JMUHAMIKA TA MILIHICTb MAIIINH

Jliteparypa

1.

Tpetpsix O. B., Hlyts O. 0., TpubymHot M. B. AHaii3 TemIoBoro craHy XpeCTOBHHH TiporeHepaTopa — JIBH-
TyHa BEJHKOI MOTY>KHOCTI 32 0COONMBHUX YMOB exciuryatamii. Bicnuxk HTY «XIII». Cep. EnepreTndni Ta Teruio-
TeXHIUHI mponecH i ycrarkyBanus. 2017. Ne 11 (1233). C. 49-54.

2. Tperpsk A. B., lllyte A. 1O., I'akan I1. I'., [Tonuenko B. P. OcobeHHOCTH MaTeMaTn4ecKoro MOAEINPOBAHUS
TEIJIOBOTO COCTOSIHUSI THAPOT€HEepaTopoB KarcyiapHoro tuna. Bicu. HTY «XI1l». Cep. EnexTpuuHi Mammau ta
eJIeKTpOoMeXaHiuHe nepeTBopeHHs eHeprii. 2017. Ne 10 (1232). C. 44-51.

3. Kpacusix B. 0., Kopones B. H. Temtomaccooomen. OcHOBHBIE (OPMYJIBI, 3a/1audl M CIIOCOOBI NX PEeLIEHUs: cO.
3ana4. ExarepunOypr: Ypan. penepan. yn-t, 2012. 64 c.

4. Texuonorust mpou3BoAcTBa Metautonpokara. [lepekr wmeramuia «PakoBuHbl or okammHbl» URL:
http://metallopraktik.ru/novosti/defekt-metalla-rakovinyi-ot-okalinyi/ (/lata 3BepaenHs: 5.07.18).

UDC 621.165:539.4 Effective and reliable operation of power units is closely connected with the provision
of the thermal strength and durability of their elements and components. The needs of
DESIGN the modern energy market lead to the operation of equipment in variable modes, which
causes accelerated wear-out of its resource. The problem of extending the resource of
FORECASTING power equipment is becoming increasingly important due to the fact that its ageing
OF THERMAL processes outstrip its replacement rate. Therefore, in order to ensure the reliable
operation of power units, a calculated estimate of the thermal stability and durability of
STRENGTH AND their elements is essential, based on the application of new methods and calculation
RESOURCE models, taking into account a number of important factors (damageability, material

OF STEAM TURBINE property heterogeneity, contact interactions, presence of cracks, influence of non-

stationary temperature fields, etc.) The paper gives an overview of methodical and

STRUCTURAL software as well as the results of the calculated research of the thermal strength,
COMPONENTS resource and crack resistance of steam turbine elements, which have been performed
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developed methodical ware allowed us to make calculations of steam turbine elements
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Introduction

Increasing the reliability and efficiency of power units is closely related to ensuring the thermal strength

of their elements and components. A characteristic feature of modern energetics is the operation of equipment in
variable modes, which leads to an accelerated wear-out of its resource. The problem of extending the resource of
power equipment is becoming increasingly important due to the fact that its ageing processes outstrip its re-
placement rate. Therefore, in order to ensure the reliable operation of power units, a calculated estimate of the
thermal stability and durability of their elements [1] is essential, based on the application of new methods and
calculation models, taking into account a number of important factors (damageability, material property hetero-
geneity, contact interactions, presence of cracks, influence of non-stationary temperature fields, etc.)
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Analysis of the calculation methods of the thermal strength and resource of steam turbine elements

In A. Podgorny Institute of Mechanical Engineering Problems of the National Academy of Sciences
of Ukraine methodical ware was developed for conducting calculated estimates of the resource of power ma-
chine components, as well as substantiating the possibility of its extension. The causes of damage to power
machine components are, mainly, their low-cycle fatigue resulting from a greater number of thermal changes
and creep of their high-temperature elements. A technique for a combined solution to the three-dimensional
non-stationary problems of thermal conductivity and thermo-mechanics on a single finite element grid in
either the Cartesian or cylindrical coordinate system was developed in [1, 2]. A technique for conducting a
calculated estimate of the damage from creep and low-cycle fatigue, taking into account the history of the
cyclic loading of an object, was developed in [3, 4]. A technique for conducting a calculated estimate of the
survivability of cracked components was developed in [5-8].

Determination of a thermo-stressed state is performed, taking into account the dependence of material
properties on temperature, deformation of plasticity and creep with material damage, non-stationary boundary
conditions of heat exchange, and thermo-contact interaction of various parts [1, 9, 10]. In the thermo-contact
interaction of various parts, the problems of thermal conductivity and thermo-mechanics turn out to be connected
through unpredetermined contact conditions. The two problems are solved by numerical integration over time in
combination with the iterative process. For its convergence, special algorithms are used [11]. Both the presence
of gaps or negative allowances between the contact areas, arising from either the manufacturing error or the dif-
ference in the temperature expansion of the parts, and the contact conductivity (depending on the contact pres-
sure, state of the contacting surfaces and thermal conductivity of the medium filling the gaps) [1, 12] are taken
into account. Calculation of the stress-strain state of the blade locking joints with the disk (and other units)
within the thermo-contact problem significantly refines the results, on which the accuracy and correctness of
assessing both the long-term strength and resource of turbo-machine elements depend to a large extent [13].

The technique for estimating crack resistance is based on the mechanics of brittle fracture. The multi-
mode nature of structural behaviour under static and cyclic loading, cycle asymmetry, change in the geometry of a
crack in time, stress relaxation during creep, dependence of the material properties on temperature, presence of a
working medium [14, 15], and other factors affecting the kinetics of the crack are taken into account. In the case
of a complex stress state, the finite element method is applied at the crack tip and an equivalent stress intensity
factor is introduced. Subsurface, or elliptical surface or one-dimensional cracks of uniform depth are considered.
Structure survival time is determined until the moment of avalanche-like fracture or crack growth through the part
wall. In addition to operational loads, hypothetical emergency loads (for example, rotor sudden acceleration to a
certain value, pressure increase above the norm or temperature regime violation) are also taken into account.

Along with the techniques based on theoretical provisions for brittle fracture, both methodical ware and
software were developed to calculate the kinetics of cracks under cyclic loading, using the parameters of material
scattered damage [8, 16]. In this case, instead of the stress intensity coefficients and kinetic crack growth diagrams
requiring that complex tests of the samples with cracks be performed, deformation diagrams and low-cycle fatigue
curves of smooth samples are used. A further development of this technique in [17-19] required that the elasto-
plastic problems for structures with cracks of different depths be solved by the finite element method, including
taking into account crack edge contact. This allowed one to remove both the restrictions on crack tip plastic zone
sizes and the asymmetry of cyclic loading.

Although the survivability of cracked rotors is not taken into account in assessing turbine resources
[20], it is of considerable interest for determining overhaul control expiry dates and predicting hypothetical
crack behaviour in the most stressed places that can be overlooked during inspections.

Inclusion of the scalar and vector parameters of the material damage corresponding to brittle and vis-
cous fracture into solving the creep problem, allowed one to determine the time and place of the initial stage of
structural fracture during the assessment of the long-term strength of high-temperature elements [3, 21].

In solving thermo-elasticity problems, reference data on the mechanical and thermo-physical properties
of the material are used; for solving the problem of plasticity theory curves of sample deformation are used; for
solving the problem of creep theory, creep curves right up to fracture are used; for assessing the long-term
strength at low-cycle loading, low-cycle fatigue curves are used; for assessing crack growth resistance, the frac-
ture toughness of material Kic, as well as the kinetic diagrams of the material obtained by testing special cracked
samples under static and cyclic loading are used, and in the case of using the parameters of scattered damages, the
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diagrams of elasto-plastic deformation and the material fatigue curves are used.

The developed software allowed one to solve the following important problems of thermal strength
and resource of turbine units:

— to assess the resource of the high-temperature high and medium pressure rotors of the K-300-240-
2 HTGZ and T-250 / 300-240 UTMZ turbines, subjected to creep and low-cycle fatigue [1, 22, 23];

— to assess the long-term strength of the high-temperature zones of steam turbine integral forged ro-
tors [3, 24, 25];

— to analyze the thermo-stressed state of the blade locking joints of various steam and gas turbines,
taking into account the thermo-contact interactions under creep conditions [11, 13];

— to calculate the curvature of steam turbine rotors due to the inhomogeneity of material creep and
plasticity in the circumferential direction under axisymmetric loading [1];

— to calculate the curvature of steam turbine rotors in the case of non-axisymmetric overheating due
to seizures in labyrinth seals [26];

— to determine the destructive numbers of NPP rotor revolutions in the case of sudden acceleration,
taking into account and without taking into account blade separation [27, 28];

— to analyze the kinetics of cracks in steam turbine rotors and high-temperature locking joints of
steam and gas turbines [1, 29, 30];

— to calculate steam turbine casing deformation when the cylinder is opened after long-term opera-
tion under creep conditions [31];

— to investigate both the stressed state of the blade row and the steam turbine axial stiffness dia-
phragm by the multi-grid finite element method (FEM), taking into account contact phenomena in leaning
and defects in the places where the guide vanes are connected with the disk rims [32, 33].

As an example of the influence of the transient load-unload regimes caused by the energy market condi-
tions on turbine element resources, the T-250 / 300-240 turbine (Kharkiv TPP-5) high-pressure rotor residual re-
source was considered at different load rejection and increase rates [1]. Fourteen variants of transient regimes
were analyzed. The history of the turbine operation at the time of the resource assessment was studied, boundary
conditions for heat exchange, thermo-stressed state and damageability at various operating modes were deter-
mined. The most stressed and damageable areas of the rotor were identified: the grooves of the front end seal, sec-
ond stage diaphragm seal, and internal seal. The residual resource for the subsequent operational period was pre-
dicted provided the average annual operating modes of the power unit under the energy market conditions are
maintained. The considered variants of transient unload-load regimes differed in rate and duration. The predicted
residual resource of different rotor zones in years, depending on the unload-load rate, can be determined from the
curves shown in figure, where the points denote the calculated values of the residual resource [Gliesig-

The calculated studies showed that the predicted
o5 [GTresia, year residual resource of the turbine high-pressure rotor is lim-
ited by thermal groove No. 4 of the front end seal. The
main contribution to the resource wear-out in the front end
seal zone is made by start-stop regimes, especially the
starts from the hot state and the short-term stops without
vacuum breakdowns, whereas the contribution of the tran-
sient unload-load regimes is insignificant. The reason for
the accelerated wear-out of the residual resource in the

s rotor front end seal, when the rotor is stopped without
eoT 2 s MmN, MW/min vacuum breakdown and started from the hot state, is the
Predicted residual resource of the high-pressure seal cooling by the seal collector vapor.

rotor depending on the unload-load rate: In the first stage zone and those adjacent to it

IS —internal seal, DS — diaphragm seal, FES — front end seal | (second-stage diaphragm seal, internal seal), the influence
of the transient unload-load regimes is more significant.

From the results obtained (figure) it follows that, with the accepted predicted average annual operat-
ing mode, the rotor residual resource in the second-stage diaphragm seal zone with its daily unload from 300
to 140 MW and load rate of 15 MW/min is 15 years, and that with the load rate of 10 MW / min is 20 years.
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With the capacity change rate of 6 MW/min regulated by the appropriate instruction, the predicted residual
resource of the high-pressure rotor is 11 years (thermal groove No. 4 of the front end seal).

The high-pressure rotor residual resource can be increased to 20 years at the unload-load rate of 10 MW/min,
if the number of starts from the hot state is reduced by half (from 5 to 2.5 per year) or measures are taken to reduce
their effect on the damage to the front end seal (for example, the seal collector vapor temperature is increased).

Taking into account the results of the research, a normative document of the Ministry of Energy and
Coal Industry of Ukraine was developed and put into effect [20], dealing with the calculated assessment of
the resource of the high-temperature rotors and basic parts of TPS and TPP steam turbines. It offers updated
calculation schemes, models and methods for determining thermo-stressed states, material damage, resource
assessment and recommendations for specifying them. New, less conservative, reserve factors are intro-
duced, and survivability criteria for cracked structures are revised.

A computerized system for diagnosing the thermo-stressed state and assessing resource wear-out due
to low-cycle fatigue and creep (resource counter) in the hazardous areas of the T-250 / 300-240 turbine high-
pressure rotors was created [34—36].

The operation of the resource counter consists in the automated assessment of the turbo unit operating
modes by the archived parameters of an automatic control system of technological processes (ACS TP) and the
numerical modeling of the thermal and thermo-stressed state of the rotor during its entire period of operation.

The actual operating conditions of the turbo-unit are determined by the following parameters of ACS
TP: rotor speed, temperature, pressure and live steam rate in front of the stop valves, active generator power,
steam temperature and pressure in the station collector, and pressure in the condenser.

The algorithm proposed in the resource counter determines the material damage in the diagnostic zones as
the loading cycles and half-cycles are formed in accordance with the rain method. The number, time and incre-
mental damage per cycle or half-cycle is recorded in electronic journals. The resource counter allows one to take
into account the actual operating conditions of the turbine unit. To organize its work, no additional equipment is
required. The graphical interface allows one to analyze the changes in the ACS TP parameters, temperatures, and
equivalent voltages in the diagnostic zones for the specified time. With the help of the system, the transient moder-
ate regimes of the turbine unit can be determined from the predicted indices of various operating modes [37]. The
approbation of the resource counter was carried out at the T-250/300-240 turbine unit of Kharkiv TPP-5.

One of the causes of breakdowns, emergency stops and destruction of turbine unit rotors can be the accu-
mulation of fatigue damage due to intense torsional vibrations of the shaft line, which are most often caused by the
generator. Both the methodical ware and the software for assessing the strength and resource in the most dangerous
sections of turbine unit shaft lines in the case of two-phase and three-phase short circuits was developed [38].

Conclusions

The resource assessment of steam turbine components includes calculations of the long-term strength under
cyclic loading, high-temperature creep and crack growth resistance of the material, taking into account the influence
of non-stationary temperature fields. Calculated prediction of thermal strength and resource plays an essential role in
ensuring the safe operation of power equipment.
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Po3paxyHkoBe NpOrHo3yBaHHA TEPMOMIIIHOCTI Ta pecypcy ejieMeHTIB MapoBUX TYpPOiH
Mlynbxenko M. I'., l'ontapoBcebkuii IL. I1., 'apmam H. T'., Menexuk 1. 1.

IncTuTyT Npobnem MammuOOyyBanHs iM. A.M. [linropaoro HAH Ykpaiuu,
61046, Ykpaina, M. Xapkis, Byin. [Toxxapcekoro, 2/10

Egpexmusna i HaditiHa poboma eHepeemuuHUX acpe2amie MICHO NOB'SI3aHA 13 300e3NeYeHHAM MEPMOMIYHOCHE U
006206iuHOCHI iX enemenmi i 6yani. Ilompebdu CyuacHo2o eHepeopuHKy npu3600simb 00 eKCNyamayii 0ONAOHAHHS HA 3MIHHUX
pexcumax, wjo 8UKIUKAE NPUCKOPeHe CRpayiosants tiozo pecypcy. Ilpobrema npoooedceHHs pecypcy eHepeomauiur Habyeae éce
OLILUI020 3HAYEHHSL Y 383KV 3 UM, WO Npoyecu Cmapinmsg 0OIa0HaHHA eunepeddicaioms memnu toeo 3aminu. Tomy ons
3abeneyeHHs HAOIIHOI eKCNITYamayii eHepeMUYHUX A2pe2amis 8aXtciuGe 3HAYEHH MA€E PO3PAXYHKO8A OYIHKA MePMOMIYHOCHI U
006206IUHOCI IXHIX eeMEHmMIB ,W0 SPYHMYEMbCS HA 3ACMOCYBAHHE HOBUX MEMOOUK | PODAXYHKOBUX MOOeTel 3 YPAXy8aHHIM
PpAdy  eadicusux akmopie (NOWKOONCYBAHICIb, HEOOHOPIOHICMb  GIACMUBOCIEN Mamepiany, KOHMAKMHICHb 83aEMOOill,
HAAGHICMb MPIWUH, GNIUE HECMAYIOHAPHUX MEMNEPAmypHUX nonig i m.0.). Y pobomi HAGeOeHo 02180 MemOOUYHO2O |
NPOSPAMHO20 3a0e3NeYeHHsT Ma Pe3VIbMamie PO3PAXYHKOBUX OO0CTIONCEHb MEPMOMIYHOCI, pecypcy U MpIiWuUHOCIIUKOCI
eneMenmie napoeux mypoiH, sKi eukoHaHi 6 Incmumymi npobnem mawunoOyoyearts im. A. M. ITiocopnoco HAH Ykpainu
npomsizom ocmannix 15 poxis. Pospaxynkoea oyiHka pecypcy enemenmia i 8y3/ie eHepeOMAWUH ma 0OIPYHIMYEAHHSA MONCIUBOCTIE
1020  NMPOOOBIHCEHHS. NPOBOOUTUCSE 8 PAMKAX PO3POOIEHO20  ABMOPAMU  HOPMAMUBHO20 OOKYMEHmMA Olsi  BUSHAYEHHs
PO3DAXYHKOBO2O PeCypCy U HCUBYHOCHE POMOPIB | KOpHyCcHUX demaneii mypoin 3 Oitbiu 0OTPYHMOBAHUMU KOEDIYIEHMAMU 3aNAcy.
Pospobnene memoouune 3abesneuents 00360mI0 NPOBECHU POPAXYHKU eleMeHmie Napoeux mypOiH y HOBUX YMOYHEHUX
NOCMAHOBKAX 3 YPAXYBAHHAM OCOONUBOCHIEN peanbHUX yMo8 excnayamayii. Pospobnena omn’tomepuszosama cucmema
OlAzHOCMYBAHHA MEPMOHANPYHCEHO20 CIMAHY MA CHPAYIOBAHHA Pecypcy BUCOKOMEMNEPAMYPHUX DOMOPIE Napoeux mypoiH,
BDPAXOBYIOUU PEAsIbHI pescumis pooomu mypooazpe2amis, 00epHCaHi Ha OCHOSI NAPAMEMPI6 a8MOMAMUYHOL CUCIEMU KePYBaHHSL
TEXHOTOTUHUMU Npoyecamul, 00360J5€ OLTbIL MOYHO OYIHUMU HaC IXHbOI bezasapitinoi excniyamayii. Hasedeno nocmarnosku ma
KOPOMKULL AHATIE3 Pe3lbMAmie PO32ISIHYIUX 3a0ay MEPMOMIYHOCI U PeCypCy eleMeHMI6 mypoiH.

Knrouoei cnosa: pospaxyrkoge npocHO3Y8aHHs, MepMOMIYHICIb, PECYPC, MPIULUHOCMILIKICIb, eIeMEHMU NAPOGUX MypOIH.
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