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Currently, when large-scale military actions are taking place on the territory of
Ukraine, the inclusion of the domestic energy system in the European one is a reli-

able component of providing electricity to the country's energy market. However,

according to experts, uninterrupted and safe operation of nuclear power plants is

still considered a prerequisite for the stable operation of the energy sector of
Ukraine. The purpose of the paper is to assess the damageability and individual
resource of the rotor of high-pressure cylinder (HPC) of the K-1000-60/3000 turbine
power unit of the LMZ after damage to the blades in order to prolong the operation

of the power unit in the conditions of a stressed state of the power system. One of the
most effective ways to partially solve the problem of replacement of generating ca-
pacities is to extend the operating periods of NPP power units after the end of the
project operating period, provided that nuclear and radiation safety standards are
met. The review of the previously established service life of the energy equipment of
NPP power units involves the assessment of the residual resource of the energy
equipment in accordance with the regulatory documents. Afier the accidental dam-
age of the blades of the last stage of the HPC rotor of the K-1000-60/3000 turbine
power unit of the LMZ, there was a need to study the cyclic and static damage, the
individual residual resource of the HPC rotor. In the process of achieving the goal,

studies were carried out for three design options: the original option (five stages of
the HPC rotor), the option without the blades of the last stage and the option without
the fifth stage (with four first stages). The calculation of the resource indicators of
the rotor in the execution of the HPC without blades of the 5th stage shows that the
static damage accumulated in the main metal is 52%, the cyclic damage is 5% when

applying the standard strength reserves for the number of cycles and for deforma-
tions at the level of ny=10 and n,=1.5 according to the recommendations of SOU-N
MEV 40.1-21677681-52:2011. Thus, the total damage to the base metal is 57%,

which sets the residual resource of the HPC rotor at the level of 88.4 thousand
hours. The calculation of the resource indicators of the rotor in the execution of the
HPC without entire 5th stage shows that the static damage accumulated in the base
metal is 52%, the cyclic damage is 6% when applying the standard strength reserves
for the number of cycles and deformations at the above-mentioned level. The total
damage to the base metal is 58%, which determines the residual resource of the
HPC rotor at the level of 85.6 thousand hours.

Keywords: nuclear power plant, steam turbine, K-1000-60/3000, high-pressure cyl-
inder, rotor of high-pressure cylinder, power, pressure, temperature, loss, equipment
resource, unsteady thermal conductivity, thermal state, stress-strain state, low-cycle
fatigue, long-term strength, residual resource, permissible number of starts.

In today's conditions, when large-scale military actions are taking place on the territory of our country,
the inclusion of Ukraine's energy system in the European one is a reliable component of providing electricity to
the country's energy market. However, it is worth remembering that the generation of electricity by domestic
nuclear power plants in the total balance of consumption was about 50% before the start of the full-scale inva-
sion, and therefore, the uninterrupted and safe operation of NPPs is a prerequisite for the stable operation of the
energy sector of Ukraine. In addition, the reliability of the operation of the nuclear power industry against the
background of the significant depletion of energy equipment resources and the shortage of organic fuel at ther-
mal power plants has a positive effect on the socio-economic development of Ukraine. At the current stage,
operating time of a significant part of the steam turbine equipment of the NPP is approaching its equipment
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value. The continuation of their operation beyond the equipment resource requires a verifying calculation of the
residual resource of its main elements.

According to the Program for Extending the Service Life of Energy Equipment of NPPs of Ukraine,
the service life of twelve power units out of fifteen operating power units has been extended for 10-20 years.
The experience of the carried work has shown that the specific financial costs required for meeting the re-
quirements of regulatory documents, which ensure the possibility of obtaining a license for the operation of
power units during the additional service period, are significantly lower than the costs required for building
new power units [1].

One of the most effective ways to partially solve the problem of replacement of generating capacities is
to extend the terms of operation of NPP power units after the end of the project period, provided that nuclear and
radiation safety standards are met. The review of the previously established service life of the energy equipment
of NPP power units involves the assessment of the residual resource of the energy equipment in accordance with
regulatory documents [2-5]. In the event of emergency situations, a verifying calculation of damaged power
equipment is carried out in accordance with regulatory documents [3, 4], which determine the order and fre-
quency of control, as well as the admissibility of extending the service life of the power equipment.

The experience gained in the operation of equipment of the same type at different power plants al-
lows to extend the allowable period of operation of the turbine equipment beyond the equipment resource.

The calculation of the individual resource of the rotor of high-pressure cylinder (HPC) of the
K-1000-60/3000 turbine is carried out using a comprehensive approach, which involves taking into account
the results of non-destructive metal testing with verifying calculations for strength and durability, as well as a
detailed study of the individual history of the unit's operation. At the stage of monitoring the condition of the
metal of the power equipment, which has worked additionally for a long time, the possibility of choosing
rational coefficients of the reserve strength of the metal, which is possible when conducting special experi-
mental studies, should be studied.

As international experience shows, extension of the operating periods of NPP power units after the end of
the project operating period is potentially possible, and provided that nuclear and radiation safety standards are
met, it is one of the most effective ways to partially solve the problem of replacing generating capacities [6-8].

Research purpose

The purpose of the research is to assess the damageability and individual resource of the HPC rotor
of the K-1000-60/3000 turbine power unit of the LMZ after damage to the blades in order to prolong the op-
eration of the power unit in the conditions of the power system's stressed state. To achieve this goal, an ap-
propriate technique was developed, a mathematical model of the thermal and stress-strain state of the high-
pressure rotor of a powerful steam turbine was improved, and relevant research was conducted.

Study of the individual resource of the HPC rotors of steam turbines of NPPs

When studying the individual resource of the HPC rotors of steam turbines of NPPs, a comprehen-
sive approach was applied to establish the individual resource of steam turbines and the possibility of con-
tinuing the operation of power equipment, which includes a calculation study of both the individual operat-
ing time and the permissible number of starts from different thermal states under cyclic loading of the HPC
rotor of the K-1000-60/3000 steam turbine, as well as the individual working time at a static load of the HPC
rotor of the K-1000-60/3000 steam turbine; assessment of the possibility of further continuation of operation
beyond the equipment resource of the HPC rotor of the K-1000-60/3000 steam turbine. The calculated study
of the resource indicators of the HPC rotor of the K-1000-60/3000 steam turbine of the 1000 MW unit during
operation was carried out in accordance with regulatory documents [3-5].

The purpose of the analysis of the technical (operational, design and repair) documentation of the in-
spected equipment is to identify the elements of its structures and areas that work in the most stressful condi-
tions and/or those that are affected by negative factors, the action of which can lead to accidents or operation
failures; detection of modes under which changes in the structure and properties of materials are possible;
determination of the defects development dynamics; development of an expert examination program.

Power unit equipment aging management is carried out at all stages of the service cycle and involves
the following: development of station programs for the aging management of power unit elements and struc-
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tures; formation of a list of elements and structures of the power unit that are subject to aging management; de-
tection and study of aging processes of elements and structures of the power unit (understanding of aging); tak-
ing measures to monitor aging processes of elements and structures of the power unit (metal control); assess-
ment of the current technical condition of energy equipment elements and forecasting its replacement due to
aging; implementation of measures to mitigate degradation; optimization of programs for maintenance, control
and repair of energy equipment of the power unit of the power plant; introduction of additional means of con-
trol and diagnosis of the current technical condition of elements and systems of the power unit of the power
plant; analysis of resource and reliability indicators of structures, systems and elements, performance of work
on resource reassignment of elements, replacement of those that have reached the limit technical condition; the
development of technical and organizational measures for the modernization and reconstruction of the energy
equipment of the power plant unit, as well as the minimization of the elements degradation and their aging
management; continuous improvement of the aging management program based on feedback between opera-
tional experience and research, as well as the results of self-assessment and expert assessments (development
and implementation of additional measures for monitoring and degradation mitigating); documenting activities,
creating and maintaining a database of the technical condition of energy equipment elements and detected de-
fects based on the generalization of information about manufacturing, operation, maintenance, repairs, etc.

When evaluating the residual resource of elements of high-power steam turbines that have exhausted
their equipment resource, it is necessary to perform a verifying strength calculation for energy equipment
elements in which the structure and properties of the metal change, and damage from creep and short-cycle
fatigue accumulates [4].

When assessing the residual life of the rotors of NPP steam turbines, a calculation study of the ther-
mal, stress-strain state, short-cycle fatigue, static damage and individual resource is performed, taking into
account both the actual data on the operating modes of the high-power steam turbine of the NPP, and the
metal properties of its main elements, repair and restoration measures regarding the main elements of the
equipment [8—10].

The HPC rotor considered in the paper was installed on the NPP power unit by the manufacturer of
the turbine in 1995. The K-1000-60/3000 turbine plant is operated at the NPP power unit in accordance with
the technical requirements of the manufacturer. The resource according to the technical conditions of the
manufacturing plant is 30 years.

The operating time of the NPP power unit was 122,000 hours with a total number of starts of 52. At
the same time, similar equipment indicators are equal to 30 years and 600 starts. Over the entire period of
operation of the power unit, the number of starts from cold and close to it thermal states is 27, from hot — 25,
that is, the power unit was operated in basic mode.

Study of resource indicators of the HPC rotor of the K-1000-60/3000 turbine

After the accidental damage to the blades of the last stage HPC rotor of the K-1000-60/3000 turbine
power unit of the LMZ, there was a need to study the cyclic and static damage, the individual residual re-
source of the high-pressure rotor. In the process of achieving the goal, a study was conducted for three de-
sign options: the initial option (five stages of the HPC rotor), the option without the last stage blades and the
option without the fifth stage (with the four first stages).

Mathematical model for calculating the residual resource of the HPC rotor of the K-1000-60/3000
turbine power unit of the NPP

The studies of the thermal and stress-strain states of the HPC rotor of the NPP power unit presented
above showed that the most heavily loaded areas of the HPC rotor are the axial channel in the region of the
fourth stage, the welding fillet roundings of the pressure stages and their unloading holes.

The calculation of the accumulated low-cycle fatigue in the high-pressure rotor was performed in ac-
cordance with regulatory documents [4].

The amplitude of the intensity of the deformation was set according to the values of the intensity of
the deformation during the loading cycle
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where ™, &™" are maximum and minimum value of the strain intensity in the load cycle.

The number of load cycles before the appearance of a crack was determined by the experimental
curves of low-cycle fatigue, obtained from the results of tensile-compression tests of samples at a rigid sym-
metrical cycle and constant temperature. The permissible number of start cycles was taken from the experi-
mental curves as the smallest of the two values

NP = min{&;Nz} ,
ny
where N, N, is the number of load cycles corresponding to the deformation intensity amplitudes on the
short-cycle fatigue curves g, and n,g, respectively; ny, 1, is the safety margin factor for the number of cycles
and deformation.

The key feature of this calculation model is that in the regulatory documents there are no experimen-
tal short-cycle fatigue curves for 30HN3MI1FA steel, from which the HPC rotor of the K-1000-60/3000 tur-
bine is made. Therefore, according to the recommendations of RTM 108.021.103-85, it is proposed to calcu-
late the permissible number of cycles based on the correlation dependence of low-cycle fatigue [8, 9]:

1

1 100 0.6
—lIn——— i

N, = 4 100=v, ; NP = 1——1'25.G -min{ﬂ.NZ}
’ e F

where 6° is the stress intensity in the state of constant creep; oy is the limit of long-term strength; ¢ is the ex-
ponent in the long-term strength equation; yy is the long-term plasticity determined by the median values for
each temperature level 0,...0,; 0, i 0, are temperatures that correspond to the maximum g™ and minimum
g " deformation intensity during the cycle, respectively; C is the coefficient of the current number of cycles

L,at N <10*

EAMN>m“
KT

K is the effective coefficient of stress intensity

Kp =1+ p(Kr=1);
p is the coefficient of sensitivity of the material to stress concentration; n,=1; n,=n. are safety margin factors;
g, is the amplitude of strain intensity, reduced to a symmetrical load cycle
r_ 1+v
“ 15E
v is the Poisson's ratio; E is the temperature-dependent Young's modulus; G, is the fatigue limit at an asym-
metric load cycle

€ (C‘Ga +min(6_1;015)—6N);

Gy =min{cN;G§V};

oy is the fatigue limit of steel under a certain asymmetry of the load, characteristic to this starting mode

G = S .
N G—l 1+7" ’
1+-2=L.

Gltens l-r

o'y is the fatigue limit of steel under asymmetric loading and constant creep
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min{6a|‘cls(7—i) O, 'GIS(TZ) } ato, <G(c)yzcl
o

c
Oy = max | Omax ~

min{oy,(1,);01,(T2)} at o, > 535"
r is the coefficient of asymmetry of the load cycle

c " -2-0
max{—————4:—1t atc™* >0
max
r= c ;

—lLatc™ <0

max

o15(01), oi5(0,) are long-term strength limits corresponding to temperatures 6, and 0,; ¢ is the maximum
stress in the cycle; o.; is the fatigue limit of steel under symmetrical loading; G is the tensile strength of
steel; o, is the stress intensity amplitude

Ggyzc lis the average value of the cyclic yield strength of the material at the temperature reduced to the calculated

temperature 0, and 0,.

The total damage accumulated in the metal of the rotor from the combined action of static loads at ¢’
different types of stable modes and cyclic loads at &’ different types of alternating modes is determined using
the Palmgren-Miner hypothesis with an equation of the form:

where Ty, IT'q are static and cyclic damage accumulated in the studied area of the rotor at the time of calcula-
tion of resource indicators; ¢ is the working time on j-th steady mode at the temperature of the metal 7”; and
equivalent local creep stresses (0'y)™; t',; is the time before the limit state under the action of equivalent local
creep stresses (6”,)™" at the temperature of the metal 7"; »’; is the number of /-th type cycles; N,=N"" is the
number of cycles before the appearance of fatigue cracks under the action of cyclic loads of /-th type only; ¢’ is
the number of different types of stable modes during assessment, at the temperature of the metal 7"; and con-
stant equivalent local creep stresses (6',)™; k' is the number of different types of cycles during assessment,
with different amplitudes of reduced stress intensities Ac’;, or amplitude of deformations €',

All values related to the previous period of operation before the calculation of the residual resource
are marked with a dash.

If, according to the data of the power plant, the distribution of starts by type is unknown, but only
their total number » is known for the time up to the moment of assessment, then the accumulated cyclic
damage IT'.. is determined in reserve according to a simplified formula

, n

I, =—o
cycl ’
Né

where N, is the the number of cycles before the appearance of a fatigue crack, which corresponds to the most
rigid mode (the mode with the maximum deformation amplitude €,).
Residual operating time before the appearance of a crack [G]

[ G]res — 1 - H,

14
IT,,

where I1",, is the averaged hourly damage (resource depletion rate) predicted for the next estimated period of
operation, which will accumulate in the studied area of the rotor during rotation of ¢"-types of stable modes
and k"-types of cycles with different cyclic loads. All values related to the period of operation after calcula-
tion and extension of the resource are marked with two strokes.

res

is determined by the formula

b
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Calculation of the accumulated damage and residual resource of the HPC rotor of the K-1000-60/3000
turbine power unit of the NPP

Using the data on the dynamics of changes in stress intensity in the high-pressure rotor of the NPP
power unit during start from different thermal states (Fig. 1), the values of stress intensity amplitudes o,, load
asymmetry coefficient 7, etc., were determined for all characteristic areas. In addition, other indicators of
low-cycle fatigue, necessary for calculating the permissible number of start cycles from different thermal
states for all structural versions of the HPC, are also determined.

In the high-pressure rotor, 12 characteristic areas of research are chosen in the calculations of dam-
ageability, low-cycle fatigue, long-term strength and individual resource. They are shown in Fig. 1, namely:

1 — axial hole of the rotor in the region of the 4th pressure stage;
2 —tail fastening of the blades of the 1st stage;

3 — 2nd-stage welding fillet from the exhaust side;

4 — 3rd-stage exhaust welding fillet;

5 — unloading hole of the 3rd stage disc;

6 — diaphragm sealing of the 4th degree;

7 —unloading hole of the 4th stage disc;

8 — diaphragm seal of the 5th degree;

9 —unloading hole of the 5th stage disc;

10 — Sth-stage exhaust welding fillet;

11 —ridges of ﬁPal seals on the side of chamber 4; Fig. 1. Characteristic areas of HPC rotor research
12 —rotor shaft in the area of chamber B of end seals. with repair restorations

The most critical points from the point of view of stress intensity and resource indicators are: 1 — ax-
ial hole of the rotor in the region of the 4th pressure stage; 3 — 2nd-stage welding fillet from the exhaust side;
7 — unloading hole of the 4th stage disc; 8 — diaphragm seal of the 5th stage; 10 — Sth-stage welding fillet
from the exhaust side. Calculation studies were carried out for all types of starts in the indicated zones of the
HPC rotor.

Concerning the given data, it should be noted that all presented limits of strength, fatigue and yield
strength o; are temperature dependent ¢. They are obtained due to the analytical processing of experimental
data on the study of physical and mechanical properties of 30HN3M1FA steel at different operating tempera-
tures, given in [4]. The basic equation of the exponential association of the following form was used to ap-
proximate the experimental data

o, =a-(b-e "),
where a, b i ¢ are constants determined by mathematical processing of experimental data.

Analyzing the given data on the resource indicators of low-cycle fatigue of the rotor of different
structural designs of the HPC, it can be noted that most of the studied areas are subjected to symmetrical
loading during the start cycles. Such areas are: 3 — 2nd-stage welding fillet from the exhaust side; 4 — 3rd-
stage welding fillet from the exhaust side, 8 — diaphragm seal of the 5th stage and 10 — 5th-stage welding
fillet from the exhaust side. For them the asymmetry coefficient is =—1. Characteristic regions 1 — axial
hole of the rotor in the region of the 4th pressure stage and 7 — unloading hole of the 4th stage disc are sub-
jected to asymmetric loading, for them the asymmetry coefficient is different for all types of the HPC start
and design.

For the constructive performance of the HPC without blades of the Sth stage with a standard nozzle
device when starting from a hot state (HS), the highest tensile stress that the HPC rotor undergoes is

oM =267.0 MPa, and the largest compressive one is o = -196.0 MPa. Similarly, when starting from a

cold state (CS) o3 =257.0 MPa, 6" = -178 MPa.
For the constructive performance of the HPC without the entire Sth stage when starting from a hot

state, the largest tensile stress that the high-pressure rotor undergoes is oy =299.0 MPa, and the largest
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compressive one is opie =-206.0 MPa Similarly, when starting from a cold state: opa*=296.0 MPa,

oo =-190.0 MPa.

Due to the rather high level of stress intensity amplitudes and the asymmetry of the load cycles, ar-
eas 1 and 7 are the zones that most significantly limit the permissible number of start cycles from different
thermal states for all three HPC structures. Moreover, when starting from a hot state of metal, the area sub-
ject to the most intensive accumulation of cyclic damage is 7 - the zone of unloading holes in the disc of the
4th stage. The permissible number of start cycles from the hot state of the N for HPC without blades of
the 5th stage is 1061, for HPC without the 5th stage - 891.

At the same time, when starting from a cold state of the metal, the area subject to the most intensive
accumulation of cyclic damage is 1 — the zone of axial boring of the shaft in the area under the 4th pressure

stage. The permissible number of start cycles from the cold state of the N{ for HPC rotor without 5th-stage

blades is 1219, for HPC without entire 5th stage — 1050. The results of all calculation studies are summarized
in the form of resource indicators of the high-pressure rotor of the K-1000-60/3000 turbine power unit of the
NPP for various constructive execution of the HPC and are given in the Table 1.

Table 1. Resource indicators of the rotor for various structural designs of the HPC
of the K-1000-60/3000 turbine power unit

The studied parameter Notatign, HPC without blades HPC witll]}out
dimension of 5th stage the entire 5 stage
Current operating time of the power unit T, hours 122000
The current total number of starts n 52
The number of starts from the HS Nius 25
The number of starts from the CS Ncs 27
Coefficients of safety margin ny/ ng 10/1.5
Intensity of stress on nominal mode 6", MPa 185.0 194.0
Amplitude of the stress intensity at HS O, us, MPa 155.0 167.0
Amplitude of the stress intensity at CS o, cs, MPa 146.0 164.0
Allowable operating time 7™, hours 220000 220000
Permissible number of starts from HS Mg 1061 891
Permissible number of starts from CS N¢g 1219 1050
Static damage I, %0 52.0 52.0
Cyclic damage Ty, % 5.0 6.0
Total damage II's, % 57.0 58.0
Residual resource G™, hours 88400 85600

Discussion of results

The calculation of the resource indicators of the rotor in the execution of the HPC without blades of the

5th stage shows that the static and cyclic damage accumulated in the main metal is IT',=52%, IT'=5% when
applying the standard strength reserves for the number of cycles and deformations at 7,=10 and n.=1.5 according
to the recommendations of SOU-N MEV 40.1-21677681-52:2011. Thus, the total damage to the base metal is
IT'y=57%, which sets the residual resource of the high-pressure rotor at the level of 88.4 thousand hours (Table 1).

The calculation of the resource indicators of the rotor in the execution of the HPC without the entire Sth
stage shows that the static and cyclic damage accumulated in the base metal is IT',=52%, IT'.;c=6% when apply-
ing the standard strength reserves for the number of cycles and deformations at the level of 7,=10 and n.=1.5 ac-
cording to the recommendations of SOU-N MEV 40.1-21677681-52:2011. Thus, the total damage to the base
metal is ITy=58%, which sets the residual resource of the high-pressure rotor at the level of 85.6 thousand hours
(Table 1).

The maximum stress intensity for the option without the entire 5th stage increased by 12% compared
to the HPC option without the blades of the 5th stage.

ISSN 2709-2984. Ipobremu mawunodyoyeanns. 2024. T. 27. Ne 1 21



DYNAMICS AND STRENGTH OF MACHINES

According to the results of the calculations of the individual resource indicators of the HPS rotor of
the K-1000-60/3000 turbine for various designs of the HPC, it was established that the operation of the HPC
without the entire Sth stage leads to an increase in the rate of accumulation of damage in the main metal of
the rotor and, as a result, to a decrease of its individual resource.

Due to the changes made to the design of the rotor, it is recommended to carry out detailed calcula-
tions of critical rotation frequencies to ensure a safe set of frequencies during start modes, to perform balanc-
ing of the HPC rotor. In addition, taking into account the damage to the HPC housing, it is necessary to carry
out a verifying calculation and determine the remaining resource of the HPC housing, taking into account the
existing damage in the form of cracks in the diaphragm fastening zones, etc. [1].

If the expert commission, which, in accordance with [3], consists of representatives of the power
plant, specialized and other organizations, can accept the permissible working time of the metal at the level
of 220 thousand hours, then for the option without blades of the Sth stage the static and cyclic damage ac-
cumulated in the main metal is IT',=52%, IT',.=5% when applying the standard safety margins for the
number of cycles and deformations at the level of ny=10 and n=1.5 according to recommendations [4].
Thus, the total damage to the base metal is II'y=57%, which sets the residual resource of the high-pressure
rotor at the level of 88.4 thousand hours. This will allow to continue operation of the K-1000-60/3000 steam
turbine HPC rotor for 50,000 hours.

The results of the calculated study of the resource characteristics of the high-pressure turbine rotors
of NPP power units operating in Ukraine indicate that short-cycle fatigue due to low temperature values in
NPP steam turbines is quite small, i.e. the calculated cyclic damage of the base metal was 5-7%. The main
influence on total damage and individual resource is given by static damage that occurs during the operation
of the power unit in the basic mode.

If the expert commission, which, in accordance with [3], consists of representatives of the power
plant, specialized and other organizations, can accept the permissible working time of the metal at the level
of 220 thousand hours, then for the option without the entire Sth stage the static and cyclic damage accu-
mulated in the main metal is IT'y,=52%, I1'.y,=6% when applying standard safety margins for the number of
cycles and deformations at the level of ny=10 and n,=1.5 according to recommendations [4]. Thus, the total
damage to the base metal is IT'y=58%, which sets the residual resource of the high-pressure rotor at the level
of 85.6 thousand hours. This will allow to continue operation of the K-1000-60/3000 steam turbine HPC ro-
tor for 50,000 hours.

So, from the point of view of resource indicators, the operation of a power unit with a capacity of
1000 MW without blades of the 5th stage of HPC and without the entire 5th stage of HPC is practically the
same. The technical and economic performance of the equipment comes to the fore. However, due to the
changes made to the design of the rotor, it is recommended to carry out detailed calculations of the critical
rotation frequencies to ensure a safe set of frequencies during start modes, to perform balancing of the HPC
rotor. In addition, taking into account the damage to the HPC housing, it is necessary to carry out a verifying
calculation and determine the remaining resource of the HPC housing, taking into account the existing dam-
age in the form of cracks in the diaphragm fastening zones, etc.

Conclusions

1. The maximum stress intensity for the option without the entire 5th stage increased by 12% com-
pared to the option of the HPC without the blades of the 5th stage.

2. According to the results of the calculations of the individual resource indicators of the HPC rotor
of the K-1000-60/3000 turbine for various designs of the HPC, it was established that the operation of the
HPC without the entire Sth stage leads to an increase in the rate of accumulation of damage in the main metal
of the rotor and, as a consequence, to the reduction of its individual resource.

3. A conclusion on the possibility of applying the results of the report for different power levels of
the reactor unit can be made after the calculation of the flow part of the K-1000-60/3000 steam turbine
power unit of the NPP, which must be carried out with the drawing up of the technical task and the manda-
tory determination of the operating mode in which steam turbine K-1000-60/3000 of the NPP power unit will
work most of the time during the year.
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4. If the expert commission, which, in accordance with SOU-N MPE 40.17.401:2021, consists of the
representatives of the power plant, specialized and other organizations, can accept the permissible working
time of the metal at the level of 220 thousand hours, then for the option without the entire 5-th stage, the
total damage of the base metal is IT's=58%, which sets the residual resource of the HPC rotor at the level of
85.6 thousand hours, for the option without blades of the 5th stage, the total damage of the base metal ac-
cumulated in the base metal is IT's=57%, which sets the residual resource of the high-pressure rotor at the
level of 88.4 thousand hours. This will allow to continue the operation of the K-1000-60/3000 steam turbine
HPC rotor for 50 thousand hours.

Recommendations

1. Due to the changes made to the design of the rotor, it is recommended to carry out detailed calcu-
lations of critical rotation frequencies to ensure a safe set of frequencies during start modes, to perform bal-
ancing of the HPC rotor. In addition, taking into account the damage to the HPC housing, it is necessary to
carry out a verifying calculation and determine the remaining resource of the HPC housing, taking into ac-
count the existing damage in the form of cracks in the diaphragm fastening zones, etc.

2. To increase the reliability of turbine elements, reduce heat loads and improve operating condi-
tions, it is recommended to implement the following measures:

—modernize the control system of the main parameters of the turbine with the registration of pa-
rameters affecting the turbine reliability and resource;

— implement systems for monitoring the vibration activity of the turbine unit with diagnostics of the
condition of the elements of the shaft pipeline, including the presence of cracks in the rotors;

— adhere to the task schedules developed by the manufacturing plant and try to minimize significant
deviations;

—implement systems of control and technical diagnostics of the thermal and stress-strain state of
HPC rotors, as well as HPC housings, stop and control valves, based on real-time modeling of the thermal
and stress-strain state of the equipment.

3. At each subsequent planned extension of operation for equipment that has exhausted the equip-
ment resource (SOU-N MPE 40.17.401:2021), it is needed to perform an additional calculation refinement of
the individual resource of the HPC rotor of the K-1000-60/3000 steam turbine:

— experimental studies during planned and preventive repairs in accordance with regulatory docu-
ments (non-destructive control of metal to detect defects and experimental assessment of the resulting dam-
age, study of the structure and properties of metal of high-temperature elements of a steam turbine);

— experimental studies of the effect of aging on changes in the physical and mechanical properties of
structural alloyed steels at operating temperatures for elements that have exceeded the equipment operating time;

— verifying calculation of the individual resource of the power unit taking into account the actual
data on the properties of the metal and operating modes, changes in the project design during repairs and res-
torations, features of start and variable modes of operation, etc., as well as the results of an experimental
study of the metal, for elements that have exceeded the equipment operating time;

— technical audit of the current state of the equipment;

— expert assessment of the condition of the steam turbine's energy equipment with an indication of the
possibility of continuing operation beyond the equipment resource in accordance with regulatory documents.
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IIponoB:keHHs1 Oe3meuyHoi ekciyaTanii Typooycranosku K-1000-60/3000
nicJist momkoxkeHHst poropa LIBT

' 0. 10. Yepnoycenko, ' B. A. Iemxo, >O. I1. Ycarnii

" HaujonanpHuit TexuidHuil yHiBepenteT Ykpainn «KuiBChKuil TOMiTeXHI9HH# IHCTUTYT
imeHi Iropst CikopcbKoro
03056, Ykpaina, m. Kuis-56, mp. [lepemoru, 37

2 . o . N . o . . o -
HamionansHuit TeXHIYHUN YHIBEPCUTET «XaAPKIBCHKUM MOTITEXHIYHUN 1HCTUTYT»
61002, Ykpaina, M. Xapkis, Bys. Kupnndona, 2

Huni, konu na mepumopii’ Yxpainu eedymocs wupoxomacuimabri 601io6i 0ii, 6KIHOUeHHs 6IMYUUHAHOT eHep2o-
cucmemu 00 €6PONEUCHKOL € HAJIUHOI CKIAO0B0I0 3a0e3neYetts eleKMPUYHOIO eHeP2IEI0 eHepeemUYHO20 PUHKY Kpdi-
Hu. I[Ipome nepedymosoro cmanoi pobomu enepeemuuno2o cekmopy Yxpainu, na nepexonaums paxisyis, ece-maxu
ssaxcacmocs besnepebiina U Oesneyna poboma amomHux erekmpocmanyiu. Mema nyonixayii nonsieae 6 oyinyi no-
WKOOHCYBAHOCMI, [HOUBIOYAbHO2O pecypcy pomopa yurinopa sucoxoeo mucky (LIBT) myp6inu K-1000-60/3000 enep-
20010Ky JIM3 nicis nowkoOcents 10Namox Onst NOOO0BICEHHS eKCNIYaAmayii enepeoOioKy 6 YMO8ax HANpyHCeHO20
cmany pobomu enepeocucmemu. OOHUM i3 HAUOLILW eHeKMUBHUX WLTIAXIE YACMKOBO20 BUDIUEHHS NPOOIeMU 3aMilyeH-
H3l 2EHePYIOUUX NOMYACHOCMEN € NPOOOBAUCEHHSL cmpoKie excnayamayii emepeobnokie AEC nicisa 3aeepuients npoexm-
HO20 CMPOKY eKCHIyamayii 3a yMoeu 8UKOHAHHI HOPM si0epHoi ma padiayitinoi besnexu. Ilepeensio paniwe écmanogie-
HUX CMPOKIG CYoHcOU enepeemuuno2o oonaonanns enepeoonokie AEC nepedbauac oyinky 3amumiko8020 pecypcy emep-
2emuiH020 00IAOHAHHS 32I0HO 3 HOPMAMUSHUMY OOKYMenmamu. TTicis asapitino2o nOwWKOOXNCeH s pOOOUUX JTONAMOK
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ocmannvboeo cmynens pomopa L[BT myp6inu K-1000-60/3000 enepeobnoxy JIM3 eunuxna neoOXiOHicmb Y 6UGUEHHI
YUKTTYHOT ma cmamuyHoi nowmKoOHCy8aHoCcmi, iHOUGioyanbHo2o 3anuukogozo pecypcy pomopa LIBT. ¥ npoyeci docse-
HeHHsl NOCMasieHol memu Oyau npoeederi 00CHLONCEeHH s Ol MPbOX 8APIAHMIE KOHCMPYKYILL: 6UXIOHUL éapianm (n’smb
cmynenie pomopa L[BT), sapianm 6e3 pobouux 10namox ocmanibo20 cmynens i eapianm 0e3 n’amoeo cmynems (3 4o-
mupma nepuwiumu cmyneusimu). Ilposedenuti pospaxynok pecypcrnux nokasuuxie pomopa y euxounanni L{BT 6e3 pobouux
JIONAMOK 5-20 CMYNeHs NOKA3YE, WO HAKONUYEHe 8 OCHOBHOMY MEeMAli Cmamuine noukoolicents ckraoae 52%, yuxnui-
YHe NOWKO0OJHCeHHs — ye 5% npu 3acmocy8aHHi HOPMAMUGHUX 3ANACI8 MIYHOCMI RO YUCTY YUKTIG [ no depopmayisx Ha
pisni ny=101i n,=1,5 3eiono 3 pexomenoayiasmu COY-H MEB 40.1-21677681-52:2011. Takum wurom, cymapre nowko-
0JICEHHsL OCHOBHO20 Memally ckaaoae 57%, wo ecmanosmoe 3amuuxosuti pecypc pomopa L[BT na pieni 88,4 mucsu
2o00un. Ilposedenuii po3paxyHox pecypchux nokasuwukie pomopa y euxonauui L{BT 6e3 6cbozo 5-20 cmynens nokasye,
WO HAKONUYeHe 8 OCHOBHOMY MEMAaii CMamuyHe NOWKOONCeH s, cmanosums 52%, yukiiyne nowkooicenns — 6% npu
3ACMOCYBAHHI HOPMAMUGHUX 3ANACI8 MIYHOCMI NO YUCTY YUKII6 ma no degpopmayisx Ha suuje3asHadyeHomy pieui. Cy-
MApHe NOUIKOONCEHHS OCHOBHO20 Memainy ckiaoae 58%, wo eusnauae 3anuwikoguil pecypc pomopa L[BT na pisHi
85,6 mucau 200um.

Knrouosi cnosa: amomna enexkmpocmanyis, naposa mypoina, K-1000-60/3000, yurindp eucoxo2o mucky, po-
MOp YUNHOPA BUCOKO20 MUCKY, NOMYIHCHICTNG, MUCK, MeMnepamypd, 6mpama, NapKosull pecypc, HeCmayioHapHa men-
JIONPOBIOHICMb, MENNOBUL CIAH, HANPYIHCEHO-0ehOPMOBAHUTI CMAH, MATOYUKIIOBA 8MOMA, 00820MPUBANA MIYHICMDY,
3aIUUKOBUT pecypc, 00nyCmume Yucio nycKie.
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