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 Abstract 

 
 

Introduction. The process of water-polymer jet cutting of food 

products in order to increase the efficiency of the method of hydro-jet 

cutting by modifying the working fluid is investigated. 

Materials and methods. The process of cutting chicken fillet, hake 

fish, beef and pork meat is researched. The experiments were carried 

out at temperatures of -7 °C and -25 °C, pressure changes from 50 MPa 

to 150 MPa, nozzle diameter 0.35.10-3, 0.6.10-3 m and velocity of the 

water-polymer jet movement relative to the sample of food product of 

0.015, 0.025, 0.050 and 0.100 m/s. The PEO concentration with 

molecular mass of 6.106, 4.106 and 3.106 varied from 0 till 0.05%. 

Results and discussions. The depth of the cut in a frozen food 

product increases quite rapidly with the increasing of concentration and 

PEO molecular mass and reaches its maximum at some optimal 

concentrations (Сopt.). For PEO with a molecular mass of 3∙106, the Сopt 

equal to 0.015-0.020%, and for molecular mass of 4∙106 and 6∙106 – 

0.007-0.010% and 0.0015-0.0020%, respectively. Increasing the 

diameter of the nozzle hole under the constant pressure of PEO water 

solution leads to increasing of the cutting depth in a food product. Noted 

character of influence of nozzle hole diameter of hydro-cutting jet-

shaping head on the cutting depth is due to the fact that the nozzles 

usage with a relatively big nozzle outlet diameter under the constant 

velocity of water-polymer jet movement in relation to the food sample 

and pressure of PEO water solution in front of the nozzle should lead 

to increasing of energy per unit of the cutting food product surface. To 

achieve the same cutting depth of frozen food products (in the range of 

-7  and -25 °C) it’s enough to have water-polymer jet pressure of only 

45-65% from the water jet, and vice versa, under the same initial 

pressure, 1.5–2.5 times increase in the depth and cutting velocity with 

water-polymer jet is observed, what tells about the special mechanism 

of its interaction with a food product. The dependence of the 

dimensionless cutting depth by water-polymer jet in frozen food 

products from the dimensionless distance to the nozzle section is 

obtained. The usage of high-velocity jet of PЕO water solution for 

cutting frozen food products considerably increases the efficiency of 

the cutting process and the quality of the cutting surface. 

Conclusions. In order to significantly improve the efficiency of 

food products water-cutting process, it is advisable to use jet of PEO 

water solution as the working fluid. 
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Introduction 

 
Scientific research in the field of cutting of different materials by high-speed water-jet 

[1, 2] show that the efficiency of the cutting process (depth of cut) is significantly increased 

under water pressures above 400 MPa. The results of research carried out in [1, 3] show that 

the destruction efficiency is nonlinear (depth of cut is increasing more intense than the 

hydraulic power supplied). In works [4, 5] is shown the results of the research of cutting 

process of thin polymeric materials by high-pressure water jets. It was found that with an 

increase of the nozzle diameter from 0.1.10-3 till 0.4.10-3 m, the cutting depth in the material 

decreases. For example, for vinyl plastics in 2.85 times, for getinax in 5 times and for 

fiberglass in 8 times. It should be noted, that there is a critical pressure below which the 

destruction process does not occur, and temperature reduction of the food product to -25 °С 

and below, makes impossible to use water-jet cutting under pressures less than 200–300 MPa 

[6–8]. 

Cutting with using water-jet mixed with abrasive (sand, etc.) allows to cut virtually any 

material [9–11]. During contact with the material being cut, the kinetic energy of the water-

jet with the abrasive is converted into mechanical energy of the material micro-destruction, 

and the cutting process takes place [12, 13]. Obviously, the use of the traditional abrasive 

water-jet cutting method in the food industry is not possible at all, due to the inevitable 

contamination of the product with abrasive substances. 

In hydro-jet cutting of food products, a high-velocity thin jet of fluid is used as the 

cutting unit [6, 7]. The ability to obtain the necessary hydrodynamic characteristics of the 

hydro-jet, that providing maximum productivity depends on the properties of the working 

fluid. Minimization of energy costs, first of all, should be provided by reducing of the fluid 

working pressure before the nozzle to the lowest [7]. Therefore, the choice of type and content 

of the working fluid is one of the main issues that need to be addressed when developing the 

technological process of food products hydro-jet cutting. Solution this question can be 

approached using the observed features in the hydrodynamic behavior of polymer solutions 

under longitudinal flow [14–17]. Longitudinal Velocity Gradient is realized in the inlet 

section of the nozzle [18–20]. The polymer should be a safe substance and allowed for use 

in the food industry. Such polymer can be polyethylene oxide (PEO), which is a safe 

substance and used in the food industry as a thickener, flocculant, etc. [21, 22]. Patent No. 

74609. 2012, Ukraine (Water-polymer Method of Cutting Frozen Food Products and 

Materials) indicates the perspective of cutting food products by water-polymer jet. 

The aim of the work is to establish regularities of the influence of geometric and 

dynamic parameters of water-polymer jet on the frozen food products cutting efficiency 

needed for supporting of the design and processing works of the food products hydro-cutting 

equipment. 

 

 
Materials and methods 

 
Materials: chicken fillet, hake fish, beef [7,19] and pork meat, polyethylene oxide 

solutions of molecular mass 3.106, 4.106 and 6.106 [20–22]. 

 

Experimental methods of study with the use age of: the created hydro-stand with a 

working pressure up to 500 MPa and the possibility to change and control both integral and 

differential parameters of food products cutting process by water-polymer jet; developed 
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special stands with temperature control and temperature stabilization within a wide range (up 

+20 oC to -40 oC); capillary and rotary viscometers for rheological measurements [7, 20]. The 

profilograms of the cutting surfaces in the food product were obtained by the stylus method 

of measurement. The profilograms obtained by this method allow not only to record the 

profile of the lateral cutting surface, but also to measure the parameters of roughness, 

waviness and deviation from the form. The quality of cutting surfaces in frozen food products 

was determined by using profilograph-profilometer block design with digital display of 

measurement results. This device allows to measure parameters of the roughness 
aR  from 

0.02 till 100 mkm and Hmax and Hmin from 0.1 till 1000 mkm. The device error does not 

exceed 10%. The proposed three-grade scale for assessing the quality of the lateral cutting 

surface is given in the work [7]. 

 

 

Results and discussion 
 

The criteria for assessing the efficiency of the food products cutting process by the 

water-polymer jet is the cutting depth h  and the growth rate of the lateral cutting surface 
0S  

[7, 20]. The growth rate of the lateral surface characterizes the productivity of this process 

[7]. The productivity of the process of hydro-jet water-polymer food products cutting 

depends, firstly, on power and geometric properties of the high-speed water-polymer jet, the 

mutual arrangement of the water-polymer jet and food product, hardness, cutting marginal 

stress and tensile strength under uniaxial compression of food products, sizes of cutting food 

product, and also of the molecular mass of PEO and its concentration in the water-polymer 

jet [20]. 

First, let's consider the influence of PEO concentration, and then the geometric and 

dynamic parameters of the hydro-jet on the characteristics of the process of hydro-jet water-

polymer food products cutting with different subzero temperatures. 

 

Influence of PEO concentration and distance from the nozzle section to surface of 

food product on the process of hydro-jet water-polymer cutting 

 

Experimental studies of the influence of distance from the nozzle section to the frozen 

food product cutting surface 
0l  on the cutting depth h were carried out on samples of beef 

and pork, and also of the hake fish and chicken fillet at temperatures t  from room 

temperature till -25 °C and the pressure changeΔP0 from 50 MPa till 150 MPa, nozzle 

diameter dnoz.of 0.35.10-3, 0.6.10-3 m and the speed of water-polymer jet movement relative 

to the food product sample Vm.j.of 0.015, 0.025, 0.050 and 0.100 m/s. The PEO concentration 

of molecular mass MPEO of 3.106, 4.106 and 6.106 varied from 0 till 0.05%. The distance from 

the nozzle to the food product cutting surface 
0l  varied from 2.10-3 to 100.10-3 m. 

Figure 1 shows the dependence of the cutting depth in fillet of the hake fish, with a 

temperature of minus 25 °C and the distance between its surface and the nozzle section under 

various PEO concentrations in water-polymer jet. 
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Figure 1. Dependence of the cutting depth in the fillet of hake fish on PEO concentration 

in water-polymer jet 

(t= -25 оС, ΔPo=100 МPа, dnoz.=0.6.10-3 m, Vm.,j.=25.10-3 m/s, lо=lоpt; 

МPЕО: 1 – 6.106, 2 – 4.106, 3 – 3.106) 

 

The provided material shows that the cutting depth in fillet of the hake fish increases 

quite greatly with increasing PEO concentration and molecular mass and reaches its 

maximum at some optimal concentrations. For PEO with a molecular mass of 3∙106, the 

optimal concentration equals 0.015–0.020%, and for molecular mass of 4∙106 and 6∙106 – 

0.007–0.010% and 0.0015–0.0020%, respectively. 

Data describing the influence of distance from the nozzle section to the food products 

surface, which are cutting by water-polymer jet, on the cutting depth, are given in Table 1 

(for chicken fillet), in Figure 2 (for pork meat) and in Table 2 (for beef meat). The water-

polymer jet had the PEO concentration, which corresponds to the optimum. 

The provided material shows that the dependence of the cutting depth h on the distance 

between nozzle section and frozen food surface l0 passes through the maximum. Such 

character of the dependence h  on l0 is maintained under different experiment conditions, 

that is, for all researched by us pressures of water PEO solution
0P , nozzle diameters 

.nozd

and speeds of water-polymer jet movement relative to the sample of the frozen food product 

Vm.j.. At relatively small distances from 0 to some lopt. an increase in the cutting depth with 

increasing distance from the nozzle section to the frozen food product surface is probably 

due to the fact that the process of jet formation does not stopped immediately at the nozzle 

section, but at some distance from it, equal lopt.. In this case, it should be noted that the 

distance lopt. from this point of view is rational. 
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Table 1 

An influence of distance from the nozzle section to the chicken fillet surface, which is cut by the 

water-polymer jet, speed of jet movement and nozzle diameter on the cutting depth 

 (СPEO=0,007%, МPЕО=4.106, ΔPo=150 MPа) 

 

 

 

 

 

 
Figure 2. Dependence of the cutting depth by a water-polymer jet in the meat of pork on 

the distance between its surface and the nozzle section 

(t= -7 оС; ΔPo=100 МPа; dnoz.=0.35.10-3 m; МPЕО = 4.106; 

Vm.j.: 1 і 3 – 100.10-3 m/s, 2 і 4 – 50.10-3 m/s)  
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dnoz., 

10-3 

m 

Vm.j., 

10-3 

m/s 

Cutting depth h, 10-3 m 

lo, 10-3 m 

2 2.5 3.5 4 6 10 20 60 90 

1 

-7  
0.35 

50 110 117 133 135 141 188 136 126 122 

2 100 66 71 80 81 82 85 81 75 72 

4 0.6 100 111 120 135 138 140 143 138 126 122 

5 

-25 

0.35 

25 105 123 145 142 149 151 142 136 126 

6 50 63 74 83 84 89 89 84 75 72 

7 100 38 44 50 52 55 53 44 38 37 

8 
0.6 

50 108 126 142 143 149 152 143 128 124 

9 100 65 74 84 87 92 92 75 62 56 
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Table 2 

Influence of the distance from the nozzle section to the beef meat surface, which is cut by the 

water-polymer jet, speed of jet movement and nozzle diameter on the cutting depth 

(СPЕО=0,007%, МPЕО=4.106, ΔPo=50 МPа) 

 

№
 o

f 
ex

p
er

im
en

t Temperature 

of meat 

t, oС 

dnoz., 

10-3 m 

Vm.j., 

10-3 

m/s 

Cutting depth h, 10-3 m 

lo, 10-3 m 

2 2.5 3.5 4 6 10 20 60 90 

1  

-7оС 

 

 

0.35 

 

15 76 85 96 98 103 103 98 90 86 

2 25 51 58 65 67 70 71 68 61 59 

3 50 32 34 39 39 41 41 40 37 36 

4 100 19 20 23 23 24 24 23 22 21 

5  

0.6 

50 54 58 65 66 70 71 67 62 60 

6 100 32 35 39 40 40 41 40 37 36 

7  

 

 

-25оС 

 

 

0.35 

 

15 50 58 66 68 71 72 68 62 59 

8 25 34 40 45 46 49 49 46 42 41 

9 50 21 24 27 27 29 29 27 25 24 

10 100 12 14 16 17 18 17 14 12 12 

11  

0.6 

 

25 54 68 77 79 82 83 79 72 69 

12 50 35 41 46 47 49 50 47 42 40 

13 100 21 24 27 28 30 30 25 20 18 

 

 

Experimental results, which showing how changes the cutting depth by water-polymer 

jets in the frozen food products with the distance to the nozzle section is presented in Figure 

3. The gained experimental data are described by a function having a maximum in the area 

15-20 of dimensionless distance from the nozzle. 

Dependence of the lopt. that corresponds to the maximum on the dependence curves 

h/hmax = f(lo/dnoz.), on the nozzle diameter dnoz. and the length of the initial section 

li.р.w.j.of water-polymer jet with a variation coefficient of 10-15% in a dimensionless form 

has the following form: 
lopt.

dnoz.
=

ε̇∙θ∙li.р.w.j.

5.4∙dnoz.
 

 

where   – longitudinal velocity gradient in the entrance region of the nozzle, s-1; θ –

relaxation time of water PЕО solution, s. 

When ε̇θ < 1, the initial section of the water-polymer jet . . . .i w p jl is equal to the initial 

section of the water jet . . .i w jl .This formula has the following usage limits: the water PEO 

solutions shall satisfy the Debay concentration criterion 0[ ] 1C−    [23], and the value of 

the product of the longitudinal velocity gradient   in the entrance region of the nozzle оn the 

relaxation time   of the water PEO solution, shall satisfy the condition 101    [7].   
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Figure 3. Dependence of the dimensionless cutting depth by a water-polymer jet in frozen 

food products on a dimensionless distance to the nozzle section:  

1 – beef meat, 2 – fillet of hake fish 

 

 

The increase in the distance l0 more than the lopt.as a result of the interaction of the 

water-polymer jet with air, leads to a gradual loss of the kinetic energy of the jet, its diameter 

increases, and the value of the axial dynamic effect on the sample of the food product 

decreases, leading to a decrease the cutting depth. Having reached a certain limit value of the 

distance llim. from the nozzle section to the food product cutting surface, the cutting process 

is stopped. 

 

Influence of pressure and nozzle diameter on the process of hydro-jet water-

polymer food product cutting 

 

The analysis of experimental data on the food products cutting by water-polymer jet, 

gained during the study of the influence of geometric and dynamic parameters of jets of water 

PEO solutions on the cutting depth in food products is shown (see Table 1 and 2, Figures 2 

and 3), increases with increasing pressure of water PEO solution in front of the nozzle in the 

whole range of its values. This result is explained by the fact that an increase in the pressure 

of the water PEO solution in front of the nozzle leads to an increase in the hydraulic power 

of water-polymer jet, and, consequently, to increase its cutting ability. 

The increase in diameter of nozzle hole under constant pressure of water PEO solution 

leads to an increase in the cutting depth in the food product. It is noted a character of influence 

of nozzle outlet diameter of hydro-cutting jet-shaping head on the cutting depth can be related 

to the fact, that the use of nozzles with a relatively large outlet diameter under a constant 

speed of water-polymer jet movement relative to the food product sample and pressure of 

water PEO solution in front of the nozzle, should lead to increase the amount of energy per 
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unit of the food product cutting surface. A similar character of pressure influence 
0P  and 

nozzle hole diameter 
.nozd on the cutting depth h  has been observed also when cut samples 

of beef and pork meat at a temperature of liquid nitrogen -195.8 оС [7], as well as cutting of 

frozen minced fish, fillet of hake fish and chicken. However, in the works [4,5], there are 

other data indicating inverse relation between of the influence 
.nozd  on the cutting depth, 

especially when thin polymeric materials cut by water jet. Thus, there is a reason to assert, 

that nowadays it is not fully found out the character of change of the cutting depth in the 

various materials from the nozzle hole diameter, even when cut by a water jet [7], and 

moreover – by water-polymer jet.  

Considering the question on finding the rational nozzle outlet diameter of hydro-cutting 

jet-shaping head, it is also necessary to take into account that high-pressure water-polymer 

[7], as with water jets [6], of small diameter, are subject to faster decomposition and with 
3

. 0.05 10nozd −  m the process of hydro-cutting practically stops An increase of the nozzle 

diameter leads to increase of flow rate of water PEO solution, and, consequently, increases 

energy costs for the formation of a water-polymer jet. 

At the same time, we gained the experimental data from the hydro-jet water-polymer 

frozen food products cutting, which is given above and the results of the water-cutting [6,7], 

convincingly show that the cutting depth of the relatively thick food products increases with 

the increase in the hydraulic parameters of water-polymer jets and increase nozzle outlet 

diameter of hydro-cutting jet-shaping head from 0.2.10-3 till 0.8.10-3 m. These contradictions 

can be related to the structural and dynamic characteristics of high-speed water-polymer jet. 

The gained experimental data also show the following: achievement of the same food 

products cutting depth (in the range from -7oC to -25 oC), enough the pressure of the water-

polymer jet is only 45–65% of the water jet, and vice versa, under the same initial pressure 

there is an increase in depth and cutting speed by water-polymer jet in 1.5–2.5 times, 

indicating a special mechanism of its interaction with the food product. 

 

Speed effect of high-speed water-polymer jet movement on the hydro-cutting 

process 

 

To determine the optimal conditions for the realization of the process of hydro-jet water-

polymer food products cutting that provide high productivity of the process [7, 20], the 

surface quality and shape of the cutting, it is necessary to establish the rational speed of water-

polymer jet movement relative to a food product that is cut, which depends on the parameters 

of the leak of the water-polymer jet from the nozzle, and provides the correct shape and high 

quality cuts. 

Typical results of experimental studies of the process of hydro-jet water-polymer food 

products cutting are given on Figure 2, Tables 1 and 2. It is seen that the character of the 

change of dependence of the cutting depth in pork meat, fillet of broiler chicken and beef 

meat h from the speed of jet movement of water PEO solution . .m jV , relative to food samples, 

is qualitatively the same under different temperatures. An increase in the speed of the water-

polymer jet movement Vm.j.for water pressure of 50–150 MPa in front of the nozzle leads to 

a decrease in the cutting depth in the food product. The decrease in h with increase in Vm.j., 

can be explained by the fact that under low speeds of the water-polymer jet movement, the 

density of energy spreading of the jet per unit of the cutting length is large. As a result, a 

greater cutting depth is formed in the food product than at high speeds of movement. For 
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large Vm.j., the density of energy spreading of the water-polymer jet decreases, and thus, 

decreases the cutting depth. 

It is worth noting that the decrease in the food product temperature, that is, an increase 

in the tensile strength for uniaxial compression, in other conditions is equal, take place 

corresponding decrease in the food product cutting depth [7]. This is due to the fact, that the 

cutting of stronger food products samples requires higher specific energy consumption. 

Table 3 shows the width of cuts b by high-speed jet of water PEO solution in frozen 

beef depending on the distance between the nozzle section and the food product surface for 

different water pressures and nozzle outlet diameters. The gained experimental data show 

that with the increase in the distance between the nozzle and the food product surface, the 

cutting width varies. It is seen that with increasing of nozzle diameter and distance between 

nozzle and food product surface, the cutting width b increases. The dependence of the cutting 

width on the distance between the nozzle cut and the food product surface, that corresponds 

to the data given in Table 3, with reasonable accuracy, coincides with the dependence, which 

describes the change in the diameter of the water-polymer jet from the distance to the nozzle 

section. Experimental results given in Table 3 show that the cutting width b b  in the 

investigated range 
0l  practically does not depend on the pressure of the water PEO solution 

in front of the nozzle ΔP0.  

 

 
Table 3 

Cutting width during hydro-jet water-polymer cutting of frozen beef meat, depending on the 

distance between the nozzle section and the cutting surface 

 

 

 

Experimentally confirmed independence or very weak dependence of the width b on 

the pressure 
0P  and speed of the water-polymer jet movement relative to the food product 

sample . .m jV , may indicate a self-similar mode of leakage of water PEO solution from the 

nozzle. 

For food products there are no objective methods for assessing the quality of lateral 

surfaces of cuts. In our experiments, the estimation of the quality of the lateral surfaces of 

the cuts during the hydro-jet water-polymer food products cutting was made visually, as well 

as using the profilograph-profilometer. It was established experimentally that the quality of 

cutting surface (in accordance to the evaluation criteria [7]) in the frozen food products 

№ of 

experiment 

Temperature 

of meat 

t, oС 

ΔPo, 

МPа 

dnoz., 

10-3 

m 

Vm.j., 

10-3 

m/s 

Cutting width b, 103 m 

lo∙103, m 

5 10 20 50 90 

1  

-7 

 

100 
 

0.35 

15 0.35 0.36 0.37 0.40 0.47 

2 100 25 0.36 0.37 0.38 0.42 0.48 

3 50 15 0.35 0.36 0.37 0.41 0.48 

4 
 

-25 

 

100 0.35 
15 0.36 0.37 0.37 0.42 0.47 

5 25 0.36 0.37 0.38 0.42 0.47 

6 100 0.60 15 0.61 0.63 0.65 0.71 0.80 

7 50 0.60 15 0.61 0.65 0.67 0.73 0.84 
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improves with the increasing in speed of the water-polymer jet, cutting speed up to the 

rational value . . .rat m jV , and, deteriorates with increasing in the nozzle diameter. A forming cut 

in the process of water-polymer frozen food products cutting under a very low cutting speed 

( . . . . .m j rat m jV V ) has the profile of A-shaped form, whereas under a high cutting speed (

. . . . .m j rat m jV V ) the profile of the cut has a weakly pronounced V-shaped form. Cutting food 

products by a water-polymer jet under a speed close to its rational value leads to the formation 

of a cut of the П-shaped form. 

When increasing distance between the nozzle and the surface of food product sample, 

which is cut, cutting width increasing due to the widening of the water-polymer jet, thus, the 

contact area of the jet with the food product also increasing, what is, in addition to other 

constant parameters of the water-polymer jet leak, reduce specific cutting pressure and 

increase the food product volume, which is removed per time unit, thus reducing productivity 

of the process of hydro-jet water-polymer cutting. 

 

 

 
Figure 4. Photos of the cutting surfaces by the hydro-jets in a frozen pork meat:  

a – the water-polymer jet, b – the water jet 

(СPЕО=0.007%, МPЕО=4.106; lo = lоpt; ΔР=100 МPа, Vm,j=25·10-3 m/s,  t= -25 °С) 

 

 

 

The Figure 4 shows the pictures of cutting surfaces in frozen pork meat related to "high-

quality" cutting (a) and "equel-quality" cutting (b). Experimental data show, that the quality 

of the frozen food product cutting surfaces when it is cut by a water-polymer jet is 

significantly higher than when it is cut by a water-jet.  

 

  
 

a 

  
 

b 
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Conclusions 

 

1. It was determined that the cutting depth in the food product increases quite greatly with 

increasing PEO concentration and molecular mass and reaches its maximum at some 

optimal concentrations. For PEO with a molecular mass of 3∙106, the optimal 

concentration equal to 0.015–0.020%, and for molecular mass of 4∙106 and 6∙106 – 

0.007–0.010% and 0.0015–0.0020%, respectively. 

2. It has been found that the intensification of the frozen food products water-cutting 

process due to the PEO impurity in the water-jet allows to reduce the rational working 

pressure in 3–4 times, that allows to considerably reduce the cost of the water-cutting 

equipment. 

3. It is experimentally proved that the quality of surfaces of cuts in food products improves 

with the increasing speed of the water-polymer jet, cutting speed up to the rational value 

and gets worse with increasing of the nozzle diameter. 

4. The interpretation of the experimental data, gained from the influence of water-jet 

polymeric impurities concentration in water jet, geometric and dynamic parameters of 

water-jet on the characteristics of the food products water-cutting process, requires 

study of structural changes occurring in the water-polymer jet under different modes of 

its leak from a nozzle, as well, as the degree of force of the water-polymer jet on barrier. 
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