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WRITERS DIRECT DIAL NUMBER

(202) 452-7044
July 25, 1984

BY FEDERAL EXPRESS

Mr. Howard C. Blanding

Assistant Vice President

American Bureau of Shipping

iechnical Division, Machinery
Department

65 Broadway

New York, New York 10006

Dear Mr. Blanding:

During the July 16 depositions of Robert Woytowich,
Robert Giuffra and yourself by Suffolk County, ABS personnel
testified that the ABS, in issuing its May 3, 1984 letter to
Transamerica Delaval Inc. ("TDI") concerning the Shoreham
crankshafts, relied on strain gage test measurements, service
exparience and the shotpeening of the crankshafits. You also
stated that if any of this material information supplied to the
ABS by TDI were incomplete, incorrect or misleading, the ABS
would have to reconsider the conclusicns stated in the May 3
letter. In this connection we are notifying you of the
following information:

1. Page 24 of TDI's submittal to ABS stated that a
conservative minimal value of the increase in the fatigue
endurance limit of the replacement crankshafts from shotpeening
is 20 percent. The ABS used this 20 percent increased fatigue
limit value in reaching the conclusions stated in the May 3
letter. TDI's Manager of Engineering testified in his deposition,
however, that TDI had recommended against shotpeening the
replacement crankshafts on the DSR-48 engines at Shoreham based
upon experience and on the opinion of TDI's metallurgical
consultant that shotpeening would not provide more than a 5
percent improvement in the fatigue strength of the crankshaft
(see cdocument 5 below at pages 45-48).
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Two of the replacement crankshafts were determined to
have been inadequately shotpeened in the lower third of the
fillet (see documents 1 and 2 below). The surface texture of
the shotpeening was reported to appear more like grit blasting
than shotpeening, that is, as if it had been "gauged [sic] by
sharp particles instead of dimpled by round, smooth particles”
(see cdocument 3 below at pages 63-70). These two crankshafts
were re-shotpeened (see document 3 below at 64-65).

2. ABS used 1700 psi in its calculaticns for the maximum
firing pressure. TDI Factory Test Logs reported firing pressures
for the DSR-48 engines at Shoreham in excess of 1700 psi, and
as high as 1800 psi (see document 6 below). TDI's Manager of
Engineering testified in his depcsition that the maximum firing
pressure in the cylinder during operation of the DSR-48 engine
was approximately 1800 psi at operation at overload of approxi-
mately 3900 kW (see document 5 below at 128-29). The Engine
Cylinder Pressure Log for a DSR-48 engine at Shoreham shows
firing pressure in excess of 1700 psi (see document 7 below).

Mr. Museler, then the Technical Manager of the TDI Owners Group
program and Director, Office of Nuclear, cf Loag Island Lighting
Company, stated at a March 22, 1984 meeting between the staff

of the Nuclear Regnlatory Commission and the TDI Owners Group
that the "normal firing pressure on the DSR-48 engines at
Shoreham is 1670 psi and 1750 psi at overlcad (see document 9
below). TDI's Instruction Manual states that che firing pressures
ave considered normal if within plus or minus 75 osi of the
average for all cylinders and that the firing pressure limits for
sustained operation is 200 psi between any two cylinders (see
document 10 below).

3. Mr. Giuffra testified in his deposition to the effect
+that nrobhlame wisth a Aiaea) anr.n'nn WANTA enefans wishia 14N
hours of operation. One of the original 11 x 13 inch crankshafts
on the TDI DSR-48 engines at Shoreham fractured after 71§ hours,
22 of which were at the 2-hour overload rating (3850 kW). The
other two 1l x 13 inch crankshafts in the DSR-48 engines at
Shoreham were found to have cracks after 646 and 818 hours of
operation, 19 and 23 of which were at the 2-hour overload rating
(see document 3 below at page 15).

4. Page 28 of TDI's submittal to the ABS showed that, as
of April 1, 1984, EDGs 101, 102 and 103 at Shoreham had 114,
116 and 110 hours of operation at 3500 kW and above. One of the
ABS deponents testified that he didn't know how many of those
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hours were at loads actually above 3500 kW. Failure Analysis
Associates reported that, as of April 30, 1984, Shoreham EDGs
101, 102 and 103 (with the replacement crankshafts) had 91.5,
70.5 and 47.5 hours of operation at loads between 100 and 110
percent lcad, and 6.5, 0 and 7 hours of operation at 110 percent
load or greater, respectively (see document 4 below).

Page 28 of TDI's submittal to ABS referred to cperating
hours of DSR-48 engines at various installations. This informa-
tion does not show whether any of the crankshafts had been
inspected with dye penetrant, eddy current or other means of
nondestructive examination for indications, or what the results
were if such inspections had heen made.

S. The ABS relied on the strain gage measurements submitted
by TDI. During the test on the replacement crankshaft, the
firing pressure was measured by inserting a piezoelectric
pressure transducer (AVL 5007) in the air start valve of
cylinder number 7. FaAA calculated the torgue produced by this
pressure and obtained a mechanical efficiency of 1.0 (see
document 8 below). Firing pressures also were measured in the
compression test cocks of cylinder numbers 5 and 7 with two
piezoelectric pressure transducers (PCB Model 112A). SWEC
reported that the strain measurements were accurate to within
t5 percent and that the output torgque measurements had a probable
error of S5 to 8 percent (see document 1l below at 7-3, 6~2, 6-3).

In the strain gage test ocn the failed crankshaft, different
model transducers (PCB Model 111A) were installed in the
compression test cocks of cylinder numbers 5 and 7. SWEC
concluded from the recorded pressure measurements that the dynamic
measurements were atfected by the gaseous column and flow path
geometry associated with the pressure test cock. These cylinder
pressure measurements were unacceptably low (see document 3
below at 52).

6. FaAA performed a mode superposition analysis of the
dynamic response of the replacement crankshafts at 3500 kW and
obtained average torsional stress values of 3300 psi due to the
4th order and 5640 psi due to the summation of the orders (see
document 3 below at 60, 62). 5640 psi exceeds the allowable
stress levels under the 1984 ABS rules (see sheet 6 of 6 to
ABS calculations).
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7. The Shoreham engines are expected to run at th2 loads
listed in document 12 below.

Enclosed are the following documents or information
referred to above which were supplied to Suffolk County by
either the Nuclear Regulatory Commissicn, TDI or Long Island
Lighting Company:

1. Stone & Webster Engireering Corpeoration's ("S&wW")
Engineering & Design Coordination Report ("E&DCR") No. F-46109G,
dated 9/16/83;

2. Interoffice memorandum dated September 20, 1983;

3. Pages 15-16 and 47-70 of Franklin Research Center's
Technical Evaluation Report, Evaluation of Diesel Generator
Failure at Shoreham Unit 1, Final Report, Failure Cause Evalua-
tion, dated April 6, 1984;

4. Tables of loads on EDGs 101, 102 and 103;

5. Deposition testimony of G. E. Trussell, TDI's Manager
of Engineering, May 7, 1984, pages 1, 45-48, and 128-129;

6. Test bed data for the TDI DSR-48 engines;

7. Appendix F to Shoreham Preoperational Test Results
Review and Approval, Engine Cylinder Pressure Log for EDG 101;

8. Evaluation of Emergency Diesel Generator Crankshafts
at Shoreham and Grand Gulf Nuclear Power Stations, Failure
Analysis Associates, May 22, 1984, pages 3-2, 3-3, 3-12 and
figure 3-1.

9, Statements of William J. Museler at the March 22, 1984
meeting between the Nuclear Regulatory Commission staff and
the TDI Owners Group, pages 70-72.

10. TDI's Instruction Manual, Appendix II, Operating
Pressures and Temperatures at 8-3.

11. Bercel, E. and Hall, J.R. "Field Test of Emergency
Diesel Generator 103," Stone & Webster Engineering Corporation,
April 1984, pages 6-2, 6-3, 7-3.
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Date: September 12, 1983
To: John Kammeyer

Prom: Ken Kropf

07"

Subject: Diesel Generators TDI S/N 74010-12
Holidays in Shot-Peening on Crankshafs
#1693, PCH B152, HTH# 821487

)

There are two areas on top of # 1 Pin directly adjacent o
the crank pin and at the outer edge of ‘the ¢czank radius that

have Holidays in the Shot-Peening.

These holidays are in a

relatively low stressed area of the ecrankshaft. I have
locked at these areas and disposition them functicnally

acceptable.

The TDI procecdure for shot peening the LILLO crankshaft is also

e‘attachcd.

cc: V. Dilworth
R. Gicrdanelli
R. Boyer
J. Gee
D. Wulf
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P", [, - - -
100% peening is Zefinel 25 areas

is taotally i;rp.od They have invented a

“peensc

“nere

o verify 100% peened surfaces. The p:occss °-lzz¢ a”
ulsraviclets ssluszicn (the prscess 1s somewh similar 2 &
"V magnaflux check) which the UV sensitive sc ution is
applied =2 the area tc te peened. 100% peening s defined
By a =otal remcval cf the uliraviclet sensitlive - RREE SR
A® ultravic.ex light is used o verify its remcval.
.\o{"‘_‘!' 2 "avu_-s-:a.n‘ 2:: "
I ~"cs.-oncd the MIZ engineer on repeening Previcusly
reared surfaces and nis reply was that peening typically
~smes dez-imental %o fatigue life only if the peening acraces
a ~r. =123l section. He alsc stated that the.r eguipment
18 Zesigned for accessatbility and conzss? and that szhelrs
sperz=ass are experiences encough so that abrasion cf peened
secs.ors is not a problen.
ched is a sample of MIC's shet: you will not
$58 ;:ifs—ﬂ'v *ound gecmeszsy which is much "better” than cormercial
cleaning shot. The tape which the shet is attached =2 is
si=ilar 5o Ques .ape and is used ‘ot masking areas spec:fied
28s =3t =2 De jeeneq.
Overall., I was impressed with the ~-r;a~v $ SANLICL
ans expercise. ."e company essentz:ally wrote MIL-S-13143
(whi=® we imveked orn the crankshafs). MIL-S-13163 1s much
=cre definitive overall in the peening p'ocess than any SaAE
specificaticn I have seen. I reguested that they serc a
sraducs Srachucse to Boston des ins their processes and any cata
shey have csncerning the beneficial effects for other applicatices.
Other applicaticns they co n
2% residual stress con turbine shalts residual
seans..e s=-esses where stress ccrrcs concersn.
S. A
$.S. The new srankshafts reentry fillet geome:ry 1S Tugh
better than the old cre.
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test program, including all mechanical, elec cal and qualification tests,

was completed for all three diesel generators."

In August 1983, all three diesels underwent a cylinder head stud

replacement program, and one diesel jJenerator completed the high load retest

181

Summary continues, stating that "one remaining demonstration of

4

ilesel capability was scheduled prior to fuel load; the integrated emergency

Ore cooling system and emergency diesel generator operational demonst-ation.”

LILCO r' ported [15] that as of the August 12, 1983 crankshaft fracture,

jenerators had accumulated 2182 hours of operation as follows:

646 hours
718 hours

818 hours.

In response to a request for information Dy the NRC regarding the total
rumber OL operating hours on each diesel generator and the total number of

hours at 3900 kW or greater, LILCO responded (l6] as follows:

Total Operating Hours
for Each DG Unit at 2-hour
Overload Rating > 3850 kW)
Jperating H (These hours included in total
on Each DG ! t operating hours
At At
Shoceham Total I Shoreham

formation by the NR the test

-

procedures

responded with

'

the followi

i

Frankhn Research Center
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"Cylinder heads on DG 102 were replaced under R/RR R43-1001 with new
design stress relieved heads. With all eight Ccylinders equipped with the
new heads, the 102 0G was cun for 12 hours to allow hot tocquing af th
exhaust header bolts and air scart valve nuts. following this run, a
retest of the engine was begun under 8.7-R41-042. The specific scope of
the retest under this 8.7 Porm was to:

Verify proper diese. genecator start to synchronous speed and rated
voltage in less than 10 seconds.

Verify prog ¢ DG operation for four hours at the continous load
rating.

ify proper DG operation for 2 hours at the two hour over load
ing.

> the response to NRC Re or Informati

3 v

L0.17, for a copy of St procedur
ed up until the tine oG

e

ey e

LILCO provided the

to the failure:

jenerator prior to the performance
Oy condition. An interim oparating
Per Dreaker positions, proper valv
1ons. The diesel engine was sta

nain control coom. Toper

and rated voltage within
the OQA inspector.
to BUS
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material in the above calculation yilelds a minimum allowable crankpin diameter
of d = 10.84 in. This is less than the 11.00~-in actual crankpin diameter. 1In
summary, if full credit were taken for the actual crankshaft material
propecties, the 11.00~in crankpin diameter of the diesel generators just meets
the minimum ABS crankpin requirements as shown by calculations performe. 2s a
part of this review,

ABS Paragraph 34.17.4, Solid Crankshaft Web Dimensions

In order to provide adequate bending sciffness in the web, ABS requires
that the web dimensions satisfy the following inequality:

we? > 0.35 a?

where w = 21.0 inches, width of web
t = 4,5 inches, web thickness

d = 11.00 inches, crankpin diameter.

Thus,

(21) (4.9 2 > 0.35(11.0) 2
425 > 42.4

and the inequality appears to be satisfied. (The values for w and t were
acquired informally by a telephone conversation with Dr. Wells, PaAA, on
February 9, 1984, and are assumed to oe sufficiently accurate for this

calculation.)

Summary of ABS Rules Apolication

Comparison of the TDI 13 x 1l crankshaft design with the ABS rules
indicated that the crankshaft geometrical proportions were within the ABS
tules, but the dynamic stresses in the crankpin were not, Thus, the ABS rules
are significantly more conservative with respect to harmonically induced
stress than the DEMA rules, or about half the DEMA recommended limits. Again,
this reflects the conservative design believed to be required for safety at
sea, and probably is derived from the culmination of long-term experience in

that industry.

4,';.; -§7=
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4.2.4 Summary of Crankshaft Design Review

The ceview of this section on crankshaft methodology and design may be
summarized by the following statements:

o The UEMA rules [2) are not design specifications and standacds.
Supplementary specifications and standards are required.

o It is advisable to employ the more comprehensive direct or modified
direct sclution of the mathematical model equations for torsional
dynamics. With the present development of computer methods and
accessibility of computer systems, the direct solution methods are not
more labor intensive than the present computerized tabular methods and
do provice more comprehensive design assistance.

o TDI used Tn values for torsional excitation that are very low compared
to values recognized in the industry since at least 13942 [36].

o The TDI crankshaft (11 x 13) does not meet the DEMA or ABS rules for
dynamic stress when the revised TDL values of Tn are employed.

4.3 REVIEW OF CRANKSHAPT DYNAMIC TESTING

Dynamic testing of the crankshaft is regarded in this review as the
assential element of the failure investigation because it is only through
carefully conducted measurements that the actual engine dynamics and local
component stresses are confirmed. Accordingly, great attention was paid to

each aspect of the test progranm.

Dynamic testing of DG l0l using an instrumented crankshaft was performed
on September 20 and 28, 1983 at the Shoreham Nuclear Power Station. Reviews
of prepacrations and procedures and an account of test observations were

reported previously (1].

Instrumentation for the measurement and recording of vital dynamic data

included that are shown in Section 3.2.4.1

Since the completion of testing, the recorded data were reduced and

reported (37] by Stone and Webster, and the implications for the crankshaft

o ot -4 8=
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fallure investigation were reviewed and reported (29] by PaAA. This section
is primarily a review and evaluation of the repocrted test data [37] and the
failure investigation conclusions [29] that were reached.

4.3.1 [Instrumentation, Signal Conditioning, and Data Recording

Reference 17 provides a description and statement of applicability of
transducers employed, including those for strain, torque, torsional shaft
displacement, cylinder pressure, generator voltage and current, linear
vibration, and the combination of crankshaft position and rotational speed. A
table listing their pertinent characteristics and applicable ranges is also
shown. The instrumentation was evaluated and its installation observed by the

reviewer at the time of dynamic testing.

For the most part, data output from the transducers was good. Earlier
problems of strain gages and data transmittecs on the rotating crankshaft were
largely corrected before completion of testing on September 28, 1983, although
the reported data [37] do include noisy, but apparently functionina, srrain
gage signals, e.9., on the No. 7 crankpin fillet. Also, the transducers for
cylinder pressure seemed to function satisfactorily but appeared to provide
pressure data lower in value than the actual pressure. The application of
instrumentation in these environments is difficult and the experienced
experimental test engineer anticipates certain aberrations in these data
channels. Indeed, the essence of the test enginee:'s work is to plan and
conduct the test to maximize the good data extracted. Data from the strain
Jages on the crankshaft were telemetered to nonrotating receivers and were
conditioned and recorded along with the ocher data oi. a l4-channel, PM mode
tape cecocder. With proper planning of signal channels prior to a test run,
this afforded an opportunity to record simultanecus events on parallel
channels. The signal conditioning and recording equipment are described in

Reference 17.

The application of transducers, signal conditioning, and data recorders

was reviewed and found to be satisfactory.

- -49-
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4.3.2 calibration Proceduces

Measured values are not necessarily more accturate than analytical
estimates; experimental measurements are only as accurate as the accuracy of

their calibration, and then only if the proper instrument was chosen for the
task.

4.3.2.1 Strain Gage and Torque Bridge Calibration

Pillet strain gages and the torque briage (employing strain gage) were
calibrated by the shunt resistance method, wherein a precision resistor of

known value is shunted in succeasion across the available arms of the bridge
circult.

Shunt resistance of the strain gages provides calibration not only of the
strain gages, but alsn of the conditioning circuitry and recording equipment.
However, it calibrates the gage only for measurement of surface strain in the
metal on which the gage is located. This is sufficient calibration for the
crankpin fillet gages which were for the measurement of surface strain.

Calibration of the torque bridge, which used ¢« .in gages, required
additional pr.cedures because the measured quantity was that of shaft torque
and not strain at a point. Consequently, the test engineers employed static
torque tests and test operation of the engine at zero electrical output to
confirm the calibration of the torque bridge.

The static torque test yielded measured torque plotted against applied
mechanical torque as shown in Pigures A-10 and A-l1l of Reference 37.
considerable hysteresis is noted in these figures due to . he friction in the
engine and possibly due, in part, to strain gages that are not fully exercised
following their installation. Industry experience has shown that the
telationship would be much more linear in actual operation, where the bearing
surfaces would be operating on developed oil films to greatly reduce

hystecresis due to friction in the engine, and the strain gages would beconme
"exercised" for greater linearity.

The zero-output tests of the instrumented engine are discussed in Section

A.2.2 of Reference 17, which includes a table of values measured at four
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electrical loads. The normalized values of "kW/1000 lb-ft" showed a spread of
+4% and -6V about an arithmetic mean value. Using linear regression, the mean
ratio of the measured values of "kW/1000 lb-f%" was calculated by Stone and
Webster to be 1.21. Although Reference 37 explaina this to be the stress
concentration in the shaft on which the strain gages are mounted, evaluaticn
during this review indicated that the actual stress concentration is on the
order of 1.16 and that the balance of the factor ia due to the experimental
measurement spread of the "k#W/1000 lb-ft" values previcusly discussed.

Shifts in zero referance of the data recordings were investigated 1; K
part of the data analysis as discussed in Section A.3 of Reference 37. The
overall error due to static strain ranged from 1.0 to 4.2%. Thus, the static
offsetc does affect the calculation of principal stresses by a small percentage
because these are based upon both the static and instantaneous cyclic strress.
It should be noted, however, that the stress range of the cyclic stresses is
not affected by this offset.

4.3.2.2 Calibration of the Torsional Vibration Displacement Transducer

The torsional vibration transducer is the unit attached to the gear case
end of the crankshaft for the direct measurement of vibraticnal amplitude.
Sections 3.2.2, 4.3, 6.3, and A.4 of Reference 37 describe th: application and
calibration of this unit, wherein calibration is performed easily by means of

fixed Limits on displacement built into the unit.

A problem that arose with the use of the transducer was corcected during
data reduction. As described in Reference 17, an internal ...cer selection
switch mained set to a 10-Hz cutoff frequency. This attenuated all signal
components above L0 Hz. Data reduction procedures were developed to amplify
the attenuated signal components in an effort to correct the error. The
procedure was reviewed, and the results of the error-correcting efforts shown

in Reference 37 were evaluated and found to be satisfactory.

4.3.2.) Calibration of Accelercmeters

Sections 3.2.5 and 4.5 of Reference 137 cover the application and calibra-
tion of accelecrometers for linear vibration measurement., The accelerometers
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were calibrated with the use of a B&K Model 4291 calibrator, which could serve
as a tranafer standard from the National Bureau of Standards.

This revie' showed that any use of this transfer standard capability was
not stated in Reference 37 and that the calibraticn source was not known.
Although these data were not necessary in forming a conclusion regarding the
cauge of failure, calibration of the accelerometers and other instrumentation
should nevertheless be traceable to the National Bureau of Standards.

4.3.2.4 Calibration of Cylinder Pressure Instrumentation

Sections 3.1.4, 3.2.3, 4.4, and 7.3.5 of Reference 37 describe the
measurement of cylinder pressure and its calibration. Time history pressure
measurement was attempted by means of precalibrated piezoelectric transducers
installed in the compression test cocks of engine cylinders 5 and 7. Calibra-
tion of the data signal circuitry between the transducer and the tape racorder
was performed using the B&K Model 4291 calibrator mentioned previously.

The cylinder pressure measurements were unacceptably low. Efforts by
Stone and Webster and FaAA following these tests c-ncluded that the gas flow
path geometry (see Figure A.4, Reference 17) was responsible. Accurate
cylinder pressure measurement was not necessary in this test for conclusions

reqacding the cause of failure.

4.3.3 Review of the Experimental Data

Oynamic tests of engine operation were run at zero-output load (variable
speed tests) and at loads of 100 kW, 1695 kW, 1706 kW, 1750 kW, 2250 kw,
2550 kW, and 1500 «W, with constant speed (450 rpm) operation. Da*a for these
tests were reduced Dy Stone and Webster and are presented as charts in

References 29 and 17.

The test data as presented (24, 17] are dominated by presentations of
torque and crankpin fillet strain. Torque, as presented in Figure 4-21 of
Reference 29, is characterized by a 30-Hz oscillation of varying amplitude

super imposed upon a steady-state value. Torque oscillatory amplitudes for
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1500~kW operation reach a value of #175,000 ft-lb (350,000 ft-lb, peak-to~peak
torque range) superimposed upon a steady torque of 57,000 ft-lb. Note that
this cy:l.c torque is a little over ] times (6 times for peak-to-peak range)
the steady torque required to produce an electrical output of 3500 kW from the
jenerator. This single amplitude ratio of 3 stands in contrast to the ABS
rules (3] where the single amplitude dynamic component is expected to be on
the order of the value of the steady-state component (power transmitted).

This i2 explained as follows. Refer to Section 4.2.3.4 of this report and
note that the allowable crankpin single-order torsional stress, using the
example of ABS Grade 4 steel, is #2679 psi. Por the 100% load rating of the
diesel generators (3500-kW output), the cigine torque at the flywheel shaft
(torque bridge location) '+ 57,040 ft-lb, which yields a crankpin torsional
shear stress of 2619 psi. This is very close to the limiting torsional stress
level allowed by the ABS rules. This example was calculated for the 100% load
cating of 1500 kW, the maximum load in the torsional dynamic tests performed,
For the intermittent 3900-kW diesel generator loads projected for actual
service, the steady state, and cyclic stresses would be preportionally higher.

The angine firing rate is 30 Hz. This engine firing rate is sufficiently
close to the first mode torsional natural frequency of 35.5 Hz to produce the

lacge dynamic response in the absence of siynificant damping.

Measured fillet strains on Crank No. 5 varied to a maximum peak-to-peak
range of 1800 microstrain (1800 x l0-6 inch/inc .) as reported for stain gage
5=l in Pigure 4-21 of Reference 29. Table 6~2 of Reference 29 reports the
major principal stress component of the measured strains to be 57,300 psi at
Crank No. 5, corresponding to a measured total peak positive torgue of 230,000
fr-ld (cyclic and steady-state) and negative torque of =153,000 fe=-lb,

In the absence of direct access to the data and data reduction instrumen=
tation, observation of the diesel generator tests plus analytic investigations
of the data ceported in References 29 and 17 perforned during this review
provide basic arrangement with the range and characte:istics of torque and
crankpin fillet stress reported by References 29 and 17. Note that these are
measured values subjected to the measurement errors discussed previously.

However, it does appear that these values are accurate to within +10%,
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In addition to indicating high cyclic torques and stresses in the
crankshaft, the test program yielded the following observations, with which
this review concurs:

o

The rotor-stator electrical coupling within the generator which acted
to couple the electrical load inertia to the engine dynamic mcdel
produced varying genecator output current at 3.75 Hz when connected to
the electric power grid, but did not contribute to the failure of the
crankshafts.

Operation at 0.8, 0.9, and 1.0 power factors at the 2500-kW load range
indicated that operation in this range of power factor did not
contribute to the crankshaft failure or dynamics of the systea.

The 30-Hz major dynamic response of the engine is not cocmpounded by
any obsc=~l [ “sraction with the electric loads, electric power grid,
or plant loads.

The sudden initiation of plant loads was observed to cause a

smooth-orderly response of the engine and generator and was not seen
to cause cyclic fluctuations.

Connection of the diesel generator to the electric power grid was
observed to be smooth and without significant transients, although it
is realized that considerable care was taken at the time to make a
proper connection. Connection of gen tors to the electric power
grid without adequate synchronizatior .an be damaging.

4.4 REVIEW OF FaAA DYNAMIC MODEL AND CRANKSHAPT STRESS ANALYSIS

4.4.1 Dvnamic Response Model

In the course of the failure investigaticn, PaAA prepared and used a

digi*al computer dynaanic response model. FProm a discussion,* it was learned

that the model 13 generally of the mode-superposition type discussed in

Section 4.2.2.1 of this repoct Reference 29 indicates that the model used

tne same basic lumped-parameter (inertias and spring constants) mndel as

formulated by TDI (Appendix A) with the addition of the rotor-stator

equivalent spring constant and the electrical load inert.a (see Figure 2 also).

* ODiscussion with Dr. P. Johnston, PaAA, during test of DG 103 on Januacy 7,
1984, at the Shoreham Nuclear Power Station.
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FaAA's computer model ocutput, as indicated by Pigures 5-3 through 5-6 of
Reference 29, has a remacrkable similarity in charac“sr and amplitude to the
values measured by the engine test. PaAA did not initially provide, in its
ceport [29], the list of Tn values employed in its mathematical model. when
it was suggest=d that the Tn values would be valuable for comparison to TDI's
design values and to those from othe: published sources, PaAA made them
available.* Table 8 includes FaAA's values with accepted values from Lloyds
Register and Ker Wilson which were included here from Table 5 to facilitate
compacrison. Comparison with values employed by TDI was made us.ng the TDI
values of Table 6. In these comparisons, it was observed that the PaAA values
compaced favorably with those of Lloyds Register and Ker Wilson. The FaAA
values were more chan twice TDI's design values (TDI 1974-1975 list in
Table 6) in the critical range of orders 4.0, 4.5, and 5.0, and even greater
foc other orders. Thus, the Tn values for PaAA's mathematical model for which
FaAA reported (22, excellent agreement of computed dynamic response with that
experimentally measuced further confirms the validity of published Tn values
over that employed by TDI for design.

Even if FaAA's excitation had been prepared only to achieve the same
dynamic response amplitudes as measured in the engine tests, the model would
have provided a highly useful interpolation function in portraying the dynamic

action at points not available for measucement.

As discussed in Section 4.2.2.1, computer models follow.ng from the
dicrect solution of the dynamic equations are very powerful in describing the
full dynamics and intecactions of a system. FaAA's computsr model confirms
this. The first task for *the mode. was the prediciion of the available cyeclic
life of DG 10l remaining throughout the course of diesel 7enecator testing on
September 20 and 28, 1983, Here, initial dynamic response data measucred at
the beginning of each test session were introduced tc the computer model for

comparison and prediction of the available life cycles remaining,

¢ Telephone call from Dr. P. Jonnston, FaAA, March 9, 1984,
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Table 8. Comparison of PaAA's Tn Values with Those of Lloyds and Ker Wilson

Vibration Lloyds
Order FaAA* Register** Ke: Wilson***
0.5 74.5% 80.0 77.0
1.0 86.0 8.0 79.0
1.5 75.1 83.0 75.0
2.0 75.6 69.0 66.0
s.5 54.0 57.5 55.0
3.0 12.3 47.5 43.0
1.5 37.7 38.5 32.0
4.0 28.7 30.5 25.0
4.5 24.7 231.6 19.0
5.0 20.7 18.0 15.0
$.3 16.9 13.8 11.0
6.0 13.8 10.5 8.9
6.5 11.2 8.5 7.3
7.0 9.4 6.8 6.0

* Calculated independently by FaAA. Includes effects of reciprocating
masses,

** From Table 5. Not known what effects, such as reciprocating masses, arce
included.

*¢* From Table 5. Values for cylinder pressure only.
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4.4.2 Crankshaft Stress Analysis
4.4.2.1 Pinite~Element Model

FaAA formulated a finite-element structural mathematical model using
three-dimensional, eight-node, isoparametric elements to represent one throw
of the crankshaft. With application of torques from the dynamic response
analysis, the model had the capability to indicate the highly stressed points
in the complex crankshaft gecometry. Unless extremely fine element grids are
emploved, finite-element models generally underestimate the stress concentra-
tion at local regions. Accordingly, PaAA used the same element distributions
ir an axisymmetric model of the same diameter and fillet radius so that the
lack of stress concentration definition could be assessed by comparison to
well-established values (38]. The ratio of the established value and the
finite-element stress concentration factor was used as a multiplier for the
final stresses pcedicted in the fillet region by the crankshaft throw finite~-
element model. This was reviowed and found acceptable. The alternative
method of using many more elements in the fillet would have been much more
costly in both modeling and computer run time.

FaAA did not include a description of its method of torsional load
application in its repoct (29]. However, when it was shown that the method of
torsional load application employed by PaAA in the finite-element model was
needed to complete the review of PaAA's crankshaft analysis, Dr. Wells (FaAA)
provided a verbal description of the torsional loading method during a
document review at the Shoceham Nuclear Power Station on March 8, 1934. The
loading method was said to consist of a unit angular displacement applied to
the journal end of the crank-throw finite-element r >del, plus a lateral
displacement constraint applied to the side of the journal to represent the
latecal constraint provided by the journal bearing. The axial location of the
lateral constraint representing the journal-bearing ceaction was said to have
been varied to study its effect upon the computed stresses in the crankpin
fillet. This effect was said to be relatively small. During the review of
the crank-throw finite-element analysis and method of loading, it was noted
that the unit angular displacement method of torsional load application along

with the lateral displacement constraint to induce the journal-bearing
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reaction i3 a generally accepted method, which was deemed acceptable by this
ceview,

4.4.2.2 Bending Stresses

Or. pages 6-8 and 6-11 of Reference 29, FaAA discussed an investigation of
bending stresses in the finite-element model due to an effective piston load
at top-dead-center. When the associated bending stresses were indicated to De
on the order of 4500 psi, as compared to approximately 40,000 psi for the
torque load, the contribution of the connecting rod ioad in consideration of
cthe fillet stresses was considered to be negligible, especially when the
maximum fillet stresses occured when the crank was 130 degrees or so after
top-dead-center.

Bending stresses, however, did appear to play a part in the stressing of
the fillat as indicated by Pigure B-100 in Reference 29. This bending action
however, appeared to be local bending in the web and crankpin as part of the
gross torsional loading. Consequently, it became a part of the stress concen-
trating mechanism that caused the highly stressed region to develop at an angle

of approximately 130 degrees from the 12 o'clcck position on the crankpin.

4.4.2.3 Crankshaft Stress Analysis Summacy

The usefulness of a comprehensive stress model is readily apparent. The
stresses predicted by the finite-element model appear ro be in good agreement
with experimentally measured values, even acknowledging the fact that the

exper imentally measured values contain an inherent error band of up to about
+10%.

Although the use of finite-element models for theoretical analysis, as
well as for extending experimental investigations to regions not measucaole,
is to be strongly encouraged, the validity of the failure investigation was
considered during this creview to be most relevant in the experimental
measurement of crankshaft fillet stresses in actual engine operation.
Analytic techniques, such as the dynamic mcdel and the finite-element
crank-throw model, while quite powerful, were looked upon in this ceview as
supplemental and confirming investigations.
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4.5 REVIEW OP REPLACEMENT CRANKSHAFT DESIGN

Pollowing failure of the crankshaft o the Shoreham diesel generators,
the engine ma, ufacturer, TDI recommended the use of an improved crankshaft
design, designated the 13 x 12 crankshaft. Wwhereas both the failed cranxshaft
(13 x 11) and the recommended replacements had ll-inch main journal diameters,
the replacement crankshaft featured an increase in the crankpin diameter from
11 to 12 inches, as well as an increase in the crankpin fillet radius from
one-half to three-guarters of an inch. Analyses of the replacement crankshaft
by ParA [19) and TDI (40] are reviewed in this section of the report,

4.5.1 Review of Analysis by Tran rica aval, Inc (TDI

TDI used the same method of analysis as shown in Appendix A for the
analysis of the original 13 x ll crankshafts, with the exception that they
substituted the Tn values shown in Group 4 of Table 6 of this report. Here
the T™h value for the 4th order is 27.62 as Fo-parod to the previous value of
13.30.

In summary, although the critical 4th order Tn excitation value was
doubled, the following considerations produced a reduction in the calculated

stress £for comparison to the DEMA-recommended values:

0 The larger crankpin permitted a 22% reduction in crankpin nominal
torsional stress.

o The increased natural frequency from 35.5 to 38.7 Hz reduced the
dynamic magnifier for a 30-Hz excitation from 3.51 to 2.51.

This yielded a 4th order stress of 2990 psi as calculated by TDI for
compar ison to the DEMA recommendation of <5000 psi.

4.5.2 Review of FaAA Oynamic Response Analysis and Crankshaft Stress Analysis

4.5.2.1 Response Analysis

FaAA employed its computer dynamic model using mode superposition to
analyze the dynamic response with all significant modes considered. Inertia
and spring constant elements for the model are shown in Table 3-1 of Reference

19, and the resulting natural frequencies are shown in Table l-4 of that sane
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treference. The dynamic response was computed by PaAA for "full load®. The
use of the term "full load® does not carry full definition since the design
rating of the diesel generator is 13500 kW, but it is expected to operate at
3900 kW for short periods. Por this review, 3500-kW generator output is
inferred to be "full load®.

Comparison of TDI and FPaAA dynamic stress values to the DEMA recommenda~
tions follows:

Average Torsional Average Torsional
Stress (psi) Due Stress (psi) Due to
Method of Analysis to 4th Order Summation of Ocders
TDI Analysis 2990 .-
FaAA Modal Superposition 3300 5640
DEMA Recommendation <5000 <7000

Comparison of these stresses to those updated stresses for the 13 x 11
crankshaft, as shown in Table 7 of this report, indicates reductions in stress
by a factor of 1.79.

Comparison of these stresses to the ABS rules, similar to that shown in
Section 4.2.3.4 of this report, indicates that the ABS rules may or may not be
satisfied depending upon the interpretation that would be approved by the ABS

following its review.

Assuming that an ABS Grade 4 steel 'was used for the crankshaft, the ABS
allowable stress for a single harmonic is 2680 psi (see Section 4.2.3.4),
whereas the calculated stress (TDI) is 2990 psi. Thus, TDI's stress of 2990
PSi and FaAA's stress of 3300 psi were both in excess of the ABS allowable

stress for a single harmonic using a nominal ABS Grade 4 material.

T™e actual mechanical properties of the replacement crankshaft material,
Nowever, were shown by the guality control doccuments at the Shoceham plant to
be those provided in Table 9. Whereas Appendix B shcws an ABS Grade 4 material

to have an ultimate tensile of 83,000 psi, the minimum ultimate tensile
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Table 9. Properties of Replacement 13 x 12 Crankshafts

h c Q

Yield Ultimate Preduction

Crankshat- Point Stress Elongation Area Brinnel Sample

~Nusbec iosi)  _(psi) L)) (M) Hardness Location

693 (DG 1013) 58,310 100,360 25.0 S4.1 208 -
$9,470 106,460 24.0 5€.9 212 -

694 (DG 102) 57,290 101,820 25.0 50.9 210 -
58,310 106,460 25.0 48.7 215 -

695 (DG 101) 52,650 100,800 24.0 50.9 205 Top
48,590 100,800 23.0 49.8 210 Bottom

Chemical Analysis

Crankshatt C Si Mn P - Cr Al
Number at (%) (%) (%) (%) (%) %) (%)
6931 (DG 10)) 821-487 0.50 0.05 0.70 0.006 0.010 0.63 0.003
594 (DG 102) 821-487 0.50 0.0% 0.70 0.006 0.010 0.63 0.003

695 (DG-101) B81l1-167 0.46 0.12 0.65 0.010 0.008 0.69 -

ot i -6l
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strength of the replacement crankshaft materials as shown in Table 9 is
100,360 psi. To take full advantage of this material, an allowable value of
3090 psi for a single harmonic could be presented to ABS for approval in

-

accordance with Note 4 of ABS Table 34.3 in Appendix B.

I[€ full advantage of the material is to be taken, then it is also
appropriate to use the full calculated dynamic response due to a single
harmonic exciting factor. TDI's stress of 2990 psi was calculated using only
the first mode response. Although TDI's analysis does show a small response
for the second and third modes of torsional vibration, the second and third
nodes are seen to add very little to the first mode stress of 2990 psi. Thus,
should the interpretation of the ABS rules discussed above be accepted by ABS,
TDI's single harmonic stress would be within the ABS limits. However, FaAA's
;alculated stres of 3300 psi for a single harmonic excitation, based upon a

somewhat higher value of Tn and upon greater modal participation, would not.

ABS also requires that the total vibratory ress from all harmonic
excitation not exceed 150% of the allowable

exciting factor. For a nominal ABS Grade 4 materlal, this allowable stress is

4020 psi. For the interpretation of the ABS rules to use the full properties,

(48 PP

the allowable stress is 4640 psi. TDI's total stresses cannot be compated %o

these ABS allowables because their analysis methods do not facilitate such

sjummat ion of stresses. FaAA's calculated torsional stress fc the

summacion
\

t axcitation orders is 5640 psi, which is well beyonc

ABS allowable stresses.

.cankshaft Stress Analysis

“aAA used the finite~element method of analysis
report tO compute the stress magnitude and 4

teplacement crankshafe,

previous cyclic principal

ceduction by ~ o€ 1.78 to a cyclic range

The reduction was due Lo the
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stiffness with resulting increased natural frequencies as previously discussed,
and was supplemented by the increase in the crankpin fillet radius from

one-half to three-quacters of an inch. The aralysis was consideced to be
acceptable.

4.5.) Crankshaft Shotpeening

FaAA reported [39] that shotpeening was introduced toc the crankshaft
processing in an effort to assure a *consistent, high level of compressive
residual stress in the surface and to eliminate machining marks.® The report
continued by stating that the fillets "will be inspected by a high-resolution,
eddy~current method after the break~-in run."

Shotpeening has a long history of use in closing microscopic surface
cracks and establishing a surface layer of the material in compressive stress.
Although the basic idea is good, it was noted during the review that while

various levels of shotpeening are available, no description of the process was
provided.

Accordingly, the NRC arranged for a document review at :“he Shoreham
Nuclear Power Station on March 8, 1984, during which quality control documents
pectaining to crankshaft shotpeening were reviewed, and an informal discussion
was held with Dr. Wells of FaAA. It was learned from Dr. Wells that two of
the three replacement crankshafts, Nos. 693 (DG 103) and 694 (DG 102), arzived
from TDI with the crankpin fillets already shotpeened.

The crankshafts were inspected and the results of the inspection are
described by Stone and Webster Engineering Corporation's Coord.nation Report
No. F-46109-G (4l] as follows:

"Problem Description: Delaval has identified 'holidays' or lack of peen
coverage in the fillet areas of new diesel crankshafts purchased in
accordance with ESDCR F-46109-C. These 'holidays' have been
dispositioned as functionally acceptable by TDI, however, recent analysis
performed by Fallure Analysis Associates indicates that 100% peening
coverage is beneficial.”

In conjunction with the review of documents on March 8, 1984, photographs
of the original shotpeening supplied by TDI were reviewed. Although the
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photographs did not provide the desired detail, the photographs gave an
impression of surface texture more like grit blasting than shotpeening, i.e.,
the surface appeared to have Leen gauged by sharp particles instead of diapled
by round, smocth particles. Although the photograpbs provided only a limited
view of the fillet surfaces, this evaluation of the initial shotpeening

concurs with the results of the inspection (4l] by Stone and Webster
Engineering Corporation.

Stone and Webster's Coordination Report Mo. P=46109-G [4l] provided a
recommended solution as follows:

"Problem Solution: Since the crankshafts are delivered to the site,

Metal Improvement Company, a local firm with expertise in shotpeening

will perform the rework. The fillet areas shall be repeened in

accordance with the requirements of MIL-S-131658 to assure l00% coverage

of the fillet areas. Peening shall be performed by Metal I[mprovement

Company on site and the crankshafts inspected by OQA for 1008 peening at

the fillet areas.”

Accordingly, LILCO Repair/Rework Request R/RR R43-1632 specified
shotpeening to include the following parametecs:

o Shot size; MI-S5S0

© Intensity, 0.008-0.010, Almen "C* test strips

Q0 MIL-8-131658, Amendment 2.

Quality control documents were reviewed and indicated that the Almen test
strips for the repeening provided readings within the specified intensity of
0.008 to 0.010 inch (arc height) with the exception of one test strip which

was measured at 0.011 inch.

Photographs of the repeened surface were reviewed and show ar iaprovement
in surface texture, indicating an improvement in the quality of shotpeening of

the crankpin fillets,

Crankshaft No. 695 for DG l0l was received at the Shoreham plant direct
from the suppliec, Krupp=Stahl in Germany, without shotpeening. Crankshaft
No. 695 was shotpeened at the Shoreham plant to the same specifications as
those described for crankshaft No. 693 and No. 694 above. Records reviewed at
the Shoreham plant showed that the Almen test strips foc crankshaft No. 695
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shotpeening indicated that the intensities remained within the specified range
of 0.008 to 0.010 inch arc height.

Shotpeening of this intensity is shown by Pigure 4 to induce a
compressive stress to a depth of from 0.027 to 0.034 inch, with the induced

stress distributed as shown in Pigure 5. Figures 4 and 5 ace taken from
Refecence 42,

The purpose of shotpeening is to induce a compressive stress in the
material at the surface of the crankpin fillets. Since the smooth sucrface is
being disturbed by the particle impacts, it is necessary, once shotpeening is
bequn, to assure that the shotpeering coverage is uniform and of an intensity,
with the right size of smooth shot, to achieve a suitable depth of material in
compressive stress. Otherwise, improper shotpeening could serve as a source

of added stress concentrations to make the crankshaft more susceptible to
fatigue.

The actual peened suzface were not available for inspection in the course

parameters, recorded Almen test strip measurements, and photographs of the
peened surface. The shotpeening performed at the Shoreham plant is acceptable
for the new cranishaft (No. 695) not subjected to shotpeening in advance and
will serve to increase the fatigue life of the crankpin fillets. Inspection
of crankshaft Nos. 693 and 694 revealed inadequate initial shotpeening; for
these crankshafts, the rework shotpeening discussed above would be sufficient
tOo counter the undesirable effects of the previous shotpeening, provided that
the shotpeened surfaces that were photographed and made available éor this
feview were representative of all crankpin fillet shotpeening. With this

of this review; therefore, this evaluation was made using the specified
provision, the rework shotpeening is acceptable.

As an alternative to shotpeening, a surface layer under compressive
stress can be induced into crankpin fillets by rolling techniques. This is
accomplished by pressing a rolling element against the fillet surface with
sufficient force to produce stresses in the fillet surface material that are
just beyond the yield point. With the proper design of rolling element, the

distribution of induced compressive stresses can be controlled to an ideal
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profile of magnitude and depth in addition to providing a smooth fillet
"surface for optimum fatigue resistance. Fillet rolling provides many
advantages; however, there are fillet geometeries for which it is difficult to
design a roller, e.g., recessed fillets similar to those of the TDI
crankshafts. In addition, the technique requires the proper machinery to
hold, load, and rotate the crankshaft and roller. Wwhere this technigue is

possidble, denefits follow. Tacking the means, shotpeeniny is recommended.

4.5.4 Summary of Replacement Crankshaft Design

The increase in crankpin diameter from 11.00 to 12.00 inches provided a
significant crankpin stress reduction by reducing the direct torsional stress
in the crankpin due to laiger cross section and by stiffening the shaft to
produce a higher natural frequency and thus reduce the dynamic multiplication
factor.

Stresses calculated by TDI and FaAA were within the DEMA [2] recommenda-
tions for a single hurmonic excitation. FaAA's summation of stresses for all
excitation orders was also within DEMA's recommended values. TDI's analysis

did not permit comparison of total stresses with those recommended by DEMA,

TDI's crankpin stress for single harmonic excitation does not satisfy the
ABS limiting values [3] for ABS Grade 4 steel, except through an interpreta-
tion of the rules in which full advantage of tie crankshaft material properties
is taken. Such interpretation would require study and approval by ABS. TDI's
analysis did not permit the comparison of total stress due to summation of
orders with the ABS allowable values. Crankpin torsional stresses calculated
by FaAA for both single harmonic excitation and summation of orders were in
excess of ABS allowable values, including the higher allowable values
determined by an iaterpretation of the ABS rules that used the full material

properties of the crankshaft ma.erial.

Crankpin fillet shotpeening of the replacement crankshafts was evaluated

through the review of documentation and photographs at the Shoreham plant.
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Crankshafts No. 693 (DG 103) and No. 634 (DG 102) were found to have been
previously shotpeened by TDI. When inspection at the Shorehanm plant indicated
that the initial shotpeening was unsatisfactory, the crankpin fillets were
tepeened at the Shoreham plant. Crankshaft No. 635 (DG 101), received direct
from the supplier in Germany, was not initially shotpeened by TDI and was
shotpeened only at the Shoreham plant. The crankshafts could not be inspected
directly, and the shotpeening vas evaluated only through the review of
documentation and inspection of photographs of local regions. The shotpeening
and rework shotpeening pecformed at the Shoreham plant were found to be
acceptable insofar as the photographs inspected are representative of all
shotpeened surfaces.

It must be noted that all of the TDI and FaAA stresses reviewed herein
pertain to the 3500-kW electrical output loading (100% design load) and not to
the short-term 1900-kW lcad required by the Shoreham plant.
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S. CONCLUSIONS

Based on the findings of the failure investigation reviewed herein, it is

concluded that:

Q

o

The crankshaft of diesel generator 102 failed in high cycle fatigue.

Sufficient cause for the high cycle fatigue failure was crankshaft
design based upon exceptionally low values of cyclic torgue excitation
(Tn) coupled with a natural frequency fairly close to the dominant
excitation frequency.

“he specified design standards were not definitive and contributed to
the failure by not providing design review material by which the
design would have been evaluated and found to be in gquestion prisr to
the diesel generator's application as safe shutdown equipment.

With respect to the replacement crankshaft design, it is concluded that:

Q

The combined static and dynamic effects of a 1.00-inch increase in
crankpin diameter from 11.00 to 12.00 inches serve to reduce the
crankshaft stresses calculated by TDI and PaAA to within the DEMA

recommended values for single order excitation and for summation of
order excitation.

Although stresses from TDI's analysis for the replacement crankshaft
do not satisfy the ABS rules for a single harmonic using a nominal
Grade 4 material, they would just meet an interpretation of the ABS
rules for a single harmonic wherein the actual properties of the
crankshaft material are used. However, such interpretation of the A3S
rules is subject to review and approval by ABS.

TDI did not present an analysis by which their summation of stresses
from all orders can be compared to the ABS limiting value for that
condition. .

FaAA's crankshaft analysis predicts higher dynamic stresses due to (1)
the use of slightly larger amplitudes of excitation (Tn values) than
those used by TDI and (2) the superposition of modes resulting from
the direct solution of the equations of crankshaft dynamics.

Vibratory stresses computed by FaAA do not satisfy the ABS
requirements for a single vibratory order or for the summation of
orders, even considering an interpretation of the ABS rules to fully
use the mechanical properties of the crankshaft steel.
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o All analysis of stresses pecformed by TDI and PaAA pertained to the
31500-kW full load condition and not to the 3900-kW short-ternm overload
required by the Shoreham plant.

o Crankpin shotpeening of one crankshaft and rework shotpeaning of two
crankshafts performed at the Shoreham plant were found to be
acceptable only insofar as the evaluation from documents and
photographs of localized shotpeened areas is representative of all
crankpin fillet areas.

Prom the broad evaluations performed in the course of this ceview, it is
summarily concluded that a set of standards more definitive than DEMA's
“Srandard Practices for Low and Medium Speed Statiorary Diesel and Gas
Engines” is required for diesel engines essential for safe shutdown of the
Shoceham plant; that "Rules for Building and Classing Stirel Vessels" by the
American Bureau of Shipping is representatire of definitive standards for
safety at sea; and that, with the possible exception of TDI's stress for a
single harmonic, the stresses evaluated in this review do not meet the

requicrements of the ABS standard.
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TABLE 1-1

ENGINE 101 LOAD WISTORY
SHOREMAM NUCLEAR POWER STATION

Hours at Load, L (%)

Event Total
and Hours,
Date L<7S 75<L<100 L=100 100<L<110 L>110 A1l Loads

Original Crankshaft
Hours 164.0 262.5 188.5 .- 19.0 632

Crankshaft replaced

estart
Testing Hours 78.0 179.0 20.0 91.0 4.5 372.5
Qutage 3418/84

ock inspection 3/20/84
Qual. Tes: .’ 3 Hours 43.0 10.0 29.5 .5 s &0 2¢
4/10/84
Total 285.0 451.5 238.0 91.5 28,8 i03..%
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TABLE 1-2

ENGINE 102 LOAD MISTORY

SHOREHAM NUCLEAR POWER STATION

Hours at load, L (%)

Event Total
and Hours,
Date L<78 75<L<100 L=100 100<L<110 L>110 A1l Loads
Original Crankshaft

Hours 83.0 325.0 259.0 22.0 - g8¢
Crankshaft Replaced

estars l1l-di-

Testing Hours 34.5 183.0 36.5 70.0 .- 324
Qutage 2/09/84

Block 1nspection 2/10/84

Qual, Testing Hours 90.0 3.5 16.0 0.5 - 219
Blozr Inspecztior 3/08'84

Tota! Hours ¢07.5 §11.5 311.5 92.5 .- %<

1-9



TABLE 1-3

ENGINE 103 LOAD HISTORY
SHOREMAM NUCLEAR POWER STATION

Hours at Load, L (%)

Event Total
and Hours,
Date L<7S 75<L<100 L=100 100<L<110 L>110 A1l Loads
Original Crankshaft
Hours 103.0 432.0 257.0 .e- 23,0 815
Crankshaft Replaced
estart 1Y,

Testing Hours 67.0 170.5 69.0 34.5 6.0 347
Outage 3/11/83

ock inspection 3/11/84
Qual, Testing Mours 64.5 5.5 24.5 13.0 1.0 108.5
21ozk Fa‘lyre 4/14/84
TTocx Inspection 4/.5/84
Total Mours 234.5 608.0 350.5 47.5% 30.0 27,5

1-10
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A. Yes.

Q. And what is that name ?

A. shot peening.

Q. pid Delaval recommend that the replacement
crank shaft be shot peened?

A. No.

Q. Did Delaval recommend that the replacement
crank shaft not be shot peened?

A. 1 don't recall.

Q. Who was responsible in your organization for
supplying the replacement crank shaft to LILCO?

A. Supply == can you give me the question one more
time?

Q. Who was responsible in your organization for
the supplying of the replacement crank shaft for LILCO?
And it may be more than one person. 1 am asking who.

A. As to the supplies, the parts manager.

Qe Yes, Who was responsible for giving the
recommendation as to whether or not the replacement crank
shaft should be shot peened?

L 1 was.

Q. And do vyou now recall what your recommendation
was in that regard?

A My recollection is that I recommended against
shot peening.

Q. Wwhy did you recommend against shot peening?

A the detailed drawing for that part did not call

for shot peening.

.- L
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Q. Who prepared the detailed drawing for that part?

A. I don't know.

Q. Wwas it Delaval who supplied the detailed
drawing for that part?

A. Yes.

Q. Was there any discussion within the Delaval
organization concerning whether or not the detailed
drawing should or should not provide for shot peening of
the replacement crank shaft?

A. Yes.

Q. What was the basis for the conclusion that it
should not contain the requirements for shot peening?
A. The basis for that conclusion lay in an opinion

that mechanical improvement by shot peening did not
substantially improve the fatigue strength of the crank
shafe.
Q. Did it improve the strength of the crank shaft
at all?
A. Yes.
Q. Ate there disadvantages to shot peening the
crank shaft?
MR. SMITH: You are talking about the specific
shaft in question here, I assume?
MR, DYNNER: Yes, right.
THE WITNESS: No.

MR. DYNNER: Q. So as I understand your

testimony == please correct me if I'm wrong == there are

no disadvantages to the shot peening in this crank shoft,

TOOKER & ANTZ 681 Market Street San Francisco 94105 415/392-0650
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there was an advanctage in that it somewhat increased the
strength of the crank shaft, and yet yc': recommended
against shot peening; is that correct?

A. That's correct.

Q. On what was that recommendation based?

MS. TARLETZ: Asked and answered.

MR. SMITH: I will join in that objection.

MR. DYNNER: Q. Aside from the fact that the
detailed drawings did not call for the shot peening.

MR. SMITH: The guestion has been asked and
answered.

MR. DYNNER: I don't think so.

THE WITNESS: What is the guestion?

MR. DYNNER: Q. The guestion is: On what was
your recommendation against shot peening based aside from
your prior testimony that == when I asked the gquestion
previously == that it was based upon the fact that the
design drawings did not call for shot peening?

MR. SMITH: wWell, note my objection to the form
secause I don't think that was == I think the record will
show that that was not the only basis against the
recommendation that the witness has already testified to.

THE WITNESS: The recommendation against shot
peening was based in part on, A, the experience that shot
peening did not provide a substantial improvement in the
fatigue strength of the ghaft, and in part on a
discussion with, I believe it was, Prrfessor Wallace.

Q. Well, what did Professor Wallace have to say

TOOKER & ANTZ 681 Market Street San Francisco 94108 415/392-0650
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about the slot peening?
A. I'm going to have to paraphrase the thing, but

I believe Jack indicated to us that the shot peening

technigue is section sensitive and since we were involved

here with a heavy section, the improvement would not be

substantial.

Q. What does "section sengitive® mean?

A. I would like to give an example that would
provide a comparison.

Shot peening a thin piece of stool.of the same
specifications of the crank shaft would substantially
improve its fatigue strength while applying the same
surface improvement technigue to a thick section, like a
crank shaft, would not provide a substantial improvement
in the fatigue strength of the piece.

MS. TARLETZ: Could I have that answer read
back, please.

(Question and answer read.)

MS. TARLETZ: Thank you.

MR. DYNNER: Q. Mr. Trussell, what do you mean

by a substantial improvement?

A. Scmething more than five percent.

Q. Did anyone disagree with your recommendation
against shot peening the replacement crank shaft?

A. Are you asking for a specific name?

Q. Anyone.
A, Someone did.
Q Who?

TOOKER & ANTZ 681 Market Street San Francisco 94105 415/392-0650
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S Whaet load level was postulated in connection
with the stress analysis of the AE piston performec By
Mr. 3esghouri?

MR. SAITH: What do you mean "postulatec®?

MR. DYNNER: Q. Assumed, taken into
ccnsideration, utilized.

THE WITNESS: Yes, I believe it was as high as
2,000 251 cozbustion zoned pressure.

MR. DYNHE%: Q. Is that the pressure inside
tne cylinder head, this cylinder you are talking acout?

A Yec.

Qe And does the pressure in the cylinder of the
DSR ¢8 engine ever reach 2,000 PSI?

A, I think you have to == I don't know which
engine you are talking about.

Q. D3R 48 engine.

A, " Not to my knowledge.

Qe well, aow higu coes the pressure 1n tne
¢ylincer reach in the DSR 48 engine?

M8. TARLETZ: Under what application?

MR. DYNKER: Q. Can you ansver that guestion?

MR, SMITH: I jeoin in that oojeckion.

MR, DYNNER: 2. What is maximum pressure in
the ¢ylinder during operation of the DSR 48 engine of the
game tyye as at Shoreham?

MR, SHITH: At &ny time?

AR, DYNNER: aximum pressure in the cylinder.

'ITNESS: I think au.roximately 150C PSI.

Marliet Screet San francisco %4105 415/392-065C
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YR, DYNNER: Q. And is that full load?

A. I believe that is cverload.

9 e All right. What is the overload condition at
wnicn that pressure is reached in the engines at Shorehanm,
the kw rating, if you know that?

A. I believe it's approximately 3900 kw.

MR. SMITH: It is now 5:31 according to my
watch., 1In any event, if you have one or two more
questions on this line, go ahead, but I am going to call
an end tn the day.

MR. DYNNER: That covers the guestions along
this garticular line.

(Whereupon the deposition

adjourned at 5:32 p.m.)
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(astances the TD! method does not compute the phase relationship bDetween “he
qarious orders or modes, 50 it 1s not possidble to compute the true summa-
tfon.  The actual maximum stress 1s a direct result of this summation, Fur.
thermore, the TDI method always predicts maximum stress in Crankpin No. 8,
which 1s generally true for a single order in the first mode but not true for
the combined response of all orders and modes.

The dynamic mode! developed used the same idealized lumped inertia and
torsional spring model as the TDI analysis (Figure 2-]1 and Tadble 2.1) with one
additional spring placed between the generator and (-Jund to represent the
effect of the grid on dynamic response during synchronous operation. This
spring constant was found to be 1,409 x 108 ft..1b./racian based on generator
specifications, This constant is set close to zaro to represent SNP5
energency bus operation,

The first five torsional natural frequencies for the replacement cranc.
shaft are shown in Tadle 3.1, The first natural frequency was found to De
2.93 Mz due to the connection to the grid. For operation on the 5N?S
emergency bus the first natural frequency is 0 W2 (rigid body mode). Tne
other natural frequencies are fin agreement with those computed DBy 0! ana
measured by SWEC,

When the diese! generator is running at a given speed and power leve’,
the forced vibration problem is steady-state where both load and response
repeat themselves every two revolutions of the crankshaft, To moge! <the
dynamic response, a mode! superposition analysis [3-1] was used with harmo=ic
load input. The calculation of the harmonic loads will bde discussed in the
next section,

3,1.2 Harmonic Loading

To calculate the harmonic loading on a crankshaft i1t is necessary 10
consider gas pressure, reciprocatiry inertia, and frictional loads. The gas
pressure loading may be obtained from pressure versus crank angle data. This
pressure was measured in the SWEC test [3-2). The pressure was measured 1in
Cylinder No. 7 by inserting a probe through the air start valve. A top deac

3.2



" conters TOC, mark for Cylinder No. 7 wes simultaneously recorded by a probe on
the fiywheel. The pressure data at 1003 load was reduced by FaAA to obtain
the pressure curve shown in Figure 3-1.

The torque produced by this pressure may then be calculated as a func-
tion of crank angle. The mean value of this torque should be the torque
required to produce 3500 kW divided by the mechanical efficiency. A mechani-
cal efficiency of 1.0 was obtained, rather than the expected 0.88., The aif.
ference is probably explained by either the pressure measyrements being too
low or by the TODC being shifted. Peak pressures were measured in all the
cylinders to ensure that a1l cylinders were balanced.

Normally, the excess torque above that required to run the engine at
3500 k¥ is dissipated by friction. In this case, because the pressure cCurve
produced the correct power without friction, friction was not applied, The
effects of pressure being too low and not applying friction are expected to
largely cancel each other,

.TM reciprocating mass of the connecting rod and piston was found to De
approximately 820 1bds. This mass causes reciprocating inertia torgue on the
crankshaft. The effect of this torque was combined with the gas pressure
torque.

The total torque was then decomposed into its sine and cosine harmonics
corresponding to each order, These torque harmonics were used in the steady-
state analysis. The magnitude of the torque harmonics are normalized Dy
diviging by the piston area and throw radius, The resulting normalizes
torques for the most significant orders are shown in Table 3.2.

3.1.3 Comparison of Calcrlated Response With Test Data

The response due to the first 24 orders and all 11 modes 1s calculatec
using moda) superposition with 2.5% of critical damping for each mode. The
actua) value of damping used has little effect on the response since the
orders are not at resonance at 450 rpm. The SWEC test report stated that the
measured damping in the system was 2.6% [3-2].

3.3
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