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STATEMENT OF APPLICABILITY

This report addresses the structural adequacy of the Transamerica
Delaval Inc. types AE and AF piston skirts supplied for use in R-4 Series
diesel engines., The modified Type AF skirt was originally installed in the
engines at Shoreham Nuclear Power Station, Grand Gulf Nuclear Station and San
Onofre Nuclear Generating Station, These skirts have been replaced at
Shoreham and Grand Gulf Sy Type AE skirts., Type AE skirts have also been
installed at Comanche Peak Steam Elactric Statfon, Evaluation of the type AF
skirts at San Nnofre will be reported separately,



EXECUTIVE SUMMARY

PISTON REPORT

This report addresses the structural integrity of the Transamerica
Delaval Inc, (TNI) types AF and AE piston skirts, This report was prepared on
behalf of the TDI Niese! Generator Owners Group as one of a series of reports
on generic components of those diesel engines in nuclear installations -- the
generically termed Phase 1 components,

A1l of the AF type piston skirts installed in the DSR-48 diese! engines
at Shoreham were found to exhibit linear indications during dye penetrant
inspection in one or more of the crown-to-skirt stud attachment bosses. Upon
destructive examination the indications were found to be fatigue cracks. The
cracks were determined not to result from material or fabrication defects.

The AF piston skirts had been factory modified by TD! to replace the
original spherical washer sets used in the stud attachments by two stacks of
Belleville washers, These skirts were replaced by a later version, denoted as
the AE, which incorporated increased stud attachment thickness and eliminates
one of the Belleville washer stacks,

The AE skirts have now been operated for over 300 hours in one of the
Shoreham engines, including 100 hours at full power operation, Other Af
skirts have accumulated over 6,900 hours in a stationary generating plant an
over 609 hours in an advanced development engine, Inspection of these skirts
(one after 6,70 hours, two after 600 hours, and four after 310 hours) with
high-resolution, eddy-current procedures disclosed no cracking,

Comparative isothermal experimental and finite element stress analyses
were performed on the AL and AF skirts, These analyses showed that the
stresses are substantially lower in the AE s« ri than in the AF, Fatigue and
fracture mechanics analyses were performed on both types of skirts, Craces
were predicted to finitiate in the AF, and to propagate under certain condi-
tions to a depth of less than N,15 inch, Crack arrest was predicted to occur
in all cases, Cracks were predicted not to initiate in the AE under stress
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levels experimentally observed. Under stress levels calculated by finite
element analysis, cracks might initfate in the AE under certain conditions,
but if initiated, cracks were predicted never to grow.

It was concluded that, based on isothermal analysis, testing and field
experience, the crown to skirt stud attachment area of the Af skirt will not
fail in fatigue, It was further concluded that the modified AF skirts are
satisfactory for service provided inspections of the stud boss attachment area
are carried out or under conditions of operation below full rated load.
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1.0 INTRODUCT I ON

This report supercedes an earlier version issued in February 1984 under
the same report number and title. The current version of this report incor-
porates more realistic boundary conditions on the finite element models than
were employed earlier, Experimental results for the modified AF skirt are
also added,

Inspection of 24 piston skirts from tne Transamerica Delaval Inc. (TDI1)
DSR-48 engines at the Shoreham Nuclear Power Station disclosed linear indica-
tions in one or more of the skirt-to-crown stud attachment bosses in each of
23 of the skirts. The one exception proved to be a later version of the
skirt, designated dy TDI as AN-type. With this one exception, the piston
skirts were the AF-type, factory modified according to a service information
memo issued by T0I [1-1]. This modification, performed by TDI late in 1981,
consisted of spot-facing each of the four bosses through which studs extend to
secure the piston crown and replacing the originally supplied spherical washer
set with two stacks of Belleville washers, The spot-facing reduced the height
of the stud attachment bosses from 2 inches to approximately 0,25 inch,

The AF piston skirts are no longer in use at Shoreham, LILCO has
replaced all 24 piston skirts with the latest TN] production type, designated
AE. (The Af design has also been installed at Grand Gulf Nuclear Station ant
Comanche Peak Steam Electric Power Station,) The Af design restores hal'f the
original height of the attachment boss and incorporates one stack of Relle-
ville washers per stud instead of two., In addition, the boss is wider and is
hlended more smoothly to the skirt wall, These changes provide additional
material for support of the loads on the top of the skirt, This addition of
material provides improved stiffness and strength in the Af.skirt, The major
differences in dimensions are illustrated in Figure 3-1. Thus, qualitative
review of the Af design indicates that it has improved strength and crach
resistance over the AF design,

In order to provide a quantitative comparison of the two designs,
Failure Analysis Associates (FaAA) undertook a comparat’ve stress analysis of
the two skirt configurations, This consisted of isotherma’ finite element and
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experimental stress analyses of the AE and AF skirts with attached crown, The
finite element stress results are presented in Section 4, and the experimertal
results in Section 3, The maximum cyclic stresses determined by the fin te
element calculations are combined with the fatigue and fracture properties uf
the material in Section 6 to provide analysis of the possibility of cracs
ifnitiation, growth and arrest of fatigue cracks in the two skirt cesigns,

1.1 Section 1 References

1-1 Transamerica Nelaval Inc. Service Information Memo, “Modifications of
the Two-Piece Piston Four Valve R and RV Engines Prior To and Including
SN/75079," November 10, 19R0.
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2.0  LABORATORY EVALUATION OF CRACKED (HODIFIED AF) PISTON SKIRTS

Metallurgical evaluation of three of the 23 type-AF piston skirts from
the Shoreham Nuclear Power Station (SNPS) emergency diesel generators
disc'osed fatigue cracks in all but one of the twelve crown-to-stud attachment
bosses. None of the cracks had grown to failure, The chemistry and micro-
structures appeared consistent with typical ductile iron properties. 10!
reported that all SNPS piston skirts were manufactured to ASTM specification
A536-65 for ductile cast iron, Skirt Brinell hardness values were within the
specifications attributed to the manufacturer.

According to TDI, the AF skirts were normalized and tempered, They
were reportedly austenitized at 170N°F . 1750°F for 3 hours, then cooled in
ambient air, They were reported to have been subsequently tempered at 1050°F
for 3 hours, then .ooled in ambient air, AE skirts were processed similarly,
except they were cooled in fan circulated air after normalizing at 1700°F to
1750°F [2-1].

Three of the skirts identified as having potential cracks were shipped
to Failure Analysis Associates (FaAA) for confirmation and analysis of the
cause of these cracks, These skirts have been designated Nos, 1, 2, and 3.
The No, 1 skirt was removed from the No. 4 cylinder of EDG #101. The No, 2
piston skirt was from the No. 6 cylinder of EDG #172. The No. 3 skirt was
from the No, 7 cylinder of EDG #4103, The No. 3 piston skirt was previously
rejected because of prior scuffing damage.

In addition, an unused AE skirt was supplied by LILCN for evaluating
residual stress and, metallurgical and mechanical properties,

2.1 Mondestructive Examination

Figure 2-1 is a photograph of one of the modified AF-type piston skirts
after Jisassembly from the crown, The interior of a piston skirt is shown in
Figure 2-2, The white color is from the dye-penetrant test, The spot-faced
bosses are shown in Figures 2-3 and 2-4, A linear indication of red dye from
the dye penetrant test is seeping out of a suspected crack as shown in Figure



2-4, A)1 of the cracks found were similarly located and oriented on a spot-
faced boss.

2.2 Destructive Examination

Three AF-type piston skirts were examined by eddy current to confirm
the presence of cracks; eleven of the twelve bosses contained one or two
cracks. The cracks appeared on the inside of the skirt in the vertical ridges
remaining after spot-facing of the bosses. A total of four linear indica-
tions, revealed by dye penetrant testing, were subsequently saw-cut and frac-
tured out of the three skirts, These indications were opened by fracturing
and proved to be cracks., All the cracks were located at the base of the
vertical ridges approximately 0.1 inch above the spot-faced surface. The
crack size varied from N,3-inch deep by 0.9-inch long to N,2-inch deep by
N.3-inch long. Location of these cracks is shown in Figures 2-3 and 2-4,
Macrophotographs of the four opened cracks are given in Figures 2-5 to 2-9,

These cracks appeared to be fatigue cracks, Some of them had faint
beach marks, In addition, no evidence of ductile dimples or cleavage was
observed in the flat fatigue crack region, The exart origin was impossible to
locate for three of the cracks, However, one rrack appeared to have its
origin at the tip of the ridge that remained after the bosses had been spot-
faced., The overloaded portions of the fractures produced in opening the
cracks were rougher than the smooth, pre-existing cracks, A notable feature,
visible usiny a lower power stereomicroscope, was the large number of graphite
nodules intersected by the fracture surface, These nodules were smoothly
fractured in the fatigue cracked areas but were more disturbed in the over-
loaded regions of the fractures. Several of the pre-existing cracks haZ
faintly visible beach marks, The distinctly different appearance of the pre-
existing fracture surfaces identified them as fatigue cracks,

Nn severa! of the fractures, black included material was apparent near
as-cast surfaces. Instances of the included material are noted and outlines
in Figures 2-5 and 2-6. This material appeared to have bdeen organic binder
that had been incorporated from the core, The included material did not
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appear to significantly affect the initiation or growth of the four cracks
which were broken open.

2.3 Electron Wicroscopy

Cracks from each piston skirt were examined in a scanning electron
microscope (SEM). The character of fractographic features varied with loca-
tion on the fatigue crack surfaces. Locations adjacent to the tip of the
ridge, near the suspected origins, were more rubbed and damaged than regions
closer to the crack front, Near the crack front on two fractures, i.e., in
the fatigue region most recently formed, areas containing fatigue striations
were observed, Although these striations were not observed on each specimen
or in other areas on the crack surfaces, features were observed that were sim-
ilar but without distinct fatigue striations. Worn or abraded features, such
as those observed here, are typical of high-cycle fatigue crack surfaces that
result from cycling between tension and compression,

Since the crack that was removed from EDG #101 is typical of all the
observed cracks, its fractographic features are discussed. A low-magnification
SEM montage of the EDG #101 crack is shown in Figure 2-10., As one moves away
from the suspected origin (Area A) toward the crack front (Area C), the frac-
ture surface shows evidence of less rubbing and abrasion., High-magnification
SEM photographs of Areas A, B, and C are given in Figures 2-11 through 2-14,
In region C, near the most recently formed crack surface, fatigue striations
can be seen, Fatique striation spacings, i.e., the amount the crack extended
with each fatigue cycle, can be seen in Figures 2-14 and 2-15. The spacing of
the striations is approximately 1,2 x 1075 inch/cycle.

These cracks in the piston skirt ridges were clearly the result of
fatigue. First, striations or rubbed fatigue areas were present over the
entire crack surface, Second, no evidence of ductile dimples was observed
between the graphite nodules. This strongly suggests that the maximum cyclic
stress was below the ultimate tensile strength, In addition, it also suggests
that major ove loads were not responsible for crack exteasion, For compar-
ison, an uncracked piece of this piston skirt was fractured under a bending
load in the laboratory. In a very narrow region near the tensile surface,
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ductile dimples mixed with some cleavage were observed. Such a region is
shown at various magnifications in Figures 2-16 through 2-18. No such
features were found on the fatigue crack surfaces.

Finally, no cleavage was observed on the pre-existing crack surfaces.
Evidence of cleavage was found only in regions where the fracture was fresh,
f.e., caused by overload when the specimen wis broken open in the laboratory,
Cleavage features, such as those shown from the exemplar failure in Figures
2-19 through 2-21, were not observed on the fatigue crack surface. In addi-
tion, the graphite nodules were more disturbed in both the cleavage and duc-
tile dimple region than the nodules on the fatigue crack surface. This again
supports the evidence that these pre-existing flaws were the result of high
cycle fatigue and were not caused by ductile or cleavage fracture processes.

2.4 Optical Metallography

The ductile cast i-on was examined metallographically., Small speci-
mens, removed from an area near the fatigue-cracked bosses, were mounted,
polished, and etched to reveal the microstructure. The AF microstructure con-
sisted of about 10N-volume-percent graphite particles in a matrix of pearlite
and ferrite, The graphite nodules were somewhat less regular than ideal;

how-
ever, this would have had no influence on the fatigue strength of the mate.
rial, The matrix was about 75% pearlite and 25% ferrite; the ferrite appeared
around the graphite particles, as expected., Figure 2-22 shows a polished and
etched photomicrograph of a sample of ductile cast iron removed from the No. 2

skirt of the piston from the EDG #1902 éngine. This microstructure 1is
consistent with the heat treatment reportedly used by TDI,

The microstructure of the AL piston skirt is similar to that observed
for the AF piston skirt, The amount of ferrite is approximately one-half that
in the AF skirt; this reduction in the volume fraction of ferrite is consis-
tent with the increased (ooling rate imposed after normalizing the A skirt,
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2.5 Chemical Composition

A sample of the No. 2 AF piston skirt was removed and analyzed by
Metallurgical Testing Incorporated using various chemical analysis techniques.
The resultant chemica] analysis is shown in Table 2-1. This chemistry is
typical for ductile cast iron,

2.6 Hardness

Brinell hardness was measured on several pieces removed from the
cracked piston skirts. The measured hardness values varied from 235 to 255
BHN; the average hardness was 241 BRHN, These hardness readings fall within
the Brinell hardness range of 217 BMN to 269 BHN typical of ASTM AS536 grade
100-79-03. This notation implies minimum tensile properties of 100 ksi ulti-
mate strength, 70 ksi yield strength, and 3% elongation., This grade of AS536-
67 has a pearlite matrix that is consistent with the microstructure observed
in the examined AF piston skirts, This is the grade specified for Shoreham's
AF piston skirt, The piston skirt hardness values suggest that the ultimate
tensile strength would be between 110 ksi and 120 ksi., This ultimate strength
would de consistent with ASTM A536 grade 1N0-70-03. It should be noted that
ASTM A536 does not specify hardness rejuirements,

8rinell hardness measurements were made in the same locations on an Af
piston skirt as on the AF piston skirts, Hardnesses measured on the inner
skirt web were Detween 262 and 285 BHN; the average hardness was 277 BHN,
Hardnesses taken on the boss face ranged between 229 and 241 BHN; the average
value was 235 BHN, This is similar to the hardness valu>s, 255 and 261 BHN,
measured near the wrist pin by FalAA and TNI,

The slightly higher hardnesses measured on the AE piston skirt than on
the AF piston skirts are consistent with forced air cooling after normalizing,
These values appear proper for 100-717-03 grade AST™ A536 ductile cast iron.
These measured hardnesses are within the typical range of hardnesses for
190-.79-03 grade nodular iron,
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2.7 Tension Tests

Mechanical property test samples were machined from two of the three
fatigue-cracked AF pisten skirts and from an unused AE piston skirt. The ten-
sion test samples were cut from the piston skirts from a locatfon as near as
possible to the fatigue cracked ridges adjacent to the spot-faced bosses. The
specimens conformed to the ASTM specification EB-80; they were !/« inch in
diameter, The specimen deformation was measured with a snap-on extensometer
with a one-inch gage length. This method of chosing a specimen size and its
location in the piston skirt did not comply rigorously with ASTM AS536-65,
This specification recommends that the properties of the cast ductile iron be
measured using specimens machined from separately cast and heat-treated Y
blocks or keel! blocks rather than with !/4 inch diameter specimens removed
from an actual cast part. The tension test results are reported in Table 2-2.
It is apparent that none of the tension tests complied totally with the
mechanical test requirements for grade 100-70-03 ductile iron castings.

1f larger tension test specimens had been machined and tested from
separately cast and heat-treated test hlocks, the results might have been in
compliance with ASTM A53A.65 for grade 1N0-7N-N3 ductile iron,

2.8 Residual Stress Measurements

Residual stress measurements were made on the piston skirt removed fro~
the No. 6 cylinder of EDG #1072 and on the unused Af piston skirt, A dissec-
tion technique was used to determine the principal residual stresses near the
ridges and boss region, The maximym residual stress measured was 11.4 ksi
tension on the spot-faced region of the AF skirt, The residual stresses in
this region measured on tne AE skirt were much smaller, being typically about
1 ksi,

2.9 Section 2 References
2.1 Private commuynication between Al Fleischer of TD! and Cliff Wells of

FaAA, November 1983,
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Table 2-1
CHEMISTRY OF WO. 2 AF PISTON SKIRT

Element Weight Percent
o 3.46
Si 2.43
Mn n.53
Cr 0.11
N1 0.76
Mo 0.038
Mg 0.n72
S 0.005
¢ 0.027

Table 2-2

TENSION TESTS OF SPECIMENS TAKEN FROM PISTONS

Specimen Yield Jtimate Percent Elongation

Number Strength Strength at Fracture *
[ks1) [ks1)

AF Pistons

1-1N1 64.5 94,7 5.2

2’101 6303 97n5 a-q

3-102 53.6 10N, 0 6.4

4-1N2 61.6 98.6 5.4

AE Pistons

AE-1-1 68,10 90.21 2.3

‘E’l'? 7”.5 “5.36 106

AEO2'1 6305 93.‘ 2.9

At.-2°2 65‘9 qlos 2.4"

* DNetermined from extensometer outpul,
** Fractured outside of gage length,



Figure 2-1, Photograph of an AF-type piston from the Shoreham Nuclear
Power Station emergency diese! generator piston skirt {left) and
crown (right).

Figure 2-2. Interior )f an AF-type piston srirt, The wn'*> At 11y a
red 1!,9 ar= ‘r,' the 1.’,, .‘,gnptrdqo 8 anInition, ... Lh . .
the Crown Stids and S it -f3ce1 hoss are ir-1e4.

FaAA-Ba-2-14



Figure 2-3. A crown-to-skirt attachment boss inside a piston skirt re-
noved Trom EDG #101, The boss has Heen machined by spot-facing fror
2 inches high down to the observed !/, inch, Thne removei segnent of
~idge was suhsequently broken npen and i5 shown 1n Figu~es 3 and 9,
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Figure 2-5. Macrophotograph of a pre-existing crack cut out
of the piston skirt from EDG #1i01, No. 4 cylinder,

Figure 2-5. Macrophotagraph of a pre-exist!ny crace it
3f the piston skirt from EDG #1092, No, 6 cylinder,

FaAA-B4a-2-14



Figure 2-7.
out of
open,

Macrophotograph of another pre-existing crack Cut
the piston skirt removed from EDG #102 and fractured

2-3, Macrophotag

)graph of a pre-existing crace cut ot Of
3 3 il_ii' "’ﬂ. 97 .»vv,r"‘, y15t0n {').\p’ ani ‘,‘“ t jret en,
mis low ”ij"":d'l " phatigraph Show )t N the mMmaty
frazture \Ar‘ﬂ-"’\ aftes tna 143> S» =t
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Figure 2-9, Macrograph of the fracture surface from the pis-

ton skirt removed from EDG #103

FaAA-B4a-2-14
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Figure 2-11. Area A of Figure 2-10, This SEM photograpn
shows how the €ractographic details of the fractire hive
heen rubbed and abraded., 2KX
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Figure 2-13. A low magnification photograph of area C in Fig-
ure 2-10. This SEM photo shows the end of the crack front
and a highlighted region, SOum behind the crack front
which is shown at higher magnification in subsequent fig-
ures

Figure 2-14, SEM photograph that shows the center region of
Figure 2-13 at higher magnification, Fatigue striations
are visible at center of tne picture, 2Kx

2-15 FaAA-B4-2-14



Figure 2-15. This SEM photograph is of the center region of
Figure 2-14, Fatigue striations, ~1 x 107° in,/cycle, are
clearly visible. 10KX

@ Figure 2-16, This SEM photograph shows an exenplar overload
fracture area from the ED5 ¢1N]1 piston shown 14 Figyre
2«10 to 2-15, Note the cleavage of the mat~ix, the sha

secondary cracks, ani the 4isturhed graphite ant,le

2. 1€ FaAA-24-2-14



Figure 2-17. Tnis SEM photograph shows a region of matrix
cleavage in the center of Figure 2-16., 1KX

FaAA-B4a-2-14



Figure 2-19, Another SEM photograph of an overload fracture
region on a sample removed from EDG #101 and fractured.
200x

Figure 2-20. A nigher magnification SEM photograph of tne
center of the area shown in Figure 2-19, Note the mict, =
of cleavage and dimpled ruypture seen here2, this was 79
the pre-existing fatigue crack areas, 50

€= FaAA-B4-2-14



Figure 2-21. Still higher magnification SEM photograph of the
center of Figure 2-20. Note the pattern of fractured
pearlite, 2KX

L

Figure 2-22. Tmis 1s a metallagraphic photagraph )
ed and etched specimen taken from EDG #102, The dar: ares
are graphite nodules surrounded by white ferrite, A
80% of the matrix 15 pearlita, ]A45¢

3

£=4i9 FaAA-B4-2-14



3.0  EXPERIMENTAL STRAIN MEASUREMENTS

The preceding section described cracking observed in the modified AF
piston skirts, Section 4 provides the results of finite element analysis of
the AF skirt, along with corresponding results for the more recently designed
AE piston skirt, The AE design has been supplied by TDI as a suitable
replacement for the AF skirt., This section presents the results of experi-
mental measurements of strain under static load in the AE and AF skirts, These
measurements provide a means of assessing the suiitability of the Af skirt as
well as benchmarks for the finite element calculations.

The experimental strain measurements show that the peak stresses in the
AF skirt are much larger than those in the Af skirt, The strain measurements
also provide information on the pressure required to close the gap between the
outer contact ring of the skirt and crown as well as the influence of such
closure on the peak stresses.

31 Comparative NDescription of Piston Skirts

The AF niston skirt and crown were described in Section 2. A conpara-
tive description of the Af and AF skirts 1is provided in this section,
Basically, the two skirt designs are similar, and only the major differences
need be discussed here,

The major differences between the AF and the AL designs are concen-
trated in the region of the bosses through which studs extend to attach the
crown to the skirt, The stud attachment bosses were considerably enlarged in
the AE design., Figure 3-1 provides direct comparison of the two designs in
this region, The thickness of the material around the stud hole for the AS
design was sudstantially increased (from 1,44 to 2.62 inches), and the extent
of the thickened area around the stud hole was increased (bottom portion of
Figure 3-1). In addition tn this modification, the following changes were
made :

® Thickening of the walls of the cavity that extends from the top
of the wrist pin boss to the top of the skirt, This thickening
is shown in the bottom portion of Figure 3.1,
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® Thickening and filling in of material around the wrist pin hole.

® Thickening and tapering of the circumferential rib that runs
between the wrist pin bosses,

The complete piston consists of a skirt (either AE or AF) and a crown,
as shown in Figure 2-1, Figure 3-2 shows the crown-skirt mounting. When the
crown is mounted on the skirt, contact occurs only over a ring locatea just
ins‘de the stud bolt circle. To compensate partially for thermal distortion
of the crown the outer edge of the crown is manufactured so that there is a
clearance of about 0,003 inch between the outer contact rings on the crown and
skirt,* Hence, there is no contact between the crown and skirt at the outer
rim at room temperature when no pressure is aoplied. The pressure at which
the gap closes, the proportion of the load carried by the two load rings and
stresses resulting from loading are not well known, and are therefore of
interest in the experimental work. The gap closure pressure, load split be-
tween the contact rings and peak stresses are useful in comparison with the
results of finite element calculations presented in Section 4,

The loading which produces the largest stress in the piston skirt 1is
the firing pressure. The loading due to pressure is much larger than that
imposed by inertia loading or friction, Apart from contributing to the
closure of the gap and consequent redistribution of the pressure load,
tenperature gradients will play a relatively minor role -- since they do not
contribute to the cyclic stress range, The major portion of cyclic stress
levels in the piston skirt can therefore be simulated by pressurizing the ton
of a piston crown and reacting the resulting force through the conne:ting rod,

Static stress coat and strain gage tests were performed on AE and AF
piston skirts which were subjected to hydraulic pressures as hign as 2007
psig. This is well above any reported peak firing pressures for either the R4
or RV4 engines, The tests were conducted at the Transamerica Delaval Inc,

* D] Drawing No. 03-341-7319, Assembly Procedure 1, dated 11-B-82 specifies a
gap between 0,077 and 0.011 inch,
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(Tnl) facilities in Oakland. TD! participated in the conduct of the tests,
and also performed some parallel testing that provided results that were
virtually identical to those obtained in the joint tests to be reported here,

An actual cylinder liner was used in the test, with two opposing
pistons placed crown-to-crown within the liner. The region between the crowns
was pressurized with a hydraulic pump, and the pressure load on the instru-
mented skirt was reacted through the wrist pin and a short piece of connecting
ro¢ to a support plate. The connecting rod was in a vertical position, there-
by simulating the top center position of the piston, A rubber 0-ring was
placed in a specially machined groove in the piston crown in order to seal the
pressurized o0il, and the pressure was read from a pressure gage. The leakage
past the 0-ring was very small so that constant pressure on the crown was
easily maintained,

As reported in Section 3.3, a brittle lacquer, or st-ess coat, test was
performed on the AE skirt in order to identify regions of peak stress., These
regions were then concentrated upon in the strain gage tests. A stress coat
test was not performed on the AF piston skirt; the locations of crackina
discussed in Section 2 provided indications of locations of peak stresses in
this skirt design.

Strain gages were mounted on the piston skirts and connected to the
data acquistion and recording equipment, Several different strain gage sizes
and configuritions were enployed, as will be discussed in Section 3.4 - Strain
hage Tests.

The instrumentation used to measure and record the strain readings was
a8 Micro-Measurements Vishay System 400N, which included an HP 9825 Computer
for the “executive unit," a Vishay 4227 Controller, and three Vishay 4270
Strain Gage Scanners, The System 4000 is a computer-controlled data acqu'-
sition system which can acquire the raw data as well as use the computar to
provide appropriate data reduction,

The systen software is loaded in the executive unit, and essentia’ data
(such as gage factor and which channels have gages) are input by the user and
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recorded on magnetic tape in the executive unit, The executive unit also “on-
tains a built-in printer to document the input of parameters and the recorded
data.

The 4220 Controller, including its interface with the executive unit,
provides the logic and timing conversion between the executive unit and the
scanners, The 4220 Controller digitizes the analog signal from the scanners
and routes it to the executive unit for recording. The controller also pro-
vides the logic for the scanners,

The 4270 Strain Gage Scanners coniain 20 channels per scanner, The
scanner can scan at a rate of 30 channels per second bdased on a 6" Hz power
line. The scanner also provides internal shunt calibration to check each
channel, At each pressure that strain gage data was gathered, the strain
reading from each of the strain gages was recorded upon command on magnetic
cassette tape, Selected magnetic tape data was also printed on paper tape for
displaying of test results and to provide checks on the storage of data. The
magnetic cassette was interfaced through the HP9825 computer to an [BM per-
sonal computer, The IBM unit was then used for data storage, manipulation and
printing and plotting of test resuilts,

3.3 Stress Coat Test

In order to identify with confidence and accuracy the areas of highes:
stress in the AE skirt, a brittle lacquer, or stress coat, test was performed
to fdentify precisely the high'y stressed regions of this skirt design., These
results were used to provide guidance in the placement of strain gages for
subsequent quantitative evaluation of skirt strains, The serial number ani
heat number of the skirt that was tested with stress coat were G8) and 347V,
respectively,

A stress coat test was performed on an AE piston skirt with attached
crown, The gap between the crown and skirt was measured with a feeler gage to
be uniform and between N,NN7 and 0,N08 inch, The region of the four crown
stud mounting bosses was sprayed with Tens-Lac, Calibration dlocks were also
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prepared in order to provide estimates of the threshold strain for cracking of
the brittle lacquer.

The strains in the piston skirt are primarily compressive, whereas
cracking of brittle lacquer occurs when subjected to tensile strain. In order
to use the brittle lacquer for evaluation of cumpressive strains, the pressure
was applied to a given level, held for approximately 15 minutes, and then
rapidly released. The hold time allowed the brittle lacquer to creep so that
it would be placed in tension when the pressure was rapidly released, Tests
on the calibration blocks that were tested under the same conditions (compres-
sion, hold, rapid release) showed a zracking threshold of 1500 to 200D win/in,

A pressure of 500 psig was first applied, held, and then rapidly
released, A careful inspection revealed no cracking of the lacquer, The same
procedure was followed with a pressure of 1000 psig, and again no cracking was
observed, The pressure was then increased to 2000 psig, and localized crack-
ing was observed in the stud boss region, Figure 3-3 presents a photojraph of
the cracked region, which was observed on three of the stud bosses. A roughly
circular region of about 1/2 inch diameter was observed on the three stud
bosses that exhihited cracking of the brittle lacquer, This served to closely
define the region with largest strains, which was then concentrated upon in
the placenent of strain gages for ohtaining nquantitative strain levels,

3.4 Strain Gage Test

An AF and AL skirt were instrumented witn foil-resistance strain gages.
Attention was concentrated un the regions of peak stress as well as on loca-
tions that provide information on gap closure and load transfer between the
fnner and outer loadinj rings,

3.4,1 AE Piston Skirt

An unused AE piston skirt was instrumented with rectangular rosettes
with one arm of the rosette orfented in the direction along the axis of the
piston, The serial number and heat number of the instrumented piston skirt
were G73 and 388k, respectively, Fifteen rosettes were mounted; Figure 3.4
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summarizes the locations and Table 3-1 summarizes the description of the loca-
tions., Two rosettes were placed on each stud mounting buss in the region
where the brittle lacquer was observed to crack (for a total of eight roset-
tes). All gages in these highly stresses regions had a gage length of 0,039
fnch. As indicated in Figure 3-4, two rosettes (A and J) were mounted in tne
stud boss region away from the location of the peak stress, These “column
gages" provide an estimate of nominal stresses in the wrist pin cavity wall,
The K and M rosettes were placed on the longitudinal ribs between the wrist
pin bosses, Rosettes P and R were placed in the wrist pin cavity, Rosette N
was placed on the skirt wall 90° from the wrist pin, These rosettes provided
information on the precsure required to close the gap between the outer load
ring and the crown, a, well as to estimate how the load was divided between
the two loading rings, Some of the gages located in regions of lower strain
gradients had gage lengths of N,060 inch,

Tests were conducted by applying the pressure in steps. At each step,
the pressure was held constant while the strain gage readings were automat-
fcally recorded by the instrumentation system, DNata was recorded for both
increasing pressure steps and decreasing pressure steps. Several cycles of
loading were recorded,

Two separate test series were conducted; one with a conventional crown,
and one with a crown that was ma-hined to widen the gap so that it would no*
close under an applied pressure of 20N0 psig., Thus, the loading was known to
be only on the inner ring in the te.* with the modified crown,

The strain gages were zeroed prior to installing the crown on the
skirt, The TNl-specified crown installation procedures were followed, an+
strain gage readings then taken, DOnly very small strains were recorded at
this point, Pressure was then applied in steps, as mentioned adove, ani
strain gage readings recorded,

The maximym stresses in the piston skirt under peak firing pressure are
of primary interest., This pressure is approximately 1670 psig as independent
ly measured by FaAA and reported by TDI [g;l]. Some of the circumferentia’
gages in the rosettes in the stud boss region did not work; however, enoud”
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were operable to provide accurate and representative results. Table 3.2
summarizes the strain readings for the stud boss rosettes that were complete.
The results are for 1600 psig on the first cycle of rising load for a conven-
tional crown. The principal strains were calculated from the rosette readings
using the conventional equations for a rectangular rosette [3-2]. The
following elastic constants were used to calculate the stresses from the
strains.

F = 23.6 x 10€ psi
veN3

These values are reported in Reference 3-3, and the value of E i1s in accord-
ance with the value suggested by TNI,

The results presented in Table 3.2 show that the principal stresses and
strains are very closely aligned with the z and @ (axial and circumferential)
directions in the skirt, because ¢, and ¢, are nearly equal to ey, and ¢,
respeztively, Additionally, the stresses are nearly uniaxial, and the value
of oyjp 1s well delow the yield strength of the material.

The stress levels for the rosettes which had inoperable circumferential
ganes can be estimated by assuming coltz = 0,17, which is the average value
for the rosettes included in Table 3.7, This allows the results presented in
Table 3-3 to be obtained, A comparison of the results from the two tahles
show that the stress values are comparable; the smallest value (37,8 ksi)
being 78% of the largest value (48,4 ksi)., Mence, the results do not show a
large variation from rosette to rosette nor from stud boss to stud bosSs.
Therefore, the values measured should be close to the largest values present
in the skirt, and are the values to he compared with the pear stresses calcu-
lated by finite elements (once adjustments are made for differences 1n
pressure and load splits between inner and outer rings),

The absolute value of oy (~o,) for Rosette C 1s plotted in Figure 3-5
for the three pressurization cycles applied and for fincreasing pressure bde-
tween steps (up) and decreasing pressure (down), The upper part of the figure
presents results for a conventional crown, and the lower part of the figure 15
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for the modified crown (in which gap closure does not occur). These figures
show the degree of reproducibility and hysteresis in the test results,

The solid line in the upper part of Figure 3-5 is through the data for
Run 1 up. A bilinear variation of stress with pressure 1s observed, with a
slope change at just belcw 1000 psig. This slope change is believed to be due
to closure of the crown-skirt gap at the outer loading ring. Evidence of this
is shown in the lower portion of Figure 3-5, which presents corresponding
results obtained by use of the modified crown, In this case a linear oy,
versus p variation is observed, with a slope equal to that for a conventional
crown at pressures below 100N psig, The 12% difference at the peak firing
pressure between the modified and conventional crown indicates that approxi-
mately B8R% of the pressure load is carried on the inner ring at the peak
firing pressure, This result is for room temperature. A greater percentage of
the load is expected to be applied on the outer ring at operating temperature.
This 1s because the top of the crown is hotter than the underside thereby
producing thermal distortion whose effect will be to partially (or totally)
close the gap. This results in more load being transmitted through the outer
ring. Since the stress in the stud attachment boss is governed by the load
applied to the finner contact ring, the effect of thermal distortion is to
reduce the peak stresses due to firing pressure,

Further evidence of & gap closure pressure of about 1000 psig (at roon
temperature) is provided by considering the strain data from the rosettes in
the wrist pin cavity (P at inner ring, R at outer ring) and at the top of the
skirt 90° from the wrist pin (N). Figure 3-6 presents the axial strain (cz)
measured in the inner part of the wrist pin cavity (P) with a conventiona'
crown, Nnce again, a Hilinear relation with pressure is observed, with the
slope change occurring at about 100N psig, In this instance, the slope change
fs not as large,

Figure 3-7 shows results for axial strain with conventional and modi-
fied crowns for the rosette at the outer edge of the wrist pin cavity (®),
Once again, a bilinear variation with pressure is observed for the connlete
crown, with the slope at low pressure being equal to that for a modified
crown, The slope change again occurs at 1000 psig and 1s particularly markes
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in this instance, Apparently, once the outer gap is closed, relatively large
loads are transmitted through the outer ring over the wrist pin,

Figure 3-B presents results for the rosette 90° from the wrist pin (N),
The bilinear relation is again observed, with a slope change at about 1000
psig -- which is the same behavior observed on all other rosettes. B
comparison of the rosettes under the outer ring (N and R) shows that the slope
change is in opposite directions for the 90° position versus the wrist pin,
The marked increase in the slope for the wrist pin results (Figure 3-7), in
conjunction with the less marked decrease at 9N°, indicates that (once the gap
cioses) most of the load on the outer ring is reacted over the wrist pin, with
a smaller portion of the load being transmitted in the portion of the outer
ring away from the wrist pin, Such behavior is explainable if each of the
contact rings on the crown is considered to remain planar when the crown/
skirt is pressurized., The vertical displacement (ul) in each of the contact
rings would be uniform, =nd “"dishing” distortion of the crown is responsible
for gap closure and varying load split between the inner and outer loading
rings. A uniform vertical displacement over the outer ring would result in
most of the outer ring load being reacted over the relatively very rigid wrist
pin boss, with much less load over regions away from the wrist pin boss. This
would explain the difference in direction of the slope change for the wrist
pin (R) and 91" rosette (N).

Finite element results that include the crown and the skirt, as
discussed in Section 4,4, provide additional insight into the behavior of the
crown and skirt in the contact regions,

3.4,2 AF Piston Skirt

A used AF piston skirt which had been stress relief heat treated was
supplied by TN] for strain gage testing, The serial number and heat number of
the skirt were KBR and 292M, respectively, A variety of different strain gage
types was used. The compound curvatures present at the locations where cracks
have been observed, as can be seen in Figure 2.4, precluded the use of
rosettes in the high strain regions. Therefore, a single gage was mounted in
the high strain regions of each stud boss. In one case, a rectangular rosette
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(U) was placed as close as possible to the gage in the high strain location in
order to provide a check on the degree of unfaxiality of the stresses in the
stud boss region. The results of the strain gage measurements on ihe AE
piston skirt showed that the stresses are all nearly uniaxial. Hence, the use
of a rosette is not necessary in order to characterize the stress at a given
location,

Figure 3-9 fdentifies the strain gage location on the AF skirt, and
Table 3.4 summarizes gage lengths and configuration employed. The particular
skirt employed for this test exhibited a noticeable lack of symmetry which was
apparently due to core shift during the casting process. Therefore, as shown
in Figure 3-9, both wrist pin cavities were instrumented in order to provide
information on the symmetry of the loading through the wrist pin bosses.

Tests were conducted in the same manner as for the AF skirt, Two
separate test series were conducted; one with a conventional crown, and one
with a conventional crown with a 0,005 inch shim placed between the crown and
the top of the skirt along the inner contact ring, The gap between the crown
and the skirt (without the shim) was measured with a feeler gage. The gap was
found to be between N,0075 and N,0N95 inch, with some variation around the
circumference.

The skirt was placed on the crown and inserted into the test cylinder,
The crown was not bolted to the skirt; results on the AE skirt showed that
stud loads did not produce appreciable strain for the loading case considered,
Pressure was applied in steps and strain gage readings recorded, The foliow-
ing pressure cycles were applied:

2 cycles to 1200 psig with no shim,
1 cycle to 2000 psig with no shim, and
2 cycles to 200N psig with shim,

The maximum stresses in the piston skirt under peas firing pressure are
of primary interest, Tadle 3.5 summarizes the strain readings and stresses
for the four stud boss gages, Also included in the table are the correspond-
ing results for the colum rosettes (A and J), the rosette near Gage R, an7
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the wrist pin cavity rosettes (P, R, S, and T), The results are for 1600 psig
under rising pressure conditions, The rosette results in the stud boss
regions (A, J, and U) show that the stresses are nearly uniaxial which is in
agreement with the observations on the AE skirt,

A comparison of the results in Table 3-5 for the ligament gages (R, N,
F, and H) show a large variation from stud boss to stud boss. Gage B shows
elasticall; calculated compressive stresses well in excess of the ultimate
tensile strength of the material., MHence, it 1s apparent that yielding was
taking place in the ligament, This will be discussed more fully below, Even
ignoring the results for Gage B, a large variation between locations is shown
in Table 3-5; the smallest value of opyp with no shim (35.9 ksi) is 72% of the
largest value (49,7 ksi)., Hence, there is more variation between locations
than was observed in the AE skirt,

This larger variation in the AF skirt could result from four factors.

(1) Geometrical variations from stud boss to stud boss are larger in
the AF than the AL, because the ligaments are hand-ground in the
AF and are as-cast in the AE,

(11) Geometrical variations resulting in lack of symmetry of the skirt
were considerably larger in the particular AF skirt tested than
were present in the AE skirt, Such variations can produce non-
symmetrical loading in the wrist pin areas.

(111) The gap measured in the AF piston showed more circumferential
variation than the AF, This is another source of asymmetrical
loading.

{iv) Strain gradients on the surface of the AF are larger than than Af
S0 that 1s 1s easier to miss the location of peak stress in the
AF when strain gages are applied.

The larger strain gradients at the surface in the AF are apparent by
considering the results in Table 3.5 for the rosette near Gage 3 (Rosette ).
Even through B an1 U were quite close to one another (~1/4 inch), there is a
factor of over three between their strain values, In marked contrast to this,



rosettes in the Af placed adjacent to one another showed very similar results
(see Tables 3-2 and 3-3),

Asymmetry of the load paths into the wrist pin boss may be a major
contributor tc the stud boss variations., Table 3-5 shows that the column
rosette on the high strain side of the skirt (A on the B-D side) had lower
strains than the column rosette on the opposite (lower strain) side (J). This
indicates that asymmetry is not a contributor. In contrast to this, the
rosette on the inner wall of the wrist pin cavity on the high strain (B-D)
side showed strain levels almost twice those of its counterpart on the oppo-
site side (P). This large difference suggests that asymmetry of the skirt
response is appreciable -- even though it doesn't show up in the column gages.
The strain levels of the rosettes on the outer wrist pin wall are also
included in Table 3-5., The strain levels are quite low and approximately the
same, This indicates that much more of the load under the test conditions is
being transmitted down the inner wall of the wrist pin cavity than down the
outer wall (an expected result).

Returning to the topic of yielding in Ligament R, Fiqure 3-10 presents
the pressure-axial strain results for each loading and unloading for each of
the pressurization cycles applied. Pressure is used as the vertical axis for
this figure so that it is analogous to a stress-strain curve, The nonlinear-
ity of the curves is due to two sources; gap closure and yielding of the
material, Gap closure increases the pressure required for a given strain at
the gage location. Hence, gap closure results in a p-c curve that is concave
upward ‘in Figure 3-10)., VYielding decreases the pressure required for a given
strain and results in a p-¢ cuve that is concave downward (lixe a conventiona’
stress-strain curve). The hysteresis in the curve is due to crown/skirt fric.
tion and plastic deformation. The observance of high strain in conjunction
with a concave downward p-¢ curve during the first cycle for a given condition
(when pn,, = 2000 psig) shows that plastic deformation 1s occurring, The
relatively large zero offsets (plastic offset) and bilinear behavior during
subsequent cycles 1s further evidence of plastic deformation, rather than gage
abnormalities or complex skirt/crown interaction,
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The absolute value of the elastically calculated stress (Ee) for each
of the stud boss gages is plotted in Figures 3-11 through 3-14, Results are
shown for a conventional gap (no shim) and with a 0,005 inch thick shim (with
shim), The stud boss to stud boss variation at 1600 psig discussed above is
readily apparent by comparison of these figures, The bilinear variation of
stress with pressure tnat was observed for the conventional crown with the Af
piston skirt (Figures 3-5 through 3.8) is again observed for the AF, The
slope changes in these figures are due to gap closure. In contrast to the Af
results, the AF results are for tu.o different gap sizes and shows the
influence of gap size on the gap closure pressure. For a given gage, the
slopes of the linear positions of the curves are nearly the same with and
without the shim, hut the pressure at which the slope changes is dependent on
the presence or absence of the shim, The results invariably show that the
slope change occurs at a higher pressure when the shim is present, This is
expected Lecause a higher pressure is required to close a larger gap.

The “"load split” between the inner and outer rings at the peak firing
pressure of 1670 psig can be estimated from the results in Figures 3-11
through 3-14, (The percent load split values shown have been compensated for
zero offset on the line for low pressure.) Table 3.6 summarizes the results
from the figures. Large variation in the load splits are not observed, and
(as expected) a greater share of the load is on the inner ring when the gap is
larger (shim inserted),

Further evidence of gap cleosure is provided by considering the strain
data from the rosettes in the wrist pin cavity (P, R, S, and T) and at the to;
of the skirt 90" from the wrist pin (N)., Figures 3-15 through 3-19 present
the values of the axfal strain as a function of pressure for these rosettes,
The observed behavior 1is the same as observed in the A skirt; the discussion
at the end of Section 3.,4,]1 therefore also applies to the AF skirt, except
that larger variations of the indicated gap closure pressure from gage loca-
tion to gage location is observed in the AF skirt, This is again due to
asymmetry of the piston and circumferential variations of the initial crown’
skirt gap. Table 3-7 summarizes the gap closure pressure (pressure at slose
change) for the gage locations included in Figures 3-11 through 3-19. For
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comparison purposes, corresponding results for the AE skirt (as obtained from
Figures 3-5 through 3-8) are also included in this table. Table 3-7 shows
that there is some variation in indicated gap closure pressure for both skirt
designs, depending on which gage location is used. Selected nominal values of
the gap closure pressures are shown in the bottom line of Table 3-7. The
results for the AF skirt show an approximately linear variation of gap closure
pressure with gap (800N psig for ~B mils, 1300 psig for ~B+5 = 13 mils), and
the gap closure pressure for the AE skirt is higher than the AF skirt, The
linear variation of gap closure pressure with gap is expected. The higher gap
closure pressure for the AE 1s also expected; the top of the AE skirt is
stiffer than the AF because of the additional material around the stud bosses
and wrist pin cavity (see Figure 3-1).

A comparison of the peak stress magnitudes reveals that the peax
stresses in the AF are generally higher than the corresponding AL values, even
when no compensatiyn is made for the different load splits (~RD% versus 88%),
The largest stra ns measured in the AF were well into the plastic range,
whereas all stra .. measured in the AL were elastic, Additiona) comparisons
between the two skirt designs are presented in Section 5 in which comparisons
with finite element calculations are made.

3.5 Section 3 References
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Table 3-1

DESCRIPTION OF STRAIN GAGE LOCATIONS
ON AE PISTON SKIRT
(Refer to Figure 3-4)

Location Gage Identification
Stud Boss B €. 0, 5,7, 8, 0, 1
Column A, J
Rib K, M
Inner Wall of
Wrist Pin Cavity P
Outer Wall of
Wrist Pin Cavity B
Top at 90° from Wrist Pin N



Table 3.2
STRAIN READINGS AMD CALCULATED STRESSES FOR AE PISTON SKIRT
FOR THE COMPLETE STUD BOSS ROSETTES AT 1600 PSIG WITH A
CONVENT [ONAL CROWN
(al1 strain values are in win/in)

C D 3 F H
€ -1749 -1668 -1722 -1605 -1583
€ 270 366 304 270 246
cas -732 2787 -815 -602 -632
€ 270 375 310 272 247
€11 -1740 -1677 -1728 -1607 -1584
olx. k“ '6.5 '303 '5-‘ '5.5 ‘509
orppe kst -43.0 -40.6 -42.4 -39.6 -39,24
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Table 3.3

STRAIN READINGS AND CALCULATED STRESSES FOR THE AE PISTON SKIRT
FOR THE STUD BOSS ROSETTES WITH MISSING ¢4 FOR A
CONVENTIONAL CROWN AT 1600 PSIG
(all strain values are in win/in)

v G I
¢ -1930 -1768 -147)
€g = 0.17 ¢, 328 301 250
€ 379 303 349
°H' ks -5.6 -5.9 -3.3
o111 ks1 4R 4 -43.6 -37.8
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Table 3-4

DESCRIPTION OF STRAIN GAGE LOCATIONS, CONFIGURATIONS

Location

Stud Boss

Near Stud Boss
Column

Rib

Inner Wail of Wrist
Pin Cavity

Outer Wall of Wrist
Pin Cavity

Top at S0° from
Wrist Pin

AND GAGE LENGTHS OM THE AF PISTON SKIRT

(Refer to Figure 3-9)

Gage ldentification Configuration Gage Length, inch

R, N, F, H Single Nn.015%

v Rosette G.N30

A, V) Rosette n.06N

" Single 0.030

P, T Rosette 0.060

R, S Rosette 0.060

N Rosette 0,060
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Table 3.5

STRAIN READINGS AMD STRESSFS FOR SELECTED LOCATIONS OW &F PISTON SKIRT
FOR 1600 PSIG UMDER RISING PRESSURE COWMDITIONS

LT pin/in “op11s ks 911 kst

NO him Shim No Shim Shim “o Shim Shim

Shim Cycle | Cycle 2 Shim Cycle 1|  Cycle 2 Shim Cycle 1 Cycle 2
inner cavity T 12% 149] 1547 n.e 37.6 18,1 5.3 6.9 7.1
outer cavity s(h) 151 ” a1l 11 11 1.2 -1.8 2.5 2.4
column A 1% 156 LFd) n. 11.5% 10.7 n. 0.6 n.s
near R ] nn 1272 1260 2.9 12.6 32.6 1.1 4.4 LR
11gament " R12 4970 s2n 91.4 113 1244 .. oo -

n 2104 2519 2602 49,7 61.1 61.4 - - i
------------------------------------------------------------------------------------- Jb~-..-~--~---'--o-_-------.-
11gament 1520 1823 1714 5.9 43.0 0@, .- ce on

H 16 % 1927 1867 JB.6 5.5 4", .- .o e
column J 471 498 “n9 12.9 12.9 13.1 -0.5% -0.2 -0.2
inner cavity P ASR any R22 15.5 18.9 19.4 . oo o
outer cavity W 143 A9 54 2.9 1.2 n.6 -1.9 -1.7 -2.3

‘|“ for ', ". ‘, ‘., P "l'

(n Relatively large sera shift when shim was installed (see Figure 1-1R),



Table 3-6

SUMMARY OF LOAD SPLITS BETWEEN INNER AMD OUTER
RING WITH AND WITHOUT SHIM FOR AF SKIRT
(Data from Figures 3-11 through 3-14)

Gage No Shim With S'_\Lﬂ_
B 75% 90N
D 79 9¢€
F A2 9]
- 77 9]

3.20



Table 3.7

SUMMARY OF GAP CLOSURE PRESSURES AS ESTIMATED FROM
GAGES AT VARIOUS LOCATIONS FOR THE AL AND AF
PISTON SKIRTS
(a1l pressures are in psig)

AF AE
BD Side FH Side
froees No | With | “he [ With | SRR s
Shim Shim Shim Shim
Boss Gages B 700 1300 800 1309 F C 1000
D 769 1400 8N0 1350 -
wrist Pin Cavity

Inner Wall ;| 900 1300 900 1050 P p 82n

Nuter Wall S 89N 1570 1070 16580 ] B 1050

.I'op 9ne N 70N 17250 700 1250 N N 9NN
----------- h--------->-------------------4-----t-------r-----—----

Nominal Values [N 1300 80N 137N 1000

3-21
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Figure 3-3. Photograph of cracked lacquer.
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4.0  FINITE ELEMENT SyRESS AMALYSIS

The results of the finite element stress analysis for both the AF and
AF piston skirts are presented in this section along with descriptions of the
models employed in the analysis. Calculations were performed for pressure
loading on an elastic crown that has a frictionless contact on the inner
contact ring on top of the skirt., The finite element calculations show that
the peak stresses in the stud hoss region are much larger in the AF skirt than
in the AE skirt,

4.1 Load Considerations

Three loads were assumed to be acting on the piston: gas pressure,
reciprocating inertia, and friction. In addition, since the piston is a two-
piece design, initial internal load is associated with the bolt preload. As
part of the analysis of the crankshaft of these same engines [4-1], a table of
gas pressure, accelerations, and friction was developed that provided values
for every ten degrees of rotation of the crankshaft. This covered rotation
from 0° to 720°, thereby encompassing all four stokes in a cycle. The combined
loading was found to be highest at top dead center during the combustion
stroke. At this point, only pressure and inertia are acting on the piston
since the velocity (and therefore friction) is essentially zero. A peat
firing pressure of 1670 psig was applied when the piston is at top center,
This value of the peak firing pressure is hased on FaAX measurements at
Shoreham [4-11 as well as values reported hy TDI [4.2],

The gas pressure load acts on the surface of the piston crown., As dis-
cussed in Section 3.1 and shown in Figu-e 3-2, the crown contacts the piston
skirt at the fnner ring just inside the bolt circle. At the outer edge of the
crown there is a specified clearance of N,N07 to N,N11 inch between the crown
and the skirt, This gap can close due to pressure and/or thermal distortion
of the crown., The strain gage results presented in Section 3.4 for the Af and
AF suggest that the gap closes at pressures less than the peax firing pressure
when the piston is at room temperature, and that most of the peak load 1s
carried on the inner ring.



The magnitude of the pressure load is obtained knowing the peak firing
pressure and cylinder bore. A value of 379,000 pounds is obtained. This load
is transmisted from the crown to the skirt through the inner and outer contact
rings, as discussed above., At top center of the power stroke, the pressure
load is somewhat offset by the inertia load, which is exerted by the crown to
the top of the skirt, The piston acceleration at top center was found from
the crankshaft analysis to be 26,1 x 103 1n/sec2. The crown weighs 144
pounds.  Therefore, the inertia force is 184 x 26.1 x 10°/386.4 = 9727
pounds. Subtracting this from the pressure force provides the maximum net
force on the top of the skirt, 369,300 pounds. This corresponds to an
effective pressure of 1627 psig. This pressure was applied to the top of the
crown for evaluation of the stresses in the piston skirt due to firing
pressure,

The other extreme of the stress cycle in the skirt occurs at top center
of the exhaust stroke, at which time a tensile load equal to the inertia force
of the crown is applied to the top of the skirt. Provided no gap opens be-
tween the crown and skirt at the inner ring, the peak stress under this
condition is proportinnal to the pressure ioading, and can be obtained from
the results for peak firing pressure by multiplying by -9727/369,300 = -N,N26,

The boundary condition on the top of the skirt for each skirt design
was considered to be a crown mounted on the top of the skirt with a friction-
less interface, Pressure is applied to the top of the crown and the crown ant
skirt are allowed to deform without interfering with each other at the outer
loading rinc, This boundary condition provides the most realistic estimate of
stresses in the skirt in the absence of gap closure and also provides infor~-
ation on the crown/skirt interactions. A1l finite element runs on the skirt
models were performed for uniform roon temperature of the skirt and a rigid
wrist pin,

The stresses due to bolt preload were evaluated by finite element
models and measured on the AE skirt, The belt preload was found to have vir-
tually nc effect on the stresses in the area of the radius between the boss
and the vertical wall, The bolt preload was, therefore, omitted from further
consideration,
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4.2 Stress Analysis

Stresses and displacements under gas pressure and inertia loads were
calculated for the AF and AE skirts using the ANSYS finite element computer
program. Two models were developed for each piston design: (i) a full
(global) model of the skirt, and (ii) a refined local model of the crown-stud
boss in the region of highest stress (as defined by the global model). Addi-
tionally, a finite element model of the crown was developed for placing on the
global skirt models.

The crown is fabricated from cast steel and mounts on the top of the
skirt, as shown in Figure 2-1. Figure 3-2 presents a cross-section of the
crown and the attachment region at the top of the skirt, The 0.007-0.011 inch
gap that is present at the outer load ring at room temperature is shown in
Figure 3-2. The crown enters into the analysis of the skirt because the pres-
sure load applied to the top of the crown is transmitted through the crown to
the top of the skirt in a manner which corresponds to neither a uniform dis-
placement nor uniform loading boundary condition on the skirt, The crown
mode! need only be suitable for representing the circumferential variation of
the crown/skirt interfacial pressure, and can be relatively coarse. The need
to place this mode! on the already large skirt mode! is further motivation for
a coarse crown mesh, This crown model will be discussed in conjunction with
the skirt models.

Each of the "“global" finite element skirt models was generated with
ANSYS eight-node solid elements incorporating trilinear displacement functions
along with additional ‘“incompatible displacement modes” to improve the
response of the element to stress gradients [4-3]. Each node may have three
components of displacement,

Results from the globa! mode! analyses indicated highly localized
stress gradients at the intersection of the vertical wall and the stud attach-
ment boss in both designs. For this reason, subhstructured models of this
region in both designs were developed with a much greater degree of mesh
refinement than was possidble in the global models. The substructured models
were loaded using a technique known as “displacement recovery.” In displace-
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ment recovery, the boundaries of the local model, as defined by boundary
nodes, describe surfaces in the global model for which nodal displacements can
be determined. By imposing the displacements calculated for the global mode!
on the local model, the local model 1is made to respond as {f it were an
integral part of the global! mode!. This technique provides results in regions
of high stress gradients and small geometric details without incurring prohi-
bitive computer memory allocations associated with high degrees of refinement
in large global models.

Calculated values of the AE and AF piston skirt peak stresses are given
in Table 4-1 which shows the relevant principal stress and the Von Mises ef-
fective stress. The third algebraic minimum principal stress shown is the
absolute maximum and is the most pertinent for the fatigue analysis of Section
6. Details of these values are discussed in subsequent subsections.

The gradient of these stresses below the surface as calculated by the
local models 1is shown in Figure 4.1, which shows the normalized stress
(o111/%max) @5 @ function of distance below the surface. These gradients are
necessary for the fracture mechanics calculations of crack growth, as will be
discussed in Section 6,

The stress gradients are determined by starting at the surface where
the highest stress nodes are located, The stress at the nodes in the next
layer beneath the surface are scanned to obtain the node with the highest
value., Each subsequent layer is also scanned finally forming a string of
nodes along which the highest stress level at any given deptn can be found,
On both the AE and AF piston skirt local models, this string was a smooth line
following a logical trail back to the surface.

4.2.1 AE Piston Skirt Analysis

Global Model. The global mode! of the Af piston skirt consisted of
1308 solid elements and 2007 nodes. The crown model consisted of 638 elements
and 1336 nodes. Figure 4-2 shows the AL global mode! and the region selected
for further analysis using a refined local model., As was also done for the Af




piston, a quarter-section was modeled and symmetric displacement boundary
conditions were impused on the x = D and y = 0 planes of symmecry.

Local Mode!. The local! model of the AE skirt stud attachment boss
detail consisted of 2960 solid elements and 3712 nodes. Figure 4.3 shows tne
loca! model with s aded planes representing those on which displacements from
the global analysis were imposed,

Stress Results., The globa! AE piston skirt model showed peak values of
the third principal stress to be located in the area of the intersection of
the vertical wall and the stud attachment boss. The peak value of the thirc
principal stress in this area for the global model with a crown was -42.7 ksi,
Figure 4-4 shows a color schematic of the stress contours on the surface of
the global skirt mode! with pressure applied on the crown.

To accurately evaluate the stresses and to determine the stress grad-
fent under the surface, a local model was produced [shown in Figure 4-3) which
more accurately models the geometry, Displacements from the globa' mode! were
used as the boundary condition for the local model, The principal stress peax
is in the radius between the vertical wall and the stud attachment boss. The
stress convours on the surface for the local model are shown in Figure 4.5,
The peak third principal stress at the surface in that region was found to be
-68.1 ksi,

4,2.2 AF Piston Skirt Analysis

Globa! Model. The global mode! of the AF piston skirt consisted of
1070 ~311d elem its and 1746 nodes. The crown mode)l consisted of 493 elements
and 1045 nodes. Figure 4.6 shows the AF global skirt mode! with a crown and
the region selected for substructuring, The global model represents a
quarter-symmetric section of the piston skirt, Symmetric displacement bound-
ary conditions were imposed on the two planes of symmetry: x « N and y = 0,
The 2-axis coincides with the centerline of the piston skirt,

Local Model. The local mode! of the AF skirt stud attachment boss
detail consisted of 720 solid elements and 1021 nodes. Figure 4-7 shows the
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AF local model; the shaded planes are those on which displacements from the AF
global model analysis were imposed.

Stress Results., The global AF piston skirt mode! indicated that the
maximum third principal stress occurred in the area of the bosses and had a
peak value of -41.3 ksi for a skirt with a pressurized crown. This peak
stress was at the intersection of the vertical wall and the stud attachment
boss. Figure 4-8 shows a color schematic of the surface stress contours.

In order to better avaluyate the magnitude and location of the peax
stresses and the stress gradient below the surface, a local model was con-
structed (shown in Figure 4-7) of the area of high stress found in the global
model, This local mode! more accurately duplicated the geometry in the com-
plex region where cracking was observed. DNisplacements from the global mode!
results with various boundary conditions were used as boundary condition
fnputs to the loca® model, The principal stress peak in the local model was
found at the radius between the vertical wall and the stud attachment boss and
can be seen in Figure 4-9, which is a color schematic of the stress contours
on the surface. The peak principal stress was found to be -92.2 ksi in that
region at the surface., The local mode! was refined by adding 50% more
elements and rerun under the same boundary condition. The peak stresses
increased only slightly, indicating further mesh refinement was not necessary.

4.3 Crown/Skirt Interaction

The peak stresses calculated from the combined crown/skirt finite
element models were presented and discussed in Section 4,2, The displacement
behavior of the contact rings in these models is addressed in this cection,
The uniformity of the gap around the outer loading ring whern the crown is
pressurized, suggested by the experimental stress analysis, can be assessed
from this information, The pressure at which the gap is predicted to close 1§
also obtained from information on the vertical displacement of the contact
rings of the crown and skirt,

Figures 4-10 and 4-11 show the calculated displacement on the inner and
outer rings of the crown and skirt for a pressure of 1627 psig applied on top
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of the crown, The data points correspond to nodal values of the displacement,
and results are provided for the finner and outer edge of each of the contact
rings. The lines drawn on the figures are for the average displacement of the
ring as a function of angular position, The inequality of the displacements
of the inner and outer edge is a result of "tipping" of the crown and skirt,
i.e., the base of the crown on the inner contact ring does not remain
horizontal,

The results of Figures 4-10 and 4-11 show significant angular varia-
tions of the ring displacements, Therefore, the boundary conditions on the
top of the skirt do not correspond to a uniform vertical displacement, and the
contact rings do not remain planar, However, Figures 4-10 and 4-1]1 show that
the gap between the outer ring on the crown and skirt s virtually independent
of the angular position, This is evident by the flatness of the dashed line
in these figures, which is the difference between the vertical displacement on
the outer ring of the crown and skirt (6., - &,). The uniformity of the gap
around the circumference of the pressurized crown/skirt means that gap closure
will occur uniformly around the circumference -- despite the fact that the
contact rings do not remain planar., This observation is consistent with the
deduction from the experimental results that the gap closes nearly simyltan-
eously at all angular position on the outer contact ring.

The gap closure pressure for the two pistons at room temperature can be
estimated from the results of Figures 4-10 and 4-11, Such estimates will be
made in Section 6.2, where comparisons with experimental results will be
presented.
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Gulf Nuclear Station,

4.3 E.L. Wilson, et al., "Incompatible Displacement Moccls," Numerical and

Computer Methods in Structural Mechanics, Academic Press, New York,
pages 43-57, 1973,
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Yable 4-1

PEAX SKIRT STRESSES FOR PRESSURIZED
CROWN ON A SKIRT
(P = 1627 psig, all stresses in ksi)

o1’ %
AE globa) -£2,7 38,2
Tocal -68.1 61.3
AF glohal -41.3 42.%
local -92.2 79.9

* In all cases shown, the third (algebraic minimum) principal stress
maximum in absolute value,
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5.0 COMPARISON OF FINITE ELEMENT AND EXPERIMENTAL RESULTS

The finite element results presented in Section 4 will be compared with
the experimental observations covered in Section 3. The comparisons include
the maximum stress levels and gap closure pressures.

5.1 Stress Magnitudes

The peak stress magnitudes computed by finite element analysis for a
skirt assembled to a crown are compared with the experimental results in Table
5.1. The finite element results for 1627 psig pressure loading are drawn
directly from Table 4-1. These results are for no gap closure. Corresponding
experimenta) results at 1627 psig are also presented in Table 5-1. The exper-
imental results are drawn from Section 3 and, for comparison purposes, are
compensated for gap closure, that was not represented in the finite element
models, by linear extrapolation of stress values at pressures below the gap
closure pressure. Experimental results are also adjusted for zero offset of
the gages.

The results of Table 5-1 show good agreement between the experimental
and finite element results, The AE finite element result is somewhat above
the corresponding experimental values, with the average experimental value
being 28% below the finite element value. The AF finite element result falls
within the (wide) variation of the experimental values. The agreement between
the experimental and finite element results is felt to be quite good. The
large variation in the AF experimental results, which is discussed in detail
in Section 3.4.2, precludes a precise comparison for this skirt, The 28%
disagreement for the AE skirt is not large, and could be due to the assumption
of a rigid wrist pin in the finite element model, neglecting friction between
the skirt and crown and/or approximations in the finite element technigue.
Inaccuracies 1in the experimental results could also be a centributing
factor. A1l of these possible sources of error taken together could easily
account for a 28% disagreement,
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5.2 Gap Closure Pressures

The pressure required to close the gap between the skirt and the crown
at the outer load ring for a piston at room temperature was evaluated from the
experimental results, as discussed in Section 3. Corresponding evaluations
can be obtained from the finite element results presented in Section 4.3,
Comparisons of these two sets of results are included in this section,

The gap closure pressure can be determined from the results of the
finite element calculations of the crown and skirt displacements, such as
summarized in Figures 4-10 and 4.11, These figures show that the movement of
the outer ring of the crown relative to the outer ring of the skirt (6o -
6“) is nearly independent of angular position. The values shown in Figures
4-10 and 4-11 are for a pressure of 1627 psig., The pressure, p*, to just
close the gap, g,, is given by

5
Y e el L4 (5-1)
co sO

Table 5-2 provides a comparison of the experimental and finite element
results, This table shows that the experimental estimated gap closure pres-
sures are invariably lower than the results derived from the finite element
analysis, with the nominal experimental values being 18 to 29% below the
corresponding nominal finite element values. This is felt to be acceptadle
agreement; the consistently higher finite element gap closure pressures result
from higher crown and skirt stiffnesses; an inherent result of discretizing
the real skirt/crown into a finite number of elements,
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Table 5-1

COMPARISON OF PEAK STRESSES WITH WD GAP CLOSURE AS
EXPERIMENTALLY MEASURED AMD CALCULATED BY FINITE ELEMENTS

(-ol”. IS1)

AE AF
Gage Exp F.E. Gace Exp F.L.
] 54 68.1 B 107 92.2
o a9 n 63
D 49 F a4
3 49 H a5
F 47
G 52
H 45
! u
Average 49




Table 5-2

COMPARISON OF EXPERIMENTAL AND FINITE ELEMENT
RESULTS FOR GAP CLOSURE PRESSURES

AF
Exp F.E. Exp F.E.
Nominal gap, mils 7.5 .- 8.0 -
Range of gap, mils 7-8 -- 7.5-9.5 --
Nominal &, - &, .- 10,0(1) & 11.6(2)
mils
1 2
Range 6., = b, .- 9.2-10.6(1) | 12,22
mils
Nominal p*, psig 10n0(3) 1220(4) ann(3) 1120(4)
. inge p*, psig 820-1050(3) | 1n7a.1414(®) 700-1000(3) | 1000-1399(%)

From Figure 4-11,
From Table 3-7,
From Equation 5-1.

i
§

1; From Figure 4-10,
2
3)
4)
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6.0  FATIGUE AND FRACTURE AWALYSIS

The metallurgical evaluation of the AF piston skirt provided in Seztion
? concluded that the observed cracks resulted from fatigue. The experimenta)
and finite element stress analyses results, presented in the previous sec-
tions, are combined with the fatigue and fracture properties of the materia)
to analyze the possibility of crack finftiation in the piston skirts. The
growth behavior of initiated cracks s also analyzed, and comparisons are made
of the performance of AF and AE siirts,

The fatigue analysis predicted that cracks will initfate in the AF
piston skirt for both the experimental and finite element cyclic stress
levels, The initfated cracks can grow under certain conditions, but are
predicted to arrest at depths of less than 0.15 inch., The AE piston skirt was
predicted to not initiate cracks under cyclic stress levels obtained from the
experiments, but cracks might inftiate under conditions predicted from the
finite element calculations., [Initiated cracks were predicted to not grow in
the AE piston under efther the conditions predicted from the experimental or
finite element results.

6.1 Material Properties

The fatigue and fracture properties of the piston skirt material are
presented in this section,

6.1.1 Fatigue

The pistons experience 1.35 x 10® stress cycles every 100 hours of
engine operation., Crack initfation under high cycle fatigue conditions is
therefore of concern, in which case the endurance limit of the material is the
property of interest., Reference 6-1, and references cited therein, indicate
that a lower bound for the endurance 1imit of cast iron with the properties of
the 100-.70-03 material used in the skirt is 30 ksi,

The endurance 1imit of 30 ksi 1s applicable to fully reversed uniaxia)
loading, in which case the mean stress 1s 2ero, and the stress system is par-



ticularly simple. In order to perform the analysis on the piston skirt, two
complications must be accounted for: non-zero mean stress and multiaxial
stresses,

The case of non-zero mean stress can be treated in the standard manner
by use of a Goodman diagram, Figure 6-1 shows the definition of terms for
cyclic loads employed here, Figure 6-2, which closely follows Figure 15> of
Reference 6-1, shows how the allowable cyclic stress for infinite 1ife varies
with the mean stress. This figure, which extends into the compressive range,
fs similar to that employed in Reference 6.2 for fatigue analysis of nodular
cast fron piston skirts, The allowable stresses indicated in this figure are
such that yielding in tensier or compression 1s precluded, and at zero mean
stress the value of o, is equal to the endurance limit, o,. The value of the
yield strength of 6N ksi was used in the generation of Figure 6-2. This
corresponds to a typical value measured at FaAA and reported in Section 2.7.
The requirement that q,,, < d., Guyp 2 =9, COmbined with the definition of
0y 8nd Gp..ns 810G with the requirement that o, = g, when g, = 0 defines
the lines in Figure 6-2,

The conditions outlined in Figure 6-2 are conveniently summarized in
Figure 6-3, which directly plots the allowable cyclic stress for infinite life
for a given mean stress. The representation in Figure 6-3 closely follows
that included in References 6-2 and 6-3,

The results presented in Figures 6-2 and 6-3 are for unfaxial stress.
Figure 6-3 can be generalized to multiaxial stress systems by procedures
presented in References 6-3 and 6-4, Mowever, the experimental results pre-
sented 1n Section 3.4.2 show that the stresses are nearly unfaxial in the
highly stressed region of the stud mounting bdoss., Therefore, Figure 6-3 can
be used directly in conjunction with the principal stress that has the largest
cyclic amplitude (opy; in this case),

6.1.2 Fracture Mechanics Properties

Analyses based on the previous section can he used to predict whether
an initially uncracked component will have an infinite life, 1f a finite life
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is predicted, then a crack will finftiate., Once 1t has initiated, it may or
may not grow, and 1ts possible subsequent growth can be treated by fracture
mechanics principies. The fracture mechanics properties of the material are
required in this analysis and are summarized in this section,

Fracture Toughness, The fracture toughness of the material governs the
point at which a crack grows catastrophically and is the critical value of the
applied stress intensity factor [g;g]. Reference 6h-1 and references cited
therein provide information on the fracture toughness of nodular cast iron,
The fracture toughness is influenced by temperature within the range of inter-
est (room temperature to ~300°F) and increases with increasing temperature.
Also, the toughness tends to decrease with increasing strength levels., Table
6-1 summarizes some relevant fracture toughness data from the literature.
This table shows K;. of 40 ksi-in1/2 to be a reasonable, but somewhat conser-
vative, value of the fracture toughness., This was used as the nominal value
of Kjo in the fracture mechanics analysis. This value s especially
conservative for use at the operating temperature of the piston skirt,

Fatigue Crack Growth Characteristics, For a given material and
environment, the rate at which a fatigue crack grows is dependent mainly on
the cyclic value of the stress intensity factor (&K = Kg.. = Kyin) [6-5).
Other factors, such as the mean value of K (measured as R = Knin/Xmax) 8150
have an influence. Information on the crack growth rate, da/dN, as a function
of Ak for nodular cast fron is included in References 6-1 and 6-7 through
6-10, Representative results of da/dN versus AKX are included in Figure 6-4,
A reasonable and somewhat conservative representation for the crack growth
characteristics 1s given by the upper end of the shaded band in Figure 6-4,
This result 1s conservative for all cases shown except R = 0,7, which corres-
ponds to cyclic loading with large mean tensile stresses. The cyclic stresses
in the piston skirt in the region of interest are primarily compressive and,
therefore, do not have such a high positive R-ratio. The following equation,
representing the upper end of the shaded band, provides the relationship
between da/dN and AK that was used.

da 12

S 247« 107 5.15

(6-1)
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The constants in this equation are applicable when da/dN is in inches/cycle
and &K 1s in ksi-inl/2,

Equatfon 6-1 over-estimates crack growth rates whe) &K becomes small
because there 1s a threshold below which cracks will not propagate. Reference
6-5 provides some information on fatigue thresholds for various R-values. The
value of 8Ky, for R = 0.1 fs indicated to be about 12 ksi-in*'2, This value
appears to be somewhat optimistic because Reference 6-11 suggests a value of
6.4 tsi-inllz for a variety of steels for values of R close to zero. This
value 1s stated in Reference 6-11 as being somewhat conservative and is used
as the applicable value for the nodular iron considered here,

An approach to non-propagating fatigue cracks is provided by References
6-12 and 6-13, in which cases the influence of R-value on threshold conditions
for crack propagation are treated. 1In this case, the Forman relation for
crack growth is combined with the treatment of R-value from Reference 6-13 to
provide a treatment of the influence of R on 8Ky pe fracks are taken to not
propagate for a given &K and R if &K < &K;,(R) . Reference 6-11 provides the
details, and the procedures are included in the BIGIF code., This code is used
for the fatigue crack growth calculations presented in Section 6.3 and is a
widely used code for fracture mechanics analyses.

6.2 Cyclic Stress Levels

The cyclic stress values in the highly stressed region of the Af and AF
skirts are required for the fatigue crack initiation and growth analysis, The
experimental results of Section 3 showed that the stresses due to pressure are
dependent on the initial gap size, g,, because this parameter influences the
gap closure pressure and load transfer between the inner and outer load rings.
As shown in Figure 3-2, the initial gap can vary from 0,007 to 0,011 inch and
stiil be within TDI specified tolerance. The finite element results reported
in Section 4 are for no gap closure, and therefore do not consider the influ-
ence of outer ring loading in reducing the peak stresses.

The cyclic stress levels evaluated hy finite elements for the Af and AF
as 3 function of g, under isothermal conditions can be estimated by use of the
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experimental observations reported in Section 3, with the results shown in
Table 6-2 being obtained. These results assume that no gap opens on the inner
contact ring between the crown and skirt; such gap opening fs not expected
under the {sothermal conditions considered in this report., The results of
Tadble 6-2 show that the cyclic stresses are finvariably larger in the AF skirt
than the AE.

Cyclic stresses in the skirt can also be estimated directly from the
strain gage results for the gap sizes present in the experiments., Table 6-3
summarizes such estimates. The cyclic stress levels in Tables 6-2 and 6-3 are
used in the following section to see if crack initiation and growth can occur
in the piston skirts.

6.3 Fatigue Crack Initiation Analysis

This section combines the cyclic stresses in Tables 6-2 and 6-3 with
the crack inftiation criteria from Section 6.1.1 to assess the possibility of
‘ cracks initiating under isothermal conditions in the AE and AF piston skirts,
The results of Tables -2 and 6-3 are plotted on the allowadble stress envelofe
for infinite life in Figures 6-5 and 6-6. The allowable stress envelope fur
each skirt type is constructed using both minimum and maximum yield strength
levels for each skirt type from Table 2-2. An endurance limit of 30 ksi ‘s
used in all cases, and results for various gap sizes are shown for the finite
element results,

The results of Figure 6-5 show that the finite element results predict
that crack initiation will occur in the AF skirt regardless of the gap size
and tensile properties used. The experimental results predict crack intiation
if the largest stress value is used, but no initiation if the smallest stress
value 1s used., This variance in predicted behavior is due to the large spread
in the experimental peak stresses for the AF piston skirt,

The results of Figure 6-6 show that cracks are predicted to not
initfate in the AE skirl under cyclic stresses corresponding to the experi-
mental results, lse of the finite element results predicts that cracks might

‘ or might not initfate, depending on the tensile properties and gap size.

6-5
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The finite element stresses for the AF piston skirt included in Table
6-2 are above the compressive yield strength of the material, Therefore,
under these conditions localized plastic deformation is predicted to occur on
at least the first few cycles of loading. This plastic deformation in com-
pression will cause redistribution of the stresses in the highly stressed
region, which shifts the mean stresses towards tension. Calculations of
stress redistribution were performed for various conditions using the con-
tained plasticity amalysis included in BIGIF [6-12, 6-14). This approach
utilizes the Meuber approximation [6-15] for contained plastic deformation in
conjunction with a Ramberg-Nsgood representation of the material's stress-
strain behavior in order to provide an estimate of the influence of plastic
deformation on the stresses within a contained plastic zone. The redistri-
buted stresses are used in the fatigue crack propagation analysis to be
presented in Section 6.4,

Although the results in Table 6-2 predict that fatigue cracks can init-
fate under stress levels corresponding to the finite element stresses, these
cracks will not necessarily propagate. This {s because the initiated crack
will be growing into a region of decreasing stresses, because of the steep
stress gradient in the stud boss region.

In summary, the results of finite element calculations predict that
cracks may finitiate in both the AE and AF skirts. The experimental results
predict that cracks will not initiate in the AE skirt, but may initiate in the
AF skirt,

6.4 Fatigue Crack Growth Analysis

The concern raised by the discovery of cracks in the AF piston skirts
fs that the cracks may grow during operation and result in a failure of the
pistons, This section analyzes whether the initiated cracks could grow in
the pistons. The presence of a crack in the piston skirt does not necessarily
lead to unsatisfactory performance of the piston, because the initiated cracks
may not grow. Even {f they do grow, they may arrest as they grow out of the
localized region of high stress. The behavior of any cracks that do inftiate
can be analyzed by use of fracture mechanics principles., The fracture mech-
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anics properties of the material that were summarized in Section 6.1.2 were
used 1n this analysis, which was performed with the BIGIF fracture mechanics

code [6-15].

The elastically calculated stresses from the finite element results are
sufficient to cause yielding in the AF skirt and (depending on the initia)
gap) 1in the AE skirt, Residual tensile stresses are predicted in the
Tocalized region where the stresses exceed the yield strength, The contained-
plasticity capability in BIGIF was used to obtain the elastic-plastic redis-
tributed stress fields., Figure 6-7 presents the principal stress with the
largest absolute value as a function of distance into the piston skirt for the
AF piston subjected to pressure and inertia with all the loading on the inner
ring. Also shown are the redistributed stresses which exist after yielding,
This figure reveals the very steep stress gradients in the skirt in the
localized highly stressed region near the stud boss and shows the substantial
redistribution of stresses resulting from the plastic deformation, The
elastic-plastic redistributed stresses show a substantial tensile component
that can cause cracks to grow. These tensile components result from an upward
shift in the mean stress due to yielding caused by the high compressive
stresses under peak cylinder pressure,

The stress intensity factor range, &K, due to the plastically redistri-
buted cyclic stresses was calculated using BIGIF, The crack was idealized as
a plane strain crack in a strip of finite width, For the AF skirt, calcula-
tions were performed for two stress-strain curves: a "worst curve, which
corresponds to the lowest measured curve for the AF; and an “average" curve,
which corresponds to the average of the measured curves. (See Section 2.7 and
Table 2-.2.) Vvalues of ak, as calculated using BIGIF, are compared to the
threshold value for crack growth, 8, yp, to determine crack growth and arrest
points. The BIGIF calculations account for the variation in &K, with stress
ratfo, R, Crack growth is only possible when aX(R) > &Ken(R).

The &K calculations showed that, under certain conditions, the cyclic
stresses produced &K and R at crack depths greater than a,, which were suffic-
fent to exceed threshold conditions, Therefore, a crack of this depth could
grow, HMHowever, as the crack extends, &K passes through a peak and decreases
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to the point where AK and R fall below the threshold conditions for fatigue
crack growth, The fatigue crack 1s predicted to arrest at this depth, which
s dencted as a,.. Table 6-4 summarizes the results of such calculations for
the isothermal AF skirt., This table shows that crack growth is not predicted
in the AF skirt except for the case where no credit {is taken for the stress
reduction due to gap closure at peak firing pressure (g, = =).* Under
conditions in which crack growth can occur, the crack must be 0.031 inch deep
before it exceeds threshold conditions. The arrested crack depths fall within
the range of observed depths discussed in Section 2,

Corresponding fracture mechanics calculations for the AE piston skirt
revealed that no crack depths provide &K and R values that exceed threshold
conditions, Therefore, the cracks that may possibly initiate in the AE skirt
are predicted never to grow under isothermal conditions.

The large gap size required in the AF skirt in order to predict crack
growth, in combination with the consistent observation of cracking in the AF
. skirts at Shoreham, suggests that either (i) the finite element stresses are
too low, (11) small cracks can grow in this material under conditions in which
fracture mechanics principles would predict no growth, or (1i1) stress contri-
butors other than those considered here are present during engine operation,
Comparisons of the finite element and experimental results presented in
Section 5 (see Tadble 5-1) suggest that the finite element results are not too
low, It 1is not likely that the fracture mechanics procedures used here are
underpredicting threshold conditicns., Therma)l effects that redistribute the
stress are present during engine operation are not considered here, Non-
uniform temperature distribution in the crown will produce thermal crown
distortion which will alter the load distribution between the inner and outer
load ring (load split). This may also result in opening a gap at the inner
ring under inertia loading at top center of the exhaust stroke, Such lift-off

* From the discussion at the end of Section 3, gap closure would be predicted

not to occur in the AF under isothermal conditions and peak firing pressure of

1670 psig (minus inertia force) 1f the gap is greater than 0,016 inch, MHence,

an infinite gap 1s not required but only one that is much larger than would
‘ meet TD! assembly tolerances (0.HN7 to N.N11 inch),
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would alter the load path of the stud loads, which could increase gq,, sub-
stantfally above the values used in this report (which assumed no 11ft.off),
Such effects are beyond the scope of the current report, which considers only
fsothermal effects, and are the topic of a future report.
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Table 6-1

SUMMARY OF FRACTURE TOUGHMESS DATA FROM THE LITERATURE FOR
NODULAR CAST IRON WITH STRENGTH LEVELS
SIMILAR TO 100-70-03

IR Q G it
4] 70 133 80 3.6 6-6
36 70 RS5.3 76 1.6 6-6
48 220 116 9n - 6-7
40 m 116 9n -- 6-7
~85 70 99 58 - 6-7
25 75 >80 >62 3.0 6-1
a7 75 - 14 - 6-1

Nominal value for calculations: &0 ksi-inl/2,
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Table 6-2

CYCLIC STRESS LOADS UNDER ISOTHERMAL COMDITIONS IN THE
AE ND NF PISTOM SKIRTS FOR VARIOUS GAP SIZES
(a1l stresses are in ksi)

AE AF
] load (1) load (1) g,
.?" sp) it min | %max % G sl it Gnin | Inax %

7.5 | 8802} .en.0 |1.77] 30.9! -29.1 » e R vl ¥
8.0 | -- o oy B 80(3) [73.8 [2.40 [38.1 |-35.7
8.5 [<100 [c-68.1 |1.77[<34.9]¢-33.2 81(4) [.7a.7 |2.40 |38.5 [-36.2
11 {00  [k-68.1 |1.77]¢34.9]¢-33.2 86(4) [79.3 | 2.40 |e0.9 |-38.4
- 100 |-68.105) 1,77/ 3a.9] -33.2 100 [-92.25) 2.40 a7.3 |.4a.5

(1) -0.026 x (
(2) From Figure
&3 From Table

« With no load split),

'5-
3-5

4) Linear interpolation from Table 3.6 data for load split with and without

shim,
(5) From Table

"lo
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Table 6-3

CYCLIC STRESS LEVELS UMDER ISOTHERMAL CONDITIONS IN THE
AE WD AF PISTOM SKIRTS FOR VARINUS GAP SIZES
AS ESTIMATED FROM EXPERIMENTAL RESULTS
(all stresses are in ksi)

AE AF
B8Y load split 80% load split
smallest largest smallest largest
value value value value
°mm .44 -54 -44 -107
Omint 2] -38.7 -47.5 -35.2 -85.6
Omax 1.1 1.4 1.1 2.8
% 19.9 24.5 18.2 44,2
O -1R.8 -23.0 -17.0 -41.4

2

il; From Table 5-1.
(Load split) x (value from Table 5-1).

(3) -N,N26 = (value from Table 5-1).
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Table 6-4

VALUES OF CRACK DEPTH REQUIRED TO EXCEED
THRE SHOLD (.,,,; AND CORRESPONDING ARRESTED
CRACK DEPTH (a'") FOR VARIOUS CONDITIONS IN AN

1SOTRERMAL AF PISTON SKIRT

Nominal Tensile Worst-Case Tensile
gO' .tho .l'" .tho ..f"
mils inch inch inch inch
8 no crack growth no crack growth
8.5 no crack growth no crack growth
11 no crack growth no crack growth
- 0.031 0.067 0.031 0.147
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Omean =1/2(Omax * Omin)
Og =1/2(Omax ~Omin)

|

Figure 6-1. Definition of terms for cyclic applied forces.
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Figure 6-2. Mean and cyclic stresses for infinite fatigue life.
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Figure 6-5. Stress states for isothermal AF piston skirt for various
gap sizes plotted on graph of allowable stress amplitude as a
function of mean stress.
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Figure 6-6. Stress states for isothermal AE piston skirt for various
gap sizes piotted on graph of allowable stress amplitude as a
function of mean stress.
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7.0  AE PISTON SKIRT INSPECTINNS

FaAA has conducted eddy-current finspections of engine-operated AE
skirts. This high-resolutfon procedure, developed to differentiate between
superficial dye-penetrant {indications and fatigue cracks, is described fully
in FaAA Procedure NDE 11.5.

Included in these inspections were four skirts each from the SNPS three
engines, each of which had completed over 300 hours total operation, including
100 hours at 100% load. One SNPS engine had completed an additional 100
starts. No relevant indications were found in any of these pistons skirts.

One skirt was inspected from a RV-16-4 engine at the Kodiak Electric
Association 1in Alaska, This engine had experienced over 6,000 hours of
service with the AE skirts, at a peak firing pressure reported by the utility
to be approximately 1,200 psi, Additionally, two skirts were inspected from
the N1 R-5 development engine after operation at 2,000 psi or above for over
600 hours, according to TDI, These inspection reports are available from
FaAA. None of the skirts disclosed any relevant indications.
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8.0

1.

2.

3.

CONCLUSTONS

Firite element and experimental stress analyses were conducted on
modified Type AF and Type AE piston skirts with attached crowns under
isothermal hydrostatic pressure loading. Fatigue and fracture
mechanics analysis of the crown-to-skirt stud attachment bosses was
carried out for both skirt types.

The results of these tests and calculations showed the following:

® Experimentally measured stresses are significantly lower in
the stud attachment boss area in the AE skirts than in the
modified AF skirts, Stresses in the stud attachment boss area
calculated by finite element techniques are significantly
lower in the AE skirts than in the modified AF skirts.

® Based on experimentally measured stresses, fatigue cracks are
predicted neither to initiate nor to propagate in the AL
skirt,

® Finite element stress analysis combined with fatigue analysis
predicts that cracks may or may not initiate in the AE skirt
depending on the initial value of the gap between the outer
ring of the skirt and crown, Fracture mechanics analysis
indicates that these cracks will not propagate if initiated.

® (racks are predicted to initiate and propagate in the modified

AF skirt based on the Jlarger of experimentally measured
stresses or on finite element stress results. In no case are
cracke oredicted to propagate to a depth of more than 0,150
inch,
Based upon tae results of inspections of engine-operated AE skirts and
upon the recults of stress analysis it is concluded that the AE skirts

are adequate for unlimited life,

Based upon similar results for modified AF skirts, it is recommended
that 100 percent inspection of stud boss attachments of AF skirts he
conducted., Provided there are no relevent indications, these skirts
are satisfactory for continued service with periodic inspections or for
extended service at less than full rated load. Final recommendations



for 1inspection {intervals and/or operation less than full rated load
will be prepared on the basis of (1) evaluation of effects of thermal
distortion and (11) plant-specific engine operating conditions.
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