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1.0 INTRODUCTION 

This report summarizes the results of inspections, testing, and analy

ses performed on the emergency diesel generator crankshafts at San Onofre 

Nuclear Generating Station Unit 1. The inspections discovered the presence of 

fatigue cracks in main journal oil holes. The results of these inspections 

along with a report of operating history and the effect of drilling out the 

oil holes are discussed in Section 2.  

A test program to measure the dynamic response of the crankshaft and 

cylinder pressures under transient start-up and coastdown conditions was 

undertaken. The results of this test program are reported in Section 3. A 

transient torsional analytical model of the crankshaft under start-up and 

coastdown conditions is used to predict response in Section 4. This model is 

used to determine the time-dependent nominal torsional stress at each main 

journal. Tests and analyses of the crankshaft under steady state conditions 

have been reported separately.  

In Section 5, life predictions are made by considering the stress con

centration around the oil holes and the nominal torsional stress history 

calculated in the previous section. The effect on life prediction of alter

native strategies to control start-up stresses are determined.  
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2.0 BACKGROUND 

Eddy-current inspections in the crankshaft main journal oil hole 

regions of Diesel Generator 1, DG1, in July and August, 1984, and of Diesel 

Generator 2, DG2, in October, 1984, determined that cracks existed in several 

locations. The results of these inspections and metallographic inspections 

are discussed below. This is followed by an analysis to determine the effect 

of enlarging the oil holes and the stress concentration around the oil hole.  

First, the operating history of the two engines at the time of the eddy

current inspections is discussed.  

2.1 Operating History 

The operating history of engines DG1 and DG2 prior to eddy-current 

testing is summarized in Table 2-1. It is seen that DG1 has 740 starts 

compared with 450 for DG2. This difference is due to the approximately 300 

fast starts that TDI performed on the engine while it was at the Oakland 

plant. This testing on the lead engine was not repeated on DG2.  

The total number of hours of operation for each engine are also shown 

in Table 2-1. It is not known how many of these hours were logged at full 

rated load of 6000 kW.  

2.2 Eddy-Current Inspections 

Failure Analysis Associates (FaAA) performed eddy-current examinations 

of the main journal oil holes in crankshafts in both DG1 and DG2 engines [2-2, 

2-3]. Eddy-current examinations were performed on main journals numbers 3, 4, 

8, 9, and 10 in DG1 and on main journal numbers 8, 9, and 10 in DG2.  

Numerous eddy-current crack indications were discovered as shown in 

Tables 2-2 and 2-3. The cracks all occurred at or near 450 orientations 

(i.e., 450, 1350, 2250, and 315*) indicating that they were induced by tor

sional stresses rather than bending stresses. The fact that cracks exist in 

adjoining quadrants (e.g., 450 and 1350) indicates sign reversals in the 

torsional stresses, which confirms that the cracks were induced by vibration 

rather than overload.  
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The cracks were removed by drilling out the holes to a larger diameter.  

The initial oil hole geometry is shown in Figure 2-1 along with the geometry 
of the 1-1/ 2-inch deep holes on main journal 12. The initial diameter was 

15/16 inches, and subsequently drill sizes of 1-1/16, 1-3/16, 1.5/16, 1-7/16, 

and 1-1/2 inches were used. The holes were enlarged to the extent that no 

recordable eddy-current indications remained. Both ends of each hole were 

bored to the same size that was necessary to remove the deepest indication.  

The largest cracks were found in oil holes on main journal numbers 9 

and 10 in DG1. The extent of these cracks may be determined from Figures 2-2 

through 2-5. It is seen that several cracks extended for 3.0 inches or more.  

The greatest continuous depth of these long cracks was between 1/16 and 

1/8 inch on main journal number 9. The deepest crack was also found on main 

journal number 9 and was between 1/4 and 9/32 inch.  

Main journal oil hole number 9 on DG1 was drilled to a final diameter 

of 1 1/2 inches, and main journal oil hole number 10 on DG1 was drilled to a 

final diameter of 1 5/16 inches. Metal was removed from the blend radius of 

main journal oil hole number 8 on DG1 and main journal oil hole number 9 on 

DG2 by grinding and polishing.  

The crankshaft fillet inspection revealed no eddy-current indications 

exceeding the threshold.  

2.3 Metallographic Replicas 

Metallographic replicas of cracked regions of the DG1 crankshaft were 
taken and inspected [2-4]. There is no evidence of large plastic deformation 
which might be associated with fatigue resulting from very few cycles.  

Closely spaced parallel cracks were found in a number of locations.  

The fatigue cracks are primarily transgranular in nature. These 

fatigue cracks do not have a preferred orientation with respect to the metal

lurgical microstructure. In some instances the cracks lie along the approxi

mate orientation of the material texture while in others the crack is 
perpendicular to the material texture.  
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2.4 Enlarged Oil Holes 

The observed fatigue cracks, were eliminated by drilling the oil holes 

out to larger diameters. The effect of the larger diameter oil holes upon the 

stress concentration factor in the oil hole was calculated and found not to be 

significant.  

To study the effect on the torsional stress due to enlarging the oil 

hole diameters in the crankshaft main bearing journals from 15/16 inch to 1 

1/2 inches, the change in polar moment of inertia of the section and the 

stress concentration factor in the shaft due to the transverse oil hole were 

reviewed.  

Calculations indicate that enlarging the 15/16 inch oil hole to 1 1 /2 

inches in diameter will result in a 4% reduction in the polar moment of iner-.  

tia of the section (2631.9 in4 to 2527.5 in4 ). The behavior of the stress 

concentration based upon the net section of the shaft, Ktn, as a function of 

increasing oil hole diameter is shown in Figure 2-6. The combined effect of 

the reduction of inertia and Ktn must be considered when determining the 

crankshaft torsional stresses.  

The stress concentration factor based upon the gross section of the 

shaft, Ktg, is also shown in Figure 2-6. Ktg accounts for the combined effect 

of the reduction in polar moment of inertia and Ktn* Ktg stays essentially 

the same as the oil hole is increased from 15/16 inch to 1 1/2 inches in 

diameter, resulting in negligible changes in torsional stress.  

2.5 Summary 

* DG1 has had more starts than DG2 by approximately 740 to 450.  

* Main journal oil holes on both DG1 and DG2 were found by eddy
current inspection to have fatigue cracks generally orientated 
along 450 planes.  

* Cracks on DG1 were much more severe than on DG2 with oil holes 
on main journals 9 and 10 being the most significant.  
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e Cracks were removed by drilling and grinding out the oil holes 
to a larger diameter without significantly altering the stress 
concentration effect of the oil hole.  

* A liquid penetrant inspection of the No. 11 main journal oil 
hole on DG1 was performed. Minor cracking was observed. *The 
oil hole was ground and polished. Reinspection showed no 
relevant indications [2-6].  

Section 2 References 
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2-6 Southern California Edison Company NDE Report No. 1PT-072-84 by 
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Table 2-1 

Operating History of Engines Prior to 
Eddy-Current Inspections [2-1] 

Engine 

Operation DG1 DG2 

No. of Starts 740 450 

Total Hours 725 550 

0 
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Table 2-2 
Eddy-Current Crack Indications 
Found in DG1 Prior to Rework 

Crack 
Oil Hole Numberl Number Position2 Magnitude3  Length" 

10 Main, Left 1* 450 200%+ From 600 to at least 
3 inches.  

2 2250 200%+ From 420 to at least 
3 inches.  

10 Main, Right 1 450 166%+ From 600 to 15/16 
inch.  

2 2250 166%+ From 660 to 1 1/16 
inch.  

9 Main, Left 1 450 200% From 120 to at least 
3 inches.  

2 1350 36% At 00 
3* 2250 200%+ From 400 to at least 

3 inches.  

9 Main, Right 1* 1260 200%+ From 400 to 1 inch.  
2 3150 200%+ From 400 to 1 inch.  

8 Main, Left 1 1300 200% 660 to 840 
2 2250 200% 660 to 720 

8 Main, Right 1 1350 200%+ 600 to 840 
2 3350 200%+ 540 to 840 

* Two closely spaced indications.  

NOTES: 1. Left or right from the perspective of someone standing at the 
generator end facing the governor with number 9 crankpin at top 
dead center.  

2. Measured clockwise with 00 at the governor end of the crankshaft 
centerline.  

3. Percentage of the signal obtained from a 0.020-inch deep by 0.040
inch long crack-like defect.  

4. Angular measurement in the blend radius is from 00 at the main 
journal surface to 900 at the junction with the bore. Linear 
measurement is depth from the journal surface.  
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Table 2-3 
Eddy-Current Crack Indications 
Found in DG2 Prior to Rework 

Crack 
Oil Hole Numberl Number Position2 Magnitude3  Length4 

9 Main, Right 1 3150 250% From 660 to 1.1 inch.  

2 1300 300% - From 660 to 0.5 inch.  

NOTES: 1. Left or right from the perspective of someone standing at the 
generator end facing the governor with number 9 crankpin at top 
dead center.  

2. Measured clockwise with 00 at the governor end of the crankshaft 
centerline.  

3. Percentage of the signal obtained from a 0.020-inch deep by 
0.040-inch long crack-like defect.  

4. Angular measurement in the blend radius is from 00 at the main 
journal surface to 900 at the junction with the bore. Linear 
measurements is depth from the journal surface.  
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Oil hole diameter 15/16 

Journal axis 

(a) Main journals 2 to 11.  

01 
1 1/2" 

Journal radius= 6 1/2' I 

Journal axis 

(b) Main journal 12.  

Figure 2-1. Main journal oil hole geometry.
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Figure 2-6. Stress concentration factor for torsion of a solid round bar 
with a transverse hole. Reference: "Stress Concentration Factors," 
R.E. Peterson, John Wiley & Sons, 1974, Figure 173.  
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3.0 CRANKSHAFT TESTING UNDER TRANSIENT CONDITIONS 

A torsiograph test was performed on the San Onofre Emergency Standby 
DG1 to measure and record the angular vibration of the gear-train end of the 
crankshaft. Data was obtained during both steady state and transient (startup 

and coastdown) operation of the engine. This report deals only with the 

transient responses of the system. Steady state responses were addressed in a 

separate report [3-1].  

Data was recorded during three types of transient conditions; fast 

start, slow start, and coastdown. The fast start and coastdown conditions 

monitored are the normal procedural startup and coastdowns that were in use at 

San Onofre. The slow start monitored was a gradual start manually controlled 

at the engine governor. Data was obtained for three fast starts, two slow 

starts, and six coastdowns.  

3.1 Instrumentation and Test Set-Up 

A torsiograph was mounted on the front end of the crankshaft to measure 

the angular vibrations of the free-end of the crankshaft as the crankshaft 

rotated.  

During startup, the acceleration of the crankshaft causes a mean shift 

in the response of the torsiograph (see Figures in Appendix A). To assure 

that valid data would be obtained should the torsiograph exceed its limits due 

to this mean shift, two accelerometers were mounted on the slip ring assembly 
which was attached to the torsiograph. Data was obtained throughout the 
duration of the test. When necessary, the accelerometer data can be used to 

reconstruct the torsiograph signal.  

Pressure transducers were mounted on the bleed ports or cylinder heads 

No. 8 RB and No. 8 LB to monitor pressure throughout the test [3-2].  

3.2 Torsiograph Data 

Torsiograph results for all transient cases monitored are presented in 
Appendix A.  
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3.2.1 Coastdown 

For the coastdowns monitored, the response of the crankshaft was found 

to be repeatable in both shape and magnitude (see Events B, C, E, and G in 

Appendix A). The coastdown response is governed by three major orders as 

indicated in Figure 3-1 [3-3]. The three major orders and their corresponding 

engine speeds are shown in Table 3-1. This plot indicates that the response 

at the 4-1/2 and 5th order speeds is roughly the same. A plot of engine speed 

versus torsiograph peak-to-peak amplitude for a typical coastdown is shown in 

Figure 3-2. This plot verifies the speed of these critical orders.  

The maximum peak-to-peak amplitude was found to be 3.2 degrees and 
occurs at the 4-1/2 order critical speed of 264 RPM. The approximate length 

of time for a coastdown is 70 seconds.  

3.2.2 Slow Start 

A comparison of the slow start and coastdown plots in Appendix A indi

cates the response during a slow start is similar to that of a coastdown (in 
both magnitude and peak locations). A plot of the engine speed versus torsio

graph peak-to-peak amplitudes for a slow start is shown in Figure 3-3. This 

curve also verifies the location of the critical orders in Table 3-1. The 

maximum peak-to-peak amplitude is 3.4 degrees which occurs at the 5th order 
critical speed of 240 RPM.  

The length of time for the slow start monitored is approximately 
24 seconds.  

3.2.3 Fast Start 

The response of the crankshaft during the fast start was not repeat

able. Of the three fast starts monitored, two produced similar amplitudes of.  
2.0 degrees peak-to-peak (Events A and F, Appendix A), while the third pro
duced much larger amplitudes which caused the torsiograph to exceed its limits 

(Event D, Appendix A). The peak-to-peak amplitude for Event D was obtained 
from the accelerometer data and was equal to 5.0 degrees. A plot of engine 
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speed versus torsiograph peak-to-peak amplitudes for Event F is shown in 

Figure 3-4.  

Two of the fast starts were performed with predetermined initial crank

shaft positions. For fast start D the crankshaft starting position was with 
cylinder No. 8 RB at BDC exhaust stroke. For Fast start F, the crankshaft 
starting position was with cylinder No. 8 RB at BDC compression stroke. This 

represents a difference of 360 degrees of crankshaft rotation between the two 
starts. The ratio of the maximum peak-to-peak responses for the two cases was 

found to be approximately 2.5. This indicates that the response of the crank

shaft is highly dependent upon the initial position of the crankshaft.  

The length of time for a fast start is approximately six seconds.  

3.3 Accelerometer Data 

In order to obtain an independent measure of crankshaft vibration in 
San Onofre diesel engine tests, in addition to the torsiograph, two linear 
accelerometers were mounted on the free end of the crankshaft. These trans

ducers were positioned to measure tangential acceleration of the crankshaft at 

a 2.75 inch radius. Their orientation was such that tangential acceleration 
components would be read equally, whereas any lateral vibration of the shaft 
would be measured as a positive amplitude on one device and a negative ampli
tude on the other.  

Free-end displacement data was obtained from the accelerometer data by 

filtering, averaging and integrating.  

Each accelerometer signal was independently lowpass filtered for anti
aliasing purposes. These filtered signals were then sampled at 1.5 milli
second intervals, individually scaled to account for tape channel gains and 
transducer gains, and then summed and divided by two to eliminate the.effects 
of gravity and non-tangential oscillations. This signal was then high pass 
filtered to eliminate any DC offsets and low frequency drift. This processed 

acceleration data was integrated twice to obtain angular displacement and 
again high pass filtered to eliminate low frequency drift and initial condi
tion effects in the integration.  
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3.3.1 Fast Start 

An example of reconstruction of a free-end amplitude signal for fast 

start "F" is shown in Figure 3.5. The top trace is the torsiograph signal 
which has been filtered to eliminate the effect of the offset which is caused 

by the acceleration of the crankshaft. The bottom trace shows the accelero
meter reconstruction. The correlation is good, even though the torsiograph 
trace is not filtered as much as the accelerometer trace. These types of 

comparisons were used to confirm the reconstruction technique.  

The free-end amplitude for fast start "D" had to be reconstructed from 
accelerometer data because the torsiograph signal went beyond the range of the 

instrument. The reconstruction is shown in Figure 3.6 and shows a peak-to
peak amplitude of 5.0 degrees.  

3.4 Pressure Data 

All pressure data used were taken from cylinder 8 LB, because cylinder 
8 RB produced a noisy signal.  

3.4.1 Coastdown 

During coastdown the pressure loading is due to cold compression. The 
peak pressure during coastdown was measured to be approximately 450 psi.  

3.4.2 Slow Start 

The peak pressure during a slow start is approximately 1100 psi ini
tially and slowly decays until steady-state conditions are reached.  

3.4.3 Fast Start 

The pressure as a function of time is shown in Figures 3.7, 3.8 and 3.9 

for fast starts "A", "D", and "F" respectively. The peak pressure is approxi
mately 1340 psi. All fast starts exhibit approximately the same peak pressure 
envelope; however, fast start "D" does show an extended period of high pres
sure. This start does also produce the highest stresses.  
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3.5 Sumary 

9 The coastdown and slow start transient conditions have similar 
responses with peak-to-peak amplitudes of approximately 3.3 
degrees.  

* The response during a fast start is dependent upon the initial 
position of the crankshaft. The peak-to-peak amplitude is 2.0 
degrees with cylinder No. 8 RB at BDC compression stroke 
initially and 5.0 degrees with cylinder No. 8 RB at BDC 
exhaust stroke initially.  

* The peak-to-peak steady-state response was approximately 0.34 
degrees [3-1].  

Section 3 References 
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Table 3-1 
Resonant Speeds for Major Orders 

Engine Speed Order 
(RPM) 

217 5 1/2 

240 5 
264 4 1/2 
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Southern California Edison Company 
#76041/42 

DeLaval Enterprise DSRV-20-4 
8303 BHP 6000 kw at 450 rpm 153-3 BMEP 

2 CTWT (02-310-08-AJ) per crankthrow, 90x3 3/4 flywheel 

1-10 Represents 1st mode resonance with 10th order loading 
11-9 1/2 Represents 2nd mode resonance with 9 1/2 order loading 

*Nominal stress in 13' diameter shaft between cylinder 10 and flywheel.  
S 

Avoid operating in speed range 200-300 rpm 
o 6000 

us1- 1-4 1/2 

e000 Synchronous speed 

p.1-5 1/2 e 4000 
-5 1-10 
Z 2000- 11-0 1/2 
0 
FO 0 11-4 1/2 

100 200 300 400 500 
EGINE RlPM 

Fi gure 3-1. Results of TDI torsional analysis (Ref. 3-3).



Coastdown 
Engine speed vs. torsiograph peak-to-peak amplitude 

I I I 

L3 

no0 Torea i gr-aph 
Pk-pk Ampl.  

Engine RPM.  

E 

-00a 

C 

M8 
C0 

200- II 

II 

0 8.0 16.0 24.0 32.0 
TIME (sec) 

Figure 3-2. Typical coastdown response.



Slow Start 
Engine speed vs. torsiograph peak-to-peak amplitude 
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Figure 3-3. Typical slow start response.



Fast Start F 
Engine speed vs. torsiograph peak-to-peak amplitude 
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Figure 3-4. Fast start, initial crankshaft position with 8 RB at BDC compression.
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Figure 3-6. Accelerometer reconstruction of fast start "D".



Cylinder 8 Lb Pressure Time History During Fast Start A 
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Figure 3-7. Pressure loading during fast start A.



Cylinder 8 Lb Pressure Time History During Fast Start D 
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Figure 3-8. Pressure loading during fast start D



Cylinder 8 Lb Pressure Time History During Fast Start F 
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4.0 TORSIONAL ANALYSIS OF CRANKSHAFT FOR START-UP AND COASTDOWN TRANSIENTS 

The torsiograph testing of transient conditions provides the free-end 

rotational vibration as a function of time. To determine the nominal tor

sional stress at a given main journal location it is necessary to convert from 

free-end rotational vibration to this stress. This conversion is easily made, 

if the shaft is responding purely in a single mode. However, single mode 

response is often not a good assumption, particularly for a long crankshaft 

such as those in a DSRV-20. This problem may be overcome by developing an 
analytical model which predicts the stress as a function of time at each shaft 

section as well as the free-end rotational vibration. This model also has the 

advantage that it may easily be used to predict the response for transient 

conditions other than those tested.  

4.1 Dynamic Model for Transient Analysis 

A 13 degree of freedom idealized lumped inertia and torsional spring 
model, shown in Figure 4-1, was used. The inertia and stiffnesses were com

puted by TDI [4-1] and are shown in Table 4-1.  

The first step in the solution of the equations of motion is to deter

mine the natural frequencies and modes of vibration. This was done by solving 

the undamped eigenvalue problem to determine the normal modes [4-2]. The 

natural frequencies are shown in Table 4-2 for the first three modes [4-3] and 

are compared with torsiograph test data for the first two modes [4-4]. This 

excellent comparison indicates the accuracy of the TDI inertias and stiff
nesses.  

The second step is to determine the time dependent response of the 
crankshaft. This step is performed by using modal superposition with step-by

step response calculations [4-2]. The pressure and inertia loading at each 
time step is calculated for each cylinder (or inertia). This loading is con

verted to applied torque at each cylinder. The loading is then transformed to 

normal (or modal) coordinates by pre-multiplying the load vector by the trans

pose of the eigenvector matrix.  

In normal coordinates, solutions to each mode at each time step may be 

obtained using Duhamel's integral with linear load variation during the time 
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step. In this approach modal damping is employed. At each time step the 
response of the inertias is calculated by multiplying the normal displacements 

by the eigenvector matrix.t Torques in each shaft are calculated by multiply

ing the relative rotation across a shaft by its stiffness. Nominal torsional 

stresses, r, are calculated from torques, T, by the equation r = Tr/J where r 
is the journal radius and J is its polar moment of inertia.  

Reciprocating inertial loads were calculated using a reciprocating mass 

of 820 pounds in both left and right bank cylinders. The inertial torques are 

calculated at each time step and depend on the current angular velocity, 0, 
and current crank throw orientation, e, for each cylinder.  

The pressure loads for coastdown and startup were calculated from 
cylinder pressure test measurements by two different approaches. In the first 

approach, a pressure versus crank angle curve for a given cylinder is assumed 
to be repeated every two crankshaft revolutions. This condition prevails for 

coastdown where a cold compression curve repeats itself. The pressure torques 

are then calculated at each time step and depend on the pressure and the crank 

angle.  

In the second approach, a pressure trace versus time from test data in 
one cylinder for the duration of the transient is used directly. This condi

tion is suitable for starts where the peak pressure does not remain uniform 
from cycle to cycle. The pressure at each other cylinder for each time step 
is interpolated from the one pressure trace provided.  

4.2 Coastdown Analysis 

The coastdown analysis was performed using a cold compression curve 
with a peak pressure of 450 psi. The coastdown was assumed to take 70 seconds 
and it was further assumed that the angular velocity reduced linearly from 450 
rpm to 0 rpm during this time. The test data shown in Section 3 shows that 
this is approximately true, although a more accurate representation of rate of 

t The eigenvector matrix is made up of columns containing mode shapes 
which have been normalized with respect to the mass matrix.  
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decay of angular velocity would be parabolic. It was found that with a damp

ing of 0.6 percent of critical modal damping in each mode, the amplitude of 

response was in good agreement with test measurements. This damping repre

sents a dynamic magnification factor of 83. The time step algorithm was 

executed using a step size of three degrees rotation of the crankshaft.  

The time history of free-end response, cylinder pressure, and nominal 

torsional stress on each main journal is shown in the fold out print in Appen

dix B. The maximum free-end response is found to have a range of 3.25 degrees 

peak-to-peak. The portions that show resonance with the 5.5, 5.0 and 4.5 

orders of loading and first mode of the crankshaft are clearly visible. By 

counting the number of cycles per second one may determine that the shaft is 

vibrating at approximately 20 cycles per second, which indicates a largely 

first mode response.  

The nominal torsional. stress ranges for each main journal location are 

shown in Table 4-3. The maximum amplitude of nominal torsional stress is 11.86 

ksi in main journal number 10. The stresses in main journals 8 through 11 are 

very nearly as high.  

A comparison of the predicted and measured free-end amplitude time 

histories is shown in Figure 4-2. The good comparison of dynamic features is 

readily apparent in these plots. The time of occurrence of some features are 

shifted in the analysis due to the assumed change of angular velocity with 

time. There is close correspondence of these features between test and analy

sis with respect to angular velocity.  

4.3 Startup Analysis 

The startup analysis was performed using the pressure-time data 

recorded in 8 LB during fast start D. The pressure at other cylinders was 

obtained by interpolation from the recorded pressure-time trace. A conserva

tive damping value of 0.6 percent of critical modal damping in each mode was 

used. This damping represents a dynamic magnification factor of 83. A uni

form time step of 0.00074 seconds was used for the numerical integration 
procedure.  
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4.3.1 Fast Starts A and F 

The initial starting position of the crankshaft.was varied to represent 

the different fast start conditions measured. Fast starts "A" and "F" 

occurred with cylinder 3RB at BDC of its exhaust stroke. The free-end vibra

tion obtained from the analytical model is compared to the test data in 

Figure 4.3. The first two traces in the figure contain test data which has 
been high pass filtered to eliminate the offset caused by torsiograph distor
tion due to acceleration of the crankshaft. There is closer agreement between 

the model and fast start "F" than there is with fast start "A". However, all 

three traces produce peak-to-peak vibrations of approximately the same magni

tude.  

The time history of free-end response, cylinder pressure, and nominal 

torsional stress on each main journal is shown in the fold-out print in Appen

dix C. The maximum free-end response is calculated to have a range of 2.0 
degrees peak-to-peak which is the same as the peak-to-peak value obtained from 

the test data.  

The nominal torsional stress ranges for each main journal location are 
shown in Table 4-4. The maximum amplitude of nominal torsional stress is 

9.17 ksi in main journals number 9 and 10. The stresses in main journals 8, 
11, and 12 are very nearly as high.  

4.3.2 Fast Start D 

This fast start was modeled with cylinder 8 RB at BDC of its exhaust 
stroke. The free-end vibration obtained from the analytical model is compared 

to the test data in Figure 4.4. The two traces in the figure show excellent 

agreement with the analysis calculating a peak-to-peak vibration of 

5.1 degrees and the accelerometer.data showing 5.0 degrees. The mean value of 

vibration angle was filtered out of the test data by high pass filtering to 
eliminate low frequencies associated with the crankshaft acceleration during 
startup.  
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4.3.3 Effect of Initial Crankshaft Position on Response 

Ten fast start analyses were performed with the crankshaft's initial 

position altered by 72 degrees each time, thereby covering two revolutions 

(720 degrees) of the crankshaft. The peak-to-peak vibration from each of 

these conditions is shown in Figure 4.5. It is seen that the start with the 

lowest vibration occurs when startup occurs with cylinder 3 RB at BDC during 

its exhaust stroke. This condition has been measured twice and was previously 

referred to as fast starts "A" and "F".  

Fast start "D" produces a high level of vibration and is modeled by 

having cylinder 8 RB start at BDC in its exhaust stroke.  

The highest level of vibration (5.6 degrees peak-to-peak) is obtained 

with cylinder 10 RB starting at BDC in its exhaust stroke. The time history 

of free-end response, cylinder pressure, and nominal torsional stress on each 

main journal is shown in the fold-out print in Appendix D.  

The nominal torsional stress ranges for each main journal location are 

shown in Table 4-5. The maximum amplitude of nominal torsional stress is 

20.79 ksi in main journal number 10. The stresses in main journals 8 through 
12 are very nearly as high.  

4.3.4 Effect of Duration of Fast Start on Response 

The analytical model of the crankshaft was used to determine the effect 

of varying the duration of the fast start on the response. Since pressure 
data for different length starts was not available, a single full load pres

sure curve was used and timed so that a linear increase in speed from 0 to 
450 RPM was obtained. The analysis was repeated for 10 initial crankshaft 

positions for each of-three start durations (5, 6 and 7 seconds). Figure 4-6 

shows the response for over 30 cases analyzed. The absolute value of.peak-to

-peak vibration is not meaningful, since a full load pressure curve is not used 

during startup, so only relative peak-to-peak vibrations are shown in the 
figure. The figure shows that the highest peak-to-peak vibration is indepen
dent of startup duration for the range of startup durations considered.  
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However, the initial crankshaft starting position which produces the highest 
vibration is highly dependent on the startup duration. In fact,.with cylinder 
3 RB starts at BDC of its exhaust stroke, the response is a minimum for a 6 
second start but a maximum for a 5 or 7 second start.  

When cylinder 10 RB starts at BDC of its exhaust stroke, the effect of 
length of start on response is shown in Figure 4.7. Figures 4.6 and 4.7 show 
that the duration of start must be kept within 10.5 seconds in order to con
trol fast start response when an initial starting position is chosen.  

4.4 Summary 

* The transient analysis model can be used to adequately predict 
response of the crankshaft during startup and coastdown.  

* Nominal torsional stresses during coastdown have a maximum 
amplitude of 11.86 ksi.  

* Response of crankshaft during startup is dependent on the 
initial crankshaft position and duration of fast start.  

* Nominal torsional stresses during a fast start have a maximum 
amplitude of between 9.17 ksi and 20.79 ksi depending on the 
initial crankshaft position.  
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Table 4-1 

Stiffness and Inertias for Torsional Dynamic Analysis 
of DSRV-20-4 13-Inch By 13-Inch Crankshaft at San Onofre 

Inertia Inertia Stiffness 
Location (lb. ft. seC2 ) (ft. lb./rad) 

Front Gear 11.8 53.2 x 106 

Cylinder No. 1 143.1 101.9 x 106 

Cylinder No. 2 141.6 101.9 x 106 

Cylinder No. 3 141.6 101.9 X 106 

Cylinder No. 5 141.6 101.9 x 106 

Cylinder No. 6 141.6 101.9 x 106 

Cylinder No. 7 141.6 101.9 x 106 

Cylinder No. 8 141.6 101.9 x 106 

Cylinder No. 9 141.6 101.9 x 106 

Cylinder No. 9 141.610.X16 

Cylinder No. 10 144.5 
72.7 x 106 

Flywheel 1503.9 485.6 x 106 

Generator 11114.3 

4-7



Table 4-2 
Torsional Natural Frequencies of DSRV-20-4 
13-Inch by 13-Inch Crankshaft at San Onofre 

Natural Frequency (Hz) 
Mode Torsiograph Test Dynamic Analysis 

1 19.7 19.9 
2 56.4 56.7 
3 90.0 
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Table 4-3 
Nominal Torsional Stresses During Coastdown 

Main Journal Nominal torsional Stress (ksi) 
Location Designation Maximum Minimum 

Between Cylinder 1 
and Cylinder 2 2 2.35 -2.34 

Between Cylinder 2 
and Cylinder 3 3 4.31 -4.52 

Between Cylinder 3 
and Cylinder 4 4 6.15 -6.07 

Between Cylinder 4 
and Cylinder 5 5 7.31 -7.37 

Between Cylinder 5 
and Cylinder 6 6 8.65 -8.34 

Between Cylinder 6 
and Cylinder 7 7 9.90 -9.68 

Between Cylinder 7 
and Cylinder 8 8 10.98 -10.97 

Between Cylinder 8 
and Cylinder 9 9 11.47 -11.72 

Between Cylinder 9 
and Cylinder 10 10 11.66 -12.06 

Between Cylinder 10 
and the Flywheel 11-12 11.70 -11.91 
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Table 4-4 

Nominal Torsional Stresses During Fast Start 
With 3 R8 Initial Position at BDC Exhaust Stroke 

Main Journal Nominal torsional Stress (ksi) 
Location Designation Maximum Minimum 

Between Cylinder 1 
and Cylinder 2 2 3.90 -2.25 

Between Cylinder 2 
and Cylinder 3 3 5.68 -3.63 

Between Cylinder 3 
and Cylinder 4 4 6.80 -4.70 

Between Cylinder 4 
and Cylinder 5 5 6.62 -4.47 

Between Cylinder 5 
and Cylinder 6 6 7.47 -3.79 

Between Cylinder 6 
and Cylinder 7 7 9.22 -4.65 

Between Cylinder 7 
and Cylinder 8 8 10.29 -5.14 

Between Cylinder 8 
and Cylinder 9 9 11.74 -6.60 

Between Cylinder 9 
and Cylinder 10 10 11.91 -6.43 

Between Cylinder 10 
and the Flywheel 11-12 11.63 -4.31 

I 
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Table 4-5 

Nominal Torsional Stresses During Fast Start 
With 10 RB Initial Position at BDC Exhaust Stroke 

Main Journal Nominal torsional Stress (ksi) 
Location Designation Maximum Minimum 

Between Cylinder 1 
and Cylinder 2 2 5.73 -4.05 

Between Cylinder 2 
and Cylinder 3 3 9.41 -7.63 

Between Cylinder 3 
and Cylinder 4 4 12.43 -9.38 

Between Cylinder 4 
and Cylinder 5 5 14.40 -12.22 

Between Cylinder 5 
and Cylinder 6 6 15.67 -13.16 

Between Cylinder 6 
and Cylinder 7 7 18.87 -14.22 

Between Cylinder 7 
and Cylinder 8 8 21.57 -16.73 

Between Cylinder 8 
and Cylinder 9 9 .22.83 -18.54 

Between Cylinder 9 
and Cylinder 10 10 23.17 -18.42 

Between Cylinder 10 
and the Flywheel 11-12 23.82 -16.74 
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Figure 4-2. Comparison of test data and analytical model results for coastdown.
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Figure 4-3. Comparison of test data and analytical model results for fast, 
starts "A" and "F".  
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Figure 4-4. Comparison of test data and analytical model results for 

fast start "D".  
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5.0 FRACTURE MECHANICS ANALYSIS 

In this section the nominal torsional stresses calculated in Section 4 

will be used to estimate crack growth rates. The influence of changes in the 

crack model, crack growth law, and residual stresses on crack growth rates 

will be determined. By comparing the results of this analysis with San Onofre 

field experience, estimates of life and recommendations of inspection inter

vals will be made.  

5.1 Stress Distribution Around Oil Holes 

The nominal torsional stresses calculated in Section 4 must be multi

plied by a stress concentration factor kt, to obtain the actual stresses near 

the hole. A contour plot showing the distribution of kt, for main journal oil 

holes 2 through 11, as a function of depth from the journal surface and dis

tance from the oil hole centerline is shown in Figure 5.1. The distribution 

of k on the surface was obtained from a finite element model of this geometry 
t 

'with axial symmetry about the oil hole centerline. An axisymmetric tensile 

stress was applied at a distance of 3 inches from the centerline of the oil 

hole. This stress increased from zero at the journal centerline to unity at 

the journal surface. The distribution of kt on the surface was calculated 

from the axisymmetric kt by multiplying by 2 to account for the difference in 

kt between a plate with a hole in biaxial tension (axisymmetric tension) and a 

plate with a hole in shear. The distribution of kt at depth x from the jour

nal surface and distance y from the oil hole centerline is then given by 

k (x) 3 r4 t 
kt(x,y) = (1 + -) (-- ) for 0 < x < 0.7 inches 

3r4. R-x 
kt(x,y) = (1 + 4  for 0.7 x R 

where r is the oil hole radius 

R is the main journal radius 

kt(x) is obtained on the surface froi the finite element model.  
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The first term in these equations gives the radial decay of hoop stress for a 

plate with a hole in shear. The second term represents the nominal stress as 

a function of depth from the surface. Thus, the maximum principal stress is 

approximately 4 times the nominal shear stress on the oil hole surface in the 

blend radius. This stress decays approximately linearly with depth from the 

journal surface.  

The distribution of kt on the surface of the holes in main journal 12 

was also obtained from a finite element analysis. The maximum kt for these 

holes is approximately equal to the maximum kt for main journal oil holes 2 

through 11. Thus, crack initiation and propagation studies will not 

distinguish between the geometries of main journals 2 through 11 and that of 

main journal 12.  

5.2 Crack Initiation 

The existence of many different cracks on the San Onofre crankshafts 

aligned on planes with maximum principal stresses under torsional loading 

indicates that the cracks initiated rather than grew out of material discon

tinuities. The stress cycles under the most severe fast start and under 

coastdown are shown in Figure 5-2 and compared with the 10 cycle endurance 

limit [5-2] for the material on a Goodman diagram. Many stress cycles during 

each start-stop are well beyond the endurance limit. This shows that initia

tion will occur, but does not indicate how many starts are required.  

Low cycle fatigue data for materials similar to the San Onofre crank

shaft material are shown in Figure 5-3. Based on the [5-2] curve for nor

malized and tempered material which has a kt of 1 and multiplying nominal 

torsional stresses by a k of 4, a conservative estimate of initiation life 

may be obtained using linear cumulative damage. A cumulative damage of 0.8 

was calculated to be caused by 95 start-stops on main journal number 10.  

There is much scatter in low cycle fatigue data so that, while initia

tion is likely to occur in the more highly stressed journals, the number of 

start-stops required to initiate is not known with a high degree of certainty.  
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5.3 Crack Propagation 

In Section 5.2 it was shown that crack initiation could occur under 

certain startup and coastdown conditions. This section uses the BIGIF frac

ture mechanics code [5-1] to calculate crack propagation rates. Crack propa

gation rates will be determined as a function of the number of starts and 

stops rather than calendar time.  

5.3.1 Crack Growth Models 

Two geometric models were used in the prediction of crack growth 

rates. The geometry for the first model is shown in Figure 5.4. This geo

metric model includes the journal surface, oil hole surface and blend 

radius. A three degree of freedom (3 DOF) elliptical-shaped crack can be 

introduced at any point on the surface. The three crack shape parameters, a1, 

a2 and a3 have freedom to grow independently. A bivariate stress field can be 

used to describe the stresses in the journal near the oil hole. A 10-mil deep 

crack was introduced at the junction of the blend radius and oil hole sur

face. This model was investigated because this is the type of crack growth 

that might be expected in the stress field of Figure 5-1.  

The second model is shown in Figure 5.5. This model just includes the 

oil hole surface. A one degree of freedom (1 DOF) edge crack is modelled.  

The crack size, a, has freedom to grow under a univariate stress field. The 

stress field chosen consists of kt of 4 on the oil hole surface, which decays 

to unity with increasing distance from the ,oil hole surface in the same manner 

as the bivariate stress field. A 5-mil deep crack was introduced at the oil 

hole surface. This model is more conservative than the first model since it 

will predict higher propagation rates. It.was used because the appearance of 

long cracks in the San Onofre oil holes suggested that a univariate stress 

field would represent a realistic model.  

5.3.2 Crack Growth Analysis 

Four types of loading' histories were considered and are summarized in 

Table 5.1. Each load history consists of a block which is repeated. The 

block contains a start, some steady-state operation and a coastdown. In the 
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best case, the fast start which produces the least vibration (cylinder 3 RB 

starts at BDC of its exhaust stroke) is used. In the worst case, the fast 

start which produces the most vibration (cylinder 10 RB starts at BDC of its 

exhaust stroke) is used. In the average case all ten fast starts analyzed in 

Section 4 are averaged. In the slow start case, the startup is assumed to 

consist of the same stress cycles as a coastdown.  

All four load histories assume two hours of full load (6000 kW) opera

tion between startup and coastdown. The number of hours chosen is not impor

tant for this analysis, since it will be shown that, once a crack is large 

enough for steady-state stresses to contribute to its growth, the crack propa

gates at a rapid rate. Thus, it is assumed that operation is safe when cracks 

are smaller than those which would propagate under steady-state stresses.  

Figures 5.6 and 5.7 show the crack size as a function of number of load 

blocks (starts and stops) for main journal number 10. The figures also show 

the crack size when steady-state stresses contribute to growth. For the 3 DOF 

crack model, this occurs at a depth of 50 mils, while for the 1 DOF model 

steady-state stresses contribute to crack growth at a depth of 18 mils. The 

figures also show that the best case fast start is less damaging than a slow 

start. Crack size versus load history produced by the 1 DOF model with aver

age loading correlates well with field experience at San Onofre.  

The effect of excluding the effect of steady-state stresses on crack 

growth is shown in Figure 5.8.  

Most of the remaining analyses will be performed on main journal 10 
with worst case loading. This condition shows the shortest life of all models 

and load cases considered in Figures 5.6 and 5.7.  

The crack growth for main journals 6 through 12 is shown in Figure 5.9 

for the worst case start using the 1 DOF model. It is seen that the fastest 

growth occurs in main journals 9, 10, 11, and 12. 'The field experience at San 

Onofre indicates that main journals 9 and 10 have the largest cracks, although 

main journal 11 on DG2 and main journal 12 on DG1 and DG2 have not been 

inspected.  
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5.3.3 Effect of Range of Stress Intensity Factor Threshold on Crack Growth 

The effect of reducing the value of AKthreshold from 5.5 ksilTif to 

4.5 ksi/T is shown in Figure 5.10. The difference is relatively small on 

crack growth rates except that steady-state stresses would contribute earlier 

to growth for the smaller threshold value.  

5.3.4 Effect of Residual Stresses and Martensite on Growth 

The aspect ratio (surface length of crack divided by crack depth) of 

the growing crack using the 3 DOF crack model generally remained constant at 
about 2. Field experience indicates that long shallow cracks exist. The 

effect of the possible existence of residual stresses and/or martensite on 
crack shape and growth rate was explored.  

Although the forgings for TDI crankshafts are normalized and annealed, 

there is still a possibility that tensile residual stresses can exist on the 
outer surfaces. Such stresses could arise due to the volume change accompany

ing the transformation from austenite to ferrite and pearlite upon cooling 
from the normalizing temperature. The outside would transform first, and then 

at a lower temperature be put into tension by the expansion of the transform
ing core.  

The magnitude of the residual stress developed would be bounded by the 
yield stress of the steel at a temperature just below the transformation 

range. A literature review of the elevated temperature properties of medium
carbon steel [5-4 to 5-7] showed that the yield strength at that temperature 

is about 10 ksi. Therefore, it is possible that biaxial tensile residual 
stresses of less than 10 ksi are present in a finished crankshaft. They would 

be highest at the surface, and would then become compressive within a few 
inches of the center. This tensile stress would be concentrated when the oil 
hole was drilled, resulting in tensile residual stresses of up to 20 ksi.  
Polishing of the oil holes could produce higher residual stresses over a very 

thin layer near the surface of the oil hole.  

A bounding model with yield level residual stresses to a depth of 
25 mils was analyzed. The results of this.-analysis for 3 DOF and 1 DOF crack 
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models are shown in Figures 5.11 and 5.12, respectively. The results indicate 
faster growth; however the aspect ratio did not differ appreciably from the 
value of 2 obtained inprevious analyses.  

If grinding took place in the oil hole at elevated temperatures, it may 
be possible that a thin layer (perhaps 5 mils deep) of martensite would 
form. This material has poorer crack growth properties than the ferrite and 
pearlite. Figures 5.11 and 5.12 show the effect on crack growth rate when 
this material is used in the crack growth law. It was not possible to model 
the finite size of the martensite layer in the BIGIF computer code. However, 
by comparing the crack growth laws for martensite with the underlying mater
ial, one can conclude that aspect ratios of up to 6 1 could be explained if 
martensite was found to exist.  

5.4 Summary and Recommendations 

* Stress cycles during startup and coastdown are above the 
endurance limit.  

* It is safe to operate the engine with cracks up to 18 mils 
deep based on the 1 DOF crack model.  

* If the oil hole regions are inspected so that 10 mil deep 
cracks can be detected, then the number of start-stops to 
propagate a crack from 10 mils to 18 mils deep represents the 
effective life of the crankshaft.  

* Based on a conservative analysis, inspections should be per
formed at outages so that the inspection interval is approxi
mately 50 start-stops.  

* When cracks are detected they should be removed.  

* Initially, main journals 4 through 12 should be inspected, 
although during future inspections a smaller number could be 
inspected as long as no cracks are found.  
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Table 5-1 

Description of Load Cases 

Load Case Load Description 

Best Case 3 RB fast start 
2 hours full load 
Coastdown 

Worst Case 10 RB fast start 
2 hours full load 
Coastdown 

Average Average of all fast starts 
2 hours full load 
Coastdown 

Slow Start Slow Start 
2 hours full load 
Coastdown 
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Figure 5-1. Distribution of stress concentration factor around an oil hole.  
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Coastdown Analysis 

Appendix C 

3 RB Fast Start Analysis 

Appendix D 

10 RB Fast Start Analysis 
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