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About the journal

The International Scientific Periodical Journal "Modern Technology and Innovative Technologies" has been published since 2017
and has gained considerable recognition among domestic and foreign researchers and scholars.

Periodicity of publication: Quarterly

The journal activity is driven by the following objectives:

e Broadcasting young researchers and scholars outcomes to wide scientific audience

e Fostering knowledge exchange in scientific community

e Promotion of the unification in scientific approach

e Creation of basis for innovation and new scientific approaches as well as discoveries in unknown domains
The journal purposefully acquaints the reader with the original research of authors in various fields of science, the best examples of
scientific journalism.
Publications of the journal are intended for a wide readership - all those who love science. The materials published in the journal
reflect current problems and affect the interests of the entire public.

Each article in the journal includes general information in English. The journal is registered in INDEXCOPERNICUS.
Sections of the Journal:

Library of Congress Classification Outline Sections
Subclass TJ/ TJ1-1570 Mechanical engineering and machinery
Subclass TK / TK1-9971 Electrical engineering.
Subclass TA /TA165 Engineering instruments, meters, etc. Industrial instrumentation
Subclass TK /TK5101-6720 Telecommunication
Subclass TK / TK1-9971 Electrical engineering. Electronics. Nuclear engineering
Subclass TN/ TN1-997 Mining engineering. Metallurgy
Subclass TS/ TS1950-1982, TS2120-2159 Animal products., Cereals and grain. Milling industry
Subclass TS/ TS1300-1865 Textile industries
Subclass TK / TK7800-8360 Electronics
Subclass T/ T55.4-60.8 Industrial engineering. Management engineering
Subclass T/ T351-385 Mechanical drawing. Engineering graphics
Subclass TA /TA1001-1280, Subclass TL / Transportation engineering, Motor vehicles. Cycles, Highway engineering. Roads
TL1-484, Subclass TE / TE1-450, Subclass TF / TF1-1620 and pavements, Railroad engineering and operation
Subclass TH / THI-9745 Building construction
Subclass T/ T55-55.3 Industrial safety. Industrial accident prevention

Innovative economics and management, Innovations in pedagogy, Innovative

Additional sections approaches in jurisprudence, Innovative philosophical views
R equirements for articles

Articles should correspond to the thematic profile of the journal, meet international standards of scientific publications and be
formalized in accordance with established rules. They should also be a presentation of the results of the original author's scientific
research, be inscribed in the context of domestic and foreign research on this topic, reflect the author's ability to freely navigate in the
existing bibliographic context on the problems involved and adequately apply the generally accepted methodology of setting and
solving scientific problems.

All texts should be written in literary language, edited and conform to the scientific style of speech. Incorrect selection and
unreliability of the facts, quotations, statistical and sociological data, names of own, geographical names and other information cited
by the authors can cause the rejection of the submitted material (including at the registration stage).

All tables and figures in the article should be numbered, have headings and links in the text. If the data is borrowed from another
source, a bibliographic reference should be given to it in the form of a note.

The title of the article, the full names of authors, educational institutions (except the main text language) should be presented in
English.

Articles should be accompanied by an annotation and key words in the language of the main text and must be in English. The abstract
should be made in the form of a short text that reveals the purpose and objectives of the work, its structure and main findings. The
abstract is an independent analytical text and should give an adequate idea of the research conducted without the need to refer to the
article. Abstract in English (Abstract) should be written in a competent academic language.

The presence of UDC, BBK

Acceptance of the material for consideration is not a guarantee of its publication. Registered articles are reviewed by the editorial
staff and, when formally and in substance, the requirements of the journal are sent to peer review, including through an open
discussion using the web resource www.sworld.education

Only previously unpublished materials can be posted in the journal.

R egulations on the ethics of publication of scientific data and its violations
The editors of the journal are aware of the fact that in the academic community there are quite widespread cases of violation of the
ethics of the publication of scientific research. As the most notable and egregious, one can single out plagiarism, the posting of
previously published materials, the misappropriation of the results of foreign scientific research, and falsification of data. We oppose
such practices.
The editors are convinced that violations of copyrights and moral norms are not only ethically unacceptable, but also serve as a
barrier to the development of scientific knowledge. Therefore, we believe that the fight against these phenomena should become the
goal and the result of joint efforts of our authors, editors, reviewers, readers and the entire academic community. We encourage all
stakeholders to cooperate and participate in the exchange of information in order to combat the violation of the ethics of publication
of scientific research.
For its part, the editors are ready to make every effort to identify and suppress such unacceptable practices. We promise to take
appropriate measures, as well as pay close attention to any information provided to us, which will indicate unethical behavior of one
or another author.
Detection of ethical violations entails refusal to publish. If it is revealed that the article contains outright slander, violates the law or
copyright rules, the editorial board considers itself obliged to remove it from the web resource and from the citation bases. Such
extreme measures can be applied only with maximum openness and publicity.
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Abstract. Tools in the form of methodology and software for the numerical study of the
thermo-elasto-plastic state of coke-pitch composites using the example of isostatic graphite
production technology have been developed. A closed mathematical formulation and a method for
numerically solving an elasto-plastic problem with isotropic hardening based on an implicit inverse
mapping algorithm are considered. Using the finite element method, the corresponding program
code was developed and verified. A comparison of the results with the data of numerical analysis
obtained using the ANSYS Mechanical APDL software product shows that, with isotropic
hardening, the maximum discrepancy does not exceed 1.13 %, and for ideal plasticity it is no more
than 3.58 %. The calculations of the thermo-elasto-plastic behavior of the coke-pitch composite in
the technological stage of the production of isostatic graphite blanks are performed. It is shown
that in the case of non-compliance with the temperature regimes at the initial stages of roasting,
plastic deformations occur in the isostatic graphite blanks, which lead to cracking and
deterioration of the uniformity of the physical properties of the finished products.

Key words: composite material, elastoplasticity, numerical analysis, implicit algorithm,
isostatic graphite.

1 Introduction.

One of the composite materials with properties close to isotropic can include
coke-pitch mixtures, which are the basis for the production of isostatic graphite (IG)
[1, 2]. The composition of these mixtures includes pitch (matrix) and fine (30— pum)
or fine-grained (10-30 um) filler — coke [3,4]. Owing to the uniqueness of the
physicochemical properties, isostatic graphite has been extremely widely used in
various fields of science and technology: from metallurgy and mechanical

engineering to atomic and renewable energy [5, 6]. The technological cycle of
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industrial production of isostatic graphite is divided into the following stages: the first
stage is the selection, preparation of raw materials, the preparation of a coke-pitch
mixture (composite), as well as the isostatic pressing of “green” blanks, the second
stage is the burning of blanks and the third is graphitization [4, 6]. The plastic
properties of the composite material for the production of isostatic graphite are shown
at the stages of pressing and burning [4, 7].

2 Literature Review.

Available literature does not contain information on the results of modeling the
elastic-plastic behavior of coke-pitch composites at the stages of the production of
isostatic graphite blanks, and the mechanical properties are mainly given in the
certificates of manufacturers and only for the finished product, which may be
associated with the high commercial potential of this technology [8].

In [7,9], on the basis of well-known analytical solutions for the normal
components of the thermal stress tensor in a cylindrical body, the limiting radial
temperature differences in composite graphite billets were estimated at the burning
stage.

One of the first significant works devoted to implicit algorithms for solving
elastoplastic problems is an article by SimoJ. C. and Taylor R. L [10], which
introduced such important concepts as sequential tangential operators and the inverse
mapping algorithm. It is shown that for the case independent of the speed of the
elastoplastic behavior of the material, the so-called inverse mapping algorithms
ensure that the quadratic velocity of the asymptotic convergence of the schemes of
iterative solutions based on the Newton method is preserved. In this work, examples
of numerical solution of problems with isotropic and kinematic hardening for the
associative flow law are given, as well as a problem with the non-associative
Drucker-Prager flow law.

The theoretical foundations for solving a wide class of elastoplastic problems
using various modifications of the inverse mapping algorithm are most fully
described in [11, 12].

The paper [13] presents a mathematical formulation of the problem of the
elastic-plastic state of bulk material based on the classical Drucker-Prager model.
Using the inverse mapping algorithm, numerical experiments were carried out using
an example of a material characterized by an associative flow law for various values
of the angle of repose.

In the considered works [10-13], there are no closed formulations of the
problems of thermo-elastic plasticity of composite materials and examples of their
numerical implementation that could be directly applied to improve the technology
for producing isostatic graphite.

In connection with the foregoing, this work is aimed at developing tools for the
numerical study of the elastoplastic state of coke-pitch composites using isostatic
graphite technology.

3 Research Methodology.

3.1 Mathematical statement of the problem.

In connection with the foregoing, this work is aimed at developing tools for the

numerical study of the elastoplastic state of coke-pitch composites using isostatic
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graphite technology According to the incremental theory of plasticity, the
mathematical model of the isotropic material independent of the speed of the
elastoplastic behavior of the isotropic material includes the equilibrium equation, the
generalized Hooke's law, and the geometric equation written through increments of
physical quantities [11-13]:

V—6+pf):0;
: E (. A)
6:—(§+1 VZ tr(é)lj—&o; (1)

A%

where V is the Hamilton's operator, m™'; 6 is symmetric stress increment tensor of
the second rank, Pa; p is density, kg /m>; b is vector increment of mass forces, N/kg;
E is modulus of elasticity under uniaxial tension (compression), Pa; v is Poisson's
ratio; & is symmetric increment tensor of the total deformations of the second rank; I
is unit tensor of the second rank; tr( ) is tensor trace operator; 6" is increment tensor

of initial stresses, Pa; & ,é”l are the elastic and plastic components of the tensor of

the increment of total deformations £, respectively; u is the displacement increment
vector, m (the ” sign above the tensor without a digit means it belongs to the second
rank).

In the case of isotropic hardening, the material yield condition takes the
following form [11, 12]

F(é.ely)=0,—oc,(e4), (2)

. : . . /3 AA g
where F' is the function of the surface fluidity of the material; o, = 5 :§ 18 Mises

: NP DR oL
equivalent voltage, Pa; s=0¢ —gtr(c)l is tensor of deviatoric stresses of the second

rank, Pa; o, (sfé )ZGyO +hsfé is yield point of the material, taking into account

: . . . . 2,00 A ) :
isotropic hardening according to the linear law, Pa; sfql =\3 r.e? is Mises

. . . A A 1 A o . . .
equivalent plastic deformation; é”' =g” —gtr(apl)l is tensor of deviator plastic

deformations of the second rank; o, is the initial value of the yield strength of the

material, Pa; /4 is hardening module, Pa; (:) is the operator of double scalar

multiplication.
The initial conditions for (1) and (2)

6" =0. 3)
The boundary conditions for (1) and (2):
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— displacement vector

5, = 4)

where S, 1s the surface (or surface point) on which the components of displacement
are specified, m?;

— Symmetry
n-uj = 0, (5)
where n is the vector of the external normal to the surface of the body; S|, is surface
symmetry of the body, m?;
— external pressure
(6-n)-nSp=p, 6)

where p 1s the external pressure set on the surface of the body §,, Pa.

3.2 Methodology of numerical solution.
Consider the theoretical foundations of the implicit Return-Mapping Algorithms
[11, 12] using the example of solving the problem of the elastic-plastic behavior of an
isotropic material. Elastic stresses in the case of the occurrence of elastoplastic
deformations in the material taking into account the temperature load are determined
by the equation

6 :(43(8 -8 —2,), (7)

4
where C is the fourth-rank tensor of the elastic constants of the material, Pa; € is
tensor of test (full) deformations of the second rank, which is determined in the

N
approximation of an elastic medium; £”' = Z(Aépl ) is tensor of plastic deformations
i=1 !
of the second rank; Ag” is increment of plastic deformation at the i-th step of
loading; N 1s the number of loading steps; €, :B(T —Tref)I 1s temperature strain
tensor; B is coefficient of linear thermal expansion (CLThE), K'!; T T, are the

current absolute temperature and the absolute reference temperature, respectively, K.
Under the associative law of plastic flow, the increment of plastic deformations
is determined by the relation

AEP' = Ahm, (8)

where AL is the scalar associative factor (plasticity coefficient), which is determined
by the formula

m:C:
AL =g 9)
C
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where m = ZIT :% > is the derivative of the plasticity function (2) with respect
° 7 [P
2

to the stress tensor.
Using the inverse Euler method, equation (7), taking into account (8) and (9) for

k+1 the loading step, can be easily transformed to
4

&k+l — 6tr —A}\,kﬂ é:lﬁ<&k+l ), (10)

4
where 6" is the elastic stress tensor at the loading step, Pa; 6" = C:£" is test stress

tensor determined in the approximation of an elastic body, Pa;

4 4
C:g” = A\ C:lﬁ(&k“) is initial stresses caused by the plastic flow of material, Pa.

Formula (10) describes the mapping of the test stress tensor in the direction of
the yield surface F'. Therefore, this method of solving the elastic-plasticity problem
is called the inverse mapping algorithm [11].

System of equations (10), taking into account the symmetry of the stress tensor,

has seven unknowns, i.e. six independent components 6" and plasticity coefficient
A\ . In this regard, to close the system of equations (10), it is necessary to supplement
it with a scalar equation (2) of the form

F(&k“,Ax)z(L (11)

Equation (11) ensures the fulfillment of the yield condition at the end of each £ -
th stage of loading.
To apply the Newton method, the nonlinear system of equations (10), (11) must

be rewritten in the residual format (12). Moreover, to represent the tensors 6**', 6"

and m in the form of vectors, it is necessary to make the transition to six-dimensional

space, taking into account their symmetry. This makes it possible to replace tensors

1
1 6" and m

4
with six components, and instead of using the tensor of the fourth rank C, use the

of the second rank 6**', 6" and m with the corresponding vectors ¢

tensor of the second rank of elastic constants D of dimension six:
r, = 6k+1 6" + A}\(k-rl]")el _m(6k+1);
k+1 k+1 (12)
re=F (0' JAM )
To solve the system of nonlinear equations (12), Newton's method (13) or
linearization by Newton's method (14) are used, the iterative procedures of which are

respectively written as follows:
-1

k+ K+ % or, ;
6. | [ o) 06 OAL [ré}

Y Rats I WV Sl B o
06 OAL

(13)

Iy
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or
or,  Or fe+l ke+1 K+l
k+1 i + + +
o6 OA)L | 99 _[1’5] i | | Oy N 00 (14)
k+1 || k+l | k+1 k+l |2
Orp  Orp || 8AL] ri ) (A ]| Aart AL
06 OAM
k+1
51}, k+1Rel m(cj ) . .
where =I+AL, D" -—————=; 1 is unit tensor of the second rank;
06 06
or 3 or or )
—o _p“ -m(c’j‘.”); £ —m’ (c’}“); —£ —_}. Here, the index k refers to the
OAA 06 OAM

loading step, and the index ; refers to the number of iterations according to Newton's

method.
The use of linearization of a system of equations of the form (14) and its
solution by the Gaussian elimination method instead of inverting the matrix in (13)

using a unit matrix (AA_1 :E) allows significantly reducing the number of

arithmetic operations at each iteration step by approximately 2n(n —1)2, where n is

the dimension of the system of equations.

For k= 1, the usual elastic problem with respect to complete displacements
under the boundary conditions (4) — (6) is solved and the tensor of test stresses is
determined. Further, in the part of the body in the elastoplastic state, tensors of the
increment of plastic deformations and elastic stresses are determined from solution
(14) and the initial stresses are found by the formula

¢"") = AP . m ™), (15)

The following integration steps (1), (2) for k> 1 are performed only with a load
with initial stresses (15), (16) under boundary conditions (4), i.e. without taking into
account external and internal load. In this case, the elastic problem is also solved and

the vector of increment of displacements Au® is determined and the components of
the vector of full displacements are determined, according to which new values of the
components of the test stress tensor are found. Then, from solution (14), new values

of the components of the tensors of the increment of plastic strains and elastic
stresses are determined for the part of the body in the elastoplastic state. Next, to
perform the next loading step, we find the tensor of the increment of initial stresses
according to the formula

¢'®) = AX D -m* -6, (16)
The plastic strain tensor is determined by the formula

gP(F) — gPI1) L Ap k|

The criterion for the completion of calculations may be the fulfillment of one of
the conditions

ISSN 2567-5273 11 www.moderntechno.de



Modern engineering and innovative technologies Issue 16 / Pari

‘Auk‘ <9, or

pl(k)
€y ‘S d,

To apply the described methodology to the problems of the elastoplastic state of
isotropic composite materials, it is necessary to determine their effective physical and
mechanical properties. For this, one can either use the additive relations [14] using
the known properties of the constituents (matrix and filler) of the composite, or
experimentally determined effective values of these properties [7].

Additive relations Voight [14] have the general form

Bomp =0V + BV

comp

where V;, V. are the volume fractions of the filler and matrix, respectively; indices

comp, f, m relate to the composite, filler and matrix, respectively; P is one of the
physical properties of the composite, filler and matrix, respectively.

When solving the unbound thermo-elastic-plastic problem (7), which takes place
in IG technology, to determine the temperature field, it is necessary either to solve the
non-stationary (stationary) heat conduction problem with the corresponding initial
and boundary conditions [15], or to set the known temperature field in advance.

3.3 Methodology of numerical solution.

For the numerical implementation of the above algorithm, the finite element
method (FEM) was used [10—-13] and the Mathcad programming environment [16].
To build the geometry and tetrahedron mesh of the model, a free open source code is
used — a CAD system for grid generation Gmsh [17]. To visualize the results of
calculations of physical fields, the freely open software code ParaView was used
[18]. Testing of the developed program code for solving the problem of elastic-
plasticity with isotropic hardening was performed using an example of a material
with the mechanical properties of carbon steel.

To fulfill the conditions on the yield surface (12) with an accuracy of 10 in
each plastic finite element (FE), iterations must be performed 6 times, and to achieve
an accuracy of 0.1% in determining the components of the displacement vector, 10—
15 loading steps are required initial stresses when solving the global system of
discrete FEM equations.

Test.

The problem of elasticity taking into account the isotropic hardening of a thick-

walled cylinder with radii / r, =0,05/0,08 m. Material is steel (E=2- 10" Pa,
v=0,3, o ,=320 MPa, 1 =1.5 GPa). The pressure on the inner wall of the cylinder

is p= 150 MPa.

The grid convergence of the solution to the problem was determined by the
double recount method. As a result, it was found that the computational grid of the
test problem, consisting of 2041 linear tetrahedral FEs and 743 nodes, leads to an
error in the determination o, of not more than 0.5%.

The results of a numerical solution of the elasto-plastic problem for cases of
isotropic hardening and ideal plasticity and their comparison with data obtained using
the ANSYS Mechanical APDL software product [19] are given in Table 1 and 2.
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Table 1
Results of a comparison of solutions to the plasticity problem taking into
account isotropic hardening.

Type of Solution u,, m c,,» MPa SZI gfé

ANSYS, nodes 774, 8,61-10°—  213-322  0,001064— 0-0,001217

FEs — 2209 0,000112 0,001608

Mathcad, nodes 743, 8,675-10°—  215,3—  0,001076— 0-0,001218

FEs — 2041 0,00011204 321,83 0,001607

Error, % 0,75-0,038 1,08 1,13-0,06 0-0,08
0,053

Author's development
Note: u, =|u is displacement vector module; c,, 1s Mises equivalent stresses; sié

and sfql are equivalent Mises elastic and plastic deformations, respectively.

Table 2
The results of a comparison of the solutions of the plasticity problem for ideal
plasticity.

Type of Solution u,, m c,,» MPa SZI 85;
ANSYS, nodes 774, 8,62-10°— 213-320 0,001066— 0-0,001128
FEs — 2209 0,000113 0,0016
Mathcad, nodes 743, 8,615-10°— 212,8-320 0,001068— 0—
FEs —2041 0.0001111 0,00162  0,00115825
Error, % 0,058—1,68 0,094-0 0,84-1,25 0-3,58

Author's development

The results of numerical modeling of physical fields in solving the test problem
of elasticity using the developed software code confirm the possibility of its practical
application.

4 Results.

The following are the results of a numerical analysis of the elastic-plasticity of
coke-pitch composite blanks in the production of isostatic graphite.

To conduct studies of thermo-elastic plasticity at the early stages of burning of
IG blanks, the composition of the coke-pitch composite was used, including calcined
pitch coke as a filler with an average grain size of 15 um and a matrix of high-
temperature pitch (HTP) in an amount of 40 % (by weight) [7]. The softening
temperature of the HTP is 140 °C. Pitch coke is characterized by physical properties
close to isotropic [20], which positively affects the properties of the finished IG. The
calcination temperature of coke exceeds the burning temperature of the 1G blanks,
which minimizes its shrinkage during the heat treatment. The physical properties of
the coke-pitch composite used in the calculations are given in Table 3.

In the calculations, the Poisson's ratio, CLThE, the yield strength and the
hardening modulus of the IG blanks were taken equal to v =0.235, B=1.8-10* K,

G ,0=3 MPa and h= 0 Pa, respectively. When heated, the composite material of the
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IG blanks behaves differently: to the softening temperature of the pitch (matrices)
expand, and after the onset of destruction, accompanied by gas-fission, it shrinks with
the formation of semicoke and coke in the temperature range of more than 250 °C,
which leads to an increase in its density [7, 21].
Table 3
Physico-mechanical properties of IG blanks at the burning stage (composition:
calcined coke (15 pm) +40% HTP).

o 3 CP ? 7\’ s E ) Gc ” Gt ”
£,°C | p,kg/m kJ/(kg-K) W/(m-K) GPa MPa MPa
20 1420 0,67 0,60 3,8 120 3,1
100 1380 0,95 0,77 5,0 120 3,1
200 1450 1,18 0,90 8.4 206 573

Source: [7]

Note: ¢ is temperature; p 1s density; ¢, 1s mass isobaric heat capacity; A 1is

p

coefficient of thermal conductivity; o,, o, are the compressive and tensile strengths,

respectively.

The calculations were performed for vertically standing IG blanks with a
diameter of 300 mm and a height of 500 mm, taking into account gravitational and
temperature loads on a finite element mesh consisting of 4762 linear tetrahedral FEs
and 1311 nodes. The temperature load in the form of radial temperature drops across
the workpieces varied within the range A7 =5-15 K. The results of numerical

simulation of the physical fields of elastic-plasticity of the “green” 1G blanks at the
initial stage of burning to the softening temperature of the pitch (140 °C) are shown
in Fig. 1.

Analysis of the calculation results shows that:

— a significant part of the IG blank under the influence of temperature loading is
in the plastic state (Fig. 1, d);

— in the upper part along the axis of the workpiece, gravitational compressive
forces and temperature expansion cancel each other out, which results in minimal
equivalent elastic deformations (Fig. 1, ¢) and, accordingly, equivalent Mises stresses
(Fig. 1, ).

Irreversible plastic deformations worsen the uniformity of the composite and
provoke cracks nucleation at the initial stage of burning, i.e. to reach the level of
softening temperatures of the matrix material, the beginning of destruction and
intense gas evolution.
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Figure 1 — The results of numerical simulation of the thermo-elasto-plastic
behavior of the composite material during the burning of “green” IG blanks at

AT =15 K: a — excess temperature (7 — T, . » K); b — displacement vector module

(Ju

T

E9.23e+05

, m); ¢ — equivalent elastic deformations according to Mises (821 ); d — equivalent

plastic deformations according to Mises (efé ); € — equivalent full deformations

tot

according to Mises (&,

); f—equivalent von Mises stresses (o, , Pa).

Author's development

5 Conclusions.

Tools have been developed in the form of methodology and software for the
numerical study of the thermo-elasto-plastic state of coke-pitch composites in the
production technology of isostatic graphite.

Verification of the program code developed in the Mathcad environment is
carried out using the example of a numerical solution of the test problem of the
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elastic-plasticity of an isotropic material. A comparison of the results with the data of
numerical analysis obtained using the ANSYS Mechanical APDL software product
shows that, with isotropic hardening, the maximum discrepancy does not exceed 1.13
%, and for ideal plasticity it is no more than 3.58 %.

A numerical analysis of the thermo-elastic-plastic state of composite IG blanks
during the burning process is carried out. It is shown that in the early stages of
burning at radial temperature gradients of large 33 K/m in the coke-pitch composite,
undesirable plastic deformations may occur, which can contribute to the initiation of
cracks and reduce the uniformity of the composite material.
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Anomayia. Bcmanosneno, wjo y 00CmMynHux 1imepamypHux oxcepenax iocymus ingopmayis
npo pe3yivmamu MoOent08aAHH NPYHCHO-NIACIMUYHOI NOBEOIHKU KOKCOCNEKO8UX KOMNO3Umie Ha
CMaoisax BUPOOHUYMBA 3A20MOBOK [30CMAMUYH020 2pagimy, a 6i0oMOCMi U000 MeXAHIYHUX
eracmugocmell NPUBOOSIMbCS 8 OCHOBHOMY V cepmu@ikamax eupOOHUKIE | MiNbKU Ol 20M08020
NPOOYKMY, Wo Modice OYmu nos'szame 3 GUCOKUM KOMEPYIUHUM NOMEHYIanom yici mexHono2ii. Y
PO32NAHYMUX Npaysix 6i0CYMHI 3AMKHEHI NOCMAHOBKU 3A80AHb MEPMO-NPYIHCHO-NAACMUYHOCE
KOMRO3UMHUX Mamepianie ma npukiaou ix wucioeoi peanizayii, siki ModcHa 6yno 6e3nocepeonsbo
BUKOpUCMOBY8amMU NpU YOOCKOHALEHHI MEeXHONO02il OMPUMAHHA [30cmamuyno2o 2epagimy. V
36'93Ky 3 HaBeOeHum, O0aHa poboma CNpAMOB8AHA HA PO3POOKY IHCMPYMEHMI8 Ol YUCI08020
00CNI0NCEHHS — NPYICHO-NIACMUYHO20 ~ CMAHY  KOKCONEKOBUX  KOMNO3UMIE Y  MeXHOI02ii
i3ocmamuynoco epagimy. Pospobaeno 3acobu y Gopmi memooonocii ma npocpamHo2o
3a6e3neyeHHs 08 UYUCI08020 OOCNIONCEHHS MepMO-elacmo-niacmudHo20 Cmaxy KOMHO3UMI8
KOKCOB0I CMOMU HA NPUKIAOi MexHONo2li eupobHuymea izocmamuynozo epagimy. Pozensnymo
3aMKHyme mamemamuyHe QOopmMyn08aHHs ma MemoOUKy UUCI08020 pO38 S3AHHA NPYIHCHO-
naacmu4Hoi 3a0aui 3 i30MpONHUM 3MIYHEHHAM HA OCHOBI HEA8HO20 AN2OPUMMY 380POMHO20
81000padicerHHst. 3a 0ONOMO2010 Memoody CKIHUeHHUX eleMeHmie 0)8 po3pobaeHUll ma nepesipeHuti
6i0n0GiOHUll  npocpamuuii  ko0. IllopieHsanHna pe3yrbmamie 3 OAHUMU YUCTOB020 AHATI3Y,
OMPUMAHO20 3a 00NOMO20t0 npocpamuozo npooykmy ANSYS Mechanical APDL, noxasye, wo 3a
[30MPONHO20 3MIYHEHHST MAKCUMANbHA po30idxchicms He nepesuwyye 1,13%, a ona ideanvHoi
nracmuyHocmi cmaunoeums He Oinvute 3,58%. Buxkonano po3paxyHKu mepmo-enacmo-niacmuyHoi
N0BEOIHKU KOKCONEKOB8020 KOMNO3UMY HA MEXHOJNO02IYHOMY emani GUPOOHUYmMSEAd i30CmamuidHux
epaghimosux 3acomosok. Iloxkazano, wo y pasi HeGIONOBIOHOCMI MEMNEPAMYPHUX PedCUMIB8 HA
NOYAMKOBUX CMAOIAX BUNANIO8AHHA 6 I30CMAMUYHUX 2PAdimosux 3a20moeKax 6i00yearomvcs
naacmuuHi oegopmayii, wo Npu3eo0sMs 00 3APOONCEHHS MPIWUH MA ZHUNCEHHIO OOHOPIOHOCMI
Mamepiany KomMnozuma.

Knwuosi cnosa: xomnosumuuu mamepial, enacmoniacmudHicms, YUCI08UU AHANI3, HEeA8HUL
aneopumm, i3ocmamudHuil 2pagim
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Abstract: The work considers the main part of cement clinker in Ukraine is fired in furnaces,
the thermal efficiency of which does not exceed 55-60%, therefore the task of increasing the
efficiency of using such units is extremely urgent, since an increase in these indicators even by
several percent gives a great economic effect. A fragment of the lining consists of a steel sheet
modeling the casing and shaped periclase-chromite refractories with cells filled with mullite-silica
wool. The stand is designed to simulate the operating modes of the lining of the rotary kiln body
during operation.

Keywords: rotary kilns, thermal insulation, lining, building materials, production of cement
clinker.

Introduction

Tubular furnaces are widely used in the oil refining, chemical and gas industries,
where the furnace performs the technological functions of a thermal apparatus.
However, the most widespread of these units are in the building materials industry,
where they are the main thermal plants for the production of cement clinker,
expanded clay, lime, perlite and other materials. However, rotary kilns, which are the
main consumers of fuel, have a fairly low thermal efficiency. Thus, the main part of
cement clinker in Ukraine is fired in furnaces whose thermal efficiency does not
exceed 55-60%, so the task of improving the efficiency of such units is extremely
important, as increasing these indicators by even a few percent gives a significant
economic effect [1, 2 ].

The purpose of the work. One of the main factors determining the thermal
efficiency of the rotary kiln is the value of the thermal resistance of the lining, as in
the used rotary kilns heat loss through the body into the environment is very
significant and reaches 20-25% of total combustion heat [3]. The lack of durable
heat-resistant material with good thermal insulation properties largely determined the
direction of work on creating a lining with high thermal resistance by introducing
additional fibrous thermal insulation material, which is achieved by changing the
shape of the refractory (Fig. 1). For example, such insulation can be mulite silica
wool with inorganic additives, which can be used at temperatures up to 1600 °C. In

ISSN 2567-5273 18 www.moderntechno.de



Modern engineering and innovative technologies Issue 16 / Part 1

this case, a cell filled with heat-insulating material is formed between the refractory
and the furnace body.

The greatest efficiency in reducing the heat loss of the furnace to the
environment and the lining weight is achieved by installing shaped refractories in the
high temperature zone of the furnace, which provides greater heat transfer to the
material and reducing the mass of the heating apparatus [2, 3].

Figure 1 shows a constructive solution where the refractory brick rests on the
body with a leg formed by a cell [4]. At the mechanical and thermal loadings which
arise during work, the resulted form gives the chance, it is better to keep mechanical
stability of a refractory brick and to provide high thermal efficiency. In this case, a
cell having the shape of a triangle is considered.

Fig. 1 - Furnace lining with shaped refractories.
1 - furnace body; 2 - refractory,
3 - cell with additional thermal insulation.

This work is devoted to the experimental study of the distribution of temperature
fields in the lining fragment in the presence of shaped refractory and thermal
insulation material.

The aim of the work is to study the possibilities of installing a lining with a
shaped refractory, taking into account the thermal efficiency and structural reliability
due to the magnitude of the resulting thermomechanical stresses.

Carrying out of experimental researches is connected with necessity of reception
of values of temperatures and the subsequent estimation of correctness of
mathematical model and a technique of calculation of temperatures in refractories.
The data for determination of temperatures in refractories and thermal insulation by
means of the developed experimental installation are specified.

Materials and methods

Installation description

Experimental installation is a fragment of the lining of a rotary kiln with
additional insulation and includes (Fig. 2):

1. Heating furnace,

2. The lining element of the rotary kiln,

3. Temperature meter [T-4.

4. Computer for collecting and processing the received data.

The tests were performed in an electric heating furnace type CHO-34,5-2 / 16.
During the tests, the furnace operated autonomously. Temperature control was
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carried out using a thermocouple installed in the oven. The temperature in the
working chamber was kept constant and was 1200 ° C. Stationary heat flow through
the refractories was installed 12 hours after turning on the furnace. A fragment of the
lining of a rotary kiln was the main part of the experimental setup, which investigated
the process of temperature distribution in cells with thermal insulation and directly in
refractories. Shaped periclazochromite refractories are standard, PCC-28 brand, used
for lining rotary cement kilns. Refractories are fastened together with ties, and with
the help of hinged bolts are attached to a steel sheet (material ST.3) with a thickness
of 14 mm, simulating the body of the furnace.

1]

/]

i

"

1 - furnace; 2 - a fragment of the lining; 1-20 places of temperature measurement
3 - temperature meter IT-4; 4 - computer.
Fig. 3. The scheme of placement of
Fig. 2. Experimental installation thermocouples in the refractory

The cell 1s enclosed with heat-insulating material - mulito-silica wool (MKRR -
130). Laying density is 300 kg / m3. To reduce the influence of external heat transfer
conditions during the experiment, a prototype of refractories was placed in the center
of the fragment of the lining. In addition, to exclude heat runoff from the side
surfaces of the external refractories, these surfaces were covered with a layer of
insulating material.

Results and discussion.

The test method was to measure the temperature in the body of the refractory.
Measurements were performed using 20 thermocouples of the chromel-alumel type
with a diameter of 0.5 mm made according to GOST 3044-94. Of these, 13 are
installed in refractory, 6 - in mulite silica, 1 - in the case (Fig. 3). The thermocouple
beads are pressed into the refractory to a depth of 3-6 mm. Thermocouple readings
were taken using a connector to which a switch is connected to transmit
thermocouple readings to the IT-4 temperature meter. The measurement accuracy of
the IT-4 meter is 0.1%, the maximum error of the chromel-alumel thermocouple is
0.75%. From the IT-4 meter data is sent to the computer for recording and processing
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of the received data. After heating the furnace to 1200 ° C and entering the stationary
mode, temperature measurements were carried out in the refractory, thermal
insulation and metal plate (table). The interval of measurements was 4 hours.
Analysis of results
After receiving the experimental data were processed according to standard
methods [5], which determined:

1. The average value of n measurement X =Y x,/n ,

2. Measurement error Ax; =X —X;
3. Squares of measurement error (Ax 1)%, (AXx 2)?, ..., (AX )%

4. The root mean square error is the arithmetic mean S, = \/ Z(x,. )2 / n (n - 1) ;

5. Student's coefficient for a given confidence probability P = 0.95 and six
measurements is t = 2,446;

6. Confidence interval (measurement errors) Ax =S, -7 ;
7. The limits of the confidence interval taking into account the random and

instrumental error Ax =4/(S, -t)2 +8° , where O - the error of thermocouples and

temperature meter [T-4.

8. Relative error of measurement result & = AX/ x-100% .
The results of the calculation are summarized in the table.

Table 1
Temperature measurements and error estimates
Temperature measurements Data Processing
Ne R Experiment number (T°C) X S - S Lt 5 Ax &
1 2 3 4 5 6

MM T°C T°C T°C T°C T°C T°C T°C T°C TC | T%C| T°C| %
1 241 1193,0 | 1190,0 | 1193,0 1193,0 1192,0 1192,0 | 11928 0,703 1,72 | 8,95 | 9,11 | 0,76
2 153 956,0 955,0 957,0 957,0 958,0 957,0 956,3 0,614 1,50 | 7,17 | 7,33 | 0,77
3 157 960,0 965,0 964,0 963,0 962,0 962,0 962,8 0,600 1,47 | 7,22 | 7,37 | 0,77
4 71 769,0 773,0 773,0 773,0 772,0 771,0 771,8 0,654 1,60 | 5,79 | 6,01 | 0,78
5 71 744,0 747,0 746,0 745,0 744,0 746,0 745,3 0,494 1,21 | 5,59 | 5,72 | 0,77
6 68 760,0 764,0 764,0 765,0 763,0 763,0 763,3 0,557 1,36 | 5,73 | 5,89 | 0,77
7 54 721,0 720,0 721,0 721,0 722,0 721,0 721,0 0,258 0,63 | 541 | 544 | 0,76
8 51 7050 | 706,0 | 707,0 706,0 705,0 7060 | 7058 | 0307 0,75] 529 535] 0,76
9 51 669,0 | 671,0 | 673,0 671,0 670,0 670,0 | 670,6 | 0,557 1,36 | 503 | 521 ] 0,78
10 50 699,0 700,0 701,0 701,0 700,0 701,0 700,3 0,333 0,82 | 525 | 532 | 0,76
11 51 715,0 717,0 718,0 717,0 716,0 717,0 716,6 0,421 1,03 | 538 | 547 | 0,76
12 32 621,0 624,0 626,0 628,0 626,0 625,0 625,6 0,557 1,36 | 4,69 | 489 | 0,78
13 32 559,0 | 561,0 | 563,0 563,0 562,0 560,0 | 561,6 | 0,494 121 | 421 | 438 ] 0,78
14 | 32 556,0 | 556,0 | 558,0 557,0 557,0 5540 | 5563 | 0,557 1,36 | 4,17 | 439 | 0,79
15 30 575,0 572,0 577,0 575,0 574,0 573,0 573,8 0,477 1,17 | 4,30 | 446 | 0,78
16 30 616,0 617,0 619,0 619,0 618,0 619,0 618,0 0,516 1,26 | 4,64 | 480 | 0,78
17 16 410,0 | 4140 | 4130 413,0 412,0 4120 | 4125 | 0,428 1,05 | 3,09 | 327 [ 0,79
18 13 332,0 | 334,0 | 3350 335,0 333,0 3340 | 333,8 | 0477 1,17 | 2,50 | 2,76 | 0,83
19 17 420,0 | 421,0 | 422,0 4220 421,0 4220 | 4213 | 0333 ] 082 3,16 ] 3,26 | 0,77
20 2 305,0 307,0 308,0 308,0 306,0 307,0 307,0 0,365 0,89 | 2,30 | 2,47 | 0,80

Temperature measurements were extrapolated linearly between the values
obtained at the installation points of thermocouples. The temperature distribution in
the shaped refractories and cells with thermal insulation are shown in Fig.4.
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The temperature distribution in the center of the refractory in Fig.5.

1190°C T, c
1150°C
1200 >4
1100°C //
1100 -
1050°C //
1000 =
1000°C /,‘
900 <
lssocc ] vd
L~
800 -
900°C -
| ——pec 00| A
700
850°C /K
/\
800°C 600
¥
/\
- 500 /’
400 J
300
0 50 100 150 200 250
310°C R, MM
Fig. 4. Temperature distribution in Fig. 5. Temperature distribution in the
prepackaged refractories and center of the refractory

measures with thermal insulation
(experimental data)

Fig. 5. Temperature distribution Given the differences obtained by comparing
the data, the proposed method of experimental research can be considered acceptable,
and the results can be used as initial for the development of methods for calculating
temperature fields in refractory refractory and thermal insulation.

The temperature distribution in the shaped refractory can be numerically
simulated using the technique described in [6] for a simplified model, or the
technique [7] for a more accurate calculation.

Conclusions.

An experimental stand designed and manufactured for experimental studies of
the heat exchange process in the fragment of the lining of a rotary kiln with additional
thermal insulation has been developed and manufactured. The lining fragment
consists of a steel sheet modeling the body of the drug, and shaped periclazochromite
refractories with cells filled with mullitokremnezemisty cotton wool. The stand is
intended for modeling of operating modes of lining of the case of the rotary furnace
in the course of operation.

Experimental studies have been carried out in which the processes of heat
exchange in the furnace lining are physically modeled. The experimental setup allows
in the process of research to determine the degree of influence of various regime and
design factors on the heat transfer process.

Experimental studies of the heat transfer process, and the creation on their basis
of the calculation technique, will allow to implement in the practice of development
of rotating thermal devices lining with high thermal resistance. The efficiency of
such lining is higher in comparison with the existing ones, which opens wide
prospects for its introduction into the production process, as it has significantly better
thermal and acceptable cost indicators.
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In further research it is planned to develop a mathematical model for modeling
the process of heat transfer and comparing the data of numerical and field
experiments.
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Anomayia: Y pobomi po3enioacmvcs OCHOBHA 4ACMUHA YeMeHmMHO20 KliHKepy 8 YKpaini,
WO BUNANIOEMBCS 8 Nedax, meniosa egpekmusHicmo aAKux He nepesuwye 55-60%, momy 3a60anus
niOBUWEeHHs eheKMUBHOCMI BUKOPUCMANHA MAKUX dazpe2amié € HA036UHAUHO aKMYAalbHUM,
OCKIIbKU 30i1bUenHs. Yl NOKA3HUKU HABIMb HA KLIbKA 8I0COMKI8 Oalombv 6eiUKUll eKOHOMIUHULL
epexm. @pazmenm @GymeposKu CKIAOAEMbCA i3 CMANE8020 NUCMA, WO MOOENOE KONMCYX, |
GacoHHux nepurIazoxpoMimosux 602HEMpPUBI8 3 0CepeoOKamu, 3aN08HeHUMU MYTTMHO-CUTIKAMHOIO
samoro. Cmilka npusHavena 015 iMimayii pexcumie pooomu ymeposxku Kopnycy 0b6epmosoi neyi
nio yac pobomu.

Kniouosi cnoea: obepmosi neui, mennoizonayis, @ymeposka, OyoigenvbHi mamepianu,
BUPOOHUYMBO YEMEHMHO20 KILIHKepY.
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«Kuiscokuti nonimexniunuii incmumym imeni l2ops Cikopcbko2o»

AHnomauin. 3anponoHosana Memoouxka GU3HAYEHHS 6 A3KOCMI HbIOMOHIBCHbKUX PIOUH HA
KOHIYHOMY BICKO3UMEmpi HOB0I KOHCMPYKYii, sAKa nompebye 6UMipy MilbKU 4acy HNOBHO2O0
BUMIKAHHS NEBHOI KLIbKOCMI PIOUHU.

Bukonane pemenvue kaniopyeanus eickosumempa 3a OONOMO20K €MANOHHUX PIOUH 3
8I00MOI0 8 A3KiCmIO.

3acmocysanna 6 po3paxyHKosux ¢hopmynax eKeisaieHmHo20 nepenady Mmucky O0038015€
8paxyseamu KiHemuuHy eHepeiro i 0esKi I0XUIeHHs NIUKY PiOUHU 8i0 meopemudHoi mpackmopii, sAKi
Maromo micye y 8UNAOKy 8UMIPIO8AHb CUCTNEM 3 HU3LKOIO 8 SI3KICIIO.

Kniouogi cnosa: 6’szxicms, gickozumemp, HbIOMOHIBCLKA PIOUHA, KOHIYHUL KAHAIL.

ITocTanoBka nmpodaemu. KamnisispHa BiCKO3UMETpIsl 103BOJISIE OTPUMATH TOYHI
3HAQYEHHS PEOJIOTIYHUX  XAPAKTEPUCTUK PIIMH TMPU  YMOBI  3a0e3mnedeHHs
HEPO3PHMBHOTO  JAMIHAPHOTO IUIMHY Yy  BUMIpIOBaJIbHOMY  KaHam.  Jls
YHEMOKIIMBIICHHS PO3PUBY CYIIBHOCTI IJIMHY BEPTUKAIBHUN KanIsp 3aHYpPIOIOTh B
€EMHICTB, SIKa Ma€e HabaraTo OUIBIINKM MOMEPEUHHUN NIEpePi3 HIXK KaIUIAp BICKOZUMETpa
abo  3actocoBytoTh  Bickozumerp  U-momibHoro  tumy. Taki  mpubopu
XapaKTEPU3yIOThCA BITHOCHO CKJIAJHUMHU KOHCTPYKIIISIMH 1 OOMEXEHICTIO B
3aCTOCYBAaHHI.

€ pan npuwnaniB, B SAKUX [ 3a0€3MeueHHs CYLUIbHOCTI IUIMHY PiJIUH
BUKOPUCTOBYIOTh KOHIYHI KaHanmu. Jl0 Takux mpuiagiB BITHOCSATHCS MPOTOUYHHMA
YJanKkoBUH a00 3aHypIOBaHWI BICKO3UMETpPH 1 BopoHka Mapmia. B nmux Bumaakax
BUMIPIOETHCSI YMOBHA B’SI3KICTh, SIKA BUPAXKAETHCA B CEKyHJaX 4Yacy BHUTIKaHHS.
Henonikom Takux BUMIPIOBaHb € Te€, IO JJI MEpepaxyHKy B aOCOJIOTHI OJMHHII
B’SI3KOCT1 3aCTOCOBYIOTHCSI €MITIpUYH1 (OPMYJIIH, SIKI MAIOTh HAOIMKEHUW XapakTep,
a JesiKl 3 HUX MPOCTO HeTOouHi [1].

3 METOI0 CYTTEBOIO CIHPOIICHHS KOHCTPYKIIl 1 OOJIETIIEHHS NPOBEICHHSA
3aMipiB B’A3KOCTI aBTOpaMu OyB 3alpONOHOBAHUN BICKO3UMETP 3 KOHIYHOIO
BEPTUKAJIBHOIO BUMIPIOBAJILHOIO TPYOKOIO, IO 3BYXKYEThCA JOHHU3Y 1 Ma€ y BEPXHIM
yacTuHI KapmaH [2]. Bicko3umerp He moTpeOye 3acTOCyBaHHS HAcocCy, a IUIMH
PIIMHU 3MIMCHIOETBCS TIJ JI€I0 BIACHOI Barh. 3aCTOCYBaHHS Ha IMPAKTHUIll I[bOTO
BICKO3UMETpa Jl1a€ MOKJIUBICTh OTPUMAHHS SIKICHUX (I3MYHUX XapaKTEPUCTUKH
PIIUH, sIKI BAKOPUCTOBYIOTHCS JIJIsl BUPIIIIEHHS 0aratboxX MPUKIATHUX 3a]a4.
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BaxxnuBuM y BiCKO3UMETpIi € HasIBHICTh 3HAYHMX BIAXWJICHb BUMIPSHUX Ha
CTaHJIAPTHUX KaMUIIPHUX BICKO3UMETpPax 3HAa4Y€Hb B’SA3KOCTI BiA TaOJMYHUX, SKI
3anexarpb BiJl kputepito PeitHonbiaca [3]. Tomy mpu po3paxyHKy B’S3KOCTI PILAMH 3a
aHAIITHYHUMH  (OpPMYJIaMU  CJIiJT BBOJUTH TIONPABKY Ha KIHETUYHY EHEPriio
(mompaBky XarenOaxa) a60 Koe(]imieHT BICKO3UMETpPA, 110 3MIHIOETHCS 3aJICKHO BiJl
BUTpATH.

MeTto10 CTaTTI € IPEACTaBICHHS PE3YJIbTATIB MOIIYKOBUX JOCIIIKEHb, K1 OyIn
CIpsIMOBaH1 Ha PO3POOKY METOAMKMA BU3HAUEHHS B’ A3KOCTI HHIOTOHIBCHKUX PIJIMH 32
JOTIOMOTOI0 3aITPOIIOHOBAHOTO KOHIYHOTO BICKO3UMETPA.

Buxian ocHoBHOro marepiany. BBaxaerbcs, 110 IJIMH PIAMHU B KOHIYHOMY
KaHaJll 3A1MCHIOEThCA y pajlalIbHUX HalpsMKax JI0 NoYaTtky koopauHat. B po6ori [4]
aBTopaMu OyJia 3ampornoHoBaHa (opMyJia po3paxyHKy B’S3KOCTI PIIMHU 3a 4acOM ii
MMOBHOT'O BUTIKAHHS 3 BEPTUKAIBHOTO KOHIYHOTO KaHay (puc.l):

t Ap
M=, (1)
C
8(L-L) . » . .
ne C, =-————, — KOHCTPYKTUBHUHI koe(ilieHT, L, — BIICTaHb BiJ IOYATKY

t T 373,02
9L Lytg 0,
KOOPJAMHAT 10 BUXIIHOTrO 3pi3y OyHKepa, M; L, — B1ICTaHb BiJl MOYATKy KOOpAUHAT
70 BXOy B KaHaj, M; €, — KyT Haxwly [IOXWIOI CTIHKM KaHally 10 BEpTUKaN, paj.;
4« — TUHAMIYHA B'SI3KICTh piauHy, [la.c; Ap — nepemnaja THCKY B KOHIYHOMY KaHaJli Ha

|

————.

.-"'-_--
k #
N
\ — |
\
y

noBxuHl L=L,-L,,[la.

— Il

v

Puc.1 Po3paxynkoBa cxema

3anpornoHOBaHa  METOAMKA  BU3HAYCHHS  PEOJIOTIYHUX  XapaKTEPUCTHK
HBIOTOHIBCBKUX CHCTEM CIIPOIIY€ MPOIEC BUMIPIOBaHHS, a TaKOX 3aCTOCOBHA IMpPH
00MEKeH1H KITBKOCTI PIIUHH.

[lepenumemo popmyiy (1) y BUrisii:
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8(2-L)
He Ctl('(?l-t =- 33 2 *
9L Lig*6, (L, — L,)
3BiAKM HanumeMo GopMyTy /Uit BU3HAYEHHS B’ S3KOCTI:
t,Ap
S 2)
CI‘K()HL

B mporieci npoBeneHUX eKCEepUMEHTIB OyB 3poOJieHU psifi BUMIPIOBaHb yacy
BUTIKaHHS ¢, €TAJIOHHUX PIJUH 3 BIJIOMOIO B’SI3KICTIO (BO/A, alleTOH, IIIIEPUH PI3HUX

KOHIICHTpaIliid, omuBKoBa oisi, Mmotopre macio SAE 40, motopre macino SAE 10,
KacTOPOBE MacJio) 13 3alIPOIIOHOBAHOTO BICKO3UMETPA.
Hanani dopmyiy (2) Oyiio 3aMiHEHO Ha TaKy:
t,Ap
— 8 e 3
H=Ls 3)

tkon
1€ Ap, — €KBIBAJICHTHU nepenaj TucKy, MIla.
3amiHa Ap Ha Ap, 1a€ MOXIIUBICTb BPaxyBaHHS KIHETHYHOI €HEprii 1 IEeIKOro

BIIXWJIECHHS BiJl BUKIIOYHO PaMiaIbHOTO PYXy PIIMHU Y HampsIMKy A0 TOYaTKy
KOOPAWHAT MIPH BUKOPUCTAHHI aHATITHYHUX 3aJICKHOCTEH.
BukopuctoBytoun OTpuMaHi 3HAYEHHS 4acy BHUTIKAHHA ¢, €TAJOHHUX PIAMH 1

dbopmymy (3) mobymyemo rpadik 3a1eKHOCTI % =1 (z,) (puc.2).

Ap, ITa 3000,00

L~ .
2500,00 [
.
2000,00
1500,00 o
1000,00
¥
500,00 ¥ =-16857x* + 149,94x - 838,21
0,00 o
0 10 20 30 40 50
t.c

Puc.2 3anexHicTh eKBIBaJEHTHOIO Mepenajay TUCKY MO0 J0BKHHI KOHIYHOT0

A . . .
KaHajlly %3aﬂp0HOHOBaHOFO BICKO3UMCETPA B1A YaCy BUTIKAHHA 7,

Hanani ns po3paxyHKy B’S3KOCT1 JTOCHIKYBaHOI PITUHU 3a YaCOM BHUTIKAHHS
t, mo rpadiky (puc.2) BU3HAYAETHCS EKBIBAJIEHTHUN TEpenaja TUCKY IO JOBXKHHI

: Ap, . .
KOHIYHOTO KaHally % 1 3a gormomoroto (opmynu (3) po3paxoByeTbCS TUHAMIYHA

.
B’SA3KICTb 4 .
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ATNPOKCUMYEMO OTPUMAaHy KPUBY (PHC.2) PIBHIHHSAM:

A
% = —1,68571> +149,941, —838,21. 4)

B npomy BuUIaIKy po3paxyHOK B’S3KOCTI BUKOHY€EThCS 3a hopmynamu (4) 1 (3)
0e3 BuKopucTtanHs rpadika (puc.2).

HeoOxigHo 3a3HauuTH, 10 HaBEACHI pe3yJbTaTH Oyad OTpUMaHI Ha
EKCIIEPUMEHTAJIbHOMY BICKO3UMETPI 3 BEJIMKUM J[1aMETPOM BUXITHOTO OTBOPY, SKUN
ckiazae 7 MM. 3TiIHO IOTO BUTpaTa PIAWMHU 1, BIATOBIAHO, BIAXWUJICHHS BIJ
TEOPETUYHOI0 JIAMIHAPHOTO IUIMHY Oynu Habarato OUIBIIMMM, HDK Yy THUIIOBUX
BICKO3HMET)IB.

BucHoBku

3anpornoHoBaHa METOJUKA PO3paxyHKy B’S3KOCTI B KOHIYHOMY BICKO3HMETp1
BpPaxOBY€ KIHETUYHY €HEPTiI0 1 JEsKl BIAXWJIEHHS IUIMHY PIIUHU BiJl TEOPETUYHOI
TPAEKTOPIi, SIK1 MAIOTh MICIIE Y BUIIQJIKy BUMIPIOBAHb CUCTEM 3 HU3bKOIO B’SI3KICTIO.

[Ipn 1bOMY OTPUMYIOTHCSA KUIBKICHI (DI3MYHI XapaKTEPUCTUKU B’SI3KOCTI, SIKi
MPUAATHI 17151 BUPIIIECHHS TPUKIAAHUX 3a/1a4.

[lopanpuii  IOCHIPKEHHS Y LBbOMY HampsMKy OyayTh CHpsSMOBaHI Ha
YAOCKOHAJIEHHS 3aIllpONIOHOBAHOIO OOJIaIHAHHA JI1 JOCHIJP)KEHHSI BJIACTHUBOCTEH
PI3HOMAaHITHHUX P1AMH.
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Abstract. The proposed method for determining the viscosity of Newtonian fluids on a conical
viscometer of a new design, which requires only the measurement of the time of the complete
outflow of a certain amount of fluid.

The viscometer has been carefully calibrated with reference liquids of known viscosity.

The use of the equivalent pressure drop in the calculation formulas allows one to take into
account the kinetic energy and some deviations of the fluid flow from the theoretical trajectory,
which occur in the case of measurements of systems with low viscosity.

Key words: viscosity, viscometer, Newtonian fluid, conical channel.
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REGENERATIVE HEAT EXCHANGER WITH NOZZLE FROM THE NET

OF A CANVAS WEAVING
PETEHEPATUBHUM TEINIOOEMIHHUK 3 HACAIKOIO 13 CITKA MTOJOTHSHOI'O
IVIETIHHSA

Dvoinos Y.H. / JIBoiinoc S1.T'.

C.L.S., assis.prof./K.m.H., Cm.68uKJ.
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Hayionanonuu mexniunuu ynisepcumem Yxpainu "Kuiscokuili noiimexHivHut incmumym
imeni lzopsa Cikopcwvkozo", Kuis, np.Ilepemocu, 37, 03056

Anomauin. B pobomi npoananizosano 8niug 2i0poOUHAMIYHO20 pedcumy pyxXy nogimps Ha
Koeghiyienm Kopuchoi Oii peceHepamuéHo20 menio0OMIHHUKA 3 HACAOKOIO 13 CIMKU NOJOMHAHO2O0
nieminns. Pesynomamu cepii yucioeux excnepumenmis y3a2aibHeHo, 3anponoHo8aHo KOpeaayiuny
3anexcHicmos. Ymoeu uucnosux excnepumenmie nepeobauanu po3paxyHOK nepiody peceHepayii
MAaKum, wo yepe3 menio0OMiHHUK 8 KOHCHOMY eKCHePUMEHMI NPOXOOUNLO 3a 0OUH YUK OOHAKOBULL
00’emy nosimps, sakuul 6yno obpano Ak 06’em, axuii gionogioac maci 10% macu mamepiany
Hacaoku. 3pobieno 8UCHOBKU WOO0 NPOEKMYBAHHS Pe2eHePAMUBHUX MeNT00OMIHHUKIE 0I5l cucmeM
GeHMUNIAYLL NOGIMPAL.

Knwouosi cnosa: pecenepamusHuii menio0OMIHHUK, GeHMUNAYIA, CIMKA HOJOMHAHO20
naemiHHs

Beryn

PerenepaTuBHI TEMJIOOOMIHHUKM IIUPOKO BHUKOPUCTOBYIOTHCS B CHCTEMAax
BEHTWIALI 3aBISKA EKOHOMIYHOCTI Ta MPOCTOTI KOHCTpyKiii. Bimomi mopemi
MICTATh HACaJKd 3 LENIOJIO3U Y BUIJIAI TOQPOBAHUX JHCTIB Ta KepaMidyHl 3
CTUTBHUKOBOIO CTpyKTyporo. Ilpu poOOTI Takoro TermmooOMIHHMKA 3 3HAYHUMH
nepenajgamMu TeMIepaTypy Ha HacaJllll KOHACHCY€ETbCS BOJIOTra 1 HAKOMUYY€EThCS MU,
TOMY Y SIKOCT1 MaTepiajly HacaJIKu MOKe OyTH BUKOPHUCTAHO CITKY 3 HEpP>KaBilOYOTro
npoty. Takuii Matepial Moke OyTH OYHMIIEHUN 1]l TUCKOM 1 Ma€ OUIbIINNA TEPMiH
eKCIUTyarTarlii.

Jlns MoienroBaHHsI pOOOTH TETJIOOOMIHHHMKA 3 METAJIEBOIO CITKOK BUKOPHUCTAHO
b13uuny monens (puc. 1) [1].

3po0IIeHO HACTYMHI MPUITYIEHHS:

1. TemmepaTypHa Ta KOHIICHTpalliifHA HEOAHOPITHICTh Yy Tepepi3l KaHaly
perereparopa BiCyTHI [2];

2. BruB TemaonpoBiTHOCTI B OCHOBOMY HANPSIMKY TPH KOHTAKTI €JIEMEHTIB
HACaJKi Ha TeMIlepaTypHU podiyib HacaIKK He3HAYHu [3];

3. PoGota perenepatopa BiJOyBa€ThCAd 3a YMOBH BIJICYTHOCTI TIPOIIECIB
KOH/IEHCaIlli BOJIOTH.

4. Temno¢i3nuHi mapamMeTpu MOBITPS NPUWHATO CTAJTUMHU 3a TEMIEpaTypu
+20°C.

5. Pyx moBITpS B KaHajgaX HACaJKA NPEICTABICHO SK MPOOKOBUM, IO
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0OYMOBJICHO 3HAYHUM TiJIpaBIiYHUM OMOPOM HACAJKU MOPIBHSIHO 3 TaJbMyBaHHSIM
MOTOKY OLIsl CTIHOK KaHay.

5. OG6pano niamazoH Re=1+40, Ta BUKOPHUCTaHO 3aKOHOMIPHOCTI, OTpPHMaHi
D.C. Collis and M.J. Williams [4]:

0,17
Nu (T—’"] = A+ BRe"
T

g

a=(A4+BRe" )@ {%}W |

g

(1)

ne Nu ta Re — xputepii noaibHocti, A, B, n — KoedIlieHTH, SIKI 3aJIeKaTh BiJ Re Ta
napameTpiB Hacaaku; g, — Temmeparypa rasy, K; Tius — TeMmepaTypa martepiary
Hacanku, K. Koedimientu A, B, n nns piBasHHs (1), npu Re<40: 4=0,095; B=0,012

[1].
I 7 .
(/)WL"

: Har

d wire S[

Toutd

P outlt

Tar, (1 a, Tar, (7

O O O O d
OO 00 &L

I

[~ / ,/ /]
[

1 ] [ |

Puc. 1. ®@izuuHa mojaeJib NPoLecy TEIm1000MiHy Y pereHepaTUBHOMY
TEIUI00OMIHHMKY 3 HACAJKOK CiTKM MOJIOTHAHOIO IUIETiHHS
Quir — BUMPaAMa nosimps Ha 6x00i 00 peceHepamueHo20 Menio0OMIHHUKA, M/c;
T, — memnepamypa nogimpsi Ha 6x00i 00 meniooominnuxa, C; @i — 8iOHOCHA
80J102iCMb NOBIMPsL HA 6X00I 00 MeNnI00OMIHHUKA, 0015, T oy Qo — NAPpaMempu
nogimps Ha 6uxo0i; dyir. — oiamemp Opomy cimxu, m; S,, — wiaz nAeminHsA CimKu, M,
St — wae mixc wapamu cimxu, m; D — diamemp meniooOMiHHUKA, M,
N — 3a2a/1bHA KIILKICMb Wapie CImKuU

s
?“‘@@@@@
> D O O O C

YMOBU €KCIIEPUMEHTY: CITKy 00paHo 3 po3mipoM stuerku Syp=1,6 MM (1,4 Mmm
Ha cBiT) citka 2-160-400 HY JACTY 3826-82, miameTp npoty dyi=0,4 MM, MaTepia:
Cranp 08X18HI10T, Binctans Mixk citkamu y naketi $;=0,002 m. TpuBamicTh IUKITY
OJIHaKOBa 1 BIAMNOBIAae 00’eMy NOBITps, kUi gopiBHioe 10% Macu Mmarepiany
HACAJIKH.

TennoBuid OamaHc MK IIApOM TMOBITPs, IO PO3TAIIOBAHUN MIXK IIapaMH
HAcaJKH Ta OJHUM IIIApOM HACaJIKu pereneparopa [1]:
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zD*S . )
air _i = TLp(lair_H—l _lair_i)
2
AIwire = %pwirecpwire (T(T + AT) - T(T))
) ; (2)
_ (= = D
Al = A[wire = a(Tair _Twire)TSghAT
2
Ar— nD’S,
4Qair

1€ Pwire=1,3 — MIUTOMa Maca CiTKH MOJOTHAHOIO IUIETIHHS, KI/M%; Sg=1,57 — mutoma
MOBEPXHSA CITKM MOJIOTHAHOIO IUIETIHHA, M?/M%*, AT — Yac nepeOyBaHHs IOBITPS y
MPOMDKKY MIXK IIIapaMH HACaJKH, C.

"‘“900%
hem, g
24 | eney e
U
= 8382 e % 995392 2 %
8 3
[s R
=22 ] 88839. 929'2%
3 0088‘ . .‘220
E 000 (.)OO
@ 0%, 000
8 80y 030
= 080, 30,
© 0080, 50
[ 0% 020
g 20 | B, 202
g e eels
¥ ©0%, ®el0
g e ho)
T ) *00,
= 0()8.‘ 300
3 % 50,
= O5®e )
= ] oVe_ ®0,
o 18 O®e 'eC0
T %, he)
o (3 0
= Cn% 0900
= c2ee g0,
& 058, 900
o2, %,
%0
Oole
16 1 “0588
%Mt\m
20 40 60 80 100

Homep ciTkK B Hacagui
Puc. 2. Temneparypu Hacajku i NOBITPS NpU NPSIMOMY Ta
3BOPOTHOMY x01i, Re=5, T=57.15 ¢

0.95
0.9
)\ Y= 0.8907x0.054
0.85 R2=0.9617
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Kpitepii Re
Puc. 3. Pe3yabTat 4nc/i0BOro MOIeTI0BAHHS
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KinekicTe citok y Hacaami — 100 mT., TemnepaTypa MoBITPs 3 TEIUIOi CTOPOHHU
+25°C, 3 xomogHoi  +15°C. Ilporpamy  po3paxyHKy BHUKOHAaHO Ha
IHTEepIIPETOBaHIM 00'€KTHO-OPIEHTOBAHIN MOBI ~ mporpamyBaHHs — Python — 2.7.
Pesynbrar po3paxynky misi Re=5 naBegeHo Ha puc. 2. Ha puc. 3 y3arajabHEHO
pe3yJIbTaTH Ccepii EKCIIEPUMEHTIB.

JIns y3arajJbHEHHS pe3yJbTaTiB cepii €KCIEPUMEHTIB 3 PI3HUMH 3HAYEHHSIMHU
KpuTepiro PeliHombca 00paHo CTYIIEHEBY KpUTEpIalibHY 3aJICKHICTb:

tin - tout d’éni a n
n =———=CRe", 3)
t[n - tout
ne KoediiieHTu piBHAHHS 11 1anux ymoB C=0,8907; n=-0,0543.

BucHoBkwm.

[HTeHCcHudiKallis riapoIUHAMIYHOTO PEXKUMY POOOTH pereHeparopa 3 HacaJaKoo
13 CITKHM MOJIOTHSHOTO TIJIETIHHS MPU3BOAUTH /10 3MeHIeHHs TemnepaTypHoro KK/ i
301IBIICHHS T1IPaBIIYHOTO OMOPY anapary, TOMY JUJIs IHKEHEPHUX PO3PaXyHKIB MPH
MPOEKTYyBaHH1 I0IIbHO oOpatu TemmnepaTtypHuit KK/l B giamazoni po6oTu aHanoris
0,75+0,8, mo BiAMOBIZAE TIAPOAMHAMIYHOMY pexuMy poOoTu amapaty Re=10+20
JUISL CITKY MOJIOTHSIHOTO TieTiHHS 2-160-400 HY JICTY 3826-82, npu 11boMy mepioft
MEPEKIIFOYCHHSI MOXE BIJNMOBIAATH MacoOBiM MpoayKTUBHOCTI 1ukiny 10% Bix Macu
Marepiajly HacaJKu.
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Abstract. The influence of the hydrodynamic regime of air movement on the efficiency of a
regenerative heat exchanger with a nozzle made of linen mesh is analyzed. The results of a series of
numerical experiments are generalized, and a correlation dependence is proposed. The conditions
of the numerical experiments provided for the calculation of the regeneration period such that
through the heat exchanger in each experiment passed in one cycle the same volume of air, which
was selected as the volume corresponding to the mass of 10% by weight of the nozzle material.
Conclusions on the design of regenerative heat exchangers for air ventilation systems are made.
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AHnomauin. nposedeno cepiro cumynayitiHux excnepumenmis 8 cucmemi CFD, 0ns niackoeo
20(hposanoco Kawmany npu Pi3HUX 2IOPOOUHAMIYHUX DeHCUMAX, NPOAHANI308AHO OMPUMAHI
napamempu npoyecy menionepeoavi 8i0 2a3y 00 CMIHKU. Y3aeanoheHo pe3ynibmamu, ma
OMpPUMAano  KoehiyieHmu KpumepiaibHo20 PIHAHHA 04 NJIOCKO20 20()pOBAHO20 KAHALY
NIACMUHYACMO20 MENI00OMIHHUKA 3A0aH0i KoHizypayii, 3p001eH0 8UCHOBKU.

Knrouosi cnosa: niacmunuacmuti menioooOMiHHUK, Koe@iyicum mennogiooaui, 2iopasiivHuil
onip

B po0oTi po3riasHyTO MIaCTUHYACTUM TEIUIOOOMIHHUK JIJI1 CUCTEMHU Ta3-pivHa,
AKUH MOXe OyTH BCTAHOBJEHO Y SIKOCTI MEpPEoXOoJIopKyBauya KOHJEHCATY
MapOKOMITPECITHOT XOJOAMIBHOT MauHu [1].

JI1s1 BU3HaueHHs Koe(illl€HTIB KpUTEPIAJIbHOTO PIBHSIHHS TEIUIOBIIaul Bij ra3y
0 CTIHKM B IUIACTUHYACTOMY TEIMJOOOMIHHUKY 3 TO(pPOBAaHMMHU IUIACTUHAMM
Bukopuctano CFD mnporpamue 3abe3neueHHs. B cumynsauiiHOMy eKCIIEpUMEHTI
OyJio mocCiiKeHo (pparMeHT KaHally TEIUIOOOMIHHUKA 3 TOPPOBAHUMH TUTACTUHAMHU

(puc. 1):

Puc. 1. Kongirypauis pparmenTy kanaiay 3 roppoBaHMMH INIACTUHAMH
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mypuHa kanary W =70-10" wm, noxkuna L=70-10" M, TOBIIMHA CTIHKH KaHATy
t=0,4-10" M, TenmoHociit — ¢ppeon R22 (ras), Tuck P =0,201 MIla, Temneparypa
TEIUIOHOCIT Ha Bxoal B kaHan 7,=248,15K (-25°C), rtemmnepaTypa CTIHKH
T, =250,15K (23 °C) kyT meBpona f3=70°, kpok roppu A=6-10" ™, rubuna

roppu b=2- 10~ ™, giama3on 3HadyeHb yncia PeiiHonbaca Re=2000..35000.
Pe3ymbrati  CUMYJSIIIHHOTO  €KCIIGPUMEHTY  JUJII  PIi3HUX  3HAYCHB
MPOAYKTUBHOCTI Ta KpuTepito PeliHobAca HaBeIeHO Ha puc. 2.

Heat Transfer Coefficient| 199.663 W/m"2/K

Heat Transfer Coefficient| 464.985 W/im"2/K \\\
Heat Transfer Coefficient| 1333.281 W/m"2/K

[Heat Transfer Coefficient] 189.673 W/imA2/K

Heat Transfer Coefficient| 1690.327 W/m"2/K [{l§
Heat Transfer Coefficient| 610.300 W/m~2/K [#i

65.292
121 Heat Transfer Coefficient [W/m"2/K]
eat Transfer Coefficient [W/m"2/K] Surface Plot 1: contours

Surface Plot 1: contours

Heat Transfer Coefficient| 2256.375 W/m"2/K

[Heat Transfer Coefficient] 1786 550 Wim"2/K
[Heat Transfer Coefficient] 447.344 Wim2/K

Heat Transfer Coefficient| 745.857 W/im"2/K
[Heat Transfer Coefficient| 53.531 wim~2/K|

Heat Transfer Coefficient| 843.493 W/m"2/K |

Heat Transfer Coefficient| 1186.807 Wim"2/K

Heat Transfer Coefficient| 2689.030 W/m"2/K

[Heat Transfer Coefficient] 2011.434 Wim2/k [SEIRIARI

Heat Transfer Coefficient] 2692.452 Wim~2/K @l \

6330.971 Heat Transfer C ient| 15266.200 V\I/m"

; 766.279
Surface Plot 1: contours Heat Transfer Coefficient [W/m*2/K]
Surface Plot 1: contours

[Heat Transfer Coefficient| 22903.121 Wim~2/K |

[Heat Transfer Coefficient| 8226.278 Wim*2/K

[Heat Transfer Coefficient| 2784.591 Wim*2/K
[Heat Transfer Coefficient| 1057.347 wWim2/K|

Heat Transfer Coefficient| 6796.299 Wim"2/K

Heat Transfer Coefficient] 1169.876 Wim"2/K |

Puc. 2. PeyabTraTn CUMYJISIiHHUX eKCIIEPUMEHTIB
A—0,003 xe/c; B— 0,006 ke/c; C— 0,02 ke/c; D — 0,03 ke/c.

Jns  y3araJibHEHHs  OTPUMAHUX 3HAaYeHb  KOEQIIEHTY  TEIUIOBIAAaul
BUKOPHUCTAHO CTYIEHEBY 3aJIe)KHICTh, I 3HAYE€Hb TPAIIEHTy THUCKY — IOJIHOM
JIPyroro CTyIeHs, puc. 3.

AHamni3 OTpUMaHUX pe3yJibTaTiB I[OKa3aB, W0 MpU 3HAYCHHSIX YHCTA
Peitnonpaca Oumbmie 30000 koedillieHT TEIUIOBIJAul Maibhke HE 3MIHIOEThCS, a
IPaJlEHT TUCKY IMPOJOBXKYE CYTTE€BO 30uIblIyBaTucsA. OTxe, poOouuid Jiamna3oH
e(eKTUBHOT pOOOTH TETJIOOOMIHHUKA MOKE 3HAXOJUTHUCH B Jl1alla30H1 3HAYEHb YHCIIA
Peiinonsaca o 30000.

KpurepianpHe piBHSHHS I TEIUIOBiIIa4l Tra3y 10 rodpoBaHoi miactu [2] B
3araJbHOMY BHITaJIKY:

Nu =cRe"Pr"”, (1)
ne Nu — cepenne 3HadeHHS unciia Hyccenpra:
o-d
Nu = e 2
K (2)
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.. . . 2
1€ o — CepeIHE 3HaueHHs KoedirienTa TerioBianadi, Br/(Mm” - K);
d, — BU3HaYalbHUI pO3MIp, M;

b

A —KoedilieHT TeIIonpoBiAHOCTI TetuioHocist, Bt/(Mm - K).
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Puc. 3. Kopeasiniiini 3aj1eKHOCTI 1/ Koe(ilieHTY TensioBiaaavi Ta
rPalicHTy TUCKY B YMOBAaX eKCIIEPUMEHTY
A — koeiyienm mennosiooaui, Bm/(m°K); 71— epadicum mucky, MIla/m.

6.8
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- ° b
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Puc. 4. I'padik 3anexnocti In(Nu/Pr™) Big In(Re)

[Ticns mepetBopenHs (1):
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In(Nu) =1In(c) + n - In(Re) + m - In(Pr) , (3)
Ta BpaxoByroun koediuieHT m= 0,4 nns raziB [3] 3HalAeHO KoedilleHT n Ta
nobynoBano rpadik (puc 4.) zamexnocti In(Nu/Pr™) Bim In(Re). BigmosiaHo,
3HAWIEMO TaHTCHC KyTa HaXWJIy IPSIMOi B TPUUHATUX KOOpAUHATax Ta onuHuUIpx CI.
Koedirient n anpoxkcumyrodoi npsimoi gopiBHioe 0,7563.
3HadyeHHs KoedillieHTa c:

Nu
C=——-.
Re" Pr
[TigcTaBuBIIM BiMOBIIHI 3HAYEHHS JIJI1 yMOB ekcriepuMeHTy ¢ = 0,201.
OcTaToyHO KpHTepialbHE PIBHSHHS ISl TEIUIOBiAJadi Ta3y A0 roppoBaHOi
CTIHKW Ma€ BUTJISLI:

(4)

Nu =0,201Re"””° Pr’*. (5)
3HaiieH1 KoedilieHTH B IIIJIOMY 301raloThCs 3 JAHUMHU THITUX aBTOPIB [4].
BucHoBkwM.
byno orpumano koeilieHTH UIsi KpPUTEPlabHOTO PIBHSHHS TEIUIOBIAAayi
¢peony R22 no rodpoBaHoi miacTUHU 3 KyTOM Haxwiy IieBpoHy 70° 3a yMOB,
HAOIMKEHUX JO0 YMOB B IME€PEOXOJOMKYyBaul KOHACHCATYy MapOKOMIIPECIHHOT
XO0JIOAWJIBbHOI MAIIIMHU.
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Abstract. A series of simulation experiments in the CFD system was performed for a flat
corrugated channel at different hydrodynamic modes, the obtained parameters of the heat transfer
process from gas to wall were analyzed. The results are generalized, and the coefficients of the
criterion equation for the flat corrugated channel of the plate heat exchanger of the given
configuration are obtained, conclusions are made.

Key words: plate heat exchanger, heat transfer coefficient, hydraulic resistance
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Anomauisn. Jlocniosxceno uwymaugicms 0emnghysants 0is OiAeHOCMUKU Kpatlogoi nonepeyHor
mpiwuru 8 OanYi Ha 080X ONOPAX KPY2lo2c0 NONEPeuHO20 Nepepizy Npu 3UHATbHUX KOTUBAHHAX. B
pesynibmami  pobomu  po3poonreHo  opmyny OaA  OYIHKU  YYMAUBOCMI XAPAKMEPUCHUKU
Oemn@hy8anHs 00 NOUWKOOIHCEHb MUNY MPIWUHLL.

Kniouosi cnosa: oemnghysanns, 6anka ma 080X 0ONOpax, Kpauosa mpiluHa, 32UHATbHI
KONUBAHHS, OIA2HOCMUKA NOUKOONCEHD.

Berym.

3miHa gemndyodoi 37aTHOCTI MOXKe OyTH TOB'sA3aHa 3 THMU YH 1HIIMMH BUIAMHU
NOIIKOKeHHA KOHCTpyKLii [1]. IIpobrema momsirae B TOMy, 110 BILIUB TPILIMHU HA
AeMrnQyouy 30aTHICTb KOHCTPYKIIM 3aleXuTh BiI psiny (GakTopiB, TaKUX SK
neMidyroya 37aTHICTh KOHCTPYKIII B HEYIIKO/DKEHOMY CTaHl, Koe)iIlieHT
THYYKOCTI, pIB€Hb HaINpyXeHb B OKOJ1 TpilmMHU. OJHUM 13 MOXJIMBHUX IUISIXIB
BUpILIEHHS 1i€i mpobdiieMH € po3poOKa METOMMKHU ISl N1arHOCTUKU TPILIUHU, KA
3aCHOBAaHA Ha MIJX0JaX MEXaHIKU pyHHYBaHHS 1 BUKOPUCTOBY€E €KCIIEPUMEHTAIBHO-
aHATITUYHY 3aJ€XKHICTh MK €HEprilo, 110 PO3CIIOETHCS B TPILIUHI, Ta PO3MAXOM
Koe(ilieHTY IHTEHCUBHOCTI HanpyxeHb (KIH) [2].

OCHOBHHUII TEKCT.

JIist mOCHipKeHHST XapaKTEepPUCTUKU JeMITpyBaHHS BUKOPUCTOBYEThCS CAD —
MOJIeNIb OalIKK KPYTJIOTO IMOMEPEYHOro Mepepidy 3 ypaxyBaHHSM HAsBHOCTI B Hil
KpalioBO1 TOMEpeyHOi TPINIMHU, SKa po3TaiioBaHa mocepeaudi L. / L = 0,5 3
BIIHOCHOIO TIHMONHOW ¥ = a/D < (),4. IHTeHCUBHICTh HANPYXCHb B IMOIIKOKCHIN
TUISTHII Bajly MOBMHHA OyTH JOCTAaTHHO BUCOKOIO, MIO0 BUKIIMKATH PO3CIFOBAHHS
eHeprii BiOpariii.

Taoauus 1.
Mexaniuni BiaactuBocti CAD-Mmoaei
I'ycmuna Mooyne Mooynb Koegiuienm

. mepi H 11 H
Mamepian 6anxu | omepiany HOnza 3cyey yaccona
p, [ke/m’] E, [TTla] G, [TTla] v
cmany 25XIMDA 7800 200 80 0,26
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Puc. 1. CAD-mopesb Ta po3paxyHKoOBa cxeMa 0QJIKU KPYIJIOro Monepe4YHoro

nepepisy 3 KpaoBoI0 NMONEPEYHOI0 TPIIIMHOK HA IBOX OMOpax
Aemopcovka po3pobka

ne L — nosxkuHa 0anky, L — Miciie po3TalllyBaHHS TPIIIUHM, @ - TITMOWHA TPIIUHU; b
- mpuHa GpoHTY TpiuHU; D — niameTp 6ayku; M - 3ruHAJIbHUI MOMEHT B Tiepepisi
3 TPIIIUHOIO.

Jlns  po3paxyHKy JiorapuMIidHOTO JIEKPEMEHTY KOJWBaHb O BEJIMYMHA
aMIUTITyAU HamnpyXeHb cTaHoBUTh o = 10 MIla. Takuii piBeHb HampyXeHb Ja€
3MOTY 3aMo0IrTH MOITUPEHHIO TPIIIWHM MiJ] 4ac TOCIIKEHHS.

3a yMOBH, 110 TOTPIIIHICTh EKCIEPUMEHTAIIBHOIO BU3HAUYCHHS XapaKTEePUCTUKU
nemndyBanHs cTtaHoBUTh 20%, BIZHOCHA 3MiHA JIOTApUPMIYHOTO JEKPEMEHTY
KOJMBaHb O /0 =1,2 MpUNAMAETbCS ISl BUSBJICHHS TPIIIMH MiHIMAJIbHUX PO3MIPIB
aBI/IMip. ’YBI/IMipJ

ko TpiliMHA TEPIOAUYHO BIJIKPUBAETHCS 1 3aKPUBAETHCS HAa KOXKHOMY
miBUMKII  BiOpamii, TO JorapumiuHui JEKpEeMEHT KOJIMBaHb MOXKE OyTH
po3paxoBaHuii 3a GopMyor0: [3]

A (ag)

o.(o)=0(0c)+—= (1)

2U{q)
ne O - jorapuMIidHUN JEKPEMEHT KOJIMBaHb HEYIIKOXKEHOI OaJKH;

U - makcumaibHa eHepris aedopmariii;
AU, — eHepris, U0 PO3CIIETHCS B TPIIIMHI;

O - MaKCUMaJibHa aMILTITy 1a Hapy>KeHb B3JI0BXK OaJKu.
Enepris, sika po3Cito€ThCs B TPIIIUHI, 3a1€KUATH Bl po3maxy KIH [2]

AU, = 8634675107 AK; +3,87315-10° AK7 -1,29826-107 AK?  (2)
ne AU. — poscisHa B TpilllMHI eHepris, BigHeceHA 10 OAMHMIN JOBKHUHU (POHTY

TPILIVHY;

AK; - po3max KIH.

MaxkcumanbHe 3HaueHHs KIH Ans KpailoBOi TPIIIMHM HOPMAJIBHOTO BIAPUBY
MIPY 3rUHI BU3ZHAYAETHCA 32 PopMyIioro [4]

K,=o.Nma(1,105—2,6475-y+ 5,6875- ) 3)

ne y = a/D — BigHOoCHA TNIMOWHA TPIIIUHY;
D — niametp Oankwu.
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PiBeHb po3cisiHOT eHeprii B TPIIIMHI BUSHAYAETHCS 32 HACTYITHUM PIBHSIHHSM:
U,=2cAU, (4)

ne 2c - noBkUHA (POHTY TPIIIMHHU, SKUM g OalKd KPYIJIOrO IMONEPEYHOTO
nepepizy cTaHoBUTh 2¢ = 2a(D-a).

Enepris nedopmaiiii npu 3ruHagbHUX KOJUBAHHSIX BU3HAYA€ETHCS 32 HOPMYIIOIO:
DL 5

U(o) = 2L o2 (5)

64E

Tadauus 2.
MiniMaJibHA TPIIUHA, 110 BUABJIAETHCA B 0/l KPYIJIOTO MONEPEYHOro
nepepizy npu 3rui 3a ymoBu 20% 3Minu 10rapugmMidyHoOro JeKpeMeHTy
koauBaHnb (L./L = 0,5)

o L/D Qsumip. Yeumip. (6c/ 6=1,2)
10 0,054
20 0,104
L 50 0,246
100 0,367
10 0,367
0,02 20 0,75
50...100 >0,5
10 >0,5
0,2 20 >0,5
50...100 >0,5
Asmopcoka pospobka
] T T T T J T J T " Ll
5 -
4L _
S /5 -
> [ _
| a
P TR S SR TR
0.0 0.1 0.2 0.3 0.4 0.5
al D

3ajieKHiCTH BiTHOCHOI 3MiHHU JIOTAPU(PMIYHOI0 IEKPUMEHTY KOJIUBAHb Bijl
BITHOCHOI IJIMOMHYU TPIilUHU, IPU 3TMHAJTBLHUX KOJUBAHHSX JJIS 0AJIKHU
KpyrJoro nonepe4yHoro nepepisy (L/D =10; L./L = 0,5; 6= 0,002; .6 ./ 6=1,2)

Aemopcwvka pospodka

Ha ocHOBI aHamizy BUIIE3a3HAUYCHUX PE3YJIbTaTIB PO3POOJICHO YMOBY
JIOCTaTHBOI YYTJIUBOCTI AeMIIpyBaHHS JJIsl J1IarHOCTUKH TPIIIUHH.
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Bionowenns ewnepeii, wo poscitoemvcia 6 mpiyuni AU. 0o nodsoeHoi
maxcumanvroi enepeii deghopmayii koncmpykyii U mae dymu 6inouum abo pieHum
000ymMKy nouamrkosoi 0emn@yrouoi 30amnocmi & KOHCMPYKYIi Ha Koeghiyienm, o
OOPIBHIOE GIOHOCHIU NOXUOYI eKCNePUMEHMANbHO20 BUIHAYEHHS XAapaKmepucmux
oemngyeanns k.

AU,
- = k¢

2U —

BucHoBkwM.

CrniibHe BUKOPUCTaHHSI TMOTY>XHOCTEH Cy4yacHOI OOUYMCIIOBAJIbHOI TEXHIKH 3
CAD/CAE-cucremamu 703BOJIsSI€  3[IMCHIOBATH TPYHTOBHUM aHalli3 TMOBEIIHKH
KOHCTPYKLIN MPH PI3HUX YMOBaX €KCILUTyartallii 00Ja HaHHS.

[Ipu mpoBeneHHI OIIHKA 3aCTOCOBHOCTI JeMII(pyBaHHS ISl JIarHOCTUKH
MOIIKO/PKEHb CJIJ] BpaxoBYyBaTH Takli (PakTOpu SK: TIUOMHA TPIUIMHH, MiCIle
pO3TalllyBaHHS TPIIIMHU, TUO TPIIIMHU, TUO BiOpamii, AeMndyrouy 30aTHICTbH
HEYIIKOKEHOT OaJIKM Ta KOS(III€EHT THYYKOCTI.

JlemnidyBaHHS, K XapaKTEPUCTUKA ISl BUSIBIICHHS TOIIKOKEHHS, MOXKE OyTH
e(deKTHBHA JIMIIE B TOMY BHUIIJKY, SKIIO HABAHTAKCHHS TIONIKOMKEHOI IJISTHKH
OaJIKM € JIOCTaTHIM JJisi TOro, 1100 3aKpUTH a00 BIAKPUTH TPILIMHY MpU BiOparisx
KOHCTPYKIIi.

[IpakTHYHO BCl XapaKTEPUCTUKHU JeMII(PyBaHHS, BKIIOUAIOYM JIOrapupMIYHUN
JEKPEMEHT KOJIMBaHb, € BIJIHOCHUMHU 3HAUYCHHSIMU: EHEPris, IO PO3CIIOETHCS,
MOB'A3aHa 3 eHepriero aedopmanii MeXaHIYHOT CUCTEMHU. 3MIHA PO3MIPIB KOHCTPYKIIIi
(1, oTxe, 3MiHa KOE(QILUIEHTY THYYKOCTI) CHOPUYMHSIE 3MIHY eHeprii aedopmartii
KOHCTPYKIIIi 1, OT’Ke, BITUBAE HA BITHOCHY 3MiHY JIeMIIpyBaHHS Yepe3 TPIIUHY.

BuxopuctoBytoun mijixou MEXaHiKu pyrHyBaHHsS Oynia copMyibOBaHa yMOBa
JIOCTaTHBhOI YYTJIMBOCTI JEMI(yBaHHS, KA € JOCUTH JOIIJIBHOI Ta XapaKTEPHOIO
JUISL TIarHOCTUKH MOIIKOJKEHB BaJIiB 3 TPIIIHMHOIO.

[IpooBxkeHHs LBOTO JOCHIKEHHS TMepeadadae MepeBIpKy BHILlE3a3HAYEHOT
METO/IMKHU BUSBJICHHS TPIIMH HA JUCKaX 1 JIOMaTKax TypOiH pi3HOTO MpU3HAYCHHS.
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Abstract. The sensitivity of damping as applied for the diagnosis of edge transverse crack in
the simply supported beam of circular cross-section at bending was investigated. As a result, a
formula has been developed to assess the sensitivity of damping ability for the detection of damage.

Key words: damping, simply supported beam, edge transverse crack, bending vibration,
damage diagnostics.
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Abstract. The article presents a method of computer simulation of static and dynamic power
losses in semiconductor diodes and transistors of the semiconductor converter SIEMENS
SINAMICS G110.

Analytical expressions describing static and dynamic power losses in power semiconductor
diodes and transistors are given. Mathematical expressions were obtained by the method of
polynomial approximation of power characteristics of IGBT modules, on the basis of which the
block of calculation of static and dynamic power losses was developed in the Matlab / Simulink
program.

A computer model of the SIEMENS SINAMICS G110 frequency converter was developed
using blocks from the SimPowerSystem library, on which the study of power loss components was
performed.

The results were verified by comparing the simulation data with the data of the frequency
converter manufacturer. With the help of the developed unit for calculating power losses, the
dependences of power losses on the switching frequency and load current are obtained. The
dependences of power losses on the frequency of pulse-width modulation are investigated.

Key words: frequency converter, uncontrolled rectifier, autonomous voltage inverter, pulse-
width modulation, static losses, dynamic losses, efficiency.

Introduction. Conversion of AC mains voltage with DC amplitude and
frequency into AC voltage with adjustable amplitude and frequency parameters can
be performed using a frequency converter, made according to the scheme with a DC
circuit [1, 2]. Such a frequency converter includes an input uncontrolled rectifier, the
output of which is a smoothing filter and a autonomous voltage inverter (AVI) with
pulse-width modulation (PWM) on IGBT-transistor modules [3, 4]. One of the
simplest converters of this type is the SIEMENS SINAMICS G110 frequency
converter, the scheme of which is presented in Fig. 1. The frequency converter is
powered by an AC mains voltage of 220 V and a frequency of 50 Hz. The frequency
converter includes an input uncontrolled bridge rectifier on diodes VD7...VDI10, a

smoothing filter on capacitor C/ and a stand-alone three-phase bridge voltage
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inverter on six IGBT-transistors V7T1...VT6, to which the diodes VD6 are connected
in opposite direction.

[ Rectifier | Filter | Autonomous voltage inverter Load |

| | |
i VTl VT3 @ VTS @m
VD1l VD3l VD) R, L

VD78 vD9R

Cl=—

i | VT2 VT4 V16
|VDSRVD 105 VD2l VD4J@X VD6
s e I

Figure 1 — Structural scheme of the frequency converter

The load of the inverter (R,, L,) is included in the diagonal of the AC AVI.

A significant part of the losses occurring in the frequency converter connected to
the network, mainly occur in the bridge rectifier, consisting of diodes and losses in
the AVI modules, consisting of IGBT-transistors and connected to them reverse
diodes [5, 6]. The additional losses that occur in the capacitor on the DC side, the
cooling system, the control system in this article are neglected.

In frequency converter, the losses that occur in the uncontrolled rectifier and in
the AVI can be critical [7, 8]. In this paper, the losses in rectifier and inverter systems
are considered. Currently, for these types of losses, there are different ways to
calculate them accurately, but with a rather complex formula and complex
parameters. Therefore, these calculation methods are not easy to implement in
practice. Therefore, it is necessary to determine the losses in the rectifier circuit and
in the AVI circuit by simulation.

The work continues the research performed by the authors in previous years and
is based on the results and scientific achievements, partially published in [9—-12].

Main text. The reliability and usefulness of the proposed method of modeling
the calculation of power losses is assessed by comparing the results given in the
documentation of the frequency converter SIEMENS SINAMICS G110, and physical
modeling in the MATLAB environment.

Technical data of the SIEMENS SINAMICS G110 frequency converter are
given in Table 1.

Table 1
Technical data of the SINAMICS G110 frequency converter
Parameter Value
Network voltage, V 230
Network frequency, Hz 50
Output power, kW 1.5
Losses, W 118
Efficiency 0.927
Pulse frequency, kHz 8
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The SIEMENS SINAMICS G110 frequency converter with a power of 1.5 kW
in the diode uncontrolled rectifier uses the brand of the module GBPC2508W, the
electrical data of which are given in Table 2.

Table 2
Basic data of the rectifier diode module GBPC2508W
Parameter Value
Maximum pulse repeating voltage Urry, V 800
Long direct current /,, A 25
Maximum peak direct current in one cycle Irsi, A 400
Maximum voltage drop in the forward direction Ugy, V 1.1

In the Table 3 shows the electrical data of the module of IGBT-transistors with a
reverse diode type FSISRO6XE3, used in the frequency converter SIEMENS
SINAMICS G110.

Table 3
Basic data of IGBT transistors and reverse diodes

Parameter Value
Voltage collector-emitter Ucgs, V 600
Collector current /.mom, A 15
Repetitive peak collector current Icgas, A 30
Collector-emitter saturation voltage Ucggar, V 1.55
Energy loss when turning on E,,, mJ 0.25
Energy loss when switched off by the pulse £,z mJ 0.34
Repetitive peak reverse voltage in the diode Uggry, V 600
DC direct current of the reverse diode I, A 15
Direct voltage Ur, V 1.6
Reverse reduction energy of diode E,.., mJ 0.16

The process of switching current and voltage in the IGBT-key and the graphical
distribution of static Ppc and dynamic losses Egy are shown in Fig. 2.

AN L
\

Use
/
/ ‘\
ESW(on) ESW(Ofﬁ
e N
B - _/ _

Figure 2 — Distribution of static Ppc and dynamic Esw losses
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The losses in the IGBT AVI module include conduction and switching losses in
the IGBT-transistor and in the reverse diode. Conduction losses in IGBT-transistors
occur when the state is on [13, 14].

Losses P.us can be calculated as the product of collector current (/) and
collector-emitter voltage (U..) [15, 16]:

T
Pcond.inv:%J-(Uce(lc)'[c'Don)'dt’ (1)
7
where /. is the collector current; U, is the collector-emitter voltage; D,, is the time
during which the IGBT-transistor is in the on state.

Dynamic losses in IGBT-transistors occur during the transition from one steady
state to another, ie during the transition from off to on (dynamic on loss) and,
conversely, from on to off (dynamic off loss) [17, 18]. Switching energy losses can
be varied depending on the device current, voltage, gate resistance and transition
temperature [19, 20].

The value of the average power of switching losses is defined as [21]:

P = EW (L) +E,, (1) ]/ = tf[(a -Uce)]-dHI[(lc U,,) Jde,  (2)

where E,, (I.) is the power at start-up, which depends on the magnitude of the
collector current; E,z(l.) is the energy at shutdown, which depends on the value of
the collector current; fis the switching frequency.
Total losses in the frequency converter can be determined by the following
expression [22, 23]:
P, P +P

Fc — Lcon.rec. voninv. ¥ Lo iny. - (3)

Switching losses that occur in the frequency converter make a significant
contribution to the total losses in the AVI [24, 25]. In order to accurately estimate the
efficiency of the frequency converter and increase the reliability of the design, it is
necessary to accurately calculate the switching losses [26, 27].

In the Matlab R2019a environment using blocks from the Simulink / Simscape
library the scheme of the SIEMENS SINAMICS G110 frequency converter is
developed, which is shown in Fig. 3.

The model contains the following blocks:

— block rectifier on diodes VD7...VDI0, including a smoothing filter on the

capacitor C/;

— unit of autonomous three-phase bridge voltage inverter on six IGBT / diode-

transistors V11 (VDI1)...VT6 (VD6);

— unit for calculating the loss in the rectifier and inverter;

— load unit;

— a set of measuring instruments.

The method of approximation determines the mathematical functions that most
accurately describe the energy graphs of the dependences V. (1), Vr(ly), Eon (1),
Eop (1), Erec (1) [28, 29].

Using this calculation method, it is possible to determine the static losses in the
uncontrolled rectifier, static and dynamic losses in IGBT-transistors and reverse
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diodes AVI, and in general it is possible to quantify the efficiency of the frequency
converter [30, 31].
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Figure 3 — Model of the frequency converter SIEMENS SINAMICS G110
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FS15R06XE3

GBPC2508W

After approximation of power loss graphs of diode uncontrolled rectifier type
GBPC2508W and IGBT-transistor module type FS15R06XE3 expressions were
obtained. Equation for diode uncontrolled rectifier type GBPC2508W:

5 4
] ]
Uu_(_.)=0.0277- —Fj —0,2812.(_Fj +
FUr) [100 100

3 2
+0.9917-[I—Fj —1.4921-[1—FJ +1.6057-[1—F]+O.6551.
100 100 100

(4)
Equation for IGBT-transistor module type FS15R06XE3:
6 5 4
U.. (I )——102775-(1—Cj +98467-(1—C] —36327-(1—Cj +
CEXC 100 100 100
3 2
[C IC [C
+6505.8 - | =< | —590.76 - | =< | +32.772-| =< |+ 0.3152;
100 100 100 (5)
6 5 4
IF IF IF
U_(I.)=-72672-| L | +71308 | £ | —27122-| L | +
FYF 100 100 100
3 2
IF IF IF
+5045.3 - | £ | — 48184 | £ | +27.018-| L |+0.4514;
100 100 100 (6)
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4 3 2
I I I I
E (I ):4.8894.(—Cj +7.928-[—C] +0.0715-[—Cj +1.8573.(—CJ+0.O486;
on € 100 100 100 100

(7)
4 3 2
E _(I.))=-15 198-(1—Cj +16984-[[—Cj —80363-(1—C] +36428-[1—Cj+00456'
of *C ' 100 ' 100 ' 100 ' 100) 0 (8)
I : I ? I
E (I ):5,4932(—1”} —5,7025.£—F] +2,6764-[—Fj+0,0792.
rec © F 100 100 100 9)

The block for calculating the power losses of AVI by the method of
approximation of loss graphs is shown in Fig. 4, 5.

U,V
3.0
24
1.8
1.2
0.6

0

0 5 10 15 20 25 I,

A

Figure 4 — Saturation voltage of the collector-emitter of the power transistor
type FS15R06XE3: 1 — documentation; 2 — approximation

E, m]
1.0
0.8
0.6
0.4
0.2

0

0 5 10 15 20 25 L
Figure 5 — Power switching characteristics of power transistor type

FS15R06XE3: I — E,. (documentation); 2 — E,, (approximation); 3 — E,s
(documentation); 4 — E, (approximation)

The obtained mathematical dependences quite accurately describe the power
graphs of power losses of the diode uncontrolled rectifier and IGBT-transistor
module [32, 33].

The block model for calculating the power loss of the reverse diode of the
IGBT-transistor module type FS15R06XE3 is shown in Fig. 6.

The control voltage and current of the transistor are used to calculate the static
and dynamic power losses of the IGBT-transistor [34, 35].
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Figure 6 — Block model for calculating the power loss of the reverse diode of the
IGBT transistor module type FS15R06XE3
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The block model for calculating the power loss of the IGBT-transistor module
type FS15R06XE3 is shown in Fig. 7.

B>
W “ P_VT_Con.

Uce(lc)

o
=Switch current=1

Eonilc)

comvrt
7 - N

=Switch current=3 . R
conves
—O}—{ = O
= e
=Switch current=2

Eoff(lc)

P_VT_SW
- # n h =
P VT SW Eoff

Figure 7 — Block model for calculating the power loss of the IGBT-transistor
module type FS15R06XE3

3

The results of modeling static losses are shown in Fig. 8, and dynamic losses —
in Fig. 9. As can be seen from the graphs, the on and off energies depend on the
magnitude of the transistor current. To simulate dynamic losses, it is necessary to use
the modeling method with a constant calculation step.

To verify the developed model in Matlab, which calculates power losses, a
comparison was made with such programs as SemiSel and MelcoSim [36, 37]. The
developed method of determination of power losses in power IGBT-transistors is
checked. A comparative calculation of power losses using MelcoSim 5.1 for a three-
level stand-alone voltage inverter with RL load, as well as the calculation of power
losses performed in Matlab using the described methods.

The presented methods for calculating power losses in the frequency converter
are implemented in Matlab / Simulink, compare the simulation results with data
obtained using the online tool Semikron SemiSel at www.Semikron.com and using

ISSN 2567-5273 50 www.moderntechno.de



Modern engineering and innovative technologies Issue 16 / Part 1 é‘l %

the program MelcoSim 5.4, which are used as a reference test. The interface of the
MelcoSim 5.4 program is shown in Fig. 10.

I, A Collector current
20

15
10

AU,V Voltage falling

P,W Instant power loss

AP, W Average power loss
0.15 | | |
0.1
0.05
0 0.002 0.004 0.006 0.008 0.010 0.012 s

Figure 8 — The results of modeling the static losses of the IGBT-transistor
module type FS1ISR06XE3

The results of the calculation of the loss in the uncontrolled rectifier are given in

Table 4, which compares the calculation errors between the online tool Semikron
SemiSel and Matlab Simulink.

Table 4
The results of the calculation of power losses in the uncontrolled rectifier type
SKKE 15/08
Parameter Matlab Simulink, | Semikron SemiSel, Error,
\\ W %
Static losses of the rectifier 24.66 23.66 4.05

ISSN 2567-5273 51 www.moderntechno.de



Modern engineering and innovative technologies Issue 16 / Part 1 émg,

The comparison error is 4.05 %, which is an indicator of the adequacy of the

model in Matlab / Simulink.

The comparison and verification of the calculation of power losses in the AVI
between the programs Matlab / Simulink and MelcoSim 5.4 were also performed.
Analysis of the convergence of the calculation results in the programs
Matlab / Simulink and MelcoSim 5.4 are given in Table 5.

N Control signal
1 PR

0.5

0
I, A Collector current
20 o P Co e A A

15
10

E ]

0.0004 [ R— - e R R

o L

E . ] Power off

off® : : : ‘ : :
0.0004 e e i R Pt

i L W T

0 0.002 0.004 0.006 0.008 0.010 0.012 #s

Figure 9 — The results of modeling the static losses of the IGBT-transistor
module type FS1SR06XE3
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Figure 10 — MelcoSim 5.4 software interface
Table 5
The results of the calculation of power losses in the IGBT-transistor type
PMS50RG1A065
Parameter Matlab Simulink, | MelcoSim 5.4, | Error,
\\% W %
Static transistor losses 391 3.78 3.32
Dynamic transistor losses 3.62 3.49 3.59
Static losses in the reverse diode 2.49 2.39 4.01
Dynamic losses in the reverse diode 0.55 0.53 3.63

The results of the comparison showed that the discrepancy between the
calculation of power losses in the developed model Matlab / Simulink and the
calculation performed by the specialized program MelcoSim 5.4, does not give more
than 4.1 %.

In the Table 6 shows a comparison between the losses obtained during physical
simulation in Matlab / Simulink and the losses reported in the documentation of the
frequency converter SIEMENS SINAMICS G110 with a power of 1.5 kW.

Table 6
The results of the calculation of power losses frequency converter in SIEMENS
SINAMICS G110 with a capacity of 1.5 kW

Parameter Documentation frequency | Matlab Simulink, Error,
converter, W W %
Total losses 113.53
frequency converter 118 + losses on active 3.78
GBPC2508W, W resistance

The results of the comparison between the losses are very close. The comparison
error is only 3.78 %, which is an indicator of the sufficient adequacy of the developed
model of the frequency converter in Matlab / Simulink.

ISSN 2567-5273 53 www.moderntechno.de



Modern engineering and innovative technologies Issue 16 / Pari

Summary and conclusions. Losses in the rectifier circuit and in the AVI circuit
were determined by the simulation method. A compromise has been reached between
the accuracy of modeling in Matlab and programs such as SemiSel and MelcoSim.

Practical methods for calculating losses while maintaining high accuracy were
chosen. The reliability and usefulness of the proposed method of modeling the
calculation of power losses is assessed by comparing the results given in the
documentation of the frequency converter SIEMENS SINAMICS G110 and physical
modeling in the MATLAB environment.

The method of simulation modeling is presented, which allows to estimate
power losses in power semiconductor converters. This method is used to estimate the
power loss in the frequency converter SIEMENS SINAMICS G110 and gave an error
of 3...4 % relative to the data stated by the manufacturer. A block of the model is
calculated that calculates the loss of conductivity in the uncontrolled rectifier and the
losses that occur in the AVI of the frequency converter. This method of calculating
power losses can be used in the design and analysis of frequency converters of any
power.

To calculate the power losses by the approximation method, mathematical
equations are determined that most accurately describe the energy graphs of the
dependences Ve (1), Vi1, Eon (1), Eop (L), Erec (Ic). The obtained mathematical
equations quite accurately describe the graphs of power losses.
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Aunomayus. B cmamve npedcmaenieH Memoo  KOMHbIOMEPHO20 — MOOENUPOSAHUS]
cmamuyeckux U - OUHAMUYECKUX NOmepb MOWHOCMU 6 NOAYNPOBOOHUKOBHIX OU00ax U
MPAH3UCTNOPAx NOIYNPOBOOHUK06020 npeoopaszosamens SIEMENS SINAMICS G110.

IIpusedenvl ananumuueckue GulpadceHus, ONUCLIBAlOWUe cmamudeckue U OUHAMUYEcKUue
nomepu MOWHOCMU 6 CULOBbIX NOJIYNPOBOOHUKOBLIX Ouodax u mpansucmopax. Memodom
NOTUHOMUANLHOU — annpokcumayuy — cunogvlx  xapakmepucmux IGBT  mooynei  nonyuensvi
Mamemamuyeckue 8vlpadcenus, Ha oOaze komopwvlx 8 npocpamme Matlab/Simulink pazpaboman
O2I0K pacuéma cmamuyecKux u OUHAMUYECKUX Nomepb MOUHOCU.

Paszpabomana xomnvromepuas mooenv npeobpazosamens uacmomol SIEMENS SINAMICS
G110 ¢ ucnonvzogeanuem 010K08 u3z oubauomexu SimPowerSystem, na komopoi npogedeHbvl
UCCNe008aAHUSL COCMABNAIOWUX HOMEPL MOUHOCTU.

Bepugpukrayus pesynrbmamos nposedena nymém conocmagnenus OaHHbIX MOOeIUpO8aHUs ¢
OanubiMu npouszsooumens npeoopazoseamens uacmomovl. C nomowpro paspabomanmozo 610Ka
pacuéma nomepb MOWHOCMU NOJAYYEHbl 3ABUCUMOCIIU NOMEPb MOWHOCMU Om  YACHOMbl
KOMMymayuu u moka Hazpysku. HMccredosanvl 3agucumocmu nomeps MOWHOCMU OM 4acmombl
UWUPOMHO-UMNYTbCHOU MOOYIAYUU.

Knrwuesvie cnosa: npeobpaszosamens — uwacmomvl,  HEYNPAGIAEMbl  GbINPAMUMEID,
ABMOHOMMHbBI UHBEPINOD HANPANCEHUS, WUPOMHO-UMNYIbCHASL MOOYIAYUS, CIamuyecKue nomepu,
OuHamuyeckue nomepu, Kod¢puyuenm noie3Hoco 0eucmeusl.
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Abstract. A brief overview of information about semiconductor temperature sensors -
thermistors. Their types, designs, main characteristics, materials used for manufacturing are
considered. Their advantages and disadvantages are noted. The results of experimental studies of
samples of thermistors based on dispersed germanium presented.

Keywords: sensors, temperature, thermistors, semiconductors, measurements.

Introduction

Among the many semiconductor devices used today, the leading place belongs
to resistors, in particular thermistors - nonlinear semiconductor resistors, the
distinguishing feature of which is the significant dependence of their electrical
resistance on temperature. Thermistors are used in various fields of technology and
science because they help to perform and actually perform a huge number of different
tasks and have become one of the indispensable widely used semiconductor devices
/1-4/.

In recent years in our country and especially abroad, thermistors are widely used
in industrial electronics and household appliances: refrigerators, cars, electric heaters,
televisions, central heating systems, level gauges, telephone equipment and more. A
special place is occupied by the development and use of thermistors in scientific
experiments, research, new techniques and technologies. In particular, semiconductor
thermistors play an important role in the process of measuring temperature in a wide
range of temperatures - from liquid helium temperatures to the climatic range and
above, measuring in complex conditions of various external physical influences -
strong magnetic fields, radiation and others.

Main section

Thermistor - a semiconductor resistor, the active electrical resistance of which
depends on the temperature. Thermistors are available in the form of rods, tubes,
disks, washers and beads, and their sizes vary from hundreds of microns to several
cm.

In general, thermistors divided into two groups: with a negative temperature
coefficient of resistance (TCR) (NTC - thermistors), and respectively with a positive
temperature coefficient of resistance (TCR) (PTC - posistors).

Thermistors (NTC) are resistors with a negative temperature coefficient, in
which the resistance decreases with increasing temperature. This type of thermistor is
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made using powdered metal oxides and the exact composition of these oxides and
stabilizers determines the electrical characteristics of the thermistor. They mainly use
as resistive temperature sensors and current-limiting devices. The temperature
sensitivity factor in such thermistors is five times higher than that of silicon
temperature sensors (silistors) and about ten times higher than that of resistive
temperature detectors (RTDs). NTC thermistors have a nonlinear temperature
dependence on resistance and can withstand temperatures in the range from -55 °C to
+ 300 °C (and more, depending on the material of manufacture).

Thermistors (PTC) are resistors with a positive temperature coefficient, in which
the resistance increases with increasing temperature. They are divided into two
groups, based on the materials used in their production, their structure and the
manufacturing process. The first group is silistors, which use silicon as a
semiconductor material. They are used as PTC temperature sensors due to their linear
characteristics. The second group is switching thermistors. This type of thermistors is
widely used in PTC heaters, sensors, etc. Polymer PTC thermistors made of special
plastic are also included in the second group, they are often used as fuses. The
transition temperature in them is usually 60 °© C - 120 ° C. Silicon PTC thermistors
are usually designed for a temperature of + 150 ° C, if used above this temperature,
they can have a negative temperature factor / 1-3 /.

The main parameters of the thermistor are rated resistance, temperature
coefficient of resistance, operating temperature range, the maximum allowable power
dissipation.

Nominal resistance is its resistance at a certain temperature (usually at 20°C).
Thermistors are produced with certain tolerances from the rated resistance. Nominal
resistance of different types of thermistors have values from several € to several kQ.

Temperature coefficient of resistance (TCR) a, is a value equal to the relative

change in electrical resistance when the temperature changes by one degree.

o = 1 dR
T~ RdT -
Operating temperature range - the range of temperatures in which the thermistor

operates.

Maximum allowable scattering power - the power at which the thermistor,
located at a temperature of 20 °C, is heated by the passage of current to the maximum
allowable temperature. Similar to changes in the resistance of thermistors with
temperature changes, the scattering power also changes.

The advantages and disadvantages of thermistors include:

Advantages:

* Reliability.

* Sensitivity.

* Compactness.

* Relatively affordable.

* Best for measuring the temperature at one point.

Disadvantages:
* Strong dependence of characteristics on materials of manufacturing.
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* Limited temperature range.

» Work poorly at extreme temperatures and their differences.

For the manufacture of sensitive elements of thermistors use different
semiconductor materials - silicon, germanium, gallium arsenide and others. These
materials can be in volumetric, in the form of films, different levels of alloying and
technological processing / 3-6 /.

For example, we have manufactured and studied experimental samples of
thermistors based on dispersed germanium obtained under different technological
conditions and different levels of dispersion of the starting material. Figure 1 shows
the temperature dependence of dispersed germanium samples obtained at pressing
temperatures of 500 °C (1) and 700 °C (2).

D T T T T T 1
0 a0 100 150 200 250 300

1000/T, K™

Fig.1. Dependence of electrical resistance of experimental thermistors on
temperature. 1 - obtained at a pressing temperature of 500 °C, 2 - at a
temperature of 700 °C.

The studies were conducted to obtain optimal characteristics in the region of
temperatures of liquid nitrogen (77 K) and liquid helium (4.2 K). From the obtained
temperature dependences of the electrical resistance, it is seen that the sensitivity of
samples 1 in the temperature region of 4.2 K is approximately 10% / K, and samples
2, respectively, at the level of (50 - 100)% / K. This indicates the high capabilities of
this technology to control the characteristics of thermistors and obtain thermistors
with high sensitivity in the field of cryogenic temperatures. The technology allows to
constructively make thermistors of the small sizes (at the level of 1 mm?®) that
provides their low inertia.

The temperature dependences of the electrical resistance R can be described by
polynomial of the form:

n
InR= > Ai(InT) , )
i=0
where Ai - constant coefficients determined by the method of least squares, n -
determined from the condition of the smallest approximation error.

ISSN 2567-5273 60 www.moderntechno.de



Modern engineering and innovative technologies Issue 16 / Part 1 (N§

Conclusions

In conclusion, even though thermistors are difficult to use at extreme
temperatures, they are perfect for measuring at a certain point. They are accurate
when used in a limited temperature range to maintain a certain temperature because
thermistors are sensitive to even small changes.

Recent research in the field of development of devices for a wide range of
thermometry shows significant achievements / 4-6 /. Microminiature thermistors
based on films of semiconductor materials, volumetric material of different levels of
alloying and production technologies have been developed.
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Anomauia. I[lpusedeno Kopomkuti 02110 8i0oMocmel Npo HANIBNPOBIOHUKOBI OAMYUKU
memnepamypu — mepmopezucmopu. Pozenanymo ix eudu, eanysi 3acmocy8aHus, 0coOaUS0CMi
KOHCMPYKYii, OCHOBHI XApaKmepucmuxu, mamepiany, AKi 6UKOPUCMOBYIOMb OJisl 8USOMOBIeHHS.
Biosnaueno  nepesacu  ma  medoniku  mepmopesucmopie.  Ilpusedeno  pezyrvmamu
eKCNEePUMEHMATIbHUX O00CNI0NHCeHb MEeMNepamypHoi 3al1eHCHOCMI eNeKmpUYHo20 ONopy 3pasKie
MepMOpe3UCOpi6 Ha OCHOBI OUCHEPCHO20 2ePMAHIT0, BUSOMOBNIEHUX NPU PIZHUX MEMNepamypax .

Knwuoei  cnoea: Oamuuku, memnepamypa, mepMOpe3UCMOpY,  HANIBNPOGIOHUKU,
BUMIDIOGAHHS.
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Anomauia. /[na 3abe3neyenns nompiOHUX UMOBIPHOCMI NOMUIKU NPUUMAHHA CUSHATLY,
WUPUHU CMY2U 4aCmOm, WEUOKOCMI nepeoayi CUSHANY 8 MeNeKOMYHIKAYIUHUX CUCIeMAax 3a36Udail
BUKOpUCMOBYEMbCA (hazoea maHinyasayis cueHany. /lana poboma npucesuena aubopy epexmuenoi
yughposoi hazoeoi mMooynayii' 8 meieKOMYHIKaYiUHIL cucmemi.

Baowcnueoro xapaxmepucmukoro cucmemu € UMOGIPHICMb NOMUIKU APULUOMY CUCHATY, AKA
PO3PAX08YEMbCA 3 BUKOPUCMAHHA inmezpana I ayca i HagedenHs pe3yrbmamis y 6uensadi madoauyb.
B pobomi suxopucmosyromvcsi meHur mpyooMiCmKuil Memoo pO3PAXYHKIE C BUKOPUCMAHHAM
cucmemu MATIIAPD.

B nimepamypi 3azeuuaii epagiuno 3anexcnocmi UMOBIPHOCMI NOMUIKU NPUUMAHHA CUSHATLY
8I0 BIOHOWIEHHS CUSHA/WYM 68 Oeyubenax, wo He3pYYyHOo npu ix euxopucmawnui. B podbomi na
epagikax 6iOHOUIEHHs CUSHAN/WYM NOSHAYAEMbCA 8 paA3ax, ma 6KA3YIOMbCs 3HAYEHHS DIGHIS
nosuyiti M-aprozo cuenany, wjo mexc came , Wo CHeKmpaibHa eghekmusHicmo cucmem. 30iticHeHul
cuHme3s cucmem 3 BUKOPUCMAHHAM PO3POOIEHUX MEMOOUK, WO O00360IUNO BUSHAYUMU ONMUMATIbHI
8UOU MaHInYAYil 8 cucmemi 3 HaseHumu napamempamu. Ilposederni docriodicenHs noKazaiu, wo
HAUKpaw)y enepeemudty egpexmuenicmo 3abesneyye euxopucmarms mooyiayis QPSK (OM4), koiu
30ilCHIOEMbCA 8 2 pasu 30i1beH s WeuoKocmi nepedadi iHghopmayii npu 30epedceHHi wupuHu
cmyau nponyckanHs 6 nopieuanni BPSK. Taxooic ecmanosneno, wo emepeemuyni s3ampamu,
HeoOXiOHI 0/11 3011bUeHHs GIOHOWEHHS. CUCHAT/WYM O/ 3011bUeHHS CReKMPAbHOL eheKmueHoCcmi
3HAYHO Nepesuyroms OmpuMane 30i1buleHHs eHepeemudHoi egheKmueHoCmi.

Kniouosi cnosa: menexomynixayitina cucmema, hazoea MoOYIAYis, CHEKMPALbHA
eheKmusHicmb, cCMyea Yacmom, eHepeemudHa eqhexmueHicCms, ONmuMizayis, UMOBIPHICIb NOMUTKU,
BIOHOWLEHHS CUSHAT/ULYM.

Beryn.

dazoBa  MaHIOyJAIis  HAMOUIBII ~ IMMPOKO  BUKOPUCTOBYETHCS B
TEJIEKOMYHIKAIIHHUX cUCcTeMaXx JJIsl 3a0e3neueHHs MOTPIOHNX WMOBIPHCTI MOMMJIKU
NpUIAMaHHS CUTHaJy, IIMPUHU CMYTHM YacTOT, MIBUAKOCTI Iepefadi curHaity.B
JiTEpaTypl A0BOJII MOBHO PO3TJSSHYTH XapaKTEPUCTUKHU JTAHUX BUAIB MaHIITyJISIIIT
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[1-7], ane HemOCTHBO yBard MPUAUISETHCS METOLY BHUOOPY ONTUMIIBHOTO BHIY
MaHIMyJIALIiT, 0 PO3TIISIIA€ThCS B IaHId POOOTI.

3arajbpHa XapaKTepCTHKA BUAIB (pa30BOi MaBIy IsiLil.

[IpakTH4YHO BUKOPHUCTOBYIOTH JBIWKOBY (B-piBHEeBy, OiHapHy) Ta M-piBHEBY
Moaysiniio[8,9]. Ilpu GiHapHHMX - BUCOKOYACTOTHHI aHANOTOBUI HECY4YHMil CUTHaI
MOAYIOETbC 1-M OiTOoM, a mpu M-piBHEBUX — HECYUYMH CHUTHAJ MOMAYIIOETHCS
CUMBOJIOM, SIKUH MICTUTh k>1 Oit, mpuaomy

M=2X | k=1,2.31iT. 1. (1)

Mix napamerpamMu OiHapHUX Ta M- piBHEBUX MMaHIMyJAIIA HasBHI HACTYIIHI

3aJIeKHOCTI:

E=Ey(log:M), (2)
P, =PyJ/k (nns Ps<<I npu xogax I'pes), 3)
R,=R/k , (4)

ne: Es, Py, Ry — mis cumBoumiB: eHeprisi, WMOBIPHICTh MOMMJIIKHA Ta IIBHJIKICTbH
nepeayi, BiAMOBIAHO.
HIMOBIipHICTh TTOMUJIOK BU3HAUYAETHCS 3 BUKOPUCTAHHIM 1HTeHpany ["ayca [8]:

Q) == exp(-5) du (5)
abo
Q(x)=0.5erfe(x/v/2), (6)
P (S
erfc(x) = f; exp(—u?)du . (7)

BusnauenHs gaHoro iHTerpaixy JOCUTh  CKJIaJHE, TOMY JOLUIBHO
BUKOPHUCTOBYBaTH (yHKIi0 erfc(x) , sika HasBHa B cucteMi MATLAB. 3nauenns

Py , Ps nist pizaux BuaiB (a3oBoi MoayJiALii HaBeaeH1 B Ta0a. 1[8-10].

Taoauusa 1
ﬁMOBipHiCTL MOMMJIOK B 3aJI€KHOCTI Bij Moayasinii

HasBa ta Bug Moaymsiii I7IMOBipHiCTb IIOMMJIOK

1. BPSK 3 K]I, (vl) P, =Q((2Ex/No)"?) , (k=1)
2. Ind. BPSK 3 K/I, (v2) Py=2Q((2Ex/N,)"»)(1-Q((2Ex/N,)"?)) , (k=1)

3. BPSK 3 nud. KJ1, (v3) Py=(1/2)exp(-Ev/N,), ( k=1)

4. MPSK 3 K]I, (v4) | P{(M) = 2Q((2E¢N,)"?sin(n/M)), E=Ep(log,M), (k>2)
5. MPSK 3 mud. KJI, (v5) | P(M)=2Q((2E¢/N,)"? sin(n/M/2'?)), E=Ey(log:M), (k>2)

IHlpumimxku. 1. K/[ — xocepenmue demexmyeanus. 2. /s Kodxcnozo eudy yughpa nicis oykeu v
ekasye it Homep 6 maon. 1.

Jlam Bukopuctaemo ¢GyHIaMEHTaIbHI 3anexHocTi: W= R, — nmms OGiHapHUX
moxayssiiid, W= R — mist M-piBHEBUX MOIYJISIIIMN.

3rigHo Teopemu HaiikBicTa g mepenaui  HeMOAYJIbOBAHMX CHTHAIB
He0oOX1/1Ha MiHIMaJIbHA cMyTa yacToT W= R/2, nna moayaboBanux- W= R.

BuxkoHaHHA 10CTiTKEeHD

B po6oTi 3ampornoHoBaHa METOJMKAa BUOOpPY ONTHUMAaIbHUX BHUIIB (Da30BO1
MOJTYJISIIIIT Ta OIIHKY 1X €()eKTUBHOCTI.

B 1a6:1.2 HaBeneH1 00paHi MapaMeTpy TUIIOBUX CUCTEM Palio3B’sI3KY.
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Tabauuns 2
IlapaMeTpu THIIOBHUX CHCTEM Pai03B’A3KY
Ne Bumoru 1o cucrem HasiHi pecypcu R/W
CUCTEMU Py R, Mo6iTt/c Ew/N, W, MI'g R/W,
B 1b, (pazax) MOo6iT/c/MI'1y
1 10 100 23 nb, (=200) 20 5
2 10 50 16 n1b, (=40) 20 2.5
3 10 80 16 nb, (=40) 20
4 10+ 20 8.5 n1b, (=7) 20 1
5 10+ 25 16 nb, (=40) 10 2.5
6 107 50 16 nb, (=40) 20 2.5

[Ipu BUKOHAHHI JOCTIIKEHb BUKOPUCTOBYIOThCS OJiep>kaHi 3a1ekHOCT1 Py (Ew/No)
(puc.1).

10° ; ;

10~

10~

10~

10~

B

0 35

moBipHicTb 6iToBuX nomunok, Pb

Eb/No, dB

Pucynok 1 - 3anexnicts Py(Ep/No) nisa ¢pazosux moayasuii BPSK, MPSK

Ha puc. 2 naBeneni moaudikoBani 3anexHocTi Po(Ew/N,) 3 BUKOpCTaHHSIM
3aMpONOHOBAHUX TO3HAYEHD.

3 BUKOPUCTAHHSIM pHUC. 2 OTpHMaHI JaHl JJig BUOOPY HEOOX1AHOI MOIYJISIIil
(puc. 3) mpu R/W=5. Bumno, mo misa nganoi cuctemu, npu Eu/N,=200, moxHa
BUKOpUCTATU Juine Moayssniio v4, k=R/W=5 (tob6to 32PSK 3 K]JI), maua sxoi
noctatHbo 3HaueHHS Ep/No=158. Cycimas wmoaymsuis vS, k=R/W=5 Bumarae
BimHomeHHsT Eu/N,=316, mo ma 100% OuTbIIe BiA ONTUMAIBLHOI MOJYJISIIT IS
cuctemu 1 (32PSK 3 KJI) Ta Ha 58% Oinbiie Big HasiBHOTO BimHOMmeHHS Ey/Ny=200.

BpaxoByroun Te, mo s BUOpaHOi ONMTUMAIbHOI MOJYJIAIII  JAaHOI CHUCTEMHU
noctaTHbo 3HaueHHs Ey/N,=158, mMoxkHa omTumizyBaTu cUCTeMy |, 3MEHIIMBIIH
HasiBHE 3Ha4eHHS Ey/Ny~200.

[Ticas Bubopy onTuManbHOI MOIYJSLIT 11 cucTeMHu | mpeacTaBiisie 1HTEpeC |,
HACKUJIbKM BHOpaHa MOJIyJiALis OMU3bKa /0 TPaHUYHOIO 3HAUEHHS IPHU 3aJaHUX
BUMOTax Ta HassBHUX peCypcax.

Jlns uporo B JaHId METOAMIN BUKOPHUCTOBYETHCS oOjepkaHa 3 (popMysu
[IlenHOHA TpaHWYHA 3AICKHICTD [7]
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Ew/No =W/C(2C/ Vo o, (6)
ne C- TeopeTHYHO MOXIIMBA MaKCHMaJlbHA IBUAKICTH MEepeaadi CUTHATY.

100: T S S T T T T T T T g
- v4 k=R/W=2 E
07 L o ““ v4 k=RIW=4 _:
© V1 k=RW=1 .. k “ V4 k=R/W=5 ]

o 2 | oA 1
Q_— 10 3 v2,k=R/W=1 v4,k=R/W=6 E
& V3 k=R/W=1 ]
c o 4
s L 4
3 107
2 3 V5, k=R/W=2 3
x E \ 3
s + 4
2 - v5,k=R/W=3 ]
e,
6 10 L
5 3 v5,k=R/W=4
=z F Pb=0.0001
s I V5 k=R/W=5
S 107°L
£ : v5,k=R/W=6

10 °® Ll

10 ©

Eb/No

Pucynok 2 - MoaundikoBani 3ane:knocti Py(Eyw/No) miist pazoBux moayasuii
BPSK, MPSK

10°

10 v4 k=R/W=4

v4,k=R/W=5
£ 1072
3
(o]
|
s
g 1073
= X: 158.5 X: 316.2
g Y: 9.535¢-05 \ Y: 9.5946-05
o
© 104 | |
5 A
- Pb=0.0001
o)
”g’ 107
= V5 k=R/W=4 i y I > Y
V5 k=R/W=5
oo Lo kRmes e
10 © 10 10 2 10 3
Eb/No

Pucynok 3 - Bubip moayasinii qis cucremu 1 (Tadur. 2)

Pe3ynbTaTi q0CHiIKeHb IOKa3aH1 Ha puc. 4.

OueBHIHO , IO CHEKTpajibHa €(EeKTUBHICTHL OOpaHOi ONTHMAIBHOI MOIYJIALIT
npu Eu/Ny=200, ctanoButh opieHTOBHO 50% (5/11) Big MakCUManbHO MOXKJIMBOTO
3HAYEHHS Ta HE3HAYHO 301IBIIYETHCS MPU ONTUMI3ALII] CUCTEMH .

AHAaJIOTIYHO MOYKHA 3HAWTH TapaMeTpU ONTHMAIBHOI MOMYJIAIIT AJIT CUCTEM 2-

5.
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T TTT T T T T T LN | T T T T T AL | T T T 1
paHnyHa /{
101 L cnekTpanbHa epeKTUBHICTb /-’-

npun R=C X: 157.6 X:201.3
Y:10.72 Y:11.13
| N |
X: 158 X: 200
Y:5 Y:5

100 L iy ; M ; M R
10° 10" 10
Eb/No

CnekTtpanbHa edekt. R/W (6it/c/Tu)

PucyHok 4 - CnexkrpajibHa e()eKTUBHICTH MOAYJISILII 11 cucTeMu 1

EdexTuBHICT MOMYNSAIIA MOXKHA OIHIOBATA TUIBKA TIPH KOHKPETHOMY
3HaueHHi P, . B poOoTI 3anponoHOBaHO Ta BU3HAYEHO J[Ba MOKA3HUKU CHEKTPaIbHOL
e(eKTUBHOCTI. 1-Mi TOKAa3HUK BKa3y€, HAa CKIUJIbKH CHEKTpajibHa €(PEKTHUBHICTD
MOTYJISIIIT MEHIIIA MIOPIBHSIHO 3 1l MAaKCUMaIbHO MOXKJIMBUM 3HAYEHHSM, TOOTO:

Ei=(R/'W)/(Rnax/W) = R/Rmax  Tipu  P,=const (7)

Mopynstiss MPSK BUKOPUCTOBYETBCS B CHCTEMax 3 OOMEKEHOI CMYTOH
nponyckaHHsa. ToOTO B TakuMX cHCTeMax BIJACYTHIA «3amacy» IOJ0 MOMKJIMBOCTI
PO3IIMPEHHs] CMYTH mportyckanHs W. Ajie, mpu HEOOX1THOCTI MOXKHA 301JIbIINTH
cnekTpaibHy edextuBHICTh (R/W) 3a paxyHok 30unbiieHHs BigHomeHHS Ey/N, .
Tomy mpexncraBnsie iHTEpec, 2-Mil 3aNpPOTIOHOBAHMWNA TMOKA3HUK CHEKTPATHHOI
edeKTUBHOCTI Asi1 M-piBHEBUX MOAYJISIIN MpU MEpexo/il B HUX BiJ 3Ha4eHHsS k 10
3HadeHHs k+1 (mpu Pp= const, W=const ):

E> =[(Ri+1/ W)/ (R)/W)/[( Ev/No) k+1/ (Ev/No) k] =(Ri+1/Ri)/[( Eo/No) 1/ (E/No) k]  (8)

B 1a611.3 HaBeeHi pe3yabTaTd JOCiKeHb epektuBHocTi By pu Pp=10"

Tadanusa 3
Pesyabratu gociaimkens edexrusnocri E; npu P,=10"
PiBenn k 2 3 4 5 6
PiBenn k+1 3 4 5 6 7
36inbmenHs R mpu 50% 33% 25% 20% 17%
30umpieHHi k mo k+1 (372) (4/3) (5/4) (6/5) (7/6)
Ew/N, mpu k 11 27 77 250 830

Ew/N, mpu k+1 27 77 250 830
30ubienHs Ey/N, mpu 145% 185% 224% 232%
30utbIeHH1 Kk o k+1 27/11) | (77/27) | (250/77) | (830/250)

EdexTusHicts E;, 34% 18% 11% 9%
Opi€HTOBHO (50/145) | (33/185) | (25/224) | (20/232)

Bunno, mo enepretuyHi 3aTpatu, HeoOXiaH1 1ist 30umbmenHs Ey/N,, 3Ha4HO (B
3...11 pa3iB) mepeBUITYIOTH OTPUMaHE 30UTBIIIEHHS EHEPTeTUYHO1 €)eKTHBHOCTI
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Anomauia. Memoio pobomu € nidguujenHs egekmusHocmi po3pooOKU ITHHOBAYINIHO20
YCMamKy8anus 07 6i0H061108anbHOI eHepeii 3 CO2  wWasAXoM BUKOPUCTNAHHA MAMPU4Hoi Oasu
npoexmyeants. [nsa 3a6e3neyenus memu 8600CKOHAIEHO MEMOOUK) NPoyecy NPoeKmy8aHHs marKo2o
iHHosayitinoco ycmamkygauus. O62pyHmMosano HeoOXiOHICMb YPaxy8aHHs OCHOBHUX MEXHIYHUX
NOKA3HUKI@ NI0 4ac NpPOEKMY8AHHsA ULIAXOM 6CMAHOGNIEHH B63AEMO38 A3KI8 YCMAMKY8AHHA,
po321a0y CYKYNHOCHI HeOOXIOHUX (DYHKYIN, peani3yloyux eieMeHmis, 6UuOpaHux Kpumepiis.
Ilokazano cymuicms  imepayitiHo-peKypeHmHoi po3poOKU — 00epIHCAHHSA  KOHCMPYKYIL, U0
3a6e3neuyroms eQekmuHy eKchiyamayiro pi3HO8UOI8 MAKo20 YCMAamKy8aHHA. 3anponoHO8aHO
MemoOuKy NpoeKmy8aHHs IHHOBAYIUHO20 YCMAMKY8AHHA 6i0H06M06aNbHOI eHepeii 3 CO2 3
BUKOPUCAHHAM Klacugikayiunoi mampuunoi 0a3u 008i1bHO20 pPO3WUPEHHS. YOOCKOHAIEHO
MemoO BU3HAYEHHS ONMUMATLHUX MEXHIYHUX NOKA3HUKIB, WO 0038015€ NIOSUUmMU egheKmuU8Hicmo
npoyecy po3spooxu. Ilpakmuyna 3Hauumicms noaseae y 30iibuleHHi 00csa2i8 | NPUCKOPEHHI
00€pIHCaAHHS 8Y2NeKUCTI020 NANUBA 3 OOHOUYACHUM OYUUEHHAM 3eMHOI ammocgepu 8i0 NAPHUKOBO20
eexmy.

Knrwuoei cnoea: sionoenenns, emepeis, Gyenekuciuili 2as, egexmugHicmv, nanuso, 6asa,
VI0BNI0BAHHA, MAMPUYH, NPOEKMYEAHHA, NOKAZHUK.

Beryn.
Y cBiTIl eHepro3Oepirarouux TEXHOJIOTIH Ta yCTaTKyBaHHS BCE OLIbII
aKTyaJIbHUM cTae BUKOPUCTAHHS BIJTHOBJIIOBAJILHOT €JIEKTPOEHEPTi.

BignommtoBanpHa enekTpoeHeprisg, orpumanHa 3 CO,, 3BUIBHSE CIIOXKHMBa4a BiJl
3aJIEKHOCT1 BIJ IEHTPAJI30BaHUX EHEPreTUYHUX MEPEXK, CKOPOUYE CIIOKUBAHHS
IHIIUX BHWAIB JIOPOroi eHeprii. BukopucTaHHA Takoi €JIEeKTPOCHEPrii TaKoXK
TOPKA€TbCA TMHUTaHb EKOJIOT1YHOI Oe3MeKH, OCKUIbKM CHOpUsS€ 3MEHIICHHIO
HeOe3MevHOTOo Ta3y B 3eMHiii aTMocdepi.

VY kpainax €Bponeiicbkoro Coro3y 4yacTka BiJIHOBIIOBAJIBHOI €HEPrii HIOPIYHO
3pocTae. Byriekucnumii ras, mo nomajaae B atMocdepy sk MPOAYKT 3TOpaHHS TaJIHNBa,
MOBUHEH TPUHOCUTH KOPHUCTh. ICHYIOYI MPOEKTH CBIAYATH JIMIIE MPO TMOYATOK iX
cepito3HuX po3poOok [1, 2]. Baxkaerbcs, 1mo BuTpatu Ha rneperBopeHas Tonu CO; B
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KOPHCHY €JIEKTPOSHEPTit0 cTaHOBIATH juiie 200 $ [2].

Ha ocHOBI KpUTUYHOTO PO3IJSAY BIAOMHUX PIIIEHb MPOOJIEMHU, aKTyalbHICTh
CTAaTTi MOJIATA€ Y BUCBITIEHHI NPIOPUTETHUX MHUTAHb OTPUMAHHS BiJHOBIIIOBAHOI
eneprii 3 CO, mpu BUKOPUCTaHHI MIATOTOBICHOI 06a3u JUIsi PO3POOKH 1HHOBAIIHUX
pIIIEHb.

AHaJi3 JiTepaTypHUX JAHHX i IOCTAHOBKA NMPO0JIeMHU.

Buxopuctanust CO; mia oaepKaHHS €JIeKTPOEHEPrii € Cy4acHUM €(PEeKTUBHUM
HarnpssMoM. B myOmikanisix [3,4] onucyeTbes 3aranbHui miaxia o0 TeMu. B podorax
[5, 6] HaBOASATHCA TAKOX 3arajbHl YWMHHUKH, 10 BIUIMBAIOTh Ha OJIEpKaHHS
BIIHOBJIIOBJIbHOI ~ eJleKTpoeHeprii. Jleski wmaTepiaqd MOPUCBAYCHI  BIJOMUM
YCTaTKYBaHHSAM Ta MPUCTPOSIM, Kl peani3yloTh Ied HampsM. Tak, y TpUCTpoi s
neperBopeHHst CO; y ByIUIEKHCIIE TAIUBO [7] BUKOPHUCTOBYIOTHCS Tapsidl Ta XOJIOAH1
Kamepu. B 1eHTpi po3milieHuid psajg 3 Kiielb, ki o0epraroTbes. BeepenuHi ogHOl
KaMepHu BCTAHOBJIEHUH KOHIIEHTPATOP COHSYHOTO BUIIPOMIHIOBAHHS JUIS HArpiBy, IO
MIPUBOAMTH JI0 BiJIJIa4i OKMCIIOM 3aJTi3a MOJICKYJIM KHCHIO Ha OJIHIM CTOPOHI Kbl B
MPOTWIIEKHINA KaMmepl pearyroda CTOpOHA KUIbLSI O0€pTa€ThCs, MOCTYIOBO TPATHTh
Ter1o, 1 ynosmoBaHHs CO; 3akiHuyeThCs. Lle 0X0mo1KeHHs 103BOJIsIE OKHUCITY 3aTi3a
BEPHYTHU MoJIeKy 1 KUCHIO 3 CO,, 3aMUIIMBILY TICHsI ce0€ OKKC BYTJIEIIIO.

Bimomuii Takoxx mpuctpii s normmHaHHa  CO, 3 BHUPOOHUILITBOM
eJleKTpoeHeprii [8], B OCHOBI SKOTO JIGKUTh TEXHOJIOTiS MEPETBOPEHHS BOAHM B
EJIEKTPOJIT 3a PaxyHOK TMPOMYCKaHHS 4Yepe3 Hei yTBOPEHUX MpH CHATIOBaHHI
OpraHiyHOTO MNajuBa Ta3iB. BimoMuil OpuUCTpiil g OJepKaHHS EJIEeKTPUYHOTO
CTPyMy 3a paxyHOK MOTOKY Tra3y 4YM TMOBITpS Ha IT’€30€JeMEHTax Yy BUIJISI
XBUJICTIOIOHUX TIJIaCTUH, PO3MIIIEHHUX 3 MPOMIXKKOM B KOpITyci reHeparopa [9].

AHanizyroun nmyOJikallii HayKOBUX BHJAaHb, MOXKHA 3a3HAYUTH, IO IS M1OJ1aTTh-
KX PO3POOOK JOLUUIBHUM € YCYHEHHS 1IX PIZHOPIAHOCTI, WLI0 TOPOJIKYE
KOHCTPYKIIIAHY CKJIQHICTh, PI3HUINIO B IX TOKA3HHWKAX, HEJIOCTATHIA KOE(IIi€HT
MIEPETBOPEHHSI €HEprii MOBITPSHUX Ta3iB y EIEKTPUYHY EHEprito, MOB’SI3aHUMA 3
B1IOOPOM JIMINIE YAaCTHHM TeIUla BiJ Ta3iB Ta HEJIOCTATHIO EKOJIOTIYHICTh, KOTpa
MOSICHIOETHCSI THM, 10 AUMOBI rasu, kpiMm CO,, MICTATH 1HIII eneMeHTH. Tomy
MMOCTAaHOBKOIO TIPOOIEMH JJIsl MaOyTHIX TOCHIKEHbh MOYXHA BBAXKATH SIK PO3POOKY
TEOPETUYHOI YACTUHHU IMPOLIECIB BIAHOBIIOBaIBHOI enekTpoeHeprii 3 CO,, Tak 1 BUOIp
HaWKpalux BapilaHTIiB BIAOMOTO TEXHOJIOTIYHOTO YCTaTKyBaHHs, iX yHI(iKaliio Ta
PO3pOOKY METO/IIB BJIOCKOHAJICHHS, K, HaNpukiad, 0a3u po3poOKH 1HHOBAI[IHHUX
plllleHb yCTaTKyBaHHsS BIJHOBIOBaIbHOI eHeprii 3 CO,. MarepianiB mo noOyaoBi
Takoi 6a3u He OyJi0 3HANIEHO.

3axaui gocaipKeHHA.

JIns MOCSTHEHHS TIOCTaBJICHOI METH MIJBUILECHHS €(EKTUBHOCTI PO3POOKH
IHHOBALIMHOTO YCTaTKyBaHHS JJid BIAHOBMIOBaJIbHOI eHeprii 3 CO, musxom
BUKOPUCTaHHA MAaTpU4yHOi 0a3u MpPOEKTyBaHHsS, HEOOXIAHO BUPILIUTH HACTYMHI
3ajadi:

— BU3HAYUTH OCOOJIMBOCTI YCTaTKyBaHHsS JUIsi OTPUMaHHS BiJIHOBJIIOBaJIbHOI

eJIeKTpoeHeprii 3 3 BukopuctanusiM COy;

— BCTAaHOBUTH B3a€MO3B’S30K MDK UYMHHHKAMH, 10 BIUIMBAlOTh HA

e(eKTHUBHICTH MTPOIIECIB;
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— JIaTv 3arajibHy XapaKTEePUCTUKY 0a3u po3pOOKH IHHOBAI[IHHOTO YCTaTKyBaHHS
3 BiAHOBIIIOBaHHSA enekTpoeHeprii 3 CO,.

— HABECTU MPUKJIAAN CYy4aCHOTO €(PEeKTUBHOTO yCTAaTKyBaHHS sl (OpMyBaHHS

0a3u po3pOOKHU.

Marepiajam i MeTOIH TOCTiKEHHS.

Jns edeKTUBHOI pO3pOOKM 1HHOBALIMHOTO YCTAaTKyBaHHS BiJHOBIIOBAJIBHOI
ereprii 3 CO, HeoOXximHa 0a3a, sika MPEACTaBisie COOOI0 TEPENiK 1 OMUC BIIOMHUX
e(DEeKTUBHUX KOHCTPYKIIH Ta OKpeMHX IX €JEMEHTIB JJii BUSBJICHHS MalOyTHIX
aHaJIOTiB 1 MpOTOTHUIIB. Ha OCHOBI BCTaHOBJIEHUX B3a€EMO3B’SI3KIB YCTAaTKyBaHHS,
PO3MIIAAY SIK 00’€KTIB 1 CYKYIMHOCTI HEOOXITHUX (DYHKIIIHM, peani3ylounX eJIEMEHTIB,
BUOpaHUX KpUTEPIiB, po3polbieHa Taka 0asa, sika Ma€ MOXJIMBICTh PO3IIMPEHHS 3a
HOBUMH KpUTEpIsIMU 1 MOMIMOJICHHS 3a paxyHok jertamizaiii. lle 3abesmeuye
1TepalliiHO—PEKYPEHTHY pPO3pOOKY PI3HOTHIIHOTO YCTATKYBaHHS ISl OJAEp >KaHHS
enektpoeneprii 3 CO,, KOoTpa BKIIIOYAE aHaANI3 iX eKCIUTyaTaI[iiHUX BIACTHBOCTEH,
JUIEHHS Ha OKpeMmi (YHKIIOHAJbHI BY3/1M, MiABY31H, netani. [lonibHa po3poOka
nepenbavae  peKypeHTHO—3aMKHYTY  TOCHIJIOBHICTh  OJIEpP’KaHHS  TEXHOJIOTII,
KOHCTpPYKLIi, 10 3a0e3neuyioTh e(EeKTUBHY EKCIUIyaTallil0 pI3HOBUIIB TaKOTO
YCTaTKyBaHHSI.

Taka O0a3za wMaremMaTnyHO MOXe OyTH ommcaHa 00’ €MHOI MaTPUIICHO,
CKOMITOHOBAHOIO 3 MTPOCTUX MATPHUIIh TEXHIYHHUX PIIIEHb 32 OKPEMUMH HATIPSIMKAMH
ta Kkputepissmu (puc. 1). Hampuxman, ycratkyBanHs it ynoBmoBaHHS COa,
OIUCYETHCSI PI3HOBUIAMH €JIEMEHTIB 00 MOAYIB M;j; IEPETBOPEHHS Y BYTJIEKUCIIE
najMBo, 30epiranHs, mojiavy, TOIIO.

!

kr ’

Wiy -
=

' | Mix

Puc.1 - Cxema ¢popmyBaHHs 00’€MHOI MAaTPHUIli PO3POOKH BiTHOBJIIOBAJIbHOL
eneprii 3 CO;
Aemopcovka po3poboka

Ilin momyneM po3yMieThcsi 00pe BiAmpalbOBaHa OMNTHUMI30BAHA OJMHHUIIL
nepeiky HEeOoOXIIHMX eJEeMEHTApHUX poOIiT 0Oararopa3oBOro KOPUCTYBaHHS
00OMEKEeHOT HOMEHKJIATypH 3 XapaKTepHUMH pHCAaMH aBTOHOMHOCTI, CTHKYBaHHSI,
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3B’S13aHOCTI Ta HaAMIpPHOCTI. Bynb—sikuil eneMeHT 1€l MaTpHIll YTOYHSETHCS 3a
JBOMA 1HIIUMU KPUTEPISIMHU, TPOAYKTHBHICTIO Ta TOYHICTIO, IO TBOPUTH BEPXHIO
TOpPU30HTAJIbHY Matpuuio Mj, a ii eleMeHT € moyaTkoM OOKOBOI BEpPTHKAJIbHOI
matpuili My, 10 KOHKPETHU3y€ CMoci0 YJIOBIIOBAHHSA, TOIIO. TakWM MiJXOJ0M
KOXXHUW eJleMeHT 00’e€qHaHoi MaTpuili Moke OyTH JOBUTBHO pO3IIUPEHUM, a
npecTaBieHa iH(popmallisi BAYEpPIHOI0, HEOOX1HOIO JJIs MPOEKTYBaHHS.

[IporoHoBaHa cxeMa TEXHOJIOTTYHOTO MOAYJIS JeTalll OMUCY€ETHCS MOCIIIOBHUM
paaoM OO0 €MHHMX TOXIJIHUX MAaTpHllb, IO PO3KPUBAIOTH HOr0 KOHCTPYKIIIHHI,
TEXHOJIOT1YHI Ta OpraHizailiiii nmapameTpu (puc.2).

| { i i f i
i
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Puc. 2 - Cxema cnoco0y onucy ¢gopmMyBaHHSI BITHOBJIOBAJbHOI eHePrii
Asmopcobka po3pobka

Ha mepmomy wmicui Buctynae matpuus mkepen CO, Mjy, mo omucye ix
0COOJIMBOCTI, PI3HOBUIM 32 HANpPSIMKAMHU PO3LIUPEHHA: PiAKi, NOBITPSAHI Ta 1HIII.
KosxHi pi3HOBUAM MPU HEOOX1THOCTI MOXKYTh OyTH PO3IIMPEHI CBOIMH MAaTPHUIISIMHU,
K1 OyIyroThcsl 3a anroputMom jaepeBa. O6’emHa Marpuisi Mo ONUCY€E CHOCOOU
onepxkaHHsi CO; 3 pO3IMIMPEHHSAM: IMICIs CHAJTIOBAHHS, 1O CHANIOBaHHS, MICIS
KHCHEBO-MAJIMBHOIO CIaoBaHHsA. Matpuust M3, Oonucye TEXHOJOTII0 BlAHOBIICHHS
eneprii 3 CO,, M}, - obnagnanns, M, - ocHaleHHs, M3, — pexXKuMHU BiTHOBIEHHS, My,
- TpaHCIIOPTyBaHHs, M5, — 30epiraHHs Ta BUKOPUCTAaHHS, M), — TEXHIKO-€KOHOMIUHY
e(eKTUBHICTD 3 Oa)KaHUMU MOTPIOHUMH PO3IIUPEHHIMH.

Haii6inpm cknaguum € ynosmoBanHa CO,. [Ipu npomy 3abe3neuyerbes Oynab-
gka Oaxana jgeramizauis po3poOku. OO0’eMHAa MaTpHISl 3alHCYEThCS K
My=MinMy\My,, ne My, My, My — ckinagoBi o0’eMHOI Marpuui, IO € ii
MepeCcIuYeHHsIM, M - JOTTYHUMN T00YTOK ,,i”.

be3 ommcy 00’€kTiB POBOAUTH OyIb- SKWM iX aHaNi3, CHHTE3, JOCIIHKEHHS,
TOILIO MPOCTO HEMOKJIIMBO, TOMY, 3aJI€KHO BiJl CUTYyallli, BUOMPAETHCA KOPOTKUN UM
posimupennit onuc. [Ipu iHHOBAIIHHOMY MIIXO0/1I IPOBOJUTHCA TEXHIYHUNM aHATI3 1
CHUHTE3 MOXIJIMBUX KOHCTPYKIIIM yCTaTKyBaHHS, B SIKUX € BIOMI TE€XHIYHI PIIICHHS 1
BUMAaraeThCs OTPUMATH HOBE 1HHOBaIliiHEe. OCKUIBKH B peaTbHUX yMOBaxX Ji€ 0e3mid
YUHHUKIB, TO OTPUMAaHHA DIIICHHS HAaA3BUYAWHO CcKiajHe. MexaHi3M OTpUMAaHHS
IHHOBAIIMHOIO PIIIEHHS MOXE PO3IJIAATUCh SIK YOpPHA CKPUHBKA, HA BXiA SKOi
HAJIXOJUTh MOBHA iH(OpMaLS MPO MOXJIMBI aHAJOTH 1 MPOTOTUIH, a HAa BUXOJI
3HIMAETHCS IHHOBALIHE PIIICHHS.

Po3pobnena HactynHa wmetonuka. Ha mnoyaTky aHami3yeTrbes cuUTyauis 3
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BUJUIEHHAM OO’€KTIB JUIsl pO3poOKH, (POpPMYEThCS MOCTAHOBKA 3ajadl Ta ii MeTa,
BCTAQHOBJICHHS AQHAJIOTIB 1 TMPOTOTHILY, BHUSABICHHS JIOJATKOBOTO e(eKkTy Ta
HEOOX1IHUX BUTpAT, aHali3 1 BCTAHOBJICHHS HANpPSMKIB BUpIIIEHHS (IHHOBAIIITHOTO
NpOpHUBY), KOpETyBaHHS 3a7adl Ta METH pPO3pOOKH, MEXaHi3M pO3pOOKH
IHHOBAIITHOTO pIMIEHHS 3 aHali30M 1 CHHTE30M OTPUMAHUX KOHKYPEHTHHUX
BapiaHTiB. Jlani BCTaHOBIIOIOTHCA 0a30Bl BapiaHTU 3 iX YTOYHEHHSM, OCIIITHE
BIIPOBA/DKCHHS  1HHOBAIIMHOTO PIMIEHHS, KOPETYBAaHHsS PIIICHHS, BUPOOHUYE
BIIPOBA/DKCHHS. BaXXJIMBUM € TNpaBWIbHUM BUOIp CTYNEHIO JeTaji3allii OmucCy
BIJIOMUX pIlI€Hb, Kpallle Ha piBHI MaTeHTIB, OCKUIbLKA BOHU 0e€33amepeyHo
1HHOBaIlIHI. 3HA4YHO 30UTBIIMTH €(PEKTUBHICTh 3aCTOCYBaHHS 0a3u pPO3POOKHU
1HHOBAIIMHOIO YCTaTKyBaHHA MOXHA 32 PaXyHOK BHKOPHUCTAHHSI KOMI FOTEpH3allli
Ta BIPTYyaJIbHOI'O MPOEKTYBAaHHSA YCTaTKyBaHHS, Ta IMOCTIHHOTO OHOBJICHHSA 0a3u
TaHUX.

[Ipu opepkanni enektpoeneprii CO, NOTMMHAETHCS PEUYOBHHAMH, SIKi
HArpiBalOTbCSl YW  CTPABIIOIOTHCS, 1100 BUBUIBHUTH  JIBOOKHC  BYTJIIO.
KonnenTtpoBanuii ByrJieKMCIUil ra3 Jajil CTUCKYETbCS, TPAHCIOPTYETbCA Ta
BUKOPUCTOBYETHhCS. OTHUM 3 HEIOJNIKIB CHOCOO0Yy € Te, IO I YJIOBJIIOBAHHS
JBOOKHCY BYTJIEILI0 HEOOX1THO BUKOPUCTATU 011 25% BUPOOIEHOT €JeKTPOSHEPTii.

Binomo Tpu ocHoBHI cxemu ynoBitoBaHHS CO,: BUJANIEHHS BYTJIEKUCIIOTO ra3zy
Mics CHANIOBAaHHS OPraHIYHOTO MajuBa, A0 CHATIOBAaHHS Ta KHUCHEBO-IAJIMBHE
criaroBanHs [10].

B mopsaky iHHOBaliid BUHaAWAeHWW HOBUM mopuctuid, mnorauHatouuii CO,
marepian [11], skuii BUKOPHUCTOBYE CTPYKTYpy HoBoro marepiary NOTT-202a 3
CTITLHUKOBOIO BIOPSIKOBaHICTIO. Bigomuii Tako)X IHHOBAIIWHMN mpucTpiil [12]
SIKU BUKOPUCTOBYE CydacHy TexHosoriio dimepa—Tpomia.

Bigomuii 3aBoj, sikuii Bumyckae apiaiiitne naiauso 3 CO, [13]. 3a momomororo
KaTajizaTtopiB 3 aTMOC(bepHoro MOBITPS. B pPeakTopi Tras3 OUHIILYEThCS 1 M TUCKOM
NEPETBOPIOETHCS B me/IHy, SIKa BUKOPUCTOBYETHCS JUIst MIPOMHUCIIOBOCTI.

Haiicknaanimum 1 HaiBignoBigadpHIIKUM € yioBimoBaHHI CO,, s 4oro
BUKOPHUCTOBYIOTHCSL PI3HOMAHITHI MPUCTPOT, HEJOIIKOM 3aCTOCYBaHHS SKUX € HU3bKA
NpOAYKTUBHICTh. Bubip Texnonorii ynosmoBaHHs CO; 3anexuthb Bia Oaratbox
YUHHUKIB, TaKUX SIK OIpPAallbOBaHICTh, MPAKTUYHE 3aCTOCYBAaHHA, EKCIUTyaTalliiiHi
BUTpaTH, Tomo. HaliedekTuBHINI KOHCTPYKIII MOXYTh OyTH aHajoraM 1 HaBiTbh
MpoTOoTUIAaMU B 0a31 po3pOOKHU 1HHOBAIIHHOIO YCTaTKyBaHHS.

[likaBuit Takox mnpucTpiit [14], skuili OyB HTPOTOTUIIOM TMpU Po3poOIl
1HHOBAIIHHOTO pIlIEHHs 3 0a3u pO3pOOKH I1HHOBALIMHUX pillleHb, Ha ske Oyna
rociiaHa 3asBKa Ha OJIep>KaHHs MaTeHTY.

Jlo HemoJiKiB, 10 BHUMAararTh BUIIPABJICHHS, BIAHOCUTHCA HEIOCTATHIN
KOoe(ILIEHT MEePEeTBOPEHHSI €Heprii JUMOBHUX Ta3iB B E€JIEKTPUYHY €HEPrilo, HU3bKa
€KOJIOT1uHICTh, Tomlo. Lli Hemomiku Oynm ycyHyTi B mpuctpoi [15] 3a paxyHok
BBeJeHHST e€MHOCTI 3 CO,, peakropa 3 MNPHUCTOCYBaHHSIM [UIsl BIUIUBY Ha Tas,
yIbTpadioieTOBOr0 BUIPOMIHIOBAHHS, IMITYJIbCHOI aKTHBAIlll Ta30BOr0 pEareHry,
pETyJIIOBaHHS CepeaHbOI BUX1AHOI MOTYKHOCTI.

Pe3yabTaTH J0CTiIZKEHHS.

OtpumaHHs BiZHOBIIOBaNbHOI ejnekTpoeHeprii 3 CO, € mNepcrneKTUBHUM
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HaMpsIMKOM, TOMY BaXKJIMBUM 3aBJaHHAM € BinOip Haikpamioi Teopii oTpuMaHHS
BIJTHOBJIIOBAJIHO1 EJIEKTPOCHEPrii Ta BIAMNOBITHOTO TEXHIYHOTO YCTAaTKyBaHHS Ta,
xo4a 0 Ha MepIIMX Nnopax, iX YacTKOBa yHi(ikallis.

[Ipu nocmigxeHHi npucTpoiB it yjoBmoBaHHS CO, BCTaHOBJIEHO, IO
Buganenns CO, Halikpaile MPOBOAWTH MICJS CHANIOBAaHHS MajMBa Ta KUCHEBO-
NaJUBHOTO CHATIOBAHHS.

Ha ocHoBi mpoBeneHHs aHamizy Oyia po3poOJsieHa YHiBepcalibHa YCTaHOBKA
onepxkanHs eHeprii 3 CO; (puc.3), Ha Ky OyJia OTpUMaHO MaTeHT [16].

CO,
1.
> | 3
)
4 / \ .5

Puc. 3. biiok-cxema yCTAHOBKHM 0/IeP:KaAHHS €HePril 3 BYIJIEKUCJIOT0 ra3y
Asmopcovka po3pobka

Konctpyxkuisa cknagaerbes 3 yinosmoBauiB CO; 1, ski po3MilIarOTbes Ham
cepenoBuiieM 3 CO,, HapUKIaA, TpyOaMu €NeKTPOCTaHI[H, KOTeJIeHb, TEIJIOBUX
CTaHIIi¥, 3aBoiB, Tomio. Broiaenuii CO, mojaeTbcss B MPUCTPOi 2 MEPETBOPECHHS
oro B piJKe MNaJIMBO 3a JIONOMOTOK) HOBUX OINTHMMAJBHUX KaTadi3aTopiB, YUM
aBTOMATHMYHO TaKOXX BHPIIIYETbCS MpoljeMa To0aabHOiI 3MIHM KIIMaTy 3a
JIOTIOMOTOI0 OUMIIICHHS 3eMHOI aTMocdepu. Pigke manuBo 30epiraeTbesi B pe3epByapi
3 1 ;mam mocTynae AJis BUKOPUCTAaHHS B MEXaHIYHY YacTUHY 4 Ta €JIeKTPUUHY
yacTuHy 5. Bigomi mpuctpoi, 1m0 BXOAATh B CKJIaJ YCTaHOBKH, MiAOHUPArOThCS 3a
KPUTEPIEM CYYaCHOCTI KOHCTPYKIIi Ta BUCOKHUX TEXHIKO-€KOHOMIYHUX IMOKA3HUKIB.
HoBuM 3 ycTaHOBIII € B3a€MO3B’SI30K OKPEMHUX IPHUCTPOIB, BHKOPHUCTAHHS JIBOX
JpKepen 3amaciB eHeprii. OcoOJMBO BaXJIMBUM € T, IO YCTAHOBKA OJCp>KaHHS
eneprii 3 CO,, omHowacHOo 1 Oe3komrToBHO oummae atmochepy Big COa.
AKTyaJbHICTh YCTAHOBKH TOJIsira€ B HeBHUepHHOCTI 3anaciB CO, 1 aBTOMaTUYHOMY
ounilieHH1 atMocepu Big mapHukoBoro edekry. Kpim Toro, ycraHoBka €
YHIBEPCAIbHOI0, OCKUIBKM OJEPKYETHCS Ta BHUKOPUCTOBYETHCS €JIEKTpUYHA Ta
MexaHiuHa eHeprii. [ligBUIEHHS TEXHIKO-€KOHOMIYHMX ITOKa3HUKIB YCTaHOBKHU
JOCSTaeThCs BUKOPUCTAHHAM yiioBItOBaviB CO,, BCTAHOBJIEHUX CEKIIHHO, HASIBHICTD
€JIEKTPUYHO1 Ta MEXaHIYHOI YaCTHH.

[lepeBara mpoBENEHOIO MOCHIIKEHHS TMOJSIra€ B KOMILJIEKCHOMY PO3KPHUTTI
npobnemu  yinoBmoBaHHA (CQO;, BHUIOTOBIIEHHS BYTIJIEKHCIOIO MaliiBa, MOro
30epiraHHsl Ta TPAHCIIOPTYBAaHHS B MICIEe CIIOKMBaHHA. Bimomi myOmikarii, sx
MPaBHIIO, PO3KPUBAIOTH OKPEMi €JIEeMEHTH TEXHOJIOTiM BIJHOBJIEHHS Ta BiJIOMOTO
yCcTaTKyBaHHS. MOKHaA CTBEpP/DKYBaTH, IO 3aKOHOMIPDHUM € BUSIBIICHHS BIUIMBY
rOJOBHMX YHMHHHMKIB Ha 11 TPOIECH, OCOOJMBO B3a€MO3B’SI3KYy Ta TEXHIKO—
E€KOHOMIYHMX TOKa3HUKIB. HeoOXiTHUM € BHOKPEMJICHHS iX il 3a BCTAaHOBJICHUMH
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BruiiBaMu. CaMe TakUM MeEXaHI3MOM BIUIMBY YMHHHUKIB 1 0a3W JaHUX PO3POOKH
IHHOBAIIIMHOTO yCTaTKyBaHHA MOXHA JIOCATHYTH IMABUIICHHS €(QEKTUBHOCTI
BiTHOBIIEHHS enekTpoereprii 3 CO,.

Jiis  onepkaHHS — palliOHAJbHOTO  TEXHIYHOTO  PINICHHS  IPOEKTyBaHHS
YCTaTKyBaHHS Ta OCHAILEHHS Ui OTPUMAaHHS BiTHOBIIIOBAJIBHOI €JIEKTPOEHEprii 3
CO; nonepeaHbo HEOOX1AHO BUOpATH HAWKpaIll IPOTOTUIIN CEPEJl BIIOMUX aHAJIOTIB
1 B MaiOyTHbOMy iX KBami(pikOBaHO  MOKpAllyBaTH, BHUKOPHUCTOBYIOUU
KOMIT FOTepHU3aIliio Ta 0a)KaHO BipTyajbHE MPOCKTYBAHHS 3 IHHOBAIIMHUM M1X0/I0M
[17]. TakuM 4YMHOM MOXXHa OJEp’KaTh OakaHi KOHCTPYKIII JJIs1 BUKOPUCTaHHS B
MIPOMUCIIOBOCTI Ta 1HIIMX TaTy3s1X €KOHOMIKH, B TOMY YHCJI JIJIs1 €eHepro30epiratounx
TEXHOJIOT1H.

[IpogoBkeHHS  BIAMOBIAHUX  JIOCHIIKEHb  OJIEp)KaHHS  BIJHOBJIIOBAILHOT
enexktpoeneprii 3 CO, B HaWOMmK4oMy MalOyTHbOMY OyJio O JyXe IOIIJIbHUM
OCKIJTbKH Jai0 0 MOXKJIMBICTH OJEp>KaHHS JCHICBOi €JIEKTPOCHEPrii Ta OYHIICHHS
3eMHOI aTtMocdepH BiJ IMIKIJIUBHX ITAPHUKOBHUX Ta3iB, a TAaKOX HasSBHICTh
JIOJATKOBUX JHKEPEN B €NIEKTPUYHHUX Mepexkax, IO CIPHUsE MiIBUIICHHIO HATIHHOCTI
enexkTponoctayaHus [ 18].

BuchoBku.

B pe3ynbrati npoBeeHUX AOCHIIKEHb OyJI0 BCTAHOBIICHO:

e HaNOUIbIIA AKTYyalbHICTh 1 MEPCHEKTUBHICTh OAEPKAHHS BlTHOBIIOBAIBHOI
enexktpoeHeprii 3  CQO,, NIATBEPKYEThCA TOABIMHOI  KOPUCTIO —
OJIepKaHHSM JICIIEBOI €JIEKTPOEHEPTii 3 HeBHUepnHUX 3anaciB mxepen CO; 1
OJTHOYaCHUM OYHIIEHHSM 36MHOI aTMoc(hepy BiJl IKIITUBOTO Ta3y;

® OJIep)KaHHA PAlllOHATBHUX KOMIIOHOBOK TE€XHOJIOTIYHOTO YCTAaTKYBAaHHS IS
BIIHOBITIOBAJIbHOT eniekTpoeHeprii 3 CO, mependavae crnodaTky po3pooOKy
TEXHOJIOT1] BIIHOBJICHHS, BUOIp HAMKpaluX 3pa3KiB, MOIIYK 1HHOBALIHHOTO
pIIIICHHS Ta MPOEKTYBAHHS,

® g TOKpamieHHs e(QEeKTUBHOCTI pPO3POOOK CIHiJ BHUAUTUTH $K THUIOBI
HaMKpallll 3pa3ky yCTaTKyBaHHS TEXHOJIOTIT OJIep>KaHHs BYTJICIIEBOTO MajuBa
3 HACTYIHOIO iX yHi(iKaIli€lo;

e y OLTBIIOCTI BUMIAJKIB B JITEPATypl MOAAIOTHCS (PparMeHTapH1 OaraToriaHoBi
OTIUCH SIK TEOPii, TaK 1 YCTaTKyBaHHS, KOTP1 BIAPI3HAIOTHCS PI3HOMAHITHICTIO
KOHCTPYKIIIA Ta TEXHIYHUMHU XapaKTePUCTUKAMH, IO TMOSICHIOETHCS
IHAUBIIyalbHUMH MIJIXOJaMH TpPH PO3poOLl, OpraHizauli poOOTH, pi3HUM
MocTayaHHsM 1 (JIHAHCYBaHHSIM;

® 3HAYHO MIJBUIIUTUA €(PEKTUBHICTh PO3POOKH 1HHOBAIITHOTO yCTATKyBaHHS 3
BIIHOBJIIOBAJIbHOI eyiekTpoeHeprii 3 CO, MOkHa 3a paxyHOK BUKOPHUCTaHHS
3aIllpOIIOHOBAHOI 0a3u JaHMX iX PO3pOOOK, sIKa MICTUThH MEPETiK 3 OMUCOM
HaWOUTbIl €(dEeKTUBHUX NPHUKIAIIB TaKMX KOHCTPYKIIH 3a OCHOBHUMU
HanpsMKaMH 3 iX yHiQiKaIli€r, a TaKoX MPUKIAAN OKPEMUX EJIEMEHTIB iX
KOHCTPYKIIIT;

® CYyTT€BE MOKPAIECHHS pPO3poOOK 3a0e3neuyeTbes OJIHOYACHUM
BUKOPUCTAHHSAM 3alpoIlOHOBaHOI 0a3u, KyJIud MOKHA IIBHUIAKO 1 0e3 BTpar
BHECTH HEOOXiAHI 3MiHHM, OCOOJMBO TPU MOIYJIbHIM KOHLENIii Ta
BIpTyaJbHIi po3po0ii;
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e Taka 0aza po3poOOK Moke OyTh omnMcaHa O00’€MHOI MaTpHIElo,
CKOMIIOHOBAHOIO 31 3BHYAMHHUX MATPHUIb TEXHIYHUX PIIICHb 32 OKPEMHUMH
HANpPSIMKaMH Ta KPUTEPISIMH.
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Abstract. The aim of the work is to increase the efficiency of developing of innovative
equipment for renewable energy from carbon dioxide by using a matrix design database. To ensure
the goal, the methodology of the process of designing such innovative equipment has been
improved. The necessity to take into account the main technical indicators during the design by
establishing the relationships of the equipment, consideration of the set of necessary functions,
implementing elements, selected criteria is substantiated. The essence of iterative-recurrent
development of obtaining structures that ensure efficient operation of varieties of such equipment is
shown. A method for designing innovative renewable energy equipment with CO2 using a
classification matrix database of arbitrary expansion is proposed. The method of determining the
optimal technical indicators has been improved, which allows to increase the efficiency of the
development process. The practical significance lies in increasing the volume and accelerating the
production of carbon dioxide with the simultaneous purification of the Earth's atmosphere from the
greenhouse effect.

Keywords: recovery, energy, carbon dioxide, efficiency, fuel, database, capture, matrix,
design, indicator.

Crarrsa Bignpasinena: 07.04.2021 r.
© I'purop’esa H.C., labaiixouu B.A., 'ymentok JI.O., I'ymentoxk I1.0.

ISSN 2567-5273 76 www.moderntechno.de


https://www.storeandgo.info/fileadmin/press_releases/20181018_Press_Release_Political-Dinner.pdf
https://www.storeandgo.info/fileadmin/press_releases/20181018_Press_Release_Political-Dinner.pdf

Modern engineering and innovative technologies Issue 16 / Part 1 (N§

http://www.moderntechno.de/index.php/meit/article/view/meit1 6-01-073
DOI: 10.30890/2567-5273.2021-16-01-073

UDK 658.264

ESTIMATION OF BUILDING INSULATION EFFICIENCY UNDER THE
CONDITIONS OF CENTRALIZED HEAT SUPPLY

WITH BRANCHED HEAT NETWORKS
OLIHKA E®@EKTUBHOCTI YTEIUVIEHHS BY/IMHKIB B YMOBAX
HEHTPAJII3OBAHOI'O TEIIVIOIIOCTAYAHHHA ITPU PO3I'AJTY KEHHUX
TEIVIOBUX MEPEKAX CUCTEMMU TEIVIOIIOCTAYAHHA
Aleksahin O. O. / Anexkcaxiun O. O.
c.t.s., as.prof. / k.m.H., 0oy.
ORCID: 0000-0002-2253-8501
V. N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022
Xapxkiscokuil Oepoicasrutl yHieepcumem imeni B. H. Kapasina, ni. Ceoboou, 4, Xapxis, 61022
Bilovol H. V. / Bisiosoa I'. B.
c.L.s., as.prof. / K.m.H., 0oy.
ORCID: 0000-0001-6168-521
Ukrainian State University of Railway Transport, 7 Feierbakh Sq., Kharkiv, 61050
Yrpaincoxuii depoicasnuil ynieepcumem 3anizsHuuno2o mpauncnopmy, ni. @eepbaxa,’, Xaprie 61050
Boblovskii O. V. / boososcbkuii O. B.
ORCID: 0000-0002-3128-5788
O. M. Beketov Kharkiv National University of Municipal Economy, 17 Marshal
Bazhanov St., Kharkiv, 61002
Xapxkiscokuil HayioHanvHull yHisepcumem micbko2o cocnooapcmea imeni O.M. Bexemoasa,
ya. Mapwana Bascanosa, 17, Xapkis, 61002
Vasylenko O. V. / Bacuunenko O. B.
c.t.s. / K.m.u.
ORCID: 0000-0002-6770-0955
Ukrainian State University of Railway Transport, 7 Feierbakh Sq., Kharkiv, 61050
Yxpaincoxuii 0eparcasnuil ynisepcumem 3anizHuuHo2o mpauncnopmy, ni. @eepoaxa,’7, Xapkise 61050
Panchuk O.V./ Ianuyk O.B.
ORCID: 0000-0002-0852-1543
Ukrainian State University of Railway Transport, 7 Feierbakh Sq., Kharkiv, 61050
Yxpaincoxuii 0eparcasnuil ynisepcumem 3anizHuuHo2o mpauncnopmy, ni. @eepoaxa,’7, Xapkis 61050

Abstract. The paper considers the influence of building insulation on the thermal state of
distribution pipelines of a centralized heating network for some characteristic laws of changing the
flow rate of the heat carrying agent along the length of a heat pipe. Formulas are proposed for
determining changes in heat losses by the supply pipelines of a multibranch network serving a
group of buildings in the conditions of winterization. The formulas were obtained under the
assumption that the heat pipe diameter varies along the length of the network not discretely from
site to site, but monotonously from the maximum value at the beginning of the network to the
minimum value at the connection to the system of the farthest consumer on a branch. The change in
heat carrying agent flow rate along the length of network branches is also assumed to be
monotonous. The formulas are obtained provided that the level of decrease in the calculated
heating load of all buildings is the same. A comparison of the calculations results by the proposed
formulas with the results of calculations obtained with the methods used in the practice of designing
heating networks is performed. With a decrease in the design heating load due to building
insulation by 60%, the maximum discrepancy in the results does not exceed 5%. The obtained
formulas can be used in the development of algorithms for evaluating the effectiveness of
alternatives upon thermal modernization of district heating systems.
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Keywords: Centralized heat supply of a group of buildings - Building insulation - Heating
system - Multibranch heat network - heat losses in pipelines of a heat supply network.

Introduction

A feature of the existing heat supply systems in large cities of Ukraine is a high
degree of centralization with the availability of a significant number of various heat
sources and a complex system of main and distribution heat pipelines. It has now
become apparent that despite the shortcomings of centralized heat supply systems, it
1s impossible to abandon them and move to other forms of organizing the production
and distribution of thermal energy in a short time. This is due, first of all, to the need
for significant investment in the reconstruction of the system. Therefore, most likely,
the transition to heat supply from local heat sources will take place in stages, under
the conditions of functioning of the reformed centralized systems. An element of the
centralized heat supply systems of cities, where their problems are most concentrated,
1s the micro-district system. Distribution heat networks of a residential micro-district
are characterized by branching and a large total length which significantly exceeds
the length of the mains sections.

Most of the buildings that formed the development of micro-districts in Ukraine
were commissioned from the middle to the end of the last century. The construction
of buildings according to the normative requirements that existed at that time for the
thermal resistance of external fences, which were significantly lower than the
requirements in Western Europe [1, 2], caused the fact that the rate of thermal energy
consumption per 1 m? of heated area in Ukraine exceeds several times the similar
indicator in other countries with similar climatic conditions. Therefore, the main
reserve of energy saving in the construction sector and municipal heating is to
increase the thermal resistance of the elements in the building structures of buildings.
For the buildings which are commissioned, this problem can be solved by applying
an additional layer of thermal insulation to them. According to various estimates,
provided that the actual heat transfer resistance of a building envelope of the
commissioned buildings is enhanced up to the level of modern requirements, the heat
loss by the building premises can be reduced by 20-40%. Under the conditions of
centralized heat supply, when assessing the effectiveness of building insulation
measures, it is also necessary to take into account the change in the thermal state of
the pipelines of the heating network that supplies heat energy to the insulated
buildings. This is explained as follows. It 1s most likely advisable to carry out a
decrease in the supply of heat for heated premises of insulated buildings by
decreasing the heat carrying agent temperature before supplying it to the heating
system of the building. A decrease in the temperature of the heat carrying agent at the
outlet of the heating system and a change in the system water flow for the operation
of a heat exchanger lead to a change in the thermal and hydraulic modes of the
distribution heat network operation. Reducing the water flow in the sections of the
supply and return pipelines of the heat network contributes to more intensive cooling
of water and a decrease in heat loss through thermal insulation. The decrease in heat
losses in the network sections of the return pipe of the micro-district heating network
is due to both a decrease in the heat carrying agent flow rate and a decrease in its
temperature at the outlet of the building heating system.
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The aim of the work is to obtain analytical dependencies that allow us to carry
out preliminary estimates of changes in heat loss through the thermal insulation of the
heating network pipelines, taking into account the possible installation of building
insulation. It is assumed that all buildings connected to the considered branch of the
heating network are insulated.

Literature review

Heat losses from a section of an insulated pipeline with length I; into the

environment are determined by the heat transfer equation [3], which, as applied to the
pipelines of heating networks, is used in the form [4]

Q—%°Lk, (1)

where t,, - average heat carrying agent temperature in the section; >, R - sum of

thermal resistances that determine the heat transfer process for a particular method of
laying heat networks; k - coefficient accounting for heat loss by structural elements of
the heat network (taken depending on the method of laying the heat pipes [5]).

When installing above ground, the ambient air temperature is taken in the
capacity of ambient temperature t; with the use of underground laying methods, the

soil temperature at the depth of the pipeline axis is taken.
With known specific heat losses g by a pipeline of the given diameter, the heat

loss at the section can be calculated from the temperature difference of the heat
carrying agent at the input to the section t; and ambient temperature according to the

formula

—qg-] p7ts
Q=q-1, 2=k, )

where At - difference between temperatures of the heat carrying agent and the

environment at which the specific heat loss through the insulation g are obtained.

Either permissible (normative), or actual losses determined, for example, during
thermal tests of networks may be used in the capacity of value g. Using the heat

carrying agent temperature at the inlet to the design pipeline section and its cooling
within the section, the outlet temperature is determined from the heat balance
equation (3); this temperature is the input value for the next calculation section, etc.
up to the most distant section of the flow line on the network branch.

Q=C-G; (ty — tc)a (3)
where C - the specific heat of the heat carrying agent; t. - temperature at the outlet of

the design pipeline section.

When determining heat losses by pipelines of the return line of the heating
network, the calculation begins from the most remote on the branch of the object. The
temperature at the end of the design pipeline section is found taking into account heat
losses and mixing of the heat carrying agent flow in the main branch pipe and the
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heat carrying agent flow from the main pipeline branch. This calculation allows us to
get the results with sufficient accuracy, but it is cumbersome and performed for a
specific network configuration.

The actual law of heat carrying agent flow rate change along the heat network
branch length has a stepwise profile. Within each of the design pipeline sections, the
flow rate is constant; the flow rate changes abruptly when the heat carrying agent
enters the next section (Fig. 1). A formula suitable for performing estimates of heat
carrying agent cooling can be obtained under the assumption that the heat pipe
diameter does not vary discretely from section to section, but monotonously from the
maximum value at the beginning of the branch (for the supply line) to the minimum
at the place where the most distant heat energy consumer is connected to the system.
The change in heat carrying agent flow rate along the pipeline length is also assumed
to be monotonous.

Xo

o
>
-

XD
0 02 04 06 08 10
c

Fig. 1. Heating networks (A, B, C) design schemes and charts for heat carrying
agent flow rate change along the length (a, b, c)
A - building; T - central heating station; 1 - the actual flow rate change law, 2 - the
accepted law of consumption change.

In the work [6], the results of solving the differential equation describing the
heat balance in an elementary section of a network supply pipeline are presented for
specified conditions. The results of solving the differential equation for various laws
of change in the heat carrying agent flow rate are given in table 1. In the proposed
equations x, =x/L 1s a relative current coordinate value counted from the heat

carrying agent inlet to the supply pipe, T,is aheat carrying agent temperature at the

branch inlet, i.e. at x,=0, G, 1s heat carrying agent flow rate at x,=0.
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Table 1
Rating dependencies for determining changes in flow rate and
temperature of the heat carrying agent along the length of the heating network

Netvyork The law of heat carrying agent Heat carrying agent temperature
variant flow rate change along the chanee
(Figure 1) branch length &
G = 1+ ax,, 4) t(x,) =1, — A, In(1+ax,)/a, (7)
A G=G(x)/G,. A, =qLK/(CG,,.,)
G =(l+bxg)™ (5 t(xp) =7 — Ay (Fhx7/3)  (8)
G=(1+cx)™ (6) ) =7y — Ay (Frex®/2)  (9)

The influence of measures to reduce heat loss through structural elements of
buildings on the thermal state of pipelines of heating networks was considered, for
example, in [7]. It is shown by the examples of heating networks calculations for
groups of buildings, that when adjusting the heat carrying agent temperature at the
input to the heating system of an insulated building, heat losses by pipelines of
distribution networks are reduced by about 3-7%.

Research methodology

The building’s heating complex performance after application of thermal
insulation was determined provided that the heating system is connected according to
an independent scheme [8] with the use of a heat exchanger. It is assumed that the
hydraulic mode of the heating system of the building before and after the insulation is
the same.

To find the water temperature in the heating appliances of an insulated building,
the heat transfer equation of the heating device (10) and the balance ratio (11) are

used.
Qo =K, Aty - F,, (10)

Qﬂ,:G'C'('EB_'E:), (11)
where (), - the heat flow transmitted from the system water to the indoor air;
Atp= 0,5(13+12) - ti- the difference between the temperatures of the water in the

heating device and the indoor air (t.); T3, T2 - system water temperature at the inlet
and outlet of the device, respectively; F,- heat exchange area of the heater; G -water

flow through the heater.
The heat transfer coefficient of the heater can be determined from the relation

[5] _
K, =m- (At;)™G", (12)

where m - constant factor depending on the design characteristics of the heating
appliances; G- the relative consumption of system water through the device.

Exponents n; and n, are constant values for a specific type of heater. In further
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calculations, it is accepted that n,= 0.2; n,=0.

The heater’s thermal performance after insulating a building can be written as
follows

Qo = uQo= Koy m(At;)%? = CGy(Ts n — Taw), (13)
where u=Q,,/Q, — coefficient which takes into account the effectiveness of the
application of insulation measures; @,, @,y - heat consumption for heating the

building before and after application of insulation measures, respectively (the “N”
index in the above notation characterizes the “new” heat transfer conditions after
warming).

As a result of transformations, taking into account relations (10) - (11), we
obtain expressions for the supply water temperature at the inlet and outlet of the
heating device, depending on the value of the building insulation efficiency
coefficient u

Taw = T:.NJF#Q_DHP (14)

Ty (T2t O’SQ_DH[J —t)u*® =05 PQ_DH pT Tps (15)

where Q,=(t, — t)/(t; —t,,) - relative heating load; t is the current outdoor
temperature value; t,,- heating design temperature of outdoor air in a specific

territory; 6,=75, — To,- design heat carrier cooling in the heating device before the

P

building winterization; 75, T,, - the heat carrying agent temperatures at the inlet and

outlet of the building’s heating device before the building winterization at the heating
design temperature of outdoor air.

The accepted initial values (before winterization) of the system water
temperature in the heating appliances at the design outdoor air temperature are
Tap= 95°C (at the input) and 7,,= 70°C (at the output). The values of the

temperature of the system water in the heater for the specified initial data, depending
on the coefficient u values are given in table 2.

Table 2
The system water temperature in the heating device of the insulated building
Building insulation coefficient ¢ 1.0 0.9 0.8 0.7 0.6 0.5
Estimated system water
temperature:
heater input 75, 95 88.54 81.96 75.24 68.36 61.3
heater output 7, 70 66.04 | 6196 | 5774 | 5336 | 488

The water flow from the distribution heat network for heating the heat-insulated
building can be found from the heat balance equation (16) for the heat exchanger of
the independent building heating system circuit. Heat balance is written for design
outside air temperature
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GoClTs,p - (Tz..-v.p +A7)] = GD.NC(TS.N.[J ~Tonp) s (16)

where Gy, - water flow rate through the heating system of the heat-insulated
building; G,- water consumption from the heating network; 7 ,- water temperature
in the supply pipe of the heating network at the entry to the building; T; y ., T2 np -

the heat carrying agent temperatures at the inlet and outlet of the heater in the heat
insulated building at the heating design temperature of outdoor air; At - the
temperature difference between the heating system water at the outlet of the heat
exchanger and the water temperature in the return pipe of the building heating system

Provided that the hydraulic mode of the building heating system does not change
as a result of winterization, after the transformations we obtain the formula for the
coefficient of water flow from external heating networks for heating the insulated
building

B = Gg(p) :,u[*rl“p—{*rgp+ﬁ.r]]
Gs(u=1) Ty N—(ToN+AT)

(17)

where 7, , - the temperature of the heat carrying agent in the supply pipe of the
heating network at the heating design temperature of the outside air; 7, 5 - the design

temperature of the system water in the supply pipe at the input to the heating system
of the heat-insulated building; 7, - the temperature at the outlet of the heater of the

insulated building at the current outdoor air temperature
The change in heat loss from the heating network pipelines after winterization of
the buildings connected to it can be estimated by the formula
i — t:’_‘p _t:I[-C[: 18
Q t:‘p -t KB ( )
The average temperature on a network branch can be calculated as the arithmetic
mean of the values at the heat pipeline input (0 ) and output (1)

tep= 0,5[t(0) + t(1)]. (19)

To determine the temperature of the heat carrying agent at the corresponding
points of the network pipeline we use formulas given in table 1.

Changing the flow rate of system water for heating an insulated building will
lead to a change in the value of the complex A, in equations (7) - (9). The ratio of the

values of the specified complex for a network branch after winterization of buildings
and before the winterization has the form
A=A,/B. (20)

The final formulas for evaluation of changes in heat losses from the pipelines of
the heating network supply line after building winterization are given in Table 3.
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Table 3

Dependencies for determining changes in heat loss from supply pipelines in the
case of winterization of all buildings connected to a branch of a heat network

. . Formula
The consumption change law Change in heat loss
number
c=1+ axg e _a 2a'(ri- ts )-Ani1+a"/ 8 21
Q 2" 2alty-tg)-Asinrsaya
T = (1+bxiyt Q _ 2zi-ts)-Ay (140218 (22)
Q  zlry-tgd-Ay(1+b/T/ S
G =(1+ex)™" Q _ 2(ri-ts)-Ay(1+0.5c)/F (23)
q alTy—tg)-Aq(1+0500/ 5

In formulas (21) - (23) t,, T are the temperature of the heat carrying agent at

the output from the central heating point to the supply pipe of the microdistrict
network before and after the buildings are heat-insulated, respectively. In the context
of the practical implementation of measures to winterize the buildings of the
microdistrict, the heating network of which includes several branches, it is possible
that individual buildings are already insulated, and winterizing work in the remaining
buildings is still on-going. In this case, the temperature at the output from the unified
control centre for thermal and hydraulic regimes of the microdistrict, which is the
central heating unit, will be the same at the input to all heating complexes of
buildings and equal to the value required for heating buildings without heat
insulation. With equal temperatures 77 = T, the calculation formulas given in table 3

are simplified. In addition, when all buildings on the branch of the heating network
are heat-insulated, the requirement on equality of coefficients a’ =a, b’ =b, ¢’ = ¢

in equations (21) - (23) is satisfied. After completion of the winterization of all
buildings in the microdistrict, it is possible to switch the heating system of the
microdistrict to a new lower temperature schedule. In this case, the inequality
T; # T, is satisfied.

Results

The calculation results according to the proposed formulas were compared with
the results of the heat losses calculation according to formulas (2), (3), taking into
account the actual flow distribution along the length of the branch and cooling of the
system water in the sections of the heating network. The calculations were performed
for idealized building groups shown in Fig. 1, consisting of buildings with the same
maximum heat consumption for heating @ = 0.25 MW. The diameters of the network

section pipelines were found proceeding from the heat loads of the corresponding
sections in the hydraulic calculation, provided that the specific pressure loss due to
friction is within 30= R =50 Pa / m. The lengths of design sections for the individual

network variant are the same. Their values are found from the condition of equality of
the material characteristics of the network as a whole, which for all the considered
variants was taken equal to M = 7. (l,d; ) =113.2 m* (I; is the length of the
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section, d;, — diameter, n - the number of design sections). Specific heat losses

through insulation are accepted at the level of normative values for Ukraine during
underground installation of heat pipes in crawlways [6]. Heat losses by the structural
elements of the heat network are taken into account by the coefficient k = 1.15 [7].
The calculations were carried out for the heating design temperature of outdoor air,
which is for the climatic conditions of the city of Kharkov is -23 °C. The mains water
temperature at the input to the heating network before winterization of buildings is
assumed to be 105 °C. The system water temperature in the heating appliances at the
design outdoor air temperature before the buildings were heat-insulated is 7;,= 95°C

(input to the heating system) and 7,,= 70°C (output from the heating system).

Characteristics of the variants considered are given in table 4. The calculations were
performed for cases of building heat insulation without changing the heat supply
temperature schedule 7; = 7, = 105°Cand insulation with adjustment of the

temperature schedule t; =78.3°C). The insulation efficiency coefficient for

buildings is taken equal p = 0.6.

Since the heat carrier flow rate for heating of the building and its cooling are
interconnected, the heat pipelines thermal state calculation is performed iteratively, in
a few approximations. Initially, the accepted distribution of the flow rate was
adjusted taking into account changes in the system water flow rate for heating
individual buildings; this change is a consequence of cooling water when moving
through the network. As the calculations showed, in order to achieve sufficient
accuracy for practical calculations, 2-3 iterations are necessary.

Table 4
Characteristics of the design variants for the heating network
Network design variant
Parameter

A B C
Maximum heat consumption for heating of a 25 25 25
group of buildings, MW ' ' )
Water consumption at the inlet to the supply
pipe of the heating network, kg / s 23.9 23.9 23.9
The design network section length, m 136.6 180 150
Branch length, m 683 720 600
;Fnl;z average diameter of the branch pipeline, 166 1572 189
The law of heat carrying agent flow change G=1-0,8x, C=(1+10x31* | G =(1+x)"
The average relative flow rate of the heat
carrying agent on the branch before heat- 0.6 0.46 0.7
insulating of buildings

The building insulation effect on the system water flow rate through a heat
exchanger is shown in Fig. 2. It represents the results of calculations using the
formula and taking into account the heat carrying agent cooling within each of the
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sections. As can be seen from Fig. 2, the provision of the necessary thermal
performance of the heating system in insulated buildings at the same heat carrier
temperature in the supply pipe of the heating network as it was before the
winterization causes more than half decrease in water consumption from the heating
network. The transition to a new, lower temperature schedule of the distribution
heating network occurs almost at the same flow rate of the heating heat carrying
agent through the heating heat exchanger as it was before the buildings were
insulated.

G/Gmax,o G/Gmax,o
1,0 == 1,07*——'*
038 0,81 3
1 3 e
0,6} = 0,6}
o4l 0,4 2 g -
’ A | AL -
27! L
Lf*‘\ 1
0,2} L 0.2} -
I ¢ Xo
0 02 04 06 08 10 0 02 04 06 08 10
a) b)

Fig. 2 - Change in the Relative System Water Flow Rate Along the Length of the
Heating Network Branch;

a, b - design schemes B and C, respectively. - initial version (before insulation of
bulldmgs), 2 - = 0.6; r::]05 °C, 3- =06 r::78.36 *C.

The results of calculations of the change in heat loss by the supply pipes of the
heating network according to formulas (20) - (22) are given in Table 5. It also
presents the results of calculating the thermal state using formulas (2), (3) and taking
into account the actual changes in the flow rate and temperature of the heat carrying
agent in the heat conduit sections. Comparison of the data obtained showed that with
a maximum discrepancy of the results does not exceed 5%, which may be acceptable
for estimates at the initial stages of the feasibility study of energy saving measures in
micro-district heating systems.

Table 5
Reduction of heat losses from the supply pipes of the heating network in the case

of building heat insulation
Values §'/Q for the design scheme

Cchi?;tﬁ)fn Method of determining A (Fig. 1) B (fig. 1) C (Fig. 1)
/Q | 4% | @/Q | A% | @iQ | A%
u=0,6 Calculation of cooling 0.994 0.9 0.994 2,3 0.995 0.3

= 2.=10 in sections, taking into
account the actual

5C change in flow
Formulas (17) - (19) 0.985 0.971 0,991
u=0,6 Calculation of cooling 0.734 0.4 0.734 4.6 0.734 0.3

- =7836 in sections, taking into
- ’ account the actual

C change in flow

Formulas (17) - (19) 0.731 0.7 0.732
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Table 6
The ratio of heat losses from branches and total heat losses from heating
network pipelines

Characteristics of variants
The original variant, before | insulation of all buildings | insulation of all buildings
Design winterization connected to the branch connected to the branch
scheme (x=1) (= 0.6) (4= 0.6)
7,=105 °C T, = r,=105°C 7, = 78,36 °C

A Q:I,-‘Q:“;:O,IS ':?:-"r':?:;:r';:o-lg ':?:-"r':?:;:r';:o-lg

B Qi-"r'?:um =0.20 ':?i-"r'?:;;m =0.20 Qi-"r'?:;;r'; =0.20

C Qz2/Crum = 0.22 Qz2/Caum = 0.22 Qz2/Coum = 0.22

The data given in Table 6 characterize the thermal state of the network without
taking into account heat losses from branches laid from the main branch to the
buildings. The impact of branch losses on the total heat loss in a network serving a
group of buildings was assessed using formulas (2), (3) and taking into account the
actual change in the heat carrying agent parameters in the sections. The calculations
were performed provided that the material characteristics of the branches M, =

™ ,(l,d; ) for all considered variants of the heating network are the same and equal

to 17.8 m?, which is 13.6% of the total material characteristics. According to the data
given in Table 6, the share of heat losses from branch pipelines in the total losses
from the heating network pipelines is 18-22%. Moreover, the value of the specified
ratio of heat loss for a specific network configuration remains unchanged for all
accepted variants of the functioning of the heating system.

Conclusions

1. Design formulas for a number of characteristic laws of changing the heat
carrying agent flow rate along the length of a branch in a multibranch heat network
are proposed to determine the change in heat loss from the supply pipelines of the
heat network in a case if building insulation was installed.

2. Using the examples of idealized heating networks, it is shown that the
proposed dependencies make it possible, with sufficient accuracy for engineering
calculations, to evaluate the effect of building insulation efficiency on the thermal
state of heating networks of centralized heat supply systems. With the effectiveness
of building insulation u = 0.6, the maximum discrepancy does not exceed 5 %.

3. Heat networks having a lower average heat carrier flow are characterized by
lower heat losses from pipelines. The differences for the laws of heat carrying agent
flow rate distribution along the length are about 2%, provided that the temperature
schedule for regulating the heat supply for insulated buildings is the same as before
the buildings were insulated and about 9% when adjusting the temperature schedule.

4. The calculation results indicate that the insulation of buildings practically
does not affect the ratio of heat loss from branch pipelines to the total heat loss from
the pipelines of the microdistrict heating network, which is approximately 18-22%.
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Anomauin. Y pobomi posenaHymo eniue ymenieHHs 0y0igeib HA MENJI08Ull CMAaH
PO3N0OLILHUX MPYOONPOBOOI8 YEeHMPANI308AHOI ONANIOBATILHOL MepediCi Ol 0esaKUX XAPAKMepHUX
3AKOHI6 3MIHU GUMPAMU MENLOHOCIA NO 008ICUHI MENTONPOBOAY. 3aNPONOHOBAHO 3ANEHCHOCTI OISl
BU3HAYEHHS 3MIHU MENNIo8UX 8mpam NoOABAIbHUX MPYOONPOBOOI8 PO32ANYHCEHOI Mepedici, AKa
obcny208y€e epyny OVOUHKi6, npu ymenjieHHi 0YOuHKig. 3anedcHocmi OmpumMani 8 npunywjeHHi, wo
diamemp menionposooy 3MIHIOEMbCS NO 00BIHCUHT MePeHCi He OUCKPEMHO 8i0 OLIbHUYI 00 OLIbHUYI,
a MOHOMOHHO BI0 MAKCUMANbHO20 3HAYEHHS HA NOYAMK)Y MepedxCi 00 MIHIMAIbHO20 3HAYEHHS HA
66001 8 cucmemy HaubiIbWL BI0OANEHO20 HA LMYl Cnodcusauda. 3MiHa eumpamu MenjioHOCis No
008JCUHI  2IIKU MepedCi MAKodc Npu YboMy nepeobavacmvscs MOHOMOHHUM. 3anedCHOCmi
OMPUMAHI 34 YMOBU, W0 PIBEHb 3HUNCEHHS PO3PAXYHKOB020 ONANIOBAIbHO20 HABAHMANCEHHS 8CIX
Oyoigenv 00HaKo8ull. Buxonano nopieHAHHA pe3yibmamié po3pPAxyHKi6 3a 3anponoHO8AHUMU
dopmynamu 3 pesyrbmamamu po3pAXyHKIE, OMPUMAHUX 3 BUKOPUCIAHHAM MEmOOUK, o
3aCmMOoCO8YIOMbCA 6 NPAKMUYi NPOEKmMy6aHHA Meniosux mepesic. 1lpu 3smeHuenHi po3paxynko6o2o
ONAnBaANIbHO20 HABAHMAJCEHHS 34 PAXYHOK ymeniaeHHs Oyounxie Ha 060% maxcumanvha
po3bidicHicmb pe3yiomamis He nepesuuye 5%. Bukonano maxoxc oyinky 3minu empam meniomu
mpyoonpo8ooamu mMepexci npu 3aCmocy8aHHi 3HUIHCEHO20 MeMNEPAMYPHO20 2padira pe2yito8anHs
gionycmky menaomu. OMmMpPUMaHi 3a1eHCHOCMI MONCYMb OYmMuU BUKOPUCMAHI NpU  po3pooyi
aneopummie OYiHOK eheKmueHocmi 6apianmis MmepmomMoOepHizayii cucmem YeHmpaiizo8aHo2o
MenjionocmayaHHs.

Knrwuoei cnosa: yenmpanizogane menionocmadanus epynu 0yOuHKi6, ymenjienHs OYOUHKis,
cucmema ONANEHHSA, PO32ANYICEHA MeNniosa Mmepexca, Menniogi empamu mpybonpo8ooamu
Menio8oi Mepesxci.

Crarrsa Bignpasinena: 06.04.2021 r.
© binoson I'. B.
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Annomayusn. B oaunnou cmamve npuedeHvi  OCHOBHble NOKA3aAmMenu Kaiecmeda
INEKMPOIHEP2UU U CHOCOObI NOBblULeHUs eé Kauecmed. bviiu onucanvl HecamugHvie 6030eUCmEUs
BbLICULUX 2APMOHUK, YMO 6e0ém K YGeIUUEHUI0 Nomepb HA MPAHCHOPMAMOPAx, IUHUSX
aeKmponepeoay, a makice K YCKOPEHHOMY CMAPeHuio U30aAYuU 1eKmpoooopyoo8anus u
JIOJICHO2O0 ~ CPabamuléanusi yYCmpoucms peielnol 3awumvl. Paccmompenvl cmamuueckue u
OuHamuyeckue HaAKonumenu JJ1eKmpudeckou JdHepeuu, NPUHYun oeucmeus, o006aaAcCmb Ux
npUMeHeHUsl, OCHO8Hble OCMOUHCcmea u Hedocmamiu. Ilpueedena cxema numanusi, OCHOBAHHAS
Ha Oelicmsuu 08yx OU0008 U 08yx HakonumeJel. YKazanvl npeumyuecmea OaHHOU cxembi.

Knrwoueswvie cnosa. Hakonumenu, 2apmMoHuxu, 91eKmposHepeust, SHepeocoepedcerue.

KauecTBo 351€KTpO3HEpTrUN

KadecTBO 3NEKTPUYECKON 3HEPruu - CTENEHb COOTBETCTBHUS MapaMeTpOB
ANEKTPUYECKOM HSHEPrMM WX YCTAaHOBIEHHBIM 3HadeHusM. K mapamerpam
AIIEKTPUYECKOM HHEPruM OTHOCAT HAMNpsOHKEHHE, YacToTy, (opMy KpHUBOIi
AIEKTPUYECKOr0 TOKA.

KauecTBO 3JIEKTPUYECKON JHEPrUM MMEET IEPEMEHHBIM XapaKTEpP B TEUCHUE
CYTOK, KOTOpPBIM MOXKET 3aBUCETh OT H3MEHEHHUS Harpy3KH SHEPrOCUCTEMBI,
BO3HUKHOBEHUSI aBapUMHBIX PEKHUMOB, 3arpS3HEHUS CETH TapMOHUKaMH, OBICTPBIX
W3MEHEHUN HANPSHKEHUs, HEPaBHOMEPHOCTH HArpy3KH U T.[I.

OCHOBHBIE ITOKA3aTENIN KAYECTBA DJIEKTPOIHEPTUU

I OTKn0HEHHE HANIPSIKEHUS

2 KonebaHus HanpsHKeHUS

3 OTKIIOHEHHE YaCTOTHI

4 Jlo3a dumukepa

5 Koadurment BpeMeHHOTO TIEpEeHANPSIKEHUS

6 IIpoBan HanpsiKeHUs

7 M1y IbCHOE HAIIPSDKEHUE

8 HecummeTpus HanpsbkeHU B TpEXPa3HOU cucTeMe

9 HecunycouaabHOCTh (HOPMBI KPUBOW HAMIPSIIKEHUS

CnocoObl OBBIIIEHUS Ka4eCTBa 3JIEKTPOIHEPTUU
— Hcnonb3oBaHue KOHAEHCATOPHBIX OaTapel Uisi KOMIEHCAIMU PEAKTUBHOMN
MOIIHOCTH;
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— Hcnonb30BaHMEe CHHXPOHHBIX MAIIWH JUISl PEryJUpPOBaHUS BEIHMYHUHBI
PEaKTUBHOM MOIIIHOCTH;

— Hcnonb3oBaHue BEHTUIIBHBIX IIpeoOpaszoBarenel Uil  IpeoOpa3oBaHUs
HAIIPSDKEHUS M 9aCTOThI AIEKTPUYECKOTO TOKA C ITOMOIIBIO 3JIEKTPOHHBIX U
WOHHBIX BECHTHUJICH;

— Ucnonb3oBanne  (GUIBTPOB  TapMOHUK  (aKTUBHBIX, [AaCCUBHBIX U
KOMOWHUPOBAHHBIX) /711 OOPHOBI C BHICIITUMU TAPMOHUKAMH.

["apMoHuKH

[Ilupokoe TPUMEHEHHE YCTPOWCTB C HEIMHEWHBIMH BOJIBTAMIIEPHBIMU
xapakrepuctukaMu (BAX) npuBOOUT K YBEJIMYEHHUIO YPOBHS BBICIIMX T[apMOHHUK
TOKOB M HalPsDKEHUM B 3JIEKTPUUYECKUX CETAX U, CIEAOBATENBHO, SBIISETCS OJHOM U3
INPUYMH YXYAIIEHUS KadecTBa 3JEKTPOSHEPIHH. TakuMU Harpy3KaMu SIBISIOTCA
MMITYJIbCHbIE MCTOYHUKH MUTAHUS, TPHUBOJBI AJIEKTPOJABUTATENEH C PETyIHPYyEMOM
CKOPOCTBIO BPAILlCHUs U T. 1.

Toku 1 HampsHKEHUS! HECUHYCOUAAIBHONW (POPMBI MOKHO TMPEACTaBUTH B BHUJIE
CYMMBbI TapMOHUK. YacTOThI, KOTOPHIX KPaTHbI OCHOBHOM 4acTOTE MUTAIOILIEH CETH.

U, B LA A

SN/

a) 6)

Pucynok 1- I'paduxu uckaxeHui
a) Hanpsiskenus; 0) Toka

Pe3ynbpTaTom BO3AEHCTBHS BBICIINX FAPMOHUK HA CHUCTEMY IJIEKTPOCHAOXKEHUS
ABIIIETCS YBEJIMYEHUE TMOTepb Ha TpaHchopMmaropax, JIHHMUSIX SJIEKTporepenad
(JI2II), BO BpamammMXCAd MallMHAX, & TAKXKE YCKOPEHHOE CTapeHUE H3O0JIALMH
AIIEKTPOOOOPYIOBAaHUS U JIOKHBIE CpaOaThIBaHUS YCTPOWCTB pEICHHON 3allluThl U
ABTOMATHUKH.

@opMBl  HEraTUBHOTO  BIMSHHUS  BBICHIMX TIapMOHMK Ha  CHCTEMBI
AIIEKTPOCHAOKEHUS:

— VYBenuueHHEe TOKOB U HANPsDKEHUM BBICIIMX TapMOHUK  BCIJIEJCTBUE

napajyieIbHOTO U MOCIEA0BATEIbHOIO PE3OHAHCOB;

— CHmxeHue s HEeKTUBHOCTH MIPOIIECCOB reHepaluu, nepeaaym,

UCITOJIb30BAHUS JIEKTPOIHEPTUH;
— CrapeHue H30JSIUU  DJIEKTPOOOOPYIOBAaHUS U COKpALIEHHUE CpOKa €ro
CITYKOBI;
— JloxxHoe cpabaTbiBaHHEe 000pYAOBaHUS.
HakonuTenu anekTpo3Hepruu
Craruueckue (EMKocTHBIE) HAKOMTHTENH
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B émxocTtHbeix HakomuTensix (EH) sHeprus HakamMBaeTcs M XpaHUTCA B BUJE
DHEPIUM JJIEKTPUYECKOTO IOJIA, CO34aBA€MOr0 B H3O0JSILIMOHHOW Cpele MEXIy
oOxiankamu KoHaAeHcatopa. OCHOBHBIM HEJOCTATKOM TAKWUX HAKOMHTENICH SBIISACTCS
TO, YTO IUIOTHOCTh HAKOIUICHHOM B HHUX 3HEPIMU HA HECKOJBKO IMOPSJIKOB MEHBIIIE,
4eM B HMHAYKTHBHBIX. Hu3koe pabodee HampsOKeHWE W Maloe BpeMs XPaHCHUS
SHEPTUH TOXKE OTHOCUTCS K HEIOCTAaTKaM

B E€MKOCTHBIX HAKONUTENSIX BO3MOXHO TOJYYCHHE pa3psIHOrO TOKa
3HAUUTENIBHO OOJbIlle, YeM 3apsAaHbIM. DTO JejaeT BO3MOXXHBIM YBEITUYCHHE
MOITHOCTH IIPU MUTAHUH HArpy3KU C MaJbIM CONPOTUBIICHUEM. JIJIsI MTUTaHUS TaHHOM
Harpy3KHu MCIONb3YIOTCA KOHACHCATOPHBIE OaTapen, COCTOSIINE U3 OOJIBIIOr0 YUCIa
NOCJENOBATENBHO W MApAJUIEIbHO COEAUWHEHHBIX KOHAEHcAaTOpoB. Tak ke
JOCTOMHCTBAMM SIBJIIETCSI TO, YTO 3a CUYET CTATHYECKOIO DJIEKTPUYECKOTO TMOJs
CO37]aBa€MOI0 B H3OJSIIMOHHOM cpeAe MexIy OOKIagKaMH KOHJIEHCATopa
YMEHBIIAKTCS NOTEPU U, CIEAOBATENBHO, YBEIWUYUBACTCS JJIUTEIBHOCTh XPAHEHHUS
HaKOTUJICHHOW 3Hepruu. [4]

[IprumeHeHne EMKOCTHBIX HAKOMIUTENIEH OTPAaHUYCHO UX HEAOCTATKAMM:

— BpbIcokasi CTOMMOCTB

— HeoOxoauMoCTh U3MEHEHHS MOJISPHOCTU MIPU MEPEX0JIe U3 PEXKUMA «3aps»
B PEXKUM «pa3psain»

— VYcrpoiictBa ynpasnennss EH Ha ocHOBe THPHCTOpPHBIX MpeoOpaszoBareneit
CO37aI0T OO0JBINIOE KOJIMYECTBO BBICIIUX TAPMOHHK, KOTOPHIC HCKaKAIOT
CHHYCOUJIAIbHBIN MEPEMEHHBIN TOK

OO6macTh MpPUMEHEHUSI KOHJIEHCATOPOB B AJICKTPOIHEPTETHKE OTPAHUYNBACTCS
KPaTKOBPEMEHHBIM  HAKOIUIEHUEM  JJICKTPUYECKOM JHEPrUHU,  BBIIPAMIIEHUEM,
KOppEeKIen U GUIbTpaIyeil Toka B CXeMax CUIIOBON AJIEKTPOTEXHUKA

O & Lo b

Pucynok 2 — Cxema BbIIPSIMHUTEJISI HA OCHOBE IMOTHOT0 MOCTA U
CIJIA’KMBAIOIIEr0 KOHAEHCATOpa

t1 tz t3 t4 tS t6

tc
Pucynok 3 — I'pa¢uk criiazkeHHOro HaANPsKEHU s
B MoMeHT BpeMeHH T, f, HArpy3Ka MUTAETCH UMITYJIbCHBIM HAINIPAKEHUEM

Junamuyeckue (MHIYKTUBHBIE) HAKOTTUTENIN
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NHayKTUBHBIE HAKOMUTENU MPECTABISAIOT COOOM KATYIIKM ¢ TOKOM. JHEPIHs
MAarHUTHOTO TOJIsl, CO3JJaHHOTO B KAaTyIIKEe M B MPOCTPAHCTBE BOKPYI HEE, MOMKET
ObITh TpeoOpa3oBaHa B JJIEKTPUUECKYI0 W Tiepenana B Harpysky. [lms atoro
HEOOXOJIUMO HArpy3Ky NPHUCOCAMHUTH TMapajuleibHO KaTylIke, a KaTyliky
OTCOCMHUTH OT WUCTOYHWKA TUTaHUsA. B Harpyske OyaeT pa3BUBAThCS MOITHOCTD,
MPEBBIIAIONIAS MOUTHOCTh UCTOYHUKA BO CTOJBKO pa3, BO CKOJIBKO CONMPOTHUBIICHUE
Harpy3Ku OOJIbIIIe CyMMBI CONTPOTUBIICHUS KATYIIKA U BHYTPEHHETO COMPOTHUBIICHUS
MCTOYHHKA MUTaHUS. [4]

B WHAYKTMBHOM HaKOMWUTENE HENb3sl XPAaHUThb JOATC0 JHEPrul, T.K. OHAa
pacxoyeTcsl Ha HarpeB KaTylIKU W3-3a KOHEYHOT'O COMPOTUBIIEHUSI OOMOTKH.

Yem O0JbIIYI0O MOIIIHOCTh TPEOYETCS MOMYUYUTh OT UHIYKTUBHOTO HAKOIHUTEIS,
TeM Bblllle Oyner HamnpspbkeHue. [IpenenbHpie MomHoCcTH gocturaror 107010 BT npu
HANPsHKEHUSIX 10 MIJLJTMOHA BOJIBT.

OTnuuuTeNsHON YepTOW WHIYKTUBHBIX HAKOMHTENICH SBJISETCS BBICOKAS
IJIOTHOCTHIO HakarmmBaemon sHeprum (mo 107°6- 1077 [Ix/M”3), BO3MOXKHOCTH
HAKOIUIEHUST OOJIBIKX dHEPTuil. [ TaBHBIM e HEIOCTATKOM SIBJISIETCS OTPAaHUYCHHAS
CKOpPOCTh  BBIBOJIa HAKOIUICHHOW DJHEPrUM UW3-3a MpoljeM  obOecredeHus
ANEKTPUYECKON MPOYHOCTHU U3OJISALMU KaTyIIKH U KOMMYTaTopa Toka. [4]

[IpeumymiecTBa MHAYKTUBHBIX HAKOTIUTEIIECH

— 3amacaemasi ¥ UCTOJIb3yeMas SHEPT Ul UMEET OJIUH BUJ — 3JI€KTPOMArHUTHBIN

— Broicokue 3nHauenus KIIJ[ (97-98 %) wu3-3a oTCyTCTBUSI HEOOXOAUMOCTH

peoOpa3oBaHus YHEPTHH

— brICcTpOneicTBHE yCTpOHCTBA

B nacrosimiee Bpemsi muTanne NOTPEOUTENCH TIPOUCXOIUT 1O CXEME C JUOTHBIM
MOCTOM M CO CIJIQKHUBAIONIUM KOHIEHCATOPOM. ['JIaBHBIM HEIOCTaTKOM TaKoOro
BBINIPSIMUTEIS SIBJISIETCS. MMITYJIbCHOE HampsbkeHue. Jlisi ycTpaHeHUsl IyJibCalluid
HaNpPsHKEHUS] TPUMEHSIOT CIUIaKUBAIOUIUI KOHAEHCATOp.

3a Bpemsi MOJYBOJHBI HANpPSOKEHUS TPOUCXOIUT 3apsii KOHJAEHcaropa oOT
UCTOYHHKA, T.€. JAUOJHOTO BBINPSMUTENSA, a €ro pas3ps]l Ha HArpy3Ky BO BpeMs
OTCYTCTBHUS, TUOO MaJIOr0 MO aMILTUTY 1€ HAMPSKEHUsI, HA BBIXOE BRIMPAMUTENSA. [S]

B kauecTBe aJIbT€pHATUBHOIO MCTOYHHMKA BTOPUYHOTO MUTAHUS Mpeljiaraercs
BapUAHT C HMCIIOJIb30BAaHUWEM JBYX Hakomutesaeidl. T.e. MOJoKuTeIbHAs MOJYyBOJIHA
OyIeT HakalIuBaThCA Ha TIEPBOM HAKOIWTEJE, a OTpUIlaTeIhbHAs Ha BTOPOM WU B
MOMEHT, KOTJla TIPOMCXOJHWT pa3psAaKa OIJHOTO HAKOMUTENIS BTOpOM OyaeT
3apspkaThea. Hakonurtenu sHEpruu B T€UEHUE MOJYNEPUOIa HAKATUIMBAIOT YHEPTHIO.
B TpeOyemblii MOMEHT BpeMEHH HAKOIUTEh MOAKIIOYAETCS K Harpy3Ke W OT/aeT e
3anmaceHHyo 3Hepruto. Ilpeqnaraemas cxemMa MO3BOJIUT CHU3UTH BIIMSIHUE BBICIIHUX
rapMOHUK Ha MUTAIOIIYIO CETh.

3akioueHue

[Ipensaraemplii anroput™ pabOThl BTOPUYHOTO MCTOYHUKA MUTAHUS MO3BOJIUT
U30JIMPOBAaTh  HEIMHEWHYI0  Harpy3Ky OT BHEIIHEW CeTh B  MOMEHT
SHEPronoTpedseHusl. DTO MO3BOJIMT 3AIIUTUTh YYBCTBUTEIIBHOE OOOpYAOBaHHUE OT
BBICIIMX FAPMOHUK, KOTOPbIE MMPUCYTCTBYIOT B OOILIEH CETH MUTAHUS, @ TAKKE CHUZUT
BJIMSIHUE HEJIMHEHHOW HArpy3KH Ha MUTAIOIIYIO CETh.
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Abstract. The article discusses the results of an experimental study of the microstructure of
the weld metal of pipe billets subjected to vibration processing during the welding process. The
experimental study was divided into the following stages: welding of longitudinal preformed pipe
blanks using vibration action, production of thin sections and study of their microstructure in the
zones of the welded seam,; processing of the data obtained during the experiment. When studying
the microstructure, special attention was paid to the areas of overheating and normalization, as the
areas of the heat-affected zone most characterizing the quality of the weld.

The tendency of change in the grain size of the weld metal at various frequencies of vibration
used in the welding process, as well as in its absence, has been investigated. An important place in
the study was given to the study of the degree of graininess of the studied structure.

Key words: vibration treatment, welded seam, heat-affected zone, microstructure, uneven
grain size, pipe billet.

Introduction. Analysis of the state of the pipe market over the past decades has
shown that the requirements for the quality and reliability of products are constantly
increasing on the part of world consumers of welded pipes. Particular attention in this
matter is given to obtaining welded pipes with improved strength characteristics,
which is achieved by improving the quality of the weld structure.

Formulation of the problem. The coarse-grained structure of the metal in the
area of the weld joint, together with the heterogeneity of the structure, negatively
affects the physical and mechanical properties of the tubular product as a whole.
Annealing after welding of electric-welded pipes in the current technological process
is required not only to remove residual stresses, but also to refine the structure and
increase its uniformity.

However, any thermal components of the technological process are associated
with large material costs for the enterprise, the duration of the heating process in
time, and in some cases, with the non-environmental friendliness of certain
operations.

Analysis of publications on the topic of research. Known scientific works [1,
2], which provide reliable information about the positive effect of vibration on the
refinement of the crystal structure of ingots from steel and alloys, reduction or
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complete elimination of the transcrystallization zone due to the growth of equiaxed
crystals, reduction of zonal and dendritic heterogeneity, increase in mechanical and
special properties of metals and alloys.

Also, according to well-known studies [3], vibration treatment of welded
samples made of low-carbon steel in modes that ensure the flow of elastic-plastic
deformations makes it possible to reduce stresses of the first kind, measured by the
tensothermal method, by 50 - 60%, and during heat treatment, the decrease occurs by
70 % and more. The stresses of the second kind in the fusion zone, determined by the
X-ray method, after vibration treatment are reduced by 45%, and after heat treatment
- by 65%.

However, in the works described above, vibration treatment was used in relation
to the crystallized metal of the weld, in which the formation of total residual stresses
has already been completed, while in works [4-11], the positive effect of vibration on
the molten metal during crystallization was proved.

These studies create real prerequisites for an experimental study of the effect of
vibration processing in the process of welding a pipe billet on the microstructure of
the weld metal.

The purpose of this study is to identify patterns of change in the size and
uniformity of weld metal grains in the heat-affected zone (HAZ) at various
frequencies of vibration used in the welding process, as well as in its absence.

Presentation of the main material. To study the microstructure, 5 samples of
welded pipes were presented, presented in Table 1. The chemical composition and
manufacturing technology of the initial hot-rolled strip are the same, the differences
were only in the conditions of welding, namely in the frequency of vibration applied
to the samples.

Tab. 1.
Samples for the study of the microstructure.
Sample number 1 2 3 4 5
Vibration frequency, Hz 0 25 50 125 200

The initial billet was obtained at the enterprise of PrJSC "DMZ KOMINMET",
the molding was carried out in the electric pipe shop No. 2 using the pipe profile
electric welding unit TPESA 20-114. As an initial billet for the experiment, a formed
pipe billet without applying a weld seam was selected, produced according to TU 14-
236-15-93 "Electric-welded steel pipes for domestic needs". The main characteristics
of the blank for the experiment are presented in Table 2.

Table 2.
Characteristics of the original workpiece
Parameter Value
Outside diameter, mm 89
Wall thickness, mm 4
steel grade 3PS (GOST)
Swim number 1010610
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It should be noted that the quality of welds made in laboratory conditions, in the
total mass, did not correspond to international standards for welded joints, however,
this fact did not affect the results of the study. However, it will not be correct to
compare the obtained data with experimental welding modes.

To assess the effect of welding modes on the quality and changes in the
microstructure, transverse sections were made. The study of the microstructure of
thin sections was carried out after etching in a 4% alcoholic solution of nitric acid
(nital).

For the welded joint, the classification was carried out by zones: the deposited
metal zone, the heat-affected zone and the base metal zone. The deposited metal zone
is represented by columnar crystallites formed from the deposited metal (melt of the
base metal and filler wire or electrode), while the direction of crystal growth always
coincides with the direction of heat removal. This is followed by a heat-affected zone,
consisting of areas of incomplete melting, overheating and normalization.

The study of the effect of welding modes on the microstructure was carried out
by assessing the morphology and quantitative characteristics of the structural
components of the most sensitive and characteristic zones - deposited metal,
overheating and normalization.

The sizes of the deposited metal crystallites in all samples have a similar grain
size, therefore, they will not be considered in detail in the future. The base metal has
the classic ferrite-pearlite structure of hot-rolled metal (Fig. 1). The average grain
size of ferrite is 17 microns.

L4 T S g
[t T e P i

Fig. 1 - The structure of a hot-rolled billet for the mahﬁfacture of welded pipes,
steel grade 3PS

Research results. Next, each of the samples presented for analysis will be
analyzed. Sample #1 was obtained without vibration treatment. The welded joint
zones of this sample are clearly shown in Figure 2.

The structure of the joint has a characteristic appearance of a welded seam,
however, attention is drawn to the presence in the area corresponding to the zone of
incomplete melting of an extremely fine-grained structure (the grain size of ferrite
does not exceed 8 um, while the average grain size is 3.2 um), closes its framing
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from large grains of ferrite, elongated in the direction of heat removal. The presence
of ferritic framing in the structure of the weld, as a rule, is characteristic of medium-
and low-carbon steels when welding is performed correctly. It should be noted that a
similar feature of the weld was found only in the first sample; in the remaining
samples, there is no ultrafine grain section under the molten metal layer.

Modern engineering and innovative technologies Issue 16 / Part 1

Fig. 2 - Structure of the weld, Sampe #1: 1 - deposited metal zone, 2 - area with
ultrafine grain, 3 - overheating area, 4 - normalization area

After the ferrite framing, an overheating section follows, which looks like a
needle-like structure, which passes into a normalization section. The average size of
Widmanstétt bags is 93 um. The score of the Widmanstitt structure in the
overheating section of the heat-affected zone of the weld: 2-3.

The average size of the normalized grains is 8 um. According to well-known
literature data, the normalization section is characterized by the smallest ferrite grain
when welding low-carbon steels, but here the structure is noticeably larger than the
fine-grained structure discussed above. The degree of unevenness in the section of
normalization of the heat-affected zone of the weld is 0.44. Typical photos of the
microstructure of overheating and normalization areas are shown in Figure 3.

Fig. 3 - Structure of the weld, Sample #1: a - overheating section, b -
normalization section

ISSN 2567-5273 97 www.moderntechno.de




Modern engineering and innovative technologies Issue 16 / Part 1 i

Sample #2 was obtained using vibration treatment with a frequency of 25 Hz.
Structural zones typical for the structure of this weld are shown in Figure 4. The
structure of the weld zones is characterized by the smallest extent of the heat-affected
zone in comparison with all other samples presented for analysis.

Fig. 4 - Structure of the weld, Sample #2: 1 - deposited metal zone, 2 - fusion
section, 3 - overheating section, 4 - normalization section.

Crystallites have a size corresponding to the size of the entire weld metal. In the
overheating area, a Widmanstitt structure is observed, the grain size is 40 um, the
maximum size does not exceed 57 um. The score of the Widmanstitt structure in the
overheating section of the heat-affected zone of the weld: 1-2.

In the normalized section, the hot-rolled grain structure was refined (the average
grain size is 6 um). The degree of unevenness in the area of normalization of the
heat-affected zone of the weld is 0.41. Typical photos of the microstructure of
overheating and normalization areas are shown in Figure 5.

Fig. 5 - Structure of the welded seam, Sample #2: a - overheating section, b -
normalization section

Sample #3 was obtained using vibration treatment with a frequency of 50 Hz.
Typical microstructure in general is shown in Figure 6. The structure of the welded
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seam is similar in characteristics to the joint of Sample #2, but differs in a slightly
larger length of the heat-affected zone.
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Fig. 6 - Structure of the weld, Sample #3: 1 - deposited metal zone, 2 - fusion
section, 3 - overheating section, 4 - normalization section.

The Widmanstitt grains are larger in comparison with the grains of Sample #2.
The average grain size in the area is 68.5 um. The point of the Widmanstitt structure
in the overheating section of the heat-affected zone of the weld: 2.

In the normalization section, the average ferrite grain size is 11 um. Although
the average grain size increased slightly, the structure became more uniform. The
degree of unevenness in the area of normalization of the heat-affected zone of the
weld is 0.37. Typical photos of the microstructure of overheating and normalization
areas are shown in Figure 7.

Fig. 7 - Structure of the welded seam, Sample #3: a - overheating section, b -
normalization section

Sample #4 was obtained using vibration treatment with a frequency of 125 Hz.
Sample 4 was also interesting in terms of research. The welded seam is characterized
by a short length. The part of incomplete melting practically merges with the
overheating part. There are huge grains with a Widmanstitt structure. The grains are
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surrounded by a clear ferritic frame. Their size is extremely uneven and reaches 395
um (the average size is 125 pum). In this case, the Widmanstétt needles have a smaller
structure in comparison with other samples. The score of the Widmanstitt structure in
the overheating section of the heat-affected zone of the weld: 4.

A fine-grained structure is located directly under the abnormally large grains.
The normalization zone is short, the average ferrite grain size is 10 um. The degree of
unevenness in the area of normalization of the heat-affected zone of the weld is 0.43.
Typical photos of the general view of the weld are shown in Figure 8. Photos of the
microstructure of the overheating and normalization areas are shown in Figure 9.
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Fig. 9 - The structure of the weld, Sample #4: a - transition from the overheating
area to the normalization zone, b - the transition of the normalized structure to
the base metal

Sample #5 was obtained using vibration treatment with a frequency of 200 Hz.
The weld is continuous, columnar crystals fill the entire section of the deposited
metal zone. The structure of the weld is shown in Figure 10.

The size of large packages of Widmanstitt is 120-240 um. The score of the
Widmanstitt structure in the overheating section of the heat-affected zone of the
weld: 4.
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Fig. 10 - Structure of the welded joint, Sampe #5: 1 deposit metal zone, 2
fusion section, 3 - overheating section, 4 - normalization section

In the normalization section, the ferrite grain size is 10.5 um. The degree of
unevenness in the area of normalization of the heat-affected zone of the weld is 0.49.
Typical photos of the microstructure of overheating and normalization areas are
shown in Figure 11.

Fig. 11 - Structure of the welded joint, Sample #5: a - areas of incomplete
melting and overheating, b - transition of the normalized structure to the base
metal

More clearly, the quantitative differences in the structural components of the
experimental samples are shown in Figure 12.

As can be seen in the diagrams, Sample #3 is characterized by the smallest metal
grain size both in the overheating area and in the normalization area. This fact is
consistent with research in the field of vibration application during crystallization of
ingots from steel and alloys given above.

Table 3 shows data on the degree of development of the Widmanstétt structure
(according to GOST 5640 Steel. Metallographic method for assessing the
microstructure of sheets and strips) of the overheating section of welded joints of the
samples under study and the degree of grain variation in the normalization section.
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Fig. 12 - Average grain size of characteristic sections of the heat-affected zone in
the analyzed samples: a - overheating section (Widmanstitt structure), b -
normalization section (ferrite-pearlite structure)

The degree of graininess was estimated using the coefficient of variation
(proposed by S.A. Saltykov), which is calculated as the ratio of the standard deviation
to the average grain diameter. The higher the coefficient, the higher the heterogeneity
and unevenness of the grains.

Table 3.
Data on the structure variability.
Vibration | Widmanstitt structure score | The degree of grain variation
Sample | frequency, in the HAZ overheating in the HAZ normalization
Hz section of the weld section of the weld
1 0 2-3 0,44
2 25 1-2 0,41
3 50 2 0,37
4 125 4 0,43
5 200 3 0,49

The main fracture-sensitive zone of the weld is the heat-affected zone, namely,
the overheating area due to the appearance of needle-like structures in it.

Annealing after welding of electric-welded pipes in the current technological
process is required not only to remove residual stresses, but also to refine the
structure and increase its uniformity.

The coarser the structure (in this case, the higher the development score of the
Widmanstitt structure), the more difficult it is to be eliminated during subsequent
heat treatment. Recrystallization annealing often does not completely eliminate the
coarse Widmanstitt structure. And in the case of elimination of directionality
(acicularity), in the places of overheating after annealing, a significant difference in
grain size can be observed, which negatively affects the strength and operational
properties of the welded product. Figure 13 shows the graph of the dependence of the
level of graininess of the structure in the normalization section on the vibration
frequency used in the welding process.

Analyzing Figure 13, it is obvious that the most homogeneous and uniform-
grained structure both in the overheating area and in the normalization area was
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found in Sample #3, welded with vibration at a frequency of 50 Hz. According to
data from parallel studies of residual stresses, Sample #3 is also characterized by the
highest percentage of reduction in residual stresses relative to the sample welded
without the use of vibration - 71.41%.

0,50 —

0,45 4

0,40 +

The degree of graininess

035 +

0,30 f f 1 f f
0 25 50 125 200

Vibration frequency

Fig. 13. Graph of the dependence of the level of graininess of the structure on the
vibration frequency used in the welding process.

Thus, it can be concluded that the use of 50 Hz vibration in the welding process
has a positive effect both on the level of residual stresses and on the uniformity of the
metal structure. It should be noted that at a vibration frequency of 25 Hz (Sample No.
3), in spite of a more intensive grinding of grains, a large grain size difference and a
high level of residual stresses were recorded.

Conclusions.

1. The conducted analytical studies of the effect of vibration on the
microstructure of the welded seam showed the need for experimental studies aimed at
changing the microstructure of the weld metal directly during the welding process.

2. As a result of an experimental study of the welding process on preformed
tubular billets with the use of vibration exposure, the regularity of the change in the
size of grains and grain size differences in the areas of overheating and normalization
relative to the vibration frequency was established.

3. Investigation of the microstructure of the welded seams showed that the
smallest grain size was recorded in the sample welded using vibration at a frequency
of 25 Hz. The grain size in this sample was 41 um in the overheating area and 6.4 pm
in the normalization area.

4. The most homogeneous and uniform-grained microstructure was found in a
specimen welded using vibration at a frequency of 50 Hz. The score of the
Widmanstitt structure in the HAZ overheating section of the weld was 2 points. The
degree of graininess in the normalization area is 0.37.
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Anotauia. Ilocmanoeka npooéaemu. B Oanuii yac 36aprosamnHs yacmiuie 6Cb0O20
BUKOPUCMOBYEMBCS 8 CYUACHOMY OVOIBHUYMSI OJisl OMPUMAHHA HCOPCMKUX HEPO3'EMHUX 3'€0HaHD,
maxk AK yeu mMun 3’€OHAHHSA OOCMAMHLO WBUOKUL ma npocmull y 3acmocysanui. Llei
MEXHONO2IUHUL NPOYeC € MAKONC eKOHOMIUHO BUSIOHUM, MOMY WO MOXMCHA 3ibpamu Ha micyi
CKIAOHY KOHCMpPYKYilo, a He 6uniaenamu ii Ha eupoOHuymei. ExoHomis memany npu 3amiHi
KIEeNnanux KOHCMpYKYitl moodice docsaeamu maice 20%, moodi ax npu 3amiHi aumux oemaneil —
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OMU3bKO NONOGUHU. 36apHI Oemani, MalOmv MIYHICMb, DPIBHY MIYHOCMI OCHOBHO2O Memaiy.
Texnonoeiuna cxema npoyecy 38apio8ants 3a6e3neuye CmpyKmypHuti Cman camozo 3 €OHAHHA, 1 K
HACNIOOK, BI0NOBIOHUL KOMNIEKC eracmusocmell. Takum yunHom, memanozpagiyne 00CaiONCeHHs.
CMPYKMYPHO20 CMAHY 36APHO20 3 €OHAHHA € AKMYANbHOI 3a0ayel0 3 MOYKU 30pY 6USHAYEHH:
NOMEHYIUHUX MICYb 3APOONCEHHS DYUHYB8AHHA NIO 0i€l0 308HIUHLO2O Hasanmadxcenus. Mema.
Hocnioocenuss cmpykmypHo2o cmauy 38apHO20 3 €OHAHHA HU3LKOBY2NEYEBUX HU3IbKOIe208aHUX
cmaneu 0912C, 10XCH/, 10I'2®F nicaa 3saprosanusn nio wapom ¢gaocy. Bucnosok. B pobomi
00CIOHCEHO CIMPYKMYPHULL CIMAH 36APHO20 3 €OHAHHSA HU3bKOBY2lleYeUX HU3bKOIe208aHUX cmaiell
0912C, 10XCH/, 10I"2®F nicas asmomamuuno2o 36apio6ants nio umapom ¢wocy.

Kniouosi cnosa: 3saprosanus nio wapom ¢harocy, asmomamuune 0ye08e 38aplOGaAHHS,
MIKPOCMPYKMYPA 36APHO20 Wi6d, KPUCNALI3AYIsl 36aPHOI 6AHHU, CIPYKMYPHUL CIAH.

Beryniienne.

VY naHuii yac 3BaprOBaHHS YacTillle BCHOIO BUKOPHUCTOBYETHCS B CYy4YaCHOMY
OyIIBHMIITBI Il OTPUMAHHS OPCTKUX HEPO3'€MHUX 3'€lHAHb, TaK SK LIEW THII
3’€JIHAaHHS JOCTATHbO IMIBHUAKUMA Ta IPOCTUH y 3acTocyBaHHI [1]. Lle¥ TexHoMOTYHUN
MIPOIIEC € TAKOXK €KOHOMIYHO BUTITHHUM, TOMY III0 MOXHa 310paTh Ha MICIll CKJIaJIHY
KOHCTPYKIIi}0, 2 HE BUIUIABIATU i1 HA BUPOOHUITBI. EKOHOMIS MeTaily Npu 3amiHl
KJICTIAaHUX KOHCTPYKIIN Moxke nocsratd Maibke 20%, Toal sSK MpuU 3aMiHi JIMTHX
neTanei — ONM3bKO IMOJOBHHM. 3BapHI JIeTajl, MalTh MIIHICTh, PIBHY MIIIHOCTI
OCHOBHOTO MeTtanmy [2]. OcTaHHiI CBITOBI TEHACHINT JOCTIHPKCHb HAMpaBJICHI Ha
ONTHUMI3allil0 TEXHOJIOTIYHUX TapaMeTpiB 3BaplOBaHHS Ta CTBOPEHHS HOBOTO
oOnagHaHHS, 10 JIO3BOJWJIO CTBOPIOBATH BHUCOKOTEXHOJIOTIYHI TPOIYKTH Y
O1IBIIOCTI BUJAX IIPOMHMCIIOBOCTI [3, 4].

[Ipy 1pOMY TEXHOJIOTIYHA CXeMa TMpoIlecy 3BaploBaHHS 3a0e3medye
CTPYKTYpPHHH CTaH caMoro 3’€JIHaHHS, 1 SK HACHIJAOK, BIAMOBIIHHN KOMILIEKC
BrnactuBocted [5-8]. Takum umHOM, MeTanorpadiyHe JOCHIKEHHS CTPYKTYpPHOIrO
CTaHy 3BapHOTO 3 €AHAHHSI € aKTyaJlbHOIO 3aadei0 3 TOYKH 30py BHU3HAYCHHS
MOTEHI[IHHUX MICIb 3apOKEHHS pyHHYBaHHS IiJl J1€I0 30BHIIIHHOTO HABAHTAKEHHS.
Buxoasun 3 11b0r0, METO JaHOI pOOOTH € JOCHIHKEHHS CTPYKTYPHOTO CTaHy
3BApHOTO 3’€IHAHHS HU3bKOBYTJENEBUX HU3bKOJIeroBanux craieit 091 2C, 10XCH/I,
10I"2®b miciist aBTOMAaTUYHOTO 3BAPIOBAHHS Mijf I1apoM (irocy.

Marepiaa Ta MmeToAMKA

B skocti matepiany 11 JaHOTO JOCHIDKEHHS OyJM oOpaHi HU3BKOBYTJIEIEBI
Hu3bkoJieroBani cram 0912C, 10XCH/, 10I"2®b. XiMiuauii ckiaaa TOCTIIKYyBaHUX
MapoK Ipe/ICTaBIeHHUN y Tab. 1.

Taoauua 1.
Ximiuamid ckaan cragein 0912C, 10XCH/, 10I"2®b
Cranb C Si Mn | Ni S P Cr \% N Cu Fe
0912C Ji (o) 0,5- | 1,3- |m00,3|m0 0,035 mo |mo0,3| nmo no | mo 0,3 |3amuiok
0,12 | 0,8 1,7 0,03 0,12 {0,008
10XCH/J| mo 0.8-105-1]0.5- |m0 0.04] no 0.6 - - mo [(04-0.6 -
0.12 | 1.1 0.8 0.8 0.035| 0.9 0.008
10I'2®5 |0,08...| 0,15- | 1,6- |m00,3|x0 0,035 mo |mo00,3]|0,05-| - - -
0,13 | 0,35 | 1,8 0,03 0,12

HusbkoByrnenei HusbkoneroBani cram  0912C, 10XCHJ, 101205,
BUTOTOBJISITUCS 32 TEXHOJIOTIYHOIO CXEMOI0 0e3TepepBHOI KOHTPOJIbOBAHOI IMTPOKATKH
(puc.1) mo npuxnany [9].
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Puc. 1. Cxema Ge3nepepBHOI KOHTPOJHLOBAHOI NPOKATKH [9].

ExcniepuMeHTanbHe aBTOMaTUYHE AYTOBE 3BApIOBAHHS MiJ MIapoM ¢uirocy 0yIio
31iiicHeHO Ha oOjagHaHHI [HCTUTYTYy enekTpo3BaproBanHs iM. E.O.Ilarona HAH
VYkpainu. 3BaproBanHs BuKoHyBasiocs: mija ¢gurocom AHKC-28; mpoBonokoiro CB-
10'THMAL. oB na pexumax: 1 moB (By3bkui) — 600A-28B-19m/4; 2 mioB
(mmpoxuit) — 750A-33B-19m/4.

ExcnepumeHnTajbHa YacTHHA

HocnimkeaHass Mop@oJioriuHoi OyJ0BH 3BapHOTO 3’€IHAHHS 3IIMCHIOBAIM Ha
mifacTaBi Jniteparypaux mkepen [10-13], Ta 3riIHO NPUHIUIYY PO3IIJICHHS 30H
3BapHOro 3’e€qHaHHsA. (CxeMaThyHe 300pa)K€HHS MICIb KOHTPOJIO CTPYKTYpH
HaBEJICHO Ha puc. 2 [14].

o

Puc. 2. 3ouu 3BapHOro 3'e1HaHHs (3a 1aHUMH podoTu [14]):
3ona I — 3BapHUii 1IOB.
3ona Il — rpanuist 3BapHUiL OB — 30HA TEPMIYHOTO BILIUBY.
3ona Il — 30Ha TEpMIYHOTO BILIUBY.
3ona IV — rpanuist 30HU TEPMIYHOTO BIUIMBY-OCHOBHUI MeTan [10 — 14].

3 MeTOr Yy3arajgbHEHHS OTPHUMAHHUX JaHUX MIKPOCTPYKTYPHHX JOCHIIKEHBb
Oyso 1oOy/I0BaHO 3arajbHl KapTUHH (MOHTaXKi) 3BapHOIO 3’€JHAHHA MICIA
3BapIOBaHHS I ImapoM (Quirocy MJis BCiX JOCHIDKYBaHUX MapoK CTajieM, sKi
MpeJICTaBICHO Ha puc. 3 4, 5.
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[IpoBenennii koMIuieKC MeTanorpadiyHuX JTOCHIIKEHb IOKa3y€e, B IEHTP1
3BApHOTO I1BA MIPUCYTHS ACHIPUTHA CTPYKTYpPa, 1110 XapaKTepHa AJIs JUTOrO METAILITY
(puc.5). TlosiBa neHAPUTHOI CTPYKTYpH MOSICHIOETbCS TUM, IO CaM€ y JaHId 30HI
BiJI0OYBAa€ThCSA HArpiB 10 TEMIIEpaTypH IUIABJICHHS, SIK OCHOBHOTO METally, TaK H
¢dbmocy. B Hacmiok mporo, HACTYIHE OXOJIO/DKCHHS NTPU3BOAUTH 1O HETOBHOI
cerperauii JOMIIIOK, $KI MOTPAIUISIIOTH 10 pO3MJIaBy 3 (irocy. Sk HAcHiAOK,
JOMIIIKY 3aJTUIIAI0THECA MDK KpUCTanamMu o— ¢asu, sKa 3pocTae, mo MpU3BOAUTH 110
MOSIBM MDKJEHIPUTHOI JikBarii. [Ipu HaOmkeHH1 10 TpaHuili 30HU 1, MIBUIKICTH
KpUCTai3allii 3MIHIOEThCA, SIK HACTIJOK, Y — O MEPETBOPEHHS BiJI0OYyBa€ThCS MpHU
OB HU3BKUX TeMIepaTypax, HDK B CepeAuHl 30HHU. SIK HACHiOK, B 30HI 2
KpUCTai3ailisl BIIOYBA€ThCS MPU OUIBII HU3bKUX TeMmmepaTypax. Takum YHUHOM,
CIIOCTEPIraloThCs MIACTUHKU (DEepUTy, 10 BUAUTWIUCH M1 KyToM 120° — cTpyKTypa
BiiMaHIITeTTOBOTO (hepputy [15] (puc.4). B nacnigok nosisu o— (a3u BiOyBaeThCs
Mepepo3noaia ByIieno B Y-hasi, M0 NPU3BOAUTH 0 YTBOPEHHS ayCTEHITHUX
oOnacTeit, aki OyayTh 30aradeHi ByrieneM maixke 10 koHuentparii =~ 0,8 %C, 1 npu
HACTyITHOMY OXOJIO/PKCHHI BOHU TEPETBOPATHCSA 3 (POpMyBaHHSAM MEpIITy. 3TiTHO
JiTepaTypHux JoKepen [ 16], mepiiTHa ckiiaaoBa, sika OPMYETHCS 32 TAKUX YMOB, Ma€
Ha3By KBa3leBTEKTOiqy. Yepe3 MOPIBHSIHO BHCOKY IIBUJKICTh OXOJIOIHKCHHS,
AyCTEHIT SKUW 3aJMIIAEThCS 3a3HAE TMEPETBOPEHHS 3a MPOMDKHHUM MEXaHI3MOM,
T00TO, hopMyeThCs OeitHITHA CKIIafoBa (puc.3).

Puc. 3. 3aranbHuii Bua Ta 0ya0Ba CTPYKTYPH 3BAPHOIO 3’€THAHHS MiCJIA
3BaprOBaHHA mix mwapom ¢gurocy: craias 0912C:
1- 30ma I; 2,3 — 30um 11;4— 30na III.

B Hacmigok CTpyKTypHHUX TEpPETBOPEHb, sIKI BiAOYBAIOTHCSA IiJl BIUIMBOM
TEMIIEpaTypyu 3BAapIOBaHHS Ta XIMIYHOTO CKJIAQy EJICKTPUYHOTO APOTY, MEpJiTHA
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CKJIaJIoBa 3a3Ha€ Ipolecu cdepoiaesailii, M0 NPU3BOJAATH 0 MOSBU B 30HI 3
cdepoine3oBaHOro mepiTy (puc. 4).

CrpyktypHuii ctad 30H4 [V BiANoBigae CTpyKTypi MeTaily, o OyB HarpiTuii B
MDKKPUTHYHOMY IHTEpBal TemIiepaTyp. BiamoBiiHO, B CTPYKTypi NMPUCYTHI BEIUKI
3epHa ¢epuTy, Ta APiOHUX KOJIOHINA KBa31€BTEKTOIqy, SKI € HACHIJIKOM YacTKOBOI
peKpucTaizaiii ayCTeHITy.

BiIMaHIITETOB
Gepur

7 ] cepoinesopanmii
. TEpIiT

Puc. 4. 3aranbHuii BUJ Ta 0yJ10Ba CTPYKTYPH 3BAPHOIO0 3’€ITHAHHSA MicCJIs
3BaprOBaHHA mix mapom gurocy: craas 10XCH/:
1,2 — 30na I; 3,4— 30mna II; 5,6 — 30na III.

Tadoaunga 2.
BincorkoBe criBBIIHOIIEHHS CTPYKTYPHHUX CKJIA0BHUX CTaJIel
091"2C, 10XCH/, 10I"2Pb.
Mapka 3ona 2 3ona 3 3ona 4
craji ®@epur | Hepair | @epur | Ilepait | beiinit | ®epur | [lepJit

0912C 60 40 50 40 10 55 45
10XCH/I 45 55 40 60 - 40 60
10126 40 60 35 50 15 45 55

Jlis BUKOHaHHS KUIBKICHOTO aHali3y OTPUMAaHUX JaHuX OyJo 3IiiiCHEeHO
EKCIIEpUMEHTaJIbHE BUMIPIOBAHHS BIJCOTKOBOTO CHIiBBIJIHOIIEHHS CTPYKTYPHHX
CKJIaJOBUX TIO0 30HaX 3BApHOTO 3’€JIHAHHS JOCHI[KYBAJIbHHUX MapoK CTali.
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PesynbraTty npuBeIeHOro KOMIUIEKCY TOCHIIKEeHb HaBeIeHO Ha puc. 6, 7.

JCHIPHTHA CTPYKTYPa

Puc. 5. 3aranbHuii BUa Ta 0y10Ba CTPYKTYPH 3BAPHOTO 3’ €ITHAHHS MiCJI
3BaprOBaHHA mix mapom ¢guarocy: craias 10I20b: 1,2,3 — 30na I; 4,5 — 30na I1.

CyMicHuii aHami3 JaHUX HABEICHUX HA B TaOnwIl 2 Ta Ha puc. 6, 7 BKasye, 110
BIJICOTKOBH BMICT (peputHOi ckianoBoi ais craii 0912C ta 101 2Db 3meHmyeTbes
31 30uIblIeHHsM BiActaHi Bif 30HUM . Llel ¢akt mnosicHioeThCs (popMyBaHHAM
OCHHITHOI CKJIaJ0BOi, siIKa BiAOYBAa€ThCA B HACHIJIOK NEPEPO3NOAUTY BYIJICIIO B
ayCTEHITI Ta TOPIBHSHO BUCOKOI MIBUAKOCTI oxojomkeHHs. s cram 10XCH/L
B1JICOTKOBHIA BMICT (DepUTHOT CKJIaJ0BOI 110 30HaM 3BapIOBAIBHOTO 3’ €THAHHS Maiike
HE 3MIHIOETHCS (3MIHM 3HAXOATHCS B Mekax MOXxuOku). [Ipu mpboMy, Ha BIIMIHY Bij
crami 09I2C Tta 10I2db B crami 10XCHJI crmoctepiraeTscsi 4YacTKOBa 3MiHa
MopdoJoTiuHoi Oy 10BU (epuTy (3’ SIBISIETHCS BiAMEHIITETOB eput). (puc. 4).

AHani3 3MiHU BIJICOTKOBOTO BMICTY KBa31€BTEKTOIMy TMOKa3ye, IO JUIsl CTaji
09I2C Ta 10XCH/] BinOyBaeTbcsi HE3HAYHE MIABUIICHHS BMICTY NEpPIITHOI
ckiaagoBoi B 30H1 II Ta III. Ileit dakt MOACHIOETHCS 3OLIBIICHHSIM JIOKATHHUX
obnacTeit 3 KoHIleHTpali€er Byrieto ~ 0,78%.

Hus cram 10I'2Db cnioctepiraeTbest 3SMEHILIEHHST KBa31€BTEKTOiAy B 30Hi 11, 1m0
MOSICHIOETHCSI  TIEPEPO3NOAIIOM  BYIJIELI0, B HACHIAOK SIKOTO  B1AOYBa€THCS
(dbopmyBaHHs OCMHITHOT CKJIaIOBOT.
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Puc.7. BincoTrkoBe CHiBBiIHOIIEHHSI BMICTY CTPYKTYPHHMX CKJIAT0BHUX MEPJIITY
aas cranaeii 091'2C, 10XCH/I, 10I"2®b

BucnoBku

1.Y pobGoTi JOCHIPKEHO CTPYKTYpPHMM CTaH 3BapHOTO  3’€IHAHHS
HU3BKOBYTIIENIeBUX HU3bKoseropanux cranei 0912C, 10XCHJ[, 10I2db micus
aBTOMATUYHOTO 3BaplOBaHHS IMiJ IapoM (IIroCy.

2. ITpoBenenunii KOMILIEKC MeTanorpadiuHuX JTOCTIKEHb IT0Ka3aB, M0 JIJIsS BCIX
JOCIIKYBAIBbHUX MapoOK CTajleil B CTPYKTYpl LIBa, B CTPYKTYpPI1 3BAPHOTO 3’ €THAHHS
MOXIJIUBO TEOPETHMYHO BIJIOKPEMUTH 30HU, $KI BIAPIZHAIOTECS MOP(OIOrTYHOO
OyZI0OBOIO: 3BapHUIl IIOB, rpaHUIll 3BApPHUI IIOB-30HA TEPMIYHOIO BIUIMBY, 30HA
TEPMIYHOT'O BIUIMBY, FPAHUIIS 30HA TEPMIYHOTO BILTUBY-OCHOBHHUM METall.

3. JIns1 30HM 3BapHOTO IIBA XapaKTepHa ACHAPUTHA CTPYKTYpa, Aka GopMyeThCs
B HACJIIJIOK HEMOBHOI cerperariii JOMIIIOK, SIK1 TOTPAIUISIIOTh 10 PO3ILIaBy 3 (uirocy.
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4. Ing 3oum II Ta III gma crameir 10XCHJ] cnooctepiraerbcsi mosiBa
BIIMEHIITETOBOTO0 (pepuUTy Ta IPIOHHUX KOJIOHIN KBa31€BTEKTOIMYy, IO € HACIIIKOM
MIJIBUINCHOT IMBHAKOCTI oxojomkeHHs. Jma crameir 09I2C Ta 10I2Db
CIIOCTEpIraeThCsl MosiBa OEWHITHOI CKIJIAJO0BOi, IIO0 € HACIIAKOM MEepepo3nOILITy
BYTJICIIO, 1 MOSIBU 301 THEHUX BYTJICIEM JIOKATbHUX 00JacTel ayCTEHITY.

5. 3ona IV ans BCiX AOCHIIKYBaJIBHUX MAapOK CTajll XapaKTepU3yeETbCs MOSIBOIO
MOPIBHSHO (3 THIIMMH 30HaMHM) 3epeH (epuTy Ta IPIOHUX KOJIOHIM KBa31€BTEKTOINY.
dopMyBaHHS  TaKOro  CTPYKTYPHOTO  CTaHy  OOYMOBJIEHO  YacTKOBOIO
PEKpHCTaTI3all€I0 BUX1THOTO 3€pHA ayCTEHITY.

6. KinbkicHMIM aHai3 OTpUMAHUX JAaHUX I[IOKa3ye, M0 BIJICOTKOBUH BMICT
noeBrekToigHoro ¢epury s crainedt 0912C Ta 10I2Db 3miHO€ThCS 31
30UTbLIEHHSIM BIJCTaHl BiJ 30HM CIUIABJICHHS, IO TMOSCHIOETHCS (POPMYBaHHAM
OeltHITHOI ckianoBoi. [Ipu oMy, nis crani 10XCH/I B 30Hax 3BapHOTO 3’ €HAHHS
CIIOCTEpIraeThesl MosiBa BimMaHmieTeToBoro (eputy, 10 € HACHIJAKOM IMiABUIIECHOT
IIIBUIKOCT] OXOJIO/KCHHS.

7. IlinBUIIEHHS BMICTY KOJIOHIM KBa31€BTEKTOIly CBITYUTH MPO MEPEPO3MOIiT
BYIJICHIO MiJ 4Yac OXOJIO/KECHHsI MICIA 3BaprOBaHHS 1, SIK HACIIIOK, (OpMyBaHHS
obnacte#t ¢ KoHIeHTpaiiel Byrieto ~0,78%C.
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Abstract. Formulation of the problem. Nowadays, welding is most often used in modern
construction to obtain rigid permanent joints, as this type of connection is quite fast and easy to
use. This technological process is also cost-effective, because you can assemble a complex structure
on site, rather than smelting it in production. Metal savings when replacing riveted structures can
reach almost 20%, while when replacing cast parts - about half. Welded parts have a strength
equal to the strength of the base metal. The technological scheme of the welding process provides
the structural state of the joint, and as a consequence, the corresponding set of properties. Thus,
metallographic study of the structural state of the welded joint is an urgent task in terms of
determining the potential sites of failure under the action of external loads. Goal. Investigation of
the structural condition of the welded joint of low-carbon low-alloy steels 09G2S, 10HSND,
10G2FB after submerged arc welding. Conclusion. The structural state of the welded joint of low-
carbon low-alloy steels 09G2S, 10HSND, 10G2FB after automatic welding under the flux layer is
investigated.

Key words: submerged arc welding, automatic arc welding, weld microstructure, weld bath
crystallization, structural state.
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STUDY OF THE INFLUENCE OF FACTORS ON THE MORPHOLOGICAL

STRUCTURE OF CRYSTALS DURING ISOTHERMAL

CRYSTALLIZATION
JOCJIIIKEHHS BINIMBY ®AKTOPIB HA MOP®OJIOTTYHY CTPYKTYPY
KPUCTAJIB ITPU I3OTEPMIYHINA KPUCTAJIIBALII
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Anomauia. Pozenauymo izomepmiuny xpucmanizayito cyavgpamy amoniro. Hasedeni 6azosi
meopemuyHi 3acaou npoyecy Macosoi Kpucmanizayii, usHauyeHo (axkmopu, wjo 6niuearoms Ha
MOpghono2iuHy cmpykmypy Kpucmanie cyivghamy amouilo (memnepamypa, piéeHb nepecuyeHHs
po3uuny, pieenv pH poszuumny, Hasenicms domiwiox, mowo) Ha cmadii Kpucmanizayii ma maroms
BNIUB HA AKICMb 20M08020 npodykmy. Haeedeno pezynomamu excnepumenmis, sKi NOACHIOIOMb
6NIUE MeMNnepamypu npo8eOeHHs. eKCNepuMeHmy Ha MOP@ONOIYHY CMPYKMYpy KpUcmaiie.
O01pyHMOBaAHO OOYINbHICMb NPOBEOEHH NOOANLUIUX OO0CHIONCeHb Npoyecy Kpucmanizayii npu
nIOBULEHOMY BMICMI YLTbOBUX OOMIUUOK.

Knwuoei cnoea: «kpucmanisayisa, 6unaposysamHs, cyavgam amoHilo, Mopgonoziuna

cmpyKkmypa.
Beryn.

B ocrtaHHI AeCATUIITTS POAIOYICTH IPYHTIB YKpaiHU CTPIMKO 3HMXKYETHCS
BHAC/IIJIOK HEpalllOHAJILHOTO 3€MJICKOPUCTYBaHHsI, €po3ii IPYHTIB, 3a0pyJHEHHS
MeCTUIMAAMHU, TepOoiluIaMu, 3alUIIKaM{d MiHEpaJbHUX JT0OPUB, HECHPUSATIMBUX
MOTOJIHUX YMOB Ta YIIUIBHEHHS IPYHTIB NMpU OOpOOIi CLIbCHKOTOCTIOAAPCHKOIO
TEXHIKOIO.

3HauyHUN HETaTUBHUM BIUIMB HA POJIOYICTh IPYHTIB MAlOTh 3HUKEHHs OanaHcy
MOKUBHUX PEUYOBHH, JEKAIbIMHAIIS, 3a0pyaHeHHs Ta ¢i3udHa nerpanaiis. Bei mi
HETaTUBHI TMPOIECH € HACIIIKOM HAJMIPHOTO BUKOPHUCTAHHS MiHEpaJIbHUX JOOpPHUB,
HEJJOTPMMAHHSIM CiBO3MIH, Ta HAJTO IHTEHCUBHOTO OOPOOITKY 3eMeEllb.

[HHOBAIIITHUM METOAOM 301IBIIICHHS POIIOYOCTI IPYHTIB, a OTXKE 1 IMiABUIICHHS
MOTEHITIay arpapHoi IPOMHCIOBOCTI € BUKOPHUCTaHHS T'pPaHYJbOBAaHHUX OpPTaHO-
MIHEpaJbHUX JOOpHMB HOBOTO TOKOJIHHS [l] 3 3agaHUM CKJIaJOM KOPUCHUX
KOMIIOHEHTIB.

OcHOBHUM cI0OCOOOM BUPOOHMIITBA TAKUX JIOOPUB € TPaHYJIOBAaHHS B amaparax
3 MCEBIO3PIKEHUM IIapOM METOJIOM 130TepMiuHOi kpucTatizaiii [2]. Came mpoiiec
KpucTaiizaiii cyjib(ary aMOHII0 B MPUCYTHOCTI JTOMIIIOK MOXUBHUX PEUYOBUH HE €
MOBHICTIO BHBYEHHM, TOMY B IIiii poOOTI Oyae pO3IJIIHYTO OCHOBHI MPHUHIIUIIH
MpoIllecy MacoBOi1 KpUCTami3allii Ta BU3HAYeHO (PaKTOpH, sIKi CYTTEBO BILTUBAIOTH HA
polec.

OcCHOBHM TEKCT

[Ipu npoBeseHH1 MPOIECy MAacoOBOT KpHUCTAIII3allli T€TePOreHHUX PIIKUX CHCTEM
3 BHUCOKHM BMICTOM cyxux pedoBuH (moHan 40%), gocuth BaroMuil BIUIMB Ha
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CTPYKTYpY, hOopMy Ta BIOPSIKOBAHICTh KPHUCTATIB 1 XapakTep iX BIOPSIKOBAHOCTI
MalTh Takl MNapaMeTpH, SK O00’€M pO34HMHY, XapakKTep B3a€MOAIl pPO3UMHY 3
MOBEPXHEIO, CMOCIO KpHUCTai3alli Ta HAsIBHICTh PO3YMHHHUX 1 HEPOZUYMHHHUX JOMIIIOK.
Bei 1mi mapamerpu MOXYTh CYTTEBO 3MIHUTH SIKICHI THapaMeTpy OTPUMAHOTO
KOMITO3UTHOTO MaTepiaiy.

[Ipu 130TepMiuHiil MacoBiil KpucTamizalii Ha HarpiTii TBepAid MOBEPXHI
BOXJIMBUM T[apaMETPOM € IIBUAKICTh BHIAPOBYBaHHS pO3YMHHUKA [3], sKa
Hacammepesa 3aJeXuTh BiJl BOJOTOCTI Ta TeMmIepaTypu rasopoi ¢asu. Temmeparypa
MOBEPXHI 32 SIKO1 MPOBOJUTHCS MAacOBa KpHUCTAJI3AIlisl XapaKTEPU3ye 1HTEHCUBHICTb
BUIIAPOBYBaHHS PO3UMHHUKA 3 KPATUTMHA YH TUTIBKH.

[Ipu npoBeneHHI MPOIECY MAcOBOi KpHCTaji3alii Ha MOBEPXHI HArpiTUX [0
BHUCOKHMX TEMIIEPATyp MOKJIMBA TEPMIUHA AECTPYKIIsI KOMIIOHEHTIB, SIKI IPOXOJSTh
(a3oBUil mepexi] UM KOMIIOHEHTIB, 5Kl € B CKJIaJll PIAKOI cyMinl. [HIIMM HeOakaHUM
aputieM € edext Jlsitnendpocra [4], y pe3yabTaTi SKOro BiOyBa€ThCA 3HIKCHHS
Koe(ilieHTIB Teruionepeaaydi 3a paxyHOK (OpMYBaHHsS IMapOBOTO MPOCTOPY MIiXK
HarpiTol MOBEPXHEI0 Ta KPAIUIMHOW. [HIIUM (i3UYHUM SBUIIEM, SKE TAKOXK MOXKE
CYTT€BO BIUIMBATH Ha MPOIEC KpUCTai3allii € moTik MapaHroHi [5], SKiil BUHUKAE B
KpaIUIMHI 32 paXyHOK BUHUKHEHHS TPa/ilEHTy MOBEPXHEBOTO HATATY.

B pobGoti mochipKyeTbcss BIUIMB HAsBHUX CYCHEHJOBAHMX JOMIIIIOK Ta
TEMIIEpaTypy IMOBEPXHI Ha KIHETHKY TMPOIECy MacoBOi KpucTamizaili cyibhary
aMOHII0. YMOBHM TPOBEJCHHS EKCIEPUMEHTY HACTyMHi: TemIepaTrypa Ta30BOTO
cepenoBua Tpes = 20°C, BiTHOCHA BOJIOTICTh MOBITPSA hyos = 30%.

B nocnini BukopucroByBaBcs 40% BoaHMI po3uMH cyib(hary amoHilo 0e3
JOJIaBaHHsS. CTOPOHHIX JOMIIIOK, MPUYOMY KpHUCTaji3allis Kpyrjiaoi KparjuHu
B110yBa€eThCs Mpu Temiiepatypi nosepxHi Ty, = 90°C Ha skt po3MIIIIEHO TTPeAMETHE
CKeJblie 3 KparnHo. [lepumii poTo3HIMOK MOBEPXHI KpAIJIMHUA B MOMEHT 4acy T =
100c Bix moyaTKy €KCIIEpUMEHTY BKa3y€ Ha MOYATOK MPOIIECY YTBOPEHHS IIEHTPIB
KpucTanizaiii (pucyHok 1).

AHaJI3yl04M KOXEH HACTYMHUH MOMEHT JHWHaMIKH MpoLecy MacoBOi
kpuctamzaiii 3 At = 100c, mo BcboMy 00’€Mi KparuIMHU BiIOYBA€ThCS PIBHOMIPHUIA
picT Bxke c(hopMOBaHUX IIEHTPIB KpUCTATi3aIlli Ta ix 00’ €HaHHS B CTIMKUH KapKac 3a
JIOTIOMOTOI0 KpHUCTaIIYHUX MICTKIB. [Ipu nbomy mpoiec MacooOMiHy mapu B ra3oBy
¢dazy crae MEHI IHTEHCUBHUM BHACIIJOK 30UIbIIEHHS Mu(Y31MHOTO OMopy Ha
30BHIIIHIM TOBEpXHI KparvHU. JlaHe sBHINE TakoX MOSICHIOE (OPMYBaHHS
CIUTFOCHYTHX JI0 LIEHTPY KPUCTATI30BaHUX KPAIUIMHH, 3 MEKaMH Y BUTJIAI IIUTEHUX
arsiomepariB (pUcyHok 1).

Pict xpucrtaniB mnpu KpucTami3alli Ha TOPU3OHTaJIbHIA mMOBepxHI ((PpoHT
KpucTamizaiii) BiOyBaeTbcd B TPhOX HampsiMax, Ta B MOMeHT yacy T = 400c
(bopMyeTbCa CTIMKMN Kapkac 3 MIKPOKpPUCTaNiB cynbdaTy amonito. Ilicims mporo
MOYMHAETHCSI TMPOIEC BUIAJICHHS BOJIOTM 3 BHYTPINIHIX OOJacTEed KparuinHH,
BHACIIIIOK YOT0 OyJIBOAIIKH MapH, SKI JTOCATIN MaKCHUMAJIBHOTO PO3MIPY YTBOPIOIOTH
nopoxxHUHU. DopmMa MIKPOKPUCTATIB MA€ YITKY 3€PHUCTY CTPYKTYPY 3 BHIUMHUMHU
MeXaMH, PO3MIpH MIKPOKPHUCTaITIB BapitoroThes Big 10 10 100 MxMm.

AHami3 CTPYKTypH KpHUCTaldi30BaHOi KpamimHu 39,2% BOJAHOTO pO3YHHY
cynbdaty amoHiro 3 0,8 % BMICTOM I'yMaTiB Ha MPEIMETHOMY CKEJIbIll PO3MIIIEHOMY

ISSN 2567-5273 115 www.moderntechno.de



Modern engineering and innovative technologies Issue 16 / Part 1 (\§

Ha HarpiTiii moBepxHi 3 Temieparyporw Ty, = 90°C B momeHT yacy Tt = 1200c¢ Bkazye
Ha (opMyBaHHA Apy3 Ta NEHAPUTIB [6], sIKI 3HAXOAATHCS 3a MEXaMH MOYATKOBOTO
po3MillleHHA KpamiuHu. JlaHe sBUIE NOSCHIOETHCA 30UTbIIEHHSAM TU(y31HHOTO
OTMOpy B IEHTPl KpAarUIMHHU, BHACTIAOK YOTO OPraHiYHI KOMIIOHEHTH YaCTKOBO
3aKpUBAIOTh MOBEPXHIO MIKPOKPHUCTATIB.

Pucynok 1 - Mikpo(oTO3HIMKH JUHAMIKH Npouecy MacOBOI KpUcTadi3auii
kpaniauHu 40% po3unny CA Ha cK/siHii moBepxHi Mixk iHTepBasamu 100c¢,

30l IbIIeHHA X36
Asmopcovka po3pobka

ToMy wueHTpu KpucTamizalii YTBOPIOIOTBCS 3a MEXaMH KpaIlUIMHA Ta
BiI0yBaeTbCs (OPMYBAHHS PO3BUHEHOI KPHUCTANIYHOI CTPYKTYPH 3a MeEXKaMH
MOYaTKOBOTO PO3MIIICHHS KpaIlUIMHU Ha MOBepXHi. J[aHe sBUIIE TO3BOJIIE CTBOPUTH
nepeIyMoBH i  (OpMYyBaHHS HOBUX AaKTUBHUX UEHTPIB KpUCTami3alii s
MIPOBEICHHS MPOIECY MOMIAPOBOi MaCOBO1 KpUCTaTi3allii.

BucHoBkH.

B naniii po6oTi 0yJsi0 pO3IIIIHYTO TEOPETHYHI OCHOBH KPHUCTAaJOYTBOPEHHS Ta
npoliecy kpuctamizaiii, 0yi10 copMOBaHO OCHOBHI MapaMeTpH, IO BIUIMBAIOTh Ha
nporec. Takox OyJsio npuBeeHO (HOTO3HIMKU PE3YJIbTATIB €KCIIEPUMEHTIB, B SIKUX
300pakeHO AK caMe€ Ti Yd 1HII (PAaKTOPH BIUIUBAJIU HAa MOP(QOJIOTIUHY CTPYKTYpY
KpHUCTaJIB.

[IpoBeneH1 €KCHEpUMEHTH T[OKa3alid, IO HAasBHICTh CYCIEHIOBAHUX YU
€MYyJIbCOBAHMX JIOMIIOK VY CKJIaJl pO3YMHY CyibhaTy aMOHII0 TpU MaCOBIi
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Kpucrtamzaiii 3a Temreparypu Tn, = 90°C, cyTTeBo BIIMBaE Ha MOP(OJIOTIUHY
CTPYKTYpy MiKkpokpucTtamiB. Tak, HasBHICTh TyMaTiB 3 BIJHOCHOIO MAacOBOIO
koHnentparieo 0,8% y ckmani 40% BOAHOTO pO3UMHY CyJb(aTy aMOHIIO CHpHsE
(GhOopMyBaHHIO KPUCTATIB 3 OUIBIITUM MPUBEICHUMH PO3MIpaMu 1 O1IBIIO KUTBKICTIO
JUCIIOKAIii, Ta crpusie OUIbII IHTEHCUBHOMY ()OpPMYyBaHHIO arjiomepariB. ['yMiHOBI
PEUYOBHHU PO3MIIIYIOTHCS Y KPUCTAIIYHOMY KapKaci sK eHjocerperamii y apiOHuX
MIKpOKpHUCTaJiaxX cyiabhaTy aMOHIO.

Takox eKCrepuMeHTaIBHO MATBEPXKEHO, 110 30UIbIIeHHS AU(Y31HHOTO OMOpY
B IIEHTP1 KpaIMHU, dYepe3 30UIbIICHHS KOHIIEHTpAIlli JOMIIIOK OPraHiYHOTO
MOXO/KEHHSI TPU3BOAUTH 10 (OpMyBaHHS Jpy3 Ta JACHAPUTIB 3a MeEXKaMH
MOYaTKOBOTO PO3MIpy KpAaIUIMHU, IO CHPUSE YTBOPEHHIO POOOYHMX CTPYKTYp IS
(¢bopMyBaHHS B OJATBIIOMY KapKacy 13 KpUCTaIIB CyJIb(}aTy aMOHIIO.
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Abstract. Isothermal crystallization of ammonium sulfate is considered. The basic theoretical
principles of the mass crystallization process are given, factors influencing the morphological
structure of ammonium sulfate crystals (temperature, level of saturation of the solution, the level of
the solution of the solution, the presence of impurities, etc.) at the stage of crystallization and have
an effect on the quality of the finished product. The results of experiments that explain the influence
of the temperature of the experiment on the morphological structure of crystals are presented. It is
substantiated the expediency of conducting further studies of the crystallization process with
increased content of target impurities.

Key words: crystallization, evaporation, ammonium sulfate, morphological structure.
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