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Acoustic streaming induced by ultrasonic flexural vibrations and the associated convection
enhancement are investigated. Acoustic streaming pattern, streaming velocity, and associated heat
transfer characteristics are experimentally observed. Moreover, analytical analysis based on
Nyborg’s formulation is performed along with computational fluid dynami€§D) simulation

using a numerical solver CFX 4.3. Two distinctive acoustic streaming patterns in half-wavelength of
the flexural vibrations are observed, which agree well with the theory. However, acoustic streaming
velocities obtained from CFD simulation, based on the incompressible flow assumption, exceed the
theoretically estimated velocity by a factor ranging from 10 to 100, depending upon the location
along the beam. Both CFD simulation and analytical analysis reveal that the acoustic streaming
velocity is proportional to the square of the vibration amplitude and the wavelength of the vibrating
beam that decreases with the excitation frequency. It is observed that the streaming velocity
decreases with the excitation frequency. Also, with an open-ended channel, a substantial increase in
streaming velocity is observed from CFD simulations. Using acoustic streaming, a temperature drop
of 40 °C with a vibration amplitude of 2wm at 28.4 kHz is experimentally achieved. Z)02
Acoustical Society of AmericaDOI: 10.1121/1.1433811

PACS numbers: 43.40.APJR

I. INTRODUCTION medium and the wall. Then, the inner streaming, in turn,
induces relatively large-scale steady streaming outside the
Acoustic streaming is a steady circular airflow occurringboundary layer. This process can be compared to the genera-
in a high-intensity sound field. Two factors have been knowrtion of electromagnetic field by a surface current on a con-
to induce acoustic streaming: spatial attenuation of a wave iductor (cf. Lee and Wang, 1990 It is reported that the
a free space and the friction between a medium and a vibraticoustic streaming is especially effective in promoting cer-
ing object (cf. Lee and Wang, 1990 When sound waves tain kinds of rate process occurring on the solid and fluid
propagate, they are attenuated by absorption and scatterdnterface including convective heat transfer, electrical effects,
This attenuation is, in general, insignificant in a short dis-changes in biological cells, and removal of loosely adhering
tance of propagation. However, the propagation of a highsurface layergcf. Nyborg, 1958.
intensity sound wave results in the attenuation of pressure Faraday(1831) found that currents of air rise at dis-
significant enough to create steady bulk airflow. This type ofplacement anti-nodes on plates and descend at the nodes.
streaming is usually associated with a medium of high visRayleigh (1945 performed the first theoretical analysis of
cosity. The other type of acoustic streaming is attributed tahe acoustic streaming phenomenon. Further developments
the friction between a vibrating medium in contact with aof the theory were made by Schlichting955, Nyborg
solid wall (cf. Ingard and Labate, 1950; Nyborg, 1958s (1958, and Lighthill (1978, where emphasis was placed on
long as there is an oscillating tangential relative velocity, it isthe fundamental role of dissipation of the acoustic energy in
not important whether the source of a relative motion ariseshe evolution of the gradients in the momentum flux. In the
from either acoustic oscillations in the fluid or vibrations of study of Jackson and Nyboxd 960, acoustic streaming in-
the solid. Both cases lead to frictional dissipation withinduced by sonic longitudinal vibration is investigated. Acous-
Stokes boundary layer. Unlike acoustic streaming resultingic streaming induced by ultrasonic flexural traveling waves
from spatial attenuation, this streaming has two componentss studied for a micropump application and negligible heat
inner and outer streaming. The inner streaming is createtfansfer capability of acoustic streaming is reported.
within the boundary layer due to the friction between theNguyen and White, 1999Fand and Kavé1960 and Gould
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(1966 studied heat transfer across a solid—liquid interface in

acoustic streaming
-~

the presence of sonically induced acoustic streaming and /“\ /oy
found that the effect of acoustic streaming was to cause the ( *F ]
convective heat transfer rate from the heated cylinder to in- \ /\ !

crease by a factor of 3. Gopinath and Mill$993, 1994
investigated convective heat transfer due to acoustic stream-
ing across the ends of a Kundt tube. Selected references give
an overview of the works done for investigating the heat
transfer characteristics of acoustic streamif@j. Uhlen-
winkel etal, 1994; Vainshteinet al, 1995; Chenet al,
1998.

Most previous studies concentrated on acoustic stream-

flange\

wﬁg aluminum beam

‘/supporting leg

conical horn—%

R

28.4 kHz t \

piezoelectric "]

ing induced by sonic longitudinal vibration in an enclosed actuator =

space such as a Kundt tube. Not much research on acoustic

streaming induced in an open space by ultrasonic flexural

vibration has been carried out. Ultrasonic excitation signifi- y A . 1
cantly increases acoustic streaming velocity. As a result, cor- %W%%%%%%//%%M

responding convective heat transfer rate can grow to the ex- Air-vibration-absorption table

tent equal to that of conventional fan-based cooling. In
addition, ultrasonic excitation permits silent operation. Em-
ploying flexural vibrations as a source of acoustic streamin% o ) ]
allows for a slim profile and low power operation becausen€reby maximizing the displacement of the beam for a given
flexural impedance of an elastic beam is generally far smallgPOWer supply. The determined dimension is 10 mm wide, 1
than longitudinal impedance. To take full advantage of thig™™ thick, and 128 mm long. Frequency spectrum analysis of
promising technology, it is imperative to understand the naih€ system reveals that at an excitation frequency of 28.4
ture of formation of acoustic streaming, its transient charackHz, maximum vibration amplitude of the beam is achieved.
teristics, streaming velocity, and associated enhancement of
convective heat transfer. . ) o

Therefore, the objective of this article is to investigate B- Acoustic streaming near the vibrating beam
the momentum and heat transfer due to the acoustic stream- To visualize acoustic streaming near the beam, the beam
ing induced by ultrasonic flexural vibrations in an open en-is excited at 28.4 kHz with the vibration amplitude of Af.
vironment. A primary focus is placed on experimental obserAcetone is sprayed onto the vibrating beam. When acetone
vations of the phenomenon, simulations employingcomes in contact with the beam, it becomes small droplets
computational fluid dynamics softwat€FX4), comparison and follows the airflow pattern near the beam until it com-
with the existing analytical solution by Nybord958, and  pletely evaporates. A fiber optic lamp locally illuminates the
cooling property. 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.
Figure 2 shows a snap shot of the process. Unique features of
acoustic streaming are observed. First, air rises above the
The experimental setup shown in Fig. 1 consists of g@ntinodes and descends toward the nodes. Since vibration

beam and modules that contain a piezoelectric actuator and@nPplitude is not uniform along the length of the beam, the
horn. The beam and horn are made of 6061-T6 aluminuni@ximum distance to which acetone droplets rise above the
due to its excellent acoustical characteristics. The piezoele@ntinodes are not uniform either. Second, there exist two
tric actuator is a bolted Langevin type transdu@@tT) de-
signed to resonate at 28 kH3ashida, 1993 The conical
horn is used to increase the amplitude of vibration provided
by the actuator. A conical geometry was chosen because it
not only gives a desired amplification ratio but also can be
easily machined. A mounting flange was included in the de-
sign 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 support-
ing base plate that was in turn bolted to the surface of an

FIG. 1. Experimental setup.

Il. EXPERIMENTAL OBSERVATIONS

A. Experimental apparatus

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 frequencies of the beam is lo-
cated in the vicinity of the resonant frequency of the actuator,
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beam((jl CT] ft())-r this CE;S)E -Clearer I.acc(;UStiC streaming is ob- FIG. 4. Measurement of temperature drop of the heat source

served with bigger vibration amplitude. o ‘

C. Streaming in the gap are measured using a thermocouple. Due to the inherent
noises in the voltage signal from the thermocouple, the sig-
fﬂal is filtered through a low-pass filter and sampled at 20 Hz
alsing a data acquisition board. A temperature drop of 30°C
{s achieved in 4 min and maintained as shown in Fig. 4. As
e vibration amplitude is further increased to 2%, a tem-
rature drop of 40 °C is achieved that is the maximum tem-

acoustic streaming. Therefore, for heat transfer application, era\';\t;rr]e drop obt_alned W't.h the _Cl:jrren;gxpﬁ nmenta:]setup.
is important to study how the acoustic streaming pattern en acoustic streaming Is induced in the gap, there are

changes when there is a stationary upper beam that repr@’yo Eossmle nf’najor hea;.flow pqthsh. T:.e f|r_st one 'S” clonvic—
sents a heat source. tive heat transfer to ambient air in the direction parallel to the

Abeam that is 1 cm wide, 2.5 cm thick, and 11 cm long heat source marked as heat flow path 1 in Fig. 5. In this path,

is placed 1 cm over the vibrating beam. The same vis;ualizat-he heat from the heat source is taken away by airflow near

tion process used for the case without an upper stationa he heat source and transferred to ambient air at both sides of
beam is performed at the gaps ranging from 2 mm to 1 cm. | e gap. The second path is convective heat transfer through

is observed that acoustic streaming in the gap is strong;e vibrating beam marked as heat flow path 2. Due to the

One interesting application of acoustic streaming con
sidered in this study is the enhancement of convective he
transfer. To this end, it is possible to envision that a heate
object is placed over a vibrating beam near which acousti
streaming is induced. Then, the temperature of the heate%l‘
object is decreased due to forced convection caused

enough to blow most acetone droplets out of the gap, makin circulating nature of acoustic streaming fl_ow pattern, in the
it almost impossible to perform visual observation of acous- 900n_d path the heat TVOT“ the heat source s transferred to the
tic streaming pattern. Therefore, CFD simulation presenteef'brat'ng beam and dissipated to ambient air.

in Sec. IV is used to estimate acoustic streaming pattern and To ?eisure the heat garr]]sfer_tlln path bl' the. spac? be(;
velocity in the gap. tween the heat source and the vibrating beam is enclose

along the perimeter of heat source, thereby allowing heat to

flow only in path 2. As shown in Fig. 6, for the enclosed gap

case, the achieved temperature drop is 10 °C less than for the
To measure the enhancement of convective heat transfeipen gap system, which is about a 33% decrease in the tem-

due to acoustic streaming, a heat source containing an alu-

minum plate, a resistor, and a thermocouple is made. A de-

D. Enhancement of convective heat transfer

tailed schematic drawing of the plate is shown in Fig. 3. The % Heat Source
bottom of the plate is made of aluminum. The top is made of
Plexiglas that contains a 6d0-esistor and a thermocouple. Heat Fiowi

Ambient

The resistor is connected to a variable voltage power supply Alrataeee
ir at 20°

and serves as a heater.
With the 600() resistor, the temperature of the plate can
be increased to 98 °C with the available power supply of 3.4

W. During the experiment, the room temperature was kept af ‘\/’ '
20 °C. The heat source is placed 1.5 mm above the vibratin¢ Vibrating Beam

steady-state value of 98 °C, acoustic streaming is generate
by vibrating the beam at 28.4 kHz with the vibration ampli-
tude of 10um. Then, the temperature changes of the plate FIG. 5. Heat flow paths.

beam. As the temperature of the heat source reaches E"‘;::';"’E
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‘ . , nonlinear driving forcing term, an¢l) means a time average
05 1 15 2Time Z-r;mut; 3 4 455 over a large number of cycles. Without averagiRg,ontains
’ a dc part and harmonically varying terms. The former in-
FIG. 6. Effect of enclosing the heat source. duces acoustic streaming. When averaged over a relatively
long period of time, the effect of harmonically varying forc-

perature drop. In addition, to estimate the heat transfer ifnd terms disappears and only the contributions from the dc
path 2, changes in the temperature of the vibrating beam aRart appear in the solution. The acoustic streaming velocity,
measured as shown in Fig. 7. When the heat source is heatfd: approaches a constant value as the distance from the
to 98 °C, the temperature of the lower beam is increased t¥ibrating beam approaches infinity. This time-independent
36 °C as a result of heat transfer through air. When inducedimiting velocity, U, , is given by
acoustic streaming causes the temperature of the vibrating 3 dU,
beam to drop to 26 °C in 2 min, which is 6 °C higher thanthe U =— 20 20 ax | (3
. . ® X
room temperature. It is also observed that the resulting tem-
perature drop changes with the gap. wherew is excitation frequency and, is amplitude of the
irrotational velocity tangent to the boundaigf. Andres and
Ingard, 1953. To calculate outer acoustic streaming motion,
the limiting velocity, U, , is used as a slip velocity at the
Nyborg (1958 formulated the equation for near- solid surface by assuming Stoke boundary layer thickness
boundary acoustic streaming using successive approximatiafegligible (cf. Lighthill, 1978).

65
0

Ill. THEORY

method as The amplitude of the tangential irrotational velocity,
uV2u,—VP,+F=0, (1)  Is obtained from the normal irrotational velocity, impos-
ing the zero-divergence condition assumed in the Nyborg’'s
F=—po((Up-V)us+us(V-uy)), (2)  formulation. For a relatively small gap, the normal irrota-

where u is kinematic viscosityp, is constant equilibrium  tional velocity is assumed to be

density, u, is oscillatory particle velocity,u, is acoustic -y\ _
streaming velocityP, is a steady-state “dc” pressurg, is V=Aw coskpX| ——|sinwt=Vo sinwt, (4)
as . : : whereA is the peak vibration amplitude of an elastic beam,

{ i k, is the bending wave number of the beam defined as
| i i ! | i g 2m/\, where\, is the wavelength of the beam, ahds the
% ! ] gap between the vibrating beam and the stationary beam as
; é | f | % 5 shown in Fig. 8. Equation4) satisfies the boundary condi-
[ o o e e tions thatV aty=0 is equal to the velocity of the vibrating
| beam andV at y=h is zero. By making use of the zero-

|
! ‘ divergence conditiongUgq/dx+ dVy/dy=0, the amplitude

54

! i | i

i
! } f ! :
!

Temperature, degree Celcius

S S U S SN IO S _ Ug/ox-+ v
t \ ’ | 5 ; i of the tangential velocitlJ,, is given by
| I S Aw [\
h !, o f R, fm P _ _w _b )
; 5 ; ; Uo=5_ ( f | Sinkpx. )
' H
i e Upon substitution of Eq5) into Eq.(3), U, can be rewritten
as
3f Ay 2k 6
Time, minute UL__g Mo R SNeeX ©)
FIG. 7. Temperature drop of the vibrating beam. wheref is excitation frequency in Hertz.
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First, note that, from Eq6), any explicit dependence of boundary condition defined by E§l). The time-averaged
acoustic streaming velocity om disappears although it velocity, i.e., acoustic streaming velocity, was calculated
originates from the viscosity. Also, note that acoustic streamwith Eq. (10). CFX 4.3 employs a particular implementation
ing velocity is a function of the wavelength of the beam andof an Algebraic Multi-Grid called Additive Correction. This
the gap in addition to the excitation frequency and the vibraapproach takes advantage of the fact that the discrete equa-

tion amplitude. tions are representative of the balance of conserved quanti-
ties over a finite volume, making it ideally suited for the

IV. COMPUTATIONAL FLUID DYNAMICS (CFD) discretization used. Coarser mesh equations can be generated

SIMULATION by merging the original finite volumes into larger ones. Thus,

. . they impose conservation requirements over larger volumes

_ The length of the two plates for the computational Simu-aq jn so doing reduce the error components at longer wave-
lations is the same as the wavelength of the ultrasonic flexngihs. The size and configuration of the computational do-
ural standing waveUFSW). The gap between the two plates main ysed in this study were adjusted until an acceptable

is small, i.e., 2-20 mm, and the maximum speed of the air igeye| of grid independence of the final solution was achieved,
less than 2 m/s. Thus, the Reynolds number based on tl]_%_, £=<10"%, wheree represents the mass and momentum
given conditions is less than 1800, which is in the range ofqgiquals.
laminar flow. The air speed in the gap is under Mach 0.3, S0 1he gigebraic equations are discretized with respect to
that the incompressible fluid flow assumption may be appliyhe computational space coordinates with implementation of
cable for a first-order approximation. The governing equasne appropriate boundary conditions, i.e., no-slip at the walls
tions (cf. Kleinstreuer, 199y for incompressible transient 5, zero-gradients at the symmetry planes. A time-dependent
laminar Newtonian fluid flow are continuity, moving grid option was employed, based on a user-supplied
V.v=0, 7) FORTRAN program, to solve for the airflow field induced by
ultrasonic flexible waves(UFW) at the vibrating plate
boundary. This program allows specifying time-dependent
o 1 - grid positions on the lower wall surface at each time step as
EHV'V)V:;(_VFHMV V). (8)  defined in Eq.(1). The typical size of the computational
N o mesh at about 2000 control volumes and about 3.0 CPU
The boundary condition for the lower vibrating plate of yours on the SGI Origin 2000 were required to obtain the
the CFD simulation is the vertical displacement defined by quasi-equilibrium flow field solution. The time-dependent

and linear momentum

Yp(X,t)=A(t) - cog2x/\) waveform for the UFW was discretized nonlinearly into
_ about 16 time steps for each period. The numerical accuracy
where A(t)=Ag-sin(wt). (9 of the model is further documented with validation results

HereA(t) is the vibration amplitudey is the wavelengtha,  discussed in the next section.

is the maximum vibration amplitudey= 27 f is the angular

velocity of the wavef is the frequency, antiis the time. The ~ B: CFD results

two open sides constitute natural symmetry planes with zero-  Figure 9 shows the time evolution of vortices in the gap

gradient conditions. between two infinite beams due to acoustic streaming. At
The simulation covers more than 4000 periods with 16time t=0, no airflow exists in the gap, and then the lower

time steps each to get the quasi-steady state solution. Thfaam starts to vibrate with the frequenty: 28.4 kHz, vi-

velocity v, which contains harmonic terms and a “dc” term, bration amp”tude A=20um, and Wa\/e|ength Of)\b

is calculated from Eqs(7) and (8). The acoustic streaming =2.0 cm in a 2-mm gap between two beams. Four vortices

velocity (v, , i =X, ¥, andz) is obtained by averagingover  over a single wavelength emerge near the lower vibrating

a period as follows: beam[cf. Fig. 9a)]. They appear between nodal points and

1 (Ta antinodal points of the vibrating beam with the two in the
v_a,iz_l_—f v;dt, i=x,y, and z, (10 center moving closer to each otHerf. Figs. 9a)—(I)]. The

ato airflow patterns show an upward motion at antinodal points

whereT, is the period of ultrasonic vibration. and downward at nodal points, which is similar to the experi-

mental visualization shown in Fig. 2. After 610 pulses, a
steady streaming flow field is achieved. Figs. 9f)—(1)].

The computational fluid dynamics package CFXMEA Figure 10 represents the acoustic streaming velocity tan-
Technology, Bethel Park, BAwas used for the numerical gent and normal to the beam along a fictitious vertical line
simulation. CFX 4 is a control-volume-based solver and emypassing through a vortex center. The tangential and normal
ploys a structured, multi-block, body-fitted coordinate dis-velocities are zero at the vortex centabouty=0.072 cn.
cretization scheme, which uses the SIMPLEC algorithm forThe tangential velocity reaches 70 cm/s near the lower vi-
the pressure correction. The CFD simulation was run on &rating beam and 30 cm/s near the upper beam. The normal
SGI Origin 2000(400 MHz; multiple R12000 processormat  velocity is significant only near the nodal and antinodal
the North Carolina Supercomputing Cent®CSC, RTH. points, and near zero along the vertical line through the vor-
Simulations consisted of first determining the instantaneougex center as shown in the flow field of the converged solu-
velocity field, governed by Eq$7) and(8) with the moving  tion in Fig. 91).

A. Numerical analysis
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(a) after 20 pulses (9) after 1220 pulses TABLE I. System characteristics for CFD simulation.

Frequency Vibration Velocity of vibrating Wavelength
i (kHz) amplitude(um) beam(m/s) (mm)
NI
(b) after 60 pulses 6.0 93.0 35 48.0
> 12.0 47.0 35 34.0
18.0 31.0 3.5 28.0
28.4 20.0 35 20.0
50.0 11.0 3.5 17.0

1. Effect of vibration frequency

The effect of the excitation frequency on the acoustic
streaming velocity is measured. Of particular interest is to
observe a change in acoustic streaming velocity when the
excitation frequency becomes ultrasonic. If the excitation
frequency of the beam increases, the irrotational velocity
would also increase with the excitation frequency. This re-
sults in an increase in acoustic streaming velocity because
acoustic streaming velocity is proportional to the square of
the irrotational velocity(cf. Nyborg, 1958. Therefore, the
effect of excitation frequency can be properly measured only
when the velocity of the vibrating beam is maintained at a
constant value. This can be achieved by decreasing the vi-
bration amplitude to an appropriate value. Detailed test con-
ditions are shown in Table I.

Figure 11 shows the maximum acoustic streaming ve-
locity in the 2-mm gap at an excitation frequency of 6, 12,
18, 28.4, and 50 kHz with corresponding vibration amplitude

To observe the effect of changing excitation frequency,VaIueS detailed in Table I. The results are obtained from CFD

vibration amplitude, and gap on the streaming velocity andimulation and the analytical solution based on &. It is
its patterns, a series of simulations was conducted. It is Obeserved that the maximum streaming velocities decrease

served that the vortical flow patterns are not influenced bﬁMtQ' the te;g?tlfl)—ln frequ?rr]]cyi. The mgxmum streamlng \éz'z
the simulation conditions but the magnitude of the acousti ocities at co. Z near the fower and upper beéams are 0o.

streaming velocity is strongly influenced. Therefore, for theand 30.6 cm/s, respectively. _Wh|le _the streaming patterns
. . . around the lower beam are directly influenced by the beam
following analyses, only the variations of the streaming ve-

. . otion, those near the upper beam are induced by the
locity magnitude along a vortex center are compared an : i
: . Streaming flows from the lower beam. It is observed that the
discussed, except for the case of open ends in Sec. IV B 3.

airflow is attenuated in the process of inducing streaming
motions near the upper beam. As a result, the larger stream-
ing velocities are observed near the lower beam. As shown in

FIG. 9. Time evolution of the streaming velocity field for the base case.
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. . L . cantly smaller acoustic streaming velocity. An explanation
Eq. (6), the acoustic streaming velocity is proportional to thefor this discrepancy requires further investigation.

square of the vibration amplitude and the wavelength of the Figure 13 represents the maximum acoustic streaming

vibrating beam that decreases with the excitation frequen(_:)oelocity as a function of the gap between the vibrating beam

Although the excitation freque_ncy grows, a dt_ecrease "and the upper stationary beam. The maximum streaming ve-
wavelength and vibration amplitude offsets the increase in

h . . locity d ¢ . locity decreases with the growth of the gap for both CFD

the acc:usgc itrg?:rgng veloc_|ty ue dto hrequeTCY mlcrea}sg. ASimulation and the analytical solution. It is also observed that
& result, bot Simulation and the analytical solutiony, analytical solution underestimates acoustic streaming ve-
mdpatg that the maximum streaming velocity decreases W'ﬂlbcity as opposed to CFD simulation result. The difference
exm:\zzﬂon frequency. i h . . . between the analytical and numerical results grows as the
'oreover, no signi icant change In acoustic streamin ap increases because the analytical model is developed with
velocity is observed as the excitation frequency becomes ul; | assumption that the gap is small enough to presume a

”’?‘SO”'C- The analytlcgl solgtlon does th mclude_ _the alteNUnhear variation of the normal irrotational velocity across the
ation of flow, resulting in uniform streaming velocities across

. : ap.

the gap. Therefore the analytical solution can be compared t% P

the str.eamm.g velqcny near the lower peam obtglned froms,l Effect of beam end openings

CFD simulation. It is noted that an analytical solution formu- ] ) o

lated based on Nyborg’s theory underestimates the acoustic Fi9ure 14 shows the streaming velocity fields for the 2
streaming velocity when compared to the CFD results, whic"M 9ap, considering the lower beam to be one-and-a-half-

are based on the assumption of air incompressibility fotvavelength lond3 cm and the upper beam one-wavelength
Ma<0.3. long (2 cm) to observe the effect of an open-ended channel.

Vortical flow and flow entrainment are observed near the
2. Effect of vibration amplitude and gap

Figure 12 shows the maximum streaming velocities near
the beams for vibration amplitudes of 5, 10, 15, 20, 25, 30,
and 40um with a gap of 2 mm at an excitation frequency of %%
28.4 kHz. The wavelength is 20 mm. The maximum stream- 0.5}
ing velocity increases as the vibration amplitude increases 0.5}
due to increase in the irrotational velocity. The maximum 4§
irrotational velocity near the lower vibrating beam can be
calculated with the excitation frequency, the vibration ampli-
tude and wavelength of the beam, and the gap.

For vibration amplitude of 2um, the maximum stream- 0.25
ing velocities near the lower and upper beams from CFD 02
simulation reach 100 and 45 cm/s, respectively. For the sami ¢.15
vibration amplitude, a maximum streaming velocity of 3.3
cm/s is obtained from the analytical solution. It is observed
that as the vibration amplitude grows, maximum streaming : / =2 al
velocity from both CFD simulation and the analytical solu- 05 - . 15 2 2.5
tion increase in a similar trend, an increase with the square or )
the amplitude but the analytical solution predicts signifi- FIG. 14. The streaming velocity considering the entire system.
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3 V. CONCLUSIONS

\

o3l ’ \\‘ An investigation of acoustic streaming induced by the

/ 1 \§ Stationary Upper Beam ultrasonic flexural vibration is presented. The investigation

i \Y mpludes apousnc streaming pattern a}n(_j its veIoc!ty along
e /7 il b a with associated heat transfer characteristics. Acoustic stream-

0.2 //j/%( (; A ing patterns visualized using acetone correspoqded well _W|th

g %%/4%’ ,‘; o the prediction by Nyborg's theory. Using acoust_lc strgamlng,
= %Z///’//;/ﬁ/,’ i:;;y 1NN g;:;:i:i:::::l::” a notable temperature drop of 40 °C was obtained in 4 min
%W/t 11 /‘/ : !?fiittittttti‘i.' and maintained. Tests identifying major heat flow paths in-
0.1 é:;?/ . 1 RN dicated that both gaps and the vibrating beam serve as cru-

Y \‘»2 iR Lol J {’:\\ cial heat flow paths.
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Employing CFD simulations assuming laminar incom-
pressible flow, it was shown that the vortical flows, observed
" oy by experiment and predicted by acoustic streaming theory,
[ P R I | could be reproduced. Also, it was found that the streaming
' X, cm ' velocity from the CFD simulation is far greater than the es-
timation from the analytical solution based on sonically in-
duced acoustic streaming assuming inviscid flow and a linear
variation of the normalirrotationa) velocity across a very
ends of the upper beam. The vortex centers in the channel aggnall gap(cf. Nyborg, 1958; Vainshteiet al, 1995. This
located atx=0.3 and 0.65 cm with a symmetry condition at result proves that the theoretical calculations based on soni-
x=1cm. Due to air entrainment, the flow field near the endcally induced acoustic streaming may not be extended to
is disturbed, forming a small vorteicf. enlarged Fig. 16 estimate ultrasonically induced acoustic streaming velocities.
Figure 16 shows the magnitude of the acoustic streamingh other words, more comprehensive CFD simulations con-
velocity in the gap from a three-dimensional perspective. Asidering turbulent and/or compressible flow may be needed
maximum streaming velocity occurs right at the openings ofo accurately predict ultrasonically induced acoustic stream-
the gap near the upper beam, which enhances the mixing @ig flows.
flow between inside and outside the gap. The streaming ve-  With an open-ended channel, simulation revealed the ex-
locities near the lower beam are generally greater than thosgtence of large flow entrainment at the channel ends, which
near the upper beam except the maximum streaming velocitynhances convective heat transfer but cannot be captured
occurring at the openings. The velocities observed with aRyith the analytical solution due to the complexity of bound-
open-ended channel are greater than those without an opegry conditions. With a computational control volume mesh of
ing (cf. Fig. 13. The velocity near the lower beam reaches2000, the CFD simulation of the flow field induced by a
up to 130 cm/s due to the flow entrainment and is almosheam vibrating at an ultrasonic frequency is computationally
twice that of the 2-mm gap case without flow entrainment.ery intensive. It takes almost 10 CPU hours on the Cray
From this, one concludes that flow entrainment enhances thego supercomputer and 90 CPU hours on SGI Origin 2000
flow speed and changes the flow pattern, resulting in en obtain a fully developed acoustic streaming flow field.
hanced cooling capability. Although the CFD simulations are expensive, more accurate
and realistic results can be obtained including a three-
. dimensional effect of acoustic streaming and the open-ended

/A\ channel.
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