘z/<v£>— 3‘9 9 tave . (8)

Here we mention the additional acoustic driving
force only. The righthand side of Eq. (6) is rewrit-
ten from Egs. (7) and (8) as

i oy & _ & e
axay <ua >+ ayz <uav&> axay <Ua >

aazz<uava> ( 9 )

Multiplying arbitrary weighting function dw and
integrating over the whole region of the vessel 2 on
the above expression, we take the integration by
parts under the given boundary conditions. Then

» P
Sg&o{ Ty <>+ ae>

__& &
Erc Va axz’uavo}dg

:S {_‘9_( 8w)(7%—< us™> +%< uava>)

_—a;?(&")( L >+ aa <uava>)}ai9 (10)

2>_

where the integrated value over the free surface is
neglected because of its smallness. Discretization
on the triangle element is performed with

Sw=2¢.0w:, ¢z="2i(as+ bix+ciy),

i:1,2,3
¢ 1s an interpolating function, Je is the area of the
triangle element and a,, b, and c; are the function of
vertical coordinates of the triangle. Then each term
in Eq. (10) is given as
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p < ua”> Zqﬁ {Ua®> i
—ZEEM%m (11)
o= Do
= Slek e (12)
a_i<uava>:aiz¢i<uava>i
2.4@ Db thavad (13)
3 vy = Dbt
= Sekuaved: (14)
2 (sw)=-2-Sp:50,
— 5 Dbidws (15)
2 (60) =4 Dbido
:_ﬁe_zci&oi . (16)

Substituting above equations in the righthand side
of Eq. (10), it is shown that

S {ZAe ZClaw'<ZAe 216U

1
+m2Ci<uaUa>i>—ﬁe—zbi8wi

-(ﬁzci<va2>i+727~2bf<uava>i)} o

4A 2[201{21) <u32> +2€,<uava>J}

—zbf{zcj<va2>,~+Z:b,-<uava>j}]g dQ

449 DA b ua® ;+ 2 ci ava) ;)

2042 c{va®>;+ 230 uavad,}] (17)
j:1,2,3.

The element matrix equation is constituted by
adding this term to the righthand side of the equa-
tion, Eq. (5.14) in Ref. 24) for the incompressible
viscous flow. Two kinds of the computational
model corresponding to the equipment of the
voltammetry denoted type A, and the flow visualiz-
ing vessel denoted type B are used in order to see the
effects of reflected converging acoustic rays due to
the circular bottom. Mesh discretizations are
shown in Fig. 3(a) for type A and Fig. 3(b) for type
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Fig. 3 (a) Mesh discretization Type A for
voltammetry. (b) Mesh discretization Type
B for flow visualizing vessel.

B. The numerical constants in the calculation are
as follows : the electrode vibrating frequency is 38
kHz, the velocity of sound in the solution is 1,400
m/s, and the coefficient of dynamic viscosity is 0.001
m?/s. The boundary conditions on sound field are
pressure free on the surface of the solution and
perfect sound reflection on the vessel wall. No
shear strain is assumed in the fluid at all the region
as well as no voticity at all the corners excepting the
electrode edges. The values of the strength of an
attached vortex pair and a detached vortex pair are
assumed for the type A and type B respectively.

As the equation of fluid motion is time dependent,
FEM time step is determined according to the condi-
tion of Courant number, to which the numerical
solutions may diverge or oscillate depending on the
amplitude of the electrode vibration. The decision
of the convergence depends on whether the value of
the mean velocity gets stationary.

The equi-sound pressure lines obtained from the
solution of the wave equation are shown in Figs.
4(a) and 4(b), from which the mean sound particle
velocity vectors are derived as shown in Figs. 5(a)
and (b). Large outward velocity vectors are seen
concentrated around the electrode. The values of
velocity are substituted in the above equation of
fluid motion as the driving stresses and the resulting
velocity vectors at each mesh point at various sound
pressures on the electrode surface are shown in Figs.
6 and 7 for the type A and B respectively. As we
have concerned with the unsteady equation of fluid
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(a) (b)

Fig. 4 (a) 20 equally divided equi-sound-
pressure lines in Type A at electrode pressure
of 1.216X10*Pa. (b) Equi-sound-pressure
lines in Type B at electrode pressure of
1.216 X 10* Pa.

LLLLLL

MAXIMUM VELOCITY 2. T1cm/s MAXIMUM VELOCITY 1. 70cm/s
(a) (b)

Fig. 5 (a) Sound velocity vectors Type A at
electrode pressure of 1.216X10*Pa. (b)
Sound velocity vectors Type B at electrode
pressure of 1.216X 10* Pa.
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Fig. 6 (a) Flow velocity vectors Type A at electrode pressure of p=1.216 X 10* Pa and strength of vorticity pair

w=1+29.85s"1

motion, the velocity profiles change at all time but
the mean velocity converges to the stationary value.
The velocity profiles in these figures are not of
simple laminar jets but of very complex flow, and
the circulating flows emerge asymmetrically. The
conjecture for the asymmetrical flow is that just like
the process of the transition from laminar to turbu-
lent flow in which a point of inflexion in the laminar
velocity profile or boundary layer separation causes
an unstable and asymmetrical flow. The typical
example is the Karman vortex street behind a circu-
lar culinder. On both type A and type B, single

(b)

(b) Flow velocity vectors at @ = +59.69 s 1.

©
(c) Flow velocity vectors at o= +119.38 s71.

large circulating flow is seen at a small driving
sound pressure, but with the increase of the number
of the circulating flow, the pressure and velocity
profiles become irregular and unsteady.

As we have assumed that the vibration of the gas
bubble has the same effect on a constant strength
vortex pair at the electrode, then the flow with a
vortex pair is confirmed to be only a simple, symmet-
rical and steady laminar jet flow. Both the mean
and the maximum velocities for varying intensity of
sound pressures at the electrode for cases with vortex
pair and without vortex pair are shown in Figs. 8(a)
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Fig. 7 (a) Flow velocity vectors Type B at vorticity pair w= 35.969 s, electrode pressure p=0.608 X 10* Pa.
(b) Flow velocity vectors at p=1.216X10* Pa. (c) Flow velocity vectors at p=2.432X 10* Pa.
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Fig. 8 (a) Maximum and mean velocity versus electrode sound pressure with strength of vortex pair w=
+5.969 s71, denoted by Ul and without vortex pair denoted by U2 for Type A. (b) Maximum and mean
velocity versus electrode sound pressure for Type B.
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Fig. 9 (a) Maximum and mean velocity versus strength of vorticity pair with electrode pressure p=1.126 X 10*
Pa, denote by U1l and without pressure denoted by U2 for Type A. (b) Maximum and mean velocity versus

strength of vorticity for Type B.

and 8(b) respectively.

The varying vortex strength for the cases with
sound drive and without sound drive is shown in
Figs. 9(a) and 9(b) respectively. The maximum
velocities in these figures were from 3 to 5 times
larger than those of mean velocities and the effects of
the vortex pair of strength +5.969 s~! on the maxi-
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mum and mean velocities were almost irrespective to
the intensity of driving sound above 0.6X 10* Pa,
but the different velocity profiles were obtained.
The maximum and mean velocities in the type A
increase slightly with the increase of the strength of
the vortex pair above 30s™!. The same tendency is
seen in the type B regarding the relation of the
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maximum and mean velocity to the strength of the
vortex pair, but the effect of sound driving is such
remarkable that the values of the maximum and
mean velocities are about 8 times larger than those
of the type A. The remarkable difference of veloc-
ity profiles between the type A and type B is not seen
except for the larger circulating flow near the bottom
of the type A vessel because the acoustic driving
force is concentrated around the electrode on the
present conditions.

The vibrating amplitude of 1 gm,_, corresponds
to the sound pressure of 1.26 X 10* Pa on the elec-
trode surface, then the obtained maximum velocities
from the visualizing experiment 1 through 3X10-2
m/s agree well with the simulation results. The
weak sound field created by the vibrating electrode
causes the flow field to be larger velocity and com-
plex flow through the generation of the gas bubble,
but as the exact relations to the mode of vibration in
deformation and displacement are not clarified, it is
difficult to exactly estimate the strength of the vortex
pair. In practice, introducing the vortex pair, the
intensity is larger than that due to the electrode edge
motion, the 2-dimensional FEM simulation gives
the simulated flow fields.

4. CONCLUSION

Acoustic streamings induced in the voltammetry
with the ultrasonic vibrating electrode are investigat-
ed by the flow visualizing technique and numerical
simulation employing 2-dimensional FEM. When
the vibrating amplitude of the electrode is below 0.7
um,_,, the acoustic streamings are very weak. In
the amplitudes range of 0.8 through 1.6 4m,_,, a gas
bubble is generated on the electrode, and stable
acoustic streamings by the bubble vibration are
observed. At larger amplitude range, the bubble
deforms oblate and very strong acoustic streamings
take place, as if the bubble shifted to another vibrat-
ing mode. In the numerical simulation by the
2-dimensional FEM, the flow field similar to that of
the experiment is obtained when vortex pair is set at
the electrode edge. The values of maximum and
mean velocities in the simulation agreed with the
observed values. The velocity profiles in the simu-
lation are unsteady and are not exactly similar in
detail with those of the experiment. Further, it is
required to clarify the relations between the equiva-
lent vortex pair strength brought about by the gas
bubble vibration and the vibrating amplitude of the

electrode.
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