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c School of Chemical Engineering, Department of Process Analysis and Plant Design, National Technical University of Athens, Iroon Polytecneiou 9, Zografou 15780, 
Athens, Greece   

A R T I C L E  I N F O   

KEYWORDS: 
Cavitation 
Liquid properties 
Viscosity effect 
Calorimetry 
Sonochemiluminescence 

A B S T R A C T   

This study investigates the distribution of ultrasound (US) energy in a batch system for solutions with viscosity 
ranging from 1 to approximately 3000 mPas. Sonication was performed using horn type configurations operating 
at 20-30 kHz and rated power capacity of 50 or 200 W. Two different tip diameters (3 or 7 mm) and two insertion 
depths (35 or 25 mm) within vessels of different sizes (≈60 or 130 ml) were utilized. Additionally, a special 
conical tip design was employed. For each experimental setup, the calorimetric efficiency was estimated, the 
cavitationally active regions were visualized using the sonochemiluminescence (SCL) method and bubble cluster 
formation inside the vessel was macroscopically observed using a high speed camera (HSC). In the viscosity 
range tested, the calorimetry results showed that the efficiency and continuous operation of the device depend on 
both the rated power and the horn tip diameter. The ratio between electrical and calorimetric power input 
remained consistently around 40 to 50% across the different configurations for water, but for the 123.2 mPas 
solution exhibited significant variation ranging from 40 to 85%. Moreover, the power density in the smaller 
reactor was found to be nearly double compared to the larger one. The SCL analysis showed multiple cavita
tionally active zones in all setups, and the zones intensity decreased considerably with increase of the solutions 
viscosity. The results for the cone tip were not conclusive, but can be used as the basis for further investigation. 
The current research highlights the importance of thoroughly understanding the impact of each design param
eter, and of establishing characterization methodologies to assist in the future development of scaled-up, com
mercial applications.   

1. Introduction 

The application of ultrasound (US) energy can accelerate reaction 
activation, potentially leading to faster synthesis of desired chemical 
compounds [1]. Moreover, under appropriate conditions, sonication can 
even lead to the formation of new, unexpected chemical species [1]. 
Examples of US assisted processes include synthesis, crystallization and 
separation for fine chemicals and pharmaceuticals production [2–6] as 
well as routes to bulk products, such as polymerization. The majority of 
literature concerning ultrasound-assisted polymers production focuses 

on chain-growth reactions initiated by free radicals, such as in the cases 
of polystyrene and polymethyl methacrylate [7–9]. On the contrary, 
there is a notable scarcity of examples related to step-growth polymer
izations such as the case of polyurethanes, despite their industrial sig
nificance [10]. 

As ultrasound waves propagate through a medium, they impart en
ergy that can cause deviation of the system from its equilibrium state, 
leading to perturbations in pressure and temperature [1]. During the 
transmission of the US waves, the alternation of compressions and rar
efactions along the direction the wave travels can lead to the formation 
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of gas-filled microbubbles due to negative pressure [1,11]. The bubble 
formation, growth, and eventual violent collapse is known as acoustic 
cavitation [11,12]. Furthermore, due to the unequal pressure distribu
tion in the liquid medium, a mean net fluid flow is created, termed 
acoustic streaming [13–15]. Due to the combined effects of acoustic 
cavitation and acoustic streaming, sonication can cause both chemical 
changes through the generation of radical species as well as mechanical 
effects by applying shear stresses that act upon the bulk medium layers 
[12,16]. Additionally, an increase in micromixing has been reported, 
even for viscous solutions [17,18]. 

Experimental investigations of these sonochemical effects can be 
conducted using techniques such as calorimetry [18,19], acoustic 
pressure measurements [20,21] and sonoluminescence or sonochemi
luminescence (SCL) [19,22] methods. Alternatively, numerical simula
tions can be employed to predict the distribution of acoustic energy in 
the system [2,23,24]. A comprehensive overview of the most commonly 
applied procedures to investigate the sonochemical activity within a 
system is presented in several works [12,25]. Each characterization 
technique provides different information and encounters specific chal
lenges and limitations [12,25]. Therefore, it might be advisable to 
combine several techniques to gain a complete understanding of the 
sonochemical effects in an ultrasound reactor [25]. For instance, calo
rimetric or chemical dosimetry methods yield integral information on 
the reactor performance, which can be used to quantitatively compare 
different sonication setups. On the downside, sub-optimal reactor per
formance cannot be explained, since no visualization of the sonochem
ical active zones can be achieved. Concurrently, SCL can be used to map 
the cavitation zones but does not directly provide quantitative infor
mation on the sonochemical performance of the system. 

In most cases, the initial stage in the design of a sonochemical system 
involves the preparation of an elaborate experimental campaign con
ducted in laboratory-scale vessels [12,25–27]. This step is essential for 
gaining insights into the system. Nevertheless, due to the non-uniform 
distribution of cavitation in a sonochemical reactor, experimental 
campaigns remain necessary even on pilot scale [28,29]. Baths, probes, 
and Langevin transducers are the most commonly employed devices for 
the sonication of a mixture. The advantages and drawbacks of using each 
type of apparatus have been covered in depth in the literature [25,30, 
31]. Ultrasonic probes (called horns or sonotrodes for simplicity) are 
used in a considerable part of the sonochemistry related literature [10, 
32–34]. The operation principle of ultrasonic horns is based on the 
vibrational movement of the tip of the shaft within the liquid, with a 
displacement amplitude ranging from a few to several micrometers. 
However, it is worth noting that a larger amplitude does not necessarily 
lead to increased cavitation activity [34]. At the same time, the selection 
of the precise elements for the design of a sonication system is a 
non-trivial process. Several factors must be considered, including the 
solution properties [31,32,35,36], the frequency [22,28,29,37] and 
power of sonication [31,38], the sonication duration, the US processing 
mode (continuous or pulsed) [39], the temperature of the bulk [31,36], 
and the reactor design [22,28,29,31], among others. Consideration of 
these factors is important for the optimization of the efficiency and 
consistency of the sonication process [12,25,40]. 

As previously mentioned, research has shown that sonication offers 
significant benefits in the processing of high viscosity products such as 
polymers [7,9]. In these cases, the viscosity of the solution is one of the 
most critical physicochemical properties [7,31,35,41] determining the 
efficacy of the sonochemical system. For instance, longer sonication 
times or more powerful ultrasound sources may be necessary to achieve 
the desired results in solutions with higher viscosity [17,25,31]. In that 
sense, the use of a horn might be for example a better option, compared 
to an ultrasonic bath [31]. Nevertheless, despite the potential of US 
processing of high viscosity products, there is only a limited number of 
investigations related to design and operational aspects of sonochemical 
applications in viscous solutions [17,36]. 

In our previous study [41], we investigated the effectiveness of 

ultrasound in viscous systems using a specific experimental setup. It was 
observed that the efficiency of energy utilization and the distribution of 
cavitationally active zones are non-linear and strongly influenced by the 
viscosity of the solutions, as well as by geometric parameters, such as the 
immersion depth of the horn which plays a crucial role in defining the 
irradiating surface submerged in the liquid. Building upon our previous 
work, the current paper presents a more comprehensive analysis 
focusing on two main geometric parameters: the shape/diameter of the 
horn tip, which modifies the available irradiating area, and the size/
diameter of the vessel, which affects the interactions between the horn 
and the reactor walls and potentially affects the acoustic activity in the 
system. Additionally, two different US devices with varying power rat
ing were utilized. The combination of these parameters was studied in 
connection with the viscosity of the solutions, aiming to enhance the 
understanding of the relationship between ultrasound and viscosity, and 
to highlight the importance of thoroughly characterizing a sonochemical 
setup. This approach offers valuable insights for the design of 
ultrasound-assisted polymer processes, closely reassembling the viscos
ity range encountered during the initial phases of polymerization 
reaction. 

Specifically, solutions with viscosities ranging from 1 to ≈3000 mPas 
were prepared and subjected to sonication. The choice of this viscosity 
range was not arbitrary, as it encompasses the viscosity values of re
actants commonly used in the production of polyurethanes with 
increasing chain length diols [10]. For instance, the initial viscosity 
remains below 50 mPas when using monoethyelene or diethylene gly
col. On the contrary, when using higher chain length diols like poly
ethylene glycol with molecular weight of 200 or 400, the viscosity is in 
the range of 50 and 100 mPas respectively. This approach allowed the 
investigation of the influence of viscosity on the calorimetric energy 
input, the distribution of cavitational active zones using SCL, and the 
formation of bubble clusters by HSC imaging. The experiments were 
conducted in two lab scale batch reactors using a horn device positioned 
in two insertion depths inside the vessel. The power rating of the US 
device was varied from 50 to 200 W, horn tips of different diameters 
(ranging from 3 to 7 mm) were tested, and vessels with different ca
pacities were used. Furthermore, an unconventional horn design con
sisting of an inverted cone structure was tested, aiming to produce a 
more homogeneously distributed cavitation zone in the reactor [42]. 

2. Experimental section 

2.1. Materials 

Water and polyethylene glycol (PEG) of varying molecular weight, 
were thoroughly mixed in the same mass fractions (40 wt%) for the 
preparation of solutions with increasing viscosity. PEG with number 
average molecular weight of 400 g/mol (maximum water content 0.5%) 
was purchased from Sigma Aldrich. PEG with molecular weight 2000, 
4000, 8000, 20000 and 35000 g/mol (purity >99.5%) were provided by 
Clariant. The glycols will be named “PEG400”, “PEG2000”, “PEG4000”, 
“PEG8000”, “PEG20000” and “PEG35000” for simplicity hereafter. For 
the sonochemiluminescence (SCL) method, luminol with purity >96.5% 
was purchased from Sigma Aldrich and sodium hydroxide (micro pearls 
for analysis) from Acros Organics. All chemicals were used as received. 
MilliQ water (18.2 MΩcm) was used for the preparation of the solutions. 

2.2. Properties measurement 

The physicochemical properties of the solutions were obtained 
experimentally at different temperatures (between 23 and 90◦C). The 
detailed protocols for all measurements can be found in our previous 
work [41]. Briefly, the measured properties included: 
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- The viscosity (μ) and density (ρ) of the samples, which were obtained 
simultaneously using an Anton Paar Lovis 2000 ME/DMA 4500 
viscodensity meter.  

- The isobaric specific heat values (cp), determined using a DSC-Q2000 
from TA Instruments.  

- The speed of sound (c) measurements were performed using a 
ResoScan acoustic interferometer from TF-instruments. A detailed 
description of the method can be found in the study by Pfeiffer et al. 
[43].  

- Surface tension (σ) measurements were conducted using a Krüss 
K100C tensiometer (Wilhelmy plate method). 

Additionally, the pH of the solutions used for the SCL experiments 
was determined using a calibrated pH combination electrode (sphere 
membrane, A-glass). The mixtures were prepared in triplicate and the 
pH measurements were taken after 1h of homogenization at room 
temperature. 

2.3. Experimental setups 

Various experimental setups were created by combining the 
following elements:  

• Two glass reactors filled with approximately 130 (reactor A) or 60 ml 
(reactor B) of solution; 

• Two US processors (Hielscher Ultrasonics) operating at similar fre
quency (30 and 24 kHz), rated power of 50 W (UP50H) and 200 W 
(UP200S). All experiments were performed at 100% amplitude;  

• Three horn tips of common cylindrical shape (MS3, MS7 and S7), and 
a special cone-shape horn tip (compatible only with the 200 W de
vice), all from Hielscher Ultrasonics. The material of construction of 
all the tips was titanium. 

In all experiments the ultrasonic horn was centrally inserted from the 
top of the reactor and placed in the desired insertion depth using a 
translation stage. A schematic overview of the different setups, can be 

seen in Fig. 1. The dimensions of the vessels are presented in Table 1. 
The elements presented in Fig. 1 were combined to create seven 

different setups, for which details and specifications can be found in 
Table 2. 

2.4. Calorimetric efficiency measurements 

The electrical power input to the ultrasonic source was related to the 
power transferred to the medium with calorimetric experiments using 
multiple temperature probes similar to our previous work [41]. Using 
the temperature rise (dT/dt), the mass of the medium (mmedium) and the 
specific heat constant (cP), the calorimetric power (Pcal) was calculated 
(Eq. 1) and correlated to the electrical power (Pel) and calorimetric ef
ficiency (ηcal) using Eq. 2. The power density was calculated using Eq. 3. 

Pcal = mmedium.cp.
dT
dt

(Eq. 1)  

ηcal =
Pcal

Pel
(Eq. 2)  

Power density =
Pel or Pcal

mmedium
(Eq. 3)  

2.5. Sonochemiluminescence (SCL) technique 

The sonochemiluminescence (SCL) method was used to visualize the 

Fig. 1. Schematic representation of the experimental setups, using reactor A and B and two US processors (50 and 200 W power rating). Key: DR,i: reactor diameter of 
reactor i, DH : horn diameter, HR,i: reactor height of reactor i, HL: liquid height, IDH : horn insertion depth. 

Table 1 
Dimensions of the reactors used for the experiments.  

Reactor Diameter - DR 

(mm) 
Height - HR 

(mm) 
Bottom plate 
thickness (mm) 

Jacket1 

thickness (mm) 

A 52.6 80.9 7.3 16.7 
B 35.0 108.3 9.0 13.0 

Note1: Cooling water circulated in the jacket via a thermostatic bath (Lauda Eco 
Silver RE630) to achieve the desired temperature. 
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spatial distribution of cavitation in the reactors. Briefly, when aqueous 
solutions of luminol and sodium hydroxide (NaOH) are sonicated, the 
luminol reacts with sonochemically generated hydroxyl radicals. Upon 
relaxation, the product of this reaction (3-amino phthalate) emits blue 
light [2,12], that can be detected and captured using a digital camera. 
The precise reaction mechanism is complex and still not completely 
understood. A suggested reaction mechanism [45] can be found in 
section A1 (Supporting information). From Figure S1, a dependency of 
emitted light intensity and the solution pH is evident. 

For the imaging of PEG-water mixtures, SCL-active solutions were 
prepared, which consisted of 0.2 wt% luminol and 0.4 wt% NaOH. To 
maintain a consistent ratio of luminol and NaOH (relative to water), in 
the water sample the concentrations were increased to 0.33% and 
0.72%, respectively. The SCL-active mixtures were sonicated and images 
were captured inside a completely light insulated box using a Nikon Z6 II 
digital camera, with a NIKKOR optical lens (Z MC 50mm f/2.8). The 
exposure time was 15 seconds, the focal ratio was 3.5 and the ISO setting 
was 25600. The obtained images were processed and analysed to enable 
semi-quantitative analysis [41]. 

2.6. High speed imaging 

To visually observe the formation of bubble clusters at a macroscopic 
scale a high-speed camera (Fastcam Mini UX100 Photron) was used, 
connected to a Tokina optical lens (AT-X M100 f/2.8 PRO D Macro) and 
controlled using the Photron Fastcam viewer (PFV4) software. Images 
were recorded a using a frame rate of 250 fps and a shutter speed of 1/ 
250 seconds. A LED-light, connected to a DC power source, was placed 
behind the reactor to ensure proper lighting. 

3. Results and discussion 

3.1. Properties of prepared solutions 

An overview of the different characteristic properties of the custom- 
made mixtures can be found in Fig. 2. 

A significant increase in viscosity of up to three orders of magnitude 
was achieved, with the liquid viscosity (μ) varying approximately from 1 
mPas for water to 3000 mPas for the 40 wt% PEG35000 solution 
(Fig. 2a). The temperature dependency of the samples viscosity is pre
sented in Figure S2. The density (ρ) of the PEG-water mixtures remained 
rather independent of the molecular weight of PEG employed (Fig. 2b). 
Only a small difference between the pure water (0.998 g/cm3) and the 
PEG-water mixtures (average of ≈1.069 g/cm3) was observed. Subse
quently, the specific heat capacities (cp) of the solutions were obtained 
(Fig. 2d). For reference, the heat capacity values of the PEGs that are 
solid at room temperature (PEG2000 and higher) were also measured 
(Fig. 2c). A first observation is related to the melting temperature range 
of the solids, which increased for higher molecular weight (MW) PEGs. 

The presence of overlapping regions among the various polymers, in
dicates that possibly the PEG powders potentially consist of mixtures 
containing various MW polyols rather than being solely composed of a 
single MW polyol [46]. The cp values for the PEG-water mixtures 
(Fig. 2d) show a decreasing trend as the MW of PEG increases. This in
dicates that mixtures containing longer PEG molecules require less heat 
to increase in temperature. One possible explanation for this observation 
is the difference in internal energy, which is influenced by intermolec
ular forces such as hydrogen bonding between water and PEG. The 
addition of short-chain PEG molecules leads to a higher number of 
hydrogen bonded interactions with the water molecules, resulting in 
stronger intermolecular connections compared to adding a smaller 
amount of longer-chain PEG molecules. Therefore, the overall mobility 
of the system may be reduced in the case of low molecular weight PEG 
molecules, requiring a higher input of heat to achieve a sufficient rise in 
molecular kinetic energy and subsequent temperature increase [46,47]. 
The measured sound velocity of the various mixtures can be seen in 
Fig. 2e. Two main observations can be made; Firstly, the addition of PEG 
to the mixture significantly changes the speed of sound. This change can 
be attributed to modifications in compressibility resulting from the 
alteration of intermolecular forces within the PEG-water hydrogen 
bonding network [48]. Secondly, it is observed that the molecular 
weight of the PEG does not have an important impact on the speed of 
sound value. Finally, the addition of PEG into water causes a substantial 
reduction in surface tension (σ) values (Fig. 2f). This phenomenon has 
been observed by other researchers [49]. The decrease in surface tension 
can be attributed to the alteration in intermolecular bonding between 
water molecules, as a result of inclusion of PEG-water interactions. 
When comparing PEGs with different molecular weights, no clear trend 
was remarked, with the values fluctuating in the range of 50-57 mN/m. 

3.2. Impact of viscosity increase on calorimetric power 

The results of the measured electrical and calorimetric power input 
for the various setups are presented in Fig. 3 for 35 mm insertion depth 
of the horn. Insertion depth of 25 mm was also evaluated and these 
results are available in Figure S3. As described earlier, ultrasonic horns 
are typically designed to provide a designated tip (set) amplitude, and 
the devices regulate their electrical input power to achieve this desired 
motion. In the experimental study presented herein, the devices were set 
to produce the highest achievable tip amplitude (100% setting). 
Consequently, the energy input to the transducer is automatically 
adjusted to achieve the targeted tip displacement. 

A first observation when comparing the two reactors is that despite 
the significant difference in vessel volume, the calorimetric power input 
for reactor A and B remained relatively similar [11]. The same was noted 
for the 25 mm insertion depth (Figure S3). This suggests that the calo
rimetric power density of the smaller reactor B is at least two times 
higher than that of the larger reactor A [11,50], which was confirmed 

Table 2 
Overview of technical specifications and combinations of the ultrasound sources used.  

Reactor Working capacity 
(ml) 

Device Operating frequency (kHz) Maximum power (W) Tip name Tip diameter - DH (mm) Maximum amplitude3 (μm) 

A 130 UP50H 30 50 MS3 3 180    
MS71 7 125 

UP200S 24 200 S7 7 175    

Cone2 40 12 

B 60 UP50H 30 50 MS3 3 180    
MS7 7 125 

UP200S 24 200 S7 7 175 

Note1: This setup was used in [41] and is included herein for comparative purposes. 
Note2: The name “Cone” is used for simplicity, it refers to a sonotrode of increased diameter along its length. 
Note3: As reported by the manufacturer [44]. 
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even for the most viscous solutions tested (Figure S4, Figure S5). These 
results highlight the potential of ultrasound in small scale reactors, 
particularly in the context of US-assisted microreactors [25]. Never
theless, the use of microreactors, despite their promising applications, 
may present certain challenges in high viscosity applications. The 
occurrence of significant pressure drops and the potential for clogging 
can pose serious disadvantages [51]. 

A notable finding is the relationship between viscosity and the 
maximum electrical power consumption of each setup, as seen in Fig. 3. 
Across all systems examined, it was observed that the electrical power 

exhibited an increasing trend, followed by a sharp decrease, accompa
nied by discontinuous operation [41]. As mentioned before, the US 
devices used herein are designed to operate at a set amplitude, therefore 
they modify their electrical power consumption accordingly. When the 
required electrical power input exceeds the safe power rating of the 
device, it switches to pulsing-mode to protect its internal structures 
[44]. This behavior was observed in the sample with the highest vis
cosity (≈2770 mPas) for the UP50H-MS3 setup (Fig. 3, i), in the sample 
with ≈123.2 mPas viscosity for the UP50H-MS7 setup (Fig. 3, ii), and in 
the sample with the highest viscosity for the UP200S-S7 setup (Fig. 3, 

Fig. 2. Properties of prepared water-PEG solutions at 23◦C: a) Viscosity b) Density d) Specific heat capacity values e) Speed of sound and f) Surface tension. Note: for 
simplicity, only the name of the polyol used for the 40 wt% solution is noted on the x-axis. Heat capacity values of solid PEGs against temperature are plotted in c) for 
reference, data based on the third heating cycle (consecutive heating-cooling cycles repeated twice). 
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iii), which was similar to the MS3 tip. Interestingly, the drop in electrical 
power input was correlated with poor heat dissipation in the solution 
resulting in large temperature gradients [41]. Examples from online 
temperature recordings are presented in Figure S6. The continuous 
operation of the system showed an extended duration in two cases: when 
the smaller tip diameter (MS3) was used (comparing the setups using the 
UP50H device) and when the more powerful device was used 
(comparing UP200S-S7 to UP50H-MS7). This indicates that the MS3 tip 
requires less power to maintain the set amplitude, potentially due to 
reduced drag on the sonotrode tip caused by its smaller diameter or by 
the smaller weight of the horn tip that needs to be displaced within the 
bulk. For the setups with larger diameter tips, the crucial factor is the 

rated power of the device, with the UP200S device being rated four 
times more powerful than the UP50H [44]. 

When considering the setups using the UP50H device (Fig. 3 i and ii) 
for both reactors, it was observed that the use of the smaller diameter tip 
(MS3) resulted in lower electrical and calorimetrical power compared to 
the MS7 tip for viscosities up to ≈50 mPas. At viscosity of 123.2 mPas 
(40 wt% PEG8000 solution), the electrical power (Pel) consumption of 
the two systems was found to be similar (37.8 W for the MS3 and 36 W 
for the MS7). However, for this solution the MS7 demonstrated higher 
efficiency (84.9% for the MS7 and 45.3% for the MS3) as shown in Figur 
e S7, attributed to the discontinuous operation of the device which led to 
lower electrical power consumption. It is worth noting that the 

Fig. 3. Measured electrical and calorimetric power for sonication using the UP50H and the UP200S device, liquid height of 60 mm, set amplitude of 100%, and horn 
insertion depth of 35 mm. Results for reactor A (≈130 ml, left) and reactor B (≈60 ml, right) - MS3 i), MS7 ii), S7 iii). Standard deviation values based on three 
replicates are included in the graphs. 
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efficiency of both setups decreased considerably for the two highest 
viscosity solutions (≈ 1000 and 3000 mPas), with efficiency below 20% 
for the MS3 and below 34% for the MS7 (Figure S7). When comparing 
the results for the UP200S-S7 and UP50H-MS7 setups (Fig. 3 ii and iii), it 
is evident that both the electrical (Pel) and the calorimetric (Pcal) power 
inputs were higher for the former, due to the higher nominal sonotrode 
amplitude of the UP200S-S7 (Table 2). A larger amplitude requires more 
electrical power to operate and results in increased heat generation. As 
previously mentioned, the efficiency of the MS7 tip showed an 
increasing trend up to approximately 100 mPas, followed by a sharp 
decrease for the highest viscosities. In contrast, as presented in Figure S7 
iii), the efficiency of the S7 tip remained almost constant (approximately 
50%) for all the solutions sonicated, except the highest viscosity solution 

(efficiency of 22% for the 40 wt% PEG35000). In both reactor geome
tries, the comparison between the UP200S-S7 with the UP50H-MS7 
setup, showed that using the former configuration postponed the 
decrease in electrical and calorimetric power until the highest viscosity 
range, similar to the observations made with the MS3 tip. It is interesting 
to note that when water was sonicated, the efficiency remained rela
tively unaffected across the different reactor-sonotrode configurations 
(40-50%). For a complete overview of the efficiency and the power 
density of the setups, reference is made to the Supporting information 
(Figures S4-S5, Figures S7-S8). 

Overall, in order to achieve successful sonochemical assistance of a 
process, an efficient energy input to the reactor is desirable. Therefore, 
the choice of the appropriate transducer becomes a crucial design 

Fig. 4. SCL images for increasing viscosity solutions in reactor A (top) and B (bottom), liquid level of 60 mm, set amplitude of 100% at horn insertion depth of 35 
mm: UP50H (50 W) when MS3 and MS7 horn tips were used (first two rows) and UP200S (200 W) when S7 horn tip was used (last row). 
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parameter for optimizing applications, particularly in viscous solutions. 
It should be emphasized here that the power rating of an ultrasonic 
device should not be mistaken as the ultrasonic power input to the 
reactor. As evident from the calorimetric data presented herein, only 
part of the electrical power is being converted to heat. Additionally, each 
device has distinct design characteristics that result in diverse responses 
under extreme conditions. For instance, the point at which non- 
continuous operation or system limitations are reached may differ 
across devices. Nevertheless, similar observations are anticipated when 
using ultrasonic horn systems from different manufacturers. 

The aforementioned observations have also practical potential. In 
the context of applying ultrasound to polymer synthesis, for instance, 
varying power-rated horns might be required based on the polymeri
zation stage. During initiation, a lower-rated system could be adequate 
for brief pulsations. If additional assistance is needed as the reaction 
progresses, higher-rated power devices could be activated. This concept 
of utilizing multiple systems could be applicable in a reactive extrusion 
process, where lower-power US devices are employed in the initial 
extruder barrels and more potent ones are positioned along the ex
truder’s length. 

3.3. Sonochemiluminescence (SCL) and luminol intensity results 

The sonochemiluminescence (SCL) method was employed for the 
visualization of cavitationally active zones in both reactors. An overview 
of the obtained images for 35 mm horn insertion depth is presented in 
Fig. 4 and for 25 mm can be found in Figure S9. The 40 wt% PEG35000 
solutions were not included in the SCL analysis due to poor dissolution of 
the luminol in the bulk. 

It should be noted that the SCL images for water and for all setups, 
have been included in the overviews for reference. The presence of the 
polyol in the solutions alters important physicochemical parameters of 
the solutions compared to water (e.g. the surface tension and speed of 
sound, Fig. 2) making a proper comparison not possible [41]. Moreover, 
introducing an organic compound, such as polyethylene glycol, could 
potentially bring alterations in the radical generation and consumption 
within the system. On the contrary, for the PEG-water mixtures the 
properties are marginally affected by the molecular weight of the PEG, 
which indicates the decrease in light emission between the different 
PEG-water SCL mixtures can be mainly attributed to the increase in 
viscosity. Another important parameter that was examined to verify the 
difference between water and PEG-water solution, was the pH of the 
SCL-active mixtures. The results are presented in Figure S10 and show 
that the addition of PEG alters the pH of the SCL mixtures, with the pH of 
the PEG based solutions being approximately 4% higher (average of 
13.5 compared to 12.9). As highlighted in section 2.5, there is a pH 
dependency on the intensity of sonochemiluminescence [45]. Addi
tionally, the pH seems relatively insensitive to the molecular weight of 
the polyol used and remained almost unchanged for the PEG-water 
solutions. 

When sonicating the solutions with the MS3 tip connected to the 
UP50H device (Fig. 4A, B), two main observations can be made; Firstly, 
the intensity of the zones showed an overall decreasing trend for PEG- 
water solutions of increasing viscosity, confirming findings of our pre
vious work [41]. Secondly, multiple zones were found along the horn: 
one zone located directly at the tip of the horn and two zones along the 
horn shaft for viscosities up to ≈50 mPas. For viscosity of approximately 
100 mPas two zones remain (the third one decreased significantly) and 
for the highest viscosity tested (approximately 1000 mPas) light only at 
the tip of the horn remained visible. The appearance of multiple zones 
along the shaft of the horn is associated with the radial movement of the 
horn, which expands and contracts during sonication of a solution. This 
phenomenon was explained by other researchers as the “flow of acoustic 
energy through the lateral boundaries of the transducer” [52]. The 
decrease or disappearance of the radial cavitation zones, may be con
jectured to partially explain the reduction of calorimetric power for 

viscosities above 100 mPas (Fig. 3 i). The findings were similar for both 
reactors tested (Fig. 4A and B, MS3). 

The main observations related to the MS7 (UP50H) and S7 (UP200S) 
setups could be summarized in the following points: two cavitation 
zones can be seen, one directly under the horn tip and one covering the 
horn shaft. For the most viscous sample (40 wt% PEG20000), the cavi
tation zone covering the horn wall completely disappeared, even when 
the more powerful UP200S horn was used. Furthermore, the use of the 
UP200S does not always increase the SCL light intensity and overall, the 
images appear less bright than those using MS7 (UP50H). For example, 
in reactor A (compare second and third lines on Fig. 4A), the zone 
around the horn shaft decreased more significantly with the solution 
viscosity when the S7 (UP200S) was used. However, the calorimetry 
results obtained for the same setups (Fig. 3, left column, ii and iii) 
demonstrate globally higher Pcal for the UP200S than for the UP50H. 
Therefore, this suggests that larger calorimetric power is not necessarily 
concomitant with the formation of larger/brighter SCL zones. This may 
be explained by the presence of a more densely packed, strongly oscil
lating bubble cloud under the transducer in the case of UP200S, that 
consumes a larger amount of acoustic energy, yielding a larger Pcal, but 
strongly attenuating the sound wave, limiting its transmission to sec
ondary zones of the reactor [19,38,50]. 

Focusing on the results of reactor B sonicated by the UP50H horn 
with a MS7 tip, resonance-like phenomena were observed (Fig. 4B, 
MS7). For pure water, a large blue cloud of SCL emissions, covering the 
whole reactor was noticed. However, the calorimetry results do not 
indicate an increase in dissipated power compared to reactor A 
(compare red points on the ii) graphs in Fig. 3). This suggests again that 
the structure and brightness of luminol SCL maps is not trivially corre
lated to the power dissipated in the liquid. When the horn insertion 
depth is lowered to 25 mm (Figure S9) or when a different reactor ge
ometry is chosen (Fig. 4A, MS7), the large blue cloud decreased 
considerably and was limited to a zone below the tip and around the 
horn shaft. Remarkably, for the same setup and for viscosity of 22.2 
mPas (Fig. 4B, MS7, third image), a “bulbous” or “elongated bubbly” 
shaped zone of light emission below the horn tip was captured similar to 
what was reported for concentrated sulfuric acid [53] and glycerine 
solutions [32], respectively. This bulbous shaped zone is not visible in 
reactor A (Fig. 4A, MS7, third image). The above results indicate that a 
careful choice of reactor geometry is of paramount importance in 
developing sonochemical systems [11,19]. 

A general noteworthy observation related to the multiple cavitation 
zones along the submerged horn walls is the asymmetrical distribution 
of SCL light along the two sides of the horn walls. Cavitation activity that 
is not centered has been observed in other studies as well, commonly at 
lower tip amplitude [34]. This could be considered a result of the very 
dynamic and sensitive nature of acoustic cavitation [12]. Furthermore, 
the SCL images were semi-quantitatively analyzed by averaging the 
luminance of each image, which provides a global brightness indicator 
following the intuitive visual perception. For each configuration, these 
quantitative results were plotted in function of the solution viscosity. 
These plots can be found in the Supporting Information (Figure S11 and 
Figure S12). 

Examining the calorimetric power and SCL results presented earlier, 
it becomes evident that the observations obtained do not always align, 
highlighting a fundamental challenge in characterizing sonochemical 
reactors. Each method has its own advantages and limitations, and there 
is no universal approach that can be applied to quantify the sono
chemical performance of any reactor. For instance, the calorimetric 
method provides integral information on energy dissipation and cannot 
be directly correlated to the extent of acoustic cavitation. In contrast, the 
SCL method provides insights into the size of cavitation zones, and is a 
sensitive technique to the composition of the sonicated solution. 
Therefore, combining multiple characterization techniques is preferred, 
as this approach can provide valuable insights during the process design 
phase. 
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Lastly, the SCL results have direct relevance in polymer synthesis. As 
the reaction progresses and the molecular weight and viscosity of the 
products increase, the number of cavitation zones is expected to 
decrease significantly. If the synthesis mechanism relies on radicals 
produced sonochemically, the SCL results can provide crucial insights 
for the implementation of sonication strategies. 

3.4. High speed imaging results 

In order to get more insights in the SCL results (Fig. 4), High speed 
camera (HSC) imaging of the UP50H device with the MS7 tip was per
formed. The results presented in Fig. 5, showed for most cases good 
correspondence with the SCL images: for water, bubble clusters are 
visible both at the tip and the shaft of the horn. For the 40 wt% PEG400 
(or 6.4 mPas) mixture, the second cavitation zone around the horn shaft 
is more pronounced in both reactors. At the next viscosity step (22.2 
mPas) for reactor B, the “elongated bubbly structures” below the horn 
tip that were observed with SCL (Fig. 4B, MS7, third image), were 
confirmed. Similar structures were noticed for glycerine, behaving like 
elastic shells consisting of a bubble-shaped core followed by a bubbly 
trail [32]. 

When comparing SCL and HSC images, it must be recalled that the 
latter are snapped over a 4 ms exposure time, whereas the former are 
integrated over 15 s exposure. Thus, it can be expected that the bubble 
structures are almost frozen by HSC but may move and deform notice
ably during SCL exposure. The resulting SCL images may, therefore, 
integrate the successive locations of a given structure observed in HSC 
images. This can be exemplified for vessel A with 6.4 mPas mixture: the 
bended filamentary structure visible in the HSC image (Fig. 5, first row, 
second image), originating from the top of transducer lateral area, 
probably moves slowly and results after 15 s exposure in the two-lobes 
structure with very bright SCL light, visible in Fig. 3A, second row, 
second image. The same kind of mechanism may be conceptualized for 
the 22.2 mPas images: HSC reveals a small cluster attached to the 
transducer lateral area, whereas its corresponding SCL map displays an 
enlarged spot at the same location. The second one, visible slightly 
below on the right is not visible on HSC probably because it was hidden 
by the transducer shadow. 

Finally, it is worth noting that although a distinct bright zone was 
only visible below the sonotrode tip with SCL for the 712.5 mPas sample 
(Fig. 4, second row, last image), the HSC images revealed additional 
structures reassembling a droplet hanging from the transducer. These 

structures appeared darker near the symmetry axis and were more 
elongated in the case of reactor A. This “inverted mushroom” shape was 
also observed in the case of glycerine when the maximum tip amplitude 
was applied [32]. 

3.5. Mapping reactor A using a special shape horn tip 

In the last section, a different sonotrode design is examined, called 
the “cone” tip which can operate connected to the UP200S device and 
was tested only in reactor A. Anticipated advantages associated with the 
unique design of this tip were expected, as it allows for a more dispersed 
distribution of ultrasonic energy within the reactor, thereby reducing 
cavitation shielding and minimizing sonotrode damage [42]. The elec
trical and calorimetric measured power for horn insertion depth of 35 
mm are presented in Fig. 6, the results for 25 mm being deferred to 
Figure S13. 

The electrical power consumption does not exhibit a clear trend and 
demonstrates a more scattered pattern, contrary to the results for the 
cylindrical tip designs shown in Fig. 3. Globally, the electrical and 

Fig. 5. HSC images for increasing viscosity solutions in reactor A (top) and B (bottom), liquid level of 60 mm, set amplitude of 100% at horn insertion depth of 35 
mm: UP50H (50 W) and MS7 horn tips were used. 

Fig. 6. Measured electrical and calorimetric power for sonication using the 
UP200S device, liquid height of 60 mm, set amplitude of 100%, and horn 
insertion depth of 35 mm. Results for reactor A using the cone shape tip. 
Standard deviation values based on three replicates are included in the graphs. 
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calorimetric power follow the same trends with the exception of a single 
point, being the 22.2 mPas solution. For this viscosity, a precipitous 
decrease of the Pel is noticed compared to the 6.4 mPas. While the exact 
reason for this deviation remains unclear, it might be partly explained by 
variations in the transducer impedance resulting from the creation of 
cavitating standing wave regions that may modify the electrical power 
consumption [19,50]. The presence of standing wave zones is discussed 
in the SCL analysis that follows (Fig. 7). Specifically, it seems that from 
6.4 to 22.2 mPas a qualitative transition occurs in the pressure field, 
characterized by the appearance of two distinct cavitation zones, 
spatially separated with a dark zone in between. These zones could 
potentially influence the movement of the sonotrode. Alternatively, the 
limited space between the cone lateral side and the reactor wall (≈ 6 
mm), could obstruct harmonic sonotrode movement due to viscous hy
drodynamic boundary layers or increased drag form. The power density 
and efficiency were also estimated for the cone-sonotrode setup. 
Excluding the viscosity points of 22.2 and 123.2 mPas, a reduction in 
efficiency was noted as the mixtures viscosity increased. An overview of 
the results is available in Figure S14. 

Similar to the conventional horn-shaped configurations, the SCL 
technique was applied for the cone setup as well. An overview of the 
images captured at a depth of 35 mm is presented in Fig. 7, while those 
obtained at a depth of 25 mm can be found in Figure S15. 

Several interesting observations can be made based on the SCL re
sults: Firstly, the intensity of the light emitted for water is more intense 
compared to the PEG-water solutions in contrast to the cylindrical tip 
configurations. The estimated power density showed a maximum for 
water as well (Figure S14). Secondly, for the solutions with viscosity 
ranging from 6.4 to 123.2 mPas, multiple cavitation zones are noticed. 
One zone was located around the shaft of the cone sonotrode, and the 
second zone was observed below the tip. Specifically, for a viscosity of 
6.4 mPas, the former zone was located around the cylindrical part of the 
cone, while for the viscosities of 22.2 and 45.8 mPas, this zone was 
noticed at the contraction of the shaft. Moreover the cavitation zone 
below the tip did not form directly under the tip but at a distance of λ /2 
(counted from the cone surface to the bottom of the reactor), with λ 
being the wavelength. This observation suggests the presence of a 
standing wave pattern below the cone sonotrode [50]. Interestingly, in 
the case of a viscosity of 123.2 mPas, the formation of a standing wave 
was not observed, despite the fact that the solution had the same 
wavelength as the other cases. This can be attributed to the higher vis
cosity, which led to increased energy attenuation. As a result, a stronger 
travelling wave was formed instead of a standing wave [35,54]. Thirdly, 
an interesting transition in the luminol structure shape under the 
sonotrode can be observed: in the case of water and the 123.2 mPas 
viscosity sample, a “cone-like bubble” structure is observed. It is note
worthy that for both viscosity points, the power density results are the 
highest recorded (Figure S14, second row, first image). This type of 
irradiating structures, known as cone-like bubble structure (CBS), have 
been previously observed during sonoluminescence experiments when 
sonication was applied to water using large diameter sonotrodes 
(20-120 mm) [55]. For viscosity values ranging from 6.4 to 45.8 mPas, 

an extended round structure is observed below the irradiating surface. 
Finally, no zone was visible for viscosity of 712.5 mPas. The 
semi-quantitative global brightness analysis results are presented in 
Figure S16 for both insertion depths of 35 and 25 mm. The findings 
corroborate the observation that the highest light emissions are 
observed for water, in contrast to the cylindrical horn tips. 

Comparing directly the trends for the cone and the cylindrical S7 tip 
(for reactor A - UP200S configuration), it becomes evident that for the 
sonication of solutions with viscosity of 1 to 22.2 mPas the cone sono
trode resulted in increased power density (both electrical and calori
metric), and energetic efficiency compared to the S7 tip (Figures S4, S5, 
S7, S8 compared to S14). On the contrary, for solutions with viscosity 
from 45.8 mPas and higher no clear power density and efficiency trends 
can be remarked and a comparison should be made case by case. 
Moreover, as mentioned earlier, for the cone configuration it stands out 
that the SCL light intensity for sonication of water is substantially higher 
compared to the light intensity of the PEG-water solutions. This is not 
the case for the S7 sonotrode, for which the opposite trend is observed 
(Figures S11, S12 compared to S16). 

4. Conclusions and future perspectives 

In the current work, various increasing viscosity mixtures repre
senting reactants profiles relevant to polymers chemistry were prepared 
and their physicochemical properties were determined. The viscosity of 
the solutions covers the range from 1 mPas to approximately 3000 mPas. 
Additionally, key parameters relevant to the design of an ultrasound- 
assisted system, such as reactor dimensions, sonotrode power, horn tip 
diameter, positioning, and shape, were carefully selected and examined. 
Multiple characterization methods were employed, to highlight the 
impact of medium viscosity and other design parameters on the sono
chemical effects and draw valuable insights for potential applications in 
polymeric systems. 

Several noteworthy findings have emerged from this study, with two 
key factors influencing the continuous operation of the setups: the 
diameter of the horn and the power rating of the device. The uninter
rupted operation is maintained up to approximately 1000 mPas when 
utilizing either the more powerful device (rated 200 W) or the lower 
power device (rated 50 W) with the smaller diameter tip. Moreover, 
employing a smaller reactor configuration showcases enhanced power 
density, offering potential benefits for short-duration operations, such as 
reaction initiation, or continuous flow systems. Additionally, the visu
alization of cavitation zones using sonochemiluminescence (SCL) im
aging reveals the presence of multiple active zones within the reactors. 
However, it was found that no one-to-one correlation can be established 
between the brightness and shape of luminol glowing zones and the 
calorimetric power. Furthermore, resonance-like effects are observed in 
both water and the 22.2 mPas solution, emphasizing the role of 
sonotrode-reactor wall distance in optimizing the quantity and intensity 
of cavitation zones. In general, increase in viscosity of the mixtures leads 
to a reduction in the number and the intensity of cavitation zones. These 
findings emphasize the influence of sonotrode and vessel dimensions on 

Fig. 7. SCL images for increasing viscosity solutions in reactor A, liquid level of 60 mm, set amplitude of 100% at horn insertion depth of 35 mm: UP200S (200 W) 
with the cone shape horn was used. 
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the distribution of these zones along the horn shaft. Such insights are 
crucial for optimizing and fine-tuning sonochemical processes. 

Furthermore, an inverted cone-shaped tip was subjected to charac
terization, utilizing both calorimetric and SCL analyses. However, the 
results obtained from these analyses were less conclusive compared to 
the other configurations studied. It appears that the generation of 
standing wave patterns becomes more prominent with the cone sono
trode design, as it resembles a plate transducer known to produce both 
standing and traveling waves. Despite the latter remark, the cone 
sonotrode setup shows potential if combined with the appropriate 
configuration. It is important to note that the efficiency of the system 
decreases significantly when operating with viscosities above approxi
mately 700 mPas. 

Our future steps involve integrating the findings from this study with 
numerical modeling techniques to gain a deeper understanding of the 
system’s performance. This approach will allow us to analyze energy 
and acoustic pressure distribution as well as fluid flow patterns within 
the reactor. By combining experimental data with computational sim
ulations, we aim to provide comprehensive insights into the behavior 
and optimization of the ultrasound-assisted system. 
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