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RHEOLOGY IN STANDARDIZED
FOOD FORMATION PROCESSES

The article examines the formation of food products,
particularly meat-based ones, produced from structured raw materials.
The quality of the forming process is of critical importance and
depends on the physico-mechanical properties of the raw materials
(viscosity, plasticity, adhesion) and the correct selection of
technological parameters.

Standardization plays a key role in this process, ensuring
consistency in the requirements for raw material composition,
equipment parameters, and production conditions. National (DSTU)
and international (ISO) standards define the norms for the rheological
characteristics of food masses, forming accuracy, sanitary
requirements, and permissible thermal and mechanical loads.
Adherence to these standards enables consistent product quality,
safety, and efficiency in the production process.

Further research into forming processes should be based not
only on the physicochemical properties of the mass but also on the
requirements of current standards regulating food production under
industrial conditions.

The article presents the results of theoretical and
experimental studies on the compression mechanism of concentrated,
comminuted food raw materials, taking into account the
standardization requirements for product forming processes. To model
the behavior of food masses, the Kelvin body rheological model was
selected, which accounts for the viscoelastic properties of the
systems. This approach allows the behavior of products during
deformation to be formalized in accordance with the standard
technological parameters outlined in regulatory documentation for
meat products.

The research results, demonstrating the relationship between
deformation and the duration and conditions of loading, were
presented graphically. For the first time, the mechanism of residual
plastic deformation was scientifically substantiated, and a
mathematical model was developed for its calculation, which enables
its consideration in quality control systems in accordance with current
standards.

These approaches can be integrated into standardized
methods for monitoring and optimizing forming processes in the food
industry.

Key words: formation of food products, deformation of

dispersed systems, rheology, mathematical modelling of
deformation, residual deformation, standardization, quality
control.

Introduction. Molded meat, confectionery,
dairy products and many other products obtained from
pre-crushed raw materials occupy a significant share
in the production of food products. In the technology of
such products, raw materials with various cohesive
and viscous-elastic-plastic properties are used, as well
as special technological equipment with working
bodies of various designs, the principle of work of
which includes a compression mechanism.

Depending on the technology of molded food
products, crushed raw materials are loaded into the
mold and compressed with a piston during linear or
other devices during volumetric deformation. During
volumetric forming, compression is carried out in
special devices that ensure the all-round effect of the
force load. Compression, both linear and volumetric,
can be with a change in the volume or shape of the
product and with or without mass loss.
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The complexity of modeling the processes
of formation of dispersed food systems is that their

Fig. 1. Samples of molded products of the
same weight and different volumes

rheological properties change during deformation,
which makes such systems not always obey the
classical laws of rheology. This complicates the
development of unified approaches to their
processing and formation. Improving the
mechanism of food formation and improving their
quality remains a relevant scientific and technical
task.

The solution of this problem is possible by
conducting fundamental studies of mechanisms of
deformation of concentrated dispersed systems
with  the  simultaneous development and
implementation of standardized methods of
evaluating their rheological characteristics. This
approach allows to ensure the unity of
technological requirements, the reproducibility of
the results and the conformity of products to the
current standards (DSTU, I1SO), which is especially
important in the conditions of serial production and
quality control.

Purpose and methods of the research.
The purpose of the study is to model and optimize the
process of formation of concentrated food dispersion
systems to determine the optimal compression modes
taking into account the rheological and adhesive
properties of the common phase to present new
results of theoretical studies of the relationship
between the rheology of crushed food. The practical
purpose of the study is to provide recommendations
for determining the amount and rate of deformation
required to optimize the formation of crushed raw
materials with various structural and mechanical
properties during its loading and unloading, obtaining
high quality structured foodstuffs, in accordance with
standards.

During the research, the methods of
mathematical, physical and analog modeling of the
structural and mechanical properties of food
dispersion systems, theoretical developments of
engineering rheology and rheodynamics were used.
Mathematical modelling was performed using the
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methods of symbolic computer mathematics "Maple",
the research results are presented in the form of the
mathematical equations and 3D graphs.

Presentation of the main material. In the
technology of molded food products, various raw
materials with viscous - elastic - plastic properties are
used together with special technological equipment
with working bodies of various shapes, the principle of
which includes a compression mechanism [1, 2, 11,
15, 16].

The conducted analytical studies had proved
that the quality of the finished molded products directly
depends on the adhesive properties of the raw
materials, the modes of deformation and the structural
features of the technological equipment.

The most common technological equipment
is in which raw materials are loaded into a mold and
compress with a piston during linear or other devices
during volumetric deformation [8, 9]. During the
volumetric forming, compression is carried out in
special devices that ensure the all-round effect of the
force load.

Compression is linear and volumetric, it can
be both with a change in the volume or shape of the
product, and with or without loss of the mass. An
example of linear and volumetric deformation of
crushed food viscoelastic dispersion systems is shown
in Fig. 2.

A specific requirement for a semi-finished
product is its ability not to fall apart but to keep its
shape after removing the load and stopping the
deformation process. In order to obtain the quality
product, the ratio between the dispersed medium and
the dispersed phase of the system and the high
cohesive properties of the latter are important. The
rheological properties of the product affect the process
and modes of compression and, accordingly, the
quality of the formation [6, 10].
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Fig. 2. Food molding equipment

Therefore, the modelling of the formation
processes of food dispersion systems is performed
according to the laws of the applied rheology.
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The rheology of food products in a broad
sense is the science of deformation and flow of
materials that have properties different from the
properties of classical, or, as they are called, ideal
bodies [4]. Combinations formed from them make it
possible to consider the behaviour of real products
under different deformation conditions, pressures and
compression speeds, both constant and variable
according to linear and non-linear laws.

Taking into account the variety of rheological
properties of food products, the use of a variable force
load during their deformation is relevant and promising
for modelling the shaping of structured food products,
and it is promising to use the basic regularities of the
component part of rheology, rheodynamics. It is the
basis for improving the theory of deformation and flow
modelling of concentrated low-flow and non-flow
dispersed systems under constant and variable power
loads and unloaded conditions. The analysis of literary
sources did not reveal qualitative mathematical
models of deformation of structured food dispersion
systems under variable force loading and its removal.

In the rheodynamic modelling of the forming
process, the basis for the analysis and construction of
rheological models are mechanical models in the form
of springs, dampers, and dry friction bodies connected
in a certain sequence.

In this case, the stiffness characteristic of the
spring may not be taken as a constant value when it is
loaded and unloaded, while the characteristic of the
damper (viscosity), as a rule, remains constant in the
specified interval of the deformation rate. The residual
deformation after removal of the load is characterized
by the displacement of the dry friction body (Sen-
Venan body).

The process of deformation is described by
the differential equations that connect the loads and
deformations of the system, their first and higher order
derivatives — speed and acceleration [5]. A common
rheological model of concentrated food dispersion
systems is the Kelvin body. Its mechanical model
looks like this [1, 2, 3]:

C

P/S /l/l/l/]/_

X(D)
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Fig. 3. Mechanical model of the Kelvin body
(viscoelastic rheological system)

The equation that describes the mechanism
of compression of food dispersion systems, when their
rheological characteristics p and c, the force P and the
compression surface S are known, has the following
form:
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E = luw + CX(t)
S dt )
LH LH
where x(t) is the relative deformation,
dimensionless; P — compression force, N;

S — compression surface, m?; L, — the initial size of

the sample, m; L, () — its current size, m;
t — compression duration, sec.; y and ¢ -
respectively, viscous and elastic rheological

characteristics, Pa-s; Pa.
Solution of the equation (1) under initial
conditions:

x(0)=0
Cl
LP — L,P
L(t)=L,6 —— (L ).
O=L,-Z5+e “(L+25) . ()

After differentiating of the equation (2), we
obtain the rate of the deformation. By multiplying it
to the compression force, we will find the energy
consumption:

N =ﬁ(c-s -P)e™™, 3)
S

where N is power, Watt.

The obtained mathematical models allow
to carry out analytical studies of the formation
mechanism, to optimize energy costs for the
deformation of viscous-elastic food dispersion
systems [7].

From the consumer needs, it is important to
obtain the same mass of the finished products. You
can adjust the mass of the finished product by
knowing the relationship between the product density
and the amount of deformation.
The density of the product depending on the duration,
compression force and its rheological properties will
be:

L, P
p(t) L) (4)

If the density increased due to the release
of the liquid fraction and air, then the mass would
change as a result of the deformation. It can be
determined from the equation:

m=Q-p(t) 5)
where Q is the volume of the product.

The last equation has important practical
significance for obtaining molded products of the
same mass.

Under the technological conditions for the
production of high-quality molded products, it is
necessary to have p(t)<p, .Where p, is the

critical density of the product, with the increase of
which liquid begins to be released, or undesirable
changes in its quality occur.

The mechanism of formation of concentrated
crushed food dispersion systems has its own
characteristics [12, 13, 14]. In order to obtain a high-
quality molded food product, it is necessary to be able
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to determine the optimal deformation regimes: the
amount of deformation during compression and
unloading of the system, the speed of deformation and
energy consumption. The sequence of the analytical
study of the mathematical model (1) and the analysis
of the deformation process of the viscous-elastic food
dispersion system with residual deformation are as
follows.

As you know, the formation of food products
consists of two stages: compression of the system
under the action of a force load and reverse partial
expansion after its removal.

The compression process is subject to the
law of deformation of the rheological model in the form
of the Kelvin body. Let's present it in a classic form. In
order to do this, let's simplify the writing of the equation
(1). Let's denote the load P/s=r and rewrite the
deformation equation of the Kelvin body in the known
rheological dependence:

y(% x(t)j +cx(t) =17, (6)

At the beginning of the deformation, when
x(0)=0, we will get the solution of the equation:

—ct

“o
x(t) ="~ ", ©
c c

Compression in a cylindrical form of bread
crumb with pressure 7= 1000...10000 Pa, when its
rheological characteristics y = 45000 Pa-s and ¢ =
40000 Pa are known, is shown in the 3d graph
(Fig. 4).

The 3D graph makes it possible to visually
determine the amount of deformation x(t) at a given
pressure value T. Its analysis allows you to control and
regulate the compression process of a visco-elastic
dispersed system with  known  rheological
characteristics depending on the duration and
magnitude of the load, which are inherent in the
design capabilities of the technological equipment for
forming.

50 RN -‘:um’i'l.)lﬂ.'l
> Sjpope 70003000

Fig. 4. 3D graph of the dependence of
the relative deformation x(t,t) of a food product
from the pressure T and duration t of its action

When using the obtained mathematical
dependence (7) in practice, it is necessary to have
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experimental data of the critical value of the possible
maximum relative deformation of the system. For
bread crumb, when compressed it in a cylindrical
shape, it is equal to x; = 0.25.

When it is necessary to determine the
amount of deformation depending on the duration of
compression at a known pressure, using symbolic
computer mathematics, the graph x(r,f) can easily be
transformed into the form x(t).

At 7 = 10000 Pa, the x(t) dependence is
shown in Fig. 5.

When the load is reduced to r = 5000 Pa, the
relative deformation x(t) will decrease (Fig. 6).

020
0.15
0.10

0.05

Fig. 5. Dependence of the relative

deformation x(t) at a load of T =10000 Pa
0.12
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Fig. 6. Dependence of the
deformation x(t) at a load of T =5000 Pa.
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Fig. 7. Dependence of the minimum
relative deformation x(t) at a load of T=1000 Pa

According to the results of the experimental
studies, the minimum relative deformation was
established. At 1= 1000 Pa and t = 5 seconds, it is
equal to x = 0.025 (Fig. 7).
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The shortcomings of the design of the
compression device did not allow to reliably
determine the value of the relative deformation x(t)
at a low load r < 1000 Pa. The factor of the
occurrence of additional resistance forces must be
taken into account both when modelling the
process of forming of food dispersion systems and
when selecting the necessary technological
equipment.

An important factor affecting energy
consumption in the process of deformation is the
speed with which it occurs. The rate of
deformation also affects the quality of the finished
product. After doing the differentiating of equation
(7), we will find it:

—ct

d e* -1
aX(t) = P ’ (8)

3D graph of the dependence of the
compression speed of a food product with
rheological characteristics u = 45000 Pas and ¢ =
40000 Pa, from the pressure z and the duration t of
its action. (Fig. 8).

Fig. 8. 3D graph of the dependence of
the deformation speed V(t,t) of a food product
from the pressure 1 and the duration t of its
action

Similarly to the previous 3d graph
presented in Fig. 4. (dependency of the magnitude
of the relative deformation x(7,t)), if it is necessary
to determine the magnitude of the deformation rate
V(r,t) from the duration t of compression, when the
pressure is known, the 3d graph can easily be
transformed into the form V(r,t).

At pressure 1 = 10,000 Pa, the
dependence of V (t) is shown in Fig. 9.

At a pressure of 17 = 5000 Pa, the
dependence of V (t) is shown in Fig. 10.

At a pressure of 17 = 1000 Pa, the
dependence of V (t) is shown in Fig. 11.

After removing the load, when we have
T = 0, the reverse process begins. The system
gradually returns to its initial state.
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0.157
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Fig. 9. Dependence of the deformation
rate V(t) of the product from the duration t at a
load of T = 10000 Pa

Its unloading occurs due to the internal
energy accumulated by the spring. We write down
the differential equation of system unloading:

u- (% X(t)) + ex(t) =O0. ©)

Its solution at the initial condition x(0) = x1
will be
—ct

X(t)=e “ -x,, (10)
where x1 is the maximum relative compressive
strain known from the load schedule of the system.

0.107
0.084
p 0.067
0.044
0.021

Fig. 10. Dependence of the deformation
speed V(t) of a food product on the duration t
at a load of T =5000 Pa
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!
Fig. 11. Dependence of the deformation
speed V(t) of a food product on the duration t
at aload of T =1000 Pa
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The graph of equation (10) of the unloading
of the system at the maximum relative deformation
x1 = 0.249, which corresponds to the pre-
compression pressure 7 =10000 Pa, is presented
in Fig. 12.

020
0.157
X |
0.10+

0.05

T T T T 1

0 2 + 6 8 10

Fig. 12. Dependence of the relative
deformation x(t) of unloading the system at the
maximum deformation x; = 0.249, pre-
compression pressure T = 10000 Pa

After differentiating the equation (9), we get the
speed (dimension 1/s) with which the system
returns to its initial state.

—ct

d C-e* X
—Xx(t)="—-"-"2 11
™ (®) (11)
For a food product, when the rheological
characteristics of the viscous component M=

45000 Pa-s and the elastic component ¢ = 40000
Pa, the graph of the dependence of the rate of
shape renewal of the pre-deformed visco-elastic
product (system unloading) will look like this.

The negative value of the velocity of the
unloading system V(t) characterizes the direction
of velocity vector of the system unloading.

The analysis of the graphs of relative
deformation x(t) and deformation rate V(t) shows
that the system (formed food products) with
different initial loads completely returns to the state
of the beginning of the deformation process. This
corresponds to the selected rheological model in
the form of the Kelvin body, but does not
correspond to the real process of deformation of
food products, when we have a residual plastic
deformation when the load is removed. To
determine its value, we will make changes to
equation (9).

To determine the residual deformation, the
following mathematical dependence was obtained,
which allows to calculate its value

—ct
X({t)=(x,—b)-e # -x +b, (12)
where b is the plasticity characteristic of the
system, a dimensionless quantity. It is determined
analytically-experimentally for each product and
deformation  conditions.lt  characterizes the
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residual deformation after removing the load and

stopping the deformation process. For bread

crumb, the plasticity b characteristic of the system
is equal to b=0.04.

-0.051

o —0.101

-0.157

-0.20
— . v .
O 2 4 6 8 10

Fig. 13. Dependence of the system
unloading rate V() at the maximum
deformation x;=0.249, which corresponds to
the predeformation pressure T = 10000 Pa

The graph of the equation (12) is
presented in Fig. 14.

It should be noted that when modelling the
unloading process, the values of the rheological
characteristics of viscosity and elasticity will differ
from those that were when loaded. This is due to a
change in the structure of the dispersed phase of
the system.

0.257
0.207

0.157

0 v v . .
1 2 3 4 5

3

Fig. 14. Dependence of the relative
deformation x(t) of unloading of the system
with residual plastic deformation b=0.04 at the
maximum deformation x; = 0.249, pre-
compression pressure 1 =10000 Pa.

The more load cycles, the greater the
changes in rheological characteristics. The result of a
large number of cycles will be heating, loss of
elasticity of the system and, as an alternative,
grinding to a powdered state, which must be taken
into account in the development and implementation
of standardized processing modes aimed at
preserving the stable properties of food mass in
production conditions [17].

Conclusions. The mechanism of formation
of crushed food products has its own characteristics
and is not sufficiently studied. In order to determine
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the optimal modes of deformation, the amount of
deformation, the speed of deformation and energy
costs, there are no necessary mathematical models.
Due to this, a new method of mathematical modelling
of the process of deformation of viscous-elastic food
dispersion systems with residual deformation was
developed and described in the work. The concept of
the term rheodynamics is given and its difference
from the term rheology is formulated.

The presented mathematical models and
obtained on their basis the results of calculations of
the process of deformation

of food dispersion systems can be used to optimize
the process of formation of crushed food dispersion
systems.

For the first time:

The mechanism of formation of food
dispersion systems is considered as a two-stage. It
consists of successive stages of power loading of the
system and its unloading, which corresponds to the
process of compression and, accordingly, the
reduction of volume, and its partial renewal due to
the reverse increase in the size of structured food
products. The relationship between deformation,
speed, load, rheological properties and duration of
the forming process was established.

When modelling the formation of food
dispersion systems, the sequence of transition from
the known classical rheological regularities and
characteristics of the deformation process is
revealed, when its duration is measured in seconds,
the pressure and elasticity characteristics have the
dimension Pa, the deformation is relative and
dimensionless, the deformation rate has the
dimension 1/s and the characteristic in viscosity Pa's,
to generally accepted engineering. For them, the
dimensions L(t) and Ly of the body are determined in
meters, the relative deformation (Lu—L(t))/Ln is
dimensionless, the deformation speed is in m/s, the
elasticity of the system and the driving force of the
deformation are in Newtons. The introduction of the
concept of engineering rheodynamics and the
transition to generally accepted engineering methods
of modelling of mechanical processes allows to
calculate the energy characteristics of the
deformation process in quantities where the energy
(work) of deformation in N'm = Joule, energy
consumption (power) Joule /second = W and to
select according to the energy consumption for
deformation an electric motor or the other power unit
of the required capacity.
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PEOJOIA Y CTAHOAPTU3OBAHUX
NMPOLIECAX ®OPMYBAHHA XAPYOBUX
NPOAOYKTIB

Y cmammi posensdaembcsi ¢hopmyeaHHs
Xap4osux rnpodyKkmis, 30Kpema M’CHUX, OmpuMaHuUx
3i  CmMpyKmypoeaHOi  cupoeUHU.  BupiluanbHe
3Ha4YeHHs1 Mae fiKicmb rpouecy ¢hopMyeaHHs, siKa
3anexums ei0 i3UKO-MexaHiYHUX eracmusocmel
CUPOBUHU (8’a3Kicmb, racmuydHicme, adzesis) ma
rpasuibHO20 8UBOPY MEXHOI02IYHUX PEXUMIE.

Baxnusy pornb y usomy ripoueci gidiepae
cmaHO@apmus3auis, sika 3abesneuye eOHicmb 8UMO2
8o cknady cupos8uHU, rnapamempie obrnadHaHHA ma
ymoe eupobHuuymea. [CTY ma MDKHapOOHI
cmaHdapmu ISO ecmaHosmooms  HopMmu  Onsi
PEOsIo2iYHUX — XapakmepucmuK  Xap4yoeux Mac,
mo4Hocmi  ¢hopMyeaHHs, CaHImapHuUx eumoa |
dornyckie  memrepamypHUX — ma  MEeXaHiYHUX
HagaHMaKeHb. HompumaHHs cmaHdapmis
doseornisie docsiamu ¢cmabinbHOI ssKkocmi rpodykmy,
besneku ma eghekmusHocmi 8UPOBHUYO20 rPOUECY.

lNodarnbwe OocCnioXeHHs npouecie
popMyB8aHHs Mae [pyHmyeamucs He Jfuwe Ha
hi3uKko-xiMiyHUX eracmusocmsx Macu, a U Ha
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00C/IiOXKEHHST MexaHi3my CMUCHEHHS
KOHUEHMPOBaHOI NodpibHeHOI Xxap40o80i CUpPOBUHU 3
ypaxyeaHHsIM eumoea 00 cmaHOapmu3auii npouecie
¢opmysaHHa  npodykmis.  [ns  mMoOento8aHHs
rnoeediHku  xap4yoeux Mmac 0bpaHO peorsioaidHy
modesnb mina KernbsiHa, sika 8paxo8ye 8 3K0o-MPYyxHI

enacmusocmi cucmem. Takul nidxid do3eornse
gopmarnisyeamu rnogediHky mnpodykmie nid 4ac
Oechopmauii  e8idnosioHo 00  cmaHOapmMHUX
MmexHoso2iuHUX  Mapamempis, nepedbadyeHux
HopmamueHoo  OOKyMeHmaujeto  Onisi  M’SICHOI
rpodyKuji.

Pesyrnbmamu docnidxeHHs1, sKi rnokasyoms
3anexHicmb deghopmauiti 8id mpusanocmi ma ymos
HasaHmaxeHHsi, 6ynu rnpedcmasrneHi epagiyHo.
Briepwe  Haykog8o  0brpyHmMoeaHo  MexaHism
3anuwkosoi  nnacmuyHoi  degpopmauii  ma
po3pobrieHo  mMamemamuyHy ~Mmodens Onsa T
po3paxyHKy, wo 0038osisie 8paxogysamu ii 8
cucmemax KOHmMPOJTo sikocmi 8i0rogidHO G0 YUHHUX
cma+Oapmis.

Taki nioxodu moxxyms 6ymu iHmezpoeaHi 8

cmaHOapmu308aHi  MemoOu  KOHMpPOs/  ma
onmumizauii  npouecie opMysaHHs1 'y xap4osil
rpPoOMUCI080CMI.

Knroyoei cnoea: hopmysaHHs1 xapHosux

8uMoOzax YUHHUX cmaHOapmie, siki peaynorome  Mpodykmie, Oechopmayiss  QUCMEPCHUX CUCMEM,
8UPOBHUUMBO  xap4yoeoi npodyKujii 68 ymoeax  peosioais, MamemamuyHe MoOero8aHHs
rPOMUCII08020 8UPOBHULMEA. Oeghopmauii, 3anuwkosa Oechopmauisi,

lNpedcmaeneHi pesynbmamu  cmaHOapmu3aujisi, KOHMPOsIb SKOCMI.
meopemuy4Hoeo ma eKcriepuMeHmMarbHO20
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