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ARTICLE INFO ABSTRACT

Keywords: Numerical simulations are a tool for sonoreactors design and reaction parameters choice. We modeled a
Ultrasound sonoreactor with six lateral flat transducers along the walls and a concentric high intensity focused ultrasound
Biomass

(HIFU) transducer at the bottom. We examined the effects of the gap between the reflector and transducers (h),
cone radii in the lower part and ultrasound frequency (f) on the cavitation activity of cellulose esters solutions.
Then, we investigated the effects of the properties of cellulose solutions on the cavitation activity. The simulation
accounts for the attenuation due to the cavitation bubbles and considers the propagation of sound waves from the
HIFU as linear. We measured the speed of sound in a cellulose esters solutions and included it in our simulations:
1545 m s ! for 6.25 g L. h, f, the density (p) and the viscosity (u) of the cellulose solutions have the most
significant effects — accounting for 34 % to 61 % of the variance — on the total acoustic pressure (pr) and active
cavitation surface area (V). pr and V increase as f and p increase, and as h and y decrease. At 78 kHz and h =
0.075 m, with 4 = 5.3 x 10 Pa.s and p = 941.8 kg m ™2, the simulation resulted in the highest pr and largest V:
1.96 x 10° Pa and 3.99 x 10”2 m> These data provide a basis to optimize sonoreactor design and operating
conditions for enhanced cavitation performance in cellulose processing.

Acoustic cavitation
Numerical simulation
Sonochemical reactor

and do not cavitate [4]. However, liquids that are impure — i.e. con-
taining particles and bubbles — have lower tensile strength and cavitate
more easily. After bubbles formation, stable cavitation or transient
cavitation arises [4,5]. Stable cavitation arises at low intensity (< 0.05
W cm™2 at 20 kHz), whereas transient cavitation arises at high intensity
(> 0.1 Wem™2 at 20 kHz) [5-7]. During stable cavitation bubbles grow
slowly, while during transient cavitation bubbles grow rapidly from
dozens or hundreds of times their equilibrium radius before collapsing in
less than a microsecond [8]. The collapse of cavitation bubbles origi-
nates microjets and localized hotspots of temperature up to 5000 K and
pressure up to 500 atm [4], thereby eliciting both physical and chemical
effects on the sonicated system. Reactive species form at the liquid — gas
interface of the bubbles and inside the bubbles [9]. The transient cavi-
tation in water, cleaves the oxygen — hydrogen bonds, leading to the
formation of reactive hydroxyl radicals. For example, at 52 kHz and 1.5
atm each bubble generates 6.6 x 10° hydroxyl radicals, and has a
maximum bubble radius of 28.9 pym [10]. The sonication of N,N-
dimethylacetamide (DMAc) generates radicals of CH3 and CH2N(CH3)

1. Introduction

Process intensification (PI) is a transformative approach in chemical
engineering aimed at increasing the energy efficiency and sustainability
of chemical processes. PI encompasses a variety of strategies and
breakthrough technologies that lower the energetic expenditure by 20 %
to 80 %, decrease reagents consumption by 10 to 1000 times, and
dramatically (Table 1) reduce the size of the equipment (100 times)
[1,2]. Ultrasound (US) is one of the notable tools in PI, and it has
gathered significant attention due to its unique capabilities and benefits,
which include the reduction of energy consumption and decrease of the
equipment’s size [3]. US is a mechanical wave that consists of successive
acoustic cycles of compression (positive pressure) and rarefaction
(negative pressure). Compression pushes molecules together, while
rarefaction pulls molecules apart. In the rarefaction phase, if the pres-
sure amplitude exceeds the tensile strength of the liquid, vapor-filled
cavitation bubbles will form. Pure liquids have a high tensile strength

* Corresponding author.
E-mail address: daria-camilla.boffito@polyml.ca (D.C. Boffito).
1 Given her role as Executive Editor of this journal, Daria Camilla Boffito had no involvement in the peer-review of articles for which he was an author and had no
access to information regarding their peer-review. Full responsibility for the peer-review process for this article was delegated to another Editor.

https://doi.org/10.1016/j.ultsonch.2025.107418
Received 7 October 2024; Received in revised form 21 May 2025; Accepted 2 June 2025

Available online 4 June 2025
1350-4177/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:daria-camilla.boffito@polyml.ca
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2025.107418
https://doi.org/10.1016/j.ultsonch.2025.107418
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2025.107418&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Dal et al. Ultrasonics Sonochemistry 120 (2025) 107418
Nomenclature pr Total acoustic pressure2
p-Tos P-toluenesulfonyl chloride
b Radius of the cone in the whistle area Dv Vapour pressure
c Speed of sound Po Static pressure
C Constant PI Process intensification
CI Confidence interval Reg Equilibrium radius of bubbles
d Damping factor Ry Incipient radius of a monodispersed bubble
D Thermal diffusivity of gas S Transducer surface area
DMAc  N,N-Dimethylacetamide t Time
f Ultrasonic frequency us Ultrasound
h Gap between the reflector and transducers Vv Active cavitation surface area
HIFU High intensity focused ultrasound
i Imaginary unit Greek letters
IL Tonic liquid a Acoustic attenuation from the liquid
Ky, Complex wave number B Bubbles volume fraction
LiCl Lithium chloride 4 Speciﬁc' he'at ra?io
np Bubble number density H Dyna.rmc viscosity
P Effective acoustic power P Density .
p Acoustic pressure x Surface tension
Pa Pressure amplitude (2] Complex adimensional parameter
Patm Atmospheric pressure Vs Adime{lsional parameter
Dec Pressure threshold for cavitation w Acoustic wave angular frequency
PHIFU HIFU transducer acoustic pressure @o Bubbles resonant frequency
DL Lateral transducer acoustic pressure

2 Sum of the scattered pressure and the background pressure wave.

C(O)CH3 [11]. Collins et al. [12] sonicated DMAc at 490 kHz and 50 W,
which generated 3.8 pg mol ! min~? of radicals. US finds application in
many reactions: esterification [13], transesterification [14], emulsifi-
cation [15], carboxymethylation [16], delignification [17] and others.
One can tune the energy delivered by US to the reaction to selectively
cleave specific bonds [4].

Acoustic cavitation depends on the reaction parameters and on the
reactor’s geometry [2]. Numerical simulation is a powerful tool to
predict, map, and estimate the extent of the acoustic activity during the
design or scale-up of sonoreactors. Rashwan et al. [18] numerically
investigated the effect of the US frequency, power and probe immersion
depth on the acoustic pressure of the fluid. They concluded that higher
US frequency favors higher pressure amplitude, with a maximum of
negative pressure of —80 x 10° Pa and —70 x 10° Pa in the range of 60
kHz to 80 kHz. Additionally, they found that the probe immersion depth
does not impact the acoustic pressure amplitude [18]. On the contrary,
Garcia-Vargas et al. [19] suggested that the sonochemical yield signifi-
cantly changes when varying the probe immersion depth at constant
input power and constant liquid volume. Girard et al. [20] varied the
size of the reactor, the probe immersion depth and axial position for the
dispersion of nanocellulose. An off-centered configuration of a horn-
type probe in a small beaker (60 mL) was the most energy-efficient
set-up — it decreased the dead zone volume ratio by 61 % and
increased the dispersity index by 27 %. Laajimi et al. [21] evaluated the
effect of US frequency, probe immersion depth and reactor’s diameter
on the yield of biolubricant synthesized from canola oil and poly-
alcohols. They solved the reaction rate numerically in order to calculate
the molar concentration of biolubricant. The fluid velocity and the
lubricant yield were the highest with a probe immersion depth of 3 cm in
6 cm of liquid: 1.42 m s~ * and 94 %, respectively, versus 1.38 m s~ and
81 % at 1 cm immersion depth. They attributed these results to the
shorter distance between the probe tip and the reactor walls, which
promotes sound waves reflection and decreases sound attenuation.
Moreover, a US frequency of 100 kHz produced 99 % yield compared to
94 % at 20 kHz, with a difference lower than 10 % between the

numerical and experimental results [21]. Similarly, Son et al. [22]
investigated the sonochemical oxidation activity through KI dosimetry
for various reactor geometries in a 20 kHz US system. The highest
triiodide concentration developed with a centered probe at an immer-
sion depth of 6 cm, justifying the highest cavitation activity. They
attributed this to the reflections of sound waves at the bottom of the
reactor and at the liquid surface. They also observed that the off-
centered probe affected negatively the mixing pattern of the fluid and
decreased the cavitation activity by 30 % [22]. Fang et al. [23]
numerically and experimentally investigated the effect of the shape of
the probe tip (flat, truncated and conical) on the acoustic streaming and
cavitation activity. The sonochemical activity and the average streaming
velocity of the conical tip was ~ 67 % higher and 139 % than that of the
flat tip. However, the average streaming velocity measured at a distance
of 70 mm to 80 mm from the tip, was 1.6 times higher for the flat tip than
for the conical one [23].

Continuous US reactors with multiple lateral transducers are versa-
tile as they offer the option for the transducers to emit at different fre-
quencies and promote the constructive interference of sound waves,
ensuring a more uniform cavitational activity [2]. Gogate et al. [24]
compared the performance of a hexagonal reactor with six lateral
transducers to a US bath of 750 mL (22 kHz and 120 W rated output
power) and a US probe (22.7 kHz and 240 W rated power dissipation)
inserted in a 50 mL reactor. The hexagonal reactor operates at seven
different frequency combinations, with a total power dissipation of 900
W and a volume of 7 L. With all transducers emitting at 20 kHz, the
cavitation yield in the hexagonal reactor was two times higher than that

Table 1

Values for the pressure threshold for cavitation

o)
f, kHz P Pa
38—82 1.02 x 10°
390 1.04 x 10°
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in the US bath, and 20 times higher than with the US probe [24].
Manickam et al. [25] synthesized biodiesel in a hexagonal multiple
frequency reactor. The yield for a triple frequency operating configu-
ration (28 kHz — 40 kHz —70 kHz) was 8 % higher than that of a single
frequency (28 kHz), and 3.5 % higher for the double frequency config-
uration (40 kHz —70 kHz). Prabhu et al. [26] numerically quantified the
cavitation activity in the same reactor reported by Gogate et al. [24].
They concluded that the three frequencies configuration created cavi-
tation bubbles 100 % and 30 % larger than the two frequencies and
single frequency configurations. Kumar et al. [27] experimented a
hexagonal sonoreactor (radius of 0.060 m and length of 0.30 m) with a
central tube and three transducers on each side. They measured the
maximum acoustic pressure at 0.18 m from the bottom of the reactor,
which they attributed to the influence of every transducer. The acoustic
pressure decreased from the side to the center of the reactor: from 2.7 x
10° Pa to 2.0 x 10° Pa at 50 kHz. They confirmed that the acoustic
pressure is more uniform than using an immersion probe: 10 % to 30 %
of variation in their reactor, against 100 % to 400 % for an immersion
probe. They explained it by the higher number of transducers and
overlapping of waves of every transducer [27]. In an US bath with five
transducers at 37 kHz, the acoustic pressure decreased by a factor of 3 at
100 mm of the transducers [28]. Gogate et al. [29] wrote that hexagonal
or rectangular cross-section reactors form standing waves which in-
crease the cavitational intensity. Transducers mounted on opposite
parallel walls of the reactor generate standing waves via constructive
interference, which does not occur in reactors with an odd number of
walls [29]. Hodnett et al. [30] measured the maximum acoustic pressure
in a cylindrical sonoreactor equipped with ten rows of three transducers
equally distributed around the reactor. The maximum acoustic pressure
was at the center of the reactor. They observed a similar pressure
amplitude close to the reactor wall at 500 W and 25 kHz. It induced
cavitation close to the walls, which prevented cavitation from occurring
towards the center of the reactor due to acoustic pressure attenuation
[30]. Chu et al. [31] simulated a hexagonal three-frequency sonor-
eactor, with each face-to-face transducer at the same frequency (28 kHz,
40 kHz and 70 kHz). Among the three frequencies, 40 kHz had highest
absolute pressure amplitudes, which they confirmed by analyzing each
frequency separately and by varying the length of hexagon edge. The
absolute pressure decreased by 18 % when increasing the length of the
hexagon edge by 50 %, which they attributed to attenuation. Each fre-
quency corresponds to a different wavelength, and they selected the
reactor size to ensure that sound waves at 40 kHz produced optimal
constructive interference [31].

In this work, we developed a model to quantify the acoustic pressure
distribution and the surface area of the active cavitation zones® in a
continuous cylindrical ultrasonic reactor with six lateral flat transducers
along the walls and a concentric high intensity focused ultrasound
(HIFU) transducer at the bottom of the reactor. The model accounts for
the presence of cavitation bubbles and their effect on sound attenuation.
We fixed the US frequency and investigated the influence of the size of
the gap between the reflector and the transducers, and the dimension of
the whistle on the acoustic cavitation throughout the US reactor. Sim-
ulations were conducted in COMSOL Multiphysics. For the first time, we
measured experimentally the speed of sound in cellulose esters reaction
mixtures, as these were gaps in the literature. These media are part of a
bigger biomass conversion project in our research group.

2. Mathematical model and governing equations
2.1. Equations for acoustic pressure

The Helmholtz equation is a steady state form of the wave equation

3 Area in which the pressure is above the Blake pressure threshold, where
cavitation is considered active.

Ultrasonics Sonochemistry 120 (2025) 107418

(the latter characterizes the acoustic pressure distribution in time and
space). We assumed that the fluid is homogenous — i.e. bubbles are
homogeneously dispersed in the fluid — and incompressible (Section
2.3), the sound waves are linear, and the shear stress is negligible [18].
We also assumed that acoustic pressure has a harmonic time depen-
dence: p(r,t) = p(r).et [32], where o = 2xf is the wave’s angular fre-
quency in rad s}, where f is the ultrasonic frequency in Hz. We solved
the Helmholtz equation (Eq. (1)) for the acoustic pressure distribution in
a liquid:

V D + = p 0 (€]
p

US applied to a liquid at a certain intensity and frequency generates
acoustic cavitation. Bubbles form and accumulate at the tip of the US
probe and attenuate the propagation of sound waves. The modified
Helmbholtz equation includes the damping effect of bubbles, arising from
viscous, thermal and acoustic effects (factor d defined later). This model
does not consider the ultrasound probe tip as a moving wall as it should.
Their modified Helmholtz equation (Eq. (2)) is:

V3 p+kip=0 (2

where kp, is the complex wave number in m ! in the fluid and bubbles
mixture. For a monodisperse bubble distribution, kﬁq is [33]:

2 2
kzzw_<1+ 4rnc’nyRy ) 3)

Mmoo 03 — 0 + 2idw

where ny is the number of bubbles per unit volume in m~3, Ry is the

incipient radius of a bubble in m, wy is the resonant angular frequency of

bubbles in rad s}, i is imaginary unit and d is the damping factor (a term

for the viscous, thermal and acoustic effects respectively [34]) deter-

mined from Eq. (4):
2p Po

2
R
d=—=t 4 Im® + 2

4
PR%,  2poRZ 2c )

where py is the undisturbed pressure in the bubble position in Pa, which
is pam +(20/Req) where ¢ is the surface tension of the liquid in N m!
Req is the bubbles equilibrium radius in m and it accounts for direct
contact coalescence and rectified diffusion, y is the dynamic viscosity of
the fluid in Pa s, and & is a complex adimensional parameter. The
resonant angular frequency of bubbles wy in Eq. (3) corresponds to:

20
w2 =20 (ReCD - ) (5)
0 pqu pOReq

The parameter @ in Eq. (4) and in Eq. (5) is a function of the specific heat
ratio of the gas inside bubbles (y), and y (Eq. (7) [35], Eq. (6) determines
it:

3y

= 6
1 —3(7 — D)ix[(i/x)"*coth(i/y)"* — 1] ©

¥ is expressed as:
¥ =D/wR%, )

with D the thermal diffusivity of the gas. The bubbles number density n
in Eq. (3) depends on f, the volume of the gas fraction within the bubbles
in the reactor with respect to the total volume:

3p

47R} ®

n, =

Other authors adopted the same theoretical approach [23,33,36] and
validated it experimentally, either by: particle image velocimetry [23]
or through sonochemiluminescence [36].
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2.2. Equations for acoustic cavitation zones

We considered that bubbles grow and eventually collapse and
generate cavitation when the pressure is above the threshold pressure
for cavitation, p. [37]. This pressure threshold depends on the sonicated
fluid, its temperature and its gas content, and is expressed by Eq. (9):

2
2 2 (@)
3V3 Req
Pc =Po —Dv +72
\/pO — Py +R_:1

where py is the vapour pressure of the sonicated liquid in Pa.

©)]

2.3. Assumptions of the model
For Eq. (1) and Eq. (2), we assumed:

1. The fluid is incompressible and Newtonian. The reactor intends to
treat aqueous solutions of lignin, and solutions of cellulose esters in
dimethylacetamide (DMAc) and lithium chloride (LiCl). The
compressibility of DMAc - 6.7 x 10 MPa ! [38] - is comparable to
that of water — 4.6 x 10 MPa~! [39]. LiCl is an electrolyte, causing
electrostriction and reducing compressibility. Wahab and Mahiuddin
[40] demonstrated that increasing the concentration of LiCl in
methanol decreased the compressibility of the mixture. Given that

0.1 <005 0 0.05 01

0 — M F——
| 03

hi_ |

L ——> "
o 02

R S |

(c)
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methanol is an organic solvent, we assume a similar behavior for the
DMACc/LiCl system.

2. The bubble to liquid volume ratio is low so the medium’s properties
are those of the liquid phase [34].

3. The thermodynamic properties of the liquid medium are indepen-
dent of the temperature and bubble volume fraction.

4. We set the bubble size Ry equal to 1.6 pm at a US frequency of 40 kHz
and to 0.1 pm at a US frequency of 390 kHz. Brotchie et al. [41] and
Dehane et al. [42] observed that an increase of the acoustic fre-
quency, decreased the mean size of the cavitation bubbles, and an
increase of the acoustic power, increased the mean size of the cavi-
tation bubbles. Servant et al. [43] and Dahnke et al. [44] assumed
the bubble radius ranged between 5 x 10® m and 3 x 10°3 m. Pandit
etal. [45] chose a bubble radius ranging from 2 pm to 50 pm with the
acoustic frequency ranging from 10 kHz to 80 kHz. We chose a
bubble equilibrium radius of 80 pm at a US frequency of 40 kHz and
of 5 pm at a US frequency of 390 kHz. It respects the order of
magnitude of the Minnaert’s equation: Re; ~ 3/f [41]. Under
acoustic activity and coalescence, cavitation bubbles grow to about
50 times Ry [46].

5. The distribution of bubbles is homogeneous in the reactor and S
ranges from 10 to 107, For values # > 10" bubbles scatter most of
the sound waves [33]. For the computation, similarly to Dahnke et al.
[44], we assumed that the volume fraction of bubbles in the reactor
linearly depends on the acoustic pressure amplitude in the fluid: g =

Fig. 1. Sonochemical reactor (a). Longitudinal section (b), red dashed lines are the mesh sensitivity study measurement segments. HIFU transducer scheme (c). Cross
section (d), green lines are the lateral transducers and blue arcs are the reactor’s wall. h is the gap between the lateral transducers and the reflector. b is the radius of
the cone in the whistle area. O and I correspond to the fluid outlets and inlets, respectively. L and T correspond to the lateral and HIFU transducers, respectively. R
and W correspond to the reflector and whistle parts, respectively. FL is the focal length, Rc is the curvature radius and Rr is the radius of the transducer.
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C-p where C is a constant. Jamshidi et al. [33] validated this model in
water, with C = 2 x 10™°. We chose the same value for C.

6. The US transducers generate acoustic pressure amplitude, which is
the greatest in the middle of the transducers face and decreases as the
distance from the center increases [37]. The decrease in pressure
amplitude follows a Gaussian function.

7. The assumption of a linear propagation of acoustic waves is valid for:
p < p - ¢ This assumption holds for values of approximately 2 x 107
Pa for our fluids [47]. It also holds as the propagation media is ho-
mogeneous [48]. The nonlinearity of waves propagation has more
pronounced effects above 100 W em 2 at 1 MHz [49]. Simulations of
HIFU transducers with linear propagation assumption was successful
and verified experimentally [50].

3. Simulation
3.1. Geometry and boundary conditions

The reactor is a 12 L stainless steel two-piece vessel (Fig. 1a and b).
The upper part consists of a cylinder (ID: 0.2 m, OD: 0.22 m) with six
Ti64 (Ti-6Al-4 V alloy) US transducers along its walls (200 mm x 40
mm), and a stainless steel cylindric reflector in the middle (D: variable,
H: 0.02 m). The lower part consists of a cylinder (ID: 0.2 m, OD: 0.22 m,
H: 0.0365 m) that houses a concentric high intensity focus US transducer
(Ti64, 0.125 m curvature radius, 0.065 m radius (Fig. 1c), and a conic
whistle that streamlines the flow towards the upper part of the reactor.
The reactor has two liquid feed inlets (I, Fig. 1a) located at the bottom of
the reactor, and four outlets located at very top of the reactor (O,
Fig. 1a). The transducer material and mounting are proprietary infor-
mation, part of a patent pending and not published yet.

The difference of impedance Z (product of material’s density and
speed of sound) at interfaces induces ultrasound reflection. We set the
following boundary conditions for the simulations:

- At the reactor’s walls, the impedance was: Z = 8010 kg m ™~ * 3070 m
s~ (for stainless steel 304L).

- At the boundary fluid-transducer (non-active), the impedance was: Z
= 4470 kg m > * 4987 m s~ L.

- We defined a pressure amplitude p, (Eq. (10)) at the surface of the US
transducers:

2Pcp
Pa =/ S (10)

where P is the US power delivered to the liquid, and S is the ultrasound
transducer surface area.

3.2. Mesh

COMSOL Multiphysics generated the mesh automatically with tri-
angle elements (268 566 elements) for the 2D geometry. A mesh size
sensitivity study verified the convergence of the model among three
extremely fine mesh element sizes: maximum size of 0.0075 cm and
minimum size of 0.00075 cm; maximum size of 0.075 cm and minimum
size of 0.00075 cm; maximum size of 0.40 cm and minimum size of
0.00079 cm. Moreover, we ensured the maximum mesh element size
was 1/5 of the US wavelength (at 390 kHz, 4 = 0.38 cm, maximum size
of 0.075 cm and minimum size of 0.00075 cm) [20]. Even though other
sources suggest at least 8 mesh elements per wavelength [18]. The
software calculated the acoustic pressure along the segment located at
half of the reflector’s length (100 mm, Fig. 1b) and the segment in the
axis of the HIFU transducer (Fig. 1b).

We applied a quadratic Lagrange discretization to solve the model,
which provides more accuracy with fewer elements per wavelength. It
better represents the curved geometry. We chose the MUMPS (MUIti-
frontal Massively Parallel sparse direct Solver) solver as it uses less

Ultrasonics Sonochemistry 120 (2025) 107418

memory than the PARDISO solver. The Newton method improves the
convergence of the solver. We kept an initial damping factor of 1 as the
model converged. The maximum number of iterations was 25, which is
sufficient to reach convergence for our model in a reasonable time.

3.3. Simulation steps

COMSOL Multiphysics 5.5 solved the equations in Section 2 and
calculated the acoustic pressure distribution throughout the sonor-
eactor, with and without bubbles attenuation. The software solved the
equations in 2D for computation time saving.

The simulation followed two steps for the lateral transducers and for
the HIFU transducer:

1 The COMSOL acoustic module — Pressure Acoustics solved Eq. (1) in
the frequency Domain, modelling a continuous wave and consid-
ering the attenuation of the acoustic pressure (a, Eq. (11)) intrinsic to
the medium [18]. The study calculates the acoustic pressure distri-
bution without cavitation bubbles, which is the starting point for step
2

_ 8”ﬂ2f2
" 3pc

1)

2 We included the attenuation due to cavitation bubbles by imple-
menting Eq. (2) in the Stabilized Convection-Diffusion equation and
defining Eq. (3) to Eq. (8) into the parameters. The software calcu-
lated p with the acoustic pressure determined in step 1. Then, it
solved Eq. (8) and Eq. (3) to determine n;, and kp,, and it finally
solved the modified Helmholtz equation Eq. (2) until steady state

Because the lateral transducers and the HIFU operate at different
frequencies, COMSOL Multiphysics resolved Step 1 and Step 2 for the
two transducers individually, thereby mapping the acoustic pressure as
if the lateral transducers and the HIFU operated one at a time. The total
acoustic pressure field (p7) across the reactor was calculated through the
superposition principle using the Parseval’s theorem (Eq. (12)) [31].
This is possible because the power and frequency chose for this work
allow for the simulation of propagating waves as linear, (assumption 7 in
Section 2.3). [38]:

1

pr= E(IPLle + parul) 12)

where |pr| and |pgrry| are the module of acoustic pressure generated by
the lateral transducers and HIFU transducer, respectively.

4. Material and methods
4.1. Simulations operating parameters and design of experiments

Each lateral transducer emits at 400 W of electrical power and 340 W
of nominal power. We assumed that the transducers converted 85 % of
the electrical power into acoustic power. The HIFU transducer emits at
120 W of electrical power, thus its power intensity supports the linear
propagation [49]. The HIFU transducer emits at 390 kHz. At frequencies
of a few hundreds kHz, cavitation generates mostly chemical effects like
radicals generation [2]. The lateral transducers and the HIFU transducer
were active separately first, in order to determine the total acoustic
pressure and active cavitation surface area. We built two designs of
experiments (DOE).

DOE 1 investigated the effect of the geometry (h and b) and fre-
quency (f) on the total acoustic pressure (pr) and active cavitation sur-
face area (V) within the sonoreactor. The input variables and their
associated levels are:
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Table 2
Input variables for DOE 1 and DOE 2, with their levels.
DOE 1 DOE 2
Input f,kHz h,m b, m f,kHz  Cellulose concentration, g L
variable B
Levels 38 0.075  0.05 38 6.25
40 0.077 0.075 40 12.5
42 0.1 78 25.0
78 80
80
82

- the ultrasound generator frequency, six levels (Table 2). With US
frequencies from 20 kHz to 100 kHz, cavitation generates mainly
physical effects, like liquid circulation and turbulence, and chemical
effects in a lower extent [16].

- the gap between the lateral transducers and the reflector (h), two
levels (Table 2). We designed the gap between the transducers and
the reflector to be a multiple of the wavelength to ensure construc-
tive interference of the waves. We accounted for frequency variations
resulting from the probe wearing over time.

- the radius of the cone in the whistle area (b) (Table 2).

DOE 2 investigated the effect of the cellulose solutions’ parameters
on the total acoustic pressure and cavitation surface volume within the
sonoreactor (fixed geometry). h = 0.075 m and b = 0.1 m yielded the
largest cavitation surface volume in DOE 1, hence DOE 2 adopted these
fixed geometric values. The input variables for DOE 2 and their associ-
ated levels are:

- The viscosity (u), density (p) and speed of sound (c) of three con-
centrations of cellulose solution, 3 levels (Table 2).
- the frequency, four levels (Table 2).

We conducted a statistical analysis, in JMP statistical software, to
identify significant dependent variables and relationship within the
data, and to fit linear models [36]. We first ran a predictor screening
analysis with Bootstrap forest partitioning, which identified the
dependent variables responsible for the largest variance for the response
variables pr and V. The software generates random forest algorithm to
evaluate the contribution of each predictor (input variable) to the
response variable. Hundred decision trees are built with bootstrap of the
data, thus input variables are ranked from the most significant to the
least significant. We then eliminated the non-significant variables to fit a
linear regression model.

4.2. Liquid media: Preparation and characterization

The objective of the simulations was to calculate the acoustic pres-
sure in cellulose esters in N,N-dimethylacetamide (DMAc). The choice of
these media was dictated by ongoing investigations in our research
group as a part of a bigger project.

We measured the density and the viscosity at 20 °C, after 2 h of
cellulose esterification at 3 different concentrations (25 g L'}, 12.5 g L'
and 6.25 g L'Y). An oven dried cellulose at 100 °C for 1 h prior to pro-
cessing. A solution of 20 mL of DMAc activated 0.50 g of cellulose (or
0.25 g, or 0.125 g depending on the concentration) at 130 °C for 2 h
under stirring at 300 rpm. The mixture cooled to 100 °C and we added
1.5 g of lithium chloride (LiCl), to enhance cellulose dissolution and
electrostriction [51,52]. Stirring continued with the heating turned off
until the mixture reached room temperature and was completely
transparent. We added 3.53 g of p-toluenesulfonyl chloride (p-Tos) as
activating agent [52], and 5.26 g of oleic acid, which were a priori dis-
solved in 5 mL of DMAc. Regardless of the cellulose concentration, the
molar ratio cellulose: oleic acid: p-Tos remained constant at 1: 6: 6. The
esterification reaction took place in a thermostatic beaker at 20 °C and
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300 rpm for 2 h.

An Anton Paar DMA 4500 density meter determined the density of
the cellulose esters’ solutions at 20 °C, after reaction. Similarly, a
Thermo Scientific Haake Viscotester iQ with a 3 mL coaxial chamber
assessed the viscosity of the cellulose solutions after reaction. First, there
was a ramp for 120 s at a shear rate of 1 s}, followed by an increase in
the shear rate to 500 s * in 10 steps over 10 min. COMSOL Multiphysics
employed the values we measured (Table 3) for the numerical
simulations.

4.3. Speed of sound measurements

An Olympus V306 immersion transducer determined the speed of
sound of cellulose esters solutions. The transducer active element has a
diameter of 13 mm and the total diameter of the transducer is 16 mm.
The transducer operates at 2.25 MHz and transmits the signal through a
polystyrene container filled with 50 mL of the solution. The transducer
adhered to the side of the container and we fed the solution with a
pipette to prevent movement during the filling and emptying the
container, ensuring that the waves transmit perpendicularly to the
opposite side of the container. We connected the transducer to an Agi-
lent Technologies 33220A 20 MHz Waveform Generator (signal gener-
ator) and to a GW Instek GDS-1000A-U Series oscilloscope.

First, we transmitted a signal through deionized water to measure
the round-trip distance the sound wave travelled through the fluid. We
assumed the sound wave travelled only in water, at a speed of 1498 m
s1, as measuring the thickness of the gel and the polystyrene wall was
impossible. The round-trip travel time corresponds to the interval be-
tween the start of each peak (red lines in Fig. 2). The sound wave
travelled a total distance of 0.04467 m. The oscilloscope measured the
speed of sound seven times and calculated a mean value. We entered
these values into COMSOL Multiphysics for simulations (Table 3).

Assuming that the wave traveled only through the fluid led to an
underestimation of the speed of sound. In reality, the speed of sound in
polystyrene is twice as high in water, oils, and ethanol, for example [53].
Consequently, we overestimated the sound attenuation in the solutions.

5. Model validation

As the reactor was unavailable for experimental validation due to
unfinished commissioning, we validated the model through a bench-
marking approach. This approach consists in comparing the results of
our simulation code with established sources of validated data [27]. We
applied our model equations to the published geometry of Kumar et al.
[271, using their fluid and US parameters. We compared the simulated
acoustic pressure to what they obtained along the radial axis of the
reactor. They measured the pressure into the hexagonal reactor with a
hydrophone placed at different radial and axial positions [27].

The reactor is a 7.5 L hexagonal vessel (height of 0.3 m and length of
side wall of 0.1 m), with three circular US transducers (diameter of 0.06
m, spaced 0.03 m apart, each operating at 50 W and 50 kHz) along each
wall. The vessel is filled with water [27].

The acoustic pressure had the same order of magnitude as the local
pressure measured by Kumar et al. However, the pressure profiles
differed (Fig. 3). At a radial position of 0.015 m, the pressure of this
model was 38 % lower than the measured pressure at 0.005 m away
from the bottom of the reactor, whereas it was only 1 % lower at 0.14 m

Table 3

Properties of cellulose esters solutions.
Cellulose concentration, g  Speed of sound, m Density, kg Viscosity, Pa.
Lt s m~® s
25 1495.8 936.2 23.3 x 1072
12.5 1529.6 939.1 141 x 103
6.25 1545.0 941.8 5.3 x 1072
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Fig. 3. Absolute acoustic pressure along the axial position at a radial position
0.015 m, and the comparison with the mean local pressure of Kumar et al. at the
radial position 0.015 m [27].

and 0.22 m away from the bottom of the reactor (Fig. 3). This difference
arises from Kumar et al. measuring the local mean pressure, which is
time-averaged. In our simulation, COMSOL Multiphysics calculated the
absolute value of the instantaneous local acoustic pressure in a sta-
tionary phase. Other sources of error include the simulation not ac-
counting for interactions of acoustic waves, or nonlinear acoustic
phenomena. Although direct experimental validation remains the
preferred approach, benchmarking validation confirms that the acoustic
pressure simulated in our model aligns in order of magnitude and sim-
ilarity with values reported in the literature. This demonstrates that our
model is reliable.

6. Results and discussion
6.1. Effect of the frequency

pr increases with the increase of f and decreases as h increases. V
increases as f increases and decreases as h increases (Fig. S1). b does not
have a significant effect on pr and V, accounting for 5.1 % and 8.1 % of
the variance respectively (Table 4). Thus, we selected f and h and
neglected b for the linear regressions with a one-degree interaction.
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Table 4

Predictor screening analysis of pr and V for DOE 1. *Portion of the variance
explained by the predictor for pr and V. **p-value of the density ellipse of 0.95
for prand V. A p-value above 0.05 means the data are not sufficiently significant
to refute the assumption of random distribution within the ellipse. Whereas a p-
value below 0.05 suggests the data points are not randomly distributed.

Predictor Bivariate fit

Input variables pr* V= pre* \ %l
f 60.6 % 57.7 % 0.13 > 0.05 0.76 > 0.05
h 34.3% 34.1% 0.04 < 0.05 0.08 > 0.05
b 5.1 % 8.1% 0.98 > 0.05 0.96 > 0.05

7.5e+5 ©
©
o
®©
-] [©)
‘g 5e+5 8
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Y
5}
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4e+5 5e+5 6e+5 7e+5

prpredicted, Pa

Fig. 4. Actual by predicted pr (o) for frequencies from 38 kHz to 42 kHz.
Regression, 95 % CI of prediction, RMSE = 88699, R? = 0.655, p-value =
0.0015, Mean of response (504582 Pa), Prediction interval.

The statistical analysis generated the following regression equation
for pr from 38 kHz to 42 kHz (Fig. 4):

pr=60x10°—4.6 x 10" ef—4.8 x 10’ ¢« h+36.9 x 10°
o (f —40)(h — 0.076) (13)

The statistical analysis generated the following regression equation
for pr from 78 kHz to 82 kHz (Fig. 5):

pr=323x10°-1.7 x 10° e f —23.3 x 10" ¢ h +20.2 x 107
o (f —80)(h — 0.076) as

pr increases with the increase of frequency. However, for h = 0.075 m,
from 38 kHz to 42 kHz, pr decreases (Eq. (13)) by 44 %, and from 78 kHz

2.5e+6
2e+6 (o)
1.5e+6
1e+6

5e+5 0/9’0/07 o)

0e+0

practual, Pa

5e+5 1e+6
prpredicted, Pa

1.5e+6

Fig. 5. Actual by predicted pr (o) for frequencies from 78 kHz to 82 kHz.
Regression, 95 % CI of prediction, RMSE = 257947, R? = 0.820, p-value <
0.0001, Mean of response (750281 Pa), Prediction interval.
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to 82 kHz it decreases (Eq. (14)) by 77 %, with a maximum of 1.96 x 108
Pa at 78 kHz. For h = 0.077 m, from 38 kHz to 42 kHz, pr decreases by
10 %, and from 78 kHz to 82 kHz it increases by 26 %. The increase of
amplitude of acoustic pressure with f was also observed by Rashwan
et al. [18]. When the frequency increases, the collapse of cavities is more
violent and the power dissipation increases, which increases pr [27].
Leighton explained that a higher f results in lower wavelength focusing
more energy in space, resulting in increased pr [8].

The statistical analysis generated the following regression equation
for V from 38 kHz to 42 kHz (Fig. 6):

V=0036+39x10*ef—027eh+15e(f—40)(h—0.076) (15)

The statistical analysis generated the following regression equation
for V from 78 kHz to 82 kHz (Fig. 7):

V=020-21.6x10*ef—20eh+24e(f—80)(h—0.076)  (16)

V increases as the frequency increases and follows the same trends as
pr- For h = 0.075 m, from 38 kHz to 42 kHz, V decreases (Eq. (15)) by 14
%, and from 78 kHz to 82 kHz it decreases (Eq. (16)) by 26 %, with a
maximum of 3.99 x 102 m? at 78 kHz. For h = 0.077 m, from 38 kHz to
42 kHz, V increases by 31 %, and from 78 kHz to 82 kHz it increases by
34 %. When the frequency increases, the collapse of cavities is more
violent and the power dissipation increases, which increases pr and
increases V [27]. The increase of V with f can be explained by a larger
number of cavitation bubbles generated, and shorter collapse time [21].
This phenomenon explains the increase of yield with f that Laajimi et al.
observed [21].

6.2. Effect of the geometrical parameters h and b

pr decreases as the gap between the reflector and transducers (h)
increases (Eq. (13) and Eq. (14)). As h increases from 0.075 m to 0.077
m, pr decreases by 76 % (at 78 kHz) and by 23 % (at 40 kHz) for
instance, with a maximum of 1.96 x 10° Pa at 78 kHz for h = 0.075 m
and b = 0.1 m (Fig. 8).

V decreases as h increases (Eq. (15) and Eq. (16)) and follows the
same trend observed for pr. As h increases from 0.075 m to 0.077 m, V
decreases by 34 % (at 78 kHz) and by 6 % (at 40 kHz) for instance, with a
maximum of 3.99 x 102 m? at 78 kHz for h = 0.075 m and b = 0.1 m
(Fig. 8 and Fig. S2). When h increases, sound waves travel a longer
distance in the fluid, leading to greater sound attenuation, which in turn
reduces both pr and V [31]. Studies of Kumar et al., Gogate et al.,
Hodnett et al. and Chu et al. [27,29-31] confirm our results analysis,
which attest to the importance of considering the geometry together
with the frequency wavelength when designing the reactor.
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Fig. 6. Actual by predicted V (o) for frequencies from 38 kHz to 42 kHz.
Regression, 95 % CI of prediction, RMSE = 0.866, R? = 0.889, p-value <
0.0001, Mean of response (0.0313 mz), Prediction interval.
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Fig. 7. Actual by predicted V (o) for frequencies from 78 kHz to 82 kHz.
Regression, 95 % CI of prediction, RMSE = 0.001, R? = 0.913, p-value <
0.0001, Mean of response (0.0317 m?), Prediction interval.

6.3. Effect of the concentration of cellulose

pr decreases as u increases and as p decreases. V decreases as y in-
creases and as p decreases. ¢ does not have a significant effect on py and
V, accounting for 5.2 % and 5.5 % of the variance respectively (Table 5).
Thus, we selected y, p and f, and neglected c for the linear regressions
with a one-degree interaction.

The statistical analysis generated the following regression (Fig. 9)
equation for pr:

pr=—-771x10°+82x10*ep+7.6 x 10°ef—7.3 x 10°
o (f —59)(u — 0.014) a7

pr decreases as y increases and as p decreases (Eq. (17)). At 78 kHz,
when y increases from 5.3 x 10 Pa.s to 23.3 x 10 Pa.s, and p de-
creases from 941.8 kg m 3 to 936.2 kg m 3, p decreases by 75 %. The
more viscous the fluid is, the greater the sound attenuation and the
lower the resulting acoustic pressure [54]. Denser fluids require more
energy to cavitate, thus a larger acoustic pressure.

The statistical analysis generated the following regression (Fig. 10)
equation for V:

V=75-29ey-80x10"2ep (18)

V decreases as the p increases and as p decreases (Eq. (18)). At 78
kHz, when p increases from 5.3 x 103 Pa.s to 23.3 x 10 Pa.s, and p
decreases from 941.8 kg m > t0 936.2 kg m 3, V decreases by 37 %. Less
viscous fluids produce more intense shock waves, leading to enhanced
cavitation activity and larger V. A higher fluid density requires more
energy to induce cavitation, reducing bubbles formation of bubbles and
decreasing V. Schieppati et al. explained similar effects of p and p on pr
and V [36].

Although c does not have a significant effect on pr and V (Table 5), a
higher ¢ means that sound waves propagate faster and vibrate more,
which increases the acoustic pressure and bubbles collapse, originating
larger active cavitation zones. The negligible effect of ¢ may explain
why, despite the gap being designed to be twice the wavelength at 40
kHz with a speed of sound of 1495.8 m s~ ?, the 0.075 m gap did not yield
the highest pr nor the largest V.

7. Conclusions

In this study, we characterized the cavitation activity in a cylindrical
ultrasonic reactor with six lateral flat transducers along the walls and a
concentric high intensity focused ultrasound transducer at the bottom of
the reactor. The hexagonal section reactor design ensures constructive
sound waves interference. The HIFU transducer focuses US waves in the
conic whistle part, which streamlines the flow towards the upper part of
the reactor. COMSOL Multiphysics analyzed the propagation of sound
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Fig. 8. Total acoustic pressure and active cavitation zones at 78 kHz and b = 0.1 m. Comparison between h = 0.075 m and h = 0.077 m.

Table 5

Predictor screening analysis of pr and V for DOE 2. *Portion of the variance
explained by the predictor for pr and V. **p-value of the density ellipse of 0.95
for prand V. A p-value above 0.05 means the data are not sufficiently significant
to refute the assumption of random distribution within the ellipse. Whereas a p-
value below 0.05 suggests the data points are not randomly distributed.

Predictor Bivariate fit
Input variables pre V% pr** \ %
f 48.5 % 21.0 % 0.25 > 0.05 0.85 > 0.05
" 28.6 % 371 % 0.14 > 0.05 0.0032 < 0.05
P 17.8 % 36.4 % 0.14 > 0.05 0.0032 < 0.05
c 52% 5.5 % 0.17 > 0.05 0.0048 < 0.05
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Fig. 9. Actual by predicted plot of pr (o). Regression, 95 % CI of prediction,
RMSE = 403169, R? = 0.393, p-value = 0.2383, Mean of response (672635 Pa),
Prediction interval.

waves and the active cavitation zones in the sonoreactor at various
geometrical configurations and operating frequencies. At a fixed gap of
0.075 m between the reflector and transducers, the software solved the
propagation of sound waves and calculated the cavitation surface area in
the sonoreactor for various cellulose concentrations in water and
working frequencies. Cavitation bubbles affect the propagation of
acoustic waves, thus we included its attenuation in our model. The
acoustic pressure was attenuated by 80 %, and the active cavitation
surface area by 85 %. Acellulose esters concentration of 6.25 g L
resulted in the highest prand largest V. At 78 kHz and h = 0.075 m, with
4 =5.3 x 10° Pa.sand p = 941.8 kg m 3, the simulation generates py =

0.040 o
0.035
(e)

~
E o 8
= 0.030 v
a
] 8
>

0.025{6 ©

0.020

0.026 0.028 0.030 0.032 0.034

V predicted, m?

Fig. 10. Actual by predicted plot of V (o). Regression, 95 % CI of prediction,
RMSE = 0.003, R? = 0.597, p-value = 0.0167, Mean of response (0.0300 m?),
Prediction interval.

1.96 x 10° Paand V = 3.99 x 102 m%

These simulations calculated the activity throughout the entire
reactor geometry, coupling the activity of lateral and HIFU transducers.
We included the root mean-squared acoustic pressure of two harmonics
in the equation # = C e p. A future work will consider simulations of the
HIFU transducer in the nonlinear regime, through simulation in the time
domain. This study assumed a constant bubble equilibrium radius. As
the pressure increases beyond the Blake threshold, the bubble size dis-
tribution widens, leading to nonuniform bubbles. Larger bubbles
attenuate sound waves more than smaller ones, thus the present study
underestimated sound waves attenuation. To improve the accuracy of
the simulation, future works will include a dynamic bubble size distri-
bution model.
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