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Summary. A computational experiment was carried out on the basis of the created model of melt flow
with undermelted granules in a straight annular channel, which takes into account the design characteristics of a
pilot-industrial disk extruder. A polymer composition based on high-pressure polyethylene (PE 15803-020) was
chosen as a model object. The calculation procedure is presented in an analytical form at disk speeds of minimum
value — 120, nominal value — 150, and maximum value — 180 rpm.
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Introduction. Polymer products are widely used in various industries due to their
unique properties. These properties can be obtained if good mixing of the melt is ensured. The
homogenization zone is responsible for ensuring good mixing of the melt.

An effective equipment that achieves a high level of mixing at a low pressure drop and
consequently low energy consumption is a disk extruder [1-3]. However, the processes
occurring in the channels of the homogenization zone of a disk extruder have not yet been
sufficiently studied.

The homogenization process in each channel of the homogenization zone of a disk
extruder is different. The following main directions characterize the study of extrusion
processes in the homogenization zone of a disk extruder:

1. Modeling of hydrodynamic and thermal processes in non-Newtonian fluid flow
in the straight annular channel of the homogenization zone [4];
in the conical annular channel of the homogenization zone;
in the disk gap of the homogenization zone [1-3, 5].

2. Analyze and select the optimal parameters of the disk gap and disk speed;

3. Create a general procedure for calculating the channels of the homogenization zone.

In the paper [5], the homogenization zone is described as a sequence of several separate
channels (Figure 1). The straight cylindrical annular channel begins immediately after the screw
cutting of the extruder. Processes of melt homogenization in this and the following channels of
the dosing zone are described in detail in works [4, 5]. Good melt quality can be obtained when
both mechanical and temperature homogeneities have been achieved in the dosing zone.
Settings of the parameters of the homogenization process, which affect the quality of the melt,
were considered in works [6-8]. In work [4], based on the theoretical analysis of hydrodynamic,
thermal and rheological processes, accompanying the flow of the polymer melt in the straight
ring zone, a general procedure for calculating all three channels of the homogenization zone,
shown in Figure 1, is proposed.

The non-isothermal behavior of the flow of highly viscous polymer melts through the
narrow annular channels of extruders is caused, first of all, by the excessively high intensity of
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energy dissipation, associated with the high frequency of rotation of the screw and, accordingly,
with high shear stress values, as well as by the heat exchange of the melt with cooled or heated
channel walls [3, 9, 10].

In the non-isothermal mode, both in the first and second annular channels of the
homogenization zone, shown in Figure 1, intensive processes of granule melting and mixing of
the melt simultaneously, which ensures a high of homogenization degree of the melt. The
melting of granules in the middle of the annular channels can be completed even before the
transition of the melt into the disk gap. Until now, the regularities of the flow of these
compatible processes in annular channels remain practically unstudied because of lack of
rigorous information.
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Figure 1. Schematic image n of the homogenization zones of the disk extruder

Therefore, there is a need for a study for the operation of disk extruders that allows the
development of a flexible and controllable homogenization process with the ability to determine
and regulate good melt quality when the machine is running at a constant output.

The results of this work will be used to further study the non-isothermal processes of
melt flow and granule melting in the conical annular zone and in the disk zone.

The objective of the research is to study the nonisothermal process of melt flow
containing a certain amount of undermelted granules, to describe the process of heating and
melting of granules due to the dissipation energy of the channels of the homogenization
zone.

Statement of the problem. Let us consider the non-isothermal steady flow of
polymer melt in a straight annular channel between two coaxial cylinders, of which the

inner cylinders with radius R; rotates with an angular speed @y, and the outer one with
radius R, is stationary. The total dimensions of the annular channel are the channel length

L1, gap width Ny =Ry —Ry and cross-sectional area S, = 7Z'(R22 - Rlz) The flow of the melt

along the axial direction occurs due to the influence of the pressure gradient, which for a
non-isothermal behavior is a variable value (dp/dz = f(z)). The problem is solved in the

cylindrical coordinate system (z, r,8).
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The polymer melt, which is a non-Newtonian pseudo-plastic liquid with known rheological
characteristics, contains a certain number of monodisperse undermelted polymer granules with an

initial radius , Which are uniformly placed in the volume of the melt. The concentration o
tial rad Rgro hich formly placed in the vol f th It. Th trat f
granules per unit volume of the mixture Ny, =const . Therefore, the initial volume fraction of

polymer granules is determined as V. = 4/37R3r0 - ngy @d measured in m*m®. The melting

temperature T, at which the polymer completely transits from solid state to liquid one, is known.

The melt temperature at the entrance to the channel is equal to Tjg . The initial volume-averaged
temperature of all granules fgro is the same and is defined as 'ITgrO <Ty <Tjo. Itis assumed that
in the investigated temperature range the density of the solid phase of the granules with an error of

up to 3% is equal to the density of the polymer melt o) [1, 2, 11].

When the inner cylinder rotates in the viscous liquid, frictional forces arise, that act
between each pair of adjacent cylindrical layers of the melt, as a result of which the mechanical
energy is transformed into thermal one and the melt is heated due to viscous dissipation [9-12].
Without limiting the generality, we will assume that the surface temperature of the channel
walls at each part of the gap is equal to the current temperature of the melt, that is, the process
proceeds in the adiabatic mode. In the process of melting granules inside the channel, their
volume fraction decreases and, accordingly, the volume fraction of the melt increases.

It is necessary to determine the change in pressure p, = f(z), the mean temperature of

the melt ﬂ = f(Z), the effective viscosity of the melt pg = f(z), the volume-averaged

temperature of the granules 'ITgr = f(z) and the volume fraction of the granules Vgr = f(z)

along the length of the channel.
Calculation of the melt temperature. The enthalpy of the mixture of melt with
granules consists of the melt enthalpy and the solid grain enthalpy. Then the amount of enthalpy

entering per unit time with the mixture flow through the flat annular surface with coordinate
Is determined as

Hz =Pl CI\7zsr '{[(TI _Tst)'(:l-_vgr)]Z "'(z_ls[(fgr _Tst)'Vgr]Z}' (1)

Here Tt is an arbitrarily chosen reference temperature; V; =Gy / St is the mean velocity
of the axial melt flow; the melt density O] and the specific heat capacity of the melt C| are

taken as constant values independent of temperature [2, 8, 11]; Cs is the average specific heat
capacity of a solid granule in the temperature range of -Fgro +Th.

In the absence of external heat sources, the enthalpy of the mixture during its passage
through the channel remains constant. Therefore, there is no enthalpy change in the section of

the channel Az from I to Z+ AZ and the heat balance equation is written as

AH o, = P11V, S, {[‘I] '(1_V9f)]Az +‘Z—T-[T_gr -vgr]Az} _0. @)

After obvious transformations, equation (2) reduces to the form
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— C. —
AHxz = piG1Vz Sy '{(Aﬂ )Az _A(T| 'Vgr)Az +§'A(Tgr 'Vgr)Az] 3

The right side of equation (3) is equal to zero. It follows that in the absence of external

heat sources, the melt enthalpy in the cross-sectional area Az decreases due to its consumption
for melting and heating the granules. Accordingly, the enthalpy of the granules increases. In the
presence of viscous dissipation, the heat balance equation must be written taking account of the

fact that the liquid melt per unit volume occupies only a part of the volume equal to (1—Vgr).

Then the amount of dissipation energy entering the layer AZ with the volume S Az per unit
time (or the power of dissipation) is described by the equation [12]

AH gis = et (T )- (Vrzz +7r29 ) (1_Vgr)' SyAz, (4-3)

or by identical to it equation

+n
AHgjs = Kt [(Vrzz +7r29 )]17 '(1—Vgr)' SrAz. (4-b)

Here fiof (T) is the effective viscosity of the melt, which for a pseudo-plastic liquid is
described by the Oswald—de Weyle power law; 7., =dv, /dr is shear rate of the axial flow;
7ro = dV@/df is shear rate of the tangential (circular) flow; Ky = f(T) is consistency
coefficient; n= f(T) is exponent.

As shown by our previous studies [4], the shear rate of the axial flow 7rz is negligibly

lower than that of the tangential flow 7r9 and it can be neglected, what shall be used in further

calculations.
Obviously, the change in the mixture enthalpy AH,, at any section of the channel is

equal to the value of the dissipation power (js at this section.

Taking into account equations (3) and (4-a), the heat balance equation in a layer AZ in
the presence of heat dissipation can be written as

— C .
PICIVer[(ATI Jaz _A(Tlvgr)Az +C_TA(Tgr 'Vgr)AZ} = ple (T)- 7r20(1_vgr)SrAZ : )

After dividing both parts of equation (5) by S, Az and passing to the limit Az —0, the
equation is reduced to the form

dTy d(Tl 'Vgr)+c_5,d(TL.Vgr)} = Lot (T)J/rZH '(1_Vgr)'

(6)

o\
’D”Z{dz dz c| dz

Differentiating the product in both derivatives in square brackets on the right-hand side
of equation (6) and performing the obvious transformations, one can obtain equation with
respect to the melt temperature
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vy | dT,
T )%_Csvgrlﬁgr : (7

an 1| (T)'f’rzﬁ'(l_vgr)JrC -
dz (1—Vgr)-C| AV sV o

The rate of change in the granules volume during their melting dVgr/dz IS a negative

value, so the second term in square brackets is also negative.
The enthalpy change in the melting process, which is represented by the second term on
the right side of the equation (7), can be represented in the form of two components

(8)

v v
& (T ~Tyr ) djr = o1 - (T =Tm)+ 5 - (T =T )} dfr

The second term in square brackets on the right hand side of (8) defines the enthalpy
change associated with heating the surface layer of the granule to the melting temperature

T In fact, this is «hidden heat of polymer melting», which is not consumed at a given
melting point, as in the case of a phase transition of the first kind, but gradually — in the
temperature interval (Tm +1Tgr). The first term in square brackets in the right side of (8)
determines the change in enthalpy associated with further heating of the already completely
melted polymer from Ty, to the current temperature of the surrounding melt T| (T) Taking

this into account, the change in the melt temperature along the length of the channel can be
represented as

a1 e (1) 79 - L-Vyr) o o= N9V
a0z _(1—Vgr)'cl o, +[CI (T —Tm)+ ¢ (Tm Tgr)] a4z o
dT,
—Cs 'Vgrl dgr }

The first term in the brace brackets in the right side of (9) is the dissipation
power, written through the effective viscosity s, according to the equation (4-a).

Dissipation power can be also determined from equation (4-b) through the consistency

coefficient KT- Substituting this value into equation (9), one obtains the identical heat
balance equation.
Equation (9) contains three unknown variables that depend on the coordinate .. These

are the melting temperature T|, the total granule volume Vgr and the volume-averaged
temperature of the granules 'ITgr. To determine the last two parameters, we need two more
equations describing the dependences Vgr = f(z) and Ty, = f(2).

Calculation of the granule melting rate. During passing the polymer mixture
through the channel, from the melt with the current temperature Tj (Z) to the surface

of the granules with constant temperature Ty heat enters, which is spent on melting the
surface layer of the granules and on their heating, that is, increasing their average
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temperature 'Tgr. If the melting rate of single granule is set equal to

dmgrl/drngr dVgrl/dr, then the melting rate of a totality of monodisperse granules can
be determined from the heat transfer equation

drR _ _
2 grl _
AR g Ay (T) =Ty Ngr = 47R g —q, MorAICs (T ‘Tgr)Vz +47Rgr1s (T ‘Tgr)”gr :

The left side of this equation is the amount of heat transferred from the melt
to the granule surface due to thermal conductivity. The first term in the right side
of (10) is the amount of input heat that is spent on melting the surface layer of
granules. The second term is the amount of input heat used to heat the granules. Here

Al and Ag, are, respectively, the thermal conductivity of the melt and granules,

which in the studied temperature range can be considered as temperature-independent
values [2, 4, 9, 11].
The heat transfer equation can be written not through the radius of an individual granule

Rgrl, but through the total volume of granules Vgr , using the relations

0,33 0,33 dr dv,

3V V 2 rl r

4Ry = (472;” J -78. (i} and 4ﬂRgr1—di Ngr = dg . (10)
gr

Then the heat transfer equation is reduced to the form

— dv

p1 - (T = Tgr )7, =2 = 7,8-[\/

0,33
i} Ngr '[/74 (TI _Tm)_;ts '(Tm _-Fgr)]' (11)

dz Ngr

Solving this equation with respect to dVgr/dz , one obtains the differential equation for
the melting rate of granules in the melt flow per unit length of the channel

Vor _ 7’8'(\/9r/ngr)0'33'ngr — _
dz  ppCs(Tma—Ta) ¥ '[;LI(T' _Tm)_ﬂs(Tm _Tgr)]- (12)

As a result, a differential equation for the dependence Vg = f(z) is obtained.

Calculation of the volume-averaged temperature of the granules. According to
equation (10), from the total amount of heat coming from the melt to the granules in a
section dz, part of the heat is spent on increasing volume-averaged temperature of the

granules Ty

_ _ _ (4 _3 dT, r
4”Rgrl'(-rm _Tgr)' Ngr =P "Cs-Vz '(gﬂRgrlJ'd—S'ngr- (13)

After reduction in both parts of (13), the equation can be rewritten as
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Ty 34s-(Tn —Tyr)

=T : (14)
dz Plcs'Vz'Rérl
Substituting first of relations (10) into equation (14) yields
ATy 3% (T —Tqr)
= (15)

dz 0,384V, /nge %y C5 -7, -

As a result, a differential equation for the dependence 'Fgr = f(z) is obtained.

System of model equations includes three differential equations, which under given
boundary conditions describe the changes in the mean melt temperature Tj = f(Z), in the
volume-averaged granule temperature 'ITgr = f(z), and in the total granule volume Vgr = f(z),

when a polymer melt passes through a straight annular channel. The system of equations also
includes an additional independent differential equation, which describes the distribution of
axial pressure in the melt p = f(z) along the channel length. The derivation of the last equation
is considered in detail in [4].

1. Melt temperature equation written through the consistency coefficient

dz dz

ﬂ: 1 Hef (T)‘7r29(1_vgr)
dz (1—Vgr}3| o AP

Jr[CI (TI _Tm)+cs(Tm _-rgr)]dvgr _ésvgrlﬁ}’ (16)

is solved under the boundary condition: T| (0) =Tp.
2. The equation for changing the total granule volume in the mixture

Vo _ 78-Mgr /nge = -nge
dz Al 'Cs(Tm _Tgr)'vz

I =T )= 26 (T =Tr ) (17)

is solved under the boundary condition: Vg (0) =Vgro-
3. Equation of the volume-average temperature of the granules

dz 0,384'(\/gr/ngr)o'66 1 -Cs Vg
is solved under the boundary condition: Ty (0)=Tyo.
4. Pressure gradient equation in the channel
dp_ 2Kg-(Gy) [1+2n}” 19)
dz (Ry+Rp)"-(h/2f*2"\ 2m

is solved under the boundary condition: p(0)= Po .
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In addition to differential equations, the model also includes algebraic equations that
describe:
- Dependence of the consistency coefficient K, on temperature

Kr(T)=Kro-exp[-8-(T - Tg )], (20)

where K1o =Kt (Tst) and $ is a temperature coefficient of viscosity.
- Dependence of effective viscosity on temperature

peg (T) =Ky (T)-(rrg)" (21)
- Dependence of the exponent on temperature

n=ng+ay(T -Tg), (22)

where Np = n(Tst) and @ is a temperature coefficient.

Analysis of the research results. On the basis of the created model of melt
flow with undermelted granules in a straight annular channel at the exit from the screw
section of the extruder, a computational experiment was conducted taking account of the
design characteristics and operational parameters of the industrial disk extruder [3, 5]. The
length of the annular gap L, =10 mm, width h, =5 mm. The radius of the rotating cylinder

R; =87.5 mm, the radius of the outer cylinder R,=92.5 mm. The research was conducted at
three values of screw revolution speed: 120, 150 and 180 rpm (respectively, at angular

velocities @y of 12.5s, 15.7 st and 18.8 s2).

A polymer composition based on high-pressure polyethylene (LDPE 15803-020 brand)
was chosen as a model object. Table 1 presents physical and rheological properties of this

polymer composition. In the temperature range of T| > Ty, the heat capacity of the melt C| (T)
changes slightly. Therefore, to estimate the melt heat capacity Cj, its average value was taken

in the melt temperature range T,, <T; < 200°C. This interval corresponds to the temperature

range in the dosing zone of extruders [7, 9]. The values of density and thermal conductivity,
given in the Table 1, were determined based on the same considerations. The mean heat

capacity value of the granules Cg, as well as the value of the melting temperature Tm , were

selected based on the analysis of literature data for high-pressure polyethylene [2, 8, 11]. A
power law was used to describe the dependence of the effective viscosity on the shear rate. The

standard temperature was taken to be Ty =160°C.

Table 1

Rheological and physical properties of the polymer

Kro No s Pl T Cj Cs A As
Pass" - 1/K kg/m?® °C JkgK JkgK JimsK JimsK
23750 0,34 0,0172 910 120 2484 9935 0,235 0,300
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The melt, containing the granules, move through the annular channel at a constant
volumetric flow Gy = 9.06.10-6 m3/s with mean axial velocity v, = 3.2 mm/s under the

influence of melt pressure at the channel entrance Pp=5 MPa.

It has been found in previous studies that the centrifugal pressure, arising in the gap
on account of the inner cylinder rotation, changes by no more than 4% across the width of
the gap [4]. The centrifugal pressure value at any point of the gap is negligibly small
compared to the axial pressure value. Calculations also showed that for this type of extruder,

in a wide range of changes in operating parameters, the shear rate of the axial flow 7, is

two orders of magnitude lower than that of the circular flow Jyg . Therefore, the dissipation
intensity Ogis o 7r22 +729 depends exclusively on the shear rate of the circular flow, which,
r

in turn, depends on the rotation frequency (/rg = a’ORl/hr ). According to equations (16) and

(17), the rate of change in the melt temperature and the rate of the granules melting along
the channel length should depend on the frequency of rotation of the inner cylinder.

Figure 2 shows that the higher the rotation frequency @y, the stronger increasing the
melt temperature and the faster the decreasing the volume of the granules.
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Figure 2. Distribution of the melt temperature T, = f(z) (solid lines) and the specific volume of granules

Vgr = f<2) (dashed lines) along the length of the annular channel at different rotation frequencies wyq:
1—-180 rpm; 2 — 150 rpm; 3 — 120 rpm

As shown in Figure 3, the shear rate of the circular flow Jrg increases proportionally

to @, and the values 7rg do not depend on temperature and practically does not change along
the width of the gap. As can be seen from Figure 3, the effective viscosity of the melt . (1)
decreases sharply along the length of the gap, which is associated with an increase in the melt
temperature T} = f(Z). In accordance with equation (21), the value s (T) increases with an

increase of rotation frequency @y due to increasing the shear rate 7r6-
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Figure 3. Distribution of the effective melt viscosity .. (T) (solid lines) and the shear speed of the tangential

flow y.o (dotted line) along the length of the annular channel at different rotation frequencies g :
1—-180 rpm; 2 — 150 rpm; 3 — 120 rpm

During the passage of the mixture through the channel, the granules are heated and their

volume-averaged temperature Tg, increases, what can be observed from Figure 4. At the

rotation frequency @p=150 rpm the melt temperature increases by 30°C (Figure 2), whereas

the volume-averaged temperature of the granules increases only by 6°C.
Figure 4 also shows the change in axial pressure along the length of the channel. At the

channel length |_1 =10 mm the melt pressure decreases by 0.12 MPa. It can be observed from
Figure 4 that as the melt passes through the channel, the pressure gradient dp/dz gradually
decreases. According to equation (19), this is explained by the decreasing the consistency
coefficient KT with temperature.
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Figure 4. Distribution of the axial pressure p, (solid line) and the volume-average temperature of the

granules fgr (dotted line) along the length of the annular channel at the rotation frequency @qg =150 rpm
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Conclusions. A computational experiment has been carried out that takes into account
the design characteristics of a pilot-scale disk extruder and uses a polymer composition based
on high-pressure polyethylene (PE 15803-020) as a model object.

The calculation procedure is described in an analytical form and graphical dependences
of the melt temperature distribution, specific volume of granules, distribution of the average
temperature of the granule, and change in the effective viscosity of the melt along the channel at
disk speeds of 120, 150, and 180 rpm are presented. At the disk speed from the minimum value
of 120 rpm to the nominal value of 150 rpm, the temperature increases gradually, and at the disk
speed of the nominal value to the maximum value of 180 rpm, the temperature increases faster.

The previously started procedure for calculating the channels of the homogenization
zone has been extended.
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YK 678.023

YUCEJBHE JOCILIXXEHHA HEI3OTEPMIUHOI TEYII PO3ILJIABY
HHOJIMEPY 3 HEAOIIVIABJIEHUMU I'PAHYJIAMUAX Y IPAMOMY
KIVIBIHEBOMY KAHAJII IMCKOBOI'O EKCTPYJIEPA

Bouaoaumup Hosoasopcebkuii; I'eopriii IBannubkuii; MukoJia lsen

Hayionanvnuii mexuiunuu ynisepcumem Yxpainu « Kuiscoxkuii nonimexuiunut
incmumym imeni I2ops Cikopcvrkozoy, Kuis, Teprnonino

Pesztome. Jlobpy Axicmb po3niagy MOMCHA OMPUMAMU, KOU O0CAAEMbC MEXAHIUHA | MeMnepamypHa
00HOpiOHoCcmi. Egexmusnum o01a0HAHHAM, AKe 3a0e3nedye 8UCOKUL Pi6eHb NepeMiuly8aHHs NPU HeGeTUKOMY
nepenaoy mucky i 8i0nN08iOHO He3HAUHUX 8UMpamax euepeii, € ouckoguil excmpyoep. Posensanymo npoyecu, axi
8i00y8a0OMbCs 8 YUNIHOPUYHOMY KITbYeBOMY KAaHAML, KUl NOYUHAEMbCA NICAA 28UHMO080i Hapisku. OcCKinbKu
npoyec npoxooumy 3a OUCHEPCIUHOI0 MOOEJLIIO NIABNIEHHS, MO 8 NePUIOMY Ul OPY2OMY KAHANAX 30HU 20MO2EHI3ayii
8i00y8aIOMbCsi  OOHOUACHO NpoYecu 20MO2eHi3ayis [ OONAABNEeHHA 2PAHYN, WO eKCHePUMEHMANTbHO YUl
meopemuuHo we He 00CHiOHCY8AN0Ccs paHiwe 8 jimepamypuux oocepenax. IIpogedeno obuucmoganrbHull
excnepuMeHm Ha 0CHOGI CMBOPeHOi MoOeli meyii po3niagy 3 HeOONNAGIeHUMU SPAHYIAMU 8 NPAMOMY KilbyeGoMy
KaHani, 8 AKOMY 6paxo8ylomvcs KOHCMPYKMUBHI XAPAKMepUcCmuky OO0CTIOHO-NPOMUCTIO08020 OUCKOBO2O
excmpyoepa i de 8 AKOCMI MOOenbHO20 00’ckma eUOPAHO NONIMEPHY KOMNO3UYII0 HA OCHOGI NOJiemuieny
sucokxozo mucky (mapxu IIEBT 15803-020). Hagedeno npoyedypy pospaxyHky 6 anarimuynii ¢popmi. Ompumaro
epaghiuni  3anexicHoCmi po3nooiLy memnepamyp po3niaAgy, RUMOMULL 00’eéM 2panyi, po3nodil cepeoHbol
memnepamypu cpanyiu ma 3Miny epekmusHoi 6 SI3Kocmi po3naagy 630084C KAHALY NPU 3HAUEHHAX 00epmis OUcKd
120, 150 ma 180 06/x6. Temnepamypa po3niasgy 30inbutyemspcs NOCMYNO80 Npu yacmomi obepmis oucka 8io
MiHiManvroeo 3uauenns 120 00/x6 00 HoMinanbHO20 3HayenHs 150 06/xs, a npu wacmomi obepmis oucka 6i0
HOMIHANIbHO2O 3HAYEHHA 00 MakcumanbrHoz2o — 180 06/xe. 36invuienns memnepamypa 8i0bysaemuvcs wguouLe.
Poboma cnpsmosana na docniodcenns Oucko8ozo ekcmpyoepa, aKuil 0036018€ pO3pOOUMuU 2HYUKULL I KeposaHull
npoyec 20MO2eHI3ayii 3 MONCIUGICIIO GUSHAYAMU U Pe2yNI06amU GUCOKULL pi6eHb NepeMiuLy8ants pO3NIasy nio
yac npoyecy excmpysii 3a cmanoi npooykmugnocmi. Pezyremamu yici pobomu 6y0ymv 3acmocoeami npu
nOOAILULOMY OOCAIOIICEHHT HEI30MEPMIYHUX NPOYeCi8 meyii po3niasy ma niaeieHHsa epanyil y KOHYCHIU Kilbyesill
ma 6 OUCKO8Ill 30HAX.

Knwuoei cnosa: oucxosuii excmpyoep, noiimepu, Kiltbyesi KaHAAU, MOOENOBAHHS, Hei30mepMiuHi
npoyecu, nianeHHs.

https://doi.org/10.33108/visnyk_tntu2023.04.115 Ompumano 13.10.2023

126 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 4 (112), 2023 https://doi.org/10.33108/visnyk_tntu2023.04


https://doi.org/10.33108/visnyk_tntu2023.0
http://www.rauvendaal.com/
https://doi.org/10.1016/j.ijthermalsci.2011.02.013
https://doi.org/10.15593/2224-9877/2017.3.10
https://doi.org/10.33108/visnyk_tntu2023.04.115

