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Featured Application: The acoustic-hydraulic nozzle can be used in technological tasks where both high
droplet dispersion and high productivity of creating an aerosol flow are required.

Abstract: Spray technology is widely used in various industries, including medicine, food production,
mechanical engineering, and nanopowder manufacturing. Achieving high dispersion and a narrow particle
size distribution is crucial for many applications. Ultrasonic spraying is commonly used to achieve this. On
other hand, hydraulic nozzles provide high atomization performance. Combining these two technologies
promises to offer significant benefits, but the complex processes that occur simultaneously in such a device
require careful study. This work proposes a fundamental design for an acoustic-hydraulic nozzle and
investigates the physical processes when a liquid is sprayed using this nozzle, both theoretically and
experimentally. The study identifies the critical modes of spraying and confirms that the simultaneous use of
ultrasound and hydraulic pressure can produce a fine spray (droplet size less than 50 pm) with high
productivity (5-10 ml/s). This approach has significant potential for modern industries and technologies.

Keywords: liquid atomization; ultrasound; acoustic-hydraulic nozzle; droplet dispersion; cavitation; critical
mode

1. Introduction

Liquid atomization is a crucial manufacturing process that finds application in a diverse range
of fields. Over time, numerous spraying methods and devices have been developed based on
different physical principles, including hydraulic, pneumatic, and mechanical, and their
combinations [1].

The hydraulic atomization of liquid is the most conventional method, wherein the liquid is
converted into droplets when it flows through the nozzle hole under high pressure. This process is
extensively employed in industries and agriculture for the application of various solutions,
chemicals, fertilizers, etc. [2].

One innovative spraying method is ultrasonic spraying, which uses ultrasonic vibrations to
create fine droplets of liquid. This method is widely used in industrial applications such as fuel
combustion [3], nanoemulsification emulsification [4], wet dust removal [5], air humidification [6],
atomization pyrolysis [7], and metal powder atomization [8]. The advantage of this method is the
stable and predictable relationship between operating parameters, spraying speed, and droplet
diameter [9,10]. Additionally, ultrasonic spraying results in the narrowest droplet size distribution
compared to other spraying methods. However, the downside of using ultrasonic spraying is low
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productivity, and the higher the droplet dispersion, the lower the productivity of droplet creation
[11]. For example, when generating droplets with a diameter of up to 10 um, productivity can be as
low as 0.1 ml/(s-cm?).

On the other hand, hydraulic spraying makes it possible to obtain an aerosol with high
productivity (tens of ml/s). However, with this spraying method, the droplet dispersion is low, and
the higher the productivity, the lower the droplet dispersion (for example, 1000 microns at 25 1/min).
Although many combined spraying methods have been created [1], no attempts have been made to
combine ultrasonic and hydraulic spraying. This may be due to the complexity of organizing such
spraying and the physical processes accompanying it.

We propose a model scheme for the design of an acoustic-hydraulic nozzle with the goal of
combining the advantages of both methods and achieving high droplet dispersion with high
productivity. The purpose of this work is to experimentally and theoretically study acoustic-
hydraulic spraying. Our tasks are to determine the spraying mechanisms, conditions, and operating
parameters of an acoustic-hydraulic nozzle depending on the conditions and physical and chemical
properties of the liquid.

2. Materials and Methods

We are considering the following design of an acoustic-hydraulic nozzle (Figure 1). In direction
1, liquid is supplied to cylindrical tube 2 under pressure p. The ultrasonic emitter 3 oscillates along
the axis of the tube. In zone 4, the liquid cavitates under the influence of ultrasonic radiation and
flows out of outlet 5 in the form of a spray of drops 6. The outlet is located opposite the end surface
of the emitter at a distance of 7.

Figure 1. Acoustic-hydraulic nozzle scheme: 1 — liquid supply direction, 2 — cylindrical tube, 3 —
ultrasonic emitter, 4 — cavitation zone, 5 — outlet, 6 — liquid drops, 7 — cavitation zone height L.

The main geometric parameters of the nozzle used in the calculations:
e the area of the end part of the ultrasonic emitter 3 — Si,
e  the area of the outlet 5 - 52,
e  the cross-sectional area of the tube 2 - S,
e the height of the cavitation zone (distance from the surface of emitter to the outlet) 7 — L.

Using a nozzle, we sprayed the settled tap water. Droplet size was measured using a Spraytec
instrument (Malvern Instruments, UK). The operating principle of the measuring system is based on
laser diffraction. The Spraytec system allows us to measure particle dispersion with a frequency of
up to 10 kHz in the range from 0.1 to 2000 microns. An example of a histogram and statistical
characteristics of the particle size distribution obtained using the Spraytec system is shown in Figure
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2. Statistical data measured using Spraytec system for different pressure values at an intensity of 70
W/cm? are shown in the Appendix A (Figures A1-AS8).

4 0ct 2023 - 16:33:03

Sample - BoAa_AKyCTOrWapaBmiieckani 1,5 MM oT Topua conna aken
NePeHANKYNIAPEH_MOWHOCTL.
Start+1:02 (s)
g Standard Values:
2 Trans = 57.2 (%) Dv(10) = 38.17 (um) Span = 2983
3 Cv = 001296 (%Vol) Dv(50) = 94.14 (um) D[3][2] = 71.68 (um)
2 SSA =0.0837 (m/cc) DV(90) = 319 (ym) D[4](3] = 1439 (um)
= Measurement Values and Settings
g Instrument = Spraytec - Open Spray
3 Lens = 300mm Path Length = 100.0 (mm)
Particulate Refractive Index = 1.33 + 0.000i Scatter start = 1
Dispersant Refractive Index = 1.00 Scatter end = 36
= | Particle Density = 1.00 (gm/cc) Scattering threshold = 1
Residual =034 (%) Minimum size = 0.10 (um)
Extinction analysis = Off Maximum size = 2500.00 (um)
Muliple Scatter = On
Operator = MALVERN SW = v320.006
Serial Numbers: Instrument = MAL 1069280 Detector = 05KQ1-CDL

SOP Name = ¥3 ssop
Last Edited = Not Edited

0%

Figure 2. Example of a histogram and statistical characteristics of the particle size distribution formed
using the developed nozzle (obtained using Spraytec).

To describe the mechanisms of sputtering and the physical processes occurring during this
process, we used mathematical modeling methods.

3. Mathematical model of the acoustic-hydraulic nozzle

3.1. Hydrodynamic processes. Hydrodynamic cavitation threshold

In the system under consideration, processes occur that involve the movement of fluid under
the influence of hydrostatic pressure and ultrasonic vibrations. Under certain conditions, both
hydrodynamic cavitation and ultrasonic cavitation processes can occur. Let's consider these
conditions.

The hydrodynamic cavitation threshold occurs at a certain fluid supply pressure:

x=P=p)i-g)

1
e(p-p,) M

where p is the hydrostatic pressure of the liquid flow, ps is the vapor pressure of the liquid, pa is
the atmospheric pressure, € = 52/S1, 51 is the cross-sectional area of the cavitation zone, S: is the area
of the outlet.

This expression was obtained by jointly solving the continuity equation and the Berlulli equation
in the inlet section into the cavitation zone:

2(p-ps)

T\ p(l-g2) @)
V=gV

x*

where V1 is the flow velocity in the cavitation zone, Vx is the flow velocity after the outflow, o is
the density of the liquid.
The hydrodynamic cavitation number is defined as X = 2(p——2p%) For X > 1, the flow regime is
v
pre-cavitation; for X <1, developed cavitation is observed. From equation (1) we obtain the cavitation
pressure threshold:

_pE-p,

-
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It should be noted that the pressure p: in the cavitation zone differs from the liquid pressure at
the inlet to the structure p. By solving the system of continuity and Bernoulli equations in two sections

where £ = . At pressures above pe, hydrodynamic cavitation occurs.

— at the entrance and exit to the cavitation zone — we obtain an expression for the pressure in the

P - p+a(p—pa)[[§—;]2 —1], 4)

where So = 53 —51 is the cross-sectional area of the annular part of the structure (flow area before
entering the cavitation zone).
The volumetric flow rate of the liquid is expressed by the equation:

v _g PPp)
0=V, 8, =5, S 1=k (5)

We will evaluate the performance of the nozzle under consideration in accordance with
expression (5).

cavitation zone:

3.2. Ultrasonic exposure. Acoustic cavitation threshold

In the cavitation zone of the structure, between the end of the emitter and the outlet, conditions
for the development of cavitation are created. Even with a low intensity of ultrasonic exposure,
bubbles filled with water vapor appear in the liquid in this area. The size of the bubbles depends
significantly on the intensity of the sound field:

2 |1
D, ~— [—- (6)
o\ pc

This expression is obtained from the following considerations. The amplitude of the

displacement of liquid particles in a sound wave A is related to the ultrasound intensity I [W/m?], the

22
speed of sound ¢ and the frequency w by the known relationship: 7 = % . When a wave passes

through a liquid in the unloading phase, discontinuities of size A are formed in it, and in the
compression phase, gas bubbles with a diameter D. are formed at the site of these discontinuities. The
diameter of the cavitation bubble corresponds to the size of the gap A.

From equation (6) it follows that the higher the ultrasound intensity, the larger the diameter of
the bubbles formed. In this case, with the development of cavitation, the wave resistance Wi = g-c
decreases significantly in accordance with the increase in the volume fraction of vapors in the liquid
[12], which means that the diameter of the bubbles also increases.

Let us consider the following qualitative physical picture of the development of cavitation. At a
minimum intensity of ultrasound of Imin in the liquid volume, cavitation bubbles in the amount of No
are formed on existing inhomogeneities (cavitation nuclei), which, in accordance with (6), will have
a minimum size of ~ Imin!2. Their number does not increase with increasing intensity, but their size,
and, accordingly, volume gradually increases. The mode of developed cavitation occurs when a
certain bubble size Der is reached. In this case, the volume of bubbles Wg becomes comparable to the
volume of liquid Ww, and the continuity of the medium is disrupted. In the mode of developed
cavitation, as confirmed experimentally, the cavitation coefficient K = W; / Ww remains unchanged
and corresponds to approximately 0.2 + 0.3 [13]. This limit is probably determined by the strength
properties of the liquid. The volume of liquid in our case is determined as Ww = S1-L. If the ultrasound
intensity increases further, the size of the bubbles will continue to increase and their number will
decrease. Let us denote the intensity corresponding to the mode of developed cavitation as .. We
will define this regime as critical and find the conditions for its occurrence.
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With a further increase in intensity at a constant total volume of bubbles, their number N
decreases in accordance with a power law with an exponent of 3/2. This means that the number of
bubbles drops quickly at first and then weaker. We can conditionally select an intensity value Imax
such that the change in the number of bubbles relative to the change in intensity is small. That is, a
further increase in intensity practically does not affect the number of bubbles in the liquid. It can be
shown that the bubble diameter in this regime will be approximately e times greater than D.r, and the
intensity Imax ~ €2l

The above considerations correspond to the case of the absence of excess hydrostatic pressure in
the liquid. The size of the bubbles, of course, also depends on the pressure in the liquid. According
to the Boyle-Mariotte law:

D2 ~—. @)
p
Thus, the critical volume of bubbles will be proportional to the ratio of the critical value of
intensity to the power of 3/2 and pressure:
13/2
D3 ~ = ®)
p
This means that, depending on the hydrostatic pressure, a noticeable cavitation effect from
ultrasonic exposure will be observed at different values of ultrasound intensity: the higher the
pressure, the higher the ultrasound intensity required for developed cavitation and vice versa.
As follows from dependencies (6) and (7), the diameter of the cavitation bubble is proportional
to the square root of the ultrasound intensity and inversely proportional to the ultrasound frequency
and the cube root of the hydrostatic pressure:

2 7
D, =24Pa | L, ©)
o\ p \pc

We will consider the critical diameter D« to be a free parameter of the model. In accordance with
it, at a given hydrostatic pressure, the critical (threshold) intensity of developed cavitation is
determined:

D2 > 2/3
1= ﬂ[ﬁj _ 10)
4 Pa

Note that, in accordance with equation (10), the critical intensity will be proportional to the
hydrostatic pressure to the power of 2/3. The higher the pressure in the liquid, the higher the required
ultrasound intensity for the onset of developed cavitation.

The number of bubbles will be determined as the ratio of the gas volume to the volume of one
bubble, calculated according to formula (9):

_ 4w, _ KW,
tD3 27

[pﬁ) »3 (pc)3/2 7-3/2 (11)

As will be shown below, the size of the droplets depends significantly on the size of the bubbles
and their number.

3.3. Droplet size upon expiration of cavitated liquid

What happens to the bubble after its nucleation? As shown in [13], under conditions of
continuous flow, cavitation bubbles do not collapse, but only grow.

It can be assumed that when the cavitated liquid flows into the atmosphere, each bubble will
carry with it a layer of liquid, inversely proportional to the number of bubbles: Ww/N. This volume
will determine the maximum volume of the drop. Then, taking into account (9) and (11), its diameter
is:
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Dy ==3Lla |~ = —c (12)
oV Kp\pc IK

Thus, the maximum droplet diameter is 1.5-1.7 times larger than the diameter of the cavitation
bubble. This model does not take into account the surface energy of the liquid carried by the
cavitation bubble. On the other hand, a gas bubble surrounded by liquid, when exposed to
atmospheric pressure, will behave like a soap bubble. It will expand to a certain maximum size,
determined by surface tension forces, and only then will it collapse into fragments with sizes on the
order of the thickness of the liquid layer at that moment [14]. Let's take a closer look at this model.

Since the outflow occurs quickly, the cavitation expansion can be considered adiabatic:

1

Dy :[ P TY’ (13)

D P min

c

where v is the adiabatic index of liquid vapor, pmin is the minimum pressure in the bubble at the
moment of destruction, Dmax is the maximum diameter of the bubble before destruction. The bubble
expands as long as the surface energy of the liquid layer o-Sc is greater than the internal energy of the
vapor inside it pminWe, where W is the volume of the cavitation bubble, S is its surface, o is the surface
tension. When these energies become equal, it will collapse. From here we obtain the minimum
pressure in the bubble at the moment of destruction:

6
pmjn = D

(14)

max

Solving equations (9, 13, 14) together we obtain the value of the bubble diameter before
destruction:

3y

D - (6£j3“ i, (15)
(e}

3
The volume of liquid that the bubble carried with it is nl6)0 , where the diameter Do is determined

by expression (12). Let us denote the outer diameter of the bubble before destruction by Dent. Then
from the law of conservation of mass it follows: Dj —D2 =D3  — D3, . From here

Dy = D3 + DI/ YK 1), (16)

It can be assumed that the minimum droplet size will be equal to the thickness of the liquid layer
upon destruction of the cavitation bubble. The thickness of the water layer at the moment of
destruction, and therefore the size of the droplets, will be Ddrop = (Dend — Dmax) / 2. Or, taking into
account (13):

Dy =k (%/ng D31/ YR -1)- Dmax)/Z. (17)

A joint solution of equations (9), (15) and (17) will give an estimate of the minimum size of
droplets formed during spraying, depending on the characteristics of ultrasonic influence, pressure
and properties of the liquid. In equation (17), the coefficient k is introduced, which is a free parameter
of the model. If k =1, then equation (17) gives a lower estimate for the droplet size. However, the size
of all droplets will not be minimal; a spectrum of particle sizes up to the maximum Do is realized.

Thus, we proposed a mathematical model of the processes occurring in an acoustic-hydraulic
nozzle and theoretically determined the critical modes, productivity and droplet size of the resulting
aerosol. The model has two free parameters that need to be determined experimentally — D and k. If
our reasoning is correct, then the experimental dependences will have a character corresponding to
that described theoretically, including the critical nature of spaying.
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4. Results and discussion

4.1. Experimental results. Droplet sizes, critical spraying mode

The geometric parameters of the nozzle used in the experiment are as follows:

. outlet area S1 = 0.38 mm?2;

e area of the cavitation zone S2 = 50 mm?;

° cross-sectional area of the tube S = 78.5 mm?;
e  height of the cavitation zone - L =1.5 cm.

The frequency of ultrasonic radiation was w = 22.5 kHz, the intensity varied in the range from
30 to 100 W/cm?, the hydraulic pressure p was from 200 kPa to 900 kPa.

At a fixed intensity, the following picture was observed with increasing pressure. Up to a certain
pressure p., the resulting droplets were relatively large in size (hundreds of micrometers), then the
droplet size decreased significantly and remained approximately constant with further increases in
pressure (Table 1). This spraying mode corresponds to cavitation flow and was established at
pressure per and intensity . The critical values of the intensity I- depending on the pressure are given
in Table 2. With increasing intensity, the critical pressure per of the transition to the cavitation mode
becomes higher, and vice versa, with increasing pressure, a higher intensity of the transition to the
cavitation mode is required.

Table 1. Sauter mean diameter of liquid droplets D3 (um) depending on pressure and ultrasound

intensity.
p/ Pa 2 3 4 5 6 7 8 9
I, W/cm?2 70 190 146 126 111 71 44 39 42

80 217 139 122 98 73 77 35 28

It should be noted that in the absence of ultrasound, the characteristic droplet size is of the order
of 500 pm and higher in a given pressure range.

Table 2. Critical pressure depending on ultrasound intensity.

plpa 2 3 4 5 6 7 8 9
Ier, W/cm? 26 31 49 55 82 86 104 112
Figure 3 shows the operation of the experimental setup at the moment the cavitation mode is
established.

Figure 3. Operation of the experimental setup when the cavitation outflow mode is established: 1 —
nozzle, 2 — liquid drops, 3 — laser probe beam.

The productivity (volume flow rate) of the liquid increased with pressure in all experiments,
however, when passing through the critical point (pe, Ir), the nature of the growth changed (Figure
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4). In any case, sprayimg without the use of ultrasound occurred at a slightly higher speed than with
ultrasound (curve “w/o US” in Figure 4).
12.00 -

Q, mi/s

10004 A .--’_j_f,.'--'-i"'
8.00 -
6.00

¥z
4.00 ._‘_.: —e-80
_ —--a=-- 100
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O.m 1 L 1 L 1 L ¥

1 2 3 4 5 6 7 plpa

Figure 4. Experimental dependence of volume flow on pressure and ultrasound intensity.

Apparently, the decrease in flow rate is associated with an increase in the hydraulic resistance
of the nozzle, due to the large volume of cavitation bubbles in the mode of developed cavitation.

4.2. Calculation results. Comparison of theoretical and experimental results

4.2.1. Possibility of hydrodynamic cavitation

Figure 5 a shows the dependence of the cavitation number on pressure for different values of
the geometric parameter ¢, and Figure 5 b shows the dependence of the critical pressure, above which
cavitation mode may occur in the structure under consideration.

25 X, 1400 Por kP2
A
\ 25 1200 ~
204N :
\\ — =04 1000 ~
-~
15N LI ===-03 800 -
\ e
101 600 -
S—
—— e 400 -
c
200 -
E
0 T T T T T T T T 1 0 T T T T T 1
150 250 330 450 550 650 p, kPa 0.72 0.73 0.74 0.75 0.76 0.77 0.78
(a) (b)

Figure 5. The number of hydrodynamic cavitation depending on pressure (a) and the dependence of
the critical pressure of hydrodynamic cavitation on the parameter & (b).

Based on the conditions of the problem, our design does not implement the hydrodynamic
cavitation mode, since the parameter ¢ = 0.005 is significantly less than those for which cavitation is
possible at relatively low pressures.

The volumetric flow rate of liquid in the nozzle is shown in Figure 6. It should be noted that the
geometric parameter does not have a significant effect on the flow rate. The above calculation does
not take into account ultrasonic influence. As can be seen from the experiment (Figure 4) and will be
shown theoretically below, ultrasonic action reduces the outflow velocity and volume flow.
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Figure 6. Volumetric fluid flow depending on pressure and geometric parameter .

4.2.2. Ultrasonic cavitation

Figure 7 shows the dependence of the diameter of cavitation bubbles on pressure and frequency
of exposure at different intensity values.

120 4 Dc, um 1, W/em? 140 5 Dc, um

w, kHz

120

100

30

60

40

20

(a) (b)

Figure 7. Dependence of the size of cavitation bubbles on pressure for different values of intensity (a,
frequency w =22.5 kHz) and frequency (b, I =100 W/cm?).

With increasing pressure, the size of the bubbles decreases in accordance with equation (9). Also,
the size of the bubbles decreases with increasing frequency of exposure, but increases with increasing
intensity.

The free parameter of the problem is D.. When compared with experimental data, it was found
that its value is approximately 30 um. Figure 8 shows the dependence of the critical intensity of
ultrasonic exposure, calculated in accordance with equation (10) together with experimental values

(Table 2).
len W/em? D, um 20
180 — —30 )
—
160 + -—==ai) "'—-o
140 A ® experiment Pt
-
120 PPl e
- L ]
100 1 —’-" * a—
80 -~ . 22—
0" p—— -
60 T ——
-— e
40 4 =
p .
20 7__________.—-——-—-—
0 T T T T T T 1
2 3 4 5 6 7 8 plp,g

Figure 8. Critical intensity as a function of pressure for different values of the critical bubble size.
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4.2.3. Droplet size

The droplet size calculated in accordance with equation (17) (free parameter k = 300) is shown in
Figure 9.

250 9 Dyrgpy um 1, W/cm? 450
_———=i 400

350

300

150 ~
250

200
100 ~

150

50 A 100

50 +

1 0 T T T T T T T T T T 1
2 3 4 5 6 7 8 Pplpa 10 20 3 40 50 60 70 80 90 100 I, W/cm?

(a) (b)

Figure 9. Characteristic size of droplets depending on pressure (a) and intensity (b).

Figure 9 demonstrates the critical nature of the occurring phenomena. Upon transition to the
cavitation outflow mode, the droplet size becomes minimal (and with a further increase in pressure
or intensity, it only slightly increases). In this case, the critical conditions in terms of pressure and
intensity correspond to the observed ones: the higher the pressure, the higher the intensity required
for the transition to the cavitation outflow regime, and vice versa.

The free model parameter k = 300 (equation (17)) was chosen based on comparison with
experiment. Figure 10 shows experimental points (Table 1) and calculated curves for droplet size.

250 1 p drops UM
200
150 -+

100 ~

50

0 T T T T T T T 1
2 3 4 5 6 7 8 9 plp,

Figure 10. Experimental and calculated dependences of the characteristic droplet size on the pressure
drop for different levels of ultrasound intensity.

The size of droplets during ultrasonic spraying using the capillary wave mechanism is estimated

using Lang’s equation [15]:
d, = 0.343/@. (18)
p?

Thus, the higher the frequency, the smaller the droplet. With the classical method of ultrasonic
spraying, the droplet size at a frequency of 22.5 kHz, the Sauter mean diameter of the droplets D3 =
100...120 pm. Moreover, the 22.5 kHz frequency used in our design is energetically more favorable
than higher frequencies.


https://doi.org/10.20944/preprints202310.2036.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2023 doi:10.20944/preprints202310.2036.v1

11

When spraying with hydraulic nozzles, the size of the droplets depends on the liquid pressure
in the nozzle: the higher the pressure, the smaller the droplets. On the other hand, the flow rate (or
volumetric flow rate) of the liquid is important: the lower the flow rate, the higher the dispersion [16].
The corresponding empirical formulas depend on the fundamental design of the nozzle, but at a
pressure of 8..9 atm and a volume flow rate of 10...12 ml/s, the droplet diameter does not decrease
less than 100...150 um (at lower pressure values, the droplet size is significantly larger). In our design
of an acoustic-hydraulic nozzle, when switching to cavitation mode, a finer spray is achieved (Ds <
50 um) with a productivity almost equal to that of a hydraulic nozzle. Figure 11 shows the calculated
and experimental dependences of the volumetric flow rate of liquid at two intensity levels and in the
absence of ultrasonic influence.

14 - Q mifs
12 +

10

-—==w/oUS B w/oUSexp

0 T T T T T T 1
2 3 4 5 6 7 s  plp.

Figure 11. Volumetric flow rate of liquid - calculated curves and experimental points.

As can be seen from the figure, both theory and experiment show the critical nature of the flow
depending on pressure and ultrasound intensity. During the transition to the cavitation mode, the
volume flow rate decreases, and then the flow rate increases again with pressure. At the same time,
the reduction in flow rate in cavitation mode compared to the case of the absence of ultrasonic
influence is not significant (5-10%). Meanwhile, in the cavitation mode, the dispersion of droplets is
significantly higher compared to hydraulic spraying.

5. Conclusions

The development of new liquid atomization devices and methods that can produce a fine spray
at high throughput is of significant interest for various technological applications. In this study, we
proposed and investigated the design of an acoustic-hydraulic nozzle that combines the benefits of
the hydraulic spray method (high productivity) and ultrasonic spraying (high droplet dispersion).
The proposed theoretical model was validated through experimental data, and we identified critical
conditions for intensity and pressure, which are the controlling parameters of the device. These
conditions enable the implementation of the cavitation spray mode and achieve the desired process
characteristics.

Our results demonstrate that the proposed design can achieve droplet sizes of less than 50
microns with a productivity of about 5-10 ml/s at an exposure frequency of 22.5 kHz when creating
conditions of cavitation spraying. Such a small droplet size at the used ultrasonic frequency of 22.5
kHz and the achieved spraying productivity is not attainable by either ultrasonic or hydraulic
spraying methods separately, as demonstrated theoretically and experimentally.

Overall, our findings suggest that the acoustic-hydraulic nozzle has significant potential in
various technological applications that require high-throughput, fine spray production. Further
studies can explore the optimization of the device's parameters to achieve even better performance.
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Appendix A

Size um) | % V< %V Size (um} | % V< %V Size [pm) | ®V< %"V
0.117 0.00 0.00 251 0.02 0.00 5412 281 1.48
0.138 0.00 0.00 293 0oz 000 83.10 549 1.89
0.158 0.00 0.00 2.41 0.02 0.00 7358 7.7 2.28
0.185 0.00 0.00 398 0oz 000 B85.77 10.38 259
0215 0.00 0.00 404 0.02 0.00 100.00 1221 2.85
0.251 0.00 0.00 5.41 0.02 0.00 118.59 16.29 208
0.292 0.00 0.00 8.31 0.02 0.00 125.94 19.65 2.38
0.341 0.00 0.00 738 0.02 0.00 158.48 2342 ERES
0.388 0.00 0.00 358 0.02 0.00 184.79 27.80 427
0.484 0.00 0.00 10.00 0.02 0.00 215.44 3285 5.15
0.541 0.00 0.00 1168 0oz 000 251.19 39.03 8.07
0.831 0.00 0.00 12.58 0.02 0.00 282.87 46.08 7.02
0738 0.00 0.00 1585 0oz 000 341.48 53.95 7.89
0.858 0.00 0.00 18,28 0.02 0.00 288.11 8243 £.48

1.00 0.00 0.00 2154 0oz 000 48418 7112 889
147 0.00 0.00 2512 0.02 0.00 541.17 79.51 £.29
1.28 0.00 0.00 29.28 0.18 0.12 £20.88 87.08 7.56
1.58 0.00 0.00 24,15 0.48 0.3¢ 735.64 83.25 e.21
1.85 0.0z 0.02 29.81 1.12 084 BET.T0 8771 442
245 0.02 0.00 46.42 2.15 102 | 1000.00 | 100.00 228

Figure Al. Statistical characteristics of the particle size distribution for p =200 kPa.

Size (ym) | % V< %V Size (ym) | % V< %V Size (pm) | % V< %V
0.117 0.00 0.00 251 0.02 0.00 54.12 6.42 245
0.138 0.00 0.00 292 0.02 0.00 82.10 9.51 310
0.158 0.00 0.00 3.41 0.02 0.00 7356 13.15 384
0.135 0.00 0.00 398 0.02 0.00 8577 17.18 403
0215 0.00 0.00 284 0.02 0.00 100.00 21.45 427
0.251 0.00 0.00 5.41 0.02 0.00 116.59 2586 241
0.292 0.00 0.00 8.31 0.02 0.00 13594 20.29 453
0.241 0.00 0.00 7.8 0.02 0.00 158.49 35.12 473
0.338 0.00 0.00 8.58 0.02 0.00 13479 20.16 5.04
0.484 0.00 0.00 10.00 0.02 0.00 215.44 4563 5.47
0.541 0.00 0.00 11.68 0.02 0.00 251.19 51.61 5.8
0.631 0.00 0.00 13.59 0.02 0.00 25287 58.09 8.48
0.73€ 0.00 0.00 15.85 0.02 0.00 241.48 8494 8.85
0.858 0.00 0.00 13.48 0.02 0.00 29811 7194 7.00

1.00 0.00 0.00 2154 0.02 0.00 264.16 7879 6.8
147 0.00 0.00 2512 0.08 0.07 541.17 85.18 6.39
1.38 0.02 0.02 29.29 0.37 0.28 630.98 90.76 5.58
1.58 0.02 0.00 2415 1.02 0.65 73584 95.28 448
1.85 0.02 0.00 29.81 218 1.16 8567.70 98.38 314
215 002 0.00 48.42 2.9 178 | 100000 [ 100.00 1.62

Figure A2. Statistical characteristics of the particle size distribution for p = 300 kPa.

Size (ym) | % V< %V Size ym) | % V< %V Size (ym) | % V< %V
0.117 0.00 0.00 2.51 0.00 0.00 54.12 9.67 202
0.136 0.00 0.00 293 0.00 0.00 63.10 13.26 3.59
0.158 0.00 0.00 3.41 0.00 0.00 7358 17.28 4.00
0.185 0.00 0.00 398 0.00 0.00 85.77 21.50 424
0.215 0.00 0.00 484 0.00 0.00 100.00 2532 223
0.251 0.00 0.00 5.41 001 0.01 118.59 20.18 438
0.293 0.00 0.00 6.31 0.02 0.02 125.94 34.56 438
0.241 0.00 0.00 7.38 0.08 0.04 158.49 39.07 451
0.398 0.00 0.00 8.58 0.13 0.07 184.79 4388 479
0.484 0.00 0.00 10.00 0.22 0.09 21544 45,08 5.20
0541 0.00 0.00 11.68 0.30 0.08 251.19 54.78 570
0.631 0.00 0.00 13.59 0.20 0.00 28287 2092 8.17
0738 0.00 0.00 15.85 0.20 0.00 341.48 87.24 8.51
0.858 0.00 0.00 18.48 0.21 0.01 398.11 74.07 6.63

1.00 0.00 0.00 2154 0.42 0.11 4g4.1€ 8051 8.44
117 0.00 0.00 2512 074 032 54117 36.45 5394
1.36 0.00 0.00 2928 139 0.5 820.96 91.80 5.15
1.58 0.00 0.00 2215 252 113 735.64 9569 4.10
1.85 0.00 0.00 39.81 4.25 1.73 857.70 98.54 285
215 0.00 0.00 46.42 863 238 | 100000 | 100.00 1.48

Figure A3. Statistical characteristics of the particle size distribution for p =400 kPa.

Size (pm) | % V< %V Size (pm) | % V< %V Size(pm) | % V< %V
0.417 0.00 0.00 2.51 0.00 0.00 54.12 11.87 348
0.138 0.00 0.00 293 0.00 0.00 83.10 15.91 404
0.158 0.00 0.00 2.41 0.00 0.00 7258 2037 2.48
0.185 0.00 0.00 298 0.01 0.01 85.77 25.07 470
0.215 0.00 0.00 484 0.02 0.02 100.00 29.88 2.80
0.251 0.00 0.00 5.41 0.08 0.04 116.59 3487 481
0.293 0.00 0.00 8.31 0.11 0.05 135.84 39.28 481
0.341 0.00 0.00 7.38 0.18 0.08 158.43 2438 288
0.298 0.00 0.00 8.58 0.24 0.08 18479 49.41 5.05
0.464 0.00 0.00 10.00 0.29 0.05 215.44 5470 5.29
0.541 0.00 0.00 11.68 0.33 0.04 251.19 €028 557
0.631 0.00 0.00 13.59 0.38 0.03 29287 €6.08 5.80
0.738 0.00 0.00 15.85 0.39 0.04 341.28 72.00 5.92
0.858 0.00 0.00 18.48 0.49 0.10 388.11 77.85 5.85

1.00 0.00 0.00 21.54 072 0.24 264.16 83.42 558
147 0.00 0.00 25.12 1.22 0.50 541.17 88.51 5.08
1.38 0.00 0.00 29.29 212 0.50 630.96 92.88 237
1.58 0.00 0.00 24.15 355 1.43 725.84 96.35 3.47
1.85 0.00 0.00 3981 583 208 857.70 98.78 2.41
2.15 0.00 0.00 48.42 8.41 278 | 1000.00 | 100.00 1.24
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Figure A4. Statistical characteristics of the particle size distribution for p = 500 kPa.

Size (pm) | % V< %V Size (pm) | % V< %V Size (pm) | % V< % V.
0.117 0.00 0.00 251 0.00 0.00 54.12 4517 974
0.136 0.00 0.00 293 0.01 0.01 63.10 55.17 9.99
0.158 0.00 0.00 2.41 0.05 0.04 73.56 8472 9.56
0.185 0.00 0.00 3.98 0.15 0.10 85.77 73.27 854
0215 0.00 0.00 484 0.20 0.16 100.00 80.41 7.14
0.251 0.00 0.00 5.41 053 0.22 116.59 86.00 5.60
0.293 0.00 0.00 6.31 0.80 0.28 13594 90.13 212
0.341 0.00 0.00 7.36 111 0.31 158.49 93.01 2388
0.398 0.00 0.00 8.58 1.43 0.32 184.79 94.95 1.94
0.284 0.00 0.00 10.00 174 0.32 215.44 96.24 1.29
0.541 0.00 0.00 11.68 207 033 251.19 97.12 0.88
0.621 0.00 0.00 13.59 249 0.41 292.87 97.78 064
0738 0.00 0.00 15.85 312 062 241.48 98.28 0.50
0.858 0.00 0.00 18.48 4.20 1.08 298.11 98.69 0.22

1.00 0.00 0.00 21.54 8.02 182 484.18 99.05 0.38
1147 0.00 0.00 2512 8.92 2.50 541.17 99.35 0.30
1.38 0.00 0.00 2929 13.21 429 630.96 99.60 0.25
1.58 0.00 0.00 3415 19.09 5.88 735.64 99.79 0.19
1.85 0.00 0.00 39.81 26.58 7.49 857.70 99.93 0.14
215 0.00 0.00 48.42 3543 885 | 1000.00 [ 100.00 0.07

Figure A5. Statistical characteristics of the particle size distribution for p = 600 kPa.

Size (pm) | % V< %V Size (pm) | % V< %V Size (pym) | % V< %V
0.117 0.00 0.00 251 0.00 0.00 54.12 2394 822
0.136 0.00 0.00 293 0.00 0.00 83.10 32.90 8.96
0.158 0.00 0.00 3.41 0.00 0.00 73.56 4188 8.76
0.185 0.00 0.00 388 0.00 0.00 85.77 49.37 771
0.215 0.00 0.00 264 0.00 0.00 100.00 55.46 €10
0.251 0.00 0.00 541 0.00 0.00 118.59 59.78 232
0.293 0.00 0.00 831 0.00 0.00 135.94 6255 276
0.241 0.00 0.00 7.38 0.00 0.00 158.49 64.26 172
0.398 0.00 0.00 8.58 0.00 0.00 18479 65.57 1.30
0.484 0.00 0.00 10.00 0.00 0.00 215.24 67.07 1.50
0.541 0.00 0.00 11.66 0.00 0.00 251.19 69.25 218
0.631 0.00 0.00 13.59 0.00 0.00 29287 72.38 311
0.738 0.00 0.00 15.85 0.00 0.00 341.48 76.38 201
0.858 0.00 0.00 18.48 0.00 0.00 398.11 81.00 282

1.00 0.00 0.00 2154 0.00 0.00 484,16 85.79 479
147 0.00 0.00 2512 0.14 0.14 541.17 90.29 450
136 0.00 0.00 2929 137 123 630.96 94.12 384
1.58 0.00 0.00 2415 422 285 73564 97.08 295
185 0.00 0.00 39.81 2.01 479 857.70 99.0¢ 1.97
215 0.00 0.00 2842 1572 671 | 100000 | 100.00 0.96

Figure A6. Statistical characteristics of the particle size distribution for p = 700 kPa.

Size (pm) %V< %V Size (pm) %V< %V Size (pm) %V< %V
0.117 0.00 0.00 251 0.00 0.00 54.12 28.59 9.74
0.128 0.00 0.00 293 0.00 0.00 €3.10 38.95 10.38
0.158 0.00 0.00 341 0.00 0.00 73.58 48.75 9.80
0.185 0.00 0.00 398 0.00 0.00 85.77 56.99 8.24
0.215 0.00 0.00 484 0.00 0.00 100.00 63.06 6.07
0.251 0.00 0.00 5.41 0.00 0.00 116.59 €6.87 382
0.283 0.00 0.00 6.31 0.00 0.00 135.94 €8.82 1.94
0.241 0.00 0.00 7.36 0.00 0.00 158.49 69.57 0.76
0.298 0.00 0.00 858 0.00 0.00 184.79 69.92 024
0.464 0.00 0.00 10.00 0.00 0.00 215.44 70.52 0.60
0.541 0.00 0.00 11.68 0.00 0.00 251.19 71.90 1.38
0.831 0.00 0.00 13.59 0.00 0.00 292.87 7433 243
0.738 0.00 0.00 15.85 0.00 0.00 341.46 7797 3.44
0.858 0.00 0.00 18.48 0.00 0.00 398.11 81.92 415

1.00 0.00 0.00 21.54 0.00 0.00 464.16 86.24 4.42
1.17 0.00 0.00 2512 0.07 0.07 541.17 90.57 423
1.36 0.00 0.00 29.29 1.50 1.43 630.96 9424 3.67
1.58 0.00 0.00 24.15 4.95 3.45 735.64 97.11 287
1.85 0.00 0.00 39.81 10.76 5.82 857.70 99.05 1.94
215 0.00 0.00 48.42 18.85 8.09 1000.00 100.00 0.95

Figure A7. Statistical characteristics of the

particle size distribution for p = 800 kPa.

Size (pm) | % V< %V | Sizepm) | %V< %V | Size(pm) | %V< %V
0.117 0.00 0.00 2.51 0.00 0.00 5412 28.20 12.92
0.138 0.00 0.00 292 0.00 0.00 82.10 4289 16.49
0.158 0.00 0.00 341 0.00 0.00 73.56 59.60 14.90
0.185 0.00 0.00 3.98 0.00 0.00 85.77 8979 10.19
0.215 0.00 0.00 484 0.00 0.00 100.00 7488 5.09
0.251 0.00 0.00 5.41 0.00 0.00 116.59 76.59 171
0.293 0.00 0.00 8.31 0.00 0.00 135.94 76.90 0.31
0.341 0.00 0.00 7.38 0.00 0.00 158.49 76.92 0.02
0.398 0.00 0.00 8.58 0.00 0.00 18479 76.92 0.00
0.484 0.00 0.00 10.00 0.00 0.00 21544 76.92 0.00
0.541 0.00 0.00 11.68 0.00 0.00 261.19 77.41 0.49
0.631 0.00 0.00 13.59 0.00 0.00 29287 79.53 212
0.738 0.00 0.00 15.85 0.00 0.00 241.48 83.56 203
0.858 0.00 0.00 18.48 0.00 0.00 298.11 88.56 5.00

1.00 0.00 0.00 2154 0.00 0.00 464.18 93.18 482
1147 0.00 0.00 2512 0.00 0.00 541.17 96.58 3.40
1.3 0.00 0.00 29.29 047 017 | 3038 9881 203
1.58 0.00 0.00 3415 138 121 73564 99.59 0.97
1.85 0.00 0.00 29.81 5.43 208 | 857.70 99.93 0.35
215 0.00 0.00 48.42 14.28 8.85 | 1000.00 | 100.00 0.07

Figure A8. Statistical characteristics of the particle size distribution for p = 900 kPa.
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