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STATEMENT OF APPLICABILITY

® This report summarizes a structural integrity investigation of the TDI
R-4 and RV-4 series engines installed in emergencCy generator sets in nuclear

power stations.




EXECUTIVE SUMMARY

This report summarizes a generic f{nvestigation of the structural
adequacy of the TDI R-4 and RY-4 series diesel engine blocks. The results are
-based on strain gage testing; analytical models, including several 2-D finite
element analyses; and review of field experience.

Cracks in the block top region have been identified in the diesel
generator engines at Shoreham Muclear Power Station (SNPS) and in other en-
gines in non-nuclear service. The majority of cracks can be classified either
as radial cracks, extending in a vertical plane outward from the cylinder head
stud counterbore, or as circumferential cracks, extending downward from a
horizontal plane and outward from the corner of the cylinder liner landing.
The radial cracks are the only type found in the SNPS engines, but both radial
and circumferential cracks have been found elsewhere in non-nuclear service.

. An additfonal type of cracking identified at SNPS is associated with
the camshaft bearing supports. This cracking is unique to the inline engines
and is attributed by FaAA to the casting process. v At Comanche Peak, cracks
unique to one engine block have been found. These have also been attrihuted
by FaAA to the casting process.

There are chree ;ussib’e mechanisms of crack initiation {acting
separately or in combination) in the block top. The first mechanism is low
cycle fatigue (LCF) associated with the stress range from each startup to high
load levels. The second is high frequency fatigue (MFF) due to the firing
pressure stresses. For both LCF and HFF there is a high mean tensile stress
resulting from thermal expansion and stud preloading. The sum of mean and
alternating components may produce the third mechanism, overload rupture.
This is most likely to occur above rated power level (>110%) in blocks with
below average material properties.

A1l of the three mechanisms are potentially responsible for initiating
cracks in the ligaments between the cylinder head stud holes ana the liner
counterbore, and such cracking is predicted to occur by Goodman diagram analy-
sis. The only projected consequences of this ligament cracking are possible
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coolant leakage (but not into the cylinder) and greater chance of cracking
between studs of adjacent cylinders, Ligament—cracks—aor 1—do—het—epperr—to
R = T e .

Cracking between stud holes of adjacent cylinders has been observed
infrequently, but is potentially more serious than ligament cracking. This
cracking has been chserved in SNPS engine DG103 to a depth of § 1/2 inches.
No adverse consequences to engine operation were experienced. Cracking

between stud holes is conservatively predicted by Goodman diagram fatigue
analysis, assuming a ligament to be cracked, either in LCF or HFF.

A linear cumulative damage model and the observed crack growth in SNPS
engine DG103 were combined to predict conservatively the amount of crack
propagation that might occur during one LOOP/LOCA event. This analysis indi-
cates that blocks with ligament cracks (e.g., DG101 and DG102) are predicted
to withstand a LOOP/LOCA event with sufficient margin providec that: (1)
inspection shows no stud-to-stud cracks detectable between heads, and (2) the
specific block material of DG103 is shown to be sufficiently less resistant to
fatigue than typical gray cast iron, Class 40,
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1.0 INTRODUCTIOM

This report presents a generic analysis of structural integrity of

‘¢y'inder blocks and liners for TDI R-4 and RV-4 series diesel engines. The

integrity of any particular cylinder block depends upon several plant-specific
variables such as firing pressure and temperature, assembly ciearances, cyline
der head stud configuration, and material properties.

1.1 Service Experience

Two types of cracks have been found to occur in cylinder block tops of
this design: cracks in the radial,vertical plane at the stud holes, and
circumferential cracks in the liner counterbore at the liner landing ledge
[1-1]. Figure 1-1 depicts the potential Jlocation of block top radial and
circumferantial cracks. In addition, for the in-line engines, cracks have
occurred in the cam gallery above the cam shaft bearing supports. The survey
of industry experience with TOI R-# and RV-4 engines summarized in this sec-
tion has not been independently confirmed by FaAA, and therefore is not sub-
ject to FaAA's usual quality assurance procedures.

1.1.1 nore s Muclear Power Station

Shorehan has three TD! DSR-48 diese! engines designated DG101, DG102Z,
ard DG103. As of April 30, 1984, the engines had operated between 1091 and
1270 hours. A significant percentage of those hours was at or above full
load, as shown by Tables 1-1 through 1-3.

As part of the engine requalification program after the crankshaft
replacement, each engine was operated for 100 hours at or above full load and
was then disassembled and inspected. During these inspections,
radial /vertical cracks were discovered in the blocks of all three engines.
Crack maps for DG101, DC102, and DG103 are presented in Figures 1-2, 1-3, and
1-4, respectively.
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No circumferential cracks were found in any of the engines. However,
each block had racial/vertical cracks between the cylinder bore and the stud
hole. Sixty-seven percent of the ligament cracks were between 1 and 1 1/,
inches deep. A typical example of & cross-section of a radial /vertical crack
‘through a ligament is shown in Figure 1-5. As depicted in the figure, none of
the cracks extended below the corner f. ned by the counterbore and the coun-
terbore landing. This demonstrates che apparent arrest of radial/vertical
cracks that occur in the ligament region. In addition, when first inspected,
the engine block from DG103 had a crack that extended between two adjacent
studs on the exhaust side of Cylinder Nos. 4 and 5 as shown in Figure 1-6.

After inspection, DG102 was operated through 100 starts to loads great-
er than 50% and wa- then reinspected. Review of inspection reports before and
after the 100 starts showed no crack extension discernable by eddy current
examination of the stud holes and liner counter bores.

In order to allow calculation of the growth rate for the crack between
stud holes in the DG103 block, a strain gage test of the block top was per-
formed, as described in Section 3.0. After the strain gage test, LILCO con-
tinued with qualification testing of the DG103 engine. While operating the
engine at full load, the plant experienced an abnormal load excursion, During
this event, the powsr demand exceeded tha ciesel capacity and, ~ver a period
oi 23 seconds, the diesel slowed to around 390 rpm, at which time the loac ~as
dropped. The diesel continued to run at Tow load for 10 minutes before it was
manually shut off, Upon restarting the engine and continuing with qualifica-
tion testing at 3900 kW, a crack at Cylinder No. 1 was noticed, and the test-
ing was stopped. At the time the crack was noticed it was reported that the
engine output parameters were catisfactory.

Inspection of the block top revealed cracks between stud holes with
depth of 1 1/2 inches similar to those shown in Figure 1-6 at three loca-
tions. At four other locations, between-stud cracks developed along the top
surface which did not extend to measureable depths down the sides of the stud
hole. At one location a crack that previously extended 0.8 inch radially from
one stud hole towards the adjacent stud hole grew to a maximum depth of 3.9
inches. In addition, the original crack between Cylinder Nos. 4 and 5 had ex-
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tended to a depth of at least 5 !/, inches. As shown in Figure 1.7, the
ligament cracks had also grown approximately 1 inch. Figure 1-8 is a crack
map for DG103 as reinspected.

1.1.2 Inspection of Blocks at Other Nuclear Power Stations

‘shown\jn Table 1-4,

Catawba Nuclear Power Station has operated its la emergency die
enerator approximately 810 heurs. The la diesel has been inspected for
tob. cracks, and none have been found, The load history for the la e

Bend has two TOl diesel engines of the DSR-48 Mesign. Each
engine nas a
that both engi
fnspected by the
top.

ine block has been
re found in the block

were run at 100% load. To date one
gnetic particle method. No cracks

: Comanche Peak St®am tlectric Station ha€ inspected both of its TDI
DSRV-16-4 engines. The end{nes have been opgfated for approximately 90 hours
at the site. Subsequent inspection of the block top region revealed several
indications that are considerabM different from radial/vertical cracks found
at SNP: or elsewhe-~a, The two lar indications, illustrated in Figure 1-1,
have been metailurgicaily exami nd were iuz~iifica acr interdendritic

shrinkage or porosity resulting/from the\casting process.

Grand Gulf Nuclear §fation has inspedted the block top of the Division
1 engine after 1,397 hgdrs of operatiun, incldging 338 hours between 80% and
100% load, and 14 houPs at 110% load since Novedger 1981 [1-2]. No indica-
tions were reporteg. The load history is shown in le 1-4,

1.1.3 Non-Nyflear Service

ervice tends to
at the depth
holes are
at least

Th(/ixperience compiled for engines in non-nuclear
suppord the observation of the apparent arrest of ligament crac
e liner landing ledge (1!/2 inches) when cracks between st
t present. The motor vessel Edwin H, Gott has been operating fo
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As in Sechjon 3.2.2, the thermal stress {is obtained Ay scaling the
& "stress measured at Bage No. 13, using the model in Figure J-11 to obtain the
scaling factor. The pcimary assumption in this proce:s” is that the thermal
stress acts in the plane ‘of the block top, analogous o pressure, The result
is 17.3 ksi1 = 9.7 (10.85/6. for 100% load.
E3

3.3 Discussion of Stress State’at Crack es 1 (Ligament) and 2 (Stud-to-

Stud)

The stress shown in Table 3-2 fan divided into mean and alternating
< components for fatigue analysis. Jor low cyble fatigue caused by startup plus
load change from 0% to a papficular load léwel, the relevant alternating
stress range is the peak streSs at that load level\(upper pressure band) minus
the preload. This range/may not be substantially d\[ferent for starts fromg
[ hot standby or cold stafts, because the stress differencé\ between cold preload
and the lower pressyfe band for steady state running at zerd\ load is less than
1 ksi, as shown Gage No. 13 in Figure 3-6. The mean stresd is the preload
plus half of the range, while the alternating stress is half the\ range. Fof
® high frequeficy fatigue caused by the firing pressures, the relevant™\qiternaty
ing stre€s range is that caused by firing (the band on each curve f
gages). The mean stress is the preload plus the thermal range plus™{h
ference between average (mean) stress at load and the median stress in th
stress band from firing. The alternating stress is half tne range.

/Thc results are shown in modified Goodman (Smith) diagrams: Figure 3-13
for ligament cracking and Figure 3-14 for stud-to-stud cracking given cracked
ligaments. The curves are derived from the minimum ultimate tensile strength

L J ifn thick sections, the minimum specified endu~»nce limit (>106 cycles), and

the stress for failure in 100 cycles (from the lowest curve in Figure 1-16).
In both cracking locations, the stress state is outside the Goodman (Smith)
curve for either HFF or LCF and for any load level of 90% or higher. The
k3 implication fs that initiation of ligament cracks in minimum strength material

3-5




is predicted, and given a 1igament crack, initiation of stud-to-stud cracks is
also predicted. Initiation could occur in less than 100 Toad excursions from
0 to 90% power or above and/or steady running for more than 106 cycles (at~ut
100 hours) at 90% power or above if the minimum material properties are as-
sumed. At 110% load, overload failure could occur in both locations with
minimum strength material since the peak total stress is 33 ksi compared to 32
ksi minimum thick-section vitimate strength. The fact that few blocks that
have run at 110% load have cracks at both locations is indicative of higher-
than-minirum materiz! properties and/or conservatism in the analysis,

The stress components in Table 3-2 are believed to be best available
estimates from stra’a gJage readings or conservative analytic scaling to key
locations from gage readings, except for the preload. The preload gage read-
ings (Gage Nos. 3 and 13) were used directly without scaling, even though the
stress due to preload is probably higher near the stud hole in Crack Locations
1 and 2. This unconservative preload estimate partly compensates for conser-
vative adjustments to the thermal stresses and for the conservatism inherent
in the analysis of cracked ligaments with a plane strain model. This analysis
is also conservative for engines that operate at 1s.e temperatures and/or
pressures.

Other than determining the scaling factors = get from gage locaticns
to crack initiation sites, the analytical models werz used only for insight,
Reasonably good agreement between all available experimental and analytical
results was obtained for several 2-D finite element and hand calculation
models. However, in such a complicated case, with interacting effects of
¢learance gaps, 3-D geometry and loading, friction, component-to-component
distortion interactions, and relatively uncertain material properties, the
experimental results are judged to be more -~eliable than the models.




TABLE 3-2

CONSERVATIVE ESTIMATES OF STRESS NORMAL
TO CRACK FACE AT CRITICAL LOCATIONS

Stress (ksi)
Pressure Range
Load
Preload Thermal Level
Location Experimental Experimental Experimental Analytical b4
TDI Gage No. 3 8.2 .- .- 5.0 100
10.5 3.1
Ligament TDI Gage No. 4 10.5 -- 3.3
10.5 3.6
Block top at 8.2 14.1 8.9
stud hole 8.2+ 14.9 6.3
Location 1 8.2* - 18.8 6.9
4.3 9.2 3.4
Between FaAA Gage No. 13 4.3 9.7 3.7
studs 4.3 12.2 4.2
(for
cracked
ligament) Block top at 4,3 16.4 6.1
stud holes 4,3 17.3 6.6
Location 2 4,3 21.8 7.9
*Unconservative

3-9
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4.0 FRACTURE AND FATIGUE LIFE EVALUATION

4.1 Block Top Crack Initiation Damage Model
This section analyzes the initiation of block top cracks. A key part
‘of this analysis is the observation that operation 2zt 90% to 100% of rated
load is in the fatigue initiation region of the Goondman diagrams for minimum
~trength cast iron as shown in Figures 3-13 and 3-14., However, the normal
variability of material properties could result in no crack initiation under
90% to 100% load operating conditions. The 110% load point is far into the
region where initiation is expected with minimum strength cast iron, and it is
clearly more damaging relative to 100% load than 100% load is relative to S0%
load. At load levels of 80% or less, the minimum acceptable Class 40 material
probably will not inftiate HFF cracking and will require greater than 100
startup cycles to initiate LCF cracking.

ock., Since the mr2= °ng
d for ‘nitiz. "y 2+ stud cracis in the presence

be required to initiate stud-to-stud
jate and grow to a significant depth as

least the same cumulative dama
racks after the ligament crack

>108%. For LCF, the
artups that reached the particular load r.. ge
ction revealing no ligament cracks, subsequent ope tion without
nspecticn can proceed SO long as the number of additional start
ategory are tess than the accumulated number at the time of the last inspe

4-1

tabulated. After
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nﬁ;fﬁonro ty and degenerate
Ly DG103 different than

The presence of gegenerate graphite microstructure has been shown to
reduce the strength of cast iron significantly [4-4, 4-5]. Specific materials
‘testing is required to quantify any degradation in fatigue or fracture pro-
perties of the thick section block casting. A conservative projection of the
cracking potential of other engines was ~btained by extrapolating the ex-
perience of 0G103 and assuming that other engine blocks are of equivalent

.material.

hite. The appearanceof the microstructur1

K B5Tock with no existing stud-to-stud cracks and material prope
etter than those of D0G103 should be able to ¢ ete the
without aty cracks as deep as the T,=-inch crack in
normally. Engines w! etter material or more
have less damage. Therefore,
spection for radial cracks between
analysis of operating his-
1d assure that block
ne's ability to

sufficien
LOOP/LOCA require
DG103, while continuing to
favorable operating parameters or
these calculations indicate that peri
the stud holes, in combination
tory, material properti and operating stress,
cracks will not w to a size which will impair the e
wer levels required during a LOOP/LOCA.

provide th

Ca—
4.3 Block Materia®! Properti.s ——\

comparison of stresses under full load operati in stud hole
ock top with the ultimate sirength fatigue resistance of
n [4-6] shows that fa e cracking of the ligament
with mini €pecified properties. On the other
atigue resistance of the block are above
initiation may not ocI.~ without a

regions of the
Class 40 gray cast
region can occur in mater
hand, if the ultimate strength
average for the Class 40,
large number of culd starfs and extended ope
cumulative damage isfdex approach provides a meth
ne usage.

ion at or near full power, The
to quantify the effects of

alternative

Glearly the block top area is not so conservatively igned that
acking will never occur, nor fis it so highly stressed that ligame
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11 a s occur. Under these circumstances, the cumulative tiu/load\r

1pvel /number™af cold starts at which cracks develop and the rate at which t}
progress 1is stromgly dependent upon the materials properties of the gpécific
cisting, .

Gray cast iron is Darticularly sensitive to materials properties degra-
tion due to small amounts Of_tramp elements, like le€d. The ultimate ten-
le strength of thick section 2Sagtings has beep-Shown to be reduced by as
ch as 80% of its normal value by “qe prespaCe of greater than 0.01% Tead
4-4, 4-5]. These tramp elements reduchStrength and ductility by modifying
he normal structure of the graphi flakas to produce degenerate graphite
tructures with interconnected Wi¥tmanstatten cicular) structure.

The presence of extensive degenerate graphite microstructures can
be identified by copvéntional metallographic examinat¥don. In-situ polishing

of block top surfdCes, light etching and taking of celluldge acetate (plastic)
replicas fop” microscope examination provides a non-destiyctive method to

detect erely degenerate casting stuctures. Small pieces o block material

Lcan so be removed for more detailed metallography and for antitative
|.M1C‘] N3 8 . . » UNngG a0 e n‘\

1.4 Zem Fallery Cracks

An inspection of the emergency diesel generators at Shoreham revealed
crack indications in the cam galleries of all three SNPS engines, These
indications were of varyirg lengths, the longest oeing 4 172 inches long and
0.375 inch deep in DG103. A typical cross-section of the cam Jallery is

displayed in Figure 4.2, indicating the crack ngion.ﬁT?nstaHed strain

gag}\on an experimental engine (DSR-46) at the Yqcations of the crack-like
defects recorded the dynamic strains in a run ine, The strain gage
stresses [4-7],

|
i

\

4-6
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& 5.0  COMCLUSIONS AND RECOMMENDATIONS

a Review of operating experience with TD! R-4 and RV-4 cylinder blocks
indicates that precautions are necessary to avoid the potential consequences
of block top cracking between stud holes of adjacent cylinders. The results

L of strain gage testing, combined with two-dimensional analytical models of the
bloct top and liner and cumulative damage estimates, provide the following
conclusions and recommendations:

L) 1. Initiation of cracks in the ligament between stud hole
and liner counterbore is predicted to occur after
accumulating operating hours at high load and/or
engine starts tu high load. These cracks are benign
because the cracked section is fully contained between
the liner and the region of the block top outside the
L stud hole circle. Field experience is consistent with
both the prediction of 1igament cracking and the lack
of immediate consequences.

. 2. The presence of ligament cracks between stud hole and

liner counterbore increases the stress and the proba-

® bility of cracking between the stud holes of adjacent
cylinders such that stud-to-stud cracks are predicted

to initiate after additional operating hours at high

load and/or engine starts to high load. The deepest

measured crack in this region (5 1/2-inch depth) did

not degrade engine operation or result in stud loosen-

‘ 109-

3. The apparent rate of propagation of cracks between
stud holes in the DG103 block at SNPS, when compared
with the LOOP/LOCA requirements, indicates that blocks
with ligament cracks (e.g., 0Gl0l and DG102) are

P predicted to withstand a LOOP/LOCA event with suffi-
cient margin provided that: (1) inspection shows no
stud-to-stud cracks detectable detween heads, and (2)
the specific block material of DG103 is shown to De
sufficiently less resistant to fatigue than typical
gray cast iron, Class 40,

4. The block tops of engines that have operated at or
above rated load should bde inspected far ligament
cracks., Engines such as those at Catawba and Grand
Gulf that are found to be without 1igament cracks can
be operated without additional -inspection for combina-
tions of load, time, and number of starts that produce

5-1

@



less expected damage than the cumulative damage prior
to the latest inspection. The allowable engine usage
without repeated inspection can be determined from
cumylative camage analyzis.

The blocks of engines that have been operated at or
above rated load without subsequent inspection of the
block top should conservatively be assumed to have
cracked ligaments for the purpose of defining inspec-
tion intervals.

For blocks with known or assumed ligament cracks, the
absence of detectable cracks between stud holes of
adjacent cylinders should be established by eddy
current 1inspection before returning the engine to
emergency standby service after any period of opera-
tion other than no load. If crack indications are
found, removal of the adjacent heads and detailed
inspection and evaluation of the block top are neces-
sary. In addition, it is necessary to ensure that the
microstructure of the block top does not indicate
inferior mechanical properties.

Engines that operate at lower maximum pressure and
temperature than the SNPS engines (e.g., San Onofre)
may have increased margins against block cracking that
could allow relaxation of block top inspection re-
quirements. Modifications to other parameters such as
increased liner-to-block radial clearance will reduce
ctresses, and site specific analyses of such modifica-
tion could also permit relaxation of inspection re-
quirements.
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Appendix:
COMPOMENT NESIGN REVIEW
TASK DESCRIPTION

CYLINDER BLOCK Classification A
Part No. 03-315A Completion Date 3/20/84

PRIMARY FUNCTION: The cylinder block comprises the framework of the liquid
cooled engine and provides passage and support for the cylinder liner, The
block must provide cooling water passages, provide bores to support the cam
shaft assemdbly, and react the dynamic loads from the cylinder firing pressure
and valve assemblies. For the RV engines, the cylinder block is {intercon-
nected with an engine crankcase which supports the camshaft and associated
bearings. Although these are separate parts, their generic function is simi-
lar to the cylinder block of the R-48 engines and will therefore be evaluated
as a unit, The liner itself forms the walls of the combustion chamber con-
taining the high temperature gas pressure and must provide a guile for the
piston motion while reacting skirt side forces without excessive wear or
scuffing.

FUNCTIONAL ATTRIBUTES:

1. The cam gallery bearing supports must be designed to maintain
concentricity during service and have sufficient structural strength
to react the cam/valve train loads without fatigue cracking.

2. The support of the cylinder liner must maintain tight seals, react
pressure and stud loads without unacceptable distortion ana maintain
sufficient load distribution to preclude excessive cracking in the
liner counterbore (landing) due to combined thermal, gas pressure
and preloaded stud induced states of stress, The cylinder head stud
thread configuration is important in determining stress concentra-
tions and stress distributions.

3. The cylinder liner {itself must be sufficiently hardened to resist
unacceptable wear associated with piston ring action and maintain
adequate contact with the block courterbore to prevent high cycle
contact stress and fretting, In addition, the compression of the
head to the cylinder liner must be sufficient to avoid axial fret-
ting of the liner within the counterbore but not so great as to
cause failures of the cylinder dblock liner landing.

4. The cooling water distribution within the block must be sufficient
to preclude overheating of the block and liner and must maintain
proper flow conditions to minimize or avoid cavitation or corrasion
damage to the liner.
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SPECIFIED STANDARDS: None

- EVALUATION:

1.
2.
3.
8

5.

9.

Review finformation concerning previous cracking and distortion of
the cylinder block and liners of the R48 and RV engines.

Review liquid penetrant {inspections of cylinder block in the head
stud and liner counterbore regions of the SNPS DSR-48 engines.

Evaluate the steady state and alternating stresses in the liner
landing/head stud region and compare these to yield and endurance
limits for appropriate materials., This examination must consider
variations in head stud thread geometries and preload torques.

Evaluate the state of stress in the liner in the landing/axial seal
region due to gas pressures, thermal growth and head clamping forces
and compare to normal fatigue properties for liner material,

Evaluate critical flaw size and rate of crack growth considering
combined head stud loads and thermal stresses for cracks located
between head stud holes and cylinder block counterbore diameter,

Evaluate critical flaw size and rate of crack growth for cracks
eminating from the corner of the cylinder block landing and counter-
bore diameter,

Evaluate the loading produced on the bearing supports in the cam
gear gallery and verify the structural adequacy of the design.

Review the inspe:.fon of the sampled SNPS cylinder lines following
100 hours at 100" lcad for evidence of unacceptable scuffing, cor-
rosion, cracking, or scoring,

Review information provided on TER DR.220.

REVIEW TDI ANALYSES:

1.

Review any TDI analyses which consider stresses created in the liner
counterbore area and any design changes which relate to geometry or
material,

INFORMATION REQUIRED:

1.

2.
1

Manufacturer's drawings of R48 and RV cylinder blocks and liners,
fncluding material specifications and historical design changes.

Gas pressures and temperatures for R48 and RV engine designs.

Cylinder head stud drawings and torque specifications.
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4, Cylinder head stud drawings showing design .iinges.

X 8, Liquid penetrant inspection of cylinder block counterbore (1anding)
on SNPS engines.

6. Cam shaft loads due to rocker arms, pushrods and valve springs.
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