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Acoustic aggregation of particles in acoustic levitation is a well-known phenomenon. However,
it is only well described in the dilute regime, i.e. when particles do not interact with each other.
In this study, we first demonstrate that the acoustic focusing speed can be significantly increased
when dealing with particle aggregates. These results suggest that acoustic aggregation can be more
efficient when dealing with relatively dense suspensions. This principle is successfully applied to
microalgae suspensions. It is shown that microalgae harvesting can be accelerated without power
increase using acoustically induced flocculation if the initial concentration is sufficiently high. This
demonstrates that a cost-effective industrial process for acoustic microalgae harvesting is possible.

I. INTRODUCTION

Acoustophoresis is the ability to move and sort micro
or nano-objects using ultrasonic standing waves. Typi-
cally, a piezoelectric source generates an acoustic stand-
ing wave in a resonant microcavity or microchannel.
Pressure potentials arise that create the acoustic radi-
ation force (ARF) that can move particles, cells or mi-
croalgae toward pressure nodes or antinodes based on
their mechanical properties (size, density, compressibil-
ity). One of the many advantages of acoustophoresis is
its ability to move objects without contact and without
labeling, making it a very useful method for various ap-
plications. For example, as a non-intrusive non-contact
method, this technique can be used to pattern neuronal
cell layers in a hydrogel [1, 2] or to form and culture
acoustically levitated cell spheroids [3-6].

Acoustophoresis can also promote mixing processes us-
ing acoustic streaming. Indeed, acoustic traveling waves
interacting with sharp edges can create streaming lead-
ing to the mixing of fluids [7, 8]. Another application
is droplet manipulation for controlled chemical reactions
[9], droplets generation [10] or particle encapsulation [11].
Microbubbles can also be mentioned for sonoporation
[12]. In this case, microbubbles interact with the mem-
brane of a cell, making it porous, and deliver molecules
and proteins inside the cell.

However, the main application of acoustofluidics, com-
bined with microfluidics, is acoustic sorting processes
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applied to particles [13-16], nanoparticles [17, 18] or
cells, such as blood lipids [19], mononuclear cells [20] or
macrophages tagged by gas vesicles [21]. Cell washing is
also relevant by using a collection buffer to remove white
blood cells from the lysed blood and move them into PBS
(Phosphate Buffered Saline) [22]. To achieve good effi-
ciency, cells need to move as quickly as possible to the
pressure nodes, which allows for increased flow rates and
to handle the large volumes required by hospitals. This
has been achieved recently [23] by removing albumin and
collecting adipose-derived MSCs (Mesenchymal Stromal
Cells) at high flow rates (up to 45 mL.h~1).

The main phenomenon used in these various applica-
tions is the reaction of isolated particles or cells to ARF.
This means that only dilute suspensions are considered
and that the particles behave independently. In prac-
tice, in many industrial processes it is necessary to deal
with relatively dense suspensions where particles can in-
teract with each other when moved by ARF. In these
cases, there is no clear theoretical framework describing
acoustophoresis for dense suspensions and unexpected
behaviors can appear, which can lead to new levers of
manipulation. This is the reason it is important to study
and analyze the collective effects, which can occur when
manipulating particle aggregates using ARF and how to
take advantage of these effects when manipulating mi-
croalgae.

Indeed, in addition to particle concentration, filtration
and separation, acoustic aggregation has also been sug-
gested as a non-destructive and low-energy method for
microalgae harvesting. Microalgae have attracted great
interest due to their numerous applications in the phar-
maceutical [24], agri-food [25-27] and cosmetic [28, 29]
fields, as well as in the energy sector, to produce biofuels



[30], an important alternative to fossil fuels on the path
to climate change mitigation. In a typical algal produc-
tion process, algae harvesting is a key step required to
increase the tailings concentrations to the values needed
for an economically viable process [31]. Several meth-
ods are currently used for microalgae harvesting, such
as filtration [32], flotation [33] or centrifugation [34, 35].
Others are under investigation, such as flocculation [36—
39] or electrocoagulation [40], to name a few. None of
these methods is optimal for algae harvesting, as they
have different efficiencies, drawbacks and energy costs.
When evaluating separation efficiency versus capital and
operating costs, the choice should be made based on the
overall process, algae type and final product value. De-
spite the advantages and ongoing research, scaling up is
considered a major barrier to the industrial integration
of ultrasonic harvesting and preference is given to lower-
cost methods, especially for low-value-chain products.

In the first part of the paper, we will study the acous-
tic focusing of single particles and particle aggregates in
a closed microcavity. We will investigate the influence
of particle size and particle number in an aggregate on
the acoustic focusing towards the leviation plane. In a
second step, we will study the acoustic focusing of mi-
croalgae in the same acoustofluidic cavity. Finally, we
will show in the last part of the paper that collective ef-
fects can significantly improve the energy efliciency of an
acoustically assisted harvesting process in a static res-
onator, which could alleviate major barriers to scaling
up and integration.

II. ACOUSTIC RADIATION FORCE

The acoustic radiation force (ARF) is a force exerted
on objects in a fluid due to the interaction of sound waves
with the object. This force arises when acoustic waves
propagate through a medium, and their momentum is
transferred to the object. It results from the scattering
and absorption of sound waves by an object, creating a
pressure differential across the object. The force can be
caused by either standing or traveling sound waves. In
traveling waves, the force typically pushes objects in the
direction of wave propagation. In an acoustic standing
wave (ASW), objects tend to move toward regions of low
or high pressure (nodal or antinodal points).

In this study, only the case of an ASW created inside
a resonant cavity will be considered. This cavity con-
sists of two opposite walls, one transmitting the acoustic
wave (emitter) emitted by a transducer, the other reflect-
ing the acoustic wave (Fig. 1a). The resonance condition
requires that the cavity height h be a multiple of half the
acoustic wavelength \,. (h = n22<). In this case, the
particles suspended inside the cavity will be displaced
towards the acoustic pressure node by the axial compo-
nent of the ARF, as illustrated in Fig. 1b. Once in the
acoustic pressure node (also called the acoustic levitation
plane), the particles move radially toward the center of
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FIG. 1. Acoustic Radiation Force effect on a suspension
scheme. a) ARF moves objects toward the focusing plane
close to the nodal plane. b) Once in the focusing plane, par-
ticles aggregate in the center of the cavity due to the radial
component of the ARF (c).

the cavity and form an aggregate that can be maintained
in acoustic levitation as long as necessary.

There are many different analytical expressions for the
ARF, taking into account different physical hypothesis,
either on the particles and / or the nature of the fluid.
90 years ago, King [41] derived the first expression for
the ARF for incompressible particles in a plane acoustic
wave and an inviscid fluid. Later, Yosioka and Kawasima
calculated the ARF for compressible particles in plane
acoustic waves [42]. Gor’Kov [43] generalized these works
to arbitrary sound waves defining the ARF F,.,q on a
sma(lil particle as the gradient of an acoustic potential
uree.

Froa = —V(U™). (1)

It is then possible to derive the expression of the ARF
by using the proper expression for the acoustic poten-
tial and taking into account a planar standing wave, as
detailed by Bruus [44]. Later, Doinikov [45, 46] devel-
oped a more realistic description taking into account the
viscosity and the thermal conductivity of the fluid. It re-
sults into two supplementary terms in the acoustic con-
trast factor (to be defined in the following). In our case,
the supplementary terms are negligible compared to the
original term obtained with an inviscid fluid. This is the
reason why, in the following, we will use the expression
proposed by Yosioka and Kawasima as a good approxi-
mation. The main hypothesis are that the particles are
compressible and spherical, floating in a inviscid fluid
and submitted to a plane acoustic wave. The diameter
of the particles d,, has to be small compared to the acous-
tic wavelength, i.e. d, < Age (Rayleigh regime). Using
these hypothesis, one can derive the following expression
for the ARF applied on an isolated particle:

= ™

Frad:E

where (E,.) is the acoustic energy density, k is the
acoustic wave number (k = 2% ), ¢ is the acoustic con-
trast factor and z is the axial position of the particle.

(Eac) kd) psin(2kz)e?, (2)



The acoustic contrast factor ¢ quantifies the acous-
tic response of an object as a function of the difference
between its mechanical properties and those of the sur-
rounding fluid. It is defined as follows:

5pp — 2
p=Lo201 Do )
2pp +p5 B

with p, and ps the densities respectively of the parti-
cle and the medium, while 3, and By are respectively the
compressibilities of the particle and of the medium. It is
important to notice that if ¢ > 0, the ARF is positive
and the objects will move toward the pressure nodes. On
the contrary, if ¢ < 0 the objects will migrate toward
the antinodes. In the following, the fluid medium will
be water and the acoustic contrast factor of the particles
or microalgae will be positive, leading to aggregation in
the pressure nodes. The acoustic contrast factor of the
polystyrene beads (in water) that will be used in the
experiments can be calculated using Eq. 3. We obtain
¢ = 0.24. Using Eq. 2, we can then estimate the acoustic
force applied to a polystyrene beads. For a 10 pm diam-
eter bead, and an acoustic energy density of 10 Jm ™3,
the acoustic force is Fpqq = 2.10712 N.

Once the particles have reached the acoustic levitation
plane the axial component of the ARF vanishes, while
the transverse component of the ARF Fr becomes max-
imum. In the levitation plane, the radial component of
the ARF can be written as [47]:

0 3(pp — Pr) \Vi
F = d3 P Eac 4
T y4 ¥ 2 » < > ) ( )

with V (Euc) (x,y) the acoustic energy gradient in the
levitation plane. The acoustic energy gradient is not
known, but usually this component is 10 to 100 times
weaker than the axial ARF. This component, which is
negligible outside the levitation plane, induces the dis-
placements of the particles toward the center of the cylin-
drical cavity where they form an aggregate (Fig. 1c). In
the present study we focus on the axial displacements of
the beads toward the levitation plane, so this component
will not be further used or discussed.

Once the distance between the particles becomes small,
they become attracted by each other because of the
Bjerknes Force [48, 49]. More refined description tak-
ing into account interaction between particles either in a
traveling or a standing plane [50] or even core-shell parti-
cles [51]. This short distance particle-particle attractive
force plays a role to maintain the coherence of the aggre-
gate after its formation in the acoustic levitation plane
but also to favor the creation of small aggregates in the
fluid when dealing with dense suspensions.

Using the fundamental principle of dynamics along the
axial direction, it is possible to obtain an expression for
the acoustic focusing velocity of an isolated particle, tak-
ing into account the axial component of the ARF (Eq. 2),

the Stokes force and neglecting the buoyancy [52-54]. It
gives the following expression for the acoustic focusing
velocity up(z) of a given particle:

(Eac) kd20

365 sin(2kz), (5)

up(z) =

with p the dynamic viscosity of the fluid. The axial
velocity profile in the channel is maximal at % and %

while it is zero at the pressure node % as well as at the
channel walls (0 and h).

III. COLLECTIVE EFFECTS

The first indication of possible collective effects in
acoustic focusing was based on an analogy with sedimen-
tation. Indeed, it has been shown that the sedimenta-
tion of a group of particles is faster than that of a single
particle. More precisely, Guazzelli [55] describes three
sedimentation regimes. The first two are the cases of
sedimentation of particles or fibers distributed homoge-
neously in a suspension. The third corresponds to the
sedimentation of a particle cloud. It shows that a par-
ticle cloud undergoing sedimentation is affected by three
distinct and cyclic phases:

e The first one is a spherical cloud. When it moves,
particles at the periphery are ejected from the
spheroid.

e In the second one the aggregate becomes longer in
two directions giving it a flat shape. It no longer
looses particles at the periphery.

e The third one is a break-up of the aggregate in at
least two parts which take a spherical form behav-
ing like the spherical clouds.

To quantify the transition from one regime to another,
Huisman et al. [56] introduced a parameter called the
Galileo number, which is defined as:

Ga=V, ", (6)

with V; the sedimentation velocity, D,, the diameter of
the cloud of particles and v the fluid cinematic viscosity.
Based on the Galileo number, Huisman et al. [56] found
four main sedimentation regimes of sedimentation:

e a vertical sedimentation (Ga < 155),
e an inclined sedimentation (155 < Ga < 185),
sedimentation

e an instable oscillatory inclined

(185 < Ga < 215),

e a chaotic regime with Ga > 215.



Other studies have shown that the Galileo number also
indicates when particles have a tendency to sediment like
a column cluster [57, 58]. Using the Galileo number, it is
possible to determine different sedimentation regimes of
a particle and of a cluster of particles.

Because one could see the acoustic focusing of parti-
cles or aggregates toward the acoustic pressure node as
an inverted sedimentation, we chose to characterize the
different regimes using a similar non-dimensional num-
ber that can be associated to the transitions from one
regime to another. This parameter is the acoustic focus-
ing Reynolds number Re,. and is written as:

D,
Rege = VQQTQ, (7)

with V4 the aggregate acoustic focusing velocity and
D,4 the aggregate diameter. These parameters can be
measured experimentally, as will be shown in the follow-
ing sections.

IV. MATERIALS AND METHODS
A. Resonant cavity

To study the acoustic focusing times required for parti-
cles or particle aggregates to reach the acoustic levitation
plane, we used a cylindrical resonant cavity with a single
acoustic node. It has a diameter D = 25 mm for a height
h = 330 pm, corresponding to a volume of 160 uL. The
height of the cavity corresponds to the half-wavelength
of the 2.24 M H z acoustic wave in water. The bottom of
the cavity (transmitter) is made of a silicon wafer due to
its flatness, the quality of its surface condition as well as
the mirror effect which increases the contrast of the im-
ages when observed from the top of the cavity. The top
of the cavity (reflector) is made of a quartz disk to allow
observations from above using a microscope (Fig. 2a, b).
A Signal Processing™ transducer is placed under the sil-
icon disk (Fig. 2b). The side walls of the cavity are made
of aluminum (Fig. 2c).

B. Experimental setup

A broadband ultrasonic transducer (Signal Process-
ing™) is used to generate the 2.24 M Hz acoustic wave.
It is powered by a USB digital wave generator (TiePie™)
that is monitored by a computer. The signal amplitude
varies from 5 to 12 V. The cavity is placed on the mo-
torized stage of an Olympus™ microscope. The trans-
parency of the quartz cover allows easy observation of
the cavity interior from above. A high-speed and high-
sensitivity PCO™ Panda Bi camera is mounted on the mi-
croscope. It allows observations inside the cavity, which
is illuminated by a CoolLed™ pe-4000 source (Fig. 2).
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FIG. 2. Exploded view (a) and side view (b) of the cylin-
drical cavity used to study the motion of particles or cluster
of particles induced by the ARF. Its diameter is 25 mm a
height A = 330 pm. ¢) Picture of the aluminum cavity. The
drawings are not to scale. d) Sketch of the optic and acous-
tic setup. The cavity, coupled with the transducer, is placed
on a motorized stage under a microscope. A signal generator
is connected to the transducer to generate an acoustic wave,
which is transmitted through the bottom of the cavity made of
silicon. Observation and illumination are carried out through
the quartz reflector at the top of the cavity (a). Axial and
radial displacements of the particles can be monitored with a
PCO™ Panda Bi camera plugged on the microscope [53].

Time series of snapshots of particles or microalgae are
recorded on a computer.

C. Measurement of acoustic focusing time and
velocity of aggregates

The observation axis z of the microscope is the same
as the propagation axis of the acoustic wave that moves
the particles or the aggregate towards the pressure node
(Fig. 1). Therefore, we cannot directly measure the axial
displacement of the particles. To measure the axial dis-
placement of fluorescent particles, we can use the Airy
ring or defocusing technique, by correlating the size of a
particle’s ring to its distance from the observation plane
as described in [52, 53]. However, this technique is not
well suited to the study of particle aggregates, which have
various shapes (ellipsoids) and are composed of several
particles. They create several superimposed Airy rings



that cannot be easily post-processed. Alternatively, the
focusing time of the aggregate Tfoc—qg, i.e. the time
taken by an aggregate to reach the levitation plane, is
measured. Knowing the distance to the levitation plane,
we deduce the average acoustic focusing speed of the ag-
gregate Vioe—ag = m Indeed, the initial position
of the aggregate is at the bottom of the cavity before
the activation of the acoustics, so that the distance to
the levitation plane is % In some cases, not all the par-
ticles composing the aggregate reach the focusing plane
at the same time. In this case, we consider that the ag-
gregate has reached the levitation plane when at least
90 % of its particles are visible inside the focusing plane.
This is illustrated in Fig. 3 for an aggregate of 25 pum
of polystyrene particles. It shows a time sequence show-
ing an aggregate initially located at the bottom of the
cavity (Fig. 3a) and successive snapshots once the acous-
tics are activated. After 200 ms, most of the particles
have reached the levitation plane (Fig. 3f) and no clear
difference is visible after 2 s (Fig. 3h).

FIG. 3. Illustration of the axial displacement of an aggregate
composed of 25 pm polystyrene particles during the acoustic
focusing. Observations are made from the top of the cavity
using a microscope. a) Picture showing a stable aggregate in
the acoustic levitation plane, before sedimentation. b) When
the acoustic is turned off, the aggregate sediments, reaching
the bottom of the cavity. The picture is blurred because the
focus is maintained in the middle of the cavity, in the levita-
tion plane.

Then successive snapshots have been taken when acoustic is
turned on: ¢) t=50 ms, d) t=100 ms, e) t=150 ms, f)
t=200 ms, g) t=300 ms and h) t=2 s respectively. Movie on
line.

D. Characterization of the aggregates

For this study, it is necessary to characterize particle
aggregates through quantitative parameters. The first
two obvious parameters are N, the number of particles
and A,y the total area of the aggregate measured in the
snapshots taken when the aggregates are formed and sta-
ble in acoustic levitation. Indeed, aggregates of monodis-
perse particles spontaneously organize themselves into a
2D a quasi-crystalline lattice, as shown in Fig. 4. From
this area, an equivalent diameter D,, of the aggregate
is defined by averaging the major and minor axis of the
aggregate. Of course, it is associated with d,, the particle
diameter.

FIG. 4. Snapshot of an aggregate of 10 um polystyrene parti-
cles in acoustic levitation. Once formed, the aggregate remain
stable and can be quantified.

Since these are aggregates of particles, the porosity of
the aggregates ¢ must be taken into account. It is defined
as:

Apores

i (8)

with Apores the surface area occupied by pores. Agq
can be measured by image processing using ImageJ soft-
ware. To estimate A,qres two steps are necessary. First,
the number of particles inside the aggregate must be
counted. Then, the solid surface area of the aggregate
A,y can be calculated as follows:

dp

Agol = w(?)sz. (9)



Finally, A,ores is simply the difference between the to-
tal surface area of the aggregate A,, and the solid surface
area of the aggregate A, occupied by the particles:

Apores = Aag - Asol- (10)
All these parameters can influence the response of ag-
gregates to ARF.

V. RESULTS AND DISCUSSION
A. Acoustic focusing of isolated particles

For low concentrations, the particles can be considered
as isolated and do not interact with each other. In this
case, they migrate towards the pressure node at veloci-
ties depending on the voltage and frequency imposed by
the ARF. But if the local concentration is sufficiently in-
creased, the particles can interact and thus change speed.

The maximum acoustic focusing velocity of
polystyrene particles was measured as a function of
the acoustic energy injected into the cavity. The result
is shown in Fig. 5 for three particle sizes: 10 pm, 25 pm
and 40 pm.
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FIG. 5. Focusing velocity of isolated particles for 3 diameters
(10, 25 and 40 pm) as a function of the acoustic energy den-
sity. Each point are averaged over 5 measurements. The lines
are linear fits.

As expected and as described by the theory (Eq. 5),
the focusing velocity depends linearly on the acoustic en-
ergy, which was measured using the defocusing technique
presented in Dron and Aider [52]. It can also be seen that
the larger the particle diameter, the higher the velocity.
It should scale as d2 (Eq. 5), which is approximately the
case, considering the uncertainties in the particle size dis-
tribution.

B. Acoustic focusing of aggregates of particles
1. Acceleration of the acoustic focusing of aggregate

The Yosioka model, as most of the other models, de-
scribes only the acoustic force acting on an isolated spher-
ical particle. Here we study the velocity induced by
ARF on aggregates of polystyrene particles, which are
mostly discoidal porous aggregates of arbitrary shape.
This means that the Yosioka model (or any other model
developed for a single isolated particle) is no longer valid.

To quantify the impact of collective effects on the fo-
cusing dynamics, the focusing velocities of aggregates was
measured with different mean diameters (D,q = 42 pm
to 585 pm) and composed of particles of a given diame-
ter. Three different particle diameters were used to form
the aggregates: 10 pum, 25 pm and 40 pm. In all cases,
the focusing velocity of the isolated particles was also
measured as a reference. The measurements were per-
formed for increasing acoustic energy densities ranging
from 5 J.om ™3 to 30 J.om 3.

It is important to emphasize the difficulty associated
with this type of experiments. Indeed, it is not possi-
ble to control a priori the number of particles inside an
aggregate. The protocol then consisted in trying to cre-
ate aggregates with a low concentration suspension of a
given particle type. Low concentration suspensions were
obtained by dilute high concentration of particles, bought
to a supplier, with water. Due to the low number of par-
ticles present in the cavity, this was a difficult and time-
consuming process. Once the aggregate was formed, the
ultrasound was turned off and the aggregate was allowed
to sediment. Then, the acoustics were turned on to mon-
itor the movement of the aggregate towards the levita-
tion plane. This explains the uncontrolled variations in
the size of the aggregates. Nevertheless, it was sufficient
to find a clear trend in the acoustic focusing towards the
levitation plane.

The results obtained with the 10 pum particles are
shown in Fig. 6. The first cluster has a diameter of 42 ym
while the second has a diameter of 457 pm. The focusing
velocities of the individual particle and the 42 pm diam-
eter cluster are very close. The difference is insignificant
compared to the 457 pm cluster. Its focusing velocity is
much larger compared to the others, reaching more than
2 mm.s~! for 20 J.m 3 and beyond. The focusing veloc-
ity increases drastically with the cluster diameter. We
obtain an increase x23 of the focusing speeds between
the aggregates of diameters 42 pm and 457 pm.

The results obtained with the 25 um particles are
shown in Fig. 7. The 60 pm diameter aggregate mi-
grates slightly faster than the individual particle. The
focusing velocities of the larger aggregates (192 pm and
502 pm diameter) increase considerably and reach up to
3.3 10 um.s~! and 5 10® pm.s~! for 30 Jm 3 respec-
tively. In both cases, the increase in acoustic energy den-
sity leads to a quasi-linear increase in focusing velocities
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FIG. 6. Focusing velocities of Doy = 42 pm and

D,y = 457 pm aggregates as a function of the acoustic en-
ergy. Aggregates are composed of only of 10 um polystyrene
particles. The focusing velocity of a single 10 um polystyrene
particle is added for comparison. The lines are linear fit.
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FIG. 7. Focusing velocities of a 60 ym, a 192 yum and a 502 pym
diameter aggregates as a function of the acoustic energy. Ag-
gregates are composed of 25 um polystyrene particles. The
focusing velocity of an individual 25 pum polystyrene particle
has been added for comparison. The lines are linear fit.

(200 pm.s~—* for 6 Jm =t and 5 103 pm.s~! for 30 Jom~=1).

Finally, the same experiments were performed with
particles of 40 pm, as shown in Fig. 8. It is observed
that the velocity is slightly increased for an aggregate of
103 pm. A clear, but limited, increase in the focusing
velocity is observed for an aggregate of 434 pm. It seems
to show that the acceleration by collective effects is lim-
ited for larger particles. This observation is confirmed
by Fig. 9 where the relative gain in velocity is plotted
compared to the case of isolated particles. It shows that
the maximum gain (greater than x40) is obtained for
aggregates of small particles (10 um) and lower acoustic
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FIG. 8. Focusing velocities of a 103 um and a 434 pm diam-
eter aggregates depending the acoustic energy. Aggregates
are composed of 40 pm polystyrene particles. The focusing
velocity of an individual 40 pm polystyrene particle has been
added for comparison. The lines are linear fit.
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FIG. 9. Relative gain in focusing velocities for the largest

aggregates of each particle size depending the acoustic energy.

The 457 pm aggregate is made of 10 pm particles, while the

585 pm aggregate is made of 25 pm particles and the 434 pm

aggregate is made of 40 pum particles.

It shows that the maximum gain is obtained for aggregates
made of 10 pum particles.

energy. Aggregates of 25 pm particles lead to an interme-
diate gain (x10) while aggregates made of large particles
lead to a limited increase in velocities (= x2). It is also
interesting to note that the maximum absolute focusing
velocity (up to 5 103 pum.s~! for 30 Jom™1)) is obtained
for an aggregate of 585 ym made of 25 pm particles.
These results clearly demonstrate the influence of the



size of an aggregate on the focusing velocity of its con-
stituent particles. Major collective effects seem to ap-
pear for aggregates larger than 100 pm. This confirms
that for a given acoustic energy, the focusing velocity can
be drastically increased by collective effects alone. Pro-
moting interactions between particles to form aggregates
therefore appears to be a good strategy for accelerating
aggregation phenomena without consuming more energy.

sideview @oo0000

disk column
0,015 0,050

FIG. 10. Different regimes of acoustic focusing observed for
an aggregate composed of 25 um polystyrene particles. Every
snapshot has been taken when the aggregate reaches the fo-
cusing plane. a) The first regime corresponds to an acoustic
focusing where the aggregate keeps its ”discoid” initial shape.
b) when the acoustic focusing Reynolds number is increased,
the aggregate no longer keeps its discoid shape and moves as a
column of particles. ¢) Finally, the aggregate splits into mul-
tiple parts for the larger the Reqc. d) The different regimes
of aggregates acoustic focusing are summarized as a function
of the acoustic focusing Reynolds number. Sketches of the
aggregates spatial organizations are presented with top and
side views. Three regimes can be distinguished: first, a mi-
gration of the all aggregate keeping its spatial organization,
for Req,e < 0.015, then a dislocation of the discoidal aggre-
gate into a column of particles, for 0.015 < Res. < 0.050 and
finally a splitting of the aggregate into smaller aggregates for
Reqe > 0.050. Movies on line.

2. Regimes for the acoustic focusing of aggregates

The previous results demonstrated that the acoustic
focusing of aggregates can be much faster than the fo-
cusing of a single isolated particle. It also showed that
the larger the aggregate, the higher the focusing velocity.

A closer observation of time series showing the dis-
placement of the aggregate from the bottom of the cav-
ity toward the acoustic levitation plane reveals different
behaviors. Indeed, some aggregates keep their original
discoid shape, while others are clearly modified in the
process in a manner similar to the ones observed for the

sedimentation. In the following we classify the various
observations into regimes depending on the new parame-
ter introduced previously: the acoustic focusing Reynolds
number. The main results are shown in Fig. 10.

First, for Re,. < 0.015 the aggregate migrates to-
ward the pressure node keeping its disk shape in the
(x,y) plane. This observation is true for small aggregates
(Dyy < 100 pm) made of small particles (d, < 40 pm)
and for acoustic energy density ranging from 7 J.m =3 to
80 J.m~3.

For 0.015 < Re,. < 0.05, the discoidal aggregates are
affected by a deformation during their focusings. The
particles migrate as a column. Once in the levitation
plane, particles reorganize themselves and form an aggre-
gate again with an ellipsoidal shape. Typical diameters
are around 100 pm.
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FIG. 11. Acoustic focusing Reynolds number as a function
of the aggregate porosity. For low Reynolds numbers aggre-
gates move toward the levitation plane keeping their discoidal
shape, especially for small particles (10 pm). For larger parti-
cles (25 pum), smaller porosity helps keeping the aggregate as
a disk. Increasing Req. leads first to columns formation then
to splitting the columns into smaller aggregates, especially for
lower porosities (0.1 < ¢ < 0.2).

Finally, for Re,. > 0.05, the aggregate fragments into
several pieces, each piece being composed of several par-
ticles, before reforming in the levitation plane under the
effect of the radial component of the acoustic force. In
this case, the diameters of the aggregates are ranging be-
tween 100 um up to 500 pum. The relatively large size of
the aggregates implies that at a given axial position z the
particles do not experience the same acoustic energy den-
sity, depending on their position in the aggregate. This
can therefore result in an increasing distance between the
particles and consequently a breakup of the aggregate
into multiple ”fragments”. This behavior is also compa-
rable to the breakup of particles cloud observed during
sedimentation [55]. The particles aggregates would sepa-
rate in the same way before the radial component of the



FIG. 12. Formation of aggregates of various microalgae in acoustic levitation after 30 s. a) Tetraselmis suecica b) Nan-
nochloropsis oculata, c) Scenedesmus obliquus, d) Chlorella vulgaris and e) Spirulina platensis.

acoustic force would force the small aggregates to finally
gather in the levitation plane.

It is important to point out that some aggregates,
smaller or larger than 100 pm, can migrate toward the
levitation plane in the form of columns. It all depends on
the speed at which these aggregates migrate. Smaller fo-
cusing velocities will delay the transition from one regime
to the next, while higher focusing velocities will antici-
pate it.

We took into account the different sizes of the aggre-
gates. Nevertheless the aggregates are composed of par-
ticles of different sizes which lead to various porosities.
Consequently we also studied the impact of porosity on
focusing dynamics. Optimal configuration for a disk of
particles stacked on a surface is Agsoi—maz = 0.9069 while
minimal porosity of an aggregate is Apores—min = 0.0931.
Porosity of each aggregate was measured in the focusing
plane, just after their formation and before their sedi-
mentation. The results are shown in Fig. 11 as a phase
diagram. We distinguish three different regimes for the
acoustic focusing of aggregates:

e The first regime corresponds to low acoustic fo-
cusing Reynolds numbers (Re,. < 0.015) which
is wide in the diagram. It corresponds to aggre-
gates which migrate with a cohesive disk shape. We
have big variations of porosity for this regime from
@ = 0.1075 until ¢ = 0.2617. We also notice that
all the aggregates made of small particles (10 pm)
keep their discoid shape.

e The second regime, for 0.015 < Re,. < 0.050,
is characterized by a high porosity being
0.185 < ¢ < 0.284. In this configuration the ag-
gregate migrates like a column shape.

e Finally the third regime, for Re,. > 0.050, corre-
sponds to a split of the aggregate. Porosity is lower
than the second regime (between ¢ = 0.1078 and
© = 0.211).

We note a tiny frontier between the second and third
regimes. That is a fact we observed during our experi-
ments. In the same conditions, at a given acoustic energy
density, an aggregate can migrate like a column some-
times and then the second time split into two parts, in-
dicating a transition in the phase diagram. We observe

a big variation of porosity for aggregates focusing like
a disk shape but only if the acoustic focusing Reynolds
number is lower than Re,. < 0.02. We note a high poros-
ity and medium Re,. for aggregates migrating in a col-
umn shape. Finally, for high Re,. and a porosity between
0.1078 < p < 0.211, aggregates split in multiple parts.

C. Formation of aggregates of microalgae

We have shown with particles that ARF-induced ag-
gregation can be strongly accelerated if the particles can
interact or form small clusters. The next step is then to
evaluate whether this phenomenon can be applied to mi-
croalgae. Five different microalgae were tested inside the
acoustofluidic cavity: Tetraselmis suecica, Nannochlorop-
sis oculata, Scenedesmus obliquus, Chlorella vulgaris and
Spirulina platensis. Their properties are summarized in
Tab. I. Tt can be seen that the sizes (from 1 to 300 pm)
and the shapes (circular, ellipsoid, long and wavy) are
very different. Fig. 12 shows that, despite very different
sizes and properties, all microalgae can be moved by ARF
and form aggregates. These aggregates, unlike those of
particles, do not generally form a disk shape. The par-
ticles, once in the aggregate, have the ability to reorga-
nize themselves to form a disk shape by rolling over each
other. Microalgae do not reorganize in the aggregate,
which takes on various shapes depending on the side of
the (x,y) plane from which they come. In the following,
we will focus on the microalga Scenedesmus, which has
a simple shape, is not too large and has good properties
for biofuel production. Moreover, its size is in the range
where collective effects are maximum with particles.

It should be noted here that the expression of the ARF
given in Eq. 2 is not valid for an ellipsoidal object. More
refined models should be used, as the ones proposed by
Marston et al. [59], Mitri [60], Silva & Drinkwater [61]
or Leao et al. [62]. Some peculiar phenomena can also
be observed for elongated metallic nanorods, like self-
propulsion [63, 64]. Such behaviors were not observed
with microalgae, due to their much lower density. Nev-
ertheless, in the following only collective effects will be
discussed, independently of the shape of the microalgae.



Shape Size Medium ¢
(pm)

Chlorella vulgaris ellipsoidal 5 non N/A
saline

Scenedesmus ellipsoidal 10 non N/A
obliquus saline

Spirulina platensis  long / wavy 70-300 non  N/A
saline

Nannochloropsis spherical 1 saline  0.05

oculata
Tetraselmis suecica spherical 20  saline N/A

TABLE I. Main properties of the five tested microalgae. In
general, the acoustic contrast factor ¢ is unknown, except for
the Nannochloropsis [65] measurement.

1. Influence of the acoustic power

The first step is to study the temporal evolution of
an aggregate of Scenedesmus, as illustrated in Fig. 13,
for a given concentration (395 000 algae.mm~2) and a
given acoustic power (0.5 W). We note that the position
of the aggregate remains the same over time, but that
its surface increases regularly as the algae arrive in the
support plane.

The influence of acoustic power on aggregation dynam-
ics is also illustrated in Fig. 14a), where snapshots of
Scenedesmus aggregates obtained after 30 s for increas-
ing acoustic power (from 0.5 W to 1.04 W) are presented.
The increase in the aggregate surface area can be clearly
seen when the acoustic power is increased.

To quantify these evolutions, the time series of snap-
shots are post-processed using ImageJ software to mea-
sure the area of the aggregate as a function of time. The
results are presented in Fig. 14b) where the area of the
aggregates is plotted as a function of time over 5 min for
5 different acoustic powers and for a given concentration
(395 000 algae.mm=2).

The first observation is that the aggregates grow faster
when the acoustic power is increased (for a similar given
time). After 30 s the aggregate obtained with 0.5 W has
an area of 0.06 mm?, while the aggregate obtained with
1.04 W has an area of 0.17 mm?2. The area of the ag-
gregate is multiplied by a factor of 2.8 when the acoustic
power is multiplied by a factor of 2.08.

The second observation is the overall evolution of the
aggregate area, which can be separated into two main
regimes. The first regime corresponds to short times (up
to 50 s). The growth of the aggregates is very fast be-
cause all the microalgae that are close to the pressure
node are quickly trapped inside the levitation plane. The
second regime corresponds to the capture of microalgae
further from the levitation plane. It can take a few hun-
dred seconds to finally collect all the microalgae present
in the suspension, which corresponds to the slow evolu-
tion towards the final asymptotic area of the aggregate.
If we apply acoustics a sufficiently long time, the curves
should overlap by reaching an asymptotic regime close

FIG. 13. Time evolution of a Scenedesmus aggregate under
acoustic depending time: a) 30 s, b) 1 min, c¢) 3 min, and d)
5 min. Acoustic power is 0.5 W. This aggregate corresponds
to the red curve in Fig. 14.

to the same value. However, for small acoustic powers,
there are loss of microalgae. Indeed, for lower powers,
part of the algae will have time to sediment toward the
bottom of the cavity, resulting in an asymptotic value
lower than the one for higher acoustic power.

2. Influence of the concentration of microalgae

It has been shown that particle interactions and the
creation of small aggregates can lead to a strong increase
in the acoustic focusing speed of the aggregates. This
suggests that the concentration of particles or microal-
gae can also play a role in the dynamics of acoustic trap-
ping. For this reason, experiments with different initial
concentrations of microalgae have been performed.

The first result is presented in Fig. 15a. It shows mi-
croalgae aggregates 30 s after the acoustics were turned
on, for 4 different initial concentrations, ranging from
790 000 algae.mm=2 (C1) to 100 000 algae.mm=2 (Cy)
and for a given acoustic power of 0.90 W. It shows a
clear decrease in the surface area of the aggregate when
the initial concentration is decreased.

Fig. 15b shows the temporal evolution of the area of
the aggregates for the 4 different initial concentrations.
The same type of evolution is observed, with a strong
growth during the first tens of seconds, followed by a
slow evolution towards an asymptotic value. The higher
the initial concentration, the faster the aggregation and
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FIG. 14. Aggregate of Scenedesmus after 30 s for 5 dif-
ferent acoustic powers: a) 0.5 W, b) 0.63 W, ¢) 0.76 W,
d) 090 W and e) 1.04 W. The same concentration is
395 000 algae.mm™2. Magnification is 4 X. f) Time evo-
lution of the aggregates area as a function of time for five
different acoustic powers.

the larger the final area of the aggregate.

It can be assumed that two effects are at play for short
times: collective effects as well as the increase in the
number of microalgae in the region of the acoustic pres-
sure node. Indeed, the concentration of microalgae is
increased by a factor of 2 from Cy4 to C; but a clear ac-
celeration and increase in the asymptotic surface can be
observed from Cy to C; (Fig. 16). This effect is not ob-
served for lower concentrations, which can be explained
by a critical concentration beyond which collective effects
take place.

For long times, it can be assumed that the final area of
the aggregate is directly related to an increasing number
of microalgae in the suspension.

D. Multinode cavities and application to
microalgae harvesting

It has been shown in the previous section that microal-
gae behave in a similar way to solid particles. Experi-
ments performed with Scenedesmus obliquus show an ac-
celerated formation of flocs when the concentration or
power is increased. To extend and further demonstrate
the scaling possibilities, a multinode cavity was designed
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FIG. 15. Evolution of Scenedesmus aggregates after 30 s
under acoustic. 4 concentrations were used from a)
C1 =790 000 algae.mm™2 b) Cs =395 000 algae.mm™2 c)
C's =200 000 algae.mrrf2 and d) Cy =100 000 algae.mme.
Constant acoustic power of 0.9 W was applied. Observation
is at 4 X magnification. e) Time evolution of the surface of
the aggregates depending on the initial concentration during
5 min under acoutics.

in Poly-DimethylSiloxane (PDMS), as shown in Fig. 17.
The device is characterized by a high aspect ratio: the
height of the cavity is now h = 8 ¢m, which leads to the
creation of 180 levitation planes. A DinoLite™ digital
microscope is placed on one side of the rectangular cav-
ity, backlit by a planar white light source, in order to
record lateral views of the algae movements under acous-
tics. Both the transducer and the camera are controlled
by a computer (Fig. 17).

A typical example of microalgae aggregation in the
multinodal cavity is shown in Fig. 18 for Tetraselmis sue-
cica for a given power (1.04 W) and a given concentra-
tion. Cj corresponds to the concentration of the original
sample (Cp ~ 1 10% algae.mL~') provided by the sup-
plier (Teramer®)). The sample is then diluted and the
result is expressed as the dilution rate of the initial con-
centration. Fig. 18 illustrates the methodology used to
quantify the dynamics of microalgae layer formation in
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FIG. 16. Relative gain in the size of the aggregates for in-
creasing concentration: from C4 to C3, from C3 to C2 and
from C to €. The maximum gain is obtained for the larger
concentrations.
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FIG. 17. Sketch of the multinodes system. A 2 M Hz trans-
ducer is placed at the top of a 8 ¢m high PDMS resonator
with 1xlcm? section. The transducer is tuned with a sig-
nal generator controlled by a computer. The transducer can
be moved inside the cavity allowing variations of height. A
DinoLite™ USB microscope camera is located on the side of
the resonator. In this study, 180 acoustic nodes were created
along the height of the cavity.

acoustic levitation. Fig. 18a shows the suspension of mi-
croalgae homogeneously distributed in the cavity, while
Fig. 18b shows several layers of microalgae formed at
each pressure node. The red rectangle on each image
defines the ROI (Region Of Interest) on which the spa-
tial average intensity profiles were calculated. Figs. 18c,d
show the intensity profiles corresponding to Fig. 18a and
Fig. 18b, respectively. It can be seen that the intensity
profile is initially smooth with an axial variation related
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FIG. 18. Illustration of the formation of Tetraselmis algae
layers in a multi-node cavity. a) The suspension is initially
homogeneously distributed in the volume. b) Once the acous-
tics are activated, and after a certain time, microalgae layers
form at all pressure nodes. To measure the time required for
the onset of layer formation, the vertical intensity profile, av-
eraged over a given ROI (red rectangle in b)) is calculated at
each time step. ¢) The profiles are initially smooth, d) before
exhibiting an axial modulation after some time under acous-
tics.

to the optical source used to illuminate the cavity. Once
the acoustics are activated, microalgae layers are formed,
leading to a clear axial modulation of the intensity pro-
file. It is then possible to evaluate the acoustic focusing
time T'fjocs corresponding to the first spatial modulation
of the intensity profile. We apply a Fast Fourier Trans-
form (FFT) on the intensity profile. For a smooth profile,
no peak is observed in the FFT spectrum. On the con-
trary, a clear axial modulation leads to many peaks in
the FFT. The time during which a clear peak appears in
the FFT is the criterion used to define the appearance
of the first spatial modulation and therefore Tfiocs. Us-
ing this principle, the acoustic focusing time T'fiocs Was
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FIG. 19. Evolution of the focusing time as a function of the
acoustic power Pq. for a given concentration ( %) One can
see that increasing the power above 0.5 W leads to no accel-

eration of the acoustic aggregation of the microalgae.

measured for a given concentration (%) as a function of
the acoustic power. The result is presented in Fig. 19.
It can be seen that the formation of microalgae layers
is strongly accelerated up to 0.5 W. For higher acous-
tic powers, there is no net gain in the dynamics of layer

formation.

Using the same principle, the acoustic focusing time
was measured for five different concentrations that were
different dilutions of the initial suspension with concen-
tration Cy. The result is shown in Fig. 20. It can be
clearly seen that the focusing time is indeed greatly re-
duced, i.e. aggregation is accelerated, simply by increas-
ing the concentration of the suspension. Interestingly, it
can also be seen that the concentration should not be too
high. A plateau is observed for the highest concentration
and even an increase in the time needed to start forming
layers can be observed for the highest concentration, sug-
gesting that other effects, such as screening effects, are
at play for higher concentrations.

These results can be exploited in the following way.
The multi-node static resonator can be further improved
and integrated into modular processes, between the
growth and post-processing stages. The residence time
can be defined as the energy efficiency parameter, de-
termining the energy consumption of the harvester and
the efficiency of the whole process. The residence time
can be controlled either by the acoustic power or by the
initial concentration at the inlet of the harvesting unit,
which can be obtained either naturally in the growth pro-
cess or by a complementary preconcentration method.
For example, a typical biomass-to-biocrude process re-
lies on cultivation in a raceway or tubular reactor, with
subsequent harvesting by filtration before entering a hy-
drothermal liquefaction (HTL) unit. The harvesting step
is critical to determine the energy efficiency of the pro-
cess, with a concentration factor higher than 100 x. Such
a requirement consumes a lot of energy per filtration unit,
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FIG. 20. Evolution of the focusing time as a function of the
concentration for a given amplitude of the acoustic force. One
can see that the concentration can be optimized to accelerate
the formation of aggregates of microalgae with no increase of
the energy used by the system (P, = 1.2 W).

not to mention its maintenance costs.

The modularity of the process allows to complement an
existing harvesting method with a static ultrasonic cav-
ity. This will allow to lower the target concentration of
the filtration unit, corresponding to the critical concen-
tration needed to trigger the accelerated acoustic focus-
ing. This should reduce the energy consumption of the
existing unit, as well as the residence time of the acous-
tic collector. This approach is advantageous compared
to the more common ultrasonic flow channels associated
with ultrasonic harvesting in the literature [66]. The
scaling of flow cells is associated with substantial energy
costs, due to the co-competition between the flow and
acoustic focusing time scales, a problem that is solved by
the use of a static resonator.

A possible integration and a 4-step protocol for such
a static ultrasonic accelerated collector is presented in
Fig. 21a,b,c,d. Figs 21e,f illustrate Fig. 21b and Fig. 21c,
respectively. Fig. 21e shows the formation of multiple
layers of microalgae, which can be obtained quickly (a
few seconds), while Fig. 21f shows the formation of large
aggregates, or flakes, which sediment quickly and can
then be harvested as illustrated in Fig. 21d.

VI. CONCLUSION

The efficiency of microalgae collection is essential
in the biofuel exploitation process. The main cur-
rent challenges are high energy consumption and cost.
Acoustophoresis is a promising technology, non-intrusive,
contactless and without added product. The second ad-
vantage is its low energy consumption. Therefore, two
parameters that impact the dynamics of aggregate forma-
tion have been studied. The first is the acoustic power.
By increasing the acoustic power, the ARF also increases.
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FIG. 21. Schematic of the harvesting process, including the
static settler/harvester. The process works in four steps: the
diluted solution enters the tank after growth, e.g. from the
circulation channel, or after preconcentration (a); the acous-
tic field is applied for several minutes (b); the acoustics are
switched off, resulting in sedimentation (c) and a new solu-
tion is introduced into the tank, displacing the concentrate
into the post-treatment unit, e.g. HTL (d). Side views show-
ing the formation of several layers of microalgae (e) followed
by the formation of large clusters that rapidly sediment in the
middle of the cavity (f). Movies online.

Therefore, the particles or microalgae move faster to-
wards the levitation plane. The transverse component
of the ARF is also increased which leads to rapid aggre-
gation of microalgae. Increasing the acoustic power leads
to higher energy consumption. However, there is also an
optimal power beyond which acoustic aggregation is no
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longer accelerated. Another option is to exploit a second
parameter which is the concentration. Indeed, increasing
the concentration leads to collective effects.

This study showed that particles close to each other
interact with each other. This leads to a strong accelera-
tion of particle groups that thus reach the levitation plane
much faster than isolated particles, without increasing
the acoustic power. Another consequence of collective
effects is the formation of small aggregates. Acoustically,
an aggregate cannot be described as several individual
particles but rather as a new object. The migration dy-
namics is strongly accelerated (up to x 20) for larger
aggregates compared to an isolated particle for the same
energy consumption.

Collective motions can be complex, depending on the
acoustic focusing speed. Three regimes (disk, column,
split) were identified, according to an acoustic focusing
Reynolds number. The porosity of the aggregates was
also analyzed with the three dynamic focusing regimes,
showing a lower average porosity for the split regime and
a higher average porosity for the column regime.

A multi-node cavity was used to evaluate the influence
of suspension concentration on microalgae (Tetraselmis)
aggregation dynamics in acoustic pressure nodes. It was
shown that, for a given power, increasing the concentra-
tion leads to a clear acceleration of microalgae layer for-
mation at acoustic pressure nodes. It also appears that
aggregation is slowed down if the concentration is too
high, probably due to a screening effect, suggesting an
optimal concentration to minimize acoustic aggregation
time, without increasing the energy.

The advantage of the proposed approach is that the
geometry can be kept the same and the performance
optimized by adjusting the concentration of the manip-
ulated suspension.
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