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We study acoustic streaming in liquids driven by a nondissipative acoustic body force created by light-
induced temperature gradients. This thermoacoustic streaming produces a velocity amplitude nearly 100
times higher than the boundary-driven Rayleigh streaming and the Rayleigh-Bénard convection at a
temperature gradient of 10 K=mm in the channel. The Rayleigh streaming is altered by the acoustic body
force at a temperature gradient of only 0.5 K=mm. The thermoacoustic streaming allows for modular flow
control and enhanced heat transfer at the microscale. Our study provides the groundwork for studying
microscale acoustic streaming coupled with temperature fields.
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Acoustic streaming describes the steady time-averaged
fluid motion that takes place when acoustic waves propa-
gate in viscous fluids. The streaming flow is driven by a
nonzero divergence in the time-averaged acoustic momen-
tum-flux-density tensor [1]. Conventionally, in a homo-
geneous fluid, this nonzero divergence arises from two
dissipation mechanisms of acoustic energy. The first case is
the boundary-driven Rayleigh streaming [2], in which
acoustic energy is dissipated in viscous boundary layers
where the velocity of the oscillating fluid changes to match
the surface velocity of the channel walls [3,4] or of the
suspended objects [5–8]. The resulting stress drives the
flow [9], typically observed in standing wave fields in
systems of a size comparable to the wavelength [10]. The
second type of streaming, quartz wind or bulk-driven
Eckart streaming [11], is driven by gradients induced by
high acoustic wave attenuation typically associated with
high-frequency traveling waves [11–13]. Both cases have
been extensively studied, and the phenomenon of acoustic
streaming continues to attract attention due to its impor-
tance related to medical ultrasound [14–17], thermoacous-
tic engines [18,19], acoustic levitation [7,20], manipulation
of particles and cells in microscale acoustofluidics [21–28],
and control of streaming by the shape of the walls [29,30].
Recently, we discovered that boundary-driven streaming

can be significantly suppressed in inhomogeneous media
formed by solute molecules [31,32]. This suppression is
attributed to the acoustic body force f ac, which originates
from the nonzero divergence in the time-averaged momen-
tum-flux-density tensor induced by gradients in density and
compressibility in the fluids [33,34] and competes with the
boundary-layer stress. The streaming rolls are confined to
narrow regions near the channel walls, before the inho-
mogeneity is smeared out by diffusion and advection of
the solute. This effect enables acoustic manipulation of

submicrometer particles [35], such as bacteria [36], and
trapping of hot plasma in gases [37].
In this Letter, we investigate microscale acoustic stream-

ing in a liquid, in which the temperature-dependent
compressibility and density have been made inhomo-
geneous by introducing a steady temperature gradient.
We generate this gradient by light irradiation and absorp-
tion, and subsequently measure the streaming driven by the
temperature-gradient-induced acoustic body force and call
it thermoacoustic streaming. Using our newly developed
model for thermovisocus acoustofluidics [38], the exper-
imental results are validated and the mechanisms respon-
sible for the thermoacoustic streaming are explained.
Our main findings are (i) the thermoacoustic streaming

begins to disturb the boundary-driven Rayleigh streaming
for a temperature gradient as small as 0.5 K=mm, resulting
in streaming rolls with complex three-dimensional (3D)
patterns. (ii) For a temperature gradient of 10 K=mm, the
thermoacoustic streaming velocity is nearly 100 times
higher than that of the boundary-driven Rayleigh streaming
and of the Rayleigh-Bénard convection. (iii) In contrast to
other types of acoustic streaming, the mechanism driving
the thermoacoustic streaming is nondissipative.
The thermoacoustic streaming is of considerable funda-

mental relevance to a broad community of researchers
working in nonlinear acoustics, thermoacoustics, micro-
scale acoustofluidics, as well as heat transfer. For a
microsystem, the advective streaming flow is remarkably
high compared to the rate of thermal diffusion, and with a
Péclet number Pe ≈ 1, heat transfer is strongly enhanced.
Further, our findings pave the way for transient or steady
control of the streaming through modulations of the
temperature field or the acoustic field.
Experimental method.—The experiments were per-

formed using a long straight microchannel of width
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W ¼ 760 μm and height H ¼ 370 μm in a glass-silicon-
glass chip with a piezoelectric transducer glued on. The
temperature gradient inside the channel was generated by
directing the focused light from a 470-nm light-emitting
diode (LED) through water containing a dilute dye solution
(0.1 wt% Orange G) that has an overlapping absorption
peak with the LED, see Fig. 1. We measured that 99% of
the LED light was absorbed in the liquid. The transducer
was run with an input power of 88 mW at 953 kHz,
resulting in a standing half wave across the width with an
acoustic energy density Eac ¼ 9.24 J=m3 measured as in
Ref. [32]. The induced streaming was measured using the
general defocusing particle tracking technique [39–41] at 5
to 60 fps with 1.1 μm-diameter polystyrene tracer particles
(red fluorescence), well below the critical diameter of
2.9 μm that marks the cross-over to where streaming drag
becomes the dominant force [35]. Green LED light passes
through a band-pass filter (525–550 nm) and excites the
tracer particles. It is barely absorbed by the dye and hence
does not affect the temperature in the channel. The
measurements under each condition were repeated 13 to
27 times and recorded in 7800 to 40 500 frames to improve
the statistics. The temperature field around the channel
midheight plane was imaged using temperature-sensitive
fluorescent dye (Rhodamine B); see the Supplemental
Material [42].
Numerical model.—The model is the effective pressure

acoustics model of Ref. [38], which includes thermoviscous

boundary layers and enables 3D simulations of thermovis-
cous acoustofluidic devices. To simulate the long glass-
silicon-glass chip, symmetry planes are exploited to only
simulate a quarter of the chip. Furthermore, the perfectly
matched layer technique [53] is used to avoid simulating the
entire length of the chip. The solver consists of three steps:
(i) Computing the temperature field T0 induced by the LED
with an amplitude set to match the observed temperature
gradients, (ii) computing the acoustic displacement u1 in the
solid and the pressure p1 in the fluid due to an actuation on
the glass, and (iii) computing the resulting acoustic streaming
field v2. The heating from the LED is modeled with no
absorption in the glass and an absorption parameter in the
fluid selected to absorb 99% of the light passing through the
chip as measured in the experiment. The model is based on
perturbation theory, but the highest streaming velocities
recorded in the experiments are found to be at the limit of
the validity of the model, because there the thermoacoustic
streaming begins to alter the temperature field T0. For more
details on the numerical model see the Supplemental
Material [42]. Because the inherent difficulty in measuring
the energy density Eac at high streaming velocities when
temperature gradients are present, theEac used in simulations
is obtained by matching the experimental streaming velocity
amplitude for each temperature gradient.
Results and discussion.—When both acoustics and

temperature gradients are present, the streaming flow
exhibits a complex 3D pattern. An example is shown in
Figs. 2(a)–2(e), corresponding to a temperature difference
ΔT0 ¼ 3.71 K across the channel of width W ¼ 760 μm,
equivalent to a gradient G ¼ 2ΔT0=W ¼ 9.76 K=mm.
Here, two counterrotating deformed cylindrical streaming
flow rolls appear, whirling with a velocity amplitude jv2j ¼
1074 μm=s around the pair of curved white centerlines
shown in Figs. 2(b) and 2(d). This velocity amplitude is
about 77 and 87 times higher than that of the boundary-
driven Rayleigh streaming and the Rayleigh-Bénard con-
vection, respectively, under the same driving conditions
(see Supplemental Material [42]).
The generation of this fast streaming can be explained by

the acoustic body force f ac spawned by the temperature
field induced by the blue LED. In this experiment, the light
heats the fluid from beneath, while the silicon layer
efficiently transports the heat away, thus cooling the sides
of the channel. Temperature gradients are therefore induced
in all directions: In the x-y plane by the Gaussian profile of
the light intensity and by the cooling from the silicon
sidewalls, and in the z direction by light absorption
following the Beer-Lambert law. The resulting temperature
field is highest at the center of the channel bottom, as
shown by the measured and simulated temperature fields in
the horizontal x-y plane around channel mid-height z ¼
0 μm in Fig. 2(f), and by the simulated temperature field
in the vertical y-z cross section at x ¼ 0 μm in Fig. 2(g).
The acoustic body force f ac depends on the gradients in

FIG. 1. Sketch of the acoustofluidic silicon chip (light gray)
sandwiched between two glass layers (white) that allows optical
transparency for both heating and particle tracking. The light
emitted from a blue LED below the chip is absorbed by the
aqueous dye solution and a temperature gradient forms from low
(orange) to high (yellow) temperature in the channel. The
piezoelectric transducer (PZT, dark brown) excites the resonant
half-wave pressure field p1 (purple) at 953 kHz. A green LED
shines light from above to excite red fluorescent light from the
tracer particles, which allows for optical recording of the tracer
bead motion in a part of length L ¼ 1300 μm of the channel of
width W ¼ 760 μm and height H ¼ 370 μm.
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compressibility and density, the acoustic pressure p1,
and the acoustic velocity v1 [33]. When the inhomogene-
ities are created by a temperature field, f ac can be
expressed as,

f ac ¼ −
1

4
jp1j2∇κs;0 −

1

4
jv1j2∇ρ0

¼ −
1

4

�
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�∂ρ
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�
T0

�
∇T0: ð1Þ

Three factors determine the action of f ac on the fluid.
(i) Both the compressibility and density decrease with
temperature, thus f ac points towards the high temperature
region, here the center of the channel heated by the
LED. (ii) At room temperature, κsjp1j2 ≈ ρjv1j2 and
1=κsj∂Tκsj ≫ 1=ρj∂Tρj, so f ac is dominated by the jp1j2
compressibility term and thus is strongest at the pressure
antinodes at the sides of the channel. (iii) As shown in

Fig. 2(g), the temperature gradient is larger at the bottom
than at the top of the channel, resulting in a stronger f ac at
the bottom. Consequently, in the bottom part of the LED
spot, f ac pushes the fluid horizontally inward to the vertical
x-z center plane at y ¼ 0 and by mass conservation lets it
escape outward along the axial x direction and upward
along the vertical z direction. The resulting streaming flow
contains the two aforementioned deformed cylindrical flow
rolls, which when projected onto horizontal and vertical
planes appear as the four horizontal streaming rolls in
Figs. 2(a)–2(c) strongest in the center plane z ¼ 0, and as
the two vertical streaming rolls in Fig. 2(d).
The thermoacoustic streaming is more than one order of

magnitude faster than the boundary-driven Rayleigh
streaming. It is mainly due to the nondissipative f ac, a
mechanism fundamentally different from the dissipation
mechanism of the conventional forms of acoustic stream-
ing. Moreover, the fast thermoacoustic streaming is sta-
tionary, because it is driven by the PZT transducer and the

FIG. 2. (a)–(e) The measured (exp, left half) and simulated (sim, right half) streaming flow for G ¼ 9.76 K=mm (ΔT0 ¼ 3.71 K
across the channel width W), averaged in the indicated intervals (midposition � half-width) normal to the triplets of horizontal x-y
planes and vertical x-z and y-z planes. The vector plot (magenta) in a given plane is the in-plane velocity and the color plot is its
magnitude from 0 (dark blue) to 1042 μm=s (yellow). The simulation is performed at Eac ¼ 23 J=m3. Spatial bins with no experimental
data are excluded (gray). The pair of curved white lines in (b) and (d) represents the centerlines of the two counterrotating deformed
cylindrical streaming flow rolls. The two line-plot insets show the measured (purple) and the simulated (green) x (or y) component vx2 (or
vy2) of the velocity along the red lines. (f) Color plot from 25.0°C (black) to 30.1°C (white) of the measured and simulated temperature T0

in the horizontal x-y plane around z ¼ 0; see more details in the Supplemental Material [42]. The regions where the fluorescence
intensity is affected by the channel sidewalls are excluded (gray). (g) T0 as in panel (f) but for the vertical y-z plane at x ¼ 0; here, no
experimental data are available.
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LED light kept in steady state. In contrast, as shown in
our previous studies [33,54], the streaming driven by
an inhomogeneous distribution of solute molecules is
unsteady, and it is fast only during the short initial
transient advection-dominated relocation of solute mole-
cules. In the subsequent long-lasting phase, where the
solute concentration gradients are smeared out by diffu-
sion, the streaming is strongly suppressed in the bulk
[31,32], and the boundary-driven streaming anywhere in
this system is much slower than the fast thermoacoustic
streaming.
The transition from boundary-driven Rayleigh streaming

to thermoacoustic streaming is studied in the vertical y − z
cross section (−100 μm < x < 100 μm) by gradually
increasing the output power of the LED. Following
Refs. [31,32], we quantify the streaming evolution by
the vortex size Δ, defined as the average of the distance
from the center of each of the two upper flow rolls to the
channel ceiling at z ¼ 1

2
H. Figure 3 shows that for a zero

temperature gradient G ¼ 0, the streaming is governed
by the four conventional boundary-driven Rayleigh stream-
ing rolls, whereas at a high gradient G ≈ 3.6 K=mm
(ΔT0 ¼ 1.36 K), only two big temperature-gradient-
induced streaming rolls are present, driven by the relatively
large f ac and occupying the whole channel cross section.
In transitioning from the former to the latter situation, the
two top Rayleigh flow rolls appear to expand downwards
squeezing the bottom rolls against the channel floor at
z ¼ − 1

2
H. This phenomenon can be explained by the fact

that the two top (bottom) Rayleigh flow rolls have the same
(opposite) rotation direction as the two temperature-gra-
dient-induced streaming rolls. Already at G ¼ 0.5 K=mm
(ΔT0 ¼ 0.17 K), f ac is large enough to distort the four-
flow-roll Rayleigh streaming pattern. When ΔT0 further
increases, the two-flow-roll thermoacoustic streaming pat-
tern dominates, and eventually remains unchanged, while

the velocity amplitude increases almost linearly for the
investigated range, see Fig. 3(b).
The observation that thermoacoustic streaming occurs

already at temperature gradients below 0.5 K=mm calls
for caution when combining acoustofluidic devices with
optical systems. For an absorbing liquid, the light in a
standard microscope is enough to induce strong velocity
fields that may interfere with the study object. While we
did not record the transient buildup of the streaming
field upon activating the light, it can be noted that the
development of the temperature field, and thus the stream-
ing field, occurs within a few hundred milliseconds at
the studied length scale, which enables rapid spatiotem-
poral modulation of local streaming fields through fast
reconfigurable optical fields. Further, the induced
streaming velocity is high enough to match the thermal
diffusion time and thereby impact the heat transfer in the
structure.
Conclusion.—This Letter describes a comprehensive

experimental and numerical study of the thermoacoustic
streaming in liquids induced by temperature gradients
generated by light absorption in a microchannel. We have
obtained a good match between measured and simulated
velocity fields in three dimensions. As summarized by the
main findings (i)–(iii) in the Introduction, the thermoa-
coustic streaming, driven by the nondissipative acoustic
body force, has a markedly different origin than that of
the conventional acoustic streaming associated with energy
dissipation. Moreover, it reaches much higher velocity
amplitudes compared to the boundary-driven Rayleigh
streaming and the Rayleigh-Bénard convection under
comparable conditions. The acoustic body force relies on
the acoustic field and the gradients in compressibility and
density, analogous to the driving force of the classical
Rayleigh-Bénard convection relying on the gravitational
field and the gradient in density.

FIG. 3. (a) Measured (exp, left half) and simulated (sim, right half) in-plane streaming velocity vyz2 (magenta vectors) and its magnitude
jvyz2 j from 0 (dark blue) to its maximum (yellow) in the vertical y-z plane averaged over the vertical slab x ¼ ð0� 100Þ μm for six
temperature differences across the channel ranging from ΔT0 ¼ 0 to 3.71 K. Also shown is the vortex size Δ (red). Simulations are
performed with the energy density Eac for which jvyz2 j matches the experimental one under each ΔT0. Spatial bins with no experimental
data points are excluded (gray). (b) Simulated (lines) and measured (points) vortex size Δ (red) and the z component of the streaming
velocity jvz2j (blue) versus ΔT0. The light blue region represents the simulated jvz2j for Eac ranging from 9.24 (lower bound) to 23 J=m3

(upper bound) with a reference (blue line) obtained at Eac ¼ 18 J=m3.
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By including the temperature dependence of both den-
sity and compressibility in this work through our theory in
Ref. [38], our analysis of thermoacoustic streaming in
terms of the acoustic body force is valid for both liquids
and gases. Thus, we have extended previous related work
on gases, where compressibility effects are unimportant and
therefore neglected [19,55–62].
This study is fundamental in scope, but also demon-

strates a method with a clear potential for controlling local
flows spatiotemporally in microchannels. Further, we high-
light important implications of this phenomenon relating to
heat transfer and integration of optical fields with micro-
scale acoustofluidic devices.
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temperature fields on acoustic streaming structures in
resonators, J. Acoust. Soc. Am. 141, 4418 (2017).

[58] G. Michel and G. P. Chini, Strong wave–mean-flow cou-
pling in baroclinic acoustic streaming, J. Fluid Mech. 858,
536 (2019).

[59] R. Fand and J. Kaye, Acoustic streaming near a heated
cylinder, J. Acoust. Soc. Am. 32, 579 (1960).

[60] M.W. Thompson and A. A. Atchley, Simultaneous meas-
urement of acoustic and streaming velocities in a standing
wave using laser doppler anemometry, J. Acoust. Soc. Am.
117, 1828 (2005).

[61] M.W. Thompson, A. A. Atchley, and M. J. Maccarone,
Influences of a temperature gradient and fluid inertia on
acoustic streaming in a standing wave, J. Acoust. Soc. Am.
117, 1839 (2005).

[62] M. Nabavi, K. Siddiqui, and J. Dargahi, Effects of trans-
verse temperature gradient on acoustic and streaming
velocity fields in a resonant cavity, Appl. Phys. Lett. 93,
051902 (2008).

PHYSICAL REVIEW LETTERS 127, 064501 (2021)

064501-6

https://doi.org/10.1039/C6LC01142J
https://doi.org/10.1039/C4LC00191E
https://doi.org/10.1103/PhysRevLett.124.214501
https://doi.org/10.1103/PhysRevLett.124.214501
https://doi.org/10.1103/PhysRevLett.120.054501
https://doi.org/10.1103/PhysRevApplied.11.024018
https://doi.org/10.1103/PhysRevApplied.11.024018
https://doi.org/10.1103/PhysRevLett.117.114504
https://doi.org/10.1038/ncomms11556
https://doi.org/10.1038/ncomms11556
https://doi.org/10.1103/PhysRevE.102.013108
https://doi.org/10.1103/PhysRevE.102.013108
https://doi.org/10.1038/s41598-020-60338-2
https://doi.org/10.1038/s41598-020-60338-2
https://doi.org/10.1103/PhysRevE.98.043103
https://doi.org/10.1121/10.0005005
https://doi.org/10.1039/C5LC00562K
https://doi.org/10.1007/s00348-020-2937-5
https://doi.org/10.1007/s00348-020-2937-5
https://doi.org/10.1088/1361-6501/abad71
https://doi.org/10.1088/1361-6501/abad71
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.064501
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.064501
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.064501
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.064501
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.064501
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.064501
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.064501
https://doi.org/10.1016/0022-2313(82)90045-X
https://doi.org/10.1016/0022-2313(82)90045-X
https://doi.org/10.1016/0584-8539(86)80095-2
https://doi.org/10.1007/s00193-011-0338-7
https://doi.org/10.1007/s00193-011-0338-7
https://doi.org/10.1364/AO.46.001819
https://doi.org/10.3934/Math.2019.1.99
https://doi.org/10.1103/PhysRevApplied.8.024020
https://doi.org/10.1103/PhysRevApplied.8.024020
https://doi.org/10.1364/AO.10.002775
https://doi.org/10.1039/c2lc40612h
https://doi.org/10.1017/jfm.2017.178
https://doi.org/10.1017/jfm.2017.178
https://doi.org/10.1121/1.5049579
https://doi.org/10.1016/j.jcp.2006.09.018
https://doi.org/10.1103/PhysRevApplied.7.034017
https://doi.org/10.1103/PhysRevApplied.7.034017
https://doi.org/10.1016/j.ijheatmasstransfer.2010.07.028
https://doi.org/10.1016/j.ijheatmasstransfer.2010.07.028
https://doi.org/10.1017/jfm.2014.61
https://doi.org/10.1121/1.4985386
https://doi.org/10.1017/jfm.2018.785
https://doi.org/10.1017/jfm.2018.785
https://doi.org/10.1121/1.1908151
https://doi.org/10.1121/1.1861233
https://doi.org/10.1121/1.1861233
https://doi.org/10.1121/1.1859992
https://doi.org/10.1121/1.1859992
https://doi.org/10.1063/1.2960576
https://doi.org/10.1063/1.2960576

