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The reliable operation of nuclear power plants (NPPs) is a prerequisite for
the constant development of Ukraine's energy sector. At the current stage of
development, a considerable part of the NPP steam turbine equipment is
reaching its end-of-design-life value. The continuation of the operation of
NPPs beyond original design life requires that the remaining useful life of its
main components be verified. A model for the estimation of the resource pa-
rameters of the high-pressure (HP) rotor of a K-1000-60/3000 steam turbine
has been developed. On the basis of the three-dimensional spatial analogue,
the calculation of the thermal and stress-strain states of the HP rotor has
been performed for all typical operating modes. It has been established that
the stress concentration zones are the fillets and relief holes in the first
stages, as well as the axial relief holes in the fourth and fifth stages. The cal-
culation of the rate of cyclic damage accumulation in the base metal has
been performed using correlational low-cycle fatigue dependencies, since
there are no experimental data on the resistance of steel grade
30KhN3MIFA, from which the rotor is made, in the literature. Permissible
values of the number of startup cycles from different thermal states and the
permissible operating time under steady-state operating modes have been
calculated. The level of the accumulated cyclic and static damage has been
estimated for the HP rotor of Rivne NPP (RNPP) Unit 3. The loss of long-
term steel strength, as a mechanism of destruction, has been found to have a
dominant influence on the resource performance of the rotor under study,
compared to low-cycle fatigue. The static component, Dy, of the accumulated
damage of the HP rotor of the K-1000-60/3000 turbine of RNPP Unit 3 is
77%, the cyclic one D, is 11%. The individual remaining useful life is
26,287 hours, which allows extending the HP rotor life by additional 25
thousand hours.

Keywords: nuclear power plant, continued operation, residual life, steam turbine,
low-cycle fatigue, long-term strength, design life.

With taking into account both the exhaustion of the resource of the power equipment of thermal

power (TP) and nuclear power (NP) plants and the shortage of organic fuel at TP plants, the reliability of
nuclear power creates preconditions for the constant development of the energy sector of Ukraine. Electricity
production by domestic NP plants is about 50%.

According to the Program for extending the life of the power equipment of the Ukrainian NPPs, out
of fifteen Units, the lives of Units 1 and 2 of the Rivhe NPP (RNPP), Zaporizhia NPP (ZNPP), South
Ukrainian NPP (SUNPP) has been extended by ten to twenty years. The experience of the work done has
shown that the specific financial costs of meeting the requirements of the regulatory documents that provide
the opportunity to obtain a license for the operation of power units during additional life, are significantly
less than the cost of building new power units.

In 2017-2018, the operational life of Unit 3 of the RNPP, Units 3 and 4 of the ZNPP and Unit 1 of
the Khmelnytska NPP (KhNPP) expired. By 2020, the design life of Unit 3 of the SUNPP and Unit 5 of the
ZNPP will have expired. Extending the life of NPP units after the design life expiry, subject to compliance
with nuclear and radiation safety standards, is one of the most effective ways to partially solve the problem
of replacing generating capacities.

A revision of the previously established terms of service of the power equipment of NPP units provides
an estimate of the remaining useful life of the power equipment according to regulatory documents [1-5].
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Purpose and Goal of the Study

The purpose of this paper is a calculated study of the resource parameters of the high-pressure (HP)
rotor of the K-1000-60/3000 steam turbine of the 1000 MW unit of the state-owned enterprise NNEGC "En-
ergoatom" during its operation beyond design life in accordance with regulatory documents [2, 5].

To achieve this goal, we performed:

— an estimated study of the HP rotor remaining useful life and allowable number of the K-1000-
60/3000 steam turbine startups from different thermal states under cyclic loading ;

— a design study of the remaining useful life of the K-1000-60 / 3000 steam turbine HP rotor under
static loading;

— an assessment of the possibility of a further extension of the K-1000-60/3000 steam turbine HP ro-
tor operation beyond design life.

Object of Study and Numerical Model Peculiarities

The object of this study is the K-1000-60/3000 condensing steam turbine with uncontrolled steam
extraction, intermediate separation, and one-stage steam intermediate superheating that is designed for opera-
tion in a Unit with a VVER-1000 reactor. The high-pressure cylinder (HPC) is located in the middle section
of the turbine, and low pressure cylinders (LPCs) are located symmetrically on both sides of the HPC. A de-
tailed description of the rotor under study is given in [6].

The study of the thermal state of a HPC involves solving the boundary value problem of non-
stationary thermal conductivity, for which the boundary conditions of the heat exchange on the rotor surfaces
are set according to the software complex developed [7]. Diagrams of steam leaks both in the flow path and
in the seals were taken into account, as well as the actual operating schedules for the typical operating
modes, namely, the stationary one, as well as a cold, warm, and hot startups. The geometric model for the
highly engineered HP rotor is made in a three-dimensional formulation, taking into account the main struc-
tural elements. The model is based on the K-1000- 60/3000 production drawings.

The stress-stain state (SSS) was estimated in an elastic-plastic formulation, using the finite element
method of computational domain digitalization. The main types of stresses were taken into account, namely,
temperature, irregularity of temperature fields, stresses from pressure, and centrifugal forces. The results of the
calculation of the thermal and stress-strain states of the HP rotor under typical operating modes are given in [6].

The calculated assessment of the accumulated cyclic damage of the turbine equipment, according to
normative documents [2, 4], should be performed according to the admissible numbers of the cycles of start-
ups from different thermal states. For this purpose, experimental low-cycle fatigue curves are used for the
particular steel, from which the turbine element under study is made.

A key feature of the calculation model is that there are no experimental curves of low-cycle fatigue
for steel grade 30KhN3MI1FA, from which the rotor under study is made, so it is proposed to calculate the
permissible number of cycles according to the correlational dependencies of small-cycle fatigue [4]
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where 6° is the intensity of stresses in the state of constant creep; G, is the limit of long-term strength; ¢
is the exponent in the long-term strength equation; ny is the strength reserve by the number of cycles; Y 1p

is the long-term plasticity determined by the median values for each temperature level 6,—0,; 6, and 6, are the
temperatures corresponding to the maximum and minimum strain rates in the load cycle; C is the coefficient
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the temperatures 6, and 6.

Calculated Estimate of the Remaining Useful Life and Permissible Number of Startups for the HP rotor
The estimation of the resource parameters of power equipment is performed on the basis of calculation

of static and cyclic damages of metal. For this purpose, it is
necessary to have data on the thermal and stress-strain states
of the rotor under all typical operating modes.

The thermal and stress-strain states for the stationary
operating mode is performed in a quasi-stationary formula-
tion [6]. The temperature level is 270 °C for the first stage
and 165-228 °C for the second to fourth stages. The maxi-
mum stress intensity 6,=158 MPa is observed in the axial
relief hole and in the relief holes of the discs of all five
stages. In other characteristic HP rotor areas, the stress in-
tensity is 66—105 MPa. The high level of stress intensity in | Fig. 1. Typical study areas of the K-1000-60/3000
the axial hole region is explained by the large values of the turbine HP rotor:
centrifugal forces acting on significant mass concentrations, | 1 — first stage tail attachment, 2 — first stage fillet
such as the discs of the pressure stages and their working | from the steam inlet side, 3 — first stage relief hole,
blades. Under this condition, the highest level of stress is | 4~ second stage diaphragm seals, 5 — axial hole in
observed closer to the fifth stage, which is most massive and the area of the fourth and fifth stages, 6 — second
bladed with the heaviest blades (Fig. 1). stage of end seals

The startup modes are considered in a non-stationary formulation. Of particular interest in variable
operating modes is the information on the irregularity of temperature fields over time, which is represented
as the dynamics of the temperature gradient change for the most characteristic regions [6].

Thus, for a cold startup, the temperature gradient reaches its maximum value in the initial startup
stages and for certain study areas is equal to 1,200 K/m. In general, the temperature gradient level does not
exceed 1,300 K/m during the cold startup, which indicates that the temperature field unevenness is moderate.

Regarding the SSS, it should be noted that the highest modulus values of stress intensity =231 MPa
are observed in the initial stages of a cold startup for the relief holes of the first stage disk (Fig. 2). These
values remain almost unchanged until a point of time of 6,800 s, beginning with which a gradual decrease in
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the total stress level immediately before the turbine startup phase is completed. Starting from the 6,800 s
time point, the turbine speed reaches its nominal value (3,000 rpm), the stage disk fillets and the axial rotor
hole becoming zones of high stresses (Fig. 2).

Similar data have been obtained for a hot startup mode (Fig. 3). The calculations performed make it
possible to evaluate the long-term strength and resistance to low-cycle fatigue of the rotor base metal. For
this purpose, the K-1000-60/3000 turbine HP rotor of RNPP Unit 3 was selected.
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Fig. 2. Dynamics of the change of stress intensity in the Fig. 3. Dynamics of the change of stress intensity in the
characteristic research areas of the K-1000-60/3000 characteristic research areas of the K-1000-60/3000
turbine HP rotor during a cold startup turbine HP rotor during a hot startup

The resource design life characteristics of the K-1000-60 / 3000 turbine according to the data of
NNEGC "Energoatom" are as follows: service life — at least 30 years, permissible design number of startups
— 600, yearly number of startups — 20. The service life is calculated to reach the boundary condition based on
the maximum number of cycles per year.

During the scheduled preventive repair works at RNPP Unit 3 in 2014, the operating time parameters
for the operating period were (as of 01.07.2014): total number of startups — 230, number of cold startups —
49, number of hot startups — 181, operating time — 177,919 hours. Thus, as a percentage, the number of cold
startups is 21.3%, the number of hot startups is 78.7%. Assuming that during the following 5 years the Unit
was operated in the same mode, then, as of July 2019, the operating time should be 209,690 h; the total num-
ber of startups, 271; the number of cold startups, 58; and the number of hot startups, 213.

According to the data of NNEGC Energoatom, the permissible design life is at least 30 years, and
corresponds with 220 thousand operating hours for basic units. In the calculations, the power reserve coeffi-
cients of 10 and 1.5 are adopted respectively for the power reserve by the number of cycles and for the power
reserve by the strain in accordance with regulatory documents [4].

The results of the calculated study of the resource characteristics of the HP rotor of the K-1000-60/3000
turbine of RNPP Unit 3 are shown below. Low-cycle fatigue was estimated from the permissible values of the
numbers of startups from different thermal states, which had been calculated using the correlational dependencies
of the fatigue of steel grade 30KhN3M1FA, from which the HP rotor is made [4]. The calculated cyclic damage
D, of the base metal is 11%, with the calculated static damage Dy being equal to 95%. This predictively indicates
a less significant effect of low cycle fatigue as a rotor damage mechanism compared to long-term strength loss.

The static damage was estimated by the design life of 220 thousand hours in accordance with regula-
tory documents [5], and is equal to 95%. The total damage of the base metal is 107%, i.e, exceeds 100%.
This testifies to the end of the K-1000-60/3000 turbine HP rotor design life of 220 thousand hours.

We conducted experimental studies of the long-term strength of steel grade 25Kh1M1FA at a tem-
perature of 500°C, which is used in the manufacture of HP and MP rotors of K-200-130 turbines [7, 8]. The
results of the studies revealed the possibility of increasing the permissible number of operating hours up to
370 thousand hours.
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Resource characteristics of the K-1000-60/3000 turbine HP rotor of RNPP Unit 3

Resource characteristics Value

Unit operating time 209,690 h

Total number of start-ups 271

Yearly operating time 6354 h/year

Year of commissioning year 1,986

Current number of startups from different thermal states Elz 25 183

Stress intensity in the nominal mode 158.5 MPa
Permissible number of cycle startups from different thermal | CS 1,945

states HS 2,591

Cyclic damageability 11.20 %
Permissible operating time 220,000 h 270,000 h
Static damageability 95.4% 77.66%
Total damageability 106.6% 88.86%
Residual service life Resourzg (Iileple ted 26,287 h

There are no similar literature data regarding steel grade 30KhN3M1FA, from which the K-1000-
60/3000 turbine HP rotor is made. It is understandable that due to the differences in the physical and mechanical
properties of steel grades 25Kh1M1FA and 30KhN3MI1FA, their long-term strength curves will also differ.
However, taking into account that the operating temperatures of the metals of the HP rotors of the K-200-130 and
K-1000-60/3000 turbines are 540 °C and 270 °C, respectively, it is proposed to evaluate the static damageability
of the HP rotor of RAES Unit 3 with using the long-term strength curves of steel grade 25Kh1M1FA at a tem-
perature of 500 °C as a calculation in the margin of safety. Additionally, it should be noted that NPP turbines re-
quire higher operational reliability. Therefore, it is proposed to accept the permissible number of operating hours
for the steel used in the K-1000-60/3000 turbine HP rotor at the level of 270 thousand hours. Then the calculated
static damage Dy, will be 78%, and the total damage of the base metal D, will be 89%.

If the expert commission that is composed, in accordance with SOU-N IPE 40.17.401: 2004 [1], of the
representatives of the power plant, specialized and other organizations, can accept the permissible operating
time of the metal at the level of 270 thousand hours, then the total calculated damage D;,=89%, and the remain-
ing useful life of the metal of the K-1000-60/3000 turbine HP rotor of RNPP Unit 3 will be 26,287 hours. This
will allow us to extend the K-1000-60/3000 steam turbine HP rotor operating time by 25 thousand hours.

Conclusions

1. A model for calculating the thermal and stress-strain states of the K-1000-60/3000 steam turbine
HP pressure rotor has been developed on the basis of the 3D-space analogue. It is established that the stress
concentration zones are the fillets and relief holes in the first stage, as well as the axial hole of the shaft in the
zone of the fourth and fifth stages.

2. It is determined that for the HP rotor, the SSS is dominantly influenced by the centrifugal force
acting on massive turbine rotating elements. It is established that the maximum stress intensity value occurs
in the region of the axial hole of the shaft under the fifth pressure stage, and is 158 MPa.

3. During a cold startup, the maximum stress intensity level (6,=263 MPa) occurs at a time point of
1,400s, and is related with the interaction of temperature stresses and temperature field irregularity. During a
hot startup, the maximum stress intensity level (6,=226 MPa) occurs at a time point of 3,200 s in the region
of the axial hole of the shaft.

4. According to the results of the numerical studies of the resource parameters of the K-1000-
60/3000 turbine HP rotor, the total damage is 107%, including the cyclic and static damages of 11% and
95%, respectively, at design life of 220,000 h. Thus, the further operation of the HP rotor of RNPP Unit 3 is
not allowed.

5. If the expert commission that is composed, in accordance with SOU-N IPE 40.17.401: 2004 [1],
of the representatives of the power plant, specialized and other organizations, can accept the permissible
oprerating time of the metal at the level of 270,000 h, then the remaining useful life of the metal of the
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K-1000-60/3000 turbine HP rotor of RNPP Unit 3 will amount to 26,287 hours. This will allow us to ex-
tend the K-1000-60/3000 steam turbine HP rotor operating time by 25 thousand hours.
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Ouinka pecypcHMX MOKa3HUKIB poTopa BUCOKOro Tucky Typoinu K-1000-60/3000
NPH NPOJOBKEHHI eKCILTyaTamii

0. 10. Uepnoycenko, B. A. Ilemxo

Hamionansauit TeXHIYHUH YHIBepcUTeT YKpainu «KUIBCHKUH MO TEXHIYHUA IHCTUTYT
imeHi Iropst CikopchKoro»,
03056, Ykpaina, m. Kuis, np. [lepemorn, 37

Haoitina poboma amomnux enrexkmpocmanyiu (AEC) € nepedymo6oro cmanoeo po3eumky eHepeemudHo20 cekmopa

Yxpainu. Ha nomounomy emani nanpayroeanns 3uaunoi uacmku napomypoinnoeo yemamkyeamnns AEC nabauscacmovcsi 00
€8020 napkogoeo sHauenHs. Ilpooosoicenns excnayamayii AEC nonad napxosuii pecypc hompe0ye npogeoeHHs nepegipHozo
PO3DAXYHKY 30UUIKOBO20 pecypcy U020 OCHOBHUX eneMmeHmis. Po3pobnena modens oyinKku pecypcHux noKasHuxie pomopa
8UCoK020 mucky naposoi mypoinu K-1000-60/3000. Ha 6a3i mpusumipHo2o npocmoposoco auaioey UKOHAHO PO3PAXYHOK
Mensio8o20 Ma HANPYHCeHO-0ePOpMOBAHO20 CIMAHY POMOPA BUCOKO20 MUCKY OJIA 8CIX MUNOBUX eKCNIYAMAYIHUX PeNCUMIE
pobomu. Bcmarnoeneno, wjo 30HAMU KOHYEHMPAayii HANPY*CeHb € 2anmenbHi CKPY2IeHHA Ma PO38AHMAdNCYBAIbHI OMEopu
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neputux CMmyneHis, a maxkodjic 0cbo8ull Omsip mypoiHu 6 obiacmi yemeepmoz2o ma n’samozo cmyneris. Pospaxynox memnig
HAKONUYEHHS YUKITUHO20 NOWKOOJICEHHSI 8 OCHOBHOMY MEMAJi NPOBeOeHO 3 GUKOPUCAHHAM KOPETAYIIHUX 3a1eMHCHOCmel
MANOYUKI080T 8MOMU, OCKLIbKU eKCNEPUMEHMANbHI 0aHi wjodo oniprocmi cmani 30XH3IM1 DA, 3 saxoi eucomosneHo pomop,
6 iimepamypi eiocymni. Po3paxoeano 0onycmumi 3HAUeHHA YUcel YUKII@ NYCKY 3 PI3HUX MenI08UX CMAHI8 ma 0OnyCIMUMo20
yacy pobomu 3a CmMayioHApPHUX pesicumie excnayamayii. s pomopa eucokoeo mucky enepeoonoxa Ne 3 Pisnencorxoi AEC
(PAEC) oyineno piserb HAKONUYEHOT YUKITUHOL ma cmamuiHoi ROWKoOXiCy8aHocmi. Bemanoeneno, wjo euuepnanus 00620-
mpueanoi MiyHocmi cmari, K MEeXaHizM PYUHYS8AHHS, MA€E OOMIHYIOUULL 6NIUG HA PeCypCHI NOKASHUKU OO0CTIONCYBAHO20
00°ckma NOpIGHAHO 3 MANOYUKL06010 6momoto. Cmamuuna cKiad068a HAKONUYEHO! NOWKOONCYBAHOCMI POMOPA BUCOKO20
mucky myp6inu K-1000-60/3000 onoxa Ne 3 PAEC I1.,=77%, yuxniuna I1,=11%. Inougioyanvruii 3anmuuixosuti pecypc
cknadae 26287 200un, wjo 00360J5€ NPOOOGHCUMU MEPMIH eKCRILYAmayii pomopa 6UcoK020 MUcKy Ha 000amKogi 25 mucsy
200UH.

Kniouogi cnoea: amomma enekmpocmanyis, npoO0SXHCEHHs eKCNITyamayii, 3aIuuKosUll pecypc, naposéa mypoina, ma-
JIOYUKTIOBA BMOMA, 00820MPUBATA MIYHICTb.
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