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Abstract. The article provides an analysis of the existing analytical 
models of the change in the cross-sectional area of the modulator in rotary-
pulsation devices. The peculiarities of the application of such functions for 
the pulsation devices with the vibrating rotor are determined, taking into 
account the predominant mechanism of dispersion of emulsions. Using 
classical hydraulic and mathematical dependencies, in order to fulfill the 
requirement of creating harmonic pulsations of the emulsion in the 

modulator holes for synchronization with the axial oscillations of the rotor 
and the equality of the conditions of pulsations of the speed of the 
emulsion in each channel of the stator and rotor, the equation of the change 
in the cross-sectional area of the modulator in the pulsation devices with 
the vibrating rotor is determined in the form of a continuous function. This 
greatly simplifies the mathematical description of the function, and the 
subsequent analytical model of the movement of the emulsion in devices of 
this type. The resulting equation is necessary in determining such 

characteristics as the instantaneous speed and acceleration of the emulsion 
and the diameter of the dispersed phase after treatment. Keywords: Rotary-
pulsation device, pulsation device with the vibrating rotor, disperser, 
homogenizer, modulator area  

1 Introduction 

Dispersion is widely used in the production of butter, margarine, mayonnaise, creams, 

products with biologically active additives, etc [1, 2]. A particularly energy-consuming 

process is the dispersion of the fat phase of milk, the so-called homogenization of milk [3, 

4]. Considering the obvious relevance of the problem of reducing the energy consumption 

of the homogenization process in the dairy industry [5, 6], a wide range of homogenization 

devices, such as high‐pressure (valve) [7, 8] and ultra‐high‐pressure [9, 10],  pulsation [11], 
vacuum [11], microfluidizers [12, 13], micromixers [14], jet and stream [17, 18], ultrasonic 

[19, 20], rotary [21], etc., have been developed. However, none of them combines a high 

degree of destruction of milk fat globules (as, for example, in valve devices) with low 

energy consumption [22, 23]. Rotor-pulsation homogenizers, the principle of operation of 
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which is based on discrete-pulse input of energy, are approaching such "ideal" devices [24, 

25]. But a more effective type of these devices, the rotor of which performs oscillating 

movements along the axis of rotation along with the rotational movement, are the so-called 

pulsation devices with the vibrating rotor (PD with VR) [26]. The quality of 

homogenization during milk processing in such machines is no less than in valve machines, 

and energy consumption is 4-5 times lower [27, 28]. To introduce such devices into 

production, it is necessary to develop a methodology for calculating structural and 

operational parameters. 

During previous studies, it had been determined that in PD with VR, the destruction of 

fat globules mainly occurs according to the Rayleigh-Taylor instability mechanism, where 

the diameter of the dispersion particle depends on the acceleration of the liquid flow during 
the movement of the milk emulsion through the channels of the PD interrupter (rotor and 

stator holes) [25, 26] . The acceleration of the milk flow causes a difference in the speed 

(sliding) of the fat globule relative to the milk plasma, which leads to the destruction of the 

fat particle [29, 30]. To determine the average size of the fat globule after homogenization, 

it is necessary to calculate the value of the average acceleration of the milk emulsion. For 

this, it is necessary to determine the equation of the change in the cross-sectional area of the 

PD modulator with VR. 

2 Theoretical Background 

In rotary-pulsation devices (RPD), the law of change of the cross-sectional area of the 

modulator with time S(t) mainly determines the magnitude of pressure pulses and, as a 
result, the intensity of cavitation, which is considered the main reason for the destruction of 

the dispersed phase in rotary-pulsation dispersers. To create rarefaction in the RPD stator 

channels, which is necessary for the occurrence of cavitation, a sudden (quick) closing of 

the modulator is necessary [24, 31]. For this reason, the RPD holes have a rectangular 

shape and they try to make the gap δ as small as possible. In addition, the most important 

period of time in the operation of the RPD is the closing of the modulator holes. 

Inaccuracies in the description of the function of the cross-sectional area of the modulator 

as a function of time S(t) in this interval lead to significant errors in determining the value 

of pressure pulses, and therefore the efficiency of the RPD as a whole [32]. 

For stator and rotor openings of a rectangular shape, the equation S(t) represents a 

trapezoid on the interval of the process of opening and closing the openings [24, 25]. Oval-
shaped holes are reduced to rectangular with the help of appropriate expressions. Due to the 

small clearances required in RPD designed for maximum cavitation, the gap between the 

rotor and the stator is neglected. For PD with VR, there is no need to create a minimum 

gap, so its size cannot be underestimated [26]. 

In works [24], the function S(t) for the beginning of the hole closing process has a break 

in the derivative, which is unacceptable. The main reason for this is the representation of 

the function S(t) in the form of a piecewise function. The cycle of changing the area of the 

breaker is divided into 4 sections: opening of the modulator openings, fully open openings, 

closing of the openings, and fully closed openings – for each of which the function S(t) is 

determined. In [33], a model of the change in S(t) is proposed, which takes into account the 

flow through the modulator gaps not only in terms of width, but also in terms of the height 

of the modulator channel, but its use is limited to RPD with small δ [34]. 
Thus, until now, sufficiently informative mathematical models of the change in the 

cross-sectional area of the RPD modulator have been developed. The main disadvantages of 

these models are the cumbersomeness and limitation - the use of equations for calculating 

the RPD only with large or only with small gaps between the rotor and the stator. 
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3 Research Methods 

During the theoretical studies, the classical dependences of hydraulics and mechanics, the 

theory of discrete-impulse energy input, oscillations of conservative linear systems were 

used to study hydrodynamics in a virtual environment [35, 36]. To find the optimal process 

parameters, the two-parameter graphic method and analytical methods of local optimization 

were used [37]. Research was conducted according to the following plan: 

– development of the calculation scheme of the rotor-pulsation devices; 

– determination of kinematic and geometric requirements for the RPD to fulfill the 

condition of equality of emulsion pulsations; 

– analytical-geometric transformations; 

– obtaining and analyzing the equations of the area change of the RPD modulator; 
– analysis of the resulting equation. 

4 Results and Discussion 

For a classic RPD, in order to obtain a high-quality emulsion (high degree of dispersity), it 

is necessary to fulfill the requirement of creating a minimum gap between the rotor and the 

stator. The size of such a gap should be 0.1-0.01 mm [24]. The fulfillment of such a 

requirement in engineering practice leads to a significant increase in the cost of industrial 

samples of RPD. For PD with VR, the determining factor of homogenization is the 

acceleration of the movement of the emulsion in the holes of the modulator, so there is no 

need to create minimal gaps δ [26]. The second advantage of PD with VR compared to 

classic RPD is in the shape of the modulator holes. For RPD, for the purpose of creating a 
sudden (quick) closing-opening modulator, it is necessary to make holes of a rectangular 

shape. This is difficult for the cylindrical surface of the modulator. For PD with VR, it is 

possible to use round modulator holes, which is technologically simpler. In addition, there 

is no need to describe the function S(t) absolutely precisely when closing the modulator 

holes. It is more important to describe the dependence S(t) as a continuous function in order 

to avoid unnecessary cumbersomeness and the possibility of obtaining dependencies that 

are convenient for use in the calculation of PD from VR. 

The calculation scheme of the pulsation devices with the vibrating rotor is presented in 

fig. 1. 
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b) 

Fig. 1: Scheme of rotational and oscillating movements of the PD rotor: a) rotational movement of 
the rotor, b) oscillating movement along the rotor axis. υ – emulsion speed; r – crank radius; ds – the 
diameter of the stator holes; dr – the diameter of the rotor holes; ωc – crank speed; ωr – speed of 

rotation of the rotor; φ – rotation angle of the rotor. 

In order to fulfill the requirement of creating harmonic pulsations of the emulsion in the 

holes of the PD for synchronization with the axial oscillations of the rotor and the equality 
of the conditions of pulsations of the speed of the emulsion υ in each channel of the stator 

and the rotor, it is necessary to fulfill the conditions of equality [26]: 

– the number of rotor and stator holes  r sz z z ; 

– diameters of the rotor and stator holes r sd d . 

We assume that the rotor rotates with a constant angular velocity ωr, and the crank for 

driving axial movements of the rotor with a speed ωc. 

In the position of the rotor shown in fig. 1 a, the stator holes are completely closed by 

the gaps between the rotor holes. At the same time, the area of the interrupter PD with VR 
S is minimal and equal 

min rS d z  ,                                                                      (1) 

where δ –  the radial gap between the rotor and the stator, m. 

 
When the rotor rotates at speed ωr, at some point in time, the rotor holes will coincide 

with the stator holes. In this position, the area of the breaker reaches its maximum value 


2

r
max

d
S z

4


.                                                                    (2) 

When turning the rotor from point A to point B (see Fig. 1 a), the area will again take on 

a minimum value. With further rotation, the cycle of changing the area of the breaker is 

repeated. 

The change in the area of the PD breaker holes with round holes is described with 

satisfactory accuracy by the equations (in dimensionless form, where by S( t )max 1  and 

δ=0) 
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Or, taking into account that  рt /  , as a function of the angle of rotation, where at 

the instant of time t 0  corresponds to the one in which the rotor holes are covered by the 

gaps between the stator holes (see Fig. 1). 



 

sin( z )
1 2S( )
2 2




 ,                                                        (4) 

where φ – the rotation angle of the rotor, rad. 

The cycle time of changes in the cross-sectional area of the modulator ct , s, is equal to 

c rt 2 / z  ,                                                            (5) 

Taking into account the gap between the stator and the rotor δ as a function of the rotor 

rotation angle, dependence (4) takes the form (Fig. 2) 

 

 
Fig. 2. The nature of the change in the PD modulator area with VR. 
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where maxS  – the maximum possible area of the circuit breaker PD, m2; 

minS  – the minimum possible area of the PD breaker (when the rotor holes are closed), 

m2. 

 

Taking into account (1) and (2), formula (6) takes the form: 

  – as a function of time 
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– as a function of the rotor rotation angle 
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The number of rotor holes is related to the rotor diameter D, m, and the diameter of the 

holes by a ratio that follows from obvious geometric transformations 

r
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d

2z


.                                                               (9) 

Taking into account the last expression, formulas (7) and (8) take the form: 
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  – as a function of time 
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– as a function of the rotor rotation angle 

  
     

  

2D D
S( ) 1 sin( z )

2 16z 2

  
   .                               (11) 

Let's analyze the obtained equations of the dependence of the cross-sectional area of the 

PD modulator with VR on time and the angle of rotation of the rotor. We see that the 

variable parameters of the equation are the diameter of the holes, the number of holes and 

the size of the gap between the rotor and the stator. The equation is a sinusoid that changes 

its values from the minimum (at t=0) to the maximum value (Fig. 3). 

 

 

Fig. 3. Dependencies of the cross-sectional area of the modulator on the diameter of the rotor and the 
number of holes at =1mm. 

The largest influence on the amplitude of oscillation of the modulator cross-section is 

exerted by the diameter of the rotor holes. When it increases from 0.1 to 0.15 m (by 50%), 

the amplitude of cross section oscillation increases more than 2 times. When the number of 

holes is increased by 2 times (from 4 to 8), the amplitude of cross section oscillation 

increases by approximately 2.5 times. But in addition, changing the number of holes and 

diameter significantly changes the phase of oscillation of the cross-sectional area of the 

modulator. There is a change in the frequency of oscillations of the cross-sectional area of 
the modulator. That is why the synchronization of the oscillatory and rotational movements 

of the PD rotor with VR will depend on the number and diameter of the holes. This is an 

important conclusion, because it is the correct synchronization of the rotary and oscillating 

movements of the rotor and crank that will have a significant impact on the energy 

efficiency and quality of PD emulsion processing with VR. 

5 Conclusions 

Determination of the change in the cross-sectional area of the modulator of the rotary-

pulsation device is the basis for calculating the parameters of such a device: quality of 

processing, energy consumption and design for a given performance. The change in the 

cross-sectional area of the RPD modulator is usually represented in the form of a piecewise 
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function – a set of equations at different time intervals, which significantly increases the 

complexity of the mathematical description of the process. When describing this function 

for the pulsation device with the vibrating rotor, due to the use of round holes and the 

equality of their number in the rotor and stator, it became possible to use a continuous 

function with satisfactory accuracy. In this study, the equations of the dependence of the 

cross-sectional area on time and the angle of rotation of the crank had been found. Such a 

representation of the function greatly simplifies the further mathematical description of the 

process of fluid movement in the interrupter of the device. The equations have no 

restrictions on the size of the gap between the rotor and the stator and can be used in the 

calculation of the pulsation device with the vibrating rotor with any gaps between the rotor 

and the stator. 
The obtained functions are necessary in determining such important characteristics of 

the pulsation device with the vibrating rotor as the instantaneous speed, acceleration and 

degree of dispersity of the fat emulsion after processing, as well as power and energy 

consumption. This device makes it possible to use the advantages of resonance of emulsion 

pulsations to improve the quality of emulsion processing and reduce energy consumption. 

The equations obtained in this way are the basis for further research and calculations of this 

promising type of rotary-pulsation devices. 
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