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STATEMENT OF APPLICABILITY

This report addresses the structural adequacy of the Transamerica
Delayal Inc, types AE and AF piston skirts supplied for use in R-4 series
diese! 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 Shore-
ham and Grand Gulf by type AL skirts, Type AE skirts have also been installed
at Comanche Peak Stean Electric Station, Evaluation of the type AF skirts at
San Onofre will De reported separately,



EXECUTIVE SUMMARY

This report addresses the influence of thermal distortion of the piston
crow? on the stryctural integ~ity of the Transamerica Delaval Inc. (TDI) types
AT ahd AT piston skirts, This report is an extension of earlier work*® which
provided the results of experiments and finite element analyses on these
skirts under isothermal conditions, This report was prepared on behalf of the
TDl Diese! Gener  or Owners Group as one of a series of reports on generic
components of those diese! enzines in nuclear installations -- the generically
termed Phase | components,

The cyclic stresses, and therefore the fatigue performance, of the
piston skirts is influenced by load transfer between the skirt and the crown
on the twd concentric rings over which the crown and skirt can contact one
another, This load transfe~ is inflyenced by thermal distortion of the crown
and the initial size of the gap bdetween the crown and skirt, The inflyence of
thermal distortion and initial gap on cyclic stress levels and the possidility
of 1ift-off of the crown from the skirt were estimated by combining the
results of fsothermal finite element stress analysis with a crown/skirt inter-
acticn mpdel, The crown/skirt interaction mode! treats the crown an3 the
sxirt 85 $prings whose stiffnasses were estimated by finite element techni-
ques. Trermal distortion 1s intluded as a thermally.induced displazement trat
is calculated by finite elements using a steady-state temperature field in the
piston assembly based on experimental measurements, Predicted and observed
gap closure pressures and load transfers between the contact rings ajreed we'!
with one another,

Cyclic stresses under isothermal and steady-state oper-tion were ca'cu-
Tated by use of the crown/skirt model for a variety of initial 'ap sizes. The
influence of lift.off was included in cases where it was predi ted to occur.

* "lnvestigatian of Types
Analysis ARssociates
Group, Repor: Mo, Fald

T and AF Digton S«irts," Renort prepared by Failure
ransame~ica Nelava' [nz, Diesel Generator Owners
&, Paia A%, Califarnia, May 1984,
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Crack initiation and propagation analyses were then performed by procedures
followed in earlier isothermal analyses.

The conclusions obtained earlier regarding cracking of the AE and AF
skirts were unchanged, but now the arrested crack depths predicted for the AF
are in better agreement with field observations, Overall, the earlier conclu-
sions regarding the integrity of the AL and AF skirts are also unchanged.
These conclusions are that cracks may fnitiate but will not propagate in the
AE, and that cracks will initiate and may propagate in the AF, However, any
cracks in the AF are predicted to arrest at depths less than 0,5 inch, which
is comparable to field observations of cracking reported earlier,
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1.0 INTRODUCTION

The purpose of this report s to address the {influence of thermal
distortion on the fatigue performance of Transamerica Delaval Inc. types AE
and AF_ piston skirts. This report is an extension of earlicr work [1-1] which
provided the results of experiments and finite element analyses on these
skirts under isothermal conditions. This report draws heavily on Reference

11,

The largest stresses in ahbsolute value in the piston skirt result from
firing pressure. The peax firing pressure occurs when the piston is close to
fts top dead center (TDC) position on the firing stroke. The pressure force
on the crown is transmitted between the crown and the top of the skirt in part
on the ring that coincides with the stud attachment bolt circle. This ring is
referred to as the inner ring, Load transfer between the crown and skirt can
also occur on an outer ring, The crown is assembled to the skirt to provide a
gap between the crown and skirt at the outer ring of 0.007 to 0.011 inch,
When pressure 1s applied to the top of the crown, the crown and skirt deform,
theredby tending to close the gap. Load transfer between the rrown and skirt
is altered when the gap clnses, theredby affecting the peak stresses in the
skirt,

NDnce the enzine reaches steadv.siate yperating conditions, larje
temperatyre gradients are present in the crown, These temperature gradients
distort the crow~, theredy changing the gan. Such chanzes also influence load
transfer and stresses in the skirt, If thermal distortion of the crown is
sufficiently large, 1t is conceivable that the resylting forces, when comdined
with the inertia forces at TDC of tre exhaust stroke, wi'll exteed the stud
preload. This would allow the crown to 1ift off of the skirt on the inner
contact ring, which would unload a portion of the contact surface, theredy
altering the stresses during this part of the cycle.

The influyence of thermal distortion and possible crown lift.off are
addressed by comdiaing the results of finite element analyses and experimenta’
observations reparted 1in Reference 1-1 with ad2itipgna! finite element

213 yses, experimenta) obse-vations of steaZ:.siate crows tempe-atuyres and 2

1-1



mode! of the interaction of the crown and the skirt, fyclic stresses in the
stud boss region of the AE and AF skirts for various gap sizes and for steady-
state temperature distribution and isothermal conditions are obtained. These
stresses are then used in fatigue and fracture mechanics analyses of crack
initiation an? growth to provide predictions of crack behavior in these
skirts,

Section 1 References

1-1.  “"Investigation of Types AF and AL Piston Skirts," Report prepared by
Failure Analysis Assoziates for Transamerica Delaval! Inc, Diesel
Gene=atar Nwners Group, Repnrt No, FaAA.R4.2-.14, Pa’o Alto, California,
May 1634,



2.0  FINITE ELEMENT ARALYSIS

The results of finite element analyses of stresses in AE and AF piston
skirts are presented in this section along with analyses of thermal distortion
of the crown., The skirt analyses were performed using the same global and
local “finite element models that were previously constructed for the iso-
thermal analysis reported in Reference 2-1. Spring constants of the skirts
and crown were also evaluated by finite elements, These stiffnesses are used
in the crown/skirt interaction mode! presented in Section 3 to provide esti-
mates of cyclic stresses for use in the fatigue and fracture analysis of
Section 4,

2.1 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 crancsha‘t of these same enjines [g;g]. a tadle of
gas pressure, accelerations, and friction was developed that provided values
for every ten degrees of rotation of the c-ankshaft, This covered rotation
from 0° to 72N° thereby encompassing the entire four-cycle combustion process.
The combines loading was foun: %0 de highest at top dead center during the
power stroke, At this point, only pressure and inertia are acting on the
pistor since the velocity [ani therefore friction) s essentially zero, A
geak firing pressure of 1670 psig [2-27 was assumed to de acting when the
piston is at top dead center,

A value of 379,000 pounds was odtained for the pressure load fro~ the
pear firing pressure and cylinder bore, At top dead center of the power
stroke, the pressure load is somewnat offset by the inortia lo2d, which is
exerted by the crown on top of the skirt, The piston acceleration at top
center was found from the cranksha®: analysis to bde 26,1 «x 133 in/secz. The
crown weighs 144 pounids, Therefore, the inertia force s 144 x 26,1 «
1“3/336.3 = 9727 pounds, Sudtracting this from the press.re force provides the
maximum net force on the tor 0f the s«irt, 363,377 pounds., This corresponds

tc an effe:tive pressure 0f 1527 psis.



The other extreme of the stress cycle in the skirt occurs at top deas
center of the exhaust stroke, at which time a tensile load equal to the
inertia force of the crown is applied at the top of the skirt, If lift.off
between the crown and skirt does not occur, then the peak stress due to
1nert5a can be obtained from the peak stress due to firing pressure by
multiplying the peak pressure stress by the ratio of the fnertia force to the
peak pressure force (and changing the sign to account for the different
direction of the loads). I1f crown/ skirt 1ift.off coes occur, then the load
path of the finertia force at tcp dead center of the exhayst stroke is
c¢ifferent than the path at top dead center of the power stroke, Under such
conditions, the peak stresses during exhaust must be evaluated by a separate
analysis, rather thun by ratioing the power stroke results.

The following four sets of bouncary conditions on the top of the skirt
were considered for each swirt design:

1. Crown mounted on the top of the skirt with a frictionless
interface at the inner contact ring, Pressure of 1627 psig is
applied to the top of the crown, and the crown and skirt are
allowed to deform without interfering with each other at the
puter loading ring.

2. Uniform vertical displazement on the ianer crown/skirt contast
ring ¢f a magnitude to react the l1oading cor~espoading to 1627
J813 effective pressute on the crown,

3, Umvform vertical! displacement on the outer crown/skirt contact
ring of & magnitude to realt the load corresponding to 1627 psig
effectlive pressure on the Crown,

4, A stud load applied o the stud washer landing area and reacting
on the outer loading =ing which is constrained to hase 2 unifor-
vertical displacement.,

0f these four cases, Case 1 provides the most realistic estimate of
macimun stresses in the fsotha=mal skirt in the absence of gap closure and
3150 provides checks on the crown/skirt interaction model, This 1loading
condition was the only one considered in Reference 2-1. Zases 2 and 3 provide
estimates of the sxirt sprinz Constants that are rej.uirel for the ¢ own /'seirt

fateraction mote’ disc,sse? in Seztion 3., Comparison of Tase | with Cases 2
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and 3 provides {information on (he suitability of simplified boundary con-
ditifons at the top of the skirt, Case 4 provides stress levels at top dead
center of the exhaust stroke appropriate for crown/skirt lift-off, A rigid
wrist pin was assumed in Cases 1-3; no wrist pin was utilized for Case 4. AN
finite element runs on the skirt models were performed for unifor~

temperature,

2.2 Stress Analysis

Stresses and displacements for the four loads and boundary conditions
discussed in Section 2,1 were calculates for the AE and AF skirts using the
ANSYS finite element computer program., Details of the models employed are
provided in Reference 2-1. Spring constants were evaluated from the global
models, and stresses were obtained by comdbining the glodal and loca! models as
described in Reference 2-1. The stress results are summarized in Tabdble 2-1.

The third algedraic minimum principal stress (c,lx) is provided for firing

pressure results, and the maximum principal stress (o,) is provided for the

11ft-0ff condition, These stresses are pertinent to the fatigue analysis

discussed in Section 4, The equivaler: stress, o

o+ is also included in Tadle

2.1

an

The results of Tadle 2.1 show that the AF piston
considerahly larger stresses than the AE, This is especially
conditions of primary interest .- pressurized crown and )ift.o

\

from the Tocal models, The appreciadle increase in a when

ax

-

is apparent from the results in Tad 2-1. The relatively smal)

between the stresses for the AI and AT skirts for uniform dicplacement on the
inner contact ring indicates that this idealized boundary condition do

point out the large stress difference in these two skirts that resuylts

the more realistic boundary conditions provide

skirt, Fairly large stress differences . designs
observed to be present in strain gage measy indicated b,
differences in cra-«i - v 12 ' - service 107§ reportes 1In
Reference 2-1, ‘ psule D' e : i ow that stresses 1i-

T
1nner contacyt




2.3 Stiffness Analysis

The results of finite element analyses of crown and skirt stiffnesses
are gresented in this section, These results are used in the crown/skirt
interaction model described in Section 3.

2.3.1 Skirts

The relative displacements of the inner and outer contact rings between
the crown and skirt control gap closure and the load split between the inner
and outer contact rings, These relative displacements can be expresses in
terms of spring constants. The values of the spring constants for the AD and
AF skirts were obtained from the finite element calculations performesz to
obtain the stresses discussed in Section 2,2. The following spring constants
are rejuired:

stiffness of skirt at inner ring due to loacing at fnner ring, k; = F, /6
stiffness of skirt at outer ring due to loating at inner ring, k - F, "
stiffness of skirt at outer ring due to loading at outer ring, k b F }6
stiffness of skirt at inner ring due to lo2ding at outer ring, k P A,

As discussed in Section 3, the rezip=oiity relation 0f linear elasticity

requires that k., = k.

These stiffnesses were evaluate? as part of the finite element stress
analysis. The constants k, and k; are directly odtainadble from the unifornm
displacement finite element runs. The evaluation of k,; s sudjeit to some
uncertainty in the present case, because the non-loaded contact ring does not
remain planar when the loaded contact ring is subjected to uniform vertical
displacement. Hence, a uniform displacement 0of the non-loaded ring 1s not
clearly defined. Mowever, k,, can be more clearly defined when displacements
fn the complete crown/s«irt mode! are ¢onsidere2, This is discusse? more

Filly i Section 2.3, Fortunately, the precise value of «,; ts not requires,
because :his spring constant does not have a stron3 influence on the end
resules, Tedle 2.7 suwmacizesy tha calciylater sprirmg congtants for the tw)

skirt destgns.



The vertical displacement on the top of the skirt along the stud bolt
circle was evaluated as part of the finite element analysis of stresses due to
stud loads under 1ift.off conditions, These displacements are relevant to
crown )ift.off, and are presented in Figure 2-1 for both the AE and AF skirts,
A stud load of 6,600 pounds was used, As discussed in Section 3.1.2, this
value s based on experimental measurements, A strong angular variation of
skirt displacement is seen in Figure 2.1, which is especially marked for the
AF skirt, The displacement is smallest over the wrist pin, as expected.

2.3.2 Crown

The crown 15 fabricated from cast steel and mounts on the top of the
skirt, A 0,007-0.011 inch gap is present at the outer load ring at assembly,
The crown enters into the analys's in twd ways; for isothermal conditions, the
pressure 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
displacement mor uniforn loading doundary condition on the skirt, and thermal
distortion of the crown due to non- niform temperatures during engine oper-
ation inflyences the proportion of the pressure 173d that {s transmitted
across each of the loading rings,

Two separate finfte element mode's of the crown were ronstructed, One
wes for placieg on top of the skirt and is descrided in Reference 2-1. This
mode) was neefed only to represent the circumferential variation of the crown/
skirt interfacial pressure, and was relative'y coarse,

The other crown mode! was for evaluation of thermal distortion of the
crown and stiffaesses of the crown due to pressure on the top and loading on
the outer comtact ring, This model must accurately predict the crown dis-
placement at the outer ring relative to the inner ring, and, thus, was
constructed with a much finer mesh, Figure 2-2 shows the axisymmetric mode’
that was compased of 327 elements anZ 425 nodes. An axisymmetric bilinea-
displazement element was utilized for this refined crown mode! which was rur
140 the MARD analysts program,

~y
wn



The vertical displacement of the outer contact ring relative to the
inner (ontact ring when the crown is subjected to service conditions is of
interest in evaluating the response of the crown and skirt to pressure and
temperature loadings. The finite element mode! shown in Figure 2-2 was used
for tﬁe calculations of crown deformation for various service loads. The
inner ring of the crown model was assumed to be supported and the displacement
of the outer ring was calculated for three conditions: (1) uniform pressure on
top of the crown; (i1) axially oriented 10ad around the circumference of the
outer ring; and (iii) crown subjected to steady-state temperatures corres-
ponding to engine operation,

The stiffness of the crown when subjected to pressure and outer ring
loading was found by dividing the total load by the corresponding deflection
of the outer contact ring. The fol'owing results were obtained:

Pressure stiffness k ) = pA/E = 47,4 kips/mil

c(p

Outer ring Yoading stiffness kc(,\ = F/& = 16,4 kips/mi)
= pressure,

o

B = bore area,

F = outer contact ring load, and
¢

« corresponding displaceme~t of outer contact ring
relative to inner ring,

The vertica) deflection cf the outer ring relative to the inner ring at
steady-state operatinmg conditions s also of interest, This parameter is
denoted as &y, gand its calculation requires information on the steady-state
temperature distribution in the crown and scirt, In order to gain a bdetter
understanding of the crown temperatures under steady-state operating condi-
tions, the results of peak temperature measurements as a fun_tion of position
in the crown were supplied by TOI [2-3 .. The measurements were made with
"temr'ugs,"” which were inserted into holes drilled in the crown and provided 2
pass ve meas.re o0f the maximym temperature to whizh the plyg was sudbjecterd.
As -a-s=*ps By TNI, the measurements were =a<:z in an 2.1 enjine 3t 457 ROV



with.a BMEP of 213 psig, and closely follow the running conditions at Shore.
ham, The peak rrown temperature measurements reported by TDI are shown in
Figure 2-3, Note that the temperatures on the bottom of the crown are nearly
constant and equal to adbout 200°F. This suggests that the piston skirt is
nearly fsothermal under steady-state operating conditions, which implies that
thermal stresses in the skirt are small,

Independent calculations of operating temperature 1in the piston
assembly were performed by Failure Analysis Associates. The transient radia-
tive and convective heat transfer analysis utilized reasonadle values for
cooiant temperatures, and convective heat transfer coefficients, and combus-
tion gas temperatures dete ni,eod from the indicator diagram data from
Reference 2-1. Key features of Lhe calculated temperature field, including
peak temperature and temperature gradient through the central portion of the
crown, were in agreement with the TD] measurements of temperature.

The temperatures at various pasitions on the surface of the crown shown
in Figure 2-3 were used to estimate the steady-state operating temperatures
everywhere on the crown boundary, These boundary temperatures then served as
boundary conditions for an axisymmetric steady-state heat conduction problem,
The finite element model shown in Figure 2-2 was used for numerical generation
of the steady-state temperature distridbition throuoh2't the crown, This
temperature field was then used for finite element calculation of thermally.
induced displacements in the crown, This provided the following result for
the (downward) movement of the outar ring relative to the inner ring under
steady-state ensine operating conditions:

by = 0.N106 inzh
This resylt 1s used §n Section 3 to ohtain estimates of the influence

of thermal! distortion on stresses in the skirt and possidle lift.off of the

crown from the sxir:t,



2.4 Crown /Skirt Interaction

Information on the interaction of the crown and skirt under isotherma)
conditions was provided in Reference 2-1 by experimental and finite element
analyses that included the crown mounted on the skirt, The finite element
results are briefly reviewed in this section, Figures 2-4 and 2.5, which are
drawn directly from Reference 2-1, summarize the finite element results
relevant to crown/skirt interaction, These figures show that there is consid-
eradble angular variation of vertical displacement in both the crown and the
skirt in both the fnner and outer rings. Hence, the contact rings do not
remain planar, and uniform displacement of the contact rings does not provide
an accurate representation of the boundary conditions on the top of the skirt.
However, these figures show that the gap between the outer rings of the skirt
and crown is virtually fndependent of angular position, This is evident by
the flatness of the dashed line in these figures, which 1s the difference
between the vertical displacement on the outer ring of the crown and skirt
(6. = o) The uniformity of the gap around the circumference of the pres-
surized crown/skirt means that gap closure will occur uniformly around the
circumference -- despite the fact that tne contact rings do not remain planar.
This observation s consistent with the deduction from the experimental
res.lts reported ir Reference 2-1 that the gap closes nearly simultaneously at
al! angular pusiticns ¢~ lhe oute~ ring,

Trhe stiffness of the crown when attached to the skirt and sublected to
pressure fz:(p)} and the value of ki, can be estimated from the resuylts
presented in Figures 2-4 and 2.5, The value of the crown stiffness is given
Oy the expresstion

F o
Yelo) T T, h)
The value of kio 15 given by the expression
é - ¢
1 $) $04-1 ’ \
Ko = —e 2-2
i0 [l F - ' -



where F = total applied force,
o ® vertical displacement of outer ring of crown,
8.4 = vertical displacement of inner ring of crown,
oso = vertical displacement of outer ring of skirt,
951 = vertical displacement of inner ring of skir®, and
ki = skirt stiffness at fnner contact ring.

The value of k; reported in Section 2.3.2 was used for the calculation of k..
Table 2-3 summarizes the results of these stiffnesses. The value of kc(p)
agrees well with the value of 47,4 kips/mil determined by finite element
analysis of a stand.alone crown, as reported in Section 2,3.2. The slight
difference in the valuec is due to the different degrees of model refinement,
The values of k;, shown in Tadble 2-3 show a wide degree of variadility in
spite of a relatively constant value of the relative displacement, Fortun-
ately, an accurate value of k;, 1s not required, because this relatively large
stiffness plays a secondary role in the crown/skirt interaction -- the inter-
action being dominated by the smaller stiffnesses ky, kc(p), 27 korpye A
nominal value of 500 kips/mi) was selected and is the valued included in Tadle
2-2.

Sec.ion 2 References

2-1 "lInvestigation of Types AT and AD Piston Skirts," Report preparecd by
Failure Analysis Assocfates for Transamerica Delaval Inc, Diesel
Generator Owners Group, Report No, Fahi-Bi.7.14, Palo Alto, California,
May 1984,

2-2 "Emergency Diesel fGenerator (ranxsha‘t Fatlure Investigation," Failyre
Analysis Associates Repd~t No, Fali.@3.10.2, Palo Alto, California,
October 1983,

2.3 Private communication from Al Fleischer, Transamerica Nelaval Inc., to
Navid Harris, Failure Analysis Associates, 6§ January 1922,




Table 2-1

MAXIMUM PRINCIPAL AND EQUIVALENT STRESSES IN STUD BOSS REGION
AS EVALUATED BY FINITE ELEMENTS FOR VARIOUS BOUNDARY
CONDITIONS FOR THE AE AND AF PISTON SKIRTS
(all stresses in ksi)

AT AF
.
f Loading Condition Gloda! Local Glotal Local
|
| Pressurized crown, ojy -42.7 681  |-41.4  .92.2
: t xnner ringt Uﬂ‘f. d1sp1iu OIXI '2805 “3.‘ .2904 ‘4707
§ | Outer ring, unif. displ., oyyy| -5.71  -3.29 | -2.22 4,20
g Lift-off, o = q“?;\ 4,85 7.32 5,24 17.8
l No lift-off, Sgx' "’ i - 17 - 2.40
" | Pressurized crown 38,2 61.3 82.8 79.9
= ! Inner ring, unif, displ. 24,8 39.1 29.4 83.1
8 | outer ring, unif, displ. 9,8 4.7 .6 3.6
[,
& | Lifteore 3,88 6,72 | 5,85 19,8
{ l

(1) Equals -(9727/369,300) = (cm for pressurized crown),



Table 2-2

SUMMARY OF SKIRT STIFFNESSES FROM
FINITE ELEMENT ANALYSES
(a)1 values in kips/mi) = millions of pounds/inch)

AE AF
i 81.2 70.5
| 95,3 94,2
Ko | ~500 ~500




Table 2-3

STIFFNESSES EVALUATED FROM FULL CROWN/SKIRT
FINITE ELEMENT MDDELS

AE AF

|

] -

bgi = bgo0 Mils ave 3.8 4,7
max | 4.1 5.0
| min | 3.6 4.6

‘b
kjoe» kips/mil | ave || 433 685
| omax || 824 1547
| omin | 380 558

| ' i

| |
eog = Scys Mis ; ave | 6.4 7.0
| omax || 6.8 | 7.6
! min || g% | 6.4
(C(, x " qve &= 53
max 6% 52
| min | 84 0

| h

s okl 1

pA = 369 kips



0 1 1 L —_ | )
0 20 40 60 80
ANGLE FROM WRIST PIN, f (degrees)

Figure 2-1. Vertical displacement of skirt at
center row of nodes in inner contact ring
for 6,620 1b. load applied at washer landing
area

FaAA-Ba-5-18



Figure 2-2. Finite element mesh of axisymmetric crow~ for evaluation of crowr therma!
gistortion and spring constants.
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3.0  CROWN/SKIRT INTERACTION MODEL

A crown/skirt interaction mode! that includes the influence of therma’
distortion of the crown on the lpad split between the contact rings and the
possifility of 1ift.off between the crown and skirt 15 described in this
seztion, Such effects are important because of their inflyence on cyclic
stresses in the stud boss region under fsotherma) and steady-state operating
conditions,

K | Review of Experimental Observations

A review 0f the experimental observations under isothermal conditions
reported in earlier work [3-17 on the AL and AF skirts is provided along with
some ne~ closely related results,

3.1.1 Piston Assemdly

The re.ults of strain gage measurtements at numerous locations on AL and
AF pistons with hydrostalic pressure applied to the crown indicated that the
gap closed nearly simyltaneously arount the circumference of the piston, The
pressure at which the gap closed (unde- igotharmal conditions) 1s denoted as
p*. The observation of sim.ltaneous gaz cios.re around the piston circunfer-
enze is consistent with the finite ele~ent results presented in Figures 2.4
and 2-5 in which the gap (difference in displacement) is nearly independent of
angular location in spite of the appreciadle angular variation of the individ-
ual displacements. Mace the gap 1s closed, some load is transmitted to the
outer contact ring, theredy red.cing the stress 1n the stud boss region below
what 1t would be in the abdsence of gap closure.* The ratio of peak stud boss
stresses with and without gap closure s of interest, because such stress
reductions have an important inflyence on the value of cyzlic stresses in this
critical region, Additionally, experimental obse~vations of stress reduction
and gap closure provide results that are su'tahie for comparison with predic-

* The finite eleme~t results of Tad'e 2.1 showm that Toadraj or the outer ring
produces only minimal gtresses in the §t,d DOsS rejion,



tions made by use of the crown/skirt model. Table 3-1 suymmarizes the experi-
mental results of current interest.

3.1.2 Stud Attachment Loads and Stiffnesses

The amount of preload on the studs that attach the crown to the skirt
must be known to determine the possibility of crown Yift-off, as discussed in
Section 3, The stiffness of the belleville washer stack is also required.
The values of these parameters were measured experimentally, and the results
will be reported here,

Two foil strain gages were mounted on the central portion of a crown
attachment stud, and the strain produced by attaching a crown to a modified AF
skirt following procedures recommended by TD!, and as contained in Reference
3-2, was measured, Multiplying the measured strain by Young's modulus for
steel and the area of the central portion of the stud provided a stud load,
Fgos Of 6607 pounds.

A lead-displacement measurement was performed on a stack of Belleville
washers assemhled according to fnstructions in Reference 3-2 for modified AF
skirts (1.e,, two st.cks of 13 washers each placed concave end-to-concave end,
with : cen:*3i aligament bushing), The measurement was performed in a closed
100p servoh,draulis test machine, and the stiffness of the washer stack was
found to de k, = 0,15 kips/mil,

The spring constant of the stud, which is idea’ized as having a length
equal to the length of its reduced section (3,765 inch) is equa' to 2.52 kips/
mil, Since the stud and washer stack are in paralle), their combined stiff.
ness wi'll e

g =l
K, o (b= o =d) @ 0,182 kips/mil  (&F)
Sw 8. .
stud -
The stiffness of the washer stack for an AL piston fs twice that of a modi“ies
AF, because a single stack 0f 13 washers fs used for the AE, Therefore, K, ®
0,37 king/mr Y which resu’ts 1n 3 cOMMIned Stud'washer stiffness of



ksw = 0,268 kips/mil (AE)

These results are used in the crown/skirt interaction mude).

3.2 ° Crown/Skirt Interaction Mode)

The finite element analyses reported in Reference 3-1 and summarizec
above provided information on stress levels in the piston assemdbly, and allow-
ed estimates of gap closure pressures at ambient temperature, Additicnally,
the finite element results summarized in Figures 2-4 and 2.5 suggest that gap
closure is uniform around the circumference of the skirt, which s consistent
with experimental observations, However, information on the {influyence of
thermal distortion on the load split between the loading rings and the possi-
bility of 1ift-off of the crown from the skirt during the exhaust stroke was
not provided directly by the finite element results., All of these additiona)l
factors could be incorporated into finite element models, but such a mode!
would be a significant extension beydnd those employed to date -- the primary
extension being the use of ga> elements in both loadiny rings. This would
result in nonlinear effects which wou'd regquire an iterative solution to ar
already large problem. The inclusion of thermal distortion effects would also
produce additione! complexities.

Rather than undertake additiona’ expansions of a three-cimensinng’
crown/skirt model, a simple engines-ing mode) that accounts for all of the
important variadles was constructed, Tne mode! was base? on the ohservation
that the gap appears to close uniformly around the circu~ference., This is
consistent with both the experimenta’ obse~vations an? finite element calcu-
lations,

The mode! was based 07 the assumption that the loading rings on the
crown and the sairt rematin paralle’ to one another, For *he purpose of eva'-
vating stiffnesses, the loa<'~; rings were assumed to remain planar, The
stiffnesses and crown therma' distortion repo~ted in Seztion 2,3 provide
necessary 1nputs to the Crows 'scist interaltion =ode’, Twl basiz conditiars

were onsideres; (1) top dead center 0 the Io=pression strore (or beginning
0° power strowe), where the mavi=.~ compressive $tressas in the pigtar skirt

3.7



occur, and (11) top dead center of the exhaust stroke, where lift-off of the
crown may occur, Lift-off would alter the load path for the reaction of the
stud preloads, and, as shown in Tadle 2-1, would result in {increased maximyn
tensile stresses in the skirt,

3,2.1 Power Siroie

The maximum firing pressure of 1670 psig is considerea to occur at top
dead center of the compression stroke (which coincides with the beginning of
the power stroke), Figure 3-1 shows the forces acting on the crown and skirt
at this point (inertia forces are included as a reduction in the pressure).
Fy 1s the total load on the inner ring, and Fo is the total load on the outer
ring. Both of these loads are distridbuted around the circumference of their
corresponding ring, F, s obviously zero prior to closure of the gap, 9y
The stud preloads do not enter into the prohlem uynless 1ift-off occurs, which
is not possible under firing lo2d condi<ions, The displacement of the inner
and outer rings of the skirt are given hy the following expressions:

Fi Fo
§, 8 ==
U TP P
(3-1)
F F
& 'J°F_"
° loo of

where k,, = stiffness of outer ring due to loaz at outer ring

kio = stiffness of outer ring due to io0ac at inner ring
ky; = stiffness of inner ring due to load at inner ring

k. s = stiffness of inner ring due to load at outer ring

of

The reciprocal theoren of linear elasticity (page 247, Reference 3-2) requires

that kg, = & The following relationships are employed to simplify the

oi*
notation:
ki z k“
{3.2)
2. £ R 3-2
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Equation 3.1 then becomes

fo, s
£ = +
e
. (3-3)
. r‘ Fo
LB ik g
| of
Force equilidrium of the crown results in the following relationship
Fooriopl (3-4)

where A is the cross-sectiona’ area of the cylinder,

Let &  be the downward displacement of the outer ring of the crown
relative to the inner ring of the crown, Pressure, p, produces a downward
displacement, F° produces an upward displacement and thermal distortion
results in a downward displacement, The following relationship holds

£
b o gl g o gl 3.8
e TR ke (F) o)

where &c(o) = stiffnes. of crown due to uniforn pressure
kerey ® Ctiffra:c 07 crown due to outer ring loading

e, = charm: di1s.3'tion of crown, which is considered
to be xnown (see Section 2.13,2).

The following expressicn follows from the geomet~ica) relationshis between the
displacements

61 - Go + ‘c - T (3.6)

The current value of the gap 1s denoted by g, the initial value is Ggr N7 G =
0 when the gap is closed,
The following parameters are considered as yne~owns:

Fit 6°| 51' 9.

and &.. MHowever, if g 40 then Fo = 0, and vize vers3:, Therefore, there are

Fo'

five uninowns, "he five eguatinns necessary frr a3 o' ¢ are gisen by Equa-



tions 3.3 (two equations), 3-4, 3.5, and 3-6, Under ambient conditions with
no pressure, the gap is equal to its initial value, 9-

* The pressure at which the gap first closes at room temperature (hence
6y ="0) 1s of pa-ticular interest, This pressure is denoted as p* and fs
given by the foliowing expression (51 *=g = ‘o = 0)

9 3
* = 0 & 0 -7
P 1 1] 1 1 (3-7)
A[:——'o:— - ;—- pA [-k——-o—'-
c(p) i io c(p) i

The notation ki = [(1/ky) - (l/k,o)]'1 has been introduced for simplicity,

The forces on the 1o0ad rings once the gap has closed are of interest,
because the load "split" inflyences the stresses. Taking g = 0 (because the
gap has closed) and using the five simultaneous equations leads to the fo!low-
ing expression for the force on the outer ring

1 1
: 38 Nl ok et i e
F & c\pl i ‘3
0 1 1 1 2
' il il
c(F) 0 i of
(3-28)
67-9094[.—1—°-}'3
c{p) 1
i I
- +
il AL

The notation kg = [(1/-0) - (l/kio)]'l has been introduced for simplicity and
to facilitate covparison with experimental results,

The ratio of F, to F; is useful in comparisors wit™ experimental obdser-
vations. Using Equation 3.2 to ohtain an expression for F, in terms of p and

Fo 803 ftviding this 4ats Equation 3-9 for F, provides the following result

1for » > p*):

3.6




pAL— R
F " r " %
3 o)t (3-9)
Sl e DR
el k Shaihs S

c(F) cip) 0

Gap closure pressure and load splits calculated by use of Equations 3.7
and 3.9 in conjunction with finite element stiffness values are compared with
(room temperature) measurements in Section 3.3,

3.2,2 Exhaust Stroke

The analysis to determine whether the crown and skirt separate on the
inner ring during the exhaust stroke follows procedures similar to those
employed above. Whether or not such "lift.off” occurs has an important infly-
ence on the pea« tensile stresses during the exhaust stroke, The crown is
attached to the skirt by four studs, each of which has a static preload of
'80- as discussed n Section 3.1.2. Figure 3-2 shows the forces acting on the
crown and skirt, where now a separation of § on the fnner load ring is con-
sidered. The separation distance, 6., is taken to be inzerendent of angular
position, which is consistent with the assumptinn ni: (12 loading rings
remain paralle! to one another, This assumption underes.imates the defor-
mation of the skirt under actua' stud loading conditions, bDecause, as shown in
Figure 2-1, deformation of the top of the crown is far from yniform under stud
loading conditions. Additiona' possihilities are 1ift-off over part of the
{nner contact ring at a given angular location, or over a part of the circum-
ference of the loading ring, Rotation of the inner crown ring relative to the
fnner skirt ring, resulting in stud bending, could also occur., The assumption
of a uniform & will lead to conservative predictions regarding lift.off,
f.e., 1ift.off may be predicte? under situations where it does not actually
occur, Additiona! comments along these lines are provided in Section 4,1,
where displacemerts baseZ o~ the mode! are compared with™ the finite element

results for stud Yoading,



Mnce a 1ift.off distance of & is present, the force in a single stud
15 given by:

N Tt Bah TR (3-10)

where k. 1s the stiffness of the stud/washer combination®,

For the purposes of estimating skirt deformation, assume the bo't loads
to be distributed around the inner load circle. By use of Equation 3-3, the
skirt distortion is given by the following expression:

F F
1 1 1 1 8 0
6s b ‘Fa(k it k ) * Fo(k - k ) - ‘ k. + k. (3'11)
1 of 0 oi i 0
Force equilibrium of the crown provides the following relationship
aF = F ¢ F, (3-12)

where Fy 1s the crown inertia force (see Figure 3-2). The distortion of the
crown due to the force F, is given by (see Equation 3.5)

F
0

6 ey * (3-13)
£ | i ]
c(F) ¢(F)
Displacement compatadility provides :the following relationship

= - - » 1&)

Recall that & 1is positive upward, and 6 will be decrease? by a larger gap, a
larger skirt distortion, and a larger upward outer crown ring displacement due
to Fo. A larger thermal distortion (6T) will increase lift.off,

* Tne stud 1s assumed to be rigidly attached to the crown, and inner.ring
crown distortina and “thenug™ thiceness” skirt displazement are assymed to de
negqligih'e



There are now five unknowns [Fg, &, &, F,, and ‘c(F)]' Equations
3-10 through 3-14 provide the five equations necessary for a solution, This
system of equations provides the following results:

’ w
LA Rl Al Rl il
Sw
1 1 1 (3-1%)
- F [—0—.-—-]
1 *c(r) ’o koi
The constant w is defined by the following:
1 1 1 2 _ 1 1 1
w = &k [——-0—0—-.-—-]-4; [ ¢ = =] (3-16)
G kc(F) ki ko koi Sw kc(F) k‘ ko

Once 6L s known, the stud Toad is given directly by Equation 3-10, and the
force Fo is given by the following expression obtained by combdbining Equations
3-10 and 3-12.

s &l gl -
Fo s Mligy s b )= ¥ (3-17)
Positive values of a,_ and Fo confirm that lift-off has occurred. If

11¢t-0ff nas not occurred, then the results of Section 3.2.1 must be used if

it 1s decired to estimate F, and Fo (with an appropriate valye of p to account
for the inertia force).

for a given set of conditions, the minimum allowadle gap to preclude
T1ft.off (denoted as q;) is obtainadle fro~ Equation 3-15 by setting § = 0.
This provides the following expression

s l 1 1 b
g' = 6 . -—' 3 r [_ > — _‘
o} T k” Bo Ikc(” ko km,
(3-18)
u 1 1
s & - e § - F t—‘—.?
T k“ Bo Xuc(r) ko
. Lift-off will occu~ #f 9, < g,;. Using tre relationsniy for $3 given by Equa-

tion 3-18, Equation 3-15 can de rewritten as follows:

3.0



9* - g
k' v alarul (3-19)

Rl 1 5

* Comparison of gap closure pressures and load splits as observed experi-
mentally and as predicted by the crown/skirt mode) are presented in the nex:
section, The possidility of lift.off and the effects on cyclic stresses are
discussed in Section 4,] where cyclic stress magnitudes are estimated for
piston skirts at ambient and steady-state operating temperature conditions,

3.3 Comparison with Experimental Observations

The gap closure pressure and load split between rings can be evaluated
from the crown/skirt interaction model using the spring constants evaluated by
finite elements, The gap closure pressure, p*, can be evaluated by means of
Equation 3-7. The ratio of peai stress with closure to the corresponding
value in the adsence of closure can be evaluated knowing the ratio of forces
on the outer and inner rings, as given by Equation 3.9, assuming that the peak
stress is governed by the load on the inner ring, The results of Tadle 2.1
show that this assumption is a good approximation, because the stresses for a
given load that 1s applied by a uniform displacement on the ‘nne: r'n3 a-e
much higher than corresponding values for loading on the outer rérg;, .
ratio of stresses with and without closure is given by the following exn=us.
sfon:

(o) ;
L - (3-29)
(no closure) o 1, | FQ
i

The value of Foffi is odtainable from Equation 3.9,

Table 3.2 summarizes the calculated gap closure pressure and stress
ratio; the nominal, minimum and maximum values correspond to the gap values
shown 1~ Table 3-1. R comparison of Tadles 3.1 and 3.2 reveals good agreenent
betwes the resu’ts predicteld Dy the crown’s<irt interaztipor mpde' and the

3.1



experimental observations for the case of the AL piston, The load split pre-
diction for the AF skirt is also good, and the gap closure pressures agree
within about 20%.

The comparison between the experiments and calculations can also bde
made by estimating skirt stiffnesses from experimentally observed load splits
and gap closure pressures and comparing the results with the finite element
stiffnesses., Tadble 3-3 summarizes the results of such comparisons, which show
better agreement for the AL than for the AF skirts., Experimental values of
the outer skirt stiffness (ké? are generally lower than calculated, However,
the finite element values fall within the range of results calculated by use
of experimental observations,

Overall, the agreement between the various sets of data is quite good,
which indicates the validity of the crown/skirt {interaction model, Fortun-
ately, as shown in the nex® sectinn, the predicted cyclic stresses and crack
growth are not highly dependent on the accuracy of the predicted skirt stiff.
nesses., The major value of the crown/skirt interaction mode) is fts ability
to predict cyclic stresses in a piston skirt at operating temperatures, which
is discussed in the following section,

Section 3 References

3-1. "Investigation of Types AF and AL Piston Skirts,” Report prepared by
Fatlure Analysis Associates for Transamerica Delaval Inc, Diese!
Generator Owners Group, Report No, FaAli-84.2-14, Palo Alto, California,
May 1984,

3.2. Instructions for AF Piston Skirt Modification contained in letter from
™! to LILCO referenced as part of Stone and Webster Enginearing
Corporation Engineering and Nesign Coordination Renort No, F-38313,
Necember 3, 1981,

3.3, S.P, Timoshenko and J.N, Goodier, Theory of flasticity, Second E.ition,
McGraw-4i1] Book Company, Inc,, New Yore, 1951,




Table 3-1

SUMMARY OF EXPERIMENTAL OBSERVATIONS
RELATED TO CROWN/SKIRT INTERACTION
(From Reference 3-1)

|
f AE AF

(
Gap, 99+ nominal 7.5 8.0
mils min v 7.0 1.5
max | 8.0 9.5
Gap clesure pressure, pe, nominal 1000 800
psig min 820 700
max 1050 1000
Oclosure’(ns closure) 8 | Mmominal | 0.88 0.80
1670 psig ' min | &5 0.75
max i e 0.92




Table 3.2

6AP CLOSURE PRESSURE AND STRESS REDUCTIONS
DUE TO GAP CLOSURE AS PRENICTED FROM CR0OWN/SKIRT MODEL

| AE AF

i :
Gap closure pressure, p*, ' nominal 1040 1050
psig (Equation 3.7) | min 970 980
- max . 110 1240
%losure’%(no closure) | mominal 1 0,85 0.85
at 1670 psig (Equations | min 0.83 0.83
3.9 and 3.20) max 0.R7 N, 89




Table 3.3

COMPARISON OF SEIRT STIFFMESSES AS FYMUATED FRON FIPFRIMENTAL ORSIRVATION
AND CROMN/SEIRT INTERACTION MIDEL WITH CORR! SPOMDING FINITE fLEmENT WALWES

{ ooement 5

i, bips/mi) . |  fvaluated by use of fquation 3.7,
i } sing b, « 47,8 kips/mil and
| |  warious J:zvrvod p* and q, Trom

lable 3.1,

!u' tips /=i Fvaluated by use of fquation 1.9 and
B L A ]
1-20 using & from above, & 1', .
I6. 8 dips/mtl and various n&.a'-'d
Toad splits and q, from Table 3.1,

EXPERIMENTS

From Table 2.2,

From kyo lo, and .'0

FINITE ELEMENTS |

S ————————————
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4.0  FATIGUE AND FRACTURE ANALYSIS

Previous work reported in Reference 4-1 included analyses of fatigue
crack *initiation, propagation, and arrest in AL and AF piston skirts under
fsothermal conditions, The cyclic stresses employed accounted for gap closure
and load split in the AF piston by linear interpolation between results for
the two gap sizes employed in the testing of the skirt, [n this section, 2
similar analysis 1s performed, including the influence of thermal distortion
of the crown., The crown/skirt interaction mode! 1s used to predict the load
split 1n pistons with isothermal and steady-state operating temperature dis-
tributions, and these results are then used to adjust the stresses in the
crown/skirt model to account for the 1oad split and possidle crown 1ift.off,
Once the cyclic stresses have been calculated for various conditions, the
possibility of crack initiation, growth and arrest is analyzed by fatigue and
fracture mechanics proced.res that are described in Reference 8.1,

4.1 Cyclic Stresses

The finite element stresses for the complete crown/skirt finite element
mode! and for 1ift.off, as summarized in Tadle 2.1, form the basis for esti-
mating the cyzlic stresses in pistons with f{sotherma’ and stead,.state
tempcrature distributions and various initial gap sizes, These bas: line
stresses are adiusted by use of the crown/skirt interaction mode’ to aciount
for thermal distortfon, g2y closure, and other operating variadles, Reference
4.1 shows that the finite element results are genera'ly conservative relative
to experimental isothermal stresses, Hence, the following results are also
conservative,

In order to encompass the load splits obse~ved experimentally, cyclic
stresses are evaluated using the range of skirt stiffiesses estimated fro=
experimental observations, The skirt stiffresses eva'uated by finite element
calculations are #lso considered, Hence, the four sets of k| and “
Tadle 1.3 for each swirt desiyn are considered., Tadle 4.1 provides a sum=i=;
of the #~es 1ts. @&, for a7 isothermal piston is always €q.8" to g, for »:

148e.nff, Oy, 0% 8 £i8%0n with sleadyestate tevpesstyre 4distrid tioe

$hown 19



depends upon whether or not 11ft.off takes place, A valye of § * 0 implies
no 1ift.off,

: The results of Table 4.1 show that the cyclic stress amplitude is lower
fn the case of steady-state temperature distribition than in the {sotherma’
case even when 11ft.off 15 predictesd to occur, Menie, fsotherma) operating
conditions are generally more severe than steady-state conditfons, A smaller
gap always resu'ts in & more favoradle g,i,, Dut may produce & less favoradle
Omax DecCause of the possidility of 1ift.off with g smaller gap. The results
of Tadle 4.1 show that 1ift.off 15 almost always prezicted for an initial gao
of 0,007 inch, but never for a 0,011 inch gap.

A comparison 0f the predicted 1ift.off distances with predicted siirt
displacements under stu? loa2in; 1s shown in Fijures 4.1 and 4.2, which pre-
sents the results from Figure 2-1 a'ong with corresponding predicted values of
& and 6 for the twd types of piston skirts, The values of & are calculated
using the skirt stiffnesses from finite element ana'ysis, These figures show
that the skirt deforwg more undes washer 1anding Toass than 1s pradicted by
use 0f the spring constants for uniform fane~ ring displaczement, This s not
unexpected; the stiffaess o0f the ski=t ynder . ¢%3r= digplaceme~t loading fis
dominated by the relatfve'y very 217’ ri3iu o . tre weist pin, Figures 4.)
and 4.2 show that the scirt can defor~ suficie %'y to preziude 1ift.off when
¢ N,N09 1agh Init1a) Qap 1s present, However, the ca':.la%ed 11ft.0ff for @
N NO7 dinch gap 1s much larges than any skirt displate~e~t due to stud loading,
Thecefore, it appears that 11ft.0’f 1s lixely to 0zzu® with @ 0,907 fazh gan,
but not for & 0,005 inch or large~ gap, Also, the lar3e” washe” 'anding dis.
nlacements for the AF means that this skirt can more closely follow the crown
at top dead center 0f the exhaust stroke, and 11°t.0ff g, therefore, less
Tikely than in the AL,

4“2 Fatigue Crack Initiation Analysis

The Cys19¢ stresses 1a Diston sefrty witn fg2t®e =2 gngd gtears.sta‘e

tenperat.re Aisseibuttons presenter 11 Tav'e 4. are zovnined with the fatis
crack initigtion criter:a ‘ro- Reference 8.1 to assess the passintlity of

cracks infsipting fn AL a2 AF pigto~ giirty ynde~ 3 viariety 0f condition~s,



Figures 4.3 and 4-4 show the results for 0,007 and 0,011 inch initial gaps for
fsotherma) and steady-state temperature distribution conditions. Two results
are shown for each set of conditions, corresponding to the minfmum and maximy~
valyes from Tadle 4.1, Allowable stress envelopes for maximum and minimu~
y!!ld:stfcﬂgtﬁ values from Tadle 2.2 of Re‘erence 4.1 are indicated, which is
the same procedure as employed in the ear'ier report,

Figures 4.3 and 4.4 show that conditions for crack initiation are more
severe under fsothermal conditions and with a large gap. Even though 191ft.of¢
is predicted for steady.state operation with a 0,007 inch gap, the resu'ting
cyclic stresses are less likely to initiate cracking than with a 0,011 fnch
gap which does not experience 'ift.off, Figure 4-3 shows that craces might
fnitiate in AE skirts under certain conditions. In contrast, Figure 4.4 shows
that cracks are predicted to 1nitiate in the AF skirt under fsotherma) condi-
tions for any gap size considered, and inftiation might occur under cyclic
stresses correspondging to steady.state ope-ation. These observations are
consistent with those reported in Reference 4.1 for isothermal conditiors,
Although fatigue cracks may initiate in the piston s«irts, these cracks will
not necessarily propagate, because they wou'd grow into a rejion of decreasing
stresses,

4.3 Fatigue Crac'. vl Analysis

The results of the previous section revea’ that craces may 171%1a%e 1
the stu? bdoss region of AE and AF pigton skirts, This section ana'yzes the
cracks to determing if they will grow, and ¢ 50, whether they will sudse-
quentl, arrest, Arrest s licely to octur Dezause 0 the very steep stress
gradient in the stud boss region (see Figure 4.1 of Reference 4.1), Fatigue
crach growth analyses were performed for the cyclic stress conditions includes
in Tadble 4.1 by procedures descridbel 1n Reference 4.1, The normalizes stress
gradient in all cases was taien to de the s2<e as that shown in Figure 4.) of
Reference 4.1, e only modification to ea=lier proced.res was %o cons'de” 2
comdination of stresses corresonding to isotherwy’ and steady-state co~it-
tions “a'zulations were first perforses 5= cycliz stresses under f30ther=s’

aldid =» A . A a uiaYeipon Lse 2rane
Al PosstDle stress reldist ib sty due o yiel4irs was zhngideres,



Fatigue crack growth due to the redistributed stresses was analyzed, This was
followed by Ymposition of stresses corresponding to steady-state operation,
In some instances, cracks could grow deeper uynder steady-state conditions than
fsothermal, because Gnax Increases 1f 11°t.0ff occurs. Following proceduses
in Reference 4.1, two sets of calculations were performes, one for nomina!
tensile properties and one for worst.case tensile properties,

Craces were predicted not to propagate in the AE skirt undes any condi-
tion considered. In contrast to this, cracks were predicted to grow in the AF
skirt in certatn cases, but always to arrest, Tadle 4.2 summarizes the crace
growth and arrest results, In contrast to the results presented in Reference
4.1, cracks were predicted to grow in AF pistons with gaps within the TDi.
specified range of 0,907 - 0,011 inch on assemdly, The cyclic stresses as @
function of gap were evaluated in Reference 4.] by a procedure that differed
from the crown/skirt interaztion mode! employed here, This resultesd in
different values of the estimated cyzlic stresses,

Tevle 4.2 shows that, 1f cracks are predicted to propajate at all, they
will arrest at depths ranging from N, 10 to 0,43 inch, The predicted depth of
arrested cracks is larger than in Reference 4.1 decause of the different mea-s
of estimating cyclic stresses and the consideratison of 117t.0f7 bDetween the
skirt g0t the crown, Odserved crack depths reporter in Re‘erence d.) were in
the range of 72,10 to 0.30 inch, The values in Tadle &.2 with o2 wiinol®
1192.07f dracket this observed range, As diszussed easlier, the Crow~ 'seirt
interaction mode! tends to overpredict 1ift.of’, whichn wo.'? lead to over.
predizting Cmaee This, In turn, wd,'d overpredict the arrester craze dezt",

Overall, cracks are always predictes eitner not to grow Or to arrest at
depths comparadle to observed values, Hence, the earlier conclystons [4.1]
regarding the integrity of the AE and AF skirts unde~ isothermal conziitions
are a'so applicente to steady.state operation,
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4.) 'lnvcstixotion of Types AF and AE Piston Skirts,” Report prepared by
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5.0  CONCLUSIONS

A crown/seirt interaction mode' was developed that provides estimates
o* tn; influence of therma' distortion of the crown on cyclic stress levels in
the stud boss regions of AL and AF piston seirts, This mode! extends results
beyond those previously reported, which considered only isothermal conditions,
The crown/skirt finteraction mode! uytilizes crown and skirt stiffnesses evalu-
ated by finite element calcu'ations, Comparisons with experimental observa-
tions showed generally good agreement with the model, Lift-off of the crown
from the skirt was predicted for gap sizes less than about 0,005 inch at
steady-state operating temperat.re, This 11ft.off alters the cyclic stresses.

Calculations of cyclic stresses undes fsothermal ond steady-state oper-
ation were made using & range of stiffnesses encompassing experimental obser.
vations, L1ft.0ff was considered 1n cuses where 1t was predicted to occur.
Crack  inftiation end propagation an2'yses were performed by procedures
followed in earlier fsotherma! ana'yses, The conclusions odtaines earlier
regarding craceing of the Af and AT giirts were unchanged, but now the
arrested crack depths predicted for the AF are in better agreement with fie'd
observations, fverall, the earlier conclusions regarding the integrity of the
AL and AT seirts @%e 2150 uncthanged, These conclusions are that crazks may
fnitiate byt wi'l mot propagate 1n the AD, and that cracks wi'l fritiate ane
may propagate n the AF, Mowever, 2%y crazes in the AF are predicted %3
arrest ot dextns less than N5 dagn, which i compartatle to field
observatinng,

fel



APPENDIX A
Component Task Description



DR-03-34]A.1

PISTONS Classification A
PART NO, N3.341A Completion N3/05/84

PRIMARY FUNCTION: The pistons react to the ¢ylinder firing pressure and pro-
vide a reciprocating mechanism for converting combined fnertia and combustion
pressure forces into mechanical torque through the wrist pin, connecting rod,
and crankshaft,

FUNCTIONAL ATTRIBUTES:

1. The piston crown must have sufficient strength to resist the high
temperalure and pressure firing loads,

2. The 'oad transfer between the piston crown and skirt structure must not
preduce alternating stresses sufficient to cause failure of the skirt,

3, The wall structure of the skirt must be resistant to pressure-induced

deformation which could result in skirt fatigue in proximity to the
stiffening ribs.

4, Preload in the crown studs must be sufficient to preclude failures of
studs/nuts/washers,

5. The piston skirt must provide a suitadble sliding surface against the
cylinder liner,

6. The piston ring groove must bde sufficiently wear-resistant to provide
sufficient ring life,

SPECIFIED STANDRRDS: WNone
EVALUATION:
1. Determine the historical evolution o the AF, AF.modified, AN, AN, and
AE piston designs, including casting, heat treatme~*, dimensional, and
material changes.

2, Determine maximum firing pressures and tewperatyres for DSR.48, NSPY.
16-4, DSRV-12-4, and DSRV.2N.4 designs,

3. Develop finite element models for AF.modified an2 %I pistor designs with
pressure loading (static conditinng),

4. Conduct thermd’mechanizal ana'ysis to determine the~mally.induces 1324
transfer due to crown distortion,

L |
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6. Perform eddy current examination of AE piston skirts from TDI DSR.4?2 and
R-5 engines, and Alaska stationary diese) generator.

7. Conduct fricture mechanics analysis of possible crack propagation in AF.
modified and AL designs with differing stress conditions.

a.:’Conduct erperimental static fsothermal stress distribution test on Af
skirt,

9. Evaluate the effect of piston skirt loading on wear.

10, Perform LP and eddy current inspection of SNPS A pistons following 100
hours at 100% load,

11. Assess the similarity of the AF.modified, AM, and AN piston designs,
12, Complete report on AF.modified, A4, AN, and Af pistons,

13. Review information provided on TER's 0-159, Q-194, 0-203, Q-310, Q-326,
Q-235, 0-338, 0-393, (-412, Q-413, 0-419, and 0-422.

REVIEW TDI ANALYSES:
1. Examine TDI strain gage testing (static) on skirt stud hoss region,
INFORMATION REQJIREN:

1. TDI drawings for AN and AE designs including studs, Relleville washers,
preload, and material specifications.

2. MHistorical Information on casting changes, heat treatment changes.

3. Maximum cylinder firing pressure and temperature for OSR-48, DS~V.16.4,
DSav.12-.4, and DSRV-20-4,




