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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 μm) 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 μm, productivity can be as 
low as 0.1 ml/(s∙cm2). 

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 l/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: 

• the area of the end part of the ultrasonic emitter 3 – S1,  

• the area of the outlet 5 – S2,  

• the cross-sectional area of the tube 2 – S3,  

• 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/cm2 are shown in the Appendix A (Figures A1–A8). 

 

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: 

2

2

( )(1 )
X 1,

( )

s

a

p p

p p

− − 
= 

 −
 (1) 

where p is the hydrostatic pressure of the liquid flow, ps is the vapor pressure of the liquid, pa is 

the atmospheric pressure, ε = S2/S1, S1 is the cross-sectional area of the cavitation zone, S2 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: 
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where V1 is the flow velocity in the cavitation zone, Vx is the flow velocity after the outflow, ρ is 

the density of the liquid. 

The hydrodynamic cavitation number is defined as 
2

1
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p p

V

−
=


For X > 1, the flow regime is 

pre-cavitation; for X < 1, developed cavitation is observed. From equation (1) we obtain the cavitation 

pressure threshold: 

,
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where  
2

21


 =

− 
. At pressures above pcr, hydrodynamic cavitation occurs. 

It should be noted that the pressure p1 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 

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

cavitation zone: 

( )
2

1
1

0

1 ,
a

S
p p p p

S

  
 = +  − −      

(4) 

where S0 = S3 –S1 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: 

2 2 2

2( - )
.

(1 )

a
x

p p
Q V S S=  =

 − 
 (5) 

We will evaluate the performance of the nozzle under consideration in accordance with 

expression (5). 

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
.c

I
D

c 
 (6) 

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/m2], the 

speed of sound c and the frequency ω by the known relationship: 
2 2

2

A c
I

 
= . 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 Dc 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 Wl = ρ·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 N0 

are formed on existing inhomogeneities (cavitation nuclei), which, in accordance with (6), will have 

a minimum size of ~ Imin1/2. 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 Dcr 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 = Wg / 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 Icr. 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 Dcr, and the 

intensity Imax ~ e2·Icr. 

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: 

3
1

~ .cD
p

 (7) 

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: 

3/2
3 ~ .cr
cr

I
D

p
 (8) 

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: 

3
2

.a
c

p I
D

p c
=
 

 (9) 

We will consider the critical diameter Dcr 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: 

2/3
2 2

.
4

cr
cr

a

D c p
I

p

  
=  

 
 (10) 

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): 

( )3/2
3 3/2

3

4 K
.

2

g w

a

W W p
N c I

D p
−

 
= =      

 (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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30 3

2
.

K K

a cp DI
D

p c
= =
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 (12) 

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: 

max

min

1
3

,
c

D p

D p

 
  
 

=  (13) 

where γ 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 σ·Sc is greater than the internal energy of the 

vapor inside it pminWc, where Wc is the volume of the cavitation bubble, Sc is its surface, σ 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: 

min
max

6
.p

D


=  (14) 

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

destruction: 

1 3
3 1 3 1

max .
6 cD D
p


− − 

=  
 

 (15) 

The volume of liquid that the bubble carried with it is 
3
0

6

D
, where the diameter D0 is determined 

by expression (12). Let us denote the outer diameter of the bubble before destruction by Dend. Then 

from the law of conservation of mass it follows: 3 33 3
max0 c endD D D D− = − . From here 

33 3 3
max (1 / K 1).end cD D D= + −  (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): 

( )33 3 3
max max(1 / K 1) / 2.drop cD k D D D= + − −  (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 D0 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 – Dcr 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 mm2; 

• area of the cavitation zone S2 = 50 mm2; 

• cross-sectional area of the tube S3 = 78.5 mm2; 

• height of the cavitation zone – L = 1.5 cm. 

The frequency of ultrasonic radiation was ω = 22.5 kHz, the intensity varied in the range from 
30 to 100 W/cm2, 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 pcr, 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 pcr and intensity Icr. The critical values of the intensity Icr depending on the pressure are given 

in Table 2. With increasing intensity, the critical pressure pcr 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 D32 (µm) depending on pressure and ultrasound 

intensity. 

p/pa  2 3 4 5 6 7 8 9 

Icr, W/cm2 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 μm and higher in a given pressure range. 

Table 2. Critical pressure depending on ultrasound intensity. 

p/pa 2 3 4 5 6 7 8 9 

Icr, W/cm2 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 (pcr, Icr), 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). 

 

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 ε, and Figure 5 b shows the dependence of the critical pressure, above which 
cavitation mode may occur in the structure under consideration. 

  

(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 ε (b). 

Based on the conditions of the problem, our design does not implement the hydrodynamic 

cavitation mode, since the parameter ε = 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 ε. 

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. 

  
(a) (b) 

Figure 7. Dependence of the size of cavitation bubbles on pressure for different values of intensity (a, 

frequency ω = 22.5 kHz) and frequency (b, I = 100 W/cm2). 

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 Dcr. When compared with experimental data, it was found 

that its value is approximately 30 µm. Figure 8 shows the dependence of the critical intensity of 

ultrasonic exposure, calculated in accordance with equation (10) together with experimental values 

(Table 2). 

 

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. 

  
(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. 

 

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]: 

3
2

8
0.34 .usd


=


 (18) 

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 D32 = 

100...120 µm. Moreover, the 22.5 kHz frequency used in our design is energetically more favorable 

than higher frequencies. 
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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 µm (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 (D32 < 

50 µm) 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. 

 

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 

 

Figure A1. Statistical characteristics of the particle size distribution for p = 200 kPa. 

 

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

 

Figure A3. Statistical characteristics of the particle size distribution for p = 400 kPa. 
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Figure A4. Statistical characteristics of the particle size distribution for p = 500 kPa. 

 

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

 

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

 

Figure A7. Statistical characteristics of the particle size distribution for p = 800 kPa. 

 

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