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Abstract: The basis of the discrete-impulse energy supply (DIES) concept is the efficient use of sup-

plied energy. The references describe in detail the general principles of DIES, examine the energy 

and thermodynamic aspects and the main mechanisms of intensification that can be initiated on the 

basis of this principle. DIES mechanisms conveniently can be divided into hard and soft ones. The 

former should be used to stimulate hydromechanical processes, and the latter to accelerate the pro-

cesses of phase heat and mass transfer, or for the purpose of intensive mixing of multicomponent 

media. The authors have studied the possibility of using DIES to intensify the hydromechanical 

processes, in particular emulsification of milk fat (homogenization of milk, preparation of spreads), 

processing of cream cheese masses. Objects of research were whole non-homogenized milk, fat 

emulsions, cream cheese mass. In order to evaluate the efficiency of milk homogenization the ho-

mogenization coefficient change was studied, which was determined by centrifugation method as 

the most affordable and accurate one. Emulsions were evaluated according to the degree of desta-

bilization, resistance and dispersion of the fat phase. The rheological characteristics of cheese masses 

were evaluated by the effective viscosity change. 
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1. Introduction 

The development of energy-saving technologies that meet the modern production 

requirements and provide optimum conditions for the processes is usually based on the 

development of new conceptions. The improvement of the most widespread and energy-

intensive processes has remained an urgent issue for the food industry and dairy pro-

cessing in particular. Such processes as mixing, homogenizing, emulsifying can be used 

as an example of energy-intensive technologies. As a rule, the intensification of such pro-

cesses in multicomponent environments takes place due to the supply of external energy, 

which is introduced into the apparatus by mechanical stirring, the introduction of addi-

tional streams of liquid or gas, the initiation of vibrations, the use of centrifugal forces, 

acoustic or pulsed influences, and powerful electrical discharge. All these methods con-

tribute to the forced relative motion of phases, provide deformation and grinding of dis-

persed particles, increase particles period of stay in the volume of the apparatus and equal 

distribution of the dispersed phase into a continuous medium. At the same time, these 

methods are limited in their effectiveness. Since effective grinding is performed mainly 

within the energy supply area, the continuous medium and dispersed inclusions are 
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mixed as one unit in the volume of the apparatus, and a significant part of the energy is 

unproductively consumed to overcome viscous forces and frictional forces. In order to use 

energy effectively it is necessary to provide a certain level of power for a short period of 

time (to convert energy into a form of short, powerful pulses). Such energy supply in the 

scientific literature was called a discrete-impulse energy supply (DIES) [1-3].  

The general principles of DIES, the energy and thermodynamic aspects and the main 

mechanisms of intensification that can be initiated on the basis of this principle have been 

described in the papers in detail [2], [4 - 7]. In the opinion of the authors [8], it is necessary 

to create a large number of vapor or gas-vapor bubbles in order to implement the condi-

tions for the discrete energy distribution in the working fluid volume of the fluid medium. 

They can be considered as microtransformers, which convert the potential energy accu-

mulated in the system into kinetic one, which is discretely distributed in space and time. 

DIES mechanisms conditionally can be divided into hard and soft ones. The former should 

be used to stimulate hydromechanical processes, and the latter to accelerate the processes 

of phase heat-mass transfer, or for the purpose of intensive mixing of multicomponent 

media, when the level of intensification of the process can be smoothly changed within 

certain limits. In practice, such conditions are obtained by ultrasonic influence on the liq-

uid [9] or by the creation of special hydrodynamic conditions in the flow [10] in the pro-

pellant or rotor apparatus.  

The problem of the intensification of hydromechanical processes in milk and dairy 

processing is extremely important today. The ways of solving this problem can be differ-

ent. Traditional methods of intensification are based on the concept of local isotropic tur-

bulence, the basis of which is in [11] and developed by the authors [12, 13]. In accordance 

with the statements of this theory, an important role in stimulating hydromechanical par-

ticles grinding is played by pulsations of velocity fluctuation of the turbulent flow v' and 

p'. The size of the maximum droplets formed during the grinding in the emulsification 

processes according to the theory of local isotropic turbulence is determined from the 

equation 𝑑𝑚𝑎𝑥 =
𝜎

𝜌𝑐𝑣′2 and depends on the coefficient of interphase tension, the values of 

the turbulent pulsations and the density of the medium. From an energy point of view, 

the level of influence intensification is characterized by the size of the local power dissi-

pation per fluid mass unit. Therefore, to increase the level of intensification, it is necessary 

to obtain maximum values of pulsation velocity. Moreover, the maximum effect is possi-

ble in the areas with the highest power dissipation. For this purpose they usually increase 

the speed of the flow in the pipelines, the speed of the mixer rotation, the roughness of 

the walls, use buffles, diaphragms, turbulizing gratings, etc. [14-16]. It should be noted 

that, along with an increase in the value of the supplied energy, the efficiency of its use 

decreases as its main part is unproductively dissipated in the volume of the continuous 

phase and on the walls of the apparatus. The authors [17] explained in detail that control-

ling the processes of hydromechanical emulsification or homogenization based solely on 

the theory of local isotropic turbulence is not correct since the physical mechanism of the 

dispersion process is not related to the direct action of turbulent pulsations. Other re-

searchers [18] describe a mathematical model for deformation and droplets destruction in 

liquid and gaseous media based on shear stresses and accelerated flows.  

The principle of shock impact is based on the explosive effect of the cumulative cur-

rent (accumulation of energy and its realization in a short period of time on a small space). 

The high value of specific power within the area under treatment is reached by reducing 

the spatial temporal localization of energy, which is possible in the volume of saturated 

vapor-gas bubbles. In the process of bubbles growth or compression in fluid some non-

stationary micro flows are formed around them which create a dynamic effect on the dis-

perse particles. The results presented in [19, 20] show that the velocity gradients of radial 

microcurrents around bubbles reach 107s-1, acceleration exceeds 106g, and the value of 

the pressure pulse at the boundary with the bubble reaches 1000MPa, which can lead to 

the destruction of solid dispersions. Among the mechanisms of DIES, which we will fur-

ther rely on, the cavitational mechanisms, which provide the formation of a significant 

number of vapor-gas bubbles and the effect of shear stresses should be mentioned. These 
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mechanisms can be introduced in static/dynamic cavitation apparatus, rotary pulsating 

apparatus, etc [21 - 23]. Their use in milk processing technologies is quite promising and 

important from the point of view of the introduction of innovative technologies into pro-

duction.  

The authors have studied the possibility of using cavitation and rotary-pulsating ap-

paratus aimed at intensification of hydromechanical processes, in particular emulsifica-

tion of milk fat (milk homogenization, spreads preparation), processing of cream cheese 

masses.  

2. Materials and Methods 

2.1. The object and methods of estimation of the homogenized milk quality.  

The objects of research were whole non-homogenized milk, fat emulsions, cream 

cheese mass.  

The whole non-homogenized milk with fat content of 4%, with titrated acidity of 16-

20 T, homogeneous consistency, without precipitates and flakes, off-flavor, white color 

was used as an object of research of cavitation effects on milk fat. To evaluate the efficiency 

of homogenization Gerber method was used. It is based on extraction of fat from milk and 

dairy products under the influence of concentrated sulfuric acid and isoamyl alcohol, fol-

lowed by centrifugation and measuring of its volume by graduated part of the pioscope. 

Before the treatment, the initial fat content of milk was determined in accordance with the 

standard procedure. Then the milk was subjected to multiple treatments in a static type 

cavitation device, described in detail in [28, 29]. 

To estimate the homogenization quality of the milk the measuring of the fat phase 

sizes by the microscope was used along with the microphotography and computer anal-

ysis of the obtained data (analysis of the milk assay microphotography). To take them the 

optical microscope Micromed XS-2610 was used, to which the web-camera was fixed be-

ing in its turn connected to the PC. The preparation of the milk assays was as follows: 

assays mixing; selection and solution of the assay by the distilled water in 1 to 40 propor-

tion (three solutions were prepared from each assay and two compounds from each solu-

tion); spreading it on the polished glass; keeping the assay for 20-30 min at the room tem-

perature; taking photography. Multiplication ratio was 640 times while taking the photo 

of 10,4×8,0 cm size (the cameracapacity being 640×480 pickcels). While investigating the 

number of fat balls and their diameters were calculated being identified by the micro-

scope. The calculation was performed taking advantage of the software IBAS. It makes 

possible to determine and analise more than 20 parametersof every fat ball: image projec-

tion surface, its maximum and minimum diameters, the diameter similar to that of circle 

cross-section in particular, as well as different parameters of image field, number of all 

particles, percentage of the field filling by the particles, etc. The size of intervals of the fat 

ball groups was assumed to be 0,5 mkm. The number of intervals n were calculated ap-

proximately due to the expression n =√N where N is the number of calculated fat balls. 

The mean diameter of the fat balls, mean-quadratic deviation and coefficient of variation 

were determined.  

2.2. Preparation of fat emulsions 

In the laboratory, emulsions with a 35% fat phase concentration were used. For its 

preparation reconstituted skimmed milk powder and as a fat phase, pure milk fat and 

milk fat substitutes were used: "Olmix 100 AK" produced by the Kyiv Margarine Plant, 

"Fettimilk 02AK" produced by Zaporizhzhya Fat-and-Food Complex and "Delikon ZTL 

No. 1" produced by Modified Fats Plant in Kirovohrad (Kropyvnytskyi). Emulsifiers: dis-

tilled monoglycerides and soy lecithin (in a ratio of 3:1) were used in the studies, which 

were put into the emulsion fat phase at 65° and 50°C, respectively. The experiments were 

repeated 2-3 times. Emulsions were evaluated according to the degree of destabilization, 

resistance and dispersion of the fat phase. Natural cream of the appropriate fat content 

was taken as a reference standard.  
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2.3. Product and methods for investigation of the rheological parameters of the cream cheese mass 

 The main components of the product were cream chees, water and flavours, the 

content of jelly substances being 1% ... 5% of the total mixture mass. The content of cheese 

mass is 70,1%, water–17,7%, flavours–12,2%, unified rheological coefficient –3,193. 

2.4. Temperature measurement 

To measure the temperature the method of the contact temperature measuring was 

used using the C-K thermocouples -50÷0÷800 C, connected with the dsgital image poten-

tiometer, while investigating the temperature in the flow of the operating mixture the 

thermocouples were set technologically correspondingly. The engineering parameters of 

the C-K termocouples are those of technical State standard 6616-94 “Thermoelectrical 

transformers. General technological requirements”. 

2.5. Vacuum measurement 

The vacuum measurement during the mixture treatment was perfomed by the me-

chanic vacuum-measuring using the vacuum manometer the measuring limit of the ex-

ceeding pressure being 500 кPа of 1 class accuracy: technical State standard 2405-88. The 

vacuum manometer was connected with the operating camera of the test installation 

through the tread hole being fixed in the operating camera cap. 

2.6. Analysis of microstructure 

Investigation of the food products microstructure deals with the multiple increase of 

the prepared assay by the the optical devices while taking the image using the photo-

graphic camera. In the case in question the microstructural analysis of cream cheese 

masses was performed using the light optical microscope Motic (Fischer Bioblock) photo-

video camera being integrated. During the experiment the product assay was thin spread 

on the polished glass by the microbiologocal loop. After that it was dried and being cov-

ered by the glass cap it was put under the microscope eyepiece, the scale being 400-times. 

2.7. Investigation of rheological characteristics 

 Rheological characteristics were studied at the "Rheotest 2" stnd. Yield viscosity is 

from 10–2 to 104 Pа·с; shearing rate is from 0,1667 till 1458 с–1; shearing stress is from 12 

till 3000 Pа; temperature is from –30 till +150 °С. Measument error ±3% (for the Newtonian 

liquid). New portion (assay) of the product was taken for each experiment. Data were 

recorded after the full rotation of the inner cylinder, the product thermostatics being pro-

vided. Taking into account the structural-mechanical properties of the investigated prod-

uct, the rheostat operation mode was that of «а», where «Rheotest 2» engine speed was 

1500 rev/min.  

The prepared assay of the cream cheese mass was put in the rheostat outer cylinder. 

Than the sinking of the inner cylinder followed. The measurement of the tangential shear-

ing stress (Pа) was performed at twelve values of the shearing rate gradient within the 

range of 0,33 - 145,8 s–1, the data of the device α measuring scale being recorded at the 

maximum angular deflection of the device scale pointer. 

2.8. Analysis of rheological characteristics 

While analyzing the rheological characteristics of non-Newtonian liquids the liquid-

like systems without the yield shearing stress are specified (the equation of Оstwald-de-

Waele’s, Eyring-Powell, Barteneva-Yermylova etc) and those with the yeild shearing stress 

(the equation of Shvedov-Bingama, Gershel`-Balkli, Kesson, Shulman, Myxajlov-

Lyxtgejm etc). To describe the rheological characteristics of the cream cheese mass type 

food products the equation by Оstwald-de-Waele and Herschel Bulkley were used. 

The shearing stress (Pа) was calculated due to the formula: 

 = 
r

Z , (1) 
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where  Z —is the cylinder constant, scale Pа/unit; 

  —are the measuring device scale factors. 

The effective viscisity (Pа·seс) was calculated due to the formula: 

r
eff





= , (2) 

where    —is the shearing rate gradient, s–1. 

According to the measurement results the arithmetical mean values were found, due 

to which the graphs were plotted and further mathematic processing was carried out. The 

value of the yield shearing stress and effective viscosity at the unit value of the rate gra-

dient were determined using the methods of methematic analysis taking advantage of the 

software MS Excel.  

Dependence of the shearing stress on the shearing rate for the cream cheese mass can 

be presented as the Ostwald-de-Waele’s dependence: 

 = * n

r
B , (3) 

where   
r
—is the shearing sress between the products layers, Pа; 

*B —is the viscosity at the unit value of the rate gradient, Pа·s; 

  —is the relative rate gradient being numerically equal to the shearing rate, s–1;  

 n —is the flow index. 

To establish the influence of technological and mechanical factors on the rheological 

characteristics of the "Yagidka" dessert products, experiments were carried out in three 

stages: 1) under minimal mechanical processing and variable temperature of the product's 

heating; 2) under constant temperature and variable power of mechanical processing; 3) 

under the apparatus nominal mode. Only the average values of the studied parameters 

were analyzed. The value of effective viscosity at a single value of the velocity gradient, 

as well as the boundary shear stress, was found by mathematical analysis methods using 

the OpenOffice 2.0 application package.  

3. Results 

3.1. Milk fat homogenization features in milk  

Experimental results on the change in the coefficient of milk homogenization de-

pending on the treatment cycles number in the static cavitational device (Figure 1) at var-

ious temperature values are shown in Figure 2. It was established that at 6 cycles of treat-

ment the best result of homogenization - 78% was obtained at the temperature of 72°С. 

 

Figure 1. Milk homogenization coefficient versus the number of processing cycles at different tem-

perature values curve: 1 - 20°С, 2 - 50°С, 3 - 72°С. 
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Figure 2. Milk homogenization coefficient versus the distance between the nozzle and the buffle 

curve: 1-20°С, 2-50°С, 3-72°С. 

The greater efficiency of treatment at the temperature of 72°С can be explained by a 

decrease in the viscosity of fat particles, the softening of their lipid membranes, and also 

by the fact that there is a partial thermal deaeration of the product.  

During the research it was established that the effective multiplicity of milk pro-

cessing with fat content of 4% is 6 times, and the homogenization efficiency is almost iden-

tical at the temperature of 20°C and 50°C and a cavitation stage of 2.5 ... 3.0 (65% and 70% 

respectively). In this case, this occurs due to a decrease in the viscosity of fat particles, 

softening of their lipid membranes and melting of even the most refractory fractions of 

milk fat. This creates a system "liquid-liquid", where partial thermal deaeration of the 

product takes place, in which the effectiveness of hydromechanical influence of cavitation 

increases.  

Figure 2 shows the dependence of the milk homogenization coefficient on the dis-

tance between the narrowed area and the buffle in the six-fold treatment in the flow type 

apparatus, with milk temperature of 72°C. The curve of the coefficient of homogenization 

versus the distance between the nozzle and the buffle shows that there is an optimal dis-

tance from the nozzle to the buffle, at which the degree of homogenization is the highest. 

At a distance of 20 mm and six-fold milk processing in the cavitational apparatus, the 

value of the coefficient of homogenization is within the range of 50% - 70%. According to 

the received plot, with an increase in the distance between the nozzle and the buffle up to 

60 mm and the constant speed of the fluid and temperature, the homogenization rate de-

creases to 30-42%. With further increase in distance, an increase in the coefficient of ho-

mogenization up to a critical value of 78% is observed, which corresponds to a distance of 

75 mm from the nozzle to the buffle. 

On the other hand, the intensity of the cavitation effect increases at relatively low 

temperatures, which provide a reduced elasticity of water vapor. In this case, the influence 

of cavitation occurs in a medium containing a liquid with distributed in it solid fat parti-

cles, that is, in the system "liquid-solid body" The obtained effect resulted from the turbu-

lent fluctuations impact spheric waves, cumulation spray, when cavitation bubbles are 

crashed. The homogenization effect mechanism is presented on Table.1. 

Table 1. Mechanism of the milk fat disperasion. 

Drops turbulent dispersion: isotropic and 

viscous. The mechanism of dispersion iso-

tropic turbulence is followed by the stress 

fluctuations caused by the microvorticity. 

Under the viscous mechanism it is caused 

by the shearing stress of more sufficient vor-

ticity. 
 

In the cavitation zone fluctation cavitation 

bubbles arise, which, being collided with the 

dispersion phase drops, are buffeting. 
 

a) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 March 2021                   doi:10.20944/preprints202103.0308.v1

https://doi.org/10.20944/preprints202103.0308.v1


 

Cumulation sprays formed in the bubbles 

strike the fat ball and crash it into small 

ones: 

а – fat drop pulling into the bubble; б – 

disperasion phase fat drop crashing. 

 
b) 

Fat phase dispersion caused by the high lo-

cation pressure differential (impact waves) 

during the cavitation bubbles buffeting. 

І – cavitation bubble formation, ІІ – bubble 

being of the maximum size, ІІІ – sizes de-

crease, ІV – bubble explosion being followed 

by the cumulation spray. 
 

Changes in the fractional composition of the fat balls according to sizes after homog-

enization in the cavitation device as compared with the valve homogenization is pre-

sented in Figure 3, microphotography of the milk assays - in Figure 4.  

 

Figure 3. Distribution of the fat balls according to the sizes: 1–non-homogenized milk; 2– milk 

after the valve homogenization; 3– milk after treatment in the cavitation device. 

 

(a) (b) (c) 

Figure 4. Microphotography of milk: (a)–non-homogenized; (b)– after the valve homogenization; 

(c)– after treatment in the cavitation device. 

Milk parameters before homogenization: fat balls mean diameter dсер =2,6 mkm, 

dispersion σ =1,44, coefficient of variation (the portion of the feature scattering relatively 

the mean one) V =67%. After the valve homogenization and corresponding impulse ho-

mogenization these data are as follows: dmean=0,96 mkm and 0,9 mkm, σ σ =0,50 and 

0,46, V =51 and 56%. Mean diameter of the fat balls while treatment in the cavitation device 

was decreased by 6 % as compared with the valve one. Besides, dispersion value was 

decreased also, which, in its turn, testifies that the homogenization in cavitation device 

provides stability of the milk fat phase after homogenization. 

The effect of the distance between the nozzle and the buffle on the homogenization 

rate can be explained in the following way. When changing the position of the obstacle 
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relative to the nozzle, the geometry and volume of gas cavities have changed. At a dis-

tance of 20 and 100 mm the most active formation of small size caverns and their rapid 

collapse right after an obstacle without reaching the next level have been observed. When 

increasing the distances, the size of the cavity increases, and the intensity of their for-

mation decreases, which leads to a decrease in the homogenization coefficient.  

These results have been proved by the data given in the papers [24-27]. The authors 

note that the processing of milk and cream in cavitation devices affects the size of fat par-

ticles, the relative viscosity of the product, in particular, the diameter of the fat particles is 

reduced up to 1.0-1.5 microns, relative product viscosity increases. In work [24] the effect 

of hydrodynamic cavitation on the preparation of whole milk substitutes with the size of 

fat particles of 0.5-2 microns was under study. The efficiency of cavitation treatment is 

explained by the high rate of flow in the fluid processes that determine the mechanical 

model of cavitation action. These are: the creation of intense fields of pulsating pressures 

(10 - 10 atm) and waves of discharge; formation of cumulative micro streams; formation 

of turbulent zones in flow right after buffle with swirling and collapsing microbubbles; 

phase transitions occurring on the surface of cavitation bubbles; temperature fluctuations 

in the vapor-gas content of cavities at their collapse.  

3.2. Patterns of fat dispersions formation under discrete-impulse energy supply 

The results of fat dispersions formation patterns in rotary device have proved that 

the process of fats emulsification in milk plasma is cyclical in its nature (Figure 5, 6). After 

obtaining a dispersion with an average size of fat bubbles (<4 microns), processes of dis-

persion and aggregation of fat bubbles, accompanied by an increase and decrease in the 

stability of the emulsion, occur alternately. The most effective emulsification takes place 

at a rotor speed of a dispersing device of 3000 rpm. (Figure 6). In this case, after 1,5 min. 

of treatment a fine-dispersed (fat particles average size <2 microns) and durable emulsion 

(a degree of destabilization of about 30%) has been formed. The emulsion close to the 

described characteristics has been obtained also at the intensity of the corresponding ro-

tation speed of the rotor processing of the dispersing device 2500 rpm. The increase of the 

intensity of emulsion treatment in the rotary device leads to the power increase. So at a 

speed of 1500 rpm. it is about 60 Watts, and at 3000 rpm. reaches 150-200 Watts.  
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Figure 5. Varied granulometric composition of fat emulsion during processing in the emulsifying 

device (n = 2500 rpm). 
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Figure 6. Varied degree of dispersion and stability of fat emulsion in the process of treatment in 

the emulsifying device. 

It is established that to obtain an emulsion with dispersion and stability close to nat-

ural creams, it is preferable to do emulsification without vacuuming at a temperature 50-

70°C. As the concentration of surfactant decreases, optimal treatment duration is reduced. 

However, the excess of the emulsifier does not increase the stability of the emulsion. In 

this case, the optimal concentration of surfactant is 0.6% (distilled monoglycerid+ lecithin 

in the ratio of 3: 1), which ensures the production of a technologically stable emulsion of 

35% fat, using a rotary type device (Figure 7).  

The results have proved that the use of the fat phase of different types of fats does 

not significantly affect the emulsification processes (Figure 8). This also applies to power 

and energy consumption during emulsification. At the same time, the increase in the con-

centration of the fat phase slows down the formation of the emulsion, as it increases the 

degree of its destabilization and, accordingly, the optimal duration of emulsification. This, 

as well as the increase of the viscosity of the emulsion with an increase in its fat content, 

leads to the cost increase of power and energy for emulsification, which increases with 

increasing fat content from 3.5 to 35% in ≈1.6 times. 

Taking into account all the above mentioned, we can argue that the optimum param-

eters for obtaining an emulsion with a fat content of 35% (with dispersion and stability 

close to natural creams) in a rotary type device, regardless of the type of fat phase used, 

at the concentration of surfactant-0.6% are the following: temperature of emulsification 

50-70°C, processing power 150-200 Watts, with a rotor speed of the emulsifying device of 
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3000 rpm; processing time 1-1.25 min.; the energy consumption in this case will be 2-3.5 

kJ / kg.  

 

Figure 7. Variations of the dispersion degree and fat emulsion stability depending on the concen-

tration of surfactant (* - concentration of surfactant,%: monoglycerid+ lecithin in the ratio of 3: 1; τ 

= 1.5 min.). 

 

Figure 8. Varied fat emulsion stability during treatment in the emulsifying device (concentration 

of surfactant-0.6%: monoglycerid +lecithin in the ratio of 3: 1). 

3.3. The rheological characteristics variations of cream cheese masses  

The dependence of the viscosity of the dessert mass on the shear rate for the temper-

ature range under study indicates an increase in the shear rate and a decrease in the effec-

tive viscosity (Figure 9, 10). 
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Figure 9. The dependence of shear rate for the product "Yagidka" on the shear rate and time under 

minimal mechanical treatment. 

 

Figure 10. The dependence of the effective viscosity on the shear rate for the product " Yagidka" 

under minimal mechanical treatment. 

With an increase in temperature from 10° to 30°C, the viscosity and shear rate de-

crease and remain approximately constant within the temperature range of 30° - 50ºС and 

with increasing temperature they increase. This happens due to the structure of the thick-

ener (pectin), for which the temperature of gelling is in the range of 52° ... 55°C. The 

boundary shear rate allows to take into account the dependence of Herschel-Bulkley.  

𝜏 =  𝜏0  +  В ∙ 𝛾𝑛; (4) 

where   𝜏0 – is the boundary shear rate, Pa.  

The influence pattern of the heating temperature on the effective viscosity is main-

tained. The value of the rate of structure destruction, which varies within fairly narrow 

limits, indicates the correctness of the experiment. For an intact structure at 10С - at the 

initial stage of the process - the dependence has the following form:  

 = +  0,4759,1 11,5r . (5) 

At 65С (in end of the heating process), the dependence has the following form:  

 = +  0,4299,3 9,6r  (6) 

Under cooling to 50 С: 

 = +  0,4349,6 10,0r  (7) 
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The dependences graphs of the boundary shear rate and effective viscosity on the 

duration of machanical treatment at a temperature of 10°C are shown in Figure 11, 12. 

 

Figure 11. The dependence of the shear rate for the product "Yagidka" on the shear rate in the 

emulsifier at a temperature of 10С. 

 

Figure 12. The dependence curve of the effective viscosity for the product "Yagidka" during the 

treatment in an emulsifier at a temperature of 10С. 

Under the condition of no mechanical processing with increasing angular defor-

mation rate, the boundary shear rate increases. At the same time, the structure destruction 

is observed in the first cycles of processing. Hereafter, the boundary shear rate, as well as 

other rheological characteristics, remains almost constant. However, when the processing 

time of cream cheese mass exceeds 260 cycles of mechanical treatment, an increase in the 

boundary shear rate is observed and the effective viscosity slightly increases. This hap-

pens due to the processes that take place at the micro level, in particular the phenomena 

of cavitation, local heating, and the swelling of the structure-forming agent.  

Ostwald-de Waele rheological equation for the mass at the initial stage of the process 

has the form:  

 =  0,47212,5r  (8) 

Rheological equations in the end of the process in the form of Ostwald-de-Waele de-

pendence  

 =  0,1955,1r  (9) 

Herschel Bulkley –  

 = +  0,3705,5 1,16r  (10) 
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It should be noted that the destruction of the mass structure takes place during the 

first 20 cycles of product circulation, and the mass heating takes place in a completely 

destroyed structure. As a result of the analysis of the product movement process in the 

rotor-stator pair, it is evident that not the whole transported product, but only its part 

(Figure 13), is the subject to mechanical grinding.  

 

Figure 13. The scheme of movement of cream cheese mass in the channels of the rotary-vortex 

emulsor 

1—rotor, 2—stator; І—a zone of transportation and mechanical treatment of cream cheese mass, 

ІІ—a zone of transportation without mechanical processing of cream cheese mass. 

One can distinguish zones in which the nature of the mass movement will be differ-

ent: zone І is the area of the most active mechanical effect on the product (the width of this 

zone at its beginning in the direction of product movement dc  corresponds to the size 

of the transported mass particles with adjacent layers), in which occurs the grinding be-

tween a rotor and a stator at the expense of a large velocity gradient and at low stress on 

a cut of cream cheese masses; in zone II occurs mainly the transportation of the product 

without its mechanical processing, neglecting some mass exchange between zone I and II. 

The product, captured by the grooves, will also be destroyed.  

Let`s denote the volume of the loaded mass by 0V . Then the volume of mechanically 

treated product after one cycle of passing through a pair of rotor stator will be   0V . 

Then the volume of the unprocessed product will be ( )− 1 0V .  

Due to the peculiarities of the geometric parameters of the mass flow channels, we 

have assumed that the coefficient of proportionality   corresponds to the ratio of the 

total area of zone I to the total area of zones I and II in the lower part of the rotor-stator 

pair.  

Let`s analyze several stages of product mechanical processing during its movement 

in the circulation circuit of the apparatus.  

Let`s denote the running volume of the treated material by Vb , the running cycle by 

i , and the multiplicity of processing at this stage by  . Then the dependence of the mul-

tiplicity of processing of running volume will have the form: 

( )
 
−

=    − 1 0
i

V Vb , (11) 

where    - the numerical coefficient.  

In the general case, it has the form: 

( )


 

 
 =  = 

  −

!

! !

i
i i

. (12) 

Then the formula (9) can be rewritten as the following one: 
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i
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Using the dependence (10), it is possible to estimate the level of mechanical pro-

cessing of the loaded product. For example, in order to provide the relevant technological 

qualitative indicators, it is necessary to ensure the multiplicity of machanical treatment 
r . Then for quantitative estimation of mechanical processing at an arbitrary stage of pro-

cessing of raw materials Vr  it is necessary to find the sum of all parts of raw materials 

except for those which are processed less than r  times: 

( )
( )





 
 

−

=

=    −
− 

0
!

1
! !

i
i

r
r

i
V V

i
 (14) 

 

  
(a) (b) 

 
(c) 

Figure 14. Microstructure of the cream cheese mass "Yagidka": (a) the microstructure of the cream cheese mass before 

treatment; (b) the microstructure of the cream cheese mass after 45 cycles of treatment; (c) the level of mechanical treatment 

of the product depending on the processing cycles. 

The ratio of the sufficiently treated raw material rV  to its initial quantity 0V  is pro-

posed to be considered as an index (coefficient) of mechanical treatment in cyclical appa-

ratus:  

( )
( )

( )
( )
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−=

=
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− 

= = =   −
− 




0

0 0

!
1

! ! !
1

! !

i
i

i
irr

r

i
V

iV i

V V i
. (15) 

Let`s assume that tenfold mechanical processing is sufficient for proper maintenance 

of the finished product structure. From the dependence (Figure 14c), according to the for-
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mula (10), it is evident that a guaranteed ten-fold processing of the product will be pro-

vided at 45 cycles of circulation of the product through a rotor-stator pair. The microstruc-

ture analysis of the product "Yagidka", performed by the optical microscope Motic 

(Fischer Bioblock) with an integrated photo-video camera (Fig 4.16 a, b) at the initial mo-

ment of time and at a time corresponding to 45 cycles of mechanical processing, has 

showed that such duration of mechanical processing is quite enough to ensure the for-

mation of the structure of the product and provide an equal distribution of its components 

in the volume. The maximum particle size was 0.2 mm. Thus, it can be noted that the 

required machanical level of treatment is provided long before the completion of the pro-

cess cycle.  

4. Conclusions 

The study under discussion has found that the effective freof milk processing with a 

fat content of 4% in a three-stage apparatus corresponds to 2 times, and the homogeniza-

tion efficiency is almost identical at a temperature of 20°C and 50°C and a cavitation stage 

of 2.5, 3.5 (80% and 86% correspondingly).  In this case, this can be explained by the de-

crease in the viscosity of fat particles, softening of their lipid membranes and melting of 

even the most refractory fractions of milk fat.  This creates a system of "liquid-liquid", 

there is a partial thermal deaeration of the product, in which the effectiveness of hydro-

mechanical influence of cavitation increases.  On the other hand, the intensity of the cav-

itation effect increases at relatively low temperatures, which provide a reduced elasticity 

of water vapor.  In this case, the influence of cavitation occurs in a medium containing a 

liquid with distributed in it solid fat particles, that is, in the system "liquid-solid body".  

According to the obtained data on the patterns of formation of fat dispersions in the 

rotary type device, it has been shown that the emulsification of fats in the milk plasma by 

a rotary type device has a cyclic nature: after obtaining dispersions with an average size 

of fat particles with the size <4 microns, their dispersion and aggregation resulted in an 

increase and decrease in the stability of emulsions respectively.  It was found that the 

increase in the mass fraction of the fat phase in the mixture (from 3.5 to 35%) slows down 

the formation of an emulsion of f/w type, as this increases the degree of its destabilization 

(from 0 to 30%) and, consequently, the duration of effective emulsification (from  30 to 

90 s).  It has been established that the use of the fatty phase of various fats does not sig-

nificantly affect the emulsification either by the efficiency of the dispersion or the rational 

duration of the treatment.   

The results of the study of the main rheological characteristics of cream cheese mass 

(effective viscosity, boundary shear rate, rate of structure destruction) during the pro-

cessing have proved that the destruction of the mass structure takes place during the first 

20 cycles of product circulation, and the mass heating takes place in a completely de-

stroyed structure.  According to the results of the research, mathematical dependences of 

the consumed power on the rheological characteristics of the mass have been suggested.  

The influence of the parameters of the rotor-vortex emulsor on the power consumption 

has been studied.  It was found that the assured ten-fold processing of the product, where 

the required microstructure of the cream cheese mass has been provided, takes place at 45 

cycles of circulation of the product through a rotor-stator pair, which is 2 ... 3 times less 

than the duration of the main technological cycle. 
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