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Abstract:

Capillary reactors demonstrate outstanding potential for on-demand flow chemistry
applications. However, non-uniform distribution of multiphase flows, poor solid handling,
and the risk of clogging limit their usability for continuous manufacturing. While ultrasonic
irradiation has been traditionally applied to address some of these limitations, their acoustic
efficiency, uniformity and scalability to larger reactor systems are often disregarded. In this
work, high-speed microscopic imaging reveals how cavitation-free ultrasound can unclog
and prevent the blockage of capillary reactors. Modeling techniques are then adapted from
traditional acoustic designs and applied to simulate and prototype sonoreactors with wider
and more uniform sonication areas. Blade-, block- and cylindrical shape sonotrodes were
optimized to accommodate longer capillary lengths in sonoreactors resonating at 28 kHz.
Finally, a novel helicoidal capillary sonoreactor is proposed to potentially deal with a high
concentration of solid particles in miniaturized flow chemistry. The acoustic designs and
first principle rationalization presented here offer a transformative step forward in the scale-

up of efficient capillary sonoreactors.
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Introduction

Capillary reactors can exhibit practical advantages over microreactors as they allow higher
throughput and better solid management [1,2]. By increasing the diameter of the reactor to
millimeters instead of tens/hundreds of micrometers, the high surface area-to-volume ratio of
milli-scale reactors is still able to achieve reactions under controlled conditions and enhanced
heat and mass transfer rates. Examples of the versatility afforded by commercial capillary
tubing and fittings instead of lab-on-a-chip devices have recently been published for fine
chemistry in the pharmaceutical sciences [3]. Yet, the handling of solids (catalysts, reagents,
precipitation of products or by-products) is still one of the main drawbacks limiting their
operating window [4-7]. During a reaction, the formation of solid aggregates or precipitates can
irreversibly clog the capillary tubing or connectors, leading to delays in production and
increased shut down/startup costs [6].

The use of ultrasonic irradiation has been successfully implemented not only to prevent
clogging but also to enhance mass transport in multiphase flow through cavitation [4,8-18].
Traditionally, the immersion of capillaries «in ultrasonic baths [19], the integration of
miniaturized piezoelectric transducers [8,20], or the placement of ultrasonic horns in the
proximity of reacting tubes [21], have been used for this purpose, among others [12]. The
generated acoustic field strongly depends on how the entire device resonates, a phenomenon
well studied in the area of microfluidics defined as acoustofluidics [22-24]. Acoustic forces
—including streaming— can be focused on the center of capillaries, minimizing the risk of
clogging as recently shown in microreactor systems [25]. For capillary sonoreactors on a larger
scale, the applied frequency can either be adjusted once the device is mounted [8], or
rationalized via the construction materials, sizes and geometries [26]. Analytical approaches
using the Langevin equation or electromechanical equivalent circuits [27-30] can be a good

starting point for the design of sonoreactors.

Although ultrasound is usually found to improve solid handling [21] during the production
of-active pharmaceutical ingredients [7,31], the scaled-up application of high power ultrasound
to longer capillary length is still challenging [32—-35] as the main vibrational modes cause the
appearance of nodes and antinodes across the sonicated area. In fact, a major limitation
preventing full exploitation of scaled-up sonoreactors is the lack of a proper methodology to
avoid a numbering up strategy or the use of ultrasonic baths when longer capillary reactors

lengths are needed.

In any case, it is worth emphasizing that acoustic irradiation is an active method to handle

solids and avoid clogging in continuous-flow capillary systems [4,5,36], typically applied in the
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form of ultrasonic baths [37]. The main clogging mechanisms in capillary reactors usually
involve bridging, fouling or particle deposition [6,9,38]. The usage of power ultrasound to
prevent or remediate the blockage of capillary sonoreactors has been often related to cavitation
[8,10], as it is the case in ultrasonic cleaning applications [39—44]. However, recent acoustic
applications to micropacked-bed reactors [45] indicate that additional mechanisms can produce
partial particle fluidization. For instance, purely vibratory forces have been traditionally applied
to avoid the formation of jams in hoppers or silos [46-48]. Recent understanding of the physics
of granular materials such as arch or bridge formation [49,50] and particle stress distributions
[51,52] favors the use of internal or external energy sources that can be reapplied to different

scales of interest [48].

In this work, we use scalable acoustic design principles to obtain highly focused, wider and
more uniform sonication areas. The unclogging mechanism in capillary tubing is captured first
using low-power ultrasound and high-speed optical imaging. Advanced numerical methods are
then used to optimize a diverse variety of sonoreactor designs. A proper understanding of the

vibrational modes leads to a novel helicoidal capillary sonoreactor.



Materials and methods

Acoustic Design, Modeling and Optimization of Sonoreactors

High-power ultrasonic devices are widely used in manufacturing industries [53-57] and
usually consist of an ultrasonic transducer attached to a probe, sonotrode or horn, which acts as
a waveguide (see Figure 1). The design of ultrasonic devices maximizes their vibrational modes
in one direction and at a specific resonant frequency [27,58,59], [60,61], generally along their

axis of symmetry.
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Figure 1. Common elements within high-power ultrasonic devices designed as a
function of the wavelength X [m], which corresponds to the ratio between the speed of
sound (c [m/s]) and the applied frequency (f [Hz]). The total displacement —shown in
grayscale and as'a waveform— is mainly longitudinal with a maximum (antinode) at

the tip of the sonotrode.

The driving frequency selection and use of sonotrodes are thus tailored to the intensity
required in each application [62]. Different sonotrode geometries can modify the ultrasonic
vibrational modes due to changes in the speeds at which the deformations are propagated
through the solid material and the different distribution of masses [63]. In this regard, the
performance of the sonotrodes is predicted in a more straightforward way when the acoustic
propagation is physically confined —e.qg. lateral or perpendicular dimensions below a third of
the wavelength (see Figure S1) —. When wider sonication areas are necessary, slits confining
the vibrations in one direction are a standard feature in commercial sonotrodes. By following
this design approach, analytical expressions can be derived for the initial design of wide-area
resonant structures [64,65]. Yet, the sizing and location of a capillary reactor with a commercial
transducer and sonotrode is not trivial. If it is placed without adequate consideration, the

resonant frequency and vibrational mode of the assembled system can be significantly modified
4



from the desired specifications [66]. The appearance of nodes and antinodes at distinct locations
will cause spatially-resolved areas of low-acoustic performance and structural failures due to
fatigue. Therefore, a modeling and simulation approach becomes crucial to optimize the

performance of wide-area sonoreactors during prototyping stages.

Simulation strategies that capture the physics of interest are well known from the literature
[67-74]. Our approach focuses on the design of evenly-distributed and wide-sonicating areas
when prototyping acoustically-enhanced capillary reactors. To this end, a commercial Finite
Element Method (FEM) software (COMSOL Multiphysics v.4.4, AB) is used‘in this work to
discretize and numerically solve the equations described in the Supplementary Material.
Isotropic energy losses and attenuation factors are included in the description of the model and
only relative values of displacements and acoustic pressures are provided, which are assumed to
be proportional to the low voltage applied to the piezos [66,75-77]. The validation of the
modeling and simulation approach used in this paper, presented at the beginning of the results
section, thus focuses on comparing the predicted and experimentally observed vibrational
modes. More sophisticated models would be necessary to capture phenomena such as non-linear
attenuation in cavitating liquids [78,79] and acoustic streaming in the presence of cavitation
[80].

Experimental methods

An ultrasonic power generator (Undatim Ultrasonics SA, BE) was used to find the resonant
frequencies and validate the simulation results. The capillary sonoreactor parameters used for
validation were fixed-in both cases to 100 mm and 3.17 mm of length and internal diameter,
respectively. The versatility of this geometry has been proven in the literature and it is widely
studied as a micropacked-bed reactor [81,82]. To reduce the stress concentration, the outer
reactor diameter was chosen to be 12.7 mm. Stainless steel (316L) was used due to its better
chemical compatibility when compared to other commonly-used sonotrode materials, such as
aluminum or titanium. To ease the prototyping and reduce manufacturing costs, a 28 kHz
commercial high-power ultrasonic transducer (APC International, Ltd. USA) was used. The
sonotrode designs were machined and tightly bolted to the ultrasonic transducer. Commercial
drill bits (BM12x230 and BM12x460 Celesa Bluemaster, Spain) were used for prototyping the
helicoidal sonoreactors. Given the geometry, material properties, and frequency of interest, the
initial sonotrode dimensions were obtained by respecting the distances imposed by the
longitudinal wavelength. Then, the resonant structures were acoustically optimized following

the strategy described in the Supplementary Material.



The vibrational modes were also captured experimentally by placing 250 um silica beads on
the surface of the sonotrode, particle motion induced by vibrations was recorded using a high-
speed camera. A time-resolved particle image velocimetry software [83] was used to obtain the

experimental displacement field.

A simplified setup was used to visualize the clogging and unclogging mechanism at _high
speed when ultrasound was applied. A HARVARD PhD Ultra syringe pump was connected to a
series of stainless steel Swagelok manual valves and 1/8” PFA IDEX Health & Science tubing.
The system allowed the introduction of 90-150 pm KCI crystals into the feeding line to promote
the clogging downstream. A saturated KCI solution with the high concentration of suspended
crystals passed through a reducing union (Vici Valco Instrument Co, ZRU21 316 stainless
steel), which was sonicated with an external 40 kHz ultrasonic cleaning transducer (APC
International Ltd, APC-90-4050). Downstream the tubing (1/16” PFA IDEX Health & Science)
was thermally treated to reduce its ID from 1.09 mm to a 0.63 mm. At this point, an inverted
microscope (Carl Zeiss) and a high-speed camera (Phantom™ Vision Research) were used to
capture the clogging as well as the unclogging mechanisms. The probe of a miniaturized
ultrasonic cleaning transducer (APC International Ltd, APC-4SS-1550) was used to sonicate the
clog on demand by means of a function generator (Siglent SDG1025) with an amplifier (E&I
1020L). The minimum power supplied by this setup was used, with a signal output of 2 mVpp
at 51 kHz, consuming 1 W of load power. The A custom-machined microscope plate
compressed the tubing between aset screw and the miniaturized ultrasonic device. Additional

experiments were made using such a compression system to promote clogging.



Results and discussion:

High-speed microscopic imaging can be used to understand how ultrasonic irradiation at low
frequencies (51 kHz) promotes the local fluidization of a clog formed by ~90-150 um KCI
crystals (Figure 2). Low-power sonication (1W) can prevent and avoid clog formation even
when there is a sudden reduction of capillary cross-sectional area (Figure 2a). This proof-of-
concept visualization illustrates the importance that vibrations spread over areas where clogging
can occur, rather than providing high-amplitude local ultrasonication to induce cavitation. It is
worth noting that no cavitation was experimentally observed under the conditions used in this

work (see supplementary videos).

Different scale-up strategies and designs of capillary sonoreactors will be described to
achieve the specific goal of distributed low power acoustics in capillary reactors. The design of
a miniaturized sonoreactor is first evaluated by considering two basic configurations: a
longitudinal- and a perpendicular-wise design. To increase the sonicated area and accommodate
longer reactor lengths, sonotrodes including a blade-, block- and cylindrical-like geometries, are
acoustically designed using both analytical and numerical approaches. A novel acoustic design

using a helicoidal sonotrode is then proposed and characterized at the end of this section.
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Figure 2. Imaging of clogging and ultrasonic unclogging events (a) in a controlled
geometry restriction (1.09 mm ID reduced to 0.63 mm over 6 mm of length). The
sonication system (b) is located at the capillary restriction. c) Pressure drop signal was
monitored during the experiments (1 ml/min of KCl-saturated water, 51 kHz and 1 W of
power). High speed video visualizations showing the ultrasonic fluidization of 90-150 pm

KCl are included as supplementary material.



Longitudinal and perpendicular sonoreactors

Langevin or sandwich transducers are usually designed to maximize the displacement along
its longitudinal direction. Thus, to efficiently sonicate reduced reactor lengths, two main options
can be examined, namely, an axisymmetric longitudinal design or a perpendicular configuration

(Figure 3 and 4, respectively).

As intended, the numerically resolved prototypes resonated close to the 28 kHz natural
frequency of the ultrasonic transducer they were designed for. The longitudinal design (Figure
3) was machined from a 70 mm diameter cylindrical block. The axisymmetric unibody design
allowed an accurate prediction by the model with only a slight difference of ~0.1 kHz when
compared to the experimentally observed resonance. The perpendicular configuration showed
~1 kHz difference with respect to the model, probably due to<the soldering of a 12.7 mm
diameter stainless-steel tubing instead of machining the sonotrode from one piece. The
assembled sonoreactors were not acoustically adjusted by removing material as is usually the
case in manufacturing industries. At their resonant frequency, nodal points exactly matched

those predicted in the simulations (see Figure 3b and 4c).
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Figure 3. Longitudinal design where the reactor chamber is located within the
sonotrode, following its axisymmetry. The predicted displacements (a, grey scale) were
validated by tracking the motion response of particles at the surface (b). The resonant
frequency of the model (a) and the assembled prototype (b) were 28.192 and
28.138 kHz, respectively. The acoustic pressure (red to blue color scale) is calculated

assuming a lossless media.



The benefits of using longitudinal sonotrodes are several, in theory: they are the simplest to
manufacture and the selected funnel shape (truncated cone plus cylindrical reactor) has a well-
known analytical expression that can be used to obtain the initial dimensions [64]. The stress
concentration was minimized by locating the notch of the sonotrode at a nodal point (Figure 3).
Gaussian belled, exponential or catenoidal longitudinal cross-section reductions can also be
used to further reduce long-term fatigue failures and provide higher mechanical amplifications
[65]. Longitudinal designs allow screwed fittings at the areas where the displacement is
maximized (antinodes) avoiding clogging issues when dealing with solids. However, the
acoustic pressure distribution, as well as displacements, seems to be determined by the
wavelength of the media (standing waves can be identified as a longitudinal pattern in 3a).

_ 27.728kHz
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Figure 4. Perpendicular sonotrode design (a) where the reactor chamber receives the
mechanic vibrations normal to the longitudinal motion created by the ultrasonic
transducer. The theoretical magnitude of the displacement and the experimentally
tracked motion are shown in b and c (grey scale and arrow field, respectively). The

model results are validated against the particle motion at the bottom of the sonotrode.

When the reactor chamber is placed at an antinode, but perpendicular to its longitudinal axis
(Figure 4a), the acoustic pressure is better distributed. The vibrational mode also affects the
pressure that can be achieved. In this case, a nodal point appears at the center of the tube,
captured both in the model and in the experimental validation as seen in Figure 4b and 4c,

respectively.
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Figure 5. Sonotrode configurations (a longitudinal and b perpendicular) with

attenuation included in the modeled liquid medium. The acoustic pressure decreases

quickly in the longitudinal design (c). The perpendicular design shows better distribution

(d) thanks to its larger surface area normal to the main longitudinal vibrations created by

the ultrasonic transducer.

The advantage of perpendicular sonotrode geometries compared to the longitudinal ones can
be better deduced from Figure 5. Damping is likely to occur in viscous, porous or liquid media
that experience cavitation. If severe attenuation is present in the reactant medium, the
mechanical energy will be mainly transmitted close to the antinodes corresponding to
vibrational modes normal to the reactor walls. When scaling up, the goal is to achieve well
focused and uniform displacements at the inner channel walls. This will ensure agitation at the
phase interface where clogging is most likely and enable the propagation of acoustic energy into
the fluid phase. Therefore, an optimal design will not have areas of severe nodal points, spikes

or dips in either metric.

11



Scale-up of capillary sonoreactors

When designing ultrasonic devices, the appearance of nodes and antinodes at the vibrating
surface is limited, in theory, by the frequency applied and the resonant mode of the sonotrode
[34,35]. To increase the sonicated area, blade-, block- and cylindrical-like sonotrodes are
commonly found in the ultrasonic industry [53,62,64,84-86]. These are highly optimized
devices that evenly distribute the displacement via slits and additional masses. Analytical and
numerical approaches [64,65] were used to obtain the initial design parameters to optimize

capillary sonoreactors.

Pac < 0 W= P, >0

ac

disp.= 0 s max(disp.)

Figure 6. Blade-type sonotrode with four slits (a) to increase the sonicated surface area
while maintaining a distributed displacement field (colored) designed for a 28 kHz
ultrasonic transducer. A reduction in the cross-section area at the end of the sonotrode
maximizes the vibration amplitude for single reactors as seen in the cross-sectional

view (b).

A wider sonotrode with four slits made of aluminum was dimensioned for a 28 kHz
ultrasonic transducer (Figure 6). Commonly known as blade sonotrodes [65], this configuration
is used in the cutting industry and benefits from the increase in amplitude given by the reduction
of cross-sectional area at the tip of the sonotrode. When a capillary reactor (Figure 6b) is placed

12



at the tip, the slits homogenize the distribution of the displacements and acoustic field. The main
benefit is the capability of increasing the sonicated length of the capillary reactor when
compared with the simpler transversal prototype shown in Figure 4. Reactor dimensions and
vibration frequency were maintained at the same parameters to allow the comparison of the two
approaches. Wider reactor diameters are also possible if the dampening in the media is not teo
severe [87-90].

31.096 kHz

P.<0 —:_? P, >0 disp.= 0 s max(disp.)
ac —

Figure 7. Block-sonotrode (a) showing the expected displacement fields (grey scale)
and acoustic pressure (color scale) at the capillary channels. Introducing the slits, the
sonotrode” acts a multiple waveguide resonating at its half-wavelength across its

longitudinal direction (b).

If longer capillary reactors are needed, additional slits can be introduced in block and
cylindrical sonotrodes (Figure 7 and 8, respectively). These are commonly used in the
soldering industry, where the acoustic energy is combined with a hydraulic press to evenly
sonicate wider areas [64,84-86]. By introducing slits in the sonotrode, the vibrations propagate
as if independent waveguides were used. The enclosed volumes vibrate as independent
transducers helping homogenize the displacements at the surface of the sonotrode. The
optimized sonotrode designs maintain the ideal distances imposed by half of the wavelength as
seen in Figure 7b and 8b. The cylindrical sonotrode (Figure 8) shows a more homogeneous
distribution of the vibrating surface given the axial symmetry and rounded geometry of the
assembled device. This can be better appreciated when looking at the vibrational mode of the

block sonotrode, where some antinodes are still present at the surface of Figure 7a. Again,
13



attenuation was assumed within the liquid medium to evaluate the acoustic performance in
terms of the displacement field. At the scale shown, equal acoustic pressures are obtained for
both designs. Although this is not shown in the figures, the reader may foresee the impact of
increasing the number of transducers at distinct locations. Acoustic coupling will generate
complex vibration modes, which may or may not be in phase, reducing the uniformity in wide

vibrating surfaces.

B e

28.944 kHz I 10mm

1 _:_T P, >0 disp.= 00— max(disp.)
ac —

Figure 8. Cylindrical sonotrode with a capillary reactor attached to its emitting surface
(a). Axisymmetric designs improve the displacement distribution (grey scale) when

combined with'slits. The length of the sonotrode corresponds to half of the wavelength

(b):

A concentrically stacked sonotrode (Figure 9) can be proposed when using piezoelectric
rings that are radially polarized [91]. Significantly larger reactor volumes can be achieved with
this design by coiling the capillary reactor at the external surface of the sonotrode. Following
similar principles as in the traditional wide-block sonoreactors, the use of slits helps
homogenize the acoustic field to some extent. Even though for this design a commercial piezo
was considered (42-1091 APC International, Ltd. USA), the mechanization and assembly of the

concentrically pre-stressed parts might not be trivial.

14



B o o o e o e o e o e o e

== 10 mm 39.762 kHz
Ppe <Omm—mm P, . > (0 min(disp.) ——mmm max(disp.)
Pac =0

Figure 9. Simulation results of radially polarized piezo tube (42-1091 APC
International, Ltd. USA) compromising a back and front parts (a) with slits that help
to homogenize the vibration modes. Acoustic pressure is consistently obtained along

the 1.58 mm OD reactor tubing (color scale in b) that coils around the cylinder.

The benefits of using commonly available, high-power, low-frequency ultrasonic
transducers were further explored. Tapered or cylindrical sonotrodes lead to the appearance of
nodes (see Supporting Information), which are a function of the material geometry and the
frequency of the transducer. Moreover, as vibrations are mainly longitudinal, there will be a
peristaltic pressure difference matching the nodes and antinodes of the sonotrode (a coiled
capillary reactor is shown Figure 10a). In the literature, helicoidal slits in a sonotrode have been
successfully used to transform longitudinal modes into radial and torsional modes [30,92] —
traditionally only focused on the benefits obtained at the region close to the tip of the sonotrode
[53,93]—. Generalizing this concept of combining different vibrational modes (radial, torsional
and longitudinal), a helicoidal capillary reactor was prototyped and built (Figure 10b). The
simulation results match the experimental observations showing an increase in average

amplitude and homogenization of the displacement field (Figure 10b and 10c).
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Figure 10. Comparison between the displacement fields of cylindrical- and helicoidal-
shaped sonotrodes attached to a commercial 28 kHz ultrasonic power transducer (90-
4040 APC International, Ltd. USA). A commercial drill bit (12 mm of diameter and
160 mm of length, BM12x230 Celesa Bluemaster, Spain) was mechanized to admit a
1.58 mm OD of PFA commercial tubing. The vibrational modes of the device were

validated against the simulation results (c) showing distributed nodes and antinodes.

The proposed design uses a commercial drill bit as continuous helicoidal waveguide that
distributes the standing wave patterns created along the sonotrode (Figure 10a compared to
10b). The displacement field distribution in the helicoidal design was experimentally
characterized (Figure 10c). Even with low-frequency ultrasound (28 kHz), the spatial
performance-is improved by reducing longitudinal nodes. The helicoidal sonotrode transforms
longitudinal modes into radial and torsional ones, homogenizing the displacement field. The
outermost area was used to place a 1.58 mm outer diameter (OD) reactor tubing in a coil
threaded manner. The transmission of acoustic energy in the prototyped reactor is solid-to-solid,
increasing the sonication efficiency. Different capillary materials, diameters and lengths can be

used as well.

A capillary reactor with a continuous vibrating surface can enable chemistry at high
concentration of particles. A low-power ultrasound was shown to fluidize a set of particles that
were previously forming a clog (Figure 2). With the helicoidal capillary sonoreactor, these
benefits are no longer confined to regions near sonotrode tips. The scale-up of capillary

sonoreactors using longer capillary tubing is now an option. For example, the proposed
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helicoidal design was validated using another drill bit with 370 mm instead of 160 mm of total
sonotrode length. When injecting 200 um stainless-steel beads in the capillary tubing coiled
along the drill bit, acoustic agitation was observed superimposed with the flow of particles (see

supplementary videos).

The acoustic benefits and limitations of the prototypes proposed here will define the next
steps of this research. In any case, an early comparison can be made with the computational
designs of this work. As illustrated in the figures above, the amplitude and homogeneity of
vibration mainly depend on the cross-sectional area reduction and symmetry of the sonotrode,
respectively. In this regard, the blade design amplifies the vibration while the axi-symmetric

designs yield sharper surface displacement distributions (Figure 11).
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Figure 11. Normalized distribution (kernel density) of the vibrating surface
displacements for each design maintaining the electric potential constant. The
vibration of the sonotrode increases in amplitude with a decrease of cross-sectional
area (a) while its symmetry impacts the sharpness of the distribution (b compared to ¢
and d). The prototyped helicoidal design (e) homogeneously distributes the vibration
even when the sonotrode was not optimized as it was built with pre-manufactured

parts.
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The practicality of scale-up is more difficult to assess at this stage of research (see Table 1
for a comparison of dimensions). If large volumes but short distances are needed, the blade
design would provide a good compromise. If larger reactor lengths are necessary, the concentric
sonotrode will provide the most compact design. The helicoidal geometry can also benefit from
a sonotrode diameter increase as well as of secondary turns that will reduce its footprint.
Overall, the high surface areas per reactor volume (Table 1) and the direct contact of the tubing
with the sonotrodes can enable simple temperature control solutions for low power ultrasound
applications. If the acoustic power is raised to normal operation conditions (20-50W.of load
power), external fans or cooling fluid circuits will be necessary to control potential temperature

increases due to mechanic and electric losses as well as cavitation.

Table 1. Overall dimensions of the different sonotrode designs

Reactor Surface Length - Depth Height

volume [ml]  area [cm?] [cm] [cm] [cm]
Blade 9.78 174.94 30.70 6.96 7.57
Block 6.26 174.63 13.20  13.23 7.87
Cylindrical 8.81 139.70 13.34  13.34 8.63
Concentric 1.58 65.12 6.91 6.91 3.00
Helicoidal 0.24 35.90 15 1.2 1.2

The concept of scaling up for all the designs, except for the blade sonotrode, has been
evaluated while maintaining constant the characteristic hydrodynamic length scale of the
capillary and only varying its length. The effect of acoustic attenuation when using wider
channel sizes, thicker tubing walls, different fluids, construction materials or larger particle
sizes require further work and consideration. In any case, we have experimentally covered
challenging conditions where the inner diameter is constricted and clogs of microparticles are
likely to be formed. Experimental tests involving the precipitation of products or by-products as

seen recently in the literature [25] will be the subject of future research.

Recent studies [94] have shown the counterintuitive idea of adding crystals as seeds to a
solid forming reaction can increase reactor lifetime, by shifting the solid formation profile from
uncontrolled crystal nucleation, to controlled crystal growth. Strategies like this, which harness
the generation of a solid by-product, can be utilized along with the sonication technologies
presented here to increase continuous flow reactor lifetime.
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Conclusions

The proper acoustic design and optimization of sonoreactors have been addressed via
numerical simulations. For low-frequency ultrasound and high-power applications, the design of
sonotrodes can be limited by the wavelength and uncontrolled resonant modes. When wider
sonication areas are necessary, three common sonotrode geometries can be considered: namely,
the blade-, block- and cylindrical-type resonator. The acoustic optimization of these sonotrodes
for a commercial 28 kHz ultrasonic transducer unveils the importance of limiting their

dimension to a quarter of the resonant wavelength, approximatively.

Surfaces vibrating with a low amplitude were shown to effectively stir and unclog particles
within a capillary reactor. Cavitation bubbles were not observed at the low voltage applied and
therefore this mechanism is not critical to fluidize the clog. This observation is connected to
those in granular materials —i.e. arch or bridge formation and their stability under vibrations—.
The high-speed microscopic imaging inspired the acoustic design of sonoreactors with wide-

output cross-sectional areas.

The introduction of slits improves the uniformity of vibrations and acoustic pressure within
capillary sonoreactors. The acoustic design principles shown in this work are necessary to
understand the influence of the frequency and sonotrode geometry to control the sonoreactor
performance. As an example of this understanding, a novel helicoidal capillary sonoreactor has
been proposed and prototyped: Fittings and connectors, prone to clog, can also be firmly

attached to the sonotrode.

Helicoidal-shaped capillary sonoreactors can enable the operation of either low-power
ultrasound applications (only mechanical benefits such as unclogging removal by vibratory
action) or, eventually, high-power ones (cavitation and sonochemistry benefits). In this regard,
further experimental studies are under way, including a comparison with ultrasonic baths. In
addition, future evaluation of scalable sonotrodes for solid handling should examine the effects
of crystal formation, loading and size on the attenuation of acoustic waves as well as their

ability to maintain fluidization and prevent clogging.
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HIGHLIGHTS

o Low power US effectively used for preventing and removing clogging in capillaries

e Computer-aided prototyping of sonoreactors with wider and uniform sonication areas

¢ Limitations of blade, block and cylindrical sonotrodes using slits are highlighted

¢ Novel helicoidal design for accommodating longer capillary sonoreactors
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