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ADVANCED LIFETIME ASSESSMENT OF STEAM TURBINE
COMPONENTS BASED ON LONG-TERM OPERATING DATA

The paper presents a new method of lifetime calculations of steam turbine com-
ponents operating at high temperatures. Component life is assessed on the basis of
creep-fatigue damage calculated using long-term operating data covering the whole
operating period instead of representative events only. The data are analysed automat-
ically by a dedicated computer program developed to handle big amount of process
data. Lifetime calculations are based on temperature and stress analyses performed
by means of finite element method and using automatically generated input files
with thermal and mechanical boundary conditions. The advanced lifetime assessment
method is illustrated by an example of lifetime calculations of a steam turbine rotor.

1. Introduction

Over the last years, considerable changes on the power generation market have
taken place. They were caused by deregulation of the market and increased share
of renewables [1]. It is forecasted that the share of electric power generated by
wind and photovoltaic plants will be continuously increasing, which will affect the
operation of conventional thermal plants.

Together with the market deregulation and increasing share of wind and sun in
energy balance, increased requirements have occurred regarding the flexibility of
power generation units, both new designed and the older ones operated for many
years [2]. The new requirements include capabilities to switch from based load to
cyclic operation, the range and rate of load change and start-up times.

The change of operation mode affects the lifetime of power plant equipment,
including steam turbine components. In turbines designed for base load operation,
the low-cycle fatigue (LCF), which is important in cyclic operation, has not been

1GE Power Sp.z o.o., 82-300 Elbląg, Stoczniowa 2, Poland.
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considered or taken into account in a simplified way. Additionally, the reduction of
start-up times and the increase in loading rates results in augmented fatigue damage
of components limiting their service life was not taken into account, either.

An additional aspect which is considered is the trend to extend intervals be-
tween overhauls and service life of power generation units. It is dictated by eco-
nomic factors, but cannot be realized without any technical analyses and at the
expense of increased risk of failure. That is why the simultaneous fulfilment of
the requirements of flexible operation and lifetime extension creates a need for a
broader approach to the problem of lifetime management and optimization. An im-
portant element of such an approach is the comprehensive lifetime assessment of
steam turbines performed to determine their current technical status and to predict
the remaining lifetime.

The advanced lifetime assessment method presented in this paper facilitates a
more accurate determination of the residual lifetime as compared with traditional
methods. Instead of using finite difference methods with design or representa-
tive operating data for the calculation of thermal boundary conditions, the new
procedure uses state-of-the-art finite element (FE) method, enhanced methods for
thermodynamic and heat transfer calculations using real operating data for the cal-
culation of low-cycle fatigue and creep damage. Due to the higher accuracy, lower
safety margins can be used, resulting in less conservative damage estimations and
residual lifetime predictions.

2. Advanced lifetime assessment process

The existing lifetime assessment procedure was improved in terms of the
input data and the methods used [3, 4]. While in the past the design data were
used for evaluation of creep damage, and representative starts were used for the
LCF calculation, the new process uses the actual recorded operating data for both
processes.

The methods to calculate the stresses in the most critical component has
changed from a finite-difference approach to a combined calculation of temperature
and stresses via finite-element method.

The improved LTA process is shown in Fig. 1 [3] and each step of the process
is explained in the following paragraphs.

The entire LTA process is automated in such a manner that only little manual
effort is required for the generation of thermal boundary conditions, the execution of
the FE calculations and the determination of numbers of cycles to crack initiation.
LTA results and intermediate results from HTC and FE calculation need to be
checked for plausibility by means of graphical illustration. This facilitates efficient
monitoring of the automated LTA by an experienced engineer. The entire operation
history can be considered with reasonable effort. The automation pertains only
to the computation of LCF damage, since, depending on the time period, some
hundreds of single transient events must be considered, each of them requiring
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Fig. 1. Advanced lifetime assessment procedure

its own FE calculation. Creep damage on the contrary can be considered with
only a few FE calculations. For this reason, the process described in the following
considers mainly the determination of LCF damage. After this procedure has been
applied to all transient events resulting in the overall LCF damage, LCF and creep
damage are accumulated according to the Palmgren-Miner rule.

3. Operating data analysis

One of the major factors influencing the accuracy of lifetime calculations
are operating data which are used to prepare thermal and mechanical boundary
conditions for finite element analyses (FEA). So far, lifetime assessment studies
were based on representative data provided by turbine operators according to special
instructions. This approach has been acceptable for base load machines performing
slow start-ups, but is not accurate enough in current conditions where many power
generation units are operated in cyclic duty or in part/low load regime. Moreover,
the variability of start-up conditions in terms of initialmetal temperatures and steam
temperature and loading rates, makes it very difficult to select one representative
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start-up for a given start-up class (i.e., cold, warm, hot and very hot start). In
addition to start-up conditions, also shutdown parameters are very important from
the point of view of low-cycle fatigue damage, as the stress/strain amplitude is
defined using both start-up and shutdown stresses.

For the above reasons, the new methodology of lifetime calculations assumes
the use of long-term operating data for describing turbine operation and preparing
boundary conditions for FE analyses. The analysis of continuous operating data
covering many years of operation (in extreme cases the whole operation time of
a unit) is carried out automatically using a dedicated program developed for this
purpose. This program is based on data analysis algorithms developed taking into
account the experience gained in lifetime assessment studies of a variety of steam
turbines.

The analysis of transient operating conditions aims at identifying start-ups and
shutdowns, defining their initial thermal conditions, calculating steam-metal tem-
perature differences and temperature rates, and finally preparing input files with
the relevant process data required to calculate thermal and mechanical boundary
conditions. An example of start-up analysis is shown in Fig. 2, which presents
distribution of turbine start-ups with respect to casing initial temperature. The
analysis was carried out for a steam turbine of 370 MW power output operating
at 535◦C live steam temperature and 18 MPa live steam pressure. The inner cas-
ing temperature measurement is located in the inlet section and, according to the
operating instructions, is representative for the turbine thermal state. Each start
and the subsequent shutdown is then described by event plots shown in Fig. 3
enabling visual assessment of the process parameters. The same scope of parame-

Fig. 2. Distribution of turbine start-ups with respect to initial thermal condition
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ters is plotted for start-up (Fig. 3a) and shutdown (Fig. 3b) and includes rotational
speed, power output, live and reheat steam temperature and pressure, high- and
intermediate-pressure casing and valve chest temperature. A process data file is

(a)

(b)

Fig. 3. Variation of turbine operating parameters during start-up (a) and shutdown (b)
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automatically generated for each event plot in the format required by the tool for
generating thermal boundary conditions.

The analysis of steady-state service is performed in order to determine the
turbine operating conditions at full and part-load which are required for creep
damage calculation. In creep analysis, the most important parameter influencing
creep damage are operation times at various temperature and load levels. These
times are calculated automatically for prescribed temperature, pressure and load
ranges and displayed as bar graphs, as shown for example in Fig. 4.

(a)

(b)

Fig. 4. Distribution of turbine operation time with different load (a) and temperature (b) ranges
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4. Mathematical models

4.1. Heat transfer modelling

Heat transfer in steam turbine components takes place predominantly by
heat convection from steam to component surface and by conduction within the
component [5]. The convection heat transfer takes place with nonuniform ther-
mal boundary conditions given by steam temperature and heat transfer coeffi-
cient. Steam temperature is obtained from thermodynamic calculations of expan-
sion line, and the heat transfer coefficient is a function of geometry and steam
parameters in a given region. In steady-state operation, the boundary condi-
tions depend only on the spatial location, while during transient operating con-
ditions both steam temperature and heat transfer coefficient are a function of
time [6]. An example of spatial distribution of different types of heat transfer
surfaces, where different boundary conditions are applied, is shown in Fig. 5.

Fig. 5. Heat transfer regions in a steam turbine rotor

Each shaded rectangle represents different heat transfer surfaces where different
steam temperature conditions and heat transfer coefficients are applied. In addi-
tion, during transient operating conditions, the thermal boundary conditions at
each surface vary with time, according to the variation of flow parameters re-
lated with turbine run-up or loading. Typical variation of thermal boundary con-
ditions in rotor labyrinth seals during cold start is shown in Fig. 6. It presents
variation of steam temperature (Fig. 6a) and relative heat transfer coefficient
(Fig. 6b) in selected stages of an intermediate-pressure rotor, where stage 1 is
at the inlet and stage 11 at the outlet of the turbine cylinder. Heat transfer in
the labyrinth seals is described by the general formula for the Nusselt number,
and for turbulent flow the heat transfer coefficient α is calculated using the for-
mula [5]:

α = 0.41
λ

Dh
Re0.7

(
δ

h

)0.56
, (1)

where: λ is thermal conductivity, Dh is channel hydraulic diameter, Re – Reynolds
number, δ – radial clearance, h – channel height. TheReynolds number is calculated
from the steam velocity determined on the basis of leakage mass flow rate.
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(a)

(b)

Fig. 6. Variation of steam temperature (a) and heat transfer coefficient (b) in diaphragm glands
of a steam turbine rotor

4.2. Creep model

Creep calculations of turbine rotors, casings and valve chests are performed
using a characteristic strain model of creep developed by Bolton [7]. It is a simple
model capable of predicting material creep deformation in primary, secondary and
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tertiary creep regime. This is a very important and useful feature of the model
as design calculations require mean creep behaviour in primary and secondary
regime, and residual lifetime analyses are based on minimum creep behaviour in
secondary and tertiary regime [8]. The use of the same creep model in design and
the remaining lifetime calculations facilitates comparisons of calculation results
and model validation.

The equivalent creep strain εc is calculated from the following model equa-
tion [7]:

εc =
εχ

σR/σ − 1
, (2)

where εχ is a characteristic creep strain, which is a material constant at a given
time and temperature. The characteristic creep strain can be evaluated using Eq. (2)
and by knowing two stresses, i.e., the creep rupture strength σR1 at time t1 and the
stress σD1 to produce datum creep strain εD1 at time t1. With this assumption, the
isochronous stress-strain relation of Eq. (2) can be written as:

εc =
εD1 (σR1/σD1 − 1)

σR/σ − 1
. (3)

To close the model, a relationship for the rupture strength described by a simple
power-law relationship is adopted:

σR = σR1 (t1/t)1/m , (4)

where m denotes the exponent in the power-law relationship.
The exponent m can be evaluated from two values of rupture strengths at time

t1 and t2:
m =

log (t2/t1)
log (σR1/σR2)

. (5)

Finally, combining Eqs. (3) and (4), the model relationship between creep strain
and time at a constant stress assumes the form:

εc =
εD1 (σR1/σD1 − 1)
σR1
σ

( t1
t

)1/m
− 1

. (6)

The creep model is thus described by three constants:
1) σR1 – creep rupture strength at time t1,
2) σR2 – creep rupture strength at time t2,
3) σD1 – stress of creep strain εD1 at time t1,

which clearly have physical significance and can be derived from readily available
data from standard creep tests. This means that no special creep testing is required
for using the model for available materials and the sensitivity of creep deformation
to rupture and creep strength values exhibiting significant scatter (e.g., for steels
typically ±20% of mean value) can be easily studied [9].
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The model was evaluated using creep and rupture data of P91 9%CrMo
steel produced by the European Collaborative Creep Committee and described
by Holdsworth et al. [10]. It was shown that the creep model curves are consistent
with the test data and can accurately reproduce the continuously varying slope of
the measured curves.

4.3. Elastic-plastic strain determination

In elastic range, when the stress amplitude σa is lower than the material yield
stress σy , the Hooke’s law is used and strain amplitude is expressed as [11]:

εa =
σa

E
, (7)

where E is the Young’s modulus and σa is the stress amplitude calculated using a
linear-elastic material model.

As experience shows, thermal stresses at notches calculated using elastic ma-
terial model can attain very high values exceeding the material yield stress. In
traditional approach to fatigue life estimation, in order to determine the number of
cycles to crack initiation, it is necessary to know the stresses or strains at notch
tip [12]. In such a case, for describing elasto-plastic material response based on the
elastic solution, the most commonly used method is the Neuber’s rule [13]. The
method was derived for a simple state of stress where only one stress component
is present at notch tip. For multi-axial state of stress and strain, the Neuber’s rule
has been extended to [14–16]:

σeqεeq = σ
e
eqε

e
eq , (8)

where the superscript e denotes values obtained from elastic solution.
Taking into account the relationship between stress and strain in elastic con-

dition (Eq. (7)) and replacing in Eq. (8) stresses and strains by the appropriate
amplitudes, the elastic-plastic strain amplitude is expressed as:

εeq,a =

(
σe
eq,a

)2

σyE
. (9)

If strain amplitudes calculated using Eq. (9) are high and result in high damage
due to low-cycle fatigue, more accurate FE calculations are performed employing
elastic-plastic material model with Prager-Ziegler linear kinematic hardening. The
plasticity surface is defined by the function [17]:

F = f
(
σi j − αi j

)
− σy = 0, (10)

where f (σi j − αi j ) is the equivalent stress related to the backstress αi j defin-
ing translation of the yield surface. The yield function is traditionally defined as
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follows [17]:

f
(
σi j − αi j

)
=

√
3
2

(
si j − αd

ij

) (
si j − αd

ij

)
, (11)

where si j is a deviatoric part of the stress tensor σi j , while αd
ij is a deviatoric part

of the backstress tensor αi j .
The linear kinematic hardening model assumes the associated plastic flow rule

in the form [17]:

ε̇
pl
i j = Ẇ

∂F
∂σi j

= Ẇ
(
si j − αd

ij

)
, (12)

where ε̇pli j is a plastic flow rate and Ẇ denotes here a plastic work. In the linear
kinematic hardening model, translation of the yield surface is described by the
backstress tensor αi j , whose evolution in time is determined by the Ziegler’s linear
hardening law [18]:

α̇i j = µ̇
(
σi j − αi j

)
, (13)

where µ̇ is a positive scalar coefficient given by the formula [19]

µ̇ =
C
σy

ε̇
pl
eq , (14)

where C denotes temperature dependent Ziegler’s kinematic hardening modulus,
and ε̇pleq is an equivalent strain of the plastic flow tensor ε̇pli j .

4.4. Creep-fatigue damage evaluation

The current degree of damage (lifetime usage) of steam turbine components
is determined on the basis of the operating data and mathematical model assumed,
describing the process of creep and fatigue damage accumulation. Theoretical
damage due to creep and thermal fatigue is determined with the help of the lifetime
fractions summation method. In steam turbine practice, a linear model of damage
in the form of the linear rule of damage summation is generally used. This rule
states that total damage is the sum of creep and fatigue damage and can be written
as follows [20]:

Z = ZB + ZN , (15)

where ZB denotes creep damage and ZN denotes fatigue damage.
The magnitude of total creep damage ZB depends on the duration time t of

a load at a given temperature and on the magnitude of damage 1/tB in unit time,
where tB is the time to rupture. Its value is derived from the minimum creep
curve. According to the linear rule of creep damage accumulation (Robinson’s
hypothesis), a summation is performed proportionally to the load duration time.
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For a set of stresses and temperatures at steady-state operation, the creep damage
can be calculated from the following formula [20]:

ZB =

r∑
i=1

ti
tBi

, (16)

where r stands for the number of stress and temperature levels.
The magnitude of total fatigue damage ZN depends on the number of load

cycles n and the magnitude of damage 1/N in each load cycle, where N is the
number of cycles to crack initiation. Its value is derived from the minimum LCF
curve. According to the linear rule of fatigue damage accumulation (Palmgren’s-
Miners’ hypothesis), a summation is performed proportionally to the number of
cycles. For a stress spectrum, which in real turbine operation conditions consists
of start-ups from cold, warm and hot states, and from load changes, the fatigue
damage is calculated from the following formula [20]:

ZN =

q∑
i=1

ni
Ni
, (17)

where q denotes the number of stress levels.
The linear rule of damage summation has been validated for 1CrMoV ro-

tor steels by Colombo [21], who performed thermal fatigue tests on uniaxial and
component feature specimens under service-like conditions. The linear rule re-
sulted in conservative endurance predictions for all specimens but with signifi-
cantly lower scatter in 3D component-like tests compared with plain and notched
thermo-mechanical tests. In the latter tests, the scatter of calculated endurances
was considerably lower when the ductility exhaustion rule was used for the creep
damage calculation. However, component-like tests simulating high temperature
steam turbine rotor operation under real conditions, the time fraction rule used for
the creep damage calculation resulted in more accurate endurance predictions com-
pared with the ductility exhaustion rule. Very good accuracy of the linear damage
summation rule using the time fraction procedure for the creep damage calculation
fully justifies its use in steam turbine component damage assessments.

Theoretically, the computational lifetime is exhausted when the total damage
Z reaches one. This critical value, i.e., the value of exhaustion causing failure, is
assumed for fatigue cycles, and it denotes crack initiation. Further operation from
the instant of crack initiation to the instant of total rupture is associated with an
increased risk of failure. In the case of creep damage, the moment that micro-
cracks appear coincides usually with the onset of tertiary creep, which is typically
reached after approximately 75% of the time to rupture tB. Thus, for steam turbine
components where creep and fatigue processes occur in parallel, the critical value
of 0.75 is assumed [22, 23]. Once this critical value D is reached, an increased
risk of cracking occurs and failure possibility increases, and the turbine is further
operated with a gradually decreasing safety margin.
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5. Lifetime analysis of a steam turbine rotor

The presented method and tools were applied in lifetime calculations of a
high-pressure rotor. Continuous operating data for 78 months were delivered by
a power plant for analysis. Using the data analysis tool configured for the turbine
under investigation, a total of 267 start-ups was detected in the analysed period
of time during which the turbine accumulated 43 387 operating hours. Detailed
analysis of casing initial temperature resulted in the following numbers of starts:

• 31 cold,
• 214 warm,
• 22 hot starts.

Thermal analysis of the rotor was performed in an axisymmetric model prepared
usingAbaqus [19] with thermal boundary conditions determined using themethod-
ology described in Section 4.1. Rotor temperature distributions obtained at tran-
sient and steady state conditions are presented in Fig. 7. Fig. 7a shows the rotor
temperature distribution after 60 minutes of the beginning of a cold start, while
Fig. 7b presents its distribution at steady state conditions. A characteristic feature
of the transient temperature field are the dominating gradients in radial direction
in the rotor inlet sections (red colour) resulting from high steam-metal temperature
mismatch and insignificant steam temperature variation in axial direction at the
early phase of start-up. When steady state is attained, the axial steam temperature
variation and heat transfer coefficients are high, which results in significant rotor
temperature gradients in axial direction.

(a)

(b)

Fig. 7. Rotor temperature distribution (◦C) during a cold start (a) and at steady state (b)
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In steady state operationwith constant temperature and primary load (rotational
speed and steam pressure), stress redistribution and creep strain accumulation take
place. The rate of both processes is highest in the areas of stress concentration at
high temperature, which results in the largest values of accumulated creep strain.
Example distribution of the equivalent creep strain in the rotor after 10000 hours
of service at nominal conditions is shown in Fig. 8. The largest area of high creep
strain is located below the control stage disc (adjacent to the left cavity) and at its
left and right transition radius. These sections of the rotor are thus critical from the
point of view of creep damage.

Fig. 8. Creep strain distribution (-) in the rotor after 10000 hours

The analysis of turbine operating conditions performed automatically using
the data analysis tool revealed that the turbine was operated in this period with
reduced live steam temperature andwith two live steam pressure levels: 15÷16MPa
corresponding to part-load operation regime and 17÷18 MPa corresponding to
nominal load. This resulted in reduced creep damage comparing with the damage
obtained for nominal steam conditions, and consequently lifetime exhaustion was
lower than that determined for this operation time at design conditions.

Transient thermal stresses responsible for thermal fatigue damage were cal-
culated using the same axisymmetric model of the rotor as in thermal analysis
assuming transient temperature distribution in the rotor as its thermal loading. The
locations of highest thermal stresses are also in the sections of highest temperature
and thermal gradients. In the analysed rotor, the maximum equivalent stress for all
start-up types occurred in the first blades groove. Distribution of relative equivalent
stress defined as the ratio of the equivalent stress at a given point to the maximum
stress in the rotor is shown in Fig. 9a. A small area of very high stress concentration
is seen at the left bottom side of the groove in the transition radius. Consequently,
the lowest number of cycles to crack initiation was obtained in this position re-
sulting in the highest low-cycle fatigue damage. It is shown in Fig. 9b presenting
distribution of relative number of cycles to crack initiation defined as the ratio of
the number of cycles at a given point to the minimum number of cycles in the
rotor. The highly localized stress and damage concentration found in the lifetime
analyses indicated a possibility of geometry optimization in this area. The existing
old groove geometry was modified by applying a stress-optimized shape presently
used in new design rotors. The most highly damaged material was removed by
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mechanical machining and a new contour was turned at the left bottom side of the
groove as shown in Fig. 10b. Comparison of relative stress and fatigue damage for
cold start shown in this figure revealed a significant reduction of equivalent stress
by nearly 50% and almost sevenfold fatigue life extension as compared with the
original groove shape.

(a) (b)

Fig. 9. Relative equivalent stress distribution (a) and relative number of cycles to crack initiation (b)
in the first blade groove

(a) (b)

Fig. 10. Relative stress distribution and fatigue life of the original (a) and optimized (b) blade groove

Accuracy of the advanced lifetime assessment method was investigated by
analysing the low-cycle fatigue damage of the blade groove using different methods
of damage extrapolation applied so far. For this purpose, all recorded cold start-
stop cycles were computed using the finite element method and fatigue damage
was obtained for each individual cycle. Fig. 11 presents the low-cycle fatigue
damage variation with initial metal temperature. Damage values are given here
relative to the fatigue damage obtained for design cold start. The distribution of
damage for individual cycles exhibits high scatter reaching 2 orders of magnitude
(maximum = 0.22, minimum = 0.0029). Total fatigue damage was then computed
with the help of Eq. (17) and this value was assumed as a reference in comparative
studies. Fatigue damage was also computed by extrapolating damage due to a single
cycle on all considered cold start-ups. It was done by multiplying the unit damage
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Fig. 11. Relative LCF damage for cold start cycles at various initial temperatures

by the number of cold starts. Three different single cycles were selected for this
purpose:

• cold start with minimum initial metal temperature,
• cold start with maximum initial metal temperature,
• cold start with average initial metal temperature.
The results of calculations are shown in Fig. 12where the LCF damage is scaled

with respect to the actual damage computed basing on all cycles (actual relative
damage = 1). The two extreme damage values equal 1.27 and 0.19 correspond
to a minimum and maximum initial temperature, respectively, and determine the

Fig. 12. Relative LCF damage for cold start cycles extrapolated assuming various initial
temperatures
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scatter in fatigue life of (−27%)÷(+81%).When the cyclewith average temperature
is used for damage extrapolation, the predicted damage is half the actual value
which means that fatigue life is overestimated by 100%. The presented results of
damage calculations clearly show a high scatter of fatigue damage for the same
class of start-up and high sensitivity to initial thermal conditions. Consequently,
lifetime assessment based on only one representative cycle may be fraught with
high inaccuracy and lead to wrong predictions of remaining safe operation time of
steam turbines.

6. Summary

The described method of advanced lifetime assessment of steam turbines was
developed by GE in response to changing market requirements resulting from the
increased share of renewables in energy production. The new requirements are
related with increased flexibility of steam turbine units operation and extension of
their lifetime beyond design limits.

The key factor enabling meeting these requirements is accurate lifetime assess-
ment of turbine critical components. Detailed knowledge about the current status
of damage is crucial for both predicting the residual life for unchanged operating
conditions and investigating the effect of new service conditions on the turbine
lifetime.

The new tools andmethodswere developed for advanced lifetime assessment of
steam turbine components operating at high and significantly changing temperature,
like high-pressure rotors, casings and valve chests. By applying the advanced
lifetime assessment method and tools it is possible to reliably determine creep-
fatigue damage and predict residual life with higher accuracy than it was possible
so far.

Creep analysis is performed using the characteristic strain model with material
constants specific for a material grade. Low-cycle fatigue analysis is carried out
employing elastic and elastic-plastic material models with material data specified
for a givenmaterial grade. Creep-fatigue damage is evaluated with the help of linear
damage accumulation rule which is applied for long-term operating data including
many cycles and stress-temperature levels.

Using the example of high-pressure rotor it was shown that fatigue damage can
be predictedwith errors exceeding 100%when simple analysis of one representative
cycle is performed. The highest fatigue damage of the rotor is localized at the first
blade groove, which can be improved by applying optimized shape extending the
fatigue life by almost 7 times. The above numbers provide evidence of enhanced
accuracy of the advanced lifetime assessment methodology and its capabilities of
extending remaining life of steam turbines.

Manuscript received by Editorial Board, August 07, 2018;
final version, October 02, 2018.
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