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Abstract

A scientifically grounded hydrodynamic calculation method for determining the optimal parameters of food
product cutting using a water-polymer jet has been developed. This method is based on an established criterion
that incorporates the relaxation time of the polymer solution and the longitudinal velocity gradient, which occurs
during the flow of the polymer solution through the nozzle of the hydro-cutting head. An analytical expression for
the relaxation time of the polymer solution has been derived, linking the experimentally observed relaxation time
with the extrapolated relaxation time at zero concentration. The validity of this relationship, which connects the
relaxation time of the polymer solution with its concentration, temperature, and characteristic viscosity, is
confirmed by experimental data on the concentration dependence of the relaxation time for two fractions of
polyethylene oxide in water.The developed method for calculating the optimal parameters of food cutting using a
water-polymer jet enabled a significant reduction in the working pressure of the hydro-cutting machine - by 4 to 5
times - through the implementation of a high-efficiency cutting process. Under equal conditions, the cutting depth
of frozen pork at -25 °C was increased by 2 to 2.3 times compared to water jet cutting, whereas standard equipment
achieved only a 1.85 - fold increase. The experimental prototype of the hydro-cutting machine for food products
using a water-polymer jet was 10 times less expensive than industrial-grade equipment. The developed method for
calculating the optimal parameters for hydrojet water-polymer cutting has confirmed the practical feasibility and
economic efficiency of using a water-polymer jet for cutting food products, particularly for deeply frozen products,
by implementing a high-efficiency hydro-cutting process.
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PIBAHHA XAPYOBUX ITPOAYKTIB BOJOINIOJIIMEPHUM CTPYMEHEM: HAYKOBO-
INPAKTUYHI ACIIEKTH
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AHoTanisa
HaykoBO OGI'PyHTOBaHMH TiApoAUHAMIYHUI PO3paxyHOK ONTHMaJ/IbHUX NapaMeTpiB NpoLecy pi3aHHS Xap40BHUX
NPOAYKTIiB BOAONOJIIMEPHMM CTPyMeHEM 3 BHUKOPHMCTAaHHAM BCTAaHOBJIEHOrO KpHTepil, A0 fAKOro BXOAATH 4Yac
pesiakcanii po3uMHy mnoJiiMepy Ta NO3AO0BXKHiil rpaji€eHT WIBUAKOCTI, SIKMA peaJsli3yeTbcA MNij 4Yac NPOTiKaHHA
NOJIIMEPHOr0 PO34YMHY 4Yepe3 COIUIO TrifpopisasibHOI rojiBku. g 4acy pesakcanji MmoJiMepHOro poO34YHHY
OTPUMAaHUiIl aHAJITUYHMNA BUpa3, IO 3B’AI3y€ eKCIepHMMEeHTa/JbHO CIOCTepiraeEMMi 4ac peJsakcaunii mosjimMmepHoro
PO34MHY 3 YaCOM peJiakcauii 3a ekcTpanoJAunii 40 Hy/1b0BOi KOHIleHTpauii. CnpaBeAJIMBiCTh 3HAWAEHOr 0 CHiBBiJHO-
HIeHH$, 10 3B’I3y€ Yac peJiaKcanji mojiMepHOro po34MHy 3 KOHIleHTPalli€lo, TeMIepaTypolo Ta XapaKTe pUCTUYHOI0
B'AI3KiCTIO, MiATBEePAKYIOTh pe3y/ibTaTH AOCAiAKeHb KOHIleHTpaLiiiHol 3a/1eKHOCTI yacy peslakcanii ABox ¢ppakmii
NMoJlieTHIEHOKCUAY B BoAi. Po3po6ieHnit MeTo/, po3paxyHKy ONTHMMAJIbHUX NapaMeTpiB ripopisaHHA Xap4oBHX
NPOAYKTIB BOJONOJIIMEPHUM CTPYMEHEM J03BOJUB Ha eKCIepUMEHTaJbHOMY 3pa3Ky rigpopi3ajbHOi MallMHU
3HU3UTH palioHAJILHUHA po6o4uii TUCK y 4-5 p, i 3a piBHMX yMOB B 3aMopoxkeHOMY A0 -25°C M’sici CBUHUHM
nepeBMIIUTH T'JIMOMHY pi3y BOJASIHMM CTpyMeHeM B 2-2.3 p, a 3 BUKOPMCTaHHSM CTaHAApPTHOIO 0GJIafiHAHHA -
TiJibKU B 1.85. JlocnigHuii 3pa3oK MallMHU AJIA TiApopi3aHHA Xap40BHX NPOJAYKTiB BOAONOJiMEPHUM CTPyMeHeM
Komitye B 10 p MeHIIe, Hi>k NPpOMUC/I0Be 06JaJHAaHHA. Po3po6/ieHnil MeToA A03BOJIMB 32 PaxXyHOK peaJiisanii
BHCOKOe () EeKTHBHOI'O Npouecy ripopizaHHa miJATBepAUTH NPAKTUYHY JOLiJBHICTh TAa €KOHOMiYHY e eKTHUBHICTb
pi3aHHA BOJ0ONOJIiMEPHUM CTPYMeHeM Xap4OBHX NPOAYKTiB, 0COG/IUBO NPOAYKTIiB I/IMG0KOT0 3aMOP 0Ky BaHHS.
Karouosi caosa: yac pesiakcanii; mo30BXKHIN TpafieHT IBUAKOCTI; CTPyMiHb; TUCK; N0JlieTeJIeHOKCU/L; Xap4yoBi NPOAYKTH.
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Introduction

Modern food industry technologies aim at
continuously improving production processes,
specifically reducing energy consumption,
enhancing product processing quality, and
lowering the cost of final products [1; 2]. The 20-
th century introduced numerous groundbreaking
discoveries to humanity, including water jet
cutting technology, which was considered
revolutionary three decades ago. Today, this
technique is widely applied in various industries.
When a thin water jet increases its velocity and
energy to erode a material, it can effectively cut
through any material [3; 4]. Therefore, water jet
cutting has the potential to serve as an
alternative method for processing food products,
particularly at low temperatures. The high
technological advantages of the hydro-cutting
method compared to traditional -cutting
techniques are the main reason for its extensive
use. However, the lack of comprehensive
scientific studies on the process of food water jet
cutting and the development of corresponding
equipment limits its adoption in the food industry
[2; 5]. This method holds significant potential for
scientific innovation.

One of the key advantages of water jet
technology is the computerized control of the
cutting process, which enables 3D food
processing. By utilizing servo mechanisms, the
water jet cutting head can process food products
from multiple angles, making cuts of any
complexity, at any location, and allowing for
programmed adjustments in the parameters of
hydro-cutting. This approach streamlines the
traditional robotic conveyor line for primary
processing into one or more processing points,
where the water jet cutting head can perform
multiple operations simultaneously [2; 6].

When hydro-cutting food products, a high-
speed thin jet of liquid serves as the cutting tool.
The properties of the working fluid play a crucial
role in determining the water jet's ability to
achieve the necessary hydrodynamic
characteristics that ensure optimal productivity
and the highest cutting surface quality while
minimizing energy consumption for jet formation
[7; 8]. Reducing energy costs should primarily
focus on lowering the working pressure of the
fluid at the nozzle inlet to its minimum possible
value while still meeting the technological
requirements for cutting the product. Thus,
selecting the type and composition of the
working fluid is a critical factor in developing the
technological process for water jet cutting of

deep-frozen food products. The relevance of this
work is also highlighted by the fact that lowering
the temperature of meat, fish, and other food
products to -11 °C makes it impossible to use
hydro-cutting at pressures below 250-300 MPa,
while using higher pressures is economically
impractical [5; 9].

One of the innovative directions for improving
hydro-cutting technology is the use of a water-
polymer jet as the working fluid for cutting food
products [10]. Due to its unique properties, the
water-polymer jet enables significant efficiency in
cutting food products, especially frozen products,
which present a challenge for traditional
processing methods. Hydro-cutting is a process in
which a powerful water jet is used to cut
materials. However, the addition of polymers to
the water opens new opportunities to enhance
the efficiency of this process. A water-polymer jet
combines high velocity with the specific
properties of polymer solutions, which
significantly improve the cutting characteristics
of the jet. The uniqueness of this technology lies
in its ability to reduce working pressure and
energy consumption during the cutting of food
products while maintaining or even improving
the quality of the results. This makes the cutting
process more economically viable and energy-
efficient.

Through comprehensive studies of the
hydrodynamic processes occurring during the
passage of a water-polymer solution through the
nozzle of the jet-forming head, the nature of the
high efficiency of hydrojet water-polymer cutting
of food products was revealed. This efficiency is
attributed to the deformation effects that arise
during the flow of the solution through the nozzle
of the hydrojet's jet-forming head [11; 12]. This
comprehensive research allowed the formulation
of a new structural concept, whose "common
denominator" is the strong deformation impact of
the hydrodynamic field on the polymer
macromolecules. This deformation immediately
triggers rubber-like properties, while the
resulting associates - regardless of their nature -
exhibit a kind of rubber-like high elasticity.The
scientifically grounded approach to developing
the technology for hydrojet water-polymer
cutting of food products lies in utilizing the
rubber-like properties of the polymer solution,
which can arise under certain flow conditions
through the nozzle of the jet-forming head.

A high-speed water-polymer jet represents a
"reinforced” liquid jet with highly extended
macromolecular chains and supramolecular
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structures formed under the influence of
extensional flow [13; 14]. This leads to an
increase in the compactness of the jet [10; 15-
18]. The enhanced compactness of the water-
polymer jet contributes to an increase in its
cutting ability.

Furthermore, hydro-cutting technologies offer
several advantages over traditional mechanical
methods of cutting food products. These include
reduced thermal impact on the product,
preservation of its structural and taste
characteristics, and the absence of tools subject
to wear and tear [19]. Notably, the process of
water-polymer cutting enables food products to
be cut at lower pressure, significantly reducing
energy consumption in production and extending
the service life of equipment [10; 18].

Thus, the relevance of research on water-
polymer cutting lies in the need to develop new
approaches to optimize this process, aiming to
improve the efficiency and profitability of
production processes in the food industry.
Understanding the mechanisms of
supramolecular structure formation in water-
polymer solutions [17] makes it possible to
create scientifically grounded methods for
calculating jet parameters that ensure maximum
productivity and quality in food processing.

The formation of dynamic supramolecular
structures during the flow of a polymer solution
through the jet-forming nozzle depends on the
diameter of the nozzle's outlet, the entry angle
into the outlet, the hydrodynamic flow regime of
the solution, and the polymer's concentration and
molecular weight [10; 11; 17]. Not all of these
parameters can be strictly quantified, and
therefore, when predicting optimal technological
parameters for hydro-jet  water-polymer
processing of food products, it is necessary to use
not only precise engineering calculations but also
empirically derived criteria.

The purpose of this study is to develop a
scientifically grounded method for calculating the
optimal parameters for high-efficiency hydro-
cutting of food products using a water-polymer
jet. This method accounts for the hydrodynamic

characteristics of the process and the
physicochemical properties of the polymer
solution.

Expererimental part

Materials and Methods

Materials. Pork meat frozen to -25°C. Meat
samples were obtained by cutting muscle pieces
from an adult pig of medium fatness, which were

then combined into the desired sizes [10]. As the
water-polymer jet, polyethylene oxide solutions
with molecular masses of 2.5-109, 4-106, and 6-106
were used [20].

Experimental methods of study involved the
use of a custom-built hydro-stand capable of
operating at a working pressure of up to 500
MPa, with the ability to modify and control both
integral and differential parameters of the food
product cutting process using a water-polymer
jet [10; 18]. The practical feasibility of applying
the developed method for calculating the optimal
parameters of the water-polymer jet cutting
process to enhance its efficiency was
substantiated by experimental results obtained
using a prototype of a universal hydro-cutting
machine MCWPJ-100 (water-polymer jet cutting
machine), shown in Figure 1.

Fig. 1. Experimental prototype of a universal
machine MCWPJ-100 for water-polymer jet cutting of
food products

The water-polymer jet food-cutting machine is
designed to be table-mounted. It includes a pump
with a pressure capacity of up to 100 MPa, a
receiver, and a tank for the working fluid, which
is a polymer solution. To achieve the required
low temperatures (ranging from 20 °C to -40 °C),
a customized thermostatization and cooling
system was utilized [10;11]. Temperature
stabilization was maintained at the specified level
with a precision of +0.1 °C.

Results and discussion

One of the main challenges in developing new
approaches to optimize the water-polymer jet
cutting process for food products is determining
the hydrodynamic parameters of the water jet
that ensure maximum performance. These
hydrodynamic parameters depend on the optimal
ratio between the nozzle outlet diameter, the
entry angle into the nozzle, and the speed of the
water-polymer jet. These parameters are
primarily influenced by the design of the jet-
forming head and the hydrodynamic flow regime
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of the solution, its concentration, and the
polymer's molecular weight.

The hydrodynamic calculation of the jet-
forming head's operating modes is based on an
established criterion [21; 22]

¢-0,2De,, (1)

which includes the relaxation time of the polymer
solution ¢ (the characteristic time of the

polymer solution) and the longitudinal velocity
gradient ¢, under which dynamic supramolecular
structures form in the solution. Equation (1)
should be interpreted as the Deborah number,
since the reciprocal of the longitudinal velocity
gradient is essentially the timescale of the flow
[21]. Thus, the calculation reduces to determining
0, and € .

The relaxation time can be calculated, and an
analytical expression relating relaxation time 6,

to the concentration, temperature, and molecular
characteristics of PEO will be derived below. The
change in viscosity of an aqueous solution (in
g/sm-c) upon the addition of macromolecules
follows the law below [23; 24]:

ne =ne’", (2)
where 1 - the viscosity of water (in g/sm-c), y

- the volume fraction of macromolecules.
In turn [23; 24]:
3
<hz>é

[n]o =F ™ 3)

Here, F; - is the Flory constant, and <h2> -is

the root-mean-square distance between the ends
of the macromolecular chain. Assuming that the
root-mean-square radius of the macromolecule

v
=35F, =2 4
[n), =35F, = @)
or, when F, >1.71023 [23]
D0
=9 5
[no =35 5)

where v, — is an effective molar volume of the

macromolecule in a polymer solution at infinite
dilution.

The volume fraction occupied by the polymer
macromolecule can be expressed as:

Vi =0, Ny, (6)
where v, - is the molar volume of the
macromolecule at a given polymer concentration
in the solution; N is the number of moles per

unit volume.
Then, considering formula (5), we can write:

L
=—<.M.n_ = .C, 7
Vi =3 Mo =[] 7

where [n]. - is the so-called current intrinsic
viscosity (in g/sm-c), i.e., the intrinsic viscosity at
a given polymer concentration in the solution (in
g/sm3), M-n, is the polymer density expressed
in g/sm3. From this, we derive:
nf-C
Me = nse[ k
or
n
In=== Ir”7re| = [n]c -C-
s
The relaxation time is related (when extrapolated to zero c
M[Tl]ons )
RT®
The concentration dependence

0p = A

Inm, in
general form according to Fig. 2, is expressed as:

3 a
<R2> =%<h2>and its volume v, :%n<R2>A, Inm,, = ([n]o 'C) . (11)
instead of equation (3), we write:
/
0.5 4 D/.O(D'o
7
T /
7
3 /
s 0 /
20 1 -0
// 2-e@
>
-0,5 0 0,5 1,0
lg([nlo - ©) —=

Moo 1-4-10% 2 -25-10°

Fig. 2. The dependence of the relative viscosity of aqueous PEO solutions on concentration
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Using equation (9), we obtain:

). = M (12)

The results obtained in the work [23] suggest
that equation (10) can be generalized for the case

of semi-diluted solutions by replacing [n]o with
[n]c , and ng - with the viscosity of the aqueous
PEO n. Then, we get:

o, = aMnkne
RT®
Using equations (9), (12), and substituting
into  (13), after some  straightforward

transformations, we obtain:
Minjp -m
[ ]OO S ([T]]
RT
Considering  equation  (10), denoting
[n]o -C =k and substituting into (14), we get:

ec = A 0 _C)a—le([n]OC)a

0, =0k ek

The analysis of experimental data (Fig 2)
shows that in the range of low concentrations,

when k<1, the following holds true:
20

Innrel = k'

And at higher concentrations, when k>1, the
following holds true:

II"”ﬂlrelzk%'
It is important to emphasize that the

transition from a dilute to a concentrated
solution regime is defined not by an absolute
concentration value, but rather by a

dimensionless parameter K = [n]o -C. The region

of low concentrations (dilute solutions) is(tl3g
region where k < 1. The region of high
concentrations (concentrated solutions) is the
region where k > 1.

Using equations (15), (16), and (16a), we
obtain:

0, at k<1
.= ok : (17)
c e
00 W at k>1

The dependence of 6,/6, on [n]o -C for PEO

with two molecular weights in water is shown in
Fig. 3.

o =)

[==J f==]

M],C —=

. 6 6
Mpeo:1-4-10°,2-25-10

Fig. 3. Dependence 5 on concentration PEO of aqueous solutions

0

The solid line represents the curve obtained
according to equation (17). It is evident that the
experimental data points for the corresponding
concentration range align satisfactorily with the
calculated curve. Thus, equation (17) allows the
calculation of the relaxation time of aqueous PEO
solutions based on known  molecular
characteristics of PEO. The effect of temperature
in this expression is accounted for by the
temperature dependence of O, and k.

The longitudinal velocity gradient that occurs
in the inlet section of the nozzle orifice when a
polymer solution flows through it is quite difficult
to calculate precisely. For design and
computational studies of the nozzle (and other
elements) of the hydro-cutting jet-forming head,
the problem can be simplified to the steady-state
flow of a Newtonian fluid in a converging section
(a cross-sectional view of the nozzle part of the
jet-forming head is shown in Fig. 4).
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Fig. 4. Cross-sectional view of the inlet section of the nozzle part of the hydro-cutting jet-forming head:
a) - Nozzle schematic; b) - Nozzle of the prototype hydro-cutting machine MCWPJ-100;
c) - Nozzle of existing hydro-cutting equipment

The natural limitation of using the relationship
for the velocity gradient, obtained from solving
the problem of Newtonian fluid flow in a
converging section, to calculate € in the flow of
an aqueous PEO solution is determined by the
flow rates and entry angles. Beyond a critical
value, the formation of supramolecular structures
in the aqueous polymer solution becomes
apparent. Although for subcritical flow regimes of
aqueous PEO solutions, the calculated maximum
longitudinal velocity gradient will be somewhat
overestimated, because the addition of PEO,
although not significantly, reduces the
longitudinal velocity gradient even in subcritical
regimes [12; 22]. Therefore, the critical Deborah
number De,,in this case will differ from the

value of 0,5 obtained by Zimm [25]. Thus, Dey,

the critical Deborah number must be determined
experimentally. The critical (imaginary) Deborah
number is taken as the value at which the cutting
ability of the water-polymer jet exceeds that of
the water jet.

The exact solution to the flow equation in the
converging section was obtained by Boyko and
Insarova [26]. Using this solution for the
practically relevant flow rates, the expression for
the longitudinal velocity gradient in the inlet
section of the nozzle of the jet-forming head for

not too large BO (Bo < g} can be written as:

BO
fn—— 2, (18)
K- dnoz
where Q is the outflow velocity of the polymer
solution, K - is the permeability coefficient of the

nozzle of the hydro-cutting jet-forming head, d

is the diameter of the nozzle exit hole, B° - angle

measured as indicated in Fig. 3.

Substituting equations (17) and (18) into
equation (1), the condition for the formation of
dynamic supramolecular structures in aqueous
PEO solutions upon their flow through the nozzle,
which must be satisfied when designing the

configuration of the nozzle (and other elements)
of the hydro-cutting jet-forming head, takes the

following form, when [n]o -C<1:

gexp{([nk ) f2Q1g ") ;
3 >De,, atp’<=
anZ 2

.(19)

Since the critical Deborah number is

determined experimentally, it is not an error to
replace K-d,, with dmz3 in equation (19).

According to experimental data obtained by
Pogrebnyak A. et al. [10], the critical Deborah
number can be considered equal to 1.0. This
value of the critical Deborah number was
empirically derived for practically significant
concentration ranges (0.001 %-0.05%) and
molecular weights (2.5:10¢, 4-10¢, and 6-10¢) of
aqueous PEO solutions.

From the obtained relation (19), it follows that
the ability to form dynamic supramolecular
structures during the flow of an aqueous PEO
solution increases with an increase in the angle of
entry into the nozzle opening of the hydro-cutting
jet-forming head, the jet speed, the concentration,
and the molecular weight of PEO, as well as with
a decrease in the diameter of the nozzle opening.
Therefore, the necessary condition for realizing
the increased cutting ability of the water-polymer
jet is the fulfillment of condition (19). The
calculation of other elements (diameters of the
supply channel and inlet openings) of the hydro-
cutting jet-forming head, in terms of their
influence on the formation of dynamic
supramolecular structures, can be done based on
the calculated parameters of the nozzle. It is
obvious that the longitudinal velocity gradient
during the flow of the aqueous PEO solution
through any elements of the hydro-cutting jet-
forming head, except for the entry section of the

nozzle, should not exceed the value given by the
following expression écr . So, optimizing the

cutting process involves balancing concentration
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C, molecular weight M of PEO and the

longitudinal velocity gradient € .

The developed scientifically grounded method
for calculating the optimal parameters of hydro-
cutting food products with a water-polymer jet
has enabled the reduction of the rational working
pressure by 4-5 times compared to the pressure
used in water jet cutting. This has made it
possible to design and manufacture a prototype
of a universal hydro-cutting machine, shown in
Fig. 1, with a cost 10 times lower than the cost of
standard hydro-cutting equipment. The nozzle
part of the prototype hydro-cutting machine is
shown in Fig. 4. The optimal parameters for
hydro-cutting food products with a water-
polymer jet, which were implemented using the
proposed calculation method that takes into

account the hydrodynamic characteristics of the
process and the physicochemical properties of
the polymer solution, were realized.

The investigation of the effect of polyethylene
oxide (PEO) concentration with a molecular
weight of Mpgo = 6:106 in the water-polymer jet
on the cutting depth in pork samples at a
temperature of -25°C and -7°C, a pressure of AP,
= 100 MPa, and a jet speed of Vp; = 0,05 m/s
showed that the cutting depth increases sharply
with an increase in the PEO concentration in the
water-polymer jet, reaching a maximum at an
optimal value of Cpgo= 0.008% [10].

Experimental results characterising the effect
of the distance from the nozzle cut to the surface
of pork meat cut by water-polymer and water jets
on the depth of cut are presented in Table.

Table

The effect of the distance from the nozzle cut to the surface of frozen pork meat
cut by water-polymer and water jets on the depth of cut
(Cpeo = 0.008%, Mpro=6-106, AP, = 100 MPa, ds = 0.60-103 m, V,;= 0,05 m/s)

The
temperature of

The depth of cuth, 103 m

the meat t, oC

The distance from the nozzle cut to the meat surface lp, 10-3m

2.0 3.5 4.0 6.0 10.0 20.0 60.0 90.0
A water-polymer jet
-25°C 73 90 95 101 101 95 90 86
-7°C 113 134 136 145 145 138 128 124
A water jet
-25°C 50 61 65 69 64 54 41 35
-7°C 78 92 94 100 92 79 59 53

It can be seen that across the entire
investigated range of distances from the nozzle
cut to the pork meat surface under these optimal
conditions, the cutting depth of the water-
polymer jet in frozen pork at -25°C and -7 °C
using a prototype of the hydro-cutting machine is
~ 1.5-2.5 times greater than the cutting depth
achieved with water jet cutting. In contrast, when
using a standard industrial unit, the cutting depth
is only 1.85 times greater (Pat.74609 Ukraina
(2012), Byul. 12. Water-polymer cutting method
for frozen food products and materials).

Conclusions

1. The developed scientifically grounded
method for calculating the optimal parameters of
water-polymer jet cutting of food products has
allowed, through the implementation of a highly
efficient food cutting process, to reduce the
rational working pressure by 4-5 times
compared to the pressure used in water jet
cutting. This has enabled the development and
manufacture of a prototype universal hydro-

cutting machine at a cost 10 times lower than
that of existing hydro-cutting equipment.

2. A universal high-efficiency hydro-cutting
in 3D mode machine MCWPJ-100 using a water-
polymer jet has been proposed. Experimental
testing of the machine demonstrated the high
efficiency of the hydro-jet water-polymer cutting
process for pork meat frozen to minus 25 °C,
confirming the practical feasibility and economic
effectiveness of water-polymer cutting of food
products. This also validated the reliability of the
developed method for calculating the optimal
parameters of high-efficiency hydro-cutting of
food products with a water-polymer jet, which

takes into account the  hydrodynamic
characteristics of the process and the
physicochemical properties of the polymer
solution.

3. The use of polymer solutions as the
working fluid requires further research on the
interaction between the water-polymer jet and
the food product being cut in order to obtain a
computational dependence of the cutting depth in
the food product on its strength, the optimal
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distance between the nozzle cut and the food hydraulic and operational parameters, movement
product surface, the nozzle diameter, polymer
concentration and molecular weight, as well as
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