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Abstract: This study addresses the challenge of dispersing disinfectant liquids for sanitizing people,
indoor spaces, vehicles, and outdoor areas. Fine aerosol sprays with a large surface area of particles
are considered the most promising solution for such tasks. The study identifies shortcomings in
current spraying methods and highlights the potential of ultrasonic liquid atomization for
improving disinfection processes. Innovative specialized ultrasonic atomizers are introduced,
capable of producing aerosols with the required droplet size and efficiency from disinfectant liquids
of varying viscosities, including those containing silver nanoparticles.
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1. Introduction

Viruses pose a significant biological threat to humanity. Their high natural (and possibly
engineered) capacity to mutate makes the timely development of vaccines difficult, if not impossible,
in some caseshe emergence of COVID-19, the virus has claimed many lives, and despite the end of
the pandemic, it continues to circulate within the human population, causing new fatalities [1].
Additionally, new dangerous viruses, such as the monkeypox virus, are emerging [2]. One co of
infection is contact with surfaces contaminated with droplets from infected individuals when they
cough, talk, or sneeze. During the COVID-19 pandemic, stringent hygiene standards were enforced
and closely monitored [3].

On May 15, 202ld Health Organization (WHO) issued guidelines on the use of disinfectant
spraying systems for surface cleaning to eliminate pathogens from contaminated areas. WHO
emphasized that direct contact with recommended disinfectants can sterilize surfaces and neutralize
certain disinfectants' bactericidal properties [4]. In this context, preventtion with various disinfectant
solutions remains an effective means of controlling virus transmission. Disinfection can be applied to
individuals, their clothing, indoor spaces (including public areas), and open spaces such as city
streets. For instance, in one study [5], a design for walk-through gates wd, incorporating systems for
monitoring infected individuals and disinfecting them.

Effective application of disinfectants requires precise control of time and concentration for
optimal disinfection of surfaces and air. Traditional methods of disinfection include liquid solutions
like sodium hypochlorite (bleach/chlorine) and alcohol in concentrations of 70-90%, as well as
ultraviolet (UV) light, which can destroy viral DNA. However, these methods have faced criticism
from environmental protection agencies. Unregulated use of highly concentrated disinfectants can
lead to environmental issues [6], pose health risks to people [7], and damage surfaces [8]. Moreover,
it is not possible to quickly disinfect large rooms and open spaces without the use of special devices.
Thus, the development of devices that enable various spraying methods tailored to specific objectives
is a pressing need, alongside other innovative disinfection techniques [9].

The most commonly used disinfection spraying methods today are hydraulic and pneumatic.
While these methods are technically simple to implement, they have several significant drawbacks.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The main disadvantage of hydraulic spraying is the formation of large droplets (about 1 mm in
size), which settle quickly due to gravity and offer low surface area-to-volume ratios. Most of the
disinfectant is wasted in forming these large droplets, which fail to evenly coat the surface. As a
result, excessive amounts of disinfectant are used, "drenching" people and surfaces. Conversely,
pneumatic methods generate droplets that are too small (24 um) to reach surfaces before
evaporating into the air. Additionally, pneumatic atomization has low process efficiency. Both
methods produce droplets with a wide size distribution, creating technological challenges [10]. These
limitations stem from fundamental physical effects that determine how the liquid form into droplets
[11]. Furthermore, traditional spraying methods can cause droplets to evaporate or shatter upon
impact, rebound and inefficient surface coverage. This not only reduces effectiveness but can also be
harmful, damaging clothing and irritating mucous membranes in the eyes, nose, and mouth [6].

The inability to consistently generate droplets of a specific size with adequate efficiency has
prevented the development of a standardized methodology for disinfecting different surfaces,
objects, and individuals. Thus, the need for developing and implementing new, selective, and highly
effective spraying methods is critical. These methods must be capable of producing aerosol particles
of optimal size and in sufficient quantity for safe and effective application of disinfectants to various
objects and people [12].

One such method is ultrasonic liquid atomization. This technique involves the use of ultrasonic
vibrations on a liquid film located on the oscillating surface of an ultrasonic transducer. Capillary
waves form on the liquid surface, and when the waves reach a critical amplitude, they break into
droplets [13].

This mechanism allows ultrasonic atomization to produce a nearly monodisperse droplet size
distribution with the lowest energy costs compared to other methods. It also facilitates the
atomization of two-phase mixtures (liquids containing dispersed particles) while ensuring the
uniform distribution of nanoparticles (e.g., silver) within the droplets, preventing spontaneous
agglomeration.

Ultrasonic atomization technology allows control over the droplet size by adjusting the
frequency of the ultrasonic vibrations. As frequency increases, the average droplet diameter
decreases exponentially, from 90 um at 25 kHz to 10 um at 200 kHz (for water) [13]. Furthermore, the
deviation in droplet size from the average is minimal compared to other spraying methods.

Therefore, the ability to proow droplet size distribution prevents the formation of hazardous
small-droplet clouds (as seen with pneumatic spraying) and avoids the excessive application of
disinfectants from large droplets (as seen with hydraulic spraying). Additionally, the ability to adjust
droplet size by altering the frequency of ultrasonic vibrations enables the design of devices tailored
to specific disinfection needs. This allows for the creation of ultrasonic atomizers capable of
generating droplets in the optimal size and quantity for various practical applications. However, the
current limitation of this method is its low aerosol cloud production rate (approximately 1-2 mL/s),
which must be addressed through innovative combined techniques.

It is important to note that disinfectant liquids vary in their physicochemical properties. They
typically have lower surface tension than water due to the presence of surfactants and may also have
higher viscosity. These solutions can be two-phase systems containing special dispersed additives,
such as silver nanoparticles. These characteristics impose additional requirements on ultrasonic
atomization methods and devices.

The objective of this study is to describe innovative methods and devices for ultrasonic and
combined atomization of disinfectant liquids with varying physicochemical properties.

2. Development of Ultrasonic and Combined Spraying Devices for Disinfectant Liquids

Analysis of existing data on the disinfection of various objects allows for the categorization of
disinfection approaches based on the characteristic scales, distance from the sprayer to the object, and
the required droplet size [14]:

e For disinfecting people in factories, offices, hospitals, public places (including land,
underground, and air transportation), and restaurants, tective droplet size is 10-35 pm.
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e  For disinfecting indoor spaces and vehicles, droplet sizes between 25-70 um are ideal.
e  For disinfecting open spaces (e.g., roads, buildings, pavilions, recreational areas), droplet sizes
of 150-300 um are required.
Thus, the spraying capacity must vary significantly to ensure the correct number of droplets for
even surface coverage in a single layer, where the layer thickness does not exceed the droplet size.
The versatility of ultrasonic atomization, combined with the wide range of disinfection tasks,
requires the development and use of specialized equipment. Recent research and development efforts
[15] indicate that the authors’ ultrasonic atomizers can address these challenges effectively.

2.1. Ultrasonic Liquid Layer Sprayers

The ultrasonic atomizer consists of an ultrasonic oscillating system (ultrasonic nozzle) and an
electronic generator for its power supply. The design of the oscillating system is shown in Figure 1.
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Figure 1. Piezoelectric oscillatory system of ultrasonic atomizer: a) three-dimensional model, b)
structural diagram. 1 — radiating pad-concentrator; 2 — spray surface; 3 — piezoceramic elements; 4 —
reflective pad; 5 — internal channel for supplying sprayed liquid; 6 — housing; 7 — housing flange; 8 —
threaded hole for supplying liquid; 9 — ultrasonic sprayer power cable; 10 — power cable connector.

The shape of the spray surface determines the geometric characteristics of the spray torch, and
the area of the spray surface determines the spray performance. The shape and size of the spray
surface may vary depending on the specific purpose of the sprayer.

Since the liquid flowing from the opening onto the spray surface spreads out in the form of a
circle with a radius of Ro. The value of this radius is determined by the viscosity and surface tension
of the liquid and can be determined by the dependencies presented in the work [16]. If the radius of
the spray surface exceeds the value of Ro, then it becomes necessary to make additional channels on
the spray surface to ensure increased spray performance.

The location and number of additional channels for delivering liquids to the spray surface are
determined from the condition of ensuring its uniform coverage with a layer of sprayed liquid. Figure
2 shows the optimal location of additional channels for supplying the sprayed liquid.
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(d)

Figure 2. Spray surface with additional channels for liquid supply (y is the root angle of the torch): a)
diagram of liquid spreading over the spray surface; b) diagram of the arrangement of additional
channels along the generatrix of the spray surface cone; ¢) diagram of the arrangement of additional
channels on the spray surface; d) angles of the arrangement of additional channels relative to the
central channel.

To cover the remaining area of the spray surface with liquid, it is necessary to make these holes
at a distance of 2Ro from each other along the cone generatrix (Figure 2b). In this case, the most
rational is to place additional holes (in addition to the central hole made at the top of the cone) on the

circles (Figure 2c). Figure 2d shows that the radius of these circles will increase by 2R sin ¥ with

each new circle located further from the center of the cone. The number of circles is calculated so that
they are located at a distance of 2Ro from each other and at a distance of Ro from the outer edge. With

a known radius of the spray surface R, the length of the cone generatrix will be equal to N =

sin~
2
Then the number of circles that can be placed along such a cone generatrix will be equal to
R
- RO
Y
S — 1)
N=—i2
2R

0

or, moving to a common denominator:
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If the obtained value is not an integer, then it is rounded to the nearest integer value and the Ro

R
value is specified, —— =N 2R, + R, hence:

sin—
R
b= 3)
(2N +1)sin
2
The radius of each circle will be equal to:
&zzmﬁm%, @)

where i =0...N is the circle number.

The centers of the holes of the channels for supplying liquid on each of the circles are also
uniformly located at a distance of 2 Ro from each other along the length of the circle. The number of
channels on each circle is:
2mi-2R, sin -+
K=———2 —opisin L. ©)

2R 2

0

After we have increased the productivity of ultrasonic spraying by creating additional channels,
the task of transporting the formed aerosol to the objects of disinfection arises. Since the liquid
droplets formed by the ultrasonic sprayer have a low speed of separation from the liquid film, then
to form a spray torch with a direction different from the vertically directed downwards, it is necessary
to use additional air flows, as shown in Figure 3.
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Figure 3. Spraying liquid without air flows a) and using air flows to form a torch b).

In ultrasonic spraying, air flows are intended only for transporting already formed droplets.

Below are several different types of sprayers, differing in operating frequency (size of formed
droplets) and productivity, which can be used as a basis for creating specialized devices for
disinfecting various objects. The currently implemented range of operating frequencies of sprayers is
from 18 to 160 kHz [17-21]. Increasing the frequency in this range allows reducing the average size
of formed particles from 65 to 18 um. However, with an increase in the spray frequency from 22 to
160 kHz, productivity decreases by 100 times.

All developed sprayers should be conditionally divided into several groups, shown in Figure 4.
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Figure 4. Ultrasonic sprayers: a) high-performance coarse atomizers with an operating frequency of
22 kHz; b) sprayers with air flow generation system; c) spray nozzles for forming a spray torch of
arbitrary shape (e.g. flat); d) High frequency fine mist atomizers.

The technical characteristics of the sprayers are presented in Table 1.

Table 1. Main technical characteristics of sprayers.

Sprayer number (Figure 4) 4a 4b 4c 4d
Power, VA, not more than 150 150 150 100
Frequency of ultrasonic 22+1,65 224165 354263  160+10
vibrations, kHz
Amplitude qf oscillations of 20-30 20-30 35 15
the working tool, um
Oscillating system, mm J100x250 J170x80  J100x250  65x70x90
Liquid viscosity,
1quid viscosity, no more 30 5 5 3
than, cPz
Sauter diameter of f d
auter diameter of forme 65 65 55 18
droplets, um
Productivity (by water), ml/s,
roductivity (by water), ml/s 15 5 3 1

no more than

For the practical implementation of the disinfection process, devices of various designs can be
used based on the developed ultrasonic sprayers, both for manual spraying and for use in mobile

devices.

reprints202411.0414.v1
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2.2. High-Capacity Wearable Atomizer Designs for Generating a Variety of Particle Sizes

Figure 5 shows a device for forming an aerosol with an average particle size of no more than 50
pum and a capacity of up to 20 ml/s for treating people's clothing, vehicles and small rooms. To provide
an increased spray area, a flexural-oscillating disk (oscillations are carried out on the second mode)
with a diameter of 40 mm is used. The resonant frequency of the sprayer is 40 kHz. Liquid is supplied
to the spray surface through 12 through holes made in the areas of zero oscillations of the disk.

(a) (b)

Figure 5. Ultrasonic wearable atomizer for forming an aerosol with an average particle size of no more
than 50 um and a capacity of up to 20 ml per second: a) three-dimensional model, b) structural
diagram. 1 - piezoelectric transducer; 2 — booster link; 3 — concentrator; 4 — flexural-oscillating disk
(atomizing surface); 5 — internal channel for atomized liquid; 6, 7 — internal channels of the atomizing
tool; 8 —atomizer body; 9 —handle; 10 — trigger for starting the atomizer; 11 — outlet of the power cable
combined with the atomized liquid supply tube.

Figure 6 shows a high-performance sprayer for forming an aerosol with an average particle size
of 65 microns and a capacity of more than 60 ml/s, designed for treating public transport, the metro
and premises. To ensure such high performance (more than 60 ml/s), the area of the spray surface
was significantly increased. By analogy with the previous device, it is made in the form of a bending-
oscillating disk. The diameter of the disk is increased to 250 mm, it oscillates in mode 3.

(b)

Figure 6. Ultrasonic wearable aerosol sprayer with an average particle size of 65 microns and a

capacity of no more than 60 ml per second: a) three-dimensional model, b) structural diagram. 1 —
piezoelectric transducer; 2 — flexural-oscillating disk (spray surface); 3 — sprayer body; 4 — fan; 5 —
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handle; 6 — flow regulators; 7 — holder of the disinfectant liquid distributor; 8 — tubes for supplying
liquid; 9 — distributor of the sprayed liquid; 10 — nipple for connecting the liquid supply system.

The sprayed liquid is in a backpack container, which is located behind the operator. A liquid
supply system (pump and valve) is installed on the liquid container. An electronic generator for
powering the ultrasonic sprayer is also installed on the backpack container. The electronic generator
is powered by high-current lithium-ion batteries.

Thus, a number of ultrasonic sprayer models have been developed that have good user
characteristics - high dispersion, narrow particle size distribution, satisfactory performance for a
number of tasks. Their operating principle is based on the excitation of capillary waves in a liquid
film using ultrasonic vibrations.

In the presented devices, an increase in spray performance is achieved by significantly
increasing the area of the spray surface. However, it is not possible to infinitely increase the area of
the spray surface. This requires the development of new ultrasonic liquid spraying methods based
on a combination of ultrasonic action and other factors.

Below, two new ultrasonic liquid spraying methods based on other principles are described.
First of all, they use the phenomenon of ultrasonic cavitation.

2.3. Innovative Acoustic-Dynamic Methods and Devices for Spraying Disinfectant Liquids

2.2.1. Multi-Stage Spraying

When spraying a liquid layer with ultrasound, droplet formation occurs in one stage, when
droplets break away from the liquid film. In this case, the higher the ultrasound frequency, the higher
the dispersion of aerosols, which is preferable in the problem under consideration. However, the
generation of high-frequency oscillations (more than 80 kHz) with an amplitude sufficient for
spraying limits the area of the radiating surface. Such oscillations are damped in the sprayed liquid
and absorbed by the material of the ultrasonic emitter, which reduces the efficiency of spraying. To
overcome this limitation, a method of multi-stage ultrasonic spraying with the supply of acoustic
energy to the liquid through gas is proposed [22]. The concept of implementing the proposed method
of ultrasonic spraying is shown in Figure 7.

US Wave US Wave
Initial drop Phase 1 200 um Phase 2 30 um Next phase
@

@ =32
0=
- =t e
;%i\;&é

Deformed I I I Secondary I I t Secondary

drop US Wave  droplets US Wave droplets

Figure 7. Conceptual diagram of multi-stage ultrasonic atomization.

The initial aerosol is formed by any method of atomization with sufficient productivity. In the
case of technologically simple methods (e.g. hydraulic, low-frequency ultrasound, etc.), the initial
aerosol will have low dispersion (droplet size of about 1-10 mm). The primary flow of large droplets
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moves either due to gravity or is carried away by the transport gas flow towards the next stages of
atomization.

At the next stages, the droplets enter the ultrasonic field (standing ultrasonic wave) in the gas.
The droplets are broken down into smaller fragments at the antinodes of the standing wave due to
deformation and loss of stability (Kelvin-Helmholtz instability). Under the action of the energy of the
ultrasonic field and upon interaction with air, the droplets are atomized in accordance with one of
the mechanisms classified by morphological features [23-25]. As a result of such interaction of the
droplets with the antinodes of the ultrasonic field, a gradual destruction of the droplets occurs up to
a certain limit (minimum size).

The developed method of ultrasonic atomization is implemented by means of a bending-
diametrically oscillating tubular ultrasonic emitter. It is a hollow cylinder with a stepwise changing
external and constant internal diameter. The internal diameter of the tubular emitter is selected from
the condition of ensuring the resonance of ultrasonic vibrations in the internal air cavity of the tubular
emitter (formation of a standing acoustic wave), at the operating frequency of the emitter. The shape
of the external surface of the emitter is determined from the condition of ensuring a uniform
distribution of the amplitude of ultrasonic vibrations along the length of the emitter. Excitation of
oscillations of the tubular emitter with an intensity sufficient to destroy droplets can be carried out
using a multi-element transducer with radially located Langevin transducers [26]. A drawing of the
tubular emitter and the distribution of the oscillation amplitude are shown in Figure 8.

40,541 Max
! | 36,041
31,541
27,041
O 22542
18,042
-

13,542

9,0418
I 4,5419
0,041947 Min

——
(a) (b)

Figure 8. Ultrasonic tubular emitter: a) drawing of tubular emitter; b) vibration waveform. 1 —
emitting element in the form of a bending and vibrating tube; 2 — piezoelectric transducer
concentrator (emitting plate); 3 — piezoceramic elements; 4 — reflecting plate; 5 — housing; 6 —
flange; 7 — fastening for a threaded hole; 8 — amplitude adjustment zone of the emitter ends; L —
emitter length; D1 — inner diameter; D> — outer diameter.

The results of the calculations of the distribution of sound pressure created by the emitter, as
well as a photograph of the manufactured emitter are shown in Figure 9. The calculation of the
distribution of the sound pressure level inside the tubular emitter was carried out in the ANSYS
program. During the calculations, an iterative change in the emitter dimensions was made to ensure
the formation of a standing wave in the internal cavity of the emitter at the emitter oscillation
frequency.
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Figure 9. The developed emitter: a) distribution of vibrations inside the emitter; b) photo of the
ultrasonic emitter.

As a result of modeling, the maximum sound pressure level on the emitter axis was determined
to be 190 dB, with the standing wave consisting of three maxima successively located along the
emitter. This ensures five stages of liquid droplet spraying. The developed emitter operates at a
frequency of 22.4 kHz. The acoustic power emitted into the air is 35 W, the amplitude (span) of surface
oscillations max-min 51-40 um; electric power is 48 W. The experimental sample has the following
dimensions: D2 =92 mm, Di1=52 mm, L =96 mm.

2.2.2. Cavitation Combined Method

To overcome the limitations of ultrasonic liquid spraying methods in terms of productivity, we
propose to combine the advantages of the hydraulic spraying method (with high productivity) with
the capabilities of ultrasonic cavitation (to ensure high droplet dispersion). The main idea is to create
a cavitation region in a liquid under excess pressure. To do this, a cavitation region must be created
directly at the point where the liquid flows out of the hydraulic nozzle. The ultrasonic emitter placed
here affects the volume of liquid above the end surface of its working end with ultrasonic vibrations.
An important condition is a sufficiently high vibration amplitude, exceeding the threshold for
creating cavitation in the liquid. Schematically, the cavitation combined spraying method is shown
in Figure 10.

\

Figure 10. Scheme of cavitation combined spraying method. 1 — supply of sprayed liquid, 2 -
cylindrical volume for liquid under increased pressure, 3 — ultrasonic emitter, 4 — electronic ultrasonic
generator, 5 — cavitation area, 6 — outlet, 7 — spray of liquid droplets.

Hydraulic pressure determines the flow rate (and spray performance). Cavitated liquid flows
out of the hole forming droplets containing cavitation bubbles. The collapse of the bubbles generates
a pressure pulse, which causes the droplet to break into smaller fragments. Ultrasound characteristics
(amplitude and frequency) determine the parameters of the cavitation region and, ultimately, the
dispersion of the droplets.
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The proposed cavitation combined spray method is implemented using a two-half-wave
ultrasonic emitter. A sketch and a photo of the emitter with a resonant frequency of 22.1 kHz are
shown in Figure 11.
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Figure 11. Ultrasonic atomizer for cavitation combined method: a) sketch of ultrasonic atomizer; b)
atomizer assembled with electronic generator. 1 — Langevin piezoelectric transducer; 2 — radiating
pad-concentrator; 3 — reflecting pad; 4 — piezoceramic elements; 5 — working tool; 6 — technological
volume; 7 — nozzle; 8 - fitting; 9 — sprayed liquid.

After manufacturing and assembling the emitters and transducers, the oscillation amplitude of
the emitting end was measured. The measurement results showed that the maximum oscillation
amplitude of the end surface of the developed piezoelectric transducer was 30 um. The obtained
oscillation amplitude values are sufficient to create cavitation in the liquid.

3. Discussion of the Results of the Development of Methods and Devices for Spraying
Disinfectant Liquids

3.1. Droplet Size in Ultrasonic Atomization of a Thin Liquid Layer

Droplet size measurements during ultrasonic spraying of a thin film at different frequencies
showed that ultrasonic spraying allows for the formation of a narrow-spectrum and smaller-size
droplet distribution (Figure 12). For comparison, the figure shows the particle sizes of an aerosol
formed by a hydraulic nozzle. However, the productivity of ultrasonic spraying is about 10...20 ml/s,
while with hydraulic spraying it depends on the liquid pressure and can significantly exceed 100
ml/s.

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.
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Figure 12. Particle size distribution of water aerosols with ultrasonic atomization at 180 kHz, 25 kHz
and (for comparison) by the hydraulic method.

3.2. Droplet Size in Multi-Stage Ultrasonic Atomization

In multi-stage spraying, liquid is supplied to the input using any technically simple and
inexpensive technology, such as a hydraulic nozzle or ultrasonic spraying of a liquid layer. Spraying
performance will depend on the performance of the initial liquid feed. Since three antinodes of
ultrasonic vibrations are formed along the axis of the developed emitter, it will provide three stages
of droplet fragmentation to a certain maximum size.

To confirm the operability of the proposed spraying method, the dispersed composition of
droplets formed during spraying of water (settled, tap water, temperature 23 °C) was preliminarily
analyzed. Sound pressure level 160-182 dB. Water feed performance 5-30 ml/sec. The initial size of
droplets entering the tubular emitter was 1500-2000 pum. Histograms of droplet distribution at the
outlet of the tubular emitter are shown in Figure 13.
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Figure 13. Water aerosol particle size distribution by multi-stage ultrasonic atomization 165 dB,
182 dB.
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A significant decrease in droplet size compared to the initial value was obtained in the
experiment over the entire range of sound pressure. The average droplet size of the resulting aerosol
(the Sauter diameter) depends linearly on the sound pressure level (Figure 14a). With an increase in
the liquid feed rate to the device input, the droplet size increases (Figure 14b) — initially slightly, then
more strongly.
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Figure 14. Dependence of the Sauter diameter of the resulting aerosol: a) on the sound pressure level;
b) on the flow velocity of the incoming aerosol.

Changing the sound pressure level in the range of 160-182 dB allows you to adjust the average
diameter of the formed droplets within 37-170 um. Thus, multi-stage ultrasonic atomization allows
you to significantly reduce the size of the droplets supplied to the input and control the dispersion
of the final aerosol over a wide range. At the same time, the spraying performance is limited only by
the performance of the device generating the incoming aerosol.

3.3. Droplet Size in Combined Cavitation Spraying

When implementing this spraying method, it was found that there is an optimal mode
corresponding to a pair of values: liquid hydraulic pressure — ultrasonic vibration amplitude. This
pair corresponds to the optimal mode, in which developed cavitation is established in the pre-nozzle
volume. In this case, the aerosol dispersion is the highest. Figure 15 shows the dependences of the
critical ultrasound amplitude and the Sauter diameter of the aerosol in the optimal mode on the
hydraulic pressure.

With increasing liquid pressure, it is necessary to increase the ultrasound amplitude to achieve
the optimal mode, in which the droplet size will be minimal. At the same time, with increasing
pressure in the optimal mode, the droplet size decreases. Also, with increasing pressure, the liquid
flow rate increases, as is typical for hydraulic nozzles. In our case, this increase was from 4-5 ml/s for
2 atm to 14-15 ml/s for 12 atm. Typical histograms of aerosol particle size distribution for 6 atm and
11 atm are shown in Figure 16.
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Figure 15. Dependences of the critical ultrasound amplitude and the Sauter diameter of the aerosol in
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Figure 16. Histograms of particle size distribution in the combined cavitation spraying method: a) at
a pressure of 6 atm (amplitude 33 um); b) at a pressure of 11 atm (amplitude 47 pm).
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Thus, the implementation of the optimal cavitation mode in the combined acoustic-dynamic
spraying method allows obtaining a highly dispersed aerosol with a sufficiently high productivity.

4. Conclusions

The presented results of extensive years of research and development offer a highly effective
solution to the challenge of dispersing disinfectant liquids for sanitizing people, indoor spaces,
vehicles, and outdoor areas through the use of ultrasonic liquid atomization.

Currently implemented spraying systems based on hydraulic, pneumatic, and similar methods
have notable drawbacks when generating disinfectant aerosols. The droplet sizes are either too large
or too small, with a wide size distribution. Traditional methods also often fail to handle liquids with
high viscosity, surface tension, or two-phase mixtures (liquids containing nanoparticles). These
limitations are effectively overcome by ultrasonic atomization techniques, making them a promising
approach for disinfection.

The developed specialized ultrasonic devices are capable of producing aerosols with the
required droplet size and output, even with disinfectant liquids of varying viscosities, including
those containing silver nanoparticles. Innovative acoustodynamic spraying methods (such as
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combined cavitation and multistage techniques) allow for the creation of disinfectant aerosols with
controlled droplet size and high efficiency.

The use of advantages of ultrasonic atomization, along with the development and practical
application of devices based on this principle, will ensure reliable protection for people,
transportation, and spaces.
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