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called Appendix XX, are expected to be approved by the Sect‘on XI
Subcommittee in the near future. The text of the most recent draft of
Appendix XX, approved at the Working Group level in May 1992, is included
here as Attachment A of this report,

The objective of this repoi't is to present a fracture mechanics
evaluation of Oyster Creek RPV using the procedures and acceptance criteria
outlined in Appendix XX. The Code of construction for the Oyster Creek RPY
did not have the normal (Level A), upset (Level B), emergency (Leve! C) and
faulted (Level D) condition categorization for the loadings and therma)
transients defined in the loading diagram. Theretore, more recent BWR
thermal cycle diagrams were used in categorizing the loadings and to define

the appropriate loadings to consider for the evaluation of level C and D
conditions.

1.2 Gecmetry and Material Property Data on Oyster Creek RPY

The geometry of the Oyster Creek RPY and the ASME Code stress analysis
are documented in Keference 1-1. The part of the RPV evaluated in thie
report is the cylindrical beltline region. In that region, the inside
radius and the thickness of the vessel is 106.7 inches and 7.125 inches,
respectively, The chemical compositions of the beltline plates and welds,
obty‘ned from Reference 1-4, are shown in Table 1-1.

A review of Table 1-1 shows that the two lower shell pla s (G-307-1
and G-308-1) have reported nicke! content of 0.11%. This makes these two
plates, which come from the same heat, confirm to the composition
requirements of SA 302B. A1l the other plates have nicke) contents between
0.4% and 0.7%, the requirement for SA 3028 modified which was later
designated as SA 533 Grade B. Due to nicke! addition, the SA 3028 modified
has, on the average, better fracture toughness properties than the
unmodified SA 3028. This distinction is important, as discussed later, in

determining the appropriate material fracture toughness for the Appendix XX
ealuations,
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Table 1-2 from Reference 1-4 shows the projected Charpy USE values for ‘
32 effective full power years (EFPY) of operation. It is seen that the !
| projected USE values for the plates G-308-1, G-307-5, G-8-7 and G-8.6 are |
' les. than 50 ft-1bs. (Some of the projected USE values for the welds in
i Table 1-2 are also below 50 ft-1bs, but they were calculated based on the |
| test temperature of 10" F, 1If this overconservatism is removed, all of the
calculated USE values fur the welds will exceed 50 ft-1bs [1-6].)
Therefore, these plates were evaluated per Appendix XX procedures

The projected USE values shown in Table 1-2 are for the transverse
direction (normal to the rolling direction). For the rolled 1.w alloy
steel plates, such as those used in the fabrication of RPVs, the transverse
direction gives Tower USE as compared to the longitudinal direction
(parallel to the rolling direction). For the plants constructed to the
ASME Code effective prior to Summer 1972 (which is the case for Oyster
i Creekx), only the longitudinal direction Charpy energy testing was required.
| Thevefore, the initial transverse USE values shown in Table 1-2 were
obtained by muitiplying the initial longitudinal USE by 0.65, based on the
guidelines given in Reference 1-7.

Since 1t is the projacted transverse direction USE that falls below 50
ft-1bs, the postulated flaws are evaluated only in the orientation for
which this direction toughness is relevant. This means, in the case of
beltline plates, only the circumferential flaws need to be evaluated.
Therefore, the evaluations in the following Sections considered only the
circur.ferential cracks.

1.3 Report Outline

Section 2 describes the methodology of Appendix XX and how it was
implemented in this evaluation., Irradiated fracture toughness properties
| of SA 302B and SA 302B modified published in che technical literature are
reviewed in Section 3 to detcrmine the initiation toughness (Jic) and the
| J-Resistance (J-R) curves based on the lower bound and the mean of the
data. Section 4 describes the evaluation of Level A and B conditions based
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TABLE 1-2

Upper Shelf Energy Analysis for
Oyster Creek Beltline Materials
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Toughness properties for the corresponding orfentation (transverse
orientation) are to be used in the evaluation,

Two criteria which shal)l be satisfied are:

(1) The applied J-integral evaluated at a pressure which is 1.15
times the accumulation pressure as defined in the plant-specific
Overpressure Protecticn Report, with a factor of safety of 1.0
on thermal loading for the plant specified heatup and cooldown
conditions, shall be shown to be less than the J-integral
characteristic of the material resistance to ductile tearing at
a flaw growth of 0.10 in.

(2) The flaw shall be shown to be stable, with the possibility of
ductile flaw growth, at a pressure which is 1.25 times the
accumulation pressure defined in (1), with a factor of safety of
1.0 on thermal loading for the plant specified heatup and
cooldown conditions.

The J-integral resistance versus crack growth curve (J-R curve) shall be »
conservative representation for the vessel material under evaluation., The
determination of the J-R curve for this evaluation is discussed in Section
3. The mathematical expressions for the calculation of applied J-integral
and for the evaluation of stability are discussed in Subsection 2.2.

2.1.2 Level C Service Loadings

While the shape and the aspect ratio are the same as those for the
Level A and B Service loadings, the depth of the postulated flaw for this
service condition is 1/10 of the base metal wall thickness, plus the
cladding thickness, with total depth not to exceed 1.0 inch. Smaller
maximum flaw sizes may be used on an individua) case basis when Justified.
Two criteria which shall be satisfied are:

2-2
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(1) The applied J-integral shall be shown to be less than the
J-integral characteristic of the material resistance to ductile
tearing at a flaw growth of 0.10 in., using a factor of safety
of 1.0 on loading.

(2) The flaw shall be shown to be stable, with the possibility of
ductile flaw growth, using a factor of safety of 1.0 in loading.

The material J-R curve shall be the same as used in the evaluation of
Level A and B conditions. Thus, the key differences between the Leve! A/B
evaluation and the Level C evaluation are the postulated flaw size and the
factor of safety.

2.1.3 Level D Service Loadings

The postulated flaw geometry for this service condition is the same as
that for the evaluation of Level € loadings. The flaw shall be shown to be
stable, with the possibility of ductile flaw growth, using a factor of
safety of 1.0 on loading., The J-R curve shall be a best estimate
representation for the vessel material under evaluation. The stable flaw
depth shall not exceed 75% of the vessel wall thickness, and the remaining
Tigament shall be safe from tensile instability.

: 2.2 Calculation of the Applied J-Integral

The calculation of applied J-integral consists of two steps: Step 1 is
to calculate the effective flaw depth which includes a plastic-zone
correction; and Step 2 is to calculate the J-integral for mall-c:ale
yielding based on this effective flaw depth.

For the postulated circumferential flaw with a depth ‘a’, the stress

intensity factor due to internal pressure with a safety factor (SF) on
pressure, was calculated using the following:

Kip = (SF) p [1 + (Rj/(2t))) (n2)0:5 Fp (2-1)
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Fg » 0.885 + 0.223(a/t) + 0.3a8(a/t)2 (2-2)
where, Ry, t and a are vessel inside radius, vessel thickness and crack
depth, respectively. This equation for Kip 1s valid for 0.2 < a/t < 0.50,
and includes the er uct of pressure acting o the flaw faces. The units
for K are ksi/in,

For an axial or circumfere~:ia’ flaw with a depth ’'a’,the stress
intensity factor due to radial thermal gradient was calculated by using the
following:

K1t = ((CR)/1000) t2-5 Fyq (2-3)

F3 = 0.584 + 2.647(a/t) - 6.294 ~/t)2 + 2,990(a/t)3 (2-4)
where CR is the cooling rate in "F/hour and the units of K are ksi/in,
This equation for Kyj¢ is valid for 0.20 < a/t < 0.50, and 0 < (CR) «
100°F /hour.

The effective flaw depth, ag, is then calculated by using:

3¢ = 3 + (1/(67))[(K1p + Kyg)/oy)? (2-5)
where, vy 1s the material yield stress.

The K'p and K'j¢ are calculated by substituting ae in place of a in
equations 2-1 and 2-3, The J-integral due to the applied loads for smal)
scale ylelding is then given dy:

J = 1000 (K'gp + &'1g)2/E (2-6)

£ = E/(1-49) (2-7)

where, E is Young's Modulus und v is poisson’s retio (=0.3). The units of
J are in-1b/in2,

2-4

e e i el B e

T

e e e e e e e A A S A e £



"
O
’
’
q
'
] " " : i
o f ' }
y ’ » 4
. -
; ) " £ 4 " .
g ' | t + )
v 3
r ’ § ' 4
a '
‘ 4 o
' 1 ! Y  § ’ )
i ! o ; » L » + &
- ¥y ¥
l,. ) ! ' ’ > g » ’ 4 $
t L  ( ' g i ‘ ) "
" . . + 4 ¢
¥
' } * )
¢ ! ; X)X
N ! § 4 §

€




N SR —

B e

T -

N RN Oy v = Y =

plant RPV are summarized in this section., The key input in this evaluation
are the appropriate material J-R curves and the applied J-integral values.
The selection of appropriate material J-R curves considering Oyster Creek
plant-specific irradiaiion data is described in Section 3. Sections 4 and
5 describe the rationale for the selection of appropriate pressure and
thermal loadings and evaluation results for the Levels A/B and C and D
conditions.
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evaluation, Charpy USE to J-R curve correlations for both the materials are
discussed in this section and the appropriate J-R curves are developed.

3.1.1 SA 302 Grade B Data

To establish a Jjc versus Charpy USE correlation that can be used to
assess the mean and mean minus two standard deviation J-R curve, test data
on SA 302B base metal from References 3-2 and 3-4 were compiled and plotted
in Reference 3-5. Figure 3-1 shows such a plot. The data in Figure 3-]
are for temperatures in the range of 400" F to 550° F for both the
longitudinal and transverse orientations and irradiated as well as
unirradiated material. Fluences ranged from 0.6 to 3.5 x 1019 n/em?,

The data in Figure 3-1 show a trend for decreasing Jjc with decreasing
Charpy USE. The mean and the mean minus two standard deviation 1ines shown
in "frure 3-1 were obtained using linear regression analysis. The mean
Tine was used to determine the best estimate J-R curve for the evaluation
of Level D loadings. The mean minus two standard deviation line was used
to establish a conservative representation of the J-R curve, as required in
the evaluation of Levels A,B and C loading conditions.

The J-R curves for most materials can be represented by an equation of
the following form:

J = C (4a)" (3-1)

This equation gives a convex upwards form of J-R curve in which the J
values keep increasing with increase in Aa. Reference 3-3 sugges:s that SA
302 Grade B apparently exhibits a size effect where the J-R curve flattens
significantly with increasing specimen thickness as illustrated in Figure
3-2. This result was also unusual in that the J-R curve of 2 thicker
(larger) specimen was lower than that of a thinner (smaller) specimen. A
subseque  evaluation [3-6] examined several possibilities for this unusual
size effect but could not cite any clear cause, Consequently, an
approximate method was used in Reference 3-5 to refiect this size effect.

3-2
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Data in Reference 3-3 show that the effect of thickness on Jye is
relatively small. Therefore, only the size effect on the J-R curve at
larger Aa values was considered. Results plotted in Figure 3-2 show that
the J-R curve for the 6TCT specimen rises above Jje by 2 vactor of about
1.3 and reaches a plateau. While it is not clear that this size effect
seen at 180" F would be also present at 400° F to 550° F temperature range,
it was assum- ' that this was the case.

Therefore, it was assumed in Reference 3-5 that the J-R curves for
both lTongitudinal and transverse direction will flatten out at 30% above
Jieg. The same conservative assumption was also used in this report to
develop the J-R curve for SA 302B material,

3.1.2 SA 533 Grade B (3028 modified) Data

A comprehensive multivariable modeling of RPY and piping J-R data is
reported in References 3-7 and 3-8, Separate models were fitted for
different materials groups, including RPV welds, Linde 80 welds, RPV base
metals, piping welds, piping base metals, and a combined materials group.
The material data base did not include SA 302B steel, but included SA 533
Grade B cteel, which is relevant for SA 302B modified plate G-8-7,

The material J-R curve in Reference 3-8 is represented in the
following form:

J¢ = C1 (2a)C2 (exp[C3(ra)C4)) (3-2)
Jg is the deformation J-integral. The use of deformation J-integral,
rather than the modified J-integral, is currently favored in the fracture
mechanics evaluations. The notation J is also used in this report to
indicate deformation J-integral. The expressions for C2 and C3 terms are:

C2 = dy +d2 (In C1) (3-3)

C3 = dg ~ dg (In C1) (3-4)
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3,2 Charpy USE Values Selected for J-R Curve Determination

The lowest value of transverse USE in Table 1.2 is 40,3 ft-1bs. This
value 1o for plate G-8-7 at 32 EFPY., This is based on the fluence value at
1/4 thickress., The pi.tulated flaw for the Level C and D Yoadings is 1/10
thickness. The transverse USE for thic case was calculated as 39.6 ft-1bs.
In view of the small difference between the two energy levels, a single
value of 40 ft-1bs was used in determining the J-R curve.

If the plant 1ife extension (PLEX) is implemented at Oyster Creek
plant, the fluence leve! would be higher than that calculated for 32 EFPY.
To evaluate the PLEX case, a very conservative evaluation was conducted
assuming a Charpy USE of 36 ft-1bs for plate G-B8-7, This is quite
“onservative since the fluence level associated with 46 ft-1bs USE 1s

estimated as 1.3 x 1019 n/em?, which is projected to be more than 170 EFPY
of operation,

3.3 Determination of J-R Curves

Figures 3-4a and b show the J-R surves for SA 3026 material at 40 and
35 ft-1bs USE levels. The mean minus two standard deviation Jic values fer
the preceding 'SE levels are 170 and 150 in-1b/1n2, respectively. The
corresponding mean values are 340 and 315 1n-1b/1n3. respectively, Figure
3-4a shows the mean and 3-4b shows the mean minus two standard deviation
J-R curves, The J-R curves flatten out at a J-integral valua equal to 1,3
times Jye, s described in fubsection 3.1.1.

As discussed in Subsection 3.1.2, the J-1 curves for SA 3028 modified
material can be calculated in two ways: (1) using pre-irradiation Charpy
USE and fluence level, and (2) irradiat-d Charpv USE. Figure 3-5 shows the
results of mean or best estimate J-R curve calculations for plate G-3-7,
The irradiated Charpy USE J-R curve was calculsted using 35 ft-1bs energy.
The other J-R curve was calculated using a CVNp of 51.4 ft-1bs and a
fluence level of 1.3x101% n/em®. It is seen that the J-R curve Lased on
irradiated Charpy USE {s lower. Therefore, a1 of the J-R curve

3-8
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calculations for SA 3028 modified material were conducted using oniy the
irradiated Charpy USE.

Figure 3-6a and b show the mean and mean minus two standard deviation
J«R curves for the 40 and 35 ft.1bs irradiatec Charpy USE levels,
respectively. A comparison of the J-R curves in Figures 3-4 and 3-6 shews
that the J-R curves in Figure 3-4 (SA 302B material) are lower than those
i in Figure 36 (%A 3028 modified or SA 533B). For completeness, the J-R
. curves for both the materials are shown in the evaluation of operating
conditions presented in Sections 4 and §.

e e e

1.4 Summary of J-R Curve Determination

. J<R curves were developed for two Charpy USE levels (40 and 3§
! ft-1bs). The firzt one corresponds to the lowest predicted USE level for
| any beltline RPV plate st 32 EFPY and the latter energy level represents a
bounding case, Although the material for plate G-8-7, which shows the
lowest predicted USE, is 3A 3028 modified, one othe~ beltline plate of SA
3028 materia)l is also predicted to have transverse USE below 50 ft-lbs.
Therefore, J-R curves are determined for both the SA 302B (Figures 3-4a and
b) and ihe SA 302B modified (Figures 3-6a and b). The mean minu¢ two
standard deviation J-R curves are to be used in the evaluation of Levels A
througt C loadings, and the mean or the best estimate J-R curves are to be
used in evaluating the Level D loadings.

|

I

I
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4.0 EVALUATION OF LEVEL A ANU B CONDITIONS

The methodology for the evaluation of Level A and 0 Service lcadings
was described in Section 2. Key steps in that evaluation are the
calculation of applied J-integral and the flaw stability evaluation. This
Section describes the selection and the evaluation of appropriate loadings
for Service Levels A and B. The J-R curves determined in Section 3 are
used to determine if the acceptance criteria of Appendix XX are satisfied.

4.1 Level A and B Service L~*dings

The loadings for the Oyster Creek RPV are specified in Reference 4-1
and were used in the ASME Code analysis documented in Reference 1-1. A
review ~f Reference 4-1 indicates that the Service Level A and B loadings
are essentially internal pressure and a heatup/cooldown rate of 100° F per
hour. The RFkY design pressure is 1250 psig. The numerical values of
pressures, cooling rate, material strength properties and the beltline
geometry used in this evaluation are summarized in Table 4-1.

The postulated flaw for this case is a 1/4 t (i.e., 7.125x.25 or 1.78
inch) and its orientation is circumferential. The internal pressures and
the cooldow.. rate shown in Table 4-1 along with the flaw geometry
information were input in equations (2-1) through (2-7) of Section 2 to
determine the applied J-integral values.

4.2 Evaluation per Jg i Criterion

Table 4-2 shows the calculated values of applied J-integral for
internal pressure equal to 1581 psi (1.15x Accumulation pressure) and a
cooldewn rate of 100° F per hour. The applied J-integral value at 1.88

inch crack depth (1.78 + 0.1) is 63.8 in-1b/in2,

4-1
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Figure 4-1 shows the plot of this J-integral value along with the mean
minus two sigma J-R curves (40 ft-1bs USE) for SA 302B and SA 3028
modified. It 1s seen that the applied J value of 63.8 is considerably less
than the Jg,; value for both J-R curves. Figure 4-2 shows the same
comrarison with J-R curves corresponding to 35 ft-1bs USE. 1In all cases
the Jp,] criterion is satisfied.

4.3 Stability Evaiuation

The applied J-integral values for the stability evaluation are
calculatod using an internal pressure of 1719 psi (1.25x Accumulation
pressure). Figure 4-3 shows the applied J curve and the appropriate J-R
curves for 35 ft-1bs USE. Flaw ctability at a given applied load is
assured when the slope of the applied J-integral curve is less than the
slope of the material J-R curve at the point on the J-R curve where the two
curves intersect (see Figure 2-1). This condition is clearly satisfied
even for the 35 ft-1bs USE case.

To determine the pressure at which the instability occurs, applied
J-integral curve was recalculated for a range of internal pressures. With
SA 320B modified J-R curve for 35 ft-1bs USE, the instability was predicted
for an internal pressure of 3250 psi, well in excess of any credible
pressures in BWR operations. The stability assessment curve corresponding
to 3250 psi pressure is shown in Figure 4-4,

4.4 Summary of Service Level A and B Evaluation

The evaluation for Service Level A and B loadings was conducted with the
conservative J-R curves for SA 302B and SA 302B modified materials. The
results of the evaluation show that even for the case w.th assumed USE of

'5 ft-1bs and the SA 302B J-R curve, both the Jg,j and stability criteria
are satisfied.

4-2
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TABLE 4-1

RPV Geometry and Loading Information

Vesse]l Geometry for Beltline Region

Conditions

Vessel Radius
Vessel Thicknass
Plate Analyzed
Flaw Orientation

106.7 in.

7.125 in.

G-8-7
Circumferential

for Level A & B Evaluation

Pressure ‘design)
Accumulation Pressurc
1.15xAccum. Pressure
1.25xAccum. Pressure
Temperature

Young’s Modulus
Poisson’'s Ratio
Cooldown Rate

Yield Strength
Ultimate Strength
Transv. USE

Irradiated Material Properties
@ 32 EFPY

Fluence (1/4t)
Sy @ 550" F
CVN Energy

1250 psi

1250x1.1 or 1375 psi

1375x1.15 or 1581 psi
1375x1.25 or 1719 psi
550° F

27.7x108 psi

0.3

100° F per hour

Unirradiated Properties of Plate G-8-7

67.2 ksi @ room temperature

88.6 ksi
51.4 ft-1bs

2.36x1018 n/cm?
69 ksi (estimated)
40.3 ft-1bs

a-4



TABLE 4-2

Calculated Values of Applied J-Integral for 1.1S8xAccumulation

Pressure Case
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5.0 EVALUATION OF LEVEL C AND D CONDITIONS

The Appendix XX procedures call for the evaluation of Service Level C
and D loadings with a safety factor o7 1.0 and a postulated flaw equal to
1/10 of the vesse! wall thickness. The ASME Code of consiruction of the
Oyster Creek RPV did nuc have the Service Level classification for various
i2adings. The later editions of the Code first introduced the Normal,
Upset, Emergency and Faulted classification for the various plant
transients ard component loadings. To avoid corfusion between the plant or
system ope. ating conditiun. and the component operating cunditions, this
classification was then changed for the components to Service Levels A
through D.

Since the RPV loadings drawing [4-1] does not define Level C and D
condition loads, guidance was taken from more recent RPV thermal cycle
diagrams, sucn as Reference 4-2 for a BWK/§ standard plant, to sel -t the
appropriate transients. Once the transient is selected, the first step in
the evaluation is to determina the throughwall stress distribution in the
RPV wall when the stresses reach their peak. This was done by finite
element analysis. The stress intensity factor, K, values and
correspondingly the applied J integral values are then calculated using
available handbook solutions for circumferential cracks. The handbook
approach is used since Appendix XX does not provide procedures to calculate
K for temperature transients where heatup/cooldown rate exceeds 100° F per
hour.,

5.1 Evaluation of Level C Conditions
5.1.1 Transient Definition

A review of Reference 4-2 indicates that among the transients
specified for the Emergency (lLeve! €} condition, Automatic Blow Down with

Loss of High Pressure Feed (Event 23) is relevant for the Oyster Creek RPY.
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is a more rapid blowdown than that occurs with a single relief or safety
valve blowdown, a transient already postulated in Reference 4-1. The
temperature change in the beltline region during this transient is shown in
Figure 5-1. The temperature is assumed to drop to 375° F in 3.3 minutes or
200 seconds. The temperature is then assumed to drop to 259° F at the rate
of 300" F per hour. The internal pressure in the beltline region
theourhoul this event is the saturation pressure corresponding to fluid
temperature. Thus the pressure at the end of 3.3 minute ramp is 170 psi.

5.1.2 Finite Eiement Stress Aualysis

Figure 5-2 shows an axisymmetric finite element model of the RPY wall
in the beitline region. The stainless steel clad on the ID surface, with a
nominal thickness of 7/32 inch, is also included in the model. ANSYS
computer program [5-1] was used in coth the transient temperature and the
stress analyses. The value for the convective heat transfer cnefficient,
h, at the ID surface was assumed as 10,000 Btu/hr-ft2-°F, based on a
previous analysis [5-2] of a more severe transient.

The transient temperature distributions were calculated at severa)
time points along the transient which were then used ir the subsequent
stress analysis. A review of the stress distributions a. different time
points showed that the stresses reach a maximum at time ecual to 200
seconds., Figure 5-3 shows this stress distribution. The increased stress
Tevel in the clad (over and above the extrapolated trend from the base
metal stress) is due to the difference between the therma) expansion
coefficients of low alloy steel and stainless steel. This additional
thermal stress in the clad was approximated as a point ferca for the
calculation of stress intensity factor, K.

5.1.3 Fracture Mechanics Evaluation

The geometry of the postulated flaw for the Level C service loadings
s essentially the same as that for the Level A and B loadings except that
the flaw depth is 1/10 of the base metal wall thickness. The flaw
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orfentation is (ircumferential. For the calculation of applied K (and
correspondingly, J) values, a fully circumferential (i.e., 360' around)
flaw geonetry was conservatively assumed, thereby it was possible to use 2
standard approach given in Reference 5-3. The stress distribution in this
approach is characterized in the form of a third order polynomial across
the thickness:

0= 3g+ 3] X+ a2 x° + a3 x3 (5-1)

The stress in the clad over and above that which would be present
based on the extrapolation from base metal, was integrated over the clad
thickness and the resulting force, P, was assumed to be located at the
middle of the clad., The following equation based on a solution given in
Reference 5-4 was used to calculate the K contributed by the force P:

Kc‘,ad = 2P x 1.3// (ﬂ!) (5‘2)

where, a 1s crack depth.

Table 5-1 shows a summary of the calculated values of K and
J-integral. Both the pressure and thermal loadings are based on a safety
factor of 1,0. The last but one column (K'teta)) in Table 5-1 shows the
total value of K including the plastic zone size correction. Figure 5-4
shows 2 plot of K'gota) as 2 function of crack depth/thickness.

The last column in Table 5-1 shows the applied J-integral values
obtained from K'tota) values by using equation (2-6). The J-integral
values are then used in the acceptance critaria evaluation.

5.1.4 Acceptance Criteria Evaluation

Figure 5-5 shows the applied J-integral curve, an¢ the J-R curves for
SA 3028 and SA 302B modified at 35 ft-1bs USE. The J-R curves for this
evaluation are conservative representations (i.e., mean minus two sigma
values). The J-integral value at 0.1 inch crack growth, J]. was obtained
as 64.98 in-1b/in? from Table §-1 at ‘a’ = 1.031 inch (which is 0.1x7.125 +
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clad thickness of 7/32 + 0.1). This value is clearly less than the Jp.)
values for either of the J-R curves in Figure 5-5. Therefore, the first
criterion in Subsection 2.1.3 is satisfied. Figure 5-5 also demonstrates
that the stability criteria is also satisfied since the applied J-. *egral
value is less than Jyc predicted by both J-R curves.

Based on the preceding, it is concluded that the both acceptance
criteria for Level C loadings are satisfied.

5.2 Evaluation of Level D Conditions

As in the case of Level C loadings, there are no Level D condition
loadings defined in the Oyster Creek RPV 1oading drawing. A review of more
recent RPV thermal cycie diagram [4-2] shows that the Loss of Coolant
Accident (LOCA) event is the most limiting among the Level D events,
Therefore, this event was considered in the evaluation for Level D
acceptance criteria.

A fractvre mechanics evaluation of a BWR RPV following a postulated
LOCA event has been described in Reference 5-2. The analysis in Reference
5-2 considered a 240 inch ID RPV with a thickness of 6 inches. These
dimensions differ slightly from those of Oyster Creek RPYV, but it was
judged that these differences are insignificant and, therefore, the results
of that analysis were used in this evaluation.

5.2.1 Description of LOCA Event

Two types of pipe rupture events can be postulated to cause 2 LOCA:
(1) steam line break, (2) recirculation 1ine break. Both events assume a
guillotine rupture of the line when the reactor is operating at full power.
Foliowing pipe rupture, depressurization occurs rapidly in both cases.

During steam line break, because of its higher elevation, the annulus
between the shroud and the beltline region continues to be filled with
two phase mixture of water and steam, and the boiling continues for qu, e

some time after the initial rapid depressurization. On the other hand,
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with a recirculation line break, the water in the annulus drains out after
the initial depressurization and the beitline region is exposed to steam
under natural convection heat transfer conditions. Therefore, higher heat
transfer conditions, and consequently, higher temperature gradients are
expected to develop in the case of steam line break., It was, therefore,
concluded that the steam line break is more severe than the recirculation
line break from the view point of thermal stresses and fracture failure
mode. Therefore, steam line break was analyzed in Reference 5-2.

Figure 5-6 shows the pressure and temperature variations assumed
during the LOCA event. Based on the consideration of th:ermodynamic and
heat transfer conditions, the convective heat transfe~ coefficient, h,
during tiie depressurization phase (time 0 to 300 seconds) was
conservatively assumed as 10000 Btu/hr-ft?~‘F. After 300 seconds, there is
significant subcooling from the ECCS flow and, therefore, the value of 'h’
is much lower. A value of 500 Btu/hr-ft2°F was assumed for that portion of
the event.

5.2.2 Fracture Mechanics Analysis Results

Figures 5-7 and 5-8 show tne calculated temperature and stress
distributions, respectively, in the vessel wall at different times after
the initiation of LOCA event. The calculated values of stress intensity
factors based on the stress distributions of Figure 5-8, are shown in
Figure 5-9, A 360" circumferential crack geometry was assumed in these
calculations. It is seen that the stress intensity factor values are the
highest at time equal to 300 seconds. The stress iniensity factor value at
a/t of 0.1 is approximately 90 ksi/in. This is equivalent to a applied
J-integral value of 266 in-1b/inZ,

5.2.3 Acceptance Criteria Evaluation
The material J-R curves to be used for the evaluation of Level D
loadings are those based on the best estimate or the mean values. Figure

5-10 shows the mean or best estimate J-R curves for . ft-1b USE and the
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calculated value of applied J-integral for Level D loading. It is seen
that the value of applied J-integral, 266 1n-1b/1n2. is even less than the
Jic value for the lower of the two J-R curves (315 in-1b/in2), Thus, both
the Jg,1 and the stability criteria are satisfied.

5.3 Summary of Level C and D Loadings Evaluation

The evaluation for Service Level C was conducted with the assumed
loading as that resulting from an Automatic Blowdown Transient. The
applied J-integral values were based on a finite element stress analysis of
Oyster Creek RPV wall, The mean minus two sigma J-R curves for SA 302B and
SA 3028 modified materials were used in the acceptance criveria evaluation.
For the Service Level D evaluation, results from a previous fracture
mechanics analysis of LOCA event were used to determine the applied
J-integral values. The mean or best estimate J-R curves were used “or this
case.

The results of both the evaluations show that even for the case with
assumed USE of 35 ft-1bs and the SA 302B J-R curve, both the Jo.1 and
stability criteria are satisfied.

5.4 References

§-1 ANSYS Computer Program, Version 4.1, Swanson Analysis Systems, Inc.

5-2 Ranganath, S., "Fracture Mechanics Evaluation of a Boiling Water
Reactor Vessel Following a Postulated Loss of Coolant Accident," Paper
No. G 1/8, Transaction of the S5th SMiRT Conference, 1979.

5-3 C.B. Buchalet and W.H. Bamford, "Stress Intensity Factor Solutions for
Continuous Surface Flaws in Reactor Pressure Vessels," ASTM STP 530,

1876, pp. 385-402.

5-4 H. Tada and P.C. Paris, "The Stress Analysis of Cracks Handbook," De)
Research Corporation, 1985,
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6.0 SUMMARY AND CONCLUSIONS

The P-T curve analysis for Oyster Creek RPV had indicated that the
projected 32 EFPY upper-shelf energy for some of the RPV plates in the
beltline region will fall below the 50 ft-1b value. Based on this
information, the NRC staff has requested an Oyster Creek specific analysis
showing the basis for present and continued vessel structural integrity
when the 50 ft-1b requirement of 10CFR 50, Appendix G is not satisfied. A
qraft Appendix (Appendix XX) to ASME Section X! provides evaluation
procedures and acceptance criteria for such cases. This report presents a
fracture mechanics evaluation of Oyster Creek RPV using these procedures
and acceptance criteria,

Levels A through D loading conditions were analyzed. For the Oyster
Creek vintage vessels, the reactor loading diagrams did not define any
Level C (emergency condition) and D (faulted condition) loadings.
Therefore, based on a review of later BWNR RPV thermal cycle diagrams,
Automatic Blowdown transient a.d the LOCA event were selected as the
limiting loadings for Level C and D conditions, respectively.

The beltline plates that have projected USE below S0 ft-1bs are made
of SA 302B and SA 302B modified (equivalent to SAS33 Grade B). Technical
Titerature on fracture toughness testing of both the materials was reviewed
to determine the appropriate J-Resistance or J-R curves. Best estimate
minus two standard deviation J-R curves were used in the evaluation of
Levels A, B and C service loadings. Level D loadings were evaluated using
best estimate J-R curves. The J-R curves for SA 30zf materia)l was found to
be always lower than those for the SA 3028 modified material at the same
USE Tevel. The beltline plate (G-8-7) that has the lowest projected USE
(40.3 ft-1bs) is made of SA 302B modified stock but there are other
beltline plates, made of SA 302B, which are also projected to have USE
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