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Gigahertz acoustic streaming microjets, with the capability of achieving fluid speeds up to meters
per second, open new avenues for precision fluid and particle manipulation at microscales. However,
theoretical and numerical investigations of acoustic streaming at these frequencies remain relatively
scarce due to significant challenges including: (i) The inappropriateness of classical approaches,
rooted in asymptotic development, for addressing high-speed streaming with flow velocities compa-
rable to the acoustic velocity, and (ii) the numerical cost of direct numerical simulations generally
considered as prohibitive. In this paper, we investigate high-frequency bulk acoustic streaming us-
ing high-order finite difference direct numerical simulations. First, we demonstrate that high-speed
micrometric jets of several meters per second can only be obtained at high frequencies, due to
diffraction limits. Second, we establish that the maximum jet streaming speed at a a given actua-
tion power scales with the frequency to the power of 3/2 in the low attenuation limit and linearly
with the frequency for strongly attenuated waves. Lastly, our analysis of transient regimes reveals a
dramatic reduction in the time required to reach the maximum velocity as the frequency increases,
following a power-law relationship of -5/2. This phenomenon results in remarkable accelerations
within the Mega-g range at gigahertz frequencies.

I. INTRODUCTION

Gigahertz (GHz) streaming is receiving increasing in-
terest, thanks to the emergence of mature advanced tech-
nologies for generating acoustic waves at these frequen-
cies and the myriad possibilities offered by high-speed
micrometric jets for fluid and particle manipulation [1].

Acoustic waves in the GHz range can be generated us-
ing various techniques, including Surface Acoustic Waves
(SAWs), Lamb Waves (LW), or Bulk Waves (BW) res-
onators. High-frequency SAWs can be synthesized on the
surface of piezoelectric crystals using miniaturized Inter-
digital Transducers (IDTs) [2]. In this case, acoustic en-
ergy remains localized at the substrate’s surface, so that
the use of thin films is not required. Shilton et al. demon-
strated fluid actuation at GHz frequencies using SAWs in
2014 to achieve mixing in nanoliter droplets [3]. In the
same year, Dentry et al. studied streaming jets generated
by SAWs for frequencies up to 936 MHz [4]. Additionally,
Collins et al. reported highly localized acoustic stream-
ing vortices in microchannels generated by focused IDTs
at frequencies approaching the GHz range (636 MHz) [5].

Generating high-frequency Lamb waves requires more
advanced technologies due to the following factors: (i)
The thickness of the piezoelectric layer used for wave
synthesis must be on the order of or smaller than the
wavelength to generate flexural or extensional modes,
necessitating the use of thin films. (ii) To prevent the
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transmission of wave energy, the transducer must be iso-
lated from its support. Consequently, high-frequency
Lamb waves are typically synthesized using Lamb Wave
Contour Mode Resonators (CMR), comprising a thin
suspended piezoelectric film actuated with IDTs. High
frequency CMRs have been introduced in the field of
Acoustofluidics by Duan et al. [6, 7]. But while they
can operate in the GHz range [8], their possibilities have
not been explored so far in this regime for fluid actuation.

Finally, GHz bulk wave resonators are created by ex-
citing longitudinal bulk modes in piezoelectric thin films
sandwiched between two electrodes. To minimize losses
in the supporting substrate, these resonators can either
be suspended, as in the Thin-Film Bulk Acoustic Wave
Resonator (FBAR) [9], implemented on a Bragg reflec-
tor to form Solid Mounted Resonators (SMR) [10], or
deposited on the underside of a thicker substrate, which
serves as a propagation medium and on top of which the
microfluidics setup is attached [11]. It’s worth noting
that in the latter case, focused waves have been gen-
erated at GHz frequencies using Fresnel-type patterned
electrodes, similar to the principle employed by Riaud et
al. [12] and Baudoin et al. [13] for synthesizing acoustical
vortices.

With these BW GHz setups, high-speed jets reaching
velocities of several meters per second, comparable to
the acoustic velocity, have been reported [14, 15]. These
high-speed jets have been effectively utilized for vari-
ous fluid manipulation tasks, including mixing [11, 16],
droplet dispensing [17], and concentration as well as ma-
nipulation of micro- and nano-particles [18–22] within
microfluidic setups. It’s important to note that, in con-
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trast to classical miniaturized tweezers based on stand-
ing waves [23, 24], acoustic vortices [12, 13, 25, 26], or
pulsed methods [27–30], which rely on the acoustic ra-
diation force, manipulation in this case is accomplished
using the Stokes drag induced by the jet [1]. The unique
capabilities offered by these GHz acoustic manipulation
techniques have paved the way for a new set of applica-
tions in biology, including controlled loading and release
of vesicles [31], modulation of neurite outgrowth [32], and
the manipulation of carbon dots to enhance bioimaging
and biosensing [33].

However, from a theoretical perspective, modeling
high-speed acoustic streaming at GHz frequencies re-
mains a challenging task because the streaming speed
can be of the same order as the acoustic speed, rendering
classical approaches based on asymptotic developments
invalid [34]. For instance, Duan et al. [15] employed
a steady-state vs. harmonic decomposition approach,
which, nevertheless, assumes that the steady-state com-
ponents are much smaller than the harmonic compo-
nents and is only suited for describing steady streaming.
Steckel & Bruus [35] modeled the entire problem of GHz
streaming synthesis with Aln thin films, but only within
the low-speed limit.

Since the early discussions by Stuart [36] and Lighthill
[37], there have been nevertheless various attempts to
address the low speed limitation of streaming model-
ing. Gusev & Rudenko [38] investigated quasi-one di-
mensional streaming, considering hydrodynamic nonlin-
earities. Subsequently, Moudjed et al. [39] employed a
time-scale discrimination approach, which segregates the
field between fluctuating and time-averaged fields, rem-
iniscent of the decomposition used in turbulence model-
ing. Using this approach, they derived scaling laws for
the characteristic velocity of streaming jets as a function
of applied power. Notably, Riaud et al. [40] adopted a
similar approach to develop a unified model that encom-
passes nonlinear wave propagation, acoustic streaming,
and radiation pressure, providing a simple expression for
the Eckart Streaming source term. However, these au-
thors simplified the acoustic streaming source term in
the low-speed limit. More recently, Orosco and Friend
[41] proposed an original approach involving both time
and spatial scale separation. Nevertheless, most of these
works (i) are confined to relatively ideal configurations,
(ii) lack comparison to direct numerical simulations or
precise characterization of experimental velocity profiles,
and (iii) have not been applied in the GHz range.

From a numerical perspective, the cost of Direct Nu-
merical Simulation (DNS) of bulk acoustic streaming is
generally considered prohibitive, and to the best of our
knowledge, no such simulations have been reported in the
literature so far.

In this paper, we employ a high-order finite differ-
ence code to perform direct numerical simulations of the
Navier-Stokes compressible equations and compute tran-
sient and steady acoustic streaming. The simulations
cover a wide range of parameters, including various trans-

ducer apertures and frequencies. Firstly, these simula-
tions reveal that high-speed micrometric jets of several
meters per second can only be achieved at high frequen-
cies due to diffraction limitations. Secondly, the numeri-
cal simulations indicate that the scaling of jet speed with
frequency transitions from a 3/2 power law to a linear
power law as the attenuation length becomes compara-
ble to the surrounding cavity, a trend rationalized with
scale analysis. Finally, we leverage the unique opportu-
nity presented by direct numerical simulations to inves-
tigate the transient development of acoustic streaming.
This transient analysis demonstrates that at GHz fre-
quencies, maximum velocities of up to tens of meters per
second are reached in just a few microseconds, result-
ing in tremendous accelerations on the order of 106 g
(Mega-g). The physical insights provided by these nu-
merical simulations establish a solid foundation for the
development of appropriate theories for high-frequency
streaming.

II. NUMERICAL METHOD

FIG. 1. Sketch of the geometry of the simulated problem.
The piston has a radius equal to Rp.

The configuration studied here is represented on Fig.
1. A plane acoustic wave of limited aperture is generated
by a cylindrical vibrating piston inside a liquid (water)
initially at rest in a cylinder. The right end of the cylin-
der is open such that the flow is free to exit, while the
lateral wall and the wall surrounding the piston are con-
sidered as solid walls. To perform simulations over a large
range of frequencies, the dimensions of the simulation box
(cylinder) are taken proportional to the wavelength and
both the radius (Rcyl = 60λ) and length of the simu-
lation box (Lcyl = 100λ) are chosen to be much larger
than the acoustic source radius (Rp) to avoid interfer-
ence of the radiated wave and jet with the walls. We
consider piston radii Rp between 0.5λ and 8λ and a wide
frequency range varying from 37.5 Mhz to 3 Ghz. In all
calculations, the injected power Psource is kept constant,
leading to a piston displacement amplitude proportional
to Rp/λ, since the power is proportional to (vpRp)

2, vp
being the piston velocity amplitude. The absolute value
of Psource was chosen to reach streaming velocity of the
order of meters per second in the Ghz range in agreement
with experiments [14].
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The numerical approach consists of finite difference
direct numerical solution of the isentropic compressible
Navier-Stokes equations written in axisymmetric formu-
lation: 

∂ρ

∂t
+∇ · (ρv) = 0,

∂(ρv)

∂t
+∇ · (ρv ⊗ v) +∇p = ∇ · ¯̄τ,

(1)

with ρ is the density, v = (vr, vz) the velocity, p the pres-
sure, ¯̄τ the viscous tensor. The bulk viscosity µB is taken

into account, such that τ = 2µD+(µB− 2
3µ)∇·vI, where

µ is the shear viscosity, D = ∇
s
v the strain tensor, with

∇
s
v the symmetric part of the velocity gradient tensor.

Pressure and density are related by an isentropic equa-
tion of state of first order : p − p0 = c20(ρ − ρ0), with
c0 the speed of sound, the variables indexed 0 being the
initial values. For water, the following values are used :
ρ0 = 1000 kg m−3, c0 = 1500 m s−1, µ = 10−3 kg m−1

s−1, µB = 2.4 × 10−3 kg m−1 s−1. The system is oper-
ated at standard atmospheric pressure p0 = 101325 Pa.
A no slip Dirichlet boundary condition v = 0 is applied
on the lateral wall of the cylinder and around the piston.
The vibration of the piston is simulated by applying an
arbitrary Lagrangian-Eulerian (ALE) method [42] to the
grid portion surrounding the piston, and the correspond-
ing grid portion is moving and deformable. The free flow
in the outlet is simulated with a non reflecting bound-
ary condition that is well approximated by a Neuman
condition in our case (nearly plane wave).

System (1) is solved using an explicit high order fi-
nite difference scheme (named OSMP) that was devel-
oped in [43] for compressible non viscous flows, and later
extended for viscous flows (e.g. [44]). It uses upwind for-
mulae of order 7 for the convective terms, and centered
formulae of order 2 for the viscous terms. The scheme is
based on a coupled time and space (one-step) approach,
resulting in the same formal order of accuracy in time
and space for the convective part. The grid is Carte-
sian, uniform across the radius of the piston, stretched in
the radial direction above, and uniform in the axial direc-
tion. The acoustic wavelength is discretized using 20 grid
points per wavelength, that was proven to provide a suf-
ficient accuracy for a good representation of the acoustic
wave [45]. The scheme being explicit, the time step δt is
limited by the stability condition: δt

δxc0 = CFL ≤ 1, δx

being the size of the smallest cell. This gives T
δt = 1

CFL
λ
δx ,

where T = 1/f is the time period. In our calculations we
fixed CFL = 0.5, such that 40 time iterations per time
period were necessary. This results in a large number of
iterations (several hundreds of thousands time steps) to
reach steady streaming. Indeed, while the acoustic wave
is very rapidly established in the domain, the streaming
flow takes a much longer time to reach a steady state.
Since direct numerical simulations are performed, the
acoustic and streaming contributions are not naturally
separated. To differentiate them and analyse the results,

all variables φ are hence subsequently decomposed into
average and fluctuating values φ = φ + φ′, such that
the average value (corresponding to the streaming terms)
is calculated from a simple arithmetic average over an

acoustic time period of the variables φ = 1
T

∫ T
0
φ(t)dt and

the fluctuations (corresponding to the acoustic contribu-
tion) are simply obtained by subtracting the average field
from the total field φ′ = φ−φ. Note that since the field is
averaged over a single period, this definition is perfectly
compatible with the study of unsteady streaming.

III. DIFFRACTION INDUCED LIMITATIONS
FOR THE SYNTHESIS OF MICROJETS

A. Problem statement

A natural idea to synthesize micrometric jets with high
speed would be to concentrate the emitted power on a
source of reduced (micrometric) dimension. In this sec-
tion, we study how the streaming evolves as the radial
dimension of the source is decreased.

B. Results of the numerical simulations and
analysis

For this purpose, the frequency f is fixed (125 Mhz)
while the piston radius Rp is varied between 0.5λ and 8λ.
Figure 2 represents the isocontours of the modulus of the
streaming velocity field (left) and the acoustic velocity
field (right), for four values of Rp/λ (1,3,5,8). One can
observe that the streaming velocity (Fig. 2 left) is maxi-
mum in the vicinity of the axis in all cases. In addition:
(i) The highest velocities are localized in the vicinity of
the acoustic source in the case of Rp/λ = 1, and then are
shifted away from the source and spread along the axis
when Rp/λ increases. (ii) The streaming jet is more and
more concentrated around the axis as Rp/λ increases, as
can be seen in Fig. 3. Finally, (iii) the maximum stream-
ing velocity (|v| ≈ 0.34 m/s) is obtained for Rp/λ ∼ 3,
and decreases for smaller values of Rp/λ (Fig. 4).

All these effects result from an increase of the acous-
tic diffraction as Rp/λ decreases (Fig. 2, right). Indeed
diffraction (i) leads to the nearly cancellation, at a dis-
tance of a few wavelengths (for the smallest aperture)
of the acoustic signal and thus of the source term re-
sponsible for the jet generation, (ii) spreads the acoustic
signal and thus the streaming source terms laterally and
(iii) prevents the possibility to concentrate the acous-
tic energy by reducing the transducer dimension to pro-
duce high speed streaming. This cancellation of the
streaming source terms at a few wavelength away from
the source for the smallest aperture is clearly visible on
Fig. 5, which represents the dominant streaming source
term [39] v′zv

′
z along the axis, in log coordinates.

To understand the genesis of acoustic streaming in
these different configurations, it is also interesting to look
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FIG. 2. Isolines of the modulus of the mean streaming velocity field |v̄| (left) and acoustic velocity |v′| (right). From top to
bottom: Rp/λ = 1, 3, 5, 8, f = 125 Mhz.

FIG. 3. Ratio of the radius of the jet defined as the isocontour
corresponding to 20% (green solid line), 50% (blue dashed
line), 80% (red dash-dotted line) of the maximum streaming
velocity divided by Rp/λ, as a function of Rp/λ at f = 125
Mhz. The squares correspond to the numerical simulations
and the lines to interpolation of the numerical points.

at the temporal evolution of the streaming velocity along
the axis, for different values of Rp/λ, which is made pos-
sible by our direct numerical simulations (Fig. 6 and
movies M1 and M2). In this figure, all curves are spaced
by a constant time interval of 40000 time periods (corre-
sponding to 0.32 ms). This figure shows that the jet is
established in a different way for small and large values

FIG. 4. Maximum axial mean velocity as a function of the
dimensionless piston radius Rp/λ, f = 125 Mhz. The red
squares correspond the numerical simulations and the dashed
dotted line to an interpolation of the numerical points.

of Rp/λ. For small values (Rp/λ = 1), the maximum
velocity is rapidly reached near the acoustic source due
to the localization of the source terms, and the velocity
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FIG. 5. Source term v′zv′z along the axis, in log scale, for
Rp/λ = 1, 3, 5, 8, f = 125 Mhz.

field is then transported by advection and/or diffusion.
— Note that in these simulations the jet Reynolds num-
ber Re = ρUD/µ, with ρ the density of the fluid at rest,
U the jet characteristic velocity, D its diameter and µ the
dynamic viscosity is relatively constant and of the order
of Re ∼ 30, underlying that advection is expected to be
dominant over viscous diffusion. — For the largest value
(Rp/λ = 8), the velocity increases at approximately the
same rate all along the axis, mainly due to the source
term that is of the same order of magnitude everywhere.
The advection effect should also be significant in this
case, but the two phenomena are in this case entangled.

This section brings the conclusion that the only way
to obtain a high speed localized jet is to increase the fre-
quency to be able to concentrate laterally the streaming
source without increasing diffraction effects.

IV. FREQUENCY SCALING OF STREAMING
JETS

A. Problem statement

Following this idea, we will now study the evolution
of the acoustic streaming as a function of the actuation
frequency. For this purpose the piston radius is now fixed
to Rp = 2λ and the actuation frequency is varied from
37.5 Mhz to 3 Ghz.

B. Results of numerical simulations and analysis

Before delving unto the simulations, it is interest-
ing to compare the acoustic wave attenuation length

La =
2ρ0c

3
0

4π2f2( 4
3µ+µB)

with the simulation box length Lcyl

(Fig. 7). This figure shows, that below 300 MHz, the at-
tenuation length is larger than the box length Lcyl, while
above the attenuation length becomes smaller than the
box length.

The isocontours of the modulus of the streaming veloc-
ity field and the acoustic velocity field are represented on
Fig. 8 for four values of the frequency (75, 125, 500 and

2000 Mhz). This figure shows that the acoustic signal
is rapidly attenuated for the highest frequencies leading
to highly localized streaming source terms close to the
source and jet structures modified accordingly with the
highest speed in the close vicinity of the piston. The fact
that in the case Lcyl � La, the fluid is forced in the entire
domain while when Lcyl � La the streaming source is lo-
calized in the vicinity of the source, can be seen from the
plot of (i) the dominant streaming source term v′zv

′
z in

log scale along the central axis (Fig. 9) and (ii) the tem-
poral evolution of the average streaming velocity on the
central axis (Fig. 10). This last figure shows that while
the final velocity profile look relatively similar: (i) The
ratio between the max and min velocity (the latter be-
ing obtained at the exit section of the cylinder) increases
with the frequency due to the stronger localization of the
forcing at high frequency. And (ii) the fluid is first ac-
celerated close to the transducer over a distance ∼ La
and then convected to larger z at high frequency while at
lower frequencies, the fluid is accelerated simultaneously
all along the axis.

The 3 next figures summarize the interest of high fre-
quency sources to generate high speed microjets: (i) Fig.
11 shows that the maximum jet speed scales as f1.52

when f . 1 GHz, this dependence falling to linear when
f & 1.5 GHz. This tendency will be explained in the next
section with dimensional analysis. This means that in-
creasing the frequency enables to increase the jet speed.
(ii) The radius of the jet (defined here as the radius of the
isocontour corresponding |v|/|vmax| = 0.8 scales as f−1.2

and thus almost as λ for all frequency range (see Fig. 12).
This can be simply explained by the fact that here the
ratio between the source radius and the wavelength Rp/λ
is taken as constant, and hence the diffraction is not lim-
iting the scale reduction of the streaming jet, which is
therefore proportional to the source radius.

C. Frequency scaling: a dimensional analysis

Before producing a frequency scale analysis, it is in-
teresting to study the evolution of the Reynolds number
Re introduced previously as a function of the frequency.
In the present simulations, ρ ∼ 103, and µ ∼ 10−3 are
fixed parameters and U scales as f1.5 below 1 GHz and
as f above (see previous section). Since the diameter
of the jet is typically proportional to the wavelength
λ = c0/f , it means that below GHz frequencies, the
Reynolds number evolves slowly as the square root of the
frequency Re ∝

√
f and is not expected to evolve with

frequency in the GHz range. Indeed, based on the simu-
lations (Fig. 8), the diameter of the jet is of the order of
D = 20λ ∼ 250 µm at 125 MHz and D = 5λ ∼ 7.5µm at
2 GHz, while the velocity is of the order of U ∼ 0.15 ms−1

at 125 MHz and U = 18 ms−1 at 2 GHz, leading to
Re ∼ 40 at 125 MHz and Re ∼ 135 at 2 GHz. These
Reynolds number values remain far below the typical
threshold value for the transition to turbulent jets of
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FIG. 6. Axial mean velocity along the axis every 40000 time periods, from top to bottom and left to right: Rp/λ = 1, 3, 5, 8,
f = 125 Mhz.

FIG. 7. Attenuation length La (red continuous line) and
cylinder length Lcyl (blue dotted line) as a function of the
frequency, in log scale.

Re ∼ 2000. This analysis indicates that even if high
speed are reached at high frequency, the jet is not ex-
pected to become turbulent. They nevertheless indicate
that the convective terms play an important role in this
problem.

To obtain a scaling law for the evolution of the jet char-
acteristic speed U as a function of the frequency, we will
start from the integral form of the kinetic energy con-
servation of the Navier-Stokes incompressible equations
with a volumetric source term fS corresponding to the
streaming source:∫∫∫

v

ρ0

[
∂ec
∂t

+ v.∇ec
]
dV (2)

=

∫∫∫
V

−2µD : D dV +

∫∫
∂V

σi.v.n dS +

∫∫∫
V

fS.v dV

with ec = |v|2/2 the kinetic energy density, σi = −pI +

2µD the stress tensor in the incompressible regime Here

we look at the stationary phase so that the time deriva-
tive can be neglected. In the fluid acceleration region,
the power produced by the streaming force is used to
accelerate the fluid and produce kinetic energy. So if
we balance the kinetic energy term and streaming source
terms in the jet acceleration region,∫∫∫

v

ρ0v.∇ecdV ∼
∫∫∫

V

fS.v dV,

we obtain:

ρ0U
3

L
× πR2

jetL ∼ U
∫ Lcyl

z=0

fs(z)dz × πR2
beam

with U the characteristic velocity, L a characteristic
length associated with the fluid acceleration driven by
streaming, Lcyl the simulation box size, z the axial co-
ordinate, and Rjet and Rbeam the radius of the jet and
beams respectively. From the simulations (Fig. 8), we
can see that the radius of the jet is always comparable to
the one of the acoustic beam Rjet ∼ Rbeam, which will be
noted R thereafter. Then following Moudjed et al. [39],
the streaming force scales as fs(z) ∼ αIsourcee

−2z/La/c0
in the approximation of an attenuated quasi-plane wave,
with α = 1/La the attenuation coefficient. If we intro-
duce the acoustic power radiated by the source Psource =
πR2

pIsource,

ρ0U
3 ∼ PsourceαU

c0πR2
p

∫ Lcyl

z=0

e−2z/Ladz

i.e.

U ∼

[
Psourceα

ρ0c0πR2
p

∫ Lcyl

z=0

e−2z/Ladz

]1/2
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FIG. 8. Isolines of modulus of mean velocity field (left) and acoustic velocity (right), from top to bottom and left to right:
f = 75, 125, 500, 2000 Mhz, Rp/λ = 2.

FIG. 9. Source term v′zv′z along the axis, normalized with
the maximum value, from top to bottom and left to right:
f = 75, 125, 500, 2000 Mhz, Rp/λ = 2.

We can note that the scaling law obtained here is similar
to the one obtained by Moudjed et al. [39] for near field
streaming jets. But the kinetic energy integral formula-
tion enables to clearly differentiate the two asymptotic
regimes when the attenuation length is much larger than
the simulation box length La � Lcyl and the case when
La � Lcyl. As discussed in the previous section and as
shown on Fig.7 the transition between these two regimes
occurs in the GHz range.

When La � Lcyl, the fluid is accelerated by the
streaming force all along the box, leading to L ∼ Lcyl

and
∫ Lcyl

z=0
e−2z/Ladz ≈ Lcyl since e−2z/La ≈ 1. We hence

obtain:

U ∼
√
PsourceαLcyl
ρ0c0πR2

p

(3)

Finally Psource, ρ0 and c0 are independent of the fre-
quency, α scales as f2 and both Lcyl = 100λ = 100×c0/f
and Rp = 2λ (Fig. 8) scales as 1/f , so that:

U ∝ f3/2

When La � Lcyl, the fluid will be accelerated only on
a distance comparable to the attenuation length so that

L ∼ La and
∫ Lcyl

z=0
e−2z/Ladz ≈ La/2, leading to:

U ∼
[
Psource

2ρ0c0πR2
p

]1/2
(4)

since αLa = 1
This formula shows that when the attenuation length

is smaller than the cylinder length in which the stream-
ing jet is generated, the maximum fluid speed neither re-
lies on the attenuation length (since all the power of the
source is anyway dissipated) nor on the cylinder length
Lcyl since the acceleration is produced on a scale smaller
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FIG. 10. Axial mean velocity along the axis every 40000 time periods, from top to bottom and left to right: f = 75, 125, 500, 2000
Mhz, Rp/λ = 2.

FIG. 11. Maximum speed as a function of frequency (in linear scale on the left and log scale on the right). The red squares
correspond to the value obtained with the direct numerical simulations. The red continuous line correspond to the best fit of
the numerical points up to 1 GHz with a power law (leading to a coefficient of 1.52), while the black dotted line corresponds
to a linear trend.

than the cylinder length. Since R2
p ∝ 1/f2, we obtain:

U ∝ f

This analysis shows that in this regime the jet speed in-
crease as a function of the frequency results primarily
from the reduction of the transducer size Rp.

To summarize this section, the scale analysis predicts
a transition from a power-law exponent of 3/2 to a linear
evolution of the jet speed as a function of the frequency
when the attenuation length becomes smaller than the
cylinder length. This prediction aligns perfectly with the
trends discussed in the previous section, as illustrated in
Figure 11.

V. FROM DECA- TO MEGA-G
ACCELERATIONS

In this section, we explore an intriguing aspect of GHz
streaming that, to the best of our knowledge, has not

been previously documented in the literature but holds
significant practical relevance for generating ultra-short
and powerful jets. This aspect pertains to the remarkable
reduction in the time τM required to reach the maximum
jet speed as the frequency increases. As depicted in Fig.
13, our observations indicate that this time exhibits a
scaling behavior inversely proportional to the frequency
to the power of -2.7. This results in characteristic times
of approximately 6 milliseconds at 75 MHz and merely 1
microsecond at 2 GHz. At the latter frequency, this accel-
eration corresponds to an order of magnitude of approx-
imately 2 Mega-g. These trends in time reduction with
increasing frequency can be understood through scaling
analyses in the unsteady case. Following subsection IV C,
we can balance the orders of magnitude of the unsteady
term and source terms:

∫∫∫
v

ρ0
∂ec
∂t

dV ∼
∫∫∫

V

fS.v dV,
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FIG. 12. Maximal radius of the jet (in m) at a value of 80% max velocity, as a function of f (in log scale on the right). Red
squares numerical simulations. Red continuous line, best fit with a power law (coefficient -1.2).

FIG. 13. Time necessary to reach the max velocity as a function of the frequency, in linear scale (left) and log scale (right).
Red squares: numerical simulations. Red continuous line: best fit with a power law, leading to a coefficient -2.7.

leading to:

ρ0U
2

τM
πR2L ∼ PsourceαU

c0πR2
p

∫ Lcyl

z=0

e−2z/Ladz.

This gives the following expression of the time τM :

τM =
ρ0UπR

2
p

αPsource

Since R2
p scales as 1/f2, α as f2 and U scales as f3/2 in

the weakly attenuated regime and f in the strongly at-
tenuated regime, this scale analysis predicts that τM will
scale respectively as f−5/2 and f−3 in these two regimes.
No clear transitions between the two regimes is seen on
Fig. 13, but the power −2.7 obtained from the best fit of
the numerical points lies between these two limit values.

VI. ON THE LIMIT OF CLASSICAL
ASYMPTOTIC DEVELOPMENTS.

Finally, to conclude this article, it is interesting to com-
pare the maximum streaming axial velocity |vmax| to the
piston source velocity vp and acoustic particular velocity
|v′|.

A. Streaming velocity vs piston velocity

Comparison to the piston velocity is provided on Fig.
14. This figure shows that |vmax|/vp scales as the square

root of the frequency when Lcyl � La and tends to-
ward a constant when Lcyl > La. Indeed, Psource =
psourcevsource × πR2

p, where psource and vsource corre-
spond to the acoustic fluid velocity in the vicinity of the
source. Due to the velocity continuity condition on the
piston vsource = vp, and assuming plane wave laws close
the piston, psource = ρ0c0vsource = ρ0c0vp leading to

Psource = ρ0c0v
2
pπR

2
p. (5)

Now we can examine the two asymptotic limits. When
Lcyl � La, we can combine eq. (5) with eq. (3). We
obtain

U

vp
∼
√
αLcyl

a relation close to the one obtained by Orosco and Friend
[41] in the vicinity of the source, but here under an inte-
gral form. Now since α ∝ f2 and Lcyl = 100λ ∝ 1/f , we
obtain:

U

vp
∝
√
f

which is consistent with the tendency exhibited on Fig.
13 (0.6 power law). When Lcyl � La, the velocity tends
toward a constant limit which is obtained from the com-
bination of eq. (5) and eq. (4), i.e.

U

vp
∼
√

1/2 ≈ 0.7
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FIG. 14. Ratio of the streaming max velocity |vmax| divided by the the acoustic (piston) velocity vp as a function of the
frequency (in linear scale at the left, and log scale at the right). The red squares corresponds to the numerical simulations.
The red continuous line corresponds to an interpolation of the numerical points. The black dotted line corresponds to the best
fit of the numerical points up to 500 MHz with a power law (leading to a coefficient of 0.6).

Note that this asymptotic value was also obtained by
Orosco and Friend [41]. We see from Fig. 14 that the
streaming velocity is indeed saturating toward a value
of the order of 0.6. So the scale analysis gives even a
quantitative approximation of the asymptotic limit.

B. Streaming velocity vs acoustic particle velocity

It is now interesting to compare the streaming velocity
to the acoustic particular velocity. Fig. 15 shows that
at GHz frequencies the mean velocity can be of the same
order as the acoustic particular velocity in the entire re-
gion giving birth to acoustic streaming. This figure un-
derlines that classical asymptotic expansion stating that
the streaming velocity is small compared to the acoustic
velocity is no longer valid at these frequencies.

VII. CONCLUSION

In this paper,” we present the first direct numeri-
cal simulation of bulk acoustic streaming in a realis-

tic configuration. By coupling these simulations with a
scale analysis, we can elucidate the scaling law depen-
dency of acoustic streaming on frequency and explain
why micro-jets with speeds in meters per second can
only be achieved at gigahertz (GHz) frequencies. This
theoretical investigation also reveals a fascinating aspect
of GHz acoustic streaming: achieving such high speeds
could take just microseconds, resulting in remarkable ac-
celeration in the Mega-g range. This aspect opens up
new possibilities for generating ultra-short, high-speed
microjets.
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ISITE Université Lille Nord-Europe as well as funding
from Institut Universitaire de France.

[1] W. Wei, Y. Wang, Z. Wang, and X. Duan, Microscale
acoustic streaming for biomedical and bioanalytical ap-
plications, Trends Ana. Chem. 160, 116958 (2023).

[2] L. Yeo and J. Friend, Surface acoustic wave microfluidics,
Ann. Rev. Fluid Mech. 47, 379 (2014).

[3] R. Shilton, M. Travagliati, F. Beltram, and M. Cecchini,
Nanoliter-droplet acoustic streaming wia ultra high fre-
quency surface acoustic waves, Adv. Mater. 26, 4941
(2014).

[4] M. Dentry, L. Yeo, and J. Friend, Frequency effects on
the scale and behavior of acoustic streaming, Phys. Rev.
E 89, 013203 (2014).

[5] D. Collins, Z. Ma, and Y. Ai, Highly localized acoustic
streaming and size-selective submicrometer particle con-
centration using high frequency microscale focused acous-
tic fields, Anal. Chem. 88, 5513 (2016).

[6] W. Liu, S. Pan, H. Zhang, Z. Tang, J. Liang, Y. Wang,
M. Zhang, X. Hu, W. Pang, and X. Duan, A univer-
sal biomolecular concentrator to enhance biomolecular
surface binding based on acoustic nems resonator, ACS
Cent. Sci. 4, 899 (2018).

[7] H. Zhang, Z. Tang, Z. Wang, S. Pan, Z. Han, C. Sun,
M. Zhang, X. Duan, and W. Pang, Acoustic streaming
and microparticle enrichment within a microliter droplet
using a lamb-wave resonator array, Phys. Rev. Appl. 9,
064011 (2018).

[8] C. Zuo, J. Van der Spiegel, and G. Piazza, 1.05-ghz cmos
oscillator based on lateral-field-excited piezoelectric aln
contour-mode mems resonators, IEEE T. Ultrason. Ferr.
57, 82 (2009).

[9] K. M. Lakin, A review of thin-film resonator technology,
IEEE microwave magazine 4, 61 (2003).



11

FIG. 15. Mean velocity (blue), and acoustic velocity (red) along the axis (in ms−1), from left to right and top to bottom:
f = 75, 125, 500, 2000 Mhz, Rp/λ = 2.

[10] K. Lakin, K. McCarron, and R. Rose, Solidly mounted
resonators and filters, in 1995 IEEE Ultrasonics Sympo-
sium. Proceedings. An International Symposium, Vol. 2
(IEEE, 1995) pp. 905–908.

[11] A. Ravi, A. Ruyack, J. Kuo, and A. Lal, Localized mi-
crofluidic mixer using planar fresnel type ghz ultrasonic
transducer, in 2018 IEEE International Ultrasonics Sym-
posium (IUS) (IEEE, 2018) pp. 1–4.

[12] A. Riaud, M. Baudoin, O. Bou Matar, L. Becerra, and
J.-L. Thomas, Selective manipulation of microscopic par-
ticles with precursors swirling rayleigh waves, Phys. Rev.
Appl. 7, 024007 (2017).

[13] M. Baudoin, J.-C. Gerbedoen, A. Riaud, O. Bou Matar,
N. Smagin, and J.-L. Thomas, Folding a focalized acous-
tical vortex on a flat holographic transducer: minia-
turized selective acoustical tweezers, Science Adv. 5,
eaav1967 (2019).

[14] J. Eisener, A. Lippert, T. Nowak, C. Cairós, F. Reuter,
and R. Mettin, Characterization of acoustic streaming
beyond 100 mhz, Phys. Procedia 70, 151 (2015).

[15] H. Wu, Z. Tang, R. You, S. Pan, W. Liu, H. Zhang,
T. Li, Y. Yang, C. Sun, W. Pang, and X. Duan, Manip-
ulations of micro/nanoparticles using gigahertz acoustic
streaming tweezers, Nanotech. and Prec. Eng. (NPE) 5
(2022).

[16] W. Cui, H. Zhang, H. Zhang, Y. Yang, M. He, H. Qu,
W. Pang, D. Zhang, and X. Duan, Localized ultrahigh
frequency acoustic fields induced micro-vortices for sub-
milliseconds microfluidic mixing, Appl. Phys. Lett. 109
(2016).

[17] M. He, Y. Zhou, W. Cui, H. Yang, Y.and Zhang,
X. Chen, W. Pang, and X. Duan, An on-demand fem-
toliter droplet dispensing system based on a gigahertz
acoustic resonator, Lab Chip 18, 2540 (2018).

[18] W. Cui, M. He, Y. Yang, H. Zhang, W. Pang, and
X. Duan, Hypersonic-induced 3d hydrodynamic tweezers
for versatile manipulations of micro/nanoscale objects,
Part. Par. Syst. Char. 35, 1800068 (2018).

[19] W. Cui, L. Mu, X. Duan, W. Pang, and M. A.
Reed, Trapping of sub-100 nm nanoparticles using giga-
hertz acoustofluidic tweezers for biosensing applications,
Nanoscale 11, 14625 (2019).

[20] Y. Yang, L. Zhang, K. Jin, M. He, W. Wei, X. Chen,
Q. Yang, Y. Wang, W. Pang, X. Ren, and X. Duan, Self-
adaptive virtual microchannel for continuous enrichment
and separation of nanoparticles, Sci. Adv. 8, eabn8440
(2022).

[21] X. Guo, Z. Ma, R. Goyal, M. Jeong, W. Pang, P. Fischer,
X. Duan, and T. Qiu, Acoustofluidic tweezers for the 3d
manipulation of microparticles, in 2020 IEEE Int. Conf.
Robot. Autom. (ICRA) (IEEE, 2020) pp. 11392–11397.

[22] X. Shi, Y. Bai, W. Wei, and X. Duan, 3d manipula-
tion and assembly of microstructures using robotic acous-
tic streaming tweezers, in 2022 IEEE Int. Ultras. Symp.
(IUS) (IEEE, 2022) pp. 1–4.

[23] S. Tran, P. Marmottant, and P. Thibault, Fast acoustic
tweezers for the two-dimensional manipulation of indi-
vidual particles in microfluidic channels, Applied Physics
Letters 101 (2012).

[24] X. Ding, S.-C. S. Lin, B. Kiraly, H. Yue, S. Li, I.-K. Chi-
ang, J. Shi, S. J. Benkovic, and T. J. Huang, On-chip
manipulation of single microparticles, cells, and organ-
isms using surface acoustic waves, Proc. Nat. Ac. Sci.
109, 11105 (2012).

[25] M. Baudoin, J. Thomas, R. Al Sahely, J. Gerbe-
doen, Z. Gong, A. Sivery, O. Bou Matar, N. Smagin,
P. Favreau, and A. Vlandas, Spatially selective mannip-
ulation of cells with single-beam acoustical tweezers, Nat.
Commu. 11, 4244 (2020).

[26] R. A. Sahely, N. Smagin, R. Chutani, O. B. Matar,
and M. Baudoin, Ultra-high frequency vortex-based
tweezers for microparticles manipulation with high spa-
tial selectivity and nanonewton forces, arXiv preprint
arXiv:2203.05214 (2022).

[27] D. Collins, C. Devendran, Z. Ma, J. W. Ng, A. Neild, and
Y. Ai, Acoustic tweezers via sub–time-of-flight regime



12

surface acoustic waves, Sci. Adv. 2, e1600089 (2016).
[28] Q. Wang, A. Riaud, J. Zhou, Z. Gong, and M. Baudoin,

Acoustic radiation force on small spheres due to transient
acoustic fields, Phys. Rev. Appl. 15, 044034 (2021).

[29] S. Chen, Q. Wang, Q. Wang, J. Zhou, and A. Riaud,
Numerical simulation of the radiation force from tran-
sient acoustic fields: Application to laser-guided acoustic
tweezers, Phys. Rev. Appl. 19, 054057 (2023).

[30] Y. C. Kim, P. Blanloeuil, D. D. Li, R. A. Taylor, and
T. Barber, Acoustically driven translation of a single
bubble in pulsed traveling ultrasonic waves, Phys. Flu-
ids 35 (2023).

[31] Y. Lu, W. C. de Vries, N. J. Overeem, X. Duan,
H. Zhang, H. Zhang, W. Pang, B. J. Ravoo, and
J. Huskens, Controlled and tunable loading and release
of vesicles by using gigahertz acoustics, Angew. Chem.
131, 165 (2019).

[32] S. He, Z. Wang, W. Pang, C. Liu, M. Zhang, Y. Yang,
X. Duan, and Y. Wang, Ultra-rapid modulation of neu-
rite outgrowth in a gigahertz acoustic streaming system,
Lab Chip 21, 1948 (2021).

[33] M. Zhang, S. He, W. Pang, W. Wei, F. Zhou, X. Wu,
H. Qi, X. Duan, and Y. Wang, On chip manipulation
of carbon dots via gigahertz acoustic streaming for en-
hanced bioimaging and biosensing, Talanta 245, 123462
(2022).

[34] M. Baudoin and J.-L. Thomas, Acoustical tweezers for
particle and fluid micromanipulation, Annu. Rev. Fluid
Mech. 52, 205 (2020).

[35] A. Steckel and H. Bruus, Numerical simulation of acous-
tic streaming generated by ghz aln-thin-film transducers
on aln-sio2-bragg-reflector substrates, in Acoustofluidics
(USWNet, 2020) pp. 1–2.

[36] J. Stuart, Laminar boundary layer (Oxford University
Press, 1963) Chap. Unsteady boundary layers.

[37] J. Lighthill, Acoustic streaming, J. Sound. Vib. 61, 391
(1978).

[38] V. Gusev and O. Rudenko, Nonsteady quasi-one-
dimensional acoustic streaming in unbounded volumes
with hydrodynamic nonlinearity, Sov. Phys. Acoust. 25,
493 (1979).

[39] B. Moudjed, V. Botton, D. Henry, H. Ben Hadid, and J.-
P. Garandet, Scaling and dimensional analysis of acoustic
streaming jets, Phy. Fluids 26 (2014).

[40] A. Riaud, M. Baudoin, O. Matar, J.-L. Thomas, and
P. Brunet, On the influence of viscosity and caustics on
acoustic streaming in sessile droplets: an experimental
and a numerical study with a cost-effective method, J.
Fluid Mech. 821, 384 (2017).

[41] J. Orosco and J. Friend, Modeling fast acoustic stream-
ing: Steady-state and transient flow solutions, Phys. Rev.
E 106, 045101 (2022).

[42] W. Hirt, A. A. Amsden, and J. L. Cook, An arbi-
trary lagrangian-eulerian computing method for all flow
speeds, J. Comp. Phys. 14, 227 (1974).

[43] V. Daru and C. Tenaud, High order one-step
monotonicity-preserving schemes for unsteady compress-
ible flow calculations, J. Comp. Phys. 193, 563–594
(2004).

[44] V. Daru and C. Tenaud, Numerical simulation of the
viscous shock tube problem by using a high resolution
monotonicity-preserving scheme, Computers & Fluids
38, 664 (2009).

[45] V. Daru and X. Gloerfelt, Aeroacoustic computations us-
ing a high-order shock-capturing scheme, AIAA Journal
45, 2474 (2007).


