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Abstract: - This paper proposes a new approach to improve the efficiency of coagulation of dispersed 
particles in liquid. The approach is based on the ultrasonic treatment as a sequence of wave packets 
(ultrasonic pulses) of finite duration that is less than cycle period. The impact of ultrasonic pulses reduces 
the maximum cavitation nuclei radius achieved during direct diffusion of dissolved gas into the cavitation 
bubble interior. This leads to an increase the threshold intensity required for cavitation and hence to 
increase the maximum allowable ultrasonic energy that permits particles coagulation at stable cavitation 
absence mode. To determine the optimal ultrasonic pulse exposure modes (intensity and pulse duration) 
to ensure the most effective coagulation, a model is proposed and developed. The model initially 
considers the formation of cavitation nuclei to evaluate limit ultrasound exposure intensity realizing 
cavitation absence mode and then the convergence and coalescence of particles to evaluate their dispersed 
composition evolution during time. Evaluated exposure modes provide acceleration of coagulation up to 
1.5 times during sonication in pulse mode in comparison with continuous exposure. 
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1. INTRODUCTION 
 

The problem of separation of liquid dispersed 
systems of different origin and composition into 
components is relevant to the chemical, food and 
pharmaceutical industries. There are heterogeneous 
mixtures, which are in a stable state for a long time, 
filtration and centrifugation of which do not provide 
a significant effect. One of the best examples of 
sustainable systems is the sea buckthorn wine stock. 
It consists tiny particles (less than 3 microns) of sea 
buckthorn berry, sea buckthorn oil and pulp. All 

these components are connected to each other so that 
is able in solution in suspension for a long time. The 
usual methods of mechanical separation in this case 
are not applicable, which it significantly limits the 
possibility of production and, as a result, the 
prevalence of sea buckthorn wine [1]. 

In addition, in various fields of industry, 
agriculture and environmental management, there is 
a problem cleaning large volumes of liquid media 
from pollutants in the form of solid particles. 

One of the promising ways of increasing the 
efficiency of the separation of suspended particles is 
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their pre-coalescence (coagulation) [2] under the 
influence of ultrasound (US) oscillations. 

It is obvious that, for the implementation of 
ultrasonic coagulation process in liquid-dispersed 
systems, influence should be implemented in 
cavitation absence mode to avoid the secondary 
destruction of the agglomerates. 

However, for all types of fluids that are the 
carrier phase of liquid dispersed medium there is a 
threshold intensity of ultrasonic (US) vibrations, the 
excess of which leads to cavitation [3, 4]. Due to the 
occurrence of high amplitude shock waves (more 
than 100 MPa), cavitation leads to a secondary 
dispersion of the formed agglomerates and the 
further destruction of the original particles. 

This requires a strong limitation of intensity of 
ultrasonic vibrations (e.g., for low-viscosity liquids 
the intensity should be less than 0.5 W/cm2) to 
maintain stable cavitation absence mode, thereby 
limiting the effectiveness of coagulation. 

In this connection, the search for new approaches 
to ultrasound exposure, allowing to increase the 
acoustic energy introduced into the liquid while 
avoiding cavitation. 
 
2. PROBLEM FORMULATION 
 

Years of research have shown that the occurrence 
of cavitation, which limits the effectiveness of 
coagulation, associated with the presence of 
cavitation nuclei in liquid. These nuclei have an 
initial size of less than 10-7 m [5]. 

When the negative pressure resulting from the 
acoustic influence exceeds the threshold of 
cavitation, nuclei under the influence of a process 
called as direct diffusion by Blake [5], start to 
increase in sizes due to the fact that the bubble 
interior gets more air than discharges outside. When 
the size of nuclei reaches 10-6…10-5 m, surface 
forces directed toward the center of the nucleus are 
sufficiently small (less than 2∙104 N/m2) and easy 
vincible by the negative pressure created in the 
liquid within the half ultrasonic wave period of 
underpressure. Thus (after the kernel size 10-6...10-5 
m due to direct diffusion), for the period 1...2 
ultrasonic vibrations bubble expands up to the size 
of 100...500 mm, then during half-cycle 
compression bubble dramatically collapses forming 
a shock wave with an pressure amplitude in front of 
more than 100 MPa. The formation of such high 
amplitude shock waves during the ultrasonic 
influence, means the presence of cavitation mode. 

At ultrasonic exposure in the form of wave 
packets of finite duration (Fig. 1) 0.5…10 ms less 
than the cycle-period 1...20 ms (short pulses), the 
nuclei don’t have enough time to grow to size 10-6 m 

which is necessary for the implementation of the 
cavitation mode, because the straight diffusion rate 
is finitely. 
 

 
Figure 1. Ultrasonic pulses oscillations form (τ is pulse 
width, T is cycle period) 
 

Accordingly to this, the smaller pulse width, the 
smaller maximum size of the cavitation nucleus. 
Consequently, with decreasing pulse duration 
increases the threshold intensity at which cavitation 
mode is realized. 

This means that the ultrasonic pulse action can be 
one of the most promising approaches to increase 
the output of ultrasonic energy at stable cavitation 
absence mode. As a result, the US influence 
organization can increase the ultrasonic coagulation 
liquid-dispersed systems efficiency in comparison 
with continuous exposure. 

In this case, however, despite the increasing of 
the threshold intensity, another factor limiting the 
efficiency of the coagulation is the pulse duty cycle 
(ratio of duration to the period of repetition). This is 
due to the fact that the total energy of the ultrasonic 
pulse is proportional to the pulse duty cycle along 
with its intensity. 

Therefore, the task of evaluating the optimal 
parameters of the ultrasonic pulse (intensity, 
duration and repetition or cycle- period) to ensure 
maximum efficiency of the coagulation in liquid-
dispersed systems is topical. 

To solve this problem the model of the 
coagulation of solid particles in a liquid medium at 
ultrasonic pulse action was developed. 

The proposed model is described below. 
 
2.1. Formation of Cavitation Nuclei 
 

The penetration of gas dissolved in liquid into the 
cavitation nuclei interior under the ultrasonic 
oscillations influence is described by the diffusion 
equation [5] (1). 

      
00

0
2

0
22

0
2

2

0
00

4

1

3

8

RCD

RdRR

p

p
RDC

dt

dm

r

m




















 ; (1) 

   

2

00
0 










R
R


 ;  (2) 



 

RJAV vol XIII issue 1/2016                                           37                                                        ISSN 1584-7284 

     00
0

1

RKRQ
Rd

c


 ;                  (3) 

 
where m is bubble interior gaseous mass, kg; D is 
coefficient of straight diffusion of gaseous dissolved 
in liquid, m2/s; Dr is coefficient of reverse diffusion 
of gaseous dissolved in liquid, m2/s; R0 is radius of 
cavitation nuclei, m; pm is amplitude of sound 
pressure in liquid, Pa; p0 is static pressure in liquid, 
Pa; ω is angular frequency of acoustic oscillations,  
s-1; ω0 is resonant frequency of cavitation bubble 
determined by Minnaert formula [6] 
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Since it is assumed that the ultrasonic pulse 
exposure is carried out at a constant static pressure, 

due to the adiabatic law const
p


 a constant 

equilibrium density of the gas inside the bubble is 
rightly throughout the pulse duration. 

Therefore, during the time interval 0 ≤ t ≤ τ (τ - 
duration of the ultrasonic pulse), the equation (1) is 
converted to the ODE of the 1st order for the radius 
of cavitation nuclei 
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Equation (4) is obtained taking into account the 

fact that the radius of a cavitation nucleus is less 
than 1 μm and the assumption of the gas 
concentration dissolved in a liquid is proximally to a 
saturated concentration. This suggests that the 
reverse diffusion coefficient is small than the 
straight diffusion coefficient Dr << D. 

The maximum size of the nucleus achieved 
during the pulse action defined according to the 
expression (5): 
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The possibility of occurrence of cavitation at a 

given size is determined by the equation of 
Kirkwood-Bethe: 
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where C is local speed of sound in the liquid, m/s; H 
is enthalpy of the liquid, m2/s2; R is radius of the gas 
bubble, m. 
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Thus, relations (5, 6) allow to determine the 
maximum intensity of the ultrasonic pulse providing 
cavitation mode depending on the pulse duration. 
Unknown quantity (the product of the diffusion 
coefficient D and the gas concentration C0) is 
determined indirectly by experimental data [5]. 

However, in order to maintain stable non 
cavitation mode, along with a pulse duration also it 
is necessary to limit the cycle period. It is obvious 
that it is necessary to choose the cycle period at 
which after the end of each pulse, and before the 
start of the next cavitation nuclei radius has enough 
time to “restore” to its original size (i.e. satisfies the 
condition    000 RTR  , where T is pulse cycle 
period). Otherwise, the increasing the radius of 
cavitation nucleus will avalanche occurs during the 
whole exposure time, and eventually cavitation 
occurs. 

To determine the cycle period used the 
differential equation (1) is used. It is reduced to the 
reverse diffusion equation, just when τ ≤ t ≤ T (no 
ultrasonic vibrations) 
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which is supported by periodic condition 
   000 RTR  . 

 
According to equation (7) and formula (5), the 

expression for the required cycle time depending on 
the intensity and duration is 
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Hence the expression for the maximum average 
power input per unit area of the ultrasonic transducer 
surface is derived 
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where I is the intensity of the ultrasonic pulse, 
W/m2. 

 
The dependences of the maximum average power 

input per unit of the ultrasonic transducer surface 
area on the pulse width are shown in Fig. 2. 

 
Figure 2. Dependences of maximum average power input 
per unit of the ultrasonic transducer surface area on the 
pulse width at different liquid viscosities 

 
As follows from the dependences (Fig. 2), the 

influence in the pulsed mode can increase the input 
ultrasonic energy up to 1.5 times in comparison with 
continuous exposure. In addition, the obtained 
dependences follows that there is an optimum pulse 
width at which the maximum allowable ultrasound 
energy may be introduced. To ensure maximum 
energy input in non-cavitation mode the pulse width 
should be not exceed 3 ms. Thus, for liquids with 
more viscosity the optimum pulse width  is shorter 
due to the viscosity prevents cavitation and increases 
threshold intensity. 

On the basis of the dependences presented in 
Fig. 2 the dependences of the optimal ultrasonic 
pulse parameters (intensity, duration and cycle 
period) providing the maximum ultrasonic energy in 
non-cavitation mode at various viscosity (Fig. 3) 
was obtained. 

 
a) 

b) c) 

Figure 3. Dependences of the optimal ultrasonic pulse 
paratemers which are intensity (a), width (b) and cycle 
period (c) on carrier liquid viscosity 

 
Presented dependences are the basis for 

determining the efficiency of coagulation of 
dispersed particles in the liquid medium at an 
ultrasonic pulse exposure. 
 
2.2. Coagulation of Solid Particles 
 

The efficiency of the coagulation of solid 
particles when ultrasound is exposed in continuous 
or pulsed mode is determined by the evolution of the 
concentration of particles over time. It is well known 
and confirmed experimentally [7] that under the 
influence of ultrasonic vibrations the particles 
concentration changing is described by 
Smoluchowski’s equation: 
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where nk is numbered concentration of particles 
having size 3
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different sizes and hydrodynamic jHi ,  due to 

radiation pressure forces: 
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where di, dj are particle sizes, m; Hi,j is absolute of 
difference of complex factors of particles 
entrainment is US field; τ is pulse width, s; T is 
cycle period time, s; I0 is reference intensity which is 
1 W/cm2;  f21 is hydrodynamic interaction force at 
US intensity 1 W/cm2; I is US oscillations intensity, 
W/cm2; ρc is liquid wave resistance, Pa∙s/m; μ is 
liquid viscosity, Pa∙s 
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a) b) 

c) d) 

Figure 4. The relative concentration dependences on time 
at continuous and pulsed ultrasonic influence for initial 
particle diameters 1(a), 3(b), 5(c) and 7(d) μm 
 

Figures 4–7 shows the dependences of the 
relative concentration on time at continuous and 
pulsed influence. The dependences were obtained 
for initial particle sizes d0 =1, 3, 5, 7 μm which are 
typical for most liquid suspensions that are used in 
practice. When building dependencies given in Fig. 
5 a model viscosity of the carrier liquid phase was 1 
mPa∙s (viscosity of water). In these and all 
subsequent calculations of optimal pulse parameters, 
intensity providing maximum energy input was 
selected (see Fig. 3). And the intensity of the 
continuous ultrasound exposure was chosen to the 
maximum possible intensity which provide stable 
non-cavitation mode. 

From these dependences it follows that 
ultrasound exposure in a pulsed mode allows 
15...20% accelerating the coagulation of particles in 
a liquid having a viscosity of the viscosity of water 
(in comparison with exposure to continuous mode). 

Next obtained coagulation time dependences on 
the size of the initial particles for the cases of US 
influence in the continuous and pulsed mode are 
shown in Fig. 5. 

Figure 5. The coagulation time dependences on initial 
particle diameter and continuous and pulsed ultrasonic 
influence 
 

The coagulation time means the time during 
which the particle concentration reduces to 0.1 from 
the original ( )0(1,0 n ). 

As follows from the presented dependences, the 
attainable effect by ultrasonic pulse influence is 
weakly depends on the size of the initial particles, 
and the coagulation in liquid with a viscosity             
1 mPa∙s is accelerated by 17...19% in comparison 
with exposure in the continuous mode. 

The most important factor effecting on the 
coagulation efficiency is the viscosity of the carrier 
fluid, because the viscosity increasing increases the 
threshold of cavitation and further contributes to 
support stable non cavitation mode. 

Figure 6 shows the dependences of the relative 
concentration of the particles with an initial size of 
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1 μm on time for different viscosities of carrier 
liquid phase. 

a) 

b) c) 
Figure 6. The relative concentration dependences on time 
at continuous and pulsed ultrasonic influence for liquid 
viscosities 1(a), 30 (b) and 100(c) mPa∙s 
 

On the basis of the dependences given in Fig. 6, 
the coagulation time dependences on the viscosity of 
the liquid are obtained for the continuous and pulsed 
ultrasound exposure case (Fig. 7). 
 

 

Figure 7. Coagulation time dependences on carrier liquid 
viscosity at continuous and pulsed US influence 

 

From these dependences it is follows, that the 
higher achievable effect of the pulsed exposure, the 
higher viscosity of the liquid. For example, for a 
liquid with a viscosity 100 mPa∙s particles 
coagulation under pulsed ultrasound exposure  
occurs 1.5 times more effective in comparison     
with continuous exposure. While only             
17...19% coagulation efficiency increasing is at 
liquid viscosity 1 mPa∙s. This is due to the fact     
that the high-viscosity fluid provides the best 
conditions for maintaining the non cavitation mode, 
because the viscous forces prevent cavitation bubble 
expansion. 
 
4. CONCLUSIONS 
 

The research allows us to offer a new approach to 
improve the efficiency of coagulation of dispersed 
particles based on the ultrasonic treatment as a series 
of wave packets of finite duration (ultrasonic pulses) 
less than cycle period. 

The effectiveness of a pulsed exposure is 
confirmed on the basis of the analysis of the 
proposed model of ultrasonic coagulation in liquid-
dispersed medium when ultrasonic exposes in pulsed 
mode allowing to evaluate the optimal influence 
parameters (intensity, duration and cycle period) to 
provide maximum energy input for various viscosity 
of liquids. 

 
It is found that the pulse width should not be 

exceed 3 ms and the pulse repetition period should 
be at least 1.2 times from the width of the latter.   
This makes to increase the ultrasonic energy by 1.5 
times at the maintenance of stable non cavitation 
mode. 

Comparative calculations of efficiency of 
ultrasonic coagulation in liquid-dispersed systems in 
continuous and pulsed mode allow to find that in   
the fluid with a viscosity of 100 mPa∙s the      
particles coagulation during pulsed ultrasound 
influence is 1.5 times more effective than continuous 
influence. 

The results can serve as a basis for the design and 
selection of operating modes of the ultrasonic pulse 
equipment implementing effective coagulation 
liquid-dispersed systems. 
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