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Abstract: The paper is devoted to theoretical studies of process of two-stage high-dispersed dispersing of 

liquids. The process includes primary formation of large drops by ultrasonic influence on thin liquid film and 

second breakup of obtained drop under high frequency acoustic field influence in dispersed medium. The 

physical mechanism and physical and mathematical model of secondary drop breakup under high frequency 

acoustic field in dispersed medium were proposed. The model allowed to determine threshold oscillations 

energy at different drop sizes, properties of dispersed liquid and influence types. It is derived, that most effective 

method of acoustic influence is radiation of different frequency pulses at high concentration of dispersed phase 

(more 10 % vol.) providing conditions of intermodal dispersion. The paper shows that continuous one-frequency 

oscillations the radiator power can be more than 40 kW. At pulsed influence the required radiator power is 

reduced up to 2 kW at radiation surface area 800 cm
2
. 
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I. INTRODUCTION 
The application of the heterogeneous systems with high-dispersed liquid phase is the promising method 

of accommodation disinfection, neutralization of dangerous aerosols, development of the new kinds of fuels and 

increase of energy datum of the existing ones, drying of various materials, etc. The use efficiency of the 

heterogeneous systems with high-dispersed liquid phase for the solution of different tasks [1-4] is first of all 

caused by larger specific mass phase interface in comparison with the systems having film or foam structures.  

It is known, that spraying of even 2 ml of disinfecting aerosol containing polyhexamethylene guanidine 

hydrochloride 0.16% and didecyldimethylammonium chloride (0.03%) (“Aeron”) provides disinfection of 1 m
3
 

of air. Another example is that dispersion of 1% of water [3] in the hydrocarbon fuel (petroleum, diesel, furnace 

fuel oil, etc.) increases efficiency of the internal-combustion engines and atomizing burners in more than 5% (if 

the size of the emulsion drops is 2…3 μm).  

At present widely applied methods of generation of dispersion phase in liquids and gases are based on 

the either introduction of the additives – surface active substances or emulsifiers or hydrodynamic phenomenon 

– mechanical, hydrodynamic (atomizers),  rotor-impulse [4], etc., which were developed at the end of 19th – in 

the beginning of 20th centuries. However the most widely spread methods allow efficiently generating rather 

coarsely dispersed systems with the drop size of more than 100 μm. The attempts of generation of high-

dispersed systems (with the drop size of less than 10 μm) by the use of traditional methods led to disproportional 

growth of power inputs (the efficiency of the dispersion process was less than 0.1%) or to secondary coagulation 

of drops. One of the most promising approach to the formation of liquid dispersed phase is the low-frequency 

ultrasonic action (at the frequencies of 22…250 kHz), which allows accomplishing liquid dispersion both in 

gaseous carrying phase (spraying) and in the other liquid (emulsification).  

The ultrasonic dispersion has following advantages:  

– the absence of necessity to use the additives (emulsifiers, surface active substances or spraying agents);  

– the possibility of dispersion of high-viscous liquids;  

– small range of the formed drop sizes relatively to the mean value; 

– high efficiency of the process.  

http://www.ajer.org/
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The large number of the publications devoted to the determination of the dependences of the dispersed 

features of the formed drops both in liquid (emulsion) and gaseous phases (aerosol) on the modes of the 

ultrasonic action proves prospects of appointed method of liquid dispersed drop generation. The examples of the 

dependences obtained experimentally or theoretically are given in the publications of research groups of Nagoya 

University [5] (Japan), Harvey Mudd College [6] (California, USA) and University of Salerno [7] (Italy), Asami 

T. (Japan) [8], Altai State Technical University named after I.I. Polzunov [9-11] (Russian Federation) – for 

spraying; Omsk State Technical University [12] (Russian Federation),  École nationale supérieure de techniques 

avancées [13] (France), Chulalongkorn University [14] (Thailand), Okayama University [15] (Japan), Hielscher 

Gmbh. [16] (Germany), Institute of Chemistry [17] (Poland) – for emulsification.  

However, in spite of all advantages and great attention to the problem from the researchers [1-3, 5-17] 

the ultrasonic dispersion is not widely applied in industry.  It is connected with the necessity to solve two 

mutually exclusive tasks – to provide high efficiency and simultaneously high dispersion of formed drop liquids. 

At that the productivity according to theoretically and experimentally obtained results [5-17] is inversely 

proportional to the drop size and it is insufficient for the industrial application at the generation of high-

dispersed drops.  

At present maximum achieved productivity of the drop formation with the size of 60…100 μm is 1 ton 

per hour due to the use of the ultrasonic radiators with the increased surface area (up to 800 cm
2
) [18, 19], and 

the drops with the size of less than 10 μm is no more than 4 l/h.  

Such a low productivity of high-dispersed drop formation is concerned first of all with the fact that the 

ultrasonic action was carried out in a cavitation mode, when under the action of cavitation the drops tear off 

from the free surface of liquid bordering with the gaseous phase (spraying) or with the other liquid 

(emulsification).  

At the appearance of cavitation in dispersed liquid phase small part of vibration energy (less than 1%) 

is directly spent on the conversion of liquid into disperse state. At that the most part of energy is used for the 

heating of liquid due to the local temperature growth in the microscopic nuclei of the cavitation bubbles up to 

5000 K (in the moment of coalescence) [2, 3].Thus the task of searching new approaches to the formation of 

high-dispersed liquid phase with the increased productivity in the ultrasonic fields is up to date. 

 

II. PROPOSED METHOD OF THE FORMATION OF HIGH-DISPERSED LIQUID PHASE 

IN THE ULTRASONIC FIELDS 
In a view of insufficient efficiency of cavitation for the drop generation the authors propose the method 

of high-dispersed liquid phase obtaining based on non-cavitation ultrasonic action. Proposed method is that the 

walls of preliminary formed coarsely dispersed drops excite vibrations.  When the amplitude of drop wall 

vibrations exceeds specified threshold value (half of the drop radius), it occurs their break up to required sizes 

(less than 10 μm). Thus, proposed method of dispersion consists of two stages, which are illustrated by Fig.1 – 

formation of coarsely dispersed drops from the free surface of liquid to be dispersed, breaking of coarsely 

dispersed drops into smaller ones.  

 

 
Figure 1 – Method of highly productive formation of high-dispersed drops in the ultrasonic fields 

 

Proposed method of dispersion allows increasing productivity of the formation of high-dispersed liquid 

phase in several times in comparison with one-stage dispersion in the cavitation mode due to:  

 – possibility of obtaining required size of small drops (less than 10 μm) from large drops (40 – 80 μm) obtained 

at the primary dispersion. According to the studies carried out before [5-17] the dispersion of large drops is 
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characterized higher productivity up to 200 times in comparison with the small ones. At that the breaking of 

large drops into small ones takes no more than several tens of periods of ultrasonic vibrations (no more than 0.2 

s). 

– preserving of the dispersion productivity at the breaking of large drops into small ones in the frames of the 

second stage in a view of mass conservation law.  Moreover two-stage method requires lower power inputs for 

the formation of dispersed phase in comparison with one-stage one due to low energy required for the 

preliminary generation of coarsely dispersed drops and non-cavitation influence of the ultrasonic vibrations at 

the second stage of the dispersion.To provide maximum efficiency of proposed two-stage method it is necessary 

to reveal optimum modes of the ultrasonic action on the base of complex studies of the processes of vibration 

excitation of the drop walls and the evolution of the dispersion phase in the ultrasonic fields.  Further it is 

described the model of drop walls vibrations excited under the action of high-intensity ultrasonic fields. 

 

III. PHYSICAL-MATHEMATICAL MODEL OF VIBRATION EXCITATION OF THE DROP 

WALLS IN THE HIGH-INTENSITY ULTRASONIC FIELDS 
The model is based on the calculation of liquid motion in the volume of the drop under the action of the 

following forces (Fig.2) [20]: 

– pressure difference in the vibrating flow of the carrying phase;  

– differences of the surface tension forces at the wavelike excitations of the drop wall (F2); 

– forces of viscous tension at the motion of the walls with the non-zero velocity (F1). 

 

 
n – normal vector to the drop wall; S – surface of the drop; (r, z) – axes of the cylinder coordinates 

Figure 2 – Scheme of the drop deformation in the ultrasonic field 

 

For the calculation of change of the drop vibration form the numerical method of Boltzmann lattice 

equations [21] based on the consideration of liquid flow as a motion of  pseudoparticle ensemble having some 

cumulative distribution curves on the discrete velocities Nk(x,t) was used. Nk(x,t)dx is the number of the 

pseudoparticles x > d/4, when Weber number exceeds critical value We > Wecrit = 6 (the force of surface tension 

in the central part of the drop 1 is greater than the force of the surface tension in the peripheral area 2 (see Fig. 

2) due to the local drop thinning) [20].  It is evident, that maximum drop deformation is in proportion to entered 

energy of vibrations. That is why for the drop breaking the energy of vibrations should exceed some threshold 

value, at which x = d/4. Further we show the dependences of minimum energy of the ultrasonic field (the ratio 

of vibration intensity to sound velocity in the carrying phase e=I/c), which is necessary for the realization of the 

elementary act of the drop breaking under the action of sinusoidal vibrations of one frequency (Fig. 3 and 

Fig. 4). 

 
a) 20 mN/m 
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b) 72 mN/m 

Figure 3 – Dependences of the ultrasonic field energy on the drop diameter at different viscosities and surface 

tensions of the liquid (the frequency is 22 kHz) 

 
a) 20 mN/m 

 
b) 72 mN/m 

Figure 4 – Dependences of the ultrasonic field energy on the drop diameter at different viscosities and surface 

tensions of the liquid (the frequency is 44 kHz) 
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From the obtained dependences it follows, that there are some diameters, at which vibration energy 

necessary for the drop breaking achieves local minimum (less than 10 kJ/m
3
). These diameters are the resonance 

diameters at the specified properties of liquids. However in practice it is not possible to act continuously at the 

frequency corresponding to the resonance diameter of the drops, as the drop diameter changes uninterruptedly 

due to breaking and evaporation. At that the ultrasonic radiator is able to generate maximum level of acoustic 

pressure only at final frequency set, which are caused by the resonance properties of the radiator.  

Moreover the viscosity growth leads to smoothing of resonance minimums of the threshold level of the 

ultrasonic field energy, but it influences weakly upon the value of the resonance diameter. Minimums of 

vibration energy totally disappear beginning with the viscosity of 30 mPa∙s. That is why it is necessary to 

consider the character of the vibration energy dependence outside the resonance. Outside the resonance the 

vibration energy is in 20…160 kJ/m
3
 higher than in the resonance area. From the graph in Fig.4 it follows, that 

the threshold vibration energy rises with the reduction of the drop diameter. It is caused by the growth of the 

capillary forces, which prevent the deformation of the drop.   

According to the results of the calculations it is determined, that the characteristics of the ultrasonic 

field for the dispersion of liquid phase should satisfy following requirements:  

1) specific energy of generated field should be more than 20 kJ/m
3
, that requires the acoustic power of the 

radiator of more than 40 kW defined as P=ecS (e is the specific vibration energy, J/m
3
; c is the sound velocity in 

the carrying phase, m/s; S is the area of the radiating surface) at the area of the radiating surface from 

S=800 cm
2
; 

2) generated ultrasonic field should exclude the appearance of cavitation in liquid to be dispersed, as the 

appearance of cavitation essentially reduces a part of vibration energy spent on the conversion of liquid into 

dispersed state.  

However, following physical limitations prevent the generation of ultrasonic fields with such high energy 

features:  

1) At the vibration energy required for the realization of the elementary act of the drop breaking, which is more 

than 20 kJ/m
3
 for large drops (80 – 100 μm) and more than 80 kJ/m

3
 for small drops (5 – 15 μm), in liquid to be 

dispersed it appears cavitation, which leads 99% of energy to the heating of liquid due to the local temperature 

increase in the nuclei of the cavitation bubbles up to 5000 K [2, 3]. 

2) at the dispersion in the carrying gas phase this specific power cannot be achieved with the help of existing 

radiators, as maximum vibration energy generated by the existing sources of ultrasonic action for gaseous and 

gas-dispersed media does not exceed 1 kJ/m
3
 (at the acoustic power of the radiator of no more than 2 kW [18, 

19] and the area of the radiating surface from 800 cm
2
) even at the formation of resonance conditions of 

reflection and propagation of the ultrasonic field. Thus, it is impossible to generate high-intensity field at low 

power of the radiator by the action of sinusoidal vibrations consisting of one harmonics.  

It is proposed the method of action based on the formation of the chain of wave packets with different 

frequencies, which is described further.  

 

IV. METHOD OF GENERATION OF ULTRASONIC FIELD REQUIRED FOR THE 

DISPERSION OF LIQUID PHASE 
For the generation of high-intensity ultrasonic field with the characteristic, which are enough for the 

dispersion of drops, at relatively low power of the radiator it is evident, that it is necessary to concentrate energy 

in space and/ or in time.  

It is proposed the method of energy concentration – radiation of the chain of finite-length wave packets 

(no more than 10 ms) at multiple frequencies (ultrasonic impulses). Owing to intermodal dispersion caused by 

the presence of heterogeneous inclusions (liquid drops) in multiphase medium these packets will have different 

speed of propagation and at some distance from the radiator they will make superposition.  

This method of generation of the ultrasonic field has following advantages:  

– possibility of multiple increase of vibration energy even at the application of low-power radiators;  

– possibility to control the position of the zone, in which dispersion occurs;  

– absence of undesirable cavitation phenomenon in a liquid to be dispersed due to the finite length of impulse 

[22]; 

– possibility to increase vibration amplitude owing to superposition of the wave packets irrespective of the 

geometry of the technological volume and the form of the radiator;  

– absence of particle coagulation due to small finite length of the impulse (no more than 10 ms), as the mean 

time required for joining of two particles is high in comparison with the length of the single impulse and it is 

more than 0.5 s [23, 24]. 

To create the conditions for the formation of high-intensity ultrasonic field it is necessary to carry out 

the analysis of propagation of wave packets in gaseous medium taking into account the influence of liquid 
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drops. The analysis of propagation of the wave packets was carried out on the base of the wave equation 

obtained from the general equations of gas-drop medium dynamics [25]:  

     0
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     where ρ10 is the air density, kg/m
3
; ρ20 is the liquid density, kg/m

3
; α10 is the balanced volumetric air content; 

α20 is the balanced volumetric liquid content;  с is the sound velocity in air; v1 is the air velocity,  m/s; v2 is the 

liquid velocity, m/s; μ is the air viscosity,  Pa·s; a is the radius of the liquid drop,  m; p1 is the air pressure,  Pa; 

α1 is the disturbance of volumetric air content;  α20 is the disturbance of volumetric liquid content.   

     Obtained wave equation includes non-zero right part taking into consideration the influence of liquid drops 

and representing double integral from the prehistory of change of sound pressure with exponentially decreasing 

weight coefficients:  
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     where α10 is the balanced volumetric air content,  %; α20 is the balanced volumetric liquid content, %; с is the 

sound velocity in air, m/s; ρ10 is the air density, kg/m
3
; μ is the air viscosity,  Pa·s; a is the radius of the liquid 

drop,  m; p1 is the air pressure,  Pa; τ is the relaxation time,  s. 

 The calculations of sound velocity in the medium with disperse liquid phase carried out on the base this 

equation allow determine, that at the volumetric aerosol concentration in air of no less than 10% the sound 

velocity increases up to 1.5 time at the growth of the frequency from 22 to 66 kHz (Fig.5). 

 
Figure 5 – Dependence of sound velocity on the frequency of the ultrasonic waves at different volumetric 

content of water aerosol (the drop diameter is 20 μm) 

 

   At such difference of sound velocities the superposition of the wave packets occurs at the distance of no more 

than 400 cm from the surface of the radiator (Fig.6). 
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Time, ms Distribution of specific energy of the single wave packet (frequency is 22 kHz)  
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Figure 6 – Distributions of specific vibration energy in different moments of time at the action of the wave 

packets in extensive channel with the length of 900 mm (the ultrasonic radiator with the diameter of 20 mm is 

placed at the left end of the channel) 

 

Thus, it is determined principal possibility of ultrasonic energy concentration with the help of proposed 

method of action (chain of wave packets with different frequencies at providing high concentration of dispersed 

phase of more than 10%) for the realization of the second dispersion stage (breaking of preliminary formed 

coarsely dispersed drops).  

To provide maximum efficiency of the secondary dispersion we determine optimum action modes by 

the wave packets on the base of previously described model of the drop breaking. 
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V. OPTIMUM CHARACTERISTICS OF HIGH-INTENSITY ULTRASONIC FIELD 

NECESSARY FOR THE DISPERSION OF LIQUID PHASE  
Fig.7 shows the dependences of minimum energy of the single wave packet necessary for drop breaking under 

the action of 2 alternating packets with the frequencies of 22 and 44 kHz  generated by one radiator.   

 
a) 20 mN/m 

 
b) 72 mN/m 

Figure 7 – Dependences of the energy of the single wave packet on the drop diameter at different viscosities 

and surface tensions of liquid (the frequency is 22+44 kHz) 

 

Presented dependences prove decrease of wave packet energy, which is necessary for drop breaking, in 

more than 20 kJ/m
3
 even under the action of two packets with different frequencies. As the results show, 60 

kJ/m
3
 is sufficient for breaking the drops up to the sizes of less than 5 μm.  

Moreover, under the action wave packets with different frequencies it can be observed quadratic 

increase of the number of the resonance drop diameters with the growth of the packets number in series, as the 

force acting on the drop from the side of the gas flow is in proportion to the square of the gas velocity. It means 

that the influence by the wave packets at two frequencies leads to the formation of four resonance diameters, as 
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the drop vibration includes four temporal harmonics with the highest amplitudes at the frequencies of 22, 44, 66 

and 88 kHz. Last statement is caused by the fact that the force from the side of gas flow acting on the drop is in 

proportion to the square of flow velocity relatively to the drop. Thus, the action at several frequencies allows 

surpassing all range of changes of the drop resonance frequency at its breaking and evaporation that provides 

additional decrease of vibration energy, which should be generated by the radiator in the dispersed system.  

From presented dependences it follows, that at proposed method of action for the secondary spraying it 

will be enough to apply the radiator, which is able to generate vibration energy of 1…10 kJ/m
3
  (acoustic power 

of no more than 2 kW at the area of the radiating surface of 800 cm
2
) in continuous air medium. The production 

of such radiator (in contrast to the radiator with the vibration energy of 20…160 kJ/m
3
) can be technically 

realized [26]. 

To determine the dispersion efficiency at found modes of the ultrasonic field we carry out comparative 

analysis of the time of drop breaking and the time, which is required for the appearance of the coagulation 

preventing dispersion.  

For this purpose it is calculated the evolution of the drop diameter in the course of time. At the 

calculation of liquid dispersed phase evolution under the action of ultrasonic vibrations we can see breaking of 

one drop (choosing each time one drop from two new ones formed as a result of elementary breaking act).  

Let elementary breaking acts be realized in the moments of time t1, t2, …, tn, where tk≤tk+1. 

     Assuming breaking of the drop for two drops at each breaking act following difference equation is true for 

the drop diameter, which is caused by the fact that the diameter of new drops obtained during the breaking is in  
3

2  less than the diameter of the initial drop.  
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At rather large number of elementary breaking acts and after the application of averaging operation of 

the random quantities representing the moments of time of the acts tk the following differential equation can be 

obtained:  

     













3
2

1
1



d

t

d
; 

     where   is the mean time interval between elementary acts of the drop breaking defined by the comparison 

of the absolute value of the drop deformation with the threshold deformation 4d , at which the breaking takes 

place, s.  

Given equation allows calculating time, which is necessary for the drop breaking up to required size 

depending on the parameters of the ultrasonic field.  Fig.8 shows the dependences of drop breaking time on 

energy of the single wave packet at different final drop diameters and viscosities of the liquid to be dispersed.  

The dependences were made for the case of action of the wave packet superposition of two frequencies 22+44 

kHz. 
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b) 10 mPa·s 

Figure 8 – Dependences of the drop diameter on time at different energies of the single wave packets and 

viscosities of liquid to be dispersed 

 

As it follows from presented dependences at determined parameters of generated ultrasonic field the 

drop breaking time is less than 0.015 s, i.e. less than the time required for the secondary coagulation of particles 

(more than 100 s to coagulate more than 50 % of the initial particles [27]). At that the action during the certain 

period of time of the drop breaking of less than 0.015 s allows increasing maximum energy in 3 times, at which 

pre-cavitation mode will be remained at the dispersion in the carrying liquid phase [22, 28]. 

     These facts prove the efficiency of proposed method of high-dispersed phase formation. 

 

VI. CONCLUSION 

It was proposed the method of ultrasonic dispersion providing productivity growth of generation of 

high-dispersed liquid phase (aerosol in the carrying gas phase or emulsion in the carrying liquid phase) with the 

drop size of less than 10 μm and consisting of two stages:   

– preliminary formation of coarsely dispersed drop from the free surface of dispersed liquid;  

– breaking of preliminary formed drops into smaller ones under the action of high-intensity ultrasonic field 

exciting vibrations of the drop walls. 

To provide maximum productivity of the dispersion to required drop diameter (less than 10 μm) it was 

carried out complex study of optimum modes of high-intensity ultrasonic field generation at the second stage of 

the process on the base of the models of the ultrasonic vibration propagation and the evolution of the drop size 

in dispersed medium. As a result of the model analysis it was determined, that under the action of mono-

frequency sinusoidal vibrations the minimum energy of the ultrasonic filed required for the drop breaking was 

more than 20 kJ/m
3
 for coarsely dispersed drops (80…100 μm) and more than 160 kJ/m

3
 for high-dispersed 

drops  (1…15 μm). Such high level of energy cannot be provided by the modern radiators, as the radiator power 

should be more than 40 kW at the area of the radiating surface of 800 cm
2
 (the flat radiator of a round shape has 

the diameter of 320  mm).In order to decrease required power of the radiator it was proposed the method of the 

field generation based on the radiation of the chain of finite-length wave packets having multiple frequencies. 

Proposed method of action allowed reducing power requirements to the ultrasonic radiator for the realization of 

the drop dispersion (the acoustic power was less than 2 kW at the area of the radiating surface of 800 cm
2
).  

At the action of the chain of the wave packets the time of drop breaking up to required size (less than 

10 μm) was less than 0.015 s, i.e. that was small in comparison with the time, which is necessary for the 

secondary drop coagulation (more than 100 s for the coagulation of 50% of drops). At that the action during 

calculated time of drop breaking let increase in up to 3 times maximum possible energy, at which there would 

be no any undesirable cavitation phenomena at the dispersion in the carrying liquid phase. 

Thus, proposed method of the drop dispersion and ultrasonic field generation provide productivity 

increase of formation of high-dispersed liquid phase in comparison with one-stage ultrasonic dispersion. 
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