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Heat Transfer Characteristics of Acoustic Streaming
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Byoung-Gook Loh∗

Hansung University, Seoul 136-792, Republic of Korea
and

Dong-Ryul Lee†

Catholic University of Daegu, Kyungbuk 712-702, Republic of Korea

Heat transfer characteristics of acoustic streaming generated by longitudinal ultrasonic vibration at 30 kHz
are presented. To investigate the enhancement of heat transfer capability of acoustic streaming, the temperature
variations of the heat source and air in the vicinity of the heat source are measured in real time. It is observed
that ultrasonic vibration instantly induces acoustic streaming and results in the significant temperature drop as a
result of the bulk airflow caused by acoustic streaming. The cooling effect on the heat source is found to have strong
correlation with the gap between the ultrasonic vibrator and heat source; the cooling effect is maximized when the
gap corresponds to the multiple of half-wavelength of the ultrasonic wave. This result is attributable to the resonance
of the sound wave. The theoretical analysis of the dependence of cooling capability of acoustic streaming on the gap
is performed as well. Temperature distribution in the gap along the radius and the direction normal to the vibrating
surface is measured while acoustic streaming is induced. Variations of temperature drop along the radius are not
observed, but temperature drop significantly decreases with the distance from the heat source. The advantage of
the cooling method using acoustic streaming is noise free because of the ultrasonic vibration. Moreover, this cooling
method can be applied to the micro-electro-mechanical systems, where the fan-based conventional cooling method
cannot be employed.

Nomenclature
F = nonlinear driving forcing term, N
H = gap between the vibrating surface

and stationary surface, m
h = heat transfer coefficient of the fluid, W/m2K
i = imaginary operator
K = acoustic wave number (2π/λ), rad/m
k = thermal conductivity of the fluid, W/mK
L = characteristic length, m
Nu = local Nusselt number, hL/k
P2 = steady-state dc pressure, Pa
R = radius of the heat source, m
r = coordinate in radial direction, m
t = time, s
UL = time-independent limiting velocity, m/s
U0 = amplitude of irrotational velocity tangent

to the boundary, m/s
u1 = oscillatory particle velocity, m/s
u2 = acoustic streaming velocity, m/s
V = normal irrotational velocity, m/s
X = coordinate tangent to the boundary, m
z = coordinate normal to the vibrating surface, m
λ = wavelength, m
µ = dynamic viscosity of the fluid, Pa · s
ξ = air particle displacement, m
ξ0 = peak vibration amplitude, m
ρ0 = constant equilibrium density, m3/kg
ω = excitation frequency, rad/s
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Introduction

A COUSTIC streaming is a vortex-type airflow caused by a high-
intensity sound wave. Two factors have been known to induce

acoustic streaming: spatial attenuation of a wave in free space and the
friction between a medium and a vibrating object.1−3 The absorption
and scattering of the sound wave result in the attenuation of the
sound wave in the process of the propagation. This attenuation is
in general considered negligible, but the propagation of a high-
intensity sound wave causes the attenuation of pressure significant
enough to create a steady bulk airflow.4,5 This type of streaming
usually occurs in a medium of high viscosity. The other type of
acoustic streaming is attributable to the friction between a medium
and a solid wall when the former is vibrating in contact with the
latter or vice versa.6 This study focuses on this kind of near boundary
acoustic streaming. The acoustic streaming is especially effective in
promoting certain kinds of rate process occurring on the solid and
fluid interface including convective heat transfer, electrical effects,
changes in biological cells, and removal of loosely adhering surface
layers.6

Faraday first observed the phenomenon of acoustic streaming.7

The theoretical analysis of acoustic streaming was performed by
Rayleigh,8 Schlichting,9 Nyborg,6 and Lighthill.4 Gopinath and
Mills investigated convective heat transfer caused by acoustic
streaming across the ends of a Kundt tube.10,11 Vainshtein et al.12 and
Uhlenwinkel et al.13 investigated the heat transfer characteristics of
acoustic streaming. Wan and Kuznetsov numerically modeled the
effect of acoustic streaming.14−16 Loh et al.2 and Ro et al.3 studied
the enhancement of heat transfer by acoustic streaming induced by
ultrasonic flexural vibration.

Among the previous studies, Loh and Ro’s study is notable in
that it is the first experiment performed in an open channel and
that the significant amount of temperature drop is achieved. The
nature of heat transfer characteristics of acoustic streaming in an
open channel is three-dimensional. The complexity of the acoustic
streaming by ultrasonic vibration allows for only minimal anal-
ysis of the problem with analytical method. Three-dimensional
computational-fluid-dynamics (CFD) analysis is the only method
available to fully understand the acoustic streaming phenomenon but
is not an easy task because of the long computational hours required
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for the analysis resulting from the high excitation frequency and the
moving-wall-boundary condition. Without three-dimensional anal-
ysis in-depth understanding of the heat transfer characteristics of
acoustic streaming might not be obtained.

The objective of this study is to construct experimental appa-
ratus enabling three-dimensional heat transfer analysis of acoustic
streaming and to collect experimental data that serve as a preliminary
three-dimensional experimental investigation of acoustic streaming
phenomenon validating the three-dimensional CFD analysis to be
performed. To this end, the experimental apparatus is constructed
axisymmetrically by using cylindrical ultrasonic vibrator and the cir-
cular heat source. This reduces the computational time for the anal-
ysis significantly. In addition, multiple thermocouples are placed in
the neighborhood of the heat source and ultrasonic vibrator to mea-
sure the change in the temperature as a result of acoustic streaming,
which enables the calculation of the local Nusselt number to char-
acterize the heat transfer enhancement by acoustic streaming.

In addition to the advantage that acoustic streaming is silent cool-
ing, this novel cooling method can be applied to where the con-
ventional motor-driven cooling method cannot be employed such
as micro-electro-mechanical system by using thin-film piezoelec-
tric devices.3 Therefore, it is necessary to fully understand the heat
transfer characteristics of acoustic streaming in order to use this
promising technology practically.

Theoretical Background
Following Nyborg’s formulation, the equation for near-boundary

acoustic streaming can be expressed as

µ∇2u2 − ∇ P2 + F = 0 (1)

F ≡ −ρ0〈(u1 · ∇)u1 + u1(∇ · u1)〉 (2)

where 〈〉 means a time average over a large number of cycles.6 With-
out averaging, F contains a dc part and harmonically varying terms.
When averaged over a long period of time, the effect of harmoni-
cally varying forcing terms cancels, and only the contributions from
the dc part remain in the solution. This dc part generates acoustic
streaming. The acoustic streaming velocity u2 approaches a constant

Fig. 1 Simplified schematic diagram of the experimental setup.

Fig. 2 Schematic diagram of the experimental setup.

value as the distance from the vibrating surface approaches infinity.
This time-independent limiting velocity UL is given by

− 3

4ω
U0

(
dU0

dx

)
(3)

where x is the direction tangent to the boundary.17 To calculate
outer acoustic streaming motion, the limiting velocity UL is used as
a slip velocity at the solid surface by assuming Stoke boundary-layer
thickness negligible.4

The amplitude of the tangential irrotational velocity U0 is cal-
culated from the normal irrotational velocity V imposing the zero-
divergence condition. To calculate V for the case in Fig. 1, it is
assumed the vibrating surface is vibrating in harmonic motion as
ξ(z, t) = ξ(0, t) = ξ0eiωt and the top surface is stationary. In addi-
tion, it is assumed that the radius of the vibrating and stationary
surface is sufficiently large compared to the wavelength of the ul-
trasonic wave. Employing linear acoustics theory and imposing the
boundary conditions ξ = ξ0eiωt at z = 0 and ξ = 0 at z = H , the air
particle displacement is obtained as

ξ(z, t) = ξ0
sin K (H − z)

sin KH
eiωt (4)

where k is acoustic wave number and H is the gap between the
vibrating surface and stationary surface as shown in Fig. 1. Taking
the time derivative of Eq. (4), V can be readily derived. And by
making use of the zero-divergence condition ∂U0/∂x + ∂V/∂z = 0,
the amplitude of the tangential velocity U0 is given by

U0 = iξ0ωK
cos K (H − z)

sin KH
xeiωt (5)

In Eq. (5) it is noted that U0 is at maximum when k H = nπ
(n = 0, 1, 2, . . .). The purpose of Eq. (5) is not to quantitatively cal-
culate the acoustic streaming velocity but to qualitatively explain a
drastic increase in the temperature drop at certain gaps. The effect
of a damping term should be considered to calculate the acoustic
streaming velocity when KH = nπ . But because there exists discon-
tinuity in the boundary conditions, precise quantitative analysis of
the acoustic streaming velocity in an analytical way is extremely
difficult. For the purpose of explaining a trend of the increased tem-
perature drops at gaps corresponding to nπ/K , a simpler equation
without the damping term can be employed. Using K = 2π/λ, the
gap inducing the maximum normal irrotational velocity is derived
as H = nλ/2. Therefore, when the gap between the heat source and
vibrating surface corresponds to the multiple of half-wavelength of
the sound wave, the tangential irrotational velocity U0 is at maxi-
mum, resulting in the maximum acoustic streaming velocity.

Experimental Setup
The experimental setup shown in Fig. 2 is comprised of bolted-

Langevin-type transducer (BLT), horn, heat source, ultrasonic sig-
nal generator, and real-time data-acquisition system.18 The BLT is
designed to resonate at 30 kHz. The horn, mechanical vibration
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Fig. 3 Detailed schematic of the heat source.

amplifier, designed to resonate at the same frequency as the BLT is
attached on the top of the BLT to maximize the vibration amplitude
of the system. Mechanical loading of the horn renders the resonance
frequency of the BLT shifted within 1 kHz. The resonance frequency
shift is compensated by maintaining the impedance of the BLT at
minimum because the impedance is minimal at resonance.

The detailed schematic drawing of the heat source is shown in
Fig. 3. The heat source consists of resistor, aluminum plate with the
same radius of the horn (radius of the horn is 40 mm), thermocou-
ple, and polyurethane foam. Resistor is glued to the aluminum plate
using high-temperature-resistance epoxy for heating the aluminum
plate. A voltage to the resistor is controlled to heat the heat source
to desired temperature. To measure the variation of the tempera-
ture of the aluminum plate, four thermocouples are attached to the
aluminum plate along a radius of 30 mm with a 90-deg phase differ-
ence. The top of the aluminum plated is covered with 40-mm-thick
polyurethane foam for insulation, which forces the heat generated by
resistor to dissipate only through the one side of the aluminum plate.
The electrical signals from thermocouples are amplified and filtered
using a low-pass filter before being fed to the data-acquisition board
because of the inherent noises of the signal. The vibration amplitude
of the BLT is measured with a high-precision capacitance gauge, and
the measured amplitude is 50 µm.

Results and Discussion
Effect of Ultrasonic Vibration on the Temperature Drop
of the Heat Source

To investigate the effect of ultrasonic vibration on the temperature
drop, the variations of temperature of the heat source and air in the
gap are measured in real time as shown in Fig. 4. Channels (ch) 0–3
represent the temperature variations of four thermocouples attached
on the heat source. The variations in the measurements of ch 0–3
are within 5◦C because of the difference in the amplification ratio of
the respective channel and the voltage vs temperature calibration of
thermocouples. To improve the accuracy of the measurements, the
measurements of ch 0–3 are averaged, and the averaged measure-
ment is presented in Fig. 4. Ch4 represents the ambient temperature
that remains constant throughout the experiment. Ch 5–7 show the
temperature variations of air in a gap of 12 mm. Ch5 is located
3 mm above the center of the ultrasonic vibrator. Ch6 is 6 mm, and
ch7 is 9 mm above the center of the ultrasonic vibrator. Four watts
of power, which is maximum power available for the current ex-
perimental setup, is supplied to the resistor in the heat source. The
temperature of heat source reaches a steady-state temperature of
163◦C in 30 min. Ultrasonic vibration is excited at t = 100 s after
the acquisition of the measurements begins with the power to the
heat source unchanged and removed at t = 500 s. Temperature of
the heat source instantly starts to decrease with ultrasonic vibration
and increase as the ultrasonic vibration is removed. A temperature
drop of 62◦C is achieved in 5 min. Among ch5–7 that represent the
temperature variation of air in the gap, ch7 shows the largest tem-
perature prior to ultrasonic vibration excitation because it is located
closest to the heat source. The temperatures measured by ch7 dras-
tically diminish at the excitation of the ultrasonic vibration and re-
main within a band of 10◦C fluctuations. Distribution of the acoustic
streaming velocity is not uniform along the gap, and the temperature

Fig. 4 Temperature vs time without and with ultrasonic vibration.

Fig. 5 Temperature vs gap without and with ultrasonic vibration.

drop by acoustic streaming is proportional to the acoustic stream-
ing velocity. It appears that the region in the close vicinity of ch7
has a higher acoustic streaming velocity than the region near ch6
because ch6 has high temperature than ch7, although ch6 is farther
from the heat source than ch7. A slight increase in the temperature
with ultrasonic vibration is observed for ch5 because of the decline
of the intensity of acoustic streaming velocity, and the self-induced
heat of ultrasonic vibrator. Near-boundary acoustic streaming stems
from the interaction of the radiating sound wave with the physical
boundaries. The acoustic streaming velocity decreases as the dis-
tance from the physical boundary decreases. Moreover, ultrasonic
vibration makes the temperature of the surface of the vibrator grow.
As a result, significant heat transfer enhancement is not achieved in
the close vicinity of the ultrasonic vibrator.

Effect of Gap on the Temperature Drop of Heat Source
The dependence of temperature drop on the gap between the

ultrasonic vibrator and heat source is investigated. An experi-
ment is performed in accordance with the procedures detailed in
the Experimental Setup section, and results are shown in Fig. 5.
Square symbols represent the steady-state temperature of the heat
source before the ultrasonic vibration is induced. Diamond sym-
bols represent the temperature of the heat source 5 min after the
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ultrasonic vibration is excited. Circle symbols show the difference
between the temperature with ultrasonic vibration and without ul-
trasonic vibration. The temperature drop caused by ultrasonic vi-
bration shows strong dependence on the gap and is maximized
when the gap coincides with the multiple of 6 mm that is the half-
wavelength of the radiating ultrasonic wave. This phenomenon is
attributed to the resonance effect of the ultrasonic wave. The detailed
theoretical analysis is performed in the Theoretical Background
section.

It is well known that conventional fan-based cooling method pro-
duces a temperature drop proportional to the distance between the
heat source and the fan. However, for cooling using acoustic stream-
ing there exist optimum gaps producing increased heat dissipation
as shown in Fig. 5 in which a gap of 6 mm produces temperature
drop equivalent to a gap of 12 mm and a gap of 36 mm induces a
temperature drop greater than gaps of 8 and 10 mm. It is shown that
as the gap increases beyond 18 mm the temperature drop obtained
tapers off, although the gap is the multiple of half-wavelength. This
is because of a decrease in the intensity of ultrasonic waves caused
by propagation loss of the wave. Therefore, it is concluded that the
optimum gaps are half-wavelength and one full wavelength, con-
sidering the propagation loss.

Temperature Distribution in the Gap
To investigate temperature distribution in the gap, temperature

along the radius and the gap is measured. With a gap of 24 mm,
four thermocouples are located 21 mm above the ultrasonic vibra-
tor. The orientation of four thermocouples is as follows: the first
one at r = the center of the heat source and z = 21 mm, the sec-
ond one at r = R/3 and z = 21 mm, the third one at r = 2R/3 and
z = 21 mm, and the last one at r = R and z = 21 mm. Temperature
variations with and without ultrasonic vibration are measured fol-
lowing the same procedures described in the preceding subsection.
Results are shown in Fig. 6. Measurements without ultrasonic vibra-
tion marked in square symbols show no variations of temperature
along the radius except at r = R, where the effect of natural con-
vection offsets heat generated by the heat source, resulting in slight
increase in temperature compared to ambient temperature (22◦C).
Temperature instantly drops to 30◦C with ultrasonic vibration ex-
cited. The temperature variations along the radius are found to be
negligible, which indirectly indicate that airflow induced by acous-
tic streaming is not confined in the specific region in the gap but
considerably uniform along the radius.

To investigate the region affected by acoustic streaming in the gap
along the z direction, the location of four thermocouples is lowered
to 21, 18, 15, and 6 mm with the orientation along the r direction

Fig. 6 Temperature vs radius without and with ultrasonic vibration.

Fig. 7 Temperature drop vs radius with four different z locations
at H = 24 mm.

Fig. 8 Temperature drop vs radius with two different z locations
at H = 12 mm.

unchanged. Figure 7 shows a temperature drop produced by acoustic
streaming. As the distance from the heat source increases, temper-
ature drop drastically declines, and heat transfer caused by acoustic
streaming is not observed when z is below 18 mm. A similar exper-
iment is performed with a gap of 12 mm and z = 3, 6, and 11 mm.
With z-coordinate value below 6 mm, cooling by acoustic streaming
is not observed. Figure 8 shows a temperature drop with z = 6 and
11 mm.

From this experiment it is concluded that temperature drop along
the radius is uniform except the edge of the heat source and that
the intensity of acoustic streaming significantly decreases as the
distance from the surface of the heat source increases in the z direc-
tion, which is inferred from the drastic decline of the temperature
drop. For the experiment with gaps of 12 and 24 mm, the threshold
distance, in which significant increase in heat transfer is obtained
as a result of acoustic streaming, is found to be 6 mm from the heat
source.

Effect of the Acoustic Streaming on Heat Transfer
To predict the cooling performance of the proposed system, an

extensive study into the nature of heat transfer for the experimen-
tal setup shown in Fig. 1 is necessary. The effect of heat trans-
fer enhancement by acoustic streaming between two parallel solid
walls kept at different temperatures is analyzed in the preceding sec-
tion. It is shown that forced airflow increases the rate at which the
heat energy dissipates. Because the fluid velocity caused by acous-
tic streaming is much smaller than that of sound, the flow can be
modeled as incompressible. In addition, owing to a relatively small
convection velocity, the flow can be regarded as laminar. The buoy-
ance force can be neglected because of the dominance of forced
convection.
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Mean Nusselt number, which is defined as Nu = hL/k where
h is heat transfer coefficient by convection measured from the
experimental data using Newton’s cooling law(Q = h A�T ) with
�T (= Theat source − Tambient), Qheat input, Asurface area of heat source, k is
thermal conductivity of the fluid, and L is characteristic length of
the resonating surface, characterizes the heat transfer enhancement
by acoustic streaming. The dependence of Nusselt number on the
magnitude of the gap and the local positions (r and z direction) in
the gap is analyzed.

The effect on heat transfer of the magnitude of the gap between
the walls is presented in Fig. 9. It reveals that the variation of Nusselt
number caused by the acoustic streaming shows strong dependence
on the gap and Nusselt number is found to be a maximum when the
gap agrees with the multiple of 6 mm. It is also obvious that there
should exist the appropriate gaps for optimum design of the cooling
system. Figure 9 also shows a trend similar to the temperature drop
as in Fig. 5. A plot of Nusselt number as a function of H in Fig.
9 indicates a nonlinear relationship that can be fitted well with a
power-law correlation.

It is shown that in Figs. 7 and 8 the local temperature drop from
the heat source near the stationary surface is significantly higher
than that obtained at locations near the oscillating surface. To in-
vestigate the effect of the local positions (r and z) on the local heat

Fig. 9 Nusselt number vs gap (H) without and with ultrasonic
vibration.

Fig. 10 Nusselt number vs z locations with three different r locations
at H = 12 mm.

Fig. 11 Nusselt number vs r locations with two different z locations
at H = 12 mm.

transfer, local Nusselt numbers are calculated for different r po-
sitions (r = 0, R/3, 2R/3) and z positions (z = 3, 6, 11 mm with
H = 12 mm). Figure 10 presents the heat transfer results as a func-
tion of z position with respect to the three different r positions.
Relative Nusselt number, which is defined as the ratio of Nusselt
number with vibration to that without vibration, gradually decreases
with increase in z position. It is evident that the variation of the po-
sitions in the separation gap has a distinct influence on the local
Nusselt number. Also, with increases in r position the heat transfer
rate remains unchanged as shown in Fig. 11.

Conclusions
Real-time measurements of temperature offer an opportunity to

better grasp the nature of acoustic streaming in the gap. Exponen-
tial decay of temperature in the heat source is observed at the ex-
citation of ultrasonic vibration. Also, strong convective airflow in-
duced by acoustic streaming causes a stepwise temperature drop
of air in the close proximity of the heat source. With a vibration
amplitude of 50 µm at 30 kHz, a temperature drop of 60◦C is
achieved.

The intensity of acoustic streaming induced by longitudinal ul-
trasonic vibration is found to have strong dependence on the gap
between the vibrator and heat source. This phenomenon is not ob-
served with flexural ultrasonic vibration.2 Analytic analysis proves
that resonance of ultrasonic wave significantly increases acoustic
streaming velocity. Increase in acoustic streaming velocity is in-
ferred measuring the temperature drop of the heat source. Both
experiment and analytic analysis indicate that optimum gaps are
the multiple of half-wavelength. Considering the propagation loss
of ultrasonic wave, practically applicable optimum gaps corre-
spond to half-wavelength, one full wavelength, and one-and-half
wavelength.

Measurements of the temperature distribution in the gap indicate
that temperature variations along the radius are insignificant when
acoustic streaming is induced, but drastic temperature variations in
the direction normal to the vibrating surface occur. The source of
acoustic streaming is friction between the physical boundary and
high-intensity propagating wave. Inner acoustic streaming velocity
induced by friction is used as slip velocity to estimate outer acous-
tic streaming velocity. As a result, at increasing distance from the
heat source the acoustic streaming velocity declines. The thresh-
old distance in which significant convective heat transfer caused by
acoustic streaming is observed is found to be 6 mm from the heat
source for the gaps of 12 and 24 mm.

The local Nusselt number is calculated to characterize the heat
transfer enhancement by acoustic streaming. The dependence of
Nusselt number on the local positions (r and z direction) in the
gap and the separation distance between the walls is analyzed ac-
cording to the experimental observation. An important optimization
design problem is to determine the optimum separation distance be-
tween the walls to maximize the convective cooling of the heated
plate.
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