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Abstract

An investigation of acoustic streaming induced by ultrasonic flexural vibrations is experimentally and numerically
presented. The investigation includes acoustic streaming pattern, velocity, and associated heat transfer characteristics.
Acoustic streaming patterns visualized using Acetone agree well with the prediction by Nyborg’s theory. Tests of
streaming velocity utilizing Styrofoam showed that the acoustic streaming velocity measured prove to be two orders
greater than that by Nyborg’s theory. CFD simulations also showed the same order of the velocity as the one measured.
By virtue of acoustic streaming, a notable temperature drop of 40°C was obtained in 4 min and maintained. Tests iden-
tifying major heat flow paths indicated that gaps and the vibrating beam serve as major heat flow paths.

CFD simulations were conducted to observe acoustic streaming patterns and velocities in the gap. Simulation results
were validated by performing heat transfer analysis based on a lump-energy method. Simulation predicted that two
symmetric vortices within half wavelength, rise of air at anti-nodes, and descent at nodes as Nyborg’s theory predicts.
The presence of the upper plate has no effect on the acoustic streaming patterns. However, when an upper plate shorter
than the vibrating plate is used, a drastic increase in streaming velocity occurs at the edges of the upper plate due to
entrainment of air, which also alters streaming pattern in the vicinity of the open end. Estimated streaming velocities
from CFD simulations are found to be two orders greater than those based on Nyborg’s theory.

The results of CFD simulation indicated the vortical flows induced by a ultrasonic flexural standing wave (UFSW)
can be reproduced. The CFD results are experimentally validated, qualitatively through flow pattern comparisons and
quantitatively by the transient temperature drop comparison. The CFD results showed that the velocity near the plates
is of the order of 10-100cm/s, which is over 100 times higher than the results from theoretical studies based on sonically
induced acoustic streaming assuming inviscid flow.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Acoustic streaming is to show a tendency for a steady
circulation to occur near the surfaces of obstacles and
vibrating elements, and near bounding walls in a high-
intensity sound field. It is spatial attenuation of a wave
in free space and the friction between a medium and a
vibrating object (cf. [1]) that have been known to induce
acoustic streaming. When sound waves propagate they
are lessened by absorption and scattering. This decrease
is in general insignificant in a short distance of propaga-
tion. However, the propagation of a high intensity sound
wave causes the decrease of pressure important enough
to produce a steady bulk airflow. This type of streaming
is usually associated with high-viscosity materials. The
other type of acoustic streaming is ascribable to the fric-
tion between a medium and a solid wall when the former
is vibrating in contact with the latter or vice versa (cf. [2]).
It is not of significance whether the source of a relative
motion results from either acoustic oscillations in the
fluid or vibrations of the solid as long as there is an oscil-
lating tangential relative velocity. Both cases lead to
shear dissipation within Stokes boundary layer. Unlike
acoustic streaming arising from spatial attenuation, this
streaming has two cases; inner and outer streaming.
The inner streaming is induced within the boundary layer
due to the friction between the medium and the wall.
Then, the inner streaming also creates relatively large
scale steady streaming outside the boundary layer. It is
reported that the acoustic streaming is especially effective
in improving certain kinds of rate of transport process
occurring on the fluid and solid interface including heat
transfer, electrical effects, changes in biological cells,
and removal of loosely adhering surface layers.

Faraday [3] found currents of air to rise at displace-
ment anti-nodes on plates, and to descend at the dis-
placement nodes. The first theoretical analysis of
acoustic streaming phenomenon was accomplished by
Rayleigh [4]. More investigation of the theory was per-
formed by Schlichting [5], Nyborg [2], and Lighthill [6]
where emphasis was laid on the fundamental role of dis-
sipation of the acoustic energy in the change of the gra-
dients in the momentum flux. In the research of Jackson
and Nyborg [7], acoustic streaming induced by sonic
longitudinal vibration is investigated. Acoustic stream-
ing induced by ultrasonic flexural traveling waves is
studied for a micro-electric and mechanical applications
and negligible heat transfer capability of acoustic
streaming is reported (cf. [8]). Gould [9] studied heat
transfer across a solid-liquid interface in the presence
of sonically induced acoustic streaming. Gopinath and
Mills [10,11] investigated convective heat transfer due
to acoustic streaming across the ends of a Kundt Tube.
Selected references gives an overview of the works done
for studying the heat transfer characteristics of acoustic
streaming (cf. [12-14]).

Most of previous researches focused on acoustic
streaming induced by sonic longitudinal vibration in
an enclosed channel such as Kundt tube. Not much re-
search on acoustic streaming induced in an open space
by ultrasonic flexural vibration has been accomplished
so far. Ultrasonic vibration significantly promotes
acoustic streaming velocity. As a result, corresponding
convective heat transfer rate can grow to the extent that
conventional fan-based cooling device can supply. In
addition, ultrasonic vibration offers silent operation.
Utilizing flexural vibrations as a source of acoustic
streaming allows for slim profile and low power opera-
tion because flexural impedance of an elastic beam is
generally much smaller than longitudinal impedance.
These advantages make ultrasonically induced acoustic
streaming an alternative to conventional convective
cooling using a motor-driven fan. To take full advantage
of this promising technology, it is necessary to under-
stand the nature of formation of acoustic streaming,
its transient characteristics, streaming velocity, and asso-
ciated convective heat transfer augmentation.

Therefore, the objective of this research is to experi-
mentally and numerically investigate the steady charac-
teristics of momentum and heat transfer owing to outer
acoustic streaming induced by ultrasonic flexural vibra-
tions in an open channel. Primary focus is placed on
experimental observations of the cooling phenomenon,
numerical simulations employing computational fluid
dynamics (CFD), and their comparison with the present
analytical heat transfer solutions.

2. Theoretical background

Nyborg [2] formulated the equation for near bound-
ary acoustic streaming using successive approximation
method as

UV — VP +F =0 (1)

= —pol (- V) + (V- uy)) @)

where u is dynamic viscosity, po is constant equilibrium
density, u; is oscillatory particle velocity, u, is acoustic
streaming velocity, P, is a steady state ““dc” pressure,
F is nonlinear driving forcing term, and () means a time
average over a large number of cycles. Without averag-
ing, F contains a dc part and harmonically varying
terms. The former induces acoustic streaming. When
averaged over a long period of time, the effect of har-
monically varying forcing terms disappears and only
the contributions from the dc part appear in the solu-
tion. The acoustic streaming velocity, u, approaches a
constant value as the distance from the vibrating beam
approaches infinity. This time-independent limiting
velocity, Uy is given by
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-2y, (E) 3)
where o is excitation frequency, U, is amplitude of irro-
tational velocity tangent to the boundary (cf. [15]). To
calculate outer acoustic streaming motion, the limiting
velocity, Uy is used as a slip velocity at the solid surface
by assuming Stoke boundary layer thickness negligible
(cf. [6]). The right-upper wave pattern of Fig. 1 shows
a theoretical acoustic streaming pattern induced by a
flexural vibration defined as Asin(2nx//)sinwt where
A is the peak vibration amplitude and /4 is the wave
length. It is noted that separate circular airflow patterns
near the vibrating beam and the stationary beam are
present. Their relative size and rotation direction is
determined by the limiting velocity in Eq. (3). Using lin-
ear acoustic theory and applying boundary conditions of
dy/dt = Awsin(2nx/2)coswt at y =0 and dy/dr=0 at
y=h, Uy is obtained as —AwK,cos K(h — y)cos(K;x)/
{K,sin(K,h)} where K, =2n/2, K, = \/K* — K;, and K
is acoustic wave number defined as w/C where C is speed
of sound. Therefore, the irrotational velocity at the
vibrating beam, Uy, is given by A,cos(K,x) where
A, = —AwK,cos(K,h)/{K,sin(K,h)}. Similarly, the irro-
tational velocity at the stationary beam, Uy, is given by
Ascos(Kpx) where As=—AwKy/{K,sin(K,h)}. Substi-
tuting the irrotational velocity into Eq. (3) gives the lim-
iting velocity. The limiting velocity is given by
342 sin 2K x
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Fig. 1. Experimental setup.

where A; = A, at the vibrating beam and A; = 4 at the
stationary beam.

Note that in Eq. (4), any explicit dependence of
acoustic streaming velocity on u disappears although it
originates from the viscosity. Acoustic streaming pat-
terns in the gap depend on these two limiting velocities.
Viscous losses associated with the wave propagation in
the medium are proportional to the square of the excita-
tion frequency (cf. [6]). CFD simulation in Section 4
indicates that at an ultrasonic excitation with a gap of
lcm, the limiting velocity at the stationary beam be-
comes one tenth of the limiting velocity at the vibrating
beam and that acoustic streaming is completely domi-
nated by the Ilatter. Therefore, with attenuation
included, only a two circular airflow in the half-wave-
length length is induced.

3. Experimental observations
3.1. Experimental setup

The experimental setup shown in Fig. 1 consists of a
beam and modules that contain a piezoelectric actuator
and a horn. The beam and horn are made of 6061-T6
aluminum because of the excellent acoustical character-
istics of this material. The piezoelectric actuator is a
bolted Langevin type transducer (BLT) designed to res-
onate at 28kHz [16]. The conical horn is used to increase
the amplitude of vibration supplied by the actuator. A
conical geometry was selected because it not only gives
a desired amplification ratio but can be easily machined.
A mounting flange was included in the design of the
horn and is located at the nodal lines where the velocity
of vibration of the horn goes to zero. This allowed the
mounting of the horn and BLT assembly onto a sup-
porting base plate that was in turn bolted to the surface
of an air-driven vibration absorption table. The small
end of the horn was threaded to connect the beam with
the horn using a machine screw. The dimension of the
beam is determined such that one of the natural fre-
quency of the beam is located in the vicinity of the res-
onant frequency of the actuator, thereby maximizing
the displacement of the beam for a given power supply.
The determined dimension is 10mm wide, 1 mm thick
and 128 mm long. Frequency spectrum analysis of the
system shows that at an excitation frequency of
28.4kHz, maximum vibration amplitude of the beam is
achieved.

3.2. Flow visualization of acoustic streaming

To visualize acoustic streaming near the beam, the
beam is excited at 28.4kHz with a vibration amplitude
of 10um [7]. Acetone is sprayed onto the vibrating
beam. When Acetone comes in contact with the beam
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it becomes small droplets and follows airflow pattern
near the beam until it completely evaporates. A fiber op-
tic lamp locally illuminates the region near the vibrating
beam. Light is reflected from only Acetone droplets and
the beam, making ambient air appear black. The whole
process is videotaped using a camcorder. Fig. 2 shows a
snap shot of the process. Unique features of acoustic
streaming are observed. First, air rises above the anti-
nodes and descends toward the nodes. Since vibration
amplitude is not uniform along the length of the beam,
the maximum distance to which Acetone droplets rise
above the anti-nodes are not uniform either. Second,
there exist two distinctive circular airflow within half
wavelength that is 1cm for this case. Clearer acoustic
streaming is observed with bigger vibration amplitude.

3.3. Apparent acoustic streaming in the separation gap

Primary application of acoustic streaming considered
in this study would be convective heat transfer augmen-
tation. To this end, it is possible to contemplate that a
heated object is placed over a vibrating beam near which
acoustic streaming is induced. Then, the temperature of
the heated object is decreased due to forced convection
caused by acoustic streaming. Therefore, for heat trans-
fer application, it is more important to study how acous-
tic streaming pattern is to change when there is a
stationary upper beam. Specifically, the acoustic stream-
ing velocity is a primary interest because convective heat
transfer is proportional to the acoustic streaming
velocity.

An aluminum beam that is 1cm wide, 2.5cm thick,
and 11cm long is placed 1cm over the vibrating beam.
The same visualization process used for the case without
an upper stationary beam is performed at the gaps rang-
ing from 2mm to lcm. It is observed that acoustic
streaming in the gap is strong enough to blow most of
Acetone droplets out of the gap, making it almost

Acetone droplets

half wavelength

vibrating beam )

Fig. 2. Flow visualization of acoustic streaming over a ultra-
sonically vibrating surface.

impossible to perform visual observation of acoustic
streaming pattern. Therefore, CFD simulation presented
in Section 4 is used to estimate acoustic streaming pat-
tern and velocity in the gap.

3.4. Indirect measurement of acoustic streaming velocity

Indirect measurement of acoustic streaming velocity
is performed by measuring rotational velocity of a cylin-
der-shaped Styrofoam that is levitated and rotates in the
gap as shown in Fig. 3. When a high intensity sound
wave propagates, it propagates with a strong direction-
ality. In other words, it does not scatter but propagates
like a laser beam for a short distance of travel. Upon
encountering a boundary, the wave is reflected, resulting
in a pressure standing wave due to the interaction with
the incident wave [17]. At a gap of 8mm, a half-wave-
length resonant pressure standing wave is created at an
excitation frequency of 28kHz. The resulting pressure
standing wave is strong enough to levitate small objects.
Objects in the gap are levitated above the velocity anti-
nodes and stay at the midpoint of the gap where pres-
sure is zero. Also, acoustic streaming causes objects to
spin with a high rotational velocity. Theoretically, there
exist two acoustic streaming patterns symmetrical with
respect to the anti-nodes in every half-wavelength inter-
val along the length of the beam. Due to the symmetry
of acoustic streaming patterns, levitated objects should
stand still above the anti-nodes. But induced acoustic
streaming patterns are not perfectly symmetrical, caus-
ing the levitated objects to rotate owing to nonuniform
thickness of the beam and the gap. Moreover, the width
effect of the beam renders acoustic streaming pattern
three-dimensional. In other words, twist and curl of cir-
cular airflow toward the width of the beam is observed.
As a result, the axes of rotation for spinning objects are

Fig. 3. Indirect measurement of streaming velocity using
levitated objects.
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not identical. The cylinder-shaped Styrofoam has a
diameter of 2.8 mm and a length of 3mm. The measured
rotational velocity using a strobe light is approximately
2400 revolution per minute with a vibration amplitude
of 10pum, which correlates to a linear velocity of
0.35m/s.

3.5. Convective heat transfer augmentation

To measure the enhancement of convective heat
transfer due to acoustic streaming, a heat source con-
taining an aluminum plate, a resistor, and a thermocou-
ple is made. A detailed schematic drawing of the plate is
shown in Fig. 4. The bottom of the plate is made of alu-
minum. The top is made of Plexiglas that contains a
600Q resistor and a thermocouple. The resistor is con-
nected to a variable voltage power supply and serves
as a heater. Temperature is measured on the aluminum
surface which is bonded with resistant heater with
Epoxy.

With the 600 Q resistor, the temperature of the plate
can be increased to 98°C. During the experiment, the
room temperature was kept at 20°C. The heat source
is placed 1.5mm above the vibrating beam. As the tem-
perature of heat source reaches a steady state value of
98°C with a power supply of 3.4 W, acoustic streaming
is generated by vibrating the beam at 28.4kHz with a
vibration amplitude of 10pm. Then, the temperature
changes of the plate are measured using the thermocou-
ple. Due to the inherent noises in the voltage signal from
the thermocouple, the signal is filtered through a low
pass filter and sampled at 20 Hz using a data acquisition
board. A temperature drop of 30°C is achieved in 4 min
and maintained as shown in Fig. 5. As the vibration

Variable Voltage Source

amplitude is further increased to 25um a temperature
drop of 40°C is achieved that is the maximum tempera-
ture drop obtained with the current experimental setup.

When acoustic streaming is induced in the gap there
are two possible major heat flow paths. The first one is
convective heat transfer to ambient air in the direction
parallel to the hear source marked as heat flow path 1
in Fig. 6. In this path, the heat from the heat source is
taken away by airflow near the heat source and trans-
ferred to ambient air without making significant heat
transfer to the vibrating beam. The second path is con-
vective heat transfer through the vibrating beam marked
as heat flow path 2. Due to the circular nature of acous-
tic streaming pattern, in the second path the heat from
the heat source is delivered to the vibrating beam and
dissipated to ambient air.

In order to measure the heat transfer in path 1, the
space between the heat source and the vibrating beam
is enclosed along the perimeter of heat source using a
masking tape, thereby allowing heat to flow only in path
2. However, since the beam is vibrating at an ultrasonic
frequency, it is impossible to achieve complete enclosure.
As shown in Fig. 7, when enclosed achieved temperature
drop is 10°C less than when it is not enclosed, which is
33% decrease in the temperature drop. In addition, to
gauge the heat flow in the path 2, changes in the temper-
ature of the vibrating beam are measured as shown Fig.
8. When the heat source is heated to 98 °C the tempera-
ture of the lower beam is increased to 36°C as a result of
conduction through air. When induced, acoustic stream-
ing causes the temperature of the vibrating beam to drop
to 26°C in 2min, which is 6°C is higher than the room
temperature. It is also observed that the obtained tem-
perature drop changes with the gap.

Thermocouple

Ultrasonic Flexural
Standing Wave

Fig. 4. Experimental setup for measuring heat transfer augmentation.
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Fig. 5. Temperature drop of the heat source.
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Fig. 6. Simplified diagram of the heat flow paths.

4. Analytic heat transfer and numerical simulations
4.1. Governing equations

Fig. 9 exhibits schematically the two-dimensional
channel model of the ultrasonic flexural standing waves
(UFSW) system. The model consists of the lower, very
thin vibrating plate (UFSW) and the upper rigid three-
layer plate with a controlled volumetric heat source
(g=32W) as shown in Fig. 10. The vertical
displacement of the lower vibrating surface is given
by

y = A(t) cos(2mx/ 1) (5)

where A(7) is the wave amplitude, A(¢) = A4 sin(wt). The
mathematical models described below are 1-D and 2-D
simplifications of the actual experimental apparatus dis-
cussed previously.

The Reynolds number based on the representative
conditions, i.e., the thickness of the gap is 2mm, A, is
25um, Ais 1cm, and fis 28 kHz, is less than 1800, which
is in the region of laminar flow. The air velocity in the
gap is less than Mach 0.3 so that the incompressible fluid
assumption can be applied. The governing equations for
incompressible transient laminar Newtonian fluid flow
are continuity equation as follows:

V-v=0 (6)
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Fig. 8. Temperature drop of the vibrating surface.

and linear momentum equation as;
ov o~ 1 ~
—+(VV)V==(=Vp+uV?v) (7)
ot 0

The velocity v, which contains harmonic terms and a
“dc” term, is calculated fronL Egs. (6) and (7) and the
acoustic streaining velocity (v,;, i=1,2,3) is obtained
by averaging v over a period as follows:

_ 1 Ta
Vai = — / vdt i=1,2,3 (8)
' Ta 0

where T, is the period. Using the acoustic streaming
velocity obtained from Eq. (8), the convective heat
transfer equation can be solved numerically [18], which
is given by:

DT

pCp Dr

©)

T4 (a?a.,- aEa./) Qvas

an + ax,' @x/
where i and j = 1,2,3. The lumped energy approach is ap-
plied to the transient 1-D system shown in Fig. 11 with
heat generation in the plate and heat loss through the
surfaces, i.e.,

dE

— =24 10

ar 4 (10)
where 4 denotes the surface area of one side of the plate
and g, is the heat flux at the surface. The left hand side
of Eq. (10) can be expressed as

dE dr
a P(ZAL)CP dr

where L is the plate thickness, C;, is the specific heat of
the plate material, 7 is the lumped temperature of the
plate, and ¢” is the constant heat generation rate in
the plate. Thus, the energy balance for this system can

be stated as

— (4L)§" (11)

dr

pLCy S = —q, + L§" (12)
dr

with the initial and boundary conditions given by

T0)=7, and ¢q,=h(T—-T) (13a,b)
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where T, is the ambient air temperature outside of the
thermal boundary layer.
Substituting Eq. (13b) into Eq. (12) gives
ar _
Pdr

subject to Eq. (13a). The answer is given by

- 1
q'L
T=|Tyw+—

q"L ht
p

where T, ¢, and T; are known and / can be estimated
for infinite rectangular tubes. The convective heat trans-
fer coefficient s is calculated based on the empirical

pLC —h(T = Ty) +L§" (14)

relationship (cf. [19]). Nusselt number (Nu,,,) from Kay
and Crawford [19] is about 9.9 for the rectangular tube
case. The averaged convective heat transfer coefficient
can be calculated from the definition of the Nusselt
number and is about 141.0W/m>K for the base case.
(cf. [19)).

4.2. Analytical and numerical results

Fig. 12 shows the time-evolution of vortices in the
gap due to acoustic streaming. At time 7= 0.0, no air
flow exists in the gap, and then the lower wall starts to
vibrate with the frequency f = 28.4kHz, vibration ampli-
tude A« = 20 um and wavelength 2 = 2.0cm in a 2mm
gap between two plates. Four vortices over a single
wavelength emerge near the lower vibrating plate (cf.
Fig. 12a). They appear in-between nodal points and
anti-nodal points of the vibrating wave with two of them
in the center moving closer (cf. Fig. 12a-1). The air flows
upward at anti-nodal points and downward at nodal
points, which is similar to the experimental visualization
shown in Fig. 1. After 610 pulses a steady streaming flow
field is achieved (cf. Fig. 12f-1).

Fig. 13 represents the acoustic streaming velocity tan-
gent and normal to the plate along a fictitious vertical
line passing through a vortex center. The tangential
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To observe the effect of changing excitation fre-
quency, vibration amplitude, and gap on the streaming
velocity and patterns, simulations were performed with

the conditions detailed in Table 1. To maintain the
first order velocity at a constant value, the vibration

amplitude decreases as the excitation frequency in-
creases. It is observed that the vortical flow patterns

Fig. 12. Time evolution of the streaming velocity field in the gap.
are not effected by changing simulation conditions but

0.072mm). The tangential velocity reaches

70cm/s near the lower vibrating plate and 30cm/s near

the upper plate. The normal velocity is significant only
near the nodal and anti-nodal points, and near zero
along the vertical line through the vortex center as
shown in the flow field of the converged solution in

and normal velocities are zero at the vortex center
Fig. 121

(about y
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Fig. 13. Streaming velocity distribution along the cross-section through the vortex center.

the magnitude of the acoustic streaming velocity is
strongly effected. Therefore, for the following analyses
only the variations of the magnitude of streaming veloc-
ity along a vortex center are compared and discussed ex-
cept for the case of open ends in Section 4.2.3.

4.2.1. Effect of vibration frequency

Fig. 14a shows the maximum acoustic streaming
velocity at 50 um above both lower and upper plates in
the 2mm gap at an frequency of 6, 12, 18, 28.4 and
50kHz. It is observed that the maximum streaming
velocities near the lower UFSW plate is about twice
those of the upper plate. The maximum streaming veloc-
ities at 28.4kHz near the lower and upper plates are
66.2cm/s and 30.6cm/s, respectively. The acoustic
streaming motions near the lower plate are directly influ-
enced by the motion of the lower vibrating plate while

Table 1
System properties for CFD simulations (cf. Fig. 14a)
Frequency Vibration First order Wavelength
(kHz) amplitude (um)  velocity (m/s)  (mm)
6.0 93.0 35 48.0
12.0 47.0 3.5 34.0
18.0 31.0 35 28.0
28.4 20.0 3.5 20.0
50.0 11.0 35 17.0

streaming motions near the upper plate are induced by
the streaming flow near the lower plate. In the process
of inducing streaming motions near the upper plate, air-
flow is diminished. As a result, the maximum streaming
velocities are observed near the lower plate. According
to Nyborg’s theory in Eq. (4), if the first-order velocity
is held constant, the acoustic streaming velocity also
should be constant. However, results present that the
maximum streaming velocity decreases with excitation
frequency.

4.2.2. Effect of vibration amplitude and separation gap
Fig. 14b shows the maximum streaming velocities
near the plates for a vibration amplitude of 5, 10, 15,
20, 25, 30 and 40 um with a gap of 2mm at an excitation
frequency of 28.4kHz. The wavelength is 20mm. The
maximum streaming velocity increases as the vibration
amplitude increases because the first-order velocity in-
creases. The maximum first-order velocity near the lower
vibrating plate can be computed with the excitation fre-
quency and the vibration amplitude of the plate. The
maximum first-order velocities for the base case (vibra-
tion amplitude 20pum) and the cases of 5 and 40um
vibration amplitudes are approximately 3.5m/s, 0.9m/s
and 7.0m/s, respectively. For the vibration amplitudes
greater than 15pm, the maximum streaming velocities
increases linearly with the vibration amplitude. For a
vibration amplitude of 25um, the maximum streaming
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Fig. 14. (a) Maximum acoustic streaming velocity at 50 um above both lower and upper plates for constant first-order velocity cases.
(b) Maximum acoustic streaming velocity at 50 pm above both lower and upper plates for different vibration amplitude. (¢) Maximum
acoustic streaming velocity at 50 um above both lower and upper plates for gap sizes.

velocities near the lower and upper plates reach 100cm/s
and 45cm/s, respectively. For a vibration amplitude of
40um, the maximum streaming velocities near the
lower and upper plates are 190cm/s and 97cm/s,
respectively.

Fig. 14c represents the maximum acoustic streaming
velocities for different gap sizes. The maximum stream-
ing velocity decreases as the gap between the two plates
increases. The rate at which maximum streaming veloc-
ity decreases for gaps under 1 mm is greater than that for
gaps over 1 mm.

4.2.3. Effect of surface end openings

Fig. 15 shows the streaming velocity fields for the
2mm gap case considering the entire system, i.e., a
one-and-a-half- wavelength long vibrating plate (3cm)
and a one-wavelength long rigid upper plate (2cm) to
observe the effect of an open-ended channel. Vortical
flow and flow entrainment are observed near the ends
of the upper plate. The vortex centers in the channel
are located at the location, x = 0.3 and 0.65cm. Due
to air entrainment, the flow field near the end is dis-
turbed and a small vortex is formed (cf. enlarged Fig.
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Fig. 15. (a) Streaming velocity fields for the 2mm gap case
considering the entire system and (b) enlarged view of the
streaming velocity fields near the end.

15b). The tangential and normal velocity components
along path a, b, and c are given in Fig. 16. For the inner
vortex (solid and dotted lines in Fig. 16), the tangential
velocity denoted by u reaches 120cm/s near the lower
plate, 60 cm/s above the vortical center, and 25cm/s near
the upper plate. For the outer vortex (dashed and long
dashed lines in Fig. 16), the tangential velocity reach
60cm/s near the lower plate and 100cm/s near the upper
plate. Clearly, the velocities near the two plates are
greater than those for the same gap size without plate
end openings (cf. Fig. 14c). The velocity near the upper
plate with the flow reentrainment reaches up to 115cm /s
and is almost twice the 2mm gap case without flow
entrainment. Thus, flow entrainment enhances the flow
speed and changes the flow pattern, resulting in en-
hanced cooling capability.
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Fig. 16. Streaming velocity distribution along the cross-sec-
tions through the vortex centers for the entire system.

Fig. 17 shows the magnitude of the acoustic stream-
ing velocity in the gap from a three-dimensional perspec-
tive. A maximum streaming velocity occurs right at the
openings of the gap near the upper plate, which en-
hances the mixing of flow between inside and outside
the gap. The streaming velocities near the lower plate
are generally greater than those near the upper plate ex-
cept the maximum streaming velocity occurring at the
openings.

4.2.4. Heat transfer results

Fig. 18 represents the transient temperature profiles
for the upper plate obtained with the analytic solution
(Eq. (15)), computational convective heat transfer simu-
lation using Eq. (9) as well as experimental measure-
ments. The temperature distributions from the
computational convective heat transfer simulation will
be discussed below. The initial temperature of the plate,
T;, and the air temperature, T,,, were given as 96.8°C
and 20.0°C, respectively, and the calculated temperature
at time ¢ = 300sec. is compared to the measured temper-
ature (Tmeasure = 68.0°C). From the analytic solution,
the convective heat transfer coefficient, 4, for this system
with a 3.2W heat generation rate is calculated as
152.6W/m?K. In comparison, using thermal-entry-
length Nusselt number value with the maximum acoustic
streaming velocity for the base case, the heat transfer
coefficient is about 141.0W/m°K, which is within
acceptable bounds (cf. Fig. 17 and [19]). With the con-
stant convective heat transfer coefficient value,
h=152.6W/m’K, the temperature profile of the upper
aluminum plate is obtained using Eq. (15). For this ana-
lytical calculation, it is assumed that there is no temper-
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Fig. 18. Transient temperature drop for the upper plate (analytic solution, computational simulation, experimental measurements).

ature gradient in the thin aluminum plate, the tempera- lator or heat generator (material: epoxy), the thickness
ture and the thermal properties are for the thermal insu- of the plate is assumed 5mm, which is the total thickness
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of the upper plate assembly, and the back side of the
upper plate assembly is insulated to maintain the direc-
tion of the heat flux toward the surface.

Using the two-dimensional time-dependent convec-
tive heat transfer Eq. (9), the time-dependent tempera-
ture contour fields in the 2.0mm gap with plates are
shown in Fig. 19. The upper plate consists of three lay-
ers—a 1 mm thick aluminum plate, a 1 mm thick heat gen-
erator (¢ = 3.2W) and a 3mm thick thermal insulator
(cf. Fig. 10). It is assumed that the thermal properties
for the conducting solids and air are constant, the initial
temperatures for the upper plate and the air in the gap
are 369.15K, and the ambient air temperature is
293.15K. The total convective heat transfer coefficient
at the surfaces of the upper plate for the computational
convective heat transfer simulation is similar to the cal-
culated value using Eq. (9), which is 152.6 W/m>K.
From several trials, the convective heat transfer coeffi-
cient at the surface between the upper aluminum plate
and the air is determined to be 50 to 60 W/m*>K. The
flow fields are simulated based on a two-dimensional
geometry; however, the experimental flow field exhibited
a strong three-dimensional effect. The conduction heat
transfer through the supporting materials cannot be ig-

Temperature, K

288 3034 318.5 3342 3496 365

(c)

nored. Thus, it is assumed that the convective heat trans-
fer coefficient from the upper surface of the thermal
insulator is about 100 W/m*K to accommodate all extra
heat losses. This implies that three-dimensional convec-
tive heat transfer effects, with flow entrainment from the
ambient, play a very important role in the thermal cool-
ing mechanism of the actual system. The quasi-steady
acoustic streaming velocity values (cf. Fig. 15) are ap-
plied as an initial condition and the flow field does not
change with time. At r=20sec., the temperatures in
the upper and lower plates are about 360.0K and
293.0K, respectively (cf. Fig. 19a). The temperature in
the middle, affected by the down-flow from the heated
upper plate, is higher than the temperature in the vorti-
cal center and the temperature for the upward moving
air is lowest in the gap, which is about 300.0K. After
100s (cf. Fig. 19b), the temperature in the upper plate
is about 340K. There is no temperature gradient in the
upper and lower aluminum plates, which have high ther-
mal conductivities. Due to the flow reentrainment and
vortical flow field near the side openings, temperature
gradients can be observed. A similar temperature con-
tour field can be found at time 7 = 300s, as shown in
Fig. 19c.

Temperature, K
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Temperature, K

288 3034 3188 3342 3406 365

Fig. 19. Time-dependent temperature contour fields in the 2.0mm gap with the entire system. Temperature field (a) At z = 20s; (b) at

t =100s; and (c) at 1 =300s.
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Using the effective convective heat transfer coefficient
in the computational heat transfer simulations, the tran-
sient temperature profile of the upper aluminum plate is
similar to that from experimental measurements as well
as the analytic solution using Eq. (15) (cf. Fig. 18). The
convective heat transfer coefficient for the lower surface
of the upper plate assembly form the CFD is calculated
as 57.0W/m?K. Thus, the total convective heat trans-
fer coefficient for the upper plate assembly is 157.0 W/
m?K, which is similar to the value used for analytic
solution.

5. Conclusions

An investigation of acoustic streaming induced by
ultrasonic flexural vibrations is presented. The investiga-
tion includes acoustic streaming pattern, velocity, and
associated heat transfer characteristics. By virtue of
acoustic streaming, a notable temperature drop of
40°C was obtained in 4min and maintained. Tests iden-
tifying major heat flow paths indicated that gaps and the
vibrating beam serve as major heat flow paths.

CFD simulations were conducted to observe acoustic
streaming patterns and velocities in the gap. Simulation
results were validated by performing heat transfer anal-
ysis based on a lump-energy method. Simulation pre-
dicted that two symmetric vortices within half
wavelength, rise of air at anti-nodes, and descent at
nodes as Nyborg’s theory predicts. The presence of the
upper plate has no effect on the acoustic streaming pat-
terns. However, when an upper plate shorter than the
vibrating plate is used, a drastic increase in streaming
velocity occurs at the edges of the upper plate due to
entrainment of air, which also alters streaming pattern
in the vicinity of the open end. The results of CFD sim-
ulations indicated the vortical flows induced by a UFSW
can be reproduced. The CFD results are experimentally
validated, qualitatively through flow pattern compari-
sons and quantitatively by the transient temperature
drop comparison.

From the computational heat transfer simulations, it
is very important to include a reasonable heat transfer
coefficient for the lower plate, which is long and of high
conductivity material. Using appropriate boundary con-
ditions, the time-dependent temperature contour fields
are obtained and compared to the measured tempera-
ture drop for the heated surface. The heat loss from ac-
tual three-dimensional flow fields and subsequent heat
transfer effects is much larger than the heat loss through
the lower surface of the upper plate assembly. Hence, it
is recommended that three-dimensional flow field simu-
lations as well as convective heat transfer simulations
should be conducted to obtain more realistic solutions
without resorting to prescribed ‘“‘effective’ heat transfer
coefficients.

The theoretical calculations based on sonically in-
duced acoustic streaming may not be extended to ultra-
sonically induced acoustic streaming calculations. The
acoustic streaming flow pattern from theoretical calcula-
tions without viscous dissipation effects do not match to
the flow patterns from experimental observations or
CFD simulations. Flow reentrainment at the channel
ends enhances convective heat transfer and can not be
captured with theoretical calculations. As shown in the
visualization experiment of acoustic streaming over an
ultrasonically vibrating beam, an imperfect experimental
set-up causes three-dimensional effect including curl and
swirl of airflow to occur. Therefore, for more in-depth
study on streaming patterns and associated heat transfer
capability, three-dimensional analysis is needed.
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