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I. INTRODUCTION

A. Background

When this Licensing Board issued the Partial Initial Decision
(P.1.D.) in September 1983, we found that all issues in controversy,
except one, had been resolved in favor of permitting the Applicant, Long
Island Lighting Company (LILCO), to operate the Shoreham Nuclear Power
Station, a one unit boiliny water reactor located in Suffolk County, New
York, at low power levels up to five percent of rated power., 18 NRC
445, 468 (1983). That issue related to certain alleged defects in the
three emergency diesel generators (EDGs) manufactured by Transamerica
Delaval, Inc. (TDI), and proposed for use on the Shoreham site. These
EDGs are required to supply backup emergency electrical power to safely
shut down the Shoreham plant in the event of a loss of offsite power
(LOOP) in compliance with General Desigr Criterion i7. 10 C.F.R, Part

50, Appendix A,

Diesel i1ssues were pending at the time of the P.1.D, because of a
prior ruling by us, which was followed by a major diesel failure durinrg
testing. On June 22, 1983, we had granted, in part, the motion of
intervenor, Suffolk County, New York, to reopen the record and admit a
new contention concerning the emergency diesel generators, LBP-83-30,
17 NRC 1132 (1983). A hearing on the low power aspects of the new
contention was thereafter scheduled to begin on August 29, 1963,

Mowever, on August 12, 1983, the ortginal crankchaft on EDG 107 severed




during testing. Inspections revealed cracks in the crankshafts of the
other two EDGs, 101 and 103. As a result, the pending hearing was
cancelled at the unanimous request of LILCO, the NRC Staff and Suffolk

County.

The background history thereafter is lengthy and unnecessary to
recount in detail for present purposes. In short, the nuclear power
plant owners and the NRC Staff laurched into a comprehensive review of
1Dl diesels. Parts of the review were continuing at the end of the
hearing. During the time of those reviews, numerous defects with
respect to different components in TDI diesel engines came to light.
Prominent among these wes a defective cylinder block on the Shoreham EDG
103, which was replaced by LILCO. The Staff and LILCO believed the
technical reviews were finally sufticiently complete for the hearing to
begin on September 10, 1984, on the four diesel issues then in
controversy before us, which involved the crankshaft, cylinder block,

cylinder heads and pistons. The diesel hearing began on that date.

As 1t later turned out, LILCO had not been ready for the hearing to
begin when it did, Rather, LILCO apparently wished to change and
Justify its proposed operation of the diesels to a so-called "qualified
load" of 3300 kw, rather than the original 3500 kw continuous rating and
3900 kw two<hour short time rating. LILCO also wished to conduct a 10E7
cycle 740 hour "endurance run" test (taking some credit for previous

test hours) along with inspections which had been advocated by the NRC
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Staff and Suftolk County. As a result, as the originally contemplated
evidentiary hearing drew to a close in November 1984, the Board granted
LILCO's motion to reopen and supplement the record, as confirmed in our
unpublished Order, dated December 4, 1984, Pursuant to the schedule
agreed upon by the parties, the reopened hearing began on February 12,
1985. The record was closed on March 12, 1985. Proposed findings were
filed by all parties pursuant to an agreed-upun accelerated schedule,
culminating in LILCO's reply findings being filed on May 2, 1985.

B, Summary of Decisicn

The diesel issues remaining in controversy before us relate to
three matters: blocks, crankshafts, and the qualified load proposal.
Our decisfon is divided into these three parts, with the numbered
findings beginning with B, C, or L, respectively, With respect to these
issues, we find there is reasonable assurance that for the first fuel
cycle the TDI EDGs can perform their required safety function, 1f
necessary, at & gualified loac level up to 3300 kw, and that operation
at such a level will not lead to failure of the crankshaft, We also
find that routine required surveillance testing can be conducted at 3300
kw plus or minus 100 kw without leading to failure of the crankshaft,
and that an additional cumulative operation time of two hours between
3300 kw and 3400 kw during the first fuel cycle, 1f necessary, would not

cause fatlure of the crankshaft., Operation above 3400 kw s not
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permitted because of our findings regarding the crankshafts. With
respect to the tlocks, we fina there is reasonable assurance that the
EDGs will not be prevented from performing their safety function of
supplying standby electrical power, if needed, due to block top cracks,
of which three types were in controversy: so-called ligament,
stud-to-stud ana circumferential cracks. Insofar as the diesel issues
before us are concerned, this decision authorizes the issuance of a full
power operating license for the first fuel cycle. However, as noted
below, there are still offsite emergency planning issues pending before
another Licensing Board. Accordingly, this decision, eftective
immediately, authorizes the NRC Staff to issue only a low power (up to
five percent of rated power) operating license, providing the Staff has
made findings supporting such a license on all issues not in

controversy.

During the litigation, the parties reached agreements, approved by
us, on three issues: cylinder heads (October 30, 1984, Board Diesel
Ex. 1 for ldent,, ff, Tr. 25,204); pistons (November 14, 1964,
Tr. 26,450-58, 26,620-22), and camshaft gallery cracks in the cylinder
block (March 7, 1985, ff, Tr, 28,766). We reiterate our commendation of
the parties and counsel for their energetic efforts tu reach acceptable
settlements on the f1ssues in controversy. We think the parties and the
public interest have been well served by these settlements. Sone of
these settlements require conditions, generally related to future

monitoring and inspections. The NRC Staff and other responsible parties

.



shall assure that those requirements are properly reflected in the

operating license conditions or technical specifications.

The contentions in issue were jointly sponsored by Suffolk County
and New York State. Suftolk County (SC or the County) was the lead
intervenor at the hearing. As we had reauired for efficiency, the
County and the State coordinated closely their participation and filed
Joint proposed findings. For brevity, we will refer only to the County
in our decision on the joint contentions. The other parties

participating were LILCO and the NRC Staff,

There are ottfsite emergency planning issues in controversy before
another Licensing Board which must be resolved in LILCO's favor before 2
full power operating license could be authorized, At this point, that
Board has effectively found against LILCO, but that proceeding is
continuing. “Partial Initial Decision on Emergency Planning,”
LBP-85-12, 21 NRC __ , slip op. at 426 (April 17, 1985). For this
reason the effect of our decision 1s to authorize only a low power
Ticense. The Commission has previously rejected the recommendation of
this Licensing Board (then consisting of Judges Brenner, Carpenter and
Morris), that so long as Suffolk County refused to participate fin
emergency planning, and that the willingness of New York State to
participate was then unclear, a low power license should not Le 1ssued
unless and until a factual inquiry could support a finding of reasonable

assurance that offsite emergency planning, required for o full power



license could be developed. LBP-83-21, 17 NRC 593 (1983); CLI-83-17, 17

NRC 1032 (1983). See also Partial Iritial Decision, LBP-83-57, 18 NRC
445, 623-33 (1983); CL1-84-9, 19 NRC 1323, 1325-29 (1984),

C. Investigations

We have been informed that the NRC Office of Investigations (OI)
has before it a pending investication of Transamerica Delaval, Inc. We
have inquired of Ol, through the NRC Staff, on three occasions over the
past year, whether anything in their investigation would materially
affect the record on the TDl EDGs at Shoreham. We received no helpful
information in Ol's vague response over a year ago (Memo tu G.
Cunningham, ELD, from B, Hayes, OI, March 12, 1984), and we received no
response from Ol to our more recent inquiries on the record of the
proceeding. Tr, 28,245-53 (February 21, 1985). Ltr to Board from B,
Bordenick, NRC Staff Counsel, February 28, 1985; Tr. 28,408-11 (March 6,
1985); Ltr to Boare from B. Bordenick, March 22, 1986. The NRC Staff
did assure us that it presented our inquiries to Ol as we had requested.

l‘dl

We assume that O1's recent failures to respond are benign and due
to some miscommunication of the import of our inquiry and expectation of
a response. At the time, we considered taking further action, but
decided this could lead to a collateral digression from the complex

fssues in controversy before us. A Licensing Board fully occupied at
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No. 50-322/84-37, at 2 (November 28, 1984). Thereafter, additional
instances of apparent nonreporting by TDI came to light. Three
prominent, but by no means complete, examples are: (1) The inadequate
deaenerate metallurgical structure of the original EDG 103 block, which
was discovered by LILCO only after the block cracked in April 1984; (2)
the existence of cracks in the camshaft gallery of the blocks, not
discovered by LILCO until 1984. Moreover, these cracks had been
repaired by welding and painted over by TDI after fabrication (in the
1970's), but this was not discovered by LILCO until September 1984 .
(Indeed, written testimony filed before us by TDI witnesses on

August 14, 1384, but fortuitously for TDI, withdrawn by LILCO before
presentation as evidence, discussed the camshaft gallery cracks but
failed to disclose that they had been welded over); and (3) the fact
that TDI's torsional stress calculations for the original 13 X 11
crankshafts were grossly in error. (As we understand it, TDI usec this
size crankshaft only in the three diesels of that model sold to LILCO,
and not in others made after the mid-1970's time-frame when the three

Shoreham diesels were fabricated).

We reiterate that we believe the situation regarding apparent
nonreporting by TDI deserves the Commission's attention. To the extent
Commission entities have looked into this matter, it appears to us that
the inquiries may not have been comprehensive nor inclusive, and may not

nave received the proper priority and resources.
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IT. CYLINDER BLOCKS

A. Introduction

E-1. Suffolk County and the State of New York jointly contend that

the Emergency Diesel Generators (EDGs) at Shoreham are inadequate

because:

0 Cracks have occurred in the cylinder blocks of all EDGs and a

larce crack propagated throuch the front of EDG 103.

0 Cracks have also been observed in the camshaft gallery area of

the blocks.2/

0 The replacement cylinder block for EDG 103 is a new design
which is unproven in DSR-48 diesels and has been inadequately

tested.

B-2, The three Shoreham EDGs are Transamerica Delaval, Inc.

("TDI"), model DSR-48 diesel engines with eight cylinders in line,

2/ By stipulation dated January 14, 1985, the parties advised that the
County no lTonger sought to disqualify the blocks on the bas‘s of the
camshaft gallery cracks. LILCO Ex. B-67. Accordingly, Hur decision
does not deal with these cracks.



having a 17-inch base and 21-inch stroke. These EDGs constitute the

onsite electrical power system for the Shoreham plant. Hubbard and
Bridenbaugh, ff. Tr. 23,826, at 12, 14. The safety function of this
system (assuming the offsite system is not functioning) is to provide
sufficient capacity and capability to assure that (1) specified
acceptable fuel design limits and design conditions of the reactor
coolant pressure boundary are not exceeded as a result of anticipated
operational occurrences and {2) the core is cooled and containment
inteqrity and other vital functions are maintained in the event of
postulated accidents. The onsite electrical power supplies, including
the batteries, and the onsite electric distribution system, shall have
sufficient independence, redundancy, and testability to perform their
safety functions assuminy a single failure. 10 C.F.R. Part £C, Appendix
A, General Design Criterion (GDC) 17. A single failure means an
occurrence which results in the loss of capability of a component to
perform its ' .tended safety functions. Multiple failures resulting from
a single occurrence are considered to be a single failure. Id. at

Pefinitions and Explanations.

B-3. The function of the cylinder blocks is to form the framework
of the liquid-cooled engine, provide passage for coolant and support for
the cylinder liners and cylinder heads and to restrain the forces
generated by gas loads. McCarthy et al., ff. Tr. 24,372, at 8. The
configuration for one cylinder liner and head is illustrated in LILCO

Exhibit B-7 (Figure 1, attached), and plan views of block tops, showing
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crack locations and depths for DG 101, DG 102 and DG 103, are given in
LILCO Exhibits B-16, B-17 and B-25 (Figures 2, 3 and 4), respectively.
The block material was specified as ASTM A-48-64 Class 40 gray cast

iron. Id. at 9.

B-4. As part of the engine qualification testing program, each
engine was operated for 100 hours at or above full load (3500 kw) and
then disassembled and inspected. This inspection, in February 1984,
identified 1igament cracks in the blocks of all three EDGs, and
stud-to-stud cracks and one stud-to-end crack in the original EDG 103
block. Id. at 13-15, Tr. 24,603-04 (Schuster). A Tigament crack
extends from the cylinder head stud counterbore to the cylinder liner
counterbore and lies in a vertical plane, extending downward from the
block top surface. A stud-to-stud crack extends from one stud
counterbore to an adjacent stud counterbore of an adjacent cylinder.
The locations of ligament and stud-to-stud cracks are illustrated in
LILCO Exhibit B-20 (Figure 5). A stud-to-end crack extends from a stud
counterbore of an end cylinder (either no. 1 or no. 8) to the end of the

block. See McCarthy et al., ff. Tr. 24,372, at 14-15.

B-5. The location and depth of the Tigament cracks were measured
using a series of liquid penetrant, eddy current and visual inspections
of the block tops, stud holes and cylinder liner landings. Id. at 13,
EDG 101 had 13 Tigament cracks, EDG 102 had 18 Tigament cracks and EDG

103 had 21 ligament cracks at the time of these inspections. LILCO Exs,
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B-16, B-17 and B-18. These cracks varied in depth, with the ones in EDG
103 being the most severe. Id. No ligament crack in EDGs 101 and 102
extended below a depth of 1.5 inches nor on to the liner landing. As of
March 11, 1984, the original EDG 103 block had no measured ligament
cracks deeper than 1.5 inches. The deepest stud-to-stud crack in the
original EDG 103, between cylinders No. 4 and 5, was measured by eddy
current to have a depth of 1.4 to 1.6 inches. LILCO Exs. B-16, B-17,
B-18; McCarthy et al., ff. Tr, 24,372, at 14, 15; Tr. 28,823-24
(Johnson); Tr. 28,825-27 (Rau). The original EDG 103 also had seven
surface "indications" (cracks which were not deep enough to be
measurable), five of which occurred in stud-to-stud locations and two of
which were located between a stud hole and the outer perimeter of the

block top. Id.

B-6. Following inspection, EDG 132 was operated through 100 starts
to loads greater than 50 percent (i.e., greater than 1750 kw) .
McCarthy et al., ff. Tr. 24,372, at 15; LILCO Ex. B-21. Based on
subsequent eddy current examination, LILCO concluded that there had been
no discernible extensicn of cracks on the 102 block. Id. It appears,
however, that this general conclusion was based on eddy current
measurements only at cylinder No. 7. See Tr. 24,411 (Johnson); LILCO
Ex. B-?1. While this may be reassuring, since based on the EDG 102
crack map cylinder No. 7 has the worst cracks, we do not find it

conclusive that no crack extension at all took place.
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B-7. Between March 11 and April 14, 1984, FDG 103 underwent
additional operational testing for a Tonger time at higher loads than
the EDG 102 testing. LILCO Ex. B-15. On April 14, the EDG block
experienced an abnormal load excursion in which the power demand
exceeded the EDG capacity for approximately 25 seconds, causing the
engine to slow from the normal 450 rpm to 390 rpm. The engine was
operating with the fuel rack set at 3500 kw when the power demand from
the site load was accidentally picked up. The engine speed slowed until
the output breaker tripped due to low engine rpm; the diesel continued
to run at no load for an additional ten minutes before it was shut down.
McCarthy et al., ff. Tr. 24,372, at 17-18; Tr. 24,655-61 (Youngling,
Seaman). The engine was later restarted and the qualification testing
continued at 3900 kw for about 1.75 hours, when an operator noticed oil
seeping from a crack running down the front of the block at cylinder No.
1, and the engine was shut down. The engine was operating satis-
factorily and producing power prior to shutdown. McCarthy et al., at
17-18; Tr. 24,434 (McCarthy); Tr. 24,661-62 (Youngling). The area of
this crack had not been inspected after the load excursion and before
restarting the engine. Tr. 24,663 (Youngling). The crack was later
measured to be 4.4 inches long at the front surface of the block. No
one recalled its depth at the stud hole, but it would not be more than

4.4 inches because that was the largest measurement observed. Tr.

24,668 (Wells), Tr. 24,669 (Schuster, Johnson).
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B-8, After shutdown of the EDG 103 engine on April 14, 1984,
inspection of the block revealed that the deepest stud-to-stud crack,
located between cylinders No. 4 and 5, had extended from a depth of 1.4
to 1.6 inches to a maximum depth of three inches.i/ McCarthy et al.,
£f. Tr. 24,372, at 18; Tr. 28,823-24 (Johnsor); Tr. 28,905-06 (Rau);
LILCO Exs. B-18, B-25. Between March 11 and April 14, 1984, additional
ligament and stud-to-stud cracks had initiated and propagated at other
block top locations; however, none of the Tigament cracks extended on to
the liner landing. McCarthy et al., ff. Tr. 24,372, at 18-19; Tr.
25,538 (Johnson); LILCO Exs. B-16, B-18, B-25.

B-9. Based on the lack of confidence that the EDG 103 block could
be repaired satisfactorily, LILCO decided to replace it. Tr. 24,665-66
(Youngling). A new block was installed in the EDG 103 in June 1984,
Johnson et al., ff. Tr, 28,799, at 5.

B-10. In September 1984, destructive sectioning, magnetic particle,
and ultrasonic examinations revealed the presence of shallow
circumferential cracks in the original EDG 103 block. McCarthy et al.,
(Supp.) ff. Tr. 24,372, at 2, 11; Anderson et al., (Supp.) ff. Tr.
25,665, at 10-11; SC Ex. S-10. These cracks were located in the sharp

3/ A1l measurements referred to are the revised measurements (for EDG
103) taking into account the presence of Widmanstaetten graphite.
Tr. 24,442 (Rau).
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corner formed by the cylinder liner counterbore and the cylinder liner
landing. They extended at about a 45° angle from the corner to a
maximum depth of 3/8 inch. McCarthy et al. (Supp.), ff. Tr. 24,372, at

2, 11. See also Anderson et al., ff. Tr, 25,565, at 10-11; SC Ex.
S-10.

8-11. As of September 22, 1984, the EDG 101 and 102 blocks had each
accumulated more than 1200 hours of operation. On the EDG 101 block,
about 440 hours were at or above full load (3500 kw), including 25 hours
at or above 110 percent of full load. Tr. 28,887 (Rau); LILCO Ex. B-13.
On the EDG 102 block, about 475 hours were at or above full lcad (3500
kw), including 30 hours at or above 110 percent of full load. Tr.
22,887-88 (Rau); LILCO Ex. B-14. The original EDG 103 block also
accumulated more than 1200 hours of operation, of which about 428 hours
were at or above full load (3500 kw), including 30 hours at or above 110

percent of full load. LILCO Ex. B-15.

B. Methods of Evaluation

B-12. It is abundantly clear from this proceeding that the
evaluation of the adequacy of the Shoreham diesels has presented a nove!l
situation. Complete failure of the EDG 102 crankshaft, the presence of
Tigament cracks, stud-to-stud cracks, circumferential cracks, camshaft
gallery cracks and replacement of the EDG 103 block, perforce have led

to new bases for evaluation, as developed by the Staff and LILCO (and
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the TDI Owners Group), to show compliance with GDC 17. Traditionally,
and in all cases prior to the appreciation of the difficulties with the
DI diesels, especially at Shoreham, evaluation was guided by the
concepts described in Institute for Electrical and Electronics
Engineers, Inc. (IEEE) standards and NRC Regulatory Guides. This
approach made reference to "continuous duty" and "short-time" ratings
compared to the actual loads anticipated over the life of the plant.
LILCO, in fact, used this approach originally in its Final Safety
Analysis Report (FSAR), using 350C kw as the continuous duty rating and
3900 kw as the short-time rating.

B-13. Neither LILCO nor the Staff now use the IEEE approach for
Shoreham. Rather, a new concept of “qualified load" (3300 kw) has been
introduced and extensive investigations of crack initiation and
propagation have been carried out to attempt to demonstrate that the
diesels will perform their intended safety function during the course of
a coincident loss of offsite power and a loss of coolant accident
(LOOP/LOCA). Further, this demonstration applies only to the first
refueling cycle. Tr, 23,105-06 (E11is). LILCO testified that based on
its analysis, "EDG 101 and EDG 102 should perform their intended
function, plus surveillance and periodic operational testing, until the

first refueling outage without developing significant stud-to-stud

cracking. McCarthy et al., ff. Tr. 24,372, at 74. (Emphasis added).
We do agree with LILCO and the Staff that the record supports the

approval of continued operation of the Shoreham TOl EDGs for multiple



fuel cycles--with appropriate inspections--but consider it pruc¢cnt for
the NRC to defer a decision on operation past the first fuel cycle until
industry experience with TDI diesels up to that time can be reviewed.
Similarly, the results of inspections during and after the first fuel
cycle at Shoreham should be evaluated before the second fuel cycle,
LILCO and the Staff aver that their evaluations do demonstrate
compliance with GDC 17; the County contends they do not. We proceed to

examine the parties' positions in detail.

B-14. First, we observe that GDC 17 is the applicable regulation,
whereas Pegulatory Guide 1.9, Selection, Design, and Qualifica*ion of
Diesel-Generator Units Used as Standby (Onsite) Electrical Power Systems
at Nuclear Power Plants, (which references IEEE standards) is not a
substitute for the regulation, and comnliance with it is not required.
"Methods and solutions different from those set out in the guide will t
acceptable if they provide a basis for the findings requisite to the
issuance ... of a ... license by the Commission." Regulatory Guide 1.9,
Rev. 2, December 1979, at explanatory footnote, at 1. GDC 17 does not
provide specific standards for evaluating the capacity and capability of

the EDGs. It does specifically require that the onsite electrical power

system provide sufficient capacity and capability to assure that (1)

specified acceptable fuel design limits and design conditions of the
reactor coolant pressure boundary are not exceeded as a result of
anticipated operationa! occurrences and (2) the core is cooled and

containment integrity and other vital functions are maintained in the
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event of postulated accidents. LILCO has interpreted this to mean that
the EDGs will be capable of supplying (sufficient) power for a seven-day
1168 hour) period in response to a LOOP/LOCA evert., Tr., 24,823
(Youngling).

B-15. While normally an application for an operating license would
contemplate an analysis and evaluation of the design and performance of
structures, systems and components during the life of the facility (10
C.F.R., Part 50.34(a)(4); Part 50.34(b)(4)), we understand and determine
that LILCO is requesting approval of its analysis and evaluation of the
EDGs for only the first refueling cycle and for only one LOOP/LGCA
should that occur during this cycle. See B-13, supra. The Staff has
not taken this position. In fact, the Staff took the position that the
adequacy of the diesels must be evaluated on the basis of whether the
EDGs can withstand repeated LOCP/LOCA events throughout the life of the
plant. Tr., 28,139; 28,141-42; 28,148 (Berlinger). The Staff later
explained, however, that its evaluation, in accordance with GDC 17, does
not consider whether there will be one LOOP/LOCA or one hundred
LOOP/LOCAs. Tr, 28,184 (®arlinger). The Staff would assume that
maintenance and surveillance programs would be incorporated at the plant
which would assure that in the future the engines would be maintained in
order to respond to a LOOP/LOCA or any other LOOP event, if there were
repeated LOOP events. Tr, 28,285 (Berlinger). The Staff, however, did

10t provide any testimony that the EDGs could perform their function for

more than one LOOP/LOCA., We repeat, that with respect to the
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acceptability of the EDG blocks, we consider their capability to perform
their function for one LOOP/LOCA occurring before the end of the first

refueling cycle.

B-16. The County would have us reject the LOOP/LOCA "standard"
proposed by LILCO and the Staff. SC PF, Cylinder Blocks, at 11, ¥ 17.
We do not view the LOOP/LOCA test as a standard, per se, but as a
proposed basis for evaluating the capability of the EDGs to perform
their function in compliance with GDC 17 for one LOOP/LOCA event
occurring during the first refueling cycle. Tr. 26,234-37 (Berlinger).
We accept this approach and shall examine the expected response of the
blocks to the duty cycle imposed on the EDGs as a result of a LOOP/LOCA
during the first refuelinc cycle. As a preliminary matter, we first

examine the material properties of the blocks.

C. Material Properties of the EDG 101, 102 and Replacement 103 Blocks

B-17. There is no disagreement among the parties that the original
EDG 103 block contained widespread, degenerate, Widmanstaetten graphite
structurei/ and that it therefore lacked the tensile strength of normal

Class 40 gray cast iron. McCarthy et al., ff Tr. 24,372, at 29-35;

Y Widmanstaetten graphite is a degenerate form of graphite that occurs

infrequently in heavy-section gray cast iron. A combination of very
(Footnote Continued)
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Berlinger et al., ff. Tr. 23,126, at 25; Tr. 25,781 (Bush); Tr.
25,552-53, 25,674 (Anderson); Tr. 24,746 (Wachob).

B-18. As a result, the original 103 block was more susceptible to
fatigue crack initiation and propagation because the block strongth was
as low as 14.9 ksi which is approximately 40 percent below the
anticipated minimum value of 25 ksi for typical Class 40 gray cast iron
of this thickness. McCarthy et al. ff. Tr, 24,372 at 35-36, Tr,
25,284-86 (Wachob). See also LILCO Fx. B-40. LILCO's consu tant,
Failure Analysis Associates (FaAA), calculated that the fatigue life of
the original EDG 103 was reduced by a factor of 10 to 100 times as a
result of the presence of degenerate graphite. McCarthy et al. ff. Tr.

24,372 at 40.

B-19. In contrast, the FaAA inspection of the microstructure of 101
and 102 confirms that they are typical Clu s 40 gray cast iron. Tr.
24,771 (Rau). The UTS strengths for 101 and '02 were in the range of 45
to 47 ksi. Tr, 24,766 (Wachob).

B-20. LILCO and the Staff contend that the EDG 101 and 102 blocks

consist of normal Class 40 gray cast iron and that they are, therefore,

(Footnote Continued)

slow cooling rate and tramp elements can combine to form Widmanstaetten
raphite, McCarthy et al., ff, Tr, 24,372, at 30-31; Tr, 24,745, 25,010

?Hachob); Tr. 25,059-60 (Rau, Wachob); Tr. 25,064 (Rau).
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superior to the original EDG 103 block. McCarthy et al., ff. Tr,
24,372, at 41-42; Berlinger et al., ff, Tr, 23,126, at 26-27; Tr.
24,752-55 (Rau); LILCO Exs. B-33, B-38. Metallurgical analyses using
two different techniques were used by LILCO (FaAA) to analyze the cast
iron material of the blocks. First, metal samples were removed from the
EDG 101, 102, and original 103, and replacement 103 block tops. These
samples were then metallographically polished and examined under a
microscope to evaluate their microstructure. Second, plastic replicas
were taken of polished surfaces of the EDG 101, 102, and original 103
blocks. Both of these techniques revealed extensive quantities of
Widmanstaetten graphite throughout the original EDG 103 block and
typical gray cast iron microstructure throughout the 101, 102, and
replacement 103 blocks. McCarthy et al., ff. Tr, 24,372, at 29-31,
41-42; Tr, 24,741, 24,746, 24,752-55 (Rau); Tr. 24,748-54, 24,756-57,
24,769-71 (Wachob); LILCO Exs, B-33 - B-38,

B-21, The County contends that there is insufficient evidence of
the properties of EDG 101 and 102 blocks to conclude that they are
superior to the original EDG 103 block. In essence, the County asserts
that to reach conclusions about the material strength of the blocks of
EDGs 101 and 102 compared to that of the original EDG 103, the material
of &)1 three blocks must be properly evaluated., Anderson, ff, Tr,
25,564, at 172. The County does not tell us what a proper evaluation
would be, but alleges that there is insufficient evidence of any actual

block material properties of EDGs 101 and 102, because:
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0 FaAA examined only a small area of each block top,

0 wichin the same block the cast iron properties may vary widely

due to the presence of trace elements in certain areas,

0 a meaningful analysis of the material properties of a cylinder
block would require metallurgical examination of numerous

sample areas of the block,

0 FaAA assumed the block to be homogeneous,

0 FaAA assumes the materials of the EDG 101 and 102 blocks are

at least as strong as "typical" material.

1d. at 171-172,

B-22. The metal samples tested were cut from identical sites on
each of the EDG 101, 102, and original 103 block tops: the block top
corners adjacent to cylinders no. 4 and 5 on the exhavst side and the
crotch between cylinders no. 4 and 5 on the exhaust side. Tr,
24,738-39, 24,941-44, 26,651-52 (Wachob, Rau); Tr. 24,951 ‘Wachob). On
the replacement 103 block, one metal sample was taken from the exhaust
manifold adjacent to cylinders no, 4 and 5. Tr., 24,951 (Wachob),
Various metallographic preparation procedures were employed to examine

the samples, and the results were evaluated and compared to assure that
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mechanical testing performed on the original EDG 103 block confirmed
that, at a range of depths beneath the block top, extensive
Widmanstaetten graphite was present. Thus, each lucation sampled,
including the identical locations sampled in the EDG 101 and 102 blocks,
confirmed that the sample locations were representative of the
microstructure of the entire block. McCarthy et al., ff. Tr. 24,372, at
32; Tr. 25,063-65 (Rau); Tr. 24,743-45, 26,651-53 (Wachob, Rau); Tr,
24,745-47, 24,949-50 (Rau, Wachob); see LILCO Ex. B-39; see also Tr.
24,612-15 (Wachob).

B-24. SC witness Anderson asserted that FaAA's sampling technique
did not provide sufficient evidence that all portions of the EDG 101 and
102 block tops have typical gray cast iron microstructure. Anderson et

t al. (Rebut), ff. Tr. 26,326, at

al., ff. Tr. 25,564, at 171; Anderson
1; Tr. 25,552-53 (Anderson). He based that opinion, in part, on his
belief that the material of each block is not homogeneous. However, Dr,
Anderson's opinion is entitled to little weight since he offered no
independent metallographic evaluation of the Shoreham EDGs to refute
either (1) the principle that these large blocks would have a virtually
uniform cooling rate and therefore be homogeneous, or (2) FaAA's testing
of several samples of each, which indicated that the blocks have a
virtually uniform microstructure. Also unpersuasive is Dr. Anderson's
testimony that the samples are not reliable because they are not a
significant portion by weight of the entire block. As LILCO and Staff

witnesses agreed, reliability is assured by sample location, not sample

R R
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weight. Tr. 24,756-57 (Rau); Tr. 24,745-46 (Rau, Wachob); Tr. 26,651-53
(Rau, Wachob). Compare Anderson et al. (Rebut), ff. Tr. 26,326, at 1
with Tr, 26,032-33, 26,287-88 (Bush); Tr. 26,651-53 (Wachob, Rau). In
fact, Dr. Anderson subsequently agreed that sample location is a more

important factor than the sample weight. Tr. 26,649-51 (Anderson).

B-25. The County also argues that the results of tensile strength
measurements of test B-bars cast with the blocks of EDGs 101 and 102
cannot be used to infer the tensile strengths of the EDG 101 and 102
biocks, because there is no independent proof that the blocks of EDGs
101 and 102 do not contain Widmanstaetten graphite, because the sampling
was inadequate. SC PF Cylinder Blocks, at 31, 33, The County says it
is particularly uncomfortable with the lack of thoroughness of FaAA's
examination in view of the fact that Dr. Wachob (FaAA's witness) could
not affirm that FaAA found no evidence of Widmanstaetten graphite in the
EDG 102 block. Id. at 33. LILCO, however, asserts that metallographic
testing of the EDG 101 and 102 blocks demonstrates that they have a
normal microstructure for Class 40 gray cast iron, and the B-bar tests
exceed the minimum strength requirements for Class 40 gray cast iron,
therefore the strength of the blocks also exceeds the minimum
requirements for Class 40 gray cast iron. Tr, 24,642, 24,770-72 (Rau).
We recognize the importance and the difficulties of extrapolating from
B-bar results to the large castirgs (e.g., because of differences in
cooling rates), but despite the County's uncomfortableness, find that

there is reasonable assurance that the EDG 101 and 107 block materials
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at least meet the minimum strength requirements for Class 40 gray cast
iron and clearly are superior to the material of the original EDG 103
block.

B-26. The County also argues that the cracking in the EDG 101 and
102 blocks is sufficiently similar to the cracking in the EDG 103 block
prior to its replacement to rebut LILCO's claims that EDG 101 and 102
blocks possess superior metallurgical properties. SC PF Cylinder
Blocks, at 34, We do not agree that whatever similarity exists
overrides the persuasive evidence from metallurgical and metallographic
analyses that are consistent in showing the superiority of the EDG 101
and 102 block material; e.g., the difference in microstructure, LILCO
Exs. B-35, B-36 and B-37, and the fatigue crack growth rate measured for
a sample of material taken from the original EDG 103 block. LILCO Ex.
B-44.

B-27. The B-bar test for the EDC 103 replacement block indicated a
UTS of 54 ksi, which is well in excess of the specified Class 45
requirement, and, indeed, in excess of requirements for Class 50 gray
cast fron. Tr, 24,764-69 (Rau, Wachob). Since FaAA's metallographic
testing confirmed that the replacement block has a normal micro-
structure, similar to that of the B-bar, the B-bar test results may be
relied upon to indicate that the strength of the replacemert block
exceeds the requirements for Class 45 gray cast iron, McCarthy et al.,




ff. Tr. 24,372, at 36-38, 41-42, €9-70; Tr. 24,767-69, 28,849 (Rau); Tr.

24,951-52 (Wachob); see LILCO Ex. B-42,

B-28. Based on the foregoing, we believe that indeed the

Widmanstaetten graphite severely degraded the original EDG 103 block and
was a large contributor to the extensive cracking found after the
endurance testing. Further, we accept the analysis of FaAA concurred in
by Dr. Bush that there is sufficient evidence to support a finding that
ENG 101 and 102 blocks are free from the extensive Widmanstaetten

graphite that degraded original EDG 103 block.

D, Block Stress Analyses

B-29. The primary loadings that influence block cracking result
from the stud preload, thermal stresses, and pressure stresses
associated with cylinder firing during operation. To quantify these
stresses, strain gauge measurements were made on the original EDG 103
block to evaluate the total stresses developed in the block tip region,
McCarthy et al., ff, Tr, 24,372, at 15-16, 22-22, 27; Tr. 24,511
(Youngling); see also LILCO Exs. B-22, B-23,

B-30. The recorded strain gauge data were used to compute the
stresses at the locations on the blocks where the gauges were placed

and, in conjunction with finite element analyses, to compute the
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stresses present elsewhere in the block top. McCarthy et al., ff, Tr.

24,372, at 27-28; see LILCO Exs. B-02, B-26 - B-31; Tr. 24,518 (Wells).

B-31. FaAA conducted two-dimensional and three-dimensional finite
element stress analyses of the block top. The results of these analyses
were used to determine scale factors that conservatively relate the
stress at the location of strain gauge no. 13, located between the
cylinder heads nos. 5 and 6 in the stud-to-stud region, to the stresses
at the edge of the stud holes where ligament and stud-to-stud cracks
have been observed to initiate. McCarthy et al., ff. Tr. 24,372, at
42-44; Tr. 24,650, 24,724 (Rau); see LILCO Exs, B-22, B-27, B-30, B-45 -
B-48.

B-32. Three mechanisms of crack initiation were identified that can
act separately, or in combination, in the block top. They are (1) Tow
cycle fatigue, associated with the stress range developed during
start-up to high load levels, (2) high frequency fatigue, associated
with stress variations -esulting from cylinder firing during operation,
and (3) overload rupture asscciated with the highest tensile stress
resulting from a combination of pressure, thermal, and preload stresses.
McCarthy et al., ff, Tr, 24,372, at 44-44; Tr, 24,690-95 (Wells, Rau).

B-33. To ascertain whether fatigue crack initiation was possible in

blocks with minimum typical materials properties for Class 40 cast iron,

the stresses calculated from FalA's conservative finite element analyses
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cracking in only a few loading cycles, yet stud-to-stud cracks have not
initiated in the EDG 101 or 102 blocks despite extensive high load
service. Tr. 24,648-51 (Rau); Tr. 26,062, 26,065-66, 26,291-92 (Bush);
Tr. 24,654 (McCarthy); see LILCO Exs. B-16, B-17.

E. Ligament Cracks

R-36. Ligament cracks in the EDG blocks appear to be caused by
operation of the EDGs, i.e., the loads tc which the engines are
subjected and the time at these loads. McCarthy et al., ff. Tr. 24,372,
at 22-23; Anderson et al., ff. Tr, 25,564, at 181. FaAA's analysis
concluded that the cracks result from the interaction of stresses
imposed on the cylinder blocks by a number of forces including (1) the
preload forces derived from clamping of the cylinder heads to the block
tops by the cylinder head stud nuts; (ii) the thermal loads derived from
temperature differences in the cylinder liner, cylinder block, cylinder
head and cylinder head studs; and (111) the firing pressure loads
derived from gas pressure <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>