














Table 4-3. Buckling Evaluation at the Upper Beam Seat for the Refueling Load Case with Best Es-
timate Degradation

Sphere Radius, in 420
Sphere Thickness, in 0.67
Material Yield Stress, ksi 38
Elastic Modulus, ksi 29500
Factor of Safety, FS 2
Applied Meridional Compressive Stress from Analysis, o, ksi 5.39
Load Factor from Bucking Analysis, A 9.49
Theoretical Elastic Buckling Stress, 6ie = Ao, ksi 51.15
Capacity Reduction Factor, a 0.207
Reduced Elastic Instability Stress, e = dGje, KSi 10.59
Yield Stress Ration, A = ce/oy 0.279
Plasticity Reduction Factor, n 1.0
Inelastic Instability Stress, 6; = nGe, ksi 10.59
Allowable Compressive Stress, oa = 6i/FS, ksi 5.29
Applied Compressive Stress Percentage of Allowable, 6./64,* 100 | 101.8%
Effective Factor of Safety, FSg = oi/o. 1.96

Figure 4-4 and Table 4-4 predict buckling in the sandbed region for the refueling load case with
degradation. In this analysis, sandbed Bay Combination 13-15 was the first to buckle at a thick-
ness of 0.842 inches. This region is just adjacent to the local thin region (t = 0.618 inches) under
the ventline in Bay 13. Since Bay Combination 9-11 (t = 0.835 in) is thinner than 13-15, it is
possible the local thin region adjacent to Bay Combination 13-15 aids in the initiation of the
buckling of the entire region. The effective factor of safety for this buckling mode is 2.15 which
just exceeds the required value of 2.

Figure 4-4. Buckling in the Sandbed Region for the Refueling Case with Best Estimate Degrada-
tion
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Table 4-4. Buckling Evaluation in the Sandbed Region for the Refueling Load Case with Best Es-
timate Degradation

Sphere Radius, in 420
Sphere Thickness, in 0.842
Material Yield Stress, ksi 38
Elastic Modulus, ksi 29500
Factor of Safety, FS 2
Applied Meridional Compressive Stress from Analysis, o, Kksi 4.47
Load Factor from Bucking Analysis, A 10.40
Theoretical Elastic Buckling Stress, 6ie = Ao, ksi 46.49
Capacity Reduction Factor, a 0.207
Reduced Elastic Instability Stress, e = dGje, KSi 9.62
Yield Stress Ration, A = ce/oy 0.253
Plasticity Reduction Factor, n 1.0
Inelastic Instability Stress, 6; = nGe, ksi 9.62
Allowable Compressive Stress, oa = 6i/FS, ksi 4.81
Applied Compressive Stress Percentage of Allowable, 6./o4* 100 | 92.9%
Effective Factor of Safety, FSg = oi/o. 2.15

4.2 Post-Accident Condition

The analysis of the post-accident load case with no degradation produces numerous spurious
buckling modes prior to those determined to be realistic in nature. These spurious modes occur
at the ends of the ventlines and equipment hatch and are judged to be caused by the approximate
boundary conditions used in those regions. The first realistic buckling mode for the no degrada-
tion case occurs in the cylinder. From the displaced shape for this buckling mode in Figure 4-5,
it appears that it is caused by a combination of the additional lateral seismic load used for the
flooded condition and the lateral constraints applied to the stabilizers.

Table 4-5 summarizes the buckling evaluation. Here the applied meridional compressive stress
is actually taken as the minimum principal stress since the maximum compressive stresses in this
region are slightly rotated from the meridional axis. The effective factor of safety for this mode
is 2.85 which exceeds the required 2. When degradation is introduced, buckling first occurs in
the critical sandbed region and not in the cylinder. Therefore, an evaluation of buckling in the
degraded cylinder has not been included here.
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Figure 4-5. Buckling in the Cylinder for the Post-Accident Load Case with No Degradation

Table 4-5. Buckling Evaluation in the Cylinder for the Post-Accident Load Case with No Degrada-
tion

Sphere Radius, in 198
Sphere Thickness, in 0.640
Material Yield Stress, ksi 38
Elastic Modulus, ksi 29500
Factor of Safety, FS 1.67
Applied Meridional Compressive Stress from Analysis, o, ksi 2.3
Load Factor from Bucking Analysis, A 13.75
Theoretical Elastic Buckling Stress, e = Ao, KSi 31.625
Capacity Reduction Factor, a 0.207
Reduced Elastic Instability Stress, e = acje, KSi 6.546
Yield Stress Ration, A = ce/oy 0.172
Plasticity Reduction Factor, n 1.0
Inelastic Instability Stress, o; = noe, ksi 6.546
Allowable Compressive Stress, og = 6i/FS, ksi 3.920
Applied Compressive Stress Percentage of Allowable, 6./64* 100 | 58.7%
Effective Factor of Safety, FSg = oi/o. 2.85
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For buckling in the sandbed for the post-accident case, the allowable compressive stress is in-
creased to account for the additional buckling capacity due to the internal pressure. A modified
version of the procedure used by GE (GE, 1991b) is applied here. The only difference in the
standard N-284 procedure is in the computation of the reduced elastic instability stress, o.
Based on the method outlined by Johnson (Johnson, 1976), o. = aaie + AC(Et/r), where a and oie
are computed the same as in N-284 with AC determined from a chart provided in Johnson (John-
son) and reprinted by GE (GE, 1991b). The chart of AC requires the computation of the ‘X’ pa-
rameter, where X = (P/4E)(2r/t)2. Here, P is the internal pressure within the vessel and is taken
as the maximum hydrostatic pressure near the bottom of the sandbed, 0.0278 ksi. GE applied a
slightly modified version of this procedure by using the computed tensile stress in the buckled
region to “back-out” an equivalent internal pressure. They then used the AC chart to compute a
modified capacity reduction factor. The method used in the current study produces slightly
lower allowable compressive stresses, and is therefore more conservative.

Table 4-6 shows the buckling calculations in the sandbed region for the post-accident case with
no degradation and is illustrated in Figure 4-6. The largest displacement magnitudes for this
buckling mode occur between the ventlines in Bays 17 and 19. After adjusting for the circum-
ferential tensile stresses caused by the internal water pressure, the effective factor of safety is
3.47 which exceeds the required 1.67 for Service Level D loading.

Figure 4-6. Buckling in the Sandbed Region for the Post-Accident Load Case with No Degradation
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Table 4-6. Buckling Evaluation in the Sandbed Region for the Post-Accident Load Case with No
Degradation

Sphere Radius, r, in 420
Sphere Thickness, t, in 1.154
Material Yield Stress, ksi 38
Elastic Modulus, E, ksi 29500
Factor of Safety, FS 1.67
Applied Meridional Compressive Stress from Analysis, o, ksi 6.25
Load Factor from Bucking Analysis, A 13.94
Theoretical Elastic Buckling Stress, 6ie = Ao, ksi 87.12
Capacity Reduction Factor, a 0.207
Internal Pressure, P, ksi 0.0278
‘X’ Parameter, X = (P/4E)(2r/t)2 0.125
AC (from Johnson, 1976) 0.095
Reduced Elastic Instability Stress, c. = acietAC(Et/r) , ksi 25.73
Yield Stress Ration, A = ce/oy 0.677
Plasticity Reduction Factor, n 0.844
Inelastic Instability Stress, 6; = noe, ksi 21.73
Allowable Compressive Stress, oa = 6i/FS, ksi 13.01
Applied Compressive Stress Percentage of Allowable, 6./o4 * 100 | 48.0%
Effective Factor of Safety, FSg = oi/o. 3.47

Figure 4-7 and Table 4-7 illustrate buckling in the sandbed for the post-accident load case with
degradation. Buckling first occurs in Bay Combination 13-15 at a thickness of 0.842 inches.
This is just adjacent to the local thin region (t = 0.618 inches) under the ventline in Bay 13. Af-
ter adjusting for the internal pressure effects, the effective factor of safety is 2.6 which exceeds
the required 1.67.

Figure 4-7. Buckling in the Sandbed Region for the Post-Accident Load Case with Best Estimate
Degradation
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Table 4-7. Buckling Evaluation in the Sandbed Region for the Post-Accident Load Case with Best
Estimate Degradation

Sphere Radius, r, in 420
Sphere Thickness, t, in 0.842
Material Yield Stress, ksi 38
Elastic Modulus, E, ksi 29500
Factor of Safety, FS 1.67
Applied Meridional Compressive Stress from Analysis, o, ksi 7.99
Load Factor from Bucking Analysis, A 7.58
Theoretical Elastic Buckling Stress, 6ie = Ao, ksi 60.53
Capacity Reduction Factor, a 0.207
Internal Pressure, P, ksi 0.0278
‘X’ Parameter, X = (P/4E)(2r/t)2 0.234
AC (from Johnson, 1976) 0.14
Reduced Elastic Instability Stress, c. = acietAC(Et/r) , ksi 20.81
Yield Stress Ration, A = ce/oy 0.547
Plasticity Reduction Factor, n 1.0
Inelastic Instability Stress, 6; = noe, ksi 20.81
Allowable Compressive Stress, oa = 6i/FS, ksi 12.46
Applied Compressive Stress Percentage of Allowable, 6./o4* 100 | 64.1%
Effective Factor of Safety, FSg = oi/o. 2.60

4.3 Conclusion

The buckling evaluation performed here using ASME N-284 show that based on the loadings
and the model described in Section 2, both the refueling and post-accident load combinations
met buckling requirements with a one exception. The buckling at the upper beam seat for the
refueling load case with degradation does not met the required factor of safety of 2. As de-
scribed earlier, the potential constraint provided by the attached beam has not been included in
this analysis. In all cases, the introduction of degradation causes a significant decrease in the ef-
fective factor of safety against buckling. In the sandbed region, the degraded state analyzed in
this study predicts an effective factor of safety of 2.15. This model includes spatial variation in
the degradation and two local areas with increased thinning. In order to establish a minimum
acceptable uniform thickness, an additional study was performed and is described in the next
section.

76



10. Appendix B — Sandbed UT Measurement Data and
Shell Thickness Development

For modeling the degradation in the sandbed region, the lower sphere was divided into 10 re-
gions to be assigned uniform thicknesses. These regions extend from the centerline of one ven-
tline to the centerline of the adjacent ventline. Each of these regions contains one-half of the two
different, but adjacent, bays. This was done in order to avoid placing the thickness discontinuity
at the centerline between the ventlines, since this is typically the location of the highest stresses.
If the thickness jump was placed at this location, the stresses of interest would be difficult to in-
terpret. An example of the bay combinations is illustrated in Figure 10-1. Here, half of Bay 1
and half of Bay 2 are combined to create Bay Combination 1-3. The measurement points indi-
cated on the images (GPU Nuclear, 1993) were taken from the outside of the containment shell
prior to the application of the epoxy coating. For Bay Combination 1-3, Points 8, 9, 15, 18, and
19 were taken from the left half of Bay 1 and Points 1, 2, 3, and 7 were taken from the right half
of Bay 3, and averaged. The thicknesses for these points were reported in the GPU Nuclear cal-
culations (GPU Nuclear, 1993) and are provided in Table 10-1. This average was assigned as a
uniform thickness to the region highlighted in light red in Figure 10-1 and shown on the model
in Figure 2-30. The points that fall within the “bathtub” region (Points 1, 2, 3, 4, 5, 10, 11, 12,
13, 20, and 21) under the ventline in Bay 1 were not included in the average for the adjacent bay
combinations. The minimum measured thickness (Point 3) in this region was assigned to the en-
tire Local Bay 1 region as outlined in Figure 10-1 and shown on the model in Figure 2-31.

NOTES: : NOTES:
1. All "Location" meaguremants from Intercection 1. All "Locsation” measurements from interseciion
of the DW shell and vent collar fillet welds, . of the DW shell and vent coller flliet welds,
; . 2, Pit dopts are averags of four reedings taken at
Ventlines: 0!45"}:’3?{135“ within 1" bend surrounding ground

spots. Only measured whers romaining wall thk.
wag below 0.736",

' Bay Combination 1-3

. s 15 BAONTY DW
i 1 SHELL
NG
+a18 18} o Local Bay 1 Region
. 23-&—"' 15
Elevation
TR i

Figure 10-1. Bay 1 and Bay 3 UT Measurement Locations Taken from Outside of the Containment
(Images Extracted from GPU Nuclear Calculation Sheet, 1993)
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Table 10-1 through Table 10-4 and Figure 10-2 through Figure 10-11 provide the individual
datapoints (GPU Nuclear, 1993) and the grouping used to compute the averages for all of the bay
combinations summarized in Table 2-7. The bay combinations are assembled and averaged in
the same manner as for Bay Combination 1-3 in Figure 10-1. The Local Bay 13 is shown in
Figure 10-8 with thickness provided in Table 10-4. As with the Local Bay 1 region, the mini-
mum measured value (Point 7) in the defined region was assigned as a uniform thickness.

Table 10-1. UT Measurement Data for Bay Combinations 1-3, 3-5, 5-7, and 7-9.

Bay Combination 1-3
Bay UT Point Shell Thickness, in
1 8 0.805
1 9 0.805
1 15 1.156
1 18 0.917
1 19 0.89
3 1 0.795 (min)
3 2 1.00
3 3 0.857
3 7 0.826
1-3 average 0.894
Bay Combination 3-5
Bay UT Point Shell Thickness, in
3 4 0.898
3 5 0.823
3 6 0.968
3 8 0.78 (min)
5 1 0.97
5 2 1.04
5 3 1.02
5 4 0.91
5 5 0.89
3-5 average 0.922
Bay Combination 5-7
Bay UT Point Shell Thickness. in
5 6 1.06
5 7 0.99
5 8 1.01
7 1 0.92 (min)
7 2 1.016
7 3 0.954
7 4 1.04
5-7 average 0.998
Bay Combination 7-9
Bay UT Point Shell Thickness. in
7 5 1.03
7 6 1.045
7 7 1.00
9 1 0.96
9 2 0.94 (min)
9 3 0.994
9 4 1.02
7-9 average 0.998
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Table 10-2. UT Measurement Data for Bay Combinations 9-11, 11-13, and 13-15.

Bay Combination 9-11
Bay UT Point Shell Thickness, in
9 5 0.985
9 6 0.82
9 7 0.825
9 8 0.791
9 9 0.832
9 10 0.98
11 1 0.705 (min)
11 2 0.77
11 7 0.831
11 8 0.815
9-11 average 0.835
Bay Combination 11-13
Bay UT Point Shell Thickness, in
11 3 0.832
11 4 0.755
11 5 0.831
11 6 0.800
13 1 0.672 (min)
13 2 0.722
13 3 0.941
13 4 0.915
13 9 0.924
13 13 0.932
13 17 0.807
13 18 0.825
13 19 0.912
13 20 1.17
11-13 average 0.859
Bay Combination 13-15
Bay UT Point Shell Thickness, in
13 12 0.885
13 16 0.829
15 1 0.786 (min)
15 2 0.829
15 3 0.932
15 4 0.795
13-15 average 0.842
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Table 10-3. UT Measurement Data for Bay Combinations 15-17, 17-19, and 19-1.

Bay Combination 15-17
Bay UT Point Shell Thickness, in
15 5 0.85
15 6 0.794
15 7 0.808
15 8 0.77
15 9 0.722
15 10 0.86
15 11 0.825
17 1 0.916
17 2 1.15
17 3 0.898
17 4 0.951
17 5 0.913
17 9 0.72 (min)
17 10 0.83
15-17 average 0.857
Bay Combination 17-19
Bay UT Point Shell Thickness, in
17 6 0.992
17 7 0.97
17 8 0.99
17 11 0.77
19 1 0.932
19 2 0.924
19 3 0.955
19 4 0.94
19 5 0.95
19 8 0.753 (min)
19 9 0.776
17-19 average 0.904
Bay Combination 19-1
Bay UT Point Shell Thickness, in
19 6 0.86
19 7 0.969
19 10 0.79
1 6 0.76
1 7 0.70 (min)
1 14 1.147
1 16 0.796
1 17 0.86
1 22 0.852
1 23 0.85
19-1 average 0.858
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Table 10-4. UT Measurement Data for Local Bay 1 and 13 Regions.

Local Bay 1 Region

Bay UT Point Shell Thickness, in

1 3 0.705 (min)

1 4 0.76

1 5 0.71

1 12 0.724

1 13 0.792

1 1 0.72

1 2 0.716

1 10 0.839

1 11 0.714

1 20 0.965

1 21 0.726

1 min 0.705

Local Bay 13 Region

Bay UT Point Shell Thickness, in
13 5 0.718
13 10 0.728
13 14 0.868
13 6 0.655
13 7 0.618 (min)
13 8 0.718
13 11 0.685
13 15 0.683
13 min 0.618
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BAY #1 DATA

NOTES:

1. All *Location” measurements from interseciion
of the DW shell snd venk coilar flliet walds,

2. Pit depls are average of four readings taken at
0/45°/30°1136° within 1* bond surrounding ground
spots. Only measured where romaining wall thk,
was below 0.736"

Local Bay 1 Region

WELD
Bay Combination 1-3 A Bay Combination 19-1
1.5 BRYWIOS E DW
l? 13 ? 123: ‘11_-3 ’ SH ELL

- Elevation
¢ 8'-11.25”

Figure 10-2. Bay 1 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)

BAY #3 DATA

NOTES:

1. All "Locatlon® measurements from intersection
of the DW shell and vent collar fillet welds,

Bay Combination 3-5 Bay Combination 1-3

W
SHELL

2

53

er)

Elevation
8'-11.25"

Figure 10-3. Bay 3 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)
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BAY #5 DATA

NOTES:

1. Inthis bay DW shell {bitl) weld is about 8” to the right
of C/L. of vent tube, Therelore - all measurements

Bay Combination 5-7 Bay Combination 3-5

DW
SHELL

Figure 10-4. Bay 5 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)

BAY #7 DATA

NOTES:

1. All measurements from the Intersectlon of DW
shall {butt) and vent collar {flllet) weids.

Bay Combination 7-9

Bay Combination 5-7

- Dw
¢+ SHELL

ey
win

_Elevation

T T

N 8'’-11.25"
;’% 2 | %’% :
ook R RS ]
vt SRR M%%%?

Figure 10-5. Bay 7 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)
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BAY #9 DATA
NOTES:

1. All meagyrements from Interssction of the
DV shell foutt) and vent coller (fillet) wekis.

Bay Combination 9-11

Bay Combination 7-9

DW
SHELL

EIevation

Figure 10-6. Bay 9 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)

BAY #11 DATA
NOTES:

1, All measyrements from Interssction of the DW
wheil (butt) and vent collar (llet) walds,

2, Plt dl the sre everage of four readings taken st
°1135° within 1 band surroundling the
woumi $pols, This measurement wis only
sken whm wall thickness was bolow 0.738%,

Bay Combination 11-13

Bay Combination 9-11

DW
SHELL

Elevation
EDN PO S 3BT 08 ¥53 v‘ Sonsert - "
g::a;»::orm % : Sy 8-1125
3 o8, "g’ububi’ g
aph v °°"*°" R
pa‘?e:ﬁgo&pov Eo 10 00y

Figure 10-7. Bay 11 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)
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BAY #13 DATA

NOTES:

1

. Al s from i of the DW shell {buit}
and vent coiler (fillet} weids.

2. Spois with suffix (e.g. JA or 2A) were lopaled close fo the
epots in question and were ground carefilly to remove
minimum amount of metal but adequate enough for UT.

o

Pit deplhs ara average of four repdings taken at 0/45°/80°/135°
within 1" distante around ground spot. Taken only where
remalning wall showed below 0.736",

Local Bay 13 Region

Bay Combination 11-13

DW
» SHELL

»3

Bay Combination 13-15

x Elevation
3 8'-11.25"

B

Figure 10-8. Bay 13 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)

BAY #15 DATA

NOTES:
1. Al measurements from Intersacilon of the DW
shell and vent collar {illet) walds.

2. Pt depihs are average of four readings faken at
0/45°190°/135° wiihin 1 distance around ground
spols. Taken only when remalning wall thickness
shown below 0.736"

Bay Combination 15-17 Bay Combination 13-15

Elevation
;Gwﬁ > N

Figure 10-9. Bay 15 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)
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BAY #17 DATA

HOTES:
1. Al mpasurements foom interseciion of the DW
{bubl} shelt srvd vant callar {fidet} waids,

2. Pit depthe ata svarage of Jour reading taken ot
(a5 /B0°F 125 within 1" iatance sround amund
spots, Tekar only when temuinliy wal thickness
way bilow 0.73%".

WELD

Bay Combination 17-19 ' Bay Combination 15-17

s, ,  SHELL
H
7 g ] +1
* »
- H t
- == Elevation
A 31 > 39 5255 odfsaad?
gii e&a;«.w i é #t:s M r %béug:-:'g%?{:ggz%{ 8’-11,25"
g ﬂgl bv eiaret "gg‘?g”"“ S5 i ﬁ;;gg:%'gn‘:ggfasbgggg
msﬁiﬂﬁ, D,;!:‘,S: P 35, T DHe O sh A ..»ﬁ,.gptﬁﬁaw:‘

Figure 10-10. Bay 17 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)

BAY #19 DATA
HOTES:

1. A measureonts front ntarseption o1 the
W shall [butt) snd vent colfar {illiel) welde.

Bay Combination 17-19

DW
‘SHELL

Bay Combination 19-1

LL v5 Y]
Elevation

B an gl L‘.u w.nn ;-hn "—v °u'—“-:- b e 5 v -n«" L ”
nom.é x.gg,mm.m,;:“a 8'-11.25
=Nn-m ﬂe phving ’o o BeE ol

e -av-"’% JH%ar e 0« hwwwmdv.ﬂ %aw&“‘ﬂu«t ) -"9‘.,‘.»
..t\‘ .3 -_c:-,& (. oe‘-/. 5 5 uuu :e o 0¢a
P e A N G *'wrﬂ Toan .,,,or ,v.f.mr e vh ity

Figure 10-11. Bay 19 UT Measurement Locations Taken from Outside of the Containment (Image
Extracted from GPU Nuclear Calculation Sheet, 1993)
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