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Abstract: The mechanism of a disk cracking in a low-pressure steam turbine was investigated by

finite-element and fracture mechanics analysis and, based on the results of the investigation, a

life assessment method was derived. The disk cracking was found to be caused by growth of

corrosion pits, superposition of multiple vibration modes, and an increase in the standard

deviation of the natural frequency of grouped blades after long-term operation. Taking these

findings into consideration, the authors then developed a life-assessment method for disk

cracking composed of evaluations of (1) maximum corrosion pit size at the current situation, 2)

corrosion pit growth after a certain term, and 3 failure-occurrence ratio for the estimated

corrosion pit depth. Maximum corrosion-pit size is evaluated by extreme value statistical analysis

using the data obtained by replica inspection. The failure-occurrence ratio is evaluated by Monte

Carlo simulation considering two uncertainties, namely, the standard deviation of the natural

frequency of grouped blades and the stimulus ratio. The values of both uncertainties were

determined by the inverse problem analysis of the disk cracking. In light of these results, the

authors found that replacing conventional tenon-shroud grouped blades with continuous-cover

blades is effective from the view point of vibratory behavior.

1. INTRODUCTION

The number of old fossil-fuel power plants (operated for more than 00,000 hours) has

recently reached over 80% of the total number of plants in Japan. Life-assessment methods for

high-temperature components of old steam turbines are well established in Japan. Appropriate

diagnostic procedures and residual life assessments, such as the hardness method, the A-

Parameter method, and the electric-resistance method, have been performed according to the

standard guidelines. On the other hand, regarding low-temperature components in low-pressure

turbine stages, an appropriate preventive maintenance procedure has not yet been established.
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Stress corrosion cracking (SCC) and corrosion fatigue CF) are the typical failure causes in

low-pressure stages. In the L-2 stage, two kinds of cracking (type A and type B) are common (as

shown in Fig. 1). Some researchers [1-81 have proposed remaining-life evaluation methods for

SCC and CF. Pigott [11 has proposed a probabilistic method for evaluating vibratory stress by

considering uncertainties, such as the scatter of natural frequency, damping, and stimulus ratio

(the ratio of vibratory steam force to steady steam force). Although their approaches have shifted

from deterministic methods to probabilistic ones to improve accuracy, it is still difficult to estimate

the uncertainties. That is, there are only a few ways to obtain the values of the uncertainties, such

as direct measurements in actual machines or inverse problem analysis of failure incidents.

The objectives of the current study are to clarify the mechanism of the disk cracking (Type ,

CF) and to develop a life-assessment method for it. In evaluating the remaining life, this method

takes into account two uncertainties, the standard deviation of the natural frequency of grouped

blades and the stimulus ratio, and determine them by solving the inverse problem of the failure

incidents.

2. FAILURE ANALYSIS OF DISK CRACKING

2.1. Characteristics of disk cracking

By non-destructive inspection, two cracks were detected in a disk of the L-2 stage of a 350-

MW steam turbine. This turbine had experienced approximately 100,000 hours of operation over

13 years. Both cracks initiated at a disk location corresponding to the boundaries between the

grouped blades 21 groups with 7 or blades in a row).

As shown in Fig. 2 one of the two cracks initiated at the contact surface in the middle of the

first hook on the steam-inlet side, propagated in the direction indicated by the arrows, and

reached the second hook in stageffl. The other one initiated at the same position and was on the

way in stage II. The crack-propagation path is defined in three stages (from stage I to stagem)

in this paper.

These cracks initiated from corrosion pits as shown in Fig. 2(b). Several beach marks were

observed on the crack surface, indicating that the cracks were caused by fatigue. An interesting

characteristic of these cracks is that the crack surface is inclined by about 10' from the axial

direction as shown in Fig. 2(c) (view from direction of arrow A).

2.2. Steady and vibratory stress analysis

Finite-element (FE) analysis of the blade-disk structure was performed to investigate the

mechanism of disk cracking. The objective of this analysis is to get information on the steady

stress distribution, the natural frequencies of each mode, and the vibratory stress distribution at

resonance.

The FE model is shown in Fig. 3 A group with seven blades was modeled, and a cyclic

symmetry condition was applied to the disk surfaces at the group boundaries. The stress
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stiffening effect due to a steady force such as centrifugal force was taken into consideration in the

model. To reduce the memory size and alculation time, super elements were introduced in the

analyses of natural frequency and vibratory stress. To express the vibratory mode properly,

master nodes in the super elements in the blades, as well as in the boundary surfaces of the

shroud-cover and the disk in each sector, were appropriately selected. To obtain the vibratory-

stress distribution near the crack initiation site in detail, a fine FE model of a single blade sector

was produced and forced deformations calculated by the coarse model were applied at the

master nodes.

According to natural-frequency analysis, three basic vibratory modes (first tangential in-phase,

first axial in-phase, and first axial out-of-phase) were suspected to affect the disk cracking. It is

difficult to detune them completely because the natural frequencies of these modes are in the

range of relatively large harmonic numbers (8th to 13th) under the rated speed.

Figure 4 shows each mode shape and the vibratory stress distribution on the disk surface of

the group boundary at resonance under an assumed stimulus ratio and damping factor. The

distribution of circumferential stress, which is a major driving force of cracks, is shown in Fig. 4.

The first tangential in-phase mode causes large stresses at the crack-initiation site (stage 1) and

the propagation site (stages 11 and III ). This result implies that the first tangential in-phase mode

is the governing mode in the disk cracking. The other two modes also show relatively high

stresses at the crack initiation site (stage 1). Since the principal axis of stress in the first axial out-

of-phase mode is inclined about 45 degrees to the axial direction, this mode may correlate with

the fact that the crack was inclined about 10 degrees in the fracture surface. According to the

above results, crack initiation is probably caused by the multiple vibratory modes and its

propagation is mainly governed by the first tangential mode. Distribution of vibratory-stress

amplitude (circumferential stress) during Stage I is shown in Fig. 5. The feature of the vibratory

stress is that very large stress appears at the surface because of the stress concentration at the

contact edge between the blade and the disk. This large surface stress is considered to lead to

the crack initiation from small corrosion pits (as discussed in the next section). Steady-stress

distribution due to centrifugal and steam-bending forces is also shown in Fig. 5. Steady stress,

which is much larger than the vibratory stress, reduces fatigue strength of the material by means

of mean stress effects.

2.3. Relationship between crack length and vibratory stress intensity factor range

To obtain the relationship between crack length, a, and vibratory stress intensity factor range,

A K, the following two calculation approaches were taken.

(1) Two-dimensional fracture-mechanics model

A crack at stage I was odeled as a two-dimensional fracture-mechanics model with finite

width, w, and finite length, L, and an elliptical crack at the surface as shown in Fig. 6(a).

According to the investigation results of crack initiation sites of the disk cracking, the aspect ratio
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(depth to surface length) of the elliptical crack was supposed to be one third. A crack at stage III

was modeled as a 2-D infinite plate with finite width, w, and a surface-through crack (with length,

a) as shown in Fig. 6(b). The procedure stated in ASME Section XI 9] was used to calculate AK

by approximating the vibratory-stress distribution (shown in Fig. 5) as polynomial expressions of

the distance from the surface.

(2) FE model analysis with a crack

To confirm the errors in the calculation by approach (1), FE analysis of a model with a crack

was per-formed. Five models were produced with different crack sizes during stages , 1, and 11.

Fine elements were produced near the crack front and forced deformations obtained by the

vibratory stress analysis were applied at the master nodes. The circumferential stress distribution

from the crack front to the inner body was used to calculate A K by the extrapolation at the crack

front as shown in Fig. 7.

The relation of crack length, a and AK calculated from approaches (1) and 2) is shown in

Figs. 8(a) and (b). In these figures, lines represent the values determined by approach (1) and

dots represent those by approach 2). It is confirmed that approach (1) is effective for calculating

A K because the difference between the results by approaches (1) and 2) is quite small (within

15%).

As shown in Figs.8(a) and 8(b), A K in stage I increases sharply with crack length in the small

crack region and passes a plateau zone against crack length, and then gradually increases again.

When a crack reaches stage II, AK decreases as a crack grows. This means that crack-growth

rate slows down in stage 11. This tendency may correlate with the fact that one crack was

detected during stage II in an actual machine. Figure 9 shows the relation between a and AK

under the three vibratory modes in stage 1. In the next section, these curves are used to evaluate

the failure-occurrence ratio from corrosion pits under multiple vibratory modes.

2.4. Evaluation of failure occurrence ratio

There are many uncertainties that can affect the vibratory stress and failure occurrence ratio in

actual machines. The main ones are listed below.

(1)Deviation, , of natural frequency from the calculated value, fn,

(2) Stimulus ratio, ,

(3) Damping factor,

(4)Crack-growth threshold of stress-intensity factor, A Kth.

In the following, it is assumed that points (1) and 2 are variables and 3 and 4 are

constants. It is known that when a crack propagates from a corrosion pit, A Kth is smaller than

that of a macro crack due to micro chemical effects. Accordingly, the minimum value for A Kth 1.2

MPa,/-m) of those reported by several researchers 10-13] (corrosion fatigue tests in various

corrosive environments) was used here.
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Dynamic response of A K at near resonance with harmonies of the operating speed, , was

calculated as follows. Two parameters were used in the calculation; stimulus ratio, S, and

standard deviation of the natural frequency from the calculated one. The deviation, d, of the

natural frequency from fn was assumed to be expressed by a normal distribution and were

randomly selected by using Monte Carlo simulation. Dynamic response of A KaS) at crack

length, a, with stimulus ratio, was calculated from Equation (1). The calculated response at

near-resonance is schematically shown in Fig. 10.

AK (a, S = S 24AK (a, S,,)
S" _ 1� 2 +(24)7 )2

HO
)7 (I 5/100)

where

H = harmonic number,

71= frequency ratio,

S = standard stimulus ratio used in vibratory stress analysis, and

A Ka, S = A K at crack length, a, and stimulus ratio, ,

The failure occurrence ratio from the supposed corrosion pit depth was calculated under the

following conditions.

(1) Depth of the corrosion pits is equal to crack depth.

(2) Failure occurs when the summation of the dynamic response of A K by the three basic

vibratory modes exceeds the value of A Kth.

(3) Failure-occurrence ratio is the number of samples judged to have failed out of the number of

Monte Carlo simulation samples.

Figure 11 shows the estimated failure-occurrence ratio under stimulus ratios and standard

deviation of natural frequency. Corrosion-pit depth was assumed to be equal to that observed on

the fracture surface. In this figure, stimulus ratio is normalized. As the stimulus ratio increases or

the standard deviation of the natural frequency increases (or both), the failure-occurrence ratio

increases. This implies that failure can occur when the deviation of the natural frequency

increases. One possible cause of the frequency change is oxide build-up at the blade-disk and

shroud-cover attachments after long-term operation.

Considering that the crack-occurrence ratio of the machine in which the cracks were found

was 0024 (two cracks over 84 blade-group interfaces), the values of the uncertainties of actual

machines can be obtained as an intersection of the two lines in Fig. 11. Although the values of the

above-mentioned two uncertainties can not be definitely determined from Fig.11, the accuracy of

the above-stated presumption should be improved by more data acquisition.

The relationship between the corrosion-pit depth and failure-occurrence ratio is shown in

Fig.12 by using the obtained value of uncertainties (point A in Fig.11). When the corrosion-pit
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depth is sufficiently small, the failure-occurrence is quite low. On the other hand, if corrosion pit

depth exceeds its critical value, some maintenance actions as discussed in next section are

necessary.

3. LIFE-ASSESSMENT METHOD TO PREVENT DISK CRACKING

As discussed in the previous section, disk cracking can occur in any plants containing grouped

blade structures when the corrosion-pit depth reaches its critical value and the standard deviation

of the natural frequency becomes large after long-term operation. Accordingly, the authors have

developed two procedures for preventing disk cracking as follows.

3.1 Replica inspection and remaining life evaluation

Although ultrasonic, inspection is effective to detect long cracks, it has difficulties in finding

small cracks in blade and disk attachments. Considering that the cracks can initiate from small

corrosion pits as shown in Fig. 12, the authors devised maintenance schemes based on replica

inspection and remaining-life evaluation as described below.

First, replica inspection of the blade-disk attachments is performed by removing blades

periodically and inspecting them as shown in Fig. 13. Figure 14 shows an example of a corrosion

pit observed by replica inspection. The information regarding corrosion-pit size obtained by

replica inspection is used to evaluate the maximum corrosion pit size in the urrent condition by

means of extreme value statistical analysis. Maximum corrosion pit length at each observed site

(blade-disk attachment at grouped-blade boundary) is plotted in the extreme value statistical

diagram as shown in Fig. 15. Maximum corrosion pit size of the inspected machine is evaluated

as the value at the intersection where the number of grouped blade boundaries corresponds to

the return period in Fig. 15.

Next, corrosion-pit growth is estimated after a certain term using the field data of corrosion pit

growth (as shown in Fig. 16) and/or laboratory corrosion pit growth data. The failure occurrence

ratio for the estimated pit depth is evaluated by the method described in section 24. According to

the results of the evaluations described above, the inspection intervals were set and the

appropriate maintenance actions, such as skin-cuts to remove corrosion pits in the disk

attachments or the replacement of the low-pressure rotor, were determined.

3.2 Replacement of grouped blades with continuous cover blades

A continuous-cover-blade (CCB) structure is shown in Fig. 17. It consists of a cover and a

blade manufactured in one body. The covers contact those of neighboring blades by the untwist

force during operation or by the pre-twist force during assembly. The CCB structure has some

superior vibratory characteristics compared with the grouped blade structure (as shown in the

interference diagram (nodal diameter vs. natural frequencies) in Fig. 18). The natural frequency of

the second mode, which corresponds to the first tangential mode of the grouped blades,

increases rapidly as the nodal diameter increases, and there are no resonance points less than

the 15th harmonics with the operating speed. Although only the first family mode (axial bending)
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has resonance points near the 12th and 13th harmonics, the vibratory stress caused by this mode

is very low (less than 1/10 of that on grouped blades). By replacing the conventional grouped

blades by the CCBs, the reliability of the blade and disk can therefore be improved.

4. CONCLUSION

It was found that the disk cracking of the L-2 stage in a steam turbine was caused by

corrosion-pit growth, superposition of the multiple vibration modes, and increase of the standard

deviation of the natural frequency after long-term operation. From the vibratory-stress analysis of

the grouped-blade model, it is concluded that the first tangential mode in-phase is a major

contributor to the disk cracking and that the other modes also affect the crack initiation. The

superposition of the first axial out-of-phase mode well explains the fact that a crack was inclined

about 1 0 degrees from the axial direction.

In light of the above-described results, we developed a life-assessment method for disk

cracking, which consists of evaluations of maximum corrosion-pit size, corrosion pit growth after a

certain term, and failure-occurrence ratio in terms of the estimated corrosion-pit depth. Maximum

corrosion-pit size is evaluated by extreme-value statistical analysis using the data obtained by the

replica inspection. The failure-occurrence ratio is evaluated by Monte Carlo simulation

considering two uncertainties, the standard deviation of the natural frequency and the stimulus

ratio. The values of both uncertainties were determined according to the inverse problem analysis

of the disk cracking.

The reliability of the blade and disk can be improved by replacing the conventional tenon-

shroud-type grouped blade by continuous cover blades (CCBs). This is because the CCBs

reduce the resonance points in the interference diagram and eliminate any tangential modes.
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(a) First tangential mode in-phase

Fig. 3 FE analysis model of a grouped blade
(b) First axial in-phase mode

(c) First axial out-of-phase mode

Fig. 4 Mode shape and vibratory stress distribution
at resonance by three vibratory modes
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Fig. 17. Structure of continuous-cover blade
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