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INTRODUCTION OF WITNESSES

Q. Please state your names, your business addresses, and your

professional qualifications.

A. (Bush) My name is Spencer H. Bush. 1 am self-employed, under the
firm name of Review and Synthesis Associates, Richland, Washington. A summary
of my professional qualifications and experience was submitted as Attachment 2
to Volume 1 of the joint testimony filed by the NRC staff in August 1984.

A. (Henriksen) My name is Adam J. Henriksen. I am self-employed, under
the firm name of Adam J. Henriksen, Inc., Fox Point, Wisconsin. A summary of
my professional qualifications and experience was submitted as Attachment 3 of

the joint testimony referenced above.

e

Combustion Engines a arwegian Institute of lechnot0Qy, Trondheim,
Norway. A summary of my pee ona' quali Ttiens.and experience was
b tTed as Attachmen v he join : mon eferenced above



SCOPE OF TESTIMONY

0. What is the scope of your testimony?

A. (A11) Our testimony addresses the following parts of Suffolk
County's load contention as admitted by the Atomic Safety and Licensing Board:

Contrary to the requirements of 10 C.F.R. Part 50, Appendix A,
Gener21 Design Criterion 17 -- Electric Power Systems, the emergency
diese’ generators at Shoreham (TEDGs") with a maximum "qualified”
load of 3300 kW do not provide sufficient capacity and capability

to assure that the requirements of clauses (1) and (2) of the first
paragraph of GDC 17 will be met, in that

(a) LILCO's proposed "qualified 1oad" of 3300 kW is the
maximum load at which the EDGs may be operated, but
is inadequate to handle the maximum load that may
be imposed on the EDGs because:

(i) intermittent and cyclic loads are excluded;

(i11) diesel load meter instrument error was not
considered;

(ii1) operators are permitted to maintain diesel
load at 3300 kW $100 kW; and

(iv) operators may erroneously start additional
equipment.

(c) The EDG qualification test run performed by LILCO was
inadequate to assure that EDGs are capable of reliable
operation at 3300 kW because:

(1) DG 102 block was not subjected to the entire
740 hours of testing;

(11) the test results on the DG 103 block are not
transferable to the DG 101 and 102 blocks;

(iii) operators were permitted to control the
diesel generators at 3300 kW +100 kW
during the test; and

(iv) instrument accuracy was not considered.



SUMMARY OF TESTIMONY

0. Please summarize your testimony on these contentions.

A. (A11) Our summary testimony is provided under the two subheadings

that follow.

FATIGUE LIFE OF CRANKSHAFTS IN THE SHOREHAM EDGs

From our review of LILCO's testimony ‘and data logs, we believe that
EDG 103 was, in fact, operated at a nominal, instrument-indicated load of
3300 kW during that portion of the 1 x 107-cycle confirmatory test claimed by
LILCO to have been conducted at the 3300-kW load level. We understand that the
wattmeter may oscillate approximately +100 kW around the value at which the
load is set, presumably because this is as close as the load can be controlled
without blocking the governor. Based on wattmeter calibrggjon data, the actua!
load could have differed from the indicated load by about(z:b kW. In the con-
text of the overall test loads included in the 107 cycles and the order in
which they occurred, however, we view these deviations from 3300 kW as of no

consequence.

In our opinion, EDGs 101, 102, and 103 are suitable for nuclear standby
service at the "qualified" load of 3300 kW. This opinion is subject to the
surveillance and maintenance recommendations documented in the following tech-

nical evaluation report, which we assisted in preparing: Review and Evaluation

of Transamerica Delaval, Inc., Diesel Engine Reliability and Operability -

Shoreham Nuclear Power Station Unit 1, PNL-5342, dated December 1984. As noted

on pages 4.24 through 4.25 of that report, "...the replacement crankshafts for



EDG 101, EDG 102, and EDG 103 are acceptable for their intended service, pro-
vided that they are not operated during engine tests at loads in excess of the
qualified load of 3300 kW." We believe that this restriction is necessary to
avoid routine operation of the crankshafts at loads in excess of the load at

which one crankshaft has been successfully tested.

Accordingly, we recommend that the permissible 1oad for engine tests,
including surveillance tests at the qualified load, be no higher than 3300 kW
as read on control room instrumentation. , We understand that the wattmeter may
oscillate approximately $100 kilowatts around the value at which the load fis
set, as discussed above. In our opinion these oscillations during routine
tests will not be detrimental to engine reliability, provided that the

indicated mean load is no higher than 3300 kW.

Loads at which EDG 103 was operated as part of the confirmatory test to
1 x 107 cycles, and the post-test examination that revealed no evidence of
damage to the crankshaft or other key engine components, provide a basis for
drawing conclusions about the capability of the EDGs for emergency operation
at loads above the qualified load. EDG 103 sustained over 220 hours (approxi-
mately 3 x 10® cycles) at instrument-indicated loads of 3500 kW and above.
With a conservative application of instrument error from calibrations performed
by LILCO preceding ard following the time the higher-load testing was per-
formed, we estimate that the actual load Auring this period was at least
3430 kW. If cracks had initiated during this testing, it is likely that they
would have propagated during subsequent operation at approximately 3300 kW for
the time necessary to bring the total cycles to 1 x 107. But no cracks were

found in the post-test inspection of the crankshaft.



In light of these results, and taking into consideration the small but
inevitable differences in the properties of the three crankshafts, it is our
opinion that it would be within the demonstrated capability of the engines to
operate at Toads to 3430 kW for an hour or so if the engines were needed to
carry such loads under emergency conditions. This comment does not apply for
routine operation of the engines, including engine testing, for which we
recommend a load limit of 3300 kW as discussed earlier in this summary.

The testing performed on EDG 103 does not provide an adequate basis for
drawina conclusions about the effects on the EDGs of loads higher than 3430 kW.

Laa
It is genérs accepted in the technical literature on fatigue andTumulative
damane in metals that momeatary overloads, even thg spproaching the ultimate
tensile strength of the metal, can be-sesfained without failure. This litera-

ture provides a basis for-eofifidence that brief extwesions (less than 1 minute)

engines to loads as high as 3900 kW under emergé onditions

If an engine were operated at high overload for a longer period during an
emeraency, its capability to meet the load profile throughout the emergency
would depend on whether or not a crack would initiate in the crankshaft during
the overload and propagate to failure before the engine was no longer needed.
The available information does not provide a basis for us to comment with con-
fidence on this scenario. However, overloads to 3900 kW for up to 1 hour under
emergency conditions foliowed by much lower loads in accordance with LILCO's

predicted LOOP/LOCA profile are believed to be sustainable. Any crankshaft



that is subjected to more than a momentary overload approaching this level
should receive a thorouah nondestiructive examination before it is returned to

service.

CYLINDER BLOCKS

The replacement EDG 103 block was not subjected to the entire qualifica-
tion test performed on the EDG 103 engine. Nevertheless, the absence of any
reportable indications in the block top after more than 500 hours of operation
at or above 3300 kW provides significant evidence that the replacement block is
suitable for service at the qualified load. If further operation beyond the
most recent inspection does not exceed the FaAA-recommended inspection interval
before the end of the first fuel cycle, the top of the replacement block need

not be reinspected until the first shutdown for refueling. It is also unneces-

sary, in our opinion, to monitor cam gallery cracks in the replacement block.

The known cam gallery cracks in this block have not been repair-welded, and,
therefore, residual stress fields that may be associated with repair welds have

not been introduced into the block material.

The replacement EDG 103 block was more suitable than either the EDG 101
block or the EDG 102 block for the tests that LILCO conducted to obtain data on
compressive and alternating stresses in the camshaft gallery. Use of either of
the latter two blocks for the cam gallery tests would have involved the instal-
lation of strain gages over repair welds rather than over base metal. However,
the test of EDG 103 at qualified load did not contribute to resolution of ques-

tions concerning the ligament cracks in the top surfaces of the EDG 101 and 102




blocks, the potential for developing stud-to-stud or stud-to-end cracks in
those blocks, or the circumferential cracks reported in the original EDG 103

block.

Our conclusions expressed previously in written testimony regarding the
EDG 101 and 102 blocks remain unchanged. In our opinion, the 101 and 102
blocks are adequate for service subject to certain caveats on surveillance of
known cracks. Followina any period of operation of EDG 101 or EDG 102 at or
above 50% of qualified load, visual (with .the naked eye) and eddy-current
inspections should be performed on those portions of the block top that are
accessible between cylinder heads. The purpose of these inspections is to
verify the continued absence of detectable cracks between studs of adjacent
cylinders. In addition, the behavior of several representative cracks in the
camshaft galleries of the EDG 101 and 102 blocks should be monitored. If no
changes indicative of crack growth are observed over the first fuel cycle, the
need for continued monitoring of the cam gallery cracks should be reconsidered

by the NRC staff.

NDur opinion expressed in previous testimony is also unchanged regarding
circumferential cracks of the type found in a cylinder liner counterbore of the
original EDG 103 block. If such cracks were to develop in any of the three
blocks currently in service, it is highly unlikely that they would represent a
hazard to EDG reliability. They would be expected to propagate only a short
distance into a region of compressive stress and stop. At any time a liner is
removed from any of the three engines, however, it would be prudent to perform
an appropriate nondestructive examination of the landing of the block. If a

circumferential indication is found, an attempt should be made to characterize



the depth and length of the indication through appropriate nondestructive
tests. However, we do not advocate removal of cylinder liners for the sole

purpose of this inspection.



TESTIMONY ON CONTENTIONS

Q1. How is your testimony organized?

Al. (A11) The testimony is presented in two general parts concerning

1) the crankshaft and 2) the cylinder block.

1 - CRANKSHAFT

02. What issues are addressed in this part of your testimony?

A2. (A11) This part of the testimony deals with 1) conclusions that may
be drawn from the qualification tests, and 2) the fatigue life of the crank-
shafts currently installed in the Shoreham TDI diesel engines, designated as
£DGs 101, 102, and 103. Item 1 is relevant to the contentions (c)(i) through

(iv) and Item 2 is relevant to contentions (a)(i) through (iv).

Conclusions that May be Drawn From Confirmatory Testing

03. Can you comment on the purpose of the confirmatory tests done by

LILCO to accumulate 107 operating cycles on EDG 103?

A3. (A11) It is our understanding that these tests were conducted by
LILCO primarily te provide unequivocal evidence that the high-cycle fatigue
endurance 1imit of the crankshaft used in EDGs 101, 102, and 103 is at or above
3300 kW. The tests also included strain gage measurements to determine if the
stress field in the cam gallery region of the block is compressive. These cam

gallery tests are discussed in a later section of this testimony.




Q4. Have you reviewed the procedures and results pertaining to the con-

firmatory tests done by LILCO to accumulate 107 operating cycles on EDG 1037

Ad. (A11) Yes. Our review of the test results has been provided to the

Board in two reports, namely Post-Test Examination of Transamerica Delaval,

Inc. Emergency Diesel Generator 103 at Shoreham Nuclear Power Station for U.S.

Nuclear Regulatory Commission Staff, by A. J. Henriksen, B. J. Kirkwood, W. W.

Laity, P. J. Louzecky, J. F. Nesbitt, and L. G. Van Fleet, dated December 3,

1984, and Post-Test Examination of the Transamerica Delaval, Inc. Emergency

Diesel Generator 103 Piston Skirts and Related Components at Sh:-zham Nuclear

Power Station for U.S. Nuclear Regulatory Commission Staff, by A. J. Henriksen,

B. J. Kirkwood, W. W. Laity, P. J. Louzecky, J. F. Nesbitt, and L. G. Van
Fleet, dated December 14, 1984. OQur review of the procedures is based on
Llyco's Tetter to NRC (Harold Denton) dated October 18, 1984, concerning the
confirmatory test, and information provided in test data sheets and supporting

procedures regarding the calibration of electrical switchboard instruments.

Fat

e
accep lity of the crankshafts from calculations alone?
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06. Regarding the tests conducted by LILCO at a nominal 3300 kW, do you

believe that they can be proven to have been at that value?

A6. (A11) No. We noted several points that could affect the certainty

of the tested value:

1. There was uncertainty with respect to whether operators had the
flexibility during the confirmatory tests to operate at 3300 # 100 kW.
)
2. Instrument uncertainties could have introduced an error of up to 2.5% of

full-scale power readings.

3. LILCO reported that 20 hours were run at loads in the range of 3250 to

3300 kW and that 81 hours were run at lcads between 3300 and 3400 kW.

N7. Have you resolved these questions?

Busw
A7. (Henriksen,) 1 believe so. The points just identified have been

addressed. First, based »n a review of the testimony and the data logs pro-
vided, 1 believe LILCO operators did operate most of the time with the watt-
meter indicating a load of 3300 kW. This is based on my belief that the
flexibility provided by NRC in conducting surveillance tests at 3300 kW 100 kW
does not really mean that the load will be set at 100 kW above or below 3300 kW
during that test. Rather, as I understand it, when set at 3300 kW, due to the
mode o« operation described in LILCO's testimony, the wattmeter oscillates
between 3200 and 3400 kW. This is probably as close as the load can be

controlled unless the agovernor load limit is blocked.

11



1 have also reviewed the level of possible errors involved in the load
measuring system. According to LILCO's testimony, the wattmeter instrument
error could be as much as $2% of full-scale or £112 kW. An additional error of
$0.5% or 428 kW in the remainder of the instrument loop could result in & total
of $2.5% or $140 kW error in measuring the load. However, the calibration data
furnished for the wattmeter, dated November 10, 1983, October 1, 1984, and
January 4, 1985, indicated that the error in the meter never exceeded 40 kW in
the 3000 to 4000 kW load :ange. Thus, including the possible 28 kW error in
the remainder of the loop, the total instrument error appears to not have
exceeded(:),ZS” or(:)o kW during any period of operation of this particular

engine since November 10, 1983.

The 20 hours of operation reported to be below 3300 kW is considered to
be_sufficiently few that they are of little or no significance to the question
of the tested load, especially since there were 81 hours of operation above

3300 kW.

08. Does the possibility that due to instrument errors the confirmation
test may have been conducted at a load as low as 3230 kW mean that the endur-

ance limits for the crankshafts cannot be confirmed to meet or exceed 3300 kW?

A8. (Bush) No. 1 believe the crankshaft is qualified for 1ts intended
service even though some of the confirmatory test data may have been accumu-
lated at loads slightly below 3300 kW. As I will testify in a later section, 1
am convinced from my analysis of engine load data that EDG 103 has operated at
or above an instrumented-indicated load of 3500 kW for about 3 x 106 cycles
with no evidence of damage to the crankshaft. This strongly suggests that the

endurance 1imit is at or above 3430 kW, accounting for instrument error.




Additional testing of 7 x 106 cycles at engine loads near 3300 kW would have

been sufficient to propagate any cracks that may have been present because the
crankshaft stresses at 3300 kW are quite close to those ac 3500 kW. Therefore,
1 do not consider it significant that some of the confirmatory testing may have

occurred at loads somewhat below 3300 kW.

Fatique Life of Crankshafts in the Shoreham EDGs

09. Have you reviewed the testimony of the County and LILCO regarding the

load profiles that the Shoreham EDGs will be required to provide?

A9, (Bush, Samesen, Henriksen) Yes. Generally we understand the engines

may be subjected to loads in the following categories:

—d—toad-spikes—equivalent—$6-3000-ki-due—to—sequenced startingof large———
e cooling pumpsfor the first 30-to-60—seconds—of—a LOORAOCA-event

2. Short time intermittent and cyclic loads for a few minutes that may exceed

by a few percent the "qualified load", taken here as 3300 kW.

3. LOOP/LOCA loads, assumed to be at or below 3300 kW after the first few

minutes.

4. Loads that may result from operator error during the first hour of a

LOOP/LOCA event, taken as 3800 to 3900 kW for times of 40 to 60 minutes.

5. Periodic testing loads of 3300 kW to meet NRC Regulations.

13



loadsof Categqory 1 as described above?

A10. Rush) Short-term loads as high as 3900 kW for less than a pifute
under emergency coaditions are not considered to be a problem. Almbst all
texts related to fatigiwm.and to cumulative damage in metals efte the effects of

momentary overloads. An example is Collins Failure of Materials in Mechanical

Design (1981). Figure 1, taken frdm Collins (1981, p. 293, Figure 8.27),
i1lustrates the prestressing effect of mmghtary overloads on existing cracks

and their subsequent delay in propagdtion.

Short-term high loads, &¥Ven those approaching the™yltimate tensile
strenqth, do not generaTly produce cracks and may, in fact, pgovide a plastic
zone around any €Xisting crack that retards its growth. The preced{ng condi-
tian markedfy exceeds the short-term achievable overloads of these EDGs N\ It is
my gdnclusion, therefore, that loads such as those identified in Category 1a

b caRceeny

011. Do you believe the Shoreham TDI EDG crankshafts can sustain loads

identified in Cateqory 2 as described above?

All. (Bush) 1 would like to offer some background information prior to
answering this auestion. 1 have carefully reviewed the operating history of
the Shoreham EDGs, particularly noting the operating time at engine loads at
and above 3500 kW. In the case of EDG 103, which has undergone extensive post-
test examination showing no damage to the engine (particularly the crankshaft),
1 note that the engine has sustained over 3 x 108 cycles at loads at or exceed-
ing 3430 kW when conservative assumptions regarding instrument error are

included as discussed earlier.

14



Delay in Crack Growth Following the
Application of Single Overload

FIGURE

J. A. Collins, Failure of Materials in

Mechanical Design - Analysis, Prediction
Prevention, TOBL 579 57293, Figure 8.27.

rce:
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The loads and corresponding hours at which EDG 103 is reported to have

operated are as follows: ()
Load Hours
Approxim2te hours at 3500 kW 119
Approxiasate hours at loads
gree? .er than 3500 kW 101
Approximate hours at 3900 kW 7

Any of several approaches may be used to predict cumulative fatigue damage
from these loads. Miner's rule, more cor;ectly termed the Palmgren-Miner
cyclic-ratio summation theory, has been used for many years to predict the
fatigue (endurance) limit of materials. An alternative method that provides
better correlation with experimental data is the Manson approach, which takes
into ac:ount the loading sequence. The predicted fatigque limit using the
latter approach for the EDG 103 crankshaft would vary markedly depending on the
sequence of application of the loads noted in the preceding summary. We are

unaware from available information what the actual sequence was.

A conservative view is to assume that the beginning of the high-cycle
fatigue 1imit is less than 3 x 106 cycles, and <o define the lower bound of
the fatigue limit as that associated with the lowest load at which EDG 103 was
operated during the first 3 x 106 cycles. This would set the lower-bound value
from the EDG 103 test at 3430 kW, based on an assumed instrument error of

(70 ki applied to the indicated load of 3500 kW.

(a) Pacific Northwest Laboratory, Review and tvaluation of Transamerica

Delaval, Inc., Diesel Engine Reliability and Operability - Shoreham
NucTear Power Station Ungt T, PNL-5337, Decemger 1988 (p 4.227.

16



Table 1 is a summary of data from six references on the high-cycle fatigue
limit for several ferrite steels. A significant message from this data is that
the onset of the fatigue limit is close to 1 x 105 cycles, regardless of the
ferritic alloy, heat treatment, or surface hardening treatment. Note that

several of the values are for aircraft or automobile crankshafts.

As illustrated in Figure 2, the fatigue limit of ferrite steels is
essentially constant as a function of the number of cycles above the onset of
high-cycle fatigue. This is unlike nonferrous metals, which have no clearly

defined fatigue limit with time.

The steel used in the EDG 103 crankshaft is ABS Grade 45, which corre-
sponds roughly to an AISI-5050 steel in composition. The tensile strength is
about 100 ksi and the yield strength about 60 ksi. The mechanical properties
would correspond to some of the 4000 series steels cited in Table 1, and,
therefore, one would anticipate similar initiation of the fatigue limit near

1 x 106 cycles.

LILCO's nondestructive examinations of the EDG 103 crankshaft following
the 107-cyc1e test provide evidence that cracks had not initiated in the
crankshaft during the initial 3 x 108 cycles at loads at or above 3500 kW as
read on the wattmeter. Because crankshaft stresses at 3500 kW are not sub-

Basep UPon My ExTRAFLATION OF DATA
stantially different from stresses at 3300 ku,-‘mm—tmpuu-u——
v FaAA-84-3-16
—uestion 12 sussequent operation at the latter load to bring the total cycles
to 107 wouid have been sufficient to cause propagation of cracks formed at the
higher load. This is further confirmation that the high-cycle fatigue limit is
at or above the value corresponding to 3500 kW minus known instrument error, or

3430 kM.

17



TABLE 1. Location of the Initiation of High-Cycle Fatigue (Endurance)
Limit for Several Ferrite Steels

Beginning of

Fatigue Limit
Reference x 10° Cycles Material Comments
(1) 1.0 1047 Steel
(2) ~3.0 4340 vacuum melted - longitudinal
specimens
~3.0 4340 Vacuum melted - transverse
specimens
~0.9 4340 Air melted - longitudinal
) specimens
(3) ~1.5 4340 Completely reverse S-N curve
(4) ~0.3 3130 Temper embrittled
~0.8 3130 Non-temper embrittled
(5) 2.0 0.78% C Spheroidized
2.5 0.78% C Pearlitic
(5) 1.5 4140 Quenched and tempered
. 2.0 4140 Shotpeened
r 4140 Nitrided
(5) 0.7 (4140,x4340, vcM)(3)  Quenched and tempered
1.0 (4140,x4340, vcm) (@) Shot-peened
1.5 (4140 .x4380. veM)(8)  Nitrided, polished nitrided
~3.0 (4140,x4240, vem)(3)  Nitrided
(5) 0.8 4340 Automobile crankshaft -
normal heat treatment
0.7 4340 Automobile crankshaft - shot-
peened
~2.0 4340 Automobile crankshaft -
nitrided
(5) 1.5 4340 Transverse specimens from
crankshaft
0.2 1.20% C Quenched and tempered

(a) Above are torsional fatigue results on aircraft engine crankshafts

including 4140 series.
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TABLE 1. (contd)

Beginning of
Fatigue Limit

Reference x 10° Cycles Material Comments
(6) 0.9 3420 Quenched and tempered
1.0 1050 Quenched and tempered
1.0 4130 Normalized
1.5 Structural steel -
1.5 Alloy struc. steel -
~2.0 Cast iron -

(1)

(2)
(3)
(4)
(5)

(6)

Hayden, H. W., et al. 1965. "Mechanical Behavior". Volume III in
The Structure and Properties of Materials. John Wiley & Sonsy New York,

Mew York.

Reed-Hi11, R. F. 1964, Physical Metallurgy Principles. Van Nostrand,

New York, New York.

Collins, J. A. 1981, Failure of Materials in Mechanical Design - Analysis
Prediction, Prevention.” John Wiley & Sons, New York, New York.

Hollomon, J. H., and L. D. Jaffee. 1974. Ferrous Metallurgical Design.
John Wiley & Sons, New York, New York.

American Society of Metals. 1961. "Properties and Selection of Metals".
volume 1 in ASM Metals Handbook. Novelty, Ohio.

Marks, L. S.” 1941, Mechanical Engineers' Handbook. 4th ed. McGraw-
Hil1l, New York, New York.
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Stress, KSI

70 —
.o —
SO b—
Faugue (Endurance) -
40— Limit
o~
20
Note:
Fatigue limit, the horizontal section,
10~ pegins about 10° cycles and continues
indefinitely
o ! Il ! ! L Il
10° 104 10° 10 107 108 10° &
Number of Cycles

FIGURE 2. Typical High-Cycle Fatigue Curve for a Ferritic Stee)
(1050 AISI) ’
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The point of the background discussion is now clear. In my opinion, the
Category 2 engine loads that may result from intermittent and cyclic demands in
the vicinity of 3350 to 3400 kW for times up to one hour or so are below the
probable high-cycle fatigue 1imit. Therefore, loads in Category 2 are not of

concern.

.....

Al2. ten) If one takes the bending stresses as employed and inter-

preted by Det Norske Ver for the Shoreham crapkst@fts in theis report

84-0099A of September 17, 1984, and the<maximum firing pressures as read from

TDI test curves dated M 19, 1976, for a Shorehamseggine, then the relative
calculateddending stresses are 20,450 psi and 21,120 psi for 3308 and

Q13. Do you believe the IDGs can sustain the loads identified in Category

3 above?

Al3. (Bush) As defined in the response to Question 9, all loads in
Category 3 are at or below 3300 kW. I believe the endurance limit for these
crankshafts is above this value. Hence, the Category 3 loads are not of

concern.

014. The engine loads that may result from operator error (e.q.,
Category 4) could exceed the high-cycle fatigue 1imit. Do you believe the
crankshafts will sustain these loads for periods up to an hour and still have

the ability to meet the succeeding load challenge of a LOOP/LOCA?

Al4. (Bush) 1 believe the crankshaft can survive up to an hour of

overload to about 3900 kW without crack initiation, but the probability of
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crack initiation cannot be quantified. It is a function of parameters such as
previous load history and metallurgical properties. The question then is, if a
crack initiates during a LOOP/LOCA, will it propagate to the point of engine
shutdown before the engine is no longer needed? My engineering judgment is
that the combination of a Category 4 transient operation followed by time at
lower load/time profiles such as the LOOP/LOCA demand profile should not lead
to crankshaft failure. The only way to quantify this judgment would be to
conduct a three-dimensional finite element analysis combining the LOOP or
LOOP/LOCA load histories that were imposed on a crankshaft havin; an init. al

crack and determine the final crack size.

I feel that any crankshaft that is subjected to a sustained overload
approaching Category 4 should be given careful surface and volumetric non-

destructive examination prior to returning it to service.

Q15. wWhat LOOP/LOCA load profile did you consider in evaluating the

ability of the crankshaft to sustain the assumed operator error load?

Al5. (Bush) 1 assumed the following LOOP/LOCA load profile based on data
provided in LILCO's testimony dated January 15, 1985, and the Shoreham Final
Safety Analysis Report (FSAR), Tables 8.3.1-1A and 8.3.1-2:

Time Load (kW)
Less than 1 minute 3900
1 minute to 3 minutes 3331
3 minute to 12 mirutes 3266
12 minutes to 30 minutes 3265
30 minutes to 60 minutes 3283
Longer than 60 minutes 2617
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Q16. Do you believe the Shoreham EDGs can sustain t ° &' required
monthly and refueling-outage testing at the qualified lozd os 3300 kW,

identified in the response to Question 3 as Category 5 loads?

Al6. (Bush,-Sewstenr—Henniksend Yes. These Category 5 testing loads are

considered to be below the endurance fatigue 1imit for these crankshafts. As
stated earlier, this limit is believed to be at or above 3430 kW, based on the
results of the testing up through the first 3 x 106 cycles, and is certainly
confirmed to be at or above 3300 kW, based on the confirmatory tests that
brought the total testing cycles to over 1 x 107. Detailed comme;ts regarding
these confirmatory tests, including our views on the uncertainties with watt-

meter readings, are provided earlier in this testimony.

In view of the fact that the endurance 1imit can be established with
certainty as being only at or above 3300 kW, we feel that it would be prudent
to limit surveillance testinag tc this value. The reason for this is that
surveillance tests can add over 3 x 107 cycles during the assumed 40-year life

of the Shoreham Nuclear Power Station.

11 - CYLINDER BLOCKS

Q17. What is the purpose of this testimony?

Al7. (Bush) This testimony addresses parts c(i) and c(ii) of the conten-
tion concerning testing of the EDG 103 block, and also addresses metallurgical
considerations related to my conclusion that existing cracks in the cam gallery

region of the EDG 101 and 102 blocks should be monitored.
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Q18. Have you reviewed the testimonies filed by the County and by LILCO

concerning the test involving the EDG 103 block, the suitability of the
cylinder blocks in EDGs 101 and 102 for service at 3300 kW, and whether there

is a need tg monitor the cam gallery cracks in the EDG 101 and 102 blocks?
Al8. (Bush) Yes.
0'3. Please summarize your conclusions on these issues.
A19. (Bush) My conclusions are as follows:

First, as 1 have stated previously in written testimony (fi15d on
October 12, 1984), the replacement EDG 103 biuck was more suitable than either
the EDG 101 block or the EDG 102 block for the tests that LILCO conducted to
obtain data on compressive and alternating stresses in the camshaft gallery.
Use of either of the latter two blacks for the cam gallery tests would have
involved the installation of strain gages over repair welds rather than over
base metal. However, the selection of EDG 103 for the test at qualified load
did not contribute to resolution of questions concerning the ligament cracks in
the top surfaces of the EDG 101 and 102 blocks, the potential for developing
stud-to-stud or stud-to-end cracks in those blocks, or the circumferential

cracks reported in the original EDG 103 block.

Second, operation of the replacement EDG 103 block for more than 500 hours
at or above 3300 kW based on the meter reading, followed by LILCO's
nondestructive examinations that revealed no reportable indications in the
block top, provides significant evidence that the replacement block is suitable
for service at the qualified load of 3300 kW. Based on the known performance

of the block through the qualification test, I concur with the conclusion of
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Or. Rau and Dr. Wachob{@) that it would be appropriate to reinspect the
replacement block top at intervals determined through FaAA's cumulative uamage
analysis.(b) This means that if further operation beyond the most recent
inspection does not exceed the FaAA-recommended interval before the end of the
first fuel éyc1e, the top of the replacement block will not have to be

reinspected until the first shutdown for refueling.

Third, the conclusions 1 expressed in previous written testimony regarding
the EDG 101 and 102 blocks are not affected by the qualification test performed
with E0G 103. As I previously testified, 1 believe that the 101 ;nd 102 blocks
are adequate for service subject to certain caveats on surveillance of known
cracks. Following any pericd of operation of EDG 101 or EDG 102 at or above
50% of qualified load, visual and edd; current inspections should be performed
on those portions of the block top that are accessible between cylinder heads.
Thé purpose of these inspections is to verify the continued absence of detect-
able cracks between studs of adiacent cylinders. —ia—addition—the—behavior—of
soveral representative cracks—in-the—camchaft—galleniesof-the£06—10i—and—102-
Plocks—showldbemeaitorad,—-Ro—changes—indicative—ofcrack—growth—are—
observedover the first fuel cyclo—thereed—forcortinuedmonitoringof the

can-gallery cracks—could—be—reconsidered—by—the—NRor

Fourth, 1 have previously expressed the opinion based on engineering

judgment that circumferential cracks of the type found in a cylinder liner

(a) Additional Cylinder Block Testimony of Dr. Duane P. Johascn,
Dr. Charles A. Rau, Jr., Milford H. Schuster, Dr. Harry F. Wachob
and Edward J. Youngling on Behalf of Long Island Lighting Company,
January 15, 1985, at 10.

(b) This analysis is presented in the FaAA report Design Review of TDI R-4
and RV-4 Series Emergency Diesel Generator Cylinder Blocks, the most
recent revision of which 1s FaAA-B4-9-11.1 dated December 1984.
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counterbore of the original EDG 103 block do not represent a hazard to EDG
reliability. My opinion on that issue remains unchanged. Similar cracks may
also occur in the EDG 101 and 102 blocks because of the high stress concen-
tration associated with the geometry of the cylinder liner landing. Thecy may
occur even in the replacement EDG 103 block, although the stress concentration
in the replacement block appears to be less severe. At any time a liner is
removed from any of the three engines, it would be prudent to perform an
appropriate nondestructive examination of'the landing in the block. 1If a
circumferential indication is found, an attempt should be made to.characterize
the depth and length through appropriate nondestructive tests. However, 1 do
not advocate removal of cylinder liners for the sole purpose of this

inspection.

HonitosinsofamLbatlery—tracks—a-£36e—104—and—+62

How is your testimony organized on this topic?

I first will comment on the examination{2) perfops€d by

Walter C. McCrone Asdsgiates, Inc. of a cam gallery crack speCimen removed from

the orioinal EDG 103 block. will next briefly su

ze my assumptions and

conclusions regarding the origin a ics of the cam gallery cracks.

Finally, 1 will present my conclusions ¢ rding the need for monitoring cam

gallery cracks in the blocks of and my reasons for those

conclusions.

(a) Waleer C. McCrone Associates, Inc., Cast Iron Analysis re LILCO vs Su

mpany (sic), MA number 13747, dated January 11, 1985. ‘\\\\\\\\\\
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Comments on Testing Performed by Walter C. McCrone Associates, Inc.

netite. The x-ray diffraction patterns are unambiguous and can bg readily

type requested by the County. N

Assumptions and Conclusions Regarding Orig#n and Characteristics of

Cam Gallery Cracks

Based on the above-mentioned test r#sults, 1 have concluded that the crack
examined in the sample removed from tie original EDG 103 cylinder block was
formed during cooling of the castifg. There was no evidence of an oxide film
formed at low temperatures, whigh could have been indicative of crack propaga-
tion after the block was plagded in service. The absence of the latter oxide
film tends to confirm that the crack is in a compressive stress field as deter-

mined analytically and/experimentally by FaAA.

Recause the oyiginal EDG 103 block exhibited degraded metaliurgical pro-
perties as conf d by the morpho\ogy'of the Widmanstaetten structure, it is
reasonable tg assume the following:

1. Tie tensile properties of the typical Grade-40 cast iron in the
EDG 101 and 102 blocks are superior to those of the degraded Grade-40

cast iron in the original EDG 103 block. The Grade-45 cast iron in
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the replacement EDG 103 block compares even more favorably in thi
regard. If one reasonably assumes that the hot tensile propertfes of
the EDG 101, 102, and replacement 103 blocks would also be
than those of the original EDG 103 block, the depth of ¢
cracks in the former would be expected to be shallowep” than those in

the latter.

2. With the evidence that cam gallery cracks in/the original EDG 103

block are hot tears that did not propagatf, and recognizing the

superior materials properties of the P0G 101, 102, and replacement

103 blocks, it is reasonable to asyglme that the cracks in the latter
blocks are also hot tears and t these cracks have not grown in
service.
DELETED

Conclusions Regarding ALhe Need for Monitoring Cam Gallery Cracks

Based on the inforpation summarized above, 1 conclude that the existing
can gallery cracks the EDOG 101, 102, and 103 cylinder blocks would not be
expected to grow Aind°r normal operating conditions. Nevertheless, I believe
that monitoripg of the cam gallery cracks in EDGs 101 and 102 is necessary for
the reasong’ 1isted below. I do not believe it is necessary to monitor cam
gallery/Cracks in EDG 103, because the known cracks in the replacement block

have/not been repair-welded.
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1. The inferences and conclusions regarding crack behavior are based
on detailed examination of one crack in the original EDG 103 blogk.
This is insufficient data on which to draw conclusions with cfrtainty

regarding the other EDG blocks.

2. Associated with the known repair welds in the cam gaXleries of the

EDG 101 and 102 blocks are residual stress fields/of an undetermined

nature. These stress fields could influence gfack propagation.
'

DeLeTep
3. Cracks in the cam gallery represent a dedraded condition. In my

opinion the known data on these cracké where weld repairs have been
made is insufficient to establish Ahat will or will not happen to
these cracks over time. My confern is related to the possibility of
an initial lengthening of th€ cracks into stress fields of decreasing

compression or, possibly,/tension.

4, Certain postulated £Lrack growth patterns ultimately could lead
to a loss of funftion of a diesel generator. 1 recognize this is
improbable, pdrticularly when coupled to the low probability of a
LOOP/LOCA,/ However, crack monitoring will provide confirmation as to
whether/or not the cracks continue to be benign. The action needed
to pérform the monitoring is straightforward, and 1 believe that it
uld be consistent with good practice for safety-related equipment

in nuclear service.
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In my opinion, the preferred approach for monitoring the cracks/would be
to install crack-opening displacement gages at the weld overlays gn the second
camshaft bearing saddle inboard of each end of the engine. Thése saddles are
representative, and they are much more accessible than sadgfes toward the
middle of the engine for any servicing of gages that ma be required. The

gages should be monitored during monthly engine tes

DeLeTeED

Other methods of monitoring may also be accgptable. One alternative
approach would be to monitor the depth of repfesentative cracks (g.g., at loca-
tions described above) with an appropriatg/surface probe (e.g., a TSI depth
aace), and also monitor crack length (pAralle) to the longitudinal axis of
the engine) using magnetic particle/or liquid penetrant examinations. Depth
measurements taken in this manney may lack accuracy, but the combination of
depth measurements and length/measurements would probably be sufficient to show
any sianificant changes in/crack size. To obtain the desired information in
this manner with minimgX disruption of engine availability (due to the need to
remove access coversd, it would be sufficient to take these measurements

every 3 months.

Regardlgss of the method chosen, it is my opinion that the monitoring
should coftinue through the first fuel cycle. A decision should be made by the
NRC stdff at the first refueling outage regarding the need to continue with the

monAtoring.
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Stud-to-Stud Cracks in the Cylinder Block Top

021. Do you consider that the qualification test performed on the EDG 103
enaine provides an appropriate basis for predicting the behavior of block top

cracks in the EDG 101 and 102 engines?

A21. (Bush) No. Differences in the mechanical properties of the cast

used in the EDG 101 and 102 blocks from the cast iron used in the replace-

~ne

EDG 103 block and, perhaps more importantly, design changes incorporated

the top of the replacement EDG 103 block do not permit an extrapolation of

results from the latter block to the blocks of EDGs 101 and 102.

What are your views on the probability that stud-to-stud cracks
could initiate in either EDG 101 or EDG 102 during a LOOP/LOCA and propagate to

the extent that either engine would be lost from service?

T

np——_— 1
| consider |

0oss of function of EDGs 101 and 102 under these postu-

lated circumstances to be highly improbable for the following reasons:

There is no evidence of stud-to-stud cracking in these blocks from
previous operation at and above 3500 kW. Such cracks would be more
likely to initiate at these higher loads than at the qualified load

of 3300 kW.

A1l future surveillance testing is to be accompanied by monitoring of
the block tops of EDGs 101 and 102 to verify the continued absence of

detectable stud-to-stud cracks.




3.

Based on extrapolations from the original EDG 103 block, I would not
expect the fatigue crack growth rates in the stud-to-stud area to

be so high that there would be a loss of EDG function during a LOOP/
LOCA, assuming crack initiation occurred shortly after the start of
the LOOP/LOCA. This is particularly true at the low power levels--
less than 3000 kW--characteristic of predicted load profiles through
most of a LOOP/LOCA, even if one assumes the improbable situation
that the enagines would be the only source of emergency power for
approximately a week. A quantification of crack initiation ;nd
growth to the point of loss of function would require a three-
dimensional finite element analysis in which ¢~ .k initiation is
assumed. FaAA has conducted such an analysis (FaAA-84-9-11.1,
December 1984). My own semi-quantitative assessment is that the

cumulative probability of crack initiation and propagation to the

point of loss-of-function is quite low.
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