
TURBINE GENERATOR LIFE ASSESSMENT/EXTENSION 

by 
Donald R. McCann 

Unit Manager, Engineering 

H. R. Jhansale 
Group Leader, Fatigue and Fracture Mechanics 

and 
James L. Anderson 

Manager, Wisconsin Sales & Service 

Power Generation Services 

Allis-Chalmers ESD, Incorporated 

Milwaukee, Wisconsin 

Donald R. McCann is Unit Manager 
of Power Generation Services at Allis­
Chalmers ESD, Incorporated, in Mil­
waukee, Wisconsin. He has B. S. and M. S. 
degrees in Mechanical Engineering and 
a Ph. D. degree in Metallurgy, all from 
Marquette. 

Dr. McCann has been associated with 
Allis-Chalmers since 1966, when he started 
as a Material Scientist in the High Pres­
sure Physics Department. He has broad 

industrial experience in metallurgy including mechanical, weld­
ing and powder metallurgy, non-destructive testing, material 
selection, forgings, castings, corrosion, wear, fatigue and frac­
ture mechanics, X-ray diffraction, failure analysis and stress 
analysis. 

Dr. McCann is a member of ASM, AWS, Materials Properties 
Council, and is a Registered Professional Engineer in the State 
of Wisconsin. He has published 15 technical papers, and has or­
ganized and presented inhouse education seminars/workshops 
on metallurgy, fatigue and fracture mechanics. 

H. R. (John) ]hansale is Group Leader 
of Fracture Mechanics and Fatigue 
Analyses in Power Generation Services 
for Allis-Chalmers ESD, Incorporated, 
in Milwaukee, Wisconsin. He has a B. E. 
degree from the University of Mysore 
(India) and M.A. Sc. and Ph. D. degrees in 
Civil Engineering from the University of 
Waterloo, Canada. 

Dr. jhansale joined the Advanced Tech­
nology Center of Allis-Chalmers in 1977, 

as a Specialist in Fatigue and Fracture Mechanics. From 1972-
1977, he was Visiting Assistant Professor of T heoretical and 
Applied Mechanics at the University of Illinois, where he taught 
and conducted research in fatigue and fracture mechanics. At 
Allis-Chalmers, Dr. jhansale has been responsible for the devel­
opment of automated fatigue and fracture mechanics test and 
analytical capabilities. Also, he has been responsible for or­
ganizing inhouse educational seminars/workshops, and also in 
various successful practica{ applications of fatigue and fracture 
mechanics. Presently he is involved in life evaluation of tur­
bogenerator components. 

85 

Dr. ]hansale has authored over thirty articles and reports in 
ASME, AST M, and ASCE joumals and several conference pro­
ceedings. He reviews technical articles for ASME and ASTM 
journals, and proposals for NSF. He is a member of the ASTM 
and SESA and a past chairman of SESA-Milwaukee chapter. He 
is also an active member of the technical committees, ASTME-09 
on Fatigue, AST M E-24 on Fracture Testing, SAE Fatigue De­
sign and Evaluation Committee, and SESA fatigue and fracture 
mechanics committees. 

James L. Anderson is Manager, W is­
consin Sales and Service, in Power Gener­
ation Services for Allis-Chalmers ESD, 
Incorporated, in West Allis, Wisconsin. 
He has a B. S. degree in Mechanical En­
gineering from Marquette University. He 
is a Registered Professional Engineer in 
the State ofWisconsin. 

Mr. Anderson is responsible for sales 
and marketing efforts, project engineer­
ing/management, renewal parts and serv­

ice for Wisconsin utilities relating to Allis-Chalmers turbine 
generators. 

Prior to his present assignment, he was Project Director 
WEPCo Task Force, also with Power Generation Services. As Di­
rector, he was responsible for total marketing effort relative to 
Wisconsin Electric Power Company's planned renovation of 
four turbine generators, totaling 500 MW at their North Oak 
Creek Power Plant. Prior to the Task Force assignment, Mr. An­
derson was Manqger of Marketing for Power Generation Serv­
ices, and was responsible for product planning, marketing 
strategies and customer relations in the turbine generator after­
market. 

Prior to being Manager of Marketing, he was Senior Project 
Manager of the Power Generation Section, Equipment Services 
Division, Allis Chalmers Corporation and was involved in major 
projects in the turbine generator aftermarket, including three 
life expectancy projects for Wisconsin Electric Power Company. 

ABSTRACT 
The approach and methodology to life assessment/extension 

are described. Items considered are nondestructive testing, ma­
terial testing, flaw sizing, stress analysis, fracture mechanics 
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analysis and cumulative damage analysis. Examples are pro­
vided to illustrate specific aspects of the study. 

INTRODUCTION 
Life assessment/extension of a turbine generator unit is neces­

sary for economic evaluation of the power plant. Proper mainte­
nance and operation, although essential for long life of turbine 
generator components, will not disclose certain material degra­
dation that occurs with time until the component is near failure. 
These items include cumulative damage and flaw growth due to 
both creep and fatigue. Creep is caused by steady state stress at 
high temperature, and fatigue is caused by startup and shutdown 
thermal and mechanical transient stresses. Fracture mechanics 
techniques are used to perform flaw growth due to fatigue, creep 
and stress corrosion cracking and evaluate observed flaws. 
Hence, analytical engineering techniques and inspection 
methods provide assurance that components will successfully 
perform during their planned life. If these techniques reveal 
problem areas, then a plan can be developed to find the most cost 
effective corrective measures. The purpose of a life assessment/ 
extension study, therefore, is to evaluate the present condition 
of the turbine generator unit in terms of expended life, and to 
estimate when various components will require future inspec­
tions, repair, modifications or replacement, based on projected 
usage, so that the economical operation of the unit can be 
optimized. 

The manufactcurer's involvement in the life studies covers 
only the turbine generator unit. Auxiliary components such as 
boiler, piping, heaters, motors, pumps, etc. , are not included 
in the study. The majority of the turbine components are non­
destructively inspected, and there is analytical evaluation of 
components such as high pressure (HP), intermediate pressure 
(IP) and low pressure (LP) turbine spindles, HP and IP inner, 
and outer cylinders, blade rings, main and reheat stop valves, 
intercept valves, dump valves, steam chests, steam strainer, 
inlet and reheat pipe bends, generator rotor, and generator re­
taining rings. Furthermore, both the generator rotor and stator 
are subjected to a series of electrical tests. 

OPERATIONAL DATA 
Past operational records such as inspection and maintenance 

reports should be reviewed and summarized, and a chronology 
should be prepared, if it is not already available. A questionnaire 
is sent to the customer to aid with collecting data that are re­
quired in order to perform the analytical evaluations. Informa­
tion required includes past operating hours in specific ranges of 
temperatures, the number of cold, warm and hot starts and load 
changes per year for all years of operation. In addition, informa­
tion regarding turbine operating data (temperature, pressure, 
rpm, MW, steam flow) should be defined as a function of time 
for cold, warm and hot starts, for shutdowns and for load 
changes. Typical cold start data are shown in Figure 1. These 
data are used to develop the various startup transients which are 
required for the thermal and stress analyses. It is preferred to 
have the cumulative damage calculations completed for all com­
ponents, if at all possible, before the outage. This allows compo­
nents with high damage to be investigated more closely, and, if 
necessary, replicas can be made to determine the condition of 
the material or samples can be removed for testing. 

If the life assessment/extension study is being conducted on 
an Allis- Chalmers unit, internal records are also reviewed to ob­
tain the maximum amount of information on the unit. 

NONDESTRUCTIVE TESTING 
The turbine and generator components that are normally in­

spected during a life study are tabulated in Figure 2, together 
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Figure 1. Cold Startup Transient Data. 

with appropriate inspection methods. These methods include 
dimensional (Dim), visual (VT), magnetic particle (MT), pene­
trant (PT), ultrasonic (UT) and eddy current (ET). A detailed in­
spection plan is developed so that no components are missed. 
Component sketches are provided which show exactly where 
dimensions are to be measured to determine if extensive wear 
or creep deformation has occurred. 

Component Dim. 

Main Stop Valves X 
Inlet Valves X 
Steam Chests X 
Steam Strainers X 
Intercepting Valves X 
Reheat Stop Valves X 
Main Steam Pipe X 
Hot Reheat Pipe X 
Outer Cylinder X 
Piping Nozzles X 
Nozzle Chests & Blocks X 
Inner Cyt. & Blade Rings X 
Spindles X 
Bearings X 
Gland Casing X 
Bolting X 
Crossunder Piping 
Gen. Rotor 
Gen. Stator 
Gen. Retaining Rings 

B • Bore Inspection 

VT MT 

X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
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Figure 2. Typical Field Inspection NDE Requirement for Thr­
bine and Generator Components. 

All turbine spindles and generator rotors are boresonic (ultra­
sonic inspection from the bore) examined at this time, if recent 
inspection results within the last five years are not available for 
analysis. Furthermore, if it is known that a spindle/rotor con­
tains numerous ultrasonic indications and the data are in a for­
mat that cannot be analytically evaluated by computer, then 
another boresonic inspection is requested with the appropriate 
data acquisition equipment. 

Electrical tests of the generator rotor and stator are also under­
taken at this time. Rotor tests include 500V DC megger test, im­
pedance test, DC resistance test and exploring coil test. Stator 
tests include 2500V DC megger test, core test, winding step 
test, slot discharge and corona probe test, power factor test and 
Doble bushing test. Generator rotor retaining rings are also 
thoroughly inspected, utilizing ultrasonic, eddy current and 
penetrant techniques. 
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MATERIAL TESTING 
Material tests could include one or more of the following: ten­

sile properties, chemical analysis, Charpy V-notch impact tests 
and fracture appearance transition temperature (FATI), state­
of-the-art fracture toughness tests (K1c or J1c), elevated tempera­
ture creep and stress rupture tests, cyclic stress-strain and strain 
based fatigue crack initiation life tests, fatigue crack growth 
property tests, chemical analysis, and metallurgical studies for 
embrittlement and cause of cracks. Since only small samples of 
material are available from the operating components, special 
built-up specimens are fabricated for mechanical tests. Samples 
obtained from the rotors are either radial or axial trepans from 
the outer diameter (OD) or ring samples removed from the ends 
or from the bore as part of an overbore operation. 

The most important and useful tests for remaining life predic­
tion by fracture mechanics are the tensile, the Charpy impact 
and the fracture toughness tests. These tests will provide the ac­
tual material properties. In the absence of the actual properties, 
lower bound conservative values based on the population 
database of all vintage rotors will be used. More importantly, if 
the material samples are obtained from the potential embrittled 
region (exposed to 600 to 900°F), these tests will provide the cur­
rent embrittled fracture toughness of the material. 

A typical fabrication of a bend test specimen for either Charpy 
or fracture toughness test from a radial trepan sample is shown 
in Figure 3. Two attachments of a material similar to the sample 
are electron beam welded to minimize the heat affected zone to 
eliminate any influence on the sample material properties. This 
also allows the sample to be appropriately oriented in order to 
measure the toughness in the radial-axial plane of the rotor. 

Radial 
Outward 

Figure 3. Fracture Toughness Test Specimen. 

Fracture toughness tests are usually performed following 
ASTM Standard E-813 for J1c using the single specimen auto­
mated unloading compliance method. A typical load vs mid­
span displacement plot obtained during such a test of a rotor 
steel is shown in Figure 4. The applied J- integral vs crack 
growth data derived from the load vs displacement data of Fig­
ure 4 is shown in Figure 5. As shown in Figures 4 and 5, the ma­
terial exhibited excellent ductility and fracture toughness. 

Depending on the number of samples available, Charpy and 
fracture toughness tests are performed at one or more tempera­
tures. These data are compared with the existing database, and 
appropriate conservative values as a function of temperature are 
chosen after due consideration for measured values and ex­
pected scatter. 

TURBINE SPINDLE/GENERATOR 
ROTOR CRACK SIZE ANALYSIS 

Since startup and steady state stresses are highest at the bore 
surface and decrease with radial distance from the bore, axial­
radial flaws within 3.0 in of the bore are the most harmful with 
respect to a burst failure for rotating components. Therefore, 
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nondestructive inspection methods are employed to detect 
axially oriented surface and subsurface flaws around the bore. 
These inspection methods include visual, magnetic particle and 
ultrasonic techniques. 

Surface flaw sizes are estimated from visual and magnetic par­
ticle indications by assuming a flaw depth to surface length ratio 
of 0. 5. 

Subsurface flaw sizes and additional surface flaw sizes are de­
rived by performing a " 3-D Computer Linkup Analysis" of the 
boresonic inspection data. The linkup analysis essentially calcu­
lates the 3-D distances between neighboring boresonic indica­
tions. All those indications closer to each other than a specified 
length criterion are considered to be linked-up to form a larger 
hypothetical flaw. The results include a listing of all linkup flaws, 
their coordinate locations and sizes. Although individual ul­
trasonic indications usually show a relatively small amplitude, it 
is possible for larger flaws to be present due to reflection uncer­
tainty associated with flaw shape and orientation. Furthermore, 
it is possible to have ligament yielding between indications with­
out being detected. The critical linking distance is, in general, 
a function of the size of the neighboring indications, the stress 
level and the yield strength of the material. A conservative value 
of 0.3 in is generally used as the criterion. To further assist with 
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the evaluation of flaw size, plots of the ultrasonic data are made 
as follows: axial location vscircumferential location; axial location 
vs radial location and circumferential location vs radial location. 
Specific linkup flaws can also be plotted on expanded scales to 
assist in determining whether the flaw is a planar (crack) defect 
or a cluster (nonmetallic inclusions, porosity, etc. ) defect. 

A typical linkup output is shown in Figure 6. For each poten­
tial flaw, the number of ultrasonic indications that constitute the 
flaw, its location and its size are tabulated. The DTHETA dimen­
sion, which is the circumferential width of the flaw, is used to 
determine whether the flaw is planar (DTHETA � 20°) or clus­
ter (DTHETA > 20°). For example, for the fracture mechanics 
analysis, Linkup 5 would be considered as a buried crack, 0.21 
in deep x 0.22 in long, centered 1.43 in from the bore, and Lin­
kup 46 would be considered as surface crack, 0. 28 in deep x 

0. 56 in long. 

----------- POSITION ----------------------------

LINKUP NU"9ER AXIAL, IN. CIRCU". DEC. RADIAL, IN. 
NO. OF PTS X ox THETA OTHETA R OR 

START DIFF START DIFF START OIFF 
1 3 23.72 9.98 71.88 2.88 3.93 8.93 
2 � 26.27 8.88 �5.88 2.58 8.81 8.88 
3 3 29.18 8,88 239.88 �.69 1.�2 8.22 
� 3 33.92 9.99 265.99 1.99 1.57 9.91 
5 12 37.59 8.22 169.99 3.18 1.32 8.21 
6 � 38.32 8.9Q 262.99 2.99 1.59 9.98 
7 � ... 8.65 9.89 263.78 3.98 1.73 8.17 
8 3 ... 2.65 8.88 �5.98 2.98 9.61 9.23 
9 18 181.68 9.H 236.98 3.18 8.�� 8.29 

18 � 1�8.H 8.88 193.78 2.99 1.62 9.83 
11 3 1<47 .�7 8.28 11.78 1.19 1.25' 8.89 
12 3 1 ... 9.27 9.98 �8.98 1.98 1.72 8.19 
l3 5 182.23 8 :�8 191.88 2.58 �.21 8.25 
.. 3 193.87 8.89 ... 2.88 3.89 1.17 9.19 

29 
lq.C.93 9.89 118.88 3.19 1.76 8.18 

, 127.28 1.58 1.62 9.28 
38 9 239.23 o •II 9.� ... 8.38 
31 � 2 ... 8.83 9.9� l!nt.Da • •1 9.26 
32 " 2�1.83 8.28 389.98 11.18 

33 � 2�9.93 8.89 223.28 .... 79 1.99 B.�� 
H H 25<4.93 8.�8 295.98 16.59 1.25 8.49 
35 3 258.83 8.88 29�.98 3.38 1,48 8.15 

36 � 259.83 8.98 39 .... 69 2.�8 1.�2 9.38 

37 � 261.23 8.8 ... 228.28 3.98 2.18 8.�3 

39 3 261.�3 8.88 235.28 1.68 2.31 9.13 

39 " 261.�3 8.ea 237.18 3.88 1.75 9.2� 

"a 19 261.�7 8.16 221.59 7 .... 8 1.57 e ... & 
41 3 261.83 8.88 239.68 1."8 2.98 8.88 

42 � 26<4.23 8.89 2�9. 78 3.88 2.59 8 .... 6 

43 8 26 .... 27 8.28 23 .... 98 11.58 2.46 8.36 

"" 3 265.67 8.89 343.28 .... 78 8.62 8.23 

"5 5 278.43 8.84 195.39 .... 99 9.38 9.13 

"6 16 299.83 e."e 299.18 15.79 8.86 8.22 

�7 11 287.23 8.28 66.48 1�.88 8.15 8.3� 

"a 6 292 .... 3 8.8" 221.78 8.88 1."8 8.21 

Figure 6. Results of Linkup Analysis. 

THERMAL AND STRESS ANALYSES 
The ANSYS [1] computer code is a large scale, general pur-

pose finite element analysis package that is used to conduct the 
thermal and stress analyses for the rotating and non-rotating 
components. The ANSYS analysis capabilities include statics 
and dynamics; elastic, plastic, creep and swelling; buckling; 
small and large deflections; steady-state and transient heat trans-
fer, electrostatics, magnetostatics and fluid flow. The program 
employes the matrix displacement method of analysis based on 
finite element idealization. 

Transient and steady state heat transfer coefficients on the 
surface of the component are first calculated with an in-house 
computer program. These data completely define the thermal 
boundary conditions for each load step as required by the ANSYS 
computer program. Transient and steady state thermal analyses 
are conducted to obtain temperature profiles throughout the 
component. Both wet (condensation) and dry steam conditions 
are considered. These data, together with pressure or centri-

fugal load, are used to determine stress profiles. Complete tem­
perature and stress contour plots are provided for all transients 
in the report. 

Typical circumferential stress contours developed in a HP-IP 
spindle several hours after a cold start are shown in Figure 7. 
Note that maximum bore stresses are developed under the LP 
balance piston (45.4 ksi) and in the center of the IP section (64.5 
ksi). Stresses decrease rapidly with radial distance from the bore 
surface. Steady state stresses would be lower, since the transient 
thermal stress becomes smaller during steady state operation. 

Stress, Pst 

Figure 7. Circumferential Stress Contours, Cold Start. 

For the HP and IP spindles, the worst case condition during 
cold startup is determined at the time when the fracture toughness/ 
stress (K1ja) ratio is a minimum, since that is when the critical 
crack size is the smallest. This is accomplished using a post­
processor, which calculates KJ.Ia ratio along the bore at any tran­
sient time to locate the minimum ratio. K1cis the fracture tough­
ness corresponding to the appropriate temperature at the bore. 
Stresses due to the combined effect of thermal plus mechanical 
(centrifugal) loading are determined. 

For safe operation of HP and IP spindles, it is desirable to 
have the K1ja ratio greater than 1.25 at all spindle locations. 
This ratio will provide a relatively large critical crack size as illus­
trated later. If the ratio is lower than 1.25, the cold start proce­
dure is generally changed, so as to increase bore temperature 
while reducing the thermal stress. 

Another postprocessor is used to calculate the alternating 
stress intensities from multiaxial stress components in accord­
ance with the ASME Boiler and Pressure Vessel Code [2]. The 
extreme values of the range of these alternating stress intensities 
are used for the fatigue damage calculations. 

For creep damage calculations, either the von Mises stress or 
the ASME crotch primary membrane stress intensity [3] is used. 
The ANSYS program also has the ability to analyze stress relaxa­
tion with time about the bore. 

FRACTURE MECHANICS ANALYSIS 
This analysis usually pertains to turbine spindles, generator 

rotors and generator retaining rings. Although the magnetic par­
ticle and ultrasonic indications may not be as serious as real 
cracks, they are usually considered to be cracks for fracture me­
chanics analysis, unless other analyses shows otherwise. This is 
a conservative approach. 

· 
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Critical Crack Size 

The burst condition for the spindle/rotor occurs when the 
stress intensity factor, K1, corresponding to the present crack, 
is equal to or exceeds the current fracture toughness of the ma­
terial, K1c The crack size corresponding to this situation is said 
to be critical. The stress intensity factor is a function of the 
applied stress and crack size and increases with either of these 
values. The critical crack size, acr is a function of the ratio of the 
fracture toughness to the applied stress. The fracture toughness 
is a function of the temperature and generally increases with it. 

The bore circumferential stress, CJ', fracture toughness, K1c 
and critical crack depth, acr change with time (or temperature) 
during a cold start, as illustrated in Figure 8. Note that acris pro­
portional to the square of the K1jratio and that both C1' and K1c 
increase with temperature, but at a different rate. Furthermore, 
the stress reaches a peak value and then decreases to the steady 
state condition. Note that acrstarts at a high value, decreases to 
a minimum and then rises again. The time at which the 
minimum occurs and its value are dependent upori the thermal 
stress and bore temperature. Normally a rapid start will produce 
a smaller acr than a slow start. 

KJC 

... 
u cr 
Ill 
b 
0 
::11:! 

acr 

TIME 
Figure 8. K1c C1' ac VS T ime During a Cold Start. 

The K1jCJ' ratio vs critical crack depth, �r for a surface crack 
·with a depth/length ratio of 0. 5 is plotted in Figure 9 for two 
methods. One method utilizes the actual stress profile about the 
bore. Note that for the same KdCJ' ratio, the constant stress 
method predicts a much smaller crack depth than the stress pro­
file method. Hence, the constant stress approach is much too 
conservative. A K1jCJ' ratio of 1. 25 indicates a critical crack depth 
of about 0. 85 in and 2.0 in, respectively, for the two methods. 

If the current stress intensity factor is less than the fracture 
toughness, then the current crack size is subcritical. However, 
this subcritical crack could grow by fatigue due to start-stop eye-

2.0 

CONSTANT STRESS METHOD 

a/2C • 0.5 

0 1 2 3 4 
CRITICAL CRACK DEPTH, acr, in 

Figure 9. K1c Ratio vs Critical Crack Depth. 

5 

lie operation of the spindle/rotor and/or creep due to steady op­
eration at sufficiently high temperature. By performing a crack 
growth analysis, the remaining life to reach the burst condition 
is estimated. 

Fatigue Crack Growth 

The BIGIF [4] computer program is used to calculate the 
stress intensity factors and the number of start-stop cycles or 
load blocks required to grow a subcritical surface or buried crack 
to critical size. BIG IF is an acronym for boundary integral equa­
tion generated influence function. This program utilizes prior 
stress analysis of the uncracked structure, previously developed 
crack stress intensity solutions and a straightforward elastic 
superposition technique to calculate the cracked induced redis­
tribution of the elastic stress field. 

A load block normally consists of a number of cold starts, hot 
starts, load changes and overspeed tests. Since the BIG IF pro­
gram allows stress profiles as input, this program is especially 
suited to spindle/rotor bore analysis. Upper bound fatigue crack 
growth rate data are used for the calculations, and it is consid­
ered that the spindle/rotor will fail during an overspeed test. To 
account for uncertainty in the analysis, the number of calculated 
start-stop cycles or load blocks is reduced by a factor of ten. The 
BIG IF program is also enhanced inhouse to include the effects 
of a buried crack approaching the bore surface and finite wall 
thickness on stress intensity factor and crack growth. 

If the calculated number of load block cycles is not acceptable, 
either the flaws are removed by overboring and/or the startup 
procedure is changed to increase the minimum KdCJ' ratio. 

The inspection interval between boresonic examinations of a 
spindle/rotor is based on an allowable number of elapsed start­
stop cycles or operating hours, whichever comes first. Consider 
a bore surface crack, 0.3 in deep X 0. 6 in long, in the main body 
portion of a generator rotor. This crack size, along with the stress 
profiles for running speed and ten percent overspeed, a load 
block consisting of ten start-stop cycles and one overspeed test, 
and the fatigue crack growth rate data were all input to the 
BIGIF fatigue crack growth program. A partial output, shown 
in Figure 10, tabulates crack sizes, stress intensity factors and 
load blocks for small increments of crack growth. If the fracture 
toughness for the burst condition is about 50 ksi Yin, then the 
critical crack size is 0. 92 in deep X 2.02 in long, and it will take 
2576 load blocks, or 25760 start-stop cycles, to reach critical 
size, as shown by Figure 10. A safety factor of ten is applied to 
these cycles, and the allowable start-stop cycles for the next in-
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spection is established at 2576 cycles. It is company policy, how­
ever, to limit the inspection interval to no more than 2000 start­
stop cycles. 

Crack Dim., In. Omulativa 
Depth Length J.t1, kai.Jin Load Bloc:ka 
0.30 0.60 33.4 0.0 
0.35 0.71 36.0 355 
0.41 0.85 38.0 712 
0.49 1 . 05 41.4 1072 
0.57 1.20 44.2 1437 
0.67 1. 42 46.9 1807 
0.79 1.70 49.7 2186 
o.n 2.02 52.2 2576 
1.08 2.40 54.6 2 982 
1.25 2.85 57.3 3406 
1. 47 3.39 60.4 3853 
1.72 4.04 63.5 4325 
2.02 4.80 67.0 4823 
2.37 5. 71 70.5 5350 
2.80 6.79 74.2 5471 

Figure 10. Results of Fatigue Crack Growth Analysis. 

CUMULATIVE DAMAGE 
Cumulative damage of steam turbine components that are 

subjected to steady state and transient stresses can be estimated 
from a knowledge of past and projected usage, operating stresses 
and material properties. Damage is defined as the fraction of life 
that has been expended as of a certain time and a certain number 
of startup, shutdown and load change cycles. Total cumulative 
damage, Dt, is defined as the linear sum of damage due to creep 
and low cycle fatigue: 

+ � ni 
Creep L Nr LCF 

Where ti and ni are actual time and cycles, respectively, and Tr 
and Nrare the time to creep rupture and cycles to fatigue crack 
initiation, respectively. 

When the total damage reaches a value of 0.5 for creep and 
for fatigue in regions free of stress concentrators, or 1.0 for 
fatigue in regions with stress concentrators, it is considered that 
a warning point has been reached. This means that cracks may 
initiate, and/or severe creep deformation may occur. This does 
not imply that the component need be replaced, but only that 
inspection is required. 

Creep Damage 

An inhouse computer program, which utilizes mean and 
lower bound stress rupture data for a number of materials, is 
used to calculate the past creep damage and future yearly creep 
damage. The program can handle a number of stress levels and 
a variety of times for each temperature of interest. 

Low Cycle Fatigue Damage 

Transient temperature conditions caused by startup, shut­
down and load changes produce an alternating stress condition 
that produces fatigue damage. The damage is expressed as: 

Dr 
= ( ��) Cold+ ( ��) Warm+ (�if) Hot+ ( ��) Load Change 

An inhouse computer program, which utilizes appropriate 
temperature cyclic stress-strain and strain-life data, is used to 
calculate past and future fatigue damage based on a knowledge 
of the nominal stress, the stress concentration factor and the 
number of start-stop cycles. The Neuber [5] rule approach is 
used to account for any plasticity that may arise from stress con­
centration effects. To account for uncertainty in the fatigue prop­
erties, only ten to 30 percent of the estimated fatigue life is used 
for the damage analysis depending on the presence or absence 
of creep. 

The past creep damage and future yearly creep damage are 
also input to this program, so that the output data displays a year 
by year tabulation of damage for creep and fatigue. The year at 
which the warning point is reached can then be easily identified. 

Cumulative damage calculations are important, since they 
pinpoint problem areas in components before the problems be­
come unmanageable. Consider a steam chest from a unit which 
is rated at 2400 psig and 1050°F inlet steam conditions. The his­
torical time-pressure-temperature data are established, and 
past creep damage is calculated from mean and lower bound 
stress-rupture data. By using both lower bound and mean data, 
a range for creep damage is established. After the creep damage 
has been calculated, the fatigue damage is determined, and it is 
added to the creep damage. Consider that the unit has encoun­
tered 150 cold starts, 327 warm starts and 43 hot starts to date 
while the number of load changes has been negligible. Future 
planning mandates about six cold, 12 warm, and two hot starts, 
with approximately 6600 hours of operation per year. This start­
up information, the transient stress amplitudes, and past and 
future creep damages are used to calculate creep damage, 
fatigue damage and total damage on a year by year basis. This is 
illustrated in Figure 11, where the results of calculations are 
shown for the lower bound creep damage condition and for 
fatigue damage at a location in the steam chest that has a stress 
concentration factor of two. The warning points for creep dam­
age and total damage will be reached in the years 1989 and 2008, 
respectively. However, if the mean stress-rupture properties are 
used, then the warning point for creep is not reached until2011, 
and the warning point for total damage is not reached until after 
the year 2015, as illustrated in Figure 12. Thus, the steam chest 
will require inspection in the future, and it is recommended that 
replicas be taken periodically after the year 1989, to determine 
if creep damage is as high as predicted. Replication consists of 
producing an imprint of a highly polished and acid etched metal­
lic surface using cellulose acetate replicating tape and an appro­
priate solvent, which temporarily softens the tape, so that an im­
pression of the microstructure can be obtained. The replica is 
then viewed at high magnifications to determine whether metal­
lurgical changes have occurred and/or cracks have initiated. If 
the lower bound creep data calculations had revealed a warn­
ing point beyond the year 2015, then replication would not be 
necessary. 

REPORT 
A final report is issued, which documents the entire study of 

the turbine-generator unit. It includes a general summary ofthe 
life assessment findings and provides recommendations regard­
ing life extension. It also contains a component by component 
summary, followed by field service inspection reports, all non­
destructive examination (NDE) data including boresonic re­
sults, dimensional data, electrical test data, historical operation 
data and transient starting information, a summary of mainte-
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CREEP AND LOU CYCLE FATIGUE DAMAGE ANALYSES 

COMPONENT : STOP VALVE 
MATERIAL: 2.25CR-1MO ( 2) PLACED IN SERVICE , YR: 1961 

ANALYSIS THROUGH YR: 2814 
NOIIINAL STRESSES : USAGE PAST FUTUREC YEARL Yl 
KT: 2.8 D.R.: 8.1 HOURS 158561. 6688. 
STRESS, KSI A liP MEAN STARTS 

COLD: 18.88 8.88 COLO: 158. 6.88 
UARII: 7.28 &.88 UARM: 327. 12.88 
HOT: 5.68 8.88 HOT: 43. 2.88 

LD CHG: CSEE TEXTl LD CHG: a. 8.888 

CUMULATIVE DAIIAGE FROII 1961 THROUGH YEAR INDICATED BELOW 
LOU CYCLE FATIGUE 

-----------------------------------
YEAR CREEP COLD WARM HOT LDCHG TOTAL 

1984 8.415 8.857 8.834 8.882 8.888 8.588 

1985 8.433 8.859 8.835 8.882 8.888 8.529 

1986 ·8.458 8.862 8.836 8.882 8.888 a.5!ia 

1987 8.467 8.86<1 8.837 8.882 8.888 8.571 

1988 8.485 8.866 8.839 8.882 &.8&8 8.5!1 
1989 8.582 8,868 8.848 8.882 8·.888 8.612 

1998 8.519 8.871 8.841 8.882 8.888 8.633 

1991 8.537 8.873 8.842 8.882 8.888 8.654 

1992 8.554 8.875 8.844 8.882 8.888 8.675 

1993 8.571 8.878 8.845 8.882 8.888 8.696 

1994 8.589 8.888 8.846 8.882 8.888 8.117 
.. ..  ._c: 8,882 8.847 8.882 8.888 8.738 

2888 tt.D�4 q.882 8.888 8.759 
2881 .8.118 8.896 8.��� A.788 
2882 8.727 8.898 8.856 8.883 8.88� 

2883 8.744 8.188 8.857 8.883 8.888 8.985 

2884 8.762 8.183 8.858 8.883 8.888 8.926 

2885 8.779 8.185 8.868 8.883 8.888 8.947 

2886 8.796 8.187 8.861 8.883 8.888 8.968 

2887 8.8H 8,118 8.862 8.883 8.888 8.989 

2888 8.831 9.112 8.863 8.883 8.888 1.818 
2889 8.848 8.114 8.865 8.883 8.888 1.838 

2819 8.966 8.116 8.866 9.984 9.888 1.851 
2811 8.883 8.119 8.867 8.884 8.888 1.872 
2812 8.988 8.121 8.868 8.884 8.888 1.893 
2813 8.918 8.123 8.869 8.884 8.888 1.114 
2814 8.935 8.126 8.871 8.884 8.888 1.135 

Figure 11. Cumulative Damage Using Lower Bound Stress· 
Rupture Data. 

CREEP AND LOY CYCLE FATIGUE DAMAGE ANALYSES 

COMPONENT: STOP VALVE 
MATERIAl: 2 .25CR-1MO C 2> 

NOMINAL STRESSES: 
KT: 2,0 O.R.: 8.1 
STRESS, KSI AMP MEAN 

COLD: 10 .eo e .eo 
WARM: 7.29 8.eo 
HOT: 5,60 0.00 

LO CHG:CSEE TEXTl 

PLACED IN SERVICE , YR: 1961 

ANALYSIS THROUGH YR : 2014 

USAGE PAST FUTURECYEARLYl 
HOURS 158561. 66ee. 

STARTS 
COLD: 
WARM: 
HOT: 

LD CHG: 

150. 
327. 

43. 
a. 

6.80 
12.88 

2.80 
8.aeo 

CUMULATIVE DAMAGE FROM 1961 THROUGH YEAR INDICATED BELOW 
LOW CYCLE FATIGUE 

YEAR CREEP COLD UARH HOT LDCHG TOTAL 

1984 8.237 8.857 8.034 8.802 e.808 8.329 
1985 0.247 e.859 e.035 8.e82 8.8e8 0.343 

1986 8.257 8.862 0.836 9.802 8.880 8.356 
1987 9.266 8.864 8.837 8.802 8.990 8.370 

1988 0.276 9.966 9.939 9.902 0.999 9.393 

1989 9.286 9.968 9.940 9.992 0.900 0.396 

1990 9.296 0.971 9.941 9.002 0.000 9.419 

1991 9.306 9.973 0.942 8.092 9.999 9.423 

1992 9.31& 9.975 9.044 9.982 9.999 8.437 

1993 9.326 9.078 9.945 9.902 9.9ao 9 •• �59 

199� 9.335 9.989 9.946 9.902 0.000 9.�64 
1995 0.345 0.982 9.047 9.892 9.9ao 9.�77 

1996 0.355 8.98� 0.048 0.902 0.000 9.491 

1997 0.365 9.987 0.050 9.003 8.900 0.59� 

1998 9.375 9.989 e.051 8.003 9.000 9.518 

1999 9.395 9.091 9.052 8.093 9.900 8.531 

2090 9.395 9.09� 0.053 9.903 9.900 0 .5�4 
2091 8.�05 0.996 9.055 8.903 9.090 9.559 

R-414 9.099 9.956 8.803 9.909 9.571 

2908 0.957 9.993 8.898 9.585 

2999 8.483 9.114 IJ.uoo� • nnn 9.599 

2919 8.�93 9.116 8.066 9.894 lJ.I:JtJIJ 
2911 8.593 8.119 9.067 9.99� 9.909 8.693 

2012 8.513 9.121 9.068 9.094 9.990 9.70G 

2013 9.523 9.123 9.969 9.904 0.990 9.719 

2014 9.533 9.126 8.971 9.994 8.009 9.733 

Figure 12. Cumulative Damage Using Mean Stress-Rupture 
Data. 

nance reports, the recommended generator inspection proce­
dures, and the analytical procedures and detailed results (tabula­
tions and plots) for each component that was evaluated. 

CONCLUSIONS 
The principles expressed herein have been successfully 

applied to over 170 turbine spindles and generator rotors, the 
majority of which were from non-company units, and b) to life 
assessment/extension studies on 13 units. None of the spindles 
or rotors were retired by the company, but several were over­
bored or bottlebored to remove large subcritical flaws. 

The company considers the life assessment of 1050°F main 
steam units with over 140,000 hr of operation most important to 
provide a long service life. Next in order of priority are the 
1000°F units with large numbers of start-stop cycles (all types). 
It is recommended that all units rated at ten megawatt or greater 
have the spindle and rotor bores inspected and analyzed at least 
once, at a minimum, to assess their serviceability regardless of 
age or operation temperature. 
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