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ROOT CAUSE FAILURE ANALYSIS OF "“B" AND "C" DIESELS: 1989

I. ABSTRACT

In September and October of 989, SSES "B" and "C" diesels suffered crankcase
overpressure events that resulted from excessive heating of pistons from
friction. This report provides a comprehensive discussion of the findings
related to these failures., It reviews previous failures at SSES and in the
nuclear industry, describes various inspection findings related to visible
damage and wear from normal operating conditions and cnllates all the
pertinent information into a comprehensive analysis and an outline of future
actions to prevent such events from occurring,

We have done sufficient reviews to identify the precursors to failure and have
identified appropriate corrective actions to prevent recurrence.

While no single root cause could be determined from the information collected,
the possible contributing factors are:

(1) The quality of the oil used for lubrication.

(2) The surveillance procedures required by the Technical Specifications
which may strain the engines to their limit.

(3) The piston pin/bushing and their interface.
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IT. EXECUTIVE SUMMARY

As a result of the engine overpressurization events of September 16, 1989 and
October 7, 1989, a Nuclear Department Diesel Generator Group was established.
The objective of this group is to develop and implement a plan that assures
all diesel generators continue to maintain a reliable status. The plan must
address both the options of finding the root cause and not finding the root
cause. The plan must also address the long and short term corrective actions
to mitigate recurrence.

A1l available data was gatherec on these machines in terms of analyzer runs,
operating times, number of demands, total numbers and types of failures.
Reviews of maintenance and operating practices for Susquehanna versus the
manufacturer's recommendations were conducted. Reviews of Susquehanna
maintenance practices versus the rest of the Cooper users is still to be
completed, Other utility experience with Cooper KSV engines was reviewed,
Information sources such as NPRDS and the Cooper Users Group was searched tc
find whatever information was available. Extensive inspections, reviews, and
cemparisons of failed versus "good" components were conducted. Many detailed
metallurgical analyses, including elemental analysec, were conducted on failed
and non-failed components. Extensive oil analysis, including foaming tests,
were conducted. Leading experts in the field, as well as the manufacturer,
were contacted and requested to provide analyses.

PPEL has already taken definitive actions (see Section VIII) to insure
reliable operation which, as a minimum, consist of:

(1) Based on the metallurgical findings, Diesel Generators "A," "B," "C," and
“D" were inspected. New pistons and liners were installed if the
existing components were conservatively judged to warrant replacement.
Thizirffurbishm:nt of the diesels placed them into an acceptable
condition,

(2) We continue to test the diesels in accordance with the Technical
Specifications. During some of this testing, we administratively extend
the run time to enable bearing "self-healing" properties to occur and
provide added assurance of load carrying capabilities.

Several general conclusions drawn from the body of this document can be
stated:

(1) The engines will fulfill their current design intent and are reliable.

(2) Current maintenance procedures conform to manufacturer's recommendations.

(3) There is no evidence of general fatigue or wear out of the engines. The
only abnormal wear identified is the compression rings, pin-to-bushing

interface and the tin transfer from the non-thrust side of the piston to
the liner. These appear to be unique to Suscuehanna.
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(4) Current Operating Procedures and Technical Specifications that
require/allow rapid loading of the engine after starting and that do not
permit sufticient thermal equilibrium of the engine to be reached could
be contributing to failures and run counter to good reliability
principles.

(5) We have done sufficient reviews to identify the precursors and have
identified appropriate corrective actions to prevent recurrence.

(6) Removal of the current piston pin end cap and lower oil ring will improve

lubrication to the piston liner area and not introduce other failure
mechanisms,

evident in a fairly large sample. Determination of root cause is in

|
1
(7) A significant amount of distress between the piston pin/bushing area is
progress. !

(8) Gulf lube 011 is currently being used by PP&L but not by other nuclear
utilities with Cooper engines. However, this oil passes all required
tests aind meets Cooper requirements.

(9) The oil sample point is not in the optimum location.

In addition to the positive actions already taken by PP&L, the following

actions have been identitied to meet the objective oV enhancing diese)

generator reliability. Definitive and detailed schedules will ve developed
and are subject to availability of spare parts, critically skilled resources,
and the impact of planned refueling outages.

For the "A" through “D" engines:

(1) Replace all piston rings with correct size/type.

(2) 1Inspect all cylinders for tinning,

(3) "Blue check" all piston-to-pin assemblies for proper contact. Check
flatness and surface finish on pins.

(4) Inspect all liners for correct chrome surface porosity.
(5) Implement the following design changes:
0 Lube 011 sampling point change.
0 Removal of the Tower 0il ring and end cap.
For the "A" through "E" engines:
(1) Replace the Gulf lube 0il with another Cooper recommended 0il.

(2) Submit Technical Specification changes.



(3)

(4)

(5)
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Revise Operating Procedures tn minimize stress on the engines consistent
with Technical Specification a'lowances.

Imglement a Reliability Monitoring Program that includes routine engine
aralysis, routine engine oil analysis, vibration analysis and trending,

Schodule remaining analysis work, cssessments by Cooper, perform a study
to determine the feasibility of adding a remute einergency shutdown
switch, and examinations of distressed piston pins,
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111, INTRODUCTION

1.0 Engine Description

1.1

Engine

1.1.1

1.1.2

1,1.3

The emergency diesel generators at Susquehanna are four

V=16 cylinder and one V-20 cylinder Cooper Bessemer KSV
engines, They ave 4-cycle, turbo-charged engines. The
16-cylinder ergines have a continucus rating of 4,000 KW and
the 20-cylinger engine is rated at 5,000 KW continuous.
Since the 20.cylinder is basically the same design as the
16-cylinder engine except for the additional four cylinders,
turbocharger cize and size of the cooling system, the
following ¢iscussions apply to boih engines.

The 15-cylinder engines have eight ~ranks on the crankshaft
and the 20-cylinder engines have ten cranks on the
crankshaft, Hence, opposite cylinders (right/left) share a
common crank. This is accomplished with a main connecting
rod for the right bank rod and an articulated connecting rod
for tne left bank. Refer to Attachment 1 tor a sketch of
this design. The main rod connects directly to the
crankshaft while the articulated rod uses & pin connection to
the main rod. The articulated rod bolts to this pin and the
pin pivots in a bearing integral to the main red. Each rod
is bolted to the piston pin. The piston pin then pivots in a
bushing inserted into the piston. End caps are hHiaced over
the hole: fer the piston pin bushing in the piston. These
caps, held in place by an interference fit, serve to keep the
oil lubricating the piston pin confined to the inside of the
piston and prevents blow-by gases from forcing oil out of the
pin/bushing interface. Otherwise, this oil would fi11 the
annular space batween the piston and liner in the area from
tne lower 0i1 ring to the middle oi} ring. (See Section 1.2,
Piston, for placement of the oil and compression rings.)

Torque (power) is produced when the rapid burning of fuel
above the piston generates a high pressure and forcec the
piston cown as it passes top dead center (TDC). Once the
piston is past TDC the connecting rod is at an angle relative
to the downward movement of piston. This angle rotates the
crankshaft and ¢1so pushes obliquely against the piston.
This obliqueness causaes the piston to thrust against the
Tiner. The side of the piston which reacts to this lateral
load during the power stroke is called the thrust side and
the side opposite it is the non-thrust side. Note: These
sides are perpendicular to the axis of the piston pin.
During the other portions of the cycle, the non-thrust side
is also loaded. However, the magnitude of the force is less
than the power-stroke side thrust.
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1.1.4 The rext secticn discusses the lubrication path relevant to
the crankshaft, connecting rods, piston pins and
pistons/liners only,

The bottom of the engine serves as the lube oil reservoir for
the engine. It holds approximately 1,000 gallons of
80-weight lube oil. The main oil pump is driven directly
from the crankshaft and takes suction from a perforated pipe
running che length of the engine. From the main oil pump,
the oil is filtered and cocled and then returns to the
engine, For the components of interest, the o1l is supplied
to them by a header in the oil sump which has hose
connections to each journal bearing. Some of the oil
supplied to each journal bearing lubricates it and the
remainder of the oil1 flows through drilled passages in the
crankshaft to the crank bearings. Here again, some of the
211 lubricates and the remainder goes through a drilled
passage in the main connecting rod sp11tt1n2 into the
articulated rod and the main rod. The 011 flows through
these rods and supplies lubrication to the piston pin with
the majority of it going to cool the crown of the piston.

The piston/liner interface is lubricated by oil splash, The
splash is provided by the oi) escaping from the crankshaft
journal bearing, crank bearing articulated rod pin bearing,
and the oil draining from the interior head of the piston.

Piston

The pistons are made of cast iron. They have a 2-3 mil thick tin
plating on their exterior from the m1dd{e 0il ring on down to the
bottom of the piston. The tin plating provides a relatively soft
surface which allows the piston surface to conform to the liner and
allows it to absorb some small dirt particles which may otherwise
cause abrasion. The top of the piston (crown) is dished so that the
sides are higher than the center. This construction provides a heat
dam in an effort to contain the combustion heat to the piston, thus
providing a heat shield for the liner,

The top section of the piston from the middle oil ring up is of a
lesser diameter than the remainder of the piston. This relief is
provided to allow for thermal expansion in this section since it
will be hotter than the lower section. See Attachment 2.

Rings
The piston has two types of rings:
(1) Compression rings to provide sealinag of the combustion gas so

that they do not "blow=by" the top portion piston and overheat
the lower portions of piston/liner.
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(2) 011 rings to control the amount of 01l on the liner (cylinder
wall). The oil rings may also be called oil control rings or
scraper rings.

There are four compression rings. The two upper rings are made
of a nodular iron and their radial width is less than that of
the two lower compression rings. The two lower compression
rings are made of a flake cast iron. A1l four compression
rings have a one tu two degree taper on their face \see
Attachment 3) as to form a knife edge on the bottom,

There are three 0il rings below the compression rings, two are
above the piston pin and one on the lower piston skirt Lelow
the piston pin. These 0i1 rings control the amount of oil on
the cylinder wall so that the engine does not consume too much
Tube 011, There are holes drilled in through the piston wall
behind the bottom two 01l rings allowing the excess o1l to
drain back to the sump.

1.4 Cylinder Liner

The cylinders in our engines are replaceable and called cylinder
liners. These liners fit into the block and are cooled on their
exterior by jacket water. The liners are surfaced on the ID with a
thick (approximately 6 mils) porous chrome vlating to provide a hard
wear surface and to retain oil for lubrication. The chrome surface
s made porous by an electropolish-etching or roughened by a diamond
lapping for o1l retention purposes. A1l piston liners manufactured
after 1987 are manufactured using the lapping process.

There are about 12 to 17 mils diametrical clearance between the
piston and liner.

2.0 Engine Failure History at SSES

The SSES engines have had a total cf six crankcase explosions, two on
“B," two on "C" and two on "D."

The crankcase explosion on the “C" engine occurred in Cooper's shop
during the factory testing of the engine in 1977. The cause of this
explosion was identified by the Bechtel shop inspector to be overheating
of a piston pin on the 4R cylinder.

The next crankcase explosion occurred on November 29, 1981 on the

"D" engine. SSES was in the start-up testing mode and an improper 011
flush caused the main lube o011 pump bearing to be o1l starved. The
bearing overheated and caused the crankcase explosion.

The "D" engine had anather explosion on January 14, 1984, The crankcase
explosion was initiated by heavy scoring on the 2L piston and liner.
When the failed cylinder was disassembled, a broken fuel oil drain hose
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was discovered. This hose drains the fuel oil from the injection nozzle
to the base of the fuel injection pump, thus allowing the fuel oil to
drain into the crankcase. This failure was descrited 23 being caused by
fuel o1l dilution of the lube 0i1. PP&L is now considering this failure
to be similar to the "B" and "C" engine failures.

On January 18, 1986, a loose piston pin bolt on the "B" engine,

5L piston, allowed lube 0il to spill from the piston pin to connecting
rod joint, starving the pin and piston of oil. This explosion was caused
by an overheated pin.

The next crankcase explosions occurred on September 16, 1989 and
October 17, 1989 on the "B" and "C" engines respectively, and these
explosions are the subject of this report.

Other Utility Experience With KSV C-B Engines

A1l the other (eight without SSES) Cooper users were contacted concerning
their experiences with crankcase explosions, Attachment 4 summarizes the
design and operating information obtained.

five stations have reported crankcase explosions or crankcase
overpressurizations. A summary follows:

Palo Verde - The cause of their explosion was determined to be
Tnsufficient contact area between the piston bushing and piston pin.
This contact area is to be checked (by a "blue check") during assembly
per the Cooper IOM; however, this utility missed this step.

Braidwood - The crankcase explosion at this station was due to metal
cuttings and chips in the piston pin 011 groove. They feel the debri:
was left in the engine from the factory. This explosion occurred during
their preoperational tests.

Byron - Byron experienced a crankcase explosion, the cause of which was
not conclusively determined. The two poss®®e causes are high firing
pressure and dirt impeding lube 01l flow.

Zion - The Zion station also reported a crankcase explosion due to a
piston bushing failure.

Cooper Nuclear Station - This station had three “crankcase
overpressurizations” which blew open the relief doors on the crankcase.
They are thought to be caused by water ieaking into the lube oil, rapidly
expanding anda causing an overpressurization in the crankcase.
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IV. METALLURGICAL ANALYSIS OF THE “B" DIESEL 7L CYLINDER FAILURE
1.0 Observations of the Failed Parts
1.1 Visual Condition After the Failure

1.1.1 The piston was heavily oxidized on the surface with evidence
of the tin plating being melted in various areas. The
blackened areas were highly scuffed with deep scratches and
much smeared metal, The skirt of the piston below the pin
covers appeared to be the location of the highest temperature
seen by the piston and could be described as the most heavily
damaged of any area seen. Some cracking was evident in the
skirt area that went thru the wall, The top of the piston
was covered with a crusty deposit that was very adherent but
could be flaked off with a knife., The deposit was fnftially
wet with of1 and appeared black in color. The compression
and 011 rings were hoav1\g worn and the lower two 011 rings
were 5o heavily caked with debris that they could not be
released easily from the grooves. End caps cover the piston
pin holes and these were heavily scuffed and blackened by
heat.

1.1.2 When the end caps were removed, the inside surface of both
caps were locally blackened by heat which oxidized the
surface and decomposed the oi) present there. One cap was
easily removed, but the second cap required a force of two
tons to remove it, After the cap came locse, the piston pin
was pushed out with a relative. low force of about
200-300 1bs, Normally, the pins should be able to be removed
by hand or at most with 1ight tapping with a rubber mallet.
Dark aress near both ends of the pin boar1ng surface
fndicated local heating. ~he bushing was blackened by
oxidized o1l and heat near both ends with the heaviest
blackening in the region 90° from top center on both sides.

1.1.3 The cylinder liner showed a large amount of scuffing and wear
in many areas where the piston rubbed szainst the surface,
The worst areas appeared to be where the pin end caps would
contact the surface of the liner., These aress showed long
longitudinal scrapes and much deformed metel. Blackened
surtace areas occurred in various locations around the liner
along with smeared metal in a tiger-striped pattern,

2.0 Metallurgical Investigation Findings on Specific Parts
2.1 Piston

2.1.1 Figure B-1 shows the lower sectien of the piston skirt after
it was cut from the rest of the piston, One can see that
there is much scraping and scoring at the level of the lowest
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2.1.3

2.1.4
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011 ring. A cross-section of a selected area from this
region ?F19ure B-2) shows that the surface is coated with
some very heavily deformed metal, Higher magnification
pictures in Figure B-2 shows that just below the layer of
deformed metal the cast iron has & martensitic
microstructure. Since the normal structure is perlitic
surrounding graphite flakes, it is evident that temperatures
in excess of 1350°F had to be generated locally., Figure B-3
shows a high magnification micrograph of the surface layer
revealing that 1t is layered with different phases.

Scrapings of deposits were taken from the surface of the
giston to determine what elements they contained.

igures B-4 and B-5 give the results of the analysis taken on
the Energy Dispersive Spectrograph (EDS). The particle shown
in Figure B-4 was non-magnetic and contained P, In, S, Ca,
and a small amount of Fe, The other particle in Figure B-4
contained the elements In, Ba, P, S, Fe, and Ca., A1l of
these elements are in the additives in the oil except iron,
but the iron could have been included from oxidation of the
piston head material,

Figures B-6 and B-7 show another area of the piston skirt
where a crack was tound along with the layering phenomena.
Figure B-6B is an enlarged portion of the lower left portion
of Figure B-6A, Area “8“ was analyzed hy the EDS technique
to determine the elemental components here, Figure B-8 shows
the spectrum obtained, which include high = .aks for both iron
and chromium and a smaller peak for silicon. Figure B-7 is
an enlarged area of the surface of Figure B-6B and area "P"
was analyzed as shown in Figure B-8 to contain iron and
chromium with a small amount of tin mixed in, Finally both
1ight grey and dark grey areas of Figure B-7 layers were
analyzed and were found to contain mostly chromium with only
a small amount of iron mixed in, These curves are shown in
Figure B-9, Since the only source of chromium is from the
cylinder 1iner plating, some transfer of this element had to
occur to the piston skirt from the liner during the failure
process.

A section of the piston head material was removed in the
thinnest section near 2 valve depression to determine if
excessive overheating had occurred., Figure B-10a shows the
microstructure in a thick section of the piston head, and
Figure B-10b shows the structure in the thinnest section of
the same piston head. Both microstructures are perlitic and
do not show any overheating. It would take temperatures
above 1000°F before any significant changes would be
detectable visually,
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2.2 Piston Rings
2.2.1 011 Ring

2.2.1.1 The uppermost o1l ring was removed inspected and
photographed. It was the on1{ one of the three oi)
rings that was loose and easily removed without
force. Figure B-11 shows some metallic debris that
was caught between the wiper surfaces, Anal{s1s of
this debris showed that it consisted primarily of
fron, tin and chromium elements with some minor
elements coming from the oi1 additives.

2.2.1.2 A cross-section of the lower 01l ring was made to
show the profile of the wiper surfaces and this is
displayed in Figures B-12 and B-13., The surface
that 1s in contact with the liner was defcrmed from
the high friction developed when the lubrication
became inadequate. Figure B-13 shows a 50 times
magnified image of the cross-section which reveals
the deformed tip more clocrl{. From this photo it
was possible to measure the length of the scraper

‘ finger which according to the drawing should be

between 0,065" and 0.075" from the support. In this
case, we determined that the finger was only
0.0675" Tong so the amount of wear is 0.0075"
minimum,

2.2,1.3 Debris from the coil spring behind the lower o1l
ring was sampled and analyzed for elemental
composition, The elements Fe, Cr, P, S, Sn, Ca, Mn
and Si were found in the loose debris and also on
the surface of the metal itself as shown in
Figure B-14, The elements P, §, and Ca are commonly
found in the nonmetallic debris in these engines
from oi1 decomposition,

2.2.2 Compression Rings

2.2.2.1 The fourth compression ring from the top of the
piston was examined to show the condition of the
surface in contact with the 1iner, Figure B-15
shows that there was some unknown material embedded
in the surface identified as spot "A." It was found
10 be mostly chromium with some Fe, Sn and Si mixed
in. Spot "B" in the same figure was identified to
be the base material which consists mostly of iron.
Figure B-16 shows the EDS analysis curves of both of

‘ these spots,
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2.2.2.2 Figure B-17 shows another unusual spot on the

surface of the fourth compression ring., This spot
was fdentified by the EDS technique to be an
inclusion consisting mostly of copper along with
tin, lead, iron and nickel. The source of this
unusual combination of materials is a mystery. One
will observe that this defect is associated with
surface cracking so it could have been rubbed into
the surface as a particle of debris, It is
possible, however, for this defect to have been an
inclusfon in the cesting at the time it was
manufactured. A source of copper from any of the
components in the cylinder area has not been
identified at this time. Tin and lead are elements
which could be on the piston either as a part of the
plating or frem repair of a casting defect in the
foundry,

2.3, End Caps on Pin Openings

2.3.1 Piston 7L End Caps

2.3.1.1

Figure B-18 shows both sides of both end caps taken
from the 7L piston. Both caps show h!DV{ wear and
scuffing on the outside surface that would contact
the cylinder liner. The scuffing was so heavy that
oxidation of the surface and deposition of deposits
occurred. On the inside surface, oxidation was most
noticeable on the "A" cap indicating that it may
have been the first to experience overheating. The
deposits on both of these caps was analyzed on the
EDS and the elemental compositions found are shown
in Figures B-19 and B-20, Cap "A" deposits were
mostly iron and chromium, with minor amounts of Si,
Py Sn and Ca. The minor elements were from the o1l
and the Cr must have come from metal transferred
from the cylinder 1iner. On cap "B" the deposit
:na\ys1s showed only chromium and a small amount of
ron.

2.3.2 Piston 7R End Caps
2.3.2.1 At the time the 7L piston failad, the 7R piston was

removed from service and inspected. The only
appreciable degradation noticed was on the pin end
caps. These were removed and made available for
further inspection., The piston was then refurbished
with new rings, the 1iner inspected for degradation,
and then reassembled. No pictures were taken nor
were any parts kept for analysis except the end
caps. Figure B-2]1 shows the inside and the outside
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views of the end caps. The "A" cap was the mest
severely worn on the surface with evidence of heat
be1n? genersted sufficiently to produce blackening
by 011 decomposition and oxidation of the metal.
The heat did not appear to progress deep enough to
cause any darkening on the inside surface like that
found on the 7L piston caps. A close-up photograph
of this end cap shows evidence that some metal loss
occurred in the rubbed areas as shown in

Figure B«22. No analysis of this surface was
performed to determine if chromium transferred to it
from the liner.

2.3.2.2 On the 7R-B cap, there was evidence of some
burnishing of the surface caused by contact with the
liner, but not enough heat was generated to cause
any blackening nor was there any apparent meta)
transfer from the rubbing surface. Figure B-23
shows two close-up photographs of the burnished
surface. It does not show even enough wear to
remove the machining marks which are the heavier
parallel lines. The very smal) vertical scratches
are abrasion marks from where the liner rubbed
against the surface.

Piston Pin

2.4.1 The piston pin was easily removed from the bushing once the
end cap was released. It did not appear to have frozen into
place against the bushing surface. We assume, therefore,
that the interface sti11 had some lubrication present. The
pin did not have heavy heating marks, but there was some
slight oxidation towards both ends just beyond the
circumferential ofl grooves. No hardness measurements have
been taken yet on this pin to determine the extent of
overheating experienced over the bearing surface.

Pin Bushing

¢.5.1 The heat pattern generated on the surface of the pin bushing
can be seen in Figure B-24, Both ends of the bushing were
obviously heat tinted and blackened with decomposed 01l
products. No metallurgical sectioning of this bushing was
undertaken,

Cylinder Liner

2.6.1 The 7L cylinder liner was heavily damaged by metal wear,
transfer and heat generation in most areas. The liner was
sectioned on the thrust and non-thrust sides as well as the
side which contacted the most heavily damaged end cap. The
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following sections describe the findings of this
investigation,

2.6,1.1

2.6,1.2

2.6,1.3

2.6.1.4

2.6,1.5

The thrust side of the 1iner was labeled as "B-1"
and the section obtained from this is shown in
Figure B-25, One can describe the damage here as
being “tiger striped" in appearance with relatively
clean unscraped areas separated by heavily worn,
overheated and deposited areas, Cross-sections of
the liner were taken in an effort to determine the
condition of the chromium layer and identify the
elemental deposits in the pits and attac<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>