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Theoretical bases of the methods of modernization the cylinders
of heating steam turbines

The theoretical foundations of the methodology for designing and upgrading the technological schemes of the
thermal steam turbines are described in the nominal operating mode, based on the theoretical -temperature
schedule of the heating systems and the associated loads of consumers. As a basic method of numerical. opti-
mization of the parameters of the turbine stage, the minimization method of the comparison function
(MCF-method) is used, based on the search for minimum points for a multidimensionalfunctional reflecting
the relationship between the theoretical and experimental values of technical characteristics processes of the
working substance (steam) moving through the elements of the stage. The construction of the mathematical
model of the investigated processes is carried out on the basis of one-dimensional and two-dimensiona non-
linear equations of the hydrodynamic flow and heat equations, taking into account losses at various incre-
ments at different parts of the process flow diagram. As the object of investigation adopted Heat Steam tur-
bine model T-110-120-130 LMF operating at nomina parameters (110 MW) in a station «Karagandinskaya
TPS-3». Subject of modernization consists in replacing the group of stages of rotor blades and MPC, LPC on
the blades saber shape. According to the results of detailed numerical calculations, the reconstruction stages
MPC provides the estimated increase thermal power turbine 10-12 Gcal/h, the entire station 90-120 Gcal/h,
which has certain practical importance in the development of technological renovation plans TPS circuits. On
blades saber shape model theoretically established nonlinear hydrodynamic effects, manifested in the form of
anonlinear function calculated relative stage efficiency-of the internal steam pressure in the upper heating se-
lection.

Keywords: thermal steam turbine (TST); basic thermal circuit (BTC); high (HPC), medium (MPC) and low
(LPC) pressure cylinders; relative internal efficiency of the turbine stage; available thermal capacity of the
turbine; saber shaped blades; nonlinear hydrodynamic effects.

Introduction

Technical level and indicators of technical and economic efficiency (TEI) of the operation of steam tur-
bines and functional elements (main and auxiliary working bodies) of their technologica schemes are laid,
mainly at the design stage of aggregates of this class[1, 2]. At the same time, modern turbine plants are striv-
ing to make wide use of innovative achievements in the field of hydrodynamics and aerodynamics, thermal
physics and theoretical heat engineering, the theory of strength and reliability of machines, machine-building
materials, the theory of automatic regulation and management, etc., in order to ensure the competitiveness of
the equipment in. modern conditions of the energy market [2, 3].

Along-with the design, the development of schemes and methods for reconstructing existing turbo-
aggregates and flow parts of steam turbine cylindersisafairly complex multi-level engineering and technical
problem requiring a comprehensive solution based on detailed theoretical and experimenta analysis of vari-
ous turbine schemes and operating modes, depending on the initial parameters and external loads (electrical,
thermal, etc.). At all stages of modernization of technological schemes, turbines must be equipped with
gualitative methods that allow constructing schemes of solutions of optimization numerical problems with a
certain degree of accuracy, using the apparatus of statistical theory, automatic control theory, mathematical
and computer modeling. The procedure for implementing multi-level tasks is largely determined by infor-
mation consistency between different levels of the design scheme. To implement this approach, it is neces-
sary to have a series of algorithms and software for solving design problems that provide reliable data at var-
iouslevels of structural detail [4, 5].

Perfection of mathematical models of physica phenomena (which form the basis of the technological
process under investigation) and congtructive forms is especialy relevant in the development of generalized
systems of machine design (in a certain field of technology), taking into account the nonlinear processes oc-
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curring on the elements of technological schemes in the case of variable operating modes, over a wide range
variations of numerical values of technical parameters of plants [6]. In the numerical optimization and math-
ematical modeling of steam turbine reconstruction schemes, it is necessary to take into account that nonlinear
processes (thermodynamic and hydrodynamic processes) can occur on the elements of the flowing part hav-
ing a rather complex non-standard geometric shape and working in the region of critical parameter values
[7, 8].

At the same time, specia attention is paid to the development of modern directions for the creation and
modernization of the equipment in question to ensure its efficient use at power plants.

1 Description of the theoretical foundations of the methodology for designing and modernizing
the flow-through parts of steam-turbine heating turbines. Statement of the research task

At present, the methodology for designing and reconstructing the flow-through parts of the thermal
steam turbines (TST) is based on the results of theoretical and experimenta studies carried out at RT1, MPEI
and LMF aimed at developing optimal designs and thermal schemes for multi-stage steam turbines operating
in variable modes under different laws distribution of external loads [4, 5].

In the numerical realization of the methods [4, 5], special attention should be paid to the identification
of the effects of losses of specific kinetic energy and the specific interna energy of the working substance
(vapor) flow, and the calculation of the energy consumption coefficients in the flowing part. of the turbine
stages of various modifications. The theoretical basis of these methods is the classica theory of hydrody-
namic flow (based on the law of conservation of energy in mechanical form);taking into account the loss of
enthalpy due to various types of mechanical friction, viscosity and distortion of the geometric shape of the
flow channel [5]. One-dimensional and two-dimensional schemes. of mathematical modeling in the design
and construction of flow parts of turbine stages [9] are effective and sufficiently reliable in this respect,
which is actual, including for the development of numerical optimization methods for reconstruction and for
conducting thermal and electrical tests of the functional equipment for steam turbine installations [10].

The practical importance of this area of research is‘determined by the fact that in the conditions of the
modern market of electric and thermal energy, there areiincreased requirements to the indicators of reliability
and efficiency of heat exchanging and generating equipment of TPSs [9]. Powerful (100-250 MW) heating
turbines are subject to additional requirements due to the need for prolonged operation of the turbines during
the heating period without a stop [10].

As the operating experience shows, each turbine size in a number of units has design flaws, the elimina-
tion of which could significantly improve their reliability. In addition, since the commissioning of turbines,
new developments have appeared, the application of which could also significantly improve the reliability
and economy of the units already.in operation [11, 12].

The choice of the optimal design profile, geometric and physical (kinematic, hydrodynamic and
thermophysical) parametersof the flow part of a multi-stage steam turbine is expediently represented as a set
of numerica solutions of direct and inverse problems, based on modern methods of thermodynamic and gas
dynamic analysis of turbomachines and turbo-generators, over a wide range of values produced electric and
thermal power. The defining value in the mathematical modeling of a one-dimensional problem should be
reduced to an anaytical study of the distribution functions of the thermotechnical and hydrodynamic pa-
rameters of the vapor along the radius at the exit from the scapul ar apparatus of an arbitrary stage, with given
indices of activity and reactivity.

According to the main provisions of the one-dimensional model, the thermodynamic process of the flow
of working substance (steam) moving in the direction of the axis of the turbine OX, on the elements of the

modeled turbine stage, will be described by the laws of adiabatic (isentropic: ds = 0, s = const) expanding
3

[13]: v, >VO,{T—9};Q <t,, [°C]; p,< Py, [Pal. Inthiscase, according to the Bernoulli law (the energy equa-

2 2 2
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tion in the mechanical form) i, —i, = =——2 [

— =—- |, negative increment of the specific enthalpy of the
2 kg &

stream Ai =i, —i, <0, where iy, i — respectively, the enthalpy at the inlet and outlet of the stage element,

leads to a significant increase in the flow velocity at the outlet ¢, >>c,, {m} :
S

34 BecTHuk KaparaHguHckoro yHusepcurteTa



Theoretical bases of the methods of modernization the cylinders ...

The reliability of the calculation results is ensured by taking into account the loss of enthalpy of the

c2-¢c?

2
flow on the nozzle blades (NB) Ahsle”:(l—(pz)C—ét and working blades (WB)

W, — W5 w2 Ciy Wat :
Ah, =2tTZf=(1—W2)%1W'th the help of speed loss factors ¢ =—-, y =—2- [13], which are calcu-
Clt 2t

lated at each step of the iteration. Additional losses are introduced «step by step». Typically, the theoretical
flow rate c, at the exit from the NB dightly higher than the actua speed c,; , which agrees with the results

of calculations ¢ ~ 0.95+0.99 [13]. For peripheral WB blades respectively w,; <w,,, y~0.97+0.99 [14].

The calculated value of the initial flow velocity at the inlet to the nozzle blades of the first stage of the.model
turbine is adopted in the range ¢, = 200250 m/s, depending on the values of the initial parameters of the va-
POr { Po;to;Voiio; S} [13].

In calculating the technica characteristics of the stages and the flow part, along with-analytical expres-
sions (direct consequences of fundamenta thermodynamic and hydrodynamic equations), semiempirical re-
lationships derived from experimental and production tests on individual elements of the flow part (profiles,
blades, compaction, etc.) are actively used. To ensure the reliability of the modeled structure, additional nu-
merical estimates of axial forces on the blades and disks, as well as stresses from centrifugal forces and flex-
ural steam forces in the root of the blades and the shank, are necessary. The purpase of optimizing the pa-
rameters of the step along the radius r is to select the rationa law of twisting of the vane apparatus, which,
given the boundary conditions, provides the maximum value of the relative blade efficiency of the step

2
Mo, = 1—@ , Where E, = %0 — the specific energy of the flow at the entrance to the nozzle lattice of
0

the stage [13, 14]. The choice of the mathematical model assumes the calculation of averaged over the radius

R R

of the values of the variable parameters <cft> =%jcft (r)dr, <W§t> =%jw§t (r)dr, where R — structural
0 0

radius of the stage.

The structure of the one-dimensional moedel makes it possible to use the modification of the method of
directional search for the optimal variant.according to the coordinate descent scheme [15] in combination
with the method of minimizing the comparison function (M CF-method) [6], which assumes the devel opment
of an algorithm for computer comparison of . theoretical (calculated) and empirical (measured in the experi-
ment) of the flow parameter values and the flow part of the stage. The restrictions are taken into account with
the help of the penalty function, which ensures compliance with the requirements for these design features.
The calculation is carried out sequentially from the first to the last step [11-13].

When developing a three-dimensional model of processes of working substance on the elements of the
turbine stage, the design methadology of the turbine blade should be used [14], based on the delineation of
the evaluation criteriafor individua functional groups — reliability, aerodynamics, manufacturing technolo-
gy, implemented by analegy with the MCF method, with the help of a special agorithm that makes up the
theoretical basis of the corresponding software and hardware (a set of calculation programs). This software
package should be versatile, since the presented system of interconnected algorithms provides the solution of
tasks in terms of«the optimal design, including when devel oping schemes for upgrading existing steam tur-
bineswith different levels of unification of their individual el ements.

The aim of this paper isto describe the existing methods of theoretical analysis of processes of working
substance (steam) and to develop schemes for numerical optimization of physical (thermodynamic, hydrody-
namic, mechanical, etc.) and design parameters of turbine stages in a wide range of initia parameters of
steam (temperature, pressure, entropy, entha py, specific volume) and loads of consumers. As a research ob-
ject, we take the moddl steam turbine T-110-120-130 LMF, the modernization of which was partiadly consid-
ered in [12], where the verification thermal calculation and comparative numerical analysis of the character-
istics of the turbine technological scheme before and after the modernization of the scraper apparatus of the
MPC and LPC [12]. The influence of the shape of the blades on the integral parameters (power, efficiency,
available heat dissipation) of the turbine in [12] has not been investigated. The subject of the research is to
develop the basics of the physical and mathematical model and numerical optimization of the parameters of
the flowing parts of steam turbines, in relation to the connected electrical loads and loads of heating systems.
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The research methodology will be constructed according to the known schemes for the modernization of the
flow parts of cylinders and the operating modes of turbines of this class [4, 5], the theoretical foundations of
the thermodynamic and hydrodynamic analysis of steam processes in the flowing part of the turbine stage
and methods for numerical optimization of the parameters of the design technological schemes of installa-
tions and systems.

The methodology of mathematical modeling will be based on the method of minimizing the comparison
function (MCF-method) [6], which, in combination with numerical methods for studying the properties of
functions of many variables and the method of finite differences (for solving systems of equations of mathe-
matical physics) [15], the optimal correspondence between theoretica (calculated) and measured (experi-
mental) values of the characteristic parameters of the physical-mathematical model (PMM). Further, the re-
sults of the investigation of the basic equations and identities of the FMM models will be used to form the
technological models (TM) of power plants and systems including separate subsystems (functiona elements)
described with the help of the corresponding optimized numerical values of the PMM model parameters,
which determines the applied scientific significance of the proposed research topic. The scientific novelty of
this direction is reduced to the development and practical adaptation of innovative methods for designing and
modernizing the flow parts of steam turbines based on the use of generalized schemes for theoretical and ex-
perimental study of nonlinear processes of a working substance, in combination with metheds for numerical
optimization of the performance of individual functional elements and the entire steam turbine plant as a
whole.

2 Calculation substantiation of the modernization of the flow-through parts
of the heat-recovery steam turbine T-110-120-130 LMF

In continuation of the works [11, 12], based on the methodol ogy. proposed by the MPEI, based on the
schemes of numerical thermal calculation, we will carry out detailed studies of the variants of modernization
of the flowing part of the turbine T-110-120-130 LMF. The technological scheme of the turbine of this mod-
el is shown in Figure 1 (according to [16]), the basic therma scheme (BTS) — in Figure 2 (according to
[16]), where HPC (stages No. 1-9) is countercurrent-and has 1 regenerative (unregulated) the selection of
steam, for the Sth stage, at HPH-3. The MPC (stages No. 10-23) has two regenerative steam selections for
HPH-2 and HPH-1, respectively, for the 11th and 14th stages. Regulated (heating) steam samplings for heat-
ers HNH-2, LPH-2 (upper selection) and HNH-1, LPH-1 (lower selection) are provided on the central heat-
ing tower from the 21st and 23rd stages. The fourth one is unregulated selection for the 17th stage, for the
LPH-4, the fifth one is unregulated for-the 19th stage, for the LPH-3. The LPC is a two-flow stage (stages
No. 24-27), one speed and pressure.

Technica characteristics of the turbine T-110-120-130 LMF are given in Table 1.

Table 1
Rated technical characteristics of the turbine unit T-110-120-130 LMF

Rated power 110 MW

Max power 120 MW
Parameters of «fresh» steam po = 12.75 MPa; ty = 555 °C
Final pressure pc = 12.75 kPa

M aximum steam consumption (through HPC) Gupc, max = 485 t/h
Minimum steam consumption (through L PC) Gipc, min = 18 t/h
Rotation frequency 3000 rpm
Pressure in the upper selection p; = 6025 kPa
Pressure in the bottom selection p2 = 5020 kPa
Mechanical efficiency of the turbine 0,99

Maximum vapor transmission to the condenser Gc, max = 280 t/h
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HPH — high pressure heaters (3 heaters); LPH — low pressure heaters (4 heaters);
HNH-1, 2 — horizontal network heaters; SH — Stuffing heater; WH — water heater; EH — Ejector heater

Figure 1. Technological scheme of the steam turbineinstallation T-110-120-130 LMF

HPC — high pressure cylinder; MPC — medium pressure cylinder; LPC — low pressure cylinder;
HNH-1, 2 — horizontal network heaters; H1-H4 — low pressure heaters (L PH);
H5-H7 — high pressure heaters (HPH); QRCU — Quick-acting reduction-cooling units; D — deaerator;
SH — Stuffing heater; WH — water heater; EH — Ejector heater; CP — condensate pump; FP — feed pump

Figure 2. Principal thermal scheme of the turbine T-110-120-130-5 LMF
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The detailed analysis of the numerical calculationsin this work consistsin the study of: 1) an additional
variant of turbine reconstruction, by replacing the working blades of stages No. 24, 25 (by analogy with steps
No. 26, 27 [12]) on the blades of the saber-shaped form (Fig. 3); 2) Influences of enthalpy (heat-drop) incre-
mental losses of stages No. 21, 22, 2427 on the turbine efficiency, by the method of successive approxima-

tions, by expanding the model functions Ah, (<cﬁ>;t) , Ah) (<W§t>;t) , Moy (<c§>;<w§t>;t) in power series
c W
with respect to dimensionless comparison parameters ¢ = ci <1, y=—2 <1, having the meaning of per-
1t 2t
turbation theory parameters; 3) Theoretical temperature graph of heating systems 150/70. In [12], the calcu-
lated temperature profile of the heating network was assumed to be 140/70.

Figure 3. Different shapes of the profiles of the scapula

The main object of modernization, in thiswork, is a heating plant (HP) including network heaters (boil-
ers) such as HNH (horizontal network heaters) [16]: HNH-2 works to heat the network water (coming from
the return pipeline of the heating network) energy «removed» from the «top» heating selection (from the 21st
stage), and cooled at the NHH-2 steam, then goes to the LPH<2, where it works to heat the feed water; at
NHH-1, the enthalpy of steam «removed» from the «lower» heating stage (from the 23rd stage) is used to
heat the network water, and the steam cooled at the HNH-1 steam, then goes to the LPH-1, included in the
complex with the LPH-2, into a single scheme of regenerative sampling (4LPH + 3HPH + deaerator) from
the turbine T-110-120-130 LMF. Schematic diagram of the connection of heating equipment in the techno-
logical scheme of the turbine is shown in Figure 4.

CTDP-1 — central thermal distribution point; B/U — boiler unit; HPC — high-pressure cylinder;
MPC — medium pressure cylinder; LPC — low-pressure cylinder; BP — first lift booster pumps;
HNH-1, 2 — horizontal network heaters; CEP — condensate electric pump; LPH — low pressure heater (4 preheaters);
HPH — high pressure heaters (3 preheaters); EFP — electric feed pump; WH — water heater;
NEP — second-line network electric pumps; AT — accumulator tanks

Figure 4. Schematic diagram of the connection of the heating equipment of KarTPS-3
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We accept the nominal operating mode of the turbine (power — 110 MW), with the initial parameters
of the steam: 12.7 MPa; [12]. The theoretical (calculated) steam flow to the turbineis 380 t/h [12].

Based on the results of numerical calculations, the reconstruction of stages No. 24-27 (LPC) leadsto an
increase in the relative internal efficiency of each of the steps by 8-10% and their internal power by
10-15 MW. At the same time, the estimated value of the deficit in the thermal capacity of the turbine (the
difference in the connected and available capacity of the heating plant, per turbine) remains practically un-
changed, in comparison with the actual value of this parameter (measured by the testimony instruments)
[12]. Thus, the reconstruction of the LPC blading apparatus has practically no effect on the performance of
network heaters (HNH-1, 2) and the parameters of the network water. At the same time, the efficiency of the
turbineincreases by 0.12.

Recongtruction of nozzle blades of stages No. 21, 23 (MPC), from which regulated (heating).steam
samplings are carried out for heating the network water (Fig. 4), gives an insignificant increase in the relative
internd efficiency of these steps (asarule, by 2—-3 %) and their the internal capacity is 1-2 MW. At the same
time, the design capacity of the heating plant increases by 10-12 Gcal/h, and the deficit of the thermal power
of the turbine is reduced by 15-20 Gcal/h, which, according to the actual temperature schedule of the heat
network, 140/70, corresponds to the heat load of the average five-story residentia building. Then, under the
conditions of the «Karaganda Thermal Power Station-3», the reconstruction of the'turbine blades of turbines
No. 14, reduces the deficit of the thermal capacity of the station by approximately 60-80 Geal/h. Additional
reconstruction of the stages with heating runs for two turbines T-120-140-130 LMF, in total leads to an in-
crease in the available thermal capacity of the station by 90-120 Geal/h.

The calculations were carried out in relation to the actual connected loads of the heating systems, in the
conditions of the station «Karagandinskaya TPS-3» [17], as of January 1, 2018.

3 Nonlinear effects on elements of the modernized turbine T-110-120-130 LMF

Based on the results of detailed numerical calculations of the turbine T-110-120-130 LMF, nonlinear ef-
fects are observed on the model nozzle blades of the saber-like shape, in contrast to the existing (linear) hy-
drodynamic model, which, according to Figure 5, appear.as anonlinear dependence of the calculated relative

internal efficiency stage of steam pressure in the upper heating stage p{™, MPa. Presence, with the initial
values of the steam parameters p, = 12.75 MPa; t, = 555 °C, theoretical maximum of the function n,, ( P,, ) at

the point (0.758; 0.07) indicates the determining role of nonlinear hydrodynamic processes of steam on the
steps with heating selections.

Figure 5. Dependence of the relative internal efficiency of the turbine T-110-120-130 LMF,
on the pressure in the upper heating system (station No. 21 (MPC))

The linear model of the hydrodynamic flow, for the turbine T-110-120-130 LMF, gives a monotonical-
ly decreasing function of the internal relative efficiency from the pressure in the selection in the range
0-0.14 MPa[13].

4 Indicators of economic efficiency

Calculation of indicators of technical and economic efficiency of design solutions (Table 2) gives a
payback period of the project — 1.5 years, with profitability — 80 %. The calculation was carried out for the
enterprise «Karagandinskaya TPS-3» [18], at prices (in tenge), as of January 1, 2018.
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Table 2
Technical and economic parameters of the reconstruction of the flowing part of the turbine T-110-120-130 LMF

Turbo unit power W, MW
110
Boiler output Dy, t/h
Fuel 410
Number of hours of use of installed capacity Ty, hiyear
5000 |
Fuel component, tg/(KW-h)
Coal 1.26 Coal
Brown coal 1.27 Brown coal
Fuel oil 1.24 Fuel oil
Economic parameters of the project
Name of the characteristic (Name specifications) Numeric value of the characteristic
The annual economic effect, tg /year 134,206,926
The capitalization of the project, the total capital invest- 201,310,389
ment, tg
Payback period, year 15
Profitability of the project, % 80

The described schemes for the numerical calculation of the parameters of flow parts (MLPC, LPC) of
the modernized turbine T-110-120-130 LMF can be considered as basic, taking into account certain features
of the production and economic situation determined by the ‘specific functioning of this specific thermal
power plant, with installed turbines of this model.

It is obvious that the methodology proposed in the work, taking into account the corresponding amend-
ments to the technol ogical schemes, can be applied to.the numerical optimization of the operation parameters
of a number of turbines of the class of thermal steam turbines of medium (100-150 MW) and high (150—
250 MW) [14].
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Kblnyaanapipy 0y TypOMHANAPBIHBIH aFbIHABI 06JIiKTepiH KAHFBIPTY
d/icTepiHiH TeOPHUSIIBIK Heri3aepi

XKbury KenuIepiHIH TEOPHSUIBIK TeMIepaTypalblK TIpaduriHe >KoHE TYTHIHYMIBUIAPABIH KOCBUIFaH
JKYKTEMeNepiHiH ecebiHae, XYMBICTHIH HOMHHAJIBI PEKHMIHIE KBUIyJNAHIBIPY Oy TypOHWHaIapbIHBIH
TEXHOJIOTHSUIBIK cyiI0amapblH jko0aiay >KoHE MKAHFBIPTY ONICTEMECIHIH TEOpWSUIBIK HeTi3fepi KapacThl-
pbutrad. TypOMHANBIK CaTBIHBIH NapamMeTpliepiH CaHABIK OHTaWIaHABIPYABIH Oa3alibIK OMiCi peTiHIe caTbl
9JIEMEHTTepi apKbUIbl KO3FaNaThiH JKYMbIC 3arhl (0y) mHpouecTepiHiH TEXHMKANBIK CHIATTaMaIapBIHBIH
TEOPMSUTBIK JKOHE IKCIIEPUMEHTTIK MOHJCpiHIH apaKaThIHACBHIH KOPCETETiH KememmeMai (yHKIHOHAIIBIH
MHUHAMYM HYKTEJEpiH i37ecTipyre Heri3geireH caibICThipy (QyHKUEsChiH asaiity omici (CDA-amici)
KaObUIaH/ABl. 3€pTTENeTiH MpOoLecTep/iH MaTeMaTHKAIBIK, MOJENIH KYpy TI'HAPOJMHAMUKAIBIK AFbIHHBIH
CBI3BIKCBI3 Oip- JKOHE eKiemmeMIi TeHIeyJepiHiH - KoHE IKBUTYOTKI3TIIUTIK TeHJeyJepiHiH HeriziHnue,
TEXHOJIOTHSUIBIK CXEMaHBIH OPTYpPJl yJacKeNepiHAE SHTANBINS OCYIHIH JXOFAIybIH €CElKe ala OTHIPHII,
Kyprizinmi. 3eprrey HbicaHbl periHne «KaparaHmel JKDO-3» craHIUSICH KaFJailblHIa HOMHHAIIBI
napamerpaepae (110 MBrt) sxymeic icreitnif © T-110-120-130 mozenpai KM3  kbutyGuKanusiblk Oy
TypOunacel kabpuinanasl. JKaureipty Hbicausl TKL sxoHe OKL] caTbutiapbl TOOBIHBIH JKYMBIC KaJIaKTapblH
KBUIBIII THIIHII KaJakllanapra ayblCTBIPYAaH Typaabl. TOJBIK CaHABIK €CeNTeyJepaiH HOTHKeaepi
ooiipraina, OKL] careiiapeiH KaiiTa 9KaHapTy TYpOWHAHBIH ecenTik xputy KyarsiH 10-12 [kan/car xoHe
Gapieik cranuusabl 90-120 kan/car yuiraiityasr Gepeai, oy JKOC TeXHONOTHSUIIBIK CYJI0anapblH KalTa
JKaHAPTy JKOCTIApJIaphIH d3ipiiey KesiHae Oenrinmi HpakTUKaublK MoHre ne. Kpuiblmn Topismi (opmanmarst
MOJIETBl KaJlaKmagapia TeOPHSUIBIK, TYpJE >KOFapFbl JKBUIBITY ipikTeyiHneri Oy KBICHIMBIHAH €CEITiK
caipicTeipManbl imki [TOK CaTBICBIHBIH JKENUNIK eMec TOYeNAINiri TYpiHAe KOpiHETiH CHI3BIKTBI eMec
THPOIMHAMUKAIBIK 9CepIep OPHATHUIFAH.

Kinm ce30ep: xbuiyaanasipy 0y TypOMHACHI, MPUHIMUNTIK XKBUTY CXEMAachl, )KOFaphl, OpTallia YXKOHE TOMEH
KbICBIMIBI IIMITHHPIIED; TYPOUHAIBIK CATBIHBIH canblcTeipMansl imki [1OK, TypOunanbH Konga Oap >Kbuty
KyaTbl, KbUIBILI TOPi3/1i KalaKTap, ChI3bIKTHI €MeC THAPOTHHAMUKAIIBIK SCepiiep.

B.A. Kanbsitka, M.B. Koposkun, A.1. Anmudepos, A.B. bamupos, T.A. Xanos, JI.P. Tanacnekos

TeopeTnyeckue 0OCHOBBI METOI0B MOJIEPHU3ANUM MPOTOYHBIX YacTel
TeMI0(PUKANMOHHBIX MAPOBBIX TYPOUH

PaccmoTpensl TeopeTHuecKre OCHOBBI METOMOJOIMM MPOEKTUPOBAHUS U MOJCPHHU3ALUM TEXHOJIOTUYECKUX
CXeM TeINIO(PHKAIMOHHEIX ITAPOBBIX TYPOUH B HOMUHAIEHOM pEXKUME PaboThI, B pacueTe Ha TEOPETUIECKUI
TeMIIepaTypHbIil rpaduk TeIuoceTei U MprucoeJMHEHHbIC HAarpy3ku noTpeduTeneil. B kauectBe 6a3oBoro me-
TOJa YMCIEHHON ONTHMM3AIMU apaMeTPOB TypOMHHOI CTYNEHN MPHHUMAETCS METOJ MHHUMU3ALUHN (yHK-
LIMY CPaBHEHHs, OCHOBAHHBIH Ha MOMCKE TOUYEK MUHUMYMa MHOTOMEPHOTO (yHKIIMOHAJIA, OTPAXKAIOLIET0 CO-
OTHOILEHUS] TEOPETUYECKUX U IKCIEPUMEHTANbHBIX 3HAYEHUN TEXHHYECKUX XapaKTEePUCTHK IPOLECCOB pa-
Gouero BeniecTBa (apa), IBUTAIOLIETOCS Yepe3 dIEMEHTHI CTyleHH. [IocTpoeHne MaTeMaTHYeCKONH MOJIeIH
HCCIIEYEMBIX MPOLECCOB MPOBOJUTCSA HA OCHOBAHUYU HEIMHEHHBIX OJHOMEPHBIX U JIBYMEPHBIX YpPaBHCHUUN
TUPOANHAMUYECKOrO MOTOKA U YPaBHEHUH TEILUIONPOBOJHOCTH, C YYE€TOM NOTEPh NPUPAIECHUN dHTAIbIUU
Ha Pa3JIMYHBIX yJacTKaX TEXHOJIOTHYECKOH cxeMbl. B kauecTBe 00beKTa NCCIIeN0BaHMs IPHHATA TEIUIO(UKaA-
[MOHHAasK mapoBast Typouna moxenu T-110-120-130 JIM3, paboraromnias Ha HOMHHAIBHBIX Mapamerpax (110
MBr) B yesoBusix craniun «Kaparanauackas TOI[-3». [IpeaMer MOJEpPHH3AINK COCTOUT B 3aMEHE paboumx
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nonatok rpynmnsl cryneneid I{THJ] u LICJ] Ha nonatku cabneBuanoir ¢opmsel. ITo pesynabraram AeTanbHBIX
YHCJICHHBIX pacdyeToB pekoHcTpykuus cryneHeil LICJl maer yBenmnueHHe pacdyeTHOH TEIJIOBOM MOIIHOCTH
TypOunbl Ha 10-12 Tkan/a u Beeit cranuun Ha 90-120 I'kan/d, 4T0 UMEET OMPEACICHHYIO MPAKTHYECKYIO
3HAUUMOCTh IIPH pa3paboTke IUIAaHOB PEHOBAIMU TexHojormuecknx cxeM TOC. Ha MonenbHBIX JiomaTkax
cabneBHAHON (HOPMBI TEOPETHUECKH YCTAaHOBIICHBI HEMHEIHBIE THAPOIUHAMIYECKUE (D (EKTHI, IPOSIBIISIO-
11ecs B BUJIE HEJIMHEHHON 3aBUCUMOCTU PacyeTHOr0 OTHOCHTENbHOro BHyTpeHHero KIIJI ctynenu ot nas-
JIeHHS T1apa B BEpXHEM OTOIHTEIEHOM 0TOOpe.

Knoueevie cnosa: temnopukannonnas naposas Typouna (TIITY); npuniunuanshas temiosas cxema (ITTC);
unuaApsl Beicokoro (I[BJ), cpenuero (IICJI) u Huskoro (L[HJI) naBiieHus; OTHOCHTEIbHbBINA BHYTPEHHHUIA
KIIJl TypOuHHO# cTymeHH; pacrojiaraeMasi TerjoBasi MOIIHOCTh TYpOUHBI, JTONATKU caOneBUAHON (HOpMBL,
HeJTMHEIHbIe THAPOANHAMUYeCKre Y (EKTHI.
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