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4.9.5 Radial Expansion Inner Shell - Uranium
The expansion of the tnngr shell adjaceht to the uranium ring in the end
of the cask was determined In the ANSYS &nalysis of Section 3.8 to be
.084 inches outward. The radial gmwth of the uranluh ring may be de-
termined by considering the growth due to temperature effects. The temp-

erature of the uranium ring Is calculated in Appendix D, Section VIII.

Average uranium temp. = 4()1—;371 ~ (average of nodes 22 and 23)

= 389°F
C{=9.35 x 10 ~% In/In./OF (Sect. 1.2)
R; = 23.375 In. (initlal clearance of .125 in.)
AR = 23.375(2.35 x 1076) (389 - 68)
= .07
No interference wﬁl' occur since

.084 <07 + ,125
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4.9.6 SHELL STRESSES FOR THE POST-FIRE CONDITION

INTRODUCTION

Utilizing the finite element model described in Sectmn 3 8, the shell
stresses were computed for the post-ﬁre, steady-state temperature distri-
butions, Additionally, the evaluation methods used for the normal cycle,
with the appropriate changes in allowable stress values, were used to assess
the adequacy of the cask. Structural stability of the shells was also investi-

‘gated as was the possible degrading influence of creep-on shell stability,

SUMMARY AND CONCLUSIONS
The post-fire analysis indicated:

a. Large shell stresses are de\{eloped due, in part, to high
calculated lead pressure, However, vth‘e‘se‘shell stresses
are largely secondary in nature and thug do not present
limitations on the cask design as evidenced by the 'adequa.cy
of the margins computed in the evaluation to the design
criteria of Section 1. 2.

b. The post-fire buckling analysis of the cask shell system
indicates that there are no shell instabilities for the most
demanding case of internal heat load and ambient tempera-

- ture,

C. In the presence of representative initdial imperfections and
under the most severe temperature and lead bressure condi-
tons, circumferential lead creep is seen to stebilize quickly
and diminish, The creep does not relax the restraining
influence of the lead.
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ANALYSIS FOR STRESS EVALUATION

Model Description and Loading

The ANSYS finite element mo¢e.1 described in Section 3. 8 served to simu-
late the cask in the post-fire condit:l(;ns. For the stress evaluation Dphase of
the analysis, the post-fire,v steady-siaxe temperatures for the 70 kw heat
load, 130° F ambient were obtained from the thermal solution presented in
Section VIII, Appendix D. A more severe temperature distribution for this
same case is presented in Section VIII, Appendix E. Because the margins by
which the stresses in the evaluation meet the allowables are large, it was
not considered necessary to use the latest temperature distribution for the
70 kw, 130°F ambient case. However, in the buckling considerations, the
more severe Section VI, Appendix E te'mperatures were used.

In addition to the 70 kw, 130°F ambient post-fire solution, the 70 kw,
-40° F ambient post-fire condition was included in the evaluation. The tem-
pexratures for this case were taken from Section VIII, Appendix E., For con-
venience, the cask temperatures for the two post-fire cases used in the evalu-
ation are sketched in Figs. 4.9.6-1 and 2,

The general ANSYS solution techniques described in Section 3.8 were
used for the post-fire evaluation solutions. In these solutions, the stainless

steel was considered elastic.

RESULTS FROM ELASTIC STAINLESS STEEL CASK SOLUTIONS

Figures 4.9.6-3 througﬁ 11 preséﬁt the lead pressure and shell stresses
resultlizg from the 70 kw, 130°F ambient post-fire temperature distribution.
These figures‘ indicate lead pressure vo‘f appro:dmé.tély 1100 psi and a general
stress level in the inner shell of app;'dximately 30.0 ksi. Detailed stress
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component values for the post-fire solutions for each of the thirty-four
evaluation locations of the cask shown in Figs. 3.8.4-15 and 16 are pre- -/
sented in the tabulation of base case stresses, Table 3,8.4-2. The 70 kw,
130°F and -40° F ambient post-fire results are listed in Table 3.8.4-2 as

>

base case numbers 6 and 14, respectively.

EVALUATION

The only loading case examined for primary stresses in the post-fire
evaluation was for the full pin-burst cavity pressure of 85.8 psi. Table
4.9.6-1 presents the results of this evaluation. To develop this table, the
primary stresses of Table 3. 8, 4-1 for the 100 psi cavity pressure solution
were multiplied by 0. 858 to obtain primary component stresses for an 85.8 psi
cavity pressure load. The effective stresses were then computed at each sec-
tion evaluated. The 0.7 S, allowable is appropriate for this comparison.

Using the base case stresses reported in Table 3. 8.4-2, the primary
plus eecondary stresses were computed. Examining the primary plus
secondary'stresees at each cask location for the post-fire temperature distri-
bution, Table 4.9.6-2, three points in the cask are found to exceed the 0, 9 Su
allowable stress: the outside of the inner shell at the top of the cask and both
sides of the outer shell at the bottom of the cask. ' Since these stresses exceed
the allowable, it was necessary, in accordance with the design criteria, to
examine the Peak stress range of these locations for the normal stress cycle
augmented by the drop loadings and the post-fire conditions. Table 4.9.6-3
Presents the thirty-four base case combmauons ma.kmg up the loading condi-
tions considered in this phase of the evaluation.

The primary-plus-secondary stress range for each cask location was com-
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puted using the method described in Section 3.8.5. In these calculations
N

all 34 loading cases were used as reference cases to insure that the maxi-
mum stress range was determined 1nc;uding fabrication , normal and
.accident conditions. The maximum stress range occurred with:load case
22 as reference. The stress range was computed for all 34 cask locations
indicated in Figures 3.8.4 - 15 & 16. Table 4.9.6-4 presents the listing
showing the maximum computed range of 123.6 ksi, which occurred at the
outside of the outer shell at the bottom of the cask. Based on a conserva-
tive stress concentration factor of 4.0, a peak stress range of 494 ksi was
computed. This range is below the allowable stress (Sam = 650 ksi) for
alternate 2 of the accident stress cﬁteria (Sect. 1.1 p. XI-1-7d).

SHELL STABILITY IN POST-FIRE CONDITIONS

To accurately assess the states of stress in the cask shells and the lead L

pressures developed in the post-fire cases, additional ANSYS solutions were
Performed that considered the stainless steel shells to be elastic-plastic., The
stress-strain curves used for these solutions were the same as those presented
in Section 3.8. The curves and the bilinearization required for the ANSYS
solutions are shown in Fig. 4.9.6-12, In the bilinearization for the post-fire
solutions, a total strain of 0.2% was selected as the strain point to determine
the elastic-plastic tangent slope. This strain level is approximately the maxi-
mum expected strain in the post-fire solutions. As with the stress-strain
curves used in the normal case, the 600°F curve was bilinearized and the same
elastic-plastic slope was used for curves of lower temperatures. In the buck-
ling calculation, the 600° F empirical relationship (adjusted for minimum

yield sl:re;ss) from Ref, 71 is used.

The stress-strain curves employed to represent the lead in these solutions

are given in Fig. 4.9.6-13. These curves are a combination of the experimen-
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tal data from Ref. 20 and the high temperature lead data from the NL Research
Labdratory. Ref. 81. The ANSYS bilinearization of the lead is also shown in
Fig. 4.9.6-13. In the buckling solutions, the lead secant and tangent moduli
for the particular conditions were spe.c'iﬁed'as pafameters to the solution and
were further assumed to be constant as the shell loéding parameters were
varied,
' The thermal solutions used in the buckling stress calculations were all

taken from Section VIII, Appendix E. The temperatures of these solutions
- at the critical cask mid-plane are in general slightly higher, and the gradients
slightly larger, than the solutions of Section VIII, Appendix D. With the
higher temperatures and gradients, the stress-strain properties are degraded
their maximum amount and with the higher gradients, the lead pressure levels
are higher. Therefore, .the Section VIH, Appendix E temperatures represent .
the more severe loadings. | V “

Buckling of the Lower Unsupported Portion of the Inner Shell

The lower pa.rt of the inner shell bécked by the cylindrical uranium sleeve
does not have the support of the lead cushion to aid in shell stability. Thére-
fore, the buckling stability of this part of the inner‘shell was examined separ-
ately from the remainder of the shell. A ;skeuch of the geometry of this part
of the cask is given in Fig. 4.9.6-14.

The maximum compressive stresses ‘on- the lowe{: section of the shell are
computed for the 70 kw, 130°F amiaient pést-ﬁi:e solution. In the solution, this
region was shown to have membrane hoop su'ésses of -8481 psi and membrane
axial stresses of -5909 psi. The shell temperature for this condition was

420°F, .
To determine the stabiiity of the shell under these loadings, the buckling

XI-4-174



development of Appendix C was used in its single shell mode. In this scolu-
tion, the unsutaported inner shell was examined for axial and circumferential‘
‘buckling. The axial half wave lengths were varied consistent with the possible
integer number of half waves between the uranium support ring and the bottom
head. The number of circumferential waves starting with the axisymmetric
solution was increased until the minimum buckling load was determined,

The axial and hoop loads were applied simultaneously in approximately
_the same ratios as the maximum- computed stresses noted above,

The minimum buckling hoop and axial stresses were found to be -28600psi
and - 20300psi, respectively. This buckling load is well in excess of the maxi-
mum computed load for this part of the inner shell, thus assuring its stability.

Determination of the Most Critical Loading for Buckling
of the Inrer Shell

To assess which of the post-fire cond.itions was the most severe, the lead
pressures for several heat loads and ambient temperatures were determined
by using a small ﬁnite element model This model was the same ANSYS model
which was used to determine the lead pressures in the normal conditions in Sec-
tion 3, 8.3 and is described further in that section., The loading consisted of
the cask mid-plane temperatures and a cavity pressure of 16,5 psi,

| 'The results of this lead pressure evaluation are shown in Fig, 4.9.6-15,
The maximum lead pressure of 701 psi was developed for the 70 kw, 130°F
arnbient case. Since the highest shell and lead temperatures are experienced
in tl"xis same loading condiu'on. the 70 icw, 130°F nmbient case is clearly the
most critical for the buckling stability evaluatiom

To determine more aecurately the lead pressure for the 70 kw, 130°F

ambient case, the full-cask ANSYS model described in Section 3. 8.3 with
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elastic-i)iastlc stainless steel shells w;s ﬁéed. This model does not have the
axial constraint of the small model used in the lead pressure study, Thus,
the computed lead pressure of 640 psi is lower than that computed with the
small model, _

Shell Stability for the Post-Fire Condition

The buckling solution developed in Appendix C for the 10/24 cask shell-
lead-shell system was used to assess the inner shell's stability under the
most severe post-fire conditions. In the buckling solution, the half wave .
length was taken to be the full inner shell length of 160 in. The number of
circumferential waves‘ was varied until the minimum buckling load was deter-
mined. The lead moduli in the buckling solution were computed by the defor-
mation theory developrhent of Appendix C. The parameters of the solution for
the 70 kw, 130°F ambient post-fire buckling case are listed below.

Inner Shell Lead Outer Shell
Hoop Stress -P*22,9/0.75 -p-361)  pr30.25/2.0
Axisl Stress -16000(2) -P-36 -8000(2)
Radial Stress -P/2.0 -P -P/2.0
Temperature 591°F 586°F S30°F
Tangent Slope ‘empirical curve(d) 350(4) empirical curve
Secant Slope empirical curve - 4380(4) empirical curve

NOTES:
1. The lead pressure was considered the loading parameter,
The 36.0 psi difference between the component stresses is
as computed in the ANSYS solution for the 70 kw, 130°F
' ambient post-fire case. -
2. ANSYS results for the 70 kw, 130° F ambient post-fire case.
XI-4-176
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3. An equivalent stress was computed from the component
stresses, This equivaient stress was then used in con-
junction with the empirical stress-strain curve for the
appropriate temperature to determine the secant and .
tangent moduli,

4. Estimates based on the lead data of Fig. 4.9.6-13 for a

: computed total lead strain of 0.0075 in. /in.

This buckling solution Predicted a minimum buckling pressure of |
860 psi. This minimum preséue occurred wifb nine circumferential waves,
The minimum buckling pressure is significantly larger than the maximum
computed lead pressure. Further, as evidenced by Fig, 4.9.6-15, it does
not appear that the lead pressure could reach the predicted buckling pres-
sure, The buckling solution 'itself is conservative for at least the following
two reasons: 1) the axial temperature gradient is not considered; this would__
effectively shorten the shell axially; 2) the min.i.mum lead properties are
assumed. for the whole lead layer; including the radial gradient would provide
additional lead support for the inner shell,
Circumferential Creep Buckling Solution

To help determine if the margin between the mmimum buckling pressure
and the computed lead pressure for the post-fire condition and the normal
condition is adequate, additional buckling solutions were completed, These
solutions included initial waves in the inner shell and allowed for the possibility
of circumferential creep,

The geometry of the ANSYS model used for the circumferential creep cal-

culation is shown in Fig. 4.9.6-16. The model Irepresents a cross-sectional
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cut at césk mid-plane and is made up of isoparametric ring elements, ANSYS
STIF 42, for the stainless steel and constant strain elements, ANSYS STIF 2,
for the lead. The model is assembl_ed to form a large diameter torus. This
type of idealization simulates the genéralized plané-stra.in nature of the stress-
strain distribution at the cask mid-section and allows for the ciﬁ:cum.ferential
redistribution of the lead.

Two different cases were completed with this model. The first had four
circumferential waves imposed on the inner shell, and the second had eight
wavg's s0 imposed. (To obtain the eight-wave solution, the model shown in
Fig. 4.9.6-16 was condensed from an 180° segment to a 90° segment. The
same number of elements was used in both models,) The amplitude of the
circumferential wave on the inner shell for both solutions was 0.02 in, This
amplitude is on the same order as the fabrication tolerances for the inside
diameter of the inner shell,

The creep expressicn developed for lead in Appendix B was used. In addi-
tion, the large displacement option of ANSYS was active for every loading and
time step. With this option, the geometry is updated after each solution step.

In the solutions, the 70 kw, 130°F ambient post-fire temperature condi-
tions were initially imposed, After this initial loading was established, the

calculations were stepped in time,
In both solutions, there was no amplification of the initial circumferential

waves initially, or as the solution progressed. Further, the effective stress
in the lead decreased at all points in the model with time but with no accom-
panying decrease in the indicated lead pressure. ‘

Thus, the solutions indicate that the inner shell is stable in the presence

of représentative inidal imperfectioﬁs and possible circumferential creep.
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This result, together with the indicated margin of the Appendix C buckling Y,

calculation, aemonstrates the inner shell stability for the post-fire loading,
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BASE CASE

10

LOCATION

7ABLE 4.9.6—/

ACCIDENT PRIMARY STATIC AND DYNAMIC STRESS ESVALUATION

MULTIPLIER

85800 100 PSI CAVITY
EFFECTIVE TEMP. |
STRESS 0.95Y
749 437 18204

240 395 18599

68 257 21230

768 a7b 17800

450 447 18095

867 559 16872

484 502 17494

75 327 19946

1300 660 17353
1323 458 17975
1070 456 - 17996
410 415 18444

153 388 13828

108 257 21230

9% 8 386 18864

gu1 386 18864

864 3tu 19634

Yi-4-177c

CEV, 1-2/7¢

GASE CASE OzSCRIPTION

'STRESS ALLOWABLES

8.75U

41806
42131
45754
L1611
41753
41165
- 1464
43916
41685
41695
41706
41921
42315
45754

42367 -

423€7
L3470

0.33U

53758
54169
58826
53508
53683
52927
53311
564b4
53535
53608
53622
53899
54405
58826
54472
S5wu?2
55890



TABLE ;4-,7,(, -2 Rev. 1-2/7¢

ASCTIDENT PRIMARY PLUS SICINIARY STATIC 4AND DFNAMIT STRESS =/AL.

N
34SE CASE MULTIPLIE® BASZI ZASE DESSRIPTION
) 1.00300 P0ST FIRT 70<W 13)F AM3IENT
10 « 85852 139 2SI CAVITY .
LISATIION  :IFTECTIVE TEN2. . STISS ALLOWABLES
STRESS ' J.93¢ .73V . 3.330
1 39387 433 18132 41795 53737
2 73680 wate 435 13225 41815 53754
3 23335 403 13523 41953 - 53345
R 21744 381 13955 42439 . 54541
5 20497 257 21233 : 45754 58325
6 26757 257 21233 43754 58325
7 23907 475 _ 17773 : %1601 53437
8 28849 471 17333 41527 53521
9 19492 - 459 17956 415939 53552
10 18767 435 18225 41815 53754
11 37104 561 16851 41155 52313
12 33167 555 - 16935 ©118% 52347
13 200bb 51% 17353 bl4gl 53235
14 22110 490 17625 ‘41527 53392
135 26971 327 19946 43915 . 55 .
16 27363 327 19946 43315 SE 4
17 18211 . 462 17931 .. %1574 53531
18 3u54Y 453 17975 41595 53563
19 29374 453 17975 41535 535358
29 16345 453 17975 " %1635 53508
21 35233 - u3% 17395 41755 53522
22 32585 455 13337 91711 53529
23 i6d 25 427 18313 413858 53318 .
24 3997 4wje 13585 31983 53385
25 7525% cunt- 4y? 18585 %1933 53385
25 520 ut emit 374 19084 42582 54877
27 43843 -~ - 257 24232 4575% 58825
28 6853 257 2123) 43754 53325 .
29 4350 385 1835% 42357 ) 54972
30 16993 385 : 13864 42357 54372
31 36573 385 13854 42367 54272
32 1632% 385 1836% 42367 54472
33 28681 36 13634 43478 - 553895
34 L9552 K{YA 19634 ~ 43473 55390
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TARLE 49.6-2 (conT) KEV. I-2/7¢

ASCIDERT 'PRIMARY PLUS SEZINDARY STATIC AND JVNAMIZ STRzSS ZVAL

345z CASE MULTIPLIER BA3Z ZJA3E OISCRIPTION
10 «8580¢0 106 >SI CAvYITY
16 1.00idd 3J3ST FIRZ 7JKW =4JF AMBIENT:
LICATION TFFECTIVE TEMP?. STRZISS ALLOWASLES
: STRESS . 0.3SY 0.75V G.3SY

1 48575 241 21541 45253 53+l

2 58615 w- 233 2155, 43226 534 34

3 27718 213 21945 - 43777 - 6ll«2

L 334C7 207 C 22147 47356 6i51%

5 30363 55 28214 5783, 74352

6 1218% 53 28214 5783) 74352

7 231cC1 301 20423 44539 - 573541

8 17147 299 20460 Ge551 57433

9 15297 288 29478 G077 57+42
13 10388 285 2u715 45019 57531
11 3CL70 G445 18110 k1764 53535
12 27383 L1y 18149 41779 53713
13 154065 383 186839 42289 ' 54371
1b 1692¢ 375 19348 42534 5431¢
15 32603 158 23802 ©3512 63358
15 32753 15% - 23862 43512 63558
17 7111 283 20753 45371 57343
18 37348 281 22793 43124 58315
13 19565 252 21321 4>885 58395
29 i1676¢C 252 21321 45885 54395
21 6u8l 271 253973 453486 58354
22 5164 253 21019 L5439 58.21
23 24242 251 21340 45911 59123
24 8345 ' 233 21563 45226 59434
25 B4ES U 2u8 22128 L7ouge 60480
25 8hou Smer- 197 2238% k7412 6J358
27 65623 55 28214 57839 74352
2% 9825 55 28214 578380 74352 -
29 6338 133 22311 4T730% - 69319
34 7555 199 2¢311 4730% 64313
31 25035 193 _ 22638 47788 61442
32 21131 199 . 22038 . 47788 . B6le42
33 51673 133 23620 43242 63312
34 29655 153 23623 «3242 83312
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TABLE 4.9, 4 -3 Rev. 1-2/7¢4

ACSCIOENT STRESS RANGE EVAL. NORY. CYCLE 33FT DR0OPS AND PIST F:

-JAD CASES CINSIDJERZD IN ACSINENT STRESS RANSE EVALUATIIV ./

LIAD cAsS: 1 FOR RANSE CALZULATIONS

BASE TAS*T CMULTIALIE®
1 1.GC9 J.9 STRESS *
LOAD CAS: 2 “OR RANGE CALCULATIONS .
BASE. CASZ MULTIPLIER :
2 1.200 ~40.0 F ISITHERMAL
8 ~e10. 30 5 30TTOM END DROP
11 3.160 1.9 5 SINE 9RO"

LDAD CAS: X FOR RANGE CALCJLATIONS
BASE CASE HULTIPLIER

2 1.000 ~4340 F ISITHE2MAL .
8 =«109 30 G BOTTNM ZND DRIP
11 ~3.164 1.3 5 SIDE DROP
LOAD CASI 4 FOR RANGE CALCULATIONS
BASE CASZI  MJULTTPLIER
2 1,260 -40.0 F IS)ITHEOMAL
3 163 33 5 BATTOY END DRIP
11 3.15, 1.9 5 SIDE DROP
LOAD GASZ 5 =QR RANGI CALIJLATTIONS . S
BASE CA3Z MULTIPLIER
2 1e300 ~40.7 F ISITHE®NAL
8 <169 37 3 BITTOM END DRIP
11 ~3.16, 1.9 6 SIDE nR0P

LIJAD CAS:. & FIR RANGF CALZULATIONS
BASE CASS MULTIPLIE® ‘

2 1.JC5 =40.0 F ISOTHERMAL
i1 14,559 1.3 5 SIJE DROP
LOAD CASs 7 FOR RANGE CALCULATIONS
BASE CAs< HILTIDLIER
2 i.600 =40.0 F ISITHEMAL
11 -14.55¢C 1.7 6 SIYE DROP
LOAD cass 8 FNR RANGE CALCULATIONS
BASE CAsS MULTI?LIER
3 1.300 700 F ISOTHERMAL
3 =109 39 6 BITTOY END DRIP
11 3.164 1.1 G SIDE JROP
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TABLE 4-9.¢ —3 (conT:) Rev.1-z/7¢

ASCIDENT STRESS IMANSE EVAL. VORM. CYCLE 30FT DROPS AMD PIST FI

_JAD CASES CONSIDEXRED IN ACZIDENT STRESS RA4ANSE EVALUAT IDN

LJOAD CAS: 9 FOR RANGE CALCULATIONS
BASZI CASZ MJLTIPLIER
3 1.3u4 70.0 F ISOTHERMAL
8 - =Jit0- 39 G 8IYTOM END DROP
11 =3.169 1.9 5 SIDE DROP
LOAD CAST 10 FOR RANGE CALZULATIONS
3ASE CASZ MJLTIPLIER
3 1,304 70.2 F ISOTHECMAL
8 - o103 33 G 83TTOM END ORIP
i1 3.160 1.0 6 SINE DROP
LDAD CASZ 11 FOR RANGE CALCULATIONS
BASE CAST - MULTIPLIE®
3 1.9C9 737.0 F ISOTHERMAL
8 «1419 30 5 BITTOY END DRIP
11 =3.150 1.0 6 SIDE DROP
LDAD CAST 12 FOR RANGE CALCULATIONS
BAST CAS: MILTIPLIER
3 1009 7G.7 F ISOTHERMAL
11 14,550 1.9 6 SIDE DROP
LOAD CAST 13 FOR RANGE CALJULATIONS
3ASE CASE "MULTIPLIE® ~
? 1.303 70.0 F ISOTHERMAL
11 -14.550 i.2 5 SIDE DROP
LJAD CASZ 14 FOR RANGE CALCULATIONS
BA3E CAS: MULTI3LIER
b 1.3090 NOIMAL 70<W 130F AMBIZNT
8 -elda 2n 3 BOTTOM END DRIP
11 ' 3.16) 1.3 5 SIJE DRO°
LOAD CASZ 15 FOR RANGE CALCULATIONS
BASE CA5:Z MULTIPLIER :
G 1.000 NORMAL 732KW 130F AMSBIENT
8 -+1C) 30 3 BOTTOY END DRIP
11 =3.16J 1.9 6 SIDE DROP
LOAD CAST 16 FOR RANGE CALJULATIONS
BASE CA3: MJLTIPLIEP '
& 1.900 NORMAL 70<W 130F AMBIENT
A «109 35 G B8ITroM END DROP
11 3.161)

1.0 5 SIDE DROP

XI—4-I773
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TABLE 49 -3 Ceas) oV ITEIC

ASCIDENT STRESS WANGe EVAL. NORM, CYCLE 30FT DROPS AND 23ST

-JAQ CASCES CONSINERED IN ACCIOENT STRESS 2ANSE EVALUATILS _/

X\-4-177h

LNAR CASZ 17 0P RANSGT CALCULATIONS
BASE TA3E MJILTIOLIER ' ) :
L 1.303 NORMAL 7.<4 130F AMBIENT *
8 «10v 20 6 B3J3TTOM END DROIP
11 ~3.16v 1.7 G SIDE DROP
LDAD CASZ 18 FOR RANGE CALJULATIONS
BA3E CAS: MULTI2LIZER -~
4 1.040 NORMAL 74<W4 130F AMBIZINT
1 L4.550 1.3 5 SIDE DOROP
LOAD CASZ 19 FOR RANGE CALCULATIONS
BASE CAST = MULTIPLIER :
& 1.300 NOIMAL  73KW  13°F AMBIZNT
11 =144559 1.0 5 SIDE JROP
LIJAD CAS: 208 FOR RANGE CALCJLATIONS
BASE rASE MULTIPLIER
5 o204 13 MIN. IN POOL S0JL-DJ2HN
LOAD CASZ 21 FOR RANGE CALCULATIONS
BASE CAS: MULTIPLIER
6 1.0600 POST FIRZ 7GKW 43%F A9YSIENT
10 +858 100- 2SI CAVITY
" LJAD CAST 22 FOR RANGE CALIULATIONS
3ASE CAs:Z MULTTPLIER
16 «353 197 2SI CAVITY
14 1.4C0 POST FIRE 7GKW ~4QF AM3IENT
LIAD CAS: 23 “0OR RANSGZ CALSJULATIONS
3ASF CAS: MULTIPLIER :
3 1,390 NOMAL 76<W 133F AMBIENTY
7 .30 30 G TOP END ORO2 S - -
LIAD CASZ 24 FOR RANSE CALCULATIONS
BASE CA3: MULTTI2LIER
4 1.0¢ NOIMAL 70KW 133F AMBIZINT
3 1.4219 30 G BOTTOM END ORIP
LOAD CAST 25 FOR PANGE CALCULATIONS
BASE rAS: MULTIPLIER .
S levud NOMAL 70KW 130F AMDIENT
11 81..40 - 1.0 5 SIDE DROP
LOAD CAS: 26 FOR RANGE CALCULATIONS
BASE CA5: MULTIPLIER
4 1,209 MORMAL 73<d 135F AMDIENT
11 -81.300 1.9 5 SIDE 0OROP



TABLE 4.9.¢ -3 (comT)

REV. [-2/7¢C

ASCIDENT STRESS RWANSE EVAL. YORM., CYCLE 33FT DRIPS AND 2IST FI

~JAD CASES CONSIDFRED IN ACCIDLMT STRESS RAN>c EVALUATION

LOAD CA&SZ 27 <OR RANGE CALCJLATIONS

BASE CASE MULTIPLIER
7 i.3Cd
12 levuld
L3AD CASZ 28 FOR RANSGE
BASE CAS:Z MJLTIPLIER
6 1030J
12 1.J01

LOAD CASZ 29 FOR RANGZ

BASE CASZ  MULTIZLIER

11 81.000

12 1,600
LOAD CAST 39 FOR RANGE
BASE CAS:Z MULTIPLIER

11 -81.40)

12 1.300
LOAD CASZ 31 FOR RANGE
BASE CAS:Z MULTIPLIER

7 1,303

13 1.000
LOAD CASI 32 FOP RANGE
BASE CASZ MULTIPLIER

8 1,662

13 1,309
LOAD CASS 33 FOR RANGE
BAST GAST  MULTI?LIER

11 81.25)

13 1,360
LJAD CASZ 34 SOR RANGE
BASE CASZ  MULTIPLIE®

11 -81,300

13 1,060

32 G TIP END DRD?

NORIMAL 40QKWH —-4OF AMSISNT

CALSULATIONS
2p G BOTTOM END DRIP

MOIMAL LOKW =LOF AMBIZNT

CALCULATIONS

1.9 5 SIDE DROP
NORIMAL &4OKA

CALCULATIONS

1.0 G SIDE DROP
NORMAL 4GKw

CALSULATIONS

30 5 TIP END DROP

NORMAL 73KA ~4OF AMBIZNT

CALSULATIONS
30 G BIOTTOY END DROP

NORMAL 70KA ~4LOF AMBIZINT

CALCULATIONS
1.0 5 SIDE DROP

NORMAL 74KA =40F AMBIZNT

CALCULATIONS

1.9 G SIDE IROP

NOIMAL 7GKA  ~LOF AMBIZNT

X1 -4-177c<

-40F AMBIZINT

=4GF AMBIENT
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ACCIDENT STRESS RANGE EVAL. NORM. CYCLE 3JIFT DPOPS AND PIST FIF.

-
[
(%]

(™
CODINOVIE 419+

wNQ.WWI\II\)I\!I\)lUI\INNI\DNPPPP‘HI‘*HPP
cun\n*c\amwmm:\gmﬁco BN EWUN

STRESS RANGE DATA LIAD 3%SE ¢2 USED AS RETIRENZE W/
14X HIN STRESS MIN STRESS
Te9P TEMP RANSE T=MP RANGE
4323 -49 551593 i 55189
L35 -4 75549 73 7554%9
433 -4y 54811 72 54211
331 -4y 65375 73 85376
257 =42 46432 70 46432
257 =43 56751 70 56761
k75 =49 49723 7y #1732
k71 =J 445430 7J 37491
453 =40 55953 75 5595¢u
4335 =43 49653 73 43653
551 =-4) 65659 . 7] - 59578
555 -4) 59385 74 57314
51% 443 56219 73 66219
%9) =49 64911 79 64911
327 =t g 76935 - 79 76395
327 =43 717645 73 77840
462 -4, 31553 70 31553
453 -4 53194 4] 56694
4513 =43 31386 73 231236
u5g =43 21734 7s 217 34
455 =4 32369 70 32959
455 -bJ 32291 7o 32291 S
427 il 4 +2461 78 424561
492 L - 28911 7y - 23911 '
602 =43 131845 73 131845
374 =43 12356 (~t— To 138679
257 =40 77055 73 7735¢
257 -4 36414 70 36414
385 =49 14664 73 14654
385 -4C 21605 73 . 18299
335 =4, 33373 7o - 38378
335 -45 26151 7o 26151
K% -3 52767 7¢ 62757
34% -4 31610 7] 47605
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4.9.7 Bottom Head Containment Vessel
The bottom head is loaded only by the internal pressure
" resulting from the post fire temperature. Maximum internal
pressure ( 85.8 psig) exists with BWR fuel load assuming
all fuel rods rupture. (Sect. 4.9.1)
) T 3
U
) s.s.30¢ | 2"
@ Uranium 2,5"
(® s.s. 304 ' —1(
©
Ro = 22.875 ;:l
Term @ Inner S,S. @ Uranium @ Outer S.S.
Temp.© F 601 601 | 601
E,psl 25.5 x 106 23.2 x10% 25.5 x 106
v 0.3 0.22 0.3

XI-4-178
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Pressure load

F,= 85.8 A A= TI(22.8752) = 1644 in.2
Fp= 85.8 x 1644 = 1410551bs.

The three plates are constrained to have the same el'astic
deflection curves under lateral bending loads. Hence the'
deflection of each plate must be the same and the total lateral
load supplied to the assembly can be divided among the

individual plates in accord with each one's prdportlonate part

of the total bending resistance. The appropropriate formulas for

" deflection, maximum stress are taken from Ref. 3 Table X,

Case 1 (for plates@ . @ ) ’

Center deflection, yg = .- (1-v) (5+v)Ro F = KF
. 16 7T Et3

Max. stress at center dc = -g—7(-_l_3—t+%)- F

For Plate @ the appropriate formulas for deflection, maximum

stress are taken from Reference 3, Table X, Case 1.

—2 2
3(1-v¢) R P= KF
16 TTEt3S

Max. stress at edge (J, = 3 F
47T t2

Center deflection, y. =

Equating the center deflection of the three plates gives:

XI-4-179
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Also, the total load imposed on the closures must equal the sum
of the individual plate loads, so that:

Pt=F1 +F2+ P3

Combining these equations in terms of outer plate loads, F3 gives

Fy = K3F3 (1 + 1+ _1
Ky Ky K3

These equations may be evaluated to obtain the force on each

plate as follows:

F, = F, = 141055 Ibs.

Evaluating the compliance constant K gives:
9
1677 (25.5) (106) (2°)

_3(.78) (5.22) (22.8 8752’ =3.50777 (10-7) in./Ib.
16 7T 23.2 (109) (2.5%) '

K3 ~3(.91) (22.8752) .} 741385 (10'9) in./lb.
16 TT(25.5)410% ) 43)

Now F3 can be determined as follows:

pt=x3p3(1 + 1 +_1 )
Ky K2 K3

141055 = 1.741385 x 10-8 P3 [1 .760689x 106 + 2.850817 x 106

+ 5.742555x 107]

= 141055 _ 330570 Ibs.
1.0803 |

X1-4-180




Rev. 2 - 1/31/75

Fy = K3 BB _ 1.741385 x 1078 x 130570 - 4003 lbs. W,
Xy 5.67959 x 10-7
Fp=%3 F3 - 1.741385 x 1078 x 13057 = 6482 lbs.

K, 3.507766 x 10~7

Bending stress in each plate Is determined as follows:

Plate () O = B_f(r%z*'_"). Fy = %23_ x 4003 = 394 psi
Plate@ UZ= 3!3+V! Fo = 3x3.22 X 6482 =399 psi
| 8 T t 2 87T2.52

= = 3  x 130570 = 1948 psi
Plate @ (13 ZT?&__ F3 YV p

Calculating effective stresses on plates @ , @ . @

The formula for effective stress is

e 3-\/%—\/(%0;\'2 G- q)* - @- 0;).2*5 (TXY2+TY22"' :j

Where C, U, C" are normal stressesandT ,T , T are shear
X b4 z Xy vyz o zx

stresses (Sect. 1.1)

Plgte @

The highest stress area is at the center portion of the cuter

surface.

O; = 394 psi (radial Stress)

ny = 394 psi (tangentlal stress)

dz = % = 83.36 psi (axial stress)

-3
i

iy = Ty = Toy =0

XI-4-181
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1 N ) 7
Se3 ’5\/-2— .\/(394 -394) " + (394 - (-83.36) ) + (~83.36 - 394)

= i
Se3 477 ps

Allowable stress {0.8S_, =0.7 Sy) at 601°F for 304 S/S from Sect. 1.1
. under containment vessel and Sect. 1.2 equalsto 0.7 x58500=40950 psi

_40950 oo

M.S. 477 - 1

Plate @

The highest stress area ls &t the center portion of the outer

surface.

dx = 399 psl (radial stress)

O; ‘= 399 psi (tangential stress)

= 130570 -

Uz “Teas = 79.4 psl (axlal stress)
T = T =T = 0

Xy vz ZX

2 2 2

Se4= ; '\/(399 - 399)° + (399 - (-79.4)) <+ (-79.4 - 399)
Se4= 478 psi

Allowable stress (Saa =0.9 Su) at 601°F for URANIUM from Sect. 1.1

under noncontainment structure and Sect. 1.2 equalsto 0.9 x 38500 =34650psli

M.S. = 34830 1 = 71.4

478
Plate @

The highest stress area is at the edge portion of.the inner

surface.
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dx = 1948 psl (radial stress) _
From Ref. 3, Table X, Case 6
dy = 43—7‘7’,??2 = _S%ZM = 584 psi (tangential stress)
O; = 1::%?40 = 79.4 (axial stress)
sz = 4153—355—7%—7 = 227 psl (shear stress)
T = T _ =
Yz Xy 0

2
Sef_\g -\/(1948-584)2 + (584-(-79.4) )" + (-79.4-1948)% + 6227

Se4= 1833 psi

Allowable stress (S,, = 0.9°S,) at 601°F for 304 S/S from Sect, 1.1
under noncontalnment structure and Sect. 1.2 equals to

0.9 x 58500 = 52650 pst

52650
M.S. = 1833 | -1 =27.7
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4.9.8 Inner Closure ( For BWR fuel )
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1/31/75

This analysis is performed on the inner closure head to determine

the stresses due to internal pressure. The pressure assumed is

that due to fuel pin rupture. The BWR case is chosen since if this

fuel

ruptures it causes higher fuel cavity pressures.

53.75" Dia.
| 3
304 S.S. @
|
S
Uranium
® | IE
304 S.S. 75
| ® | |
t
TERM Inner S.S. Uranium Outer S.S.
Temp F 601 601 601
E. psi x 10° 25.5 23.2 25,5
v .3 .22 .3
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The three plates are constrained to have the same elastic deflection N
curves under lateral bending loads. Hence the deflection of each plate
must be the same and the total la.tex;a.l load applied to the ass‘embly

can be divided among the individual plates in accordance with each ones
proportionate part of the total bending resistance. The appropriate
formulas for deflection and maximum stress are taken from refer-

ence 3 , table X, case 1.

2 =
Center deflection, Y = 3(1-r) (5+r) Ro® F = KF
16 T &

3(3+r) F

g T2

Max. stress at center, dc =

Equating the center deflection of the three plates gives ~

=K =
Kl Fl ZFZ K3 F3

Also, the total load imposed on the closure must equal the sum
of the individual plate loads so that
|
FT- F 1 + Fz +F 3 i
!
Combininé these eqﬁations in terms of the outer plate load, F3 gives

Et 'K}F3_ 1- + 1 .+ 1
K, K K,

Thes® equations may be evaluated to obtain the force on each plate as '
follows. The internal pressure due to fuel rupture is 85.8 psig

(Section 4.9) ) S’
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A =Tl% =1T(26.8752%) = 2269 in?

85.8A = 194680 lbs.

.u"'i
h

Evaluating the compliance constant gives

K = 3(7 (5.3)26.875)° = 1.4866 X 107> in./Ib.
16TT(25.5 X 105) (. 75)°

K, = 3(.78) (5.22) (26,875)° = 2.8019 X 107’ in./Ib.

16TT( 23.2 X 1o§) 3)3

K, = 3 (.7 (5.3) (26.875)* = 2.3228 X 107 in./Ib.

. 16TT(25.5 x 10%) (3)3

Now F3 can be found from the previous equations as follows.

4

194680 = 2.3228 X 10-7 Fj [6.7267 X10 + 3.5689X 106'

6
~ 4.3051X 10 ]

_ 194680

F
3 71.8446

= 105540 1bs.
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p = KaFy _ 2.3228 X 10”7 (105540)

—2%: = 1649 lbs.
1 X, 1.4866 X 10~3 / o/
Ky T 2,3228 X 1077 (105540)
Fp = N = 2.80136 -X 10"/ = 87493 lbs.

Plate@max. stress = 3 3.3) (1249) = 1155 psi
81 (.75)

Plate@méx. stress = 38 :;1:2(23) 8749.3' = 3736 psi

3 (3.3) (105540)

Plate @max. stress = pp (3)2

4619 psi

Calculating effective stresses on plafe @ . @ , @

The proper formula for effective strass equals

Se = -\/.%. \/( Tx - Oy + (O’:y”- dz)z + (02 - 0924 6(Txy? +Tyzz T

“where dx, dy, _dz are normal stresses, T

N
xy* Tyz, sz are
shear stresses. (Sect. 1.1)
Plate @ highest stress area is at the center portion of the
outer surface.
0., = 1155 psi (Radial Stress)
dy = 1155 psi (Tangential Stress) .
_ _193031 _
O, = 85.07 psi (Axial Stress) Jz = 2269 = 55-07 psl
Txy = Tyz =T,,=0
S.a= 1 : 2 ‘ 2 2 I‘
a3= 2 (1155 - 1155)4 + (1155 - (-85.07))° + (-85.07 - 1155) :
’ i
Se3= 1240 psi : ,
~—r ‘
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Allowable stress (.8S,5 =0.7 Sy) at 601°F for 304 5/8 from Sect. 1.1

under containment vessel and Sect. 1.2 equalsto 0.7 x 58500 =40950 psi

40950
M.S-.=—Tz—4—0—' - 1= 32

Plate @ highest stress area is at the center portion of the

outer surface.

dx = 3736 psi (Radial Stress)

O; = 3736 ps! (Tangentlal Stress)

0, = 46.5 psi (Axial Stress) Oz = 12232 - 4.5 pst

Txy=Tyz=sz=0

se3='\/li_ '\/(3736 - 3736)2 + (3736 - (-46.5))2 + (-46.5 - 3736)2

= 3782.5 psl |
Allowable stress (.8Sz5 =0.7 Sy) at 601°F for URANIUM from Sect. 1.1
under contalnment vessel and Sect. 1.2 equalsto 0.7 x38500=26950 ps!

26950 _
==3782.5

M.S. 1 = 6.12

Plate @ 'hlghest stress area ls at the center portion of the
outer surface.

0;( = 4619 psi (Radial Stress)

O; = 4619 psl (Tangentlal Stress)

0; = 0 (Axial Stress)

Txy = Tyz = Tzx

Ses™ -\/_~\[4619 - 4619)° + (4619 - 0)° + (0 - 4619)

Ses™ 4619 psi

M.S. = 40950
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4.9.9 Containment Vessel Valves

The containment vessel vﬁ]ve assembly uses two metal'O-ring seals to

'provide leaktight joints between base p]ate.hcover and forging (Drawing
70651F). Elastomer O-ring seals are also provided.at these joints to
facilitate operational checks of the meta] seals. The metal O-rings

are silver plated Inconel, which will withstand temperatures up to 13000F.
Temperatures at the valve assembly location in the fire and post fire
conditions will not exceed 6000F (See ;ection'VIII).

At the seal seating load of 700 1b/inch provided'by the bolting preload,

the helium leak rate of the seal will be 10-6 cc/sec or less (p.VI-22, Ref. 83)

Maximum pressure in the tontaihment'vessel from the fire accident is

85.8 psig. (sect 4.9.1). The resulting load on the valve assembly Joint
Y is Py = (1r/4)(3.0942)(85.8) = 645 1b.

seal seating load, P, = 6804 1b. (Sect. 4.4.8)

total load per bolt, F = (645 + 6804)/4 = 1862 1b.

Since the bolts are each preloaded to 2533 1b (sect. 4.6.4), the joint

seal is maintained in the fi;e accident.

M.S. = (2533/1862) -1 = 0.36
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SECTION X1

APPENDIX A

Comment on p. 4 of enclosure to NRC letter of 8/28/75 concerning ser;:tlon
4.4.7, Absorber Sleeves in Top End Impact. |
Response

Comment questioned whether. Lnformatloﬁ taken from Szilard (p.701 ref. 57)
was applied correctly in our buckling analysis of the absorber sleeve cladding.
Pertinent pages are attached from Szilard and from two sources he cites
(Pfliger, Gerard and Beckey.

1) Both Pfliiger (pp. 399, 397) and Gerard {pp. 80, 64) verify the
value of )k =7 for the buckling coefficient, since this is the
minimum value for an infinitely long plate .‘ The cladding length/
width ratlo s a/b = 156.75/9.6 = 16.3, and Pfliiger states that
for values of a/b >2/3 the buckling coefficient is at the minimum
of 6.97.

2) 'I-t is gvldent from discugsions in Gerard (pp. 7, 67, 12-15), Szilard
(p. 506), and Pflliger (pp. 16, 77) that the unloaded edges of a plate
loaded In uniaxial compression may displace freely in the loading
direction. In the derivation of buckling equations no restrlctlons_
are placed on plate displacements in the loading direction (in-plane
forces are neglected). Figure 1 of Gerard (p.67) illustrates that the
buckle pattern for minimum critical load cannot develope for the
full lengt‘h of the plate unless the date can deflect freelj-r in the

loading direction.
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508 FUNDAMENTALS OF STABILITY ANALYSIS CHAP, ¢

In the mathematical formulation of classical plate buckling by the energy

- methods, we again use the neutral state of equilibrium at which bifurcation of -

displacements occurs, as discussed in Sec. 6.1. Furthermore, it is assumed that
the in-plane displacements of the plate are due to the small bending (created by '
the bucklmg) and not due to the in-planc shortening. The reason for this assump-
tion is clear if one considers that our datum configuration is the stable equil-
ibrium condition of the plate 1mmcdmely prior to buckling. Thus, up to this
point, the strain energy. due to compression of the middle surface equals the
work done by the cxternal in-plane forces and thercfore cancels out ([T, = 0)
in the cnergy equations.

a. Rayleigh's Method. Rayleigh's powerful method [6.3.1] is based on the
principle of conservation of energy (6.1.2). ‘

In formulating the buckling problem of a flat plate by cncrgy methods,
we first assume that the plate, subjected to

Ay= =M A==, and ==, (63.1)

in-plane edge forces,t is in a stable equilibrium. Next, the load is gradually in-
creased. As we increase the load factor, 4, at a certain value, the plate will pass
from its flat shape toits curved shape without changing its total potential; thus

WS -+ WS = US(w) + AV¥(w) = 0. (6.3.2)

Based on our previous discussion ? this cxpression is only a function of the
Jateral deflections. As already merti~ned, the total poteatial, corrésponding to
the stable state of cquilibrium, IT,, has been climinuted from Eq. (6.3.2). Con-
sequently, here we are only concerned with the total potential pc.rtmcnt to the
neutral state of equilibrium,

Since expansion of Eq. (6.3.2) yiclds only onc alachraic equation, its usc is
limited to onc undetermined cocflicient, ¢, in the expression of the deflections

w(x, y) = of(x, y) = cX(x) Y(3). (6.3.3)

Furthermore, it is required that £q. (6.3.3) satisfy at lcast the gcometncal boun-
dary conditions.

In Eq. (6.3.2) U} represents the bending part of the strain encergy, introduced
in Scc. 2.5. The potential of the external forces is the negative work done by the
extcrnal forces (V* = — W) which remain constant during buckling, as previ-
ously defined. Since we have assumzd that as the middle surface bends no mem-
brare stresses arc produced, but the cdges draw together creating in-plane
displacements; thus, we can neglect the membrance part of the strain encrgy
(U% = 0). From Fig. 3.1.2 the in-plnz displacement in the X dircstions is

- aw
=ds—dv =5 (FI) dx. 639

1 Sec meaeding sections for the definition of 7o, fiy0, 304 rieo.
¢ Sce aiso Sec. 6.1,
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16 Grundsiitzlichcs Gber Stabilitiiteproblerse I,B,3

Vorzeichen in (21) gilt, p =@, und 9 = %- sein muB. Wir erhalten dann

T
dd -
=K
Cs JV-T_Sx- #int

und damit fiir (21) die endgiltige Form

L
[ 4
(24

T
ad
==k Jl’l — Hsin’d ia Vi Banid ) (23)

Dicse beiden Intcgrale stellen dio ,,LrzeENDRESche Normalform der clliptischen
Integrale erster Gattung* dar. Die erforderliche Umformung von (20) ist damit
erledigt. .

Fir gegebene Werte der Steifigkeiten, der Belastung und des Winkels ¢,
kénnen wir nun auf Grund der vorlicgenden Tabellenwerke zunichst x als Funktion
von ¥ und daraus ¢ in Abhingigkeit von « erhalten. Aus (17a) folgt weiter dio
Dehnung e. Will man auch noch die Verschicbungen u und w ermitteln, so be-
rechnet man am cinfuchsten aus (14) die Ableitungen #° und 2’ und erhiilt dann »
und 0 sclbst durch cine Inteyrution iiber x, die sich %. B. nach irgendeinemy der
iiblichen numerischen Integrationsverfahiren leicht erledigen 138¢.

) Weitcre Ergebnisse und Niherungslormeln

Aug. den bereits aufgestellten Formeln scien noch elnige Dezichungen ab-
geleitet, dio fiir dic dann folgende ausfiihdliche Besprechung des Rechnungs.
ergebnisses von Nutzen sind. Nach den obigen Ausfiihrungen LiBt sich die Bo.
- stimmung des Verformungszustandes
des Stabes leieht durchfitheen, wenn dio
Belastung £ und dio Anfangssteigung .,
gegeben simd. Die Stablinge £ ist dabei

b —-, A : nicht als vorgegeben anzuschen, son-
-§ dera ist erst cin Frgebnis der Rechnuny,

Prakticch winl natiiclich meist amge.

kehrt £ und £ gegeben und ¢, gesucht

sein. Ex ist duher von Interesso, cine

Bezichuny zwischen P, { wiel ¢, auf.
zustellen.

Hierzu miissen wir uns zuniichst

Abb, 1in ~d, . o wnae - . .

Verschiedene Bieselinien des Knkkstahes, eine allgameingiltige wichtige Eigen-

schait der Bicgelinie des ansgcknickten

Stabes klarmachen. Ermittelt man die Knickform in der oben beschrichbenen

Weise aus (23), so stellt man bei Benutzung der Formeln und Tabetlen, die fir

die hicr in Frage kommenden elliptischen Funktionen welton, fest, daf der Winkel ¢

und damit auch die Durchbicyuny w cinen periodischen Verluuf iher x huben?.

Wir bekommen also fiir diz Bicgelinio z. B. den in Abb. 11a dacgestellicn wellen-

1 Vgl. auch z B. Fraxx-Aises: Differeitialgleichungen und Integrolgleichungen der
Mechanik und Physik, Braonschwoig 1930, S. 167, - ; :
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IV, A Allgemcines B 1]

Abschnitt IV
7Zwei- und dreidisnensionale Probleme

Ubersicht iiber Abschuitt J¥: Es werden die Schwicrigleiten behandell,
die sich bei der Festlegung des Spannungs- und Verzerrungszustandes und der Avf.
steltuny des Tlookeachen Gesetzes erycben, wenn das zu- untersuchende System als
zwei- ader gar dreidimensionales Konlinuum berechnet werden myB. U su maglichst
einfachen Awnsilzen v Lommen, erwcist es sich dabei uls nolicendig, den 7'enxor-
charalder des Spannitans- wnd Verzerrungszustandes bei nicht mehr keinen Ver-
Jormungen niher zu wntersuchen. Es werden sundehst die Verkélinisse im Zuwei-
dimensionalen belracklel; dic Envcilerung auf das. Dreidimensionale ist doun cin-
fack. Zum Schluf wird anf die Besonderheiten kingewicsen, die bei Temperalur-
wirkungen zi beachicn sind.

A. Allgemeines

Bei allen bisher aufgestcliten Sitzen und Ableitungen haben wir zur Erliute.
rung entweder das Durchschlagproblem von Abb. 5 oder den Kuickstab von
AbD. 7 betrchtet. Wir haben uns damit auf die cinfachsten Gebilde der Elasto-
statik, auf ,,cindimcusionale’ Stébe beschrinkt, was zunichst xweckmiBig war,
um mdglichst Gbersichiliche Beispicls za crhalten. Praklizch haben wir es aber
neben den Staben vor allem auch mit Platten und Schalen?, den sog. Fléachen-
trégern, ¥u tun, dic fir dic Rechnung als ,zweidimensionale* Gebilde aunfgefaBt
werden miissen. Bei diesen Flichentrigern konnen genau so wie bei Stiben

_ Instabilititserscheinungen auftreten, bei denen wir dann allerdings nicht mehr

von cinem Knicken, sondern von einem Benlen sprechen. Zum Beispicl kann nach

e |
s "~
£ ooy
My
\
NN

Abb, 42. Ausbeulen einer Rechteckplatte. Abb. 63, Benlen eines 13TzR-Behiiters.

[.
HHHH]

Abb. 42 cine durch Druckkrifte beanspruchte Platte in der angedeuteten Art aus-
beulen oder nach Abb. 43 der Kugelboden cines InTzr-Behdlters durch den
Fliissigkeitsdruck Beulen bekoramen und gegebenenfalls nach unten durch-
schlagen. : : : - '

Bei der Berechnung von Flichentrigern gehen wir von der Voraussetzung aus,
daB die Platten- bzw. Schialendicke stets klein gegeniiber den Abmessungen der

1 Die Kenntnis der wichtigsten Tatsachen der Platten- und Schalenstatik kleiner Ver-
schiebungen wird im folgenden vorausgesctzt. Es sci z. B. hingewiesen auf 8. TIMOSHENKO:
Theory of Plates and 8hells, New York u. London 19040; . Fritgar: Statik und Dynamik der
Schalcn, 3. Aufl., Berlin/Gattingen/Heidclberz 1062; W. S, Wiassow: Allgemcine Schalen-
theorie und ihre Anwendung in der Technik, Berlin 1938; K. GIRK3AKK: Flichentragwerke,
5. Aufl., Wien 1959; A. Pruicer: Elementare Schalenstatik, 3. Aufi., Berlin/Gottingen/Heidel-

berg 1860.
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a) Gleichméfige einachsige Druckbelastung (Fortsctzung)

Ne. Systenuwkizzen l&eullo;mdu Abkilrsungen Quellen “ﬂm‘l‘k\\n;ﬂl
Nil
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T H N PR
Wb v
E—: i :‘-—:_” B tan fsd — fy th fib = 0 ®ho = 1, 29).
6] — -— Ny = kyN,, k¢ 8. Abb. 308 ‘-I-: - S. 105
e fiir & = o0z ky = 3,41 ! .,: (11, 70)
.l 5
q
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AEMTT 1SN -afnenm) mmns=o 52, urem, | T
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. 3
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8 —_— 4 =” - B}'ﬁ' mrg — m'.) sin ﬁ.b sh ﬂlb s 0 . 'l. «{% " 8.110 & S 1.“3 l‘. L4 pe +.0.13al
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NACA TN 3781
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Figure 1k4.- Compressive-buckling coefficients for flat rectanguler plates.
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6k - NACA TN 3781
TABLE T.- BUCKLING COEFFICIENTS FOR INFINITEﬁ? ;ONG PLATES
UNDER VARIOUS TIPES OF LOADS
Loading ' Edge support Coefficient
Cgppression SS on all edges : gc = h'o‘rNAcA Rep. 733
] j ‘ | C on all edges o = 6.98[ (ref. 29)
[ SS on y=0, y=a, x=0
a | b F on x=ab ko = 0.43)
l X|C on y=0, yaa, x=0 Na?ﬁegfpé)73h
t I ' F on x=b

Shear

‘

L}

i

SS on all cdges

C on all edges

ke = 1.28

Xg = 5.35 NACA TN 1222
(rer. 35)

kg = 8.98 NACA TN 1223
(rer. 43)

Bending

A1

)

SS cn all edges

C on all edges

X0 = 23-9 waca Ty 1323
¥y

-y (ref- 37
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NACA TN 3761 -1

Edge conditions:

C clamped

F free
sS simply supported (hinged) ‘

In sketches accompanying figures, supported edges with elastic rota-
tional restraint are shown chaded. Unshaded loaded edges are simply
supported. Unshaded'unloaded edges are free.

BASIC PRINCIPLES

General Remarks

The theoretical buckling stress of & flat structurel element is the
stress at which en exchange of stable equilibrium configurations occurs
between the straipght end the slightly vent form. It marks the region in
which continued epplication of Joed results in asccelerated growth of
deflections perpendicular to the plane of the plate. Its importance lies

in the fact that buckling initiates the physical processes which lead to
eventual failure of the plate.

The mathematical solution of particular buckling problems requires
that equilibrium and boundary conditions be satisfied. This cen be
accomplished by integration of the equilibrium partiasl differential equa~-
tion of the flat plate or by use of mathematical methods which may not
completely satisfy the boundary or equilibrium conditions. The former
solutions are ecxact whereas the methods based generally on energy inte-
grals are approximate glthough usually very accurate. The need for
approximate methods arises from the fact that exect solutions can be
found for only & limited number of buckling problems of practical
importance. ’

In this section, & brief outline of the methods of enalysls of
buckling problems is presented. For extensive discussions of the veri-
ous methods of analysis and their epplication to a wide veriety of prob-
lems, rgference to the books of Timoshenko, Sokolnikoff, and Bleich
(refs. 2 to k) is suggested.

Equilibrium Differentiel Equation
The general form of the differential equetion describing the slightly

bent equilibrium configuration of an initielly flat plete was derived by
Stowell in the following form (ref. 5):

XI - Al4
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HACA TH 3781 | ' 67
z
3‘_‘( I\ P x
COLUMN o

BUCKLED F 0/?)‘47

M@MJFH—L T STRIP

FLANGE

\\\- \

Figure 1.- Transition from column to plate as supports are Qadded,: along
unloaded edges. Note changes in buckle configurations.
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This method end its epplication to specific problems is described
by Budiensky end Hu (ref. 6). They have trested the lagrangien malti-
plier method in & manner in vhich it is possible to obtain approximate

" solutions for both upper and lower bounds. As determinants of higher
order are used to obtain better approximations, both the upper and lower
bounds epproach the true buckling stress. Thus, the Lagrangisn multi-
plier method may be used to obtain results within any desired degree of

accuracy.

In addition to the above procedures which ere based on energy inte-
grals, other methods of obtaining epproximate solutions of buckling prob-
lems have been used vwhich involve the equilibrium differential equation.
Functions which satisfy the geometrical boundary conditions exactly ere
used to satisfy the governing differential equation approximately by
processes that lead to integration of these functions. Galerkin's method,
finite-difference equetions, relaxation techniques, and iteration are some
of the numerical methods that cen be used.

e
BOUNDARY CONDITIONS

The nature of the buckle pattern in & plate depends not only upon
the type of applied loading but elso upon the manner in which the edges
are supporied. This is 1lludtrated in figure 1 in which the same exial
compressive loading is seen to generate three types of buckle patterns
on & long rectangular plate with different geometrical toundary condi-
tions. The single wave 1s representative of colum behavior, the twisted
wave 1s representative of flange behavior, end the multiple-buckle pattern
is representative of plate behavior. )

To indicate the manner in which the geometric boundary conditions
mathematically infiuence the buckling behavior end also to demonstrate
the solution of the equilibrium differentiel equation (eq. (4)) for some
particular cases, the plates shown in figure 1 are analyzed. Boundery
conditions which characterize simply supported wide colums, flanges,
and plates ere considered. . . -

Mathematicel Aralysis
The equilibrium differentiel equation for elestic buckling of a

uniaxielly compressed plate can be obtained from equation (%) in the
form _ : ' .

AP LR N - P (7
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It 1s assumed that the loaded edges of the plate are simply supported
and thereforec an appropriate solution of equation (7) is

o

W= G:l cosh % + ¢p sinh E.%r_ + c3 cos Eb! + c) sin %z-)cos —’% (8)

where
S V- B
- a(-;-)llaE';; + (kc)l/a] . @
B = x@.)l/e[_ 2y (kc)l/’-]lla (20)
- 2y -

" The coefficients c¢3 to c) are to be determined by the geometrical
boundary conditions along the unloaded edges of the plate.

For the wide column, the unloaded edges located at y = tb/2 are
free, and consequently the edge moments and reduced shears must be zero.

Therefore,

=0

(a% v vg 2
3y B2yt f2
v o (12)

v to
%23y |yuin /2

ayi

+2(1 - ve)

For the flange, the unloaded edge at y = 0 is assumed to be simply

supported and that at y = b 1s free:

© XI - Al7
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1% | ' NACA TN 3781

(V)ygo = 0 o

2% aaw)

fo— ¢ Y, — =0 .

(aya - © &2 y=0,b r - (13)
a3y 3w

+2(1 - -
dy> ( ve)axzay]ysb
A

The plete 1s assumed to be simply supported elong the unloaded edges
located et y = tb/2:

(Wyetnf2 = 0

% 3% , ~ - (1k)

—+Ve— =0

A2 '
aya ox y=tb/ 2

. Incorporation of these boundﬁry conditions into the solution glven
by equation (8) leads to the following implicit expressions for k..

For the column,

5°8 tan(8/2) + 3% tann(3/2) = 0 (15)

for the flange,
523 sinh & cdq“ﬁ - Eza.cosh Gsin =0 (16)
and for tﬁe plate
=~ - j.. 1=l .
[& tann(a/2) + B tan(B/2)] ™ = 0 (17)
L . ’

wvhere

-ﬁ = &2 - ve(rtb/k)2

XI - Al8



9/75

NACA TN 3761 , - 15

and
q = B2 + vg(up/)2

The buckling coefficient for wide colums and flanges 1s shown as a
funétion of v, and a/b -in figure 2. The solutions for wide columns

were given by Houbolt and Stowell by use of the differential equation
for simply supported loaded edges and the energy method for clamped
loaded edges (ref. 7)

The buckling coefficient for a simply supported fla.nge was derived
by Lundquist and Stowell (ref. 8) in the form

ko = (6/x2) {(1 - Ve) [(xb/1)2/6] 5 (18)

When the unlocaded edge is clamped,
Xe = 0.83 - 0.93vg + 1.34(Axb)2 + 0.10(xb/N)2 (19)
-For the simply supported plate

Xe = [(Mb) + (b/k)]z o (20)

Anticlastic Cumturé

As may be seen from the solutions in the preceding section, the
buckling coefficient for the simply supported plate depends upon only
bp\ and 1is 1ndependent of Poisson's ratio, while the coefficients for
the wide column and flange are functions of both v, and b/A. This

situation is not limited to the case of simple support alone but per-
tains to any degree of rotational restraint along the unloaded edges of
a plate. The influence of v, upon k., is traceable to the reduced-
shear terms at the free edges of flanges and colums. Boundary condi-
tions such as simple support do not impose the requirement of zero
reduced shear along the unloaded edges, which eliminates the v, influ-
ence from the relationship for k.

The value of the compressive buckling coefficient for a.n element
containing a free unloaded edge depends upon the degree of anticlastic
curvature developed. For a very narrow element such as a beam, complete
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APPENDIX B

EVALUATION FOR LEAD PRESSURE

B.1 INTRODUCTION .

The purpose of the analysis described in this section was to.prow'Iide
a better understanding of the interaction of the lead with the shells of the
cask during the cool-down from the lead castng procedure and during the
normal operational cycling. Additionally, the analysis was to determine
an aﬁproximate temperature level at which the lead pressure fell to zero.

A special purpose finite element program was used to investigate the
lead behavior. To keep the finite element modal simple, some approxi-
mations were necessary; however, the important mechanical features of
the structural system such as elastic-plastic-creep response of the lead,
elastic-plastic response of the smipless steel shells, and the possibility
for axial movement of the lead were included. ' )

The model was cycled through temperature histograms which covered

a spactrum of typical cask operating histories for the normal condition.

B.2 SUMMARY AND CONCLUSIONS
Significant results of the lead pressure evaluation were:

a. During cool-down from the casting stage, the large thermal
contraction of the lead relative to the shells produces signi-
ficant tensile stresses in the lead. The stresses are suffi-
cient to cause yielding in the inner shell. |

b. Because of the low strain hardening assumed for the stainless
steel, the final resulting stress state of the lead aftér casting

was essentially independent of the temperature point at which
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it was assumed the lead began to gain strength follo?ving its
solidification in the césting process.

c. In the short axial length of the shells analyzed, it was found
that there was little axial movement of the lead even for long
hold periods at room and elevated nerﬂpemmms. The impli-
cation of this observation is that the pressures déveloped in
the lead do not relax with time. ' This conclusion will hold
also for the longer shells of the cask. |

‘d. The analysis indicates that a stable lead pressure cycle is
established on the first cycle afuer‘ the 'cool from melt.

e. A zero-lead-pressure tempefature of 360°F was established.
This temperature is unique to the system of shells of the cask

since it is dependent on the yielding of the inner shell. Fur-
ther, at the zero-lead-pressure temperature, the residual
stresses in the shells, both axial and hoop, were also approx-

imately zero.

B.3 ANALYSIS
The computer program used to develop the lead histofy solutions was
an ORNL research program called PLACRE (Ref. 62). This program was
written specifically to solve elastic-plastic-creep problems for simple plane
- and axisymmetric structures. For this particular problem, the PI.;ACRE
program is much more efficient than the large general-purpose programs.
Solving & problem involving creep of lead by the technique used in most
of the available finite element codes (including PLACRE) is a difficult task.
This technique, the initial strain approach, requires that the creep strain

increment during a given solution step be fairly small in relation to the

XI-B2
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elastic strains. For lead, which can creep large amounts at relatively

small stresses, programs utilizing the initial strain approach require that e
very small time steps be taken to insure stability of the numerical proce-
dure. For the small model used, PLACRE could develop the required
number of solutions efficiently. Additionélly, PLACRE contained; number
of controls that automatically selected the time step to insure a stable and |
accurate solution.

A sketch of the structure modeled is shown in Fig. B.3-1. As seen from
the sketch, the axisymmetric model included the lead and the inner and outer
shells. The axial length was taken as 24 inches. The axial dimension was
controlled by three factors: (1) The model should be long enough to be inde-
pendent of shell boundary affects. Therefbre. the axial length was taken
at least 2. S‘L’E{-t for the outer shell. (2) If there is significant axial move-
ment of the lead, the longer the model, the better will be the simulation of
the real lead stresses developed in the cask. (3) The size of the model in
éms of nodes and' elements must be small encugh to allow a computer solu-
tion reasonable in costs. The length selected is a compromise between ﬁe
second and third factors.

In Fig. B.3-2, the nodal and element structure of the PLACRE model
is shown. The inner two triangular ring elements make up the imner shell,
the next eight triangular elements simulate the lead, and the outer elements
model the outer shell. A perfect bond between the lead and stainless steel
was considered. |

Boundary conditions on the model consisted of radial rollers on the
z=0 fac.e (including both the lead and stainless steel). This condition
simulates a long cylinder. The other end of the model was left free. The

free-end condition was necessary since it was not feasible to model an end

XI-B3
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forging and kéep the model within the nodal and element size limitations.
For these same reasons, the water jacket was not included in the PLACRE
model.

The loading conditions on the model consisted of isothermal tempera-
ture cycling. No pressure cycling was considered. Schematics of the
.temperature load histories are given in Fig. B.3-3. The cooling rates,
heating rates, and hold times were selected to simulate the cask tempera-
tures from melt and the temperature history for.the normal 14 day, loading-
unloading cycle. In Load History A of Fig. B.3-3, a starting temperature
of 500° F was used as the temperature at which the stresses begin to develop
in the cooling lead from melt. Load History A consists of one complete -
load-unload-return cycle. Load History B of Fig. B.3-3 simulated only the
cool from melt, assuming the stresses began at 400°F. This later history
was included to assess the affect of the starting temperature assumption.

The material properties for the stzinless steel were-takeﬁ from the
curves of Section XI of this SAR, as were the properties for the lead. The
lead stress-strain curves and their bilinear approximation are given in
Section B.5 of this appendix. In addition to thes_e properties, lead creep
properties were required. The creep curves of Ref. 20 were translated
. into an empirical expression which was acceptable to PLACRE. In the con-
version to the empirical expression, only the steady-state (minimum)
creep rate was considered, the primary creep being assumed small in
relation to the total amount of creep. The determination of the parameters

of the empirical expression is also given in Section B. 35 of this appendix.

B.4 RESULTS

The results for the simulated initial cool from casting for the two load
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histories are shown in Figs. B.4-1 & 2. In these figures, the radial
stress in the lead at the inner and outer shells, respectively, is shown
as a function of température.

- In the initial cool-down, the resulfs sho{v the ébnt:'acting lead pro-
ducing tension fields at both the inner and outer shells. In this cool-down,
the stainless steel shells are also coﬁtracting. but not at as rapid ‘a rate
as the lead. This is due to the larger coefficient of thermal expansion of
the lead. The curves of Figs. B.4-1 & 2 show a linear relation between the
lead tension and temperature until the tension reaches the point where it
can yield the inner shell at the particular temperature in the cool-down

(the temperature-dependent yield of stainle;s steel was modeled). After

 the inner shell yields, the lead tension increases with decreasing tempera-

ture as a function of the yield vs. temperature properties »ofA the irmer stain-
less steel shell. ’ |

This dependence on the yield vs. temperature response of the lead " -
temperature is demonstrated by the similarity of the lead tension results
for the two load cases after the inner shell has yielded. It follows that if
the inner shell yields in the cool from melt, the final roorh-temperature
lead tension will be independent of the starting temperamre. This state-
ment will not hold if the stainless steel is modeled with a steep or multi-
linear stress vs. plastic strain slope. But for the case as analyzed, 1.e.,

with the strain hardening of the stainless steel relatively flat, the room- _

- temperature lead tension is independent of the starting temperature.

An interesting parameter useful in the cask evaluation is available
from the curves of Fig. B.4-1 and the PLACRE print-out. In particular,

the results for the initial cool-down can provide a rough approximation of

XI-BS
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the relation between ﬁle lead pressure change and the plastic sf::;ain in the
inner shell. To determine the relation, the slope is determined for the
temperature vs. pressure response while the inner shell is elastic. The
70°F intercept, assuming elastic inner shell response, is then computed.
It follows then that the pressure reduction caused by the yielding of the
inner shell would be simply the difference between the elastic line 70°F
 intercept and the actual calculated pressure at 70°F. If the pressure
change and the plastic strain are assumed to be linearly related, the com-
pute& slope of the pressure change vs. plastic strain is 7. 8(10)s psi/in. /in.
This result indicates the very small amount of plastic strain involved in the
shell with a substantial change of lead pressure.

Following the initial cool-down, for both the load histories, a 1,000 hour
hold period was simulated. During this hold, the stress in the lead did not
relax, but only redistributed itself sxigh:iy as indicated in Fig. B.4-2.

In the re-heat to 400‘_’F for.Load History A, the lead stress response
is seen again to be linea.r, with approximately the same sl.op'e as obsefved
in the initial cool-down. The indicated stress-free temperature is 360°F.
At the final 400°F temperature, the lead is exerting 2 pressure on the shells.
This pressure results from the change in volume of the lead cavity with the
outward (tensile) yielding of the inner shell. The heat-up time of 96 hours
represents the estimated time for the fuel to heat the cask.

The upper temperature level was held for the remaining 10 days ;af the
anticipated 14 day, average travel time. Again, the stress levels did not
relax and there was little indicated axial movement of the lead.

One additiqna_l initial cool-down case was completed. This case was
rﬁade to assess the ipfluence of lead creep on the results of the PLACRE

calculations. This is an important question since the computer modzl of

XI-B6
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the entire cask considers only the plastic properties of the lead. For this

case, the loading consisted of a temperature step from 400°F to 70°F, N

with the creep calculations of PLACRE suppressed.

The results, shown in Figs. B.4-1 & 2, indicate that approximately
the same path is followed with or without creep. Bxarriination of the com-
puter results indicates that the total inelasticzstrains for the creep and no-
creep cases are essentially the same, thus demoixstrating that the low
yield stress of the lead allows the plastic flow in the absence of creep.

The no-creep solution, moreo':rer; indiéatés that the .rates of cool-
down, and probably heat-up, are not important factoré' of cémpumtions.

Continuing the Load History A, the PLACRE model was cycled to room
temperature in 8 hours to simulate the cool-down in the unloading process.
With this cool-down, the first cycle was 'compiete. The temperature vs.
radial lead pressure results for the cool-down are given in Figs. B.4-3 & 4.
The curves of these figures indicate that a stable cycle has been established.
| At the inner shell, the cooling path (temperature vs. pressure) is very close.
to the heating results. At the outer shell, the pressure during the cool-down
is larger than during the heat-up, but after a 14 day hold at room tempara-
ture, the pressure at the outer shell falls to essenfially the level at the end
of the 1,000 hour hold period of Load History A. It is anticipated that
repeated cycles would simply follow the pressure history established in the
last heat-up and cool-down of Load History A.

It is also of interest to examine the residual stresses in the stainless
steel shells during the different phases of the temperature cycling. These
stress responses for the loading cycles are given in Figs. B.4-5 through 7.

The important result indicated in Figs. B.4-3 & 6 is that the stresses in

the shells are also approximately zero at the zero-lead-pressure tempera-

X1-B7
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ture of 360°F. Thus, the PLACRE resiilts indicate, neglectiné.the

water jacket shell, that the lead and stainless.svteel system is approxi-

mately stress-free at 360°F.

XI-B8
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Expression for Steady-Creep of Lead

To input the creep of lead into the ANSYS Program the creep data
of Ref. 20 must be converted to an Empirical Exp‘ressloh.‘ The Steady-State
creep of the lead will be considered and the primary creep assumed small.

The Empirical Expression selected is:

€ = Ae -x Om
Tr
Where:
é' = Creep Rate in in./in. /Hr.
A, k, & m = Empirical Constants Determined From Experimental
Data ‘
T, = Temperature (Absolute)
d = Stress (PSI)
From Ref. 20 the following Data was extracted:
TEMP °F o e
100 goo /.00y
580 1. (o)1
z40 625 ((0y~©
178 | 500 133 (1973
' 330 - ).80 (o)™ 7.
/90 1,63 (105
2.50 270 2.30 (10(3
2./0 2.95 (10)4
L 120 o (1)
325 180 4.3( 102:3
120 4495 (1o j;

XI1-B21

e G



JRH 6/28/75 ' B.S "JHA-74-1 (b) 6/75

Expression for Steady-State Creep of Lead {Cont.)

On the following page the Ref. 4 Data is plotted (é vs.(f). The

slope of the lines gives the m Parameter.

>

€ = Ae-k m
Tr

logé log Ae-k) + m log ¢

Tr

The slopes of the four lines

Temp F Slope € vs.d
100 4.21
175 4.44
250 4.54
325 5.50

The average slope taken as m
m = 4,67 .

Computing the intercept atd = 1,0 using the average slope yields:

Temp. Ae ‘% (= The(f= 1.0 intercept)
r
100 2.70 10)_ 7
175 - 2.83 Q0
250 9.76 (10) 14
32§ 5.82 (10)
Writing the creep rate expression a&s o
log€ ; g = 0.434k (1) + m 1lgg 1.0 + logA

Tr
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Expression for Steady-State Creep of Lead (Cont.)

Including the k Parameter in the creep rate expression forO' = 1.0

log € 1o = (-0.434) (15030.) 1 + log A
. T

Selecting a point from the last plot and sélvlng for the A Parameter

ylelds:

A =7.82 (108

Thus the final expression is:

é = 7.82 (10)'6 e -15030 6 4.67 in/in/Hr -
Tr

Checking the expression against the original data extracted from Rev, 20

yields the following table;

TEMP oF & EExm) & (zqN.)
/00 800 /.0 (8y3 623 00)'4
Sgo 1.9 (o4 | 139(0)74
2.40 625 (10)® | 2,2.5(10)
175 500 .33 (ioy3 165(10y™3
I 330 }1.80 gm))"i_ 2.37(10)"4
190 1.63 (1) 1.830(10)"5
250 270 230 (3 | 1./33¢0)73
2/0 2.45 (104 3.50(10)"%
72-0 Go (yS | 2zs7(m)"5
325 /180 4300003 | 129(10)73
1% 0 49500t L.9% G0y
5% zoo (1) | B.52(10)C
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SECTION XI
APPENDIX C

Buckling Analysis of Concentric Shell Configuration

A buckling analysis of a three-layer cylindrical éhell
under various prebuckling states of stress is given below.
Each layer is treated as an annular region with its own
properties and its own prebuckling state of stress. Condi-
tions of continuity of surface tractions and displacements
are used to piece together the 3 layers into the composite
shell. Boundary conditions at the ends of the shell are
assumed to be analogous to the classical simple-support end
conditions for a thin shell. These boundary conditions do
not reflect tﬁe actual end conditionsAOf the»cask shell,
however, they allow buckling modes which can be separated
into independent sinusoidal functions in the axial and cir-
cumferential directions. Ordinary differential equations
govern the radial dependence of the buckling modes. These
equations are solved numerically. The final buckling condi-
tion, once the 3 layers are made compatible, is found when
the determinant of a 6 x 6 stiffness-type matrix vanishes.

The formulation of the problem ié exact. For simplicity
it has been assumed that the prebuckling stresses and proper-
ties are uniform within each layer. The incremental moduli
of a layer must be obtained from a plasticity theory as a
function of the prebuckling stress. Deformation theory has
been used to calculate the incremental moduli since it -

C-1
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represents a‘mdre conservative estimate qf plastic buckling
loads than flow theory (ie., Prandtl-Reuss theory).

The following derivation is based on a single layer
segmeht. The computer program solution combinés the three
concentric segmenté and satisf;es strﬁin compatibility and
equilibrium of interface traction forces.

From figure 1, the stress rate-strain rate relations

at the instant of bifurcation are:

rr = Cu €y # c‘t 6o T C:a € x

L4

Vo = Ciz & + sz o t Czs XX

Tax = Ci3 Epp + Cay ee + Cz3€xn

YB-ZCME"G )Q— = zcgsérx )q.- '-'ZC“_EQXJ

and the strain rate-displacement rate equations are;

Ey-’. wr ) "Y (VQ*W) J g.xll: ulx
[ -] —_,o ;' o . R -
fré-é(v,r +r W,e-t V) )5rx=‘é(";r+ w,x)

Eox= (100 + Vi)
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The incremental form of the principal of virtual
work(ref. 1) in terms of the strain-displacement variations

is;

{ fgfu-l- ,JU,Q_,cJUp J}JV LﬁJUL a/'&’

Specialization of equation 2 to cylindrical coordinates

and setting the coeficients of the variation on w, v, and

u to zero, the equilibirum equations.and boundary conditions
are as follows.

e . -, .
q;!‘,l“ + r Q-re)e +V;X)x + Y(Th_'- ”){- V;r (M.}’". +r...’“'6r)
4 -2/, . . Y R
%o ¥ (V;ae 2 V5~ W)+ T Wyxx = O (3)

o
Y S

-l o » o
o -t . !
rorr ¥ Yoo,6 +Tpx,x +2 F Gy, +5(Vypp + 7 Vor)
e

=2/, . . » .
Yoo I (V;e.g"‘z"'/,g‘V)1“7;(,,~ Vyxx =0 (4)

'-'0 .

» - a . -l .
G;x)r+ r r’()é +q;x)x +r G;x +vrr (U,n-i-r'u,,.)

o =2 o ()

+ Tgs u,epi'q:x L.l’xxzo (5)

The boundary conditions on the lateral sides of the
shells are;

124 P
T = V;,. + Ve W,r. on (fig. C-1) V=71 41y (6)

c-3
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o
4
+
1’4 °

r VJY‘ on (fig. C-1) Y=V ,%

o] L]
Ty = q-\:-x + Yy u,n— on (fig. C-1) ¥= Ipqele

The buckling mode shapes are assumed to be of the "

form;

W = $( sin AX Sin né
\'/_=g(r)sc°u7\x cos 79 | (7)

u = h(Y)cosAxsin né

Substituting these expressions into equation 1, and
the stress rate-strain rate relations yields the following;

Eve=F5%, €gp= r.'(j']ﬁ*f)“ y Exx==h A ss
ére---zl(g'-i-r",:?-r"g)sc ,_é,.xe.é(h'-f-f)\)cs
€ox= 2(Fhn1gh) e

Ty, = [C,, £+ C,zr"(-qgsc,f)— C,a h/)]ss

v.;o T rCn. '5:' + szf'.'(-7§ *f) - Czh h} ss

q‘;x = iC;;f' + Caq Y:'<-73 4-{)- 633“)4/\]§5
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Vo= Cas(9'+ r"';?-r-"g)sc

Uy s CS‘S("""DC }\)cs

Tox = Coo (r hn + gh)cc
Foro< X 4 L, 0¢842 with 7\="-"-',_lra M2, 2,y N=1,2,3--+
the above modes satisfy the boundary conditions which
are analogous to the simply supported conditions for a
thin shell, namely that on the ends of the shell,

W=0, V= o)q:tx"o
By integrating through the thickness,

f xdr=0

My = [ Tax rdrzo

- Substituting these expressions back into the equilibrium
and boundary condition equations results in;

Equation 3
Cu S +Cra FEQG+5)- Cral (g #£)-Gh A
=Cos ¥ (G N+ h0) -G (W A+ £)
F(Cum Cr) P 4 (enm Q)P Cogeddenr CopFin

N P19 7 CrDF r2g7)- g Reo

c-5
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Coa(5475 D -r fp=F g+ F 5] C 7 $ 9+ G ¥ €9 +F7)

= Cps ¥ hAP - Coe (F'R 4§ )12 ¢ Fila'ersg-ry)
w5, (§47') 10, C gD g4257)- T3, 4 Xm0
Equation 5 |

Goo (A5 N)< CF (R § A7)+ € f N4 Cou Fap s £7)

=Cazh T+ Cse (A’ £2) + Vi, (h"+ r'h')

- [4 2 ° N2
To ¥ hp* G h A*=0
~ The surface tractions on F=¥: and Y=V, becomes;

‘f;: [C',.ac'f- (,'zr"érzg +,C)-C,3 I)a-ﬂ::,f']ss =T, ss

e [y Jse = T sc

Ty = [Cs.6<h'+§?1)+ Tf,h']cs =TTy ¢s

Now let Y-:(f,)al)/)’)f)j)b)
Y._. (;H)?n’ A") J(l’ 3{’ AI)

c-6 -
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and equations 3,4, and 5 can be written as;
2 -
Y +AY=o0 . @

where A is a 6x6 matrix.
From page C-4 we find;
with,

e T o Con s e gr T
A, =, [c,, rler r'f]: oy

A= 2, [- (G # Cou) o]

A=, [- (s +Ce) N ]

At Grt G PR -Gt TR

A:s':'/"[czz Fz? *Che r-z’] *+2 r-zdje 7]

Az A [(Cr Ca) 1]
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The numerical solution procedure in the annular
region begins with the solution of equation 8.

Let A= (Yo-V7)/N
e=s Tz +A(=)

Y2 Y ()
.Y:": ( Yc;n' Y: )/A
Equation 8 becomes; | |
‘Y!:-H - Y;. + A (Yt"'H *.Yt:)._.: o
D 2
where Ajis evaluated at ¥, + Al
(-T- + éA‘:)Yc'-u = (I" é Ac)‘Y'c.
Yeu= [T+ 2AN(I- 2AN] Y 2 QS
Xy = [-QN Quar 7 Qe Qc].Y,
Yy = HY, |
T K= (T Tor, Tz, $0,50r), h(n)
and XO ':(TPOJEQ) -7-:(0, 5(73)'%(8“)),1(6))

Introduce, _Xd'-' K,_ X,. where k..is a 6x6 matrix.

Now, X = R Y where (€ is a 6x6 matrix.

- 2 -l .
Rin=Ci+p , B, =C ¥, ;2,5.=-C'2"'7, Elh=-,~<;s>‘

C-9
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e -| ’ -
Rz22= C44+ \Jie 3 Ez,f qu r 7 5 Reg=- Ceg ¥
[~ | ‘
2y = Cs'e""q;' b) 234: C55.>\
All other components are zero.
Thus, Xo= R. 'YN-H = K, 2:!: -Y.,

Yoo = [ Rk B Y,

= HY,
and K, = Bo H 2‘1‘:

The buckling of a single shell under dead load surface
loads (1.2: ‘-l—er - Txt - TEO —~ leo =Txo =O) is;

ol 1+

wnere T, = (%), 9(n), h(r))
U; 2 ($(r), §0),h( 1)

x
Let Ut(Uo,U't)and rearrange the above equations according to

¥
KRU=0

Cc-10
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where K is a 6x6 matrix given by

Kl'j= t=1/,3 5dJd= 143
Rije=-Kedy =143 ; y=4,¢ "
Kej= §ejus €346 5 =03

"({j: - K. ’y L= + b, J= 4,6

The eriteria for buckling is that the determinant of
K equal zero, | Klzo. : (9)

The dbuckling condition for the three layer composite shell
is as follows; :

Xo= '<|. X: middle shell (see fig. 2)
Xr= K X inside shell

Xz = Ko Xo outside shell
X=2Ke Xo=Ko K X 2K, K K X,

1let M=z K, K. Kr (6x6 matrix)

c-11
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| Write ,,-—-{’Q,U,_},Kf{ﬂ,v'.?
= (500, 900), hery)
(frm) $(ry, h(r))

e
~
7
.‘é—"
.;%1|
'\\./-_/
s:s:

Since (z=T:=O at the instant of buckling then

(5] 5

, Y « “ *
°rKU=O whe!fe U=(Ug).ZJI)

where K is given 'by
K,_‘J:o' L.:_l,3 )‘J=l,3‘

K",J+3=-M£,j+3 C:l,3)’d.’:b3 |

. 1) €= B | :
l<¢.’+3,.i:{o} ‘:'#J t=10,3;,9=13

Ki-ta, J43 ° ‘Mc.'-w,a'fs LIy u=13

C-12 -
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The buckling condition therefore becomes | K| =o (10)
The moduli from J,- deformation theory used in this
solution is as follows;(ref. 1) :

hd

Let S¢y = U;; 3 G:P g‘d ;9 =7_23_’ Sy 5;;7 effective stress

with 07./' = L:’jh.z En.e

therefore the moduli are;

LJJAL ‘“_;_‘_a[(&e S§;e0 $ce SJ,,),‘LI)&J g 5‘ Se.e }

he " 1o+ 43’ o2/

where [ | ’ /
3= 2 |E ])2 7o E,‘,‘E,]

The formulation up to this point, is exact if one ident- L

ifies the stress increments correctly as the physical compon-

ents of the rates of the convected contravarient components

of the Kirchkoff stress. The rates in equation II are taken

as the Jaumann rates of the Cauchy stress since these rates

are the "true" stress rates and are consistent with the defin-
itions of tangent and secant moduli . When the stress levels

are comparable to the moduli, it is necessary to distinguish
between*the two rates. The conversmn, (ref. 2), of the moduli

from T, = Luu 522. tov' [_044 514 is given by '

L'sjﬁ.é -LlJb-L""[Jn \I.£+ ﬁ ‘£ +g"¢ uz'f'&‘q:n‘]

In the derivation of equation 10 it is assumed that the
hydrostatic pressure is small compared with the elastic bulk
modulus, otherwise, the conversion is exact and

C-13
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Cy= L//// P Crza=L 22

“qq = Z-/.z/z.

A more simplistic representation of the incremental mod-
uli of an elastic-plastic material is sometimes conﬁenienf to
use when the stress’ state is predominantly'hydrostatic. This
representation only involves the tangent modﬁlus at the effec-
tive stress level and is generally extremely conservative when
used in ineremental buckling calculations, as ﬁill be discussed
further below. Let Et again denote the tangent modulus at the
current level of G and let B denote the elastic bulk modulus.
The incremental moduli are taken to correspond to an isotropic
solid with Young's modulus Et and bulk modulus B. The associ-

ated shear modulus G, is given by

The relation between the stress-rates and strain-rates

in this "isotropic theory" is
G:_J' =Zé¢e“_} 4-2L56.£J& S'U-

where € =é£j_3’£éﬁﬁ g‘:} . is the deviator strain-rate. 'I‘he_
term "isotropic theory" is perhaps misleading since it has
nothing to do with isotropic strain hardening.

In this tﬁeory, the incremental moduli are all (except the

C-14
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bulk modulus) proportional to the tangent shear modulus Gt and
therefore very low compared to prediopions of Jo deformation
theory and J, flow theory (i.e.,Prandtl-Reuss theory based on
J2). As an illustration consider an element of material subject
to uniaxial compress.ion into the plastic range, (,; = — Co
Now calculate the incremental shear modulus, G, for an increment

of shear stress 673 , i.e.,

“a "y a2

~F
t Et

T
where the latter holds if B7» E.. The Iy deformation theory gives
g = c[1+3c<1/z -uyB)] "t ¥ /3

The isotropic theory gives
G=¢6

where Es is the secant modplus and G is the elastic .shear modu-
lus. On the other hand, J, flow theory (as well as any flow
theory with a smooth yield surface) gives
G=¢G

As is well known, buckling predictions based on moduli from
J, flow theory are often unconservative. Those based on J, defor-
mation theory, which predicts that all the incremental moduli
will be reduced, are generally on the conservative side. The
"isotropic theory" is even more conservative when used in buck-
ling calculations since the moduli, as illustrated ébove, are
reduced even further.

C-1l4a
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Computer Program Verification

The results of HBUCK were compared to several classi-
cal buckling solutions in order to verify the theory and the
compptational techniques used in the code. There should be
slight differences in the comparison , due to the fact that
Sanders®' small deflection theory in HBUCK is more accurate
than Donnell's theory when n (circumferential buckling mode
number) is small. As the wave length of the buckling mode
decreases (n increases) the difference-in the two theories
diminishes. The verification cases are disoussed in some
detail as follows:

Case 1 Cylinder Under lLateral Pressure

A simply supported cylinder, 160" long, was evaluated
for buckling under uniform lateral pressure along its length.
From figure C-3, the HBUCK results indicate that the cylinder
buckled at a critical hoop stress of Ty = =25 400 P3¢
in the m=3 Dbuckling mode.

This was compared with the solution presented in
NASA SP-8007, Buckling of Thin-Walled Circular Cylinders,
(1965), which states that the critical buckling stress is:

Ty = Ry l?—(l— 12 ([~ %) (-Q)
weef, sz yE

where ’Za = (37_ g(, +/3:)2
and le = ;?éf

For n=3, the classical critical buckling stress is -24,836 psi
as compared to the -25400 psi from HBUCK. These results

C-15



-

Rev. 1-2/76

compare within 2.2% which indicates good correlation.

Case 2 Cylinder Under Axial Compression

A cylinder under axial compression with dimensions
shown in figure C-4 was analyzed. The classical solution
used was: '

q;._.f(e )'.(%) (NASA SP-gooT)
3 (11—t

The classical solution resulted in a compressive
stress of -516,000 psi as compared to -510,000 psi from
HBUCK. These results are within 1% of each other, which
indicates excellent correlation.

Case 3 Buckling of a Ring Under a Dead lLoad Pressure

The buckling of a ring with dimensions shown in
figure C-4 under a dead load pressure is the solution of
a pre-stressed ring on an elastic foundation.

2
fe= 3[1-6;3-) ' (é)

The classical solution yields a buckling pressure of the
3.61 psi as compared to 3.58 psi from HBUCK. These results
correlate with 0.8%.

Case 4 Brush-Pitner (Ref. 70)

HBUCK was compared with the work of Brush-Pitner (Ref. 70)
as applied to the 10/24 Cask dimensions. The comparison is
shown in figure C-6 which represents buckling pressure of the
inner shell as a function of the'tangent modulus of lezd.

Figure C-6 shows a very close correlation in the lower range

C-16
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of lead tangent modulus applicable to the conditions in the
Cask.

C-17
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' Secﬂon XI
Appendix D
Cask Model Test to

Determine Lead Behavior
in 30 Foot Drop Accident Test

A cask model constructed by NLI for Battelle's Columbus Laboratories
was utilized by NLI to simulate lead behavior in the NLI 10/24 cask.
The model cask,' with lead shlelding bonded to the steel walls, was
used by BCL in similar lead slump tests at elevated temperatures. The
BCL tests showed no significant lead movement which indicates that
the lead and lead bond retained sufficient strength at elevated temper-
atures to resist tﬁe loads imposed by the end impact resulting Vfrom a
30 foot free fall onto an unylielding surface. The original conflguration
of the model Is as shown on pége XI-D-9. The model was designed

to simulate a 1/3 scale model of the BCL-6 spent fuel shipping cask.

With the proper modifications, NLI considered the model to be an
adequate representation of the NLI 10/24 rail cask for the purpose of
demonstrating lead behavior at elevated temperatures. By adjusting

the height of the lead column and the impact limiter performance, the
loads imposed on the lead and lead bond as a result bf-end impact could
be scaled to represent those expected to be egperlenced In the actual |

NLI 10/24 cask.

The bond between the lead shield and the steel walls was ultrasonically

XI-D-1
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tested. The tests showed that a bond exlsted over essentlaily 100%
of the area of the cylindrical steel walls. Since the bond require-

ments on the NLI 10/24 cask permit a minimum of 75% bond, the load
to be Imposed on the bonded lead shielding was ‘Increased to account

for the possible 25% difference in bond area between model and actual

cask.

The bottom .end ‘of the original cask Qas cut off reducing the overall
length of the cask to 52 inches. A new bottom plate 2% inches thick
was machined to simulate the configuration of the bottom end of the

NLI 10/24 cask. The princlple feature Is the support of the inner
diameter of the lead shield while the outer diameter has no support

and Is free to move. The modifications to the original model are as
shown on page XI—D-S: Four holes were drilled thru the bottom
plate to provide access to the lead surface for the purpose of measuring

any change in the position of the lead surface.

Test Procedure
Dimensions of certain cask features are to be taken and recorded as
follows:
1. Bottom-lead position. Distance from outside surface
of end plate to lead surface measured thru four holes in
bottom plate spaced 90 degrees apart. Measurements

to be taken at four different times.

XI-D-2
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a) at room temperature before drop.
b) at elevated temperature before drop. ’ Y,
c) at elevated temperature after drop.
d) at room temperature after drop.
2. Diameter of the cask. Two measurements taken S;O degrees

apart and 1} inches up from the bottom of the cask. Mea-
surements to be taken at room temperature before and after
drop test.

3. Cask length. Four measuremer;t;s taken 90 degrees apart
at room temperature before and after drop test.

4. Impact limiter height before and after drop test.

Thermocouples are to be attached
to the exterior and interior of the assembly for temperature monitoring. . _/

Quartz accelerometers are to be attached to the top of the assembly to

monitor the impact g-value.

The model i{s to be heated to a temperature of 4000 F. The assembly

shall then be glevated to position the bottom of the impact limiter

30 feet above the drop target. The model is to be released so as to -
permit a free fall with the vertical center line of the model perpendicular

to the target surface.

Test Results

The cask model was prepared for the dfop experiment at ‘Battelle's

XI-D-3
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Columbus Laboratories (BCL). The model welght was 1066 lbs. The
assembly was dimensioned and the values are presented in Tablé 1.
Three thermopouples were tack welded to the exterior and interior of
the assembly for temperature monitoring. Electrical heating t§pes

and an Insulating blanket were wrapped on the exterlor of the .model,

) ' o
and It was heated to 400 F. Two quartz accelerometers were attached -

to the top of the assembly to monitor the Impact g-value.

When the average of the temperatures indicated by the thermocouples
attained 410o F., the distance to the lead surface at the bottom of

the assembly was measured again as reported in Table 1.

The heate’is were removed and the model was rewrapped in the in-
sulating blanket. A balsa wood impact limiter was ka‘ttached to the
bottom of the model to provide a low g-force to‘ tﬁé model during im-
pact. The limiter was constructed to align the grain of the wood with
the direction of force. Preliminary experiments with simllar balsa wood
limiters and a dummy drop welght Indicated 2 g-value of 120 should

be expected.

The assembly was elevated to position the bottom of the Iimpact limiter .
30 feet above the drop site. The elapsed time betweén discontinuing
heating and making the drop was a_pproxuﬁately 20 minutes; the esti-
mated minimum assembly temperature was 380o P.A The assembly was

.dropped on 2 1-inch-thick steel plate resting on a thin bed of sand,

X1-D-4
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and restrained around the plate ﬁerlphery by sand bags. In the drop,

the assembly crushed and splintered the limiter, as expected, and /
than fell on its side. Approximately 10 minuteAs after the drop, the lead
position at the bottom of the assembly was measured again ('.l‘?ble 1).

The assembly was allowed to cool to room temperature, and all dimen-

slons were measured again as shown in Table 1. The assembly did not

display any visible exterior damage.

TABLE 1. MEASUREMENTS OF PHYSICAL DIMENSIONS OF THE
NLI DMPACT MODEL CASK

: Pratest, inches Post Test., inches
Location R.T. 410 F 370 F R.T.
Bottom-tead'Pbsition(?) . | L S
' 1 2.4840 2.4542 2,448  2.4651
2 2.5795 2,4482 2,54 2.4563
3 2.,4818 = 2.4653 2.463 2.4730
4 2.4875 = 2.4660 2.4635 2,4852
Diamet:er(b) »
1-3 8.8515 - 8.8495
2-4 8.8619 ¢ - 8.86561
Length ‘ :
| 51-59/64 = - -~ 51-15/16
2 51-29/32 - - 51-29/32
3 51-15/16 - - -~ 51-59/64
4 51-59/64 - -- 51-15/16
Liriter Height 7.95 - ée T ~4e5/8
_ , .

(a) Distance from outside surface of end plate to lead surface., Four
locations spaced 90 degrees apart.

(b) Taken 1-1/2 inch above bottom and 90 degrees from each other.

XI-D-5
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Based on the measured limiter deformation, the estimated average
g-value was 110. This estimate was probably low owing to the

manner in which the limiter yielded and splintered. The peak g-value

as measured by the accelerometers was 150; the accelerometer cutput

is reproduced in Figure 1. Examination of the data in Table 1 shows
little change in the exteﬂordlmenslons of the model. The differences
are attributed to the method of measurement and surface condition of
the model.-.Compaflson of lead position measﬁrements Indicates an
average downward movefnent of 0.0136 inches. The dimensional
changes in the lead can be considered as representing the actual lead
behavior since there was no discernable change in the steel shells

to mask the lead behavior.

In a2 bottom end impact of either the NLI 10/24 cask or fhe model,

any axial movement of.'the unsupported part of the lead sr;leld depends
upon the bond shear stress. At the same shear stress both the 10/24
cask and the model would experience equal shear strains. Hence,
the 10/24 cask, If subjected to the same bond shear stress as the
model, would have a lead shield displacement greater than the model

by the ratio of shield lengths, or (146/48.5)(0.0136) = 0.04! inches.

The shear stress In the model at the peak acceleration of 150 g was

unsupported lead weight = ( 1'l'/4)(8.52 - 5.752)(48.5)(0.41) = 612 1b.

shear area = T (8.5 + 5.75)(48.5) = 2171 in.2

shear stress - 150 (612)/2171 = 42,3 psi

XI-D-6
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The shear stress in the 10/24 cask at th;e 30 g accéleratlon which
results from a 30 foot free fall is
unsupported lead weight = 34410 1b.
. shear area @ 75% bond = 2 18 -2.9.25 (0.75) + 26 (146) = 43975 in.2

shear stress = 30 (34410)/43975 = 23.5 psi

The model test was thus conservative, since the bond Shear stress
in it was nearly twice the shear stress that virould occur in the NLI

10/24 cask in a 30 foot bottom end lmﬁact.

The measurements of bottom-lead position (Table 1) indicate that only
part of the total observed downward movement of the lead was due to
the Impact loading. The difference in lead. position before and after
impact with the model stlll at 'elevated temperature was only 0.0048
inches, or 0.0088 inches less than the total lead movement of 0.0136
inches observed when the model returned to room temperature after

the test. Evidently, differential thermal expansion of the lead and

the steel shells when the model was heated to 4109 F caused the lead
displacement. of 0.0088 inches. In order to determine If repeated heat-
ing might cause further lead movement, the model was subjected to two
_add {tional thermal cycles between room temperature and 4000 F.
Boﬁom-lead position and out'slde diameter at two locations were mea-
sured béfore and after each thermal cyéle with the reSt;lts given in

Table 2. No change in outside diameter was observed. The first thermal

X1-D-7
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cycle caused a small bottom-lead movement of 0.005 Inches; no
further movement occurred in the second thermal cycle (Table 2).
Hence, the total bottom-'lead xﬁovement that resulted from thermal
cycling plus impact loading was 0.0186 lnches; The equivalent
total displacement at the bottom end of the lead shield In the 10/24
cask, Lf subjected tob similar thermal and impact conditions as the
model, would thus be (146/48.5)(0.0186) = 0.056 Inches. This
displacement is lnrslgnlﬁcant and kls conservative In any case, -
since the expected impact and thérmal conditions for the 10/24
cask are less severe than those Imposed on the model.

The procedures followed In preparing the steel shells for bonding
and pouring of the lead shielding are the same as those used

in production of the prototype cask. ASTM B-29, chemical -grade:

lead Ls used in both the model and the prototype cask.

Xi-D-7a
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TABLE 2

ADDITIONAL THERMAL CYCLE TESTS

OF NLI IMPACT MODEL CASK

. a .
Dimension (inches)

Location Pretest Post Cycle 1 Post Cycle 2

. b
Bottom-Lead Position

1 2.467 2.462 2.462
2 | 2.459 2.453 2.455
3 ‘ 2.485 2.475 2.474
4 2.481 2.481 - 2.482
Average 2.473 2.468 2.468

Qutside Diameter ¢

1-3 ) 8.849 8.842 - . 8.842
2-4 8.857 8.861 5.864
Average 8.853 8.852 8.853
Outside Diameter d
1-3 8.857 8.856 8.856
2-4 8.867 8.868 - 8.869
Average 8.862 8.862 " 8.862
(@) Measurements taken with model at RT. Model thermal cycle was

from RT to 400° F and back to RT.

o
(b) Outside of bottom to lead surface. Four places, 90 apart.

(c) Taken 1-1/2 inches from bottom, 90° apart.

(d) Taken 3 inches from bottom, 90° apart., ~—

XI-D-7b
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TEST OF % SCALE PARTIAL CASK MODEL
AT NORMAL AND POST-FIRE TEMPBRATURES

A % scale partial cask model was constructed in order to investigate inter-
action of the bonded lead shield with the inner and outer cask shells as a
result of the lead casting operation and subsequent exposure to elevated
temperatures. Conflguration of the model is shown on page XI-D-13 . Bo'xdlng
and pouring of the lead shielding (chemlcal grade, ASTM B-29) was carried
out by the same procedures used ln the prototype 10/ 24 cask. To simulate
the minimum 75% bonding permltted in the prototype, unbonded areas (about .
30 1n2 each) were located 180° apart at both inner and outer lead/shell inter-
faces. | Ultrasonic inspection verified the presence of complete lead/shell
bonding everywhere except in the intentionally unbonded areas. A small
threaded plug was Inserted In the model top plate to permit measurement
of the position of the top surface_of the leed. \

Measurements were made during the tests of the inside and outside
diameters at locations 90o apart (designated x-x and y-y), the position of the .
bottom lead surface (4 locations 900 apart), and the position of the top lead
surface (by removing threaded plug at one location). Model temperature was
observed by means of thermocouple ‘attached to ;nner and outer surfaces
of the shells. All measurements were made at room temperature.

The dimensional changes that resulted from the lead pour and two tempera-

o o
ture cycles (to 350 F and 600 F) are given InTable 2.

X1-D-10
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TABLE 2 DIMENSIONAL CHANGES IN
THE 1 SCALE PARTIAL CASK MODEL

Inside Diameter Outside Diameter Top Bottom
' : - . Lead Lead
Y-Y X=X Y-Y X-X (in) (m)_,

After lead pour  +.0368 -.0198 -.0026 ~-.0l7 +.024
After 350°F 7 +.0377 -.0262 -.0001 ~-.0l9 +.022 +.0016
After 600°F . +.0373 -.0245 +.0010 - 0145 +.029  +.0025

Note that positive numbers are an increase ln dlmenslon. IxY-Y position lead is
bonded; unbonded area is In X-X position. :

In fhe tests at elevated temperature the model was oriented vertically
with the bottom end down. In this position the lead was free to move into
the bottom vold under the action of gravity — no such movement occurred.
Although the presence of unbonded lead areas tendad to distort the diameter
measurements, there was a net outward movement of the inner shell after
the lead pour averaging 0.017 in., as well as an inward movement of the top
lead surface of 0.024 in. These dlmenﬁional changes show the presence .
of a substantial radial tensile stress between the lead and inner shell,
which qualitatively confirms the results of the PLACRE analysis of AppendixB.
The subsequéht thermal cycles to 350°F and 600°F produced no further =
significant dimensional changes in the model as shown by the data in Tabfe 2.
Ultrasonic inspection of the lead bond after the thermal cycles showed no
change from the original condition after the lead pour. The PLACRE analysis
of Appendix B iIndicates a radial pressure of about 1000 psil betweéen the
lead and the inner shell at a GOOOF isothermal condition. Hence, the lead

behavior in the model at GOOOP should be very similar to the lead behavior

XI1-D-11
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that could be expected in the 10/24 cask at the post-fire condition.
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PUNCTURE TEST OF 1/4 SCALE PARTIAL CASK
MODEL AT NORMAL TEMPERATURE
The 1/4 scale partial cask model previously used to investigate
thermal effects on the composite lead/steel shell (p. XI-D-10) was
subjected to a puncture drop test. In accord with prevmusly established -
modeling procedure the puncturepm diameter was selected as (1) (6) =
1.5 inches and the required modeal kinetic energy at impact was required
to be (1/64) (8)‘ 106 = 125,000 in-1b based on full prototype cask weight of
200,'000 1b. (See references). Since the partial model _wei'ghed less than
a complete gquarter scale model of the frototype caek, additional weights
were added in the inner cavity and the drop height was increased above 40
inches. The weights were 10 inch diameter steel bars, cushioned where they
contacted the inner shell by 2 { inch thick lead sheet and restrained a.gamst
.a.x1a1 movement by small steel blocks and wedges. The total model weight
at test was 2020 1b. and the drop height was 62 inches, giving an impa.ct
energy of 125,240 in-1b., slightly more than requ_xred, The puncture pm
was mild steel with an edge radius of 0.050 in. on the flat machined face,
slightly less than the 1/16 in. maximum permissiblelfor a quarter scule
model. The model was heated by electnc heaters in"the cavity until the
inher shell reached 400°F and the outer shell was 300°F. The model oute-r
shell cooled somewhat during preparations for the drop; outer shell temp-
erature is estimated to have been about ZSO‘SF at impact, givi.ug an average
lead temperature of about 325°F,
This puncture test is considered to have been very conservative in that
the equivalent impact energy of the full cask was used and the water jacket,

Xi-D-14
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5/176
neutron shield water and three sets of cooling fins were omitted from ‘the
model. Thus, the full puncture loading was applied to the outer shell
directly without any of the protection normally provided by the water jacket
and fins.

The photographs on p. XI-D-15 show the model being aligned'ana
located at proper height above the puncture pin before the drop (upper left),
the puncture pin braced to prevent bending (upper right), the indentation
in the outer shell after drop on the puncture pin (lower left), and the puncture
pin after test (lowér right). The puncture Apin deformed plastically over an
annular region near the edge and mushroomed slightly. The sketch on p.
XI-D-16 shows the indentation made in the cask outer shell by the puncture
pin, Very little shear was evi;ient at the edges of the indentation, probably
because of the plastic deformation that occurred near the edges of the
puncture pin. A liquid penetrant fest was performed over the indgnted region
and no evidence of cracks was found. As indicatsd approximately in the
sketch (XI-D-16), the inner shell bulged slightly; the indentation extended
over a greater distance than was the case in the outer shell. The amount
of bulging at the maximum point could be measured accurately, but the
general shape of the indentation was only approximated. The indentation on
the outer shell was determined accurately by a profile gage.

The puncture test results demonstrate that the outer shell of the
10/24 rail cask will not be punctured under the conditions of the hypothetical
puncture accident, even without the additional protection normally provided

by the neutron shield tank and fins,

XI1-D-17
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SECOND PUNCTURE TEST o/78
OF 1/4 SCALE PARTIAL CASK MODEL

In the first puncture test of the 1/4 scale partial cask model the outer
shell temperature at impact was lower than the temperature expected under
normal transport conditions (p. XI-P-14). He;xce, a second puncture test
was performed to-evaluate the effsct of a higher temperatures on puncture
resisﬁ.ncg of the outar shell., In this tast the impact energy was the same
as in the initial test (2020 1b. model weight and 62 in. drop height); the modal
was rotated 180° so the puncture pin struck on the opposite side from the
original test. The model was heated as before by electric heating elements
in the cavity; these were removed when the inner shell reached 3750F and
the outer shell reached 330°F. During preparations for the drop the model
temperature was maintained through use of gas burners applied to the outer
shell. The outer sh_ell temperature at time of drop was 325°F; average lead
‘temperature is estimated to have been about 340°F,

The photbgraph; on page XI-D-20 show the ihdentation in the outer shell
and the puncture pin after test. As in the first test the puncture pin deformed
plastically near the edge and mushroomed slightly., The sketches on page
XI-D-21 show the indentation in the outer shell and the bulging of the inner
shell resulting from the impact on the puncture pin. The deformation is
somewhat greater than in the first test. A liquid penetrant test applied over
the indented region of the outer shell showed no evidence of cracks. Hence,
the outer shell was not penetrated in this second puncture test at a 325°F

shell temperature.
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