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Measurement of Steady Streaming from an Oscillating
Bubble Using Particle Image Velocimetry
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Abstract—Steady streaming flow fields induced by a 500 um
bubble oscillating at 12 kHz were measured using microscopic particle
image velocimetry (PIV). The accuracy of velocity measurement
using a micro PIV system was checked by comparing the measured
velocity fields with the theoretical velocity profiles in fully developed
laminar flow. The steady streaming flow velocities were measured in
the sagittal plane of the bubble attached on the wall. Measured velocity
fields showed upward jet flow with two symmetric counter-rotating
vortices, and the maximum streaming velocity was about 12 mm/s,
which was within the velocity ranges measured by other researchers.
The measured streamlines were compared with the analytical solution,
and they also showed a reasonable agreement.
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|. INTRODUCTION

IBRATION of a structure immersed inside of a fluid

generates fluid field fluctuations, and the temporal
average of velocity fluctuations results in mean flow due to the
second order non-linear effects, which is called steady
streaming. Oscillation of a bubble can be induced by acoustic
wave, and steady streaming caused by an oscillation of bubble
is called cavitation streaming. Steady streaming of a micron
size bubble has important applications in therapeutic use of
drug delivery [1]-[3] as well as microfluidic analysis system
(4], [5].

Steady streaming caused by a cavitating bubble, which is
attached on the wall, showed orderly motion [6], and [7]
classified the flow patterns into four streaming regions. Various
streaming patterns have been applied to the actuation
mechanisms in micro-systems, and the effectiveness of
cavitation micro-streaming has been shown in mixing of fluids
[8], manipulating biological cells [9], and sorting and focusing
of micro-particles [10]. Flow patterns have been shown and
some characteristic velocities were measured, but the complete
flow field information has not been obtained thoroughly. The
microscopic particle image velocimetry (PIV) system has been
used to measure the flow fields from cavitating bubbles [11].
These studies showed various patterns of velocity fields in the
transverse plane of an attached bubble for the volume
oscillation, where the bubble expanded and contracted radially
while maintaining its spherical shape. Strong streaming flow
could be observed near the resonance frequency for the surface
oscillation mode where the surface of a bubble deforms into
polygonal shapes with larger radial wall oscillation amplitude.
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The flow fields for the surface oscillation mode have not been
extensively investigated.

The streaming flow fields from a 500 um oscillating bubble
in the sagittal plane were measured in this study. The bubble
excited by acoustic wave near the resonance frequency showed
wavy surface wall motion, and strong jet flow was measured
using a micro PIV system. The accuracy of velocity
measurement of a micro PIV system was confirmed, and the
measured streaming velocity fields were compared to the
analytic solution.

11.METHOD

In order to validate the accuracy of velocity measurement of
the current PIV system, velocity fields of fully developed
laminar flow was measured using a PIV system. A 3.8 mm
diameter acryl tube was immersed in the hexahedral optical
correction box with square cross section, and constant flow was
infused by a syringe pump (NE-1000, New Era Pump Systems,
Inc., NY, USA). The microscopic PIV system was used to
measure the velocity fields. It consisted of a microscope
(BX51, OLYMPUS Co., Japan), a high speed camera
(Miro-eX4, Vision Research Inc., NJ, USA), and a 1W laser
light source (MGL-H-532 nm, Changchun New Industries
Optoelectronics Tech Co., China). The light was expanded
using a cylindrical lens and illuminated the plane of flow
measurement. Fluorescent particles of diameter 7um (32-2B,
Duke Scientific Co., CA, USA) were used as seeding particles,
and light re-emitted by particles was filtered by an optical filter
(612nm, Thorlabs Inc., NJ, USA) attached to the microscope
lens. Red fluorescent image of particles were captured in the
symmetry plane of a tube with the frame rate of 1,000 fps, and
then processed with commercial PIV software (Insight 3G, TSI
Inc., MN, USA). Two consecutive images were obtained, and
each was divided into interrogation windows (16 x 16 pixels).
Velocities fields were calculated by cross correlating each
window with 50% window overlap. The field of view was
7.3mm by 5.4mm.

Streaming induced by a sessile bubble oscillating at 12 kHz
with wavy wall motion was measured. An air bubble of 500 um
diameter was generated using a micro-syringe on the vertical
wall of a hexahedral polycarbonate chamber filled with water.
A 12 kHz sine wave voltage signal was generated by a function
generator (33210A, Agilent Co., CA, USA), and it was
amplified up to three hundred volts by a voltage amplifier
(PZD700, Trek Co., NY, USA). It was transmitted to a
cylinder-type piezo-actuator (disk type PRYY-1133, PI
Ceramics, Germany) attached to the bottom of the chamber.
The bubble was excited by acoustic wave generated by the
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actuator, and the oscillation of bubble wall was observed using
a high speed camera attached on a microscope. The
microscopic PIV system was used to measure the velocity
fields from an oscillating bubble. The laser beam was expanded
using a cylindrical lens and illuminated the sagittal plane of an
oscillating bubble attached on the vertical wall. The red
fluorescent images of particles were captured with the frame
rate of 1,000 fps, and velocity fields were computed by cross
correlating the interrogation areas of two consecutive images.
The field of view and interrogation window were the same as
those of the fully developed flow measurement. Steady
streaming flow fields were calculated by ensemble averaging
50 velocity fields.
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Fig. 1 Schematic diagram of the micro-PIV system for measuring fully
developed laminar flow in a tube

Ill. RESULTS

Test section was connected to the flexible tubing (Tygon
AACO00012, Saint-Gobain, Paris, France), and the length of the
tubing was long enough for flow development. The mean
velocity inside of a tube was 15 mm/s, and the Reynolds
number was 48. Fig. 2 showed a raw black and white image
captured by a camera, measured velocity contour and velocity
vectors. The measured velocity field was compared with the
theoretical velocity profile of fully developed laminar flow.
Measure velocities coincided to the theoretical parabolic
velocity profile (1) well as shown in Fig. 3, which assured the
accuracy of the velocity measurement system using a
micro-PIV.

_ (r ’ 1
u(r)=u,, (Rj ) 1)

where u is the velocity, r is the radial coordinate, R is the radius
of a tube, uny is the centerline velocity.

Vel Mag
0.0305355

0.0254463

0.020357

Y mm
N
L B L B |

0.0152678
-3 i
0.0101785
4 i
I
0.00508925|
5
NI RN i S I
1 2 3
Xmm 0

b bl B | TENAN INATEINI IR |
1 2 3 4 5 6 7

©

Fig. 2 Velocity measurement in fully developed laminar flow using the
micro-PIV system (a) raw image, (b) velocity contour and (c) velocity
vectors
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Fig. 3 Comparison of the velocities measured using the micro-PIV and
the theoretical velocity profile

The radial oscillation of a wall attached bubble was
measured using a high speed camera, and the maximum radial
oscillation amplitude (&nax) Was calculated using a following
equation;

< — max min (2)

where Hpax and Hy, are the maximum and minimum height of
a bubble, respectively and W is the width of the bubble at
neutral state.

The maximum radial oscillation amplitude was about 10%.
The flow fields from an oscillating bubble was measured using
a micro-P1V, and steady streaming flow fields were calculated
by ensemble averaging 50 velocity fields. Strong upward jet
flow with two symmetric vortices was shown in the measured
flow fields, and the magnitude of maximum velocity was about
12 mm/s. The streaming velocity of 500um bubble was within
the same velocity ranges measured for the 80um bubble
oscillating at 16.8 kHz [10] and the 40 um bubble oscillating at
40 kHz [9]. The streamline pattern was similar to the analytical
solution of Rayleigh-Nyborg-Westervelt streaming [12] using
the method of image in Stokes flow [9]. Some discrepancy
between the analytical and measured velocity fields, such as the
location of the center of circulating vortex and velocity
magnitudes, should be related to irregular and inconsistent
oscillation of bubble during the experiment.

IV. CONCLUSION

The streaming flow fields in the sagittal plane of a 500pum
oscillating bubble were measured using a micro PIV system.
The accuracy of velocity measurement of a micro-PIV system
was confirmed by comparing the measure velocities with the
theoretical velocity profile of fully developed laminar flow.
The bubble was excited by the acoustic wave near the
resonance frequency, and it showed wavy surface wall motion
with 10% radial wall oscillation. Steady streaming flow fields
were measured by ensemble averaging the flow fields, and they
showed strong upward jet with two symmetric counter-rotating
vortices. Streamline patterns of the measured flow fields were
compared with those of the analytical solution, and they also
showed a reasonable agreement. The maximum streaming

velocity was 12 mm/s, which was within the velocity range
measured by other researchers.

1 0.0117073

0.00973607|

0.00780486

Y mm

0.00585364

0.00390243

0.00195121

Fig. 4 The velocity fields of steady streaming flow around an
oscillating bubble measured by the micro-PIV. The left panel shows
streamlines and the right panel shows velocity contours
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