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Abstract: The one of purposes of this paper is to estimation some impact on the
service life of the high-pressure cylinder rotor of a typical high-speed turbine
K-1000-60/3000. The residual life assessment of power equipment would require
determining viability and damage of its base metal. Typical degradation
mechanisms of steam turbine equipment include long-term strength reduction and
low cycle fatigue accumulation. Intensity of their impact is determined by
a numerical examination of equipment thermal (TS) and stress strain states (SSS)
for standard operation modes. To perform a numerical examination of the stress
strain state would require solving a thermal conductivity boundary problem in
quasi-stationary (for nomal operation modes) and nonstationary models (for
transients). It is convenient to solve such problems of mathematical physics
through discretization of the calculation object using the finite element method
(Chernousenko et al. 2018). The service life of steam turbine is determined as an
individual one and is assigned based on the results of individual an inspection of
a separate element or the largest group of single-type equipment elements of the
considered plant. The fleet service life being reached is followed by diagnostics of
specific units of power installations and analysis of their operation, measurement
of actual dimensions of components, examination of structure, properties and
damage accumulation in the metal, non-destructive testing and estimate of stress
strain state and residual service life of the component. The results of performed
studies are used to determine an individual service life of each element of energy
equipment (Nikulenkov et al. 2018).
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1. Introduction

The problem of defining service life of nuclear power plants considering life
cycles of their major equipment is becoming increasingly important each year.
This raises questions relating to reasonable decision-making scheme on the due
time for decommissioning of NPPs and feasibility of replacing of any major
equipment considering safety and economic factors.

With extended operation of power plant equipment, the definition of its
service life has changed. After the fleet life is reached, an in-depth diagnostic is
carried out for specific nodes of electric power installation, including analysis of
its operating conditions, measurement of the actual component geometry, exam-
ination of steel structure, its properties and accumulated damage, non-
destructive testing and calculated estimate of stress state and residual service
life of components.

Based on the results of performed studies an individual residual service
life is established for a specific component of the power equipment.

The decision-making algorithm regarding capability and conditions for
equipment operation throughout the individual service life can be described as
follows (Nikulenkova et al. 2020):

1) assessment of actual operating conditions for the entire period of component
use;

2) conducting repeated strength analysis based on the refined operation data;

3) defectoscopy (visual inspection, ultrasonic testing, X-ray examination, mag-
netic particle testing, lab examinations of steel samples);

4) assessment of the expired service life and forecasting further operation after
defining equipment conditions.

This approach allows combining calculation methods, results of steel
examination and samples tests, which complement each other. The set purpose
is to be achieved by reaching the objectives as follows:

1) analysis of the known ways for service life extension of energy equipment
that has reached the end of its fleet service life;

2) the results of metal inspection throughout the entire operating lifetime and
analysis of technical audit data relating to damages and geometry changes
during refurbishment of steam turbine elements;

3) analysis of the results of experimental researches and estimate of residual
service life of steam turbines considering actual operating conditions and lo-
cal damages of separate turbine components;

4) elaborating proposals regarding approaches to extension of service life of
steam turbines.
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2. Materials and methods

Approaching the end of the established life of NPP equipment poses a number

of challenges to nuclear industry:

1) to increase the installed capacity while maintaining the required safety level
of operating power units using the built-in engineered margins of operating
units along with the ever increasing pace of science and technology devel-
opment, and taking due account of international practice;

2) to carry out a range of works and upgrades to ensure operation of power units
beyond their design life while maintaining the required safety level.

The range of works to be carried out when assessing the service life of
the critical elements of the turbine is comprised of several phases.

In the fist phase, the 3-D analogues of the rubine machine elements
were built based on the results of the technical audit and conclusions of the vis-
ual inspection, when different types of damages are localized in the geometrical
model of a turbine element in the form of steel samples of differenet shape.
Such approach allows to bring the calculation model of the steam turbine ele-
ment close to real conditions after continiuous operation.

The next phase is to calculate initial and boundary conditions (using
CFD-codes or criterial equations as specified in (Nikulenkov et al. 2018, Niku-
lenkov et al. 2019)) and determine a nonstationary temperature field in the solid
critical element for further calculation of thermal load.

It starts with solving the non-stationary thermal conductivity equation
and assigning boundary conditions for heat transfer on the surfaces of the rotor
based on 2-D and 3-D geometrical models. The non-stationary thermal conduc-
tivity equations are given below:

div[MT)-grad(T)] = c(T)-y(T)-dT/dt (1)

where: A — coefficient of thermal conductivity, ¢ — specific heat capacity, y — spe-
cific weight, which are functions of temperature and coordinates under initial
conditions 7o =T (x, y, z, 0) = fo (x, y, 2).

The third phase involves using the ANSYS package to determine the
stress strain state of the high pressure cylinder rotor considering its complex
spatial geometry, damages over ther period of operation, and repair and renewal
changes of the design geometry (Peshko et al. 2016, Chernousenko et al. 2020).

The outcome is calculations of equivalent elastic strain, von Mises
equivalent strain, principal stresses, taking into account the effect of the cen-
trifigual forces, temperature and steam pressure loads during start-up of the K-
1000/60-3000 turbine from cold (CS), warm (WS) and hot states (HS).
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1) Equivalent elastic strain shall be calculated by the formula:
g = (1/1 +v)(1/2[(e1 - 82)2 + (&2 - 83)2 + (& - 81)2])1/2 ()

where v' — the effective Poisson’s ratio defined as: 1) the Poisson’s ratio at the
relevant temperature of the considered body for elastic and thermal
deformations; 2) 0.5 for plastic differmations.

2) Von Mises equivalent strain shall be calculated by the formula:

e = [((01 - 62)* + (02 - 63)* + (03 - 61)H)/2] "> 3)

3. Principal stresses

It is well-known from the theory of elasticity that an infinitely small volume of
material in the arbitrary point of the solid body and inside it can be rotated so
that there remain only normal stresses, and all shear stresses are equal to zero.
The three remaining normal stresses are called principal stresses.

Principal stresses are always arranged as follows: 61 > 6, > 63, where:
61 — maximum principal stress, 6o — middle principal stress, 63 — minimum
principal stress.

To calculate transient temperature fields for CS, WS and HS the
boundary conditions were determined for temperature distribution in the rotor
(t = f(x,y) at the time T = 0, T = 2760, Tt = 6600, T = 22740). The boundary condi-
tions and the rotor temperature field are presented in Fig. 1-9.
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Fig. 1. Initial temperature distribution in the rotor during cold start-up
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Fig. 2. Temperature field of the 1000/60-3000 steam turbine rotor 2760 seconds after
cold start-up of the turbine
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Fig. 3. Temperature field of the 1000/60-3000 steam turbine rotor 22740 seconds after
cold start-up of the turbine
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Fig. 4. Initial temperature distribution in the rotor during warm start-up
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Fig. 5. Temperature field of the 1000/60-3000 steam turbine rotor 6600 seconds after
warm start-up of the turbine
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Fig. 6. Temperature field of the 1000/60-3000 steam turbine rotor 22740 seconds after
warm start-up of the turbine
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Fig. 7. Initial temperature distribution in the rotor during hot start-up
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Fig. 8. Temperature field of the 1000/60-3000 steam turbine rotor 14100 seconds after
hot start-up of the turbine

0.000 1500 3.000(m)
= = 1

0750 2250

O: Transient Therma (hot state)
Temperature 227405
Type: Temperature

unit: °C
Time: 22740

Max: 2699
Min: 32.856

2699
24356
217.22
19088
164,55
13821
11187
85532
59,194
32856

=

Fig. 9. Temperature field of the 1000/60-3000 steam turbine rotor 22740 seconds after
hot start-up of the turbine
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4. Results and discussion

Initial data

The condensate steam turbines of thermal and nuclear power plants with high
temperature elements in 3-D setting are considered. The boundary conditions
are established for heat exchange on the rotor surfaces using ANSYS digital
model based on built geometrical 3-D models corresponding to operating modes
by start-up types from cold, hot and warm conditions and stationary mode

(Nikulenkova et al. 2019).
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Model testing and setup

The calculations determine principal stresses and intensity of stresses over en-
tire life corresponding to start-up and stationary operating conditions in all divi-
sion points of hight temperature elements of the stream turbine.

The results of stress and deformation calculations under cold start-up of
the K-1000/60-3000 turbine are provided below.

Fig. 10-15 show the change of maximum stress (equivalent (von-Mises)
stress, principal sress) during the cold, warm and hot start-up.
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Fig. 10. Time change of maximum equivalent stress (von Mises) during cold start-up
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Fig. 11. Time change of the maximum value of maximum principal stress during cold
start-up
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Fig. 12. Time change of maximum equivalent stress (von Mises) during warm start-up

Cprviax MMa
350.00

300.00 //\ —
250.00

200.00 /
150.00

100.00 /

50.00

0.00

(o] 5000 10000 15000 20000
Tc

Fig. 13. Time change of the maximum value of maximum principal stress during warm
start-up
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Fig. 14. Time change of maximum equivalent stress (von Mises) during hot start-up
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Fig. 15. Time change of the maximum value of maximum principal stress during hot
start-up

The maximum equivalent stress is 338.9 MPa reached at 10260 s during
cold start-up. The stress peak shifts from end seals (during warming-up of the
turbine due to steam directed onto seals) to the first stage disk and further to the
coupling when reaching nominal conditions. The maximum value of maximum
principal stress is 294.16 MPa reached at 2760 s.

The maximum equivalent stress is 452.14 MPa reached at 3300 s during
hot start-up. The stress peak shifts from end seals (during warming-up of the
turbine due to steam directed onto seals) to the first stage disk and further to the
coupling when reaching nominal conditions (Nikulenkova et al. 2020).

The calculation results of the stress strain state of the high-temperature
elements of the steam turbine obtained using ANSYS in different spatial set-
tings (2-D and 3-D) were compare between each other and with the results ob-
tained by other authors (Bakhmutskaya et al. 2017, Shulzhenko et al. 2011).

According to the calculations the maximum stress is 338.9 MPa reached
at 10260 s. The stress peak shifts from end seals to the first stage disk and fur-
ther to the coupling when reaching nominal conditions.

The final phase implies development of a methodological approach to
calculaton of the low cycle fatigue with account of changes in the stress strain
state of the K-1000/60-3000 turbine elements for optimization of strength mar-
gins by number of cycles and deformations (Nikulenkov et al. 2018).

The described methodology was used to develop a software for numeri-
cal analysis of the residual service life of steam turbines used at thermal and
nuclear power plants.
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5. Conclusions

1. The set of works to estimate the service life of the critical elements of the K-
1000/60-3000 turbine has been described in phases.

2. The calculations have been made for equivalent elastic strain, von Mises
equivalent strain, principal stresses, taking into account the effect of the
centrifugal forces, temperature and steam pressure loads during start-up of
the K-1000/60-3000 turbine from cold, warm and hot states.

3. The maximum stress has been calculated as 338.9 MPa reached at 10260 s
during cold start-up, 476.55 MPa reached at 6600 s during warm start-up,
452.14 MPa reached at 3300 s during hot start-up of the K-1000/60-3000
steam turbine.

4. The maximum equivalent elastic strain has been calculated as 1.76E-03 m/m
reached at 10260 s during cold start-up, 2.47E-03 m/m reached at 6600 s dur-
ing warm start-up, 2.35E-03 m/m reached at 3300 s during hot start-up of the
K-1000/60-3000 steam turbine.
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