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Introduction

During the operation of steam turbines, accidental damage to the blades of the rotors and stators of power-
ful steam turbines often occurs [1]. The main reasons for emergency stops of steam turbines were vibration fatigue
of the blades material, erosive damage to the blades body, and resonance problems during the power equipment
operation, which are thoroughly discussed in [2—4]. The given physical values of vibration loads on the blades are
caused by the low load of the turbine stage, the low vacuum behind the last stage, the presence of small mass flow
rates of steam at the start-up operation modes and circulation flows, zones of different pressure, etc. Because of the
above-mentioned factors, vibrational stresses, excitation forces of the blade feather might occur, which will lead to
destruction. Real damage can occur in the process of simultaneous action of erosive damage of the blade body from
moisture, cavitation, and the interaction between Coriolis centrifugal forces on the blade surface [4].

Works related to the assessment of changes in the thermal and stress-strain state of power equipment
elements, which have a significant impact in the conditions of a nuclear power plant on the continuation of tur-
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bine operation after its damage, deserve special attention. The paper examines and analyzes the changes in the
thermal and stress-strain state that may occur after damage to the HPC rotor of the K-1000-60/3000 turbine
power unit of the LMZ in the station conditions and will allow to assess the individual resource and prospects
for continued operation of the power unit.

For each specific case of emergency damage to the rotor blades, the turbine type and its purpose, the
strength and location of the blades damage, the repair capabilities of power plants and other important informa-
tion must be taken into account.

Research purpose

The purpose of the paper is to analyze and evaluate the thermal and stress-strain state of the HPC rotor
of the K-1000-60/3000 turbine power unit of the LMZ to extend its operation under the conditions of the
stressed state of the power system. To achieve this goal, an appropriate technique was developed, a mathemati-
cal model of the thermal and stress-strain state of the HPC rotor of powerful steam turbine was improved, and
relevant research was carried out.

Main material

After the accidental damage to 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 assess changes in the thermal and stress-strain state of the
HPC rotor. In the process of achieving the set goal, studies were carried out for three designs 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).

Operating modes, technical audit and geometric model of the HPC rotor of the K-1000-60/3000 steam turbine

The start-up modes of the NPP power unit are differentiated depending on the temperature of the outer sur-
face of the HPC flange in the steam start-up area. According to the operating instructions for the K-1000-60/3000
steam turbine of the NPP power unit, it is possible to distinguish 3 main start-up operating modes [1]:

a) start-up from a cold state at the temperature of the metal of the outer surface of the HPC flange in
the steam inlet zone 7" ypc<<100 °C;

b) start-up from uncooled state at temperature 7°" ;pc=100-150 °C;

¢) start-up from hot state at temperature 7°" ;pc>150 °C.
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Fig. 1. Task graph of starting the K-1000-60/3000 turbine from a cold state:
T — intermediate superheating; MSV — main steam valve
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When calculating the thermal state of the HPC rotor during start-up modes, the non-stationary problem
of thermal conductivity, which requires the establishment of the boundary conditions of heat exchange of the
I-IV type, which must necessarily correspond to the task graphs of the start-up of the K-1000-60/3000 turbine
from various thermal states, is solved. Graphs of start-up with cold state are shown in Fig. 1.

Technical audit of the K-1000-60/3000 steam turbine of the NPP power unit

During start-up tests of the system of the turbine automatic adjustment at idle speed, an event oc-
curred. That event was related to the destruction of the 5th stage of the left flow of the HPC rotor of the tur-
bine, as a result of the destruction of the supporting ridge of the working disc on the side of the steam inlet
due to the occurrence of fatigue damage in the area of the holes for the blade fastening pins. Post-repair tests
of the automatic regulation system of the power unit were performed.

During the inspection, the following damages of the 5th stage of the left flow of the HPC rotor were
found: the destruction of the disc of the blades in the blades fastening pins; mechanical damage (burrs, color
change) of the end of the working disc on the side of the steam inlet; breakage of all stators from the lower and
upper half of the diaphragm rim and body; rotation of the diaphragm clamp by ~50 mm counterclockwise;
breakage of four bolts that connect the upper and lower clamps of the diaphragm,; traces of friction "metal on
metal" (with characteristic colors of variability) on the upper body of the diaphragm and the end of the working
disc; mechanical damage (burrs, dents, metal encrustation) of the labyrinth seals of the HPC rotor diaphragm;
on the entire surface of the lower and upper diaphragm rim and body in the places where the stators are at-
tached, mechanical damage (burrs, dents, metal wear); the destroyed profile of the upper and lower cage of the
diaphragms in the blades area.

According to the results of the inspection of the corrosion condition after opening the HPC, it was
established that the surface of the HPC rotor blades and the inner surface of the HPC body are covered with a
thin, uniform layer of finely dispersed brown deposits that are easily removed. The conducted analysis indi-
cates that damage to the rotor blade apparatus of the HPC rotor at the NPP is quite rare. A similar incident
occurred in 1995 and was caused by the separation of the diaphragm stators between the 4th and 5th stages
on the generator side. After breaking off, the stator got into the gap between the diaphragm and the blades of
the 5th degree, which led to the breakage of all the blades of the lower half of the diaphragm and two blades
of the upper half of the diaphragm (in our case, both the lower and upper blades of the diaphragm were bro-
ken). After the destruction of the diaphragm blades, the body of the diaphragm fell on its rim and hit the
blades of the 5th degree. As a result of the impact, the blades of the 5th stage of the HPC rotor and the disc
rim were destroyed. According to the conclusion of the manufacturer, the cause of this event is the rupture of
the diaphragm stators due to the action of loads during operation, that is, the manufacturer recognized a pos-
sible structural defect of the K-1000-60/3000 turbine.

Based on operational experience and taking into account the conclusions made by the commission
during the investigation of the event of 1995, it is proposed: to measure the deflection under the control load
of the diaphragm of the 5th degree and the diaphragm of the 4th degree of both steam flows (left and right);
to conduct similar checks on all K-1000-60/3000 turbines operated in Ukraine; to organize the manufacture
and replacement of diaphragms that have a deflection higher than the permissible one, with improved ones.

According to the act of defecting of the HPC of the K-1000-60/3000 power unit and in view of the
destruction of the 5th stage of the left flow of the HPC rotor, the main damages of the high-pressure rotor of
the NPP turbine, detected during the diagnostic control of the technical condition, are: damage to the fasten-
ing of the blades of the 5th stage of the left flow with separation from the disc and destruction of the ridges
of the disc of the rotor shaft of the 5th stage of the left flow in the fastening points of the blades; mechanical
damage (scratches, burrs) on the end surfaces of the shaft discs of the 5th stage of the left flow on the side of
the steam inlet and the 4th stage of the left flow on the side of the regulator; mechanical damage (wear) on
the rotor shaft of the labyrinth seal of the diaphragm of the 5th stage of the left flow; other damage to the
blades of the 4th stage and the bandages of the blades of the 3rd, 4th stages.

In relation to these damages, the following repairs were carried out: the ridges of the 5th stages of
the left and right flow were drilled until they were completely removed; grinding of the damaged end sur-
faces of the discs of the 4th and 5th stages of the left flow was performed; diaphragmatic labyrinth sealing of
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the Sth degree was carried out until the damaged places were eliminated; new blades of the 3rd and 4th
stages were installed with the adoption of accompanying technical measures. According to the results of non-
destructive testing of the state of the metal of the high-pressure rotor, no other defects were found.

A geometric model of the HPC rotor was created during the calculated assessment of changes in the
thermal and stress-strain state of the HPC rotor, taking into account the data of the technical audit. For the struc-
turally complex high-pressure rotor, the geometric model is made in a three-dimensional setting taking into ac-
count the main structural elements based on the passport drawing of the K-1000-60/3000 turbine (Fig. 2).

Due to the symmetry
of the HPC flows, it is al-
lowed to consider one flow
for conducting numerical
studies [5, 6]. During the de-
velopment of the calculated
analogue of the HPC rotor,
the construction of all forged
surfaces of the left flow of
the rotor from the central
plane of symmetry between
the two steam flows to the
last segment of the end seals
was carried out. All structural
elements, including welding
fillets and radial transitions of
stage discs, unloading holes,
tail mounts of blades, geome-
try of end and diaphragm
seals are reproduced accord-

ing to industrial drawings of
the manufacturing  plant | Fig. 3. Calculated geometric analogue of the HPC rotor of the K-1000-60/3000 turbine:
(Fig. 3, a). a — in the design, b — after repairs

In addition, another geometric analogue of the HPC rotor, which takes into account the results of re-
pairs and restorations in accordance with the act of defecting, was developed. The main changes made to the
project design are the grooving of the ridges of the tail mounts of the 5th stage blades until they are com-
pletely removed, the grooving of the labyrinth seal of the diaphragm of the 5th stage on the shaft, cleaning
and grinding of the ends of the discs of the 5th and 4th stages, etc. (Fig. 3, b).

Study of the thermal and stress-strain state of HPC rotors of NPP steam turbines

The calculated assessment of the thermal and stress-strain state of the HPC rotor contains equations
of unsteady thermal conductivity with boundary conditions of heat exchange on the rotor surfaces according
to the developed software complex [1].

The boundary conditions of heat exchange were determined on the basis of a detailed calculation of
the HPC steam compartments for various design features of the HPC rotor.

The equation of non-stationary thermal conductivity has the form [7, 8]

div[A(T)-grad(T)]=c(T)-y(T) 66—7; >

where A, ¢, y are functions of temperature and coordinates under the initial condition
To=T(x, y, z, 0)=fo(x, ¥, z) and boundary conditions of the I-IV type.
Boundary conditions of the I-IV kind have the form

Twl :TWZ;
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When determining the boundary conditions of the heat exchange of the HPC rotor, it is necessary to
have information about its characteristic dimensions and to perform a detailed calculation of the flow part at
the nominal operating mode. During the detailed calculation of the compartment, the main thermodynamic
parameters of the steam (pressure, temperature, specific volume), enthalpy differences, loss values, and ve-
locity values on the average cross-section for the nozzle and blades of each studied stage are determined. In
case of non-stationary operating modes, the calculated estimate of the above steam parameters is used for
costs corresponding to the start-up schedules of the NPP power unit (Figs. 1-3).

After determining the main parameters of the steam in the nominal and variable operating modes, the
boundary conditions were determined according to the normative document [7, 8].

The coefficient of heat transfer from the steam to the inter-blade surfaces of the HPC rotor is deter-
mined by the formula

Nu =0.206-Re*%. 57

S: sinB1 ’ 2b0 .
sinf3, \/[.[.sin(Bl +Bz)'COSZ(BI;sz

To establish the Reynolds and Prandtl similarity criteria, the length of the surface in the direction of
the blade was used. At the same time, the speed is calculated as the arithmetic mean value of the relative ve-
locity at the inlet and outlet of the blade, and the temperature is the arithmetic mean temperature of the me-
dium at the inlet and outlet of the blade.

For rotor stage discs rotating in a large volume, the similarity equation has the form

Nu=0.0197-(n+2.6)"* -Re"*. Pro¢,

where 7 is exponent in the equation of temperature pressure change along the disc radius

t,—t,=c-r".

The following similarity equation is used for rotor stage discs rotating in a casing between adjacent
diaphragms:

0.25
s
Nu=0.0256-(1-z,)"" -Re™”™- Pr’°. (—j .
r
The determining size is the radius of the calculated section, the determining speed is the circular
speed at a given radius, the determining temperature is the temperature of the medium that washes the disc.
For sections of the rotor with direct-flow seals, the equations of convective heat exchange were used
in the form
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_0.256- Re%6. pri4

- (SJO.OSS ‘ (hj0.075 ’
) o

= 0.0454-Re8. pro4

S0

where s is the step between the ridges of the seals; /4 is the distance between the surface of the rotor and the
cylinder body; 6 is clearance between the rotor surface and the ridges of the seals.
For stage seals, the formula is applied

atRe=2.4-10%...8.7-10°

b

, atRe=8.7-10°...1.7-10°

-0.56
Nu = 2.04-Re°'5-(§j Pr®*, atRe<1-10*

-0.56 :
Nu = 0.476-Re°‘7-(§j Pr’*, at6-10° <Re<1.2-10°

For diaphragm and intermediate seals with straight-flow or stage labyrinths, an equation of the form is
used

k h

where z is the number of seal ridges; pi, p, is full pressure before and after the labyrinth; & is flow rate for a
given type of seal, determined by equation

0.7
Nu:M.Rew(ﬁj Pr’®, at3.5-10° <Re <2.5-10°,

G

lg(pi = p3) '
/ z-R-T

For these types of seals, the determining size is twice the size of the gap 2-6.
The determining speed is the average speed of steam in the seal:

k=

wo- Gy Vo
Fy
where G, is consumption of sealing steam
G,=np, F,- )
F), is working area of seals
F,=n-d, 5.

The determining temperature is the arithmetic mean temperature of the steam at the inlet and outlet
of the seals.
Heat exchange on the surfaces of the rotor shaft in contact with air is described by the criterion equation
Nu=0.11-(0.5-Re*+ Gr)"*

for the range 10°<0.5-Re+Gr<10’.
The determining size is the outer diameter of the rotor, the determining speed is the circular speed of
the rotor at the outer radius, the determining temperature is the average temperature of the boundary layer.
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For the part of the rotor surface located in the bearings, the heat transfer coefficient is found from the
similarity equation of the following form

Nu=6-(Re,-Pr,)" %
ib
where dj, is diameter of the journal bearing of the rotor shaft; J, is the length of the oil-washed surface of the
journal bearing of the rotor shaft.

When establishing the similarity criteria of Reynolds and Prandtl, the diameter of the shaft journal bearing
is the determining dimension dj, the determining speed is the circular speed on the given diameter u, and the de-
termining temperature is the average arithmetic temperature of the oil at the entrance and exit from the bearing £,

Thus, on the heat exchange surfaces of the HPC rotor of the K-1000-60/3000 turbine, boundary con-
ditions of the III type were set using hyperbolic interpolation, and on the surface of the axial channel, bound-
ary conditions of the II type were set. Schemes of steam leaks in the flow part and in seals were taken into
account, as well as real work schedules under typical operating modes, namely stationary and starts from
cold, uncooled and hot states.

The stress-strain state of the HPC rotor was evaluated in the elastic-plastic formulation using the finite-
element method of discretization of the computational domain. The main types of stress were taken into account,
namely temperature stress, non-uniformity of temperature fields, pressure stress and centrifugal force [7, 8].

The equilibrium equation in tensometric form is

{GZ}J "f‘le :0 5 iﬂj:172’ 39 pj :f(xvyazvo)a

where {o;}; are normal and tangential stresses in HPC rotor elements; X; is the mass force acting in the ele-
ments of the rotor (centrifugal force, gravity, resistance reactions, etc); p; is the external distributed load; p; is
the density of steel turbine.

The equation of the compatibility of deformations and the law of elasticity in matrix form has the form

{8!-]-}2[(1]{6”}+{B'AT} >

where {g;} is the deformation vector; [a] is the matrix of elasticity coefficients; {o;} is the stress vector;
{B-AT} is the vector of temperature deformations; 3 is the volumetric expansion coefficient; AT is the change in
temperature of HPC rotor elements during operation.

During calculation studies of the thermal and stress-strain state of the HPC rotor, all thermal-
physical and physical-mechanical characteristics of 30HN3M1FA (KP-60) steel were determined depending
on the temperature in accordance with regulatory documents [§].

Discussion of results

The thermal and stress-strain state for the stationary operating mode is performed in a quasi-
stationary setup. The temperature level is 270 °C. The maximum stress intensity is observed in the axial hole
and in the unloading holes of the discs of all five stages and is equal to 158 MPa, which is explained by the
large values of centrifugal forces acting on the discs of the pressure stages and blades. The highest level of
stress occurs in the zone of the fifth degree, which is the most massive and covered with the heaviest blades.

The starting operating modes are considered in the non-stationary setting. Information on the un-
evenness of temperature fields over time, which is depicted in the form of the dynamics of temperature gra-
dient changes for the most characteristic areas, is of particular interest in variable operating modes [9, 10].
For start-up from a cold state, the temperature gradient reaches 1200-1300 K/m in the initial stages of start-
up, which indicates the existing non-uniformity of temperatures.

A numerical study of the thermal and stress-strain state of the HPC rotor of the K-1000-60/3000 tur-
bine was performed for the most typical operating modes, namely: nominal at an electric power of
1000 MW, start-ups from cold and hot metal states. At the same time, three options of the design of the HPC
were considered: the project design, without the blades of the Sth stage of the HPC with the regular nozzle
apparatus, without the entire 5th stage.

The finite element method was used to solve the boundary value problem of non-stationary thermal
conductivity and calculate the thermal stress state at typical operating modes. The calculated model of the rotor
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in a three-dimensional setting was discretized by more than 10 million finite elements with a thickening of the
grid in the radial direction, especially in the zones that are stress concentrators, which include the relief holes
and the rounding of the stage discs, the ridges of the diaphragm and end seals, etc. In addition, significant atten-
tion was paid to places where repairs and restorations were carried out in accordance with the act of defecting.
The grid of finite elements thickens to the outer surface of the rotor according to the law of geometric progres-
sion, when each finite element closer to the outer surface of the shaft is 1.4 times smaller than the previous one.
The size of the smallest element is 1 mm.

Calculation studies of the thermal and stress-strain state of the HPC rotor at the nominal operating
mode for various structural versions of the HPC were carried out in a quasi-stationary setting. Thermophysical
and mechanical properties of 30HN3M1FA steel are temperature-dependent and specified using exponential
approximation.

For the original option, the highest temperature of the base metal is typical for the disc of the first stage
and is 264.5 °C (Fig. 4, a). The temperature of the metal of 2—5th stages decreases uniformly from 235.5 to
169 °C. In the area of end seals, the temperature of the metal also gradually decreases from 146.5 to 114.3 °C.
Thus, it can be stated that there is a uniform temperature field of the HPC rotor, and that the value of the tempera-
ture gradients does not exceed 800 °C/m. The largest temperature gradients are observed at the ends of the discs of
all five stages along the steam flow after the blades and in the area of the chimney chamber of the end seals.

The obtained stress-strain state shows that for the design structure (Fig. 4, b) when working at the
nominal parameters of the steam, the most stressed arcas are the discharge openings of the 5th stage
(6=202.8 MPa), the axial opening of the rotor in the area of 5-th degree (6=195.2 MPa), as well as the 5th
degree welding fillets on the side of the end seals (5;,=200.3 MPa) and the unloading holes of the 4th and 3rd
degrees with a stress intensity of about 170-185 MPa. The high values of the stress intensity in the area of
the 5th stage can be explained by the significant mass concentration of both the stage itself and its blades,
which provoke significant centrifugal forces when working at the nominal rotation frequency.

For the option of the HPC without the blades of the 5th stage (Fig. 5, a), the temperature field of
most of the rotor is similar to the original option. Higher temperatures are observed for the end wall of the
Sth stage disc on the exhaust side and for the metal in the area of the final seals (from 161.2 to 123.5 °C).
This is due to the higher retardation temperature of the steam after the five stages of the cylinder.

For a HPC without blades of the 5th stage, there is a shift of the maximum stress intensity to the area
of the unloading holes of the 4th and 3rd stages, as well as the axial hole of the shaft under the same stages
(Fig. 5, b). The maximum stress value is G; ,,—184.8 MPa. At the same time, the stress intensity in the area
of the discharge holes of the 5th degree decreased almost by half to the level of 124 MPa.

The HPC option without the Sth degree differs most significantly from the design one (Fig. 6, a).
Due to the increase in thermal differences that trigger the 3rd and 4th stages, the temperatures of the metal of
the discs are lower by 2—6 °C. At the same time, the temperature of the metal of the Sth stage disc drops sig-
nificantly to 157 °C (by 12 °C). The temperature of the metal in the area of the end seals is similar to the
original option (from 151.1 to 115.3 °C). There is a noticeable increase in the temperature gradients at the
ends of the discs of the 3rd and 4th stage to 857 and 943 °C/m, respectively, which is still a relatively low
value, but indicates the complication of the working conditions of the metal of these stages.

The geometric and mass characteristics of the rotor in the design of the HPC without the entire 5th
stage and without the blades of the 5th stage are the same. However, due to significant differences in the
thermal state, there are similar differences for the stress-strain state. Thus, the largest stress concentrators
continue to be the unloading holes of the 4th and 3rd stages and the axial hole below them, but the maximum
value of the stress intensity increases to 6; n.x—193.7 MPa (Fig. 6, b), which indicates more difficult working
conditions of the 4th grade metal in this design of the HPC.

At the same time, it should be noted that the maximum level of stress intensity, which occurs in the
main metal of the HPC rotor, does not exceed the yield strength of 30HN3M1FA steel (5,,=493 MPa) at the
calculated temperature (¢,,,,=270 °C) for all three design options of HPC.

When studying the thermal state of the HPC rotor when operating at the nominal parameters of the
steam, it was established that the thermal field is quite similar in the three design options of the HPC flow
part. The key differences are: for HPC without blades of the 5th stage, there is an increase in the temperature
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of the metal in the area of the final seals from the exhaust to chamber 4 by 9—15 °C; for HPC without the 5th
stage, the temperature of the end part of the disc of the Sth stage decreases by 12 °C.

The specified changes in the thermal state, as well as changes in the geometry and mass characteris-
tics of the shaft, also lead to changes in the stress-strain state of the HPC rotor. For the option of the HPC
without blades of the 5th stage, the maximum stress intensity decreased by 8.9%, for the option without the
Sth stage — by 4.5%.
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Fig. 4. Thermal (a) and stress-strain state (b) at the nominal operating mode (1000 MW) of the HPC rotor
of the K-1000-60/3000 turbine in the design option
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Fig. 5. Thermal (a) and stress-strain state (b) at the nominal operating mode (1000 MW) of the HPC rotor
of the K-1000-60/3000 turbine without blades of the 5th pressure stage with standard nozzle apparatus
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Fig. 6. Thermal (a) and stress-strain state (b) at the nominal operating mode (1000 MW) of the HPC rotor
of the K-1000-60/3000 turbine without all the 5th pressure stage

It should be noted that information on the non-uniformity of temperature fields in the form of non-
stationary temperature gradients is of considerable interest for the start-up modes of power equipment. In the
HPC rotor, 12 characteristic areas of research are chosen. They are shown in Fig. 7, namely:
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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 final seals on the side of chamber 4;
12 —rotor shaft in the area of chamber B of end seals.

Fig. 7. Characteristic areas of HPC rotor research
with repair restorations

Fig. 8 shows the dynamics of changes in temperature gradients and metal temperature during start-up
from a cold state in the characteristic areas of research of the HPC rotor of the K-1000-60/3000 turbine.

During start-up from the metal cold state, high values of temperature gradients are observed in most
of the studied areas (Fig. 8, a) starting from the moment of time of 3040 s, which corresponds to the moment
of the rotor shock, and the maximum value of the temperature gradient during the entire start-up is
grad 7=952 K/m — in the area of the diaphragm seal of the 4th degree at the moment of time of 4400 s (syn-
chronization with the power grid). Such a high value can be explained by the unformed contact flow of the
flow of the sealing steam throttled in the previous segments of the seals and by the loss of sharp steam after
the nozzle apparatus of the 3rd stage. In the subsequent stages of start-up, together with the normalization of
the nature of the flow in the turbine flow part and end seals, as well as the stabilization of the thermal field of
the HPC rotor, the values of the temperature gradients are significantly reduced to 400 K/m.
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Fig. 8. The dynamics of changes in temperature gradients in the characteristic areas of the rotor study with start-up
from a cold state of the metal:
a — temperature gradients; b — temperatures

While studying the dynamics of changes in the temperature of the metal in the characteristic areas of
the study, it can be noted that the heating of the base metal occurs quite smoothly. The rotor undergoes the
fastest heating during 42004480 s (from the moment of synchronization with the load up to 50 MW), but at
the same time, the metal heating rate of 5.2 °C/min still does not exceed the permissible values (7 °C/min).
Together with the end of the start-up period, the stabilization of the temperature field of the rotor is almost
completed, which is associated with a sufficiently long endurance of the rotor at the electric power of the
generator of 750 MW.

The analysis of the above data allows to establish the moments of time at which the unevenness of
the temperature fields has the greatest impact on the stress-strain state of the HPC rotor. At the same time, it
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should be taken into account that the cyclic stresses will not always be maximum at these moments of time,
since there are other mechanical loads that the metal of the HPC rotor is subjected to, such as internal
stresses from thermal expansion, tensile centrifugal forces of shaft rotation, pressure forces of the steam me-
dium, bearing supports reactions and others.

The main stress concentrators in the nominal operating mode are the unloading holes and the round-
ing of the stage discs, as well as the axial hole of the shaft.

Conclusions

1. When studying the thermal state of the HPC rotor when working at the nominal parameters of the
steam, it was established that the thermal field is quite similar for the three design options of the HPC flow
part. The key differences are: for HPC without blades of the 5th stage, there is an increase in the temperature
of the metal in the area of the final seals from the exhaust to chamber 4 by 9—15 °C; for HPC without the 5th
stage, the temperature of the end part of the disc of the 5th stage decreases by 12 °C. The indicated changes
in the thermal state, as well as changes in the geometry and mass characteristics of the shaft, also lead to
changes in the stress-strain state of the HPC rotor.

2. The maximum intensity of stresses for the option without the entire Sth stage in comparison with
the option of the HPC without blades of the Sth stage increased by 12%.

3. To increase the reliability of turbine elements, reduce heat loads and improve operating condi-
tions, it is recommended to modernize the control system of the main parameters of the turbine with the reg-
istration of parameters affecting the reliability and resource of the turbine; implement systems for monitoring
the vibration activity of the turbine unit with diagnostics of the condition of the elements of the shaft pipe-
line, including the presence of cracks in the rotors; adhere to the task schedules developed by the manufac-
turing plant and try to minimize significant deviations; implement systems of control and technical diagnos-
tics 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.
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3MiHH TemI10BOIr0 Ta HANMpYy:keHo-nedopmoBanoro crany poropa LIBT nory:xHoi Typoinn AEC
MicJI5 MONIKO/IPKEHHSI JIONATOK

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

' HanionansHuii TexHiunmii yHiBepeuteT YKpainu «KuiBchKuii IOTiTeXHIYHMi iHCTHTYT
iMmeHi Iropst CikopchKoroy
03056, Ykpaina, m. Kuis-56, mp. ITepemoru, 37

2 . o~ . o . . o . . o -
HamionansHuit TeXHIYHUN YHIBEPCUTET «XaAPKIBCHKUM MOTITEXHIYHUN 1HCTUTYT»
61002, Ykpaina, M. XapkiB, Bya. Kupnudosa, 2

Ha npaxmuyi npu excniyamayii naposux mypoin maroms micye asapiiiii NOUKOONICEHHs. POOOYUX IONAMOK PO-
mopie i HaNPAIAYUX ANaAPAMiIe NOMYHCHUX NAposux MmypoiH. I 0108HUMU NPULUHAMYU ABAPIUHUX 3YNUHOK NAPOBUX MYp-
Oinu 6ynu gibpayiiina 6moma mamepiary I1ONAMOK, epo3itiHe NOUWKOONCEHHSL MIAQ JONAMOK | Pe30HAHCHI npobiemu npu
pobomi enepeoobradnanns. Buxoosuu 3 yvoco 0ocniddcenss, no’éa3ani 3 OYIHKOIO 3MiH MENI08020 U HANPYIHCEHO-
depopmosarnozo cmamny enemenmis enepeemuuno2o 0oraonanns, sxi na AEC 3nauno eniusaromv Ha NPooo8IHCeHHsL eKC-
nayamayii mypoinu nicis it HOUK0OdCeH s, € 00CUMb aKMyarbHumMu. Po3ensnymo il npoananizoeano 3minu meniosoo i
HAaNpy#ceH0-0eqhopMoB8aAHO20 CIMAHY, SAKI MOXCYMb BUHUKHYMU NICIA NOWKOONCEHH POMOpa YUIHOPA BUCOKO20 MUCKY
(LIBT) myp6inu K-1000-60/3000 enepeobnoky JIM3 6 ymosax cmanyii i 3a6e3neyamsv MOACIUGICING OYIHKU THOUBIOYANbHO-
20 pecypcy Ui npooogicenHs pobomu eHepeodnoky. Ilpu pospaxynkosiui oyinyi 3miH Menio8o20 ma HANPY*CeHO-
degpopmosarnozo cmany pomopa L[BT, bepyuu 00 ysacu 0ani mexniyno2o ayoumy ujooo HOUKOOICEHb, CMBOPEHA 2eoMe-
mpuuna modenv pomopa. Ilpogedeni 0ociodicenHss 051 MPbOX 6aPIaHMie KOHCMPYKYIN. 6UXIOHUI apianm (n’amb cmyne-
nie¢ pomopa LIBT), eapianm 6e3 podouux 10namox oCmanHb020 CmyneHs i eapianm 6e3 n’samozo cmynems (3 womupma
nepuiumu cmynenamu). sk npoekmmoi KOHCmpyKkyii npu pobomi Ha HOMIHAIbHUX NAPpAMempax napu Haubitbw Hanpy-
JHCEHUMU 0OACMAMU € PO3BAHMANCYBATbHT omeopu 5-eo cmynens (0,=202,8 MIla), ocvosuti omsip pomopa 6 obiacmi 5-
2o cmynens (0,=195,2 MIla), a maxooic eanmenv 5-eo cmynens 3 60Ky Kinyesux ywjinonens (0,=200,3 MIla) i pozeanma-
Jrcy8anvii omeopu 4-2o0 i 3-20 cmynenis 3 inmencusricmio Hanpyicens oauzvko 170—185 MIla. Bucoki 3nauenist inmencu-
6HOCMI HANPYJHCEHb 8 001acmi 5-20 CIMYNeHs MONCHA NOACHUMU CYMIMEBUM 30CePeONHCEHHAM MACU K CamMo20 CMynems,
max i 020 poboHux IONAMOK, w0 NPOBOKYIOMb 3HAUHI GIOYEHMPOBI 3YCUNISL NPU POOOMI HA HOMIHATLHIL Yacmomi obep-
manns. [na pomopa L[BT b6e3 pobouux 10namox 5-eo cmyneus cnocmepieacmscsa 3MileHH MAKCUMYMI THIMEeHCUBHOCTI
HanpysceHs 8 001ACMb PO3BAHMANCYBATLHUX OMBOPI6 4-20 i 3-20 CMYNeHi8, a MAKOIHC 0Cb0BO20 OMBOPY ALY NIO YUMU HC
cmynenamu. Maxcumanvre 3HAUEHHSI HANPYHCEHb CKAAOAE O; max—=184,8 MIla. YV moii sce wac inmencugnicmo Hanpyiceisv
6 001aCMi PO36AHMAICYBATLHUX OMBOPIB 5-20 CMYNEHs. SMEHWUNACS Matiice 8061y, 00 pisus ¢ 124 Mlla.

Kniouosi cnosa: amomna enexmpocmanyis, naposa mypoina K-1000-60/3000, pomop yuninopa sucoxkoz2o mu-
CKY, NOMYJICHICMb, MUCK, MeMnepamypd, 6mpamad, RApKOSUll pecypc, HeCMAYIiOHAPHA MenionposiOHICMb, Menioeuil
CMaH, HANPYICeHO-0eOPMOBANUL CINAH, MATIOYUKIO8A MOMA, 00820MPUBANA MIYHICHb, 3ATUMUKOBUL Pecypc, O0ONyC-
muMe YUCIO NYCKI8.

26 ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2023, vol. 26, no. 3



JMHAMIKA TA MILIHICTb MAIIINH

Jlitep
1.

10.

aTypa

Yepuoycenko O. 10O., Pungrok /1. B., [Temko B. A. Ominka 3aIiIkoBOTO pecypcy Ta MOJOBXKEHHS eKCIUTyaTamii
MapoBHUX TYpPOiH BEJMKOI MOTYKHOCTI (4acTuHA 3): MOoHOTpadis UIsl HAYKOBIIB Ta TOKTOPiB ¢isocodii 3a crierri-
anpHicTIO 144 «Termnoeneprerukay. Kuis: HTYY «KIII imeni Irops Cikopcsroro», 2020. 297 c.

Mazur Z., Herna’ndez-Rossette A., Garci’a-Illesoas R. L-0 blades failure investigation of a 110 MW geothermal
turbine. ASME 2006 Power Conference proceedings, USA, Atlanta, May 2—4, 2006. No. POWER2006-88024.
P. 281-289. https://doi.org/10.1115/POWER2006-88024.

Suzuki T., Matsuura T., Sakuma A., Kodama H., Takagi K., Curtis A. Recent upgrading and life extension tech-
nologies for existing steam turbines. ASME 2005 Power Conference, USA, Chicago, April 5-7, 2005.
No. PWR2005-50342. P. 577-582. https://doi.org/10.1115/PWR2005-50342.

Sanders W. P. Turbine steam path engineering for operations and maintenance staff. Canada, Toronto: Turbo-
Technic Services Inc., 1988.

. Peshko V., Chernousenko O., Nikulenkova T., Nikulenkov A. Comprehensive rotor service life study for high &

intermediate pressure cylinders of high power steam turbines. Propulsion and Power Research. 2016. Vol. 5.
Iss. 4. P. 302-309. https://doi.org/10.1016/].jppr.2016.11.008.

Chernousenko O., Butovsky L., Rindyuk D., Granovska O., Moroz O. Analysis of residual operational resource
of high-temperature elements in power and industrial equipment. Eastern-European Journal of Enterprise Tech-
nologies —  Energy-saving technologies and equipment. 2017. Vol.1. No. 8 (85). P.20-26.
http://dx.doi.org/10.15587/1729-4061.2017.92459.

COY-H MIIE 40.17.401:2021. KonTtposb MeTaly i MpOJOBKEHHS TEPMiHY €KCIUIyaTallii OCHOBHUX CJIEMEHTIB
KOTJIB, TypOiH 1 TpyOONPOBOIIB TEIIOBUX eiekTpocranuiil. Tunosa inctpykuis. Odin. Bun. Kuis: ['PIOPE:
MiHicTepcTBO NanuBa Ta eHepreTuky Ykpaiau, 2021. 214 c.

. Bu3HaueHHs po3paxyHKOBOT'O peCcypCy Ta OIiHKa KUBYYOCTI POTOPIB i KOPIYCHUX AeTajeil TypoiHn. MeroamdHi

BkaziBku: COY- H MEB 40.1-21677681— 52:2011 / M. T. lllynexenko, I1. I1. 'onTapoBchkwmii, 0. 1. MartoxiH,
I. I. Menexuk, O. B. IloxxunaeB. Kuis: OEIl «I'PI®PE»: M-Bo eHepreTHKH Ta BYTiIBHOI MPOM-CTI YKpaiHu,
2011.42c.

. Yepnoycenko O. 0., Purmiok /1. B., ITemko B. A. HanpyxeHno-nepopmoBanmii ctan potopa Typoiau K-1000-

60/3000 npu TumoBUX pexxumMax exciuryarauii. Bicnux HTY «XIIly. Cep.: Enepeemuuni ma meniomexuiymi npo-
yecu 1 ycmamxysanns. 2019. Ne 3 (1328). C. 4-10. https://doi.org/10.20998/2078-774X.2019.03.01.
Chernousenko O. Yu., Peshko V. A. Assessment of resource parameters of the extended operation high-pressure
rotor of the K-1000-60/3000 turbine. Journal of Mechanical Engineering — Problemy Mashynobuduvannia.
2019. Vol. 22. No. 4. P. 41-47. https://doi.org/10.15407/pmach2019.04.041.14.

ISSN 2709-2984. Ipobremu mawunobyoyeanns. 2023. T. 26. Ne 3 27



