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Abstract

The historic and everlasting aim to increase the steam temperature and pressure in steam
turbines, to maximize efficiency, results in increased rate of creep/fatigue induced damage. To
reduce the carbon footprint and meet the energy requirements at the same time, combination of
conventional and renewable energy sources, with the predominant contribution of solar energy, is
necessary. This requires flexible operation of conventional fossil fuel based power plants to
compensate for the natural variation of the renewable energy availability leading to further
enhancement in fatigue/creep damage. The non-linear interaction of creep and fatigue accelerates
the total damage progression. The widely used uncoupled analysis using linear damage
accumulation rules, wherein the damage due to creep and fatigue are considered separately and
added in a linear manner, leads to conservative estimates of damage. To enable the flexible
operation, advanced life assessment techniques are necessary for steam turbine rotors. Over the
past two decades, studies using damage coupled unified constitutive models for the creep-fatigue
interaction analysis of steam turbine components under complex loading cycles have attracted the

attention of researchers/designers.

The constitutive model chosen in the present study involves the modified Chaboche non-
linear kinematic and Chaboche and Rousselier isotropic hardening models with evolving damage,
Norton type visco-plastic flow model, Lemaitre’s damage potential function and modified form of
Kachanov-Rabotnov’s creep damage law. However, high computational time involved in the
unified constitutive model based finite element analysis using iterative techniques hinder their
widespread applications. In the present work, a non-iterative Asymptotic Numerical Method
(ANM) for cyclic elasto-/visco- plasticity problems including damage evolution capable of
handling multiple complex loading cycles is proposed and its application for steam turbine rotors
is explored. To apply the polynomial expansion based ANM, several new regularizations of the
governing equations/variables are proposed for multi-cycle elasto-/visco- plasticity. The
methodology is implemented in ABAQUS through user material subroutine (UMAT). The
accuracy and computational efficiency of the proposed method are tested considering results
available in literature and comparison with the iterative Newton Raphson (NR) predictions for

elasto- and visco- plastic analyses of steam turbine rotors under thermomechanical loading.
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However, the expected computational time for the analysis of the complete rotor life is of
the order of years even using the proposed ANM. To reduce the computational time to acceptable
limits, a novel Representative Input Cycle (RIC) concept based local ANM is proposed for the
complete life cycle analysis of steam turbine rotors. A long-term progressive damage analysis
using the proposed RIC based ANM of a rotor under normal and normal followed by flexible
operating regime is carried out. Reprofiling of the TSRG of the in-service rotor is investigated for

enhancing the rotor life by a priori damage analysis.

Based on the analyses, it is found that ANM predictions are in excellent agreement with
the Newton Raphson method. RIC based local ANM predicts normalized number of cycles to
reach damage equal to unity in close agreement with the full finite element predictions and
significantly smaller computational time requirement. The progressive damage analysis of a steam
turbine rotor at a critical location employing the proposed RIC based ANM leads to computational
time of ~5 days (including time for FE analysis for the initial loading period to construct the RIC
based strain history) for 30 years of loading duration. Finally, the re-profiling of the thermal stress
relief groove (TSRG) of the rotor decided through the RIC based progressive damage analysis

predicted a life enhancement of ~31 years.
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(a) Damage variations along the different paths (normalized distance x'/L, L =
15 mm) normal to the surface of TSRG base in the year 2022. (b) Original contour at
the TSRG overlayed with the proposed re-profiled contour.
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Nomenclature and Abbreviations

English Notations
a Path parameter in ANM
A, Constant for creep damage
b Constant representing speed of saturation in isotropic hardening
B Strain displacement matrix
ce Elastic constitutive matrix of undamaged material
cel Modified Elastic constitutive matrix of undamaged material used in the regularized
form of elastoplastic strain rate
G, Constants of kinematic hardening
cton Tangent stiffness matrix of the continuum with damage
d¢ Vector of elemental degrees of freedom
D,D., Dy Total Damage, Creep damage, Fatigue damage
eqiMs Normalized root mean square error metric of von Mises stress
ey RM § Normalized root mean square error metric of Equivalent inelastic strain
eRMS Normalized root mean square error metric of Damage
E Young’s modulus
f Regularized form of the normalized flow potential (f)
f Normalized flow potential function
fov Overstress
fow Regularized Overstress
fo Function to identify the loading regime
fy Function representing the flow surface
F Function of f, f ensuring flow rule in the regularized expression of inelastic strain rate
F, Centrifugal force of each blade exerted on the rotor
F, Body force

Regularized form of
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G (= Gn)
G'e‘p(= Gep: n)

b‘

L ”h @
®

Variable used in the regularized expression of viscoplastic strain rate
Variable used in the regularized expression of elastoplastic strain rate
Heat transfer coefficient

Unloading function

Fourth order Identity tensor

Second order Identity tensor

Second invariant of deviatoric part of @ — X

Creep damage exponent (damage term)

Coefficient of the Norton’s viscoplastic flow rule

Elemental stiffness matrix

Normalized loading function

Regularized form of the normalized loading function (L)

Normal of a boundary element

Variable ensuring correct viscous flow/dissipation

Viscosity exponent

Regularized form of n,

Unit normal to the inelastic flow potential surface

Number of cycles

Normalized number of cycles

Regularized form of equivalent inelastic strain rate (p,,)

Equivalent inelastic strain rate

Regularized form of the second invariant of deviatoric part of & — X
Asymptotic value of isotropic hardening

Creep damage exponent (stress term)

Isotropic hardening with evolving damage

Isotropic hardening

Radius of rotor

Fatigue damage exponent

Fatigue damage constant

Boundary surface of a finite element
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Greek Notations

B

14!
r

l"*

Initial yield stress

Time

Time at the end of previous converged step
Time increment

Total loading time

Surface traction acting on the boundary of a finite element
Displacement

Set of all variables used in ANM

U at the end of previous ANM step

k" order coefficient of U

= a,”

Volume of a finite element

Back stress tensor with evolving damage
Back stress tensor

Deviatoric part of back stress tensor

Fourth order tensor composed X and n

Elastic energy release rate

Regularized form of elastic energy release rate

—YSs

Regularized form of F

Constants for non-linear kinematic hardening
Total number of time steps

Normalized computation time

Computation time

Total strain tensor

Elastic strain tensor

Inelastic strain tensor
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4 Force vector in finite element formulation

n Regularization parameter
0 Temperature
A6 Temperature difference
S ated Rated steam temperature
(. Sectional average temperature
A Plasticity multiplier
c Nominal stress tensor
(y Effective stress tensor
¢ Deviatoric part of effective stress tensor
Oy Hydrostatic part of effective stress tensor
Oy Regularized form of regularized overstress (f,)
Oe =R+ S, + o0,
Displacement interpolation matrix
1) Angular speed
Abbreviations
ANM Asymptotic Numerical Method
ASME The American Society of Mechanical Engineers
CDM Continuum Damage Mechanics
CEA Central Electricity Authority of India
CpPU Central Processing Unit
CS/WS/HS/MLC Cold Start/Warm Start/Hot Start/Major Load Change
FE/FEM Finite Element / Finite Element Method
FOR Flexible Operating Regime
HIS Complete Strain History
HP High Pressure
HTC Heat Transfer Coefficient
1P Intermediate Pressure
LATIN Large Time Increment Method
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LCF

MTL

NOR

NR

PGD

RES

RIC
RMS/nRMS
RVE

SARA

TSRG
UCM
UMAT

Low Cycle Fatigue

Minimum Thermal Load

Normal Operating Regime

Newton Raphson

Proper Generalized Decomposition

Renewable Energy Sources

Representative Input Cycle

Root Mean Square/ Normalized Root Mean Square
Representative Volume Element
Schadens-Akkumulation-Rechner-Anwendung
(Software for Lifetime Estimation with Accumulative Model)
Thermal Stress Relief Groove

Unified Constitutive model

User Material Subroutine
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