
CREEP FATIGUE INTERACTION STUDY OF
STEAM TURBINE ROTORS USING

CONTINUUM DAMAGE MECHANICS AND
COMPUTATIONALLY EFFICIENT

NUMERICAL TECHNIQUES

SUVADEEP SEN

DEPARTMENT OF APPLIED MECHANICS

INDIAN INSTITUTE OF TECHNOLOGY DELHI

MARCH 2024



©Copyright Reserved by Indian Institute of Technology Delhi, 2024



CREEP FATIGUE INTERACTION STUDY OF
STEAM TURBINE ROTORS USING

CONTINUUM DAMAGE MECHANICS AND
COMPUTATIONALLY EFFICIENT

NUMERICAL TECHNIQUES

by

SUVADEEP SEN

Department of Applied Mechanics

Submitted

in fulfilment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

MARCH 2024



Dedicated to

my near and dear ones

who silently endured all the pain to see this day.



i

Certificate

This is to certify that the thesis entitled “Creep Fatigue Interaction Study of Steam

Turbine Rotors using Continuum Damage Mechanics and Computationally Efficient

Numerical Techniques” being submitted by Mr. Suvadeep Sen to the Indian Institute of

Technology Delhi for the award of degree of Doctor of Philosophy in Applied Mechanics is a

record of original, bona de research work carried out by him under my supervision and guidance.

The thesis work, in my opinion, has reached the requisite standard ful lling the requirements for

the degree of Doctor of Philosophy.

The results contained in this thesis have not been submitted in part or in full, to any other

university or institute for the award of any degree or diploma.

Date: May 06, 2024     (B. P. Patel)

Place: New Delhi         Professor

Department of Applied Mechanics

Indian Institute of Technology Delhi

New Delhi, 110016, India



ii

Acknowledgements

The cover page of this thesis deserves more names than just one. This research work would

not have been possible without the continuous support, encouragement and sacrifices of several

individuals.

 I would like to express my gratitude to my supervisor Professor B.P. Patel, Department of

Applied Mechanics, IIT Delhi for his inspiring guidance, motivation, critical analysis and detailed

review of the research work. It was an honour to work under the dedicated supervision of such a

committed professional and an excellent human being. I am thankful to my research committee

members for their reviews and faculty members of the Department of Applied Mechanics, IIT

Delhi for their kind help and support.

Pursuing research after a gap of a decade in academics definitely needed a lot of inspiration.

My wife Moumita always motivated me to enrich myself with further education ever since we

were married. In addition, my erstwhile manager at Siemens, Mr. Rajiv Singh Bais and Professor

S.P. Singh, Department of Mechanical Engineering, IIT Delhi provided me with the launching pad

and the fuel to take up the Ph.D. program. Special appreciation also goes to Mr. Sumit Kumar,

Ph.D. scholar at IIT Delhi, who helped me with this transition and for having intense technical

discussions on interesting topics, having a peer like him was truly inspirational.

Identifying the topic of research was the first challenging step, I am grateful to Mr. Henning

Almstedt, Lead Technical Expert, Siemens Energy, Mülheim an der Ruhr, Germany for suggesting

the topic of mutual benefit of Siemens Energy and the society at large. He was my constant support,

provided me the necessary inputs and engaged in fruitful discussions for making this research

meaningful for industrial use. I am grateful to him for providing me with esteemed platforms for

presenting my research work. I am thankful to the management of Siemens and Siemens Energy

with special mention of Mr. Mudit Jain, Mr. Rajiv Singh Bais, Mr. Amar Singh, Mr. Ankur Verma

and my peers for supporting me during my research work.

I am indebted for life to my ‘Sir’, Mr. Rajib Banerjee, who is my friend, philosopher and

guide. He sowed the seeds of my interest in Mathematics, Science and most importantly Ethics



iii

when I was a child. I still live by and reap what I have learnt from him. I am thankful to all the

passionate teachers who have taught me in my life.

I thank my parents-in-law for raising their lovely daughter. Their encouragement, moral

support and patience during the tenure of my research is praiseworthy. I would like to thank my

brothers-in-law, Mr. Sujoy Saha, Mr. Devraj Dutt and their respective families for their support

and well wishes for my research. My brother, Mr. Manish Dhali and his family has been a life

support for me and my family in Delhi.

My wife, the pillar of the family, has been the source of vital inspiration and critical

strength in the entire duration of the Ph.D. program. She has silently made countless sacrifices, big

and small, to see this day. She has been a lifeline and helped me sail through the high and low

tides. Without her daily inspiration, support and sacrifices, this work would not have been possible.

The two innocent diamonds of my life, our son Shrihan and daughter Prisha, have unknowingly

sacrificed the time which I owed to them and let me focus on my research work. Their smiles were

always refreshing and energizing especially during the stressful phases.

The power of the silent blessings of my maternal and paternal grandparents from their

heavenly abode is ever priceless. No words are sufficient to express gratitude to the sacrifices of

my parents, who held my hands, taught me little and big things in life, nurtured me, loved me,

encouraged me to be what I wanted to be, made me capable, blessed me and set me free one day

to pursue my dreams. My sister, my childhood friend, has been a source of constant love,

inspiration and guidance in life. I would like to thank each of them for bringing me up and shaping

my character of honesty and integrity.

The blessings of the Almighty were a constant source of power to propel myself in the right

trajectory and overcome the difficulties during times of turbulence.

Suvadeep Sen



iv

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.



vi

,

/

,

, /

,

- ,

,

, -

-

-

,

, -

, -

,

-/ - -  ( )

, - -/ -

(ABAQUS)



vii

)

- -

,

,

( )  ( )

-

( )

 30

5  (

) ,

 ( ) -

 31



viii

Contents

Page No.

Certificate i

Acknowledgements ii

Abstract iv

Contents viii

List of Figures xii

List of Tables xviii

Nomenclature and Abbreviations xx

1.   Introduction and Literature Review 1

1.1 Introduction 1

1.2 Literature Review 3

1.2.1 Constitutive Equations for Elastoplasticity 5

1.2.2 Constitutive Equations for Viscoplasticity 11

1.2.3 Continuum Damage Mechanics 14

1.2.4 Creep-Fatigue Interaction 18

1.2.5 Application of Unified Constitutive Models with Damage to Steam Turbine

Components

22

1.2.6 Computational Advancements in Elastoplasticity and Viscoplasticity 24

1.2.7 Gaps in the Literature 29

1.2.7.1 Determination of Material Constants 29

1.2.7.2 Phenomenological Characteristics 30

1.2.7.3 Life Assessment of Steam Turbine Components 30

1.2.7.4 Computational Efficiency 31

1.3 Objectives 31

1.4 Brief Methodology 33

1.5 Organization of the Thesis 36



ix

2.   Formulation 38

2.1 Finite Element Formulation 39

2.2 Elastoplastic and Viscoplastic Constitutive Equations with Damage 42

2.3 Predictor-Corrector Method 47

2.4 Asymptotic Numerical Method (ANM) 50

2.4.1 Regularization of the Damage Coupled Constitutive Relations of

Viscoplasticity

52

2.4.2 Regularization of the Damage Coupled Constitutive Relations of

Elastoplasticity

58

2.4.3 Asymptotic Expansions of the Regularized Variables 65

2.4.3.1  Asymptotic Expansion Coefficients for Regularized Variables of

Viscoplasticity

68

2.4.3.2  Asymptotic Expansion Coefficients for Regularized Variables of

Elastoplasticity

74

2.5 Error Metrics 79

2.6 Implementation 80

3.   Elasto- and Visco-plastic Analysis of Mechanical Loading Problems 82

3.1 Validation 82

3.2 Application of ANM to Cyclic Elastoplasticity Problems 83

3.2.1 Displacement Controlled 1D Problem 84

3.2.2 Multiaxial Loading Problems 85

3.2.2.1 Hollow Cylinder with Multiaxial Loading 86

3.2.2.2  Cylinder with an Embedded Spherical Hole under Biaxial Loading 88

3.3 Application of ANM to Cyclic Viscoplasticity Problems 89

3.3.1 Uniaxial Displacement-Controlled Loading Problem with Hold Durations 89

3.3.2 Multiaxial Mechanical Loading Problem with Damage 92

3.4 Concluding Remarks 94



x

4.   Elastoplastic Thermomechanical Analysis of Steam Turbine Rotors 96

4.1 Rotor Model and Loading Conditions 96

4.2 Transient Heat Transfer Analysis 97

4.3 Stress Analysis 100

4.4 Accumulated Equivalent Inelastic strain and Damage 106

4.5 Error Analysis and Computation time 106

4.6 Concluding Remarks 109

5.   Viscoplastic Thermomechanical Analysis of Steam Turbine Rotors 111

5.1 Rotor Model and Loading Conditions 111

5.2 Transient Heat Transfer Analysis 114

5.3 Stress Analysis 116

5.4 Accumulated Equivalent Inelastic Strain and Damage 120

5.4.1 Comparison of Damage Evolution through Elastoplasticity and

Viscoplasticity

122

5.5 Error Analysis and Computation time 123

5.6 Concluding Remarks 124

6.   Representative Input Cycle based Creep-Fatigue Damage Analysis 126

6.1 Representative Input Cycle (RIC) Concept 127

6.2 Rotor Model and Loading Conditions 128

6.3 Results and Discussion 130

6.3.1 Transient Heat Transfer and Stress Analysis 130

6.3.2 Verification of Local Level Computations 132

6.3.3 Computations using Representative Input Cycle (RIC) 133

6.4 Concluding Remarks 138

7.   Creep-Fatigue Damage Evolution in a Steam Turbine rotor under Flexible

      Operating Regime

140

7.1 Rotor Model and Loading Conditions 140

7.2 Analysis of the Rotor under NOR followed by FOR 142

7.3 Life Enhancement by Reprofiling of the TSRG 146



xi

7.4 Concluding Remarks 149

8.   Concluding Remarks and Scope for Future Work 151

8.1 Concluding Remarks 152

8.2 Scope for Future Work 154

Appendix A 156

Appendix B 159

Appendix C 160

Appendix D 161

Appendix E 164

References 165

List of Publications 181

About the Author 182



xii

List of Figures

Page No.

1.1 Schematic representation of various phenomenological effects of overstress, softening,
stress relaxation and change of elastic modulus upon different choices of constitutive
modeling.

2

1.2 Power generation in India (forecasted) on a typical day with high solar power
generation (CEA, 2019).

4

1.3 Physical damage and mathematical continuous damage (Lemaitre and Desmorat,
2005).

15

2.1 Representation of an axisymmetric body with  as axis of revolution under
thermomechanical loading.

39

2.2 Quadratic 8-noded axisymmetric finite element in the  plane. 41

2.3 (a) Schematic showing solution deviating from elastic unload path between points 1
and 2 when the equivalent viscoplastic strain rate  is not regularized by . (b)

Regularization of  with  to enforce the viscoplastic flow rule.

57

2.4 (a) Schematic representation of the locus of solution for a complete loading/unloading
and reloading cycle. The red dots represent the solution based on Assidi et al. (2009)
showing deviation from the intended branch beyond point 3. The dots (aqua and blue)
show the locus of solution based on the proposed modification. (b) Schematic showing
solution deviating from the yield surface when the non-linear hardening variables

reach a state of saturation. (c) Regularization of  with  to enforce the consistency
condition.

59

3.1 Comparison of stress strain curves for (a) First cycle of IN100 alloy under
displacement-controlled condition at 1000 C (b) Stabilized cycle of INCO 718 alloy
at 550 C.

83

3.2 Comparison of available experimental and present numerical results for a cylindrical
specimen under cyclic tension compression loading with four durations of hold at
500 C : (a) Hysteresis loops (b) Cyclic softening behaviour.

83

3.3 (a) Stress-Strain ( ) plots for the 1st, 10th and 50th cycles predicted by ANM and
NR method. Due to the regularization introduced in ANM, deviations from the NR

84



xiii

solution are seen at the elastic unloading (b), (d) and elasto-plastic transitions (c), (e).
The maximum and the minimum stress peaks for each cycle is plotted showing the
comparison of stress range vs number of cycles obtained using the two methods.

3.4 Model of a hollow cylinder with length = 100 , = 40 , =

8 subjected to an axial displacement , internal pressure , rotational speed
and torque  at one end and axially fixed at the other end, solved using generalized

(supporting torsional loading) axisymmetric finite elements.

86

3.5 (a) Stress variation over time at the inner surface for each component obtained using
NR and ANM and accumulated equivalent plastic strain . (b) Evolution over time of
normalized RMS error measure on von Mises stress  and  on  at the inner

surface.

87

3.6 Axisymmetric finite element model of a cylinder with an embedded spherical hole
modeled with axial symmetry on the -plane subjected to an axial displacement ,

surface pressure .

88

3.7 (a) Stress and accumulated equivalent plastic strain variation with time at the Gauss
point closest to the point of the hole on x axis obtained using NR and ANM. (b)
Evolution of normalized RMS error measure on von Mises stress   and

on  with time.

89

3.8 Stress-Strain ( ) plot for the cyclic analysis obtained using both NR and ANM
techniques showing different phases of loading, elasto-viscoplastic transitions, elastic
unloading, stress relaxation during durations of hold at maximum and zero strain.

90

3.9 Axisymmetric model of a truncated steam turbine rotor model with axial displacement
 applied at one end, the other end being fixed, rotational body force applied through

angular speed  and blade centrifugal forces .

92

3.10 (a) Comparison between ANM and NR solutions of (a) positive and negative peak
values for each component of stress in each cycle and (b) accumulated equivalent
inelastic strain and damage at the leading damage location in the thermal stress relief
groove.

93

3.11 Evolution of normalized root mean square error in von Mises stress ,

accumulated equivalent inelastic strain  and damage .

94

4.1 (a) Axisymmetric model of a high-pressure steam turbine rotor showing different
regions. (b) Mesh refinement in the region of interest.

97



xiv

4.2 (a) The time variation of the steam temperature  and rotor temperature  at various
radial positions at BL-1 plane and on the surface at inlet, BL-2 and piston planes. (b)
The contour plot of rotor temperature at t = 13000 s ( temperature peak instant during
the chosen cycle. (c)  The contour plot of rotor temperature at the end of a ramp-down
and hold at t = 15000 s corresponding to minimum temperature peak instant during a
chosen cycle.

98

4.3 (a) Temperature variation with normalized radial distance at BL-1 plane between =

12750  and 15250  with maximum and minimum surface temperature attained at
13000  and 15000  respectively. (b) Temperature difference  for different axial
planes at 13000  and 15000 .

100

4.4 Relation of axial ( ) and tangential ( ) stress to temperature difference along a

normalized radial path in the BL-1 plane shown at time instants of (a) maximum
temperature difference at = 13000s and (b) minimum temperature difference at

= 15000s. A positive ( , , ) gives rise to compressive stresses, owing to higher
temperatures ( , , ) compared to average ( , ) and vice versa.

102

4.5 Contour plots for (a),(d) von Mises ( ), (b),(e) axial ( ) and (c),(f) tangential

( ) stresses (MPa)  obtained at the end of ramp up at = 13000  and 15000

respectively, corresponding to maximum .

103

4.6 Stress variations with time for (a) first 10 cycles and (b) single cycle in the 1st blade
groove (Loc A), inlet notch (Loc B) obtained using NR method and ANM.

104

4.7 Positive and negative stress peaks of each stress component variation with number of
loading cycles up to 150 cycles at (a) 1st blade groove (Loc A) and (b) inlet notch (Loc
B) using NR method and ANM.

105

4.8 (a) Evolution of  over time for 150 cycles (600000 s) at Loc A and B. Contour plots
of (b) accumulated equivalent plastic strain  (c) damage at the end of 150 cycles
for 1st blade groove (Loc A).

106

4.9 Difference between ANM and NR solutions in (a) von Mises stress ( ) at

maximum +ve peak stress instant = 13000  is shown in the 1st blade groove notch
(Loc A). Difference in accumulated equivalent plastic strain ( ) and damage ( ) at

the end of 150 cycles (b),(c) and evolution of ,  and over time at the

highest , and  locations for each notch (d).

107

5.1 (a) Axisymmetric heat transfer model of a high-pressure steam turbine rotor showing
different regions of the construction. (b) Axisymmetric stress analysis model with

112



xv

TSRG depicting loads and boundary conditions. (c) Model without thermal stress relief
groove, applied with same thermal and structural loading conditions. One end of the
rotor is fixed, rotational body force applied through angular speed  and blade
centrifugal forces . (d), (e) Mesh refinement in the region of interest.

5.2 (a) Time variation of ambient temperature , rotor temperature on the surface ( =

) and average section temperature  at the inlet section for the model with TSRG
with phase 1 as rated operation, 2 as steam cooling, 3 as natural cooling and 4 as a
start. (b) Temperature difference between the surface and average temperature for the
models with and without TSRG.

114

5.3 Contour plot of the temperature variation shown at the instant when  is maximum
for (a) cold start (b) warm start and (c) hot start for models with and without TSRG
and (d) for rated steady state operation. For each of the start types, the rotor temperature
gradient in the radial plane and the change-over to an equilibrated radial temperature
profile for rated steady state operation is shown.

115

5.4 Variation of stress components with time for the entire duration of analysis (a) for the
model with TSRG and (b) model without TSRG. (c), (d) A zoomed in portion showing
one set of cold, warm and hot starts for comparison with ANM solution at the base of
the TSRG and the base of the first blade groove notch, respectively.

118

5.5 von Mises stress contour plots: cold (a, d), warm (b, e) and hot (c, f) starts for the
model with and without TSRG at the time instants when  is maximum during each
start type.

119

5.6 The comparison of (a) Evolution of equivalent inelastic strain  and (b) damage  for
the rotors with and without TSRG at the critical locations (marked in insert images)
obtained from NR method and ANM.

120

5.7 (a), (b) Accumulated equivalent inelastic strain , and (c), (d) damage contour plots in
the vicinity of the notches for the rotors with and without TSRG at / = 1 depicting
inelastic deformation and damage is concentrated at the first notch from the inlet
section.

121

5.8 The comparison of evolution of damage  for the rotor with TSRG at the critical
location (marked in insert image) predicted through viscoplastic and elastoplastic
constitutive models.

122

5.9 Variation of the normalized root mean square (nRMS) errors on ,  and  with
time at the critical locations for rotor with and without TSRG.

123



xvi

6.1 Flowchart of RIC based solution approach. 128

6.2 (a) – (d) Contour plots of the rotor temperature (. C) at the time instants corresponding
to maximum von Mises stress for (a) cold, (b) warm, (c) hot starts and (d) rated
operation. (e) Time variation of steam and metal temperatures at the surface and mid-
section of the rotor.

131

6.3 Stress contour plots of normalized von Mises stresses for (a) cold, (b) warm and (c)
hot starts at the time instants when  is maximum during each start type.

131

6.4 (a) Variation of normalized stress components with time at the critical location in the
TSRG using ANM (HIS) and FEM solutions. (b) Comparison of damage ( ) and
equivalent inelastic strain ( ) predicted using ANM (HIS) and FEM.

132

6.5 (a) Representative input cycles (RICs) chosen for the type-1 loading (b) zoomed in
view of RIC 3 (c) RICs chosen for the type-2 loading (d) zoomed in view of RIC 2.

134

6.6 Damage evolution with normalized time predicted using different RICs, FEM and full
FEM strain history (HIS) based ANM for (a) type-1 loading (b) type-2 loading.

135

6.7 Variation of normalized number of cycles ( ) to reach = 1 and normalized
computation time ( ) with the normalized loading cycle time for (a) type-1 loading
(b) type-2 loading.

136

7.1 Temperature contour plot ( C) of the rotor at the instants of respective maximum von
Mises stress during three start types and rated steady state operation.

142

7.2 Contour plot of von Mises stresses ( ) normalized with initial yield stress  near

1st blade groove (bl1g), TSRG and inlet notch (inlet) for (a) cold start (b) warm start
and (c) hot start at the instant of respective maximum von Mises stress.

143

7.3 Strain History at the critical location in the TSRG obtained from finite element analysis
showing a block of cold, warm, and hot start for a duration of .

144

7.4 (a) Normalized temperature ( / ) and (b) normalized von Mises stress
( / ) variation with time at the critical location in the TSRG for a 20-days

period before and after the transition from normal operating regime (NOR) to flexible
operating regime (FOR).

145

7.5 Damage variation at the TSRG notch along the arc length (normalized) starting from
1996 till 2026 (NOR till 2016 and FOR thereafter).

145



xvii

7.6 (a) Damage variations along the different paths (normalized distance / ,

15 ) normal to the surface of TSRG base in the year 2022. (b) Original contour at
the TSRG overlayed with the proposed re-profiled contour.

146

7.7 Contour plot of von Mises stresses normalized with initial yield stress  at TSRG for

cold start for rotor with (a) original TSRG profile (b) new profile after re-machining
at the instant of respective maximum von Mises stress.

147

7.8 Damage evolution with time from the year 1986. 148

7.9 Damage variation at the reprofiled TSRG notch along the arc length (normalized) in
the year 2056 (NOR till 2016 and FOR thereafter) with damage ( ) reaching critical
value ( ).

149



xviii

List of Tables

Page No.

3.1 Values of material constants for 1D problem. 85

3.2 Values of material constants for 3D problems. 85

3.3 Maximum values of axial displacement , internal pressure , rotational speed
and torque , used for the hollow cylinder problem with time variation represented

by variation factors .

87

3.4 Evolution of the key variables used for the regularized set of ANM equations during
different phases of the solution 1-10, beyond 10 repetitions of the listed values occur
for the remaining portion of the cycle.

91

3.5 Normalized variation factors over time for applied loads and boundary conditions for
one cycle ( , = 0.4 , = 314 / , = 290 ).

92

4.1 (a) Initial steam temperatures ( ) and normalized heat transfer coefficients ( / )

at various positions of the rotor used for the solution of heat transfer analysis with =

5000 / . (b) Variation of normalized steam temperatures ( / , ) at

various positions of the rotor used for the transient heat transfer analysis with =

66 min. Conditions not mentioned in the table below remain at initial conditions (Table
4.1a) during transient analysis for the complete loading duration = 150 × .

97

4.2 Comparison of stresses (MPa) obtained by NR method and ANM at von Mises peak
stress locations A, B in the 1st blade groove notch and inlet notch at the time instants

 during ramp-up and during ramp-down.

103

4.3 Normalized Root Mean Square Error  on von Mises stress obtained by both NR

method and ANM at the end of one cycle with increasing time increments ( ) taking
NR solution with = 0.1s as the reference. Computation time for one cycle is also
given. For = 10s, NR solution does not converge.

108

5.1 Rated steam temperatures ( ) and normalized HTCs / ,  at different

positions of the rotor used for the solution of heat transfer analysis with =

5000 / .

112



xix

5.2 Variation of normalized loading parameters with time ( = 530 C, =

314 / , = 288 ,
, ,

= 305 ).

113

5.3 Maximum temperature differences obtained during each transient operation for rotors
with and without TSRG.

116

5.4 (a) Comparison of stresses (MPa) obtained using NR method and ANM at the location
and time instant of von Mises stress peak in the TSRG for each start-up type with =

1s. (b) Comparison of stresses (MPa) obtained using NR and ANM at the location and
time instant of von Mises stress peak in the 1st blade groove for each start-up type in
the model without TSRG with = 1s.

118

5.5 Comparison of  and  at / = 1 for the rotor with and without TSRG computed
using NR method and ANM.

121

5.6 Normalized Root Mean Square Error  (taking reference as NR solution with

= 0.1s) on von Mises stress obtained using NR method and ANM at the end of one
cycle (phase 4c-3c) studied for increasing time increments ( ). Normalized
computation time for one cycle is given with respect to computation time of NR
solution with = 10s.

124

6.1 Computation time (CPU time) for progressive damage analysis with different loading
durations and cyclic thermomechanical loadings using NR method with = 10s.
Rotor models are meshed with quadratic 8 noded reduced integration axisymmetric
(2873 elements for models 1,3,4 and 1970 elements for model 2).

126

6.2 Variation of normalized loading parameters with time for a block of 1 cold, 1 warm, 3
hot starts and shutdowns preceding each for Type-2 loading.

129

6.3 Comparison of peak axial and tangential components of the normalized stress tensor
predicted using FEM and ANM (HIS).

133

6.4  and  for different RICs for (a) type-1 loading (b) type-2 loading. 137

7.1 Variation of normalized loading parameters with time for the first start and a block of
1 cold, warm, hot start and shutdowns preceding each for NOR.

141

7.2 Summary of the damage accumulation in the critical regions of the rotor. 148



xx

Nomenclature and Abbreviations

English Notations

Path parameter in ANM

Constant for creep damage

b Constant representing speed of saturation in isotropic hardening

Strain displacement matrix

Elastic constitutive matrix of undamaged material

Modified Elastic constitutive matrix of undamaged material used in the regularized

form of elastoplastic strain rate

Constants of kinematic hardening

Tangent stiffness matrix of the continuum with damage

Vector of elemental degrees of freedom

, , Total Damage, Creep damage, Fatigue damage

Normalized root mean square error metric of von Mises stress

Normalized root mean square error metric of Equivalent inelastic strain

Normalized root mean square error metric of Damage

Young’s modulus

Regularized form of the normalized flow potential ( )

Normalized flow potential function

Overstress

Regularized Overstress

Function to identify the loading regime

Function representing the flow surface

Function of ,  ensuring flow rule in the regularized expression of inelastic strain rate

Centrifugal force of each blade exerted on the rotor

Body force

Regularized form of
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(= ) 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

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 ( )

Normal of a boundary element

Variable ensuring correct viscous flow/dissipation

Viscosity exponent

Regularized form of

Unit normal to the inelastic flow potential surface

Number of cycles

Normalized number of cycles

Regularized form of equivalent inelastic strain rate ( )

Equivalent inelastic strain rate

Regularized form of the second invariant of deviatoric part of

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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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

 at the end of previous ANM step

 order coefficient of

=

Volume of a finite element

Back stress tensor with evolving damage

Back stress tensor

Deviatoric part of back stress tensor

Fourth order tensor composed  and

Elastic energy release rate

Regularized form of elastic energy release rate

=

Greek Notations

Regularized form of

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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Force vector in finite element formulation

Regularization parameter

Temperature

Temperature difference

Rated steam temperature

Sectional average temperature

Plasticity multiplier

Nominal stress tensor

Effective stress tensor

Deviatoric part of effective stress tensor

Hydrostatic part of effective stress tensor

Regularized form of regularized overstress ( )

= + +

Displacement interpolation matrix

Angular speed

Abbreviations

ANM Asymptotic Numerical Method

ASME The American Society of Mechanical Engineers

CDM Continuum Damage Mechanics

CEA Central Electricity Authority of India

CPU 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

IP Intermediate Pressure

LATIN Large Time Increment Method
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LCF Low Cycle Fatigue

MTL Minimum Thermal Load

NOR Normal Operating Regime

NR Newton Raphson

PGD Proper Generalized Decomposition

RES Renewable Energy Sources

RIC Representative Input Cycle

RMS/nRMS Root Mean Square/ Normalized Root Mean Square

RVE Representative Volume Element

SARA Schadens-Akkumulation-Rechner-Anwendung

(Software for Lifetime Estimation with Accumulative Model)

TSRG Thermal Stress Relief Groove

UCM Unified Constitutive model

UMAT User Material Subroutine


