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Abstract. In the paper we explain the essence of the process of sep-
aration of inhomogeneous liquid form food system and based by the
Maxwell model we study the stress strain state of viscous-elastic liquid
with nanoparticles and exposed to the temperature action and deter-
mine that temperature and nanoparticles influence on elastic and vis-
cous elements effects on change of the model’s parameters. The char-
acter of change of these parameters and their values was described due
to the assumption of interaction of atoms and nanoparticles exposed to
the temperature action.
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1 Introduction

It is known that mechanical and hydromechanical processes occurring in machines and ap-
paratus used in food industry are based on hydraulic rules and rheological regularities .
Therefore , since the process of separation of liquid from heterogeneous food systems is
a step by step hydromecanical process divided in the molecular form the study of the pro-
cess at each stage is of great practical importance. Under the liquid form heterogeneous
food medium one understands non-transparent, semi-dispensed systems (suspensions) con-
sisting of colloidal substances, non-uniform, small dispersed particles. At first for these
systems, the dilution process under the action of gravitation forces is implemented. In this
case the mixture heterogeneous liquid is separated into fractions that differ by density of
liquid mixture. In the next process called filtration the sediment is separated from suspen-
sion. Then the centrifiguration process is implemented. This time, the process of separation
of suspension into fractions occurs under the action of centrifugal forces. In the separation
process, the process of separation into fractions that differ by their density occurs. Each of
these processes serves to separate the fractions that from a liquid from heterogeneous food
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system. It is known that the ratio of the centrifugal force to gravity force is taken as the main
factor that affects the separation process of suspensions in machines and apparatus. Taking
into account the types of sediments formed by crystal and amorhp particles in the process
of separation of suspensions, the filtration process is carried out in 2 ways decreasing the
filtration rate by giving constant pressure and keeping stable filtration rate and increasing
the pressure drop. The pressure drop affecting on filtration process of suspension, thickness
of sediment layer in the filter, structure and character of the sediment, composition viscosity
and temperature of the suspension are taken as main factors. Since the flow rate of hetero-
geneous system filtered from the pores of the sediment layer or porous medium is slow, it is
of laminar character [3, 4]. Since separation of suspensions with certain viscosity consists
of sequential processes as a result of separation processes, the obtained new heterogeneous
liquids (suspensions) will differ by their composition and viscosity. For increasing filtration
rate of heterogeneous liquids in porous medium, in order to decrease is viscosity the existing
methods and technologies are perfected and replaced by new ones. Chemical, heat effects,
insertion of nanoparticles into heterogeneous nanoparticles and others are among them. The
efficiency of methods and technologies are related to change of physical-mechanical fea-
tures of high viscosity systems. Taking into account that such systems are described by
viscous –elastic and viscous-plastic models, then allowing for interaction of molecules and
atoms we encounter the description of model media. Study of the stress and strain state of
such systems is one of the urgent problems [3 - 6].

2 Problem statement

As first we consider a viscous-elastic liquid model called the Maxwell model (Fig.1). This
model consisting of sequentially-linked elastic elements with viscosity is described by the
following relations [2, 5]:

ε = ε1 + ε2; ε1 =
σ

E
; ε̇2 = µσ; ε̇ =

σ̇

E
+ µσ, (2.1)

Fig. 1 Maxwell model.
where, ε is a total deformation, εi is deformation of each element (i = 1, 2), σ is stress, E
is a modules of elasticity, µ is an elasticity factor. The solution of equation (2.1) is in the
following form:

σ(t) = E ·

ε(t)− ε(0) exp(−Eµt)− Eµ

t∫
0

exp(−Eµ(t− τ))ε(τ)dτ

 (2.2)
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Is was taken into accounts that there is no stress at initial moment. When appyling some
techologies, there aries necessity to heat colloid substances and this change of the feature of
viscous –elastic medium. Depending on the sequence of application of technologies assum-
ing that the previous model does not change determine the change of its paameters. Here at
first we study the stress-starin state of a viscous elastic medium with icreased temperature
and formed when adding nanoparticles to this medium.

3 Problem solution

We imagine an elastic element of the Maxwell model in the form of one –dimensional
“chain” of interacting atoms (Fig 2.) Such assumption is acceptable for higher molecular
systems. Al first we study the stress-strain state of a model exposed to temperature. Assume
that the “chain” consisting of atoms regardless of temperature and in the undeformed case
has the following form (Fig 2.a)

Fig. 2 Elastic element of the Maxwell model.
a) when temperature is not taken into account;

b) when temperature is taken into account;
c) influence of the pull on the heated “chain”.

The interaction force F (a0) between the atoms balances the “chain” at the expense of elec-
tromagnetic potential. Here a0 is a distance between the atoms of the “chain” in the unde-
formed case and regardless of temperature (Fig 2,a).

Increase the temperature of the “chain” of atoms by ∆T ̸= 0, ∆T > 0 . Then taking
into account the temperature, the “chain ” the atoms will as in Fig.2,b. Here aT > a0 is
the distance between the atoms as a result of temperature effect . From the geometry of the
“chain” this quantity is determined as follows:

aT − a0
a0

= α ·∆T, aT = a0(1 + α ·∆T ) (3.1)

here,α is a proportionality factor and α = const . We introduce the denotation εT = aT−a0
a0

and call it deformation resulting from temperature. In this case, the the force between atoms
does not change, i.e. F (aT ) = F (a0).

Apply pull to the heated “chain”. Then distance between the atoms under the action of
pull and temperature will be a > aT > a0. For the σ-stress in the “chain” we can write:

F (a) = Rx · σ,
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here the existing force between the atoms, Rx is characteristics area of the cut of the “chain”
of atoms. Determine the stress in the “chain”

Rx · σ = F (a) = F (aT ) + F ′(aT ) · (a− aT ) + ...

here, taking the linear part of the Taylor series, we get:

Rx · σ = F (a0) + F ′(aT ) · a0 ·
a− aT
a0

. (3.2)

Show the last multiplier of the second term at the right hand side of this equality as
follows:

a− aT
a0

=
a− a0 + a0 − aT

a0
= ε− εT

here, ε = a−a0
a0

is deformation created under the action of applied force and temperature.
Then we can write equality (3.2) in the following form:

Rx · σ = F (a0) + F ′(aT ) · a0 · (ε− εT ). (3.3)

Assuming rigidity of the undeformed “chain” as c = F ′(a0) we determine F ′(aT ) :

F ′(aT ) = F ′(a0) + F ′′(a0)(aT − a0) = c+ F ′′(a0) · a0 · α ·∆T =

= c+ F ′′(a0) · εT · a0.
Hence we get that F ′(aT ) is dependent on temperature and geometric parameters of the
“chain” .

Assume that c >> εT · a0 · F ′′(a0) . Then according to relation (3.3) we can write:

Rx · σ = F (a0) + c · a0 · (ε− εT )

Here, ignoring the quantity F (a0), we get

σ =
c · a0
Rx

· (ε− εT ) =
c · a0
Rx

· (ε− α ·∆T ) = E · (ε− α ·∆T ) (3.4)

here E = c·a0
Rx

is an eclasticty modulus.
Note that since the quality c is dependent on ∆T , the E- elasticity modules is also

dependent on ∆T .
Let us imagine the viscous element of the Maxwell model in the form of liquid –filled

cylinder compressed by a piston. Assume that the temperature of liquid in the cylinder was
increased and in this case the model does not change its form. This time, the temperature
effect can show itself in different forms, for example in the form of increase of the friction
force of liquid on the cylinder’s wall, change of characteristics feature of liquid, etc, and
in the form of combination of the effects. Allowing for these effects, we can reduce the
temperature effect of the model under consideration to the change of viscosity factor, i.e.
we can introduce the quantity µT . According to physics of the process, we conclude that
µT ≤ µ.

Since when the piston is tightened by the same force, the displacement rate decreases at
the expense of friction, we can write the following relation:

ε̇T = µTσ < ε̇ = µ;σ; µT ≤ µ.

Thus, based on (2.1) taking into account temperature effect in appropriate elements of the
model, we can write the main equation of the Maxwell model as follows:

ε̇ =
σ̇

ET
+ µTσ =

σ̇

E · eT
+ µυTσ (3.5)
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here we have the following denotations:

eT =
ET

E
= cT · 1

c
; υT =

µT

µ
; (υT ≤ 1)

The solution of the problem is found from equality , (3.5) in the following form:

σ(t) = ET · [ε(t)− ε(0) exp(−ETµυT t)−

ETµυT

t∫
0

exp(−ETµυT (t− τ))ε(τ)dτ

 (3.6)

For σ = const = σ0 we get:

ε(t) = σ0

(
1

ET
+ µT t

)
=

σ0
E · eT

+ µυTσ0t.

It was determined that temperature effect on elastic and viscous elements of the Maxwell
model leads to change in the modul’s parameters.

Character of change of these parameters and their values were described within the
assumption of interaction of atoms exposed to temperature effect.

Now we consider a model of viscous-elastic liquid with regard to temperature effect.
This model consisting of sequentially linked, elastic and viscous elements exposed to tem-
perature effect, based on the Maxwell model is mathematically expressed by the following
relations:

ε = ε1T + ε2T ; ε1T = σ
ET

; ε̇2T = µσ;

ε̇ = σ̇
ET

+ µTσ = σ̇
E·eT + µυTσ;

(3.7)

eT =
ET

E
= cT · 1

c
; εT =

µT

µ
; (εT ≤ 1) ,

here ε is total deformation, εiT is deformation dependent on each element ET , and µT

is temperature dependent stress, elasticity modulus and viscosity factor, respectively. The
solution of equation (3.7) is in the form of (3.6):

Introducing nanoparticles to the viscous elastic liquid medium exposed to temperature,
when assuming the assumption that the initial structure of the model does not change, we
determine the change of its characteristics. For that we structure a new model that enables to
describe approximately the changes. We imagine the elastic element of the Maxwell model
exposed to temperature in the form of one-dimensional “chain” of interacting atoms (Fig
2,b).

Introduce nanoparticles to the heated viscous elastic medium Fig 3. Assume that every
nanoparticle introduced in this case occupies intermediate place (may be several nanoparti-
cles).

This time the structure of the elastic element consisting of rectilinear “chain” does not
change. This case is obtained as a result from the assumption that when nanoparticles are
introduced the existing model of the viscous-elastic medium is retained. Assume that the
nanoparticles interact only with neighboring particles. Then for the heated chain with no
nanoparticles, we can write:

Rx · σ ≈ F (a) = F (aT ) + F ′(a0) · a0 · (ε− εT ), F (aT ) = F (a0),

σ =
c · a0
Rx

· (ε− εT ) =
c · a0
Rx

· (ε− α ·∆T ) = E · (ε− α ·∆T ), c = F ′(a0)

here a0, aT and a are the distance between atoms at the initial moment, in the case when
the temperature effect, the pull and temperature effect are taken into account, F (a0) is
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interacting force between atoms at the initial moment, σ is stress in the “chain” F (a) is the
force existing between the atoms, Rx is a characteristic area of the cut of the “chain” of
atoms εT , ε is deformation formed by the temperature effect and under the action of applied
force and temperature. The force between the atoms does not change under the action of
temperature, i.e. F (aT ) = F (a0),c = F ′(a0) is rigidity of the undeformable “chain”,
E = c·a0

Rx
is elasticity modulus, α is a proportionality factor ∆T > 0 is temperature.

Fig. 3 A linear heated “chain” with introduced nanoparticles.

If after introducing nanoparticals to the heated viscous elastic medium we apply the pull,
for the stress in the “chain” we can write the following equality:

Rx · σ = Fn

(a
2

)
,

here n shows that the given quality belongs to the nanoparticle. Taking into account the
linear part of the Taylor series, we can write the following approximate equality:

Rx · σ = Fn

(a
2

)
≈ Fn

(aT
2

)
+ F ′

n

(aT
2

)
·
(a
2
− aT

2

)
+ · · ·

We denote by F ′
n

(
aT
2

)
= cn the rigidity of the undeformed “chain” . Then

Rx · σ = F
(a0
2

)
+ cn ·

(a
2
− aT

2

)
≈ cn · a0

2
(ε− εT ) = cn · a0

2
(ε− α ·∆T ) .

Thus, we obtain σ = cn·a0
2·Rx

(ε− εT ) = En · (ε− α ·∆T ), En = cn·a0
2·Rx

.
We imagine the viscous element of the heated viscous-elastic medium in the form of

a liquid –filled cylinder compressed by a piston. Assume that the introduced nanoparticles
do not change the model of the liquid exposed to temperature. In this case, the influences
of nanoparticles in the heated liquid will similar to the influence of hard particles. The in-
fluence of nanoparticles can be different. The choice of effect depends on the interaction
between physics-chemical properties of the heated liquid and nanoparticles. The influence
of nanoparticles may be reduced to the change of viscosity factor for the model under con-
sideration, i.e. we can introduce the quantity that differs from the viscosity of the heated
liquid medium. According to the physics of the process we can write µn ≤ µn.

Assume that introduction of nanoparticles to the heated liquid (suspension) reduces to
increase in the friction form of liquid. Applying the same pull to the piston, the displacement
rate will decrease at the expense of friction

ε̇n = µn · σ < ε̇ = µT · σ.
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Thus based on equation (3.7) allowing for nanoparticles, for the model of viscous-elastic
liquid (suspension) exposed to temperature, we get:

ε̇ =
σ̇

En
+ µnσ =

σ̇

ET · en
+ µTυnσ, (3.8)

here en = En
ET

= cn · 1
2·cT ; υn = µn

µT
; (υn ≤ 1).

The solution of equation (3.8) is the following form:

σ(t) = ET en · [ε(t)− ε(0) exp(−ET enµTυnt) −

−ET enµTυn

t∫
0

exp(−ET enµTυn(t− τ))ε(τ)dτ

 (3.9)

For σ = const = σ0 we get:

ε(t) = σ0

(
1

En
+ µnt

)
=

σ0
ET · eT

+ µTυnσ0t.

On the example of the Maxwell model it was shown that taking into account temperature
effect in the model’s elements, introduction of nanoparticles influences on change of its
parameters. Character of change of these parameters and their estimations was described
within the assumption of interaction of nanoparticles with atoms of liquid medium exposed
to temperature.
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